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Abstract: Chronic exposure of β-cells to nutrient-rich metabolic stress impairs mitochondrial
metabolism and its coupling to insulin secretion. We exposed isolated human islets to different
metabolic stresses for 3 days: 0.4 mM oleate or 0.4 mM palmitate at physiological 5.5 mM glucose
(lipotoxicity), high 25 mM glucose (glucotoxicity), and high 25 mM glucose combined with 0.4 mM
oleate and/or palmitate (glucolipotoxicity). Then, we profiled the mitochondrial carriers and
associated genes with RNA-Seq. Diabetogenic conditions, and in particular glucotoxicity, increased
expression of several mitochondrial solute carriers in human islets, such as the malate carrier DIC,
the α-ketoglutarate-malate exchanger OGC, and the glutamate carrier GC1. Glucotoxicity also
induced a general upregulation of the electron transport chain machinery, while palmitate largely
counteracted this effect. Expression of different components of the TOM/TIM mitochondrial protein
import system was increased by glucotoxicity, whereas glucolipotoxicity strongly upregulated its
receptor subunit TOM70. Expression of the mitochondrial calcium uniporter MCU was essentially
preserved by metabolic stresses. However, glucotoxicity altered expression of regulatory elements of
calcium influx as well as the Na+/Ca2+ exchanger NCLX, which mediates calcium efflux. Overall,
the expression profile of mitochondrial carriers and associated genes was modified by the different
metabolic stresses exhibiting nutrient-specific signatures.

Keywords: pancreatic islets; β-cell; mitochondria; diabetes; glucotoxicity; glucolipotoxicity; lipotoxicity

1. Introduction

Pancreatic β-cells secrete insulin in response to the elevation of circulating glucose, thereby
maintaining euglycemia. Once in the β-cell, glucose is processed through glycolysis and the thus
formed pyruvate enters the mitochondria where it is transformed into intracellular signals leading to the
stimulation of insulin exocytosis. This metabolism–secretion coupling requires efficient mitochondrial
metabolism, primarily implicating pyruvate import and ATP production. The latter induces cell
membrane depolarization that promotes a rise in cytosolic Ca2+ concentration (Figure 1). Elevation
of cytosolic Ca2+ is rapidly transferred into mitochondria, which results in further activation of
mitochondrial metabolism. While cytosolic Ca2+ is an obligatory signal, this ion is not sufficient to
promote the full secretory response. Accordingly, metabolism in general and mitochondria in particular
produce additive factors, which participate in the amplifying pathway of the Ca2+ signal [1]. Collectively,
these mechanisms require optimal function of the mitochondrial components, i.e., the solute carriers of
various metabolites and associated enzymes, the electron transport chain machinery, the TOM/TIM
mitochondrial protein import system, and proteins for iron and calcium homeostasis.
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Figure 1. (a) Coupling of glucose metabolism with insulin secretion in pancreatic β-cell. Glucose is
metabolized through glycolysis that produces pyruvate. Pyruvate enters into mitochondria through
the mitochondrial pyruvate carrier (MPC) and fuels the TCA cycle by the action of both pyruvate
carboxylase (PC) and pyruvate dehydrogenase (PDH). The TCA cycle generates reducing equivalents
transferred by NADH and FADH2 to the electron transport chain (ETC), leading to the hyperpolarization
of the mitochondrial membrane (∆Ψm) and generation of ATP. Then, ANT transfers ATP to the
cytosol, raising the ATP/ADP ratio that induces the closure of the K-ATP channels promoting plasma
membrane depolarization (∆Ψc). This opens voltage sensitive Ca2+ channels, increasing cytosolic
Ca2+ concentration ([Ca2+]c), which triggers insulin exocytosis (triggering pathway, blue arrows).
The amplifying pathway of metabolism–secretion coupling is contributed to by additive coupling factors,
e.g., glutamate produced by glutamate dehydrogenase (GDH) and transported by GC1 (red arrow).
Free fatty acids potentiate glucose-stimulated insulin secretion through long-chain acyl-coenzyme A
(Lc-CoA), glycerolipid/free fatty acid cycle (not shown), import into mitochondria through the fatty
acid transport protein (FATP1) and the carnitine/acylcarnitine carrier (CAC), β-oxidation; or through
FFAR1 signaling (green arrows). Gαq activates phospholipase C (PLC) producing both inositol
trisphosphate (IP3), which triggers calcium release from the endoplasmic reticulum (ER) stores, and
raises diacylglycerol (DAG), an activator of the phosphokinase C (PKC) involved in insulin exocytosis.
(b) Functional interaction network of mitochondrial metabolite carriers and associated genes, i.e.,
pyruvate metabolism, TCA cycle, amino acid metabolism and fatty acid transport. Nodes were
connected using the STRING interaction knowledgebase with a confidence score > 0.4.
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Using RNA-Seq analysis on isolated human islets, we have delineated the changes of such
mitochondrial components following chronic exposure to different metabolic stresses hypothesized
to participate to the etiology of type 2 diabetes, i.e., glucotoxicity, lipotoxicity, and glucolipotoxicity.
This profiling, evaluated in light of previous studies, uncovered specific signatures of the
different nutrients.

2. Materials and Methods

2.1. Reagents

Culture media, D-glucose, fatty acids, and other basic reagents were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Human Islets and Treatments

Human islets were isolated from pancreases of deceased multiorgan donors (n = 8), who had
provided written informed consent (ECIT consortium, http://ecit.dri-sanraffaele.org/, 2009). None of
the donors were diagnosed with diabetes nor metabolic syndrome (clinical data are provided in
Supplementary Table S1). Donors had an average BMI of 25.5± 2.2 kg/m2 and were aged 51.5 ± 7.6 years.
Islets were maintained for a standard recovery period of time (between 1 to 4 days) in CMRL-1066
medium containing 5.5 mM glucose supplemented with 10% (vol./vol.) fetal calf serum and used for
experiments straight away without shipping maneuver (isolation and experiments being performed
in the same institution at the Hôpitaux Universitaires de Genève, Switzerland). Isolated islets were
hand-picked, washed twice and further maintained for 3 days at physiological 5.5 mM glucose (G5.5
control) with either 0.4 mM oleate (unsaturated fatty acid C18:1, Olea) or 0.4 mM palmitate (saturated
fatty acid C16:0, Palm). Islets were also exposed to high 25 mM glucose (G25) with 0.4 mM oleate
(G25 + Olea), 0.4 mM palmitate (G25 + Palm), or the combination of both fatty acids at 0.4 mM
(G25+Olea+Palm, 0.2 mM each); all conditions with 0.5% BSA in the culture medium [2]. Stock
solutions of fatty acids were adjusted to 8 mM in 11% fatty acid-free BSA solution, without organic
solvent, and stored at −20 ◦C as previously described [3]. This resulted in the addition of 0.55% BSA
in the culture media supplemented with the tested fatty acids. The physiological 5.5 mM glucose in
CMRL-1066 medium served as control. The different treatments were systematically performed in
parallel cultures. Islet batches from different donors were used for transcript quantification using
different techniques, those corresponding to donors #1–5 were used for RNA-Seq analyses, those of
donors #1, 2, 4, 6–8 were used for quantitative RT-PCR, while those of donors #1, 2, and 6 were used
for previously published NanoString® (nCounter system, Seattle, WA, USA) technology analysis [4];
see Supplementary Table S1.

2.3. RNA-Sequencing

Total RNA was extracted from cultured isolated human islets with Trizol reagent (Invitrogen,
Carlsbad, CA, USA) [4]. RNA sequencing was performed in Susanne Mandrup’s laboratory (University
of Southern Denmark, Odense, Denmark) as detailed previously [2,5]. Accession numbers for each
transcript in NCBI reference sequence format are provided in Supplementary Tables S2–S6.

2.4. Quantitative RT-PCR

An amount of 2 µg of isolated RNA was converted into cDNA as previously described [6]. Primers
for SLC25A10, SLC25A11, SLC25A22, SLC8B1, TIMM13, and cyclophilin A (PPIA) were designed
using the Primer Express Software (Applera Europe, Rotkreutz, Switzerland); see list of primers in
Supplementary Table S7. Quantitative RT-PCR was performed for human islets from donors #1, #2,
#4, #6, #7, #8 using a StepOnePlusTM Real–Time PCR system (Thermo Fisher Scientific, Waltham,
MA, USA). PCR products were quantified fluorometrically using the SYBR Green Master kit (Roche,
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Mannheim, Germany). Experiments were performed in duplicate for each transcript, and mean values
were normalized to those of the reference mRNA cyclophilin A (PPIA).

2.5. Network Analysis

We selected specific human genes with a direct or indirect role in mitochondrial transport for
network analysis (full transcriptome data not shown). Functional interaction networks were built using
stringApp (v 1.4.2) in Cytoscape (v 3.6.1), which includes both physical interactions from experimental
data and functional associations from curated pathways, automatic text mining, and prediction
methods; with a confidence score cutoff of 0.4 [7]. Finally, transcriptomic data were assembled into
a functional network using Omics Visualizer (v 1.3.0) in Cytoscape (3.8.1) [8]. To avoid inference
of interdependence between gene expression levels and their functional links, the edges from the
networks including transcriptomic data were removed.

2.6. Statistical Analysis

Significant changes were considered when two or more independent islet batches (donors)
exhibited down or upregulation with a log2 fold change (log2 FC) threshold of 0.5 associated with at
least one or more adjusted p < 0.05; highlighted in bold in the figures. For quantitative RT-PCR results,
a mixed model approach for repeated measures was applied with a significance threshold of 0.05.

3. Results

Exposure of β-cells to chronic fuel surfeit triggers adaptive responses to cope with the increased
insulin demand and also as a protective mechanism. When the adaptive mechanism fails, toxicity
occurs with nutrient surplus, leading to β-cell dysfunction, dedifferentiation, and ultimately cell
death. Although still debated, the terms lipotoxicity, glucotoxicity, and glucolipotoxicity are used
to describe potentially nutrient-rich toxic conditions responsible for those pathogenic mechanisms
in the context of type-2 diabetes. Of note, these terms may not only include potential toxic effects
of nutrient excess, but also the beneficial adaptive mechanisms resulting from these conditions [9].
In previous reports, we characterized mitochondrion-associated genes in INS-1E β-cells using TaqMan
Micro Fluidic Cards RT-PCR system (Thermo Fisher Scientific, Waltham, MA, USA) [10] and in human
islets using NanoString® targeted transcriptomic technology [4], revealing stress-specific signatures
in response to chronic exposure to high glucose or fatty acids. Based on these studies and using an
untargeted transcriptomic technology (RNA-Seq), we are now reporting the expression profile of
mitochondrion transport-associated genes in response to specific metabolic stresses, i.e., to high glucose
or fatty acids and also to their combination. This in vitro approach aims at mimicking, respectively,
glucotoxic, lipotoxic, and glucolipotoxic conditions, potentially uncovering the specific contributions of
the different stressors. We previously reported that such treatments induce marginal caspase-3 cleavage
and essentially preserve β-cell differentiation, documented through the expression of the transcription
factor IPF-1 [11]. Here, we provide a snapshot of the regulation of the mitochondrial carriers and
associated genes from a whole-transcriptome data set (full data set not shown). We delineated a
functional interaction network of selected genes using the STRING knowledgebase [7,12] (Figure 1b
and Supplementary Figure S1). In particular, we selected mitochondrial metabolite carriers and
associated genes involved in pyruvate metabolism, the tricarboxylic acid (TCA) cycle, amino acid
metabolism and fatty acid transport; in the electron transport chain and related carriers; in the outer
and inner mitochondrial membrane translocases TOM/TIM; in iron transport; and in calcium transport.
Then, transcriptomic data were added into the functional gene network for visualization of each islet
batch corresponding to the individual donors #1–5 (Figures 2–5, Supplementary Figures S2 and S3,
Supplementary Tables S2–S6). The main changes are summarized in Figure 7.

4



Biomolecules 2020, 10, 1543

Figure 2. Effects of oleate (Olea) and palmitate (Palm) on the transcriptional regulation of mitochondrial
solute carriers and associated genes: pyruvate metabolism, TCA cycle enzymes, amino acid metabolism
and fatty acid transport. Human islets were exposed to 0.4 mM (a) Olea or (b) Palm at standard glucose
concentration (G5.5) for 3 days before RNA-Seq analysis. Effects of lipotoxic culture conditions on
transcript levels are compared to standard G5.5 medium and shown as upregulated (red), downregulated
(blue), or unchanged (white). Missing values are represented in grey. Each disk is split into individual
changes for the different islet donors. Color code reflects the transcriptional changes in log2 fold
changes (log2 FC) for that particular gene in individual donors. Clinical data from individual donors are
shown in Supplementary Table S1, while quantitative transcriptional data are shown in Supplementary
Table S2. * adjusted p < 0.05, ** adjusted p < 0.01, *** adjusted p < 0.001 between control 5.5 mM glucose
and the specific culture condition.
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Figure 3. Effects of high 25 mM glucose (G25) and G25 plus 0.4 mM oleate and palmitate (G25 +Olea +
Palm) on the transcriptional regulation of mitochondrial solute carriers and associated genes. Human
islets were exposed to (a) G25 glucotoxic condition or (b) G25 + Olea + Palm glucolipotoxic condition
for 3 days before RNA-Seq analysis. Effects of culture conditions on transcript levels are compared
to standard G5.5 medium and shown as upregulated (red), downregulated (blue), or unchanged
(white). Missing values are represented in grey. Each disk is split into individual changes for the
different donors. Color code reflects the transcriptional changes in log2 fold changes (log2 FC) for that
particular gene in individual donors. Clinical data from individual donors are shown in Supplementary
Table S1, while quantitative transcriptional data are shown in Supplementary Table S2. * adjusted
p < 0.05, ** adjusted p < 0.01, *** adjusted p < 0.001 between control 5.5 mM glucose and the specific
culture condition.
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Figure 4. Effects of high 25 mM glucose (G25) plus 0.4 mM oleate (G25 +Olea) or palmitate (G25 + Palm)
on the transcriptional regulation of mitochondrial solute carriers and associated genes. Human islets
were exposed to (a) G25 + Olea or (b) G25 + Palm glucolipotoxic conditions for 3 days before RNA-Seq
analysis. Effects of culture conditions on transcript levels are compared to standard G5.5 medium
and shown as upregulated (red), downregulated (blue), or unchanged (white). Missing values are
represented in grey. Each disk is split into individual changes for the different donors. Color code
reflects the transcriptional changes in log2 fold changes (log2 FC) for that particular gene in individual
donors. Clinical data from individual donors are shown in Supplementary Table S1, while quantitative
transcriptional data are shown in Supplementary Table S2. * adjusted p < 0.05, ** adjusted p < 0.01,
*** adjusted p < 0.001 between control 5.5 mM glucose and the specific culture condition.
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Figure 5. Effects of high 25 mM glucose (G25) and 0.4 mM oleate (Olea) or palmitate (Palm) on the
transcriptional regulation of the outer and inner mitochondrial membrane translocases TOM/TIM. Human
islets were exposed to (a) Olea at G5.5, (b) Palm at G5.5, (c) G25, (d) G25 +Olea + Palm, (e) G25 +Olea,
and (f) G25 + Palm for 3 days before RNA-Seq analysis. Effects of culture conditions on transcript
levels are compared to standard G5.5 medium and shown as upregulated (red), downregulated (blue),
or unchanged (white). Missing values are represented in grey. Each disk is split into individual changes
for the different donors. Color code reflects the transcriptional changes in log2 fold changes (log2 FC)
for that particular gene in individual donors. * adjusted p < 0.05, ** adjusted p < 0.01, *** adjusted
p < 0.001 between control 5.5 mM glucose and the specific culture condition.
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In order to compare alternative technologies commonly used for the assessment of mRNA levels,
we measured some genes of interest with qRT-PCR (Supplementary Figure S4). This was performed on
some of the islet batches used for the present RNA-Seq analysis (donors #1, #2, #4) and also on additional
independent islet batches (donors #6–8). In addition to RNA-Seq and qRT-PCR, NanoString® targeted
transcriptomic technology was previously applied for delineation of mitochondrial transcriptome using
material extracted from shared islet batches (donors #1, #2, #6); see Supplementary Table S1 and [4].
Collectively, this cross-comparison reveals important differences regarding relative mRNA levels, in
particular for RNA-Seq versus qRT-PCR data. The latter requires amplification of a target sequence
and use of an internal control, which confer limitations when measurements are performed on samples
of various origins, such as islets isolated from different donors and not pooled for experimental in vitro
treatments. This approach also shows that changes in gene expression in isolated human islets are
highly batch specific.

3.1. Adaptation of Mitochondrial Solute Carriers Responsible for Metabolite Transport

Chronic effects of nutrient-rich metabolic stresses on mitochondrial carriers involved in the
transport of pyruvate, TCA cycle intermediates, amino acids, fatty acids and associated genes were
determined in isolated human islets at the end of a three-day exposure to the different diabetogenic
milieus using RNA-Seq (Figures 2–4, Supplementary Table S2).

In human islets cultured with physiological glucose G5.5, neither oleate nor palmitate modified
expression of the pyruvate carrier (MPC1 and MPC2) and the pyruvate dehydrogenase complex
(PDH), see Figure 2a,b. However, treatment of islets with palmitate at G5.5 for 3 days increased
the pyruvate dehydrogenase kinase 4 (PDK4) mRNA levels (Figure 2b), while a similar trend was
observed for PDK1 with oleate (Figure 2a). Oleate upregulated the dicarboxylate/malate carrier
DIC (SLC25A10), the 2-oxoglutarate/malate carrier OGC (SLC25A11), and the fatty acid transport
protein FATP1 (SLC27A1); while palmitate exhibited a similar pattern (Figure 2a,b), as observed
previously using microarray analysis [13]. Quantitative RT-PCR analyses were performed on shared
islet batches (donors #1, #2, and #4) as well as on additional batches (donors #6–8) for SLC25A10,
SLC25A11, and SLC25A22 (Supplementary Figure S4); confirming that variations in transcript levels
are batch-specific. Overall, chronic exposure of islets to palmitate and oleate induced limited changes
in the expression of genes of the mitochondrial solute carrier family.

High glucose (G25) increased expression of pyruvate dehydrogenase E1 subunit alpha 1 (PDHA1),
pyruvate dehydrogenase kinase 4 (PDK4), and the pyruvate carrier (MPC2) in only one donor out
of four (Figure 3a), suggesting that mitochondrial pyruvate handling should be preserved in these
conditions. However, high glucose consistently upregulated the expression of the malate carrier
DIC (SLC25A10), the 2-oxoglutarate/malate carrier OGC (SLC25A11), and the glutamate carrier GC1
(SLC25A22), along with the associated enzymes malate dehydrogenase 2 (MDH2) and 2-oxoglutarate
dehydrogenase (OGDH). Of note, the uncoupling protein 2 (UCP2) was diversely modified in the
different donors (Figure 3a). G25 also increased expression of the fatty acid transport protein
FATP1 (SLC27A1) and the carnitine/acylcarnitine carrier CAC (SLC25A20). Such a profile suggests that
glucotoxic conditions induce important mitochondrial anaplerotic/cataplerotic and NADPH-generating
shuttle activities, as well as increased fatty acid import into mitochondria.

Regarding the glucolipotoxic conditions, expression of PDK4 was unchanged at G25 plus oleate
(Figure 4a), although significantly upregulated in one donor at G25 plus palmitate (Figure 4b) as
well as G25 plus both saturated and unsaturated fatty acids (Figure 3b). This points to palmitate
having a specific effect on PDK4 expression, consistent with the increase in PDK4 we observed with
palmitate alone at standard G5.5 (Figure 2a). Similar to G25 alone, G25 plus oleate upregulated the
malate carrier DIC (SLC25A10) (Figure 4a). However, palmitate at G25, even combined with oleate,
restored expression of DIC (SLC25A10) to nearly control levels (Figures 3b and 4b, respectively).
The expression of enzymes participating in the TCA cycle was marginally affected by glucolipotoxic
conditions (Figures 3b and 4a,b). Overall, chronic exposure of islets to high glucose plus palmitate and
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oleate induced moderate changes in the expression of genes of the mitochondrial solute carrier family,
although exhibiting specific fatty acid signatures.

3.2. Adaptation of the Electron Transport Chain Machinery

Chronic effects of metabolic stress on the electron transport chain (ETC) machinery were then
investigated in human islets at the end of the three-day exposure to the different diabetogenic milieus
using RNA-Seq (Supplementary Figure S2, Supplementary Table S3). Treatment of islets with oleate at
G5.5 for 3 days increased expression of the nuclear-encoded respiratory chain subunits of complex I
(NDUFS7, NDUFB7, NDUFS8) and complex IV (COX8A, COX5B). Palmitate treatment, while inducing
a similar trend, significantly upregulated complex V (ATP5D, ATP5G1). Expression of the phosphate
carrier PiC (SLC25A3), the ADP/ATP translocases ANT1 and ANT2 (SLC25A4 and SLC25A5) and the
uncoupling proteins (UCP2, SLC25A27 and SLC25A14) was preserved (Supplementary Figure S2a,b).

With respect to the other stressors, high glucose by itself caused the strongest expression changes
in mitochondrial ETC subunits, inducing upregulation of the nuclear-encoded subunits of complex
I (NDUFS7, NDUFS8, NDUFB2, NDUFB9, NDUFB10), complex III (UQCRQ, UQCRC1, UQCRFS1,

UQCR10), complex IV (COX5B), complex V (ATPIF1, ATP5J2, ATP5D, ATP5G1), and downregulation
of complex IV subunit (COX7B, COX6C), see Supplementary Figure S2c. High glucose also altered the
expression of uncoupling proteins (UCP2, SLC25A14).

Addition of palmitate (alone or combined with oleate) at G25 elicited a general shift towards
decreased expression of ETC subunits (Supplementary Figure S2d,f). This reduction in the overall G25
effect was less pronounced in the presence of oleate (Supplementary Figure S2e). In particular, islets
from donor #4 exhibited strong changes in the expression of the different subunits of complexes I, III,
IV and V, along with cytochrome C oxidase assembly components (Supplementary Figure S2e).

These results point to glucotoxic condition as the main effector for changes in the ETC machinery,
while palmitate prevented most of the upregulations associated with high glucose.

3.3. Adaptation of the Translocases of the Outer and Inner Mitochondrial Membrane TOM/TIM

Next, we investigated mitochondrial membrane translocases responsible for preprotein import.
Exposure of human islets to oleate, and to a lesser extent palmitate, at standard G5.5 for 3 days
increased expression of the transmembrane channel of the outer membrane TOM complex TOMM40,
the component of the intermembrane space TIM8–TIM13 complex TIMM13, and the component of the
inner membrane TIM23 complex TIMM17B (Figure 5a,b; Supplementary Table S4).

Consistent with the changes observed in the ETC, high glucose caused the strongest transcriptional
modifications in the translocases of the outer and inner mitochondrial membranes with respect to
the other metabolic stresses. Similar to fatty acids at G5.5, G25 also per se upregulated TOMM40,

TIMM13, and TIMM17B, while compared to fatty acids at G5.5 high glucose specifically upregulated the
TOM70 receptor (TOMM70A) of the TOM complex, among other components of the inner membrane
(TIMM8A, TIMM10, TIMM22, TIMM23), see Figure 5c. Some of the G25 effects were reinforced by the
presence of fatty acids, in particular regarding the upregulation of the TOM70 receptor (Figure 5d–f).
Complementary qRT-PCR analyses indicated that the upregulation of TIMM13 by G25 is highly
donor-dependent (Supplementary Figure S4). To our knowledge, this is the first description of
transcriptional changes in the mitochondrial protein import machinery upon glucotoxic and lipotoxic
conditions in pancreatic islets. Essentially, lipotoxicity and glucotoxicity increased expression of
components of the outer membrane TOM complex, the intermembrane space TIM8–TIM13 complex
and of the inner membrane TIM23 complex, while glucolipotoxicity strongly upregulated the TOMM70A

receptor of the TOM complex.

3.4. Adaptation of the Mitochondrial Iron Transport

Iron is essential for mitochondrial redox activity through the heme synthesis pathway and, as
a consequence, for the function of the ETC. Culture with oleate at G5.5 increased expression of the
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translocator TSPO and the ATP-binding cassette MITOSUR (ABCB8), while palmitate exhibited a
similar pattern but additionally repressed expression of frataxin (FXN), see Supplementary Figure S3a,b
and Supplementary Table S5. Interestingly, disruption of the frataxin gene in mice causes the loss of
β-cell mass and then diabetes [14]. Similar to fatty acids, high glucose increased expression of TSPO

and ABCB8, as well as the carrier CGI-69 (SLC25A39), which was marginally upregulated by oleate
and palmitate. These results suggest shared responses between lipotoxic and glucotoxic conditions
(Supplementary Figure S3c). Combination of G25 with oleate showed upregulation of mitoferrin-2
(SLC25A28), see Supplementary Figure S3E. Conversely, apoptosin (SLC25A38) was downregulated
by the presence of fatty acids at G25 (Supplementary Figure S3e,f). Of note, mitochondrial ferritin
(FTMT) was not detected in any of the donors upon any conditions. Overall, mitochondrial iron
transport components exhibited moderate responses with high inter-individual variability upon
diabetogenic conditions.

3.5. Adaptation of the Mitochondrial Calcium Transport

The next group of mitochondrial components we analyzed mediates calcium transport across
the mitochondrial membrane. At G5.5, neither oleate nor palmitate modified expression of the Ca2+

uniporter MCU, while both fatty acids exhibited a trend for increased expression of the essential MCU
regulator SMDT1 (Figure 6a,b), an effect significantly induced by G25 alone (Figure 6c, Supplementary
Table S6). Interestingly, the combination of high glucose with fatty acids counteracted the upregulation
of SMDT1 observed with individual stressors (Figure 6d–f). Oleate and G25 by themselves decreased
expression of the MCU regulatory partners MICU3, while the combination of both nutrient-rich
conditions blunted such effects (Figure 6a,c–e). High glucose also upregulated the Na+/Ca2+ exchanger
NCLX (SLC8B1) (Figure 6c), an effect not revealed by qRT-PCR (Supplementary Figure S4).

Figure 6. Cont.
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Figure 6. Effects of high 25 mM glucose (G25) and 0.4 mM oleate (Olea) or palmitate (Palm) on the
transcriptional regulation of mitochondrial calcium transport genes. Human islets were exposed to
(a) Olea at G5.5, (b) Palm at G5.5, (c) G25, (d) G25 + Olea + Palm, (e) G25 + Olea, and (f) G25 + Palm
for 3 days before RNA-Seq analysis. Effects of culture conditions on transcript levels are compared to
standard G5.5 medium and shown as upregulated (red), downregulated (blue), or unchanged (white).
Missing values are represented in grey. Each disk is split into individual changes for the different
donors. Color code reflects the transcriptional changes in log2 fold changes (log2 FC) for that particular
gene in individual donors. * adjusted p < 0.05, ** adjusted p < 0.01 between control 5.5 mM glucose and
the specific culture condition.

Overall, some changes induced by either lipotoxic or glucotoxic conditions disappeared when
glucolipotoxicity was applied, in particular the upregulation of SMDT1 and the downregulation of
MCU regulatory partners.

4. Discussion

4.1. Adaptation of Mitochondrial Solute Carriers Responsible for Metabolite Transport

We first analyzed the carriers and associated genes involved in mitochondrial metabolic fluxes.
Of primary importance, pyruvate is the link between glycolysis and mitochondrial activation, allowing
TCA cycle fueling. Upon diabetogenic conditions, the machinery for pyruvate entry and oxidation
in mitochondria was essentially preserved, although palmitate increased the expression of pyruvate
dehydrogenase kinase PDK4. In islets of non-obeseβV59M diabetic mice, PDK1 is strongly upregulated,
at both RNA and protein levels, while TCA cycle enzymes are essentially downregulated [15]. Increased
PDK expression may account for reduced PDH activity reported in ß-cells and pancreatic islets exposed
to elevated fatty acids [16,17]. However, knockdown of both isoforms one and three of PDK in
INS-1E β-cells does not affect metabolism–secretion coupling [18]. Interestingly, PDK4 expression was
specifically upregulated by the saturated fatty acid palmitate. Increased PDK4 activity inhibits PDH
and rapidly suppresses mitochondrial pyruvate utilization. In mice fed a high-fat diet, upregulation of
PDK4 precedes diet-induced alteration of glucose oxidation in the heart [19], although we lack similar
data on insulin-producing cells. These results suggest a specific fatty acid signature, resulting in lower
pyruvate oxidation in the presence of saturated fat.

Downstream of pyruvate metabolism, intermediates of the TCA cycle are recruited to serve
as substrates leading to the formation of coupling factors for metabolism–secretion coupling in
β-cells [20]. Some of the diabetogenic conditions upregulated several mitochondrial carriers in
human islets, i.e., the malate carrier DIC (SLC25A10), the α-ketoglutarate-malate exchanger OGC
(SLC25A11), and the glutamate carrier GC1 (SLC25A22). Despite some discrepancies between studies
as well as mRNA versus protein levels [21], this observation suggests important mitochondrial
anaplerotic/cataplerotic pathways and NAD(P)H-generating shuttle activities, thereby generating
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factors supporting glucose-stimulated insulin secretion [1,22–25]. Interestingly, the fatty acid
transporter FATP1 was also upregulated by metabolic stresses, potentially promoting β-oxidation.
In several models of obese type-2 diabetes, oxidation of fatty acids in β-cells is enhanced along with
reduced glucose-stimulated insulin secretion [26–28], favoring detoxification of intracellular lipids.
Consequently, channeling fatty acids towards β-oxidation in mitochondria would divert cytosolic fatty
acids from the generation of lipid-derived amplifying signals for insulin exocytosis [22,29,30], possibly
compensated by the glycerolipid/free fatty acid cycle [26].

Overall, nutrient-rich metabolic stresses induced (i) anaplerotic/cataplerotic machinery that
preserves glucose oxidation and metabolism–secretion coupling, pointing to a mitohormetic
response [31,32] and (ii) fatty acid import into mitochondria, diverting cytosolic fatty acids from the
generation of amplification signals.

4.2. Adaptation of the Electron Transport Chain Machinery

The TCA cycle generates reducing equivalents transferred to the ETC by NADH and FADH2,
promoting hyperpolarization of the mitochondrial membrane (∆Ψm) and ATP production, which is
necessary for distal events on the plasma membrane inducing insulin exocytosis (Figure 1a).

Our results uncover increased expression of components of the ETC upon glucotoxic conditions,
to a lesser extent upon lipotoxic conditions, and towards normalization with combined glucolipotoxicity.
Regarding genes encoded by the mitochondrial genome, i.e., 13 ETC subunits, we previously
reported that their expression is reduced in human islets upon high glucose with moderate effects
upon oleate exposure [4,10]. Experiments with β-cell lines exposed to chronic high glucose or
palmitate showed impaired mitochondrial hyperpolarization in response to glucose notwithstanding
preserved mitochondrial respiration [11,33], pointing to changes in the mitochondrial inner membrane
current–voltage relationship [33,34]. Conversely, and consistent with the present data, exposure of
a clonal β-cell line to chronic high glucose results in elevated mitochondrial respiration, although
glucose-stimulated insulin secretion is impaired [4,33]. These discrepancies between studies related
to glucotoxicity could be explained by differences in the experimental conditions, such as the
duration of the treatments (24/48/72 h). For the β-cell, glucose holds this apparent paradox of
being its primary stimulus for metabolism–secretion coupling and becoming toxic when chronically
reaching stimulatory concentrations. Palmitate combined with elevated glucose consistently
reduces mitochondrial respiration and metabolism–secretion coupling [35]. This is in agreement
with the notion that accumulation of glucose-derived malonyl-CoA accounts for adaptation to
glucolipotoxicity [30], and is consistent with the blunted upregulation of ETC components we observed
upon glucolipotoxic conditions.

When exploring the ETC machinery of pancreatic islets from type-2 diabetic donors,
the observations are also variable. Anello et al. observed increased expression of complex I and
complex V of the ETC with impaired hyperpolarization of ∆Ψm and lower ATP production upon
glucose stimulation [36]. Conversely, other studies have reported decreased expression of genes
involved in the ETC [37,38], including isolated human islets exposed for 2 days to palmitate [39].
Rodent and cell culture studies support the finding that reduced expression of ETC components lowers
oxidative phosphorylation (OXPHOS) enzyme activity and hence impairs glucose-stimulated ATP
production and insulin exocytosis [40]. However, OXPHOS is the main upregulated set of genes in
islets of a prediabetic mouse model in response to diabetogenic high-fat diet [41]. This observation
could explain the high variability observed between the different studies [13,39] including ours, in the
prediabetic state, enhanced OXPHOS by upregulation of the ETC could be a compensatory mechanism
to increase ATP production and insulin exocytosis, while this mechanism is lost as diabetes progresses.
Hence, different donors at different stages of diabetes with distinct β-cell functionality could show
distinct responses.
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4.3. Adaptation of the Translocases of the Outer and Inner Mitochondrial Membrane TOM/TIM

The concerted actions of TOM and TIM are responsible for the post-translational import of
nuclear-encoded mitochondrial proteins [42]. Our unprecedented analysis of the TOM/TIM system
by diabetogenic conditions in insulin-producing cells reveals upregulation of the TOM/TIM import
machinery upon glucotoxic and lipotoxic conditions, potentially accounting for increased mitochondrial
activity. Of note, glucolipotoxicity robustly and consistently upregulated TOMM70A. This receptor
(TOM70) plays a key role in the import of mitochondrial carrier precursors [43]. Independently
of its protein import function, TOM70 also sustains cell bioenergetics by mediating Ca2+ transfer
from the endoplasmic reticulum (ER) to the mitochondria [44]. Elevation of mitochondrial Ca2+

concentrations favors the activity of Ca2+-sensitive mitochondrial dehydrogenases [45] and ATP
synthase-dependent respiration in β-cells [46]. This observation is consistent with the increased
ER–mitochondria contact sites in human islets and INS-1E cells exposed to glucotoxic conditions [47].
Despite the numerous ER–mitochondria contact sites, Ca2+ transfer into the mitochondria is impaired
in these conditions [47], suggesting a possible compensatory mechanism by TOM70. Upregulated by
glucotoxic conditions, TIMM13 and TIMM8A form the Tom8–Tom13 complex that is involved in the
import of the mitochondrial aspartate/glutamate carriers AGC1 (or aralar1) and AGC2 (or citrin) [48].
AGC1 is an important component of NADH shuttle activity in insulin-secreting cells, particularly
solicited upon robust glycolytic flux [24,49]. In summary, chronic nutrient-rich metabolic stress
increased transcription of key components of the TOM/TIM import machinery, potentially enhancing
the mitochondrial oxidative phosphorylation activity.

4.4. Adaptation of the Mitochondrial Iron Transport

An increasing body of evidence suggests that iron accumulation is associated with elevated risk of
type-2 diabetes and might be directly implicated in its pathophysiology [50–55]. In vitro, cellular iron
import through the divalent metal transporter DMT1 is increased by diabetogenic conditions, such as
exposure to cytokines [56] and glucolipotoxicity [57]. As a consequence, the cytosolic labile iron pool
(LIP) is enlarged, favoring the production of reactive oxygen species (ROS) and impairing mitochondrial
function [57]. Dietary iron restriction, or iron chelation, protects obese mice from alteration of β-cell
function and diabetes [58]. Apart from its role in cytoplasmatic and nuclear functions, iron is necessary
in mitochondria for the synthesis of heme and the associated iron sulfur cluster (ISC)-containing
proteins of the ETC [59]. Iron is imported into mitochondria through mitoferrin 1 or 2 (SLC25A37

or SLC25A28), stored by mitochondrial-ferritin (FTMT), and assembled into ISC with the help of
frataxin (FXN) [60]. In contrast with one report documenting expression of FTMT in rodent islets [61],
our RNA-Seq analysis did not detect mitochondrial ferritin in human islets. One can speculate that
mitochondrial iron homeostasis in human islets is highly dynamic, with active frataxin-mediated ISC
assembly and transfer to the ETC limiting its mitochondrial matrix storage [62,63]. We observed that
palmitate repressed frataxin, favoring uncontrolled accumulation of mitochondrial iron. The role
of FXN in the β-cell is illustrated by patients with Friedreich’s ataxia. These patients have reduced
expression of FXN associated with β-cell demise secondary to oxidative stress-induced apoptosis [64]
and with defects in insulin secretion and action [39]. Loss of frataxin impacts mitochondrial ATP
production in vivo [65], consistent with its role in the building of the ETC. Of note, islets from type-2
diabetic donors have lower FXN expression levels [66].

Lipotoxicity and glucotoxicity increased expression of the ATP-binding cassette subfamily
B member 8 (ABCB8) located in the inner mitochondrial membrane. There are no reports on the
regulation of ABCB8 upon such conditions, although its role in the export of mitochondrial iron and
in the defense against oxidative stress has been documented [67,68]. ABCB8 forms a complex with
other mitochondrial proteins, including succinate dehydrogenase, inorganic phosphate carrier, adenine
nucleotide translocator, and ATP synthase [69]. As the mitochondrial respiratory chain is a major
source of ROS in β-cells and other cell types [70–72], upregulation of ABCB8 could represent a defense
mechanism in β-cells. Finally, SLC25A39 was significantly upregulated by high glucose and marginally
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by fatty acids. The function of SLC25A39 is not yet well defined, although it is probably not directly
implicated in iron transport. Indeed, its silencing does affect mitochondrial iron levels, while it impairs
iron incorporation into heme [73], demonstrating a role for this gene in mitochondrial iron homeostasis.

Overall, past and present data show that diabetogenic conditions alter the expression of genes
involved in mitochondrial iron homeostasis, with possible implications in the pathophysiology of
diabetes and β-cell function.

4.5. Adaptation of the Mitochondrial Calcium Transport

When β-cells are stimulated with elevated glucose, mitochondrial ATP generation promotes
plasma membrane depolarization and a subsequent rise in cytosolic Ca2+ concentration, thereby
triggering insulin secretion. Part of the Ca2+ peak is transferred into mitochondria [74], as well as
in the ER [75]. Increased mitochondrial Ca2+ enhances the activity of some dehydrogenases [76–78],
promoting the generation of additive coupling factors for insulin exocytosis [79–81].

The channel responsible for mitochondrial Ca2+ uptake is the uniporter MCU and its expression is
required in ß-cells for proper in vitro glucose-stimulated insulin secretion [82]. Consistent with previous
reports [47], none of the tested conditions significantly modified MCU expression, in agreement with
its complex post-translational regulation [83]. However, we show here that glucotoxicity upregulated
SMDT1 (essential MCU regulator, EMRE), which is indispensable for MCU activity [84]. Silencing of
MCU in β-cells impairs the rise in mitochondrial Ca2+ evoked by cell depolarization and reduces the
plateau phase of ATP/ADP ratio upon glucose stimulation without affecting mitochondrial membrane
potential [85]. Accordingly, knockdown of MCU in mouse ß-cells inhibits glucose-evoked insulin
exocytosis [86]. At the in vivo level, mice lacking MCU in β-cells display normal glycemia despite
impaired glucose-stimulated insulin secretion, which was tested on isolated islets [82]. Surprisingly,
whole-body MCU knockout mice exhibit a mild phenotype without noticeable impact on oxidative
phosphorylation [87]. It has been proposed that cytosolic Ca2+, more than mitochondrial matrix Ca2+,
may adapt OXPHOS to workload by adjusting the rate of pyruvate supply from the cytosol to the
mitochondria [88]. Regarding Ca2+ efflux out of mitochondria, this is mediated by the Na+/Ca2+

exchanger NCLX (SLC8B1) [89] and its inhibition increases both mitochondrial Ca2+ concentration
and glucose-stimulated insulin secretion [90]. In insulinoma cells, it was reported that high glucose
abolishes the allosteric inhibition of NCLX, favoring Ca2+ efflux [91]. Here, we show that the glucotoxic
condition upregulated SLC8B1 (NCLX) in human islets. Therefore, NCLX could serve as a glucose
sensor linking mitochondrial metabolism and Ca2+ signaling.

Overall, in human islets, a high glucose condition alters transcription of MCU regulatory partners
and NCLX-mediating mitochondrial Ca2+ efflux, with a potential impact on mitochondrial activity
and the generation of coupling factors.

5. Conclusions

Lipotoxic, glucotoxic, and glucolipotoxic conditions applied to human islets induced specific
expression changes in solute mitochondrial carriers and associated genes, TOM/TIM protein import
machinery, ETC components, and iron and calcium transport. Glucotoxicity was the condition that
altered the expression of the largest number of genes. Interestingly, the addition of fatty acids to the
high glucose culture counteracted several of the changes, in particular regarding the ETC components
and the TOM/TIM machinery (Figure 7). The specificities of changes could also discriminate between
saturated and unsaturated fatty acids. Delineation of nutrient-specific signatures in human islets may
provide novel insights for the management of type-2 diabetes.

15



Biomolecules 2020, 10, 1543

Figure 7. Stress-specific mitochondrial transcriptome profile of human islets upon lipotoxic, glucotoxic,
and glucolipotoxic conditions. Isolated human islets were exposed for 3 days to different culture
conditions: 25 mM glucose (G25) in the green circle, 0.4 mM oleate (Olea) in the yellow circle,
and 0.4 mM palmitate (Palm) in the blue circle. The superimposition of the circles represents the
mix of the corresponding conditions: G25 + Olea in the superimposition of the green and yellow
circles, G25 + Palm in the superimposition of the green and blue circles, and G25 + Palm + Olea in the
superimposition of the three conditions. The condition corresponding to Palm + Olea at G5.5 was not
tested (not applicable). The circle sections contain the genes whose expression is modified upon that
specific stress condition. Colors reflect positive (red), negative (blue) or variable (black) changes in
mRNA. Significant changes were considered when two or more independent islet batches (donors)
exhibited down or upregulation with a log2 FC threshold of 0.5 associated with one or more adjusted
p < 0.05.
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Supplementary Figure S1. Functional interaction network; Supplementary Figure S2. Transcriptional regulation of
the electron transport chain machinery and related mitochondrial carriers in human islets; Supplementary Figure S3.
Transcriptional regulation of mitochondrial iron transport genes in human islets; Supplementary Figure S4: Effects
of high 25 mM glucose (G25) and 0.4 mM palmitate (Palm) or oleate (Olea) on mRNA levels of selected genes in
human islets measured by quantitative RT-PCR, normalized to cyclophilin A (PPIA). See Supplementary Table
S1 for details on the donors. Supplementary Table S1: Clinical data of the human donors of pancreatic islets;
Supplementary Table S2. Quantitative data related to the transcriptomic profiles of mitochondrial solute carriers
and associated genes in human islets upon metabolic stress; Supplementary Table S3. Quantitative data related
to the transcriptomic profiles of the electron transport chain machinery and related mitochondrial carriers in
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human islets upon metabolic stress; Supplementary Table S4. Quantitative data related to the transcriptomic
profiles of the outer and inner mitochondrial membrane translocases TOM/TIM machinery in human islets upon
metabolic stress; Supplementary Table S5. Quantitative data related to the transcriptomic profiles of mitochondrial
iron transport genes in human islets under metabolic stress; Supplementary Table S6. Quantitative data related
to the transcriptomic profiles of mitochondrial calcium transport genes in human islets upon metabolic stress.
Supplementary Table S7: Primers used for quantitative RT-PCR analysis.
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Abstract: Transcript levels for selected ATP synthase membrane FO-subunits—including DAPIT—in
INS-1E cells were found to be sensitive to lowering glucose down from 11 mM, in which these cells are
routinely cultured. Depending on conditions, the diminished mRNA levels recovered when glucose
was restored to 11 mM; or were elevated during further 120 min incubations with 20-mM glucose.
Asking whether DAPIT expression may be elevated by hyperglycemia in vivo, we studied mice with
hyaluronic acid implants delivering glucose for up to 14 days. Such continuous two-week glucose
stimulations in mice increased DAPIT mRNA by >5-fold in isolated pancreatic islets (ATP synthase
F1αmRNA by 1.5-fold). In INS-1E cells, the glucose-induced ATP increment vanished with DAPIT
silencing (6% of ATP rise), likewise a portion of the mtDNA-copy number increment. With 20 and
11-mM glucose the phosphorylating/non-phosphorylating respiration rate ratio diminished to ~70%
and 96%, respectively, upon DAPIT silencing, whereas net GSIS rates accounted for 80% and 90% in
USMG5/DAPIT-deficient cells. Consequently, the sufficient DAPIT expression and complete ATP
synthase assembly is required for maximum ATP synthesis and mitochondrial biogenesis, but not
for insulin secretion as such. Elevated DAPIT expression at high glucose further increases the ATP
synthesis efficiency.

Keywords: mitochondria; USMG5/DAPIT; glucose-stimulated insulin secretion; glucose-induced
expression; membrane subunits of ATP synthase; ATP synthase oligomers mitochondrial
cristae morphology

1. Introduction

Pancreatic β-cells sense glucose and respond to its elevated concentration in rich capillaries of the
pancreatic islets by exocytosis of insulin granules [1–7]. The increased mitochondrial ATP synthesis due
to the elevated oxidative phosphorylation (OXPHOS) represented a consensual canonical mechanism
of glucose-stimulated insulin secretion (GSIS). We recently demonstrated that also NADPH-oxidase-4-
(NOX4-) mediated H2O2 release is fundamentally required for GSIS in addition to ATP [8]. The elevated
OXPHOS is transformed to the increased ATP/ADP ratio at the peri-plasma membrane loci proximal to
the ATP-sensitive K+ channel. The channel closes when both conditions are fulfilled, i.e., elevated ATP
and elevated H2O2 [8], which results in the depolarization of the plasma membrane. This activates
voltage-gated L-type Ca2+ channels (CaL). The subsequent Ca2+ entry to the cytosol initiates the
insulin exocytosis of insulin granules.

To match physiological postprandial glucose concentrations with the sensitivity range of the
glucose sensor, numerous factors delicately tune glucose-concentration dependence for the insulin
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release mechanism. The insulin-independent glucose transporter GLUT-2 (GLUT-1 in humans) rapidly
equilibrates blood glucose with the cytosolic glucose in β-cells [9]. The glucokinase (hexokinase
IV) is insensitive to the inhibition by glucose-6-phosphate [10]. Moreover, low activities of lactate
dehydrogenase and pyruvate dehydrogenase kinase enable a nearly 100% utilization of pyruvate by
OXPHOS [1–6].

We found that also the inhibitory factor IF1 of the mitochondrial ATP synthase belongs to the
key proteins, ensuring the physiological range of the glucose sensor [11,12]. The IF1 slightly inhibits
synthesis of ATP, thus setting the range for elevation of phosphorylating respiration and insulin release
above 3-mM glucose [11,13], with half-activation between 3.5 and 4-mM and saturation above 8-mM
glucose [11,12]. When such a slight in vivo inhibition was largely cancelled using the silencing of IF1,
the elevation of respiration and OXPHOS occurred at very low glucose concentration approaching to
zero [9]. Simultaneously, the half-activation for the insulin release dose–response was shifted to the
range of 0–2-mM glucose in INS-1E cells [9]. In contrast, overexpression of IF1 substantially blocked
GSIS [13].

Another peculiar aspect of the pancreatic β-cell glucose sensor is the steepness of the related
dose–response, i.e., insulin release dependence vs. glucose concentration [11,12,14–16]. The revealed
narrowing of mitochondrial cristae may hypothetically contribute to this steepness, such as observed in
INS-1E cells during GSIS [17] or upon the increased load of cell-permeant Krebs cycle substrate [18,19].
Moreover, the ATP synthase dimers, tetramers [20] or speculatively higher oligomers are associated
within the rows along the crista rims [21–26].

The stabilization within the rims may depend on the presence and correct assembly of the
membrane embedded subunits e, f , g of the membrane FO-sector [20,26]; or DAPIT, which is the
peripheral outmost subunit of the ATP synthase (Figure 1), added lastly upon the assembly [26].
DAPIT is a product of the rat Usmg5 gene [27–31]. Similarly, Mic10 was suggested to be inserted
between the neighbor dimers or tetramers of the ATP synthase [32,33]. Likewise, crosslinking of two F1

moieties from the neighbor ATP synthase dimers by the un-phosphorylated dimeric inhibitory factor
IF1 can stabilize the rim [20], but at the expense of ATP synthesis, since this interaction is inhibitory [13].
The inner mitochondrial membrane (IMM) bending itself may be ensured by subunits e and g [20].
In porcine ATP synthase a self-standing subunit k belongs to those outmost subunits [14], whereas a
yeast subunit k was originally annotated as a DAPIT ortholog [26].

DAPIT is bound to the (mtDNA-) mitochondria-encoded subunit a (Figure 1). DAPIT may also
interact with the second mtDNA-encoded subunit ATP8 [20,26]. However, a tetramer formation may
be facilitated by an interaction of DAPIT with the subunit g within an interface between all four
monomers [20]. Such interface was termed site three among altogether six sites determining the
tetramer structure. Since DAPIT was found to be assembled as the last subunit into the FO-sector
structure [26], we may speculate that its stoichiometry to the FO moiety may be variable.

Moreover, a fraction of Mic10 was found to be associated with the ATP synthase and hypothetically
can crosslink the neighbor dimers [32,33]. Mic10 otherwise ensures 90◦ curvature of the IMM at the
crista outlets being a part of the MICOS complex [32,33]. Besides Mic10 [32,33], also DAPIT has been
suggested to crosslink rows of ATP synthase dimers at crista rims and thus stabilize them [26].

The DAPIT was originally termed diabetes-associated protein in insulin-sensitive tissue. At a
complete stoichiometry, the physiologically established dimers and tetramers of the ATP synthase
possess two and four FO-sectors, respectively, each containing a single DAPIT subunit, embedded
into IMM, actually spanning from its intracristal surface to the matrix IMM surface (Figure 1).
DAPIT-knockdown in He–La cells reportedly led to a slightly decreased ATP synthesis activity and
slower cell growth, while transcripts for the F1-sector subunits α and β did not change [29]. Moreover,
a homozygous splice-site mutation (c.87 + 1G > C) in Dapit/Usmg5 gene reportedly determines
suppression of ATP synthase dimers and inhibition of ATP synthesis in patient’s fibroblasts [34].
This particular DAPIT mutation causes altered mitochondrial cristae in fibroblasts of Leigh syndrome
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patients [35]. Possibly similar or related mechanisms as caused by the DAPIT mutation are involved in
sensitizing of pancreatic cancer cells to inhibitors impairing their survival [36].

Figure 1. DAPIT location within the ATP synthase structure. Neighbor subunits of DAPIT are shown
within the structure of membrane FO-sector of the ATP synthase. DAPIT and the surrounding subunits
are depicted in color, the remaining subunits are transparent. A side view represents a transversal
section of the crista rim; a “bottom” view is from the intracristal space directly viewing the inner
sharpest IMM bend, when one considers the F1 moiety being positioned at the top. A top view is
also the top view for the crista rim and the top of the sharp edge of the IMM bent. The ATP synthase
structure was derived from the atomic model for the dimeric FO region of mitochondrial ATP synthase
published by Guo H. et al. [37], pdb code 6b8 h. The structure was visualized using the PyMOL
Molecular Graphics System, Version 1.8 Schrödinger, LLC.

Despite its name pointing to diabetes (alternatively to upregulated in skeletal muscle gene 5, Usmg5

in the rat genome), the DAPIT protein has not been studied in pancreatic β-cells and there is no
knowledge concerning its effect on the regulation of the ATP synthesis efficiency and its role in GSIS.
Consequently, we attempted to study possible DAPIT role, using the rat pancreatic β-cell line INS-1E.
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2. Materials and Methods

2.1. Model Cells

2.1.1. Cell Culturing

Rat insulinoma INS-1E cells were kindly provided by Prof. Maechler, University of Geneva or
purchased from AddexBio (San Diego, CA, USA; cat. No. C0018009). The results were invariant of the
source as documented in previous reports [8,11,12,38,39]. Cells were cultivated with 11-mM glucose in
RPMI 1640 medium with l-glutamine, supplemented with 10-mM HEPES, 1-mM pyruvate, 5% (v/v)
fetal calf serum, 50-µmol/L mercaptoethanol, 50 IU/mL penicillin and 50-µg/mL streptomycin [38,39].
Prior to each experiment, cells were preincubated for 30 min (two washes of 15 min each) in cultivation
medium containing 3-mM glucose and 2.5% of fetal calf serum.

2.1.2. Silencing

Silencing of Usmg5/Dapit expression was performed with two database-registered siRNAs
(#HA13041841, #HA13041842 by Sigma-Aldrich, St. Louis, MO, USA) at final concentration of 50 nM,
transfected with Lipofectamine™ RNAiMAX Reagent (13778150, Thermo Fisher, Life Technologies
Waltham, MA, USA), following the manufacturer protocol. Effects of siRNA silencing were tested
by individual western blots and qPCR to ensure specificity of the silencing. Scrambled-sequence
containing siRNA, nonspecific to any Rattus norvegicus gene (Scr siRNA), was used as a control.

2.2. qRT-PCR

2.2.1. qRT-PCR Protocol

Total RNA was extracted from cells by the acid guanidinium thiocyanate–phenol–chloroform
extraction using Trizol reagent (15596-018; ThermoFisher, Waltham, MA, USA). The reverse transcription
was performed using QuantiTect Reverse Transcription Kit ( QiaGen, Venlo, The Netherlands; cat. No.
205310), using 1000 ng of RNA previously quantified by NanoDrop 2000 (Thermo Fisher). Real-time
polymerase chain reaction was performed with FastStart Essential DNA Green Master Mix (Roche,
Basel, Switzerland). The PCR amplification was carried out with initial denaturation at 95 ◦C for 20 s,
followed by 45 cycles of 95 ◦C for 3 s and 60 ◦C for 30 s in a LightCycler 96 (Roche). The primers
used were as indicated in Table 1. All of them led to a single amplicon product, when the described
qRT-PCR procedure was performed. Data were calculated by the 2−∆∆CT method (where CT is cycle
threshold and ∆∆CT is CT for the gene of interest minus CT of the internal control), having β-actin
(“Actb”) as an internal control for each experimental condition.

Table 1. Primers used to identify individual transcripts.

‘ Protein Sequence

Usmg5 DAPIT Fw: GATGCCCAATTCCAGTTCAC
Rev: CCAGGACACATCCATTCTACC

Atp5i subunit FO e Fw: CACCGTGGCGCCGTATGCCATGCCG
Rev: AAACCGGCATGGCATACGGCGGCGCACAC

Atp5j2 subunit FO f Fw: GAGAGCTGCCAAGCTGGATA
Rev: GTCGCCGTTCGTGTTTGAG

Atp5I subunit FO g Fw: CACCGCATCCGTAACCTCGCGGACA
Rev: AAACTGTCCGCGAGGTTACGGATGC

Atp6 subunit FO a Fw: CGCCACCCTAGCAATATCAA
Rev: TTAAGGCGACAGCGATTTCT
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Table 1. Cont.

‘ Protein Sequence

Minos1 Mic10 Fw: GAACATCCCAGCGGGAGAAA
Rev: ACTGATGGCACTGTCACAGGA

Atp5f1a subunit F1 α Fw: TCCAAGCAGGCT GTTGCTTAC
Rev: TGT AGGCGGACACATCACCA

Pgc1a PGC-1α Fw: GGAGTGACATAGAGTGTGCTG
Rev: CGCGGGCT ATT GTTGTACT

Actb Actin Fw: ATCTGGCACCACACCTTC
Rev: AGCCAGGTCCAGACGCA

Nd5 of mtDNA ND5 Fw: AACTCCCGTCTCTGCCCTAC
Rev: GGCCTAGTTGGCTGGATGTT

Slco2a1 SLCO2A1 Fw: GCAAACTGGGTCATTGCCT
Rev: CCCTCCAAGAGCCGTTTTCC

2.2.2. Estimation of mtDNA Copy Number

The mtDNA from model β-cells, INS-1E cells, was isolated by phenol–chloroform extraction.
This was followed by SYBR Green qPCR amplification with primers annealing on the Slco2a1 nuclear
gene (encoding solute carrier organic anion transporter family member 2A1) and the Nd5 mitochondrial
gene (bp 11,092 to 11,191 according to GenBank sequences from The National Center for Biotechnology
Information, Bethesda, MD, USA) [40]. For primers see Table 1. The ratio between Nd5 amplicon and
half of the nuclear amplicon amounts was taken as the mtDNA copy number per cell.

2.3. Protein Separation Methods and Western Blotting

2.3.1. SDS-Electrophoresis and Western Blotting

To determine relative levels of DAPIT/USMG5, ATP synthase α-subunit, PGC-1α and β-actin
proteins, cells were lysed in RIPA buffer (Tris-HCl 20 mM, NaCl 150 mM, Na2EDTA 1 mM, EGTA 1-mM
and NP-40 1%) containing protease inhibitors (1-mg/mL aminocaproic acid, 1-mg/mL benzamidine,
0.2-mg/mL SBTI and 3-mM PMSF) and phosphatase inhibitors (0.012-mg/mL sodium orthovanadate,
4.46-mg/mL sodium pyrophosphate and 4.2-mg/mL sodium fluoride). Total protein concentration was
determined by the bicinchoninic acid protein assay (Pierce, Waltham, MA, USA).

Proteins (30 µg) from lysates were separated by electrophoresis in 12% SDS–polyacrylamide gel
(SDS-PAGE). Proteins were transferred to a 0.45 µm PVDF membrane, which was blocked with 5%
non-fat milk in TTBS containing 0.05% Tween-20 at room temperature. Then, the PVDF membrane
was incubated overnight at 4 ◦C with the primary antibody anti-ATPA (Abcam, Cambridge, MA,
USA, ab110273), PGC1 (ThermoFisher, PA5–38021), DAPIT/USMG5 (Abcam, ab108225) or anti-β-actin
mAb (Sigma–Aldrich, A2228) at 1:2000 of dilution, followed by incubation with secondary antibody
conjugated to peroxidase at 1:10,000 of dilution (Santa Cruz Biotechnology, Dallas, TX, USA) for one
hour at room temperature. Immunoreactive bands were visualized using a chemiluminescent reagent
(Western Lightning, PerkinElmer, Waltham, MA, USA) according to the procedure described by the
manufacturer. Chemiluminescence was detected by the Chemidoc-IT Imaging System (UVP, LLC) and
immunoreactive bands were analyzed by densitometry analysis using the ImageJ software (National
Institutes of Health).

2.3.2. Isolation of Mitochondria from INS-1E Cells

Mitochondria were isolated by differential centrifugation in ice-cold medium (180-mM KCl, 5-mM
MOPS-K buffer, pH 7.2, 2-mM EGTA and 0.5% bovine serum albumin, BSA) according to a published
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procedure [41]. Final mitochondrial pellets were washed by resuspension/centrifugation in the isolation
medium lacking BSA. The protein content was determined by the BCA method (Sigma).

2.3.3. Blue-Native and Clear-Native Electrophoresis

ATP synthase oligomerization was analyzed by one-dimensional blue native (BN-) and clear
native (CN-) polyacrylamide gel electrophoresis (PAGE). Protein complexes were extracted from
INS-1E cells or INS-1E cell mitochondria using digitonin (Thermo Fisher; 2.5:1, w:w, protein:digitonin
ratio). The obtained lysates were separated on bis-Tris 3%–13% gels. Following BN/CN PAGE proteins
were transferred by wet electroblotting onto PVDF membranes. ATP synthase and DAPIT were
immunodetected with monoclonal antibodies against the ATP synthase F1α-subunit (Abcam, ab110273)
and DAPIT/USMG5 (Abcam, ab108225) after acidic membrane-stripping.

2.4. ATP Assay

Before the experiment, siRNA-transfected cells were preincubated for 2 h in the KRH buffer with
0.1% fatty acid-free BSA and indicated glucose concentrations. Quantification of ATP was performed
using the ATP Assay bioluminescence kit HSII (Roche). Cells were mixed with boiling lysis buffer
(100-mM Tris, 4-mM EDTA, pH 7.75) and further boiled for 2 min. Samples were centrifuged at 10,000×
g for 1 min. Diluted supernatants were mixed with luciferase reagent and a Synergy HT luminometer
was used to read the bioluminescence. To confirm that the assay procedure does not interfere with
the ATP concentration determination, internal ATP standards were added to the samples during the
initial experiments.

2.5. High Resolution Respirometry

Routinely, an oxygraph 2k (Oroboros Instruments GmbH, Innsbruck, Austria) has been used for
experiments checking respiration of INS-1E cells as described elsewhere [11,12].

2.6. Transmission Electron Microscopy

Cells were cultured on poly-l-lysine–coated petri dishes. For transmission electron microscopy
(TEM), cells were fixed for 24 h in 0.1-M cacodylate buffer (pH 7.2) containing 2.5% glutaraldehyde
and postfixed in 2% OsO4 in the same buffer. For visualization of conspicuous membranes of
mitochondria, post fixation was performed with 2% OsO4 plus 0.8% K4Fe(CN6) in a PBS buffer. Fixed
samples were dehydrated through an ascending ethanol and acetone series and embedded in araldite
–Poly/Bed® 812 mixture (ThermoFisher, Waltham, MA, USA). Thin sections were cut on a Reichert-Jung
Ultracut E ultramicrotome and stained using uranyl acetate and lead citrate. Sections were examined
and photographed using JEOL JEM-1011 electron microscope. Fine structure measurements were
performed using a Veleta camera and iTEM 5.1 software (Olympus Soft Imaging Solution GmbH,
Hamburg, Germany).

2.7. Experiment with Mice

2.7.1. Mice

C57BL/6 mice were obtained from The Jackson Laboratory, Bar Harbor, MN. Experiments were
approved by the Animal Care and Use Committee (Inst. Molecular Genetics, ASCR) in accordance with
the European Union Directive 2010/63/EU for animal experiments, U.K. Animals (Scientific Procedures)
Act, 1986 and the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85–23,
revised 1996) and the ARRIVE guidelines (www.nc3rs.org.uk/ARRIVE).

2.7.2. Experiments with Hyaluronic Acid Implants

Our protocol was adopted from Praveen et al. [42,43]. Hyaluronic acid implants were a kind
gift from Dr. Semira Kwabi from Skin Clinic UK. A Juvederm Ultra 4 hyaluronic acid filler was
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mixed with d-glucose to a final concentration of 10 M. Such preparation (either 100 µL or 200 µL) was
subcutaneously implanted to mice. Typically, two weeks of treatment with hyaluronic acid implants
of the designated volumes were performed. Pancreases were removed from three mice and mRNA
was isolated using an RNA isolation kit (Qiagen). This was followed by qRT-PCR as described above.
Alternatively pancreatic islets were isolated from three pooled pancreases as described elsewhere [40].

2.8. Statistical Analysis

Results are presented as mean ± standard deviation (SD) for N number of biologic replicates or
total number of estimates (n). Graphs were plotted and statistical analyses were performed using
SigmaPlot 6.0 and SigmaStat 3.1 (Systat Software, San Jose, CA, USA) and ANOVA followed by the
Tukey’s test on the pre-validated data; or, alternatively using a Prism (GraphPad Software, San Diego,
CA, USA) and an unpaired Student’s t-test (when comparing two groups) or one-way nonparametric
ANOVA (Tukey’s test) followed by Bonferroni post hoc analysis (for the comparison of more than two
groups) or correlation analysis. Statistical significance was set at *** p < 0.001; ** p < 0.05; * p < 0.1.

3. Results

3.1. Expression of DAPIT and Other FO Subunits Varies according to Metabolic State in INS-1E Cells

INS-1E cells are routinely cultured with 11-mM glucose, thus keeping optimum autocrine factors
and Ins gene expression [39,41]. Hence, we attempted to study dependencies on glucose for selected
subunits of the membrane FO moiety of the ATP synthase, starting with DAPIT. To do this, glucose was
first depleted from INS-1E cells, using short prewashing in PBS followed by two 15-min washings
in the culturing medium with 3-mM glucose and a half-content of the fetal calf serum. Cells were
subsequently incubated at 3 mM, 11-mM and 20-mM glucose in the KRH buffer for up to 120 min.
The Usmg5/Dapit transcript frequently decreased after the two consequent 15 min preincubations with
3-mM glucose (Supplementary File 1; Figure S1a) and for some cell passages we have encountered
decreased DAPIT mRNA even after the initial PBS wash. One may regard these conditions as simulating
fasting state in vivo, when a slower rate of metabolism is established; nevertheless, for cultured cells
this treatment represents a certain form of shock.

Further incubation in KRH containing 11 mM or 20-mM glucose led frequently to restoring the
initial levels of DAPIT mRNA already after 30 min (Supplementary File 1; Figure S1a). With further
incubations at 20-mM glucose up to 120 min, DAPIT transcript increased up to the ratio to β-actin about
2.5 for some cell passages (Supplementary File 1; Figure S1b). The extent of such elevation was variable,
most probably depending on the variability in the initial pretreatment. Nevertheless, specificity of
this qRT-PCR assessment was checked in conjunction with pre-transfection by DAPIT siRNA. Indeed,
if elevations of DAPIT transcript occurred in control INS-1EScrl cells (transfected with siRNA containing
the scrambled sequence), they vanished when cells were silenced for DAPIT (Supplementary File
1; Figure S1b). Moreover, when cells were left in the medium with 11-mM glucose up to 120 min,
DAPIT mRNA started to rise around 60 min (Supplementary File 1; Figure S1c). When glucose was
initially set to 20 mM, the elevations of DAPIT mRNA levels were higher around and after 30 min
(Supplementary File 1; Figure S1c). We may interpret these elevations as responses to the elevated
metabolism and beginning at 60 min even some biogenesis could take place. Investigations of these
aspects are reported below.

Dealing with the other three selected subunits of the ATP synthase membrane FO sector, i.e.,
subunits e, f and g, their transcripts were less sensitive to pretreatments in the medium containing
3-mM glucose, except of g (Supplementary File 1; Figure S2a–c). As expected, DAPIT silencing had
no effect to the mRNA recovery of these subunits due to the accelerated metabolism (Supplementary
File 1; Figure S2d–f). Their recoveries/elevations were nearly synchronous with those found for
DAPIT mRNA.
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3.2. Upregulation of DAPIT in Pancreatic β-Cells in Mice

Next, we investigated, whether any glucose-induced upregulation of DAPIT exists in vivo in
mice (Figure 2a–e; Figure 3a–h; Figure 4). The transcript of mouse Usmg/Dapit was estimated in whole
pancreases (Figure 2a,b,d), as well as in the isolated pancreatic islets (Figure 2c). Up to 2 weeks of
diffusion of glucose was allowed from the hyaluronic acid implants inserted into the omentum of
Black6/J mice (Figure 2a). Attained fasting blood glucose levels reached on average to 7.5 and 9-mM
for 100 µL and 200 µL volumes of implants, respectively (Figure 2e). The observed increases relatively
to β-actin in whole pancreases (Figure 2b) and isolated islets (Figure 2c) support the existence of
the glucose-induced expression of DAPIT in vivo. Similarly, an increase in F1 subunit α mRNA was
pronounced in mice having glucose delivery by the implants (Figure 3e), as well as increases in mRNA
of the other selected membrane FO sector ATP synthase subunits (Figure 3a,b,d,f–h), except of subunit g

(Figure 3c). In conclusion, two-week glucose delivery induced expression of the ATP synthase subunits
of the membrane FO sector and subunit α, as a major subunit of the F1 moiety.

Figure 2. Upregulation of DAPIT in pancreas and pancreatic islets in mice. (a) typical experiment,
(b,d) DAPIT mRNA in pancreas (c) in isolated pancreatic islets after two weeks of treatment with
hyaluronic acid implants of the designated volumes. Data were mutually significantly different
(N = n = 5 mice per group): ** p < 0.05 (except 50 vs. 200 µL) as well as data vs. control in (c);
(d) dependence of DAPIT transcript in pancreas vs. glucose; resulting from fasting glucose levels in
mice, calibrated relatively to volume of hyaluronic acid (see panel (e); *** p < 0.05). Spearman coefficient
for obtained fit is 0.56; p = 0.015.
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Figure 3. Upregulation of transcripts of other ATP synthase subunits (a) FOe, (b) FOf, (c) FOg,
(d) A6L/ATP8, (e) F1α, and (g) ATP6 and (f) PGC1α and (h) and Mic10 in pancreatic islets in mice—after
two weeks of treatment with hyaluronic acid implants of the designated volumes. Data except in panel
(c) are mutually significantly different (N = n = 5 mice per group): *** p < 0.001; ** p < 0.05; * p < 0.1
(with exception of controls vs. 100 µl in panels (a,b,e).

Note that the applied procedure did not induce any glucose intolerance as documented by the
time courses of insulin release after glucose injection (Figure 4) and concomitantly performed glucose
tolerance tests (Figure 4). With higher implant volumes, mice had rather exhausted fasting insulin
levels, possibly reflecting starting hypoinsulinemia. Nevertheless, insulin release time course was
identical to sham-operated controls (Figure 4).
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Figure 4. Time course of glycemia and insulin release —i.e., intraperitoneal glucose tolerance test
and insulin time course, performed as described in Ref. [8], after a single glucose dose. Mice were
treated for two-weeks with hyaluronic-acid implants with no glucose (black symbols represent sham
operation); 100 µL (blue symbols) and 200 µL of implants (red symbols). N = 3 mice at each time point.
Note for rather exhausted fasting insulin levels (at time zero) for treatment with 200 µL of implants.

3.3. Glucose Independent but DAPIT-Dependent Mitochondrial Biogenesis in INS-1E Cells

Turning attention back to INS-1E cells, we further investigated possible glucose-induced
mitochondrial biogenesis, to answer a question whether any glucose-induced replication of
mitochondrial DNA (mtDNA) and/or PGC-1α expression exists. Both, when elevated, reflect the
initiation of mitochondrial biogenesis. We found that the mtDNA copy number and PGC-1α (mRNA
and protein) were not enhanced until 60 min and 120 min, respectively, lasting from the end of
pretreatment (from the two 15-min preincubations with 3-mM glucose) (Figure 5a–g). Elevations of
mtDNA copy number became significantly ~1.5 higher after 60 min and 3-fold higher after 120 min
with all tested glucose concentrations but zero (Figure 5a). For these experiments, INS-1E cells were
transfected with siRNA containing the scrambled sequence (i.e., INS-1EScrl cells were used).
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Figure 5. Glucose-induced expression of mitochondrial biogenesis. Time course (a–c) and glucose
concentration dependence (d) for DAPIT-dependent increase in mitochondrial DNA copy number.
Panels (a,b) show individual data plus their averages, while (c) shows the DAPIT-dependent increase
in copy number. Changes in transcript of PGC-1α (e) and PGC-1α protein (N = 3) (f,h) and F1α protein
(g) are shown. ANOVA (N = 4): (a,b) vs. zero glucose: ** p < 0.05; *** p < 0.001. Full size western blot
of panel (g) and F1αmRNA see Supplementary File 1, Figure S4. For (e), thresholds yielded by RT-PCR
concerning the PGC-1α amplicon were in triplicates as follows: 24.6; 24.4 and 24.5 for samples of zero
glucose, whereas samples treated with 20-mM glucose yielded 22.76; 23.06 and 22.9.

No increase at 60 min, but a smaller increase at 120 min, was recognized for INS-1E cells silenced
for DAPIT (Figure 5b; see Supplementary File 1, Figure S3 for silencing efficiency). As a result, only a
portion of increases in mtDNA copy number was DAPIT dependent (Figure 5c); however, even this
portion did not depend on glucose. Rather permanent mtDNA replication proceeded, as recognized
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also when no glucose was added while estimating the time course. Thus, the initial effective mtDNA
replication was dependent on DAPIT, i.e., on a complete ATP synthase expression/assembly.

PGC-1α mRNA increased apparently only at 120 min (Figure 5e,), similarly to protein levels
(Figure 5f,h). In INS-1E silenced for DAPIT, the levels of PGC-1α protein were nearly equal to those in
controls for zero and 3-mM glucose but with 20-mM glucose the PGC-1α protein decreased by 25%
relative to zero glucose, which was about 50% relative to INS-1E cells transfected with the scrambled
siRNA (Figure 5f,h). Levels of PGC-1α were not affected by the pretreatment with 3-mM glucose (not
shown). Furthermore, F1α subunit mRNA and protein did not change (Figure 5g; Supplementary
File 1; Figure S4).

3.4. ATP Levels Correlate with DAPIT Expression Induced by Glucose in INS-1E Cells

Seeking for consequences of DAPIT deficiency, we estimated elevations in the total cellular
ATP levels during parallel incubations of INS-1E cells with different glucose concentrations and
timing, comparing cells transfected with DAPIT siRNA vs. those transfected with siRNA containing
scrambled sequence. Cells were again routinely pretreated by two 15 min pre-incubations with 3-mM
glucose. The initial increase was apparent during the 120-min time course for absolute total ATP levels
(Figure 6a), despite the constant levels of subunits F1α (Figure 5g). Since mitochondrial biogenesis was
beginning at around 60 min, as documented above, the initial increases in the total ATP content must
originate exclusively from the elevated ATP synthesis by the existing and probably constant number
of ATP synthase molecules. This is due to the enhanced metabolism initiated by the added glucose.
Such an increase is retarded after 15 min (Figure 6a). Then biogenesis may contribute to the second
phase of the observed increase in the total ATP. These two phases are better recognized when the
incremental ATP increases were calculated, i.e., when values of the total ATP content was subtracted
for samples when no glucose is added (Supplementary File 1; Figure S5).

Figure 6. ATP levels in INS-1E cells. (a) Time course of the total ATP levels upon glucose induction in
INS-1E cells transfected with scrambled siRNA (color coding as in Figure 1) or Dapit/Usmg5 siRNA as
indicated; (b) DAPIT-dependent part of the total ATP levels (data for Dapit siRNA were subtracted from
data of scrambled sequence containing siRNA) after glucose induction; (c,d) Glucose dependencies
constructed from the data of panel (a). p < 0.001 for 11 and 20-mM glucose in (c,d). Data were
significantly different from zero (3 mM) glucose data as indicated (N = 3): ** p < 0.05; * p < 0.1.
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When induced with 11 and 20-mM glucose, at least half of the incremental ATP increase was
dependent on expression of DAPIT, since only about less than half and ~30% of the incremental ATP
increase was reached at 30 min and 120 min, respectively, upon DAPIT silencing (Figure 6a). Thus,
when induced with 3-mM glucose, the rise of total ATP with time was independent of DAPIT since
data were equal to those upon DAPIT silencing (Figure 6a).

Estimating the total ATP content which would be related to the DAPIT presence, we subtracted the
time courses measured in INS-1E cells transfected with DAPIT siRNA from controls transfected with
siRNA having scrambled sequence (Figure 6b). Clearly, no ATP increase related to DAPIT exists without
the induction by glucose and when induced only with 3-mM glucose. In contrast, when induced
with 11 and 20-mM glucose, the revealed biphasic DAPIT-dependent accumulation was similar as
the net ATP surplus but reaching about 50% of ATP elevations and about 50% initial rate (Figure 6b).
If we anticipate that the ablation of DAPIT using siRNA was incomplete, one may expect even higher
inhibition of the ATP surplus at completed DAPIT ablation. The glucose concentration dependence at
15 min and 120 min (Figure 6c,d) again indicated a substantial increase in ATP. In DAPIT-deficient
INS-1E cells, absolute ATP levels were insignificantly different with 3-mM glucose, but with 11 and
20-mM glucose the total ATP went drastically down. All these results show that the DAPIT, and
therefore the complete ATP synthase, is required for the maximum synthesis of ATP.

3.5. Phosphorylating Respiration of INS-1E Cells at High Glucose Partially Depends on DAPIT

To estimate independently whether a direct correlation exists between ATP synthesis and DAPIT
levels, we evaluated INS-1E cell respiration by standard bioenergetics tests using an oxygraph after
120-min incubations with different glucose concentrations in the KRH buffer, after two previous
washings in KRH only (Figure 7a–d). The ratios between phosphorylating vs. non-phosphorylating
rates of respiration (V3/V4) were derived (Figure 7e). In control INS-1EScrl cells, these ratios
physiologically increased from 1.1 to 2.6 and 2.9, when glucose was raised from 3 mM (representing
the insulin non-stimulating levels) to 11 mM and 20 mM, respectively (Figure 7e). The latter two
concentrations of glucose are stimulating the release of insulin (see below). The V3/V4 ratios with
11-mM glucose upon DAPIT silencing were statistically insignificantly different from those in controls
(siRNA with scrambled sequence) but at 20 mM, the V3/V4 ratio was significantly lower by ~30%.
This perfectly matches the DAPIT contribution to the ATP accumulation (Figure 6a,b).

The total capacity of the respiratory chain can be expressed as the maximum respiration rate
Vmax, evaluated by titration with an uncoupler FCCP, to reach maximum and saturated respiration.
With increasing glucose from 3 to 11 mM, values of Vmax respiration increased 1.5-fold and stayed
nearly the same at 20-mM glucose, independently of DAPIT silencing (Figure 7d). We can derive
an alternative parameter RATP synthesis, expressing the portion of the total respiratory chain capacity
required for ATP synthesis, as (V3 − V4)/Vmax. The calculated values of RATP synthesis reached only 5%
at 3-mM glucose for INS-1EScrl cells or cells transfected with DAPIT siRNA. Independently of DAPIT
silencing, the RATP synthesis ratios increased to about 40% with 11-mM and 20-mM glucose (Figure 7f).
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Figure 7. Respiration of control and DAPIT-silenced INS-1E cells. Glucose concentration dependencies
for 120 min induction (N = 4, n = 6–8), after which respiration of was estimated in INS-1E cells
transfected with scrambled sequence containing siRNA (black) or Dapit/Usmg5 siRNA (gray) (data,
SDs) such as: (a) phosphorylating (basal) respiration rates (V3); (b) non-phosphorylating respiration
rates (V4); (c) ATP synthase-related respiration rates (V3 − V4); (d) maximum respiration rates Vmax

(derived from titration with an uncoupler FCCP); (e) Ratios V3/V4, i.e., between phosphorylating vs.
non-phosphorylating respiration rates; and (f) RATP synthesis, i.e., portion of total respiratory chain
capacity required for the ATP synthesis calculated as (V3 − V4)/Vmax. *** p < 0.001, ** p < 0.05 for
significant differences of DAPIT-silenced vs. cells transfected with scrambled siRNA.
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3.6. Insulin Release Is Insignificantly Affected by the Profoundly Decreased DAPIT Expression in INS-1E Cells

Next, we estimated time courses of secreted insulin during 120-min incubations of INS-1E cells
while using different glucose concentrations added initially (Figure 8a,b). At no glucose addition a
small basal rate of insulin release was found (Figure 8a). A similar low linearized rate occurred after
the initial addition of 3-mM glucose (Figure 8b). When induced with 11-mM (Figure 8b) and 20-mM
glucose (Figure 8a), a nearly linear dependence of the released insulin vs. time up to 120 min reflected
the established high rate of insulin secretion at these two stimulating concentrations. Differences
between these rates and the basal rate at zero glucose addition represent the net GSIS rate. Surprisingly,
the net GSIS rate did not vanish upon DAPIT silencing (Figure 8a,b). When induced with 11 and 20-mM
glucose, the net GSIS rate in DAPIT-silenced INS-1E cells accounted for 90% and 80%, respectively,
of the mean net GSIS rate for control INS-1EScrl cells. The effect after around 100 min may contain a
contribution of mitochondrial biogenesis occurring during the time course of this experiment, since
the PGC-1α transcript 1.5-fold increased during the same period as well as mtDNA copy number.

Figure 8. Insulin release in INS-1EScrl cells vs. DAPIT-silenced cells. Time course of the accumulated
insulin with no addition (a) and after the addition of 3-mM (b), 11-mM (b) and 20-mM glucose (a).
Data originate from N = 3 time courses for each condition. Legend: “Scrl“, INS-1EScrl cells; “siDAPIT”,
DAPIT-silenced INS-1E cells.

3.7. Morphology of Mitochondrial Cristae Does Not Change with DAPIT Deficiency

Next, we evaluated possible changes in morphology of mitochondrial cristae as consequences of
the DAPIT deficiency. We were unable to reach substantial changes in cristae morphology, such as those
reported elsewhere [35,36]. The resultant transmission electron microscopy (TEM) images showed that
the cristae morphology did not significantly change upon the DAPIT silencing (Figure 9a–g).

However, the previously described [17] cristae narrowing upon transition from a low to high
glucose proceeded also in DAPIT-silenced cells, albeit in a lower extent, since cristae width was
rather smaller within the estimated ensemble (275, 275 and 450 estimates in 20, 11 and 3-mM
glucose, respectively), when compared to INS-1E cells transfected with scrambled siRNA. Further
studies are required to investigate what stands behind the literally cell memory regarding glucose
levels. Indeed, the in vivo glucose-dependent changes persist during the isolation procedure of
mitochondria. The fact that the in vivo situation is reflected by certain persisting structural (e.g.,
of cristae) and/or conformational pattern suggests that this is due to a specific persisting assembly of
the ATP synthase or other cristae-shaping proteins. Note also, that at 3-mM glucose ATP synthase
tetramers largely disappeared and hexamers vanished (Figure 10a,b), as reported elsewhere for hypoxic
HepG2 cells [18,44].
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Figure 9. Mitochondrial cristae in DAPIT-deficient INS-1E cells—i.e., silenced for DAPIT,
when compared to INS-1E cells transfected with scrambled siRNA (N = 2). (a–c) SDS–polyacrylamide
of cristae width; (d–g) exemplar TEM images of sections of mitochondrial tubules (i.e., “mitochondria”).
Independent incubations with the designated glucose concentrations were performed twice, while
n = 275 crista width estimations were made from 15 TEM images for each condition (n = 450 for DAPIT
siRNA at 3-mM glucose). Values of most frequent crista width are listed with SDs taken as 0.5 of
half-width, as derived from Gaussian fits of the data (displayed on histograms).
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Figure 10. Rough estimations of DAPIT to F1α stoichiometry in ATP synthase dimers. (a) Exemplar
BN-PAGE shows missing hexamers and majority of tetramers at 3-mM glucose; (b) CN-PAGE

immunostained with anti-F1α or anti-DAPIT antibody as indicated; (c) DAPIT/F1α stoichiometry was
estimated from N = 3 CN-PAGEs separating ATP synthase monomers/oligomers after dual western
blotting. *** p < 0.001 (n = 3), for significant differences of DAPIT-silenced vs. INS-1EScrl cells.

3.8. Rough Estimation of Stoichiometry for the DAPIT Relatively to the ATP synthase F1α

Finally, we attempted to derive how the DAPIT to F1α stoichiometry may change with the
increasing glucose. Moreover, we verified whether such stoichiometry approaches to zero upon
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DAPIT silencing. Thus, parallel BN-PAGEs (Figure 10a) and parallel CN-PAGEs (Figure 10b) were run,
followed by western blotting, and were immunostained either against F1α, to distinguish monomeric,
dimeric and tetrameric ATP synthase; or against DAPIT (Supplementary File 1; Figure S6), to identify
roughly its bound amount to either monomeric, dimeric and tetrameric ATP synthase. Acid stripping
of PVDF membranes allowed to cross-correlate antigen amounts.

Typical results of semiquantification from CN-PAGE are shown in Figure 10c, estimating only
situation in dimers, i.e., anti-DAPIT antibody staining density ratios relatively to the immunostaining
of ATP synthase dimers by anti-F1α antibodies. Our attempts to evaluate these ratios relatively to
tetramers failed due to a rather highly variable fraction of tetramers occurring in CN-PAGEs. Thus,
we repeatedly found that the apparent staining ratio of DAPIT to F1α exclusively among the fraction
of dimers was increasing at 20-mM glucose (and slightly at 11 mM) relatively to 3-mM glucose
(Figure 10c). The expected theoretical maximum saturated stoichiometry should be 2:6 within a single
dimer of the ATP synthase. Different antibody efficiency prevents to get absolute stoichiometry values.
Note also, that at 3-mM glucose ATP synthase tetramers largely disappeared and hexamers vanished
(Figure 10a,b), as reported elsewhere for hypoxic HepG2 cells [18,44].

4. Discussion

In this work, we demonstrated that when a fraction predominates of vestigial ATP synthase
molecules deficient of USMG5/DAPIT, rat pancreatic β-cells (INS-1E cells) almost do not elevate ATP
levels as responding to high glucose. Despite these levels were merely elevated only by 6%, such
DAPIT deficiency surprisingly did not inhibit glucose-stimulated insulin secretion (GSIS). The latter
result represents a remarkable paradox, specific for pancreatic β-cells. The glucose-stimulated insulin
secretion (GSIS) was not substantially hampered in DAPIT-deficient cells. This paradox can be
explained on the basis of the recently revisited mechanism for the induction of insulin exocytosis.
We demonstrated that H2O2, originating from NADPH oxidase-4 (NOX4), is essentially required
together with ATP, as a logical sum for insulin secretion stimulated with glucose [8]. Candidate NADPH
oxidases, i.e., unidentified isoforms, were implied in GSIS previously [45–48]. Therefore, at virtually
no ATP increase, the existing basal ATP levels are sufficient for GSIS, together with NOX4-ensured
redox signaling.

Indeed, the basal total ATP in DAPIT-deficient INS-1E cells is sufficient together with elevated
H2O2 (NOX4 was not hampered) to close the ATP-sensitive K+ channel and so to trigger insulin granule
exocytosis. Apparently, the only negligibly increasing ATP at 11 and 20-mM glucose in DAPIT-deficient
INS-1E cells and still existing GSIS provide another independent yet indirect support for the existence
of the NOX4-dependent mechanism [8]. Note, that constitutively expressed NOX4 does not need to
be assembled [49]; on the contrary the deletion of NOX2, an inducible NOX isoform, enhanced GSIS
in pancreatic islets via decrease in superoxide production and elevated cAMP concentrations [48].
Actually, the observation, that despite a very little elevation of ATP in DAPIT-deficient cells, there is
still virtually unaffected secretion of insulin responding to glucose, is very similar to the effect of
oligomycin described in Ref. [7] (Figure 6D therein).

Our demonstrations that the increased DAPIT expression correlates with the elevated incremental
ATP levels is similar to the correlation with elevated ATP previously described in He–La cells [29],
which were rather of a weak character. In our case, with a prevailing population of vestigial ATP
synthase molecules set by DAPIT silencing [26], we recognized almost no elevation in incremental ATP
as a response on higher glucose concentration. This finding supports the requirement of completely
assembled ATP synthase for efficient and maximum synthesis of ATP.

It is necessary to further study whether any assembly intermediates of the ATP synthase [50]
(or vestigial ATP synthase molecules in deletion experiments, [26]) contribute to the synthesis of
ATP at all. Note that our silencing left a substantial amount of DAPIT mRNA expressed. Despite
this fact, the surplus accumulation of ATP was decreased by 94%, likewise the extent of increase in
phosphorylating/non-phosphorylating respiration ratio, calculated as V3/V4 − 1, which decreased by
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40%. We also observed similar ATP and respiratory decreases upon silencing of the ATP synthase FO

sector subunit e (Leguina Ruzzi, unpublished).
As we demonstrated in INS-1E cells, expression of the DAPIT and other FO subunits determined

the intensity of ATP synthesis. The latter is indicated by the V3/V4 ratio, increases with the increasing
glucose from insulin non-stimulating (3 mM) to insulin stimulating concentration (>8 mM) [11,12,14–16].
However, as we now show, this does not proceed in DAPIT-deficient cells. Hence, a special attention
should be paid to the relationships of respiration vs. oxidative phosphorylation in DAPIT-deficient
cells. With 20-mM glucose, the V3/V4 respiration rate ratio diminished only to ~70% upon DAPIT
silencing, whereas the net GSIS rate accounted for 80%. The fraction of respiration employed for the
synthesis of ATP was only 5% at 3-mM glucose and was constant at ~40% with 11 and 20-mM glucose.
This phenomenon should be independent of the DAPIT-deficiency, since DAPIT does not interact with
the respiratory chain supercomplexes.

We also revealed that the two-week delivery of glucose from hyaluronic acid implants elevates
transcription of USMG5/DAPIT and other subunits of the membrane FO sector of the ATP synthase;
and, as exemplified by the subunit F1α, one can expect also elevations of other subunits of the F1

moiety. Currently, we cannot distinguish whether there was a direct glucose-induction of the selected
ATP synthase subunits, whether faster metabolism due to permanently higher glucose presence
increased transcription rate; or whether the elevated transcription was evoked by the induced mild
hypoinsulinemia in mice. Note that in this way, we simulated chronic states, imposing a rather
mild hyperglycemia (7.5 and 9-mM blood glucose) by the constant glucose systemic delivery to mice,
using hyaluronic acid implants. One may consider that even if the turnover of DAPIT was faster than
the turnover of the other FO or F1 subunits, glucose- or metabolism-induced DAPIT expression would
ensure the maintenance of complete ATP synthase. Indeed, ubiquitin degradation exists for certain
mitochondrial matrix proteins [51] and this may principally differentiate between subunits. In contrast,
if autophagy is involved, all subunits would be degraded simultaneously.

In vivo, postprandial and fasting states are alternating [2,5]. For pancreatic β-cells, this means
insulin secreting period and basal period. Various secretagogues coming from metabolized meals
induce insulin release by different mechanisms during secreting period, while a rather low insulin
secretion exists in the basal state [1–6]. Traditionally emphasized prominent role of glucose stems not
only from the complex mechanisms of GSIS, but is also supported by demonstrations that glucose also
serves in the maintenance of expression of Ins gene and other β-cell specific genes [4,6,39,52]; or may
act in identity self-checking of β-cells [52]. The revealed upregulation of subunits of the ATP synthase
membrane FO sector, including USMG5/DAPIT, and upregulation of the subunit F1α, by two-week
glucose delivery is thus only one among numerous other complex processes induced by glucose.

One can also speculate that the glucose/metabolism-induced DAPIT expression may be part of
physiological regulations in pancreatic β-cells. This would be enabled, if a fraction of vestigial ATP
synthase molecules exists within the ensemble of ATP synthase dimers located in rows along the
cristae rims, i.e., the sharp cristae edges. In this case, the newly expressed DAPIT molecules may
gradually saturate the vacant sites. These vacant sites may hypothetically arise from a preferable DAPIT
degradation. Using DAPIT silencing, we demonstrated that if such degradation existed, it would
inhibit ATP synthesis. According this hypothetical view, the preferential rapid expression of DAPIT
and its binding into the vacant sites would then switch on ATP synthesis. DAPIT would then act
reciprocally to the physiological inhibitor of the ATP synthase, the ATPase inhibitory factor IF1 [11,13].

Speculatively, the DAPIT deficiency (a lower stoichiometry relatively to the FO-sector of the
ATP synthase) may exist at low glucose (insulin release nonstimulating), such as given by a higher
degradation; and this would cause a substantial ATP synthase inhibition. At high glucose (insulin
release stimulating), the resulting glucose/metabolism-induced expression of DAPIT could overcome
such loss, restoring ATP synthesis. Alternatively, an excessive DAPIT stoichiometry may be established
at high glucose, if such an excessive stoichiometry is required to the optimum ATP synthase operation,
hence optimum ATP synthesis at its maximum efficiency. We supported these speculations by our
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results with rough estimations of possible stoichiometry of DAPIT relatively to the rest of the ATP
synthase in dimers. One should take these results with caution, since the provided anti-DAPIT antibody
may partly cross-react with some other ATP synthase subunits (Supplementary File 1; Figure S6) and
thus distort these estimations. However, since DAPIT silencing substantially reduced immunostaining
with these anti-DAPIT antibodies, certain specificity for DAPIT is evident. Our findings of a possible
variable DAPIT-ATP synthase stoichiometry thus require further testing.

The above speculations may be plausible if degradation of DAPIT or its glucose- or metabolic
induction would be independent of the degradation or expression for the remaining subunits of
the ATP synthase. The existence of the vestigial ATP synthase molecules in vivo which lack the
USMG5/DAPIT protein would be possible at least for a small fraction, since DAPIT is one of the
outmost subunits (Figure 1) that is also lastly added among the FO-sector subunits of the ATP synthase
during biogenesis [26].

A complex assembly of the entire human ATP synthase was described recently to consist of
separate steps assembling independently the F1-moiety with the c-ring and complex of subunits b, e,
g [50]. Since DAPIT binds the mtDNA-encoded subunit a [20,26], synchronous processes of translation
on ribosomes proximal to mitochondria, adjacent protein import into the mitochondrial matrix and
translation by mt ribosomes participate in final steps of the ATP synthase assembly. One may emphasize
here that a parallel mtDNA transcription must take place, concerning the mtDNA-encoded subunits
a/ATP6 and ATP8/A6 L. When this is impaired, DAPIT cannot bind to the ATP synthase and the
resulting vestigial macromolecules should contain even less subunits.

In this respect, we observed that the mtDNA replication is largely independent of glucose- or
metabolic induced upregulations. However, the optimum mtDNA replication again requires the
completely assembled ATP synthase. This represents a feedback loop. Similar results were obtained
for induction of PGC-1α, as one of the factors of mitochondrial biogenesis.

In addition, unlike the published reports for fibroblasts [35,36], we showed the absence of major
effects of DAPIT deficiency on morphology of mitochondrial cristae in INS-1E cells. The reason of
this discrepancy may stem from more stable mitochondrial network and its rich cristae in INS-1E
cells relatively to fibroblasts. That is why we can interpret the above discussed respirometry analyses
without a major contribution of cristae morphology changes. As we also demonstrated, DAPIT-deficient
vestigial ATP synthase dimers may form thinner cristae. This is supported by our evaluated distribution
histograms of cristae width (Figure 9a–c). Nevertheless, unlike in reported observations with mutant
DAPIT [35,36], general cristae morphology was not disrupted in DAPIT-deficient INS-1E cells and the
previously observed cristae narrowing [17] also took place at high glucose, albeit in a smaller extent.
Again, we can explain this by the existing rich cristae in INS-1E cells, when compared to fibroblasts.
Hypothetically, DAPIT interactions with the subunit g may control both ATP synthesis as well as the
inner mitochondrial membrane morphology, particularly at the crista rims. This prediction is based on
the recently revealed structure of the ATP synthase tetramer, in which interactions contributing to the
tetramer formation involve subunits g from the neighbor dimers with the DAPIT in proximity to each
of them [20].

In this way, the release of DAPIT from the dimeric/tetrameric ATP synthase would destabilize
rows of ATP synthase dimers since it would disconnect the two neighbor dimers within tetramers.
In an opposite, binding of DAPIT into yet vacant sites in the dimeric/tetrameric ATP synthase would
strengthen rows of ATP synthase dimers/tetramers. Thus, longitudinal interactions within the rim
hypothetically govern the extent or strength of the rim stabilization [18]. A stabilized rim (row of the
ATP synthase dimers) may lead to cristae narrowing; and, in contrast, the destabilized rim may enable
wide cristae [18,35]. In addition, prolonged INS-1E cell exposure to 3-mM glucose may fragment
mitochondrial network [53].

42



Biomolecules 2020, 10, 1026

5. Conclusions

In conclusion, our results with the DAPIT-deficient rat β-cell line (INS-1E cells) indicate that the
vestigial ATP synthase lacking DAPIT exhibits much lower efficiency of ATP synthesis. However,
despite the fact that the glucose-induced ATP increment was only around 6% in DAPIT-deficient
INS-1E cells, this was still sufficient to initiate GSIS by the mechanism(s) independent of ATP elevation,
i.e., independent of the oxidative phosphorylation. The result is compatible with the existence of the
recently revealed NOX4-dependent redox signaling essential for GSIS [8]. In general, we demonstrated
that the optimum expression of DAPIT is elementary required to reach the maximum ATP synthesis.
The elevated expression of DAPIT at high glucose further increases the ATP synthesis efficiency.
Moreover, we described rather a compensating response of pancreatic islets cells, i.e., including β-cells,
lying in the elevated transcription of the ATP synthase FO subunits e, f , g and DAPIT, as induced by
the enhanced metabolism upon higher glucose intake.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/7/1026/s1,
Figure S1: Typical changes in DAPIT mRNA levels in INS-1E cells; Figure S2: Downregulation/recovery of
transcripts for FO subunits e, f and g; Figure S3: Typical results of DAPIT silencing; Figure S4: western blots of
F1α; Figure S5: Surplus ATP accumulation; Figure S6: Anti-DAPIT/USMG5 antibodies recognize a complex above
~75 kDa.
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5. Ježek, P.; Jabůrek, M.; Holendová, B.; Plecitá-Hlavatá, L. Fatty Acid-Stimulated Insulin Secretion vs.

Lipotoxicity. Molecules 2018, 23, 1483. [CrossRef]
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13. Kahancová, A.; Sklenář, F.; Ježek, P.; Dlasková, A. Overexpression of native IF1 downregulates
glucose-stimulated insulin secretion by pancreatic INS-1E cells. Sci. Rep. 2020, 10, 1551. [CrossRef]
[PubMed]

14. Affourtit, C.; Alberts, B.; Barlow, J.; Carré, J.E.; Wynne, A.G. Control of pancreatic β-cell bioenergetics.
Biochem. Soc. Trans. 2018, 46, 555–564. [CrossRef] [PubMed]

15. Bartley, C.; Brun, T.; Oberhauser, L.; Grimaldi, M.; Molica, F.; Kwak, B.R.; Bosco, D.; Chanson, M.; Maechler, P.
Chronic fructose renders pancreatic β-cells hyper-responsive to glucose-stimulated insulin secretion through
extracellular ATP signaling. Am. J. Physiol. Endocrinol. Metab. 2019, 317, E25–e41. [CrossRef]

16. Gerencser, A.A. Metabolic activation-driven mitochondrial hyperpolarization predicts insulin secretion in
human pancreatic beta-cells. Biochim. Et Biophys. Acta (Bba) - Bioenerg. 2018, 1859, 817–828. [CrossRef]
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Abstract: The work examines the kinetic parameters of Ca2+ uptake via the mitochondrial calcium
uniporter complex (MCUC) and the opening of the Ca2+-dependent permeability transition pore
(MPT pore) in the liver and heart mitochondria of rats with high resistance (HR) and low resistance
(LR) to acute hypoxia. We found that the rate of Ca2+ uptake by mitochondria of the liver and heart in
HR rats is higher than that in LR rats, which is associated with a higher level of the channel-forming
subunit MCU in liver mitochondria of HR rats and a lower content of the dominant-negative channel
subunit MCUb in heart mitochondria of HR rats. It was shown that the liver mitochondria of HR
rats are more resistant to the induction of the MPT pore than those of LR rats (the calcium retention
capacity of liver mitochondria of HR rats was found to be 1.3 times greater than that of LR rats).
These data correlate with the fact that the level of F0F1-ATP synthase, a possible structural element of
the MPT pore, in the liver mitochondria of HR rats is lower than in LR rats. In heart mitochondria of
rats of the two phenotypes, no statistically significant difference in the formation of the MPT pore
was revealed. The paper discusses how changes in the expression of the MCUC subunits and the
putative components of the MPT pore can affect Ca2+ homeostasis of mitochondria in animals with
originally different tolerance to hypoxia and in hypoxia-induced tissue injury.

Keywords: hypoxia; resistance to hypoxia; mitochondria; mitochondrial calcium transport;
mitochondrial calcium uniporter complex; mitochondrial Ca2+-induced permeability transition
pore; cyclophilin D; ATP synthase

1. Introduction

Hypoxia/ischemia is a widespread phenomenon that occurs both in conditions of oxygen deficiency
in the environment and in various pathologies as a result of a decrease in oxygen delivery to the cell to a
level insufficient to maintain its functions and structure. Hypoxic conditions in the body are observed in
ischemic and reperfusion injuries of organs, hemodynamic disorders, coronary insufficiency, blood loss,
hemorrhagic shock, arterial hypertension, pulmonary insufficiency, systemic inflammatory response
syndrome, traumatic shock, exposure to adverse environmental factors, extreme conditions, and other
stressful effects.
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The main intracellular targets of hypoxia of various etiologies are mitochondria and aerobic
energy metabolism [1,2]. Hypoxia alters mitochondrial dynamics and morphology and provokes
mitochondrial dysfunction, which can lead to a drop in the ATP synthesis, an increase in the production
of reactive oxygen species, and other adverse events, including the disturbance of ionic, mainly
Ca2+, homeostasis. Excessive accumulation of Ca2+ in cytoplasm and mitochondria in hypoxia and
subsequent reoxygenation can finally initiate cell injury and death via the opening of the Ca2+-dependent
mitochondrial permeability transition pore (MPT pore) and the subsequent release of proapoptotic
proteins from organelles [3].

As a major large-capacity buffer system of Ca2+ ions, mitochondria are involved in the regulation
of intracellular Ca2+ homeostasis. Changes in mitochondrial [Ca2+] modulate key cellular processes,
ranging from aerobic metabolism (through Ca2+-sensitive dehydrogenases, and enzymes of the Krebs
cycle [4]) to the release of proapoptotic factors [5–8], as well as local modulation of the activity of
channels and enzymes [9,10].

In recent studies, it has been found that mitochondria contain several proteins involved in
mitochondrial Ca2+ uptake: mitochondrial Ca2+ uniporter complex (MCUC), RaM (the rapid mode of
Ca2+ uptake), Letm1 (leucine zipper and EF-hand-containing transmembrane protein 1), mitochondrial
ryanodine receptor type 1, and uncoupling proteins [5,11]. Among them, the MCUC is believed
to be the main calcium transport system, which mediates the electrophoretic influx of the ion into
mitochondria. This multiprotein complex is composed of the pore-forming and calcium-conducting
subunit MCU (mitochondrial calcium uniporter subunit), its paralogue MCUb (mitochondrial calcium
uniporter dominant negative beta subunit), and regulatory subunits: the small membrane-spanning
protein EMRE (essential MCU regulatory subunit), the peripheral membrane proteins acting as
gatekeepers MICU1 and MICU2 (mitochondrial calcium uptake proteins 1 and 2), and MCUR1 (MCU
regulator protein 1) [5,6]. Variations in the ratio of the subunits of MCUC determine the dynamics of
mitochondrial Ca2+ uptake in different tissues and pathophysiological states. For example, a decrease
in the expression of MICU1 in the heart tissue correlates with the lowered activation threshold of Ca2+

influx and the decreased calcium capacity of heart mitochondria in comparison with those of liver
mitochondria [12]. MCUb mRNA is highly expressed in the heart and minimally expressed in skeletal
muscle, which can be the cause of variations in the tissue-dependent mitochondrial Ca2+ uptake: the
Ca2+ influx into skeletal muscle mitochondria is significantly greater than that into cardiac ones [13].

Excessive accumulation of Ca2+ in mitochondria leads to the opening of the Ca2+-dependent
mitochondrial permeability transition pore (MPT pore), which can be a key step in the mechanism
of the activation of programmed cell death or, under certain conditions, can serve as an additional
nonspecific calcium release pathway. The molecular structure of the MPT pore is as yet not clearly
established. The MPT pore complex is considered to be a multiprotein mega-channel, which includes
proteins of the inner and outer mitochondrial membranes. Among possible candidates for the role
of the channel-forming subunit of the MPT pore are considered a number of proteins of the inner
mitochondrial membrane, including ATP synthase, adenine nucleotide translocator, and phosphate
carrier. At the same time, the only protein that is currently claimed to be an integral part of the MPT
pore is the regulatory protein cyclophilin D, which is able to interact with the above-mentioned proteins.
Cyclophilin D is the target of the cyclic undecapeptide cyclosporin A (CsA), which desensitizes the
MPT pore complex to calcium ions at nanomolar concentrations [5,14].

Studies on the role of mitochondrial Ca2+ transport systems in the pathogenesis of hypoxia
have been ongoing for a long time. It was found that the pharmacological or genetic modulation of
cyclophilin D leads to the inhibition of pore opening in mitochondria and increases the resistance of
cell cultures and tissues to the hypoxic state. At the same time, the question of how the structure
and operation of the mitochondrial Ca2+ transport system and the MPT pore can be regulated in
hypoxia and hypoxic adaptation remains unclear. The answer to this question should be found when
conducting studies on animals with different individual resistance to acute hypoxia [15–17]. It is
known that the onset and severity of the acute hypoxia response of rats drastically differ within the
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population, and two opposite, extreme phenotypes of animals, with high resistance (HR) and low
resistance (LR) to hypoxia, have significantly different “functional-metabolic profiles” [18]. Thus, we
have shown earlier that the liver mitochondria of HR and LR rats have different resistance to the
formation of Ca2+-dependent mitochondrial pores of two types, the MPT pore and the lipid pore
induced by saturated long-chain fatty acids [19].

In the present work, we attempted to determine the structural and functional features of the
mitochondrial Ca2+ transport multiprotein systems, the MCUC and the MPT pore, in liver and heart
tissues of animals with different tolerance to oxygen shortage. The study demonstrates that: (1) the
rate of accumulation of Ca2+ ions by mitochondria isolated from the liver and heart of HR rats is
considerably higher than that of LR rats, which highly correlates changes observed in the content,
the ratio, and mRNA level of the subunits of the MCUC. In HR rats, the levels of the pore-forming
uniporter subunit, MCU, and the key regulatory uniporter subunit, MICU1, in liver mitochondria
are significantly higher than in LR rats. The level of the dominant-negative channel subunit, MCUb,
is lower in heart mitochondria of HR rats compared to those of LR rats; (2) the liver mitochondria of HR
animals are more resistant to the induction of the MPT pore than those of LR animals. This difference
can be associated with the lower level of ATP synthase, a protein considered to be the channel-forming
component of the MPT pore, in liver tissue of HR animals. In heart mitochondria of rats of the two
phenotypes, no difference in the formation of MPT pore was revealed.

2. Materials and Methods

2.1. Testing the Tolerance of Rats to Extreme Hypoxia Conditions

Experiments were conducted on Wistar male rats (220–250 g) with different baseline resistance
to hypoxia, low-resistance (LR) and high-resistance (HR) rats. The resistance of rats was tested one
month prior to the experiments using a special procedure [19]. Animals were placed into a hypoxic
chamber and then tested for the ability to endure a critical life-incompatible O2 concentration. For this
test, the concentration of oxygen in the chamber was reduced to 3.1% by its displacement with nitrogen
gas, and the time of the onset of pathological breathing (apnea) (Ta) was determined. This parameter
characterizes the viability of animals under extreme hypoxic conditions and reflects the ability to
fully mobilize the nonspecific protective functions responsible for the survival of the organism in the
sublethal period. After registering Ta, the hypoxic chamber was opened, and the normal posture
and locomotor activity of the animals restored within 5–10 min. The Ta value was 1–2 min for LR
rats and more than 10 min for HR rats. Each group of rats amounted to approximately 20% of the
total number of animals tested (n = 30). An interval of one month after the procedure of testing the
tolerance of rats to hypoxia conditions was chosen on the basis of earlier studies to eliminate the
effect of hypoxic exposure and to identify the basal differences between two rat phenotypes [15,16,18].
After this interval, two extreme types of animals with different tolerance to acute oxygen deficiency
exhibit characteristic features of the ultrastructure and functional activity of mitochondria of different
organs [16,19].

The laboratory animals were treated in accordance with the European Convention for the Protection
of Vertebrates used for experimental and other purposes (Strasbourg, 1986) and the principles of
the Helsinki Declaration (2000). All the protocols were approved by the Institute of Theoretical and
Experimental Biophysics RAS Ethics Committee (Order No. 173/k of 03.10.2011, Protocol No. 03/2019
of 05.03.2019).

2.2. Isolation of Rat Liver and Heart Mitochondria

Mitochondria were isolated from the liver and heart of Wistar rats by differential centrifugation as
described earlier [19]. The homogenization buffer contained 210 mM mannitol, 70 mM sucrose, 1 mM
EDTA, and 10 mM Hepes/KOH buffer, pH 7.4. Subsequent centrifugations were performed in the same
buffer, except that, instead of EDTA, 100 µM EGTA was used. Final suspensions contained 70–80 mg of
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mitochondrial protein/mL and 25–35 mg of mitochondrial protein/mL (liver and heart mitochondria,
respectively), as determined by the Lowry method [20].

2.3. Ca2+ Uptake by Mitochondria

The Ca2+ concentration in the incubation medium was monitored spectrophotometrically with
an arsenazo III indicator at 675–685 nm using a plate reader Tecan Spark 10M (Tecan, Männedorf,
Switzerland) at 25 ◦C under constant stirring. At a neutral pH, Ca2+ forms a complex with arsenazo
III, which has a blue color. The color intensity is proportional to the concentration of Ca2+ in a buffer
and can be measured spectrophotometrically. Mitochondria (0.4–0.5 mg of mitochondrial protein/mL)
were suspended in an incubation medium containing 210 mM mannitol, 70 mM sucrose, 1 mM
KH2PO4, 50 µM arsenazo III, 10 µM EGTA, and 10 mM HEPES-KOH (pH 7.4) and energized with
2.5 mM glutamate + 2.5 mM malate. After the addition of 50 µM CaCl2, the rate of Ca2+ uptake by
mitochondria (nmol Ca2+ ×min−1 ×mg−1 of mitochondrial protein) was determined in the presence
of 1 µM CsA. To determine the ability of mitochondria to retain Ca2+, 10 µM CaCl2 was added into
the reaction medium successively, with an interval of ~90 s. After several additions, external [Ca2+]
increased, indicating a massive release of the ion from the organelles due to the opening of the MPT
pore. The amount of Ca2+ released upon permeability transition (defined as Ca2+ retention capacity)
was used as a measure of the MPT pore opening probability.

2.4. Electrophoresis and Immunoblotting of Mitochondrial Proteins

To prepare samples for quantifying the levels of mitochondrial proteins, aliquots of native
mitochondria (2 mg/mL) were solubilized in Laemmli buffer in Eppendorf tubes and heated for
3 min at 95 ◦C. Sample aliquots normalized by the protein concentration (10 µg of mitochondrial
protein) were applied to the lanes and subjected to electrophoresis followed by Western blot analysis.
Mitochondrial samples were separated by 12.5% SDS-PAGE and transferred to a 0.45 µm nitrocellulose
membrane (Amersham, Munich, Germany). The proteins of PageRuler Prestained Protein Ladder
(Thermo Scientific, Waltham, MA USA) were used as markers. After overnight blocking, the membrane
was incubated with the appropriate primary antibody. The monoclonal rabbit anti-MCU (#14997),
anti-CBARA/MICU1 (#12524), and anti-ANT2/SLC25A5 (#14671) antibodies were from Cell Signaling
Technology Inc. (Danvers, MA, USA). The total OXPHOS Rodent WB Antibody Cocktail (#ab110413)
containing the α-subunit of complex V (CV-ATP5A-55 kDa), anti-VDAC1 (#ab154856), and the
polyclonal rabbit antibodies Anti-CCDC109B (#ab170715), anti-cyclophilin F (CypD) (#ab64935), and
anti-ANT1 (#ab102032) were from Abcam (Cambridge, United Kingdom). The immunoreactivity
was detected using the appropriate secondary antibody conjugated to horseradish peroxidase (#7074,
Cell Signaling Technology Inc., Danvers, MA, USA). Peroxidase activity was detected with ECL
chemiluminescence reagents (Pierce, Rockford, IL, USA). The relative levels of the detected proteins
were visualized using an LI-COR system (LI-COR, Lincoln, NE, USA). Optical density measurements
were performed using the LI-COR Image Studio software.

2.5. RNA Extraction, Reverse Transcription, and Quantitative Real-Time PCR

Total RNA was isolated from 100 mg of deep-frozen tissue samples (the liver or the heart) using
an ExtractRNA kit (Eurogen, Moscow, Russia) in accordance with the protocol of the manufacturer.
The resulting RNA preparation was treated with RNase-free DNase I (Thermo Scientific, Waltham,
MA USA). The concentration of total RNA was measured spectrophotometrically using a Nanodrop
ND-1000 spectrophotometer (ND Technologies, Fremont, CA, USA). Two micrograms of total RNA
was taken for cDNA synthesis; reverse transcription was performed using an oligo(dT)15 primer and
MMLV reverse transcriptase (Eurogen, Moscow, Russia) according to the manufacturer’s instructions.
Real-time PCR was performed using a DTLite5 amplifier (DNA-Technology LLC, Moscow, Russia)
using the qPCRmix-HS SYBR reaction mixture (Eurogen, Moscow, Russia). The selection and analysis
of gene-specific primers were performed using Primer-BLAST [21] (the oligonucleotide sequences are
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presented below; see Table 1). The relative level of the expression of each gene was normalized by the
level of mRNA of the cytoskeletal protein beta-actin (Actb), and a comparative CT method was used to
quantify the results [22].

Table 1. List of gene-specific primers for RT-PCR analysis.

Gene GenBank # Sequence 5’-3’ Product Size (bp)

MCU NM_001106398.1 F: GCCACCAAAGAGAGACCTCC
R: GCTCAATGCACAGTGTGGTG 98

MCUb XM_006224254.3 F: CGCCCCAGGTTTCAGGTATG
R: GGCAGGGTGAGGGTTACAAA 136

MICU1 NM_199412.1 F: AGGACTTTGTGCGCTCCATA
R: GTTCCTGGGCAATTTTCTTTCCA 105

Slc25a4 (Ant1) NM_053515.1 F: TGCCAGACCCCAAGAATGTG
R: GTACATAATATCAGCCCCTTTCCG 149

Ppif NM_172243.1 F: GGTGCTGGAGTTAAAGGCAGATG
R: TGATTGGTGAAGTCGCCAGC 150

Atp5f1a NM_023093.1 F: GACAGACCGGGAAAACCTCG
R: GGTGGACCGTTTCTGACCAA 125

Vdac1 NM_031353.1 F: AGGGCTACGGCTTTGGCTTA
R: AAACGTCAGCCCATACTCGG 155

2.6. Statistical Analysis

The data were analyzed using the GraphPad Prism 7 and Excel software and presented as mean
(median) ± SEM of 3–5 experiments. Statistical differences between the means were determined by
Mann–Whitney U test; p < 0.05 was considered to be statistically significant.

3. Results

3.1. Mitochondrial Ca2+ Uptake and the Features of Subunit Composition of the Mitochondrial Ca2+ Uniporter
Complex in the Liver and Heart of Rats with Different Tolerance to Acute Hypoxia

In this work, we first analyzed the functional and structural features of the system of mitochondrial
Ca2+ transport in the liver and the heart of animals with different tolerance to oxygen shortage, LR and
HR rats. Figure 1A shows the kinetics of uptake of Ca2+ (50 µM) by the liver mitochondria of LR
(dotted line) and HR rats (solid line) in the presence of CsA, which was necessary to block the possible
opening of the MPT pore. One can see that the rate of Ca2+ influx into the liver mitochondria of HR rats
is 1.3 times higher compared with that of LR rats (Figure 1B). The heart mitochondria of HR rats were
found to accumulate Ca2+ ions also significantly faster than those of LR rats, although the difference is
less pronounced than for liver mitochondria (about 10–15%) (Figure 1C).

Mitochondrial Ca2+ uptake is mediated by an electrogenic uniport, referred to as “Ca2+ uniporter”,
a complex of proteins of the inner mitochondrial membrane, including the pore-forming subunit
MCU and its dominant-negative form MCUb, and the regulatory subunits MICU1, MICU2, EMRE,
and MCUR1. It is considered that the contents of MCU, MCUb, and MICU1 and their stoichiometry
can predominantly regulate the mitochondrial Ca2+ transport in accordance with physiological
needs [5,6,23]. Since the mitochondria of HR animals accumulate Ca2+ faster as compared to the
organelles of LR rats, one can assume that the adaptation to hypoxic stress is associated with changes
in the relative content of these subunits in the mitochondrial membrane. Therefore, we quantified the
uniporter protein constituents and their mRNA level in the liver and cardiac muscle of rats depending
on the baseline resistance of animals to hypoxia.
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Figure 1. Ca2+ ion uptake by mitochondria of the liver and heart of hypoxia low-resistance (LR) and
high-resistance (HR) rats. (A) The changes in the external concentration of Ca2+ ions in the incubation
medium during their accumulation by the liver mitochondria of HR (the solid line) and LR (the dotted
line) rats. The incubation medium contained 210 mM mannitol, 70 mM sucrose, 2.5 mM malate, 2.5 mM
glutamate, 1 mM KH2PO4, 10 µM EGTA, 1 µM cyclosporin A, and 10 mM Hepes/KOH buffer (pH 7.4).
Additions: rat liver mitochondria (0.4 mg/mL), 50 µM CaCl2. The typical traces of five independent
experiments are presented. (B) The rates of Ca2+ uptake by liver mitochondria (shaded columns) of HR
and LR rats. (C) The rates of Ca2+ uptake by heart mitochondria of HR and LR rats. Values are given as
means ± SEM (n = 5). * The difference between HR and LR animals is statistically significant (p < 0.05).

The immunoblotting of the members of the MCUC protein family of the mitochondria isolated
from the liver of rats of two phenotypes reveals that in HR rats, the levels of MCU and MICU1 were
higher than in LR rats by 1.3 and 1.35 times, respectively (Figure 2A,B), whereas no significant difference
in the level of the dominant-negative uniporter subunit MCUb was observed. As for heart tissue,
a comparative analysis of the protein level of the components of the MCUC showed that there was a
significant decrease in the content of MCUb and a slight tendency to an increase in the content of MCU
in the cardiac mitochondria of HR rats relative to those of LR animals (Figure 2C,D). VDAC1 participates
in the formation of MAM (mitochondria-associated membranes) contacts, which are the main pathway
of Ca2+ transfer from the endoplasmic reticulum to mitochondria [5,14]. One can see that the amount of
VDAC1 in liver mitochondria did not differ. At the same time, the level of VDAC1 in heart mitochondria
of HR rats was higher than that of LR rats.

The results of the real-time PCR analysis confirm the data obtained and also indicate that the
changes occur at the level of transcription. The mRNA content of MCU in the liver of HR rats
is significantly increased in comparison with that of LR rats. At the same time, the expression
profile of MICU1 and MCUb in the liver of rats of two phenotypes does not differ (Figure 3A). So,
the MCU/MCUb expression ratio grew from 4.6 in the liver of LR animals to 7.0 in the liver of HR
rats (2−∆Ct MCU = 0.014 ± 0.001 and 0.025 ± 0.001 in the liver tissue of LR and HR rats, respectively;
2−∆Ct MCUb = 0. 003 ± 0.0005 and 0.0035 ± 0.00038 in LR and HR rats, respectively). Figure 3B
demonstrates that the expression level of MCUb is significantly lower in the heart tissue of HR animals
in comparison with that of LR animals. The MCU/MCUb expression ratio grew from 3.5 in the heart of
LR animals to 8.8 in the heart of HR rats (2−∆Ct MCU = 0.024 ± 0.005 and 0.034 ± 0.008 in the heart
tissue of LR and HR rats, respectively; 2−∆Ct MCUb = 0.007 ± 0.0007 and 0.0038 ± 0.0005 in LR and HR
rats, respectively).
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Figure 2. Cont.
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Figure 2. Levels of the subunits of MCUC and VDAC1 in liver (A,B) and heart (C,D) mitochondria of
LR and HR rats. Western blot analysis of the members of the MCU protein family (MCU, MCUb, and
MICU1) and VDAC1 in the liver (A) and heart (C) mitochondria of LR and HR rats. Summarized data
of densitometric band analysis of these proteins in the liver (B) and heart (D) mitochondria of LR and
HR rats. Values are given as means ± SEM (n = 3). * The difference between HR and LR animals is
statistically significant (p < 0.05).

 
Figure 3. The mRNA levels of the subunits of MCUC in liver (A) and heart (B) of HR rats normalized
to those of LR rats. The median and extreme values are presented (n = 8). The horizontal line is the
mean value of the mRNA levels in LR rats. * The difference between HR and LR animals is statistically
significant (p < 0.05).

On the basis of the results obtained, one can conclude that an increase in the relative amount of the
pore-forming subunit of MCUC, MCU, in liver mitochondria and a decrease in the dominant-negative
subunit, MCUb, in heart mitochondria underlie the increased rate of mitochondrial Ca2+ uptake in HR
rats relative to that in LR rats.

3.2. A Comparison of the Resistance of Mitochondria to the Opening of MPT Pore and of the Levels of Its
Probable Molecular Components in the Liver and Heart of HR and LR Rats

The pathophysiological phenomenon of the Ca2+-induced MTP pore opening is well known to
be central to mitochondrial vital functions and can play a lethal role in many pathophysiological
conditions including hypoxia cell injury. So, the next objective of our work was to examine whether
the resistance of mitochondria to the opening of the MPT pore changes depending on the baseline
tolerance of an animal to hypoxic condition. The mitochondrial Ca2+ retention capacity (CRC) is
related to the threshold concentration of Ca2+ necessary for the pore to open. One of the ways to assess
this parameter is to introduce Ca2+ into the suspension of mitochondria in small successive doses, and
the number of such additions until the MPT pore is triggered will reflect the CRC of the organelles.
Figure 4A shows the results of such experiments. It can be seen that the number of successive Ca2+

additions (and, therefore, the threshold pore-opening Ca2+ concentration) in the case of the liver
mitochondria of HR rats was greater compared to the organelles of the liver of LR rats. The parameter
of CRC of HR rat liver mitochondria increased 1.3-fold (Figure 4B). This implies that their resistance to
the opening of the MPT pore would also be higher.

By now, the structure of the MPT pore, which is believed to be a mega-channel penetrating both
the inner and outer mitochondrial membranes, has yet to be determined. Three proteins of the inner
mitochondrial membrane, namely, adenylate translocator (ANT), ATP synthase, and cyclophilin D, are
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considered to be essential components of the pore complex [14,24]. To elucidate a possible molecular
mechanism of the resistance of HR rat liver mitochondria to the induction of MPT pore opening, we
have compared the levels of these proteins in the organelles of the liver of rats of two phenotypes.

Figure 4C,D show immunoblots of cyclophilin D, ANT1, and α-subunit of ATP synthase of
mitochondria from the liver of HR and LR rats. One can see that the amount of cyclophilin D and
ANT1 in the mitochondria did not differ. The levels of mitochondrial ATP synthase in the liver of HR
rats, on the other hand, were reduced, with the reduction being statistically significant. The results of
the real-time PCR analysis confirm the data obtained and also indicate that the changes occur at the
level of transcription. So, the mRNA content of Atp5f1a in the liver of HR rats is significantly decreased
in comparison with that of LR rats. At the same time, the expression profile of ANT1 and cyclophilin
D in the liver of rats of two phenotypes does not differ (Figure 5A). We suppose that the decrease in the
content of ATP synthase can be the cause of the increased resistance of liver mitochondria of HR rats to
the MPT pore opening.

α

  

  

μ

Figure 4. The parameters of formation and levels of putative protein components of the Ca2+-induced
MPT pore in the liver mitochondria of HR and LR rats. (A) Changes in the external concentration of
Ca2+ in a suspension of liver mitochondria of HR (the solid line) and LR (the dotted line) rats after
sequential additions of 10 µM Ca2+. The incubation medium was the same as in Figure 1, with the
exception of cyclosporin A. Additions: rat liver mitochondria (0.4 mg/mL). The figure shows traces of a
typical experiment conducted at the same time on the same mitochondrial preparation. Similar results
were obtained in five independent experiments. (B) Calcium retention capacity of liver mitochondria of
LR and HR rats. The values are given as means ± SEM (n = 5). (C) Western blot analysis of MPT-related
proteins: CypD, ANT1, ATP5A, and VDAC1 in liver mitochondria of LR and HR rats. (D) Summarized
data on the relative contents of the MPT-related proteins. Values are given as means ± SEM (n = 3).
* The difference between HR and LR animals is statistically significant (p < 0.05).

Figure 6 shows the data of the estimation of maximal calcium capacity and Western blot analysis
of the MPT-related proteins in mitochondria from the heart of HR and LR animals. In contrast to
mitochondria from the liver tissue, cardiac mitochondria from rats of both groups display no statistically
significant difference in the CRC and the content of ATP synthase and ANT1. At the same time, the
levels of the regulatory protein, cyclophilin D, and VDAC1, which is assumed to form the channel of
the MPT pore in the outer mitochondrial membrane, in heart mitochondria of HR rats were higher than
those of LR rats. The results of real-time PCR analysis are consistent with the data of immunoblotting
(Figure 5B).
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Figure 5. The mRNA levels of the MPT in liver (A) and heart (B) of HR rats normalized to those of LR
rats. The median and extreme values are presented (n = 8). The horizontal line is the mean value of
the mRNA levels in LR rats. * The difference between HR and LR animals is statistically significant
(p < 0.05).
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Figure 6. Induction of the Ca2+-induced MPT pore in the heart mitochondria of HR and LR rats.
(A) Changes in the external concentration of Ca2+ in a suspension of heart mitochondria of HR (the solid
line) and LR (the dotted line) rats after sequential additions of 10 µM Ca2+. The incubation medium
was the same as in Figure 1, with the exception of cyclosporin A. Additions: heart mitochondria
(0.4 mg/mL); 10 µM CaCl2. The figure shows traces of a typical experiment conducted at the same time
on the same mitochondrial preparation. Similar results were obtained in five independent experiments.
(B) Calcium retention capacity of heart mitochondria of LR and HR rats. The values are given as
means ± SEM (n = 5). The medium composition and experimental conditions were as indicated in
Figure 4A. (C) Western blot analysis of MPT-related proteins: CypD, ANT1, ATP5A, and VDAC1, in
heart mitochondria of LR and HR rats. (D) Summarized data on the relative contents of the MPT-related
proteins. Values are given as means ± SEM (n = 3). * The difference between HR and LR animals is
statistically significant (p < 0.05).

4. Discussion

It is generally accepted that mitochondria are one of the main intracellular targets of hypoxia.
Structural, biochemical, and functional abnormalities of mitochondria are widely believed to be
important pathogenetic factors that underlie hypoxic or ischemic cell injury [1,18]. Apart from
disordering mitochondrial ATP synthesis, network dynamics, and redox state, hypoxia also dysregulates
the Ca2+ homeostasis of these organelles and the cell as a whole. The hypoxia-induced dramatic
alterations in Ca2+ transport in mitochondria may not only be related to the decreased oxidative
phosphorylation (OXPHOS), a metabolic shift toward glycolysis, and the development of oxidative
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stress, but also induce cell death pathways via mitochondrial Ca2+ overload and the formation of
Ca2+-dependent MPT pore in the inner mitochondrial membrane, leading to the release of proapoptotic
proteins into the cytosol [3]. Consequently, it has been proposed that mitochondrial Ca2+ transport
pathways might be targets for protective intervention, as well as involved in the formation of the
molecular mechanism of cell resistance to hypoxia and ischemia. The purpose of our work was to study
in more detail the features of structure and operation of the Ca2+ transport systems in the mitochondria
of the liver and heart of rats with originally different tolerance to acute hypoxia.

The results obtained in this work indicate that mitochondria of HR and LR rats are characterized
by fundamentally different genetically programmed rearrangements of the systems regulating Ca2+

homeostasis. In the case of HR rats, the rearrangements of the Ca2+ uniporter can increase the efficiency
of Ca2+ accumulation by liver and heart mitochondria. At the same time, the organelles of the liver
of HR rats become more resistant to the opening of the Ca2+-dependent MPT pore in comparison
with those of LR rats. Along with the well-characterized distinction in the intensity of OXPHOS
in mitochondria of the vital organs of LR and HR rats [18,25], these effects might contribute to the
development of individual systemic resistance of animals to acute hypoxia.

It is well known that individuals of an animal population differ in their tolerance to oxygen
deficiency [15–17,25]. As shown earlier, animals that belong to two opposite, in regard to hypoxia
tolerance, types (LR and HR) have essentially different “functional-metabolic” profiles, including the
effectiveness of energy support of the organism, the regulation of central nervous cardiovascular systems,
neurohumoral regulation, stress-activating and stress-limiting systems, the oxygen-transporting
function of blood, and the state of membranes and receptors. LR animals are considered to have
a weak type of the nervous system, increased excitability, and emotional reactivity. LR animals
respond to hypoxia with agitation and high locomotor activity. In contrast, HR animals have reduced
excitability and anxiety, milder aggressiveness, more pronounced internal inhibition, low sensitivity to
any provocative factors, and a tendency to social domination [18].

It was previously shown that mitochondria of the vital organs of LR and HR rats differ in both
structural and basic functional parameters. Thus, the mitochondria of the cerebral cortex of HR rats
are characterized by a denser packing of cristae and a more electron-dense matrix, smaller sizes,
and higher concentrations of the respiratory chain complexes and the respiration substrate, succinate
(i.e., they are functionally more active compared to mitochondria of LR rats) [16,25]. In contrast, in brain
mitochondria of LR rats, the number of mitochondrial cristae is decreased, and this is consistent with
the lower content of their respiratory electron carriers compared to mitochondria of HR rats. It was also
found that in liver mitochondria of HR animals, the rate of the ATP-dependent potassium transport,
which reflects the activity of the mitochondrial ATP-sensitive potassium channel, was increased [17].

Here, we have demonstrated that, in addition to the above structural–functional features, the
mitochondria of the liver and heart of rats with originally different tolerance to hypoxia are distinguished
in respect to the rate of influx of Ca2+ ions via MCUC. The liver and heart mitochondria of HR rats are
characterized by a significant increase in the efficiency of Ca2+ uniport compared to the organelles of
LR rats, with the difference being especially pronounced for the liver tissue. To elucidate the causes
of these functional effects, we have examined structural changes in the Ca2+ transport system of
mitochondria of LR and HR rats and revealed that these changes do occur in the macromolecular
complex of the mitochondrial Ca2+ uniporter in the heart and liver tissues.

The MCUC is considered to consist of two transmembrane channel subunits: MCU and MCUb.
MCU forms a highly selective Ca2+ channel, which transfers the ion across the inner mitochondrial
membrane. MCUb is a dominant-negative MCU paralogue, and its overexpression impairs the
ion-transporting function of the complex [13]. MCU and MCUb are associated with other subunits:
MICU1-2, EMRE, and MCUR1, which act as regulators of the uniporter.

As follows from the data obtained, in HR animals, the contents of the pore-forming subunit MCU
and the gate subunit MICU1 are substantially increased in liver mitochondria, whereas the level of the
dominant-negative subunit, MCUb, is decreased in heart mitochondria. The data are confirmed by the
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results of real-time PCR analysis and indicate that these changes occur at the level of transcription.
At the same time, there is almost no difference between liver and heart mitochondria of LR and HR
animals in the content of the regulatory uniporter subunit EMRE and the expression of its gene.

It is known that the activity of MCUC is regulated by changes in the ratio of the Ca2+-conducting
pore subunits MCU and MCUb [5,26,27]. Therefore, both an increase in the level of MCU and a
decrease in the content of its paralogue MCUb, which we recorded in mitochondria of the liver and
heart of HR animals, can be the cause of the increased rate of Ca2+ influx into the organelles. Based on
the data obtained, we can conclude that the structural changes in the pore-forming subunits of MCUC
in HR rats increase the efficiency of Ca2+ accumulation in the mitochondrial matrix and, as a result,
might underlie the fine control of cytoplasmic free Ca2+ at low levels.

On the other hand, excessive accumulation of Ca2+ into mitochondria can result in the opening
of MPT in the inner mitochondrial membrane. As a result, all transmembrane ionic gradients and
the membrane potential collapse, and mitochondria swell, which leads to the rupture of their outer
membrane and the release of proapoptotic proteins (cytochrome c, apoptosis-inducing factor, and
others) from the organelles. This can facilitate the activation of the caspase cascade, DNA damage,
and eventually cell death. The opening of the MPT pore is believed to be triggered by hypoxia and
subsequent reoxygenation [3,14]. The data obtained in this work show that liver (but not heart)
mitochondria of HR rats have a significantly higher Ca2+ capacity (i.e., are more resistant to the
induction of the MPT pore than the organelles of LR rats). Similar results were partially obtained by us
earlier [19]. In order to gain insight into the molecular mechanism of tolerance of liver mitochondria
of HR rats to MPT, we assayed for levels of MPT-associated mitochondrial proteins: cyclophilin D,
ATP synthase (α-subunit), and adenylate translocator ANT1 (Figure 4). Our results indicate that the
levels of cyclophilin D and ANT1 in mitochondria of the liver of HR and LR rats are not distinguished.
There is, however, a significant decrease in the content of the α-subunit of ATP synthase (a protein that
supposedly forms the channel of the MPT pore) in liver mitochondria of HR rats. Thus, the increased
tolerance of liver mitochondria of HR rats to MPT, as compared with mitochondria of LR rats, can be
related to a lowered expression of the MPT pore-forming protein. This is in agreement with the earlier
report that the changes in expression of ATP synthase had significant effects on the probability of MPT
induction [28].

However, the question as to which subunit of this multisubunit complex is the central structural
component of the MPT pore, or whether it is formed by MPT-specific conformation of dimers of ATP
synthase, remains the province of further investigations.

It should be noted that the CRC index of mitochondria isolated from the heart of HR rats was
slightly lower compared to that of LR rats, although this difference was not statistically significant.
This trend toward a decline in the Ca2+ buffering capacity is likely explained by the fact that the content
of cyclophilin D, a major regulatory protein of the MPT pore [14,29,30], in heart mitochondria of HR
rats is increased (Figure 6). It is believed that VDAC1 is also involved in the formation of the MPT
pore complex in mitochondria. In addition, this protein participates in the formation of MAM contacts,
which are the main pathway of Ca2+ transfer from the endoplasmic reticulum to mitochondria [5,14].
So, the changes observed in the level of VDAC1 can also contribute to the tissue-specific modulation of
mitochondrial Ca2+ handling and the MTP opening.

Based on the results obtained, one can assume that the increase in the rate of Ca2+ transport in
mitochondria is not accompanied by a higher susceptibility of mitochondria to calcium overload and
the induction of the MPT pore. As follows from our data, changes in the levels of the MPT-related
proteins can play a crucial role in the regulation of pore formation in mitochondria. At the same time,
the high rate of mitochondrial Ca2+ uptake may provide a more effective removal of excess Ca2+ ions
from the cytosol under physiological conditions and hypoxia.
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5. Conclusions

The results obtained point out that liver and heart mitochondria of HR animals exhibit functional
and structural features in Ca2+ ion transport, which may be essential for proper mitochondrial function
in hypoxia and contribute to the formation of adaptive signs to provide the development of cellular
response to oxygen shortage. So, apart from the increased activity of the ATP-sensitive potassium
channel and respiratory chain complexes, mitochondria of HR animals are characterized by the
increased rate of uptake of Ca2+ ions. At the same time, compared to liver mitochondria of LR
animals, the organelles of HR rats are more resistant to the opening of the Ca2+-dependent MPT pore.
Taking into account the fact that the MPT pore opening is one of the key pathogenic events in oxygen
deficiency, it can be supposed that these changes contribute to the molecular basis underlying cellular
sensitivity to hypoxic injury.
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Abstract: Potassium ions can cross both the outer and inner mitochondrial membranes by means of
multiple routes. A few potassium-permeable ion channels exist in the outer membrane, while in the
inner membrane, a multitude of different potassium-selective and potassium-permeable channels
mediate K+ uptake into energized mitochondria. In contrast, potassium is exported from the matrix
thanks to an H+/K+ exchanger whose molecular identity is still debated. Among the K+ channels of
the inner mitochondrial membrane, the most widely studied is the ATP-dependent potassium channel,
whose pharmacological activation protects cells against ischemic damage and neuronal injury. In
this review, we briefly summarize and compare the different hypotheses regarding the molecular
identity of this patho-physiologically relevant channel, taking into account the electrophysiological
characteristics of the proposed components. In addition, we discuss the characteristics of the other
channels sharing localization to both the plasma membrane and mitochondria.

Keywords: mitochondria; ion channels; electrophysiology; ATP-dependent potassium channel

1. Introduction

In 1961, Peter Mitchell formulated the chemiosmotic theory [1], according to which
(i) electron transport through the respiratory chain of mitochondria promotes the flow
of protons from the matrix into the intermembrane space, allowing the formation of a
H+ gradient (protonmotive force), (ii) this process is directly related to the activity of
F1Fo-ATPsynthase and to the production/hydrolysis of ATP, (iii) the inner mitochondrial
membrane (IMM) is impermeable to ions, including H+. Despite this assumption, the
author predicted the necessity for ions to be transported through the IMM. Indeed, exten-
sive research over the last few decades has highlighted an important role for potassium
transporters/channels in the regulation of the IMM potential (∆ψ), redox state and mito-
chondrial volume, as summarized by recent, detailed reviews, e.g., [2–7]. By modulating
these important factors, K+ channels impact not only on bioenergetic efficiency and ATP
production by mitochondria, but also on cellular signaling events such as, for example,
apoptotic signaling [8,9], Wnt signaling [10], and cGMP-related pathways [11]. As a con-
sequence, IMM K+ channels emerged as important players in the context of cancer [12],
cardioprotection [13], and neuronal protection [9], and may even play a role in the inflam-
matory response [14]. Thanks to intensive research carried out by several excellent groups
in the field, mitochondrial potassium channels are currently in the spotlight of the scientific
community working on different pathologies.

2. Multiple Routes for Potassium across the Outer and Inner Mitochondrial Membranes

The passage of this ion, which is normally present at a concentration greater than
100 mM in the cytosol, follows the electrochemical gradient largely dictated by the very
negative resting membrane potential across the IMM (around −180 mV). Mitochondria
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maintain the matrix K+ concentration at 150–180 mM [15]. The influx of K+ can occur
through the mitochondrial channels, while the excess K+ matrix is expelled by the an-
tiporter K+/H+. The consensus view is that the voltage-dependent anion channel isoforms
(VDACs) of the outer mitochondrial membrane (OMM) [16,17] are sufficiently large to
allow the flux of different metabolites and ions, including K+. Indeed, VDACs (VDAC1-
3) show a slight cation selectivity in the partially closed state [18] and, although tightly
regulated [19], they may ensure a continuous flux of potassium into and out of the mito-
chondrial intermembrane space, allowing an equilibrium between this compartment and
the cytosol. It was surprising, therefore, that an inwardly rectifying K+ channel that was
responsive to voltage, osmotic pressure and cAMP has been identified directly by patch
clamping mitochondria isolated from the spinal cord [20]. The physiological importance
of this channel is not clear, but importantly, this work confirmed the idea that VDAC
may adopt a completely closed state across the OMM [21], since no VDAC-like current
was observed by electrophysiology. It is of note that even though VDACs were shown
to mediate calcium flux across the OMM [22,23], a small channel, namely a functional α7
nicotinic acetylcholine receptor, was able to regulate calcium flux across the OMM [24],
suggesting that the OMM might indeed be not freely permeable to ions such as calcium
and potassium.

In contrast to the OMM, the IMM harbors a number of potassium channels, and
a K+/H+ exchanger. Given that several recent reviews dealt with the former topic (see
also [5] in this Special Issue), here we only mention the main classes of K+ channels, that
can allow the passage of only K+ (K+-selective channels) or of other cations as well (K+-
permeable channels). In the former category, the following channels have been identified
directly by patch clamping of mitochondria: (1) ATP-dependent potassium channel [25];
(2) voltage-gated shaker type K+ channel Kv1.3 [26,27]; (3) calcium-activated intermediate-
conductance K+ channel (IK(Ca)) [28]; (4) calcium-activated big conductance potassium
channel (BK(Ca)) [29,30]; (5) small-conductance calcium-activated K+ channel (SK(Ca)) [31];
(6) renal medullary channel ROMK [32]; and (7) two-pore potassium channel TASK-3 [33].
The hyperpolarization-activated, cyclic- nucleotide-gated channel isoforms HCNs belong
to the latter category of potassium-permeable channels [34,35].

In most of the above studies, the mitochondrial channels recorded in the IMM highly
resembled those of the plasma membrane (PM), at least regarding their conductance, which
is a basic biophysical feature of all ion channels. In fact, our current understanding is that,
for example in the cases of TASK-3, IK(Ca), SK(Ca), Kv1.3, and HCN, the same proteins
residing in the PM locate to the IMM as well, giving rise to comparable channel activities.
Although mitoplasts are well distinguishable from other organelles when performing
patch-clamp experiments, more sophisticated methodologies that exclude the possibility
of contamination are also available [36,37]. In most studies, multiple techniques were
exploited to confirm dual localization of a given protein, such as Western blot to assess
contaminations by other membranes, immunogold electron microscopy and modulation of
mitochondrial activity and/or K+ uptake into mitochondria by pharmacological or genetic
tools. Kv7.4 [38] and Kv1.5 [39] have been identified in the IMM of cardiomyocytes and
macrophages, respectively, using biochemical/pharmacological tools only.

The mechanism of dual targeting is not known for most IMM K+ channels. With
the exception of HCNs and ROMK2 (see below), bioinformatic tools do not predict mi-
tochondrial localization due to the lack of a typical N-terminal mitochondria-targeting
sequence. Our recent data indicate that, for example, in the case of Kv1.3, association
of the channel with caveolin-1 promotes PM targeting, while the lack of such functional
coupling causes accumulation of the channel in mitochondria, with severe consequences
on mitochondrial function and cell survival [40]. Whether association with caveolin may
play a role in channel trafficking and subcellular targeting also in the case of other K+

channels is an interesting point for future investigation. Another interesting candidate
worth consideration is SKD3 (suppressor of potassium transport defect 3), also known
as caseinolytic peptidase B protein homolog (CLPB), a broadly expressed member of the
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family of ATPases associated with diverse cellular activities (AAA+). A recent study high-
lighted that ATP controls the ability of SKD3 to self- associate or form complexes with
other proteins in the intermembrane space of mitochondria [41]. Human CLPB contains an
ankyrin-repeat domain, and, for example, channels of the Kv7 family harbor an ankyrin-
binding domain [42]. Whether and how this IMS-located protein might regulate IMM K+

channel import/assembly/function or exert a quality control remains an open question.
Since patch clamping of mitoplasts (i.e., of mitochondria devoid of the OMM) is

technically demanding, unfortunately a complete biophysical and pharmacological charac-
terization has not been carried out in all cases, thus hampering a strict comparison of the
PM-located channels with those of their IMM counterparts. Nevertheless, as illustrated
in Table 1, a relatively good match has been found in many cases, at least regarding the
conductance values. It is of note that for some of the mentioned channels, the range of
described conductance values is quite wide, which can be due to several factors. First of all,
the composition of the working solutions (in particular, by the concentration of Ca2+ and
K+) and the type of cells/tissues/organisms are not the same in each work. Depending on
the cell type, the general composition and characteristics of the channels may differ, for
example, due to lack of interaction with specific receptors/regulatory subunits. Within
the same family of channels, differences in conductance can be explained by alternative
splicing, post-translational modifications, as well as by the homo- and heteromerization
of the channel [6]. The protocol applied to elicit channel activity is also important, since
a wider range of voltages makes it possible to determine the conductance with greater
accuracy.

Important questions are still unanswered, in particular regarding Kv channels that
are normally active in the PM at depolarizing voltages. Thus, the factors allowing these
channels to operate at the very negative IMM potential (∆ψ, around −160 to −180 mV) re-
main to be determined. Although the fact that, e.g., Kv1.3 is active in the IMM is indicated
by changes in ∆ψ upon its inhibition using specific blockers [26], recent studies pointed
to its involvement in the apoptotic cascade via its interaction with complex I [43] and to
its role in linking respiration to proliferation, not necessarily relying on Kv1.3 ability to
mediate K+ flux [44]. It is interesting to note that other mitochondrial potassium channels
are also physically and/or functionally coupled to respiratory chain complexes: mitoBK
(Ca) functionally and physically interacts with complex IV [45], mitoKATP function has
been linked to complex II [46,47], ROMK2 is associated with complex V [48], while TASK-
3 [49] and HCN [34] also seem to interact with complex V. It is tempting to speculate that
the specific association of different K+ channels with distinct OXPHOS complexes may
allow a reciprocal fine-tuning of their activities.

Table 1. Comparison of single-channel conductance values of the plasma membrane- and the inner mitochondrial membrane-
located K+ channels obtained by the patch-clamp technique (in excised inside-out or mitoplast-attached configurations).
Open probabilities are also reported, where available.

Channel Conductance of PM Channel Conductance of Mitochondrial Channel

ATP-
dependent K+

channel

13–68 pS in 140 mM KCl [50,51]
20–80 pS in 140 (bath)/5.4–100 (pipette) mM KCl [52]
~80 pS in 145 mM K+ [53,54]
135 pS in 120 (bath)/60 (pipette) mM K+ [55]

From 10 to 100 pS in 150 mM KCl (see Table 2).

Open probability:
NPo ~0.32 at −100 mV [51]
≈0.9 between −100 and 60 mV [54]

Open probability:
0.74 at 40 mV [56] 0.57 at −50 mV [32] 0.24 at
−60 mV [57]
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Table 1. Cont.

Channel Conductance of PM Channel Conductance of Mitochondrial Channel

Kv1.3

24 pS in 140 mM KCl [58] ~25 pS in 134 mM K+ [26]
109 pS in 150 mM KCl [27]

Open probability:
~0.013 at 50 mV [58]

Open probability:
0.5 at −60 mV to 0.75 at 60 mV [27]

BK(Ca)

~180 pS in 143 KCl [59]
187 pS in 144 KCl [60]
260–293 pS in 150 KCl [61]
250 to 300 pS in 150 mM K+ (e.g., [62])

190 pS in 130 (bath)/10 (pipette) mM K+ [63]
145 to 307 pS in 150 mM K+ [11,29,64–68]

Open probability:
~0.27 at −40 mV [61]

Open probability:
0.79 at 80 mV [63] 0.5 at −33 mV [29]
∼0.16 at −60 mV to ∼0.94 at 60 mV [65]
∼0.54–0.9 at 60 mV [11,66]
∼0.25–0.76 at −40 mV [67,68]

IK(Ca)

~25 pS in 150 (bath)/140 (pipette) mM KCl [69] 31 pS in
160 mM K+ [70]
33–34 pS in 130 (bath)/145 (pipette) mM KCl [71]
39 pS in 120 mM K+ [72]

10 to 90 pS in 150 mM KCl [28]
Open probability:
0.6 and 0.4 at −50 and 50 mV, respectively [69]
<0.5 between −120 and 60 mV [70]
0.021 at −60 mV, 0.013 at −20 mV [71]

SK(Ca)
8 pS in 200 (bath)/4 (pipette) mM KCl [73]
15 pS in 140 mM KCl [74]
40–50 pS in 140 mM KCl (pipette) [75]

Not determined at single channel level (for
whole-mitoplast recording, see [31])

ROMK

~30 pS in 5 (bath)/140 (pipette) mM KCl [76]
39 pS in 145 K+ mM [77] 94 pS in 150 mM KCl [32]

Open probability:
0.88 between −40 and −80 mV [76]
0.82 at −60 mV and 0.92 at −30 mV [77]

Open probability:
0.21 at 50 mV to 0.57 at −50 mV [32]

TASK-3
18 pS in 140 mM KCl (pipette) [78]
17–27 pS in 140 mM KCl [79] 12–83 pS in 150 mM KCl [33]

HCN
~1 pS for If in 5.4 (bath)/70 (pipette) mM KCl [80]
0.46 and 1.71 pS for HCN1 and HCN2, respectively
(in 110 mM KCl) [81]

Not determined at single channel level (for
whole-mitoplast recording, see [34]

As mentioned above, all these channel activities mediate influx of K+ into the matrix.
This K+ flux in the presence of permeable anions (e.g., inorganic phosphate) takes place
along with osparison of single-channel conductance values ofmotically obligated water
and therefore results in mitochondrial swelling. Therefore, to control K+ concentration, a
K+/H+ exchanger ensures exit of K+ in the so-called K+ cycle [82]. The molecular identity
of this exchanger remains debated, even though convincing evidence has been accumulated
in favor of the hypothesis that envisions LETM1 as the K+/H+ exchanger (for a recent
review see [83]). LETM1 has originally been identified as a protein linked to mitochon-
drial K+ homeostasis [84], but was later proposed to be the long-sought electroneutral
calcium/proton antiporter (2H+/Ca2+) of the IMM [85,86]. However, a more recent work
provided compelling evidence, using a novel potassium probe mitoPOP able to monitor the
mitochondrial K+ concentration, that (i) LETM1 deletion caused K+ accumulation in the mi-
tochondrial matrix; (ii) LETM1, able to transport both K+ and Na+, regulated mitochondrial
calcium fluxes in a sodium-dependent manner [87]. Thus, in the so-called calcium cycle,
LETM1 would exert a regulatory effect on calcium exit through the Na+ /Ca2+ antiporter,
whose function would be linked to the extrusion of matrix Na+ via LETM1. Unfortunately,
more recent works [88,89] did not consider this possibility when interpreting experimental
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results. Independently of the nature of the transported ions, LETM1 remains an impor-
tant player in mitochondrial biology, as it has recently been shown to cause cristae-like
invaginations even in artificial liposomes, raising the possibility that this transporter con-
tributes to cristae shaping [90]. A previous work linked LETM1 function to mitochondrial
fragmentation, but observed no changes in mitochondrial morphology in fibroblasts from
Wolf–Hirschhorn syndrome patients, in which monoallelic LETM1 deletion occurs [91].

3. The Mitochondrial ATP-Dependent Potassium Channel(s)

In addition to uncertainties regarding LETM1, the field of mitochondrial potassium-
transporting proteins has to deal with the molecular identification of one of the most
important and most well-known activities, the elusive mitochondrial ATP-dependent
potassium channel (KATP). KATP exerts crucial function in the PM, for example by regu-
lating insulin secretion [92]. The PM channel comprises four channels forming subunits
Kir6.1 or Kir6.2 (encoded by KCNJ8 and KCNJ11, respectively) and of four regulatory SUR
subunits (SUR1, SUR2A/SUR2B, encoded by ABCC8 and ABCC9, respectively), which
act as sulphonylurea receptors. The association of a particular SUR with a specific Kir6.x
subunit constitutes the ATP-dependent K+ current (KATP) in each tissue (for reviews, see
e.g., [92,93]. Soon after the first report that applied the patch clamp technique to mitoplasts
obtained by osmotic swelling and rupture of the OMM [94], Inoue and colleagues identi-
fied, using the same technique, a channel in the IMM that was inhibited by ATP, and was
therefore named as mitoKATP [25].

The conductance of KATP of the PM ranges from 33–35 pS for the channels composed
of Kir6.1 to 67–80 pS for those constituted by Kir6.2, in symmetrical 140 mM KCl (for
review see e.g., [18]). However, conductance as low as 13 pS (in 140 mM symmetrical KCl
solution) was recorded in rat mesenteric artery vascular smooth muscle cells (VSMC) [51].
In this latter cell type, the diversity of molecular entities of KATP channels is illustrated
by their single-channel conductance ranging from 13 to 135 pS, with distinct conductance
values of 13, 20, 50, 111 and 135 pS, recorded under similar ionic conditions in various
studies [51,95].

Attribution of these channel activities with different conductance values to KATP
in most experiments is based on the pharmacological profiling of channel activities. The
hallmarks of PM KATP comprise inhibition by ATP/Mg2+ or glibenclamide and activation
by P-1075, BMS 191095, cromakalim, pinacidil and nicorandil [96–102]. Therefore, these
drugs have been tested on mitochondrial K+ channel activities by different groups. In
addition, diazoxide was identified as an agent that activates mitoKATP more efficiently
than PM KATP, and HMR 1098 was proposed as a specific inhibitor of PM KATP but not of
mitoKATP [103,104].

The above pharmacological drugs were then exploited in different cell types to mea-
sure mitoKATP activity in mitoplasts directly by patch clamp. As mentioned above, in the
first study, a ~10 pS channel was identified as mitoKATP [25], but in subsequent studies,
different conductance values were observed. Table 2 summarizes all data published to
date, in which the main biophysical and pharmacological properties of mitoKATP activ-
ity in the native IMM were determined using the patch clamp technique. Although in
two studies (in Jurkat [56] and in rat liver mitochondria [25]) an ATP-sensitive channel
with low conductance was observed (15 and 9.7 pS in 100/33 mM KCl or symmetrical
150 mM KCl, respectively), in other works, the conductance reached ~100 pS (in 150 mM
KCl) [32,57,105]. Thus, the conductance values around 100 pS recorded in native mito-
chondrial membranes are compatible with the ones observed for PM KATP formed by
Kir6.2-SUR2A complexes [53,54]. This finding, along with the pharmacological profile
mentioned above, prompted the researchers to propose the Kir6.2 inward rectifying channel
as the main pore-forming constituent of mitoKATP.
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Table 2. Biophysical characteristics of mitoKATP channel activities recorded by patch clamping of the inner mitochondrial membrane (excised inside-out configuration). “+” and “−”
denote activation or inhibition of mitoKATP, respectively.

Tissue/Cell Origin of
Method of Mitoplast

Recording Medium
Single-Channel

Modulation Reference
Preparation Conductance

Rat liver Giant mitoplasts obtained by
digitonin–swelling fusion

• Pipette: 100 mM KCI, 7.5 mM sodium-MOPS,
pH 7.2, 1 mM EGTA, 0.55 mM CaCl2

• Bath: 33.3 mM KCI. 66.7 mM NaCI, 7.7 mM
Na-MOPS, pH 7.2, 2 mM EGTA

9.7 pS at negative membrane
potentials

• ATP 2 mM (−)
• 4-aminopyridine −5 mM (−)
• glybenclamide 5 µM (−)

[25]

Jurkat lymphocyte T Swelling Pipette/bath: 150 mM KCl, 10 mM HEPES and 100
(or 200) µM CaCl2 (pH = 7.2)

15 and 82 pS at negative and
positive potentials, respectively

• 5-hydroxydecanoic acid 1 mM
(−)

• nitric oxide 2 µM (−)
• ATP 0.5–25 mM (−)

[56]

Human dermal fibroblast Swelling
Pipette/bath: 150 KCl, 10mM
HEPES, and 200
CaCl2 at pH 7.2.

mM µM 100 pS

• 1 mM Mg2+ plus 500 µM ATP
(−)

• diazoxide 30 µM (+)
• BMS 191,095 10 µM (+)
• glibenclamide 30 µM (−)
• 5-hydroxydecanoic acid 150 mM

(−)

[105]

Heart-derived H9c2 cells
and H9c2 ROMK2 Swelling

Pipette/bath: 150 mM of KCl, 10 mM of HEPES,
and 200 µM of CaCl2 at
pH = 7.2

94–97 pS
• 5-hydroxydecanoic acid 100 µM

(−)
• tertiapin Q 100 nM (−)

[32]
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Table 2. Cont.

Tissue/Cell Origin of
Method of Mitoplast

Recording Medium
Single-Channel

Modulation Reference
Preparation Conductance

Overexpressing cells

• 1 mM Mg2+ plus 500 µM ATP
(−)

• diazoxide (+)
• glibenclamide 50 µM (−, partial

inhibition)

Primary
Human dermal
fibroblasts

Swelling

Pipette/bath:
150 mM of KCl, 10 mM
of HEPES, and 200 µM
of CaCl2 at pH = 7.2

100 pS

• naringenin (Nar) 10 µM (+)
• diazoxide 30 µM (+)
• 5-hydroxydecanoic acid 500 µM

(plus Nar) (−)
• glibenclamide 10 µM (plus

Nar) (−)

[57]
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Despite the fact that the molecular composition of mitoKATP was not elucidated, the
field of mitoKATP channel underwent a rapid evolution when pharmacological studies
highlighted an important role of this channel in cardioprotection, in particular in atten-
uating the damage caused by ischemia- reperfusion (for recent reviews see, e.g., [6,7,13].
Moreover, mitoKATP activation has been proposed to exert neuroprotective effects [106]
and to modulate mitochondrial dynamics, biogenesis and neurodegenerative disorders
such as Parkinson [107]. Interestingly, diazoxide, the activator of mitoKATP, was shown
to improve memory in a mouse model of Alzheimer’s disease and ameliorate amyloid-β
and tau pathologies [108]. Neuronal injury was also attenuated in models of the metabolic
disease methyl-malonic acidemia by mitoKATP openers [109].

Most of the above studies underlining the patho-physiological role of mitoKATP
were carried out with diazoxide as a channel activator. However, this drug also exerts
K+ channel-independent effects, such as inhibition of complex II of the respiratory chain
(succinate dehydrogenase) and uncoupling action, leading researchers to question the
role of mitoKATP in ischemic preconditioning [110]. Moreover, diazoxide seems to also
have an impact on the expression of some proteins, as it upregulates the two components
of the calcium-release-activated calcium channel (ICRAC, also called the SOCE channel),
STIM1 and Orai1 in cardiomyocytes [111]. The antioxidant N-acetyl cysteine (NAC), 5-
hydroxydecanoate (5-HD), and the MAPK pathway inhibitor UO126 were able to attenuate
diazoxide-induced upregulation of STIM1 and Orai1 expression, suggesting that an ROS-
and MAPK-dependent pathway is activated by this mitoKATP opener. The authors hy-
pothesized that alteration of the distribution pattern of STIM1, causing decreased Ca2+

influx into the cells, may contribute to cardioprotection against ischemic insults. However,
direct electrophysiological evidence that ICRAC activity is decreased in cells incubated with
diazoxide has not been reported.

Thus, while the protective effect of diazoxide against ischemic damage has been
confirmed in several studies, the specificity of action via mitoKATP channels could not
be proven in the absence of the molecular identity of this channel. As mentioned above,
based on the conductance values observed in native IMM and by analogy with the PM
KATP channel, Kir6.2 was first proposed as the pore-forming component, while SUR sub-
units were proposed as regulatory components of this complex (Figure 1). However, mito
KATP channel activity, determined using the thallium (Tl+) flux assay in mitochondria
isolated from WT or Kir6.2−/− littermate hearts was identical, even though the channel
was required for the action of diazoxide to promote ischemic preconditioning. The authors
therefore concluded that Kir6.2 is not a component of mitoKATP [112]. Direct electro-
physiological recordings on mitoplasts from Kir6.2−/− animals would be useful to further
strengthen such a conclusion.

As an alternative to the Kir6.2 hypothesis, a multi-protein complex comprising com-
plex II (succinate dehydrogenase), complex V (ATP synthase), an ATP-binding cassette pro-
tein 1 (mABC1), the phosphate carrier and the adenine nucleotide translocator (ANT) [46]
was put forward. This multi-protein complex was incorporated into proteoliposomes and
was characterized using the planar lipid bilayer electrophysiological technique, revealing a
passage of K+, giving rise to a conductance of 200 pS in 500 mM K+ (Hepes was used as a
counterion). Interestingly, the observed activity showed low selectivity towards potassium
but was inhibited by ATP, glybenclamide, or 5-HD, even in the presence of the activator
diazoxide, as one would expect for mitoKATP. Unfortunately, mass spectrometry analysis
was not provided on the complex isolated from the IMM, thus it cannot be excluded that
other protein(s) present in the preparation are responsible for the observed channel activity.
It is of note that ANT and the phosphate carrier can form ion channels on their own (for
detailed review see e.g., [18]) and ANT was shown to also mediate proton leak [113]. In
addition, highly purified complex V also forms channels under certain conditions (in a
Ca2+-dependent way) with characteristics resembling the permeability transition pore
(PTP) [114]. However, the described conductance values of ANT, complex V and the
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phosphate carrier measured in K+-based medium are different from those observed in the
study of Ardehali and colleagues.

 

Figure 1. Schematic summary of the various hypotheses for the molecular composition of mitoKATP (see text for details).
Created with BioRender.com (accessed on 22 June 2021).

Interestingly, a recent study re-proposed the participation of complex V in mitoKATP
formation [115]. In particular, isolated ATP synthase (purity was, however, not assessed
using mass spectrometry) was studied under ionic conditions that are physiologically
relevant (with a ratio of 106:1 between K+ and H+), and so in the presence of both protons
and potassium ions. Based on electrophysiological experiments, the authors concluded that
the ATP synthase allows the passage of K+ in addition to protons (a unitary conductance
of up to ~300 pS was observed) and underlies the so-called K+ uniporter (mitoKATP).
Interestingly, diazoxide in this context would act as an activator of mitoKATP by directly
binding to the inhibitory protein of complex V, IF1 [116]. The proposal that complex V
is responsible also for the formation of the PTP makes it all quite intriguing. Altogether,
the authors proposed that the increase in ATP synthesis guided by K+ and H+ would
allow complex V to operate as a primary mitochondrial uniporter of K+ that regulates
the match between energy supply and demand, and as the recruitable mitochondrial
KATP channel that can limit ischemia-reperfusion injury. While genetic deletion or point
mutants of certain subunits of the ATP synthase were shown to alter PTP properties in
classical biochemical and electrophysiological assays [117–120], efforts to specifically study
(diazoxide-dependent) K+ transport across genetically modified ATP synthase complexes
have not been taken into consideration up to date.
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In parallel with the above studies, research also focused on the renal outer medullary
kidney channel (ROMK2) as a possible mitoKATP channel forming protein. ROMK2 is a
short, mitochondria-targeted isoform of ROMK (also called Kir1.1, encoded by KCNJ1) which
was shown to co-localize with mitochondrial ATP synthase in cardiomyocytes [48]. ROMK
itself is ATP-sensitive and can associate with SUR2B. The single-channel conductance of PM
ROMK at negative voltages is 32–43 pS (with 110 mM KCl in the pipette). In the work of Foster
and colleagues [48], short hairpin RNA-mediated knockdown of ROMK inhibited the ATP-
sensitive, diazoxide-activated component of mitochondrial thallium uptake, used as a proxy
for potassium uptake into the matrix. Importantly, tertiapin Q, a venom toxin-derived inhibitor
of ROMK channels, almost completely abolished thallium uptake. Moreover, the expression
level of ROMK2 in the heart-derived cell line H9C2 correlated well with sensitivity to cell death
triggered by oxidative stress (via application of tertbutyl hydroperoxide (tBHP)). Thus, these
results strongly suggest that ROMK2 might correspond, at least in some tissues, to mitoKATP.
Electrophysiological evidence in favor of this hypothesis was provided more recently by the
group of Adam Szewczyk, where patch clamp on dermal fibroblast mitochondria revealed
a 100 pS (in symmetric 150 mM KCl) channel activity that was ascribed to ROMK and was
activated by diazoxide while suppressed by ATP/Mg2+, glibenclamide and 5-hydroxydecanoic
acid [105]. Moreover, genetic overexpression of ROMK2 in heart-derived H9c2 cells enhanced
mitoKATP activity directly recorded in the IMM by patch clamp. This channel displayed the
typical biophysical and pharmacological characteristics of mitoKATP (~100 pS in 150 mM KCl,
inhibition by ATP/Mg2+, activation by diazoxide) and was inhibited by Tertiapin Q [32]. On
the other hand, the observation that recombinant ROMK2 incorporated into nanodiscs shows
a chord conductance of only 10 pS in 50/150 mM KCl, is intriguing [121]. Further work is
required to find the reason for this difference in the biophysical properties of the recombinant
versus native ROMK2 channels. While the electrophysiological and pharmacological properties
of ROMK2 altogether are compatible with this protein being mitoKATP, a recent study using
genetic, global or cardiomyocyte-specific knockout mice for ROMK2 discovered that isolated
mitochondria from the latter mice still showed swelling upon addition of the mitoKATP opener
BMS-191095 and were characterized by unchanged matrix volume responses during oxidative
phosphorylation [122].

ROMK-less heart mitochondria exhibited a decreased threshold for calcium-triggered
PTP opening but molecular details of how the presence of ROMK can de-sensitize PTP
towards a calcium increase are missing: the association of ROMK2 with the ATP synthase
(see above) might contribute to this effect. Alternatively, mitoKATP opening may slightly
depolarize the IMM and reduce the driving force for Ca2+ entry, thereby counteracting
mitochondrial Ca2+ overload and subsequent mPTP opening [123]. Altogether, the authors
of this seminal work concluded that cardiomyocyte ROMK is not a major component of
the cardioprotective mitoKATP channel, although to our knowledge the possibility that
other Kir channel-forming subunits undertook the function of ROMK in the KO heart has
not been ruled out.

As a last chapter in the “saga” of mitoKATP identification, a mitochondria- specific,
ubiquitously expressed coiled-coil domain containing protein, CCDC51, was proposed to
form a K+-permeable monovalent cationic pore [124]. The channel formed by recombinant
CCDC51 was inhibited by ATP, glibenclamide and 5-hydroxydecanoate and was activated
by diazoxide, only when co-assembled with a mitochondrial ABC protein (ABCB8). The
conductance of the CCDC51–ABCB8 complex, reconstituted in proteoliposomes and stud-
ied by electrophysiology (planar lipid bilayer), was 57 pS in 100 mM K-gluconate medium.
Importantly, using cells where CCDC51 was genetically deleted, it has been demonstrated
that this protein controls mitochondrial volume and efficiency of oxidative phosphoryla-
tion, as expected for mitoKATP. Moreover, diazoxide-triggered 86Rb+ (used as surrogate of
K+) influx into isolated energized liver mitochondria was completely abolished in CCDC51-
less organelles, suggesting that at least in the liver, diazoxide does not trigger K+ uptake by
acting on ATP synthase or on the complex comprising complexes II and V, ANT, mABC1
and the phosphate carrier or on Kir6.2/Kir6.1 channels. Most importantly, the whole-body
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deletion of CCDC51 almost completely suppressed the cardioprotection that was elicited
by the pharmacological preconditioning induced by diazoxide, suggesting again a crucial
role for CCDC51 (in complex with ABCB8) in the protective action of diazoxide. In order to
correlate these results with mitoKATP channel activities described so far in the IMM from
different tissues, it will be very important to characterize by patch clamp the ATP- and
diazoxide-dependent activities in the IMM of mitochondria from different CCDC51-KO
mouse tissues (a work that is under way in our laboratory).

As a future perspective, one may envision a collaborative effort among chemists, cell
biologists, electrophysiologists and cardiologists, to understand if mitoKATP composition
can vary depending on the tissue type. A recent study described the synthesis of a
mitochondriotropic, triphenylphosphonium-linked [125] variant of the mitoKATP activator
spirocyclic benzopyrane F81 and showed that mito-F81 exerted cardioprotective effects
at a 10-fold lower dose with respect to the parent compound [126]. Unfortunately, this
study did not directly test the inhibitory effect of the modified compound on mitoKATP
in electrophysiological experiments nor compared EC50 values of the two compounds for
inhibition of Tl+ uptake. Nonetheless, this compound has the advantage of most probably
acting prevalently on mitoKATP (and not on PM KATP) and could be used in various cell
lines knocked-out for Kir6.2, ROMK, CCDC51, and ANT, as well as in various ATP synthase
subunit-knocked down cells. In addition, this compound could also be used for affinity
chromatography followed by mass spectrometry to identify the proteins interacting with
high affinity. On the other hand, caution should be taken, as TPP+-targeting may modify
the original properties of chemicals, decrease their affinity for the target (e.g., [127]) and
trigger additional and/or off-target effects as well (e.g., [43,128]).

4. Future Outlook

In summary, while huge progress has been made in mitochondrial potassium channels
in the last few decades, many questions remain open. A cross-disciplinary effort will
likely resolve the mysteries regarding possible plasticity in channel formation, dual (or
even multiple) targeting to intracellular membranes, and pharmacological regulation. In
addition, recent studies highlighted a differential role for some PM and mitochondrial
channels, exploiting mitochondria-targeted drugs. While a thorough characterization of
these drugs is mandatory, they may represent a handy pharmacological tool against various
diseases (see, e.g., [126,127,129]).

Administration of organelle-specific drugs is the modern trend to achieve significant
therapeutic effects (e.g., [130]). However, the problem of possible off-target effects is
certainly the barrier that must be overcome in molecular pharmacology to achieve selective
targeting and accumulation in mitochondria [5,131]. In the past few decades, various
strategies have been developed to target drugs into the mitochondria. Such strategies
involve direct conjugation of a targeting ligand to drugs and/or attachment of the targeting
ligand to a nanocarrier [132]. The direct conjugation of the ligand is certainly a valid
approach through which drugs can easily reach the mitochondria—it is the simplest and
easiest method; however, the conjugation procedure can decrease the biochemical effects
within the mitochondria. In the nanocarrier system, on the other hand, the therapeutic
effect is not lost because the problem of physical interaction and solubility is solved, but
optimization is still a challenge due to the use of many different possible compositions to
identify the best nanocarrier. Finally, the administration of thermoresponsive drugs to the
mitochondria for cancer therapy has recently been described [133].

Mitochondria-targeted drugs have been extensively studied in clinical applications,
and several formulations have been approved by the US Food and Drug Administration
and European Medicines Agency for clinical applications in patients with cancer. A brief
overview of some major approaches aiming to modulate the Krebs cycle, electron transport
chain, anaplerosis, mitoROS release and mitochondria-driven apoptosis in cancer is given
in e.g., [134].
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In terms of future perspectives, hopefully mitochondrial ion channels will become
preferred targets not only in the context of cancer but also of other human diseases. To our
knowledge, to date, no drugs specifically targeting these channels are in clinical use.
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Abstract: Subcellular compartmentation is a fundamental property of eukaryotic cells. Commu-
nication and metabolic and regulatory interconnectivity between organelles require that solutes
can be transported across their surrounding membranes. Indeed, in mammals, there are hundreds
of genes encoding solute carriers (SLCs) which mediate the selective transport of molecules such
as nucleotides, amino acids, and sugars across biological membranes. Research over many years
has identified the localization and preferred substrates of a large variety of SLCs. Of particular
interest has been the SLC25 family, which includes carriers embedded in the inner membrane of
mitochondria to secure the supply of these organelles with major metabolic intermediates and coen-
zymes. The substrate specificity of many of these carriers has been established in the past. However,
the route by which animal mitochondria are supplied with NAD+ had long remained obscure.
Only just recently, the existence of a human mitochondrial NAD+ carrier was firmly established.
With the realization that SLC25A51 (or MCART1) represents the major mitochondrial NAD+ carrier
in mammals, a long-standing mystery in NAD+ biology has been resolved. Here, we summarize the
functional importance and structural features of this carrier as well as the key observations leading
to its discovery.

Keywords: mitochondrial carrier; mitochondrial transporter; membrane transport; mitochondria;
solute carrier family 25; SLC25; SLC25A51; NAD+ transporters; NAD

1. Introduction

Transmembrane transport proteins (transporters or carriers) catalyse the translocation
of specific ions, nutrients, metabolites, cofactors, and proteins across biological membranes,
which otherwise would be impermeable to these molecules. It has been estimated that 10%
of all human genes encode polypeptides involved in solute transport across the plasma
and intracellular membranes [1]. Based on sequence homology, more than 400 human
transporters have been classified into 66 solute carrier (SLC) protein families, excluding
active transporters (ABC transporters and ATPase pumps) and ion channels [1,2]. For ex-
ample, members of the major facilitator superfamily, which have twelve transmembrane
helices, are subdivided into various SLC families, and mitochondrial carriers, which have
six transmembrane helices, belong to the SLC25 family. About 30% of the SLCs are orphans,
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i.e., what they transport is unknown. There is also a long list of molecules that are probable
substrates of yet unidentified transporters based on the knowledge about the cellular
compartmentalization of enzymes and biochemical compounds. It is a great challenge
to find the missing pieces in this metabolic puzzle, trying to identify the physiological
substrate for a transporter or vice versa.

Nicotinamide adenine dinucleotide (NAD+) is the most widely used cofactor of enzy-
matic redox reactions in the cell. It has the capacity to be an electron donor in its reduced
form (NADH) and electron acceptor in its oxidized form (NAD+). It is also an important
signalling molecule involved in a multitude of signalling processes in different cellular
compartments. NAD+ appears to be present in all cellular organelles, with mitochondria
containing up to 70% of the total cellular NAD+ [3]. There are several routes of NAD+

biosynthesis. With regard to the pyridine base, NAD+ can be synthesized from several
different precursors in animals: nicotinamide (Nam) and nicotinic acid (together known
as vitamin B3), tryptophan, and nicotinamide riboside (NR). They are obtained from diet
and imported into cells by various SLC transporters (SLC5A8, SLC22A13, and members
of the SLC29 family for vitamin B3; e.g., SLC7A5 and SLC36A4 for tryptophan) [4,5].
The majority of NAD+ is synthesized from nicotinamide, which is also released by NAD+

consuming signalling reactions (Figure 1). The first enzyme of the so-called NAD+ sal-
vage pathway is nicotinamide phosphoribosyl transferase (NAMPT) and is predominantly
localized to the cytosol and the nucleus [6,7]. To maintain mitochondrial NAD+ concentra-
tions, cytoplasmic NAD+ or an NAD+ intermediate, such as nicotinamide mononucleotide
(NMN), need to be imported into mitochondria. It has been known for a long time that
NADH cannot be transported directly into mitochondria. Various systems have evolved to
shuttle the reducing equivalents of cytosolic NADH into the mitochondrial matrix, e.g.,
the malate-aspartate and glycerol-3-phosphate shuttles [8,9]. Proteins, which all belong to
the mitochondrial carrier family, have been identified that transport NAD+, and to a lesser
extent, NMN and nicotinic acid adenine dinucleotide (NAAD), in yeast and plant mito-
chondria [10,11] or NAD+ into human and plant peroxisomes [12–14]. However, until very
recently, no NAD+ transporter had been found in animal mitochondria.

In 2020, SLC25A51 (along with SLC25A52, which is 96% identical) was concluded to
be a human mitochondrial NAD+ transporter by three independent research teams [15–17].
Although SLC25A51 is a member of the mitochondrial carrier family, it is not a close
homologue of previously identified NAD+ carriers. Using functional assays, yeast comple-
mentation, and genetic engineering, the role of SCL25A51 as a human mitochondrial NAD+

transporter was established. These approaches are different from the EPRA method (where
the protein is recombinantly expressed, purified, and reconstituted into liposomes for
transport assays in vitro) that has been applied for the identification of the NAD+ carriers
in plants and yeast and the majority of the other SLC25 members. The SLC25 carrier family
transports a wide range of substrates from protons, inorganic ions, and small metabolites
to nucleotides and large cofactors [18]. In this review, human NAD+ metabolism and its
compartmentalisation as well as the discovery and characteristics of SLC25A51 and the
other NAD+ carriers are discussed.
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Figure 1. Compartmentalisation of NAD+ biosynthesis and salvage pathway in human cells. The fig-
ure shows the compartmentalisation of NAD+ synthesis, consumption, and salvage. The three
different isoforms of NMNAT show distinct subcellular localisations with NMNAT1 primarily local-
ized to the nucleus, NMNAT2 localized to the Golgi apparatus, and NMNAT3 in the mitochondria.
The peroxisomal and mitochondrial SLC transporters are highlighted in green. (Abbrev.: Nam: nicoti-
namide; NMN: nicotinamide mononucleotide; NMNAT1/2/3: NMN adenylyltransferase 1/2/3;
SIRT: sirtuin; PARP: poly-ADP-ribosyl polymerase; NAMPT: Nam phosphoribosyltransferase).

2. Human NAD+ Biosynthesis and Its Compartmentation

In human cells, the majority of NAD+ is produced from Nam in a two-step path-
way. The first step is catalysed by NAMPT in which NMN is formed from Nam and
phosphoribosylpyrophosphate (PRPP). The affinity of NAMPT towards its substrates is
enhanced by autophosphorylation of the enzyme, ATP being the phosphoryl donor [19].
Under these conditions, the affinity of NAMPT towards Nam is in the low nanomolar
range, thereby assuring efficient recycling of Nam produced from NAD+ in signalling
reactions (Figure 1) [20]. Formation of the dinucleotide, NAD+, is accomplished by NMN
adenylyltransferases, NMNATs. Mammalian cells have three NMNAT genes encoding
isoforms that are present in the nucleus (NMNAT1), the Golgi complex, facing the cytosol
(NMNAT2) and the mitochondria (NMNAT3) (Figure 1).

In addition to the NAMPT-dependent NAD+ synthesizing pathway, alternative pre-
cursors can also maintain cellular NAD+ homeostasis. Quinolinic acid, a product of
tryptophan degradation in the kynurenine pathway, is converted to NAMN, the acidic
form of NMN, and thereby enters NAD+ synthesis [21]. This route appears to be impor-
tant for liver NAD+ homeostasis, at least in mice [22]. Likewise, nicotinic acid is also
converted to NAMN by nicotinic acid phosphoribosyltransferase. NMNATs form the
dinucleotide, NAAD, from NAMN and ATP, in the same manner as NAD+ from NMN and
ATP [21]. Thus, all NAD+ biosynthetic pathways require NMNAT activity [23]. In mam-
mals, NAAD is amidated to NAD+ by NAD+ synthetase using glutamine as an amide
donor and the energy of ATP to accomplish the reaction [21]. Thereby, the conversion of
Nam to NAD+ through NAMPT activity is not only the shortest, but also the energetically
least-demanding pathway. This pathway is also known as Nam salvage pathway as it
is required to resynthesize NAD+ from Nam, generated by NAD-consuming signalling
reactions. NAD-dependent signalling reactions such as the de-acetylation of proteins by
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sirtuins or the mono- and poly-ADP-ribosylation through ADP-ribosyl transferases (ART)
or poly-ADP-ribosyltransferases (PARPs) [4,24,25], have been shown to lead to a constant
turnover of cellular NAD+ pools, resulting in half-lives of only a few hours in human
cells [22].

In recent years, the use of the nucleoside of Nam, NR, has gained tremendous interest.
Having the ribose already attached, it can be readily converted to NMN by phosphorylation,
thereby providing an efficient, PRPP-independent route to NAD+ [25,26]. Since NAMPT
represents the rate-limiting reaction in human NAD+ biosynthesis, bypassing it using NR
can potentially boost cellular NAD+ levels with a wide range of beneficial physiological ef-
fects. Likewise, dietary supplementation with NMN has also been proposed as a strategy to
improve NAD+ availability [25,27]. Physiological improvements have been largely ascribed
to the activation of NAD-dependent signalling pathways, in particular, SIRT-dependent
protein deacetylation. Furthermore, some beneficial effects of NAD+ supplementation have
been associated with enhanced mitochondrial functions, mediated, at least in part, by the
activation of nuclear SIRT1, resulting in transcriptional activation of genes promoting mito-
chondrial proliferation. However, there also appear to be direct mitochondrial effects that
might be explained by increased availability of NAD+ within these organelles. It should be
noted that, so far, effects of NR supplementation on mitochondrial function have largely
been observed in preclinical animal models, not humans.

NAD-dependent metabolic and signalling processes are strictly compartmentalized.
This raises the question how various NAD+ pools are formed and maintained, and how
they interact. To date, the cytosolic, nuclear, and mitochondrial NAD+ pools have been best
described. Using the PARAPLAY assay, which is based on expression of the catalytic do-
main of poly-ADP-ribosyltransferase 1 (PARP1) in various subcellular compartments [28],
pools of NAD+ in peroxisomes, ER, and Golgi complex [29,30] were demonstrated. It was
shown that NAD+ is transported into peroxisomes using the mitochondrial type carrier
SLC25A17 [13]. How NAD+ enters the ER or the Golgi complex is currently unknown.

For a long time, nuclear and cytosolic NAD+ were thought to form a single pool
as it was believed that the free dinucleotide can diffuse through nuclear pores whose
diameters are much larger than the size of NAD+. The analysis is complicated by the fact
that both NAMPT and NMNAT activities are present in both compartments and recent
work has demonstrated that the interactions between the nuclear and cytosolic NAD+

pools are complex. Using genetically encoded biosensors for NAD+ targeted to various
cellular compartments, it was suggested that the depletion of NMNAT2 in HEK293T cells
decreased cytoplasmic but not nuclear NAD+ concentrations [31]. Ryu et al. [32] found that
stimulation of NAD+ synthesis in the cytosol, through the induction of NMNAT2, leads to
a decrease in the level of NAD+ in the nucleus and suppression of PARP1 activity, regulating
the expression of genes involved in adipogenic differentiation. Moreover, a model was
proposed according to which the NAD+ nuclear pool is regulated by competition between
NMNAT1 and NMNAT2 for their common substrate, namely NMN. Thus, despite the
fact that we cannot exclude the direct exchange of NAD+ between the cytosol and the
nucleus, depletion of the dinucleotide in one compartment cannot be fully offset by another
pool. This may result in the nonviability of embryos observed in mice knocked out for
NMNAT1 [33] or NMNAT2 [34].

3. The Mitochondrial NAD+ Pool

Despite the important role of the mitochondrial NAD+ pool for cellular metabolism
and regulation, there are still many open questions related to its formation and mainte-
nance. As most available evidence suggests NMNAT3 to be a mitochondrial isoform [6,35],
it has been thought that NMNAT3 is essential to establish and maintain the mitochondrial
NAD+ pool. It has been shown that an increase in the level of cytosolic NMN leads to an
increase in the level of mitochondrial NAD+ in cultured human cells [6]. Based on these
data, it was suggested that the cytosolic precursor of mitochondrial NAD+ is the mononu-
cleotide NMN, which, after being imported into the mitochondrial matrix, is adenylated
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to the dinucleotide NAD+ by NMNAT3. This hypothesis was also supported by in vitro
data, according to which mitochondria isolated from rat liver can synthesize NAD+ from
NMN and ATP [36]. Using mitochondria isolated from murine skeletal muscle or C2C12
myoblasts, Davila et al. [37] confirmed this observation. However, they demonstrated that
the NMNAT activity was not located in the mitochondrial matrix but depended on the nu-
clear enzyme NMNAT1 [37]. Consequently, the detected mitochondria-associated NMNAT
activity may have been the result of a contamination with the nuclear protein. Increased
expression of NMNAT3 in transgenic mice and in cultured cells, however, efficiently in-
creases mitochondrial NAD+ levels in various tissues [38,39]. Suppressed expression of
this protein in some cells leads to a significant decrease in mitochondrial NAD+ concentra-
tions, while in others, it has no effect on the mitochondrial NAD+ pool [31]. Mice lacking
Nmnat3 have, nevertheless, normal mitochondrial dinucleotide levels in most tissues [40].
Moreover, NMNAT3 was found to play a key role in maintaining the NAD+ pool in mature
erythrocytes in which mitochondria are absent [41].

Thus, data on the role of NMNAT3 in maintaining the mitochondrial NAD+ pool have
remained controversial. NMNAT3 may be an important regulator of mitochondrial NAD+

content, but there need to be alternative mechanisms that mediate the generation of the
mitochondrial NAD+ pool.

In recent years, the focus of studies on the mechanisms of maintenance of mitochon-
drial NAD+ in mammals has shifted to reconsider the possibility of a transporter carrying
the dinucleotide into the organelles. It was found that NMNAT2 depletion in HEK293T
and HeLa cells decreased cytoplasmic and mitochondrial NAD+ levels, whereas NR did
not restore mitochondrial NAD+ concentrations in NMNAT2 knockdowns in HeLa cells.
These data suggested that NAD+ produced in the cytoplasm can influence mitochondrial
stores [31]. Moreover, using C2C12 cells and NAR labelled with two different isotopes
for ribose and Nam (13C on the pyridine carboxyl group and a deuterium on the ribose
moiety), Davila et al. [37] demonstrated the incorporation of both labels into mitochondrial
NAD+. Furthermore, given that NAR is converted to NAD+ in the cytosol via NAMN
and NAAD, the cytosolic NMN pool was not labelled. This led to the suggestion that
the mitochondrial NAD+ pool can be established through direct import of NAD+ [37].
These observations prompted intensive research efforts in various laboratories to address
the possibility of the existence of a mitochondrial NAD+ carrier in mammalian cells.

4. Identification of Mitochondrial NAD+ Transporters in Yeast, Plants, and Bacteria

The mitochondrial NAD+ carriers in Saccharomyces cerevisiae, Ndt1p, and Ndt2p,
which have 70% sequence identity, belong to the mitochondrial carrier family having
the typical signature motif sequences (conserved consensus sequences initiating with
PX[DE]XX[KR]) in three tandemly repeated domains [10]. These two proteins were ad-
dressed because they cluster with mitochondrial nucleotide carriers in phylogenetic trees
and especially close to the FAD transporter Flx1p and pyrimidine nucleotide transporter
Rim2p, which both have a rare tryptophan instead of the first negatively charged residue
of the second signature motif just like Ndt1p and Ndt2p [10]. The substrates of Ndt1p
were identified by the EPRA method, i.e., by expression in Escherichia coli, purification,
reconstituted into liposomes and transport assays [10,18,42]. Ndt1p, which was found to
be localized to mitochondria as well as Ndt2p, mainly transports NAD+ (Km of 0.38 mM),
and to a lesser extent, (d)AMP, (d)GMP, and NAAD. In addition, the nucleotides of uridine,
thymine, and cytosine were transported by Ndt1p less efficiently than those of adenine
and guanine with the following order of potency: monophosphates > diphosphates >
triphosphates. By contrast, α-NAD+, NADH, NMN, NAMN, as well as FAD and FMN
are very poor substrates of Ndt1p; and NADP, NADPH, Nam, and nicotinic acid are not
transported at all by Ndt1p [10]. Furthermore, this carrier functions as a slower uniporter
and a faster antiporter of substrates. In addition, yeast cells lacking Ndt1p or Ndt2p
have growth defects on non-fermentable carbon sources and reduced mitochondrial levels
of NAD+, a phenotype that becomes more pronounced in double knockout cells [10,43].
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It should be emphasized that in S. cerevisiae, there is good evidence that there are no NAD+

biosynthetic enzymes within mitochondria [10]. Based on the biochemical characterization
of Ndt1p, the high sequence identity between Ndt1p and Ndt2p, and the properties of the
deleted strains, it was concluded that the main physiological role of both Ndt1p and Ndt2p
is to import NAD+ from the cytosol into the mitochondrial matrix in exchange for (d)AMP
and (d)GMP [10].

Two of the 58 mitochondrial carriers of Arabidopsis thaliana, AtNDT1 and AtNDT2
(with 61% sequence identity in their carrier domains), display considerable similarity
to yeast Ndt1p and Ndt2p with percentages of identity ranging from 26 to 34% [11].
The transport properties of these two plant carriers were characterized by the EPRA method,
demonstrating that NAD+ is transported by both of them (Km values in submillimolar
range) as well as NAAD, NMN, ADP, and AMP, and to a lesser extent NAMN, FAD, FMN,
and several other nucleotides with the bases A, G, C, U, and T, whereas pyrophosphate
is only transported by AtNDT1 [11]. The specific activity of AtNDT2 is about three times
higher than that of AtNDT1 and both carriers exhibit antiport transport rates much higher
than those of uniport. Furthermore, the expression of AtNDT1 and AtNDT2 in yeast
lacking Ndt1p and Ndt2p restores mitochondrial NAD+ transport. Initially, subcellular
localization studies of AtNDT1 and AtNDT2 suggested that they are found in chloroplasts
and mitochondria, respectively [11]. However, later, AtNDT1 was reported to localize
to mitochondria [44], in agreement with previous unpublished results (E. Blanco and
F. Palmieri, personal communication). Both proteins are expressed in developing and
metabolically active tissues: AtNDT1 in leaf mesophyll cells and root tips; AtNDT2 in
meristematic shoots, vascular bundles of leaves, siliques, petal veins, pollen, and roots [11].
Diminished expression of AtNDT1 in Arabidopsis leads to impairments in the reproduction
system, such as reduction in pollen, silique length, and seeds, whereas the vegetative
growth is increased due to enhanced photosynthesis, leaf number, starch, and sucrose
levels [44]. Reduced expression of AtNDT2 also affects the plant reproductive phase, in this
case by decreasing seed quantity and quality [45]. Moreover, reduced AtNDT2 levels in
flowers and seedlings trigger increased expression of several enzymes involved in NAD+

biosynthesis. In conclusion, AtNDT1 and AtNDT2 catalyse the import of NAD+ into
mitochondria, probably in exchange for intramitochondrial ADP or AMP.

Two other members of the mitochondrial carrier family have been found to transport
NAD+, the human SLC25A17 and the Arabidopsis PXN. Notably, at variance to all the
other NAD+-transporting proteins mentioned above, these two carriers are localized to
peroxisomes. Both of them have been characterized biochemically by the EPRA method.
Although SLC25A17 transports NAD+ along with PAP (adenosine 3′,5′-diphosphate) and
ADP to a lesser extent than the main substrates of this carrier (CoA, FAD, FMN, and AMP),
it is most likely that SLC25A17 also plays a role in peroxisomal NAD+ import in hu-
mans [13]. PXN transports NAD+ (Km values in submillimolar range), NADH, AMP,
and ADP at low rates, in addition to CoA, dephospho-CoA, PAP, and acetyl-CoA that are
transported at higher rates [12,14], and is therefore also involved in peroxisomal NAD+

import in plants.
It should be mentioned that membrane transporters not belonging to the mitochon-

drial carrier family have also been identified to transport NAD+: the plasma membrane
nucleotide transporter NTT4 and Npt1Ct of Protochlamydia amoebophila UWE25 and Chlamy-
dia trachomatis, respectively. Both are obligate intracellular symbionts in protozoa [46,47].
These two transporters are of the NTT family, whose members are found in intracellular
bacteria and plant plastids and are predicted to have 10–12 transmembrane helices.

5. Discovery of a Mammalian Mitochondrial NAD+ Carrier

It has long been believed that in human and animal cells, there is no transport of NAD+

between mitochondria and the cytosol. This idea was supported in in vitro experiments
with mitochondria isolated from rat liver, in which it was shown that NAD+ does not
pass through the inner membrane of the organelle [36]. The absence of NAD+ transport
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between the cytosol and mitochondria was also supported by data on the maintenance
of mitochondrial NAD+ within physiological concentrations with significant depletion of
other pools (cytosolic and nuclear) evoked by genotoxic stress during treatment of cells
with the DNA alkylating agent MMS [48] or after suppression of the activity of the NAMPT
by the inhibitor FK866 [49]. The only alternative to the import of NAD+ from the cytosol
seemed to be intramitochondrial synthesis.

On the other hand, mitochondrial NAD+ carriers have been identified in yeast and
plants [10,18]. Previous attempts to detect a mitochondrial NAD+ transporter in human
cells based on homology with the characterized transporters in yeast (Ndt1p and Ndt2p)
and plants (AtNDT1 and AtNDT2) were unsuccessful. It was shown that the mitochon-
drial folate and FAD carrier SLC25A32, which is the closest homologue in mammals of
the above-mentioned characterized NAD+ transporters, does not influence mitochondrial
NAD+ [35,48]. Other potential candidates from the SLC25 family–the pyrimidine nu-
cleotide transporters SLC25A33 and SLC25A36—did not exhibit NAD+ transporter activity
either [35,50]. Consequently, alternative mechanisms of mitochondrial NAD+ generation
have been forwarded; in particular, those including mitochondrial NMNAT3 [6,35]. How-
ever, more recent research showed, albeit indirectly, that mitochondrial NAD+ originates
from the cytosol [37]. Eventually, at the end of 2020, three research groups independently
characterized the mitochondrial NAD+ transporter in human cells-SLC25A51 (also called
MCART1) [15–17].

Genetic coessentiality analyses showed strong negative interactions of SLC25A51 with
mitochondrial transporters essential for one-carbon and glutathione metabolism as well
as a strong negative interaction with the glucose transporter at the plasma membrane
SLC2A1/GLUT1. Since SLC25A51, furthermore, showed negative interactions with mito-
chondrial transporters for other cofactors, it was a likely candidate for the mitochondrial
NAD+ transporter. Targeted metabolomics in SLC25A51-deficient cells showed a deple-
tion of riboflavin as well as purine nucleotides and an increased level of glutathione
metabolism-related metabolites [15,16]. The role of SLC25A51 as a NAD+ transporter
was further confirmed through knockouts in various cell lines, which led to dramatic
impairment of mitochondrial respiration [15–17].

In a variety of cells, knockout or knockdown of the gene encoding the SLC25A51
protein resulted in a decreased oxygen consumption rate because of impaired respiratory
complex I activity [15–17]. LC-MS-based metabolomics analyses of SLC25A51 KO cells
revealed extensive alterations in major mitochondrial metabolic pathways such as the TCA
cycle, one-carbon flux, fatty acid oxidation, and ETC function [15,16]. Moreover, cells lack-
ing SLC25A51, cultivated in a medium containing galactose instead of glucose as a carbon
source, were unable to generate ATP in mitochondria [16]. Thus, SLC25A51 deficiency
led to dramatic impairment of mitochondrial respiration. Using targeted metabolomics,
a genetically encoded cpVenus NAD+ sensor or the PARAPLAY system, it was shown
that SLC25A51 deficiency selectively depleted mitochondrial (but not whole cell) NAD+,
whereas overexpression of SLC25A51 significantly increased mitochondrial NAD+ lev-
els [15–17]. It was also found that NAD+ uptake into mitochondria isolated from SLC25A51
KD or KO cells was substantially decreased compared to control mitochondria. On the
contrary, mitochondria from cells overexpressing SLC25A51 demonstrated increased NAD+

uptake capacity [16,17]. It is noteworthy that in in vitro experiments using 13C5-NAD+,
unlabelled NAD+ or NADH, but not NMN, competed for isotope-labelled NAD+ up-
take into mitochondria [16]. Moreover, to validate the function of SLC25A51 as NAD+

transporter, it was tested whether the human SLC25A51 and yeast mitochondrial NAD+

transporters Ndt1p and Ndt2p functionally substitute each other. Overexpression of the
SLC25A51 protein rescued slow growth and normalized mitochondrial NAD+ levels of the
yeast strain in which both NDT1 and NDT2 were deleted [15,16]. Ectopically expressed
SLC25A51 also fully rescued impaired uptake of 3H-NAD+ into mitochondria isolated from
NDT1 and NDT2 double knockout yeast [17]. Using this experimental system, the authors
also determined kinetic parameters of SLC25A51-mediated NAD+ transport (Km = 200 µM
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± 60 µM; Vmax = 1200 pmol sec−1 mg−1) On the other hand, overexpression of the yeast
protein Ndt1p rescued mitochondrial NAD+ levels and mitochondrial respiration in human
SLC25A51 knock out cells [15,16]. Thus, it was convincingly demonstrated that the proteins
SLC25A51 and Ndt1p (as well as Ndt2p) are functional homologues.

Despite the fact that the mitochondrial NAD+ uptake was not confirmed by a direct
transport method upon reconstitution of the protein into liposomes, it is highly probable
that SLC25A51 is indeed a mitochondrial NAD+ carrier in human cells. Further validation
and investigation will provide more insights into the transport characteristics and the
physiological effects of alterations in SLC25A51 expression.

Available data show that SLC25A51 expression is relatively constant across human
tissues, with highest expression in testis, breast, bone marrow, parathyroid gland, and adi-
pose tissues. Notably, expression of the close homologue SLC25A52 is mainly detectable in
testis with some low-level expression in other tissues [51].

6. Molecular Characterisation of the Mitochondrial Carrier SLC25A51

SLC25A51 has been included into the solute carrier family 25 (SLC25), also named mi-
tochondrial carrier family (MCF), due to the presence of three signature motif sequences in
three tandemly repeated 100-residue domains, which are characteristic for the members of
this protein family (Figure 2) [52–55]. In fact, SLC25A51 was initially called Mitochondrial
Carrier Triple Repeat Protein 1 (MCART1). Typically, each 100-residue domain of a mito-
chondrial carrier (MC) contains two transmembrane helices and the conserved residues
of the signature motif (PX[DE]XX[KR]X[KR]X20–30[DE]GXXXX[WYF][KR]G; PROSITE
PS50920, PFAM PF00153, and IPR00193). The first part of the signature motif
(PX[DE]XX[KR]X[KR) marks the end of the odd-numbered transmembrane helices, whereas
the last residues are located just before the beginning of the even-numbered transmem-
brane helices. In humans, the SLC25 family consists of 53 members annotated from
SLC25A1 to SLC25A53 and many of them have been found to transport nucleotides,
amino acids, carboxylates, inorganic anions, and cofactors across the inner mitochondrial
membrane [18,56–58], and mutations in 18 of these MCs cause human diseases [59]. The six
transmembrane helices (H1–H6) of MCs are structured in a barrel around a central substrate
translocation pore [60–62] and the N- and C-termini of the proteins are in the mitochondrial
intermembrane space [63–65].

SLC25A51 is quite different from the other members of the SLC25 family, displaying
distinct variations as shown by sequence comparison with typical SLC25 representatives
(see Figure 2). Most noteworthy, the signature motif lacks the first negatively charged
residue in the first and third repeat (exhibiting a glutamine and an asparagine, respectively),
the first positively charged residue in the first and second repeats (showing a leucine and
a glutamine, respectively), as well as the first glycine in the third repeat (having a lysine)
(Figure 2). In the conformational changes of MCs occurring during the translocation of the
substrates, the first two charged residues of each signature motif form an interconnected
charged network of salt bridges between H1, H3, and H5 that take part in the closing of the
substrate translocation pore towards the mitochondrial matrix (i.e., of the matrix gate) [60].
Given that SLC25A51 lacks many of the aforementioned charged residues in the signature
motif, it is left with only one salt bridge (between H3 and H5) out of the three characteristic
ones of the matrix gate. Other differences of SLC25A51 with respect to the sequence features
of a typical MC are: the possibility of only one salt bridge (between H4 and H6) out of the
usual three of the cytoplasmic gate (which closes the substrate translocation pore towards
the intermembrane space) and the lack of cardiolipin-binding motif 1 (Figure 2) [62].
By contrast, other MC motifs are quite conserved in SLC25A51: the GXXXG motif and other
small residues taking part in helical packing, the cardiolipin-binding motif 2 (corresponding
to the last three residues of the signature motif), and the glutamine and tyrosine braces
participating in the matrix and cytoplasmic gates, respectively (Figure 2) [66].
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Figure 2. Sequence comparison of the three mitochondrial carrier domain repeats in nucleotide transporter SLC25A4
(ADP/ATP carrier 1, AAC1), carboxylate transporter SLC25A1 (citrate carrier, CIC), phosphate transporter SLC25A3
(PiC), proton transporter SLC25A7 (uncoupling protein 1, UCP1), amino acid transporter SLC25A12 (aspartate-glutamate
carrier 1, AGC1), NAD+ transporter Ndt1p (S. cerevisiae), SLC25A51, and SLC25A52. The following sequence features
are indicated: position of the transmembrane helices H1-6 (a line above the sequences), the conserved residues (bold),
the helical packing GXXXG motif (cyan), other helical packing small amino acids (light grey), the signature motif sequences
(green), the glutamine and tyrosine braces (dark grey), the cardiolipin-binding motif 1 (olive), the contact point residues of
the proposed substrate binding site (yellow), and the negatively (red) and positively (blue) charged residues of the cytosolic
gate. The distinct sequence variations in SLC25A51 (and SLC25A52) discussed in the text are indicated in magenta.

Based on available structures of the ADP/ATP carrier [60,61], which have been used
to understand substrate binding and the translocation mechanism of MCs, a 3D-model of
SLC25A51 was generated in a conformation with the matrix gate closed and the cytoplasmic
gate open (Figure 3). The substrate binding site of MCs is mainly formed by the so-
called “contact point” residues (indicated in yellow in Figure 2), which are located in the
even-numbered transmembrane helices and protrude in the substrate translocation pore
approximately at the midpoint of the membrane between the matrix and cytoplasmic gates
(four, two, and one residues on H2, H4, and H6, respectively, Figure 3) [67]. NAD+ was
docked into the SLC25A51 homology model to get structural insight into protein-substrate
interactions (Figure 3). In the highest-rated docking solution, NAD+ is bound in the central
cavity of the SLC25A51 structural model at the midpoint between the intermembrane
space and the matrix sides of the membrane, and between the cytoplasmic and matrix
gate areas (Figure 3A). It is noteworthy that the substrate interacts with residues of all
six transmembrane helices (Figure 3B) and forms a total of nine hydrogen bonds with
the carrier. In particular, NAD+ is bound through hydrogen bonds with each of the three
contact points interacting with six out of the seven contact point residues. Of course,
the hypothetical substrate binding site of SLC25A51, suggested by this docking solution,
awaits experimental validation. However, it is worth mentioning that in most of the
other lower-ranking docking solutions, NAD+, although having different conformations
and interacting with different residues, was bound at the midpoint of the membrane
through multiple hydrogen bonds with contact point residues and other residues of all the
transmembrane helices. Most likely, this is a consequence of NAD+ being one of the largest
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substrates known for mitochondrial carriers and having many potential hydrogen bond
donors and acceptors.

Figure 3. Docking of NAD+ into the structural homology model of SLC25A51. A structural homology
model of SLC25A51 was generated based on the bovine and yeast ADP/ATP carrier structures (PDB
ID: 1OKC, 4C9Q, and 4C9G) by Modeller [68]. Conformationally flexible NAD+ was docked into
the active site of the SLC25A51 structural model with flexible side chains by Autodock Vina [69].
(A) The highest-ranked docking solution (binding energy = −9.9 kcal/mol; interface area = 532 Å2)
is displayed with the protein in cartoon with rainbow colours from N-terminus (blue) to C-terminus
(red) and NAD+ in spheres (carbons in magenta) viewed from the mitochondrial inner membrane
plane. (B) The residues of the substrate binding site of the same docking solution are viewed from
the intermembrane space side: NAD+ and the residues interacting with it are shown in ball-and-stick
and sticks, respectively, with carbons in the same colour as in (A).

7. Hypotheses about the Evolution of SLC25A51

The SLC25A51 gene is conserved with at least 45% sequence identity on protein level
in mammals, birds, fish, amphibians, insects, and nematodes (Figure 4). Notably, it is not
found in plants or fungi, where other MCs have been found to transport NAD+ [10–14].
Human SLC25A51 is a close paralog of SLC25A52 (Figure 2, sharing 96% identical amino
acid sequence, also called MCART2) and, to a lesser extent, to SLC25A53 (30% sequence
identity, MCART6) [15–17]. These three MCs are found on the same branch in phylogenetic
trees and are distinct from all other human SLC25 members [18,70,71]. They are also
distant from all other MCs known to transport NAD+ (less than 18% overall sequence iden-
tity): the human peroxisomal SLC25A17 [13]; yeast mitochondrial Ndt1p and Ndt2p [10];
Arabidopsis thaliana AtNDT1 and AtNDT2 [11] and peroxisomal PXN [12,14]. Differently
from these NAD+-transporting carriers, SLC25A51, SLC25A52, and SLC25A53 do not have
a tryptophan, instead of the first negatively charged residue in the second signature motif
(Figure 2). SLC25A33 and SLC25A36 have this tryptophan too, although they transport
pyrimidine nucleotides and not NAD+ [50]. Furthermore, the residues of the contact points
and the conserved three-fold-symmetry-related positions typical for NAD+-transporting
MCs are different from those of SLC25A51, which are almost identical to those of SLC25A52
and SLC25A53. Moreover, it is noteworthy that the genes of human SLC25A51, SLC25A52,
and SLC25A53 do not have introns, although homologues in lower species do. SLC25A51
first appeared in Protostomia and is related to oxaloacetate-type SLC25 transporters [72].
SLC25A53 appears to have evolved from SLC25A51 in vertebrates, whereas SLC25A52 can
only be found in primates (schematic overview Figure 5). Plant and fungal Ndt1/2, on the
other hand, appear to have evolved independently and are more closely related to the
mitochondrial folate and FAD transporters [73,74]. In addition, our analyses indicate that
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SLC25A51 binds NAD+ in a different way than the yeast and plant MCs transporting NAD+

given that their sequences and the residues of their substrate binding sites are so different.

Figure 4. Multiple sequence alignment of representative SLC25A51 homologs from various species: human (Homo sapiens,
NP_219480), bovine (Bos taurus, NP_001092864), mouse (Mus musculus, NP_001009949), bird (Gallus gallus, XP_003643156),
fish (Danio rerio, XP_002664343), insect (Drosophila melanogaster, NP_651766), nematode (Caenorhabditis elegans, NP_501642),
and frog (Xenopus tropicalis, NP_001107506). The conserved residues are coloured based on the property of the side chain:
hydroxyl group S and T (magenta); amide group N and Q (green); positively charged R, K, and H (cyan); negatively charged
D and E (red); aromatic F, W, and Y (brown); sulfur-containing C and M (light yellow); hydrophobic A, G, L, I, and V (black
and bold); P (dark yellow).

Figure 5. Evolutionary events related to compartmentation of NAD+ biosynthesis. The scheme
illustrates major evolutionary events related to mitochondrial NAD+ metabolism. Ndt1/2 can only
be found in plants and fungi, whereas SLC25A51 homologues can be detected in all Metazoan
starting from Protostomia. The functionally uncharacterized paralogue SLC25A53 is first found in
vertebrates, whereas SLC25A52 can only be found in primates. In parallel, the different isoforms of
NMNATs developed. The first duplication of NMNATs in the last common ancestor of vertebrates
gave rise to NMNAT2, whereas the later gene duplication in mammals lead to the development of
the mitochondrial isoform NMNAT3 [75]. The tree is a schematic representation of selected taxa and
is based on information from Tree of Life Web Project [76].
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8. Conclusions and Perspectives

The identification of SLC25A51 as a human mitochondrial NAD+ carrier is a leap
forward in understanding cellular NAD+ metabolism and how NAD+ pools are distributed
between the cytoplasm and mitochondria. It strengthens the hypothesis that NAD+ biosyn-
thesis does not necessarily occur in mitochondria. Just as its counterparts in yeast and
plants, as well as the peroxisomal NAD+ carriers, the mitochondrial NAD+ transporter of
animals—SLC25A51—is a member of the mitochondrial carrier SLC25 family. However,
it seems to have a distant evolutionary origin and a different substrate binding site with
respect to the other NAD+ carriers. The appearance of SLC25A51 in Protostomia may
reflect changes or differences in cellular NAD+ utilization, metabolism, and regulation
compared to lower organisms or to yeast and plants.

On the other hand, the discovery of a human mitochondrial NAD+ carrier SLC25A51
raises a number of important questions, which need to be addressed in future research.
What is the role of NMNAT3 in mitochondria? Is NMNAT3 involved in regulation of the
mitochondrial NAD+ pool, in the synthesis or degradation of NAD+ from or to NMN in
certain cells or conditions? Does SLC25A51 play a role in the concentration gradient of
NAD+ between mitochondria and cytoplasm (higher in mitochondria) of various tissues
and cell types? The transport properties of SLC25A51 have not been defined yet. What is
the substrate specificity of SLC25A51? What is its ability to transport putative substrates
such as NAD+, NMN, NAAD, α-NAD+, NADH, NAMN, NADP, NADPH, Nam, NA, FAD,
FMN, and (deoxy-) nucleotides? Does SLC25A51 catalyse unidirectional transport and/or
antiport of substrates, and what are its kinetic parameters? A biochemical characterization
of SLC25A51 to answer the last two questions would help to understand what the phys-
iological substrates of this carrier protein are and the preferred direction. An additional
area of interest for future studies is in elucidating how this transporter is regulated in vivo,
for example, by post-translational modifications. Regulation could be critical, because high
expression of the carrier or a functional homolog affects mitochondrial function. A further
issue is that SLC25A51 does not appear to be essential, suggesting that there may be other
mitochondrial transporters capable of transporting NAD. The very close paralog SLC25A52
is likely to have similar transport properties as SLC25A51, but there could be differences.
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Abstract: The notion of mitochondria being involved in the decoding and shaping of intracellular
Ca2+ signals has been circulating since the end of the 19th century. Despite that, the molecular identity
of the channel that mediates Ca2+ ion transport into mitochondria remained elusive for several years.
Only in the last decade, the genes and pathways responsible for the mitochondrial uptake of Ca2+

began to be cloned and characterized. The gene coding for the pore-forming unit of the mitochondrial
channel was discovered exactly 10 years ago, and its product was called mitochondrial Ca2+ uniporter
or MCU. Before that, only one of its regulators, the mitochondria Ca2+ uptake regulator 1, MICU1,
has been described in 2010. However, in the following years, the scientific interest in mitochondrial
Ca2+ signaling regulation and physiological role has increased. This shortly led to the identification
of many of its components, to the description of their 3D structure, and the characterization of the
uniporter contribution to tissue physiology and pathology. In this review, we will summarize the
most relevant achievements in the history of mitochondrial Ca2+ studies, presenting a chronological
overview of the most relevant and landmarking discoveries. Finally, we will explore the impact of
mitochondrial Ca2+ signaling in the context of muscle physiology, highlighting the recent advances
in understanding the role of the MCU complex in the control of muscle trophism and metabolism.

Keywords: MCU; mitochondrial Ca2+ uniporter; Ca2+ signaling; mitochondrial metabolism; skeletal
muscle mitochondria

1. Introduction

Every cell type, in every tissue and at any evolutionary level, can communicate
with the surrounding environment and with neighboring cells. Both intercellular and
extracellular communication play fundamental roles in shaping cell behavior and driving
cell fate decisions. Cell-to-cell and environmental signals are normally conveyed by distinct
extracellular mediators (hydrophilic or hydrophobic compounds, mechanical, ionic, cell–
cell interactions, etc.) that are normally perceived by cells through surface receptors. These
receptors convey them into a limited number of intracellular molecules, which are referred
to as ‘second messengers’, which, in turn, forward the message to intracellular effectors
finally activating the ultimate cellular responses. Despite the plethora of different signals
and stimuli that cells may receive, only a few molecules to date have been described as
second messengers of intracellular communication. Among them, the most common and,
definitively, the most extensively studied is Ca2+.

Ca2+ ions participate in the decoding of a vast range of stimuli and the variety of
cellular components involved in the Ca2+ signal transduction is extremely wide, including
basically all kinds of components, organelles, and molecules [1–3]. The research studies
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on Ca2+ second messenger started more than one hundred years ago, with the initial
recognition of the role of Ca2+ in muscle cell contraction [4]. Since then, the understanding
of Ca2+ signaling regulation and dynamics has progressively increased leading to the
definition of the concept of Ca2+ compartmentalization and to the demonstration of the
existence of microdomains of local high Ca2+ concentration [5], which are crucial for the
fine-tuning and correct triggering of the Ca2+-dependent cellular effects [1].

Mitochondria play a fundamental and multifaceted role in the orchestration of cellular
Ca2+ signals. Indeed, mitochondria are not a store of rapidly releasable Ca2+ (such as the
ER), but rather they efficiently accumulate Ca2+ upon Ca2+ entry from the extracellular
space or upon release from ER Ca2+ stores [6]. Upon cytosolic Ca2+ elevation, the entry
of Ca2+ into mitochondria exerts a central function in the modulation of cell metabolism.
Mitochondria host the enzymes and complexes of the TCA cycle, fatty acid oxidation
(FAO), and oxidative phosphorylation (OXPHOS) thus representing the site of the ma-
jor metabolic pathways and enzymes for cell energy supply, which deserved them the
name of ‘cellular powerhouses’. Interestingly, Ca2+ entry and oxidative activity are two
strictly intertwined aspects of mitochondrial physiology. The increase of the mitochondrial
matrix Ca2+ level stimulates both Ca2+-sensitive dehydrogenases [7–9] and respiratory
chain complexes [10,11] resident in the organelles, fueling the TCA cycle activity as well
as aerobic respiration and thus boosting the overall oxidative metabolism. This makes
mitochondria the central hubs for the rapid and effective adaptation of cell metabolism to
the changes in energy requirements that are typically decoded as variations of intracellular
Ca2+ concentration.

In addition, mitochondria also actively participate in the tuning of global Ca2+ signals
thanks to their ability to take up Ca2+ during intracellular Ca2+ elevation with a net result
of buffering the cytosolic cation concentration thus modulating the overall cellular Ca2+

response. This buffering capacity is due to two crucial characteristics of the mitochondria:
(i) their strategic position in close contacts to the Ca2+ release channels of the ER store [6]
and the plasma membrane in immune cells [12] (ii) the presence on their inner membrane
of highly selective and efficient machinery for taking up Ca2+, the MCU complex.

Finally, the large buffering capacity of mitochondria can protect cells from Ca2+ over-
load. Indeed, an excessive accumulation of the cation in the mitochondrial matrix triggers
the permeability transition pore (PTP) opening, the release of pro-apoptotic factors, and
finally, induction of programmed cell death [13]. Given the strong association between
mitochondrial Ca2+ overload and apoptosis induction, the maintenance of mitochondrial
Ca2+ homeostasis is thus a crucial aspect for ensuring cell survival [14,15].

Given the extreme relevance of mitochondria Ca2+ signaling for cell physiology, the
unveiling of the molecular factors mediating mitochondrial Ca2+ entry and the mecha-
nism(s) of their regulation has been one of the scientific challenges of recent years. In
this review, we aim to summarize some of the milestone achievements in the history of
mitochondrial Ca2+ research with a particular focus on the recent findings of the mitochon-
drial Ca2+ uniporter and its role in organ physiology. We will briefly describe the early
studies leading to the demonstration of the Ca2+ accumulation capacity of mitochondria,
then we will go through the historical chronicle of the discoveries of the mitochondrial
Ca2+ uniporter genes and multiple regulators (Figure 1) and we will conclude with an
excursus on the physiological relevance of mitochondrial Ca2+ uptake in the context of
skeletal muscle tissue.
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Figure 1. Timeline of the identification of MCU complex components. The most relevant findings on the structure and
composition of the MCU complex discovery are summarized and chronologically presented along a timeline covering
the last 10 years. Schematic cartoons show the different components of the MCU complex according to the date of their
discovery along the timeline.

2. Timeline of MCU Identification

It is suggestive to recall that the notion of Ca2+ ions being relevant to organ physiology
dates back to more than one century ago when the first report on the physiological action of
Ca2+ ions appeared in 1883 [4]. At that time, Ringer described the effects of Ca2+ addition
to isolated frog hearts and demonstrated that the supplementation of Ca2+ in the perfusion
solution actively induces and sustains the contraction of the organ ex vivo [4]. This seminal
observation revealed that Ca2+ is a fundamental messenger within cells, a concept that
then extended to virtually every cell type and physiological and pathological process,
giving rise to a broad field of study commonly referred to as the field of intracellular
Ca2+ signaling. The intrinsic ability of contracting myocytes to operate ex vivo and to
rapidly and effectively respond to environmental condition changes made them the ideal
experimental system for the investigation of the role of Ca2+ in organ and cell physiology
and was extensively exploited by researchers in the following years.

The original concept of the existence of intracellular compartments acting as Ca2+

stores to accumulate the cation required to sustain muscle contraction has been later
postulated and demonstrated in 1947 by Heilbrunn [16]. However, although surprising, the
identification of the sarco/endoplasmic reticulum (SR/ER) as the principal cellular Ca2+

store came only 20 years later. It was in the 1960′s, with the identification of Ca2+ pumping
machinery on intracellular membranes (in particular the calcium pump of the sarcoplasmic
reticulum, better known as SERCA) by three independent scientists [17–20] and the advent
of new methodologies for the measurement of intracellular Ca2+ concentration [21] that
the ER and its specialized counterpart in muscle cells (the SR) were recognized the main
cellular reservoir of Ca2+.

Before that, the pioneering work of Slater & Cleland on cardiac myocyte preparations
from rat hearts firstly described some subcellular compartments, called "sarcosomes" at
that time, as the entities actively accumulating Ca2+ [22]. Interestingly, these “sarcosomes”
did not consist of ER but, instead, they corresponded to isolated mitochondria, to which
the addition of Ca2+ caused the block of their oxidative phosphorylation activity. Thus,
Ca2+ ions behaved as mitochondria uncouplers. Despite that, Ca2+ appeared to exert a
peculiar inhibitory action on mitochondrial OXPHOS activity, which differed from the
other irreversible uncouplers known at that period (dinitrophenol, dicoumarol, rotenone,
antimycin A, azide, or cyanide), due to the reversibility of its action [23]. This assigned to
Ca2+ ions a functional role in mitochondria activity.
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After that, a series of land-marking works in the early 60′s experimentally revealed
that energized mitochondria can actively take up Ca2+ [24–26]. Interestingly, these results
anticipated the clear demonstration of a driving force for Ca2+ accumulation in mitochon-
dria, i.e., the chemiosmotic theory, postulated and validated by Peter Mitchell [27]. This
theory is based on the following concepts: (i) the activity of the respiratory chain complexes
is linked to the extrusion of protons from the matrix to the intermembrane space (IMS)
across the inner membrane of mitochondria (IMM). (ii) The accumulation of protons in
the IMS generates a difference in the charges across the IMM of around −150 ÷ −180
mV (negative inside) establishing the so-called mitochondrial membrane potential (∆Ψm).
(iii) This steep ∆Ψm represents the main driving force for the proton gradient-sustained
synthesis of ATP and Ca2+ cation entry into the matrix.

Shortly after, at the University of Bristol, Denton and his group made important
discoveries on the Ca2+-dependent modulation of three critical oxidative enzymes resident
in mitochondria [7–9]: pyruvate dehydrogenase phosphatase (the enzyme that dephospho-
rylates and relieves pyruvate dehydrogenase (PDH) activity allowing the conversion of
NAD+, coenzyme A (CoA) and pyruvate into NADH, CO2, and acetyl-CoA, providing
substrates to the citric acid (TCA) cycle and cellular respiration), NAD-isocitrate dehydro-
genase and oxoglutarate dehydrogenase. The fact that these mitochondrial rate-limiting
enzymes are under the control of Ca2+ definitively sets the cation at the center of the
cell oxidative metabolism. Moreover, the evidence that mitochondria can take up Ca2+

in response to elevation of cytosolic Ca2+ levels, as shown in insulin-treated epididymal
adipose tissue [28], established an active role of mitochondrial Ca2+ entry in shaping cell
oxidative metabolism to match the increased cellular energy demands thus tailoring the
metabolic outcomes according to the different environmental cues.

Despite all these conceptual advancements, two major issues were destined to puz-
zle the scientific community for decades. On one end, there is the apparent paradox
between the physiological concentration of cytosolic Ca2+, which was estimated in the
submicromolar range [29–31], and the low affinity of the mitochondrial Ca2+ uptake, whose
half-maximal rate (Km) was measured in the order of several µM (reviewed in [32]). On the
other end, the fundamental question about the molecular identity of the IMM apparatus
responsible for the entry of Ca2+ into mitochondria was still without an answer.

It took around 30 and 50 years, respectively, to find solutions to those two enigmas.
The answer to the former came with the advent of innovative and sophisticated technolo-
gies allowing the assessment of Ca2+ distribution at the sub-cellular and sub-organellar
levels, including mitochondria. Indeed, thanks to the development of Ca2+-sensitive
genetic probes and recombinant fluorescent proteins targeted to specific intracellular mi-
crodomains [33,34], it was possible to measure variations of Ca2+ concentration in defined
and limited areas of the cell (such as the cytosolic face of plasmalemma [35] or the surface
of outer mitochondrial membrane [36], or the Golgi cisternae [37]) as well as the relative
positioning of the intracellular organelles. These studies were pivotal in the field of cell bi-
ology for two main reasons: i) they allowed the observation of the intrinsic heterogeneity of
cellular Ca2+ distribution, definitively demonstrating that large variations in Ca2+ concen-
tration are highly regionalized within the cell cytoplasm and allowing the direct measure
of Ca2+ levels in the mitochondria matrix as well as in the ER lumen; ii) they pinpointed
the fact that organelles, including ER and mitochondria, are in close contact with each
other through macromolecular structures involving proteins from both the compartments.
In the case of ER-mitochondrial contacts, these structures are biochemically isolated as
mitochondria-associated membranes (MAMs) and are formed by membrane channels, as
the IP3R and VDAC, respectively, and adaptor proteins of both organelles, such as Grp75,
mitofusins, PACS [38]. Upon cell stimulation, the massive release of Ca2+ through the
ER membrane clusters of IP3Rs generates microdomains of high Ca2+ concentration right
at the mouth of the channel pores, exactly where mitochondria are located. This allows
mitochondria to perceive a local cation concentration sufficient to meet the low affinity of
the mitochondrial Ca2+ uptake machinery [36,39]. Thus, their strategic position in proxim-
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ity of ER Ca2+ release channels and their ability to take up Ca2+ with high conductance
make mitochondria the ideal operator for cushioning the sudden Ca2+ rise in the cytosol of
stimulated cells, thus behaving as an instrumental Ca2+ buffer [6]. The fact that Ca2+ entry
into mitochondria stimulates the TCA cycle, respiration, and ATP production then places
mitochondrial Ca2+ uptake as a key element for the prompt modulation of cell metabolism
to rapidly and efficiently adapt to a variety of environmental cues and energy demands.

Another fundamental advancement in mitochondrial signaling occurred when sci-
entists found the answer to the second big question, i.e., the molecular identity of the
mitochondrial Ca2+ uniporter (MCU) machinery. The chronicle of MCU discoveries ac-
tually started in 2010, with the identification of the first gene required for the uptake
of Ca2+ by mitochondria, CBARA1, coding for the mitochondrial Ca2+ uptake 1 protein
(MICU1) [40], then followed by the identification of the mitochondrial channel and the
elucidation of its interactors, as described below. The search of the other mitochondrial
Ca2+ channel components has been proceeding expansively in the last decade (see next
paragraph for a detailed timeline) and it is presently still actively ongoing. The discoveries
of many different groups worldwide have been indeed instrumental to provide cell biolo-
gists with new knowledge on the functional role of mitochondrial Ca2+ and with new tools
for the genetic and molecular intervention on global Ca2+ signaling and cell energetics.

3. Discovery and Characterization of the MCU Complex Components

3.1. MCU

The chronicle of MCU discovery starts with two pioneering studies published in
2011 [41,42] (Figure 1) that finally identified and cloned the long-sought MCU pore-forming
unit gene, CCDC109A. MCU is a highly conserved 40 kDa protein ubiquitously expressed
in plants, metazoans, protozoans, and fungi but not present in yeast [43]. This pore-
forming unit oligomerizes to form the active channel within the inner mitochondrial
membrane (IMM) and it directly interacts with the channel regulator MICU1, which was
identified one year earlier [40]. These reports clearly demonstrated that the transient
downregulation of MCU inhibits the mitochondrial accumulation of Ca2+ that follows
the IP3-generating agonist in stimulated cells. Of note, the blunted mitochondrial Ca2+

uptake response occurs without changes in the mitochondria morphology or membrane
potential of the MCU-silenced cells [41]. On the contrary, MCU overexpression enhances
agonist-induced mitochondrial Ca2+ uptake in mammalian cells. In addition, in vitro
experiments, in which recombinant MCU proteins were inserted in a planar lipid bilayer,
showed that this pore-subunit alone is sufficient to form the channel. Indeed, in this setting,
the MCU electrophysiological activity is completely abolished by the addition of the known
inhibitor Ruthenium Red, firmly pointing at MCU as the genuine core component of the
mitochondrial Ca2+ machinery.

Sequence and topology analyses revealed that both the N- and C-termini of MCU are
located in the mitochondrial matrix and that MCU is endowed with two transmembrane
domains, linked by a short highly conserved acidic loop exposed in the intermembrane
space (IMS) which contains the so-called acidic “DIME” motif. The acidic residues present
in this stretch (in particular E257, D261, E264) are critical for the Ca2+ transport since, if
substituted with uncharged residues, MCU mutants failed to rescue the mitochondrial
Ca2+ uptake in MCU-silenced cells [41,42]. However, the definitive description of MCU
3D structure had to wait till the very last years, when cryo-EM and X-ray diffraction
analyses finally allowed the resolution of full-length MCU structure [44–51]. These studies
coherently confirmed that purified MCU from different sources (fungi and metazoan)
arranges in a tetramer, confuting previous assumptions on a putative pentameric MCU
architecture [52]. Notably, the cryo-EM data also unveiled the exact position of the MCU
channel selectivity filter, in which the DIME motif is fundamental for the coordination
of Ca2+ ions and which was definitively shown to reside at the beginning of the second
transmembrane α-helix [50] and not in the linker region between the two transmembrane
helices, as previously suggested [52].
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More recently, the structure of the human MCU together with its auxiliary component
EMRE was obtained [53]. Each human MCU arranges in tetramers and each subunit
complexes with one EMRE peptide. Differently from the three described for fungal MCU,
human MCU appears organized in four domains, which are: (i) the N-terminal domain
(NTD), (ii) the linker helix domain (LHD) —absent in fungi—, (iii) the coiled-coil domain
(CCD), and iv) the transmembrane domain (TMD) (Figure 2).

α

 

Figure 2. The MCU holocomplex structure. Schematic representation of the MCU holocomplex
(uniplex) components and their relevant domains: the pore-forming subunit MCU (light blue) with
the two transmembrane (TM) and coiled-coil (CC) domains and the linker helix domain (LHD); the
essential mitochondrial Ca2+ uniporter regulator EMRE (yellow); the mitochondrial Ca2+ uptake
proteins MICU1 (violet) and MICU2 (purple), with the EF-hands relevant for the MICU dimer inter-
action highlighted. The critical residues of the MCU DIME motif forming the Ca2+ selectivity filter
are indicated, together with the MICU1 residues of the K-R ring coordinating the MCU acidic region.

Moreover, in the very last year, further insight into MCU channel modulation and
function has been gained thanks to the achievement of the human MCU-MICUs holo-
complex structure in both the Ca2+-free and Ca2+-bound state by several independent
reports. The gating mechanism by which MICU1 regulates the uniporter activity via the
conformational change triggered by Ca2+ was finally unveiled [44]. Furthermore, the
precise description of the molecular interactions between MCU-EMRE-MICU1-MICU2 in
the human MCU supercomplex (MEMMS) has been also obtained [54] (Figure 2). Indeed,
MEMMS appears as a 480 kDa integral unit where EMRE coordinates the matrix gate of
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the MCU channel and MICU proteins interact with the C-terminus of EMRE in the IMS
thus enhancing Ca2+ influx through the MCU pore in high [Ca2+] conditions [54] (Figure 3).
Finally, the distinct Ca2+-dependent assembly conformations of the beetle and human MCU
holocomplexes with human MICUs have also been detailed [46,47]. In the presence of
Ca2+, the multiprotein complex shows a two-fold symmetry and consists of two V-shaped
MCU-EMRE tetrameric subcomplexes and two MICU1-MICU2 heterodimers that bridge
the tops of the subcomplexes (Figure 1). In this setting, the assembly of the MICU1-MICU2
heterodimers to the MCU-EMRE subcomplexes is ensured by the interaction between
MICU1 and EMRE [47] (Figure 2). Differently, in the absence of Ca2+, the holocomplex
adopts alternative less stable conformations with both monomeric and dimeric forms of the
MCU-EMRE tetramers, where the MICU1-MICU2 heterodimer block the channel entrance
formed by MCU transmembrane domains [47] (Figures 2 and 3).

 

Figure 3. The MCU complex activity at low and high intracellular Ca2+ concentration. Schematic representation of the
proteins involved in the MCU complex-mediated mitochondrial Ca2+ uptake: the pore-forming subunits MCU (light blue)
and MCUb (green), the essential mitochondrial Ca2+ uniporter regulator EMRE (yellow), the mitochondrial Ca2+ uptake
proteins MICU1 / MICU1.1 (violet), MICU2/ MICU3 (purple), and the MCU regulator 1 MCUR1 (light violet). The EF-hand
Ca2+ binding domains of MICU proteins are indicated as little circles. At low intracellular Ca2+ concentration, the cation
does not permeate through the MCU channel since the heterodimers formed by MICU1/MICU1.1–MICU2/MICU3 block
the channel pore, thus preventing Ca2+ flux in resting conditions. Differently, at high intracellular Ca2+ concentration,
MICU proteins undergo conformational changes relieving the inhibition on MCU and positively regulating channel activity,
leading to an efficient mitochondrial Ca2+ uptake. OMM, outer mitochondrial membrane; IMM, inner mitochondrial
membrane.

A large body of experimental evidence on the MCU complex functional role has
accumulated since the discovery of the MCU. The genetic manipulation of the MCU led to
the generation of germline and tissue-specific transgenic models [55–62], which provided
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pivotal tools for understanding the pathophysiological implications of the mitochondrial
Ca2+ signaling in vivo that would have otherwise remained unexplored.

In 2013, three independent groups showed that the MCU silencing/knockout or its
overexpression affect survival in different in vivo models [55,63,64]. In Trypanosoma brucei,
for instance, the downregulation or the conditional knockout of the uniporter augments
the AMP/ATP ratio, thus affecting the parasite growth in vitro. On the contrary, when
MCU is overexpressed, mitochondrial Ca2+ accumulation produces a high concentration
of ROS and sensitizes trypanosomes to apoptotic stimuli [63]. In zebrafish (Danio rerio),
instead, the knockdown of MCU has shown crucial alterations not only during the early
step of gastrulation, where the blastomere convergence and extension are altered, but also
at later stages of development as the maturation of the notochord and anteroposterior axis
formation were strongly impaired in morphant fish [64]. A series of recently published
works and our unpublished observation in the zebrafish knockout model obtained with
CRISPR/Cas9 gene ablation gave further insight into the role of MCU during development.
For example, the ablation of the MCU gene in Danio rerio inhibits mitochondrial Ca2+

influx, reduces oxidative phosphorylation, and induces lipid accumulation, a phenotype
that was also observed in the hepatic tissue of liver-specific KO mouse [65]. Notably, the
inactivation of MCU has shown to be protective in neurons of Parkinson Disease zebrafish
genetic model (namely in pink−/− fish), suggesting the crucial role of the MCU-dependent
mitochondrial Ca2+ load on neuronal fitness [66].

As for mammals, the MCU–/– mouse [55] develops normally and displays minor
defects without signs of impaired cell survival. Under stress conditions, relatively mild
metabolic alterations were observed, such as increased plasma lactate levels in line with im-
paired exercise performance. However, the same group soon after those findings, showed
that embryos from MCU−/− mice in a pure C57BL/6 background were not viable, dis-
playing embryonic lethality at around E 11.5–E 13.5, thus suggesting a major involvement
of mitochondrial Ca2+ uptake in organ metabolism and organism development that was
compensated in a mixed genetic background [67].

Of note, some years later, it has been reported that the block of MCU-dependent Ca2+

uptake affects Drosophila melanogaster development. In particular, the inhibition of the
uniporter activity has been shown to be detrimental for memory establishment during
the papulation stage. Indeed, during the development of adult flies, alterations in the
structural and functional neuronal substrates, crucial for memory formation, occur in the
MCU deficient fly [58].

The genetic manipulation of MCU in C. elegans model also provided additional in-
teresting notions on its role in organism physiology. Indeed, MCU−/− C. elegans is viable
and grossly normal, mirroring what was found in the first MCU−/− mouse model de-
scribed [55], even though it presents some defects in the epidermal wound repair mecha-
nisms. More recently, the characterization of C. elegans deficient of a functional MCU [68]
suggested that uniporter activity is essential for mitochondrial Ca2+ transfer during high-
intensity stimulation of the worm pharynx muscle. However, a lot still remains to be
explored on the role of MCU in this model and most of the knowledge on mitochondrial
Ca2+ regulation of muscle physiology has been achieved using the mammalian mouse
model where MCU expression was genetically targeted, which we will briefly review in
the following paragraphs.

3.2. MCUb

In 2013, Raffaello and co-authors discovered that MCU is not the only pore-forming
subunit of the mitochondrial Ca2+ uniporter, since an alternative MCU isoform exists,
named MCUb, which crosses the IMM and associates to MCU to form the calcium chan-
nel [69] (Figures 1 and 3). The MCUb protein is encoded by the MCU CCDC109a paralog
gene CCDC109b. Interestingly, this gene is found in vertebrates, but it is not present in other
organisms in which MCU is expressed, such as plants, Nematoda, and Arthropoda. Despite
the high structural similarity with MCU, MCUb sequence presents two critical aminoacidic
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substitutions in the loop region and in the TM1 domain, which explains its inability to
transport Ca2+. Indeed, MCUb acts as a negative regulator of MCU activity, drastically
reducing mitochondrial Ca2+ currents in vitro in planar lipid bilayer experiments and also
when overexpressed in mammalian cells [69]. On the contrary, in other organisms, such
as trypanosomatid species, the ortholog of MCUb is capable to conduct the cation and its
overexpression facilitates mitochondrial Ca2+ uptake [70].

Interestingly, MCUb displays different expression levels in the different mammalian
tissues, and the MCUb:MCU proportion appears also the distinctive feature ensuring the
appropriate mitochondrial Ca2+ current to each cell type [69,71]. For instance, a high
MCUb/MCU ratio (3:1) is typical of cells with low mitochondrial Ca2+ transients, such as
adult cardiomyocytes (Figure 4). In fact, MCUb can be described as a protective gene in
cardiac myocytes since i) its expression is transiently induced after ischemia-reperfusion
injury and ii) transgenic mice overexpressing MCUb have a reduced mitochondrial Ca2+

uptake ability, thus preventing Ca2+ overload, which is sufficient to protect myocytes
from ischemia-reperfusion injury and to decelerate their ongoing necrosis [72,73]. A low
MCUb/MCU ratio (1:40) is instead a characteristic of tissues with an extremely high
capacity of mitochondrial Ca2+ accumulation, such as skeletal muscle [69,74] (Figure 4).

 

Figure 4. MCU holocomplex composition in different tissues. Schematic representation of the tissue-specific components of
the MCU holo-complex. The presence of a relatively high MCUb:MCU ratio in the heart ensures a re-duced Ca2+ load in
cardiomyocyte mitochondria. On the contrary, the expression of the MICU1.1 variant and MICU3 determines an elevated
Ca2+ flux in the mitochondria of skeletal muscle fibers and neurons, respectively. IMS, inter-membrane space; IMM, inner
mitochondrial membrane.

These lines of evidence highlight the importance of MCU:MCUb proportion in the
control of mitochondrial Ca2+ uniporter activity and further investigation will be of funda-
mental relevance for the understanding of its role in the pathophysiology of different tissues.

3.3. MICU1

MICU1 was actually the first component to be described as the regulator of the long-
sought MCU channel and its identification even anticipated that of the pore-forming
subunit MCU (Figure 1). Indeed, in 2010, an integrative strategy combining comparative
physiology, evolutionary genomics, and organelle proteomics revealed the 54 kDa protein,
encoded by the CBARA gene and residing in the IMS, to be the mitochondrial calcium
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uptake 1 (MICU1), which does not take part to the pore-forming domain of the channel,
but it strongly regulates its activity in a Ca2+-dependent way [40,75]. Indeed, after the
N-terminal mitochondrial targeting sequence, MICU1 shows two canonical EF-hand Ca2+

binding domains that confers the Ca2+-sensitivity (Figures 2 and 3). In the last decade,
several lines of evidence confirmed the initial hypothesis about the role of MICU1 as
both MCU gatekeeper at low Ca2+ concentration and MCU positive regulator at high
Ca2+ concentration, thus explaining the sigmoid cooperative effect of the MCU activation
curve [75].

The downregulation of MICU1 was initially shown to abolish mitochondrial Ca2+

influx in intact and permeabilized HeLa cells [40]. Later studies also demonstrated that the
absence of MICU1 also leads to an adaptive Ca2+ accumulation inside the mitochondria
matrix, triggering excessive ROS production and the consequent higher sensitivity to
apoptotic stress. In addition, the ability of MICU1 to sense cytosolic Ca2+ levels confers to
MICU1 the capacity to set the threshold for the activation of mitochondrial Ca2+ uptake.
Nevertheless, this occurs without altering the overall kinetics of the channel [75,76].

Two in vivo studies, performed in MICU1-/- mouse models have strengthened this
concept and gave additional insight into the physiological role of this MCU regulator. In
more detail, the characterization of MICU1-/- transgenic mice reveals that, despite partial
postnatal mortality, the viable animals show marked ataxia and muscle weakness [77], a
phenotype which is reminiscent of that of human patients bearing MICU1 genomic muta-
tion [78]. Moreover, the MICU1−/− mice display several biochemical defects, including
an increase in resting mitochondrial Ca2+ levels, altered mitochondrial morphology, and
a decreased ATP production [77]. Interestingly, the loss of MICU1 triggers a sustained
pro-inflammatory response after partial hepatectomy and failure of liver regeneration in
MICU1-deficient mice. In this scenario, the lack of MICU1 enhances mitochondrial perme-
ability transition pore (PTP) opening in hepatocytes, thus leading to massive necrosis [79].

Interestingly, more recently, evidence of a new role of MICU1 in the regulation of
crucial metabolic steps of cell metabolism has emerged. Indeed, MICU1 was shown to
inhibit the mitochondrial transport of pyruvate and fatty acids and, interestingly, this
MICU1 function appears independent of Ca2+ and MCU core-complex composition [80].
This study reveals a mechanism that controls the MCU-mediated Ca2+ flux machinery
and that relies on TCA cycle substrate availability. According to this view, the MICU1
regulatory axis acts as a metabolic homeostatic circuit to protect cells from the risk of
bioenergetic crisis and mitochondrial Ca2+ overload during periods of nutrient stress.
Altogether these findings [77,79,80] highlight once more the crucial importance of the
fine-tuning of mitochondrial Ca2+ uptake by Ca2+ and MICUs, especially in the context of
promotion of cell survival under stress conditions.

In addition to that, new important functions of MICU1 in the control of mitochondrial
cristae junctions have been revealed by the recent super-resolution structured illumi-
nation microscopy (SIM) and electron microscopy studies of Gottschalk and collabora-
tors [81]. According to the authors, MICU1 appears to act as a Ca2+-dependent regulator
of cristae junctions’ integrity and cytochrome c localization. Another intriguing feature
of MICU1 regulatory function on the determination of uniporter cation selectivity has
recently emerged [82]. MICU1 was revealed as the primary responsible for conferring and
ensuring the stringent MCU selectivity for Ca2+ over Mn2+ since. Indeed, when present,
MICU1 impedes Mn2+ ions to cross the MCU channel pore; on the contrary, in the absence
of MICU1, both Ca2+ and Mn2+ cations can enter the mitochondrial matrix. This additional
MICU1 checkpoint is of fundamental importance to guarantee cell survival of cells sensitive
to Mn2+ such as neurons, thus setting MICU1 as a crucial safeguard against cellular toxicity
due to manganese in neurodegenerative diseases [82].

3.4. MICU1.1

A variant of MICU1, named MICU1.1, has been discovered by our group as an alter-
native splicing product of the MICU1 mRNA [83] (Figure 1). MICU1.1 is well-conserved
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among species and expressed almost exclusively in skeletal muscle tissue, where it is by
far the most abundant MICU moiety (Figure 4), although limited but still appreciable
levels are found also in the brain [83]. Similar to MICU1, MICU1.1 behaves as a positive
regulator of MCU. Indeed, MICU1.1 expression increases mitochondrial Ca2+ uptake upon
stimulation in HeLa cells and skeletal muscle in vivo, and this increase is even higher than
that observed after expression of the conventional MICU1 isoform [83]. This behavior
is explained by the fact that the muscular MICU1.1-MICU2 heterodimer (see next para-
graph for a detailed description of MICU2), binds Ca2+ more efficiently than the canonical
MICU1-MICU2 pair, thus activating the uniporter at lower Ca2+ concentrations [83]. This
peculiar feature is of critical importance for the physiology of skeletal muscle tissue, and
the presence of MICU1.1 is functional to ensure the Ca2+ uptake required for the matching
of ATP production to the energy expenditure of muscle contractile activity [83]. These
findings shed light on a novel modality by which MCU machinery can be modulated in
skeletal muscle mitochondria and widen the scenario of the possible endogenous regu-
lators of mitochondrial Ca2+ uptake, opening the path for future investigations on other
tissue-specific isoforms and mechanisms controlling mitochondrial Ca2+ uptake.

3.5. MICU2

The first information about the existence of other genuine MCU regulators, in addition
to MICU1, was provided by human genome sequencing studies a few years later [84]
(Figure 1). Initially known as EF-hand domain-containing family member A1 (EFHA1),
the mitochondrial calcium uptake protein 2 or MICU2, was found to be a paralog of
MICU1 [84]. MICU2 resides in the IMS, contains two EF-hand Ca2+-binding domains, and
interacts with both MICU1 and MCU [84] (Figure 2). The analysis of MICU2 transcript
expression shown that this regulator has a peculiar cell-type distribution: it is present at
high levels in the intestine, prostate, and cardiac tissues [84]. Biochemical data evidenced
that MICU2 stability is strictly dependent on the presence of MICU1: indeed, silencing
of MICU1 leads to loss of also MICU2 protein, while MICU1 (or MCU) overexpression
stabilizes both MICUs in mammalian cells [84]. Moreover, the recently reported human
MICU1-MICU2 crystal structure [45,85] revealed interesting details on the architecture
of the heterodimer and of MICU2 in both the Ca2+-bound and Ca2+-free condition. The
MICU1-MICU2 interaction sites have been identified and correspond to Glu242 in MICU1
and Arg352 in MICU2 in the Ca2+-free state, while Phe383 in MICU1 and Glu196 in MICU2
contribute to the interaction of the two proteins in the Ca2+-bound state.

Although the functional role of MICU2 is still controversial, recent findings clarify
some key aspects of uniporter modulation by this regulator. In mammalian cells, for exam-
ple, it has been shown that MICU2 positively regulates MCU activation by controlling the
cytosolic [Ca2+] threshold for the relief of MICU1-mediated inhibition of MCU. This func-
tion allows MICU2 to restrict the spatial Ca2+ crosstalk between inositol 1,4,5-trisphosphate
receptor (InsP3R) and MCU channels [86].

Subsequently, the generation and characterization of the MICU2−/− mouse model
highlighted other important properties of this regulator [87]. MICU2 genetic ablation
produces a decrease in the threshold for mitochondrial Ca2+ uptake due to loss of the gate-
keeping activity and overall loss of MCU-dependent Ca2+ influx due to the destabilization
of the entire uniporter complex. These findings lead to the conclusion that the amount
of MCU and MICUs proteins is crucial to maintain the stability of the whole complex.
Moreover, some phenotypic features of the MICU2−/− mice are in common with models of
cardiac pathologies, suggesting that MICU2 may act as a possible cardioprotective factor.

3.6. MICU3

MICU3, previously known as EFHA2, is another MICU1 paralog, originally identified
by the same genetic sequence analysis that described MICU2 [84] (Figure 1). This finding
added another level of complexity to the regulation of the MCU machinery. MICU3 is
an evolutionarily conserved gene since it is present in plants and in vertebrates, with a
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peculiar tissue-specific distribution: indeed, it is mainly expressed in the brain, much less
expressed in skeletal muscle, and virtually absent in other tissues [88,89]. The MICU3
gene encodes a 55 kDa protein that shares 34% and 47% protein sequence similarity
with MICU1 and MICU2, respectively [84]. Like the other MICUs, also MICU3 has an
N-terminal mitochondrial targeting sequence and binds Ca2+ thanks to the presence of
EF-hand domains. The crystal structure of human MICU3 has been recently characterized
in both Ca2+-free and Ca2+-bound conditions [90]. This crystallographic analysis revealed
a MICU3 3D structure very similar to that of MICU2, in line with the role of these factors
as MCU channel gatekeepers at low intracellular Ca2+ levels. Upon cytosolic Ca2+ increase,
MICU heterodimers, including those containing MICU3, undergo a conformational change
that releases the latch formed upon the uniporter mouth, thus allowing Ca2+ flux through
the MCU pore [90] (Figures 3 and 4).

Regarding its functional role, our group showed that MICU3 acts as a positive regula-
tor of mitochondrial Ca2+ uptake through MICU1 [88]. Indeed, MICU3 forms heterodimers
exclusively with MICU1, but not with MICU2, and the MICU1-MICU3 interaction leads to
a significant increase of mitochondrial Ca2+ uptake, demonstrating the stimulatory action
of MICU3 on uniporter activity [88]. Moreover, MICU3 downregulation blocks Ca2+ influx
elicited by synaptic activity in primary cortical neurons, suggesting a specific role of this
MCU regulator on neuronal function [88]. This line of evidence lets to hypothesize that
the primary role of MICU3 is to enhance MCU opening to ensure mitochondrial Ca2+

uptake in response to both small and fast cytosolic Ca2+ rises, typical of synaptic neuronal
stimulation (Figure 4).

3.7. EMRE

The Essential MCU REgulator (EMRE) is an additional constituent of the uniporter,
discovered by quantitative mass spectrometry analysis of affinity-purified MCU complex
components [91] (Figure 1). EMRE is a metazoan-specific protein of 10 kDa, ubiquitously
expressed in all mammalian tissue, with one transmembrane domain, a mitochondrial
targeting sequence, and a highly conserved C-terminus [91]. Moreover, it is required for the
binding of MICU1 to MCU (Figure 2). Initial biochemical and cellular studies revealed that
it is required for MCU function [91,92]. Indeed, in yeast cells, reconstituted with human
MCU protein, the expression of MCU alone is not sufficient for uniporter activity, because
the MCU channel is active only when also EMRE is co-expressed with the MCU pore-
forming unit [92]. Interestingly, the knockdown of EMRE led to the loss of mitochondrial
Ca2+ uptake to a similar extent to what was observed in MCU-silenced HEK-293T and
HeLa cells [91]. The following studies tried to give a more detailed explanation of the
EMRE function within the MCU complex [93]. EMRE was shown to control MCU activity
by sensing Ca2+ elevation inside the matrix via its C-terminal domain and coordinating
the other MCU regulators. Indeed, when EMRE acidic C-terminus was either deleted or
substituted with neutral residues, mitochondrial Ca2+ permeation through the uniporter
increased and the Ca2+ concentration inside the matrix consistently augmented [93]. After
that, a dual-mode of action for the small MCU regulator has been proposed, in contrast
with the previously described model [94]. According to this view, EMRE stimulates
MCU channel activity via the interaction of transmembrane helices from both proteins,
proposing a different EMRE orientation in which the N-terminus is present inside the
matrix, while its C-terminal portion faces the IMS. In addition, EMRE was proposed to
exert its MCU-regulation activity by binding MICU1 via its conserved C-terminal poly-
aspartate tail (Figure 2). In the same year, another interesting aspect of EMRE-dependent
MCU regulation has been revealed: the m-AAA protease-mediated degradation of EMRE
is an essential event to guarantee the correct MCU-MICU proteins’ assembly [95]. Indeed,
the deficiency of m-AAA leads to EMRE accumulation, which prevents the MCU-MICUs
association by competing for MCU binding. This generates a constitutively active MCU-
EMRE channel that finally induces mitochondrial Ca2+ overload and eventually death of
neuronal cells.
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Very recently, the cryo-EM structure of the human MCU complex added new insights
into the interaction of EMRE within the complex and defined the structural elements by
which EMRE exerts its action on the channel [53]. In particular, it confirmed that EMRE
crosses the IMM with its N-terminus facing the mitochondrial matrix. Secondly, it proposed
that EMRE interaction with MCU occurs along with three major contact points of EMRE
N-terminus, thus allowing Ca2+ ions to exit the channel vestibule. Finally, EMRE seems
also to be crucial for MCU dimerization since, in its absence, the MCU channel is found as
a monomer [53].

These new findings added important notions on the mechanisms of action and reg-
ulation of the MCU complex and highlighted the need for a precise orchestration of the
holocomplex assembly to ensure its fundamental role in regulating cellular Ca2+ signals,
cell metabolism, and cell survival.

3.8. MCUR1

The mitochondrial calcium uniporter regulator 1 or MCUR1 has been firstly described
as an IMM-resident protein of 35 kDa, encoded by the CCDC90A gene, resulted from an
RNAi screening searching for mitochondrial membrane components involved in mitochon-
drial Ca2+ uptake regulation [96] (Figure 1).

Only recently, crystallographic analysis of human MCUR1 revealed the sites of its
interaction with MCU. Human MCUR1 structure shows that this coiled-coil-containing
protein contains different domains called head, neck, stalk, and a membrane anchor. The
head segment is presented as the responsible portion of the direct binding to the N-terminus
of MCU, while the length of the stalk portion seems to be of crucial importance for the
interaction with the uniporter, even though it is not directly involved in MCU-MCUR1
connection [97]. Moreover, it has been shown that the MCUR1-dependent regulation of
MCU depends on MCUR1 protein level and stability, similarly to what is reported for
EMRE during MCU complex assembly [97].

Despite the precise function of MCUR1 remains to be clarified, several lines of evi-
dence suggest that it regulates the mitochondrial Ca2+ entry through MCU [96,98]. This
hypothesis has been strengthened by the fact that MCUR1 expression controls the Ca2+

threshold required for permeability transition via PTP, thus proposing a possible mecha-
nism in which MCUR1 could bridge the MCU and PTP complexes [99]. In contrast to this
view, Paupe and collaborators showed that MCUR1 is not a direct regulator of MCU, but
rather a cytochrome c oxidase (COX) assembly factor [100]. This concept originated from
the observation that mammalian and yeast cells (note that the latter lack MCU expression),
in which the CCDC90A gene was silenced, showed an incorrect COX assembly leading to a
decrease of the mitochondrial membrane potential and, consequently, to the collapse of the
driving force for mitochondrial Ca2+ uptake [100].

The latest findings assigned back to MCUR1 a relevant role in the control of cell
metabolism [101] and autophagy [96,99,102] through modulation of mitochondrial Ca2+.
Intriguingly, the putative Saccharomyces cerevisiae MCUR1 homologs, Put6 and Put7, act
as regulators of mitochondrial proline metabolism. Indeed, their loss results in a massive
defect in yeast proline utilization, which is rescued by the heterologous expression of
human MCUR1 [101]. In mammalian cells, MCUR1 downregulation has been also linked
to AMPK phosphorylation and LC3 processing [96], which directly links MCUR1 levels to
the activation of the autophagy pro-survival pathway, in particular under stress conditions,
as reported in vascular endothelial cells during oxygen and glucose deprivation [102].

Interestingly, recent evidence of a possible implication of MCUR1 in human pathology
has been provided in the hepatocellular carcinoma cell (HCC) model. In this context,
MCUR1-dependent mitochondrial Ca2+ uptake has been reported to stimulate in vitro
invasion and in vivo metastasis by promoting EMT via the ROS/Nrf2/Notch pathway and
Snail transcription, pointing to MCUR1 as a potential therapeutic target for hepatocellular
carcinoma treatment [103].
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4. Mitochondrial Ca2+ Uptake in Physiology: Skeletal Muscle as a Paradigm

The fact that skeletal muscle comprises around 40% of human body mass [104], is
primarily responsible for everyday locomotor activity and plays a pivotal role in the main-
tenance of whole-body health, temperature, and energy homeostasis, makes it a key model
system for biomedical and life science investigations. Skeletal muscle is indeed composed
of excitable cells, namely the myofibers, which react to the nerve electrical stimulation by
contracting, thus generating muscle force. Myofibers are giant, multinucleated syncytial
cells with paradigmatic morphology, from which they derived their name, and that contain
a highly organized cytoplasmic architecture. The muscle fiber cytoplasm is filled with a
repetitive and regularly aligned array of contracting units, the "sarcomeres", consisting
of fibrillar and structural proteins, of which the myosin and actin filaments are the best
known [105]. Myofibers are terminally differentiated cells that definitively exited the cell
cycle, so the muscle is a post-mitotic tissue. Despite that, skeletal muscles can regenerate
after damage and restore, in a relatively short time, both the size and the properties they
had before the injury [106], thanks to the proliferation and differentiation of a population
of resident muscle progenitor cells called satellite cells [107,108].

Of most relevance, muscles can contract to generate force, and, importantly, relax
afterward to return to their resting length and condition. Obviously, contraction activity
is a highly demanding process that massively consumes the cellular energy stored in the
form of ATP molecules. Myosin, the major sarcomeric filament and the effective motor
core of the myofiber, is the most abundant protein in muscle, comprising 25% of the total
tissue protein [109] and it possesses the catalytic activity to hydrolyze ATP. The energy
of ATP hydrolysis serves to promote actin filament sliding, thus producing sarcomere
shortening and fiber contraction [110,111]. However, a consistent amount of ATP is also
necessary for the activity of muscle fiber ion pumps (Na+/K+ ATPase and Ca2+ ATPase
in the sarcolemma, sarcoplasmic reticulum Ca2+ ATPase in the ER). In addition, muscle
is an extremely plastic tissue; muscle fibers can adapt and promptly respond to different
workload demands shaping both their metabolic output and gene expression profile to
match with changes in energy requirements of different types of exercise as well as during
different phases of a single bout of exercise. For this reason, muscle metabolism needs to
be highly efficient but flexible and rapidly adaptable. The main sources of ATP in muscles
are the catabolism of glucose (primarily aerobic during the peak of exercise activity, but
also anaerobic at the initial step of the exercise sprint) and the oxidation of fatty acids
(especially in the recovery phase after exercise). Other metabolic routes participate in the
overall tissue energetics to a much-reduced extent [112].

Finally, we will briefly describe the key molecular events leading to muscle contraction
and muscle metabolic adaptation, with particular emphasis on the role played by Ca2+

signaling on these two processes. The start of muscle contraction occurs at the membrane
of myofibers, where the motor neuron-released neurotransmitter triggers sarcolemma
depolarization and the consequent opening of voltage-gated ion channels (the DHPR).
DHPR are structurally and functionally coupled to the Ca2+ release channels of the endo-
sarcoplasmic reticulum (SR), the Ryanodine receptor (RyR), so that RyR also opens [113].
This induces a rapid and massive release of Ca2+ from the SR with the subsequent intra-
cellular Ca2+ elevation and activation of troponins which, in turn, allow the actomyosin
sliding and promote sarcomere contraction. This process is commonly defined as excitation-
contraction coupling or ECC [114]. Despite the role of Ca2+ in skeletal muscle is, in the first
place, associated with actomyosin contraction and ECC, the cation exerts at least two other
crucial functions in muscle physiology. On the one hand, the elevation of intracellular
Ca2+ regulates a plethora of Ca2+-sensitive effectors, such as nuclear transcription factors,
calmodulins, and kinases which sequentially activate gene expression and downstream
signaling cascades [115]. Secondly, intracellular Ca2+ increase leads to mitochondrial Ca2+

uptake and the consequent stimulation of muscle aerobic metabolism and oxidative respi-
ration [116–118]. Indeed, the cytosolic Ca2+ rise induced in the myofiber by nerve activity
leads to Ca2+ binding to calmodulin and consequent activation of the Ca2+-calmodulin-
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dependent phosphatase Calcineurin. Calcineurin dephosphorylates its target, the Nuclear
Factor of Activated T-cells or NFAT [119] that, once dephosphorylated, is allowed to translo-
cate to the nucleus and modulate the transcription of target genes, such as those of myosin
heavy chains [120,121]. This Ca2+-dependent, Calcineurin-NFAT-mediated regulation of
gene transcription was shown to be crucial for the expression of muscle-specific structural
genes that characterize the different fiber-type populations [120,121].

On the other hand, the activity-dependent intracellular Ca2+ mobilization induces
Ca2+ uptake by myofiber mitochondria and enhances mitochondrial metabolism through
the TCA cycle and respiratory chain [116–118], as discussed before (Figure 5). Thus, the
dynamics of intracellular Ca2+ and in particular of mitochondrial Ca2+ are necessarily
associated with the regulation of skeletal muscle metabolism. This concept has been
recently explored and we will report here some of the latest advances in the study of
mitochondrial Ca2+ signaling and its influence on muscle metabolism and adaptation to
both physiologic workload demands and pathologic conditions.

 

α

− −

− −

− −

Figure 5. The role of MCU in the control of skeletal muscle trophism and metabolism. Schematic representation of the
effects of manipulation of MCU activity on mitochondrial metabolism and trophism of the skeletal muscle tissue. In
physiological conditions, Ca2+ entry into mitochondria stimulates glucose and fatty acids utilization to produce energy
through the TCA cycle, via the activity of pyruvate dehydrogenase (PDH) and fatty acid oxidation (FAO), respectively.
The enhanced mitochondrial Ca2+ uptake by MCU overexpression promotes muscle fiber oxidative metabolism leading to
muscle hypertrophy via Akt pathway activation and upregulation of PGC1α4. On the contrary, the reduction of Ca2+ entry
in the mitochondria by MCU deletion induces muscle metabolism rewiring towards an increased FAO, provokes muscle
atrophy, impairs exercise performance, and causes global metabolic alterations, leading to an enhanced liver and adipose
tissue catabolism.
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The molecular identification of the mitochondrial Ca2+ channel compone-
nts [40–42,84,88,91,96,122] (see the previous paragraph for details) definitively boosted this
field of research, allowing the genetic manipulation of mitochondrial Ca2+ uptake in vivo,
including in skeletal muscle. Despite the first report of MCU gene deletion in the total knock
out mouse model showed an unexpectedly mild phenotype, the MCU−/− mice display
a reduction of both resting mitochondrial Ca2+ concentration and mitochondrial Ca2+

uptake after stimulation at the cellular level, and increased serum lactate at the systemic
level [55]. These data suggested the presence of impaired regulation of mitochondrial
oxidative metabolism although the initial measurement of O2 consumption in MCU−/−

and wt MEF cells did not reveal significant differences [55]. Nevertheless, the presence of a
defective mitochondrial energetic control was clearly demonstrated in the muscle tissue
of MCU−/− mice, by the presence of an elevated amount of the phosphorylated inactive
form of PDH, which reduces TCA cycle activity, and by a reduced exercise performance
and muscle force of the KO animals [55] (Figure 5).

In addition, the fact that the MCU−/− mouse model presents a highly variable phe-
notypic severity that is dependent on the genetic background, i.e., relatively mild in the
mixed background mice [55] but embryonic lethal in the pure C57BL/6 mice [67], brought
back up the concern about the possibility that long-term genetic manipulation of MCU
may induce unpredictable developmental compensatory mechanisms that might mask the
physiologic effects of the targeted gene deletion.

A few years later, the modulation of mitochondrial Ca2+ uptake in a skeletal muscle-
specific manner has been made possible by the selective manipulation of MCU expression
in muscle fibers. The in vivo application of this approach was instrumental to decipher
the complex role of mitochondrial Ca2+ signaling in controlling muscle tissue homeostasis
as well as in rewiring the systemic metabolism of the whole organism [61,62] and proved
that variations in mitochondrial Ca2+ dynamics directly control muscle trophism [117].
Indeed, the transient downregulation of mitochondrial Ca2+ uptake by AAV-mediated
MCU silencing in mouse muscle induced remarkable fiber atrophy and impaired activation
of the pyruvate dehydrogenase complex [117], in agreement with what was reported for
the MCU−/− mice [55]. On the contrary, AAV-induced MCU overexpression produced
significant muscle hypertrophy, which was shown to be mediated by the IGF1-Akt pathway
and by the transcriptional activation of one of the key regulators of exercise-induced muscle
hypertrophy [123], the peroxisome proliferator-activated receptor-gamma coactivator 1
alpha 4 gene (PGC1α4) [117] (Figure 5).

In line with the high relevance of the MCU complex activity in the maintenance of
muscle function demonstrated in animal and in vitro experimental models, MICU1 was
identified as the disease-causing gene of a human disease phenotype characterized by
proximal myopathy, learning difficulties, and a progressive extrapyramidal movement
disorder [78]. From a clinical point of view, the pathology has an early onset, characterized
by proximal muscle weakness, elevated serum creatine kinases, and intellectual impair-
ment, progressing with extrapyramidal motor involvement and involuntary movements
causing severe disability [78]. The whole exome-sequencing of affected patients revealed
different loss-of-function mutations in the MICU1 gene. Myopathic features such as the
presence of centrally nucleated fibers, areas devoid of mitochondria (cores), and significant
variability in myofiber size are found in the muscles of the analyzed patients. Despite
that, the overall fiber-type distribution is maintained. However, the characterization of
dermal fibroblast cells from MICU1-deficient patients together with that of muscle fibers
from skeletal muscle-specific MICU1 KO mouse model (skmMicu1−/−) revealed a com-
plex cellular mechanism underlying skeletal muscle dysfunction in the absence of this
crucial regulator of mitochondrial Ca2+ entry [124]. The analysis of the mitochondrial Ca2+

dynamics of patient fibroblasts and skmMicu1−/− mouse myofibers showed the loss of
both MCU gatekeeper activity and cooperative MCU activation [124]. Indeed, MICU1-
deficient cells showed an increased mitochondrial Ca2+ resting level and an enhanced rate
of mitochondrial Ca2+ uptake [78]. Nevertheless, the values of mitochondrial Ca2+ peak in
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stimulated MICU1 KO cells are not different from those of wt cells [78]. In addition, the
cytosolic Ca2+ transients after cell stimulation are reduced in MICU1-deficient cells as a
consequence of the enhanced mitochondrial buffering capacity [78]. The cellular and global
metabolism seem not to be affected by MICU1 deletion, as shown by an O2 consumption
rate of patient cells [78] and a blood lactate level of skmMicu1−/− mice [124] similar to
controls. Despite that, the skmMicu1−/− mice showed enhanced lactate and creatine kinase
levels, accompanied by reduced running time and overall decreased performance when
assessed after treadmill running until exhaustion. The mechanism underlying muscle
failure was unveiled by Evan’s blue dye analysis of muscle fiber integrity, which revealed
clear signs of sarcolemma damage in skmMicu1−/− fibers, not found in wt fibers [124].
MICU1 appears then as a crucial mediator of the role of mitochondrial Ca2+ in myofiber
plasma membrane recovery after exercise-induced damage in in vivo mouse skeletal mus-
cle, but also in human fibroblasts of patients with MICU1 mutation after laser-induced
injury [124]. These findings are in line with the notion that impaired mitochondrial Ca2+

signaling causes defects in the plasma membrane repair machinery in the C2C12 muscle
cell model. Interestingly, the mitochondrial Ca2+-mediated healing of membrane damage
has been shown to rely mainly on the activity of the small GTPase RhoA and the dynamics
of actin filaments, while it appears substantially independent from the mitochondrial ATP
and energy production [125]. The contribution of mitochondrial Ca2+ signaling to the
repair of fiber sarcolemma brings an additional level of complexity to the regulation of
muscle fiber homeostasis by mitochondrial Ca2+ providing new opportunities for future
investigations and, possibly, offering new targetable pathways for therapeutic interventions
against neuromuscular disorders.

5. Conclusions and Future Perspectives

In this review, we provided a historical overview of the achievements in the study of
mitochondrial Ca2+ signaling. We presented a synopsis of the discoveries that, in the last
decade, led to the identification of most of the components that constitute the mitochondrial
Ca2+ uptake machinery (see Figure 1), highlighting the regulatory factors that govern the
fine-tuning of Ca2+ entry in the organelle (see Figures 2–4) and, finally, focusing on the
relevance of mitochondrial Ca2+ in the context of skeletal muscle. We described the recent
advances in the comprehension of Ca2+ signaling the control of muscle metabolism at the
level of myofiber, tissue, and whole organism (see Figure 5).

Despite the increasing knowledge on mitochondrial Ca2+ signaling in cell and organ
physiology, several questions on the function and regulation of mitochondrial Ca2+ are
still unanswered.

One of the key unsolved issues still puzzling the scientific community concerns
the variability of the germline MCU KO mouse model phenotype, which depends on
the genetic background of the animals. Although a definitive explanation could not be
provided so far, we might speculate on the compensatory mechanisms responsible for the
relatively mild phenotype of the outbred MCU-deficient mice. One of those envisages
the possibility that, in the absence of MCU, its alternative MCUb isoform may exert a
limited Ca2+ channel activity. Indeed, although MCUb has been demonstrated to act as a
dominant-negative subunit of the uniporter both in cellular and in vitro systems [69], it
remains to experimentally validate whether the protein retains some Ca2+ permeability,
which might result in a low Ca2+ flux rate, below the detection of the electrophysiological
measures used to assess MCUb channel activity, but sufficient to allow some Ca2+ entry
into the matrix in the absence of the canonical MCU.

A second, more general possible compensatory mechanism consists in the adaptation
of embryonic cells to the lack of MCU activating alternative strategies and molecular
routes to maintain the homeostatic matrix Ca2+ level, such as the modulation of IMM
ion transporters and exchangers expression (as was shown for the Na+/Ca2+ exchanger
NCLX [56].
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However, the observed lethality of inbred MCU KO mice leaves the question about
MCU function during development still open. This is an issue that definitively deserves to
be more deeply investigated.

Another aspect of the biology of mitochondrial Ca2+ that remains to be clarified de-
spite being relevant for many developmental processes concerns its specific role in cell
death. The fact that intracellular Ca2+ signaling plays a key role in all types of cell death
(apoptosis, necrosis, necroptosis, and autophagy-mediated) [15] is a widely accepted con-
cept. However, whether and to what extent mitochondria Ca2+ uptake dictates the cell
decision either to survive or to perish is still debated. Studies characterizing the heart of
MCU-constitutive KO mice [55] and cardiac-specific MCU-deleted animals [56,57] showed
contrasting results about the role of MCU in cardiomyocyte cell death following in vivo car-
diac ischemia-reperfusion injury. Indeed, the hearts of germline MCU KO mice resulted not
protected from the ischemia-reperfusion damage despite they display resistance to elevated
Ca2+-mediated activation of the mitochondrial Permeability Transition Pore (mtPTP) [55].
On the contrary, the targeted ablation of MCU in adult cardiomyocytes showed the inhibi-
tion of Ca2+-induced mtPTP opening together with a reduced cardiomyocyte death after
ischemia-reperfusion [56,57].

The different results obtained from constitutive versus inducible tissue-specific MCU
KO mouse models suggest the possibility that the MCU deletion may lead to long-term
changes in the gene expression program. The characterization of these changes and the
mechanisms by which they take place are yet to be defined.

Finally, although the quantitative proteomic data provided by the group of Mootha
clearly indicate that all the components of the MCU holocomplex (uniplex) and associated
regulators have been already identified [91], the possibility that additional still unknown
modulators and tissue-specific factors may control the uniporter channel activity still
exists. In addition to that, the eventuality of cell-type-specific alternative splicing iso-
forms of known uniplex proteins (as in the case of MICU1-MICU1.1 in skeletal muscle
fibers [83]) should be considered in the plethora of the MCU regulatory mechanisms still to
be characterized.

These considerations support the concept that the mitochondria of different cell
types might have different Ca2+ levels and Ca2+ responses to match their metabolic re-
quirement and physiological function. Indeed, timely and tissue-specific regulation of
the mitochondrial Ca2+ uniporter activity is ensured by the different proportions of the
MCU holocomplex components, as depicted in Figure 4, thus warranting the appropriate
metabolic activation for each cell type.

Concluding, our understanding of mitochondrial Ca2+ role and regulation has grown
massively in the last ten days; however, additional investigations are still needed to unravel
the unresolved issues. Hopefully, scientists will take up this challenge and their work will
provide further knowledge on the signaling and regulation of mitochondrial Ca2+ to better
understand its role in cells and organs in physiology as well as to possibly develop new
routes of intervention in pathological conditions.
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Abstract: The SLC25A20 transporter, also known as carnitine acyl-carnitine carrier (CAC), catalyzes
the transport of short, medium and long carbon chain acyl-carnitines across the mitochondrial
inner membrane in exchange for carnitine. The 30-year story of the protein responsible for this
function started with its purification from rat liver mitochondria. Even though its 3D structure
is not yet available, CAC is one of the most deeply characterized transport proteins of the inner
mitochondrial membrane. Other than functional, kinetic and mechanistic data, post-translational
modifications regulating the transport activity of CAC have been revealed. CAC interactions with
drugs or xenobiotics relevant to human health and toxicology and the response of the carrier function
to dietary compounds have been discovered. Exploiting combined approaches of site-directed
mutagenesis with chemical targeting and bioinformatics, a large set of data on structure/function
relationships have been obtained, giving novel information on the molecular mechanism of the
transport catalyzed by this protein.

Keywords: carnitine; carnitine acyl-carnitine carrier; carnitine acyl-carnitine translocase; membrane
transport; mitochondria; mitochondrial carrier; mitochondrial transporter; post-translational modifi-
cation; solute carrier family 25; SLC25A20

1. Introduction

The mitochondrial carnitine acyl-carnitine carrier (CAC) is the member A20 of the
SLC25 protein family, including 53 solute transporters in humans [1–3], the majority of
which are localized in the inner mitochondrial membrane. Until now, only one family
member has been found in the peroxisomal membrane [4]. Furthermore, approximately
one-third of them are still orphans, i.e., their transported substrates are unknown. This
family members share a peculiar structural fold of six transmembrane segments charac-
terized by 3-fold repeated couples of hydrophobic α-helices. Each couple is connected
by a hydrophilic loop and contains the SLC25 sequence motif PX[D/E]XX[K/R] at about
the boundary of the odd α-helix and the loop. The structural information on the SLC25
proteins derives mainly from the ADP/ATP carrier, which has been crystallized in both the
outwards and inward open conformations [5,6]. All the other carrier structures have been
predicted by homology modeling, including CAC, whose structure has been corroborated
by site-directed mutagenesis and chemical targeting approaches. CAC is a key component
of the carnitine shuttle [7], which is crucial for the mitochondrial β-oxidation pathway.
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In this shuttle (Figure 1), fatty acids are activated by the cytosolic acyl-CoA synthetase
(ACSL) to fatty acyl-CoAs thioesters [8,9]. Since the mitochondrial inner membrane is not
permeable to acyl-CoAs, acyl groups are transferred from CoA to carnitine by the action of
“carnitine palmitoyltransferase-1a and b” (CPT-1a; CPT-1b), an integral outer membrane
enzyme [10]. The acyl-carnitines cross the outer mitochondrial membrane through an
almost unspecific pore constituted by the voltage-dependent anion channel (VDAC) [11]
and, then, are specifically translocated across the inner mitochondrial membrane by the
action of CAC. In the mitochondrial matrix, the enzyme carnitine palmitoyltransferase
2 (CPT-2) catalyzes the trans-esterification of the acyl groups from carnitine to mitochon-
drial CoA with the release of free carnitine, thereby providing acyl-CoA substrates for
fatty acid β-oxidation. CAC and CPT-2 form a supramolecular complex in the inner mito-
chondrial membrane, devoted to acyl-carnitine channeling from the carrier to the enzyme
(Figure 1) [12]. The carnitine released in this reaction is translocated backward to the cy-
tosol by the same carrier via an acyl-carnitine/carnitine antiport reaction. The β-oxidation
pathway is active in many tissues, especially those characterized by higher metabolic ex-
penditure. It provides a large portion of the energy required by heart muscle, kidneys and
also skeletal muscle, when glycogen has been consumed [13,14]. This pathway is also active
in hepatocytes where fatty acid oxidation provides acetyl-CoA for ketone body synthesis
during prolonged fasting conditions, in which glycogen stores have been depleted [15].
Neurons also perform fatty acid oxidation even though at a very low rate. Indeed, CAC
also has been described in brain [16–18]. The crucial role of CAC in energy metabolism
was demonstrated by the discovery of inherited defects of its gene SLC25A20 causing
secondary carnitine deficiency [19–24], a syndrome that arises in the very first stage of life
as a life-threatening pathology. In this altered metabolic condition, acyl-carnitines fail to
reach the mitochondrial matrix with consequent strong impairment of the β-oxidation.
This syndrome is more severe than the primary carnitine deficiency caused by defects
of the plasma membrane transporter OCTN2 (SLC22A5) [25–27]. Recent findings have
correlated alterations of CAC expression or regulation with diabetes [28,29].
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Figure 1. Role of the carnitine shuttle in the mitochondrial β-oxidation pathway. The shuttle is
constituted by carnitine palmitoyltransferase 1 (CPT1) that converts acyl-CoAs into acyl-carnitines;
carnitine/acyl-carnitine carrier (CAC) that allows the uptake of acyl-carnitines in the mitochondrial
matrix in exchange with free carnitine, and carnitine palmitoyltransferase 2 (CPT2) that converts acyl-
carnitines back to acyl-CoAs and releases free carnitine, which is ready to be translocated back to the
cytosol by CAC. Once in the matrix, acyl-CoA undergoes β-oxidation with the production of acetyl-
CoA that enters the tricarboxylic acid cycle (TCA). Other abbreviations: IMM, inner mitochondrial
membrane; OMM, outer mitochondrial membrane; PM, plasma membrane.
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Unlike most mitochondrial carriers, which are obligatory antiporters [30], CAC can
catalyze, besides the antiport reaction, also a unidirectional transport of substrates event
though at a rate about one order of magnitude lower than the antiport [31,32]. Interestingly
CAC is not only operating in animals but also yeast and plants. The Saccharomyces cerevisiae
and the Aspergillus nidulans CACs share 29% and 42% identity with the human CAC, respec-
tively [33–36]. The main function of these transporters, in contrast to that of mammalian
CACs, is to transport acetylcarnitine rather than medium- and long-chain acyl-carnitines
into mitochondria [33,37]. The plant CAC ortholog, identified based on the 37% sequence
identity with the human counterpart, most probably plays a different role, that is, the
transport of glutamate [38,39]. It is still not clear if CAC also operates in peroxisomes,
where very long, branched-chain, and medium-chain fatty acids are imported [40,41].

The history of CAC started with the detection of an acyl-carnitine uptake into mitochondria,
which was saturable, stereospecific, inhibitable, and temperature-dependent [42–44]. Then, the
availability of methodologies capable of handling hydrophobic membrane proteins allowed
us to purify the protein responsible for the observed transport phenomena. In 1990, a clas-
sical approach based on chromatography fractionation of a rat liver mitochondrial extract
and on transport assay of the fractions by proteoliposome technology was adopted [45]. The
purified protein was used for the first functional characterization [31,32,46–48]. Later, CAC
was identified at a molecular level [19,49] and obtained on a large-scale by overexpression
in Escherichia coli [50] by a procedure introduced in our laboratory for the bacterial overex-
pression of the oxoglutarate carrier [51] and recently named the expression, purification,
reconstitution assay (EPRA) method [52]. The recombinant purified CAC was employed in
studies of structure/function relationships, interaction with drugs and xenobiotics, and
post-translational modifications that modulate its transport function [53–64].

This article, starting from some basic information on CAC, provides an up-to-date
comprehensive overview of the most recent discoveries about its molecular mechanism of
transport and the modulation/regulation of its transport function.

2. The Functional Role of CAC

Studies performed with intact mitochondria concurred to propose that the function
of CAC in cells is that of catalyzing an antiport of acyl-carnitines with free carnitine
according to the core activity of the carnitine shuttle [7] (Figure 1). Physiologically, the
acyl-carnitines are transported from the cytosol to the mitochondrial matrix and the free
carnitine in the opposite direction to sustain the intramitochondrial reactions of the β-
oxidation pathway [42,65]. Later on, the studies in proteoliposomes confirmed this function.
In the in vitro system, CAC purified from rat liver or recombinant CAC was inserted into
the liposomal membrane with the same orientation as in the native membrane, thus
representing a mitochondrion mimic single-protein model [32,50] (Figure 2).
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Figure 2. Sketch of the proteoliposome model with reconstituted CAC. Proteoliposomes contained
4% cardiolipin. Range of inhibition constants (Ki) for acyl-carnitines of various chain lengths on the
external side and ranges of carnitine Km on both sides of CAC are reported.

The in vitro system allowed measurements of substrate affinity (Figure 2), giving
further support to the preferential direction of transport of acyl-carnitines towards the
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internal space of proteoliposomes corresponding to the mitochondrial matrix and carnitine
in the counter-direction. In vivo, this transport mode is driven by the higher acyl-carnitine
concentration (see Figure 1) in the cytosol than in the matrix space, where acyl-carnitines
are rapidly removed by the action of CPT2 that strictly interacts with the carrier [46,66].
Interestingly, the affinity profile of the carrier follows the specificity for acyl-carnitines of
the CPT1 [67,68]. The possibility to manage the single-protein experimental system led
to establishing that CAC catalyzes the transport of acetyl-carnitine too [54], suggesting
that shorter carbon chain esters of carnitine across the inner mitochondrial membrane via
CAC as the longer chain derivatives, in contrast to what previously hypothesized [69].
This indicates the role of CAC in participating in the scavenger action of acetyl-CoA
from mitochondria [50,70,71]. In this frame, the matrix enzyme carnitine acetyltransferase
converts acetyl-CoA to acetyl-carnitine, which can be exported from mitochondria in
antiport with extramitochondrial carnitine. In this pathway, CAC works in a reverse
mode mediating the efflux of carnitine derivatives from mitochondria [72]. However, a
definitive demonstration of the reverse mode of action in vivo is still missing. The affinity
of CAC for acetyl-carnitine is much lower than that for long-chain acyl-carnitines, at least
on the external face of the carrier (Figure 2). Using the in vitro experimental system, a
bisubstrate kinetic study carried out by varying both the internal and the external substrate
concentrations demonstrated that CAC catalyzes the antiport of substrates according to
a “ping-pong mechanism” [1,32,73]. This mechanism of transport involves only binary
carrier substrate complexes and implies that CAC possesses a single “reorienting” binding
site and two conformations, one with the substrate-binding site accessible from the cytosol
and the other with the substrate-binding site accessible from the matrix. Therefore, the ping-
pong mechanism, so named for the analogy with that of certain enzymes, is basically the same
mechanism as the early hypothesized “single binding center-gating pore mechanism” [74,75] and
as the recently described “alternating access mechanism” [5], which is based on numerous
molecular details. It is worth mentioning that, according to the ping-pong mechanism, the Km
for carnitine on the external or the internal side of CAC is influenced by the counter-substrate
concentration, thus being variable within a certain range (Figure 2).

CAC also catalyzes a uniport reaction with a lower rate compared to the antiport.
This almost unique feature among mitochondrial carriers was known since the 80s from
studies in intact mitochondria [76] and later was confirmed by studies performed with
proteoliposomes [31,32]. The rate of the unidirectional transport of carnitine is regulated by
the counter-substrate; the uniport progressively decreases by increasing the concentration
of the counter-substrate until the antiport mode is triggered. Physiologically, the net
flux of carnitine allows for providing the matrix with carnitine newly synthesized in the
cytosol or absorbed from the diet [31]. It must be stressed that (i) the last step of the
carnitine biosynthesis occurs in the cytosol where the enzyme γ-butyrobetaine dioxygenase
is located [77,78], (ii) the endogenous synthesis is not sufficient for the body’s needs, and
(iii) more than 50% of carnitine is absorbed from the diet [79–82]. Therefore, the entire
mitochondrial carnitine pool derives from extramitochondrial sources. As said before, CAC
provides the matrix with carnitine through the uniport function. This role is crucial during
mitochondrial biogenesis; however, no information is available on this issue. The uniport
function should also be important for net export of carnitine to allow carnitine excretion
and renewal. Very little information is available on the carnitine recycling. Indeed, even
though it is known that an aliquot of carnitine is excreted through the urine, the flux of the
molecule from the mitochondrial matrix to be excreted has never been dealt with.

Early studies showed the high sensitivity of CAC to sulfhydryl reagents [65,83]. Subse-
quent studies in proteoliposomes led to discrimination between two functional alterations
caused by the reaction of SH reagents with two different cysteine populations: class-I
cysteines are responsible for the induction of an “unphysiological” unspecific uniport;
class-II cysteines are responsible for the inactivation of the carrier (both antiport and uni-
port function). On the one hand, the reaction of class-I cysteines with HgCl2 or mercurial
derivatives, at relatively high concentration, converts the carrier to a “pore-like” trans-
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porter with reduced substrate specificity and uncoupling of the antiport function. This
unphysiological activity reveals an intrinsic property of the mitochondrial carrier protein
family members, i.e., a built-in channel normally hidden by appropriate gates [47,48] (and
see Section 3). Indeed, this phenomenon also has been observed with other mitochondrial
carrier proteins [84–86]. On the other hand, the reaction of class-II cysteines with HgCl2
and other mercurials at a low (nanomolar) concentration or with NEM and MTS leads to
the inactivation of the transporter. Later, class-II Cys residues and the molecular basis of
their inhibition were identified. This aspect will be dealt with in the following sections. In
contrast, class-I Cys residues responsible for pore-like activity have not yet been identified.

Overexpression of recombinant CAC in E. coli [50] boosted the characterization of this
transporter. Indeed, the recombinant protein showed the same properties as the native
one indicating that it is suitable for functional studies. This breakthrough opened the
perspective of studying the human CAC as well [34,87]. Novel functional information was
achieved in a rather short time. The absolute need for cardiolipin, suggested by studies with
the protein purified from rat liver, was clearly demonstrated with the recombinant CAC
that is cardiolipin free and is inactive if not supplemented with the phospholipid [50,88,89].
Therefore, CAC belongs to the mitochondrial molecular systems, which require cardiolipin
for an activity like many other mitochondrial carriers [4,90–93] or are modulated by car-
diolipin as the NADH dehydrogenase [94,95]. Other important achievements following
the involvement of recombinant CAC and site-directed mutagenesis strategy will be dealt
with in the next section.

3. Structure-Function Relationships

The molecular basis of CAC substrate-binding and transport, as well as its regulation
by post-translational modifications, have been explored using the site-directed mutagen-
esis approach complemented with bioinformatics and chemical targeting, together with
parallel investigations in intact mitochondria to explore the physiological roles of these
modifications. Together with those regarding the oxoglutarate carrier [96–98], the struc-
ture/function relationship studies concerning CAC are the most advanced within the
mitochondrial carrier family members. These studies started with the construction of
the homology model of CAC in its cytosolic open conformation based on the ADP/ATP
carrier (AAC, SLC25A4) structure [99]. Later, the structural fold and dynamics have been
updated with the homology model of the matrix open conformation of CAC obtained by
using the recently solved AAC structure in its matrix open conformation as a template [5].
The molecular map of the amino acids involved in the catalytic process of CAC has been
defined together with the role of specific residues in the molecular mechanism of transport
and the regulation of the carrier function.

3.1. Substrate Binding Site and Translocation Events

The residues responsible for substrate-binding were first hypothesized by bioinfor-
matics in some yeast carriers, including the homolog of the human CAC [100,101]. Then,
the identification of the amino acid residues of the mammalian CAC involved in substrate-
binding and translocation has been conducted, exploiting site-directed mutagenesis, on the
rat and human CACs that are virtually coincident, being 92% identical. The impairment or
loss of function observed in conservative or non-conservative mutants, respectively, clearly
demonstrated the role of each crucial residue in terms of the importance of the chemi-
cal features of the amino acid side-chains. As reported below, the amino acids involved
in carnitine binding/translocation have been mapped. Asp-179, Arg-275, and Arg-178
(Figure 3a) undergo ionic and/or hydrogen bond interactions with carnitine, being in-
volved in binding the trimethylammonium and the carboxyl groups, respectively. These
charged residues that line the central water-filled cavity of the transport protein are con-
served along with the CAC orthologs [87] according to their important role. The electric
charges of the residues at positions 179 and 275 are more important than the side-chain
length since the Vmax and/or the Km values show the greatest changes upon substituting
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the charged residues with neutral ones. In line with the crucial role of Arg-275, the point
mutation Arg275Gln in the CAC of three patients was associated with severe carnitine
deficiency [102]. His-29 is also conserved throughout the CAC sub-family members. The
mutation of His-29 with Ala, Asp, Lys, Phe, Asn, or Tyr severely impairs the function. Only
if His-29 is substituted by Gln, the activity of the transporter is comparable to that of the
wild-type CAC. Indeed, the N amide of Gln structurally corresponds to the τ-N (distal) of
the His-29 imidazole, indicating that the main role of His-29 in the formation of an H-bond
with the substrate. This bond is established with the β-OH of carnitine or with the β-O- of
acyl-carnitines. Therefore, His-29 plays a role in facilitating the correct positioning of the
substrate preceding the translocation event towards the opposite side of the membrane
(Figure 3b) [103].
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Figure 3. Ribbon diagrams of CAC showing the amino acids involved in carnitine binding. (a) Lateral
view of the CAC structural model. The residues Arg-178, Asp-179, Arg-275, and His-29 are high-
lighted with a ball and stick representation. The transmembrane spanning α-helices are numbered.
(b) Enlarged view of the residues interacting with carnitine. The dotted line indicates the following
step in the translocation process in which carnitine will interact with His-29 before the matrix gate
opens (see also Figure 5). Amino acid residues are dispayed with ball and stick rappresentation in
which oxygen and nitrogen atoms are depicted in red and blu respectively. CAC model and carnitine
position have been obtained as [87].

Besides carnitine, acyl-carnitines are transported by CAC. These carnitine derivatives
contain hydrophobic chains, esterified to the hydroxyl group of carnitine, with a length
ranging from 2 (acetyl) to 16 (palmitoyl) or more carbon atoms. Val-25, Pro-78, Val-82,
Met-84, and Cys-89, all belonging to the first and second transmembrane α-helices of
the protein (H1-H2), constitute the “hydrophobic pocket” of CAC that binds the carbon
chain of the acyl-carnitines (Figure 4). The ability of this “hydrophobic pocket” to interact
with hydrophobic molecules correlates well with the higher average hydrophobicity of
transmembraneα-helices H1 and H2 of CAC concerning that of the correspondingα-helices
of the other members of the SLC25 family [66,100].

Once the carnitine or the acyl-carnitine has interacted with the proper residues in
the c-state, a charged gate constituted by the amino acid side chains of Asp-32, Lys-35,
Glu-132, Lys-135, Asp-231, and Lys-234 (Figure 5a) located below the binding site, needs
to be unlocked for the translocation to occur [99,104–107]. The six residues form three ion
pairs resulting from the interactions between the couples: Asp-32 with Lys-135, Glu-132
with Lys-234, and Asp-231 with Lys-35. The role of these residues and their interactions
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have been validated using the mutagenesis approach [87]. Once the gate is opened by the
fast interaction of the substrate with at least one of the charged residues, i.e., Lys-35, the
carrier changes its conformation from the cytosolic state opened to the matrix opened state.
The protein is stabilized in the matrix opened conformation by a gate, similar to the matrix
one that is formed towards the cytosolic face and is composed of four charged residues,
namely, Lys-97, Glu-191, Lys-194, and Glu-288 (Figure 5b). The other two residues of the
cytosolic gate of CAC are uncharged in contrast to the corresponding residues of other
carriers [96,106]. The free energy of the cytosolic gate of CAC is, therefore, lower than that
of the matrix gate. This probably determines an imperfect coupling of the flux of substrates
in the outward and inward directions, conferring to CAC the capacity to mediate a uniport
reaction besides the antiport reaction [31,106].
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Figure 4. Lateral view of the CAC structural model highlighting the residues involved in binding the
acyl moieties of acyl-carnitines. CAC residues are displayed with sphere representation.
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Figure 5. Lateral views of CAC highlighting the residues of the matrix and cytosolic gates. (a) The
residues Asp-32, Lys-35, Glu-132, Lys-135, Asp-231, and Lys-234 forming the matrix gate are depicted
in red (negatively charged residues) or in blue (positively charged residues); (b) the residues Lys-97,
Glu-191, Lys-194, and Glu-288 forming the cytosolic gate are depicted in red (negatively charged
residues) or in blue (positively charged residues).
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3.2. The Molecular Basis of the Antiport Mode

CAC shares with the other mitochondrial carriers the peculiar structure constituted by six
transmembrane segments arranged in three intramembrane domains, which rotate to allow the
conformational changes required for the transport reaction [5]. The antiport mode of transport
is determined by the coupling of substrate-binding with gate opening on one side and gate
closing on the other side. Indeed, given that the substrate considerably decreases the activation
free-energy barrier of the carrier transition, the rate of transition of the unbound carrier from an
outward open conformation (c-state) to the inward open one (m-state) or vice versa (Figure 6) is
much lower than that of the substrate-bound carrier [108].
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Figure 6. Sketch of the transport cycle of CAC. The states of the transporter during the antiport
reaction are displayed: (1) c-state in the absence of substrate, (2) c-state with the external substrate
entering the carrier, (3) occluded state or transition state with the external substrate bound to the
substrate-binding site, (4) m-state in the absence of substrate, (5) m-state with the internal substrate
entering the carrier, (6) occluded state or transition state with the internal substrate bound to the
substrate-binding site. The role of K35 and W224 during the transport cycle is highlighted with
dotted lines.

In the case of CAC, the identification of the residues, which are crucial for the coupling
of substrate-binding with gate opening, was achieved by mutations that specifically abolish
the antiport function without interfering with the uniport function. One of these residues
is Lys-35, whose substitution with an uncharged residue impairs the antiport reaction,
suggesting that Lys-35 interacts with the carboxyl group of carnitine favoring the gate
opening [109]. The companion amino acid residue involved in binding the ammonium
group of carnitine is Trp-224, whose substitution completely abolishes the antiport function
and converts the protein into a uniporter with a specific activity and substrate specificity
equal to those of the unidirectional transport activity of the wild-type CAC. The distance
between Lys-35 and Trp-224 in the cytosolic open conformation (Figure 7a) corresponds to
the distance between the ammonium and the carboxyl groups of carnitine, in line with the
interaction of carnitine with these residues, which triggers the gate opening and closing.
The distance between these residues increases in the matrix open conformation preceding
the substrate release (Figure 7b). In the absence of the interaction of carnitine with Lys-35
and Trp-224, the CAC gate could open as well, but at a much lower rate constant leading to
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the uniport function. Trp-224 is conserved in all CAC sub-family members. Indeed, the
substitution of this residue in the CAC of A. nidulans leads to the same alterations as in the
mammalian transporter, indicating that the molecular determinant of the antiport function
has been conserved during evolution [110]. Interestingly, a corresponding Trp residue is
not present in the other proteins of the SLC25 family except in the ornithine/citrulline
carrier, whose substrate, ornithine, harbors a positively charged amino group. In this
carrier, the substitution of the Trp unveils a low rate of uniport activity [110,111].
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Figure 7. Lateral views of the CAC structural model showing the residues involved in the coupling
of substrate-binding with gate opening and gate closing. (a) Ribbon diagram of the carrier in c-state
in which the residues Trp 224 and K35 are at a distance of 4 Å and are depicted with a ball and stick;
(b) ribbon diagram of the carrier in m-state in which the residues Trp 224 and K35 are at a distance of
12 Å and are depicted in ball and stick.

4. CAC as a Redox Sensor

The capacity of CAC of interacting with thiol-reactive compounds was demonstrated
initially in intact mitochondria [83], then confirmed and deepened in studies with the native
protein by transport assays in proteoliposomes (see Section 3). However, the molecular
determinants of the CAC redox sensitivity were identified only after the production of
the recombinant CAC that gave the possibility to perform site-directed mutagenesis. Out
of the six Cys residues of the protein, the sole Cys-136 and Cys-155 (Figure 8) are able to
sense thiol-reagents at sub-micromolar concentrations as well as physiological effectors
involved in cell redox sensing and control. Indeed, mutants in which one of the two Cys
residues was substituted with Ser or Ala were less sensitive to thiol-reagents, and the
mutant harboring the substitution of both Cys-136 and Cys-155 were mostly insensitive
to reagents. Moreover, the mutant containing only Cys-136 and Cys-155, but lacking the
other four Cys residues, exhibited the same reactivity as the wild-type protein. [88,112] The
high sensitivity of the two residues is linked to their location in the core of the transport
pathway, or in its vicinity, and to the local amino acid environment that confers peculiar
properties to the cysteine thiol groups in terms of reactivity (pKa of the thiol groups) and
propensity to undergo disulfide cross-linking. Indeed, some physiological or chemical
reactants act on the “molecular sensor” constituted by Cys-136 and Cys-155. This cysteine
couple, according to the oxidation state, behaves as an on–off switch of the protein. Indeed,
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if these two cysteines are oxidized to a disulfide, CAC is inactive due to a block of the
conformational changes needed for the transition from the outward to the inward open
conformation and vice versa. On the other way round, if the disulfide is converted to the
thiol form of the Cys residues by a chemical or a physiological reactant, the CAC function
is rescued [89]. Most likely, in vivo, the transporter exists as a mixture of the two states.
Therefore, the actual transport capacity (specific activity) in vivo depends on the fraction of
the protein, which is in the active (reduced) state. This is in line with the observation that
the protein after extraction and isolation from the native membrane is not fully active. The
maximal activity can only be observed after treating CAC with a strong reducing agent,
such as DTE. The fraction of reduced (or oxidized) protein is variable and depends on
incubation conditions of the mitochondria or on other factors, which cannot be precisely
controlled in experiments. The redox sensing property of CAC allows its modulation
by physiological effectors and, in turn, modulation of the β-oxidation pathway flux. The
studies that will be resumed below uncover the molecular basis of the redox sensing feature
of CAC.
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Figure 8. CAC structural model showing the two redox-sensitive cysteines. Lateral view of a ribbon
diagram of the carrier in which the cysteine residues are displayed by a sphere representation.
Cys-136 and Cys-155 are highlighted in green.

4.1. Regulation of CAC by H2O2

CAC senses strong redox cellular changes through H2O2, an endogenous compound
whose concentration can increase under oxidizing conditions, reaching millimolar levels
locally, especially in mitochondria [113–116]. H2O2 inhibits CAC transport activity to an
extent depending on both its concentration and time of reaction. H2O2 interacts with
the thiol groups of Cys136 and Cys155, inducing the formation of a disulfide leading to
inhibition. After shorter interaction times (0–2 min) with H2O2, sulfenic acid derivatives are
formed, which evolve to disulfide (S-S) or to sulfinic (SO2

−) and sulphonic (SO3
−) species

after longer reaction times (30 min). The reactions leading to sulfenic acid and disulfides
can be reverted by reducing agents (glutathione), while those generating sulfinic and
sulphonic acid are irreversible, thus abolishing the ability of the carrier to be switched-on
by reducing agents [63]. Translating these data to cellular metabolism, it appears that low
H2O2 levels regulate the activity of CAC, thus tuning the mitochondrial oxidation of fatty
acids. At higher H2O2 concentrations, maintained for a longer time, which may occur under
pathological conditions, the transporter is blocked, and fatty acid oxidation is arrested.
Therefore, under conditions of strong oxidative stress, H2O2, acting on CAC as a signal
molecule, may contribute to switching energy production from aerobic lipid metabolism
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to anaerobic glycolytic metabolism [117], causing a reduced oxygen consumption and a
reduced formation of ROS. These effects can be interpreted as a protective mechanism
against oxidative stress.

4.2. Regulation of CAC by Glutathione

Differently from oxidant species, such as H2O2 that “switch off” the CAC, reduced
glutathione “switch on” the transporter acting on the disulfide between Cys-136 and
Cys-155 [118]. Indeed, the physiological GSH/GSSG couple is, normally, present at a
ratio of over 100/1, thus prevailing the reducing power. However, the ratio GSH/GSSG
can change depending on the redox state of the cell. Thus, the CAC activity can also be
modulated by the GSH/GSSG couple. Experimental data obtained by the EPRA method
using the Cys mutants of CAC demonstrate that (i) GSH and GSSG cause activation or
inhibition, respectively, acting on the SH/S-S exchange between Cys136 and Cys155 and
(ii) the thiol group of Cys136 is the residue reacting first with GSSG. The action mechanism
of these effectors implies the reversible glutathionylation of the transporter. In cells,
the degree and the rate of conversion between the two forms may, in turn, depend on
the activity of the enzyme Glutaredoxin-1 (Grx1) located in the intermembrane space of
mitochondria [119,120] even though no direct evidence is provided so far of the contribution
of this enzyme to the regulation of CAC by GSH/GSSG. CAC is the first mitochondrial
carrier known to be responsive to the redox state of mitochondria and undergoes a full
redox cycle from a reduced/activated state to an oxidized/inactivated state and vice versa.
This responsiveness, again, relapses on the rate of fatty acid oxidation and hence on the
production of ATP [118]

4.3. Modulation of CAC by NO

Nitrosylation processes modulate a huge number of cell pathways [121,122]. Row
proteomic data indicated that CAC is targeted by NO among many other proteins [123].
When treating the native or the recombinant CAC with NO inhibitory effects can be ob-
served [62]. The effects strictly depend on the presence of Cys-136, and the inhibition of
transport is based on the steric hindrance caused by the NO-Cys bond close to the active
site of CAC, where Cys-136 is located. CAC S-nitrosylation may occur under specific
conditions in which mitochondrial oxidation of fatty acids must be slowed down, for
example, to avoid CoA trapping by acetyl-CoA. Such conditions may intervene during
impairment of the respiratory chain activity, which can be caused, among other motives, by
increased intramitochondrial NO level and inhibition of complex I [124]. This phenomenon
may control/regulate the fatty acyl flux into β-oxidation during altered mitochondrial
metabolism, such as in ischemia and reperfusion. The NO-mediated inhibition of CAC
may act in preventing the accumulation of reducing equivalents and decreasing ROS for-
mation following re-oxygenation. Furthermore, the inhibition of CAC and the consequent
impairment of β-oxidation may also contribute to the metabolic switch towards glycolytic
metabolism [48,49] that has an important role in ischemic conditions [50].

4.4. Modulation of CAC by H2S

Beyond the previously described signals acting on CAC, it has been demonstrated
that CAC is an H2S sensor. H2S is one of the endogenous gas transmitters (NO,
CO and H2S), which is produced by several enzymatic pathways, two of them being
mitochondrial [125–129]. H2S exerts its action on CAC interacting with the “crucial” Cys-
136 and Cys-155 couple. Actually, it shows a higher affinity for Cys-155 compared to
Cys-136, in contrast with H2O2, NO, and GSSG, which “prefer” Cys-136. This difference is
related to the solubility, reactivity, and size of H2S (or HS−). H2S first reacts with Cys-155
forming –SSH; then the free -SH of Cys136 reacts with the –SSH producing the disulfide
Cys136-S-S-Cys155, which inactivates CAC [89]. Furthermore, H2S in the solution can
form polysulfides [130] which can reduce protein disulfides and, hence, convert the Cys-
136/Cys-155 disulfide to free thiol groups. Such a reaction well explains the reactivation
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of the inhibited transporter observed after long time incubations. Thanks to its gaseous
nature and its affinity for CAC, H2S manages the rate/flow of fatty acid mitochondrial
β-oxidation, exerting a prompt and fine-tuned modulation of this pathway. Therefore,
under certain conditions, e.g., those of oxidative stress, the H2S-mediated regulation of
CAC activity can cause a switch of aerobic metabolism to glycolysis with consequent
cardio-protection upon ischemia/reperfusion [61].

5. Other Regulatory Mechanisms

CAC is also a target of non-enzymatic acetylation processes, which lead to inhibition
of its transport activity [60]. This mechanism, too, contributes to the regulation of the
mitochondrial β-oxidation pathway. The effect of acetylation on CAC is opposite to that
described for the citrate carrier (CIC, SLC25A1), which is activated by acetylation [131].
The different behavior of CAC and CIC versus acetylation correlates well with the roles
of the two transporters in the β-oxidation and biosynthesis of fatty acids, respectively,
because CAC is necessary for their β-oxidation and CIC is necessary for their biosynthesis.
The acetylation of CAC exerts a dynamic control on the protein as the non-enzymatic
process of acetylation can be followed by enzymatic deacetylation by the action of NAD+

dependent SIRT3. Notably, this process links the activity of CAC to the acetyl-CoA level in
the mitochondria [60,132].

CAC is also subjected to transcriptional control. Its gene is located on chromosome
3p21.31, spans about 42 kb, and is split into nine exons with the translation start site in
exon 1 [133,134]. This gene is differentially expressed in human tissues. High levels of
transcripts are found in the liver, heart, and skeletal muscle, where β-oxidation is greatly
exploited for energy production; much lower levels are observed in other tissues, such as the
brain, placenta, pancreas, and lung [135]. Research on the proximal promoter has revealed
the presence of binding sites for different transcription factors. For example, it has been
demonstrated that an active binding site for PPARα is present in the CAC gene promoter at
position −99/−80 bp and that PPARα is a strong activator of CAC gene expression [136].
CAC expression is also regulated by other transcription factors, such as PGC-1α and 1β,
the estrogen-related receptor (ERR), the general factor Sp1, the specific factors FOXA2 and
SRC-3, and possibly other factors not yet identified [137]. In addition, CAC gene expression
is upregulated by drugs, such as statins, fibrates, and 9-cis-retinoic acid [138].

Another regulatory mechanism of CAC is exerted by the Micro-RNAs (miRNAs) 132
and 212, which lead to CAC suppression, causing inhibition of β-oxidation and accumula-
tion of cellular long-chain fatty acyl-carnitine esters in pancreatic β-cells, ultimately leading
to stimulation of insulin secretion. Interestingly, miRNAs 132 and 212 are upregulated in
pancreatic β-cells in response to obesity in two mouse strains with different susceptibility
to obesity-induced diabetes. Therefore, the downregulation of CAC may be a mechanism
to enhance the insulin secretory response [28].

6. Interaction of CAC with Xenobiotics

An important aspect concerning the involvement of CAC in human health is its
capacity to interact with xenobiotics. In addition, this ability is mostly related to the high
reactivity of the Cys residues of the transporter. In some cases, the interaction occurs via the
substrate-binding site or with a mixed mechanism. In the following sections, the activation
or inhibition effects exerted by different xenobiotics are described and explained based on
the chemical properties of each compound. Most of the interacting compounds are largely
used or newly proposed drugs.

6.1. Polyphenols

The polyphenolic fraction extracted from several cherry cultivars is known for its
antioxidant properties. Polyphenols can prevent CAC oxidation by atmospheric O2 or
partially reverse protein oxidation by intracellularly-produced cell H2O2. The data ob-
tained with the EPRA method highlighted that the antioxidant effect on CAC is mainly
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exerted by the compound 8 trans-3-O-feruloyl-quinic acid (3FQA), which is the most
hydrosoluble/bioavailable and abundant in the cherry extracts. The last feature of this
compound favors its approach to the substrate-binding site for reducing the disulfide
between Cys136 and Cys155, which characterizes CAC under its oxidized state [139].
Therefore, the polyphenol action can improve mitochondrial functionality by acting on
the fatty acid β-oxidation pathway. This, in turn, improves several defects correlated to
elevated oxidative stress occurring in several diseases, such as Alzheimer’s disease, Down’s
syndrome, and heart diseases.

6.2. Dantrolene

Dantrolene, a drug that possesses antioxidant properties [28] and is specifically used
in the management of malignant hyperthermia, activates the oxidized (disulfide) fraction of
CAC with a half-maximal effective concentration (EC50) of 9.3 µM. The effect of dantrolene
on CAC activity also has been characterized with the EPRA method [58].

6.3. β-Lactam Antibiotics

The first report concerning the action of drugs on mitochondrial transport of carni-
tine dates back to 1994 [140]. The authors of this paper hypothesized that the toxicity
of some β-lactam antibiotics was due to the inhibition of mitochondrial carnitine trans-
port. However, it was only in 2008 when the molecular interaction of β-lactams with
CAC was demonstrated [57] in liposomes reconstituted with the rat liver CAC. β-lactam
antibiotics, which are among the most commonly used antibiotics in human therapy, are
competitive inhibitors of CAC, probably due to their structural similarity with carnitine.
In addition, they irreversibly bind CAC after longer incubation times and knock off car-
nitine transport [57]. In vivo, inactivation of CAC could impair fatty acid β-oxidation at
a variable extent depending on the type of antibiotic and the therapy duration, leading
to metabolic consequences of tissues, such as the liver or muscles, that greatly rely on
fatty acid oxidation for energy production. Finally, the molecular interaction between
β-lactam antibiotics and CAC, described above, may contribute to determining some mild
side-effects of β-lactams [57].

6.4. Proton Pump Inhibitors

Omeprazole, a known K+/H+-ATPase inhibitor that is largely used to treat gastric
acid-related disorders, also interacts with CAC. The molecular mechanism of interaction of
omeprazole with CAC relies on forming S-S mixed disulfide(s) with Cys-136 or Cys-155,
just as it does with the K+/H+-ATPase. Interestingly, omeprazole interacts with Cys-136,
as other previously characterized sulfhydryl reagents, but also with Cys-283, which is not
targeted by other reagents of the same type. The reaction with both Cys residues leads
to the complete inactivation of the transporter. According to computational analysis, two
omeprazole molecules are involved in this interaction, one for each Cys residue. In vivo,
these implications deserve attention for their impact on the process of fatty acid β-oxidation
leading to a mild carnitine deficiency-like syndrome [56,141].

6.5. Mildronate

Mildronate, an anti-ischemic drug also used as performance-enhancing, is a competi-
tive inhibitor of CAC. It not only interacts with the substrate-binding site of CAC, but it is
also transported by this carrier due to the high similarity with carnitine. The administered
mildronate is taken up by the cells via OCTN2 and then inhibits acyl-carnitine transport
into the mitochondrial matrix. Moreover, the matrix taken up mildronate acts on intrami-
tochondrial metabolism enzymes. Therefore, CAC has a crucial role in the molecular
mechanisms underlying the effects of mildronate [142].
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6.6. Ingenols

Among several protein targets of ingenols, a class of drugs used for actinic keratosis,
there is CAC. The carrier is inhibited by ingenol mebutate (IngMeb), which thus blocks acyl-
carnitine uptake into the mitochondria and, hence, the mitochondrial fatty acid oxidation.
The discovery that IngMeb and its more stable analog ingenol disoxate (IngDsx) inhibit
CAC contributes to explain, at the molecular level, some of the mitochondrial defects
observed in cells treated with high concentrations of these drugs [55].

6.7. Heavy Metals

CAC plays a major role in mercury toxicology, being one of the most crucial targets of
mercury. Indeed, the mercury compounds mercury chloride and methylmercury inactivate
CAC in vitro and in vivo at submicromolar concentrations [59], which are at concentrations
lower than those, which inactivate thioredoxin [143]. Using zebrafish as an animal model
and HeLa cells as a human cell model, it has been demonstrated that mercury impairs the
viability of zebrafish and human cells, respectively, at concentrations corresponding to
those present in the environment after pollution. By parallel experiments performed using
the EPRA method, the molecular mechanism of action has been disclosed. The compounds
act by targeting the transporter via mercury-thiol bonds with Cys-136 and Cys-155. The
data correlate well with the previous findings on CAC purified from rat liver [47]. From
a physiological point of view, this is relevant since the average concentration of mercury
in human tissues (about 0.15 µM) can increase to more than 5 µM upon acute or chronic
exposure to pollutants [144]. Overexposure to mercury causes mitochondrial toxicity by
the chemical CAC knocking off [59]. As mercury, also copper exerts a strong inhibition
on CAC, even though at higher concentrations [64]. The effect and the mechanism of
interaction between copper and CAC have been defined by site-directed mutagenesis and
computational chemistry approaches. The oxidation state of the cation does not influence
its effectiveness as an inhibitor since Cu2+ and Cu+ show the same IC50. The mechanism
of interaction with CAC consists of the formation of a cross-link among the copper ion and
the two Cys-136 and Cys-155 residues. This cross-link, similarly to the disulfide between
the two Cys residues, “switches off” the transporter [64]

7. Conclusions

The carnitine acyl-carnitine carrier (CAC) has a long history being one of those mem-
brane transporters whose study started with its functional characterization in intact mito-
chondria and continued with its biochemical description and investigation at the molecular
level using the native purified protein or the bacterially expressed recombinant purified
protein. The more recent studies of CAC, performed by joining up-to-date methodological
approaches, such as in vitro transport assay, site-directed mutagenesis, and bioinformatics,
confirmed and extended previous findings as well as discovered molecular mechanisms
of its transport activation and inhibition. Thus, several regulatory properties of CAC,
which are based on post-translational modifications of Cys or Lys residues of the trans-
porter, emerged from these studies. In particular, two specific Cys residues behave like
an on–off switch of the carrier, responding to signals of physiological effectors, such as
GSH, hydrogen sulfide, and nitric oxide. Altogether, the summarized studies highlight the
transporter’s involvement in fatty acid metabolism, suggesting a central role of CAC in
controlling the β-oxidation pathway in response to the redox state of the cell. Therefore,
CAC represents an exciting drug target.
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Abstract: The mitochondrial citrate/isocitrate carrier, CIC, has been shown to play an important role
in a growing list of human diseases. CIC belongs to a large family of nuclear-encoded mitochondrial
transporters that serve the fundamental function of allowing the transit of ions and metabolites
through the impermeable mitochondrial membrane. Citrate is central to mitochondrial metabolism
and respiration and plays fundamental activities in the cytosol, serving as a metabolic substrate,
an allosteric enzymatic regulator and, as the source of Acetyl-Coenzyme A, also as an epigenetic
modifier. In this review, we highlight the complexity of the mechanisms of action of this transporter,
describing its involvement in human diseases and the therapeutic opportunities for targeting its
activity in several pathological conditions.

Keywords: SLC25A1; CIC; CTP; citrate; mitochondria; cancer; metabolism; inflammation; diabetes;
22.q11.2; NAFLD/NASH

1. Introduction

The mitochondrial citrate carrier SLC25A1, also known as citrate transporter protein
(CTP) or citrate/isocitrate carrier (CIC), is a mitochondrial membrane transporter encoded
in the nucleus by the SLC25A1 gene located on chromosome 22q11.2. Historically, CIC
was first purified and reconstituted by Palmieri [1–3] and subsequently by Kaplan [4],
and as of today, it is the only known human mitochondrial transporter for citrate, which
renders its activity of paramount importance. The known function of CIC consists of
promoting the export of citrate or isocitrate from the mitochondria into the cytosol in
exchange for malate (Figure 1). Cytosolic citrate has several fundamental functions, on
one side providing the source of Acetyl-Coenzyme A (Ac-CoA) for fatty acids and sterol
biosynthesis, and on the other, serving as an allosteric regulator of enzymes that control
glycolysis, lipogenesis and gluconeogenesis [5,6]. The activity of phosphofructokinase
(PFK), a glycolytic enzyme, is inhibited by citrate binding, while 1,6-bisphosphatase (Fbp1)
and Acetyl-CoA Carboxylase Alpha (ACACA), necessary for gluconeogenesis and lipid
synthesis, respectively, are activated by citrate [7–9]. We and others have shown that
through reverse import activity, CIC can also promote the entry of cytosolic citrate into the
mitochondria, stimulating the tricarboxylic acid (TCA) cycle and oxidative phosphorylation
(OXPHOS) and maintaining redox balance through the generation of NADPH, all activities
that are important for the expansion of cancer stem/initiating cells and for the anchorage-
independent growth of tumor cells [10,11]. In addition, CIC is likely a mediator of the
“mitochondrial-to-nucleus-cross-talk” through which metabolic adjustments originating in
the mitochondria are transmitted to the nucleus and reshape the transcription program
via epigenetic regulation [12]. This activity of CIC, albeit still understudied, stems from its

139



Biomolecules 2021, 11, 141

ability to provide Ac-CoA for acetylation reactions, to enhance the availability of TCA cycle
intermediates that act as epigenetic regulators, particularly succinate, fumarate and alpha-
ketoglutarate (α-KG), and to prevent the accumulation of L- and D-2-hydroxyglutaric
acids, two oncometabolites that inhibit histone demethylases and are abnormally elevated
when CIC activity is impaired [5].

α

 

Figure 1. Preview of the activities of citrate/isocitrate carrier (CIC) (also see text for explanation).

Through all these complex functions, CIC sits at the center of the metabolic landscape
of cells, serving a key role for the generation and optimal utilization of resources needed to
meet the energetic demand of tissues under physiological conditions. It is, therefore, not
surprising that loss of CIC is pathogenic, and in fact, mutations or mono-allelic deletions of
the SLC25A1 gene have been linked to a complex and heterogeneous spectrum of develop-
mental diseases. Alterations of CIC activity also occur in autoimmune disorders such as
rheumatoid arthritis and Bechet’s disease and in Down syndrome [13,14]. Furthermore,
amplifications of the SLC25A1 gene or enhanced transcription rates are a hallmark of
several cancer types as well as of metabolic disorders [15,16]. Here, we will dissect the
complexity of the mechanisms of action of CIC in human diseases and rationalize the
advantages of therapeutic targeting of its activities.

2. A Brief History of CIC Inhibitor Compounds

Given the involvement of CIC and of the lipogenic pathway in cancer, the devel-
opment of CIC inhibitors has been at the cornerstone of the field, but not without chal-
lenges (Figure 2). The first-generation inhibitor benzenetricarboxylate (BTA) is a false
and non-cleavable analog of citrate that had been widely employed in in vitro assays on
reconstituted liposomes to block CIC transport activity [1–4].

In vivo, BTA requires very high concentrations (5 mM) and is also potentially able
to interfere with the activity of other citrate-binding proteins. A second inhibitor, CTPI-1,
or 4-Chloro-3-[[(3-nitrophenyl)amino]sulfonyl]-benzoic acid (CNASB), was discovered
by Kaplan’s group based on a homology model of Caenorhabditis elegans CIC. CTPI-1 is
the first competitive inhibitor and was shown to interact with key residues involved in
citrate binding [17]. Among these, Arg181 in yeast protein is replaced by Lys190 in human
protein. Given that this residue is in the citrate binding pocket, the affinity of CTPI-1
for the human protein is not ideal, with an experimental KD of 60 µM, as determined
with surface plasmon resonance (SPR) [10]. Accordingly, CTPI-1 also requires very high
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concentrations for in vivo activity (1–2 mM). Based on this, our group undertook several
approaches to optimize compounds specific for the human CIC protein, employing an in
silico homology model, docking experiments and searching similar compounds in available
databases, followed by SPR to characterize the interaction of purified CIC with identified
candidates [10]. By exchanging the position of the chlorine atom, we identified a compound
(CTPI-2, or 2-(4-Chloro-3-nitro-benzenesulfonylamino)-benzoic acid) that now exhibits an
experimental KD between 1 and 3.5 µM, a 20-fold improvement in binding activity relative
to CTPI-1, and inhibits citrate transport and tumor proliferation at significantly lower doses
(10–50 µM).

 

Figure 2. Comparison of the structure of CIC inhibitors. The in vivo IC50 is indicated for each of the compounds.

Interestingly, all of the CIC inhibitors are relatively insoluble (unpublished obser-
vations). We believe that the relative insolubility of these drugs is important for their
interaction with—and transport through—the cytoplasmic and mitochondrial membranes
and, thus, may be an intrinsic characteristic of this class of agents. As discussed in this
review, CTPI-2 and other CIC inhibitors belong to a novel class of promising therapeutics.

3. Regulation of CIC Expression Levels: Hints on Its Biological Functions

There are several ways through which CIC activity can be engaged in cells under
physiological and pathological conditions, and these often involve transcriptional regula-
tion. Early work performed by the Palmieri group showed that the transcription rate of
the CIC promoter is under the control of the master regulator of lipid anabolic pathways,
sterol regulatory element-binding factor 1 (SREBP1) [18] (Figure 3), and of Forkhead Box
A1 (FOXA1), which, via CIC, induces glucose-stimulated insulin secretion [19].
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Figure 3. Schematic representation of the CIC promoter and transcription factors’ binding sites (TFBSs) identified in various
studies. The positions of these TFBSs are representative and do not reflect the actual position in the promoter.

The tumor suppressor p53 also interacts with the CIC promoter [20]. However, while
wild-type p53 suppresses transcription, tumor-associated mutant(s) forms of p53 do not

141



Biomolecules 2021, 11, 141

bind to the promoter directly but are recruited therein through interaction with the tran-
scription factor Forkhead Box O1 (FOXO1), which has very important activities in the
regulation of insulin signaling, gluconeogenesis and glycogenolysis. Binding sites for
the p65 subunit of nuclear factor kappa B (NFκB) and for signal transducer and activa-
tor of transcription 1 (STAT1) promote CIC transcription in response to tumor necrosis
factor alpha (TNFα) and interferon gamma (IFNγ), two important mediators of inflamma-
tion [21]. Further, the transcription factors Myc, hypoxia-inducible factor 1 alpha (HIF1a)
and peroxisome proliferator-activated receptor gamma (PPARγ) also interact with the
CIC promoter [22]. These mechanisms of activation anticipated fundamental activities of
CIC in the metabolism and inflammation and suggested that this protein might provide
a link between oncogenic pathways and the glucose and lipid tumor cell metabolism, as
discussed below.

4. CIC Activity in Glucose and Lipid Metabolism: Implications for
Metabolic Diseases

Citrate is at the cross-roads of multiple metabolic pathways (depicted in Figure 4)
and it is an indispensable carbon source in both the mitochondria and the cytosol. When
glucose is abundant, the majority of mitochondrial and cytosolic citrate comes from the
oxidative decarboxylation of pyruvate to form Ac-CoA via the pyruvate dehydrogenase
complex (PDC) and subsequent condensation of Ac-CoA with oxaloacetate to form citrate
and Co-A. These reactions, coupled with the activity of pyruvate carboxylase (PC) that
provides mitochondrial oxaloacetate, promote the TCA cycle and the generation of NAD+,
NADH and FADH2 for the electron transport chain (ETC), also allowing for CIC-mediated
transport of citrate. Through the export activity, CIC is proposed to be essential for lipid
and cholesterol synthesis.

In agreement with this idea, the activity of CTPI-2 and of a liver-targeted CIC knockout
was recently studied in a well-established murine model of diet-induced Non-alcoholic
fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH), the diet-induced
obesity (DIO) mouse model [16]. When these mice are fed a diet enriched in starch and lard,
they develop severe obesity, accompanied by hypercholesterolemia, hypertriglyceridemia,
glucose intolerance, hyperglycemia and fatty liver disease, which, with time, can progress
to steatohepatitis and eventually to hepatocellular carcinoma. CTPI-2 not only reverts
or prevents steatosis and markedly reduces obesity, depending upon the administration
schedule, but also normalizes cholesterol and triglyceride levels as well as hyperglycemia
and glucose intolerance (Figure 5). Indeed, normalization of glucose metabolism is the
most significant outcome of CTPI-2 treatment. A global metabolomic analysis provided
strong evidence that gluconeogenesis, a key contributor to the levels of circulating glucose,
is a major target pathway inhibited by CTPI-2, together with the expected inhibition of
fatty acid synthesis sustained by a reduction in the Ac-CoA pool.

Another important clue derived from studying the effects of CTPI-2 in vivo is that
the expression levels of CIC are regulated systemically by the levels of circulating glucose,
being repressed by a low-glucose diet and strongly induced by a calorie equivalent, high-
glucose regimen that leads to hyperglycemia. Together with the finding that CTPI-2 reverts
glucose intolerance and insulin resistance, these results raise the fascinating possibility
that CTPI-2 and, in general, CIC inhibitors may act as glucose-mimetic agents. These
results expand the potential applicability of this class of drugs to metabolic syndrome and
diabetes, which have reached epidemic proportions worldwide and are a major cause of
morbidity and mortality. Studies in this direction should be very exciting.
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Figure 4. Pathways to the generation of cytosolic and mitochondrial citrate and its utilization. Glucose-derived citrate is
obtained through the conversion of glucose to glucose-6-phosphate, which, with a series of enzymatic reactions, is then
converted to pyruvate. Pyruvate is reduced to lactate via lactate dehydrogenase (LDH) or, alternatively, transported into
mitochondria to produce Acetyl-Coenzyme A (Ac-CoA) via pyruvate dehydrogenase (PDH). Citrate synthase then catalyzes
the condensation of acetyl-CoA with oxaloacetate to yield citrate that is exported in the cytosol by CIC. Lactate can also enter
the mitochondria and be converted to pyruvate by a mitochondrial lactate dehydrogenase (mtLDH) regenerating citrate.
Mitochondrial citrate and, to a lesser extent, lactate fuel the tricarboxylic acid (TCA) cycle and the electron transport chain
(ETC). Citrate can also be uptaken from the extracellular space and transported to the cytosol via SLC13A5. In the cytosol,
citrate provides Ac-CoA via ATP citrate lyase (ACLY) for protein acetylation and can enter the mevalonate pathway for
cholesterol biosynthesis mediated by hydroxymethylglutaryl-CoA synthase (HMGCS) and hydroxy-3-methylglutaryl-CoA
reductase (HMGCR) and the fatty acid synthetic pathway via acetyl-CoA carboxylase (ACC) and fatty acid synthase
(FASN). Cytosolic Ac-CoA can be also generated by acetyl-CoA synthetase 2 (ACSS2) which converts acetate derived from
deacetylation reactions to acetyl-CoA. Cytosolic citrate inhibits phosphofructokinase 1 (PFK1) and pyruvate kinase (PK),
thus playing an active role in controlling glycolytic flux. An alternative source of mitochondrial or cytosolic citrate is
supplied by reductive carboxylation of alpha-ketoglutarate to isocitrate, mediated in the cytosol by isocitrate dehydrogenase
1 (IDH1) and in the mitochondria by IDH2. Additional abbreviations: HK—hexokinase; G6PD—glucose-6-phosphate dehy-
drogenase; 6PGL—6-phosphogluconolactonase; 6PGD—6-phosphogluconate dehydrogenase; Rpi—ribose-5-phosphate
isomerase; PGI—phosphoglucose isomerase; ME—malic enzyme; MDH—malate dehydrogenase; CS—citrate synthase;
ACO2—aconitase 2; IDH—isocitrate dehydrogenase; α-KGDH—α-Ketoglutarate dehydrogenase; SCS—succinyl coenzyme
A synthetase; SDH—succinate dehydrogenase; FH—fumarase; ACO1—aconitase 1; GHD—glutamate dehydrogenase;
GLS—glutaminase.
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Figure 5. Schematic representation of some of the salient effects of CTPI-2 in the non-alcoholic fatty
liver disease/non-alcoholic steatohepatitis (NAFLD/NASH) model.

Interestingly however, the knockout of the SLC25A1 gene targeted to the liver through
an Albumin/Cre-regulated promoter (L-CIC-KO) only partially recapitulates the effects of
CTPI-2. While CTPI-2 completely normalizes the biochemical and histological characteris-
tics of DIO mice in the liver, adipose tissue and systemically, in the liver of the CIC-KO mice,
steatosis is reduced but not completely blunted. There are two non-mutually exclusive
possible explanations for this result. The first is that the beneficial effects of CTPI-2 rely
upon inhibition of CIC systemically and not only in the liver but, at the very least, also
in the adipose tissue, which is a key contributor to the metabolic alterations observed in
NAFLD/NASH. These beneficial effects might also rely upon induction of weight loss by
CTPI-2. Testing of this hypothesis will require the generation of additional mouse models
harboring the Slc25a1 gene knockout also in the adipose tissue. An alternative possibility is
that when the knockout of CIC is imposed during embryogenesis and development, as in
the case of the Albumin/Cre-regulated promoter for the induction of the L-CIC-KO, there
is a strong selective pressure for compensation to loss of CIC.

5. Is CIC Rate Limiting for De Novo Lipid Synthesis?

As shown in Figure 4, there are at least three CIC-independent pathways for providing
cytosolic citrate or the universal precursor for de novo fatty acid synthesis, Ac-CoA. Acyl-
CoA synthetase short-chain family member 2, ACSS2, converts acetate derived from
deacetylation reactions to acetyl-CoA. There is evidence that ACSS2 enriches the Ac-CoA
pool, directing it to fatty acid and phospholipid synthesis in conditions of metabolic
stress [23,24].

Several groups have also reported on the importance of plasma membrane citrate
transporters (PMCTs), which uptake citrate from the extracellular space to enrich the
cytosolic pool and display a tissue-specific pattern of expression. These transporters differ
from CIC not only structurally, but also because they operate in a Na+- or K+-dependent
manner. Interestingly, an alternatively spliced product of CIC itself, membrane CIC (mCIC),
can serve this function, especially in the prostate [25,26]. The SLC13A5 transporter, the
human counterpart of the fly gene I’m not dead yet (INDY), is the most relevant PMCT as it is
widely expressed in many tissues [27,28]. Extracellular citrate is derived from the liver and
renal catabolism, and also through nutritional intake and bone remodeling, and is present in
the plasma at very high—but homeostatically regulated—concentrations. It is possible that
the activity of this transporter contributes to the cytosolic pool of citrate. Consistent with
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this idea, similarly to CIC, SLC13A5 is upregulated in diet-induced NAFLD/NASH and
its inhibition prevents some of the pathological hallmarks of this disease [28]. Moreover,
SLC13A5 is induced in DIO livers treated with CTPI-2, coinciding with a reduction in the
concentration of serum citrate, thus suggesting that this protein can provide a mechanism
of compensation when CIC is inhibited [16]. With this in mind, combinatorial therapy with
CTPI-2 and SLC13A5 inhibitors (e.g., gluconate [29]) is likely to be more effective than
treatment with either agent alone in NAFLD/NASH.

Last but not least, an important mode of replenishing the cytosolic citrate pool has
been described by DeBerardinis’ group and occurs in tumor cells with defective mitochon-
dria that cannot derive citrate from glucose via mitochondrial oxidative metabolism [30].
In cells with defective respiratory complex activities, glucose is diverted towards lactic
acid production and glutamine provides the source of citrate. This pathway involves the
reductive carboxylation of glutamine-derived α-KG to citrate via the action of isocitrate
dehydrogenase 1 (IDH1) in the cytosol or of IDH2 in the mitochondria (Figure 4). This
alternative source of citrate comes into play not only as an adjustment to defective mi-
tochondrial oxidative capacity but also during hypoxia and in response to stress signals
that generally alter the ratio between α-KG and citrate [31,32]. Recent work, also from
DeBerardinis’ group, demonstrates that reductive carboxylation provides a source for lipid
synthesis in cancer cells when CIC is inactivated via RNA interference, pointing to reduc-
tive carboxylation as a potential mechanism of compensation for CIC deficiency as well [33].
Furthermore, in children affected by DiGeorge syndrome sustained by hemizygous loss of
the 22q11.2 chromosome, a CIC loss-of-function metabolic/mitochondrial signature was
identified but was hallmarked by an increase in reductive carboxylation and enhanced
α-KG levels associated with increased concentrations of 2-hydroxyglutaric acid, cholesterol
and fatty acids—highly indicative of compensation through this pathway [34].

Based on these lines of evidence, it seems unlikely that CIC is rate-limiting for lipid
and sterol biosynthesis or for other cytosolic functions related to citrate in all situations.
It is possible that the opportunities for compensation of CIC activity through the above-
mentioned pathways are tissue-specific, are dictated by the impending selective pressure
for compensation (embryogenesis/development vs. post-natal life) and differ depending
upon the nutritional/metabolic environment and the duration of such inhibition (chronic
vs. acute). Whether the lipid synthetic pathway is altered in children harboring loss-of-
function mutations of the SLC25A1 gene and correlates with the severity of the clinical
manifestations is a very important question that is still unanswered.

6. Pro-Oncogenic Activities of CIC, the Reversal of the Warburg Effect and the
Phenomenon of Metabolic Addiction

For many years, the field of tumor cell metabolism has been pervaded by the as-
sumption that mitochondria are dysfunctional in cancer cells and that tumors depend
upon glycolysis for growth. The Warburg effect, described by Otto Warburg in 1920, is
based upon the observation that cancer cells avidly uptake glucose and direct it towards
fermentation to lactate in the cytosol, even at high oxygen concentration, rather than to
complete oxidation in the mitochondria, a much more efficient pathway for ATP generation.
This is, of course, the basis for positron emission tomography, or PET scans, However,
two important concepts have emerged in recent years. First, the lactate generated through
glycolysis can fuel the TCA cycle and mitochondrial oxidative phosphorylation [35], and
therefore, glycolysis is not mutually exclusive with OXPHOS as these pathways can operate
simultaneously in tumor cells. Second, and equally importantly, tumors contain metaboli-
cally heterogeneous populations of cells that utilize different branches of the metabolism
depending upon proliferation rates as well as upon the “geographical” location of cells
within tumors which, due to the irregularity of the tumor vasculature, are exposed to
hypoxia and have less access to nutrients. This heterogeneity has not only been shown
in vitro but also in patients affected by lung cancer and glioblastoma [36,37].

Several lines of evidence have demonstrated that CIC supports the outgrowth of
cancer cells, yet the pro-proliferative activity of CIC relies upon promotion of OXPHOS
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and blunting of glycolysis, presumably due to the negative feedback loop that cytosolic
citrate provided by CIC imposes on PFK [10,15,33]. Indeed, a consequence of CIC inhibi-
tion, genetically or pharmacologically, is impairment of mitochondrial oxidative capacity,
reduction in mitochondrial-derived ATP output, accumulation of reactive oxygen species
(ROS) and reduced abundance of TCA cycle intermediates. How CIC influences OXPHOS
is still not entirely clear, but such regulation might occur at least in part due to promotion
of malate entry into the mitochondria, in turn leading to increased TCA cycle flux and
generation of adequate ratios of reducing equivalents, including NADH/NAD+, for the
electron transport chain. In addition, the reverse import activity of cytosolic citrate via CIC
can also promote mitochondrial oxidative metabolism through similar mechanisms.

Oxidative phosphorylation also provides a mechanism of resistance and adaptation to
various stress conditions, as well as to chemotherapeutic agents and radiotherapy (Figure
6). In lung, prostate and glioblastoma cancer cells, CIC inhibition results in compromised
mitochondrial oxidative capacity and oxidative stress and leads to increased sensitivity
to radiation therapy [38,39]. Similarly, cancer cells resistant to platinum-derived agents
or to Epidermal Growth Factor Receptor (EGFR), inhibitors develop an addiction to CIC-
mediated promotion of mitochondrial respiration, and inhibition of CIC leads to synthetic
lethality [10]. These therapy-resistant populations have characteristics of cancer stem cells
and acquire markers of dormancy in a mitochondrial respiration-dependent manner. CIC
allows these cells to survive therapeutic attacks in a paradoxically high energetic state.
These results are in agreement with the idea that the cancer stem cell population provides
a reservoir of cells left behind by conventional therapies and suggest that inhibition of
CIC can be exploited as a therapeutic strategy to specifically target and eradicate therapy-
resistant cells. Furthermore, CIC-dependent mitochondrial oxidative metabolism and redox
balance provide a mechanism of adaptation and survival when tumor cells are challenged
by limiting concentrations of glucose or must overcome addiction to the extracellular
matrix and adapt to anchorage-independent growth [11,15], which is fundamental for the
invasive and metastatic behavior of tumor cells.

 

Figure 6. Involvement of CIC-dependent mitochondrial oxidative metabolism in adaptation to stress
(see text for explanation).

In essence, these observations indicate that there is a therapeutic opportunity for
targeting CIC activity, particularly in stress growth conditions and in cancer cell populations
(e.g., cancer stem cells, therapy-resistant cells and metastatic, circulating tumor cells) that
develop a strong dependency upon this protein and mitochondrial oxidative metabolism for
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survival. Although, as discussed above, there are many mechanisms that could compensate
for CIC inhibition, especially because the metabolism of tumors is endowed with a high
degree of heterogeneity and plasticity, cancer cells that have evolved to employ CIC for
survival might develop a “metabolic addiction” to CIC and, thus, will not so quickly or
easily surrender its activity. This phenomenon parallels the well-known oncogene addiction
whereby tumors cells that have acquired oncogenic potential through the action of one
driver oncogene remain dependent upon that oncogene to maintain their proliferative
capacity, in spite of the accumulation of other complex genetic alterations. This is an
attractive possibility that deserves further scrutiny.

7. CIC Inhibition Inhibits the Growth of Different Tumor Types

Given the large body of literature demonstrating a role of CIC in various malignancies,
here, we summarize the results of these studies and we group them by tissue/tumor type.

CIC activity has been studied by several groups in breast cancer. CIC mRNA levels
are generally elevated in breast cancer cells, particularly in triple-negative breast cancer
cell lines (TNBC) [15]. Furthermore, CIC overexpression is associated with metastatic
disease and poor patient prognosis [40]. In the MBA-231 TNBC cell line, which has high
levels of CIC, the introduction of a CIC dominant negative mutant protein that competes
with endogenous CIC or treatment with BTA or CTPI-1, leads to reduction in tumor size
in vivo and in proliferation in vitro [15,41]. The effects of CIC inhibition were shown to
be dependent upon changes in histone acetylation, mitochondrial dysfunction and ROS
production. Targeting ACLY also effectively inhibits breast tumorigenesis [41].

In colorectal cancer (CRC), the expression levels of CIC were found to be upregulated
by PPARγ coactivator 1α (PGC1α) and correlated with enhanced OXPHOS, TCA cycle
flux and with de novo lipogenesis [42]. In this context, PGC1α promotes tumor growth
and loss of PGC1α leads to a reduction in CIC and ACLY expression and to blunting of
tumor growth, an effect recapitulated by inhibition of fatty acid synthesis. These studies
reveal a strong connection between CIC and PGC1α and lead to the proposal that the
activity of PGC1α on mitochondrial and lipid metabolism is mediated, at least in part, via
CIC. Intriguingly, independent experiments in vivo where rats were injected with CRC
cell lines revealed that a combination chemotherapy frequently used for the treatment of
CRC (Irinotecan combined with 5-fluorouracil) has a prominent impact on adipose tissue,
causing adipocytes to decrease in size [43]. This effect was correlated to reduced expression
of proteins involved in fatty acid synthesis, including CIC, and in the esterification of fatty
acids. This observation implies that CIC is also relevant to the loss of adipose tissue mass
that occurs during chemotherapy.

CIC upregulation via PGC1αwas also found in liver cancer cell lines (HCC) [44,45].
Higher citrate flux from mitochondria into the cytosol was reported in the hepatoma
cell lines MH-3924A and Hepa-6 compared to normal liver cells, as well as in HEPG2
cells. Poolsri and colleagues showed that treatment of HepG2 or of another HCC cell line,
HuH-7, with the CIC inhibitor CTPI-1 and with the SLC13A5 inhibitor (PMCTi) leads
to significant reduction in cell viability [46]. However, this combination is non-toxic to
primary normal human hepatocytes but, nevertheless, acts synergistically in promoting
apoptosis, paralleled by inhibition of fatty acid biosynthesis compared to each inhibitor
alone. This result is in agreement with the possibility that in the liver, combined inhibition
of CIC and SLC13A5 provides a therapeutic benefit.

Recent studies have shown that in patients affected by papillary thyroid carcinoma
(PTC), the long non-coding non-coding RNA for association with Brahma, (lncBRM), is
significantly upregulated, correlating with poor overall survival [47]. lncBRM targets CIC
activity via the microRNA miR-331-3p and promotes PTC cell proliferation, migration
and invasion, an effect that is rescued by inhibiting CIC. These results suggest that also
non-coding RNAs can regulate CIC expression or activity.

Reprogramming towards the citrate-mediated lipogenic pathway is a hallmark of
prostate cancer. Recent studies have shown that prostate cancer cells exhibit elevated
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levels of citrate and display enhanced uptake of fatty acids, particularly at a metastatic
stage [48–50]. Inhibition of cluster of differentiation 36 (CD36), which promotes fatty acid
uptake, or of CIC, leads to suppression of cancer progression. As mentioned previously,
CIC expression was also found to be increased in prostate cancer cells under conditions of
cycling hypoxia/re-oxygenation stress, and its inhibition results in increased sensitivity
to radiation therapy. These effects were connected to reduced mitochondrial oxidative
capacity, generation of ROS and impaired DNA repair capacity [38].

Viewed together with the evidence discussed before (Section 6), these multiple studies
highlight that CIC is essential for the growth and proliferation of different cancer types
and underscore the potential importance of advancing CIC inhibitors to the clinical setting,
where they are likely to be most effective in combinatorial therapies.

8. CIC and Citrate Are Important Mediators of Inflammation

Since the 19th century, inflammation has been considered a key promoter of many
human diseases, including cancer, playing a role in as many as 20% of all tumors in
humans [51,52]. As of today, there are several lines of evidence suggesting that CIC may
fuel inflammation [53].

CIC was shown to be induced in monocytes/macrophages by lipopolysaccharides
(LPS) and in the U937 monocytic cell line by TNFα and IFNγ [21] (Figure 7). This activation
occurs via NF-κB and STAT1 and leads to an increase in the cytosolic pool of citrate used
for de novo fatty acid synthesis. Inhibition of CIC with CTPI-1 or with interfering RNAs
leads to reduction in citrate export and depletion of pro-inflammatory prostaglandin E2
(PGE2), which is derived through Ac-CoA metabolism, and also of nitric oxide (NO), an
important mediator of the inflammatory response. Subsequent studies showed that ACLY
also promotes pro-inflammatory changes in macrophages through mechanisms similar
to those shown for CIC [54]. Given that ACLY consumes citrate to provide Ac-CoA, the
involvement of this protein underscores the importance of the lipid synthetic pathway in
this reprogramming and, likely, also of epigenetic modifications induced via acetylation.
The expression levels of CIC and ACLY were subsequently found to be increased in
cytokine-stimulated natural killer (NK) cells [55], suggesting that similar activities of CIC
may take place in other immune cell populations.

Based on the above mentioned studies, important targets of CIC pro-inflammatory activ-
ities are macrophages. This was later corroborated in murine models of NAFLD/NASH [16].
Inflammation is a major driver of pathology in this disease, eventually responsible for the
evolution to irreversible fibrosis driven by remodeling of the extracellular matrix under the
constant insults propelled by pro-inflammatory signals [56]. Macrophages and, particularly,
the M1 population are at least in part responsible for these alterations [57]. M1 macrophages
produce both pro-inflammatory and immuno-stimulatory cytokines, particularly interleukin
(IL)-12, IL-6, IL-1α, TNF-α and IL-1β, and create an environment that is microbicidal in the
context of the innate immune response and leads to cell death. The alternative M2 pathway of
activation plays an important role in tissue repair and homeostasis. M2 macrophages produce
IL-10, mitogens and fibronectin and deplete the environment of L-arginine via induction
of Arginase-I, which is required for T cell functions. In patients with NASH, resident and
recruited macrophages in the liver as well as recruited macrophages in the adipose tissue
contribute to the production of local and systemic TNF-α and IL-6, two important mediators
of inflammation. In the murine model of this disease, inhibition of CIC with CTPI-2 results in
lower serum levels of IL-6, TNFα and monocyte chemoattractant protein 1 (MCP1), concomi-
tant with an increase in cytoprotective IL-10 and IL-4 [16]. Moreover, CTPI-2 leads to reduced
macrophage recruitment in the liver, but more prominently so in the adipose tissue, as well as
suppression of markers of the M1 phenotype and attenuation of the levels of tissue-damaging
cytokines, particularly iNOS and TNFα, while not affecting or moderately increasing mark-
ers of M2 activation [16]. These lines of evidence argue—but do not prove, yet—that CIC
contributes to the polarization of macrophages towards a pro-inflammatory M1 phenotype
and raise the important question as to whether such reprogramming occurs via CIC-induced
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epigenetic modifications. Given that inflammation is an important driver of oncogenesis, it is
further possible that this activity of CIC also contributes to tumor proliferation.
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Figure 7. CIC induces a pro-inflammatory program in macrophages (see text for explanation). The
transcription rate of the SLC25A1 gene is induced in monocytes by lipopolysaccharides (LPS), tumor
necrosis factor alpha (TNFα) and interferon gamma (IFNγ) via recruitment to the promoter of nuclear
factor kappa B (NFkB) and signal transducer and activator of transcription 1 (STAT1). CIC induction
in these situations leads not only to the expected increase in Ac-CoA but also to enhanced synthesis
of prostaglandin E2 (PGE2) and inducible nitric oxide synthetase (iNOS). At the bottom of the figure,
there is a simplistic representation of the macrophage populations depicted in the two opposite
phenotypes, M1 and M2. In the NAFLD/NASH liver, CIC inhibition represses markers of the pro-
inflammatory macrophage phenotype. Abbreviations that are not in the main text: reactive oxygen
species, ROS; iNOS, inducible nitric oxide synthase; FN1, fibronectin 1; MRC1, Mannose Receptor
C-Type 1.

On the more speculative side, while the finding that CIC is under the control of NFκB
and STAT1 highlights its involvement as a mediator of inflammation, it also suggests that
CIC might be connected to the innate anti-viral immune response, especially considering
the prominent role of STAT1 in the regulation of this pathway. Interestingly, various citrate
derivatives were shown to elicit anti-pathogen defenses providing protection not only
from microbial but also from viral infections [58]. We posit that even though CIC has thus
far been linked to cancer, developmental diseases and metabolic disorders, it is unlikely
that the pro-inflammatory activities of CIC have been selected during evolution to sustain
pathological conditions that often result in death. From an evolutionary point of view, this
would make no sense. It is possible, instead, that there is a physiological role of CIC in the
pro-inflammatory arm of the innate immune response and that such activity is aberrantly
co-opted in disease states sustained by this protein.

9. Loss of CIC during Embryogenesis and Development: The L-and D-2HGA “Affair”

Alterations in the SLC25A1 gene play a role in the pathogenesis of various devel-
opmental disorders, as recently reviewed by Palmieri and colleagues [5]. Heterozygous
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SLC25A1 gene deletions are associated with congenital 22q11.2 microdeletion syndromes,
namely Velo-Cardio-Facial and DiGeorge syndromes [59,60]. This is a group of disorders
characterized by cleft palate, heart abnormalities, recurrent infections and autoimmunity,
craniofacial and palate abnormalities and developmental and intellectual delay. Although
only one copy of the SLC25A1 gene is lost in 22q11.2 deletion syndrome, together with
30–40 other genes, a reduction in CIC levels in zebrafish (Danio Rerio) leads to abnor-
mal morphant development in a dose-dependent manner, thus suggesting that reduced
SLC25A1 allele dosage is indeed pathogenic [15,61,62]. However, importantly, 22q11.2 mi-
crodeletion syndrome is survivable and affected individuals can have long life expectancy
when severe heart abnormalities do not complicate the disease.

Various SLC25A1 missense or truncating mutations spanning throughout the cod-
ing region have been reported as either homozygous or compound heterozygous in
a heterogeneous group of developmental disorders and in D-2-/L-2-hydroxyglutaric
aciduria [5,63–68]. Some of these compound mutations lead to a more complete and
severe loss of CIC activity relative to 22.q11.2 deletion syndromes and are accompanied
by a broader clinical spectrum of manifestations, which includes various craniofacial ab-
normalities (facial dysmorphism and macro/microcephaly), brain abnormalities, epilepsy,
respiratory insufficiency and encephalopathy. A variable degree of metabolic dysfunction
is seen in the affected individuals, represented by lactic acidosis, urinary excretion of TCA
cycle intermediates (fumarate, succinate and α-KG) as well as of two metabolites, D2-L2
hydroxyglutaric acids (D-L-2HG). In addition, defects in respiratory complex subunits
have been occasionally described in patients harboring SLC25A1 gene mutations [67]. This
clinical spectrum of manifestations together with lactic acidosis and the alterations of the
TCA cycle are hallmarks of mitochondrial dysfunction and point to the possibility that
diseases sustained by CIC deficiency should be re-classified as mitochondrial disorders.

Whilst the accumulation of TCA cycle intermediates downstream of citrate/isocitrate
can be explained by the lack of the only mechanism of export of citrate away from the
mitochondria, namely CIC (Figure 8), an important question in the context of these disor-
ders regards both the origin and the significance of the D-2-/L-2-hydroxyglutaric aciduria
(D-L-2HGA).

Individual L- or D-2HGAs are severe developmental disorders caused by mutations in
L2-hydroxyglutarate dehydrogenase (L2HGDH) or D-2-hydroxyglutarate dehydrogenase
(D2HGDH) that eliminate L2- or D2-HG, respectively. Neomorphic mutations of IDH2 that
convert α-KG to D-2HG can also cause 2HGA [69,70]. However, combined D-L-2-HGA
is only sustained by SLC25A1 gene mutations, with an apparent preference for D-2HG
accumulation in all body fluids. Combined L-D-2HGA was already suspected as a distinct
clinical entity by the Jakobs group before alterations of the SLC25A1 gene were discovered
as the cause of the disease [71].

The first attempt to classify these disorders came from the seminal work of the Sa-
lomons group that retrospectively examined a number of patients presenting with various
degrees of pathological manifestations [72], reviewed in [5]. The most important outcome
of this analysis is that there is a clear correlation between the extent of loss of the citrate
export activity of CIC—which differs depending upon the affected amino acid—and the
severity of the clinical course, as well as life expectancy. Noticeably, the most severe pheno-
type is seen with the compound heterozygous mutations p.A9Profs*82 and p.P45L, which
have been described in several affected patients. p.A9Profs*82 results in a truncated protein,
while P45 maps to the region involved in mitochondrial translocation, likely displacing
CIC from the mitochondria and resulting in more severe complete loss of mitochondrial
activities compared to other mutations. This allele combination is likely to recapitulate a
nearly complete null phenotype. Children carrying these mutations display the most severe
and earliest onset spectrum of clinical manifestations, culminating in early death [65,66].
These comprise craniofacial abnormalities and facial dysmorphism, microcephaly as well
as hallmarks of mitochondrial dysfunction including encephalopathy, myopathy, respira-
tory insufficiency, lactic acidosis and accumulation of TCA cycle intermediates. However,
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whether these clinical manifestations are actually connected to accumulation of L-D-2HGs
is still not entirely clear. For example, in two siblings harboring the p.A9Profs*82 and
p.P45L alleles, only one displayed very high levels of 2-HGs, while in serial measurements
performed in the second sibling, 2-HGs levels were near-normal or moderately elevated,
yet the clinical course was similarly devastating in both patients [65]. In other instances
of SLC25A1 gene mutations, the levels of L-D-2HGs have been reported either as very
high or only moderately or inconsistently increased. Therefore, an important question is
whether in some situations, accumulation of 2-HGs is an innocent bystander alteration
of CIC inactivation, while in others, the contribution of additional factors exacerbates the
extent of 2-HGA and the associated pathology. Development of molecular biomarkers for
2HG activities (e.g., alterations in methylation patterns) is also needed to overcome the
shortcomings of snapshot measurements of these metabolites in hardly accessible biological
fluids (e.g., cerebrospinal fluid or intracellular space).

α

α

 

Figure 8. Mitochondrial and cytosolic pathways leading to D2-L2 hydroxyglutaric acid (D-L-2HG)
accumulation (see text for explanation). The proposed model envisions that as a consequence of
disruption of CIC-mediated citrate export activity, cytosolic citrate is reduced, leading to loss of the
feedback loop on PFK. This leads to enhanced glycolysis and production of pyruvate, which, on one
side, is converted to lactate, resulting in lactic acidosis. Excess pyruvate also enters mitochondria,
where it is converted to citrate/isocitrate. Due to a lack of the export activity of CIC, this excess
citrate is converted to TCA cycle intermediates downstream of citrate, leading to accumulation of
α-KG and also of succinate, fumarate and malate (not shown in the figure), which are then secreted
in urine. In red are the potential steps for conversion of α-KG to L-2HG or D-2HG, by either IDH1 or
IDH2; in blue are the enzymes involved in the degradation pathway. IDH1/IDH2m or wt: mutant or
wild-type forms of these enzymes. See text for additional abbreviations.

The reason why cells where CIC is inactive accumulate 2HGs is also not entirely clear
(see Figure 6). Wild-type IDH1 and IDH2 have been reported to produce low levels of 2-HGs
under reductive carboxylation conditions [73], raising the possibility that this mechanism
comes into play in these disorders. Alternative sources of 2-HGs are the promiscuous
activities of malate or lactate dehydrogenase (MDH1/2 and LDH, respectively), impaired
activity of L2- or D2-HGDHs due to excess substrate(s) or altered redox balance [69,74,75].
Reduced concentrations of malate and increased levels of NADH, hypoxia or metabolic
acidosis due to enhanced lactic acid concentrations can all favor the promiscuous activity
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of MDH2 or LDH [73]. Furthermore, 3-phosphoglycerate dehydrogenase (PHGDH) can
also catalyze the NADH-dependent reduction of α-KG to D-2HG [76].

It is noticeable that all these routes for the accumulation of 2-HGs involve α-KG, and
therefore, understanding and targeting the pathways leading to α-KG accumulation or
the enzymes involved in its conversion to 2-HGs should provide important strategies to
ameliorate L-D-2HGA. Based on these considerations, here, we pose several questions, the
answer to which, we believe, should advance this field forward:

1. What levels of L-D-2HG in the context of SLC25A1 gene deficiency are to be considered
pathogenic?

2. Given that L- or D-HGs interfere with α-KG-dependent dioxygenases and affect
methylation of histones and DNA, are alterations in L-D-2HG levels reflected in
changes in the epigenetic landscape of CIC-deficient cells?

3. What is the origin of L-D-2HG accumulation in CIC-deficient cells?
4. Can correction of α-KG levels normalize any of the pathological manifestations seen

in children with CIC deficiency?
5. Are there differences in the lipid synthetic pathway in diseases sustained by CIC

deficiency that aggravate the clinical manifestations?
6. Is the multi-organ involvement seen in severe CIC deficiency syndromes due to

systemic alterations (e.g., changes in circulating levels of TCA cycle intermediates,
accumulation of toxic byproducts of the metabolism and elevated levels of 2-HGs) or
to loss of tissue-specific activities of CIC?

Though many of the pathological manifestations due to CIC deficiency are acquired
during embryogenesis and development and, therefore, are likely irreversible, the answers
to these questions could lead to the development of therapeutic strategies able to ameliorate
at least some aspects of these devastating disorders.
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Abstract: It has become impossible to review all the existing literature on Voltage-Dependent Anion
selective Channel (VDAC) in a single article. A real Renaissance of studies brings this protein to the
center of decisive knowledge both for cell physiology and therapeutic application. This review, after
highlighting the similarities between the cellular context and the study methods of the solute carriers
present in the inner membrane and VDAC in the outer membrane of the mitochondria, will focus on
the isoforms of VDAC and their biochemical characteristics. In particular, the possible reasons for
their evolutionary onset will be discussed. The variations in their post-translational modifications
and the differences between the regulatory regions of their genes, probably the key to understanding
the current presence of these genes, will be described. Finally, the situation in the higher eukaryotes
will be compared to that of yeast, a unicellular eukaryote, where there is only one active isoform and
the role of VDAC in energy metabolism is better understood.

Keywords: Voltage-Dependent Anion selective Channel; isoforms; oxidative post-translational
modification; gene promoter; yeast; bioenergetics; metabolism

1. Introduction

The study of Voltage-Dependent Anion selective Channel (VDAC), at that time more
commonly called mitochondrial porin, broke by chance in the laboratory of Prof. Palmieri,
at the University of Bari, where I was an internal student and then researcher. The goal of
the laboratory was to isolate and characterize the mitochondrial carriers, today grouped
in the family of solute carriers (SLC25) to which Prof. Palmieri has given a decisive con-
tribution [1]. As it was later understood, the mitochondrial porin has physical-chemical
characteristics very similar to those of the SLC25 family, since it is a protein deeply im-
mersed in the phospholipid membrane with very few portions exposed to the aqueous
solvent. For this reason, VDAC was initially thought to be another contaminant solute
carrier obtained during the purification procedures of the phosphate transporter which was
the primary target of the laboratory [2]. VDAC, although found in the outer membrane,
shared with the SLC25 family present in the inner membrane, a very similar molecular
weight (around 30 kDa) and a similar affinity for the stationary chromatographic phase
of hydroxyapatite in purification procedures [3,4]. This made it very difficult to distin-
guish VDAC from other integral membrane proteins. A big step forward was the use of
radioactive dicyclohexylcarbodiimide (DCCD). This ATP-synthase inhibitor, at very low
concentrations, was able to mark only three proteins in mitochondria: an 8 kDa protein,
the c subunit of ATPase, a band of about 16 kDa and one of about 35 kDa. Excluding
the c subunit band, so hydrophobic to be soluble in apolar solvents, the 35 kDa DCCD-
binding protein was observed in our laboratory as one of the bands in the crowded Mr
30–35 kDa area in SDS-PAGE. The DCCD binding was used as a specific indication for
the purification of what was considered one of the putative carriers [2]. It was named
DCCD-binding protein, pending the discovery of a functional activity [5]. After numerous
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attempts to identify any specific substrate exchange activity with the techniques used by
us, an intuition by Prof. Palmieri led me to the laboratory of Prof. Roland Benz, then at the
University of Konstanz, where the purified protein (personally carried by hand in a large
Dewar jar) showed a powerful and immediate pore-forming activity in planar artificial
membranes [5,6]. The presence of a mitochondrial pore-forming protein in Paramecium
extracts was first claimed in 1976 [7] and then the functional identification of this protein
as a component of the mitochondrial outer membrane was first reported by Colombini
in 1979 [8]. The study of this pore-forming protein distinguished this research from the
more established one of the laboratory, which was related to transport proteins of the
inner mitochondrial membrane. Nevertheless, the technologies, then in full development,
for the study of integral membrane proteins could be applied to both types of proteins.
For example, a modification of the chromatography with hydroxyapatite and celite al-
lowed the production of large amounts of VDAC, with a very simple methodology that
eventually became standard in all laboratories in the world [9]. With this methodology
various structural approaches were attempted but resulted as only partially successful.
Following a course of crystallization of membrane proteins held in Martinsried (DE) with
teachers as Hartmut Michel and Johann Deisenhofer (who were awarded the Nobel Prize
for photosynthetic reaction center the following year), a large preparation of VDAC in
Triton X-100 was thrown away, as the detergent prevented the formation of crystals. It
was in that context that more modern and dialyzable detergents were tested for the first
time on VDAC purification, such as LDAO [10]. The use of this detergent, which was
later adopted by all laboratories, led to the crystallization of VDAC, which was obtained
a good twenty years later [11–13]. Another structural aspect that, in retrospect, can be
considered one of the most important was the identification of the VDAC DCCD-binding
amino acid residue. DCCD binds negatively charged residues exposed to a hydrophobic
environment: a physical-chemical apparent incongruity that made the binding of DCCD to
mitochondrial membrane proteins so rare. The identification procedure advanced with a
direct but artisanal experimental strategy, given the instrumental means available at the
time. In the end, however, VDAC1 bovine heart glutamate 73 was identified as the binding
site of DCCD [14]. The transmembrane arrangement of the protein and its secondary
structure was not yet known, although there were predictions based not only on bioin-
formatics [15,16] but mostly on the electrophysiology data obtained by Colombini’s and
Forte’s groups [17,18]. VDAC is the hexokinase-binding protein on the outer membrane
surface [19] and binding of hexokinase to VDAC was found to be inhibited by DCCD [20].
In [20] it was proposed that the C-terminal end of VDAC contained the DCCD binding site.
The identification of E73 as the DCCD-binding residue did not fit with the contemporary
models, since the residue was initially located in an outside loop of the current folding
pattern [17,18]. The crystal structure of the pore definitely solved the dispute, locating
the E73 in the middle of a transmembrane β-strand, facing the hydrophobic phospholipid
layer [11–13]. The hexokinase-VDAC binding has intriguing functional implication that
continues to be highly relevant and whose mechanism has not yet been clarified.

2. The Next Twenty Years of Achievements

Studies focused on the biochemical-structural aspects of the protein underwent a
strong acceleration following the use of molecular biology technologies that became within
the reach of all laboratories. In the case of VDAC, this led to a great expansion of knowledge
of the protein’s genetic and cellular activities.

The milestones in a twenty years path of achievements, in my opinion, were: (I) the
identification of three isoforms of VDAC in the superior metazoa [21,22]. (II) The defini-
tion of the structure of VDAC1, obtained in the same year by three different groups with
different techniques (crystallization and NMR) [11–13], and of VDAC2 [23]. Surprisingly,
the structure proposed a new type of domain: a mixed β-barrel with odd number of β
-strands (19 β-strands), i.e., with the presence of parallel β-strands (the first and the last) in
addition to the antiparallel strands. (III) The topological arrangement of VDAC in the outer
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membrane [24]. (IV) The functional discovery of the oligomerization of VDAC and its role
in hexokinase binding and apoptosis triggering [25–28]. (V) The involvement of VDAC in
many pathologies, from tumors [29] to neurodegenerative diseases like ALS [30], Parkin-
son’s disease [31], Alzheimer’s disease [32], type 2 diabetes [33], and the identification of it
as a potential therapeutic target [34–37].

The discovery of more isoforms of VDAC suggests that evolution developed variants
with slight amino acidic differences in its protein armory for precise but still undefined
purposes. The production of stem cells and mice knockout for the individual isoforms
has allowed us to start providing clues about their function [38–41]. A major part of our
current research endeavor resides in this question, i.e., in identification of the function of
individual isoforms.

3. VDAC Isoforms: A Puzzle to Unveil

Most of the literature about VDAC1 was covered in the excellent and extensive review
by Shoshan-Barmatz in this special issue [42]. We will thus focus on two aspects that, in
our opinion, deserve further attention: the presence in the genome of more VDAC isoforms
and their utilization.

In higher metazoa three VDAC genes with the same exon-intron structure [43] evolved:
while the nucleotide changes among the three VDAC isoforms modified the encoding
sequences so that they have peculiar differences (such as the cysteine content, which will
be discussed later), they have not affected the structure of the splicing sequences nor have
they modified the gene organization. The only exceptions are for the VDAC2 gene, which
appears identical to the other two but with the addition of an extra exon upstream of
the first one, which gives VDAC2 a short additional sequence to the N-terminal; and for
VDAC3, where the presence of an internal starting codon (ATG), resulting in the insertion
of a single methionine residue at amino acid position 39 of the mature VDAC3 protein,
was reported but whose relevance was not established [44,45]. Notably, the function of
VDAC2 is still unknown. Descending the evolutionary scale, for example, the additional
exon of VDAC2 is no longer present in fish [23]. The relevance of the individual isoforms
of VDAC has been addressed by the development of knockout cells for the individual
isoforms [39,40]. Surprisingly, the overall proclaimed result was that each VDAC isoform,
individually, is not needed for cell survival [38]. This notion was especially obtained
to exclude the presence of VDAC in the permeability transition pore structure (PTP) in
which it was previously involved [41]. On the other hand, the non-essentiality of the
existence of VDAC strongly clashes with the abundance with which nature has provided
the mitochondrion with this protein.

4. The Most Abundant Post-Translational Modifications of Mammalian VDACs Occur
on Cysteines

We have been studying post-translational modifications of VDAC isoforms for some
years now. The initial starting point was the consideration of the different number of
cysteines present in VDAC isoforms and the suspicion that this difference was not a mere
coincidence but was likely linked to a specific function or structural involvement of these
residues in protein folding (Figure 1). In particular, since the VDAC3 isoform was the
least studied, a set of mutagenesis of the individual cysteines and/or of small clusters,
and even all cysteines in the sequence, was undertaken. These mutants were tested for
their electrophysiological activity after in vitro expression, purification and reconstitution
in a planar lipid bilayer, and in yeast devoided of VDAC pore-forming activity following
endogenous gene inactivation [44]. The results clearly showed an inverse correlation
between the number of cysteines present in the VDAC3 sequence and the reconstituted
pore-forming activity. Additionally, the recovery of the fermentation activity of the mutant
yeast progressed when it was transformed with VDAC3 in which the cysteines were
progressively eliminated [46,47]. At the same time, work by another group [48] proposed
that the cause of the reduced activity of VDAC3 when cysteines were present in its sequence
was due to the formation of intra-chain disulfide bridges [49].
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Figure 1. Secondary structure elements and cysteines localization in a multi-alignment of human Voltage-Dependent
Anion selective Channel (VDAC) isoforms. Color code: light blue: β-strands; green: loops exposed to cytosol; orange: the
N-terminal sequence containing α-helical portions; no color: loops exposed to inter-membrane space. Cysteine residues of
VDAC2 and VDAC3 are in red and highlighted in yellow; red arrows point cysteine residues exposed to inter-membrane
space (Figure obtained with the support of F. Zinghirino).

The need to investigate this functional result more thoroughly led us to collaborate
with the mass spectrometry unit to unequivocally highlight, at a molecular level, the
oxidation state of cysteines, in particular, and of other residues in the VDAC3 isoform,
first [50], and in other isoforms later [51,52]. While some of these experiments are still
ongoing, especially the part regarding the presence of intra-chain disulfide bridges, the
results of our studies are summarized in the following sections.

4.1. Methods: Avoiding Unreliable Results

The technique of protein isolation from animal cells and/or tissues has been modified
and adapted to eliminate any risk of oxidation or accidental modification due to isolation
protocols or electrophoretic techniques. We used enriched extracts rather than purifying
proteins after SDS-PAGE or 2D electrophoresis. To this end, reduction and alkylation
of sulfur were performed on purified mitochondria, and only later the chromatographic
separation was run. The eluted proteins were cleaned by PlusOne 2-D Clean-Up kit (GE
Healthcare Life Sciences, Milan, Italy), then RapiGest SF (Waters, Milan, Italy), to eliminate
non-protein contaminating molecules. The sample was then subjected to proteolytic
cleavage and the peptide mixture loaded on UP-nanoLC and then analysed by a highly
sensitive Orbitrap Fusion Tribrid (Q-OT-qIT) mass spectrometer. This modified procedure
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is all the more delicate and important to develop when considering that the main PTM
studied was the oxidation of -SH [53,54].

4.2. Cysteine Oxidations in VDAC Isoforms

We initially focused on oxidative post-translational modifications of VDAC3 cys-
teines [46,50] and later on other isoforms [51,52]. In addition, starting materials from differ-
ent organisms such as rat tissues and human cell cultures were compared. The first novel
finding was that VDAC cysteines can undergo progressive oxidation of sulphur. Some
oxidations are reversible, others are difficult to reverse or are practically non-reversible
under physiological conditions. The oxidation state of sulphur can go from the redox-
reactive thiol (–SH) to sulfhydration (SSH), disulfide bonds (RS-SR), sulfenylation (SOH),
sulfinic acid (SO2H), and sulfonic acid (SO3H) [55]. Except for sulfonic acid, all the reported
oxidative post-translational modifications are readily reversible. The variable oxidation of
cysteines could be due to the presence of ROS, particularly abundant in the intermembrane
space, where there is also an acidic pH favourable to oxidation. The question we asked was
whether these modifications were random or precisely targeted. In fact, VDAC, despite
being an integral membrane protein, has the inner side of the pore and the loops exposed
to the water environment: the walls of the hydrophilic channel and the connection loops
between the β-strands are exposed to the inside and outside of the outer mitochondrial
membrane. Moreover, the location of the N-terminal segment (amino acids 1–19), which
contains portions of α-helix, is not unequivocally defined and even less is known about
the structure and location of the further distal segment at the N-terminal (11 additional
amino acids) found in the VDAC2 sequence. Most of the cysteines of VDAC2 and VDAC3
indeed are exposed to the aqueous environment and in certain situations are close enough
to each other to suggest that they may engage in the formation of disulphide bridges.
Taken together, the finding of cysteine oxidative post-translational modifications [52–55]
indicate that each VDAC sulphur amino acid has a preferential sensitivity to oxidation.
Indeed, some cysteines oscillate between different oxidative states (from reduced to sulfinic
acid), others are always irreversibly oxidized (sulfonic acid), while many others are always
reduced (for a detailed review see [55]). Therefore, the latter cysteines have the potential to
form disulfide bonds. The propensity to oxidation is a preserved characteristic of single
cysteines depending on their location within the sequence and therefore in the 3D structure
of the pore: those in the same position, in different organisms, have the same type of
oxidation [55]. Moreover, this propensity to oxidation of cysteines is peculiar to VDAC
because no other mitochondrial proteins isolated with the same chromatography technique
show the presence of oxidized cysteines [51]. The significance of the oxidative modifica-
tions peculiar to VDAC could modulate an unknown function of the proteins, and/or the
buffering of the oxidative potential of the ROS produced in the mitochondrion [52].

4.3. Other Post-Translational Modifications in VDACs

In VDACs other more common post-translational modifications were detected. For
example, phosphorylation is very common and dynamic [56]. In our hands, in particular,
Ser 104 was usually found phosphorylated, but, in general, in low amounts [55].

Acetylation was always detected at the N-terminal amino acid of the three isoforms [50,51],
together with the loss of the starting methionine. Furthermore, succinated cysteines were
not found in human VDAC1 isoform but were exclusively found in VDAC2 and 3 [51].
No selenocysteine was found, as well as no evidence of ubiquitin and ubiquitination
was detected. A very rare and unique post-translational modification, the deamidation
of specific asparagine and glutamine was found in cultured NSC34 cells transformed to
express the SOD1G93A variant: this cell line is the most used cell model of ALS. It is
tempting to speculate that this modification might be associated with the pathology [54].
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5. VDAC Isoforms Genes Expression Regulation: The Key to Understanding Isoforms
Functions?

The studies of the structure, activity, and regulation of VDAC genes aim at obtaining a
reliable picture of their differences in tissue expression or sensitivity to specific stimuli [57].
In humans, for each VDAC gene, several different transcript splice variants were identified:
they did not vary in the coding region but mainly in the length of their 5′-UTR and
3′-UTR. This finding led us to the hypothesis that there might be different mechanisms of
transcript regulation and expression in various cellular contexts. Other splice variants were
detected, including processed transcripts that do not contain open reading frame (ORF),
retained intron, and transcripts involved in the nonsense-mediated decay mechanism. It is
not known whether the identified VDACs splice variants have any functional biological
role. However, gene expression data collected from NIH Genotype-Tissue Expression
project (GTEx) [58], report their transcription, including the generation of non-protein
coding transcripts.

5.1. VDAC Genes Expression Profile

All three VDAC isoforms are ubiquitously expressed, with the highest levels found
in skeletal and heart muscles as determined by RNA-seq GTEx. The level of the VDAC1
and VDAC2 transcripts is comparable, while VDAC3 is lower than the other two isoforms,
confirming previous experimental conclusions drawn by RT-PCR [59]. While confirming
that VDAC isoforms are ubiquitously expressed, the comparison with the data present
in a second repository (RNA-seq CAGE RIKEN FANTOM 5’ project) [60] of Expression
Atlas repository of EMBL-EBI [61] revealed that the VDAC3 expression levels were higher
than VDAC2 and VDAC1, whose transcripts are scarcely represented in all tissues [57].
The data emerging from this analysis highlight for the first time the prevalence of VDAC3
gene transcription as compared to other isoforms reflecting a higher promoter activity.
The special version of RNA-seq methodology based on cap analysis of gene expression
adopted by the FANTOM5 consortium explains the difference in the results obtained in the
former database.

5.2. VDACs Genes Promoter Structures and Activity

The promoters of the human VDACs genes were also characterized. The organization
of the core promoter is similar to that of most TATA-less human promoters of ubiquitously
expressed genes, where the presence of abundant GC regions, alternative binding sites Inr,
DPE, and BRE assure a basal levels of transcription. Interestingly, a non-canonical initiation
site termed the TCT motif (polypyrimidine initiator), which is a target for translation
regulation by the mTOR pathway, oxidative, and metabolic stress [62], was also identified in
VDAC2 and VDAC3 promoters [57]. Gene reporter assays revealed that VDAC3 promoter
had the highest transcriptional activity and VDAC1 promoter was, on the contrary, the
least active [57]. We proposed that a quantitative regulation of the transcript levels due to
their different stability, or to maintain a high level of transcripts to promptly respond to a
particular stimulation, is necessary for the cell.

5.3. Specific Functions of Transcription Factors Binding Sites in VDAC Genes Promoters

The basal expression level of VDAC genes seems to be subject to quantitative reg-
ulation of expression. Using a bioinformatics approach, the main transcription factors
regulating the activity of VDAC promoter regions were identified, and a quest for the
corresponding binding sites located in the promoters was performed. In all three VDACs
promoters, the majority of identified TFs classes belong to the E2FF, NRF1, SP1, KLFS,
EBOX families which are prevalently involved in cell proliferation and differentiation,
apoptosis, and metabolism regulation [63–69]. This result suggests that VDAC expression
may have a central role in regulating mitochondrial function. VDAC promoters are also
equipped with unique transcription factor binding sites. These transcription factors may
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be the key to understanding the difference among the VDAC isoforms in terms of binding
sites specific to the promoters of each VDAC gene.

The unique transcription regulators in VDAC1 promoter suggest a prevalent role
of this protein in the mitochondrial outer membrane in physiological context and in
altered environmental conditions in which cells have to restore the mitochondria energy
balance [70–72]. VDAC2 promoter showed the presence of different factors specially active
during the development of specialized tissues and organogenesis processes mainly related
to nervous system genesis and growth [73,74]. VDAC3 promoter analyzed in [57] shows a
particular abundance of transcription factors binding sites involved in the development
of germinal tissues, organogenesis, and sex determination [39,75]. Converging evidence
reported in the literature confirms the crucial role of VDAC isoforms in the specific context
where the transcription factors that bind to their promoters exert a function.

In conclusion, the study of the features of the promoters of each VDAC isoform
indicates that they evolved different control sequences, requiring transcription factors that
link these genes to specific functions. Interestingly, the accumulated evidence points to the
same biological area that was involved in the functions of the proteins.

The families of transcription regulators identified as unique in VDAC1 promoter sug-
gest that this isoform has the main role of mitochondrial channel protein in a physiological
cell context and is the main tool used to maintain mitochondria energy balance [40]. Several
observations, obtained by experimental work, showed the involvement of VDAC1 in regu-
lating cellular and mitochondrial pathways in physiology and pathology [76]. VDAC2 was
indicated as the isoform indispensable for apoptosis [41,77,78] and autophagy in various
cellular contexts [79]. VDAC2 promoter contains TF binding sites related to factors specially
involved in developing specialized tissues, in particular of the nervous system, and the
organogenesis and development processes. VDAC3 promoter is rich in GC repeats, which
are typically found in epigenetic control systems of the expression of the transcript. Results
from VDAC3 knockout mice show that the gene deletion affects the sperm organization
and mobility [39]: the abundant presence of TF binding sites involved in germinal tissue
development and sex determination might confirm its role in spermatogenesis.

6. The Role of VDAC Isoforms in Yeast

Unlike vertebrates, unicellular eukaryotic organisms such as Neurospora crassa and
Saccharomyces cerevisiae do not have the same gene multiplicity for VDAC isoforms. The
case of yeast has been studied and definitively clarified by us. After the discovery and char-
acterization of yeast VDAC [80,81], Forte’s group, using genetic ablation of the gene coding
the former VDAC protein, discovered a second isoform, named yVDAC2, with a partially
conserved sequence, which was predicted to form channels [82]. Our group expressed the
yeast VDAC2 isoform and characterized its activity after reconstitution in planar mem-
branes. We found that recombinant yVDAC2 is also able to fold forming a pore and that
its electrophysiological characteristics are very similar to those of yVDAC1 [83,84]. While
the expression pattern and the physiological role of yVDAC2 remain unknown, knockout
out of yVDAC1 forces cells to adopt a fermentative energy metabolism, highlighting the
failure of yVDAC2 to compensate for the lack of yVDAC1 [82].

Proteomic analysis of the yeast mitochondrion, recently carried out at such high res-
olution as to allow a realistic estimate of the number of individual proteins present per
mitochondrion [85], showed that yVDAC2 is present in an almost infinitesimal amount,
even under conditions of stimulation of its presence [85]. The lack of support of a phys-
iological role of yVDAC2 in a yVDAC1-free mitochondrion was also highlighted at the
transcription level: a microarray experiment analyzing the transcriptomic profile of a
yeast strain without VDAC1 (∆por1 mutant) grown on glucose showed that there is no
increase in the expression levels of yVDAC2. Together, these results indicate that there is
no coordination between the expression of the two genes; the fact that there is a second
VDAC gene could be the result of a gene duplication that has led to the presence of some
sort of inactive pseudogene in the yeast genome [86].
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Even the analysis of the global permeability of the outer mitochondrial membrane of
yeast, while highlighting the possible existence of other minor (quantitatively) proteins
capable of forming pores, found no evidence of a yVDAC2 contribution to it [87]. We
calculated that at least 90% of the permeability of the mitochondrial outer membrane is
due to yVDAC1 and that the only proteins that can realistically support the permeability
of small metabolites in the absence of yVDAC1 are the Tom40 and Sam50 channels (for a
complete discussion see [86]).

The main unresolved questions are: how can the yeast mitochondria not be degraded
and inactivated in the absence of VDAC1? How can the yeast mitochondria survive when
VDAC1 is absent?

The transcriptomic profile of the ∆por1 strain compared to the wild type (WT) strain
provided interesting information. There is a marked aliquot of genes whose expression is
completely modified in ∆por1: particularly impressive is the full inactivation of the mito-
chondrial genome. This drastic change can be attributed to the reduced transport capacity
of nucleotides in the absence of VDAC1, also due to the impossibility to import carriers, a
function recently linked to VDAC1 [88]. In these conditions, the mass of the organelle is
reduced by more than 65% [86]. This result indicates a truly essential role of yVDAC1 in
mitochondrial physiology. In fact, deletion of yVDAC1 causes a general reorganization of
energy metabolism, as evidenced by a large number of up- and down-regulated genes asso-
ciated with glycolysis, alcoholic fermentation, oxidative phosphorylation, TCA cycle, and
lipid synthesis [86]. Our results showed that, in the absence of yVDAC1, cells survive by
shifting the pyruvate metabolism from mitochondrion to cytosolic acetyl-CoA production
by PDH bypass. This change leads to an increase in fatty acids and phospholipids that go
into intracellular deposits or contribute to extending the size of the plasma membrane, as
indicated by detailed microscopy experiments. Overall, these results indicate that VDAC1
in yeast contributes to the global regulation of energy metabolism.

7. Today’s Big Challenges—Conclusions

I hope that this quick review of the biological functions related to the onset of VDAC
isoforms during evolution supports the hypothesis that they are involved in specific
functions, as well as having, all of them, the ability to form large, porous aqueous channels.
It is difficult to identify functional specificities based on small structural differences, such
as the disposition and reactivity of some residues, the presence of small amino acid traits
whose 3D organization and mobility have not yet been precisely defined, as it is the case of
N-terminal extensions. These clues will have to be explored and revealed, together with the
other major unsolved issue of this protein: the mechanism of voltage dependence. The road
is open in this direction, and the end of the knowledge of the functions of VDAC isoforms
will make it possible to steer the path of discovery of therapeutic molecules targeting this
intriguing pore.
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Abstract: Mitochondrial carriers facilitate the transfer of small molecules across the inner mitochondrial
membrane (IMM) to support mitochondrial function and core cellular processes. In addition to the
classical SLC25 (solute carrier family 25) mitochondrial carriers, the past decade has led to the
discovery of additional protein families with numerous members that exhibit IMM localization
and transporter-like properties. These include mitochondrial pyruvate carriers, sideroflexins,
and mitochondrial cation/H+ exchangers. These transport proteins were linked to vital physiological
functions and disease. Their structures and transport mechanisms are, however, still largely unknown
and understudied. Protein sequence analysis per se can often pinpoint hotspots that are of functional or
structural importance. In this review, we summarize current knowledge about the sequence features of
mitochondrial transporters with a special focus on the newly included SLC54, SLC55 and SLC56 families
of the SLC solute carrier superfamily. Taking a step further, we combine sequence conservation analysis
with transmembrane segment and secondary structure prediction methods to extract residue positions
and sequence motifs that likely play a role in substrate binding, binding site gating or structural stability.
We hope that our review will help guide future experimental efforts by the scientific community to
unravel the transport mechanisms and structures of these novel mitochondrial carriers.

Keywords: mitochondrial carriers; SLC transporters; SLC25; MCF; SLC54; MPC; SLC55; LETM;
SLC56; sideroflexin; ABC transporter; sequence analysis; protein targeting

1. Introduction

Mitochondria are believed to have evolved through an endosymbiotic event, where an
α-proteobacteria has been engulfed by a host cell, possibly an archaeon [1,2]. This event is thought to
have arisen only once, and in the last 2 billion years, mitochondria have evolved together and in close
concordance with their host cells [1,3,4]. During this time, significant changes in the genome of the
endosymbiont have taken place, which involved the transfer of most mitochondrial proteins to the
nucleus, as well as the emergence of novel protein families in the nuclear genome that are targeted to
mitochondria [4,5]. The vestigial mitochondrial genomes of vertebrates in general code for 13 internal
membrane proteins that are involved in electron transport and coupled oxidative phosphorylation [6,7],
while the part of the mitochondrial proteome related to transmembrane transport, i.e., the exchange of
metabolites and ions with the host cell, is almost exclusively of eukaryotic origin [4,5].

Proteins in the human inner mitochondrial membrane (IMM) are quite distinct from one another
in terms of their structure and sequence features as well as their trafficking and import mechanisms
into mitochondria. Based on this diversity, they are likely polyphyletic in origin and presumably
arose independently of each other. Membrane proteins that take part in transmembrane solute
transport across the IMM include members of the following families: SLC25 (mitochondrial carriers),
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SLC8 (SLC8B1/NCLX Na+/Ca2+/Li+ exchanger), SLC54 (MPC, mitochondrial pyruvate carriers),
SLC55 (LETM, leucine zipper-EF-hand-containing transmembrane proteins), SLC56 (sideroflexins),
ATP-binding cassette (ABC) transporters (ABCB7, ABCB8, ABCB10) and various ion channels [8].
The discovery, biological function, physiological role and disease involvement of many of these
transport proteins and channels are comprehensively presented in excellent articles of the present
review series. In particular, ion channels are covered in detail in the review by Szabo et al. and will
not be discussed here. Metabolite and ion transport between the cytoplasm and the mitochondria
also require the broad-specificity channels of the outer mitochondrial membrane (OMM). The most
prominent class of such channels, the voltage-dependent anion channels (VDACs), is discussed in
detail by Shoshan-Barmatz et al. in this review series [9], but other OMM transporters with unknown
substrate specificity may also be present [10]. In this review, we focus on the discussion of specific
structure and sequence features that shape trafficking and functional properties of transporter-like
proteins in the IMM.

Trafficking of Membrane Transporters into Mitochondria

Transporters of the mitochondrial inner membrane are synthesized in the cytoplasm and imported
into the mitochondria through specialized import machinery [11]. In contrast to most mitochondrial
proteins, most mitochondrial carriers typically do not contain an N-terminal mitochondrial targeting
sequence (MTS). Instead, the nascent precursor transporter proteins bind to the ATP-hydrolyzing
Hsp70 and Hsp90 chaperones in the cytoplasm, which deliver them to the translocase of the outer
membrane (TOM) complex. Here, the Tom70 receptor, part of TOM, binds both the precursor
protein and the chaperones, and transfers the precursor protein to Tom22, where it then gets
translocated in a loop-wise fashion through Tom40, the channel component of TOM [12,13]. Once in the
intermembrane space, the hydrophobic regions of the precursor transporter proteins are shielded by the
heterohexameric chaperone complex Tim9-Tim10-Tim12. This complex of the precursor protein and the
chaperones then binds to the receptor-like protein Tim54, which is part of the translocase of the inner
membrane (TIM22) complex in the IMM. Here, another member of TIM22, the channel-forming Tim22
protein, then inserts the precursor protein into the inner mitochondrial membrane [11] (Figure 1).

As an alternative import mechanism, certain precursor transporter proteins do carry the MTS
on their N-termini, which typically forms a short (15–50 residues) amphipathic helix with a net
positive charge [14,15]. Transporters containing an N-terminal MTS, such as SLC55/LETM and
mitochondrial ABCB transporters, are delivered from the cytoplasm by the Tom20 receptor of the
TOM complex, recognizing the hydrophobic side of the amphipathic helix formed by the MTS [16].
Upon transfer to the intermembrane space through Tom40, the targeting sequence binds to the Tim50
receptor component of another inner membrane complex, TIM23 [17]. This activates the Tim23
channel subunit of the TIM23 complex to allow the translocation of the bound precursor protein
through the IMM [11]. Precursor proteins that are destined to the lipid bilayer contain a hydrophobic
stop-transfer signal sequence, which is recognized within the IMM by the small transmembrane protein
Mgr2, initiating the lateral release of the imported precursor protein into the membrane [11,18,19]
(Figure 1). Interestingly, an alternative mechanism exists, where Oxa1, the main component of
the oxidase assembly (OXA) translocase complex, inserts the hydrophobic segment into the inner
membrane bilayer after they pass through the Tim23 pore [11] (Figure 1). It has been shown that
even a single protein with multiple membrane-spanning segments can use different mechanisms
to import individual transmembrane segments into the membrane, such as the yeast protein Mdl1,
a mitochondrial ABCB family homolog [20]. Further details about the molecular machinery for
importing metabolite transporters into mitochondria are discussed by Rampelt et al. as part of the
present special review series.

Hydrogenosomes and mitosomes are cellular organelles that share a common evolutionary
origin with mitochondria [21], and the comparison of their protein import machineries has shed
light on important events shaping the early evolution of the mitochondrial import machinery [22].
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Protein precursors destined to the hydrogenosomes and mitosomes may contain N-terminal
presequences that are typically shorter than MTSs and also lack a marked positive charge [22].
Nevertheless, various hydrogenosomal proteins from the primitive eukaryote Trichomonas vaginalis

readily target into mitochondria when expressed in yeast, and vice versa [22]. Furthermore, the Tom20
receptor and the acidic N-terminal extension of the Tom22 receptor, both playing fundamental
roles in the recognition of the positively charged amphipathic presequence, seem to have evolved
independently after the last common eukaryotic ancestor [23], indicating that the primitive TOM import
complex did not have these features. All these arguments suggest that the MTS and the corresponding
recognition and import machinery evolved in a convergent way in various eukaryotic lineages on
top of a pre-existing ancestral protein import machinery, which was most likely independent of the
MTS [22]. Based on this reasoning, proteins utilizing the conserved MTS-independent import pathway,
such as most SLC25 carriers, might have been one of the earliest groups of proteins that developed
mitochondrial localization.

Figure 1. Import machinery for mitochondrial transporters. The TOM (orange), TIM23 (purple) and
TIM22 (yellow) complexes are depicted, with numbers representing the corresponding Tom/Tim
protein names. Proteins with a single transmembrane helix (TMH) and OXA-dependent transporters
employ the TIM23 import pathway, while carriers with no mitochondrial targeting sequence (MTS) are
imported through TIM22. For details, see text. Figure is based on [11–13,17–19].

The development of a positively charged MTS has been linked to the appearance of the
electron transport chain, which resulted in a markedly negative membrane potential across the
IMM [22]. In this scenario, a positively charged presequence would confer an evolutionary advantage
during the membrane translocation of the precursor protein due to the electrophoretic effect [22].
In addition, a functional MTS can arise de novo fairly easily through random mutations or DNA
rearrangements [24–27]. The development of an MTS-dependent import machinery with an easily
generatable MTS could thus have promoted the evolvability of the host organism [27].
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2. SLC25—Mitochondrial Carrier Family (MCF)

The largest protein family of mitochondrial solute transporters is the SLC25 (mitochondrial
carrier) family. In human there are a total of 53 members that fulfil the vital roles of uniport or
exchange of ions, metabolites and other solutes across the IMM [28]. It has been recognized early
on that the sequence of the ADP/ATP translocase (SLC25A4) has a repeating sequence element that
contains two hydrophobic segments and repeats 3 times in the sequence [29]. Such an internal repeat
symmetry is commonly found in membrane transporters [30]. Indeed, such features were later found in
several other members of the protein family [31–34], along with conserved proline, glycine and acidic
amino acid residues [35]. The conserved residues were later compiled into a consensus characteristic
or “signature motif” for mitochondrial carriers, Px(D/E)xx(K/R) [36], and the conserved charged
residues were indeed found to take part in specific conserved salt-bridge contacts, termed the matrix
network [37–42], in the 3D structure of the proteins [43,44]. The signature motif can be extended
in the C-terminal direction to include a proximal glutamine (Q) residue, which helps stabilize the
salt-bridge contacts on the matrix side of the carrier, forming the “Q brace” [44,45]. There is a similar
cluster of charged residues on the intermembrane side of the even-numbered TM helices, forming the
cytoplasmic salt-bridge network, where the charged residues of a (Y/F)(D/E)xx(K/R) motif engage in
salt-bridge contacts [42,44]. This network is stabilized by the so-called tyrosine (Y) brace, formed by the
hydrogen bonding of the tyrosine residues of the motif to these salt bridges [45]. A further sequence
motif, (Y/W/L/F)(K/R)GxxP, present in the connecting loop between each short matrix helix and the
following transmembrane helix, has been described, replacement of which disrupts the function of the
transporter [46]. In addition, close helix-helix contacts in the matrix-facing state are formed by two
conserved sequence motifs, πGπxπG on the odd-numbered, and πxxxπ on the even-numbered helices,
where π stands for a residue with a small side-chain [45,47,48]. Further details of these sequence motifs,
including their roles in the transport mechanism and a functional interpretation of individual amino
acid residues is covered in detail by Kunji et al. in this special issue. In particular, disease-causing
mutations in context of the 3D structure of SLC25 carriers and their sequence motifs are extensively
reviewed by Palmieri et al. in the present review series [49].

Interestingly, the sequence motif (QYKGxxDCxRK) in the short matrix helices has also been
described, which is only conserved in a subset of mitochondrial carriers, such as ADP/ATP
(SLC25A4–6, SLC25A31), aspartate/glutamate (SLC25A12–13), ornithine (SLC25A2, SLC25A15),
glutamate (SLC25A18, SLC25A22), and carnitine (SLC25A20) carriers, one ATP/Pi carrier (SLC25A24)
and three carriers with unknown function (SLC25A9, SLC25A34, SLC25A45) [50]. This motif was
proposed to harbor residues that go through post-translational modification thereby locally altering
the protein structure and thus modulating function. One example for this is acetylation at K163 of
SLC25A5 (AAC2), corresponding to the last residue of the motif, while the cysteine residue of the
motif might interact with oxidizing/reducing agents [50]. Further investigation is required to reveal
the precise functional role of this sequence motif.

Most SLC25 family proteins do not contain an MTS at their N-termini. Instead, they seem to hold
mitochondrial targeting information in all three segments of their three-fold repeat sequence [51,52].
SLC25 proteins are embedded into the IMM by the TIM22 machinery, as described in the previous
chapter. It was suggested that the three repeating segments of SLC25 proteins act in a cooperative
manner to facilitate receptor binding and translocation into mitochondria [53], nevertheless, a single
unit consisting of a matrix loop and the following transmembrane helix is enough for mitochondrial
localization [52]. The net positive charge of the short matrix loop helices have been shown to be
essential for import into mitochondria, and these regions are thought to interact with the Tom40
channel component of the TOM complex, which effectively functions as a selectivity filter [52].

Interestingly, certain SLC25 proteins, such as the mitochondrial phosphate carrier (SLC25A3)
and citrate/tricarboxylate carrier (SLC25A1) have been proposed to harbor an N-terminal MTS,
based on physicochemical composition of their N-terminal sequences and observation of mature
protein forms truncated at the anticipated cleavage site [31,54]. This is also partially supported by
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TargetP-2.0 predictions, which report an MTS of 49 amino acids with likelihood 0.5749 for SLC25A3,
exactly as anticipated from experiments where a protein fragment N-terminally truncated at the same
position was identified [31]. For SLC25A1, the presence of an MTS was predicted with likelihood
0.3753. Whether a functional N-terminal MTS is present in these proteins has not been investigated
experimentally. For all other human SLC25 proteins, the likelihood of an MTS at the N-terminus was
less than 0.17 according to TargetP-2.0 predictions.

3. SLC54—Mitochondrial Pyruvate Carriers (MPC)

The mitochondrial pyruvate carriers have been identified as IMM transporters responsible for
pyruvate uptake into the mitochondria [55,56]. MPC1 (SLC54A1) and MPC2 (SLC54A2) function as
heterodimers [56,57], while humans as well as other placental mammals also contain a paralog of
MPC1 called MPC1L (SLC54A3), the two sharing 48.2% sequence identity in human [58]. A detailed
discussion of the biological role and function of MPCs and their links to disease can be found in a
comprehensive review by Martinou et al. and Taylor et al. in this special issue.

MPCs have been predicted to harbor 2–3 transmembrane helices (TMHs) [55,56,59]. Interestingly,
they are unrelated to SLC25 carriers and instead have been shown to be homologous to the 3-TMH
repeating element in SWEET (“Sugars will eventually be exported transporters”) transporters [60,61],
which show a 3 + 1 + 3 TMH architecture [62,63]. Proteins from the SWEET family also exist
as homodimers of half-transporters encompassing the 3-TMH repeat, called SemiSWEET [62,64].
While there are relatively few studies on the structure and transport mechanism of MPCs, the structure
and mechanism of SWEET and SemiSWEET transporters are quite well described [62,65–69]. Based on
the suggested similarity, it can be speculated that the structure of a functional MPC transporter is
similar to those of the homodimers of SemiSWEET proteins, or a single protomer of a SWEET-fold
transporter. Based on this proposed similarity and the available structures for SWEET and SemiSWEET
transporters, it should be possible to interpret disease-causing mutations in a structural context in the
future, such as L79H and R97W in human SLC54A1/MPC1 [55,70,71].

Nevertheless, even without a structural context, one can analyze residue conservation in MPC
proteins based on sequence alignment and the help of the “MPC” (PF03650) domain from the
Pfam database [72]. The information of residue conservation encoded by profile hidden Markov
models (HMM) of Pfam domains can be visualized as a HMM logo by a suitable software, such as
Skylign [73] (Figure 2). We submitted the amino acid sequences of human SLC54A1–3 to three
different methods to predict the location of transmembrane regions (HMMTOP [74], SPOCTOPUS [75],
MEMSAT-SVM [76]) and secondary structural elements (PSIPRED [77]). Combining information
on conservation with transmembrane region prediction pinpoints possible conserved charged/polar
residues in transmembrane regions, which would imply that they might have a functional or structural
role. Such residues may be S52/S54/S68, R68/R70/R84, H84/H86/N100 in MPC1/MPC1L/MPC2,
respectively (Figure 2). Interestingly, residues N33/S35/K49 in MPC1/MPC1L/MPC2, respectively,
represent a position which shows slight preference for polar/charged residues, but is asymmetric between
MPC1/SLC54A1 and MPC2/SLC54A2 proteins, which could hint at a possible substrate-binding role [42].
We can also observe based on Figure 2 that the disease-associated mutation R97W [55] modifies an
amino acid at a location that is considerably conserved in the family with a preference for basic
sidechains, explaining the deleterious effects of the mutation. Intriguingly, the other currently known
point mutation, L79H, is located at a poorly conserved position, and so is not expected to have a direct
impact on the structure or function of the mature protein monomer. Several positions might contain
structurally important residues with a clear preference for aromatic sidechains, such as F27/F29/F43,
W28/W30/W44, W34/W36/W50, F66/F68/W82, F69/F71/Y85 in MPC1/MPC1L/MPC2, respectively.
The detailed investigation of these residues in future studies might reveal more about their role in
transporter function.
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Figure 2. Sequence analysis of human MPC (SLC54) proteins. The diagram above the alignment shows
the part of the HMM logo corresponding to the sequence (see text). At each position in the HMM logo,
higher columns correspond to higher sequence conservation, and letters are drawn proportional to
their frequency of occurrence at that position. Vertical lines in the HMM logo show positions with
non-zero insertion frequency. Transmembrane regions predicted by three different methods (HMMTOP,
SPOCTOPUS, MEMSAT-SVM) are marked by black lines. Green lines mark transmembrane regions
predicted to by pore-lining by MEMSAT-SVM. Secondary structure as predicted by PSIPRED is shown
as magenta lines (α-helix) and golden lines (β-strand). Uniprot sequence identifiers are shown next to
protein names for each sequence.

4. SLC56—Sideroflexins

Sideroflexin 1 (SLC56A1/SFXN1) has been described as the gene whose defects are responsible
for the flexed-tail mouse phenotype with sideroblastic anemia [78]. Later, it was found that
SLC56A1/SFXN1 plays a role in serine transport into the mitochondria, which in turn fuels one-carbon
metabolism [79]. SLC56A3/SFXN3 and SLC56A2/SFXN2 can compensate for this function, as well
as yeast and Drosophila homologues, indicating an ancestral function, while SLC56A4/SFXN4 and
SLC56A5/SFXN5 were unable to do so, indicating a possible altered transport rate or substrate
selectivity [79]. Regarding their mitochondrial targeting, sideroflexins do not show any canonical
MTS [78], and instead are targeted to the mitochondria via the TIM22 import complex [80–82],
similarly to SLC25 proteins.

Very little is currently known about the structure and function of sideroflexin transporters.
No structural homologs exist and, interestingly, no internal repeat symmetry has been described
for SLC56 proteins. Five transmembrane helices were proposed to be conserved among family
members and a few consensus motifs have been described [78]. Nevertheless, sequence analysis can
potentially hint at functionally important regions in SLC56 proteins. Since the 3D structure and thus
the membrane-spanning regions of SLC56 proteins are not known, we submitted the amino acid
sequences of human SLC56A1–5 to various methods to predict the location of transmembrane regions
and secondary structural elements as for MPC/SLC54 proteins. Interestingly, while four regions are
more-less robustly predicted as transmembrane by various methods (Figure 3, alignment positions
140–160, 175–195, 225–250, 260–285, marked as Region 3–6, respectively), there appears to be significant
inconsistency in predicting the first TM helical region (alignment region 75–125). The predictions by
HMMTOP suggest two distinct regions (alignment positions 75–100 and 105–125, marked Region
1 and 2), and a third region overlapping with the first two (alignment position 90–110). However,
the third region seems less likely due to the lack of sequence conservation as reported by the HMM
logo, and the probability of residue insertions in alignment region 100–105 (Figure 3). SPOCTOPUS
consistently does not report a TM segment in alignment region 75–125, while MEMSAT-SVM
consistently reports the presence of a TM segment in Region 1 (Figure 3). Interestingly, MEMSAT-SVM
also reports a sixth TM segment in Region 2 in SLC56A4, which is also predicted to be transmembrane
by HMMTOP. This region is predicted to be helical by PSIPRED, and marked as pore-lining by
SPOCTOPUS, likely hinting at its amphipathic nature. Region 2 also contains a sequence motif that is
seemingly conserved in the protein family, and that has been described as “asparagine rich” already
after the identification of SLC56A1/SFXN1 [78]. This motif could be described by the consensus
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WQWxNQSxNxxxN motif, where polar residues N, S and Q are in conserved positions. According
to PSIPRED predictions, occasional coil and strand content can occur near the second Q and second
N residues (Figure 3). Such local distortions of helical geometry typically signal the location of
substrate-binding sites in transmembrane transporter proteins [42,43,83,84], which, combined with
the conservation pattern of residues, suggests that this region could have a functional role. Given that
this putative functional region is often missed by transmembrane segment prediction software, while
region 75–100 is consistently predicted by MEMSAT-SVM as transmembrane, combined with the
presence of a non-conserved, insertion-prone region at 100–105, it is tempting to speculate that in fact
regions 75–100 and 105–125 constitute two independent transmembrane helices, leading to an overall
topology with six transmembrane helices in all SLC56 proteins.

Analysis of the other regions proposed as transmembrane also show remarkably conserved polar
or charged residues that might play a role in shaping transport function. In Region 1, a conserved Arg
residue is apparent from the HMM logo (Figure 3), corresponding to R92/R91/R91/R109/R108
in SLC56A1–5, respectively. Region 3 contains a conserved aromatic/hydrophobic residue
(Y151/Y150/Y150/L166/Y167 in SLC56A1–5, respectively). Region 4 shows the consensus sequence
pattern RxVPFxxVxxAxxxNxxxMR, of which P181/P180/P180/P201/P204 (SLC56A1–5, resp.)
are conserved, indicating a possible structural role, while the N192/N191/N191/N212/N215 residues
in the second half of the proposed transmembrane helix might play a functional role, and the
highly conserved basic residue R197/R196/R196/R217/R220, proposed to be at the edge of the
TM helix, might play a role in gating. Region 5 contains a conserved Ser-Arg (SR) motif with
R233/R232/R232/R253/R256 highly preferred to be basic. In Region 6, the sequence pattern
PxAxAxFPQ is apparent, with the first proline residue (P281/P280/P280/P301/P304, SLC56A1–5,
resp.) being highly conserved, suggesting the presence of a functionally or structurally relevant
kink in the transmembrane helix in this region. Interestingly, regions outside the predicted
transmembrane segments also contain seemingly conserved sequence motifs. The region just
N-terminal to the first predicted transmembrane segment (Region 1) harbors the HPDT motif that is
well conserved in human sideroflexin proteins and has been recognized early on [78]. The proposed
loop between Regions 4 and 5 also contains some remarkably conserved amino acid residues, such as
E200/E199/E199/E220/E223, S218/S217/S217/S238/S241, (in SLC56A1–5, resp.), which might play
a functional role; and G204/G203/G203/G224/G227, which could be important in maintaining
structure, such as close helix-helix contacts. Finally, the last five C-terminal residues of human
sideroflexin proteins contain the consensus sequence FNKGL of unknown function, with a highly
conserved glycine residue. Notably, no disease-linked genetic defects that modify a single amino acid
position have been described for SLC56 proteins so far, instead, only mutations causing frameshift
and/or premature termination have been reported [85].

Since the above descriptions are only based on computer predictions, they are speculative at
this point. However, given the current scarcity of structure-function studies on sideroflexin proteins,
these amino acid positions can be helpful to identify functionally relevant hot spots. These hypotheses,
however, await validation by future experimental studies.
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Figure 3. Sequence analysis of human sideroflexin proteins (SLC56 family). The HMM logo is
shown above the sequence alignment (see text). Vertical lines in the HMM logo show positions with
non-zero insertion frequency. Transmembrane regions predicted by three different methods (HMMTOP,
SPOCTOPUS, MEMSAT-SVM) are marked by black lines. Green lines mark transmembrane regions
predicted to by pore-lining by MEMSAT-SVM. Secondary structure as predicted by PSIPRED is shown
as magenta lines (α-helix) and golden lines (β-strand). Uniprot sequence identifiers are shown next to
protein names for each sequence.
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5. The SLC55/LETM Mitochondrial Cation/Proton Exchanger Family

LETM1 (SLC55A1) has had a controversial role, as it was first proposed to be a part of the
mitochondrial K+/H+ exchanger (KHE) pathway [86,87]. However, later, through a genome-wide
genetic screen, it was found to be responsible for altered Ca2+ levels in mitochondria [88],
and subsequently the purified LETM1 protein in liposomes was shown to mediate Ca2+/H+

exchange [88–90]. However, later it was argued that K+/H+ and unspecific and electroneutral
cation/H+ exchange better explain the effect seen upon knockout of LETM1 in model cells and
the effects seen in the mitochondria of model animals and patients with LETM1 deletion [91]. For a
more detailed review of mitochondrial K+ homeostasis, see the comprehensive reviews by Szabo et al.
and Szewczyk et al. in this special issue. Nevertheless, the structure of LETM1 was proposed to be a
hexamer and the predicted single TMH (alignment region 60–80 in Figure 4 [86]) contains a conserved
acidic residue (E221), the mutation of which causes loss of the ability for the protein to take up Ca2+ into
liposomes [90], which can be interpreted as E221 being part of the substrate-binding site. Interestingly,
this residue is not conserved in LETMD1/SLC55A3 (N151, Figure 4), while other polar residues are
present in the transmembrane region, such as S145, hinting at a substrate spectrum or a function that is
likely different from LETM1/SLC55A1 and LETM2/SLC55A2. Nevertheless, the transport mechanism
of the protein remains unknown, even though it has been shown that a change in external pH causes
conformational changes in LETM1 [90]. In the proposed transmembrane region of SLC55 proteins,
two proline residues seem to be conserved based on our sequence alignment and the HMM logo
(Figure 4, P211/P180/F140 and P219/P188/P148 in SLC55A1–3, respectively). Conserved proline
residues often signal positions with structurally important kinks in helices [92,93]. LETM1 contains
the mitochondrial signal peptide [90], similarly to LETM2 (likelihood 0.3338) and LETMD1 (likelihood
0.9889) according to TargetP-2.0 [94] predictions, indicating that SLC55 proteins likely get translocated
into the mitochondria via the TIM23 translocation complex. Currently, no single-point mutations
linked to disease have been reported for SLC55 proteins.

Figure 4. Sequence analysis of human LETM proteins (SLC55 family). HMM logo is shown over the
alignment, based on the “LETM1” HMM model from Pfam (see text). Only the alignment region
covered by the HMM model is shown. Certain non-conserved residue positions with ambiguous
matches with the protein sequences have been removed from the HMM logo.

6. ATP-Binding Cassette (ABC) Transporters in Mitochondria

Currently, 3 of the 48 human ATP-binding cassette (ABC) transporters have been shown to
be present in mitochondria, which are ABCB7, ABCB8 and ABCB10 (also known as ABC7 [95],
M-ABC1 [96], and M-ABC2 [97], respectively). ABCB6 has also been suggested to be a mitochondrial
transporter [98], but this has later been challenged [99,100]. The three mitochondrial ABC
transporter proteins, in contrast to solute carriers, contain a mitochondrial targeting sequence at
their N-termini [95–97,101], indicating that they are most likely translocated into the mitochondrial
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inner membrane via the TIM23 machinery. The presence of an N-terminal cleavable targeting signal is
also supported by TargetP-2.0 predictions (likelihoods 0.9634, 0.7184, and 0.207 for human ABCB7,
ABCB8, and ABCB10, respectively), while human ABCB6 was not predicted to contain a signal peptide
(likelihood 0.0001).

A yeast ABC transporter protein (Mdl1) showing considerable sequence similarity to human
ABCB proteins [102], was shown to use both the conservative Oxa1-mediated import machinery and
lateral release from the TIM23 complex to translocate to the IMM [20]. Based on this, it is likely
that human ABCB proteins also use the same pathway for mitochondrial targeting. In addition,
the homologous yeast Mdl2 protein and Atm1 (human ABCB7 ortholog) have also been suggested to
employ OXA-mediated membrane insertion into the IMM [103]. Nevertheless, while it is plausible
that human mitochondrial ABCB proteins also employ a similar mechanism, this has not yet been
experimentally studied.

ABCB transporters in the mitochondria are so-called “half transporters”, consisting of one
nucleotide-binding domain (NBD) and one transmembrane domain (TMD), with homodimeric
complexes forming the functional transporter unit. Recent structural studies of human ABCB10 [104]
and yeast Atm1 [105] have highlighted conserved sequence motifs that are located along cavities
forming the putative substrate-binding site in the TMD. Interestingly, they are not lying in overlapping
locations in the two different proteins. For human ABCB7, residues R315, R319, N378, N425, T429,
R432 and E433 (corresponding to R280, R284, N343, N390, S394, R397, D398 in yeast Atm1, respectively)
in TMH4, TMH5 and TMH6 near the cytoplasmic membrane interface have been proposed to take part
in substrate binding based on the yeast Atm1 structure with bound glutathione [105]. While one of
these positions, E433 have been found to be mutated to lysine in patients with X-linked sideroblastic
anemia (XLSA) [106], biochemical validation of these binding site residues is still missing [105].
For human ABCB10, a conserved signature sequence of (N/I)xxR (containing N229 and R232) and
NxxDGxR (containing N289, D292, R295) in TMH2 and TMH3, respectively, were found and have
been proposed to take part in substrate binding [104]. In the case of ABCB10, the missing identity of
the transported substrate hampers biochemical studies on the functional role of individual residues.
It has been proposed that ABCB10 transports an intermediate in the heme biosynthesis pathway [107].
Structure-function studies elucidating functionally relevant residues or sequence motifs of human
ABCB8 are still missing. In neither ABCB8 nor in ABCB10 have disease-linked single-point mutations
been described yet.

7. Mitochondrial Calcium Transport via SLC8 Family

SLC8B1 (NCLX, Na+/Ca2+/Li+ exchanger) was identified as the ion exchanger protein responsible
for the exit of Ca2+ from the mitochondria [108]. SLC8B1 is thought to exchange 3 Na+ ions for 1 Ca2+

ion based on similarity to other Na+/Ca2+ exchangers [109–111], and is unique in the property that Li+

ions can replace Na+ ions in transport [112]. Recently, it has been reported that Na+ taken up into the
mitochondrial matrix by SLC8B1 in exchange for Ca2+ derived from calcium precipitates upon matrix
acidification controls hypoxic signaling via the mitochondrial respiratory chain [113]. Specifically,
it was reported that the Na+ imported into the matrix reduces membrane fluidity through interaction
with phospholipids. This in turn was shown to lead to the generation of reactive oxygen species (ROS)
by altering certain elements of the electron transport chain, thereby promoting an adaptive short-time
elevation of mitochondrial complex III-dependent ROS production during acute hypoxia. Indeed,
inhibition of Na+ import via SLC8B1 was sufficient to prevent this pathway leading to adaptation to
acute hypoxia [113].

While the mechanism of mitochondrial targeting of SLC8B1 has not yet been studied, the sequence
of human SLC8B1 does not seem to contain a mitochondrial targeting sequence according to TargetP-2.0
predictions (likelihood 0.0016). This suggests that other internal targeting signals are present that
direct the protein into the mitochondria, possibly similarly to SLC25, MPC and sideroflexin proteins.
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Disease-releated mutations have not been reported for SLC8B1 thus far. However, residues
responsible for the unique Li+-exchange capacity of SLC8B1 have been investigated in detail. Based on
the determined structure of an archaeal NCX homologue, NCX_Mj, it was found that only 3 of the 12
ion-coordinating residues were shared with human SLC8B1 [114]. By mutating the 9 different residues
to their human counterparts, it was possible to engineer a mutant of NCX_Mj that can also mediate
Li+-dependent Ca2+ exchange [114]. In a later study, it was found that mutation of residue D471 to
alanine can shift the selectivity toward Na+, while mutations at several positions can render SLC8B1
a Li+-selective exchanger [115]. All these positions cluster close to the Na+-binding sites shown by
the X-ray structures of NCX_Mj [116,117] and the homologous H+/Ca2+ exchanger CAX_Af from the
euryarchaeota A. fulgidus [118].

8. Additional Families with Members Proposed to be Localized in the IMM

8.1. The SLC9 Na+/H+ Exchanger Family

SLC9B2 (NHA2, Na+/H+ antiporter 2) might localize to the mitochondria [119,120], but this has
been disputed [121]. Otherwise, SLC9B2 is more similar to prokaryotic Na+/H+ exchangers (NHEs)
than to eukaryotic ones [121], and is the only human member of the Cation/Proton Antiporter 2
(CPA2) subfamily [122]. SLC9B2 does not seem to contain a MTS according to TargetP-2.0 predictions
(likelihood 0).

8.2. The SLC1 Glutamate/Neutral Amino Acid Transporter Family

A splice variant of SLC1A5 (SLC1A5_var) was recently reported to have a mitochondrial
localization and to function as the “long sought-after mitochondrial glutamine transporter” [123].
However, several inconsistencies urge us to treat this conclusion with caution. Firstly, the software the
authors used for signal peptide detection (PrediSi) is designed to detect the signal peptides of proteins
secreted through the Sec pathway [124], and is therefore unsuitable to detect a MTS. In contrast,
methods that were specifically developed to detect MTS, such as TargetP-2.0, do not detect the presence
of an MTS in SLC1A5_var (likelihood 0). Furthermore, the antibodies used by the authors to detect
SLC1A5_var are claimed to “recognize the SLC1A5_var after peptide-N-glycosidase F (PNGase F)
treatment” [123]. However, the only N-linked glycosylation sites on SLC1A5 are N163 and N212 [125],
which are present in exon 1 that is in fact not present in the splice variant SLC1A5_var. Therefore,
PNGase F treatment should not affect SLC1A5_var recognition. Due to the missing N-glycosylation
sites, it is also likely, contrary to what the authors claim, that SLC1A5_var is not glycosylated. Finally,
SLC1A5_var, in line with what is reported by the authors in their Figure 1A, is missing residues 2–203
of, but is otherwise identical to, canonical SLC1A5. According to sequence alignment of human SLC1
family members and the structure of a thermostable variant of the paralogous human SLC1A3 [126],
this would mean that SLC1A5_var is missing the first 4 TMHs of the transporter protein, constituting
most of the scaffold subdomain of the transporter. The importance of this region in transport is
underlined by the fact that TMH3 forms part of the binding site for the allosteric SLC1A3 inhibitor
UCPH101, and TMH1 has been proposed to interact extensively with the lipid bilayer, harboring a
possible lipid-binding site [126]. Thus, these regions are likely to be important in SLC1A5 as well,
and it is questionable whether SLC1A5_var could function as a transporter with such an N-terminal
truncation. Therefore, given the above-mentioned issues with the antibody used and the detection of
an MTS, it is somewhat doubtful whether SLC1A5_var is truly a mitochondrial glutamine transporter.
As an alternative, glutamine may be converted to glutamate in the mitochondrial intermembrane
space via the phosphate-dependent glutaminase GLS [127] that is thought to be attached to the outer
surface of the inner mitochondrial membrane [128]. Glutamate that is generated may then cross the
IMM by the mitochondrial glutamate carriers SLC25A22 or SLC25A12. On the other hand, should
GLS face the intra-mitochondrial matrix, a mitochondrial glutamine carrier is required. The need for
such a carrier has been reviewed in detail in [129]. However, to clarify this subject matter, a conclusive
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subcellular localization study of GLS in the mitochondrial inner membrane is still required, in order to
reveal whether the enzyme is active on the intermembrane space or within the mitochondrial matrix.

9. Conclusions and Open Questions

The spectrum of primary and secondary active transporters in the mitochondrial inner membrane
has greatly broadened in the past decade through the functional identification of mitochondrial
pyruvate carriers, sideroflexins, and other mitochondrial transporters such as SLC8B1. This plurality
of IMM transporters that show marked dissimilarity to SLC25 carriers, with no apparent common
evolutionary history to the SLC25 family, hints that many other, as of yet unidentified secondary
transporter families could exist in mitochondria. For the classical SLC25 mitochondrial carriers,
their structure, targeting mechanism and transport properties are quite well-studied, but for the more
recently identified proteins, structural information, and a general understanding of their transport
mechanisms are still lacking. Interestingly, the sideroflexin (SLC56) protein family seems to share no
significant sequence similarity to any protein with a known structure, and is therefore likely to possess
a yet undescribed and novel structural fold. Further studies would be needed to clarify residues
involved in substrate binding for sideroflexins. Another structurally enigmatic family of proteins are
the LETM/SLC55 transporters, which likely function in a hexameric unit that can change conformation
upon changes in pH, which can be a basis for an alternating-access mechanism [90]. Nevertheless,
the transport mechanism of any single-helix membrane-spanning ion exchanger such as LETM1 has not
been described yet. Despite the lack of information on many of these proteins, we aimed to summarize
sequence elements involved in targeting and function of mitochondrial transporters, and have
also suggested residues that could have a functional relevance based on sequence analysis of less
well-characterized transporter families. The subsequent verification of the resulting hypotheses could
greatly contribute to our understanding of their transport mechanisms. In this review, we have omitted
the discussion of disease-causing mutations of SLC25 carriers, as these have been reported in detail in
other articles of the present review series [49]. However, for non-SLC25 proteins, we have discussed the
limited number of point mutations that are known to be linked to disease and involve single-residue
changes. For these proteins, on the one hand, more information about their biological role and disease
involvement would be desirable. On the other hand, for some transporters, e.g., pyruvate carriers of
the SLC54 family, structural model building could help understand their transport mechanism and
interpret certain disease-associated mutations. These endeavors can also potentially aid the generation
of therapeutic modulators for future clinical applications.
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Abstract: The voltage-dependent anion channel 1 (VDAC1) protein, is an important regulator of
mitochondrial function, and serves as a mitochondrial gatekeeper, with responsibility for cellular fate.
In addition to control over energy sources and metabolism, the protein also regulates epigenomic
elements and apoptosis via mediating the release of apoptotic proteins from the mitochondria.
Apoptotic and pathological conditions, as well as certain viruses, induce cell death by inducing
VDAC1 overexpression leading to oligomerization, and the formation of a large channel within
the VDAC1 homo-oligomer. This then permits the release of pro-apoptotic proteins from the
mitochondria and subsequent apoptosis. Mitochondrial DNA can also be released through this
channel, which triggers type-I interferon responses. VDAC1 also participates in endoplasmic
reticulum (ER)-mitochondria cross-talk, and in the regulation of autophagy, and inflammation.
Its location in the outer mitochondrial membrane, makes VDAC1 ideally placed to interact with
over 100 proteins, and to orchestrate the interaction of mitochondrial and cellular activities through
a number of signaling pathways. Here, we provide insights into the multiple functions of VDAC1
and describe its involvement in several diseases, which demonstrate the potential of this protein as a
druggable target in a wide variety of pathologies, including cancer.

Keywords: apoptosis; cancer; diseases; metabolism; mitochondria; VDAC1; virus

1. Mitochondria as Signaling Hubs

Mitochondria as cellular energy powerhouses provide a central location for the multiple metabolic
reactions required to satisfy the energy and biomolecule demands of cells, and serve to integrate
the diverse metabolic pathways and provide cells with metabolic flexibility. The appreciation of
mitochondria as sites of biosynthesis and bioenergy production has dramatically expanded in recent
years, and they are now known to play a crucial role in almost all aspects of cell biology and to
regulate cellular homeostasis, metabolism, innate immunity, apoptosis, epigenetics, cellular fate,
and more [1,2]. Mitochondrial dysfunction induces stress responses, which link the fitness of this
organelle to the condition of the whole organism. These functions typically center around the metabolic
traffic in and out of the mitochondria, and they are likely to contribute to the exceptional variability
of mitochondrial disease manifestations. The voltage-dependent anion channel 1 (VDAC1) protein,
which is located in the outer mitochondrial membrane (OMM), serves as a gatekeeper that can regulate
the metabolic and energetic cross-talk between mitochondria and the rest of the cell, and plays a role in
mitochondria-mediated apoptosis [3–5].

Other different aspects of VDAC1 structures [6] and functions, such as in cell stress [5],
Ca2+ regulation [7,8], metabolism [5], and apoptosis [7,9], and as a therapeutic target [10–15],
were presented in ours and others’ recent reviews.
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2. VDAC1 Structural Elements: The N-Terminal Domain and Its Oligomeric State

Three mammalian isoforms of VDAC (VDAC1, VDAC2, and VDAC3) that share a number of
functional and structural attributes have been identified [16–18]. Information about VDAC isoform
function and structure was obtained from channel activity of purified and reconstituted protein
and, using cell-based assays for survival, metabolism, reactive oxygen species (ROS), and cellular
Ca2+ regulation, and by gene knockout mouse models [17]. VDAC1 is the most abundant isoform
and the focus of this review. VDAC2 knock out is lethal and is considered to be an anti-apoptotic
protein. VDAC3 is the least known, active as channel. While VDAC 1 contains two cysteines,
VDAC2 and VDAC3, with nine and six cysteines, respectively, are proposed to function as oxidative
stress sensors [17]. The crystalline structure of the most prevalent and studied isoform, VDAC1,
was solved at atomic resolution, revealing a β-barrel composed of 19 transmembrane β-strands
connected by flexible loops. The β1 and β19 strands, together, are arranged in parallel, where the
N-terminal region (26-residues) lies inside the pore [19–21], but can flick out of it [22,23] and interact
with hexokinase (HK) [4,5,24–30], Aβ [31,32], and other proteins, such as the anti-apoptotic proteins,
Bcl-2 and Bcl-xL [4,27,33–37]. Thus, this region of the protein is well positioned to regulate the traffic
of materials through the VDAC1 channel [19,21].

The diameter of the channel pore has been estimated as 2.6–3.0 nm [19], but this can decrease
to about 1.5 nm when the N-terminal flexible region is located inside the pore [19–21]. The sequence
of rich with glycine residues (21GlyTyrGlyPheGly25) [19–21] connecting the N-terminal region to β1
strand is thought to confer the flexibility needed for this region to move in and out of the VDAC1
channel [23]. This mobility has been reported to be important for channel gating, dimerization of
VDAC1 [23], and interaction with HK and members of the apoptosis regulating Bcl-2 family (i.e., Bax,
Bcl-2, and Bcl-xL) [23,27,33,34,38,39].

Membranal and purified VDAC1, can form dimers, trimers, tetramers, hexamers, and higher-order
oligomeric forms [4,30,40–47] through contact sites that have been identified [48]. We have demonstrated
this oligomerization to be a dynamic process that occurs in response to a variety of apoptotic stimuli,
acting through a range of signaling processes [28,40,42,44,45,47,49–54], as presented below (Section 5.1).

3. VDAC1 Extra-Mitochondrial Localization, Function, and Association with
Pathological Conditions

In addition to the mitochondrial membrane, VDAC has also been detected in other cell
compartments [16,55–65], including the plasma membrane [16,57], the sarcoplasmic reticulum (SR) of
skeletal muscles [66], and the endoplasmic reticulum (ER) of the rat cerebellum [64,67].

Antibodies raised against the N-terminus of VDAC1 interacted with the plasma membrane of
bovine astrocytes and blocked a high conductance anion channel [61]. Interestingly, when detected in
the plasma membrane (pl-VDAC1), the amino acid residues that were exposed to the cytosol in the
mitochondrial protein were found to face the extracellular space [55,60,68–71]. This was demonstrated
in epithelial cells, astrocytes, and neurons [56,57] and in differentiated hippocampal neurons [55].
VDAC1 has also been identified in the brain post-synaptic membrane fraction [60] and in the caveolae or
caveolae-related domains of established T lymphoid-like cell lines [58]. The protein has also been found
to participate in the multi-protein complexes found in lipid rafts, together with the estrogen receptor α
(mERα) and insulin-growth factor-1 receptor (IGF-1R) [58,62–64]. In red blood cells that do not possess
mitochondria, VDAC1 has been found in the endoplasmic reticulum, and Golgi apparatus [59].

The plasma membrane form of VDAC1 may have an extended N-terminal signal peptide which
is responsible for its targeting to the cell membrane [71,72]. Alternatively, the human plasminogen
kringle 5 (K5) may induce translocation of VDAC1 to the cell surface, where the protein was recently
identified as the receptor for K5 on HUVEC membrane [73,74]. Additional mechanisms, such as the
presence of alternative mRNA untranslated regions, have also been suggested [57,64].

The levels of pl-VDAC1 were reported to be increased under pathological conditions such
as Alzheimer’s disease (AD) [75–77], where it has been suggested that pl-VDAC1 serves as an
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”amyloid-regulated” apoptosis related channel [62,63,65]. We recently described a direct interaction
between Aβ and the N-terminal region of VDAC1, and demonstrated that VDAC1 is required for
Aβ entry into the cells [78,79] and apoptosis induction [31,32]. We have also recently demonstrated
that VDAC is overexpressed in type 2 diabetes (T2D) [80–83] and mistargeted to the β-cell plasma
membrane [84]. This overexpression under pathological conditions is also seen in cancer [3,15,85,86],
autoimmune diseases such as lupus [87], non-alcoholic steatohepatitis (NASH) [88], inflammatory
bowel disease (IBD) (unpublished data), and cardiac diseases [89,90], as presented below (Section 8).

The exact functions of extra-mitochondrial VDAC are unknown, although several possible roles
have been proposed (reviewed in [64,91,92]), and include regulation of tissue volume in the brain [61],
and other cell types [70,93,94], or release of ATP in β-cells [84] and in human erythrocytes [95].

4. VDAC1, a Multi-Functional Channel Controlling Cell Energy, Metabolism,
and Oxidative Stress

To reach the mitochondrion matrix or to be released to the cytosol, all metabolites and ions must
traverse the OMM via VDAC1, the sole channel mediating the flux of ions, nucleotides, and other
metabolites up to ~5000 Da. In this way, VDAC maintains control of the metabolic and ion cross-talk
between the mitochondria and the rest of the cell (Figure 1). Nucleotides and metabolites transported
include pyruvate, malate, succinate, and NADH/NAD+, as well as lipids, heme, cholesterol, and ions
such as Ca2+ [3–5,96]. In contrast, there are over 50 mitochondrial substrate-specific carrier proteins of
the family solute carrier family 25 (SLC25) in the inner mitochondrial membrane (IMM), such as the
(ADP/ATP) antiporter, the adenine nucleotide translocator (ANT), the transporter of Pi (PiC), as well
as transporters of aspartate/glutamate, pyruvate, acyl carnitine, and citrate, among others [97].

Closure [98] or down-regulation of VDAC1 channel expression reduced the exchange of metabolites
between the mitochondria and the rest of the cell and inhibited cell growth [86,99], indicating the
importance of the protein to the maintenance of physiological cellular function.

As already described, the mitochondria are the energy source of the cell. They are responsible for
the ATP generated during glycolysis and oxidative phosphorylation (OXPHOS). This is then exported
to the cytosol and exchanged for ADP, which is recycled again in the mitochondria to generate ATP.
This shuttling process that also involves ANT and creatinine kinase (CrK), located between the IMM
and OMM [100], and may be regulated by tubulin αβ heterodimers [101], but it is ultimately facilitated
by VDAC1, which thereby controls the electron transport chain [4] (Figure 1) and the energy state of
the cell [98].

In addition to ATP, VDAC1 is also involved in the transfer of a number of other essential
molecules across the OMM. These include Ca2+, cholesterol, fatty acids, and reactive oxygen species
(ROS). Controlling the flow of Ca2+ allows VDAC1 to regulate mitochondrial Ca2+ homeostasis,
oxidative phosphorylation, and Ca2+ cross-talk between the VDAC1 in the OMM and the IP3 receptor
in the ER. This takes place through the mitochondria associated membranes (MAM) and involves the
chaperone GRP75 [67,102,103].

VDAC1 [104] is a necessary component of the cholesterol transport multi-protein complex,
the transduceosome, composed of the translocator protein (TSPO), and the steroidogenic acute
regulatory protein (STAR) [88,105] (Figure 1).

VDAC1 is also part of a complex mediating the transport of fatty acids through the
OMM [88,105,106] composed of carnitine palmitoyltransferase 1a (CPT1a), which faces the
intermembrane space (IMS), and the long chain acetyl coenzyme-A (acyl-CoA) synthetase (ACSL)
protein. Once activated by ACSL, VDAC1 transfers acyl-CoAs across the OMM to the IMS, where they
are converted into acylcarnitines by CPT1a (Figure 1). They are then transferred across the IMM
by carnitine/acylcarnitine translocase, and converted back into acyl-CoA by CPT2 in the IMM, and,
subsequently, undergo β-oxidation in the matrix [105,107]. In this respect, VDAC1 has recently been
reported to serve as a lipid sensor [108]. Finally, VDAC is also involved in regulating oxidative stress [5].
ROS formed by reaction with O2•

− at complex III are released through VDAC1 where they activates
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c-Jun N-terminal kinase (JNK), the extracellular signal-regulated kinase (ERK 1/2), and p38, members of
the mitogen-activated protein kinase (MAPK) family of serine/threonine kinases whose signaling
may be detrimental to mitochondrial function [109,110]. Importantly, ROS release and consequent
cytotoxicity are decreased when HK-I and HK-II bind to VDAC1 [111–114].

’ –

Aβ and the N terminal region of VDAC1, and demonstrated that VDAC1 is required for Aβ entry 

– β
 

β-

–

 

to the IMS, for conversion into acylcarnitine by CPT1a for further processing by β

Figure 1. Voltage-dependent anion channel 1 (VDAC1) as a multi-functional channel mediates
metabolites, nucleotides, and Ca2+ transport, controlling energy production, endoplasmic reticulum
(ER)-mitochondria cross-talk, and apoptosis. VDAC1 is responsible for a number of functions in
the cell and mitochondria including: (A) transfer of metabolites between the mitochondria and
cytosol; (B) passage of Ca2+ to and from the intermembrane space (IMS) to facilitate Ca2+ signaling;
(C) Mitochondrial antiviral-signaling protein (MAVS) associated with VDAC1 enable anti-viral signaling.
(D) Transfer of acetyl coenzyme-A (acyl-CoAs) across the outer mitochondrial membrane (OMM) to the
IMS, for conversion into acylcarnitine by CPT1a for further processing by β-oxidation. Together with
Star and translocator protein (TSPO), VDAC1 forms the multi-protein transduceosome, which transports
cholesterol. (E) Recycling ATP/ADP, NAD+/NADH, and acyl-CoA between the cytosol and the IMS,
and regulating glycolysis via association with HK; (F) contributing to ER-mitochondria contacts,
where Ca2+ released by IP3 activation of inositol 1,4,5-trisphosphate receptors (IP3R) in the ER is
directly transferred to IMS via VDAC1, and then is transported to the matrix by the Ca2+ uniporter
(MCU complex). In the matrix Ca2+ regulates energy production via activation of the tricarboxylic
acid cycle (TCA) cycle enzymes: pyruvate dehydrogenase (PDH), isocitrate dehydrogenase (ICDH),
and α-ketoglutarate dehydrogenase (α-KGDH). The electron transport chain (ETC) and the ATP
synthase (FoF1) are also presented. (G) VDAC1 oligomers forming a hydrophilic protein-conducting
channel capable of mediating the release of apoptogenic proteins (e.g., Cyto c and apoptosis-inducing
factor (AIF)) from the mitochondrial IMS to the cytosol, leading to apoptosis. (H). VDAC1 oligomers
allow mtDNA release triggering inflammasome activation. Pathological conations lead to dysfunction
of the mitochondria as reflected in the activities presented in the box on the right. These altered activities
can be prevented by VDAC1-interacting molecules, such as DIDS, VBIT-4 and VBIT-12.

VDAC1 is also affected by hypoxic conditions. The C-terminal end of VDAC1 is cleaved
(VDAC1-∆C), with silencing of hypoxia inducible factor 1A (HIF-1α) prevents such cleavage [115,116].
This formation of VDAC1-∆C, is thought to prevent apoptosis and permit the maintenance of ATP and
cell survival in hypoxia [117].

As described, the location of VDAC1 in the OMM provides the perfect opportunity to preside
over the traffic of metabolites between the mitochondria and the cytosol, where it interacts with
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other proteins in order to orchestrate and integrate mitochondrial functions with other cellular
activities [3,4,30,41,42,118,119] (Figure 1).

VDAC1 activities are modulated by Ca2+, ATP, glutamate, and NADH, as well as by a variety of
proteins (see Section 7) [120–123]. Using a photo-reactive ATP analog, we identified three potential
nucleotide binding sites [122]. Subsequent NMR spectroscopy and site-directed mutagenesis revealed
that hVDAC1 possesses one major binding region for ATP, UTP, and GTP that is formed by the
N-terminalα-helix, the linker connecting the helix to the firstβ-strand, and adjacent barrel residues [124].
The crystal structure of mouse VDAC1 in the presence of ATP, revealed an additional low-affinity
binding site [125]. With respect to a high and low affinity ATP binding site, it should be noted that the
cellular concentration of ATP is 1–2 mM.

In addition, Ca2+ binds to VDAC1 although the physiological function of this connection is not
clear. Binding of Ca2+ to purified and bilayer reconstituted VDAC1 maintained the channel in an open
configuration, which could be useful in upregulating the exchange of metabolites [126]. The divalent
cation-binding sites bind the lanthanides, La3+ and Tb3+, as well as ruthenium red (RuR), and its
analogue Ru360 [127–129], the photo-reactive analogue azido ruthenium (AzRu) [130]. All reduce the
conductance of native, but not mutant, VDAC1.

VDAC1 undergoes all known types of post-translational modifications (PTMs), including nitrosylation,
acetylation, carbonylation, and phosphorylation (124). TVDAC1 contains two cysteines; Cys232 is
found in the carboxyamidomethylated form, while Cys127 is in the oxidized form of sulfonic acid [131].
VDAC1 possesses several potentially phosphorylatable serine and threonine residues, many of which
have indeed been shown to undergo phosphorylation [132–134] by protein kinase A (PKA) [133],
protein kinase C (PKC)ε [132], and GSK3b [135]. Both VDAC1 and VDAC2 are phosphorylated at a
specific Tyr residue under hypoxic conditions [134].

Under pathological conditions, such as oxidation, aging, or after ischemic reperfusion injury,
VDAC was shown to undergo nitration [136–138], while the protein undergoes carbonylation in the
Alzheimer’s disease-affected brain or after exposure to acrolein, produced by lipid peroxidation [139].

5. VDAC1, at the Nexus of Mitochondria-Mediated Apoptosis, and mtDNA Release

Mitochondria play a crucial role in the induction of apoptosis [140]. Changes in the permeability
of the mitochondrial membrane in response to an apoptotic signal facilitate the release of
apoptogenic proteins, including apoptosis-inducing factor (AIF), cytochrome c (Cyto c), and second
mitochondria-derived activator of caspase and Direct lnhibitor of apoptosis-cinding protein with low
pI (SMAC/Diablo) crossing the OMM into the cytoplasm [3,140]. Once in the cytosol, Cyto c and
SMAC/Diablo stimulate a caspase activating cascade, and AIF translocates to the nuclease where
it activates nucleases and initiates a sequence of events leading to the degradation of proteins and
DNA, and cell death. The release of the apoptogenic proteins is thought to be through a channel
in the mitochondrial membrane, which may be composed of Bax and/or Bak oligomers [141,142],
hetero-oligomers of VDAC1 and Bax [143,144], or VDAC1 oligomers [28,30,33,40–42,47,50,51] (Figure 1)
(for reviews, see [4,28,30]). In this context, reconstituted liposomes containing purified VDAC1 have
been shown to release encapsulated Cyto c to the external medium [37,47,145].

VDAC1 promotes apoptosis by mediating the release of apoptosis-causing proteins through an
oligomeric channel. However, VDAC1, can also regulate the process by interacting with anti-apoptotic
proteins [3–5,42] providing an additional measure of apoptosis control.

The crucial role of VDAC1 in apoptosis induction is demonstrated by the effects of VDAC1
silencing or over-expression [4,24,29,33,44,146–148]. Over-expression of VDAC1 was shown to induce
apoptosis in all cell types [24,29,51,146–148], and cell death could be prevented by reagents such as
RuR [29,149], 4,4 diisothiocyanostilbene-2,2-disulfonic acid (DIDS), 4-acetamido-4-isothiocyanato-stilbene-2,
2-disulfonic acid (SITS), 4,4′ diisothiocyanatodihy-drostilbene-2,2′-disulfonic acid (H2DIDS),
4,4′-dinitrostilbene-2,2′-disulfonic acid (DNDS), or diphenylamine-2-carboxylate (DPC) [54] that interact with
VDAC1 [24,29,33,44,51,146–148], or by the overexpression of anti-apoptotic proteins such as Bcl2 and
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HK-I [24,26,29]. As a corollary, reducing VDAC1 expression with siRNA negated cisplatin-induced
apoptosis and Bax activation in non-small cell lung cancer (NSCLC) cells [150], reduced apoptosis
induced by endostatin [151], and inhibited selenite-induced permeability transition pore (PTP) opening
in HeLa cells [152].

5.1. Oligomerized VDAC1 Releases Cyto c, AIF, and SMAC/Diablo

Nucleotides and small molecules up to 5 kDa can pass through the VDAC1 pore, but not
a folded protein like Cyto c (12 kDa). Therefore, we proposed that VDAC1 oligomerization can
form a large channel, able to export pro-apoptotic proteins IMS to the cytoplasm to initiate
apoptosis [24,28,30,33,40–42,44,47,50,51,145]. This change in VDAC1’s structural state occurs in
response to pro-apoptotic stimuli such as curcumin, As2O3, etoposide, cisplatin, selenite, H2O2,
or UV light. Even in the absence of stimuli, overexpression of VDAC1 shifts the equilibrium towards
oligomerization and, this led to apoptosis in several tested cell types [24,29,33,44,51,146–148].

The oligomerization process is significantly affected by the lipid composition of the OMM [153],
and is enhanced by p53 [154].

As already described, a number of materials that interact with VDAC1 can interfere with
oligomerization and attenuate the resultant apoptosis. Two new compounds we have developed,
AKOS-022 and VBIT-4, similarly interact with VDAC1 to reduce its oligomerization and subsequent
apoptosis induced by a variety of stimuli in various cell lines [53]. Importantly these new molecules
protect against mitochondrial dysfunction, specifically restoring the membrane potential of the
mitochondria, which is altered by apoptotic stimuli, thereby reversing energy and metabolic
changes, decreasing the production of ROS, and maintaining physiological levels of intracellular Ca2+.
Inhibiting the initiation of apoptosis at an early stage by inhibiting VDAC1 oligomerization may
represent an effective approach to prevent or slow the enhanced apoptosis seen in neurodegenerative
disorders [155,156] and various cardiovascular diseases [157–159].

All of these observations suggest the presence of a dynamic equilibrium in which VDAC1 shifts
from a monomeric form towards oligomerization in response to pro-apoptotic stimuli or VDAC1
overexpression. In this way, the levels of VDAC1 expression and oligomerization are possible targets
for intervention in mitochondrial-mediated apoptosis.

5.2. Release of Mitochondrial DNA (mtDNA) through the VDAC1 Channel

Human mitochondrial DNA (mtDNA) is a circular molecule of 16,569 bp, that encodes
13 polypeptides, as well as the 22 tRNAs and two rRNAs that are required for their translation [160].
The noncoding region (NCR) regulates transcription and translation of the mtDNA.

Many mtDNA genomes possess a third, linear strand region in the major NCR, which forms a
triple-stranded structure known as the mitochondrial displacement loop, or D-loop. Although the
precise function of the mitochondrial D-loop is unclear, a number of proposed options include
DNA topology, replication, recombination, membrane association and dNTP metabolism [161].
The region is known to include promoter for adjacent transcripts possessing a high level of sequence
variability, and has been associated with certain cancers, as well as aging in skeletal muscles, and skin
fibroblasts [161].

Alteration in mtDNA content can impair cell metabolism and the innate immune system,
including elevating the expression of interferon-stimulated genes [162].

Recently, we demonstrated that short mtDNA fragments, corresponding to a region within the
D-loop, crossed the OMM and were released into the cytosol via the oligomerized VDAC1 channel
and then triggered type-I interferon signaling and increased disease severity in a systemic lupus
erythematosus (SLE) mouse model [87]. We also showed that our novel molecule VBIT-4 could inhibit
this process [87]. Thus, inhibiting VDAC1 oligomerization and preventing mtDNA from passing
through the OMM may represent a novel strategy for treating not only autoimmune diseases, such as
SLE, but also other diseases.
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A number of studies have now reported that viruses damage the host cell mtDNA to control the cell.
For example, the Zta protein encoded by the Ebola virus translocates into the mitochondria and affects
mtDNA replication [163]. Similarly, hepatitis C virus (HCV) infection leads to mtDNA damage [164],
and the herpes simplex virus produces UL12.5 protein leading to mtDNA degradation [165], while HIV
and hepatitis C virus infections cause mtDNA depletion in co-infected patients [166].

These observations are interpreted to indicate the importance of the mtDNA and the integrity of
mitochondria and their metabolism for a variety of human pathologies.

5.3. VDAC1 Overexpression and Induction of Apoptosis

As already described, overexpression of VDAC1 is associated with apoptosis [3]. Levels of VDAC1
expression may be increased by a variety of agents, for example, in A375 human malignant melanoma
cells by the tyrosinase inhibitor arbutin (hydroquinone-O-beta-D-glucopyranoside) [167], but increases
in expression were also seen in acute lymphoblastic leukemia (ALL) cell lines following prednisolone
treatment [168]. Other examples are listed in Table 1. Interestingly, cisplatin upregulated VDAC1
expression in a cisplatin-sensitive cervix squamous cell carcinoma cell line (A431), but down-regulated
VDAC1 in a cisplatin-resistant cell line (A431/Pt) [169]. Pyrroloquinoline quinone (PQQ), an essential
micronutrient [170] found in fruits and vegetables and cocoa powder has also been demonstrated to
increase VDAC1 expression, but this was attributed to the induction of mitochondrial biogenesis [171].

Table 1. Compounds and conditions inducing VDAC1 overexpression and cell death.

No. Compound Ref. No. Compound Ref.

1 Prednisolone1 [168] 11 Etoposide [51]

2 Cisplatin [51,169] 12 Selenite [51]

3 Arsenic trioxide (As2O3) [51] 13 A23187 [51]

4 Arbutin (hydroquinone-
O-β-D glucopyranoside) [167,172] 14 Somatostatin [65,173]

5 Hepatitis E virus ORF3 protein [174] 15 H2O2 [51]

6 UV irradiation [175] 16 Thapsigargin [51]

7 Mechlorethamine and its
derivative, melphalan [176] 17 Ionomycin [51]

8 Vacuolating cytotoxin [177] 18 Vorinostat [51,178]

9 Quinocetone [179] 19 DSS (unpublished data)

10 Endostatin [151] 20 Pyrroloquinoline quinone (PQQ) [171]

21 Plasminogen kringle 5 (PK5) [74]

VDAC1 has been identified as a receptor of plasminogen kringle 5 (K5) known to display a
potent anti-angiogenesis effect through inducing endothelial cell (EC) apoptosis. It is proposed that K5
induces apoptosis by up-regulating VDAC1 expression level via inhibiting the ubiquitin-dependent
degradation of VDAC1 by promoting its phosphorylation through AKT-GSK3 pathway. In addition,
K5 promoted translocation of VDAC1 to the plasma membrane where it binds to K5 [74].

The mechanism for up-regulation of the expression of VDAC1 is thought to involve an increase in
the intracellular concentration of ionized calcium ([Ca2+]i), [7,8,50,51]. Increasing the [Ca2+]i directly by
the addition of A23187, ionomycin, or thapsigargin also upregulated VDAC1 expression, and promoted
oligomerization, and apoptosis [50,51,109]. As a corollary, chelating Ca2+ with BAPTA-AM and
thereby reducing [Ca2+]i, inhibited the overexpression and oligomerization of VDAC1, and subsequent
apoptosis. This process of overexpression of VDAC1 induced by apoptosis stimuli, stress conditions,
and pathological conditions leading to oligomerization and triggering apoptosis [40,41] is presented
in Figure 2.
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Figure 2. Sequence of events leading to VDAC1 overexpression, oligomerization, and apoptosis.
Apoptosis stimuli or pathological conditions enhance VDAC1 expression via Ca2+ or transcription
factors (TFs) activating promoter, leading to VDAC1 transcription.

The increase in VDAC1 transcription is a result of modulation of the interaction between
transcription factors (TFs) and the VDAC1 promoter, or possibly by alterations in the expression of
specific microRNA. We therefore propose that the expression of VDAC1 may represent a new possibly
general mechanism of action by which inducers of apoptosis and pathological conditions upregulate
the expression of VDAC1 (Figure 3).
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Figure 3. Proposed model for the mechanism of action for activators of the VDAC1 promoter leading
oligomerization, and apoptosis. (A) Apoptotic stimuli act either by directly activating the VDAC1
promoter or by stimulating the activity of TFs, thereby inducing VDAC1. Ca2+ directly or via a TF leads
to promoter activation. (B) Overexpressed VDAC1 shifts the equilibrium to the VDAC1 oligomeric
state, mediating the release of apoptogenic proteins, and leading to apoptosis. VDAC1-interacting
molecules such as VBIT-4, inhibit VDAC1 oligomerization and apoptosis.

6. VDAC1, Metabolism, and a Link to Epigenetics

Epigenetic changes involving methylation of DNA and/or modification to histones by acetylation,
ubiquitination, methylation, phosphorylation, SUMOylation, glycosylation, or biotinylation represent
an innate mechanism that links nutritional status to gene expression, and play a critical role
in many cellular processes [180–186]. The enzymes responsible for these modifications include
histone acetyltransferases (HATs), histone deacetylases (HDACs), methyltransferases (KMTs),
and demethylases (KDMs) [187–189].

Most chromatin-modifying enzymes utilize metabolites as co-factors or substrates, and, thus,
are directly dependent on metabolites such as acetyl-CoA, citrate, ketoglutarate, and NAD+,
among others. Therefore, by supplying these metabolites, mitochondria can regulate the expression
of different genes to facilitate diverse cellular functions [190]. Metabolites of the TCA cycle are also
involved in controlling chromatin modifications, DNA methylation, hypoxic response, immunity,
and post-translational modifications of proteins, and can thereby influence the function [191]. Since such
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metabolites require VDAC1 for their transport to the cytosol in order to reach the nucleus, VDAC1 is
thus a critical regulator of gene expression [192] (Figure 4).

in mitochondria. α ketoglutarate (α

ɛ

Figure 4. Mitochondrial metabolites are transported by VDAC1 to the cytosol and are then transported to
the nucleus where they serve as substrates for enzymes that modify chromatin. Mitochondrial metabolic
pathways including the TCA cycle generate substrates required for the methylation, acetylation,
or demethylation reactions that modify chromatin. Specifically, histone acetylation by histone
acetyltransferases (HATs) is dependent on the availability of acetyl groups provided by acetyl-CoA,
which is produced in the cytosol by ACLY using citrate exported from the TCA cycle in mitochondria.
α-ketoglutarate (α-KG) is an essential co-factor of 2-oxoglutarate-dependent dioxygenases (2-OGDD),
including the histone demethylases Jumonji domains (JMJDs) and ten-eleven translocations (TETs),
which are DNA demethylases. Succinate is the product of 2-OGDD enzyme reaction; thus, when it
accumulates, it works as an antagonist of the reaction. Moreover, 2-Hydroxyglutarate (2-HG) and
fumarate can also rewire the epigenetic landscape of the cells through inhibition of histone and DNA
demethylation. The metabolites cross the IMM via specific transporters, and cross the OMM via a
single protein VDAC1. The metabolites directly relevant to chromatin regulation reach the nucleus
where several metabolic enzymes are localized including: methionine adenosyl-transferase (MAT);
ATP-citrate lyase (ACLY), which catalyzes the ATP-dependent cleavage of mitochondrial-derived
citrate into oxaloacetate; acetyl-CoA; pyruvate dehydrogenase complex (PDC); and acetyl-CoA
synthetase 2 (ACSS2).

Relevant metabolites include:

1. Acetyl-CoA is a required co-factor for enzymes such as histone acetyltransferases (HATs) that
catalyze the transfer of an acetyl group, to form ε-N-acetyl-lysine and acetylate histones in
a process that is known to alter chromatin dynamics and to drive the epigenetic control of
gene expression by activating transcriptional programs [193]. Practically, histone acetylation is
dynamically regulated by the opposing actions of HATs and histone deacetylases (HDACs) that
catalyze the addition and removal of the acetyl group, respectively. Intracellular concentrations
of acetyl-CoA can vary roughly ~10-fold under normal physiological conditions, but they fall
within the Km range of HATs. Histone acetylation activity is, thus, essentially regulated by the
availability of acetyl CoA.
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2. NAD+ is essential for the deacetylation activity of sirtuins, a subgroup of HDAC, and changes in
the NAD+/NADH ratio are thought to positively regulate sirtuin activity.

3. Citrate in the cytosol can be converted to acetyl-CoA by the enzyme ATP-citrate lyase (ACLY),
which catalyzes the ATP-dependent cleavage of mitochondrial-derived citrate into oxaloacetate
and acetyl-CoA [194]. The acetyl-CoA can then serve as a donor for HAT-mediated histone
acetylation. However, citrate can also be converted to acetyl-CoA in the nucleus by ACLY [194].

4. α-ketoglutarate (α-KG) is an essential co-factor for 2-oxoglutarate-dependent dioxygenases
(2-OGDD), including the histone demethylases with a Jumonji domain (JMJDs) and ten-eleven
translocation (TET) DNA demethylases. α-KG has a direct impact on gene expression and,
thus, can influence cellular fate by regulating histones and DNA demethylases. Succinate is the
product of 2-oxoglutarate dependent dioxygenase (2-OGDD) enzyme reactions and, thus, when it
accumulates, it works as an antagonist to the reaction.

5. The 2-Hydroxyglutarate (2-HG) is not part of the TCA cycle, but it can be derived from α-KG by
enzymes in the mitochondrial matrix and cytosol. The 2-HG competitively inhibits 2-OGDDs
and together with fumarate, can rewire the epigenetic landscape of the cells through inhibition of
histone and DNA demethylases.

The 2-HG inhibits the activity ofα-KG dependent dioxygenases such as TETs and JMJDs, which has
broad implications for the regulation of epigenome.

6. Succinate and fumarate both behave as α-KG competitive antagonists and inhibit TETs and JMJDs.
Both of these metabolites inhibit TET-catalyzed hydroxylation of 5 mC and the activity of histone
demethylases KDM2A and KDM4A [195].

7. S-adenosylmethionine (SAM) serves as the methyl donor in reactions catalyzed by methionine
adenosyl-transferase (MAT). DNA methylation at CpG sites represses gene expression by impeding
access to transcription factors and inhibition of RNA polymerase II.

Methylation markers on lysine residues in histone proteins also have a key role in regulating
chromatin structure and gene transcription. Multiple lysine residues (H3K4, H3K9, H3K27,
H3K36, H3K79, etc.) may be mono-, di- or tri-methylated, giving rise to a very complex histone
methylation profile.

The dynamics of DNA and histone methylation are also regulated by the activity of DNA
and histone demethylases, respectively. Demethylation of histone lysine marks are mediated by
flavin-dependent histone lysine demethylases that consist of lysine-specific protein demethylases
(KDM1) and JMJD enzymes, and the ten-eleven translocation hydroxylases (TET1-3).

We recently [192] demonstrated that depleting VDAC1 in glioblastoma cells U87-MG-derived
tumors affects the metabolism–epigenetics axis of the tumor. Analysis with DNA microarrays, q-PCR,
and specific antibodies revealed epigenetic alterations in the methylation and acetylation of histones
and the levels of epigenetic-related enzyme levels following depletion of VDAC1 in these cells.
These findings support the importance of VDAC1, as a transporter of epigenetic associated metabolites.
Depletion of VDAC1 down-regulates mitochondrial metabolism [43,51,99,196] because of the decrease
in substrates transported into the mitochondria and the inability of the produced metabolites to exit
the mitochondria. This restricts the availability of substrates for chromatin modifications and affects
the interplay between metabolism and epigenetics.

7. Proteins Interacting with VDAC1 Modulate VDAC1 Activity and They Are Regulated
by VDAC1

As already discussed, VDAC1 may be considered a hub protein that interacts with more than
100 proteins associated, on one hand, with cell survival and, on the other, with apoptotic cell
death [4,30,41,42]. Together, they integrate mitochondrial activities with other cellular processes [197].
The interacting proteins may be located in the OMM, IMM, IMS, cytosol, ER, plasma membrane,
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or/and nucleus [60,66]. Thus, VDAC1 in the OMM is a convergence locus for signals concerning the
fate of the cell [4,41–43,198].

Importantly, we have been able to develop VDAC1-based peptides, which can interfere with these
interactions, leading to impaired cell metabolism and apoptosis [27,34,39,199,200].

7.1. VDAC1 Interacting Metabolism-Related Proteins

VDAC1 interacts with a large number of metabolism-related proteins. Mitochondrial-bound
HK (HK-I and HK-II) is overexpressed in cancer [4,201,202]. As a rate-limiting enzyme of glycolysis,
HK association with VDAC1 offers several advantages to cancer cells [4,43]. HK binding to
VDAC1 [24–29] allows direct coupling of mitochondrially generated ATP to glucose phosphorylation.
Thus, the formation of a VDAC1-HK complex coordinates glycolytic flux with the actions of the TCA
cycle and ATP synthase [4,44,201].

The formation of the HK-VDAC1 complex is regulated by Akt [203] and glycogen synthase
kinase 3 beta (GSK3β), while the HK-VDAC complex is disrupted by VDAC phosphorylation [204].
The physical interaction of ANT and VDAC is thought to be essential for the regulation of PTP
formation, [205,206]. This structure was suggested to include VDAC1 in the OMM, ANT in the IMM,
and cyclophilin D (CyD) in the matrix [123,207,208]. However, mitochondria lacking all three VDAC
isoforms retained an unaltered ability to undergo permeability transition [209], and an ANT knock-out
study showed that it is not essential for PTP activity [210]. Recently, however, it was proposed that
dimers of the ATP synthase complex can form the PTP [206].

VDAC1 also interacts with glycerol kinase (GK), c-Raf kinase, and the glycolytic enzyme
glyceraldehyde 3-phosphate dehydrogenase, (GAPDH) [4,30,41,42,211]. Mitochondrial creatine
kinase (MtCK) interacts with octameric VDAC1 [46] and lowers the affinity of VDAC1 for HK and
Bax [212].

VDAC-tubulin interaction was proposed to serve as a metabolic switch to increase or decrease
mitochondrial metabolism, ATP generation, and cytosolic ATP/ADP ratios [213].

Finally, other energy metabolism proteins that interact with VDAC1 include the OMM protein
CPT1a that catalyzes the primary step of fatty acid oxidation [88,105], TSPO, which is involved in
the transport of cholesterol into mitochondria [214], and the gluconeogenesis/glycolysis enzyme
aldolase [91].

7.2. VDAC1 Interacting Apoptosis-Related Proteins

The Bcl-2 family of proteins comprises both pro-apoptotic members (e.g. Bid, Bax, Bim, and Bak),
and pro-survival agents (e.g., Bcl-2, Bcl-xL, and Mcl-1) [215,216]. These proteins were shown to interact
with VDAC1 to inhibit apoptosis [27,33–35,217–221]. Interaction of Bcl-2 and Bcl-xL with VDAC1 in a
reconstituted membrane bilayer reduced the channel conductance of native, but not mutated VDAC1,
and protected cells expressing native, but not mutated VDAC1 from apoptosis [27,34]. Site-directed
mutagenesis was used to identify the VDAC1 domains that interact with Bcl-2 and Bcl-xL to purvey the
anti-apoptotic effect [27]. The results indicated that the N-terminal region of VDAC1 was important
for this interaction [4,23,27,33,38], and also for association with HK [33,39]. Another member of the
family, Mcl-1 has been shown to directly interact with VDAC to increase mitochondrial Ca2+ uptake
and ROS generation [217].

As a result of their ability to regulate the activity of both VDAC1 and IP3R, it is likely that the
anti-apoptotic ability of Bcl-2, Bcl-XL, and Mcl-1 is mediated by the control of Ca2+ fluxes across
the ER and mitochondrial membranes [28,222–224]. In this respect, we demonstrated that the BH4
domain of Bcl-XL, but not that of Bcl-2, selectively targets VDAC1 and inhibits apoptosis by decreasing
VDAC1-mediated Ca2+ uptake into the mitochondria [225].

It has been shown that activating transcription factor 2 (ATF2), associated with cell death or
cellular stress states in several melanoma and tumor cell lines, involves Bim and VDAC1, where VDAC1
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depletion significantly prevented ATF2-related apoptosis [225]. In addition, ATF2 prevented HK
interaction with VDAC1, sensitizing cells to apoptosis.

The inhibition of As2O3-, ethanol-, endostatin-, and cisplatin-induced apoptosis by siRNA has
been interpreted by a number of studies to suggest that VDAC1 interacts with pro-apoptotic proteins
Bax and Bak to allow Cyto c release [37,150,151,226,227].

The HK-VDAC1 interaction prevents release of pro-apoptotic factors such Cyto c, and subsequent
apoptosis. Thus, HK plays a role in tumor cell survival via inhibition of apoptosis [24].

The recently reported interaction between TSPO and VDAC1 [228] is thought to play a role in the
activation of the mitochondrial apoptosis pathway through TSPO involvement in the generation of
ROS [229–231]. The grouping of TSPO molecules around VDAC1 is thought to increase ROS generation
in the proximity of VDAC, leading to apoptosis induction [231,232]. In addition, by interaction with
VDAC1, TSPO inhibits mitochondrial autophagy and contributes to the efficiency of mitochondrial
quality control machinery [5,8,9,233], regulating mitochondrial structure and function [233,234].

Yet another observation of the pro and anti-apoptotic effects associated with VDAC1 is the
inhibition of apoptosis by the phosphorylation of serine 193 of VDAC1 by NIMA-related protein kinase
1 (Nek1) [235,236] while the pro-apoptotic protein BNIP3 was shown to interact with VDAC1 to induce
mitochondrial release of endonuclease G [237].

7.3. Interacting Cytoskeletal Proteins

The cytoskeleton is involved in the regulation of bioenergetic functions in the cell with
VDAC1 considered as the main regulator by interacting with several cytoskeletal proteins.
Direct Ca2+-dependent binding of gelsolin (Gsn) to the C terminal of VDAC1 inhibits the activity of
the VDAC1 channel and reduces the release of Cyto c from liposomes [238–241]. Binding to another
member of the gelsolin family (adseverin) has a similarly anti-apoptotic effect [241].

The tubulin βII isoform in oxidative skeletal muscles and brain synaptosomes has been shown to
act as a regulator of mitochondrial function by modifying the permeability of the VDAC channel for
adenine nucleotides [242]. Tubulin was shown to associate with VDAC1 [242–244] and, at nanomolar
concentrations, α and β tubulin heterodimers induce voltage-sensitive reversible closure of VDAC,
reconstituted into planar phospholipid membranes [242]. This is proposed to sustain the Warburg
effect [245]. The interaction between βII-tubulin and VDAC is thought to form a super-complex termed
the mitochondrial interactome, composed of the ATP synthasome (ATP synthase, the respiratory
system, and inorganic phosphate transporter), tubulin, VDAC1, and MtCK [246]. This construct
can regulate mitochondrial respiration in adult cardiomyocytes and other metabolically active cells.
The VDAC1-tubulin interaction, therefore, represents a new pharmacological target for the development
of novel anti-cancer agents [213].

Other cytoskeleton-associated proteins that bind VDAC1 include the microtubule-associated
protein 2 (MAP2) [247] and the dynein light chain (Tctex-1/DYNLT1) that is responsible for
microtubule-based motile processes [248]. The function of the VDAC1–DYNLT1 interaction is not
yet clear.

Actin was also shown to interact directly with VDACs, and also with another ten membrane
channel proteins [249].

7.4. VDAC1 Interacting Signaling Proteins

Association of endothelial NO synthase (eNOS) with VDAC1 upregulated eNOS activity.
This increase was dependent on [Ca2+i]- [250].

Superoxide dismutase 1 (SOD1) is a predominantly cytosolic protein, with a mutant SOD1,
associated with amyotrophic lateral sclerosis (ALS), found in mitochondria-rich fractions of
cells [251–253]. This mutant SOD1 was found to bind VDAC1 reconstituted in a lipid bilayer and to
inhibit the conductance of the VDAC1 channel [254]. Mutant SOD1 could also interact with Bcl2 and
alter the interaction between Bcl-2 and VDAC1, thus, reducing OMM permeability [255,256].
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The mitochondrial anti-viral signaling protein MAVS, also known as IFN-beta promoter
stimulator-1 (IPS-1), virus induced signaling adaptor (VISA), or caspase activation recruitment
domain adaptor inducing I FN-β (Cardif) [257] localized in the OMM, interacts with VDAC1 and
modulates its stability via the ubiquitin–proteasome pathway [258].

Several additional proteins were also proposed to interact with VDAC1. These include PBP74, also
known as mtHSP70/GRP75/mortalin [248], and CRYAB (α-crystallin B) [259]. The pre-synaptic protein
α-synuclein interacts with the mitochondria via VDAC1 [260–262]. The nAChRs were identified in the
mitochondria and proposed to regulate Cyto c release via interaction with VDAC [263,264].

α-synuclein is a neuron-specific protein localized in the presynaptic nerve terminals and nucleus.
Although its exact function is still unknown, it is well established thatα-synuclein is involved in synaptic
activity through regulation of vesicle docking, fusion, and neurotransmitter release [265,266]. A number
of studies have shown that the pre-synaptic protein α-synuclein interacts with the mitochondria via
VDAC1 [260,261] and can pass through the VDAC1 channel to target complexes of the mitochondrial
respiratory chain in the inner mitochondrial membrane [267].

7.5. Viral Proteins Interact with VDAC1 to Modulate Expression Level and Function

A number of studies have reported that certain viruses induce VDAC overexpression, or that
some of their proteins interact with VDAC. Furthermore, silencing VDAC expression dramatically
reduces the expression of viral proteins as summarized in Table 2 and in the following:

1. Influenza A Virus: the virus attacks the respiratory system including the nose, throat, and lungs.
One of the virus proteins interacting with VDAC1 [268] is influenza A virus protein (PB1-F2).
The protein is localized to both mitochondrial membranes, OMM and IMM, and is a 90-amino-acid
protein expressed from the +1 open reading frame in the PB1 gene of influenza A viruses.
PB1-F2 contributes to the pathogenesis of the virus by binding to the mitochondria, altering their
morphology, and inducing apoptosis via direct interaction with VDAC1 [268].

2. Hepatitis B Virus (HBV): one of five known human hepatitis viruses: hepatitis A, B, C, D,
and E. This virus causes hepatitis B in which the virus attacks the liver and can cause acute
and chronic liver disease such as cirrhosis and hepatocellular carcinoma. Hepatitis B viral
protein (HBx) is a multifunctional protein encoded by the HBV genome that stimulates HBV
replication. HBx binds to the mitochondria and co-localizes with VDAC-1, where it alters the
mitochondrial transmembrane potential by creating together a hexamer that affects mitochondrial
physiology [269].

3. Hepatitis E Virus (HEV): HEV infections are often asymptomatic, although they can be severe and
cause fulminant hepatitis and extra-hepatic manifestations including neurological and kidney
injuries. Chronic HEV infections may also occur in immunocompromised patients causing
inflammation of the liver. The open reading frame 3 (ORF3) protein is a small phosphoprotein
of 113 or 114 aa proposed to act as an adaptor to link the intracellular transduction pathways,
reduce the host inflammatory response, and protect virus-infected cells [270]. ORF3 protein
interacts with several of the host’s cellular proteins, including VDAC1, where in a cross-linking
study, ORF3-expressing cells were shown to produce higher levels of oligomeric VDAC1 [174,271].

4. Human Immunodeficiency Virus type 1 (HIV-1): the virus causes acquired immunodeficiency
syndrome, with progressive breakdown of the immune system, and promotes life-threatening
opportunistic infections. A viral protein R (Vpr) is a 96-amino-acid (14-kDa) protein. This protein
stimulates virus transcription and interacts with the host’s proteins, playing an active role in
viral pathogenic factors. Vpr protein induces cell cycle arrest in proliferating cells, as well as
regulating activation and apoptosis of infected T-lymphocytes via interaction with VDAC1 [239].

5. Dengue Virus (DENV): the virus causes dengue fever characterized by headache, severe muscle
and joint pain, and upper respiratory symptoms. The protein, DENV E, is an envelope protein
(E protein) which is the key component of the dengue virion. The ENV E protein plays a vital role
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in the viral lifecycle by mediating interaction with host cells and facilitating invasion. It has been
reported that this protein interacts with various proteins in host cells, including with the cellular
chaperone GRP78 along with mitochondrial VDAC1. Furthermore, down-regulation of VDAC
by siRNA reduced the expression of several DENV proteins: NS1, NS3, NS5, and DENVE [272].
Thus, VDAC plays a significant role in DENV infection.

6. The Infectious Bursal Disease Virus (IBDV): the virus causes immunosuppressive disease in
young chickens. The VP5 protein, a non-structural protein of IBDV, is associated within the
plasma membrane of the host-infected cells and plays an essential part in pathogenesis of IBDV.
VP5 induces apoptosis in host cells via interaction with VDAC [273], with the VDAC inhibitor
DIDS [53] decreasing VP5 expression and apoptosis [274]. On the other hand, silencing VDAC1
expression decreases the expression of VP1, VP2, and VP5 [275]. VP1 and VP2 are essential
structural proteins that participate in IBDV capsid assembly and penetration into the host
cell, as well as replication of virus. The VP2 carries neutralizing epitopes which control
antibody-mediated neutralization of IBDV infection. VP2 acts as an apoptotic inducer in
infected cells.

7. Japanese Encephalitis Virus infection (JEV): the virus causes Japanese encephalitis. The JEV invades
the CNS, resulting in neuroinflammation, which negates the neuroprotective role of microglia,
as characterized by increased microglial activation and neuronal death. The JEV envelope protein
(JEV-E) is the major structural protein that facilitates the viral infection by recognizing host cellular
receptors and mediating membrane fusion. The primary target of this protein is to neutralize
antibodies; therefore, it is a key virulence factor involved in pathogenesis. The JEV-E protein
interacts with VDAC, and in response to JEV infection, VDAC1 is overexpressed and co-localized
with the ER protein GRP78, a multifunctional chaperone protein (HSP70) increasing MAM [276].

8. Ostreid herpes virus-1 (OsHV-1): OsHV-1 is a variant of herpes virus, and it has been a major
threat to Pacific cupped oysters. It contributes to the pathogenesis of mass mortality disease in
the early life-stage of oysters. Infected oysters exhibit an increase in glycolysis and increased
VDAC1 expression, as revealed in both mRNA and protein levels, while this increase in VDAC1
levels correlates with susceptibility of oysters to OsHV-1 [277].

Table 2. Different viruses target VDAC to modulate mitochondrial activities-VDAC1 is a key protein in
the viruses’ effects on the host cells.

Virus Virus Type Viral Protein Action on VDAC1 Reference

HIV-1
Human Immunodeficiency Virus

type 1
Single-stranded positive RNA Vpr Interacts with VDAC1 and

induces apoptosis [239,278]

DENV
Dengue Virus Single-stranded positive RNA DENV-E

Interacts with GRP78, a chaperone
interacting with VDAC1.

Down-regulation of VDAC
reduced DENV protein expression

[272]

Influenza A Virus Single-stranded negative-sense RNA PB1-F2 Induces apoptosis via interaction
with VDAC1 [268]

IBDV
Infectious Bursal Disease Virus Double-stranded RNA VP5 Induces apoptosis in DF-1 cells via

interaction with VDAC1 [53,273,274,279]

HBV
Hepatitis B Virus DNA HBx

HBx interaction with VDAC1 to
form a hexamer, causing

mitochondria dysfunction
[269,280]

HEV
Hepatitis E Virus Single-stranded positive sense RNA ORF3

Expression of ORF3 increases
VDAC1 levels, siRNA against
ORF3 reduces VDAC1 levels

[174,271]

Japanese Encephalitis Virus Single-stranded, positive-sense RNA JEV E

JEV E protein interacts with
VDAC. Upon JEV infection,

VDAC1 was co-localized with the
ER protein GRP78 (HSP-70)

[276]

OsHV-1
Ostreid Herpes Virus-1 DNA Increases VDAC1 expression at

the mRNA and protein levels [277]
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Thus, VDAC1-interacting protein complexes are formed under physiological and pathological
conditions, mediating, and/or regulating metabolic, apoptotic, and other processes that may be
impaired in disease.

8. VDAC1 Overexpression in Disease States and Association with Apoptosis

Mitochondrial dysfunction has been implicated in many diseases including cancer, Alzheimer’s
disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), type 2 diabetes (T2D),
and cardiovascular diseases (CVDs). VDAC1 is essential for proper mitochondrial function and,
consequently, for normal cell physiology. Thus, an association of VDAC1 with various pathologies is
only to be expected. In this context, VDAC1 has been shown to be over expressed in cancer [3,86],
in the affected regions of AD brains [75–77], in β-cells in T2D [80,81,84], and in autoimmune diseases
such as lupus [87], NASH [88], IBD (unpublished data), and in CVDs [89] (Figure 4). Since as already
described, overexpression of VDAC1 induces apoptosis and cell death [29,51,99,146,147], this may
represent a common mechanism in CVDs, AD, and T2D although it is currently a matter of debate
whether the over expression is a cause or result of the pathology.

Importantly, reducing the levels of VDAC1 with a specific siRNA, or our newly developed small
molecules, e.g., VBIT-4 and VBIT-12, could inhibit VDAC1 oligomerization, correct the misdirection of
the protein to the plasma membrane (PM) [84], and prevent mitochondria dysfunction and apoptosis [53]
in both T2D [84] and models of lupus [87]. The following is a summary of VDAC1 overexpression in
certain diseases.

8.1. Cancer and VDAC1

Our understanding of cancer has recently seen a major paradigm shift towards the concept of
cancer being a metabolic disorder. This notion was first introduced by Otto Warburg, who suggested
that a hallmark of cancer cells is deregulation of cellular energy, and metabolism. Indeed, there are
extensive reviews of the evidence supporting the general hypothesis that the main characteristics of
cancer, including genomic instability and aerobic glycolysis, can be linked to impaired mitochondrial
function and energy metabolism [281,282]. By regulating the metabolic and energetic functions of
mitochondria, VDAC1 can, therefore, control the fate of cancer cells. VDAC1 is highly expressed in
various tumors obtained from patients, and in tumors established in mouse models, as well as in cancer
cell lines [3,15,85,86,283], providing supporting evidence for its significance in high energy-demanding
cancer cells. Indeed, its pivotal role in regulating cancer cellular energy, metabolism, and viability is
also underscored by the findings that abrogation of VDAC1 expression reduced cellular ATP levels,
cell proliferation, and tumor growth [85,86,99,196]. The overexpressed VDAC1 contributes to cancer
cell metabolism by facilitating the passage of essential metabolites, and delivering mitochondrial ATP
directly to HK, which is also overexpressed in cancer (HK-I, HK-II) [5,284]. This fuels the high level of
glycolytic flux seen in tumors, which have a high demand for metabolites or metabolite precursors. As a
corollary, down-regulation of VDAC1 in tumor cells, with subsequent reduction in metabolite exchange
between the mitochondria and cytosol, inhibited the growth of cells and tumors [43,85,86,99,196].

Interactions between VDAC1 and the anti-apoptotic proteins Bcl-2, Bcl-xL [27,33,34,285],
and HK [33,39] protect tumor cells from apoptosis [33,39]. Reduction of VDAC1 expression by
a specific miRNA, miR320a, promoted mitophagy in serum starved cervical cancer cells [286] and
blocked tumor cell proliferation and invasion in NSCLC, both in vitro and in vivo [287]. Another miRNA
species, miR-7, was shown to inhibit VDAC1 expression, proliferation and metastasis in hepatocellular
carcinoma [288], possibly by affecting the PTP [289].

These results all suggest that VDAC1 could be a useful druggable target for anti-cancer therapy.
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8.2. Over-Expression of VDAC1 in Neurodegenerative Diseases

There is now emerging evidence connecting mitochondrial dysfunction to neurodegenerative
disorders [290] with caspase-mediated apoptosis implicated in the premature neuronal cell death seen
in neurological disorders (Table 3) [291–296].

A number of studies have linked VDAC dysfunction to AD [63,297–299], Down’s syndrome [299],
and familial amyotrophic lateral sclerosis (ALS) [254,300]. High levels of VDAC1 were demonstrated
in the dystrophic neurites of Aβ deposits in AD post-mortem patient brains and in brains of amyloid
precursor protein (APP) transgenic mice [75–77]. Moreover, increases in VDAC levels in the thalamus
of mice were shown to be associated with neurodegeneration in the Batten disease model [301].
Similarly spatial cognitive deficits in an animal model of Wernicke–Korsakoff syndrome were reported
to be associated with changes in thalamic VDAC levels [302]. The involvement of plasmalemmal
VDAC in AD was also proposed [62,63].

AD brains exhibit a significant loss of neurons, mainly due to apoptosis, with neurons in AD
brains [31,64,303,304] displaying the hallmarks of apoptosis [305]. As VDAC1 overexpression was
shown to trigger apoptotic cell death [29,51,99,146–148], we propose that overexpressed VDAC1 in the
AD brain may be responsible for the observed neuronal cell death.

Table 3. VDAC1 association with diseases.

Disease VDAC1 State Function Reference

Cancer Overexpressed Increased cancer cell metabolic activity [3,15,85,86,99,196,283]

Alzheimer’s disease Overexpressed Neuronal cell death [75–77]

ALS—Amyotrophic lateral sclerosis Interacted with mutated SOD Enhanced cell survival [254,255,306]

Type 2 diabetes Overexpressed Impaired generation of cellular ATP [80,81,84,307]

Systemic lupus erythematosus Overexpressed Mediated release of mtDNA and
triggered type-I interferon responses [87]

Cardiovascular diseases Overexpressed Cardiomyocyte cell death [90,308–314]

Non-alcoholic fatty liver disease (NAFLD) Overexpressed Mediated transport of fatty acids across
the OMM [88,105,107]

Rheumatoid arthritis Overexpressed Cardiac cell death and functional
impairment [315], Figure 5

Acute kidney injury Deletion of VDAC1 hinders recovery
of mitochondrial and renal functions

Required for the recovery of renal
mitochondrial function [315]

Spinal cord injury Overexpressed Oligomerization and apoptosis [316]

Proteomics studies have identified nitration and carbonylation of VDAC1 in the brains of AD
patients, suggesting that VDAC1 channel activity contributes to the pathogenesis and progression of
AD [317]. In addition, VDAC1-deficient transgenic mice exhibit deficits in long-term potentiation and
learning behavior, suggesting that VDAC1 is an absolute requirement for normal brain activity [318].

Mutations in superoxide dismutase (SOD1) are the second most common cause of familial ALS,
a progressive neurodegenerative disease characterized by the loss of motor neurons in the brain and
spinal cord [319]. SOD1 mutants interfere with various aspects of mitochondrial function including
mitochondrial energy metabolism, transport, fission, and fusion [320–323]. An inverse correlation
between mutant SOD1 mitochondrial association in motor neuron-like NSC-34 cells and disease
duration was reported in patients carrying mutations in SOD1 [324]. In addition, the misfolded SOD1
could also directly bind VDAC1, resulting in destabilization of VDAC1 conductance and channel
instability, and inhibiting VDAC1 transport of adenine nucleotides across the OMM [254,306].

Recently [255], we demonstrated that mutant SOD1G93A and SOD1G85R, but not wild-type SOD1,
directly interact with VDAC1 and reduce its channel conductance, but no such interaction was obtained
with N-terminal-truncated VDAC1. Moreover, a VDAC1-derived N-terminal peptide inhibited mutant
SOD1-induced toxicity, suggesting that its specific interaction with the N-terminal domain of the
VDAC1 is associated with mutant SOD1 toxicity.

In addition, proteins including SOD1, α-synuclein, and apoE, which all bind VDAC1 have been
implicated in affecting intraneuronal Ca2+ in several neurodegenerative diseases, [7]. These findings
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suggest that VDAC1 could represent a potential target for novel therapeutic strategies also for
neurodegenerative diseases.

 

–
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Figure 5. VDAC1 is overexpressed in tissue samples from autoimmune disease patients.
(A–D) immunohistochemistry staining (IHC) of VDAC1 was performed on tissue microarray slides
obtained from Provitro AG (Charité Campus Mitte 10,117 Berlin, Germany) (A–C) and US Biomax, Inc.
(MD USA) (D). The array contains tissue sections from healthy (normal thyroid, lung, colon, synovial,
dermis samples), (A) granulomat (Gra), Hashimoto thyroiditis (Thyroid, Has), (B) sarcoidosis (lung,
Sar), Morbus Crohn (Sigma), (C) rheumatoid arthritis (Synovial, Rhe), psoriasis (Pso), (D) Crohn’s
disease (Cd), ulcerative colitis (Uc), colon adenocarcinoma (Ca). (E–H) Quantitative analysis of
VDAC1 expression levels are also presented. Representative sections of the indicated tissues were
incubated overnight at 4 ◦C with anti-VDAC1 antibodies diluted in 1% BSA in phosphate buffered
saline (PBS) and then with secondary antibodies diluted in 1% BSA in PBS. The slides were subsequently
treated with 3’3-diaminobenzidine tetra-hydrochloride (DAB) and counter-stained with hematoxylin.
Negative controls were incubated without primary antibody. Sections of tissue were observed under an
Olympus microscope, and images were taken at 200×magnification with the same light intensity and
exposure time. Quantitation of VDAC1 expression levels in the whole area of the provided sections,
as reflected in the staining intensity, was performed using a panoramic microscope and HistoQuant
software (Quant Center 2.0 software, 3DHISTECH Ltd). The results are the mean values ± SEM,
** p < 0.01, *** p < 0.001.

8.3. Type 2 Diabetes (T2D) and VDAC1

VDAC is also overexpressed in T2D, which is the most common metabolic disease [325]. Elevated
levels of VDAC were found in mouse coronary vascular endothelial cells isolated from diabetic
mice [307] and in the β cells of T2D patients [80]. Interestingly, hyperglycemia increases VDAC1
expression in both pancreatic β-cells [80] and in the kidney [81]. Recently [84], we demonstrated
up-regulation of VDAC1 in islets from T2D donors and in NS1 cells under glucotoxic conditions,
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with the result that VDAC1 is mislocalized to the plasma membrane of the insulin-secreting β cells,
with loss of ATP. Specific anti-VDAC1 antibodies, and our VDAC1 inhibitor, VBIT-4, could restore
generation of cellular ATP and normalize glucose-stimulated insulin secretion in T2D islets [84].
Similarly, treatment of db/db mice with VBIT-4 prevented hyperglycemia, and maintained normal
glucose tolerance and physiological regulation of insulin secretion [84]. Thus, β-cell function was
preserved by targeting the overexpressed VDAC1. Interestingly, lncRNA-H19/miR-675 was reported
to regulate high glucose-induced apoptosis by targeting VDAC1, thus, providing a novel therapeutic
strategy for the treatment of diabetic cardiomyopathy [326]. These findings point to the connection
between VDAC, mitochondrial function, and the pathogenesis of T2D. The involvement of VDAC1 in
T2D was also demonstrated in mice subjected to combination of a high-fat diet (HFD) and low-dose
of streptozotocin (STZ), representing a model for type 2. These STZ/HFD-32 treated mice showed
symptoms of T2D-like disease reflected in increased blood glucose [82].

8.4. Autoimmune and Inflammatory Diseases and Increased VDAC1 Expression Levels

Autoimmune diseases often are characterized by T-cell hyperactivity and β-cell overstimulation
leading to overproduction of autoantibodies [327]. Inflammation is an important host defense response
to injury, tissue ischemia, auto immune responses, and infectious agents [328]. This is now viewed
as one of the major causes for the development of diseases, such as cancer, cardiovascular disease,
diabetes, obesity, osteoporosis, rheumatoid arthritis, inflammatory bowel disease, asthma, and CNS-
related diseases, such as depression and Parkinson’s disease.

Recently [87], we demonstrated that VDAC1, but not VDAC2, are over-expressed in diseases
(such as SLE) that are associated with type-1 interferon signaling. SLE is a non-organ-specific
autoimmune disease characterized by β cell hyperactivity, abnormally activated T cells, defects in the
clearance of apoptotic cells, and immune complexes. We found that VDAC1 oligomers in the OMM
promoted mtDNA release and our small molecule, VBIT-4, which inhibits VDAC1 oligomerization,
decreased mtDNA release, type-I interferon signaling, neutrophil extracellular traps, and disease
severity in a mouse model of systemic lupus erythematosus.

Additionally, we found that VDAC1 expression is upregulated in several autoimmune diseases,
including Hashimoto thyroiditis, also known as chronic lymphocytic thyroiditis, an autoimmune
disease in which the thyroid gland is gradually destroyed; rheumatoid arthritis (synovial), a persistent
auto-immune disease primarily characterized by cytokine-mediated inflammation of the synovial
inside layer of the joints and obliteration of cartilage and bone; psoriasis, an immune-mediated skin
disease characterized by abnormal keratinocyte differentiation and proliferation; and Crohn’s disease,
a chronic intestinal inflammatory condition caused by multiple factors. In addition to the non-immune
contributing factors, the breach of the intestinal epithelial barrier and dysfunction of both innate and
adaptive immunity that predominates during the inflammatory process is considered to be one of
the earliest etiological factors involved in IBD. Still more diseases with VDAC1 overexpression are
sarcoidosis, a disease involving abnormal collections of inflammatory cells that form lumps, with the
disease usually beginning in the lungs, skin, or lymph nodes; and chronic granulomatous disease
(CGD), an inherited primary immunodeficiency disease presenting with accumulation of immune cells
at sites of infection or inflammation.

Representative images from healthy and diseased tissues and quantitative analysis of VDAC1
expression levels in the various pathological tissues are presented in Figure 5. These findings suggest
that VDAC1 is a potential therapeutic target for lupus and other autoimmune diseases.

8.5. Cardiovascular Diseases, Apoptosis, and VDAC

The involvement of VDAC1 in the pathogenesis of cardiac abnormalities has been proposed.
In the context of cardiac I/R, upregulation of VDAC1 expression and phosphorylation have been shown
to augment cardiomyocyte damage, and inhibition of these processes was mechanistically linked
to the nutritional preconditioning function of resveratrol [309,311–313]. Oxidative stress damage in
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H9c2 myoblasts was reported to increase VDAC1 expression levels and its oligomerization [308,314].
Recently, it has been demonstrated that silencing VDAC1 promotes tBHP-induced apoptosis in H9C2
cells via decreasing mitochondrial HK-II binding and enhancing glycolytic stress [329]. In addition,
VDAC1 was found to be involved in detrimental Ca2+ transfer from the ER to the mitochondria [106].
Upregulated transcriptional levels of a diverse array of genes including VDAC1 were found in the septal
tissue of human patients with hypertrophic cardiomyopathy [310]. In addition, prominent upregulation
of VDAC1 expressional levels in a rat model of cardiac hypertrophy induced by renal artery ligation
and treatment with siRNA against VDAC1 partially inhibited the observed apoptotic cell death [259].
It was also reported that the expressional levels of VDAC1 were down-regulated in a cellular model of
cardiomyocyte hypertrophy induced by the α1-adrenergic agonist phenylephrine that was prevented
by peroxisome proliferator-activated receptor α (PPAR α) [330]. Recently, we demonstrated an increase
in the expressed levels of VDAC1 in the setting of common cardiac pathologies including in the post-MI
setup, chronic left ventricular (LV) dilatation and dysfunction, and hyperaldosteronism [90].

It is still unclear how the expression of VDAC1 is affected by common cardiac pathologies including
pathological hypertrophy and ischemic cardiomyopathy. It is possible, however, that increased
cardiomyocyte susceptibility to mitochondrial-mediated cell death is related to an increase in
VDAC1 levels.

8.6. Non-Alcoholic Fatty Liver Disease (NAFLD)

Chronic liver disease represents a significant public health problem world-wide, with viral hepatitis
and non-alcoholic fatty liver disease (NAFLD) affecting about 20% of the general population [331].
NAFLD is characterized by excessive abnormal accumulation of fatty acids and triglycerides within
the hepatocytes of non-alcohol users. NAFLD and the progressive state, non-alcoholic steatohepatitis
(NASH) manifest as liver pathologies characterized by severe metabolic alterations due to fat
accumulation that leads to liver damage, inflammation, and fibrosis [331]. Mitochondria play a
prominent role in hepatosteatosis disease pathogenesis [332]. The involvement of VDAC in steatosis
and NASH is suggested by several studies [83,88,333]. Mitochondria lacking VDAC1 do not oxidize
fatty acids, and a VDAC1 inhibitor inhibited the oxidation of palmitate [334]. In addition, closure of
the VDAC channel produces steatosis both in alcoholic steatohepatitis and NASH [83,333] because
VDAC1 participates in the complex responsible for transporting fatty acids across the OMM [105,107].

Recently, we demonstrated that a cell-penetrating VDAC1-based peptide, R-Tf-D-LP4,
arrested steatosis and the NASH produced by feeding mice a high-fat diet (HFD-32), and reversed liver
pathology to a normal-like state [88]. R-Tf-D-LP4 treatment eliminated inflammation, liver fibrosis,
and restored normal levels of glucose and liver enzymes. Peptide treatment also affected carbohydrate
and lipid metabolism, increasing the expression of enzymes and factors associated with fatty acid
transport to the mitochondria, enhancing β-oxidation and thermogenic processes, but decreasing
the expression of enzymes and regulators of fatty acid synthesis [88] as well as HCC [283]. Thus,
we suggest that R-Tf-D-LP4 peptide inhibits steatosis and NASH by increasing fatty acid oxidation via
alterations in the liver transcriptional program; thus, it offers a promising therapeutic approach for
steatosis and NASH.

8.7. Rheumatoid Arthritis, Acute Kidney and Spinal Cord Injury, and VDAC1 Expression

Rheumatoid arthritis (RA) is a chronic inflammatory disorder characterized by destructive
polyarthritis, which destroys the joint synovial membrane, cartilage, and bone, resulting in
disability [335]. Systemic inflammation mediated by cytokines is central to the pathogenesis of
RA [336]. In a monkey model of RA [315], the heart receptor-interacting protein kinase 1 (RIPK1),
a key pro-apoptotic signaling molecule, was shown to be upregulated, to bind VDAC1, and to promote
oligomerization and subsequent cardiac cell death and functional impairment.

Acute kidney injury (AKI) is a clinical syndrome characterized by a rapid decline in kidney function
and failure to regulate fluids, electrolytes, and the acid–base balance [337]. Mitochondrial dysfunction
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and ATP deficits are the most pronounced in tubular cells of the renal cortex and precede the clinical
manifestations of AKI [338,339]. Ischemic insults could damage kidney function which then recovered
in wild-type, but not in VDAC1-deficient mice. This suggests that VDAC1 regulates the recovery of
renal mitochondrial function and dynamics and ATP levels, and increases survival after AKI [340].
VDAC oligomerization with subsequent release of Cyto c to the cytoplasm has also been implicated in
cisplatin-induced apoptosis and nephrotoxicity [341].

In spinal cord injury (SCI), damage to the spinal cord can cause temporary or permanent changes
in its function. Symptoms may include loss of muscle function, sensation, or autonomic function in the
parts of the body served by the spinal cord. The primary injury immediately after trauma, may cause
neuronal/oligodendrocyte cell death and axonal shear that is then followed by a secondary injury
characterized by progressive pathology, including microvascular perfusion changes, inflammation,
free radical generation, and apoptosis/necrosis [342]. This secondary injury often alters the metabolism
of intact axonal tracts, as a result of extensive oligodendrocyte cell death. VDAC1 levels were shown
to be significantly increased after spinal cord injury. Inhibition of VDAC1 oligomerization by DIDS,
protects the spinal cord from demyelination and promotes locomotor function recovery after spinal
cord injury [316]. Prevention of VDAC1 oligomerization might therefore be beneficial for clinical
treatment of SCI.

In conclusion, considering that VDAC1 overexpression is associated with a variety of pathological
conditions including cancer [3,86], AD [75–77], T2D [80,81], and the autoimmune disease lupus [87],
understanding the regulatory mechanisms of VDAC1 overexpression and mislocalization to the PM
may be clinically relevant to these diseases.

9. VDAC1-Based Strategies to Treat Diseases Such as Cancer, Neurodegenerative, Autoimmune,
NASH, and T2D

Targeting VDAC1 is likely to be effective for conditions associated with altered cell metabolism
and/or apoptosis and by VDAC1 overexpression [29,51,99,146,147], which we suggest may be a
common mechanism in the pathology of CVDs, AD, and T2D. Alternatively, modulating VDAC1
to activate apoptosis could be a possible therapeutic strategy for cancer. Thus, a new generation of
VDAC1-based therapeutics may impact the treatment of a wide variety of diseases.

VDAC1-silencing strategy—we recently demonstrated that using specific si-RNA to silence
human VDAC1 (si-hVDAC1) in cultured cells and in mouse models reduced cell energy homeostasis
and inhibited the growth of various cancer cell types including glioblastoma multiforme (GBM),
lung cancer, and triple negative breast cancer [85,86,343]. “Tumor” cells remaining after the treatment
appeared to have undergone re-programmed metabolism and cell differentiation into normal-like cells
with inhibited angiogenesis, epithelial mesenchymal transition (EMT), invasiveness, and stemness.
Depletion of VDAC1 altered the expression of hundreds of genes including transcription factors (TFs)
that regulate signaling pathways associated with cancer [85]. Interestingly, this re-programming was
related to the time during which the tumor cell was depleted of hVDAC1, suggesting that a chain of
events is involved [344].

Silencing VDAC1 expression by specific siRNA in PC12 cells and SH-SY5Y cells prevented Aβ
entry into the cytosol, and reduced Aβ-induced toxicity [31]. These results suggest the involvement of
VDAC1 in Aβ-cell toxicity, raising the possibility that Aβ enters the cell via plVDAC1 [31].

VDAC1-based peptides–A hallmark of cancer cells is their ability to avoid apoptosis [345,346]
by overexpressing anti-apoptotic proteins such as HK-I, HK-II, Bcl2, and Bcl-xL [201,284,347–352],
which interact with VDAC1 to prevent apoptosis [4,23,24,26,27,29,33–39,201,202,204,353]. We have
designed a number of cell-penetrating VDAC1 peptides that target amino acids important for the
interactions with HK, Bcl-2 and Bcl-xL as identified by point mutations and consideration of the
VDAC1 domains [24,27,29,33,34,39,199]. Two of these VDAC1-based peptides, Tf-D-LP4 and the
VDAC1-N-terminus, could induce cell death in a variety of cancer cell lines, regardless of cancer type
or mutation status, but with a definite specificity for cancerous cells [33,39,199].
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Tf-D-LP4 in treating cancer—The peptides were used in several disease mouse models.
Tf-D-LP4 crossed the blood-brain barrier in a GBM mouse model to inhibit tumor growth by decreasing
the energy metabolism while inducing apoptosis and also upregulating pro apoptotic proteins [200].
Similar effects were seen in lung and breast cancer [354]. Thus, the peptide has the potential to serve as
the basis for new anti-cancer therapies.

Tf-D-LP4 in treating steatosis and NASH—the peptide was also found to be effective in treating
non-alcoholic fatty liver disease (NAFLD), as induced by treating mice with streptozotocin (STZ)
and a high-fat diet (STZ/HFD-32). R-Tf-D-LP4 treatment eliminated inflammation, liver fibrosis,
and normalized the liver enzymes [88]. In addition, the peptide increased the expression of proteins
associated with fatty acid transport to the mitochondria, and enhanced β-oxidation and thermogenic
processes, while decreasing the expression of enzymes and regulators of fatty acid synthesis [88].
The VDAC1-based peptide, thus, offers a promising therapeutic approach for steatosis and NASH.

The bold letters indicate the cell-penetrating peptide sequence (Antp, Tf), the italic letters indicate
amino acids involved in the tryptophan zipper (hairpin formation), and the underlined sequences
represent amino acids in D conformation.

Tf-D-LP4 in treating type 2 diabetes (T2D)–STZ/HFD-32 mice also displayed symptoms of a
T2D-like disease. R-Tf-D-LP4 peptide treatment restored the elevated blood glucose to close to normal
levels, and increased the number and average size of islets and their insulin content, as compared to
untreated controls [82]. Moreover, peptide treatment of STZ/HFD-32 fed mice increased the expression
ofβ-cell maturation and differentiation, PDX1 transcription factor, which enhanced the expression of the
insulin-encoding gene, and is essential for islet development, function, proliferation, and maintenance
of glucose homeostasis in the pancreas. These results suggest that the VDAC1-based R-Tf-D-LP4
peptide has potential as a treatment for diabetes.

VDAC1-N-terminal-Antp peptide in treating cancer–The VDAC1 N-terminal domain (26 amino
acids) is required for interaction with VDAC1-associated proteins and apoptosis [33,39]. A number
of VDAC1 N-terminal peptides fused to Antp (Penetrating), a 16-residue-long sequence from the
Drosophila antennapedia homeodomain were prepared (Table 4). One of these, the D-∆(1-14)N-Ter-Antp
peptide, composed of the VDAC1 N-terminal region (15–26 amino acids), and Antp was shown to
induce apoptosis in a variety of cancer cell lines [354].

Table 4. Amino acid sequences and analytical data for the VDAC1-based peptides.

Peptide Sequence No. of AA Molecular Mass, Da

Tf-D-LP4 HAIYPRHSWTWE-199-KKLETAVNLAWTA GNSN-216-KWTWK 34 4111

R-Tf-D-LP4 KWTWK-216-NSNGATWALNVATELKK-199-EWTWSHRPYIAH 34 4111

N-Ter 1-MAVPPTYADLGKSARDVFTKGYGFGL-26- 26 2762

N-Ter-Antp 1-MAVPPTYADLGKSARDVFTKGYGFGL-26-RQIKIWFQNRRMKWKK 42 4990

D-∆(1-14)N-Ter-Antp 15-RDVFTKGYGFGL-26-RQIKIWFQNRRMKWKK 28 3588

∆N-Ter ∆(21-26)-Antp 1-MAVPPTYADLGKSARDVFTK-20-RQIKIWFQNRRMKWKK 36 4396

∆(1-4)N-Ter ∆(21-26)-Antp 5-PTYADLGKSARDVFTK-20-RQIKIWFQNRRMKWKK 32 3997

∆(1-9)N-Ter ∆(21-26)-Antp 10-LGKSARDVFTK-20-RQIKIWFQNRRMKWKK 27 3450

VDAC1-N-terminal peptide (N-Ter)—the peptide without the cell penetrating sequence ANTP
directly interacted with Aβ, and prevented Aβ cellular entry and Aβ-induced mitochondria-mediated
apoptosis [31].

VDAC1 N-terminal peptides prevent mutant SOD1 toxicity–A VDAC1-derived N-terminal peptide
version that did not induce cell death, inhibited mutant SOD1-induced toxicity. The peptide enhanced
survival of motor neuron-like NSC-34 cells expressing mutant SOD1 [255]. VDAC1 N-terminal peptides
targeting mutant SOD1 may represent potential new therapeutic strategies for ALS.

VDAC1-interacting small molecules, VBIT-4 and VBIT-12, treating diseases with overexpressed
VDAC1—our newly developed small molecules, VBIT-4 and VBIT-12, were used to prevent
mitochondria dysfunction and apoptosis in conditions thought to be caused by VDAC1 over expression
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and oligomerization [53]. The effect of VBIT-4 was validated in T2D [84] in lupus models [87] and on
fibrosis induced by hyperaldosteronism in the heart [90], and the efficacy of VBIT-12 in DSS-induced
colitis (unpublished data).

VDAC inhibitor DIDS inhibits the effects of IBDV [53]—as described in Section 7.5, DIDS decreased
the expression of VP5 and apoptosis [274] induced by IBDV, causing immunosuppressive disease in
young chickens and up-regulated VDAC1 expression in cells.

In addition, although not a specific inhibitor of VDAC1 oligomerization, DIDS could protect rats
from the secondary response to spinal cord injury [54]. In this model, DIDS reduced oligodendrocyte
cell death, and improved axonal density, to promote motor function recovery.

10. Conclusions

Mitochondria represent the energy hub of the cell, and their dysfunction plays a critical role
in tumorigenesis and a broad range of other pathologies including AD, CVDs, T2D, and a wide
variety of autoimmune diseases, which are characterized by over-expression of the VDAC1 protein.
The ability of VDAC1 to control transport through the mitochondrial membrane gives the protein the
ideal opportunity to serve as a gatekeeper, orchestrate the traffic of metabolites, and regulate apoptosis,
and other cell stress-associated processes. The strategic location in the OMM also makes VDAC1 well
positioned to interact with over 100 proteins, allowing it to mediate and regulate the integration of
mitochondrial and cellular functions, significantly by modulating Ca2+ homeostasis. One of the most
important protein interactions is with itself since the dynamic oligomerization of VDAC1 is seen to be
a pivotal regulation point in apoptosis regulation and the decision of cell fate. These, together with
its overexpression in cancer and other diseases, including Alzheimer’s disease, some cardiovascular
diseases and type 2 diabetes, suggest that VDAC1 overexpression is associated with cell response
to stress conditions. As treatments that affect the degree of expression and/or oligomer formation
of VDAC1 have been efficacious in a wide variety of models, targeting VDAC1 has vast therapeutic
potential to modulate the biology of cancer and other diseases.
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Abstract: Although structurally related, mitochondrial carrier family (MCF) proteins catalyze the
specific transport of a range of diverse substrates including nucleotides, amino acids, dicarboxylates,
tricarboxylates, cofactors, vitamins, phosphate and H+. Despite their name, they do not, however,
always localize to the mitochondria, with plasma membrane, peroxisomal, chloroplast and thylakoid
and endoplasmic reticulum localizations also being reported. The existence of plastid-specific MCF
proteins is suggestive that the evolution of these proteins occurred after the separation of the green
lineage. That said, plant-specific MCF proteins are not all plastid-localized, with members also
situated at the endoplasmic reticulum and plasma membrane. While by no means yet comprehensive,
the in vivo function of a wide range of these transporters is carried out here, and we discuss the
employment of genetic variants of the MCF as a means to provide insight into their in vivo function
complementary to that obtained from studies following their reconstitution into liposomes.

Keywords: mitochondrial carrier family; MCF; function; mitochondria; plant metabolism;
plant development

1. Introduction

The characterization of heterologously expressed, liposome-reconstituted proteins has provided
considerable insight into the transport capacities of human, yeast and plant MCF members [1–13].
Moreover, inference from phylogenetic analysis has been demonstrated, at least in some cases,
to provide good hints as to the function of plant MCF proteins on the basis of the experimentally
characterized functions of, for example, yeast proteins with which they share high homology [14].
While these studies have provided a wealth of information concerning the potential substrates that
can be transported by a relatively large number of the transporters [15], the biological relevance of
these properties remains dependent on the context of where and when they are expressed. The advent
of next-generation technologies, and before that of microarrays, has led to the establishment of
considerable data regarding the expression of MCF members in Arabidopsis [16–19] and several
other species ([20,21]). Bioinformatic analysis has revealed that, as for the previous identification of
an Arabidopsis monolignol transporter [22], co-expression analysis provides clues as to the in vivo
function of a range of MCF transporters [23]. In addition, comparative studies are naturally confined to
the subfamilies which are conserved across the eukaryotic lineage [14]. Succinate/fumarate carriers are
apparently absent in animals while yeasts appear to lack uncoupling proteins (UCPs). The presence
of a subfamily in two of the three lineages suggests that it is likely to have been lost—perhaps due
to compensation by other transporters rendering it redundant [24]. By contrast, the presence of a
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subfamily in a single lineage, for example the mitochondrial GTP/GDP transporter of yeast or the
plastidial adenine nucleotide carriers and Brittle1 protein, is likely indicative of an innovation that
occurred after the separation of the eukaryotes. In certain functional clades, plants exhibit a higher
number of paralogs (although many of these remain to be experimentally proven), which may indicate
that gene duplication and/ or retention occurred more often for these transporters in plants. Indeed,
this is highly likely, given the documented fact that gene duplication is generally considerably more
prominent in plants [25]. While it is tempting to suggest that the increased number of transporters
gives flexibility to immotile plants [24], this is unlikely to be the reason, since mobile algae also possess,
at least for some clades, more MCFs than human or yeast [14]. A more attractive proposition is thus that
plants contain more MCF proteins due to the presence of the plastid organelle [24]. While arguments for
this were initially made on comparison of the NAD transporters NDT1 and NDT2 [24], with the former
thought to be a plastidial and the latter a mitochondrial localized transporter [26]; this needs revision
now that, as detailed below, both have been reclassified as mitochondrial [27,28]. That said, there are
several proteins that exhibit dual targeting and thus may fulfill different functions at the different
locations. Examples include the dual mitochondrial and plastidial localized SAM [29–31] and Brittle1
transporters [32–34]. Moreover, it is important to note that plant specific MCF proteins including the
adenine nucleotide carriers ER-ANT1 and PM-ANT1 do not only comprise plastidial carriers [35,36].
In this article, we will summarize functional insights obtained from evaluating spatio-temporal
differences in expression, subcellular localization and finally from the study of transgenic plants
exhibiting altered expression of the transporter(s) of interest.

2. Expression of MCF Members

2.1. Environmental Specific Gene Expression

To have a broad view of the expression profile exhibited by MCF genes we used information
available in The Bio-Analytical Resource for Plant Biology database [37,38] and prepared a heatmap
documenting the relative expression levels of 58 MCs in A. thaliana within a wide range of tissues
and environmental conditions (Figure 1). We first turned our attention to the MCF gene expression
levels under a range of stresses concerning exposure to cold, osmotic, salt, drought, oxidative, UV-B,
wounding and heat stress in shoots and roots (Figure 1a,b). Interestingly, out of 58 MCFs, eight
transporters (BAC2, DIC2, MTM1, DIC1, PNC2, APC1, PHT3;2 and AAC2) display expression profiles
that are highly upregulated in shoots under conditions of cold, osmotic and salt stress whereas the
other 50 genes were generally characterized as displaying lower and more specific changes (Figure 1a).
In general, in root tissues the expression profile of plants under different stress conditions appears to be
independent of the alterations verified in shoots suggesting a molecular plasticity between the tissues
in response to environmental stress (Figure 1a,b). However, seven transporters (BAC2, DIC1, DIC2,
MTM1, PHT3;2, AT3G55640 and PNC2) are highly upregulated under cold, osmotic and salt stress
(Figure 1b). Of the seven genes highly expressed in roots, six were also upregulated in shoots, but the
importance of these genes seems to be different during the stress in the two organs. For example,
BAC2, an amino acid transporter, exhibits a moderate expression in roots of plants submitted to few
hours of osmotic and salt stress (Figure 1b); however in shoots BAC2 is highly upregulated shortly
after the beginning of stress application, remaining highly expressed during the whole period of stress
exposure (Figure 1a). In this context, it is noteworthy that compelling evidence suggests that BAC2
plays a role in mechanisms of nitrogen recycling during stress establishment and recovery [39,40].
Furthermore, genes encoding UCP subfamily members are highlighted as stress-response genes [41,42].
Even though their role in plant metabolism is currently unclear, evidence suggests that UCP activity
acts to dissipating the proton gradient generated on ATP synthesis while preventing the accumulation
of reactive oxygen species under stress [43]. However, UCP isoforms are specifically induced and/or
repressed in diverse conditions, despite being generally downregulated (Figure 1a). The transcript
levels of UCP1 and UCP2 were not induced under the different stress conditions. This finding is in
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agreement with a study by Van Aken et al. [44], which suggests that the UCP proteins are not among the
most stress responsive mitochondrial proteins. Other interesting patterns are also apparent from our
in silico expression analysis; for example, when the expression profile of PiC2 (a phosphate transporter
also known as PHT3:2) is studied, distinct patterns are apparent in roots and shoots (Figure 1a,b).
In roots only, a moderate increase in expression was observed after 6-h exposure to salt stress, while in
shoots, gene expression was highly upregulated by cold, osmotic, salt, oxidative, UV-B and wounding
stresses. Differential root and shoot expression patterns are also apparent for DIC1, DIC2 and PNC2
displaying differences in expression under cold and salt stress in roots and cold, osmotic, salt, oxidative,
UV-B and wounding stress in shoots, respectively.

 

Figure 1. Hierarchical cluster of gene expression analysis of mitochondrial carrier family (MCF) genes
of Arabidopsis thaliana. Heat map of MCF genes in shoots (a) and roots (b) of plants under a range
of stress situations. Heat map of MCF genes expression in plants submitted to hormone treatment
(c), throughout plant development (d) and in several tissues (e). The values are stated as log2 ratio
(a–d) and relative value (e). The complete data set is presented in the supplemental information online
(Supplementary File S1). For definitions of gene names, please see the main text.

2.2. Hormone Treatment Gene Expression

Differential gene expression profiling following hormone treatment provides interesting clues
as to the putative roles of MCF members within plant metabolism. Compelling evidence suggests
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a close association between hormones with energy metabolism [45,46]. However, to date, there is
a lack of studies into the role of MCF members in this vein. Our meta-analysis of the Arabidopsis
expression profiling database [37,38] reveals that hormone application MCF members are most
responsive to abscisic acid (ABA), with seven genes affected negatively by application of ABA (APC3,
AT2G37890, AT3G53940, MFL1, AAC1, AT3G51870, SFC1). By contrast, BAC2, APC1 and COAC2
are highly upregulated following ABA treatment (Figure 1c). Interestingly, APC family members
exhibit differential dynamics influenced by ABA, with APC1 being upregulated while APC3 decreases
following application of ABA. While these observations suggest that shed MCFs may be associated
with hormone effects in vivo investigations are required in order to confirm this.

2.3. Developmental-Specific Gene Expression

Since transporters are an essential component linking the entirety of cellular metabolism and
integrating branched biochemical pathways among subcellular compartmentalization their importance
throughout the plant lifespan can be anticipated (Figure 1d). MCF gene expression profiling across
development shows two distinct patterns, with one set of genes being upregulated while others are
downregulated. Some insight into MCF function may be retrieved from Figure 1d. The expression
of adenylate carriers at specific stages of development (Figure 1d) indicates a strong induction of
AAC1 and APC1 in senescent leaves. Interestingly, a moderate induction of expression of AAC2 and
APC2 is observed in the same tissues, concomitantly with a reduction of AAC3, ADNT1, ER-ANT1
and PM-ANT1 expression. Thus, it appears that natural senescence causes remarkable changes in the
expression of different adenylate carriers in plants [23]. Furthermore, BAC2 displays low transcript
levels in most development stages, even lower levels during shoot senescence and higher expression
in senescing leaves (Figure 1d). Nevertheless, it has been suggested that BAC2 plays a role during
senescence being involved in nitrogen remobilization [39,40]. Considering that adenylate carriers
might also act during natural senescence [23], it appears that BAC2 shows a synergy with energy
generation beyond nitrogen recycling per se. Since natural senescence is characterized by carbohydrate
starvation, amino acid degradation (e.g., lysine and arginine; both amino acids transported by
BAC2) by mitochondria can most likely sustain energy demand by the cell [47–49]. Despite the
association between adenylate carriers and BAC2 transporter being interesting, further experimental
validation is required to ensure that the observed coexpression is biologically relevant and to test the
above-mentioned hypothesis.

2.4. Tissue-Specific Gene Expression

We next evaluated the expression profiles of MCF genes across plant tissues (Figure 1e). Several
MCF transporters (for example AT4G11440, SFC1) are expressed constitutively in different tissues,
suggesting that they are involved in essential housekeeping functions. By contrast, the majority of the
biochemically characterized MCFs are differentially expressed among different cell types. Particularly,
the NAD transporter NDT1 [27], AAC1, AAC2, and SAMC1 [29,31] are highly expressed in mature
pollen and also developing seeds, which is in agreement with the reported import of NAD, ADP
and methionine [31,50] into mitochondria of these tissues. Other transporters, including CAC, DIC1,
DIC2, NDT1, AAC1, AAC2, BAC2 and a few, as yet, uncharacterized proteins, were predominantly
expressed in pollen, seeds and vegetative rosettes, while many genes of unknown function were
predominantly expressed in embryo and seedling stages or in heterotrophic root and stem tissues.
As for the other transcript data described above, it is important to note that conclusions related to
function await validation.

3. Subcellular Localization of MCF Members and Characterization of Lines Deficient in the
Expression of the Transporters

Of the 58 MCF members in Arabidopsis, only 28 have thus far been reported to localize to
the mitochondria by organellar proteomics and localization by fluorescent protein tagging, while a
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total of 12 MCF members have been reported (sometimes erroneously) to localize elsewhere [51,52].
As mentioned above, these lists are reliant either on the specific expression of fluorescent fusion
proteins or are based on proteomics on highly purified organelles the results of which have been used
to generate databases such as SUBA [53] and ARAMEMNON [54]. These studies reveal the presence of
MCF members at several other locations including the peroxisome, plastid and endoplasmic reticulum
(Figure 2) [29,35,55–61]. Here, we detail the localization experiments alongside characterization of
mutants/transgenic lines of the transports focusing on the underlying mechanisms by which the in vivo
function of these proteins are realized. Given that the function of those transporters whose function is
intimately related to plant respiration have been reviewed very recently [52], we will only cover these
in brief here and spend greater time discussing transporters with different functions.

Figure 2. Model illustrating the mitochondrial carriers described and characterized in plant
cells. All carriers belong to the mitochondrial carrier family (MCF). Carriers localized in the
inner mitochondrial membrane: (1) ATP/AMP carrier, ADNT1; (2) ATP/ADP carriers, AACs;
(3) AMP-ADP-ATP/Pi carriers, APCs; (4) dicarboxylate carriers, DIC1-3; (5) glutamate-H+ carrier, BOU;
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(6) S-adenosylmethionine carrier, SAMC1; (7) NAD carriers, NDT1-2; (8) dicarboxylate/tricarboxylate
carrier, DTC; (9) Citrate/isocitrate carrier, SFC1; (10) basic aminoacids carries BAC1-2; (11) thiamine
pyrophosphate carrier; TPC; (12) phosphate (Pi) carriers, PiC1-3; (13) uncoupling protein, UCP1-2.
Carriers localized in the inner membrane of chloroplast: (14) ATP/ADP/AMP exporter, ATBT1;
(15) ATP/ADP carrier, NTT1; (16) S-adenosylmethionine carrier, SAMC1; (17) folates transporter, FOLT1.
Carrier localized in the membrane of thylakoid: (18) ATP/ADP transporter, TAAC. Carriers localized
in the membranes of peroxisome [NAD transporter (19); adenine nucleotide carriers, PNC1/2 (20)],
endoplasmic reticulum [ATP/ADP exchanger, ER-ANT1 (21)] and plasma membrane [ATP exporter,
PM-ANT1, (22)]. The colors on transporters indicate the subfamilies of mitochondrial carriers, defined
by substrate specificity; being red-orange for adenylates transporters; red for di-/tri-carboxylates
transporters; dark-red for S-adenosylmethionine transporters; yellow for folate/FAD transporter; blue
for amino acids transporters; orange for NAD transporters; gray for phosphate transporter; and green for
thiamine pyrophosphate transporter. Abbreviations: Asp, aspartate; ANTs, adenine nucleotides; Basic
AA, Basic amino acids; Cit, citrate; dNTPs, deoxynucleoside triphosphates; ER, endoplasmic reticulum;
Glu, glutamate; IsoCit, isocitrate; SAM, S-adenosylmethionine; SAHC, S-adenosylhomocysteine; ThPP,
thiamine pyrophosphate; ThMP, thiamine monophosphate.

3.1. Non-Mitochondrial MCFs

We include here all MCFs that have been reported as non-mitochondrial, although we stress that
for at least one of these, highly convincing evidence exists that it is indeed mitochondrial. Three MCFs
contain no N-terminal presequence and are localized at the endoplasmic reticulum (ER-ANT; [35]),
Golgi apparatus (UCP2; [62]) or plasma membrane (PM-ANT; [36]). Current thinking suggests that
these localizations are due to the specific transmembrane domain lengths in these proteins which
resemble the average for their respective locations [63]. However, UCP2 has alternatively been reported
to reside in the mitochondria [64] and as such its localization should currently be regarded as unclear.
Six further MCF members have been reported to be found in plastids—with four of these proteins
having cleavable N-terminal presequences and in the case of Brittle 1, the removal of this presequence
targeted the protein to the mitochondrion [34]. One of the two transporters lacking a cleavable
N-terminal presequence NDT1 was subsequently convincingly demonstrated not to be plastidic but
rather mitochondrial by a wide range of evidence (see [27] for details). This casts doubt on localization
results based purely on fluorescent marker proteins and acts as a cautionary note that it is better to
adopt multiple strategies for assignment. As such, we will discuss the function of NDT1 in detail,
below; however, given that some ambiguity exists concerning the location of UCP2 we will treat this as
a non-mitochondrial member for now. The final members of this list (PNC1/2 and PXN) all reside in
the peroxisome despite the fact that none of them contained either classical PTSI C-terminal sequence
or the N-terminal presequences observed for plastid targeted MCF proteins [57,65].

Assigning the location of these proteins, as well as assessing their patterns of transcription,
provides some contextualization for their in vivo function. However, far more insight can be achieved
by evaluating the biological roles of the transporters by assessing plants deficient in the expression of
the transporters in question and when possible comparative physiology between these mutants and
their counterparts in yeast. Of the 11 family members (at least putatively) assigned a non-mitochondrial
location; however, this is often not possible. That said the peroxisomal nucleotide carriers PNC1 and
PNC2 are functionally highly similar to their yeast counterparts [57,66]. Investigation of transgenic
Arabidopsis lines has revealed that PNC1 and PNC2 play an essential role in energy provision via
their catalysis of the counter exchanges of ATP with ADP or AMP to plant peroxisomes, and that
lack of these proteins impairs fatty acid breakdown and other peroxisomal reactions, including
auxin metabolism [57]. The third reported MCF that localizes to the peroxisome is PXN, which was
confirmed to catalyze NAD+ uptake in exchange mainly with AMP but also with NADH, ADP and
nicotinate adenine dinucleotide. The absence of this carrier in Arabidopsis led to an accumulation
of oil bodies in seedlings and an impaired peroxisome localized β-oxidation [65]. The ER-ANT1
Arabidopsis knockout mutant exhibits stunted growth but survives and produces fertile seeds [67],
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this work thus suggested the presence of a further carrier(s) capable of energy provision to the ER.
The presence of such a transporter was recently supported by the characterization of the mammalian
AXER protein—for which an Arabidopsis homolog has been identified [68]. By contrast, the PM-ANT1
is highly expressed in developing pollen and plants exhibiting a mutation in this carrier are impaired
in flower development particularly during anther dehiscence. These phenotypes were interpreted
to suggest that the transporter mediates ATP export specifically from pollen cells and that enhanced
eATP acts as a signal that is received by the stromium cells of the anther [36]. As for the ER-ANT,
it can be supposed that Arabidopsis contains other proteins that mediate ATP export at the plasma
membrane since the effects of downregulating PM-ANT were confined to the flower [24], while the
role of extracellular ATP is far more widespread [69]. Before turning to the plastid localized members
of the MCF—one final other member needs to be discussed, UCP2. As we mentioned above, it is
currently ambiguous where this is localized with it variously being reported to localize to the Golgi
apparatus and the mitochondria, as detailed in our accompanying article [15]. UCP2 displays similar
substrate specificities to UCP1 [64] and knockout of either transporter in Arabidopsis resulted in similar
metabolic phenotypes consistent with both transporting organic acids. However, notably, the metabolic
phenotype of ucp1ucp2 double mutants under salt stress is more reminiscent of the ucp1 than the ucp2

single mutant, suggesting that UCP1 plays the dominant role under these conditions [64]. This fact
notwithstanding, proteomics analyses have suggested, in contrast to the GFP fluorescence studies of
Monne et al. [64], that UCP2 actually resides at the Golgi apparatus [62]. As such, further research is
imperative to establish both the location and function of this isoform.

Having described those few transporters (potentially) localized to the peroxisome, endoplasmic
reticulum, Golgi apparatus and plasma membrane we next turn to the five MCF members believed to
localize to the plastid. It is perhaps unsurprising that the most similar organelle to the mitochondria
harbors so many MCF members or the breadth of substrates that they cover being reported to
transport adenylates, folates, FAD, S-adenosine methione (SAM) and iron. Taking these one by
one, two transporters have been implicated in adenylate transport pANT1 and the thylakoid lumen
transporter TAAC [70]. pANT1 has been demonstrated to locate either to the plastid [61] in the presence
of its N-terminal extension, or to the mitochondria in its absence [34]. However, as yet, unlike its paralog
Brittle1 in maize [71,72], mutants of the Arabidopsis gene remain to be characterized. This is not the
case for the TAAC transporter, however, with loss of function mutants leading to the assumption that
this transporter mediated ATP provision to the thylakoid lumen. As such, it was suggested to play a
role in photoinhibition and photoprotection of photosystem II, as well as regulating the electrochemical
proton gradient across the thylakoid membrane [73]. However, although these roles are not obviated by
the later finding that the TAAC is also located at the plastid envelope [70], they do probably need critical
reassessment particularly given that its transcript and protein abundances also suggest it to play a role in
developing plastids that are essentially free of thylakoids [24]. Next in the list is FOLT1, which catalyzes
the transfer of folate and its derivatives [60,74]. The absence of major phenotypical differences in the
loss of function mutant was taken to suggest the presence of an additional plastidial folate transport
system with the fact that the major facilitator family transporter has been demonstrated to transport
FAD [75], perhaps being part of such a system. A highly similar member of the MCF, namely NDT1,
was additionally proposed to have a plastidial localization on the basis of GFP fluorescence analysis
alone [26]; however, more comprehensive evaluation including that of Arabidopsis knockout mutant
revealed that NDT1, like NDT2, actually resides at the inner mitochondrial membrane (IMM) [27,28].
We discuss this in detail below. Suffice it to say the fact that plastids lack the enzymatic machinery to
make NAD+ means that a transporter capable of importing it into the plastid remains to be found.
More clear is the localization of the SAM and S-adenosylhomocysteine (SAHC) transporter. SAM,
like NAD+, is synthesized exclusively in the cytosol and has to be exported to the organelles where it
is needed as substrate [76]. For this purpose Arabidopsis harbors two homologs to the transporters
from yeast and mammalia [30,77], the N-terminal sequence of SAMC1 targets it to the plastid whereas
SAMC2 resides at both plastid and mitochondrial membranes [29,31]. Moreover, loss of SAMC1
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function resulted in a dwarf phenotype and a compromised prenyl lipid metabolism [29]. Finally,
the mitoferrin-like transporter Mfl1 is a component of the inner plastid envelop and investigations
into the corresponding mutant plants suggest its involvement in iron uptake by the chloroplast and
revealed that it displayed reduced vegetative growth [78].

3.2. Mitochondrial MCFs

Counterintuitively, the mitochondrially localized MCFs are arguably less well characterized than
those that localize to other membrane systems—largely due to the complexities that arise as a result
of overlap or even redundancy of function. That said, several of the 28 proteins which have been
identified to be present at the IMM have been well characterized, and many more have been at least
partially characterized. While we grouped the transporters described in the previous section on the
basis of their location here it makes more sense to group according to substrate specificity.

3.2.1. Coenzyme A Transporters

Plants produce coenzyme A (CoA) in the cytosol which is than imported into the organelles where
it is used in essential pathways such as the tricarboxylic acid (TCA) cycle in the mitochondria, fatty acid
synthesis in the chloroplast, and β-oxidation in peroxisomes. A plant peroxisomal CoA transporter
also able to transport NAD was identified and named peroxisomal NAD+ carrier (PXN; [79]) and also
discussed in the previous section. In addition to CoA, PXN was shown to be able to accept as substrates
NAD+, NADH, AMP, ADP, and adenosine 3′,5′-phosphate [65,79]. The lack of PXN in Arabidopsis
seedlings delays the breakdown of fatty acids released from storage oil and thereby leads to the retention
of oil bodies. This phenotype indicates that a defective PXN function lead to defects in β-oxidation
during seedling establishment suggesting that PXN delivers NAD+ for optimal fatty acid degradation
during storage oil mobilization [65]. Regarding specifically the mitochondrial CoA transporters,
MCFs members putative CoA transporters were first identified in Saccharomyces cerevisiae [80] and
mammals [81]. Next, comparative genomic analysis showed that nonflowering plants have one
homologs of these mitochondrial CoA transporters, whereas in angiosperms plants have two distinct
homologs [82]. The homolog proteins from maize (GRMZM2G161299 and GRMZM2G420119) and
Arabidopsis (At1g14560 and At4g26180) are able to complement the growth defect exhibited by
yeast mitochondrial CoA carrier mutant and also restore its mitochondrial CoA level, suggesting
that these proteins have CoA transport activity in mitochondrial membrane [82]. Despite current
knowledge related to the identity of CoA transporter candidates and the important function of CoA for
mitochondrial reactions in plants, functional characterization of mutant plants, as well as biochemical
properties, such as substrate specificities, still remain to be investigated.

3.2.2. Phosphate Transporters

The orthophosphate (Pi) uptake by the mitochondrial matrix is essential for the oxidative
phosphorylation of ADP to ATP. In Arabidopsis, three genes were identified as encoding mitochondrial
Pi carriers (AtMPTs), all members of MCF [83]. Expression analysis demonstrated that AtMPTs
are upregulated by high-salinity stress in A. thaliana seedlings [84]. Overexpressing AtMPTs in
Arabidopsis resulted in plants with a higher sensitivity to salt stress during seed germination and
seedling establishment stages, as well as higher ATP content and energy charge in comparison with
wild-type plants under salt stress. Further analyses revealed that activity AtMPTs might be involved
with gibberellin metabolism in A. thaliana during salt stress. Recently, it was shown that AtMPT3
overexpression displays multiple developmental defects in Arabidopsis plants including dwarfed
stature and reduced fertility [85]. In addition to changes in transcription of genes involved in plant
metabolism and leaf and flower development, AtMPT3 overexpressing plants exhibited higher ATP
content, faster respiration rate, and increased reactive oxygen species (ROS) production. Taken together,
these studies demonstrated the importance of MPTs activity for plant growth and development under
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optimal and adverse conditions, through complex regulatory mechanisms related not only with ATP
production but also with development and signaling processes.

3.2.3. NAD Transporters

In addition to the peroxisome NAD transporter (PXN) described above, two other MCF members,
namely AtNDT1 and AtNDT2, are able to catalyze the import of NAD in organelles [26]. These proteins
were able to complement the phenotype exhibited by yeast mutant lacking NAD+ transport [26].
In the same study, it was demonstrated that AtNDT1 and AtNDT2 are capable of importing NAD+

against ADP or AMP, and do not accept NADH, NADP+, NADPH, nicotinamide or nicotinic acid as
transport substrates. Despite the similarities in terms of biochemical properties of these transporters,
initial GFP-protein localization analysis indicated that AtNDT1 was located in the plastid membrane
and AtNDT2 in the mitochondrial membrane [26]. However, as discussed in the previous section,
the plastid localization of AtNDT1 was, for a long time, not well accepted, since GFP-tagging and
immunolocalization analyses were not able to find AtNDT1 targeted to chloroplast membranes [60]
and a recent proteome study identified AtNDT1 in mitochondrial membranes [86]. Recently, both
AtNDT1– and AtNDT2−GFP fusion proteins were found exclusively located in the mitochondria, clearly
indicating their mitochondrial localization [27]. Despite the similar biochemical properties and the same
subcellular localization, the biological characterization of AtNDT1 and AtNDT2 proteins revealed that
both proteins play important and non-redundant functions in Arabidopsis plants [27,28]. Physiological
and metabolic analyses of plants with reduced AtNDT1 expression, revealed increased leaf number and
leaf area which was concomitant with increased photosynthetic activity and starch accumulation [27].
In addition to other analyses, these results suggested that downregulation of AtNDT1 alters NAD+

metabolism and transport, leading to metabolic shifts which increased photosynthesis, activation
state of the stromal NADP dependent malate dehydrogenase (NADP-MDH) and starch accumulation.
Moreover, it was verified that plants with impaired AtNDT1 transport exhibited reduced pollen grain
viability, tube growth, short siliques and higher rate of seed abortion, demonstrating the important
role of AtNDT1 in reproductive tissues. Similarly, plants with reduced expression of AtNDT2 were
affected in reproductive phase [28]. The plants with impaired NDT2 transport exhibited a reduced seed
yield, followed by reduced seed germination and retardation in seedling establishment. Remarkably,
NDT2 mutants exhibited changes on primary metabolism in dry and germinated seeds and an increase
in fatty acid levels observed during seedling establishment. Interestingly, flowers and seedlings of
NDT2 mutants displayed upregulation of de novo and salvage pathway genes encoding for NAD
biosynthesis enzymes, suggesting that these genes have a transcriptional control mediated by NDT2
activity. Recently, it was suggested that AtNDT2 protein might be a key regulator of the mitochondrial
NAD+ and NADH pools and compromised NAD+ import activity in ndt2 mutants cannot be fully
compensated for by other transporters [87], highlighting the importance role of NDT2 for NAD+

import by plant mitochondria. Taken together, these results suggest that correct NDT1 and NDT2
expression is necessary for maintaining NAD+ balance among organelles that modulate metabolism,
physiology and developmental processes in plant tissues.

3.2.4. Uncoupling Proteins

Uncoupling proteins (UCPs) have been described as being involved in the dissipation of proton
gradients across the IMM that is normally used for ATP synthesis [64,88]. Based on homology with UCP
from humans, former studies identified six genes in Arabidopsis genome (AtUCP1–6) encoding putative
UCPs [89]. Formerly, it was shown that the isoform AtUCP1 (At3g54110) is localized to IMM and
exhibits the activity of uncoupling protein similar to the human UCP1 [88–90]. The function of the other
isoform AtUCP2 (At5g58970) was less understood because it was detected in the Golgi apparatus [62]
and also in the plasma membrane [63]. Recently it was shown that, exactly like AtUCP1, AtUCP2 is also
a mitochondrial localized protein [64]. Astonishingly, both AtUCP1 and AtUCP2 were shown to be able
to transport amino acids (glutamate, aspartate, cysteine sulfinate, and cysteate), dicarboxylates (malate,
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oxaloacetate, and 2-oxoglutarate), phosphate, sulfate, and thiosulfate [64]. In addition, it was verified
that both proteins catalyze an electroneutral aspartate/glutamate heteroexchange activity, in contrast
to that mediated by the mammalian mitochondrial aspartate glutamate carrier. Three other former
members of the AtUCP subfamily of Arabidopsis MCF (AtUCP4-6) were renamed as dicarboxylate
carriers (AtDIC1-3), because these proteins transport oxaloacetate, malate, succinate, phosphate, sulfate,
thiosulfate, and sulfite [91].

Regarding the physiological role of UCP proteins in plants, several studies have been performed.
In Arabidopsis plants, the silencing of AtUCP1 resulted in lower photosynthetic rates, specifically
caused by restricted photorespiration, with reduced oxidation of photorespiratory glycine in the
mitochondrion [88]. This study indicated that the function of AtUCP1 is related to maintaining the
redox poise of the mitochondrial electron transport chain and thus facilitating the photosynthetic
metabolism in the chloroplast [88]. Uncoupled mitochondrial respiration might be important in plants
undergoing stress situations, during which both respiration and photosynthesis may be impaired.
In agreement, overexpressing AtUCP1 in the IMM increases uncoupling respiration, reducing the
cellular ATP content, and also decreasing the accumulation of reactive oxygen species (ROS) under
abiotic stresses [92]. Transcriptome and metabolite analyses demonstrated that UCP1 overexpression
in tobacco plants induces a hypoxic stress that disrupts cellular energy homeostasis and triggers a
reconfiguration of metabolism [93]. Under stress conditions, the UCP activity would maintain the
redox poise inside the mitochondria and in the chloroplasts allowing photosynthesis and mitochondrial
activity. To verify the role of UCP1 in plant responses to drought stress, it was hypothesized that
UCP1 overexpression would help tobacco plants cope with drought stress [94]. As expected, the UCP1
overexpressing plants maintained higher rates of respiration and photosynthesis and reduced the
levels of H2O2 in leaves during the drought stress period. Together, these results demonstrated the
importance of UCP1 under both optimal conditions and drought stress [94]. These results clearly
demonstrate the importance of UCP1 in plant stress responses.

As mentioned above, in addition to the uncoupling function of UCPs, it was recently demonstrated
that AtUCP1 and AtUCP2 are able to transport of amino acids and dicarboxylic acids through the
IMM [64]. It is also suggested that AtUCP1 and AtUCP2 also catalyze an aspartate out/glutamate

in exchange across the mitochondrial membrane and, thereby, contribute to the export of reducing
equivalents from the mitochondria in photorespiration [64]. Notably, AtUCP1 and AtUCP2 have broad
substrate specificities, especially the dicarboxylates intermediates of TCA cycle. Thus, in agreement
with previously proposed role of AtUCP1 in photorespiration and photosynthesis [88], the role of
AtUCP1 and AtUCP2 might be related with glycolate pathway for the shuttling of redox equivalents
across the mitochondria as part of the malate/aspartate shuttle [52,64].

3.2.5. Organic Acid Transporters

Several metabolites associated with the activity of TCA cycle should be exchanged across the
IMM to link several mitochondrial enzymes to those in other cellular compartments [51,95]. In plants,
three sub classes of MCF members are involved in the transport of organic acids, which are likely
relevant for the activity of TCA cycle and reactions occurring in other organelles: dicarboxylic acid
carriers (DICs), dicarboxylic /tricarboxylic acid carriers (DTCs), and succinate/fumarate carrier (SFC).
These transporters are discussed in the following subsections.

Dicarboxylic Acid Transporters

As indicated above, in the Arabidopsis genome, three potential homologues of yeast
and mammalian mitochondrial dicarboxylate carriers (DICs), previously reported as AtUCP4-6,
were described and designated as AtDIC1-3 (AtDIC1, At2g22500; AtDIC2, At4g24570; and AtDIC3,
At5g09470) [91]. AtDIC3 shares only 55–60% identical amino acids with AtDIC1 and AtDIC2, whereas
AtDIC1 and AtDIC2 share 70% identical amino acids, suggesting that AtDIC1 and AtDIC2 are more
closely related [91]. In a recent mitochondrial proteomic study it was verified that AtDIC3 is not as
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highly expressed as AtDIC1-2, with AtDIC1 being more abundant than AtDIC2 (59 and 21 protein copies
per mitochondria respectively) [96]. The Arabidopsis DICs transport several dicarboxylates including
malate, oxaloacetate and succinate as well as phosphate, sulfate and thiosulfate at high rates, whereas
2-oxoglutarate was revealed to be less preferred substrate. The kinetic properties of recombinant
AtDIC1-3 proteins were also evaluated [91]. Despite the identification and characterization of the
biochemical properties of DICs proteins in Arabidopsis, the physiological functions of these transporters
have still not been elucidated. Surprisingly, according to our current knowledge, the isolation and
characterization of mutant plants for each AtDIC isoforms still need to be performed. This fact led
us to different questions regarding the physiological roles of these carriers in plants under distinct
physiological conditions.

Dicarboxylic/Tricarboxylic Acid Transporters

Dicarboxylate/Tricarboxylate carriers (DTCs) are proteins that catalyze the transport of dicarboxylic
acids (such as malate, maleate, oxaloacetate and 2-oxoglutarate) and tricarboxylic acids (such as citrate,
isocitrate, cis-aconitate and trans-aconitate) across the IMM [97]. These transporters are the most
abundant MC proteins in the IMM of Arabidopsis, comprising about 0.8% of the total IMM area (6836
protein copies per mitochondria) [96]. Unlike the other three more abundant carrier proteins in the IMM
(ADP/ATP carriers (AtAAC1-3) and mitochondrial phosphate carriers (AtMPT2-3) and uncoupling
proteins (AtUCP1-3), only one DTC homolog was identified in Arabidopsis (At5g19760). DTC proteins
have also been reported in different plant species [97–101]. Interestingly, the number of DTC homologs
in different plant species varies without a pattern; in the Brassica genus, the number of DTC homologs
varies from one in A. thaliana and Arabidopsis lyrata, two in Brassica oleracea, and three in Brassica

rapa [52], and four in tobacco (NtDTC1-4) [97]. Biochemical characterization of AtDTC and NtDTCs
revealed that the transport activity of these proteins involves an obligatory electroneutral exchange of
dicarboxylates such as malate and 2-oxoglutarate and tricarboxylates such as citrate [97]. Furthermore,
it was demonstrated that DTCs are able to catalyze homoexchange transport activities, such as
dicarboxylate/dicarboxylate and tricarboxylate/tricarboxylate [97]. This biochemical characterization
of DTCs also demonstrated that these proteins are able to transport several intermediates of the TCA
cycle, with the exception of succinyl-CoA and fumarate, for which there is no available information.

Succinate/Fumarate Transporter

Considering that degradation of storage compounds at early stages of seedling development is
essential to plant development, providing energy and intermediates required for construction of the
photosynthetic apparatus and thus allowing autotrophic growth, the transport of metabolites from and
into mitochondria is essential. In this regard, a homologue of the mitochondrial succinate/fumarate
carrier from yeast (Sfc1p) was identified in the Arabidopsis genome and named as AtSFC1 [102].
Recently, biochemical characterization of the AtSFC1 encoded protein demonstrated that this carrier
transports citrate, isocitrate and aconitate and, to a lesser extent, succinate and fumarate [103]. Further
gene expression analysis in Arabidopsis indicated that AtSFC1 is highly expressed in heterotrophic
tissues. In agreement, lower expression of AtSFC1 reduced seed germination and impaired radicle
growth, a phenotype that was related with reduced root respiration rate. Together, these results
suggested that AtSFC1 is involved in storage oil mobilization at early stages of seedling growth
and might be important for nitrogen assimilation in root tissues by catalyzing citrate/isocitrate or
citrate/succinate exchanges [103]. Notwithstanding that SFC1 was previously supposed to be a
succinate/fumarate carrier [102], the fact that mitochondria lack the transport machinery capable of
importing succinate into the mitochondria from lipid mobilization during seed germination remains to
be understood.
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3.2.6. Amino Acid Transporters

In plants, as well as in other organisms, mitochondria play an important role in amino acid
metabolism. Several intermediates needed for amino acid biosynthesis are intermediates of the TCA
cycle, and, conversely, amino acids may be converted into TCA cycle intermediates [104]. In addition,
reactions involved in the catabolism of amino acids take place in mitochondria [48,105]. Thus, amino
acid transporters must play important roles in the import of amino acids and the export of precursors
for biosynthetic pathways.

Research efforts have been devoted to understanding the roles of a putative amino acid transporter
named A BOUT DE SOUFFLE (BOU), which was identified in Arabidopsis (At5g46800) for a long
time [106]. Physiological characterization of BOU transporter in plants indicated that this protein plays
important roles in fatty acid β-oxidation [106], photorespiration and growth of meristem cells [107].
Seedlings from the bou mutant stopped developing after germination and degradation of storage lipids
but were not able to proceed towards autotrophic growth. Further analyses revealed that the bou

mutant’s post germination phenotype is similar to that displayed by mutants impaired in fatty acid
β-oxidation indicating that BOU might be a mitochondrial acyl-carnitine carrier [106]. Further studies
demonstrated that BOU gene is co-expressed with photorespiratory genes in leaf tissues, suggesting
that this transporter might be involved with photorespiration [107]. Physiological characterization of
the knockout mutant bou-2 showed that the mutant plants exhibit the typical photorespiratory growth
phenotype, together with elevated CO2 compensation point and glycine accumulation. Furthermore,
it was observed that the shoot apical meristem organization is compromised in seedlings from the
bou-2 line. These results demonstrated that BOU transporter might be involved in photorespiratory
metabolism and is necessary for meristem growth at ambient CO2 [107]. Despite the studies indicating
the important function of BOU transporter in plants, the specific substrate for the BOU transporter
protein was revealed only recently [108]. Detailed biochemical characterization of Arabidopsis BOU
and YMC2P from S. cerevisiae revealed the transport properties and kinetic parameters of these proteins.
Both YMC2P and BOU proteins are able to transport glutamate, but not other amino acids or many
other tested metabolites [108]. Together these studies demonstrated that BOU protein, by importing
glutamate into mitochondria, plays an important role in carbon and nitrogen metabolism and potentially
also mitochondrial protein synthesis.

In Arabidopsis, another two MCF members, AtBAC1 (At2g33820) and AtBAC2 (At1g79900),
catalyze the transport of basic amino acids through the IMM [9,109–111]. Sequence analysis indicated
that AtBAC1 shares 36% of identity with BOU, whereas AtBAC2 is 40% similar to the human SLC25A29
transporter, although it is also related to BOU (36% identity) and aspartate/glutamate carriers (AGCs;
30–33% identity) [9]. Experiments with recombinant proteins from AtBAC1 and AtBAC2 reconstituted
in liposomes indicated that both proteins transport lysine, arginine, ornithine and histidine [109,110].
These transporters exhibit differences in terms of substrate specificity; in comparison with AtBAC1, the
isoform AtBAC2 is less specific for l-amino acids and also the only AtBAC able to transport the neutral
amino acid citrulline [109,110].

Regarding the physiological roles of these proteins, the two AtBACs seem to play different
functions in plants. It has been demonstrated that AtBAC1 is likely involved in remobilization of
storage compounds after seed germination in Arabidopsis and rice plants [109,111,112]. Meanwhile,
AtBAC2 seems to play an important role during stress recovery, since it seems to be more expressed in
responses to hyperosmotic stress and also during dark induced senescence [39,40]. It was demonstrated
that overexpression of AtBAC2 in transgenic plants allows plants to use arginine as a source of
nitrogen [39] and that this isoform of BAC is necessary for the complete recovery of leaf growth after
hyperosmotic stress [40]. These results are in agreement with studies demonstrating that some amino
acids accumulate in plant tissues during stress establishment and are degraded during the period of
stress recovery [48,113]. Thus, the arginine transport, mediated by AtBAC2, and degradation inside
the mitochondria might be important in reducing the excess of arginine, recycling the nitrogen and
urea and thus providing intermediates for the synthesis of primary molecules necessary for plant
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growth during stress recovery [40]. Furthermore, in the same study, transcription analysis revealed
that under stress conditions AtBAC2 expression affects the transcript levels of several genes such as
those encoding stress-related transcription factors, arginine metabolism enzymes, and transporters.
Taken together, these studies indicate the clear importance of basic amino acid mitochondrial transport
in responses to hyperosmotic stress.

3.2.7. Iron Transporters

Mitochondrial iron (Fe) transporters, also named Mitoferrins (mIT), were first identified and
characterized in drosophila, zebrafish and humans [114–116]. In plants, a mIT homolog was first
identified in rice [117]. In this species, a silenced mutant line for mIT resulted in a lethal phenotype.
The mIT protein from rice was able to complement the growth of yeast mutant which was defective
in mitochondrial Fe transport. Interestingly, the growth of mIT-knockdown rice mutant plants was
impaired despite abundant Fe accumulation [117]. Further analyses of the rice mIT mutants revealed
that Fe-s cluster synthesis is affected in the knockdown plants. These results clearly suggested that mIT
plays an essential role for rice growth and development [117]. In Arabidopsis, two genes encode for
mIT (AtmIT1 and AtmIT2) [118]. Both mITs from Arabidopsis belong to the MCF and exhibit homology
with mITs from other organisms. Single AtmITs mutant plants do not exhibit clear phenotypes,
but in the double mutant plants, silenced for both genes showed embryo lethal phenotype were
shown to be essential for Fe homeostasis and embryogenesis in Arabidopsis. Additional analyses
demonstrated that both transporters are necessary for mitochondrial Fe uptake and also for the correct
mitochondrial function. Together, these studies indicate that mITs are necessary for the maintenance of
both mitochondrial and whole plant Fe homeostasis, and consequently essential for the proper growth
and development of the plant.

4. Conclusions

Research into the in vivo functions of the plant mitochondrial carrier family has made impressive
advances since the last comprehensive reviews were published some eight to nine years ago [14,23].
Indeed, despite the fact that lesser technological advances have been made than those described for
the metabolic role of the transporters in the accompanying article [15], arguably greater progress has
been made here. As we describe above, next-generation sequencing-based transcript profiling has
greatly expanded the species and conditions for which expression analysis information is available for
the plant MCF. Moreover, since 2012 a total of 21 MCF proteins have been characterized at the genetic
level—largely by accession mutants of the various Arabidopsis T-DNA insertional mutant collections.
Thus, we now have information on the effect of mutation in all of the major clades. That said a
considerable number of gaps still need filling and even such well-studied proteins as the ATP/ ADP
transporters have not been properly characterized in vivo. It seems likely that, due to functional
redundancies, a range of double and triple mutants may be required in order to provide clearer clues
in this direction. An additional area of interest for future work will be in elucidating the means
by which these transporters are regulated in vivo. A wide range of post-translational modifications
have been reported for plants [119], and many of these also occur within the MCF family; however,
their physiological relevance is currently unclear. Despite these open questions immense advances
have made within the last eight years and our understanding of plant organellar transport has been
particularly enriched within this period.
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Abstract: Mitochondrial potassium channels have been described as important factors in cell pro-life
and death phenomena. The activation of mitochondrial potassium channels, such as ATP-regulated
or calcium-activated large conductance potassium channels, may have cytoprotective effects in
cardiac or neuronal tissue. It has also been shown that inhibition of the mitochondrial Kv1.3 channel
may lead to cancer cell death. Hence, in this paper, we examine the concept of the druggability
of mitochondrial potassium channels. To what extent are mitochondrial potassium channels an
important, novel, and promising drug target in various organs and tissues? The druggability of
mitochondrial potassium channels will be discussed within the context of channel molecular identity,
the specificity of potassium channel openers and inhibitors, and the unique regulatory properties of
mitochondrial potassium channels. Future prospects of the druggability concept of mitochondrial
potassium channels will be evaluated in this paper.

Keywords: mitochondria; potassium channels; ATP; calcium; ROS; potassium channel openers

1. Introduction

The mitochondrial potassium channels field started in the beginning of the 1990s when the first
paper describing potassium channel sensitive to ATP and antidiabetic sulphonylurea–glibenclamide
(mitoKATP channel) was described [1]. It was a strong indication that mitochondria may contain
potassium channels similar to those present in the plasma membrane. For almost a decade after, it
was not clear what the role of mitochondrial potassium channels was. This was because channels
would not support, due to membrane potential dissipation, a canonical function of mitochondria i.e.,
ATP synthesis. The finding of calcium-activated large conductance channel in inner mitochondrial
membrane (mitoBKCa) would not help position potassium channel in mitochondrial function [2].
The discovery that activation of the mitochondrial potassium channel by potassium channel openers
induces protective mechanisms in cardiac myocytes positioned these proteins as an important player
in ischemic preconditioning [3]. This was a starting point for trials to target various mitochondrial
potassium channels with drugs to affect cell life.

Potassium channels, which are present in the plasma membrane, are the targets of many
substances employed in medicine. This is because K+ trafficking through the plasmalemma plays
an important role in a variety of processes, including the regulation of heart function, muscle
contraction, neurotransmitter release, neuronal excitability, insulin secretion, epithelial electrolyte
transport, and cell proliferation [4–6]. Hence, plasma membrane potassium channels have been
recognized as potential therapeutic drug targets for many years. For example, voltage-regulated
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potassium channels offer opportunities for the development of new drugs for cancer, autoimmune
diseases; and metabolic, neurological, and cardiovascular disorders [4–7]. Clinically used potassium
channel modulators comprise of hypoglycemic sulfonylureas (potassium channel blockers, such as
glibenclamide), antiarrhythmic agents (nonselective potassium channel blockers, such as dexsotalol or
nifekalant), antianginal and cardioprotective agents (potassium channel openers, such as nicorandil or
levosimendan), and anticonvulsants (potassium channel openers, such as retigabine) [8].

The mitochondria, due to their crucial functions within all mammalian cells, are increasingly
considered to be targets in drug development [9–12]. Targeting mitochondrial potassium channels
in various cell types is an important aim of future studies in this context. The discovery and
characterization of mitochondrial K+ channels in the liver, heart, brain, endothelium, or fibroblast cells
clarified the mitochondrial K+ flux phenomenon [13–16].

First, the phenomenon of potassium uniport, which has been described previously in mitochondria,
is attributed to potassium selective channels [17]. Second, potassium channels in the mitochondrial
membrane are similar, due not only to biophysical properties but also pharmacological ones of
potassium channels present in the plasma membrane. For example, mitochondrial ATP-regulated
potassium (mitoKATP) channels were sensitive not only to ATP but also to antidiabetic sulfonylureas,
such as glibenclamide and 5-hydroxydecanoic acid (5-HD), and to potassium channel openers, such
as diazoxide [1,18–20]. Recently, the molecular identities of mitochondrial (mitoBKCa) and plasma
membrane large conductance Ca2+-activated potassium (BKCa) channels were determined to have
a common genetic origin [21].

To date, potassium ions’ influx into the mitochondria was considered a consequence of high
membrane potential (negative in the matrix). Due to K+/H+ exchanger activity in the inner
mitochondrial membrane, no harmful accumulation of K+ in the matrix was observed [17]. This
kind of description would limit potassium channel action only as part of mitochondrial osmotic
controllers. Currently, K+ flux is considered to be a regulator of mitochondrial membrane potential and
respiration, reactive oxygen species (ROS) synthesis, and mitochondrial plasticity, i.e., morphological
changes [6,14,16].

The presence of mitoKATP channels in the inner mitochondrial membrane suggests that
mitochondria may be a target of potassium channel openers known to interact with plasma membrane
KATP channels [22]. Furthermore, linking cytoprotective phenomena with mitochondrial potassium
channels (and not with the potassium channel in plasma membrane) gave rise to a new area of research
investigating cytoprotective mechanisms via activation of or mitochondrial potassium channels [23].
This finding raised the question of the extent to which mitochondrial potassium channels could be
applicable targets for cardiac or neuronal protection in various physiological insults. Interestingly,
mitochondrial voltage regulated (mitoKv1.3) channel inhibition was recently described as an early event
of cancer cell death [24]. Summarizing, mitochondrial potassium channels’ activation or inhibition by
specific drugs could be used in cytoprotective or cell death regulation.

The druggability of mitochondrial potassium channels will be discussed in this paper within
the context of channel molecular identity and the specificity of potassium channel openers and
inhibitors towards mitochondrial channels (see Figure 1).
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Figure 1. Scheme of the druggability concept towards mitochondrial potassium channels. Modulators
of potassium channels (column [1]) must possess unique properties (column [2]) to affect K+ flux into
the mitochondrial matrix (column [3]) in a specific way, thereby causing beneficial physiological effects
(column [4]).

The concept of the druggability of mitochondrial potassium channels is also based on drug
properties, such as lipophilicity and positive charge, leading to their accumulation in mitochondria.
This effect may promote specific drug actions on mitochondrial potassium channels. Moreover,
the unique environment for potassium channels in the inner mitochondrial membrane merits critical
analysis. Additionally, some pitfalls of using mitochondrial potassium channels as drug targets will be
discussed in this paper.

2. Three-Dimensional Mitochondrial Potassium Channel Mapping

To consider mitochondrial potassium channels as important targets for drugs, one should first
define three parameters. We call this concept three-dimensional mitochondrial potassium channel
mapping: “3D mitoK channel mapping”.

The first dimension of “3D mitoK channel mapping” concerns the molecular identity of
mitochondrial potassium channels. There are various potassium channels in the inner mitochondrial
membrane [16]. Before the era of mitochondrial potassium channels [1], the universal description
as “potassium uniport” was used to describe the phenomenon of K+ electrogenic influx into
the mitochondrial matrix [17]. The current (June 2020) list of identified mitochondrial potassium
channels is as follows:

- mitoKATP channel: mitochondrial ATP-regulated potassium channel, the first potassium channel
described in the inner mitochondrial membrane [1]. Most likely, these channels might be formed
by two proteins: ROMK-type channels (encoded by KCNJ1 gene) [25–28] or the recently described
CCDC51 protein (encoded by CCDC51 gene) [29]. Additionally, ABCB8 protein (mitochondrial
sulfonylurea receptor) is part of the mitoKATP channel [29].

- mitoBKCa channel (encoded by KCNMA1 gene): mitochondrial large conductance
calcium-activated potassium channel. This channel is a VEDEC isoform of the BKCa channel,
which is known to be present in the plasma membrane of various cell types [21]

- mitoIKCa channel (encoded by KCNN4 gene): mitochondrial intermediate conductance
calcium-activated potassium channel [30]

- mitoSKCa channel (encoded by KCNN1, KCNN2, and KCNN3 genes): mitochondrial small
conductance calcium-activated potassium channel [31]
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- mitoKv1.3 channel (encoded by KCNA3 gene): mitochondrial 1.3 voltage-gated potassium
channel (the first number denotes subfamily, and the second denotes the order of discovery) [32]

- mitoKv1.5 channel (encoded by KCNA5 gene): mitochondrial 1.5 voltage-gated potassium
channel [33]

- mitoKv7.4 channel (encoded by KCNQ4 gene): mitochondrial 7.4 voltage-gated potassium
channel [34]

- mitoTASK3 channel (encoded by KCNK9 gene): tandem pore-domain acid-sensitive potassium
channel type 3 [35]

- mitoSLO2 (in C. elegans encoded by gene SLO2, in mammals encoded by gene KCNT2):
mitochondrial sodium-activated potassium channel [36,37]

- mitoHCN (encoded by HCN1, HCN2, HCN3, and HCN4 genes): mitochondrial
hypopolarization-activated cyclic nucleotide-gated channel [38,39]

The second dimension of “3D mitoK channel mapping” concerns the tissue profile of mitochondrial
potassium channels. There is a different set of mitochondrial potassium channels in various tissues [18].
One should not expect that all of the above mentioned channel proteins exist in all types of mitochondria.
For example, in cardiomyocyte mitochondria, five different potassium channels were described, but
in skin fibroblast mitochondria, only two types of potassium channels were observed [25,40], and in
keratinocyte mitochondria, only mitoTASK3 channel was observed [35]. The mitoKATP, mitoBKCa,
and mitoKv1.3 channels are the most abundant channels in mammalian mitochondria [15].

The third dimension of “3D mitoK channel mapping” concerns the level (amount) of specific
mitochondrial potassium channels in specific tissues. For example, it is believed that the number of
mitoKATP channels is higher in the brain than in cardiac mitochondria [41]. Interestingly, the mitoBKCa

channel in the brain is distributed in various amounts in various brain regions [42].
To summarize, before targeting with drugs specific K+ channels in mitochondria, one should

consider the following: (1) Type of mitochondrial potassium channel, (2) presence of mitochondrial
potassium channels in specific tissues, and (3) the abundance of the mitochondrial potassium channel
in targeted tissue versus other tissue.

Additional aspects of this problem concern the presence of mitochondrial channels within various
cell compartments. The BKCa channels, which are highly abundant in the cell membrane of various
cells, are present in only the inner mitochondrial membrane (mitoBKCa channels) but not in plasma
membrane of cardiomyocytes [14]. This observation is notably unique for mitochondrial potassium
channels and may support that mitochondrial potassium channels and cardiac tissue are druggable
targets. The BKCa channel was also observed in the nucleus membrane [43].

Finally, within the same cell, there are mitochondria both having and not having the potassium
channel. It was shown that mitoBKCa channels are probably not present in all mitochondria within one
neuron cell [42]. This uneven distribution of mitoBKCa channels and the functional consequences of
the intracellular heterogeneity of mitochondrial potassium channels still need to be elucidated.

3. Plasma Membrane Versus Mitochondrial Potassium Channels: Molecular Identity

Identifying the molecular identity of the mitochondrial potassium channel is a key element for
the rational design and application of these proteins as precise drug targets. This step is important
because highly similar proteins are both present in the plasma membrane and inner mitochondrial
membrane. In recent years, there has been considerable progress in this area, but there are still many
open questions [13].

The plasmalemmal ATP-regulated potassium channel (KATP) was first described in
cardiomyocytes [44]. This KATP channel is also present in skeletal muscles, and in pancreas, where it
plays a crucial role in the regulation of insulin secretion from β cells. It seems that plasmalemmal KATP

channels have different structures and molecular compositions depending on their localization [45].
The plasmalemmal KATP channel consists of four Kir6.X pore forming subunits (either Kir6.1 or Kir6.2)
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and four SUR subunits (SUR1, SUR2, or SUR2B) [46]. KATP channels are sensitive to changes in
ATP concentrations, and by sensing the ATP/ADP ratio in the cytoplasm, these channels possess
the unique ability to couple cellular metabolism with plasma membrane potential. As mentioned,
KATP potassium channels of similar electrophysiological and pharmacological properties were also
found in the mitochondrial inner membrane: mitoKATP channels. These channels might be formed by
two proteins: ROMK-type channels [26] or CCDC61/ABCB8 protein complex [29].

In fact, the mitoKATP channel was the first potassium channel ever identified in the mitochondrial
inner membrane [1]. This channel was detected in the mitochondria of several tissues, such as
the liver, heart, skeletal muscles, and brain [15]. Although the channel’s electrophysiological properties
are relatively well described, there is no consensus regarding its molecular topology in the inner
mitochondrial membrane. Several groups have investigated this issue, proving that the molecular
identity of mitoKATP is most likely different from its plasmalemmal counterpart. Recent discoveries
indicate that the ROMK2 (renal outer medullary potassium channel 2; Kir1.1b) protein is a candidate for
the molecular constituent of the mitoKATP channel [26]. It appears that when overexpressed, the ROMK2
protein tends to localize in the mitochondrial inner membrane. Moreover, shRNA-mediated knockdown
of ROMK inhibited ATP-sensitive, diazoxide-activated components of mitochondrial thallium uptake.
The ROMK (Kir1.1a) protein was first described in the plasma membrane of renal cells. However,
this protein was later found to be widely expressed within different tissues. ROMK proteins are
encoded by distinct splice variants of the Kcnj1 gene. The expression of ROMK in mitochondria and
patch-clamp measurements confirmed its functional properties as a mitoKATP channel [27]. Recently,
it was proposed that the CCDC61 and ABCB8 proteins constitute a mitoKATP channel composed
of pore-forming and ATP-binding subunits (mitochondrial sulfonylurea receptor) [29]. Planar lipid
bilayer reconstitution of the pore subunit together with the mitochondrial sulfonylurea receptor showed
the canonical properties of the mitoKATP channel. Overexpression of the mitoKATP channel triggers
mitochondrial swelling, whereas genetic ablation of this subunit causes instability in mitochondrial
membrane potential and decreases oxidative phosphorylation [29].

The BKCa (KCa1.1) is ubiquitously expressed within different tissues. The BKCa channel was first
discovered in the plasmalemma of chromaffin cells [47]. However, the activity of the BKCa channel has
also been described in other cellular structures, such as nuclei, ER, or mitochondria (named mitoBKCa

channel) [2]. Expression of the mitoBKCa channel has been reported in several mammalian cell types,
including heart [48], brain [42,49–51], skeletal muscle [52], endothelium [53], and fibroblasts [40].
The channel was also found in the mitochondria of certain plants [54] and members of the Protista
kingdom [55].

A functional BKCa channel is composed of fourα-subunits. Eachα-subunit spanned the membrane
seven times. The BKCa channel represents a unique class of ion channels not only because of its
high single channel conductance but also because it can be activated by Ca2+ alone, membrane
depolarization alone, or by both factors synergistically [56]. This dual regulation allows BKCa channels
to couple intracellular signaling to membrane potential and significantly modulate physiological
responses, such as neuronal signaling and muscle contraction [57].

Unlike KATP channels, all BKCa channels found in distinct locations within the cell seem to be
the products of alternative splicing of a single Kcnma1 gene [58,59]. Unfortunately, the exact molecular
identity of each isoform has not been determined. However, one of the mitochondrial splice variants
of the BKCa channel is believed to have an extended C-terminal domain ending with the amino acid
residue VEDEC [60].

It was shown that increased expression of the Kv1.3 potassium (mitoKv1.3) channel in
the mitochondria of many types of cancer cells and participation in the process of apoptosis have
made it a potential target in cancer therapy [61]. The mitoKv1.3 channel is located on the inner
mitochondrial membrane in the same orientation as on the plasma membrane [32]. Similar Kv1.3
channel is also detected in the Golgi apparatus and in the membrane of endoplasmic reticulum.
Activation of the Kv1.3 channel located in plasmalemma leads to increased cell proliferation and
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differentiation. In contrast, the mitoKv1.3 channel plays a key role in activating the apoptotic pathway.
CTLL-2 cells overexpressing mitoKv1.3 channels were sensitive to pro-apoptotic factors, such as TNFα,
staurosporine, sphingomyelinase, and C6-ceramide. CTLL-2 cells deficient in mitoKv1.3 channels
showed no signs of apoptosis, while cells of the same CTLL-2 line with Kv1.3 channels expressed
from a mitochondria-targeted vector showed induction of apoptosis in response to TNFα. Induction
of apoptosis in mitochondria occurs by blocking the mitoKv1.3 channel through interacting with
lysine 128 pro-apoptotic Bax protein, and as a result, the channel pore is impermeable to K+ ions.
Hyperpolarization of the mitochondrial membrane leads to increased synthesis of reactive oxygen
species (ROS) and the release of cytochrome c followed by membrane depolarization and initiation of
apoptosis [62].

Molecular definition of mitochondrial potassium channels is important for designing drugs
specifically targeting these proteins. This approach probably will help to describe differences between
mitochondrial and plasma membrane potassium channels, which is a crucial step in the activity
regulation of only mitochondrial potassium channels.

4. Unique Regulation of Mitochondrial Potassium Channels: Destination Context?

Mitochondrial potassium channels are regulated by similar factors (as plasma membrane potassium
channels) such as ATP, Ca2+, ROS, heme, gasotransmitters, or free fatty acids. Additionally, such
parameters as membrane potential and/or pH regulate in principle potassium channels in the same
way in both the plasma membrane and the mitochondrial inner membrane [15,16,19,63–65].

Recently, unique (specific for mitochondria) regulation of mitochondrial potassium channels
was reported. The single-channel activity of the mitoBKCa channel was measured by patch-clamping
mitoplasts isolated from the human astrocytoma (glioblastoma) U-87 MG cell line [66]. The channel
was activated by Ca2+ at micromolar concentrations and by the potassium channel opener NS1619.
The channel was inhibited by paxilline and iberiotoxin, which are well characterized inhibitors of BKCa

channels localized in plasmalemma and inner mitochondrial membrane. It was shown that substrates
of the respiratory chain, such as NADH, succinate, and glutamate/malate, decrease the activity of
the channel at positive voltages. This effect was abolished by rotenone, antimycin, and cyanide, which
are inhibitors of the mitochondrial respiratory chain. The putative interaction of the β4 subunit of
mitoBKCa with cytochrome c oxidase (COX) was demonstrated using blue native electrophoresis
technique. These results indicated possible structural and functional coupling of the mitoBKCa channel
with the mitochondrial respiratory chain in human astrocytoma U-87 MG cells [66]. Direct regulation
of mitoBKCa channels by mitochondrial respiratory chain redox status may play an important role in
the ischemia-reperfusion phenomenon.

The interaction of the mitoBKCa channel with COX has an additional consequence. It was
suggested that mitochondria interact with near-infrared light (wavelengths between 700 and 1400
nm) are absorbed by complexes of the respiratory chain. In the near-infrared region, the 820 nm
absorption band belongs mainly to the relatively oxidized CuA and the 760 nm absorption band
to the relatively reduced CuB chromophore of COX. The absorption of photons (at 760 and 820
nm) by COX is hypothesized to enhance respiratory chain function and increase the synthesis of
ATP by mitochondria. The mitoBKCa channels of the astrocytoma (glioblastoma) U-87 MG cell line
were investigated using a patch clamp technique with an illumination system [67]. It was found
that the mitoBKCa channel activity was modulated by illumination by infrared light. Activation of
the mitoBKCa channel (depending on respiratory chain redox state) was observed after illumination
using specific light wavelengths: 760 nm or 820 nm. These findings confirmed the functional coupling
of the respiratory chain via COX to the mitoBKCa channel and regulation of its transporting activity by
infrared light [67].

Mitochondria are highly dynamic intracellular structures in which, depending on metabolic
activity, the inner mitochondrial membrane could be dramatically remodeled. It was shown for the first
time that mechanical stimulation of the mitoBKCa channel resulted in an increased probability of
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channel opening as was measured by the patch-clamp technique in mitochondria isolated from human
astrocytoma U-87 MG cells [68]. These results indicated the possible involvement of the mitoBKCa

channels in mitochondrial activities in which changes in membrane shape and tension play a crucial
role, such as fusion/fission and cristae remodeling [68].

These examples illustrate that localization of potassium channels in mitochondrial inner membrane
may form a new context of channel regulation. These newly described regulatory mechanisms, as
a consequence of mitochondrial localization, may facilitate the design of drugs specifically acting on
mitochondrial potassium channels.

5. Searching for Specific Drugs Targeting mitoKv1.3 Channels

Because many cancer cells are deficient in pro-apoptotic proteins, such as Bax or Bak, which causes
apoptosis resistance and inhibits the action of chemotherapeutics, it is important to develop a therapy
that would cause cancer cells to undergo apoptosis in spite of these deficiencies. The mitochondrial
Kv1.3 potassium channel, which is blocked by the Bax protein, has become such a therapeutic target [69].
Inhibitors of this channel have also been shown to be able to activate the internal apoptotic pathway in
Bax/Bak deficiency. Three inhibitors were tested: Psora-4, PAP-1, and clofazimine on CTLL-2 cells
that do not express Kv1.3 and other potassium channels and on the Kv1.3 transfected line. The three
inhibitors blocked the mitochondrial Kv1.3 channel and induced apoptosis only in cells expressing
Kv1.3 (Figure 2).
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Figure 2. Interactions of Kv1.3 channel inhibitors in mitochondria. Inhibition of the Kv1.3
channel in the inner mitochondrial membrane (IMM) by clofazimin and Psora-4 and PAP-1
and their mitochondrial-directed derivatives (PCTP, PCARBTP, PAPTP) causes hyperpolarization.
Hyperpolarization induces an increase in ROS synthesis. If basal ROS production is relatively high as
for cancer cells, a further increase in ROS synthesis may lead to a critical level that leads to PTP opening,
swelling, and loss of membrane potential, depolarization, and consequent release of cytochrome c from
IMM. This chain of events leads to an apoptotic cascade and, as a consequence, to cell death.
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In the case of clofazimine, its pro-apoptotic effect was also tested in vivo in a mouse model of
the orthotopic melanoma B16F10 line. A 90% tumor mass reduction after intraperitoneal administration
relative to the untreated control was observed with no side effects on healthy tissue [70].

B-cells (B-lymphocytes) from patients suffering from chronic lymphocytic leukemia have been
shown to show an increased level of functional mitoKv1.3 channels compared to cells from healthy
donors [71]. This finding paved the way for testing the effects of mitoKv1.3 inhibitors, such as Psora-4,
PAP-1, and clofazimine, in the treatment of leukemia. These molecules were highly effective in inducing
cell death, especially in combination with inhibitors of multidrug resistance (MDR) pumps. Kv1.3
channel-expressing B-cells undergo apoptosis after treatment with Kv1.3 inhibitors, while healthy T
cells from the same patient with reduced Kv1.3 channel expression were resistant to the inhibitors
used. The selective action of Kv1.3 channel inhibitors depends not only on the level of Kv1.3 channel
expression but also on the presence of mild oxidative stress, which sensitizes even a healthy cell to
Kv1.3 channel inhibitors, while the pretreatment of B-cell ROS scavengers makes them resistant to
the effects of inhibitors [71].

The different functions of the plasmalemma and mitochondrial Kv1.3 channel necessitated
the development of selective inhibitors for mitoKv1.3. Two psoralen derivatives (PAP-1) were
developed that accumulate in negatively charged mitochondria due to the lipophilic, positively
charged triphenylphosphate (TPP+) group [72,73]. In PAPTP, the TPP+ group is connected by a stable
C-C bond. In PCARBTP, it is linked by an ester bond to the PAP-1 core via carbamine. Under
physiological conditions, PCARBTP is hydrolyzed to PAPOH. Mitochondriotropic PAP-1 derivatives
have been shown to effectively block mitoKv1.3. Many pancreatic ductal adenocarcinoma (PDAC)
lines have been shown to overexpress the mitoKv1.3 channel. The MTT test on five PDAC lines showed
90% mortality after using PAPTP and PCARBTP (Table 1). In vivo tests resulted in a 60% reduction in
tumor weight and no effect on healthy tissues after using PCARBTP. In addition, it has been shown
that the selective apoptotic effect of PAP-1 derivatives on cancer cells, as opposed to effects on healthy
cells, is associated not only with increased expression of the mitoKv1.3 channel but also with altered
redox status in cancer cells. Increased synthesis of ROS in cancer cells after blocking the mitoKv1.3
channel with a high baseline ROS causes the critical level to be exceeded and the apoptotic path to be
initiated [72].

Table 1. Compound modulating activity of mitoKv1.3 potassium channels.
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Table 1. Cont.

Chemical IUPAC Name Abbreviation Chemical Structure
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* The compound PAPOH is a product of hydrolysis of PCARBTP and PCTP.

A mitochondrial-targeted Psora-4 derivative called P5TP was obtained in which the distal phenyl
ring was replaced by the TPP+ group [74]. A new derivative of PAP-1 in which the TPP+ group was
attached by means of an unstable connection with the carbonate group was named PCTP.

Both derivatives were tested for their effect on viability in Kv1.3-transfected CTLL-2 cells. The
use of P5TP did not improve significantly compared to Psora-4 or PAP-1, but PCTP was already
effective and selective, and cell viability was dependent on the dose used and was not dependent on
the presence of MDR (Multi Drug Resistance) inhibitors. As with previous derivatives, PCTP promoted
apoptosis on four PDAC lines in murine melanoma B16-F10 cells by inhibiting the Kv1.3 channel,
causing mitochondrial network fragmentation, depolarization, and ROS synthesis, and is a promising
drug for in vivo testing [74].

The treatment of brain tumors, particularly glioblastoma (GBM) with Kv 1.3 channel inhibitors, is
complex. Although in vitro, experiments on mouse and human GBM lines showed nearly 90% cell
mortality after using PAPTP, PCARBTP, and clofazimine; in vivo tests on GBM-implanted mice did
not yield any results. The blood-brain barrier (BBB) hinders the achievement of an effective dose in
the tumor. It is therefore necessary to find a way to increase the bioavailability of drugs and enable
them to pass through the BBB [75].
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In summary, mitochondrial Kv1.3 potassium channels appear to be an effective and safe therapeutic
target in the treatment of various types of cancer, including those resistant to chemotherapy. Certain
difficulties with the bioavailability of mitoKv1.3 inhibitors found in in vivo studies, especially in
the case of brain or pancreatic tumors, may be overcome by appropriate structural modifications.
These drugs’ efficiency and specificity in relation to cancer cells should be explored in the future.

6. Off-Target Action and Drug Repositioning of Potassium Channel Modulators

Since the discovery of potassium channels in eukaryotic cells, a large number of endogenous
and synthesized substances have been discovered that modulate potassium channel activity. Due
to the similar structure of potassium channels, some of these compounds interact with the channels
found in the inner mitochondrial membrane. As mentioned above, a number of plasma membrane
modulators, potassium channel openers, and inhibitors have been tested, and some have also been
shown to regulate potassium channels located in the inner mitochondrial membrane [18].

Unfortunately, the accumulation of drugs in mitochondria will increase the probability of side
effects (off-target effects) on mitochondrial enzymes, especially interactions with the respiratory chain
or ATP synthase, which may be harmful due to multiple negative consequences on cellular function [76]
(see Table 2). The potassium channel opener diazoxide is still used as the primary treatment to control
hypoglycemia in insulinoma [77]. Diazoxide-sensitive KATP channels were discovered in mitochondria;
moreover, it was shown that the mitoKATP channel is more sensitive to diazoxide than its counterpart
in the plasma membrane [20]. It was also observed that diazoxide is responsible for protecting heart
cells in the processes of ischemia and reperfusion heart injury [14]. Additionally, diazoxide besides
stimulation of the mitoKATP channel activity has been shown to have protonophoretic properties [78].
It has also been shown that diazoxide is an inhibitor of succinate dehydrogenase (SDH, Complex
II) [79,80]. Determining whether the cytoprotective effect of diazoxide is closely related to its effects
on mitoKATP or whether it has a synergistic effect with other targets requires further study. It is
possible that diazoxide may exert its cytoprotective effect by inhibiting respiratory chain complex
II and producing ROS reactive oxygen species [80,81], or mitoKATP channels may be involved as an
independent factor [82]. Researchers have speculated that targeting nucleotide-requiring enzymes,
particularly SDH and cellular ATPases, diazoxide reduces ROS generation and nucleotide degradation,
resulting in preservation of tissue ATP levels during ischemia [83].

A similar relationship, as in the case of diazoxide, occurs in the case of the mitoBKCa channel, for
which small molecules NS1619, CGS7184, NS11021, and paxilline, in addition to modulating the activity
of channel, affect the activity of a number of proteins associated with the regulation of Ca2+ ions and
respiratory chain proteins [84–87].

Table 2. Off-target action of selected mitochondrial potassium channel modulators.

Mitochondrial
Potassium Channels

Potassium Channel
Modulators

Off-Target Action

mitoKATP
Channel opener diazoxide

- SDH inhibitor [79,80]
- protonophoric properties [78]
- induce translocation of PKC-ξ [88]
- increase the expression of p-AKT
and p-Foxo1 [89]

Channel blocker Glibenclamide - inhibits cardiac cAMP-activated Cl− channels [90]
- inhibitors of guinea-pig atrial chloride current [91]

mitoBKCa
Channel openers

NS1619
- SERCA inhibition [85]
- inhibition L-type calcium channels [92]
- stimulate Ca2+-gated chloride currents [93]

CGS7184 - RyR channel inhibition by CGS7184 [86,87]
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Table 2. Cont.

Mitochondrial
Potassium Channels

Potassium Channel
Modulators

Off-Target Action

Channel blocker paxilline -modulation of the ATP-dependent Ca2+-ATPase at
the phosphoenzyme level [94]

mitoKV1.3
Channel blocker Clofazimine - inhibitor of acid sphingomyelinase [95]

mitoKV 7.4
Channel opener Retigabine - interaction with GABAergic and glutamatergic

neurotransmission [96]

mitoTASK3
Channel openers

Halothane -inhibition of synthesis of 5-hydroxytryptamine
[97]

Terbinafine - CYP2D6 inhibition [98]

Channel blocker Lidocaine -interaction with Ca-ATPase in cardiac
sarcoplasmic reticulum [99]

mitoHCN
Channel blocker ZD7288 - reduce T-type calcium channel currents [100]

- inhibitor Na+ current [101]

Notably, CGS7184, BMS191095, and NS1619, which show strong activating properties of
the mitoBKCa potassium channel as measured in the patch-clamp technique administered to the cells
and tissue, have the opposite effect [102–104]. Thus, despite similar interactions with mitoBKCa,
the effect on cell survival is definitely different. In addition to the activation of mitoBKCa, CGS7184
and NS1619 cause an increase of cytosolic calcium ions concentration. The effect is the same for
both compounds, whereas the mechanism of Ca2+ increase seems to be totally different [85,86]. The
potassium channel opener CGS7184 releases Ca2+ by interacting with the RyR channel located in
the endoplasmic reticulum, while NS1619 releases Ca2+ by inhibiting SERCA activity, a Ca2+-ATPase,
and Ca2+ accumulation by endoplasmic reticulum. This difference seems to be important: in the case
of CGS7184, the depletion of Ca2+ from the ER leads to activation of Ca2+-ATPase and ATP hydrolyses,
while NS1619 inhibiting SERCA leads to inhibition of ATP depletion by this enzyme [85]. A similar
effect targeting cellular ATPases occurs in the presence of the potassium channel opener diazoxide [83].
The mitoBKCa channel opener NS1619 significantly inhibits the electron transport chain and ATP
hydrolysis [105]. An important effect of SERCA inhibition by the potassium channel opener NS1619 is
its regulation by pH. At a low pH, SERCA is strongly inhibited by NS1619, and inhibition decreases
with increasing pH [85]. Acidification of the cellular environment occurs in ischemia, which changes
notably rapidly in the reperfusion and releases an inhibition of SERCA caused by NS1619. SERCA is
less sensitive to lower pH and can efficiently hydrolyze ATP during ischemia [105]. Another mitoBKCa

channel opener, NS11021, is highly specific to the mitoBKCa channel in isolated mitoplast membranes
but used in cellular systems accelerate oxygen consumption by cells. It is greatly interesting that
besides the activation of mitoBKCa channels, NS11021 also has strong mitochondrial uncoupling
properties [106,107]. NS13558, which is a derivative of NS11021, and to which BKCa channels are
insensitive, has the same property to uncouple the inner mitochondrial membrane and activate
the respiratory chain. It is also interesting that NS11021 has a protective effect, despite its uncoupling
properties on renal proximal tubular cells from cold storage [108]. It seems that some synergistic effects,
in addition to the activation of mitochondrial potassium channels, also play a significant role.

We should also mention that the typical mitoBKCa channel blocker paxilline has protective effects,
independent of channel inhibition, on cellular damage [109]. Paxilline has also been shown to inhibit
SERCA at low concentrations, similar to NS1619 [94]. Paxilline has also been shown to reverse
the protective effect of NS11021 at low concentrations on cells. This effect, in turn, can be closely related
to inhibition of the mitoBKCa channel [110].

Drug repositioning involves the investigation of existing drugs for new therapeutic applications.
Recently, a new set of mitochondrial potassium channels was discovered in skin-derived cells:
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keratinocytes, dermal fibroblasts, and endothelial cells [25,35,40,53,111]. Naringenin, a plant-derived
flavonoid, has been known for many years to have the potential to improve many health problems,
such as cardiovascular, metabolic, neurological, and pulmonary disorders; and cancer [112,113].
Recently, the cardioprotective function of naringenin due to activation of the cardiac mitoBKCa

channel was shown [114]. Additionally, with the use of patch-clamp single channel measurements,
it was shown in skin fibroblasts that both the mitoKATP and mitoBKCa channels were activated by
naringenin [111]. These studies suggest that naringenin may function as a potassium channel opener
towards mitochondrial potassium channels in skin-derived cells.

7. Targeting Drugs into Mitochondria: A Unique Environment for Potassium Channels?

The organelle-specific delivery of drugs is a general problem and modern trend to achieve
significant therapeutic effects and minimal off-target effects in molecular pharmacology.

Mitochondria constitute a unique biophysical environment for potassium channels compared
to plasma membrane location. These differences may facilitate the search for drugs specific to
mitochondrial potassium channels. Mitochondria are the only intracellular organelles with such a high
membrane potential (approximately 180–200 mV with a negatively charged matrix). This property
promotes accumulation in mitochondrial matrix lipophilic substances being positively charged.

Tetraphenylphosphonium cation (TPP+) is a clear example of such a substance. This property
was used to measure mitochondrial membrane potential with the use of a TPP+ selective electrode.
Although several methods can be used to measure the membrane potential in mitochondria, the use
of the TPP+ selective electrode is still used in many studies with isolated mitochondria due to
its sensitivity [115]. Hence, mitochondrial potassium channel openers or inhibitors with properties
mentioned above (lipophilic cations or with TPP+moiety) may reflect preference towards mitochondrial
potassium channels.

The second unique property of mitochondria concerns matrix pH. Slight alkalization of
the mitochondrial matrix (due to respiratory chain activity) will support the accumulation of weak
acids in the mitochondrial matrix. Mitochondrial potassium channel openers or inhibitors with weak
acid properties may accumulate in the mitochondrial matrix.

These properties constitute a particular attribute of mitochondria as an “antenna” for collecting
substances with specific properties and attracting and accumulating them within mitochondria. To what
extent these properties may be applied to increase the druggability of mitochondrial potassium channels
is a matter of further investigation. Because of the presence of potassium channels in various cellular
destinations, it is important to devise new approaches to target drugs into the mitochondria. Targeting
mitochondrial potassium channel openers or inhibitors could regulate mitochondrial potassium
channels in a more specific and efficient way.

There are various strategies to target drugs into mitochondria [116]. Some of these strategies are
based, as previously mentioned, on the use of lipophilic cations, such as TPP+, attached to specific
molecules (for review see [117]). This kind of mitochondrial targeting was initiated in 1995 with
a tri-phenylphosphonium-thiobutyl conjugate as an antioxidant agent. Other lipophilic cations, such
as dequalinium and rhodamine 123, were also mitochondria-targeting [118–122]. These cations play
the role of “carrier” towards negatively charged mitochondrial matrix.

There are two well-known approaches for mitochondrial drug delivery: direct conjugation of
the targeting ligand to drugs and attachment of the targeting ligand to a nanocarrier [116]. Direct
drug-targeting ligand conjugation is simple and easy to control, and the drugs can readily reach
the mitochondria; however, the conjugation procedure can diminish the biochemical effects within
mitochondria. In the case of the nanocarrier system, there is no concern for a loss of therapeutic effect
because the physical interaction and solubility issue would be solved, but optimization has remained
a challenge due to the use of many different compositions to prepare the nanocarrier. For mitochondrial
targeting, some peptides have been prepared and successfully applied based on the cell-penetrating
peptide sequence [123]. The mitochondria-targeting peptides (mitochondria-penetrating peptide,
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mitochondria-targeting sequence, SS peptide, and other peptides) were conjugated with various
drugs to improve their therapeutic efficacy. The SS (Szeto-Schiller) peptide antioxidants represent
a novel approach with targeted delivery of antioxidants to the inner mitochondrial membrane. The
structural motif of these SS peptides centers on alternating aromatic residues and basic amino acids
(aromatic-cationic peptides). Mitochondrial targeting sequences (MTSs) can be utilized as vehicles
to deliver metalloporphyrin superoxide dismutase (SOD) mimics into the matrix. Recently, thermo
responsive drug delivery to mitochondria was described and may represent an interesting and
promising technique for cancer therapy [124].

8. Concluding Remarks

In this paper, we have described our current understanding of the interactions of numerous
drugs with mitochondrial potassium channels. Mitochondria are a unique target for pharmacological
intervention due to their high membrane potential and alkaline pH in the matrix. Regulation of
the mitochondrial potassium channels by drugs is a complex issue. Increased understanding of
the regulation of mitochondrial potassium channels by drugs will not only lead to increased knowledge
of mitochondrial channels but may also contribute to the future application of these substances i.e., its
druggability. We have also described the secondary effects of the drugs (off-target) in addition to their
interaction with their primary target i.e., mitochondrial potassium channels.

The rational pharmacology of mitochondrial potassium channels should be preceded by
the molecular identification of these proteins. Identification of the molecular identity of mitochondrial
potassium channels will increase insight into the interactions of drugs with mitochondrial potassium
channels. This outcome should be possible due to the recent molecular identification of pore-forming
and regulatory subunits of mitoKATP or mitoBKCa channels. More detailed knowledge would provide
more possibilities for the development of therapeutic strategies based on the selective modulation of
mitochondrial potassium channels in various tissues. Therapies targeting mitochondrial potassium
channels may play an important role in curing a variety of diseases.

In summary, more specific modulators of potassium channels are required for the advanced
concept of druggability of mitochondrial potassium channels.
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Abstract: To function as a metabolic hub, plant mitochondria have to exchange a wide variety of
metabolic intermediates as well as inorganic ions with the cytosol. As identified by proteomic profiling
or as predicted by MU-LOC, a newly developed bioinformatics tool, Arabidopsis thaliana mitochondria
contain 128 or 143 different transporters, respectively. The largest group is the mitochondrial carrier
family, which consists of symporters and antiporters catalyzing secondary active transport of organic
acids, amino acids, and nucleotides across the inner mitochondrial membrane. An impressive 97%
(58 out of 60) of all the known mitochondrial carrier family members in Arabidopsis have been
experimentally identified in isolated mitochondria. In addition to many other secondary transporters,
Arabidopsis mitochondria contain the ATP synthase transporters, the mitochondria protein translocase
complexes (responsible for protein uptake across the outer and inner membrane), ATP-binding
cassette (ABC) transporters, and a number of transporters and channels responsible for allowing
water and inorganic ions to move across the inner membrane driven by their transmembrane
electrochemical gradient. A few mitochondrial transporters are tissue-specific, development-specific,
or stress-response specific, but this is a relatively unexplored area in proteomics that merits much
more attention.

Keywords: ABC transporter; aquaporin; ATP synthase; ion channels; mitochondrial carrier family

1. Introduction

Eukaryotic multicellular organisms need to exchange energy, matter, and information between
the environment and their cells, between their cells, and within their cells. To perform these tasks, they
need a diverse array of specialized proteins to move ions and molecules across the biological membranes,
which delimit the cells and the subcellular compartmentation. These proteins are collectively known
as transporters, which include carriers, channels, and pumps [1].

The mitochondrion is a metabolic hub, not only for energy metabolism—the tricarboxylic acid
(TCA) cycle and oxidative phosphorylation—but also for the biosynthesis of coenzymes, amino acids,
some fatty acids, and lipids [2,3]. In photosynthetic cells in the light, there is a massive flow of fixed
carbon from the chloroplasts to the rest of the cell, especially to the mitochondria via the cytosol, but
metabolic cooperation between plastids and mitochondria also takes place in darkness [4,5]. Retrograde
signaling from the mitochondria to the nucleus probably involves export of peptides [6,7]. In addition
to this, to grow and divide the mitochondria one needs to import the vast majority of its proteins as
well as some tRNAs and rRNA [8–10].
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All of these processes require the presence of many different transporters in the mitochondria.
The outer membrane contains only two types: (i) Porin also called voltage-dependent anion channel
(VDAC) or voltage-dependent gated ion channel (VIC), which makes the outer mitochondrial membrane
(OMM) permeable to all molecules smaller than 5 kDa, obviating the need for other transporters
of small ions and molecules [11,12]. (ii) Translocase Outer Membrane (TOM), the subcomplex of
the Mitochondrial Protein Translocase (MPT) responsible for importing proteins across the OMM.
In addition to Translocase Inner Membrane (TIM), the MPT subcomplex responsible for importing
proteins across the inner mitochondrial membrane (IMM), the IMM contains many other transporters
of several different classes. The mitochondrial transportome was comprehensively reviewed by Lee
and Millar [13].

It is the purpose of this review first to compile a list of the transporters identified by proteomic
profiling of isolated plant mitochondria. This list will then be compared to a list of transporters
predicted by MU-LOC [14], a newly developed program, to predict mitochondrial proteins based on
their amino acid sequences and their gene expression patterns. Finally, for each transporter class or
family, we will briefly discuss the properties of the transporters present in plant mitochondria.

2. The Experimental Proteome and Transportome in Plant Mitochondria

2.1. The Experimental Mitochondrial Proteome

The mitochondrial proteome has been characterized in some depth in Arabidopsis thaliana

cell cultures and in potato (Solanum tuberosum L.) tubers. In both, almost 1100 proteins were
identified as summarized by Rao et al. [8]. Since then, Senkler et al. [15] published what they
called the ‘’mitochondrial complexome of Arabidopsis thaliana”, in which they identified 1359 proteins
involved in various complexes both in the membranes and in the soluble fraction. Altogether,
the mitochondrial proteome in a plant probably contains 2000–2500 proteins [8] or about 10% of
the total Arabidopsis proteome (Table 1). Plant mitochondrial DNA encodes at most 40 proteins [16],
which are synthesized inside the mitochondria on mitochondrial ribosomes, while the remaining
2000+ proteins are encoded in the nuclear DNA, synthesized on cytosolic ribosomes, or on polysomes
associated with the mitochondrial surface, and imported across the OMM and IMM [17].

The largest protein groups in the identified proteome of both Arabidopsis and potato mitochondria
are related to energy and metabolism, with around 150 and 200 proteins, respectively; protein fate,
protein synthesis, and RNA processing are each represented by approximately 100 proteins, while
transport has around 50 proteins [8]. In this Gene Ontology (GO) nomenclature, many transporters
are listed under different GO terms, e.g., ATP synthase subunits are found under energy. The actual
number of identified transporters is therefore much larger, as discussed below. However, it is not just
the number of unique proteins that is important. The abundance of each protein is also important, and
Salvato et al. [18] used spectral counting to estimate the abundance of the identified proteins. The 52
proteins under the GO term Transporter showed an overall average abundance, but with significant
variation among the transporters. Fuch et al. [19] went one step further by estimating the copy number
of the individual proteins and protein complexes present in a single mitochondrion. Based on that,
they could then calculate the surface area occupied by the various membrane proteins. They found that
VDAC and TOM cover 34% and 12% of the surface area of the OMM, respectively. The five respiratory
complexes cover 18% of the IMM, while the most abundant of the other carriers—ADP/ATP carrier,
phosphate carrier, the uncoupling protein, and the tricarboxylate/dicarboxylate carrier—cover a total
of about 11% of the IMM [19].
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Table 1. Number of proteins in different transporter classes and families, and their experimental (proteomic) identification in isolated mitochondria of Arabidopsis
and rice and mitochondrial localization prediction status (using MU-LOC) in Arabidopsis, rice, human, and mouse.

A. thaliana O. sativa H. sapiens M. musculus

Transport
DB #

Experimental
*

%
Predicted

# %
Transport

DB #
Experimental

*
%

Predicted
# %

Transport
DB #

Predicted
# %

Transport
DB #

Predicted
# %

Whole proteome 26,091 - - - - 55,890 - - - - 37,742 - - 34,966 - -

ATP-dependent

ABC transporters 124 6 5 13 11 129 0 0 11 9 77 10 13 65 5 8

F-ATPase 44 16 36 17 39 50 7 14 13 26 60 25 42 58 19 33

MPT family 25 19 76 10 40 30 2 7 10 33 29 6 21 40 6 15

P-type ATPases 50 2 4 4 8 45 0 0 3 7 68 6 9 50 0 0

Other ATP-dependent 50 4 8 14 28 30 0 0 10 33 19 4 21 34 4 12

Secondary transporters

MC family 60 58 97 30 50 61 50 82 33 54 63 25 40 64 21 33

Other families 722 13 2 34 5 799 0 0 50 6 511 39 8 473 28 6

Ion channels 151 11 7 15 10 137 0 0 10 7 588 9 2 470 8 2

Unclassified 53 0 0 6 11 4 0 0 0 0 52 5 10 36 2 6

Total (Transporters) 1279 129 10 143 11 1285 59 5 140 11 1467 129 9 1290 93 7

# See Table S1 for a full list of transporters from TransportDB (http://www.membranetransport.org/transportDB2/index.html) and their mitochondrial prediction status (using MU-LOC).
* See Table S2 for a list of experimentally identified mitochondrial transporters.
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2.2. The Experimental Mitochondrial Transportome

Membrane transporters, and other transmembrane, integral-membrane proteins, are generally
more difficult to identify than soluble proteins using “bottom-up” proteomics due to the paucity
of charged and polar amino acids, which most sequencing-grade proteases recognize as cleavage
sites. Moreover, these proteins with their hydrophobic transmembrane helices are more difficult to
solubilize, and the large hydrophobic peptides formed do not ionize well for the mass spectrometry
detection [20–23].

In-depth proteome profiling has only been done on mitochondria isolated from a very limited
number of plant species and cell types, notably Arabidopsis cell cultures and potato tubers. Furthermore,
the plants/cell cultures have mostly been grown under standard environmental conditions (no stress),
and none of the tissues or cells have been photosynthetic. The only major exceptions to this are two
developmental studies in germinating rice seeds under normoxia and hypoxia [24] and in maize
embryos during seed development [25]. For that reason, the experimentally characterized mitochondrial
proteome, although quite comprehensive, can be expected to lack cell-specific, tissue-specific, and
environmental-specific mitochondrial proteins and protein isoforms.

In spite of these limitations, 128 transporters have been experimentally identified in Arabidopsis

mitochondria (Table 1). The most numerous are the secondary transporters with 71 proteins, including
58 belonging to the Mitochondrial Carrier (MC) family. There are also many F-ATPases (ATP synthase
subunits), and MPT proteins (subunits in the TOM and TIM complexes). Finally, 11 channels or pores
have been found and most of them water channels (aquaporins) or OMM porin, as well as ion channels
(Table S1). We will discuss the different transporter classes and families in more detail after looking at
the predicted mitochondrial transportome.

3. Mitochondrial Transporters—Predictions

We accessed the database TransportDB 2.0 [26] and extracted the membrane transport proteins
in Arabidopsis and rice and, for comparison, in Homo sapiens and Mus musculus, similar to what
was done by Hwang et al. [27]. The results are shown in Table 1. For most of the protein groups,
the numbers are similar to those of Hwang et al. [27]. For plants, the only major difference is found for
the group “Other ATP-dependent transporters”, where Hwang et al. [27] found 78 and 63 transporters
in Arabidopsis and rice, respectively. We have divided this group into three groups—F-ATPases, MPT
family, and Other ATP-dependent—but their sum in Table 1 is markedly higher for both Arabidopsis

and rice (119 and 110 transporters, respectively). The grand total number of transporters (about 1280
proteins) makes up 5% of the total proteome in Arabidopsis, but only 2% in rice due to its enormous
proteome (Table 1). The total number of transporters is about the same in plants as in human and
mouse, but the distribution between transporter classes is quite different. Plants have twice as many
ATP-binding cassette (ABC) transporters and about 200 more secondary transporters than mammals,
while the humans and mice have a staggering 588 and 470 ion channels, respectively, or more than
three times as many as plants. For comparison, the unicellular eukaryote Saccharomyces cerevisiae has
only 341 transporters (~5.4% of the proteome), while Escherichia coli has 661 transporters (~12.3% of
proteome) [26, 27, TransportDB 2.0]. The distribution of different classes of transporters in yeast and
Arabidopsis is similar. On the other hand, E. coli has almost twice as many ABC transporters (246 or
37.2% of total transporters versus 9.7% in Arabidopsis), but far fewer other ATP-dependent class of
transporters. E. coli also has a relatively lower proportion of secondary active transporters (281 or
42.7%) and ion channels (3.2%) compared to Arabidopsis (61.1% and 11.8%, respectively).

In the process of investigating and compiling the mitochondrial proteomes [8,18], it became
clear that the existing prediction programs could at most recognize about 50% of the experimentally
identified proteins as mitochondrial in spite of the fact that more than 90% of these proteins were
probably bona fide mitochondrial. Transporters were particularly poorly predicted, with the best
program identifying only 13 out of 59 proteins [8,18]. We, therefore, developed a new prediction
program, MU-LOC, which was significantly better at predicting mitochondrial proteins over six
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state-of-the-art tools for plant mitochondrial targeting prediction as benchmarked on two independent
datasets [14]. It was trained based on amino acid composition, protein position weight matrix, and
gene co-expression information using a deep neural network, and has the advantage of predicting
plant mitochondrial proteins either possessing or lacking N-terminal pre-sequences.

When all the transporters from Arabidopsis and rice (Table S1) were processed by the MU-LOC
program, 143 and 140 of the proteins, respectively, were predicted to localize to the mitochondria (Table 1,
Table S1), which is about 11% of the total number of transporters in Arabidopsis. Thus, the mitochondrial
proteome, which makes up about 10% of the total proteome (see above), contains a proportional
number of transporters at least in Arabidopsis. It is encouraging to see that the subgroups, F-ATPases,
MPT family, and MC family, which are known to be predominantly mitochondrial [28,29], are heavily
predicted to belong in the mitochondria (Table 1, Table S1). The overlap between the experimental and
the predicted proteins will be discussed separately below under each transporter class and family.

MU-LOC was developed to predict mitochondrial proteins in plant cells, where one of
the challenges is that hundreds of proteins are dually targeted to mitochondria and plastids [30,31].
The protein features used to discriminate (see above) are actually species/kingdom neutral, so MU-LOC
should also be able to predict mitochondrial localization in animal cells. We, therefore, applied
MU-LOC to the total transportome in human and mouse cells (Table 1, Table S1). The numbers of
transporters of different classes predicted by MU-LOC to be mitochondrial in mammals do not differ
markedly from the values for plants and certainly do not reflect the large differences in the total
transportome. The high diversity in ion channels probably developed in animals in parallel with
muscles and nerves. Here, rapid changes in plasma membrane potential are required and only ion
channels can provide that with their short response times and large capacities [27]. It therefore makes
perfect sense if there is no evolutionary increase in the number of ion channels in animal mitochondria,
where the membrane potential is harnessed to produce ATP and/or transport metabolites across
the IMM and where a sudden membrane potential collapse would have very negative consequences
for cellular metabolism.

The ability of MU-LOC to predict mitochondrial localization of membrane transporters appears
to be equally good for mammalian cells, although experimental verification is lacking. We consider
this to be outside the scope of this review.

4. The Different Transporter Classes and Families

The Arabidopsis mitochondrial transportome contains 128 experimentally identified proteins
and 143 predicted proteins, or 211 proteins in all, which is 17% of the total number of proteins in
the Arabidopsis transportome. Out of the 211 proteins, 61 proteins (29%) were both predicted and
experimentally identified (Figure 1).
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Figure 1. Arabidopsis mitochondrial transporters in Venn diagrams. (A) A total of 211 transporters
(17% of all the transporters in Arabidopsis) are either predicted to be or experimentally known to be
mitochondrial. Out of these, 61 are both predicted and experimental. (B) Nearly all (97%) Mitochondrial
Carrier (MC) family members have been experimentally identified in mitochondria, while only 50% are
predicted to be mitochondrial. (C) A total of 81 ATP-dependent transporters (28% of all ATP-dependent
transporters in Arabidopsis) are predicted to be or experimentally known to be mitochondrial. Out of
these, 24 (30%) are both predicted and experimental.

4.1. ATP-Dependent Transporters

4.1.1. ABC Transporters

A total of 13 ABC transporters are predicted by MU-LOC to be mitochondrial in Arabidopsis, while
only six ABC transporters have been experimentally found to date (Table 1, Table S1). Three proteins
were both predicted and found: iron-sulfur clusters transporter ATM1 (At4g28630), ATM2 (At4g28620),
and ATM3 (At5g58270). They all take part in the export of iron-sulfur clusters synthesized in the matrix
to the intermembrane space from where the clusters are distributed to the rest of the cell [32,33].

In fact, iron-storing ferritin and the entire iron-sulfur biosynthesis pathway were found in potato
mitochondria: frataxin, iron-sulfur cluster assembly proteins, iron-sulfur cluster scaffold protein,
iron-sulfur cluster co-chaperone protein, Cys desulfurase, and ferredoxin [18,34].

4.1.2. The Mitochondrial Protein Translocator (MPT) Family

The MPT family consists of subunits in the TOM and TIM complexes, where the majority of
the subunits have been identified and about half predicted (Table 1, Table S1) [35]. This transporter
family is the subject of another review in this Special Issue and will not be treated any further here.

4.1.3. F-ATPases

The Arabidopsis genome encodes 44 F-ATPase transporters belonging to the ATP synthase in
mitochondria and plastids as well as to the P-type ATPase in the vacuole. Of these, MU-LOC predicted
17 to be mitochondrial and 16 were found experimentally, while the overlap was about 50% (9 proteins).

4.1.4. P-ATPases

The Arabidopsis genome encodes 50 P-ATPase transporters belonging mainly to ATPases
in the plasma membrane. Of these, MU-LOC predicted four to be mitochondrial, and two
were found experimentally with no overlap. The experimentally found were At1g54280,
a phospholipid transporting ATPase annotated to be located in the plasma membrane, and At4g33520,
a copper-transporting ATPase annotated to be located in the plastid envelope (as annotated in UniProt).
Both would be very useful to have in the IMM.
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4.2. Secondary Transporters

This is by far the largest group of transporters in plants and in plant mitochondria (Table 1, Table
S1), where they are located in the IMM. These transporters are either symporters or antiporters, and use
the electrochemical gradient established across the IMM to move ions into or out of the mitochondrial
matrix. The size and diversity of transporters in this family reflect the metabolic complexity of
mitochondria and its importance as an energetic conduit for the cell [13,28,29].

4.2.1. The Mitochondrial Carrier (MC) Family

The MC family (MCF) is predicted to contain 58–60 members in Arabidopsis [28, TransportDB 2.0]
and 50–61 members in rice [24, TransportDB 2.0]. The majority of the MCF members are localized in
the IMM, although at least 10 are found in plastids, peroxisomes, endoplasmic reticulum, and plasma
membrane [29].

About half of all the MCF members are predicted to be found in the mitochondria of both
Arabidopsis (30 out of 60) and rice (33 out of 61) (Table S1). In Arabidopsis, 58 members have been
experimentally identified (including all the predicted), in other words, a very satisfying 97%, while in
rice 49 have been identified (including 29 of the predicted), producing an 80% ‘’recovery” rate (Tables
S1 and S2, Figure 1). The almost 100% recovery rate for MCF members in proteomic profiling of isolated
mitochondria means that most, if not all, of the MC members localized to other membranes [13,29] have
also been found in mitochondria. To what extent this is due to dual localization or to contamination of
the mitochondrial preparations is an open question.

The MC members catalyze the transport of numerous metabolic intermediates across
the IMM—nucleotides like ADP, ATP, and NAD+; coenzymes like coenzyme A, thiamine pyrophosphate,
and folate; di- and tri-carboxylic acids like malate, oxoglutarate, succinate, fumarate, and citrate; amino
acids like glutamate, aspartate, ornithine, citrulline, and carnitine; as well as phosphate and protons.
All these carriers have been admirably reviewed by Palmieri et al. [28] and Toleco et al. [36], so we will
not discuss them any further except briefly in connection with one important metabolite, ascorbate.

Ascorbate is very important in mitochondrial metabolism where it participates in
the ascorbate-glutathione cycle that removes H2O2 produced by the respiratory chain e.g., [37].
The last step in ascorbate biosynthesis takes place on the outer surface of the IMM [38], but to date no
ascorbate transporter has been identified in the IMM. Ascorbate transport was measured in plant and
rat liver mitochondria by Scalera et al. [39]. The protein responsible was in the size range 28–35 kDa,
which is where most of the MC family transporters are found, but the gene was not identified. An
ascorbate transporter has been identified in the chloroplast envelope [40], which could in principle
be dually targeted to IMM. However, since it is 60 kDa it could not be responsible for the transport
activity observed by Scalera et al. [39].

4.2.2. Transport of Inorganic Ions

Ca2+—Arabidopsis contains a Ca2+-cation antiporter family with 13 members out of which one is
predicted to be mitochondrial, none has been identified by proteomics. Rice contains a Ca2+-cation
antiporter family with 16 members, out of which three are predicted to be mitochondrial; none has been
identified in proteomics. One of the predicted antiporters may be involved in Ca2+/Na+ exchange.

K+—Arabidopsis mitochondria contain three members of the Monovalent Cation: Proton
Antiporter-2 (CPA2) Family. Two were found experimentally—At1g01790 K+ efflux antiporter
1, chloroplastic and At2g28180Cation/H+ antiporter 8—and one was predicted (At5g41610 cation-H+

antiporter (Table S1, UniProt)). Arabidopsis mitochondria also contain three members of The Monovalent
Cation: Proton Antiporter-2 (CPA2) Family. At5g41610 (Cation/H+ antiporter 18) was predicted but
not found, while At1g01790 (K+ efflux antiporter 1, chloroplastic) was found but not predicted. All of
these transporters could help the mitochondria regulate the K+ concentration in the matrix.
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Metal ions—two members of the Cation Diffusion Facilitator (CDF) Family in Arabidopsis have
been either found and predicted (At1g51610—Metal tolerance protein C4, tonoplast) or just predicted
(At2g47830—predicted Metal tolerance protein C1, tonoplast) (Table S1). Unless these are merely
contaminants in the isolated mitochondria, they could provide the mitochondria with the means of
transporting metal ions, like Pb2+, Ni2+, and Fe3+, across the IMM.

Sulfate—there are 14 members of the sulfate permease family in Arabidopsis, but only one
(At1g80310) is predicted to be mitochondrial by MU-LOC, and none was found by proteomics
(Table S1). The predicted mitochondrial transporter turns out to be a molybdenum transporter located
in the tonoplast (as annotated in UniProt).

Nitrite—nitrite is known to reach the mitochondrial matrix, where it can act as an alternative
electron acceptor under hypoxia/anoxia [41]. No nitrite carriers are listed in Table S1, but the nitrite
carrier found in the inner envelope in chloroplasts (At1g68570) is a member of the proton-dependent
oligopeptide transporter family [42]. This family has 18 members in Arabidopsis, and several of them
transport nitrate. However, none of them is predicted to be mitochondrial by MU-LOC, and none has
been found in proteomic studies (Table S1).

4.3. (Ion) Channels

4.3.1. Porin (VDAC or VIC)

The VDAC/VIC family has 36 members in Arabidopsis (as listed in TransportDB), and only one
has been predicted to be mitochondrial (Table S1). However, six VICs have been found in Arabidopsis

mitochondria experimentally (Table S2), and they are all bona fide VDACs according to UniProt, but
they are not listed in TransportDB (Table S1). The OMM in isolated mitochondria behaves as if it is
freely permeable to small molecules, so the VDACs do not appear to be actively gated, but it is possible
that porin is involved in tRNA transport [11,12,42].

4.3.2. Aquaporin

Aquaporins allow water, but also other small neutral molecules like hydrogen peroxide and
ammonia, to pass membranes in both directions going from higher to lower osmotic potential [43,44].
Contrary to the conclusion by Maurel et al. [44] that “plant mitochondria seem to be deprived of
aquaporins”, MU-LOC predicted that 7 out of 39 Arabidopsis aquaporins localized to the mitochondria,
and proteomic profiling of Arabidopsis and potato mitochondria found six aquaporins (only one overlaps
between prediction and experimental) (Table S1). It has long been known that (plant) mitochondria can
swell and shrink. For instance, the mitochondria swell rapidly when the osmotic potential decreases in
the matrix due to a rapid influx of osmolytes e.g., [45], which would only be possible if aquaporins are
present in the IMM.

The final steps in substrate oxidation take place in the TCA cycle in the mitochondrial matrix
where glycolytic end products are oxidized to CO2. One still unsolved question is how the CO2
leaves the mitochondria and in what form? Animal cells have Na+/bicarbonate symporters and
chloride/bicarbonate antiporters, but none of them are predicted to be mitochondrial by MU-LOC
(Table S1). So how does CO2 get out of the mitochondria? One intriguing possibility is through
aquaporins just like other small uncharged molecules [44].

4.3.3. Ion Channels

The Small Conductance Mechanosensitive Ion Channel (MscS) Family contains 11 members in
Arabidopsis, out of which At4g00290 (mechanosensitive ion channel protein 1, mitochondrial) was both
predicted and found, whereas At1g49260 was only predicted. It is possible that the mechanosensitive
ion channel protein 1 can catalyze ATP-dependent K+ channel activity by teaming up with one of
the ABC transporters [46].
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Two subunits of the calcium uniporter protein [47,48]—MCU1 (At4g36820) and MCU2
(At2g23790)—have been identified in plant mitochondria (Table S2), but they do not appear in
the TransportDB list (Table S1).

The list of Arabidopsis ion channels contains eight so-called chloride intracellular channel (CLIC)
homologs, out of which three are predicted to be mitochondrial (At1g19570, At5g16710, and At5g36270),
and one is both predicted and experimental (At1g75270). They are all annotated as glutathione
S-transferases with glutathione-dependent dehydroascorbate reductase activity and appear to be
able to transfer Cl- across membranes [49], possibly by a mechanism involving a redox reaction (as
annotated in UniProt).

5. Posttranslational Modifications of Transporters

Posttranslational modifications (PTMs) of proteins are a way of regulating cellular and
mitochondrial metabolism [37]. In shotgun proteomics, many mitochondrial transporters have
been observed to have PTMs of various types: (i) oxidations to give carbonylated side chains on
primarily Lys and Pro or sulfoxide on Met [18], although the latter is probably an analytical artefact
in some cases; (ii) phosphorylation of Ser, Thr, and Tyr [50–52]; (iii) acetylation of Lys [53]; and (iv)
conjugation of Lys side chains with oxidative degradation products of polyunsaturated fatty acids,
for instance, 4-hydroxynonenal (HNE) [54,55]. Many of these modifications are no doubt regulatory,
while others are damaging and lead to proteolytic degradation [37,56,57].

The modified transporters include the ATP, ADP-translocase, the phosphate transporter, and
the dicarboxylate carrier; the former two are both oxidized and acetylated on multiple sites [18,53].
The effect of the modifications is so far unknown. Plasma membrane aquaporins are known to
be gated by phosphorylation [44], but aquaporin phosphorylation has never been reported for
plant mitochondria.

6. Physiological Changes in the Mitochondrial Transporters

There has been a number of studies of individual mitochondrial transporters during development
or during the stress response, e.g., the Ca2+ uniporter [48], but very few where the whole mitochondrial
transportome has been considered.

6.1. Changes in Rice during Development

Taylor et al. [24] studied members of the MC family in rice. The expression of 44 of the 50 MC
genes in rice was quantified in different tissues during the time course of aerobic and anaerobic seed
germination, during seedling growth and in response to fungal infection. Several tissue-specific
carriers were identified in the shoots and flowers, and the expression of specific ATP/ADP transporters,
succinate/fumarate carriers, and a dicarboxylate/tricarboxylate carrier (DTC) increased during
fungal infection.

Taylor et al. [24] also used a targeted proteomic approach especially suited for identifying
integral-membrane proteins [20], and succeeded in identifying and quantifying five different MC
proteins in dry seeds and in seeds incubated under normoxia and anoxia. Significant differences in
protein abundance between the treatments were observed for the phosphate carrier and the basic
amino acid carrier.

6.2. Changes in Maize during Development

Wang et al. [25] studied mitochondrial development in developing maize seed embryos. They
purified mitochondria from 300–600 excised embryos (2–15 g fresh weight) at five time points during
the period 14–70 days after pollination (DAP) and did proteome profiling by a shot-gun method.
Altogether, they identified and quantified 931 mitochondrial proteins (including 31 transporters—Table
S2) and observed that the abundance of 286 proteins changed more than two-fold during embryo
development. The abundance of most of these peaked early during development either on day 14 (the
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first day investigated) or on day 21 after pollination. Out of the differentially abundant proteins, 11
were transporters, and 7 of these, including two DTCs, showed a pattern where the abundance peaked
on day 21, i.e., quite early in development.

7. Conclusions

Plant mitochondria contain more than 100 transporters of all classes and families, both as
determined by proteomics of isolated mitochondria and by prediction using the MU-LOC bioinformatics
tool with a good overlap between the two methods. By far the largest group is the secondary transporter
family Mitochondrial Carriers, which includes many of the well-known inner mitochondrial membrane
carriers of organic acids, amino acids, etc. Other well-represented families are the F-ATPases and
the Mitochondrial Protein Translocators, but plant mitochondria also contain ABC transporters, water
channels, and ion channels. There is a real need for targeted proteomic profiling of mitochondria
from a broader tissue spectrum, especially green tissues, but targeted profiling of roots and flowers
would also help to obtain a more complete picture of the mitochondrial transportome in plants. It
would also be useful to study the transportome under a variety of environmental conditions to identify
stress-responsive transporters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/8/1190/s1,
Table S1: List of Arabidopsis, rice, human and mouse transporters (from TransportDB - Elbourne et al. 2016), and
their MU-LOC prediction and mitochondrial proteomics, Table S2: List of proteomically/experimentally identified
Arabidopsis/rice/plant mitochondrial transporters.
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Abbreviations

ABC ATP-binding cassette
DAP days after pollination
DTC dicarboxylate/tricarboxylate carrier
GO gene ontology
IMM inner mitochondrial membrane
MC mitochondrial carrier
MCF MC family
MPT mitochondrial protein translocase
OMM outer mitochondrial membrane
PTM posttranslational modification
TCA tricarboxylic acid
TIM translocase inner membrane
TOM translocase outer membrane
UCP uncoupling protein
VDAC voltage-dependent anion channel
VIC voltage-gated ion channel
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Abstract: Peroxisomes are eukaryotic organelles that are essential for growth and development.
They are highly metabolically active and house many biochemical reactions, including lipid metabolism
and synthesis of signaling molecules. Most of these metabolic pathways are shared with other
compartments, such as Endoplasmic reticulum (ER), mitochondria, and plastids. Peroxisomes,
in common with all other cellular organelles are dependent on a wide range of cofactors, such as
adenosine 5′-triphosphate (ATP), Coenzyme A (CoA), and nicotinamide adenine dinucleotide (NAD).
The availability of the peroxisomal cofactor pool controls peroxisome function. The levels of these
cofactors available for peroxisomal metabolism is determined by the balance between synthesis,
import, export, binding, and degradation. Since the final steps of cofactor synthesis are thought
to be located in the cytosol, cofactors must be imported into peroxisomes. This review gives an
overview about our current knowledge of the permeability of the peroxisomal membrane with the
focus on ATP, CoA, and NAD. Several members of the mitochondrial carrier family are located in
peroxisomes, catalyzing the transfer of these organic cofactors across the peroxisomal membrane.
Most of the functions of these peroxisomal cofactor transporters are known from studies in yeast,
humans, and plants. Parallels and differences between the transporters in the different organisms are
discussed here.

Keywords: peroxisomes; metabolism; carrier; cofactor

1. Introduction

Peroxisomes are eukaryotic organelles that are surrounded by a single lipid bilayer membrane [1,2].
They fulfil a range of metabolic functions, which are essential for development and cellular signaling.
Depending on the organism, cell type, growth, and environmental conditions, peroxisomes participate
in the detoxification of reactive oxygen/nitrogen species, β-oxidation of fatty acids, synthesis of
plasminogen, isoprenoids, penicillin, phylloquinone, glycine betaine, biotin and hormonal signal
molecules, catabolism of purines, polyamines, amino acids, and methanol, as well as in the glyoxylate
cycle, pentose phosphate pathway, and photorespiration [1,2]. Currently, the list of peroxisomal tasks
appears to be far from exhaustive.

The multiple roles of peroxisomes depend on the functional interplay with other organelles.
A large number of chemically diverse metabolites consumed and released by the peroxisomes have to be
exchanged between subcellular compartments [3–6]. The transfer of metabolites across the peroxisomal
membrane has been a controversial scientific debate for several decades. Initial studies on isolated
peroxisomes suggested that the peroxisomes are freely permeable. However, this in vitro permeability
was later withdrawn and explained by disruptions of protein/membrane structures during peroxisome
isolation procedure. The current consensus is that transport proteins are responsible for the transfer of
solutes into and out of peroxisomes [3–6]. Electrophysiological experiments using purified peroxisomal

281



Biomolecules 2020, 10, 1174

membranes revealed the existence of nonspecific porin-like channels that allow the free diffusion
of low-molecular weight compounds (<300 Da) with a broad substrate specificity [7,8]. In addition,
genetic mutant analyses discovered genes encoding for specific carrier proteins that catalyze the flux of
larger hydrophilic solutes, like cofactor molecules, such as ATP, Coenzyme A (CoA), and NAD [9–13].

The transport of these cofactors has a crucial impact on peroxisome function. For example, ATP,
CoA, and NAD are required for peroxisomal fatty-acid activation and oxidation via β-oxidation, which
is a conserved metabolic pathway in yeast, mammals, humans, and plants [3,14,15]. These cofactor
molecules are synthesized outside peroxisomes. Due to their size and charge, they cannot pass the lipid
bilayer by free diffusion. Thus, peroxisomal transport proteins are mandatory to replenish the cofactor
demand of the peroxisomal enzymes [3,14,15]. Notably, peroxisomes offer an alternative route for
cofactor transport. In contrast to mitochondria and chloroplasts, peroxisomes lack a protein synthesis
machinery and have the capacity to import folded and even oligomeric proteins [16–18]. It was assumed
that the import of tightly bound cofactors, such as flavin adenine dinucleotide (FAD) and thiamine
pyrophosphate (TPP), could be coupled to protein transport, as is the case for the Tat system of bacteria
and chloroplasts, which export folded proteins to the periplasm or the thylakoid lumen, respectively [19].
For instance, the FAD-dependent alcohol oxidase and acyl-CoA oxidase bind their cofactor FAD in the
cytosol and are then imported as fully folded holo-enzymes into yeast peroxisomes [20,21]. Such a
cofactor-coupled protein import mechanism was also reported for the mammalian 2-hydroxyacyl-CoA
lyase, a TPP-dependent enzyme [22]. However, specific cofactor carrier proteins for ATP, CoA, and
NAD are essential to generate and maintain a physiologically relevant peroxisomal pool of free cofactor
molecules, which are essential for an efficient and functional metabolism.

Members of the mitochondrial carrier family (MCF) that mediate the transport of a wide range of
organic cofactors into peroxisomes have been discovered in diverse eukaryotes [23–27]. This eukaryotic
group of membrane transport proteins corresponds to the 2.A.29 family according to the Transporter
Classification Database (TCDB) and is named in mammals solute carrier family 25 (SLC25) [28]. MCF is
a large family of proteins with about 30 members in yeast and more than 50 in humans and plants.
Although the name of this family suggests that they are exclusively located to mitochondria, several
members are present in other organelles, such as peroxisomes, endoplasmic reticulum, chloroplasts,
and plasma membrane [23,24,26,27,29]. Despite their conserved basic structure composed of three
repetitive modules, MCF proteins are highly diverse in terms of substrate specificity and transport
mode. They mediate the transport of a large variety of solutes that differ in size and nature, such as
protons, inorganic ions, inorganic form of “phosphate”, carboxylic acids, amino acids, and nucleotides.
In most cases, MCF members mediate a strict counter-exchange but also operate as a uniporter or
symporter [26,27,29,30]. These features suggest that this protein family was most likely exploited as a
valuable basis for a fast establishment of a subset of carriers with a broad range of different transport
functions in the cell during eukaryotic evolution.

This review deals with MCF proteins that are known to be peroxisomal cofactor carriers in budding
yeast Saccharomyces cerevisiae, humans, and the model plant Arabidopsis thaliana and highlights the
recent progress on their biochemical and physiological function for the peroxisomal metabolism.

2. Cofactor Transport for Yeast Peroxisomes

The main metabolic function of peroxisomes in S. cerevisiae is the degradation of fatty acids
via β-oxidation to use these compounds as carbon and energy source [31]. The pathway depends
on the availability of ATP, CoA, and NAD in the peroxisomal matrix (Figure 1). The uptake of
fatty acids into peroxisomes occurs via two routes depending on the fatty-acid chain length [32].
Small- and medium-chain fatty acids (C4–12) are transported as free fatty acids through passive
diffusion, while long-chain fatty acids (C14–20) are delivered as acyl-CoA esters by a peroxisomal
ATP-binding cassette (ABC) transporter Pxa1p-Pxa2p [33,34]. However, during this transport process
the CoA moiety is cleaved off. Thus, both entry pathways for fatty acids lead to the delivery of
nonesterified fatty acids [35]. However, prior to peroxisomal β-oxidation, these free fatty acids must
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be activated to acyl-CoA esters. This intraperoxisomal esterification is catalyzed by a peroxisomal
acyl-CoA synthetase Faa2p and/or a bifunctional fatty-acid transporter Fat1p at the peroxisomal
membrane and requires ATP and CoA [35]. Once the acyl-CoA esters are fed into the peroxisomal
β-oxidation cycle, their oxidative degradation requires NAD as an electron acceptor [31].
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Figure 1. Model for the peroxisomal cofactor transport in yeast. Ant1p: peroxisomal ATP carrier
1; FA, fatty acid; Faa2p: peroxisomal acyl-CoA synthetase 2 (associated at the matrix side of the
peroxisomal membrane); Fat1p: peroxisomal acyl-CoA synthetase, also known as peroxisomal fatty-acid
transporter 1 (integral membrane protein); NMN(H): nicotinamide mononucleotide (reduced); Npy1p:
peroxisomal NAD(H) diphosphatase 1, catalyzing the hydrolysis of NADH to AMP and NMN(H); PAP:
adenosine 3′,5′-diphosphate; 4′-PP: 4′-phospho-pantetheine; Pcd1p: peroxisomal CoA diphosphatase
1, catalyzing the hydrolysis of CoA to PAP and 4′-PP; Pxa1p/Pxa2p: peroxisomal ATP-binding cassette
(ABC) transporter, mediating the import of fatty acids as acyl-CoA esters; (?): proposed cofactor
carrier proteins.

In 2001, two groups independently identified one MCF member from S. cerevisiae as a peroxisomal
ATP carrier, which was named Ant1p for Adenine nucleotide transporter 1 [9,10]. Disruption of Ant1p
results in yeast cells that exhibit an impaired growth in the presence of medium-chain fatty acids,
such as lauric acid, as the sole carbon source. In vivo activity of the ATP-consuming firefly luciferase,
targeted to ant1∆ peroxisomes, was strongly reduced, implying a depleted peroxisomal ATP content in
the intact mutant cells [36]. Gene expression analysis revealed the presence of oleate response elements
in the promoters of ANT1 and other β-oxidation genes, which are responsible for an induced gene
expression via the Pip2p-Oaf1p transcription factor when grown in the presence of the long-chain fatty
acid, oleic acid [36]. These observations led to the hypothesis that Ant1p is necessary for metabolizing
fatty acids via peroxisomal β-oxidation as a carbon and energy source [9,10].

Direct transport studies with purified Ant1p protein provided conclusive evidence for the role of
Ant1p as an ATP transporter [9]. Escherichia coli has been a suitable system for expression, purification,
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and subsequent functional reconstitution into liposomes. In vitro uptake studies using diverse
nucleotides as substrates demonstrated that Ant1p specifically catalyzes the transport of ATP, ADP,
and AMP [9]. However, the protein does not accept other ATP-related molecules, such as CoA or NAD,
as transport substrates [37]. Another unique characteristic of Ant1p is that it exhibits two transport
modes. It mediates not only the exchange but also catalyzes the uniport of adenine nucleotides [9].

Based on its transport features, two physiological functions for Ant1p can be concluded: (1) It
facilitates the uptake of cytosolic ATP in a unidirectional mode for loading peroxisomes with ATP early
in their genesis. (2) During high rates of β-oxidation, ATP is directly consumed by the ATP-dependent
fatty-acid activation, releasing high amounts of AMP. Ant1p ensures the counter-exchange of ATP
into peroxisomes against AMP to avoid accumulation of the latter molecule in the peroxisome, which
would, on the other hand, deplete the nucleotide pool in the cytosol [9,10]. However, the loss of the
Ant1p in S. cerevisiae did not fully abolish fatty-acid oxidation activity [10]. The ant1∆ mutant was still
able to degrade lauric acid and oleic acid. Moreover, 20% of the peroxisomal luciferase activity was still
detectable, indicating the presence of low ATP levels in ant1∆ peroxisomes [10]. In contrast, a complete
block of β-oxidation rates for medium- and long-chain fatty acids was observed in yeast cells lacking
the two ATP-dependent acyl-CoA synthetases Faa2p and Fat1p [35]. Since no other ATP-generating
systems have been discovered so far, future research will address how an alternative bypass route
provides peroxisomes with ATP particularly for fatty-acid metabolism.

Very little is known about the uptake of CoA and NAD by yeast peroxisomes. In yeast, cytosolic
CoA probably enters the peroxisomal matrix via the Pxa1p–Pxa2p transporter, which cleaves off
the CoA moiety from the imported acyl-CoA ester. Alternatively, a specific transport protein might
facilitate the CoA uptake. Inside peroxisomes CoA is not only essential for the fatty-acid activation but
also for the thiolytic cleavage within the β-oxidation cycle via the action of acyl-CoA thiolases [31].
The CoA bound to the acyl chain is released when acetyl-CoA, the product of β-oxidation, is exported
via the carnitine shuttle or enters the glyoxylate cycle. In order to regulate the CoA homeostasis,
the peroxisomal CoA diphosphatase Pcd1p hydrolyzes CoA to adenosine 3′,5′-diphosphate and
4′-phospho-pantetheine [38]. The resulting products need to exit the peroxisomes to enter the cytosolic
CoA salvage pathway. Both CoA derivatives might function as potential counter-exchange substrates
for the peroxisomal CoA importer. However, it is currently unclear whether yeast peroxisomes harbor
such a CoA transport protein.

An additional cofactor uptake system must exist in yeast for loading the peroxisomal lumen
with NAD. During the β-oxidation cycle, NAD is reduced to NADH, which is directly re-oxidized by
the peroxisomal malate dehydrogenase Mdh3p, an important component of the malate–oxaloacetate
shuttle [39]. By action of this shuttle, peroxisomal NADH is indirectly transported to mitochondria,
where it is re-oxidized to NAD, and then returned back to peroxisomes. Genetic in vivo
studies with mdh3∆ mutants, which were unable to metabolize fatty acids, demonstrated that
the peroxisomal membrane of S. cerevisiae is impermeable to NAD(H) [39]. This indicated that
a direct exchange of NAD against NADH across the peroxisomal membrane does not occur in
yeast, and thus the transfer of reducing equivalents is mediated by NAD-linked redox shuttles [40].
In addition, yeast possess additional redox shuttles to maintain the intraperoxisomal redox
balance, such as the glycerol-3-phosphate/dihydroxyacetone phosphate NAD-linked shuttle and
the 2-oxoglutarate/isocitrate NADP-linked shuttle [40,41]. A prerequisite for redox metabolism is a
constant concentration of NAD(H) inside peroxisomal lumen. The NAD(H) homeostasis is achieved
by the peroxisomal NADH diphosphatase Npy1p [42], converting NAD(H) to AMP and nicotinamide
mononucleotide. In order to recycle these products of NAD hydrolysis in the cytosol, they have to be
exported by a specific carrier, which might be coupled to the import of NAD. However, the mechanism
to initially generate an NAD pool inside peroxisomes is still unknown.

Members of the MCF have been identified to mediate an efficient subcellular distribution of ATP,
CoA, and NAD within the eukaryotic cell. S. cerevisiae contains 35 MCF-type proteins, including the
mitochondrial CoA carrier Leu5p [43] and the mitochondrial NAD carriers Ndt1p and Ndt2p [44].
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Two scenarios are possible: (1) One of the so far uncharacterized MCF or even non-MCF proteins
in yeast might catalyze the peroxisomal cofactor uptake. (2) The mitochondrial CoA and/or NAD
transporter might be dually localized to mitochondria and peroxisomes to adapt to the cellular needs.
Future analyses will discover whether and which carrier-type protein might mediate the peroxisomal
cofactor transport.

3. Cofactor Transport for Human Peroxisomes

In humans, peroxisomes are present in all cell types, except in erythrocytes [1,45,46]. The pivotal
role of these organelles is emphasized by a variety of severe genetic diseases linked to peroxisome
dysfunction. Most of these disorders are caused by mutations in genes coding for peroxisomal enzymes
involved in metabolic pathways [45]. In humans, the key metabolic function of human peroxisomes is
β-oxidation. While mitochondrial β-oxidation handles the bulk of dietary fatty acids, such as palmitic
acid and oleic acid, the peroxisomal β-oxidation plays a crucial role in the degradation of a more
diverse spectrum of carboxylic acids, including long-chain fatty acids (LCFAs), very long-chain fatty
acids (VLCFAs, >C22), branched-chain fatty acids (e.g., pristanic and phytanic acids), and long-chain
dicarboxylic acids. In addition to its catabolic functions, peroxisomal β-oxidation is involved in the
biosynthesis of the bile acid intermediates di- and tri-hydroxycholestanoic acid and the essential
omega-3-fatty acid docosahexaenoic acid (C22:6 n-3), a primary structural component of the human
brain, cerebral cortex, skin, and retina [1,45,46].

To import the diverse carboxylic acids into peroxisomes, three half-size ABC transporters of
the subfamily D (ABCD) reside in the peroxisomal membrane [47–49]. They function mainly as
homodimers with partially overlapping substrate specificities. ABCD1 (ALDP) has a higher affinity for
saturated VLCFAs, whereas ABCD2 (ALDR) transports shorter and (poly)unsaturated VLCFAs [50,51].
In contrast, ABCD3 (PMP70) imports branched-chain fatty acids, long-chain dicarboxylic acids,
and bile acid intermediates into human peroxisomes [52,53]. The peroxisomal ABCD proteins
transport their substrates as CoA esters, whereas the peroxisomal membrane-bound acyl-CoA binding
protein ACBD5 functions as a cytosolic receptor for VLCFA-CoAs and passes them on to the VLCFA
transporter ABCD1 [54]. Furthermore, ABCD1–3 share the same transport mode with the yeast
fatty-acid transporter described in the previous chapter [55,56]. An intrinsic acyl-CoA thioesterase
activity couples the translocation step to the hydrolysis of the CoA ester, leaving a free acid in the
peroxisomes that must be re-activated with CoA for β-oxidation [57]. The human genome encodes
several different acyl-CoA synthetases, catalyzing the ATP-dependent activation of fatty acids and
related compounds to acyl-CoA in the presence of ATP [58,59]. Few isoforms have been reported to
be linked to the peroxisomal membrane, but whether these membrane-associated proteins are active
inside or outside the peroxisome has been the subject of recent debates [58,59]. Still, the active site of
one human acyl-CoA synthetase has been located to the peroxisomal matrix. It is assumed that the
enzyme specifically activates peroxisomal pristanic acid produced by α-oxidation of phytanic acid [60].
Reports on the human ABCD1 suggest that the import of VLCFA-CoA esters into peroxisomes is not
dependent on peroxisome internal activation [61]. Still, the complementation of the yeast pxa1/pxa2∆

double mutant with the human ABCD1 requires the presence of the peroxisomal acyl-CoA synthetase
Faa2p for the activation of the β-oxidation substrates [35]. Future research will resolve these partly
contradictory hypotheses.

In the case that β-oxidation substrates enter peroxisomes as free fatty acids, a pool of ATP and
CoA is needed for the peroxisomal re-esterification (Figure 2). Consequently, human peroxisomes have
to be supplied with both cofactor molecules, if CoA is released in the cytosol by ABCD proteins [55,56].
The resulting acyl-CoA esters are then fed into β-oxidation, which depends on peroxisomal NAD
as an electron acceptor. The last step of this pathway, catalyzed by the acyl-CoA thiolase, uses free
CoA to cleave off one acetyl-CoA molecule from the acyl-chain [46]. The shortened acyl-CoA ester
undergoes additional cycles but will not be completely degraded. Thus, the peroxisomal β-oxidation
generates several different medium-chain acyl-CoAs, besides propionyl-CoA and acetyl-CoA. These
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products are then exported via the peroxisomal carnitine shuttle from peroxisomes to mitochondria for
further metabolism [46]. This export mechanism releases CoA in the peroxisomal lumen, which can be
recycled for the thiolytic cleavage during β-oxidation. Peroxisomal thioesterase may also function in
exporting the products of β-oxidation by releasing them from CoA esters [62].
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Figure 2. Model for the peroxisomal cofactor transport in human. ABCD1–3: ABC transporters of the
subfamily D (ABCD) member 1–3, mediating the import of fatty acids and other β-oxidation-related
substrates as CoA esters; ACSVL1: very-long-chain acyl-CoA synthetase 1 (associated at the matrix
site of the peroxisomal membrane); ACSL1/4: long-chain acyl-CoA synthetase1 and 4 (associated
at the cytosolic site of the peroxisomal membrane); FA, fatty acid; NUDT7/19: peroxisomal Nudix
hydrolase 7 and 19, catalyzing the hydrolysis of CoA to PAP and 4′-PP.; LCFA-CoA: long-chain
acyl-CoAs; LC-DCA-CoA: long-chain dicarboxyl-CoA; PAP: adenosine 3′,5′-diphosphate; 4′-PP:
4′-phospho-pantetheine; VLCFA-CoA: very long-chain acyl-CoAs; SLC25A17: solute carrier family 25
member 17, putative peroxisomal CoA carrier; (?): proposed cofactor carrier proteins.

In humans, one member the MCF has been discovered as peroxisomal membrane protein of
34 kDa (PMP34) [63]. This human MCF protein is classified as member 17 of the solute carrier family
25 (SLC25A17). Due to its high homology to the yeast peroxisomal ATP carrier, it was hypothesized
that human SLC25A17 is a functional ortholog of Ant1p [63,64]. To address this, human SLC25A17
was expressed in the ant1∆ yeast mutant [64]. While peroxisomal β-oxidation activity in ant1∆ cells
were only 20% of wild type cells, the fatty-acid degradation was restored to approximately 60% of
wild type in ant1∆, expressing the human SLC25A17. This partial rescue of the ant1∆ phenotype with
human SLC25A17 suggested a role in providing peroxisomes with ATP for fatty-acid oxidation [64].
Functional reconstitution of yeast expressed and purified SLC25A17 protein in lipid vesicles revealed
detectable ATP import activity across the liposomal membrane [64]. Both observations led to the
conclusion that the human SLC25A17 functions as an adenine nucleotide transporter, catalyzing an
exchange of adenine nucleotides across the peroxisomal membrane [64]. The group of Ferdinando
Palmieri repeated the uptake assays with the human SLC25A17 recombinantly expressed in E.coli and
purified by affinity chromatography [65]. Surprisingly, it exhibited extremely low uptake rates of ATP,
which might explain the partial complementation of the ant1∆ mutant with the human SLC25A17 [64].
In contrast, high transport activities of recombinant SLC25A17 were discovered for AMP exchange
against CoA, dephospho-CoA, and FAD. It also catalyzes the AMP import against internal FMN, ADP,
adenosine 3′,5′-diphosphate (PAP), and to a lesser extent, NAD [65]. Considering lower KM and Ki

values suggested a higher affinity of SLC25A17 for CoA, AMP, FAD, and FMN as substrates than for
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NAD, ADP, and ATP [65]. The physiological role of such a cofactor carrier with a versatile transport
functions remains unclear for human peroxisomes.

The in vivo function of SLC25A17 has been further investigated in genetic mutants of orthologs
in the model organisms zebrafish (Danio rerio) and mice (Mus musculus) [66,67]. The zebrafish
genome contains two Slc25a17 proteins, which have been both simultaneously down-regulated by
a morpholino-based antisense approach [66]. During the first four days of development, zebrafish
embryos rely entirely on its nutrient-rich yolk sac to sustain growth and survival. In this phase,
peroxisomal β-oxidation supports the utilization of very long-chain fatty acids, as well as the synthesis
of plasmalogens, providing energy and structural cellular components [68]. Silencing of the two
slc25a17 genes at 3–4 days post-fertilization led to an accumulation of very long-chain fatty acids
and a reduction of ether-phospholipids in the zebrafish embryos [66]. This altered cellular lipid
composition caused a severe failure in the development of multiple organs, including the swim bladder.
To test if the loss of peroxisomal CoA or NAD impairs β-oxidation function, these cofactors were
co-injected together with the slc25a17-specific antisense oligomers into zebrafish embryos. Exogenously
supplied CoA efficiently rescued the defective swim bladder, whereas NAD co-injection failed to restore
the developmental defects associated with slc25a17 knockdown [66]. In vitro uptake experiments
demonstrated that both Slc25a17 proteins function redundantly with a preference towards CoA,
instead of NAD and ATP, similar to the human carrier [66]. These findings suggest that Slc25a17
and Slc25a17-like functions additively as CoA transporters, which are involved in peroxisomal lipid
metabolism and are thus essential for normal embryonic growth in zebrafish [66].

Mice lacking the SLC25A17 carrier by insertional mutagenesis did not show any obvious
phenotype [67]. In particular, the diverse functions of the peroxisomal β-oxidation were not
compromised in the SLC25A17-deficient mice. Only the degradation of phytol-derived branched-chain
fatty acids was considerably impaired. Phytol, a constituent of chlorophyll, is converted to
phytanic acid [69–71]. This methyl-branched fatty acid first activated by the long-chain acyl-CoA
synthetases ACSL1/4 in the cytosol and then imported as acyl-CoA ester via ABCD3 transporter into
peroxisomes [58,59], where it enters the peroxisomal α-oxidation. This pathway produces pristanic
acid inside peroxisomes. This fatty acid is activated to pristanoyl-CoA catalyzed by the peroxisomal
very-long-chain acyl-CoA synthetase ACSVL1 [60] for further conversion by multiple rounds of
peroxisomal β-oxidation. The resulting medium-chain fatty acids are then completely oxidized by the
mitochondrial β-oxidation [69–71]. Notably, pristanic acid is also present in human diets, and for its
degradation via the peroxisomal β-oxidation, it is activated in the cytosol and imported as acyl-CoA
ester via the ABCD3 transporter into peroxisomes [69–71].

Upon phytol feeding, the SLC25A17 knockout mice accumulated phytanic and pristanic acid as
well as their CoA-esters in the liver, resulting in an enlarged organ and hepatic inflammation [67].
These abnormalities of the phytol-fed knockout mice suggested that the phytol degradation process
depends on the peroxisomal cofactor supplied by SLC25A17. Unfortunately, the transport function of
mice SLC25A17 has not yet been characterized, and thus we can only hypothesize about its preference
for ATP, CoA, or NAD as a substrate [67]. Assuming that mouse SLC25A17 functions as a peroxisomal
CoA carrier, as postulated for the zebrafish ortholog, the specific phenotype of the slc25a17-deficient
mice might be caused by a shortage of peroxisomal CoA. Since the peroxisomal activation of pristanic
acid as well as the thiolytic cleavage during β-oxidation of the resulting medium-chain fatty acids
demand free CoA in the peroxisomal matrix, the levels of both phytol-derived fatty acids and acyl-CoA
esters were elevated in the liver of the KO mice after phytol feeding [67].

In general, the activity of the acyl-CoA thioesterases prevent CoA deficiencies in peroxisomes from
humans and mice [62]. These peroxisomal enzymes hydrolyze CoA esters, resulting in CoA formation,
and thus can regulate the peroxisomal CoA pool [62]. In order to ensure a net CoA influx, the mice
SLC25A17 carrier might catalyze the import of two CoA molecules against one molecule of adenosine
3′,5′-diphosphate (PAP) and 4′-phosphopantetheine (4′-PP). Both counter-exchange substrates are
products of the hydrolysis of one CoA molecule, provided by peroxisomal Nudix hydrolases [72–74].
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For the human SLC25A17, it was shown that it transports PAP, however 4′-PP as a potential substrate
has not been tested in this work [65].

Another open question is why the CoA-dependent activation of other β-oxidation substrates is not
impaired in the SLC25A17-deficient mice. The mild phenotype of the loss-of-function mutant, which can
only be unmasked upon phytol treatments, might point to an alternative way to provide peroxisomes
with CoA. For instance, another CoA carrier protein may exist in the peroxisomal membrane or an
alternative splicing variant could lead to dual targeting of the human mitochondrial CoA carrier [75,76].
In addition, it cannot be excluded that peroxisomal CoA-dependent enzymes are imported together
with their cofactor, as it was described for FAD-dependent enzymes previously [20,21]. Nevertheless,
this study may be applicable to the human system, indicating that SLC25A17 deficiency in humans is
unlikely to be lethal but could cause an impaired metabolization of branched-chain fatty acids in older
adults [67].

Up to now, the SLC25A17 proteins are the only MCF-type cofactor carrier known to be present
in peroxisomes of humans, mice, and zebrafish. Orthologs of the peroxisomal ATP carrier Ant1p
from yeast or the peroxisomal NAD carrier from Arabidopsis are required to provide metabolic
pathways with ATP and NAD. Beside β-oxidation, ATP and NAD are also involved in different
peroxisome-associated processes in humans and mice. For instance, intraperoxisomal ATP can be
used for the post-translational phosphorylation of peroxisomal enzymes by protein kinases [77],
proper folding of peroxisomal matrix proteins [78], removal of oxidatively damaged, and misfolded
proteins via ATP-stimulated proteases [79,80]. NAD, in particular the phosphorylated, reduced
form NADPH, is also needed for the oxidation of unsaturated fatty acids [46,70], as well as for the
antioxidants defense systems, such as the ascorbate–glutathione cycle, to detoxify reactive oxygen
species, such as the glutathione cycle [81]. Diverse peroxisomal NAD(P)-redox shuttle mechanisms,
such as malate/oxaloacetate, lactate/pyruvate, and 2-oxoglutarate/isocitrate-based shuttle systems,
regenerate NAD or NADPH and thus participate in regulating the redox homeostasis in human
peroxisomes [4]. However, it remains to be investigated whether specific transport proteins are
involved in the provision of ATP and NAD for peroxisomes in humans and animals.

4. Cofactor Transport for Plant Peroxisomes

In contrast to humans and animals, peroxisomes are the sole site of β-oxidation in plants.
This essential metabolic pathway is involved in diverse developmental and signaling processes,
participating in fatty-acid catabolism and the biosynthesis of several major phytohormones, including
jasmonic acid, indole-3-acetic acid (auxin), and salicylic acid [2,82,83].

Another important function of β-oxidation is the mobilization of storage oil in oil-seed species,
such as the model plant Arabidopsis thaliana [84,85]. These plants store energy in form of triacylglycerol
in the seeds in order to secure survival of the next generation. During germination the embryos utilize
the storage oil to enable the seedling growth and development, until it becomes photoautotrophic.
In Arabidopsis, the long-chain fatty acids that are hydrolyzed from reserve lipids are imported into
peroxisomes for further degradation by β-oxidation [84,85]. The import of fatty acids as CoA esters is
mediated by the peroxisomal ABC transporter, which was named COMATOSE (CTS) after its dormancy
phenotype in Arabidopsis [86–89]. The CTS transport mechanism is the same as described for the
peroxisomal ABC transport proteins from yeast and human. The CoA-moiety is cleaved off during the
import, which necessitates the re-esterification of fatty acids to CoA prior to entering β-oxidation [90].
This activation reaction is catalyzed by two peroxisomal long-chain acyl-CoA synthetases LACS6
and LCAS7 in an ATP-consuming reaction [91]. In the absence of both enzymes in peroxisomes,
Arabidopsis seedlings were compromised in storage-oil mobilization, leading to an arrested seedling
growth shortly after germination [91]. This phenotype implies that the activation of the fatty acid
inside plant peroxisomes is essential for their breakdown. The resulting acyl-CoAs are then degraded
by the NAD-dependent β-oxidation cycle [84,85]. The last step of this pathway uses free CoA for the
thiolytic cleavage of the acyl-CoA, generating acetyl-CoA and a shortened acyl-CoA. The latter can
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re-enter the β-oxidation pathway for further breakdown. The resulting acetyl-CoA is fueled into the
peroxisomal glyoxylate cycle, producing four-carbon metabolites that can be converted to sucrose
as a carbon and energy source [84,85]. With respect to the cofactor input, the peroxisomal enzymes
of fatty-acid degradation have the same demand of ATP, CoA, and NAD in humans, animals and
yeast [3,92] (Figure 3).
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Figure 3. Model for the peroxisomal cofactor transport in plants. CTS: peroxisomal ABC transporter,
mediating the import of fatty acids as acyl-CoA esters; FA: fatty acid; LACS6/7: long-chain acyl-CoA
synthetase 6 and 7 (associated at the matrix site of the peroxisomal membrane); NMN(H): nicotinamide
mononucleotide (reduced); PAP: adenosine 3′,5′-diphosphate; 4′-PP: 4′-phospho-pantetheine; PNC,
peroxisomal ATP carrier; PXN, peroxisomal NAD carrier; (?): proposed cofactor carrier proteins.

On the basis of amino-acid-sequence similarity to the peroxisomal ATP carrier Ant1p from S.

cerevisiae, two Arabidopsis MCF members have been identified to be localized to the peroxisomal
membrane [12,13]. These plant carriers were independently able to suppress the β-oxidation
phenotype of the ant1∆ yeast mutant [13], indicating that both proteins import ATP into yeast
peroxisomes. A biochemical characterization using recombinant PNC proteins revealed that the
ATP import was mediated in a strict counter exchange transport mode with ADP or AMP, similar
to the yeast ortholog [12,13]. Whereas substrate specificity was similar to the yeast ortholog, none
of the PNC proteins showed uniport transport activity. Due to their restricted substrate spectrum,
the Arabidopsis MCF members were annotated as peroxisomal adenine nucleotide carriers PNC1
and PNC2. Arabidopsis mutants were generated in which PNC1 and PNC2 were simultaneously
silenced using RNA interference to analyze their in vivo role [12,13]. Since the import of cytosolic ATP
into peroxisomes is essential for β-oxidation, the seedlings of the RNAi lines were compromised in
seedling establishment [12,13]. The arrested seedling phenotype was caused by a block in storage-oil
mobilization, resulting in an accumulation of storage-oil-derived fatty acids and acyl-CoA esters.
This result suggests that peroxisomal ATP uptake mediated by PNC1/2 is critical for utilizing fatty
acids through β-oxidation to fuel seedling growth [12,13]. It is hypothesized that PNC-mediated ATP
import occurs in exchange with peroxisomal AMP, which is released during the fatty-acid activation
step by LACS6/7 [91]. In addition, other metabolic pathways that are linked to peroxisomal β-oxidation
were also affected in these pnc1/2 RNAi lines, such as biosynthesis of phytohormones, the catabolism
of membrane lipids during dark-induced senescence, and the degradation of branched-chain amino
acids (unpublished work). Together, these findings emphasize that the peroxisomal ATP carriers are
the primary source of peroxisomal ATP, meaning no other major ATP-generating systems, such as
substrate-level phosphorylation, exist in Arabidopsis peroxisomes.

Our knowledge about other ATP-consuming reactions in plant peroxisomes beside β-oxidation is
limited. Recently, it was demonstrated that the ATP-dependent enzymes that catalyze the last steps of
the cytosolic mevalonate pathway for the synthesis of isopentenyl diphosphate are located inside plant
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peroxisomes [93,94]. Peroxisomal ATP might also be crucial for the regulation of protein function.
Phospho-proteomic studies revealed that many enzymes involved in photorespiration are regulated
via post-translational phosphorylation [95–97]. Accordingly, several protein kinases have also been
identified in plant peroxisomes, but their target proteins still need to be discovered [98,99]. A role of
the PNC proteins as ATP/ADP carrier remains to be tested.

In order to support NAD-dependent fatty-acid oxidation during early seedling growth, the import
of NAD into Arabidopsis peroxisomes is mediated by the peroxisomal NAD carrier, called PXN [100,101].
PXN belongs to the MCF and represents, regardless of the species, the first, and so far, only discovered
peroxisomal carrier for NAD. In vitro uptake experiments of reconstituted recombinant protein
discovered that PXN can transport many organic cofactors and related molecules, including NAD,
NADH, ADP, AMP, and CoA, in an antiport mode [100,101]. The outcome of the biochemical
(in vitro) assays suggest versatile transport functions for PXN, catalyzing the import of NAD or CoA
against AMP or the exchange of NAD/NADH. However, complementation studies using different
yeast mutants restricted the in vivo function of PXN to provide peroxisomes with cytosolic NAD
in exchange with intraperoxisomal AMP [37]. Since the peroxisomal malate/oxaloacetate shuttle is
involved in the export of NADH from peroxisomes and the import of re-oxidized NAD [102,103],
PXN as an NAD/AMP exchanger might function to build up and/or replenish the peroxisomal
NAD pool [14,37,101]. For instance, a net NAD import is facilitated, if the exported AMP is strictly
accompanied by a unidirectional AMP import to balance the loss of peroxisomal AMP. Such an
adenylate uniporter has only been described for chloroplasts so far [104,105]. In another scenario, PXN
might transport two NAD molecules. One NAD is used for the peroxisomal metabolism, the other is
hydrolyzed to AMP and reduced nicotinamide mononucleotide by the peroxisomal Nudix hydrolase
in Arabidopsis [106,107]. Both hydrolysis products might counter-exchange during the uptake of two
NAD molecules [14,101].

The role of PXN in providing the peroxisomal β-oxidation with NAD implies that a deletion of this
gene would affect storage-oil mobilization, which is essential for seedling establishment. Surprisingly,
Arabidopsis pxn knockout mutants did not display any obvious seedling phenotype, as described for the
PNC1/2 RNAi lines [100,101]. The fatty-acid composition in these mutant seedlings revealed that fatty-acid
breakdown was delayed during storage-oil turnover, indicating that peroxisomal NAD import mediated by
PXN contributes to an optimal operation of storage-oil degradation [100,101]. Recently, PXN was identified
to be involved in photorespiration under fluctuating and high-light conditions [108]. The decreased activity
of the photosystems in the pxn plants could be rescued by elevated CO2 concentrations, which represses the
flux through the photorespiratory pathway. The authors proposed that PXN can supply plant peroxisomes
with the increased demand of NADH during photorespiration [108]. Both defined phenotypes point to an
alternative mechanism to fuel plant peroxisomes with NAD; most likely by a redundant uptake system,
that is either mediated by a specific carrier, protein-coupled NAD import, or by fusion of NAD-preloaded
pre-peroxisomes derived from the ER [14].

Plant peroxisomes have to control their peroxisomal CoA pool, since this cofactor is crucial for
the proper functioning of β-oxidation. The peroxisomal CoA is again released, for instance, once the
acetyl-CoA is fed into the glyoxylate cycle, resulting in CoA recycling. Like in humans and yeast,
plant peroxisomes possess several acyl-CoA thioesterases to ensure optimal flux through β-oxidation.
They have been proposed to regulate the availability of free CoA in the peroxisomal matrix, by releasing
CoA from acyl-CoA esters [109]. In addition, a role in maintaining the peroxisomal CoA has also been
reported for the putative Nudix hydrolases of plant peroxisomes [110]. Since the CoA biosynthesis
and salvage pathway takes place outside peroxisomes [111], plant peroxisomes depend on the uptake
of CoA, which might be mediated by a specific CoA transport protein. A mitochondrial carrier for
the distribution of CoA has been identified and characterized in humans, yeast, and plants [43,75],
but the knowledge about a peroxisomal CoA carrier is restricted to non-plant organisms. An ortholog
of the peroxisomal CoA carrier SLC25A17 in humans and animals is still unknown in Arabidopsis.
The peroxisomal NAD carrier PXN, however, showed transport activities for CoA in vitro [100].
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However, due to its low affinity to CoA, it is unlikely that PXN is able to transport CoA under
physiological conditions [37]. Biochemical and genetic analyses will demonstrate the existence of a
peroxisomal CoA carrier in plants in the future.

5. Conclusions

The mitochondrial carrier family (MCF) is a large family of proteins present in all eukaryotic
lineages, which are present in several other cellular compartments, including peroxisomes.
The peroxisomal MCF-type proteins described so far in yeast, humans, and plants, cluster as a
functional branch in phylogenetic analyses [18,110]. These carriers ensure a stable exchange of
structurally related cofactor molecules, such as ATP, CoA, and NAD, which are required for the
maintenance of peroxisomal reactions, in particular β-oxidation. A detailed characterization of the
transport function is indispensable to understand their physiological role in peroxisomes. However,
the exciting findings of the knockout mutant displayed that alternative routes with a so far unknown
mechanism exist for the cofactor exchange across the peroxisomal membrane.

Beyond cofactors, the diverse anabolic and catabolic reactions in peroxisomes produce a large
number of small hydrophilic metabolites, which have to be shuttled across the peroxisomal membrane.
Peroxisomes appear to be permeable to small hydrophilic solutes. Experimental evidences suggest
a nonselective channel responsible for this exchange, but the proposed protein could not yet be
conclusively assigned to the observed channel activity [3,6,8]. This raises the question if other transport
proteins might be involved in peroxisomal metabolite transfer. For instance, MCF represents a carrier
family with a broad substrate spectrum, catalyzing the transport of small hydrophilic solutes, like amino
acids, mono, di- and tricarboxylates, and an inorganic form of phosphate. It could be hypothesized
that—beyond the cofactor uptake—MCF-type proteins might play a role in these transport processes.
Until now, such an MCF protein has not yet been located in peroxisomes in any eukaryotic organisms.
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Abstract: As a nodal mediator of pyruvate metabolism, the mitochondrial pyruvate carrier (MPC)
plays a pivotal role in many physiological and pathological processes across the human lifespan,
from embryonic development to aging-associated neurodegeneration. Emerging research highlights
the importance of the MPC in diverse conditions, such as immune cell activation, cancer cell stemness,
and dopamine production in Parkinson’s disease models. Whether MPC function ameliorates or
contributes to disease is highly specific to tissue and cell type. Cell- and tissue-specific differences
in MPC content and activity suggest that MPC function is tightly regulated as a mechanism of
metabolic, cellular, and organismal control. Accordingly, recent studies on cancer and diabetes have
identified protein–protein interactions, post-translational processes, and transcriptional factors that
modulate MPC function. This growing body of literature demonstrates that the MPC and other
mitochondrial carriers comprise a versatile and dynamic network undergirding the metabolism of
health and disease.

Keywords: mitochondrial pyruvate carrier; MPC; lifespan; pyruvate metabolism; mitochondrial
transport

1. Introduction

The mitochondrial pyruvate carrier (MPC) was discovered in 2012 [1,2]. However, as early as
1971, studies predicted that a mitochondrial protein transported pyruvate from the cytoplasm into the
mitochondria [3–5]. Since its discovery, the MPC has been the subject of extensive primary literature
research articles and reviews detailing key aspects of its structure, function, regulation, and diverse
roles in health and disease. To date, most studies examining the MPC’s role in disease using genetically
tractable systems have focused on cancer metabolism and diabetes. However, smaller yet important
niches for MPC research are becoming evident, highlighting the variety of situations where the MPC
controls metabolism and dependent cellular functions. Some of these include embryonic and fetal
health, stem cell development, neurogenerative disease, and immune cell function.

A central theme, and the focus of this review, is that the beneficial or harmful role of the MPC in
a disease or physiological state is highly specific to tissue and cell type. Cell- and tissue-dependent
differences in MPC content and activity suggest that MPC function is tightly regulated as a mechanism
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of metabolic, cellular, and organismal control. Several recent studies provide evidence that the MPC is
regulated at multiple levels by transcription factors, protein–protein interactions, and post-translational
modifications. Here, we examine MPC function across the lifespan, beginning with embryonic and
fetal development and ending with aging-associated neurodegeneration.

2. The MPC in the Triumvirate of Mitochondrial Pyruvate Metabolism

Mitochondrial pyruvate metabolism is controlled by a triumvirate of enzymes—the MPC,
pyruvate dehydrogenase (PDH), and pyruvate carboxylase (PC) [6–8]—that together modulate many
physiological and pathological processes. Pyruvate is the end product of glycolysis, and its metabolism
is instrumental in managing carbohydrate loads, producing ATP, and maintaining blood glucose levels.
When pyruvate metabolism is dysfunctional, as first recognized in patients with inborn errors in PDH
and PC, the effects are wide-ranging. Infants with either PDH or PC genetic mutations often show
high blood lactate and ammonia levels, low muscle tone and lethargy, developmental delays, seizures,
and even premature death.

MPC mutations are thought to be quite rare but result in the same severe symptoms observed
with PDH and PC deficiency [9,10]. The MPC gates pyruvate entry into mitochondria and thus is
a pivotal control point for mitochondrial pyruvate metabolism. The mammalian MPC is a complex
formed by the MPC1 and MPC2 paralogs that are both necessary to stabilize the other to form a
functional MPC [1,2]. Once pyruvate is inside mitochondria, the PDH complex decarboxylates it
into acetyl-CoA for forward tricarboxylic acid (TCA)-cycle oxidation and ATP production, or PC
carboxylates it into oxaloacetate to support biosynthesis, including nucleotide and amino acid synthesis,
de novo lipogenesis, and gluconeogenesis. Not surprisingly, increases or decreases in MPC activity
correspond to shifts toward oxidative or glycolytic metabolism, respectively. These metabolic shifts are
crucial to support changes in cellular state, and their magnitude may differ depending on cellular state.

3. The MPC in Development

3.1. Embryonic and Fetal Health

Due to the energetic, biosynthetic, and regulatory metabolic demands of rapidly dividing cells,
MPC deficiency in utero has severe consequences for the developing fetus. Homozygous Mpc1 or Mpc2

deletion in mice results in embryonic lethality within the first three weeks of development [11–13].
In vitro Mpc1 silencing in mouse oocytes also significantly impairs maturation [14]. Hypomorphic
Mpc1 mice exhibit early perinatal lethality, while a less severe N-terminal Mpc2 hypomorph allows for
normal mouse development [11,13]. In the first study to describe inborn errors of MPC function in
humans, an infant patient presented with lactic acidosis, low muscle tone, and brain abnormalities [10].
Biochemical studies of the patient’s fibroblasts revealed a defect in pyruvate transport, which contributed
to the molecular identification of the MPC several years later [1,2].

In a more recent study, Oonthonpan et al. investigated the biochemical mechanisms by which
patient MPC1 C289T and T236A mutations inactivate the MPC complex [9]. MPC1 C289T encodes
a mis-spliced, truncated protein that is nonfunctional and a full-length R97W point mutant that is
less stable but can form pyruvate transport-competent complexes with MPC2. Adding MPC1 C289T
to Mpc1 knockout mouse C2C12 cells led to no detectable mis-spliced, truncated MPC1 protein and,
compared to wild-type MPC1, decreased levels of MPC1 R97W. The other patient mutation investigated,
MPC1 T236A, encodes a full-length L79H point mutant that produces a stable MPC complex with
protein levels similar to wild-type MPC complexes. However, MPC complexes with MPC1 L79H
are not able to transport pyruvate. The patient with the MPC1 R97W mutation died at 19 months,
while three patients with the MPC1 L79H mutation exhibited varying degrees of neurological and
cognitive deficits. Notably, mouse studies indicate that alterations in maternal diet may be able to
partially compensate for offspring MPC deficiencies in utero. For example, a ketogenic diet [12] or
maternal fasting [15], which shifts metabolic substrate use from glucose and thus pyruvate to greater
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use of either fatty acids or ketones, attenuates some defects in pyruvate metabolism, such as lactic
acidosis, in mice with Mpc1-mutated fetuses. A ketogenic diet also rescues many of the developmental
defects observed in utero. These studies illustrate the importance of the MPC in embryonic and fetal
development and suggest a potential non-pharmacological, diet intervention for MPC insufficiency
and other inborn errors in pyruvate metabolism in utero.

3.2. Stem Cells

Proper stem cell function and growth are essential for embryonic, fetal, and postnatal development.
In adults, although stem cell activity progressively decreases across the lifespan, stem cells remain
important for regeneration and repair of many tissues [16,17]. Whether in embryonic or adult tissues,
stem cells exist in an undifferentiated, quiescent state until an activating event (such as implantation in
the uterus or stress/injury in the adult) induces a transition to proliferation. Growth is initiated and
maintained by increased glycolysis, which supports nucleotide, protein, and lipid synthesis. As stem
cells differentiate into specific cell types, their metabolism shifts toward oxidative phosphorylation
(OXPHOS) [18]. These metabolic shifts supporting pluripotency or differentiation are controlled
by MPC activity and pyruvate utilization. For example, in Drosophila intestinal epithelial cells,
MPC loss-of-function increases stem cell proliferation, while overexpression of the MPC in epithelial
cells suppresses stem cell proliferation [19,20]. Similarly, MPC1 deletion in intestinal stem cells promotes
proliferation [20], while deletion in hair follicle stem cells increases lactate-driven acceleration of the
hair cycle [21]. These studies suggest that increased glycolysis due to MPC loss in epithelial or stem
cells supports stem cell expansion and prevents differentiation.

Stem cells also play an important role in cancer progression and resistance to drug treatment (see
Cancer section). Many cancers exhibit partial to complete loss of MPC expression that is associated with
increased cell proliferation, metastasis, and stem cell marker expression [22]. MPC1 is necessary for
intestinal stem cell differentiation in zebrafish, and loss of the tumor suppressor Adenomatous Polyposis
Coli (APC) downregulates MPC expression to favor stem cell growth over differentiation [23]. Overall,
these studies indicate that MPC activity mediates metabolic programming to promote pluripotency or
differentiation during embryonic development, adult tissue repair, and tumor growth.

4. The MPC in Post-development Health and Disease

4.1. Cancer

Cancer is a disease that is characterized by abnormal cellular growth and invasion into surrounding
tissues. Cancer can occur throughout the human lifespan, but prevalence increases with age
and most patients receiving the diagnosis are older than 60. Similar to stem cells, many cancers
support growth demands by upregulating glycolysis and channeling glycolytic intermediates into
biosynthetic and reducing power-generating pathways [24]. Loss of the MPC initiates or promotes
aerobic glycolysis, and in a variety of cancers, MPC disruption correlates with increased growth,
metastasis, and poor survival. Nevertheless, some cancers exhibit increased MPC expression and
predominantly rely on oxidative phosphorylation to support growth. This difference could be due
to the metabolism of surrounding tumor tissue, tissue type, the oxygenation and blood supply of
the tumor microenvironment, and the accessibility of immune cells, all of which affect the energy
metabolism of a tumor and can determine whether the MPC is a mediator of pro- or anti-cancer effects.

4.1.1. MPC Disruption Promotes Cancer Progression

A wealth of recent studies show that the loss of MPC activity or expression promotes cancer
cell progression in diverse tissues (Table 1). In colon cancer cell lines, knockdown of MPC1 or MPC2

promotes loss of cell–cell polarity, increases migration capacity, and drives resistance to radiation
therapy [25]. In colon cancer cell lines with low MPC protein levels, ectopic expression of the MPC
impairs colony formation in soft agar, decreases xenograft growth in mice, and reduces stem cell marker
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expression [22]. These studies, although mostly performed in cell culture, suggest that MPC disruption
in colon cancer increases growth by inducing aerobic glycolysis. Downregulation of the MPC may also
promote colon cancer survival by decreasing production of reactive oxygen species (ROS), making
tumor cells less prone to apoptosis by interferon-γ, an important anti-tumor cytokine [26]. Induction
of the epithelial–mesenchymal transition (EMT) is associated with MPC loss and increased glutamine
metabolism and may mediate increased migration capacity and metastasis. The increase in stemness
associated with MPC loss, noted by Schell et al., may explain the increased resistance to radiation
therapy, since stem cells are able to self-renew indefinitely [27]. Although the mechanisms by which
the MPC controls cancer cell stemness are not fully understood, a noted possibility is by modulating
epigenetic programming. The MPC may drive stemness through decreased cytoplasmic acetyl-CoA
production dependent on and downstream from mitochondrial pyruvate uptake, resulting in less
histone acetylation and preventing differentiation [20].

Another possible explanation for increased stem cell marker expression in colon cancer is that
MPC loss in a stem-like cancer cell may drive expansion of the stem-like cell compartment and facilitate
a shift in tumor metabolism from an OXPHOS state toward a glycolytic state (Figure 1). Although
stem-like cancer cells normally make up approximately 1 to 3% of tumor cells, MPC loss may increase
stem-like cell proliferation, resulting in glycolytic, stem-like cells comprising a greater fraction of the
tumor. Thus, whether MPC loss occurs in a stem-like cell or differentiated cell may shape the tumor’s
metabolic status and whether the tumor’s growth is enhanced or inhibited in MPC disruption studies.
This paradigm illustrates how decreased MPC function in tumors may promote growth and invasion
into adjacent tissue. However, a recent study suggests that MPC loss precedes and facilitates tumor
formation in colon cancer [28]. In this study, using chemical and genetic colon cancer mouse models,
Mpc1 deletion in intestinal stem cells increased tumor formation and produced higher-grade tumors
than Mpc1-positive stem cells. Conversely, in a Drosophila hyperproliferation model, overexpression
of Mpc1 in intestinal stem cells was sufficient to prevent tumor formation. Taken together, these
studies [22,28] suggest that MPC loss in intestinal stem cells supports a glycolytic phenotype that
enables tumorigenesis, and MPC loss in stem-like colon cancer cells supports increased glycolysis that
drives tumor stemness and growth.

As with colon cancer, in prostate cancer cell lines, MPC1 knockout or chemical inhibition increases
invasiveness, chemotherapy resistance, and stem cell marker expression [29,30]. Increased MPC1 or MPC2

expression in prostate cancer patients predicts more favorable outcomes [31]. Conversely, downregulation
of MPC1 expression by chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII) leads
to increased invasiveness and prostate cancer cell growth in culture [32]. In prostate cancer patients,
low MPC1 and high COUP-TFII expression were associated with metastasis [32]. However, in this
study, knockdown and overexpression of MPC1 had no effect on the protein expression of MPC2. Given
that MPC1 is needed to form fully stable MPC complexes, this is surprising and may warrant further
investigation to determine if the MPC is uniquely regulated in the systems utilized in this study.

In brain cancer, patient data from The Cancer Genome Atlas (TCGA) show that low MPC1

expression in glioblastoma correlates with worse patient survival and resistance to chemotherapy [33].
Similarly, a TCGA analysis of isocitrate dehydrogenase (IDH)-mutant gliomas associates increased
MPC1 expression with overall survival [34]. Increased MPC1 expression via COUP-TFII inhibition
slows growth of human glioblastoma cell lines and decreases tumor volume in xenograft studies with
immune-deficient mice [35]. Although these studies suggest that MPC disruption in glioblastoma
exacerbates tumor aggressiveness, studies of MPC inhibition or knockout in glioblastoma mouse
models would strengthen these findings. Interestingly, in human glioblastoma patients undergoing
tumor resection and in an orthotopic mouse model of human glioblastoma, 13C glucose tracing reveals
an increase in pyruvate oxidation and glucose-derived glutamine compared to normal adjacent tissue,
consistent with enhanced MPC activity [36,37]. There is also clinical evidence that a ketogenic diet may
increase progression-free and overall survival for glioblastoma patients by reducing glucose availability
for tumors [38]. These clinical studies [36–38] suggest that glioblastoma tumors exhibit increased
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pyruvate metabolism in vivo, which is difficult to resolve with the low levels of MPC expression
observed in TCGA, cell culture, and xenograft studies [33–35]. Overall, more in vivo studies testing
the direct contribution of the MPC to glioblastoma progression are needed to understand the role of
pyruvate oxidation in brain cancer.

Figure 1. Hypothetical paradigm for the development of mitochondrial pyruvate carrier (MPC)-positive
and -negative cancers. Left panel: Lack of MPC expression in stem-like cancer cells increases
glycolysis and promotes proliferation, which contributes to tumor initiation and progression. Increased
proliferation of MPC-deficient cells leads to a tumor enriched in glycolytic, stem-like cells that
convey chemoresistance and invasiveness. Right panel: Sporadic loss of MPC expression in more
differentiated, oxidative tumor cells promotes glycolysis but does not accelerate, or even impairs,
cell proliferation. The tumor remains mostly oxidative with retained MPC expression, decreased
invasiveness, and chemosensitivity.

In kidney cancer, protein and mRNA levels for MPC1 and MPC2 are lower in advanced renal cell
carcinoma (RCC) tumors compared to normal adjacent tissue [39], and decreased MPC1 expression in
RCC correlates with worse survival outcomes [40]. MPC1 knockdown and chemical MPC inhibition in
RCC cell lines increase migration and invasion, while RCC xenograft tumors with MPC1 knockdown
grow more rapidly than xenograft tumors from RCC cells that were transfected with a scrambled
short-hairpin RNA [40]. In esophageal cancer, MPC chemical inhibition increases invasiveness and
resistance to chemo/radiotherapy [41]. This same study also found that decreased MPC1 expression in
esophageal squamous cell cancer correlates with worse patient prognosis.

Lastly, in lung cancer, low MPC1 expression in lung adenocarcinoma patient samples correlates
with worse prognosis [42]. Functional experiments from the same study show that MPC1 knockdown
increases the volume of lung adenocarcinoma tumorspheres and stem cell marker expression. Similar
to experiments in glioblastoma patients, 13C glucose tracing in non-small cell lung cancer patients
(including adenocarcinoma) reveals increased glycolysis and pyruvate oxidation in tumor tissue [43].
Lactate production is also increased, consistent with the idea that circulating lactate may supply tumors
with a source of pyruvate for the TCA cycle [44]. Lactate-derived, cytosolic pyruvate requires the
MPC to enter the mitochondrial matrix; however, there is evidence that lactate may directly enter the
mitochondrial matrix in cultured lung cancer cells, bypassing the MPC [45]. These studies highlight the
complexity of elucidating the MPC’s role in lung cancer and raise the possibility of other gatekeepers
of pyruvate metabolism, such as a potential inner mitochondrial membrane lactate transporter [45–48].
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Table 1. The MPC in various disease models.

Disease and
Tissue Affected

MPC in Disease Model (MPC Knockout/Knockdown = KO/KD,
MPC Re-Expression/Overexpression = O, Xenograft = X, Drug

Inhibition of MPC =D, MPC Expression Correlates with Patient
Survival = S, MPC Expression/Protein Correlates with

Disease = C, MPC Regulation = $-$$$$$)

MPC
Disruption

Ameliorates (+)
or Exacerbates

(−) Disease

Reference

Cell Culture Animal Patient Database Patient Samples

Cancer

Colon KD − [25]
O, D X S − [22]

O − [26]

Prostate
KO − [29]
D − [30]

C, S − [31]
KD, O S − [32]
KO, D X S C + [49]

Ovarian D − [29]

Brain S − [33]
S − [34]

$ − [35]

Kidney D, KO C − [39]
KD, O, D X S C, S − [40]

Esophageal D C, S − [41]

Lung O, KD, D X S C − [42]

Liver
p53 null (?) KO, D KO + [50]

p53 wild-type $$, D − [51]

Breast D + [52]
$$$, O + [53]

Gallbladder $$$$$ + [54]

Cervical D X, D + [55]

Pharynx KD, D + [55]

Diabetes-related
Diseases

Skeletal muscle KD, D + [56]
D * KO + [57]

Liver KD, O, D D + [58]
D KO + [59]

KO, D KO + [60]
KO, D KO + [61]
O, D D + [62]

KO, D KO + [50]
KO, D KO, D + [63]
KO, D KO, D + [64]

Whole-body KO
(het) + [65]

KO
(het) − [66]

Kidney KD, D − [67]
D C − [68]

C − [69]

Pancreas KO KO − [70]
KO − [11]

KD, D D − [71]

Heart $$$$ − [72]
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Table 1. Cont.

Disease and
Tissue Affected

MPC in Disease Model (MPC Knockout/Knockdown = KO/KD,
MPC Re-Expression/Overexpression = O, Xenograft = X, Drug

Inhibition of MPC =D, MPC Expression Correlates with Patient
Survival = S, MPC Expression/Protein Correlates with

Disease = C, MPC Regulation = $-$$$$$)

MPC
Disruption

Ameliorates (+)
or Exacerbates

(−) Disease

Reference

Cell Culture Animal Patient Database Patient Samples

Neurodegenerative Diseases

Alzheimer’s D + [73]
D − [74]

D, O − [75]

Parkinson’s D D + [76]

Schizophrenia S − [77]
S + [78]

* Ex vivo permeabilized muscle; $ MPC expression correlates with chicken ovalbumin upstream promoter-
transcription factor II (COUP-TFII); $$ MPC proteins interact with PUMA; $$$ MPC expression correlates with
estrogen- related receptor alpha (ERRα); $$$$ MPC activity correlates with hyperacetylation; $$$$$ MPC expression
correlates with peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1α).

Overall, these studies provide human epidemiological data that associate decreased MPC
expression with worse patient prognosis and animal/ cell culture data that suggest MPC loss
supports aerobic glycolysis, cancer cell proliferation, and metastasis. In MPC-deficient lung, colon,
and prostate cancers, an increase in stem cell markers suggests that MPC loss may increase resistance
to chemo/radiation therapy and expand the stem cell compartment to shift tumor metabolism toward
a growth-promoting, glycolytic state.

4.1.2. MPC Disruption Inhibits Cancer Progression

Although MPC loss often promotes cancer progression, cancers that rely on mitochondrial pyruvate
utilization to maintain growth or spare glutamine for glutathione production are negatively impacted
by MPC disruption (Table 1). For example, although MPC inhibition drives cancer progression in
most studies of prostate cancer, MPC deletion in models of androgen receptor-driven prostate cancer
abolishes cell growth and is rescued by pyruvate supplementation [49]. This is likely because androgens
mediate MPC expression and increase pyruvate oxidation and lipogenesis in androgen-receptor-positive
prostate cancer. Androgen receptor signaling appears to be a primary driver of prostate cancer
progression, with the majority of prostate cancer deaths occurring from androgen-receptor-positive,
castrate-resistant prostate cancer, making the MPC an attractive therapeutic target for this prostate
cancer subtype.

In liver cancer, the MPC’s role may depend on tumor genetics. Tompkins et al. show that
liver-specific Mpc1 knockout in mice impairs chemically induced hepatocellular tumorigenesis by
diverting glutamine into the TCA cycle and away from glutathione synthesis [50]. This pro-tumorigenic
role for the MPC is consistent with TCGA data showing hepatocellular carcinomas (HCCs) (and prostate
cancers) to be the highest MPC-expressing human cancers, with MPC downregulation being a rare
event [50]. Conversely, Kim et al. report that protein interactions between PUMA, a p53-controlled
mitochondrial protein, and the MPC complex disrupted MPC function in human HCC cell lines and
promoted tumorigenesis [51]. The apparent discrepant findings between these two studies might be
explained by the p53 mutation status of the HCC models. All HCC studies in the work by Kim et al.
contain wild-type p53, since p53 mediates PUMA and therefore MPC function. Conversely, because
the chemical model utilized by Tompkins et al. induces random genetic mutations to recapitulate the
genetic heterogeneity of human HCC, it may involve mutated p53.

In breast cancer, several studies show that chemical or estrogen-related receptor alpha
(ERRα)-mediated disruption of the MPC inhibits proliferation in cell lines [52,53]. In gall bladder cancer,
increased MPC1 expression due to overexpression of peroxisome proliferator-activated receptor-gamma
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coactivator 1-alpha (PGC-1α) promotes metastasis in vitro and in vivo, which may increase OXPHOS
and reverse the Warburg effect [54]. Lastly, in cervical cancer, chemical inhibition of the MPC decreases
growth of the SiHa cervical cancer cell line [55].

Overall, these studies highlight the importance of tissue type and suggest that metabolic wiring of
breast, gallbladder, and cervical cancers differs intrinsically from that of colon, brain, lung, esophageal,
and kidney cancer. The requirement for certain hormone and growth factor receptors may also play
a role in determining the importance of MPC expression in tumors. Thus far, the idea that MPC
disruption downregulates cancer metabolism and impairs tumorigenesis has two limitations: first,
only a small number of studies have investigated the role of the MPC in breast, gallbladder, and cervical
cancer; second, several studies focused on overexpression or inhibition of transcription factors that
likely have effects other than altered MPC expression. Overall, cancers that appear to rely on OXPHOS
to maintain growth or spare glutamine for glutathione production are adversely affected by MPC
disruption. Other tissue-specific factors that support the MPC’s role as a pro-cancer mediator are the
presence of androgen receptors in prostate cancer and the potential for mutant p53 in liver cancer.

4.2. Pathology Associated with Immune Cell Function

The role of the MPC in immune cell dysfunction is a new area of research for the MPC field. Similar
to many cancer cells, T cells increase aerobic glycolysis during activation and expansion to support
the metabolic demands of rapid proliferation and cytokine production [79–81]. Aging-associated
inflammation and immune dysfunction are thought to be a consequence of inappropriate T cell
expansion. In support of this idea, Mpc1 deletion in T cells increases the pool of activated T cells
in aging mice [82]. Mpc1 deletion in hematopoiesis also leads to a larger proportion of activated
T cells, increasing the probability of autoimmune encephalitis in mice [83]. However, Mpc2 deletion in
long-lived plasma cells increases cell death and loss of vaccine-specific antibodies [84]. The importance
of pyruvate-dependent respiration in long-lived plasma cells may be because long-lived plasma cells
survive for years after infection or vaccination in the bone marrow, whereas activated T cells and
short-lived plasma cells undergo apoptosis after a couple of days [85–88]. Therefore, MPC expression
in immune cells may depend on their need to rapidly expand in response to infection or to live in a
prolonged, quiescent state across the human lifespan.

4.3. Pathology Associated with Retinal and Visual Function

The retina is an essential component of the human eye, consisting of multiple layers of neuronal
and light-sensitive tissue that relay visual images to the brain through electrical signaling. These
tissue layers exhibit metabolic synergy in numerous ways. For example, the rods and cones of the
photoreceptor layer perform aerobic glycolysis and provide the adjacent retinal pigment epithelium
(RPE) with lactate [89,90], and the RPE synthesizes amino acids, such as glutamine and glutamate,
to support photoreceptor metabolism and function [91]. Interestingly, although retinal pyruvate
oxidation is minimal [89,90], the MPC appears to be essential for photoreceptor integrity and visual
function [92]. Retinal-specific Mpc1 knockout leads to photoreceptor degeneration, potentially by
limiting TCA-cycle-derived acetyl-CoA and non-essential amino acids needed for daily biosynthesis
of rod outer segments [92]. This study also suggests that high levels of glutamine-derived aspartate
may contribute to the progressive decline of visual function in Mpc1 knockout mice by depleting
photoreceptors of glutamate, which is required for synaptic transmission. This finding corroborates a
previous study showing that zaprinast, a lead but failed compound in sildenafil (Viagra) development,
is a potent MPC inhibitor that induces retinal aspartate accumulation at the expense of glutamate [93].
Overall, the MPC appears to be an integral mediator of retinal structure and visual function. However,
given the differential metabolism of retinal layers and the potential confounding effects of constitutive
MPC knockout on retinal development, more work remains to understand the MPC’s global role in
the retina.
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4.4. Diabetes

Diabetes mellitus is a metabolic disease that is categorized into type 1 diabetes (T1D) and
type 2 diabetes (T2D). T1D onset usually occurs in childhood as a result of autoantibodies that
destroy pancreatic beta cells and thus the ability to produce insulin. T2D affects children and adults,
although it most commonly manifests during middle age. T2D is characterized by obesity, insulin
resistance, and hyperinsulinemia, which result in decreased tissue glucose uptake and increased hepatic
gluconeogenesis. Together, these factors drive chronically elevated blood glucose (hyperglycemia).
Hyperglycemia is particularly detrimental to nervous tissue and vasculature. T2D patients can exhibit
peripheral nerve damage, chronic kidney disease, glaucoma, and vision problems and have increased
risk of stroke and hypertension. Whether the MPC ameliorates or contributes to T2D pathology
predominantly depends on the tissue in question. Liver and skeletal muscle MPC disruptions improve
aspects of T2D pathology, such as hyperglycemia, hepatic inflammation, and obesity. Conversely,
in pancreatic beta cells, MPC loss impairs glucose-stimulated insulin secretion and worsens T2D.
MPC disruption in the heart and kidney may exacerbate diabetes-mediated damage, although studies
are limited in number and the mechanisms are less clear.

4.4.1. MPC Disruption Improves Glycemia and Attenuates Diabetes-Related Pathology

MPC loss or inhibition in skeletal muscle and liver improves T2D pathology. Human myocytes
acutely increase glucose uptake after treatment with thiazolidinediones (TZD), a class of drugs that
augments peroxisome proliferator-activated receptor gamma (PPAR-γ) activity and acutely inhibits
the MPC in biochemical and cell-based assays [56]. Similarly, Mpc1 knockout in skeletal muscle
increases glucose uptake, fat oxidation, and whole-body insulin sensitivity while preserving lean mass
during recovery from obesity (Figure 2) [57]. In these studies, MPC disruption causes pyruvate to
accumulate in the cytosol, where it is converted to lactate and exported from myocytes [56,57]. It is
possible that increased alanine is also excreted; however, this has not been experimentally validated.
In vivo, lactate is taken up by the liver for gluconeogenesis. Because gluconeogenesis requires more
ATP than glycolysis produces, fat oxidation is increased to provide reducing equivalents for net ATP
synthesis [57]. Loss of body fat improves insulin sensitivity and promotes glucose uptake by muscle.
Consequently, this may explain the whole-body leanness and lower blood glucose levels observed in
skeletal muscle Mpc1-knockout mouse studies.

Figure 2. Skeletal muscle MPC disruption increases glucose uptake, fat oxidation, and insulin sensitivity.
Fatty acid oxidation (FAO) provides ATP for energetically futile Cori Cycling.

In the liver, Mpc1 or Mpc2 knockout decreases hepatic gluconeogenesis and attenuates
hyperglycemia in high-fat-diet-induced or leptin-receptor-deficient (db/db) mice without causing
hypoglycemia in lean, normal chow-fed mice (Figure 3) [58–61]. These studies demonstrate that liver
MPC disruption inhibits pyruvate transport into hepatocyte mitochondria and disrupts gluconeogenesis,
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likely by impairing pyruvate metabolism to oxaloacetate by pyruvate carboxylase, a key initial step in
gluconeogenesis. The drug berberine also decreases hepatic gluconeogenesis in high-fat-diet-induced
mice and correlates with decreased MPC protein via sirtuin 3 (SIRT3) deacetylation [62]. Genetic
liver MPC disruption in mice also attenuates liver fibrosis and inflammation, which are hallmarks
of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) [59,64]. Mpc1

knockout in hepatocytes improves NAFLD [50], while MPC inhibition with pioglitazone (a TZD),
MSCD-0602 (a PPAR-γ-sparing, TZD-like molecule) or liver Mpc2 deletion correlates with improved
NASH [63,64]. MPC disruption may improve NASH/NAFLD phenotypes by decreasing the amount of
pyruvate that is metabolized to acetyl-CoA, an essential substrate for de novo lipogenesis, and/or by
decreasing mitochondrial ROS production, which is associated with reduced hepatic inflammation [59].
Notably, NAFLD and NASH have been shown to involve excessive TCA cycle flux, which degrades
control of mitochondrial oxidative capacity [94]. Blocking pyruvate entry into the mitochondria likely
helps to ease this flow of carbon, which has been shown with liver Mpc1 deletion in NAFLD [59] and
with TZD treatment in NASH [95].

Figure 3. Liver MPC disruption attenuates hyperglycemia by impairing gluconeogenic pyruvate flux.

Pharmacologic inhibition of the MPC may be useful for treating T2D, NAFLD, and NASH.
MSDC-0602, a PPAR-γ-sparing, TZD-like molecule that directly inhibits the MPC, may reduce hepatic
gluconeogenesis in vivo similar to genetic MPC disruption by obstructing access of pyruvate to
pyruvate carboxylase for metabolism to the gluconeogenic precursor, oxaloacetate [60]. In a phase IIb
clinical trial, T2D patients receiving another PPAR-γ-sparing, TZD-like molecule with MPC-inhibiting
activity, MSDC-0160, showed decreased glycated hemoglobin (HbA1c) compared to placebo after
12 weeks [96]. A more recent phase IIb trial showed that MSDC-0602K decreases blood glucose,
glycated hemoglobin, insulin, liver enzymes, and NAFLD activity scores compared to placebo [97].
However, since trace but biologically relevant residual PPAR-γ agonism of these TZD-like molecules is
challenging to account for in vivo, improvements in diabetes parameters and NASH cannot yet be
fully attributed to MPC inhibition.

Although most of the literature provides evidence that T2D symptoms improve with MPC loss in
skeletal muscle and liver, there are a few studies that report opposing changes associated with MPC
alterations or studies that have utilized mice heterozygous for either full-body Mpc1 or Mpc2 deletion.
While the nature of these studies makes results more difficult to interpret, they are mentioned here for
the sake of completeness. In striated muscle, inactivation of E4 transcription factor 1 (E4F1), a regulator
of several pyruvate oxidation genes, decreases MPC1 expression and pyruvate dehydrogenase (PDH)
activity and correlates with lactic acidemia and endurance defects [98]. However, these effects abated
with chemical stimulation of pyruvate dehydrogenase, suggesting that the phenotype was driven
predominantly by changes in PDH activity and not the MPC. In another study, after 14 weeks of
calorie-restricting middle-aged mice, skeletal muscle MPC content increased and age-related muscle
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loss decreased [99]. However, calorie restriction alters metabolic programming other than the MPC,
muddying interpretations for the role of the MPC in this study. In heterozygous Mpc1 knockout
models, female mice were reported to exhibit decreased fertility and increased body weight [66],
which contrasts with a study by Zou et al. where male mice had decreased body weight [65]. Whether
these studies reflect generalizable sex-specific effects of partial MPC disruption or idiosyncrasies of the
individual mouse lines used remains to be determined.

4.4.2. MPC Disruption Exacerbates Diabetes-Related Pathology

Decreased pyruvate utilization due to MPC loss may worsen T2D pathology in pancreatic beta
cells, kidney, and heart. Islet or beta cell Mpc2 knockout mice and Mpc1 knockout in Drosophila

resulted in impaired glucose-stimulated insulin secretion and elevated glycemia when challenged with
a glucose bolus [70]. Similarly, N-terminally truncated, hypomorphic Mpc2 protein expression due to
a global Mpc2 mutation decreased glucose-stimulated insulin release in mice [11]. MPC1 and MPC2

silencing via siRNAs in beta cell lines and rat and human islets also decreased glucose-stimulated
insulin secretion [71]. These studies indicate that MPC disruption in pancreatic beta cells impairs
glucose-stimulated insulin release. Interestingly, in the absence of a high glucose challenge, these
animal models did not display overt diabetes or develop insulin resistance [70]. Overall, these studies
fit a straightforward model of how pancreatic beta cells sense glucose, in part through mitochondrial
pyruvate oxidation, to determine appropriate levels of insulin secretion (Figure 4).

Figure 4. Pancreatic beta cell MPC disruption impairs glucose-stimulated insulin secretion.
With decreased pyruvate-fueled mitochondrial ATP production (1), potassium-ATP channels stay open
longer (2), and the cell does not depolarize as easily. Consequently, calcium influx is reduced (3), and
insulin release does not occur as readily (4).

In a high-glucose cell culture model designed to mimic T2D hyperglycemia, MPC chemical
inhibition and siRNA knockdown of MPC2 in podocytes induced mitochondrial damage and increased
apoptosis [67]. Alternatively, the drug artemether protected against diabetic kidney disease in a T2D
(db/db) mouse model and was associated with increased MPC content [68]. Renal tubule MPC1 and
MPC2 protein expression were significantly lower in diabetic nephropathy patients compared to
patients with non-diabetic kidney disease [69]. These studies raise the possibility that decreased MPC
expression contributes to worsened pathology in the diabetic kidney. However, the first study was
performed in a cell culture model, potentially limiting its applicability to in vivo processes, the second
study uses a drug that has physiological effects other than increased MPC content, and the third study
is also correlational. In the heart, decreased MPC activity via acetylation of Mpc2 lysine 19 and 26 in
Akita T1D mice correlates with diabetic cardiomyopathy [72]. However, this is only one associative
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study in a T1D model. Further in vivo studies that assess the effects of kidney and heart MPC knockout
on diabetes pathology are needed before more definitive conclusions can be made.

4.5. Neurogenerative Diseases

Neurodegenerative diseases such as Parkinson’s disease (PD) and Alzheimer’s disease (AD)
involve progressive neuronal dysfunction and death and predominantly affect adults near the end of
the human lifespan. PD is characterized by the degeneration of dopamine-producing neurons in the
substantia nigra region of the brain, resulting in gradual loss of motor function and eventually aspects
of cognitive function. AD is characterized by intracellular tau protein aggregation and extracellular
beta-amyloid protein aggregation in the cortical regions of the brain, resulting in the decline of executive
cognitive functions, social functions, and ultimately death. Early findings suggest the role of the MPC
in these diseases can be protective or pathogenic depending on the disease and the model utilized.

4.5.1. MPC Disruption is Protective in Neurodegenerative Disease

Several studies indicate that reduced mitochondrial pyruvate utilization is protective in Parkinson’s
and Alzheimer’s disease. Chemical inhibition of the MPC in a chemically induced PD mouse model
increased survival of substantia nigra dopaminergic neurons and augmented striatal dopamine
production [76]. This same study also used a genetic PD mouse model and concluded that MPC
inhibition with MSDC-0160 decreased neuroinflammation and improved motor function. Although
MSDC-0160 is a TZD-like molecule that is thought to have PPAR-γ-sparing effects, it is possible that weak
PPAR-γ activity could have contributed to the decreases in neuroinflammation. Chemical inhibition
of the MPC in cultured neurons reduced neuronal death from glutamate-induced excitotoxicity,
a phenotype that is associated with AD [73]. By decreasing mitochondrial pyruvate utilization,
mitochondrial glutamate oxidation is adaptively increased to sustain TCA cycle activity, decreasing
the amount of glutamate available for synaptic release.

4.5.2. MPC Disruption Contributes to or does not Affect Neurodegenerative or Psychiatric Disease

There are also studies showing that MPC disruption may worsen pathology in schizophrenia
and Alzheimer’s disease. An intronic MPC2 mutation was positively and significantly correlated
with schizophrenia in East Asian populations [77]; however, an earlier genome-wide association
study (GWAS) study of the same single nucleotide polymorphism (SNP) did not find a significant
association [78], possibly due to differences in biostatistical methodology. In an in vitro excitotoxicity
model that may inform AD, chemical inhibition of the MPC eliminated the neuroprotective effect of
lactate supplementation on glutamate-induced excitotoxicity [74]. These findings differ with the study
from Divakaruni et al., in which chemical inhibition of the MPC preserved neuronal viability during
glutamate-induced excitotoxicity. Both studies used the same MPC inhibitor, UK5099, and the same
concentration of glutamate in culture. However, a key difference is that Jourdain et al. assessed cell
viability 2.5 h after treatment with 1 uM UK5099, whereas Divakaruni et al. assessed viability 24 h after
treatment with 10 uM UK5099. The differences in cell culture models may also explain the opposing
study findings. Divakaruni et al.’s model included a complete media with non-glucose substrates,
which would enable a metabolic switch to alternative substrates to support OXPHOS after blocking
the MPC. Conversely, Jourdain et al. used artificial cerebrospinal fluid supplemented with glucose as
the sole carbon fuel, which did not provide cells with alternative mitochondrial fuels when the MPC
was inhibited. Lastly, another study showed that decreased MPC2 protein levels and destabilization
of MPC complexes in familial AD cell models are associated with decreased ATP levels, a hallmark
of AD pathology [75]. Overall, these studies suggest that MPC disruption can be neuroprotective or
neuropathic depending on context. They also raise larger questions about how media composition in
ex vivo assays impacts MPC disruption.
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5. Regulation of MPC Expression or Activity

Recent studies in cancer and diabetes have elucidated transcription factors, protein interactions,
and post-transcriptional modifications that can control MPC expression and function. Several
transcription factors have been shown to regulate MPC1/2 expression in various tissues and diseases.
In cancer, upregulation of chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII)
transcript expression downregulates MPC1 expression to drive cell growth and metastasis in prostate
cancer and glioblastoma [32,35]. In androgen-receptor-positive prostate cancers, androgen receptor
binding to the intron of the MPC2 locus directly controls transcription of MPC2 [49]. In renal cell
carcinoma, PGC-1α regulates MPC1 transcription by recruiting ERRα to the ERRα response element
2 on the MPC1 promoter [39]. Modulation of MPC expression via PGC-1α or ERRα also occurs in
cholangioma and certain breast cancers [53,54]. To facilitate hepatic gluconeogenesis during fasting,
glucagon increases MPC1 transcription through recruitment of cAMP-responsive element-binding
protein (CREB) to the MPC1 promoter in hepatocytes [58].

Certain protein interactions may also modulate MPC activity. In wild-type p53 hepatocellular
carcinoma, p53 disrupts MPC activity by activating transcription of PUMA, a mitochondrial protein
that binds to the MPC1 protein and inhibits the oligomerization of MPC1 and MPC2 [51]. This study
also found that IkB kinase beta (IKKβ), which promotes a metabolic shift to aerobic glycolysis in many
cancers [100], phosphorylates PUMA at serine residues 96 and 106 to enable PUMA binding to the
MPC complex and recruits PUMA from the cytoplasm to the mitochondria.

Lastly, post-translational modifications have been identified for the MPC proteins, and several
have been suggested to affect MPC activity. In a T1D mouse model, hyperacetylation of Mpc2 at lysine
residues 19 and 26 was associated with decreased pyruvate transport in isolated heart mitochondria
despite normal expression levels of Mpc1 and Mpc2 [72]. In the same study, a K19Q/K26Q Mpc2 mutant
that was designed to structurally and functionally mimic lysine acetylation was expressed in H9C2 cells,
leading to decreased pyruvate oxidation. This finding suggests that acetylation at MPC2 lysine residues
19 and 26 may reduce MPC activity in the diabetic heart. Conversely, in the presence of high glucose,
sirtuin 3 (SIRT3) binds to and deacetylates MPC1 at lysine residues 45 and 46 and enhances MPC1
activity [101]. Other post-translational modifications have been proposed, but their effect on MPC
activity and contribution to physiology or pathology remain unclear. Overall, the current literature
suggests that MPC expression can be regulated by various transcription factors and coactivators and
that protein interactions or post-translational modifications can modulate MPC activity.

6. Conclusions and Future Directions

Although endocrinology and cancer metabolism have been focal points of early MPC research,
future investigations of the MPC will likely further focus on fetal and placental development,
immunology, stem cell biology, and neurology as the importance of metabolic function in these
processes are realized. A key issue that has yet to be addressed is how MPC regulation is coordinated
during transitions from healthy to diseased states across the human lifespan. Future studies will also
likely elucidate novel connections between MPC regulation and other mitochondrial transporters,
revealing a flexible, dynamic network that modulates human metabolism in health and disease [102,103].
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Abstract: Protein–protein assemblies are highly prevalent in all living cells. Considerable evidence
has recently accumulated suggesting that particularly transient association/dissociation of proteins
represent an important means of regulation of metabolism. This is true not only in the cytosol and
organelle matrices, but also at membrane surfaces where, for example, receptor complexes, as well
as those of key metabolic pathways, are common. Transporters also frequently come up in lists of
interacting proteins, for example, binding proteins that catalyze the production of their substrates
or that act as relays within signal transduction cascades. In this review, we provide an update of
technologies that are used in the study of such interactions with mitochondrial transport proteins,
highlighting the difficulties that arise in their use for membrane proteins and discussing our current
understanding of the biological function of such interactions.

Keywords: protein–protein interaction; inner mitochondrial membrane; mitochondrial carrier family

1. Introduction

The mitochondrion is an important cellular organelle involved in cellular respiration via the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS), fatty acids biosynthesis [1–4],
photorespiration [5], compartmentation of metabolic processes such as amino acids biosynthesis [6,7],
and C4 photosynthesis [8]. To perform roles in these many processes, eukaryotic mitochondria
exchange metabolites with the cytosol and other organelles through both the outer mitochondrial
membrane (OMM) and inner mitochondrial membrane (IMM). The outer membrane has long been
believed to allow the diffusion of ions and uncharged small molecules though porous membrane
proteins, especially the voltage-dependent anion channel (VDAC) [6,9].

Interestingly, as a convergence point, VDACs interact with diverse partners, including those that
are broadly functionally classified as apoptosis-, cell signaling-, and cytoskeleton-related proteins,
as well as metabolic enzymes [10]. For larger molecules, including proteins, to be translocated
involves three machineries: the sorting and assembly machinery (SAM complex), the translocase of
the outer membrane (TOM complex), and the mitochondrial distribution and morphology (MDM)
complex [11]. Moreover, recent research has suggested that several outer membrane channels and their
transport mechanisms are more diverse than originally thought [12], such as the acyl-dihydroxyacetone
phosphate reductase (Ayr1) and two additional anion-selective channels (OMC7 and OMC8), which
have been suggested to transport metabolites and ions. However, in all cases, detailed information
concerning transported substrates is lacking [12,13]. In addition, several cytoskeleton proteins, such as
tubulin, vimentin, plectin, and desmin, have been reported to interact with the mitochondrial outer
membrane, where they are suggested to be involved in the ATP/ADP transmission control through
VDAC, thereby mediating or influencing mitochondrial function [14].

317



Biomolecules 2020, 10, 1107

In sharp contrast, molecules and ions can only pass across the inner mitochondria membrane by
the aid of particular membrane transport proteins, each of which is selective for a specific molecule
or ion. Around 180 mV of an electrochemical gradient is generated across the inner mitochondrial
membrane during the operation of oxidative phosphorylation. Protein translocases of the outer (TOM)
and inner (TIM) membrane form a supercomplex spanning the intermembrane space and appear to be
held together by the polypeptide in transit [15]. In addition, a wide array of metabolites cross the inner
mitochondrial membrane by the nuclear-encoded molecular gatekeepers of the mitochondrial carrier
(MC) family [16].

Featuring six conserved transmembrane α-helical regions [17], most mitochondrial carrier family
proteins (MCF) are relatively small, around 300 amino acids in length, ranging from 30 to 35 kDa [18].
The primary structure of most MCs is comprised of three homologous regions, each containing around
100 amino acids [19], and with both the N and C terminals exposed to the intermembrane space [20,21].
Every repeat region is suggested to include two transmembrane segments flanking a short helical
region that is parallel to the lipid bilayer [22].

In addition, every repeat region is proposed to have two hydrophobic transmembrane segments
connected by a long hydrophilic matrix loop [23,24] and the structural motif PX[D/E]XX[K/R]X[K/R]
(20–30 residues), [D/E]GXXXX[W/Y/F][K/R]G (IPR00193) [16]. Of the MCFs, the ADP/ATP carriers,
which import ADP from the cytosol and export ATP from the mitochondria, are the best investigated and
our current understanding of MCFs is largely derived from the crystal structures of different versions
and conformations of this carrier [25]. The alternating access mechanism (previously named ping-pong
mechanism) of the transport cycle includes substrate binding to the carrier in its c-state (matrix-side
closed and cytoplasmic-side open state), undergoing a conformational change to a transition state,
and finally relaxation to the m-state (cytoplasmic-side closed and matrix-side open state), followed
by the release of the substrate into the mitochondria. In the m-state, the counter-substrate binds to
the carrier, undergoes a conformational change and eventually converts to the c-state, and releases
the counter-substrate into the cytosol. After release of the counter-substrate, the carrier can start the
transport cycle anew. Opened and closed carriers expose the substrate-binding site to one or the
other side of the membrane with alternating access ping-pong mechanisms [25–33]. This proposed
mechanism was initially based on studies of the high-affinity inhibitor ligands of the ADP/ATP carrier,
carboxyatractyloside and bongkrekic acid, and their competition with the transported substrates ADP
and ATP [29,30].

MCFs mediate the transport of carboxylic acids, fatty acids, amino acids, inorganic ions, cofactors,
and nucleotides across the mitochondrial inner membrane across the kingdoms of life [26], and are
crucial for many cellular processes [17,34–36]. Given that typical detergent application reveals that
MCFs are small in size, the formation of the homomeric and heteromeric complexes may simply help
to assemble the transporting complex and avoid random, unfavorable protein–protein interactions
in the crowded environment of the inner mitochondrial membrane. These reports, including the
tricarboxylate carrier, the dicarboxylate carrier, and the oxoglutarate carrier (Table 1), are, however, as
we describe below, erroneous, further highlighting the need for carefully controlled experiments using
multiple methods. However, the structural folds of the ADP/ATP carriers were proved to function
as monomers [37,38]. MCs are now thought to exist and function as monomers. The only carrier
definitely known until now to exist as a homodimer is the human aspartate-glutamate carrier (with
2 isoforms: AGC1 and AGC2). This carrier consists of two domains: an N-terminal soluble regulatory
domain (with four calcium-binding sites) and a C-terminal MC catalytic domain [39,40]. Evidence
has been provided that two molecules of the aspartate-glutamate carrier are linked together by their
N-terminal regulatory domains [41].
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Table 1. The interactome of mitochondrial carrier family members and other mitochondrial
transporter proteins.

Mitochondria Carrier Interactor Reference

VDAC
Tubulin, Desmin, Vimentin, plectin,

hexokinase and creatine kinases, MtCK, ANT,
cardiolipin

[10,42,43]

Acyl-dihydroxyacetone phosphate
reductase Unclear [13]

ADP/ATP carrier Previous suggested as dimer, and now
convincedly proved as monomers [44]

Phosphate carrier

ATP synthase, mitochondrial peptidyl-prolyl
cis-trans isomerase, NaStEP, Citrate synthase,

isocitrate dehydrogenase and oxoglutarate
dehydrogenase

[25,45–47]

Pyruvate carrier Heterodimer [48,49]

Tricarboxylate carrier Homodimer [50]

Dicarboxylate carrier Homodimer [51]

Oxoglutarate carrier Homodimer, BCL2 [52,53]

Glutamate transporter Synaptic protein [54]

Aspartate/glutamate carrier Homodimer [36,39,55]

The association of mitochondrial transport proteins plays an important role in the movement of
metabolites across the IMM. For example, although not a member of the MCF, the heteromeric complex
of the mitochondrial pyruvate carrier (MPC) is strategically positioned at the intersection between
glycolysis in the cytosol and OXPHOS in the mitochondria [48]. Similarly, the association of the ATP
synthasome, F0F1-ATPase, complex of adenine nucleotide translocator (ANT), and the phosphate
carrier (PiC), facilitates a mechanism for adenine nucleotide and pyrophosphate release [56–59].
In addition, the interaction between the MCF and mitochondrial proteins may also improve metabolite
import; for example, the dicarboxylate carrier (DIC) interacts with malate dehydrogenase, acting as
an oxaloacetate shuttle and thereby improving functional coupling of the citric acid cycle with the
shuttle [60]. Despite their importance in assisting metabolite transport, MCF protein interactions
have been poorly studied in living cells—most likely due to methodological limitations. Indeed,
although various protein interaction approaches to investigate membrane–protein interactions have
been developed over several decades, such as coimmunoprecipitation and chemical cross-linking,
bioluminescence resonance energy transfer (BRET), blue native polyacrylaminde gel electrophoresis
(BN-PAGE), yeast two-hybrid (Y2H), and fluorescence resonance energy transfer (FRET), only a few
have been employed for studying the interactions of mitochondria carriers [48,61–63]. Here, we review
such protein–protein interactions of the mitochondrial carrier family and discuss the major challenge of
acquiring information about the interactions of integral membrane proteins. Despite the relative paucity
of information on such interactions, we argue that they are likely underappreciated across the kingdoms
of life and may represent an important constituent of compartmental and regulation of metabolism.
In the following review, we detail historical and contemporary observations of protein interactions of
MCF, detailing methods by which they are determined, and suggesting possible biological implications
of such assemblies.

2. Experimental Evaluation of the Protein–Protein Interactions of Mitochondria Carriers

Protein interactions of the membrane play an important role in several biological systems, such
as regulation of metabolic pathways, signal transduction cascades, regulating metabolite import,
and the formation of membrane complexes [64]. The cumulative databases of membrane protein
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complex structure provide considerable insight into how folding and packing of their transmembrane
segments contribute to their diverse functions [65,66]. Single-span transmembrane helices have been
suggested to act as anchors for more “interesting” water-soluble domains or merely to constitute
models for multipass protein folding, such as leucine zippers, that mediate protein complex association
in water-soluble proteins. Transmembrane proteins can additionally direct protein–protein interactions
within the membrane and participate in signal transduction across lipid bilayers [64]. Thus, it is of
particular importance to prepare the protein components such that the structure, topologies, and
functions remain intact prior to their analysis. Given that various diverse types of living cells, such as
yeast or tissue culture, are widely used to investigate in vivo mitochondria carrier interaction, it is
important to choose the correct “horse for the course” in order to maximize the insight that can be
achieved. In the following section, we give a brief overview of the available tools.

A major breakthrough methodology was the use of bioluminescence resonance energy transfer
(BRET), which can investigate protein–protein interactions in live cells based on the enzymatic activity
of luciferase (Figure 1b) [48,67]. For example, regarding signal transduction cascades associated with the
outer membrane, interactions between retinoic acid-inducible gene I-like receptors and mitochondrial
antiviral signaling (MAVS) are known to trigger the immune signaling pathway [68]. Thus, the
interaction between RLR and MAVS results in the multistep structural changes from inactive to active
states. However, these signal transduction processes are transient states, and as such, extremely difficult
to reconstitute in other membrane systems or in vitro experiments [67,68]. For this reason, several
studies have rather used the BRET system to provide insight into the structural transition of MAVS
between active and inactive conformation in vivo [67–69]. In this system, either the N-terminal-fused
Rluc- or YFP tags of MAVS could beautifully monitor the interaction between MAVS molecules via a
BRET saturation assay. This system is thus strongly recommended to detect the interaction between
cytosol proteins and OMM proteins. A further example of the power of this technique came from
combining biomolecular fluorescence complementation (BiFC) with the BRET system, which was used
to demonstrate that activated MAVS is a highly ordered oligomeric complex and that three proteins
associated on the mitochondrial surface [68].

Figure 1. Protein complex of the mitochondrial carriers. (a) The association of both homodimers and
heterodimers of the mitochondria carrier may result in the active transporter. (b) Monitoring the
heterodimer of the pyruvate carrier by the bioluminescence resonance energy transfer (BRET).

Yet another example is the protein–protein interaction of the mitochondrial pyruvate carrier,
which represents a central node of carbon metabolism [48]. The mammal heteromeric complex is
composed of two paralogous subunits, MPC1 and MPC2, which regulate pyruvate uptake. In order to
monitor the activity and complex formation of the MPC in real time, BRET experiments combining
MPC2-RLuc8 and MPC1-Venus were used to detect the assembly of the MPC complex in the presence
of various metabolites, including pyruvate lactate, malate, and citrate (Figure 1b) [70]. Using a
modified BRET protocol, the authors could monitor the lower MPC activity in cancer cells, which are
believed to mainly rely on glycolysis to produce ATP, a characteristic known as the Warburg effect [48].
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Intriguingly, this effect was recently shown to be at least partially mediated by the tripartite motif
containing-21-dependent ubiquitination and subsequent degradation of phosphofructokinase based
regulation of pyruvate kinase turnover in response to cytoskeletal monitoring of cellular tension [71,72].
Returning to the study above, this low activity could intriguingly be turned over by increasing the
concentration of cytosolic pyruvate, thus enhancing oxidative phosphorylation. This demonstration
shows that the biosensor represents a unique tool for investigating carbon metabolism and bioenergetics
under a diverse range of conditions [48,67–69]. Importantly, we present several examples in which
the BRET system was used for monitoring the interactions of mitochondrial carriers and which
should be adopted in future studies. Moreover, combining BRET with BiFC can monitor three way
protein–protein interactions at the cell membrane, whilst combining the BRET and FRET—called
SRET—represents an attractive strategy by which to understand heteromerization complex in a
physiological environment [73]. The application of such methods to other organelle-bounded molecules
are detailed below.

Another widely used method is blue native polyacrylamide gel electrophoresis (BN-PAGE)
(Figure 2), which can be employed for one-step purification of protein complexes from total cell and
tissue homogenates or from biological membranes, including the mitochondrial membranes. It can also
be employed to determine physiological protein–protein interactions and to discover native protein
masses and oligomeric states. Native protein complexes are recovered from gels by electroelution or
diffusion and are investigated by native electroblotting and immunodetection or by in-gel activity
assays or employed for 2D crystallization and electron microscopy. Several studies using this method
have reported that mitochondrial carriers are dimeric (composed of two ~32 kDa monomers) and, in
some cases, can form physiologically relevant associations with other proteins [74–76]. For example,
the conserved mitochondrial inner membrane proteins migrate on BN-PAGE as a large complex of
~150 kDa [75] or the ~30 kDa MPC dimers, due to different amounts of lipids and detergent bound to
MPC [77]. Interestingly, two different heterodimers contain either Mpc1 and Mpc2 (MPCFERM) or Mpc1
and Mpc3 (MPCOX) were detected by BN-PAGE and were suggested to depend on the carbon source
in yeast cells [70]. MPCOX has higher pyruvate transport activity than MPCFERM owing to differences
in the C-terminal region of Mpc2/Mpc3. Moreover, the yeast mitochondrial ADP/ATP carrier (AAC3)
was also reported to vary in a detergent- and lipid-dependent manner (from ~60 to ~130 kDa) that is
not related to changes in the oligomeric state of the protein, while these also vary due to binding to
different amounts of lipids and detergent. However, several studies have consistently shown that yeast
ADP/ATP carriers are monomeric in structure and function [44]. As the mitochondrial respiratory chain
supercomplexes have been investigated by BN-PAGE under different conditions [78], this method
could be used to detect the dynamics of the mitochondrial carrier protein complex. In addition, several
mitochondrial carriers were also investigated by BN-PAGE, such as the 2-oxoglutarate carrier [52], the
dicarboxylate carrier [51], and the tricarboxylate carrier [50]. We will discuss these below.

Size exclusion chromatography or gel filtration is yet another established technique for the
determination of protein interactions relying on the ability, or lack thereof, of particles to pass through
a column of porous beads according to their hydrodynamic radius (Figure 2). Given the large amount
of bound detergent and lipid, accurate values of the molecular mass and dimensions of the protein
need to be carefully accounted for in the case of mitochondrial carriers in solution [37]. For example,
the Mpc1/Mpc3 complex eluted as a single peak by size exclusion chromatography, indicating that
the complex was monodisperse [49]. Using size exclusion chromatography with mass spectrometry,
the conserved protein complexes of 13 plant species were identified, including the mitochondrial
membrane protein [79,80]. An important advantage of this method is that it is compatible with
physiological conditions and thereby allows the investigation of the dynamics of protein complex
formation and disassembly.
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f the organelle-bound membrane proteins [87,88]. 

Figure 2. Methods used for protein–protein interaction combined with liquid chromatography–mass
spectrometry (LC-MS). BN-PAGE: Blue native polyacrylaminde gel electrophoresis, SEC: Size exclusion
chromatography, BioID: proximity-dependent biotin identification.

Differential tagging and affinity purification have also been used to investigate the association
state of mitochondrial carriers (Figure 2). This method is based on the principle that an associated stable
complex in detergent should be copurified by affinity chromatography if one of the components of the
complex contains an affinity tag. This approach is higher throughput, faster, and more straightforward
than other methods, as the amounts of bound lipid and detergents do not need to be measured.
However, the denatured mitochondrial membrane may result in false negative and false positive
identifications. To avoid nonspecific aggregation, which can be misinterpreted as native interactions,
the misfolding or unfolding of the carriers should be prevented by additional steps. Additional
detergents, applied at these steps, also affect the intensity of the LC-MS measurement and necessitate
further steps to reduce them. This method was used to obtain a preparation enriched in calcium
transporters from Triton X-100 extracts of rat liver mitochondria inner membranes [81]. Similarly,
when the yeast phosphate carrier Mir1p was expressed in inclusion bodies as a misfolded form in
E. coli with a FLAG tag [82], the homo- and heterodimeric forms of phosphate carriers, which were
combined by two differently tagged unfunctional monomers by affinity chromatography, were full
active after reconstitution suggested the phosphate carrier works as dimer [82]. In addition, affinity
purification of the plant TCA cycle enzymes also revealed interaction between the IMM proteins citrate
synthase, isocitrate dehydrogenase, oxoglutarate dehydrogenase, and the mitochondrial phosphate
carrier proteins [83–86]. Given that affinity purification with mass spectrometry is based on the
association of stable complexes, the combination of AP-MS with cross-linking has been suggested to
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greatly improve detection of transient and unstable protein–protein interactions of the organelle-bound
membrane proteins [87,88].

Chemical cross-linking is a classical method used to freeze protein complexes in their native
form, and has proven especially useful for capturing transient protein–protein interactions. Given that
such reagents can permeate into the cellular compartment in the case of the membrane-permeable
cross-linkers, this can be subsequently combined with mass spectrometry (cross-linking coupled with
MS: XL-MS) to give vital insight into the spatial arrangement of protein complexes in organelles at the
subunit level [89]. However, the complex fragmentation pattern of cross-linked peptides frequently
precludes unambiguous identification of the cross-linked peptides. XL-MS is particularly challenging
with respect to data analysis. MS-cleavable cross-linkers, for example, disuccinimidyl dibutyric urea
(DSBU; containing cleavable C−N bonds) or disuccinimidyl sulfoxide (DSSO; containing cleavable C−S
bonds), are recent innovations. The merits of such MS-cleavable cross-linkers are that their cleavage
(in the gas phase during MS) produces distinguishable ion doublets, allowing the cleaved peptides to
readily be discovered via a database search [89]. The dynamic interactions of coexisting respiratory
supercomplexes have been successfully captured using this technique [90]. It was also used to construct
the mitochondrial protein interactome of a large-scale model of stable and transient interactions, and
interactions between membrane proteins [91]. That said, one limitation of the XL-MS approach is that
cross-links within the target cannot be distinguished as intermolecular or intramolecular, for example,
as in mitochondrial prohibitin complexes [92].

The XL-MS method could, however, also provide insight into many protein complexes for
the reconstruction of low-resolution three-dimensional structures, but it must be considered that
the cross-linking process may result in artefactual protein–protein interactions. In the presence
of bongkrekic acid (BKA), the bovine ADP/ATP carrier could be fixed in the matrix state in
submitochondrial particles (inside-out membranes) by copper-o-phenanthroline cross-linking, while
the presence of CATR locked the carrier in cytoplasmic state and prevented cross-linking. In addition,
sodium dodecyl-sulphate (SDS) was reported to inhibit either AAC1 or UCP1 interactions via
cross-linking [93,94]. This observation has also been used to support the dimer model with the
rationale being that the carriers are unfolded in SDS or solubilized to monomers, and thereby are
no longer associated as dimers and cannot be cross-linked to their usual interactors. Both the
mitochondrial oxoglutarate and phosphate carriers could be cross-linked in detergent, but not in situ
in the membrane [37,53]. Taken together, this suggests that cross-linking occurs in different parts of the
mitochondrial carriers, suggesting the presence of many interfaces distinct from dimerization. The
combination BN-PAGE and size exclusion chromatography with cross-linking could greatly aid in
avoiding protein complex disassembly when the complexes are separated from the mitochondrial
membrane by denaturing detergents.

Recently developed proximity-dependent labelling methods have been used to detect the transient
protein–protein interactions under native conditions in living cells [95]. The basic principle of the
proximity-based biotin labelling method or proximity-dependent biotin identification (BioID) is that
a protein of interest (bait) tagged by a promiscuous biotin ligase (BirA R118G mutant, from E. coli)
could convert the biotinylation of nearby endogenous proteins with lysine side chains (within ∼10 nm)
after the addition of a biotin supplement to the tissue culture medium as described by Roux et al.
(Figure 2) [96]. Due to the covalent biotinylation of the targets, these biotin-labelled proteins are stable
following stringent cell lysis treatment with the protein extraction, followed by affinity purification
(such as streptavidin beads), and several washing steps. This approach can thereafter be combined
with MS measurement to detect biotin-labelled proteins and to screen the protein–protein interaction
networks with high spatial resolution in living cells. As such, this approach has been successfully used
to evaluate physiologically relevant networks of protein–protein interactions and is especially potent
for detecting low-affinity and/or transient associations, such as the interactomes involved in signal
transduction [95]. Due to the potential masking of, for example, the mitochondrial targeting sequence,
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it is, however, important to consider the effects of the BirA fusion tag at either the N- or C-terminus on
the biological activity and/or subcellular localization of the target protein.

In addition, this method was enhanced by targeting of the nearby proteins using a smaller type
of biotin ligase (from Aquifex aeolicus; BioID2) to link the bait protein, which has the added benefit
of decreasing the amount of biotin supplementation that is required. This improved assay has been
used to elucidate a mitochondrial macromolecular complex in mammalian cells by fusing the BirA
from A. aeolicus to the C-terminal of an inner mitochondrial membrane-bound protein prohibitin 2
(PHB2) [97,98]. In this research, the recombinant PHB2 behaved in an almost identical manner to
the interacting protein and biotinylated a large number mitochondrial proteins, including its PHB1
isoform, SAM and mitochondrial contact site and cristae organizing system (MICOS) subcomplex [97,98].
Although BioID approaches have been successfully applied to detect the interaction between membrane
proteins that exhibit a wide range of subcellular localizations, such as the mitochondria, cell–cell
junctions, nuclear lamina, and endoplasmic reticulum, it is still not used for monitoring the interaction
of the mitochondrial carriers. Indeed, the BioID approach has an inherent limitation for identifying
macromolecular complex in mammalian cells by fusing to prohibitin 2 (PHB2), an IMM-bound
protein [97]. Given that both the N and C termini are proposed to be exposed to the intermembrane
space [19], the catalytic activity from BirA may not reach the target site of the mitochondrial proteins.
Furthermore, if the structural surface of the target protein proximate to the bait lacks lysine residues,
this method cannot be used [97]. The combination of proximity-dependent labelling and chemical
cross-linking offers great promise to enhance our understanding of multiprotein complexes that are
difficult to prepare, such as organelle-bound membrane proteins.

3. Proteins Associated to Mitochondrial Outer Membrane Carrier

Although most of the mitochondrial carriers are enriched in the inner boundary membrane of
the mitochondria, recent studies suggest that several outer membrane channels can also transport
metabolites and ions without further research of their transported substrate [12,13]. The exchange of
hydrophilic compounds, such as metabolites and ions across the OMM of eukaryotes is facilitated
by specific voltage-dependent anion channels [6,9] and followed by active transport across the IMM
mediated by specific nuclear-encoded membrane transporters. The appearance of Donnan potential,
which relates to the distribution of ion species between two ionic solutions across the outer membrane,
could render the VDAC formation in either the open or closed state. In the open state, VDAC shows a
considerable preference for metabolic anions with weak selectivity. In the closed state, VDACs still
conduct small cations, such as K+, Na+, and Ca2+, and Cl− by a cation selective pore of 1.8 nm in
diameter, while the transition of major anionic metabolites such as ATP, ADP, and respiratory substrates
is prevented [99]. Several publications have been reported that the regulation of VDAC conductance
contributes to energy metabolism and mitochondrial dysfunction [99,100].

Moreover VDACs have been reported to interact with diverse partners, including proteins
of apoptosis, cell signaling, cytoskeleton-related proteins, and metabolic enzymes (Table 1) [10].
For example, glucose-6-phosphate, which is the product of the hexokinase-catalyzed reaction, was
suggested to potentiate ATP release from mitochondria with the recovery of normal metabolism and
substrate replacement, was even more increased when hexokinase and glucokinase were dissociated
following being bound to VDAC [10,42]. Therefore, the effect of hexokinase dissociation from VDAC is
the subject of many studies dealing with the development of potent cancer chemotherapies. Similarly,
creatine kinase, which also acts as an energy sensor and mediates antiapoptotic effects via VDAC–ANT
complexes, exhibits preferential use of mitochondrial ATP. Moreover, interaction of desmin with
various contact sites (VDAC, adenine nucleotide translocator (ANT) and mitochondrial contact site
complex) affects mitochondrial permeability transition pore (mtPTP) behavior and respiratory function.
VDAC forms a barrel comprised of a transmembrane alpha helix and 13-transmembrane beta strands.
The resultant beta barrel encloses a large channel (~3 nm in diameter), which in its open configuration
is permeable to molecules up to ~5 kDa in size. In vitro studies have revealed that all eukaryotic VDAC
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channels adopt multiple conductance states. In the IMS, MtCK binds with high affinity to cardiolipin
and other anionic phospholipids cross-linking the two peripheral mitochondrial membranes and
the ANT, thus forming a complex of MtCK–VDAC–ANT and cardiolipin [43]. The MtCK–VDAC
association is enhanced at physiological calcium concentrations. MtCK associates only with the inner
membrane and ANT in the cristae space. MtCK preferentially uses mitochondrial ATP that is exported
via ANT to phosphorylate creatine, which has a higher diffusion rate in comparison to ATP, thus
providing a spatial energy shuttle. The coupling of these partner proteins thereby links VDAC to
other cellular functions such as protein import, apoptosis, control of cellular energy metabolism,
and tumorigenesis.

Two clearly distinguishable anion-selective channel activities, OMC7 and OMC8, with pore
diameters of roughly 15 Å were detected in vesicles of the OMM. However, as yet, the corresponding
channel-forming proteins remain to be identified. In addition, the acyl-dihydroxyacetone phosphate
reductase (Ayr1) forms a cation-selective channel. This protein contains a predicted α-helical
transmembrane domain and is located in the mitochondrial outer membrane, ER, and lipid particles.
However, it is currently unclear whether Ayr1 forms a channel in all these cellular compartments.
Several functions in lipid metabolism have been putatively assigned to this protein. Indeed, it is
thought to be involved in the biosynthesis of phosphatidic acid, in the mobilization of triacylglycerol,
and in the elongation of fatty acids. It contains a predicted Rossman fold and conserved signature
motifs such as a NADPH-binding site that are characteristic for the large protein family of short-chain
dehydrogenases [13]. Addition of NADPH induces very fast voltage dependent gating of the channel.
This voltage-dependent gating occurs unidirectionally. Moreover, in the presence of NADPH, the Ary1
channel, even at high voltages Vm > 100 mV, remained in the open state. However, whether or not the
Ayr1 channel is actively and directly involved in lipid biosynthesis remains to be investigated.

In summary, the old concept that the outer membrane functions as a “molecular size-exclusion
filter” for the passage of small hydrophilic molecules through VDAC has been strongly questioned by
different observations. First, transport processes can occur in cells deficient of all VDAC isoforms [10].
Secondly, the VDAC channel properties are modulated by a variety of different effectors, suggesting
that their specificity is under active control [10]. Thirdly, the outer membrane contains, beside VDAC,
additional pore-forming proteins that might mediate metabolite flux [10]. Fourthly, the presence of the
NADPH-regulated Ayr1 channel indicates that such transport processes across the outer membrane of
mitochondria may be subject to redox regulation. In conclusion, metabolite transport across the OMM
is more specific and regulated than originally thought, challenging the view that VDAC allows the
unregulated passage of all manner of small molecules.

4. Proteins Associated to the Inner Membrane of Mitochondria

Metabolites, such as amino acids, carboxylic acids, fatty acids, cofactors, inorganic ions, and
nucleotides, are specifically transported across the IMM by members of the mitochondrial carrier
family (and other mitochondrially localized transporters that do not belong to the family [101]), to
join in many cellular processes. Most metabolites transport as strict counter-exchangers of chemically
related substrates (antiporters), but some display substrate–proton (symporters) transport activities
or unidirectional (uniporters) [16,17,23,32]. It has been debated whether the mitochondrial carriers
exist or function as a monomer or dimer. The crystal structures of ADP/ATP carriers exist in the
IMM as monomers [26,102,103] and interact with respiratory supercomplexes in the presence of
cardiolipin, a unique phospholipid found exclusively in the mitochondrion [104]. The formation
of the homomeric and heteromeric complex may simply aid in assembly of the transport complex
or act to avoid random, unfavorable protein–protein interactions in the packed environment of the
inner mitochondrial membrane, such as the heteromeric complex of the mitochondrial pyruvate
carrier [48] and dimeric structure of mitochondrial tricarboxylate carrier [50]. Many mitochondrial
carrier proteins do not function as monomers, but have to assemble into oligomeric structures to
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become functional [52,53,82]. However, despite the fact that interactions between the mitochondrial
carriers and mitochondria proteins are long known, they are not well studied.

Nucleotide transporters include the mitochondrial ADP/ATP carrier, ANT, which we discussed
above. Many claims have been made for the association of the ANT carrier with other proteins
or protein complexes [34]. For a long time, it was thought that the ANT was a component of the
permeability transition pore together with VDAC, BAX, and Bcl2 [25,105]. However, mitochondria
lacking the carrier could still be induced to undergo permeability transition, resulting in release
of cytochrome c [25,106], suggesting that this may not be the case. It has also been claimed that
the ANT carrier, alongside a phosphate carrier, forms a complex with ATP synthase with a 1:1:1
stoichiometry—the so-called ATP synthasome [25,45]. However, the carriers are present in much higher
numbers than ATP synthase to account for their relatively slow transport rates compared to the rate of
ATP synthesis. Recent studies have revealed that ATP synthase forms rows of dimers on the ridge
of cristae [25,107], a formation that is mediated by the Fo subunits of ATP synthase. This molecular
arrangement leaves only the rotating c-ring exposed to the lipid bilayer, and thus there is no plausible
binding site for carriers [25]. Furthermore, the ATP synthasome is supposedly stable in detergent,
but affinity purifications of the carriers or ATP synthase under stabilizing conditions do not lead to
detectable cross contaminations [25,108]. Therefore, it appears highly unlikely that the ATP synthasome
exists. It has also been claimed that yeast ADP/ATP carriers (Aac2p) exists in physical association with
the cytochrome c reductase (cytochrome bc1)–cytochrome c oxidase supercomplex and its associated
TIM23 machinery, based on BN-PAGE and tagging experiments [25,109]. However, mitochondrial
carriers are extremely unstable under BN-PAGE gel conditions in the absence of inhibitors, leading to
aggregation and random association with other proteins [25,74].

In the course of the structural work of yeast ADP/ATP carrier, hundreds of milligrams of tagged
Aac2p were purified under stabilizing conditions, but the copurification of other proteins or protein
complexes was never observed [25]. Recently, it was claimed that the ANT carrier is associated
with the translocase of the inner membrane (TIM) in a 1:1 stoichiometry [25,110]. These claims were
based on SILAC experiments, but under the same conditions other mitochondrial carriers are also
associated with TIM, but at lower stoichiometric ratios. The latter result indicates that the association is
nonspecific, reflecting differences in expression levels or stability between carriers. The mitochondrial
ANT carrier is one of the most abundant membrane proteins in the mitochondrion. In addition, the
protein is very hydrophobic, leading to its structural instability in detergents. Moreover, as for the
Aac2p described above, the protein does not protrude much from the membrane, and the surfaces that
are exposed would appear to provide no opportunity for stable interactions [25]. Furthermore, there
are no conserved residues on the surface of the carrier or asymmetrical features that are compatible
with specific interactions with other proteins [25,37,111] Finally there are no plausible functional roles
for these interactions, and the purported protein interaction partners are most likely experimental
artefacts [25].

Inorganic ion transporters include the mitochondrial phosphate carrier PIC (SLC25A3) and the
uncoupling protein UCP1 (SLC25A7). Whilst strong evidence supports divergent roles for UCP, both in
dissipating proton gradients [112,113] and transporting aspartate, glutamate, and cysteinsulfinate [114],
PIC has been characterized to transport phosphate in symport with protons for the synthesis of
ATP [115,116]. The PIC was suggested in protein complex analysis to interact with mitochondrial
peptidyl-prolyl cis-trans isomerase [46]; however, the work has not yet been followed up. Similarly in
plants, a novel mitochondrial phosphate carrier interacts with NaStEP (a proteinase inhibitor essential
to self-incompatibility) and mediates in the self-incompatibility of the pollen [47], whilst the TCA cycle
enzymes citrate synthase, isocitrate dehydrogenase, and oxoglutarate dehydrogenase interact with a
putative phosphate transporter in the AP-MS [83] as well as other TCA cycle enzymes to associate as the
metabolon. Whilst follow up studies of these interactions were also not carried out, such interactions
are not without precedence. Indeed, in the early work of Srere and coworkers looking into enzyme and
enzyme protein assemblies, several such interactions were noted, including malate dehydrogenase,
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citrate synthase, and aconitase, on the basis of structure modelling studies [117,118]. Furthermore,
although not a member of the MCF, the mitochondrial pyruvate carriers transport pyruvate to fuel the
tricarboxylic acid cycle and thereby support ATP generation. However, this import also serves as a link
to anabolic pathways for lipid and amino acid biosynthesis and gluconeogenesis. Heterocomplexes of
MPC have been monitored by BRET [48] and purified following size exclusion chromatography [49].
The heterodimer is the active mitochondrial pyruvate carrier, while individual MPC proteins assemble
as nonfunctional homodimers (Table 1) [49].

The situation is similar for other carriers of the MCF. For example, the tricarboxylate carrier
catalyzes an electroneutral exchange of the dibasic form of a tricarboxylic acid (citrate, isocitrate,
and cis-aconitate) with a proton for another tricarboxylate-H+, dicarboxylate (malate and succinate),
or phosphoenolpyruvate [50,119–121]. Interestingly, the dimeric form of the tricarboxylate carrier
protein was found when eel liver mitochondria were solubilized with the mild detergent digitonin [50].
However, the physiological relevance of this is, as yet, has not been unequivocably resolved. Similarly,
the ubiquitously expressed dicarboxylate carrier protein (DIC) was found to exist in the dimeric form
after lysis with the mild detergent digitonin using Western blotting, whereas only the monomeric form
of DIC was discovered after lysis with SDS [51]. That said, the dimeric structure of the mitochondrial
oxoglutarate carrier (OGC) has been demonstrated by the cross-linking and BN-PAGE of digitonin-lysed
mitochondria [52,53]. The same is likely true for the dicarboxylate, tricarboxylate, and oxoglutarate
carrier proteins, since these will certainly follow the same mechanism of the ADP/ATP carrier that was
recently convincingly proven to be a functional monomer [38]. A note of caution in interpreting results
from such studies can be provided by the case of UCP. For many years, it was thought that UCP1 formed
a homodimer based on analytical ultracentrifugation [122], nucleotide binding [123], and protein
cross-linking studies [124]; however, on the basis of size exclusion chromatography [125], UCP is now
believed to act as a monomer that binds one purine nucleotide molecule [126]. Arguably more exciting,
it has recently been reported that the human glutamate transporter, EAAT5, contains a C-terminal
consensus motif that could interact with synaptic proteins that promote ion channel clustering [54].
Moreover, glutamate can also transport into mitochondria through the aspartate/glutamate carrier
(AGC), combining the input of glutamate with the release of aspartate [36,39,55]. Size-exclusion
chromatography has shown that two molecules of the aspartate/glutamate carrier are linked together by
their N-terminal regulatory domains as the dimer (Table 1) [41]. Finally, the transporter activity of the
MCFs proteins can perhaps also be modulated by forming complexes with interacting partners, such
that the activity of some MPCs may be dependent on the formation of heterocomplexes. An example
of this is the fact that an antiapoptotic protein, Bcl-2, was found to be an interacting protein partner of
rat OGC, and when coexpressed with OGC in CHO cells, the total mitochondrial glutathione content
was significantly increased 24 h post-transfection [127].

5. Conclusions and Perspective

Despite the fact that complex formation of MCFs may play an essential role in metabolite import,
MCF protein interactions have been poorly studied in living cells—most likely due to methodological
limitations. Although both BN-PAGE and size exclusion chromatography have been used to analyze
the heterodimers and homodimer of the MCFs, these dimers were suggested to be functional monomers,
especially the ADP/ADP carriers [44]. Moreover, improved BRET has been used to monitor the MPC
activity in real time, thus giving the possibility to use it for other MCFs [48]. BRET has been successfully
used to monitor the heteromeric complex of the mitochondrial pyruvate carrier [48,49]. Interestingly,
the activity of MPC in cancer cells could be monitored in the presence of various metabolites, including
lactate, malate, and citrate. This method could be wildly used to monitor the assembly of mitochondrial
carrier protein as several metabolite transporters may regulate their activity by the complex assembly.
However, currently, these methods have not been applied to detecting protein–protein interactions
of mitochondrial transport proteins such as MPC and MCFs. Given that physiological studies of the
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mitochondrial transport proteins are limited, the identification of interactors will help us to understand
the mechanism of the mitochondrial transport proteins in vivo.

Moreover, the identification of PPI binding sites will be an important step here. One should note
that some, albeit limited, physical evidence exists of MCF protein interactions, but little information
is available concerning their biological function, and most examples of this are restricted to signal
transduction. Indeed, given the limited exposure of the proteins due to the transmembrane domains,
this may prove easier than for the metabolons that are considerably better characterized, such as
those of glycolysis [6], the TCA cycle [1,84], and plant specialized metabolism [88]. In addition, the
yeast enolase-associated macromolecular complex was identified to contain several mitochondrial
carriers, including a phosphate carrier and an ADP/ATP carrier (Figure 3; [128]). As this example
illustrates, the possibility of cross subcompartment metabolons exists, potentially suggesting a novel
route of metabolic coordination. Given that glycolytic enzymes associated at the OMM of mitochondria
form a metabolon [4,62,88,129], the mitochondrial transporters, such as VDAC, may also join the
metabolon to improve the metabolite transport efficiency (Figure 3). Since many recent advances have
been made in the study of metabolons [88,117], we believe the time is ripe to apply these to study
the intriguing prospect that members of the MCF are involved in such structures and other types of
protein–protein assemblies

 

 

 

 

 

 

 

 

Figure 3. Metabolon associated to the mitochondrial carriers. The mitochondrial transport proteins
may also join in the metabolon to improve the metabolite transport efficiency.
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Abstract: Can you imagine a disease in which intake of an excess amount of sugars or carbohydrates
causes hyperammonemia? It is hard to imagine the intake causing hyperammonemia. AGC2 or citrin
deficiency shows their symptoms following sugar/carbohydrates intake excess and this disease is
now known as a pan-ethnic disease. AGC2 (aspartate glutamate carrier 2) or citrin is a mitochondrial
transporter which transports aspartate (Asp) from mitochondria to cytosol in exchange with glutamate
(Glu) and H+. Asp is originally supplied from mitochondria to cytosol where it is necessary for
synthesis of proteins, nucleotides, and urea. In cytosol, Asp can be synthesized from oxaloacetate
and Glu by cytosolic Asp aminotransferase, but oxaloacetate formation is limited by the amount
of NAD+. This means an increase in NADH causes suppression of Asp formation in the cytosol.
Metabolism of carbohydrates and other substances which produce cytosolic NADH such as alcohol
and glycerol suppress oxaloacetate formation. It is forced under citrin deficiency since citrin is
a member of malate/Asp shuttle. In this review, we will describe history of identification of the
SLC25A13 gene as the causative gene for adult-onset type II citrullinemia (CTLN2), a type of citrin
deficiency, pathophysiology of citrin deficiency together with animal models and possible treatments
for citrin deficiency newly developing.

Keywords: adult-onset type II citrullinemia (CTLN2); aspartate/glutamate carrier (AGC); animal
model; argininosuccinate synthetase (ASS); aversion to carbohydrates; citrin; food taste; neonatal
intrahepatic cholestasis caused by citrin deficiency (NICCD)

1. Introduction

AGC2 or citrin deficiency is the most prevalent autosomal recessive inherited metabolic disease in
East and East-south Asia and it is now known as a pan-ethnic disease [1–9], and is one of the many
diseases caused by mutations in the genes encoding members of the SLC25 protein family [10,11].
Its heterozygote frequency in East Asia is up to 1 in 40 [12,13]. There are mainly 2 disease types,
CTLN2 (adult-onset type II citrullinemia) and NICCD (neonatal intrahepatic cholestasis caused by
citrin deficiency) [14–17]. Citrin deficiency also causes FTTDCD (failure to thrive with dyslipidemia
caused by citrin deficiency) [18], pancreatitis [19], NASH [20,21], and hepatoma [22,23]. In this review
article, we will describe AGC2 or citrin deficiency starting from the recognition of the disease, discovery
of the disease gene for CTLN2 and to pathophysiology of the disease based on the function of AGC2,
and therapeutic procedures derived from analysis of food preference.
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2. Materials and Methods

Materials and Methods are described in each publication. Human patients and mice are
analyzed. Informed consents of all subjects are obtained. Animal experiments were done after
getting approval of committee of animal experiment at Kagoshima University, Tokushima Bunri
University, and Kumamoto University.

3. Study Started from Enzymology of Argininosuccinate Synthetase (ASS)

Saheki et al. started purification of ASS from rat and human liver in 1973 [24] on the assumption
that since ASS activity is the lowest among the urea cycle enzymes, ASS may be tightly regulated by
some factors. We purified the enzyme to a homogeneity and crystalized, but they could not find any
significant regulatory mechanism in the ASS protein. During the research, we have been asked by
many clinicians or clinical researchers whether the hepatic ASS activity of their citrullinemic patients
is low or not, since the enzyme catalyzed the synthesis of argininosuccinate from citrulline and Asp
in the expense of ATP breakdown. Since ASS deficiency is assumed to cause citrullinemia, Saheki
et al. examined Km values for citrulline, Asp, and ATP, and quantified the ASS protein amount by
using anti-ASS antiserum together with assaying ASS activity. Luckily enough, we noticed there are
two types of enzyme abnormality in the patients’ ASS in the liver obtained by biopsy or autopsy
almost from the beginning [25]. As you see in Table 1, one group is mainly from neonates, the low ASS
activities were from lowered affinities to the substrates, citrulline, Asp, or/and ATP, or enlarged Km
values for the substrates. Using autopsied samples, we also examined kidney and brain ASSs, which
showed the same abnormalities in the enzyme kinetics. The same abnormalities were found in the
cultured skin fibroblast cells [26]. The enzyme amounts are normal (type I) or very minute amounts
(type III) are found. These results suggest that the abnormality is in the gene of ASS1. Kobayashi et
al. [27] found real mutations in the ASS1 genes. So, this is classical or neonatal citrullinemia (CTLN1).
The other group, named as CTLN2 later, consisted from mainly adult patients, showed reduced ASS
activities which are explainable with the reduced enzyme amount with normal kinetic properties
(type II). ASS activities in the brain, kidney, or cultured fibroblast cells are not different from the
control. So that the former should be qualitative abnormality caused by mutations in the ASS1 gene
and the latter is quantitative abnormality. Increased urinary excretion of argininosiccinate [28], the
product of ASS reaction, in CTLN2 patients probably suggests normal operation of renal ASS reaction.
The number of patients were much larger in the latter group. The symptoms of the latter group
are consciousness disturbance and abnormal behavior with hyperammonemia, mild citrullinemia,
and mild liver damage. From these enzymological abnormalities and clinical symptoms, we named it
adult-onset type II citrullinemia, or CTLN2.

Table 1. Two distinct types of citrullinemia.

Type of Enzyme Abnormality
We Named:

Type I Type III Type II

ASS activity or enzyme amount: Abnormal kinetics Almost null Decrease of normal ASS

Organ specificity All cells All cells Liver-specific

Type of abnormality Qualitative Quantitative

Disease: CTLN1 (Classical citrullinemia) CTLN2 (Adult-onset type II
citrullinemia)

Gene: ASS1 SLC25A13 (Citrin deficiency)

Before we have genetic information of the disease, we have several important information; for example,
the patients showed high serum PSTI (pancreatic secretory trypsin inhibitor) [29], which is secreted not
from the pancreas, but from the liver [30]. This is considered an early marker of disease onset [31].
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In our group, Dr. Keiko Kobayashi et al. [32–34] performed molecular genetic analysis on these
patients after earlier biochemical analysis on the mRNA and protein and found various mutations in
the ASS1 gene in the former group patients, amino acid substitutions in ASS abnormality in its kinetic
parameters, splicing site mutations in ASS abnormality with a very minute enzyme amount. They did
similar analyses on the samples from patients with type II citrullinemia [35]. Together with our first
analysis showing that no abnormalities in the amount and translatable activity of the mRNA [36,37],
we finally concluded that there are no abnormalities in the ASS1 gene in the latter group. Table 1 shows
two distinct types of citrullinemia.

4. Pathogenesis of Adult-Onset Type II Citrullinemia

What is the primary defect in CTLN2? The decreased level of ASS protein in the liver of CTLN2
patients is in average 9% of the control level (from almost 0% up to 70%). So far, we have not been able
to find out the mechanism of the decrease. We thought that the mechanism is not known but should be
caused by genetic abnormality because we have found many patients derived from consanguineous
marriage, suggesting that it is an autosomal recessive trait. So, we started genomic analysis using
homozygosity mapping with 18 DNA samples from CTLN2 patients derived from consanguineous
marriage and DNA samples from control subjects. This homozygosity mapping analysis revealed the
disease gene located at chromosome 7q21.3 [38]. The gene mutated in CTLN2 patients were searched
for in collaboration with Drs. Steve Scherer and Lap-Che Tui, Toronto, Canada. Finally, Dr. Kobayashi
found mutations in SLC25A13, which encoded mitochondrial transporter [38], which was published in
1999. The results found showed that among 18 samples from consanguineous marriage contained
three heterozygotes, suggesting high prevalence of the disease [38].

A very similar gene, SLC25A12 [39], encoding aralar reported by del Arco, Spain, was published in
1998. Prof. Ferdinando Palmieri, Italy, proposed collaboration among three groups to elucidate the functions
of citrin and aralar. The collaboration was successful to find that the two genes encode mitochondrial
membrane aspartate glutamate carrier (AGC) [40]. Both aralar (AGC1) and citrin (AGC2) transports proton
and Glu from intermembrane space of mitochondria into mitochondrial matrix and Asp from mitochondria
matrix to mitochondrial intermembrane space [40], and both activated by calcium [38,41].

AGC1 (aralar) is expressed mainly in the brain, skeletal muscle, heart, and kidney, while AGC2
(citrin) is located mainly in the liver, kidney and heart. So that AGC1 is the brain/skeletal muscle-type
and citrin is the liver-type. More precise distributions of aralar and citrin have been reported by Begum
et al. [42] and Amoedo et al. [43].

Citrin deficiency causes CTLN2 (OMIM ID #603471) and NICCD (OMIM ID #605814) [1,14],
while aralar deficiency is a rare disease causing global cerebral hypomyelination, developmental arrest,
hypotonia, and epilepsy (OMIM ID #612949) [44,45]. Lists of mutations in citrin deficiency and AGC1
deficiency can be found at http://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A13 and 12.

5. Discovery of NICCD (Neonatal Intrahepatic Cholestasis Caused by Citrin Deficiency) and
Citrin Deficiency Disease Types

Since we have discovered the gene for CTLN2, we were very busy creating a diagnostic system for
each mutation found in CTLN2 and found many CTLN2 patients not only in Japan, but also in China [3–5].
During this time, three pediatric doctors were interested in neonatal hepatitis or cholestasis during neonates.
Prof. Tazawa [15] visited Kagoshima and assayed liver ASS activity of his neonatal patients but without
any positive results, but later, we diagnosed with DNA diagnosis that his neonatal transient citrullinemia
patients were really suffering from citrin deficiency. At the almost same time, we also diagnosed with DNA
diagnosis that the transient citrullinemia patients of Dr. Ohura also had mutations in SLC25A13 [16]. We
also diagnosed the patient of Dr. Tomomasa [17] as a citrin deficiency patient: the patient showed NICCD
symptoms at his neonatal period and suffered from CTLN2 later at 16 years old. Thereafter, many NICCD
patients have been found in Japan, China, Korea, and other countries [1,6,46–48].
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Laboratory findings of the patients were positive signs of several neonatal mass screening tests
such as tyrosine, phenylalanine, methionine, and threonine. Some showed galactosemia [49,50] and
cholestasis and bleeding diathesis [2]. Extremely high serum levels ofα-fetoprotein are impressive [1,51].
However, there was almost no increase in blood ammonia.

About 50% of NICCD patients were found at neonatal screening and about 40% were at about
several months with persistent jaundice [1]. Some were found later with failure to thrive and
dyslipidemia (FTTDCC) [18]. Among them, a few, one in 100,000 to 200,000 as the incidence developed
to CTLN2 at adult age (10 to 80 years old) with symptoms including hyperammonemia, consciousness
disturbance, and abnormal behavior. During the period between NICCD and CTLN2, most of
the patients showed almost no severe symptoms except tiredness and almost normal laboratory
examinations [52]. However, most of citrin deficiency subjects showed peculiar food taste from about
1 year old. Both our nutritional assessment [53] on symptomless citrin deficiency subjects from 1
year old and 36 years old, and Nakamura et al. on CTLN2 patients [54] revealed reduced intake of
carbohydrates, which is very important as a pathogenesis of citrin deficiency and for the treatment of
citrin deficiency, as stated later. The peculiar food taste of citrin deficiency subjects is shown in Figure 1.
The various disease types of citrin deficiency during lifetime are shown in Figure 2.

α

 

 

Figure 1. Peculiar food taste of citrin deficiency subjects. Upper panel shows protein, fat, and
carbohydrate (PFC) energy ratio, and lower panel shows relative intake of nutrients of general Japanese
and citrin deficiency subjects. From [53].
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Figure 2. Relation between various disease types during lifetime in citrin deficiency. Modified from [55].

6. The Metabolic Functions of Citrin and Disease Model

The metabolic functions of citrin [56] were shown in Figure 3; (1) as a member of malate/Asp
shuttle, it is important for transport of reducing equivalent of NADH into mitochondria which is related
to production of ATP in the mitochondria; (2) it plays a role in transport of Asp from mitochondria to
cytosol for synthesis of proteins, nucleotides, and urea; (3) it is indispensable for metabolism of lactate
to glucose (gluconeogenesis) in order to avoid excess formation of NADH in the cytosol because of
stoichiometry of NADH. Mutations of SLC25A13 gene disturb the metabolic functions listed above.

 

Figure 3. Metabolic functions of citrin. From [57].

We have created, at first, citrin gene knockout mice [58] as a model animal, which showed
metabolic defects due to citrin-KO in vitro, but with almost no symptoms in vivo. The reason why
the mice showed almost no symptoms, we postulated that the rodent liver contains another NADH
shuttle, glycerophosphate shuttle, which compensates the defect of malate/Asp shuttle. So, we created
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double gene knockout mice, which lack not only SLC25A13, but also mitochondrial glycerol 3-phosphate

dehydrogenase (Gpd2; mGPD), a member of glycerophosphate shuttle. The resultant citrin/mGPD
double-KO mice recapitulated human citrin deficiency [59], showing hyperammonemia, citrullinemia,
hypoglycemia, and growth retardation.

7. Pathophysiology of the Double-KO Mice

The double-KO mice showed hyperammonemia under fed conditions, but not under starved
conditions [59] (Figure 4). Most characteristics is that the double-KO mice showed enhanced severe
hyperammonemia when the mice were given sucrose solution forced per os (Figure 4). Furthermore,
they did not like to take sucrose solution, as compared with other genotype mice including citrin-KO
and mGPD-KO mice. We have shown that not only sucrose, but also, the components, both glucose and
fructose [60], had the same effect, as shown in Figure 5. We propose that carbohydrate intake increases
cytosolic NADH, which is the reason why citrin deficiency subjects dislike to take carbohydrates.
Metabolomic analysis of the double-KO mice liver revealed six major metabolic abnormalities listed as
follows [61], (1) a vast increase in glycerol 3-phosphate and ratio of G3P/dihydroxyacetonephosphate,
(2) increased concentration of lysine caused by a decreased availability of α-ketoglutarate, resulting
in inhibition of breakdown of lysine, (3) increase of citrulline, (4) decreased concentration of Glu,
(5) ATP, and (6) citrate. A marked increase in glycerol 3-phosphate (G3P), or G3P/dihyroxyacetone
phosphate ratio indicates an increase in the NADH/NAD+ ratio in the cytosolic compartment of the
liver. This was caused by destruction of two NADH shuttles leading to accumulation of cytosolic
NADH, which caused inhibition of glycolytic enzyme, glyceraldehyde 3-phosphate dehydrogenase.
The increased NADH also suppressed oxaloacetate formation from malate and malate dehydrogenase,
further formation of Asp by cytosolic Asp aminotransferase, together with defect of Asp supply from
mitochondria [40], causing inhibition of ASS reaction, resulting in accumulation of citrulline and
ammonia, and inhibition of urea synthesis. We postulate that decreased Glu comes from oxidation of
NADH in the mitochondria by inactive malate/Asp shuttle and decreased TCA cycle activity, evidenced
by low concentration of TCA cycle intermediates [59]. Decreased citrate comes from inhibition of
glycolysis and cytosolic increase in NADH/NAD+. ATP will decrease by inhibition of glycolysis and
inactive malate/Asp shuttle.

α

 

Figure 4. Effect of sucrose or NaCl administration on blood ammonia on fed mGPD-KO, citrin-KO,
and double-KO mice. # p > 0.05 from value with Saline. Values with same character (a, ab) indicate no
statistical difference. From [57].
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Figure 5. Voluntary intake of various concentrations of glucose (a) or fructose (b) and water (two bottles,
water and a test solution) given to four kinds of mice, wild type (white circle), mGPD-KO (circle with
stripes), citrin-KO (grey circle), and double-KO (black circle) were monitored. Concentrations are given
in the figure. Intakes were compared statistically and differences were expressed with a, b, c. The same
character indicates no difference. It is noteworthy that the double-KO mice took only a small amount
of glucose and fructose solutions, as compared with other mice. From [59].

Voluntary intake test of sucrose, ethanol, and glycerol [60], of which intakes or administration
caused onset or worsening of disease [1,62], revealed that the double-KO mice severely avoided the
intakes, citrin-KO and mGPD-KO mice moderately avoided taking the higher concentration solutions
of ethanol and glycerol. We found that high correlation between avoidance of intake of the solutions
scored from the amounts of intake and comparison between the mice, and simultaneous hepatic
increase in G3P and decrease in ATP [60]. We suggest that the two parameters, simultaneous increase
in the NADH/NAD+ ratio represented by the G3P concentration and decrease in ATP in the liver, send
a signal to the brain to induce to suppress the intake of the solution or the foods which increase in
hepatic cytosolic NADH and decrease in ATP. This consideration is important from a viewpoint of
therapy of citrin deficiency. Namely, correction of either increased G3P or decreased ATP may stop the
symptoms of citrin deficiency.

8. Treatment of Citrin Deficiency Based on the Pathophysiology of the Disease

Principle concept of citrin deficiency treatment should be based on the peculiar food intake tendency
except that liver transplantation is the most effective in correcting all the metabolic disturbances [63,64],
liver transplantation at early stage of the disease, almost all symptoms disappeared, suggesting that it
is liver disease. Liver transplantation also normalizes the peculiar food taste (Kobayashi, unpublished
data). Liver transplantation itself has some drawback, such as the cost and shortage in liver donors
and not all the liver transplantation could help the lives of citrin deficiency patients probably due
to immunological complications or other causes. Therefore, nutritional and medicinal therapeutic
procedures are important. Basics of the therapy is nutrition. High carbohydrates diet causes anorexia
in NICCD patients and hyperammonemia in CTLN2, so that low carbohydrates diet is important.
High carbohydrates and low protein diet is the common therapeutic diet for liver diseases, which,
however, was reported inappropriate [65]. Rather, carbohydrate-restricted diet or in addition high
protein diet were found to be effective [2,66]. Infusion of high glucose solutions [67] or hyperosmotic
solutions [62,68] for brain edema, such as Glyceol consisting of 10% glycerol and 5% fructose is
contraindication. Infusion of high concentration of glucose caused hypermmonemia and consciousness
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disturbance to citrin deficiency patients [67]. You can use lower concentration (less than 10%) of
glucose, if the patients needed glucose. You may find many case reports listed in reference [62]; many
case-report authors described that patients given Glyceol got irreversible deterioration and mostly
died shortly after infusion of Glyceol [62].

On the other hand, we noticed that protein and some kinds of lipid in the diet may be effective
for treatment. Nutritional assessment of a young girl with CTLN2 [69] disliked high carbohydrates
diet and sweets, and she took her favorite diet which was rich in protein and lipid in spite of that
with almost the same amount of carbohydrates as the high carbohydrate diet she took, suggesting
an ameliorating effect of the other nutrients [70]. In the double-KO mice with component-defined
diet, we showed that the high-carbohydrate diet (AIN-93, a diet for mature rodent recommended by
American Institute for Nutrition in 1993) was strongly avoided by the double-KO mice, but addition of
8% protein (casein) by reducing carbohydrates by 8% caused appetite enough to recover the amount
intake as usual with high protein laboratory chaw (CE2, a diet for rodent breeding supplied from
CLEA Japan) [71], as shown in Figure 6. The casein was able to be replaced by single amino acid such
as Ala and Glu. Furthermore, addition of 6% MCT (medium-chain triglycerides) alone caused full
intake as CE2, but none of triglycerides which consisted from long-chain fatty acids such as soybean
oil, fish oil, and lard were effective, as shown in Table 2. It is because MCT is metabolized in the liver
but not via tightly-regulated carnitine palmitoyltransferase I pathway.

 

 

Figure 6. Intake of diet (high carbohydrate diet with defined composition, AIN-93M (recommended
for mature rodent by American Institute for Nutrition in 1993) and body weight changes per week of
mGPD-KO and double-KO mice and effect of supplementation of casein. The mice were usually given
a high protein diet CE-2 (25%) from Clea Japan and changed the diet to AIN-93M (protein content
is 14%), the intake is the average of a week and body weight changes in a week were monitored.
Supplementation was done with reducing corn starch by the same amount. Differences in body weight
for double-KO mice († p < 0.05, †† p < 0.01), and for mGPD-KO mice (‡ p < 0.05; ‡‡ p < 0.01) comparing
the AIN-93M diet versus other supplementation were determined using a paired t-tests. Difference in
food intake between diets within each genotype were determined using paired t-tests (# p < 0.01; ## p <

0.01) Difference in food intake between genotypes were determined using unpaired t-test (** p < 0.01)
From [71].
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Table 2. Effect of supplementation of protein, amino acids, and lipid on the food intake and body
weight changes as shown in Figure 6. From [71].

Change from CE-2 to Body Weight Food Intake

AIN93M Dec Dec

(Effect of supplements)
Protein (+8%) Inc Inc

Ala (5%) Inc Inc
Na-Glu (5%) Inc Inc
Na-Pyr (10%) Inc Inc

MCT (6%) Inc Inc
Soybean oil (6%) no no

Lard (6%) no no
Olive oil (6%) no no
Fish oil (6%) no no

Inc, increased; Dec, decreased; No indicates no change.

From the results, we searched for the most effective amino acid(s) [72]. Looking for amino acids which
increase hepatic Asp, or decrease hepatic G3P level increased by administration of ethanol to citrin-KO
mice [72]. Resultant candidate amino acids were glycine (Gly), Ala, ornithine (Orn), arginine (Arg), serine,
Asp, and Glu. During this research, we also looked for amino acids which affect the hepatic citrulline level.
Gly and serine were found to increase the hepatic citrulline level and furthermore, blood ammonia levels.
According to this finding, we eliminated Gly and serine from the list. Furthermore, we were able to create
a severe hyperammonemia model by administration of Gly and sucrose to the double-KO mice [72]. Using
this model, we finally decided which amino acid(s) are the most effective. Figure 7a shows you the effect of
various amino acids and MCT on decreasing blood ammonia increased by the addition of sucrose and Gly.
The most effective were Orn+Asp or Orn+Ala; those decreased blood ammonia as low as wild type mice
without Suc +Gly. Figure 7b shows plasma citrulline levels. Orn is well known to stimulate urea synthesis
by increasing urea cycle capacity through increasing substrate level of OTC reaction, but increased plasma
citrulline level as Arg (Figure 7b). Addition of Ala or Asp to Orn decreased the plasma citrulline level,
indicating the action of these two amino acids are different from Orn and Arg. We postulated the acting
point of Glu, Asp, and Ala are the same.

 

Figure 7. (a) Effects of enteral administration of 0.5 M various amino acids, 0.5 M sodium pyruvate, 5%
MCT, or amino acid combination (10 mL/kg bw) on blood ammonia increased by administration of 20%
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sucrose +1 M Gly (20 mL/kg bw) in double-KO mice. (b) Effects of administration of amino acid and
other substances indicated in the figure on plasma citrulline in the double-KO mice. Asterisks (* p <

0.05; ** p < 0.001; *** p < 0.0001) denote statistical differences between indicated groups by unpaired
t-test (Figure 7(a)) Asterisks (* p <0.05; ** p < 0.001; *** p < 0.0001) denote statistical differences vs saline.
Values are shown with mean±standard error of mean. From [72].

On the other hand, we also tested Ala and Asp on ureagenesis in the perfused liver [72], as shown in
Figure 8. The results show that Ala was effective in ureagenesis in any kinds of genotype mice including the
double-KO mice but Asp was not at all effective. We have also reported the similar results with citrin-KO
mice showing ineffectiveness of Asp [73]. This is accordant with the report by Stoll et al. [74] that Asp
together with Glu and α-ketoglutarate administered are transported into perivenous hepatocytes but not
into periportal hepatocytes where the urea cycle enzymes are located. However, it is not consistent with
our results showing effectiveness of Asp per os administered, as shown in Figure 7a.

±

α

 

Figure 8. Ureagenesis from ammonium chloride in the perfused liver and effect of Ala (a) and Asp (b).
In the upper part of the figures, the addition to the perfusion media is shown. Mice used are, wild type
(white circle), citrin-KO (gray circle), mGPD-KO (white squire), and double-KO mice (black squire).
* and ** indicate statistical differences (p < 0.05 and p < 0.01, respectively) from wild type values and #
and $, p < 0.05 from the level at perfusion time 45 and 30 min within the same genotypes. From [72].

9. Importance of Small Intestine on Metabolism of Amino Acids

To solve this discrepancy, we considered the role of the small intestine in metabolism of amino
acids. Actually, Neame and Wiseman [75], Parsons and Volman-Mitchell [76], and Windmueller and
Spaeth [77] have shown that enterally-administered Asp is converted into Ala in the small intestine
and then transported via the portal vein to the liver. In order to examine the role of the small intestine
on the function of amino acids in the liver and confirm the results shown by the former researchers,
we administered various amino acids enterally and assayed the concentrations of amino acids in the
portal vein and abdominal aorta and calculated the difference in the amino acids between the two
blood vessels. In our experiment, enteral administration of specific amino acids caused increases in
each amino acid within the arterial circulation, and the clear portal-arterial difference, demonstrating
an uptake of Gln and output of Ala, citrulline, and Pro (Figure 9). Our findings clearly demonstrate that
some part of the Asp, Glu, and Orn were converted to Ala, but no significant conversion of Gly to Ala
in the small intestine (Figure 9). It also suggests that the positive effect of Orn on enhancing ureagenesis
appears to be more than simply increasing the urea-cycle intermediate levels. The results shown here
suggest also that the Ala formed and supplied to the periportal hepatocytes can then be converted
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back to Asp by coupling of two cytosolic aminotransferases (Figure 10a,b), and the formed pyruvate
can then oxidize malate to oxaloacetate, reinitiating ureagenesis under citrin deficiency (Figure 10b).
Actually, the combination of Orn and Asp, L-ornithine L-aspartate (LOLA), which contains no NaCl,
was very effective in decreasing blood ammonia [72]. Acting site of Asp, analyzed by using crossover
point analysis, clearly is an ASS step, as shown in Figure 11. This will be effective therapeutics for
citrin deficiency. We are now examining LOLA as a clinical test.

 

Figure 9. Portal vein-arterial differences in the plasma concentration of Gln, Ala, Cit, and Pro 1 h after
administration of saline, Asp, Glu, Orn, or Gly. Plus values indicate output and minus values indicate uptake
of the amino acid. Saline, Asp, Glu, Orn, or Gly (20 mL/kg bw; 10 mmol/kg bw) were enterally administered
to mGPD-KO mice and 1 h after the administration, blood was collected simultaneously from portal vein
and abdominal aorta for portal vein-arterial difference. * p < 0.05 and ** p < 0.001 vs saline. From [70].

 

Figure 10. Schematic diagram of Asp metabolism after enteral administration within the small intestine
(a) and liver (b) and postulated metabolic pathway of Ala in periportal hepatocytes. From [72].
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Figure 11. Crossover point analysis of Asp action. Each of hepatic and blood metabolite concentrations
under Suc + Gly + Orn was set at 1 and the metabolite concentrations under the other conditions
were calculated and plotted. The concentration of blood ammonia was used as ammonia in the figure.
The line formed with Asp crossovered the basal line between citrulline and argininosuccinate, indicating
that Asp activates ASS step. * p < 0.05; ** p < 0.001 and *** p < 0.0001 from the baseline of Suc + Gly +
Orn. From [72].

10. Drugs or Supplements Used as Therapeutics for Citrin Deficiency at Present

L-Arginine: Arg was the first drug found effective in the blood ammonia decreasing drug by
Hoshi et al. [78] and Imamura et al. [66]. It was effective at not only decreasing blood ammonia but
also effective in decreasing plasma triglyceride [66].

Sodium Pyruvate: Sodium pyruvate was used to consume glycolytic NADH by producing lactate,
and then decreasing blood ammonia probably by producing oxaloacetate and aspartate. It was found
effective in controlling the pathogenic state of citrin deficiency by Moriyama et al. [73], clinically by
Mutoh et al. [69] and Yazaki et al. [79].

MCT: MCT was originally used as an energy supply for various metabolic diseases including
NICCD [80]. Hayasaka et al. [81] successfully used MCT for the treatment of CTLN2. They emphasize
MCT as the energy source for the liver. But the mechanism of action is not clear yet. Saheki et al. [71]
used MCT in the treatment of model mice, and Saheki et al. [82] and Moriyama et al. [83] analyzed the
mechanism of action of MCT, the latter using the perfused liver system. Both agreed MCT increased
synthesis of Gln. How does Gln, which is not the end product, but an intermediate metabolite of
nitrogen metabolism work? Therefore, how Gln works by further metabolism is the next question.

All these clinical tests propose effectiveness of Arg, sodium pyruvate, and MCT in treatment of
citrin deficiency. Further extensive clinical trials of these candidates including LOLA are needed.
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Abstract: Pyruvate, the end product of glycolysis, plays a major role in cell metabolism. Produced
in the cytosol, it is oxidized in the mitochondria where it fuels the citric acid cycle and boosts
oxidative phosphorylation. Its sole entry point into mitochondria is through the recently identified
mitochondrial pyruvate carrier (MPC). In this review, we report the latest findings on the physiology
of the MPC and we discuss how a dysfunctional MPC can lead to diverse pathologies, including
neurodegenerative diseases, metabolic disorders, and cancer.
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1. Introduction

Mitochondria are essential organelles of endosymbiotic origin, which participate in a multitude of
cellular functions in eukaryotic cells, including energy metabolism, biosynthetic reactions, signaling,
and the execution of programmed cell death. They host the respiratory chain complexes and ATP
synthase, all of which participate in the formation of ATP (adenosine triphosphate) through the
process known as oxidative phosphorylation (OXPHOS). Electrons released through oxidation of
carbohydrates, amino acids, or lipids in the mitochondrial tricarboxylic acid (TCA) cycle are stored
in ATP in the form of two energy-rich phosphoanhydride bonds. Of the molecules that can provide
electrons to the respiratory chain, pyruvate, the end-product of glycolysis, is the most critical in many
cell types including neurons. In mitochondria, oxidation of pyruvate by pyruvate dehydrogenase
(PDH) generates acetyl coenzyme A (acetyl-CoA), which can then combine with oxaloacetate (OAA) to
form citrate, the first substrate of the TCA cycle (Figure 1).

Furthermore, pyruvate can be carboxylated by the pyruvate carboxylase (PC) to OAA (Figure 1),
which represents a major anaplerotic pathway to replenish TCA cycle intermediates, not only for
gluconeogenesis but also for other pathways including the urea cycle and lipid synthesis [1].

In addition to glycolysis, there are other, mostly minor sources of pyruvate such as oxidation
of lactate by lactate dehydrogenase (LDH), conversion from alanine by alanine transaminase (ALT),
or conversion from malate by cytosolic or mitochondrial malic enzyme (ME) (Figure 1). Once formed,
pyruvate can be either reduced to lactate by LDH in the cytosol, regenerating NAD+ to fuel glycolysis,
or fully oxidized within mitochondria, through the TCA cycle. The choice between these two pathways
has important consequences for the cell, since glycolysis yields two molecules of ATP/molecule of
glucose, whereas oxidative phosphorylation yields >30 molecules of ATP/molecule of glucose [2,3].
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Figure 1. Metabolic pathways involving mitochondria. In the cytosol, pyruvate is produced through
glycolysis, which generates two adenosine triphosphate (ATP) and two reduced nicotinamide adenine
dinucleotide (NADH) molecules per molecule of glucose. Pyruvate can also be produced from oxidation
of lactate by lactate dehydrogenase (LDH), conversion from alanine by alanine transaminase (ALT),
or from malate by cytosolic or mitochondrial malic enzyme (ME). Pyruvate can be imported into
mitochondria to be oxidized into acetyl coenzyme A (acetyl-CoA) by the pyruvate dehydrogenase (PDH),
which then fuels the tricarboxylic acid (TCA) cycle. Import of pyruvate requires the voltage-dependent
anion channel (VDAC) to cross the outer mitochondrial membrane (OMM) and the mitochondrial
pyruvate carrier (MPC) to cross the inner mitochondrial membrane (IMM). The TCA cycle can also be
fueled by glutamine (Gln) through glutaminolysis or by fatty acids (FA) released from lipid droplets
(LD) where they are stored in the form of triglycerides (TG). FAs provide acetyl-CoA through FA
β-oxidation. The TCA cycle and β-oxidation both generate the reducing equivalents NADH and
flavin adenine dinucleotide (FADH2), which transfer electrons to the electron respiratory chain (ETC),
generating more than 30 ATP molecules per molecule of glucose. The last reaction is catalyzed by ATP
synthase or Complex V (CV). This process requires the presence of oxygen and is known as oxidative
phosphorylation (OXPHOS). In the liver and kidney, pyruvate can be converted into oxaloacetate (OAA)
by the pyruvate carboxylase (PC), which is then reduced into malate by the malate dehydrogenase
(mMDH). Malate is then exported into the cytosol, converted into OAA by malate dehydrogenase
(cMDH) and into phosphoenolpyruvate (PEP) by PEP carboxykinase (PEPCK) and from there into
glucose through several steps, including the reversible steps of glycolysis. IMS: intermembrane space;
CPT1: carnitine palmitoyltransferase 1; CPT2: carnitine palmitoyltransferase 2; GDH: glutamate
dehydrogenase; GLS: glutamase; α-KG: α-ketoglutarate.
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To enter mitochondria, pyruvate crosses the outer mitochondrial membrane (OMM) to reach the
intermembrane space (IMS), probably through the large, relatively non-specific, voltage-dependent
anion channel (VDAC), and it is then transported together with a proton across the inner mitochondrial
membrane (IMM) by the mitochondrial pyruvate carrier (MPC) [4] (Figure 1). The existence
of MPC was proposed on theoretical grounds several decades ago [4], although the molecular
identification of the MPC complex was only achieved in 2012 [5,6]. As the sole point of entry for
pyruvate into the mitochondrial matrix, the MPC plays a crucial role in coordinating glycolytic and
mitochondrial activities, and it provides a key decision point for modulating cellular energy production
and metabolism.

In this review, we report the most recent findings on the physiology of the MPC and its participation
in various pathologies, including neurodegenerative diseases, metabolic disorders, and cancer.

2. Structure of the MPC

The MPC is encoded by three homologous genes MPC1, MPC2, and MPC3 in
Saccharomyces cerevisiae, by two genes MPC1 and MPC2 in flies, and by three genes, MPC1, MPC1-like,
and MPC2 in mammals [5,6]. In yeast, the active MPC complexes are the MPC1-MPC3 heterodimers,
which promote pyruvate transport during respiratory growth, and the MPC1-MPC2 heterodimers,
which function during fermentable growth [7,8]. In most mammalian cells, the active carrier is composed
of an MPC1 and MPC2 heterodimer, with the exception of spermatocytes, which display MPC1-like and
MPC2 heterodimers [9]. Loss of one subunit leads to degradation of the other subunit and disruption
of the MPC complex. Functional tests with yeast MPC1 and MPC3 following reconstitution of the
carrier in liposomes showed that only heterodimers were able to transport pyruvate [10]. In another
report, MPC2 homodimers were also reported to be functional [11], although this was not supported by
the results of Tavoulari et al. [10] or by other data reporting that mitochondria from ∆MPC1 mutants
were unable to import pyruvate [5,6,12]. The reason for this discrepancy remains unclear.

MPC1 and MPC2 are small integral membrane proteins of, respectively, 12 kDa and 14 kDa.
Structure predictions using different algorithms suggest that MPCs belong to the semi-SWEET (Sugar
Will Eventually be Exported Transporter) domain family (SLC50 family) [13] or to the SWEET family [14],
also known as the PQ-loop family of sugar transporters. The semi-SWEET domain is composed of a
simple 1-3-2 triple transmembrane helix bundle (THB), whereas the SWEET domain consists of two
semi-SWEET domains linked by a transmembrane helix [15] (Figure 2A). Recently, Medrano-Soto et al.
proposed that the MPC belongs to the transporter-opsin-G protein-coupled receptor (TOG) superfamily
with seven putative TMSs arranged in a 3+1+3 topology [14]. According to these authors, the MPC1
and MPC2 subunits might have originated from duplication of an MPC precursor, composed of four
transmembrane segments, which would have lost its N-terminal transmembrane segment. Although
the mechanisms via which the MPC imports pyruvate remain unknown, several hypotheses were
postulated using in silico docking analyses, based on structural models of the MPC [16–18].

The heterodimeric composition and homology to the SWEET or semi-SWEET sugar transporters,
sets the MPC apart from other families of mitochondrial carriers (named MCF or SLC25). The membrane
topology of MPC1 and MPC2 is still not fully resolved and Figure 2 proposes a model based on the
semi-SWEET motif. Our earlier biochemical approaches based on the accessibility to proteases or
to thiol labeling suggest that MPC1 displays at least two transmembrane segments with the N- and
C-termini projecting into the mitochondrial matrix, whereas MPC3 in yeast and MPC2 in mammals
probably consist of three transmembrane helices, with the N-term in the matrix and the C-term in
the intermembrane space [7]. It was recently reported that, despite this topology, yeast MPC2 and
MPC3, both of which display an odd number of transmembrane segments with the N-term in the
matrix, are nevertheless imported via the carrier import pathway which includes the receptor Tom70,
TIM (Translocase of the Inner Membrane) chaperones, and the TIM22 complex [19,20], and not via the
flexible presequence pathway as was previously predicted.
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Figure 2. (A) Semi-SWEET and SWEET motifs. Semi-SWEET is composed of a triple helix bundle in this
specific order 1-3-2. SWEET contains two semi-SWEET motifs linked together by a helix. All the helices
are crossing the membrane. (B) Model for the topology of MPC1 and MPC2 in the inner mitochondrial
membrane (IMM). Here, a semi-SWEET structure is proposed for both MPC1 and MPC2. MA: matrix;
IMS: intermembrane space.

Several MPC1 mutations resulting in disruption of the MPC complex or loss of transporter
function were reported [21,22]. All of these mutations are accompanied by severe clinical symptoms
and premature death.

Solving the three-dimensional structure of the MPC will be key to resolving the remaining
uncertainties concerning the structure of the carrier, its membrane topology, and how it transports
pyruvate across the IMM.

3. Regulation of MPC Expression

3.1. Transcriptional Regulation of MPC Expression in Yeast and in Mammalian Cells

As mentioned above, in Saccharomyces cerevisiae, MPC1 and MPC2 are expressed under fermentative
conditions and form the MPCFERM complex, while MPC1 and MPC3 are expressed under respiratory
conditions and form the MPCOX complex [7,23]. This switch is orchestrated at the level of transcription
by the activity of the high osmolarity glycerol (HOG) mitogen-activated protein (MAP) kinase pathway.
Accordingly, the MPC3 gene promoter is bound directly by the Sko1 transcriptional repressor/activator,
which is one of the core transcription factors mediating the transcriptional osmostress response
downstream of the HOG1 MAP kinase [8].

In mammalian cells, although MPC1 and MPC2 subunits are ubiquitously expressed,
their expression is particularly abundant in the heart, kidney, liver, brown adipose tissue, muscles,
and brain [24–26]. A number of transcriptional regulatory mechanisms of the MPC genes were reported.
Wang and colleagues showed that MPC1 is transcriptionally repressed in human prostate cancer
cells by the chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII), a member of
the steroid receptor superfamily. MPC1 repression is part of the metabolic switch toward increased
glycolysis, which promotes prostate cancer cell growth and invasion [27].
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In contrast to COUP-TFII, peroxisome proliferator-activated receptor-gamma co-activator (PGC)-1
alpha (PGC-1α) was found to increase expression of MPC1 in human renal cell carcinoma [28]
and cholangiocarcinoma [29]. Overexpression of PGC-1α strongly stimulated MPC1 transcription
through binding to the MPC1 promoter, while depletion of PGC-1α by small interfering RNA (siRNA)
suppressed MPC1 expression. The latter study showed that PGC-1α reversed the Warburg effect by
upregulating expression of both MPC1 and pyruvate dehydrogenase E1 alpha 1 subunit (PDHA1),
thus leading to enhanced mitochondrial metabolism. Transcriptional activation of MPC1 by PGC-1α
was shown to be mediated by recruitment of the estrogen-related receptor alpha (ERRα), which bound
the ERRα response element located in the proximal MPC1 promoter region [28,30]. Inhibiting the
activity of ERRα decreased expression of MPC1, interfered with pyruvate entry into mitochondria,
and increased cellular reliance on glutamine oxidation and the pentose phosphate pathway (PPP) to
maintain reduced NAD phosphate (NADPH) homeostasis [30].

More recently, it was shown that colon cancer cells can reprogram cell metabolism to coordinate
proper cellular response to interferon-γ (IFNγ), a cytokine that plays a pivotal role in host antitumor
immunity. Downregulation of MPC subunit expression via the signal transducer and activator of
transcription 3 (STAT3) pathway attenuated IFNγ-mediated apoptosis of the colon cancer cells by
preventing production of reactive oxygen species (ROS) [31]. Moreover, inhibition of STAT3-mediated
transcription using the inhibitor Stattic partially reversed the inhibition of MPC1 and MPC2 expression
and increased the antitumor efficacy of IFNγ.

In prostate adenocarcinoma, the androgen receptor (AR) is a hormone-responsive nuclear
receptor transcription factor that coordinates anabolic processes to enable tumor proliferation through
transcriptional regulation of metabolic pathways [32]. Massie and colleagues showed that the
AR regulated MPC activity via direct transcriptional control of MPC2. In AR-driven prostate
adenocarcinoma, MPC inhibition led to reduced OXPHOS, activation of the eukaryotic initiation
factor 2 α (eIF2α)/activating transcription factor 4 (ATF4) integrated stress response, and increased
glutaminolysis [33]. Importantly, in this experimental model, MPC inhibition by the small-molecule
inhibitor MSDC-0160 suppressed tumor growth in vivo, suggesting that the MPC could be a potential
therapeutic target for this type of cancer.

Finally, it was found that, in pancreatic cancer, MPC1 is transcriptionally suppressed by the
histone lysine demethylase 5A (KDM5A) [34]. Elevated expression of KDM5A and downregulation of
MPC1 correlated directly with pancreatic ductal adenocarcinoma progression.

Taken together, these data indicate that a number of different transcription factors can regulate
the promoter activity of MPC1 and/or MPC2. How these factors regulate expression of the MPC
genes, and how this regulation is integrated into the overall activity of cellular signaling pathways are
interesting questions that remain to be further investigated.

3.2. Post-Translational Regulation of MPC Expression

Several studies described the post-translational regulation of MPC activity. Liang and colleagues
found that MPC1 is acetylated on lysine residues K45 and K46, and that deacetylation of MPC1 by Sirt3
resulted in increased carrier activity [35].

MPC2 was also reported to be acetylated in a mouse type 1 diabetic heart model. However, in this
case, acetylation appeared to stimulate activity of the transporter [36].

An indirect model of post-translational regulation was reported by the group of Kim et al. [37],
who showed that, in hepatocarcinoma cells, the BH3 (Bcl-2 homology region 3)-only protein PUMA
(p53 upregulated modulator of apoptosis), whose transcription depends on p53, can associate with
MPC to disrupt dimer formation and MPC function. High expression levels of PUMA were correlated
with decreased mitochondrial pyruvate uptake and increased glycolysis.

359



Biomolecules 2020, 10, 1068

4. The MPC and Cell Metabolism

Cell metabolism can be defined as the ensemble of chemical reactions occurring in the cell,
including anabolic reactions that convert nutrients into molecular building blocks, and catabolic
reactions that convert nutrients into energy. By allowing the import of pyruvate into mitochondria,
the MPC participates in both anabolic (synthesis of intermediary metabolites by the TCA cycle) and
catabolic (OXPHOS) events.

One of the characteristics of cell metabolism is its plasticity, which results from the interconnectivity
between different metabolic pathways. Plasticity ensures that, when one pathway is transiently or
permanently interrupted due to lack of an essential metabolite or a key enzyme or transporter, the cell
is able to switch to an alternative pathway to compensate for the defect. However, bottlenecks exist,
involving certain metabolite carriers, which allows metabolites to cross cellular membranes. Pyruvate
metabolism is a good example. As mentioned in the introduction, there are several ways to synthesize
this metabolite in the cytosol; however, the MPC is the only route via which pyruvate can cross the
IMM. Such molecules provide key regulatory steps for the cell, as well as offer attractive targets for
therapeutic intervention.

Nevertheless, because of the metabolic plasticity, cells often find ways to compensate for defective
carriers or metabolites. For example, when the MPC is deficient, increased glutaminolysis or oxidation
of fatty acids (beta-oxidation) can compensate for the deficit in pyruvate-derived carbon to fuel the
TCA cycle [25,38,39].

Different cell types adapt their metabolism differently to changes in their cellular environment
and physiology. In cells with high energy demands such as muscle cells and neurons, OXPHOS is
the preferred source of ATP. For these cells, either glucose/pyruvate or fatty acids (FAs) provide the
main substrates, although neurons preferentially oxidize pyruvate because they do not express many
of the enzymes required for beta-oxidation. In contrast, cardiomyocytes in the adult seem to favor
FA oxidation over pyruvate [40,41]. Thus, in these cell types, metabolic plasticity is more limited,
which may explain the high incidence of degenerative pathologies that affect brain and muscle.

In other cell types, ATP is generated mainly through glycolysis rather than OXPHOS, even when
oxygen is available. This is the case for many highly proliferating cells, including antigen-activated
lymphocytes [42] and most cancer cells in vitro. This type of metabolism is referred to as aerobic
glycolysis or the Warburg effect after Otto Warburg who first described this process in cancer cells [43,44].

In highly proliferating cells, an important advantage of glucose fermentation compared to
OXPHOS is that carbohydrates are only partially degraded, thus providing intermediary metabolites,
particularly nucleotides generated via the pentose pathway [43], as building blocks to maintain
rapid growth.

Thus, it is clear from the above that the importance of the MPC in cell metabolism is highly
dependent on the cell type and cell context. Below, we review the role of the MPC in different cell
types and discuss how a dysfunctional MPC can lead to diverse pathologies.

4.1. The Role of MPC in Neurons and in Neurogenerative Diseases (NDs)

Neurons rely mainly on glucose as an energy source and to a lesser extent on amino-acid oxidation;
however, they lack most enzymes involved in FA oxidation [45]. As a result, the role of the MPC,
and of pyruvate metabolism in general, is particularly important in neurons. Pyruvate is generated
principally through glycolysis in these cells, but also by conversion from lactate by LDH. Astrocytes
provide the major source of lactate which is taken up by neurons by the so-called astrocyte-neuron
shuttle [46].

Although most neurons use oxidative phosphorylation to generate the high levels of energy
required for neural transmission, some parts of the brain, such as the medial and lateral parietal and
prefrontal cortices, were found to rely mainly on aerobic glycolysis [47]. Energy metabolism in the
retina is also predominantly through aerobic glycolysis, and only a small fraction of the pyruvate
produced by glycolysis is oxidized in mitochondria. Nevertheless, pyruvate oxidation in mitochondria
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appears to be essential for retinal function since mice lacking MPC1 in the retina were found to display
degeneration of both rod and cone photoreceptors and decline in visual function [48]. MPC-deficient
retinas displayed lower ATP and NADH levels although increased glutaminolysis and ketone body
oxidation limited degeneration of the photoreceptors.

Neurodegenerative diseases (NDs) are often considered to be metabolic disorders characterized by
a decline in the ability to import or metabolize energy sources, resulting either in or from mitochondrial
dysfunction [49]. However, even though bioenergetic defects were observed in diverse pathological
conditions, both in mice and in patients [50–52], in most cases, it remains unclear whether this is the
cause or the consequence of the pathology. Interestingly, it was shown recently that modulation of
energy metabolism through MPC inhibition offers a potential pharmacological approach to treatment
for NDs, in particular for Parkinson’s and Alzheimer’s diseases.

Parkinson’s disease (PD) is a neurodegenerative disorder resulting in the death of dopaminergic
neurons in the substantia nigra pars compacta of the brain. In recent years, epidemiological evidence
showed similarities in metabolic dysfunction between type 2 diabetes and PD. Indeed, several clinical
trials in PD patients are in progress using anti-diabetic drugs [53–59]. In 2016, Ghosh and colleagues
(2016) investigated the activity of the MPC inhibitor MSDC-0160, a derivative of thiazolidinedione,
in diverse models of PD [60]. The authors showed that MSDC-0160 protected tyrosine hydroxylase
(TH)-positive dopaminergic neurons against the neurotoxicity of MPP+ or MPTP in vitro and in vivo,
as well as showed beneficial effects in the Engrailed heterozygous mutant mice, which undergo loss of
dopaminergic neurons at six weeks of age [60,61]. The mechanisms via which MPC inhibition results
in neuronal protection are not well understood. Ghosh and colleagues proposed that inhibition of the
MPC may protect neurons through modulation of the mammalian target of rapamycin (mTOR) pathway
and autophagy, and indeed MSDS-0160 was shown to reduce neuroinflammation by modulating the
NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells)/mTOR pathway [60]. This could
be especially relevant for PD since neuroinflammation is considered to play an important role in the
pathophysiology of the disease [62,63].

MPC inhibition could also be beneficial in the treatment of Alzheimer’s disease (AD). A phase IIa
clinical study in non-diabetic subjects with mild to moderate AD demonstrated that a three-month
treatment with the MPC inhibitor MSDC-0160 resulted in a significant increase of glucose uptake
in the regions of the brain normally affected in this pathology [64]. This again argues in favor of
a possible neuroprotective effect of this compound. However, these results should be considered
in the light of recent findings in vitro in which the expression of MPC2 was shown to be decreased
in AD-related models [65]. This led to decreased calcium and pyruvate uptake into mitochondria
and decreased OXPHOS. The reason for the decrease in calcium import remains unclear. However,
another study in hepatocytes and embryonic fibroblasts showed that calcium import into mitochondria
through the mitochondrial calcium uniporter (MCU) was decreased following inhibition of MPC
activity. This effect was mediated by increased expression of the MCU gatekeeper mitochondrial
calcium uptake 1 (MICU1) [66]. It would be interesting to test the expression levels of MICU1 in
MPC-deficient neurons.

Another study describing the effects of pharmacological inhibition of the MPC reported that two
specific inhibitors, MSDS-0160 and UK5099, protected neurons against glutamate-induced excitotoxicity
in vitro [67]. This suggests that inhibition of the MPC could be useful in acute pathologies of the brain
such as stroke or brain trauma where neurons are frequently exposed to toxic levels of glutamate.

Despite these promising results in PD, AD, and acute neuronal death, the molecular mechanisms
underlying these effects remain to be elucidated. Furthermore, most studies showing a beneficial effect
of MPC inhibition in these pathologies were based on small-molecule derivatives of thiazolidinediones.
Although these compounds were shown to act as MPC inhibitors, off-target effects cannot be excluded.
Therefore, it will be important to confirm these results using other chemical classes of MPC inhibitors
or using genetic approaches in mouse models in which MPC1 or MPC2 are deleted specifically in
neurons and/or glial cells.
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4.2. The Role of MPC in Metabolic Disorders

Many studies reported that disruption of the MPC affects gluconeogenesis, a process known to
play a role in the pathogenesis of type 2 diabetes (T2D) [68]. T2D can result from the dysfunction of
several organs, including pancreas, liver, muscle, and kidney, all of which express the MPC. It will,
therefore, be important to analyze the consequences of MPC downregulation in each of these organs.

4.2.1. MPC in Pancreas

Glucose is an important physiological stimulus for insulin secretion by pancreaticβ-cells. Elevated
blood glucose triggers increased glucose uptake into these cells, synthesis of ATP by OXPHOS,
and closure of the plasma membrane ATP-sensitive potassium channels (KATP channel), which then
leads to membrane depolarization, entry of calcium, and insulin secretion. This phenomenon, termed
glucose-stimulated insulin secretion (GSIS), requires both pyruvate oxidation and carboxylation in
pancreatic β-cells [69–71]. Inhibition of the MPC, either pharmacologically using UK5099 or genetically
using siRNAs directed against MPC1 or MPC2, reduced GSIS in the 832/13 cell line derived from INS-1
rat insulinoma cells, as well as in rat and human islets [72]. Oxygen consumption, the ATP/ADP ratio,
and the NADPH/NADP+ ratio were all reduced upon inhibition of the MPC. Similar results were
obtained in mice displaying inactive, truncated MPC2 [26], in mice carrying a targeted deletion of
MPC2 in pancreatic cells, as well as in Drosophila [73]. All these experiments show that the MPC plays
an important and evolutionarily conserved role in insulin-secreting cells through mediating glucose
sensing, regulation of insulin secretion, and control of systemic glycemia.

4.2.2. MPC in Liver

Gluconeogenesis

One of the mechanisms via which the liver participates in T2D is through gluconeogenesis [68,74],
a major regulatory process in which non-carbohydrate substrates are converted into either free glucose
or glycogen (Figure 1). Gluconeogenesis can also take place in the kidney, albeit to a lesser extent.

Hepatic glucose production is a critical physiological process that is required for maintaining
normoglycemia during periods of nutrient deprivation. The major non-carbohydrate precursors are
lactate, amino acids, and glycerol. Lactate is of particular importance. It is converted into pyruvate
by the action of lactate dehydrogenase LDHB, and pyruvate is then imported through the MPC into
mitochondria where it is carboxylated into OAA and reduced into malate. Malate is then exported into
the cytosol where it can be used to generate glucose through several steps, including the reversible
steps of glycolysis (Figure 1).

Lactate for gluconeogenesis is derived mainly from muscle cells undergoing anaerobic glycolysis.
Under these conditions, muscle cells release lactate, which is then taken up by the liver to provide
a substrate for gluconeogenesis. The glucose produced by the liver can in turn provide an energy
source for muscle cells, thereby completing the cycle. This pathway, known as the Cori cycle or the
glucose-lactate cycle, can account for up to 40% of plasma glucose turnover.

As expected, liver-specific deletion of MPC1 or MPC2 in mice impairs lactate/pyruvate-triggered
hepatic gluconeogenesis [75,76]. However, gluconeogenesis from alanine was increased in
MPC-deficient mice, and McCommis et al. [76] suggested that intramitochondrial transamination
of alanine to pyruvate may contribute to gluconeogenesis when mitochondrial pyruvate import is
inhibited. Thus, pyruvate-alanine cycling may constitute an alternative pathway for gluconeogenesis,
which circumvents the MPC. This interesting hypothesis implies the existence of a mitochondrial
transporter for alanine, which remains to be identified.

By decreasing gluconeogenesis, MPC inhibition was found to attenuate the development of
hyperglycemia induced by a high-fat diet (HFD) leading to improved glucose tolerance [75,77].
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MPC in Nonalcoholic Steatohepatitis (NASH)

The rise in the level of obesity in the population dramatically increased the incidence of a variety
of related metabolic diseases, including nonalcoholic fatty liver disease (NAFLD). The spectrum of
NAFLD ranges from simple hepatic fat accumulation to a more severe disease termed nonalcoholic
steatohepatitis (NASH), involving inflammation, hepatocyte death, and fibrosis.

As mentioned above, thiazolidinediones (TZDs) appear to be potent MPC inhibitors [78]. One TZD
derivative, MSDC-0602, prevents and reverses stellate cell activation and fibrosis in a mouse model of
NASH. Importantly, the effects of this small-molecule inhibitor were duplicated by genetic deletion of
MPC2 in hepatocytes and furthermore, the effects of MSDC-0602 were lost when MPC2 was deleted [79].
Thus, the MPC appears to be an attractive target in NASH [80]. Indeed, results from a phase IIb
clinical trial on patients with liver biopsy-confirmed NASH [81] showed that MSDC-0602K significantly
decreased liver steatosis, although it failed to prevent liver fibrosis.

4.2.3. MPC in Kidney

Diabetic kidney disease (DKD), which is characterized by albuminuria and renal hypertrophy,
is the leading cause of kidney failure. It was shown recently that treatment with artemether, a methyl
ether derivative of artemisinin used in the treatment of malaria and identified as a possible candidate for
treating T2D, prevented kidney hypertrophy and ameliorated the lesions that lead to renal enlargement
in T2D db/db mice. Interestingly, the mechanisms underlying this beneficial effect may in part be
associated with the ability of artemether to increase MPC1 and MPC2 levels in db/db mice [82].
In particular, podocytes, which play an important role in the development of DKD, undergo increased
apoptosis when the MPC is inhibited using UK5099 or RNA interference. These results suggest that
enhancing MPC function may reduce injury in high-glucose-treated podocytes and may possibly
attenuate DKD.

4.2.4. MPC in Muscle

During T2D, decreased glucose uptake by skeletal muscle significantly drives chronic
hyperglycemia [83]. Skeletal muscle-specific MPC knockout in mice (MPC SkmKO) leads to increased
glucose uptake in muscle and increased lactate release [84], thus increasing the Cori cycle as explained
above. Furthermore, FA oxidation appears to be increased in MPC-deficient cells. Because hepatic
gluconeogenesis is energetically supported by FA oxidation and muscle MPC disruption increases
muscle FA oxidation, futile Cori cycling is energetically supported by FA oxidation. In conclusion,
these findings raise the possibility that selectively decreasing skeletal muscle pyruvate uptake in obese
and T2D patients may promote fat loss and restoration of whole-body insulin sensitivity.

In conclusion of this part on metabolism and pathologies, it emerges that, while inhibition
of the MPC in complex metabolic diseases, such as T2D, is potentially interesting, it is difficult to
predict the outcome in patients for two main reasons: (i) because these pathologies are the result
of multiorgan dysfunction, and (ii) because antagonistic effects of MPC inhibition occur in different
organs. For example, while MPC inhibition increases glucose uptake in the muscles and decreases
gluconeogenesis in the liver, two beneficial effects for T2D, it also decreases insulin secretion, which a
priori could be problematic for diabetic patients. Thus, it remains unclear whether the combination of
these positive and negative effects will result in an overall benefit for the patient.

Due to embryonic lethality in mice at around E12, it is not possible to generate a constitutive
deletion of either MPC1 or MPC2 in all tissues [24–26] and, to date, experiments addressing the role of
MPC in the mouse were mainly performed using organ-specific deletion of the carrier. Furthermore,
we do not yet know whether a global, conditional knockout of MPC1 or MPC2 in adult mice would
be lethal. An alternative approach, therefore, is to address this question pharmacologically by
administering small-molecule inhibitors of the MPC, with the caveat that off-target effects cannot be
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excluded. Such experiments were performed recently and, as described above, promising results were
obtained in mouse models of NASH and T2D.

4.3. The Role of MPC in Cancer

As described above, cancer cells in vitro rely mainly on aerobic glycolysis for rapid cell growth
(Figure 3), and it is not surprising, therefore, that loss of MPC expression, which favors increased
glycolysis, was found to be associated with poor cancer prognosis [85–90].
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Figure 3. Tumor cell metabolism. In the primary tumor site, cancer cells mainly rely on aerobic glycolysis
(Warburg effect) and this metabolism favors cell proliferation and tumor growth. Some cancer cells
escape from the primary tumor site through the bloodstream, generating metastasis in other organs.
It is thought that, to do this, some cancer cell types switch to a more oxidative metabolism.

One of the main questions in the field is whether loss of functional MPC can initiate tumorigenesis
and, conversely, whether increasing MPC activity would result in reduced aerobic glycolysis.
Furthermore, if aerobic glycolysis is generally associated with tumor growth, there are a number of
reports showing that OXPHOS and ROS production are required for tumor metastasis. In this case,
what is the role of the MPC? Does expression of the MPC contribute to poor prognosis, and would
inhibition of the MPC be able to reduce cell invasion and metastasis? These are the questions we will
address in the next section.

4.3.1. The Role of MPC in Stemness

Re-expression of wild-type (WT) MPC1 and MPC2 in colon cancer cells, which carried mutations
or deletions in the MPC1 gene, impaired colony formation in soft agar and spheroid formation in vitro
and reduced tumor growth in vivo [89]. In addition, these antitumoral effects were accompanied by a
decrease in stem-cell markers, such as aldehyde dehydrogenase (ALDH) A (ALDHA), lin-28 homolog
A (LIN28A), leucine rich repeat containing G protein-coupled receptor 5 (LGR5), and homeobox
transcription factor Nanog (NANOG), suggesting that a decrease in MPC expression promotes the
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Warburg effect and the maintenance of stemness in colon cancer cells. Consistent with these findings,
Zhenhe Suo and colleagues showed that pharmacological or genetic inhibition of the MPC stimulated
aerobic glycolysis in prostate, esophageal squamous, and ovarian cancer cells in vitro [87,91–93].
This was associated with higher levels of stem-cell markers including organic cation transporter (OCT)
OCT3/4, NANOG, hypoxia inducible factor 1 alpha (HIF1α), notch receptor 1 (NOTCH1), CD44
antigen, and ALDH [91,93]. Moreover, MPC inhibition conferred on these cells the ability to migrate
and an increased resistance to both chemotherapy and radiotherapy [87,91,93]. Similar observations
were reported for lung adenocarcinomas [90]. Taken together, these results highlight a role of MPC in
determining the stemness status of cancer cells in vitro.

More recently, MPC was shown to be involved in the initiation of intestinal tumor formation
in mice and Drosophila [94]. Sporadic colon tumors are believed to follow a typical progression
pathway in which the initial tumorigenic event triggers intestinal stem-cell hyperplasia, leading to
the formation of a benign adenoma. This initial event was associated with hyperactivation of the
Wnt/β-catenin pathway and loss of function of the APC tumor suppressor. In this study, expression
of both MPC1 and MPC2 was found to be decreased in adenomas in two different mouse models
of colon cancer, the azoxymethane and dextran sodium sulfate (AOM-DSS) models, as well as a
genetic model of heterozygous loss of Apc in intestinal stem cells (ApcLrig1KO/+Mpc1Lrig1KO mice) [94].
Targeted deletion of MPC1 in adult LRIG1+ intestinal stem cells (Mpc1Lrig1KO) led to an increased
tumor burden and a substantial increase in the incidence of macroscopic tumors in the AOM-DSS
model. Furthermore, in the heterozygous Apc model, the ApcLrig1KO/+Mpc1Lrig1KO mice exhibited a
higher tumor burden compared to ApcLrig1KO/+ mice, and the macroscopic tumor burden was also
much higher. These results demonstrate that loss of MPC function is sufficient to promote intestinal
tumor initiation in a chemically induced tumor model and in different genetic tumor models. Similarly,
in Drosophila, loss of the MPC or Apc led to hyperproliferation of intestinal stem cells and, importantly,
the hyperproliferation following deletion of Apc was completely suppressed by ectopic expression of
the MPC. Interestingly, the metabolic consequences of MPC loss resulted in all Mpc1Lrig1KO adenomas
attaining a stem-like phenotype.

In conclusion, decreased mitochondrial pyruvate metabolism through elimination of MPC activity
is sufficient to increase the oncogenic susceptibility of both the fly and the mouse intestinal tracts.
Thus, constitutive enforcement of the metabolic program found in hyperproliferative colonic lesions
predisposes intestinal stem cells to adenoma formation.

4.3.2. The Role of MPC in Epithelial-Mesenchymal Transition (EMT)

During tumorigenesis, cancer cells acquire migratory and invasive properties through induction
of the epithelial-mesenchymal transition (EMT). It was proposed that production of ROS can trigger
metastasis [95], and some authors proposed that aerobic glycolysis would promote primary tumor
formation, while a shift to a more oxidative metabolism would be required for metastasis (Figure 3).
In intrahepatic cholangiocarcinoma, known to have a high malignant potential, low MPC1 expression
is correlated with poor prognosis and a significant increase in the percentage of distant metastasis [88].
The most well-known phenomenon associated with metastasis of cancer cells is EMT, which is strongly
linked to the function of MPC1. Indeed, MPC1 expression was downregulated in human biliary tract
cancer cells undergoing TGF-β (transforming growth factor beta)-induced EMT, and the knockdown of
MPC1 expression led to induction of EMT in these cancer cells. These findings support the conclusion
that MPC1 functions as a modulator of EMT induction and contributes to the malignant potential of
intrahepatic cholangiocarcinoma cells.

Consistent with this conclusion, the study of Takaoka and collaborators found that, in pancreatic
and colon cancer cells, EMT was induced following suppression of MPC1 expression [96]. These authors
showed that MPC1 and MPC2 knockdown upregulated the glutaminase GLS, inducing EMT. This effect
was suppressed in glutamine depletion conditions, revealing glutamine metabolism as an important
mechanism inducing EMT. Finally, MPC1 was found to be downregulated in renal cell carcinoma
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tissue when compared with adjacent non-cancerous tissue, and lower MPC1 expression correlated
with unfavorable prognosis for renal cell carcinoma patients [97]. Functionally, MPC1 suppressed the
invasion of renal carcinoma cells in vitro and reduced their growth in vivo by decreasing the expression
of the matrix metalloproteases 7 and 9 (MMP7 and MMP9).

4.3.3. MPC and Lactate in Tumor Growth

The consequence for cancer cells of relying on aerobic glycolysis is, firstly, the need to import high
levels of glucose to compensate for the loss of ATP production by OXPHOS and, secondly, high amounts
of lactate produced in the cytosol by LDH-mediated reduction of pyruvate are released from the
cell. The latter leads to acidification of the extracellular microenvironment, which favors metastasis,
angiogenesis, and immunosuppression [98]. Thus, lactate can be seen as an oncometabolite in the
metabolic reprogramming of cancer cells. However, the role of lactate in cancer is complex. Recently,
two groups reported high levels of lactate in the blood of patients with lung cancers [99,100], as well as
in a mouse lung cancer model [100]. Interestingly lactate was found to be imported into tumor cells to
at least the same extent as glucose, although the consequences of high levels of lactate in cancer cells
remains unclear. In particular, it is unclear whether lactate, after conversion into pyruvate, could fuel
the TCA cycle, participate in OXPHOS, and/or lead to the synthesis of intermediary metabolites,
including acetyl-CoA, which could influence chromatin remodeling and gene expression.

4.3.4. Inhibition of MPC Activity Delays Tumor Growth

Reduced levels and activity of the MPC are associated with the majority of cancer types. Therefore,
in most cases, a therapeutic strategy based on MPC would need to promote MPC expression and/or its
activity. However, there are two reports to date of tumors in which inhibition of the MPC was shown
to delay tumor growth, as well as a third report showing a promising adjuvant effect of MPC inhibition
when coupled with radiotherapy.

In one report (see Section 3.1) the androgen-sensitive prostate tumor was shown to require
MPC for growth and it should, therefore, be sensitive to MPC inhibition [33]. In a second report,
it was shown that liver-specific disruption of MPC in mice decreased development of a hepatocellular
carcinoma induced by a low-dose exposure to N-nitrosodiethylamine (DEN) plus carbon tetrachloride
(CCl4) [101]. In the latter case, MPC-disrupted hepatocytes showed increased glutaminolysis to
maintain the TCA cycle, and re-synthesis of glutathione was found to occur at a lower rate because less
glutamine was available for glutathione synthesis. These findings raise the possibility of a model in
which inducing metabolic competition for glutamine by MPC disruption would impair hepatocellular
tumorigenesis by limiting glutathione synthesis. In the third report, MPC inhibition led to decreased
oxygen consumption by tumor cells, thereby sparing oxygen locally and reducing hypoxia in the
vicinity of the tumor. Importantly, this higher oxygen concentration around cells exacerbated the toxic
effects of radiotherapy [102].

All together these results suggest that MPC inhibitors could be useful therapeutically to treat
some selected cancer types.

5. Conclusions

In conclusion, mitochondrial pyruvate transport is essential for normal embryonic development
and plays a key role in the function of many organs in the adult. Being at the heart of cell metabolism,
MPC activity is solicited in several processes that require the presence of pyruvate inside mitochondria,
to drive either cataplerotic reactions, such as gluconeogenesis or lipid synthesis, or anaplerotic reactions,
to drive TCA cycle activity and consequently OXPHOS. Although cells can adapt their metabolism to
circumvent impaired metabolic changes, this does not always prevent perturbation of cell homeostasis
and pathology. We can see that, if preserving or restoring MPC activity is the objective in several
pathologies, including certain cancers, we can also show that inhibition of MPC activity could be
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beneficial in some pathologies. These pathologies, which include T2D, NASH, and PD, as well as
probably others yet to be discovered, may provide diverse therapeutic applications for MPC inhibitors.
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Abstract: Mitochondrial carriers (MC) are a large family (MCF) of inner membrane transporters
displaying diverse, yet often redundant, substrate specificities, as well as differing spatio-temporal
patterns of expression; there are even increasing examples of non-mitochondrial subcellular
localization. The number of these six trans-membrane domain proteins in sequenced plant genomes
ranges from 39 to 141, rendering the size of plant families larger than that found in Saccharomyces

cerevisiae and comparable with Homo sapiens. Indeed, comparison of plant MCs with those from
these better characterized species has been highly informative. Here, we review the most recent
comprehensive studies of plant MCFs, incorporating the torrent of genomic data emanating from
next-generation sequencing techniques. As such we present a more current prediction of the substrate
specificities of these carriers as well as review the continuing quest to biochemically characterize
this feature of the carriers. Taken together, these data provide an important resource to guide direct
genetic studies aimed at addressing the relevance of these vital carrier proteins.

Keywords: amino acid; biological function; ion; inner mitochondrial membrane; mitochondrial
carrier family; organic acid; substrate specificity; transport mechanism; vitamin

1. Introduction

The acquisition of the mitochondrial endosymbiont brought a wide range of novel metabolic
capabilities to the ancestral eukaryotic lineage [1]. Alongside efficient synthesis of ATP via the process of
oxidative phosphorylation, the mitochondria are also the site of numerous other anabolic and catabolic
pathways. The host cell has exploited this and depends on the mitochondria as a source of carbon
skeletons for several further metabolic pathways including nitrogen assimilation, photorespiration, C1

metabolism, photosynthesis in C4 and crassulacean acid metabolism as well as the utilization of storage
pools of carbon and nitrogen during seed germination [2,3]. Mitochondria additionally play roles in the
biosynthesis of amino acids, tetrapyrroles, fatty acids and vitamin co-factors [4,5]. In order to achieve
this, the mitochondrial matrix needs to be supplied by a wide range of solute transporters. Intriguingly,
in a model of enzymes allocated to specific cellular compartments of Arabidopsis, Mintz-Oron et al. [6]
revealed that approximately half of the reactions could be assigned to specific subcellular compartments
based on experimental evidence. For the remainder, they predicted the most likely subcellular location
based on a parsimony principle of minimizing the number of intracellular transporters required
to activate the reactions with a known localization in the corresponding compartments [6]. This
method predicted that a metabolic network of some 1200 reactions (compartmented among the cytosol,
plastid, mitochondrion, endoplasmic reticulum, peroxisome, vacuole and Golgi apparatus) required
a phenomenal 772 intracellular transporters. Similarly, at least 228 metabolites and 89 transport
processes are required in the minimal human mitochondrial metabolic network [7], suggesting that the
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total number of solute transporters currently catalogued to reside in the plant mitochondria may be
insufficient to account for all transport steps required [8]. It is, however, important to note that this list
contains not only MCF (mitochondrial carrier family) members but also members of other families [8].
Although the outer mitochondrial membrane is permeable to small solutes (with a molecular mass
of less than 4–5 Da) [9–11], the inner membrane is impermeable with only very small uncharged
molecules such as O2 and CO2 able to readily pass through this membrane. The passage of hydrophilic
compounds across the inner mitochondrial membrane is mainly catalyzed by the nuclear encoded
mitochondrial carrier family (MCF) [12–15]. MCs (mitochondrial carriers) are small proteins ranging
in size from 30–34 kDa and possess common defining structural features. Their primary structure is
characterized by three tandemly repeated, approximately 100 amino acid long, homologous domains
with each repeat containing two hydrophobic segments, which span the membrane, and a characteristic
amino acid sequence motif PX[D/E]XX[K/R]/RX[K/R] (20–30 residues) [D/E]GXXXX[W/Y/F][K/R]G
(PROSITE PS50920, PFAM PF00153 and IPR00193). Two sub-families, the aspartate/glutamate and
ATPMg-Pi carriers, have additional N-terminal regulatory domains of approximately 150 amino acids
that usually contain Ca2+-binding motifs [12,16]. The molecules transported by the MCF are highly
variable in size and structure, ranging from H+ and NAD+ and coenzyme A. They also display a range
of ionic charges being either positive, negative or zwitterionic at physiological pH. They often act as
antiporters, although uniport transport and H+-compensated anion symport is also mediated by some
MCs. Furthermore, MCs can be subdivided on the basis of their electrical nature with for example the
ADP/ATP and aspartate/glutamate transporters drive electrogenic reactions (which result in net charge
transfer) whereas the carrier subfamilies for phosphate (Pi), glutamate, and GTP/GDP as well as for
2-oxoglutarate and ornithine are electroneutral.

Considerable research has been conducted on characterizing members of the MCF in both yeast
and animals (see [13,14,17–27] for reviews). Regarding other eukaryotes, the MCF members of
the early-branching kinetoplastid parasite Trypanosoma brucei have been studied by sequence and
phylogenetic analyses [27]. This study gave new insights into the evolution and conservation of
the 24 identified MCF homologues identified in that organism [27]. In recent years the advent and
exploitation of systems biology approaches have provided considerable insight into the putative
in vivo function of plant MCFs, whilst the adoption of recombinant enzyme approaches have allowed
the biochemical characterization of their functions. In this article, we summarize the structure and
transport mechanisms of members of the MCF family, discuss its expansion in plants and finally
summarize the biochemical characterization of the transport properties of MCF members that have been
reconstituted in liposomes. The reader is referred to our other article in this issue [28] for information
concerning the, sometimes unusual, subcellular localization of these proteins and the characterization
of transgenic loss-of-function lines.

2. Structure and Transport Mechanisms

Due to its high abundance, the ADP/ATP carrier (AAC) is the member of the family that
has been studied the most. It is the first mitochondrial carrier for which a high-resolution X-ray
structure was provided [29]. The bovine carrier was crystallized in the presence of a strong inhibitor,
the carboxyatractyloside (CATR). The structure gives an insight not only into the overall fold of
mitochondrial carriers in general but also into atomic details of the AAC in a conformation that is open
toward the intermembrane space (IMS). The three dimensional structure of the ADP/ATP carrier is
critical to our understanding in several other ways. First, it exhibits a three-fold pseudo-symmetry
in lines with the three-fold sequence repeats mentioned above [30], similar to that observed by
electron microscopy [31]. Secondly, it approximately corresponds to the c (cytosolic)-state of the
ADP/ATP carrier since CATR blocks the carrier in this state [19]. Thirdly, this structure has become
a much used template for the building of homology models of various carriers, greatly improving
our understanding of MC structure/function relationships [32–38]. The structural fold observed in
the bovine transporter was subsequently confirmed by the structures of two yeast isoforms of the
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ADP/ATP carrier. Intriguingly, the odd-numbered transmembrane alpha-helices have pronounced
kinks at the Pro residue of the highly conserved signature motif Px[DE]xx[KR], with the P kink giving
them a pronounced L shape which helps to block access of the central cavity from the mitochondrial
matrix in the c-state (Figure 1). The charged residues of the signature motifs from inter-domain salt
bridges [29,39] are now known as the matrix salt bridge network. Furthermore, residues of the salt
bridge interact with a proximal glutamine residue which hydrogen bonds to both salt bridge residues
forming a glutamine brace (Q brace [39]). These residues are highly conserved with one to three Q
braces typically found in the SLC25 subfamily of the MCF. CATR inhibits the ADP/ATP carrier by
binding tightly in the central cavity thus prevent translocation across the membrane. Just last year, the
first structure of a mitochondrial carrier in the m-state has been solved—the ADP/ATP carrier from the
thermotolerant fungus Thermothelomyces themophilia inhibited by bongkrekic acid [40]. The m-state
structure displays the same three-domain architecture, but with the domains rotated compared with
the c-state, opening the central cavity to the mitochondrial matrix and closing it to the intermembrane
space and thereby disrupting the matrix network and Q brace [14]. On the intermembrane side the
transmembrane helices are positioned closely together and form the interdomain cytoplasmic salt
bridge network (Figure 1). This network is stabilized by hydrogen bonds with the hydroxyl bonds
with the hydroxyl groups of the tyrosines of the motif forming a tyrosine brace (Y brace; [39]). Most
SLC members have one to three Y braces. Having structural information for both c- and m-states has
significantly advanced our understanding of how these proteins operate at the molecular level. These
advances have been excellently covered elsewhere [25], so we will not detail them here except to say
that the structural features are likely to be conserved, with few exceptions, throughout the MCF.

Figure 1. Mechanism of substrate translocation catalyzed by mitochondrial carriers. Simplified scheme
depicting the transition of mitochondrial carriers from the c-state to the m-state and vice versa as
previously proposed [14]. The trapezoid shape on the left is used to illustrate the c-state after the release
of the substrate towards the cytosol and immediately after the entry of the substrate from the cytosolic
side; the trapezoid shape on the right illustrates the m-state after the release of the substrate into the
matrix and immediately after the entry of the substrate from the matrix side; and the two central
hexagonal shape solids depict the transition states (t-state) of the carrier with the bound substrate
entered from the cytosol and from the matrix. The yellow disk and green rectangle shapes represent
the substrates entering from the cytosol and from the matrix, respectively; orange triangles represent
closed gates, and dotted orange triangles indicate open or partially closed gates. All transport steps
are fully reversible. The positions of the salt bridge networks (cytosolic and matrix gates), P-G level 1,
substrate binding site and P-G level 2 are indicated on the right.
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3. Extension of the MCF

Although only six MC proteins were sequenced following their purification from mitochondria or
by DNA sequencing (see [41] and references therein) the genomic era has massively expanded our
inventories of the MCFs of various species with S. cerevisiae encoding 35 [42], the human genome 50 [18]
and Arabidopsis thaliana 58 [5]. The first step in identifying MC function is to search for the substrates
transported by a specific carrier. In order to do so, the primary tools in our arsenal are phylogenetic
clustering, genetic information, knowledge of cellular metabolism and complementation of phenotypes.
However, such methods remain inconclusive and overly speculative. To date, the most effective
strategy has been heterologous expression in Escherichia coli (see for example [43]) or S. cerevisiae (see for
example [44–46]) and reconstitution of the subsequently purified recombinant carriers into liposomes in
which direct transport assays are performed. To date, such gene-function studies have been carried out
on 32, 40 and 26 of the MCFs of S. cerevisiae, human and A. thaliana, respectively. Focusing on the green
lineage alone, MCs are highly abundant in the genomes of several species of dicots, monocots and algae
with a 2020 update (Table 1 and Table S1) suggesting they range in number from 39 to 141, surpassing
the 37 to 125 range when we last reviewed this family in 2011 [12]. In turn, a reasonable understanding
of the apparently increasing number of predicted MCF genes in green line in comparison with the
report of 2011 [12] is the development of powerful tools concerning both next generation sequencing
approaches and/or bioinformatics algorithms for annotation and assembly of new, more accurate de

novo reference genomes. In this review we demonstrate how the function of A. thaliana proteins could
be reasonably, yet not completely, accurately predicted via examination of their symmetry-related
triplets and subsequent comparison to those of MC subfamilies for which substrate specificities were
determined in human, yeast or Arabidopsis itself. Those instances in which poor accordance was
found between the prediction and experimental results can be split in two: those displaying novel
substrate specificity and those residing at different subcellular localization [28]. Table 2 lists the main
subfamilies that MCs can be partitioned into on the basis of their substrate specificities. It is, however,
important to note that the caveats which we previously mentioned [12] remain valid. In brief: (i)
some substrates are transported by more than one subfamily; (ii) the best transported substrate in
reconstituted liposomes may not reflect the most important substrate under physiological conditions;
(iii) some subfamilies may additionally transport as yet untested substrates (see for example [47]);
and (iv) most of the subfamilies presented in this table are present in all eukaryotes. It has been
suggested that key amino acids residues important for the transport mechanism are likely symmetrical,
and those involved in substrate binding are likely asymmetrical (indicating the asymmetry of the
substrates) [32–38]. Hence, scoring the symmetry of residues in the sequence repeats, it is possible
to associate the substrate-binding sites and salt bridge networks that are important for the transport
mechanism in family members [32–38]. Thus, the substrate specificity defined carrier subfamilies are
also characterized by specific amino acid triplets with the number of characterizing triplets ranging
from two to eight. Moreover, related subfamilies sharing some triplets, for example the NAD+, PyC
and FAD families, share triplet 19 as well as some transport substrates [48,49] whereas the OGC and
DTC subfamilies also share two triplets (KLK and GTY) as well as some transported substrates [43,50]
substrate specificity. Finally, as in our previous study, the uncoupling protein (UCP) and unnamed
transporters have been added despite the fact that the substrates are unknown for the latter. However,
in contrast to our previous study [12], as detailed below, the substrate specificities of UCP have recently
been characterized [51].
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Table 1. Mitochondrial carriers (MCs) present in each chromosome of plant genomes recently sequenced.

Dicots A. thaliana M. truncatula G. max S. lycopersicum V. vinifera P. persica D. carota

Chr mbp MC N◦ mbp MC N◦ mbp MC N◦ mbp MC N◦ mbp MC N◦ mbp MC N◦ mbp MC N◦

1 30 10 46 8 57 8 98 9 23 2 48 12 51 13
2 20 10 56 4 49 11 56 5 19 2 30 8 44 14
3 23 9 57 11 46 7 72 7 19 2 27 8 50 4
4 19 10 44 11 52 10 67 7 24 2 26 2 36 10
5 27 20 35 9 42 7 67 5 25 3 19 8 42 8
6 – – 49 7 51 9 50 6 22 4 31 12 37 4
7 – – 46 11 45 10 68 1 21 2 22 3 36 14
8 – – 37 21 48 16 66 6 22 2 23 7 32 5
9 – – – – 50 5 73 6 23 4 – – 34 2
10 – – – – 52 4 66 4 18 5 – – – –
11 – – – – 35 3 57 4 20 1 – – – –
12 – – – – 40 2 68 5 23 3 – – – –
13 – – – – 46 7 – – 24 2 – – – –
14 – – – – 49 5 – – 30 5 – – – –
15 – – – – 52 4 – – 20 2 – – – –
16 – – – – 38 7 – – 22 4 – – – –
17 – – – – 42 6 – – 17 4 – – – –
18 – – – – 58 6 – – 29 6 – – – –
19 – – – – 51 8 – – 24 2 – – – –
20 – – – – 48 6 – – – – – – – –

Unknown – – 28 – 29 – 21 – 59 3 1 – 59 7
Total 119 59 397 82 978 141 828 65 485 60 227 60 421 81

Monocots B. distachyon S. bicolor Z. mays O. sativa H. vulgare S. italica M. acuminata

Chr mbp MC N◦ mbp MC N◦ mbp MC N◦ mbp MC N◦ mbp MC N◦ mbp MC N◦ mbp MC N◦

1 75 17 81 15 307 14 43 11 558 5 42 7 28 9
2 59 17 78 6 244 8 36 7 768 3 49 5 22 6
3 60 10 74 9 236 7 36 10 700 10 51 7 30 7
4 49 8 69 9 247 10 36 3 647 9 40 4 30 10
5 29 4 72 2 224 13 30 8 67 10 47 11 29 6
6 – – 61 5 174 5 31 3 583 5 36 3 35 16
7 – – 66 3 182 4 30 1 657 4 36 5 29 11
8 – – 63 2 181 12 28 3 – – 41 3 35 12
9 – – 59 7 160 9 23 6 – – 59 18 34 9
10 – – 61 4 151 5 23 2 – – – – 34 21
11 – – – – – – 29 5 – – – – 26 4
12 – – – – – – 28 2 – – – – – –

Unknown 0 – 25 – 28 3 1 – 249 4 4 – 140 –
Total 271 56 709 62 2134 90 374 61 4229 50 406 63 472 111
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Table 1. Cont.

Algae C. reinhardtii O. tauri M. commoda

Chr mbp MC N◦ mbp MC N◦ mbp MC N◦ mbp MC N◦

1 1 6 1 2 1 5 2 3
2 1 3 1 3 1 3 2 5
3 1 5 1 3 1 5 2 3
4 1 0 0 4 1 0 2 4
5 1 0 0 0 1 0 2 5
6 1 1 1 9 1 1 1 6
7 1 3 1 2 1 3 1 5
8 1 1 1 1 1 1 1 2
9 1 1 1 5 1 1 1 1
10 1 3 1 3 1 3 1 0
11 1 2 0 1 1 3 1 2
12 1 4 1 2 1 3 1 6
13 1 3 1 0 1 2 1 1
14 1 1 0 0 1 1 1 3
15 0 1 0 1 1 1 1 1
16 0 3 1 6 1 2 1 1
17 0 2 1 1 0 3 0 0
18 0 0 – – 0 2 – –
19 0 0 – – 0 0 – –
20 1 1 – – 0 0 – –
21 0 3 – – – – – –

Unknown – – 10 3 – – – –
Total 13 43 21 46 13 39 21 48

The data were retrieved from comparative genome platform Plaza (https://bioinformatics.psb.ugent.be/plaza/), Ensembl-plants (http://plants.ensembl.org/index.html) and Phytozome
(http://www.phytozome.net/). The InterPRO domain used for mitochondrial carrier was ‘IPR023395’. All the sequences were validated by protein blast analysis on the non-redundant
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The number of MCs refers to sequences which are longer than 265 amino acids and non-redundant. chr, chromosome; mbp, mega
base pairs.
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An additional method for analyzing function has been the deduction from phylogenetic trees—an
approach that has also been used to address the evolution of the MCFs [12,52]. Intriguingly, either if all
MCF members of a single representative of a kingdom [12] or multiple representatives of each kingdom
but only a subset of the MCFs are used [52] similar broad conclusions can be made. These are namely
that the MCFs are highly divergent, yet that the fact that the vast majority are conserved across plants,
animals and yeast lineages suggests that many MC functions existed before the speciation events
that have produced the three kingdoms [12]. Interestingly, however, the comparison of intraspecific
paralogs suggests that these originated by gene duplication events that occurred independently in
those three lineages [12]. At a finer level the comparison of tricarboxylic acid (TCA) cycle relevant
MCFs alone revealed that mitochondrial organic acid transporters formed two distinct clades. In the
first clade, dicarboxylate carriers (DICs) and dicarboxylate-tricarboxylate carrier (DTC) grouped with
2-OG carriers (OGCs). The succinate-fumarate carrier (SFC) formed the second organic acid clade with
other non-plant organic acid transporters including oxodicarboxylate carriers (ODCs), citrate carriers
(CiCs), and yeast suppressor of HM (histone-like proteins in yeast mitochondria) mutant 2 (YHM2).
Biochemical data would indicate that DTC and CiC must be closely related as they both transport
citrate; phylogenetic analysis revealed that SFC, and not DTC, is more similar to CiC [52]. Based on
available biochemical data, it thus appears that the transport functions of CiC and DTC have evolved
independently but perhaps convergently. As would be expected, the possibility to use phylogeny to
detect orthologs between plants is much greater than across kingdoms [12]. The use of tools such as
Orthofinder, which provides phylogenetic inference of orthologs [53], and PlaNet and FamNet, which
include co-expression data to refine such searches [54,55], render such searches easier and will likely
prove highly informative in improving our understanding of plant MCFs beyond Arabidopsis.

Further evolutionary insight into plant MCF members was attained by studying the location of
introns in MC genes and examining the synteny between MCF members in the dicot A. thaliana, the
monocot Brachipodium distachyon and the algae Osterococcus luminarius [12]. The first of these strategies
took its cue from the observation that introns tend to interrupt the coding sequence of the human
citrate, carnitine and dicarboxylate carrier genes at positions corresponding to or in the close vicinity
of the hydrophilic loops in the MC amino acid sequences [56–58]. Comparison of all 58 members of the
A. thaliana MCF revealed that hydrophobic loops host a notable excess in intron density compared
with transmembrane helices, suggesting that introns are unrepresented in transmembrane helices
due to negative selection [12]. In the second analysis, the co-linearity of regions of the A. thaliana,
B. distachyon and O. luminarius genomes were exploited. In O. luminarius six MCF genes were found
in co-linear regions of chromosomes 13 and 21, consistent with the known origin of chromosome 21
in this species [59]. In spite of several whole genome duplication events (see [60,61] for reviews) the
same number of gene pairs were found in Arabidopsis, a fact best explained by high rate of gene
loss and gene rearrangement in this species [62,63]. By contrast, the genome of B. distachyon contains
six pairs of MC paralogs in co-linear segments, likely reflecting a lower rate of gene loss and gene
rearrangement in this species. Fascinatingly, however, even though approximately 500 million years
separate monocots and dicots from the common ancestor of the angiosperm, 15 MCs in Arabidopsis
and 13 in Brachipodium are present in conserved synteny blocks with an over-representation for
nucleotide carriers being apparent which has been suggested to reflect either that their preferential
expansion is tolerated in angiosperms or, more likely, that they functionally contributed to angiosperm
evolution [12].

4. Biochemical Characterization of Plant MCF Members

Out of 58 MCF members found in Arabidopsis genome, 17 genes have not been fully characterized
and therefore the biochemical role of these proteins remains unknown. In the last 10 years, the
biochemical functions of 21 MCs from Arabidopsis have been investigated (Table 2) and studies on the
characterization of the physiological importance of these carriers in plants have been reported [28].
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4.1. Coenzyme A Carriers

From the subfamily of nucleotides and dinucleotides carriers, two genes encoding for MCF
proteins, At1g14560 and At4g26180, based on the presence of sequence motifs (symmetry-related
amino acid triplets [12]) were described as potential coenzyme A (CoA) carriers [12]. Comparative
genomic analysis allowed the identification of two homologs of these proteins in maize (Zea mays;
GRMZM2G161299 and GRMZM2G420119) [64]. It was verified that all these proteins from maize
and Arabidopsis are targeted to mitochondria and are also able to complement the growth wild type
phenotype in the yeast leu5D mutant [65] defective for the mitochondrial CoA carrier [64]. These
proteins also restored the mitochondrial CoA level in the same yeast mutant. These results clearly
demonstrated that these proteins catalyze the transport of CoA through the mitochondrial membrane.
It is noteworthy that, to our knowledge, the substrate specificity of this transporter has not yet been
fully investigated. This is particularly important, because in addition to CoA, these transporters
might also have capacity to transport other substrate or substrates. In this regard, it was reported
that the Arabidopsis peroxisomal NAD carrier PXN, in addition to NAD+, NADH, AMP, ADP and
adenosine 3’, 5’-phosphate (PAP), is also able to catalyze CoA transport [66]. PXN is encoded in
Arabidopsis by the gene At2g39970 and was investigated regarding its substrate specificity and the
transport properties by using a wide range of potential substrates [66]. Detailed biochemical analyses
demonstrated that PXN catalyzes fast counter-exchange of substrates and much slower uniport [66].
In the same study, it was shown that the transport catalyzed by PXN is saturable with a submillimolar
affinity for NAD+, CoA and other substrates. More recently, the physiological function of PXN in
plants was further investigated [67]. Interestingly, by using S. cerevisiae, uptake analyses indicated
that PXN has a low affinity for CoA, which suggests that the PXN function of the CoA transporter
might not be possible under physiological conditions. Complementing diverse mutant yeast strains
with PXN and investigating the suppression of the mutant phenotypes, the authors provided evidence
that PXN is not able to function as a CoA transporter or a redox shuttle by mediating a NAD+/NADH
exchange, but instead catalyzes the import of NAD into peroxisomes against AMP in intact yeast
cells [67]. This work demonstrated that Arabidopsis PXN supplies the peroxisomes with NAD by
importing this coenzyme from the cytosol in exchange with AMP.

4.2. Nicotinamide Adenine Dinucleotide (NAD) Carriers

Regarding NAD transport in mitochondria and plastids, in addition to PXN, it has been
demonstrated that two MCF members in Arabidopsis, named AtNDT1 and AtNDT2, are able
to catalyze the import of NAD in these organelles [68]. Both carriers are able to complement the
phenotype of a yeast mutant lacking NAD+ transport [68]. Surprisingly, both AtNDT1 and AtNDT2
exhibit similar substrate specificity, being able to import NAD+ against ADP or AMP, and not accepting
NADH, NADP+, NADPH, nicotinamide or nicotinic acid as transport substrates [68]. Intriguingly,
despite the similarities in terms of biochemical properties, initial localization analysis indicated that
AtNDT1 was located in the plastid membrane while AtNDT2 was in the mitochondrial membrane [68].
Surprisingly, AtNDT1 was found in mitochondrial membranes in proteome studies [69] and previously
a GFP-tagging and immunolocalization study was not able to find AtNDT1 targeted to chloroplast
membranes [70]. Very recently, both AtNDT1- and AtNDT2-GFP fusion proteins were found exclusively
located in the mitochondria, clearly indicating their mitochondrial localization [71].

4.3. Adenylate Carriers

The transport catalyzed by the ADP/ATP carrier plays an important role in sustaining the cellular
ATP homeostasis by facilitating the counter exchange of mitochondrial ATP for cytosolic ADP [72].
ADP/ATP carrier proteins have been identified and characterized in different species including
organisms of medical and veterinary importance, such as T. brucei [27,73,74]. The importance of the
efficient adenylate transport systems for intracellular energy partitioning between the cell organelles has
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been widely demonstrated in plants (for review see [72]). Adenylate carriers found in different organelles
have been previously identified and biochemically characterized in plants. There are three subgroups
of MCF responsible for adenylate transport in plants: (1) the well-characterized ADP/ATP carriers,
named AAC carriers (AtAAC1, At3g08580; AtAAC2, At5g13490; and AtAAC3, At4g28390), which
are required for mitochondrial energy passage (for review see [72]) and represent the most abundant
proteins in the inner mitochondrial membrane (AtAAC1–3; 53,065 protein copies/mitochondria [75]); (2)
the mitochondrial ATP-Mg/phosphate carriers, named as APC carriers (AtAPC1, At5g61810; AtAPC2,
At5g51050; and AtAPC3, At5g07320); and (3) the adenine nucleotide transporter ADNT1 (At4g01100),
which transport AMP instead of ADP as counter exchange substrate of ATP [76].

In Arabidopsis there are three genes encoding putative APC proteins (AtAPC1–3). These
proteins belong to the MCF and exhibit high amino acid sequence similarities to their human and
yeast counterparts [12,19]. It was demonstrated that all APC proteins from Arabidopsis localize
to mitochondria and restore the growth phenotype of APC yeast loss-of-function mutants [77].
Interestingly, these carriers interact with calcium (Ca2+) via their N-terminal EF-hand motifs
in vitro, suggesting that APC1–3 isoforms represent Ca2+-regulated ATP-Mg/phosphate transporters.
Insights into the biochemical characteristics of these APCs were reported based on reconstitution of
heterologously expressed proteins into liposomes [16,78]. The obtained results demonstrated that
Arabidopsis APCs mediate antiport of ATP, ADP and phosphate and the transport characteristics
indicated that the plant APCs preferentially import the Ca2+- and not the Mg2+-complexed form of
ATP, at least in an in vitro system [78]. It is important to note that recent evidence indicates that not
only Mg2+ and Ca2+, but also other divalent cations and specifically Mn2+, Fe2+, Zn2+ and Cu2+, are
transported together with ATP by human and Arabidopsis APCs [79].

Table 2. Subfamilies of mitochondrial carrier defined by substrate specificity.

Subfamilies Aliases Main Substrates Triplets * References

For nucleotides and
dinucleotides

ADP/ATP AAC ADP, ATP 11 (DNS), 19 (AGT), 23 (KL[G/S]), 84 (TYG), 85
(QRX), 88 (NYV) [19,80]

Coenzyme A/PAP CoA/PAP - 23 (K[V/A]Q), 34 (IVR), 88 ([K/Q]SS) [65,81]

ATP-Mg/Pi APC ATP-Mg, ATP-Ca, Pi, AXP 23 (RQ[Q/A]), 30 (DE[A/T/N]), 84 (EYA), 88 (KDS) [19,76,82–84]

Thiamine pyrophosphate TPC Thpp, thmp; (d)NDP, (d)NTP 23 (R[T/S]K), 34 (IT[K/R]), 80 (L[A/T]K), 85 (GAT) [85–87]

Pyrimidine nucleotides PNC Pyrimidine
(deoxy)nucleotides

19 (G[G/A]K), 27 (CNY), 30 ([D/E]WE), 37 (QQR),
83 ([PEP), 85 (R[I/V][S/T]) [48,88]

FAD/folate FAD Folates, FAD 19 (GGK), 27 (HNY), 30 (DWQ) [70,89,90]

ANT ANT ATP, ADP, AMP 19 (SAK), 30 (DAI), 33 (KAK), 37 (QKR) [46]

NAD+ NDT/PXN NAD+, (d)AMP, (d)GMP 19 (GGK), 27 (CNY), 30 (DWE), 89 (FP[L/F]) [49,68]

GTP/GDP GGC GTP, GDP, dgtp, dgdp, ITP,
IDP 22 (EGS), 23 (IEL), 84 (QGK), 85 (RSL), 88 (KLS) [91]

For di-/tri-carboxylates and keto acids

Dicarboxylates DIC Malate, succinate, phosphate,
sulfate, thiosulfate

26 (TG[C/S]), 27 (H[N/T][S/Q/N]), 33 (K[N/M]K),
88 (RQ[I/L/T]) [42,92,93]

Di-/tri-carboxylates DTC Oxoglutarate, citrate 26 (IGS), 27 (QSL), 33 (KLK), 35 (RRQ), 77 (GTY),
84 (YLH), 88 (RMT), 93 ([K/R]DN) [50]

Citrate/isocitrate SFC Citrate, isocitrate, aconitate 22 (EAG), 84 (KNG), 88 (RNT) [94–96]

Citrate CTP Citrate, malate, isocitrate,
cis-aconitate, PEP 22 (E[A/S][S/T]), 84 (KN[S/D]), 88 (RRV) [97,98]

2-oxoglutarate OGC 2-Oxoglutarate, malate 26 (VGS), 27 (QTM), 33 (KLK), 35 (RRR), 77
(GTY), 84 (YVH), 88 (RQT), 93 (TSE) [43,99]

Oxodicarboxylates ODC Oxoadipate, oxoglutarate
22 (EE[A/G]), 77 (PTK), 81 (E[H/N]L) 84
(K[F/W]G),
85 (RNG), 88 (KY[M/L])

[100,101]

Oxaloacetate/sulfate OAC Oxaloacetate, sulfate,
thiosulfate, a-isopropylmalate

23 (VAA), 26 (TGM), 30 (E[F/Y]D), 80 (YRR), 84
([L/M]GH), 88 (RQ[C/S]) [47,102]
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Table 2. Cont.

Subfamilies Aliases Main Substrates Triplets * References

For amino acids

Glutamate GC Glutamate 22 (GQA), 77 (NTR), 80 (LRV), 84 (EFL), 85 (KSF),
88 (KYA) [103]

Glutamate BOU L-Glutamate - [104]

Aspartate/glutamate AGC Aspartate, glutamate,
cysteinesulfinate 22 (GQA), 77 (QCR), 84 (EFQ), 85 (KSF), 88 (KYT) [45,105]

Aspartate/glutamate UCP1–2 23 ([D/E][V/I/S/Q][A/V/T/S]), 88 ([R/K]
[D/E][F/M]) [12,51]

Ornithine ORC Ornithine, (lysine, citrulline,
arginine, histidine)

23 ([V/I][A/S]W) but (KSN) in S. cerevisiae, 26
(GL[V/C]) but (ELI) in S. cerevisiae, 84 (EGA), but
(QAV) in atbac2

[106–108]

Carnitine CAC Carnitine, acylcarnitine 23 (VTW), 85 (FSN) [44,109]

S-adenosylmethionine SAMC S-adenosylmethionine,
S-adenosylhomocysteine

19 (G[E/G]G), 23 ([D/E][C/S][A/G]), 26 ([L/F]RT),
80 ([G/A]RW), 85 ([A/S][S/T/D]X), 88 (FQF) [110–113]

For other substrates

Phosphate PiC, mPT Phosphate 19 (CEG), 23 (HDA), 80 (G[R/K]M), 88 (KKQ) [114,115]

Iron
MIT,
MRS–4,
MFRN–2

- 19 (GTG), 22 (E[S/A/H][A/C]), 23 (HDA), 27
([F/Y][T/N]T) [12,116]

Abbreviations: AAC, ADP/ATP carrier; AGC, aspartate/glutamate carrier; ANT, peroxisomal adenine nucleotide
translocator; APC, ATP-Mg/Pi carrier; CAC, carnitine carrier; CoA/PAP, coenzyme A/adenosine 3’,5’-diphosphate
carrier; BOU, A bout de soufflé (glutamate transporter); CTP, citrate carrier; DIC, dicarboxylate carrier; DTC,
di-/tri-carboxylate carrier; FAD, FAD carrier; GC, glutamate carrier, GGC, GTP/GDP carrier; NDT, NAD+ carrier;
OAC, oxaloacetate/sulfate carrier; ODC, oxodicarboxylate carrier; OGC, oxoglutarate carrier; ORC, ornithine
carrier; PiC, phosphate carrier; mPT, mitochondrial phosphate carrier; PNC, pyrimidine nucleotide carrier;
SAMC, S-adenosylmethionine carrier; SFC, succinate/fumarate carrier; TPC, thiamine pyrophosphate carrier; UCP,
uncoupling protein. AXP, adenine nucleotides; dNDP, deoxynucleoside diphosphates; dNTP, deoxynucleoside
triphosphates; PEP, phosphoenolpyruvate; Pi, phosphate; ThMP, thiamine monophosphate; ThPP, thiamine
pyrophosphate. * Symmetry-related amino acid triplets are the triplet sets present in the functionally identified
mitochondrial carriers of each family.

4.4. Amino Acid Carriers

Another enigmatic transporter named A BOUT DE SOUFFLE (BOU) was identified in Arabidopsis
At5g46800 a long time ago [117]. Previous studies extensively characterized the physiological function
of the BOU transporter in plants and revealed that this protein plays important roles related to fatty
acid β-oxidation [117], photorespiration and growth of meristem cells [118]. However, the specific
substrate for the BOU transporter protein was unknown until recently [104]. Detailed biochemical
characterization of Arabidopsis BOU and Ymc2p, the BOU homolog from S. cerevisiae, revealed the
transport properties and kinetic parameters of these proteins. Both Ymc2p and BOU proteins are able
to transport glutamate, and to a lesser extent L-homocysteinesulfinate, but no other amino acids nor
many other tested metabolites [104]. This study also revealed that both proteins Ymc2p and BOU
catalyze unidirectional transport of glutamate and, as reported for other known MCs, a faster counter
exchange mode of transport, and catalyze a transmembrane glutamate− + H+ symport. These results
led to the conclusion that for both Ymc2p and BOU, the physiological function of these proteins is to
catalyze the import uptake of glutamate into the mitochondria.

In Arabidopsis, two MCs (AtBAC1, At2g33820; and AtBAC2, At1g79900) are able to transport
basic amino acids [106,119,120]. AtBAC1 shares a 36% identity with BOU, whereas AtBAC2 is 40%
similar to SLC25A29, although it is also related to BOU (36% identity) and aspartate/glutamate carriers
(AGCs, 30–33% identity) [22]. Recombinant proteins from AtBAC1 and AtBAC2 were purified and
reconstituted in liposomes [106,120]. The results indicated that both proteins transport lysine, arginine,
ornithine and histidine [106,120]. Interestingly, it was verified that only AtBAC2 transports the neutral
amino acid citrulline [106,120]. In addition, these studies indicated that AtBAC1 and AtBAC2 exhibit
differences in terms of substrate specificity, with AtBAC2 being less specific for L-amino acids. Despite
the similar biochemical properties, the physiological roles of AtBAC1 and AtBAC2 seem to be different.
While AtBAC1 is likely involved in remobilization of storage compounds after seed germination in
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Arabidopsis and rice [106,119,121], AtBAC2 is more related with stress responses being expressed
especially in responses to hyperosmotic stress and also during senescence [106,119,122,123].

4.5. Uncoupling Proteins

Uncoupling proteins (UCPs) have been described as being involved in dissipation of proton
gradients across the inner mitochondrial membrane that is normally used for ATP synthesis [92–124].
Homology analysis with UCP from humans revealed that six genes in the Arabidopsis genome
(AtUCP1–6) encode putative UCPs [124–126]. It was previously demonstrated that the isoform AtUCP1
(At3g54110) is localized to mitochondria and exhibits the activity of an uncoupling protein similar to
the human UCP1 [124–126]. The function of the isoform AtUCP2 (At5g58970) was less understood until
recently because it was detected in the Golgi apparatus [127] and also in the plasma membrane [128].
Recently, it was shown that AtUCP2 isoform is also a mitochondrial localized protein [51]. Intriguingly,
both isoforms AtUCP1 and AtUCP2 were shown to transport amino acids (glutamate, aspartate,
cysteine sulfinate, and cysteate), dicarboxylates (malate, oxaloacetate, and 2-oxoglutarate), phosphate,
sulfate, and thiosulfate [51]. Further biochemical analyses revealed that both isoforms catalyze
an electroneutral aspartate/glutamate heteroexchange activity, in contrast to that mediated by the
mammalian mitochondrial aspartate glutamate carrier. Three other former members of the AtUCP
subfamily of Arabidopsis MCF (AtUCP4–6) were renamed as dicarboxylate carriers (DIC) (AtDIC1,
At2g22500, AtDIC2, At4g24570; and AtDIC3, At5g09470) since these proteins are able to transport
oxaloacetate, malate, succinate, phosphate, sulfate, thiosulfate and sulfite [93].

4.6. Dicarboxylate Carriers

As mentioned above, in the Arabidopsis genome three potential homologues of yeast and
mammalian mitochondrial DICs were found and designated as AtDIC1–3 (AT5G09470) [93]. AtDIC3
shares only 55–60% identical amino acids with AtDIC1 and AtDIC2, whereas AtDIC1 and AtDIC2
share 70% identical amino acids, suggesting that AtDIC1 and AtDIC2 are more closely related [93].
Interestingly, a recent Arabidopsis mitochondrial proteomic study verified that AtDIC3 is not highly
expressed in comparison with AtDIC1–2, as AtDIC1 is more abundant than AtDIC2 (59 and 21 protein
copies per mitochondria respectively) [75]. Transport experiments with recombinant and reconstituted
AtDIC proteins demonstrated that the substrate specificity of these proteins is unique to plants,
indicating the combined characteristics of the DIC and oxaloacetate carrier in yeast [93]. Indeed,
the Arabidopsis DICs transport a wide range of dicarboxylates including malate, oxaloacetate and
succinate as well as phosphate, sulfate and thiosulfate at high rates, whereas 2-oxoglutarate was
revealed to be a very poor substrate. In the same study, the kinetic properties of recombinant AtDIC1–3
proteins were determined [93]. It was shown that for all AtDIC proteins, Vmax is not significantly
different for the three substrates tested (malate, sulfate and phosphate). Nevertheless, the Vmax for
AtDIC3 was higher than the values observed for AtDIC1 and AtDIC2. Regarding the transport affinity
(Km) of AtDIC1–3 proteins, for sulfate it was lower than the Km values for phosphate and malate. For
AtDIC3, it was verified that the Km for sulfate was one order of magnitude lower than the Km values
for malate and phosphate; furthermore, the Km of AtDIC3 for sulfate was 3–4-fold lower than the Km
values of AtDIC1 and AtDIC2 using the same substrate. The identification and characterization of the
biochemical properties of DIC proteins in Arabidopsis led to different questions about the physiological
roles of these carriers in plants under distinct physiological conditions. Surprisingly, according to our
current knowledge, the isolation and characterization of mutant plants for each AtDIC isoform still
need to be performed.

4.7. Dicarboxylate/Tricarboxylate Carrier

Dicarboxylate/Tricarboxylates carriers (DTCs) are mitochondrial transporters that are able to
transport both dicarboxylic acids (such as malate, maleate, oxaloacetate and 2-oxoglutarate) and
tricarboxylic acids (such as citrate, isocitrate, cis-aconitate and trans-aconitate) [50]. In the human
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parasite Trypanosoma brucei, it was demonstrated that a plant-like mitochondrial carrier family protein,
named TbMCP12, is able to transport both dicarboxylates and tricarboxylates across the inner
mitochondrial membrane (IMM) [129]. Silencing this carrier in T. brucei was not lethal, while its
overexpression was deleterious. These results indicated that the intracellular abundance of TbMCP12
is involved in the regulation of NADPH balance and mitochondrial ATP-production. In plants, it was
recently demonstrated that DTCs are the most abundant mitochondrial carrier proteins in the IMM
of Arabidopsis, comprising 0.8% of the total IMM area (6836 protein copies per mitochondria) [75].
Interestingly, unlike the other three more abundant carrier proteins in the IMM, i.e., ADP/ATP carriers
(AtAAC1–3; 53,065 protein copies/mitochondria), mitochondrial phosphate carriers (AtMPT2–3; 21,325
protein copies/mitochondria) and uncoupling proteins (AtUCP1–3; 8595 protein copies/mitochondria),
only one DTC homolog is found in Arabidopsis (At5g19760). In addition to Arabidopsis, DTCs
have been described in several plant species including tobacco (Nicotiana tabacum) [50], grapes
(Vitis vinifera) [130] citrus (Citrus junos) [131], Jerusalem artichoke (Helianthus tuberosus) [132] (and
maize (Zea mays)) [133]. Surprisingly, the numbers of DTC homologs found in different plant species
vary without a clear pattern, for example, in the Brassica genus, the number of DTC homologs varies
from one in A. thaliana and Arabidopsis lyrata, two in Brassica oleracea, and three in Brassica rapa [52]. In
tobacco, four homologs (NtDTC1–4) were identified [50].

For AtDTC and NtDTCs, the transport activity involves an obligatory electroneutral exchange
of dicarboxylates such as malate and 2-oxoglutarate and tricarboxylates such as citrate [50]. In
addition to catalyzing the dicarboxylate/tricarboxylate transport activity, it has been demonstrated that
DTCs are able to catalyze homoexchange transport activities, such as dicarboxylate/dicarboxylate and
tricarboxylate/tricarboxylate [50]. It is unclear so far which of these modalities are relevant in in vivo
plant systems. From in vitro transport assays it is possible to conclude that DTCs are promiscuous in
terms of transported substrates [50]. In the same study, it was observed that the highest DTC activities
are in the presence of internal 2-oxoglutarate, malate, maleate, oxaloacetate, succinate or malonate.
Intriguingly, it was observed also that citrate, isocitrate, cis-aconitate, trans-aconitate, and sulfate were
exchanged for external 2-oxoglutarate, although to a slightly lower extent than the dicarboxylates [50].
Any significant exchange was observed using internal fumarate, phosphoenolpyruvate, phosphate,
pyruvate, glutamate, aspartate, glutamine, carnitine, ornithine, or ADP [50]. Together, these results
demonstrated that DTCs are able to transport several intermediates of the TCA cycle, with the
exception of succinyl-CoA and fumarate for which there is no available information. Another
interesting characteristic of DTCs is the pH dependence. It was demonstrated that DTC-mediated
oxoglutarate and citrate homoexchanges were dependent on pH, as the oxoglutarate/oxoglutarate and
citrate/citrate exchanges increased on decreasing the pH from 8.0 to 5.5 for both NtDTC1 and AtDTC.
For AtDTC, the homoexchange kinetic constants measured for different substrates in two different
pH values indicated that regardless of the substrate, the Km and Vmax varies as a function of pH
value. Interestingly, the Km values were increased at pH 7, suggesting that the substrate affinities were
reduced; Vmax values were also decreased at pH 7. Of note, the modulation of transport kinetics by
pH is highly important for plant metabolism because it has been demonstrated for Arabidopsis that in
the mitochondrial matrix the pH is around 8.1 and that in the cytosol the pH is close to 7.3 [134].

4.8. Succinate/Fumarate Carriers

In Arabidopsis, one of the MCF members (At5g01340), named as SFC1 carrier, exhibits 35%
similarity with the ACR1 transporter from yeast [96]. The yeast SFC1 is able to transport fumarate,
succinate, methylfumarate, 2-OG and OAA against [14C]oxoglutarate [96]. The SFC1 transporter was
further shown to prefer succinate and fumarate as substrates since the presence of either substrate
almost completely inhibits fumarate/[14C]oxoglutarate exchange [96]. The Arabidopsis SFC1 homolog
complemented the arc1 yeast mutant re-establishing the yeast growth in minimal media with ethanol as
the sole carbon source [95]. Despite the predictions and preliminary biochemical information in plants,
the biochemical evidence in favor of succinate/fumarate transport is still lacking. Moreover, recently the
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SFC1 sequence from Arabidopsis was expressed in E. coli and protein was purified and reconstituted
in liposomes [94]. Surprisingly, the results of transport properties and kinetic parameters revealed that
AtSFC1 transports mainly citrate, isocitrate and aconitate and, to a lesser extent, succinate and fumarate.
Furthermore, it was demonstrated that the AtSFC1 carrier catalyzes a fast counter-exchange transport
and low uniport of substrates, as well as exhibiting a higher transport affinity for tricarboxylates than
dicarboxylates [94]. Intriguingly, there have been both reports and model predictions in Arabidopsis
showing net influx of succinate to the mitochondria, which would have been expected as succinate is
the preferred substrate of non-plant SFCs. Thus, it is likely that another unidentified transporter is
using succinate as a counter-substrate to facilitate fumarate transport.

4.9. Phosphate Carriers

Apart from ADP, the transport of phosphate (Pi) through the IMM is essential for the oxidative
phosphorylation of ADP to ATP. In Arabidopsis, three genes encodes mitochondrial Pi carriers, namely
AtMPT1 (or PiC3; At2g17270), AtMPT3 (or PiC1; At5g14040) and AtMPT2 (or PiC2; At3g48850), and all
of them are related to mitochondrial Pi carrier (PiC) from human and yeast [12,105]. Biochemical studies
demonstrate that Arabidopsis PiC1 and PiC2 complement yeast mutants deficient in mitochondrial Pi
import [106,107], thus confirming that these proteins act as PiCs. Surprisingly, the role of the Arabidopsis
PiC3, which is more distantly related to the other PiC1 and 2 plant isoforms [12,135] remains to be
elucidated. Interestingly, ADP/ATP carriers (AtAAC1–3; 53,065 protein copies/mitochondria) and
PiC1–2 (or AtMPT2–3; 21,325 protein copies/mitochondria) are the most abundant proteins in the
IMM [75]. In agreement, it has been proposed that PiCs in the inner mitochondrial membrane
are able to physiologically interact with AAC transporters, catalyzing a Pi/H+ symport (or Pi/OH−

antiport) and thus supplying phosphate required for the ATP synthesis [136,137]. Recently, it was
shown in Arabidopsis that a putative Pi transporter interacts with TCA cycle enzymes [138,139].
Notwithstanding, the significance of these protein–protein interactions at physiological levels remains
to be elucidated.

4.10. Pyruvate Carriers

Pyruvate, the final product of glycolysis in the cytosol, must be transported into mitochondria to
supply the carbon skeletons for oxidative metabolism through the TCA cycle reactions. The transport of
pyruvate through the IMM must be performed by specific carriers. While candidates for mitochondrial
pyruvate carriers (MPCs) have not been identified in the classic MCF yet, the identity and functionality
of a series of MPCs, non-MCF members, have been reported in yeast, T. brucei, drosophila, mouse and
humans [140–142]. The biochemical properties of MPCs have been extensively studied and expertly
reviewed [143–146] mainly due to the research efforts to understand the importance of MPCs in
metabolism-related human diseases. Furthermore, in S. cerevisiae it was demonstrated that MPC is a
hetero-dimer in its functional state providing the basis for the structure elucidation of the functional
complex [147]. In plants, the biological functions and molecular mechanisms involving MPCs are
not well understood. Bioinformatics analysis suggests that a protein named NRGA1, a negative
regulator of guard cell abscisic acid (ABA) signaling (At4G05590), shares homology with the MPC2
proteins from yeast, drosophila, human and mouse [148]. Besides NRGA1 protein, four other MPC
candidates are encoded by the Arabidopsis genome [149]. This family of MPCs from Arabidopsis are
phylogenetically classified into three categories: MPC1 (At5G20090), MPC2-like proteins (At4G14695,
At4G22310 and At4G05590) and At4G26780 [149]; that said, little is known regarding the functions
of these proteins. So far it is known that NRGA1 is located in the mitochondria and its sequence
exhibits transmembrane domains [148]. Furthermore, in Arabidopsis this putative MCP2-like protein
seems to be involved in stomata ABA signaling [148]. Interestingly, a recent study demonstrated that
AtMPC1 interacts with NRGA1 and plays a role in the regulation of stomatal movement and pyruvate
cellular content [150]. In addition, it was demonstrated with yeast MPCs that by mimicking the
physiological pH gradient between the mitochondria and the cytosol, a quantifiable pyruvate transport
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was observed, whilst in the absence of the pH gradient no transport of pyruvate was observed [147].
Recently, it was demonstrated that the formation of AtMPC protein complexes is required for cadmium
(Cd) tolerance and also prevention of Cd accumulation in Arabidopsis [151]. In the same study, it
was demonstrated that AtMPC complexes are composed of two elements, the AtMPC1 and AtMPC2
(AtNRGA1 or AtMPC3). Interrupting the formation of AtMPCs by silencing AtMPC1 element, the
synthesis of acetyl-coenzyme A was supplemented by glutamate and thus sustaining the activity of
TCA cycle reactions and glutathione synthesis following exposure to Cd stress [151]. Clearly, more
molecular, biochemical and physiological research efforts are still needed to understand the transport
mechanism, substrate specificities and physiological roles of mitochondrial pyruvate transporters
in plants.

4.11. Iron Transporters (Mitoferrins)

Initially, mitochondrial iron (Fe) transporters, namely Mitoferrins (mIT), were identified and
characterized in drosophila, zebrafish and humans [152–154]. Plants homologs of mIT were first
identified in rice [155] and, recently, two genes encoding for mIT were found in Arabidopsis, and
named as AtmIT1 (At2g30160) and AtmIT2 (At1g07030) [116]. These proteins have an identity of 81%
with each other at the amino acid level and share 38% sequence identity with yeast and 32% identity
with zebrafish mIT [116]. In addition, both AtmIT1 and AtmIT2 proteins exhibit the classical MCF
characteristic feature and were predicted to localize to the mitochondria by proteomic study [156]
which has been confirmed by subcellular localization experiments with green fluorescent protein (GFP)
fusions and Western blot analyses [116]. The rice mIT protein complemented the growth of yeast
mutant which was defective in mitochondrial Fe transport [155]. Similarly, the expression of AtmIT1
or AtmIT2 can rescue the phenotype of the yeast mutant defective in mitochondrial Fe transport
(mrs3mrs4 mutant; [157]). In mammalian and yeast cells, the redundancy in the roles of mITs has been
investigated in terms of biochemical properties and kinetic profiles for Fe2+ uptake [154,158]. Moreover,
a recent study demonstrated that a purified recombinant mitoferrin−1 (TMfrn1), from Oreochromis

niloticus, catalyzes the transport free Fe and not a chelated Fe complex. In addition, it was shown
that it is selective for alkali divalent ions [159]. In the same study, the results indicated that mITs are
high-affinity or high-throughput Fe transporters [159]. Of note, mitochondria are known as organelles
where there is utilization of other transition metals than Fe, such as manganese, copper, and zinc;
however, despite the importance, the mechanisms by which these metal ions are transported through
the IMM are not well understood. In addition, it should be mentioned that the possible substrates
used by mITs in exchange for the imported Fe are still unknown. In plant systems the biochemical
properties of mITs are much less studied than other organisms. Nevertheless, it has been demonstrated
that both AtmIT1 and AtmIT2 transporters seem to be important for mitochondrial Fe uptake and also
for the correct mitochondrial function, and consequently, they are necessary for the proper growth and
development of the plant [116,155].

5. Conclusions

Research into the metabolic roles of plant MCFs has made impressive advances since the last
comprehensive reviews were published some eight to nine years ago [12,135]. This was in part due to
be expected, given the massive increase in the number of plant species sequenced in the interim as
well as the mechanistic insights into MCF function that were facilitated by recent developments in
structural biology. Although, as yet, such experiments have not been carried out for plant proteins,
their very high homology to their mammalian counterparts renders the findings based on the human
ATP/ADP carrier to likely be highly similar to its plant counterpart and indeed to many other plant
MCFs. The genome sequencing has additionally expanded the repertoire of MCFs found in any single
species thereby reflecting the challenge that remains in their characterization. That said, as we detail
above, via use of heterologous expression, the biochemical characterization of a large number of MCF
members has been carried out thereby providing the putative metabolic functions of a substantial
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number of the family. It is important to state that, as we discuss in the accompanying article [28],
experimental proof that these studies do indeed reflect the in vivo role of the proteins remains lacking
in some instances. Moreover, a considerable number of MCF proteins remain to be characterized at
the biochemical level and such experiments should be a priority for future research. Only once the
biochemical potential of each member of the MCF, as well as information concerning their subcellular
locations, is acquired alongside that of non-canonical mitochondrial transporters will we be able to
accurately model plant mitochondrial function and, for that matter, truly appreciate the importance of
this fascinating organelle.
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Abstract: Metabolite carriers of the mitochondrial inner membrane are crucial for cellular physiology
since mitochondria contribute essential metabolic reactions and synthesize the majority of the cellular
ATP. Like almost all mitochondrial proteins, carriers have to be imported into mitochondria from
the cytosol. Carrier precursors utilize a specialized translocation pathway dedicated to the biogenesis
of carriers and related proteins, the carrier translocase of the inner membrane (TIM22) pathway.
After recognition and import through the mitochondrial outer membrane via the translocase of
the outer membrane (TOM) complex, carrier precursors are ushered through the intermembrane
space by hexameric TIM chaperones and ultimately integrated into the inner membrane by the TIM22
carrier translocase. Recent advances have shed light on the mechanisms of TOM translocase and TIM
chaperone function, uncovered an unexpected versatility of the machineries, and revealed novel
components and functional crosstalk of the human TIM22 translocase.

Keywords: mitochondrial carrier; metabolite transport; mitochondrial pyruvate carrier; sideroflexin;
TOM; TIM chaperones; TIM22; protein translocation; mitochondrial biogenesis

1. Introduction

The mitochondrial inner membrane separates two aqueous compartments, the matrix and the
intermembrane space, that differ in their protein and metabolite composition and host distinct metabolic
pathways. The inner membrane is also the site of oxidative phosphorylation, and its integrity is crucial
to maintain the electrochemical membrane potential that fuels ATP synthesis as well as mitochondrial
biogenesis and function. Therefore, metabolite transport into or out of the matrix relies on carrier
proteins that facilitate diffusion of specific substrates across the membrane or use the membrane
potential to transport metabolites.

Most mitochondrial metabolite carriers belong to the mitochondrial carrier family (MCF, in
humans SLC25 for solute carrier family 25). It comprises more than 50 members in humans and over 30
in yeast, and includes the most abundant inner membrane proteins [1–4]. MCF substrates range from
nucleotides and amino acids to cofactors, intermediates of oxidative metabolism, and inorganic ions.
Thus, they perform crucial functions in mitochondrial metabolism, and mutations in carrier genes are
associated with a variety of human pathologies [5]. The mitochondrial pyruvate carrier (MPC) belongs
to an unrelated protein family and functions as a hetero-dimer that requires both subunits for carrier
activity [6,7]. The sideroflexin family constitutes a third metabolite carrier family, members of which
have recently been discovered to function as serine transporters in one-carbon metabolism [8–10].

Like the vast majority of mitochondrial proteins, carriers are encoded in the nuclear genome
and synthesized by cytosolic ribosomes. Therefore, they have to be specifically recognized
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and imported into the correct mitochondrial compartment. A multitude of protein translocases
cooperates in the biogenesis of proteins destined for the different mitochondrial compartments [11–14].
Most precursors of mitochondrial inner membrane proteins are imported by the presequence translocase
of the inner membrane (TIM23). However, carrier precursors generally lack a presequence, although
a few contain an N-terminal extension that can improve solubility and translocation across the outer
membrane [15–17]. Instead, carriers are targeted to mitochondria by internal signals. The internal
targeting signals are not well defined, and carriers apparently contain several such motifs with different
properties. For their biogenesis, metabolite carriers utilize a specialized import pathway involving
the carrier translocase of the inner membrane (TIM22) [12,13,17–20] (Figure 1). This pathway can be
divided into consecutive, biochemically defined stages: Stages I and II take place in the cytosol and on
the mitochondrial surface, leading to import of the carrier precursor by the translocase of the outer
membrane (TOM). In the intermembrane space (IMS), the precursor is bound by small TIM chaperones
(stage III) and handed over to the TIM22 translocase (stage IV) which integrates the carrier into the inner
membrane (stage V). The membrane potential across the inner membrane provides the driving force
for membrane integration: Positively charged carrier sequences are subject to an electrophoretic force
that pulls them into the matrix.
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Figure 1. The carrier pathway in the yeast S. cerevisiae (A) and in humans (B) handles the recognition,
translocation and membrane integration of mitochondrial metabolite carriers into the inner membrane.
Carrier precursors are bound by chaperones in the cytosol and recognized at the translocase of
the outer membrane (TOM) by the Tom70 receptor. After their transfer through the outer membrane,
they are bound in the intermembrane space by the hexameric TIM chaperones, Tim9-Tim10 in yeast
(A) or Tim9-Tim10a in humans (B). The TIM chaperones guide the precursor through the aqueous
compartment to the membrane-bound TIM chaperone complex consisting of Tim9-Tim10-Tim12 in
yeast (A) or Tim9-Tim10a-Tim10b in humans (B). Substrate transfer to the carrier translocase of the inner
membrane (TIM22) is aided by interactions with outer membrane proteins (dashed arrows) involving
the metabolite channel porin/VDAC in yeast (A), or the TOM complex in humans (B). In humans, VDAC
was found in association with TIM22 components (B) and, thus, might participate in carrier biogenesis
similarly to porin. The TIM22 carrier translocase integrates the precursors into the inner membrane in
a membrane potential-dependent manner. OM, outer membrane; IMS, intermembrane space; IM, inner
membrane; ∆ψ, membrane potential; Hsp70, Hsp90, cytosolic ATP-dependent chaperones; Tom40,
pore-forming component of the TOM complex; Tom20, Tom22, Tom70, receptors of the TOM complex;
porin/VDAC, voltage-dependent anion channel; Tim22, core component of the TIM22 translocase;
Tim18, Sdh3 (succinate dehydrogenase 3), Tim54, auxiliary subunits of the yeast TIM22 translocase;
Tim29, AGK (acylglycerol kinase), auxiliary subunits of the human TIM22 translocase.
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Mitochondrial carriers of the MCF/SLC25 family are the eponymous substrates of the TIM22
carrier translocase pathway [12,13,17,19] (Figure 1). The best studied carrier is the ADP/ATP
carrier AAC (yeast)/ANT (human; adenine nucleotide translocator) that has been employed both as
a model substrate to study carrier biogenesis and for the analysis of MCF structure and transport
mechanism [4,17,18,21–23]. Mitochondrial carriers of the MCF/SLC25 family have a tripartite
organization, with three homologous repeats consisting of two transmembrane segments each.
They uniformly possess six transmembrane segments and expose both their N- and C-termini to
the intermembrane space (Figure 2) [4,12,17,19,24]. Mitochondrial carriers transport substrates
by enabling alternate access of the substrate(s) to the matrix and the intermembrane space while
maintaining membrane impermeability for non-substrates [4,25–28]. Divergent members of the MCF
with a differing number of TM segments are localized in the outer membrane and have acquired
functions distinct from metabolite transport [4,29,30].

Interestingly, the components of the heterodimeric mitochondrial pyruvate carrier (MPC) have
recently been discovered as further substrates of the TIM22 pathway (Figure 1) [31,32]. In contrast
to the classical mitochondrial carriers, they are related to sugar transporters of the eukaryotic
sugars will eventually be exported transporter (SWEET) and prokaryotic semiSWEET families [33,34].
SWEET transporters possess seven TM segments that are arranged into two triple-helix bundles
connected by another α-helix. SemiSWEETs instead consist of one triple-helix bundle and assemble
to dimers, forming a six TM functional unit like the SWEETs. MPC subunits MPC2 (mammals) as
well as Mpc2 and Mpc3 (yeast) have three TM segments (Figure 2). For MPC1/Mpc1, the topology is
not entirely clear: It has been suggested that they have only two TM segments with both termini in
the matrix, or alternatively that they share the same topology as Mpc2/Mpc3 [6,7,35–37] (Figure 2).
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Figure 2. Substrates of the TIM22 carrier import pathway. Mitochondrial carriers of the mitochondrial
carrier family (MCF)/SLC25 family (red), the components of the mitochondrial pyruvate carrier
(brown, orange), as well as sideroflexins (blue) are imported into mitochondria via the TIM22 carrier
pathway. MCF/SLC25 proteins have a uniform topology with 6 transmembrane segments [4,12,17,19,24].
In contrast, Mpc2/Mpc3 has only 3 TM segments, and Mpc1 has 2 or 3 TM segments [6,7,35–37]. The third
unique family of metabolite carriers, the sideroflexins, has 5 TM domains with the N-terminus in
the intermembrane space (IMS) [8,38,39]. Aside from metabolite carriers, the TIM22 pathway also
imports the members of the Tim17 protein family including the translocase components Tim17, Tim22
and Tim23 (green). IMS, intermembrane space; IM, inner membrane.

Additionally, recent studies indicate that the sideroflexins, with five transmembrane segments
and the N-terminus in the intermembrane space (IMS), also depend on the TIM22 carrier pathway
for their biogenesis [38,39] (Figure 2). Thus, the mitochondrial pyruvate carrier components
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and the sideroflexins with their unique topologies have challenged long-held views of the structural
requirements for TIM22 substrates.

2. Carrier Recognition at the TOM Complex

Due to their hydrophobic nature, mitochondrial carrier precursors in the cytosol are bound by
chaperones to prevent their aggregation (stage I). Since carrier import takes place post-translationally,
the soluble stage can be distinguished from stage II that consists in precursor targeting to the translocase
of the outer membrane (Figure 1, Table 1) [13,14,17,19]. The TOM complex is the main entry gate
by which almost all precursor proteins destined to the different mitochondrial compartments gain
access to the organelle [12,14,40,41]. It forms dimers in vivo and consists of the Tom40 β-barrel pore
and six α-helical membrane proteins: Tom5, Tom6, Tom7 as well as the receptors Tom22, Tom20
and Tom70 [42–44]. Aggregation of the highly hydrophobic carrier precursors in the cytosol is
prevented by molecular chaperones. In yeast, carriers are chaperoned mainly by Hsp70, whereas
in mammalian cells both Hsp70 and Hsp90 participate in carrier biogenesis, along with several
co-chaperones [14,45–49]. Recognition of precursors at the TOM complex is mediated by the receptors
Tom20 and Tom70. They can functionally substitute for each other sufficiently well for single deletions
to be viable, however Tom20 preferentially recognizes precursors that contain a presequence, while
Tom70 preferentially binds precursors with internal targeting sequences including carrier proteins
such as the ADP/ATP carrier or the phosphate carrier [12,13,49–60]. Tom70 not only interacts with
the precursor, but also with the associated chaperone(s) via tetratricopeptide repeats (TPR) that bind
the C-termini of Hsp70 or Hsp90 chaperones [14,46,49,61]. Moreover, one tripartite carrier precursor
of the MCF/SLC25 family can recruit three Tom70 dimers, with each of the repeats participating in
the interaction [21]. Thus, the interactions of Tom70 with the precursor-chaperone complex likely
contribute to prevention of its aggregation. Import of carriers can be stalled at stage II by depletion
of ATP (Table 1). ATP binding to Hsp70 triggers substrate release from Hsp70, the carrier precursor
is handed over to the central receptor Tom22, and individual helix-loop-helix modules are threaded
into the Tom40 pore in a hairpin-like conformation [21,62]. It is currently unclear how mitochondrial
pyruvate carrier precursors with their distinct topology are handled by the TOM complex, although it is
tempting to speculate that at least the two C-terminal TM segments of Mpc2/Mpc3 may be recognized
in a fashion similar to classical carriers. Interestingly, even during translocation through the TOM
complex, carriers follow a different route than presequence precursors, involving the distal regions of
the Tom40 dimer and the N-terminal extension of Tom40 [42,44]. It was proposed that translocation
through TOM is aided by interaction of positively charged regions in the precursors with the negatively
charged inner surface of the Tom40 β-barrel [63], which is consistent with the previously reported
head-first insertion of helix-loop-helix modules by their positively charged loops [21].

The efficiency of carrier recognition at the TOM complex is subject to metabolic regulation.
Tom70 is phosphorylated by protein kinase A specifically during non-respiratory growth of yeast on
glucose, resulting in an impaired interaction with Hsp70 and concomitantly reduced carrier import [64].
Thus, the efficiency of carrier biogenesis can be adjusted to the metabolic requirements of respiratory
versus non-respiratory growth.
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Table 1. Stages of carrier biogenesis via the TIM22 carrier import pathway.

TIM22 Carrier Import Pathway Characteristics of Individual Stages in Carrier Biogenesis

Stage I
The carrier precursor is bound to cytosolic chaperones upon its
synthesis, forming a soluble complex not associated
with mitochondria.

Stage II

The precursor-chaperone complex is recognized by the Tom70
receptor of the TOM complex and can be arrested on
the mitochondrial surface by ATP depletion. ATP binding
triggers dissociation of Hsp70 chaperones and progression of
the precursor.

Stage III IIIa:

The carrier precursor is translocated through the TOM complex
into the IMS and concomitantly bound by soluble TIM
chaperones (mainly Tim9-Tim10 in yeast, Tim9-Tim10a
in humans).

IIIb:
The carrier precursor is handed over to the TIM22-bound TIM
chaperones (Tim9-Tim10-Tim12 in yeast, Tim9-Tim10a-Tim10b
in humans), resulting in tethering to the inner membrane.

Stage IV
In the presence of a low membrane potential, the carrier
precursor is transferred to TIM22 and inserted into the inner
membrane as a docked precursor.

Stage V
Formation of the mature, inner-membrane integrated carrier
and release from TIM22 requires the presence of a higher
membrane potential.

3. En Route through the Intermembrane Space

Unlike the TIM23 translocase that imports presequence proteins into the matrix or the inner
membrane, the translocation of carrier precursors through the TOM complex is apparently not
tightly coupled to integration into the inner membrane by the TIM22 carrier translocase [12,17,65,66].
Instead, once a carrier precursor has traversed the Tom40 pore and reached the IMS, it is bound by
small TIM chaperones to prevent aggregation during its transit through the aqueous IMS environment
to the inner membrane (stage III) [67–73] (Figure 1, Table 1). Translocation through the TOM
complex is coupled to TIM chaperone binding [71]. The small TIM chaperones form ring-like
hetero-hexameric complexes that bind carriers in an extended conformation [73–75]. The predominant
TIM chaperone complex consists of alternating Tim9 and Tim10 subunits (Tim9 and Tim10a in humans)
and is required for carrier import; the alternative Tim8-Tim13 complex (Tim8a or Tim8b and Tim13
in humans) has partially redundant substrate specificity [73,75–79]. Mutations in Tim8a cause
the deafness–dystonia syndrome called Mohr–Tranebjærg syndrome [80], however, novel evidence
suggests that the underlying molecular mechanism reflects a new function of Tim8a in cytochrome c
oxidase maturation rather than a defective TIM22 carrier pathway [79]. The small TIM chaperones
interact with the N-terminal extension of Tom40 that participates in carrier translocation, so they are
ideally positioned to receive their cargo from the TOM complex [21,42,44,71]. Stage III of carrier import
can be further subdivided, where stage IIIa denotes carriers bound to soluble TIM chaperones that
may be associated with TOM or soluble in the IMS (Table 1) [17,19]. A recent comprehensive study
demonstrated that an MCF carrier with six TM segments is bound by two TIM chaperone hexamers,
and the precursor is chaperoned by interacting with a conserved hydrophobic cleft between the two
tentacle-like α-helices of the small TIM proteins [73]. This conserved substrate binding region is also
required for chaperoning of the structurally unrelated mitochondrial pyruvate carrier [31]. The soluble
TIM complexes transfer carrier precursors to a separate TIM chaperone complex that is associated with
the TIM22 carrier translocase of the inner membrane. This membrane-bound TIM hexamer consists of
Tim9/Tim10/Tim12 (yeast) or Tim9/Tim10a/Tim10b (human) [67,81–86] (Figure 1). Carrier precursors
bound to the membrane-associated TIM chaperones represent stage IIIb of the carrier import pathway
where the precursor is tethered to the inner membrane, but not yet inserted (Table 1) [17,19]. Since this is

401



Biomolecules 2020, 10, 1008

the last step that is independent of the membrane potential ∆ψ, precursors accumulate in stage III upon
dissipation of the membrane potential. The dependence of carrier import on TIM chaperones also allows
to experimentally distinguish this import pathway into the inner membrane from the presequence
pathway where import into a protease-protected environment depends on ∆ψ due to the coupling of
TOM and TIM23 [65,66].

Unexpectedly, transport of carriers to the TIM22 carrier translocase is also aided by
porin/voltage-dependent anion channel (VDAC), the major metabolite channel of the outer membrane
(Figure 1) [87–90]. In addition to interacting with TIM chaperones as well as carrier precursors,
porin recruits the TIM22 translocase and thereby brings the outer and inner membrane in close
proximity, which may enhance carrier biogenesis [88,89]. Since porin, unlike the protein translocases,
is significantly upregulated upon respiratory growth [91], this novel physiological role may
support the higher levels of protein import required for metabolic remodeling of the mitochondria.
While a contribution of VDACs to carrier biogenesis in human mitochondria has not been studied
directly, they were found to interact with TIM22 [92,93].

4. Membrane Integration by the TIM22 Carrier Translocase

The TIM22 translocase consists of the Tim22 protein, several auxiliary subunits that have roles
in assembly and stabilization of the complex, and TIM chaperones. In yeast, the additional subunits
comprise Tim54, Sdh3, which also interacts with Sdh4 as part of the succinate dehydrogenase
complex, and Tim18, a homolog of Sdh4 [12,17,19,20,94–100] (Figure 1A). Until recently, the only
known membrane integral TIM22 component in humans was Tim22 itself, however, several studies
have discovered two new subunits (Figure 1B). The metazoan-specific subunit Tim29, which like
Tim54 is exposed to the IMS and can be crosslinked to TIM chaperones, is required for TIM22
assembly and efficient import of some substrates [92,101]. Moreover, Tim29 interacts with Tom40,
indicating that there may be coupling between TOM and TIM22 in human cells [92], in contrast
to yeast. The most recently identified subunit of human TIM22 is acylglycerol kinase (AGK)
that phosphorylates glycerides to generate lysophosphatidic acid or phosphatidic acid [102–104].
AGK has a dual role in human mitochondria: It is required for TIM22 stability and carrier import
independently of its lipid kinase activity, and loss of AGK results in TCA (tricarboxylic acid) cycle defects;
however, kinase deficiency causes aberrant mitochondrial ultrastructure and concomitantly reduced
respiration [103,104]. Mutations in AGK cause the mitochondrial disease Sengers syndrome [105,106],
and its novel role as part of the TIM22 translocase appears to account for the disease phenotype [103].
Aside from AGK, mutations in Tim22 that impair carrier import were also recently reported to result in
human pathology with neuromuscular defects [32,107]. Interestingly, human TIM22 interacts with
the mitochondrial contact site and cristae organizing system (MICOS) [93], an inner membrane protein
complex that is crucial for native cristae architecture and that forms contact sites between the two
mitochondrial membranes [108–110]. Upon MICOS disruption, carrier import is specifically impaired,
indicating that MICOS-mediated membrane contact sites might support efficient carrier biogenesis in
human cells [93].

The TIM22 complex is a voltage-gated preprotein translocase that is thought to insert one helix—matrix
loop—helix repeat at a time in a hairpin conformation into the inner membrane [19,20,86,97]. At least
a low membrane potential is required for transfer of a precursor from the TIM chaperones to TIM22.
Precursors can be trapped experimentally at this stage IV by reducing the membrane potential with
ionophores (Table 1) [20]. In the presence of a higher membrane potential as well as of an internal
targeting sequence, TIM22 integrates the protein into the inner membrane by an unknown mechanism
involving lateral release, and the carrier reaches the mature stage V [20].

The modular topology of mitochondrial carriers of the MCF/SLC25 family—with repeats of
helix-loop-helix domains, the termini facing the IMS and positively charged loops in the matrix—was
long assumed to be a requirement for substrates of the TIM22 carrier pathway. This pathway
also imports members of the Tim17 protein family that includes Tim22 itself as well as the TIM23
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translocase components Tim23 and Tim17, all of which have four TM segments but otherwise
share the topology of classical carriers [73,75–77,111–113] (Figure 2). As mentioned, both TOM
and TIM22 translocases act on paired helices during import of classical carriers, including
the dicarboxylate carrier, the ADP/ATP carrier and the phosphate carrier, as well as during import
of Tim22-related proteins [21,70,77,114–116], in contrast to the linear import of other mitochondrial
proteins. Until recently, multi-spanning inner membrane proteins apart from the MCF and Tim17
families were thought to be imported into mitochondria by the other translocases of the inner
membrane: By the TIM23 translocase [11–13,65,66,117], by the oxidase assembly (OXA) translocase
that is responsible for the membrane integration of mitochondrially encoded proteins [118,119] or by
a combination of both machineries [120–122]. Moreover, truncated variants of carrier proteins are no
longer recognized as substrates of the TIM22 pathway and instead are imported by TIM23 or remain in
the intermembrane space [115,116]. However, recent work has identified the mitochondrial pyruvate
carrier proteins with their divergent topology as substrates of the TIM22 pathway [31,32]. What is
more, the unrelated sideroflexins also rely on the TIM22 carrier translocase for their biogenesis [38,39].
Of the MPC components, at least Mpc2 and Mpc3 have unpaired TM helices and none of the MPC
proteins possess more than three TM segments [6,7,35–37], while the sideroflexins also have an uneven
number of TM segments and yet another topology [8,39] (Figure 2). Thus, multiple recent studies have
revealed a surprising versatility of the TIM22 pathway. The mechanistic differences in the handling of
substrates with 4 or 6 TM segments (classical TIM22 substrates) versus 2/3 (MPC subunits) or 5 TM
segments (sideroflexins) are still unclear. The C-terminal helix-loop-helix domain of Mpc2 and Mpc3
might conceivably be treated similarly as a typical carrier repeat, since they share the topology
and positively charged matrix loop. In addition, MPC subunits were reported to have an N-terminal
α-helix whose function is unknown [37]. For the human TIM22 translocase a differential requirement
of the auxiliary subunits for different substrate classes has been reported: AGK is required for
efficient carrier import and dispensable for the import of Tim22 and related proteins [103,104],
whereas the opposite is the case for Tim29 [92]. Interestingly, sideroflexins, like classical carriers, rely
on AGK, while Tim29 is dispensable [38]. It will be very interesting to learn how TIM22 adapts its
function to import this range of structurally distinct substrates.

5. Perspectives

The biogenesis of mitochondrial metabolite carriers is still not fully understood despite the fact that
the TIM22 import pathway has been under scientific investigation for decades. The recent discovery
of two human TIM22 components and the very limited insight into the mechanism of membrane
integration by the carrier translocase exemplify how much fundamental information is still lacking.
Novel findings indicate that carrier import may benefit from contact sites between the outer and inner
membranes after all. Moreover, the TIM22 pathway has turned out to be unexpectedly versatile
regarding its substrate requirements. Finally, it seems likely that the biogenesis of proteins with such
a central role in mitochondrial physiology is regulated at different steps. While there is precedent for
this notion from yeast, the human TIM22 pathway still awaits characterization of regulatory factors.
Thus, the biogenesis of mitochondrial metabolite carriers remains an exciting field of study that is
expected to generate important insights into mitochondrial physiology.
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Abstract: Mitochondrial permeability transition (MPT) is the sudden loss in the permeability of the
inner mitochondrial membrane (IMM) to low-molecular-weight solutes. Due to osmotic forces, MPT is
paralleled by a massive influx of water into the mitochondrial matrix, eventually leading to the structural
collapse of the organelle. Thus, MPT can initiate outer-mitochondrial-membrane permeabilization
(MOMP), promoting the activation of the apoptotic caspase cascade and caspase-independent
cell-death mechanisms. The induction of MPT is mostly dependent on mitochondrial reactive oxygen
species (ROS) and Ca2+, but is also dependent on the metabolic stage of the affected cell and signaling
events. Therefore, since its discovery in the late 1970s, the role of MPT in human pathology has been
heavily investigated. Here, we summarize the most significant findings corroborating a role for MPT
in the etiology of a spectrum of human diseases, including diseases characterized by acute or chronic
loss of adult cells and those characterized by neoplastic initiation.

Keywords: mitochondrial permeability transition; apoptosis; necrosis; ischemia/reperfusion; cancer;
neurodegeneration; cyclosporin A

1. Introduction

Mitochondrial permeability transition (MPT) remains one of the most unusual and poorly
characterized aspects of mitochondrial biology. This phenomenon was first reported in the late 1970s
and was originally considered an artefact due to the experimental conditions required to investigate
isolated mitochondria. However, (as better described below) MPT is triggered by the accumulation of
Ca2+ in the mitochondrial matrix that occurs in isolated mitochondria exposed to a [Ca2+] significantly
higher than that in the cytoplasm. The development of techniques to measure Ca2+ within different
compartments later demonstrated that mitochondria can actively uptake Ca2+ even in living cells,
prompting the investigation of MPT in cell pathophysiology.

1.1. Mitochondrial Routes of Cell Death

Mitochondria actively participate in multiple forms of regulated cell death (RCD) through
different routes, all involving major alterations in the outer mitochondrial membrane (OMM) and/or
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inner mitochondrial membrane (IMM). Activation of the mitochondrial pathway of RCA causes
the redistribution of mitochondrial proteins into the cytoplasm, which activates cell-death effectors,
or the dramatic impairment of cell bioenergetics, which ultimately leads to death of the affected cells.
These mechanisms are, in general, categorized into two types that function under different conditions:
those involving only outer-mitochondrial-membrane permeabilization (MOMP) and those in which
there is also a long-lasting increase in IMM permeability, the MPT. MOMP is due to the formation
of a pore composed of the protein B-cell lymphoma (Bcl-2) protein family members Bax and Bak.
In response to some apoptotic signals, Bax re-localizes from the cytosol into distinct foci on the OMM.
There, Bax oligomerizes into specific structures, such as rings and arc-shaped structures, which can
create large-conductance pores in the OMM [1–3]. Similarly, Bak (which is mostly constitutively located
in the OMM) can homo-oligomerize (Figure 1).

 

Figure 1. Major molecular paths in mitochondria-related regulated cell death (RCD).
Figure 1. Major molecular paths in mitochondria-related regulated cell death (RCD). Mitochondrial
calcium overload and ROS levels can trigger either the activation of intrinsic apoptotic pathway
(left side) through the recruitment of Bcl-2 family proteins at the mitochondria, or permeability
transition pore complex (PTPC) formation which could lead to mitochondrial outer membrane
permeabilization (MOMP), energetic imbalance, and subsequent release of proapoptotic cofactors from
the inter membrane space, such as SMAC/DIABLO, CytC, and ENDOG (right side).

Because of the permeabilization of the OMM, many proteins normally localized within the
intermembrane space (IMS) are simultaneously released into the cytosol; these proteins are involved
in the effector phase of apoptosis. In particular, (i) cytochrome c (CytC) mediates the organization
of the apoptosome and then the activation of the caspase cascade [4]; (ii) apoptosis-inducing factor,
(iii) mitochondria-associated, 1 (AIF) induces chromatin condensation; (iv) HtrA serine peptidase 2
(HTRA2) and Diablo IAP-Binding Mitochondrial Protein (SMAC/DIABLO) bind inhibitor of apoptosis
(IAP), preventing the inhibition of procaspases; and endonuclease G (ENDOG) mediates DNA
fragmentation [5] (Figure 1).

Investigation of the Bcl-2-mediated control of RCD revealed a role of Ca2+-mobilization signals.
Indeed, several signals can induce RCD by the selective transfer of Ca2+ from the endoplasmic reticulum
(ER, which acts as a store) to mitochondria [6–8]. When mitochondria are exposed to a pathological overload
of Ca2+, MPT is triggered [9]. MPT is associated with the opening of the mitochondrial permeability
transition pore complex (PTPC), a voltage-dependent, high-conductance channel assembled at the
interface between the IMM and the OMM [10]. PTPC opening leads to the redistribution of small
solutes (<1.5 kDa). The dramatic osmotic influx of water into the mitochondrial matrix during MPT
collapses mitochondrial membrane potential (∆ψm) and all related activities (including ATP recycling),
and is followed by structural collapse (swelling). It results in the release of mitochondrial proteins
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from IMS which triggers the apoptotic pathway. Alternatively, the incapability of the affected cell to
sustain ATP production leads to the irreversible deterioration of ion homeostasis, ultimately resulting
in cell death with a necrotic morphology [11] (Figure 1).

It is believed that Ca2+ is the only trigger for PTPC opening, while other factors manipulate
the threshold of [Ca2+] required for the occurrence of the event. These include sensitizers (e.g., low
∆ψm, ROS, high matrix pH, long-chain fatty acids, atractyloside, and carboxyatractyloside) [12–17]
and desensitizers (Mg2+, ADP, ATP, acidic matrix pH) [11]. Among the many desensitizing factors,
the best characterized is cyclosporine A (CsA). This small molecule can inhibit the mitochondrial
peptidyl-prolyl isomerase cyclophilin D (CypD) and to date has been considered the gold standard for
evaluating the involvement of MPT in pathophysiology.

1.2. Current Hypotheses on PTPC Structure

The structure of the PTPC has been investigated for decades and is still not well characterized.
Original studies on isolated proteins and reconstituted liposomes proposed the voltage-dependent
anion channel (VDAC) on the OMM and the ADP/ATP translocase (ANT) on the IMM. The inclusion
of ANT in the model is important as it possibly represents the inhibition site for ADP/ATP or the
activation site for atractyloside. Notably, both proteins could be isolated in a complex containing
CypD. Murine CypD is coded by the gene Ppif. The investigation of Ppif -KO mice (then ablated for
CypD) robustly confirmed the involvement of CypD in PTPC composition [18]; in contrast, the genetic
deletion of VDAC failed to do so. Indeed, when cells from VDAC1−/−; VDAC3−/−mice were treated
with siRNA targeting VDAC2, they displayed comparable sensitivity to MPT [19].

A similar approach was conducted to investigate ANT. The knockout (KO) of the three mouse
isoforms of ANT indeed showed that PTPC requires a large amount of Ca2+ to open, and that the
inhibitory effect of ADP was lost [20]. Interestingly, in cells from ANT triple-KO animals, MPT was still
sensitive to CsA, and in CypD-KO cells, MPT was still responsive to ADP [18]. The combined deletion
of ANTs and CypD in a quadruple-KO model conferred resistance of MPT to [Ca2+] as high as 5 mM
(which is considerably high), potentially indicating that the PTPC did not manifest. These experiments
confirmed a role for ANT in the PTPC, but also implied that some other partners of CypD participate
in the formation of the PTPC.

Recently, a new candidate was proposed as a pore-forming member of the PTPC—mitochondrial
F1/FO ATP synthase (hereafter referred to as ATP synthase). Indeed, (i) genetic manipulation of ATP
synthase subunits markedly affected MPT; (ii) isolated ATP synthase, or its C subunit, reconstituted in
artificial bilayers generated PTPC-like currents after Ca2+ stimulation; (iii) ATP synthase interacts with
CypD; and (iv) molecules that target ATP synthase impair MPT [21–23]. Furthermore, the mutagenesis
of the beta subunit (β-subunit) and the oligomycin-sensitivity-conferring protein (OSCP) of ATP
synthase impaired the effects of Ca2+ and acidic pH, respectively, on the PTPC [24,25]. ATP synthase is
usually arranged in dimers that further cluster with oligomers on the IMM. PTPC-derived currents
were obtained from monomers or dimers in different experimental settings, opening a debate on which
portions of the complex are required [26,27]. Despite this, it was demonstrated that MPT is mediated
by the rupture of ATP synthase dimers and that it was preventable by mutagenesis of the C subunit,
altering the C-ring conformation [21]. CRISPR/Cas9-mediated deletion of the ATP synthase C or B
subunits was still detectable, suggesting that ATP synthase might not be directly involved in the pore
formation [28,29]. Later studies in cells devoid of the C subunit revealed that conductance of PTPC
was significantly reduced and that the remaining current could still be inhibited by CsA or compounds
targeting ANT (ADP and bongkrekic acid) [30]. Multiple hypothesis are now under evaluation to
explain these apparently conflicting results: (i) ATP synthase might only indirectly regulate PTPC,
by controlling crista structure and ADP levels, (ii) ATP synthase and ANT might form two independent
pores among the IMM and, (iii) ANT and ATP synthase (which can interact in the so-called ATP
synthasome) might be synergistically required for the proper formation of the PTPC pore.
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1.3. Involvement of MPT in RCD Subroutines

Studies on Ppif -KO mice demonstrated that CypD-dependent MPT is fundamental for the
activation of RCD with necrotic features. Indeed, CypD-deficient cells are resistant to necrotic cell
death induced by reactive oxygen species (ROS) and Ca2+ overload, while stimuli that activate MOMP
are insensitive to a lack of CypD [31,32]. Additionally, neuronal cell lines stably overexpressing CypD
in mitochondria were prone to necrotic cell death after MPT induction, and were instead more resistant
to apoptosis induced by nitric oxide (NO) or staurosporine [33]. This evidence suggests that MPT
ultimately results in necrosis and does not induce other forms of cell death (Figure 1). As apoptotic
cell death is an active, energy-demanding process, this conclusion is logical for all those conditions in
which a marked PTPC opening is triggered, reaching the non-return point of energy depletion that
engages the mechanism described above. Nevertheless, some deviation from this model should be
considered. Indeed, different reports have shown that in several experimental models, different stimuli
that increase intracellular ROS elicit markers of intrinsic apoptotic pathways that can be inhibited by
CsA, including mitochondrial proapoptotic protein release, phosphatidylserine exposure, and DNA
fragmentation [34–48]. This suggests that, at least under selected experimental conditions, submaximal
MPT might represent an alternative path for apoptosis activation.

Furthermore, proteins that regulate MOMP are strictly connected to MPT. Several direct
protein–protein interactions between Bcl-2 family members and constitutive mitochondrial proteins
involved in MPT, such as ANT, VDAC, and ATP synthase, have been confirmed. Bax and Bak are also
required for PTPC-dependent necrotic cell death; in fact, the loss of Bax/Bak resulted in resistance
to mitochondrial calcium overload and swelling [49]. The confirmation of MPT control by these
interactions was demonstrated by the evidence of Bax- and Bak-induced loss of ∆ψm, mitochondrial
swelling, and CytC release through a Ca2+- and CsA-dependent mechanism [50]. In addition, it was
demonstrated that tBID induced transient openings of the PTPC associated with a conspicuous
remodeling of mitochondrial cristae through a Bak-independent but CsA-inhibitable process [51]. ANT
function is under the control of Bcl-xL expression: growth-factor-deprived cells avoid apoptosis via an
efficient exchange of ADP for ATP promoted by Bcl-xL, permitting mitochondria to adapt to changes
in metabolic demand [52]. Furthermore, Bcl-2 positively regulates ANT activity, while Bax inhibits it
by disrupting its interaction with Bcl-2 [53].

Necroptosis is a form of regulated necrosis recently discovered under conditions in which the
apoptotic pathway was inhibited, and it presents morphological features of both apoptosis and necrosis.
The key upstream kinases involved in the activation of necroptosis are RIPK1 [54], RIPK3, and the
substrate MLKL [55], which can be inhibited either through genetic or pharmacological methods to
block this type of programmed cell death [56].

RIPK3, which is essential for TNFa-induced necrosis, can inhibit the ADP/ATP exchange mediated
by ANT [57], which coincides with the loss of the CypD–ANT interaction, reduced ATP, and the
induction of necrotic cell death, suggesting a role of the ANT–CypD interaction in necroptosis [58].
Bax and Bak have also been defined as mediators of necroptosis [59]; in fact, the elimination of Bax/Bak
or the overexpression of Bcl-xL leads to the inhibition of the necroptotic process [60]. Furthermore,
necroptosis is associated with mitochondrial CytC release and is partly sensitive to CsA inhibition [61].

The investigation of MPT over the years has revealed its importance in multiple subroutines of
RCD, prompting investigation into its involvement in human pathology. In the present manuscript,
we review the most recent literature discussing the role of the PTPC in human diseases caused by the
dysregulation of cell death.

2. PTPC in Acute Conditions

2.1. MPT during Ischemia

Ischemia and consequent reperfusion injury (RI) are pathological manifestations in which the
involvement of MPT has been robustly confirmed. Ischemia is characterized by the reduced oxygenation
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of a portion of a tissue (hypoxia), which results in the loss of tissue functions and eventually the
activation of multiple forms of RCD. Ischemia impacts multiple organs, especially those that are more
susceptible to hypoxia, such as the heart, brain, and kidney. Interestingly, not all tissues share the same
susceptibility to ischemia/RI. In fact, the severity of the injury largely depends on how different types
of cells, and therefore tissues, can survive under hypoxic conditions [62,63].

Mechanistically, a lack of oxygenation translates into reduced activity of the electron transport
chain (ETC), and hence results in the blockage of oxidative phosphorylation (OXPHOS) and a consequent
reduction in ATP recycling. In this scenario, to meet energy demands, cells upregulate anaerobic glycolysis,
producing lactic acid and hydrogen ions, which results in intracellular acidosis. By neutralizing pH
via the activation of Na+/H+ antiporter (NHE), the cell undergoes sodium accumulation that is
counterbalanced by the reverse activity of Na+/Ca2+ exchanger (NCX). Concomitantly, the reduction in
available ATP depresses the activity of Na+/K+ ATPase, plasma membrane calcium ATPase (PMCA),
and sarco-/endoplasmic reticulum Ca2+-ATPase (SERCA), which ultimately results in an overload of
cytosolic Ca2+ [64]. Additionally, the reduced pO2 causes the accumulation of electrons among different
respiratory complexes, leading to the production of ROS. The concomitant increase in intracellular Ca2+

and ROS and the decrease in ∆ψm favors the induction of MPT. This mechanism has been demonstrated
in cultured neonatal rat cardiomyocytes [65], hepatocytes [66], and immortalized cells [67].

Among all tissues, the brain exhibits high sensitivity to ischemia due to its glucose-dependent
metabolisms [68]. Rapid and CsA-dependent mitochondrial depolarization is reported to occur early
during experimental stroke in the mouse somatosensory cortex in vivo [69]. Additionally, CsA protects
the retinal ganglion from cell death during acute intraocular pressure (IOP) elevation, a peculiar
inducer of ischemia [70]. Furthermore, CsA administration attenuates hypoxic–ischemic brain injury
in newborn rats induced by unilateral carotid artery ligation [71].

Despite this, MPT is commonly believed to occur to a minimal extent during ischemia. Indeed,
as described, hypoxia leads to the accumulation of protons and ADP, which are strong inhibitors
of PTPC. During ischemia, the manifestation of MPT depends on the subtle equilibrium between
PTPC inducers (Ca2+ and ROS) and inhibitors (protons and ADP), which accumulate as a result
of impaired mitochondrial respiration and excess glycolysis (Figure 2). Furthermore, the adaptive
response to hypoxia-mediated by HIF1a affects PTPC opening by regulating hexokinase II (HKII)
levels [72], another reported PTPC regulator. Indeed, when HIF1a is stabilized (e.g., following hypoxia
or GSK360A administration), HKII protein expression significantly increases in the mitochondrial
fraction, and this is directly involved in the cytoprotective effect started by HIF1a stabilization. Genetic
depletion of HKII completely abolished this path even in the presence of an activated HIF1a [72].
Nevertheless, HKII is considered an inhibitor of the PTPC only when bound to the OMM (especially to
VDAC), rather than when generally overexpressed in mitochondria.

 

−

Figure 2. MPT alterations in human diseases. (A) Effect of ischemia and reperfusion in levels of
MPT-regulating factor in insurgence of RCD (purple cells). (B) Schematic representation of the effect of
mutations in mitochondrial or nuclear DNA (represented by circular DNA or chromosome, respectively)
in human diseases characterized by degeneration of neuronal or muscular tissue. (C) Representation of
major alterations in MPT regulators detected in tumor microenvironment.
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Nevertheless, under this condition, Ca2+ overload may induce MPT-independent cell death as
a result of the excessive activation of Ca2+-dependent enzymes such as phospholipases, proteases,
and endonucleases [73,74]. Noticeably, during myocardial infarction, the activation of calpains,
Ca2+-dependent cysteine proteases, results in myofibril disruption, thus promoting hypercontracture
in the heart, which consists of sustained shortening and stiffening of the myocardium [75,76].

2.2. Role of MPT in Reperfusion Injury

The situation dramatically changes during tissue reperfusion. Indeed, the restoration of pO2

recovers respiration, ATP synthesis, and the activity of plasma membrane pumps, which re-equilibrate
intracellular pH. As a result, the inhibition of MPT by ADP and protons is removed, lowering
the threshold for PTPC opening. In addition, reperfusion stimulates ROS production by multiple
sources [77]. At the mitochondrial level, succinate is observed to accumulate in the mitochondrial
matrix during ischemia and it was proposed to stimulate ROS production from complex I through
reverse electron transport (RET), at the time of reperfusion [78]. Other pieces of evidence suggest that
ETC conditions are not favorable for RET at the beginning of reperfusion, and that a burst of ROS
production only occurs after a first wave of MPT. Besides mitochondria, reperfusion induces ROS
via other enzymes including (but not limited to) xanthine oxidase, NADPH oxidase, and nitric oxide
synthase [77]. These are believed to further stimulate ROS generation in the mitochondria, forming a
vicious cycle and making mitochondria de facto the largest ROS source during reperfusion [79,80].
The elevated superoxide anion (O2

−) reacts with nitric oxide (NO), producing the highly reactive
peroxynitrite. This leads to a reduction in the availability of NO (which is a potent vasodilator)
and causes the accumulation of neutrophils [77]. Furthermore, oxidative damage causes lipid
peroxidation, DNA damage, and enzyme denaturation and activates the innate anti-inflammatory
response, aggravating reperfusion injury (RI) [81].

The occurrence of MPT during the reperfusion phase was demonstrated by the experiments of
Griffith and Halestrap in 1995. They showed that mitochondrial accumulation of radioactive deoxy
glucose (hot-dog), which can pass through the IMM only during MPT, did not occur in isolated hearts
undergoing ischemia, but was significantly induced (and inhibitable by CsA) during reperfusion [82].

In the past decade, several in vitro and in vivo studies have confirmed the involvement of MPT
in ischemia/RI [83]. The administration of CsA (as well as its analog FK506) has been shown to
protect against ischemia/RI in multiple animal models and in multiple tissues, including cardiac
and skeletal muscle, brain, kidney, liver, lungs, and testis [84–89]. Ppif -KO mice are significantly
protected from ischemia/RI in both cardiac muscle and the brain, in terms of both tissue function
and survival rates [31,32,90]. In addition to CypD manipulation, genetic interference in mechanisms
of Ca2+ homeostasis proved the importance of MPT in ischemia/RI. Cardiac-specific ablation of
NCX significantly decreased ischemia/RI in isolated hearts [91]. Similarly, mice overexpressing Bcl2

have reduced [Ca2+]m accumulation and are therefore protected from myocardial ischemia/RI [92].
Accordingly, tissue-specific overexpression of the mitochondrial Na+/Ca2+ exchanger (TER-NCLX) in
cardiac muscle accentuates the extrusion of Ca2+ from mitochondria to the cytosol and then suppresses
[Ca2+]m, decreasing the sensitivity of cardiomyocytes to PTPC opening. Hearts from TER-NCLX
mice also display protection from left coronary artery ligation-induced ischemia/RI [93]. Additionally,
impairing mitochondrial calcium uniporter (MCU), using the inhibitor Ru360 [94] or in MCU-KO
mice [95], lowers the uptake of mitochondrial Ca2+ and is correlated with increased brain and heart
function. We recently demonstrated that inhibiting ATP synthase via N,N-dicyclohexylcarbodiimide
(DCCD) partially recovered contractility of isolated heart exposure to ischemia/RI by Langhendorff
apparatus. Most interestingly, we observed that serum levels of the C subunit in patients with
ST-segment elevation myocardial infarction (STEMI) correlated to several surrogate markers of
myocardial reperfusion [96].
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2.3. Role of MPT in Acute Kidney Injury

Renal tissue is also known to be affected by MPT in multiple conditions. Acute kidney failure
(mostly known as acute kidney injury, AKI) is often characterized by extensive necrosis. The protective
effect of CsA or CypD inactivation on experimental ischemia/RI has been largely reported in kidneys,
as previously stated. Atherosclerotic renal artery stenosis (ARAS) is probably the most frequent
cause of ischemia/RI-related AKI. The outcomes of experimental ARAS are significantly improved by
exposure to the mitochondrial-targeted peptide Elamipretide. This peptide displays multiple protective
functions, including the buffering of ROS and the stabilization of the structural mitochondrial lipid
cardiolipin. Specifically, in experimental ARAS, the protective effect of Elamipretide is believed to be
mediated by desensitization to PTPC opening [97].

Renal tissue can also undergo, at nominal pO2, conditions resembling manifestation of RI and
that appear to be dependent on MPT. For example, an important cause of AKI with extended necrosis
is exposure to drugs (e.g., FANS or chemotherapy) and crystal nephropathies. The etiology of these
ischemic-like conditions is not yet fully comprehended, although it is proposed to act through excess
ROS production, which ultimately triggers PTPC opening. In support of this model, under conditions
of oxidative stress, glycogen synthase kinase-3β (GSK3β), an interactor and regulator of the putative
PTPC, translocates from the cytosol to mitochondria in a VDAC2-dependent manner, promoting PTPC
opening [98]. Inhibition of GSK3β promotes resistance to MPT in mice undergoing paraquat- or
diclofenac-induced nephrotoxicity [99,100]. Interestingly, it is now well recognized that cell death
during AKI is significantly dependent on necroptosis, a finding largely confirmed by investigations
on Mlkl-KO and Ripk3-KO animals [101]. Cisplatin-induced AKI is protected by the inactivation
of both Ripk3 and CypD. Ripk3/Ppif -double-KO models are more protected than the models with
either KO [102], suggesting that MPT and Ripk3 contribute to RCD by independent but concomitant
pathways. A recent study by Mulay et al. using CypD-KO and Mlkl-KO mice showed that experimental
conditions mimicking acute oxalosis (crystal nephropathy characterized by sudden increases in serum
oxalate levels) resulted in kidney failure with necroptotic features that was strongly dependent on
MPT [103]. That study, however, did not report significant differences among the Ppif -KO, Mlkl-KO
and Ppif /Mlkl-double-KO mice in terms of protection from cell death.

3. PTPC in Degenerative Conditions

Degenerative disorders are human diseases characterized by the chronic loss of fully differentiated
cells, which leads to the progressive impairment of the structure and/or function of the affected
tissue/organ. Among the most frequent and probably most investigated degenerative disorders are
conditions that affect the CNS or the skeletal or cardiac muscle. As previously mentioned, these
organs all require large amounts of energy; therefore, it is not surprising that the mutations most
frequently associated with degenerative disorders are linked to mitochondria. Intriguingly, many
of these conditions share impaired mitochondrial respiration and ATP production, increased ROS
production, and altered PTPC sensitivity. The involvement of MPT in these disorders appears to
be more complex than the involvement of MPT in ischemia/RI in terms of molecular and cellular
interactions. We therefore summarize the major observations made in different degenerative conditions.

3.1. Role of the PTPC in Protein-Aggregation-Related Neurodegenerative Diseases (NDs)

The primary features of neurodegeneration are the abnormal presence and accumulation of
mutant and/or damaged proteins. Protein aggregation is the main cause of changes in the intracellular
environment such as oxidative status, impaired protein quality control system, transcriptional alteration,
and mitochondrial dysfunction. All these variations critically contribute to the pathogenesis of NDs
and culminate in neuronal cell death. Among the diverse types of proteins that aggregate, amyloid-beta
(Aβ), Tau, and alpha-synuclein (αSyn) are the most commonly studied and represent the primary

417



Biomolecules 2020, 10, 998

cause of sporadic and familial Alzheimer’s disease (AD) and Parkinson’s disease (PD), the most
prevalent NDs.

Interestingly, Aβ, Tau protein, and αSyn are found in the mitochondria of patients affected by
AD or PD [104–106] or their related animal models [107–109]. In particular, these protein aggregates
have been observed to colocalize or directly interact with multiple partners of the PTPC, such as CypD,
VDAC, ANT, and ATP synthase [104,107,109,110].

Additionally, Aβ exposure in cultured cortical neural progenitor cells induces PTPC opening [111].
In particular, short Aβ exposure led to decreased cell proliferation. However, when the exposure and
thus PTPC opening were prolonged, CsA-inhibitable necrotic RCD was activated. Consistent with
this result, intravital multiphoton imaging of AD mouse models demonstrated that near senile Aβ
plaques, mitochondria showed severe structural and functional abnormalities, suggesting that senile
plaques are the main source of toxicity in vivo [112]. Aβ plaques and phosphorylated Tau interact
with VDAC, leading to mitochondrial dysfunction [105]. Similarly, a specific Tau fragment (NH2-26-44
fragment) affects OXPHOS and mitochondrial dynamics by interacting with ANT and impairing PTPC
regulation [113].

Furthermore, αSyn oligomers move into mitochondria and colocalize with ATP synthase, inducing
its oxidation concomitantly with increased PTPC opening, mitochondrial swelling, and necrosis
activation [114]. Additionally, a PD mouse model characterized as having a mutant human αSyn
(Thy1-hαSyn-A53T tg mice) proved thatαSyn associates with neuronal mitochondria and interacts with
VDAC and CypD in vivo [115]. This work directly linked motor abnormalities and neuropathology to
the PTPC.

The study of rare inherited mutations in PD has provided insight into the molecular mechanisms
of mitophagy, the regulated delivery of dysfunctional mitochondria to lysosomes via autophagic
machinery. Multiple PD-related genes have been identified, among which the mitochondrial
kinase PINK1 and the cytosolic E3 ubiquitin ligase Parkin are the most characterized. The PTPC
may be involved in mitophagy-mediated quality control processes, which play a critical role in
conserving neuronal health and function. Indeed, it has been suggested that the opening of the PTPC
regulates mitochondrial depolarization and subsequent mitochondrial degradation in autophagosomes.
Furthermore, CsA and its analogs block autophagosome formation, and the alteration of PTPC
opening has been unveiled in models lacking PINK1, Parkin, and DJ1, which are components of the
best-characterized stress-induced mitophagy pathways [116,117]. Consistently, the downregulation of
PINK1 in mouse neurons resulted in altered mitochondrial morphology and function, ROS production,
and finally PTPC opening. All these events were accompanied by the induction of mitochondrial
autophagy [118].

Similarly, PINK1-deficient neurons showed selective increases in mitochondrial Ca2+, PTPC
opening, and defective mitochondrial respiration. In addition, the inhibition of PTPC opening was
found to be sufficient to rescue the mitochondrial impairments observed in Pink1−/− cells [119].
ROS production and PTPC opening were increased in primary mouse embryonic fibroblasts (MEFs)
and brains from Park7−/− (the gene coding for DJ-1) mice compared with wild-type (WT) samples.
In contrast, antioxidant molecules decreased ROS levels and PTPC opening. Interestingly, in contrast to
Pink1−/− cells, the lack of DJ-1 did not affect mitochondrial respiration and Ca2+ dynamics, suggesting
that DJ-1 has a possible antioxidant role. Finally, Parkinsonian toxins (such as 6-hydroxydopamine and
neurotoxin1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) are widely employed as in vivo and in vitro
chemical models of PD and have been found to be potent activators of both PTPC and mitophagic
processes [120,121]. Notably, both VDAC and ANT were demonstrated to be required for proper
mitophagy [122,123]. Finally, recent pieces of evidence demonstrated that human samples obtained by
AD-affected patients displayed inhibited damaged mitochondrial clearance [124] and that mitophagy
activation diminished insoluble Aβ and Tau hyperphosphorylation to revert cognitive impairments in
an AD mouse model [125,126] (Figure 2).
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Taken together, these findings suggest that the mitochondrial accumulation of disease-specific
protein aggregates might favor MPT via direct interactions or mitophagy impairment, which leads to
the accumulation of mitochondria prone to PTPC opening and RCD (Figure 2).

3.2. Amyotrophic Lateral Sclerosis (ALS) and PTPC

ALS is the most common neuromuscular degenerative disease affecting adults. While several
works have suggested a protein-aggregation origin, this progressive and severely disabling fatal
neurological disease is generally considered to have multifactorial causes. Currently, there are no cures
or effective treatments for ALS, and the molecular pathogenesis of ALS is poorly understood.

Recent findings show that mitochondrial perturbations are implicated in the pathogenesis and
progression of ALS. Altered fission–fusion dynamics, altered mitochondrial Ca2+ homeostasis, excessive
oxidative stress, reduced OXPHOS activity, and decreased proapoptotic factor release have been found
in ALS models in vitro and in vivo. Additionally, the PTPC is emerging as a critical player in ALS.
In a transgenic model of ALS (G93Ahigh), a profound alteration in mitochondrial structures with
increased PTPC activity was observed [127]. Interestingly, dendritic mitochondria from the same
ALS animal model displayed increased contact sites between the IMM and OMM. This conformation
might favor the formation of the PTPC. Furthermore, the deletion of CypD delayed disease onset and
extended the survival of transgenic ALS mice [127]. Consistent with this finding, the exposure of
two independent ALS murine models to the novel PTPC inhibitor GNX-4728 protected against motor
neuron degeneration and mitochondrial impairment and promoted their survival nearly 2-fold [128].

Preclinical studies have shown that olesoxime, a member of the cholesteroloxime family, improves
the survival of neural cells and reduces the effects of oxidative stress by modulating the PTPC.
In particular, this compound concentrates in mitochondrial compartments, where it binds the PTPC
interactors VDAC and mitochondrial translocator protein (TSPO). Following olesoxime binding,
the PTPC was desensitized, leading to neural cell protection both in vitro and in vivo [129,130].
Accordingly, the potent antioxidant and inhibitor of PTPC edaravone (Radicut™) has been approved
for the treatment of ALS [131]. Compounds derived from cinnamic anilides such as GNX-4728 and
GNX-4975 also represent an MPT-based treatment of ALS. In a murine model of ALS, these compounds
delayed the onset of symptoms, increased lifespan, and reduced the inflammatory response [128].

3.3. Multiple Sclerosis (MS) and PTPC

MS is the most common primary demyelinating disease of the brain. MS is an inflammatory
T-cell-mediated autoimmune disease characterized by progressive demyelination, gliosis (scarring),
and neuronal loss [132]. Recently, mitochondrial dysfunction has been increasingly linked to the
pathogenesis of MS. Additionally, impaired mitochondrial enzyme complex activity [133,134], increased
oxidative stress [135], altered mitochondrial DNA [136], impaired quality control systems [137,138],
and abnormal mitochondrial number and morphology have been described in MS patients [133]
and in vivo MS mouse models [139,140]. In this context, it was discovered that the PTPC might also
contribute to MS; indeed, CypD-KO mice with experimental autoimmune encephalomyelitis (EAE),
a commonly used animal model for MS, recovered from their induced disabilities. Furthermore, axonal
damage was decreased, and the mitochondria of cultured CypD-KO neurons accumulated higher
levels of Ca2+ and were more resistant to oxidative stress compared to WT [141]. Subsequent studies
confirmed this finding and demonstrated that the selective inhibition of PTPC exerted neuroprotective
effects on the EAE model by increasing mitochondrial function, reducing oxidative stress, and blocking
mitochondrial swelling and Ca2+-mediated PTPC formation [142]. The p66Shc protein may also
modulate the mitochondrial dynamics and PTPC opening that occur during neurodegeneration in
EAE. P66Shc is a product of the ShcA gene normally localized in the cytoplasm. However, once
phosphorylated by protein kinase C-Beta and following interaction with PIN1, P66Shc moves to the
mitochondria, where it regulates distinct cellular processes such as apoptosis and autophagy [143,144].
Furthermore, in the mitochondrial compartment, p66Shc works as a ROS amplifier by generating
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mitochondrial ROS to induce PTP opening. Consistent with this function, when EAE was induced in
p66Shc-KO (p66Shc−/−) mice, the clinical symptoms (manifested as limb weakness and paralysis) of
these model mice were less severe than those of WT mice [145]. The fact that the onset and development
of EAE in p66Shc/Cyc-D-double-KO mice were identical to those observed in p66Shc−/−mice validates
the role of the p66Shc-PTPC pathway in neurodegeneration and confirms that once activated, p66Shc
interacts with PTPC to promote its opening [146].

3.4. PTPC in Muscular Dystrophies (MDs)

MDs refer to a clinically and genetically heterogeneous group of degenerative muscle diseases,
manifested primarily as the progressive weakness and degeneration of skeletal muscles that control
movement, resulting in severe pain, disability, and ultimately death. Some forms of MD also affect
cardiac muscle [147,148]. Current therapies to treat muscle degenerative diseases are still limited by
poor targeting, although promising new therapeutic directions remain [149].

The most common and severe form of human muscular dystrophy is Duchenne MD (DMD),
which is an X-linked recessive genetic disorder associated with respiratory complications and cardiac
dysfunction [150]. The disease is caused by a genetic defect—the absence of the cytoskeletal protein
dystrophin, the primary function of which is to link the myofiber cytoskeleton to the extracellular
matrix, stabilizing the sarcolemma [151–153]. Although the gene underlying the disorder was identified
in 1987 [154], the pathophysiology leading to disease remains unclear. Numerous mitochondrial
alterations are correlated with dystrophic conditions, including impaired ATP production, substrate
handling, Ca2+ buffering capacity, and elevated ROS production. The mitochondria in muscular
fibers from dystrophic mdx mice (a murine model of DMD) displayed a significantly shorter time
to MPT induction in response to Ca2+ than WT mice [155]. In C. elegans and zebrafish models of
DMD, mitochondrial fragmentation is detectable before overt signs of muscular degeneration, and CsA
feeding delays muscle degeneration [156]. Cyclosporine also inhibits calcineurin, a signaling protein
involved in skeletal muscle, and its inhibition was found to worsen muscular dystrophy in an mdx
mouse model [157,158]. Nonetheless, the deletion of Ppif and the administration of Debio-025 (a CsA
inhibitor with no effect on calcineurin) prevented dystrophic conditions in mdx and d-sarcoglycan-KO
(Scgd−/−) animals [159,160]. Additionally, several lines of evidence have shown that Ppif deletion is
protective in Col6a1−/−mice [161].

Mutations of collagen VI (ColVI) genes encoding the extracellular matrix protein, which is
abundant in skeletal muscle, cause three muscle diseases in humans: Ullrich congenital muscular
dystrophy (UCMD), Bethlem myopathy (BM), and the recently identified myosclerosis myopathy
(MM) [162,163]. These collagen VI myopathies are inherited muscle diseases that share mitochondrial
dysfunction due to altered PTPC opening [164]. Mouse models lacking collagen VI (Col6a1−/−) display
an early onset myopathic phenotype correlated with ultrastructure defects in mitochondria and the
sarcoplasmic reticulum (SR), altered mitochondria caused by eventual inappropriate PTPC opening,
and elevated muscle fiber apoptosis [161,165,166]. In addition, the absence of ColVI led to a marked
decrease in the expression of proapoptotic Bcl-2, which may synergize with calcium to enhance the
opening of the PTPC and eventually promote the release of mitochondrial proapoptotic factors [167].

In light of this fact, the altered expression of collagen in Col6a1−/−mice and in BM and UCMD
patients correlates with enhanced PTPC opening, resulting in the functional and ultrastructural
deficiency of mitochondria, followed by impaired autophagy, [168]. As such, autophagy is altered in
MDs, and autophagy activation due to low amino acid intake improved the skeletal muscle phenotype
of a DMD mouse model (mdx), [169]. Consistently, pharmacological treatment with CsA has been
reported to dramatically recover myofiber degeneration in a Col6a1−/− mouse model and UCMD
patients [161,166]. Additionally, it has been demonstrated that mitochondria-mediated cell death can
be reduced by CsA in Ullrich congenital muscular dystrophy models [167].
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4. Mitochondrial Disorders

Mitochondrial diseases are a clinically heterogeneous group of disorders that arise because of
mitochondrial respiratory chain dysfunction. These diseases are caused by mutations in nuclear DNA
(nDNA) and in mitochondrial DNA (mtDNA). Although mitochondrial diseases can involve any
organ or tissue, they characteristically involve multiple systems, typically affect organs that are highly
dependent on aerobic metabolism and are often relentlessly progressive with high morbidity and
mortality. Like other degenerative diseases, the involvement of MPT in mitochondrial diseases has
been proposed.

Mutations in mtDNA are responsible for the etiology of the most frequent mitochondrial
diseases, especially Leber’s hereditary optic neuropathy (LHON); neurogenic muscle weakness, ataxia,
and retinitis pigmentosa (NARP); mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
episodes (MELAS); and myoclonic epilepsy with ragged red fibers (MERRF). These alterations most
frequently involve single-base mutations in genes encoding components of respiratory complex I, ATP
synthase, transfer RNA, and DNA polymerase, but also may be caused by large deletions of mtDNA.
Hybrids carrying mtDNA mutations associated with LHON, NARP, MELAS, and MERRF displayed
poor resistance to oxidative stress, which could be prevented by the administration of CsA or the
deprivation of extracellular Ca2+ [170]. Accordingly, many of these mutations lower the threshold for
PTPC opening in response to Ca2+ and ROS [171,172].

Mutations in nDNA associated with mitochondrial diseases have also been also related to alterations
in MPT activity. Mutations in leucine-rich pentatricopeptide repeat containing (LRPPRC), a protein involved
in the maturation and stability of mitochondrial RNA [173], cause the French-Canadian variant of Leigh
syndrome. Loss of LRPPRC results in defects in the assembly of respiratory complexes IV and V, leading
to severe metabolic alterations. Fibroblasts isolated from patients presenting LRPPRC inactivation
displayed multiple types of mitochondrial dysfunction, including a reduced threshold for Ca2+-induced
MPT [174]. Interestingly, all the mitochondrial alterations mentioned so far are often associated with
impaired or unstable assembly of ATP synthase, providing significant clues to its involvement in MPT.
Direct investigations of ATP synthase alterations and MPT in the etiology of mitochondrial disease
have not been performed. Other significant nuclear genes relating mitochondrial diseases to MPT
are optic atrophy 1 (OPA1) and Spastic paraplegia 7 (SPG7). OPA1 is an essential protein involved
in the fusion and cristae arrangement of the IMM. Its mutations manifest clinically as optic atrophy,
ataxia, and deafness [175]. SPG7 (paraplegin) is an ATP-dependent zinc metalloprotease located in the
mitochondrial matrix, and its mutations are associated with chronic progressive ophthalmoplegia [176].
Interestingly, both proteins positively regulate the MPT threshold in response to Ca2+ induction,
and their inactivation significantly inhibits PTPC opening [177,178]. Mechanisms by which OPA1
and SPG7 act on PTPC are still to be defined. While the role of OPA1 seems to be dependent on its
control of crista morphology [179], SPG7 appears to regulate the amount of Ca2+ available for MPT via
regulation of mitochondrial calcium uniporter assembly [180]. Taken together, this evidence indicates
that PTPC might be a significant target for mitochondrial disease; however, the mechanism by which
MPT influences these diseases is still poorly understood and might differ among syndromes, calling
for further investigations in more complex experimental models.

5. PTPC in Nonalcoholic Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD) is among the most prevalent chronic liver diseases
in both children and adults, and is predicted to be the primary cause for liver transplants by
2020 [181]. NAFLD is characterized by an accumulation of fat (steatosis) in the liver, which can
progress to inflammatory NASH and into more severe stages: fibrosis, cirrhosis, and hepatocellular
carcinoma [182]. The prevalence of NAFLD has risen rapidly in Western societies, particularly in most
of the European countries, due to an increase in mass consumption of highly processed ready-made
food, which is rich in fructose and saturated fat. NAFLD has risen rapidly in parallel with the
recent surge in metabolic-related diseases such as obesity and type 2 diabetes mellitus (T2DM),
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which have been indicated as risk factors for the prevalence and progression of NAFLD. Despite the
attempts of the liver to recover from fat accumulation, in the long run, mitochondrial adaptation
is insufficient to prevent lipotoxicity due to continuous FFA accumulation [183]. At this later time
point, mitochondria present alterations in the OXPHOS complexes, mitochondrial membrane potential,
reduced ATP synthesis, and induced PTPC opening [183]. Opening of the PTPC may be the basis of
the steatosis-induced apoptosis of hepatocytes observed in vitro, and may be related to the steatosis in
NAFLD of human beings [184]. It has been postulated that stimulated PTPC opening in a rat model of
NAFLD is the result of increased Bax expression and aberrant Bcl-2/Bax ratio. This seems to be an
important mechanism of the mitochondrial damage in hepatocytes that occurs in NAFLD [185]. Wang
et al. proposed that the overexpression of mitochondrial hepatic CypD induced mitochondrial stress
and could be an early event that leads to the liver steatosis [186]. They found that overexpression
of CypD is manifested in mitochondrial swelling and increased mitochondrial ROS production.
Such mitochondrial perturbations provoke ER stress through Ca2+/p38 MAPK activation, finally
resulting in the increase of SREBP1c-mediated synthesis of triglycerides. Interestingly, in mice fed with
a high-fat diet, the increased level of CypD was observed earlier than triglyceride accumulation in the
liver. Moreover, Wang et al. speculated that CypD knockout or pharmacological inhibition of CypD
could ameliorate triglyceride accumulation in HFD-fed mice [186]. On the other hand, the observations
of Lazarin et al. indicated that mitochondria isolated from livers of monosodium l-glutamate obese
rats were less susceptible to the opening of PTPC by calcium [187]. Regardless of several pieces of
evidence for the involvement of the MPT in the NAFLD animal models, there is no direct evidence
supporting the role of PTPC and especially CypD in NAFLD in humans.

6. PTPC in Cancer

One of the earliest established hallmarks of cancers is the resistance of transformed cells to RCD.
Considering the discussed role of MPT in RCD, it is straightforward to hypothesize that the alteration
of the PTPC machinery is involved in the establishment of neoplasia. According to this hypothesis,
MPT is predicted to have a tumor-controlling mechanism, and its suppression is required for tumor
development. It is harder to prove that a phenomenon does not occur than it is to prove that it does
occur. Indeed, strong direct evidence confirming or confuting this hypothesis is lacking. Experiments
based on the genetic manipulation of CypD for the other disease types discussed should provide
significant evidence, but nothing of this kind has yet to be reported. Still, reduced MPT in transformed
cells could be predicted by a large number of findings, as discussed below.

Another significant hallmark of cancer is metabolic rewiring, especially the abnormal increase
in the glycolytic rate at almost normal pO2 (Warburg effect). This large glucose consumption causes
the significant conversion of pyruvate into lactate, resulting in intracellular acidification and leading
to PTPC desensitization similar to that observed in ischemia [6]. Furthermore, many solid tumors
develop a hypoxic area that, analogous to ischemic tissue, also promotes Hif1a accumulation and
HKII-mediated desensitization of PTPC. The Warburg effect then allows the hypoxic tumor to limit Pi
and Ca2+ accumulation, similarly to ischemia, favoring the inhibitory effect of low pH. If, by analogy to
ischemia, an increase in [Ca2+] could be expected, it is true that transformed cells have lower intracellular
Ca2+ (Figure 2). Indeed, it has been shown that H-RAS-driven transformation is concomitant with a
progressive reduction in the amount of intracellular Ca2+ [188]. Bcl-xL has been shown to negatively
regulate PTPC opening by directly interacting with VDAC [189]. Additionally, Bcl-xL can interact with
the β subunit of ATP synthase to promote its synthase activity and inhibit PTPC [190].

Furthermore, many other oncogenes and oncosuppressor genes regulate Ca2+. Among the most
characterized is Bcl-2, which can impair [Ca2+] in the ER lumen and its transfer to mitochondria
via multiple proposed mechanisms [191]. Additionally, many tumors show alterations in the PI3K
pathway. Members of this pathway, AKT and PTEN, can localize at mitochondrion-ER contact sites,
especially with Ip3R, to alter its activity [192–196]. This effect is coordinated by the oncosuppressor
PML [197–199]. Loss of PML or PTEN and activation of AKT (conditions prototypical of multiple
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tumor types) lead to the inactivation of IP3R, which also limits the Ca2+ available to mitochondria.
Additionally, AKT phosphorylates GSK3β (altered in several cancer types), resulting in its inactivation
and, as discussed, PTPC desensitization [200]. Finally, the master oncosuppressor p53 interacts with
SERCA to maintain a high level of ER [Ca2+]. Loss or inactivation of p53 (one of the most common
alterations in cancer) impairs [Ca2+] and results in reduced sensitivity to MPT-mediated RCD [201–205].
In addition, p53 can localize to mitochondria and interact with CypD to favor MPT and necrosis.

Interestingly, a network of chaperones seems to interact with CypD (which could be considered
a chaperone itself) to modulate PTPC. In particular, HSP90, HSP60, and DnaJC15, which are often
overexpressed in tumors, have been shown to interact with CypD, leading to their inhibition
(then mimicking CsA) and suppressing RCD initiation [206–208]. These findings are supportive of the
hypothesis, but contradict other strong evidence. First, transformed cells often have increased levels of
ROS, not of a significant increase in multiple scavenging systems. It is currently accepted that elevated
ROS can act as a mitogenic signal in tumors to support proliferation [209,210]. In addition, studies
in cancer cell lines and tumor models have shown that different PTPC members are overexpressed,
especially TSPO, VDAC, and ANT, possibly to favor their specific metabolic condition [16,211–217].
We can, therefore, speculate that tumor cells can survive pressure selection by the highly regulated
suppression of MPT, which allows the maintenance of MPT-related features with potential mitogenic
effects (Figure 2).

7. Potential of PTPC Targeting and Concluding Remarks

Because of the presented evidence (and much more), MPT has been investigated for the treatment
of human disease in multiple clinical trials. CsA entered a trial procedure that lasted 15 years and
ended with failure at phase III in cardiac RI. Indeed, the CIRCUS [218] and CYCLE [42] trials consisting
of a single intravenous bolus of CsA (2.5 mg/kg) before revascularization had no effect on ST-segment
resolution or cardiac enzymes and did not improve clinical outcome. These findings were reconsidered
by a study by Piot et al., who saw hope in the use of CsA to treat RI. Similarly, TSPO targeting by
3,5-Seco-4-nor-cholestan-5-one oxime-3-ol (TRO40303) was tested in clinical trials, due to promising
cardioprotective effects on a rat model of cardiac ischemia. However, the desensitization of PTPC
opening seemed to be secondary to its remarkable antioxidant properties [219]. Indeed, studies on
TSPO-KO mice showed that the protein was dispensable in models of ischemia/RI [220]. However,
the safety and efficacy of this drug were evaluated a few years later in patients undergoing percutaneous
coronary intervention (PCI). This multicenter, double-blinded, phase II study (MITOCARE) showed
the inefficacy of the compound in reducing or limiting RI [221]. Additionally, an oral version of CsA
was tested for the treatment of LHON but failed to reach the primary endpoint of the study, although
it delayed the onset of the disease. [222]. There are multiple reasons that CsA-based trials have failed
to reproduce the protection reported in preclinical studies, but a discussion of these failures is not the
purpose of this review. The investigation of novel compounds able to target the PTPC is ongoing,
and many investigations have already yielded promising results in preclinical studies. Most of these
are designed to be more potent and specific inhibitors of CypD, including the small molecules C-9,
C-19, and C-31, which have already been proven to be protective in models of AD, acute pancreatitis,
and hepatic injury [223–225].

Library screening has also identified ML-404 [226] and N-phenylbenzamide [227] as CypD-
independent, offering the possibility to combine their use with CsA to limit its side effects. It is
of interest that ATP synthase is now the subject of investigation in these terms. Oligomycin and
DCCD, which target the C subunit, displayed powerful MPT inhibition in vitro, but they also depleted
mitochondrial ATP, causing an additional injury [21].

We recently generated a library of small molecules that target the C subunit by modifying
the functional core of oligomycin and obtained new patented compounds able to notably reduce
reperfusion damage in animal models of global ischemia without interfering with ATP production [22].
Finally, the natural hormone melatonin is of great interest. This hormone can act as an antioxidant
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and can modulate the PTPC, although its exact mechanism is currently under investigation [228,229].
Currently, melatonin is considered the safest drug that can be used as a PTPC inhibitor, and we will
probably see an increasing number of investigations on this molecule in the future.
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Abstract: In the 1980s, after the mitochondrial DNA (mtDNA) had been sequenced, several diseases
resulting from mtDNA mutations emerged. Later, numerous disorders caused by mutations in the
nuclear genes encoding mitochondrial proteins were found. A group of these diseases are due to defects
of mitochondrial carriers, a family of proteins named solute carrier family 25 (SLC25), that transport a
variety of solutes such as the reagents of ATP synthase (ATP, ADP, and phosphate), tricarboxylic acid
cycle intermediates, cofactors, amino acids, and carnitine esters of fatty acids. The disease-causing
mutations disclosed in mitochondrial carriers range from point mutations, which are often localized
in the substrate translocation pore of the carrier, to large deletions and insertions. The biochemical
consequences of deficient transport are the compartmentalized accumulation of the substrates and
dysfunctional mitochondrial and cellular metabolism, which frequently develop into various forms
of myopathy, encephalopathy, or neuropathy. Examples of diseases, due to mitochondrial carrier
mutations are: combined D-2- and L-2-hydroxyglutaric aciduria, carnitine-acylcarnitine carrier
deficiency, hyperornithinemia-hyperammonemia-homocitrillinuria (HHH) syndrome, early infantile
epileptic encephalopathy type 3, Amish microcephaly, aspartate/glutamate isoform 1 deficiency,
congenital sideroblastic anemia, Fontaine progeroid syndrome, and citrullinemia type II. Here,
we review all the mitochondrial carrier-related diseases known until now, focusing on the connections
between the molecular basis, altered metabolism, and phenotypes of these inherited disorders.

Keywords: disease; error of metabolism; mitochondrial carrier; mitochondrial carrier disease;
mitochondrial disease; mitochondrial transporter; membrane transport; mutation; SLC25.
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1. Introduction

Mitochondrial diseases are caused by mutations in either the mitochondrial or nuclear genome.
Out of about 1500 proteins comprising the mitochondrial proteome, only 13 proteins, plus 2 ribosomal
RNAs and 22 transfer RNAs, are encoded by the mitochondrial DNA (mtDNA) and all the rest by
the nuclear DNA. Until now, more than 350 mutations have been identified as causing mitochondrial
disorders [1,2]. The mutations in the nuclear genes are inherited in a Mendelian fashion, whereas those
of the multi-copy mtDNA follow a maternal pattern of inheritance.

Mitochondrial diseases are a very heterogeneous group of pathologies in many aspects. The clinical
features of these disorders manifest differently in various tissues and cell types but typically involve the
brain, muscle, heart, kidney, liver, and retina—organs with high energy demands [3]. The age of onset
of these disorders ranges from very early in the neonatal period to late in adulthood, and the symptoms
are sometimes triggered by environmental factors and may occur suddenly or develop progressively.

The disease-causing mutations in the mtDNA primarily involve core subunits of the respiratory
chain and oxidative phosphorylation complexes as well as gene products involved in mitochondrial
translation. These defects give rise to, for example, Leigh syndrome, LHON (Leber hereditary optic
neuropathy), MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes
syndrome), MERRF (myoclonic epilepsy with ragged fibers), and NARP (neurogenic muscle weakness
ataxia and retinitis pigmentosa) [3,4]. The pathogenic nuclear mutations affect mitochondrial proteins
involved in many important processes, such as the respiratory chain, oxidative phosphorylation,
metabolism, cofactor biosynthesis, transport, replication, transcription, translation, iron homeostasis, cell
signalling, organelle dynamics, protein biogenesis, and complex assembly [5]. Among the mitochondrial
diseases caused by mutations in nuclear genes are: Friedreich’s ataxia, dominant optic atrophy, Barth
syndrome, Rett syndrome, spastic paraplegia, coenzyme Q10 deficiency, and progressive external
ophthalmoplegia [3,4]. Furthermore, mutations in both nuclear and mitochondrial DNA play a role in
diabetes, obesity, autism, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, cancer, and
aging [6].

This review focusses on the subgroup of mitochondrial diseases that are caused by mutations
in the genes encoding members of the mitochondrial carrier family SLC25. Particular emphasis is
given to the location and relevance of the mutations within the structure of the transporters and to the
pathogenic mechanisms underlying the symptoms characteristic of the diseases.
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2. Characteristic Features of Mitochondrial Carriers

Mitochondrial carriers (MCs) constitute a protein family also called the solute carrier family
25 (SLC25). It is the largest of the transporter families, its 53 human members are named from
SLC25A1 to SLC25A53, and it is widely distributed in all eukaryotes [7–9]. The sequences
of MCs contain three repeated domains, each of which consists of about 100 residues and
includes two transmembrane segments that are linked by a signature motif sequence (SMS):
PX[DE]XX[KR]X[KR]X20–30[DE]GXXXX[WYF][KR]G (PROSITE PS50920, PFAM PF00153 and
IPR00193) [10,11]. These highly conserved sequence features are specific for MCs and have been used
for the identification of family members in genomic sequences. The substrates transported by most
MCs in Homo sapiens, Saccharomyces cerevisiae and Arabidopsis thaliana, have been identified by the EPRA
method: recombinant expression of MC genes, purification of the proteins, and their reconstitution into
liposomes that are subjected to direct transport assays [12–14]. By this means, it has been shown that
MCs transport a great variety of substrates: nucleotides (e.g., ATP, ADP and dNTPs), cofactors (e.g.,
thiamine pyrophosphate, S-adenosylmethionine (SAM), coenzyme A (CoA) and NAD+), metabolites
with carboxylic groups (e.g., malate, 2-oxoglutarate and citrate), amino acids (e.g., aspartate, glutamate,
ornithine and arginine), and inorganic ions (e.g., phosphate and sulfate). The transport of the substrates
across the inner mitochondrial membrane, i.e., between the intermembrane space/cytoplasm and
the mitochondrial matrix and vice versa, is mediated by specific MCs. Consequently, MCs play
numerous important roles in energy, nucleotide, fatty acid, and amino acid metabolism as well as
in providing cofactors for enzymes and precursors for replication, transcription, and translation in
mitochondria. The great majority of MCs catalyze an exchange (antiport) of substrates, but some also
catalyze the unidirectional transport (uniport) of substrates, like the phosphate carrier, carnitine carrier,
and UCP1 [9,15]. MC superfamily members that have the same or very similar substrate specificity
form subfamilies, which are also characterized by distinctive structural and transport features [16,17].
At variance with all the other MCs, the aspartate-glutamate and ATP-Mg/phosphate carrier subfamilies
have N-terminal extensions containing EF-hand Ca2+-binding motifs and are regulated by Ca2+ [18–20].
It is noteworthy that not all the characterized MCs are localized in the mitochondrial inner membrane;
some are located in other organelles such as chloroplasts and peroxisomes [16,17]. MCs are synthesized
on cytosolic ribosomes and imported usually into the inner mitochondrial membrane. Unlike most
nuclear-encoded mitochondrial proteins, the targeting information is contained in their mature
sequence. Only a few of them possess short cleavable presequences, which, however, are not essential
for import, although those of phosphate and citrate carriers improve correct targeting [21–24].

In the atomic 3D-structures of the only MC family member determined until now, the ADP/ATP
carrier (AAC), the six transmembrane segments form a bundle of α-helices (H1-H6) around a central
cavity, which constitutes the substrate translocation pore, whereas the 20–30 less conserved residues in
the middle of the SMSs form three α-helices almost parallel to the membrane on the matrix side [25–27].
Two conformations of AAC are trapped by the inhibitors carboxyatractyloside and bongkrekic acid
that lock the protein with the substrate translocation pore alternatively closed towards the matrix
or intermembrane space by a matrix (m) gate or a cytosolic (c) gate, respectively [28,29]. These two
conformations (named c-state and m-state) are thought to correspond approximately to the carrier (in
the absence of the inhibitors) that is open to receive the substrate from the intermembrane space or
from the mitochondrial matrix, respectively. In the c-state, the matrix gate is formed by the three initial
stretches of the SMS (PX[DE]XX[KR]), where the prolines kink H1, H3, and H5 and the two charged
residues are involved in salt-bridges interconnecting these three helices. In the m-state, this salt-bridge
relay is broken and a similar (but less conserved) salt-bridge network is formed by the c-gate residues
[DE]XX[KR] located close to the intermembrane space on H2, H4, and H6. The structures [25–27]
strengthen the hypothesized “single binding center-gating pore” transport mechanism for MCs, which
was initially deduced from studies of the inhibitors carboxyatractyloside and bongkrekic acid and
their competition with the transported substrates of AAC [28,29]. As indicated by the name of this
mechanism there is a single substrate binding site centrally located in the pore of the protein, and
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its access to the substrate is regulated by the alternating opening and closing of the c- and m-gates.
It is believed that the binding of the substrate to the active site when entering from the open side
of the pore (either from the outside or matrix side) triggers conformational changes leading to the
closure of the open gate, the opening of the opposite closed gate and the release of the substrate on
the opposite side of the membrane with respect to where it entered the carrier; then another (or the
same) substrate is translocated in the opposite direction to complete the exchange reaction. The central
binding site has been suggested to be determined by residues of H2, H4, and H6 located in positions
called contact points I, II, and III, respectively, approximately at the same level in the middle of the
membrane [30–32]. Indeed, the properties of the residues in contact point II co-variate with the kind
of substrate; the motifs G[IVLM], R[QHNT] and R[DE] are conserved at this location in carriers for
nucleotides, carboxylates, and amino acids, respectively. The residues in the other contact points and
in their proximity contribute to the particular substrate specificity of each MC [17,30,33,34].

3. Diseases Associated with Mutations in MCs

3.1. General Information

Since 1997, mutations in 18 different MCs have been reported to cause diseases (Table 1) [35–37].
They are all rare diseases (errors of metabolism) and, with a few exceptions, follow a recessive pattern
of inheritance. At the biochemical level, these MC mutations give rise to the reduction or elimination
of their respective substrate transport, which leads to accumulating metabolites and dysfunctional
cellular metabolism. In common with other mitochondrial diseases, that are caused by mutations in
mitochondrial proteins, many of the MC-associated pathologies often manifest with different forms of
myopathy, encephalopathy, and neuropathy, and a few of them present loss of mitochondrial DNA as
a secondary effect [38]. When MCs directly linked to oxidative phosphorylation (i.e., the ADP/ATP
carrier and the Pi carrier) are altered, the organ-specific symptoms are due to the activities of heart,
muscle, and other tissues requiring particularly high energy demands and therefore being highly
dependent on mitochondrial function. Otherwise, the symptomatology of the MC-related diseases
depends on several factors such as the specific metabolism affected, its relevance in specific tissues, the
tissue distribution of the affected carrier, and the presence in the same tissues of isoforms or other MCs
that can compensate, at least partly, the function(s).
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Table 1. Diseases caused by mutations in mitochondrial carrier genes.

Affected MC Phenotype OMIM/Inheritance Mutations/Patients References of First Reported Case

SLC25A1, citrate carrier (CIC) Combined D-2- and L-2-hydroxyglutaric aciduria
Congenital myasthenic syndrome 23

615182/AR
618197/AR

24/40 (Edvardson et al., 2013)
(Nota et al., 2013)
(Chaouch et al., 2014)

SLC25A3, phosphate carrier (PiC) Mitochondrial phosphate carrier deficiency 610773 4/7 (Mayr et al., 2007)

SLC25A4, ADP/ATP carrier 1 (AAC1) Autosomal dominant progressive external ophthalmoplegia with
mitochondrial DNA deletions 2 (AdPEO2)
Mitochondrial DNA depletion syndrome (MTDPS) 12B
(cardiomyopathic type)
Mitochondrial DNA depletion syndrome (MTDPS) 12A
(cardiomyopathic type)

609283/AD

615418/AR
617184/AD

5/9?

6/7
3/5

(Kaukonen et al., 2000)

(Palmieri et al., 2005)
(Thompson et al., 2016)

SLC25A10, dicarboxylate carrier (DIC) Intractable epileptic encephalopathy with complex I deficiency AR 3/1 (Punzi et al., 2018)

SLC25A12, aspartate/glutamate carrier 1 (AGC1) Early infantile epileptic encephalopathy 39 (AGC1 deficiency) 612949/AR 3/4 (Wibom et al., 2009)

SLC25A13, aspartate/glutamate carrier 2 (AGC2) Adult-onset citrullinemia type II (CTLN2)
Neonatal-onset citrullinemia type II (NICCD)

603471/AR
605814/AR

117/>600 (Saheki and Kobayashi, 2002)
(Kobayashi et al., 1999)

SLC25A15, ornithine carrier 1 (ORC1) Hyperornithinemia-hyperammonemia-homocitrullinemia (HHH)
syndrome

238970/AR 38/91 (Camacho et al., 1999)

SLC25A16 Fingernail dysplasia AR 1/9 (Khan et al., 2018)

SLC25A19, thiamine pyrophosphate carrier (TPC) Amish microcephaly
Thiamine metabolism dysfunction syndrome 4 (progressive
polyneuropathy type)

607196/AR
613710/AR

1/?
5/8

(Rosenberg et al., 2002)
(Spiegel et al., 2009)

SLC25A20, carnitine/acylcarnitine carrier (CAC) Carnitine-acylcarnitine translocase deficiency (CAC deficiency) 212138/AR 38/43? (Huizing et al., 1997)

SLC25A21, oxodicarboxylate carrier (ODC) Mitochondrial DNA depletion and spinal muscular atrophy–like
disease

618811 1/1 (Boczonadi et al., 2018)

SLC25A22, glutamate carrier 1 (GC1) Early infantile epileptic encephalopathy 3 (EIEE3) 609304/AR 11/17 (Molinari et al., 2005)

SLC25A24, ATP-Mg/phosphate carrier 1 (APC1) Fontaine progeroid syndrome 612289/AD 2/11 (Ehmke et al., 2017)
(Writzl et al., 2017)

SLC25A26, S-adenosylmethionine carrier (SAMC) Combined oxidative phosphorylation deficiency 28 616794/AR 4/3 (Kishita et al., 2015)

SLC25A32 Riboflavin-responsive exercise intolerance 616839/AR 3/2 (Schiff et al., 2016)

SLC25A38, glycine carrier (GlyC) Congenital sideroblastic anemia 2 (pyrodoxine-refractory) 205950/AR 25/39 (Guernsey et al., 2009)

SLC25A42, CoA and PAP carrier Recurrent metabolic crises with variable encephalomyopathic
features and neurologic regression

618416/AR 2/15 (Shamseldin et al., 2015)

SLC25A46 Hereditary motor and sensory neuropathy type VIB 616505/AR 16/25 (Abrams et al., 2015)

AD, autosomal dominant; AR autosomal recessive.
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Most of the disease-causing mutations in MCs are single nucleotide substitutions (over 200).
However, also insertions, deletions, and insertion/deletions (more than 70) of a varying number of
nucleotides have been found (Table S1). It is possible to map the 166 disease-causing single nucleotide
missense mutations (Figure 1) onto 100 different positions in the structures of AAC (Figure 2) due to
the specific conserved sequence features of MCs, which makes structural alignments very reliable.
Only 15% of these mutations are conservative mutations, i.e., substitutions with residues with similar
chemical properties. Quite a large portion of the single-nucleotide missense mutations is found in the
conserved residues of the SMSs (16%), in the contact point residues (10%), and 45% in the substrate
translocation pore (Figure 2B,D). Of all the mutations, 25% are in lipid-exposed positions, 10% in buried
positions within the protein, and the remaining 20% in mainly solvent-exposed positions (Figure 2A,C
with all the positions outside the substrate translocation pore). Not surprisingly, these numbers suggest
that the point mutations in the substrate translocation pore are the most common pathogenic missense
mutations. Considering that only about 20% of the MC residues face the inside of the pore, 63% of
these residue positions have at least one disease-causing point mutation. The corresponding numbers
for the buried, lipid bilayer- and solvent-exposed positions are 29%, 30%, and 18%, respectively. Thus,
it is clear that the substrate translocation pore residues are hotspots for disease-causing mutations.

All the diseases and respective phenotypes (23 until now), that have been associated to 18 MCs,
are described below following the order of the SLC25 numbers.
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Figure 1. Multiple sequence alignment of mitochondrial carriers showing the position of disease-causing
point mutations. The protein sequences of the 18 MCs found to have disease-causing point mutations
are aligned against the sequences of bovine AAC1 (bAAC1 with numbering) and Thermothelomyces

thermophila AAC2 (tAAC2) whose 3D-structures have been determined (Figure 2). Sequences of the
transmembrane helices are underlined, the conserved residues of the SMSs are in bold, the charged
residues of the cytoplasmic gate are in italics, and the contact points I, II, and III residues on the first,
second, and third row of the alignment, respectively, are boxed. The numbers inside the alignment
indicate missing residues. One color for each MC indicates the positions of the single point mutations
associated with disease, and the top color in each position in the alignment corresponds to the colored
positions in Figure 2.
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α

Figure 2. Structural positions of disease-causing point mutations in mitochondrial carriers. The bovine
AAC1 structure (in the c-state, gray) and the thermophile AAC2 structure (in the m-state, pink) are
viewed from the membrane plane (A,C) and the intermembrane space side (B,D). In all the panels, the
α-carbons of the mutated positions are indicated as spheres colored as the top color of the mutations in
the same position shown in the alignment of Figure 1. The numbering is that of bovine AAC1 (Figure 1)
with the residue side chains exposed to the substrate translocation pore in B and D or outside the pore
in A and C.

3.2. SLC25A1 (Citrate Carrier, CIC) Deficiency

Since 2013 until now, 24 mutations in SLC25A1 have been found in 27 patients suffering from
combined D-2- and L-2-hydroxyglutaric aciduria [39–45] (Table 1 and Table S1). SLC25A1 deficiency
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patients exhibit lower levels of citrate and isocitrate in the urine as compared to controls. In contrast,
the urinary excretion of the tricarboxylic acid (TCA) cycle intermediates 2-oxoglutarate, succinate,
fumarate, and malate, besides that of D/L-2-hydroxyglutaric acids, is higher. SLC25A1 deficiency is
generally characterized by a severe neurodevelopmental phenotype, including neonatal encephalopathy,
respiratory insufficiency, developmental delay, hypotonia, seizures, and early death. Ventriculomegaly,
congenital heart defects, lactic acidosis and mitochondrial respiratory chain deficiency have also been
described in some patients. The genetic trait of the disease follows a recessive pattern of inheritance
with patients presenting alleles with combinations of missense, nonsense, and frameshift mutations.
Moreover, two mutations (p.Asp69Tyr and p.Arg247Gln) causing SLC25A1 deficiency are associated
with congenital myasthenic syndromes and mild intellectual disability [41]. In addition, few patients
manifested combined D-2- and L-2-hydroxyglutaric aciduria and diGeorge syndrome caused by a
SLC25A1 mutation on one allele and a microdeletion of 22q11.2, which contains SLC25A1 and two
other genes, on the homologous chromosome [45].

On the basis of its substrate specificity and other transport measurements, it has been suggested
that the SLC25A1 gene product CIC catalyzes the electroneutral exchange of cytoplasmic malate2− for
mitochondrial citrate2− or isocitrate2− formed in the TCA cycle (Figure 3) [46–49]. In the cytoplasm
citrate is important in the regulation of glycolysis through a feedback mechanism and in the production
of acetyl-CoA which is needed for the synthesis of fatty acids, sterols, prostaglandins, dolichol and
coenzyme Q (CoQ), and for histone acetylation. The CIC-catalyzed export of mitochondrial isocitrate
plays a role in a shuttle that supplies cytosolic NADPH [49]. These transport functions are of central
importance in most cell types, as CIC expression has been detected in a wide range of tissues with the
highest mRNA levels in the liver, kidney, pancreas, and heart [50].

Several approaches have been used to assess the effects of missense mutations associated with
SLC25A1 deficiency on CIC activity. The S. cerevisiae homologue of CIC, Ctp1p, harboring three
corresponding human disease-causing mutations was reconstituted in liposomes for transport assays
with radioactive citrate [39,41]. Another method utilized isotope-labeled glucose fed to fibroblasts from
seven patients or to fibroblasts deficient of CIC and containing plasmids expressing 17 disease-causing
point mutations, and the cellular efflux of isotope-labeled citrate formed was quantified [40,51].
A third approach employed mutant versions of human CIC expressed in Lactococcus lactis, and their
transport activities in plasma membrane-fused liposomes were measured with radioactive citrate [52].
These studies show that the mutations causing D-2- and L-2-hydroxyglutaric aciduria affect citrate
transport activity of CIC to various degrees, and that, with a few exceptions, the relative transport
activities obtained by the different approaches for a specific CIC mutant are similar. The importance of
the position of the mutations in the CIC structural homology model is generally in agreement with
their relevance for the CIC activity: mutations in the vicinity of the substrate binding site and in the
SMS residues lining the substrate translocation pore (Figure 2B,D, at positions 29, 79, 134, 190, and 276)
almost deplete transport activity, whereas other mutations localized in the pore of the protein (Figure 2,
at positions 10, 22, 194, and 291) or outside the pore retain partial activity (Figure 2A,C, at positions
27, 120, 159, 185, 236, and 256). Pop et al. (2018) have suggested correlations between the measured
activity of single CIC mutants and the functional/structural importance of the original residue, as
evaluated by analyses of the strength of the evolutionary selection in that amino acid position [53], as
well as between the calculated average CIC activity of the two-allele mutations found in the patients
and the severity of the disease [51]. Furthermore, zebrafish has been used as a model for exploring the
morphological effects of CIC dysfunction; knockout of SLC25A1 causes mitochondrial loss, a decrease
in brain size, and cardiac dysfunction [54], whereas the expression of mild, moderate, and severe
CIC mutants in the knockout animal shows progressive morphological abnormalities and defective
neuromuscular junction formation [41].
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Figure 3. Metabolic roles of the mitochondrial carriers associated with diseases. When known,
the substrate species transported by the carriers are shown. The carriers for carboxylates, amino
acids, and nucleotides are colored in green, red, and blue, respectively, whereas the remaining
MCs are colored in light lime. Enzymes are abbreviated in green. Other abbreviations are: 2-OA,
2-oxoacid; 2-AA, 2-aminoadipate; 2-OA, 2-oxoadipate; 2-OG, 2-oxoglutarate; 2-OGDH, 2-oxoglutarate
dehydrogease; 5-ALA, 5-aminolevulinic acid; Ac, acyl; BCKDH, branched chain ketoacid dehydrogenase;
CPi, carbamoylphosphate; D-2HG, D-2-hydroxyglutarate; dPCoA, dephospho-CoA; EF, EF hand
Ca2+-binding domains; GDH, glutamate dehydrogenase; HOATH, hydroxy-oxoacid transhydrogenase;
ICDH-2, isocitrate dehydrogenase 2; L-2-HG, L-2-hydroxyglutarate; MDH, malate dehydrogenase;
PDH, pyruvate dehydrogenase; SAHC, S-adenosylhomocysteine; SAM, S-adenosylmethionine; TCA,
tricarboxylic acid; THF, tetrahydrofolate; TMP, thiamine monophosphate; TPP, thiamine pyrophosphate.
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The connections between reduced CIC activity and the clinical symptoms of combined D-2- and
L-2-hydroxyglutaric aciduria are not totally clear. It is likely that the reduced activity of the CIC
mutants reduces citrate and isocitrate efflux from mitochondria, and, subsequently, from cells, which
in turn leads to reduced urine levels of these metabolites. In contrast, the increased mitochondrial
citrate and isocitrate levels, due to their diminished export, and the loss of glycolysis feedback
inhibition by cytosolic citrate could increase the concentrations of other TCA cycle intermediates
which may be exported from the mitochondria by other MCs and eventually diffuse into the urine.
The accumulation of mitochondrial 2-oxoglutarate is partly converted to D-2-hydroxyglutarate
by the action of hydroxy-oxoacid transhydrogenase or isocitrate dehydrogenase 2, and that of
malate into L-2-hydroxyglutarate by malate dehydrogenase (Figure 3). It is known that mutations
in other enzymes (L-2-hydroxyglutarate dehydrogenase, D-2-hydroxyglutarate dehydrogenase and
isocitrate dehydrogenase 2) cause L-2-hydroxyglutaric aciduria or D-2-hydroxyglutaric acidura
type 1 or type 2 [55] and not a combined excretion of these two hydroxyacids. All three of these
diseases manifest neurodevelopmental symptoms reminiscent of those found in combined D-2-
and L-2-hydroxyglutaric aciduria. High levels of D/L-2-hydroxyglutarate have been suggested to
inhibit 2-oxoglutarate-dependent enzymes, cause oxidative stress, and have neurotoxic effects [55].
Furthermore, it is likely that the reduced cytoplasmic acetyl-CoA concentration, leading to defective
lipid anabolism and histone acetylation, contributes to the severe neurodevelopmental symptoms of
combined D-2- and L-2-hydroxyglutaric aciduria.

3.3. SLC25A3 (Phosphate Carrier, PiC) Deficiency

The mitochondrial phosphate carrier PiC, encoded by SLC25A3, provides phosphate for oxidative
phosphorylation and several other matrix processes as well as facilitates the transport of other substrates
across the inner mitochondrial membrane by acting as a counter-substrate of other MCs (Figure 3).
Due to the alternative splicing of exons III-A and III-B of SLC25A3, two isoforms of PiC are produced:
isoform A, expressed in the heart and muscle, and isoform B that is expressed at much lower levels in
all tissues [56–58]. PiC transports phosphate +H+ across the mitochondrial membrane. In particular, in
studies with isolated rat-liver mitochondria, where virtually only isoform B is present, PiC was shown
to transport both phosphate1− and phosphate2− in symport with an equivalent amount of H+ [59].

Four mutations in SLC25A3 have been found in seven individuals with PiC deficiency from
four different families [60–62] (Table 1). In six patients, two homozygous mutations were found in
exon 3A affecting isoform A only: the point mutation p.Gly72Glu, which is located in the substrate
translocation cavity at position 14 and may interfere with substrate binding (Figure 2B) [62], and a
splice site substitution (Table S1). The seventh patient was compound heterozygous with two mutations
affecting both isoform A and B: a deletion-insertion located in the matrix helix between H5 and H6,
and a single amino acid substitution (p.Leu200Trp of PiC isoforms A and p.Leu199Trp of isoform B),
which is located in position 156 on the matrix side (Figure 2A,C) and probably restricts conformational
changes [62]. All the patients displayed hypertrophic cardiomyopathy, skeletal myopathy, and often
lactic acidosis. In the severe cases, the affected patients did not survive the first year of life, whereas
other patients overcame the pre- or neo-natal symptoms to develop almost normally but with skeletal
myopathy and exercise intolerance. The physiological effects of not having functional heart PiC
have been reproduced in mice with inducible cardiac-specific deletion of SLC25A3 [63]. These mice
developed a cardiac phenotype reminiscent of SLC25A3 deficiency and (see Section 3.4) the recessive
forms of SLC25A4 deficiency, that both involve altered transport of substrates and/or products of
oxidative phosphorylation. Isolated cardiac mitochondria from SLC25A3 knockout mice displayed a
reduced ATP synthesis rate, although phosphate transport capacity was not completely abolished, as
seen by measuring the uptake of radioactive phosphate. The latter observation may be explained by
the fact that there are other MCs capable of transporting phosphate, such as the ATP-Mg2+/phosphate
carriers (APCs), dicarboxylate carrier (DIC), and various uncoupling proteins (UCP2, UCP5, and
UCP6) [19,64–70]. Furthermore, in SLC25A3 deficiency patients who have mutations only in PiC
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isoform A, also PiC isoform B may partly compensate for the defective phosphate transport. Until now,
the transport activity of the disease-causing PiC mutations has not been investigated in reconstituted
liposomes using the EPRA method.

3.4. SLC25A4 (ADP/ATP Carrier 1, AAC1) Deficiency

Mutations in the SLC25A4 gene, encoding AAC1, one of the four human AACs [71], have
been reported to cause three different diseases: adult-onset autosomal-dominant progressive
external ophthalmoplegia 2 (AdPEO2) [72] and recessive and dominant early-onset mitochondrial
myopathy/cardiomyopathy assigned as mitochondrial DNA depletion syndrome (MTDPS) type
12B [73–76] and 12A, respectively [77] (Table 1). AAC1 is expressed mainly in heart and skeletal muscle,
where it is the predominant AAC isoform, and has the key role in cellular energy metabolism of
exchanging cytosolic ADP3− for matrix ATP4− electrophoretically to provide the substrate and export
the product of ATP synthase (Figure 3) [29]. All three diseases associated to SLC25A4 mutations are
characterized by multiple deletions in mitochondrial DNA as well as a reduced respiratory chain and
oxidative phosphorylation capacity. AdPEO2 has usually an onset in early adulthood and displays
numerous ragged-red fibers in muscle biopsy, ptosis, and progressive muscle weakness, especially
of the external eye muscle [72]. Other forms of AdPEO are caused by mutations in subunits of the
mitochondrial DNA helicase (AdPEO3), polymerase (AdPEO1 and AdPEO4), and ribonucleotide
reductase (AdPEO5), suggesting that AAC1 also has a role in the mitochondrial replication that lies
beneath the mitochondrial DNA deletions. How AAC1 malfunction is connected to mitochondrial
replication is not known, but it has been suggested to be through the disequilibration of mitochondrial
nucleotide pools or increased reactive oxygen species production [72]. The patients with MTDPS-12B
(recessive) manifest muscle ragged-red fibers, mild myopathy with exercise intolerance, and lactic
acidosis, but no ophthalmoplegia [73–76]. Recently, a new phenotype of recessive MTDPS-12B has
been reported that, besides hypertrophic cardiomyopathy, lactic acidosis, and exercise intolerance,
also displays elevated L-2-hydroxyglutarate urine levels and no mitochondrial DNA deletions [78].
It was speculated by the same authors that the increased L-2-hydroxyglutarate excretion may be a
secondary effect of NADH accumulation in the mitochondrial matrix. The symptoms of the 12A variant
of MTDPS (dominant) are more severe because hypotonia is apparent already after birth, in infanthood
respiratory insufficiency, requiring mechanical ventilation, and poor motor development leads to death
in many cases [77].

It is striking that AdPEO is caused by single point mutations located outside the central
translocation pore (p.Ala90Asp, p.Leu98Pro, p.Asp104Gly, and p.Ala114Pro at positions 89, 97,
103, and 113, respectively, in Figure 2A,C) with the exception of p.Val289Met (Figure 2B, at position
288), which is a conservative mutation located in the pore between the substrate binding area and
the residues of the c-gate. By contrast, MTDPS-12B is caused by the deletion, frame shift, and point
mutations close to the binding site (p.Ala123Asp and p.Gln218Pro at positions 122 and 217 in Figure 2)
or the m-gate (p.Leu141Phe and p.Arg236Pro at positions 140 and 235); and MTDPS-12A is caused by
mutations in contact point I (p.Arg80His at position 79) or in translocation pore SMS residues (Figure 1,
p.Lys33Gln and p.Arg235Gly in Figure 2 at positions 33 and 234, respectively). Transport measurements
have shown that the AdPEO point mutations outside the translocation pore have 24–56% activity as
compared to that of the wild-type, whereas MTDPS-12B mutations p.Ala123Asp and p.Arg236Pro
virtually abolish activity and the MTDPS-12A mutations p.Lys33Gln, p.Arg80His, and p.Arg235Gly
have 0%, 24%, and 3% activity, respectively [73,77,79]. It appears, therefore, that the severity of the
late-onset dominant AdPEO with respect to both MTDPS-12B and MTDPS-12A (which are more severe)
correlates with the type of mutations, their position within the carrier structure, and the measured
residual transport activity. In contrast, such a correlation between MTDPS-12B and MTDPS-12A is
not clear.
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3.5. SLC25A10 (Dicarboxylate Carrier, DIC) Deficiency

One patient with a severe neurodegenerative disorder, characterized by epileptic encephalopathy,
complex I deficiency, and mitochondrial DNA depletion in skeletal muscle was shown to possess
mutations in the gene SLC25A10 [80]. The heterozygous mutations of the patient (a silent and an
intron mutation in one allele and a frame shift mutation in the other, Table S1) resulted in reduced
RNA quantity and malfunctional splicing, leading to the absence of the dicarboxylate carrier DIC
(encoded by SLC25A10). Mammalian DIC was shown to transport dicarboxylates such as malate
and succinate as well as inorganic anions such as phosphate, sulfate, and thiosulfate by a strict
electroneutral counter-exchange (Figure 3) [64,67,68,81–84]. As shown by transport experiments with
isolated mitochondrial membranes from patient fibroblasts fused with liposomes, the malate/phosphate
exchange was dramatically reduced [80]. It was also observed that the ratios of NADPH/NADP+ and
GSH/GSSG were decreased. The connection between the transport function of DIC and the disease
phenotype is not clear but its roles in the transport of reducing equivalents, anaplerotic Krebs cycle
intermediates or components of sulfur metabolism could contribute to increased sensitivity to oxidative
stress. Oxidative damage may lead to the loss of mitochondrial DNA and, subsequently, to the
symptoms observed. It might be that, in some tissues, other MCs that transport certain DIC substrates
partly compensate for the lack of SLC25A10 activity: PiC and APCs transport phosphate [19,58,85]; the
oxoglutarate carrier transports malate and succinate [86–89]; UCP2 transports malate, phosphate, and
sulfate [69]; and UCP5 and UCP6 transport malate, succinate, phosphate, sulfate, and thiosulfate [70].

3.6. SLC25A12 (Aspartate-Glutamate Carrier 1, AGC1, Aralar) Deficiency

Three children with arrested psychomotor development, hypotonia, seizures, global
hypomyelination, and reduced levels of N-acetylaspartate in the cerebral hemispheres were found
to have missense mutations in the gene SLC25A12 of the aspartate-glutamate carrier AGC1 [90,91].
The two human AGC isoforms AGC1 and (see Section 3.7) AGC2 consist of two domains: an N-terminal
soluble domain and a C-terminal MC catalytic domain [18]. Both proteins transport aspartate and
glutamate by an obligatory electrophoretic exchange of (glutamate− + H+)out for aspartate−in, and
are regulated by their N-terminal Ca2+-binding domains which protrude into the intermembrane
space [18,92,93]. Their main physiological function is being key components of the malate-aspartate
shuttle (together with the oxoglutarate carrier, SLC25A11, OGC) to catalyze the transfer of reducing
equivalents of NADH from the cytosol to the mitochondrial matrix [49,94]. Another function of AGC1
and AGC2 is the mitochondrial export of aspartate that is a precursor for protein and nucleotide
biosynthesis (Figure 3). In some tissues of AGC1 deficiency patients, the transfer of reducing equivalent
of NADH may be maintained by AGC2 or the glycerol-3-phosphate shuttle, and the mitochondrial
export of aspartate may be compensated, at least partly, by AGC2 or UCP2. In fact, the symptoms of
SLC25A12 deficiency are mainly associated with alterations in the central nervous system and muscle,
where AGC1 is the predominantly expressed AGC isoform [18].

The effects of the pathogenic mutations in SLC25A12 have been studied in some detail.
Skeletal muscle mitochondria from an AGC1 deficiency-affected child with the homozygous
disease-causing mutation p.Gln590Arg (located in the substrate translocation pore at position 283,
Figure 2B,D) displayed much reduced ATP production, and recombinant reconstituted protein
harboring the mutation had no transport activity [90]. Two other patients, two siblings with the
homozygous mutation p.Arg252Gln (found in the SMS at position 34, Figures 1 and 2A,C, outside the
pore) exhibited similar symptoms as the previous one; and the activity of the mutated protein was
dramatically reduced but not completely abolished [91]. Recently, another disease-causing mutation,
p.Thr444Ile (Figure 2B,D, at position 130), has been found in the substrate translocation pore (Table S1),
but the transport activity of this AGC1 variant has not been investigated [95].

The link between defective AGC1 and hypomyelination is probably due to the protein contribution
to mitochondrial export of aspartate, which is needed for the formation of N-acetylaspartate necessary
for myelin biosynthesis. In fact, mice lacking AGC1 display growth retardation, an impaired
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central nervous system function, and reduced brain levels of N-acetyl-aspartate [96]. Moreover,
AGC1 depletion in neurons (Neuro2A cells) and oligodendrocytes (precursor cells) inhibits proliferation
and N-acetylaspartate synthesis [97,98]. It is noteworthy that (i) single nucleotide polymorphisms in
AGC1 have been suggested to be associated with multi-factorial disorders, such as autism [99], and
(ii) a mutation in AGC1 of Dutch shepherd dogs causes reduced transport activity of aspartate and
glutamate in reconstituted liposomes as well as inflammatory myopathy [100]. The clinical conditions,
psychomotor development, and myelination were markedly improved in an AGC1 deficiency child
by introducing a ketogenic diet through the gradual increase of the ratio of fat to protein and
carbohydrates [101]. This finding suggests a direction of future treatments of AGC1 deficiency.

3.7. SLC25A13 (Aspartate-Glutamate Carrier 2, AGC2, Citrin) Deficiency

The second human isoform of the aspartate-glutamate carrier AGC2 (SLC25A13) is expressed
ubiquitously, especially in the liver. As AGC1, the aspartate-glutamate isoform 2 (AGC2) is an important
component of the malate-aspartate shuttle which transfers reducing equivalents of NADH from the
cytosol to the mitochondrial matrix and provides aspartate in the cytosol that is needed, among
other things, for the urea cycle (Figure 3) [18,49,102]. In the SLC25A13 gene, 117 different mutations
causing AGC2 deficiency have been identified, and the patients, most of them from East and South
Asia, are classified into two clinical phenotypes: neonatal intrahepatic cholestasis caused by citrin
deficiency (NICCD, also classified as neonatal-onset citrullinemia type II) and adult-onset type II
citrullinemia (CTLN2) (Table 1 and Table S1) [103,104]. In Japan, the observed prevalence of NICCD
and CTLN2 is about 1:17 000 and 1:100 000–1:230 000, respectively [105]. The observed prevalence
of NICCD is close to the calculated one based on heterozygous carrier frequency, which is about
1:65 in Japan and China [104,106]. In addition to transient intrahepatic cholestasis, NICCD patients
present hepatomegaly, citrullinemia, ketotic hypoglycemia, aminoacidemias, hypoproteinemia, and
growth retardation. Other dysfunctional liver-related symptoms may also occur, such as hepatitis,
jaundice, reduction of coagulation factors and hemorrhagic diathesis. The NICCD symptoms are
generally not severe and gradually disappear during the first years of life. NICCD is treated by a
lactose-free and medium-chain-triglyceride diet supplemented with fat-soluble vitamins. Some of
the NICCD subjects may suddenly develop CTLN2 as adults (usually between 20–50 years of age).
CTLN2 patients have an aversion to carbohydrate-rich food and are unable to consume alcohol.
In contrast, they have a liking for foods rich in protein and fat, that are energy sources less dependent
on the malate-aspartate shuttle. As a matter of fact, alcohol and sugar intake as well as medication and
surgery may provoke the symptoms. On top of citrullinemia, CTLN2 is characterized by fatty liver and
repeated episodes of hyperammonemia, which lead to encephalopathy. CTLN2 is often associated
with neuropsychiatric symptoms, such as nocturnal delirium, aggression, irritability, hyperactivity,
delusions, disorientation, restlessness, drowsiness, loss of memory, flapping tremor, convulsive seizures,
and coma. Treatments of CTLN2 consist of lactose-restricted low-carbohydrate diets supplemented
with medium-chain-triglycerides [107]. Recently, from mice model studies, a combined supplement
of ornithine with alanine or aspartate to reduce ammonium levels in blood has been suggested [108].
Liver transplantation is a resolutive remedy.

Among the many different AGC2 deficiency mutations identified, the pathogenic variant
c.851-854del is the most common in Japan and China [105]. Besides the 68 more deleterious mutations
(insertion, deletion, insertion/deletion, non-sense truncation, splicing, and frame shift mutations),
50 point mutations have been identified: 12 are found in the N-terminal soluble regulatory domain
that harbours EF-hand Ca2+-binding motifs and 36 in the C-terminal mitochondrial carrier domain
(Figure 1 and Table S1). Out of the latter group of mutations, fourteen are found in conserved motifs
(Figure 1) and about half in the substrate translocation pore (Figure 2, at positions 29, 84, 130, 134, 137,
179, 182, 190, 220, 276, 279, 283, and 292).
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3.8. SLC25A15 (Ornithine Carrier 1, ORC1) Deficiency

The ornithine carrier ORC1 is responsible for an important transport step in the urea cycle
by catalyzing the electroneutral exchange of cytoplasmic ornithine+ for matrix citrulline + H+

(Figure 3) [49,102,109–111]. Mutations in the ORC1 gene, SLC25A15, have been identified to
cause hyperornithinemia, hyperammonemia, and homocitrillinuria (HHH) syndrome in more than
100 patients, the majority of which lives in Canada, Italy, or Japan (Table 1) [112,113]. Besides the
alterations underlined in the name of the disease, the metabolic features of HHH syndrome include
elevated levels of polyamines, glutamine, and alanine as well as increased amounts of orotic acid
and uracil in urine. Among the highly variable clinical symptoms of HHH syndrome are: in the
acute phase, hepatitis-like attacks of vomiting, liver failure, confusion, and coma; and in the chronic
phase lethargy, seizures, mental retardation, spastic paraplegia, cerebellar ataxia, learning difficulties,
coagulation factor defects, and aversion to protein-rich food. Lethargy and coma are the most common
early-onset symptoms, whereas movement and behaviour dysfunction are usually associated with
late-onset or progressed stages of disease. Patients with HHH syndrome are treated in the acute phase
with intravenous glucose, abolished protein intake, and ammonia scavengers such as benzoate and
phenylbutyrate, and in the chronic phase with low-protein diets supplemented with citrulline or
arginine. The development of HHH syndrome in patients under treatment is very variable from cases
with only mild manifestations, compatible with an almost normal life, to cases with severe disability.

ORC1 deficiency reduces the rate of the urea cycle and hence leads to hyperammonemia, similarly
to other genetic diseases associated with the urea cycle and ammonia-related metabolism (including
AGC2 deficiency, Section 3.7). The ammonia toxicity is thought to be responsible for the neurological
symptoms, which are in common to these diseases [114]. ORC1 deficiency also causes the build-up
of ornithine in the cytosol and, subsequently, hyperornithinemia, increased levels of polyamines
(which originate from cytosolic ornithine), and a secondary creatine deficiency, due to arginine-glycine
amidotransferase inhibition by an excess of ornithine. Homocitrullinuria and increased excretion of
orotic acid in urine are explained by an increase in carbamoyl-phosphate, which either condensates
with lysine (forming homocitrulline) or enters the pyrimidine pathway (Figure 3).

Among the 38 different mutations found to cause HHH syndrome, the most common are
p.Phe188del and p.Arg179*, which are found in 45% of the patients. The effects of many disease-causing
mutations on ORC1-catalyzed transport have been assessed in reconstituted liposomes by the EPRA
method and by in vitro cell culture studies, which have shown that, with very few exceptions, the
mutations are deleterious for activity [111,115–117]. Some of the mutations (p.Glu180Lys, p.Arg275Gly
and p.Arg275Gln at positions 183 and 279) (Figure 2B,D) are in the contact points (Figure 1), changing
residues that were proved experimentally to participate directly in substrate binding [31]. Most point
mutations are located along the substrate translocation pore (at positions 25, 36, 76, 119, 183, 191, 216,
220, 276, 279, and 287), but others have their residue side chains outside the pore of ORC1 (at positions
13, 28, 30, 35, 77, 132, 193, 196, 268, and 277).

3.9. SLC25A16 Deficiency

SLC25A16 was called Graves’ disease carrier protein because it was picked up in an immunoscreen
with antisera from patients with Graves’ disease [118,119]. However, its association to Graves’ disease
has never been clarified, although there are some clues about its function; SLC25A16 was shown
to complement the lack of its yeast homologue Leu5p, which is implicated in mitochondrial CoA
transport [120], and, furthermore, SLC25A16 is closely related to human SLC25A42, which was
shown to transport CoA, dephospho-CoA, adenosine 3’,5’-diphosphate (PAP) and some other adenine
nucleotides [121]. Recently, a mutation in SLC25A16 (p.Arg31Leu, located just before H1, Figure 1, at
position 2 in Figure 2A) has been associated with autosomal recessive isolated fingernail dysplasia in
members of a Pakistani family [122]. The affected members displayed a severe form of onychodystrophy,
a hyperkertotic nail bed, a thickened and dystrophic nail plate, and digits with mild erythema and
swelling close to the proximal nail folds, whereas the toenails were normal. The link between the nail
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malformation phenotype and the role of SLC25A16 in the mitochondrial CoA transport (if this is the
role of this transporter) is yet unclear.

3.10. SLC25A19 (Thiamine Pyrophosphate Carrier, TPC) Deficiency

Patients suffering from the disorder Amish microcephaly have severe congenital microcephaly,
2-oxoglutaric aciduria, and often premature death. The traits of this disease were traced back in
many generations of Amish families in Lancaster County (Pennsylvania) and linked to a mutation
in SLC25A19 causing the substitution p.Gly177Ala in its gene product [123]. Later, eight patients
aged 3–20 years with less severe symptoms, such as increased lactate levels in cerebrospinal fluid or
serum, chronic progressive polyneuropathy and fever-triggered acute episodes of flaccid paralysis
and encephalopathy with bilateral striatal necrosis, were associated with five other mutations in
SLC25A19 [124–127]. This form of SLC25A19 deficiency was classified as thiamine metabolism
dysfunction syndrome 4 (progressive polyneuropathy type).

SLC25A19 encodes the thiamine pyrophosphate carrier TPC1 that transports thiamine
pyrophosphate, thiamine monophosphate, and deoxynucleotides [123,128,129] as its homologue
in S. cerevisiae Tpc1p [130]. The knockout of SLC25A19 in the mouse causes depletion of mitochondrial
thiamine pyrophosphate, embryonic lethality, brain malformations, and anemia [129]. It is therefore likely
that the major symptoms of SLC25A19 deficiency are due to lack of mitochondrial import of thiamine
pyrophosphate, which is formed in the cytoplasm from thiamine absorbed in the intestine, in exchange
for intramitochondrial thiamine monophosphate (Figure 3). Mitochondrial thiamine pyrophosphate
is an essential cofactor of three mitochondrial enzymes: pyruvate dehydrogenase, branched chain
ketoacid dehydrogenase and 2-oxoglutarate dehydrogenase. The deficit of mitochondrial thiamine
pyrophosphate causes reduced 2-oxoglutarate dehydrogenase activity, leading to the accumulation
of 2-oxoglutarate and 2-oxoglutaric aciduria, and probably reduced pyruvate dehydrogenase activity,
leading to the accumulation of lactate. Oral thiamine treatment has been reported to improve the
conditions of some of the patients suffering from thiamine metabolism dysfunction syndrome 4
phenotype [125,127]. The severe phenotype-causing mutation p.Gly177Ala affects a highly conserved
residue of the second part of the SMS (Figure 1, Figure 2B,D, at position 175); and the recombinant
protein harboring this mutation was found to display a markedly reduced transport activity in isolated
liposomes by the EPRA method [123,129]. In contrast, the mutations of the less severe phenotype may be
less harmful to the activity because p.Gly125Ser and p.Gln192His (at positions 119 and 190, respectively),
although located inside the substrate translocation pore, are not affecting conserved residues, and
p.Ser194Pro and p.Leu290Gln (at positions 192 and 278, respectively) are outside the pore. However,
p.Glu304Lys, which replaces a negative charge of the cytoplasmic gate (Figure 1, Figure 2B,C, at position
292) and therefore is expected to affect transport substantially, is also among the mutations causing the
less severe phenotype. Unfortunately, the impact of the latter mutations on the transport function of
SLC25A19 has not been investigated yet.

3.11. SLC25A20 (Carnitine-Acylcarnitine Carrier, CAC) Deficiency

The carnitine-acylcarnitine carrier CAC catalyzes the uptake of carnitine-linked long fatty acids
into the mitochondria in exchange for free carnitine. This reaction is part of the carnitine cycle
which allows the entry of fatty acids from the cytosol into the mitochondrial matrix where they
are degraded by the β-oxidation pathway (Figure 3) [131,132]. Patients with CAC deficiency had
been discovered before [133] the CAC gene (SLC25A20) was sequenced and the first disease-causing
mutation was identified [35,134]. There are two clinical types of CAC deficiency: a neonatal-onset
severe form and an infancy-onset milder form. Both phenotypes are characterized by lethargy, seizures,
vomiting, fasting-induced coma, hypotonia, cardiomyopathy, muscle weakness, liver dysfunction
and respiratory distress. Metabolic alterations include hypoglycemia, hypoketosis, hyperammonemia,
dicarboxylic aciduria, increased long-chain acyl-carnitines, transaminases, and creatine kinase, whereas
free carnitine is decreased. Fasting and illness may lead to brain damage, coma and ultimately death,
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even in the milder form. It is likely that the symptoms, with major effects on the liver, muscle, and
brain, are due to accumulation of long-chain fatty acids and acyl-carnitines that cannot be oxidized or
form ketone bodies. Similar symptoms are caused by mutations in the genes of β-oxidation enzymes.
Mild form CAC deficiency patients usually respond well to a dietary treatment consisting of frequent,
high-carbohydrate and low-fat meals supplemented with polysaturated fatty acids.

Only 12 out of the 38 CAC deficiency mutations are missense mutations, whereas the great
majority are insertion, deletion, nonsense, frame shift, and splicing mutations (Table S1). Five of the
CAC missense mutations are found in the substrate translocation pore (Figure 2B,D, at positions 25, 29,
79, 182, and 231), of which two are in the conserved SMS residues and two are in the contact point
residues (Figure 1). The remaining missense mutations are outside the pore (Figure 2A,C, at positions
20, 53, 85, 135, 230, 238, and 285). Several approaches have been used to investigate the impact of the
SLC25A20 mutations on the CAC transport. In the first method, indirect CAC activity was determined
in fibroblasts by supplementing 14C-labeled fatty acids and measuring the rate of fatty acid oxidation
as 14CO2 evolved/hr x mg cell protein [135]. All the other methods are based on the expression of the
CAC variants in Escherichia coli [135,136] or in appropriate strains of S. cerevisiae [137] and Aspergillus

nidulans [136,138].

3.12. SLC25A21 (Oxodicarboxylate Carrier, ODC) Deficiency

A homozygous missense mutation in SLC25A21, giving rise to the p.Lys232Arg replacement in
the oxodicarboxylate carrier ODC, segregated with a patient with spinal muscular atrophy-like disease
and mitochondrial myopathy associated with reduced mitochondrial DNA copy number (Table 1 and
Table S1) [139]. ODC mainly transports 2-oxoadipate and 2-aminoadipate, that are produced from
lysine and tryptophan degradation in the cytosol and are transported into the mitochondrial matrix,
where they are oxidized and fed into the TCA cycle (Figure 3) [140,141]. It has been suggested by
the same authors that the ODC-catalyzed mitochondrial import of these two metabolites occurs via
an exchange for matrix 2-oxoglutarate [142]. Although the disease-causing p.Lys232Arg substitution
is a conservative mutation, it affects an SMS residue (Figure 1) of the matrix salt bridge network
(Figure 2B,D, at position 234), and renders SLC25A21 inactive [139]. In the SLC25A2-deficient patient,
the urinary excretion of pipecolic and quinolinic acid, which are intermediates or by-products of
the lysine and tryptophan degradation pathways, was observed together with that of 2-oxoadipate
(Figure 3). The altered concentrations of these substances in the body are supposed to be toxic and
lead to the reduction in mitochondrial DNA and cause mitochondrial dysfunction and spinal motor
neuron abnormalities.

3.13. SLC25A22 (Glutamate Carrier 1, GC1) Deficiency

Initially, two mutations in SLC25A22 were shown to cause severe neonatal epileptic encephalopathy
with suppression bursts (NEESB) [143,144]. More recently, other eight mutations giving rise to similar
symptoms have been identified in the same gene (all but one reviewed in [145]). This genetic disease is
now classified as early infantile epileptic encephalopathy type 3 (EIEE3) (Table 1), and is characterized
by early-onset myoclonic seizures, severe hypotonia, microcephaly, suppression burst pattern, severe
developmental delay and often brain atrophy. A further mutation in SLC25A22 caused hypotonia
and developmental delay as in EIEE3, but also migrating partial seizures in infancy (MPSI) without
suppression bursts [146]. Therefore, SLC25A22 deficiency patients present phenotypes spanning from
very severe cases, with intractable epilepsy, no motor acquisition, vegetative state and early death,
to moderate cases with tractable epilepsy, some motor acquisition, no microcephaly or suppression
bursts [145].

SLC25A22 encodes the glutamate carrier GC1, which imports glutamate by proton co-transport
into the mitochondrial matrix [147] where it is transformed into ammonium ions and 2-oxoglutarate
by glutamate dehydrogenase (Figure 3). The ammonium enters the urea cycle for clearance of excess
nitrogen, whereas 2-oxoglutarate is used in gluconeogenesis (in liver and kidney) or oxidized in TCA
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cycle for ATP production (in non-hepatic tissues). SLC25A22 is highly expressed in most tissues
including the brain, especially in areas associated with motor coordination and in astrocytes, that
control the uptake of extracellular neurotransmitter glutamate [147,148]. It is likely that extracellular
glutamate levels in brain are dysregulated in SLC25A22 deficiency patients [143] because it was shown
that (i) reduced expression of SLC25A22 in glial cells leads to intracellular glutamate accumulation [148],
and (ii) aberrant glutamate catabolism in astrocytes is associated with altered clearance of extracellular
(synaptic) glutamate and early epileptic encephalopathy [149]. Moreover, some patients with SLC25A22
deficiency manifest hyperprolinemia [150], which might be explained by assuming that dysfunctional
GC1 activity diminishes or abolishes the export of proline-derived glutamate from mitochondria
leading to accumulation of proline in the body.

Out of ten point mutations in SLC25A22, two are in the first part of the third SMS, two in the
same residue in contact point I (Figure 1), some are inside the substrate translocation pore (Figure 2,
at positions 83, 119, and 220), and the rest outside the pore (at positions 60, 192, 230, 233, 258, and
281). It is noteworthy that patients with severe forms of SLC25A22 deficiency (severe EIEE3 and
MPSI) have homozygous point mutations in residues with side chains protruding into the substrate
translocation pore (with the exception of p.Pro206Leu), whereas milder forms exhibit the homozygous,
or at least one of the heterozygous, mutations outside the pore. Moreover, GC1 variants of the most
severe cases assessed in reconstituted liposomes by the EPRA method, exhibited negligible transport
activity in vitro [143,144,146].

3.14. SLC25A24 (ATP-Mg2+/Phosphate Carrier 1, APC1) Deficiency

Gorlin–Chaudhry–Moss and Fontaine–Farriaux syndromes are rare dysmorphic genetic disorders
manifested with similar symptoms: aged appearance with loose or wrinkled skin, short stature,
hypertrichosis, skull deformities with craniosynostosis or brachycephaly, and a characteristic facial
appearance of a depressed nasal bridge, low hairline, and microphthalmia [151]. Other common symptoms
include digit and nail anomalies, cardiovascular abnormalities, umbilical hernia, and hypoplastic genital
system. Whereas for some patients, early death has been reported, others display normal or nearly normal
developmental outcomes. Given that both syndromes are caused by an autosomal dominant mutation
in SLC25A24, either de novo p.Arg217Cys or p.Arg217His mutation [152,153], the two syndromes are
now designated with a common name: Fontaine progeroid syndrome. Until now, 11 cases, which were
confirmed to have one of the two above mentioned mutations, have been reported with this disease [151].

SLC25A24 encodes the ATP-Mg2+/phosphate carrier APC1, which, besides the MC domain that
transports ATP, ATP-Mg2+, ADP, AMP, and phosphate (Figure 3), has a regulatory N-terminal domain
containing EF-hand Ca2+ binding sites activating transport when cytosolic Ca2+ increases [19,154,155].
This carrier is one of the four human isoforms and is involved in regulating the matrix adenine nucleotide
pool through its capacity to transport adenine nucleotides in exchange for intra- or extra-mitochondrial
phosphate [19]. The corresponding residue of APC1 Arg217 in the AAC structures is also an arginine
located in a non-conserved position in the first part of the first SMS (Figure 1) on the matrix side of H1
(Figure 2A, at position 30). In the c-state, this arginine is buried in the structure and forms hydrogen
bonds with residues of H2 and H3, while in the m-state it is positioned at the entrance of the substrate
translocation pore and does not participate in any apparent interaction (Figure 2C). Therefore, it may
be that the interactions of Arg217 play a role in the m-gate and neither its substitution with cysteine
nor with histidine have the ability to form the same hydrogen bonds. Until now, the effects of the
disease-causing mutations on the transport activity of APC1 are not known.

The connection between the mutations in SLC25A24 and the symptoms of Fontaine progeroid
syndrome is not clear. However, there are some clues: it was shown that fibroblasts from patients and
cells expressing disease-causing mutant proteins have altered mitochondrial morphology, decreased
proliferation rate, oxygen consumption, and mitochondrial ATP content, whereas mitochondrial
membrane potential and oxidative stress sensitivity are increased [152,153]. These results may suggest
that the above mentioned SLC25A24 mutations cause impaired energy metabolism, mitochondrial
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dysfunction, and a mitochondrial ATP deficit, which lead to the imbalanced proliferation and
differentiation of progenitor cells involved in the development of skeletal and connective tissues [152,153].
Whether these consequences are due to APC1 haplo-insufficiency or active dominant effects of the
mutated proteins remains to be answered.

3.15. SLC25A26 (S-Adenosylmethionine Carrier, SAMC) Deficiency

SLC25A26 encodes mitochondrial S-adenosylmethionine carrier SAMC, which imports
cytosol-synthesized S-adenosylmethionine (SAM) in exchange for matrix S-adenosylhomocysteine
(Figure 3) [156], as its homologues in S. cerevisiae [157] and A. thaliana [158]. Matrix SAM is used as a
methyl group donor in the methylation of DNA, RNA, proteins and coenzyme Q, and in the biosynthesis
of lipoic acid. Therefore, it is not surprising that the three unrelated patients identified with SLC25A26
deficiency exhibited reduced intra-mitochondrial methylation of RNA and proteins, reduced translation
and diminished coenzyme Q and lipoic acid levels [159]. The consequent mitochondrial dysfunction
and defective respiratory chain activity may explain the clinical features found in patients suffering
from this disorder, i.e., respiratory insufficiency, lactic acidosis, acute episodes of cardiopulmonary
failure, and progressive muscle weakness.

The levels of transport activity of the recombinant SAMC variants harboring the three missense
mutations associated with SLC25A26 deficiency seem to be related to their position in the SAMC
homology model. p.Ala102Val and p.Pro199Leu, which cause almost depleted transport activity
compared to the wild-type carrier protein and are found inside the substrate translocation pore
(Figure 2, at position 126) and in the third SMS (at position 229, outside the pore), respectively, and
p.Val148Gly, which causes a marked decrease in activity (15% of the wild-type protein), is found
outside the pore (at position 180) [159]. Interestingly, the homozygous patient with the latter mutation
displayed milder manifestations of the symptoms with respect to the heterozygous patient having the
two first-mentioned mutations. Furthermore, the most severe case, which had a homozygous splice
site mutation resulting in undetected protein product, died of respiratory and multiple organ failure in
the first days of life. Therefore, the development and severity of the disease seem to be related to the
transport activities of the mutated proteins and the allele composition of the patients.

3.16. SLC25A32 Deficiency

Two cases of SLC25A32 deficiency have been reported. One patient had recurrent late-onset exercise
intolerance and abnormalities in the acyl-carnitine profile, which are characteristic features of multiple
acyl-CoA dehydrogenase deficiency [160]. Later, another patient with more severe neuromuscular
phenotype was identified presenting early onset ataxia, myoclonia, dysarthria, altered levels of organic
acids and acylcarnithines in plasma and urine, muscle weakness, and exercise intolerance [161].
The state of both patients was improved upon treatment with riboflavin, which is a precursor of the
cofactor FAD. The less severely affected patient had a truncation and a conservative p.Arg147His
mutation (in the second positively charged residue of the second SMS (Figure 1) at position 139
outside the pore (Figure 2A,C)) in her two SLC25A32 alleles, respectively; the more severe case had a
homozygous oligonucleotide insertion/deletion mutation (Table S1), probably leading to the complete
absence of the SLC25A32 protein. Until now, it has not been shown that SLC25A32 transports FAD
and/or folate by direct transport assays. However, experiments have been performed suggesting that
its S. cerevisiae homologue Flx1p (and also SLC25A32) transport FAD and/or folate (Figure 3) [162–164].
Furthermore, the missense mutation p.Arg147His of SLC25A32 introduced in a yeast Flx1 deletion
strain complements the growth defect only partly. This may suggest that the mutant protein retains
some activity [160] or the function of SLC25A32 is partially compensated by some other MC. It is
known, for example, that the yeast NAD+ carrier transports FAD to some extent [165]. In addition, the
physiological importance of SLC25A32 has been emphasized by gene-trap inactivation experiments of
SLC25A32 in mice displaying neural tube defects and embryonal death [166]. One might speculate that
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both reduced mitochondrial FAD and folate transports would lead to mitochondrial defects underlying
the symptoms of malfunctioning SLC25A32.

3.17. SLC25A38 (Glycine Carrier, GlyC) Deficiency

Mutations in SLC25A38 cause autosomal recessive nonsyndromic congenital sideroblastic anemia,
which is characterized by ringed sideroblasts with accumulated iron deposits in mitochondria [167,168].
The onset of SLC25A38-associated sideroblastic anemia, which is usually microcytic, is within the
first years of life. If untreated, toxic iron deposits build up in organs, such as heart and liver, causing
cardiomyopathy and hepatic fibrosis, which lead to heart failure, chronic liver damage, and endocrine
disorders, and subsequently can result in failure to thrive and death. The patients are treated with
recurrent blood transfusions with the risk of increasing the iron overload even further. Therefore,
much attention is focused on assessment and monitoring the iron levels. Thus, the transport function
of SLC25A38 is associated with heme biosynthesis, and reconstituted GlyC (the protein product of
SLC25A38) and its yeast homolog Hem25p were shown to transport glycine, which needs to enter the
mitochondrial matrix to be converted into the heme precursor 5-aminolevulinic acid [169]. Mutations in
mitochondrial 5-aminoluvelinate synthase 2, i.e., the enzyme catalyzing this reaction, also cause an
X-linked form of nonsydromic congenital sideroblastic anemia. Out of the 25 pathogenic mutations
found in SLC25A38 so far, fifteen are single residue missense mutations (Figure 1 and Table S1).
About half of the latter are found inside the substrate translocation pore (at positions 36, 119, 123, 191,
220, 276) and two precisely in the same residue of contact point II (at position 182, Figures 1 and 2B,D).

3.18. SLC25A42 (CoA and PAP Carrier) Deficiency

A single nucleotide mutation in SLC25A42 (causing the substitution p.Asn291Asp in its protein
product) was found in 14 homozygous individuals of Arabic descent, who presented variable degrees
of severity of symptoms such as mitochondrial myopathy with muscle weakness, lactic acidosis,
encephalopathy, developmental regression, and epilepsy [170–172]. Recently, also a homozygous splice
site mutation was found in a patient with similar clinical features [172]. As additional evidence of
the pathogenic effects of certain SLC25A42 mutations, a comparable phenotype with severe muscle
disorganization and weakness was observed in the zebrafish knockdown of this gene [170]. SLC25A42

encodes a MC that transports CoA, dephospho-CoA, adenosine 3’,5’-diphosphate (PAP), and some
other adenine nucleotides [121]. The point mutation of Asn291 (Figure 2, at position 276) is localized
inside the pore of the carrier structure in the vicinity of the substrate binding site and may therefore
interfere with substrate binding. The main physiological function of SLC25A42 was suggested to be the
import of CoA in exchange for PAP [121]. The possibility of external CoA and internal dephospho-CoA
exchange was also considered [121]. In the mitochondrial matrix, CoA is an essential cofactor in many
major processes, such as the TCA cycle, urea cycle, β-oxidation, heme biosynthesis, branched-chain
amino acid oxidation, and protein acetylation. Moreover, in the mammalian mitochondrial matrix, PAP
is formed when CoA donates its phosphopantetheine moiety to the acyl carrier protein for the synthesis
of lipoic acid and long chain fatty acids. In Drosophila melanogaster, the main role of SLC25A42 has been
suggested to be the export of mitochondrial dephospho-CoA [173]. At any rate, the disease-causing
mutations affecting SLC25A42 transport activity probably give rise to a mitochondrial myopathy,
which subsequently leads to the symptoms described above. Yet, it is difficult to comprehend the
clinical heterogeneity and wide spectrum of severity of SLC25A42 deficiency even among patients
with the same mutation in the same family.

3.19. SLC25A46 Deficiency

The clinical phenotypes resulting from mutations in SLC25A46 are quite heterogeneous; they
include axonal peripheral neuropathy, cerebellar, and optic atrophy found in patients diagnosed with
congenital pontocerebellar hypoplasia, autosomal recessive cerebellar ataxia, Charcot–Marie–Tooth
disease type 2 and optic atrophy spectrum disorder, Ramsay-Hunt or Leigh syndrome [174–180].
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The severity and onset of the symptoms also vary, from death shortly after birth to mild manifestations
appearing in adulthood. Unlike the other MCs, the SLC25A46 protein is localized in the outer
mitochondrial membrane [174] and no transport activity has been associated with it so far. Instead,
SLC25A46 has been suggested to play a role in mitochondrial fusion and fission because its
overexpression and knockdown in cell lines lead to the fragmentation and hyperfusion of mitochondria,
respectively [175]. In agreement to the symptoms observed in SLC25A46 deficiency patients, SLC25A46

knockdown in zebrafish gives rise to defects in mitochondrial network maintenance, fission and cristae
dynamics, and causes a dysfunctional neurodevelopment phenotype [174]. Notably, mutations in other
genes involved in the regulation of the mitochondrial shape cause similar clinical features as those
found in SLC24A46 deficiency patients [174]. Furthermore, it has been suggested that (i) the pathogenic
SLC25A46 mutations affect the stability of the protein and interfere with protein–protein interactions
important in mitochondrial morphology dynamics, and (ii) the degree of the protein destabilization and
interference effects determine the severity of the disease [181]. Five of the pathogenic point mutations
are located in different matrix helices (Figure 2A,C, at positions 48, 52, 70, 157, and 165) and they could
be involved in protein-protein interactions; the other four are all in the SMS of H5 (Figure 1).

4. Multigenic Diseases with Mutations in MCs

There is clear evidence that mutations in MC genes cause the disorders described in Section 3.
However, there are other diseases that are caused by mutations in several genes including MC
genes or depend strongly on additional genetic and environmental factors. For example, it is
noteworthy that polymorphisms in SLC25A8 (encoding UCP2) and SLC25A9 (UCP3) are associated
with obesity and type 2 diabetes [182,183]; mutations in SLC25A8 and other genes may lead to
hyperinsulinism [184]; and a single nucleotide variation in SLC25A40 (a carrier of unknown function) is
linked to hypertriglyceridemia [185]. Furthermore, SLC25A11 (encoding the oxoglutarate carrier OGC)
is a tumor-suppressor gene (together with some genes encoding TCA cycle enzymes), i.e., mutations of
SLC25A11 confer a predisposition to metastatic paragangliomas [186]. In addition, genetic variants of
several MCs have also been linked to complex multifactorial disorders such as autism [99,187,188].

5. Concluding Remarks

In the past decades, remarkable advances have been made in defining the molecular and genetic
basis of different types of mitochondrial diseases, including those associated with MCs. Progress has
been achieved despite the fact that many mitochondrial diseases are extremely heterogeneous clinically,
biochemically, and genetically, and many of them are multi-system disorders affecting several organs [5].
As shown in this review, the number and understanding of the diseases associated with MCs is rapidly
growing, and the connections between the mutations, defective transport, altered metabolism, and
pathogenic mechanisms underlying the symptoms start to be better comprehended. This advance
gives hope for improved, more rapid, and earlier diagnostics such as clinical observations, genetic
counselling, prenatal diagnosis, and newborn screening, as well as for novel therapeutic strategies.
However, this development is still hampered by the lack of knowledge about many MCs in terms
of the substrates transported and their physiological roles in vivo in tissues and specialized cells.
Future investigations are warranted along these lines of research to tackle and better comprehend the
metabolic disorders associated with MCs.

Mitochondrial medicine aimed at correcting the mitochondrial defects is very challenging.
Several complementary approaches, which include methods of general and personalized precision
medicine, may be applied for efficient treatment. General approaches to improve and facilitate
mitochondrial function utilize compounds such as antioxidants, factors that stimulate mitochondrial
biogenesis (through signaling pathways and transcription factors), or clearance of defective
mitochondria by autophagy and lysosomal removal [2,5]. For some of the MC-associated diseases,
appropriate diets often supplemented with specific metabolites or cofactors are being used or are
undergoing clinical trials. In principle, gene therapy is the resolutive approach that can cure the
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defects caused by specific gene alterations. Nowadays, viral vectors and/or CRISPR-Cas-based editing
mutated DNA or RNA are available to accomplish gene therapy. These therapies aiming at correcting
mutations in mtDNA are encountering many technical and physiological difficulties, such as a lack of
mitochondrial vectors, multiple copies of mtDNA, and no systems for mtDNA recombination and
repair. However, gene therapies for mitochondrial disorders caused by mutations in the nuclear DNA,
such as the MC-associated diseases, may be developed in a relatively near future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/4/655/s1,
Table S1: Disease-causing mutations in mitochondrial carriers.
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153. Writzl, K.; Maver, A.; Kovačič, L.; Martinez-Valero, P.; Contreras, L.; Satrustegui, J.; Castori, M.; Faivre, L.;
Lapunzina, P.; van Kuilenburg, A.B.P.; et al. De Novo Mutations in SLC25A24 Cause a Disorder Characterized
by Early Aging, Bone Dysplasia, Characteristic Face, and Early Demise. Am. J. Hum. Genet. 2017, 101,
844–855. [CrossRef] [PubMed]

154. Harborne, S.P.D.; Ruprecht, J.J.; Kunji, E.R.S. Calcium-induced conformational changes in the regulatory
domain of the human mitochondrial ATP-Mg/Pi carrier. Biochim. Biophys. Acta 2015, 1847, 1245–1253.
[CrossRef] [PubMed]

155. Monné, M.; Daddabbo, L.; Giannossa, L.C.; Nicolardi, M.C.; Palmieri, L.; Miniero, D.V.; Mangone, A.;
Palmieri, F. Mitochondrial ATP-Mg/phosphate carriers transport divalent inorganic cations in complex with
ATP. J. Bioenerg. Biomembr. 2017, 49, 369–380. [CrossRef] [PubMed]

156. Agrimi, G.; Di Noia, M.A.; Marobbio, C.M.T.; Fiermonte, G.; Lasorsa, F.M.; Palmieri, F. Identification of the
human mitochondrial S-adenosylmethionine transporter: Bacterial expression, reconstitution, functional
characterization and tissue distribution. Biochem. J. 2004, 379, 183–190. [CrossRef]

157. Marobbio, C.M.T.; Agrimi, G.; Lasorsa, F.M.; Palmieri, F. Identification and functional reconstitution of yeast
mitochondrial carrier for S-adenosylmethionine. EMBO J. 2003, 22, 5975–5982. [CrossRef]

158. Palmieri, L.; Arrigoni, R.; Blanco, E.; Carrari, F.; Zanor, M.I.; Studart-Guimaraes, C.; Fernie, A.R.; Palmieri, F.
Molecular identification of an Arabidopsis S-adenosylmethionine transporter. Analysis of organ distribution,
bacterial expression, reconstitution into liposomes, and functional characterization. Plant Physiol. 2006, 142,
855–865. [CrossRef]

159. Kishita, Y.; Pajak, A.; Bolar, N.A.; Marobbio, C.M.T.; Maffezzini, C.; Miniero, D.V.; Monné, M.; Kohda, M.;
Stranneheim, H.; Murayama, K.; et al. Intra-mitochondrial Methylation Deficiency Due to Mutations in
SLC25A26. Am. J. Med. Genet. 2015, 97, 761–768. [CrossRef]

160. Schiff, M.; Veauville-Merllié, A.; Su, C.H.; Tzagoloff, A.; Rak, M.; Ogier de Baulny, H.; Boutron, A.;
Smedts-Walters, H.; Romero, N.B.; Rigal, O.; et al. SLC25A32 Mutations and Riboflavin-Responsive Exercise
Intolerance. N. Engl. J. Med. 2016, 374, 795–797. [CrossRef] [PubMed]

466



Biomolecules 2020, 10, 655

161. Hellebrekers, D.M.E.I.; Sallevelt, S.C.E.H.; Theunissen, T.E.J.; Hendrickx, A.T.M.; Gottschalk, R.W.;
Hoeijmakers, J.G.J.; Habets, D.D.; Bierau, J.; Schoonderwoerd, K.G.; Smeets, H.J.M. Novel SLC25A32
mutation in a patient with a severe neuromuscular phenotype. Eur. J. Hum. Genet. 2017, 25, 886–888.
[CrossRef]

162. Tzagoloff, A.; Jang, J.; Glerum, D.M.; Wu, M. FLX1 codes for a carrier protein involved in maintaining a
proper balance of flavin nucleotides in yeast mitochondria. J. Biol. Chem. 1996, 271, 7392–7397. [CrossRef]

163. Titus, S.A.; Moran, R.G. Retrovirally mediated complementation of the glyB phenotype. Cloning of a human
gene encoding the carrier for entry of folates into mitochondria. J. Biol. Chem. 2000, 275, 36811–36817.
[CrossRef] [PubMed]

164. Spaan, A.N.; Ijlst, L.; van Roermund, C.W.T.; Wijburg, F.A.; Wanders, R.J.A.; Waterham, H.R. Identification of
the human mitochondrial FAD transporter and its potential role in multiple acyl-CoA dehydrogenase
deficiency. Mol. Genet. Metab. 2005, 86, 441–447. [CrossRef]

165. Todisco, S.; Agrimi, G.; Castegna, A.; Palmieri, F. Identification of the mitochondrial NAD+ transporter in
Saccharomyces cerevisiae. J. Biol. Chem. 2006, 281, 1524–1531. [CrossRef]

166. Kim, J.; Lei, Y.; Guo, J.; Kim, S.-E.; Wlodarczyk, B.J.; Cabrera, R.M.; Lin, Y.L.; Nilsson, T.K.; Zhang, T.; Ren, A.;
et al. Formate rescues neural tube defects caused by mutations in Slc25a32. Proc. Natl. Acad. Sci. USA 2018,
115, 4690–4695. [CrossRef] [PubMed]

167. Guernsey, D.L.; Jiang, H.; Campagna, D.R.; Evans, S.C.; Ferguson, M.; Kellogg, M.D.; Lachance, M.;
Matsuoka, M.; Nightingale, M.; Rideout, A.; et al. Mutations in mitochondrial carrier family gene SLC25A38
cause nonsyndromic autosomal recessive congenital sideroblastic anemia. Nat. Genet. 2009, 41, 651–653.
[CrossRef]

168. Le Rouzic, M.-A.; Fouquet, C.; Leblanc, T.; Touati, M.; Fouyssac, F.; Vermylen, C.; Jäkel, N.; Guichard, J.-F.;
Maloum, K.; Toutain, F.; et al. Non syndromic childhood onset congenital sideroblastic anemia: A report
of 13 patients identified with an ALAS2 or SLC25A38 mutation. Blood Cells. Mol. Dis. 2017, 66, 11–18.
[CrossRef]

169. Lunetti, P.; Damiano, F.; De Benedetto, G.; Siculella, L.; Pennetta, A.; Muto, L.; Paradies, E.; Marobbio, C.M.T.;
Dolce, V.; Capobianco, L. Characterization of Human and Yeast Mitochondrial Glycine Carriers with
Implications for Heme Biosynthesis and Anemia. J. Biol. Chem. 2016, 291, 19746–19759. [CrossRef]

170. Shamseldin, H.E.; Smith, L.L.; Kentab, A.; Alkhalidi, H.; Summers, B.; Alsedairy, H.; Xiong, Y.; Gupta, V.A.;
Alkuraya, F.S. Mutation of the mitochondrial carrier SLC25A42 causes a novel form of mitochondrial
myopathy in humans. Hum. Genet. 2016, 135, 21–30. [CrossRef]

171. Almannai, M.; Alasmari, A.; Alqasmi, A.; Faqeih, E.; Al Mutairi, F.; Alotaibi, M.; Samman, M.M.; Eyaid, W.;
Aljadhai, Y.I.; Shamseldin, H.E.; et al. Expanding the phenotype of SLC25A42-associated mitochondrial
encephalomyopathy. Clin. Genet. 2018, 93, 1097–1102. [CrossRef]

172. Iuso, A.; Alhaddad, B.; Weigel, C.; Kotzaeridou, U.; Mastantuono, E.; Schwarzmayr, T.; Graf, E.; Terrile, C.;
Prokisch, H.; Strom, T.M.; et al. A Homozygous Splice Site Mutation in SLC25A42, Encoding the Mitochondrial
Transporter of Coenzyme A, Causes Metabolic Crises and Epileptic Encephalopathy. JIMD Rep. 2019, 44, 1–7.

173. Vozza, A.; De Leonardis, F.; Paradies, E.; De Grassi, A.; Pierri, C.L.; Parisi, G.; Marobbio, C.M.T.; Lasorsa, F.M.;
Muto, L.; Capobianco, L.; et al. Biochemical characterization of a new mitochondrial transporter of
dephosphocoenzyme A in Drosophila melanogaster. Biochim. Biophys. Acta 2017, 1858, 137–146. [CrossRef]

174. Abrams, A.J.; Hufnagel, R.B.; Rebelo, A.; Zanna, C.; Patel, N.; Gonzalez, M.A.; Campeanu, I.J.; Griffin, L.B.;
Groenewald, S.; Strickland, A.V.; et al. Mutations in SLC25A46, encoding a UGO1-like protein, cause an
optic atrophy spectrum disorder. Nat. Genet. 2015, 47, 926–932. [CrossRef]

175. Wan, J.; Steffen, J.; Yourshaw, M.; Mamsa, H.; Andersen, E.; Rudnik-Schöneborn, S.; Pope, K.; Howell, K.B.;
McLean, C.A.; Kornberg, A.J.; et al. Loss of function of SLC25A46 causes lethal congenital pontocerebellar
hypoplasia. Brain J. Neurol. 2016, 139, 2877–2890. [CrossRef]

176. Janer, A.; Prudent, J.; Paupe, V.; Fahiminiya, S.; Majewski, J.; Sgarioto, N.; Des Rosiers, C.; Forest, A.; Lin, Z.-Y.;
Gingras, A.-C.; et al. SLC25A46 is required for mitochondrial lipid homeostasis and cristae maintenance and
is responsible for Leigh syndrome. EMBO Mol. Med. 2016, 8, 1019–1038. [CrossRef]

177. Hammer, M.B.; Ding, J.; Mochel, F.; Eleuch-Fayache, G.; Charles, P.; Coutelier, M.; Gibbs, J.R.; Arepalli, S.K.;
Chong, S.B.; Hernandez, D.G.; et al. SLC25A46 Mutations Associated with Autosomal Recessive Cerebellar
Ataxia in North African Families. Neurodegener. Dis. 2017, 17, 208–212. [CrossRef]

467



Biomolecules 2020, 10, 655

178. Nguyen, M.; Boesten, I.; Hellebrekers, D.M.E.I.; Mulder-den Hartog, N.M.; de Coo, I.F.M.; Smeets, H.J.M.;
Gerards, M. Novel pathogenic SLC25A46 splice-site mutation causes an optic atrophy spectrum disorder.
Clin. Genet. 2017, 91, 121–125. [CrossRef]

179. Sulaiman, R.A.; Patel, N.; Alsharif, H.; Arold, S.T.; Alkuraya, F.S. A novel mutation in SLC25A46 causes optic
atrophy and progressive limb spasticity, with no cerebellar atrophy or axonal neuropathy. Clin. Genet. 2017,
92, 230–231. [CrossRef]

180. Braunisch, M.C.; Gallwitz, H.; Abicht, A.; Diebold, I.; Holinski-Feder, E.; Van Maldergem, L.; Lammens, M.;
Kovács-Nagy, R.; Alhaddad, B.; Strom, T.M.; et al. Extension of the phenotype of biallelic loss-of-function
mutations in SLC25A46 to the severe form of pontocerebellar hypoplasia type I. Clin. Genet. 2018, 93, 255–265.
[CrossRef]

181. Abrams, A.J.; Fontanesi, F.; Tan, N.B.L.; Buglo, E.; Campeanu, I.J.; Rebelo, A.P.; Kornberg, A.J.; Phelan, D.G.;
Stark, Z.; Zuchner, S. Insights into the genotype-phenotype correlation and molecular function of SLC25A46.
Hum. Mutat. 2018, 39, 1995–2007. [CrossRef]

182. Walder, K.; Norman, R.A.; Hanson, R.L.; Schrauwen, P.; Neverova, M.; Jenkinson, C.P.; Easlick, J.;
Warden, C.H.; Pecqueur, C.; Raimbault, S.; et al. Association between uncoupling protein polymorphisms
(UCP2-UCP3) and energy metabolism/obesity in Pima indians. Hum. Mol. Genet. 1998, 7, 1431–1435.
[CrossRef]

183. Esterbauer, H.; Schneitler, C.; Oberkofler, H.; Ebenbichler, C.; Paulweber, B.; Sandhofer, F.; Ladurner, G.;
Hell, E.; Strosberg, A.D.; Patsch, J.R.; et al. A common polymorphism in the promoter of UCP2 is associated
with decreased risk of obesity in middle-aged humans. Nat. Genet. 2001, 28, 178–183. [CrossRef]

184. Ferrara, C.T.; Boodhansingh, K.E.; Paradies, E.; Fiermonte, G.; Steinkrauss, L.J.; Topor, L.S.; Quintos, J.B.;
Ganguly, A.; De Leon, D.D.; Palmieri, F.; et al. Novel Hypoglycemia Phenotype in Congenital Hyperinsulinism
Due to Dominant Mutations of Uncoupling Protein 2. J. Clin. Endocrinol. Metab. 2017, 102, 942–949. [CrossRef]
[PubMed]

185. Rosenthal, E.A.; Ranchalis, J.; Crosslin, D.R.; Burt, A.; Brunzell, J.D.; Motulsky, A.G.; Nickerson, D.A.;
NHLBI GO Exome Sequencing Project; Wijsman, E.M.; Jarvik, G.P. Joint linkage and association analysis
with exome sequence data implicates SLC25A40 in hypertriglyceridemia. Am. J. Hum. Genet. 2013, 93,
1035–1045. [CrossRef] [PubMed]

186. Buffet, A.; Morin, A.; Castro-Vega, L.-J.; Habarou, F.; Lussey-Lepoutre, C.; Letouzé, E.; Lefebvre, H.; Guilhem, I.;
Haissaguerre, M.; Raingeard, I.; et al. Germline Mutations in the Mitochondrial 2-Oxoglutarate/Malate
Carrier SLC25A11 Gene Confer a Predisposition to Metastatic Paragangliomas. Cancer Res. 2018, 78,
1914–1922. [CrossRef] [PubMed]

187. Liu, J.; Mo, W.; Zhang, Z.; Yu, H.; Yang, A.; Qu, F.; Hu, P.; Liu, Z.; Wang, S. Single Nucleotide Polymorphisms
in SLC19A1 and SLC25A9 Are Associated with Childhood Autism Spectrum Disorder in the Chinese Han
Population. J. Mol. Neurosci. 2017, 62, 262–267. [CrossRef] [PubMed]

188. Köse, M.D.; Kagnici, M.; Özdemir, T.R.; Erdur, C.B.; Erdemir, G.; Karakoyun, M.; Guzin, Y.; Ceylaner, S.;
Genel, F. Clinical findings in five Turkish patients with citrin deficiency and identification of a novel mutation
on SLC25A13. J. Pediatr. Endocrinol. Metab. 2020, 33, 157–163. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

468



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Biomolecules Editorial Office
E-mail: biomolecules@mdpi.com

www.mdpi.com/journal/biomolecules





MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34 

Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-3409-1 


