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Metabolic flexibility is a peculiar hallmark of cancer cells. A growing number of
observations reveal that tumors can utilize a wide range of substrates to sustain cell
survival and proliferation. The diversity of carbon sources is indicative of metabolic
heterogeneity not only across different types of cancer but also within those sharing
a common origin. Apart from the well-assessed alteration in glucose and amino acid
metabolisms, there are pieces of evidence that cancer cells display alterations of
lipid metabolism as well; indeed, some tumors use fatty acid oxidation (FAO) as the
main source of energy and express high levels of FAO enzymes. In this metabolic
pathway, the cofactor carnitine is crucial since it serves as a “shuttle-molecule” to
allow fatty acid acyl moieties entering the mitochondrial matrix where these molecules
are oxidized via the β-oxidation pathway. This role, together with others played by
carnitine in cell metabolism, underlies the fine regulation of carnitine traffic among
different tissues and, within a cell, among different subcellular compartments. Specific
membrane transporters mediate carnitine and carnitine derivatives flux across the cell
membranes. Among the SLCs, the plasma membrane transporters OCTN2 (Organic
cation transport novel 2 or SLC22A5), CT2 (Carnitine transporter 2 or SLC22A16),
MCT9 (Monocarboxylate transporter 9 or SLC16A9) and ATB0,+ [Sodium- and chloride-
dependent neutral and basic amino acid transporter B(0+) or SLC6A14] together
with the mitochondrial membrane transporter CAC (Mitochondrial carnitine/acylcarnitine
carrier or SLC25A20) are the most acknowledged to mediate the flux of carnitine. The
concerted action of these proteins creates a carnitine network that becomes relevant in
the context of cancer metabolic rewiring. Therefore, molecular mechanisms underlying
modulation of function and expression of carnitine transporters are dealt with furnishing
some perspective for cancer treatment.
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Abbreviations: ER, endoplasmic reticulum; PDH, pyruvate dehydrogenase; TCA, tricarboxylic acid; CPT1, carnitine
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ingenol mebutate.
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INTRODUCTION

Carnitine is a crucial cofactor given its pleiotropic role in
human metabolism (Figure 1). The endogenous biosynthesis
which mainly takes place in the liver, kidney, and to some
extent in the brain, meets only 25% of the carnitine required
by the human body, while the remaining 75% is obtained
from the diet under regular diet regimen, i.e., consuming
either meat, fish, dairy product, and vegetables (Longo et al.,
2006; Almannai et al., 2019). Therefore, carnitine homeostasis
is maintained by the balance between intestinal absorption,
endogenous synthesis, and renal reabsorption (Pochini et al.,
2013; Almannai et al., 2019). In particular, the kidney needs
to be very efficient in regulating urinary carnitine excretion;
in case of a strict vegetarian diet, the renal reabsorption,
together with an increase of biosynthesis, compensate, at least
partially, for inadequate carnitine intake (Lombard et al.,
1989; Vaz and Wanders, 2002; Rebouche, 2004). Carnitine
homeostasis does not consist of the simple maintenance of
constant carnitine concentration. Cells from various tissues
require different amounts of carnitine to ensure their survival;
as an example, the highest carnitine level in the human body
is reached in testis where carnitine is necessary for sperm
maturation (Bresolin et al., 1982; Rebouche and Seim, 1998;
Pochini et al., 2019). A proof of the dynamic balancing of
carnitine homeostasis derives from the observation that, under
regular diet, patients carrying defects of the carnitine biosynthesis
enzymes, do not apparently display carnitine deficiency, because
the reduced synthesis is compensated by carnitine dietary
intake and increased renal reabsorption (El-Hattab and Scaglia,
2015). On the contrary, defects of the transport protein that
mainly mediated the absorption and renal reabsorption of
carnitine, lead to a syndrome called primary carnitine deficiency
(PCD – OMIM 212140; Stanley et al., 1992; Magoulas and El-
Hattab, 2012; Rose et al., 2012). The maintenance of carnitine
homeostasis is crucial in cell metabolism due to the major role
of carnitine as a shuttle of acyl groups for fatty acid oxidation
(FAO). Indeed, carnitine can be converted into acylcarnitine
by acyltransferase isoenzymes present in various subcellular
compartments. As an example, in the heart acylcarnitine
may act as a reservoir of activated acyl groups that can be
transferred to CoA to provide an immediate source of energy
through FAO. It has to be stressed that several features make
carnitine an optimal vehicle for moving acyl groups: at first,
the carnitine derivatives are more stable and less reactive
with respect to the acyl-CoA (Ramsay and Arduini, 1993);
moreover, acylcarnitine can be moved across plasma as well as
intracellular membranes by specific transporters, shuttling the
acyl groups among the different subcellular compartments to
meet the metabolic needs (Indiveri et al., 2010). For instance, the
mitochondrial “shuttle-system” allows the transport of fatty acids,
as acylcarnitines, from the cytosol into the mitochondrial matrix
where these nutrients are oxidized for ATP production. Similar
shuttles have been proposed in peroxisomes or the endoplasmic
reticulum (ER), but definitive demonstrations of their existence
are still lacking (Tonazzi et al., 2006; Pochini et al., 2013;
Demarquoy and Le Borgne, 2015; Juraszek and Nalecz, 2019).

Carnitine is then involved in the regulation of the acyl-
CoA/CoA balance that has important consequences in the
modulation of carbohydrate metabolism, lipid biosynthesis
and degradation, and gene expression (Figure 1; Pietrocola
et al., 2015). For instance, a high acetyl-CoA/CoA ratio in the
mitochondrial matrix inhibits pyruvate dehydrogenase (PDH)
that catalyzes the oxidative decarboxylation of pyruvate to acetyl-
CoA (Pietrocola et al., 2015). Noteworthy, PDH represents a
connection between glycolysis and the tricarboxylic acid (TCA)
cycle; then, a decrease of acetyl-CoA/CoA ratio can relieve the
inhibition of PDH thus affecting glucose oxidation. On the
contrary, Acetyl-CoA is an activator of pyruvate carboxylase,
thus promoting the TCA flux or the gluconeogenesis (Pietrocola
et al., 2015). These allosteric effects can be modulated through
the action of carnitine acetyltransferase (CAT), a mitochondrial
isoenzyme that transfers the acetyl groups from acetyl-CoA
to carnitine, forming acetylcarnitine. In good agreement with
the above-described processes, carnitine seems to be involved
also in insulin sensitivity (Figure 1): it was observed that
the muscle accumulation of fatty acyl-CoA derivatives or
acyl metabolites inhibits both insulin signaling and glucose
oxidation (Pietrocola et al., 2015; Console et al., 2018). Another
metabolically relevant compound that links carnitine and CoA
derivatives is the malonyl-CoA that is required for fatty acid
biosynthesis but acts as a potent inhibitor of the carnitine
acyltransferases using cytoplasmic substrates, such as carnitine
palmitoyltransferase 1 (CPT1), which is the first component
of the mitochondrial carnitine shuttle (Ramsay and Arduini,
1993). Thus, when the malonyl-CoA concentration rises, the
fatty acid synthesis increases but the flow of acylcarnitine into
the mitochondrial matrix and, in turn, into the β-oxidation
pathway decreases. Furthermore, the acetyl-CoA derived from
carnitine has been also reported to regulate gene expression by
influencing histone acetylation (Madiraju et al., 2009). A novel
role for carnitine was recently discovered as potentially relevant
to human health; it was reported that carnitine is a dietary
precursor from which gut microbiota releases trimethylamine
(TMA) which is then subjected to human cell metabolism and
converted to trimethylamine N-oxide (TMAO) by hepatic flavin
monooxygenase (FMO; Phillips and Shephard, 2020). In terms of
relevance to human health, carnitine shows anti-inflammatory,
and anti-oxidant properties (Bene et al., 2018; Wang et al., 2020;
Figure 1). In the brain, acetylcarnitine supports the synthesis
of neurotransmitters (Pochini et al., 2019; Figure 1). Finally,
carnitine is also used to reduce the toxicity of compounds
deriving from partially metabolized acyl groups and breakdown
of xenobiotics by facilitating their excretion in carnitine ester
form (Duran et al., 1990; Bene et al., 2018; Figure 1). The
wide collection of functions above described, could not be
met without a proper interconnection across the tissues and
the cell sub-compartments provided by dedicated membrane
transporters that regulate the carnitine traffic in the human
body. In this respect, it is not surprising that under pathological
conditions such as cancer, this traffic is altered. An overview
of the relationships among alterations of carnitine traffic and
the metabolic switch typical of cancer cells will be the object of
the present review.
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FIGURE 1 | Schematic representation of the cell processes linked to carnitine. Carnitine is represented as 3D conformer with oxygen atoms in red and ammonium
atom in blue. In orange, pathways in which carnitine is involved and compounds synthesized from carnitine metabolism. In teal, processes regulated by the
Acyl-CoA/CoA ratio derived from carnitine function in mitochondria.

CARNITINE TRAFFIC

The carnitine traffic in the body is regulated by a dedicated
network of membrane transport proteins showing different
tissue and subcellular localization (Figure 2). The intestinal
absorption of carnitine, as well as its renal reabsorption, is
primarily mediated by the plasma membrane organic cation
transporter novel 2 (OCTN2 – SLC22A5) that, among the
carnitine-handling transporters, shows the highest affinity toward
carnitine. OCTN2 plays a major role also in the distribution
of carnitine to the various tissues (Figure 2). Besides intestine
and kidney, OCTN2 is expressed in several tissues such as
placenta, mammary gland, liver, heart, testis, skeletal muscle,
and brain, where it is also expressed at the level of the blood-
brain barrier (BBB; Koepsell, 2013; Pochini et al., 2019; Koepsell,
2020). In good agreement with the localization of OCTN2 in
the brain, the administration of carnitine-derivatives may sustain
neuroprotection (Juraszek and Nalecz, 2019; Pochini et al.,
2019). The carnitine transport mediated by OCTN2 is Na+-
dependent. This feature allows for carnitine accumulation in
cells giving rise to a concentration gradient between intracellular
space and blood. The intracellular concentration of carnitine
ranges from 1 to 5 mM, while the concentration in the plasma
ranges from 25 to 50 µM (Bene et al., 2018). The major role
of OCTN2 in carnitine absorption and tissue distribution is
demonstrated by the existence of a human disease caused by
inborn defects of the OCTN2 gene, namely PCD (Magoulas
and El-Hattab, 2012). The disease is characterized by general
metabolic derangement, cardiomyopathy, hyperammonemia,
hypoglycemia, muscle weakness, and myopathy, in line with
the crucial role of carnitine in FAO (Nezu et al., 1999).
Interestingly, the clinical manifestations of the disorder can

be improved by supplementation of high doses of carnitine.
The partial rescue of the above-described symptomatology
can be ascribed to the activity of other transporters such as
ATB0,+(SLC6A14), MCT9, and probably, OCTN1 (SLC22A4)
that accept carnitine with a much lower affinity if compared
to OCTN2. In particular, the relevance of the ATB0,+-mediated
carnitine transport, in patients with PCD, may be explained
considering that this protein is highly expressed in the intestine
(Figure 2). ATB0,+ is also expressed in the lung (Sloan et al.,
2003), eye (Ganapathy and Ganapathy, 2005), and mammary
gland (Nakanishi et al., 2001) allowing for carnitine distribution
in these tissues. Concerning the plasma membrane transporter
MCT9, its transport features are still poorly characterized. MCT9
is ubiquitous with the highest expression level in the kidney and
adrenal gland; then, its involvement in managing carnitine traffic
is plausible (Figure 2; Halestrap and Wilson, 2012; Halestrap,
2013). Indeed, MCT9 in the basolateral membrane of enterocytes
might ensure the passage of carnitine into the blood. However,
no conclusive data are available on its involvement in carnitine
traffic under physiological conditions. MCT9 is also expressed
in human umbilical vein endothelial cells where it may have
a role in the pro-inflammatory response linked to carnitine
(Figure 1). Indeed, the MCT9 expression is increased by the
pro-inflammatory tumor necrosis factor-α (TNF-α); this, as a
consequence, induces a carnitine accumulation in endothelial
cells contributing to energy production via FAO for sustaining
the inflammatory response (Knyazev et al., 2018). Even more
controversial is the role played by OCTN1 that is ubiquitously
expressed even if its actual physiological role in carnitine
homeostasis is uncertain. There is evidence on its ability to
mediate carnitine and acetylcarnitine transport albeit with a
very low affinity (Pochini et al., 2011, 2016) since carnitine
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FIGURE 2 | Schematic representation of carnitine traffic. Carnitine (Car) traffic is described by continuous arrows; dotted arrows refer to the transport of some other
substrates such as carnitine derivatives and trimethylamine (TMA) that are indirectly involved in carnitine traffic. The organic cation transporter novel 2 (OCTN2)
mediates carnitine transport by a sodium dependent mechanism, which is not reported for the sake of clarity. ATB0,+ mediates a sodium and chloride dependent
transport, which is not reported for the sake of clarity. Carnitine/acylcarnitine carrier (CAC), the mitochondrial carnitine transporter, allows for the completion of
β-oxidation (β-ox) and mediates acylcarnitine/carnitine antiport in mitochondria which is reported in details in Figure 3. The longest isoform of OCTN2, named
OCTN2VT, is depicted in the endoplasmic reticulum (ER). The other transporters are depicted in the cell types in which they are expressed. The role of carnitine in
the synthesis of the neurotransmitter acetylcholine (Ach) is reported in the sketch representing the brain tissue; the blood-brain barrier is indicated as BBB. Carnitine
concentrations in the different tissues are reported. Synt, carnitine synthesis; CIC, citrate transporter; Citr, citrate; Exo, exosomes; VLDL, very low density lipoprotein;
BBB, blood-brain barrier.

is not its main substrate. One of the physiological substrates
of this transporter is acetylcholine, underlying a key role in
the non-neuronal cholinergic system in both physiological and
pathological conditions, as testified by the occurrence of a
natural mutation of OCTN1 in inflammatory conditions such
as Crohn’s Disease (Pochini et al., 2019). An intriguing history
is related to another member of the OCTN family, namely
OCTN3 (SLC22A21). It is a carnitine specific transporter that
disappeared during evolution: it is present in mouse, but not
in chimpanzee or humans (Pochini et al., 2013). As stated in
the introduction, carnitine homeostasis is also gender-specific,

being crucial for sperm maturation (Figures 1, 2). In testis
and the epididymis, carnitine concentration reaches the highest
level of the body, up to 60 mM in the epidydimal lumen.
The terrific carnitine concentration gradient between epidydimal
lumen and plasma is allowed by the presence of OCTN2 at
the blood side and by the presence of another carnitine specific
transporter, namely CT2 (SLC22A16) on the lumen side of
epithelia (Gong et al., 2002). The functional characterization of
CT2 is still at its infancy, but its peculiar tissue distribution
suggests that this transporter is involved in maintaining the
epidydimal gradient of carnitine that plays as osmolyte and
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FAO cofactor. Surprisingly, CT2 becomes almost ubiquitous
in human cancers with a dramatic broadening of its function
(Koepsell, 2013). Another tissue with high content of carnitine
is placenta. In the mouse placenta carnitine concentration
is up to 10-fold compared with heart. Also in this tissue,
the transport of carnitine is mediated by OCTN2 (Shekhawat
et al., 2004). The placenta has to provide the fetus with the
nutrients and to serve to eliminate waste products of fetal
metabolism. To perform these unique roles placenta requires
energy. At first it was established that glucose was the major
source of energy for the placenta-fetus unit, but more recent
studies demonstrated that FAO play an important role for
placental and fetus growth (Shekhawat et al., 2004). Moreover,
carnitine seems to be critical in fetal maturation, and fetal gene
regulation. Studies also have showed a correlation between the
intrauterine growth retardation due to hypoglycemia and to
hypoxia-ischemia in the newborn with decreased plasma free
carnitine concentration and impaired FAO (Xi et al., 2008). After
entering the cell, carnitine traffic among the cytosol and the
intracellular compartments is needed. Therefore, transporters
located in organelle membranes must operate to fulfill the
intracellular traffic of carnitine and its derivatives. The most
well-studied transporter of the endocellular membranes is the
mitochondrial carnitine/acylcarnitine carrier (CAC; SLC25A20)
that is the central component of the mitochondrial carnitine
shuttle (Figure 3). This system includes the CPT1 which grapples
on the mitochondrial outer membrane and converts acyl-
CoAs into acylcarnitines. These cross the inner mitochondrial
membrane through the CAC. Once in the mitochondrial matrix,
carnitine palmitoyltransferase 2 (CPT2) converts acylcarnitines

back into acyl-CoAs for oxidation and energy production
(Figure 3; Indiveri et al., 2011). The essential link between the
mitochondrial carnitine transport and FAO is demonstrated by
the life-threatening inherited carnitine/acylcarnitine translocase
deficiency (OMIM 613698) that, in contrast to the PCD caused
by OCTN2 defects, cannot be compensated by the administration
of carnitine (Indiveri et al., 2011). Less information is available
on carnitine transporters of other subcellular compartments such
as the ER. The longest splicing variant of the SLC22A5 gene
codes for an OCTN2 variant called OCTN2VT containing an
insertion of 24 amino acids in the first extracellular loop, that
seems to be localized in the ER (Figure 2; Maekawa et al.,
2007; Pochini et al., 2013). A still unsolved issue, connected with
the role of carnitine in modulating gene expression (Figure 1)
is the link between mitochondria and nucleus: acetylcarnitine
produced in mitochondria would reach the nucleus providing
acetyl units (Figure 2). This further step in carnitine traffic can
be possible if a nuclear isoform of CAT exists for regenerating
acetyl-CoA from acetylcarnitine. This aspect is, indeed still
mysterious even if a protein with CAT feature has been described
in the nuclear extract from HEK293 cells (Madiraju et al., 2009).
Furthermore, the role of carnitine in mediating TMAO synthesis
has relevance to human health. Indeed, TMAO was suggested
as one of the factors promoting atherosclerosis and increased
cardiovascular risk (Koeth et al., 2013; Gao et al., 2017; Roncal
et al., 2019). Later on, it has been shown that more than 200
variants exist in the coding region of TMAO producing enzyme,
with different outcomes on the cardiovascular risk (Phillips and
Shephard, 2020). The actual interest around TMAO and, hence,
carnitine contribution to its synthesis, is the association with

FIGURE 3 | Role of Carnitine in the mitochondrial β-oxidation pathway. The organic cation transporter novel 2 (OCTN2) mediates the uptake of carnitine in cells.
Fatty acids (FA) crosses the plasma membrane via CD36. In the cytosol, FA are converted in acyl-CoA by acetyl-CoA synthetase (ACS) and then are translocated in
the mitochondrial matrix by the carnitine shuttle. The shuttle is constituted by carnitine palmitoyltransferase 1 (CPT1), carnitine/acylcarnitine carrier (CAC), and
carnitine palmitoyltransferase 2 (CPT2). Once in the matrix, acyl-CoA undergoes β-oxidation (β-ox) with the production of acetyl-CoA that enters the tricarboxylic
acid cycle (TCA). NADH and FADH2 are generated by β-oxidation and TCA.
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increased risk of colorectal and gastrointestinal cancers; however,
given that TMAO levels are also greatly influenced by diet-
microbiota interactions that are subjected to great variability,
the link between TMAO and some human cancers cannot be
easily defined (Oellgaard et al., 2017). Finally, a novel branch
in the carnitine traffic has been suggested which is linked to
vesicles of endocellular origin, namely exosomes. In this respect,
exosomes loaded with the plasma membrane transporter OCTN2
can transfer from one cell to another, the capacity of absorbing
carnitine. In particular, exosomes derived from HEK293 cells
treated with interferon-γ (INF-γ) carry a higher amount of
OCTN2 with respect to exosomes derived from untreated cells.
This correlates well with the suggestion that carnitine is involved
in the inflammatory response and that the expression of OCTN2
in epithelia can be modulated by inflammatory cytokines such
as INF-γ and TNF-α (Console et al., 2018; Juraszek and Nalecz,
2019; Pochini et al., 2019).

FATTY ACID METABOLISM, CARNITINE
AND CANCER

The carnitine supply is conditio sine qua non to carry out the
β-oxidation of fatty acids by mitochondria. This is one of the
most efficient energy-producing pathways in cells, therefore, high
energy demanding tissues, such as heart and kidney, mainly rely
on fatty acids utilization (Console et al., 2020). If we consider
human diseases, a pathological condition characterized by a
high energy request is cancer. Cancer cells need the energy to
sustain the high rate of proliferation and the energy need further
increases with the grade of malignancy (Hanahan and Weinberg,
2011). The association of FAO derangements with cancer has
been studied since 1952 (Waterman et al., 1952). However,
the current largest body of evidence, in the field of metabolic
adaptation of cancer cells, deals with the flexible utilization of
glutamine and glucose as the main sources of energy. Glucose
and glutamine as energetic substrates are considered a hallmark
of cancer cells and the metabolic switch that allow their utilization
under virtually anaerobic conditions is known as the Warburg
effect (Warburg et al., 1927). The canonical interpretation of
the Warburg effect implies that cells bypass the mitochondrial
respiratory chain for the synthesis of ATP even in the presence
of adequate oxygen supply (Ganapathy et al., 2009). However,
it is nowadays evident that the Warburg effect needs to be
considered in a more general metabolic context that includes
also the utilization of fatty acids in line with the efficiency
of these substrates in terms of ATP yield. In this view, the
mitochondrial function in cancer is not totally impaired and
the TCA, as well as the oxidative phosphorylation pathway, are
working (Currie et al., 2013). In agreement, it is more and more
evident that some cancers with dual capacity for glycolytic and
oxygen-consuming metabolism exist. The described metabolic
flexibility is a relevant phenomenon observed in different types
of cancers, and, within the same cancer type, at different
stages of progression. Concerning the lipid metabolism, there
is compelling evidence showing that in some cancer types the
fatty acid utilization is increased, while in others this pathway

is down-regulated. Noteworthy, in all the mentioned cases, an
appropriate intervention in regulating the carnitine level and/or
traffic is required, given its role in FAO. The alterations of
FAO can affect the availability of membrane structural lipids,
the abundance of lipids with signaling functions, the synthesis
and degradation of lipids for energy production and utilization
(Carracedo et al., 2013; Currie et al., 2013; Rohrig and Schulze,
2016; Koundouros and Poulogiannis, 2020). As an example,
prostate cancer and diffuse large B-cell lymphoma, use FAO as
the main source of energy and express FAO enzymes at high
levels (Liu, 2006; Svensson et al., 2016; Yamamoto et al., 2020).
FAO substrates are derived from the external environment via
specific transporters able to mediate fatty acid uptake, such as
CD36 (Figure 3). This is a membrane transporter allowing for
fatty acids storage in adipose tissues and for the uptake of fatty
acids in cells to produce ATP. CD36 is a heavy glycosylated
protein with a hairpin conformation. Indeed it consists of
two transmembrane domains, a large extracellular domain, and
two short intracellular domains that are required for CD36
function after substrate binding (Su and Abumrad, 2009). In
those cancers relying on lipid metabolism, CD36 and other
fatty acid binding proteins (FABP) are over-expressed to catch
fatty acids stored in surrounding adipocytes (Koundouros and
Poulogiannis, 2020). CD36 is distinct from the transporters
regulating the traffic of carnitine and acylcarnitines, since it
handles the hydrophobic fatty acid molecules as such, thus not
directly participating to the carnitine network. Another source
of lipid for FAO is the lipid droplets, which are commonly
formed in cancer cells. Besides the direct advantage in terms
of ATP synthesized from fatty acids, FAO is also relevant in
managing oxidative stress derived from the electron transport
chain activity. Indeed, the end-product of FAO, acetyl-CoA
enters TCA and can leave the cycle as isocitrate. This is, then,
oxidized by cytosolic isocitrate dehydrogenase 1 (IDH1) to α-
ketoglutarate with the production of NADPH required for the
detoxification from reactive oxygen species (ROS; Jeon et al.,
2012; Qu et al., 2016). Then, α-ketoglutarate can enter back
into the TCA for completing the cycle. The strong requirement
for NADPH is testified by the presence of diverse pathways,
which are activated in cancer cells to fulfill their need. NADPH
can derive also from the activity of the malic enzyme and
the pentose phosphate pathway. The genes encoding for these
enzymes are positively regulated by the oncogene AKT which
acts upstream the transcription factor Nrf2. Furthermore, AKT
may directly activate the nicotinamide adenine nucleotide kinase
(NADK) responsible for the phosphorylation of NADH forming
NADPH (Jeon et al., 2012; Currie et al., 2013; Koundouros
and Poulogiannis, 2020). However, the involvement of lipid
metabolism in cancer is not only linked to the oxidative route;
indeed, cancer cells are greatly committed in anabolic metabolism
required for generating new building blocks that sustain cell
growth and proliferation. In this frame, lipids are in the list of
molecules required by proliferating cells being components of
cell membranes. Therefore, cancer cells not only use FAO to
oxidize fatty acids and to derive energy by mitochondria but they
also use acetyl-CoA to endogenously synthesize fatty acids in
the cytosol using NADPH as key cofactor for anabolic enzymes
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(Currie et al., 2013). This is a typical example of a futile cycle
activated by cancer cells that is forbidden in the "canonical"
biochemistry. Such a condition is centered on the removal of
inhibition of the carnitine handling enzyme CPT1 via the specific
down-regulation of acetyl-CoA carboxylase 2 (ACC2), with a
strong reduction of the malonyl-CoA pool responsible for CPT1
inhibition (Koundouros and Poulogiannis, 2020). In this complex
network of metabolic alterations promoting FAO in cancer, the
traffic of carnitine can be considered the start-up process. Indeed,
FAO cannot occur without a proper carnitine traffic interplay
(Figure 2; Melone et al., 2018).

ROLE OF CARNITINE TRANSPORTERS
IN CANCERS

Changes in expression and/or activity of carnitine transporters
in plasma or intracellular membranes are expected, especially
in those cancers characterized by either an increased or a
decreased utilization of fatty acids. The status artis of the link
of altered carnitine transporter expression with cancer will be
depicted in this section. Each transporter will be dealt with and
described in terms of its role in the derangements occurring
in cancer cells.

General Features of OCTN2 (SLC22A5)
The membrane transporter OCTN2 is one of the upstream
players of the carnitine network (Figure 2). It is one of the
13 members of the SLC22 family that includes organic cation
transporters (OCTs), organic zwitterion/cation transporters
novel (OCTNs), and organic anion transporters (OATs). The gene
encoding the human isoform of OCTN2 has been annotated
and cloned in 1998, in parallel to the murine one (Tamai
et al., 1998, 2000; Wu et al., 1998, 1999). It maps in the
chromosome 5 in the “inflammatory bowel diseases 5 (IBD)”
risk region and is formed by 11 exons giving rise to two
variants of different lengths, which have different subcellular
localization (Figure 2). Over the years, the function of OCTN2
has been characterized, employing intact cell systems as well as
proteoliposomes harboring the native rat and human protein
(Tamai et al., 1998, 2000; Lahjouji et al., 2002; Ohashi et al.,
2002; Pochini et al., 2004; Console et al., 2018). The main
substrates of OCTN2 are carnitine and its acyl derivatives
and their transport is coupled to Na+ co-transport (Figure 3
and Table 1; Pochini et al., 2013). OCTN2 mediates also the
transport of organic cations such as TEA in Na+-independent
manner. Data from studies using cross species chimeric OCTN2
and mutagenesis demonstrated that the active site for carnitine
and that for organic cations overlap but are not identical.
Indeed, the mutation P478L of OCTN2, abolished only the
carnitine transport activity (Seth et al., 1999). This mutation
causes the PCD (Seth et al., 1999). An important model to
study the consequences of systemic carnitine deficiency is the
homozygous OCTN2 null mouse, in which OCTN2 function
is abolished by the missense mutation L352R. In contrast
with P478L, this second mutation abrogates both carnitine
and organic cations transport. Homozygous OCTN2 null mice

TABLE 1 | Carnitine transporters involved in cancer.

Alias Substrates Expression in
Cancers

SLC22A5 OCTN2 - Carnitine
- Carnitine
derivatives
- Drugs among
which anti-cancer
drugs such as:
Imatinib, oxaliplatin,
and paclitaxel

- Glioblastoma
multiforme
- Ovarian
carcinoma
- ER+ breast
cancer
- Colorectal cancer
- Epithelial
HPV-mediated-
carcinoma

SLC22A4 OCTN1 - TEA
- Acetylcholine
- Ergothioneine
- Acetylcarnitine
- Choline
- Drugs among
which anti-cancer
drugs such as:
imatinib,
cytarabine,
camptothecin,
oxaliplatin,
mitoxantrone, and
doxorubicin

- Several NCI-60
cancer cell lines
- Sporadic
colorectal cancer
and malignant
progression of
inflammatory bowel
diseases (IBDs)

SLC22A16 CT2 - Carnitine
- Drugs among
which anti-cancer
drugs such as:
doxorubicin,
bleomycin, and
cisplatin

- Breast cancer
- Ovarian cancer
- Leukemia
- Lung cancer
- Gut cancer
- Nasopharyngeal
cancer
- Diffuse large cell
lymphoma
- HCT116 cell line

SLC6A14 ATB0,+ - Amino acids
- Carnitine
- Propionylcarnitine
- L-carnitine
conjugated
nanoparticles
(LC-PLGANPS)

- Colorectal cancer
- ER+ breast
cancer
- Pancreatic cancer
- Cervical cancer

SLC16A9 MCT9 - Carnitine
- Creatine

- Adrenocortical
tumors
- Diffuse large
B-cell lymphoma

SLC25A20 CAC - Carnitine
- Acylcarnitine

- Prostate cancer
- Non-muscle
invasive bladder
cancer

OCTN2, organic cation transporter novel 2; CAC, carnitine/acylcarnitine carrier.

showed liver fatty infiltration and hypoglycemia. In absence
of carnitine administration these mice die within 3–4 weeks
after birth with dilated cardiomyopathy, which is also seen in
children with PCD (Seth et al., 1999; Shekhawat et al., 2004).
Intriguingly, different transport modes have been described for
OCTN2, either murine or human, namely a Na+-carnitine
symport and a Na+-dependent carnitine/acylcarnitine antiport
(Ohashi et al., 2001; Ohnishi et al., 2003; Pochini et al., 2013).
This protein also mediates the efflux of carnitine derivatives
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favored by their outwardly directed concentration gradient
(Figure 2 and Table 1; Xiang et al., 2017). Therefore, the actual
transport mechanism, i.e., symport and/or antiport is a still an
open question: it can be speculated that OCTN2 may show
different transport features according to isoforms and to the
tissue in which it is expressed (Ohashi et al., 1999; Pochini
et al., 2013); such a regulation could be ascribed also to post-
translational modifications. In this respect, the N-glycosylation
pathway (Filippo et al., 2011), as well as a more complicated
process involving a multiprotein complex that traffics OCTN2
to the definitive location, have been described (Jurkiewicz et al.,
2017). Interestingly, the interactions with the scaffold proteins
PDZK1 and PDZK2 have been described as begin responsible
for the regulation of both rat and human OCTN2 transport
function (Kato et al., 2005; Juraszek and Nalecz, 2019). The
possible transport mechanisms together with the wide tissue
distribution underlie the role of OCTN2 as the major transporter
responsible for the traffic of carnitine and carnitine derivatives
in the intestine, distribution to several body districts and
reabsorption/excretion in the kidney (Figure 2). Even though
the 3D structure of OCTN2 is still not known, the molecular
determinants for substrate specificity have been revealed: one
ammonium and one carboxylate groups are strictly required for
transport, while the distance between them is not important
(Ohashi et al., 2002; Pochini et al., 2013). The esterification
of the carnitine hydroxyl group is well tolerated. The wide
specificity toward carnitine derivatives is very important in the
regulation of their traffic and is in line with the detection
of more than 100 different types of acylcarnitines in plasma
and urine (Xiang et al., 2017). The extracellular Km toward
carnitine, measured in different experimental systems, ranges
from 8 to 80 µM depending on different species and/or tissues.
This range falls within the average carnitine concentration in
plasma (Indiveri et al., 2010; Pochini et al., 2013; Figure 2).
The intracellular Km for carnitine, which is also important
for understanding the mechanism of carnitine traffic has been
measured only in proteoliposomes, an experimental system
which gives access to the internal face of a transporter (Scalise
et al., 2013). The internal Km value is in the millimolar range,
i.e., in the average intracellular carnitine concentrations (Pochini
et al., 2004). In line with the link with FAO, the regulation of
OCTN2 occurs via some transcription factors which also govern
other proteins connected with lipid metabolism. As an example,
the peroxisome proliferator-activated receptor α (PPARα) can
activate OCTN2 expression as well as the FAO (Maeda et al.,
2008). Moreover, the peroxisome proliferator-activated receptor
γ (PPARγ) regulates OCTN2 expression by binding to the
PPAR-response element within the first intron (Qu et al., 2014).
Moreover, an estrogen hormonal regulation has been reported.
Indeed, a responsive element for estrogen is located in the
second intron of OCTN2 (Wang et al., 2012). Finally, insulin-
dependent hormonal regulation has also been reported (Stephens
et al., 2006). As stated above, the key role of OCTN2 in fatty
acid metabolism is testified by human pathologies caused by
alterations of the transporter function (Magoulas and El-Hattab,
2012). Some of the symptoms which characterize the inherited
disease are mimicked by the administration of drugs interacting

with OCTN2 as off-target or by some diet regimens (Pochini
et al., 2009, 2019; El-Hattab and Scaglia, 2015). It has to be
stressed that chronic inflammatory conditions may be the basis
for the insurgence of other pathological states, including cancer,
broadening the role of OCTN2 and its main substrate, carnitine,
in human pathology. In the next section, the connections between
OCTN2 expression/function and lipid metabolism in cancer
will be dealt with.

Implications of OCTN2 in Cancer
To date, several studies reported a link between the altered
expression of OCTN2 and cancer development and progression
(Lu et al., 2008; Scalise et al., 2012; Wang et al., 2012; Elsnerova
et al., 2016; Lee et al., 2016; Fink et al., 2019; Juraszek and
Nalecz, 2019; Table 1). Interestingly, its expression is found up or
down-regulated depending on the carbon source that the tumors
use to produce energy. Lipid utilization is increased in those
cancers surrounded by a lipid-rich or lipid-enriched environment
(Quail and Joyce, 2013; Koundouros and Poulogiannis, 2020).
As recently reviewed, OCTN2 is overexpressed in endometrial,
ovarian, renal, pancreatic cancers and also in glioblastoma
(GBM) even if neurons do not normally use fatty acids to
derive energy (Juraszek and Nalecz, 2019). It can be speculated
that, in a condition of high aggressiveness, typical of GBM, an
increase of carnitine cell content is required to sustain the high
energy demand of cell proliferation. The high OCTN2 expression
is associated with poor overall patient survival and a siRNA-
mediated OCTN2 silencing in GBM led to a loss of tumor cell
viability (Fink et al., 2019). Data were confirmed by the use
of an orthotopic mouse model of GBM, in which OCTN2 was
inhibited by meldonium and a reduction of tumor growth was
observed (Fink et al., 2019). In metastatic breast cancer ER+
(estrogen receptor positive), OCTN2 is overexpressed due to
the control exerted by the estrogen signaling. This has been
experimentally demonstrated by silencing the estrogen receptor
in breast cancer (ER+) with consequent decrease of OCTN2
expression (Wang et al., 2012). The link with lipid metabolism
has been provided by employing a siRNA for OCTN2, which
lowered carnitine uptake triggering an increased formation of
lipid droplets and a decreased cell proliferation. These results
suggested OCTN2 as a potential therapeutic target for breast
cancer ER+. However, as recently reviewed, the role of OCTN2
in breast cancer, either ER+ or ER-, is not straightforward
when considering prognosis and patient survival after cancer
treatment; upon a deep analysis of breast cancer data set,
the existence of a threshold level of OCTN2 expression that
may affect the different prognosis has been proposed (Juraszek
and Nalecz, 2019). In contrast, colorectal cancer (CRC) is
characterized by decreased OCTN2 expression (Juraszek and
Nalecz, 2019). In good agreement, the association between an
OCTN2 SNP (rs27437), down-regulating the OCTN2 expression
and the CRC risk has been identified (Zou et al., 2018). The
expression of OCTN2 is decreased also in epithelial HPV-
mediated carcinoma. Indeed, both mRNA and protein levels
were reduced in keratinocytes retrotransduced with the high-
risk HPV16E6 compared to the control (Scalise et al., 2012).
A similar result was also observed in CaSki, a cervical carcinoma
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cell line naturally infected by HPV16. In this case, the mechanism
of down-regulation is linked to promoter methylation (Scalise
et al., 2012; Qu et al., 2013). As other members of the SLC22
family, OCTN2 can mediate cellular uptake of oxaliplatin and
other chemotherapeutic agents (Jong et al., 2011; Pochini et al.,
2019; Koepsell, 2020; Kou et al., 2020). Therefore, the epigenetic
modulation of OCTN2 in cancer may by exploited to increase
the efficacy of anti-cancer drugs. It is reported that treatment
of CRC cells with luteolin, a naturally occurring flavonoid
which is an agonist of PPARγ, increased mRNA and protein
expression of OCTN2 in a time- and dose-dependent manner,
enhancing the intracellular accumulation of oxaliplatin (Qu et al.,
2014). In this respect, OCTN2 targeted nanoparticles have been
exploited for improving paclitaxel delivery (Kou et al., 2018).
Furthermore, imatinib that is the first-line treatment of patients
with chronic myeloid leukemia seems to be transported in cells by
OCTN2 and OCTN1 (Hu et al., 2008 and Table 1). Accordingly,
an association between the SNP rs2631365-TC located in the
promotor region of OCTN2 and failure of imatinib treatment
has been described (Jaruskova et al., 2017). Imatinib is also used
in the treatment of the gastrointestinal stromal tumor. In this
cancer, the failure of imatinib mainly depends on mutations
of the tyrosine-protein kinase KIT and the platelet-derived
growth factor receptor α (PDGFRα). Nevertheless, some patients
with responsive genotype develop resistance. After analyzing
31 polymorphisms in 11 genes, it has been discovered that in
presence of the C allele in SLC22A4 (OCTN1 rs1050152), and
the two minor alleles (G) in SLC22A5 (OCTN2 rs2631367 and
rs2631372) the time to progression was significantly improved
(Angelini et al., 2013). These studies are essential to develop
personalize therapy.

General Features of OCTN1 (SLC22A4)
and Implications in Cancer
Organic cation transporter OCTN1 is another member of the
SLC22 family. Its gene, named SLC22A4, counts 11 exons and
encodes for a protein of 551 amino acids. This transporter
is strongly expressed in the kidneys and, at a lower level, in
trachea, bone marrow, liver, skeletal muscle, prostate, lung,
pancreas, intestine, placenta, heart, uterus, spleen, spinal cord,
and neurons (Pochini et al., 2013). The functional properties
of OCTN1 have been investigated using several experimental
models such as intact cells, membrane vesicles, proteoliposomes
and oocyte from xenopus laevis. However, the physiological
substrates of OCTN1 are still matter of discussion (Pochini
et al., 2019 and Table 1). In term of transport efficiency
the best substrate is the synthetic compound TEA, whereas
carnitine is a poor substrate (Yabuuchi et al., 1999; Tamai
et al., 2004; Pochini et al., 2019). Some studies suggest that
OCTN1 mediate the uptake of a mushroom metabolite named
ergothioneine, which probably exerts an anti-oxidant function
in tissues exposed to ROS (Gründemann et al., 2005; Halliwell
et al., 2016). Other studies demonstrated that this transporter
mediates a sodium-regulated acetylcholine export suggesting
a role of OCTN1 in the non-neuronal cholinergic system
(Pochini et al., 2012, 2016), a ubiquitous pathway that modulates

several cell functions, among which inflammation (Grando
et al., 2015). Choline and acetylcarnitine have been identified
as additional substrates using intact cells and proteoliposome
transport assays (Pochini et al., 2015, 2016). OCTN1 is
expressed in different cancer cell lines (Okabe et al., 2008).
It is associated with sporadic CRC in early age, and its
polymorphisms, such as L503F, may help to predict malignant
progression of the disease in IBD patients (Martini et al.,
2012). The involvement of OCTN1 in cancer metabolism,
is probably unrelated to the poor ability of this transporter
to mediate carnitine transport, however, it is interesting
to know that OCTN1 is involved in the uptake of anti-
cancer drugs (Table 1) such as Cytarabine (Drenberg et al.,
2017), Camptothecin (Zheng et al., 2016), mitoxantrone and
doxorubicin (Okabe et al., 2008).

General Features of CT2 (SLC22A16)
The plasma membrane carnitine transporter CT2 belongs to the
SLC22 family as OCTN2. The gene, mapping on chromosome 6,
has been identified in 2002 in two parallel studies that classified
CT2 as the sixth member of the OCT subfamily (Enomoto
et al., 2002; Gong et al., 2002). One of the two reports has been
conducted using healthy tissues highlighting the very narrow
CT2 expression that is present almost exclusively in the plasma
membrane of Sertoli cells of the testis and in the luminal
membrane of epididymal cells (Koepsell, 2013). On the contrary,
the other work has been performed using leukemia cells showing
that CT2 is indeed expressed in cancers. In terms of functional
characterization, human CT2 can transport L-carnitine with a
Km of 20.3 µM. The CT2-mediated transport is partially sodium-
dependent and shows a preference for basic pH (Enomoto et al.,
2002 and Table 1). Apart from this preliminary characterization,
no other information is available and its physiological role
remains uncertain. Given its peculiar tissue distribution, a role
in the sperm maturation occurring in epididymal lumen has
been proposed. The sperm maturation requires a high amount
of carnitine that is accumulated in epididymal cells from blood,
thanks to OCTN2 (Figure 2). Then, carnitine is released in the
epididymal lumen via CT2 (Jeulin and Lewin, 1996; Enomoto
et al., 2002; Cotton et al., 2010) where its measured concentration
reaches 50–100 mM (Figure 2). In good agreement with this role,
carnitine supply to patients with asthenozoospermia results in
an increase of sperm motility. Concerning the regulation, CT2
seems to respond to progesterone stimuli (Sato et al., 2007);
in line with this, CT2 is expressed at a higher level during
the decidualization of the endometrium that is characterized
by high progesterone levels (Sato et al., 2007; Tsai et al., 2014;
Liang et al., 2018).

Implications of CT2 in Cancer
Unlike the restricted expression in healthy tissue, CT2 is largely
expressed in several cancer types also originating from tissues
that normally do not express this protein (Lal et al., 2007; Ota
et al., 2007; Bray et al., 2010; Sagwal et al., 2018; Zhang et al.,
2019 and Table 1). This denotes a profound rewiring of cancer
cells concerning the carnitine linked metabolism. As an example,
it is reported that the acute myeloid leukemia (AML) is strictly
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dependent on FAO. Knocking-down CT2 reduces the viability of
tumors (Wu et al., 2015). Moreover, a recent study conducted
using data of over 300 patients in 10 years, linked the up-
regulation of CT2 with poor survival of gut cancer patients (Zhao
et al., 2018). For the above-mentioned reasons, CT2 is considered
a druggable target and has also been exploited for drug delivery.
Many authors report this capacity to recognize and transport
several types of anti-cancer drugs such as doxorubicin with high
affinity (Okabe et al., 2005). In line with this, by using whole-
exome sequencing on diffuse large B-cell lymphoma patients,
a loss of the chromosomic region including CT2 gene in half
of the patients has been shown. These patients experienced a
lack of remission or early relapse at 24 months after diagnosis;
this phenomenon has been linked with the increased resistance
at doxorubicin treatment due to the lack of CT2 in the cell
membrane that, in turn, impairs drug entry into cancer cells
(Novak et al., 2015). The doxorubicin accumulation seems to
be at the basis of the positive effects of the innovative anti-
neoplastic treatment known as cold physical plasma used on
different melanoma cell lines. This therapeutic approach is based
on a gas treatment that induces the production of ROS/RNS able
to specifically target cancer cells; interestingly, upon cold physical
plasma treatment, the expression of CT2 is augmented explaining
the parallel increase in doxorubicin accumulation (Sagwal et al.,
2018). CT2 is also involved in the intracellular accumulation of
bleomycin in human testicular cancer cells, which are sensitive
to this drug (Table 1). In the same study, the human colon
carcinoma cell line HCT116 was revealed to be less sensitive to
the bleomycin treatment, in line with the very low expression
of CT2 and with the metabolism based on glycolysis rather
than on FAO (Aouida et al., 2010). Finally, cisplatin is also
recognized as substrate by CT2: higher levels of CT2 expression
in lung cancer was correlated to increased cellular uptake of
cisplatin (Table 1). While, down-regulation of the transporter
directly confers resistance against the drug, via decreasing the
intracellular platinum concentration (Kunii et al., 2015).

General Features of ATB0,+ (SLC6A14)
ATB0,+ is a plasma membrane transporter belonging to the SLC6
family that includes amino acid transporters, neurotransmitter
transporters, and osmolyte transporters (Pramod et al., 2013).
The gene has been annotated in the human genome on the
chromosome X, it is composed of 13 exons encoding only one
splice variant, and has been cloned in 1999 (Sloan and Mager,
1999). ATB0,+ mediates the transport of all proteogenic amino
acids except for aspartate and glutamate. Intriguingly, ATB0,+

also recognizes carnitine as a substrate, even though with a
lower affinity (Km in the millimolar range) with respect to
the amino acid substrates (Sloan and Mager, 1999; Bode, 2001)
and to OCTN2 (Table 1). The transport reaction catalyzed by
ATB0,+ occurs as a co-transport of 2Na+ and 1Cl− being highly
concentrative and sensitive to membrane potential (Nakanishi
et al., 2001). In contrast with OCTN2, ATB0,+ does not transport
carnitine derivatives except for propionylcarnitine (Nakanishi
et al., 2001). The subcellular localization of ATB0,+ is in
the apical side of lung and intestine epithelia (Figure 2).
In this location, the transporter is exposed to the external

environment, and then, to bacteria (Rotoli et al., 2020). In
agreement with this, ATB0,+ is up-regulated in inflammatory
states, such as ulcerative colitis and Crohn’s disease (Broer and
Fairweather, 2018). The interplay of ATB0,+ with lung bacteria
has been suggested as responsible for modulating Pseudomonas
aeruginosa attachment to human bronchial epithelial cells with
consequent effects on lung disease severity in cystic fibrosis
(Di Paola et al., 2017).

Implications of ATB0,+ in Cancer
In the last decade, the over-expression of ATB0,+ in several
human cancers became a hallmark of this pathology similar to
what it is described for other plasma membrane transporters
(Bhutia and Ganapathy, 2016 and Table 1). This has been
linked particularly with the ability of ATB0,+ to mediate
high capacity transport of amino acids (Gupta et al., 2006;
Ruffin et al., 2020) making this transporter a druggable
target (Karunakaran et al., 2011). However, in light of its
ability to mediate uptake of carnitine, it cannot be excluded
that the over-expression of ATB0,+ is also responsible for
providing this essential co-factor to those cells in which FAO
is responsible for deriving energy required for cell growth and
progression. ATB0,+ represents also a way to deliver drugs; in
this respect, studies conducted employing fluorescently labeled
nanoparticles, showed the co-localization of OCTN2 and ATB0,+

which are responsible for mediating the cellular uptake of
L-carnitine conjugated nanoparticles (LC-PLGANPs) loaded
with 5-fluorouracil (Table 1). As the expression levels of OCTN2
and ATB0,+ are higher in colon cancer cells than in normal colon
cells, LC-PLGA NPs can be used to deliver chemotherapeutic
drugs selectively to cancer cells for colon cancer therapy. These
findings indicate a great potential of the dual-targeting strategy
(Kou et al., 2017).

General Features of MCT9 (SLC16A9)
and Implications in Cancer
MCT9 is a plasma membrane transporter belonging to the
monocarboxylic acid transporter family SLC16 that counts 14
members. The gene has been identified in 1999 and annotated
on chromosome 10 (Halestrap and Price, 1999). The majority
of SLC16 proteins usually catalyze proton-linked transport of
monocarboxylate substrates like lactic acid and pyruvic acid,
while some members recognize aromatic amino acids and thyroid
hormone (Halestrap and Wilson, 2012; Halestrap, 2013). In
contrast with the other members of SLC16 family, MCT9 is
responsible for carnitine, but also creatine, transport presumably
at the basolateral membrane of enterocytes (Figure 2 and
Table 1). In good agreement with this role, genome-wide
association studies correlated SNPs occurring at the level of
SLC16A9 gene, with carnitine, propionylcarnitine and urate
levels in serum (Kolz et al., 2009; Demirkan et al., 2015). The
transport mechanism of MCT9, described in Xenopus oocytes,
revealed to be Na+ and pH-independent (Futagi et al., 2020). An
important link with carnitine derives from chronic hepatitis B
patients. HBsAg loss in this patient, which is the most important
step forward to the recovery from disease, is strictly related
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to polymorphisms of SLC16A9 gene and, consequently to the
carnitine levels (Jansen et al., 2014). A possible implication
of MCT9 in some cancer types was reported: the transporter
seems to be a good diagnostic target to distinguish benign
from malignant adrenocortical tumors (Fernandez-Ranvier et al.,
2008). Moreover, SLC16A9 is highly expressed in diffuse large
B-cell lymphoma (Lim et al., 2015; Table 1).

General Features of CAC (SLC25A20)
Carnitine/acylcarnitine carrier belongs to the SLC25 family
also called mitochondrial carrier family; its gene maps on
chromosome 3 (Palmieri, 2013). It is well assessed that the
CAC catalyzes the entry of acylcarnitines into the mitochondrial
matrix in exchange for free carnitine (Figure 3 and Table 1).
In mammals, CAC can accept acylcarnitines with acyl chains
of various lengths from 2 to 18 carbon atoms as substrates,
but it showed a higher affinity for acylcarnitines with longer
carbon chains (Indiveri et al., 2011). CAC is crucial in the
control of the influx of acyl units into mitochondria and hence
of FAO (Figures 2, 3). CAC transport activity is finely regulated
by post-translational modifications. It has been demonstrated
that acetylation of some lysine of CAC inhibits the uptake of
carnitine into mitochondria and hence negatively affect FAO
(Giangregorio et al., 2017). Interestingly, the citrate carrier
(SLC25A1), involved in fatty acid synthesis (Figure 2), is
activated by acetylation (Palmieri et al., 2015). CAC is extremely
sensitive to the redox state of the cell. In particular, the oxidation
state of two out of six cysteines controls the CAC via the
formation of a disulfide bridge that switches off the transporter
activity. In this respect, it is interesting that gasotransmitters,
such as NO or H2S, can act on the same two cysteine
residues modulating the CAC function (Giangregorio et al.,
2016; Tonazzi et al., 2017). It is reported that the expression of
CAC is up-regulated by statins, fibrates and retinoic acid. As
for OCTN2 and several other enzymes involved in FAO, also
the expression of CAC is regulated by PPAR-α. While other
reports exclude that CAC could be regulated by PPAR factors
(Indiveri et al., 2011).

Implications of CAC in Cancer
To date, the correlation between CAC and cancer has received
little attention, and only a few studies have reported a link
between the altered expression of CAC and cancer (Table 1).
As previously described, prostate cancer cells are more prone to
FA utilization than normal prostate cells. A great contribution
to FAO deregulation is due to the down-regulation of the
same microRNAs that target CPT1A, CAC, and CAT. In
particular, miR-129-5p, which shows an aberrant expression
level in prostate cancer, seems to regulate the CAC expression.
Forced expression of these miRNAs in prostate cancer cells,
PC3 and LNCaP, results in reduced expression of CPT1A,
CAC, and CAT, and hence, negatively affects FAO. This has,
as a consequence, the interference with the adaptive metabolic
reprogramming in prostate cancer cells (Valentino et al., 2017).
Moreover, another microRNA, that is miR-212, has an aberrant
expression in prostate cancer and has been shown to directly
target CAC (Soni et al., 2014). These observations suggested

the mitochondrial carnitine system as a potentially druggable
pathway for prevention and treatment of prostate cancer
(Valentino et al., 2017). Furthermore, significant alterations in
the carnitine/acylcarnitine pathway were detected in bladder
cancer patients. In patients with non-muscle invasive bladder
cancer, the expression of CAC was significantly down-regulated
compared to normal bladder tissues. A similar result was
achieved also for CPT1B, CPT1C, and CAT (Kim et al., 2016).
CAC seems to be a target of a first-in-class treatment for the
precancerous skin condition actinic keratosis. The diterpenoid
ester ingenol mebutate (IngMeb) induces cell death causing
mitochondrial dysfunction and local inflammatory response.
A photoreactive analog of IngMeb together with quantitative
proteomic experiments were used to discover targets of IngMeb
in human cancer cell lines and primary human keratinocytes.
Among others, CAC results as the most prominent target
of IngMeb. This drug impairs FAO through the inhibition
of CAC transport activity and this can explain, at least
in part, the IngMeb pharmacological mechanism of action
(Parker et al., 2017). Another intriguing observation is that
a relationship between the composition of the cardiolipin,
the most abundant phospholipid of the inner mitochondrial
membrane, and cancer cell proliferation has been found.
Cardiolipin is made of a central glycerol backbone carrying
four acyl groups. The nature of these acyl groups seems to
be difference between cancer and normal cells (Kiebish et al.,
2008). The link between the acyl composition of cardiolipin
and CAC lies in the fact that this special lipid is essential
for the transport activity of CAC (Tonazzi et al., 2015). If
the up- or down-regulation of CAC causes an increase or
decrease of mitochondrial carnitine remains to be established.
It is plausible that the CAC mostly influences the rate of
translocation of acyl moiety to the mitochondrial matrix.
Indeed, a direct link between the activity of the CAC and
the β-oxidation rate has been proposed (Indiveri et al., 2011;
Tonazzi et al., 2015).

CONCLUSION

The maintenance of carnitine homeostasis is crucial for cell
life in physiological and pathological conditions in which FAO
occurs at a high rate. Carnitine, indeed, plays the key role of
shuttling acyl groups through intracellular membranes for FAO.
Several human cancers rely on FAO for their development and
progression to malignancy. Furthermore, carnitine is crucial in
the regulation of the acyl-CoA/CoA balance, which in turn,
modulates the carbohydrate and the lipid metabolisms. The
carnitine and acylcarnitine traffic could not occur without the
concerted activity of dedicated membrane transporters localized
at the cell surface and in intracellular organelles. In line with the
depicted scenario, derangements of the transporters regulating
carnitine traffic and hence, carnitine homeostasis was found in
several human cancers. For this reason, these proteins represent
potential targets for anti-cancer therapy and should be added to
the existing list, including sugar and amino acid transporters,
which are already considered druggable targets. In particular,
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changes in the expression/function of OCTN2 and CT2 have
been observed in human cancers indicating that cell supply of
carnitine is strictly regulated during cancer development and that
chemical KO of these proteins may serve as a strategy to impair
energy production from FAO. Curiously, CT2 that, in normal
conditions, has a very narrow and specific tissue distribution,
becomes widely expressed in cancers even originating from
tissues in which CT2 is normally not present, further highlighting
the carnitine role in human cancers. The appearance of CT2 in
cancers is shared with another plasma membrane transporter
responsible for regulating the traffic of essential amino acids,
that is LAT1 (SLC7A5; Scalise et al., 2018). Noteworthy,
these two membrane transporters are also responsible for drug
uptake in the cell, further highlighting their role in developing
novel anti-cancer approaches and/or improving those already
existing. Indeed, CT2 and OCTN2 mediate the uptake of
several anti-cancer drugs such as doxorubicin and oxaliplatin,
respectively. Then, changes in their expression or activity may
explain the ineffectiveness of some treatments and it may be
exploited to improve the delivery of drugs also in the form
of carnitine-derivatives.
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