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Abstract

The Carnitine Palmitoyl Transferase (CPT) system comprises several metabolically important enzymes of
the carnitine/choline acyl transferase family. CPTs are transferases that allow the energy-neutral replacement of
coenzyme A (CoA) by L-carnitine, and vice versa, when bound to acyl chains as (thio) esters. Together with acyl-
CoA synthases and a carnitine/acyl carnitine translocase, the mitochondrial beta-oxidation of long-chain fatty acids
is facilitated by distinct CPT proteins. CPT deficiencies manifest as disorders of mitochondrial fatty acid oxidation.
Recently a new CPT isoform, CPT1c has been described which is found in entusiasmoc reticulum (ER) of neurons.
Unlike CPT1a and CPT1b it has lower palmitoyl transferase activity. It is localised mainly in hypothalamus, amygdala
and hippocampus, i.e., brain regions with roles in the control of food intake. It plays a role in energy homeostasis
but its exact role in physiology of neurons is still not clear. Studies suggest a biosynthetic rather than catabolic role
in long chain acyl carnitine production. The role of CPT1c may extend beyond simply the interchange of CoA and
L-carnitine to acyl groups. Studies show that in the CNS the CPT1c affects ceramide levels, endocannabionoids and
oxidative processes, and may play an important role in various brain functions such as learning. It is a player in insulin
resistance that may occur as a result of oxidative damage and in altered redox status diseases such as metabolic
cognitive syndrome, type 2 diabetes, neurodegenerative diseases and cancer. Unhealthy lifestyles, especially high
sugar and fat diet in combination with other genetic and environmental risk factors, probably compromise metabolism
at various levels. At the cellular level there would be increased ER stress as well as mitochondrial dysfunction leading
to impaired oxidative phosphorylation and increased reliance on glucose (Warburg effect). Targeting CPT1c may
provide insight on treatment of many metabolically-related diseases as well as pervasive developmental disorders.

Keywords: Adenosine-Triphosphate (ATP); Oxidative the molecule L-carnitine as a possible target to improve major enzyme
phosphorylation; AMP-Activated Protein Kinase (AMPK) function such as CPT which underlies mitochondrial function.
Introduction Factors affecting mitochondrial biogenesis

Mitochondrial function diminishes with age and a number of
Metabolism linked to disease processes such as 8

neurodegeneration and cancer

There are a myriad of metabolic processes within every living cell.
Cells survive by utilizing organic molecules, from sugars to lipids and
proteins. The metabolic pathways that enable this are interconnected
within a single cell but also between cells, tissues, systems, organs all the
way to the level of the whole body. The breakdown of energy substrates
such as carbohydrates in particular glucose, as well as fatty acids
and amino acids, leads to energy mainly in the form of Adenosine-
Triphosphate (ATP). Some ATP is formed in the cell cytoplasm by
glycolysis but the majority is formed in the mitochondria in the
presence of oxygen by the Krebs cycle and oxidative phosphorylation.
Of the theoretical 30 to 32 ATP molecules produced by oxidation of
glucose, 2 are from glycolysis, 2 from the Krebs cycle, and 26 to 28 from
the respiratory or electron transport system (Figure 1). The cellular and
plasma levels of the energy substrate glucose are under control of the
pancreatic hormone insulin. Insulin is able to modulate cellular glucose
uptake via IGF receptor (IGFR) and GLUT transporter expression.
Thus impairment of insulin signalling leads to metabolic impairment
from cellular-up to body level. The role of anomalous IGFR signalling
and subsequent metabolic changes is now recognized in triggering a
series of events that lead to the metabolic syndrome and diabetes as well
as other disease states such as neurodegeneration and cancer. In this
review we discuss the impairment of endoplasmic and mitochondrial
function and in particular the role of metabolic dysfunction, increased
oxidative stress and inflammation in initiating pathology. We discuss

studies suggest strategies that may improve mitochondrial bioenergetics
[1-5]. One such strategy is caloric restriction which is a biological
phenomenon through which limiting normal caloric intake by about
40% improves the health and lifespan of various species including
mammals. The review by Cantd and Auwerx suggests that AMP-
Activated Protein Kinase (AMPK) is the molecular switch in calorie
restriction and acts, via Silent Information Regulator 2 type 1 (SIRT1),
on mitochondrial health status and its biogenesis by modulating
autophagy [3]. Basically SIRT1 is a histone deacetylase that acts on
AMPK thereby activating it [6]. This activation affects a number of
processes in the context of mitochondrial biogenesis:

o SIRT1 activates Peroxisome proliferator-activated receptor-

*Corresponding author: Ashraf Virmani, Professor, Research, Innovation
and Development Department, Sigma-tau SpA, Via Pontina km 30,400, 00040
Pomezia (Roma), Italy, Tel: +39 06 91393804; Fax: +39 06-9116-6912; E-mail:
ashraf.virmani@sigma-tau.it

Received October 18, 2013; Accepted November 16, 2013; Published November
21,2013

Citation: Virmani A, Pinto L, Bauermann O, Zerelli S, Binienda Z, et al. (2013)
Neuronal Carnitine Palmitoyl Transferaselc in the Central Nervous System:
Current Visions and Perspectives. J Alzheimers Dis Parkinsonism 3: 132. doi:
10.4172/2161-0460.1000132

Copyright: © 2013 Virmani A, et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J Alzheimers Dis Parkinsonism
ISSN:2161-0460 JADP an open access journal

Volume 3 « Issue 5 » 1000132



Citation: Virmani A, Pinto L, Bauermann O, Zerelli S, Binienda Z, et al. (2013) Neuronal Carnitine Palmitoyl Transferase1c in the Central Nervous
System: Current Visions and Perspectives. J Alzheimers Dis Parkinsonism 3: 132. doi: 10.4172/2161-0460.1000132

Page 2 of 9

fumarate malate

\

oxalacetate

Krebs Cycle
succinate

alpha
hetogluarate citrate
Oxidative Beta 1 Fatty Acid
Phoshorylation Oxidation of 1 e.g. Palmitate *
Fatty Acids " i e———
1
Mitochondria Cytosol 1
1
1

Figure 1: Schematic representation of cytoplasmic and mitochondrial
bioenergetics.

The breakdown of glucose via glycolysis occurs in the cell cytoplasm and
yield 2 ATP. The rest of the metabolism occurs in the mitochondria. The Krebs
cycle produces 2 ATP, and oxidative phosphorylation (respiratory chain) 28
ATP from the original glucose molecule. These are theoretical values since
there is always some loss of energy due to various inefficiencies in the actual
processes. L-carnitine translocates free fatty acids into mitochondria for beta-
oxidation and a typical fatty acid like palmitate yields 106 ATP.

gamma coactivator-lalpha (PGC-1lalpha a master regulator of
mitochondrial biogenesis)

o SIRTI also activates Fork head box O (FOXO) transcription
factors involved in nutritional stress regulation and
mitochondrial biogenesis

o SIRTI, activation of AMPK blocks mechanistic target of
rapamycin (mTOR) pathway that is an anabolic and growth
signalling pathway

All these pathways are able to regulate and induce autophagy in
the context of low caloric intake. At the same time CPT1 (carnitine
palmitoyl transferase 1) is usually expressed via mediation through
PGCl-alpha, and it’s overexpression increases fatty acid oxidation [7].

A review of Schreurs et al. in 2010 shed light on the possibility
to target beta-oxidative enzymes for metabolic syndrome, mainly via
pharmacological treatment [8]. CPT1c as a key modulator of feeding
and may have possible role in neurodegeneration since this isoenzyme
form is specifically found in the brain [8-11].

The carnitinepalmitoyl transferase system, mitochondria and
bioenergetics

For many biologically important roles, fatty acids are activated to
acyl-coenzyme A (acyl-CoA) molecules by several synthases known to
exist. Activated fatty acids can be short chain (acetyl-CoA), medium
chain (e.g., octanoyl-CoA) or long chain acyl-CoAs such as palmitoyl-
CoA. Once activated, these CoA thioesters are unable to cross lipid
membranes. The temporal replacement of the CoA moiety by L-carnitine
has been nature’s solution to solve the problem of transmembrane
transport of activated fatty acids (Figures 2 and 3). The interchange of
a CoA group by L-carnitine is reversible and the reactions are energy
neutral. In this context, the role of L-carnitine must not be seen only as

a shuttling molecule but also as a buffering molecule, enabling the cell
to manage the size of acetyl-CoA and free CoA pools.

The CPT system together with its related components is traditionally
known to be located in the mitochondria. Biochemical studies pointed
at the existence of similar enzyme activities outside mitochondria as
well, but for a long time molecular genetic evidence was limited to
mitochondrial CPT enzyme localization. Together with a carnitine/acyl
carnitine translocase, the mitochondrial beta-oxidation of long-chain
fatty acids is facilitated by distinct CPT proteins. CPT1 is active on the
outer surface of mitochondria, and serves as a regulatory site for fatty
acid oxidation due to its sensitivity for malonyl-CoA (the product of the
first step in fatty acid synthesis carried out by acetyl-CoA carboxylase)
[8,12]. Two mitochondrial isoforms of CPT1 were identified: CPT1a or
L-CPT1 is expressed in the liver and many other tissues, and CPT1b or
M-CPT1 is the muscle type isoform. The two genes that encode CPT1a
and CPT1b are closely related, but in humans and other mammals
localized on different chromosomes [13]. CPT2 is active inside the
mitochondrial matrix to regain acyl-CoA from a process generally
known as the carnitine shuttle. This protein is expressed in a constitutive
way in all cells and tissues. The three-dimensional structures of CPT1
and CPT2 have been fairly well described as they could be deduced
from measurements on acetyl transferase (CrAT) and CPT?2 itself [14].
However, from a functional point of view the most interesting enzyme
is CPT1. This enzyme is tightly bound to the mitochondrial outer
membrane by two transmembrane domains, whereas the majority
of the proteins, including the active site and the regulated site are
positioned on the outer surface facing the cytosol. Mitochondria are
responsible for the oxidative metabolism and have their own DNA,
tRNA and ribosomes, similar to those of bacteria. They allow cells to
produce energy using oxidative metabolism which provides the largest
proportion of ATP production, in particular from the utilisation of
carbon groups via the beta oxidation pathway from fatty acids (Figure
1). The net amount of energy equivalents to be obtained from a molecule
of glucose is about 30 ATP whereas the beta oxidation of a fatty acid like
palmitate produces 106 ATP. Thus, although L-carnitine is a relatively
simple molecule, it can greatly influence cellular energy production by
facilitating beta-oxidation.

Role of L-carnitine in mitochondrial metabolism

L-carnitine is similar to amino acids in having an amine group
and a carboxyl group and it can be manufactured in the body from
the essential amino acids lysine and methionine (Figure 2). The special
nature of this molecule and its ubiquitous use in nature probably arises
for its inherent molecular properties which include:
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Figure 2: Molecular structure of L-Carnitine and its ability to bind fatty acid
moieties (acyl-carnitine).
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o Ampiphilic nature (affinities for both polar and non-polar
environments)

o It can ionise in water and have positive and negative charge.

o It has osmolar properties and is used to maintain tonicity by
cells/bacteria

o It has the alcohol OH group which allows it to bind acyl groups
(Figure 2)

L-carnitine is found in many life forms from bacteria to animals
and (although in low amounts) plants. Within the cells it plays a special
role in the mitochondria but it is also found in the cytoplasm and
nucleus of the cell. Further, within the higher organisms it is found at
all levels from cells, tissues (muscle, nerve etc.) and organs (brain, liver,
heart etc.). The distribution pattern in the cells and organism reflects
the various functions of L-carnitine. Its main role is in the metabolism
of fatty acids; however a number of secondary roles have also been
defined (Table 1).

In the cell the L-carnitine exists only in the L-isomer form,
and its acylcarnitine esters include acetyl-L-carnitine, propionyl-
L-carnitine, plus other acylcarnitine [15]. A number of specialized
proteins have evolved for its synthesis, transport and function within
the cell. These include enzymes and transport proteins required for
their metabolism and transport, including carnitine acyltransferases,
mitochondrial carnitine/acylcarnitine translocases, plasma membrane
carnitine importers and the carnitine biosynthesis pathway from
lysine and methionine [16]. Thus although the mitochondrion and
the carnitine palmitoyl transferase system are the main environments
where L-carnitine performs its primary role in the transport of fatty
acids from the cytoplasm for beta oxidation, the other enzymes and
transport proteins also determine the overall dynamics and function.
Therefore there is interplay between L-carnitine, the beta-oxidation
pathway, the CPT system and the related cellular machinery, in relation
to brain function and physiology. The essential role of L-carnitine in the
oxidation of long chain fatty acids by mammalian tissues was discovered
by Fritz in 1955 and in the successive years Fritz proposed the presence
of a protein pool useful in explaining the molecular aspects of this type
of metabolism [17,18]. These were milestones that initiated studies on
the CPT system, its molecular structure and biological control function.

The carnitine palmitoyl transferase system

Fatty acids can be oxidized in peroxisomes, endoplasmic reticulum
as well as mitochondria. The dysfunction in the metabolism of fatty
acids is implicated in particular disease conditions for example;
metabolic syndrome, cardiovascular disease, and other diseases such
as diabetes type 2 and obesity as well as in its regulation at brain level
[19-22]. Fatty acid metabolism is emerging as something more than
a simple energy pathway, with important role in energy storage and
homeostasis. At the core of all these metabolic pathways lies the CPT
System (Figure 3).

Acetyl-CoA buffering

Detoxification of potentially toxic metabolites — short chain acyl groups have toxic/
detergent

Fatty acid transport - Improving intracellular cell energy production

Regulation of the mitochondrial and cytosolic acyl-CoA/CoA ratio - Improving
intracellular cell energy production

Stabilization of cell membranes - Reducing oxidative stress
Other —Epigenetic regulation (Histone acetylation)

Table 1: The Essential Role of L-Carnitine.
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Figure 3: Mitochondrial carnitine palmitoyltransferase system.

Carntine Palmitoyl Transferase (CPT1 and CPT2). The fatty acids are
transfered form cell cytoplasm to mitochondrial matrix for beta-oxidation. The
CPT1 is activity is regulated by malonyl-CoA feedback inhibition.

The CPT system is a multiprotein complex with catalytic activity
localized with a core represented by CPT1 and CPT2 into the outer and
inner membrane of the mitochondria respectively. Acyl-CoA synthases
and a translocase are also part of the CPT system. The structures of
CPT1 and CPT2 has been described and the CPT2 is a protein of 71 KDa
(658 amino acids), formed as a precursor containing an NH2 terminal
sequence that is cleaved during the translocation into the mitochondrial
inner membrane.CPT1 has two principal isoforms called ‘L and ‘M’
that are localised to hepatic and muscular tissues respectively. Both are
involved in the long-chain fatty acid metabolism and are of interest as
therapeutic target for the treatment of principal metabolic diseases such
as diabetes. These isoforms are encoded by CPT1a and CPT1b genes and
have different biochemical properties. They display different Km values
for L-carnitine and a strong difference in sensitivity for malonyl-CoA
[23,24]. Both have a theoretical molecular weight of 88 KDa (hepatic
CPT1a has 773 amino acids while the muscular CPT1b has 772 amino
acids). In terms of protein and gene sequence the CPT1a and CPT1b
have strong similarities. The CPT1 displays a large N-terminal region of
170 amino acid residues, consisting of two hydrophobic regions named
H1 and H2 (both spanning the membrane), a substrate binding site, an
inhibitor binding site and a catalytic site.

Recently, a third isoform of CPT was described: CPT1c [10]. This
isoform was discovered in 2002, and its mRNA is very similar to that of
CPT1a and CPT1b. Its gene in humans is localized on chromosome 19
and the amino acid sequences of CPT1a, CPT1b and CPT1c are equally
similar (there has been a double duplication of genes, very close in time
in evolution, probably when organ differentiation started to emerge in
animals) [10]. It is localized in the ER and possibly in mitochondria
[25]. The CPT1c protein has palmitoyl-carnitine transferase activity but
lower than the hepatic and muscular isoforms. Immunohistochemical
studies have detected its presence in particular brain regions such as
hypothalamus, amygdala and hippocampus, regions that are strongly
related to the control of food intake [26]. In particular studies by Gao
et al. showed that in CPT1c knock-out mice induction of obesity by a
high-fat diet led to the animals becoming insulin-resistant [27]. Hence
a role for CPT1c has been hypothesized in energy homeostasis and in
the hypothalamic control of food intake (orexigenic action) [11,28].

As mentioned before, a key molecule into the regulation of CPT1a,
CPT1b and also CPT1c is the metabolite, malonyl CoA. The CPT1
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enzymes have a specific site allowing for their physiological regulation
through malonyl-CoA, which therefore forms part of the body’s control
mechanism involved in the regulation of food intake. This control
center is localized in the hypothalamic region of the brain and is able
to modulate the functionality of CPT1c. Malonyl-CoA is the allosteric
inhibitor of fatty acid oxidation by suppressing the translocation of
fatty acids into mitochondria catalysed by all the CPT1 forms [29]. The
production of malonyl-CoA is catalysed by the enzyme acetyl-CoA
carboxylase via AMPK. This latter enzyme is regulated by anorexigenic
hormones such as leptin [30]. Studies show that an increase in the
concentration of malonyl-CoA is needed in the regulatory pathway that
leads to decrease the food intake and to weight loss.

It is also important to highlight the biosynthetic role of CPT1c and
its localization in ER membrane since by modulation of the fatty acid,
palmitate, which is a strong modulator of ER-stress a number of cellular
functions, can be affected. ER-stress is a typical cellular and molecular
condition that allows for metabolic diseases such as the metabolic
syndrome and diabetes type 2. Thus a possible role of CPTlc and
AMP-activated Kinase in the modulation of ER-stress and subsequent
decrease of insulin resistance via the control region in hypothalamus
has been suggested [31]. Furthermore, studies suggest a direct role of
CPT1c as target of the gastric hormone ghrelin and recent evidence
suggests involvement of the biosynthetic action of CPT1c [21,32].

A role for CPT and fatty acid metabolism in the CNS

It is widely recognized that free fatty acids do not readily gain
access to the CNS and that the CNS does not use fatty acids as a major
fuel source. Rather, glucose is used almost exclusively in the fed state,
whereas ketones (derived from fatty acids) are a major fuel source in
the CNS during prolonged fasting. Why, then, are fatty acids in the
CNS so intimately involved in energy homeostasis? Furthermore, blood
levels of fatty acids are elevated during times of fasting, the inverse of
what would be expected for an appetite-suppressing molecule. Clearly,
further studies on the metabolism/role of fatty acids in the CNS on
energy homeostasis are needed to understand how these energy-rich
molecules affect how the brain senses and responds to peripheral
energy sources.

The increase in L-C content of brain coincides with adaptive
changes promoting fatty acid uptake and metabolism. Indeed, fatty acid
oxidation is highest 7-10 days after birth as reflected by the increased
activity of CPT enzyme and ability of cultured rat cortical neurones to
take up L-carnitine [33]. We examined the endogenous carnitine levels,
total CPT activity (CPT1 and CPT2) and lipid composition in cultured
neurones at different ages of development and found that:

o Levels of endogenous L-carnitine in primary rat cortical
neurones increase with age (upto day 14) and on exposure to
exogenous L-carnitine and acetyl-L-carnitine.

« Level of CPT increases correspondingly.

o Level of CPT is affected differently by exogenous levels of
L-carnitine and acetyl-L-carnitine (Table 2).

This data is important for the various theories regarding
neuroprotection since there could be a correlation between development
of the ability for fatty oxidation and neuronal damage under ischemic
or hypoxic conditions as well as in lipid turnover in the membranes.

CPT activity is expressed as nmoles/min/mg protein. The values
represent the mean + SD (n=4). The effect of L-C or ALC treatment is
significantly different (p<0.001, Students t-test) from controls at same

Page 4 of 9
Neurone Age DIV 1 7 14 21 DIV
Control 1.17 +£0.10 593+0.19 8.96 + 0.08 3.38+0.30
L-Carnitine treated | 0.44 +0.10 1.94 +0.06 1.51+£0.05 7.42 £0.37
Acetyl-L-camitine 4 63,010 986+0.00 6.24+0.10  10.65+0.29

treated

Table 2: Modulation of carnitine palmitoyltransferase enzyme system by carnitine
in cultured rat cortical neurones at different ages of development.

age. DIV=days in vitro. This data was presented in before in abstract
form [34].

We have shown earlier that in neurones CPT is important in
phospholipid and triglyceride fatty acid remodelling [35]. A deficiency
of L-carnitine at a critical period of brain development is known to
occur in premature infants receiving parenteral nutrition [36]. The
development and expression of CPT activity in neonatal cortical
neurones was dependent on the exposure to L-carnitine and acetyl-
L-carnitine, more importantly, in different ways to each compound.
The possible mechanism(s) of action of L-carnitine and acetyl-L-
carnitine on the induction, expression and activity of CPT and whether
the malonyl-CoA sensitive (CPT1) or insensitive activity (CPT2) or
both affected are currently under study. Such an approach includes
effects via changes in the levels of the intracellular acyl CoA/CoA
ratio, or effects on the activity of other enzymes e.g. protein kinases,
in a similar way as reported for palmitoyl carnitine or phenothiazines
(e.g., chlorpromazine). These have been shown to inhibit a number
of calmodulin-sensitive Ca?*-dependent (phospholipid sensitive)
enzymes. Acetyl-L-carnitine also stimulates the incorporation of
stearic acid into neutral lipids i.e. phosphatidic acid and phosphatidyl
choline, by shifting the equilibrium towards acetyl-CoA formation and
consequently lipid synthesis [37]. Thus whatever the mechanism(s),
both L-carnitine and acetyl-L-carnitine demonstrate multifactorial
properties and interact at the biochemical, neurotransmitter and
membrane level [15].

CPT deficiencies and disorders in the CNS

Carnitine palmitoyl transferase deficiencies present themselves
as disorders of mitochondrial fatty acid oxidation. CPT1a deficiency
is inherited in an autosomal recessive manner and is relatively
rare [37,38]. CPTla deficiency causes recurrent attacks of fasting
hypoketotic hypoglycaemia, hepatomegaly, seizures, renal tubular
acidosis and hyper ammonemia. Signs and symptoms usually begin
around eight to eighteen months of age and may be life-threatening.
In particular treatment of hypoglycaemia is important to prevent
eventual neurologic injury seen as developmental delay, seizures,
coma, and death. Avoidance of fasting and administration of medium-
chain triglycerides with a low fat diet also helps limit the metabolic
consequences. In contrast CPT1b and CPT1c deficiencies have not
been well identified to date [38].

The CPT2 deficiency is more common and is also inherited
in an autosomal recessive manner. Clinically it presents asthree
main types, a lethal neonatal (perinatal) form, a severe infantile
(hepatocardiomuscular) form, and a mild myopathic form [38].
The myopathic form predominates and manifests from infancy to
adulthood. While the former two are severe forms characterized by liver
failure with hypoketotic hypoglycemia, cardiomyopathy, seizures, and
early death. The myopathic form is the most common disorder of lipid
metabolism characterized by episodes of rhabdomyolysis triggered by
prolonged exercise, fasting, or febrile illness [39]. The infantile-type
occurs between 6 to 24 months of age and presents as severe bouts of
hypoketotic hypoglycemia, and at times cardiac damage which underlies
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sudden death before 1 year of age. A report on possible role of CPT2 in
CNS disorders was made based on two male infants with central nervous
system disorders, i.e. infantile spasms in one and athetotic quadriplegia
in the other [40]. The CPT1 activity in biopsied muscle was normal
in both cases but CPT2 was decreased to 37% and 25% of the control,
respectively. In animal experiments they found CPT activity in almost
all brain regions, especially in the brainstem, cerebellum and spinal
cord. This study suggested that another symptomatology of CPT2
deficiency with CNS involvement could be a possibility. The neonatal
form is the least common clinical presentation and is almost invariably
fatal. Onset has been documented just hours after birth to within 4 days
of life [38]. In this form developmental issues are present in brain and
kidney and these are visible even during prenatal ultrasound. Neuronal
migration defects have also been documented [41].

Treatment for CPT2 deficiency is based upon avoidance of fasting
and/or exercise, a low fat diet enriched with medium chain triglycerides
such as triheptanoin and carnitine supplementation [42,43].

CPT1c in neurological diseases-possible links

The CPT1 @ and b’ enzymes have undisputed metabolic roles.
However, the role of the isoform CPT1c, found mainly in neurones is
not clear although a role in energy homeostasis has been postulated
[10,25,26,29]. Studies also suggest a biosynthetic role via the entry of
long chain acyl-CoA into the ER and in the production of sphingolipids
and ceramides for signal transduction [32,44-46].

The over-expression of CPT1c in the brain of developing transgenic
mice has been shown to cause microencephaly [47]. Whereas the
group of Carrasco et al., 2012 reported that CPT1c knock-out (KO)
mice demonstrated a marked reduction in spatial learning ability [45].
This group also demonstrated that CPTlc is found in hippocampal
pyramidal neurons and the enzyme is located in the ER throughout
the neuron including the dendritic spines [45,46]. These studies
also showed that CPT1c played a role in ceramide metabolism. In
primary hippocampal cultured neurons the overexpression of CPT1c
led to increased ceramide levels and in CPT1C-deficient neurons the
ceramide levels were reduced. Reduced ceramide levels were also found
in the hippocampus of CPT1c KO mice. The altered dendritic spine
morphology was dependent on altered ceramide since the treatment
of the cultured neurons with exogenous ceramide reverted the KO
phenotype, as did ectopic over expression of CPT1c [45]. The CPT1c
regulation of spine maturation via ceramide indicates its possible
physiological role during brain development and function. Thus CPT1c
is necessary for the correct maturation of dendritic spines and for
proper spatial learning and its deficiency impairs spatial learning [45].
These studies also suggest that CPT1c mutations may underlie some
human cognition disabilities of unknown etiology.

From this we may start to deduce some possible hypothetical
links between CPT1c and neurological diseases. Further, since CPT1c
has palmitoyl transferase activity and is localized in ER of neurons
it is conceivable a boost in stabilization of the acyl fatty acid by its
complex with L-carnitine thereby preventing deleterious effects by the
acyl molecules such as provoking inflammation (Figure 4). The acyl
carnitine may also be used for beta-oxidation, possibly via the close
physical connections between mitochondria and ER [48,49].

The CPT1c is highly homologous with its isoforms CPT1a and

CPT1b, but its role in neuronal mitochondrial fatty acid oxidation is
not yet clear [25,45,46,50]. It has low CPT1 activity and binds the CPT1
physiological inhibitor malonyl-CoA with similar affinity as CPTla
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Figure 4: Hypothesis for the role of CPT1c and the fatty acid palmitate in
disease states.

Palmitate is a proinflammatory stimulus augmenting oxygen free radicals
(ROS) and thereby ER stress and eventually the insulin resistance brain state
and neurodegeneration.

[25,26]. Studies using CPT1c-transfected cells showed that CPT1c had
carnitine palmitoyl transferase activity and that palmitoyl-CoA was
the substrate [25]. Thus although the Km values were similar to those
of CPT1a the Vmax values were 66 times lower than those of CPT1a
[25,51]. This group suggested that role of CPT1c was different from the
CPT1a or CPT1b and not related to import of long chain fatty acid into
mitochondria or peroxisomes for -oxidation but rather CPT1c¢ played
a role in biosynthetic pathways and control of the equilibrium between
acyl-CoA pools in the cytosol and the ER lumen [25].

Further clues as to the role of CPTlc come from studies in
cancer cells where it has been shown to protect transformed tumour
cells from death induced by glucose deprivation or hypoxia [50,52].
These studies showed that the cancer cells compensated by metabolic
transformationand instead of the Warburg effect where they upregulate
glycolysis in the absence of glucose they compensate by activation of
fatty-acid oxidation [53,54]. The increase in ATP production confers
resistance to glucose deprivation or hypoxia to these cancer cells. It
has been suggested that protection from CPTlc might derive from
unidentified fatty acid-derived products that would be beneficial for
cell survival under metabolic stress [45].

Indeed the depletion of CPT1c has been shown to cause an increased
sensitivity to oxidative stress and may be a key mediator of oxidative
stress [55-57]. The metabolomic profiling studies in CPT1c KO mouse
brains showed that the loss of CPT1c results in elevated oxidative
demands in the brain [55]. This study found that beta-oxidation was
unchanged but the redox homeostasis was affected with greater than
2-fold increase in oxidized glutathione. Loss of CPT1c also resulted
in decreased levels of endogenous endocannabinoids and other fatty
acid derived metabolites which may explain its effect on food intake.
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They concluded that the exact role of CPTlc in relation to oxidative
stress was still unclear however CPT1c could play an alternative role in
neuronal oxidative metabolism.

High fat intake has been associated with the metabolic syndrome
and chronic inflammatory status via effects on oxidative stress, lipid
peroxidation, DNA damage, mitochondrial damage and the worsening
of the metabolic condition of the cell [58]. The fatty acid palmitate
induces ER-stress and promotes the onset of misfolded proteins that
provoke inflammation [59]. Misfolded proteins are associated with
damage and loss of neurons in various neurodegenerative conditions.
Thus CPTlc, by producing palmitoyl carnitine and enhancing beta-
oxidation, would reduce the ER stress condition and protect against
damage [60].

The list of neurodegenerative and pervasive developmental
disorders (PDD) having possible involvement of the CPT1 enzyme
is huge. Disease states such as Parkinsons disease (PD), Alzheimer
disease (AD), Multiple sclerosis (MS), autism, attention deficit disorder,
depression and schizophrenia etc. have a high social impact and for
which no cure has been found to date.

PD is a particularly debilitating progressive degenerative process
that involves the dopaminergic neurons of the substantia nigra region
in the brain that controls movement and the result is bradykinesia,
akinesia and cognitive and language problems, related to loss of the
dopaminergic neurotransmission.

Although role of CPT1c in PD is not yet recognized, it is possible
to theorise one since a strong link between this pathology and Diabetes
Mellitus Type 2 exists [61]. In fact, CPT1 plays a key role in improving
of insulin resistance and insulin resistance is a peculiar feature of type 2
Diabetes Mellitus, in turn this latter is associated with an increased risk
of PD [62,63]. Thus it is possible hypothesize that CPT1 is involved in
PD due to its recognized role in energy homeostasis and particularly
since insulin resistance is able to impair the functionality of substantia
nigra [64]. This is highlighted in the study by Lefort 2010 where
associated with the condition of insulin resistance, was an increase in
ROS production, lowering of mitochondrial Complex 1 and lowering
of CPT1b in the mitochondria extracted from the skeletal muscle cells
[65]. Loss or alteration of Complex 1 is strongly associated with the
onset of Parkinson’s disease as shown by Hauser and Hastings (2013),
and L-carnitine derivative acetyl-L-carnitine was able to reduce toxicity
in vitro caused by blocking complex 1 with N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPP+) [66,67]. It is interesting to note that palmitate
modulates the insulin resistance at the hypothalamic region [68].

Another key disease where a role by CPT1c is conceivable is AD.
This is the most common form of age-related dementia with typical
clinic events such as loss of memory and cognition and the presence
of typical histological features such as extracellular beta-amyloid
(Abeta) plaques and intracellular hyper-phosphorylated microtubule-
associated protein tau accumulation [69]. AD is the most important
of the so called taupathies and the presence in brain of beta-amyloid
plaques is a strong marker of AD. This protein abnormality is possibly
due to alteration of normal production, folding and functionality of
beta-amyloid protein or to alterations in the genetic sequence coding
for this protein. The role exerted by metabolism in the onset and
development of AD is still not clear, however, links between insulin
resistance and onset of AD have been shown [69,70]. Recent studies
suggest a strong connection between AD and metabolic syndrome and
also between AD and diabetes mellitus type 2 [71-73].

A possible role of CPTlc is also conceivable in multiple sclerosis.

This kind of pathology is due to an autoimmune process directed
against the myelin sheath that surrounds neurons by an overactive
immune system. In multiple sclerosis, as in neuro inflammation and
neurodegeneration in general, there is an underlying condition of
insulin resistance and possible fatty acid metabolism dysfunction.
Indeed, a study in mice using the model of Experimental Autoimmune
Encephalomyelitis, which mimics multiple sclerosis, showed that
inhibition of fatty acid metabolism with a synthetic malonyl-CoA
agonist (Etomoxir) was useful in ameliorating the disease condition
[73,74].

Schizophrenia is another disabling disease linked to genetic
and environmental causes that bring about severe dementia and
psychiatric manifestation that compromise the individual. The
pharmacologic treatment is generally aimed at modulation of the main
neurotransmitters affected in this disease. From a pathological point of
view, schizophrenia could be due to a neuroinflammation processes,
mostly by alterations of the kynurenic acid (a tryptophan metabolite)
pathway [75,76]. In schizophrenic patients kynurenic acid is not
degraded and there is an increase in its concentration which leads to an
imbalance in the glutamate neurotransmission. Kynurenic acid increases
Ca’* levels and insulin secretion via Ca®* channels in the brain [77].
This insulin resistant brain state may trigger the neuroinflammatory
condition. In our opinion, insulin resistance together with free fatty
acids, such as palmitate, could be key mediators in many diseases due
to their ability to modulate apoptosis and inflammation, making these
diseases difficult to treat (Figure 5).

Could carnitines be useful in this context?

There are many studies suggesting a positive role for the acetylated
form of the L-carnitine, acetyl-L-carnitine. Studies suggest that
acetyl-L-carnitine has the ability to modulate and improve the brain’s
cognition status in impairment conditions such as AD and PD [78,79].
As mentioned before, both these diseases are characterized by a general
condition of insulin resistance in the brain [64,69,70]. Some forms
of mental impairment such as vascular dementia are also strongly
influenced by acetyl-L-carnitine [78]. L-carnitine and acetyl-L-carnitine
are “energizers” with the ability to improve cognitive functions and are
generally prescribed in elderly [80]. In this context acetyl-L-carnitine
has epigenetic modulation properties by donating acetyl group for
histone acetylation. This epigenetic mechanism is diminished in aging
cells [81]. L-carnitine is also utilized by CPT1c for the formation of long
chain acyl carnitines.

All the disease states mentioned before have a common link and that
is metabolic dysfunction. This is also an important aspect in relation to
cancer [82]. As discussed, the alteration of metabolism brings about the
spectrum of metabolic diseases from diabetes to cancer [83,84]. There
are several studies suggesting role of CPT1c in onset and evolution of
neoplastic phenomena [50,85]. As is seen for CPT1a in other cancer
types increased CPT1 enzyme activity may contribute to fueling the
high energy demands of neoplastic cells. Furthermore the acetylation
and deacetylation of histones may be directly affected [86,87].

Conclusion

CPT1c is localized mainly in ER of neurons and has palmitoyl
transferase activity that leads to palmitoyl carnitine production. It plays
a role in energy homeostasis but its exact role in physiology of neurons
is still not clear. Studies suggest a biosynthetic rather than catabolic
role in long chain acyl carnitine production. The role of CPT1c may
extend beyond simply the interchange of CoA and L-carnitine to acyl
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Figure 5: Possible role of palmitate and CPT1C in triggering of disease
process.

Schematic representation of biochemical reactions that may underlie formation
of palmitoylcarnitine by the Carnitine Palmitoyltransferase and their impact
on development of neurodegeneration by various factors including ROS,
Endoplasmic Reticulum-stress, insulin resistance and the metabolic cognitive
syndrome.

groups. Studies have shown that in the CNS the CPT1c effects ceramide
levels, endocannabionoids and oxidative processes and may play
an important role in various brain functions. It is a player in insulin
resistance that may occur as a result of oxidative damage and in altered
redox status diseases such as metabolic cognitive syndrome, diabetes
type 2, neurodegenerative diseases and cancer. Unhealthy lifestyles,
especially high sugar and fat diet in combination with other genetic
and environmental risk factors, probably compromise metabolism at
various levels. At the cellular level there would be increased ER stress
as well as mitochondrial dysfunction leading to impaired oxidative
phosphorylation and increased reliance on glucose (the “Warburg
effect”). The CPT1c may provide insight on treatment of many diseases
however further experimental studies are needed in this field since it
offers a great potential to target various disease states.
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