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1. ABSTRACT

A large body of evidence points to the
positive effects of dietary supplementation of acetyl-L-
carnitine (ALC). Its use has shown health benefits in
neuroinflammation, which is a common denominator
in a host of neurodegenerative diseases. ALC is the
principal acetyl ester of L-Carnitine (LC), and it plays
an essential role in intermediary metabolism, acting as
a donor of acetyl groups and facilitating the transfer of
fatty acids from cytosol to mitochondria during beta-
oxidation. Dietary supplementation of ALC exerts
neuroprotective, neurotrophic, antidepressive and
analgesic effects in painful neuropathies. ALC also
has antioxidant and anti-apoptotic activity. Moreover,
ALC exhibits positive effects on mitochondrial
metabolism, and shows promise in the treatment of
aging and neurodegenerative pathologies by slowing
the progression of mental deterioration. In addition,
ALC plays neuromodulatory effects on both synaptic
morphology and synaptic transmission. These effects
are likely due to affects of ALC through modulation
of gene expression on several targets in the central
nervous system.

Here, we review the current state of knowledge
on effects of ALC in the nervous system.

2. INTRODUCTION

There is a growing interest in the scientific
community about the use of nutraceutical substances
supplementation. In this context, the use of metabolic
compounds such as acetyl-L-carnitine (ALC) as putative
candidate in neuroprotection suggests new strategies for
increasing protection through a natural molecule that can
be effective in inducing health-promoting genes and/or
reducing the expression of disease-promoting genes.

ALC is widespread in the medical practice
since it is highly tolerated and without any adverse
effects. Thus, ALC can be a useful pharmacological tool
to examine the validity of the epigenetic hypothesis of
various disorders in humans. The ability to esterify and
to transport metabolites throughout the body has singled
out ALC as a unique metabolite, and suggests that the
acylcarnitine profile might be a useful marker of metabolic
changes, particularly related to diseases.

The effects of ALC have led researchers
to investigate carnitine’s involvement in several
neuropathological conditions and treatments, including
Alzheimer’s disease (AD), depression, chronic fatigue,
cerebellar ataxia, ammonia neurotoxicity, hepatic
encephalopathy, and age-associated mental decline,
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as well as to investigate the genetic and epigenetic
mechanisms underlying its actions (1-7).

3. ROLE OF THE CARNITINES IN THE BRAIN

3.1. Modulation in neurotransmission

Carnitine and its acylcarnitines have chemical
structures comparable to choline and acetylcholine
(ACh). It has been suggested that they are involved
in cholinergic neurotransmission (8,9). Actually, ALC
provides acetyl groups for ACh synthesis, it exerts a
cholinergic effect, and it optimizes the balance of energy
processes. Many studies have shown a modulation
of synaptic transmission by LC and ALC, through an
increase in ACh synthesis and release (10-13). Evidence
of the influence of ALC on the cholinergic system
have been provided by Janiri et al. (14), whose in vivo
microiontophoretic studies on rat showed that ALC exerts
excitatory effects on cholinergic receptors. Such effects
are blocked by atropine, indicating that ALC is a weak
muscarinic receptor agonist (14).

Other neuromodulatory actions of ALC involve
enhancement of dopamine release and increase in
gamma-aminobutirric acid (GABA) (10,13). In particular,
ALC has beneficial effects on the dopaminergic system of
the aging brain. The 50% loss of D1 dopamine receptor
activity with age is reduced by prior ALC treatment,
while the electrically evoked stimulation of dopamine
release from aged striatal tissue is enhanced by in vivo
pretreatment with ALC (15).

Dysfunction of glutamatergic neurotransmission
is considered to be a core feature of stress-related
disorders, including depression. In this context,
ALC corrected the deficit of glutamate release in a
spontaneously depressed model of rats, by strengthening
the antidepressant activity of ALC (6,15). Finally,
ALC influences functional aspects of serotonergic,
noradrenergic and GABA neurotransmission (4,16,17).

3. 2. Carnitines and mitochondrial energetic

Carnitine plays a critical role in energy balance
across cell membranes and in energy metabolism
of tissues. LC is the biologically active carnitine
stereoisomer, a widely distributed compound in the food
from animal sources. In humans, about 75% of carnitine
is obtained from the diet. Endogenous part is synthesized
in kidney, liver, and brain from the essential amino acids
lysine and methionine (18-21). Carnitine has two major
functions:

1. It transports long-chain fatty acids as acylcarnitines
from the cytoplasm into the mitochondria for their
subsequent use as a source of energy (via acetyl-
CoA formation in the beta-oxidation).

2. It removes short- and medium-chain fatty acids
formed from metabolic processes, preventing
their accumulation in the mitochondria, leading
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to an increase of free CoA, and contributing to
the protection of cells from potential destabilizing
acyl-CoAs.

Carnitine is not simply a cofactor in beta-
oxidation. Its importance in the brain is emphasized by
carnitine deficiency symptoms, many of which involve
major harmful effects (4). Two states of carnitine
deficiency exist:

1. Primary carnitine deficiency is a genetic disorder
consisting in a recessive mutation of the cellular
carnitine-transporter system, namely Na+-dependent
organic cation/carnitine transporter (OCTN2) (22).

2. Secondary carnitine deficiency is an acquired
carnitine depletion that may occur in some disorders
such as chronic renal failure, or under particular
conditions, such as the use of antibiotics, which
can reduce carnitine absorption or increase its
excretion (22).

The brain is one of the organs with higher lipid
content. It cannot employ the exogenous lipids, neither
as energy substrate nor as material, because fatty acids
conveyed through plasmatic albumin cannot cross the
blood-brain barrier (BBB).

The specific function of “active acetate donor”
played by ALC acquires particular importance in the
context of neuronal lipid metabolism. In fact, the
synthesis of all fatty acids presents in the composition
of phospholipids, cerebrosides and sphingomyelins,
takes place in the cytoplasm, starting from active
acetate, which is exclusively formed inside the
mitochondrion (23). Furthermore, the active acetate
is the only material used by the human body for the
synthesis of cholesterol (24).

A portion of the newly synthesized lipids
and those arising from turnover of lipid components
of membranes are used as energetic material and,
subsequently, metabolized by neurons. In such processes
the role of LC is essential for the transport of acyl groups
through the mitochondrial membrane, and their complete
oxidation. An increase of acyl groups into the cell inhibits
the transfer of ATP produced in the mitochondria,
negatively influencing the energy metabolism of the
whole cell.

In addition, although glucose is the primary
energy source for the adult brain under normal
conditions, fatty acids become pivotal energy substrates
for the brain under metabolically compromised conditions
such as fasting or starvation. For this reason, carnitine
and acylcarnitines function in fatty acid metabolism,
ketosis and are crucial in brain metabolism, particularly in
metabolic disturbances present in neurological diseases.

Carnitine and acylcarnitines cross the BBB
primarily through the high affinity through OCTN2, and
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secondarily via ATBO*, a unique Na*-, CI-dependent
amino acid transporter with broad substrate specificity
and concentrative ability (25-28). In particular, ALC
spreads across membranes much better than LC and its
efflux in the systemic circulation is four times greater than
that one of LC.

It is known that both a decline in mitochondrial
energetics and anincrease in oxidative stress are the basic
processes in many neurotoxic and neurodegenerative
disorders and represent some of the effects of aging
(see below). The oxidative stress affects the activities
of the respiratory chain complexes I-V. In this regard,
ALC up-regulates cytochrome b oxidase, and complex
bc1 gene expression (29), and it increases the cellular
energy status, thus maintaining the energy levels of the
cells and stabilizing mitochondrial activity. ALC activates
the peroxisome proliferator-activated receptor-gamma
co-activators PGC-1alpha/PGC-1beta-dependent
signalling cascade of mitochondrial biogenesis (30).
ALC enhances the mitochondrial DNA transcription, the
stability of mitochondrial mRNA and the mitochondrial
protein synthesis. In addition, ALC protects membrane
integrity against lipid peroxidation and membrane
breakdown (31,32). ALC exhibits protective effect on
mitochondrial structure and function through different
mechanisms:

1. By preventing the production of oxidants or by
inducing radical scavenging activity;

2. Byincreasing the mitochondrial antioxidant defences;
increasing mitochondrial metabolism to facilitate
either the repair of less damaged mitochondria or
the degradation of the most damaged ones;

3. By protecting mitochondrial enzymes as well as by
stimulating enzyme activity (33).

Moreover, ALC functions as a stress
modulator in various cell processes and it might play
protective functions against chemotherapy-induced
neurotoxicity (34,35).

In vitro experiments reported antioxidant
properties of ALC mediated by its iron chelating
properties (36). As cellular antioxidant defence
mechanism, ALC decreases brain lipid peroxidation
in old rats (37). The supplementation of ALC to the
older rats decreased both 4-hydroxy-2-nonenal (HNE)
formation and protein carbonyls, two indicators of
oxidative stress and neurotoxicity (38,39). ALC treatment
leads to the activation of phosphoinositol-3 kinase,
protein kinase G, and ERK1/2 signalling pathways that
are important in neuronal cell survival and differentiation
processes (40). In streptozotocin-induced diabetic
rats, ALC improved the speed of nerve conduction,
in combination with a reduction in malonyldialdehyde
(MDA) levels, another indicator of lipid peroxidation (41).
ALC improves mitochondrial respiration in neurons and
it has neuroprotective effect through a variety of further
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mechanisms such as the increase in protein kinase-C
(PKC) activity (42). Interestingly, an increase in PKC in
the rat brain cortex is correlated with an improvement of
the performance in a spatial learning task, reversing the
age-related decline (15,42).

For all these considerations, ALC has been
considered a “mitochondrial nutrient” (33,43) that
reverses both aging-related mitochondrial dysfunction
and the reaction of elderly mitochondria to challenge (44).

ALC can be protective against oxidative stress.
In particular, i) ALC reduces tissue lactic acidosis,
which brings about the formation of reactive oxygen
species (ROS); ii) ALC shifts in both the mitochondrial
and cytosolic redox state; (45) and/or iii) ALC induces
antioxidant gene expression (45,46). In addition,
treatment with both carnitine and acylcarnitines has
shown to decrease the contents of circulating oxidative
stress biomarkers such as tumour necrosis factor-alpha
and interleukins, which could protect against oxidative
stress (47,48). Such events could lead to an increase of
reducing power necessary for detoxification through the
glutathione system (46,49).

3.3. Genetic modulations
3.3.1. ALC and Heme Oxigenase -1 regulation
ALC up-regulates the expression of Heme
Oxidase-1 gene (HO-1). HO-1 is an early and ubiquitous
gene induced by moderate or severe oxidative stress. It
is controlled by inflammation or pro-oxidant states, and it
produces antioxidant molecules. ALC up-regulates HO-1,
reducing the amyloid beta (Abeta) toxicity in primary
cortical neuronal cultures (50). ALC prevents age-related
changes in mitochondrial respiration through the induction
of heat shock proteins (Hsp70, Hsp60), and Thioredoxin
Reductase, which together with HO-1 are components of
the vitagene system, the main intracellular redox system
involved in neuroprotection, and decreasing oxidative
stress biomarkers in senescent rats (51-53). HO-1 is
a rate-limiting enzyme for the production of the potent
antioxidant bilirubin from heme and iron. ALC increases
amount and activity of HO-1 in astrocytes, and pre-
incubation with ALC before the initiation of stress with
lipopolysaccharide and interferon, prevents the decrease
in complex IV activity, protein nitration and restores the
reduced glutathione (GSH) (54,55). Supplementation
of ALC enhances the antioxidant status by directly
quenching the free radicals, thus decreasing the use of
GSH and subsequent production of oxidized glutathione
(GSSG) (45,49). All these data suggest a role of ALC
as defence mechanism after an external damage of the
homeostatic equilibrium or as pre-conditioning agent.

Acetyl ester group of LC may modulate critical
processes such as gene transcription and apoptosis.
Acetylation of proteins is a crucial step in epigenetic
modulations. This evidence implies the possibility that
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the ALC-mediated acetylation of DNA binding proteins
can induce post-translational modifications of critical
target proteins involved in DNA competence and trans-
activating activity (45,51,55).

The described mode of action is that ALC
acetylates Kelch-like ECH-associated protein (Keap 1).
This is a cytoplasmatic repressor of the nuclear factor
erythroid-derived 2-like 2 (Nrf2) that controls the
expression of several enzymes protective against
oxidative stress (45,54). The activity of Nrf2 is so
normally suppressed in the cytosol by specific binding to
the chaperone Keap 1 (54). Keap 1 interacts with Nrf2
in a redox-sensitive manner, and the dissociation of the
proteins in the cytoplasm is followed by translocation of
Nrf2 to the nucleus (45). Here, Nrf2 is bound to antioxidant
responsive elements (ARE) and it allows the expression
of genes, such as HO-1 gene (56,57).

Moreover, ALC induces Hsps, specialized
proteins that mediate various cellular functions. Hsps are
up-regulated in response to stress conditions in order to
restore cellular integrity (58). Hsps are chaperones that
protect against damage by misfolded proteins, prevention
of aggregation, dissolution and refolding of aggregated
proteins. Up-regulation of hsp70 reduces apoptosis. Heat
shock response decreases in aging cells; hsps play a
protective role against brain oxidative stress, and they
work as relevant cellular protection molecules against
protein aggregation (59). Such changes restore the ratio
of GSH to GSSG and reverse the inhibition of complex IV.
In vivo treatment with ALC induces up-regulation of the
expression of amma isoform of 14-3-3 protein and hsp72
(the inducible form of hsp70) genes in rat brain (60).
The gamma 14-3-3 protein is a component of a family
of proteins acting as chaperones to a very wide variety
of proteins and nucleic acids. Taken together, these
responses might contribute to a strategy for improving
outcomes via protection from the risk of macromolecular
oxidation and misfolding during aging, and reducing the
tendency of tissues to develop disease.

3.3.2. ALC and apoptosis

ALC exerts modulatory functions in critical cellular
processes including apoptosis. Acetyl ester groups of LC
modulate apoptosis. It has been shown that ALC and LC
reduce apoptosis through the mitochondrial pathway (61,62).
Their anti-apoptotic effect has been observed in different
cell types, including neurons, myocytes, teratocarcinoma
cells, hepatocytes and lymphocytes (60-68).

A reduction in apoptosis was observed in
mouse fibroblasts treated with different concentrations
of ALC, an effect that was confirmed by an assessment
of cytochrome c¢ release and immunoreactivity to
caspase 3 (69). ALC and LC promoted neuronal survival
and mitochondrial activity in addition to having anti-
apoptotic effects in serum deprived primary culture
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neurons (62). A recent study reports that ALC treatment
induced both apoptotic and anti-apoptotic gene
expressions in vitro through activation of antiapoptotic
Bcl family members and attenuating pro-inflammatory
cytokines levels (70). The antiapoptotic effect of ALC is
likely related to the activation of HO-1, which increases
the level of antiapoptotic bcl-2 protein and it inactivates
the pro-apoptotic transcription factor p53 in neurons (71).

Supplemented ALC in rats decreases caspase
activation by increasing the level of X-linked inhibitor of
apoptosis protein, thus limiting the apoptotic pathway in
peripheral neurons (72). Moreover, ALC up-regulates the
voltage-dependent anion channel gene expression in rat
brain (73). This protein exerts an important role in cellular
homeostasis, apoptosis and synaptic plasticity.

3.3.3. ALC in neuroprotection/neuromodulation

Actually, ALC treatment induces important
changes in gene expression. In this regard, Traina
et al. (29,60,73-76) have identified a group of
differentially expressed genes in the healthy rat brain in
response to chronic ALC treatment. The gene expression
was compared to the mRNA level using suppression
subtractive hybridization (SSH)(60). These studies proved
that the majority of detected clones are involved in the
neuroprotection and/or in neuromodulation. It has been
observed that ALC influences the expression of genes
involved in a group of autosomal recessively inherited
monogenetic storage disorders, the neuronal ceroid
lipofuscinoses (NCL), considered as lysosomal storage
diseases (LSDs)(74). At present there are no available
and effective therapies to treat these disorders, so that all
forms of NCL invariably prove to be fatal after a prolonged
period of disability. ALC treatment: 1) up-regulates the
expression of the lysosomal H+/ATPase, V1 subunit D
gene; 2) down-regulates the expression of both the
myelin basic protein (MBP) and the ATP synthase lipid-
binding protein, subunit c genes (74).

In NCLs, the ceroid lipopigments, such as
subunit ¢ of mitochondrial ATP synthase lipid-binding
protein, are accumulated in the lysosomes. A loss of
H+/ATPase function determines a strong accumulation
of the subunit ¢ of mitochondrial ATP synthase and an
increased amount of lysosomal enzymes (77). Since the
low pH of lysosomes is necessary to maintain the activity
of acid hydrolases in the lysosomal lumen, a deficit in
proton pump leads to severe neurodegeneration. In this
respect, studies reported that the highest alkalinization
was found in lysosomes of fibroblast cell lines of patients
affected by the most severe form of NCL (78). Thus
the upgrading of the lysosomal protonic pump by ALC
treatment might be a compensatory mechanism of the
abnormal higher lysosomal pH (74).

The fact that ATP synthase lipid-binding
protein, subunit c, initially located in the mitochondria, is
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accumulated in lysosomes of NCL cells strongly suggests
that the intracellular trafficking of specific molecules to
lysosome is severely altered. ALC supplementation
eliminates the mitochondrial damage, and it prevents
the formation of lipofuscin and/or myelin-like structures
in neurons (77). In addition, apoptosis due to lipid
peroxidation brings about neuronal damage in NCL (79).

Finally, it has been shown that endoplasmic
reticulum (ER) and oxidative stresses (ER stress) are
common manifestationsin cells from both neurodegenerative
and non-neurodegenerative LSD. The ER stresses might
cause apoptosis (80). A lysosomal dysfunction, through
the alteration of pH, produces ER and oxidative stress,
supporting the idea that all these abnormalities originate
from an alteration of the pH of organelles.

Interestingly, in @ mouse model of a human
NCL form, the motor-neuron-degeneration (mnd) mouse,
which summarizes many clinical and histopathological
features in NCL patients, the altered expression of genes
in both central and peripheral organs is associated with
lipopigment accumulation. In addition, in the mnd model
some genes are expressed in a manner exactly opposite
respect that seen in wild-type mice and to ALC modulation,
sustaining further neuroprotective ALC role (81).

3.3.4. Further modulations

ALC treatment up-regulates the expression
of brain-specific Na+-dependent inorganic phosphate
transporter gene in rat brain (29). This evidence is
consistent with studies that have ascribed to vesicular
glutamate transporter 1 a role in the protection against
excitotoxic injury. ALC up-regulates the expression of
prostaglandin D2 synthase gene (PGD2S) (29). The
activation of a receptor of PGD2 can prevent neuronal
injury in paradigms of acute excitotoxicity (82), and Lin
et al. (83) indicated that a product of PGD2 exhibits
anti-inflammatory properties, supporting an emerging
neuronal protective role for prostaglandins.

ALC down-regulates the expression of ferritin-H
gene in rat brain (29). Studies suggest that multiple
independent pathways exist converging in the increase
of ferritin synthesis in response to oxidative insults.
With its ability to oxidize and sequester intracellular iron
in an internal mineral core, ferritin limits the levels of
catalytically available iron, owing to the generation of free
radicals, functioning as a critical cytoprotective protein
in the antioxidant response. It has been reported that
ALC exerts antioxidant effect and reverses iron-induced
oxidative stress in human fibroblast (84). It is possible
that ALC might reduce available iron by decreasing
ferritin gene expression (29).

3.4. Aging and neurodegeneration
As already reported, the use of ALC is justified
by its ability to improve energy metabolism. In aging

1318

there is a negative impairment of both energy substrates
and enzymatic systems involved in the production of
energy. A deficit in energy production has important
implications in brain tissue. In the elderly, there are
reductions in the plasma concentration of carnitine, in
parallel with the reduction in body mass index and muscle
mass (85,86). Moreover, variations in the diet, as result
of gastrointestinal diseases, can affect the concentration
of carnitine in the body. In this context, the exogenous
administration of LC and ALC may allow the correction
of immunological functions and improvement of energy
metabolism and functions in aging (87). In the brain of
aged animals the mitochondrial mass does not vary
compared to young ones, whereas the mitochondria
function is affected (88).

The effect of ALC on aged mitochondria has
been evaluated. The supplemented ALC is transported
into the cardiac mitochondria where the acetyl group
favours the production of acetyl-CoA both directly and
through activation of carnitine acetyltransferase (CAT),
which is decreased in aging. The acetyl-CoA acts on the
acetylation status of mitochondrial proteins that increase
mitochondrial transcription and protein synthesis. As
a result, cytochrome b content increases, leading to
increased activity of electron transport chain (ETC)
complexes and stimulating the oxidative phosphorylation.
This sequence of events leads to the restoration of the
aging-related mitochondrial defects (89-91).

ALC is involved in cognitive functions in
rats (11). Supplementation with ALC improves attention,
learning and spatial working memory deficits, reduces
oxidative stress and inhibits apoptotic cascade induced
by hypoxia (48). Moreover, ALC showed significant
effects on the expression of biomarkers of aging in the
cerebellum (92). Chronic ALC treatment increases life-
span, it improves cognitive behaviour in aged rats and
it guarantees long-term memory performance. Aged rats
showed also significant improvements in cognitive tasks,
including the Morris water maze test (93,94).

ALC is able to counter age-related decline in
tissue carnitine levels and improves fatty acid utilization,
but high levels of ALC also lowered hepatocellular
antioxidant status (95). This problem is overcomed by
combining ALC with the antioxidant lipoic acid (LA) (96).
Additional benefits include a variety of metabolic functions,
restoration of the age related decrease in cardiolipin (a
phospholipid cofactor for protein complexes in ETC),
increase of glucose uptake, decrease of MDA and HNE
formation, and reduction of the age-related accumulation
of iron and copper (96). These findings established in
hepatocytes have been extended to brain mitochondria
and cortical tissues with similar results (91,97), including
restoration of glutathione system, superoxide dismutase,
and protein carbonyl formation. The effect of ALC plus
LA treatment in vivo appears to significantly block or to
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reverse various factors underlying the vicious cycle of
age-related mitochondrial decay and cellular dysfunction.
Finally, the density of neuronal mitochondria associated
with lipofuscin and vacuoles has been reduced by
feeding aged rats with ALC and LA. This observation is
in agreement with ALC role on the modulation of genes
involved in lipofuscinosis pathologies (74).

In summary, dietary supplementation with
ALC in old rats reverses the age-associated decline of
mitochondrial functions. ALC plays also interesting roles
to manage aging risk factors in models of Parkinson’s
disease (PD). ALC protected the dopaminergic system
against the intraventricular injection of 1-methyl-4-
phenylpyridinium (MPP*), an inhibitor of complex |,
in rats (98). In primate models ALC provides some
protection against MPTP-induced PD (99). Studies
in vitro reported protective effects of LC and ALC on
the neurotoxicity induced by mitochondrial uncoupling
agents (31). In neuroblastoma cells exposed to rotenone,
an inhibitor of the complex |, the pretreatment of ALC
in combination with LA protects against reduction of
mitochondrial membrane potential, ATP, and GSH,
and it reduces the level of protein and DNA oxidation,
accumulation of alpha-synuclein, ubiquitin, and ROS.
In the absence of rotenone, ALC plus LA increases the
number of viable mitochondria and mitochondrial DNA
expression, likely through the induction of the signalling
molecule PGC-1alpha, a regulator of the transcription
factor for mitochondrial biogenesis and respiration,
supporting the effectiveness of the combination against
risks of disease.

Due to the reduction of both mortality and
neuronal degeneration, LC appeared to be protective
against neurotoxicity. As reported, LC inhibited the
increase in oxidized glutathione and mitochondrial
dysfunction in the hippocampus and prevented neuronal
hypoglycemia-induced damage (100,101). Several
studies have described an association between autism
spectrum disorders and mitochondrial dysfunction.
Also carnitine deficiency is commonly found in autistic
patients (102). Carnitine deficiency results in impaired
beta-oxidation. In autistic patients, as a consequence of
impaired beta-oxidation polyunsaturated long-chain fatty
acids and/or saturated very long chain fatty acids were
elevated (103).

3.4.1. ALC and aged-related diseases

Preclinical studies suggested that ALC
administration could be beneficial for the treatment
of age-related diseases, the treatment of symptoms
of cerebral dysfunction caused by aging and in some
disorders of aging associated with cholinergic deficiency,
such as Alzheimer’s disease (AD), one of the most
disabling conditions that affect the elderly (1,2,104,105).
The clinical efficacy of ALC was previously reported,
and several molecular mechanisms were evoked to
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support it (2). In such respect, Traina and coll. have
provided a potential mechanism of action of ALC (75).
ALC up-regulates kinesin light chain 1 (KLC1) gene
expression in the brain of rats chronically treated with
ALC (75). Kinesin-1 is needed to transport different types
of cargoes along neuronal axons. The amyloid precursor
protein (APP) is a receptor that attaches KLC1 to
vesicular cargoes. It is known that the deposition of APP
degradative products in the brain is a major pathological
finding in AD. Axonal transport of APP is mediated by
direct binding of the KLC1, and leads to the suggestion
that abnormal interaction of APP and KLC1 could play a
role in the pathogenesis of AD (107). Reduction in KLC1
increases Abeta levels in the brain, accelerates and
enhances amyloid deposition in an AD mice model (107).
Reductions in microtubule-dependent transport may
stimulate proteolitic processing of APP, resulting in
the development of senile plaques and AD. ALC may
therefore modify key pathogenic elements in AD, such
as amyloid processing. In addition, supplementation of
ALC normalizes the levels of phosphate in the brain of
AD patients (1).

It was hypothesized that the well-established
antioxidant properties of ALC on compromised
mitochondrial function could be also involved on gamma-
secretase activity and APP metabolism. Accumulation of
the Abeta peptide has been implicated as the cause of the
cognitive decline seen with AD. In cases of neurotoxicity
from Abeta fragments, ALC was able to attenuate the
oxidative stress, ATP depletion and cell death (106).

3.5. Epigenetic modulation

The acetylation and deacetylation of core
histone tails are important factors in the regulation
of DNA ftranscription (108,109). Generally a highly
acetylated histone core corresponds to activation of
transcription, while when histones are poorly acetylated
the transcriptional repression occurs. The limiting factor
for histone acetylation is the acetyl-CoA availability in
the nucleus-cytosolic pool (110). Acetylation can control
the activity of mitochondrial enzymes, and possibly
de novo synthesis of acetyl-CoA in mitochondria.
Mitochondrial matrix-acetyl-CoA synthetase is reversibly
acetylated at a lysine residue in the active site of the
enzyme. Sirtuins are an evolutionarily conserved family
comprising 7 proteins with NAD+-dependent deacetylase
activity in mammals, three of which (SIRT3-SIRT5) are
mainly localized in the mitochondrion, regulating energy
metabolism and oxidative stress (111). The deacetylation
of this site induced by SIRT3 activates the acetyl-CoA
synthetase (112,113). Recently, in a murine model, it has
been shown that ALC up-regulates SIRT3, improving
mitochondrial function against acute kidney injury (114).

3.5.1. ALC and neuropathies of pain

Several studies showed the effect of ALC in
diseases characterized by neuropathies and neuropathic
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pain: diabetic neuropathy, HIV and antiretroviral therapy—
induced neuropathies, neuropathies due to compression
and chemotherapeutic agents (115; for reviews, see 4,5).

Actually, ALC is currently used for the treatment
of neuropathic pain. Its long-term analgesic effects are
dependent on epigenetic modifications, such as reversible
modifications in gene activity, but not associated with
changes in DNA sequence. Thus ALC represents a
consistent therapeutic option for peripheral neuropathies,
and its complex neurotrophic and analgesic effects,
based on epigenetic mechanism, open new pathways in
the study of peripheral nerve disease management.

Evaluations evidenced reduction of pain,
improvements of nerve function and trophism. ALC
determines analgesia increasing type 2-metabotropic
glutamate receptor (mGlu2) expression (115,116). ALC
enhances transcription of Grm2 gene encoding mGlu2
receptor. In particular, it acts as donor of acetyl group to
transcription factor NF-kappaB p65/RelA, inducing long-
term up-regulation of the mGlu2 receptor (117).

3.5.2. ALC and antidepressant effects

Studies on animal and cellular models
suggest that ALC exerts neuroplastic effect, membrane
modulation, and neurotransmitter regulation, and it could
also have an important role as antidepressant. ALC brings
about a rapid, robust, and long-lasting antidepressant
effect in spontaneously depressed Flinders Sensitive
Line (FSL) rat, a genetic model of depression, and in
mice exposed to chronic unpredictable stress. FSL rats
exhibit sleep, immune and neurochemical changes, as
well as behaviours similar to those observed in depressed
patients (6). ALC treatment of stressed and genetically
vulnerable animals rapidly reversed these behaviours.
It has been suggested that ALC has an antidepressant
effect by increasing brain-derived neurotrophic factor
(BDNF) level and glutamate release (6). This effect was
selectively associated with mGlu2 receptors in brain
regions that are critically involved in the pathophysiology
of depression, such as the hippocampus and prefrontal
cortex, suggesting that ALC, as well as compounds with
similar mechanisms of action, could represent a truly
unique approach to treat depressive disorders.

The putative mechanism of ALC on
antidepressive effect via improving neuroplasticity
suggests that ALC, by providing acetyl groups, causes
acetylation of p65 at LYS(310) located in NF-kappaB
binding sites. The acetylation of NF-kappaB-p65
subunit amplifies the transcriptional activity of
NF-kappaB (38). The mGlu2 receptor promoter harbors
numerous NF-kappaB-responsive elements as opposed
to mGlu3 promoter. The effect of ALC on the expression
of mGlu2 receptors was prevented by a combined
treatment with sodium salicylate, a nonselective inhibitor
of NF-alphaB. Finally, the role of epigenetic mechanisms
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in the regulation of mGlu2 receptors is further supported
by the use of MS-275, a histone deacetylase inhibitor
that mimicked the action of ALC in enhancing mGlu2
receptor expression in the prefrontal cortex (6). Summing
up, ALC behaves as an antidepressant by the epigenetic
regulation of mGlu2 receptors. The mGlu2 and mGlu3
receptors are coupled to Gi/Go proteins and they are
preferentially localized in the preterminal region of
axons, where they negatively modulate neurotransmitter
release (118).

3.6. ALC and neurotrophic effects

Many studies have focused on the neurotrophic
effects of ALC in the nervous system. As reported above,
ALC improves motor and cognitive deficits in several
disease models through a variety of mechanismsincluding
increased acetylcholine synthesis and neurotrophin
expression, as well as improved mitochondrial function.
ALC modulates the activity of nerve growth factor (NGF)
and a number of hormones (2). ALC increases NGF
production and NGF bindingin vivo (119,120). NGF affects
neuronal development and maintenance of neurons in the
peripheral and central nervous system. ALC influences
neuronal repair and nerve fiber regeneration. In diabetic
Worcester rats prolonged treatments with ALC promote
nerve fiber regeneration, correct both the Na+/K+ ATPase
and nerve conduction alterations, and prevent structural
changes associated with diabetes pathology (121). ALC
prevents the age-dependent structural changes in rat
peripheral nerves and in lesioned animals it promotes
nerve regeneration by increasing both the density of
regenerating myelinated fibers and axon diameter (122).
ALC also exhibits both neuroprotective and neurotrophic
activity in primary motoneurons exposed to excitotoxic
agents or deprived of BDNF (123).

4. ALC IN AN INVERTEBRATE ANIMAL
MODEL

There are very few studies on the effects of
ALC in invertebrate models. The invertebrate models
exhibit simple behaviours that are sustained by neural
circuits easily accessible to experimentation and already
complex enough to provide information on the cellular
and molecular mechanisms that control the function of
the most evolved nervous system in the vertebrates.
Recently, a simple animal model, the leech Hirudo
medicinalis has been used to investigate the ALC-
induced modulation of elementary forms of learning
such as behavioural sensitization and dishabituation.
These studies provide evidences for interesting long-
term effects of the drug on non-associative learning
processes triggered by brush strokes (124). In nearly-
intact leeches repetitive application of weak electrical
shocks onto the caudal portion of the body wall produces
habituation of swim induction, whereas brush stroke on
the dorsal skin produces sensitization or dishabituation
when the nociceptive stimulus is delivered on previously
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habituated animals. The neurotransmitter 5-HT is
involved in both sensitization and dishabituation acting
through the second messenger cAMP (125,126). The
effects of a single treatment with ALC on the behavioural
sensitization and dishabituation processes have been
studied. In particular, ALC strongly impaired sensitization
in a dose and time-dependent manner (124). In addition,
ALC prevented 5-HT-induced behavioural paradigm, and
inhibitors of transcription and protein synthesis influenced
the learning process (127,128).

It has been observed that a single administration
of ALC has a lasting effect on behavioural processes
suggesting a regulation of gene expression in nervous
system of the leech. SSH methodology has been
applied for generating subtracted cDNA libraries and
identifying differentially expressed genes (129). Some
of the identified genes code for proteins involved in
neuromodulatory and neuroprotective mechanisms,
such as hsp90 and biosynthetic enzyme for thiazole,
confirming the ALC role.

Finally, at cellular level, ALC induced a sustained
potentiation of the afterhypolarization that accompanies
bursting in tactile cells of the leech, thus modulating the
electrical activity and the synaptic efficacy of the sensory
neurons (130). In particular, ALC seems to be able to
exert a positive sustained effect on the Na+/K+ ATPase
activity in leech T sensory neurons. Moreover, in these
widely arborized cells, the AHP seems to play a crucial
role in determining the action potential transmission
at neuritic bifurcations of the branching points and to
influence the conduction of action potentials to the
synaptic terminals (130).

5. SUMMARY AND PERSPECTIVES

ALC has a wide spectrum of pharmacological
effects on nervous system. Its supplementation induces
neuroprotective and neurotrophic effects. It influences
expression of many genes, some of these are involved
in controlling the development of free radicals, cellular
antioxidant capacity and repair, restoring and stabilizing
mithocondrial activity. Many of the neuronal responses
may result not only from ALC acting via improved
energy supply, and gene activity, but also by acting
more directly to provide acetyl moieties to be used,
for example in acetylcholine synthesis, or by providing
activated acyl groups for the acylation of membrane
phospholipids. Many studies suggest that the mode of
action of ALC may involve, as well as synaptic function,
an increase of cholinergic activity, acetylation of proteins
and neurotrophic effects stimulating NGF, as well as
enhancing anterograde axonal transport. ALC activates
the Keap 1/Nrf2/ARE pathway, an important network of
protective mechanisms. Neuroprotective therapeutic
strategies through natural substances that reduce
the risk of neurodegeneration, are emerging. These
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substances, such as ALC, are chaperones that stabilize
the conformation of proteins, increase the protein-
folding capacity of the ER, and facilitate the trafficking of
mutant proteins, including one of the main intracellular
redox systems involved in neuroprotection, the vitagene
system, as a potential target for novel cytoprotective
intervention. Finally, the rapid and long-lasting action
of ALC strongly suggests an approach to examine the
epigenetic hypothesis of disorders in humans.
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