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Abstract Acetyl-L-carnitine (ALC), the acetyl ester of
L-carnitine, is a naturally occurring substance that when
administered at supraphysiological concentrations is neuro-
protective. ALC plays an essential role in intermediary and
mitochondrial metabolism. It has also neurotrophic and
antioxidant actions. ALC has demonstrated efficacy and high
tolerability in the treatment of neuropathies of various
etiologies, and it is a molecule of considerable interest for
its clinical application in various neural disorders, such as
Alzheimer’s disease and painful neuropathies, although little
is known regarding the effects of ALC on gene expression.
Suppression subtractive hybridization methodology was used
for the generation of subtracted complementary DNA
libraries and the subsequent identification of differentially
expressed transcripts in the rat brain after a chronic ALC
treatment. In the present paper, we provide evidences for the
up-regulation of the expression of prostaglandin D, synthase,
brain-specific Na'-dependent inorganic phosphate transport-
er, and cytochrome b oxidase, bcl complex induced in the
rat brain by ALC. On the contrary, ALC treatment down-
regulates the expression of the gene of ferritin-H. Altogether,
these results suggest that ALC might play a cytoprotective
role against various brain stressors.
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Introduction

Acetyl-L-carnitine (ALC) is the acetyl ester of the trimethy-
lated amino acid L-carnitine (LA) that plays an essential
role in energy production as “shuttles” of long-chain fatty
acids between the cytosol and the mitochondria for
subsequent (3 oxidation [1-3]. Together with LA, ALC is
involved in the control of mitochondrial acyl-CoA/CoA
ratio and peroxisomal oxidation of fatty acids [4]. ALC
exerts cytoprotective, antioxidant, and anti-apoptotic activ-
ity, and many studies have focused on the neurotrophic
effects of ALC in the nervous system [5], since it is more
widely used than its closer analog LA because it enters cells
and crosses more efficiently the blood brain barrier [6]. In
addition, ALC improves different aspects of the neuronal
metabolism [7-10] and has wide neuromodulatory effects
[4, 11-13]. ALC is involved in cognitive functions and
neuronal bioenergetics mechanisms with both short- and
long-term treatments in rats [14], and there is some
experimental evidence that ALC might also have anti-
aging effects and cardioprotective activity [11, 15, 16],
restoring the age-associated decline of learning and mem-
ory in old animals [17]. Several studies have also indicated
that ALC potentiates the cholinergic transmission and
provides a possible tool for Alzheimer’s disease (AD)
treatment [18]. A recent study suggests that supplementa-
tion with ALC improves spatial working memory deficits,
reduces oxidative stress, and inhibits apoptotic cascade
induced by hypoxia [19]. Recent evidences show that ALC
treatment produces lasting effects, suggesting that ALC
might modulate protein synthesis through qualitative and/or
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quantitative changes of gene expression, but the mecha-
nisms underlying this role have never been characterized at
cellular and molecular level. We worked out an extensive
investigation in the brain of rats subjected to a chronic ALC
treatment in order to evaluate the possibility that ALC
might affect the gene expression. We carried out a
comprehensive analysis of all the genes that are up- or
down-regulated after long-lasting ALC treatment using
polymerase chain reaction (PCR)-based suppressive sub-
tractive hybridization (SSH). The method combines nor-
malization and subtraction of complementary DNAs
(cDNAs) in a single procedure and allows enrichment of
rare differentially expressed sequences and generates an
equalized representation of differentially expressed genes
irrespective of their relative abundance. It is an excellent
technology to search for differentially expressed genes in
the tissues and, in particular, for rare transcripts and
unknown genes. Two different messenger RNA (mRNA)
populations are compared so as to obtain clones of genes
that are differentially expressed [20]. Previously, the
construction of forward and reverse cDNA libraries allows
us to identify genes that are up-regulated by ALC, such as
subunit vy of 14,3,3 protein, heat shock protein 72, voltage-
dependent anion channel, lysosomal H' /ATPase, VI sub-
unit D, and kinesin 1 light chain, and down-regulated genes
such as ATP synthase lipid-binding protein, subunit ¢, and
myelin basic protein (MBP) [21-24].

In the present paper, we completed our analysis through
the identification of some differentially expressed genes
which might be responsible of a cytoprotective effect of
ALC.

Materials and Methods
Dissection of the Brain

Fifty-day-old male Wistar rats weighting approximately
200-250 g from the same litter bred, housed at a
temperature of 22°C, were intraperitoneally injected daily
for 21 days either with ALC (100 mg/kg body weight
Sigma-Tau Laboratories, Pomezia, Italy, treated group) [25]
or saline (control group) as previously described [21]. The
animals were anesthetized with ether and then killed by
decapitation. Brains were rapidly removed, fresh frozen,
and stored at —80°C until use. Animal procedures were
carried out in conformity with the principles expressed in
the Helsinki Declaration.

Subtracted cDNA Library Construction

Total RNA was isolated from rat brains of four control and
four ALC-treated animals as previously described [21].
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Briefly, 2 mg of poly (A)" RNAs were purified from the
pools of total RNAs of brain (except cerebellum and spinal
cord) of both control and treated rats using the PolyATtract
mRNA isolation system (Promega Corp., Madison, WI,
USA). ALC-modulated cDNA was generated by SSH using
the PCR-Select cDNA subtraction kit (BD Biosciences
Clontech, Palo Alto, CA, USA) according to the manufac-
turer’s protocol. Poly(A) "'mRNA samples were used to
synthesize tester and driver cDNA pools [21]. For forward
subtraction, tester cDNA was synthesized from poly(A)
"mRNA isolated from treated rat brains and driver cDNA
was produced from poly(A) ‘'mRNA isolated from control
rat brains; reverse subtraction was performed using control
cDNA as tester and treated cDNA as driver.

Cloning, Differential Screening, and Sequence Analysis

Amplified cDNA sequences from the forward and reverse
subtraction were directly inserted into a T/A cloning vector
using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA,
USA) as reported in Traina et al. [21]. A differential
screening was performed for all collected clones using the
cDNA Array approach (Clontech PCR-Select differential
screening kit, BD Biosciences Clontech). The positive
clones were sequenced by the dideoxy chain termination
method with an automated DNA sequencer and the
sequences were analyzed with BLAST and FASTA algo-
rithms at the National Center of Biotechnology Information
and European Bioinformatics Institute servers.

Semi-quantitative RT-PCR

Reverse transcriptions were carried out with total RNA
(4 ng) isolated from treated and control rat brains using the
SuperScript™ II RNase H reverse transcriptase (Invitro-
gen) and with the Oligo(dT),, ;g primer (Invitrogen)
according to the manufacturer’s instructions as reported in
Traina et al. [22]. One microliter of first-strand cDNAs was
used for each PCR amplification. PCRs were performed in
50 pl of 1x reaction buffer containing 250 uM of each
dNTP, 1.7 mM MgCl,, 0.4 uM of each primer, and 2.5 U
EuroTaq (EuroClone, Milano, Italy). Amplifications were
carried out according to the following temperature profile:
94°C for 4 min, then 24 cycles each consisting of 30 s at
94°C, 30 s at 59°C, 30 s at 72°C, and with a final extension
of 7 min at 72°C. The relative amounts of each PCR
product were quantified by direct scanning of ethidium-
bromide-stained 2% TAE-agarose gels with a UVP Image
Store 5000 (Ultra Violet Product Ltd., Cambridge, England)
equipped with the UVP GelBase-GelBlot TM Windows
software. To equalize the amounts of the total RNA and the
efficiency of cDNA synthesis from various tissue samples,
the band intensities were normalized with the average



Mol Neurobiol (2009) 39:101-106

103

intensity of the co-amplified housekeeping G3PDH frag-
ment across the samples investigated. The relative expres-
sion levels have been calculated as ratio of each analyzed
transcript with respect to the G3PDH product level from
three independent experiments performed for each tran-
script. The statistical analysis was done with the Mann—
Whitney U test. All data are expressed as mean values+
SEM.

Northern Blot Analysis

For Northern blot analysis, total RNA was isolated from
brains of control and treated ALC rats, separated on agarose
gel containing formaldehyde according to Sambrook et al.
[26], and transferred by vacuum blotting to a positively
charged nylon membrane (Roche, Mannheim, Germany).
The amplified products of the differentially isolated clones,
obtained using the nested primers and labeled with DIG
DNA labeling kit (Roche), were used as probes. As
quantitative control, blots were stripped and hybridized
with the housekeeping gene for G3PDH.

a Control ALC  IX

G3PDH (663bp)

PGD2S (216bp)

Control ALC IX

G3PDH (452bp)

VGLUTI (147bp)

Fig. 1 a Representative relative RT-PCR products corresponding to
PGD2S or G3PDH (left) and relative expression levels (right) are
shown. The relative expression levels have been calculated as ratio of
each analyzed transcripts with respect to the G3PDH housekeeping
product level. The expression of the PGD2S transcript was higher in
ALC-treated samples than in control samples (control, 0.082+0.0342;
ALC, 0.452+0.0754; Mann—Whitney U test, P=0.002). b Represen-

Results
Identification of Differentially Expressed Genes

In order to identify the differentially expressed genes in the
rat brain in response to ALC treatment, gene expression was
compared at the mRNA level using the suppression
subtractive hybridization. After the construction of forward
and reverse cDNA libraries, the screening of the positive
clones was carried out by dot blot screening. Following
comparison with the sequences in the Genbank nucleotide
database, we identified four clones as true positive,
corresponding to four differentially expressed genes after
ALC treatment. The up- or down-regulation of gene
expression has been confirmed by relative RT-PCR analysis,
as shown by comparative analysis with G3PDH gene or, in
some cases, with Northern blot analysis. ALC treatment up-
regulates the expression of the following clones: 5BG11,
corresponding to prostaglandin D, synthase gene (acces-
sion no. RNPGS; similarity, 100%; E value, 1.8e—20;
Fig. la); 5BEIl, corresponding to brain-specific Na'-
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0.1 1 ,ll;‘
0.0

Control

(603bp)

(310bp)

PGD2S/G3PDH OD

ALC
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0.6 - *
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(603bp)

(118bp)

VGLUTI/G3PDH OD

Control ALC

tative relative RT-PCR products corresponding to VGLUTI or
G3PDH (left) and relative expression levels (right) as in a. Also,
the expression of the VGLUTI transcript resulted higher in ALC-
treated samples than in control samples (control, 0.188+0.0023;
ALC, 0.518+0.0092; Mann—Whitney U test, P<0.001). Asterisks
indicate statistically significance. Lane X, marker IX
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dependent inorganic phosphate transporter (VGLUTI)
gene (accession no. BC028938; similarity 96%; E value,
le—20; Fig. 1b); 1BE11, corresponding to cytochrome b
oxidase, bcl complex gene (accession no. RNY17319;
similarity, 100%; E value, 8.9e—51; Fig. 2b). ALC treatment
down-regulates the expression of the following clone: 2BC9,
corresponding to ferritin-H gene (accession no. RNU58829;
similarity, 100%; E value, 3.7¢e—156; Fig 2a).

Figure la illustrates a representative result with
primers for PGD2S and G3PDH housekeeping genes.
The relative expression levels of PGD2S transcripts were
estimated by measuring the staining of the PCR products
resolved by gel electrophoresis. Figure 1b shows a
representative result with primers for VGLUTI and
G3PDH housekeeping genes. Also, in this case, the
relative expression levels of VGLUTI transcripts were
estimated by measuring the staining of the PCR products
resolved by gel electrophoresis.

Northern blot analysis evidenced that the expression of
3BCY, corresponding to ferritin-H gene expression, and
1BEI1, corresponding to cytochrome b oxidase cDNAs,
was modulated by ALC treatment. The accuracy of the
results was demonstrated by hybridization after stripping
the filter with the G3PDH housekeeping gene (Fig. 2).

Discussion

New studies in rats have shown that chronic ALC
treatment increases life span, improves both cognitive

a
Ferritin-I1
Control ALC
Cytochrome b oxidase bcl complex
Control ALC
Cc
G3PDH
Control ALC

Fig. 2 Northern blot analysis of RNA isolated from control (left lane)
and ALC-treated (right lane) rats. a The blot shows down-regulation
of ferritin-H gene after the treatment with ALC. b The blot shows up-
regulation of cytochrome b oxidase gene after ALC treatment. ¢
G3PDH gene housekeeping as standard
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behavior and long-term memory performance in aged
animals [27], and prevents age-related changes in mito-
chondrial respiration.

In our studies, we proved that a chronic ALC treatment
modulate different gene expression in the rat brain and that
the majority of detected clones are clones involved in the
neuroprotection or in neuromodulation [21-24]. In the
present paper, we have completed the analysis of differen-
tially expressed genes induced in the rat brain by ALC, and
we provide evidences that ALC might play a cytoprotective
role against various brain stressors.

Prostaglandin D, Synthase (PGD2S)

ALC up-regulates the PGD2S gene expression. Liang et al.
[28] showed that in the brain, the activation of DPI, a
receptor of PGD,, can prevent neuronal injury in paradigms
of acute excitotoxicity. More recently, Lin et al. [29]
indicated that PGJ2, a non-enzymatic product of PGD,,
exhibits anti-inflammatory properties through activation of
the gamma peroxisome proliferator activated receptor.
These data support an emerging and neuronal protective
role for prostaglandins that may represent new therapeutic
targets in neurological diseases.

Na'-Dependent Inorganic Phosphate Co-transporter
(VGLUTI)

ALC up-regulates the expression of brain-specific Na'-
dependent inorganic phosphate transporter gene. This
transporter is expressed in different neural populations
predominantly in glutamatergic neurons of the rat dien-
cephalon. For this reason, it is also named VGLUTI. 1t is
localized to synaptic vesicles, suggesting a role in the
transport of glutamate into synaptic vesicles for regulating
exocytotic release [30]. The up-regulation of VGLUTI gene
expression by ALC is consistent with studies which have
ascribed to VGLUTI a role in the protection against
excitotoxic injury [31].

Ferritin-H

Ferritin represents the major iron storage in the brain. Iron
utilization is important for normal brain development,
myelination, electron transport, and the activity of a number
of enzymes responsible for neurotransmitter synthesis [32,
33]. Ferritin is composed of different ratios of two types of
subunits termed H (high chain) and L (light chain). The H-
rich form is found mainly in tissue in which iron is more
rapidly utilized, such as the heart or the brain. It has mainly
two functions: first, it provides the iron necessary for the
oxidative metabolism or neurotransmitter synthesis because
some enzymes require iron as a cofactor [33]; second, it
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acts as a cytoprotectant against oxidant-mediated injury
[34]. The content of cytoplasmic ferritin is regulated by the
translation of ferritin H and L mRNAs in response to an
intracellular pool of “chelatable” or “labile” iron. Thus,
when iron levels are low, ferritin synthesis is decreased;
conversely, when iron levels are high, ferritin synthesis
increases.

The regulatory response of ferritin to iron is largely
posttranscriptional and is due to the recruitment of
stored mRNA from monosomes to polysomes in the
presence of iron. However, reports indicate that elevated
serum ferritin level, especially of the H subunit,
accompany many clinical malignancies [35]. In several
neurodegenerative disorders, such as AD and Parkinson’s
disease, ferritin-H expression, and brain iron homeostasis,
might be altered. Iron encrustation of blood vessels is a
common observation in AD brain [36]. In Parkinson’s
disease, iron accumulation in the substantia nigra occurs
and this is considered part of the pathogenesis of the
disease [37]. In addition, ferritin levels were elevated in all
multiple sclerosis lesion stages [38].

It has been suggested that a relationship might exist
between ferritin and cancer [39]. Several conditions can
modify the transcriptional expression of the ferritin-H
mRNA, factors controlling cell growth and differentiation
such as tumor necrosis factor [40]. Our finding that ALC
down-regulates the ferritin-H gene expression acquires
interest with regard to the observation that the ferritin-H
over-expression during tumor development is phenotypi-
cally correlated with tumor initiation and/or progression.

Several studies suggest that multiple independent path-
ways exist which converge in the augmentation of ferritin
synthesis in response to various forms of oxidative insult.
Ferritin, with its ability to oxidize and sequester intracellu-
lar iron in an internal mineral core, limits the levels of
catalytically available iron, owing to the generation of free
radicals, as a critical cytoprotective protein that constitutes
an integral part of the antioxidant response. A recent study
reported that ALC exerts antioxidant effect and reverses
iron-induced oxidative stress in human fibroblast [41]. It is
possible that ALC might reduce available iron by reducing
ferritin-H expression.

Cytochrome b Oxidase

This study shows that ALC up-regulates cyfochrome b
oxidase, complex bcl gene expression.

ALC increases the energy status of the cell by increasing
the activities of cytochrome b oxidase, thus maintaining
energy levels of the cells and stabilizing mitochondrial
activity [42]. This evidence confirms the ALC cytoprotec-
tive role.

Concluding Remarks

Overall, our results provide an important support for
cytoprotective role of ALC, as molecule capable of
potentiating cellular stress response pathways, by modulat-
ing the redox status. This cytoprotective action of ALC
acquires considerable importance in order to plan possible
therapeutic intervention, corroborating ALC as a novel
approach for some pathophysiological conditions in which
it might delay the onset of age-associated alterations.

We cannot exclude that the effect of ALC might be
posttranscriptional. It is known that the control of mRNA
stability is modulated by several physiological stimuli,
including cytokines, growth factors, hormones, and hypox-
ia. Furthermore, a clinical relevance of posttranscriptional
gene regulation by mRNA stability is highlighted by
various pathologies whose occurrence tightly correlates
with mutations in the cis-regulatory regions responsible for
mRNA decay or by a dysregulation of trans-acting proteins
specifically binding to these regulatory elements.

Therefore, it is not possible to exclude that ALC might
modulate mRNA stability. Further studies will be aimed at
clarifying if a similar situation is concerning ALC action.
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