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ABSTRACT

Nucleo CMP Forte® is a nucleotide-based drug consisting of cytidinemonophosphate, uridinemonophosphate, uridine-
diphosphate and uridinetriphosphate. It has been prescribed for peripheral nervous system disorders, such as lumbo-
sciatalgia, diabetic or alcoholic polyneuropathy, or trigeminal neuralgia. Its effects on brain pathologies has received
little attention. We examined its neuroprotective effects on cell toxicity induced by glutamate excitotoxicity or by 1-
methyl-4-phenyl-pyridinium (MPP™), an in vitro cell model of Parkinson’s disease. We used the human dopaminergic
cell line SH-SY5Y and a primary culture of rat cortical cells pre-treated with the drug for 24 hours and then exposed to
MPP* or glutamate at a range of concentrations. Cell viability was measured at different times. Nucleo CMP Forte®
pre-treatment significantly increased the rate of cell division in SH-SY5Y cells, as well as the synthesis of triglycerides
and phospholipids. More interestingly, drug pre-treatment significantly reduced MPP*- and glutamate-induced cell
death in SH-SY5Y cells and in rat cortical cells. These results indicate that the nucleotides included in Nucleo CMP
Forte® are promising therapeutic molecules for the prevention of neuronal death in brain caused by focal ischemia,
Parkinson’s disease or other neurodegenerative pathologies.
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1. Introduction studied as a model of Parkinson’s disease [7]. MPP"
treated cells show signs of apoptosis and the toxin ap-
pears to act at oxidative-stress level, with the induction
of p53, opening of the mitochondrial membrane transi-
tion pore and activation of the JNK pathway [8], al-
though the specific mechanisms are not fully understood.

Nucleo CMP Forte” is a commercial nucleotide-based

drug, consisting of uridinemonophosphate (UMP), uri-

Injury (trauma or ischemia) in the brain triggers an ab-
normal release of glutamate and other excitatory amino-
acids that contribute significantly to neuronal death [1,2].
This phenomenon, named excitotoxicity, has also been
implicated in epileptic seizures [3] and various chronic
and progressive neurodegenerative diseases, such as Hu-

ntington’s chorea, Alzheimer’s disease, and Parkinson’s
disease [4]. The neuronal death induced by glutamate is
mediated by activation of the N-methyl-D-aspartate
(NMDA)-subtype receptor of Glu and involves an in-
crease in intracellular calcium concentrations that leads
to an intracellular cascade of cytotoxic events [S]. Zhang
and Bhavnani [6] report that changes that occur in apop-
tosis depend on the neuron cell type. On the other hand,
treatment of neuronal cultured cells with 1-methyl 4-
phenyl 1, 2, 3, 6-tetrahydropyridine (MPTP) is currently
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dinediphosphate (UDP), uridinetriphosphate (UTP) and
cytidinemonophosphate (CMP). Nucleotides have
shown to be effective in the treatment of diverse neuro-
logical peripheral syndromes and nucleotide containing
drugs, such as Nucleo CMP Forte® have been prescribed
to patients with lumbosciatalgia, alcoholic and diabetic
polyneuropathies or trigeminal neuralgia, although their
mechanism of action remains to be established [9-11].
Furthermore, nucleotides play a central role in many
cellular processes, including those associated with nerve
repair [12].
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Uridine and cytidine are fundamental components of
DNA and RNA, and are indispensable precursors in the
biosynthesis of phospholipids and glycolipids, which in-
clude phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine, gangliosides, cerebrosides, and sphi-
gomyelin [13-15]. Sugar conjugates of uracilnucleotides
also participate in protein and lipid glycosylation reac-
tions, and in the synthesis of glycogen [16]. Uridine is
the main source of cytidinetriphosphate (CTP) for the
brain cells, since it can cross the blood-brain barrier and
be phosphorylated to UTP, which in turn can be ami-
nated to CTP [17].

Regarding peripheral nervous system, studies in vivo
have shown that the addition of these nucleotides favors
the regeneration of myelinatednerve fibers following
crush injury to the sciatic nerve of the rat, thus accelerat-
ing the process of nerve repair [12], improving recovery
after exhaustive exercise [18] and inhibiting spinal pain
transmission [19].

Little is known about the beneficial effects of nucleo-
tides on the central nervous system. Oral administration
of UMP alone or in combination with unsaturated fatty
acids increases spine density and the synthesis of synap-
tic proteins and ameliorates the impairment of hippo-
campal-dependent memory in impoverished rats, which
provides a rationale for testing these compounds in the
search for a way to treat neurological diseases character-
ized by synaptic loss [18,20-22]. Moreover, UTP admini-
stration to rats protects against cerebral ischemia reper-
fusion injury by reducing the infarct zone [26]. The pre-
sent study demonstrates the neuroprotective effects of
Nucleo CMP Forte® in two in vitro models of neuronal
death: glutamate excitotoxicity and MPP" toxicity.

2. Methods
2.1. Materials and Reagents

First, Nucleo CMP Forte® was donated by GrupoFerrer
(Barcelona, Spain). All cell culture media and supple-
ments were obtained from Gibco® (Invitrogen™, Carls-
bad, CA, USA), and cell culture plastic ware was from
Nunc™ (Roskilde, Denmark). All other reagents were
purchased from Sigma-Aldrich® (St. Louis, MO, USA).

2.2. SH-SY5Y Cell Culture

The human dopaminergicneuroblastoma SH-SYSY cell
line was obtained from the European Collection of Ani-
mal Cell Cultures (ECACC). The cells were grown in
Dulbecco’s modified Eagle Medium/Ham’s F-12 me-
dium, supplemented with 15% (v/v) heat-inactivated fetal
calf serum (FCS), 2 mmol/L L-glutamine, 50 U/mL peni-
cillin, 100 mg/L streptomycin and non-essential amino-
acids, and maintained at 37°C in a humidified 5% CO,
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atmosphere. Medium was changed every 3 days and cells
were passaged every 4 - 5 days. Cells were seeded at a
5.7 x 10* cells/cm? density onto poly-p-lysine—precoated
wells and starved at 1% (vol/vol) FCS for 24 h before
treatments.

2.3. Primary Cultures of Rat Cortical Cell

Primary neuronal cultures of cerebral cortex were ob-
tained from rat embryos (E16 - 18) according to Gallai [9]
with certain modifications. Dissociated cells were plated
at a density of 5.7 x 10* cells/cm” in Basal Medium Eagle
(BME) supplemented with 10% (v/v) FCS, 50 U/mL
penicillin, 50 pg/mL streptomycin, 2 mmol/L L-glutamine
and plated onto poly-p-lysine-precoatedwells. Cultures
were kept for 7 days in vitro at 37°C in a humidified 5%
CO, atmosphere. Immediately afterplating, the medium
was replaced by BME, supplemented as above and with
10 umol/Lcytosine arabinoside to prevent the prolifera-
tion of non-neuronal cells. Only mature cultures (11 to
14 days in vitro) were used for cell treatments. The pro-
cedures were followed in accordancewith guidelines of
the Comissicd’ Eticaen I’ Experimentacid Animal i Hu-
mana of the UniversitatAuténoma de Barcelona and ani-
mals were handled in accordance with the European legi-
slation on the care of experimental animals (86/609/EEC).

2.4. Cell Treatment

To determine the highest non-toxic concentration of Nu-
cleo CMP Forte®, itwas added to the medium 48 hours
prior to cell viability assays, at concentrations ranging
from 0 to 16 g/L. In experiments in which the protective
effect of Nucleo CMP Forte® was tested, Nucleo CMP
Forte™ (3 g/L) was added 24 h before the addition of in-
creasing MPP" or glutamate concentrations and incu-
bated for further 24 hours, and cell viability was then
assayed.

2.5. Cell Viability Assay

Thiazolyl Blue Tetrazolium Bromide (MTT) assay per-
formed as previously described by Hansen [24], with
minor modifications. MTT was added 24 hours after cell
treatment at a final concentration of 0.5 g/L for SH-
SYSY cells or 0.2 g/L for cortical neurons and incubated
at 37°C in a CO, incubator for 45 min. Then, MTT me-
dium was removed and the resulting formazan dye was
solubilised with dimethylsulfoxide. Absorbance was
measured using a spectrophotometer (Synergy™ HT,
BioTeK", USA) at a test wavelength of 560 nm and refe-
rence wavelength of 620 nm. The results are expressed as
a percentage with respect to untreated cells (100%).

2.6. Enzymatic Colorimetric Assay

Phospholipid, triglyceride and cholesterol concentrations
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of whole-cell protein extract were determined by an en-
zymatic colorimetric method from WakoChemicals (No.
990-54006, 419-10698 and 419-43998, respectively)
according to the manufacturer’s instructions.

2.7. Statistical Analysis

All analysis was performed using SPSS® software (Chi-
cago, USA). To establish differences between control
and Nucleo CMP Forte® treated cells, one-way or two-
way ANOVA tests were performed, followed by a Mann-
Whitney post-test. Differences were considered signifi-
cant when p-value was lower than 0.05 (p < 0.05).

3. Results
3.1. Cytotoxicity of the Nucleotide-Based Drug

In order to determine the highest non-toxic concentration
of Nucleo CMP Forte® for the treatments, neuroblastoma
cell line SH-S5Y5 (Figure 1(a)) and cortical neurons
(Figure 1(b)) were incubated at increasing drug concen-
trations, and cell viability was measured using the MTT
assay. Cell viability decreased with increasing concentra-
tions of Nucleo CMP Forte® in both cell types. SH-S5Y5
cells showed a slight decrease in cell viability at 6.0 g/L,
and a strong decrease (40%) at 8.0 g/L (Figure 1(a)).
Similar results were obtained with cortical neurons, al-
though the decrease appeared at lower concentrations.
These cells showed only 60% viability when treated with
6.0 g/L (Figure 1(b)). In both cases higher drug concen-
trations steeply reduced cell survival: cell viability was
10% at the highest drug concentration tested (16 g/L).
Based on these results, 3.0 g/L of Nucleo CMP Forte®™
(composed by 5.1 mM CMP, 1017 uM UMP, 837 uM
UDP and 681 uM UTP) was considered a safe drug con-
centration (98.1 £ 2.7 % and 98.5 + 0.7 % cell viability
for cortical neurons and SH-S5YS5, respectively), so 3.0
g/L of Nucleo CMP Forte” was used for further cell
treatments.

3.2. Effects of the Nucleotide-Based Drug on
SH-SY5Y Cell Growth

The SH-S5YS5 cell line was grown and counted with
Trypan Blue over five consecutive days (Figure 2). Cells
treated with Nucleo CMP Forte” showed higher prolif-
eration rates than untreated control cells, (ECso 1.50 vs
2.23 days, respectively). The experimental data show a
typical sigmoid dose response curve, with r* = 0.99.
From the third day onwards, both cultures reached con-
fluence, thus the number of cells was similar.

3.3. Effects of the Nucleotide-Based Drug on
SH-SY5Y Lipid Concentration

Having seen the effects of the drug on cell growth, we
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120

100

oo
(=1

(=2}
(=]

Cell viability (%)

4=
(=

20

4 6 8 10 12 14 16

(=]

Cell viability (%)

\
40 | \ &

0 2 4 6 8 10 12 14 16
Nucleo C.M.P Forte (g/L)
(b)

Figure 1. Cytotoxicity of Nucleo CMP Forte® in cell line
SH-S5Y5 (a) and in primary cultures of rat cortical cells (b).
Results are plotted as a sigmoid dose-response curve. The
results are expressed as the mean percentage + S.D.
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Figure 2. Cell growth in SH-S5Y5 cell line. Untreated con-
trol (dotted line) and in the presence of 3.0 g/L of Nucleo
CMP Forte®for 5 days (solid line). Results are plotted as a

sigmoid dose-response curve. The results are expressed as
the mean £ S.D.
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examined its effects on lipid concentration. Consistent
with the cell proliferation observed, protein concentration
was significantly higher in treated cell cultures than in
untreated cultures (0.99 + 0.04 vs 0.59 = 0.04 g/L, respe-
ctively; p < 0.001). As shown in Table 1, the concentra-
tion of phospholipids and triglycerides was more than
double (p < 0.001) in treated cells compared to untreated
cells. Nevertheless, there were no significant changes in
cholesterol concentration.

3.4. Nucleotide-Based Drug Attenuates MPP’-
and Glutamate-Induced Toxicity

To study the neuronal protection afforded by the drug,
SH-S5Y5 and cortical neurons were exposed to various
concentrations of MPP*, 24 hours after treatment with
Nucleo CMP Forte®. Pretreatment, conferred significant
protection (p < 0.05) in SH-S5Y5 cells against high con-
centrations of MPP" (500 to 1000 umol/L). Maximal pro-
tection was observedin SH-S5Y5 cells treated with 500
umol/L of MPP’, where cell viability doubled (Figure
3(a)). Cortical neurons treated with Nucleo CMP Forte®
show a similar response with significant protection (p <
0.05) at MPP" concentrations above 100 umol/L (Figure
3(b)).

Finally, we measured the protection conferred by Nu-
cleo CMP Forte” against glutamate. Non-treated SH-
S5Y5 cells showed a 25% decrease in cell viability when
the glutamate concentration was higher than 500 pmol/L
(Figure 4(a), dotted line). Prior incubation with Nucleo
CMP Forte® reduced cell death and significantly in-
creased (p < 0.05) cell viability when the glutamate insult
was 556 umol/L (Figure 4(a), solid line). Cortical neu-
rons were more sensitive than SH-S5Y5 cells to gluta-
mate insult (Figure 4), showing more that 40% mortality
at the highest concentrations. Drug pretreatment also con-
ferred significant protection (p < 0.05) on cortical neu-
rons, increasing cell viability to 86% (Figure 4(b)).

4. Discussion

In this study, we analyzed the neurotrophic and the neu-
roprotective effects of Nucleo CMP Forte®, a mixture of
pyrimidine nucleotides, on human neuroblastoma SH-
SYS5Y cell line and a primary culture of cortical neurons.
Pyrimidine nucleotides have long been known as inter-
mediates in cell metabolism [25]. They are key building
blocks for nucleic acid synthesis, their amino derivatives
are activators in phospholipid synthesis, and their sugar
conjugates participate in glycogen biosynthesis, and in
protein and lipid glycosylation. More recently, several G-
protein-coupled P2Y receptors that can be activated by
pyrimidine nucleotides have been discovered. Therefore,
new effects mediated by uracil derivatives have emerged,
in particular in the nervous systems, and previously un-
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explored avenues for the pharmacological manipulation
of this system are currently under investigation [26-28].
Uracil nucleotides control various physiological events
such as cell survival, proliferation and differentiation.
Neurotrophic assays, in the SH-SY5Y neuroblastoma cell

Table 1. Lipid concentrations (mmol/g) in untreated cells,
and cells treated with Nucleo CMP Forte®.

Lipid Untreated cells Treated cells
Cholesterol 548 £ 58 373 +£40
Phospholipids 383+29 860 + 36"
Triglycerides 89+ 18 221317

Results are expressed as mean + S.D. of 9 independent experiments. ~'p <
0.001 treated vs untreated cells, as determined employing Mann-Whitney
statistical test.
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Figure 3. Effects of Nucleo CMP Forte® on toxicity induced
by MPP" in cell line SH-SY5Y (a) and in primary cultures
of rat cortical cells (b). Cells were incubated without drug
(dotted line) or with 3.0 g/L Nucleo CMP Forte® for 24
hours (solid line). Afterwards, increasing amounts of MPP*
were added and incubated for a further 24 hours, and cell
viability was assessed by the MTT method. Values are ex-
pressed as mean + S.D. of percentage respect to untreated
cells. Statistical significance: (*) p < 0.05.
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Figure 4. Effects of Nucleo CMP Forte® on toxicity induced
by L-glutamate in cell line SH-SY5Y (A) and in primary
cultures of rat cortical cells (B). Cells were incubated with-
out drug (dotted line) or with 3.0 g/L Nucleo CMP Forte®
for 24 hours (solid line). Afterwards, increasing amounts of
glutamate were added and incubated for a further 24 hours,
and cell viability was assessed by the MTT method. Values
are expressed as mean + S.D. of percentage respect to un-
treated cells. Statistical significance: (*) p < 0.05.

line as an in vitro model of dopaminergic neurons for
Parkinson’s disease [29], show that the addition of pyri-
dine nucleotides stimulates cell division as well as the
synthesis of lipids (phospholipids and triglycerides). The
increase in phospholipid levels observed in our study
agrees with other studies involving nucleotides. For ex-
ample, Gallai et al. 1992 [9] shows that the administra-
tion of uridine to patients with diabetic polyneuropathy
led to a significant improvement in nerve transmission
and these results could be explained by an increase in
lipid synthesis, above all polyphosphoinositides, which
are important components of neuron membranes [30]. In
relation to cell proliferation, it was previously described
that UTP increases cell proliferation in C6 glioma cell
line and astrocytes, and it was associated with Ras-RAf-
MEK-MAPK pathways [31,32]. Indeed, the mitogenic
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effects of Nucleo CMP Forte” in the SH-SYS5Y neuro-
blastoma cell line could be related to the activation of the
Gq protein coupled P2Y purinoreceptors that stimulate
MAPK pathways leading to DNA synthesis and cell pro-
liferation. This ligand-activated upregulation of P2Y re-
ceptors by UTP is correlated with cell differentiation,
promoting neurite outgrowth and elongation [33]. Inter-
estingly, other studies using human neural stem/precursor
cells demonstrate that UTP augments proliferation in
these neural cells [34], which is consistent with our re-
sults. In addition, they also demonstrate that UTP and
UDP promote dopaminergic differentiation of neural
stem cells. Importantly, due to the selective loss of dopa-
minergic neurons in Parkinson’s disease, the finding that
UTP and UDP can induce both neural stem cell prolif-
eration and dopaminergic differentiation could represent
a starting point for the development of new therapeutic
approaches for this pathology.

In the present study, we also performed neuroprotection
experiments on human neuroblastoma SH-SY5Y cell line
and on a primary culture of cortical neurons injured with
two chemical products, MPP" and glutamate. Our pur-
pose was to examine the neuroprotective effects of Nu-
cleo CMP Forte® in neuron cell death caused by excito-
toxicity and in a model of Parkinson disease. Our results
clearly show a protective effect of cytidine and uridine
against the two kinds of cytotoxicity. In neuronal cells,
MPP" is taken up by catecholaminergic neurons via the
dopaminergic reuptake system (dopamine transported,
DAT). It is concentrated in the mitochondria, where it
inhibits complex I of the respiratory chain, leading to
ATP depletion and, eventually, to cell death of dopa-
minergic neurons [14]. In cardiomyocytes, UTP preser-
ves mitochondrial function by inducing transient mem-
brane depolarization, which protects against subsequent
chemical or hypoxic stress [35]. On the other hand, glu-
tamate (Glu)-induced excitotoxicity during brain ische-
mia leads to an intracellular cascade of cytotoxic events
[36]. It has been described in an astrocytic cell line that
UTP positively regulates the anti-apoptotic genes bcl-2
and bcl-x and down-regulates the pro-apoptotic gene bax,
but little is known about neuroprotective effects of pyri-
midine nucleotides on neuronal cell death. Our results
show that Nucleo CMP Forte® protects against gluta-
mate-induced neuronal death. The role of uracil nucleo-
tides in brain ischemia remains to be established. How-
ever, several demonstrations of their protective role against
cell death are now emerging [29]. Cell lysis such as ne-
crotic death causes the extracellular release of the whole
cytoplasmic and organelle content including nucleotides,
whose concentration increases dramatically in the close
proximity of the damaged tissue. The increased release of
uracil nucleotides accompanied by receptor up-regulation
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might be the first response to damage, which triggers
signals to the surrounding tissue. It is conceivable that
pharmacological manipulation of this system may thus
increase the beneficial effects of uracil nucleotides and
reduces their noxious effects.

5. Conclusions

Nucleo CMP Forte®™ has shown significant neuroprotec-
tive effects against glutamate- and MPP"-induced toxi-
city. We conclude that the data reported in this study may
lead to the investigation of new pharmacological applica-
tions of Nucleo CMP Forte®. However, it will be neces-
sary to extend these studies to more complex models in
order to evaluate possible therapeutic applications in de-
tail, and to elucidate the molecular mechanism of the
neuroprotective effects.
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