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Background and purposes: Citicoline, also known as CDP-choline (cytidine-5-
diphosphocholine), is a naturally-occurring endogenous nucleoside, which is one of the
neuroprotective drugs that have been used as a therapy in stroke patients. However,
the mechanisms through which it acts are not fully understood. In terms of analysis of
the signalling mechanisms associated with citicoline-induced protection, it has been
previously shown that citicoline may protect the ischemic neurons by suppressing
caspase apoptotic pathway activation. Moreover, preliminary in vitro studies have
shown that citicoline induces angiogenesis (the formation of new blood vessels from
pre-existing capillaries). However, the possible beneficial effects of citicoline treatment
on revascularization and angiogenesis after stroke have not been fully examined. The
present study was designed to investigate the key signalling mechanisms through which
citicoline modulates apoptosis and angiogenesis-associated with stroke recovery.

Methods: An analysis of citicoline signalling pathway was studied from phospho-protein
screening array done by Kinexus. In vitro angiogenesis assays: migration, proliferation
and differentiation into tube-like structures in Matrigel™ ™ assays, have been used in
human brain microvessel endothelial cells (hCMEC/D3). Western blotting was
performed on protein extraction from hCMEC/D3 stimulated with citicoline. Analysis of
apoptosis by flow-cytometry in hCMEC/D3. A hypoxia induced apoptosis assay was
performed by seeding hCMEC/D3 on to glass coverslips in serum poor medium.
Quantification of apoptotic cells were carried out under fluorescence microscopy using a
combination of propidium iodide and DAPI stain solution. Apoptotic pathways in
hCMEC/D3 stimulated with citicoline were examined by indirect immunofluorescence
and real time PCR. Pharmacological inhibitor of Her2 (GW2974) was used to
investigate the angiogenic signalling pathway by western blotting and Matrigel™ assay
in hCMEC/D3 in the presence or absence of citicoline.

Results: Kinexus results showed an over-expression of ASK-1, HER2, IRS-1 and Jun
and inhibition of Hsp27, Integrin alpha4, MEK1 (MAP2K1) and Histone H2B Ser14
proteins. Citicoline induced EC migration and differentiation in poly-I-lysine and
Matrigel™ . Using microarray screening, the Histone H2B (Ser14) appeared to be the
main phosphor-protein expression blocked by citicoline in hCMEC/D3, and the
expression of tyrosine-protein kinase erbB-2 receptor (Her2) appeared to be induced by
citicoline in hCMEC/D3. Treatment with the Her2 inhibitor (GW2974) totally blocked
citicoline induced endothelial tube formation in EC, whereas treatment with GW2974 in
combination with FGF-2 did not affect FGF-2 induced endothelial tube formation. In
cultured hCMEC/D3 treatment with GW2974 inhibited citicoline induced phosphor-Erk
expression, whereas treatment with GW2974 in combination with FGF-2 did not affect
FGF-2 induced phosphor-Erk expression. However, Citicoline had no mitogenic effects
on hCMEC/D3. Phspho-Caspase-3 and phosphor-H2B (Serl14) expression were
inhibited by citicoline in hCMEC/D3 whereas the expression of phosphor-Her2 and
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phosphor-Erk expression were increased. Moreover, citicoline treatment showed a
decrease in number of apoptotic cells (positive PI staining) in hypoxia induced apoptosis
compared to untreated cells. In cell migration assay, treatment with citicoline
significantly increased cells migration in hCMEC/D3 compared to untreated cells on
hypoxia conditions. Detection of apoptotic cells by flow cytometry showed inconclusive
results in both treated and untreated hCMEC/D3. Results from indirect
immunofluorescence showed a significant increase in active Caspase-3 and H2B
(Serl4) expression in citicoline treated cells in comparison with untreated cells in
hypoxia conditions. Results from PCR showed inhibition of pro-apoptotic genes
including BNIP3, BNIP3L, caspase 4, caspase 8, caspase 9, CIDEB, DFFA, LTBR,
TP53BP2, TRADD, and TRAF3 with citicoline treatment. They also show an over-
expression of a number of anti-apoptotic genes including NAIP, NOD1, TNFRSF25, and
TP53.

Conclusions: A screening of phosphor-protein expression revealed that citicoline
specifically over-expressed Her2 which demonstrated that citicoline plays a key role in
Her2 induced angiogenesis. Blocking of Her2 pathway inhibited the formation of tube-
like structures in citicoline treated cells and therefore citicoline induces angiogenesis
through Her2 pathway, and that is important in terms of understanding the molecular
pathway in which citicoline acts as a pro-angiogenic molecule in tissue remodelling after
stroke. Citicoline decreased active caspase-3 and H2B (Serl4) expression, and positive
PI staining which demonstrates a protective effect of citicoline against endothelial cells
apoptosis. Citicoline also improved cell surivial by decreasing the expression ofBNIP3,
BNIP3L, caspase 4, caspase 8, caspase 9, CIDEB, DFFA, LTBR, TP53BP2, TRADD,
and TRAF3 genes and inducing the expression ofNAIP, NOD1, TNFRSF25, and TP53.
Citicoline treatment significantly promotes wound healing in stroke mimicking conditions
(hypoxia). Thus, the therapeutic properties of citicoline has the potential to promote
vessel formation whilst reducing the risk cell death from hypoxic stress following
ischemic stroke.

Key words: Citicoline, angiogenesis, apoptosis, stroke.
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Chapter 1 Introduction



General introduction.

Citicoline:

Citicoline Structure:

Cytidine 5'-diphosphocholine, CDP-choline, or citicoline is a crucial intermediate in the
biosynthesis of structural phospholipids in cell membranes, specifically
phosphatidylcholine. CDP-choline (C14H26N1104P2) is a polarised molecule with a
molecular weight of 488.33 g/mol. The monosodium salt of CDP-choline (MW=510.31)
is a white, crystalline, spongy, very hygroscopic powder that is soluble in water and
almost insoluble in alcohol. Citicoline is the International Nonproprietary Name (INN) for
cytidine diphosphate-choline (CDP-Choline) and cytidine 5'-diphosphocholine. Citicoline
has been extensively studied in numerous countries in different parts of the world and
has more than 70 trade names. The use of CDP-choline (citicoline) as a therapy to
enhance endogenous phosphatidylcholine synthesis, is an attractive concept, because
it might speed up the replacement or repair of cellular membranes which could play a
critical role in the function of numerous physiological processes. It could have a
potential medicinal efficacy in numerous diseases in which membrane disorder,
dysfunction, or degeneration results in cellular and tissue ischemia and necrosis.
Following administration by both the oral and parenteral routes, CDP-choline is
hydrolysed to choline and cytidine. Orally administered CDP-choline is efficiently
absorbed, and therefore, bioavailability by the oral route is almost the same as the
intravenous route. After absorption, citicoline is extensively dispersed throughout the
body, crosses the blood-brain barrier and reaches the central nervous system (CNS),

where it is incorporated into the membrane and microsomal phospholipid fraction.
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Citicoline increases brain metabolism, activates biosynthesis of structural phospholipids
of neuronalmembranes, and regulates the levels of different neurotransmitters. In the
brain, choline is metabolized to phosphorylcholine, which then integrates with CTP to
produce intracellular CDP-choline which is subsequently converted to
phosphatidylcholine. In the brain, Choline is also converted to acetylcholine especially in
cholinergic neurons. Choline from neuronal membrane phosphatidylcholine is used for
the synthesis of acetylcholine in case of depletion in acetylcholine levels in the brain

(Secades & Lorenzo, 2006, Rema et al., 2008, Weiss, 1995).

NH,
N/
H,C
\ |
H,C—N*—CH2 o 0 p
/ N\ T & NN
H,C BC=0 —P-0—-P-0
| | CH,
0 0
H H
H I | H
OH OH

Figure 1. Citicoline Structure. It is composed of ribose, pyrophosphate, cytosine and choline. It
is organized in two moieties, cytidine and choline, that are linked by a diphosphate bridge

(Jamboua et al., 2009).
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Citicoline Metabolism.

Exogenous CDP-choline when administered orally or by injection to rats, is fully
metabolized to produce two intermediates; choline and cytidine. These intermediates
pass through the circulation, cross the blood brain barrier and are partially altered to
acetylcholine phosphocholine, and CTP. Previous studies demonstrated that, in humans
as in rats, the metabolism of exogenous CDP-choline raises plasma levels of cytidine as
well as choline (Wurtman et al., 2000). Cytidine and choline have essential roles in
phospholipids production involved in membrane formation and repair. They also play
part in such important metabolic functions as the production of nucleic acids, proteins,
and acetylcholine. When citicoline is orally administered, it is hydrolysed in the intestine,
absorbed rapidly as choline and cytidine, resynthesized in liver and other tissues, and
finally mobilized in CDP-choline synthetic pathways (Weiss, 1995). In animals, choline
can be obtained from the diet and via de novo biosynthesis: choline is produced through
the conversion of phosphatidylethanolamine (PE) to phosphatidylcholine (PC) which is
catalysed by an enzyme called phosphatidylethanolamine N-methyltransferase (PEMT).
Then choline can be produced from PC via the action of phospholipases (Li & Vance,
2008). The two pathways of PC synthesis and break down are important to the cellular
homeostasis and therefore disruption of PC homeostasis in mammalian cells leads to
apoptosis. Choline is an important compound in PC synthesis as well as other major
phospholipids, and an important neurotransmitter acetylcholine, and an essential
nutrient that can be found in normal diet like, beef, liver, eggs, cauliflower, whole milk,
grapes, etc. Mitogenic stimulations by growth factors or oncogenic transformation

activate PLD-driven PC hydrolysis to yield choline and phosphatidicacid (PA). This type
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of choline along with choline from external sources enters the Kennedy pathway

(Janardhan et al., 2006).

The process of choline transportation across the cell membrane is an important process
that is highly regulated and associated with CDP-choline pathway and choline
metabolism. Choline transporters play two roles including mainly choline uptake from
the extracellular space and directing choline to mitochondria for degradation, cellular
exit of choline in mammals, and betaine generation. Betaine is an osmolyte, which is
used in the kidney to regulate physiological osmotic pressure. In the liver betaine is
utilized in methyl group metabolism which is linked to PC synthesis via the PEMT

reaction (Fagonea & Jackowski, 2013).

Choline is a neutral molecule with a positive and a negative electrical charge (zwitterion)
that is positively charged at certain pH, which requires transport systems to allow this
amine to cross the phospholipid bilayer of cellular membranes. In higher eukaryotes,
there are three types of transporters that mediate choline movement in and out of the
membrane. Kinetic studies conducted using radiolabeled choline and inhibitors
discovered three systems for choline transport including low-affinity facilitated diffusion,
high-affinity, Na+-dependent transport, which are linked with the synthesis of
acetylcholine in neurons, and intermediate-affinity, Na+-independent transport.
However, choline transporter-like proteins have been recently identified. They include
polyspecific organic cation transporters (OCTs) with low affinity for choline, high-affinity
choline transporters (CHT1s), and intermediate-affinity choline transporter-like (CTL1)
proteins. CTL1 is Na(+)-independent and sensitive to inhibition by the drug

hemicholinium-3. The expression of genes associated with cell proliferation,
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differentiation, and apoptosis, are affected by choline deficiency and it has been
involved in liver dysfunction and cancer. Abnormalities in choline transport and
metabolism have been associated with a number of neurodegenerative disorders such

as Alzheimer's and Parkinson's disease (Michel & Bakovic, 2012, Michel et al., 2006).

The Kennedy (CDP-choline) pathway and the phosphatidylethanolamine (PE)
methylation pathway are the two pathways in which PC can be synthesized de novo in
mammalian cells. In the CDP-choline pathway, there are three reactions: the first
reaction is the ATP-dependent phosphorylation of choline, which is catalysed by an
enzyme called choline kinase (CK) to form phosphocholine (P-Cho), and the byproduct
ADP. The second reaction is considered to be the rate-limiting step of the Kennedy
pathway, CTP:phosphocholinecytidylyltransferase (CCT) phosphoethanolamine and
CTP to form the high-energy donor CDP-phosphocholine with the release of
pyrophosphate. In the final reaction of the pathway, cholinephosphotransferase (CPT)
transfers a phosphocholine group from CDP-choline to diacylglycerol (DAG) to form PC

(Aoyama et al., 2004, Henneberry et al., 2001).
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Figure 2. The CDP-choline pathway. nzymes: CK, choline kinase; CCT,
phosphocholinecytidylyltransferase; CPT, cholinephosphotransferase; EK, ethanolamine kinase;
ECT, phosphoethanolaminecytidylyltransferase; EPT, ethanolaminephosphotransferase

(Gibellini & Smith, 2010).
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Citicoline in Trials:

There has been an increased recognition of citicoline as a neuroprotectant drug that
may act both in early and late stages of ischemic damage, resulting in an escalation in
experimental and clinical trials studying safety and efficacy of its use as a treatment for
stroke. The neuroprotective properties that citicoline exhibits could be due to its ability to
enhance PC synthesis in the injured brain. Citicoline increase membrane stability and
promotes repair drives the synthesis of nucleic acids, proteins, acetylcholine, and other
neurotransmitters; reduces the free radical formation; inhibits free fatty acid production
and has anti-apoptotic effects (Sahota & Savitz, 2011). In a study, it was found that in
normal rats treated daily with citicoline for 3 months, PC levels increased by 25%.
Treatment with citicoline prior to an ischemic event decreased the loss of PC during
ischemia. It also decreased the levels of arachidonic acid release and in part restored
phospholipid loss after ischemia/1-day reperfusion. It has also been demonstrated to
have inhibitory effects against phospholipase A2 activation. Phospholipase A2s (PLA2s)
is a family of esterases that hydrolyze the sn-2 ester bond in phospholipids, producing
free fatty acids and lysophospholipids. PLA2s play an important role in the signalling
pathways of numerous cellular processes including inflammation. Reports demonstrate
that PLAZ2s control cell damage caused by drug, chemical and ischemia/reperfusion.
The role of PLA2s in apoptosis and ischemic cell death relies on the PLA2 isoform, the
cell type, and the cause of injury. Citicoline may alter the levels of several lipids after
ischemia and reperfusion. It has been previously reported that citicoline administered at
0 and 3 hours after transient ischemia demonstrated significant neuroprotection,

however treatment with citicoline after the first 2 doses showed greater protection.
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These data suggest that citicoline has an effect in events beyond the first day of
reperfusion that are important for its neuroprotective effects. Glutathione is one ofthe
main endogenous antioxidant defence systems in the brain, and it plays important roles
in antioxidant defence, nutrient metabolism, and regulation of cellular events (including
gene expression, DNA and protein synthesis, cell proliferation and apoptosis, signal
transduction, cytokine production and immune response, and protein glutathionylation).
It can be produced through a process in which choline released from citicoline is
metabolised to methionine which is in turn might be converted to glutathione through S-
adenosyl-L-methionine. Glutathione deficiency contributes to oxidative stress, which
plays a key role in aging and the pathogenesis of many diseases including kwashiorkor,
seizure, Alzheimer’s disease, Parkinson’s disease, liver disease, cystic fibrosis, sickle
cell anemia, HIV, AIDS, cancer, heart attack, stroke, and diabetes. It has been reported
that significant reduction in in glutathione and glutathione reductase activity after
transient cerebral ischemia. Since oxidative damage contributes to neuronal death,
citicoline may provide neuroprotection by increasing this defence system (Wu et al.,
2004, Cummings et al., 2000, Adibhatla et al., 2001).The CDP pathway has been a
major target for drug development since the appearance of citicoline in the clinical field.
This caused a development in dosage, administration techniques, and defining criteria
of patients to which the therapies was given. It also created variations in clinical studies,
including length of observation, severity of disturbance, and methodology of evaluation
of the results. Citicoline is a commonly prescribed treatment for cognitive impairment in
many European countries, especially when the clinical picture is mainly one of

cerebrovascular disease (Fioravanti & Yanagi, 2000).
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Citicoline is also involved in the biosynthesis of sphingolipids especially in that of
sphingomyelin in the flowing reaction; ceramide reacts with citicoline to form
sphingomyelin, the reaction is being catalysed by CDP choline
ceramidephosphocholinetransferase. Sphingomyelin is an important component of
neuronal membranes. Citicoline crosses the blood-brain barrier as cytidine and choline,
which reach the brain and resynthesize citicoline in the cytoplasm. Citicoline is
integrated widely in several brain areas. It also affects the levels of various
neurotransmitters including dopamine, serotonin and noradrenaline. Citicoline was
shown to elevate noradrenaline levels in the cortex and hypothalamus. Furthermore, it
was demonstrated to elevate overall urinary excretion of 3-methoxy-4-
hydroxyphenilglycol, which reflects noradrenergic activity in rats and humans, indicating
that citicoline increases noradrenaline release (Vasudevan et al., 2013, Platarasa et al.,

2000).

Citicoline has the potential to improve endogenous brain plasticity and repair which may
reduce acute brain damage and improve functional recovery in animal models of stroke,
even when it is administered several hours after the ischemic event. Moreover, it has
been demonstrated that citicoline affects different levels of the ischemic cascade, and a
series of brain repair have been documented. It also have been reported that citicoline
restores the activity of mitochondrial ATPase and membrane Na+/K + ATPase, and to
accelerate reabsorption of cerebral edema in numerous experimental models

(Overgaard, 2014).
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Figure 3. The points where citicoline has been reported to have a pharmacologic effect in the

ischemic cascade are marked in red (Overgaard, 2014).

The initial properly designed clinical trials using citicoline in acute stroke patients
demonstrated positive outcomes; however, the sample size of these studies was
insufficient. In the United States, the clinical development of citicoline as a therapy of
acute ischemic stroke started in the 1990s. The first US phase Il to Ill trial was
preformed to assess the effect of 3 doses (500, 1000, and 2000 mg/d) of citicoline
against placebo. Treatment using citicoline at doses of 500 and 2000 mg/d showed
significant improvement of neurological (National Institutes of Health Stroke Scale
[NIHSS]), functional (Barthel Index [BI]), and global (modified Rankin Scale [MRS])

results in comparison with placebo 12 weeks after stroke onset. In the second study,
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treatment with citicoline 500 mg displayed significant improvements in a subgroup
ofpatients with moderate to severe strokes (baseline NIHSS =8) with regard to
functional recovery (Bl 295) compared with placebo (Davalos et al., 2002). There are
other numerous clinical trials conducted to examine the effect of citicoline, however the
results were inconclusive. One of the main reasons behind the controversy on the
effectiveness of citicoline is the variations in the drug administration in the clinics (oral
versus intravenous), considering that only 0.2—2.0% of the administered citicoline
reaches in the brain parenchyma, subject to the administration route. The polar nature
of citicoline compromises the passing of the drug through the blood brain barrier (BBB).
Thus, using alternative methods of citicoline administration to enhance its bioavailability
in the brain parenchyma, would potentially improve the therapeutic effects of this drug in
stroke treatment. One of these drug delivery systems is the use of liposome
encapsulation. In a study using longitudinal MRI, volumes and edema in an animal
model of stroke were measured. Nine- teen rats were subjected to permanent occlusion
of the middle cerebral artery and treated with saline, intraperitoneal citicoline (500
mg/kg), intravenous citicoline (48 mg/kg), and intra- venous liposome-encapsulated
citicoline (48 mg/kg). Lesion volumes were measured by MRI at days 0, 1, 3 and 7
following surgery. The results demonstrated that the therapeutic efficiency of citicoline
has increased using encapsulation in liposomes. There was a 32% reduction of the
infarct sizes at day 7, in comparison with controls where infarct sizes at day 7 increased
by 39%, respect to values at day 0. Intravenously injected citicoline reduced infarct
sizes by 9% while intraperitoneal citicoline increased the infarct sizes by 10%. Animals

treated with citicoline, in all of the forms of delivery, displayed an insignificant reduction
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of edema formation. There was a clear reduction in lesion volumes using liposome-
encapsulated citicoline at days 1, 3 and 7 following permanent stroke compared to

control, citicoline I.P and 1.V (Ramos-Cabrer et al., 2011).

Moreover, citicoline can be used in combination with other treatments. In a study, the
effects of citicoline were evaluated on the suppression of apoptotic processes after
transient focal cerebral ischemia, either administered alone or combined with
hypothermia. To conduct this study, middle cerebral artery occlusion (MCA0) was
performed for 2 hours on Sprague-Dawley (SD) rats using intraluminal thread insertion.
There were five groups with different treatments including, sham-operated, saline,
citicoline (400 mg/kg intraperitoneal.), hypothermia (34 £ 1 °C) and citicoline +
hypothermia group. For 24 hours, all rats were reperfused, and after transcardiac
perfusion, immunohistochemical studies were conducted for markers of apoptosis. The
saline group exhibited lower Bcl-2 immunostaining score compared to the citicoline,
hypothermia and citicoline + hypothermia groups. Bcl-2 family members acting as
oncogenic and anti-death molecules regulate various homeostatic, developmental and
disease progressions. Anti-apoptotic protein bcl-2 binds to beclin 1 under non-stress
conditions and inhibits autophagy. In the sham-operated