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Background. CDP-choline is a key intermediate in the biosynthesis of phosphatidylcholine, which is an essential component
of cellular membranes, and a cell signalling mediator. CDP-choline has been used for the treatment of cerebral ischaemia,
showing beneficial effects. However, its potential benefit for the treatment of myocardial ischaemia has not been explored yet.
Aim. In the present work, we aimed to evaluate the potential use of CDP-choline as a cardioprotector in an in vitro model of
ischaemia/reperfusion injury. Methods. Neonatal rat cardiac myocytes were isolated and subjected to hypoxia/reperfusion using
the coverslip hypoxia model. To evaluate the effect of CDP-choline on oxidative stress-induced reperfusion injury, the cells were
incubated withH

2
O
2
during reperfusion.The effect of CDP-choline pre- and postconditioning was evaluated using the cell viability

MTT assay, and the proportion of apoptotic and necrotic cells was analyzed using the Annexin V determination by flow cytometry.
Results. Pre- and postconditioning with 50mg/mL of CDP-choline induced a significant reduction of cells undergoing apoptosis
after hypoxia/reperfusion. Preconditioning with CDP-choline attenuated postreperfusion cell death induced by oxidative stress.
Conclusion. CDP-choline administration reduces cell apoptosis induced by oxidative stress after hypoxia/reperfusion of cardiac
myocytes. Thus, it has a potential as cardioprotector in ischaemia/reperfusion-injured cardiomyocytes.

1. Introduction

CDP-choline (cytidine-5-diphosphocholine) is a mononu-
cleotide produced in all mammalian cells. CDP-choline is a
key intermediate in the de novo biosynthesis of phosphatidyl-
choline (PC), which is an essential component of cellular
membranes, a major brain phospholipid, a choline donor for

the synthesis of the neurotransmitter acetylcholine, and also a
cell signalling mediator [1]. Exogenously administered CDP-
choline known as citicoline is hydrolysed to cytidine and
choline by membrane-associated phosphodiesterases. These
metabolites mediate the pharmacological and physiologi-
cal effects attributed to CDP-choline, and also contribute
to the resynthesis of CDP-choline in damaged cells [2].
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CDP-choline has been used for the treatment of traumatic
brain injury [3] and cerebral ischaemia [4], showing benefi-
cial effects, good tolerance, and rare side effects [5, 6].

Although ischaemia can be experimented by any tissue
suffering from a restriction in blood supply, benefits of CDP-
choline administration have only been studied in the cerebral
ischaemic condition. Interestingly, in a pioneer work, Choy
and colleagues observed a significant reduction in the rates
of PC biosynthesis in hypoxic and ischaemic hamster hearts,
mainly caused by a decreased conversion of phosphocholine
to CDP-choline [7], suggesting that CDP-choline may be
beneficial in the compromised heart [2].

Myocyte damage during cardiac ischaemia occurs
through a number of events. After the onset of focal ischa-
emia, cells in the central area of severe blood flow deficit
die rapidly. However, in peripheral areas with a moderate
blood flow deficiency, damaged cells remain viable and can
be rescued with a timely intervention. On the other hand,
reperfusion may also cause cell death by molecular mecha-
nisms including inflammation and oxidative stress [8].

Ischaemia/reperfusion injury is mediated by elements
secreted by both, injured cardiomyocytes and inflammatory
cells. Endogenous reactive oxygen species (ROS) are pro-
duced by harmed mitochondria in ischaemia/reperfusion-
injured cells [9]. In addition, inflammatory cells, neutro-
phils in particular, are the main source of exogenous ROS
after reperfusion [10]. Furthermore, inflammatory cells also
secrete a number of toxic cytokines, such as interleukin 1𝛽
(IL-1𝛽), IL-8, and tumor necrosis factor-𝛼 (TNF-𝛼). TNF-𝛼
is a strong inducer of apoptosis and necrosis in myocytes
[11]. Therefore, in the present work, we aimed to evaluate the
potential use of CDP-choline either as a preconditioner or
postconditioner in an in vitro model of hypoxia/reperfusion
injury using isolated myocardial cells.

2. Materials and Methods

2.1. Neonatal Cardiac Myocyte Culture. Male, 1–4-day-old
Wistar rats were provided by the Animal House, Faculty of
Medicine, Panamerican University. Experimental procedures
were carried out in accordance with local and interna-
tional guidelines for care and use of laboratory animals.
Rats were anaesthetized by an intraperitoneal injection of
ketamine : xylazine (75 : 10mg/kg); neonatal cardiomyocytes
were isolated from rat ventricles by digestion with 0.7%
trypsin (Sigma Chemical Company, St. Louis, MO, USA)
overnight at 4∘C, followed by digestion with 2mg/mL type
2 collagenase (Sigma Chemical Company, St. Louis, MO,
USA) for 2 hours (hrs) at 37∘C with gentle shaking. Cells
were grown in Leibovitz L-15 medium (In Vitro, Mexico,
DF, Mexico) supplemented with 10% Foetal Calf Serum, in
a humidified incubator at 37∘C under 5% CO

2
/air.

2.2. Hypoxia/ReperfusionModel. Hypoxia was induced using
the coverslip hypoxia model [12] with some modifications.
1 × 106 neonatal cardiac myocytes were plated onto 35mm
dishes and incubated as described above for 24 hrs. The cells
were covered using round, 18 mm diameter coverslips and

incubated in glucose-free/serum-free Leibovitz L-15 medium
for 15, 30, 60, 120, and 180 minutes (min). After the specified
time, the coverslips were removed using forceps. Cell viability
was calculated by using the colorimetric MTT assay. For
reperfusion events, the coverslips were removed, and the
glucose-free/serum-free medium was replaced by complete
medium; the cells were then incubated as described above.

2.3. CDP-Choline Cardioprotection Assays. To evaluate the
effect of CDP-choline on cardiac myocytes, 4 × 104 cells
were plated onto 96-well plates and incubated in the presence
of 0.5, 1, 2.5, 5, 10, 20, 30, 40, 50, 75, and 100mg/mL of
CDP-choline (Ferrer Internacional, S.A., Barcelona, Spain)
for 24 and 48 hrs. The number of cells was determined
by using the colorimetric MTT assay. For cardioprotection
assays, CDP-choline (10, 25, and 50mg/mL) was added either
1 hr before (preconditioning) or 1 hr after (postconditioning)
reperfusion. The number of viable cells was determined after
24 hrs. To assess changes in cell morphology, cells were
washed twice with cold PBS and fixed in 100% ethanol
overnight at room temperature. The remaining ethanol was
discarded, and the cells were rehydrated with double distilled
water for 5min. The cells were stained with hematoxylin
and eosin (Biocare Medical, CA, USA). Stained cells were
analyzed using a light microscopy Axiostar Plus (Karl Zeiss
Microscopy GmbH, Jena, Germany). To evaluate the effect of
CDP-choline on oxidative stress-induced death, 5mMH

2
O
2

(Sigma Chemical Company, St. Louis, MO, USA) was added
immediately after reperfusion, and the cells were further
incubated for 6 hrs.

2.4.Western Blot Analysis. The cells were harvested and resu-
spended in lysis buffer (50mM Tris-HCl, pH 7.4; 150mM
NaCl; 1mM EDTA; 1% NP40; 0.25% sodium deoxycholate)
containing 100 𝜇L/mL of Complete Protease Inhibitors Cock-
tail (Roche Applied Science, Mannheim, Germany) and
10 𝜇L/mL of phosphatases inhibitor (Sigma-Aldrich, Saint
Louis, MS). Total protein content was determined using
the DC Protein Assay Kit (BioRad Laboratories, Hercules,
CA). 40 𝜇g of protein was resolved by electrophoresis on
a vertical 10% SDS-PAGE and transferred to polyvinyli-
dene fluoride (PVDF) membranes (Millipore, Billerica, MA,
USA). Membranes were incubated with primary antibodies
overnight at 4∘C, washed and incubated with the appro-
priate horseradish peroxidase-conjugated secondary anti-
body (Zymed Laboratories, Invitrogen, Carlsbad, CA, USA).
Proteins were detected by using the Immobilon Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA,
USA).The antibodies used were rabbit monoclonal anti-HIF-
1𝛼 (GeneTex Inc., Irvine, CA, USA) diluted at 1 : 5000 and
HRP-conjugated goat anti-rabbit IgG (Zymed Laboratories.,
Invitrogen Co., USA) diluted at 1 : 5000. As an internal
control, a rabbit anti-B-Actin (GeneTex Inc.) was included.

2.5. Detection of Apoptosis by Fluorescence Microscopy. To
assess nuclear morphology changes associated with apop-
tosis, the cells were grown onto glass slides, the culture
media were removed, and the cells were fixed in 3.7%
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buffered formaldehyde for 10min at room temperature. After
incubation in phosphate buffered saline (PBS) for 10min, the
slides were washed with deionised water and stained with
Hoechst 33342 fluorescent dye (Thermo Fisher Scientific Inc.
Rockford, IL, USA) diluted at 1𝜇g/mL for 15min at room
temperature. The slides were washed and mounted. The cells
were analyzed using a FluorescenceMicroscopeAxiostar Plus
(Karl Zeiss Microscopy GmbH, Jena, Germany).

2.6. Quantification of Apoptotic and Necrotic Cells by Flow
Cytometry. Apoptotic and necrotic cells were evaluated using
the Annexin-V-FLUOS Staining Kit (Roche Diagnostics
GmbH, Mannheim, Germany). The cells were washed with
PBS and centrifuged at 200×g for 5min. Cell pellets were
resuspended in 100 𝜇L of labelling solution, containing 20𝜇L
Annexin-V-FLUOS labelling reagent and 1 𝜇g/mL propid-
ium iodide and incubated for 15min at room temperature.
The samples were analyzed by flow cytometry using a
FACSCalibur (Becton Dickinson, San Jose, CA, USA) at
488 nm (excitation) and 515 nm bandpass filter for fluores-
cein detection and a filter >560 nm for propidium iodide
detection. Cells stained with Annexin-V-FLUOS alone were
considered apoptotic, whereas double stained cells (Annexin-
V-FLUOS+propidium iodide)were considered late apoptotic
or necrotic. Data analysis was done using the Cell Quest
Software Program.

2.7. Statistical Analysis. Results are presented as the mean
± standard error of the mean (SEM). Differences between
treatment and control groups were analyzed using the
ANOVA test and Tukey-Kramer posttest. Ninety-five percent
confidence intervals (CI) and 𝑃 values were calculated. The
tests considered a basic significance level of 𝑃 ≤ 0.05.

3. Results

3.1. Coverslip Hypoxia Model Induces Cardiac Myocyte Death
and Expression of HIF-1𝛼. To corroborate that the cover-
slip model induces hypoxia-mediated cell death, cardiac
myocytes were coverslipped for 15, 30, 60, 120, and 180min.
Cell viability was then evaluated. As seen in Figure 1(a), the
number of viable cells decreased in a time-dependent man-
ner. After 180min, only 57% of cardiac myocytes remained
viable. It has been reported that cardiac cells death, under
the coverslip, is primarily mediated by hypoxia [12]. In
addition, it is known that low intracellular oxygen levels
induce the expression of the hypoxia inducible factor-1 alpha
(HIF-1𝛼).Thus, to determine whether coverslippedmyocytes
were suffering from intracellular hypoxia, we evaluated the
expression of HIF-1𝛼 in whole cell lysates obtained at the
indicated time points. As shown in Figure 1(b), a significant
increase of HIF-1𝛼 was observed after 15min of hypoxia. The
expression of HIF-1𝛼 correlated with the time course of the
coverslip procedure.This observation indicates thatmyocytes
under the coverslip undergo intracellular hypoxia.

3.2. Pre- and Postconditioning with CDP-Choline Reduce
Hypoxia/Reperfusion-Induced Cell Death. CDP-choline has

300

200

100

0
0 15 30 60 120 180

Time (min)

C
el

l n
um

be
r (
×
10

3
)

(a)

𝛽-Actin

HIF-1𝛼

(b)

Figure 1: Induction of cell death by the coverslip hypoxia model.
(a) Coverslips were placed onto confluent cardiac myocyte mono-
layers and removed after 15, 30, 60, 120, and 180min. As a negative
control, myocyte cultures were left uncovered. Cell viability was
evaluated by the MTT assay. Data represent the average of three
independent tests. Error bars indicate the standard error of the
mean. (b) Proteins in whole cell lysates obtained at the indicated
time points were analyzed for HIF-1𝛼 expression by immunoblot-
ting. As a control, the expression of the constitutive 𝛽-actin protein
was evaluated.

been probed to improve functional recovery of neurons after
experimental stroke and cerebral ischaemia [13]. Thus, we
wanted to investigate whether CDP-choline may attenuate
hypoxia/reperfusion-induced cardiacmyocyte death.Wefirst
evaluated the effect of increasing concentrations of CDP-
choline on the viability of cardiac myocytes cultures. As
shown in Figure 2(a), administration of 0.5–50mg/mL of
CDP-choline to cell cultures for 24 hrs had no effect on
cell viability. However, 75 and 100mg/mL of CDP-choline
induced a significant decrement in the number of cells after
24 hrs, suggesting that CDP-choline may be toxic to the cells
at these concentrations. Next, we evaluated the potential pro-
tective effect of preconditioning with increasing concentra-
tions of CDP-choline; results are shown in Figure 2(b). Prein-
cubating coverslipped cells with CDP-choline, 1 hr before
reperfusion, induced a significant increment of cell viability
from 5 up to 50mg/mL (𝑃 < 0.05). As expected, preincuba-
tionwith 100mg/mLofCDP-choline resulted in a higher level
of cell death. This observation suggests that preconditioning
with CDP-choline has a positive impact on cell survival after
hypoxia/reperfusion.Wewere further interested in determin-
ing the effect of postconditioning with CDP-choline. To this
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Figure 2: Effect of CDP-choline on cardiac myocytes survival. (a) Cardiac myocyte cultures were treated with increasing concentrations
of CDP-choline as indicated. The proportion of viable cells was determined at 24 hrs using the MTT assay. (b) Effect of CDP-choline
preconditioning. Cardiac myocytes were coverslipped for 2 hrs. The coverslip was then removed, and the cells were reperfused. CDP-choline
was added to coverslipped cells 1 hr prior to reperfusion at the indicated concentrations. Cell viability was assessed at 24 hrs using the MTT
assay. (c) Effect of CDP-choline postconditioning. Cardiac myocytes were coverslipped for 2 hrs. The coverslip was then removed, and the
cells were reperfused. CDP-choline was added 1 hr after reperfusion.The proportion of viable cells was assessed at 24 hrs using theMTT assay.
All values reported represent the average of three independent tests. Error bars indicate the standard error of the mean. ∗𝑃 < 0.05 versus
untreated control values.

end, coverslipped cells were subjected to reperfusion, and
1 hr later they received increasing concentrations of CDP-
choline. Results are depicted in Figure 2(c). A significant
increase of cell viability was detected at concentrations of 25
and 50mg/mL of CDP-choline (𝑃 < 0.05). In contrast, the
number of viable cells after postconditioningwith 100mg/mL
of CDP-choline was not significantly different than that
observed in the untreated negative control. These results
indicate that postconditioning with CDP-choline protects
cardiac myocyte from hypoxia/reperfusion-mediated death.

3.3. CDP-Choline Reduces Postreperfusion Cardiac Myocyte
Apoptosis but Not Necrosis. Our results suggest that CDP-
choline attenuates postreperfusion cardiomyocytes cell
death. Hematoxylin-eosin staining of cells showed a clear
change in morphology after hypoxia/reperfusion, including
extensive cytosolic vacuolization and presence of irregular
cell membrane buds (Figure 3, upper panel). The proportion
of cells showing this type of morphological changes was
smaller in CDP-choline pre- and postconditioned cultures.
It is known that the continuous loss of cardiac cells after
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Figure 3: CDP-choline attenuates hypoxia/reperfusion-induced apoptosis. Cardiac myocyte cultures were subjected to coverslip
hypoxia/reperfusion alone (Hypoxia/reperfusion), incubatedwithCDP-choline (50mg/mL) prior to reperfusion (CDP-choline precondition-
ing), or incubated with CDP-choline (50mg/mL) 1 hr after reperfusion (CDP-choline postconditioning). Cell cultures were left untreated as a
control (Negative control). After treatment, the cells were stained with hematoxylin-eosin; cell morphology was assessed by light microscopy
(40X) (upper panel). Apoptosis and necrosis were evaluated by flow cytometry analysis of cells labeled with Annexin-V-FLUOS (Annexin V)
and propidium iodide (PI) (lower panel). The proportion of labeled cells is depicted in the lower panel. The proportion of viable cells, with
lowAnnexin and low PI staining, is shown in the left, lower quadrant of each dot plot. Apoptotic cells, with high Annexin and low PI staining,
are depicted in the right, lower quadrant. Necrotic cells, with high Annexin and high PI staining, are showed in the right, upper quadrant.
Results shown are representative figures from three independent assays.

reperfusion is mainly caused by necrosis and apoptosis.Thus,
to evaluate the potential effect of CDP-choline on apoptosis
and necrosis, we determined the proportion of viable,
apoptotic, and necrotic cells after reperfusion by staining
the cells with Annexin V and propidium iodide. Flow
cytometry analysis showed that the proportion of apoptotic
cells increased significantly after reperfusion from 10.4%
in the untreated control to 38.1% in the cells undergoing
hypoxia/reperfusion (Figure 3, lower panel). CDP-choline
pre- and post-conditioning induced a significant reduction of
apoptotic cells (20.9% and 24.6%, respectively). In contrast,
the proportion of necrotic cells detected after reperfusion
(5.0%) remained unchanged regardless of the presence of
CDP-choline. These observations indicate that CDP-choline
protective effect is associated with a reduction of apoptosis.

3.4. CDP-Choline Protects Cardiac Myocytes from Oxidative
Stress-Mediated Postreperfusion Death. There is strong evi-
dence showing that potent reactive oxygen species (ROS)
produced during early stages of reperfusion are associa-
ted with reperfusion cell injury [14–16]. Thus, in order to
determine the potential effect of CDP-choline on extra-
cellular ROS-induced cell death, myocytes undergoing
hypoxia/reperfusion were either preconditioned with CDP-
choline or left untreated and exposed to oxidative stress
by addition of H

2
O
2
immediately after reperfusion. Results

are shown in Figure 4. Analysis of cells stained with

the Hoechst dye demonstrated the presence of nuclear mor-
phology changes associated with apoptosis, such as nuclear
condensation and fragmentation, in the cells exposed to
oxidative stress. A lower proportion of CDP-choline pre-
conditioned cells showed changes associated with apoptosis
(Figure 4 upper panel). Flow cytometry analysis (Figure 4
lower panel) showed a highly significant increase in apoptosis
when the cells were exposed to oxidative stress (𝑃 < 0.005).
In fact, the proportion of apoptotic cells augmented from
6.6% in the untreated negative control to 88.2% in the
oxidative stress group. Preincubation of cells with CDP-
choline induced a significant reduction in apoptosis, resulting
in a proportion of 61.4% apoptotic cells.

4. Discussion

Acute myocardial infarction remains a leading cause of death
all over the world. Therefore, there is a strong need for
new strategies for cardioprotection. Here, we investigated
the potential cardioprotective effect of CDP-choline. To that
end, we used the coverslip hypoxia model on neonatal rat
cardiomyocytes, which mimics the formation of transition
regions between a hypoxic-ischaemic zone and a nonis-
chaemic zone. To demonstrate that coverslipped cells were
actually undergoing hypoxia, we evaluated the expression of
HIF-1𝛼. Our results showed an increase of HIF-1𝛼 expression
during the induction of hypoxia. Since expression and stabi-
lization of HIF-1𝛼 is considered the hallmark of the cellular
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Figure 4: CDP-choline attenuates oxidative stress-induced postreperfusion apoptosis. Cardiac myocyte cultures were subjected to coverslip
hypoxia/reperfusion. To induce oxidative stress, 5mM H

2
O
2
was added immediately after reperfusion (Postreperfusion oxidative stress).

Preconditioning was performed by incubating the cells with CDP-choline (50mg/mL) prior to reperfusion (Postreperfusion oxidative stress
CDP-choline preconditioning). Cells were further incubated for 6 hrs. A group of untreated cells was included as control (negative control).
To assess changes in cell nucleus morphology, the cells were fixed and stained with Hoechst 33342 fluorescent dye (upper panel). Changes in
nuclear morphology associated with apoptosis, such as nuclear condensation and fragmentation, were detected by fluorescence microscopy
(63X). Apoptosis and necrosis were evaluated by flow cytometry analysis of cells labeled with Annexin-V-FLUOS (Annexin V) and propidium
iodide (PI) (lower panel). The proportion of labeled cells is depicted in the lower panel. The proportion of viable cells, with low Annexin and
low PI staining, is shown in the left, lower quadrant of each dot plot. Apoptotic cells, with high Annexin and low PI staining, are depicted in
the right, lower quadrant. Necrotic cells, with high Annexin and high PI staining, are showed in the right, upper quadrant. Results shown are
representative figures from three independent assays.

response to hypoxia, our results confirm that the coverslip
model reproduces the hypoxic event in cardiac myocytes.

Previous studies revealed that hypoxia/reperfusion
induces apoptosis in the human [17] and rat heart [18]. Acco-
rdingly, in this work we observed a high proportion of
cardiac myocytes undergoing apoptosis after reperfusion.
Interestingly, pre-conditioning and post-conditioning with
CDP-choline attenuated postreperfusion cardiac myocyte
apoptosis but had no impact on cell necrosis. Apoptosis in
the ischaemic-reperfused heart is mediated by a complex
network of signals released by the injured cardiomyocyte
itself and by cells of the inflammatory response. A crucial
element mediating cardiomyocytes apoptosis is oxidative
stress. Injured myocytes show increased concentrations of
mitochondria-derived ROS [19]. Moreover, activated infla-
mmatory cells secrete considerable amounts of ROS to the
extracellular microenvironment [19]. Here, we found that
pre-conditioning with CDP-choline induced a significant
reduction of apoptosis produced by oxidative stress to repe-
rfused cardiomyocytes.

Cell death after ischaemia/reperfusion is mediated by
necrosis and apoptosis. However, ROS have been shown to
directly mediate apoptosis after reperfusion injury [20]. ROS
causes denaturation of proteins, such as enzymes and ion

channels, and peroxidation of membrane lipids, which in
turn may affect membrane integrity. A careful analysis of the
distribution of cell membrane phospholipids showed a signi-
ficant increase in the content of lysophosphatidylcholine
(LPC) in cardiomyocytes after ischaemia/reperfusion [21].
LPC is a product of lipid peroxidation. Therefore, accumula-
tion of LPC during ROS-induced reperfusion injury is
expected. LPC has been demonstrated to be a potent inducer
of apoptosis in various types of cells, including endothelial
vascular cells [22] and hepatocytes [23].Moreover, it has been
demonstrated that small changes in the LPC/PC ratio may
produce neuronal cell death [24]. Here, we found that addi-
tion of CDP-choline attenuates ROS-mediated postreperfu-
sion cell death. This effect may be associated with the fact
that CDP-choline reduces the level of LPC and increases
the activity of CTP: phosphocholine cytidylyltransferase [25],
which is considered to be the rate-limiting enzyme of the
pathway for the synthesis of PC [26]. However, further
investigation to ascertain the mechanism leading to the effect
detected herein will be needed.

PC is not only a major component of cell membranes, but
also a cell signalling mediator. Thus, preserving PC homeo-
stasis may have a positive impact on the survival of cells
after a hypoxia/reperfusion insult. CDP-choline has been
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found to be of benefit in ischaemia and hypoxia in stroke
and other central nervous system disorders [27]. However,
the effects of CDP-choline on cardiac ischaemia have been
less investigated. In 1992, Neidhardt and colleagues [28]
demonstrated for the first time that CDP-choline is able to
protect rat myocardial cells against the detrimental effect of
anoxia on heart rate and force of contraction (inotropism),
suggesting that CDP-choline may be useful in the treatment
of myocardial ischaemia. In line with that pioneer work, here
we have presented evidence that CDP-choline attenuates cell
death induced by hypoxia-reperfusion, and, in particular,
we have shown that this effect may be associated with
protection against ROS-induced apoptosis. Therefore, our
results support the idea that CDP-choline has a potential as a
cardioprotector. However, to demonstrate that CDP-choline
can protect against myocardial ischaemia, a protocol using
intact hearts is guaranteed.
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