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Peripheral administration of CDP-choline and its cholinergic metabolites
increases serum insulin: Muscarinic and nicotinic acetylcholine

receptors are both involved in their actions

Yesim Ozarda Ilcol a,∗, Mehmet Cansev b, Mustafa Sertac Yilmaz b,
Emre Hamurtekin b, Ismail H. Ulus b

a Department of Biochemistry, Uludag University Medical School, Bursa 16059, Turkey
b Department of Pharmacology and Clinical Pharmacology, Uludag University Medical School, Bursa 16059, Turkey

Received 15 August 2007; received in revised form 18 October 2007; accepted 19 November 2007

bstract

The present study was designed to test the effects of CDP-choline and its metabolites on serum insulin concentrations in rats and to investigate the
nvolvements of cholinergic and adrenergic receptors in the effect. Intraperitoneal (i.p.) administration of CDP-choline (200–600 �mol/kg) increased
erum insulin in a dose- and time-related manner. Equivalent doses (200–600 �mol/kg; i.p.) of phosphocholine or choline also increased serum
nsulin dose-dependently. Serum-free choline concentrations increased several-fold following i.p. administration of CDP-choline, phosphocholine
r choline itself. In contrast, equivalent doses of cytidine monophosphate and cytidine failed to alter serum insulin concentrations. The increases in
erum insulin induced by i.p. 600 �mol/kg of CDP-choline, phosphocholine or choline were abolished by pretreatment with the ganglionic nicotinic
cetylcholine receptor antagonist hexamethonium (15 mg/kg; i.p.), or by the muscarinic receptor antagonist atropine methylnitrate (2 mg/kg; i.p.).
retreatment with prazosin (0.5 mg/kg; i.p.), an �1-adrenoceptor antagonist, or yohimbine (5 mg/kg, i.p.), an �2-adrenoceptor antagonist, enhanced
lightly the increases in serum insulin in response to 600 �mol/kg of CDP-choline, phosphocholine and choline. Serum insulin also increased

ollowing central administration of choline; the effect was blocked by intracerebroventricularly injected atropine, mecamylamine or hemicholinium-
(HC-3). It is concluded that CDP-choline or its cholinergic metabolites phosphocholine and choline increases circulating insulin concentrations
y increasing muscarinic and nicotinic cholinergic neurotransmission in the insulin secreting �-cells.

2007 Elsevier Ireland Ltd. All rights reserved.
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DP-choline is an endogenous intermediate in the biosynthe-
is of phosphatidylcholine. Administration of CDP-choline has
een shown to exhibit beneficial effects in various neurode-
enerative as well as ischemia- and stroke-related conditions
oth experimentally and clinically [1,19]. CDP-choline is also

prescription drug in several European countries and in
apan. When administered, CDP-choline is metabolized com-
letely to form choline and cytidine/uridine which results in
levations in plasma and tissue levels of these metabolites

14,23] that are then utilized for the synthesis of phospholipids
nd acetylcholine [14,22,23]. CDP-choline treatment likewise
ncreases cholinergic neurotransmission in central nervous sys-
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em which leads to neuroendocrine effects of cholinergic nature
5,16].

In the present study, we have investigated the effects of
ntraperitoneal (i.p.) administration of CDP-choline and its

etabolites on serum insulin concentrations. It is known that
oth the peripheral and the central parts of parasympathetic
ranch of autonomic nervous system have important roles
n the regulation of insulin release from endocrine pancreas
2,7]. Recent studies from our laboratory have shown that i.p.
dministration of choline, a precursor of the neurotransmitter
cetylcholine, stimulates insulin release and elevates circulating
nsulin levels [11].
Female Wistar rats (Experimental Animals Breeding and
esearch Center, Uludag University, School of Medicine, Bursa,
urkey) weighing 250–275 g were used in all experiments. Four
ats were housed in hanging cages with free access to food and
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(1 mg/kg); prazosin (0.5 mg/kg), a selective �1-adrenoceptor
antagonist; yohimbine (5 mg/kg), a selective �2-adrenoceptor
antagonist; or propranolol (2 mg/kg), a nonselective �-
adrenoceptor antagonist, 15 min prior to i.p. administration of

Table 1
Effects of acetylcholine receptor antagonists on the increases in serum insulin
elicited by CDP-choline, phosphocholine and choline

Pretreatment + treatment N Insulin (ng/ml)

Saline
Saline + saline 6 2.8 ± 0.3
Saline + CDP-choline 6 4.1 ± 0.3*

Saline + phosphocholine 6 5.2 ± 0.4*

Saline + choline 6 6.5 ± 0.9*

Atropine methylnitrate
Atropine methylnitrate + saline 6 2.7 ± 0.3
Atropine methylnitrate + CDP-choline 6 3.0 ± 0.5**

Atropine methylnitrate + phosphocholine 6 2.6 ± 0.3**

Atropine methylnitrate + choline 6 2.8 ± 0.23**

Hexamethonium
Hexamethonium + saline 6 3.3 ± 0.3
Hexamethonium + CDP-choline 6 3.1 ± 0.5**

Hexamethonium + phosphocholine 6 2.5 ± 0.3**

Hexamethonium + choline 6 2.6 ± 0.2**

Rats were pretreated i.p. with saline (1 ml/kg), atropine methylnitrate (2 mg/kg)
or hexamethonium (15 mg/kg) 15 min prior to i.p. administration of saline
(1 ml/kg), CDP-choline, phosphocholine, or choline (each 600 �mol/kg). Ani-
mals were sacrificed 10 min after the second i.p. injection and blood samples
2 Y.O. Ilcol et al. / Neurosci

ater. The colony room was maintained at 20–24 ◦C with a 12 h
ight–dark cycle (light on 08 00–20 00 h).

The surgical and experimental protocols were approved by
he Animals Care and Use Committee of Uludag University.
ll experiments were carried out according to the National

nstitutes of Health Guide for the Care and Use of Laboratory
nimals (NIH Publications No. 80-23) revised 1996. All efforts
ere made to minimize the number of animals used and their

uffering.
For repeated blood withdrawal in the time–course studies,

PE 50 cannula was inserted into the left carotid artery as
escribed previously [11]. For intracerebroventricular (i.c.v.)
njections, a burr hole was drilled through the skull as described
reviously [3].

In the time–course studies, a blood sample (0.150 ml) was
ithdrawn from the arterial catheter immediately before (0) and
0, 20, 30, 45 and 60 min after i.p. treatments for serum insulin
easurements. In all other studies, rats were killed by rapid

ecapitation 10 min after i.p. treatments and trunk blood was
ollected for serum insulin measurements. Blood samples were
ept on ice and serum was obtained by centrifugation (1500 × g
or 10 min) at 4 ◦C.

Serum insulin was determined by radioimmunoassay using
commercially available assay kit specific for rat insulin (Cat
RPA 547; Amersham Pharmacia Biotech, Buchinghamshire,
ngland), as described previously [11]. The radioimmunoassay
it reliably detected 10–5000 pg of rat insulin per assay tube
nd 25–50 �l of serum used for each analysis. The intra- and
nter-assay coefficients of variability for the rat insulin assay
ere about 13% and 6%, respectively. The cross-reactivity of

he rat insulin antibody with rat pancreatic polypeptide, rat pan-
reastatin, rat amylin, somatostatin or C-peptide was less than
.01%.

Free choline was assayed in 5 �l serum radioenzymatically,
s described previously [11]. Serum glucose concentrations were
etermined in 5 �l of serum with the glucose oxidase method
sing a commercially available assay kit (Biotrol, France), per
anufacturer instructions.
The following drugs were used: cytidine 5′-diphosphocholine

odium (CDP-choline) choline chloride, phosphocholine chlo-
ide, cytidine, cytidine monophosphate, atropine methylnitrate,
tropine sulfate, mecamylamine hydrochloride, hexametho-
ium hydrochloride, hemicholinium-3 bromide (HC-3), pra-
osin hydrochloride, yohimbine hydrochloride, propranolol
ydrochloride (Sigma Chemical Co., St. Louis, MO, USA).

Data were analyzed using one- or two-way repeated measures
nalyses of variance (ANOVA) followed by post hoc Tukey test.
alues of P less than 0.05 were considered to be significant.
ata are presented as the mean ± S.E.M.
Baseline serum insulin concentration prior to i.p. saline

r CDP-choline injection was 2.0 ± 0. 1 ng/ml (n = 6) or
.1 ± 0.2 ng/ml (n = 6), respectively. As seen in Fig. 1,
.p. administration of CDP-choline increased serum insulin

n a time—(F(5, 30) = 7.61, P < 0.001) and dose-dependent
F(3, 20) = 4.21, P < 0.01) manner (Fig. 1A and B).
ntraperitoneal administration of equivalent doses of choline
200–600 �mol/kg) also increased serum insulin in a
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ime—(F(5, 30) = 45.67, P < 0.001) and dose-related (F(3,
0) = 21.48, P < 0.001) manner (Fig. 1C and D). Phos-
hocholine, a cholinergic metabolite of CDP-choline, also
ncreased (F(3, 28) = 6.00, P < 0.01) serum insulin concen-
rations (Fig. 1E). Serum-free choline concentrations were
0.8 ± 0.8 �mol/l in saline-treated control rats; they increased
o 65 ± 12, 147 ± 21 and 206 ± 9 �mol/l; 76 ± 13, 139 ± 16 and
98 ± 34 �mol/l; or 108 ± 18, 155 ± 18 and 255 ± 33 �mol/l
t 10 min after 200, 400 and 600 �mol/kg of CDP-choline;
hosphocholine; or choline, respectively. There was a highly sig-
ificant and positive (r = 0.946, P < 0.001) correlation between
erum insulin and free choline levels.

In contrast, neither cytidine (Fig. 1F) nor cytidine monophos-
hate (CMP; data not shown), the pyrimidinergic metabolites of
DP-choline, altered serum insulin levels at equivalent doses

200–600 �mol/kg).
Pretreatment of rats with a nonselective peripheral mus-

arinic acetylcholine receptor antagonist, atropine methylnitrate
2 mg/kg; i.p.) or a ganglionic nicotinic acetylcholine recep-
or antagonist hexamethonium hydrochloride (15 mg/kg; i.p.)
revented the increases in serum insulin induced by CDP-
holine, phosphocholine or choline (each 600 �mol/kg)
Table 1).

To determine whether the blockade of peripheral adreno-
eptors affected serum insulin response to CDP-choline,
hosphocholine and choline, rats were pretreated with saline
ere collected for serum insulin measurements. Data are expressed as the
ean ± S.E.M. Data were analyzed by two-way ANOVA followed by Tukey’s

est.
* P < 0.001 compared with the values for “saline + saline”.

** P < 0.01 compared with the respective values for “saline-pretreated” groups.
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Fig. 1. Effects of CDP-choline and its metabolites on serum insulin concentrations. Time–course study: Rats were injected i.p. with either saline (1 ml/kg) or
600 �mol/kg of CDP-choline (A) or choline (C). Blood samples (1 ml) were collected immediately before (0 min), and 10, 20, 30, 45 and 60 min after each treatment
through the catheter inserted into the left carotid artery and were analyzed for insulin. Each point represents the mean ± S.E.M. of six measurements. Data were
analyzed using two-way ANOVA followed by Tukey’s test. *P < 0.05; **P < 0.01 and ***P < 0.001 compared with the same time point from saline-treated controls.
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ose–course study: Rats were injected i.p. with either saline (1 ml/kg), CDP-ch
ats were sacrificed at 10 min after the treatment and blood samples were assay
ata were analyzed using one-way ANOVA followed by Tukey’s test. *P < 0.05

ontrols.

DP-choline, phosphocholine or choline (each 600 �mol/kg).
retreatment with propranolol did not alter serum insulin and
lucose responses, while pretreatment with prazosin enhanced
lightly the increase in serum insulin and glucose concentra-
ions in response to CDP-choline, phosphocholine or choline

Table 2). Pretreatment with yohimbine also enhanced the
ncrease in serum insulin, while it blocked the increase in serum
lucose in response to CDP-choline, phosphocholine or choline
Table 2).

i
(
r
a

(B), choline (D), phosphocholine (E) or cytidine (F) (each 200–600 �mol/kg).
serum insulin. Each point represents the mean ± S.E.M. of six measurements.

< 0.01 and ***P < 0.001 compared with the same time point from saline-treated

To determine whether central administration of choline
ffected serum insulin, rats were injected i.c.v. with choline
1.5 �mol). Serum insulin concentrations increased significantly
P < 0.001) to 4.2 ± 0.3 ng/ml (n = 9) 15 min following i.c.v.
njection of choline compared with those (2.0 ± 0.1 ng/ml)

n i.c.v. saline-treated rats. Pretreatment with mecamylamine
50 �g; i.c.v.), an antagonist of neuronal nicotinic acetylcholine
eceptors, or atropine (10 �g; i.c.v.), a muscarinic cholinergic
ntagonist, attenuated serum insulin response to i.c.v. choline
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Table 2
Effects of adrenoceptor antagonists on the increases in serum insulin and glucose
elicited by CDP-choline, phosphocholine and choline

Pretreatment/treatment N Insulin (ng/ml) Glucose (mg/dl)

Saline
Saline + saline 6 2.2 ± 0.2 132 ± 4
Saline + CDP-choline 6 4.1 ± 0.4* 155 ± 6*

Saline + phosphocholine 6 5.5 ± 0.5* 168 ± 6*

Saline + choline 6 6.0 ± 0.5* 187 ± 11*

Propranolol
Propranolol + saline 6 1.7 ± 0.3 131 ± 6
Propranolol + CDP-choline 6 4.8 ± 0.5* 161 ± 5*

Propranolol + phosphocholine 6 5.6 ± 0.5* 176 ± 6*

Propranolol + choline 6 5.8 ± 0.7* 201 ± 8*

Prazosin
Prazosin + saline 6 2.2 ± 0.2 179 ± 7
Prazosin + CDP-choline 6 6.1 ± 0.5*,** 215 ± 6*,**

Prazosin + phosphocholine 6 6.2 ± 0.4*,** 240 ± 11*,**

Prazosin + choline 6 7.8 ± 0.6*,** 233 ± 13*,**

Yohimbine
Yohimbine + saline 6 2.4 ± 0.2 133 ± 4
Yohimbine + CDP-choline 6 6.6 ± 0.7*,** 135 ± 4**

Yohimbine + phosphocholine 6 7.7 ± 0.7*,** 132 ± 5**

Yohimbine + choline 6 8.2 ± 0.6*,** 134 ± 4**

Rats were pretreated i.p. with saline (1 ml/kg), propranolol (2 mg/kg), pra-
zosin (0.5 mg/kg) or yohimbine (5 mg/kg) 15 min prior to i.p. administration of
saline (1 ml/kg), CDP-choline, phosphocholine, or choline (each 600 �mol/kg).
Animals were sacrificed 10 min after the second i.p. injection and blood sam-
ples were collected for serum insulin measurements. Data are expressed as the
mean ± S.E.M. Data were analyzed by two-way ANOVA followed by Tukey’s
test.

* P < 0.05–0.001 compared with the values for the respective control “saline-
treated”.
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slightly by both �1-adrenoceptor and �2-adrenoceptor block-
ade. In accordance with previous study [9], our data also show
that �2-adrenoceptor blockade by yohimbine abolishes com-
pletely the hyperglycemic responses to CDP-choline and its

Table 3
Effects of atropine, mecamylamine or HC-3 on the increases in serum insulin
elicited by i.c.v. choline

Pretreatment + treatment N Insulin (ng/ml)

Saline + saline 7 2.2 ± 0.2
Saline + choline 7 4.3 ± 0.3*

Atropine + saline 7 2.1 ± 0.3
Atropine + choline 7 2.7 ± 0.2**

Mecamylamine + saline 7 2.4 ± 0.2
Mecamylamine + choline 7 3.1 ± 0.2**

HC-3 + saline 7 2.4 ± 0.2
HC-3 + choline 7 2.8 ± 0.4**

Rats were pretreated i.c.v. with saline (10 �l), atropine (10 �g), mecamylamine
(50 �g) or HC-3 (20 �g) 15 min prior to i.c.v. administration of saline (10 �l)
or choline (1.5 �mol). Animals were sacrificed 10 min after the second i.c.v.
** P < 0.05 compared with the respective values from “saline-pretreated”
roups.

Table 3). Pretreatment with HC-3 (20 �g; i.c.v.), a neuronal
holine-uptake inhibitor, prevented the increase in serum insulin
n response to i.c.v. choline (Table 3).

These data show that i.p. administration of CDP-choline or
ts cholinergic metabolite choline increases serum insulin con-
entrations in a dose- and time-related manner. Phosphocholine
lso increases serum insulin. Blockade of peripheral muscarinic
nd nicotinic acetylcholine receptors prevents the increase in
erum insulin elicited by CDP-choline, phosphocholine and
holine.

The increases in serum insulin in response to CDP-choline,
hosphocholine and choline were associated with several-fold
levations in serum-free choline concentrations which varied
etween 65 ± 12 and 255 ± 33 �mol/l 10 min after i.p. adminis-
ration of these compounds at 200–600 �mol/kg dose range. Pre-
ious studies have clearly shown that choline at a concentration
ithin 10–130 �M range, which is attainable in the circulation

ollowing administration of 200–600 �mol/kg of CDP-choline,
hosphocholine, or choline itself, enhances acetylcholine syn-
hesis and release in the isolated pancreatic tissue which

ontains both pre- and post-ganglionic cholinergic parasympa-
hetic neurons [11]. Taken together, it is reasonable to assume
hat the observed increase in serum insulin concentrations

i
D

etters 431 (2008) 71–76

ollowing i.p. administration of choline, phosphocholine or
DP-choline mainly, but not necessarily solely, results from the

ncreased cholinergic transmission in insulin secreting pancre-
tic �-cells due to precursor action of elevated serum choline.
ailure of CMP or cytidine, administered in equivalent doses,

o affect serum insulin suggests that, at least within the dose
ange used in this study, these pyrimidinergic metabolites are
ot likely involved in the observed serum insulin response to
DP-choline.

Our finding that the increases in serum insulin concen-
rations induced by CDP-choline, phosphocholine or choline
ere blocked by both the muscarinic acetylcholine receptor

ntagonist atropine and the ganglionic nicotinic acetylcholine
eceptor antagonist hexamethonium shows that the effects of
hese choline compounds are mediated by both muscarinic and
icotinic acetylcholine receptors. These findings are in good
greement with previous studies demonstrating the involvement
f both muscarinic and nicotinic acetylcholine receptors in the
egulation of insulin release by cholinergic agonists [4,6,12,15]
nd by choline itself [11]. Although we did not test in the present
tudy, we previously showed that M1 and M3 muscarinic acetyl-
holine receptor subtypes were mainly involved in the increase
n serum insulin induced by i.p. administration of choline
11].

We have previously shown that choline [10] or CDP-choline
9,18] activates sympatho-adrenal systems, increases plasma
atecholamines [9,10,18], and induces hyperglycemia [9,10].
he release of insulin from the pancreas is known to be inhib-

ted by catecholamines [13,16,17] and stimulated by direct
ction of glucose on �-cells; this glucose-induced insulin
elease is enhanced by choline [11] and cholinergic agonist
4]. In the present study, we demonstrate that serum insulin
esponses to CDP-choline, phosphocholine and choline are
ot influenced by �-adrenoceptor blockade, but are enhanced
njection and blood samples were collected for serum insulin measurements.
ata were analyzed by two-way ANOVA followed by Tukey’s test.
* P < 0.001 compared with the values from “saline + saline” group.

** P < 0.05 compared with the values from “saline + choline” group.
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holinergic metabolites (Table 2). This observation suggests
hat the rise in insulin is not a simple response to increased
erum glucose. Furthermore, since catecholamine-induced inhi-
ition of insulin secretion involves �2-adrenoceptors [13,16,17],
he observed enhancement in serum insulin response in
2-adrenoceptors-blocked rats suggests that �2-adrenoceptor
ctivation counteracts parasympathetic activation of insulin
ecretion. Contrary to �2-adrenoceptor blockade, the enhanced
erum insulin response to CDP-choline and its cholinergic
etabolites in �1-adrenoceptors-blocked rats was accompa-

ied by greater hyperglycemia; the effect may be resulted,
n part, with further stimulation of insulin release by higher
erum glucose concentrations as shown previously by choline
11] and cholinergic agonists [4]. Hyperglycemic response to
holine [9,10] and choline compounds [9] involves adrenal
edulla activation and mediates �2-adrenoceptors [9]. The

bserved greater hyperglycemia in �1-adrenoceptors-blocked
ats could be explained by the fact that effect of choline on
holinergic neurotransmission in the sympatho-adrenal system
nhanced by treatments (i.e., �-adrenoreceptor blockade, chem-
cal sympathectomy) that are known to increase the firing rates
f preganglionic cholinergic nerves [21]. Taken together, it
s reasonable to conclude that simultaneous activation of the
ympatho-adrenal system alters parasympathetically mediated
nsulin secretion by choline and choline compounds. Further-

ore, �2-adrenoceptor mediated hyperglycemic response to
holine and choline compounds is apparently strong enough to
revent the decline in blood glucose in response to the elevation
n serum insulin levels.

Gotoh et al. [8] reported that i.c.v. injection of neostigmine,
cholinesterase inhibitor, increased plasma insulin concen-

rations in bilaterally adrenalectomized rats. In the present
tudy, we show that i.c.v. choline increases serum insulin con-
entrations that are blocked by central pretreatment with a
euronal type nicotinic receptor antagonist, mecamylamine,
nd with the muscarinic receptor antagonist, atropine. The
ncreases in serum insulin concentrations evoked by central
holine are also prevented by i.c.v. pretreatment with the
euronal choline uptake blocker HC-3. Taken together, it is sug-
ested that central choline increases serum insulin by increasing
entral nicotinic and muscarinic cholinergic neurotransmis-
ion (as evidenced by blockade by central mecamylamine and
tropine) by acting presynaptically as a precursor (as evi-
enced by blockade by neuronal choline uptake inhibitor)
hich activates vagal nerve (as evidenced by a significant
radycardia [3]) and stimulates secretion of insulin from
-cells.

In summary, the results of the present study show that
ntraperitoneal administration of CDP-choline or its choliner-
ic metabolites phosphocholine and choline elevates circulating
nsulin concentrations. The increases in serum insulin are associ-
ted with the increases in serum-free choline concentrations and
re mediated both by peripheral muscarinic and nicotinic acetyl-

holine receptors. Since insulin has several important actions in
he periphery as well as in the central nervous system [20], ele-
ations in circulating insulin can mediate some of the actions of
DP-choline.

[
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