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Abstract Aims/hypothesis: The present study investigated
the effect of agmatine, an endogenous ligand of imidazo-
line receptors, on plasma glucose in streptozotocin-induced
diabetic rats (STZ-diabetic rats). Methods: Plasma glu-
cose was assessed by the glucose oxidase method. Plasma
insulin and β-endorphin-like immunoreactivity in plasma
or adrenal medulla were measured by enzyme-linked im-
munosorbent assay. Systolic blood pressure was determined
by the tail-cuff method. The mRNA levels of glucose trans-
porter subtype 4 (GLUT4) in soleus muscle and phospho-
enolpyruvate carboxykinase (PEPCK) in liver were detected
by northern blotting. Protein levels of GLUT4 in soleus
muscle and hepatic PEPCK were estimated using western
blotting analysis. Results: After intravenous injection into
fasting STZ-diabetic rats for 30 min, agmatine decreased
plasma glucose in a dose-dependent manner without chang-
ing systolic blood pressure. At the same time, plasma
β-endorphin-like immunoreactivity also increased in STZ-
diabetic rats receiving the same treatment. Plasma glu-

cose was significantly elevated in STZ-diabetic rats by an
intravenous injection of clonidine at a dose sufficient to
decrease systolic blood pressure. Involvement of I1-imidaz-
oline receptors and/or α2-adrenoceptors in this effect of
agmatine was thus unlikely. The lowering of plasma glu-
cose and increase of plasma β-endorphin-like immunore-
activity by agmatine were abolished by pretreating the rats
with BU-224 at a dose sufficient to block I2-imidazoline
receptors. Both effects of agmatine were also abolished in
adrenalectomised STZ-diabetic rats. Moreover, agmatine
enhanced β-endorphin-like immunoreactivity release from
the isolated adrenal medulla of STZ-diabetic rats, an effect
also blocked by BU-224. Release of β-endorphin from the
adrenal glands by I2-imidazoline receptor activation seems
responsible for the plasma glucose-lowering action of ag-
matine. This was supported by the fact that intravenous
injection of naloxone or naloxonazine at doses sufficient to
block opioid μ-receptors inhibited the action of agmatine.
In addition to lowering plasma glucose, repeated intrave-
nous injection of agmatine into STZ-diabetic rats for 4 days
also increased mRNA and protein levels of GLUT4 in so-
leus muscle. The same treatment also reversed the higher
mRNAand protein levels ofPEPCK in liver of STZ-diabetic
rats. Conclusions/interpretation: Our results suggest that
agmatine may activate I2-imidazoline receptors in the ad-
renal gland. This enhances secretion of β-endorphin, which
can activate opioid μ-receptors to increase GLUT4 gene ex-
pression and/or suppress hepatic PEPCK gene expression,
resulting in a lowering of plasma glucose in diabetic rats
lacking insulin. The results provide a potential new target
for intervention in type 1 diabetes.
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Introduction

Imidazoline receptor is thought to mediate the central an-
tihypertensive action of clonidine and analogues [1]. Imi-
dazoline receptor has been subclassed into two sites: I1
sites show a high affinity for clonidine and I2 sites show
greater affinity for idazoxan used as α2-adrenergic antag-
onist and I2-imidazoline agonist [2, 3]. Functionally, pe-
ripheral imidazoline receptorsmediatemovement of smooth
muscle, stimulate insulin release and regulate the renal
excretion of sodium, potassium and water [4].

Some α2-adrenergic antagonists with a moeity of imi-
dazoline enhanced insulin secretion in vivo and in vitro
[5, 6]. These imidazoline insulin secretagogues work by
blocking ATP-regulated potassium channels in pancreatic
beta cells, resulting in membrane depolarisation [7]. For
this reason imidazoline compounds have been used as
adjuncts in the treatment of type 2 diabetes. However, little
is known about the role of imidazoline receptors in regu-
lating glucose homeostasis. Agmatine, which present in
various regions of the brain from the decarboxylation of
arginine, is the endogenous ligand of imidazoline receptors
[4, 8]. Activation of I2-imidazoline receptors in the brain by
central administration of agmatine may lower plasma glu-
cose levels in streptozotocin-induced diabetic (STZ-dia-
betic) rats, a rat model of type 1 diabetes [9]. This suggests
a possible beneficial effect of central I2-imidazoline recep-
tor activation on glucose homeostasis in diabetic rats lack-
ing insulin.

Exogenous β-endorphin induced an increase of circulat-
ing insulin in healthy and diabetic humans [10]. Also, we
found that β-endorphin may increase glucose utilisation via
opioid μ-receptor activation, lowering plasma glucose in
STZ-diabetic rats [11]. Thus, β-endorphin seems to be
involved in the regulation of glucose homeostasis. It has
also been reported that agmatine is a secretagogue effecting
the release ofβ-endorphin from the adrenal medulla [8] and
that imidazoline receptors are also widely expressed outside
the brain, including in the adrenal gland and kidney [12].
Therefore, the present study examined the possible action of
agmatine on plasma glucose via peripheral I2-imidazoline
receptors in diabetic rats, and analysed the role of β-en-
dorphin in this context.

Materials and methods

Animals Male Wistar rats (200–250 g) obtained from the
Animal Center of National ChengKungUniversityMedical
College were housed in a temperature-controlled room (25±
1°C) under a 12:12-h light:dark cycle (light on at 06.00 h).
Water and standard laboratory diet were freely available
throughout. STZ-diabetic rats were produced by intrave-
nous injection of STZ (Sigma-Aldrich, St. Louis, MO,
USA) at 60.0 mg/kg into Wistar rats. Rats with a plasma
glucose level of 20.0 mmol/l or greater, in addition to
polyuria and other symptoms of diabetes, were considered
to have type 1 diabetes mellitus. Plasma insulin levels in
STZ-diabetic rats declined to 1.28±0.51 pmol/l (n=8) vs

163.5±4.4 pmol/l (n=8) in normal rats. Studies were carried
out 2 weeks after the injection of STZ. All animal pro-
cedures were performed according to the Guide for the
Care and Use of Laboratory Animals of the National In-
stitutes of Health, as well as the guidelines of the Animal
Welfare Act.

Effect of agmatine on plasma glucose and β-endorphin-
like immunoreactivity levels in STZ-diabetic rats After
fasting overnight, rats received an i.v. injection of agmatine
sulphate (Sigma-Aldrich) into the tail vein at the desired
doses, and blood samples (0.1 ml) were collected under
sodium pentobarbital anaesthesia (30.0 mg/kg, i.p.) from
the tail vein. In preliminary experiments, agmatine at 1.0
mg/kg was found to reach a maximal plasma glucose-
lowering effect 30 min after the i.v. injection. The effects of
agmatine on plasma levels of glucose, β-endorphin-like
immunoreactivity and insulin-like immunoreactivity were
determined using blood samples collected from the tail vein
with a chilled syringe containing 10 IU heparin 30 min after
the i.v. injection. Changes of systolic blood pressure (SBP)
were compared in STZ-diabetic rats receiving the same
agmatine treatment. The same i.v. injection of agmatine was
also performed on normal rats. Control animals received an
injection of the same volume of sterile saline as that used to
dissolve the testing drugs in the STZ-diabetic rats. The
effects of clonidine hydrochloride (Sigma-Aldrich) were
also determined by an i.v. injection into STZ-diabetic rats.
The inhibitors, including the opioid μ-receptor antagonist
naloxone or naloxonazine (Research Biochemical, Natick,
MA, USA) and the I2-i imidazoline receptor blocker BU-
224 (Tocris Cookson, Bristol, UK), were injected into the
vein of animals 30 min before treatment with agmatine.

Isolation and incubation of adrenal medulla The adrenal
glands were obtained from STZ-diabetic rats after they had
been killed, and the medullae were immediately dissected
as described previously [13]. Tissues were placed in an
incubator for 15 min pre-incubation at 37°C and bubbled
with air (95% O2 and 5% CO2) under continuous agitation
with 2 ml modified Krebs solution as in the previous
method [13]. Next, tissues were transferred to fresh in-
cubation tubes, with or without an I2-i imidazoline receptor
antagonist, for 15 min at 37°C and further incubated with
agmatine for another 30 min under continuous agitation
(40 cycles/min). Incubation was terminated by placing the
tubes on ice. The medium from each incubation was then
collected and frozen at −70°C until the assay of β-en-
dorphin-like immunoreactivity.

Adrenalectomised rats Bilateral adrenalectomy was per-
formed in Wistar rats under pentobarbital anaesthesia
(30.0 mg/kg, i.p.) using the dorsal approach as described
previously [14]. The adrenalectomised Wistar rats had free
access to standard rat chow and 0.9% NaCl in drinking
water [14]. Sham-operated Wistar rats served as controls
and had free access to the same chow and water [14].
Animals were allowed to recover for 2 weeks after the
operation. The animals appeared alert and in good health.
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Type 1 diabetes was induced by an injection of STZ as
described above and the effects of agmatine were then
determined.

Laboratory measurements Concentrations of plasma glu-
cose were measured by the glucose oxidase method via an
analyser (Quik-Lab; Ames, Miles, Elkhart, IN, USA). The
ELISA for determination of β-endorphin-like immunore-
activity in plasma and adrenal medulla or the assay of
plasma insulin was performed using a commercial kit
(Penisula Lab, San Carlos, CA, USA). SBP was estimated
by a non-invasive tail-cuff monitor (UR-5000; Ueda Com-
pany, Tokyo, Japan) in conscious diabetic rats. For mea-
suring SBP, rats were placed in a warm chamber maintained
at 37°C for 1 h in individual plexiglas restrainers. The tail-
cuff device was placed around the rat’s tail; four mea-
surements were recorded for each rat and the average SBP
was calculated.

Effect of agmatine on gene expression STZ-diabetic rats
were given an i.v. injection of vehicle or agmatine (1.0
mg/kg) into the tail vein three times daily. In preliminary
experiments, agmatine was found to modify mRNA and
protein levels for subtype 4 form of glucose transporter
(GLUT4) and phosphoenolpyruvate carboxykinase (PEPCK)
in STZ-diabetic rats after 4 days of treatment. Thus, the
effects of agmatine on the gene expression of these were
determined in samples after 4 days of treatment. Normal
rats receiving a similar treatment with vehicle were used as
controls. After the final treatment, animals were killed
without fasting. The liver and soleus muscle were imme-
diately removed, frozen in liquid nitrogen and stored at
−70°C for analysis. Each sample was divided into two parts
equally for northern and Western blot analysis. Blood
samples were collected from the femoral vein of these rats
before death to evaluate plasma levels of glucose, insulin
andβ-endorphin-like immunoreactivity as described above.

Northern blot analysis Total RNAwas extracted from liver
or soleus muscle using the Ultraspec-II RNA extraction
system (Biotech, Houston, TX, USA) according to the man-
ufacturer’s instructions. Northern blot analysis was carried
out as previously described [15]. In brief, RNA was dena-
tured and aliquots of total RNAwere then size-fractionated
in a 1.2% agarose/formaldehyde gel. The RNA was trans-
ferred to a Hybond-N membrane (Amersham Biosciences,
Bucks, UK). GLUT4 and PEPCK mRNA levels were de-
tected using prime-labelled full-length cDNA under strin-
gent hybridisation conditions. The intensity of the mRNA
blot was quantified by scanning densitometry (Hoefer, San
Francisco, CA, USA). The response of β-actin was used as
internal standard.

Western blot analysis After homogenisation, the protein
content was determined by protein dye binding assay
(BioRad, Richmond, CA, USA). Tissue samples (50 μg)
were separated by sodium dodecyl sulphate-polyacryla-
mide gel electrophoresis (10% acrylamide gel) using Bio-
Rad’s Mini-Protein II system. Protein was transferred to

polyvinylidene difluoride membrane. Then, the membrane
was washed with PBS and blocked for 1 h at room tem-
perature with 5% (w/v) skimmed milk powder in PBS.
Western blot analysis was performed as previously de-
scribed [15] using either anti-rat antibody to bind GLUT4
(1:1000) (Genzyme Diagnostics, Cambridge, MA, USA) in
soleus muscle, or sheep anti-rat liver to bind PEPCK
(1:1000) (kindly supplied by Professor D. K. Granner). The
intensity of blots incubated with goat polycolonal antibody
(1:500) to bind actin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or mouse monoclonal antibody (1:500)
to bind β-tubulin (Zymed Laboratories, San Francisco,
CA, USA) was used as internal control. Blots were de-
veloped by autoradiography using the ECL-western blot
system (Amersham, Braunschweig, Germany). Densities
of the obtained immunoblots were quantified using laser
densitometry.

Statistical analysis Data are expressed as means±SEM
from the number (n) of animals in each group. Repeated
measures ANOVA was used to analyse the changes in
plasma glucose and other parameters. Dunnett post-hoc
comparisons were used to determine the source of sig-
nificant differences where appropriate. A p value of less
than 0.05 was considered statistically significant.

Results

Effects of agmatine on plasma glucose and β-endorphin-
like immunoreactivity in STZ-diabetic rats Thirty minutes
after an i.v. injection of agmatine, plasma glucose was re-
duced in STZ-diabetic rats. Agmatine dose-dependently
decreased plasma glucose (Fig. 1a) and reached its maximal
effect at 1.0 mg/kg; plasma glucose was reduced to 18.2±
2.5 mmol/l (n=8) with a lowering activity of 22.2±2.1%. An
increased dose of agmatine (5.0 mg/kg) had a plasma
glucose-lowering activity of 23.5±3.2%, which was not any
more effective than 1.0 mg/kg.

Plasma glucose was not modified in normal rats 30 min
after a similar injection of agmatine (1.0 mg/kg); plasma
glucose remained at 5.2±0.7 mmol/l (n=8), near the value
(5.3±0.6 mmol/l) of vehicle-treated animals (n=8). Plasma
glucose decreased in normal rats 40 min after injection of
agmatine, showing a lowering activity of 6.4±1.1, 10.3±
1.4, and 13.2±1.7% after dosing with 0.1, 0.5 and 1.0 mg/kg,
respectively (n=8).

Basal plasmaβ-endorphin-like immunoreactivity in STZ-
diabetic rats was 43.2±2.9 pg/ml. A dose-dependent
increase of this was also observed in STZ-diabetic rats
after i.v. injection of agmatine with doses ranging from 0.1
to 5.0 mg/kg, the doses effective for lowering plasma glu-
cose (Fig. 1b). Agmatine at 1.0 mg/kg increased plasma β-
endorphin-like immunoreactivity in STZ-diabetic rats
from 43.2±4.7 to 84.2±4.5 pg/ml. However, no further in-
crease of plasma β-endorphin-like immunoreactivity was
observed at higher doses of agmatine. Thus, 1.0 mg/kg of
agmatine was employed in subsequent experiments.
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Plasma insulin levels in normal rats that received an i.v.
injection of agmatine at 1.0 mg/kg for 30 min were 165.2±
6.1 pmol/l (n=8), which was not statistically different
(p>0.05) from the vehicle-treated group (164.5±5.4 pmol/
l; n=8). Plasma insulin in the agmatine-treated (1.0 mg/kg)
STZ-diabetic rats (1.29±0.43 pmol/l; n=7) was also not
different from the vehicle-treated group (1.25±0.38 pmol/l;
n=7).

Effect of repeated injections of agmatine on plasma glu-
cose and β-endorphin-like immunoreactivity levels in STZ-
diabetic rats Plasma glucose levels of STZ-diabetic rats
were significantly (p<0.01) decreased to 17.8±0.8 mmol/l
after i.v. injections of agmatine (1.0 mg/kg) three times
daily for 4 days, as compared with vehicle-treated STZ-

diabetic rats (23.5±1.3 mmol/l). This repeated i.v. injection
of agmatine had a plasma glucose-lowering activity of
24.2±2.1% in STZ-diabetic rats. Elevation of plasma β-
endorphin-like immunoreactivity occurred in the same
group of STZ-diabetic rats, with levels increasing to 88.5±
4.7 pg/ml (vehicle-treated group: 43.6±2.8 pg/ml, p< 0.05).
The 4 days of treatment with agmatine (1.0 mg/kg, i.v.)
did not influence the feeding behavior and/or body weight
of STZ-diabetic rats. Also, plasma insulin in the agma-
tine-treated group (1.30±0.39 pmol/l; n=7) was not dif-
ferent (p>0.05) from the vehicle-treated group (1.26±0.52
pmol/l; n=7).

Effect of agmatine on systolic blood pressure in STZ-
diabetic rats Two weeks after injection of STZ, SBP in
rats rose from 98.8±4.1 to 141.9±5.1 mmHg (n=8) (p<
0.05). But SBP in STZ-diabetic rats was not markedly (p>
0.05) modified by an i.v. injection of agmatine for 30 min
(138.4±3.7 mmHg; n=8).

Effects of clonidine on plasma glucose and systolic blood
pressure in STZ-diabetic rats Plasma glucose in STZ-
diabetic rats was raised by an i.v. injection of clonidine for
30 min, increasing from 23.5±1.8 mmol/l to 25.3±2.1,
26.7±1.8 and 27.4±1.9 mmol/l, respectively, after the fol-
lowing doses of clonidine: 0.1, 0.5 and 1.0 mg/kg (n=8).
SBP in STZ-diabetic rats was also significantly (p<0.05)
reduced from 142.5±3.4 mmHg (n=8) to 105.4±3.5 mmHg
by an i.v. injection of clonidine (1.0 mg/kg) for 30 min.

Effects of I2-imidazoline receptor blocker, BU-224, on the
actions of agmatine in STZ-diabetic rats As shown in
Table 1, the increase of plasma β-endorphin-like immuno-

Table 1 Effects of the I2-imidazoline receptor antagonist, BU-224,
on the agmatine-induced changes of plasma glucose concentrations
and β-endorphin-like immunoreactivity in STZ-diabetic rats

Plasma glucose
(mmol/l)

Plasma β-endorphin-like
immunoreactivity (pg/ml)

n 8 8
Basal 23.8±1.7 38.3±5.1
Agmatine
(1.0 mg/kg, i.v.)
+ Vehicle 17.9±2.0** 84.1±4.8**
+ BU-224
(mg/kg, i.v.)
0.1 19.2±1.6* 79.3±6.2**
0.5 20.8±1.8 63.3±5.8
1.0 22.9±2.1 40.2±5.3
BU-224 (1.0
mg/kg, i.v.)

23.5±2.9 39.0±5.1

Values are means±SEM. The basal level shows the value from fasted
animals without treatment. The saline vehicle used to dissolve BU-
224 was given at the same volume
*p<0.05 compared with basal value
**p<0.01 compared with basal value
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Fig. 1 The plasma glucose-lowering activity (a) produced by an
intravenous injection of agmatine into STZ-diabetic rats. b The
plasma level of β-endorphin-like immunoreactivity determined in
the same group after agmatine treatment. Values (means±SEM) were
obtained from each group of eight animals. The saline vehicle used
to dissolve agmatine was given at the same volume as in vehicle
alone. *p<0.05 and ** p<0.01 versus data from animals treated with
vehicle (0)
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reactivity by agmatine (1.0 mg/kg, i.v.) in STZ-diabetic
rats was attenuated in a dose-dependent manner by the i.v.
injection of BU-224 given 30 min before agmatine treat-
ment. BU-224 (1.0 mg/kg, i.v.) completely reversed the
effect of agmatine, but did not modify the basal level of
plasma β-endorphin-like immunoreactivity.

Similarly, the plasma glucose-lowering effect of agma-
tine (1.0 mg/kg, i.v.) was inhibited by pretreatment with
BU-224 in a dose-dependent manner. BU-224 at the high-
est dose (1.0 mg/kg, i.v.) abolished the plasma glucose-
lowering action of agmatine, but did not modify the basal
plasma glucose of STZ-diabetic rats (Table 1).

Effect of agmatine on STZ-diabetic rats with bilateral
adrenalectomy Bilateral adrenalectomy did not markedly
change basal plasma β-endorphin-like immunoreactivity
in STZ-diabetic rats as compared to the sham-operated
group (Table 2). However, the effects of agmatine (1.0
mg/kg, i.v.), i.e. the lowering of plasma glucose and in-
crease of plasma β-endorphin-like immunoreactivity that
were markedly produced in sham-operated STZ-diabetic
rats, did not occur in adrenalectomised STZ-diabetic rats
(Table 2).

Effect of agmatine on the secretion of β-endorphin-like
immunoreactivity from isolated adrenal medulla of STZ-
diabetic rats The spontaneous secretion of β-endorphin-
like immunoreactivity from the isolated adrenal medulla of
STZ-diabetic rats was 82.3±5.5 pg/mg protein. The amount
of β-endorphin-like immunoreactivity in the medium was
markedly raised by agmatine in a concentration-dependent
manner (Fig. 2). Agmatine at 1.0 μmol/l increased the
amount of β-endorphin-like immunoreactivity in the me-
dium to 159.3±5.2 pg/mg protein and no further increase
was observed at higher concentrations of agmatine (Fig. 2).

Effect of I2-imidazoline receptor antagonist on agmatine-
stimulated β-endorphin-like immunoreactivity secretion
from isolated adrenal medulla of STZ-diabetic rats A
shown in Table 3, BU-224 blocked agmatine-stimulated
β-endorphin-like immunoreactivity secretion from STZ-
diabetic rat adrenal medulla in a concentration-dependent
manner. BU-224 at 1.0 μmol/l reduced the β-endorphin-
like immunoreactivity secretion induced by 1.0 μmol/l ag-
matine from 160.3±5.8 to 90.2±6.2 pg/mg protein, which
was not markedly different from the basal value (84.2±6.1
pg/mg protein) in vehicle-treated samples. BU-224 at max-
imal concentration (1.0 μmol/l) did not modify the spon-
taneous secretion of β-endorphin-like immunoreactivity
(Table 3).

Table 3 Effects of the I2-imidazoline receptor antagonist, BU-224,
on agmatine-induced changes of β-endorphin-like immunoreactivity
in isolated adrenal medulla of STZ-diabetic rats

β-Endorphin-like
immunoreactivity (pg/mg protein)

n 7
Basal 84.2±6.1
Agmatine (1.0 μmol/l)
+ Vehicle 160.3±5.8**
+ BU-224 (μmol/l)
0.01 142.7±7.2**
0.1 126.4±9.1*
1.0 90.7±6.6
BU-224 (1.0 μmol/l) 83.8±6.4

Values are means±SEM
*p<0.05 compared with basal values obtained from samples treated
with vehicle (modified Krebs solution) only
**p<0.01 compared with basal values obtained from samples treated
with vehicle (modified Krebs solution) only

Table 2 Effect of adrenalectomy on agmatine-induced changes in
plasma glucose concentration and β-endorphin-like immunoreac-
tivity in STZ-diabetic rats

Adrenalectomised group Sham-operated group

n 8 8
Plasma glucose (mmol/l)
Basal 22.7±2.1 23.2±1.4
Vehicle 22.5±1.6 22.9±2.3
Agmatine
(1.0 mg/kg, i.v.)

21.8±1.8 17.7±2.1**

Plasma β-endorphin-like immunoreactivity (pg/ml)
Basal 41.9±5.3 39.9±4.1
Vehicle 42.6±4.2 40.6±3.7
Agmatine
(1.0 mg/kg, i.v.)

43.5±4.6 83.2±4.8**

Values are means±SEM. The basal level shows the value from fasted
animals without treatment. The saline vehicle used to dissolve
agmatine was given at the same volume as in vehicle alone
**p<0.01 versus basal value in each group
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Fig. 2 Effect of agmatine on β-endorphin-like immunoreactivity
secretion from isolated adrenal medulla of STZ-diabetic rats. Results
(pg/mg protein) are means±SEM of seven measurements. *p<0.05
and ** p<0.01 versus data from samples treated with vehicle (0)
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Effects of opioid μ-receptor antagonists on agmatine-in-
duced plasma glucose-lowering action in STZ-diabetic rats
Table 4 shows the dose-dependent inhibitory effect of
naloxone or naloxonazine on the plasma-glucose-lowering
action of agmatine (1.0 mg/kg, i.v.) in STZ-diabetic rats.
In the presence of naloxone (10.0 μg/kg, i.v.), plasma glu-
cose levels in STZ-diabetic rats treated with agmatine (1.0
mg/kg, i.v.) were 22.9±2.8 mmol/l, which was not sta-
tistically different from the basal level (23.4±2.1 mmol/l).
Similarly, naloxonazine (10.0 μg/kg, i.v.) prevented the
agmatine-induced (1.0 mg/kg, i.v.) decrease of plasma
glucose in STZ-diabetic rats to 23.2±1.8 mmol/l, which was
near the basal level. Neither naloxone nor naloxonazine
modified the basal plasma glucose of STZ-diabetic rats,
even at the highest dosage.

Effect of agmatine on gene expression of GLUT4 in soleus
muscle of STZ-diabetic rats The mRNA level of GLUT4 in
isolated soleus muscle from the vehicle-treated STZ-di-
abetic rats declined to about 38% of that in the vehicle-
treated normal rats (Fig. 3a). Treatment of STZ-diabetic rats
with agmatine (1.0 mg/kg, i.v.) three times daily for 4 days
increasedGLUT4mRNA in soleus muscle to nearly 90% of
that in vehicle-treated normal rats.

The protein level of GLUT4 in soleus muscle of ve-
hicle-treated STZ-diabetic rats was also reduced to 41% of
that in vehicle-treated normal rats (Fig. 3b). Similarly, the
injection of agmatine for 4 days increased GLUT4 protein
levels in soleus muscle of STZ-diabetic rats to about 88%
of that in vehicle-treated normal rats. The quantification of
the mRNA and protein level for GLUT4 is indicated in
Table 5.

This treatment with agmatine (1.0 mg/kg, i.v.) in normal
rats did not modify the mRNA and protein levels ofGLUT4

in soleusmuscle as comparedwith the vehicle-treated group
(p>0.05; data not shown).

Effect of agmatine on gene expression of hepatic PEPCK
in STZ-diabetic rats Figure 4a shows that the mRNA level
of PEPCK was nearly three times higher in liver of STZ-
diabetic rats than in that of normal rats. This increase was
reduced by the injection of agmatine (1.0 mg/kg, i.v.) three
times daily for 4 days, but levels were still higher than in
vehicle-treated normal rats. However, the same repeated
treatment with agmatine in normal rats did not alter mRNA
levels of hepatic PEPCK (data not shown).

Table 4 Effect of the opioid μ-receptor antagonists, naloxone and
naloxonazine, on agmatine-induced lowering of plasma glucose in
STZ-diabetic rats

Plasma glucose (mmol/l)

n 8
Basal 23.4±2.1
Agmatine (1.0 mg/kg, i.v.)
+ Vehicle 18.1±1.8**
+ Naloxone (μg/kg, i.v.)
1.0 18.8±1.7**
5.0 20.5±2.5
10.0 22.9±2.8
+ Naloxonazine (μg/kg, i.v.)
1.0 19.6±2.1
5.0 22.4±2.5
10.0 23.2±1.8
Naloxone (10.0 μg/kg, i.v.) 23.0±2.5
Naloxonazine (10.0 μg/kg, i.v.) 23.5±2.8

Values are means±SEM. The basal level shows the value from fasted
animals without treatment. The saline vehicle used to dissolve
naloxone or naloxonazine was given at the same volume as in
vehicle alone
**p<0.01 compared with basal value

Fig. 3 Representative response (a) of the mRNA level forGLUT4 or
β-actin in soleus muscle isolated from normal or STZ-diabetic rats
after treatment with agmatine (1.0 mg/kg, i.v.) or the same volume of
vehicle (saline) three times daily for 4 days. b Identification of protein
level of GLUT4 or actin using immunoblot analysis. Lane 1, vehicle-
treated normal rats; lane 2, vehicle-treated STZ-diabetic rats; lane 3,
agmatine-treated STZ-diabetic rats. Similar results were obtained in
four other determinations. For quantification of the data, see Table 5

Table 5 Quantification of mRNA and protein levels for GLUT4 in
isolated soleus muscle and hepatic PEPCK from STZ-diabetic rats
after repeated treated with agmatine

Normal rats STZ-diabetic rats

Vehicle Vehicle Agmatine
(1.0 mg/kg, i.v.)

n 5 5 5
GLUT4 (arbitrary units)
mRNA/β-actin 1.81±0.08 0.70±0.07** 1.62±0.05*
Protein/actin 1.62±0.05 0.68±0.06** 1.43±0.07*
PEPCK (arbitrary units)
mRNA/β-actin 1.38±0.07 4.24±0.09** 1.45±0.05*
Protein/β-tubulin 1.22±0.07 3.98±0.07** 2.43±0.05*

Values are means±SEM. The saline vehicle used to dissolve
agmatine was given at the same volume as in vehicle alone
*p<0.05 compared to vehicle-treated normal rats
**p<0.01 compared to vehicle-treated normal rats
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Also, protein levels of PEPCK in liver of vehicle-treated
STZ-diabetic rats was about 3.2-fold that of vehicle-treat-
ed normal rats. Treatment of STZ-diabetic rats with agma-
tine (1.0 mg/kg, i.v.) three times daily for 4 days decreased
the protein level of PEPCK to about 60% of that in ve-
hicle-treated STZ-diabetic rats (Fig. 4b). The quantifi-
cation of protein levels for PEPCK is indicated in Table 5.
Hepatic PEPCK protein levels in normal rats were not
modified by the same treatment with agmatine (data not
shown).

Discussion

Agmatine is a novel neurotransmitter in brain and periph-
eral tissues [16, 17]. In the present study, agmatine was
injected into STZ-diabetic rats to clarify the role of pe-
ripheral imidazoline receptors in plasma glucose regula-
tion. We found that agmatine induced a dose-dependent
plasma glucose reduction in STZ-diabetic rats. Although
imidazoline receptor activation can enhance insulin secre-
tion [18], plasma levels of glucose and insulin in normal
rats were not modified by an i.v. injection of agmatine,
indicating that the action of agmatine seems unrelated to
insulin secretion. Actually, agmatine showed a higher af-
finity for α2-adrenoceptor, I1- and I2-binding sites, while
the selectivity between α2-adrenoceptor and imidazoline
receptor was poor [8]. Both α2-adrenoceptor and I1-
binding site are involved in blood pressure regulation [1].
Thus, we measured blood pressure to identify the effect of
agmatine and used clonidine, an agonist of α2-adrenocep-
tors and I1-imidazoline ligand [19], as a positive control.

Agmatine at a dose sufficient to lower plasma glucose failed
to modify blood pressure in STZ-diabetic rats. In contrast,
clonidine increased plasma glucose in STZ-diabetic rats at a
dose sufficient to reduce blood pressure. Thus, it seems
unlikely that α2-adrenoceptor and/or I1-imidazoline recep-
tor mediate the action of agmatine. Otherwise, the action of
agmatine was blocked by BU-224, a specific antagonist of
I2-imidazoline receptors [20]. The sulphate salt of agmatine
was used in this study to prevent agmatine from penetrating
the blood–brain barrier. Also, peripheral I2-imidazoline
receptor has been characterised [12]. Therefore, the activa-
tion of peripheral I2-imidazoline receptors seems to be
related to the action of agmatine in STZ-diabetic rats. If one
follows the previous definition of the I2-imidazoline re-
ceptor as the mitochondrial subtype [12], which is unlikely
to mediate this effect, it would be more precise to put this
into a category of I2-like non-mitochondrial responses.

Although the decrease in plasma glucose after peripheral
agmatine injection was similar to that found previously in
response to central agmatine administration [9], the me-
diating mechanisms were obviously different. Regulation
of plasma glucose by agmatine seems related to endogenous
β-endorphin, which can activate opioid μ-receptor [21].
Actually, activation of opioid μ-receptors increased glucose
utilisation to lower plasma glucose in type 1-like diabetic
animals [11, 15]. But morphine led to hyperglycaemia [22],
mainly due to the effect on all subtypes of opioid receptors.
In healthy volunteers and insulin-dependent diabetic pa-
tients, infusion of β-endorphin increased plasma glucagon
with an increase of plasma glucose [23]. However, injection
of β-endorphin decreased plasma glucose in STZ-diabetic
rats [24]. This difference might be due to the purity and/or
concentration of synthetic peptides used, which might
affect the variable subtype of opioid receptors. The affinity
of the β-endorphin used for opioid receptors seems not so
ideal, since the effect of β-endorphin on islet beta cell
function in these subjects was resistant to naloxone [23].
Actually, the plasma glucose-lowering action of β-endor-
phin was abrogated in opioid μ-receptor knockout diabetic
mice [25]. Thus, endogenous β-endorphin and/or opioid μ-
receptor activation seem important in glucose homeostasis.
The action of agmatine was blocked by BU-224, an antag-
onist of I2-imidazoline receptors, and inhibited by naloxone
or naloxonazine at a dose sufficient to block opioid μ-re-
ceptors. A similar integration of opioid receptors and I2-
binding sites has been mentioned before [26, 27].

Similar to the pituitary-gland-independent release of opi-
oid in other organs [28], the secretion of opioid from the
adrenal gland is thought to relate with plasma glucose re-
duction in STZ-diabetic rats [13]. In the present study, the
action of agmatine was abolished by bilateral adrenalecto-
my and agmatine increased β-endorphin secretion from
isolated adrenal medulla of STZ-diabetic rats. Thus, se-
cretion of β-endorphin from the adrenal gland appears to be
responsible for the action of agmatine in STZ-diabetic rats.
The release of opioid peptides is mainly regulated by re-
ceptors located in the adrenal medulla [29]. In fact, imidaz-
oline receptors also occur in adrenal medulla [30]. BU-224

Fig. 4 Representative response (a) of the mRNA level for PEPCK or
β-actin in liver isolated from normal or STZ-diabetic rats receiving
treatment with agmatine (1.0 mg/kg, i.v.) or the same volume of
vehicle (saline) three times daily for 4 days. b Identification of protein
levels of PEPCK or β-tubulin using immunoblot analysis. Lane 1,
vehicle-treated normal rats; lane 2, vehicle-treated STZ-diabetic rats;
lane 3, agmatine-treated STZ-diabetic rats. Similar results were ob-
tained in four other determinations. For quantification of the data, see
Table 5
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inhibited agmatine-stimulated secretion of β-endorphin, in-
dicating the mediation of I2-imidazoline receptors. There-
fore, the activation of I2-imidazoline receptors in the adrenal
gland by agmatinemay result in an increase ofβ-endorphin-
like immunoreactivity in STZ-diabetic rats.

In diabetes mellitus, hyperglycaemia is a consequence
of increased hepatic glucose output and/or reduced periph-
eral glucose utilisation [31]. Skeletal muscle is a major site
for glucose disposal [32]. Glucose transporters (GLUT) me-
diate glucose transport across the cell membrane andGLUT4
is predominant in skeletal muscle [33]. Decreased gene ex-
pression of GLUT4 in diabetes has been demonstrated [34].
In STZ-diabetic rats, we found that the mechanism(s) by
which repeated agamatine administration lowers plasma
glucose may involve the increase of GLUT4 gene expres-
sion. Enhanced skeletal muscle glucose uptake is associ-
ated with an increase of GLUT4 gene expression [35]. The
molecular effect of agmatine on glucose utilisation in pe-
ripheral tissue needs to be further studied in the future.

In diabetic animals, increased gluconeogenesis is a major
cause of hyperglycaemia in the fasting and postabsorptive
states [31]. In liver, PEPCK is the key enzyme of gluco-
neogenesis [36]. It has already been documented that the
activation of opioid μ-receptors is a negative regulator to
modify PEPCK gene expression [11, 15]. We also observed
that a decrease of PEPCK gene expression is related to
plasma glucose reduction following repeated agamatine
administration. The gene expression of PEPCK in liver is
regulated by multiple hormones [36]. The mechanism(s)
leading to a change of hepatic PEPCK gene expression in
STZ-diabetic rats by agmatine should be clarified in future.

In conclusion, our results suggest that the activation of
peripheral I2-imidazoline receptors in adrenal medulla by
agmatinemay enhance the secretion ofβ-endorphin in STZ-
diabetic rats. the plasma glucose-lowering action of ag-
matine appeared to result from the release of β-endorphin,
via activation of opioid receptors in peripheral tissues,
and in the long term may also involve enhanced GLUT4
and reduced PEPCK gene expression, without an insulin-
mediated mechanism. The development of agonists for
I2-imidazoline receptors or opioid μ-receptors could be
helpful for treating diabetic disorders.
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