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y-Aminobutyric acid (GABA) inhibits insulin secretion through GABAg receptors in pancreatic [3-cells. We in-
vestigated whether GABAg receptors participated in the regulation of glucose homeostasis in vivo. BALB/c
mice acutely pre-injected with the GABAg receptor agonist baclofen (7.5 mg/kg, i.p.) presented glucose intol-
erance and diminished insulin secretion during a glucose tolerance test (GTT, 2 g/kg body weight, i.p.). The
GABAg receptor antagonist 2-hydroxysaclofen (15 mg/kg, i.p.) improved the GTT and reversed the baclofen
effect. Also a slight increase in insulin secretion was observed with 2-hydroxysaclofen. In incubated islets

Ié%;xrf:ceptor agonist and antagonist 1.10~> M baclofen inhibited 20 mM glucose-induced insulin secretion and this effect was reversed by coin-
Insulin cubation with 1.107> M 2-hydroxysaclofen. In chronically-treated animals (18 days) both the receptor ago-
Glycemia nist (5 mg/kg/day i.p.) and the receptor antagonist (10 mg/kg/day i.p.) induced impaired GTTs; the
Food intake receptor antagonist, but not the agonist, also induced a decrease in insulin secretion. No alterations in insulin

Serum hormone tolerance tests, body weight and food intake were observed with the treatments. In addition glucagon,

insulin-like growth factor I, prolactin, corticosterone and growth hormone, other hormones involved in glu-
cose metabolism regulation, were not affected by chronic baclofen or 2-hydroxysaclofen. In islets obtained
from chronically injected animals with baclofen, 2-hydroxysaclofen or saline (as above), GABAg; mRNA ex-
pression was not altered. Results demonstrate that GABAg receptors are involved in the regulation of glucose
homeostasis in vivo. Treatment with receptor agonists or antagonists, given acutely or chronically, altered
glucose homeostasis and insulin secretion alerting to the need to evaluate glucose metabolism during the

clinical use of these drugs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metabotropic y-aminobutyric acid B (GABAg) receptors are het-
eromers formed by a GABAg; and a GABAg, subunit (Bettler et al.,
2004) and have been shown to form heteromultimers with auxiliary
subunits, determining their pharmacology (Schwenk et al., 2010).

GABA is found at high concentrations in Langerhans islets
(Gladkevich et al., 2006), similar to brain levels. Glutamate decarbox-
ylase (GAD) and GABAg receptors have been detected mainly in
p-cells and GABA4 receptors in a-cells (Shi et al., 2000). Although a
complete GABA system is present in the endocrine pancreas, its role
in islet physiology has remained elusive. Some in vitro studies postu-
late an autocrine/paracrine role for GABA in insulin, glucagon and so-
matostatin secretion (MacDonald et al., 2005). Regulated exocytosis
of GABA from p-cells (Braun et al., 2004a; MacDonald et al., 2005) in-
hibits glucagon release from a-cells (Wendt et al.,, 2004). Further-
more, insulin sensitizes a-cells to GABA (Xu et al., 2006). GABA
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inhibits insulin specifically through GABAg receptors in MING cells
and in rat/mouse islets (Braun et al., 2004b; Brice et al., 2002), and
in vivo in mice (Bonaventura et al., 2008). Furthermore, mice lacking
functional GABAg receptors (Bonaventura et al., 2008) as well as mice
overexpressing GADG5 (Shi et al., 2000) show alterations in glucose
homeostasis.

The effect of GABAg analogs on in vivo glycemia regulation has
been insufficiently evaluated. Some authors report that baclofen
does not modify glucose homeostasis in diabetic patients (Quatraro
et al, 1986); others demonstrate that baclofen raises growth hor-
mone and insulin in response to a glucose overload, without modify-
ing glycemia in healthy men (Passariello et al., 1982). Conversely,
baclofen diminished blood glucose during a glucose tolerance test
(GTT) in streptozotocin-diabetic animals, without modifying it in
controls (Gomez et al., 1999). To the best of our knowledge, there
are no studies describing the effects of GABAg receptor antagonists
on glucose homeostasis.

Several works have analyzed the effect of baclofen on food intake
and body weight. Baclofen induced ingestion in satiated pigs
(Ebenezer and Baldwin, 1990) and rats (Ebenezer, 1990) acting on
central GABAg receptors (Ebenezer and Patel, 2004 ). Chronic baclofen
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did not alter food intake or weight gain in rats (Patel and Ebenezer,
2008). Conversely, chronic baclofen reduced ingestion and body
weight in diabetic db/db mice and in obese mice on a high-fat diet
(Sato et al., 2007).

In clinical practice GABAg receptor agonists are used to treat anx-
iety, depression and neuropathic pain (Bowery, 2006). In addition,
they improve drug withdrawal syndrome (Sofuoglu and Kosten,
2005) and ameliorate gastro-esophagic reflux (Bettler et al., 2004).
GABAg receptor antagonists improve cognitive performance and
have antipsychotic and neuroprotective effects (Bettler et al., 2004;
Bowery et al., 2002; Froestl et al., 1995).

Considering the present and future uses of these compounds, little is
known regarding their effects on the endocrine environment and par-
ticularly on islet function during prolonged treatments. The aim of
this work is to evaluate the effect of acute and chronic treatments
with GABAg receptor agonists and antagonists on glucose homeostasis.

2. Materials and methods
2.1. Animals

2 to 4 month-old male BALB/c mice from the Instituto de Biologia y
Medicina Experimental colony were used. All animals were housed in
groups in air-conditioned rooms, with lights on from 0700 to 1900,
and given free access to laboratory chow and tap water. Studies were
performed according to protocols for animal use approved by the Insti-
tutional Animal Care and Use Committee which follows the National In-
stitute of Health (NIH) guidelines. For each experimental design animals
were age-matched littermates, and body weights were recorded.

2.2. Basal blood glucose titers and glucose tolerance tests

Blood glucose was measured by a One Touch® Ultra™ glucose
meter (Lifescan, Scotland Ltd) from tail blood. For the glucose toler-
ance test (GTT) intraperitoneal (i.p.) glucose (2 g/kg body weight)
was injected to overnight fasted mice (15-18 h) and blood glucose
levels were evaluated at 0, 30, 60 and 75 min post glucose adminis-
tration (Bonaventura et al., 2008). The GTTs were only performed
until 75 min, even though control animals had not regained basal glu-
cose levels, because in previous preliminary experiments we had de-
termined that the effect of baclofen on glucose levels did not last
more than 2 h. As baclofen is injected 20 min before the glucose over-
load, by 75 min after the glucose administration we were near the
end of effect of the drug. This endpoint was then used in all the fol-
lowing experiments.

2.3. Insulin determination and insulin secretion test (IST)

Serum insulin was measured with a mouse insulin ELISA kit (Chrys-
talchem, Chicago, I1) at 0, 10, 20, 30 and 60 min after the i.p. glucose in-
jection of 2 g/kg body weight or 3 g/kg body weight in mice fasted for
15-18 h, depending on the experiment (Bonaventura et al., 2008).

2.4. Insulin tolerance test (ITT)

ITTs were performed in animals chronically treated with agonists
and antagonists of the GABAg receptor. Blood glucose was measured
as above in 2-4 h fasted mice after 0, 10, 20, 30 and 60 min of an i.p. in-
jection of 1 U/kg body weight of human insulin (a gift from Laboratorios
Beta, Buenos Aires, Argentina) (Bonaventura et al., 2008).

2.5. Body weight and food intake
Body weight and food intake were monitored in chronically trea-

ted animals. Food intake was informed relative to body weight (g of
food/g body weight).

2.6. Treatment with GABAg receptor agonists and antagonists

Acute treatments: baclofen was used as a GABAg receptor agonist
(Lioresal, generously donated by Novartis, Argentina). Baclofen was
dissolved in the minimal volume of acetic acid 0.01 M: ascorbic acid
0.1 M (100:1 v/v) and diluted in saline. First, a dose-response curve
on the blood glucose response in a GTT was evaluated (2.5, 5.0 and
7.5 mg/kg body weight i.p.). For the following experiments the high-
est dose was chosen for presenting more consistent results, which in
addition is in agreement with previous experiments in mice
(Jacobson et al., 2006). CGP55845 ((2S)-3-[[(1S)-1-(3,4-Dichlorophe-
nyl)ethyl]Jamino-2-hydroxypropyl](phenylmethyl)phosphinic  acid
hydrochloride) and 2-hydroxysaclofen were used as GABAg receptor
antagonists (TOCRIS, Ellisville, MO, USA), the former dissolved in
the minimal volume of DMSO and diluted with saline, and the latter
was dissolved in saline. Several doses were tested, both alone and
prior to baclofen administration (CGP55845: 0.1 and 1 mg/kg body
weight; 2-hydroxysaclofen: 10 and 15 mg/kg body weight, both i.p.).

Baclofen was administered 20 min before the glucose overload
and the receptor antagonists CGP55845 or 2-hydroxysaclofen
30 min before baclofen. The per se effects of these receptor antago-
nists were also analyzed, administered 30 min before the glucose
overload. In all the experiments animals injected with vehicle were
used as controls.

Chronic treatments: a group of mice was injected with baclofen
administered in a single, daily s.c. dose of 5 mg/kg body weight for
18 consecutive days. Another group of animals was injected with 2-
hydroxysaclofen (10 mg/kg body weight s.c. for 18 days), and con-
trols were injected with vehicle.

On days 15 to 17 of treatment, a GTT/IST and an ITT were per-
formed, in the absence of the drug, since the last dose had been
injected approximately 20 h before. Evolution of the body weight
and food intake was evaluated during the treatment. At the end of
treatments, animals were sacrificed by decapitation and blood was
collected for hormones determinations.

2.7. Serum hormones determinations

Basal levels of corticosterone, prolactin, insulin-like growth factor
I, growth hormone, and glucagon were determined by RIA in serum of
animals treated chronically with GABAg receptor agonists and antag-
onists. Animals were sacrificed in minimal conditions of stress by de-
capitation at the end of the treatments, after approximately 20 h of
the last drug dose and 48 h after the last in vivo test. Glucagon was de-
termined by RIA (Glucagon RIA KIT, Cat# GL-32 K, Millipore, Billerica,
MA, EEUU). For corticosterone determination, the samples were
extracted with dichloromethane and determined by RIA as previously
described (Repetto et al., 2010). Growth hormone and prolactin were
also determined by RIA as previously described (Catalano et al.,
2005). For insulin-like growth factor I, serum was extracted with
acid ethanol and determined by RIA as previously described (Diaz-
Torga et al.,, 2002).

2.8. Glucose stimulated insulin secretion on in vitro incubated
Langerhans islets

Pancreatic islets were isolated from 2 to 3 month-old male mice as
described previously (Bonaventura et al., 2008). Briefly, 3 ml of collage-
nase (0.6 mg/ml; Sigma) was injected into the pancreatic duct, and pan-
creatic tissue was gently removed and digested in collagenase solution
at 37 °C for 10-15 min. The digestion was stopped by ice-cold RPMI
1640 supplemented with 10% fetal bovine serum. Islets were then
handpicked under a dissecting microscope and incubated overnight in
RPMI 1640 supplemented with 10% fetal bovine serum and antibiotics.

After the overnight incubation, islets were handpicked into Krebs-
Ringer bicarbonate (KRB) buffer containing 2 mM glucose for 1h
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preincubation at 37 °C. They were then transferred to 1.5 ml micro-
centrifuge tubes (5 islets/tube) containing 500 pl of KRB buffer with
2 mM or 20 mM glucose in the presence or absence of 1.10~> M bac-
lofen or 2-hydroxysalcofen. After 1 h incubation, 300 pl supernatant
per sample was collected and frozen at —20 °C for insulin determina-
tion by RIA.

The microcentrifuge tubes were centrifuged for 10 min at
3000 rpm, the rest of the supernatant was discarded, and acid-
ethanol was added (250 pl/sample; ethanol:H,0:HCl, 150:47:3). The
samples were kept overnight at 4 °C, neutralized with an equal vol-
ume of Tris.Base 0.85 M, and used for measuring total insulin content
in islets.

Insulin was measured by RIA, as previously described
(Bonaventura et al., 2008), using human insulin for iodination and
standard, provided by Laboratorios Beta, and anti-bovine insulin anti-
body (Sigma, St. Louis, MO). All samples were evaluated in the same
RIA. The minimum detectable concentration was 2 ng, and the intra-
assay coefficient of variation was 6.8%.

Insulin results are expressed as the relationship between secreted
insulin and insulin content per sample.

2.9. RNA isolation and gene expression by semi quantitative RT-PCR

Mouse Langerhans islet pools, following the in vivo chronic treat-
ments with baclofen, 2-hydroxysaclofen or saline (as described
above) and then isolated (as described above) were immediately
handpicked into microtubes containing 800 pl of TRI REAGENT (Mo-
lecular Research Center, Inc., Cincinnati, OH). Total RNA was isolated
according to the manufacturer's protocol. 0.75 g of RNA was re-
verse-transcribed in a 20 pl reaction using M-MLV reverse transcrip-
tase (Epicentre, Madison, WI) and random primers (Biodynamics
SRL, Buenos Aires, Argentina). For assessment of GABAg, receptor
subunit and glyceraldehyde-3-phosphate dehydrogenase (GADPH,
control gene) expressions semi-quantitative (sq) RT-PCR was used.

Primers were designed with the Primer Blast program (NCBI):
GABAg,: forward: GGCTACATCGGAGTGG, reverse: TCGATTCTCTTTCG-
TATTGCT. GADPH: forward: CCAGAACATCATCCCTGCAT, reverse:
GTTCAGCTCTGGGATGACCTT. The densities of bands were measured
with the software Scion Image (NIH). Results of GABAg, mRNA quantifi-
cations were expressed relative to the control gene in arbitrary units
(AU).

2.10. Statistical analysis

All results are expressed as means4 S.E.M.. Statistical analyses
were performed with Statistica Six Sigma Edition. The differences be-
tween means were analyzed by one-way or two-way analysis of var-
iance (ANOVA), followed by Newman-Keuls test or Tukey HSD test
for unequal N. For multiple determinations in the same animal,
two-way ANOVA with repeated measures design was used, followed
by the same post-hoc tests. P<0.05 was considered statistically
significant.

3. Results
3.1. Acute treatments with agonists and antagonists of GABAg receptors

3.1.1. Effect of acute administration of baclofen on blood glucose levels

Doses were chosen based on previous works from our laboratory
(Rey-Roldan et al., 1997) and from others (Jacobson et al., 2006).
Fig. 1 shows that during the i.p. GTTs pre-injection with baclofen, a
GABAg receptor agonist, induced a significant dose-dependent im-
pairment in the recovery of blood glucose baseline levels after the
glucose overload, without modifying either basal titers or the maxi-
mal glucose levels attained (Fig. 1).
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Fig. 1. Dose response curves of the effect of baclofen on glucose tolerance tests (GTT) in
BALB/c male mice. Glucose (2 g/kg, i.p.) was injected in fasted mice after i.p. preinjec-
tion with baclofen [baclo 7.5 mg/kg (M) and 5 mg/kg (A)], or saline [sal (®)] 20 min
before glucose administration; n==8-10 mice per group. Two-way ANOVA with
repeated-measures design: interaction, P<0.01, * = baclo 7.5 significantly different
from saline at 60 (P<0.02) and 75 (P<0.003) min.

With the 2.5 mg/kg body weight dose of baclofen, no alterations in
the glucose curve were observed with respect to saline injected con-
trols (data not shown). With the 7.5 mg/kg body weight dose a sus-
tained alteration in glucose depuration was observed, with
significant differences at 60 and 75 min compared to saline injected
controls, whereas the 5 mg/kg body weight dose induced a similar
pattern of the glucose curve that did not attain statistical significance.

3.1.2. Effect of acute 2-hydroxysaclofen administration on the GTT

In the case of 2-hydroxysaclofen, we observed a clear dose-
dependent per se effect on the GTT, improving glucose clearance,
attaining statistical significance with the higher dose at all time
points, as shown in Fig. 2. Furthermore, at 75 min, the animals treated
with 15 mg/kg body weight of 2-hydroxysaclofen recovered basal
glucose levels while controls were still slightly hyperglycemic
(Fig. 2, left panel, a = different from basal, P<0.05).

In addition, 15 mg/kg body weight of 2-hydroxysaclofen induced a
complete reversion of the hyperglycemic effect induced by baclofen
in a GTT (Fig. 2, right panel). CGP55845 did not per se modify the glu-
cose curve in the GTT but partially inhibited the baclofen induced
glucose intolerance [at 75 min: blood glucose (mg/dl): baclofen:
243 £22 (n=12), baclofen-CGP55845: 208 £ 16 (n=12) and sal:
181+ 17 (n=12); baclofen vs. saline, P<0.05; CGP55845-baclofen
vs. saline or vs baclofen, ns]. As results with this last receptor antago-
nist were not as consistent as with 2-hydroxysaclofen, they were not
used in the following experiments.

3.1.3. Acute GABAg analog administration alters glucose-induced insulin
secretion

Next we evaluated whether these drugs induced alterations in in-
sulin secretion. Only the doses which provoked clear alterations on
GTTs were used. Fig. 3 shows that baclofen induced a significant de-
crease in 3 g/kg body weight glucose-stimulated insulin secretion at
30 and 60 min post glucose overload, without affecting basal levels
(Fig. 3, left panel) [two-way ANOVA with repeated-measures design:
interaction: ns, treatment factor, P<0.01, baclofen significantly differ-
ent from saline, (P<0.02) or 2-hydroxysaclofen (P<0.01)]. The
baclofen-induced increase in glucose levels was more marked than
when injected with a 2 g/kg overload (Fig. 3, right panel).

There was a partial increase in insulin secretion in animals treated
with 15 mg/kg body weight 2-hydroxysaclofen, although it did not
achieve statistical significance (Fig. 3, left panel). Blood glucose was
lower than in controls, particularly at 75 min, where it reverted to
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Fig. 2. Left panel: Dose response curves of the effect of 2-hydroxysaclofen on GTTs in BALB/c male mice. Glucose (2 g/kg, i.p.) was injected in fasted mice after i.p. preinjection with
2-hydroxysaclofen [2 OH 15 mg/kg (A) and 10 mg/kg (A)], or saline [sal (@)] 30 min before glucose administration; n=38-10 mice per group. Two-way ANOVA with repeated-
measures design: interaction, P<0.01, * = 2 OH-15 significantly different from saline at 30 (P<0.01) 60 (P<0.01) and 75 (P<0.02) min, a = different from basal in sal (P<0.01)
and in 2 OH 10 (P<0.01). Right panel: Reversion of the effect of baclofen on GTTs by0 pretreatment with 2 OH. Glucose (2 g/kg, i.p.) was injected in all fasted mice after i.p. pre-
injection with baclofen [7.5 mg/kg body weight, 20 min before, saline-baclo (M)] or 2 OH [15 mg/kg, 50 min before] plus baclofen (as above) [2 OH-baclo (A)] or saline, as control

[saline-saline, sal (®)]; n=28-10 animals per group. Two-way ANOVA with repeated-measures design: interaction, P<0.01, * = baclo significantly different from saline at 60
(P<0.01) and 75 (P<0.01) min.
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Fig. 3. Effect of baclofen (7.5 mg/kg body weight) and 2 OH (15 mg/kg body weight) on an insulin secretion test (glucose overload: 3 mg/kg i.p.), n =8 mice per group. Left panel:
insulin secretion, two-way ANOVA with repeated-measures design: interaction: ns, treatment factor, P<0.01, baclo (M) significantly different from saline (@) (P<0.02) or 2 OH (A)
(P<0.01). Right panel: glucose levels, two-way ANOVA with repeated-measures design, interaction: P<0.01. * = baclo at 60 min significantly different from sal (P<0.01) and 2 OH
(P<0.01) and also at 75 min P<0.01 and P<0.01 respectively, a = significantly different from basal for baclo (P<0.01) and saline (P<0.01).

basal levels, while in control animals titers were still significantly dose of the analog had been administered approximately 20 h before
higher at that time (Fig. 3, right panel). the assay. Both treatments produced significant increases in blood

glucose excursion curves post glucose overload compared with saline,
3.1.4. Effect of Baclofen and 2-hydroxysaclofen on glucose stimulated in-

sulin secretion in islets incubated in vitro

To determine whether the effects of these treatments were E &
exerted directly at pancreatic level, we investigated the effects of § 0254
GABAg analogs on isolated islets cultured in vitro. Fig. 4 shows that o
baclofen inhibited 20 mM glucose-stimulated insulin secretion with- % '
out affecting basal levels. 2-Hydroxysaclofen reversed the effect of T 015
baclofen on glucose stimulated insulin secretion, without modifying S 010 |
basal levels (Fig. 4). _E '

-8 0,05

3.2. Chronic treatments with GABAg analogs alter glucose homeostasis ® 000
3.2.1. Effect of chronic administration of GABAg receptor agonists and an- § \
tagonists on GTTs and insulin secretion gluc 2 mM gluc 20 mM

After 15 days of treatment with baclofen or 2-hydroxysaclofen,
basal non-fasted glucose levels did not vary among groups [blood glu- Ffjgf ‘T- tEffeCt ‘L”Z"‘Zl‘?fe“‘t(rm(ofsz’l)s?nd j 0"11 (1'1(0;5 Ng 0‘11\/;;15“1;" lje;mlio“ in i(sollat‘
cose (mg/dl): sal: 1206 (n=9), baclo: 12445 (n=10) and 2- ed islets incubated in vitro (n =4-6) under low (gluc: 2 mM) and high glucose (gluc:

20 mM) levels. One way ANOVA: P<0.01. * = gluc 2 mM different from gluc 20 mM
hydroxysaclofen: 127 +6 (n=10), one-way ANOVA: ns]. GTTs per- (P<0.01) or gluc 20 mM + baclo +2 OH (P<0.01), a = different from glucose 20 mM

formed on overnight-fasted animals are shown in Fig. 5. The last (P<0.02).
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Fig. 5. Effect of chronic treatment with baclofen or 2 OH on an insulin secretion test (glucose overload: 2 mg/kg i.p.). Animals were treated for 15 days with one daily dose of bac-
lofen (5 mg/kg, s.c. M), 2 OH (10 mg/kg, s.c. A) or saline (@), n=10. Left panel: glucose levels, two-way ANOVA with repeated-measures design: interaction: ns, treatment factor:
P<0.03, 2 OH (P<0.03) and baclofen (P<0.05) different from saline. Right panel: insulin secretion, two-way ANOVA with repeated-measures design: interaction: ns, treatment fac-

tor: P<0.05, 2 OH different from saline (P<0.05).

without modifying basal titers. The maximum difference was ob-
served at 30 min (Fig. 5, left panel) [two-way ANOVA with
repeated-measures design: interaction: ns, treatment factor:
P<0.03; 2-hydroxysaclofen (P<0.03) and baclofen (P<0.05) different
from saline].

To determine if the alterations observed in GTTs were due to alter-
ations in insulin secretion, this hormone was measured in samples
obtained along the GTT, as shown in Fig. 5. There were no significant
differences in insulin secretion in baclofen treated animals with re-
gard to controls, while in 2-hydroxysaclofen treated animals the
glucose-stimulated insulin secretion was markedly blunted, without
affecting basal levels (Fig. 5, right panel) [two-way ANOVA with
repeated-measures design: interaction: ns, treatment factor:
P<0.05; 2-hydroxysaclofen different from saline (P<0.05)].

3.2.2. Effects of chronic treatment with GABAg analogs on insulin sensi-
tivity in peripheral tissues

In Fig. 6 we determined if treatments had effects on peripheral tis-
sue sensibility to insulin. Therefore, ITTs were performed on day 17
on animals treated with GABAg receptor agonists and antagonists,
as well as controls injected with saline. The last dose of the analog
had been administered approximately 20 h before the assay. We did
not observe significant differences between the treatments at the
studied times (Fig. 6).
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Fig. 6. Effects of chronic treatment with baclofen (M), 2 OH (A) or saline (®) on insulin
sensitivity (ITT), n= 10 mice per group. Two-way ANOVA with repeated-measures de-
sign: ns.

This result indicates that the treatments had no adverse effect on
the peripheral sensibility to insulin since insulin mediated glucose
depuration was not altered. They also confirm that alterations in glu-
cose homeostasis observed with GABAg analogs are mainly due to al-
terations in the secretion and/or regulation of hormones related to
glucose homeostasis control.

3.2.3. Effects of chronic treatments on body weight and food intake
There are contradictory results in the literature related to the role
of the GABAg receptor in the regulation of food intake. We evaluated
if chronic treatments were altering the above-mentioned parameter.
We observed no significant differences in food intake between groups
during the period studied (Fig. 7, left panel). Body weight was also
monitored during treatments, but no differences were observed, in
agreement with results on food intake (Fig. 7, right panel).

3.2.4. Basal hormonal serum levels

Taking into account that alterations in glycemia in baclofen
chronically-treated animals were not related to alterations in insulin
secretion or insulin sensitivity, we determined whether this was
due to alterations in other hormones involved in glucose homeostasis
regulation. It has been described that glucocorticoids produce hyper-
glycemia and that activation of GABAg receptors may alter the corti-
cotropic axis (Hausler et al., 1993; Marques and Franci, 2008), so
we evaluated basal corticosterone secretion in animals chronically
treated with GABAg analogs. Despite not attaining statistical signifi-
cance, there was a tendency in baclofen-treated animals to have
higher basal serum corticosterone values (Fig. 8, panel A).

Glucagon, the main anti-insulin hormone, is known to be regulat-
ed by GABA through GABA, receptors in o cells, but, as prolonged
treatments with GABA analogs may change GABA content as well as
the expression of its receptors at the endocrine pancreas, we evaluat-
ed basal glucagon levels. We found no differences in basal glucagon
serum levels among treatments (Fig. 8, panel B). We also determined
serum levels of other hormones related to glucose homeostasis that
are known to be regulated by GABAg receptors, such as growth hor-
mone (Muller et al., 1999; Passariello et al., 1982) and prolactin
(Brelje et al., 2004; Ferreira et al., 1998; Rey-Roldan et al., 1996),
and we found no differences in basal levels of these hormones after
chronic treatments (Fig. 8, panel C and D). Finally, we also evaluate
serum insulin growth factor-I, which is known to promote islet cell
growth and maintenance (Guo et al., 2005) and has also been de-
scribed to be altered by chronic treatment with baclofen in humans
(Bauman et al., 2006). We found no differences in basal levels of
this hormone in our experimental model (Fig. 8, panel E).
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3.2.5. Islet GABAg, receptor subunit mRNA expression after chronic treat-
ments with GABAg analogs

To determine whether chronic exposure to GABAg receptor ago-
nists or antagonists had an effect on GABAg receptor expression, the
GABAg, subunit mRNA was evaluated by sq RT-PCR. In islets obtained
from chronically injected animals with baclofen, 2-hydroxysaclofen
or saline, GABAg, mRNA expression was not altered (GABAg,
mRNA/GADPH mRNA (AU): saline: 0.364+0.02 (n=5), baclofen:
0.3140.03 (n=4), 2-hydroxysaclofen: 0.3540.03 (n=5), ANOVA:
ns).

4. Discussion

The presence in the endocrine pancreas of a complete GABAergic
system has been amply documented. Nevertheless, an in-depth com-
prehension of the importance of pancreatic GABA in the control of
glucose homeostasis is still lacking. As mentioned before, recent stud-
ies have pointed to an autocrine inhibitory role of [3-cell-secreted
GABA on insulin secretion by acting on GABAg receptors (Braun et
al., 2004b; Brice et al., 2002; Gu et al,, 1993). An intra-islet paracrine
inhibitory role for GABA on glucagon secretion by acting on GABA,
receptors in o cells was also reported (Gilon et al., 1991; Rorsman
et al,, 1989; Wendt et al., 2004; Xu et al., 2006). Although these in
vitro studies point to a specific role for GABA in the control of insu-
lin/glucagon release, the importance of this neurotransmitter in the
in vivo condition, where complex signals regulating glucose homeo-
stasis converge, remains to be elucidated.

Previous results from our laboratory show that the absence of
functional GABAg receptors produced profound alterations on glucose
homeostasis in vivo in GABAg; knockout mice (Bonaventura et al.,
2008). Therefore, we decided to study the effects of GABAg receptor
activation with pharmacological acute and chronic treatments with
receptor agonists and antagonists on glucose homeostasis in vivo in
normal mice.

Acutely administered baclofen did not affect basal or maximal glu-
cose levels attained in a GTT but dose-dependently inhibited the rein-
statement of basal serum glucose titers 60 and 75 min after the
glucose challenge, similar to what we had previously observed with
only one dose of the receptor agonist (Bonaventura et al., 2008).
Other groups had shown a lack of effect of baclofen on blood glucose
in a GTT, though a single low dose and a single time point were eval-
uated (Gomez et al., 1999); in addition, those results were obtained in
rats and species differences may occur. Furthermore, we observed an
acute dose-dependent per se effect of the GABAg receptor antagonist
2-hydroxysaclofen, diminishing glycemia on a GTT, without altering
basal levels. In addition, the 15mg/kg body weight 2-

hydroxysaclofen exerted a pronounced reversion of the hyperglyce-
mic effect of baclofen on the GTT, thus demonstrating that the effect
of baclofen was specific by acting on peripheral GABAg receptors
since 2-hydroxysaclofen does not cross the blood brain barrier. Nev-
ertheless, a central action of baclofen cannot be discarded.

Baclofen induced an inhibition of glucose-stimulated insulin se-
cretion in mice, in agreement with other in vitro models (Braun et
al., 2004b; Brice et al., 2002; Gu et al., 1993). 2-hydroxysaclofen in-
creased insulin secretion in the insulin secretion test, although it did
not attain statistical significance; in this experimental condition insu-
lin is maximally stimulated by glucose and it is therefore difficult to
increase its levels. To our knowledge there are no other reports study-
ing the in vivo effects of 2-hydroxysaclofen on glycemia or insulin se-
cretion. Braun et al. showed that addition of CGP55845 (another
GABAg receptor antagonist) resulted in enhanced glucose-
stimulated insulin secretion in rat islets (Braun et al., 2004b), which
is in agreement with our findings. Given these results, we performed
an in vitro assay with mice islets stimulated with glucose in presence
or absence of baclofen and 2-hydroxysaclofen. Basal insulin secretion
in the presence of 2 mM glucose was unaffected by either treatment.
Baclofen suppressed 20 mM glucose-stimulated insulin secretion and
this inhibitory action was fully antagonized by 2-hydroxysaclofen.
These results demonstrate that the compounds used exert their ef-
fects directly on islet GABAg receptors, in agreement with previous
reports (Braun et al., 2004b; Brice et al.,, 2002; Gu et al.,, 1993), and
confirming our in vivo observations.

In view of these results, we studied the effects of prolonged treat-
ments with these compounds on glucose homeostasis, since the in-
consistencies surrounding chronic treatments with GABAg receptor
agonists or antagonists have remained largely unresolved.

Chronic administration of baclofen has been shown to decrease
the number of GABAg receptors associated to the pharmacological ef-
fects of this agent (Enna et al., 1998; Malcangio et al., 1993) and also
to induce the desensitization of the receptor without altering the
mRNA expression of the GABAg subunits (Sands et al., 2003), while
others reported lack of effects in different brain areas (Motohashi,
1992). Pratt et al. suggested an increase in the number of GABAg re-
ceptors in prefrontal cortex lamina I after repeated oral administra-
tion of 10 mg/kg baclofen, although not achieving statistical
significance (Pratt and Bowery, 1993). This discrepancy may point
to different sensitivities between GABAg receptors from different
cell types or sub-classes of GABAg receptors (Schwenk et al., 2010),
as well as the contribution of the experimental model, administration
routes or doses used, and merits further analysis.

Controversy also exists regarding the effect of receptor antago-
nists on GABAg receptor expression. Some works point to an up-
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regulation of GABAg binding after chronic treatment with the recep-
tor antagonist SCH50,911 ((2S)-(+)-5,5-Dimethyl-2-morpholineace-
tic acid), indicating that persistent blockade of GABAg receptors leads
to their compensatory up-regulation, and suggest that GABAg recep-
tors are tonically activated by endogenous GABA (Pibiri et al., 2005).
Others have observed increased binding or lack of effect depending
on the receptor antagonist used (Pratt and Bowery, 1993). The stud-
ies named above were performed in the CNS; few works provide an
analysis of the effects of GABAg receptor agonists and/or antagonists
on receptor expression and/or function in peripheral tissues

(Blandizzi et al, 1995; Piqueras and Martinez, 2004; Reis and
Duarte, 2006).

For evaluation of long-term effects, the last dose was administered
approximately 20 h before the functional tests were performed, so it
can be assumed that the plasma concentration at the moment of the
assay was negligible (Saulino and Jacobs, 2006).

The chronic treatment with 2-hydroxysaclofen produced glucose
intolerance observed on the GTTs, where the glucose overload pro-
duced a higher increase in blood glucose in treated animals compared
to controls, without modifying basal levels; in these animals insulin
secretion was impaired, explaining the GTTs observed. It is interesting
to note that these effects were opposite to those observed with the
acute administration of the receptor antagonist. A possible explana-
tion for these results could be the up-regulation of 3-cell GABAg re-
ceptors in response to chronic exposure to the receptor antagonist.
In response to glucose overload, -cells secrete insulin as well as
GABA, having the latter an autocrine effect inhibiting insulin secretion
through GABAg receptors. The presence of a higher number of GABAg
receptors on [3-cells could enhance this inhibition, diminishing serum
insulin levels and explaining the response to the glucose overload in
these animals.

Our results show that chronic administration of the GABAg recep-
tor agonist, baclofen, or the receptor antagonist, 2-hydroxysaclofen,
did not modify GABAg, subunit mRNA expression in isolated islets.
Since GABAg receptor modulation may occur during prolonged expo-
sure to GABAg analogs (Pibiri et al., 2005; Pratt and Bowery, 1993),
our results suggest that this regulation is primarily due to nonge-
nomic mechanisms, as proposed by Sands et al.(2003).

Surprisingly, chronic baclofen administration also produced glu-
cose intolerance, altering the GTT, but to a lesser degree than the re-
ceptor antagonist. In fact, this alteration was not accompanied by
alterations in insulin secretion or sensitivity. In this context it is im-
portant to take into account that 2-hydroxysaclofen does not cross
the blood-brain barrier, so it can be inferred that its effects are exclu-
sively peripheral. On the contrary, baclofen can cross the blood-brain
barrier and therefore the observed effects could be attributed to the
integration of multiple actions on peripheral and central tissues.
Therefore, the alterations observed in the GTTs of baclofen-treated
animals must be attributed to other hyperglycemic factor/s.

Since several authors propose the activation of hypothalamic-
pituitary-adrenal axis by peripheral baclofen administration (Hausler
et al,, 1993), one possible hyperglycemic factor involved could be corti-
costerone. We observed a small increase in serum corticosterone
in baclofen-treated animals, although it did not achieve statistical
significance, possibly because of high serum variability due to its circadi-
an rhythm of secretion (Ambrogini et al., 2002). No alterations in corti-
costerone levels were observed in 2-hydroxysaclofen-treated animals.

In addition, glucagon, growth hormone, insulin growth factor-I
and prolactin, all hormones related to glucose homeostasis regula-
tion, were not altered in baclofen or 2-hydroxysaclofen chronically-
treated animals.

Our results suggest that the alterations observed with chronic
GABAg analogs administration were due to their actions on hypo/hy-
perglycemic factors, since ITTs were not altered, indicating that the
treatments did not modify insulin sensitivity at peripheral targets.

It has been reported that baclofen increases short-term food in-
take but does not modify accumulative food intake in rats (Patel
and Ebenezer, 2010), while 3-APPA (GABAg receptor agonist that
does not cross the blood-brain barrier), did not alter food intake, sug-
gesting that the effect is exerted at CNS (Ebenezer and Patel, 2004). In
contrast in humans baclofen and gabapentin, another widely used
GABAg receptor agonist (Parker et al., 2004 ), have shown anorexigen-
ic effects (Guardia et al., 2011; Rutecki and Gidal, 2002). Given this
controversy, we evaluated body weight and food intake during the
chronic treatments with GABAg receptor agonists and antagonists
but no differences among treatments were found.



M.M. Bonaventura et al. / European Journal of Pharmacology 677 (2012) 188-196 195

5. Conclusion

Our observations demonstrate that peripheral GABAg receptors
are involved in the regulation of glucose homeostasis in vivo. Further-
more, these results alert to the potential side effects of GABAg drug
administration on glucose homeostasis, and point to the need to eval-
uate the metabolic state of patients, particularly regarding the diabet-
ic or prediabetic states. Both agonists and antagonists of GABAg
receptors are in use or are being evaluated for future clinical uses.
The former, such as baclofen, are used e.g. in the treatment of spastic-
ity and trigeminal neuralgia and are being evaluated for the treat-
ment of drugs of abuse dependence, as baclofen has been shown to
decrease craving for various drugs. The latter, such as the receptor an-
tagonist SGS742 (3-aminopropyl-n-butyl phosphinic acid), are in ad-
vanced clinical trials for cognitive impairment (Bowery, 2006).
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