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Abstract
Aims/hypothesis Use of the second-generation antipsychot-
ic drugs (SGAs) results in the development of obesity and a
type 2 diabetes-like syndrome. We hypothesised that, in
addition to the insulin resistance associated with the
obesity, the SGAs might have acute effects on glucose
metabolism that could contribute to the derangements in
glucose metabolism.
Methods We investigated the effects of therapeutically
relevant levels of three different antipsychotic medications
(haloperidol, quetiapine and clozapine) on glucose toler-
ance, measures of insulin resistance and hepatic glucose
production, and on insulin and glucagon secretion in rats.

Results We found that these drugs induce impaired glucose
tolerance in rats that is associated with increased insulin
secretion (clozapine>quetiapine>haloperidol) but is inde-
pendent of weight gain. However, Akt/protein kinase B
activation is normal, and at these levels of drug there was
no effect on insulin action in fat cells or soleus muscle, and
no effect on insulin sensitivity as evaluated by insulin
tolerance tests. We show that clozapine induces increased
glucose levels following pyruvate and glycerol challenges,
indicating an increase in hepatic glucose output (HGO).
Increased HGO would in turn increase insulin release and
would explain the apparent phenotype mimicking insulin
resistance. We provide evidence that this effect could at least
in part be mediated by a stimulation of glucagon secretion.
Conclusions/interpretation Our findings indicate that SGAs
can cause acute derangements in glucose metabolism that
are not caused by a direct induction of insulin resistance but
act via an increase in glucagon secretion and thus
stimulation of hepatic glucose production.
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DEXA dual-energy x-ray absorptiometry
GlycTT glycerol tolerance testing
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Introduction

Antipsychotic medications are widely used in the treat-
ment of schizophrenia and other forms of psychosis. The
drugs fall into two main groups, known as typical or
atypical antipsychotics. The most widely used typical
medication is haloperidol, which has high antagonist
affinity for type 2 dopamine (D2)-like receptors (D2, D3
and D4 receptors) but causes extrapyramidal side effects
[1]. The atypical or second-generation antipsychotic
medications (SGAs), such as quetiapine, olanzapine and
clozapine are thought to be more targeted, therapeutically,
because of their low incidence of extrapyramidal side
effects resulting from their low affinity for D2 receptors.
However, a major side effect of SGAs is the development
of symptoms similar to type 2 diabetes [1–5]. It is widely
assumed that this is caused by peripheral insulin resistance
following excessive weight gain observed with people
prescribed these drugs [6–8].

Despite the profound effects of SGAs on glucose
metabolism, surprisingly little is known about the direct
effects of these on glucose homeostasis. A study showed a
slight increase in blood glucose level after clozapine
treatment but the glucose measurements were obtained
from anaesthetised rats, limiting the interpretation of the
results [9]. Similarly, another group investigated the effect
of clozapine on glucose tolerance, but used trunk blood
following decapitation, which in itself is normally associ-
ated with elevated blood glucose concentrations [10].
Researchers have also reported that olanzapine caused
insulin resistance in L6 skeletal muscle cells, but this effect
is only apparent using a 100-fold (100 µmol/l) higher
concentration of the drug than we would see in the clinical
setting [11]. Finally, another study observed no effect on
glucose tolerance with olanzapine; however, the drug was
administered in food and the rats were subsequently fasted
overnight before performing the test [1]. Because antipsy-
chotic drugs have a very short half-life in the rodent (<2 h)
the glucose challenge was performed on rats with no or
very low concentration of the drug [12]. Thus, it has
become increasingly unclear whether the association be-
tween schizophrenia and type 2 diabetes is of aetiological
significance to schizophrenia or an off-target effect of
antipsychotic medication.

The current study was undertaken to determine whether
therapeutically relevant concentrations of SGAs are having
acute effects on the mechanisms regulating glucose metab-
olism. These studies show that while the SGAs induce rapid
impairment of glucose metabolism, they do not acutely
induce insulin resistance. Instead they acutely induce
glucagon secretion and hepatic glucose output (HGO),
which together will contribute to the increase in glucose
levels induced by SGAs. We propose that these acute

effects of SGAs contribute to the diabetes-like phenotype
observed in humans.

Methods

Animal model Male Sprague–Dawley rats (VJU, Auckland,
New Zealand) were weight-matched into the following
groups: vehicle control (5% [vol./vol.] acetic acid, pH 6),
haloperidol (0.25 mg/kg; Sigma, Castle Hill, NSW, Aus-
tralia), quetiapine (10 mg/kg; AstraZeneca, Auckland, New
Zealand) or clozapine (10 mg/kg; Douglas Pharmaceuticals,
Auckland, New Zealand). Each group received a daily s.c.
injection of the vehicle control or antipsychotic drug for
either 1–2 h (acute), 7 days (sub-chronic) or 28 days
(chronic). All rats had free access to a standard chow diet
(Global Rodent Diet; Teklad, Madison, WI, USA; 18%
protein, 5% fat, digestible energy 3.4 kJ/g) and water. Rats
used for tissue collection and plasma drug quantification
were fasted overnight and 2 h after their drug injection were
anaesthetised with sodium pentobarbitone (60 mg/kg) and
killed. All work was approved by the Animal Ethics
Committee of the University of Auckland.

Measurements Body fat composition was assessed using
dual-energy X-ray absorptiometry (DEXA) (Lunar Hologic;
GEMedical Systems, Belgium). Food intake and body weight
were measured daily. Blood glucose levels were determined
using an Accu-Chek Performa blood glucose meter (Roche,
Auckland, New Zealand). Plasma insulin and glucagon levels
were measured by the Mercodia Ultrasensitive rat insulin
ELISA (Mercodia, Uppsala, Sweden) and Linco glucagon
RIA (Linco, Billerica, MA, USA), respectively.

Plasma drug quantification Drug quantification was deter-
mined using HPLC (Alliance 2475; Waters, Milford, MA,
USA) [13, 14]. In brief, 4 µl of internal standard (100 µg/ml
amoxapine) was added to 250 µl of rat plasma. Fifty
microlitres of sodium hydroxide (2 mol/l) was added and
mixed thoroughly; 1.5 ml hexane–isoamyl alcohol (98:2,
vol./vol.) was added and mixed shaking for 15 min at room
temperature. After centrifugation, the organic layer was
removed and samples were back extracted in phosphoric
acid. The hexane–isoamyl alcohol layer was removed using
Hetovac (9 Pa, −130°C, 2000 g; Heto, Allerod, Denmark)
for 20 min. After centrifugation, 50 µl of aqueous phase
was added into the HPLC unit for a 20 µl injection. An
isocratic method was used with a flow rate of 0.7 ml/min
using 95% mobile phase (acetonitrile–water–tetramethyle-
thylenediamine, 37.5/62.1/0.4 [vol./vol./vol.], pH 6.5 with
95% [vol./vol.] acetic acid) and 5% [vol./vol.] acetonitrile
and samples analysed at 254 nm. Data analysis was
assessed by Waters Millennium software, with the plasma
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drug quantification being determined from the calibration
curve and internal standard.

Glucose tolerance testing (GTT) Rats were fasted for 16 h.
A baseline venous blood sample was collected from the tail
tip. Rats were injected s.c. with the vehicle control or
antipsychotic drug and after 1 h another blood sample and
glucose measurement was taken (time 0). A bolus injection
of glucose (2 g/kg of D-glucose; Merck, Auckland, New
Zealand) was then injected i.p. At indicated times, blood
was collected for glucose and plasma insulin quantification.

Insulin tolerance testing (ITT) Rats were fasted for 2 h and
a basal blood glucose measurement taken. Rats were injected
s.c. with the vehicle control or antipsychotic drug and after
1 h another blood glucose measurement was taken (time 0).
A bolus injection of insulin (0.75 U/kg; Sigma) was then
administered s.c. and blood glucose concentrations were
taken at indicated time points.

Pyruvate tolerance testing (PTT) and glycerol tolerance
testing (GlycTT) These used the same protocol as the GTT
with the following exceptions. Following 1 h of antipsy-
chotic drug injection, nine rats were injected with either
pyruvate (2 g/kg; Sigma) or glycerol (2 g/kg; Sigma) with a
further nine rats receiving no pyruvate or glycerol. For the
clozapine/pyruvate or glycerol/octreotide experiments, rats
were fasted for 16 h and injected with vehicle or clozapine.
After 55 min of clozapine exposure half of the vehicle- and
clozapine-injected groups received an s.c. injection of
octreotide (250 µg/kg; Sandostatin, Novartis, Auckland,
New Zealand). At 60 min after drug injection all rats
received an i.p. injection of pyruvate (2 g/kg) or glycerol
(2 g/kg) and a blood glucose concentration was taken after
90 min for pyruvate and 60 min for glycerol.

Octreotide experiment Rats (260±20 g) were weight-
matched into groups: vehicle, vehicle plus octreotide,
clozapine, or clozapine plus octreotide. Rats injected with
octreotide received an s.c. injection (250 µg/kg) 5 min
before the vehicle or clozapine injection. After 1 h, blood
was taken from the tail tip for blood glucose determination
and plasma for insulin and glucagon quantification.

Differentiation of 3T3-L1 cells 3T3-L1 fibroblasts were
obtained from the American Type Culture Collection
(Manassas, VA, USA) and induced to differentiate as
described previously [15, 16].

Muscle incubations and glucose uptake assay Rats of about
140 g were anaesthetised with pentobarbital (10 mg i.p.;
50 mg/ml), and the soleus muscles were dissected out and
mounted on holders at their resting length and incubated as

previously described [17]. After approximately 45 min pre-
incubation, muscles were incubated for 30 min (for
wortmannin only 10 min) with the concentrations of
antipsychotics as indicated in the Figures. Muscles were
then incubated for an additional 30 min with insulin (and
antipsychotics) for analysis of glucose uptake. Glucose
uptake was measured for 30 min, as previously described
[18].

Analysis of Akt/pyruvate kinase B (PKB) serine 473
phosphorylation by immunoblotting After the indicated
animal experiments, proteins were extracted in ice-cold
lysis buffer (1% [vol./vol.] NP-40; 10% [vol./vol.] glycerol;
137 mmol/l NaCl; 20 mmol/l TRIS–HCl, pH 7.4; 4 µg/ml
aprotinin; 4 µg/ml leupeptin; 1 mmol/l 4-(2-aminoethyl)
benzenesulfonyl fluoride; 4 µg/ml pepstatin; 10 mmol/l
EDTA; 1 mmol/l EGTA, pH 8; 20 mmol/l NaF; 1 mmol/l
Na pyrophosphate and 1 mmol/l vanadate). The extracted
proteins were quantified using a BCA Protein Assay Kit
(Pierce, Auckland, New Zealand) and 50 µg of protein was
boiled for 7 min and separated by SDS-PAGE and
transferred to polyvinylidene difluoride membranes. After
blocking for 30 min at room temperature in 5% (wt/vol.)
BSA/0.1% (vol./vol.) Tween-20 in TRIS-buffered saline,
membranes were incubated with polyclonal antibody
specific for Akt/PKB phosphorylated on serine 473 (Cell
Signaling Technologies, Auckland, New Zealand). The
primary antibody was detected with a secondary antibody
(horseradish peroxidase-conjugated goat anti-rabbit (Dako,
Carpinteria, CA, USA) and enhanced chemiluminescence
(ECL; Amersham Biosciences, Auckland, New Zealand).
Detection was made using LAS 3000 (Fujifilm, Valhalla, NY,
USA). The membranes were then stripped (2% [wt./vol.]
SDS; 100 mmol/l β-mercaptoethanol and 50 mmol/l TRIS,
pH 6.8) for 30 min at 55°C and re-probed with a polyclonal
total PKB antibody (Cell Signaling Technologies). Immuno-
reactivity was detected with ECL. All blots were quantified
using multi-gauge V3.0 software (Fujifilm).

Statistical analysis Data are presented as means±SEM
except where otherwise stated. Datasets with multiple time
points and groups (e.g. GTT, PTT) were analysed by
repeated-measures ANOVA with Fisher’s post hoc test.
p<0.05 was taken as significant.

Results

Blood levels of drugs Therapeutic concentrations in the
circulation of patients is in the range of 5–10 nmol/l for
haloperidol, 550–1,100 nmol/l for quetiapine and 800–
1,050 nmol/l for clozapine [12, 19–21]. Similar blood
levels in our rat model were achieved using 0.25 mg/kg
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haloperidol, 10 mg/kg quetiapine and 10 mg/kg clozapine
(Electronic supplementary material [ESM] Table 1).

The effect of antipsychotic medication on body weight, body
composition and food intake To determine whether anti-
psychotic medication induces excessive weight gain, we
injected male Sprague–Dawley rats daily for 28 days with
vehicle (5% [vol./vol.] acetic acid, pH 6), haloperidol
(0.25 mg/kg), quetiapine (10 mg/kg) or clozapine (10 mg/
kg). Rats injected with haloperidol or clozapine weighed
significantly less than vehicle controls, whereas rats
injected with quetiapine showed no difference in weight
gain (ESM Fig. 1a). We also quantified the fat percentage
of each group before and 28 days after the daily
antipsychotic regime using DEXA. As shown in ESM
Fig. 1b, the vehicle controls increased their fat percentage
by 30% from the initial scan and quetiapine-treated by
40%, with no change in fat percentage found with
haloperidol or clozapine. The reduction in weight gain
and fat percentage may be caused by either a decrease in
food intake or an increase in energy expenditure. As shown

in ESM Fig. 1c, rats injected with haloperidol or clozapine
had a non-significant reduction in daily food intake, when
compared with either the vehicle control or quetiapine-
injected groups. Thus, any metabolic effect of antipsychotic
medication will not be influenced by excessive weight gain
or change in body composition, both of which are well
known to cause insulin resistance and glucose metabolism
alterations.

Acute effect of SGA drugs on GTT We first evaluated the
effect of acute administration of SGAs in drug-naive
animals on glucose and insulin levels during GTT. Both
blood glucose and plasma insulin levels were significantly
increased by 1 h after haloperidol, quetiapine or clozapine
injections (Fig. 1a,b, respectively). These drugs also
induced significant impairments in the ability to clear a
glucose load. The effect was greatest for the SGA drugs,
with haloperidol having only a minor effect.

The effects of repeated SGA dosing on glucose tolerance To
determine whether repeated daily dosing altered the acute
effects of these drugs on glucose metabolism, rats were
injected daily for 7 or 28 days. After such dosing, acute
administration of both quetiapine and clozapine was still
able to significantly impair glucose disposal (ESM Fig. 2a,
c, respectively) and to increase plasma insulin levels during
a GTT (ESM Fig. 2b,d, respectively). However, after
repeated dosing of haloperidol this drug was no longer
able to have a significant effect on glucose metabolism.

To determine the persistence of the effect observed on
glucose sensitivity, we performed a GTT 48 h and 7 days
after the last drug injection, in rats previously exposed to
antipsychotic medication for 28 consecutive days. A small
but significant defect in glucose tolerance remained 48 h
after the final injection with quetiapine or clozapine
exposure (ESM Fig. 2e). However, this difference was
normalised by 7 days following drug removal (ESM
Fig. 2f). Thus, the impairment in glucose tolerance caused
by SGAs is not permanent and can be reversed by drug
removal.

SGAs do not acutely induce insulin resistance The im-
paired glucose tolerance associated with increased insulin
secretion observed following SGA treatment in humans is
classically interpreted as a consequence of an obesity-
induced insulin-resistant state. In the present study, no
significant weight gain in the animals was observed in
either the 7 day or 28 day treatment protocols. Further, the
effects can be rapidly reversed by drug removal, suggesting
the effects we see are largely caused by an acute affect on
glucose use.

To test whether SGAs caused insulin resistance we first
studied the effect of the drugs on glucose uptake in fat and
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Fig. 1 The acute effect of antipsychotic drugs on glucose tolerance.
Blood glucose levels (a) and plasma insulin levels (b) in a GTT
performed 1 h after vehicle or drug injection (haloperidol, quetiapine
or clozapine) (means±SEM, n=6 per group). Squares, vehicle; circles,
haloperidol (p<0.01); triangles, quetiapine (p<0.001); diamonds,
clozapine (p<0.001). Statistical significance determined by repeated-
measures ANOVA, as compared with the vehicle control group

2312 Diabetologia (2008) 51:2309–2317



muscle, as these tissues are two major sites of insulin-
stimulated glucose disposal in the periphery. As expected,
wortmannin, a phosphatidylinositol 3-kinase inhibitor,
significantly reduced glucose uptake after insulin stimula-
tion in 3T3L1 adipocytes (Fig. 2a). However, pretreatment
of 3T3L1 adipocytes with all three drugs at therapeutically
relevant concentrations (1 µmol/l) did not modify insulin-
stimulated glucose uptake. At 10 µmol/l, levels of drugs at
least tenfold higher than that achieved therapeutically, a
marginal decrease of glucose uptake was observed. We next
studied the effect of these drugs on glucose uptake in soleus
muscle. As expected wortmannin significantly reduced
glucose uptake (Fig. 2b). However, a pre-incubation of

the drugs did not cause any defect in glucose uptake even at
10 µmol/l concentration. This demonstrated that relevant
concentrations of these drugs are not directly causing
insulin resistance in two major insulin target tissues.

We next examined the effect on insulin signalling in liver
and fat using the phosphorylation of Akt/PKB on serine
473 as a marker of insulin action. Rat tissue was collected
2 h after the last drug injection, at which time both glucose
and insulin levels were raised with clozapine (Fig. 3a,c,
respectively). In the liver, we found a significant increase in
the phosphorylation of serine 473 on Akt/PKB with rats
injected with clozapine (Fig. 3b). Likewise, we found a
tenfold increase in serine 473 phosphorylation on Akt/PKB
in the retroperitoneal fat of rats injected with clozapine
(Fig. 3d). No change in total levels of Akt/PKB was found.
Thus, the activity of a downstream target of insulin,
Akt/PKB, is not inhibited by clozapine, again demonstrat-
ing this drug is not causing direct impairment of insulin
signalling in the rat.

To further investigate the effect of SGAs on insulin
sensitivity, we performed ITT in drug-naive animals. We
found no defect in insulin sensitivity following 1 h drug
exposure for all drugs tested (Fig. 4). This provides further
evidence that the increases in glucose and insulin levels
during the GTT following acute administration of either
quetiapine or clozapine are not caused by the development
of underlying insulin resistance.

Investigating the effects of SGAs on HGO The observation
that blood glucose levels are increasing in the absence of
insulin resistance suggests that the drugs could be stimulat-
ing HGO. Pyruvate and glycerol are two major substrates for
gluconeogenesis, so to determine if there was increased
glucose production we performed both PTT and GlycTT
after acute drug administration. We found a significant
increase in AUC in both PTT and GlycTT in rats exposed
to haloperidol, quetiapine or clozapine (Fig. 5a,e, respective-
ly). Because clozapine increases basal blood glucose level
we normalised the blood glucose levels to rats that received
the drugs only (Fig. 5b,f). This allowed us to estimate the
amount of glucose being produced by either pyruvate or
glycerol (Fig. 5c,g). As for the effect on GTT, this effect was
transient as, by 48 h after the acute drug administration, no
change in either PTT or GlycTT was observed (Fig. 5d,h). In
conclusion, these data provide new evidence that SGAs are
acutely promoting glucose production in the liver.

The increased HGO is surprising as we have shown that
these drugs are acutely increasing glucose and insulin levels
and both of these normally act to suppress HGO. As the
stimulation of Akt/PKB phosphorylation in the liver
remains unchanged, insulin resistance is an unlikely
explanation. Therefore the most likely explanation was that
the SGAs were inducing glucagon secretion despite the
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high glucose and insulin levels. When blood glucose rises,
glucagon secretion is normally shut down and its actions
are counteracted by insulin. However, following clozapine
injection, glucagon levels actually increase further (Fig. 6a)
despite increases in both blood glucose and plasma insulin
levels (Fig. 6b,c, respectively), suggesting clozapine is
directly promoting glucagon secretion. In control experi-
ments we confirmed that administration of glucose to
control rats induced increases in blood glucose and insulin
while almost totally suppressing glucagon secretion (data
not shown). To more fully understand the role of glucagon
in the clozapine effect we performed experiments using
octreotide, a somatostatin analogue that abolishes glucagon
and insulin secretion (Fig. 6). These two effects would be
expected to have opposing effects on glucose metabolism
with falling insulin expected to increase blood glucose lev-
els and falling glucagon expected to reduce blood glucose
levels. The fact that octreotide treatment significantly
attenuates the effects of clozapine on increasing blood
glucose levels supports the conclusion that the clozapine-
induced increase in glucagon is the major contributor to the
elevated blood glucose levels in SGA-treated animals.

We also found that octreotide attenuates the elevation in
glucose concentration after a pyruvate or glycerol load

(Fig. 7a,b, respectively). We studied the effect of clozapine
at 90 min after pyruvate and 60 min after glycerol exposure
on blood glucose levels with or without octreotide. As
expected, vehicle rats injected with octreotide/pyruvate or

Fig. 3 The effect of antipsy-
chotic medication on Akt/PKB
activity. Blood glucose (a) and
plasma insulin (c) levels fol-
lowing 2 h drug injection.
Western blot analysis and quan-
tification showing the effect of
antipsychotic drugs on the ac-
tivity (phosphorylated serine
473 [p-S473] on Akt/PKB) and
total levels of Akt/PKB in the
liver (b) and retroperitoneal fat
(d). Data were calculated as a
ratio of serine 473 (p-S473) to
total Akt/PKB for each sample
and expressed as fold change
relative to the vehicle control
group (n=6 per group). Data are
means±SEM. ***p<0.001 vs
the vehicle control group deter-
mined by one-way ANOVA and
Fisher’s post hoc test
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during an ITT. Rats were weight-matched into groups and fasted for
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octreotide/glycerol had a 1.6-fold and a 1.4-fold increase in
blood glucose levels, respectively (Fig. 7). Interestingly, the
presence of octreotide decreased blood glucose levels in
clozapine/pyruvate- or clozapine/glycerol-injected rats. This
is consistent with the effects of clozapine being mediated
via glucagon secretion, as glucagon would normally promote
the conversion of pyruvate and glycerol to glucose.

Discussion

SGAs are a widely used class of drug, but one side
effect of these drugs is the development of a type 2
diabetes-like phenotype characterised by high circulating

blood glucose and insulin, especially with clozapine and
olanzapine [2, 6, 9, 10, 22]. In humans, as the use of SGAs
is associated with weight gain, the assumption has been
made that these drugs are causing the development of
severe insulin resistance in the major insulin-sensitive
tissues, inducing compensatory increases in insulin secre-
tion [3]. Indeed, some previous studies have claimed
SGAs induce insulin resistance in cell culture models,
albeit using the drugs at supra-therapeutic concentrations
[6–8, 11].

In the current animal studies, we have deliberately used
dosing regimes that achieve therapeutically relevant
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response to pyruvate (a–d) or glycerol (e–h). a, e Blood glucose 1 h
after drug injection. b, f Basal blood glucose levels after drug treatment
only. c, g Blood glucose levels of rats injected with drugs then injected
with pyruvate or glycerol (a, e) minus rats treated with drugs only (b, f).
d, h Blood glucose levels 48 h after acute drug injection. Vehicle
(squares), haloperidol (circles), quetiapine (triangles) and clozapine
(diamonds). (n=9 per group). Data are means±SEM. a, c, e, g p<0.001
for quetiapine and clozapine, b, f p<0.001 for clozapine vs the vehicle
control group by repeated-measures ANOVA
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Fig. 6 The effect of clozapine on glucagon secretion. a Plasma
glucagon levels 1 h after clozapine and clozapine plus octreotide
injections. Blood glucose levels (b) and plasma insulin levels (c)
during clozapine and octreotide injections. (n=9 per group). Data are
means±SEM. *p<0.05, ***p<0.001 vs the indicated comparison
group by one-way ANOVA and Fisher’s post hoc test
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plasma levels of drugs in animals and under these
conditions we do find that all three antipsychotic
medications examined cause impairments of glucose
metabolism. The effects were greatest for the two SGAs
tested (clozapine and quetiapine). Surprisingly these
effects were independent of any effects on increased body
weight or adiposity and could be observed rapidly after
drug administration.

While we find evidence that a small degree of insulin
resistance may exist after long-term administration of SGA,
we provide several lines of evidence indicating that the
acute effects of these drugs on glucose metabolism are not
caused by an induction of insulin resistance. First, we did
not identify any impairment of insulin action in both
adipocytes and isolated soleus muscle using therapeutically
relevant drug concentrations, and only minor effects at
supra-therapeutic levels in adipocytes. Further, the impaired
glucose tolerance after chronic drug exposure did not
persist after drug removal, indicating that the drugs were
not inducing long-term changes in the metabolism of the
animals. The finding that there is still strong activation of

Akt/PKB in insulin responsive tissue (fat and liver) when
drug is administered also provides evidence that the
animals were not in fact insulin-resistant. This was further
confirmed by the fact that none of the drugs altered glucose
clearance rates in ITT.

If these drugs are not acutely inducing insulin resistance
but inducing an increase in glucose and insulin levels after
acute drug exposure, the most obvious explanation is that
they are stimulating HGO and as a consequence stimulating
insulin release. The production of glucose from the liver
could be achieved by either increasing gluconeogenesis
and/or stimulating glycogenolysis. Our finding that, com-
pared with control, the SGAs increase glucose levels
following either pyruvate or glycerol administration, after
adjusting for any increased basal blood glucose levels
because of the drugs only, provides evidence that the drugs
are at least acting to promote gluconeogenesis. In the case
of clozapine our data suggest these effects are caused by an
increase in glucagon secretion, because following inhibition
of both insulin and glucagon secretion during 90 min of
pyruvate or 60 min of glycerol we found that animals
injected with clozapine/pyruvate/octreotide or clozapine/
glycerol/octreotide decreased HGO compared with cloza-
pine/pyruvate- or clozapine/glycerol-exposed animals. In-
sulin levels are greatly reduced in these animals, which
would normally enable increases in HGO, so the fact that
there is a reduction can most likely be attributed to a
decrease in glucagon secretion caused by octreotide. To
further support this we also find that clozapine acts to
increase glucagon levels despite concurrent increases in
blood glucose and insulin levels, a situation which would
normally reduce glucagon levels.

In summary our study identifies a previously unde-
scribed acute effect of SGAs on glucose metabolism in
which a diabetes-like phenotype is caused via a stimulation
of glucagon secretion, which subsequently impacts on
HGO, increasing blood glucose and thus insulin levels. It
is already known that long-term treatment of humans with
SGAs leads to weight gain, which will induce insulin
resistance in peripheral tissues. If the acute mechanism
described here is also operating in already insulin-resistant
SGA-treated patients then it will almost certainly make a
significant contribution to the type 2 diabetes phenotype
observed in this group. To the best of our knowledge there
are no studies addressing the acute effects of SGA
administration on glucose metabolism and its relationship
to glucagon levels in humans. However, there is one study
reporting the effects of chronic SGA treatment on glucose,
insulin and glucagon levels in humans during a GTT [23].
This study reported that despite large increases in glucose
and insulin levels, there was no suppression of glucagon
levels in individuals treated with SGAs. This is consistent
with the effects we observe in rats, but further studies will
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Fig. 7 The effect of octreotide on blood glucose levels following
pyruvate (a) or glycerol (b) exposure. Relative fold change of blood
glucose levels in rats injected with vehicle or clozapine with or
without pyruvate or glycerol plus octreotide (Oct) after 90 min
(pyruvate) or 60 min (glycerol) exposure (relative to pyruvate or
glycerol vehicle, respectively). n=9 per group. Data are means±SEM.
**p<0.01, ***p<0.001 vs the indicated comparison group by
repeated-measures ANOVA Fisher’s post hoc test
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be required to determine whether the SGAs directly affect
glucagon secretion and HGO in humans.
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