
Metabolic Side-Effects of the Novel Second-Generation
Antipsychotic Drugs Asenapine and Iloperidone: A
Comparison with Olanzapine
Heidi N. Boyda1, Ric M. Procyshyn2,3, Catherine C. Y. Pang1, Erin Hawkes1, Daniel Wong1, Chen

Helen Jin1, William G. Honer2,3, Alasdair M. Barr1,3*

1Department of Anesthesiology, Pharmacology and Therapeutics, University of British Columbia, Vancouver, British Columbia, Canada, 2Department of Psychiatry,

University of British Columbia, Vancouver, British Columbia, Canada, 3 British Columbia Mental Health and Addictions Services, British Columbia Mental Health and

Addictions Research Institute, Vancouver, British Columbia, Canada

Abstract

Background: The second generation antipsychotic (SGA) drugs are widely used in psychiatry due to their clinical efficacy
and low incidence of neurological side-effects. However, many drugs in this class cause deleterious metabolic side-effects.
Animal models accurately predict metabolic side-effects for SGAs with known clinical metabolic liability. We therefore used
preclinical models to evaluate the metabolic side-effects of glucose intolerance and insulin resistance with the novel SGAs
asenapine and iloperidone for the first time. Olanzapine was used as a comparator.

Methods: Adults female rats were treated with asenapine (0.01, 0.05, 0.1, 0.5, 1.0 mg/kg), iloperidone (0.03, 0.5, 1.0, 5.0,
10.0 mg/kg) or olanzapine (0.1, 0.5, 1.5, 5.0, 10.0 mg/kg) and subjected to the glucose tolerance test (GTT). Separate groups
of rats were treated with asenapine (0.1 and 1.0 mg/kg), iloperidone (1.0 and 10 mg/kg) or olanzapine (1.5 and 15 mg/kg)
and tested for insulin resistance with the hyperinsulinemic-euglycemic clamp (HIEC).

Results: Asenapine showed no metabolic effects at any dose in either test. Iloperidone caused large and significant glucose
intolerance with the three highest doses in the GTT, and insulin resistance with both doses in the HIEC. Olanzapine caused
significant glucose intolerance with the three highest doses in the GTT, and insulin resistance with the higher dose in the
HIEC.

Conclusions: In preclinical models, asenapine shows negligible metabolic liability. By contrast, iloperidone exhibits
substantial metabolic liability, comparable to olanzapine. These results emphasize the need for appropriate metabolic
testing in patients treated with novel SGAs where current clinical data do not exist.
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Introduction

The second generation antipsychotic (SGA) drugs represent the

preferred choice of pharmacological treatment for schizophrenia.

Many SGAs are also approved for additional indications, and are

widely used off-label for other psychiatric disorders [1]. Despite

the lower incidence of extrapyramidal side-effects with SGAs

compared to their predecessors, over the last decade it has become

clear that the majority of SGAs are associated with substantial

unwanted side-effects. These side-effects are predominantly

metabolic disturbances which include the components of meta-

bolic syndrome [2–5]: weight-gain, adiposity, hyperlipidemia,

glucose intolerance and insulin resistance. Pharmacological

interventions, such as anti-diabetic drugs, may be only partly

successful in reversing metabolic changes [6,7], leaving those with

SGA drug-induced metabolic side-effects at substantially increased

risk of developing cardiovascular disease and Type 2 Diabetes

Mellitus (DM) [8,9], resulting in increased morbidity and

mortality.

However, within the SGA class, there is considerable

variation with regards to metabolic liability [10–12]. This has

been most commonly assessed by weight-gain. Numerous studies

have confirmed a continuum of metabolic liability, with the

drugs clozapine and olanzapine causing greatest weight-gain,

through intermediate effects with drugs including risperidone
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and quetiapine, to least weight-gain with ziprasidone and

aripiprazole. Importantly, even the latter drugs are not body-

weight-neutral, as weight-gain is greater than with placebo [13],

particularly in patients taking antipsychotic drugs for the first

time [14]. Fewer studies have examined the effects of SGAs on

glucose control and insulin resistance, likely due to the greater

difficulty of such measurements. Nevertheless, the pattern

resembles that for weight-gain, with greatest insulin resistance

caused by clozapine and olanzapine, and least by ziprasidone

and aripiprazole [15]. Considerable evidence indicates that the

effects of SGAs on insulin resistance and other metabolic

indices, such as dyslipidemia [16], are not simply due to drug-

induced weight-gain. Studies have reported new-onset diabetes

in the absence of obesity or substantial weight-gain in SGA-

treated patients [17], while acute effects of SGAs in non-

psychiatric subjects included rapid-onset glucose intolerance in

the absence of major weight-gain [18–20].

The metabolic side-effects of SGAs have been modeled in

preclinical rodent paradigms [21], using sophisticated techniques

such as the glucose tolerance test and hyperinsulinemic-euglyce-

mic clamp [22]. Acute and chronic studies of SGA-induced insulin

resistance and glucose intolerance have largely replicated clinical

findings. Furthermore, the animal models are strongly homologous

with clinical data, as drugs with greater metabolic liability in

humans exert stronger metabolic effects in the preclinical

paradigms [16,23–31]. These models are therefore useful not

only in helping to understand the biological basis of metabolic

side-effects, but also in predicting such effects in novel antipsy-

chotic drugs.

The two novel SGA drugs asenapine and iloperidone were both

approved by the US Food and Drug Administration in 2009 for

the treatment of schizophrenia [32]. While the clinical efficacy of

these new drugs compared to placebo has been confirmed in

registration trials, little is known about the metabolic side-effects of

these compounds [12]. Some data are published regarding weight-

gain, but to our knowledge, there has been no reported

documentation of glucose intolerance and insulin resistance with

these drugs, which are the core symptoms of Type 2 DM. Given

the utility of preclinical models in predicting metabolic dysregula-

tion caused by SGAs, we conducted a study of both glucose

tolerance and insulin resistance with asenapine and iloperidone,

using established procedures, across a wide range of doses. For

reference, we concurrently measured metabolic dysregulation in

animals treated with olanzapine, as this drug is known to reliably

cause metabolic dysregulation.

Materials and Methods

Animals
Adult female Sprague-Dawley rats (250–275 g) from Charles

River (Montreal, Canada) were habituated to the UBC colony for

one week. Females are the preferred sex for rodent models of

antipsychotic drug-induced metabolic dysregulation because they

exhibit more consistent metabolic abnormalities than males

[21,33,34]. Rats were pair-housed and maintained on a 12-hour

light-dark cycle (lights on at 07:00hours) under ambient temper-

ature (2261uC), with food and water available ad libitum. Approval

by the UBC Animal Care and Use Committee was established for

all procedures; animals were treated in accordance with the NIH

Guidelines for the Care and Use of Laboratory Animals [35].

Pharmacological Agents and Solutions
Antipsychotic drugs included asenapine [Sigma-Aldrich Inc., St.

Louis, MO,], iloperidone and olanzapine [Toronto Research

Chemicals Inc., Toronto, ON]. All dosing solutions were prepared

daily. Asenapine was formulated in a vehicle composed of 0.9%

saline with the addition of 10 mL 1 M hydrochloric acid;

iloperidone and olanzapine were formulated in 50% polyethylene

glycol 400, 40% distilled water and 10% ethanol (PEG solution)

[36]. Antipsychotics were dissolved in a volume of 1 ml/kg. For

clamp experiments, recombinant human insulin (Humulin R) [Eli

Lily, Indianapolis, IN) and dextrose (50%) were formulated in

0.9% w/v saline. All other chemicals were of reagent grade.

Intraperitoneal Glucose Tolerance Test (IGTT) (see Fig. 1A
for Sequence of Events)
All rats were given a baseline IGTT prior to drug administra-

tion, as described previously [26]. Briefly, animals were fasted

overnight for 1662 hours; the following morning animals were

wrapped in a towel to minimize stress, and a drop of saphenous

venous blood was procured with a 25-gauge needle for baseline

blood glucose measurement. Subsequently, animals received

a glucose challenge (1 g/kg/ml, i.p.) followed by repeated

sampling of blood glucose readings every 15 min for two hours.

Glucose measurements were determined by handheld glucometer

(One Touch Ultra). Based on total glucose levels, rats were rank

ordered and randomly matched to one of six treatment groups

(vehicle or five different doses of asenapine [n = 8–9 per group])

the following week. There was always one week minimum

duration between subsequent IGTTs.

For the asenapine IGTT, rats were fasted as above. Baseline

blood glucose levels were measured, and then a single dose of

asenapine (0.01, 0.05, 0.1, 0.5 or 1.0 mg/kg) or vehicle was

administered by s.c. injection; each rat received only one dose. A

second measurement of blood glucose was taken 30 minutes later,

to assess drug treatment on fasting glucose levels. Subsequently,

a saphenous blood draw using heparinized collecting tubes was

performed to obtain plasma samples for analysis of insulin levels;

extracted blood samples were centrifuged (10,000 RPM, 10 Min,

4uC) and samples stored at 280uC. Immediately afterwards, the

IGTT commenced, whereby animals received a challenge in-

jection of 1 g/ml/kg of glucose. Glucose levels were monitored

and recorded every 15 minutes for two hours duration. Animal

handlers were blinded to drug treatment. One week after the

asenapine IGTT, rats received another baseline IGTT, for re-

randomization for treatment with iloperidone the following week.

Rats received either vehicle or iloperidone (0.03, 0.5, 1.0, 5.0 or

10.0 mg/kg). Following another baseline IGTT and re-random-

ization, rats received the final antipsychotic treatment with vehicle

or olanzapine (0.1, 0.5, 1.5, 5.0 or 10.0 mg/kg).

Surgical Preparations for Hyperinsulinemic-Euglycemic
Clamp (HIEC)
Rats were prepared for surgery under isoflurane anesthesia and

pre-operative ketoprofen (5 mg/kg, s.c). Heparinized saline-filled

polyethylene cannulae (PE50) were inserted into the right common

carotid artery and both exterior jugular veins. The arterial cannula

was used to sample blood for measurement of glucose levels and

venous cannulae were used for the infusion of insulin and dextrose.

All cannulae were tunneled subcutaneously to the nape of neck

and exteriorized. Animals recovered for 24 hours prior to the

HIEC: two animals did not make a full recovery and were

excluded.

HIEC Procedures (see Fig. 1B for Sequence of Events)
Overnight fasted rats (1662 hours) were habituated to the cage

prior. The two venous cannulae were connected to auxiliary
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heparinized saline-filled PE50 tubing, directly attached to infusion-

only pumps (Harvard Apparatus, Holliston, MA). After a baseline

blood glucose reading from the arterial cannula, insulin infusion

(3 mU/kg/min) was initiated (t = 0 min) and kept running at

Figure 1. Experimental protocol. Describing (A) the intraperitoneal glucose tolerance test and (B) the hyperinsulinemic-euglycemic clamp with
acute antipsychotic drug treatment.
doi:10.1371/journal.pone.0053459.g001
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a constant rate for the entire experiment. Dextrose (50% w/v)

infusion commenced at 8 mg/kg/min (0.96 ml/kg/hr) at

t = 10 min and the glucose infusion rate (GIR) was adjusted as

needed, every 10 minutes, to maintain glucose concentrations at

6.0 mmol/L. Euglycemia was determined when three consecutive

blood glucose measurements presented 6.060.4 mmol/L at the

same GIR. Animals then randomly received a single s.c injection

of either vehicle or asenapine (0.1, 1.0 mg/kg), iloperidone (1.0,

10.0 mg/kg) or olanzapine (1.5, 15.0 mg/kg) [n = 5–7 per group],

and the clamp was continued for 120 minute duration. The

sample size of n= 5–7 animals per group is consistent with

previously published studies [27,28]. Handlers were blinded to

drug treatment.

Plasma Insulin Measurement by ELISA
Insulin levels were measured using the ultra-sensitive rat insulin

ELISA kit (Crystal Chem Inc., IL, USA). Plasma samples (5 ml)
were added and analyzed, in duplicate, on 96 well plates. Samples

were incubated, followed by repeated washes. Substrate was added

and absorbance measured at 450 nm –630 nm, as previously

[37,38]. Calibrators were prepared and used to generate

a calibration curve. A reference (non-fasted) animal’s plasma

added to all plates served as reference standard; confirming a high

intra-plate reliability, with mean run-to-run correlations of 0.996

(range 0.994–0.999).

Insulin Resistance
Determination of insulin resistance in rats was accomplished

using the homeostatic model assessment of insulin resistance

(HOMA-IR) equation (1) [39]. The product of both the fasting

levels of glucose (expressed as mmol/L) and insulin (mU/ml) 30

minutes post-drug administration is divided by a constant of 22.5.

Greater insulin resistance is represented via a larger calculated

HOMA-IR score.

(I0|G0)722:5 ð1Þ

where I0 and G0 are fasting insulinemia and glycaemia.

Statistical Analysis
Metabolic indices during the IGTT were analyzed by one-way

analysis of variance (ANOVA), with drug dose as the between

group factor. For the IGTT, glucose data were summed as the

area-under-the-curve throughout the 120 minute procedure [36].

For the HIEC data, all drugs were included in the overall

ANOVA, as the same vehicle group was use for all between-drug

comparisons. Alpha value was set at p,0.05. LSD post-hoc tests

were conducted when a main effect or interaction between main

effects was significant. Data were analyzed with SPSS software,

Chicago, IL, version 20.

Results

IGTT
Analysis of the IGTT with asenapine revealed no significant

effect of drug treatment on fasting glucose levels or glucose

intolerance following glucose challenge (Figure 2A). Interestingly,

asenapine affected fasting insulin levels [F(5,43) =3.03, p,0.05],

whereby the three lower doses of the drug decreased insulin levels

compared to controls, although this was only significant for the

lowest asenapine dose (p,0.05) (Table 1). Similarly, asenapine

significantly affected insulin resistance [F(5,43) =2.59, p,0.05],

measured by HOMA-IR, as insulin resistance was significantly

reduced with the lowest asenapine dose (0.01 mg/kg) and a strong

trend with the next two doses (0.05 and 0.1 mg/kg) (Table 1).

By contrast, while iloperidone had no effect on fasting glucose

levels, it exhibited a strongly significant effect on glucose tolerance

during the IGTT [F(5,43) =13.06, p,0.0001] (Figure 3A). Post-hoc

analysis revealed a dose-dependent effect whereby the three

highest doses of iloperidone (1.0, 5.0 and 10.0 mg/kg) increasingly

elevated glucose intolerance compared to controls (p,0.05), with

the two highest doses causing increased glucose intolerance

compared to both controls and the three lower doses of the drug

(p,0.001). There was manifest as a striking increase of 88% and

91% in glucose levels with the two highest doses of iloperidone

compared to vehicle-treated rats. Regarding insulin, the ANOVA

indicated a main effect of drug on fasting insulin levels

[F(5,43) =8.47, p,0.0001] (Table 1), reflecting a dose-dependent

elevation of insulin levels. Insulin was significantly higher than

controls with the three highest doses of iloperidone (p,0.05).

Similarly, HOMA-IR values also significantly increased by drug

treatment [F(5,43) =7.90, p,0.0001] (Table 1), as the three highest

doses of iloperidone induced greater insulin resistance compared

to controls (p,0.01).

The effects of olanzapine on glucose metabolism were consistent

with our previous findings [26,36]. There was no effect of

olanzapine treatment on fasting glucose levels, but a strong effect

on glucose tolerance in the IGTT [F(5,43) =8.47, p,0.0001]

(Figure 4A). There was a dose-dependent effect of olanzapine,

whereby the three higher doses increased glucose levels versus

controls. This was highly significant for the 5 and 15 mg/kg doses

(p,0.001), which increased glucose levels by 24% and 69%

compared to controls. Olanzapine also significantly increased

insulin levels [F(5,43) =2.90, p,0.05] (Table 1). All doses increased

insulin levels: this was a trend for the 0.5 and 1.5 mg/kg doses

(p = 0.06), while the two highest doses (5 and 10 mg/kg) caused

larger increases (p,0.01). The effect of olanzapine on HOMA-IR

values was a non-significant trend [F(5,43) =2.05, p= 0.09] to

increase values. Importantly, values on the washout IGTT given

the week after olanzapine treatment did not differ from the

baseline IGTT values prior to SGA treatment, indicating that

glucose tolerance did not change during the course of the study.

Figure 2. Acute effects of the antipsychotic drug asenapine on glucose levels in adult female rats. (A) Animals (n = 8–10 per group)
received a single injection of vehicle or asenapine (0.01, 0.05, 0.1, 0.5, 1 mg/kg, s.c). Glucose levels were recorded prior to drug treatment in
overnight-fasted rats at Time 0, and then 30 minutes following drug administration (x-axis). Immediately following this glucose measurement, all rats
were subjected to a glucose tolerance test by receiving an intraperitoneal challenge injection of 1 mg/ml/kg of glucose, and blood glucose levels
were measured every 15 minutes for the next two hours. Total cumulative glucose levels for each treatment group are summed as the ‘‘area under
the curve’’ during the glucose tolerance test by graph inset (top right). Values represent group means6 SEM. (B) A separate cohort of animals (n = 6–
8 per group) were fasted overnight and subjected to the hyperinsulinemic-euglycemic clamp. After animals reached euglycemia (three consecutive
blood glucose readings of 6.060.4 mmol/L), rats were treated with vehicle, low (0.1 mg/kg) or high dose (1.0 mg/kg) asenapine (arrow at t = 0 min).
Glucose levels were recorded every 10 minutes and the glucose infusion rate was adjusted as needed. Glucose infusion rates for each treatment
group are presented as change in glucose infusion rate from euglycemia. Values represent group means 6 SEM.
doi:10.1371/journal.pone.0053459.g002
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HIEC
Average basal glucose levels were similar for all groups prior to

euglycemia and administration of antipsychotic drugs. Insulin

resistance during the HIEC is indicated by a reduction in the GIR,

and therefore the primary analysis compared the effects of

antipsychotics on GIR.

For the overall ANOVA, specific antipsychotic drug (asenapine,

iloperidone, olanzapine or vehicle) and dose (vehicle, lower or

higher dose) were represented by between-subjects factors. The

results indicated significant main effects of both drug

[F(2,34) =12.76, p,0.0001], dose [F(2,34) =20.78, p,0.0001] and

a drug 6 dose interaction [F(2,34) =2.93, p,0.05]. Drug effects

were evident as asenapine treatment, regardless of dose, had no

effect on the GIR compared to vehicle-treated rats (Figure 2B). By

contrast, both iloperidone and olanzapine, regardless of dose,

significantly decreased the GIR compared to vehicle-treated rats

(p,0.01) (Figure 3B & 4B). Furthermore, both iloperidone

(p,0.01) and olanzapine (p,0.05) decreased GIR significantly

more than asenapine. For iloperidone, both doses (1.0 and

10.0 mg/kg) caused significant decreases in the GIR. In both

iloperidone dose groups this was evident by 30 mins post

treatment, and by 40 mins the higher-dose group had a signifi-

cantly lower GIR than the lower-dose group. In the olanzapine

group, only the higher dose of the drug (15 mg/kg) significantly

decreased infusion rate throughout the duration of the HIEC

(p,0.01). The higher dose olanzapine group showed significantly

decreased GIR compared to both controls and lower-dose animals

within 30 mins of treatment. While the magnitude of the decrease

in GIR was greater with iloperidone than olanzapine, this effect

did not quite achieve statistical significance.

Discussion

In the present study, we assessed the metabolic side-effects of the

novel SGA drugs asenapine and iloperidone for the first time, as

well as olanzapine for reference. Two separate techniques were

used to measure metabolic dysregulation, including both the

glucose tolerance test and the hyperinsulinemic-euglycemic clamp.

Consistent with previous preclinical studies, olanzapine caused

dose-dependent glucose intolerance in the IGTT and insulin

resistance in the clamp [26,27,40–47]. By contrast, the novel SGA

drug asenapine was largely devoid of metabolic effects at the doses

tested, causing only a slight reduction in insulin levels and

HOMA-IR values with the lowest dose. In comparison, the novel

SGA drug iloperidone showed potent dose-dependent effects on

metabolic function. The three highest doses in the IGTT

substantially increased glucose intolerance, to a greater degree

than that observed with olanzapine. Similarly, both low- and high-

dose iloperidone increased insulin resistance in the euglycemic

clamp.

These overall findings reconfirm the powerful effect of the SGA

olanzapine in animal models of glucose control and uptake, and

demonstrate for the first time that similar-to-greater magnitude

effects were observed with iloperidone, while asenapine shows

minimal metabolic liability. The glucose tolerance test assesses

glucose ‘‘intolerance’’ by measuring the capacity of the fasted

subject to restore glucose levels to the normal range over time after

a glucose challenge; this procedure is widely used in both clinical

and preclinical studies of prediabetes and Type 2 DM [48]. The

glucose tolerance test has been viewed positively for its physiolog-

ical relevance and practicality in measuring metabolic side-effects

in animals or humans, as it reflects how glucose will be controlled

after a meal [49]. However, as both glucose and insulin levels are

free to vary in this test, it is necessary to use ‘‘clamp’’ procedures,

such as the hyperinsulinemic-euglycemic clamp, to confirm the

presence of whole-body insulin resistance, which provides a specific

measure of cell-mediated glucose uptake via the action of insulin.

These procedures should be considered as complementary, and

the high degree of correlation between them with the current

results provides converging evidence for drug-specific metabolic

liability. The only exception to this was in rats treated with the

1.5 mg/kg dose of olanzapine, where animals in the IGTT

displayed significant glucose intolerance, but the same dose did not

cause significant insulin resistance in the clamp. It is therefore

possible that the IGTT is more sensitive at detecting SGA-induced

metabolic dysregulation.

Table 1. Mean concentration of fasting glucose, insulin and HOMA-IR scores in antipsychotic drug treated rats.

Antipsychotic Drug Measure Treatment Dose (mg/kg)

Asenapine 0 0.01 0.05 0.1 0.5 1.0

G0 5.160.3 4.960.3 5.160.2 5.060.1 5.460.4 4.860.2

I0 24.665.7 16.362.2* 21.763.0 20.463.1 29.764.4 33.363.5

HOMA-IR 5.761.5 3.460.4* 4.960.7 4.560.7 7.261.3 7.261.0

Iloperidone 0 0.03 0.5 1.0 5.0 10.0

G0 4.660.2 4.960.2 4.660.2 4.960.2 5.160.2 5.260.3

I0 21.663.6 21.662.6 28.265.0 40.164.9* 44.963.6* 58.867.7*

HOMA-IR 4.660.8 4.760.5 5.961.2 8.861.2* 10.260.8* 13.862.2*

Olanzapine 0 0.1 0.5 1.5 5.0 15.0

G0 5.060.2 5.360.2 5.360.3 5.760.3 5.260.2 5.060.2

I0 19.761.7 32.566.0 35.965.7 36.362.7 41.466.6* 47.865.8*

HOMA-IR 4.560.5 7.861.5 8.761.6 9.261.1 9.661.5 10.861.5

I0 = fasting insulin levels (mU/ml); G0 = fasting glucose levels (mmol/L); HOMA-IR = homeostasis model assessment of insulin resistance (mU?mmol)/(ml?L).
Rats were treated with five separate doses of asenapine, iloperidone, olanzapine or vehicle. Values represented as means 6 SEM at t = 30 min during the IGTT.
*indicates different from vehicle-treated animals, p,0.05.
doi:10.1371/journal.pone.0053459.t001
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As noted above, numerous studies have previously reported

metabolic dysregulation following both acute and chronic

treatment with olanzapine. We recently reported that rats treated

daily with olanzapine for ten weeks showed no change in the

magnitude of glucose intolerance in the IGTT compared to their

first challenge with the drug [36], indicating that acute treatment

with SGAs can model chronic drug-treatment effects. However, to

our knowledge, there are no studies of glucose intolerance or

insulin resistance with the SGAs asenapine and iloperidone, in

either animals or humans. Clinically, in three short-term phase 3

trials of iloperidone for schizophrenia, non-fasting glucose levels in

all three dose ranges were significantly increased compared to

placebo-treated subjects, whereas the risperidone comparator

group did not differ from placebo [50]. Both risperidone- and

iloperidone-treated subjects exhibited significant weight-gain

versus placebo. A separate 28 day clinical trial of iloperidone in

head-to-head comparison with ziprasidone noted greater weight-

gain in the iloperidone arm [51], with 21% of iloperidone subjects

(versus 7% of ziprasidone and 3% of placebo) displaying clinically

significant weight-gain. Changes in glucose levels, which were not

specified with regards to fasting status, were 7.9 mg/dL for

iloperidone versus 4.7 mg/dL for ziprasidone. An analysis of three

long-term safety trials of iloperidone, with haloperidol as

comparator, noted both greater weight-gain and increases in

glucose levels at six weeks and 52 weeks following treatment in the

iloperidone group [52]. Thus, clinical data suggest that both

fasting and non-fasting glucose levels are increased by iloperidone,

compared to other antipsychotic drugs including risperidone,

ziprasidone and haloperidol, none of which may be considered

high metabolic risk. However, data from preclinical studies with

SGAs indicate that fasting levels of glucose in the absence of

a glucose challenge may underestimate loss of glycemic control.

For example, in the present study, fasting glucose levels were not

increased by any of the SGAs, yet for two drugs severe glucose

intolerance was observed when the glucose challenge was applied.

There are a larger number of studies that have reported the

effects of asenapine on weight-gain and fasting glucose levels, in

both schizophrenia and bipolar disorder, although a full summary

of these findings is beyond the scope of the present discussion.

Asenapine causes less weight-gain and glucose elevation than

olanzapine [53–55]. When compared head-to-head against

haloperidol, neither drug caused significant weight-gain versus

placebo, and fasting glucose abnormalities were actually margin-

ally lower in the two doses of asenapine than in the haloperidol-

treated group [56]. A short term study of asenapine only, with no

comparator, for psychosis in the elderly reported a non-significant

decrease in the number of subjects meeting criteria for metabolic

syndrome compared to baseline [57]. Clinical data therefore

indicate minimal effects of asenapine on weight-gain and fasting

glucose. Similarly, preclinical evidence indicates that the antipsy-

chotic drug sulpiride may also have negligible effects on glycemic

control and may even improve glucose clearance in female rats.

Compared to both control and risperidone-treated animals,

sulpiride administration was associated with a 13% reduction in

the area under the curve for the GTT, despite increased body

weight gain [33].

A potential issue regarding the current findings is the choice of

SGA doses, as metabolic effects can be dose-dependent [58].

Clinical studies can compare metabolic side-effects between

antipsychotic drugs at doses of equivalent clinical efficacy, using

standardized measures such as chlorpromazine equivalency [59–

61]. This is not possible in animal models, and so ‘‘head-to-head’’

comparison between drugs represents a theoretical challenge,

despite its common practice. It has been suggested that dosing

based on dopamine D2 receptor occupancy may represent one

strategy, but issues remain regarding route of administration and

inconsistent effects for all SGAs [62]. We chose our current dosing

based on the behavioral effects of drugs in preclinical screens and

models of schizophrenia. Behavioral effects in the latter share

some homology with clinical symptomatology in humans [63].

Previous behavioral paradigms with asenapine in rats have shown

potent antipsychotic-like effects below a dose of 0.2 mg/kg.

Franberg and colleagues reported improvement in the conditioned

avoidance response task with doses from 0.05–0.2 mg/kg [64]

while doses from 0.01–0.075 mg/kg reversed phencyclidine

(PCP)-induced deficits in a novel object recognition task [65].

Marston and colleagues demonstrated that 0.03 mg/kg asenapine

reversed low-dose amphetamine hyperactivity, while 0.1 mg/kg

reversed high-dose amphetamine hyperactivity [66]. In the same

study, 0.03–0.1 mg/kg asenapine reversed apomorphine-induced

deficits in prepulse inhibition (PPI) of the acoustic startle reflex.

Thus, the 100-fold dose range in the current study more than

encompasses the dosing required to produce behavioral effects,

and the total absence of metabolic effects at doses as high as 0.5

and 1.0 mg/kg strongly indicates the metabolic liability of

asenapine is low at behaviorally relevant doses. Regarding

iloperidone, an initial report observed behavioral effects at doses

between 0.7–5.2 mg/kg [67] while Barr and colleagues reported

that both 1.0 and 3.0 mg/kg iloperidone reversed apomorphine-

induced PPI deficits [68]. However, 3.0 mg/kg of iloperidone did

not reverse the effects on PPI of 1.5 mg/kg of PCP, which is a dose

commonly used to screen for antipsychotics, indicating that higher

doses of iloperidone would have been needed to demonstrate

antipsychotic efficacy. By comparison, 10 mg/kg olanzapine

robustly reversed PPI deficits caused by 1.5 mg/kg PCP [69],

implying that both iloperidone and olanzapine may be reasonably

well-matched dose-wise in the current study. The clinically

approved daily dose of iloperidone for psychosis is 12–24 mg

[32], while olanzapine is 10–20 mg [70] and therefore very

similar. Thus, the greater glucose intolerance and insulin re-

sistance caused by iloperidone versus olanzapine at similar doses

Figure 3. Acute effects of the atypical antipsychotic drug iloperidone on glucose levels in adult female rats. (A) Animals (n = 8–10 per
group) received a single injection of vehicle or iloperidone (0.03, 0.5, 1.0, 5.0, 10.0 mg/kg, s.c). Glucose levels were recorded prior to drug treatment in
overnight-fasted rats at Time 0, and then 30 minutes following drug administration (x-axis). Immediately following this glucose measurement, all rats
were subjected to a glucose tolerance test by receiving an intraperitoneal challenge injection of 1 mg/ml/kg of glucose, and blood glucose levels
were measured every 15 minutes for the next two hours. Total cumulative glucose levels for each treatment group are summed as the ‘‘area under
the curve’’ during the glucose tolerance test by graph inset (top right). Values represent group means 6 SEM. * indicates different from vehicle-
treated animals, p,0.05; ** indicates different from vehicle and 0.03–1.0 mg/kg iloperidone-treated animals, p,0.01 (B). A separate cohort of animals
(n = 6–8 per group) were fasted overnight and subjected to the hyperinsulinemic-euglycemic clamp. After animals reached euglycemia (three
consecutive blood glucose readings of 6.060.4 mmol/L), rats were treated with vehicle, low (1.0 mg/kg) or high dose (10.0 mg/kg) iloperidone
(arrow at t = 0 min). Glucose levels were recorded every 10 minutes and the glucose infusion rate was adjusted as needed. Glucose infusion rates for
each treatment group are presented as change in glucose infusion rate from euglycemia Values represent group means 6 SEM. * indicates different
from vehicle-treated animals, p,0.05; ** indicates different from vehicle and 1.0 mg/kg iloperidone-treated animals, p,0.05.
doi:10.1371/journal.pone.0053459.g003
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(e.g. 5 mg/kg) indicates that iloperidone may have acute metabolic

effects at least as strong as olanzapine.

The results of the current study strongly suggest that metabolic

testing of patients treated with novel SGAs is warranted. Although,

like numerous preclinical studies, the current results were based on

acute treatment without weight-gain, there is an increasing body of

evidence demonstrating weight-independent and drug-specific

effects on glucose intolerance and insulin resistance. Results from

the Clinical Antipsychotic Trial of Intervention Effectiveness

(CATIE) study observed that 42.7% of patients treated with SGAs

had metabolic dysregulation [71]. When controlling for Body

Mass Index, CATIE men were 85% and CATIE women 137%

more likely to have metabolic syndrome than the normal

population. Newcomer and colleagues used the glucose tolerance

test in adiposity-matched patients to show that those treated with

SGAs had greater glucose elevations than patients treated with

first generation drugs [72]. Importantly, in the first double-blind,

placebo-controlled crossover trial, it was recently demonstrated

that acute 3-day treatment of normals with 10 mg of olanzapine

caused significant impairments in the glucose tolerance test [18].

The glucose area-under-the-curve increased by 42%, which is

highly consistent with our present findings in rats. Future clinical

evaluation of glucose intolerance and insulin resistance in novel

SGA-treated patients should therefore remain a priority, using

techniques specifically designed to challenge metabolic regulation,

despite the greater difficulty of using such protocols, given the

long-term health implications for loss of glycemic control.

Acknowledgments

We acknowledge the technical assistance of Su-Lin Lim in the euglycemic

clamp experiments.

Author Contributions

Conceived and designed the experiments: HNB RMP CCYP EH DW

CHJ WGH AMB. Performed the experiments: HNB RMP CCYP EH DW

CHJ WGH AMB. Analyzed the data: HNB RMP CCYP EH DW CHJ

WGH AMB. Contributed reagents/materials/analysis tools: HNB RMP

CCYP EH DW CHJ WGH AMB. Wrote the paper: HNB RMP CCYP

EH DW CHJ WGH AMB.

References

1. Procyshyn RM, Honer WG, Wu TK, Ko RW, McIsaac SA, et al. (2010)
Persistent antipsychotic polypharmacy and excessive dosing in the community

psychiatric treatment setting: a review of medication profiles in 435 Canadian
outpatients. J Clin Psychiatry 71: 566–573.

2. Gohlke JM, Dhurandhar EJ, Correll CU, Morrato EH, Newcomer JW, et al.

(2012) Recent advances in understanding and mitigating adipogenic and

metabolic effects of antipsychotic drugs. Front Psychiatry 3: 62.

3. Procyshyn RM, Wasan KM, Thornton AE, Barr AM, Chen EY, et al. (2007)

Changes in serum lipids, independent of weight, are associated with changes in

symptoms during long-term clozapine treatment. J Psychiatry Neurosci 32: 331–
338.

4. Newcomer JW (2007) Antipsychotic medications: metabolic and cardiovascular

risk. J Clin Psychiatry 68 Suppl 4: 8–13.

5. Henderson DC (2008) Managing weight gain and metabolic issues in patients

treated with atypical antipsychotics. J Clin Psychiatry 69: e04.

6. Baptista T, Rangel N, El Fakih Y, Uzcategui E, Galeazzi T, et al. (2009)

Rosiglitazone in the assistance of metabolic control during olanzapine
administration in schizophrenia: a pilot double-blind, placebo-controlled, 12-

week trial. Pharmacopsychiatry 42: 14–19.

7. Carrizo E, Fernandez V, Connell L, Sandia I, Prieto D, et al. (2009) Extended
release metformin for metabolic control assistance during prolonged clozapine

administration: a 14 week, double-blind, parallel group, placebo-controlled
study. Schizophr Res 113: 19–26.

8. Leung JY, Barr AM, Procyshyn RM, Honer WG, Pang CC (2012)

Cardiovascular side-effects of antipsychotic drugs: the role of the autonomic
nervous system. Pharmacol Ther 135: 113–122.

9. Liao CH, Chang CS, Wei WC, Chang SN, Liao CC, et al. (2011) Schizophrenia

patients at higher risk of diabetes, hypertension and hyperlipidemia: a popula-
tion-based study. Schizophr Res 126: 110–116.

10. Baptista T, ElFakih Y, Uzcategui E, Sandia I, Talamo E, et al. (2008)

Pharmacological management of atypical antipsychotic-induced weight gain.
CNS Drugs 22: 477–495.

11. Rummel-Kluge C, Komossa K, Schwarz S, Hunger H, Schmid F, et al. (2010)

Head-to-head comparisons of metabolic side effects of second generation

antipsychotics in the treatment of schizophrenia: A systematic review and meta-
analysis. Schizophr Res.

12. Gallego JA, Nielsen J, De Hert M, Kane JM, Correll CU (2012) Safety and

tolerability of antipsychotic polypharmacy. Expert Opin Drug Saf 11: 527–542.

13. Citrome L (2007) Risk-benefit analysis of available treatments for schizophrenia.
Psychiatric Times 1: 27–30.

14. Kahn RS, Fleischhacker WW, Boter H, Davidson M, Vergouwe Y, et al. (2008)
Effectiveness of antipsychotic drugs in first-episode schizophrenia and schizo-

phreniform disorder: an open randomised clinical trial. Lancet 371: 1085–1097.

15. Chaggar PS, Shaw SM, Williams SG (2011) Effect of antipsychotic medications
on glucose and lipid levels. J Clin Pharmacol 51: 631–638.

16. Skrede S, Ferno J, Vazquez MJ, Fjaer S, Pavlin T, et al. (2012) Olanzapine, but

not aripiprazole, weight-independently elevates serum triglycerides and activates
lipogenic gene expression in female rats. Int J Neuropsychopharmacol 15: 163–

179.

17. Newcomer JW (2005) Second-generation (atypical) antipsychotics and metabolic

effects: a comprehensive literature review. CNS Drugs 19 Suppl 1: 1–93.

18. Albaugh VL, Singareddy R, Mauger D, Lynch CJ (2011) A double blind,
placebo-controlled, randomized crossover study of the acute metabolic effects of

olanzapine in healthy volunteers. PLoS One 6: e22662.

19. Vidarsdottir S, de Leeuw van Weenen JE, Frolich M, Roelfsema F, Romijn JA,
et al. (2010) Effects of olanzapine and haloperidol on the metabolic status of

healthy men. J Clin Endocrinol Metab 95: 118–125.

20. Sacher J, Mossaheb N, Spindelegger C, Klein N, Geiss-Granadia T, et al. (2008)

Effects of olanzapine and ziprasidone on glucose tolerance in healthy volunteers.

Neuropsychopharmacology 33: 1633–1641.

21. Boyda HN, Tse L, Procyshyn RM, Honer WG, Barr AM (2010) Preclinical

models of antipsychotic drug-induced metabolic side effects. Trends Pharmacol
Sci 31: 484–497.

22. Hahn M, Chintoh A, Giacca A, Xu L, Lam L, et al. (2011) Atypical

antipsychotics and effects of muscarinic, serotonergic, dopaminergic and
histaminergic receptor binding on insulin secretion in vivo: an animal model.

Schizophr Res 131: 90–95.

23. Davey KJ, O’Mahony SM, Schellekens H, O’Sullivan O, Bienenstock J, et al.
(2012) Gender-dependent consequences of chronic olanzapine in the rat: effects

on body weight, inflammatory, metabolic and microbiota parameters.
Psychopharmacology (Berl) 221: 155–169.

24. Weston-Green K, Huang XF, Deng C (2012) Alterations to melanocortinergic,

GABAergic and cannabinoid neurotransmission associated with olanzapine-
induced weight gain. PLoS One 7: e33548.

25. Smith GC, Chaussade C, Vickers M, Jensen J, Shepherd PR (2008) Atypical
antipsychotic drugs induce derangements in glucose homeostasis by acutely

Figure 4. Acute effects of the atypical antipsychotic drug olanzapine on glucose levels in adult female rats. (A) Animals (n = 8–10 per
group) received a single injection of vehicle or olanzapine (0.1, 0.5, 1.5, 5.0, 15.0 mg/kg, s.c). Glucose levels were recorded prior to drug treatment in
overnight-fasted rats at Time 0, and then 30 minutes following drug administration (x-axis). Immediately following this glucose measurement, all rats
were subjected to a glucose tolerance test by receiving an intraperitoneal challenge injection of 1 mg/ml/kg of glucose, and blood glucose levels
were measured every 15 minutes for the next two hours. Total cumulative glucose levels for each treatment group are summed as the ‘‘area under
the curve’’ during the glucose tolerance test by graph insets (top right). Values represent group means 6 SEM. * indicates different from vehicle-
treated animals, p,0.05; ** indicates different from vehicle-treated animals, p,0.01 (B). A separate cohort of animals (n = 6–8 per group) were fasted
over-night and subjected to the hyperinsulinemic-euglycemic clamp. After animals reached euglycemia (three consecutive blood glucose readings of
6.060.4 mmol/L), rats were treated with vehicle, low (1.5 mg/kg) or high dose (15.0 mg/kg) olanzapine (arrow at t = 0 min). Glucose levels were
recorded every 10 minutes and the glucose infusion rate was adjusted as needed. Glucose infusion rates for each treatment group are presented as
change in glucose infusion rate from euglycemia. Values represent group means 6 SEM. * indicates different from vehicle and low-dose olanzapine-
treated animals, p,0.05.
doi:10.1371/journal.pone.0053459.g004

Metabolic Side-Effects of Asenapine & Iloperidone

PLOS ONE | www.plosone.org 10 January 2013 | Volume 8 | Issue 1 | e53459



increasing glucagon secretion and hepatic glucose output in the rat. Diabetologia

51: 2309–2317.

26. Boyda HN, Tse L, Procyshyn RM, Wong D, Wu TK, et al. (2010) A parametric

study of the acute effects of antipsychotic drugs on glucose sensitivity in an
animal model. Prog Neuropsychopharmacol Biol Psychiatry 34: 945–954.

27. Houseknecht KL, Robertson AS, Zavadoski W, Gibbs EM, Johnson DE, et al.
(2007) Acute effects of atypical antipsychotics on whole-body insulin resistance in

rats: implications for adverse metabolic effects. Neuropsychopharmacology 32:

289–297.

28. Chintoh AF, Mann SW, Lam L, Giacca A, Fletcher P, et al. (2009) Insulin

resistance and secretion in vivo: Effects of different antipsychotics in an animal
model. Schizophr Res 108: 127–133.

29. Jassim G, Skrede S, Vazquez MJ, Wergedal H, Vik-Mo AO, et al. (2011) Acute
effects of orexigenic antipsychotic drugs on lipid and carbohydrate metabolism

in rat. Psychopharmacology (Berl).

30. Ferno J, Vik-Mo AO, Jassim G, Havik B, Berge K, et al. (2009) Acute clozapine

exposure in vivo induces lipid accumulation and marked sequential changes in
the expression of SREBP, PPAR, and LXR target genes in rat liver.

Psychopharmacology (Berl) 203: 73–84.

31. Weston-Green K, Huang XF, Deng C (2011) Olanzapine treatment and

metabolic dysfunction: a dose response study in female Sprague Dawley rats.

Behav Brain Res 217: 337–346.

32. Citrome L (2011) Iloperidone, asenapine, and lurasidone: a brief overview of 3

new second-generation antipsychotics. Postgrad Med 123: 153–162.

33. Baptista T, Araujo de Baptista E, Ying Kin NM, Beaulieu S, Walker D, et al.

(2002) Comparative effects of the antipsychotics sulpiride or risperidone in rats.
I: bodyweight, food intake, body composition, hormones and glucose tolerance.

Brain Res 957: 144–151.

34. Weston-Green K, Huang XF, Deng C (2010) Sensitivity of the female rat to

olanzapine-induced weight gain–far from the clinic? Schizophr Res 116: 299–
300.

35. National Research Council (US) (2011) Committee for the Guide for the Care
and Use of Laboratory Animals. Washington (DC): National Academies Press.

8th Edition.

36. Boyda HN, Procyshyn RM, Tse L, Wong D, Pang CC, et al. (2012) Intermittent

treatment with olanzapine causes sensitization of the metabolic side-effects in

rats. Neuropharmacology 62: 1391–1400.

37. Barr AM, Fish KN, Markou A, Honer WG (2008) Heterozygous reeler mice

exhibit alterations in sensorimotor gating but not presynaptic proteins.
Eur J Neurosci 27: 2568–2574.

38. Barr AM, Young CE, Sawada K, Trimble WS, Phillips AG, et al. (2004)
Abnormalities of presynaptic protein CDCrel-1 in striatum of rats reared in

social isolation: relevance to neural connectivity in schizophrenia. Eur J Neurosci
20: 303–307.

39. Mather K (2009) Surrogate measures of insulin resistance: of rats, mice, and
men. Am J Physiol Endocrinol Metab 296: E398–399.

40. Boyda HN, Procyshyn RM, Tse L, Hawkes E, Jin CH, et al. (In Press)
Differential effects of 3 classes of antidiabetic drugs on olanzapine-induced

glucose dysregulation and insulin resistance in female rats. J Psychiatry Neurosci

37: 110140.

41. Albaugh VL, Henry CR, Bello NT, Hajnal A, Lynch SL, et al. (2006) Hormonal

and metabolic effects of olanzapine and clozapine related to body weight in
rodents. Obesity (Silver Spring) 14: 36–51.

42. Chintoh AF, Mann SW, Lam L, Lam C, Cohn TA, et al. (2008) Insulin
resistance and decreased glucose-stimulated insulin secretion after acute

olanzapine administration. J Clin Psychopharmacol 28: 494–499.

43. Martins PJ, Haas M, Obici S (2011) Central nervous system delivery of the

antipsychotic olanzapine induces hepatic insulin resistance. Diabetes 59: 2418–
2425.

44. Smith GC, Vickers MH, Shepherd PR (2011) Olanzapine effects on body
composition, food preference, glucose metabolism and insulin sensitivity in the

rat. Arch Physiol Biochem.

45. Victoriano M, Hermier D, Even PC, Fromentin G, Huneau JF, et al. (2009)
Early perturbation in feeding behaviour and energy homeostasy in olanzapine-

treated rats. Psychopharmacology (Berl) 206: 167–176.

46. Cooper GD, Pickavance LC, Wilding JP, Halford JC, Goudie AJ (2005) A

parametric analysis of olanzapine-induced weight gain in female rats.
Psychopharmacology (Berl) 181: 80–89.

47. Patil BM, Kulkarni NM, Unger BS (2006) Elevation of systolic blood pressure in
an animal model of olanzapine induced weight gain. Eur J Pharmacol 551: 112–

115.

48. Monzillo LU, Hamdy O (2003) Evaluation of insulin sensitivity in clinical

practice and in research settings. Nutr Rev 61: 397–412.

49. Muniyappa R, Lee S, Chen H, Quon MJ (2008) Current approaches for

assessing insulin sensitivity and resistance in vivo: advantages, limitations, and

appropriate usage. Am J Physiol Endocrinol Metab 294: E15–26.

50. Weiden PJ, Cutler AJ, Polymeropoulos MH, Wolfgang CD (2008) Safety profile

of iloperidone: a pooled analysis of 6-week acute-phase pivotal trials. J Clin
Psychopharmacol 28: S12–19.

51. Cutler AJ, Kalali AH, Weiden PJ, Hamilton J, Wolfgang CD (2008) Four-week,

double-blind, placebo- and ziprasidone-controlled trial of iloperidone in patients
with acute exacerbations of schizophrenia. J Clin Psychopharmacol 28: S20–28.

52. Kane JM, Lauriello J, Laska E, Di Marino M, Wolfgang CD (2008) Long-term
efficacy and safety of iloperidone: results from 3 clinical trials for the treatment of

schizophrenia. J Clin Psychopharmacol 28: S29–35.

53. McIntyre RS, Cohen M, Zhao J, Alphs L, Macek TA, et al. (2010) Asenapine for
long-term treatment of bipolar disorder: a double-blind 40-week extension study.

J Affect Disord 126: 358–365.
54. Buchanan RW, Panagides J, Zhao J, Phiri P, den Hollander W, et al. (2012)

Asenapine versus olanzapine in people with persistent negative symptoms of
schizophrenia. J Clin Psychopharmacol 32: 36–45.

55. McIntyre RS, Cohen M, Zhao J, Alphs L, Macek TA, et al. (2009) A 3-week,

randomized, placebo-controlled trial of asenapine in the treatment of acute
mania in bipolar mania and mixed states. Bipolar Disord 11: 673–686.

56. Kane JM, Cohen M, Zhao J, Alphs L, Panagides J (2011) Efficacy and safety of
asenapine in a placebo- and haloperidol-controlled trial in patients with acute

exacerbation of schizophrenia. J Clin Psychopharmacol 30: 106–115.

57. Dubovsky SL, Frobose C, Phiri P, Greef R, Panagides J (2011) Short-term safety
and pharmacokinetic profile of asenapine in older patients with psychosis.

Int J Geriatr Psychiatry.
58. Simon V, van Winkel R, De Hert M (2009) Are weight gain and metabolic side

effects of atypical antipsychotics dose dependent? A literature review. J Clin
Psychiatry 70: 1041–1050.

59. Barr AM, Honer WG, Johnson JL, Wu TK, Procyshyn RM (2010) A

comparison of antipsychotic drug-defined daily doses versus chlorpromazine
equivalent doses in patients with or without extrapyramidal motor symptoms.

J Clin Psychopharmacol 30: 741–743.
60. Barr AM, Procyshyn RM, Hui P, Johnson JL, Honer WG (2008) Self-reported

motivation to smoke in schizophrenia is related to antipsychotic drug treatment.

Schizophr Res 100: 252–260.
61. Barr AM, Panenka WJ, Honer WG, Khara S, Procyshyn RM (2011) Excessive

antipsychotic dosing in a Canadian outpatient population. Psychiatr Serv 62:
682–683.

62. Kapur S, VanderSpek SC, Brownlee BA, Nobrega JN (2003) Antipsychotic
dosing in preclinical models is often unrepresentative of the clinical condition:

a suggested solution based on in vivo occupancy. J Pharmacol Exp Ther 305:

625–631.
63. Braff DL, Geyer MA, Swerdlow NR (2001) Human studies of prepulse

inhibition of startle: normal subjects, patient groups, and pharmacological
studies. Psychopharmacology (Berl) 156: 234–258.

64. Franberg O, Wiker C, Marcus MM, Konradsson A, Jardemark K, et al. (2008)

Asenapine, a novel psychopharmacologic agent: preclinical evidence for clinical
effects in schizophrenia. Psychopharmacology (Berl) 196: 417–429.

65. Snigdha S, Idris N, Grayson B, Shahid M, Neill JC (2011) Asenapine improves
phencyclidine-induced object recognition deficits in the rat: evidence for

engagement of a dopamine D1 receptor mechanism. Psychopharmacology
(Berl) 214: 843–853.

66. Marston HM, Young JW, Martin FD, Serpa KA, Moore CL, et al. (2009)

Asenapine effects in animal models of psychosis and cognitive function.
Psychopharmacology (Berl) 206: 699–714.

67. Strupczewski JT, Bordeau KJ, Chiang Y, Glamkowski EJ, Conway PG, et al.
(1995) 3-[[(Aryloxy)alkyl]piperidinyl]-1,2-benzisoxazoles as D2/5-HT2 antago-

nists with potential atypical antipsychotic activity: antipsychotic profile of

iloperidone (HP 873). J Med Chem 38: 1119–1131.
68. Barr AM, Powell SB, Markou A, Geyer MA (2006) Iloperidone reduces

sensorimotor gating deficits in pharmacological models, but not a developmental
model, of disrupted prepulse inhibition in rats. Neuropharmacology 51: 457–

465.

69. Bakshi VP, Geyer MA (1995) Antagonism of phencyclidine-induced deficits in
prepulse inhibition by the putative atypical antipsychotic olanzapine. Psycho-

pharmacology (Berl) 122: 198–201.
70. Mitchell M, Riesenberg R, Bari MA, Marquez E, Kurtz D, et al. (2006) A

double-blind, randomized trial to evaluate the pharmacokinetics and tolerability
of 30 or 40 mg/d oral olanzapine relative to 20 mg/d oral olanzapine in stable

psychiatric subjects. Clin Ther 28: 881–892.

71. McEvoy JP, Meyer JM, Goff DC, Nasrallah HA, Davis SM, et al. (2005)
Prevalence of the metabolic syndrome in patients with schizophrenia: baseline

results from the Clinical Antipsychotic Trials of Intervention Effectiveness
(CATIE) schizophrenia trial and comparison with national estimates from

NHANES III. Schizophr Res 80: 19–32.

72. Newcomer JW, Haupt DW, Fucetola R, Melson AK, Schweiger JA, et al. (2002)
Abnormalities in glucose regulation during antipsychotic treatment of schizo-

phrenia. Arch Gen Psychiatry 59: 337–345.

Metabolic Side-Effects of Asenapine & Iloperidone

PLOS ONE | www.plosone.org 11 January 2013 | Volume 8 | Issue 1 | e53459


