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Although it is generally accepted that atypical antipsychotics differ in their risk for diabetic side effects, the underlying pharmacological

mechanisms are unknown. Studies on the mechanisms of antipsychotic-induced hyperglycemia or insulin resistance are often conlounded

by the concomitant weight gain and dyslipidemia, known diabetic risk factors. To investigate whether antipsycliotics can acutely cause

metabolic effects before any change in body composition, we studied the effects of four atypical antipsychotics on whole-body insulin

resistance. Using the hyperinsulineniic, euglyceniic clamp technique in conscious rats, insulin and somatostatin were infused at a constant

rate to provide constant hyperinsuhnemia and to suppress pancreatic insulin secretion. Glucose was infused at a variable rate, adjusted to

maintain euglycemia. At steady state, animals were administered vehicle V orantipsychotic and the glucose infusion rate was monitored

as an index of insulin sensitivity. Clamp experiments using radiotracers and studies on glucose uptake into isolated skeletal muscle were

conducted to d,fferentiate between effects on hepatic glucose production F-IGP and on peripheral glucose uptake. Olanzapine OLAN

and clozapine CLOZ acutely impaired whole-body insuln sensitivity in a dose-dependent manner P<0.0Ol vs V. whereas ziprasidone

and nsperidone had no effect. CLOZ also induced profound insulin resistance after dosing 0 rnglkglday IorS days P <0.05 vs V. Tracer

studies indicated that acute changes mainly reflect increased HGP, consistent with the lack of effect on glucose uptake. OLAN and CLOZ

can thus rapidly induce marlced insulin resistance, which could contribute to the hyperglycemia and ketoacidosis reported for patients

receiving those therapies.
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INTRODUCTJON

Numerous studies have consistently found that metabolic

syndrome is highly prevalent in schizophrenic patients in

comparison with the general population Meyer et a!, 2005;

McEvoy at a!, 2005; De Bert at a!, 2006. As the majority of

the subjects in these studies have received antipsychotic
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treatment, it is likely that the risk of developing metabolic

side effects is exacerbated by treatment with those atypical

antipsychotics that have been associated with the develop

ment of adverse metabolic events American Diabetes

Association at a!, 2004; Bergman and Ader, 2005;

Newcomer, 2005; Lieberman at a!, 2005. These side effects

include weight gain, dyslipidemia, and in particular

insulin resistance and hyperglycemia, reflecting impaired

glucose metabolism. For instance, a recent study found that

insulin resistance is highly prevalent 30% in patients on

antipsychotics and often goes undiagnosed Sernyak at a!,

2005. As weight gain and dyslipidemia are well-known

diabetic risk factors, it is often assumed that the increased

incidence of hyperglycemia and diabetes in the schizo

phrenic patient population is simply a consequence of

treatment with those antipsychotics that cause significant

increases in body mass and dyslipidemia. However, rapid

induction of hyperglycemia, sometimes accompanied by

ketoacidosis, has been reported in patients on clozapine

CLOZ and olauzapine OLAN without weight gain. In

several of these cases, the hyperglycemia could be linked
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to a direct action of the drug, as discontinuation of the

antipsychotic medication led to restoration of normal glucose

control Koller et at, 2001; Koller and Doraiswamy, 2002.

These epidemiological data suggested that antipsychotic

induced metabolic side effects could occur without weight

gain, which was confirmed by two clinical studies that were

specifically designed to address this issue. By matching

patients for adiposity or for body mass index, it was

demonstrated that antipsychotic treatment could cause

impaired glucose regulation independent of adiposity

Newcomer et at, 2002 and that non-obese patients on

CLOY and OLAN still display significant insulin resistance

Henderson et at, 2005. Moreover, these epidemiological

data and clinical findings are in good agreement with the

results of a recent pre-clinical study in dogs, showing that

sub-chronic OLAN treatment caused impaired fl-cell func

tion and insulin resistance that was independent of weight

gain Ader et a!, 2005.

Although these studies have convincingly demonstrated

that drug-induced disturbances in glucose metabolism can

occur independently of weight gain, other changes caused by

chronic drug treatment, for example in fat distribution and

lipid profile, would certainly contribute to additional drug

effects. In attempting to unravel the cause of these direct

drug-induced metabolic abnormalities, it is critical to utilize

experimental protocols that can separate drug effects that

acutely destabilize glucose homeostasis from those that are a

secondary consequence of changes in body composition.

Therefore, our studies used acute in vitro and in vivo models

to determine which pharmacological effects contribute to the

impairment of glucose regulation by comparing antipsycho

tic drugs that differ in their metabolic side-effect liabilities.

Recently, a consensus development conference American

Diabetes Association et at, 2004, reviews Bergman and

Ader, 2005; Newcomer, 2005, and the results of the CATIE

trial Lieberman et at, 2005 provided more evidence that

antipsychotics differ in their propensity to cause metabolic

disturbances. Based on these reports, we used CLOZ and

OLAN as two compounds with the highest risk for

hyperglycemia or diabetes, risperidone RISP as a com

pound with intermediate diabetic risk, and ziprasidone

ZIPR as an antipsychotic with negligible diabetic risk.

Given the limited information about the pharmacological

mechanisms involved, experimental models that assess

components of drug-induced glucose destabilization, such

as insulin sensitivity, are needed to advance our under

standing of antipsychotic-induced hyperglycemia and

insulin resistance. The hyperinsulinemic, euglycemic clamp

technique provides an ideal and highly sensitive in vivo

means for examining acute drug effects on whole-body

insulin sensitivity in rodents and humans Bergman et at,

1989. We used this technique in rats to examine changes in

insulin sensitivity following acute and sub-chronic treat

ment with the selected atypical antipsychotics. Radioactive

tracer studies were conducted in conjunction with the

clamp experiments to detect which tissues play a significant

role in the disruption of glucose homeostasis. In addition,

the effects of OLAN and CLOZ on 2-deoxyglucose uptake

were measured in isolated rat muscle to identify possible

inhibitory effects on glucose transport. Data generated in

these studies could indicate whether atypical antipsychotic

drugs with high metabolic liability such as OLAN and

CLOZ, affect whole-body insulin sensitivity, independent of

changes in body composition.

METHODS

Animals

Study protocols were reviewed and approved by the

Institutional Animal Care and Use Committee of Pfizer

Global Research and Development, Groton, CT. For glucose

clamp studies, male Wistar Han rats 280-350g were fitted

with indwelling jugular vein and carotid artery catheters by

the vendor Taconic Farms Inc., Germantown, NY, USA 1

day before shipping. Following shipment, animals were

allowed to acclimate 5-7 days before study assignment.

For cx vivo glucose transport assays, female CD/Sprague-

Dawley rats - 120g; Charles River Breeding Laboratories

Inc., Wilmington, MA, USA were used. Animals were singly

housed and allowed ad !ibitu,n access to chow Purina 5001,

PMI Nutritional International, St Louis, MO, USA and

water.

Pharmaceutical Agents

Pharmaceutical agents were either purchased CLOZ; #C

6305, RISP, R-118, Sigma Aldrich, St Louis, MO, USA or

synthesized by Pfizer OLAN, ZIPR. Dosing solutions were

prepared fresh daily. OLAN and CLOZ were formulated in a

vehicle V composed of! N HC1 and 50mM HEPES/saline.

The pH of the solution was adjusted to final pH = 6.0 using

I N NaOH. ZIPR was formulated in 40% 2-hydroxy-fi-

cyclodextrin CTD Inc., High Springs, FL, USA. All drugs

and Vs were administered in a volume of 2 mI/kg body

weight.

Doses of the test compounds were selected based on doses

used in numerous pre-clinical behavioral and neurochem

ical studies Kapur et a!, 2003; Johnson et a!, 2005a and

ranged from 0.32-32.0 mg/kg subcutaneously s.c.. In rats,

this dose range results in receptor occupancies that

correspond with clinically relevant D2 receptor occupancies,

as shown for CLOZ, OLAN, and RISP Kapur et at, 2003.

Glucose Transport into Isolated Skeletal Muscle and

3T3-L1 Adipocytes

Glucose uptake in isolated epitrochlearis muscle was

assessed as described Etgen et at, 1997. Animals were

injected with OLAN, CLOZ, or V 60 mm before muscle

dissection. In rats treated with OLAN or CLOZ, all

subsequent cx viva incubations were supplemented with

OLAN or CLOZ at 0.1-10gM final concentrations. Potential

in vitro effects were tested by incubating OLAN 0.1-10 gM

with muscle isolated from untreated animals. Hexose

uptake into mature 3T3-Ll adipocytes 8-12 days following

initiation of differentiation was determined as described

previously Frost and Lane, 1985. On the day of the

experiments, adipocytes were incubated in serum-free

Dulbecco's modified Eagle's medium for 2 h at 37°C before

50 mm incubation with either OLAN 0.1-100 AM or V

0.1% DM80. Insulin-stimulated hexose uptake was then

assessed following a 10mm incubation with insulin lOnM

as described Frost and Lane, 1985.
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