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Introduction
The twin epidemics of obesity and diabetes threaten to 

overwhelm healthcare systems  in the U.S. and across all other 
parts of the world [1]. Specifically, 2/3 of the US population is 
overweight or obese, while 40% exhibit symptoms of pre- or 
frank diabetes and the combined direct and indirect costs of 
obesity and diabetes are now approaching $500 billion a year. 
Thus, a better understanding of factors that contribute to their 
incidence is critical in order to manage this major public health 
issue. Important contributors to obesity and diabetes are lack of 
exercise and consumption of a high-fat/calorie Western-Style 
Diet (WSD). Compounding those factors in a subset of mentally ill 
patients is the use of Second-Generation Antipsychotics (SGAs), 
which are known to induce weight gain and to exacerbate risk for 
metabolic disease and diabetes, especially in youth.

The patients most often prescribed SGAs, have schizophrenia. 
Schizophrenia is a serious, non-curable mental illness with high 
morbidity and premature mortality [2]. It is generally estimated 
that today only approximately 10% to 15% of people who have 
schizophrenia are able to maintain full-time employment of 
any type, even with medication. The total indirect excess costs 
in the US were estimated to be $32.4 billion in 2005 [3]. Adding 

Abstract
Clinical data suggest that atypical antipsychotics such as 

Olanzapine (OLZ) induce significant metabolic changes that are 
serious side effects of their primary use. Since controlled human 
studies are problematic and rodent data may be poorly translatable, 
we have initiated development of a macaque model of OLZ-induced 
metabolic disease. In this preliminary feasibility study, we examined 
some metabolic effects of OLZ in a female macaque in the context of 
a standard low-calorie/fat monkey chow diet followed by a high-
fat/sugar western-style diet (WSD). A female Japanese macaque 
was administered OLZ (1.25 mg/day) for 6 months, with dietary 
changes at 2-month intervals as follows: OLZ + Restricted chow, 
OLZ + Unrestricted chow, OLZ + WSD, and Placebo + WSD. Weight 
was assessed weekly. Glucose tolerance tests (GTT) and dexascans 
were performed at baseline and every 2 months. Omental (OM) and 
subcutaneous (SQ) adipose tissue biopsies were obtained at baseline, 
after OLZ + Unrestricted chow and after OLZ + WSD to evaluate 
adipocyte size,  lipolysis, and insulin-stimulated free fatty acid uptake 
(FFA). A separate trial was conducted on two monkeys with 5 days 
of OLZ or no-treatment followed by RT-PCR on rostral and medial 
basal hypothalamus.  Weight increased on administering OLZ + 
Restricted chow and stabilized on administering OLZ + Unrestricted 
chow. OLZ + WSD diet did not significantly change the weight 
plateau. Weight declined upon withdrawal of OLZ with continued 
WSD. Body fat increased from 14% at baseline to 22%, 30%, 28% 
and 19% at 2, 4, 6 and 8 months (mo), respectively, indicating that 
body fat was elevated  on OLZ administration regardless of diet 
and declined upon OLZ removal. Glucose tolerance and the insulin 
response during GTT were normal with  OLZ + Restricted chow or 
OLZ + Unrestricted chow diets. Addition of WSD with OLZ impaired 
glucose clearance during GTT. Insulin remained in the normal range, 
but first-phase insulin secretion was reduced. After removal of OLZ, 
but continued WSD administration, glucose clearance returned 
to normal; however, this was associated with hyperinsulinemia.  
Adipocyte diameter was increased in OM and SQ fat by OLZ + chow 
and OLZ + WSD to a similar extent (p < 0.01, 2-way ANOVA). In OM, 
isoproterenol-stimulated lipolysis occurred at baseline. In both 
depots, isoproterenol-stimulated lipolysis occurred with OLZ + 
chow, but it was significantly blunted by addition of WSD (ANOVA p 
< 0.0001; post hoc p < 0.05). Insulin increased FFA uptake at baseline. 
OLZ + chow or OLZ + WSD increased basal FFA uptake but insulin-
induced FFA uptake was blunted in both depots (post hoc p < 0.05). 
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There was a marked decrease in pre-opiomelanocortin (POMC) 
gene expression, and increased agouti-related peptide (AgRP) and 
neuropeptide Y (NPY) expression in the hypothalamus. There was 
also a clear increase in serotonin (5HT) 2C, melanocortin (MCR4), 
and leptin (LepR) receptor gene expression. These data support the 
hypotheses that OLZ acts on peripheral tissues as well as in the CNS; 
that changes in hypothalamic gene expression occur very rapidly 
and precede increased fat accumulation; that adipose tissue exhibits 
insulin resistance prior to alterations in GTT; that addition of WSD to 
OLZ precipitates hyperglycemia without an obvious insulin response; 
and that removal of OLZ and continued WSD resulted in normalized 
glucose clearance and elevated insulin. These data suggest complex 
and early responses to OLZ that may be exacerbated by WSD.

Keywords: Olanzapine; Macaque; Western style diet; Insulin; 
Diabetes; POMC; AgRP, Free fatty acid; Lipolysis
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metabolic disease on top of mental illness may be devastating and 
it decreases compliance. Currently psychiatrists prescribe SGAs, 
while these patients typically see an endocrinologist separately 
to manage their metabolic disease.

Nonetheless, the development and widespread use of SGAs 
has significantly improved the treatment and management of 
schizophrenia without the extra-pyramidal side effects of first 
generation antipsychotics such as haloperidol [4]. The older 
antipsychotics mainly acted as antagonists of D2 dopamine 
receptors [5]. SGAs exhibit lesser action at dopamine receptors 
and act more as serotonin (5HT) 2A/C receptor antagonists [6-9]. 
One widely used SGA is olanzapine (OLZ), which remains one of 
the most efficacious psychiatric medications in spite of its nearly 
universal metabolic side effects [10]. The SGAs ziprasidone and 
aripiprazole have reduced metabolic side effects, but also poorer 
scores on tests of positive and negative symptom relief [11,12]. 
Often ignored, however, is the fact that in the US, OLZ is taken 
by patients who typically consume a high-calorie/fat WSD. Little 
is known of the interaction between WSD and SGAs, and this 
variable is nearly impossible to test in humans.

Although OLZ may act at a number of receptors, the paramount 
role of the 5HT2C receptor in the hypothalamic feeding and satiety 
neuronal systems is undisputed [13]. Thus, the antagonism of 
the hypothalamic 5HT2C receptor by OLZ, probably plays a 
pivotal role. Most studies of the peripheral effects of OLZ in the 
area of metabolism have been conducted with rodents, but OLZ 
treatment has markedly different effects in rats and humans. OLZ 
regulates insulin secretion in islets and increases serum glucose 
in rats and humans, but there were serious inconsistencies in 
effects on weight gain, lipid concentrations, and Leptin levels 
in drug-treated rats [14,15]. Male rats showed an increased 
preference for a high-fat or -sugar diet, but did not exhibit 
greater weight gain than diet-matched controls [14], although 
female rats appear to be more sensitive to OLZ-induced weight 
gain [15]. However, there are no sex differences in humans. Thus, 
the absence of reliable effects of SGAs in rats indicates the poor 
predictive value of the rodent models.

Nonhuman primates (NHPs), however, are an exceptional 
model for human neuropsychiatry and metabolism. Monkeys in 
captivity eat monkey chow, which is very low in fat and sugar and 
high in micronutrients. We hypothesize that OLZ acts through 
both central and peripheral mechanisms that involve antagonism 
of 5HT2C receptors. We further hypothesize that the metabolic 
reactions to OLZ differ depending on diet. We have collected 
preliminary data from one longitudinally treated macaque with 
multiple weightings; Glucose Tolerance Tests (GTTs), Dexascans 
and adipose biopsies. The monkey responded to OLZ in a manner 
similar to humans, and the metabolic responses to OLZ differed 
significantly between a chow diet and a WSD. It appears that 
macaques are an excellent model for revealing the mechanisms 
by which OLZ induces metabolic syndrome in patients.

Materials and Methods
This experiment was approved by the IACUC of the Oregon 

National Primate Research Center and conducted in accordance 

with the with the NIH guideline (Guide for the Care and Use of 
Laboratory Animals, Eighth edition, NRC 2011).

Animal

An adult female Japanese macaque (Macaca fuscata) was 
housed in a large double cage for the duration of this study. 
The animal was maintained at a healthy weight and metabolic 
status; with a restricted, but adequate, diet of normal monkey 
chow (hereafter called ‘chow’) supplemented with fresh fruits 
and vegetables. Water was available ad libitum. Research 
veterinarians monitored the monkey continually.

Diets

Chow (Lab Diet 5000) contains 4.94 kcal/g and calories are 
distributed as 27% from protein, 14% from fat, and 58% from 
carbohydrates. Of the total 2.87 kcal/g of carbohydrates, 26% are 
derived from starch and 2.8% from sucrose. WSD (Lab Diet, TAD 
5L0P) contains 4.94 kcal/g and the calories are distributed as 
18% protein, 36% fat, and 46% carbohydrates. Of the total 3.36 
kcal/g of carbohydrates, 19.5% is derived from starch, 8.81% 
from sucrose, 4.41% from glucose, and 4.61% from lactose.

Protocol

The animal was weighed weekly throughout the protocol. 
Prior to any medication or diet manipulations, baseline GTT, 
Dexascan, and adipose tissue biopsies were obtained. After 
completing and recovering from biopsy surgery (described 
below), OLZ was administered at 1.25 mg/day by placing the 
dissolving form in a food treat based on a human dose of 5 mg/
day for a 70 kg human. After 2 mo OLZ + Restricted chow, another 
GTT and dexascan were obtained, and the diet was changed to 
unrestricted monkey chow. This was accomplished by always 
maintaining extra chow biscuits in the cage. After 2 mo OLZ + 
Unrestricted chow, another GTT, dexascan, and a second biopsy 
were obtained. Upon recovery from biopsy surgery, the food was 
changed to WSD. After 2 mo OLZ + WSD, another GTT, dexascan, 
and a final biopsy (third) were obtained. She was then withdrawn 
from OLZ, and maintained for an additional 2 mo on WSD alone. 
After 2 mo WSD alone, another GTT and dexascan were obtained. 
The animal was then released from the protocol and returned to 
normal monkey chow.

Euthanasia

After 6 months on normal monkey chow, the same animal 
was administered OLZ for 5 days and euthanized by an expert 
veterinary pathologist in accordance with the American 
Veterinary Association guidelines (AVMA Guidelines for the 
Euthanasia of Animals, 2013 edition). She was transported 
to the necropsy suite under sedation, given an overdose of 
pentobarbital (30 mg/kg, i.v. (Hospira, Lake Forest, IL)) and 
exsanguinated with severance of the descending aorta. The brain 
was harvested, blocked, frozen in liquid N2 and stored at -80°C. An 
additional hypothalamus was obtained from an untreated female 
Japanese macaque that was euthanized for clinical reasons.

Biopsy

All surgical procedures were conducted by trained Surgical 
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in vivo since a single subject was studied for this preliminary 
examination and feasibility study. Multiple adipose explants 
were used for each measurement enabling legitimate statistical 
comparisons. Differences between groups were determined 
with two-way ANOVA followed by Bonferroni post hoc pair wise 
comparisons using Prism version 5 (Graph Pad Software, Inc., 
San Diego, CA).

Results
A longitudinal experimental design was implemented as 

described above Figure 1; top illustrates the experimental design, 
the timing of OLZ and dietary treatments, adipose biopsies, 
GTTs, dexascans and body weight. There was a rapid increase 
in weight on OLZ + Restricted chow that plateaued after OLZ 
+ Unrestricted chow. Addition of WSD did not further increase 
weight. Unfortunately, there was a problem with palatability 
in this batch of WSD that was discovered subsequent to the 
experiment. Therefore, this particular piece of the data must be 
interpreted with caution. Nonetheless, weight reached a plateau 
on OLZ + Unrestricted chow that may have been maintained, or 
even increased, with more palatable WSD.

The Area Under Curve (AUC) for glucose and insulin secretion 
from the GTT data are shown in Figure 1, middle and bottom 
panels, respectively. The raw GTT data are shown in Figure 2. The 

Services Unit personnel under the supervision of surgical 
veterinarians in dedicated surgical facilities using aseptic 
techniques and comprehensive physiological monitoring. All 
procedures took place in the operating rooms of the Surgical 
Services Unit. The animal had 22-gauge cephalic catheters 
placed, and was intubated in dorsal recumbency with a 4.0-
6.0 ET tube. The animal was administered intravenous fluids  
(Lactated Ringers solution, 10 ml/kg/hr). Continuous monitoring 
was performed during the surgery for body temperature via 
esophageal temperature probe, heart rate, and pulse character 
(fast or slow) via pulse oximetry and electrocardiography, blood 
pressure via indirect blood pressure cuff or direct percutaneous 
arterial line, respiratory rate and pattern, end tidal carbon 
dioxide, capillary refill time, absence of palpebral response 
to touching the medial canthus, jaw tone and color of mucous 
membranes at gums or conjunctiva. A Verres needle was inserted 
via a 1-cm sub umbilical skin incision followed by insufflations to 
15 mm Hg pressure with CO2 gas. The Verres was removed and 
the 11-mm trocar/sheath and 10-mm telescope was inserted by 
puncture at the same site. A right paralumbar 5-mm accessory 
port was placed, through which a cutting biopsy grasper was 
inserted. Pinch biopsy forceps were used to retrieve two fat 
biopsies from the falciform ligament. Grasping forceps were used 
to grab a small section of omentum, which was pulled through 
the side port. A 1 × 2 × 1-cm block of omentum was removed via 
sharp and blunt dissection. The laparoscopic instruments were 
removed. A subcutaneous fat biopsy was then retrieved from the 
site of the scope incision. The tissue was placed in sterile culture 
medium for transport to the laboratory. The incisions were 
closed with interrupted 4-0 monocryl in the rectus fascia and 
skin. Recovery was on the OR table until extubation. Additional 
heat and oxygen support was provided as needed during the 
recovery period.

Adipose tissue explant protocol

The protocol for transport and processing of adipose tissue 
explants has been previously described [16-18]. The explants 
were incubated with and without insulin, in the presence of 
Isoproterenol or free fatty acids (FFA). For isoproterenol-
stimulated lipolysis studies, 100 ± 10mg tissue explants were 
placed into a 24-well culture dish containing 0.5 mL incubation 
medium (phenol red-free DMEM [Invitrogen], 0.5% BSA [Sigma-
Aldrich], 20 mM HEPES buffer [pH 7.4]), and incubated at 37°C 
free-floating for 2 hours in an atmosphere of 5% CO2 at 37°C. 
Glycerol release was determined using a colorometric glycerol 
detection kit (Zen-Bio). For determination of FFA uptake, 
fluorescent FFAs (BODIPY-C12; Invitrogen) were added to the 
culture medium.

Confocal microscopy

Intracellular fluorescence associated with BODIPY-C12 
(FFA uptake) was determined as previously described with 
minor modifications [16-18]. Image recording and cell size 
determination were conducted using a Leica SP5 AOBS spectral 
confocal system as described [17].

Data analysis

Statistical analyses were not performed on the data collected 

Figure 1: Illustration of the protocol for the preliminary data collec-
tion and the area under the curve for glucose and insulin in serial GTTs 
(circles). Biopsies are shown in red text and protocol changes are shown 
in blue text.
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quantitative values for each curve are shown in Table 2. Glucose 
and insulin AUCs did not change with OLZ + Restricted chow 
(baseline vs. 2 mo) or OLZ + Unrestricted chow (baseline vs. 4 
mo). Nonetheless, after unrestricted chow, first-phase insulin 
secretion was blunted. Addition of WSD caused an increase in 
glucose AUC (baseline vs. 6 mo), and no change in the insulin AUC, 
but there was a marked change in first-phase insulin secretion, 
and second-phase insulin secretion was elevated and prolonged. 
After OLZ withdrawal, but continuation of WSD, weight and 
glucose AUC declined, accompanied by markedly increased 
insulin AUC (pre vs. 8 mo). Although insulin levels were elevated, 
the pattern of first and second-phase insulin secretion appeared 
normal.

Examination of the GTT data (Figure 2) demonstrates in 
more detail that, at 2 mo after OLZ + Restricted chow, there was 
little change from baseline. However, with OLZ + Unrestricted 
chow (pre-vs 4 mo), there was an apparent decrease in first-
phase insulin secretion. After 2 mo OLZ + WSD (pre vs. 6 mo), 
both first- and second-phase insulin secretion were reduced, and 
this was associated with increased post-prandial glucose. AUC 
glucose was elevated (pre vs. 6 mo GTT, Figure 2) indicating that 
clearance declined. After withdrawal of OLZ, but maintenance on 

Figure 2: Serial GTTs. Dotted lines represent the baseline before treatment responses.

Treatment Group BMC (g) Fat (g) Lean (g) Lean+BMC (g) Total Mass % Fat

Baseline 423 1157 6542 6965 8123 14.2

OLZ+Restricted chow 433 2119 7139 7573 9693 21.9

OLZ+Unrestricted chow 464 3116 6513 6977 10094 30.0

OLZ+WSD 448 2588 6285 6733 9321 27.8

WSD 424 1679 6751 7175 8855 19.0

Table 1: Summary of Dexascan results in the female Japanese macaque treated with and without OLZ and WSD in a longitudinal manner.

WSD (pre vs. 8 mo), the insulin secretory response was markedly 
elevated and this hyperinsulinemia restored glucose disposal. 
Fasting glucose did not change with the different treatments. 

Dexascan (Table 1) showed that % body fat increased from 
baseline with OLZ + Restricted chow and OLZ + Unrestricted 
chow. WSD did not change % body fat after 2 months. Removal 
of OLZ and continuation of the WSD reduced % body fat. In 
addition, Dexascans showed that a predominant amount of fat 
was deposited in the midsection (Figure 3).

To evaluate adipose-specific effects, OM and SQ white adipose 
tissue biopsies were obtained at baseline (biopsy 1) and after OLZ 
+ Unrestricted chow (biopsy 2) and after OLZ + WSD (biopsy 3) to 
evaluate adipocyte cell size, lipolysis, and insulin-stimulated FFA 
uptake (red type in Figure 1). As shown in Figure 4, adipocyte 
size was significantly increased by OLZ in both depots, with SC 
adipose tissue exhibiting a greater response, but WSD did not 
induce a further change.

Adipocyte hypertrophy (increased cell size) can affect lipolysis 
(represented by glycerol release into conditioned medium) 
under basal conditions or in response to the β-adrenergic agonist 
isoproterenol. At baseline, isoproterenol stimulated lipolysis in 
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Treatment Group Insulin 
Start

Glucose 
Start

Insulin
Peak Ph1

Insulin
Peak Ph2

Glucose
Peak

Insulin
Area

Glucose
Area

Baseline chow 10.9 59.0 142.9 148.7 321 3691 4075

OLZ+Restricted Chow 19.7 53.0 157.0 141.3 356 3953 5272

OLZ+Unrestricted Chow 36.7 62.0   99.2 119.6 325 2332 4649

OLZ+WSD 15.6 60.0   77.9 109.4 350 4393 8964*

WSD 22.8 54.0 236.0 223.7 374 7617* 5373

Table 2: Quantitative values (mg/dL) from the GTT curves at the two month time-point from the start of each treatment. 

Figure 3: Dexascan pictures of the female Japanese macaque at baseline and after OLZ + Unrestricted chow. Note the increase in adiposity in the thoracic region.

Figure 4: Adipose cell size at [1] baseline, and after [2] OLZ+chow and after [3] OLZ+WSD. There was a significant effect of fat location and biopsy 
number or in vivo treatment. There was also a significant interaction (all p < 0.0001, 2-way ANOVA). *Asterisks designate post hoc-pair wise differ-
ences (Newman-Keuls post hoc p < 0.05).

OM, but not in SQ fat. Exposure to OLZ increased isoproterenol-
stimulated lipolysis in both depots, but the in vivo addition of 
WSD with OLZ decreased isoproterenol-stimulated lipolysis in 
both depots (Figure 5).

As shown in Figure 6, insulin increased FFA uptake at baseline 
in both OM and SQ adipose tissue. OLZ + chow or OLZ + WSD 
increased basal FFA uptake in both OM and SQ adipose tissue 
(post hoc p < 0.05), with insulin no longer inducing an additional 
significant increase, suggesting the early development of adipose 
insulin resistance.

A separate preliminary trial was conducted on two monkeys 
with 5 days of OLZ or no treatment followed by RT-PCR analysis 

of rostral preoptic (POA) and medial basal hypothalamus 
(MBH) gene expression (Figure 7). OLZ treatment decreased 
pre-opiomelanocortin (POMC) mRNA in the MBH, indicating 
less alpha-melanocyte stimulating hormone (α MSH) would be 
produced and less satiety achieved. OLZ increased expression 
of neuropeptide Y (NPY) and agouti-related peptide (AgRP) 
mRNAs, both coding for appetite stimulants. OLZ also increased 
expression for 5HT2C, MCR4 and leptin receptor (LepR) mRNAs.

Discussion
The in vivo data from this study suggest that OLZ immediately 

increased appetite and consumption of chow, but that induction of 
whole animal hyperglycemia required WSD as well. Withdrawal 
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of OLZ allowed restoration of glucose clearance through 
increased insulin secretion. OLZ caused a rapid and marked 
change in hypothalamic gene expression related to satiety and 
feeding. POMC, the precursor to α MSH, which mediates satiety, 
was markedly down regulated. NPY and AgRP gene expression, 
which code for feeding peptides NPY and AgRP, were clearly 
increased. In the anterior hypothalamus where α MSH neurons 
project, there was an increase in gene expression for 5HT2C, 
MCR4, and LepR.

Adipocyte size was significantly increased with administration 
of OLZ for 4 months (mo), with a diet of normal monkey chow.  
Isoproterenol increased glycerol release when the animal was 
on monkey chow at baseline, or on OLZ + chow. However, with 
addition of WSD to OLZ, isoproterenol-induced glycerol release 
was significantly reduced, indicating a loss of sensitivity to 
adrenergic stimulation. Insulin stimulated FFA uptake at baseline 
in both OM and SQ fat. After 4 mo of OLZ + chow, insulin did not 
stimulate FFA uptake over the elevated basal uptake in either 
depot. The elevated basal FFA uptake may be attributable to the 
increase in cell size that occurred over 4 mo of OLZ treatment with 

restricted or unrestricted chow. Thus, there was an indication of 
insulin resistance at the level of the adipocyte that preceded the 
hyperglycemia observed in the GTT after OLZ + WSD.

Clinical data show an increased diabetes risk in patients 
treated with clozapine or OLZ compared with untreated patients, 
and weight gain is more common in patients taking OLZ than 
with haloperidol or placebo [19]. Possible mechanisms include 
insulin resistance secondary to drug-induced weight gain, altered 
body fat distribution, or a direct effect on insulin-sensitive 
targets [20,21]. Our data support the involvement of all three. 
We have other data (not presented) that OLZ reduced insulin-
stimulated FFA uptake and this effect was reversed by addition of 
serotonin in 3T3-L1 adipocytes. Similar to our data obtained from 
experiments on the macaque monkey, OLZ reduced FFA uptake 
in rat peripheral tissues [22]. To date, studies in cell lines have 
shown negative effects of SGAs on adipocyte-type cell function, 
but this issue has not been adequately studied in humans with 
psychiatric illness [23].

An additional consequence of SGAs is their effect on serum 
lipids. Clozapine and OLZ, which produce the greatest weight 
gain, are associated with the greatest increase in levels of total 
cholesterol, LDL and triglycerides, and with decreased HDL 
cholesterol. Measurements of lipids, adiponectin or ghrelin were 
not obtained in this preliminary study, but there is reason to 
believe believe that the levels would be similar to that in humans  
humans. Future studies with more animals, and measurements of 
these and other endpoints, are awaiting funding.

Hypothalamic 5HT2C receptors play a major role in 
feeding and satiety [13]. Clinically, serotonergic agonists 
such as fenfluramine/phentermine (fen-phen) and, more 
recently, lorcaserin, a 5HT2C agonist (Belviq; Eisai/Arena 
Pharmaceuticals), have been used for weight reduction in morbid 
obesity. Two independent serotonin systems are now known to 
exist, one in the brain and the other in the periphery. Serotonin 
is a well-known central nervous system (CNS) neurotransmitter 
that regulates feeding behavior, meal size, and body weight [24]. 
Briefly, two populations of neurons in the arcuate nucleus (ARC) 
play primary roles in the regulation of eating. Neuropeptide Y 
(NPY) and agouti-related peptide (AgRP) co-localizing neurons 
(NPY/AgRP) stimulate feeding, whereas POMC/CART co-
localizing neurons mediate satiety and inhibit feeding [25-29]. 
Each of these populations is regulated by metabolic hormones 
such as insulin, leptin, and orexin, and by neurotransmitters such 
as serotonin [30]. POMC neurons produce the satiety peptide 
α MSH via post-translational processing. In rodents, different 

Figure 5: Isoproterenol-stimulated lipolysis at [1] baseline, [2] with 
OLZ+chow and with [3] OLZ+WSD. There was a significant difference 
between the groups with OM and SQ explants (both p < 0.0001, ANOVA). 
*Asterisks designate post hoc pair-wise differences (Newman-Keuls 
post hoc p < 0.05).

Figure 6: Isoproterenol-stimulated lipolysis at [1] baseline, [2] with 
OLZ+chow and with [3] OLZ+WSD. There was a significant difference 
between the groups with OM and SQ explants (both p < 0.0001, ANOVA). 
*Asterisks designate post hoc pair-wise differences (Newman-Keuls 
post hoc p < 0.05).

Figure 7: Semi-quantitative RT-PCR analysis of transcripts medial basal 
hypothalamus (MBH) and rostral hypothalamic preoptic area (POA).  
An untreated control (Con) monkey was compared to a monkey treated 
with OLZ for 5 days.
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populations of POMC neurons express 5HT2C and LepRs, which 
in turn, stimulate production and release of α MSH to decrease 
appetite as satiety is reached [24,31]. Our data indicate that 
by 5 days of OLZ treatment with a monkey chow diet, the 
expression of POMC is suppressed, whereas NPY and AgRP 
are markedly induced. Thus, OLZ has very rapid effects on the 
neural systems that govern feeding and satiety. There was also 
an increase in 5HT2C, MCR4 and LepR, possibly as an attempt to 
overcome OLZ antagonism and maintain homeostasis. Therefore, 
we hypothesize that the first action of OLZ is antagonism of 
5HT2C receptors in hypothalamic neural systems, which causes 
an increase in appetite. The increase in the 5HT2C receptor 
expression indicates that antagonism of the 5HT2C receptor by 
OLZ acts like serotonin denervation, and consequently results in 
the classical increase in expression of the postsynaptic receptors. 
The increase in MCR4 suggests a second classical homeostatic 
mechanism occurred to maintain satiety. Without serotonin 
stimulation of POMC neurons there would be decreased α MSH 
neurotransmission that in turn leads to increased expression of 
MCR4. Interestingly, the increase in LepR occurred before weight 
gain and adiposity increased. This could be a third homeostatic 
mechanism in which the sensitivity to Leptin was increased to 
maintain POMC expression in the absence of serotonergic input. 
Nonetheless, these mechanisms were not sufficient to maintain 
normal body weight with continued administration of OLZ.

There is much less evidence for the role of serotonin as an 
endocrine hormone, particularly with respect to its effects on 
glucose and lipid metabolism. We now understand that murine 
pancreatic islets express serotonin system genes and that sero-
tonin affects islet function [32-34]. Recent studies have shown 
that white adipose tissue also expresses serotonin receptors, 
tryptophan hydroxylase, and the serotonin reuptake transporter, 
and adipose cells secrete serotonin, which regulates leptin in ma-
ture adipocytes [35-37]. Furthermore, serotonin metabolites act 
as endogenous agonists for peroxisome proliferator-activated 
receptor (PPAR)-γ and serotonin accelerates adipocyte differen-
tiation via 5HT2A and C receptors [36,38]. Thus, serotonin acts 
in peripheral tissues central to insulin production and response.

Most studies of the peripheral effects of OLZ in the area of 
metabolism and serotonin have been conducted with rodents, 
but OLZ treatment has significantly different effects in rats 
and humans [14,15]. 5HT2A, 5HT2B, and 5HT2C receptors are 
expressed in adipose tissue [35,36,39]. Through these receptors, 
peripheral serotonin can modulate a variety of adipose functions, 
including adipocyte differentiation [36] and lipolysis [23]. By 
antagonizing serotonin action, OLZ and other SGAs impaired 
glucose and lipid disposal in fat and muscle [40], inhibited 
lipolysis, and increased lipogenesis in 3T3 adipocytes [23], 
consistent with our preliminary data. These properties of OLZ 
treatment correlate with the development of dyslipidemia and 
diabetes in the long term.

The results of the longitudinal GTTs indicated that induction 
of whole animal hyperglycemia required addition of WSD to 
OLZ; while withdrawal of OLZ allowed restoration of glucose 
clearance through increased insulin secretion. This observation 

raises the distinct possibility of a direct inhibitory action of OLZ 
on pancreatic β cells. Beta cells have several serotonin receptors, 
and insulin co-localizes with serotonin [41]. Knock out of TPH1, 
with inhibition of peripheral serotonin production, causes β cells 
to stop proliferating and leads to diabetes in adult mice [42]. It 
is attractive to speculate that serotonin is needed for optimum 
response of β cells to glucose; and in the absence or antagonism 
of serotonin; the insulin response to glucose is severely blunted. 
The exact mechanism of serotonin action on the β cell is unknown. 

Our preliminary data suggest the development of local 
adipocyte insulin resistance and adipocyte hypertrophy followed 
4 mo of OLZ treatment, which occurred on unrestricted chow 
at the time that whole animal GTT was normal. The possibility 
exists that the adipocyte insulin resistance was due to adipocyte 
hypertrophy, which was a consequence of weight gain, rather 
than a direct effect of OLZ. The ability of serotonin to reverse 
the effect of OLZ on insulin-induced FFA uptake in 3T3-L1 cells 
argues against this possibility as being entirely responsible. 
A recent study by Teff et al. [43] demonstrated that short-
term treatment of normal subjects with OLZ produced insulin 
resistance and hyperinsulinemia in conjunction with changes in 
glucagon and GLP-1 levels that were independent of weight gain 
[43]. This observation further supports the notion that OLZ has 
immediate direct effects on peripheral tissues. With comparison 
of the cellular actions and in vivo actions of OLZ, it appeared that 
insulin resistance manifested at the level of the adipocyte prior 
to manifestation in the GTTs. It is possible that muscle use of 
glucose delayed the onset of hyperglycemia in the whole animal, 
although it has been suggested that SGAs may block the glucose 
transporter in muscle [44].

In summary, these preliminary data in our NHP model support 
the hypotheses that [i]OLZ acts on NHP peripheral tissues as well 
as in the CNS; [ii] that rapid early changes in hypothalamic gene 
expression lead to decreased satiety and increased feeding that 
precede fat accumulation; [iii] that adipose tissue exhibits insulin 
resistance prior to alterations in glucose tolerance and insulin 
secretion; [iv] that addition of WSD to OLZ precipitates impaired 
glucose clearance without hyperinsulinemia; and [v] that removal 
of OLZ and continued WSD result in normalized glucose tolerance 
and increased insulin secretion. Our data suggest complex and 
early responses to OLZ that may be exacerbated by WSD, and 
which need confirmation with more animals. In addition, better 
treatments need to be developed that block the metabolic effects 
of OLZ while maintaining its psychiatric benefits. 
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