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Olanzapine (OLZ) is a second-generation antipsychotic that is used to treat schizophrenia 

and other mental health disorders. While effective at reducing psychoses, OLZ induces negative 

metabolic side effects including weight gain, dyslipidemia and impairments in glucose 

metabolism. While negative metabolic side effects of OLZ are reported clinically in both men 

and women, preclinical rodent models display sexual dimorphism with male mice being resistant 

to OLZ-induced weight gain. There are several limitations in the design of preclinical studies 

that could potentially be masking the effect of OLZ in male mice including housing temperature 

and using lean healthy mice.  Therefore, the purpose of this thesis was to determine if housing 

mice under thermal neutral conditions and alongside pre-existing obesity would worsen the 

metabolic effects of OLZ. To test this hypothesis, we housed male and female C57BL6J at 

thermoneutrality (TN; 29oC) and fed them either a LFD or HFD for 4 weeks. Following this 

period, mice were then given a control HFD or HFD w/ OLZ (4 mg/kg/day) for 6 weeks. A clear 

sexual dimorphic response was seen with male mice displaying increases in energy expenditure 

and weight loss with OLZ treatment, whereas females were hyperphagic and gained weight, 

effects that were more pronounced in mice with pre-existing obesity. Collectively our results 

provide evidence of clear sex differences in the response to chronic OLZ treatment in mice 

housed at thermal neutrality.  
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CHAPTER 1: Literature Review 

 

1.1 Schizophrenia- incidence and pathophysiology 

            Schizophrenia is a severe mental illness affecting 4 per 1000 individuals (McGrath et al., 

2008). The majority of individuals diagnosed with schizophrenia have substantial medical costs 

and are not able to work causing a great financial burden (Wu et al., 2005). Individuals with 

schizophrenia have a decreased life expectancy of about 15 years less than the general population 

due in part to a 5-10% increased risk of suicide (Hjorthøj et al., 2017) and an increased 

prevalence of comorbid conditions such as cardiovascular disease (CVD) and type 2 diabetes 

(T2D) (McGrath et al., 2008).  

Patients with schizophrenia suffer from severe cognitive impairments with respect to 

attention, executive functioning, memory, verbal skills and processing speed impairments 

(Goldberg et al., 2007; Green et al., 2000; Guo et al., 2013). These cognitive deficits are a core 

pathophysiological feature of schizophrenia (Hill et al., 2004). The pathophysiology of 

schizophrenia is centered around abnormalities in neurotransmission with respect to an excess of 

excitatory neurotransmitters, including dopamine, serotonin and glutamate (Patel et al., 2014). 

Many symptoms of schizophrenia are linked to abnormal overactivity at dopamine receptor sites 

(specifically D2). Over the last few decades, scientists have been developing pharmaceutical 

drugs to help better manage these abnormalities in neurotransmission. 
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 1.2 SGAs in the treatment of schizophrenia 

Second generation antipsychotics (SGAs) are the primary treatment for schizophrenia and 

other mental health disorders. SGAs work via binding of the dopamine (D2), serotonin (5-HT2A) 

and muscarinic receptors (M3) receptors in the brain (Divac et al., 2014). First generation anti 

psychotics (FGAs), also known as “typical antipsychotics” target primarily the D2 receptor and 

are utilized to treat positive symptoms of schizophrenia such as psychotic episodes and 

hallucinations (Leucht et al., 2009). However, FGAs cause more extrapyramidal motor side 

effects (EPS) and tardive dyskinesia (TD) in comparison to SGAs. Alternatively, SGAs have a 

higher affinity of 5-HT2A and lower affinity for D2 receptors, enabling a higher 5-HT2A / D2 

antagonism (Meltzer et al., 1989). SGAs are useful since they have a dual antagonizing effect on 

serotonin and dopamine receptors, they target both the positive (hallucinations, psychosis) and 

negative symptoms (cognitive deficits) of schizophrenia (Sumiyoshi et al., 2014). Specifically, 

positive symptoms of hallucination and delusions are a result of increased subcortical release of 

dopamine which augments D2 receptor activation (Shen et al., 2012). SGAs mitigate these 

positive symptoms via partial blocking of D2 receptors. However, despite reductions in EPS 

from SGAs,  they are known to induce adverse negative metabolic side effects such as 

hyperphagia, weight gain, dyslipidemia and impairments in glucose homeostasis (Barton et al., 

2020; Huhn et al., 2019; Kowalchuk et al., 2019; Leong, 2018). Given pre-existing metabolic 

abnormalities in patients with schizophrenia, SGA utilization may further exacerbate the 

negative metabolic side effects (Ryan et al., 2003).  
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1.3 SGAs, schizophrenia, and metabolic health  

 1.3.1 Schizophrenia and Metabolic Syndrome 

Recent studies have shown 40-60% of individuals diagnosed with schizophrenia are 

overweight or obese (Catapano & Castle, 2004; Coodin, 2001; Müller et al., 2004; Schwartz et 

al., 2004; Tardieu et al., 2003). In addition, individuals diagnosed with schizophrenia are at a 

higher risk of developing metabolic syndrome (MetS) and other cardiovascular risk factors (DE 

HERT et al., 2009). Increased prevalence of obesity and MetS are multifactorial in nature. 

Independent of antipsychotic use, individuals with schizophrenia have unhealthy diets linked to 

lower socioeconomic status and the consequences of the psychiatric disease may reduce their 

ability to perform adequate physical activity (Ratliff et al., 2012). 

 MetS can be diagnosed when three of the following five criteria are met: 1) abdominal 

obesity, 2) low levels of high-density lipoprotein (HDL), 3) elevated triglycerides (TG), 4) 

hypertension and 5) impaired fasting plasma glucose (Albaugh et al., 2006; Coccurello et al., 

2006; Kraal et al., 2017).  Prescription of SGAs are a major player in increasing the risk of the 

MetS in individuals with schizophrenia. For example prevalence rate of MetS in 287 individuals 

diagnosed with schizophrenia was  ~49% (Kraal et al., 2017). With respect to weight gain, a 

systematic review by Taylor et al. 2000, showed increased weight gain of >10% over initial 

bodyweight in patients treated with the SGAs clozapine and olanzapine (D. M. Taylor & 

McAskill, 2000). Similarly, both clozapine and olanzapine caused weight gain of > 4 kgs 

following 10 weeks of treatment (Allison et al., 1999).  

Changes in weight gain and increases in triglyceride levels are evident after only 2 weeks 

and reach a maximum at 3 months of treatment with OLZ (Perez-Iglesias et al., 2007). In 
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addition, prospective research demonstrated that treatment with SGAs led to an increased 

development of MetS by 9-28% (Kahn et al., 2008; Meyer et al., 2005; J. K. Patel et al., 2009; 

Perez-Gomez et al., 2018; Saddichha et al., 2008; Schooler et al., 2005; Zipursky et al., 2005). 

Lastly, clinical and community data show patients prescribed SGAs have a 3-fold increase in the 

development of MetS compared to the general population (Kato et al., 2004; Tirupati & Chua, 

2007). 

1.4 Sex Differences in SGA- induced Metabolic Complications  

 1.4.1 Clinical Sex Differences (SGA-induced bodyweight gain) 

The majority of current clinical evidence suggests that females have an increased risk of 

weight gain from SGAs (Attux et al., 2007; Covell et al., 2004; H et al., 2006; Haack et al., 2009; 

Lau et al., 2016; Lee et al., 2004; Lipkovich et al., 2009; Verma et al., 2009; Xiang et al., 2011). 

Earlier work from Covell et al. 2004 compared FGA’s to SGAs over a 2 year period, and found 

the existence of  sexual dimorphism with clozapine treated females gaining more weight than 

males (Covell et al., 2004). Similarly, analysis of 58 clinical trials involving 3826 patients 

determined female sex, lower baseline BMI, and younger age as risk factors for substantial 

weight gain from antipsychotic use (Lipkovich et al., 2009). Furthermore, Lau et al. 2016 

retroactively compared weight gain in 110 individuals prescribed clozapine with an average age 

of 34 (Lau et al., 2016). Sex differences were seen as females had a greater significant risk of 

weight gain at two different time points (3 and 12 months) (Lau et al., 2016). In addition, 

females had a 5.5% bodyweight increase in comparison to a 1.3% bodyweight increase in males 

(Lau et al., 2016).  



 

 

5 

 

Despite this trend for sex differences in clinical populations, the underlying mechanisms 

are not fully understood. Differences in pharmacokinetics of SGAs might explain, at least in part, 

the sexually dimorphic responses to these drugs. For instance CYP1A2, an enzyme which 

metabolizes SGAs, appears to be less active in women than in men (Kelly et al., 1999; Ou-Yang 

et al., 2000; Rasmussen et al., 2002; Urichuk et al., 2008). Therefore, females will have longer 

clearance time which may explain differences with respect to drug response (Kelly et al., 1999, 

2006). Previous work measured serum olanzapine concentrations over 8 weeks of treatment and 

found that females had a ~30% lower olanzapine clearance than males (Kelly et al., 1999). 

Similarly, 5 weeks of clozapine treatment resulted in significantly higher plasma concentrations 

of clozapine in women than men (Szymanski et al., 1996). Additionally, serotonin and dopamine 

receptors have been found to be differentially expressed between sexes and potentially 

modulated by estradiol (Goldstein et al., 2002; Osterlund et al., 1999; Summer & Fink, 1995).  

However, a few studies show contrasting data with respect to sexual dimorphism in 

regards to SGA- induced weight gain (Lane et al., 2006; Sušilová et al., 2017; J. H. Taylor et al., 

2018).  Sušilová et al., 2017 compared 462 middle aged patients with schizophrenia and 

observed that men were more likely to gain weight than women (Sušilová et al., 2017). Taylor et 

al. 2018 evaluated the effects of SGAs over 8 weeks in individuals with schizophrenia aged 8-19 

years old and determined sex was not found to be a predictor or moderator of weight change (J. 

H. Taylor et al., 2018). The contrasting evidence related to sex differences may be attributed to 

study population, duration of treatment, specific agents used and past medication exposure 

(Castellani et al., 2019).  
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1.4.2 Clinical Sex Differences (SGA-induced changes in adiposity) 

In humans, white adipose tissue (WAT) is comprised of two main depots, subcutaneous 

WAT (SAT) and visceral WAT (VAT) situated around internal organs (Choe et al., 2016). VAT 

is more metabolically active than SAT and accumulation of VAT in this depot is linked to 

impairments in glucose homeostasis (Gruzdeva et al., 2018). Besides weight gain from 

antipsychotic use, these drugs also have unfavorable effects with respect to adipose tissue 

distribution (greater proportion of VAT vs SAT). Zhang et al. 2004 utilized MRI imaging to 

compare body composition in 46 patients with schizophrenia who were exposed to initial AP 

medication for 10 weeks with age and sex matched healthy controls ( Z.-J. Zhang et al., 2004). 

Males with schizophrenia had significantly higher VAT post 10 week treatment compared to 

controls, whereas the increase was also present in females but to a lesser degree (Z.-J. Zhang et 

al., 2004). In a cross-sectional study, individuals diagnosed with schizophrenia on SGAs had 

greater VAT mass and lower fat free mass (FFM) in comparison to BMI matched controls 

(Konarzewska et al., 2014).  Interestingly, men diagnosed with schizophrenia averaged 5 times 

and women 2 times as much VAT compared to aged matched controls (Konarzewska et al., 

2014). The majority of clinical evidence suggests that both male and females experience higher 

levels of VAT accumulation from SGAs but males seem to be have greater predisposition to 

VAT accumulation and are subject to larger changes than females (Konarzewska et al., 2014; Z.-

J. Zhang et al., 2004). 

1.4.3 Preclinical Sex Differences in Weight Gain 

Sex differences are more apparent in preclinical data. A review by Boyda et al. 2010 

showed that 16 of 29 studies reported significant weight gain after chronic treatment with either 
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clozapine or olanzapine in rats (Boyda et al., 2010) with female rats exhibiting more weight gain 

from chronic drug treatment than males. Consistently, female preclinical models show increases 

in bodyweight gain and food intake with chronic use of SGAs. Repeated dosing (7 days to 13 

months) has shown to increase bodyweight and food intake across multiple animal models and 

routes of administration. Arjona et al. 2004 showed significant increases in food intake and 

bodyweight gain utilizing oral gavage (1.2 mg/kg/day) of olanzapine for 10 days in female rats. 

Similarly, oral administration of olanzapine at ramped dosages from 4 mg/kg to 20 mg/kg in 

female rats resulted in increased bodyweight and food intake in female rats. On the contrary, the 

same authors performed 10 days of ramped oral dosing (4-8 mg/kg) in female mice and showed 

no significant change in body weight (Albaugh et al., 2006). Additionally, 30 day administration 

of olanzapine using osmotic minipumps with dosages of 4 mg/kg/day to 8 mg/kg/day induced 

bodyweight gain and hyperphagia in female CD-1 mice (Coccurello et al., 2009). Lastly, 6 weeks 

of olanzapine mixed in with food caused increased food intake, weight gain and impairments in 

glucose tolerance in female C57BL6J mice (Lord et al., 2017). Overall, there is clear evidence 

that female preclinical models display increased bodyweight and food intake using multiple 

routes of administration. 

Male preclinical data shows less overall weight gain and metabolic disturbances with 

chronic SGA use. The majority of administration routes, intramuscular and intraperitoneal 

injection, oral administration (gavage and drug mixed in with food) and mini-osmotic pumps 

show no significant effect on bodyweight gain (Albaugh et al., 2006; Baptista et al., 2004; 

Castellani et al., 2019; Cooper, Pickavance, Wilding, Harrold, et al., 2007; Fernø et al., 2015; 

Minet-Ringuet, Even, Lacroix, et al., 2006; Pouzet et al., 2003).  Baptista et al. 1993 utilized 
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osmotic mini pumps to deliver olanzapine (5 mg/kg/day) and saw no effect on food intake or 

bodyweight in male rats. Additionally, ramped dosing of olanzapine from 4 mg/kg to 20 mg/kg 

for 20 days resulted in increased fat mass but no effect on bodyweight or food intake in male rats 

(Albaugh et al., 2011). Lastly, utilizing 3 different antipsychotics mixed with food for 6 weeks 

led to no effect of treatment on bodyweight gain (Minet-Ringuet, Even, Lacroix, et al., 2006). 

Despite a lack of weight gain seen in males, reported olanzapine related increases in bodyweight 

are apparent when mixing it with a medium high fat diet (45% kcal from fat) in comparison to a 

chow diet (Minet-Ringuet, Even, Lacroix, et al., 2006). Male rats displayed increased 

bodyweight and energy intake with 3 and 6 weeks of olanzapine treatment (Minet-Ringuet, 

Even, Lacroix, et al., 2006). Utilizing a method of mixing SGAs with palatable food (HFD) may 

be a more suitable route due to the underlying pharmacokinetic differences.  

1.4.4 Preclinical Models (SGA induced changes in adiposity) 

Despite preclinical data showing that males gain less weight chronically with SGA 

treatment, there is emerging evidence demonstrating that males experience reduced FFM and 

increased risk of VAT accumulation which may explain the lack of weight gain (Ader et al., 

2005; Albaugh et al., 2011; Cooper, Pickavance, Wilding, HarroLd, et al., 2007; Minet-Ringuet, 

Even, Lacroix, et al., 2006; G. C. Smith et al., 2008). 3 weeks of olanzapine treatment through 

incorporation into food in male rodents increased subcutaneous and retroperitoneal white adipose 

tissue mass (Minet-Ringuet, Even, Goubern, et al., 2006). Further evidence from Cooper et al. 

2007 showed olanzapine suppressed weight gain despite increases in visceral adiposity and 

reductions in lean mass after 20 days of twice daily injections  (Cooper, Pickavance, Wilding, 

Harrold, et al., 2007). Lastly, treatment with olanzapine via i.p injections in male rats showed an 
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initial spike in food intake but total bodyweight was reduced over 17 days. Important to note, 

despite decreased bodyweight over 17 days, male rats had increased mesenteric white adipose 

tissue and increased liver weights (Fernø et al., 2015). Therefore, current evidence indicates that 

male mice/rats have alterations in adiposity via increased VAT and decreased FFM and this 

could explain the lack of bodyweight gain seen in the male models of chronic SGA use. 

In addition to bodyweight gain and increased food intake from chronic olanzapine 

treatment, there is an increased accumulation of adipose in visceral depots in comparison to 

vehicle-controlled animals. For instance, 20 day treatment of olanzapine via i.p injection of a 4 

mg/kg/day dose was sufficient to induce bodyweight gain and increases in intra-abdominal fat 

deposition and perirenal fat pad mass (Cooper et al., 2005; Fell et al., 2004).  Alternatively, 20-

day clozapine treatment decreased bodyweight in female rats while simultaneously increasing 

VAT mass independent of changes in food intake or lean mass (Cooper et al., 2008). Further 

observations using nuclear magnetic measurements (NMR) analysis showed increased fat mass 

but not lean mass in olanzapine treated mice (Lord et al., 2017). It is evident that females 

experience concomitant increases in bodyweight alongside increases in adiposity whereas males 

only see changes in adiposity. 

1.4.5 Chronic SGA Treatment and glucose dysregulation 

The chronic effects of SGAs in preclinical models with respect to alterations in insulin 

sensitivity and impairments in glucose tolerance is a consistent response across dose, duration 

and route of administration (Ader et al., 2005; Albaugh et al., 2006; Arjona et al., 2004; 

Castellani et al., 2019; Coccurello et al., 2009; Cooper et al., 2005; G. C. Smith et al., 2009). 

Ader et al. 2005 showed that 21-day olanzapine treatment in male dogs resulted in elevated 
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fasting blood glucose, insulin, and decreased hepatic insulin sensitivity in addition to reduced 

beta-cell stimulated insulin secretion (Ader et al., 2005). Additionally, 20 day ramped dosing of 

olanzapine in male rats led to impaired insulin and glucose tolerance alongside increased fasting 

insulin despite no increases in bodyweight (Albaugh et al., 2011). Lastly, 42 day treatment with 

clozapine or quetiapine treatment in male rats resulted in reduced glucose tolerance alongside 

increases in adiposity (G. C. Smith et al., 2009). Evidence indicates that chronic administration 

of SGAs cause impairments in glucose homeostasis in rats and dogs. However, limited studies 

have been done on chronic SGA treatment on glucose dysregulation in male mice.  

Interestingly, in male models of chronic SGA treatment we see clear impairments in 

glucose dysregulation but in the female models this is not the case. 20 days of intraperitoneal 

injections of olanzapine led to no changes in fasting glucose in female rats (Cooper et al., 2005). 

However, HOMA-IR was elevated in these animals suggesting that the development of insulin 

resistance was occurring (Cooper et al., 2005).  In female mice and rats, olanzapine was mixed 

into cookie dough and administered for 12 to 28 days. Results indicate a trend for lower blood 

glucose values in comparison to the vehicle group after performing an oral glucose tolerance test 

(OGTT) (Albaugh et al., 2006). Furthermore, 13 days of treatment with olanzapine via oral 

gavage was associated with increased bodyweight and adiposity but no changes in either blood 

glucose or insulin levels (Skrede et al., 2012). In longer term studies, 13 months of bi-weekly 

intramuscular injection of chronic long lasting olanzapine resulted in glucose and insulin 

intolerance (Ersland et al., 2019). Current evidence appears to display some sexual dimorphisms 

with respect to chronic SGA use to alter glucose dysregulation. Females appear to be less 
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susceptible to perturbations in glucose intolerance and hyperglycemia despite changes in 

adiposity and bodyweight with chronic SGA treatment.  

1.5 Proposed mechanisms for hyperphagia and weight gain 

 1.5.1 Serotonin receptor (5HT)  

Mechanisms for SGA- induced obesity is driven by increased appetite and food intake 

rather than decreased energy expenditure (Deng, 2013). Molecular mechanisms that underlie the 

unwanted metabolic effects from SGAs are relatively unknown. As mentioned in previous 

sections, SGAs act as antagonists on serotonin 5-HT2C, histamine H1, and dopamine D2 

receptors to drive increases in appetite and subsequently food intake leading to weight gain 

(Deng et al., 2010; Han et al., 2008; Kirk et al., 2009; Nasrallah, 2008). Specifically, the 5-HT 

2C histamine receptor is known to play a role in the regulation of food intake, bodyweight and 

glucose metabolism via increasing the expression of anorexigenic proopiomelanacortin (POMC) 

neurons to decrease appetite (Kirk et al., 2009; Lord et al., 2017). Blockade of the HTR2C 

receptor leads to hyperphagia and obesity in mice (Tecott et al., 1995). Since SGAs antagonize 

the HTR2C receptor, this might be an underlying mechanism of SGA-induced weight gain  

(Bymaster et al., 1999; Kirk et al., 2009). Recent evidence from Lord et al. 2017 looked at 6 

weeks of chronic olanzapine feeding in Htr2c-null female mice. In comparison to wild type 

mice, the Htr2c-null mice did not display weight gain, hyperphagia or impairments in glucose 

homeostasis. Additionally, this effect was more prominent in female mice than male mice which 

is consistent with preclinical sex differences.  A follow up experiment was done when mice were 

pair fed, hyperphagia was prevented by restricting olanzapine fed mice with similar amounts of 

food by the control group. Lastly, treatment with an HTR2C-specific agonist lorcaserin 
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suppressed olanzapine-induced hyperphagia, weight again and improved glucose tolerance in 

olanzapine fed mice (Lord et al., 2017). 

 1.5.2 Food intake 

In preclinical research, changes in food intake are the primary driver in mediating SGA-

induced changes in bodyweight. In response to SGA treatment, female rats and mice experience 

increased food intake matched with increases in body weight  (Arjona et al., 2004; Coccurello et 

al., 2009b; Cooper et al., 2005; Ersland et al., 2015; Fell et al., 2004; Fernø et al., 2011; Hu et al., 

2014; Mann et al., 2013; Pouzet et al., 2003; Skrede et al., 2012, 2014, 2017). However, Albaugh 

et al. 2006 looked at chronic olanzapine through self-administration as the drug was mixed in 

with cookie dough, no effect was seen with respect to increased feeding in female mice. In male 

rats, bodyweights remain stable despite some evidence indicating olanzapine treatment to cause 

increased meal size but smaller feeding rates (Lee et al., 2004). In addition, both clozapine and 

olanzapine may possess hedonics effect with respect to increased preference for fat intake in 

rodents (Hartfield et al., 2003). Similarly, clinical studies do support an increase in appetite, 

motivation to eat with SGAs (Cuerda et al., 2014; Sentissi et al., 2009). In addition to increased 

appetite, patients had altered eating habits and specific food preferences towards saturated fat 

which likely contributed to obesity and metabolic abnormalities (Blouin et al., 2008; Case et al., 

2010; Henderson et al., 2010; Roerig et al., 2005; Sentissi et al., 2009). However, evidence on 

sex differences in clinical populations on these specific parameters (appetite, motivation to eat) is 

less well known than preclinical data. Regulation of food intake could be caused by changes in 

insulin action, hormone signaling and nutrient sensing (Colley & Castonguay, 2015; Perry & 

Wang, 2012). 
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 1.5.2 Energy expenditure  

SGAs are known to alter food intake, however changes in energy expenditure are critical 

to understand the effects of SGAs on energy balance. Clinical evidence showed an increase in 

resting energy expenditure in men after 13 days of olanzapine treatment. However, food intake 

and bodyweight gain were increased at the end of the treatment period (Fountaine et al., 2010). A 

longer term study by Graham et al. 2005 showed contrasting evidence where increases in 

bodyweight was present with no changes in resting energy expenditure (Graham et al., 2005). 

Overall, clinical evidence has been lacking with respect to investigating how sex influences 

SGA- induced changes in energy expenditure. In preclinical models, both male and female 

C57BL6J mice fed a high fat diet containing olanzapine for 3 days had increased heat production 

and energy expenditure while experiencing decreased physical activity (Lord et al., 2017). The 

increased in energy expenditure independent of changes in physical activity likely speaks to an 

increase in non-shivering thermogenesis, perhaps mediated by uncoupling protein UCP1. UCP1 

plays an important role in energy homeostasis and alterations in energy expenditure via 

uncoupling of the proton gradient generated in the mitochondria from ATP production to 

produce excess heat (Schneider et al., 2016). In this regard, treating mice with the olanzapine 

metabolite DMO (N-desmethyl- olanzapine) increased the expression of UCP1 in adipose tissue 

in parallel with increases in rectal temperature (X. Zhang et al., 2019).  

Prior studies examining SGA-induced changes in energy expenditure have largely been 

conducted at room temperature. Chronic housing of mice at room temperature (20-24o C), which 

is below the animals thermal neutral zone, results in elevations in SNS (sympathetic nervous 

system) activity which drives non-shivering thermogenesis as a mechanism to maintain core 
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temperature (Bucsek et al., 2017; Eng et al., 2015). Olanzapine induced weight loss in male 

rodents may be confounded by the fact that these studies were completed at room temperature. 

The effects of housing temperature and how it may affect female rodents differently than males 

on metabolic perturbations remains to be investigated. 

1.6 Considerations in Developing a more Clinically Relevant Model of SGA 

treatment 

Understanding the underlying pharmacokinetic differences between rodents and humans is 

critical to mimic clinical dosing. Rodents metabolize SGAs much more quickly than humans. 

The plasma half-life of olanzapine in rodents is (2-3 hours) versus (> 24 hours) in humans 

(Aravagiri et al., 1999; Callaghan et al., 1999; Chiu & Franklin, 1996). Therefore, it is important 

to determine an accurate route of administration that produces similar SGA- induced weight gain 

in order to evaluate underlying metabolic side effects that occur with SGA use (Remington, 

2009). In preclinical models, current routes of administration utilized to evaluate chronic 

olanzapine exposure include, intraperitoneal (i.p) or subcutaneous injections (s.c), oral gavage, 

osmotic mini pumps and drug mixed with food (preferably a high fat diet 45% kcal from fat) 

which mimics the potential hedonic effects of antipsychotics (Albaugh et al., 2006; Cooper et al., 

2005; Cooper, Pickavance, Wilding, HarroLd, et al., 2007; Fell et al., 2004, 2007; Kalinichev et 

al., 2005; Minet-Ringuet, Even, Lacroix, et al., 2006b; Pouzet et al., 2003). 

A popular method for chronic administration of olanzapine is with the drug mixed into a 

high fat diet (45% kcal from fat). The appropriate dosing required to produce steady state plasma 

levels (21±5 ng/ml) of olanzapine required is 50 mg/kg diet in order to mimic clinically relevant 

ranges. The specific dose was determined following a four-week dose response study (0,12.5, 25, 



 

 

15 

 

50, 100 mg/kg) in C57BL6J mice (Morgan et al., 2014). This approach has shown to increase 

bodyweight over 10-20 days in female rats when the drug is mixed in with food at dosages 

ranging at 1.2 mg/kg/day to 20 mg/kg/day (Albaugh et al., 2006a; Arjona et al., 2004; Fernø et 

al., 2015; Pouzet et al., 2003; Skrede et al., 2014). The benefits of mixing the drug in palatable 

food such as a high fat diet (HFD) allows continuous release during feeding windows to mimic a 

clinical setting. Whereas, chronic i.p and s.c injections are a less appropriate route of 

administration due to the short half-life and rapid clearance of OLZ in rodents in comparison to 

humans. For injections to mirror clinical dosing, administration of 2-3 doses per day would be 

required at different timepoints which may cause additional stress to animals. 

As stated in previous sections, we see metabolic complications associated with SGA use 

in clinical data whereas in preclinical data there is clear sexual dimorphism in weight gain and 

alterations in glucose homeostasis. These sex dependent effects seen in preclinical models are 

called into question when we observe the clinical utility of using mice to study SGA-induced 

weight gain and metabolic dysfunction. There are several limitations with respect to 

experimental design regarding preclinical models of SGA- induced weight gain and alterations in 

glucose dysregulation that may impact clinical utility. First, most individuals that are prescribed 

SGAs are often overweight and have pre-existing impairments in glucose homeostasis prior to 

onset of taking the medication (Allison et al., 1999; Subramaniam et al., 2014). Past 

investigations in mice have primarily been performed in otherwise healthy/lean mice. To support 

this consideration, mice with pre-existing obesity have a potentiated response to acute olanzapine 

induced hyperglycemia compared to lean mice (Townsend et al., 2018). Second, SGA- induced 

weight gain could be confounded by housing temperature. Past work examining SGA-induced 
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weight gain has either not specified housing temperature (Perez-Gomez et al., 2018; Zapata & 

Osborn, 2020) or mice were housed at room temperature (~20-240C) (Cope et al., 2005; Lord et 

al., 2017.; Morgan et al., 2014). The thermal neutral zone for mice is (~28-300C), this is the 

range in which animals can maintain their basal metabolic rate (BMR) (Fischer et al., 2018). 

Housing mice under sub thermal neutral conditions causes thermal stress which engages several 

different mechanisms, including brown adipose tissue mediated, non-shivering thermogenesis in 

order to maintain core body temperature (Fischer et al., 2018). In addition, mice housed at 

thermal neutral conditions are more susceptible to diet induced obesity, this is likely due to the 

reductions in sympathetic outflow, brown adipose tissue activity and energy expenditure (Seeley 

& MacDougald, 2021). Therefore, olanzapine induced weight gain may be less pronounced in 

mice housed at room temperature.  

1.7 Summary 

This literature review summarizes past findings with respect to both preclinical and clinical 

data on the use of SGAs and their effect on bodyweight gain, and glucose dysregulation with an 

emphasis placed on potential sex differences. With experimental design limitations in mind 

(housing temperature and pre-existing obesity), there is a need to establish an accurate preclinical 

model to study SGA- induced bodyweight gain and metabolic disturbances. This would allow 

researchers to gain further insight towards developing preventative strategies to reduce the risk 

of MetS and obesity. Of particular interest, obesity rates are higher in individuals with 

schizophrenia prior to the administration of SGAs. Therefore, a preclinical model of pre-existing 

obesity could exacerbate the negative metabolic side effects in mice and thus be a more 
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translatable preclinical model to study SGA- induced bodyweight gain and metabolic 

disturbances.  

CHAPTER 2: AIMS OF THESIS 

2.1 Specific aims and purpose of thesis 

It is well established that SGAs confer benefits with respect to treating psychosis 

however, SGAs have considerable negative metabolic effects (weight gain, dyslipidemia, fatty 

liver disease and impairments in glucose homeostasis). These metabolic complications with 

SGAs manifest clinically in both men and women whereas preclinical mouse models where 

SGAs like OLZ are compounded into a high fat diet display clear sexual dimorphism with 

female but not male C57BL6J mice. These sex-dependent effects have questioned the clinical 

and translational utility of using mice to study OLZ-induced weight gain and metabolic 

dysfunction. Lack of translatability may be due to several limitations; first prior to being 

prescribed SGAs, individuals are often overweight and present impairments in glucose 

homeostasis. Secondly, past work examining SGA-induced weight gain has used mice housed at 

room temperature. Therefore, the aim of this thesis was to determine if OLZ-induced weight gain 

was potentiated in male and female mice with pre-existing obesity housed at thermal neutrality. 

We hypothesized that chronic OLZ treatment will induce greater weight gain and metabolic 

dysfunction in conditions of pre-existing obesity when compared to treatment in otherwise 

healthy mice. 
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3.1 Introduction 

 Second generation or atypical antipsychotics (SGA) are increasingly being utilized in the 

management of off-label conditions, such as attention deficit hyperactivity, bipolar and anxiety 

disorders (Barton et al., 2020; De Hert et al., 2009; Divac et al., 2014; Maher et al., 2011). SGAs 

bind to a variety of receptors such as dopamine (D2), serotonin (5HT2A) and muscarinic 

receptors (Kowalchuk et al., 2019) and though effective in reducing psychosis are associated 

with negative metabolic side effects (weight gain, dyslipidemia, and insulin resistance) 

impacting upwards of 70% of individuals prescribed these medications (Pillinger et al., 2020; 

Rojo et al., 2015; Xu & Zhuang, 2019). Metabolic complications associated with SGAs manifest 

clinically in both men and women (Castellani et al., 2019). In preclinical rodent models, chronic 

treatment with SGAs such as olanzapine (OLZ) results in a sexually dimorphic response with 

females being more susceptible to weight gain than males  (Cope et al., 2005; Lord et al., 2017; 

Morgan et al., 2014; Perez-Gomez et al., 2018; Zapata & Osborn, 2020). These sex dependent 

effects have called into question the clinical utility of using mice to study SGA-induced weight 

gain and metabolic dysfunction.  

 There are several limitations with respect to experimental design that could be limiting 

translatability as manifested by the lack of weight gain in male mice. First, individuals that are 

prescribed SGAs are often overweight and have impairments in glucose homeostasis prior to 

taking these medications (Allison et al., 1999; Subramaniam et al., 2014). Thus, investigations in 

which otherwise lean, healthy animals are dosed chronically with SGAs are likely not capturing 

this important consideration of pre-existing metabolic dysfunction. In support of this we recently 

demonstrated that the acute effects of OLZ on inducing hyperglycemia was potentiated in mice 
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with pre-existing obesity induced by the consumption of a high fat diet (Townsend et al., 2018).  

Second, SGA-induced bodyweight gain could be confounded by the ambient temperature rodents 

are housed at. Past work examining SGA-induced weight gain has not been specified or rodents 

have been housed at room temperature (~20-24 oC) (Cope et al., 2005; Lord et al., 2017; Morgan 

et al., 2014). The thermal neutral zone for mice is ~28-30oC which is the ambient temperature 

range that animals can maintain their basal metabolic rate (Fischer et al., 2018). Housing mice at 

room temperature conditions causes thermal stress and results in the animal engaging a number 

of different mechanisms to maintain core temperature such as UCP1 (uncoupling protein 1) 

dependent non-shivering thermogenesis in brown adipose (Fischer et al., 2018). At thermal 

neutral conditions, mice will be more susceptible to diet induced obesity due to reductions in 

sympathetic outflow and reduced brown adipose tissue activity and energy expenditure (Seeley 

& MacDougald, 2021).  

The purpose of the current study was to determine if treating mice with OLZ under more 

clinically relevant conditions (pre-existing obesity and housed at thermoneutrality), would result 

in more pronounced increases in weight gain and worsened glucose tolerance. We hypothesized 

that SGA-induced weight gain would be greater in mice housed at thermal neutral compared to 

room temperature and in conditions of pre-existing obesity prior to treatment. We further 

hypothesized that potentiated weight gain and impairments in glucose tolerance would be present 

in both male and female mice from SGA use.  



 

 

21 

 

3.2 Methods 

3.2.1 Animals and ethics 

All experimental procedures were approved by the University of Guelph Animal Care 

Committee and followed Canadian Council on Animal Care Guidelines. 10-week old male and 

female C57BL6J mice (Jackson Laboratories, Bar Harbor Maine, USA, strain # 000664) were 

given ~ 1 week to acclimate to our facility during which time they had free access to standard 

rodent diet and tap water. Mice were housed individually at thermal neutrality (~30C) on a 

12:12 h light:dark cycle during the feeding trials with all experimental procedures occurring at 

this temperature.  

3.2.2 Feeding of experimental diets 

After acclimation, half of the mice were placed on a high-fat diet (HFD; 45%kcal from 

fat, Research Diets D12451) and the other half on a low-fat diet (LFD; 10%kcal from fat, 

Research Diets D12450H) for 4 weeks to induce obesity and glucose intolerance. After 4 weeks 

we performed a glucose tolerance test to confirm the presence of perturbed glucose metabolism 

in mice provided with a HFD. Food intake and body weight were recorded weekly. 

Following this initial pre-feeding period half of the “previously lean” animals were switched to a 

HFD (45% kcal from fat; diet formula:D18082303; Research Diets Inc. New Brunswick, NJ, 

USA).) and the other half to a HFD mixed with olanzapine (50 mg/kg diet) (45% kcal from fat; 

diet formula: D18082304; Research Diets Inc. New Brunswick, NJ, USA). (lean control, lean 

OLZ). Similarly, half of the mice with pre-existing obesity received a HFD and the other half a 

HFD mixed with olanzapine (50 mg/kg diet) (obese control, obese OLZ).  Food intake and body 

weight were recorded weekly for the 6-week intervention.  
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3.2.3 Glucose tolerance test (GTT) 

Following an ~ 6 hour fast mice underwent an intraperitoneal (i.p.) glucose tolerance test 

(GTT) at ~1400 h. Mice were injected i.p with a weight adjusted bolus of D-glucose (2 g.kg-1 

BW). Blood was sampled from a tail snip and glucose measured with a handheld glucometer 

(Freestyle Lite, 70 Abbott Laboratories, Abbott Park, IL, USA) immediately pre-injection (time 

point 0) and at and 15,30, 45-, 60-, 90- and 120-min post- injection (MacPherson et al.,2015, 

Peppler et al.,2016). Following treatment with the control or the OLZ supplemented diet glucose 

tolerance tests were performed using 0.75 g/Kg-1 of glucose (Shamshoum et al.2021). This 

approach was taken to avoid blood glucose concentrations exceeding the limit of detection of the 

glucometer.  

3.2.4 Comprehensive lab animal monitoring system (CLAMS) 

On week 4 of OLZ feeding mice were housed in CLAMS metabolic caging at the beginning of 

the light phase (~0800h) for a 24-h acclimatization period. Following this acclimation period 

data was collected over the subsequent light and dark cycle. VCO2, VO2, RER (VCO2/VO2), 

energy expenditure, whole body carbohydrate (CHO), fatty acid (FA) oxidation and physical 

activity were measured. Energy expenditure was calculated using the Modified weir equation: 

(Kcal/hour) = [3.94 (VO2 (L/H)) + 1.11 (VCO2 (L/H))] (Weir, 1949). 

Whole body CHO and fat oxidation (KJ min-1) were calculated and to convert CHO and FA 

oxidation rates to kilojoules per hour, values were multiplied by 16.19 and 40.80, respectively.  

CHO oxidation = [4.585 VCO2 production (l min-1) – 3.226 VO2 production (l min-1)] x 16.19; FA 

oxidation = [1.695 VO2 production (l min-1) – 1.701 CO2 production (l min -1)] x 40.80 (Holloway 

et al., 2006; Péronnet & Massicotte, 1991). 
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3.2.5 Tissue Harvest 

Following the 6-week intervention, mice were anesthetized with a weight-adjusted bolus of 

sodium pentobarbital (~60 mg/kg BW, IP), and the liver was freeze clamped in situ and snap-

frozen in liquid nitrogen. Blood was collected via cardiac puncture of the right ventricle with a 

25-gauge needle, allowed to clot for 30 min at room temperature, and then centrifuged at 5000 g 

for 10 min with serum being aliquoted and frozen at -80oC until further analysis.  

3.2.6 Liver Triglycerides 

Snap-frozen liver was chipped, weighed, and used to quantify triglyceride (TAG) content. Liver 

chips were homogenized in 1 mL of methanol:chloroform solution (1:2), and agitated overnight 

at 4°C (Bligh & Dyer, 2011). One milliliter of 4 mM MgCl2 was added the following day, 

vortexed, and centrifuged for 1 h at 1,000 g at 4°C. The organic infranatant was transferred into a 

new tube, evaporated overnight in a fume hood, and reconstituted in a 3:2 1-butanol-Triton X-

114 mix. TAG content was measured with a commercially available kit (Sigma-Aldrich, Cat. No. 

F6428) in duplicate and read using Biotek Synergy Mx Multi Format Microplate Reader 

(Shamshoum et al. 2021). 

3.2.7 NEFA/Glycerol 

Serum non-esterified fatty acid (NEFA) (Wako Bioproducts, Richmond, VA), glycerol (F6428; 

Millipore Sigma), and triglycerides (Cat. No. 10010303, Cayman chemical, Ann Arbor, MI) 

were measured on 96-well plates using commercially available kits. All assays were conducted 

in accordance with manufacturer’s instructions, in duplicate with an average coefficient of 
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variation (CV) of <10%. Plates were read using Biotek Synergy Mx Multi Format Microplate 

Reader. 

3.2.8 Serum OLZ and N-desmethyl-OLZ measurement 

Serum samples (~500 μl, pooled from several mice for each N=1) were collected, and 

concentrations of OLZ and the metabolite N-desmethyl-OLZ (DMO), were assayed using liquid 

chromatography with tandem mass spectrometry detection (Gilda & Gomes, 2013).  

3.2.9 Western blotting 

Samples were prepared and analyzed for Western blotting as previously described by (Castellani 

et al., 2017). Samples were homogenized (TissueLyser LT; Qiagen) in cell lysis buffer 

(FNN0021; LifeTech Scientific, Shenzhen, China) and then supplemented with PMSF and 

protease inhibitor cocktail (MilliporeSigma). Homogenized samples were centrifuged at 4°C (10 

min at 5000 g), and protein content was determined using a bicinchoninic acid assay (P. K. Smith 

et al., 1985). Equal amounts of protein were separated on SDS-PAGE gels and transferred onto 

nitrocellulose membranes using a wet transfer technique (at 100 V). Membranes were blocked in 

Tris-buffered saline/0.1% Tween with 5% nonfat dry milk for 1 h then incubated in Tris-buffered 

saline with Tween 20 (TBST) / 5% bovine serum albumin supplemented with the appropriate 

primary antibody (1:1000 dilution) at 4°C overnight with gentle agitation. The following 

morning, membranes were rinsed with TBST and incubated with horseradish peroxidase-

conjugated secondary antibodies for 1 h at room temperature. Secondary antibodies were diluted 

in TBST with 1% nonfat dry milk. Signals were detected using enhanced chemiluminesence and 

were then quantified by densitometry using a FluorChem HD Imaging System (ProteinSimple, 
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San Jose, CA, USA). Proteins of interest were normalized to a within-gel loading control 

(Ponceau S) (Romero-Calvo et al., 2010). The utility of using Ponceau S as a loading control 

compared with a single protein marker has previously been discussed (Aldridge et al., 2008; 

Dittmer & Dittmer, 2006). 

3.2.10 Statistical Analysis 

Normality was assessed by a Shapiro- Wilks test and if he failed (p<0.05) data were log10 

transformed. Data were compared by unpaired 2-tailed t-test (HFD vs LFD), or two-way 

ANOVA. A two-way ANCOVA, with body weight as a covariate, was used when analyzing 

energy expenditure. A Tukey post hoc tests was performed when significant interactions were 

observed. All data are presented as mean  SD. Significance level was set at p < 0.05. Statistical 

tests were completed using Graph Pad version 6.0 (La Jolla, CA). 

3.3 Results 

3.3.1 Pre-existing metabolic dysfunction does not potentiate OLZ-induced weight 

gain in male mice  

To examine the effects of pre-existing metabolic dysfunction on OLZ-induced weight gain, 

male mice housed at thermal neutrality were fed a LFD (10% kcal from fat) or HFD (45% kcal 

from fat) for 4 weeks. As expected, the mice on a HFD were heavier (Figure 1A) at the end of the 

feeding intervention and displayed glucose intolerance (Figure 1B, C) when compared to mice fed 

a LFD. 



 

 

26 

 

Figure 1. OLZ treatment does not cause weight gain in lean and obese male C57BL6J mice. 

Mice were fed a low fat diet (LFD) or a high fat diet (HFD) prior to olanzapine treatment and 

weight gain (A) and glucose tolerance (B, C) were determined following 4 weeks of feeding. 

Mice were then switched to either a HFD control of olanzapine (OLZ) supplemented diet for an 

additional 6 weeks and body weight (D), weight gain (E) and food intake (F) determined. Data 

are presented as means + SD for 20 mice/group in A, and 10 mice/group in B-F. Individual data 

points are shown where possible. Differences between LFD and HFD groups were compared 

using unpaired T-tests (A, C). The effects of OLZ and obesity (D-F) were analyzed using a two-

way ANOVA and if a significant interaction was noted a Tukey post-hoc analysis was 

completed. p-values for main and interaction effects are given below the figures (D-F). Groups 

connected lines are significantly different (* p<0.05) as determined by a Tukey post hoc analysis. 

Having confirmed the existence of metabolic dysfunction, mice were switched to either a 

HFD (45% Kcals fat) supplemented with OLZ (50 mg/kg diet) or a control HFD. This mode of 

olanzapine treatment has been previously shown to cause weight gain in female C57BL6J mice 

and results in increases in circulating OLZ concentrations similar to what is seen clinically 
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(Morgan et al., 2014). There were main effects of OLZ and pre-existing obesity to reduce and 

increase body weight respectively (Figure 1D). When examining weight gain within a given 

animal, there was an OLZ by pre-existing obesity interaction such that OLZ treatment reduced 

weight gain in lean mice and weight gain was greater in control fed lean compared to mice with 

pre-existing obesity (Figure 1E). Energy intake was not different between groups (Figure 1F). 

There were no differences in the serum concentrations of OLZ or its metabolite DMO, between 

lean mice and mice with pre-existing obesity (Table 1).  

Table 1. Circulating levels of OLZ and N-desmethyl-OLZ (DMO) in male mice. 

Data are presented as mean  SD for 4 samples pooled from multiple mice/group. Differences 

between groups were compared using an unpaired Student’s t test.  

 

Liver weights were not different between groups, whereas there was a main effect of pre-

existing obesity to increase inguinal white adipose tissue (iWAT) mass (Table 2).  With 

epididymal white adipose tissue (eWAT), there was an interaction between OLZ and pre-existing 

obesity, with eWAT being less in lean mice treated with OLZ compared to lean control fed mice 

and mice with pre-existing obesity treated with OLZ (Table 2). There were no differences in 

brown adipose tissue mass between groups (Table 2). 

 lean pre-existing obesity p-value 

OLZ (ng/ml) 12  7 5  1 0.105 

 

DMO (ng/ml) 14  3 14  1 0.669 
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Table 2. Tissue weights in male lean and obese mice with or without OLZ 

 

Data are presented as mean  SD for 10 mice/group. Differences between groups were determined 

by two-way ANOVA followed by Tukey’s post hoc analysis when a significant interaction was 

uncovered. p-values for main effects of obesity and OLZ and interactions between these variables 

are given.  * different than lean control, # different than obese OLZ. OLZ = olanzapine, eWAT = 

epididymal white adipose tissue, iWAT = inguinal white adipose tissue, BAT= brown adipose 

tissue. 

 

Having demonstrated that pre-existing obesity does not potentiate the effects of OLZ on 

weight gain in male mice housed at thermal neutrality, we next assessed indices of lipid and 

carbohydrate metabolism. As shown in Figure 2A, there was a main effect of obesity to increase 

serum non-esterified fatty acids and liver triglyceride (TAG) accumulation (Figure 2B), while 

there was a main effect of OLZ to improve glucose tolerance (Figure 2 C, D). 

 

 lean 

control 

lean OLZ obese 

control 

obese 

OLZ 

obesity OLZ interaction 

Liver (mg) 1651  

262 

1563  

728 

1764  

622 

1833  

365 

p=0.259 p=0.954 p=0.643 

eWAT(mg) 2673  

351 

1935  

894*# 

2313  

421 

2672  

120 

p=0.292 p=0.291 p=0.0036 

iWAT(mg) 1022  

194 

788   

310 

1416  

123 

1336  

291 

p=<0.0001 p=0.109 p=0.427 

BAT (mg) 197  45 183  67 252  126 224  65 p=0.0671 p=0.423 p=0.780 
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Figure 2. 6 weeks of OLZ treatment improves glucose tolerance in male mice. Mice were fed 

a low or a high fat diet for 4 weeks prior to being switched to a high fat diet control or 

olanzapine (OLZ) supplemented high fat diet for 6 weeks. At the end of the intervention serum 

non-esterified fatty acids (NEFA)(A), liver triglycerides (TAG)(B), and glucose tolerance (C, D) 

were determined. Data are presented as means + SD for 6-10 mice/group and individual data 

points are shown where possible.  The effects of OLZ and obesity (D-F) were analyzed using a 

two-way ANOVA and if a significant interaction was noted a Tukey post-hoc analysis was 

completed. p-values for main and interaction effects are given below the figures. Please note that 

the glucose area under the curve (AUC) was utilized for the statistical analysis of glucose 

tolerance. 
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As OLZ treatment did not increase body weight, and in fact blunted weight gain and 

adipose tissue accretion in lean mice, independent of differences in food intake, we next sought to 

determine if this was associated with differences in whole body substrate oxidation and energy 

expenditure. As shown in Figure 3 there were main effects of OLZ to increase VO2 (A, B) and 

VCO2 (C, D) during both the light (A, C) and dark (B, D) phase. There were main effects of pre-

existing obesity to reduce and olanzapine to increase RER in the light phase (Figure 3E) and 

olanzapine to increase RER in the dark phase (Figure 3F). Given these changes in RER, which is 

measure of the relative mixture of carbohydrate and fat being oxidized, we also calculated absolute 

rates of carbohydrate and fat oxidation. There were main effects of OLZ to increase carbohydrate 

oxidation (Figure 3G, H) and to reduce fat oxidation (Figure 3I, J) in both the light and dark phases 

and main effects of OLZ to increase total energy expenditure in both phases (Figure 3K, L). When 

energy expenditure was analyzed by ANCOVA, with body weight as a covariate, the same 

differences were seen.  
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Figure 3 OLZ treatment increases energy expenditure in male mice. Mice were fed a LFD or 

a HFD for 4 weeks prior to being switched to a HFD control or OLZ supplemented HFD.  On the 

4th week of treatment, mice were housed in CLAMS metabolic caging and VO2 (A, B), VCO2 

(C, D), RER, carbohydrate (CHO) oxidation (G, H), fatty acid (FA) oxidation (I, J) and total 

energy expenditure (TEE) (K, L) measured in the light (A, C, E, G, I, K) and dark (B, D, F, H, J, 

L). Data are presented as means + SD for 6 mice/group and individual data points are shown 

where possible. Data were analyzed using a two-way ANOVA and if a significant interaction 

was noted a Tukey post-hoc analysis was completed. p-values for main and interaction effects 

are given below the figures.  
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3.3.2 Pre-existing metabolic dysfunction potentiates OLZ-induced weight gain in 

female mice 

To determine whether pre-existing metabolic dysfunction altered the effects of OLZ in a 

sexually dimorphic manner we repeated our high fat diet feeding experiments in female mice. As 

expected, the initial 4-week HFD feeding in female mice led to a significant increase in bodyweight 

(Figure 4A) and perturbations in glucose intolerance (Figure 4B, C) in comparison to mice on a 

LFD. Mice were then switched to either the control HFD or the HFD supplemented with OLZ. 

Following the 6-week intervention there were main effects of OLZ and pre-existing obesity to 

increase bodyweight (Figure 4D) and an interaction between OLZ and pre-existing obesity on 

weight gain (Figure 4E) such that OLZ significantly increased weight gain in mice with pre-

existing obesity, but not in lean animals.  There were main effects of OLZ and pre-existing obesity 

to increase food intake (Figure 4F).  
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Figure 4 Treatment of OLZ induces weight gain in lean and obese C57BL6J female mice. 

Mice were fed LFD or a HFD prior to olanzapine treatment and weight gain (A) and glucose 

tolerance (B, C) were determined following 4 weeks of feeding. Mice were then switched to 

either a HFD control or OLZ supplemented diet for an additional 6 weeks and body weight (D), 

weight gain (E) and food intake (F) was determined. Data are presented as means + SD for 20 

mice/group in A, and 10 mice/group in B-F. Individual data points are shown where possible. 

Differences between LFD and HFD groups were compared using unpaired T-tests (A, C). The 

effects of OLZ and obesity (D-F) were analyzed using a two-way ANOVA and if significant 

interaction was noted a Tukey post-hoc analysis was completed. p-values for main and 

interaction effects are given below the figures (D-F). Groups connected by lines are significantly 

different (*p<0.05) as determined by a Tukey post hoc analysis. 
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Consistent with the increase in body weight, there were main effects of OLZ and pre-

existing obesity to increase liver, iWAT and gWAT mass and a main effect of OLZ to increase 

BAT mass (Table 3). Circulating concentrations of OLZ and DMO were not different between 

groups (Table 4).  

 

Table 3. Tissue weights in female lean and obese mice treated with or without OLZ 

 

 

Data are presented as mean  SD for 10 mice/group. Differences between groups were determined 

by two-way ANOVA followed by Tukey’s post hoc analysis when a significant interaction was 

uncovered. p-values for main effects of obesity and OLZ and interactions between these variables 

are given. OLZ = olanzapine, gWAT = gonadal white adipose tissue, iWAT = inguinal white 

adipose tissue, BAT= brown adipose tissue. 

 

 

 

 

 

 

 

 lean 

control 

lean OLZ obese 

control 

obese 

OLZ 

obesity OLZ interaction 

Liver (mg) 856  124 1120  

240 

954   

117 

1304  

279 

p=0.035 p=<0.0001 p=0.508 

gWAT(mg) 575   

233 

788   

401 

713   

568 

1331  

456 

p=0.018 p=0.005 p=0.149 

iWAT(mg) 354   

124 

544   

264 

393  

255 

883   

359 

p=0.030 p=0.0002 p=0.081 

BAT (mg) 66  12 74  14 68  24 97  34 p=0.094 p=0.0156 p=0.171 
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Table 4. Circulating levels of OLZ and N-desmethyl- OLZ (DMO) in female mice 

Data are presented as mean  SD for 2 samples pooled from multiple mice/group. Differences 

between groups were determined using an unpaired Student’s t test.  

 

Having demonstrated a potentiated effect of OLZ on weight gain in female mice with 

pre-existing obesity we next wanted to determine if this was associated with greater impairments 

in indices of glucose and lipid homeostasis. As shown in Figure 5 there were no significant 

differences between groups in regards to serum NEFA (A), glucose tolerance (B, C).   

 

 

 

 

 

 

 

 

 

 

 

 lean pre-existing obesity p-value 

OLZ (ng/ml) 7  0 6  2 0.559 

 

DMO (ng/ml) 16  2 16  2          1.0 
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Figure 5 OLZ treatment has no effect on glucose tolerance in female mice. Mice were fed a 

LFD or a HFD for 4 weeks prior to being switched to a HFD control or OLZ supplemented HFD 

for 6 weeks. At the end of the intervention serum non-esterified fatty acids (NEFA)(A), and 

glucose tolerance (B, C) were determined. Data are presented as means + SD for 6-10 

mice/group and individual data points are shown where possible.  The effects of OLZ and 

obesity (D-F) were analyzed using a two-way ANOVA and if a significant interaction was noted 

a Tukey post-hoc analysis was completed. p-values for main and interaction effects are given 

below the figures. Please note that the glucose area under the curve (AUC) was utilized for the 

statistical analysis of glucose tolerance. 

 

To further assess changes in fuel metabolism we measured whole body substrate oxidation in 

rodent metabolic caging. There were main effects of OLZ to increase VO2 and total energy 

expenditure in the light phase (Figure 6A, K) while no other difference was observed in any 

other of the measured endpoints. 
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Figure 6. 6 weeks of OLZ treatment has minimal effects on substrate oxidation in female 

mice. Mice were fed a LFD or a HFD for 4 weeks prior to being switched to a HFD control or 

olanzapine (OLZ) supplemented HFD.  On the 4th week of treatment, mice were housed in 

CLAMS metabolic caging and VO2 (A, B), VCO2 (C,D), RER, carbohydrate (CHO) oxidation 

(G,H), fatty acid (FA) oxidation (I,J) and total energy expenditure (TEE) (K, L) measured in the 

light (A, C, E, G, I, K) and dark (B, D, F, H, J, L) . Data are presented as means + SD for 6 

mice/group and individual data points are shown where possible. Data were analyzed using a 

two-way ANOVA and if a significant interaction was noted a Tukey post-hoc analysis was 

completed. p-values for main and interaction effects are given below the figures.  
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3.5 Discussion 

OLZ possesses a variety of negative metabolic side effects including hyperphagia, weight 

gain and impairments in glucose homeostasis (Barton et al., 2020; Huhn et al., 2019; Leong, 

2018). Results from numerous preclinical investigations have suggested male mice do not 

experience weight gain from SGAs to a similar extent as females (Cope et al., 2005; Lord et al., 

2017; Morgan et al., 2014). However, this data has several limitations with respect to 

experimental design (sub thermal neutral housing and studying otherwise lean healthy mice) 

which may limit the clinical relevance of these findings. In the current investigation, using both 

lean and obese mice of both sexes housed at thermal neutrality we demonstrate clear sexually 

dimorphic responses to long term OLZ treatment. In male mice, irrespective of pre-existing 

obesity OLZ attenuated weight gain and improved glucose tolerance, whereas in female mice 

OLZ-induced weight gain was potentiated in mice with pre-existing obesity.   

The lack of weight gain in male mice was not explained by reductions in food intake but 

was mirrored by increases in energy expenditure.  Our findings are consistent with a previous 

study that reported increases in energy expenditure and reductions in physical activity in male 

C57BL6J mice fed the same OLZ-supplemented diet as used in the current study (Lord et al., 

2017). The increases in energy expenditure, independent of physical activity likely speaks to an 

increase in non-shivering thermogenesis, perhaps mediated by UCP1. In this regard, treating 

obese mice with the metabolite of OLZ, DMO led to significant weight loss and increases in 

adipose tissue UCP-1 expression (X. Zhang et al., 2019). Similarly, Lu et al. 2018 reported a 

negative correlation between serum DMO concentrations and body mass index in patients with 

schizophrenia. Though we did not directly compare DMO concentrations between sexes, they 

qualitatively appeared similar suggesting that increases in serum DMO were not driving 



 

 

39 

 

increases in energy expenditure in male mice.  Similarly, we did not detect significant 

differences in UCP1 protein content in brown adipose tissue between groups (Appendices Figure 

7). Together, these findings provide evidence that OLZ-induced increases in energy expenditure 

are likely not mediated by DMO-induced increases in UCP1. Recent work has pointed towards 

UCP-1-independent mechanisms of non-shivering thermogenesis including futile creatine 

cycling in adipose tissue (Kazak et al., 2015), and sarcolipin mediated muscle based non-

shivering thermogenesis (Bal et al., 2012). Future work should examine if these pathways could 

be mediating OLZ-induced increases in energy expenditure in male mice. 

 In contrast to male mice, and consistent with what others have demonstrated, OLZ 

treatment increased weight gain in female mice (Cope et al., 2005; Lord et al., 2017; Morgan et 

al., 2014). Previous work has suggested that increases in food intake explain OLZ-induced 

weight gain. In support of this idea, matching the caloric intake of OLZ treated mice to that of 

the HFD controls abolishes OLZ-induced weight gain (Lord et al., 2017). In the current 

investigation OLZ-induced weight gain was potentiated in female mice with pre-existing obesity. 

We speculate that this greater weight gain is due to increases in food intake in the absence of 

subtle increases in energy expenditure that was present in the light phase, particularly in lean 

animals.  

Previous work has shown chronic OLZ treatment to induce impairments in glucose 

tolerance (Ader et al., 2005; Albaugh et al., 2006; Arjona et al., 2004; Coccurello et al., 2009; 

Cooper et al., 2005; G. C. Smith et al., 2009). However, our findings showed chronic OLZ 

treatment led to improved glucose tolerance in males and no effect was seen in females. A 

potential mechanism that may explain the discrepancy in the effects of chronic OLZ on glucose 
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tolerance could be due to housing temperature. Previous work by McKie et al. 2019 compared 

RT to TN on glucose homeostasis and found that mice house at TN had improved glucose 

tolerance (McKie et al., 2019). The impaired glucose tolerance observed at RT was likely related 

to greater circulating catecholamines due to the increased sympathetic activity, both adrenaline 

and noradrenaline stimulate hepatic glucose output (Edwards et al., 1977; Galbo et al., 1978; 

Richter et al., 1980).  

The present results show a clear sexual dimorphism in the response of mice to chronic 

OLZ treatment with male mice displaying increases in energy expenditure. While sex differences 

in the clearance of OLZ have been reported, this would not seem to explain the current findings 

as serum OLZ concentrations were similar between groups. Other factors that may explain this 

sexual dimorphic response could be related to intrinsic differences in sympathetic outflow or in 

the responsiveness to beta adrenergic stimulation, which are important regulators of energy 

expenditure (Bachman et al., 2002). However, Kim et al. 2016 demonstrated increases in 

markers of sympathetic innervation in white adipose from female compared to male mice. 

Likewise, cold-induced increases in UCP1 protein content are greater in BAT from female 

compared to male mice (Quevedo et al., 1998). Together these previous findings provide 

evidence that the increase in energy expenditure in male, but not female mice with OLZ 

treatment is likely not driven by differences in sympathetic innervation or the response to beta 

adrenergic stimulation.  

Regardless of the specific mechanisms which are increasing energy expenditure in male 

mice the results of the current study provide clear evidence that chronic OLZ treatment in male 

mice does not recapitulate the metabolic phenotype seen clinically. It should be stressed that we 
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attempted to use conditions that would be more clinically relevant including housing mice at 

thermal neutrality and using both lean and diet induced obese mice for treatment. Further 

modifications to the treatment protocol could be required to uncover an effect of OLZ on weight 

gain in male mice including longer duration of treatment and/or a higher dose of drug. 

Ultimately, the development of a mouse model that captures the metabolic complications of 

chronic OLZ treatment in both sexes will allow for mechanistic studies in genetically modified 

animals that are relevant to both sexes, an increasingly important consideration in the design of 

preclinical studies.  

 CHAPTER 4: Additional results and extended discussion 

4.1 Limitations 

 

The measures of indirect calorimetry from the CLAMS were only collected for 24 hours 

of data on energy expenditure for a 6-week treatment protocol which may not be representative 

of energy expenditure throughout the duration of the study. In addition, mice were not in their 

respective home caging for the CLAMS measurement which likely impacted stress levels which 

could, in turn, alter measures of food intake, water intake and bodyweight as these measures 

typically stabilize after 3-4 days for novel housing (Stechman et al., 2010). In support of this 

supposition, mice housed in metabolic caging excrete ~ ten-fold higher amounts of 

corticosterone metabolites in the feces in comparison to control (Kalliokoski et al., 2013).  

In order to more accurately measure both food intake and activity, including a rodent 

activity detector (RAD), which is a device which measures activity in rodent home cages, could 

be used in future studies. This would allow for a more accurate assessment of activity under less 
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stressful conditions in rodent home, compared to metabolic caging (Matikainen-Ankney et al., 

2021).  

4.2 Conclusion 

This thesis furthers our understanding of the effects of biological sex and obesity on the 

chronic metabolic side effects of OLZ. Our results indicated that 6 weeks of OLZ treatment in 

males attenuated weight gain and improved glucose homeostasis whereas females experience 

weight gain with OLZ treatment particularly in conditions of pre-existing obesity. Weight loss in 

male mice is likely the result of increases in energy expenditure, whereas weight gain in female 

mice is mirrored by subtle increases in energy intake. Overall, this study provides evidence of a 

sexual dimorphic response to long term OLZ treatment and ultimately highlights the importance 

of developing a mouse model that captures the metabolic complications in both sexes for future 

mechanistic studies in genetically modified animals.  

 

 

  



 

 

43 

 

References  

 

Ader, M., Kim, S. P., Catalano, K. J., Ionut, V., Hucking, K., Richey, J. M., Kabir, M., & 

Bergman, R. N. (2005). Metabolic dysregulation with atypical antipsychotics occurs in 

the absence of underlying disease: A placebo-controlled study of olanzapine and 

risperidone in dogs. Diabetes, 54(3), 862–871. https://doi.org/10.2337/diabetes.54.3.862 

Albaugh, V. L., Henry, C. R., Bello, N. T., Hajnal, A., Lynch, S. L., Halle, B., & Lynch, C. J. 

(2006). Hormonal and Metabolic Effects of Olanzapine and Clozapine Related to Body 

Weight in Rodents. Obesity, 14(1), 36–51. https://doi.org/10.1038/oby.2006.6 

Albaugh, V. L., Judson, J. G., She, P., Lang, C. H., Maresca, K. P., Joyal, J. L., & Lynch, C. J. 

(2011). Olanzapine promotes fat accumulation in male rats by decreasing physical 

activity, repartitioning energy and increasing adipose tissue lipogenesis while impairing 

lipolysis. Molecular Psychiatry, 16(5), 569–581. https://doi.org/10.1038/mp.2010.33 

Aldridge, G. M., Podrebarac, D. M., Greenough, W. T., & Weiler, I. J. (2008). The use of total 

protein stains as loading controls: An alternative to high-abundance single-protein 

controls in semi-quantitative immunoblotting. Journal of Neuroscience Methods, 172(2), 

250–254. https://doi.org/10.1016/j.jneumeth.2008.05.003 

Allison, D. B., Mentore, J. L., Heo, M., Chandler, L. P., Cappelleri, J. C., Infante, M. C., & 

Weiden, P. J. (1999). Antipsychotic-Induced Weight Gain: A Comprehensive Research 

Synthesis. American Journal of Psychiatry, 156(11), 1686–1696. 

https://doi.org/10.1176/ajp.156.11.1686 



 

 

44 

 

Aravagiri, M., Teper, Y., & Marder, S. R. (1999). Pharmacokinetics and tissue distribution of 

olanzapine in rats. Biopharmaceutics & Drug Disposition, 20(8), 369–377. 

https://doi.org/10.1002/1099-081X(199911)20:8<369::AID-BDD200>3.0.CO;2-6 

Arjona, A. A., Zhang, S. X., Adamson, B., & Wurtman, R. J. (2004). An animal model of 

antipsychotic-induced weight gain. Behavioural Brain Research, 152(1), 121–127. 

https://doi.org/10.1016/j.bbr.2003.09.040 

Attux, C., Quintana, M. I., & Chaves, A. C. (2007). Weight gain, dyslipidemia and altered 

parameters for metabolic syndrome on first episode psychotic patients after six-month 

follow-up. Revista Brasileira De Psiquiatria (Sao Paulo, Brazil: 1999), 29(4), 346–349. 

https://doi.org/10.1590/s1516-44462006005000061 

Bachman, E. S., Dhillon, H., Zhang, C.-Y., Cinti, S., Bianco, A. C., Kobilka, B. K., & Lowell, B. 

B. (2002). BetaAR signaling required for diet-induced thermogenesis and obesity 

resistance. Science (New York, N.Y.), 297(5582), 843–845. 

https://doi.org/10.1126/science.1073160 

Bal, N. C., Maurya, S. K., Sopariwala, D. H., Sahoo, S. K., Gupta, S. C., Shaikh, S. A., Pant, M., 

Rowland, L. A., Bombardier, E., Goonasekera, S. A., Tupling, A. R., Molkentin, J. D., & 

Periasamy, M. (2012). Sarcolipin is a newly identified regulator of muscle-based 

thermogenesis in mammals. Nature Medicine, 18(10), 1575–1579. 

https://doi.org/10.1038/nm.2897 

Baptista, T., Zárate, J., Joober, R., Colasante, C., Beaulieu, S., Páez, X., & Hernández, L. (2004). 

Drug induced weight gain, an impediment to successful pharmacotherapy: Focus on 



 

 

45 

 

antipsychotics. Current Drug Targets, 5(3), 279–299. 

https://doi.org/10.2174/1389450043490514 

Barton, B. B., Segger, F., Fischer, K., Obermeier, M., & Musil, R. (2020). Update on weight-

gain caused by antipsychotics: A systematic review and meta-analysis. Expert Opinion on 

Drug Safety, 19(3), 295–314. https://doi.org/10.1080/14740338.2020.1713091 

Bligh, E. G., & Dyer, W. J. (2011). A RAPID METHOD OF TOTAL LIPID EXTRACTION 

AND PURIFICATION. Canadian Journal of Biochemistry and Physiology. 

https://doi.org/10.1139/o59-099 

Blouin, M., Tremblay, A., Jalbert, M.-E., Venables, H., Bouchard, R.-H., Roy, M.-A., & 

Alméras, N. (2008). Adiposity and Eating Behaviors in Patients Under Second 

Generation Antipsychotics. Obesity, 16(8), 1780–1787. 

https://doi.org/10.1038/oby.2008.277 

Boyda, H. N., Tse, L., Procyshyn, R. M., Honer, W. G., & Barr, A. M. (2010). Preclinical 

models of antipsychotic drug-induced metabolic side effects. Trends in Pharmacological 

Sciences, 31(10), 484–497. https://doi.org/10.1016/j.tips.2010.07.002 

Bucsek, M. J., Qiao, G., MacDonald, C. R., Giridharan, T., Evans, L., Niedzwecki, B., Liu, H., 

Kokolus, K. M., Eng, J. W.-L., Messmer, M. N., Attwood, K., Abrams, S. I., Hylander, 

B. L., & Repasky, E. A. (2017). β-Adrenergic Signaling in Mice Housed at Standard 

Temperatures Suppresses an Effector Phenotype in CD8+ T Cells and Undermines 

Checkpoint Inhibitor Therapy. Cancer Research, 77(20), 5639–5651. 

https://doi.org/10.1158/0008-5472.CAN-17-0546 



 

 

46 

 

Bymaster, F. P., Nelson, D. L., DeLapp, N. W., Falcone, J. F., Eckols, K., Truex, L. L., Foreman, 

M. M., Lucaites, V. L., & Calligaro, D. O. (1999). Antagonism by olanzapine of 

dopamine D1, serotonin2, muscarinic, histamine H1 and alpha 1-adrenergic receptors in 

vitro. Schizophrenia Research, 37(1), 107–122. https://doi.org/10.1016/s0920-

9964(98)00146-7 

Callaghan, J. T., Bergstrom, R. F., Ptak, L. R., & Beasley, C. M. (1999). Olanzapine. Clinical 

Pharmacokinetics, 37(3), 177–193. https://doi.org/10.2165/00003088-199937030-00001 

Case, M., Treuer, T., Karagianis, J., & Hoffmann, V. P. (2010). The potential role of appetite in 

predicting weight changes during treatment with olanzapine. BMC Psychiatry, 10(1), 72. 

https://doi.org/10.1186/1471-244X-10-72 

Castellani, L. N., Costa-Dookhan, K. A., McIntyre, W. B., Wright, D. C., Flowers, S. A., 

K.Hahn, M., & Ward, K. M. (2019). Preclinical and Clinical Sex Differences in 

Antipsychotic-Induced Metabolic Disturbances: A Narrative Review of Adiposity and 

Glucose Metabolism. Journal of Psychiatry and Brain Science, 4(4). 

https://doi.org/10.20900/jpbs.20190013 

Castellani, L. N., Peppler, W. T., Sutton, C. D., Whitfield, J., Charron, M. J., & Wright, D. C. 

(2017). Glucagon receptor knockout mice are protected against acute olanzapine-induced 

hyperglycemia. Psychoneuroendocrinology, 82, 38–45. 

https://doi.org/10.1016/j.psyneuen.2017.05.005 

Catapano, L., & Castle, D. (2004). Obesity in schizophrenia: What can be done about it? 

Australasian Psychiatry: Bulletin of Royal Australian and New Zealand College of 

Psychiatrists, 12(1), 23–25. https://doi.org/10.1046/j.1039-8562.2003.02054.x 



 

 

47 

 

Chiu, J. A., & Franklin, R. B. (1996). Analysis and pharmacokinetics of olanzapine (LY170053) 

and two metabolites in rat plasma using reversed-phase HPLC with electrochemical 

detection. Journal of Pharmaceutical and Biomedical Analysis, 14(5), 609–615. 

https://doi.org/10.1016/0731-7085(95)01651-1 

Choe, S. S., Huh, J. Y., Hwang, I. J., Kim, J. I., & Kim, J. B. (2016). Adipose Tissue 

Remodeling: Its Role in Energy Metabolism and Metabolic Disorders. Frontiers in 

Endocrinology, 7, 30. https://doi.org/10.3389/fendo.2016.00030 

Coccurello, R., Brina, D., Caprioli, A., Conti, R., Ghirardi, O., Schepis, F., & Moles, A. (2009). 

30 days of continuous olanzapine infusion determines energy imbalance, glucose 

intolerance, insulin resistance, and dyslipidemia in mice. Journal of Clinical 

Psychopharmacology, 29(6), 576–583. https://doi.org/10.1097/JCP.0b013e3181bfe13e 

Coccurello, R., Caprioli, A., Ghirardi, O., Conti, R., Ciani, B., Daniele, S., Bartolomucci, A., & 

Moles, A. (2006). Chronic administration of olanzapine induces metabolic and food 

intake alterations: A mouse model of the atypical antipsychotic-associated adverse 

effects. Psychopharmacology, 186(4), 561–571. https://doi.org/10.1007/s00213-006-

0368-5 

Colley, D. L., & Castonguay, T. W. (2015). Effects of sugar solutions on hypothalamic appetite 

regulation. Physiology & Behavior, 139, 202–209. 

https://doi.org/10.1016/j.physbeh.2014.11.025 

Coodin, S. (2001). Body mass index in persons with schizophrenia. Canadian Journal of 

Psychiatry. Revue Canadienne De Psychiatrie, 46(6), 549–555. 

https://doi.org/10.1177/070674370104600610 



 

 

48 

 

Cooper, G. D., Harrold, J. A., Halford, J. C. G., & Goudie, A. J. (2008). Chronic clozapine 

treatment in female rats does not induce weight gain or metabolic abnormalities but 

enhances adiposity: Implications for animal models of antipsychotic-induced weight gain. 

Progress in Neuro-Psychopharmacology & Biological Psychiatry, 32(2), 428–436. 

https://doi.org/10.1016/j.pnpbp.2007.09.012 

Cooper, G. D., Pickavance, L. C., Wilding, J. P. H., Halford, J. C. G., & Goudie, A. J. (2005). A 

parametric analysis of olanzapine-induced weight gain in female rats. 

Psychopharmacology, 181(1), 80–89. https://doi.org/10.1007/s00213-005-2224-4 

Cooper, G. D., Pickavance, L. C., Wilding, J. P. H., Harrold, J. A., Halford, J. C. G., & Goudie, 

A. J. (2007). Effects of olanzapine in male rats: Enhanced adiposity in the absence of 

hyperphagia, weight gain or metabolic abnormalities. Journal of Psychopharmacology 

(Oxford, England), 21(4), 405–413. https://doi.org/10.1177/0269881106069637 

Cope, M. B., Nagy, T. R., Fernández, J. R., Geary, N., Casey, D. E., & Allison, D. B. (2005). 

Antipsychotic drug-induced weight gain: Development of an animal model. International 

Journal of Obesity, 29(6), 607–614. https://doi.org/10.1038/sj.ijo.0802928 

Covell, N. H., Weissman, E. M., & Essock, S. M. (2004). Weight gain with clozapine compared 

to first generation antipsychotic medications. Schizophrenia Bulletin, 30(2), 229–240. 

https://doi.org/10.1093/oxfordjournals.schbul.a007074 

Cuerda, C., Velasco, C., Merchán-Naranjo, J., García-Peris, P., & Arango, C. (2014). The effects 

of second-generation antipsychotics on food intake, resting energy expenditure and 

physical activity. European Journal of Clinical Nutrition, 68(2), 146–152. 

https://doi.org/10.1038/ejcn.2013.253 



 

 

49 

 

De Hert, M., Dekker, J. M., Wood, D., Kahl, K. G., Holt, R. I. G., & Möller, H.-J. (2009). 

Cardiovascular disease and diabetes in people with severe mental illness position 

statement from the European Psychiatric Association (EPA), supported by the European 

Association for the Study of Diabetes (EASD) and the European Society of Cardiology 

(ESC). European Psychiatry: The Journal of the Association of European Psychiatrists, 

24(6), 412–424. https://doi.org/10.1016/j.eurpsy.2009.01.005 

DE HERT, M., SCHREURS, V., VANCAMPFORT, D., & VAN WINKEL, R. (2009). 

Metabolic syndrome in people with schizophrenia: A review. World Psychiatry, 8(1), 15–

22. 

Deng, C. (2013). Effects of antipsychotic medications on appetite, weight, and insulin resistance. 

Endocrinology and Metabolism Clinics of North America, 42(3), 545–563. 

https://doi.org/10.1016/j.ecl.2013.05.006 

Deng, C., Weston-Green, K., & Huang, X.-F. (2010). The role of histaminergic H1 and H3 

receptors in food intake: A mechanism for atypical antipsychotic-induced weight gain? 

Progress in Neuro-Psychopharmacology and Biological Psychiatry, 34(1), 1–4. 

https://doi.org/10.1016/j.pnpbp.2009.11.009 

Dittmer, A., & Dittmer, J. (2006). β-Actin is not a reliable loading control in Western blot 

analysis. ELECTROPHORESIS, 27(14), 2844–2845. 

https://doi.org/10.1002/elps.200500785 

Divac, N., Prostran, M., Jakovcevski, I., & Cerovac, N. (2014). Second-Generation 

Antipsychotics and Extrapyramidal Adverse Effects. BioMed Research International, 

2014, e656370. https://doi.org/10.1155/2014/656370 



 

 

50 

 

Edwards RH, Hill DK, Jones DA & Merton PA (1977). Fatigue of long duration in human 

skeletal muscle after exercise. J Physiol 272, 769–778. 

 

Eng, J. W.-L., Reed, C. B., Kokolus, K. M., Pitoniak, R., Utley, A., Bucsek, M. J., Ma, W. W., 

Repasky, E. A., & Hylander, B. L. (2015). Housing temperature-induced stress drives 

therapeutic resistance in murine tumour models through β2-adrenergic receptor 

activation. Nature Communications, 6, 6426. https://doi.org/10.1038/ncomms7426 

Ersland, K. M., Myrmel, L. S., Fjære, E., Berge, R. K., Madsen, L., Steen, V. M., & Skrede, S. 

(2019). One-Year Treatment with Olanzapine Depot in Female Rats: Metabolic Effects. 

International Journal of Neuropsychopharmacology, 22(5), 358–369. 

https://doi.org/10.1093/ijnp/pyz012 

Ersland, K. M., Skrede, S., Røst, T. H., Berge, R. K., & Steen, V. M. (2015). Antipsychotic-

induced metabolic effects in the female rat: Direct comparison between long-acting 

injections of risperidone and olanzapine. Journal of Psychopharmacology (Oxford, 

England), 29(12), 1280–1289. https://doi.org/10.1177/0269881115602490 

Fell, M. J., Anjum, N., Dickinson, K., Marshall, K. M., Peltola, L. M., Vickers, S., Cheetham, S., 

& Neill, J. C. (2007). The distinct effects of subchronic antipsychotic drug treatment on 

macronutrient selection, body weight, adiposity, and metabolism in female rats. 

Psychopharmacology, 194(2), 221–231. https://doi.org/10.1007/s00213-007-0833-9 

Fell, M. J., Marshall, K. M., Williams, J., & Neill, J. C. (2004). Effects of the atypical 

antipsychotic olanzapine on reproductive function and weight gain in female rats. Journal 

of Psychopharmacology (Oxford, England), 18(2), 149–155. 

https://doi.org/10.1177/0269881104042613 



 

 

51 

 

Fernø, J., Ersland, K. M., Duus, I. H., González-García, I., Fossan, K. O., Berge, R. K., Steen, V. 

M., & Skrede, S. (2015). Olanzapine depot exposure in male rats: Dose-dependent 

lipogenic effects without concomitant weight gain. European 

Neuropsychopharmacology: The Journal of the European College of 

Neuropsychopharmacology, 25(6), 923–932. 

https://doi.org/10.1016/j.euroneuro.2015.03.002 

Fernø, J., Varela, L., Skrede, S., Vázquez, M. J., Nogueiras, R., Diéguez, C., Vidal-Puig, A., 

Steen, V. M., & López, M. (2011). Olanzapine-induced hyperphagia and weight gain 

associate with orexigenic hypothalamic neuropeptide signaling without concomitant 

AMPK phosphorylation. PloS One, 6(6), e20571. 

https://doi.org/10.1371/journal.pone.0020571 

Fischer, A. W., Cannon, B., & Nedergaard, J. (2018). Optimal housing temperatures for mice to 

mimic the thermal environment of humans: An experimental study. Molecular 

Metabolism, 7, 161–170. https://doi.org/10.1016/j.molmet.2017.10.009 

Fountaine, R. J., Taylor, A. E., Mancuso, J. P., Greenway, F. L., Byerley, L. O., Smith, S. R., 

Most, M. M., & Fryburg, D. A. (2010). Increased Food Intake and Energy Expenditure 

Following Administration of Olanzapine to Healthy Men. Obesity, 18(8), 1646–1651. 

https://doi.org/10.1038/oby.2010.6 

Galbo H, Richter EA, Christensen NJ & Holst JJ (1978). Sympathetic control of metabolic and 

hormonal responses to exercise in rats. Acta Physiol Scand 102, 441–449. 

 



 

 

52 

 

Gilda, J. E., & Gomes, A. V. (2013). Stain-Free total protein staining is a superior loading 

control to β-actin for Western blots. Analytical Biochemistry, 440(2), 186–188. 

https://doi.org/10.1016/j.ab.2013.05.027 

Goldberg, T. E., Goldman, R. S., Burdick, K. E., Malhotra, A. K., Lencz, T., Patel, R. C., 

Woerner, M. G., Schooler, N. R., Kane, J. M., & Robinson, D. G. (2007). Cognitive 

improvement after treatment with second-generation antipsychotic medications in first-

episode schizophrenia: Is it a practice effect? Archives of General Psychiatry, 64(10), 

1115–1122. https://doi.org/10.1001/archpsyc.64.10.1115 

Graham, K. A., Perkins, D. O., Edwards, L. J., Barrier, R. C., Lieberman, J. A., & Harp, J. B. 

(2005). Effect of olanzapine on body composition and energy expenditure in adults with 

first-episode psychosis. The American Journal of Psychiatry, 162(1), 118–123. 

https://doi.org/10.1176/appi.ajp.162.1.118 

Green, M. F., Kern, R. S., Braff, D. L., & Mintz, J. (2000). Neurocognitive deficits and 

functional outcome in schizophrenia: Are we measuring the “right stuff”? Schizophrenia 

Bulletin, 26(1), 119–136. https://doi.org/10.1093/oxfordjournals.schbul.a033430 

Gruzdeva, O., Borodkina, D., Uchasova, E., Dyleva, Y., & Barbarash, O. (2018). Localization of 

fat depots and cardiovascular risk. Lipids in Health and Disease, 17(1), 218. 

https://doi.org/10.1186/s12944-018-0856-8 

Guo, X., Zhang, Z., Wei, Q., Lv, H., Wu, R., & Zhao, J. (2013). The relationship between 

obesity and neurocognitive function in Chinese patients with schizophrenia. BMC 

Psychiatry, 13(1), 109. https://doi.org/10.1186/1471-244X-13-109 



 

 

53 

 

Haack, S., Seeringer, A., Thürmann, P. A., Becker, T., & Kirchheiner, J. (2009). Sex-specific 

differences in side effects of psychotropic drugs: Genes or gender? Pharmacogenomics, 

10(9), 1511–1526. https://doi.org/10.2217/pgs.09.102 

Han, M., Deng, C., Burne, T. H. J., Newell, K. A., & Huang, X.-F. (2008). Short- and long-term 

effects of antipsychotic drug treatment on weight gain and H1 receptor expression. 

Psychoneuroendocrinology, 33(5), 569–580. 

https://doi.org/10.1016/j.psyneuen.2008.01.018 

Hartfield, A. W., Moore, N. A., & Clifton, P. G. (2003). Effects of clozapine, olanzapine and 

haloperidol on the microstructure of ingestive behaviour in the rat. Psychopharmacology, 

167(2), 115–122. https://doi.org/10.1007/s00213-002-1368-8 

Henderson, D. C., Sharma, B., Fan, X., Copeland, P. M., Borba, C. P., Freudenreich, O., Cather, 

C., Evins, A. E., & Goff, D. C. (2010). Dietary saturated fat intake and glucose 

metabolism impairments in nondiabetic, nonobese patients with schizophrenia on 

clozapine or risperidone. Annals of Clinical Psychiatry: Official Journal of the American 

Academy of Clinical Psychiatrists, 22(1), 33–42. 

Hill, S. K., Schuepbach, D., Herbener, E. S., Keshavan, M. S., & Sweeney, J. A. (2004). 

Pretreatment and longitudinal studies of neuropsychological deficits in antipsychotic-

naïve patients with schizophrenia. Schizophrenia Research, 68(1), 49–63. 

https://doi.org/10.1016/S0920-9964(03)00213-5 

Hjorthøj, C., Stürup, A. E., McGrath, J. J., & Nordentoft, M. (2017). Years of potential life lost 

and life expectancy in schizophrenia: A systematic review and meta-analysis. The Lancet. 

Psychiatry, 4(4), 295–301. https://doi.org/10.1016/S2215-0366(17)30078-0 



 

 

54 

 

Holloway, G. P., Bezaire, V., Heigenhauser, G. J. F., Tandon, N. N., Glatz, J. F. C., Luiken, J. J. 

F. P., Bonen, A., & Spriet, L. L. (2006). Mitochondrial long chain fatty acid oxidation, 

fatty acid translocase/CD36 content and carnitine palmitoyltransferase I activity in human 

skeletal muscle during aerobic exercise. The Journal of Physiology, 571(Pt 1), 201–210. 

https://doi.org/10.1113/jphysiol.2005.102178 

Hu, Y., Young, A. J., Ehli, E. A., Nowotny, D., Davies, P. S., Droke, E. A., Soundy, T. J., & 

Davies, G. E. (2014). Metformin and berberine prevent olanzapine-induced weight gain 

in rats. PloS One, 9(3), e93310. https://doi.org/10.1371/journal.pone.0093310 

Huhn, M., Nikolakopoulou, A., Schneider-Thoma, J., Krause, M., Samara, M., Peter, N., Arndt, 

T., Bäckers, L., Rothe, P., Cipriani, A., Davis, J., Salanti, G., & Leucht, S. (2019). 

Comparative efficacy and tolerability of 32 oral antipsychotics for the acute treatment of 

adults with multi-episode schizophrenia: A systematic review and network meta-analysis. 

The Lancet, 394(10202), 939–951. https://doi.org/10.1016/S0140-6736(19)31135-3 

Kahn, R. S., Fleischhacker, W. W., Boter, H., Davidson, M., Vergouwe, Y., Keet, I. P. M., 

Gheorghe, M. D., Rybakowski, J. K., Galderisi, S., Libiger, J., Hummer, M., Dollfus, S., 

López-Ibor, J. J., Hranov, L. G., Gaebel, W., Peuskens, J., Lindefors, N., Riecher-

Rössler, A., Grobbee, D. E., & EUFEST study group. (2008). Effectiveness of 

antipsychotic drugs in first-episode schizophrenia and schizophreniform disorder: An 

open randomised clinical trial. Lancet (London, England), 371(9618), 1085–1097. 

https://doi.org/10.1016/S0140-6736(08)60486-9 

Kalinichev, M., Rourke, C., Daniels, A. J., Grizzle, M. K., Britt, C. S., Ignar, D. M., & Jones, D. 

N. C. (2005). Characterisation of olanzapine-induced weight gain and effect of 



 

 

55 

 

aripiprazole vs olanzapine on body weight and prolactin secretion in female rats. 

Psychopharmacology, 182(2), 220–231. https://doi.org/10.1007/s00213-005-0081-9 

Kalliokoski, O., Jacobsen, K. R., Darusman, H. S., Henriksen, T., Weimann, A., Poulsen, H. E., 

Hau, J., & Abelson, K. S. P. (2013). Mice Do Not Habituate to Metabolism Cage 

Housing–A Three Week Study of Male BALB/c Mice. PLoS ONE, 8(3), e58460. 

https://doi.org/10.1371/journal.pone.0058460 

Kato, M. M., Currier, B., Gomez, C. M., Hall, L., & Gonzalez-Blanco, M. (2004). Prevalence of 

Metabolic Syndrome in Hispanic and Non-Hispanic Patients With Schizophrenia. The 

Primary Care Companion to The Journal of Clinical Psychiatry, 06(02), 74–77. 

https://doi.org/10.4088/PCC.v06n0205 

Kazak, L., Chouchani, E. T., Jedrychowski, M. P., Erickson, B. K., Shinoda, K., Cohen, P., 

Vetrivelan, R., Lu, G. Z., Laznik-Bogoslavski, D., Hasenfuss, S. C., Kajimura, S., Gygi, 

S. P., & Spiegelman, B. M. (2015). A Creatine-Driven Substrate Cycle Enhances Energy 

Expenditure and Thermogenesis in Beige Fat. Cell, 163(3), 643–655. 

https://doi.org/10.1016/j.cell.2015.09.035 

Kelly, D. L., Conley, R. R., & Tamminga, C. A. (1999). Differential olanzapine plasma 

concentrations by sex in a fixed-dose study. Schizophrenia Research, 40(2), 101–104. 

https://doi.org/10.1016/S0920-9964(99)00053-5 

Kelly, D. L., Richardson, C. M., Yu, Y., & Conley, R. R. (2006). Plasma concentrations of high-

dose olanzapine in a double-blind crossover study. Human Psychopharmacology: 

Clinical and Experimental, 21(6), 393–398. https://doi.org/10.1002/hup.781 



 

 

56 

 

Kirk, S. L., Glazebrook, J., Grayson, B., Neill, J. C., & Reynolds, G. P. (2009). Olanzapine-

induced weight gain in the rat: Role of 5-HT2C and histamine H1 receptors. 

Psychopharmacology, 207(1), 119. https://doi.org/10.1007/s00213-009-1639-8 

Konarzewska, B., Stefańska, E., Wendołowicz, A., Cwalina, U., Golonko, A., Małus, A., 

Kowzan, U., Szulc, A., Rudzki, L., & Ostrowska, L. (2014). Visceral obesity in normal-

weight patients suffering from chronic schizophrenia. BMC Psychiatry, 14(1), 35. 

https://doi.org/10.1186/1471-244X-14-35 

Kowalchuk, C., Castellani, L. N., Chintoh, A., Remington, G., Giacca, A., & Hahn, M. K. 

(2019). Antipsychotics and glucose metabolism: How brain and body collide. American 

Journal of Physiology. Endocrinology and Metabolism, 316(1), E1–E15. 

https://doi.org/10.1152/ajpendo.00164.2018 

Kraal, A. Z., Ward, K. M., & Ellingrod, V. L. (2017). Sex Differences in Antipsychotic Related 

Metabolic Functioning in Schizophrenia Spectrum Disorders. Psychopharmacology 

Bulletin, 47(2), 8–21. 

Lane, H.-Y., Liu, Y.-C., Huang, C.-L., Chang, Y.-C., Wu, P.-L., Lu, C.-T., & Chang, W.-H. 

(2006). Risperidone-related Weight Gain: Genetic and Nongenetic Predictors. Journal of 

Clinical Psychopharmacology, 26(2), 128–134. 

https://doi.org/10.1097/01.jcp.0000203196.65710.2b 

Lau, S. L., Muir, C., Assur, Y., Beach, R., Tran, B., Bartrop, R., McLean, M., & Caetano, D. 

(2016). Predicting Weight Gain in Patients Treated With Clozapine: The Role of Sex, 

Body Mass Index, and Smoking. Journal of Clinical Psychopharmacology, 36(2), 120–

124. https://doi.org/10.1097/JCP.0000000000000476 



 

 

57 

 

Lee, E., Leung, C.-M., & Wong, E. (2004). Atypical antipsychotics and weight gain in Chinese 

patients: A comparison of olanzapine and risperidone. The Journal of Clinical 

Psychiatry, 65(6), 864–866. https://doi.org/10.4088/jcp.v65n0620 

Leong, I. (2018). Side effects of olanzapine worsened by metabolic dysfunction. Nature Reviews 

Endocrinology, 14(3), 129–129. https://doi.org/10.1038/nrendo.2017.183 

Leucht, S., Corves, C., Arbter, D., Engel, R. R., Li, C., & Davis, J. M. (2009). Second-generation 

versus first-generation antipsychotic drugs for schizophrenia: A meta-analysis. Lancet 

(London, England), 373(9657), 31–41. https://doi.org/10.1016/S0140-6736(08)61764-X 

Lipkovich, I., Jacobson, J. G., Caldwell, C., Hoffmann, V. P., Kryzhanovskaya, L., & Beasley, 

C. M. (2009). Early predictors of weight gain risk during treatment with olanzapine: 

Analysis of pooled data from 58 clinical trials. Psychopharmacology Bulletin, 42(4), 23–

39. 

Lord, C. C., Wyler, S. C., Wan, R., Castorena, C. M., Ahmed, N., Mathew, D., Lee, S., Liu, C., 

& Elmquist, J. K. (2017, September 1). The atypical antipsychotic olanzapine causes 

weight gain by targeting serotonin receptor 2C. American Society for Clinical 

Investigation. https://doi.org/10.1172/JCI93362 

Maher, A. R., Maglione, M., Bagley, S., Suttorp, M., Hu, J.-H., Ewing, B., Wang, Z., Timmer, 

M., Sultzer, D., & Shekelle, P. G. (2011). Efficacy and comparative effectiveness of 

atypical antipsychotic medications for off-label uses in adults: A systematic review and 

meta-analysis. JAMA, 306(12), 1359–1369. https://doi.org/10.1001/jama.2011.1360 

Mann, S., Chintoh, A., Giacca, A., Fletcher, P., Nobrega, J., Hahn, M., & Remington, G. (2013). 

Chronic olanzapine administration in rats: Effect of route of administration on weight, 



 

 

58 

 

food intake and body composition. Pharmacology, Biochemistry, and Behavior, 103(4), 

717–722. https://doi.org/10.1016/j.pbb.2012.12.002 

Matikainen-Ankney, B. A., Earnest, T., Ali, M., Casey, E., Wang, J. G., Sutton, A. K., Legaria, 

A. A., Barclay, K. M., Murdaugh, L. B., Norris, M. R., Chang, Y.-H., Nguyen, K. P., Lin, 

E., Reichenbach, A., Clarke, R. E., Stark, R., Conway, S. M., Carvalho, F., Al-Hasani, R., 

… Kravitz, A. V. (2021). An open-source device for measuring food intake and operant 

behavior in rodent home-cages. ELife, 10, e66173. https://doi.org/10.7554/eLife.66173 

McGrath, J., Saha, S., Chant, D., & Welham, J. (2008). Schizophrenia: A Concise Overview of 

Incidence, Prevalence, and Mortality. Epidemiologic Reviews, 30(1), 67–76. 

https://doi.org/10.1093/epirev/mxn001 

McKie, G. L., Medak, K. D., Knuth, C. M., Shamshoum, H., Townsend, L. K., Peppler, W. T., & 

Wright, D. C. (2019). Housing temperature affects the acute and chronic metabolic 

adaptations to exercise in mice. The Journal of Physiology, 597(17), 4581–4600. 

https://doi.org/10.1113/JP278221 

Meltzer, H. Y., Matsubara, S., & Lee, J. C. (1989). The ratios of serotonin2 and dopamine2 

affinities differentiate atypical and typical antipsychotic drugs. Psychopharmacology 

Bulletin, 25(3), 390–392. 

Meyer, J. M., Nasrallah, H. A., McEvoy, J. P., Goff, D. C., Davis, S. M., Chakos, M., Patel, J. 

K., Keefe, R. S. E., Stroup, T. S., & Lieberman, J. A. (2005). The Clinical Antipsychotic 

Trials of Intervention Effectiveness (CATIE) Schizophrenia Trial: Clinical comparison of 

subgroups with and without the metabolic syndrome. Schizophrenia Research, 80(1), 9–

18. https://doi.org/10.1016/j.schres.2005.07.015 



 

 

59 

 

Minet-Ringuet, J., Even, P. C., Goubern, M., Tomé, D., & de Beaurepaire, R. (2006). Long term 

treatment with olanzapine mixed with the food in male rats induces body fat deposition 

with no increase in body weight and no thermogenic alteration. Appetite, 46(3), 254–262. 

https://doi.org/10.1016/j.appet.2006.01.008 

Minet-Ringuet, J., Even, P. C., Lacroix, M., Tomé, D., & de Beaurepaire, R. (2006). A model for 

antipsychotic-induced obesity in the male rat. Psychopharmacology, 187(4), 447–454. 

https://doi.org/10.1007/s00213-006-0433-0 

Morgan, A. P., Crowley, J. J., Nonneman, R. J., Quackenbush, C. R., Miller, C. N., Ryan, A. K., 

Bogue, M. A., Paredes, S. H., Yourstone, S., Carroll, I. M., Kawula, T. H., Bower, M. A., 

Sartor, R. B., & Sullivan, P. F. (2014). The antipsychotic olanzapine interacts with the 

gut microbiome to cause weight gain in mouse. PloS One, 9(12), e115225. 

https://doi.org/10.1371/journal.pone.0115225 

Müller, D. J., Muglia, P., Fortune, T., & Kennedy, J. L. (2004). Pharmacogenetics of 

antipsychotic-induced weight gain. Pharmacological Research, 49(4), 309–329. 

https://doi.org/10.1016/j.phrs.2003.05.001 

Nasrallah, H. A. (2008). Atypical antipsychotic-induced metabolic side effects: Insights from 

receptor-binding profiles. Molecular Psychiatry, 13(1), 27–35. 

https://doi.org/10.1038/sj.mp.4002066 

Ou-Yang, D.-S., Huang, S.-L., Wang, W., Xie, H.-G., Xu, Z.-H., Shu, Y., & Zhou, H.-H. (2000). 

Phenotypic polymorphism and gender-related differences of CYP1A2 activity in a 

Chinese population. British Journal of Clinical Pharmacology, 49(2), 145–151. 

https://doi.org/10.1046/j.1365-2125.2000.00128.x 



 

 

60 

 

Patel, J. K., Buckley, P. F., Woolson, S., Hamer, R. M., McEvoy, J. P., Perkins, D. O., 

Lieberman, J. A., & for the CAFE investigators. (2009). Metabolic profiles of second-

generation antipsychotics in early psychosis: Findings from the CAFE study. 

Schizophrenia Research, 111(1), 9–16. https://doi.org/10.1016/j.schres.2009.03.025 

Patel, K. R., Cherian, J., Gohil, K., & Atkinson, D. (2014). Schizophrenia: Overview and 

Treatment Options. Pharmacy and Therapeutics, 39(9), 638–645. 

Perez-Gomez, A., Carretero, M., Weber, N., Peterka, V., To, A., Titova, V., Solis, G., Osborn, 

O., & Petrascheck, M. (2018). A phenotypic Caenorhabditis elegans screen identifies a 

selective suppressor of antipsychotic-induced hyperphagia. Nature Communications, 

9(1), 5272. https://doi.org/10.1038/s41467-018-07684-y 

Perez-Iglesias, R., Crespo-Facorro, B., Amado, J. A., Garcia-Unzueta, M. T., Ramirez-Bonilla, 

M. L., Gonzalez-Blanch, C., Martinez-Garcia, O., & Vazquez-Barquero, J. L. (2007). A 

12-Week Randomized Clinical Trial to Evaluate Metabolic Changes in Drug-Naive, 

First-Episode Psychosis Patients Treated With Haloperidol, Olanzapine, or Risperidone. 

The Journal of Clinical Psychiatry, 68(11), 22314. 

Péronnet, F., & Massicotte, D. (1991). Table of nonprotein respiratory quotient: An update. 

Canadian Journal of Sport Sciences = Journal Canadien Des Sciences Du Sport, 16(1), 

23–29. 

Perry, B., & Wang, Y. (2012). Appetite regulation and weight control: The role of gut hormones. 

Nutrition & Diabetes, 2(1), e26. https://doi.org/10.1038/nutd.2011.21 

Pillinger, T., McCutcheon, R. A., Vano, L., Mizuno, Y., Arumuham, A., Hindley, G., Beck, K., 

Natesan, S., Efthimiou, O., Cipriani, A., & Howes, O. D. (2020). Comparative effects of 



 

 

61 

 

18 antipsychotics on metabolic function in patients with schizophrenia, predictors of 

metabolic dysregulation, and association with psychopathology: A systematic review and 

network meta-analysis. The Lancet. Psychiatry, 7(1), 64–77. 

https://doi.org/10.1016/S2215-0366(19)30416-X 

Pouzet, B., Mow, T., Kreilgaard, M., & Velschow, S. (2003). Chronic treatment with 

antipsychotics in rats as a model for antipsychotic-induced weight gain in human. 

Pharmacology, Biochemistry, and Behavior, 75(1), 133–140. 

https://doi.org/10.1016/s0091-3057(03)00042-x 

Quevedo, S., Roca, P., Picó, C., & Palou, A. (1998). Sex-associated differences in cold-induced 

UCP1 synthesis in rodent brown adipose tissue. Pflugers Archiv: European Journal of 

Physiology, 436(5), 689–695. https://doi.org/10.1007/s004240050690 

Rasmussen, B. B., Brix, T. H., Kyvik, K. O., & Brøsen, K. (2002). The interindividual 

differences in the 3-demthylation of caffeine alias CYP1A2 is determined by both genetic 

and environmental factors. Pharmacogenetics, 12(6), 473–478. 

https://doi.org/10.1097/00008571-200208000-00008 

Ratliff, J. C., Palmese, L. B., Reutenauer, E. L., Liskov, E., Grilo, C. M., & Tek, C. (2012). The 

effect of dietary and physical activity pattern on metabolic profile in individuals with 

schizophrenia: A cross-sectional study. Comprehensive Psychiatry, 53(7), 1028–1033. 

https://doi.org/10.1016/j.comppsych.2012.02.003 

Remington, G. (2009). From mice to men: What can animal models tell us about the relationship 

between mental health and physical activity? Mental Health and Physical Activity, 2(1), 

10–15. https://doi.org/10.1016/j.mhpa.2009.01.003 



 

 

62 

 

 

Richter EA, Galbo H, Sonne B, Holst JJ & Christensen NJ (1980).  

Adrenal medullary control of muscular and hepatic glycogenolysis and of pancreatic 

hormonal secretion in exercising rats. Acta Physiol Scand 108, 235–242. 

 

Roerig, J. L., Mitchell, J. E., de Zwaan, M., Crosby, R. D., Gosnell, B. A., Steffen, K. J., & 

Wonderlich, S. A. (2005). A Comparison of the Effects of Olanzapine and Risperidone 

Versus Placebo on Eating Behaviors. Journal of Clinical Psychopharmacology, 25(5), 

413–418. https://doi.org/10.1097/01.jcp.0000177549.36585.29 

Rojo, L. E., Gaspar, P. A., Silva, H., Risco, L., Arena, P., Cubillos-Robles, K., & Jara, B. (2015). 

Metabolic syndrome and obesity among users of second generation antipsychotics: A 

global challenge for modern psychopharmacology. Pharmacological Research, 101, 74–

85. https://doi.org/10.1016/j.phrs.2015.07.022 

Romero-Calvo, I., Ocón, B., Martínez-Moya, P., Suárez, M. D., Zarzuelo, A., Martínez-

Augustin, O., & de Medina, F. S. (2010). Reversible Ponceau staining as a loading 

control alternative to actin in Western blots. Analytical Biochemistry, 401(2), 318–320. 

https://doi.org/10.1016/j.ab.2010.02.036 

Ryan, M. C. M., Collins, P., & Thakore, J. H. (2003). Impaired fasting glucose tolerance in first-

episode, drug-naive patients with schizophrenia. The American Journal of Psychiatry, 

160(2), 284–289. https://doi.org/10.1176/appi.ajp.160.2.284 

Saddichha, S., Manjunatha, N., Ameen, S., & Akhtar, S. (2008). Metabolic syndrome in first 

episode schizophrenia—A randomized double-blind controlled, short-term prospective 



 

 

63 

 

study. Schizophrenia Research, 101(1), 266–272. 

https://doi.org/10.1016/j.schres.2008.01.004 

Schneider, K., Valdez, J., Nguyen, J., Vawter, M., Galke, B., Kurtz, T. W., & Chan, J. Y. (2016). 

Increased Energy Expenditure, Ucp1 Expression, and Resistance to Diet-induced Obesity 

in Mice Lacking Nuclear Factor-Erythroid-2-related Transcription Factor-2 (Nrf2). The 

Journal of Biological Chemistry, 291(14), 7754–7766. 

https://doi.org/10.1074/jbc.M115.673756 

Schooler, N., Rabinowitz, J., Davidson, M., Emsley, R., Harvey, P. D., Kopala, L., McGorry, P. 

D., Van Hove, I., Eerdekens, M., Swyzen, W., & De Smedt, G. (2005). Risperidone and 

Haloperidol in First-Episode Psychosis: A Long-Term Randomized Trial. American 

Journal of Psychiatry, 162(5), 947–953. https://doi.org/10.1176/appi.ajp.162.5.947 

Schwartz, T. L., Nihalani, N., Jindal, S., Virk, S., & Jones, N. (2004). Psychiatric medication-

induced obesity: A review. Obesity Reviews: An Official Journal of the International 

Association for the Study of Obesity, 5(2), 115–121. https://doi.org/10.1111/j.1467-

789X.2004.00139.x 

Seeley, R. J., & MacDougald, O. A. (2021a). Mice as experimental models for human 

physiology: When several degrees in housing temperature matter. Nature Metabolism, 

3(4), 443–445. https://doi.org/10.1038/s42255-021-00372-0 

Seeley, R. J., & MacDougald, O. A. (2021b). Mice as experimental models for human 

physiology: When several degrees in housing temperature matter. Nature Metabolism, 

3(4), 443–445. https://doi.org/10.1038/s42255-021-00372-0 



 

 

64 

 

Sentissi, O., Viala, A., Bourdel, M. C., Kaminski, F., Bellisle, F., Olié, J. P., & Poirier, M. F. 

(2009). Impact of antipsychotic treatments on the motivation to eat: Preliminary results in 

153 schizophrenic patients. International Clinical Psychopharmacology, 24(5), 257–264. 

https://doi.org/10.1097/YIC.0b013e32832b6bf6 

Shen, L.-H., Liao, M.-H., & Tseng, Y.-C. (2012). Recent advances in imaging of dopaminergic 

neurons for evaluation of neuropsychiatric disorders. Journal of Biomedicine & 

Biotechnology, 2012, 259349. https://doi.org/10.1155/2012/259349 

Skrede, S., Fernø, J., Vázquez, M. J., Fjær, S., Pavlin, T., Lunder, N., Vidal-Puig, A., Diéguez, 

C., Berge, R. K., López, M., & Steen, V. M. (2012). Olanzapine, but not aripiprazole, 

weight-independently elevates serum triglycerides and activates lipogenic gene 

expression in female rats. International Journal of Neuropsychopharmacology, 15(2), 

163–179. https://doi.org/10.1017/S1461145711001271 

Skrede, S., González-García, I., Martins, L., Berge, R. K., Nogueiras, R., Tena-Sempere, M., 

Mellgren, G., Steen, V. M., López, M., & Fernø, J. (2017). Lack of Ovarian Secretions 

Reverts the Anabolic Action of Olanzapine in Female Rats. International Journal of 

Neuropsychopharmacology, 20(12), 1005–1012. https://doi.org/10.1093/ijnp/pyx073 

Skrede, S., Martins, L., Berge, R. K., Steen, V. M., López, M., & Fernø, J. (2014). Olanzapine 

depot formulation in rat: A step forward in modelling antipsychotic-induced metabolic 

adverse effects. The International Journal of Neuropsychopharmacology, 17(1), 91–104. 

https://doi.org/10.1017/S1461145713000862 

Smith, G. C., Chaussade, C., Vickers, M., Jensen, J., & Shepherd, P. R. (2008). Atypical 

antipsychotic drugs induce derangements in glucose homeostasis by acutely increasing 



 

 

65 

 

glucagon secretion and hepatic glucose output in the rat. Diabetologia, 51(12), 2309–

2317. https://doi.org/10.1007/s00125-008-1152-3 

Smith, G. C., Vickers, M. H., Cognard, E., & Shepherd, P. R. (2009). Clozapine and quetiapine 

acutely reduce glucagon-like peptide-1 production and increase glucagon release in obese 

rats: Implications for glucose metabolism and food choice behaviour. Schizophrenia 

Research, 115(1), 30–40. https://doi.org/10.1016/j.schres.2009.07.011 

Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H., Provenzano, M. D., 

Fujimoto, E. K., Goeke, N. M., Olson, B. J., & Klenk, D. C. (1985). Measurement of 

protein using bicinchoninic acid. Analytical Biochemistry, 150(1), 76–85. 

https://doi.org/10.1016/0003-2697(85)90442-7 

Stechman, M. J., Ahmad, B. N., Loh, N. Y., Reed, A. A. C., Stewart, M., Wells, S., Hough, T., 

Bentley, L., Cox, R. D., Brown, S. D. M., & Thakker, R. V. (2010). Establishing normal 

plasma and 24-hour urinary biochemistry ranges in C3H, BALB/c and C57BL/6J mice 

following acclimatization in metabolic cages. Laboratory Animals, 44(3), 218–225. 

https://doi.org/10.1258/la.2010.009128 

Subramaniam, M., Lam, M., Guo, M. E., He, V. Y. F., Lee, J., Verma, S., & Chong, S. A. 

(2014). Body mass index, obesity, and psychopathology in patients with schizophrenia. 

Journal of Clinical Psychopharmacology, 34(1), 40–46. 

https://doi.org/10.1097/JCP.0000000000000058 

Sumiyoshi, T., Kunugi, H., & Nakagome, K. (2014). Serotonin and dopamine receptors in 

motivational and cognitive disturbances of schizophrenia. Frontiers in Neuroscience, 8, 

395. https://doi.org/10.3389/fnins.2014.00395 



 

 

66 

 

Sušilová, L., Češková, E., Hampel, D., Sušil, A., & Šimůnek, J. (2017). Changes in BMI in 

hospitalized patients during treatment with antipsychotics, depending on gender and other 

factors. International Journal of Psychiatry in Clinical Practice, 21(2), 112–117. 

https://doi.org/10.1080/13651501.2017.1291818 

Szymanski, S., Lieberman, J., Pollack, S., Kane, J. M., Safferman, A., Munne, R., Umbricht, D., 

Woerner, M., Masiar, S., & Kronig, M. (1996). Gender differences in neuroleptic 

nonresponsive clozapine-treated schizophrenics. Biological Psychiatry, 39(4), 249–254. 

https://doi.org/10.1016/0006-3223(95)00138-7 

Tardieu, S., Micallef, J., Gentile, S., & Blin, O. (2003). Weight gain profiles of new anti-

psychotics: Public health consequences. Obesity Reviews: An Official Journal of the 

International Association for the Study of Obesity, 4(3), 129–138. 

https://doi.org/10.1046/j.1467-789x.2003.00105.x 

Taylor, D. M., & McAskill, R. (2000). Atypical antipsychotics and weightgain—A systematic 

review. Acta Psychiatrica Scandinavica, 101(6), 416–432. https://doi.org/10.1034/j.1600-

0447.2000.101006416.x 

Taylor, J. H., Jakubovski, E., Gabriel, D., & Bloch, M. H. (2018). Predictors and Moderators of 

Antipsychotic-Related Weight Gain in the Treatment of Early-Onset Schizophrenia 

Spectrum Disorders Study. Journal of Child and Adolescent Psychopharmacology, 28(7), 

474–484. https://doi.org/10.1089/cap.2017.0147 

Tecott, L. H., Sun, L. M., Akana, S. F., Strack, A. M., Lowenstein, D. H., Dallman, M. F., & 

Julius, D. (1995). Eating disorder and epilepsy in mice lacking 5-HT2c serotonin 

receptors. Nature, 374(6522), 542–546. https://doi.org/10.1038/374542a0 



 

 

67 

 

Tirupati, S., & Chua, L.-E. (2007). Obesity and Metabolic Syndrome in a Psychiatric 

Rehabilitation Service. Australian & New Zealand Journal of Psychiatry, 41(7), 606–

610. https://doi.org/10.1080/00048670701392841 

Townsend, L. K., Peppler, W. T., Bush, N. D., & Wright, D. C. (2018). Obesity exacerbates the 

acute metabolic side effects of olanzapine. Psychoneuroendocrinology, 88, 121–128. 

https://doi.org/10.1016/j.psyneuen.2017.12.004 

Urichuk, L., Prior, T. I., Dursun, S., & Baker, G. (2008). Metabolism of atypical antipsychotics: 

Involvement of cytochrome p450 enzymes and relevance for drug-drug interactions. 

Current Drug Metabolism, 9(5), 410–418. https://doi.org/10.2174/138920008784746373 

Verma, S., Liew, A., Subramaniam, M., & Poon, L. Y. (2009). Effect of treatment on weight 

gain and metabolic abnormalities in patients with first-episode psychosis. The Australian 

and New Zealand Journal of Psychiatry, 43(9), 812–817. 

https://doi.org/10.1080/00048670903107609 

Weir, J. B. D. B. (1949). New methods for calculating metabolic rate with special reference to 

protein metabolism. The Journal of Physiology, 109(1–2), 1–9. 

https://doi.org/10.1113/jphysiol.1949.sp004363 

Wu, E. Q., Birnbaum, H. G., Shi, L., Ball, D. E., Kessler, R. C., Moulis, M., & Aggarwal, J. 

(2005). The economic burden of schizophrenia in the United States in 2002. The Journal 

of Clinical Psychiatry, 66(9), 1122–1129. https://doi.org/10.4088/jcp.v66n0906 

Xiang, Y.-T., Wang, C.-Y., Si, T.-M., Lee, E. H. M., He, Y.-L., Ungvari, G. S., Chiu, H. F. K., 

Yang, S.-Y., Chong, M.-Y., Shinfuku, N., Tan, C. H., Kua, E. H., Fujii, S., Sim, K., 

Yong, K. H., Trivedi, J. K., Chung, E. K., Udomratn, P., Chee, K.-Y., & Sartorius, N. 



 

 

68 

 

(2011). Sex differences in use of psychotropic drugs and drug-induced side effects in 

schizophrenia patients: Findings of the Research on Asia Psychotropic Prescription 

(REAP) studies. The Australian and New Zealand Journal of Psychiatry, 45(3), 193–198. 

https://doi.org/10.3109/00048674.2010.538839 

Xu, H., & Zhuang, X. (2019). Atypical antipsychotics-induced metabolic syndrome and 

nonalcoholic fatty liver disease: A critical review. Neuropsychiatric Disease and 

Treatment, 15, 2087–2099. https://doi.org/10.2147/NDT.S208061 

Zapata, R. C., & Osborn, O. (2020). Susceptibility of male wild type mouse strains to 

antipsychotic-induced weight gain. Physiology & Behavior, 220, 112859. 

https://doi.org/10.1016/j.physbeh.2020.112859 

Zhang, X., Zhao, Y., Shao, H., & Zheng, X. (2019). Metabolic and endocrinal effects of N-

desmethyl-olanzapine in mice with obesity: Implication for olanzapine-associated 

metabolic changes. Psychoneuroendocrinology, 108, 163–171. 

https://doi.org/10.1016/j.psyneuen.2019.06.017 

Zhang, Z.-J., Yao, Z.-J., Liu, W., Fang, Q., & Reynolds, G. P. (2004). Effects of antipsychotics 

on fat deposition and changes in leptin and insulin levels: Magnetic resonance imaging 

study of previously untreated people with schizophrenia. The British Journal of 

Psychiatry, 184(1), 58–62. https://doi.org/10.1192/bjp.184.1.58 

Zipursky, R. B., Gu, H., Green, A. I., Perkins, D. O., Tohen, M. F., McEvoy, J. P., Strakowski, 

S. M., Sharma, T., Kahn, R. S., Gur, R. E., Tollefson, G. D., & Lieberman, J. A. (2005). 

Course and predictors of weight gain in people with first-episode psychosis treated with 



 

 

69 

 

olanzapine or haloperidol. The British Journal of Psychiatry, 187(6), 537–543. 

https://doi.org/10.1192/bjp.187.6.537 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

70 

 

APPENDICES 

 

 

Figure 7 UCP1 protein in brown adipose tissue expression remains unchanged in response 

to 6 weeks of OLZ treatment 

UCP1 protein content (A) and representative western blot images (B) for UCP1 (n=7 per group) 

Data were analyzed by two-way ANOVA and if significant interaction was noted a Tukey post-

hoc analysis was completed. p-values for main and interaction effects are given below the 

figures. 
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