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ABSTRACT 
 
 
 

AICAR PREVENTS ACUTE OLANZAPINE-INDUCED  
DISTURBANCES IN GLUCOSE HOMEOSTASIS 

 
 
 

Natasha Dawn Bush        Advisor: 
University of Guelph, 2018       Dr. David C. Wright 
 
 
 

The purpose of this thesis was to examine whether the 5’AMP-activated protein kinase 

(AMPK) agonist 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) could prevent acute 

olanzapine (OLZ)-induced metabolic disturbances in mice. Experiments were performed using 

male C57BL6/J mice separated into four treatment groups: A) Vehicle; B) Vehicle + OLZ 

(5mg/kg; IP); C) Vehicle + AICAR (250mg/kg; IP); or D) AICAR + OLZ. OLZ rapidly 

increased blood glucose, reduced the insulin response and increased pyruvate intolerance, all of 

which were prevented with AICAR. These results were reproduced in high-fat diet-induced 

obese mice. While OLZ significantly reduced the respiratory exchange ratio (RER), VO2, 

activity and heat production, AICAR had no effect on these parameters. Peripheral injection of 

AICAR, but not OLZ, activated AMPK signalling in the hypothalamus. Despite increasing 

hypothalamic AMPK signalling, this study provides evidence that AICAR prevents OLZ-

induced hyperglycemia perhaps by preventing the development of insulin resistance and by 

reducing liver glucose production.   
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CHAPTER 1: 
 

INTRODUCTION AND LITERATURE REVIEW 
 

 
1.1 Schizophrenia and Bipolar Disorder 

 As awareness concerning different mental health conditions becomes more prevalent in 

society, treatment options and ways to improve the underlying neurological imbalances should 

also be a topic of discussion. Schizophrenia and bipolar disorder are two types of mental 

illnesses that create an altered sense of reality, and affect approximately 1% and 2.6% of the 

worldwide population, respectively (110, 118, 131). In terms of annual direct and indirect 

healthcare costs in the USA, it was estimated at $155 billion for schizophrenia in 2013 and $200 

billion for bipolar disorder in 2015 (131).  

Schizophrenia involves chronic symptoms that vary from social isolation and impaired 

focus and memory to hallucinations and dysfunctional thinking (1, 110). These can also include 

movement disorders (such as agitated movements), asociality (social withdrawal), and reduced 

motivation or drive (1, 110). Bipolar disorder is a progressive illness characterized by recurring 

manic and depressive episodes (126). Schizophrenia usually becomes apparent between the late 

teenage years to early adulthood, with the onset in women being slightly later than men (1, 110). 

Bipolar disorder has an earlier age of onset, often being diagnosed at puberty (126). The primary 

treatment method for these disorders involves the use of antipsychotic medications. 

 

1.2 Second-generation Antipsychotics 

Treatment for schizophrenia and bipolar disorder involves the use of atypical 

antipsychotics, also known as second-generation antipsychotics (SGAs) (110, 126). This 

classification denotes a newer subset of antipsychotic drugs that present a lower risk of 
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extrapyramidal side effects that often arise with traditional antipsychotics, such as involuntary 

body movements (tardive dyskinesia) (82, 110). First-generation antipsychotics primarily 

antagonize the dopamine D2 receptor, while SGAs antagonize a variety of receptors, including 

dopamine D2, serotonin 5-HT2A, 5-HT2C, α1-adrenergic, histamine H1 and muscarinic M1 

receptors (22, 110, 118). The reduction in dopaminergic activity through antagonism of the D2 

receptor (receptor occupancy of 65-70%) is the main mechanism associated with antipsychotic 

effects (93). However, blockade of too many essential dopaminergic receptors is also associated 

with extrapyramidal side effects like motor dysfunction (93). SGAs are considered “atypical” 

due to a combination of a lower affinity for D2 receptors as well as a higher affinity for serotonin 

5-HT2A receptors, of which the latter can increase dopaminergic transmission in the movement-

related nigrostriatal pathway, contributing to a lower risk of tremors and other extrapyramidal 

effects (22, 93, 118). This, along with muscarinic interaction that may reduce psychotic 

symptoms and H1 and α1-adrenergic antagonism that likely contribute to sedation are what make 

SGAs an effective alternative to traditional antipsychotics (93). 

Examples of SGAs include clozapine, risperidone, quetiapine, and olanzapine (110). 

There has been a drastic increase in the use of SGAs, especially in adolescents, over the past 15 

years (100). This may be partly due to a significant surge in off-label prescription over the past 

decade (103); SGAs have been increasingly prescribed for conditions such as anxiety, attention 

deficit hyperactivity disorder (ADHD), insomnia and chemotherapy-induced nausea (21, 29, 38, 

88, 103). The increasingly prevalent use of SGAs warrants careful consideration of the suitability 

of these drugs for a number of health issues, especially with regards to unwanted side effects that 

may interfere with the treatment regime and the patients’ overall health.  
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1.2.1 Olanzapine 

Olanzapine (OLZ), often used as a first-line treatment for schizophrenia and related 

illnesses, is frequently used to investigate SGA-induced metabolic effects, thus the remainder of 

this literature review will focus on the effects of OLZ. OLZ is approved by the Food and Drug 

Administration (FDA) and is used for mania associated with schizophrenia and bipolar disorder 

in patients 13 years of age and older (100). The average daily dose of OLZ is approximately 10-

20mg, which is a relatively low amount compared to other SGAs like clozapine, which can 

require 300-800mg and may elicit other drug interactions (22, 81, 100). 

Various meta-analyses investigating the effectiveness of different SGAs have identified 

OLZ as being one of the most effective treatments, due to its greater efficacy in reducing 

psychoses and psychoses-related hospitalizations with a lower rate of discontinuation (80, 82, 

115). Unfortunately, OLZ and other SGAs can also cause unwanted metabolic side effects 

including weight gain, dyslipidaemia, hyperglycaemia, insulin resistance, and an increased risk 

for the development of type 2 diabetes and cardiovascular disease (13, 74, 85, 97, 105). When 

compared to other SGAs, OLZ has consistently been classified as the most detrimental in terms 

of weight gain and impaired glucose and lipid metabolism (80, 82, 86, 115). Accordingly, 

numerous studies continue to explore the mechanisms behind OLZ-induced perturbations in 

metabolism, investigating methods to prevent or diminish these effects while preserving the 

antipsychotic effects of the drug.  

 

1.3 Obesity and Type 2 Diabetes 

 Before investigating the detrimental metabolic effects of OLZ, it is important to first 

recognize the prevalence and health care costs of relevant disease states such as obesity and type 
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2 diabetes. This number of obese adults is gradually increasing; obesity in American adults has 

increased 17.1% and 6.3% in men and women, respectively, between 1999 and 2008, and this 

has also been reflected in many other developed and developing countries (7). According to body 

mass index (BMI), approximately 62% of Canadian adults were either overweight or obese 

between 2012 and 2013 (2). This is alarming since there are many health-related problems 

associated with obesity that can arise including type 2 diabetes and cardiovascular disease (8). 

These would not only create additional problems for overweight or obese individuals themselves, 

but can also drastically increase obesity-associated economic costs. Obesity and obesity-related 

conditions cost the Canadian health care system approximately $4.6-$7.1 billion annually (8), 

and with the increasing number of overweight or obese adults, this number will likely continue to 

grow.  

 Adipose tissue accumulation in obesity is positively correlated with other metabolic 

abnormalities such as insulin resistance and the development of type 2 diabetes (8). Type 2 

diabetes is characterized by two main defects: insulin resistance (tissues such as skeletal muscle 

and liver do not respond properly to the glucose-lowering effects of insulin) and the 

overproduction of insulin by pancreatic β cells to compensate for tissue insulin resistance (92). 

This can lead to β cell failure and an inability to produce adequate amounts of insulin (92). In 

contrast to type 2 diabetes, type 1 diabetes is a genetically inherited autoimmune condition that 

involves the destruction of pancreatic β cells and thus an inability to produce insulin (14). Both 

type 1 and type 2 diabetes can result in chronically elevated blood glucose levels, and can lead to 

a number of health issues including vascular abnormalities and organ failure (23).  

The global prevalence of diabetes has drastically increased in the past 30 years, growing 

from 108 million adults with the disease in 1980 to 422 million in 2014, with the majority of 
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people suffering from type 2 diabetes (3). With the increasing prevalence of obesity, the number 

of people living with type 2 diabetes is estimated to increase further and may even double by 

2030 (23), ultimately leading to further increases in mortality, economic cost and other 

comorbidities such as cardiovascular disease and hypertension (3, 8).  

 The following sections will introduce the processes involved in regulating glucose 

homeostasis, followed by an exploration of how OLZ treatment leads to disturbances in these 

metabolic processes.  

 

1.4 Insulin and Glucose Homeostasis 

 Blood glucose regulation is a fundamental aspect of metabolic health. Chronic and 

repeated increases in blood glucose can lead to the development of insulin resistance and type 2 

diabetes, which involves defects in insulin secretion and insulin response in various tissues 

(108). Poorly managed blood glucose levels can also lead to the development of vascular 

damage, ischemic heart disease, tissue damage and organ failure (23). When blood glucose levels 

rise in a healthy individual, insulin is released from the pancreas into the blood, promoting 

glucose uptake into peripheral tissues such as skeletal muscle, while attenuating glucose and 

lipid release from liver and adipose tissue, respectively (37, 127).  

 

1.4.1 Insulin Secretion 

 In response to a rise in blood glucose, insulin is released from pancreatic β cells within 

the islets of Langerhans (108). With an increase in extracellular glucose concentrations, changes 

in membrane potential of these cells occurs, resulting in an influx of calcium (Ca2+), driving the 

release of insulin from small secretory granules. This occurs through the uptake of glucose into 
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the β cell by the glucose transporter isoform 2 (GLUT2), a transmembrane protein that facilitates 

glucose transport into the cell in an insulin-independent manner (91, 108). This is followed by 

glucose oxidation to generate adenosine triphosphate (ATP), triggering intracellular trafficking 

of insulin-containing vesicles to the plasma membrane to be released (108).  

 

1.4.2 Skeletal Muscle Insulin Action  

 Circulating insulin promotes glucose uptake into skeletal muscle through insulin-

stimulated translocation of the glucose transporter isoform 4 (GLUT4), to the plasma membrane 

(25, 127). Upon binding to receptors on the cell membrane, insulin activates the receptor kinase 

activity and autophosphorylation of specific tyrosine residues (25). The insulin receptor then 

catalyzes the phosphorylation of specific tyrosine residues of insulin receptor substrate (IRS) 

proteins, mainly IRS-1 (25). Phosphorylated IRS then forms a complex with 

phosphatidylinositol-3-kinase (PI3K), promoting its activation and subsequent generation of 

phosphatidylinositol (3,4,5)-triphosphate (PIP3) from phosphatidylinositol (4,5)-diphosphate 

(PIP2) (79). This leads to the recruitment of phosphoinositide-dependent kinase 1 (PDK1) and 

the movement of protein kinase B, also called Akt (a serine/threonine kinase) to the plasma 

membrane (25, 111). Akt is phosphorylated at a threonine residue by PDK1, and at a serine 

residue by mammalian target of rapamycin complex 2 (mTORC2), which together activate Akt 

(79). Akt then catalyzes the phosphorylation of a number of enzymes involved in glucose uptake, 

including two GTPase-activating proteins (GAPs); Akt substrate of 160 kDa (AS160) and Ral-

GAP complex (RGC) (79). These proteins are essential for initiating Rab and Ral protein-

mediated GLUT4 vesicle translocation to the plasma membrane (25). This cascade of events 

ultimately removes inhibition on GLUT4 translocation, initiates cytoskeletal translocation 



	

7	
		

(through Rac1, another GTPase protein), and leads to GLUT4 fusion with the plasma membrane 

(25). 

 GLUT4 translocation to the plasma membrane induces the rapid uptake of glucose down 

its concentration gradient through facilitated diffusion, resulting in a ~2 to 5-fold increase in 

glucose uptake compared to the insulin-absent state (47). This ultimately leads to the 

upregulation of glucose uptake into the muscle cell, thereby reducing blood glucose levels. 

 

1.4.3 Hepatic Insulin Action 

 Insulin not only affects skeletal muscle glucose uptake, but it also alters endogenous 

glucose production from the liver. Insulin signalling in hepatocytes leads to the modulation of 

important gluconeogenic and glycogenolytic enzymes, along with the suppression of 

gluconeogenic gene expression, ultimately leading to a reduction in hepatic glucose output (101, 

117). Insulin binds to the hepatic insulin receptor (a tyrosine kinase), and this elicits a cascade of 

events leading to inhibition of gluconeogenic gene expression, an example of which is 

phosphoenolpyruvate carboxykinase (PEPCK), an enzyme that catalyzes the rate-limiting step in 

hepatic gluconeogenesis (117). Insulin also has been shown to suppress cyclic AMP (cAMP)- 

and glucocorticoid-mediated PEPCK gene expression.  

In contrast to insulin, glucagon, released from pancreatic α cells in conditions of low 

blood glucose, promotes hepatic glucose output in order to increase and maintain circulating 

glucose levels (130). There is evidence that insulin release within the pancreas also suppresses 

glucagon production from α cells in an Akt-dependent manner, thereby maintaining the glucose-

lowering effects of insulin in the liver (130).  
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1.4.4 Adipose Tissue Insulin Action 

 Along with the regulation of muscle glucose uptake and hepatic glucose release, insulin 

also suppresses adipose tissue lipolysis, which is characterized by triacylglyceride (TAG) 

breakdown and release of the resulting three free fatty acids and glycerol (98). Similar to other 

tissues, insulin binding to the adipocyte results in activation of PI3K and Akt (40). This leads to 

phosphodiesterase-induced degradation of cAMP, reducing cAMP-dependent activation of 

protein kinase A (PKA), an important protein that initiates a cascade of events leading to the 

activation of adipose TAG lipase (ATGL) and hormone-sensitive lipase (HSL) (70). Since 

ATGL and HSL are integral enzymes in the lipolytic pathway (hydrolyzing TAG and 

diacylglycerol (DAG), respectively), reductions in PKA-mediated activation of these enzymes 

ultimately downregulates adipose tissue lipolysis (40). Normal functioning of insulin-mediated 

lipolytic inhibition is very important; excess lipid release into the bloodstream, often occurring 

with obesity, can lead to ectopic lipid deposition in other tissues. In tissues such as skeletal 

muscle, this can interfere with normal insulin signalling and can lead to type 2 diabetes (98). 

Furthermore, reductions in adipose tissue lipolysis would also lead to reduced glycerol release 

(98). Since glycerol can act as a substrate for gluconeogenesis in the liver, reductions in glycerol 

release from adipose tissue would reduce the availability of this substrate and therefore prevent 

further increases in blood glucose (98).  

 In addition to inhibiting TAG lipolysis, insulin can also promote the re-esterification of 

fatty acids back into TAGs for storage in the adipocyte (40), further enhancing its antilipolytic 

effects and preventing excess lipid release.  
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1.5 Olanzapine-induced Metabolic Disturbances 

 Now that the basic mechanisms of glucose homeostasis have been established, a 

discussion regarding disturbances to these pathways can be initiated. While successful in treating 

psychoses, SGAs such as OLZ have numerous metabolic side effects (97). These include weight 

gain, dyslipidaemia, hyperglycaemia, insulin resistance, and an increased risk for the 

development of type 2 diabetes and cardiovascular disease (13, 74, 85, 97, 105). Although 

impairments in glucose homeostasis often accompany weight gain itself, there is evidence that 

OLZ has direct diabetogenic effects independent of changes in body weight. Studies using both 

humans and rodents have shown increases in blood glucose and insulin resistance within minutes 

to hours of OLZ treatment, and this response persists throughout a chronic dosing regime (19, 

32, 33, 59, 66, 69). Repeated, transient excursions in blood glucose are harmful as they may lead 

to cardiovascular complications including impaired endothelial function and increased oxidative 

stress (28).  

 

1.5.1 Proposed Mechanisms of Olanzapine-induced Metabolic Defects  

Although many of the mechanisms are still unclear, OLZ-induced hyperglycaemia is 

thought to involve increases in hepatic glucose production (32, 69), impaired insulin release (19), 

systemic insulin resistance (19, 33) and increased reliance on fat oxidation (76). Different 

methods of OLZ administration (peripheral injection or intracerebroventricular (ICV) 

administration) can lead to distinct effects. ICV administration of OLZ is associated with 

increased hepatic glucose production, mirrored by increases in liver PEPCK and glucose-6-

phosphatase (G6Pase) mRNA, two enzymes that are integral in hepatic gluconeogenesis (69, 90). 

In contrast, a study comparing acute peripheral (intragastric) and ICV administration of OLZ 
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found that peripheral injection, but not ICV administration, induced hyperglycaemia and insulin 

resistance (both hepatic and extra-hepatic) (50). This would suggest that the metabolic effects of 

OLZ are mediated primarily through peripheral mechanisms. Furthermore, during a pyruvate 

tolerance test, glucagon receptor knockout mice were protected against OLZ-induced 

hyperglycaemia and hepatic glucose output, and this was associated with reduced hepatic 

PEPCK and G6Pase protein content (27). Interestingly, this occurred despite a profound 

development of whole body insulin resistance as measured using an insulin tolerance test. 

Together, this evidence suggests that OLZ-induced hyperglycaemia is mediated through 

increases in liver glucose output. 

Other studies using euglycemic-hyperinsulinemic clamps have indicated that acute OLZ 

treatment not only increases hepatic glucose output, but also induces both hepatic and peripheral 

insulin resistance (33, 66). OLZ induces skeletal muscle insulin resistance, as demonstrated by 

reduced glucose uptake and glycogen synthesis (42). This was attributed to direct effects on the 

insulin-signalling cascade, including inhibition of Akt activity (30, 42). Additionally, acute OLZ 

treatment also significantly impaired pancreatic β cell function, markedly reducing insulin 

secretion and serum insulin levels up to 43% following a glucose challenge (30, 33). This 

suggests that defects in insulin secretion may also contribute to OLZ-induced hyperglycaemia.  

Insulin resistance itself may not be a causal event in OLZ-induced hyperglycaemia. It has 

been demonstrated that glucagon receptor knockout mice are protected against OLZ-induced 

hyperglycaemia despite severe insulin resistance (27). Furthermore, a study investigating ways to 

mitigate the detrimental effects of OLZ demonstrated that compounds functioning through 

suppression of hepatic glucose output independent of insulin-mediated effects were most 

successful in mitigating OLZ-induced hyperglycaemia (17).  
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Along with its potent sedative effects (5), OLZ is reported to increase reliance on fat 

oxidation, as shown by a reduced Respiratory Exchange Ratio (RER; VCO2/VO2) (76). In other 

words, peripheral tissues show an increased proportion of free fatty acids (FFAs) being used as 

fuel compared to glucose, which may result in glucose accumulation in the plasma (76). 

Consistent with the disproportionate use of FFAs, OLZ has consistently been shown to increase 

plasma FFA levels 12-24 hours after a single injection, which could also contribute to peripheral 

lipid use and deposition that interferes further with the insulin signalling pathway (30). In 

contrast, chronic OLZ administration for as short as 7 days in male rats has been shown to 

increase adiposity, along with increased lipogenesis (creating TAGs from FFAs) and impaired 

lipolysis (breakdown and release of FFAs) (5). This contradicts the many studies demonstrating 

OLZ-induced increases in serum FFA levels, underlining the uncertainty that still exists 

regarding the mechanisms of acute and chronic OLZ-induced metabolic impairments.  

Other evidence regarding the mechanism of SGA-induced metabolic defects may involve 

altered adipokine function. For example, OLZ has been shown to reduce adiponectin levels, and 

this is associated with adiposity and hepatic insulin resistance (9). Additionally, 

neurotransmitter-related hyperphagia (increased appetite and food intake) through serotonin, 

histamine and/or dopamine signalling may also play a role in OLZ-induced weight gain (9, 30). 

The detrimental effects contributing to OLZ-induced weight gain and/or metabolic impairments 

of OLZ are summarized in Figure 1.1. 
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Figure 1.1. Overview of the detrimental effects of OLZ that can contribute to hyperglycaemia, 
weight gain and/or metabolic abnormalities. 
 

 

1.5.2 Olanzapine Treatment in the Presence of Obesity 

Overall, the detrimental metabolic effects of OLZ are particularly troubling, especially 

since a recent study using high-fat diet-induced obese mice has demonstrated that the 

unfavourable side effects of OLZ are significantly exacerbated in the presence of obesity (119). 

This suggests that chronic treatment may lead to a “runaway” effect of the drug, as constant 

OLZ-induced weight gain would worsen the effects. Furthermore, the high prevalence of obesity 

and metabolic defects that already exists in schizophrenic patients suggests that the clinical 

population taking OLZ chronically may be subject to more severe acute metabolic defects than 

the general population (6, 9).   
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1.6 Anti-diabetic Drugs to Offset Olanzapine-induced Metabolic Impairments 

 Certain anti-diabetic drugs have been investigated regarding their capacity to maintain 

glucose homeostasis during OLZ administration. The most common types of anti-diabetic drugs 

used to combat OLZ-induced hyperglycaemia include metformin (a biguanide), rosiglitazone (a 

thiazolidinedione) and glyburide (a sulfonylurea) (17). It is difficult to compare different anti-

diabetic drugs as many studies offer conflicting results and few have investigated combination 

treatment regimes. This section will describe three different anti-diabetic drugs that have been 

investigated with respect to their ability to ameliorate glucose homeostasis in the presence of 

OLZ. 

 

1.6.1 Metformin 

 Metformin is widely used as a first-line treatment for pre-diabetes and type 2 diabetes 

(104). The principal activity of metformin involves the suppression of hepatic gluconeogenic 

activity and increased peripheral glucose disposal, primarily through activation of adenosine 

monophosphate (AMP)-dependent protein kinase (AMPK) (a cellular energy sensor involved in 

various aspects of metabolism) in the liver (16). Metformin inhibits mitochondrial ATP 

synthesis, and thus increases the AMP:ATP ratio, leading to AMPK activation (61). Long-term 

metformin administration has been shown to promote moderate but significant weight loss in 

schizophrenic individuals (11), and it can partially prevent OLZ-induced weight gain in rats (67). 

However, metformin only moderately protects against acute OLZ-induced hyperglycaemia 

(39%–54% decrease in OLZ-induced glucose intolerance); it does not fully restore glucose 

tolerance to normal levels (17). Furthermore, although it is able to prevent OLZ-induced hepatic 
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insulin resistance, metformin has been unsuccessful in preventing peripheral insulin resistance 

(104).  

 The inability of metformin to ameliorate insulin sensitivity in tissues other than the liver 

may stem from its reliance on the organic cation transporter 1 (OCT1) for uptake into 

hepatocytes (112). OCT1 is highly expressed in the liver and is minimally expressed in skeletal 

muscle and other tissues (132); this may explain why metformin cannot fully protect against 

OLZ-induced hyperglycaemia. Furthermore, the ability of metformin to lower blood glucose 

levels is completely absent in OCT1 knockout mice (112), further demonstrating the importance 

of this transporter in the action of metformin. In terms of its action in skeletal muscle, there is 

still conflicting evidence regarding whether metformin has any effects. Although peripheral 

insulin resistance is not improved with metformin treatment, studies have demonstrated 

metformin-induced AMPK activation in myocytes and skeletal muscle cells (20). The 

mechanism of metformin transport into skeletal muscle is still unclear, as it is likely independent 

of OCT1 (20).  

 Although there may be some beneficial effects of metformin regarding glucose 

homeostasis, it has also been reported to worsen psychoses (122), an effect that is of great 

concern especially if combination therapy with antipsychotics such as OLZ is being investigated. 

Overall, the undesirable outcomes and inconsistent evidence for the use of metformin in 

ameliorating OLZ-induced metabolic disturbances indicates that metformin may not be an ideal 

candidate for offsetting SGA-induced metabolic impairments.  
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1.6.2 Rosiglitazone 

 Rosiglitazone is another type of anti-diabetic drug (a thiazolidinedione) that exerts its 

action through the activation of peroxisome proliferator-activated receptor γ (PPARγ), a nuclear 

protein that regulates gene transcription (17). In adipose tissue, PPARγ activation increases 

glucose and FFA uptake, reducing plasma glucose and FFA levels that may be correlated with 

insulin resistance (4). Activation of PPARγ receptors in the liver leads to a reduction in the 

expression of genes necessary for hepatic gluconeogenesis, thus reducing hepatic glucose output 

(16). Rosiglitazone has also demonstrated effects in reducing skeletal muscle insulin resistance 

as well as enhancing glucose-stimulated insulin secretion in pancreatic β cells, with both of these 

effects being mediated through PPARγ activation (4). Rosiglitazone has been shown to reduce 

OLZ-induced glucose intolerance in rats, however similar to metformin, it did not fully restore 

glucose homeostasis (only a 29%–50% decrease in OLZ-induced glucose intolerance) (17). In 

schizophrenic patients taking OLZ, rosiglitazone reduced indices of whole-body insulin 

resistance, but did not improve the lipid profile nor did it prevent weight gain (10).  

 Although moderately effective in mitigating SGA-induced glucose intolerance and 

insulin resistance, rosiglitazone and other thiazolidinediones display undesirable side effects 

such as weight gain, increased risk of myocardial infarction and cardiovascular disease, fluid 

retention and bone loss (4). It has been proposed that rosiglitazone-stimulated adipose tissue FFA 

uptake and adipogenesis may be responsible for its effects on weight gain, however there have 

been conflicting findings in this regard (4). The seriousness of these side effects may impede the 

use of rosiglitazone as a combination therapy with OLZ to offset its metabolic impairments.   
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1.6.3 Glyburide 

  Glyburide, a sulfonylurea that directly stimulates insulin secretion in the pancreas (16), 

has been shown to be unsuccessful in protecting against OLZ-induced glucose intolerance (17). 

This could be due to the fact that it does not improve insulin sensitivity itself; it only increases 

insulin levels in the blood (16, 17). Consequently, combination therapy with glyburide and either 

metformin or rosiglitazone have been demonstrated to be more successful than either drug alone, 

potentially through a combination of insulin-sensitizing effects along with increased serum 

insulin levels (16). 

 Unfortunately, like rosiglitazone, glyburide has also been demonstrated to cause weight 

gain (39). This would be especially undesirable in a clinical population already taking OLZ, as it 

may not only be incapable of improving glucose intolerance, but may exacerbate its effects on 

weight gain. This evidence may point to mechanisms focused on improving insulin sensitivity as 

a more successful method to prevent OLZ-induced metabolic disturbances.  

 

1.7 Exercise and Improvements in Glucose Homeostasis 

 A well-established approach that can improve glucose homeostasis is exercise (65, 106, 

107). This is partly facilitated by contraction-mediated glucose uptake into skeletal muscle, 

which is an insulin-independent process involving activation of AMPK, amongst other 

mechanisms, and movement of GLUT4 to the plasma membrane, facilitating glucose uptake 

(107).  

 Similarly, exercise has been shown to improve and maintain glucose homeostasis through 

improvements in insulin secretion (41) and peripheral insulin sensitivity (106). A possible 

mechanism for the effects of exercise on insulin secretion involves stimulation of glucagon-like 
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peptide-1 (GLP-1), which is released from intestinal cells and triggers insulin release from 

pancreatic β cells (72). It has been proposed that exercise leads to contraction-induced release of 

interleukin-6 (IL-6), a cytokine involved in mediating inflammatory processes (12). Serum IL-6 

levels are increased during exercise, and it has been shown that IL-6 promotes GLP-1 release, 

leading to increased serum insulin levels (12, 72). Additionally, studies using IL-6 knockout 

rodent models have shown that IL-6 is important in chronic exercise-mediated increases in 

whole-body insulin sensitivity, including skeletal muscle glucose uptake (12). 

 

1.7.1 Exercise as a Strategy to Prevent Olanzapine-induced Metabolic Impairments 

The ability of acute exercise to stimulate insulin secretion and improve insulin sensitivity 

leads to the notion that exercise may offset the deleterious metabolic effects of OLZ. This 

method of improving glucose tolerance is a desirable alternative to certain anti-diabetic drugs 

with unwanted side effects. It has been shown that rats given access to a running wheel 

throughout a 9-week treatment period of daily OLZ administration were partially protected from 

OLZ-induced glucose intolerance (18). This was thought to be mediated primarily by increased 

GLUT4 expression in skeletal muscle. In individuals taking OLZ, lifestyle changes involving 

improved diet and consistent exercise were effective in reducing adiposity and body weight 

along with improving fasting blood glucose levels (53). While these studies highlight exercise as 

an important adjunct therapy to maintain glucose homeostasis during OLZ administration, they 

do not distinguish between effects due to the exercise itself and effects secondary to weight loss.   

Acknowledging the need for studies involving acute exercise, previous research in our 

lab has investigated the use of a single bout of exercise to protect against OLZ-induced 

hyperglycaemia in mice (26). It was found that exhaustive, but not moderate exercise, protected 
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against OLZ-induced hyperglycaemia, independent of changes in body weight. Furthermore, this 

effect was still intact in both IL-6 knockout mice and mice treated with an IL-6 neutralizing 

antibody, indicating that IL-6 is not required for the protective effects of exercise against OLZ-

induced hyperglycaemia (26).  

Although these studies present an important alternative to mitigate OLZ-induced 

excursions in blood glucose, it is unlikely that individuals, even under the best of circumstances, 

would be able or willing to regularly perform exhaustive exercise on a daily basis. Additionally, 

individuals with schizophrenia often have difficulty adhering to exercise protocols (especially if 

unsupervised), partly due to the fact that the negative symptoms present with schizophrenia 

(amotivation, social withdrawal, etc.) are often not improved with SGA treatment (44). The 

potent sedative effects of OLZ and other SGAs (5) would also likely hinder one’s ability to 

perform physical activity, let alone intense exercise. With this in mind, alternative mechanisms 

that can “mimic” the beneficial effects of exercise, perhaps through activation of similar 

enzymes (for example, AMPK) to ameliorate the metabolic side effects of OLZ should be 

explored. 

 

1.8 AMPK and Improvements in Glucose Homeostasis 

 As a ubiquitously expressed, energy-sensing enzyme, AMPK is a serine/threonine protein 

kinase that is important in regulating cellular energy homeostasis (56, 61). It is a heterotrimeric 

complex composed of a catalytic α subunit and two regulatory (β and γ) subunits, each with 

different isoforms (α1-2, β1-2, γ1-3) encoded by distinct genes (56). This variety of different 

isoforms leads to 12 possible heterotrimeric combinations (56). 
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1.8.1 AMPK Activation  

 AMPK is activated by increases in AMP during conditions of energetic stress, for 

example during exercise or hypoxia (56, 61, 84). AMP binds to the γ subunit and activates 

AMPK through three complementary mechanisms (depicted in Figure 1.2) (61). First, AMP 

promotes phosphorylation of a threonine residue (Thr172) on the catalytic α subunit by liver 

kinase B1 (LKB1), a tumour suppressor protein activated by increases in the AMP:ATP ratio 

(56, 61, 84). Another AMPK kinase (AMPKK) that phosphorylates Thr172 is the 

calcium/calmodulin-dependent protein kinase kinase β (CaMKKβ), however this kinase is AMP-

independent and is activated by increases in intracellular calcium concentrations (56). CAMKKβ 

is predominantly expressed in the central nervous system (CNS) and is present in much lower 

levels in other tissues such as liver and skeletal muscle (84). This suggests that mechanisms 

regulating AMPK activity are tissue-specific. The second mechanism of AMPK activation by 

AMP involves inhibition the dephosphorylation of Thr172 through the action of protein 

phosphatases (PPs), therefore preserving AMPK activation (56). Third, AMP also allosterically 

activates AMPK once it is phosphorylated (56). All three effects of AMP on AMPK activation 

can be antagonized by ATP, and more specifically, decreases in the AMP:ATP ratio (61).  

 

1.8.2 Tissue-specific Effects of AMPK on Glucose Homeostasis 

 Once activated, AMPK modulates a number of different processes, with the overall 

function involving the inhibition of anabolic, energy-consuming processes (to decrease 

consumption of ATP) and stimulation of catabolic, energy-producing processes (to generate 

ATP) in order to restore energy balance (56). There is evidence that AMPK is activated during 
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exercise in an intensity-dependent manner in several tissues including the liver (24) and skeletal 

muscle (129). 

 In skeletal muscle, AMPK activation stimulates glucose uptake (71), increases fatty acid 

(FA) oxidation (99) and enhances skeletal muscle insulin sensitivity (75). Both acute exercise- 

and drug-induced AMPK activation have been associated with increases in skeletal muscle 

glucose uptake, presumably through increases in GLUT4 protein content and translocation to the 

plasma membrane (46, 95). However, through the use of AMPKα2-inactive transgenic mice, 

there is also contrasting evidence suggesting that contraction-induced GLUT4 translocation to 

the plasma membrane can occur independent of AMPKα2 (78). This suggests that AMPK is 

likely not the only enzyme mediating skeletal muscle glucose uptake. In terms of fatty acid (FA) 

oxidation, AMPK phosphorylates and inactivates acetyl-CoA carboxylase (ACC) (see Figure 

1.2), an enzyme involved in FA synthesis and malonyl-CoA generation (60). Malonyl-CoA 

inhibits carnitine palmitoyltransferase 1 (CPT1), which is required for FA uptake into the 

mitochondria. Inactivation of ACC by AMPK leads to a reduction in malonyl-CoA and therefore 

an increase in CPT1 activity, leading to increased mitochondrial FA import and subsequent FA 

oxidation (60). AMPK-mediated increases in insulin sensitivity are thought to be mediated by the 

phosphorylation of AS160 (see section 1.4.2) (75). It is suggested that AMPK “primes” a pool of 

AS160, potentiating the effects of insulin-stimulated Akt activity (75). 

 In the liver, AMPK suppresses glucose output (gluconeogenesis), likely through 

reductions in gluconeogenic gene expression (PEPCK and G6Pase) (45). Additionally, similar to 

what occurs in skeletal muscle, AMPK also increases hepatic FA oxidation (45). This is 

mediated through both ACC deactivation and increased hepatic lipid uptake (45). 
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Of relevance to metabolic impairments, whether they are associated with SGA use or 

type 2 diabetes, the hypoglycaemic effects of AMPK activation suggest that targeting the 

activation of this enzyme could be one possible approach to “mimic” the protective effects of 

exercise against OLZ-induced hyperglycaemia. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Proposed mechanisms of AMPK activation and its action on ACC. AMP 
activates AMPK through promotion of AMPK phosphorylation of Thr172 by LKB1 (1), 
inhibition of Thr172 dephosphorylation by protein phosphatases (PPs) (2), and allosteric 
activation (3). ATP antagonizes these effects of AMP. In response to increases in intracellular 
Ca2+, CaMKKβ can also phosphorylate Thr172, activating AMPK. Phosphorylated AMPK acts 
on ACC, phosphorylating and inactivating the enzyme. Figure recreated and altered from Hardie 
et al. (61). 
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1.9 The Use of AICAR to Protect Against the Acute Metabolic Effects of OLZ  

 The compound 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) has been 

suggested to act as an “exercise mimetic” (55, 96), however there is ongoing controversy over 

this notion (51). Before being researched in this capacity, AICAR was originally used to improve 

metabolic recovery and contractile function after surgical ischemia and reperfusion (49). AICAR 

is an adenosine analogue that is intracellularly phosphorylated and converted into ZMP, the 

phosphorylated form of AICAR (62). Upon AICAR administration, ZMP accumulates within 

cells and activates AMPK in a manner similar to AMP (allosteric activation and promoting 

phosphorylation by AMPKKs) (34, 56). It has been suggested that AICAR treatment does not 

lead to changes in the cellular ATP:ADP or ATP:AMP ratios (34), however it has more recently 

been shown to increase liver AMP concentrations (63). 

 

1.9.1 AICAR as an “Exercise Mimetic” 

 There is evidence that AICAR can be used to “mimic” certain benefits of exercise (24, 

51, 96). Chronic AICAR treatment has been shown to increase oxygen consumption and running 

endurance by almost 45% in untrained mice (96). This was attributed to the stimulation of 

PPARδ, a transcriptional regulator in skeletal muscle that is responsible for many beneficial 

effects of exercise. It was suggested that AICAR-induced, PPARδ-dependent stimulation of a 

number of genes involved in oxidative metabolism, glucose sparing and angiogenesis, were 

responsible for the pharmacological improvements in exercise endurance and muscle 

performance (96). Additional support for AICAR as an “exercise mimetic” stems from the 

observation that hepatic AMP concentrations after exhaustive exercise in mice were similar to 

hepatic concentrations of ZMP after intraportal AICAR infusion in dogs (24). However, the 
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difference in species and difficulty determining correct dosing to “match” exercise activity make 

it difficult to definitively classify AICAR treatment as being comparable to exercise. 

Furthermore, AICAR is likely only able to “mimic” some of the beneficial effects of aerobic 

exercise, as it may neglect to alter contraction-related muscle adaptations that occur with regular 

exercise (51).  

 

1.9.2 Tissue-specific Effects of AICAR on Glucose Homeostasis  

 AICAR administration has been shown to lower blood glucose levels, reduce hepatic 

glucose output, and improve skeletal muscle glucose uptake, insulin sensitivity and fat oxidation 

(31, 62, 71, 75, 96). Many of the effects of AICAR on glucose homeostasis are attributed to 

AMPK activation, however AICAR also displays AMPK-independent effects as well (62). 

In skeletal muscle, AICAR improves glucose uptake, fat oxidation and insulin sensitivity 

(71, 75, 114). The mechanisms behind these effects are likely similar to that occurring with 

AMPK activation (see section 1.8.2). Experiments have shown that in AMPKα2 knockout mice, 

AICAR-induced skeletal muscle glucose uptake is completely absent (71). A similar result 

regarding skeletal muscle glucose uptake was found in muscle-specific AMPKβ2 knockout mice; 

this study further demonstrated that while the AICAR-induced reduction in blood glucose was 

partly blunted in muscle-specific AMPKβ2 knockout mice, ACC phosphorylation and fat 

oxidation were not different from the wild-type mice (114). These studies suggest that AICAR-

stimulated skeletal muscle glucose uptake is dependent on AMPKα2 and β2 isoforms, while fat 

oxidation is not. In both of these studies, contraction-induced glucose uptake was not affected in 

the knockout mice, signifying separate pathways for exercise- and AICAR-induced skeletal 

muscle glucose uptake (71, 114). In terms of insulin sensitivity, AICAR treatment enhanced 
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skeletal muscle insulin sensitivity, reportedly through AMPK-mediated phosphorylation of 

AS160 (75). Indeed, AICAR-induced improvements in insulin sensitivity were not present when 

AMPK activity was ablated, supporting a role for AMPK in these effects of AICAR on skeletal 

muscle (75).  

 In the liver, the effects of AICAR predominantly involve reductions in hepatic glucose 

output (62, 123-125). AICAR treatment, with the subsequent increase in ZMP, has been shown 

to inhibit hepatic fructose-1,6-bisphosphatase, one of the rate-limiting enzymes of 

gluconeogenesis (123, 124). It is suggested that this inhibition is attributed to the similarity of 

ZMP to AMP, a natural inhibitor of fructose-1,6-bisphosphatase (124). AICAR has also been 

demonstrated to attenuate the gene expression of other hepatic gluconeogenic enzymes, PEPCK 

and G6Pase (62). Since AICAR activates AMPK and the activation of this enzyme also reduces 

hepatic gluconeogenic capacity (45), these effects of AICAR are often attributed to AMPK 

activation. However, it has recently been shown that AICAR-mediated inhibition of glucose 

production was intact in liver-specific AMPK knockout mice, demonstrating that these effects 

are AMPK-independent (62). AICAR, in addition to increasing ZMP, has also been reported to 

increase AMP secondary to inhibition of mitochondrial respiration (62). As both AMP (120) and 

ZMP (125) can directly inhibit enzymes involved in gluconeogenesis, this could be a potential 

mechanism through which AICAR reduces blood glucose levels independent of AMPK. On the 

other hand, AICAR-mediated increases in hepatic fat oxidation may be AMPK-dependent, as the 

ability of AICAR to stimulate ACC phosphorylation was completely abolished in hepatocytes 

missing both AMPKα subunit isoforms (56). However, fat oxidation itself was not measured in 

this study, therefore AICAR may be exerting additional effects downstream of ACC in this 

pathway.  
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The overall effects of AICAR ultimately lead to a reduction in blood glucose levels (56). 

In contrast to this notion, ICV administration of AICAR has been shown to activate AMPK in 

the hypothalamus, and this was associated with increases in G6Pase mRNA and hepatic glucose 

production (69). This, along with the aforementioned studies, highlights the potential tissue-

specific effects of AMPK activation. 

 

1.9.3 AICAR as a Strategy to Mitigate Olanzapine-induced Metabolic Impairments 

Based on the established effects of peripheral AICAR administration regarding its ability 

to reduce blood glucose and improve insulin sensitivity, it may present an effective method to 

offset the deleterious metabolic effects of OLZ. Since OLZ leads to elevated blood glucose 

levels partly through increased hepatic glucose production and peripheral insulin resistance, it is 

reasonable to consider AICAR treatment as a potential method to counteract these effects. 

However, the increased hepatic glucose output associated with ICV administration of AICAR 

raises concern regarding whether AICAR treatment would be an effective approach to prevent 

OLZ-induced hyperglycaemia, as it may also exacerbate its effects. Different methods of 

administration along with tissue-specific effects of AMPK activation should be considered. 

Furthermore, the effects of AICAR on SGA-induced metabolic impairments in conditions of pre-

existing obesity and metabolic dysfunction remain to be explored.  

 

1.10 Summary 

 The current literature demonstrates the unfavourable metabolic effects of SGAs, with 

OLZ being one of the most severe in terms of weight gain, hyperglycaemia and lipid metabolism 

(80, 82, 86, 115). Various methods to improve glucose homeostasis and insulin sensitivity have 



	

26	
	

been explored, and ongoing research continues to search for successful strategies to alleviate or 

prevent the deleterious metabolic effects associated with SGAs.  

Anti-diabetic drugs including metformin, rosiglitazone and glyburide have been 

investigated, and although there is evidence that these compounds may be beneficial in partially 

preventing certain OLZ-induced metabolic defects, complete protection against these effects has 

not been observed, and various studies have reported no benefit (16, 17). More importantly, 

serious side effects have been reported with the use of these anti-diabetic drugs, including the 

worsening of psychoses (122), weight gain (4, 39) and cardiovascular complications (4), 

emphasizing the need for alternative methods to mitigate the deleterious effects of OLZ.  

There is a well-defined role for exercise in maintaining metabolic homeostasis, 

particularly with respect to glucose metabolism. Although exercise has been demonstrated to 

partially protect from OLZ-induced weight gain and disturbances in glucose homeostasis (18, 

53), it was not sufficient to fully prevent these outcomes. Furthermore, these studies make it 

difficult to distinguish between effects due to the exercise itself and effects secondary to weight 

loss. Acute exercise was shown to protect against OLZ-induced hyperglycaemia in mice, 

independent of changes in body weight (26). However, only a single bout of exhaustive, but not 

moderate exercise, protected against OLZ-induced hyperglycaemia. Although these findings 

introduce a possible mechanism to ameliorate the metabolic side effects of OLZ, regularly 

performed, exhaustive exercise is likely an unrealistic expectation of the clinical population in 

question. This is predominantly due to the nature of the schizophrenic condition and its 

association with amotivation and social difficulties, along with the sedative effects of OLZ (5, 

44). Alternative mechanisms that can perhaps “mimic” the proposed beneficial effects of 

exercise should be explored. 
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AMPK activation is a possible avenue through which to attenuate OLZ-induced 

metabolic impairments, since AMPK activation (for example during exercise or conditions of 

metabolic stress), improves glucose homeostasis, insulin sensitivity and fat oxidation in skeletal 

muscle and liver (45, 60, 75). This may be a mechanism through which to “mimic” the beneficial 

effects of exercise; further research is warranted regarding whether AMPK activation can protect 

against OLZ-induced hyperglycaemia and insulin resistance, along with which mechanisms are 

mediating its effects. 

AICAR is a compound that can be used to activate AMPK and potentially protect against 

OLZ-induced metabolic impairments. There is evidence that AICAR can be used to “mimic” 

certain benefits of exercise (24, 51, 96), including lowering blood glucose levels, reducing 

hepatic glucose output, and improving skeletal muscle glucose uptake, insulin sensitivity and fat 

oxidation (31, 62, 71, 75, 96). Many of these effects have been attributed to AMPK activation, 

however there is evidence that AICAR possesses AMPK-independent effects as well, especially 

with regards to inhibition of hepatic gluconeogenesis (62). Based on the proposed beneficial 

effects of AICAR administration, it may present an effective method to attenuate or prevent the 

unfavourable metabolic effects of OLZ. The effects of AICAR use in this capacity, along with 

potential mechanisms and tissue-specific effects have yet to be investigated. 
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CHAPTER 2: 
 

AIMS OF THESIS 
 
 
2.1 Purpose and Specific Aims of Thesis 

 The experiments presented in this thesis aim to examine whether AICAR can prevent 

acute OLZ-induced metabolic disturbances. Specifically, the ability of AICAR to prevent OLZ-

induced hyperglycaemia and insulin resistance will be examined in both lean and obese mice. 

Experiments using high-fat diet-induced obese mice will be included because the unfavourable 

acute side effects of OLZ are significantly exacerbated in these mice (119). Since schizophrenic 

patients have been shown to demonstrate a high prevalence of obesity and metabolic defects (6, 

9), it is important to determine whether AICAR can elicit protective effects in obese mice that 

may be more representative of this population. Potential mechanisms behind the effects of 

AICAR and OLZ will also be assessed. Using male C57BL6/J mice as an experimental model, I 

hypothesize that: 

 

i. AICAR co-treatment will protect against OLZ-induced acute increases in blood 

glucose in both lean and obese mice. 

ii. AICAR co-treatment will protect against OLZ-induced acute insulin resistance in 

both lean and obese mice. 

iii. AICAR will prevent OLZ-induced increases in blood glucose following a 

pyruvate challenge in both lean and obese mice. 
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3.1 Abstract 

Olanzapine (OLZ) is an antipsychotic drug used in the treatment of schizophrenia. While 

effective in reducing psychoses, OLZ causes acute increases in blood glucose. The acute effects 

of OLZ on hyperglycaemia are likely caused by reductions in insulin secretion, insulin resistance 

and increased hepatic glucose production. 5’AMP-activated protein kinase (AMPK) is an energy 

sensor activated during exercise that can increase insulin sensitivity and insulin-independent 

glucose uptake in muscle. 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) is a 

pharmacological agent that, among other effects, can activate AMPK in vivo. Conversely, 

hypothalamic activation of AMPK has been suggested to mediate the hyperglycemic effects of 

olanzapine. The purpose of this investigation was to determine if co-treatment with AICAR 

could prevent acute OLZ-induced hyperglycaemia in lean and obese C57BL6/J mice. OLZ (5 

mg/kg; IP) caused rapid increases in blood glucose, a blunted insulin response and pyruvate 

intolerance, all of which were prevented with AICAR co-treatment in both lean and obese mice. 

AICAR did not affect OLZ-induced changes in whole body substrate oxidation or energy 

expenditure. Peripheral injection of AICAR, but not OLZ, activated AMPK signalling in the 

hypothalamus. The results of the current study provide evidence that AICAR prevents OLZ-

induced hyperglycemia, despite increasing hypothalamic AMPK signalling. These protective 

effects were associated with reductions in markers of whole body insulin resistance and liver 

glucose production.  
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3.2 Introduction 

 While second-generation antipsychotic (SGA) drugs have traditionally been used as a 

front line treatment for schizophrenia, there has been a drastic increase in off-label use over the 

past decade (103). SGAs have been increasingly prescribed for off-label conditions such as 

anxiety, attention deficit hyperactivity disorder (ADHD), insomnia and chemotherapy-induced 

nausea (21, 29, 38, 88, 103). SGAs, such as olanzapine (OLZ), have numerous metabolic side 

effects (97). These include weight gain, dyslipidaemia, hyperglycaemia, insulin resistance, and 

an increased risk for the development of type 2 diabetes and cardiovascular disease (13, 74, 85, 

97, 105). Although impairments in glucose homeostasis often accompany weight gain, there is 

evidence that OLZ has direct diabetogenic effects independent of changes in body weight. 

Studies using both humans and rodents have shown increases in blood glucose within minutes to 

hours of OLZ treatment (19, 32, 33, 59, 66, 69). The acute effects of OLZ are exacerbated in 

conditions of pre-existing obesity and impaired glucose homeostasis (119). This is particularly 

troubling as individuals with schizophrenia are often obese and display perturbations in glucose 

homeostasis prior to taking antipsychotics (116). 

Although the mechanisms are still under investigation, OLZ-induced hyperglycaemia is 

thought to involve increases in hepatic glucose production (32, 69), impaired insulin release (19), 

systemic insulin resistance (19, 33) and an increased reliance on fat oxidation (76). In recent 

work we have shown that the acute effects of OLZ are potentiated in mice with pre-existing 

metabolic dysfunction, induced by 4 weeks of high-fat feeding (119). This is an important 

finding as those with schizophrenia often display perturbations in glucose homeostasis prior to 

treatment with SGAs (13, 102, 121). Repeated, transient excursions in blood glucose are harmful 

as they may lead to cardiovascular complications including impaired endothelial function and 
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increased oxidative stress (28). Given this, it is important to identify approaches to offset the 

acute metabolic side effects of these drugs. Unfortunately, many commonly prescribed glucose-

lowering drugs (metformin, rosiglitazone, or glyburide) are not entirely effective in protecting 

against acute SGA-induced impairments in glucose homeostasis (17). 

 One well-known approach that can enhance glucose homeostasis is exercise (65, 106, 

107). Previous research in our lab has investigated the use of exercise to protect against OLZ-

induced hyperglycaemia (26). Using C57BL6/J mice, it was found that exhaustive, but not 

moderate exercise, protected against OLZ-induced hyperglycaemia. Unfortunately, exercise 

adherence in those taking SGAs is very poor and thus it is unlikely that exercise would be easily 

incorporated into treatment regimes (44). Therefore, alternative mechanisms to combat the 

metabolic side effects of OLZ need to be explored.  

 Though not without controversy (51), the compound 5-aminoimidazole-4-carboxamide 

ribonucleoside (AICAR) has been suggested to act as an “exercise mimetic” (55, 96). AICAR is 

an adenosine analogue that is phosphorylated and converted into 5-aminoimidazole-4-

carboxamide ribonucleoside 5’-monophosphate (ZMP) (62). Increases in ZMP, similar to AMP, 

activate the energy-sensing enzyme AMP-activated protein kinase (AMPK). The activation of 

AMPK in skeletal muscle improves insulin sensitivity (75, 99), stimulates glucose uptake (71) 

and enhances fat oxidation (99), while AMPK activation in the liver leads to reductions in 

gluconeogenesis (45). The effects of AICAR in the liver are likely not solely attributable to 

AMPK as the AICAR-mediated inhibition of glucose production was intact in liver-specific 

AMPK knockout mice (62).  

In contrast to its peripheral effects, AICAR could conceivably potentiate the acute effects 

of SGAs on blood glucose. For example, intracerebroventricular (ICV) administration of either 



	

33	
	

OLZ or AICAR have both been shown to activate AMPK in the hypothalamus, and this was 

associated with increases in hepatic glucose production (69). This raises concern regarding 

whether AICAR-dependent AMPK activation would be an effective approach to prevent OLZ-

induced hyperglycaemia.  

 Within this context, the purpose of the present investigation was to determine whether 

peripheral injection of AICAR could protect against OLZ-induced increases in blood glucose and 

reductions in the insulin response. We hypothesized that AICAR co-treatment would attenuate 

OLZ-induced hyperglycaemia in both lean and obese mice, and that this would be associated 

with a preservation of whole body insulin action and reductions in markers of liver glucose 

output.  
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3.3 Methods 

3.3.1 Materials 

Olanzapine (2-Methyl-4-(4-methyl-1-piperazinyl)-10H-thieno[2,3-b][1,5]benzodiazepine) (Cat. 

No. O253750) and AICAR (5-aminoimidazole-4-carboxamide-1-β-D-ribofuranosyl 5’-

monophosphate) (Cat. No. A611700) were purchased from Toronto Research Chemicals 

(Toronto, ON, Canada). Dimethyl sulfoxide (DMSO) was from Wako Pure Chemical Industries 

(Cat. No. 67-68-5; Richmond, VA). Blood glucose test strips and a Freestyle Lite handheld 

glucometer were acquired from Abbott Diabetes Care Inc. (Alameda, CA, USA). Primary 

antibodies against phosphorylated AMPKα (T172) (Cat. No. 2535), AMPKα (Cat. No. 2532), 

phosphorylated ACC (S79) (Cat. No. 3661), ACC (Cat. No. 3676), phosphorylated Akt (T308) 

(Cat. No. 9275), phosphorylated Akt (S473) (Cat. No. 9271), and Akt (Cat. No. 9272) were all 

purchased from Cell Signalling (Danvers, MA, USA). PEPCK (Cat. No. 10004943) and G6Pase 

(Cat. No. B1512) primary antibodies were purchased from Cayman Chemical Company (Ann 

Arbor, MI, USA) and Santa Cruz Biotechnology (Dallas, TX, USA), respectively. Vinculin 

primary antibody was purchased from Millipore (Billerica, MA, USA). Secondary antibodies 

(donkey anti-rabbit and goat anti-mouse IgG) were purchased from Jackson ImmunoResearch 

(West Grove, PA, USA). Insulin was purchased from Eli Lilly (Toronto, ON, Canada). Reagents 

for SDS-PAGE including molecular weight marker, nitrocellulose membranes and enhanced 

chemiluminescence (ECL) were purchased from Bio-Rad (Mississauga, ON, Canada). All 

additional substances, including those used to homogenize samples, were purchased from Sigma-

Aldrich (St Louis, MO, USA).  

3.3.2 Animals 

Male C57BL6/J mice (8 weeks old) were obtained from Jackson Laboratory (Bar Harbor, ME, 
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USA). Mice were housed in individual cages on a 12h:12h light:dark cycle (all experiments were 

performed during the light cycle) at 23°C with ad libitum access to water and standard rodent 

chow (7004-Teklad S-2335 Mouse Breeder Sterilizable Diet; Teklad Diets Harlan Laboratories, 

Madison WI, USA). After ~1 week of acclimation, a separate cohort of mice were given a high-

fat diet (HFD; 60% kcal from fat; Research Diets D12492) for 4 weeks. Food was removed 1 to 

2 hours before and during all experiments except indirect calorimetry. Protocols were approved 

by the University of Guelph Animal Care Committee and followed the guidelines of the 

Canadian Council on Animal Care.  

3.3.3 Drug Preparation 

Olanzapine (OLZ) powder was first dissolved in dimethyl sulfoxide (DMSO) at 10mg/mL, and 

subsequently added to a solution of sterile saline (0.9% NaCl) and Kolliphor to make final 

concentrations 90% saline, 5% Kolliphor and 5% DMSO/OLZ solution, making the final OLZ 

concentration 0.5mg/mL. The vehicle solution (vehicle 1) consisted of matched quantities of the 

three reagents, however with no OLZ added. AICAR powder was dissolved in sterile saline 

(0.9% NaCl) at a concentration of 25 mg/mL. Sterile saline alone was used as the vehicle 

(vehicle 2) solution.  

3.3.4 Experimental Procedures 

3.3.4.1 AICAR injections:  Mice were injected with either AICAR (250 mg/kg; IP) or an equal 

amount of saline (vehicle 2) (n=4-5/group). Mice were anesthetized 20 minutes after treatment 

with sodium pentobarbital (50mg/kg; IP) after which liver and triceps muscle were collected and 

were immediately frozen in liquid nitrogen prior to storage at -80°C. 

3.3.4.2 Olanzapine and AICAR Tolerance Test:  Mice were co-treated IP with either A) vehicle 1 
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and vehicle 2; B) olanzapine (5 mg/kg) and vehicle 2; C) vehicle 1 and AICAR (250 mg/kg); or 

D) olanzapine (5 mg/kg) and AICAR (250 mg/kg) (n=4-5/group; n=7/group for obese mice 

experiments). This dose of olanzapine has been previously used to induce a significant rise in 

blood glucose (69). Additionally, this dose represents a dopamine D2 receptor occupancy of ~85-

90% in rats, which, when taking into account the significantly shorter half-life in rodents (2.5h in 

rodents versus 21-54h in humans) is roughly comparable to the clinically relevant occupancy of 

60-80% (73). Blood glucose was measured from the tail vein at 0, 15, 30, 60 and 90 minutes 

following drug treatment and the glucose area under the curve (AUC) was calculated. Mice had 

access to water, but not food, during all tolerance tests. 

3.3.4.3 Insulin Tolerance Test:  Mice were treated with one of four drug co-treatments as 

described above, followed by insulin injection (0.75U/kg; IP) 30 minutes post-treatment (n=6-

8/group; n=7/group for obese mice experiments). Blood glucose was measured at 0, 10 and 20 

minutes post-insulin injection and the AUC of the percent change in glucose was calculated. 

Mice were anesthetized 20 minutes after insulin treatment and liver, triceps muscle and 

epididymal white adipose tissue (eWAT) were collected and were immediately frozen in liquid 

nitrogen prior to storage at -80°C.  

3.3.4.4 Pyruvate Tolerance Test:  Pyruvate (2g/kg; IP) was injected 30 minutes after treatment 

with one of the four drug combinations (described above) (n=4-7/group; n=7/group for obese 

mice experiments). Blood glucose was measured at 0, 15, 30, 60 and 90 minutes (HFD-fed mice 

only) following the administration of pyruvate.  

3.3.4.5 Hypothalamic AMPK and Gluconeogenic Protein Experiment:  Mice were treated with 

one of the four drug combinations as previously described, and blood glucose was measured at 0 
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and 20 minutes post-injection to confirm that each treatment elicited the appropriate response 

(e.g. reduced blood glucose following AICAR administration). Mice were then anesthetized with 

sodium pentobarbital (50mg/kg; IP) 20 minutes after treatment (n=4-8/group). The liver and 

hypothalamus were harvested and were immediately frozen in liquid nitrogen before storage at -

80°C. We chose this early time point to measure hypothalamic AMPK signalling as it coincides 

with initial changes in blood glucose with treatment. 

3.3.4.6 Western Blotting:  Tissue samples were homogenized (FastPrep-24; MP Biomedicals, 

Santa Ana, CA, USA) in cell lysis buffer supplemented with phenylmethylsulfonyl fluoride and 

protease inhibitor cocktail (volume (µL) using 40, 30 and 15 times weight (mg) of hypothalamus, 

liver and triceps, respectively). Samples were then centrifuged at 4°C and 1500 g for 5 minutes 

(hypothalamus was centrifuged at 10,000 g for 15 minutes (87)), the supernatant was collected 

and a bicinchoninic acid (BCA) assay was performed to determine protein concentration (113). 

Separation of equal amounts of protein was completed using 10% SDS-PAGE gels followed by a 

wet transfer onto nitrocellulose membrane (100V for 60 minutes). Membranes were blocked for 

1 hour using Tris-buffered saline/0.1% Tween (TBST) with 5% non-fat dry milk powder, 

followed by incubation with the appropriate primary antibody (1:1000 dilution into TBST/5% 

BSA) overnight at 4°C. Membranes were incubated in the appropriate HRP-conjugated 

secondary antibody (1:5000 dilution into TBST/1% non-fat dry milk powder) for 1 hour at room 

temperature. Protein content was detected using enhanced chemiluminescence followed by band 

quantification using densitometry (FluorChem HD Imaging System; Alpha Innotech, Santa 

Clara, CA, USA). Protein content was expressed relative to an in-gel loading control (vinculin, 

GAPDH or Ponceau) prior to expression relative to total protein levels (phosphorylated/total) if 

applicable.  
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3.3.4.7 Indirect Calorimetry: Mice were individually housed in Comprehensive Laboratory 

Animal Monitoring System units (CLAMS; Columbus Instruments, Columbus, OH, USA) at the 

beginning of their light (non-active) phase (n=5-6/group). After an acclimation period of ~24 

hours, mice were injected at ~9:30am (just after the beginning of their light cycle) with one of 

four drug treatment groups as described previously, and then immediately put back into the 

CLAMS. Data was collected for 4 hours post-treatment in order to maintain consistency with the 

other acute experiments. Metabolic parameters including VO2 (mg/kg/min), VCO2 (mg/kg/min), 

Respiratory Exchange Ratio (RER; VCO2/VO2), heat production (kcal/min) and activity levels 

(beam breaks). 

3.3.5 Statistical Analyses 

Data were analyzed using either a two-tailed unpaired Student’s T-Test to compare AMPK 

activation in AICAR- and vehicle-treated mice. A two-way ANOVA with Tukey’s post-hoc 

analysis was used to examine the main effects and interactions of OLZ and AICAR treatment. 

When necessary, data were logarithmically transformed (log10) to ensure equal variance and 

normal distribution. Data were expressed as mean ± standard error and statistical significance 

was set at p<0.05. Given the magnitude of differences between groups in combination with low 

variability, an n=4-8/group provided sufficient power to detect differences. Statistical tests were 

completed using Sigma Plot version 11.0 (San Jose, CA, USA) and figures were made using 

Graph Pad (Prism; version 7) (La Jolla, CA, USA). 
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3.4 Results 
 
 
3.4.1 AICAR treatment protects against OLZ-induced hyperglycaemia 

 Numerous studies using cell culture and rodent models have shown that AICAR 

treatment increases the phosphorylation of AMPK and its downstream target, acetyl-CoA 

carboxylase (ACC) (48, 57, 62, 75, 94, 99). In order to confirm whether AICAR treatment leads 

to activation of AMPK in our hands, mice were injected with AICAR or an equivalent volume of 

saline, and the phosphorylation of AMPK and ACC were measured. In the liver, AICAR 

treatment resulted in a significant increase in the P-AMPK/AMPK (p<0.01) and P-ACC/ACC 

(p<0.05) ratios (~5-fold and 2.5-fold, respectively) (Figure 3.1A & C). In triceps muscle, there 

was a ~3-fold increase in P-ACC/ACC (p<0.05) with AICAR treatment (Fig. 3.1B & C).  

To examine whether AICAR can protect against OLZ-induced acute hyperglycaemia, 

mice were separated into four treatment groups and were injected with either OLZ, AICAR or a 

combination of the two compounds. OLZ significantly increased blood glucose levels compared 

to vehicle-treated mice (p<0.001), and this was completely prevented by co-treatment with 

AICAR (p<0.001) (Fig. 3.1D & E). 
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Figure 3.1  AICAR protects against olanzapine-induced increases in blood glucose. Mice were 
injected (IP) with either AICAR (250mg/kg) or vehicle (saline), followed by tissue collection ~20 
minutes post-injection. Phosphorylated and total AMPK and ACC protein content were measured using 
Western blotting. P-AMPK (T172) and P-ACC (S79) content in A) liver and B) triceps are expressed 
relative to total AMPK and ACC, respectively, and each was corrected for protein loading by normalizing 
to Ponceau S. C) Representative Western blots for the quantified data in A) and B) are presented. A 
separate cohort of mice was injected (IP) with one of four drug combinations (AICAR: 250mg/kg; OLZ: 
5mg/kg), and blood glucose was measured prior to and 15, 30, 60 and 90 minutes following drug 
treatment as shown in D). E) Area under the curve (AUC) of D) was calculated. Data are presented as 
mean +/- SEM (n=4-5/group). Two-way ANOVA main effects and interaction between treatment groups 
are shown on the right of E). V = Vehicle; A = AICAR. *p<0.05, **p<0.01 and ***p<0.001 relative to 
vehicle-treated group; †††p<0.001 relative to OLZ-treated group. 
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3.4.2 AICAR treatment mitigates OLZ-induced acute reductions in the insulin response while both 

drugs exhibit tissue-specific effects on insulin action. 

To investigate how OLZ and AICAR might alter the systemic response to insulin, an 

insulin tolerance test (ITT) was performed after pre-treatment with each of the four drug 

combinations. OLZ-treated mice demonstrated a blunted insulin response (p<0.001) (suggestive 

of systemic insulin resistance) as shown by an increased glucose area under the curve (AUC) 

after insulin treatment, and this was alleviated with AICAR co-treatment (p<0.001) (Fig. 3.2A & 

B). To examine the insulin response to AICAR and OLZ at the tissue level, P-Akt signalling was 

analyzed in liver, triceps and eWAT. Surprisingly, the effects of different drug treatments on P-

Akt signalling did not elicit a uniform response across different tissues. In liver, AICAR 

treatment, regardless of OLZ co-treatment, significantly enhanced the insulin response as shown 

by an increased P-Akt/Akt ratio at both S473 and T308 (p<0.001); however impaired insulin 

signalling was not evident with OLZ treatment alone (Fig. 3.2C; left). Conversely, OLZ 

treatment impaired insulin signalling at both Akt phosphorylation sites in eWAT (p<0.001), and 

although AICAR improved the insulin response alone (p<0.05), it did not restore nor improve 

the insulin response in conjunction with OLZ (Fig. 3.2C; right). There were no significant 

differences in insulin signalling in triceps muscle between all four groups (Fig. 3.2C; centre).  
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Figure 3.2  AICAR protects against olanzapine-induced acute reductions in the insulin response 
while both drugs exhibit tissue-specific effects on insulin action. Mice were injected (IP) with one of 
four drug combinations (AICAR: 250mg/kg; OLZ: 5mg/kg) followed by a bolus injection of insulin (IP; 
0.75U/kg) 30 minutes after treatment. A) Relative changes in blood glucose over time were plotted, and 
B) AUC was calculated. Liver, triceps and eWAT were removed ~20 minutes after insulin injection, and 
P-Akt (S473 and T308) and total Akt protein content were measured by Western blotting. C) P-Akt 
(S473) and P-Akt (T308) content are expressed relative to total Akt. D) Representative Western blots for 
the quantified data in C) are displayed. Data are presented as mean +/- SEM (n=6-8/group). Two-way 
ANOVA main effects and interaction between treatment groups are shown on the right of B) and by flat 
bars above C). ***p<0.001 relative to vehicle-treated group; †††p<0.001 relative to OLZ-treated group. 
AICAR main effect: *p<0.05; **p<0.01; ***p<0.001. OLZ main effect: †††p<0.001. 
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3.4.3 AICAR inhibits pyruvate-induced excursions in blood glucose following OLZ treatment 

 In order to gain further insight into the prevention of OLZ-induced hyperglycaemia using 

AICAR, a pyruvate tolerance test (PTT) was performed after pre-treatment with each of the four 

drug combinations. Pyruvate-induced increases in glucose levels were drastically potentiated 

with OLZ pre-treatment (p<0.001), and this was significantly blunted with AICAR (p<0.001) 

(Fig. 3.3A & C). To ensure that the area under the curve (AUC) data was not solely influenced 

by differences in blood glucose levels immediately before pyruvate injection, blood glucose 

levels are also presented as percent change after pyruvate injection. From this standpoint, OLZ 

pre-treatment still elicited a potentiated response to pyruvate (p<0.05), which was significantly 

blunted with AICAR co-treatment (p<0.001) (Fig. 3.3B & D). Additionally, contrary to that 

observed with absolute values, a significant difference was evident between the AICAR pre-

treated group and the AICAR+OLZ pre-treated group with respect to the relative values 

(p<0.001).  

 It has been previously demonstrated that gluconeogenic enzyme mRNA levels, namely 

glucose-6-phosphatase (G6Pase), are elevated with OLZ treatment (69). To elucidate whether 

changes in a marker of hepatic gluconeogenesis were correlated with changes in gluconeogenic 

enzyme protein content, liver G6Pase and phosphoenolpyruvate carboxykinase (PEPCK) protein 

content were analyzed by Western blotting. There were no significant differences in the protein 

content of these enzymes between treatment groups (Fig. 3.3E, F & G). 
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Figure 3.3  AICAR attenuates pyruvate-induced excursions in blood glucose following olanzapine 
treatment. Mice were injected (IP) with one of four drug combinations (AICAR: 250mg/kg; OLZ: 
5mg/kg) followed by a pyruvate injection (IP; 2g/kg) 30 minutes after treatment. Blood glucose levels 
following pyruvate injection were measured and expressed as A) absolute and B) relative values, and the 
AUCs (C, D) were calculated. In a separate experiment, mice were injected (IP) with one of four drug 
combinations (AICAR: 250mg/kg; OLZ: 5mg/kg), followed by tissue collection ~20 minutes post-
treatment. Liver PEPCK and G6Pase protein content were analyzed using Western blotting. Quantified 
protein content of E) PEPCK and F) G6Pase are shown, both expressed relative to vinculin loading 
control (G6Pase and PEPCK were run on the same gel). G) Representative Western blots for the 
quantified data in E) and F) are presented. Data are presented as mean +/- SEM (n=4-7/group). Two-way 
ANOVA main effects and interactions between treatment groups are shown on the right of C) and D). 
*p<0.05 and ***p<0.001 relative to vehicle-treated group; †††p<0.001 relative to OLZ-treated group; 
+++p<0.001 relative to AICAR-treated group.  
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3.4.4 OLZ reduces RER, oxygen consumption, activity levels and heat production  

One of the side effects of OLZ that is thought to perhaps contribute to increased blood 

glucose is up-regulated fat oxidation (76). To assess this and to determine whether AICAR can 

alter or improve these and other metabolic parameters such as activity and heat production, mice 

were housed in CLAMS metabolic cages and were given one of the four drug treatments. Within 

4 hours, OLZ-treated mice, regardless of AICAR co-treatment, had a reduced RER, indicating an 

increased reliance on fat oxidation (p<0.001) (Figure 3.4A & B). Both OLZ-treated groups 

demonstrated reduced oxygen consumption regardless of AICAR treatment (VO2) (p<0.01) (Fig. 

3.4C & D). Although their activity is already reduced during the light cycle, both OLZ-treated 

groups, regardless of AICAR treatment, showed significantly reduced activity levels (p<0.001) 

(Fig. 3.4E & F). Similarly, heat production was reduced in both OLZ-treated groups (p<0.01) 

(Fig. 3.4G).  
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Figure 3.4  OLZ reduces RER, activity levels, oxygen consumption and heat production. Mice were 
acclimated in individually housed CLAMS units. Mice were injected with one of four drug combinations 
(AICAR: 250mg/kg; OLZ: 5mg/kg), and then immediately put back into the CLAMS for 24 hours. A) 
RER over dark and light cycles, and B) average RER during the first 4 hours after drug treatment. C) VO2 
over dark and light cycles, and D) Average VO2 during the first 4 hours after drug treatment. E) Activity 
over dark and light cycles, and F) Average activity during the first 4 hours after drug treatment. G) 
Average heat production during the first 4 hours after drug treatment. Data are presented as mean +/- 
SEM (n=5-6/group). Two-way ANOVA main effects and interactions between treatment groups are 
shown on the right of B), D), F) and G), and as a line above each graph. Main effect of OLZ: **p<0.01; 
***p<0.001.  



	

47	
	

3.4.5 Peripheral AICAR treatment activates hypothalamic AMPK signalling 

Previous work has demonstrated that the intracerebroventricular (ICV) administration of 

either OLZ or AICAR both activate AMPK signalling in the hypothalamus, and this was 

associated with increases in markers of hepatic glucose production (69). Given this, we were 

interested in determining if the peripheral administration of AICAR, while protecting against 

OLZ-induced hyperglycaemia, also activates hypothalamic AMPK signalling. Blood glucose 

was measured to confirm that each treatment elicited the expected response. At 20 minutes post-

treatment, there was a main effect of AICAR (p<0.001) and OLZ (p=0.003) treatment on blood 

glucose (Fig. 3.5A). There were no significant differences in the hypothalamic P-AMPK/AMPK 

ratio between groups, however there was a main effect of AICAR on the hypothalamic P-

ACC/ACC ratio (p=0.033), indicating activation of AMPK (64) (Fig. 3.5B & C).  
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Figure 3.5  AICAR, but not olanzapine, activates AMPK signalling in the hypothalamus. Mice were 
injected (IP) with one of four drug combinations (AICAR: 250mg/kg; OLZ: 5mg/kg), followed by tissue 
collection ~20 minutes post-treatment. Hypothalamic phosphorylated and total AMPK and ACC protein 
content were measured using Western blotting. A) Blood glucose levels 20 minutes post-injection were 
measured to confirm efficacy of treatments. B) Hypothalamic P-AMPK (T172) and P-ACC (S79) content 
is expressed relative to total protein levels, normalized to a GAPDH or vinculin loading control. C) 
Representative Western blots for the quantified data in B) are shown. Data are presented as mean +/- 
SEM (n=4-8/group). Two-way ANOVA main effects and interactions are shown beside A) and B) (P-
ACC only). Main effect of AICAR: *p<0.05. 
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3.4.6 The ability of AICAR to protect against OLZ-induced hyperglycaemia, reduced insulin 

response and pyruvate intolerance is intact in HFD-induced obese mice 

Since the acute effects of OLZ are exacerbated in conditions of pre-existing obesity and 

impaired glucose tolerance (119), we wanted to determine if the protective effects of AICAR 

were maintained in obese mice that had been fed a high-fat diet. Mice were fed a high fat diet 

containing 60% of kcals from fat. While the macronutrient content of this diet is likely not 

representative of what is consumed by individuals with obesity and insulin resistance, we used 

this as a model to rapidly induce metabolic dysfunction. The average weight of the mice after 28 

days of a high-fat diet was 36.7g ± 1. OLZ significantly increased blood glucose levels compared 

to vehicle-treated mice (p<0.001), and this was completely prevented by co-treatment with 

AICAR (p<0.001) (Fig. 3.6A & B). To investigate whether the protective effect of AICAR in 

terms of the insulin response is still intact in obese mice, an ITT was performed after pre-

treatment with each of the four drug combinations. Calculating the AUC up to 20 minutes after 

insulin treatment did not result in a significant increase with OLZ treatment, however if the AUC 

calculation was extended to 30 minutes post-insulin, OLZ-treated obese mice demonstrated a 

blunted insulin response (p<0.05), and this was alleviated with AICAR co-treatment (p<0.001) 

(Fig. 3.6C & D). To examine whether AICAR can inhibit pyruvate-induced excursions in blood 

glucose in obese mice, a PTT was performed after pre-treatment with each of the four drug 

combinations. Blood glucose levels after pyruvate injection were drastically increased with OLZ 

pre-treatment (p<0.001), and this was significantly blunted with AICAR (p<0.001) (Fig. 3.6E & 

F).  
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Figure 3.6  AICAR protects against OLZ-induced hyperglycaemia, reduced insulin response and 
pyruvate intolerance in high-fat diet-induced obese mice. Mice were fed a high-fat diet (HFD) for 28 
days. After this period, mice were injected (IP) with one of four drug combinations (AICAR: 250mg/kg; 
OLZ: 5mg/kg), and blood glucose was measured prior to and 15, 30, 60 and 90 minutes following drug 
treatment as shown in A). B) Area under the curve (AUC) of A) was calculated. A separate cohort of 
obese mice were injected (IP) with one of four drug combinations, followed by a bolus injection of 
insulin (IP; 0.75U/kg) 30 minutes after treatment. C) Relative changes in blood glucose over time were 
plotted, and D) AUC was calculated. E) Blood glucose levels following pyruvate injection, and F) AUC 
of E). Data are presented as mean +/- SEM (n=7/group). Two-way ANOVA main effects and interaction 
between treatment groups are shown on the right of B), D) and F). *p<0.05 and ***p<0.001 relative to 
vehicle-treated group; †††p<0.001 relative to OLZ-treated group. 
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3.5 Discussion 
  
 Long-term SGA use leads to weight gain and increases the risk of developing 

cardiometabolic diseases (28, 39). In addition, more recent work has shown that SGAs such as 

olanzapine can rapidly and directly induce marked impairments in glucose homeostasis (33, 66). 

Unfortunately, many commonly prescribed glucose-lowering medications are only partially 

effective in reducing these excursions in blood glucose (17). In the current study we demonstrate 

that AICAR increases hepatic and skeletal muscle AMPK activity as demonstrated by increases 

in the phosphorylation of AMPK, or its downstream substrate, ACC. The phosphorylation of 

ACC has been reported to be a more sensitive marker of AMPK activity than AMPK 

phosphorylation as it takes into account allosteric activation of AMPK (52). The dissimilar 

increases in AMPK/ACC phosphorylation in liver and muscle likely speak to tissue-specific 

differences in the responsiveness to AICAR. Co-treatment with the AICAR completely protects 

against OLZ-induced impairments in glucose homeostasis in both lean and obese mice. 

Previous studies have shown that OLZ induces insulin resistance in mice (27, 119) and 

that AICAR improves whole body insulin action in insulin-resistant high-fat diet-fed rats (68). 

These effects of AICAR were attributed to improvements in skeletal muscle glucose uptake (68). 

In the present study, AICAR protected against OLZ-induced impairments in the whole body 

insulin response as measured using an insulin tolerance test, and both AICAR and OLZ exhibited 

tissue-specific effects with regards to insulin action. Reductions in the insulin response, while 

prevented by AICAR, may not be a causal event in OLZ-induced hyperglycaemia. In support of 

this, we have recently shown that glucagon receptor knockout mice are protected against OLZ-

induced hyperglycaemia despite severe insulin resistance (27). These mice showed reductions in 

hepatic glucose output secondary to decreases in the protein content of the gluconeogenic 
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enzymes, PEPCK and G6Pase, suggesting an important role for the liver in OLZ-induced 

hyperglycaemia (27).  

With regards to liver glucose output, we demonstrate that peripheral injection of OLZ 

potentiates the blood glucose response to a pyruvate challenge. These findings, consistent with 

previous work using hyperinsulinemic, euglycemic clamps (33, 66) indicate that OLZ increases 

hepatic glucose production. Similar to the protective effect against OLZ-induced reductions in 

the insulin response, co-treatment with AICAR completely protected against OLZ-induced 

excursions in blood glucose following a pyruvate challenge, however the mechanisms mediating 

this effect are not clear. Although AICAR activates AMPK and the prolonged activation of this 

enzyme reduces hepatic gluconeogenic capacity (45), it has recently been shown that AICAR-

mediated inhibition of glucose production was intact in liver-specific AMPK knockout mice 

(62). AICAR, in addition to increasing ZMP, has also been reported to increase AMP secondary 

to an inhibition of mitochondrial respiration (62). As both AMP (120) and ZMP (125) can 

directly inhibit gluconeogenic enzymes, this could be a potential mechanism through which 

AICAR could be blunting OLZ-induced increases in liver glucose production.  

 In contrast to the current investigation, recent studies have demonstrated that ICV 

administration of OLZ is associated with increased hepatic glucose production in an AMPK-

dependent manner, which was mirrored by increases in liver PEPCK and G6Pase mRNA 

expression (69, 90). These studies showed that the effects of central OLZ administration are 

dependent upon AMPK activation in the hypothalamus (69, 90). In the current study, peripheral 

injection of AICAR, but not OLZ, activated AMPK signalling in the hypothalamus. These 

findings provide evidence that peripheral OLZ treatment, an approach more clinically relevant 

than ICV administration, does not induce hyperglycaemia through increasing AMPK activity in 
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the hypothalamus. Our findings would further suggest that the peripheral (liver, muscle etc.) 

effects of AICAR are sufficient to overcome any hyperglycaemic effects of increased 

hypothalamic AMPK activation. Furthermore, since AICAR is not able to effectively cross the 

blood-brain barrier (89), this increase in hypothalamic AMPK activity may represent a 

compensatory response to AICAR-induced reductions in blood glucose.  

OLZ displays potent sedative effects (5), and here we extend this to show that OLZ 

significantly reduces overall activity levels with or without the presence of AICAR. OLZ is 

reported to increase reliance on fat oxidation (reduces RER), which can lead to plasma glucose 

accumulation (76, 77). This has been thought to be due to central effects of OLZ (77). Similarly, 

we show that OLZ, regardless of AICAR co-treatment, reduces RER indicating increases in fat 

oxidation. Notably, since AICAR did not alter the RER, changes in substrate metabolism may be 

ruled out as a potential mechanism through which AICAR may be exerting its anti-

hyperglycaemic effects. 

Since the acute effects of OLZ are exacerbated in conditions of pre-existing obesity and 

impaired glucose homeostasis (119), and that prior to taking antipsychotics, individuals with 

schizophrenia are often overweight and/or display perturbations in glucose homeostasis (116), 

the ability of AICAR to protect against OLZ-induced disturbances in glucose homeostasis were 

further examined in HFD-induced obese mice. Similar to that in lean mice, AICAR prevented the 

OLZ-induced rise in blood glucose, acute impairments in the insulin response and increases in 

markers of hepatic glucose output following a pyruvate challenge. Based on previous research 

(116), the ability of AICAR to protect against OLZ-induced metabolic disturbances in the 

presence of pre-existing obesity, glucose intolerance and insulin resistance would appear to be 

more clinically relevant in terms of schizophrenic individuals taking OLZ.  
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 Overall, the current report provides evidence that co-treatment with AICAR completely 

protects against OLZ-induced impairments in glucose homeostasis in both lean and obese mice. 

This is likely mediated through improvements in insulin action and reductions in hepatic glucose 

output. The results of this study highlight the ability of AICAR to mitigate the undesirable acute 

effects of OLZ. Furthermore, the current results demonstrate that agents targeting both hepatic 

gluconeogenic capacity and skeletal muscle glucose homeostasis may be a potential avenue 

through which to prevent SGA-induced impairments in glucose homeostasis and insulin action. 

Further studies investigating the ability of AICAR to mitigate the effects of chronic OLZ 

treatment would be beneficial to provide more clinically relevant data regarding long-term OLZ 

use.  
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CHAPTER 4: 
 

ADDITIONAL RESULTS AND INTEGRATIVE DISCUSSION 
 
 

4.1 The Effects of OLZ and AICAR on Glucose Homeostasis  

 The project presented in this thesis highlights the ability of AICAR to prevent acute 

OLZ-induced disturbances in glucose homeostasis. AICAR co-treatment led to reductions in 

OLZ-induced hyperglycaemia and systemic insulin resistance, while blunting a marker of 

increased liver glucose output. The effects of OLZ and AICAR observed in this study are 

summarized in Figure 4.1. The opposing effects of each compound demonstrate the potential 

mechanisms behind the ability of AICAR to mitigate the detrimental metabolic effects of OLZ.  

 

 
 
 
 
 
 
 
 
 
 

    Figure 4.1. Representation of the observed metabolic effects of 
   acute OLZ and AICAR treatment. 

 
 
 
4.2 Long-term Treatment Using OLZ and/or AICAR 

 Since clinical populations that take SGAs such as OLZ do so chronically, often in the 

form of daily tablets (81), studies investigating the chronic effects of AICAR with regards to its 

ability to mitigate OLZ-induced perturbations in glucose homeostasis are warranted. Since 

chronic OLZ treatment is reported to lead to weight gain, dyslipidaemia, hyperglycaemia, insulin 



	

57	
	

resistance, and the development of type 2 diabetes (13, 74, 85, 97, 105), a long-term study would 

further investigate these effects along with the ability of AICAR to mitigate them. This would 

ultimately provide more clinically relevant data that could further support the use of AICAR or 

similar compounds in conjunction with OLZ or other SGAs.  

 Considering the importance of investigating long-term treatment, we investigated the 

chronic effects of OLZ and/or AICAR on weight gain, food intake and glucose tolerance in 

female C57BL6/J mice. We used female mice because female rodents have been reported to be 

more susceptible to chronic OLZ-induced weight gain (36). Consistent with clinical use of OLZ 

(oral dosing), we used oral gavage to administer OLZ (5), however AICAR was injected 

intraperitoneally, since AICAR is reported to display poor bioavailability if administered orally 

(35). Unfortunately, after 33 days of administration of either vehicle treatment, OLZ, AICAR or 

a combination of OLZ and AICAR, the cumulative weight gain of mice treated with OLZ was 

not significantly different from that of other groups (Figure 4.2A). Surprisingly, mice treated 

chronically with AICAR gained the highest amount of weight throughout the study period, and 

this was significantly different from all other groups (p<0.01). There were no significant 

differences in food intake between the groups (Figure 4.2B). Surprisingly, and in contrast to 

previous studies, chronic OLZ treatment, with or without AICAR, significantly improved 

glucose tolerance during a glucose tolerance test after 32 days (main effect of OLZ: p<0.001), 

while chronic AICAR treatment showed no improvement (Figure 4.2C & D). Due to the 

inconsistent nature of these results when compared to previous literature, this study was not 

continued further. It would have been interesting to investigate differences in adipose tissue mass 

and/or distribution since an accumulation of fat mass in the absence of weight gain has been 

reported in rats with chronic OLZ administration (5). However, this has previously been 
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associated with defects in glucose homeostasis, and our results for the glucose tolerance test 

would seem to contradict this notion. Although specific reasons explaining our results are 

lacking, the effects observed may be due to complications involving oral gavage dosing and drug 

preparation, since varying effects of OLZ have been reported with different dosing regimes (77). 

Similar to other studies administering OLZ chronically (5), we also experimented with 

incorporating OLZ into different foods for oral administration. Although the mice successfully 

consumed vehicle peanut butter and Nutella samples, they did not do so when OLZ was 

incorporated. Further experiments involving chronic treatment with AICAR and/or OLZ should 

be performed once a successful and reliable method of chronic dosing is established within our 

lab. 
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Figure 4.2. Chronic OLZ and/or AICAR treatment study results. Mice received daily doses 
of either OLZ (oral gavage; 5mg/kg), AICAR (IP; 250mg/kg), both OLZ and AICAR, or vehicle. 
Each mouse received one oral gavage administration and one IP injection, with the appropriate 
vehicle control when necessary. A) Cumulative body weight gain over the study period. B) 
Cumulative food intake. On day 32, mice were injected with glucose (IP; 2g/kg), and blood 
glucose was measured over time as shown in C). D) AUC of C). Data are presented as mean +/- 
SEM (n = 9-10/group). Two-way ANOVA main effects and interaction between treatment 
groups are shown on the right of D). **p<0.01 relative to all other groups.  
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4.3 Sex Differences with OLZ Treatment 

 Differences in the response to OLZ between male and female rodents have been reported, 

specifically regarding long-term OLZ treatment. In terms of weight gain, females have 

consistently demonstrated increased OLZ-induced weight gain with long-term treatment 

compared to males, in both rodents and humans (5, 36, 43, 58). However, it is important to 

recognize that effects such as increased visceral fat, inflammation and insulin resistance due to 

OLZ occur in both males and females (5, 36, 43, 58).  

Proposed mechanisms behind greater OLZ-induced weight gain in females include 

increased hyperphagia associated with increased food intake (5, 36, 58) and reduced drug 

clearance (58). One study demonstrated that while OLZ led to a reduction in activity levels in 

both female and male rats, increased appetite and food intake were only observed in female rats 

(5). Human studies have also reported an increased appetite with OLZ treatment, however sex 

differences in this regard are less clear (36). The increase in appetite and food intake is suggested 

to contribute to OLZ-induced weight gain in both female rodents and humans. In terms of drug 

metabolism, human studies have suggested that women have reduced enzyme activity of 

cytochrome P450 1A2 (CYP1A2), an enzyme important in the metabolism of OLZ and clozapine 

(58, 128). Consequently, dose-related plasma concentrations of OLZ are significantly higher 

(~1.7 times higher) in women compared to men; this may be contributing to the greater weight 

gain observed in women (58, 128). Furthermore, it is also reported that women have a 10% 

lower glomerular filtration rate compared to men (54), which could also contribute to higher 

plasma concentrations of OLZ and other SGAs. The evidence provided in these studies 

demonstrates a viable explanation for why antipsychotic dosing studies have shown that men 

require a 1.5 to 2-fold higher dose than women to obtain a comparable clinical response (58, 
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128). Since women seem to require a lower dose of OLZ to achieve clinical efficacy, different 

dosing regimens should be explored in order to minimize the detrimental metabolic side effects 

of OLZ.   

There have been virtually no studies investigating sex differences with acute SGA 

treatment. Although female rodents have been used in studies involving acute OLZ treatment, a 

comparison between males and females has not been established (5, 16, 17). Consistent with our 

previous work using OLZ, we used male C57BL6/J mice for experiments involving acute OLZ 

treatment, however it would be interesting as a future experiment to investigate sex-specific 

differences in the acute OLZ response with regards to perturbations in glucose homeostasis.  

 

4.4 Measurements of Hepatic Glucose Output 

 In the current study, co-treatment with AICAR completely protected against OLZ-

induced excursions in blood glucose following a pyruvate challenge. Although this suggests that 

AICAR reduces hepatic glucose output, there are more specific methods to determine blood 

glucose appearance and disappearance along with the effects in specific tissues. The 

hyperinsulinemic, euglycemic clamp technique involves the measurement of the rate of glucose 

infusion required to maintain a constant, normal level of blood glucose (euglycemia), during 

constant insulin administration (109). Studies using this technique along with radioactive glucose 

infusion to investigate OLZ-induced hyperglycaemia have demonstrated that OLZ increases 

hepatic glucose production, decreases pancreatic insulin secretion and has no significant effect 

on basal or insulin-stimulated skeletal muscle glucose uptake (33, 66). Using the 

hyperinsulinemic, euglycemic clamp procedure along with radioactive glucose tracing in future 
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experiments would provide further information on the tissue-specific effects of OLZ and 

AICAR.  

 Another aspect of the current investigation that should be addressed is the timing of tissue 

collection for PEPCK and G6Pase protein measurement. We collected tissue ~20 minutes post-

treatment of AICAR and/or OLZ, which is likely much too early to detect changes in 

gluconeogenic protein levels. Most studies investigating these gluconeogenic enzymes measured 

the gene expression (mRNA levels) of these enzymes after AICAR administration, which can 

undergo changes significantly earlier than that of protein levels (69, 83). The timing in these 

studies varied from 10-60 minutes after injection in mice (69) to 3 hours post-treatment in rat 

hepatocytes (83). Perhaps future investigations should involve mRNA analysis of gluconeogenic 

enzymes in response to OLZ and/or AICAR treatment, however this does not necessarily 

represent changes in protein levels and enzyme activity. Experiments using a longer time frame 

between drug injection and tissue harvesting should be considered in order to be able to detect 

changes in gluconeogenic protein content.  

 

4.5 Conclusion 

 Overall, this thesis provides evidence that AICAR prevents acute OLZ-induced 

disturbances in glucose homeostasis. Future investigations should involve chronic treatment with 

OLZ and/or AICAR using a more accurate method of administration, along with investigations 

regarding sex differences associated with acute and chronic treatment. Furthermore, the 

hyperinsulinemic, euglycemic clamp technique along with glucose radiotracing should be 

considered as a more accurate approach to determine the mechanisms and tissue-specific effects 

of OLZ and AICAR. Taken together, this work provides convincing evidence that AICAR 
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protects against acute OLZ-induced hyperglycaemia and systemic insulin resistance. A likely 

mechanism mediating this effect involves increases in hepatic insulin sensitivity and reductions 

in hepatic glucose output. Whether these results are applicable to the human population remains 

to be seen. Although AICAR is not used clinically, intravenous (IV) administration of AICAR 

has been performed in humans with type 2 diabetes, resulting in reductions in hepatic glucose 

output and reduced blood glucose levels (15). Clinical trials in humans using AICAR or other 

compounds altering hepatic glucose output should be considered in order to determine whether 

OLZ-induced disturbances in glucose homeostasis could be prevented in clinical populations 

taking SGAs. This could ultimately lead to a reduction in metabolic side effects along with 

improved compliance in patients taking SGAs such as OLZ, improving overall mental and 

metabolic health.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

64	
	

REFERENCE LIST 
 

 
1. Schizophrenia. In: Diagnostic and Statistical Manual of Mental Disorders (DSM-5®) 
(Fifth ed.). Arlington, VA: American Psychiatric Association Publishing, 2013. 

2. Statistics Canada. Body composition of adults, 2012 to 2013, 2015. 

3. World Health Organization. Global report on diabetes: WHO, 2016. 

4. Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR, Downes M, and Evans RM. 
PPARγ signaling and metabolism: the good, the bad and the future. Nat Med 19: 557-566, 2013. 

5. Albaugh VL, Judson JG, She P, Lang CH, Maresca KP, Joyal JL, and Lynch CJ. 
Olanzapine promotes fat accumulation in male rats by decreasing physical activity, repartitioning 
energy and increasing adipose tissue lipogenesis while impairing lipolysis. Mol Psychiatry 16: 
569-581, 2011. 

6. Allison DB and Casey DE. Antipsychotic-induced weight gain: a review of the 
literature. J Clin Psychiatry 62 Suppl 7: 22-31, 2001. 

7. Anderson WL, Wiener JM, Khatutsky G, and Armour BS. Obesity and people with 
disabilities: the implications for health care expenditures. Obesity (Silver Spring) 21: E798-804, 
2013. 

8. Anis AH, Zhang W, Bansback N, Guh DP, Amarsi Z, and Birmingham CL. Obesity 
and overweight in Canada: an updated cost-of-illness study. Obes Rev 11: 31-40, 2010. 

9. Ballon JS, Pajvani U, Freyberg Z, Leibel RL, and Lieberman JA. Molecular 
pathophysiology of metabolic effects of antipsychotic medications. Trends Endocrinol Metab 25: 
593-600, 2014. 

10. Baptista T, Rangel N, El Fakih Y, Uzcátegui E, Galeazzi T, Beaulieu S, and Araujo 
de Baptista E. Rosiglitazone in the assistance of metabolic control during olanzapine 
administration in schizophrenia: a pilot double-blind, placebo-controlled, 12-week trial. 
Pharmacopsychiatry 42: 14-19, 2009. 

11. Baptista T, Rangel N, Fernández V, Carrizo E, El Fakih Y, Uzcátegui E, Galeazzi T, 
Gutiérrez MA, Servigna M, Dávila A, Uzcátegui M, Serrano A, Connell L, Beaulieu S, and 
de Baptista EA. Metformin as an adjunctive treatment to control body weight and metabolic 
dysfunction during olanzapine administration: a multicentric, double-blind, placebo-controlled 
trial. Schizophr Res 93: 99-108, 2007. 

12. Benrick A, Wallenius V, and Asterholm IW. Interleukin-6 mediates exercise-induced 
increase in insulin sensitivity in mice. Exp Physiol 97: 1224-1235, 2012. 

13. Bergman RN and Ader M. Atypical antipsychotics and glucose homeostasis. J Clin 
Psychiatry 66: 504-514, 2005. 



	

65	
	

14. Bodin J, Groeng EC, Andreassen M, Dirven H, and Nygaard UC. Exposure to 
perfluoroundecanoic acid (PFUnDA) accelerates insulitis development in a mouse model of type 
1 diabetes. Toxicol Rep 3: 664-672, 2016. 

15. Boon H, Bosselaar M, Praet SF, Blaak EE, Saris WH, Wagenmakers AJ, McGee SL, 
Tack CJ, Smits P, Hargreaves M, and van Loon LJ. Intravenous AICAR administration 
reduces hepatic glucose output and inhibits whole body lipolysis in type 2 diabetic patients. 
Diabetologia 51: 1893-1900, 2008. 

16. Boyda HN, Procyshyn RM, Asiri Y, Wu C, Wang CK, Lo R, Pang CC, Honer WG, 
and Barr AM. Antidiabetic-drug combination treatment for glucose intolerance in adult female 
rats treated acutely with olanzapine. Prog Neuropsychopharmacol Biol Psychiatry 48: 170-176, 
2014. 

17. Boyda HN, Procyshyn RM, Tse L, Hawkes E, Jin CH, Pang CC, Honer WG, and 
Barr AM. Differential effects of 3 classes of antidiabetic drugs on olanzapine-induced glucose 
dysregulation and insulin resistance in female rats. Journal of psychiatry & neuroscience : JPN 
37: 407-415, 2012. 

18. Boyda HN, Ramos-Miguel A, Procyshyn RM, Töpfer E, Lant N, Choy HH, Wong R, 
Li L, Pang CC, Honer WG, and Barr AM. Routine exercise ameliorates the metabolic side-
effects of treatment with the atypical antipsychotic drug olanzapine in rats. Int J 
Neuropsychopharmacol 17: 77-90, 2014. 

19. Boyda HN, Tse L, Procyshyn RM, Wong D, Wu TK, Pang CC, and Barr AM. A 
parametric study of the acute effects of antipsychotic drugs on glucose sensitivity in an animal 
model. Prog Neuropsychopharmacol Biol Psychiatry 34: 945-954, 2010. 

20. Boyle JG, Salt IP, and McKay GA. Metformin action on AMP-activated protein kinase: 
a translational research approach to understanding a potential new therapeutic target. Diabet Med 
27: 1097-1106, 2010. 

21. Bun S, Yonemori K, Akagi T, Noguchi E, Shimoi T, Shimomura A, Yunokawa M, 
Shimizu C, Fujiwara Y, Makino Y, Hayashi Y, and Tamura K. Feasibility of olanzapine, 
multi acting receptor targeted antipsychotic agent, for the prevention of emesis caused by 
continuous cisplatin- or ifosfamide-based chemotherapy. Invest New Drugs, 2017. 

22. Bymaster FP, Hemrick-Luecke SK, Perry KW, and Fuller RW. Neurochemical 
evidence for antagonism by olanzapine of dopamine, serotonin, alpha 1-adrenergic and 
muscarinic receptors in vivo in rats. Psychopharmacology (Berl) 124: 87-94, 1996. 

23. Cade WT. Diabetes-related microvascular and macrovascular diseases in the physical 
therapy setting. Phys Ther 88: 1322-1335, 2008. 

24. Camacho RC, Donahue EP, James FD, Berglund ED, and Wasserman DH. Energy 
state of the liver during short-term and exhaustive exercise in C57BL/6J mice. Am J Physiol 
Endocrinol Metab 290: E405-408, 2006. 



	

66	
	

25. Cartee GD. Mechanisms for greater insulin-stimulated glucose uptake in normal and 
insulin-resistant skeletal muscle after acute exercise. Am J Physiol Endocrinol Metab 309: E949-
959, 2015. 

26. Castellani LN, Peppler WT, Miotto PM, Bush N, and Wright DC. Exercise protects 
against olanzapine-induced hyperglycaemia in male C57BL6/J mice. Scientific Reports 8, 2018. 

27. Castellani LN, Peppler WT, Sutton CD, Whitfield J, Charron MJ, and Wright DC. 
Glucagon receptor knockout mice are protected against acute olanzapine-induced hyperglycemia. 
Psychoneuroendocrinology 82: 38-45, 2017. 

28. Ceriello A, Esposito K, Piconi L, Ihnat MA, Thorpe JE, Testa R, Boemi M, and 
Giugliano D. Oscillating glucose is more deleterious to endothelial function and oxidative stress 
than mean glucose in normal and type 2 diabetic patients. Diabetes 57: 1349-1354, 2008. 

29. Chelkeba L, Gidey K, Mamo A, Yohannes B, Matso T, and Melaku T. Olanzapine 
for chemotherapy-induced nausea and vomiting: systematic review and meta-analysis. Pharm 
Pract (Granada) 15: 877, 2017. 

30. Chen J, Huang XF, Shao R, Chen C, and Deng C. Molecular Mechanisms of 
Antipsychotic Drug-Induced Diabetes. Front Neurosci 11: 643, 2017. 

31. Chen ZP, Stephens TJ, Murthy S, Canny BJ, Hargreaves M, Witters LA, Kemp BE, 
and McConell GK. Effect of exercise intensity on skeletal muscle AMPK signaling in humans. 
Diabetes 52: 2205-2212, 2003. 

32. Chintoh AF, Mann SW, Lam L, Giacca A, Fletcher P, Nobrega J, and Remington G. 
Insulin resistance and secretion in vivo: effects of different antipsychotics in an animal model. 
Schizophr Res 108: 127-133, 2009. 

33. Chintoh AF, Mann SW, Lam L, Lam C, Cohn TA, Fletcher PJ, Nobrega JN, Giacca 
A, and Remington G. Insulin resistance and decreased glucose-stimulated insulin secretion after 
acute olanzapine administration. Journal of clinical psychopharmacology 28: 494-499, 2008. 

34. Corton JM, Gillespie JG, Hawley SA, and Hardie DG. 5-aminoimidazole-4-
carboxamide ribonucleoside. A specific method for activating AMP-activated protein kinase in 
intact cells? Eur J Biochem 229: 558-565, 1995. 

35. Craig DM, Ashcroft SP, Belew MY, Stocks B, Currell K, Baar K, and Philp A. 
Utilizing small nutrient compounds as enhancers of exercise-induced mitochondrial biogenesis. 
Front Physiol 6: 296, 2015. 

36. Davey KJ, O'Mahony SM, Schellekens H, O'Sullivan O, Bienenstock J, Cotter PD, 
Dinan TG, and Cryan JF. Gender-dependent consequences of chronic olanzapine in the rat: 
effects on body weight, inflammatory, metabolic and microbiota parameters. 
Psychopharmacology (Berl) 221: 155-169, 2012. 



	

67	
	

37. DeFronzo RA, Ferrannini E, Hendler R, Felig P, and Wahren J. Regulation of 
splanchnic and peripheral glucose uptake by insulin and hyperglycemia in man. Diabetes 32: 35-
45, 1983. 

38. Devlin AM and Panagiotopoulos C. Metabolic side effects and pharmacogenetics of 
second-generation antipsychotics in children. Pharmacogenomics 16: 981-996, 2015. 

39. Domecq JP, Prutsky G, Leppin A, Sonbol MB, Altayar O, Undavalli C, Wang Z, 
Elraiyah T, Brito JP, Mauck KF, Lababidi MH, Prokop LJ, Asi N, Wei J, Fidahussein S, 
Montori VM, and Murad MH. Clinical review: Drugs commonly associated with weight 
change: a systematic review and meta-analysis. J Clin Endocrinol Metab 100: 363-370, 2015. 

40. Duncan RE, Ahmadian M, Jaworski K, Sarkadi-Nagy E, and Sul HS. Regulation of 
lipolysis in adipocytes. Annu Rev Nutr 27: 79-101, 2007. 

41. Ellingsgaard H, Hauselmann I, Schuler B, Habib AM, Baggio LL, Meier DT, Eppler 
E, Bouzakri K, Wueest S, Muller YD, Hansen AM, Reinecke M, Konrad D, Gassmann M, 
Reimann F, Halban PA, Gromada J, Drucker DJ, Gribble FM, Ehses JA, and Donath MY. 
Interleukin-6 enhances insulin secretion by increasing glucagon-like peptide-1 secretion from L 
cells and alpha cells. Nat Med 17: 1481-1489, 2011. 

42. Engl J, Laimer M, Niederwanger A, Kranebitter M, Starzinger M, Pedrini MT, 
Fleischhacker WW, Patsch JR, and Ebenbichler CF. Olanzapine impairs glycogen synthesis 
and insulin signaling in L6 skeletal muscle cells. Mol Psychiatry 10: 1089-1096, 2005. 

43. Fell MJ, Anjum N, Dickinson K, Marshall KM, Peltola LM, Vickers S, Cheetham S, 
and Neill JC. The distinct effects of subchronic antipsychotic drug treatment on macronutrient 
selection, body weight, adiposity, and metabolism in female rats. Psychopharmacology (Berl) 
194: 221-231, 2007. 

44. Firth J, Cotter J, Elliott R, French P, and Yung AR. A systematic review and meta-
analysis of exercise interventions in schizophrenia patients. Psychol Med 45: 1343-1361, 2015. 

45. Foretz M, Ancellin N, Andreelli F, Saintillan Y, Grondin P, Kahn A, Thorens B, 
Vaulont S, and Viollet B. Short-term overexpression of a constitutively active form of AMP-
activated protein kinase in the liver leads to mild hypoglycemia and fatty liver. Diabetes 54: 
1331-1339, 2005. 

46. Fryer LG, Foufelle F, Barnes K, Baldwin SA, Woods A, and Carling D. 
Characterization of the role of the AMP-activated protein kinase in the stimulation of glucose 
transport in skeletal muscle cells. Biochem J 363: 167-174, 2002. 

47. Furtado LM, Somwar R, Sweeney G, Niu W, and Klip A. Activation of the glucose 
transporter GLUT4 by insulin. Biochem Cell Biol 80: 569-578, 2002. 

48. Gaidhu MP, Fediuc S, Anthony NM, So M, Mirpourian M, Perry RL, and Ceddia 
RB. Prolonged AICAR-induced AMP-kinase activation promotes energy dissipation in white 
adipocytes: novel mechanisms integrating HSL and ATGL. J Lipid Res 50: 704-715, 2009. 



	

68	
	

49. Galiñanes M, Bullough D, Mullane KM, and Hearse DJ. Sustained protection by 
acadesine against ischemia- and reperfusion-induced injury. Studies in the transplanted rat heart. 
Circulation 86: 589-597, 1992. 

50. Girault EM, Alkemade A, Foppen E, Ackermans MT, Fliers E, and Kalsbeek A. 
Acute peripheral but not central administration of olanzapine induces hyperglycemia associated 
with hepatic and extra-hepatic insulin resistance. PLoS One 7: e43244, 2012. 

51. Goodyear LJ. The exercise pill--too good to be true? N Engl J Med 359: 1842-1844, 
2008. 

52. Gowans GJ, Hawley SA, Ross FA, and Hardie DG. AMP is a true physiological 
regulator of AMP-activated protein kinase by both allosteric activation and enhancing net 
phosphorylation. Cell Metab 18: 556-566, 2013. 

53. Green CA, Yarborough BJ, Leo MC, Yarborough MT, Stumbo SP, Janoff SL, 
Perrin NA, Nichols GA, and Stevens VJ. The STRIDE weight loss and lifestyle intervention 
for individuals taking antipsychotic medications: a randomized trial. Am J Psychiatry 172: 71-81, 
2015. 

54. Gross JL, Friedman R, Azevedo MJ, Silveiro SP, and Pecis M. Effect of age and sex 
on glomerular filtration rate measured by 51Cr-EDTA. Braz J Med Biol Res 25: 129-134, 1992. 

55. Guerrieri D and van Praag H. Exercise-mimetic AICAR transiently benefits brain 
function. Oncotarget 6: 18293-18313, 2015. 

56. Guigas B, Sakamoto K, Taleux N, Reyna SM, Musi N, Viollet B, and Hue L. Beyond 
AICA riboside: in search of new specific AMP-activated protein kinase activators. IUBMB Life 
61: 18-26, 2009. 

57. Guigas B, Taleux N, Foretz M, Detaille D, Andreelli F, Viollet B, and Hue L. AMP-
activated protein kinase-independent inhibition of hepatic mitochondrial oxidative 
phosphorylation by AICA riboside. Biochem J 404: 499-507, 2007. 

58. Haack S, Seeringer A, Thürmann PA, Becker T, and Kirchheiner J. Sex-specific 
differences in side effects of psychotropic drugs: genes or gender? Pharmacogenomics 10: 1511-
1526, 2009. 

59. Hahn MK, Wolever TM, Arenovich T, Teo C, Giacca A, Powell V, Clarke L, 
Fletcher P, Cohn T, McIntyre RS, Gomes S, Chintoh A, and Remington GJ. Acute effects of 
single-dose olanzapine on metabolic, endocrine, and inflammatory markers in healthy controls. J 
Clin Psychopharmacol 33: 740-746, 2013. 

60. Hardie DG. Energy sensing by the AMP-activated protein kinase and its effects on 
muscle metabolism. Proc Nutr Soc 70: 92-99, 2011. 

61. Hardie DG, Schaffer BE, and Brunet A. AMPK: An Energy-Sensing Pathway with 
Multiple Inputs and Outputs. Trends Cell Biol 26: 190-201, 2016. 



	

69	
	

62. Hasenour CM, Ridley DE, Hughey CC, James FD, Donahue EP, Shearer J, Viollet 
B, Foretz M, and Wasserman DH. 5-Aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside 
(AICAR) effect on glucose production, but not energy metabolism, is independent of hepatic 
AMPK in vivo. J Biol Chem 289: 5950-5959, 2014. 

63. Hasenour CM, Ridley DE, Hughey CC, James FD, Donahue EP, Shearer J, Viollet 
B, Foretz M, and Wasserman DH. 5-Aminoimidazole-4-carboxamide-1-β-D-ribofuranoside 
(AICAR) effect on glucose production, but not energy metabolism, is independent of hepatic 
AMPK in vivo. J Biol Chem 289: 5950-5959, 2014. 

64. Herzig S and Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeostasis. 
Nat Rev Mol Cell Biol 19: 121-135, 2018. 

65. Holloszy JO. A forty-year memoir of research on the regulation of glucose transport into 
muscle. Am J Physiol Endocrinol Metab 284: E453-467, 2003. 

66. Houseknecht KL, Robertson AS, Zavadoski W, Gibbs EM, Johnson DE, and 
Rollema H. Acute effects of atypical antipsychotics on whole-body insulin resistance in rats: 
implications for adverse metabolic effects. Neuropsychopharmacology : official publication of 
the American College of Neuropsychopharmacology 32: 289-297, 2007. 

67. Hu Y, Young AJ, Ehli EA, Nowotny D, Davies PS, Droke EA, Soundy TJ, and 
Davies GE. Metformin and berberine prevent olanzapine-induced weight gain in rats. PLoS One 
9: e93310, 2014. 

68. Iglesias MA, Ye JM, Frangioudakis G, Saha AK, Tomas E, Ruderman NB, Cooney 
GJ, and Kraegen EW. AICAR administration causes an apparent enhancement of muscle and 
liver insulin action in insulin-resistant high-fat-fed rats. Diabetes 51: 2886-2894, 2002. 

69. Ikegami M, Ikeda H, Ohashi T, Ohsawa M, Ishikawa Y, Kai M, Kamei A, and 
Kamei J. Olanzapine increases hepatic glucose production through the activation of 
hypothalamic adenosine 5'-monophosphate-activated protein kinase. Diabetes Obes Metab 15: 
1128-1135, 2013. 

70. Jaworski K, Sarkadi-Nagy E, Duncan RE, Ahmadian M, and Sul HS. Regulation of 
triglyceride metabolism. IV. Hormonal regulation of lipolysis in adipose tissue. Am J Physiol 
Gastrointest Liver Physiol 293: G1-4, 2007. 

71. Jørgensen SB, Viollet B, Andreelli F, Frøsig C, Birk JB, Schjerling P, Vaulont S, 
Richter EA, and Wojtaszewski JF. Knockout of the alpha2 but not alpha1 5'-AMP-activated 
protein kinase isoform abolishes 5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranosidebut 
not contraction-induced glucose uptake in skeletal muscle. J Biol Chem 279: 1070-1079, 2004. 

72. Kahles F, Meyer C, Möllmann J, Diebold S, Findeisen HM, Lebherz C, Trautwein 
C, Koch A, Tacke F, Marx N, and Lehrke M. GLP-1 secretion is increased by inflammatory 
stimuli in an IL-6-dependent manner, leading to hyperinsulinemia and blood glucose lowering. 
Diabetes 63: 3221-3229, 2014. 



	

70	
	

73. Kapur S, VanderSpek SC, Brownlee BA, and Nobrega JN. Antipsychotic dosing in 
preclinical models is often unrepresentative of the clinical condition: a suggested solution based 
on in vivo occupancy. J Pharmacol Exp Ther 305: 625-631, 2003. 

74. Kessing LV, Thomsen AF, Mogensen UB, and Andersen PK. Treatment with 
antipsychotics and the risk of diabetes in clinical practice. Br J Psychiatry 197: 266-271, 2010. 

75. Kjøbsted R, Treebak JT, Fentz J, Lantier L, Viollet B, Birk JB, Schjerling P, 
Björnholm M, Zierath JR, and Wojtaszewski JF. Prior AICAR stimulation increases insulin 
sensitivity in mouse skeletal muscle in an AMPK-dependent manner. Diabetes 64: 2042-2055, 
2015. 

76. Klingerman CM, Stipanovic ME, Bader M, and Lynch CJ. Second-generation 
antipsychotics cause a rapid switch to fat oxidation that is required for survival in C57BL/6J 
mice. Schizophr Bull 40: 327-340, 2014. 

77. Klingerman CM, Stipanovic ME, Hajnal A, and Lynch CJ. Acute Metabolic Effects 
of Olanzapine Depend on Dose and Injection Site. Dose Response 13: 1559325815618915, 2015. 

78. Lauritzen HP, Galbo H, Toyoda T, and Goodyear LJ. Kinetics of contraction-induced 
GLUT4 translocation in skeletal muscle fibers from living mice. Diabetes 59: 2134-2144, 2010. 

79. Leto D and Saltiel AR. Regulation of glucose transport by insulin: traffic control of 
GLUT4. Nat Rev Mol Cell Biol 13: 383-396, 2012. 

80. Leucht S, Cipriani A, Spineli L, Mavridis D, Orey D, Richter F, Samara M, Barbui 
C, Engel RR, Geddes JR, Kissling W, Stapf MP, Lässig B, Salanti G, and Davis JM. 
Comparative efficacy and tolerability of 15 antipsychotic drugs in schizophrenia: a multiple-
treatments meta-analysis. Lancet 382: 951-962, 2013. 

81. Leucht S, Heres S, Kissling W, and Davis JM. Evidence-based pharmacotherapy of 
schizophrenia. Int J Neuropsychopharmacol 14: 269-284, 2011. 

82. Lieberman JA, Stroup TS, McEvoy JP, Swartz MS, Rosenheck RA, Perkins DO, 
Keefe RS, Davis SM, Davis CE, Lebowitz BD, Severe J, Hsiao JK, and Investigators 
CAToIEC. Effectiveness of antipsychotic drugs in patients with chronic schizophrenia. N Engl J 
Med 353: 1209-1223, 2005. 

83. Lochhead PA, Salt IP, Walker KS, Hardie DG, and Sutherland C. 5-
aminoimidazole-4-carboxamide riboside mimics the effects of insulin on the expression of the 2 
key gluconeogenic genes PEPCK and glucose-6-phosphatase. Diabetes 49: 896-903, 2000. 

84. Long YC and Zierath JR. AMP-activated protein kinase signaling in metabolic 
regulation. J Clin Invest 116: 1776-1783, 2006. 

85. Lord CC, Wyler SC, Wan R, Castorena CM, Ahmed N, Mathew D, Lee S, Liu C, 
and Elmquist JK. The atypical antipsychotic olanzapine causes weight gain by targeting 
serotonin receptor 2C. J Clin Invest 127: 3402-3406, 2017. 



	

71	
	

86. Lublin H, Eberhard J, and Levander S. Current therapy issues and unmet clinical 
needs in the treatment of schizophrenia: a review of the new generation antipsychotics. Int Clin 
Psychopharmacol 20: 183-198, 2005. 

87. MacPherson RE, Baumeister P, Peppler WT, Wright DC, and Little JP. Reduced 
cortical BACE1 content with one bout of exercise is accompanied by declines in AMPK, Akt, 
and MAPK signaling in obese, glucose-intolerant mice. J Appl Physiol (1985) 119: 1097-1104, 
2015. 

88. Maher AR, Maglione M, Bagley S, Suttorp M, Hu JH, Ewing B, Wang Z, Timmer 
M, Sultzer D, and Shekelle PG. Efficacy and comparative effectiveness of atypical 
antipsychotic medications for off-label uses in adults: a systematic review and meta-analysis. 
JAMA 306: 1359-1369, 2011. 

89. Marangos PJ, Loftus T, Wiesner J, Lowe T, Rossi E, Browne CE, and Gruber HE. 
Adenosinergic modulation of homocysteine-induced seizures in mice. Epilepsia 31: 239-246, 
1990. 

90. Martins PJ, Haas M, and Obici S. Central nervous system delivery of the antipsychotic 
olanzapine induces hepatic insulin resistance. Diabetes 59: 2418-2425, 2010. 

91. McCulloch LJ, van de Bunt M, Braun M, Frayn KN, Clark A, and Gloyn AL. 
GLUT2 (SLC2A2) is not the principal glucose transporter in human pancreatic beta cells: 
implications for understanding genetic association signals at this locus. Mol Genet Metab 104: 
648-653, 2011. 

92. Michael MD, Kulkarni RN, Postic C, Previs SF, Shulman GI, Magnuson MA, and 
Kahn CR. Loss of insulin signaling in hepatocytes leads to severe insulin resistance and 
progressive hepatic dysfunction. Mol Cell 6: 87-97, 2000. 

93. Miyamoto S, Miyake N, Jarskog LF, Fleischhacker WW, and Lieberman JA. 
Pharmacological treatment of schizophrenia: a critical review of the pharmacology and clinical 
effects of current and future therapeutic agents. Mol Psychiatry 17: 1206-1227, 2012. 

94. Monaco C, Whitfield J, Jain SS, Spriet LL, Bonen A, and Holloway GP. Activation 
of AMPKα2 Is Not Required for Mitochondrial FAT/CD36 Accumulation during Exercise. PLoS 
One 10: e0126122, 2015. 

95. Musi N, Hayashi T, Fujii N, Hirshman MF, Witters LA, and Goodyear LJ. AMP-
activated protein kinase activity and glucose uptake in rat skeletal muscle. Am J Physiol 
Endocrinol Metab 280: E677-684, 2001. 

96. Narkar VA, Downes M, Yu RT, Embler E, Wang YX, Banayo E, Mihaylova MM, 
Nelson MC, Zou Y, Juguilon H, Kang H, Shaw RJ, and Evans RM. AMPK and PPARdelta 
agonists are exercise mimetics. Cell 134: 405-415, 2008. 

97. Newcomer JW. Second-generation (atypical) antipsychotics and metabolic effects: a 
comprehensive literature review. CNS Drugs 19 Suppl 1: 1-93, 2005. 



	

72	
	

98. Nielsen TS, Jessen N, Jørgensen JO, Møller N, and Lund S. Dissecting adipose tissue 
lipolysis: molecular regulation and implications for metabolic disease. J Mol Endocrinol 52: 
R199-222, 2014. 

99. O'Neill HM, Lally JS, Galic S, Thomas M, Azizi PD, Fullerton MD, Smith BK, 
Pulinilkunnil T, Chen Z, Samaan MC, Jorgensen SB, Dyck JR, Holloway GP, Hawke TJ, 
van Denderen BJ, Kemp BE, and Steinberg GR. AMPK phosphorylation of ACC2 is required 
for skeletal muscle fatty acid oxidation and insulin sensitivity in mice. Diabetologia 57: 1693-
1702, 2014. 

100. Pfeifer JC, Kowatch RA, and DelBello MP. Pharmacotherapy of bipolar disorder in 
children and adolescents: recent progress. CNS Drugs 24: 575-593, 2010. 

101. Pilkis SJ and Granner DK. Molecular physiology of the regulation of hepatic 
gluconeogenesis and glycolysis. Annu Rev Physiol 54: 885-909, 1992. 

102. Pillinger T, Beck K, Gobjila C, Donocik JG, Jauhar S, and Howes OD. Impaired 
Glucose Homeostasis in First-Episode Schizophrenia: A Systematic Review and Meta-analysis. 
JAMA Psychiatry 74: 261-269, 2017. 

103. Pringsheim T and Gardner DM. Dispensed prescriptions for quetiapine and other 
second-generation antipsychotics in Canada from 2005 to 2012: a descriptive study. CMAJ Open 
2: E225-232, 2014. 

104. Remington GJ, Teo C, Wilson V, Chintoh A, Guenette M, Ahsan Z, Giacca A, and 
Hahn MK. Metformin attenuates olanzapine-induced hepatic, but not peripheral insulin 
resistance. J Endocrinol 227: 71-81, 2015. 

105. Reynolds GP and McGowan OO. Mechanisms underlying metabolic disturbances 
associated with psychosis and antipsychotic drug treatment. J Psychopharmacol: 
269881117722987, 2017. 

106. Richter EA, Garetto LP, Goodman MN, and Ruderman NB. Muscle glucose 
metabolism following exercise in the rat: increased sensitivity to insulin. J Clin Invest 69: 785-
793, 1982. 

107. Richter EA and Hargreaves M. Exercise, GLUT4, and skeletal muscle glucose uptake. 
Physiol Rev 93: 993-1017, 2013. 

108. Rorsman P and Renström E. Insulin granule dynamics in pancreatic beta cells. 
Diabetologia 46: 1029-1045, 2003. 

109. Rossetti L, Giaccari A, Barzilai N, Howard K, Sebel G, and Hu M. Mechanism by 
which hyperglycemia inhibits hepatic glucose production in conscious rats. Implications for the 
pathophysiology of fasting hyperglycemia in diabetes. J Clin Invest 92: 1126-1134, 1993. 

110. Schultz SH, North SW, and Shields CG. Schizophrenia: a review. Am Fam Physician 
75: 1821-1829, 2007. 



	

73	
	

111. Shepherd PR and Kahn BB. Glucose transporters and insulin action--implications for 
insulin resistance and diabetes mellitus. N Engl J Med 341: 248-257, 1999. 

112. Shu Y, Sheardown SA, Brown C, Owen RP, Zhang S, Castro RA, Ianculescu AG, 
Yue L, Lo JC, Burchard EG, Brett CM, and Giacomini KM. Effect of genetic variation in 
the organic cation transporter 1 (OCT1) on metformin action. J Clin Invest 117: 1422-1431, 
2007. 

113. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, 
Fujimoto EK, Goeke NM, Olson BJ, and Klenk DC. Measurement of protein using 
bicinchoninic acid. Anal Biochem 150: 76-85, 1985. 

114. Steinberg GR, O'Neill HM, Dzamko NL, Galic S, Naim T, Koopman R, Jørgensen 
SB, Honeyman J, Hewitt K, Chen ZP, Schertzer JD, Scott JW, Koentgen F, Lynch GS, 
Watt MJ, van Denderen BJ, Campbell DJ, and Kemp BE. Whole body deletion of AMP-
activated protein kinase {beta}2 reduces muscle AMPK activity and exercise capacity. J Biol 
Chem 285: 37198-37209, 2010. 

115. Stroup TS, Lieberman JA, McEvoy JP, Swartz MS, Davis SM, Capuano GA, 
Rosenheck RA, Keefe RS, Miller AL, Belz I, Hsiao JK, and Investigators C. Effectiveness of 
olanzapine, quetiapine, and risperidone in patients with chronic schizophrenia after discontinuing 
perphenazine: a CATIE study. Am J Psychiatry 164: 415-427, 2007. 

116. Subramaniam M, Lam M, Guo ME, He VY, Lee J, Verma S, and Chong SA. Body 
mass index, obesity, and psychopathology in patients with schizophrenia. Journal of clinical 
psychopharmacology 34: 40-46, 2014. 

117. Sutherland C, O'Brien RM, and Granner DK. New connections in the regulation of 
PEPCK gene expression by insulin. Philos Trans R Soc Lond B Biol Sci 351: 191-199, 1996. 

118. Taly A. Novel approaches to drug design for the treatment of schizophrenia. Expert Opin 
Drug Discov 8: 1285-1296, 2013. 

119. Townsend LK, Peppler WT, Bush ND, and Wright DC. Obesity exacerbates the acute 
metabolic side effects of olanzapine. Psychoneuroendocrinology 88: 121-128, 2018. 

120. Underwood A and Newsholme E. Some properties of fructose 1,6-diphosphatase of rat 
liver and their relation to the control of gluconeogenesis. Biochemical Journal 95: 767-774, 
1965. 

121. van Nimwegen LJ, Storosum JG, Blumer RM, Allick G, Venema HW, de Haan L, 
Becker H, van Amelsvoort T, Ackermans MT, Fliers E, Serlie MJ, and Sauerwein HP. 
Hepatic insulin resistance in antipsychotic naive schizophrenic patients: stable isotope studies of 
glucose metabolism. J Clin Endocrinol Metab 93: 572-577, 2008. 

122. Venkatasubramanian G, Arasappa R, Rao NP, Behere RV, and Gangadhar BN. 
Adjuvant metformin worsens psychosis in schizophrenia: a case report. Prim Care Companion J 
Clin Psychiatry 12, 2010. 



	

74	
	

123. Vincent MF, Bontemps F, and Van den Berghe G. Inhibition of glycolysis by 5-
amino-4-imidazolecarboxamide riboside in isolated rat hepatocytes. Biochem J 281 ( Pt 1): 267-
272, 1992. 

124. Vincent MF, Erion MD, Gruber HE, and Van den Berghe G. Hypoglycaemic effect 
of AICAriboside in mice. Diabetologia 39: 1148-1155, 1996. 

125. Vincent MF, Marangos PJ, Gruber HE, and Van den Berghe G. Inhibition by AICA 
riboside of gluconeogenesis in isolated rat hepatocytes. Diabetes 40: 1259-1266, 1991. 

126. Walther A, Penz M, Ijacic D, and Rice TR. Bipolar Spectrum Disorders in Male 
Youth: The Interplay between Symptom Severity, Inflammation, Steroid Secretion, and Body 
Composition. Front Psychiatry 8: 207, 2017. 

127. Wasserman DH, Kang L, Ayala JE, Fueger PT, and Lee-Young RS. The 
physiological regulation of glucose flux into muscle in vivo. J Exp Biol 214: 254-262, 2011. 

128. Weiss U, Marksteiner J, Kemmler G, Saria A, and Aichhorn W. Effects of age and 
sex on olanzapine plasma concentrations. J Clin Psychopharmacol 25: 570-574, 2005. 

129. Wojtaszewski JF, Nielsen P, Hansen BF, Richter EA, and Kiens B. Isoform-specific 
and exercise intensity-dependent activation of 5'-AMP-activated protein kinase in human skeletal 
muscle. J Physiol 528 Pt 1: 221-226, 2000. 

130. Xu E, Kumar M, Zhang Y, Ju W, Obata T, Zhang N, Liu S, Wendt A, Deng S, 
Ebina Y, Wheeler MB, Braun M, and Wang Q. Intra-islet insulin suppresses glucagon release 
via GABA-GABAA receptor system. Cell Metab 3: 47-58, 2006. 

131. Yan T, Greene M, Chang E, Hartry A, Touya M, and Broder MS. All-cause 
hospitalization and associated costs in patients with schizophrenia or bipolar disorder initiating 
long-acting injectable antipsychotics. Curr Med Res Opin: 1-7, 2017. 

132. Zhang L, Dresser MJ, Gray AT, Yost SC, Terashita S, and Giacomini KM. Cloning 
and functional expression of a human liver organic cation transporter. Mol Pharmacol 51: 913-
921, 1997. 
 
 


