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Abstract 

Patients with schizophrenia have a reduced life expectancy compared to the general 

population. Second generation antipsychotics are commonly prescribed to patients, 

but treatment contributes to the increased mortality through adverse events, such 

as increased rates of diabetes. Olanzapine is considered to be one of the highest 

risk diabetogenic antipsychotics; it is known to promote insulin resistance and 

hyperglycaemia through pharmacological interaction with peripheral metabolic 

organs. Glucose stimulated insulin secretion (GSIS) from the pancreatic beta cells 

is fundamental to overall glucose homeostasis, but the impact on the function of the 

beta cells has not been thoroughly explored. This thesis aimed to test the hypothesis 

that olanzapine pharmacologically alters the viability or function of the pancreatic 

beta cells leading to reduced insulin secretion.  

The mouse MIN6 beta cell line was exposed to olanzapine for 24-72 hour and 

analysed for viability using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay, fluorescent staining and cell counts.  Following 72 hour 

exposure, insulin secretion in response to 2 hour glucose stimulation was 

determined by ELISA. Cellular lysates or mRNA was extracted and analysed by 

real-time qPCR for mRNA expression, or Western blot for protein analysis. 

Statistical analysis was carried out using two-way ANOVA and Bonferroni’s post-

test. 

There was no increase in cell death when exposed to 0.1–10 µM olanzapine, but 

these concentrations did cause a significant increase in proliferation in unstimulated 

conditions (p<0.01). Olanzapine treatment increased expression of cell cycle 

regulator cyclin D1 (p<0.05), and altered concentrations of components of the 

canonical Wnt/beta catenin signalling pathway (TCF7L2 and Axin2) indicating that 

olanzapine may disrupt activity in this pathway. Pre-treatment with 10 µM 

olanzapine significantly reduced GSIS (p<0.01) with no change in intracellular 

insulin concentration. There was significantly reduced cytoplasmic beta catenin 

(p<0.05) and increased axin2 (p<0.05), the central scaffold of the beta catenin 

destruction complex. Glycogen synthase kinase-3 (GSK3) is another component of 

the destruction complex, and addition of the GSK3 inhibitor 6-bromoindirubin-3'-

oxime (BIO) reduced activity of the beta catenin destruction complex leading to 
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significant increases in cytoplasmic accumulation and significantly improved insulin 

secretion (p<0.05).  

Beta catenin has been linked to insulin vesicle trafficking and these data imply that 

olanzapine alters beta catenin dynamics in MIN6 cells leading to a decline in 

function, reduced insulin secretion and hypertrophy. In patients treated with 

olanzapine, reduced beta cell function may add to hyperglycaemia and prevent 

adaptation to peripheral insulin resistance, advancing the development of diabetes 

and contributing to increased mortality.  
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1 Chapter 1: Introduction  
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1.1 Part 1: Severe mental illness and increased 

mortality 

  Severe mental illness 

Patients with severe mental illness (SMI) are at high risk of poor physical health, 

and have a significantly reduced life expectancy [1]. The lifetime mortality risk for 

SMI is worse than that for heavy smoking, and patients with SMI die on average 15- 

20 years earlier than the general population [2]. Lifestyle, healthcare, genetics, and 

medication all contribute to premature mortality through development of long term 

conditions such as diabetes and cardiovascular disease (CVD) [3].  

SMI is a term used to describe disorders that produce psychotic symptoms, and 

usually involves a diagnosis of schizophrenia, bipolar disorder, or major depressive 

disorder [4]. Almost all patients with a diagnosis of SMI are prescribed medication 

to manage symptoms, and the prevalence of type 2 diabetes is significantly higher 

in patients taking antipsychotic drugs [5]. It is thought that antipsychotic treatment is 

a central factor in the overall development of diabetes and CVD among patients, 

and there is a growing evidence base describing how some of the most commonly 

prescribed antipsychotic drugs cause rapid increases in weight, and 

hyperglycaemia [6, 7]. But there have been very few recent advances in treatment 

options, and in the absence of new antipsychotic agents, a thorough understanding 

of the drugs used presently might expose new approaches to improve current 

practice.     

 

1.1.1.1 Schizophrenia 

Symptoms of schizophrenia include positive symptoms of hallucinations, delusions 

and disordered thoughts, as well as negative symptoms such as social withdrawal 

and lack of motivation. While the lifetime prevalence is approximately 1%, the World 

Health Organisation (WHO) has highlighted the substantial burden of disease due 

to the young age of onset, low rates of remission and significant disability to patients 

[8]. WHO also emphasise that incidence is increasing worldwide [8], but with no cure 

available the aim of treatment is to reduce the frequency and severity of symptoms. 
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First line treatment involves oral antipsychotic medication in conjunction with 

psychological intervention [9].  

 

1.1.1.2 Bipolar disorder 

Bipolar disorder is characterised by recurrent periods of mania, involving abnormally 

elevated mood, disinhibited behaviour or irritability, and periods of depressed mood. 

The lifetime prevalence is approximately 1.4% [10], and associated disability is 

ranked higher than many common diseases such as asthma in people 15-44 years 

of age [11]. For the treatment of mania, first line options include haloperidol, 

olanzapine, quetiapine or risperidone [12]. And for the treatment of bipolar 

depression, a combination of fluoxetine and olanzapine, or quetiapine monotherapy 

is recommended [12]. 

 

1.1.1.3 Major depressive disorder 

Major depressive disorder (MDD) is also classified under the SMI umbrella, and 

comprises symptoms of severe depression such as changes in sleep, appetite, 

concentration and motivation, often accompanying suicidal thoughts. Prevalence 

has been estimated to be between 2% and 10%, and MDD is a major public health 

issue due to impaired quality of life and burden on the community through loss of 

productivity [13]. Treatment recommendation for mild to moderate depression is 

monotherapy with an antidepressant drug in conjunction with psychotherapy. First 

line treatment options for MDD often includes the addition of an antipsychotic drug 

if psychotic symptoms are also present [14]. 

 

  Antipsychotic treatment 

1.1.2.1 History 

The first antipsychotic medication, chlorpromazine, was developed in the 1950s for 

the treatment of acute and chronic psychosis. The discovery of chlorpromazine 

transformed psychiatric care [15] leading to further research and rapid development 

of many more antipsychotic drugs. Since then, pharmacological agents have 
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become dominant in the management of schizophrenia and today there are 

numerous different antipsychotic medications in use around the world. In the UK 

there are currently 24 antipsychotic drugs licensed for use [16]; this includes first 

generation agents such as haloperidol and flupentixol, and the newer second 

generation agents such as olanzapine, quetiapine and risperidone. More recently 

antipsychotic drugs have been found to be effective at managing conditions such as 

bipolar disorder [17],  psychotic depression [18] and obsessive compulsive disorder 

[19], consequently prescribing has increased markedly over the past few decades 

[20]. However, there are numerous side effects associated with antipsychotic 

treatment, ranging from neurological, metabolic, cardiovascular, gastrointestinal, 

haematological, or musculoskeletal [21]. Hence treatment can significantly impact 

the physical health of patients, and the choice of drug is balanced against 

acceptable side effects. 

 

1.1.2.2 First generation antipsychotics 

The pharmacological mechanisms of action of the first-generation antipsychotics 

(FGA) helped to formulate concepts regarding the physiology of schizophrenia. The 

D2 dopamine receptor was identified as a key target as antipsychotic potency 

directly corresponded to activity at these receptors [22]. Based on this observation 

the dopamine hypothesis of schizophrenia was established [23], which advocated 

that psychosis is caused by over-activity within the dopamine signal transduction 

pathways, and further FGA drugs were developed based on this theory [24]. 

However D2 receptors in the nigrostriatal pathway are involved in control of 

movement, and it was soon clear that D2 antagonism can cause debilitating 

extrapyramidal side effects (EPSE) such as Parkinsonism and tardive dyskinesia, 

which are common side effects of the FGA [25].  

 

1.1.2.3 Second generation antipsychotics 

Second generation antipsychotics (SGA) were developed to help reduce the 

problematic EPSE associated with FGA. Through simultaneous antagonism at 

serotonin 5-HT2A receptors SGA can increase dopaminergic transmission in the 

nigrostriatal pathway which reduces EPSE associated with D2 antagonism. Most 
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SGA possess more potent binding affinities for 5-HT receptors than for D2 receptors.  

In the presence of dopamine, SGA also quickly dissociate from the D2 receptors 

resulting in overall fewer dopaminergic side effects. 

As demonstrated in Table 1 antipsychotics commonly possess other complex 

binding profiles with activity at a variety of additional receptors including dopamine 

(D1, D3 and D4) and 5-HT (5-HT1A, 5-HT2, 5-HT6 and 5-HT7) as well as at histamine 

(H1), muscarinic (M1, M2, M3, M4 and M5) and adrenergic (α1 and α2) [25-27]. Despite 

the improvements regarding EPSE, the complex binding profile of SGA have been 

linked to many other adverse events such as weight gain, metabolic dysfunction, 

hyperprolactinemia, hyperlipidaemia, diabetes, cardiac arrhythmias, 

agranulocytosis, and sexual dysfunction [28]. 

 

 Receptor Ki (nM) 

Drug D1 D2 5HT2A 5HT2C H1 M (1-5) α1 α2 

Haloperidol 270 1.4 25 >5000 727 4669 19 >5000 

Aripiprazole 1960 0.74 8.7 76 25 6780 26 74 

Olanzapine 250 17 1.9 7.1 3.5 26 60 170 

Clozapine 540 150 3.3 13 2.1 34 23 160 

Quetiapine 4240 310 120 3820 19 1020 58 1000 

Risperidone 620 3.3 0.16 63 2.6 >5000 2.3 7.5 

Table 1 Receptor binding affinities of some commonly prescribed first and 
second-generation antipsychotic drugs. Data are in Ki (nM), the lower the Ki, the 
greater the affinity for the receptor. Modified from Kusumi et al. (2015) [27] 

 

1.1.2.4 Antipsychotic prescribing statistics 

The prescribing of antipsychotic drugs increased markedly over the last decade, 

although it is not clear if this is due to reduction in more harmful classes of drugs 

such as benzodiazepines, an increase in SMI diagnosis, or increasing population 

size [20].  
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The Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE) was a large 

multicentre double blind trial comparing some second generation antipsychotic 

drugs to a first generation drug, perphenazine, aiming to establish relative 

effectiveness. It is a widely regarded trial which enhanced the available knowledge 

of antipsychotic medication to help guide future treatment choices. The trial 

indicated that, with the exception of clozapine, no drug is superior to others in 

treatment of schizophrenia, and there is no clinical difference between second and 

first generation agents [29, 30]. Despite this; the prescribing of second generation 

antipsychotic medication prevails, and the most commonly prescribed 

antipsychotics in 2010 were second generation drugs olanzapine (24%), quetiapine 

(23%) and risperidone (17%) [18]. Clozapine is often regarded as the “gold 

standard” antipsychotic, utilised at times of treatment resistant schizophrenia when 

other antipsychotic drugs have failed. It is highly efficacious but carries high risks of 

severe side effects such as agranulocytosis that requires intensive clinical 

monitoring [29, 31]. 

Since the advent of second generation antipsychotic drugs, there has also been 

increased “off label” prescribing of these agents in the treatment of non-psychotic 

disorders such as sleep disorders, PTSD and dementia, as well as increased use in 

children and adolescents [32]. When evaluating antipsychotic prescribing trends in 

primary care, it was estimated that more than half of those treated with SGA have 

no record of SMI [18]. Considering the potential side effects and risks  of these 

drugs; widespread prescribing is a growing cause for concern, and may have 

harmful consequences for the health of the overall population, and not only those 

affected by SMI [33]. 

 

  SMI increases cardiovascular risk 

The reduced life expectancy of patients with SMI is chiefly attributed to 

cardiovascular disease (CVD). There is also increased risk of other medical 

illnesses such as respiratory tract disease or viral infection, as well as increased 

self-harm and suicide, yet CVD accounts for approximately 75% of deaths [34]. 

There are numerous complex and conflicting factors that increase the risk of CVD 

in patients, hence investigating the correlation between SMI and CVD is challenging.  
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The most prominent modifiable risk factors for CVD are hypertension, high 

cholesterol, glucose intolerance, obesity, smoking, and inactivity. Unhealthy diet 

and lifestyle behaviours such as smoking and high alcohol consumption often 

accompany SMI [35] and obesity and glucose intolerance are also very common 

[36] suggesting that lifestyle factors associated with SMI may significantly increase 

CVD risk. There is also a possible underlying genetic predisposition associated with 

SMI that promotes a state of metabolic dysregulation [37]. Furthermore, there is 

evidence that many second generation antipsychotics can directly increase 

incidence of several risk factors for CVD such as obesity, dyslipidaemia and glucose 

intolerance [38], therefore medication is likely to also play a dominant role. 

 

1.1.3.1 Metabolic dysfunction 

The strong link between SMI and CVD has led to increased focus on metabolic 

health of psychiatric patients. To aid clinicians in identifying patients who are at high 

risk of CVD, the concept of the metabolic syndrome (MetS) was introduced [3]. MetS 

is a term used to describe a cluster of metabolic abnormalities; abdominal obesity, 

hypertension, elevated triglycerides, and hyperglycaemia. MetS has also been 

termed the “insulin resistance syndrome”, as insulin resistance is central to the 

pathogenesis of MetS and the resultant associated CVD risks [39]. 

 

1.1.3.1.1 Definition 

The definition of MetS as defined by the International diabetes federation (IDF) is 

listed in Table 2 [40]. Key features of the MetS include increased abdominal fat 

distribution, insulin resistance, dyslipidaemia, and hypertension. A diagnosis is 

made if waist circumference is above the designated threshold (based on sex and 

ethnicity) alongside two other abnormal results.  
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Central obesity  

(intra-abdominal fat 
deposition) 

Waist circumference (dependent on ethnicity)  

Male ≥94 cm  

female ≥80 cm  

plus any two of the following  

Raised triglycerides ≥1.7 mmol/l 

Low HDL cholesterol Male <1.03 mmol/l  

Female <1.29 mmol/l 

Raised blood pressure Systolic ≥130 mmHg or diastolic ≥85 mmHg 

Raised fasting plasma 
glucose 

≥5.6 mmol/l 

Table 2 International Diabetes Federation metabolic syndrome definition [40] 

 

Sedentary lifestyle, unhealthy diet, excessive alcohol, and smoking are all 

associated with development of MetS, usually through initiation of obesity and 

inflammation. Weight gain, specifically visceral fat accumulation, leads to expanded 

adipose tissue mass which increases circulating free fatty acids (FFA). Increased 

circulating FFA inhibits insulin mediated glucose uptake into muscle tissue, leading 

to elevated plasma glucose and hyperinsulaemia [41]. Lipolysis of visceral fat 

supplies more FFA to the liver than subcutaneous fat, through the splanchnic 

circulation[42] [43]. At the liver, FFA increases hepatic glucose output, and increase 

secretion of very low density lipoproteins (VLDL) and triglycerides. Adiponectin is 

an anti-inflammatory and anti-atherogenic hormone, and increased adipose tissue 

mass reduces circulating adiponectin and increases leptin which is also directly 

correlated to CVD risk [41]. 

It is estimated that approximately 1 in 3 of patients with established SMI suffer from 

MetS, and as an initial step in the ensuing metabolic decline, this is a major concern 

in the field of psychiatric medicine [36]. There is growing evidence that commonly 

prescribed second generation antipsychotic drugs cause side effects that instigate 

or add to the development of metabolic dysfunction and MetS, which increases CVD 

risk [36, 38, 44]. 
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1.1.3.2 Diabetes  

The MetS is also a significant risk factor in the development of type 2 diabetes, 

which occurs when the pancreatic beta cells fail to secrete sufficient insulin to 

maintain euglycaemia. Hyperglycaemia is a hallmark of emerging diabetes, and is 

intricately correlated to MetS, but can also occur independently of MetS through 

failure of beta cells secondary to obesity, Insulin resistance, unhealthy diet, or beta 

cell toxicity. In the case of insulin resistance, the development of diabetes is a slow 

progression. Initially an increase in plasma glucose puts added pressure on the 

pancreatic beta cells to secrete extra insulin. Beta cell compensation occurs through 

increased beta cell mass, and increased insulin output [45], but if hyperglycaemia 

persists, beta cell compensatory mechanisms are eventually exhausted and 

diabetes ensues upon beta cell dysfunction [46, 47]. Dyslipidaemia and increased 

FFA, which are consistent features of the MetS, also have a negative impact on beta 

cell function, and LDL cholesterol has cytotoxic effects to beta cells [48], 

consequently reducing insulin secretion [49]. 

 

1.1.3.2.1 Definition 

The definition of diabetes as defined by the American Diabetes Association [50] is 

listed in Table 3. Diabetes is characterised by chronic hyperglycaemia and if a 

patient meets any of the criteria a diagnosis of diabetes is made. 

 

HbA1C ≥6.5% 

Fasting plasma glucose ≥7 mmol/l 

Oral glucose tolerance test  ≥11.1 mmol/l 

Random plasma glucose ≥11.1 mmol/l 

Table 3 ADA criteria for a diagnosis of diabetes [50] 

 

In a recent meta-analysis investigating rates of diabetes among patients with 

established SMI it was found that approximately 1 in 10 patients had a diagnosis of 

type 2 diabetes [5], at least 1 in 5 have significant hyperglycaemia [36], and the 
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overall risk of developing type 2 diabetes was at least double that of the general 

population [5]. Moreover, the rates of undiagnosed diabetes or hyperglycaemia are 

thought to be higher than this statistic [51]. Chronic hyperglycaemia leads to many 

microvascular and macrovascular complications. Endothelial damage can occur in 

the kidneys, retina and small blood vessels causing diabetic nephropathy, 

neuropathy and retinopathy. Hyperglycaemia and insulin resistance promote 

coronary artery disease, peripheral arterial disease and stroke.  Indeed, diabetes is 

an independent risk factor in the development of CVD [52], and CVD is one of the 

most common causes of death among those with a diagnosis of diabetes [53].  

It is suggested that second generation antipsychotic drugs increase risk of diabetes 

through increasing insulin resistance [54] or through beta cell toxicity [55]. Severe 

hyperglycaemia has been observed in patients treated with antipsychotics, often 

rapidly at the onset of treatment [56, 57], suggesting a pharmacological influence of 

antipsychotics on glucose regulation. The pathophysiology of SMI and lifestyle 

factors may also have a role in the underlying glucose dysregulation, but the 

incipient view is that antipsychotic medication has a substantial effect on glucose 

homeostasis, and this may be independent of other effects on metabolic parameters 

[58-60]. Even small changes in glucose homeostasis can have long term 

consequences to cardiovascular health, thus addressing the root cause of glucose 

dysregulation in SMI is of high importance. 

 

1.1.3.3 Clinical evidence 

Assessing the involvement of antipsychotics in the development of MetS and 

diabetes is challenging as there are very few placebo controlled trials available. The 

pathophysiology of SMI may increase risk of metabolic dysfunction over time [61] 

irrespective of treatment, and differentiating between an underlying risk associated 

with SMI, and a true side effect of treatment is difficult. Nonetheless, a growing 

evidence base including case reports, prospective trials, and retrospective and 

cohort studies implicates antipsychotic drugs as a major risk factor in the 

development of MetS and diabetes [7, 36, 57, 62, 63].   

In large scale meta-analyses, first episode and drug naïve patients have been 

demonstrated to have approximately 10% risk of MetS [44, 64].  But the rate of MetS 

reported in meta-analyses for those patients established on an antipsychotic drug is 
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approximately 35%, which is substantially higher than the reported baseline 

statistics [36]. Rates of MetS have been proven to be higher for those on long term 

treatment [3, 36], and the leading predictor  of risk is the choice of medication, as 

those taking certain antipsychotics,  such as clozapine or olanzapine have 

significantly greater risk than other antipsychotics [36, 44]. This evidence indicates 

that the cumulative effect of antipsychotic treatment alongside SMI pathophysiology 

and unhealthy lifestyle can increase metabolic dysfunction over time.  

In large scale meta analyses rates of hyperglycaemia and diabetes in first episode 

and unmedicated SMI patients are reported to be 6.4% and 2.1% respectively [44, 

64]. Whereas rates of hyperglycaemia and diabetes in patients established on 

antipsychotic treatment are 27.8% and 12.8% respectively [64]. In addition to 

numerous case reports of treatment emergent hyperglycaemia, worsening diabetes, 

and in severe cases, diabetic ketoacidosis (DKA) [65-68] this convincing evidence 

suggests that antipsychotic treatment has a significant impact on glucose 

homeostasis and diabetes. However, whether this is secondary to increases in rates 

of MetS, or a direct causation is not clear. 

Different antipsychotic medications have been shown to have markedly different 

effects on metabolic parameters [44]. In a recent network meta-analysis comparing 

18 antipsychotic drugs, it was shown that antipsychotics have a wide range of 

effects, and that olanzapine and clozapine are associated with the greatest decline 

in metabolic function [38]. Reports of hyperglycaemia, lipid dysregulation, and 

ketoacidosis are more common with olanzapine and clozapine than other 

antipsychotics, and olanzapine and clozapine are also most strongly associated with 

the highest rates of diabetes [5].  

 

1.1.3.3.1 Antipsychotic risk table 

Table 4 shows the relative risk of changes in different metabolic parameters 

associated with some common antipsychotics [38]. Results from clinical studies and 

animal studies most frequently pinpoint olanzapine and clozapine as the 

antipsychotics with the highest risk for MetS and diabetes. 
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Drug Weight BMI Triglycerides HDL 
cholesterol 

Glucose 

Haloperidol 0.1 0.08 0.63  0.59 

Aripiprazole 0.26 0.11 0.33 0.26 0.55 

Flupentixol 0.44     

Risperidone 0.58 0.56 0.39 0.51 0.46 

Quetiapine 0.65 0.68 0.71 0.59 0.47 

Sertindole 0.81 0.72 0.29  0.36 

Clozapine 0.90 0.85 0.97  0.97 

Olanzapine 0.92 0.93 0.83 0.76 0.67 

 

Table 4 Heat map of some commonly prescribed antipsychotic drugs ranked 
according to associated risk of change in weight, BMI, lipids and glucose. 
Data are P-score which ranks the antipsychotic on the basis of degree of metabolic 
dysregulation. P-score ranges from 0 -1 where 0 is low risk and a higher P-score 
indicates higher risk. Modified from Pillinger at al. (2020) [38] 

 

1.1.3.4 Animal models 

There are many conflicting factors that can affect the results of clinical studies 

investigating antipsychotic induced metabolic dysfunction and diabetes, especially 

in patients with a long history of mental illness or those receiving a combination of 

drugs. High rates of MetS in patients probably transpire as a result of numerous 

mechanisms, and in the event of severe metabolic side effects treatment may be 

stopped or changed. Thus it is difficult to make assumptions regarding comparable 

risk between antipsychotics based on clinical studies. The use of animal studies to 

investigate the effects of antipsychotic drugs on different metabolic parameters has 

been utilised to ensure other contributing factors can be controlled.  

There have been many rodent studies investigating antipsychotic induced changes 

in weight, insulin resistance, glucose and dyslipidaemia. While the effects of 

antipsychotic drugs on glucose regulation in rodents is similar to that observed in 

humans, the effect on weight and lipids has proven to be inconsistent [58]. Despite 

the suggestion that olanzapine and clozapine are associated with the greatest 
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weight gain, many rat models do not show any weight gain associated with 

olanzapine or clozapine [58]. There are distinct differences between female and 

male rats, which are not analogous to the clinical studies which consistently show 

increased body weight regardless of sex. Several studies have suggested that the 

changes in glucose regulation instigated by antipsychotics in rodents occur 

independently of weight gain [58, 69, 70]. This suggests that there may be a direct 

effect of antipsychotics to directly increase risk of hyperglycaemia and diabetes, and 

not just a secondary effect of increased obesity which has been often assumed.  

 

1.2 Part 2: Current evidence and proposed 

mechanism for olanzapine induced 

hyperglycaemia 

 

Olanzapine is one of the most frequently prescribed antipsychotic drugs for 

treatment of SMI [18], yet it is more commonly associated with diabetes than other 

first line drugs [38]. Clozapine has also been highlighted to be high risk for metabolic 

complications, but clozapine is used in specialist treatment programmes with 

intensive monitoring, and is reserved for treatment resistant schizophrenia where 

the risk: benefit ratio may be skewed. On the other hand olanzapine is commonly 

prescribed as a first line treatment option in SMI, where there may be less frequent 

patient contact, and hyperglycaemia can go unnoticed for longer.  

The most prominent side effects of olanzapine include weight gain, dyslipidaemia 

and hyperglycaemia [38]. While weight gain and dyslipidaemia are primary risk 

factors for MetS and CVD, here we reflect on the diabetogenic risk associated with 

these side effects. Both increased body weight and elevated circulating triglycerides 

promote a state of insulin resistance and hyperglycaemia (Figure 1). There is also 

evidence that olanzapine can pharmacologically alter peripheral insulin sensitivity, 

to increase risk of hyperglycaemia and diabetes. However, diabetes is characterised 

by a deficiency of insulin, yet the pharmacological effect of olanzapine at the 

pancreatic beta cells is less clear. In the face of increasing rates of diabetes in 

treated patients, we suggest that more research into the effect of olanzapine on beta 
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cell function is warranted. The next section will examine the current evidence 

describing the effect of olanzapine in organ systems involved in metabolic 

homeostasis, with a focus on propensity to cause hyperglycaemia.  

 

 

Figure 1 Illustration depicting three side effects of olanzapine; weight gain, 
dyslipidaemia and hyperglycaemia and how these are linked 

 

  Weight Gain 

1.2.1.1 Clinical evidence 

Central obesity is a key feature of the MetS, essential to meet the IDF diagnostic 

criteria [40]. Obesity is also a primary risk factor for insulin resistance and type 2 

diabetes. Compared with the general population, early stage schizophrenia and 

bipolar disorder significantly increase risk of overweight or obesity [7, 34] and 

approximately 1 in 2 patients with SMI are overweight [36]. Weight gain is a well-

known side effect of many antipsychotic drugs, and in a large network meta-analysis 

comparing 9 antipsychotics; Clozapine, olanzapine, sertindole, quetiapine, 

paliperidone, risperidone and lurasidone were all shown to significantly increase 

BMI. The meta-analysis found no evidence for BMI changes with haloperidol, or 

aripiprazole, when compared to placebo [38]. Although other studies have pointed 

out that no antipsychotic is body weight neutral, and all treatment is associated with 
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some increase in body weight over time [71]. Olanzapine is associated with the 

highest risk of severe weight gain, while haloperidol was considered the lowest risk 

[38].  

The Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE) trial found 

that 30% of patients treated with olanzapine gained over 7% of their baseline weight 

[72]. And weight gain in patients treated with olanzapine has been suggested to 

average approximately 4.15kg in the first 10 weeks of treatment, and up to 12kg in 

a year [73, 74]. There is also often an increase in subcutaneous and intra-abdominal 

fat deposition, which has been specifically linked to increased insulin resistance [75].  

 

1.2.1.2 Animal models 

Although olanzapine has been repeatedly shown to induce weight gain in clinical 

studies, in animal models the effect on weight is varying. One review of 29 studies 

only found evidence of weight gain in 16 studies, while nine showed no weight gain 

and four showed weight loss [58]. The difference possibly arises due to clear 

differences between the sexes, as in female rats olanzapine has been demonstrated 

to instigate rapid weight gain, which is reversible upon cessation of treatment [76], 

but male rats appear resistant to the side effect [77]. It is not clear why this 

discrepancy arises, and it is not reflective of clinical effects, where weight gain 

affects both males and females.  

It is suggested that olanzapine induces changes in food preference, thus the diet 

administered by different groups could have a significant effect on results. Smith et 

al. (2011) demonstrated that olanzapine treated rats had a strong preference for 

high fat, high sugar diet, and rats administered high fat diet had significantly higher 

body fat percentage at the end of the 42 day study compared to vehicle, while rats 

fed a normal chow diet had significantly lower than control [78]. Many groups allow 

ad libitum feeding, while others control the diet, which may explain some of the 

disparity. 
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1.2.1.3 Mechanism 

Many first generation antipsychotics that act primarily at D2 receptors, such as 

haloperidol, are associated with very little weight gain, and it is the extensive binding 

profile of second generation antipsychotics that is thought to cause this side effect. 

The histamine 1 (H1) receptor has most commonly been associated with olanzapine 

induced weight gain, as high H1 affinity of an antipsychotic is closely correlated to 

weight gain propensity [79]. As shown in Table 1 clozapine and olanzapine share a 

high affinity for the H1 receptor [80] and they also cause the most extensive weight 

gain. The hypothalamic region of the central nervous system (CNS) has a high 

density of H1 receptors, where histamine signalling is involved in food intake, and 

energy metabolism [81].  Several studies have determined that H1 antagonism by 

olanzapine and clozapine is linked to increased food intake in the early stages of 

treatment resulting in acute weight gain, and reduced energy expenditure is 

responsible the long term effects on weight gain [82]. (Figure 2) 

Olanzapine and clozapine also bind with high affinity to the serotonin 2C (5HT2C) 

receptor (Table 1) and it has been suggested that the 5HT2C receptor is also 

involved in antipsychotic induced weight gain [83]. Central 5HT2C receptors are 

involved in appetite regulation [84], and Kirk et al. (2009) put forwards that 5HT2C 

receptors may be more important than H1 in the initial stages of olanzapine induced 

weight gain [85].  In a study by Lord et al. (2017) olanzapine was administered to 

female C57BL/6 mice for 6 weeks, which resulted in weight gain, increased fat 

mass, and glucose intolerance [83]. When investigating the food intake and energy 

expenditure, it was observed that hyperphagia was required for olanzapine induced 

weight gain [83].  Mice lacking the 5HT2C receptor did not develop hyperphagia, 

weight gain or glucose intolerance, suggesting that it is through activity at this 

receptor that olanzapine increases appetite to increase weight gain [83]. (Figure 2) 
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Figure 2 Illustration depicting the proposed mechanisms involved in 
olanzapine induced weight gain. Olanzapine acts at H1 and 5-HT2C receptors to 
disturb the balance between food intake and energy expenditure, and also acts to 
directly increase adiposity. 

 

Adipose tissue is also a possible pharmacological target of olanzapine where the 

drug may directly increase adipose mass independently of increased food intake 

[77]. Lipids are stored (lipogenesis) or utilised (lipolysis) in adipocytes, and 

increased adiposity results from reduced lipolysis and increased lipogenesis [86]. It 

has been shown that adipocyte cell lines cultured with olanzapine have increased 

lipogenesis [87], and the lipolytic capacity is reduced [88]. Hence, olanzapine can 

increase adiposity and stimulate an increase in size of adipocytes [89]. Furthermore, 

olanzapine has been shown to upregulate peroxisome proliferator-activated 

receptor-γ (PPAR-γ) and CCAAT-enhancer binding protein β (C/EBPβ) in human 

and rodent pre-adipocytes which stimulates the progression from pre-adipocyte to 

adipocyte [88, 90] therefore increasing the overall adipose mass, and consequently 

increasing overall body mass.  
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  Dyslipidaemia  

1.2.2.1 Clinical evidence 

Dyslipidaemia is a major risk factor for diabetes, but also may be a symptom of 

diabetes, and a treatable risk factor for ensuing CVD [91]. At least 2 in 5 patients 

with schizophrenia have been shown to have lipid abnormalities. Dyslipidaemia is 

often not present at onset of treatment, so it is thought that it is a direct effect of 

antipsychotic use [36].  

Triglyceride production is usually regulated by non-esterified fatty acids (NEFA) 

which are secreted by adipose tissue into the circulation. At the liver NEFA 

stimulates triglyceride production as a source of energy. Insulin usually inhibits 

adipocyte NEFA secretion, and consequently inhibits hepatic secretion of 

triglycerides and VLDL, thus a lack of insulin or reduced insulin sensitivity 

associated with insulin resistance or diabetes can result in increased triglycerides 

[92].  

Antipsychotic use has been shown to stimulate an increase in triglycerides. In a 

large network meta-analysis comparing 15 antipsychotic drugs, triglyceride 

concentration was shown to be increased with olanzapine, quetiapine, and 

clozapine [38]. Total cholesterol has also been shown to be increased with 

quetiapine, olanzapine and clozapine, with clozapine ranked as the worst on both 

counts [38]. 

There are numerous studies that highlight the extent that triglyceride concentration 

is elevated in patients treated with olanzapine [93-95]. In a large cohort analysis, 

patients prescribed olanzapine have been shown to have more than 3 fold risk of 

hyperlipidaemia compared with other antipsychotic agents, and over 5 fold increase 

in risk compared to untreated patients [96]. The effect on triglycerides is more 

pronounced than cholesterol, and in one study, following 16 months olanzapine 

treatment, total cholesterol, LDL and HDL were not shown to be altered, but average 

triglyceride concentration was shown to be significantly elevated (2.7 mmol/l) [93].  

There is some disagreement whether hypertriglyceridaemia follows weight gain, or 

is an independent side effect of olanzapine. High triglycerides and low HDL 

cholesterol has been shown to be significantly more prevalent in olanzapine treated 

patients than unmedicated patients [97], or risperidone treated patients [98], but in 
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these studies, this was not correlated to a change in BMI. Conversely, in another 

study when correcting for changes in weight, it has been shown that increases in 

triglycerides are dependent on weight gain [95]. However there is a lack of 

quantitative data to confirm the link. 

 

1.2.2.2 Animal models 

The effect of olanzapine on lipids in animal models remains inconclusive, as some 

studies have detected no change in serum lipids, while others describe significant 

changes. The effect of olanzapine on body weight in female rats, and not male rats, 

has previously been demonstrated to involve increased appetite [76], hence the sex 

and diet of rodents used in the studies may delineate the differing results. In a study 

investigating if weight gain is the origin of dyslipidaemia, restricted feeding was used 

to reduce the rate of weight gain associated with treatment. Olanzapine was shown 

to cause a significant increase in triglycerides in both rats that gained weight, and 

control fed rats that did not [99]. Other serum lipids such as cholesterol were found 

to be unaffected by olanzapine. This suggests that olanzapine has a direct 

pharmacological effect to increase triglycerides unrelated to increases in body 

weight. 

 

1.2.2.3 Mechanism 

Plasma triglycerides are lipids that have been ingested in the diet, or secreted from 

hepatocytes in the form of VLDL particles. Adipose and muscle tissue containing 

lipoprotein lipase enzymes hydrolyse circulating triglycerides to generate FFA to be 

utilised for energy in the process of lipolysis, or to be stored in the process of 

lipogenesis. An increase in plasma triglycerides is likely to originate from increased 

hepatic secretion or reduced peripheral utilisation [100].  

Using cultured cell lines [87, 88, 90, 101-103], and in vivo animal models [104-107] 

numerous studies have found that antipsychotic drugs directly interfere with lipid 

homeostasis to influence changes in triglycerides, through activation of sterol 

regulatory element binding protein (SREBP) transcription factors. Olanzapine 

upregulates activity of SREBP1c which is central to the regulation of fatty acid 

synthesis, and SREBP2 which regulates cholesterol metabolism [58]. SREBP 
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activation induces hepatic de novo lipogenesis and cholesterogenesis [108], and in 

female rats, olanzapine and other antipsychotics have been shown to upregulate 

SREBP target genes in both liver and adipose tissue to increase circulating 

triglycerides [106, 109]. (Figure 3) 

It has been put forwards that the effect of olanzapine to increase SREBP activity 

may be downstream of AMP-activated protein kinase (AMPK). AMPK has central 

roles to regulate hepatic energy metabolism, and also has roles in glucose trafficking 

in the peripheral tissues. Olanzapine has been shown to reduce phosphorylation of 

AMPK in hepatocytes and 3t3-L1 adipocyte cells, resulting in enhanced SREBP 

dependent lipid synthesis [110, 111]. This suggests that the effect of olanzapine to 

increase triglycerides may be mediated through inhibition of AMPK. 

 

 

Figure 3 Illustration depicting olanzapine effect to increase SREBP and induce 

hepatic de novo lipogenesis and increase plasma triglycerides.  

 

  Hyperglycaemia 

1.2.3.1 Clinical studies 

At least 1 in 5 patients with SMI experience hyperglycaemia [36], and rates of 

hyperglycaemia are significantly higher in patients established on antipsychotic 
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drugs than first episode and unmedicated patients which implies that it is a side 

effect associated with treatment [64]. The presence of hyperglycaemia indicates that 

there is a dysregulation in the neuro-hormonal regulation of glucose, this could be 

due to insulin resistance, beta cell insufficiency, or a combination of effects [112].  

Plasma glucose is usually maintained at normal fasting levels between 3.9 - 5.5 

mmol/l. Hyperglycaemia is defined as a fasting plasma glucose ≥5.6 mmol/l and 

diabetes as fasting glucose ≥7 mmol/l [50]. In a large scale network meta-analysis 

comparing 16 different antipsychotics, elevated fasting glucose concentration has 

been consistently evident in patients treated with olanzapine and clozapine, while 

the evidence is weak for glucose changes with amisulpiride, sertindole, quetiapine, 

risperidone, paliperidone, aripiprazole, or haloperidol [38]. Olanzapine treatment is 

associated with a considerable elevation of glucose levels [6], and in the European 

First-episode schizophrenia trial (EUFEST) following one year of olanzapine 

treatment, 21% of patients had shifted from normal fasting glucose levels to 

hyperglycaemia ≥5.6mmol/l [113].  

Hyperglycaemia has a complex aetiology with many possible causes. Different 

research groups have utilised different experimental techniques to investigate the 

hyperglycaemic liability of olanzapine. Oral glucose tolerance test (OGTT) or IV 

glucose tolerance test (IVGTT) measures blood glucose following ingestion or 

infusion of glucose, and is a measure of overall glucose homeostasis. 

Hyperinsulinemic euglycemic clamp involves an infusion of insulin and glucose to 

measure peripheral insulin sensitivity [114], and the hyperglycaemic clamp involves 

a continuous infusion of glucose as a measure of insulin secretion response from 

beta cells [115]. However, intensive glucose monitoring techniques are often 

impractical in acutely unwell patients, and many clinical studies lack sufficient power 

to make conclusions regarding the root cause of olanzapine induced 

hyperglycaemia. 

 

1.2.3.2 Glucose tolerance 

Newcomer et al. (2002) investigated fasting glucose, OGTT, and peripheral insulin 

resistance using the homeostatic model assessment for insulin resistance (HOMA-

IR) calculations, in patients who were stable on antipsychotic treatment [57]. 

Patients treated with olanzapine had significantly higher fasting glucose, and 
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elevated glucose levels at all time points following an OGTT compared to untreated 

matched healthy controls, suggestive of dysregulated glucose homeostasis. There 

was also a modest increase in HOMA-IR suggesting that at least part of the 

hyperglycaemia was related to insulin resistance, possibly secondary to obesity [57]. 

However patients included in this small study had a range of treatment durations, 

disease history and polypharmacy, which limits its usefulness.   

 

1.2.3.3 Insulin sensitivity 

A report by Sacher et al. (2008) added to the evidence that olanzapine increases 

insulin resistance. The hyperinsulinemic euglycemic clamp procedure was used to 

investigate peripheral insulin sensitivity of healthy volunteers administered 

olanzapine for 10 days [116]. Olanzapine treatment resulted in significantly reduced 

insulin sensitivity, and while there was a small but significant increase in mean 

weight during the short 10 day exposure, reduced insulin sensitivity was not 

attributed to the weight gain [116]. This suggests that olanzapine may have a direct 

effect to reduce insulin action in the periphery independently of weight gain. This 

theory is supported by other studies where olanzapine increased fasting glucose, 

unrelated to weight gain [98, 117]. However, the techniques used in this this study 

do not allow for quantification of beta cell insulin response. 

 

1.2.3.4 Insulin secretion 

The hyperglycaemic clamp is a technique used to investigate beta cell response to 

a steady infusion of glucose. Sowell et al. (2002) investigated the effect of short term 

treatment with olanzapine compared to placebo on insulin secretion in healthy 

volunteers [118]. There were significant increases in first phase, second phase and 

total insulin secretion compared to baseline for volunteers treated with olanzapine 

for 15 – 17 days. But it was concluded that increases in insulin secretion were 

correlated with significant increases in BMI, and using multivariate regression 

analyses, when data were corrected for weight gain there was no evident change in 

insulin secretion [118]. Indeed, increased body mass can increase beta cell mass 

through compensation mechanisms to significantly increase insulin output [45], 

which could explain the increased insulin secretion compared to baseline. But 
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without a control group with equal weight gain, it is unclear from this if the increase 

in insulin secretion is optimal for glucose control. In these small trials duration has 

been short, and healthy volunteers have often been tested, which does not replicate 

clinical practice. Ongoing pathophysiology and unhealthy lifestyle may also be 

involved in the metabolic dysregulation observed in patients, which may predispose 

patients to the increased side effects.  

A further study by Chiu et al. (2010) used the IVGTT to investigate glucose and 

insulin response in drug naïve schizophrenic patients treated with olanzapine for 8 

weeks [119]. In contrast to the report by Sowell et al. (2002)[118] compared to 

baseline there was a significant reduction in insulin secretion following 2 weeks of 

treatment, followed by increases at 4 and 8 weeks [119]. Mean body weight 

increased during the study, reaching significance at 4 weeks; so the increase in 

insulin response at 4 and 8 weeks is likely an adaptive beta cell response. However, 

the insulin response at 4 weeks was equal to baseline, despite the significant weight 

gain; therefore the beta cell response may indeed be insufficient. In the absence of 

an adequate control group with equal weight gain or insulin resistance, an effect on 

the beta cell response cannot be concluded from these studies. 

The clinical data indicated that olanzapine induces weight gain, and leads to insulin 

resistance, and there is evidence to suggest that insulin resistance arises via a 

separate mechanism to weight gain. Hyperglycaemia is usually countered by beta 

cell adaptations, and it is very difficult to determine if there are changes to the normal 

insulin response in humans due to the conflicting effects of insulin resistance on 

beta cell function. Nonetheless, during the past decade reports have emerged that 

suggest olanzapine causes severe hyperglycaemic states that are feasible to 

involve beta cell dysfunction [120]. There are a number of reports linking olanzapine 

to exacerbation of existing diabetes [121], new onset diabetes [122], and diabetic 

ketoacidosis (DKA) [123, 124]. Indeed patients treated with any SGA have 

approximately 10 times the risk of developing DKA compared to the general 

population [125], but of all the SGA there have been more reports of DKA associated 

with initiation of olanzapine, usually within 5 months of treatment [126]. DKA is a 

symptom of severe hyperglycaemia that signifies an overt lack of insulin, which 

infers that in addition to increased insulin resistance, olanzapine treatment may 

reduce insulin secretion from beta cells.  

 



43 
 

1.2.3.5 Animal models 

Clinical studies investigating hyperglycaemia associated with olanzapine are 

restricted by the conflicting effects of weight gain, previous antipsychotic use, and 

duration of illness that can all also considerably impact glucose homeostasis. 

Clinical studies are also limited by the ability to regularly test blood glucose levels 

at times of acute illness, and the intensive OGTT and hyperglycaemic clamp 

procedures that are reliable measures of glucose dysregulation, are costly and 

impractical to carry out regularly in practice. Using animal models, glucose 

dysregulation can be more thoroughly investigated than is practical in patients, 

although different responses between female and male rats, and the different 

metabolic rates of rodents leads us to approach the results cautiously.  

 

1.2.3.6 Acute effects 

Acute olanzapine has been shown to induce a state of hyperglycaemia in rats and 

mice. There are observed elevations of plasma glucose, insulin [127], glucagon [78], 

and corticosterone [128] shortly after an acute olanzapine infusion. It has also been 

shown that acute increases in glucose are correlated to the dose of olanzapine 

administered, as higher doses lead to higher glucose concentration [129]. Chintoh 

et al. (2008) carried out a series of comprehensive investigations following acute 

olanzapine exposure [130] and demonstrated that peripheral and hepatic insulin 

sensitivity was significantly decreased, there was acutely increased glucose levels, 

as well as impaired pancreatic beta cell response [130].  

It is suggested that hyperglycaemia associated with acute administration 

predominantly occurs through an increase in hepatic glucose output (HGO) [78]. 

Houseknecht et al. (2007) and Chintoh et al. (2008) confirmed using radiolabelled 

glucose that HGO is significantly increased by acute olanzapine [130, 131]. Insulin 

usually inhibits HGO, but acute olanzapine was shown to prevent the inhibitory 

effect of insulin on HGO, suggesting there is a pharmacological interaction at the 

liver to increase plasma glucose levels [131].  Peripheral insulin resistance is also 

identified as a major contributor to hyperglycaemia following olanzapine 

administration. HOMA-IR is increased by acute olanzapine [132], and 

hyperinsulaemic euglycaemic clamp equally shows significantly recued insulin 

sensitivity in the periphery [130, 131]. 
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Following acute administration, Chintoh et al. (2008) used the hyperglycaemic 

clamp technique and revealed a significant reduction in insulin secretion from the 

pancreatic beta cells [130]. Plasma Insulin levels following olanzapine 

administration were approximately 50% of control, and there was a diminished 

biphasic insulin response to prolonged glucose stimulation [130]. Where other 

studies have reported an increase in plasma insulin following acute olanzapine [69], 

this has been alongside elevated glucose; therefore it is likely glucose stimulated 

secretory response rather than a stimulatory drug effect. The use of the 

hyperglycaemic clamp has the advantage of controlling the plasma glucose to more 

thoroughly investigate insulin secretory response compared to a control.  

 

1.2.3.7 Chronic effects 

1.2.3.7.1 Fasting hyperglycaemia 

The effect of an acute dose of olanzapine is not reflective of clinical practice, where 

treatment is usually ongoing. Chronic olanzapine has also been widely investigated 

in rodents, and has shown that the acute effects of peripheral and hepatic insulin 

resistance continue into chronic effects [70, 133-135]. Conversely, the effect of 

chronic olanzapine on fasting glucose is discordant as several studies suggest there 

is no change whereas other reports propose that there is a significant elevation. 

Some studies have shown that fasting glucose is unchanged by chronic olanzapine 

treatment for 21 days [133], 28 days [70] or 8 weeks [135, 136]. While other reports 

suggest there are small but insignificant elevations in fasting glucose following 

chronic exposure for 8 weeks [134], and others list significant elevations in fasting 

glucose [137] and significant elevations  in random (unfasted) glucose [136, 138]. 

In a recent study by Ersland et al. (2019) female rats were administered long acting 

injections (LAI) of olanzapine for a period of 13 months, it was demonstrated that 

following 1 month of treatment fasting glucose was elevated, but over time it 

decreased [139].  

There are several possible reasons for the disparity between results. Rodents have 

a high metabolic rate and feed during the dark cycle, hence an overnight fasting 

duration is analogous to starvation, causing significant depletion of glycogen 

reserves and lipolysis [140]. 5 hours is considered sufficient fasting time to assess 

fasting glucose in mice, however different groups have utilised different fasting times 
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such as 2 hours [139], 6 hours [138], 7 hours [133], or overnight [70, 134]. 

Furthermore, due to their high metabolic rate, olanzapine has a much shorter half-

life in rodents; 2.5 hours compared to approximately 30 hours in humans [141]. 

Therefore the mode of drug administration is significant as fluctuating plasma drug 

levels could significantly influence the effect. Different groups have utilised different 

modes of administration, with some using osmotic mini pumps [70, 133, 138], others 

using oral gavage [134, 135], and other using LAI [139]. Osmotic mini-pumps have 

been utilised by several groups to administer a continuous infusion that bypasses 

the issues relating to the short half-life [60, 70, 133], however it has been pointed 

out that drug degradation in the mini-pump reservoir results in decreasing 

concentration over time, thus reducing reliability of results [142].  LAI has been 

shown to produce stable plasma olanzapine concentrations [143], but long term 

studies using LAI olanzapine have not reported changes in blood glucose as a 

primary outcome [139, 144]. 

 

1.2.3.7.2 Glucose tolerance 

The OGTT is a measure of glucose tolerance following ingestion of glucose, but 

reports of plasma glucose following an OGTT in rodents are similarly varying. Some 

studies show that up to 8 weeks olanzapine treatment results in no difference in 

area under the curve (AUC), but suggest there is a significant difference in plasma 

glucose at the early time points following the glucose challenge [135, 138]. A similar 

pattern was observed following a year of LAI olanzapine [139] which suggests there 

may be alterations in first phase insulin response instigated by olanzapine. 

Interestingly there was concurrent elevated plasma  insulin at the late stages of the 

OGTT highlighting a potential derangement  of both first and second phase insulin 

secretion [139]. Other reports suggest there is a significant increase in plasma 

glucose following OGTT, up to 2 fold compared to control [133, 134, 137], although 

this has been shown to be dose dependent, as there was no significant effect at a 

lower olanzapine concentration.  

 

1.2.3.7.3 Insulin Resistance 

Chronic olanzapine has frequently been associated with increased fasting insulin 

which is a hallmark of insulin resistance [134, 135]. Likewise, HOMA-IR has been 
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shown to be significantly increased in several studies [133-135], implying that 

olanzapine increases insulin resistance. Chintoh et al. (2008) used the euglycaemic 

clamp to investigate insulin resistance in female rats administered olanzapine for 4 

weeks, and showed there was a significant reduction in insulin sensitivity and an 

increase in hepatic glucose production. Added to the previous evidence that acute 

olanzapine inhibits the action of insulin to suppress hepatic glucose production and 

increase peripheral glucose uptake, this strengthens the theory that olanzapine has 

a direct pharmacological action to increase insulin resistance [70].  

 

1.2.3.7.4 Insulin secretion  

Insulin secretion following chronic olanzapine treatment has not been as thoroughly 

investigated. Shah et al. (2016) raised an interesting observation regarding the 

histopathological changes to the pancreas in male rats administered olanzapine. 

There was derangement of beta cells, and an increase in amylase and lipase [136]. 

It has also been noted that pancreatic tissue of female rats administered olanzapine 

for 21 days had significantly higher insulin content compared to control [133]. 

Although, this is likely to be correlated to increases in weight gain as the beta cell 

mass can dynamically expand in response to increased requirements  through beta 

cell compensation [45].  

Chintoh et al. (2008) utilised the hyperglycaemic clamp to investigate insulin 

secretion following 4 weeks of chronic olanzapine, but found no change in  insulin 

secretion at any time point compared to control [70]. However, compared to control, 

olanzapine treated rats had significantly higher visceral fat and reduced insulin 

sensitivity, thus we conjecture that beta cell compensation would have resulted in 

an increase in insulin secretion compared to control, but this was not evident. 

Chintoh et al. (2008) also tested the insulin secretory response in the final 

experimental stages, after 300 minutes of previous tests including 

hyperinsulinaemic clamp and glucose infusion which may have had residual effects 

to influence insulin secretion [70].  

Ader et al. (2005) also proposed that chronic olanzapine administration in dogs 

dramatically impaired the normal beta cell compensatory response to insulin 

resistance [56]. Dogs were administered olanzapine, risperidone or high fat diet for 

4-6 weeks, and all conditions resulted in increased adiposity and insulin resistance. 
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But olanzapine treated dogs did not respond with any upregulation of beta cell 

output, compared to risperidone or high fat diet which elicited an adequate beta cell 

compensatory response to insulin resistance [56]. Interestingly, insulin secretion 

was not impaired, only beta cell adaptations to insulin resistance were impaired. 

This exposes weakness in several other clinical and animal studies that do not 

adequately control for weight gain or insulin resistance, and are thus unable to 

determine if the beta cell response is appropriate for the degree of insulin resistance 

or adiposity caused by olanzapine.  

 

1.2.3.8 Mechanism 

As depicted in Figure 4 blood glucose homeostasis is regulated through a complex 

hormonal network between pancreatic beta cells, alpha cells, liver, muscle, adipose 

and the central nervous system (CNS) [145]. Due to the complex multifactorial 

regulatory system, it is challenging to determine the full mechanism through which 

olanzapine induces hyperglycaemia. The in vivo data suggest that olanzapine 

primarily causes hyperglycaemia through an increase in hepatic and peripheral 

insulin resistance [130]. But due to the additional influence that weight gain and 

insulin resistance have to concurrently modify beta cell function the in vivo data are 

less strong regarding beta cell insulin secretory function. 
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Figure 4 Simplified illustration depicting the organs and hormones involved 
in glucose homeostasis. An increase is plasma glucose stimulates the pancreatic 
beta cells to secrete insulin, which stimulates glucose uptake in muscle, adipose, 
and liver. In the absence of glucose, alpha cells secrete glucagon which stimulates 
glycogenolysis and gluconeogenesis from the liver to increase plasma glucose 
concentration. The Central nervous system senses changes in glucose, nutrients, 
insulin and leptin and has a regulating role in hepatic glucose output and peripheral 
glucose uptake. 

 

1.2.3.8.1 Glucose homeostasis 

Glucose homeostasis is regulated through complex interaction between the major 

metabolic organs. As portrayed in Figure 4 an increase in plasma glucose following 

a meal stimulates insulin secretion from beta cells. Skeletal muscle cells and 

adipocytes are highly sensitive to insulin, and insulin facilitates glucose transport by 

binding to membrane bound insulin receptors (IR) to activate an intracellular 

cascade of events. Consecutively there is translocation of GLUT4 glucose 

transporters to the cell membrane which allows glucose to rapidly enter the cell 

[146]. At the liver, insulin inhibits gluconeogenesis and stimulates hepatic glycogen 

synthesis to store excess glucose. When circulating glucose levels decrease, insulin 

secretion from the beta cells stops, and the pancreatic alpha cells secrete glucagon 

to stimulate hepatic glucose production. Glucose production occurs in the form of 

glycogenolysis or gluconeogenesis and this hepatic glucose output prevents blood 
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glucose levels from dropping too low and ensures that vital organs such as the brain 

have a constant supply of energy [145, 147].  

The central nervous system also has a regulatory role in the process of glucose 

homeostasis. The brain detects changes in hormones and nutrients and through 

neuronal networks it can modulate various aspects of metabolism [148]. Insulin or 

leptin signify long term energy stores, while nutrients, glucose, and circulating free 

fatty acids indicate short term energy availability. In response to variations in energy 

balance, the brain stimulates changes in appetite, food intake and energy 

expenditure [149]. The CNS can also regulate hepatic glucose output via autonomic 

efferent vagal nerves, where sympathetic innervation can increase hepatic output 

and parasympathetic innervation can potentiate insulin mediated inhibition of 

gluconeogenesis [150]. Insulin action in the hypothalamus has been shown to 

potently supress hepatic glucose output [151], suggesting the hypothalamus is an 

important component of glucose homeostasis.  

 

  Insulin resistance 

1.2.4.1 Secondary to obesity 

Due to the high rates of overweight and obesity in patients treated with olanzapine, 

it has been put forward that insulin resistance and hyperglycaemia occurs 

secondary to obesity. In obesity and states of inflammation there are increased 

levels of circulating hormones, cytokines and NEFAs which can all impact the 

normal insulin stimulated glucose uptake pathways, as well as triggering 

inappropriate stimulation of hepatic gluconeogenesis which can result in 

hyperglycaemia [152, 153]. However, several in vivo studies have shown that 

glucose intolerance is present in the absence of weight gain [60, 131], and other 

reports have demonstrated a direct pharmacological effect of olanzapine at skeletal 

muscle cells and hepatocytes. There may be a contribution of increased adiposity 

on insulin resistance and hyperglycaemia, but it is likely to be amplified by other 

pharmacological effects.  
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1.2.4.2 Adipose and muscle 

In vivo studies have established using hyperinsulaemic clamps and HOMA-IR 

assessments that there is a reduction in peripheral insulin sensitivity following 

olanzapine treatment [70, 133, 154]. As depicted in  Figure 5 at the skeletal muscle 

and adipose tissue, insulin acts at the insulin receptors to stimulate downstream 

phosphorylation of insulin receptor substrates  (IRS) that in turn stimulate multiple 

downstream signalling pathways [155].  Activation of the IRS/ phosphatidylinositol 

3-kinase (PI3K)/ Akt (protein kinase B) pathway is involved in the translocation of 

GLUT4 receptors to the membrane for glucose uptake into the cell [156]. Peripheral 

insulin resistance is associated with reduced signalling in the IRS/PI3K pathway, 

which results in reduced glucose uptake and hyperglycaemia [157].  

In vitro studies have shown that olanzapine can directly inhibit insulin signalling in 

muscle and adipose cells which may be linked to altered glucose uptake. The L6 

myotube cell line is a model of rat skeletal muscle, and 72 hour olanzapine 

incubation was shown to reduce IRS1 tyrosine phosphorylation in response to 

insulin, and reduce downstream PI3K signalling [158]. There was consecutive 

reduction in phosphorylation of AKT and GSK3 and reduced concentration of 

glycogen within the cells, signifying that olanzapine can induce insulin resistance 

through direct inhibition of insulin signalling in skeletal muscle [158]. In fibroblast 

cells olanzapine also reduced phosphorylation of IRS1 [159], and in 3T2-L1 adipose 

cells olanzapine dose and time dependently inhibited insulin stimulated glucose 

uptake through a reduction in AKT phosphorylation and reduced GLUT4 

translocation to the membrane [160, 161].  
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Figure 5 Simplified illustration of insulin signalling in insulin sensitive cells. 
Membrane bound insulin receptors initiate an intracellular signalling pathway 
leading to translocation of GLUT4 receptors to the membrane for glucose uptake. 

 

1.2.4.3 Hepatic insulin resistance 

The liver is fundamental to overall glucose homeostasis, in the fed state glycogen 

is synthesised and accumulates in hepatocytes, and in the fasted state glycogen is 

hydrolysed to produce glucose in the process of glycolysis. The liver is a major target 

of insulin, and downstream insulin signalling is also initiated by activation of IRS1 

and IRS2 to regulate hepatic lipid and glucose metabolism [162]. Similarly to the 

skeletal muscle and adipose, olanzapine has been demonstrated to interfere with 

insulin/ IRS/ PI3K signalling in hepatocytes [134, 163]. Dysregulated IRS signalling 

is central to development of hepatic insulin resistance. 

Tyrosine phosphorylation of IRS initiates downstream signalling, but it is put forward 

that serine phosphorylation has a negative regulatory function [164]. 

Phosphorylation of IRS1 at ser307 and IRS2 at ser731 has been shown to be 

significantly increased in the liver of rats administered olanzapine  for 8 weeks [134], 

and downstream PI3K signalling was also significantly reduced.  
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Downstream of IRS/ PI3K activation, is activation of AKT, which has numerous 

intracellular targets such as glycogen synthase kinase 3 (GSK3) which is involved 

in glycogen synthesis, FOXO-1 which is involved in regulating enzymes involved in 

gluconeogenesis, and mTOR which is involved in protein synthesis. Following four 

weeks of olanzapine administration, there was upregulated expression of hepatic 

GSK3β, as well as significant increases in expression of the enzyme glucokinase 

(GCk) [138]. There was also observed activation of mammalian target of rapamycin 

(mTOR) and AMPK and it was suggested that olanzapine induces anaerobic 

glycolysis which depletes hepatic glycogen reserves [138]. These data strongly 

suggest that olanzapine disrupts hepatic glucose metabolism through interaction 

with the IRS/ PI3K/AKT pathway. (Figure 6) 

 

 

Figure 6 Simplified illustration of insulin signalling at hepatocytes. Membrane 
bound insulin receptors initiate an intracellular signalling pathway leading to 
increased protein and glycogen synthesis, and decreased gluconeogenesis 

 

In vivo studies also indicate that olanzapine increases hepatic glucose output. 

Glycolysis and gluconeogenesis are the two key processes involved in glucose 

synthesis, which are usually regulated by insulin, glucagon and adrenaline [165], as 

well as hypothalamic stimulation [166]. A further potential mechanism for increased 

glucose output is increased glucagon or adrenaline stimulation. In vivo studies have 

demonstrated that olanzapine can increase glucagon secretion [78] which acts at 
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the liver to stimulate glucose production. Acute increases in plasma glucose have 

also been correlated to serum adrenaline which has been increased in response to 

high dose olanzapine administered to rats [127]. Acute glucose elevations have 

been demonstrated to be inhibited by propranolol, a β receptor inhibitor [127] as well 

as an α2 receptor antagonist, suggesting there may be involvement of the 

sympathetic nervous system [129]. 

Treatment with olanzapine for 8 weeks has also been shown to increase expression 

of TCF7L2 in liver, as well as skeletal muscle and adipose tissue [135]. Using 

multiple linear regression analysis, hepatic TCF7L2 protein level was significantly 

correlated to changes in body weight, HOMA-IR and glucose tolerance. TCF7L2 is 

a member of the TCF family that forms a bipartite transcription factor with beta 

catenin to influence transcription of many genes, and is a key effector of the Wnt 

signalling pathway [167]. TCF7L2 has recently gained noteworthy attention as a 

susceptibility gene for type 2 diabetes [168]; hence a documented interaction with 

this transcription factor is an interesting development. In a model of liver specific 

over expression of TCF7L2 there has been a measurable increase in hepatic 

glucose production, and resulting hyperglycaemia [169], thus pharmacological 

interaction with TCF7L2 may also be involved. 

 

  Beta cell dysfunction 

The pancreatic beta cells synthesise, store, and secrete insulin to maintain plasma 

glucose concentration within a narrow range [170]. Insulin is secreted from the 

pancreatic beta cells in response to fluctuations in plasma glucose, and the beta cell 

mass is adaptive to fluctuating insulin requirements and can increase mass and 

secretion at times of increased demands[45]. Insulin resistance itself does not cause 

diabetes, but if there is additional beta cell dysfunction, diabetes follows. But while 

the evidence for peripheral and hepatic insulin resistance is strong, there is 

presently insufficient evidence to make conclusions relating to olanzapine influence 

on beta cell function, and any potential pharmacological mechanisms involved.  

The in vivo results have suggested that acute olanzapine has a significant effect to 

reduce insulin secretion, but the in vitro evidence for olanzapine induced changes 

in insulin secretion is insufficient. Melkersson et al. (2001, 2004) investigated insulin 

secretion in primary rat islets and INS-1 beta cell lines in response to antipsychotic 
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treatment [171, 172], and suggested that up to 4 hour exposure to olanzapine 

increased basal insulin secretion but had no significant effect on glucose stimulated 

insulin secretion (GSIS). Conversely, a recent study by Nagata et al. (2019) 

demonstrated that acute exposure to therapeutic concentrations of olanzapine for 

one hour significantly reduced insulin secretion from hamster HIT-T15 cells to 

approximately 80% of control [173]. Several studies have also suggested that the 

structurally related antipsychotic, clozapine, induces a dose and time dependent 

reduction in GSIS [174, 175] thus olanzapine might have a similar effect during 

longer incubation times or at higher concentrations. 

 The most common mechanism proposed for reduced insulin secretion involves 

interaction with the muscarinic M3 receptor, as both olanzapine and clozapine share 

high affinity for M3 receptors and also have the highest risk of development of 

diabetes [176]. It is put forward that parasympathetic acetylcholine can regulate 

insulin secretion through beta cell M3 receptors, although the evidence to support 

olanzapine interaction with beta cell M3 receptors to reduce insulin secretion is 

mostly theoretical. Olanzapine was shown to inhibit insulin stimulation by the 

cholinergic agonist carbachol in primary rat islets, suggesting it may inhibit 

acetylcholine stimulated secretion [177]. But there was no effect on GSIS during the 

short 60 minute drug exposure, thus it is unclear if this relates to changes in normal 

insulin secretory function. It has further been postulated that it is interaction with 

central M3 receptors that is involved in regulation of insulin secretion through 

cholinergic innervation [178], but there is little evidence to back this up. 

It has also been proposed that olanzapine is toxic to beta cells, and causes an 

increase in apoptosis and a subsequent reduction in beta cell mass [55]. In the paper 

by Ozasa et al. (2013) olanzapine incubation resulted in significantly increased ER 

stress and apoptosis, and reduced insulin secretion In the HIT-T15 beta cell line 

[55]. However, the tested concentration (100 µM) was many times higher than 

plasma concentrations of olanzapine which limits the usefulness of these data.  

 

  Insulin resistance and beta cell dysfunction 

It is acknowledged that olanzapine increases peripheral insulin resistance through 

disruption of the IRS/PI3K/AKT pathway [134, 158]. In previous studies investigating 

the importance of IRS in glucose homeostasis, it has been highlighted that the beta 



55 
 

cells have a critical responsive role, and the hyperglycaemic outcome of IRS 

modulation is dependent on the extent of beta cell involvement.  There have been 

previous studies investigating the amount insulin resistance contributes to 

development of diabetes. The double heterozygote IR/IRS-1 (+/-) mouse is a model 

of insulin resistance, in which beta cell hyperplasia and hypersecretion almost 

completely compensates for the initial severe insulin resistance [179]. Conversely 

IRS2 deficient mice display a more rapid progression to diabetes due to peripheral 

insulin resistance and simultaneous beta cell dysfunction [180]. IRS2 has been 

shown to be involved in beta cell proliferation and regulation of beta cell mass [181], 

hence where there is an absence of beta cell compensation to counteract insulin 

resistance, there  is a much more severe effect on glucose [180]. 

In a study by Michael et al. (2000), liver specific insulin receptor (IR) knockout 

(LIRKO) mice were used to investigate glucose tolerance [182]. An interesting 

pattern of glucose tolerance was observed, in fasting states there was only modest 

increases in glucose, while fasting insulin was up to 7 fold higher than wild type. 

Following glucose challenge blood glucose was significantly elevated, alongside up 

to 20 fold increase in plasma insulin [182]. Beta cell mass and insulin content was 

also shown to be significantly increased, which is indicative of compensatory 

hypertrophy and hypersecretion. In the classic model of beta cell compensation 

extra demands on the beta cells  usually leads to irreversible dysfunction and 

diabetes, but in LIRKO mice the beta cells maintained hypersecretion for over a year 

without failure, and fasting glucose did not become uncontrolled during the course 

of the experiment [182]. This suggests that hepatic insulin resistance alone is not 

enough to instigate early onset, or severe hyperglycaemia, and there is likely a 

combination of effects involved.  Furthermore, in muscle specific IR knockout mice 

(MIRKO) blood glucose and insulin were surprisingly not affected [183]. 

Patients treated with olanzapine experience rapid changes in plasma glucose, often 

including an increase in fasting glucose and hyperinsulinemia following a glucose 

challenge. In the IR knockout insulin resistance studies, hyperinsulinaemia has been 

reported up to 20-50 fold compared to wild type [182], as a result of beta cell 

compensation. However, it is unclear if the hyperinsulinaemia observed following 

olanzapine is maximal, as there may indeed be a reduction in secretion with 

resulting uncontrolled glucose. 
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The beta cell function is central to the development of type 2 diabetes, and there is 

no ongoing hyperglycaemia without the presence of beta cell dysfunction. The 

progression from insulin resistance to loss of beta cell functional mass usually takes 

several years. It is possible that the severity of the insulin resistance results in 

accelerated beta cell decline. Alternatively, we hypothesise that olanzapine 

simultaneously alters beta cell function to reduce insulin secretion and increase risk 

of hyperglycaemia and diabetes. Investigating the effect of olanzapine on beta cell 

function is therefore warranted in the face of high rates of hyperglycaemia and 

diabetes in treated patients.  

 

1.3 Part 3: Olanzapine and Beta cell function 

The evidence that olanzapine causes peripheral and hepatic insulin resistance 

through interaction with IRS/PI3K signalling is supported by clinical reports [57, 116], 

in vivo, and in vitro studies [131, 158]. But the evidence for any influence on beta 

cell function is less strong. While peripheral insulin sensitivity is important for 

glucose uptake, the total body homeostasis of glucose is also crucially dependent 

on the beta cells. In the absence of functional beta cells, hyperglycaemia ultimately 

leads to diabetes. The clinical and animal models point to a possible action of 

olanzapine to reduce insulin secretion [119, 130], but as weight gain and insulin 

resistance also have independent effects on beta cells, it has proven difficult to 

assess if this is through a direct pharmacological action.  

As hyperglycaemia affects a high proportion of patients, and a large number of 

patients proceed to develop diabetes, it is conceivable that insulin secretion is 

simultaneously impaired, but parallel studies of beta cell function are lamentably 

absent.  In the clinical study by Chiu et al. (2006) [184] there was a reduction in 

GSIS following 2 weeks of olanzapine treatment, and in work by Chintoh et al. 

(2008), and Nagata et al. (2019) a reduction in insulin secretion has also been 

observed following an acute olanzapine administration [130, 173]. Together, this 

suggests that there might be a possible pharmacological effect to prevent adequate 

insulin secretion, and this may be masked by apparent increases in plasma insulin 

due to beta cell compensation or reduced peripheral insulin disposal. In Vitro studies 

by Melkersson et al. (2001, 2004) have suggested there may be an interaction 
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between some antipsychotics and the insulin secretory pathway but assessments 

of olanzapine have proven inconclusive [171, 172]. 

The common clinical picture of olanzapine treated patients involves elevated insulin, 

however, it is likely that elevated insulin is secondary to elevated glucose, as beta 

cell compensatory mechanisms increase insulin secretion at times of increased 

demand [185]. Nonetheless, Ader et al. (2005) proposed that olanzapine reduces 

the beta cell compensatory response to insulin resistance [56], which would suggest 

there is a reduction in beta cell function instigated by olanzapine.  

  

  Beta cell function 

1.3.1.1 Glucose stimulated insulin secretion 

Beta cells carry out two key functions in the regulation of glucose homeostasis; they 

secrete insulin in response to elevations in plasma glucose, and they can 

dynamically regulate capacity for insulin secretion through increasing the overall 

beta cell mass. It is failure of the beta cells to perform these functions that denotes 

the onset of diabetes. 

The process by which beta cells detect and respond to extracellular glucose 

concentration involves several steps as depicted in Figure 7. Glucose is primarily 

transported into the cell through membrane bound glucose transporters (GLUT2). 

GLUT2 is a relatively low affinity, high capacity transporter which allows glucose 

concentration to equillibrate across the membrane [186]. Glucose is phosphorylated 

by glucokinase to generate pyruvate, which subsequently enters the tricarboxylic 

acid (TCA) cycle in the mitochondria and leads to increased generation of ATP. ATP 

sensitive potassium channels (KATP) are open at times of low metabolic activity, 

allowing potassium (K+) to move out of the cell, resulting in a negative resting 

membrane potential. An increase in the ATP/ADP ratio causes KATP channels to 

close and resultant cell depolarisation. L-type voltage dependent calcium channels 

detect the increased cell depolarisation and open to allow influx of calcium (Ca2+) 

into the cell. Increased Ca2+ triggers secretory granule fusion with the membrane to 

release insulin and other secretory products into the extracellular space to be 

transported around the body [170].  
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Sustained glucose stimulation of beta cells results in a biphasic pattern of insulin 

secretion. In the first phase, a sharp increase in insulin secretion corresponds to the 

rapid influx of Ca2+ leading to release of insulin granules docked at the membrane, 

known as the readily releasable pool (RRP). The second, sustained phase of insulin 

secretion is slower, as insulin granules are mobilised from reserve pools to the 

membrane for secretion [187].  The first phase of secretion lasts approximately 10 

minutes whereas the second phase can be sustained at a rate of for several hours 

if blood glucose levels persist [188]. 

 

 

Figure 7 Simplified illustration of Glucose stimulated insulin secretion from 
beta cells. Glucose enters the cells through membrane bound GLUT2 receptors 
which causes an increase in ATP, closure of KATP channels and opening of voltage 
dependent calcium channels which stimulates insulin granules to move to the 
membrane for secretion.  
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1.3.1.2 Beta cell compensation 

In cases of increased insulin demands such as during hyperglycaemia, increased 

body mass, pregnancy, or insulin resistance, the increased burden on the beta cells 

leads to functional adaptations to increase secretion. When exposed to ongoing 

hyperglycaemia the beta cell mass characteristically fluctuates through 5 key stages 

as illustrated in Figure 8 [45]. Initially hyperglycaemia stimulates beta cell 

compensation, where the total cell mass increases to expand capacity for insulin 

production and secretion, resulting in hypertrophy, hyperplasia and overall 

increased GSIS. Beta cell compensation can significantly increase the beta cell 

mass, for example in patients with obesity, mass has been found to increase by 50-

90% [189], and in pregnancy there is a 3-4 fold increase in beta cell mass [190]. 

 

 

Figure 8 Illustration depicting the 5 stages of beta cell compensation, 
decompensation, stable decompensation and severe decompensation that lead to 
loss of beta cell function in response to ongoing hyperglycaemia 

 

Through beta cell compensation, glucose homeostasis can be maintained, but it is 

a failure of compensation that leads to type 2 diabetes. As demonstrated in Figure 

8 ongoing hyperglycaemia initiates further changes in the beta cell phenotype [46] 

and instigates impairment of first phase insulin release [191]. The beta cell mass 

soon becomes unable to secrete sufficient insulin to maintain normal glucose levels 

and there is a subsequent decline in beta cell mass by up to 50% [47]. The final 

stage of severe decompensation occurs when the beta cell loss is extensive and 

there is insufficient insulin to prevent ketosis. The process towards severe 

decompensation may take several years [185]. The speed and severity of 
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hyperglycaemia associated with olanzapine treatment, and the high rates of patients 

that proceed to develop diabetes leads to the hypothesis that the beta cell 

compensatory mechanism is somehow impaired and does not counteract 

developing hyperglycaemia. 

 

  Modulation of beta cell function 

Although glucose is the most potent stimulus for insulin secretion, numerous 

hormones, neurotransmitters and nutrients can also increase or decrease the 

glucose stimulated insulin response through action at membrane bound G protein 

coupled receptors (GPCR) [192]. Hormones and neurotransmitters are also 

involved in stimulating proliferation during beta cell compensation [193]. Olanzapine 

has a diverse binding prolife which could be linked to altered beta cell function; 

acting most prominently at dopamine and serotonin receptors, as well as 

muscarinic, adrenergic, and histamine receptors [194]. Olanzapine is also known to 

modulate downstream insulin receptor signalling [158], and interact with intracellular 

pathways such as mTOR [138] and Wnt [135] which have also been associated with 

insulin secretion and proliferation mechanisms.  

 

1.3.2.1 Dopamine and serotonin receptors 

Olanzapine antagonism at dopamine and serotonin receptors within the brain is 

central to the reduction in symptoms of psychosis; however the same receptors 

have been identified at beta cells with varying effects on function [195, 196]. 

Pharmacologically targeting beta cell dopamine receptors with dopamine and D2 

receptor agonist quinpirole was shown to inhibit GSIS in INS-1E and primary human 

and rodent islets [195], and knockdown of D2 receptor in INS-1 cells resulted in 

enhancement of GSIS [197].  Additionally, D2 antagonist domperidone increased 

beta cell proliferation and reduced cell death through increased intracellular cAMP 

[198]. As a D2 receptor antagonist, olanzapine may also influence insulin secretion 

or proliferation of beta cells. First generation antipsychotic haloperidol is a more 

potent D2 receptor antagonist that has been shown to significantly increase insulin 
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secretion [173], however olanzapine also acts at several other receptors which may 

have competing effects. 

Beta cells not only express several different serotonin receptors, but they also 

express the serotonin transporter (SERT) and have the capacity for de novo 

serotonin synthesis from the amino acid tryptophan [199]. Serotonin is secreted in 

vesicles alongside insulin to have autocrine and paracrine effects at beta cells as 

well as alpha cells, where serotonin is involved in regulation of glucagon secretion 

[200].  Serotonin has been shown to both increase and decrease insulin secretion 

in different models, possibly due to the large number of different serotonin receptors 

with different downstream effects. Generally, stimulation of the 5-HT1 family inhibits 

insulin secretion, and stimulation of the 5-HT2 receptor family augments GSIS [199, 

201, 202]. Although prolonged activation of 5-HT2B receptors has also been shown 

to impair GSIS [203]. When specific 5-HT receptor antagonists were tested for effect 

on insulin secretion, the 5-HT2C receptor antagonist was the only one associated 

with a significant reduction in insulin secretion, although this was a relatively minor 

reduction [173]. Additionally, serotonin has been implicated in the increase in beta 

cell mass during pregnancy, where there is an observed increase in 5-HT2B receptor 

expression. Antagonism of 5-HT2B receptors inhibited beta cell expansion during 

pregnancy [196]. Olanzapine is a potent antagonist at 5-HT2A, 5-HT2B, and 5HT2c 

receptors [194], therefore based on the present observations, there may be a 

pharmacological modulation of insulin secretion and proliferation in beta cells.  

 

1.3.2.2 Muscarinic, Histamine and adrenergic receptors 

Olanzapine additionally has high affinity for several other receptors including 

adrenergic α1, and histamine H1 receptors [80, 194]. Beta cells likewise express 

GPCR that are targeted by adrenaline and histamine which can augment GSIS. 

Activation of alpha adrenergic receptors by adrenaline or clonidine has been shown 

to inhibit GSIS, effects which were reversed by α2 antagonist idazoxan [204], 

suggesting these effects are through the α2 receptor. Whereas olanzapine binds 

more strongly at α1 receptors. Beta cells also contain histamine H3 receptors and 

the H3 receptor agonist imetit inhibited GSIS, whereas the H3 inverse agonist 

amplified GSIS [205]. However, olanzapine is more potent at H1 receptors [194]. 

Olanzapine also has antagonist properties at all five subtypes of muscarinic 

receptor, although with a weaker affinity than other receptors [194]. Acetylcholine 
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acts at muscarinic M1 and M3 receptors on beta cells to increase GSIS [206] and in 

M3 receptor knockout islets, GSIS in inhibited [207]. Olanzapine has specifically 

been shown to inhibit insulin secretion stimulated by the muscarinic agonist 

carbachol, suggesting there may be an interaction with muscarinic receptors to 

inhibit insulin secretion [177]. However with an extensive binding profile at many 

receptors that can possibly inhibit or augment insulin secretion it is difficult to predict 

the accumulative pharmacological effect of olanzapine on glucose stimulated insulin 

secretion.  

 

1.3.2.3 Intracellular pathways 

As discussed above, olanzapine has been shown to interact with intracellular 

signalling pathways in adipose and skeletal muscle (Figure 5), and hepatocytes 

(Figure 6). There is evidence for olanzapine to interact with the IRS/PI3K/AKT 

signalling pathway [193], mTOR pathway [138] and the Wnt pathway [135] in various 

cell types, which prompts consideration of similar pathways within beta cells that 

could influence function. 

Olanzapine can inhibit insulin signalling in hepatocytes through disruption of the 

IRS/PI3K/AKT pathway (Figure 6). IRS signalling is similarly involved in regulation 

of beta cell mass and function. IRS2 specifically is an important protein linking 

activation of membrane bound insulin and insulin like growth factor (IGF-1) 

receptors to numerous downstream signalling pathways to regulate cell cycle 

progression and physiological proliferation of beta cells [208]. Therefore, if there is 

interaction with IRS proteins in beta cells, olanzapine may also disturb function.  

AKT phosphorylates a number of proteins to activate numerous downstream 

pathways, including mTOR and GSK3. GSK3 is a constitutively active kinase 

involved in several different cellular processes, and mTOR integrates signals 

relating to the nutrition status of the cell to influence growth.  These signalling 

pathways meet at the G1/S checkpoint of the cell cycle, through activation of cyclins, 

thus interaction with these pathways could also influence beta cell proliferation. 

GSK3 additionally plays an important role in the Wnt signalling pathway by 

regulating beta catenin concentration [209]. In beta cells, beta catenin has recently 

been shown to be involved in  glucose induced localisation of insulin containing 

vesicles to the plasma membrane [210], as well as influencing the cell cycle through 
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upregulation of cell cycle related genes such as cyclin D1 and c-myc [211]. Recent 

work by Li et al (2018) [135] suggests that the Wnt pathway is involved in olanzapine 

induced metabolic side effects. Therefore investigation into the interaction with the 

Wnt signalling pathway is justified. 

  

 

1.4 Summary and aims 

Tight regulation of the plasma glucose concentration is maintained by insulin, 

secreted from the pancreatic beta cells, and acting at peripheral metabolic organs 

to stimulate glucose uptake. There are many pathways involved in total metabolic 

regulation, but insulin secretion is the crucial first stage of the process. Insulin 

secretion from beta cells is stimulated in response to rising and falling glucose 

concentrations, and a deficiency of insulin limits all other metabolic processes. Beta 

cell failure, and insufficient insulin results in hyperglycaemia irrespective of 

peripheral insulin resistance, and hyperglycaemia has many microvascular and 

macrovascular complications which are detrimental to health. 

As we have discussed, there is evidence detailing how olanzapine can target 

peripheral organs to inhibit the actions of insulin, but there is limited evidence 

regarding its effects on insulin secretion. We know that olanzapine acts at the liver 

to inhibit glucose uptake and increase hepatic glucose output [134, 163] and at 

adipose and muscle to inhibit glucose uptake [158]. There is also evidence that 

olanzapine modifies areas of the brain that regulate food intake and energy 

expenditure which can lead to increased food intake and weight gain [82, 83]. But 

despite research showing the effect of olanzapine on insulin action, the effects of 

olanzapine on insulin secretion from the pancreatic beta cells remains unclear. 

The lack of evidence relating to an olanzapine effect on beta cell function means 

that we only know half of the story. We know that the action of insulin is somewhat 

inhibited by olanzapine, and that olanzapine can increase weight gain, contributing 

to an overall increase plasma glucose. Yet we still do not know if the beta cells are 

functionally able to detect and respond to the increased glucose through secretion 

of insulin. This study aimed to complete the picture through establishing the 

pharmacological effect of olanzapine at the level of the pancreatic beta cells (Figure 

9). We hypothesise that olanzapine damages beta cell function and that this is 
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directly linked to the increased hyperglycaemia and diabetes associated with 

treatment. 

 

 

Figure 9 Illustration depicting the known effects of olanzapine at metabolic 
organs and the unknown effects on pancreatic beta cell function 

 

This thesis aimed to test three initial hypotheses; that olanzapine causes beta cell 

death, that olanzapine inhibits beta cell compensation; or that olanzapine has a 

pharmacological action on the beta cell to modify the mechanism of GSIS. We also 

aimed to investigate the mechanisms involved in observed changes in function, with 

an emphasis on the role of the canonical Wnt signalling pathway. We propose that 

a detailed understanding of how olanzapine affects beta cell function and the 

mechanisms involved could lead to new strategies to manage the risk and reduce 

excess mortality in severe mental illness.  
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2 Chapter 2: Materials and 

Methods 
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2.1 General reagents and materials 

Unless otherwise stated, all materials were of analytical grade. Chemicals were 

obtained from Sigma-Aldrich (UK), Stratech (UK) or MedChemExpress (USA). qRT-

PCR reagents were supplied by Qiagen (UK) and primers were from Primer Design 

(Southampton, UK) or Sigma Aldrich (UK). Antibodies were supplied by Abcam (UK) 

or Santa Cruz Biotechnology (USA). Cell culture reagents and consumables were 

obtained from Thermo Fisher Scientific (UK).  

 

2.2 Tissue culture 

  Cell lines 

The cell line used in this study was the mouse insulinoma 6 (MIN6) [212] which was 

kindly donated by Professor Noel Morgan at Exeter University (UK). MIN6 cells are 

derived from transgenic mice expressing large T-antigen of SV40 in pancreatic beta 

cells. MIN6 cells are studied extensively in diabetes research due to maintained 

characteristics such as glucose stimulated insulin release, glucose transport and 

glucokinase activity which closely compares to those of isolated islets [212].    

 

  Maintenance of cell lines 

MIN6 cells were cultured in Dulbecco’s modified eagle medium (DMEM) (Gibco, UK) 

containing 5 mmol/l glucose and 2mM L-glutamine supplemented with 10% heat 

inactivated foetal bovine serum (FBS) and 100 U/ml penicillin and 100 mg/ml 

streptomycin. Cells were used at approximately 80% confluence and all present 

studies were performed using cells passage number (28-42). Cells were incubated 

in T75 cell culture flasks in 5% CO2, 95% air at 37οC, the medium was changed 

every 2-3 days and cells passaged every 6 - 8 days.  
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  Passaging of cells 

When cells reached approximately 80% confluence, media was removed and the 

cells washed once with 10 ml phosphate buffered saline (PBS). 1 ml trypsin/ EDTA 

0.25% (Gibco UK) was added to the flask and incubated for 2 - 5 minutes at 37 οC 

until cells detached from the flask. 10 ml of complete DMEM was added to neutralise 

the trypsin, and the cell suspension was transferred to a 25 ml universal tube and 

centrifuged at relative centrifuge force (RCF) of 500 x g for 5 minutes. The media 

was removed and the cell pellet was resuspended in complete culture media and 

split 1:3 for maintenance, or as required for experiments. 

 

  Cryopreservation and thawing of cell lines 

For long term storage, cell lines were kept in liquid nitrogen. Cells in T75 flasks at 

80 - 90% confluence were passaged as above, and were resuspended in 3 ml 

freezing medium (70% DMEM, 20% FBS, 10% dimethyl sulphoxide (DMSO)). Cell 

suspension was split 1:3 and transferred into cryovials (Nalgene UK) then stored in 

cell freezing containers at -80οC for 2-5 days to allow slow freezing of the cells. 

Cryovials were then transferred to liquid nitrogen until required.  

To thaw cells, cryovials were removed from liquid nitrogen and immediately warmed 

to 37οC. The cell suspension was added to 10ml complete culture media then 

centrifuged at RCF of 500 x g for 5 minutes. The cell pellet was resuspended in 15 

ml complete culture media and transferred to a T75 flask and incubated at 37 οC in 

5% CO2, 95% air. 

 

  Treatment of cell lines 

Olanzapine (OLZ) (Stratech UK) was dissolved in DMSO to a concentration of 64 

mM then diluted in culture medium, containing 2 % FBS, to 1 mM then diluted to 

concentrations ranging from 0.1 µM – 100 µM depending on the experimental 

protocol. For all experiments the control wells included cells which were incubated 

in complete culture medium containing a percentage of DMSO equivalent to that of 

the treatment group (0.0015% - 0.15%) 
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  Experimental protocol 

Figure 10 shows the experimental treatment and extraction protocol used in all 

experiments. Monolayer cells were transferred to T25 flasks or plates and allowed 

to adhere overnight. Serum starvation for 24 hours was used to synchronise the cell 

population and then cells were stimulated with drug treatment for periods between 

24 - 72 hours as indicated. Cells were extracted or assayed at different time points, 

or after 72 hour exposure, glucose stimulated insulin secretion was tested using the 

GSIS protocol. 

 

Figure 10 Infographic depicting the cell treatment times and extraction 
protocols. 

 

  Small molecule inhibitors and agonists 

Small molecule inhibitors and agonists were used to investigate the mechanism 

behind olanzapine induced effects. Table 5 lists the different drugs used in the 

following experiments. 
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Drug Structure Pharmacological 
targets 

Olanzapine 

 

• 5-HT2A 
antagonist 

• D2 antagonist 

• H1 antagonist 

• Complex 
activity at other 
5-HT and D 
receptors, α1, 
and Muscarinic 
[194] 

XAV939 

 

• Tankyrase 
inhibitor 

• Regulates Axin 
protein 
concentration 
[213] 

BIO 

 

• GSK3 inhibitor 

• Reduces beta 
catenin 
phosphorylation 
and destruction 
[214] 

• JAK inhibitor 
[215] 

 

KYA1797K 

 

• Binds to RGS 
domain of Axin 
to stabilise the 
beta catenin 
destruction 
complex [216] 

Metformin 

hydrochloride 

 

• Activates AMPK 

• Numerous other 
targets [217] 

Table 5 Structure and pharmacological targets of drugs used in this study 
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2.3 Cell viability assays 

  The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) Assay 

The MTT assay is a colorimetric assay used to assess metabolic activity within the 

cell as an indication of drug cytotoxic or cytostatic activity, and a measure of cell 

proliferation [218]. MTT is a tetrazolium salt that readily penetrates viable eukaryotic 

cells, where it is reduced by mitochondrial enzymes into an insoluble formazan in a 

NADPH and NADH dependent reaction.  

For initial assays investigating cytotoxicity cells were cultured in DMEM (5 mmol/l 

glucose) containing 10% FBS in 6 well plates at a seeding density of 2 x105 

cells/well. For further experiments investigating proliferation, cells were seeded at a 

lower density of 2 x104 in 24 well plates and cultured in DMEM containing 2% FBS. 

Cells were treated with serum free media overnight before drug treatment for the 

stated periods. To perform the MTT assay, media was removed and cells washed 

with PBS. 1 ml MTT solution (0.5 mg/ml in PBS) was added to each well in the 6 

well plates and 250 µl was added to each well of a 24 well plate; the plates were 

protected from light and incubated for 1 hour at 37οC to allow insoluble purple 

formazan crystals to develop. 

MTT solution was removed and DMSO added to dissolve the crystals while the plate 

was agitated on an orbital shaker for 5 minutes. 200 µl of each sample was 

transferred to a 96 well plate in triplicate, alongside a blank DMSO control. 

Absorbance was read at 540 nm using ASYS UVM340 Microplate Photometer.  

 

  Acridine orange and DAPI staining  

Monolayer MIN6 cells were cultured in 6 well plates and exposed to olanzapine or 

control for 72 hours. To determine total live and dead cells in the sample supernatant 

was collected and adherent cells were harvested by trypsinisation and resuspended. 

The resuspended cells were combined with the supernatant and centrifuged to form 

a pellet. This was resuspended with PBS to form a single cell suspension and loaded 
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into a Via1-Cassette™ and inserted into the automatic Nucleocounter® NC 3000™ 

(Chemometec, Denmark).  

The cassette incorporates acridine orange (AO) dye for cell detection and DAPI dye 

for detecting non-viable cells. AO and DAPI are fluorescent dyes which can be used 

for cell counting and assessment of proportion of live and dead cells. AO easily 

passes through the cell membrane of viable cells and binds to cellular DNA resulting 

in a green fluorescence [219]. DAPI is also a nuclear dye which was used here to 

stain the non-viable cells blue [220]. The NC-3000™ uses fluorescence to 

automatically determine cell characteristics across the sample. Cell count of live and 

dead cells was produced automatically based on images from 4 separate fields 

within the cassette analysing a total volume of 1.4 µl of sample. 

 

  Cell count 

Cells were seeded in 6 well plates at a density of 2 x105 and incubated with 

olanzapine for 72 hours in different culture conditions. Following incubation, media 

was removed and cells harvested by trypsinisation. The cell pellet was resuspended 

in 1ml of media and 10 µl transferred to a haemocytometer. Cells were counted 

manually in duplicate using a Zeiss Primo Vert microscope. 

 

2.4 Insulin assays 

  Insulin content analysis 

MIN6 cells were seeded into 6 well plates at a density of 2 x105 and incubated with 

olanzapine for 72 hours. Following olanzapine incubation, media was removed and 

the cells harvested by trypsinisation. Pellets were incubated with 1 ml acid ethanol 

solution (15 ml of 12 M HCl / L 70% ethanol) at 4οC overnight to extract the insulin. 

Samples were centrifuged and the supernatant collected for quantification of insulin 

concentration. 
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  Insulin secretion analysis 

MIN6 cells were seeded into 12 well plates at a density of 1 x105 and incubated with 

olanzapine for 72 hours. Following olanzapine exposure, media was removed and 

cells were standardised with 0mM glucose for 2 hours. The secretory response of 

the cells was tested by adding low glucose (5 mM) or high glucose (25 mM) with or 

without addition of drugs to stimulate or inhibit secretion. Table 6 lists the different 

tested drugs, concentration and the expected pharmacology.  After 2 hours static 

incubation the supernatant was collected and quantified for total insulin 

concentration (first and second phase secretion). Samples were frozen at -20οC until 

the ELISA was carried out. 

 

Drug Concentration Pharmacology 

Tolbutamide 200 µM • KATP channel blocker  

• Causes membrane depolarisation, 

calcium influx and insulin secretion 

[221] 

KCl 40 mM • Membrane depolarisation leading to 

calcium influx and insulin secretion 

[222] 

Exendin-4 

(Exenatide) 

20 nM • Glucagon-like peptide 1 (GLP-1) 

receptor agonist, augments glucose 

stimulated insulin secretion [223] 

Nifedipine 5 µM • Calcium channel blocker,  

• inhibits calcium influx and insulin 

secretion [224] 

Phorbol 12-

myristate 13-

acetate (PMA) 

500 nM • PKC activator 

• Augments glucose stimulated insulin 

secretion [225] 

Forskolin 10 µM • cAMP activator  

• Augments glucose stimulated insulin 

secretion [226] 

Table 6 List of drugs used to stimulate or inhibit insulin secretion in the 
current study 
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  ELISA 

The mouse insulin ELISA (Mercodia, Sweden) was used to quantify the total amount 

of insulin in a sample. All samples were diluted to a pre-determined appropriate 

dilution factor prior to assay to ensure concentration was within readable range. 

The manufacturer directions were followed. Briefly, 10 μl of calibrator or diluted test 

sample was added to each well of the pre-coated plate and 100 μl enzyme conjugate 

buffer was added to each well. The plate was incubated at room temperature for 2 

hours on a plate shaker. The wells were manually washed 6 times with 350 μl wash 

buffer. 200 μl substrate TMB (Tetramethylbenzidine) was added to each well and 

incubated at room temperature for 15 minutes. The reaction was then stopped using 

50 μl stop solution. Prior to reading the optical density the plate was shaken for 5 

seconds to ensure thorough mixing, and then read at 450 nm on an ASYS UVM340 

Microplate Photometer. 

 

  Analysis and normalisation 

The concentration of insulin in each sample was obtained from a calibration plot of 

the 5 known calibrator samples plotted against absorbance using cubic spline 

regression. The results were normalised to the protein content of the lysed cell 

sample. After supernatant was collected for insulin quantification, the cells were 

harvested by trypsinisation and lysed using RIPA buffer. Protein concentration was 

determined using the Bradford assay.  

 

2.5 Cell cycle analysis 

  Cell fixation and staining 

DNA content of a cell was measured using DNA selective dye that is proportional to 

DNA concentration and can be used to determine stages of the cell cycle. MIN6 

cells were serum starved for 24 hours to synchronise the cells at G0 and then 



74 
 

exposed to olanzapine or control for 24 and 48 hours. Samples were collected at 

each stage of the exposure to determine how the cell cycle progresses. Cells were 

harvested by trypsinisation and washed with PBS. Cold 70% ethanol was slowly 

added to the cell pellet while vortexing the sample to avoid clumping of cells. Cells 

were fixed at -20οC in ethanol for 1 week. Following fixation, the sample was 

centrifuged and ethanol removed. The pellet was washed twice with cold PBS while 

on ice then 50 µl of 100 µg/ml RNAse solution was added to the cell pellet to remove 

contaminating RNA. 150 µl of 50 µg/ml propidium iodide solution was added and 

the sample protected from light. The samples were incubated at 4οC for 4 hours to 

ensure uniform staining.  

 

  Flow cytometry  

Fluorescence intensity was measured using a BD Accuri™ C6 flow cytometer (BD 

Biosciences, USA). Propidium iodide fluorescence intensity is proportional to DNA 

content, used to determine stage of the cell cycle. Data analysis was carried out 

using Flowjo™ software (BD Biosciences, USA). 

 

2.6 Protein content assays 

  Protein extraction 

2.6.1.1 Whole cell 

Experiments were performed to determine the whole cell protein concentration of 

proteins of interest; beta catenin, TCF7L2, Axin2, GSK3, and PKC.  Cells were 

cultured in 6 well plates or T25 flasks according to specific experimental conditions 

and harvested by trypsinisation. The cell pellet was washed twice with PBS and 

transferred to a 1.5 ml Eppendorf tube®. The composition of RIPA buffer 

(Radioimmunoprecipitation Assay buffer) (Sigma, UK) is listed in Table 7. The buffer 

was prepared with added protease and phosphatase inhibitors (MS. Safe, Sigma 

UK). 50 µl RIPA buffer was added to the cell pellet and rigorously pipetted and 

vortexed and incubated on ice for 15 minutes. Samples were then centrifuged at 
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12000 x g for 13 minutes at 4 οC. The supernatant contains the extracted protein 

and the pellet was discarded. 

 

Reagents Concentration 

NaCl  150 mM 

Tris HCl pH 8 50mM 

NP-40 1% 

Sodium deoxycholate 0.5% 

SDS 0.1% 

Table 7 Composition of RIPA buffer used to prepare whole cell protein 
extracts 

 

2.6.1.2 Nuclear and cytoplasmic extract 

Nuclear and cytoplasmic extracts were used to investigate localisation of beta 

catenin. To prepare extracts, cells were seeded in T25 flasks and cultured with 

olanzapine according to the experimental protocol. Cells were washed with PBS and 

harvested by trypsinisation, and then the cell pellet was washed again with cold 

PBS. The ab113474 nuclear extraction kit (abcam UK) was used to prepare nuclear 

and cytoplasmic extracts following the manufacturer directions and provided buffers. 

Briefly, 10x “pre-extraction buffer” was diluted according to manufacturer’s 

instructions with distilled water, and 150 µl was used to resuspend the cell pellet. 

The sample was incubated on ice for 10 minutes then vortexed for 10 seconds 

before centrifuging at 12000 x g for 1 minute. The supernatant containing the 

cytoplasmic extract was carefully removed and kept at -20οC until required for 

experiments.  

Following the manufacturer’s instructions, 1,4-Dithiothreitol (DTT) and protease 

inhibitor cocktail (PIC) solution (provided) were added to the ENE2 Extraction buffer 

at a 1:1000 ratio. The nuclear cell pellet was resuspended in 30 µl extraction buffer 

and incubated on ice for 15 minutes, vortexing for 10 seconds every 3 minutes. The 

sample was centrifuged at 12 000 x g for 10 minutes at 4οC. The supernatant 

containing the nuclear extract was removed and kept at -20οC until required for 

experiments.  
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2.7 Bradford Assay  

Bio-Rad protein assay dye reagent concentrate (Bio-Rad UK) is a colorimetric assay 

to determine protein concentration within the isolated extract. Following the 

manufacturer instructions, the reagent concentrate was diluted 1:4 with distilled 

water and mixed thoroughly to make the stock solution. In a disposable cuvette 1 ml 

of stock solution was added to 5 μl of cell extract and a series of known 

concentrations of bovine serum albumin (BSA) protein standard.  Cuvettes were 

mixed by inversion and incubated for at least 5 minutes at room temperature. 

Absorbance was measured at 595 nm using spectrophotometer (Eppendorf 

BioPhotometer No. 6131 22336). 

Protein concentration was determined using a standard curve of known BSA protein 

concentrations against absorbance.  

 

2.8 Western Blot Analysis 

  SDS-PAGE  

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (SDS-PAGE) 

was used to separate proteins with different molecular weights in a sample. When 

an electrical current is applied, proteins migrate through the polyacrylamide gel 

matrix at different rates depending on their size. Downstream immunoblotting allows 

for quantification of the proteins. 

 

  Gel preparation 

Gels were hand cast using 1 mm gel thickness mini-protean tetra cell casting 

module (Bio-Rad UK). Resolving gels contained 10% polyacrylamide, and stacking 

gel 6%.  Table 8 shows the composition of one gel. The resolving gel was added 

first and isopropanol added to cover the gel to ensure there were no bubbles. When 

polymerised, isopropanol was removed and the gel rinsed with distilled water. The 
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stacking gel was added and a 10 well comb placed gently in the top of the module. 

Gels were used immediately, or stored wet at 4οC for up to 5 days.  

 

Resolving gel 10% Volume Stacking gel 6% Volume  

H20 3.2 ml H20 2.6 ml 

30% acrylamide 2.67 ml 30% acrylamide 1 ml 

1.5 M Tris pH 8.8 2 ml 0.5 M Tris pH 6.8 1.25 ml 

10% SDS 80 µl 10% SDS 50 µl 

10% APS 80 µl 10% APS 50 µl 

TEMED 8 µl TEMED 5 µl 

Table 8 composition of 10% hand cast gels 

 

2.8.2.1 Gel Electrophoresis 

25 µg of protein extract was mixed 1:1 with SDS sample buffer Laemmli 2x 

concentrate (Sigma UK). Proteins were denatured by heating the samples to 90 οC 

for 10 minutes then cooling on ice for 5 minutes. 20 µl of sample was loaded to each 

well, alongside full range rainbow protein marker. Any empty wells were loaded with 

SDS sample buffer. The gel was run at 100 V for 2 hours in tris-glycine SDS running 

buffer, the composition of which is listed in Table 9. 

 

Reagents Concentration 

Tris Base  3g /l 

Glycine 14.4g /l 

SDS 1g /l 

Table 9 Tris glycine SDS running buffer composition used for SDS PAGE 
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  Semi dry Transfer 

Transferring of proteins from gel to membrane was carried out using the TRANS-

BLOT semi-dry blotting apparatus (Bio-Rad UK). Following SDS page, the gel was 

carefully removed from the glass casing using an opening lever and allowed to 

equilibrate in tris- glycine transfer buffer for 10 minutes, the composition of which is 

listed in Table 10. The transfer sandwich was prepared by first soaking thick filter 

paper and the nitrocellulose membrane in transfer buffer. The sandwich was 

assembled from anode to cathode with filter paper, nitrocellulose membrane, gel 

and filter paper. Bubbles were removed by adding pressure to the sandwich and the 

transfer process was run at 15 V for 45 minutes.  

 

Reagents Concentration 

Tris Base  1.51g/ l 

Glycine 7.2g /l 

Table 10  Tris glycine transfer buffer composition used for semi-dry transfer 

 

Following transfer the membrane was blocked for 2 hours at room temperature, or 

overnight at 4οC on an orbital shaker in a blocking buffer containing 10% dried milk 

powder diluted in wash buffer the composition of which is listed in Table 11. The 

membrane was then washed 3 times for 5 minutes using wash buffer on an orbital 

shaker. 

 

Reagents Concentration 

NaCl 29.2g /l 

1M Tris HCl pH 7.6  10 ml /l 

Tween 20 100 µl /l 

Table 11 Wash buffer composition 
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  Immunodetection 

Primary antibodies against proteins of interest were diluted in wash buffer to the 

optimised dilutions (1:2000 – 1:5000). Membranes were incubated with the primary 

antibody overnight at 4οC with rotation. Following incubation, the membranes were 

washed thoroughly for 45 minutes with 3 x quick washes, followed by 3 x 10 minute 

and 3 x 5 minute washes on the orbital shaker.  

HRP-linked secondary antibodies against the target species of the primary antibody 

(rabbit or mouse) were diluted 1:5000 in wash buffer. The membrane was incubated 

in the secondary antibody with rotation for 1 hour at room temperature. Followed by 

thorough washing for 45 minutes as described above.   

Pierce™ ECL-plus solution (Thermo Scientific, UK) is a chemiluminescent substrate 

used to react with HRP for detection using X ray film. The ECL solution was 

prepared according to manufacturer instructions by mixing solution A and B together 

at a ratio of 1:1. The membrane was removed from the wash buffer and 1ml of the 

ECL solution was added directly to the membrane and incubated for 5 minutes at 

room temperature.  The membrane was wrapped in saran wrap and placed inside 

a film cassette. In the Dark room, X-ray film (Amersham, Bioscience UK) was 

exposed to the membrane and developed using a Konika SRX101A automatic 

developer. 

 

  Densiometric analysis 

Densiometric analysis of the resulting Western blot was carried out using Li-Cor 

Image Studio™ (Li-cor bioscience UK) software. The signal from each well was 

normalised by dividing the detected signal of the protein of interest by the detected 

signal of the loading control. Results were calculated relative to the control in each 

repeat. 
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2.9 Quantitative real Time Polymerase Chain 

Reaction (qRT- PCR) 

  RNA extraction 

MIN6 cells were stimulated as indicated and RNA was extracted from the cells using 

the RNeasy Mini Kit (Qiagen UK) following the manufacturer’s directions. Briefly, 

cells were harvested by trypsinisation and centrifuged to form a cell pellet. To lyse 

the cells 350 μl of Buffer RLT lysis solution was added to the cell pellet and mixed 

by pipetting and vortexing, then 350 μl 70% ethanol was added to the lysate and 

mixed by pipetting. The entire 700 μl solution was added to a RNeasy spin column 

supplied with a 2 ml collection tube and centrifuged with supplied buffers for the 

prescribed times to produce a precipitated RNA product on the spin column 

membrane. This RNA was then eluted into 30 μl RNase free water and quantified 

using a nanodrop at 260 nm (Thermo scientific nanodrop lite spectrophotometer). 

Purity of RNA was assessed using the nanodrop using the 260/280 ratio. Samples 

were excluded if the sample ratio was outside the range 1.8 - 2.1 as this indicates 

that there are impurities in the sample such as residual phenol, guanidine, or other 

chemical contamination. 

 

  Reverse transcription 

In order to prevent any genomic DNA contamination, RNA samples were treated 

with DNase enzyme. Extracted pure RNA was then reverse transcribed using the 

Precision nanoScript2 reverse transcription kit (Primerdesign UK); a process which 

converts single stranded RNA into double stranded cDNA for further analysis. The 

manufacturer directions were followed; Oligo-dT primers were added to the RNA 

template and heated to 65 ᴼC for 5 minutes in the annealing step. Samples were 

rapidly cooled on ice prior to the extension step. Buffer, dNTP mix, and nanoScript2 

enzyme were added, mixed and incubated at 42 ᴼC for 20 minutes. The reaction 

was heat inactivated at 75 ᴼC for 10 minutes. cDNA samples were stored at -20 ᴼC 

until use. 
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  qRT-PCR 

Amplification of DNA by quantitative real-time polymerase chain reaction (qRT-

PCR) was used to quantify the total amount of cDNA in a sample. A Sybr green 

probe was incorporated into a Precision®FAST qPCR Master Mix (Primerdesign 

UK) which was added to forward and reverse primers and distributed into PCR strip 

tubes. 25 ng of each cDNA template was added to tubes in duplicate to a final 

reaction volume of 25 μl.  Reactions were run on the rotor gene Q instrument 

(Qiagen UK) using cycling conditions specified in Table 12. Target genes were c-

myc, cyclin D1, Cyclin D2 and Axin2. Primer sequences are given in Table 13. 

Control samples with no cDNA, and no reverse transcription were used to ensure 

there was no contamination, and melt curve analysis was used to analyse for primer 

dimer and contamination products.  

 

 Step Time Temperature 

 Enzyme activation 2 min 95ᴼC 

Cycle x40 Denaturing 10 sec 95ᴼC 

Annealing/ extension 60 sec 60ᴼC 

 Melt curve   

Table 12 Rotor gene Q cycling conditions for qRT-PCR 

 

Gene 5’ Mouse forward primer 3’ Mouse reverse primer 

c-myc TTTTGTCTATTTGGGGACAG CATAGTTCCTGTTGGTGAAG 

Cyclin D1 AACACTTCCTCTCCAAAATG GAACTTCACATCTGTGGC 

Cyclin D2 CTTCATTGAGCACATCCTTC GAGTGTGTTCACTTCATCATC 

Axin2 AAGATCACAAAGAGCCAAAG GAAAAAGTAGGTGACAACCAG 

B2m TGCTACTCGGCGCTTCAGTC AGGCGGGTGGAACTGTGTTAC 

UBC AGGTCAAACAGGAAGACAGACGTA TCACACCCAAGAACAAGCACA 

Table 13 qRT-PCR forward and reverse primer sequence for specified genes 
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  GeNorm analysis 

For accurate quantification of gene expression GeNorm analysis was used to 

determine the most stable reference gene in the experimental system, as a quality 

control to ensure that results were highly accurate and sensitive. GeNorm analysis 

has been used widely to increase accuracy in qRT-PCR data [227].  

Using the GeNorm kit and provided qbase+ analysis software (Primerdesign UK), 

the expression of 9 common reference genes was determined using qRT-PCR. 

cDNA samples that had been exposed to different experimental conditions were 

used to establish the most stable reference gene in all conditions. The Ct values 

were input into qbase+ software which generated some graphs to determine the 

most stable genes. The genes tested are listed in Table 14 

 

ACTB Beta actin 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 

UBC ubiquitin C 

B2M β-2 microglobulin 

YWHAZ phospholipase A2 

RPL13A ribosomal protein L13a 

CANX calnexin 

CYC1 cytochrome c-1 

18S 18S 

Table 14 Genes tested in the GeNorm analysis to establish the most stable 
reference genes for qRT PCR 

 

The stability of each reference gene within the experimental system was termed 

“coefficient M”. Coefficient M was automatically calculated using qbase+ software 

by determining average pairwise variation between a specific candidate reference 

gene and all the reference genes tested. Low coefficient M values below the stability 
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threshold of 0.5 correspond to increased gene stability within the experimental 

model. Genes with the lowest coefficient M value are appropriate to be used for 

normalisation of data.  From the results obtained in  Figure 11A it was found that 

UBC and B2M were the most stable reference genes in this experimental model. 

Ubiquitin C (UBC) is a source of ubiquitin, a regulatory protein which is highly 

expressed in all cells and β2 microglobulin (B2M) is found on the surface of all 

nucleated cells. qRT-PCR data was henceforth normalised to UBC and B2M mRNA 

expression. 

The optimal number of reference genes to be used for highly accurate qRT-PCR 

data was also determined using qbase+ software which automatically calculated 

pairwise variation to establish the “coefficient V”. Coefficient V values below 0.15 

indicate no additional reference genes are required [228].  Figure 11B shows that 

2 reference genes have a coefficient V value less than 0.15 so no further reference 

genes were required, and all qRT-PCR data was normalised to two reference genes 

UBC and B2M.  
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A.  

 

B.  

 

Figure 11 GeNorm analysis of 9 reference genes to establish the most stable 
reference gene within the experimental model. qBase+ software was used to 
determine the most stable reference gene within the experimental model using 
automatic mathematical algorithms. All samples were analysed for 9 reference 
genes; ACTB, YWHAZ, RPL13A, UBC, B2M, GAPDH, 18S, CANX, CYC1 and the 
Ct values input into qBase+. A target coefficient M value of <0.5 indicates a stable 
reference gene. UBC and B2M were the most stable (A). qBase+ analysis to 
determine the optimal number of reference genes to include in each experiment. 
Coefficient V value of <0.15 indicates a high level of stability. The results indicate 
that using 2 reference genes is sufficient (B). 
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  ΔΔCt method 

qRT-PCR data can be analysed using 2 methods; the ΔΔCt method or the Phaffl 

method. Efficiency was determined by performing qRT-PCR on a series of dilutions 

of cDNA sample to produce a standard curve. Efficiency (E) was calculated from the 

slope of the standard curve (s). 

E = (10(−
1
s

) − 1) × 100 

All primers used presently were determined to have efficiency greater than 90% 

therefore the ΔΔCt method was used for data analysis, and no mathematical 

correction was required to account for differing primer efficiency. 

The 2- ΔΔCt calculation is used widely in qRT-PCR analysis to determine relative 

gene expression, and assumes equal primer efficiencies [229].  Briefly, the Ct 

threshold value was determined, and the difference between gene of interest and 

reference gene was calculated (ΔCt). The difference between the treated sample 

and the control sample was then calculated (ΔΔCt). Fold change in gene expression 

was then calculated using the equation. 

Fold change gene expression = 2−ΔΔCt 

 

  Agarose gel electrophoresis 

To check for primer specificity, qRT-PCR products were added to an agarose 

loading dye and were run on a 1% w/v agarose gel in TEA buffer for 30 minutes at 

100V. Gels were visualised and images captured using the UV gel setting on the 

FlourChem instrument (AlphaInnotech MultiImage TM light Cabinet).  

 

  Quantification and statistical analysis 

Statistical and graphical analysis was performed using GraphPad Prism software. 

One way ANOVA, 2 way ANOVA with Bonferroni post hoc test was used to analyse 

data unless otherwise stated. Significance was detected at a p value <0.05 and 

denoted with *, P values < 0.01 denoted with ** and p values <0.001 with ***   
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3 Chapter 3: The effect of 

olanzapine on the viability and 

function of MIN6 beta cells 
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3.1 Introduction 

  Overview 

Blood glucose is tightly regulated through a complex network of hormones, and the 

pancreatic beta cells are central to glucose homeostasis. Beta cells respond to 

increases in glucose by secreting insulin, and at times of increased demand such 

as insulin resistance, obesity, or pregnancy, the overall functional beta cell mass 

can adapt by increasing in number to increase insulin output [45].  

Hyperglycaemia is a common side effect of the second generation antipsychotic 

drug olanzapine [60], but it remains unknown if the drug has an influence on beta 

cell function to prevent sufficient insulin to be secreted. In a recent letter, Takahiko 

Nagamine (2018) [123] appealed for further research into the direct effects of 

olanzapine on beta cell function. They highlight the abundant case reports of acute 

onset hyperglycaemia and diabetic ketoacidosis (DKA) and rapid decline in 

metabolic function in patients commencing treatment [65-68], effects which are 

unlikely to be completely attributed to insulin resistance. In the present study we 

aimed to investigate if olanzapine affected the viability or function of beta cells using 

the MIN6 beta cell line. We evaluated if olanzapine caused beta cell death, had a 

pharmacological effect to alter insulin secretion, or had an effect to inhibit beta cell 

compensation.  

 

  Effect of olanzapine on beta cell viability 

Homeostatic control of overall beta cell mass is regulated through equilibrium 

between cell regeneration (neogenesis, proliferation, and hypertrophy) and cell loss 

(apoptosis and atrophy). In healthy adults, beta cell renewal is slow, with steady 

rates of proliferation and apoptosis between 0.5-2% per day [230]. While rapid loss 

of beta cell mass is common in the development of type 1 diabetes, type 2 diabetes 

is usually characterised by fluctuating overall mass and eventual loss of function 

and mass over many years [45]. As illustrated in Figure 12 pharmacological toxicity 

to beta cells can cause apoptosis, atrophy or autophagy to reduce the viable beta 

cell mass. Without a commensurate increase in proliferation or neogenesis to 

maintain the balance this may lead to decreased capacity for insulin secretion. We 
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hypothesise that olanzapine causes beta cell toxicity to cause acute hyperglycaemic 

effects associated with treatment. 

 

 

 

Figure 12 Illustration depicting the first hypothesis that olanzapine causes 
beta cell death and reduces insulin secretion into the circulation 

 

Previous work carried out by Ozasa et al. (2013) advocated that olanzapine is toxic 

to beta cells. It was demonstrated that treatment of an insulin secreting beta cell line 

with 100 µM olanzapine caused significant apoptosis compared to control cells, an 

effect not replicated in other non- insulin secreting cell lines, implying that 

olanzapine is toxic to beta cells specifically  [55]. However, 100 µM olanzapine may 

not reflect a true therapeutic concentration. In male rats following a single IV 

olanzapine infusion of 2.5 -10 mg/kg, plasma olanzapine concentration was 

established to peak at 1.3 -8.8 µM [127]. In humans, mean plasma concentration 

varies widely depending on the dose, compliance, polypharmacy, and sex of the 

patient. Plasma concentration of olanzapine usually ranges from 5 nM – 1 μM, with 

a linear correlation between concentration and dose, and significant differences 

among smokers and non-smokers [231, 232]. While the pancreatic tissue 

concentration of olanzapine has not been previously reported, the drug is widely 

distributed and the concentration in various tissues such as liver, spleen, lung and 

kidneys have been found to be 10-25 fold higher than that in the plasma [141]. It is 

possible that pancreatic concentrations will be higher than plasma, yet unlikely to 

be as high as 100 μM as tested by Ozasa et al. (2013). Loss of cell viability at this 

concentration may not be reflective of a therapeutic dose therefore we cannot yet 
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conclude or rule out that beta cell toxicity is a component of olanzapine induced 

hyperglycaemia. The present investigation firstly aimed to explore the effect of a 

range of therapeutic concentrations of olanzapine on beta cell viability.  

 

  Effect of olanzapine on beta cell function 

3.1.3.1 Beta cell compensation 

In numerous in vivo and in vitro models it has been demonstrated that olanzapine 

promotes a state of insulin resistance through interaction with peripheral metabolic 

organs.  Olanzapine has been shown to increase hepatic glucose production [60, 

69, 131], reduce glucose uptake into cultured adipocytes [161] and reduce glycogen 

synthesis in skeletal muscle cells [158]. This constellation of effects to promote 

hyperglycaemia should be counteracted with beta cell compensation and increased 

insulin secretion; but it is not yet known if olanzapine also prevents the pancreatic 

beta cells to fulfil this requirement. 

The speed and severity of hyperglycaemia associated with olanzapine treatment, 

and the high rates of patients that proceed to develop diabetes leads to the 

hypothesis that the beta cell compensatory mechanism is insufficient to counteract 

developing hyperglycaemia, whether triggered by the antipsychotic or through 

alternate lifestyle factors.  

Ader et al. (2005) investigated the effect of olanzapine and risperidone on insulin 

resistance and beta cell compensation in dogs, endeavouring to use fat fed dogs as 

a comparative control group for insulin resistance. The fat fed group had a threefold 

compensatory increase in insulin secretion but it was found that olanzapine 

significantly impaired the compensation response compared to control fat fed dogs 

[56] which suggested that there may indeed be an inhibitory effect by olanzapine.  

As illustrated in Figure 13 the present study secondly aimed to investigate if 

olanzapine altered beta cell proliferation to determine if there is an inhibitory action 

to prevent beta cell compensation to hyperglycaemia.  
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Figure 13 Illustration depicting the second hypothesis that olanzapine inhibits 
beta cell compensation mechanisms to prevent an increase in insulin secretion 
at times of hyperglycaemia  

 

3.1.3.2 Insulin secretion 

Ascertaining the pharmacological effect of olanzapine on insulin secretion in human 

and animal models is difficult due to numerous other side effects such as weight 

gain and insulin resistance [60], which may concomitantly influence beta cell 

function [45]. Cell studies involving primary beta cells and cultured cell lines allow 

for investigation into beta cell specific pharmacological effects aside from any 

external influence on beta cell function.  

There have been few previous in vitro studies investigating the effect of olanzapine 

on insulin secretion, these are summarised in Table 15 [167-169, 229]. Conversely, 

the effect of the related antipsychotic, clozapine, on insulin secretion has been 

demonstrated in several reports that suggest that there are concentration and time 

dependent changes in insulin secretion as summarised in Table 16 [171, 172, 174, 

175, 233, 234].  
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Table 15 Summary of In vitro insulin secretion studies: Olanzapine. Glucose 
stimulated insulin secretion (GSIS) 

 

The studies performed by Melkersson et al. (2001, 2004) (Table 15) suggest that 1 

µM olanzapine can increase basal secretion with no change in GSIS [167,168], 

whereas Nagata et al. (2019) proposed that at concentrations up to 1 µM olanzapine 

there is reduced insulin secretion during a 1 hour exposure to 10 mM glucose [173]. 

Conversely, Simpson et al. (2012) reported that human donor islets secreted more 

insulin than control islets when incubated with 5 µM olanzapine in 15 mM glucose 

for 1 hour, although there was very high variability between donors [235]. However 

these short exposure times are insufficient to make conclusions. An increase in 

basal secretion and increase in GSIS does not fit the observed clinical effects and 

should be probed further. Olanzapine is a drug that is administered for long periods 

of time and reaches steady state, thus additional work investigating olanzapine 

induced changes to insulin secretion following chronic exposure is highly necessary. 

While olanzapine and clozapine are distinctly individual drugs with different side 

effects, both share a high risk of metabolic adverse events and diabetes [62]. There 

are several structural and pharmacological similarities between the drugs which are 

unique compared to other second generation antipsychotic drugs. Each has been 

associated with a specific binding profile at a select number of GPCRs and both 

show antagonist activity at a complement of dopamine, 5-HT, α, muscarinic and 

histamine receptors [75]. As shown in Table 16 clozapine has been found to 

increase basal secretion (<4mM glucose) and decrease glucose stimulated (>20mM 

Olanzapine 
concentration 

Model Exposure 
time 

Basal 
secretio
n  

GSIS  Authors 

1 – 1000 nM HIT-T15 cell 
line 

1 hour Decrease 
(10mM 
glucose) 

- Nagata 2019 
[173] 

1 μM Rat primary 
islets 
INS-1 cell line 

4 hour Increase  No change Melkersson 
2001 [172] 
Melkersson 
2004 [171] 

5 µM Human islets 
 

1 hour - Increase 
(15mM 
glucose) 
Very high 
variability 
between 
donors 

Simpson 
2012 [235] 
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glucose) secretion in primary islets and cultured beta cell lines, which appears to be 

dose and time dependent [171, 172, 174, 175, 233, 234]. It remains unclear if 

olanzapine has the same effects on insulin secretion. 

 

Table 16 Summary of In Vitro insulin secretion studies: Clozapine. Glucose 
stimulated insulin secretion (GSIS) 

 

An important clinical difference between clozapine and olanzapine is the high risk 

of agranulocytosis associated with clozapine [236], hence clozapine is initiated 

under specialist supervision for severe cases of treatment resistant SMI alongside 

intensive and ongoing monitoring. Conversely, olanzapine is frequently prescribed 

in primary and secondary care as a first line treatment for SMI to patients who are 

Clozapine 
concentration 

Model Exposure 
time 

Basal 
secretion  

GSIS  Authors 

1 μM Rat primary 
islets 
 
 
 
INS-1 cell line 
 
 
Rat primary 
islets 

1 hour 
 
 
 
 
4 hour 
 
 
7 days 

No change 
 
 
 
 
Increase 
 
 
- 

No change 
 
 
 
 
- 
 
 
Decrease 

Melkerrson 
2001 [172] 
Melkersson 
2004 [171] 
 
Melkersson 
2007 [174] 
 
Sasaki 2006 
[233]  

5 μM Rat primary 
islets 
 
Rat primary 
islets 
 
Human islets 

1 hour 
 
 
7 days 
 
 
1 hour 

No change 
 
 
- 
 
 
- 

Decrease 
 
 
Decrease 
 
 
Increase 
(15mM 
glucose) 

Best 2005 
[175] 
 
Sasaki 2006 
[233] 
 
Simpson 
2012 [235] 

10 μM Rat primary 
islets 
 
Rat primary 
islets 

1 hour 
4 hour 
 
7 days 

- 
Increase 
 
- 

Decrease 
Decrease 
 
Decrease 

Melkersson 
2007 [174] 
 
Sasaki 2006 
[233]  

25 μM INS-1 cell line 24 hour Increase Decrease Menga 2013 
[234] 
 

100 μM Rat primary 
islets 

4 hour Increase Decrease Melkersson 
2007 [174]  
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monitored less frequently. For that reason, it is imperative to further investigate if 

olanzapine impacts GSIS to the same extent as clozapine to help shape future 

medical care of patients. This research aimed to investigate any changes in insulin 

secretion from the MIN6 cell line in response to chronic olanzapine exposure 

(Figure 14). 

 

 

Figure 14 Illustration depicting the third hypothesis that olanzapine has a 
pharmacological action on the beta cell to modify the mechanism of glucose 
stimulated insulin secretion  

 

To summarise, the currently reported in vitro effects of olanzapine on beta cell 

viability and function are limited, however the clinical data suggest that olanzapine 

does have a detrimental effect to prevent adequate insulin secretion to prevent 

hyperglycaemia. There have been few studies carried out investigating beta cell 

response to therapeutic concentrations of olanzapine for prolonged periods of time, 

and it is presently difficult to make conclusions about how olanzapine alters the 

functioning of beta cells independently of the accompanying insulin resistance. The 

first aims of the study were to investigate the effect of olanzapine on the viability and 

function of a beta cell line. Using the mouse insulinoma cell line MIN6, we aimed to 

investigate if olanzapine would produce similar effects on insulin secretion as have 

been demonstrated in different cell lines exposed to clozapine.  
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3.2 Results  

  Effect of olanzapine on MIN6 viability 

3.2.1.1  MTT assay 

The first aim of this study was to investigate if olanzapine is toxic to MIN6 beta cells. 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric 

assay was used to determine if the viability of a sample of MIN6 cells was reduced 

by acute or chronic treatment with olanzapine. Mitochondrial dehydrogenase 

enzymes in viable, metabolically active cells reduce MTT to an insoluble purple 

formazan product that can be detected using a spectrophotometer. The resulting 

absorbance is proportional to the metabolic activity of the cell sample and this can 

be used to determine cell viability. 

A range of concentrations of olanzapine from 0.1 µM to 100 µM was tested to 

investigate any concentration dependent effects. As shown in Figure 15A acute 

treatment with olanzapine for 24 hours produced no significant changes in cell 

viability at any concentration.  

To investigate chronic effects of olanzapine, the duration of exposure was extended 

to 72 hours. Figure 15B show that exposure to therapeutic concentrations of 

olanzapine from 0.1 µM – 10 µM did not produce any changes in MTT absorbance 

compared to control. There was a significant reduction in viable cells in the sample 

that was exposed to 100 µM compared to control (44.47 ± 2.65 %, p <0.001). This 

suggests there is a significant reduction in viability, but this may also be attributable 

to decreases in mitochondrial metabolism.  
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Figure 15 Effect of 24 and 72 hours olanzapine exposure on MIN6 cell viability. 
MIN6 cells were treated with olanzapine concentrations ranging from 0.1 – 100 µM 
as indicated for 24 hours (A) and 72 hours (B). Cell viability was assessed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Results shown 
are of 4 independent experiments. Data are displayed as mean ± SEM, ***p<0.001 
versus control using one-way ANOVA and Bonferroni’s Post-test. 
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3.2.1.2 Fluorescent staining 

The MTT results suggested that chronic treatment with olanzapine 0.1- 10 µM 

caused no changes in cell viability, and 100 µM olanzapine significantly reduced cell 

viability. The MTT assay does not differentiate changes in metabolic activity of the 

sample from changes in cell number, and results could be influenced by drug 

induced metabolic fluctuations.  To further investigate the effects of olanzapine on 

cell viability, and provide a more specific measure of cell death associated with 

chronic treatment with olanzapine, fluorescent staining with acridine orange and 

DAPI was used to measure total live and dead cells.  

Figure 16 shows that there was no significant difference in total dead cells detected 

at any concentration of olanzapine following 72 hours of incubation. Thus it can be 

reasoned that olanzapine does not increase cell death at concentrations <100 µM 

for 72 hours. Treatment with 100 µM olanzapine resulted in significantly fewer live 

cells compared to control (p<0.01) however, as the dead cells did not change, the 

reduction in live cells may be attributed to cytostatic effects rather than an increase 

in cell death. There were no significant differences in total live cells at any lower 

concentrations of olanzapine. 
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Figure 16 Effects of 72 hours treatment with olanzapine on MIN6 cell death. 
MIN6 cells were treated with olanzapine concentrations ranging from 0.1 – 100 µM 
as indicated for 72 hours. Cell death was assessed by fluorescent staining with 
Acridine orange and DAPI. Results shown are of 3 independent experiments. Data 
are displayed as mean ± SEM, **p<0.01 versus control using one-way ANOVA and 
Bonferroni’s Post-test  
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  Effect of olanzapine on beta cell function 

3.2.2.1 Glucose stimulated insulin secretion 

Treatment with therapeutic concentrations of olanzapine ≤10 µM did not reduce cell 

viability; the next aim of this study was to investigate if olanzapine produced 

changes to beta cell function. The primary function of beta cells is to secrete insulin 

in response to increases in extracellular glucose. The hypothesis that chronic 

olanzapine treatment would reduce glucose stimulated insulin secretion (GSIS) from 

MIN6 cells was tested by measuring insulin secretion.   

Following chronic exposure to 1 µM or 10 µM olanzapine for 72 hours, MIN6 were 

glucose-starved to standardise the sample, followed by exposure to low (5 mM) or 

high (25 mM) glucose for 2 hours. As shown in Figure 17A MIN6 cells secreted 

insulin in response to 5 mM and 25 mM glucose, and the amount of insulin secreted 

in response to 25 mM glucose was significantly more than that at 5 mM (p<0.05). 

This confirmed that MIN6 cells were glucose responsive and a suitable model for 

GSIS studies.  

Figure 17A shows that there was a trend for cells that had been incubated with 1 

μM olanzapine for 72 hours to secrete slightly less insulin than control cells in 

response to glucose but this was not significant. Cells that had been incubated with 

10 μM olanzapine for 72 hours secreted moderately less insulin in response to low 

glucose but this was not significant. In response to high glucose there was 

significantly less insulin secretion compared to control (p<0.01) suggesting that 

chronic exposure to 10 µM olanzapine may result in cellular changes that interfere 

with the glucose stimulated insulin response. 

To further explore if the observed reduction in insulin was due to a deficiency in 

insulin synthesis or a defect in the mechanism of insulin secretion, cell lysates were 

assayed for total intracellular insulin content. There was no observed change in 

intracellular insulin content at any concentration as shown in Figure 17B This 

suggests that the effects of olanzapine on insulin secretion are associated with the 

mechanics of secretion. 
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Figure 17 Effects of olanzapine on insulin secretion and content in MIN6 cells. 
MIN6 cells were incubated with 1 µM or 10 µM olanzapine as indicated for 72 hours 
prior to GSIS investigation or intracellular insulin quantification. Following treatment 
cells were incubated with glucose free culture media followed by exposure to low (5 
mM) or high (25 mM) glucose. Supernatant was collected and insulin concentration 
determined with ELISA and normalised to protein content (A). Cells were lysed in 
an acid ethanol solution and insulin content assayed by ELISA (B). Results shown 
are of 3 independent experiments. Data are displayed as mean ± SEM, *p<0.05 
versus control (5 mM glucose) δδ p<0.01 versus control (25 mM glucose) using two-
way ANOVA and Bonferroni’s Post-test 
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  Proliferation 

Another feature of the beta cell is the ability to increase in number at times of 

increased demands such as during insulin resistance or obesity. During beta cell 

compensation stimuli such as glucose or growth factors initiates cell proliferation to 

increase the cell mass [193]. Serotonin (5-HT) has also previously been associated 

with increases in beta cell mass during pregnancy through interaction with 5-HT2B 

receptors [196]. Olanzapine is an antagonist at 5-HT2 receptors [194] so we 

hypothesised that there may be an inhibition of proliferation. The next aim of the 

study was to test the hypotheses that olanzapine inhibits an increase in cell 

proliferation in response to proliferative stimuli.  

To minimise simultaneous effects between growth factors and other stimuli, the FBS 

concentration in the culture media was reduced to 2%. Cells were incubated with 10 

µM and 100 µM olanzapine for 72 hours in low glucose high FBS (5 mM glucose 

10% FBS), low glucose low FBS (5 mM glucose 2% FBS), high glucose (25 mM 

glucose 2% FBS), and serotonin (5 µM 5-HT, 5 mM glucose, 2% FBS). The MTT 

assay was carried out at different time points and MTT absorbance was interpreted 

to represent the size of the cell population and show the increase in mass during 

the 72 hour exposure. For these studies cell confluency was reduced to minimise 

contact inhibition of growth during the 72 hour experiment.  

 As shown in Figure 18A-B Reducing the FBS concentration from 10% to 2% 

significantly reduced the proliferation of control MIN6 cells, and the MTT absorbance 

of the 2% control group was significantly lower at 48 hours (p<0.05) and 72 hours 

(p<0.001) than the 10% control group (2 way ANOVA with Bonferroni post-test, 

n=4). As shown in Figure 18B-D culturing with high glucose (p<0.01) and 5-HT 

(p<0.05) resulted in a significantly elevated MTT absorbance at 72 hours compared 

to low glucose (2 way ANOVA with Bonferroni post-test, n=4), indicating that these 

culture conditions independently stimulated proliferation.  

The influence of 100 µM olanzapine to inhibit proliferation was evident in all 

stimulated culture conditions. MTT absorbance of cells treated with 100 µM 

olanzapine at 72 hours was significantly lower compared to control in high glucose 

conditions (p<0.001) (Figure 18C) and 5-HT (p<0.001) (Figure 18D). However, 10 

μM olanzapine did not significantly inhibit proliferation in response to FBS, glucose 

or 5-HT, which does not support the initial hypothesis.  
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Figure 18 Effects of olanzapine on proliferation in different culture conditions. 
MIN6 cells were incubated with 10 µM or 100 µM olanzapine as indicated for 24, 48 
and 72 hours in different stimulation conditions. Low glucose 10% FBS (A) low 
glucose 2% FBS (B), high glucose 2 % FBS (C) or low glucose + 5 µM 5-HT 2% 
FBS (D). MTT assay was performed and absorbance read at 540 nm at each time 
point. Results shown are of 4 independent experiments. Data are displayed as mean 
± SEM, **p<0.01 *** p<0.001 10 µM olanzapine versus control, ¥ p<0.05, ¥¥ p>0.01, 

¥¥¥ p<0.001 100 µM olanzapine versus control using two-way ANOVA and 
Bonferroni’s Post-test 
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As shown in Figure 18B, a surprising observation was made that in unstimulated 

conditions, 10 µM olanzapine was able to independently stimulate proliferation of 

MIN6 cells. There was significantly higher MTT absorbance detected at 48 hours 

(p<0.01) and 72 hours (p<0.001) in cells treated with10 µM olanzapine compared to 

control. To confirm if this observation was a true increase in total cells rather than 

an increase in mitochondrial metabolic activity stimulated by olanzapine, cell counts 

were performed after 72 hour incubation in low and high glucose (2% FBS). Figure 

19 confirmed that incubation with 10 µM olanzapine resulted in a significant increase 

in total cells compared to control in low glucose, low FBS unstimulated conditions 

(p<0.01). 
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Figure 19 Effects of olanzapine on cell number after 72 hours incubation in 
different glucose concentrations. MIN6 cells were incubated with 10 µM 
olanzapine as indicated for 72 hours in low glucose (5 mM) and high glucose (25 
mM) 2% FBS conditions. Cells were detached and counted using a 
haemocytometer.  Results shown are of 3 independent experiments. Data are 
displayed as mean ± SEM, **p<0.01 versus control (5 mM glucose) δδ p<0.01 
versus control (25 mM glucose) using two-way ANOVA and Bonferroni’s Post-test 
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These results imply that in the absence of a stimulus 10 µM olanzapine can increase 

numbers of viable MIN6 cells over time. To further test the effect of a range of 

therapeutic concentrations on proliferation, the experiment was repeated with 0.1 

µM, 1 µM and 10 µM olanzapine. Figure 20 shows that all concentrations tested 

were able to produce a concentration dependent stimulation of proliferation.  0.1 µM 

had the weakest response, and at 48 hours there was no significant difference in 

MTT absorbance compared to control, however at 72 hours there was a significant 

difference (p<0.01) indicating that there was stimulated proliferation. 1 µM 

olanzapine produced a similar response to 10 µM olanzapine and there was 

significantly increased MTT absorbance at 48 (p<0.01) and 72 hours (p<0.01).  

Therapeutic concentrations of olanzapine do not influence stimulated proliferation; 

but these data suggest that in the absence of a proliferative stimulus olanzapine can 

independently stimulate proliferation. 
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Figure 20 Effects of different concentrations of olanzapine on proliferation in 
unstimulated conditions MIN6 cells were incubated with 0.1, 1 or 10 µM 
olanzapine as indicated for 24, 48 and 72 hours in unstimulated conditions (low 
glucose 2 % FBS) MTT assay was performed and absorbance read at 540 nm. 
Results shown are of 4 independent experiments. Data are displayed as mean ± 
SEM, **p<0.01 *** p<0.001 10 µM olanzapine versus control, †† p>0.01 1 µM 
olanzapine versus control, ¢¢ p>0.01 0.1 µM olanzapine versus control using two-
way ANOVA and Bonferroni’s Post-test 
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  The Cell Cycle 

To further investigate the observation that 10 µM olanzapine increases proliferation 

and cell number during 72 hour incubation in unstimulated conditions (low glucose, 

low FBS) flow cytometry was used to establish the effect of olanzapine on the cell 

cycle.  

MIN6 cells were cultured in serum free media for 24 hours to synchronise the cell 

population in G0 (baseline) then cells were treated with 10 µM olanzapine in culture 

media containing 5 mM glucose and 2% FBS for 24 and 48 hours. MIN6 cells have 

a doubling time of 48 hours [237] indicating that the cell population should go 

through one revolution of the cell cycle approximately each 48 hours.  

Cells were fixed at each stage and stained with DNA dye, propidium iodide (PI). PI 

relative fluorescence intensity (RFU) was proportional to the total DNA in each 

individual cell, and can be extrapolated to determine stage of the cell cycle. Cells in 

G2 have approximately double the DNA concentration of those in G1 and when 

plotted on a histogram there are 2 peaks indicating the number of cells in each stage 

of the cell cycle. Figure 21A-B shows representative graphs of PI intensity after cell 

cycle synchronisation (baseline), and after 24 hours and 48 hours incubation with 

10 µM olanzapine.  

Figure 21 shows that following serum starvation, 24 hour incubation with FBS 

containing media increased the proportion of control cells in G2/M compared to the 

baseline serum starved group (p<0.05), which suggests that there was stimulation 

of the cell cycle. After 48 hours of incubation, the proportion of cells in the sample 

in stage G2 is higher than that at 24 hours, indicating cell cycle progression.  

Compared to control cells 24 hour incubation with 10 µM olanzapine resulted in a 

significant reduction in the proportion of cells in stage G0/G1 (p<0.05) and 

significantly more cells in stage G2/M of the cell cycle (p<0.05) but there was no 

change to the proportion of cells at any stage after 48 hours of incubation (Figure 

21D-E). This suggests that 10 µM olanzapine moderately accelerated the transition 

from G1-G2 in MIN6 cells.  
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Figure 21 Effects of olanzapine on MIN6 cell cycle. MIN6 cells were serum 

starved for 24 hours to synchronise the population in G0 (baseline) (A, C) then 

incubated for 24 hours (A, D) or 48 hours (B, E) with 10 µM olanzapine. Following 

treatment cells were stained with propidium iodide and cell cycle stage measured 

by FL2-A on flow cytometry. The cells in G2 have approximately double the DNA 

content than those in G1. Representative graphs showing the DNA intensity at 24 

and 48 hours (A, B). Calculated proportion of cells in each stage of the cell cycle 

from 4 independent experiments (C, D, E). Data are displayed as mean ± SEM, 

*p<0.05 versus control using two-way ANOVA and Bonferroni’s Post-test 
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3.3 Discussion 

This Chapter aimed to explore the effects of olanzapine on viability and function of 

MIN6 beta cells. There is a common link between olanzapine and development of 

hyperglycaemia, so we hypothesised that olanzapine has pharmacological effects 

at the pancreatic beta cells to cause cell death or to reduce function. The presented 

data show that 72 hour exposure to 10 μM olanzapine did not increase cell death, 

but resulted in a significant reduction in glucose stimulated insulin secretion. 

Proliferation of cells was also significantly altered by olanzapine, with stimulation at 

low concentrations, and inhibition at high concentrations. Taken together the results 

suggest there are pharmacological targets of olanzapine that can disrupt normal 

beta cell function.   

 

  Acute olanzapine exposure does not reduce beta cell 

viability at any concentration  

The initial hypothesis that olanzapine is toxic to beta cells and will increase beta cell 

death was investigated using the MTT assay and fluorescent staining. There was 

no observed reduction in cell viability, but this is in contradiction to data presented 

by Ozasa et al. (2013) who proposed that olanzapine is toxic to insulin secreting 

beta cell lines [55].  Ozasa et al. (2013) used the Terminal deoxy transferase-

mediated dUTP-X nick end labelling (TUNEL) assay and DNA fragmentation assay 

to determine DNA breakage as an assessment of apoptosis. They reported that 24 

hours MIN6 incubation with 100 µM olanzapine caused 15% of the cells to become 

apoptotic, compared to 3% in the control group, which suggests that the remaining 

cell population is 85% viable. Conversely using the MTT assay to investigate cell 

viability Figure 15A showed that cells incubated with 100 µM olanzapine for 24 

hours were 98.96% viable. 

According to the DNA damage response theory, DNA damage does not always lead 

to apoptosis, and may alternatively initiate  cell cycle arrest, programmed cell death, 

or activation of DNA repair processes [238]. The MTT assay and cell counts used 

in the present work do not measure DNA damage, and do not give information 

relating to apoptosis, only necrotic cell death. In another study, cells that tested 
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highly positive for TUNEL activity were also found to be 100% viable by MTT [239]. 

Thus it is impossible to make comparisons between these results, instead we offer 

that 100 µM olanzapine causes DNA damage to beta cells resulting in cell cycle 

arrest, and inhibition of proliferation as is shown in this study (Figure 18).  The 

observation that olanzapine inhibits cell proliferation might be clinically relevant in 

terms of reduced beta cell compensation; however 100 µM olanzapine is most likely 

a supra-therapeutic concentration and lower, therapeutic concentrations were not 

found to have the same cytostatic effect or any reduction in cell viability. 

 

  Chronic exposure to lower concentration olanzapine 

(10 µM) results in reduced GSIS when stimulated with 

high glucose  

As concentrations < 10 µM of olanzapine were not found to affect beta cell viability, 

next the impact on cellular function was investigated. The primary function of the 

beta cell is to secrete insulin in response to fluctuating glucose concentrations to 

prevent hyperglycaemia. Patients treated with olanzapine often suffer rapid 

hyperglycaemia leading to the hypothesis that insulin secretion may be 

compromised by the drug. Olanzapine was shown to decrease the insulin secretion 

response to high glucose stimulation in a dose dependent manner as shown in 

Figure 17A. 

To our best knowledge this is the first in vitro study showing that chronic exposure 

to a therapeutic concentration of olanzapine, 10 µM, significantly reduces GSIS from 

beta cells. This is a noteworthy observation as it is difficult to make assumptions 

about olanzapine effect on beta cell function in in vivo models separately from the 

accompanying insulin resistance which also negatively affects beta cell function.  

There have been several previous in vitro studies that have probed changes in GSIS 

from beta cells and primary islets incubated with clozapine, but the only previous in 

vitro studies involving olanzapine found no change in GSIS [171, 172]. In previous 

studies Melkersson et al. (2001) (2004) showed that 1-4 hour exposure to 1 µM 

olanzapine did not affect insulin secretion in response to 16 mM glucose in rodent 
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islets or INS1 cells [171, 172]. However, the low tested concentration and short 

incubation time might delineate the lack of response. 

In further work exploring clozapine only, Melkersson et al. (2007)[174] investigated 

a wider concentration range (1- 100 μM) and found that clozapine concentrations 

above 10 μM significantly reduced GSIS after 1 and 4 hour incubation. These results 

closely matched those presented by Best et al. (2005)[175] which suggested that 

clozapine concentrations higher than 5 μM inhibited GSIS by approximately 40% 

compared to control. An additional report by Menga et al. (2013)[234] added to the 

evidence that clozapine induced changes in insulin secretion are dose dependent. 

However, olanzapine was not investigated beyond the initial studies. 

In additional clozapine studies, Sasaki et al. (2006) [233] highlighted the influence 

of incubation time on deterioration of GSIS, and showed that up to 3 day exposure 

to 1 μM clozapine there was no significant effect on GSIS, however after 7 days 

there was a significant inhibition of insulin secretion to approximately 53% of control.  

The present data supports the theory that olanzapine similarly reduces GSIS in a 

dose dependent manner. It was found that 72 hour incubation with 10 µM olanzapine 

significantly reduced secretion, but 1 µM only mildly reduced secretion. Considering 

the patterns observed with clozapine, we may speculate that longer incubation with 

lower concentrations of olanzapine would also significantly reduce secretion.  

There was no change in intracellular insulin content detected so it is reasoned that 

the changes are associated with alterations in secretory machinery of the cell. 

 

  Olanzapine can accelerate the cell cycle and result in 

increased proliferation of MIN6 in the absence of 

other stimulus   

The beta cell mass can dynamically adapt to increase the insulin output at times of 

increased demand. The third hypothesis that olanzapine reduces the adaptive 

response of MIN6 cells in response to hyperglycaemia was tested in various culture 

conditions.  It was found that therapeutic concentrations of olanzapine do not inhibit 

the proliferation of MIN6 cells in stimulatory conditions. However as shown in Figure 
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20, in the absence of other stimulation, addition of concentrations ≤10 µM 

olanzapine lead to increased proliferation of MIN6 cells and accelerated transition 

between G0/1 and G2 in the cell cycle (Figure 21).  Unlike primary cells, MIN6 cells 

continually replicate so may not be an appropriate model to make final conclusions 

regarding olanzapine induced increases in cell proliferation in humans. But by 

reducing concentration of FBS and growth factors, basal proliferation was 

significantly reduced and the observed stimulatory effect of olanzapine may be 

indicative of specific pathways associated with proliferation and metabolism that are 

targeted by olanzapine which may have significance related to loss of function. 

The effects of 100 µM olanzapine on beta cells by Ozasa et al. (2013) were found 

to include continuous protein synthesis, accumulation of intracellular insulin, mild 

endoplasmic reticulum (ER) stress and PERK activation [55]. PERK is involved in 

the unfolded protein response (UPR), and during states of ER stress PERK 

phosphorylates eIF2α to halt protein synthesis and inhibit translation [240]. It was 

deduced that the toxicity stimulated by 100 µM olanzapine occurred due to a blunted 

UPR response and continual protein synthesis which increases ER stress and 

activates cell death pathways. Therefore considering the observed effect of lower 

concentrations of olanzapine to stimulate cell proliferation, we hypothesise that 

there may be a specific receptor or signalling pathway within beta cells that is 

targeted by olanzapine to stimulates protein synthesis and growth, which at high 

concentrations becomes excessive and triggers the unfolded protein response to 

cause cell cycle arrest. 

 

  Conclusion 

To conclude, the effects of chronic olanzapine treatment lead to reduced insulin 

secretion, which relates to the known hyperglycaemic side effects. The increase in 

proliferation suggests that olanzapine can stimulate one or more pathways resulting 

in cell cycle acceleration. Numerous pathways are involved in the regulation of cell 

proliferation, and the following Chapters will aim to investigate the influence of 

olanzapine on signalling pathways linked to increased proliferation, and aim to 

elucidate if these pathways are linked to cellular changes and reduced GSIS.   
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4 Chapter 4: The effect of 

olanzapine on cell cycle 

regulation and the canonical 

Wnt signalling pathway  
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4.1 Introduction 

The data presented in Chapter 3 revealed that olanzapine can adversely alter the 

function of MIN6 beta cells; to stimulate proliferation, disrupt the cell cycle, and 

reduce GSIS. The following Chapters aimed to probe the pharmacological 

mechanism behind the effects of olanzapine on MIN6 cell function. In this Chapter 

the effect of olanzapine to stimulate proliferation was investigated, with special focus 

on interaction with the canonical Wnt signalling pathway. Further work in Chapter 5 

builds on suggested mechanisms and examines if the signalling pathways involved 

in olanzapine induced proliferation are linked to changes in insulin secretion.  

 

  Proliferation 

In Chapter 3 we made the novel observation that, in the absence of other 

stimulation, olanzapine ≤10 µM is able to stimulate MIN6 cell proliferation and 

accelerate progression of the cell cycle. An increase in proliferation suggests there 

may be a subsequent increase in beta cell mass, which is in contradiction to the 

pathogenesis of type 2 diabetes in which there is usually a progressive reduction in 

beta cell mass [45]. However, an increase in cell proliferation alongside reduced 

GSIS points to a loss of normal beta cell functioning instigated by olanzapine. 

Beta cells are principally a differentiated cell type, and during differentiation primary 

beta cells withdraw from the cell cycle [241]. The total beta cell mass is maintained 

through low level proliferation, and neogenesis from stem or progenitor cells [242] 

and a steady rate of proliferation balanced with cell death maintains the overall beta 

cell mass [243, 244].  

The replicative capacity of mature beta cells has been extensively investigated, as 

researchers pursue methods to increase the beta cell mass as a treatment for 

diabetes [245]. However beta cells have been proven to be somewhat resistant to 

replication. Replicating beta cells have been shown to have reduced functional 

capacity compared to quiescent cells, as the cell bioenergetics favour cell growth 

over insulin processing and secretion [246]. When investigating the genetic makeup 

of isolated replicating mature beta cells, it was found that upregulation of genes 

associated with cell proliferation was linked to significantly reduced expression of 

genes involved in beta cell function and GSIS [247]. C-myc is an important cell cycle 
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regulator in beta cells, which is upregulated by glucose to activate cyclins and 

stimulate cell cycle progression [248]. In a study where c-myc expression was 

modified, the pool of actively replicating cells increased, alongside a reduction in 

GSIS and expression of genes relating to normal insulin secretion [246]. This 

suggests that stimulation of cell proliferation can lead to an immature beta cell 

phenotype, or in cell dedifferentiation. The overall balance between cell replication 

and cell function is usually maintained through very low numbers of replicating cells 

at any time, however, if olanzapine is able to stimulate cell cycle entry and increase 

the number of replicating cells then overall beta cell function may indeed be 

expected to decline. This leads to the hypothesis that through increased cell 

proliferation, olanzapine negatively influences beta cell function. 

 

  Cell cycle regulation 

The cell cycle is a highly regulated process in which a cell divides to make two 

daughter cells. Numerous pathways and mitogenic stimuli are able to activate the 

cell cycle, by triggering the irreversible progression from phase G1 to S. As 

illustrated in Figure 22 the cell cycle initially starts in the resting phase G0 where 

cells are quiescent and do not divide. Cells in the G1 phase of growth increase in 

size, then upon stimulation move into S phase where there is DNA synthesis and 

duplication. In the G2 phase of growth, the cell continues to increase in size in 

preparation for M phase in which mitosis occurs to produce two daughter cells [249]. 

It is at the restriction point during G1 phase that cells are responsive to mitogenic 

stimulus to either trigger the cycle of cell division, or to exit the cell cycle and become 

quiescent. Thus the G1 restriction point is a crucial regulator of cell division, and 

beyond this point cells will continue with the process irrespective of ongoing 

mitogenic stimulation [249].  

The G1 phase restriction point is predominantly activated by cyclin and cyclin 

dependent kinase (Cdk) regulation of the Retinoblastoma protein (Rb) pathway. As 

shown in Figure 22 when stimulated, Cyclin and Cdk complexes trigger the 

phosphorylation and inactivation of Rb, and then E2F is available to initiate 

processes involved in cell cycle entry. There are numerous phosphorylation sites on 

the Rb molecule, and it is coordinated phosphorylation by cyclins and Cdk 

complexes which result in ongoing inactivation and cell cycle progression. Cyclin D/ 
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Cdk4/6 complexes phosphorylate Rb during early G1, cyclin E/ Cdk2 phosphorylate 

in late G1, and cyclin A/ Cdk2 maintain phosphorylation during S phase [250, 251].  

 

 

Figure 22 Schematic diagram showing some key regulators of cell cycle 

progression through G1 

 

During the course of the cell cycle, cyclin concentrations fluctuate through regulated 

transcription, synthesis and destruction, and only during specific windows are 

cyclins available to form a complex with Cdks to initiate activity. The D type cyclins 

are crucial for entry into the cell cycle, and unlike other cyclins these are only 

expressed in the presence of mitogenic stimulation [252]. In mature human beta 

cells, the cell population is predominantly quiescent, but cells are able to respond to 

mitogenic stimulation through increased expression of D type cyclins. Different 

mitogenic stimuli include glucose, amino acids, free fatty acid (FFA), insulin, IGF-1, 

GLP-1, growth hormone, prolactin, and leptin [253]. All three cyclins; D1, D2, and 

D3 are expressed in islets with overlapping function, but cyclin D2 is expressed at 

10 fold higher levels than cyclin D1, and cyclin D3 is expressed at very low levels 

compared to D1 and D2 suggesting its activity in beta cells is low [254].  

Amplified expression of D cyclins results in early entry to S phase and consequently 

accelerates the cell cycle [255]. The observation that olanzapine was able to 
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stimulate proliferation in MIN6 cells and accelerate the transition between G1 and S 

leads to the first hypothesis that olanzapine can alter expression of D cyclins to 

accelerate entry to the cell cycle.  

 

  Mitogenic pathways 

Different mitogenic stimuli exert diverse effects on beta cell proliferation by 

activating signal transduction pathways that increase expression or stability of 

transcription factors and cyclins. For example; Insulin/ IGF-1 can induce proliferation 

through activation of AKT and mitogen-activated protein kinase (MAPK) signalling 

pathways [256]. Canonical Wnt signalling can stimulate proliferation through 

upregulation of c-myc and cyclin D1 [257, 258]. Incretins stimulate multiple 

pathways such as mammalian target of rapamycin (mTOR) that impact proliferation 

[259]. Serotonin receptor activation also has a role to increase proliferation, which 

is thought to be associated with increased beta cell mass during pregnancy [196]. 

Olanzapine is pharmacologically active at several membrane bound receptors that 

are linked to cell proliferation, and there is evidence for interaction with numerous 

intracellular signalling pathways. We propose that in MIN6 beta cells, olanzapine 

interacts with one or more mitogenic signalling pathways to induce early entry to the 

cell cycle and adversely affect function. 

Three significant pathways involved in beta cell proliferation include; Akt/ mTOR 

pathway, Ras/ extracellular-regulated kinase (ERK)/ MAPK pathway, or the 

canonical Wnt signalling pathway [257, 258]. Olanzapine has previously been linked 

to each of these pathways in various cell types, but due to varying functions of 

different tissue, some interactions and outcomes are likely to be cell type specific.  

 

4.1.3.1 mTOR 

The AKT/mTOR pathway is activated in response to growth factors and amino acids 

to stimulate protein synthesis, leading to accumulation of biomolecules required for 

cell division [260]. mTOR activation can also modulate expression and stability of 

cyclin D2, D3 and CDK4, critical factors in the G1 – S transition [261]. Olanzapine 

has previously been shown to activate AKT in PC12 cells [262] and mTOR in 

hepatocytes [138] so a potential interaction with mTOR in beta cells may be of 
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interest. However, in isolated islets and INS-1E beta cells mTOR activation has 

been shown to increase individual cell size, increase intracellular insulin synthesis 

and content, and increase GSIS [263]. These observations are in contrast to the 

presented data detailing the pharmacological effects of olanzapine on beta cell 

function to reduce insulin secretion, with no impact on intracellular content. This 

suggests if there is an interaction between olanzapine and mTOR in beta cells, it is 

minimal, or that there are several other converging pathways involved in the 

observed functional decline instigated by olanzapine.  

 

4.1.3.2 MAPK 

There are numerous MAPK pathways also involved in beta cell proliferation. The 

classic MAPK signalling cascade Ras-Raf-ERK leads to activation of several 

transcription factors including c-myc [264]. Through modification of activity of 

transcription factors, the MAPK pathway leads to increased expression of cell cycle 

regulator cyclin D1 [265]. In PC12 cells, olanzapine triggers ERK activation to 

stimulate  proliferation [262] and in Chinese hamster ovary cells (CHO) transfected 

with 5-HT1A receptors olanzapine has also been shown to moderately phosphorylate 

ERK and MAPK [266]. In beta cells, glucose can stimulate ERK activation to 

increase transcription of beta cell specific genes, but there is negligible effect on 

insulin secretion, and ERK inhibition has no effect on GSIS [267, 268]. We suggest 

that if olanzapine modifies ERK signalling to stimulate proliferation in MIN6 cells, 

this does not account for the GSIS decline, and there may multiple converging 

pathways involved in the pharmacological effects of olanzapine on beta cell function. 

 

4.1.3.3 Wnt 

Stimulation of the canonical Wnt signalling pathway directly activates transcription 

of cyclin D1 and c-myc, which are essential regulatory components of cell cycle 

stimulation [269, 270]. In beta cells, Wnt signalling activation has been associated 

with beta cell compensation mechanisms, leading to increased cell proliferation 

[271, 272]. In a model of type 2 diabetes, mice were fed a high fat diet, and key 

markers of Wnt signalling such as beta catenin nuclear translocation, and 

upregulation of cyclin D1 and c-myc was detected in pancreatic islets [273]. 
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Furthermore, stimulation of the Wnt signalling pathway has been shown to have an 

important influence on insulin secretion [274], with specific predicted roles for beta 

catenin [210, 275] and TCF7L2 [276] within the insulin secretory mechanism.  

Olanzapine significantly reduces beta catenin concentration in osteoblasts [277] and 

has been shown to modulate Wnt and beta catenin signalling In glioma stem-like 

cells (GSLC) [278]. It has also recently been inferred that the Wnt signalling pathway 

effector TCF7L2 mediates some of the metabolic side effects of olanzapine such as 

weight gain and glucose intolerance [135]. The dual role of the Wnt pathway to 

modify proliferation as well as insulin secretion echoes the effects of olanzapine to 

influence both proliferation and insulin secretion, which highlights this as a pathway 

of interest. This leads to the next hypothesis that olanzapine interacts with the 

canonical Wnt pathway in MIN6 beta cells to influence function. 

 

  Canonical Wnt pathway 

Beta catenin cytoplasmic concentration is central to the activity of the canonical Wnt 

pathway, illustrated in Figure 23. Beta catenin is a multifaceted protein that is 

involved in proliferation [273], insulin secretion [210], and is also a key component 

of cell adherens junctions [279].  

As shown in Figure 23A in the absence of Wnt activation at membrane bound 

frizzled receptors, cytoplasmic beta catenin interacts with the ‘destruction complex’. 

The destruction complex is comprised of glycogen synthase 3 (GSK3), casein 

kinase 1α (CK1α), Axin (Axin and Axin2), and adenomatous polyposis coli (APC). 

Axin, as the central scaffold protein, directly interacts with, and leads to coordinated 

phosphorylation of all components of the destruction complex resulting in a large 

complex that targets beta catenin for proteasomal degradation.  

Briefly, the priming kinase CK1α first phosphorylates beta catenin at Ser 45, GSK3β 

subsequently phosphorylates beta catenin at Ser 33, Ser 37 and Ser 41, followed 

by phosphorylation of APC by CK1α and GSK3β which increases the bond between 

APC and beta catenin. The beta catenin is successively transferred from Axin to 

APC, which exposes the phosphorylated beta catenin to the ubiquitin ligase, leading 

to ubiquitinisation and degradation by the proteasome [280, 281]. Through continual 

degradation, beta catenin does not accumulate or translocate to the nucleus, thus 

Wnt signalling is switched off and target genes are not expressed [281, 282]. All 
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components of the destruction complex have the capacity to regulate the free beta 

catenin concentration, therefore altering concentration or phosphorylation of any 

protein can have a substantial impact on signalling.  

Wnt ligands are secreted glycoproteins that bind to the G protein coupled frizzled 

receptors and low density lipoprotein receptor related protein 5 or 6 (LRP5/6) co-

receptors [283]. As shown in Figure 23B Wnt ligand binding at the frizzled receptor 

activates the intracellular protein dishevelled (Dvl) which initiates intracellular 

disruption of the beta catenin destruction complex, and recruitment to the cell 

membrane. This leads to beta catenin cytoplasmic accumulation and translocation 

to the nucleus, where it forms a bipartite transcription factor with TCF7L2 and 

increases expression of Wnt downstream target genes, many of which are involved 

in cell proliferation [281].  

As our results suggest that olanzapine can interfere with proliferation and insulin 

secretion, as well as evidence linking olanzapine metabolic side effects to increased 

expression of TCF7L2, we hypothesise that olanzapine stimulates the Wnt signalling 

pathway to accelerate the cell cycle, and the following Chapter aimed to probe this.   
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A.  

 

B. 

 

Figure 23 schematic diagram of the canonical Wnt pathway with or without 
Wnt stimulation [281] In the absence of Wnt stimulation, beta catenin is targeted 
for degradation by the destruction complex and TCF7L2 supresses downstream 
gene expression (A). Wnt stimulation at frizzled receptors recruits the components 
of the destruction complex to the membrane and liberates beta catenin to move to 
the nucleus and bind to TCF7L2. Forming a bipartite transcription factor, beta 
catenin and TCF7L2 upregulate target genes such as c-myc and cyclin D1 (B) 
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4.2 Results 

  Effect of olanzapine on regulators of the cell cycle 

In Chapter 3 it was demonstrated that in the absence of other stimuli olanzapine 

was able to stimulate cell proliferation and accelerate cell cycle transition from G1 – 

G2. This suggested that olanzapine may interact with one or more signalling 

pathways that are involved in proliferation. We hypothesised that cell cycle 

acceleration by olanzapine is caused by upregulation of cell cycle regulating genes, 

and Initial experiments aimed to investigate the effect of olanzapine on the mRNA 

expression of various components of the cell cycle. 

Cyclin D1, cyclin D2 and c-myc are all considered to be important regulators of beta 

cell proliferation that respond to mitogenic stimuli to initiate the process of cell 

division [284]. D cyclin expression fluctuates throughout the cell cycle, with maximal 

expression during G1 [285]. In Chapter 3 Figure 21 showed that at 24 hours most 

cells are in G1, thus 24 hours is an appropriate incubation time to investigate 

increased expression of D cyclins. C-myc is a transcription factor that is also 

upregulated by mitogenic stimuli to increase expression of genes involved in cell 

proliferation. The effect of 24 hour olanzapine exposure on expression of these cell 

cycle regulating genes was investigated using qRT-PCR.   

Figure 24 shows that after 24 hour exposure to 10 µM olanzapine, there was 

significantly increased expression both of c-myc and cyclin D1 compared to control 

(p<0.05). Cyclin D2 expression was not significantly different at 24 hours. 

Expression of the D cyclins fluctuates throughout the cell cycle, peaking during G1, 

and after 48 hours Figure 25 shows that the expression of both cyclins had reduced. 

This is consistent with the theory that olanzapine disrupts the regulation of the cell 

cycle. 
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Figure 24 Effect of 24 hour olanzapine on cell cycle gene expression MIN6 cells 
were incubated with 10 µM olanzapine for 24 hours. qRT-PCR was performed and 
gene expression calculated relative to UBC and B2M reference gene expression.  
Results shown are of 3 independent experiments. Data are displayed as mean ± 
SEM, *p<0.05 versus 0 µM olanzapine using a student T test 
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Figure 25 Effect of 48 hour olanzapine on gene expression MIN6 cells were 
incubated with 10 µM olanzapine for 48 hours. qRT-PCR was performed and gene 
expression calculated relative to UBC and B2M reference gene expression.  Results 
shown are of 3 independent experiments. Data are displayed as mean ± SEM 
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  Effect of olanzapine on the canonical Wnt signalling 

pathway 

Numerous signalling pathways, growth factors, and cytokines are involved in 

stimulation of cyclins and c-myc to progress the cell cycle. Both cyclin D1 [286] and 

c-myc [269] are upregulated by canonical Wnt/ beta catenin signalling, while cyclin 

D2 is not a known direct target.  

During activation of the canonical Wnt signalling pathway, the components of the 

beta catenin destruction complex are recruited to the membrane and there is 

reduction of cytoplasmic proteasomal degradation of beta catenin. As depicted in 

Figure 26 this is followed by beta catenin cytoplasmic accumulation and nuclear 

translocation, where beta catenin forms a bipartite transcription factor with TCF7L2 

to upregulate expression of Wnt target genes. Based on the observations that 10 

µM olanzapine can stimulate proliferation and upregulate cyclin D1 and c-myc, 

alongside previous work linking the transcription factor TCF7L2 to the metabolic side 

effects of olanzapine [135], we hypothesised that olanzapine can alter the protein 

level and location of beta catenin and TCF7L2 in MIN6 cells. 

 

 

Figure 26 Schematic diagram showing Beta catenin nuclear translocation and 
formation of a bipartite transcription factor with TCF7L2 to upregulate Cyclin 
D1 and c-myc 
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4.2.2.1 Beta catenin  

Initially, the concentration and localisation of beta catenin was investigated using 

Western blot. MIN6 cells were incubated with 10 µM olanzapine for 24 (Figure 27) 

and 72 hours (Figure 28) in unstimulated growth conditions as discussed 

previously. Nuclear and cytoplasmic fractions were assessed for protein 

concentration of beta catenin relative to GAPDH (cytoplasmic reference) and Lamin 

B1 (nuclear reference).  

Figure 27 shows that 24 hour treatment with 10 µM olanzapine had a significant 

effect on cytoplasmic beta catenin concentration (p<0.05) and no observed change 

in nuclear beta catenin concentration. Compared to control, olanzapine produced a 

mean increase in cytoplasmic beta catenin of 26.0 ±6.7%. As nuclear beta catenin 

was unchanged, this suggests there may be a reduction in cytoplasmic beta catenin 

proteasomal degradation leading to increased free concentration. This is suggestive 

of increased activity within the canonical Wnt signalling pathway. 

Figure 28 shows that after 72 hours, there was a small but significant shift in 

localisation of beta catenin. Compared to control there was a significant reduction 

in mean cytoplasmic beta catenin, and an increase in nuclear beta catenin. This 

suggests that chronic exposure to olanzapine confers some effect on the 

cytoplasmic destruction of beta catenin, or alternatively promotes nuclear 

sequestration. 
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Figure 27 Effect of 24 hour olanzapine on beta catenin cytoplasmic and 
nuclear concentration MIN6 cells were incubated with 10 µM olanzapine for 24 
hours. Nuclear and cytoplasmic fractions were extracted and lysates were resolved 
by SDS page and immunoblotted against beta catenin antibodies and loading 
control antibodies against GAPDH (cytoplasm) and Lamin B1 (nuclear). 
Representative western blot (A). Quantified densiometric data of cytoplasmic beta 
catenin relative to GAPDH and nuclear beta catenin relative to Lamin B1 from 3 
independent experiments (B). Data are displayed as mean ± SEM, *p<0.05 10 μM 
versus 0 µM olanzapine using a one sample t test  
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Figure 28 Effect of 72 hour olanzapine on beta catenin cytoplasmic and 
nuclear localisation MIN6 cells were incubated with 10 µM olanzapine for 72 
hours. Nuclear and cytoplasmic fractions were extracted and lysates were resolved 
by SDS page and immunoblotted against beta catenin antibodies and loading 
control antibodies against GAPDH (cytoplasm) and Lamin B1 (nuclear). 
Representative western blot (A). Quantified densiometric data of cytoplasmic beta 
catenin relative to GAPDH and nuclear beta catenin relative to Lamin B1 from 4 
independent experiments (B). Data are displayed as mean ± SEM, *p<0.05, 
**p<0.01 10 μM versus 0 µM olanzapine using a one sample t test  
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4.2.2.2 TCF7L2 

Within the nucleus beta catenin binds to and forms a bipartite transcription factor 

with TCF7L2 to upregulate downstream Wnt target genes. Olanzapine has 

previously been linked to increased expression of TCF7L2 [135] and TCF7L2 

overexpression is known to increase beta catenin nuclear localisation [287]. As 

olanzapine increases nuclear beta catenin after 72 hours, we hypothesised that the 

concentration of nuclear TCF7L2 may also be altered by olanzapine. The nuclear 

fraction was assessed by Western blot for protein concentration of TCF7L2 relative 

to nuclear loading control PCNA. Figure 29 shows that there was significantly higher 

TCF7L2 protein concentration in cells treated for 72 hours with 10 µM olanzapine 

compared to control (p<0.05). 
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Figure 29 Effect of 72 hour olanzapine on nuclear TCF7L2 protein 
concentration of MIN6 cells MIN6 cells were incubated with 10 µM olanzapine for 
72 hours. Nuclear fractions were extracted and Lysates were resolved by SDS page 
and immunoblotted with antibodies against TCF7L2 and loading control antibodies 
against PCNA. Representative western blot (A). Quantified densiometric data of 
TCF7L2 relative to PCNA from 3 independent experiments (B). Data are displayed 
as mean ± SEM. *p<0.05 versus 0 µM olanzapine using a one sample t test 
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  Addition of inhibitors of the canonical Wnt signalling 

pathway 

We have shown that olanzapine can alter MIN6 cell proliferation, beta catenin 

concentration and localisation, and Wnt target gene expression. These results are 

suggestive of interaction between olanzapine and the canonical Wnt signalling 

pathway. We hypothesised that olanzapine stimulates the canonical Wnt signalling 

pathway. To further test the hypothesis, known pharmacological inhibitors of Wnt 

signalling were added to the culture alongside olanzapine to assess the impact on 

olanzapine induced effects.  

Activity of the beta catenin destruction complex is the principal regulator of the 

canonical Wnt signalling pathway. The complex comprises the central scaffold 

protein Axin (Axin1 and Axin2), APC, CK1α and GSK3β. Beta catenin concentration 

is usually tightly regulated by the destruction complex, which collectively 

phosphorylates beta catenin and targets it for ubiquitinisation and degradation. Wnt 

Inhibitors and activators target the destruction complex to alter free beta catenin 

concentration.  

In the following assays KYA1797K, XAV939, and BIO have been utilised to stimulate 

or inhibit beta catenin destruction as illustrated in Figure 30. KYA1797K and 

XAV939 increase the activity of the beta catenin destruction complex to increase 

beta catenin destruction and inhibit signalling. We hypothesised that addition of 

these agents would inhibit the effects of olanzapine to stimulate proliferation. BIO is 

a GSK3 inhibitor that prevents its incorporation into the destruction complex to 

stimulate beta catenin signalling. BIO has previously been shown to reduce activity 

of the destruction complex, increase beta catenin accumulation, nuclear 

translocation, and increase Wnt target gene expression [214]. Here BIO is used as 

a positive control for beta catenin activation. Metformin is not known to interact with 

the Wnt signalling pathway, but it was also investigated as a recognised 

antiproliferative and clinically relevant antidiabetic drug. 
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Figure 30 Schematic diagram showing pharmacological inhibitors and 
activators of beta catenin signalling. BIO is a GSK3 inhibitor which reduces beta 
catenin destruction and increases signalling. KYA1797K binds to the RGS domain 
of Axin to stabilise and increase functioning of the destruction complex. XAV939 is 
a tankyrase inhibitor which reduces Axin degradation and increases Axin 
concentration to increase beta catenin destruction and reduce signalling. 

 

4.2.3.1 Proliferation 

Initially the MTT assay was used to investigate the effect of additional Wnt 

activators/ inhibitors. As shown previously in Chapter 3, the accelerated proliferation 

of olanzapine treated cells results in significantly higher MTT absorbance after 72 

hour incubation Figure 18).  The following study aimed to investigate if the increase 

in proliferation was inhibited by pharmacological Wnt inhibitors. 
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4.2.3.1.1 KYA1797K 

As depicted in Figure 31A KYA1797K binds to the regulator of the G protein 

signalling (RGS) domain of Axin. Through binding to Axin, KYA1797K stabilises and 

enhances the beta catenin destruction complex and leads to increased beta catenin 

degradation. KYA1797 has previously been shown to inhibit Wnt signalling in 

HEK293 cells with an IC50 of 0.75 µM [216]. 

Similarly to our previous results Figure 31B shows that there was a significant 

difference in relative absorbance between control and olanzapine treated cells after 

72 hour incubation (p<0.001). Incubation with 1 µM KYA1797K did not have any 

significant effect on the MTT absorbance of olanzapine treated cells or control cells.  

BIO treatment significantly increased MTT absorbance (p<0.001), indicating that 

increased beta catenin accumulation by BIO is sufficient to stimulate cell 

proliferation during 72 hour incubation. KYA1797K combined with BIO was 

significantly higher than KYA1797K alone (p<0.001) highlighting that the balance of 

the different components of the beta catenin destruction complex is important 

related to cell proliferation.  

There was no difference between 0 µM and 10 µM olanzapine with the addition of 

BIO, this may be due to the pharmacology of BIO to stimulate proliferation 

downstream of the effects of olanzapine. Alternatively, MTT absorbance may reach 

a maximal response when the cell population is confluent, and we were unable to 

detect the additional proliferative response of olanzapine plus BIO.    
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Figure 31 Effects of olanzapine and Wnt inhibitor KYA1797K on MTT 
absorbance in MIN6 cells MIN6 cells were incubated with 10 µM olanzapine with 
1 µM KYA1797K and 0.1 µM BIO as indicated for 72 hours. MTT assay was 
performed and absorbance read at 540 nm.  Results shown are of 3 independent 
experiments. Data are displayed as mean ± SEM, **p<0.05 versus 0 µM olanzapine, 
δδδ p<0.001 versus control, ¥¥¥ p<0.001 versus KYA1797K using two-way ANOVA 
and Bonferroni’s Post-test 
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4.2.3.1.2 XAV939 

Tankyrase (TNKS) enzymes target Axin for proteasomal degradation. XAV939 is a 

TNKS inhibitor that leads to reduced Axin degradation and increases in cellular 

concentration. Biochemical activity assays describe the IC50 as 0.01 µM for TNKS1 

and 0.004 µM for TNKS2 enzyme activity [213]. Axin2 concentration is the rate 

limiting factor in the beta catenin destruction complex thus by increasing Axin2 

concentration, there is subsequent increased capacity for beta catenin degradation 

and downregulation of signalling, as depicted in Figure 32A.  

As before, Figure 32B shows that there was a significant difference in relative 

absorbance between control and olanzapine treated cells after 72 hour incubation 

(p<0.05). Incubation with 0.1 µM XAV939 did not significantly alter the MTT 

absorbance compared to control, but did prevent the significant effect of 10 µM 

olanzapine compared to 0 µM olanzapine. 

Again, BIO treatment significantly increased MTT absorbance compared to control 

(p<0.001) and XAV939 combined with BIO was significantly higher than XAV939 

alone (p<0.05). This suggests that, despite increasing the concentration of Axin, in 

the absence of GSK3β the destruction complex cannot function adequately and beta 

catenin accumulates to stimulate proliferation.  
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Figure 32 Effects of olanzapine and Wnt inhibitor XAV939 on MTT absorbance 
in MIN6 cells MIN6 cells were incubated with 10 µM olanzapine with 0.1 µM 
XAV939 and 0.1 µM BIO as indicated for 72 hours. MTT assay was performed and 
absorbance read at 540 nm.  Results shown are of 4 independent experiments. Data 
are displayed as mean ± SEM, *p<0.05 versus 0 µM olanzapine, δδδ p<0.001 
versus control, ¥ p<0.05 versus XAV939 using two-way ANOVA and Bonferroni’s 
Post-test 
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4.2.3.1.3 Metformin 

Metformin is a common antidiabetic drug that has been proposed to be a beneficial 

addition to olanzapine to ameliorate the metabolic side effects [288, 289]. Metformin 

has also been shown to prevent olanzapine induced changes in TCF7L2 in liver, 

skeletal muscle and adipose tissue of mice [135]. When applied to MIN6 cells 

metformin has also been shown to have antiproliferative properties [290]. Hence, 

we hypothesised that addition of metformin to the culture would reduce the 

proliferative effect of olanzapine.  

Metformin has numerous pharmacological targets, and can influence signalling in 

many different proliferative pathways. As shown in Figure 33A, activation of AMPK, 

leads to inhibition of PI3K, mTOR and AKT signalling which in turn can prevent cell 

growth and proliferation.  

As shown in Figure 33B, 0.5 mM metformin significantly reduced MTT absorbance 

of cells incubated with 10 µM olanzapine for 72 hours (p<0.01) indicating that 

metformin is able to inhibit the proliferation induced by olanzapine. BIO again 

significantly stimulated proliferation in control cells (p<0.001), but the addition of BIO 

to metformin was unable to increase proliferation in both control and olanzapine 

groups. Metformin plus BIO resulted in significantly reduced MTT absorbance 

compared to BIO. This suggests that metformin inhibits proliferation of MIN6 cells 

through an alternate pathway that does not involve Wnt and beta catenin. 
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Figure 33 Effects of olanzapine and metformin on MTT absorbance in MIN6 
cells MIN6 cells were incubated with 10 µM olanzapine with 0.5 mM metformin and 
0.1 µM BIO as indicated for 72 hours. MTT assay was performed and absorbance 
read at 540 nm.  Results shown are of 4 independent experiments. Data are 
displayed as mean ± SEM, **p<0.01 versus 0 µM olanzapine, δδ p< 0.01, δδδ 
p<0.001 versus control, ## p< 0.01, ### p<0.001 versus BIO using two-way ANOVA 
and Bonferroni’s Post-test 
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4.2.3.2 Wnt target gene expression 

4.2.3.2.1 Cyclin D1 

The above MTT proliferation assays were inconclusive regarding the effect of Wnt 

inhibitors on olanzapine induced proliferation. XAV939 had some influence to 

reduce the significant effect of olanzapine, and BIO increased MTT absorbance in 

all experiments, but several factors can influence MTT results. Contact inhibition of 

growth, drug induced cellular metabolic changes, media pH and nutrient 

concentration can all significantly impact the proliferation and final MTT absorbance 

at 72 hours.  

We have shown in Figure 24 that the cell cycle regulator Cyclin D1 is upregulated 

by 24 hour incubation with 10 µM olanzapine. Cyclin D1 expression is stimulated by 

several different converging pathways, but it is also a downstream target gene of 

the Wnt signalling pathway. Next the effect of metformin and Wnt inhibitors 

KYA1797K and XAV939 on the expression of cyclin D1 was investigated by qRT-

PCR to investigate olanzapine Wnt pathway activation in MIN6 cells.   

Figure 34 shows that 24 hour incubation with 10 µM olanzapine significantly 

increased expression of cyclin D1 (p<0.05) which is consistent to the results 

presented in Figure 24.  

XAV939 1 µM was the only Wnt inhibitor to reduce the olanzapine induced 

expression of cyclin D1. MIN6 cells treated with XAV939 + olanzapine had 

significantly reduced cyclin D1 expression compared to olanzapine alone (p<0.001). 

This suggests that XAV939 is able to inhibit the pathway involved in olanzapine 

induced expression of cyclin D1 (Figure 34).  

KYA1797K and metformin in this model did not significantly affect olanzapine 

induced cyclin D1 expression, implying that olanzapine stimulates Wnt signalling 

through a pathway that is not affected by stabilisation of the beta catenin destruction 

complex by KYA1797K, or by a pathway targeted by metformin. XAV939 is the only 

tested inhibitor to act by altering Axin2 protein concentration; this suggests that 

Axin2 concentration is the rate limiting factor in Wnt/ beta catenin signalling in this 

model (Figure 34). 
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Figure 34 Effect of Wnt signalling inhibitors on olanzapine induced changes 
in Cyclin D1 gene expression MIN6 cells were incubated for 24 hours with 10 µM 
olanzapine and addition of 1 µM KYA1797K, 1µM XAV939, and 0.5 mM metformin. 
qRT-PCR was performed and cyclin D1 expression calculated relative to UBC and 
B2M reference gene expression.  Results shown are of 4 independent experiments. 
Data are displayed as mean ± SEM, *p<0.05, versus 0 µM olanzapine, δδδ p<0.001 
versus control using two-way ANOVA and Bonferroni’s post-test 

 

4.2.3.2.2 C-myc 

C-myc is similarly regulated by numerous mitogenic stimuli, but also a recognised 

target of the canonical Wnt signalling pathway. We have shown that 24 hour 

olanzapine upregulates c-myc (Figure 24), next the role of XAV939 as an inhibitor 

of olanzapine induced signalling was probed further by investigating if it modified 

the olanzapine induced expression of c-myc. Figure 35 shows that XAV939 reduced 

olanzapine induced expression of c-myc but this was not significant. 

MIN6 cells were incubated with 10 µM olanzapine with or without inhibitor XAV939 

1 µM and activator BIO. In this experimental model the effect of olanzapine on c-

myc expression was not significant, although there was a trend for increased 

expression of c-myc which was reduced by XAV939. BIO significantly increased c-

myc expression (p<0.05), confirming that c-myc is in part regulated by beta catenin 

signalling.  
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Figure 35 Effect of Wnt inhibitor XAV939 and activator BIO on olanzapine 
induced changes in c-myc gene expression MIN6 cells were incubated for 24 
hours with 10 µM olanzapine and addition of 1 µM XAV939 and 0.1 mM BIO. qRT-
PCR was performed and c-myc expression calculated relative to UBC and B2M 
reference gene expression.  Results shown are of 3 independent experiments. Data 
are displayed as mean ± SEM δ p<0.05 versus control using two-way ANOVA and 
Bonferroni’s post-test 
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4.2.3.3 Wnt signalling effectors 

4.2.3.3.1 Axin2 

As the two different Wnt inhibitors tested produced different effects on olanzapine 

induced cyclin D1 expression, further investigations aimed to probe the differing 

pharmacology and how this relates to olanzapine. XAV939 acts to 

pharmacologically alter protein concentration of Axin2 through tankyrase inhibition, 

while KYA1797K does not interact with tankyrase. We hypothesised that XAV939 

would increase Axin2 concentration, and KYA1797K would not. Western blot was 

used to attempt to clarify the effect of 1 µM XAV939 and 1 µM KYA1797K on 

concentration of Axin2 following 72 hour incubation.  

Figure 36 shows that there is a trend for 72 hour incubation with 10 µM olanzapine 

to increase Axin2 protein concentration, but this was not significant. XAV939 also 

moderately increased Axin2 concentration, in both control and olanzapine treated 

cells, an expected observation based on the pharmacology of XAV939. KYA1797K 

did not have a notable effect on Axin2 concentration, which also follows the known 

pharmacology to bind to Axin2 and not interfere with its enzymatic degradation.  

To further investigate the potential interaction between XAV939 and Axin2 

concentration related to olanzapine, qRT-PCR was used to investigate Axin2 mRNA 

expression following 72 hour incubation. Figure 37 shows that olanzapine has no 

significant effect on Axin2 mRNA, but XAV939 has an overall significant effect to 

downregulate Axin2 mRNA expression when assessed by 2 way ANOVA (p<0.05). 

This highlights the pharmacology of XAV939 to post-translationally alter Axin2 

concentration through interaction with tankyrase enzymes, and suggests that 

through Wnt inhibition, Axin2 expression is also inhibited. 
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Figure 36 Effect of Wnt signalling modulators and olanzapine on AXIN2 
protein concentration MIN6 cells were incubated for 72 hours with 10 µM 
olanzapine and 1µM XAV939 or 1 µM KYA1797K. Whole cell lysates were resolved 
by SDS page and immunoblotted with antibodies against AXIN2 loading control 
antibodies against GAPDH. Representative western blots (A).  Quantified data of 
AXIN2 relative to GAPDH from 3 independent experiments (B). Data are displayed 
as mean ± SEM. 
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Figure 37 Effect of Wnt signalling modulators and olanzapine on AXIN2 mRNA 
expression MIN6 cells were incubated for 72 hours with 10 µM olanzapine and 1µM 
XAV939. qRT-PCR was performed and Axin2 expression calculated relative to UBC 
and B2M reference gene expression.  Results shown are of 3 independent 
experiments. Data is displayed as mean ± SEM 
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  Effect of olanzapine on Axin2 over time 

The presented results suggest that the Wnt inhibitor XAV939 can inhibit some of 

olanzapine induced cellular changes, but both olanzapine and XAV939 were found 

to moderately increase concentration of Axin2 after 72 hour incubation. Axin2 is the 

rate limiting component of the beta catenin destruction complex and increased Axin2 

is considered to have an inhibitory effect on beta catenin signalling. Tankyrase 

inhibition by XAV939 triggers a rapid increase in Axin2 concentration and to inhibit 

Wnt signalling [291]. But Figure 36 suggests that 72 hour olanzapine can also 

increase protein concentration of Axin2 which would suggest olanzapine has the 

capacity to inhibit beta catenin, and this is in contrast to the theory that olanzapine 

has an activating effect on beta catenin signalling.  

To further probe the effect of olanzapine on Axin2 protein concentration, and 

investigate if tankyrase activity is altered by olanzapine, cells were incubated with 

olanzapine and samples were extracted at different time points. Lysates were 

probed by Western blot for tankyrase and Axin2 relative to GAPDH. As shown in 

Figure 38 olanzapine had no effect on tankyrase concentration, but there was a 

slow and significant increase in the concentration of Axin2 concentration over 48 

hours (p<0.05). This confirms that chronic olanzapine does increase Axin2 steadily 

over time, but not through changes in tankyrase concentration, suggesting a 

different mechanism than XAV939.  

To assess if the increase in Axin2 protein concentration over time is a result of 

increased Axin2 mRNA expression, qRT-PCR was used to investigate Axin2 mRNA 

expression at 24 and 48 hours. Figure 39 shows that olanzapine has no significant 

effect on Axin2 mRNA at any tested time point.  
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Figure 38 Effect of olanzapine on Tankyrase and AXIN2 protein 
concentration over time MIN6 cells were incubated for 12, 24 and 48 hours with 
10 µM olanzapine. Whole cell lysates were resolved by SDS page and 
immunoblotted with antibodies against Tankyrase (A, B) and AXIN2 (A, C) and 
loading control antibodies against GAPDH. Representative western blots (A). 
Quantified data of tankyrase relative to GAPDH (B). Quantified data of Axin2 
relative to GAPDH from 3 independent experiments (C) Data are displayed as 
mean ± SEM, *p<0.05, versus 0 µM olanzapine using two-way ANOVA and 
Bonferroni’s post-test 
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Figure 39 Effect of olanzapine on Axin2 mRNA expression over time MIN6 cells 
were incubated for 24 and 48 hours with 10 µM olanzapine. qRT-PCR was 
performed and Axin2 expression calculated relative to UBC and B2M reference 
gene expression.  Results shown are of 3 independent experiments. Data is 
displayed as mean ± SEM 
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4.3 Discussion 

This Chapter aimed to investigate the mechanism through which olanzapine 

stimulates proliferation of MIN6 beta cells. We hypothesised that olanzapine 

interacts with a mitogenic signalling pathway to accelerate the cell cycle. Based on 

evidence that the Wnt signalling effector TCF7L2 can mediate some of the metabolic 

side effects of olanzapine [135] and the dual role of the Wnt signalling pathway in 

beta cells to influence both proliferation and insulin secretion [210, 273], we 

conjectured that the canonical Wnt signalling pathway was involved. The presented 

data support the theory that olanzapine modulates Wnt/ beta catenin signalling in 

MIN6 beta cells. Acute olanzapine exposure increased the concentration of beta 

catenin, alongside increased expression of cell cycle regulating genes c-myc and 

cyclin D1; observations which closely resemble increased activity within the 

canonical Wnt pathway. Chronic exposure conversely leads to increased TCF7L2 

and Axin2 and altered beta catenin distribution between the cytoplasm and nucleus, 

suggestive of altered beta catenin dynamics which may be related to loss of 

function. To the best of our knowledge this is first report of olanzapine induced 

changes in Wnt/ beta catenin signalling in a beta cell line. 

 

  Acute olanzapine exposure increases expression of 

cyclin D1 and c-myc  

A significant finding was made in Figure 24 that acute olanzapine can increase 

expression of cyclin D1 and c-myc in MIN6 cells. Cyclin D1 is central to cell cycle 

progression from G1 – S and can be upregulated by Wnt/ beta catenin signalling 

[211, 286]. The transcription factor c-myc is also positively regulated by Wnt/ Beta 

catenin signalling and regulates numerous cell cycle related genes [46, 269]. Wnt 

signalling stimulates beta catenin and TCF7L2 to form a bipartite transcription factor 

which binds to the gene promoter and directly upregulates expression of cyclin D1 

and c-myc [283]. Hence, we suggest that increased cyclin D1 and c-myc is linked to 

the observed increased beta catenin (Figure 27). The increase in expression of cell 

cycle regulating genes induced by olanzapine also links directly to the results in 

Chapter 3 where it was demonstrated that olanzapine stimulates cell proliferation 

(Figure 20) and accelerates the transition from G1- S in the cell cycle (Figure 21). 
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There have been no previous studies investigating the effect of olanzapine on cell 

cycle regulation in beta cells, but we speculate that through increased expression 

of important cell cycle regulators, olanzapine also alters the normal functioning of 

the cell. Cyclin D1 expression can induce beta cell proliferation in vitro [292] and in 

vivo [293], and although there is resultant beta cell hyperplasia, there is little impact 

on insulin secretory function. Conversely, increased c-myc expression has been 

associated with both proliferation and beta cell dysfunction and diabetes. In mature 

beta cells expression of c-myc is low, but in models of hyperglycaemia, expression 

is induced [46] and is associated with loss of function. By increasing expression of 

c-myc, cells are poised for replication, with upregulation of genes associated with 

proliferation, while beta cell specific genes such as PDX1 are significantly reduced 

[246].  Pascal et al. (2008) showed that 2-3 day c-myc activation resulted in a decline 

in insulin secretion [294], and in a study using a transgenic mouse model as well as 

human beta cells Puri et al. (2018) showed that upregulation of c-myc stimulated 

beta cell proliferation, but also significantly altered insulin secretion, leading to 

increased basal secretion, but stunted secretion in response to glucose [246]. The 

increase in c-myc instigated by olanzapine as shown in Figure 24 may therefore be 

linked to the reduced GSIS we observed in Figure 17A. 

 

  Acute olanzapine stimulates beta catenin signalling 

Beta catenin is the primary signalling effector of the canonical Wnt signalling 

pathway and in Figure 27 we showed that acute olanzapine caused a significant 

increase in cytoplasmic beta catenin concentration, which is a hallmark of activated 

Wnt signalling. Cytoplasmic beta catenin concentration is usually maintained at low 

concentrations through coordinated phosphorylation by the destruction complex 

which targets the protein for ubiquitinisation as illustrated in Figure 40. Wnt 

stimulation at frizzled receptors activates Dvl which consequently recruits Axin and 

GSK3 to the membrane and disrupts co-ordination of the destruction complex, to 

reduce beta catenin proteasomal degradation [282, 295]. Beta catenin accumulates 

and forms a bipartite transcription factor with TCF7L2 to upregulate target genes 

[281, 282]. We showed that olanzapine also increased expression of Wnt target 

genes cyclin D1 and c-myc [211, 269] (Figure 24) which further adds to the evidence 

that acute olanzapine is able to stimulate Wnt/ beta catenin signalling in MIN6 beta 

cells.  
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An increase in cytoplasmic beta catenin concentration by olanzapine indicates that 

there is reduced proteasomal degradation. Aside from frizzled receptor activation, 

possible mechanisms include direct inhibition of the destruction complex, or beta 

catenin protein stabilisation (Figure 40). Inhibition of any component of the beta 

catenin destruction complex would prevent incorporation into the complex to reduce 

overall activity, and olanzapine has previously been reported to directly inhibit 

GSK3β which may be linked to reduced beta catenin degradation [296]. 

Alternatively, interaction with some stimulatory pathways that involve AKT/ PKA can 

also phosphorylate beta catenin to increase its functional capacity [297]. 

 

 

Figure 40 Schematic diagram showing the possible mechanisms for 
olanzapine to increase beta catenin protein concentration 

 

The effect of olanzapine on beta catenin signalling has not previously been 

investigated in beta cells, but beta catenin has been shown to have a significant role 

to modulate proliferation of beta cells [273, 297, 298] as well as insulin secretion 

[210, 275]. In a study by Cognard et al. (2013) using glucose starved INS-1E beta 

cells it was found that glucose stimulated an increase in beta catenin concentration, 

alongside increased expression of cyclin D1 in a mechanism involving cAMP and 

PKA [297]. Using siRNA for beta catenin, the glucose induced increase in cyclin D1 

expression was inhibited, confirming the regulatory role of beta catenin in this model. 

GLP-1 stimulation of beta cells also leads to increases in AKT and PKA which 

phosphorylates beta catenin at Ser 552 and Ser 675, to enhance its functional 

capacity [297-299] (Figure 40). Addition of the GLP-1 activator exenatide was also 
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shown to increase cyclin D1 and c-myc expression in beta cells through increased 

beta catenin concentration [298]. These effects are linked to beta cell compensation 

mechanisms and expansion of the beta cell mass at times of increased demand.  

We did not investigate the effect of glucose on cyclin D1 or c-myc expression in 

MIN6 cells but in Chapter 3 we observed similar rates of proliferation in olanzapine 

treated cells and glucose treated cells (Figure 18). We suggest that the stimulatory 

effect of olanzapine on MIN6 cells to increase beta catenin, cyclin D1 and c-myc 

mimics the effect of a pathway such as glucose or GLP-1. We speculate that 

unregulated stimulation by olanzapine is comparable to chronic hyperglycaemia, 

which contributes to beta cell exhaustion and reduced function [300].  

 

  XAV939 inhibits the effect of olanzapine on c-myc 

and cyclin D1 expression 

Addition of the Wnt inhibitor XAV939 prevented olanzapine induced changes in 

expression of cyclin D1 (Figure 34) and c-myc (Figure 35), adding to the evidence 

that the canonical Wnt signalling pathway is involved in increased expression. 

XAV939 has previously been shown to reduce cyclin D1 and c-myc in SHSY5Y cells 

[301] and H446 cells [302] and we hypothesise that it is through a reduction in free 

beta catenin concentration that expression of cyclin D1 and c-myc by olanzapine is 

inhibited by XAV939. 

Axin is the central scaffold protein of the beta catenin destruction complex, and 

XAV939 inhibits Wnt signalling through increasing concentration of Axin [291]. Axin 

exists as two functionally equivalent isoforms, Axin1 and Axin2, Axin1 is ubiquitously 

expressed, whereas Axin2 transcription is transiently induced by canonical Wnt 

signalling [303]. The poly-ADP Ribose polymerase enzyme, tankyrase, targets 

Axin1/ Axin2 for ubiquitination and destruction [213], thus by inhibiting Tankyrase, 

XAV939 increases Axin1/Axin2 concentration. Axin2 is considered to be the rate 

limiting factor in beta catenin destruction, so increased Axin2 enhances beta catenin 

destruction complex activity and reduces free beta catenin [213]. We showed that 

XAV939 increased Axin2 protein concentration in MIN6 cells (Figure 36) which 

verified that there was tankyrase inhibition. Conversely we also showed a reduction 

in Axin2 mRNA by XAV939 (Figure 37) but as Axin2 expression is strongly induced 
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by the canonical Wnt signalling pathway [303], a reduction in mRNA expression by 

XAV939 is indicative of inhibited signalling. A theorised mechanism for XAV939 

interaction is illustrated in Figure 41. 

 

 

 

Figure 41 Schematic diagram of XAV939 effect to inhibit the canonical Wnt 
signalling pathway XAV939 inhibits Tankyrase enzymes which increase 
concentration of Axin/ Axin2. Axin/Axin2 increases activity of the beta catenin 
destruction complex and accelerates beta catenin destruction. This reduces beta 
catenin signalling and reduces beta catenin/ Wnt target gene expression. 

 

The GSK3β inhibitor BIO acts as a Wnt signalling activator by preventing GSK3β 

incorporation into the beta catenin destruction complex [214]. We showed that BIO 

increased MIN6 cell proliferation (Figure 32) as well as c-myc expression (Figure 

35), which verifies the important role of GSK3β and beta catenin in these processes. 

Furthermore, BIO also increased the expression of c-myc in cells incubated with 
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XAV939, which highlights that despite increased Axin2 concentration, in the 

absence of GSK3β, the destruction complex does not function and beta catenin 

concentration is able to increase, and upregulate target gene expression. In contrast 

metformin was shown to reduce olanzapine induced proliferation, but this was 

proven to be autonomous to Wnt signalling as BIO was unable to surmount the 

inhibition of proliferation (Figure 33), and Wnt target gene cyclin D1 was unchanged 

(Figure 34).  

 

  Acute olanzapine exposure does not affect 

expression of cyclin D2  

It is generally accepted that cyclin D1 and c-myc are direct targets of the canonical 

Wnt signalling pathway, but the effect of Wnt stimulation on cyclin D2 expression is 

more complex. In a study by Rulifson et al. (2007) MIN6 cells were incubated with 

purified Wnt3A protein for 24 hours, and proliferation was increased alongside 

increased expression of cyclin D1, as well as cyclin D2, PitX and Cdk4 [272]. This 

suggests that Wnt frizzled receptor activation increases expression of both cyclin 

D1 and D2, but Figure 24 shows that 24 hour olanzapine exposure only increases 

expression of cyclin D1 is and not cyclin D2.  

Several possible explanations exist to explain the disparity. Cyclin expression is a 

moving target that fluctuates during the cell cycle. After an increase during the G1 

phase, D cyclin  expression is suppressed in S phase [304], Figure 25 shows that 

the expression of both cyclin D1 and D2 at 48 hour olanzapine exposure is reduced 

compared to control, which is indicative of advanced progression of the cell cycle 

linked to the increased proliferation. Thus we cannot determine if at 24 hours cyclin 

D2 expression has already peaked and is beginning to decline. Additionally, cyclin 

D2 is expressed at a higher rate than cyclin D1 in beta cells [254], and the high basal 

expression might make it difficult to detect small drug induced changes in 

expression. 

Many pathways are involved in expression of cyclin D1 and cyclin D2, as the 

promoters contain numerous binding sites for transcription activators. As well as 

Wnt, MAPK pathways and the Janus activated kinase (Jak)/  signal transducers and 

activators of transcription (STAT) pathway are well known activators of D cyclin 
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expression [305]. There is also evidence for cross talk between different pathways, 

and Frizzled receptor activation by Wnt3A has been shown to stimulate ERK/MAPK 

and c-Jun N-terminal kinases (JNK) as well as canonical Wnt pathways [306]. An 

increase in activity of an alternate pathway may therefore be involved in increased 

cyclin D2 by Wnt3A reported by Rulifson et al. (2007). Equally, in studies where only 

beta catenin or TCF7L2 are modified independently of Wnt frizzled receptor 

activation, cyclin D1 expression has been shown to be altered while cyclin D2 

remained unchanged [286]. In HEK cells transfected with constitutively active beta 

catenin there was direct binding of beta catenin/TCF to the cyclin D1 promoter 

leading to increased expression [211], but Cyclin D2 expression was unaffected, 

potentially due to the lack of a specific Beta catenin/TCF binding site on the cyclin 

D2 promoter [286]. 

Beta catenin can be independently affected by changes to the destruction complex, 

or pathways such as AKT/ PKA which phosphorylate the protein and have 

differential effects to membrane activation (Figure 40) [298].  We suggest that 

olanzapine modulates beta catenin through a mechanism that does not involve 

frizzled receptor activation, and that this leads to increased expression of cyclin D1 

and c-myc and not cyclin D2.  

 

  Chronic olanzapine alters the cytoplasmic/ nuclear 

distribution of beta catenin 

An interesting finding was shown in Figure 28 that beta catenin cellular distribution 

is further altered when MIN6 cells are exposed to olanzapine for a longer time 

period. After olanzapine treatment for 72 hours, the cytoplasmic beta catenin was 

significantly reduced, and the nuclear beta catenin was significantly increased. 

Alongside altered beta catenin cellular distribution, there was increased Axin2 

concentration over time (Figure 38) and increased nuclear TCF7L2 (Figure 29). As 

the rate limiting scaffold protein of the beta catenin destruction complex, an increase 

in Axin2 may be directly involved in increased activity of the beta catenin destruction 

and ensuing reduction in cytoplasmic concentration. Alternatively, TCF7L2 can 

sequester beta catenin in the nucleus [275], thus an increase in nuclear TCF7L2 

may be linked to the altered cellular distribution. It is cytoplasmic beta catenin that 
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is thought to be involved in important beta cell functions such as insulin secretion 

[210, 275, 297], therefore the chronic effects to alter cellular distribution may be 

linked to the previously observed olanzapine induced changes in GSIS as shown in 

Figure 17A. 

Beta catenin has cellular roles in both the cytoplasm and the nucleus, and the 

nucleocytoplasmic distribution is a tightly regulated process. Adenomatous 

polyposis coli (APC) is a component of the beta catenin destruction complex, but it 

also acts as a chaperone to beta catenin, and is involved in shuttling the protein 

between the cytoplasm and nucleus [307]. During increases in nuclear beta catenin, 

APC exports the protein to the cytoplasm for degradation. However, nuclear beta 

catenin can bind to specific T-cell factor/lymphocyte growth factor (TCF/LEF) co-

transcription factors  such as LEF-1 [308], and TCF-4 (also referred to as TCF7L2) 

[309] which can anchor beta catenin within the nucleus. It is the association with 

LEF-1 that is most commonly associated with nuclear retention, and once bound to 

LEF-1 beta catenin is not able to be exported to the cytoplasm [308]. Antipsychotic 

interaction with LEF-1 has not been reported, but TCF-4, also known as TCF7L2 

has been shown to be altered by olanzapine in MIN6 beta cells (Figure 29). TCF7L2 

has also been shown to enrich nuclear beta catenin, and reduce nucleo/cytoplasmic 

shuttling through recruitment to the chromatin [309]. In beta cells, Sorrenson et al. 

(2016) showed that increased expression of TCF7L2 resulted in reduced insulin 

secretion in response to glucose and exenatide, which was linked to increased 

nuclear beta catenin retention [210].  

Li et al. (2018) showed that olanzapine increased concentration of TCF7L2 in the 

liver, skeletal muscle, and adipose of mice, but due to high variability they found no 

significant differences in the pancreas [135]. We offer that olanzapine can also 

increase nuclear TCF7L2 concentration in pancreatic beta cells and hypothesise 

that this is related to loss of normal beta cell function.  

Axin2 concentration is the rate limiting factor in cytoplasmic beta catenin destruction 

[310]. An increase in Axin2 concentration over time by olanzapine as shown in 

Figure 38 suggests there is increased destruction complex activity to target a larger 

proportion of the free cytoplasmic beta catenin for destruction, resulting in reduced 

cytoplasmic beta catenin concentration as shown in Figure 28. A slow increase in 

Axin2 suggests that the mechanism involved is separate to the acute effects of 

olanzapine to stimulate beta catenin signalling, or alternatively, the increase in Axin2 
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could occur as a consequence of stimulated signalling. It is postulated that a 

negative feedback loop exists to prevent aberrant Wnt signalling where Axin2 is a 

target gene of Wnt signalling, as well as a negative regulator of beta catenin [311]. 

Although we did not find any changes in Axin2 mRNA, previous studies have 

demonstrated increased Axin2 expression upon Wnt stimulation [311]. In a Wnt 

transfected mammary gland cell line, 12 hour exposure to GSK3β inhibitor LiCl, 

increased both mRNA and protein concentration of Axin2 [311], and in kidney 

mesenchymal cells 4 hour LiCl also increased Axin2 mRNA [312], and this was 

postulated to be due to increased beta catenin/TCF7L2 binding to the Axin2 

promoter [311].  

Despite increases in protein concentration, we found no significant difference in 

Axin2 mRNA after olanzapine exposure (Figure 39). This suggests that olanzapine 

instead induces post-translational modifications to Axin2 to increase protein 

concentration, or that the mRNA expression peaked at an earlier untested time 

point. For example; in endometrial stromal cells, Wnt3A stimulated signalling which 

triggered a significant increase in Axin2 mRNA that peaked at 4 hours, but returned 

to basal levels of expression at 12 hours and was no longer significantly different to 

control from 12 – 72 hours [313]. We cannot rule out that a similar pattern in 

expression would be evident in our model prior to 24 hours, although an earlier 

increase in Axin2 protein concentration may have been expected.  

Axin2 has been identified in beta cells, and has been shown to be a negative 

regulator of Wnt signalling [272], but its expression and regulation have not been 

widely explored in this model. Nonetheless, by increasing Axin2 concentration, the 

stimulatory effect of olanzapine on beta catenin signalling is converted into an 

inhibitory effect on signalling, and further expression of Wnt target genes would be 

expected to be supressed.  

 

  Conclusion 

To conclude, this Chapter has presented evidence that acute olanzapine stimulates 

beta catenin signalling in MIN6 cells, resulting in an increase in expression of cell 

cycle regulating genes cyclin D1 and C-myc. Chronic exposure to olanzapine results 

in secondary dysregulation of beta catenin dynamics.  There is increased nuclear 

beta catenin which is linked to nuclear retention by TCF7L2, and reduced 
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cytoplasmic beta catenin which is linked to increase Axin2 and augmented 

destruction complex activity. Cytoplasmic beta catenin is postulated to be involved 

in insulin secretion therefore altered cellular distribution may be deleterious to 

function; the following Chapter aimed to investigate the impact of deranged beta 

catenin distribution on insulin secretion. 
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5 Chapter 5: The mechanism 

through which chronic 

olanzapine reduces insulin 

secretion in MIN6 beta cells 
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5.1 Introduction 

The data presented in Chapter 4 revealed that olanzapine can influence signalling 

in the canonical Wnt signalling pathway. It was established that there was acute 

stimulation of beta catenin signalling by olanzapine, followed by chronic effects to 

deregulate cellular distribution of the protein. Concentration and nucleocytoplasmic 

distribution of beta catenin has been postulated to be significant in the regulation of 

insulin secretion. In the following Chapter we aimed to test the hypothesis that it is 

through shifting beta catenin cellular dynamics that olanzapine reduces GSIS from 

MIN6 cells. 

 

  GSIS 

Diabetes is a disease characterised by beta cell dysfunction and insufficient insulin 

secretion, which results in glucose accumulation and ongoing hyperglycaemia. 

There is abundant evidence linking olanzapine treatment to hyperglycaemia and 

diabetes [60, 70, 120, 123, 314] but, despite evidence linking the drug to peripheral 

insulin resistance [54], the effect on beta cells remains unclear. We have shown in 

Chapter 3 that chronic olanzapine can cause a significant reduction in GSIS with no 

change in intracellular insulin content. Thus we hypothesise that the effect of 

olanzapine on insulin secretion is through a mechanism involved in the regulation 

of secretion rather than a change in insulin transcription or processing.  

The process of glucose stimulated insulin secretion starts with glucose transport into 

the beta cell through GLUT2 transporters. Glucose is phosphorylated by 

glucokinase which leads to increased mitochondrial generation of ATP and closure 

of KATP channels, which results in membrane depolarisation. L-type voltage 

dependent calcium channels detect the increased cell depolarisation and open to 

allow influx of calcium (Ca2+) into the cell [170]. Insulin secretory vesicles are strictly 

organised within the cell by microtubules and the actin cytoskeleton which allow 

movement of vesicles along intracellular structures, but prevent contact with the 

membrane during unstimulated conditions [315, 316]. An increase in intracellular 

Ca2+ triggers changes in microtubule structures [316] and activates synaptotagmins 

to allow secretory granule fusion with the membrane in a mechanism involving 

Soluble NSF attachment proteins receptor (SNARE) proteins [317]. Subsequently, 
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insulin and other secretory products are released into the extracellular space to be 

transported around the body [170]. A functional role for beta catenin in the process 

of insulin secretion has recently been recognised, and altering beta catenin 

concentration can modify insulin vesicle trafficking and secretion [210, 297]. The 

data presented in Chapter 4 highlights that olanzapine can stimulate changes in 

beta catenin signalling, thus we aimed to establish if changes in Wnt/beta catenin 

signalling by olanzapine are linked to the reduced GSIS. 

 

  Beta catenin involvement in insulin secretion 

While beta catenin is a well-known effector of canonical Wnt signalling, and an 

important regulator of beta cell proliferation [273, 298], the role of beta catenin as a 

modulator of insulin secretion is a relatively recent and evolving concept. Genetic 

studies revealed that single nucleotide polymorphisms (SNPs) in TCF7L2 are 

frequently associated with development of diabetes [276]. TCF7L2 and beta catenin 

form a nuclear bipartite transcription factor, and subsequent research aimed to 

establish what roles TCF7L2 and beta catenin play in beta cell function. Early work 

by Hodgkin et al. (2007) investigated the role of adherens junctions within beta cells 

and showed that free beta catenin was largely co-localised with insulin secretory 

granules [318]. This suggested there was a role for beta catenin in insulin secretion. 

Schinner et al. (2008) added to the suggestion of a role for Wnt signalling in insulin 

secretion. The addition of adipocyte derived fat cell-conditioned medium (FCCM) to 

beta cells was shown to increase proliferation, TCF specific transcription, and cyclin 

D1 expression, which was indicative of Wnt stimulation as discussed in Chapter 4. 

Furthermore, there was also a significant increase in insulin secretion which was 

inhibited by a frizzled receptor antagonist, implying the effect was stimulated by Wnt 

activation [319]. This prompted further research investigating a possible role for 

Wnt/beta catenin to regulate insulin secretion.  

As fluctuating extracellular glucose concentration is fundamental for initiation of 

insulin secretion Anagnostou and Shepherd (2008) aimed to clarify if beta catenin 

can be modified through changes in glucose [299]. Most cell types, including beta 

cells, have a high concentration of highly stable cadherin bound beta catenin, which 

can restrict the ability to detect small fluctuations in free beta catenin, but 

macrophage cell lines have low levels of cadherins [299]. Glucose addition was 
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found to significantly increase beta catenin concentration in the two macrophage 

cell lines tested, suggesting that beta catenin can indeed be modulated by glucose 

[299]. The glucose stimulatory effect on beta catenin was subsequently confirmed 

in a beta cell line by Cognard et al. (2013) who showed that 4 hour glucose exposure 

increased both cytoplasmic and nuclear beta catenin in glucose starved INS-1E 

cells [297].  

The role of free beta catenin in beta cells was further substantiated by Sorrenson et 

al. (2016) who showed that modulating concentration of free beta catenin resulted 

in changes in insulin secretion. SiRNA and pyrvinium were added to reduce the beta 

catenin concentration, which was found to reduce GSIS, while BIO increased beta 

catenin concentration and accordingly increased GSIS [210]. Total internal 

reflection fluorescence (TIRF) microscopy was used to show that beta catenin 

depletion disturbs the insulin vesicle density at the cell membrane and it was 

concluded that beta catenin is involved in insulin secretion [210].  

 

  Mechanism for glucose induced changes in beta 

catenin 

As discussed in Chapter 4, cytoplasmic beta catenin concentration is usually 

maintained at low levels through interaction with the beta catenin destruction 

complex. But it is suggested that the glucose stimulatory effect on beta catenin is 

independent of the destruction complex, and instead involves increasing 

stabilisation of the protein through an alternate pathway. The destruction complex 

comprises GSK3, CK1α, APC and Axin (Axin1 and Axin2), which constitutively 

phosphorylate beta catenin at the N-terminal to target the protein for proteasomal 

degradation [280, 281]. Although the stability of beta catenin is more commonly 

discussed in terms of activity of the destruction complex, there is also a noteworthy 

influence of phosphorylation at the C- terminus which stabilises the protein, and 

increases functional activity [320]. (Figure 42) 

GSK3β is essential for activity of the beta catenin destruction complex, and GSK3β 

inhibitors are commonly used as small molecule activators of beta catenin [321], but 

in both macrophages [299] and beta cells [297], the glucose stimulatory effect on 

beta catenin was shown to be independent of GSK3β. GSK3β activity was not found 
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to be significantly affected by glucose, but the amount of beta catenin 

phosphorylated by the destruction complex to be targeted for ubiquitination was 

reduced [299], and instead, phosphorylation at Ser 552 was increased [297]. Ser 

552 phosphorylation of beta catenin has previously been shown to be linked to 

changes in cAMP, CREB and PKA [297]. Therefore the evidence suggests that beta 

catenin exists in a balance between stable, functional beta catenin, and beta catenin 

that is unstable and inescapable from proteasomal degradation.  

 

 

Figure 42 Schematic diagram demonstrating the regulation and function of 

beta catenin in beta cells.  
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Results from Chapter 4 suggest that chronic olanzapine can alter the concentration 

and distribution of beta catenin in following culture in low glucose, unstimulated 

conditions. Under such conditions beta catenin is already tightly regulated through 

activity of the destruction complex, and the functional role is negligible. But 

considering the effect of glucose to increase beta catenin stability, and the possible 

functional requirement of increased beta catenin stability for insulin secretory 

mechanisms, we do not yet know the consequence of olanzapine induced 

imbalance of beta catenin on GSIS. We hypothesise that it is through disturbing the 

balance of beta catenin and other components of the Wnt signalling pathway that 

olanzapine has a negative impact on insulin secretion.   

 

  Beta catenin regulates vesicle organisation 

At this time the mechanism through which beta catenin modifies insulin secretion 

and vesicle trafficking has not been extensively explored in beta cells. But in 

neurons, beta catenin has been shown to have a functional role to regulate the 

localisation of the reserved pool of synaptic vesicles [322].  

Neurons and beta cells share many similar functional characteristics; for example in 

neurons an action potential triggers calcium influx through voltage gated calcium 

channels, which triggers exocytosis of synaptic vesicles [323]. The process of insulin 

secretion equally involves membrane depolarisation triggering calcium influx [324]. 

An increase in intracellular calcium is detected by SNARE proteins which initiate 

fusion of the vesicles with the membrane and exocytosis of insulin or 

neurotransmitters [325].  

Regulation of secretory vesicles in neurons and beta cells is also closely 

comparable. Synaptic vesicles exist in different pools; the readily releasable pool 

(RRP) which contains a small number of vesicles docked at the cell membrane 

ready for quick release when stimulated, and the undocked pool which is referred 

to as the reserve/ resting pool. Following rapid release of the RRP, the reserve pool 

maintains secretion at a lower rate [326]. In beta cells, there are similarly different 

pools of insulin secretory granules. The RRP comprises insulin containing vesicles 

docked at the membrane, which are in a complex with SNARE and other proteins 

that are calcium sensitive to allow rapid secretion upon glucose stimulated calcium 

influx [327]. The RRP is responsible for first phase peak in insulin secretion from 
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beta cells, and the reserve pool moves at a slower rate to the membrane  upon 

ongoing stimulation and elicits the prolonged and sustained second phase of insulin 

secretion [328]. Therefore we suggest that the role of neuronal beta catenin in the 

regulation of synaptic vesicles may certainly be comparable to beta cells. 

The role of beta catenin in pre-synaptic vesicle assembly has been described in 

several studies. For example; in hippocampal neurons deletion of beta catenin was 

shown to modify the reserve pool of vesicles, resulting in fewer, more diffuse 

vesicles, and impaired response to repetitive or prolonged stimulation [322, 329]. 

Wnt and Dvl deficiency in vivo was also shown to reduce the number of synaptic 

vesicles close to the membrane and impaired formation of the SNARE complex 

[330]. This suggests that beta catenin has a role in vesicle organisation and 

localisation at the pre-synaptic site. The effect is thought to be mediated through 

interaction with the C-terminal PDZ domain of beta catenin and the protein scribble, 

which clusters with the vesicles at the synapse [331].  

In beta cells, the role of beta catenin in cellular vesicle distribution has also been 

suggested to be involved in its role in insulin secretion [210]. Beta catenin deletion 

has been shown to cause redistribution of insulin vesicles in INS-1E cells, causing 

restriction of insulin vesicle mobilisation upon glucose stimulation [210, 275]. This 

results in inhibited insulin secretion and implicates beta catenin in insulin vesicle 

movement to the membrane for the final stages of the process of GSIS.  

If chronic olanzapine treatment causes a reduction in cytoplasmic beta catenin we 

hypothesise that this leads to a reduction in available beta catenin for vesicle 

trafficking and insulin secretion. The following Chapter aimed to explore the impact 

of chronic olanzapine and resultant changes in beta catenin dynamics on 

subsequent insulin secretion. 
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5.2 Results 

  Effect of glucose stimulation on beta catenin in 

olanzapine treated cells 

In Chapter 4 it was demonstrated that olanzapine interacts with components of the 

canonical Wnt signalling pathway to upregulate Wnt target gene expression and 

alter the concentration and distribution of beta catenin within the cell. Beta catenin 

is central to the canonical Wnt signalling pathway, but it has also recently been 

linked to mechanisms involved in insulin secretion from beta cells [210, 297]. In 

Chapter 3 it was shown that olanzapine can reduce GSIS from MIN6 cells with no 

change in intracellular insulin content, suggesting that there may be interference in 

the mechanics of secretion. We now hypothesise this is due to alterations in beta 

catenin dynamics. Initial experiments aimed to test the hypothesis that fluctuations 

in beta catenin induced by chronic olanzapine can influence GSIS from MIN6 cells. 

To investigate if chronic olanzapine has an effect on beta catenin during glucose 

stimulation Western blot was used to determine cytoplasmic concentration before 

and after a 4 hour GSIS protocol. Figure 43 shows that prior to glucose stimulation, 

chronic treatment with 10 µM olanzapine (resting) caused a small reduction in 

cytoplasmic beta catenin concentration.  

Beta catenin is a glucose sensitive protein, and glucose concentration has 

previously been shown to relate to beta catenin concentration in beta cells, an effect 

which is linked to insulin secretion mechanisms [297, 299]. Following treatment with 

olanzapine, cells were glucose starved, which has previously been shown to reduce 

and normalise beta catenin in beta cells [297]. High glucose (25 mM) was then 

added to stimulate GSIS pathways for 2 hours.  Figure 43 demonstrates that 

following the GSIS protocol, there was a pronounced difference in cytoplasmic beta 

catenin in the olanzapine group compared to control (p<0.05). This suggests that 

the effects of chronic olanzapine exposure result in a reduced cytoplasmic beta 

catenin concentration during glucose stimulation. Possibly by preventing glucose 

induced increase in concentration following glucose starvation. 
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Figure 43 investigating the effect of glucose on cytoplasmic beta catenin in in 
MIN6 cells pre- treated with olanzapine. MIN6 cells were incubated with 10 µM 
olanzapine for 72 hours (resting) then standardised with 0 mM glucose for 2 hours 
followed by 2 hour exposure to 25 mM glucose (glucose stimulation). The 
cytoplasmic fraction was extracted and lysates were resolved by SDS page and 
immunoblotted against beta catenin antibodies and loading control antibodies 
against GAPDH (cytoplasm) and Lamin B1 (nuclear). Representative western blot 
(A). Quantified data of cytoplasmic beta catenin relative to GAPDH from 3 
independent experiments (B). Data are displayed as mean ± SEM * p<0.05 versus 
0 µM using a two-way ANOVA and Bonferroni’s post-test 
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5.2.1.1 Addition of small molecule inhibitor BIO 

As beta catenin has recently been shown to be involved in the process of insulin 

secretion [297, 299] we next tested the hypothesis that it is through reduced beta 

catenin that olanzapine reduces insulin secretion. Firstly we aimed to investigate if 

addition of a small molecule inhibitor of the beta catenin destruction complex could 

increase beta catenin levels during glucose stimulation.  

GSK3β is a component of the destruction complex, and as depicted in Figure 44, 

through inhibition of GSK3β, BIO can reduce the activity of the beta catenin 

destruction complex and reduce proteasomal degradation of beta catenin.   

In support of the result obtained above (Figure 43), Figure 45 adds to the evidence 

that following 2 hour glucose stimulation there was a significant reduction in 

cytoplasmic beta catenin in olanzapine treated cells compared to untreated cells 

(p<0.05). Addition of 1 μM BIO to the 2 hour glucose stimulation caused a significant 

increase in cytoplasmic beta catenin in olanzapine treated cells (p<0.05). In control 

cells BIO addition did not have any significant effect on cytoplasmic beta catenin. 

Nuclear beta catenin was not significantly affected by olanzapine or glucose/ BIO 

stimulation. 

 

Figure 44 Illustration of the effect of BIO to inhibit the beta catenin destruction 
complex, reduce proteasomal degradation and increase concentration of beta 
catenin  
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Figure 45 investigating the effect of BIO on beta catenin concentration and 
location in MIN6 cells pre- treated with olanzapine. MIN6 cells were incubated 
with 10 µM olanzapine for 72 hours then standardised with 0 mM glucose for 2 hours 
followed by 2 hour exposure to 25 mM glucose (control) or 25 mM glucose + 1µM 
GSK3 inhibitor BIO (BIO). Nuclear and cytoplasmic fractions were extracted and 
lysates were resolved by SDS page and immunoblotted against beta catenin 
antibodies and loading control antibodies GAPDH (cytoplasm) and Lamin B1 
(nuclear). Representative western blot (A). Quantified data of cytoplasmic beta 
catenin relative to GAPDH C. Quantified data of nuclear beta catenin relative to 
Lamin B1 from 3 independent experiments (B). Data are displayed as mean ± SEM, 
*p<0.05 versus 0 µM olanzapine δ p<0.05 versus control using a two-way ANOVA 
and Bonferroni’s Post-test 
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  Effect of beta catenin modification on olanzapine 

induced changes in insulin secretion 

5.2.2.1 Glucose 

Insulin secretion assay was next used to establish if improving the cytoplasmic beta 

catenin concentration with BIO had an effect on glucose stimulated insulin secretion. 

In accordance with previous results shown in Chapter 3, Figure 46 shows that 10 

µM olanzapine caused a significant reduction in glucose stimulated insulin secretion 

compared to control (p<0.05). The addition of BIO to the 2 hour glucose stimulation 

significantly increased the insulin secretion in olanzapine treated cells (p<0.05), and 

the secreted insulin was similar to control cells. BIO alone had no impact on insulin 

secretion in this model. This suggests that the improvement in insulin secretion in 

olanzapine treated cells by BIO is linked to the increased cytoplasmic beta catenin 

by BIO observed in Figure 45. Taken together these results imply that beta catenin 

has a significant role in mediating the negative effects of olanzapine on insulin 

secretion.  
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Figure 46 investigating the effect of BIO on glucose stimulated insulin 
secretion from MIN6 cells pre- treated with olanzapine for 72 hours. MIN6 cells 
were incubated with 10 µM olanzapine for 72 hours then standardised with 0 mM 
glucose followed by 2 hour exposure to 25 mM glucose (control) or 25 mM glucose 
+ 1µM GSK3 inhibitor BIO (BIO). Following treatment supernatant was collected and 
insulin concentration determined with ELISA and normalised to protein content.  
Results shown are of 4 independent experiments. Data are displayed as mean ± 
SEM, *p<0.05 versus 0 µM olanzapine δ p<0.05 versus control using a two-way 
ANOVA and Bonferroni’s Post-test 
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5.2.2.2 Membrane depolarisation and calcium influx 

We have shown that by restoring cytoplasmic beta catenin concentration, BIO can 

recover glucose stimulated insulin secretion in olanzapine treated cells, highlighting 

the significance of beta catenin to mediate the effect of olanzapine. It has been 

suggested that beta catenin is involved in insulin vesicle trafficking to the membrane, 

and that a reduction in beta catenin concentration prevents normal vesicle 

movement and insulin secretion [210, 275]. We hypothesised that it is through 

changes in vesicle trafficking downstream of glucose stimulation that olanzapine 

exerts its effects on insulin secretion. 

To test if olanzapine acts through changes in vesicle movement independently of 

glucose, calcium channel blockers and membrane depolarising agents were used 

to inhibit and stimulate secretion in the absence of glucose stimulation. As illustrated 

in Figure 47 tolbutamide and KCl depolarise the cell membrane in a process that 

bypasses the requirement of glucose stimulation. Depolarisation leads to opening 

of voltage gated calcium channels, resulting in calcium influx. Nifedipine is a calcium 

channel blocker that inhibits insulin secretion by preventing calcium influx into the 

beta cell. Calcium influx is the final stage in the process of insulin secretion, where 

calcium triggers vesicle fusion with the membrane and exocytosis of insulin.  

 

Figure 47 Illustration depicting the mechanism of action of Tolbutamide, KCl 
and nifedipine to stimulate and inhibit insulin secretion. Tolbutamide is a KATP 

channel blocker which inhibits K+ transport out of the cell and causes membrane 
depolarisation. KCl directly depolarises the membrane which causes opening of 
voltage gated calcium channels and influx of calcium which trigger insulin 
exocytosis. Nifedipine blocks calcium channels and prevents influx of calcium and 
insulin secretion.  
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5.2.2.2.1 Nifedipine 

In agreement with our previous results, Figure 48 shows that olanzapine caused a 

significant reduction in insulin secretion in response to glucose stimulation (p<0.05) 

which was reversed by addition of BIO to the glucose challenge (p<0.05). 5 µM 

Nifedipine addition significantly reduced insulin secretion in all conditions, 

confirming that MIN6 cells are functioning beta cells that secrete insulin in a calcium 

dependent mechanism. Beta catenin is postulated to be involved in vesicle 

trafficking, but an increase in beta catenin concentration stimulated by BIO was 

unable to stimulate insulin secretion in the absence of calcium influx. This suggests 

that olanzapine acts through a different pathway to reduce insulin secretion. 
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Figure 48 investigating the effect of inhibitory drugs on insulin secretion from 
MIN6 cells pre- treated with olanzapine for 72 hours. MIN6 cells were incubated 
with 10 µM olanzapine for 72 hours then standardised with 0 mM glucose followed 
by 2 hour exposure to 5 µM nifedipine in 25 mM glucose with and without 1µM 
GSK3β inhibitor BIO. Following treatment supernatant was collected and insulin 
concentration determined with ELISA and normalised to protein content.  Results 
shown are of 3 independent experiments. Data are displayed as mean ± SEM, 
*p<0.05 versus 0 µM olanzapine, δ p<0.05, δδδ p<0.001 versus control # # p<0.01, 
# # # p<0.001 versus BIO using a two-way ANOVA and Bonferroni’s Post-test 
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5.2.2.2.2 Tolbutamide and KCl 

To test if olanzapine reduces insulin secretion downstream of membrane 

depolarisation, addition of depolarising agents tolbutamide and KCl was used to 

stimulate insulin secretion with or without the addition of BIO. 

As shown in Figure 49 in low glucose stimulation, olanzapine caused a minor but 

insignificant reduction in insulin secretion. 200 µM Tolbutamide significantly 

stimulated insulin secretion from untreated cells compared to control (p<0.05), and 

40 mM KCl more profoundly stimulated insulin secretion from untreated cells 

compared to control (p<0.01). Tolbutamide and KCl also significantly increased 

insulin secretion from olanzapine treated cells (p<0.05). The effect of stimulation 

was not significantly different between olanzapine treated and untreated cells 

suggesting that the mechanism through which Tolbutamide and KCl stimulate 

insulin secretion is not affected by olanzapine.  

This suggests that olanzapine acts through a glucose dependent pathway upstream 

of membrane depolarisation, possibly through interference with glucose induced 

changes in beta catenin concentration.  
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Figure 49 investigating the effect of stimulatory drugs on insulin secretion 
from MIN6 cells pre- treated with olanzapine for 72 hours. MIN6 cells were 
incubated with 10 µM olanzapine for 72 hours then standardised with 0 mM glucose 
followed by 2 hour exposure to 5 mM glucose (control) with or without BIO, 
Tolbutamide or KCl. Following treatment supernatant was collected and insulin 
concentration determined with ELISA and normalised to protein content.  Results 
shown are of 3 independent experiments. Data are displayed as mean ± SEM, δ 
p<0.05, δδ p<0.01 versus control, # p<0.05, ## p<0.01 versus BIO using a two-way 
ANOVA and Bonferroni’s Post-test 
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5.2.2.3 Exenatide 

Olanzapine had no significant effect on insulin secretion stimulated by membrane 

depolarisation independently of glucose, which suggests that olanzapine induced 

cellular changes are associated with a stimulatory pathway upstream of membrane 

depolarisation. Possibly by inhibiting glucose stimulated increases in beta catenin. 

It has been suggested that beta catenin concentration can be modified by both 

glucose and GLP-1, with subsequent involvement in insulin secretion [210, 297]. To 

test the hypothesis that olanzapine reduces insulin secretion in response to GLP-1 

receptor activation, exenatide was added to the low glucose stimulation with or 

without 1 µM BIO. 

As shown in Figure 50 olanzapine treated cells secreted significantly less insulin 

when exposed to 20 nM exenatide than untreated cells (p<0.05). Addition of BIO to 

the exenatide stimulation was able to significantly increase the insulin secretion in 

olanzapine treated cells (p<0.001), which was a similar trend to the glucose 

stimulated results shown in Figure 46 where BIO also improved glucose stimulated 

insulin secretion. This implies that olanzapine induced changes in insulin secretion 

are through a pathway that can be stimulated by glucose or GLP-1, and the effect 

of BIO to improve insulin secretion is also associated with interaction with this 

pathway. Glucose and GLP-1 agonists have previously been shown to 

phosphorylate and stabilise beta catenin to influence insulin secretion [210], the 

present data suggest that olanzapine inhibits this effect to reduce beta catenin 

concentration and reduce insulin secretion. 
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Figure 50 investigating the effect of GLP1 receptor agonist exenatide on 
insulin secretion from MIN6 cells pre- treated with olanzapine for 72 hours. 
MIN6 cells were incubated with 10 µM olanzapine for 72 hours then standardised 
with 0 mM glucose followed by 2 hour exposure to 5 mM glucose (control) with or 
without 20 nM exenatide and 1 µM BIO. Following treatment supernatant was 
collected and insulin concentration determined with ELISA and normalised to protein 
content.  Results shown are of 3 independent experiments. Data are displayed as 
mean ± SEM, *p<0.05 versus 0 µM olanzapine, $$$ p<0.001 versus exenatide using 
a two-way ANOVA and Bonferroni’s Post-test 
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5.2.2.4 Forskolin and PMA 

It is suggested that glucose and GLP-1 agonists modify beta catenin through 

changes in cAMP and PKA [210]. To further examine if olanzapine inhibits the 

pathway involved in glucose stimulated beta catenin stabilisation, forskolin was 

added to the stimulation. Forskolin is an activator of adenylyl cyclase which 

increases cAMP levels [332]. PMA was also investigated as an activator of PKC, 

which is a downstream effector of several GPCR which may also be targeted by 

olanzapine [333].   

As shown in Figure 51 both 10 µM forskolin and 0.5 µM PMA significantly stimulated 

insulin secretion compared to control (p<0.01), and in both stimulation conditions, 

cells pre-treated with 10 µM olanzapine secreted significantly less insulin compared 

to 0 µM. This suggests that olanzapine influence on insulin secretion is downstream 

of changes in cAMP and GPCR interaction. 
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Figure 51 investigating the effect of forskolin and PMA on insulin secretion 
from MIN6 cells pre- treated with olanzapine for 72 hours. MIN6 cells were 
incubated with 10 µM olanzapine for 72 hours then standardised with 0 mM glucose 
followed by 2 hour exposure to 25 mM glucose (control) with or without 10 µM 
forskolin or 0.5 µM PMA. Following treatment supernatant was collected and insulin 
concentration determined with ELISA and normalised to protein content.  Results 
shown are of 3 independent experiments. Data are displayed as mean ± SEM, 
*p<0.05 versus 0 µM olanzapine, δδ p<0.01 versus control using a two-way ANOVA 
and Bonferroni’s Post-test 
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  Effect of glucose stimulation on proteins involved in 

beta catenin regulation in olanzapine treated cells 

5.2.3.1 GSK3β 

Olanzapine treatment has been shown to reduce cytoplasmic beta catenin during 

glucose stimulation, and BIO addition has been demonstrated to improve beta 

catenin (Figure 45). Further experiments were undertaken to investigate the 

mechanism through which olanzapine treatment leads to reduced beta catenin in 

stimulated cells, and to establish how BIO improves the olanzapine induced 

changes beta catenin and insulin secretion.  

BIO is a pharmacological inhibitor of GSK3 that leads to inhibited action of the beta 

catenin destruction complex. GSK3 is constitutively active protein that is a 

component of numerous signalling pathways, and several different enzymes are 

able to inactivate GSK3 through phosphorylation at different sites. The active form 

of GSK3α is auto phosphorylated at Tyr 216 and GSK3β is auto phosphorylated at 

Try 279[334]. Tyr 216/279 phosphorylated GSK3 is a component of the beta catenin 

destruction complex as illustrated in Figure 52.  

 

 

Figure 52 Schematic diagram showing active tyrosine 216/279 
phosphorylated GSK3 as a component of the beta catenin destruction 
complex and serine 9/21 phosphorylated inactive GSK3 that does not interact 
with beta catenin. 
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Figure 53 shows that olanzapine did not have any significant effect on active GSK3 

compared to control. There was no difference in active GSK3 following 72 hour 

treatment (resting), or following glucose and BIO stimulation. This suggests that 

olanzapine does not alter Tyr 216/279 phosphorylated active GSK3 activity in this 

model.  

Glucose and BIO had an overall significant effect on active GSK3 when assessed 

by 2 way ANOVA (p<0.05). There was a trend for active GSK3 to reduce following 

glucose challenge, and further reduce on addition of BIO. This relates to the known 

pharmacology of BIO as a GSK3 inhibitor. 

The action of BIO to inhibit GSK3 disrupts the beta catenin destruction complex, but 

the complex comprises many components which are all involved in the process of 

targeting beta catenin for destruction. It is possible that olanzapine modifies the 

activity of the complex to reduce cytoplasmic beta catenin through an alternate 

member of the destruction complex, or an alternate pathway.  
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Figure 53 investigating the effect of glucose and BIO on active GSK3 in MIN6 
cells pre- treated with olanzapine for 72 hours. MIN6 cells were incubated with 
10 µM olanzapine for 72 hours then standardised with 0 mM glucose for 2 hours 
followed by 2 hour exposure to 25 mM glucose or 25 mM glucose + 1µM GSK3 
inhibitor BIO. Whole cell lysates were extracted and resolved by SDS page then 
immunoblotted against phospho T216/279 GSK3 and total GSK3 antibodies. 
Representative Western blot (A). Quantified data of phospho GSK3 relative to total 
GSK3 from 3 independent experiments (B). Data are displayed as mean ± SEM 
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5.2.3.2 Axin2 

As well as GSK3, the beta catenin destruction complex comprises other proteins; 

Axin, CK1α and APC, that synchronise as a complex to phosphorylate beta catenin 

and target it for proteasomal destruction. Inhibition of one component is sufficient to 

disable the entire complex from interacting with beta catenin. Inhibition of GSK3 by 

BIO improves beta catenin concentration through inhibition of the entire destruction 

complex, but the effect of olanzapine to reduce beta catenin has been shown to be 

independent of GSK3 activity (Figure 53).  

In Chapter 4 it was shown that olanzapine increases Axin2 concentration slowly 

over time. Axin2 is the central scaffold of the beta catenin destruction complex; it 

promotes phosphorylation of beta catenin by GSK3 and has been considered the 

rate limiting factor in beta catenin destruction complex stability. We hypothesised 

that an increase in Axin2 concentration is linked to reduced beta catenin. Further 

experiments aimed to investigate if Axin2 is involved in olanzapine effects on beta 

catenin concentration following glucose stimulation.  

As shown in Figure 54 following glucose stimulation, Axin2 concentration was 

significantly higher in the olanzapine group compared to control (p<0.05). BIO 

addition did not have a significant effect, but it reduced the significant effect of 

olanzapine on Axin2.  

This suggests that the mechanism through which olanzapine reduces beta catenin 

concentration, and insulin secretion may be linked to increases in Axin2 and 

amplified activity of the beta catenin destruction complex. The effect of BIO to inhibit 

GSK3 prevents co-ordination of the complex to improve beta catenin and insulin 

secretion. 
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Figure 54 Investigating the effect of glucose and BIO on Axin2 concentration 
in MIN6 cells pre- treated with olanzapine for 72 hours. MIN6 cells were 
incubated with 10 µM olanzapine for 72 hours then standardised with 0 mM glucose 
for 2 hours followed by 2 hour exposure to 25 mM glucose or 25 mM glucose + 1µM 
GSK3 inhibitor BIO. Whole cell lysates were extracted and resolved by SDS page 
then immunoblotted against Axin2 antibody and loading control antibody against 
GAPDH. Representative Western blot (A). Quantified data of Axin2 relative to 
GAPDH from 4 independent experiments (B). Data are displayed as mean ± SEM, 
p<0.05 versus 0 µM olanzapine 
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5.2.3.3 PKA 

The destruction complex negatively regulates protein levels of beta catenin, but beta 

catenin also interacts with PKA which positively regulates concentration. PKA 

phosphorylates and stabilises the protein to prevent incorporation into the 

destruction complex [335] and it is thought that glucose and exenatide increase beta 

catenin concentrations through increased cAMP and PKA [210, 297].  

As shown in Figure 55 following glucose stimulation there was no significant 

difference in PKA concentration between olanzapine treated and untreated cells. 

This suggests that changes in PKA may not be involved in the changes in beta 

catenin by olanzapine.  

Figure 55 Investigating the effect of glucose on PKA-C concentration in MIN6 
cells pre- treated with olanzapine for 72 hours. MIN6 cells were incubated with 
10 µM olanzapine for 72 hours then standardised with 0 mM glucose for 2 hours 
followed by 2 hour exposure to 25 mM glucose. Whole cell lysates were extracted 
and resolved by SDS page then immunoblotted against PKA-C antibody and loading 
control antibody against GAPDH. Representative Western blot (A). Quantified data 
of PKA-C relative to GAPDH from 3 independent experiments (B). Data are 
displayed as mean ± SEM 
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  Effect of Wnt inhibition on chronic olanzapine effects  

5.2.4.1 XAV939 

We have shown that olanzapine treated cells have a higher concentration of Axin2 

which we suggest is related to the significant difference in cytoplasmic beta catenin 

and insulin secretion compared to untreated cells. In Chapter 4 we showed that 

olanzapine caused a slow increase in Axin2 concentration over time, and suggested 

that this may be linked to increased signalling in the canonical Wnt signalling 

pathway. XAV939 was shown to inhibit some of the effects of olanzapine to 

stimulate Wnt signalling. To investigate if increased Wnt signalling is linked to the 

cellular changes that result in reduced insulin secretion, Wnt inhibitor XAV939 was 

added to the 72 hour olanzapine treatment.  

Figure 56 shows that a concentration of 1 µM, XAV939 addition to olanzapine was 

able to improve the insulin secretion. This concentration was also shown in Chapter 

4 to inhibit olanzapine’s influence on downstream Wnt target genes cyclin D1 and 

c-myc; therefore we suggest that at this concentration XAV939 inhibits olanzapine 

stimulated Wnt signalling. In agreement with our previous results, chronic 

olanzapine significantly reduced insulin secretion in response to a 2 hour high 

glucose stimulation (p<0.01). Adding 0.1 µM XAV939 to the olanzapine treatment 

moderately improved secretion, and 1 µM XAV939 significantly improved the insulin 

secretion in response to glucose (p<0.05). This suggests that it is through Wnt 

signalling that olanzapine induces cellular changes that subsequently inhibits 

normal GSIS. 
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Figure 56 investigating the addition of Wnt antagonist XAV939 to olanzapine 
incubation for 72 hours and the effect on insulin secretion. MIN6 cells were 
incubated with 10 µM olanzapine with or without 0.1 µM or 1 µM XAV939 for 72 
hours then standardised with 0 mM glucose followed by 2 hour exposure to 25 mM 
glucose. Following stimulation supernatant was collected and insulin concentration 
determined with ELISA and normalised to protein content.  Results shown are of 3 
independent experiments. Data are displayed as mean ± SEM, **p<0.01 versus 0 
µM olanzapine, δ p<0.05 versus control using a two-way ANOVA and Bonferroni’s 
Post-test 
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5.3 Discussion 

In Chapter 4 we established that chronic olanzapine caused an imbalance of 

nuclear/ cytoplasmic beta catenin, and this Chapter aimed to investigate how these 

chronic effects impact GSIS from MIN6 beta cells. We hypothesised that following 

on from acute stimulation of Wnt signalling, chronic olanzapine would cause 

changes to the concentration and cellular distribution of beta catenin and other Wnt 

pathway effectors, which would result in reduced available beta catenin upon 

glucose stimulation. Recent evidence has linked free beta catenin concentration to 

insulin secretory mechanisms [210, 275] thus we speculated that by disturbing beta 

catenin dynamics, olanzapine would also alter insulin secretion. The presented data 

support the theory that chronic olanzapine reduces GSIS from MIN6 cells through 

modification of cytoplasmic beta catenin concentration. The results suggest that in 

olanzapine treated cells, beta catenin stability cannot be induced by glucose and 

there is a resultant significant difference in cytoplasmic beta catenin concentration. 

Through correction of beta catenin concentration, BIO also improves insulin 

secretion; strongly implying that reduced beta catenin is closely allied to reduced 

insulin secretion in olanzapine treated cells. Through testing different stimulatory 

drugs, and assessing concentration of various interacting proteins, we have 

presented data suggesting that the effect of olanzapine on beta catenin is through 

shifting the balance towards beta catenin proteasomal degradation upon glucose 

stimulation. To the best of our knowledge this is the first study detailing how 

olanzapine can alter beta catenin dynamics and how this is related to inhibition of 

GSIS from beta cells.     

 

  Olanzapine reduces the concentration of 

cytoplasmic beta catenin during glucose stimulation  

Following on from the chronic effects of olanzapine to deregulate beta catenin and 

cause a small but significant reduction in cytoplasmic beta catenin (Figure 28), 

Figure 43 demonstrated that after glucose stimulation there was further reduction 

and a more profound difference in concentration compared to control. We speculate 

that olanzapine inhibits the glucose stimulatory effect on beta catenin, increases 

proteasomal degradation, or promotes nuclear retention of the protein.  
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We have presented data in Chapter 4 that olanzapine increases protein 

concentration of Axin2, and following glucose stimulation, Axin2 concentration 

remains amplified (Figure 54). We suggest a possible mechanism that increased 

Axin2 increases the functional volume of the beta catenin destruction complex, and 

leads to increased proteasomal degradation of the beta catenin. However, as Axin2 

is similarly increased in unstimulated conditions (Figure 38), it is not yet clear why 

the reduction in beta catenin concentration is more profound following glucose 

stimulation. The interplay between the activity of the beta catenin destruction 

complex, and the stimulatory effect of glucose on beta catenin has not been 

previously documented, hence this result raises interesting questions regarding the 

cross talk between canonical Wnt signalling and glucose signalling. 

Increasing glucose concentration has been previously shown to increase protein 

concentration of beta catenin in macrophage cell lines [299], human islets [336] and 

the rat INS-1E beta cell line [297]. Anagnostou and Shepherd (2008) demonstrated 

in macrophage cell lines that following overnight serum starvation in 0.5 mM 

glucose, 2 hour stimulation with different glucose concentrations up to 20 mM 

glucose stimulated a concentration dependent increase in beta catenin protein 

concentration [299]. Liu et al (2009) investigated human islets, and showed that 

increasing glucose concentration from 5 mM to 8 mM also increased beta catenin 

cytoplasmic accumulation [336].  Further investigation using INS-1E beta cells by 

Cognard et al. (2013) also showed that following a 4 hour glucose starvation period, 

active (Ser 552 phosphorylated) and total beta catenin concentration was low, and 

upon stimulation with 10 mM glucose slowly increased, plateauing at 1 hour [297]. 

In our model we reduced the glucose concentration to 0 mM for 2 hours prior to 

glucose stimulation; therefore the beta catenin concentration would have reduced 

during the starvation period, followed by an increase when stimulated with 25 mM 

glucose. But in olanzapine treated cells, glucose addition failed to stimulate an 

increase in cytoplasmic concentration.  

Reports defining the mechanism involved in glucose induced changes in beta 

catenin are limited, but Cognard et al. (2013) proposed that in beta cells, glucose 

increases beta catenin concentration through an increase in cAMP, and activation 

of PKA which phosphorylates beta catenin at Ser 552 [297]. But phosphorylation at 

Ser 552 of the C-terminus is incongruent to the activity of the destruction complex, 

which targets the N terminus of the protein. At the N terminal of beta catenin Ser 45 
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is phosphorylated by the priming kinase CK1α, followed by phosphorylation at Ser 

37, Ser 33, Thour41 by GSK3β. Axin (Axin1 and Axin2) and APC form the scaffold 

of the destruction complex, with binding pockets for beta catenin, GSK3 and CK1α 

to bring all the components to close proximity. Phosphorylation at Ser 37 and Ser 

33 is detected by β-TrCP E3 ubiquitin ligase which ubiquitylates the protein for rapid 

degradation by the proteasome [337].  

Conversely, AKT and PKA phosphorylate beta catenin at Ser 552 and Ser 675 at 

the C terminal, which promotes interaction with transcriptional co-factors and 

enhances beta catenin functional activity [320, 335, 338]. In beta cells glucose has 

been shown to increase PKA, resulting in beta catenin phosphorylation at Ser 552 

[297],  and the GLP-1 agonist exenatide has also been shown to increase beta 

catenin through phosphorylation at Ser 675 in a mechanism involving cAMP and 

PKA [298]. Phosphorylation at these residues is linked to the role of beta catenin in 

insulin secretion [210, 297]. Olanzapine inhibited insulin secretion stimulated by 

forskolin but did not cause any change to PKA-C concentration following glucose 

stimulation (Figure 55), which suggests the mechanism for olanzapine induced 

effects is independent of PKA activation.  

Beta catenin has numerous further binding sites and diverse roles at the membrane, 

cytoplasm and nucleus; hence it is not yet clear which pool of beta catenin is 

modulated by glucose signalling. The beta catenin involved in canonical Wnt 

signalling is tightly regulated in the cytoplasm/ nucleus through interaction with the 

destruction complex and transcription factors. Cadherin bound beta catenin is firmly 

sequestered at the membrane to regulate cell-cell contact, with minimal interaction 

with the destruction complex [339]. Previous studies investigating carcinoma cell 

lines suggested that beta catenin phosphorylated at Ser 552 by AKT was not 

recruited from the Canonical Wnt pool, but from the cadherin bound pool [320]. Ser 

552 phosphorylated beta catenin was shown to dissociate form the cadherin to the 

cytosol. But notwithstanding increased availability for other functions, the new pool 

of liberated beta catenin was shown to be vulnerable to the destruction complex. 

Cytoplasmic Ser 552 phosphorylated beta catenin had the same rate of interaction 

with the destruction complex and the same half-life as non-phosphorylated beta 

catenin [320]. In another example, phosphorylation at Ser 552 and Ser 675 was 

induced by forskolin, an adenylyl cyclase activator which increases cAMP and PKA. 

PKA increased cytoplasmic and nuclear beta catenin [335] and promoted beta 
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catenin activity in non-canonical pathways, but again, Ser 552/675 phosphorylation 

did not protect beta catenin from the destruction complex or proteasomal 

degradation [338].  

This leads to the suggestion that activity of the destruction complex is the rate 

limiting factor in regulating the concentration of free beta catenin. Olanzapine 

increases concentration of Axin2 and therefore increases activity of the destruction 

complex. As depicted in Figure 57A the destruction complex usually has limited 

capacity, and if glucose stimulates AKT/PKA to trigger beta catenin dissociation 

from cadherins to increase the functional cytoplasmic pool, the destruction complex 

quickly becomes saturated. Further increases in liberated beta catenin result in an 

increased pool of active protein available to increase target gene expression, or as 

proposed, to be involved in insulin secretion pathways. Moreover, Axin (Axin1/ 

Axin2) concentration is the rate limiting constituent of the destruction complex, and 

addition of 5 – 10 nM Axin protein has previously been shown to increase rate of 

beta catenin degradation 5- 10 fold [310]. We speculate that by increasing Axin2 

concentration, olanzapine increases the size of the destruction complex aggregation 

and causes more of the newly dissociated beta catenin to be targeted for 

destruction, thus leading to a significantly reduced cytoplasmic concentration 

following glucose stimulation (Figure 57B). 
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A. Control 

 

B. Olanzapine 

 

Figure 57 Illustration depicting the effect of olanzapine to increase axin2 
concentration and reduce free beta catenin. A. Glucose stimulated beta catenin 
is recruited from the cadherin bound pool, phosphorylated at Ser552/675 and 
available for functional involvement in insulin secretion. B. In olanzapine treated 
cells there is higher concentration of Axin2, so the liberated beta catenin is also 
targeted for proteasomal degradation. There is less active beta catenin available for 
functional roles. 
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  Reduced cytoplasmic beta catenin causes reduced 

GSIS 

Addition of the GSK3 inhibitor BIO to the glucose stimulation significantly increased 

the final cytoplasmic beta catenin concentration of olanzapine treated cells (Figure 

45). BIO addition also significantly improved insulin secretion (Figure 46) which 

strongly suggests that it is through reduction of cytoplasmic beta catenin that 

olanzapine causes a reduction in GSIS. BIO is a GSK3 inhibitor, which prevents its 

incorporation into the destruction complex, leading to reduced beta catenin 

proteasomal degradation. There was no difference in GSK3 activity in olanzapine 

treated cells compared to control (Figure 53) thus we suggest that olanzapine 

increases beta catenin destruction complex activity through an alternate 

mechanism, such as increased Axin2 concentration as discussed above. 

Similarly to our result, experiments where beta catenin was knocked down using 

siRNA showed that GSIS was likewise inhibited [210, 297]. Sorrenson et al. (2016) 

showed that knockdown of beta catenin in INS832/3 and MIN6 cells, resulted in 

significantly reduced insulin secretion in response to glucose stimulation, alongside 

deranged insulin vesicle dynamics at the cell periphery [210]. Using TIRF 

microscopy it was demonstrated that following glucose stimulation there was 

minimal movement of insulin vesicles in the region 100 nM adjacent to the cell 

membrane in cells transfected with siRNA for beta catenin. In comparison, control 

cells have depleted insulin vesicle density at the membrane following glucose 

stimulation, signifying that the readily releasable pool of vesicles had been released. 

This supports the suggestion that beta catenin is required for vesicle fusion with the 

membrane for regulated exocytosis. Furthermore, this convincing evidence that 

beta catenin is involved in the regulation of GSIS supports our theory that it is 

through reduction in beta catenin that olanzapine treatment leads to reduced insulin 

secretion.  

Addition of pyrvinium to glucose stimulation has also been shown to inhibit glucose 

stimulated increases in insulin secretion in INS1E [297], MIN6 cells, and isolated 

mouse islets [210]. Pyrvinium binds to and potentiates activity of CK1α, the priming 

kinase of the beta catenin destruction complex, which accordingly increases beta 

catenin proteasomal destruction [340]. This corroborates the presented theory that 

modulation of the beta catenin destruction complex can subsequently influence 



185 
 

insulin secretion. As shown in Figure 57B we suggest that olanzapine modulates 

activity of the destruction complex by increasing Axin2 concentration, to decrease 

beta catenin concentration and reduce GSIS, in a similar mechanism to pyrvinium 

which also augments capacity of the destruction complex to reduce GSIS. 

The effect of decreasing beta catenin concentration appears to have a more 

substantial influence on GSIS than increasing beta catenin concentration, 

suggesting that the influence that beta catenin has on insulin secretion has an upper 

limit that cannot be surpassed by further stimulation. In transgenic RIP-Cre, β-

Catactive mice which have loxP-flanked constitutively active beta catenin, there was 

no difference in insulin secretion in response to glucose stimulation compared to 

control [272]. RIP-Cre, β-Catactive mice express beta catenin which is truncated at 

the N-terminal [341], and cannot be phosphorylated by the destruction complex. 

However, glucose signalling results in phosphorylation at the C-terminus, and this 

is unaffected by the genetic mutation, so we suggest that this is why there is no 

difference.  

Addition of 5 µM BIO which increases beta catenin concentration through disruption 

of the destruction complex, has been shown to have a positive effect on insulin 

secretion only during 15 minute stimulation [210]. But on extending the duration to 

2 hours, there was no difference compared to control. We similarly did not find any 

significant amplifying effect of 1 µM BIO on insulin secretion following 2 hour 

stimulation (Figure 46). This adds to the proposition that glucose stimulated beta 

catenin is phosphorylated at the C-terminal, and does not interact with the Wnt 

regulated pool which is phosphorylated at the N-terminal. By increasing the 

concentration of the Wnt regulated pool through N terminal truncation, or targeting 

the destruction complex with BIO, this does not have the same effect as increasing 

glucose stimulated beta catenin. Liu et al. (2009) showed that glucose can stimulate 

an increase in cytoplasmic beta catenin, but the protein remains in the cytoplasm 

for functional roles, and there is little translocation to the nucleus. Conversely, 

modification of Wnt regulated beta catenin with addition of a GSK3 inhibitor resulted 

in beta catenin accumulation and translocation to the nucleus [336], highlighting the 

differing pathways involved in glucose and Wnt stimulation of beta catenin.  
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  Olanzapine does not affect insulin secretion 

stimulated by membrane depolarisation 

We have put forward a theory that olanzapine reduces beta catenin by interfering 

with the process of glucose stimulation. However, prior to glucose stimulation there 

is already evidence of dysregulated beta catenin signalling in olanzapine treated 

cells. In Chapter 4 we showed that chronic olanzapine can shift the cellular 

distribution towards nuclear localisation of beta catenin (Figure 28), and increase 

the nuclear concentration of TCF7L2 (Figure 29) which is suggested to tether the 

beta catenin to the nucleus. It is cytoplasmic beta catenin that is posited to be 

involved with insulin vesicle trafficking and fusion with the cell membrane [210, 275]. 

TCF7L2 over expression has previously been shown to reduce glucose and 

exenatide stimulated insulin secretion with little influence on total beta catenin 

concentration [210, 342] suggesting that by sequestering beta catenin to the 

nucleus, GSIS might be moderated. 

By testing the insulin secretion response to secretagogues that act downstream of 

glucose, we aimed to verify that the effect of olanzapine to reduce insulin secretion 

was associated with the process of glucose stimulation and not the result of chronic 

cellular distribution changes only. In Figure 49 we showed that both tolbutamide 

and KCl significantly stimulated insulin secretion in olanzapine treated cells, which 

substantiates the theory that that olanzapine impedes glucose stimulation.  

Sorrenson et al. (2016) showed that in cells transfected with siRNA for beta catenin, 

KCl was unable to stimulate an increase in insulin secretion [210], which highlights 

the role of beta catenin in the process of insulin vesicle exocytosis. But the fact that 

olanzapine does not interact with secretion verifies that the chronic effects to 

redistribute beta catenin to the nucleus and moderately decrease cytoplasmic 

concentration, are insufficient to inhibit secretion. It is during the glucose induced 

stimulation of beta catenin that olanzapine produces the most profound effect on 

beta catenin concentration, with resultant effect on GSIS.  

In addition to this, olanzapine significantly inhibited insulin secretion in response to 

exenatide (Figure 50). Exenatide is a GLP-1 receptor agonist that has also been 

shown to stimulate beta catenin to influence insulin secretion [210]. Addition of BIO 

similarly improved exenatide stimulated insulin secretion in olanzapine treated cells, 
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confirming the negative regulation of beta catenin within this mechanism. 

Furthermore, olanzapine also inhibited insulin secretion in response to forskolin 

(Figure 51), which targets the PKA pathway and is known to potently increase 

insulin secretion [343]. Forskolin activates adenylate cyclase to increase cAMP, 

increasing PKA which is a known signalling effector of the glucose and GLP-1 

induced activation pathway to phosphorylate beta catenin at Ser 552/675 [335]. The 

observation that olanzapine also inhibited forskolin stimulated insulin secretion 

supports the proposed mechanism that the effects of olanzapine to reduce beta 

catenin occur downstream of PKA phosphorylation. It is through PKA stimulation 

that glucose leads to beta catenin dissociation from the membrane, resulting in 

increased access to the larger destruction complex aggregation induced by 

olanzapine (Figure 57B).  

Olanzapine also inhibited insulin secretion in response to PMA (Figure 51). PMA 

activates PKC, which has not been previously linked to beta catenin function in beta 

cells, but as olanzapine also reduced insulin secretion in response to PMA, there 

may be an as yet undefined interaction. Forskolin and PMA have both previously 

been shown to modify the RRP and the sensitivity of insulin vesicles to calcium, with 

no additive effect suggesting that there is a shared mechanism [344]. From our 

understanding of beta catenin and the regulation of vesicle dynamics in beta cells 

[210, 275] as well as in neurons [322, 329], we conjecture that in addition to PKA, 

PKC may also be able to modify beta catenin, but further research is required to 

support this. 

 

  Acute Wnt stimulation is linked to the chronic effect 

of olanzapine to inhibit GSIS  

At the centre of the proposed mechanism through which olanzapine inhibits GSIS, 

is Axin2; the scaffold protein of the beta catenin destruction complex which we 

advocated in Chapter 4 increased over time in a mechanism allied to an increase in 

canonical Wnt signalling (Figure 38).  The small molecule inhibitor XAV939 was 

utilised to inhibit Wnt signalling, and in Figure 56 XAV939 also prevented the effect 

of olanzapine to inhibit GSIS. At 1 µM XAV939 inhibited olanzapine induced 

expression of Wnt target genes cyclin D1 (Figure 34) and c-myc (Figure 35), 
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suggesting that there is inhibition of the Wnt signalling pathway. 1 µM XAV939 also 

prevented olanzapine induced changes in insulin secretion. This strongly suggests 

that it is through the stimulation of Wnt signalling that olanzapine induces cellular 

changes that reduce GSIS. 

 

  Conclusion 

To conclude, this Chapter has presented evidence showing that chronic olanzapine 

exposure causes cellular changes to MIN6 cells that result in a reduction in 

cytoplasmic beta catenin concentration upon glucose stimulation. Correction of 

cytoplasmic beta catenin with addition of BIO was shown to improve insulin 

secretion, leading to the conclusion that it is through alterations in beta catenin 

dynamics that olanzapine inhibits insulin secretion. Axin2 is a key component of the 

beta catenin destruction complex which we have shown can be increased by chronic 

olanzapine; hence we suggest that it is through an increase in concentration of beta 

catenin degradasomes that olanzapine has an effect on beta catenin concentration.  
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6 Chapter 6: Conclusions and 

future work 
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6.1 Research aims 

Olanzapine is associated with considerably higher rates of hyperglycaemia 

compared to other first line antipsychotics [38]. However as olanzapine is effective 

at managing symptoms of psychosis, it is a therapy often favoured by psychiatrists 

and remains one of the most frequently prescribed antipsychotic drugs. Uncontrolled 

hyperglycaemia has extensive risks to health and is a significant risk factor for the 

development of diabetes and CVD. Yet despite the awareness that hyperglycaemia 

is commonly associated with treatment, the current strategy for dealing with 

metabolic side effects falls short; resulting in poor physical health and increased 

mortality that could be avoided [3, 44]. 

In practice, blood sugars are monitored closely in patients with pre-existing diabetes 

or pre-diabetes, but less often in patients with no preceding physical health 

problems. However the presented data in this study adds to the growing evidence 

that olanzapine is able to forthrightly cause hyperglycaemia and increase risk of 

developing diabetes in previously healthy patients, as a direct consequence of 

treatment. 

As yet, the evidence that olanzapine pharmacologically increases insulin resistance 

[134, 158] has not clarified why severe and persistent hyperglycaemia develops. 

Usually the beta cells respond to insulin resistance through beta cell compensation 

and increased insulin secretion, so we questioned if there was also deterioration in 

beta cell function. Insulin resistance can lead to diabetes if beta cells simultaneously 

fail to secrete adequate insulin [182, 183, 185]. Our findings confirmed that 

olanzapine significantly altered the function of MIN6 beta cells to secrete insulin.  

Previous research into the effect of olanzapine on beta cell function has been 

inconclusive, with suggestions of apoptosis [55], increased basal insulin secretion 

[171, 172], and varying effects on insulin secretion in response to glucose [173, 

235].  However no study has previously investigated the chronic effect of olanzapine 

on beta cell function beyond 4 hour exposure at therapeutic concentrations. In this 

study we sought to thoroughly investigate for the first time, if there were any 

concurrent pharmacological effects of chronic olanzapine exposure in pancreatic 

beta cells to influence function. We present good evidence that beta cell dysfunction 

is a central part of olanzapine induced hyperglycaemia and diabetes. 
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This research contributes to the existing literature in the following ways: 

I. We have examined a range of therapeutic concentrations of 

olanzapine (≤ 10 µM) in different culture conditions and demonstrated 

that cells remain viable during 72 hour culture, suggesting that 

olanzapine is not toxic to beta cells. This is the first time that 

concentrations below 100 µM have been tested for viability, and this 

result transcends the previously accepted belief that olanzapine is 

toxic to beta cells. 

 

II. We have established for the first time a link between olanzapine and 

the canonical Wnt/ beta catenin signalling pathway in beta cells. In the 

MIN6 cell line activation of beta catenin signalling by olanzapine 

resulted in three novel observations; increased expression of cell cycle 

regulating genes cyclin D1 and c-myc, increased rate of proliferation, 

and accelerated cell cycle. We postulate that through altering beta 

catenin signalling, olanzapine exposure results in a deterioration of 

beta cell function. 

 

III. We have shown that 72 hour culture with olanzapine results in altered 

cell biology and redistribution of cellular components. The result of 

such cellular changes is a significant reduction in glucose stimulated 

insulin secretion, and reduced insulin secretion upon GLP-1 receptor 

stimulation. This is the first time that the influence of olanzapine on 

insulin secretion has been investigated beyond 4 hours exposure in 

vitro, and the first time a mechanism for reduced insulin secretion has 

been proposed. 

 

IV. By demonstrating that a reduction in cytoplasmic beta catenin is 

related to reduced insulin secretion from MIN6 cells, we have added 

to the evolving theory that beta catenin is an important component in 

the process of insulin secretion.  

 

V. This research is the first to present a potential model whereby 

increased Axin2 concentration can influence insulin secretion from 

beta cells through increased beta catenin degradation upon glucose 

stimulation.  
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6.2 Summary of main findings 

This thesis aimed to test three initial hypotheses; that olanzapine causes beta cell 

death, that olanzapine inhibits beta cell compensation; or that olanzapine has a 

pharmacological action on the beta cell to modify the mechanism of GSIS. We 

identified that olanzapine can negatively influence beta cell function and modify 

GSIS through pharmacological interaction with the canonical Wnt signalling 

pathway. 

We have demonstrated that it is through acute activation of beta catenin that 

olanzapine stimulates proliferation of MIN6 cells and causes cellular changes that 

result in reduced glucose stimulated insulin secretion. We speculate that, alongside 

peripheral pharmacological effects, a pharmacological reduction in beta cell function 

can accelerate the development of hyperglycaemia and diabetes associated with 

treatment. 

 

  Cell viability 

We initially postulated that olanzapine was toxic to beta cells, as has been 

previously suggested by Ozasa et al. (2013) [55]. We showed that olanzapine did 

not reduce cell viability of MIN6 cells treated with olanzapine ≤ 10 µM for 24 or 72 

hours. 100 µM olanzapine significantly reduced cell viability, however it was 

established that this was due to an inhibition of growth during 72 hour incubation 

caused by cell cycle arrest rather than an increase in cell death. However, we 

considered that 100 µM olanzapine is many times higher than any reported plasma 

concentration, and further experiments were undertaken using lower, more 

therapeutic concentrations ≤ 10 µM at which we found no change in cell viability.  

 

  Beta cell proliferation and Compensation 

As olanzapine is known to increase insulin resistance through pharmacological 

action at the liver, adipose, and muscle tissue, we reasoned that beta cells would 

usually mount a compensatory response to increase mass and insulin secretion. 

Ader et al. (2005) proposed that in dogs olanzapine can inhibit beta cell 
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compensatory mechanisms [56] thus we hypothesised that olanzapine would 

pharmacologically inhibit proliferation of MIN6 cells in response to different stimulus. 

We tested the proliferation of MIN6 cells in different culture conditions, but found 

that concentrations ≤10 µM had no significant effect on proliferation in high glucose, 

high growth factor (FBS), or serotonin (5-HT). Instead we offered a contrasting 

model where in unstimulated conditions, activated Wnt/ beta catenin signalling 

stimulated proliferation and upregulation of cell cycle regulating genes c-myc and 

cyclin D1. Albeit the increased number of cells was further revealed to have reduced 

functional capacity; hence we propose a model where activating a pathway to 

increase proliferation yields a negative overall influence on beta cell function. 

We might approach an observed increase in proliferation with caution as MIN6 cells 

are an immortalised cell line that are genetically engineered to continually replicate. 

Primary beta cells proliferate at very low rates, but the MIN6 cell line is  derived from 

a transgenic mouse expressing the large T antigen of SV40 [212] which inhibits 

tumour suppressors Rb and p53 [345]. P53 and Rb are involved in regulating the 

cell cycle, cell senescence, and apoptosis; hence cell cycle progression is 

dependent on these functional proteins. Therefore, in primary beta cells the effect 

of beta catenin stimulation on the cell cycle could be different to that which is 

observed in an immortalised cell line.  

Nonetheless, beta catenin signalling, and c-myc expression are known to be 

involved in beta cell proliferation in response to proliferative stimulus in vivo, such 

as during prolonged hyperglycaemia [300] or a high fat diet [346]. For example; mice 

fed a high fat diet for 60 days developed insulin resistance and the pancreatic islets 

expanded in mass, alongside beta catenin nuclear translocation and upregulation 

of cyclin D1 and c-myc [346]. Such effects were not seen at 30 days, at which point 

insulin resistance had not yet become established, indicating that beta catenin 

activation was involved in the mechanism of compensation. C-myc has also 

independently been shown to drive proliferation of beta cells in adult mice, although, 

comparable to what we have observed in olanzapine treated cells, the daughter beta 

cells had an immature phenotype with compromised function [246]. It has also 

previously been suggested that when there is sustained c-myc activation within beta 

cells in adult mice, apoptosis eventually predominates over proliferation, resulting in 

cell loss [347]. 
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As there is a recognised mechanism for beta catenin, cyclin D1 and c-myc to 

stimulate beta cell proliferation in vivo, our observation of olanzapine induced beta 

catenin signalling to stimulate proliferation in a cell line may indeed also translate in 

vivo. We conclude that olanzapine shifts the balance of the cell to a more 

proliferative phenotype. We suggest that the effects of olanzapine to increase 

proliferation but reduce secretory function mirrors what has been previously 

demonstrated in beta cell models of upregulated c-myc in glucotoxicity [246, 347]. 

We also postulate that through interaction with a pathway that is involved in 

compensation, olanzapine may hinder the dynamic nature of beta cells to 

appropriately respond to fluctuating requirements.  

We have taken care to ensure that MIN6 cells were used at low passage number 

and in culture conditions with low concentration of growth factors in effort to maintain 

beta cell characteristics and minimise basal proliferation. However, further work 

should be also carried out to fully ascertain if there is a similar influence on beta 

catenin signalling and proliferation in primary beta cells exposed to olanzapine. 

 

  Glucose stimulated insulin secretion 

Beta cells respond to elevations in extracellular glucose concentrations by secreting 

insulin into the circulation where it travels to peripheral tissues to facilitate glucose 

uptake. The beta cell mass is dynamic and responsive to numerous external stimuli, 

such as hormones, amino acids, and glucose. Hence, due to the complex side effect 

prolife, and known pharmacological effects of olanzapine at peripheral organs, a 

pharmacological effect at pancreatic beta cells has thus far been difficult to 

differentiate from other external influences. Some in vivo studies have pointed to a 

possible alteration in insulin secretion [118, 119, 130] so we hypothesised that 

olanzapine might pharmacologically interfere with the normal glucose stimulated 

insulin response to elevated glucose. 

We measured the total insulin secreted during 2 hour glucose stimulation from cells 

that had been exposed to olanzapine for 72 hours, and found that there was a 

significant reduction in insulin secretion compared to control.  We have also 

presented a model by which 72 hour olanzapine exposure pharmacologically altered 

the concentration and localisation of cellular components of the Wnt/ beta catenin 
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signalling pathway. We suggest that it is through increased Axin2 concentration and 

decreased cytoplasmic beta catenin that olanzapine exerts its effects on GSIS.  

To the best of our knowledge this is the first time chronic olanzapine has been shown 

to have an effect on GSIS in vitro. Previous work by Melkersson et al. (2001, 2004) 

investigated 1- 4 hour olanzapine exposure in media containing different 

concentrations of glucose, and measured the total insulin secreted during the 

drug/glucose exposure  [171, 172]. Similarly, Nagata et al. (2019)  investigated 

insulin secretion during 1 hour drug exposure, although media glucose 

concentration was not elevated [173]. While Melkersson et al. (2001, 2004) report 

no change in GSIS; Nagata et al. (2019) reported a significant difference, 

approximately 80% of control. Investigations beyond 4 hour acute exposure have 

not been carried out previously. We considered that in humans olanzapine treatment 

results in steady state plasma concentrations, thus our results detailing the effects 

of 72 hour exposure allows for a precise illustration of cellular changes initiated by 

chronic olanzapine and the functional outcomes of these. Acute reductions in GSIS 

reported by Nagata et.al (2019) [173] may be the result of initial activity at receptors, 

but we suggest that it is chronic adaptive changes in the cell over time that have a 

bigger impact on beta cell function. And we demonstrate that GSIS is reduced to 

approximately 55% of control in cells treated with 10 µM olanzapine. We also 

demonstrated that treatment with lower concentration 1 µM also mildly reduced 

secretion, although this was not significant due to low power.  

Recent work by Sorrenson et al. (2016) [210] has linked cytoplasmic beta catenin 

to insulin vesicular release. Following on from our observations of acute interaction 

with Wnt/ beta catenin signalling we were interested whether the observed 

interactions were also linked to inhibited GSIS. We observed that, compared to 

control, olanzapine treated cells had significantly reduced cytoplasmic beta catenin 

concentration following a 2 hour glucose stimulation. Alongside other observations 

that addition of the GSK3 inhibitor BIO improved cytoplasmic beta catenin and also 

improved insulin secretion, we assert that it is through shifting beta catenin 

dynamics that olanzapine interferes with the process of insulin secretion. We 

present a model where olanzapine increases the activity of the destruction complex 

through increased Axin2 concentration, and upon glucose stimulation, activated 

beta catenin is quickly targeted for degradation and not available for insulin 

secretory roles. 
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Olanzapine treated cells also secreted less insulin compared to control in response 

to the GLP-1 agonist exenatide, but there was no difference in secretion in response 

to membrane depolarising agents KCl or tolbutamide. Similarly to the glucose 

stimulation, addition of BIO was able to improve the exenatide stimulated secretion 

suggesting that overactivity of the destruction complex may again be involved. As 

described by Sorrenson et al. (2016) [210] in beta cells, glucose and GLP-1 act 

activate beta catenin through a unified pathway involving cAMP and PKA. Based on 

our observations, we suggest that the chronic effects of olanzapine to increase 

Axin2 result in interference with the process of beta catenin activation by both 

glucose and GLP-1. 

 

  Growth vs. insulin secretion 

The presented results demonstrate that olanzapine induces MIN6 proliferation, and 

reduces insulin secretion, and as we identified changes in beta catenin suggestive 

of Wnt involvement in both instances we deduce that the two effects are linked. The 

Wnt inhibitor XAV939 inhibited upregulation of Wnt target genes cyclin D1 and c-

myc, and also improved insulin secretion in olanzapine treated cells. Cyclin D1 and 

c-myc are key regulators of the cell cycle, thus if inhibition of cell cycle progression 

also improves insulin secretion this supports the concept of a link between increased 

proliferation, and reduced secretion, involving Wnt activation.  Previous work has 

also linked the Wnt target gene c-myc with increased beta cell proliferation and 

reduced insulin secretion [246, 347], which points to a common pathway.  

We initially postulated that olanzapine inhibited beta cell compensation mechanisms 

based on observations by Ader et al. (2005) that olanzapine administration in dogs 

impaired the normal beta cell response to insulin resistance [56], and Chintoh et al. 

(2008) who found no increase in insulin secretion following chronic olanzapine 

exposure, despite a significant increase in body weight and insulin resistance [70]. 

Pancreatic beta cells in adult humans have very low replicative capacity, but 

proliferation can be stimulated in response to increased metabolic demands in the 

process of compensation. Compensation is characterised by increased cell mass, 

but maintained secretory function [45] which increases the overall insulin output to 

counteract increased demand. But in the event of ongoing and chronic 



197 
 

hyperglycaemia, the function of the beta cell mass begins to become compromised, 

and decompensation occurs [185]. In decompensation, beta cells become 

dedifferentiated and insulin secretion is reduced. C-myc expression is thought to be 

central to the process of beta cell hypertrophy and dedifferentiation [185], and its 

expression is considered to be a typical characteristic of glucotoxicity and reduced 

beta cell function [348].  

 

 

Figure 58 Illustration depicting the observed effects of olanzapine to increase 
total number of beta cells but to pharmacologically reduce insulin secretion in 
response to glucose 

 

Fundamentally, the pharmacological effects of olanzapine that we have observed 

would interfere with the normal increase in insulin output in response to increased 

demands. If the beta cell mass increases, but the secretory capacity declines, then 

this means that the insulin output is likely to still be insufficient to meet increased 

demands. This could explain why Ader et al. (2005) [56] and Chintoh et al. (2008) 

[70] detected no change in insulin secretion despite overt insulin resistance (Figure 

58). 

Alongside its influence on beta cell function, olanzapine also pharmacologically 

increases insulin resistance [134, 158, 160, 161, 163] which exerts independent 

effects to initiate beta cell compensation. It is likely that the effect of insulin 
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resistance is augmented by the concurrent direct pharmacological impact of 

olanzapine on the beta cell to stimulate proliferation and reduce GSIS.  We submit 

that olanzapine effectively fast-tracks the transition of the beta cell mass from 

compensation to decompensation where there is increased mass but inefficient 

insulin secretion. 

C-myc has been linked to the mechanism involved in beta cell hyperplasia, 

glucotoxicity, and reduced insulin secretion [246, 347]. In response to prolonged 

hyperglycaemia or high fat diet, beta catenin nuclear translocation and elevated c-

myc expression has been detected in beta cells [346]. Axin2 is also a key 

downstream target gene of activated beta catenin [311], but it has received much 

less attention in terms of beta cell function. Axin exists as two functionally equivalent 

isoforms, Axin1 and Axin2 [303], which form the structural backbone of the beta 

catenin destruction complex. Axin is the rate limiting factor in the beta catenin 

destruction complex, and Axin1 is tightly expressed, while Axin2 is upregulated by 

Wnt signalling and forms part of negative feedback mechanism to increase the 

volume of beta catenin degradasomes and reduce Wnt signalling.  

We have inferred that it is through increased Axin2 that olanzapine reduces insulin 

secretion from MIN6 beta cells. Yet there has been very little previous research into 

the impact Axin or Axin2 have on insulin secretion. As there is evidence that Axin2 

is a target gene of beta catenin [311], it would be co-expressed with c-myc, therefore 

it is conceivable that increased Axin2 expression could be involved in the 

mechanism through which c-myc overexpression leads to a reduction in insulin 

secretion. 

 

  Model 

Figure 59 illustrates the proposed mechanism through which we theorise 

olanzapine exerts its effects on beta cell function. The effects are separated into 

acute effects on beta catenin activation (1-4), and successive chronic effects on 

insulin secretion (5-6) as discussed below. 
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1. Olanzapine acutely stimulates beta catenin, as evidenced by increased 

cytoplasmic beta catenin concentration following 24 hour exposure. Nuclear 

beta catenin is unaffected, thus increased concentration is the result of 

cytoplasmic protein stabilisation.  

2. Beta catenin activation leads to up regulation of target genes cyclin D1 and 

c-myc which cause advancement of the cell cycle and increased proliferation 

in the absence of other stimulation. Expression of cyclin D1 and c-myc is 

inhibited by Wnt inhibitor XAV939 further verifying that the pathway involves 

Wnt/beta catenin signalling. 

3. Axin2 is another reported target gene of Wnt/beta catenin signalling, but 

although there was no evidence of an increase in mRNA expression of Axin2, 

there was a significant increase in protein concentration over time. There may 

have been experimental reasons why a small change in mRNA was not 

detected, or olanzapine may directly increase Axin2 protein through 

posttranslational modifications.  

4. Increased Axin2 protein concentration increases the volume of beta catenin 

degradasomes within the cell, and increases capacity for beta catenin 

cytoplasmic degradation. This is evidenced by reduced cytoplasmic beta 

catenin following 72 hour exposure.  

5. Upon glucose stimulation, the process of beta catenin recruitment from the 

cadherin bound pool for insulin secretion is inhibited. The increased volume 

of degradasomes causes the liberated beta catenin to be targeted for 

degradation by the proteasome, and the cytoplasmic concentration is 

significantly reduced. Addition of GSK3 inhibitor BIO inhibits the augmented 

destruction complex aggregation and beta catenin does not become reduced 

upon glucose stimulation.  

6. Beta catenin is involved in insulin vesicle trafficking to the membrane. 

Reduced cytoplasmic beta catenin leads to reduced insulin secretion. 

Addition of BIO to inhibit changes in beta catenin, improved insulin secretion. 
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Figure 59 Illustration of the proposed mechanism through which olanzapine 
exerts its effects on beta cell function 1. Olanzapine stimulates beta catenin 
protein stabilisation 2. Beta catenin and TCF7L2 bipartite transcription factor 
upregulates target genes cyclin D1 and c-myc 3. Axin2 protein concentration 
increases 4. Increased Axin2 increases the volume of beta catenin degradasomes 
5. On glucose stimulation, beta catenin is recruited from the cadherin bound pool to 
be involved in insulin secretory mechanisms, but the enlarged degradasome targets 
more beta catenin for destruction 6. less beta catenin is available for insulin vesicle 
trafficking and insulin secretion is reduced. 
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6.3 Further work 

This study has established several novel pharmacological effects of olanzapine 

within the MIN6 beta cell line, but also raises several further questions. Above we 

have presented a model through which olanzapine initially stimulates beta catenin 

protein stabilisation, but we have not yet established how olanzapine does this. 

There are several possible mechanisms through which beta catenin protein 

stabilisation could transpire, such as receptor activation, or inhibition of the beta 

catenin destruction complex and further work should aim to establish the source of 

beta catenin activation.  

A suggested mechanism involves an interaction with D2 receptors to increase levels 

of Dvl-3. It has previously been postulated that some antipsychotics can increase 

the concentration of the protein Dvl-3 which is involved in frizzled receptor activation 

[349-351]. In the prefrontal cortex and striatum increased protein concentration of 

Dvl-3 has been shown to positively stimulate the canonical Wnt signalling pathway 

[351] and stimulate increased beta catenin concentration [349, 350]. Clozapine and 

haloperidol have been previously shown in PC12 and SH-SY5Y neuronal cells to 

increase Dvl-3, alongside increased beta catenin concentration, effects which were 

found to be linked to D2 receptor antagonism [350]. The effects of olanzapine on 

Dvl-3 have not been previously investigated but olanzapine is also an antagonist at 

D2 receptors [80] so may be expected to have a similar effect on Dvl-3 to activate 

Wnt signalling. Further investigation into Dvl-3 protein concentration, and repeated 

experiments with the addition of dopamine agonists and antagonists should be 

considered. 

Equally, olanzapine may increase beta catenin concentration through direct 

inhibition of proteins involved in the destruction complex. GSK3β is an essential 

component of the destruction complex and there is evidence that olanzapine can 

reduce GSK3β activity. Olanzapine acts at numerous GPCR that are known to have 

regulatory effects on GSK3 such as 5-HT receptors. 5-HT1A receptor activation 

leads to inhibited ser-9 phosphorylated GSK3β, whereas stimulation of 5-HT2A 

increases the active dephosphorylated form of GSK3β [352]. Olanzapine is a potent 

antagonist of 5-HT2A receptors [80], suggesting it may lead to a reduction in the 

concentration of active GSK3β, but it is unknown if such changes would intersect 

the Wnt regulated functional pool of GSK3β. Moreover, olanzapine is also 
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postulated to directly  fit into the binding pocket to inhibit GSK3β [296], an effect 

likely to reduce incorporation into the beta catenin destruction complex. 

Investigations including 5-HT agonists and antagonists and quantification of 

phosphorylated active GSK3β should also be considered. 

Nonetheless, the chronic cellular changes induced by olanzapine clearly result in a 

reduction in insulin secretion. Although we have presented convincing evidence that 

it is through depletion in cytoplasmic beta catenin concentration that olanzapine 

inhibits insulin secretion, further investigation into the precise mechanics of this 

process is warranted. The role of beta catenin in insulin secretion is a new area if 

research, and a deeper understanding of the mechanism involved in glucose 

activation of beta catenin would be of great interest to beta cell biologists. We have 

put forward a mechanism through which glucose recruits beta catenin from the 

cadherin bound pool to be involved in insulin secretion mechanisms. We suggest 

that it is through increased Axin2 that olanzapine inhibits an increase in beta catenin 

concentration, but further work is required reinforce the projected mechanism. For 

example, beta catenin is phosphorylated at numerous different residues by the 

destruction complex and cadherins, as well as AKT and PKA, hence a concise 

picture of the phosphorylation status of beta catenin at different stages of glucose 

stimulation would be valuable.  

We have demonstrated that XAV939 can inhibit upregulation of cell cycle genes, 

and also dose dependently improve insulin secretion in olanzapine treated cells. 

However, further investigations are required to fully establish if these two effects are 

linked. Investigating beta catenin protein concentration and localisation at 24 hour, 

72 hours, and following glucose stimulation in cells cultured with both olanzapine 

and XAV939 is required to investigate if the same pathway is involved. And other 

Wnt inhibitors should also be utilised to establish if there are any off-target effects 

of XAV939 that we are not accounting for. 

A portion of the study is investigating the effect of olanzapine on cell growth, and 

investigating an immortalised cell line may not truly reflect growth pathways that are 

present in primary beta cells. Where we have observed an increase in proliferation, 

beta catenin activation may manifest as a different effect in primary cells with very 

little capacity for growth. Therefore duplicating the experimental techniques in 

primary beta cells should commence to determine if cyclin D1 and c-myc are equally 
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upregulated, and if there is a similar change in proliferation or downstream effects 

on beta catenin and insulin secretion.  

Further work should also aim to investigate a range of other antipsychotics, and a 

range of different concentrations, to establish if the effects to activate Wnt/ beta 

catenin are unique to olanzapine, or reveal that this is a class effect. 

 

6.4 Impact of findings 

The overarching conclusion of this study is that olanzapine is detrimental to beta 

cell function. Appropriate insulin secretion is critical for glucose homeostasis, so a 

decline in beta cell function is a major side effect which will have a dramatic influence 

on health. Our research using the MIN6 cell line indicates that beta cell dysfunction 

is unrelated to other peripheral effects, demonstrating that olanzapine could 

independently initiate hyperglycaemia and diabetes through beta cell targets. 

Considering this alongside other known metabolic effects of olanzapine, we feel 

there should be a prompt re-evaluation of olanzapine as a first line antipsychotic. 

There is now a great deal of evidence demonstrating that olanzapine can cause 

hyperglycaemia, and there are other treatment options with less life-shortening side 

effects. We advocate that lower risk antipsychotics should be used first line, with 

olanzapine reserved as a second or third line option, or reserved for more severe 

illness. 

We acknowledge that psychosis can be a challenge to treat and all antipsychotic 

drugs are associated with side effects which can affect quality of life. Olanzapine is 

a treatment often favoured by psychiatrists as it is very effective at managing 

symptoms, and side effects are not instantly visible when compared to other options. 

But in the event of such far reaching side effects on metabolic organs, the likelihood 

of developing metabolic syndrome or diabetes is almost certain when on long term 

treatment. Prescribing olanzapine will lead to serious metabolic complications and 

physical health problems that will ultimately shorten a patient’s life. Going forward, 

a balance needs to be struck between treating acute psychosis, and effectively 

managing the known side effects long term. The aim should be to prevent patients 

from developing long term chronic conditions such as diabetes.  
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First generation antipsychotics can cause extrapyramidal side effects which are 

easily identified and treatment modified, yet comparatively, close monitoring of 

blood sugars of patients prescribed second generation antipsychotics happens 

rarely. For olanzapine treated patients the guidelines advise monitoring of blood 

glucose at 12 weeks, then annually, however little advice is given regarding 

continuation of treatment based on results. Physicians are cautious to make 

changes to treatment regimens that are effectively controlling the symptoms of 

psychosis. In the event of hyperglycaemia, usually metformin or another antidiabetic 

medication is started alongside the antipsychotic, but metabolic dysfunction 

worsens and a diagnosis of diabetes is inevitable. Considering the evidence 

detailing the pharmacological effects of olanzapine to cause hyperglycaemia, we 

consider the lack of a more rigorous monitoring and management programme to be 

unethical. It is incongruous to treat one chronic disease, by creating another chronic 

disease, with minimal attempt to reduce the risk. Henceforth we suggest that more 

needs to be done to improve the care of patients with an aim to reduce the 

hyperglycaemic effect of treatment and reduce rates of diabetes. We suggest there 

needs to be further research into management strategies, and changes to clinical 

monitoring guidelines so that hyperglycaemia is picked up before irreversible beta 

cell damage occurs and prompt changes to treatment can be made.   

We have identified that the Wnt/ beta catenin pathway is involved in beta cell 

dysfunction associated with olanzapine. With more detailed knowledge of the 

pharmacological effects of olanzapine to cause metabolic dysfunction and 

hyperglycaemia, there may be potential methods to reduce this side effect through 

additional pharmacological agents or supplements, diet, or exercise. Further 

research is needed to investigate the use of specific supplementation, but our 

research reveals a pathway which should provoke new targeted approaches to 

management. For example;  Vitamin D has been shown to supress Wnt/beta catenin 

signalling and reduce c-myc expression in some cell types [353], and has previously 

been noted to reduce the risk of diabetes in olanzapine treated patients [354].  A 

starting point could include studies to investigate if optimising vitamin D levels of 

treated patients lessens hyperglycaemia. 

Finally we advocate that patients and next of kin should be made fully aware of the 

health risks of treatment. Psychosis requires prompt treatment, and many patients 

lack capacity at the time of acute treatment, but consent should be obtained before 
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long term continuation of a drug that can cause diabetes. There are programmes in 

place to mitigate risks associated with other mental health treatment such as the 

clozapine monitoring service, or Valproate pregnancy prevention programme. We 

suggest a similar programme should be in place for patients taking olanzapine, so 

patients are made explicitly aware of the risks of long term treatment. Patients 

should be educated about the diabetogenic risks, and given an information pack 

and a patient card. A card detailing how the treatment can affect metabolic health 

could be shown to other healthcare professionals which could help bridge the gap 

between mental healthcare and physical healthcare and help patients take personal 

ownership of the physical health risks of treatment.   

In conclusion, the side effects of olanzapine are wide ranging. We present good 

evidence that olanzapine causes beta cell dysfunction. This adds to the existing 

evidence pool showing that olanzapine has pharmacological targets at the liver, 

adipose, and muscle to cause derangement of glucose homeostasis and 

hyperglycaemia. In the face of increased mortality among psychiatric patients, the 

side effects of first line antipsychotic treatment urgently needs reviewing, and steps 

taken to improve physical healthcare of patients. We hope that by persistently 

drawing attention to the issues with the current treatment options for severe mental 

illness, common practice may begin to change. If olanzapine is to be upheld as a 

first line antipsychotic then closer monitoring of glucose and increased attention to 

the physical health of patients is essential. 
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