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SUMMARY 

 

Genetic association between  

schizophrenia and type-2 diabetes 

 

Background and aims: It has long been noted that there is a close link between 

schizophrenia and type-2 diabetes (T2D). Patients with schizophrenia have a high 

risk of T2D. In order to clarify a genetic association between these two conditions, 

this study was designed to investigate a genetic pathway that might be associated 

with both schizophrenia and T2D, and to explore whether clozapine could affect 

expression of the genes associated with obesity and T2D.  

Methods: A total of 221 British nuclear families consisting of 148 fathers, 204 

mothers and 222 affected offspring with schizophrenia were recruited for the genetic 

analysis. All family members studied were of Caucasian descent, including English, 

Welsh, Irish and Scottish individuals. The genetic analysis genotyped a total of 17 

single nucleotide polymorphisms (SNPs) in the genes coding for peroxisome 

proliferator activated receptor-gamma (PPARG), phospholipid A2, group IVA 

(PLA2G4A), prostaglandin-endoperoxide synthase 2 (PTGS2) and v-akt murine 

thymoma viral oncogene homolog 1 (AKT1). The Haploview™ program was applied 

to check Mendelian errors, to test Hardy-Weinberg equilibrium (HWE) and to 

estimate linkage disequilibrium (LD) between paired SNPs. Analysis for allelic and 

haplotypic associations and for the gene-gene interaction was performed with the 

UNPHASED program using likelihood-based association analysis for nuclear families 

with missing parental genotype data. In the functional study, U937 cells were cultured 

and treated with clozapine (1µg/ml and 2µg/ml) for 48 hours and 96 hours, 
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respectively. Quantitative real-time PCR analysis was used to measure the mRNA 

expression levels of the genes of interest. A relative quantification method (the 

comparative Ct method; 2-ΔΔCt) was used to analyze the differences in gene 

expression between clozapine-treated and untreated cells. Two house-keeping 

genes (HKGs), beta-actin (ACTB) and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) were used as the internal controls to normalize the Ct values of the target 

genes. Fisher’s combining probability test was used to determine the combined p 

values from the Student’s t-tests for two HKG-normalized results. 

Results: Of 17 SNPs tested, 16 were in HWE and analyzed further. The 8 SNPs 

tested across the PPARG gene did not show allelic association with schizophrenia. 

An association was detected at rs2745557 in the PTGS2 locus (χ2=4.19, p= 0.041) 

and rs10798059 in the PLA2G4A locus (χ2=4.28, p=0.039), but these associations 

did not survive after 10,000 permutations (global p=0.246). The gene-gene 

interaction test did not show any evidence for either the cis-phase interactions 

between the PLA2G4A and PTGS2 genes or the trans-phase interaction between the 

PLA2G4A and PPARG genes. Allelic association for the AKT1 gene was detected at 

rs1130214 (χ2=6.28, p=0.012) and at rs11847866 (χ2=4.64, p=0.031), but the 

remaining SNPs were not associated with schizophrenia. The global p-value of 

overall associations for the AKT1 was 0.059 after 10,000 permutations. Assessment 

using the Haploview program revealed rs1130214, rs2494746 and rs11847866 were 

in the same LD block, and haplotype analysis showed a disease association for the 

rs1130214-rs2494746-rs11847866 haplotypes (χ2= 10.18, df= 4, p=0.037), of which 

the T-G-A haplotype was excessively transmitted (χ2=6.93, p=0.008) and this 
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haplotypic association survived the Bonferroni correction (p=0.04). The functional 

study tested 11 eligible genes and found that in the cells treated with 1µg/ml 

clozapine for 96 hours, expression of the mitochondrial carrier homolog 2 (MTCH2) 

gene showed a significant decrease in mRNA expression (combined p=0.001) and 

that of the PPARG gene showed a significant increase (combined p=0.005). 

Conclusions: (1) The present results do not support the hypothesis that the PPARG 

gene may also play a role in the development of schizophrenia although it has been 

reported to be strongly associated with T2D. (2) Neither the PLA2G4A-PTGS2 

combination nor the PLA2G4A-PPARG combination was associated with 

schizophrenia. (3) The AKT1 gene has been previously reported in several 

populations to be associated with schizophrenia, and our study provides further 

evidence to support its association in the European Caucasian population. (4) Both 

the MTCH2 gene and the PPARG gene showed a significant change in mRNA 

expression in clozapine-treated cells, raising the possibility that these two genes may 

be involved in the development of clozapine-induced obesity and in an increased risk 

of T2D.  
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Chapter 1 
Introduction 

chizophrenia is a word derived from the Greek words “skhizein” ("to split") 

and “phrēn” ("mind") and was incorporated in the medical language by 

Eugen Bleuler, a Swiss psychiatrist, at the beginning of the last century. 

He believed that schizophrenia was a group of closely related diseases characterized, 

not by deterioration of intellect, but by splitting of cognitive sides of personality from 

the affective or emotional sides. Dementia praecox, which was proposed by Emil 

Kraepelin to describe the disease, was then replaced by schizophrenia. Today, 

schizophrenia is considered to be a severe form of psychiatric disorder with an 

unknown aetiology. Schizophrenia is not synonymous with split personality or 

multiple-personality disorder. It is neither a neurodegenerative disease nor a 

‘functional’ psychosis, because a number of structural abnormalities in the brain have 

been documented (Selemon et al., 1998). Though rapidly evolving, the pathogenesis 

of schizophrenia is not yet clear. Antipsychotic medications have been effective, not 

in curing the disease but in substantially controlling its symptoms. These 

antipsychotic medications have a variety of side effects that can ultimately develop 

into independent disease states, for example, obesity, type-2 diabetes (T2D) and 

Parkinsonism. The triad of schizophrenia, antipsychotic medications and T2D is 

intricately inter-related. The cause-effect relationship between these diseases is a 

burgeoning domain of research. 

 

1.1.1. Epidemiology 

Schizophrenia is a devastating psychiatric disorder with a median lifetime prevalence 

of 4 per 1000 (0.4%) and an average morbid risk of 7.2 per 1000 (0.72%) (Gejman et 

al., 2010). It has been regarded as fairly uniform across continents (Jablensky et al., 

1992; McGrath et al., 2004). Several epidemiology studies have suggested a number 
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of risk factors for schizophrenia, including urban birth, migrants, famines, winter birth, 

advanced paternal age along with cerebral hypoxia, prenatal infections and various 

obstetric complications (Cantor-Graae and Selten, 2005; Gejman et al., 2010). 

Schizophrenia presents typically in adolescence and early adulthood and the peak 

age of onset of the disease is in the third decade of life; it is rarely noticed in the fifth 

decade of life or in childhood (Häfner et al., 1998; Remschmidt and Theisen, 2005; 

Messias et al., 2007; Gejman et al., 2010). The gender differences are a clinical 

character of schizophrenia. Men have a higher risk of developing schizophrenia than 

women, with a 1:4 incidence ratio of males to females (Aleman et al., 2003).  Onset 

also tends to be at an earlier age in men and presents a more severe form of the 

illness than females (Messias et al., 2007).  The suicidal, aggressive and impulsive 

behaviours that are characteristic of schizophrenia that have been associated with 

reduced levels of cerebrospinal fluid (CSF) monoamine metabolites, such as 

homovanillic acid (HVA) and 5-hydroxyindoleacetic acid (5-HIAA) (Carlborg et al., 

2010). The increased number of deaths in schizophrenia has been observed either 

through suicide in early stages of the disease or from cardiovascular complications 

later in life (Meltzer and Okayli, 1995; Gejman et al., 2010). 

 
 
1.1.2. Clinical presentation and diagnosis  

Schizophrenia is a heterogeneous disease without any single defining symptom or 

sign. There are no laboratory-based diagnostic tests for schizophrenia to date. Its 

diagnosis is made on the basis of clinical phenotypes and self-reporting. There are 

two sets of diagnostic criteria that have been widely used for diagnosis of 

schizophrenia. Their current versions used today are as follows:  
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1. The Tenth Revision of the International Statistical Classification of Diseases (ICD-

10) (WHO,1992) 

2. Diagnostic and Statistical Manual for Mental Disorders, fourth edition (DSM-IV) 

(American Psychiatry Association [APA], 1994), which was revised in 2000 and 

now in some places called as the Diagnostic and Statistical Manual of Mental 

Disorders IV, Text Revision (DSM-IV TR) (APA, 2000).  

 

There are only minor differences in the practical use of these two diagnostic manuals, 

but the key difference lies in the duration of a symptom (Table 1.1); DSM-IV TR 

requires certain symptoms to exist for at least six months compared to one month in 

the ICD-10 criteria (Jager et al., 2004). 
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Table 1.1. Diagnostic criteria for schizophrenia 1     

DSM-IV ICD-10 

At least two of the symptoms in “a” must be 

present for a minimum of one month. 

Additionally “b” must be present for six months 

and criteria “c-e” must be fulfilled. 

Minimum of one clear symptoms, or at least 

two if less clear cut, listed in “a-d” or at least 

two of the symptoms in “e-I” should be present 

for one month or more. 

a) Delusions, hallucinations, bizarre     behaviour 

and negative symptoms 

a) Thought echo, thought insertion or 

withdrawal and thought broadcasting 

b) Occupational or social dysfunction b) Delusion of control or passivity 

c) Schizoaffective or mood disorder exclusion c) Hallucinatory voices 

d) Disturbance must not be due to medication or 

drug abuse 
d) Persistent delusions 

e) If a patient has a pervasive development 

disorder, prominent delusions or hallucinations 

must be present for one month. 

e) Significant and consistent change of personal 

behaviour 

 

f) Negative symptoms that are not due to 

depression or neuroleptic treatment 

g) Persistent hallucinations accompanied by 

deletions or by persistent over-valued ideas 

consistently occurring for weeks or months 

h) Incoherent or irrelevant speech 

i) Catatonic behaviour 

1  Adapted from (Gelder et al., 1996)) 
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Clinical symptoms of schizophrenia are classified into the positive symptoms, the 

negative symptoms and the cognitive symptoms (APA, 2004). The details of these 

symptoms are given in Table 1.2. 

 

 
 
 
 
1.1.3. Neuropathology 

Numerous efforts have been made to identify the precise neuropathological 

malfunction in schizophrenia. All the hypotheses proposed to date have 

shortcomings. Despite a considerable research effort to understand the pathology of 

schizophrenia, it is still poorly understood and this area of research has 

pessimistically been labeled the ‘graveyard of neuropathologists’ (Plum, 1972).   

 

There have been some structural abnormalities identified in various locations of the 

brain of individuals with schizophrenia, but which one of these can be related to its 

presentation remains uncertain.  

Table 1.2. Clinical symptoms of schizophrenia1 

Positive symptoms Negative symptoms Cognitive symptoms 

Delusions Blunted effect Conceptual disorganization 

Hallucinations Emotional withdrawal Difficulty in abstract thinking 

Suspiciousness Poor rapport Disorientation 

Unusual thought content Social withdrawal Poor attention 

Lack of judgement and 
insight 

Lack of spontaneity 

 
 

Motor retardation 

Active social avoidance 

1 APA, (2004) 
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Figure 1.1. Diagram showing the limbic and para-

limbic areas of the human brain 

(Modified diagram taken from Wikipedia) 

The consensus is that the limbic and paralimbic (limbus in Latin means rim) areas of 

the brain are predominantly and consistently affected in schizophrenia (Selemon and 

Goldman-Rakic, 1999). These areas include the hippocampus, amygdala, entorhinal 

cortex, anterior and medial nuclei of thalamus, medial & basal parts of striatum and 

hypothalamus (Harrison, 1999) (Figure 1.1). The limbic system is intimately 

connected to the prefrontal cortex, which lies rostral to the motor and premotor 

cortices and includes the dorsolateral prefrontal cortex (DLPFC), the medial 

prefrontal and orbitofrontal parts of frontal lobe. It receives topographically organized 

cortical projections from the mediodorsal thalamic nucleus and amygdala, 

hypothalamus (Barbas and De Olmos, 1990) and the brainstem tegmentum (Porrino 

and Goldman-Rakic, 1982). The reciprocal cortico-thalamic projection back to 

mediodorsal thalamic nucleus is also topographically organized and more robust. 

The existence of such reciprocal relationships between various structures is the 

hallmark of neural circuitry of the 

brain. It is often called the loop 

arrangement. One such collection of 

neuronal fibres is the dopaminergic 

prefrontal cortico-striato-pallido-

thalamo-cortical (CSPTC) loop. 

Glutamatergic, serotonergic and 

GABA-ergic neurons perform a 

modulatory role of in this circuit. 
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Keshavan and colleagues (2008) summarized the following structural abnormalities 

present in the brain of patients with schizophrenia: 

1. Volumetric MRI studies have found increased ventricular enlargements in patients 

suffering from schizophrenia. 

2. The cortical volume was progressively reduced over time (averaging 3%) with 

more loss seen in gray matter as compared to white matter. 

3. Specific volume losses were observed in hippocampus, amygdala, superior 

temporal gyri (STG), prefrontal cortex and thalamus, anterior cingulate and 

corpus callosum.  

4. Reductions in the grey matter density were observed in medial temporal lobes 

(MTL) and the superior temporal gyrus (STG). The STG volumes were correlated 

with positive symptoms, while MTL reductions correlate with memory impairment.  

5. White matter alterations appeared to be correlated with dissociative thinking and 

cognitive impairments. Pakkenberg (1993) reported on 40% reduction in neuron 

number in the mediodorsal thalamic nucleus (MD) of patients suffering from 

schizophrenia. 

6. The volume of nucleus accumbens was increased. 

7. The glial proliferation was decreased. 

8. Reduction in neuropil (dendrites and axons that connect neurons) has been 

commonly noted in the patients with schizophrenia. Dendritic arborization is 

reduced in number with decreased number of synapses as a consequence, 

particularly in the hippocampus and prefrontal cortex.  

9. Structural changes of the brain in schizophrenia individuals have been shown to 

occur from both early and late developmental derailments. A significant loss of the 
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whole brain volume occurred in schizophrenia both before and after attainment of 

maximal brain volume. 

10. Harrison (1999) found the cortical layers II & III in the prefrontal cortex are thinner 

in patients having schizophrenia than healthy individuals (Figure 1.2). Due to 

these thinner layers, there is a reduction in the afferent stimuli to the neurons in 

schizophrenia, known as cortico-cortico disconnection syndrome (Rajkowska et 

al., 1998; Pierri et al., 2001). Whether thinning of the frontal cortex is the cause or 

effect of the disruption of the neural loop remains to be ascertained. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2. Comparison of the cerebral cortex features between the brains 
of the individuals with schizophrenia and those of control subjects 
Pyramidal neurons (black triangles) remain in the same number but their 
size decreases, making it densely packed in schizophrenia. Consequently, 
the axonal (red dashed lines) and dentritic arborisation (blue lines) functions 
abnormally. The cortical layers II & III are thinner in patients than controls, 
thereby reducing the afferent stimuli to the neurons in their brains.  
(Modified diagram from Harrison, 1999) 
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1.1.4. Neurochemistry  

Neurotransmitters are bio-active molecules that help to transmit signals between a 

neuron and another cell to communicate information from the brain to the rest of the 

body. The function of a neurotransmitter depends on the type of receptors that are 

present at the synapse (junction or a small gap between a neuron and another cell). 

One neurotransmitter can have different effects on the central nervous system (CNS), 

depending on the receptors on which it acts. The roles of neurotransmitters can be 

classified into the excitatory regulation and the inhibitory regulation. Glutamate is the 

most prevalent transmitter mainly responsible for an excitatory action at the synapses 

in humans. The next most prevalent neurotransmitter is γ-amino-butyric acid (GABA), 

which is mostly responsible for an inhibitory action at the synapses (Freedman, 2003). 

Serotonergic neurons are mainly found in the midline raphe nuclei in the CNS. Locus 

coeruleus is the principal site for synthesis of norepinephrine (NE) that has an 

excitatory effect on most activities in the brain. Dopamine acts as a neurotransmitter 

for multiple receptors (Fallon et al., 2003).  

 
Although significant strides have been made in the search for a precise mechanism 

of neurotransmitter system abnormality in schizophrenia, the goal remains elusive. In 

fact, abnormalities have been noted in all of the known neurotransmitters in the CNS. 

The role of specific neurotransmitters in the pathophysiology of schizophrenia has 

come to light from the studies investigating the therapeutic effect of various 

antipsychotic drugs on the individuals with schizophrenia (Sawa and Snyder, 2002). 

The use of typical antipsychotics in the treatment of schizophrenia has significantly 

reduced positive symptoms by blocking dopamine receptors, while consequent 

reduction in the negative symptoms and cognitive deficits has been noted in 
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treatment with the atypical antipsychotics that may block a sub-type receptor of 5-HT 

(Collier and Li, 2003). 

 
The study of this PhD project mainly focussed on investigating the mechanism of 

antipsychotic drug-induced obesity and T2D. Because antipsychotic drugs play a 

pharmacological role mainly through dopamine and 5-HT receptors, more details 

regarding these two neurotransmitters are given below. 

 

1.1.4.1. Dopamine 

Dopamine is a catecholaminergic neurotransmitter. It is produced naturally in the 

brain due to rewarding mechanisms such as intake of food or stimuli to some drugs. 

The dopamine pathways in the brain have been classified into four systems with 

different functions: (1) the mesolimbic system, (2) the mesocortical system, (3) the 

nigrostriatal system and (4) the tuberoinfundibular system (Lyne et al., 2004).  The 

imbalance between the first two systems, also called as the mesocorticolimbic 

system, is likely to be associated with schizophrenia as these two systems are 

responsible for the emotional behaviours. The nigrostriatal system has been 

associated with Pakinson’s disease as it controls the movement of the body. 

Furthermore, the tuberoinfundibular system is responsible for prolactin secretions 

from the posterior pituitary gland, so that it can influence lactation and fertility (Civelli 

et al., 1991). There are 5 subtypes of dopamine receptors identified so far in humans. 

Subtypes D1 and D5 (D1 family) are excitatory receptors, while D2, D3 and D4 (D2 

family) are inhibitory receptors (Abi-Dargham and Moore, 2003).  

 

 



 

Aditi Mathur                     Page 11 of 83 

Genetic association between 
schizophrenia and type-2 diabetes 

Chapter 1 
Introduction 

Carlsson (1977) was the first to propose the dopamine hypothesis of schizophrenia. 

This hypothesis stated that the hypersensitivity of D2 receptors in the subcortical 

mesolimbic areas of the brain was involved in developing the positive symptoms of 

schizophrenia. This hypothesis was supported by the correlations between the 

clinical potency of antipsychotics and their specifical binding to the D2 receptors. The 

positive symptoms were also noted by the administration of amphetamines that 

releases dopamine in the brain.  

 

Davis et al. (1991) suggested that schizophrenia was characterized by 

hypodopaminergia in mesocortical neurons and hyperdopaminergia in mesolimbic 

neurons. Such disturbances of the dopaminergic system have been found to be 

correlated with the presentation of schizophrenia. Possibly, positive symptoms are 

attributed to hyperdopaminergia in the mesolimbic system and negative symptoms to 

hypodopaminergia in the mesocortical system (Abi-Dargham and Moore, 2003).  

 

Since the dopamine hypothesis of schizophrenia could not explain all the aspects of 

neurochemistry of schizophrenia, there is a need to investigate other 

neurotransmitters in the CNS for better understanding of the pathogenesis of the 

disease.  

 

1.1.4.2. 5-hydroxytryptamine (5-HT) 

5-hydroxytryptamine (5-HT, formerly known as Serotonin) is a monoamine 

neurotransmitter produced by the decarboxylation and hydroxylation of L-tryptophan. 

Lysergic acid diethylamide (LSD) has a similar molecular structure to 5-HT and is a 

hallucinogenic drug. It exerts its effects via 5-HT agonist activity (Joyce et al., 1993). 
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5-HT also has a wide array of receptors. The receptors are divided into seven 

classes, namely, 5-HT1-7. The 5-HT1 receptors have five sub-classes from 5-HT1A to 

5-HT1F with an exception of 5-HT1C. 5-HT2 receptors have three sub-classes, namely, 

5-HT2A, 5-HT2B and 5-HT2C (Hynie, 1995). 

 

5-HT may play a role in the pathophysiology of schizophrenia. Evidence in support of 

this hypothesis is that atypical antipsychotic drugs present greater potency than 

typical ones to block the 5-HT2 receptor. Blockade of 5-HT2 receptors is of use in 

decreasing some symptoms of schizophrenia, and blockade of 5-HT2 receptors is 

characteristic of atypical antipsychotic drugs (Meltzer, 1989, 1991; Fallon et al., 

2003). The functional relationship between 5-HT and dopamine receptors is very 

complicated and far from well understood. To be able to fully understand this enigma, 

two well-documented theories need to be analyzed in parallel, one that schizophrenia 

is characterized by hypodopaminergia in the mesocortical system and 

hyperdopaminergia in the mesolimbic system (Davis et al., 1991), and the other that 

5-HT1 receptors are inhibitory while 5-HT2 receptors are excitatory (Hoyer et al., 

1994). The 5-HT1A receptor subtype is found in a high density in the prefrontal cortex 

and striatum (Marazziti et al., 1994). In order to produce hypodopaminergia in the 

mesocortical system, 5-HT1A receptors should be overactive, thereby inhibiting 

function of the dopamine receptors. 5-HT2A receptors are also present on 

dopaminergic neurons in the ventral tegmental area of midbrain and down-regulates 

dopaminergic activity (Doherty and Pickel, 2000). This hypothesis is supported by the 

observations that there is a loss of 5-HT2A receptors and an accompanying increase 

of 5-HT1A receptors in the pre-frontal cortex (Burnet et al., 1996, 1997; Harrison et al., 

1997; Harrison and Burnet, 1997). 
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1.1.5. Membrane phospholipids 

Phospholipids are the class of lipids that forms a major part of any cellular 

membranes. Phospholipid molecules are made up of a hydrophilic head and a 

hydrophobic tail on account of the negatively charged phosphate head group and 

long fatty acid hydrocarbon chains that constitute the tail. This structure enables the 

phospholipid molecules to self assemble in various structures in water by forming a 

bi-layer as found in membranes. Neural membranes are largely made up of 

phospholipids. Horrobin was the pioneer to note the abnormal metabolism of brain 

phospholipids, particularly a prostaglandin deficiency in schizophrenia (Horrobin, 

1977; Horrobin et al., 1994; Hamazaki et al., 2010). Horrobin (1977) was the first to 

propose the hypothesis of membrane phospholipids in schizophrenia, stating that any 

abnormality of the phospholipid membranes in the CNS may cause a disturbance in 

its normal development. This disturbance could be a cause of schizophrenia. To 

support this hypothesis, a number of studies were carried out to show abnormal 

metabolism of membrane phospholipids in schizophrenia (Pangerl et al., 1991; 

Pettegrew et al., 1991; Fujimoto et al., 1992;  Keshavan et al., 1993; Glen et al., 1994; 

Stanley et al., 1994, 1995; Doris et al., 1998; Potwarka et al., 1999; Assies et al., 

2001; Ponizovsky et al., 2001; Khan et al., 2002; Arvindakshan et al., 2003; 

Hamazaki et al., 2010; Nadalin et al., 2010). 

 

Both phospholipids and polyunsaturated fatty acids (PUFAs) are very important 

molecules for the function of cell membranes. Phospholipids are the main 

components of any cellular membranes and also the reservoir for PUFAs. 

Arachidonic acid (AA) is the initial and rate-limiting precursor for the synthesis of 

eicosanoids, including prostaglandins, leukotrienes, thromboxanes and lipoxins 
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(Balsinde et al., 2002). These eicosanoids are the biological mediators that play a 

vital role in a wide range of physiological and pathological processes in the human 

body. Another PUFA, called docosahexaenic acid (DHA), is present in almost 50% of 

the cytosolic portion of the phospholipid bi layers (Singh, 2005) and is therefore an 

important constituent of the membrane phospholipids. Active neurogenesis and 

synaptogenesis have been noted in the rat brain as a result of an accumulation of 

DHA (Yavin, 2006). Hence, DHA may play a role in the pre-natal development of the 

brain, particularly in the structure and functions of the neurons. The ratio between 

DHA and AA is important in the maintenance of an appropriate level of biological 

membrane fluidity, which is essential for ion-channel function, membrane receptor 

activity and release of neuro-hormones for the signalling processes between cells. 

The neurochemistry hypothesis that multiple neurotransmitters (dopamine, 5-HT, 

norepinephrine, epinephrine, glutamate and GABA) are dys-functioning in 

schizophrenia appears to be consistent with the phospholipid hypothesis because 

abnormalities of neuronal membranes affect function of the above neurotransmitters 

in the CNS (Skosnik and Yao, 2003; Du Bois et al., 2005).  

 

Phospholipase A2 (PLA2) is the enzyme that hydrolyzes the sn-2 fatty acyl bond of 

phospholipids to release free PUFAs and lysophospholipids. PLA2 has been 

classified into 3 subfamilies, the cytosolic calcium-dependent phospholipase PLA2 

(cPLA2), the secretory PLA2 (sPLA2) and the calcium-independent PLA2 (iPLA2). 

The cPLA2 enzyme encoded by the phospholipase A2, group IVA (PLA2G4A) gene 

that is located on chromosome 1q25 preferentially catalyses the AA-containing 

phospholipids. Moreover, the iPLA2 enzyme encoded by the PLA2G6A gene that is 

located on chromosome 22q13.1 mainly participates in breakdown of the DHA-
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containing phospholipids (Green et al., 2008; Nadalin et al., 2010). AA (including its 

derivates, prostaglandins, leukotrienes and thromboxanes) and DHA are important 

signalling molecules and inflammatory mediators. 

 

Alteration of PLA2 activity was found in schizophrenia although inconsistent results 

have been reported by independent studies. Gattaz et al. (1987) were the first to 

report an increased activity of serum PLA2 in individuals with schizophrenia. In 

subsequent studies, the increased PLA2 activities in the circulation were replicated in 

schizophrenia (Gattaz et al., 1990; Noponen et al., 1993). Increased platelet PLA2 

activity was also observed in schizophrenia (Gattaz et al., 1995). However, several 

studies have failed to replicate the above findings (Albers et al., 1993; Ross et al., 

1997). A post-mortem study of the brains of schizophrenia individuals showed 

increased activities of calcium-independent PLA2 by 45% in the temporal cortex, 

compared to the controls. In the same study, calcium-dependent PLA2 activity was 

lower in the patient group than in the control group (Ross et al., 1999). This finding 

suggests that calcium-independent PLA2 may play a role in the development of 

schizophrenia. 

 

1.1.6. Genetic studies  

Schizophrenia is a multifactorial disorder that involves the interactions between a 

number of disease-related genes and between genetic and environmental factors. 

Hence, it is important to identify the candidate genes for schizophrenia through 

genetic analysis with a large, well characterized sample. Progress has been made 

during the past years in this field and a number of the relevant genetic variants that 

could contribute to the risk of schizophrenia have been reported. 
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There are two approaches to identify a genetic variant that is possibly associated 

with an inheritable disease in humans: linkage analysis and association study. The 

details of these studies and their contribution to analysis of the aetiology of 

schizophrenia will be discussed in this section.  

 

1.1.6.1. Genetic evidences 

Family, twin and adoption studies suggest that schizophrenia aggregates in families. 

A number of family studies have shown that the relatives of schizophrenia proband 

have a greater risk of developing the disease than the general population (Figure 1.3). 

This risk increases with the degree of genetic affinity with the affected family 

members (Kendler et al., 1993; Kirov et al., 2005; Tandon et al., 2008).  

 

The concordance rate for schizophrenia is 41–65% in monozygotic twins and up to 

28% in dizygotic twins (Cardno and Gottesman, 2000; Gough and O’Donovan, 2005). 

The difference between monozygotic and dizygotic twins is that the former has 

almost identical genomes, while the latter has a 50% chance to share half of their 

parental genomes. It is assumed that both types of twins usually share the same 

rearing environment. If there is any difference in the concordance rates between 

monozygotic and dizygotic twins, it could be explained only by the nature of genes or 

genetic predisposition to the disease.  

 

There have been different study designs to explore the gene–environment 

interactions for the disease. For example, adoption studies are very useful to 

investigate the role of genetic and environmental conditions by studying the 

individuals who do not share the same rearing environment but are genetically 
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related, and the individuals who share the same rearing environment but are not 

genetically related. The Danish Adoption Study (Kendler and Gruenberg, 1984; Kety 

et al., 1994) and the Finnish Adoption study (Tienari et al., 1994, 2004) found a 

higher rate of schizophrenia in the individuals adopted from biological parents with 

schizophrenia by healthy families than those from healthy biological parents. There 

have been studies (known as “high-risk studies”) carried out for the children of 

schizophrenia patients, and the results showed that these children had a higher risk 

of developing the disease than the general population (Cannon and Mednick, 1993; 

Ingraham et al., 1995; Erlenmeyer-Kimling et al., 1997). These children were 

identified in their very early adolescence and monitored through the risk period of 

developing schizophrenia. Good examples of such studies are the Copenhagen High 

Risk Project (Cannon and Mednick, 1993), the Israeli High-Risk Study (Ingraham et 

al., 1995) and the New York High-Risk Project (Erlenmeyer-Kimling et al., 1997). 

These studies found that the cumulative incidence of schizophrenia was 16.2%, 8.0% 

and 13.1%, respectively.  

 

In summary, the results from the above studies provide strong supports for the 

hypothesis that schizophrenia is a heritable illness and both the genetic and 

environmental factors play a vital role in the development of the disease. However, 

the mode of inheritance for schizophrenia remains unclear and a complicated 

mechanism of disease transmission is very likely to be involved, such as incomplete 

penetrance, polygenic inheritance and genetic heterogeneity (Sivagnansundaram et 

al., 2003). 
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Figure 1.3. Graph showing the lifetime risk for the relatives of the patients from 

schizophrenia (Modified and adapted from Kirov et al., (2005) with permission) 



 

Aditi Mathur                     Page 19 of 83 

Genetic association between 
schizophrenia and type-2 diabetes 

Chapter 1 
Introduction 

1.1.6.2. Association Studies 

More than 99% of the human genomic DNA sequences are identical across the 

population. Less than 1% variation of genomic DNA makes individuals different in 

physical appearances, risk of disease and response to drug treatments. Single 

nucleotide polymorphisms (SNPs) are the most common variation in which there is a 

single base change (A, T, G, C) on the genomic DNA sequences. Most SNPs exist in 

two forms in the population, i.e. the minor allele and the major allele. The criterion to 

define a SNP by the SNP consortium is that the minor allele frequency (MAF) should 

be greater than 1% in the general population (http://www.ncbi.nlm.nih.gov/SNP). 

There is 1% genetic variation in the human genome, of which SNPs account for 90% 

(Twyman, 2005). There are approximately 11 million SNPs whose MAF is greater 

than 1% and about 7 millions with a MAF of greater than 5% in the human genome 

(Kruglyak and Nickerson, 2001). The location of SNPs can be anywhere in the 

human genome, including the coding region, the non-coding region and the 

intergenic region. SNPs are the most common DNA markers used for association 

study. The reasons for this are that their presence is highly abundant in the human 

genome and that they are so stable from generations to generations that they are 

easy to trace for trait-related variation within a population.  

 

Association studies are based on linkage disequilibrium (LD) between a genetic 

marker and disease susceptibility variant because they are closely linked together by 

physical proximity (and limited genetic recombination between them). There are two 

commonly used measures of LD, namely “D’” and “r2”. Both measures range between 

0 (complete equilibrium) and 1 (complete disequilibrium). If the value of either D’ or r2 

is 1, then there has been no recombination occurring between the two loci.  The r2 is 
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the statistical measure of LD and is known as the correlation coefficient. Unlike D’, 

the r2 is more informative as its measure is dependent on the frequency of SNPs. If 

two SNPs are independent of each other, the r2 value will be 0, and if their 

frequencies are the same, the value will be 1. If two SNPs lie close to each other on 

a chromosome, the degree of LD will depend on the chance of recombination 

between the SNPs (Pritchard and Przeworski, 2001). LD analysis is important in 

constructing the haplotypes by knowing their frequencies.  

 

In terminology, haplotype is a combination of different locus alleles present in the 

same chromosomal region and these alleles are co-segregated during meiosis. If 

such combined alleles are statistically associated with each other through 

generations in a particular population, they will form a LD block, also called a 

haplotype block, in which these alleles are in strong LD between each other. The 

SNP-based LD block is that the SNPs within the block tag one another. Haplotype 

blocks consist of common haplotypes that would give some information about the 

historical recombination. The detection of tag SNPs is able to identify a disease-

underlying variant within a haplotype block or a nearby region. Therefore, such 

haplotype blocks have been the foundation for constructing the haplotype maps of 

the human genome in the HapMap project (Wall and Pritchard, 2003). 

 

In an association study, the frequency of a marker allele is compared between case 

and control samples by performing a suitable statistical test. If the difference in allele 

frequency between case and control samples is statistically significant, there is a high 

possibility that this allele itself might be responsible for the disease or might tag a 

disease risk variant. The main advantage of association studies are that there is no 
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requirement of multiple affected members within a family to be tested. However, it 

has a potential drawback of giving false results in the event that improper controls 

are selected. One reason for this is population stratification, in which the control 

samples are recruited from a population having mixed ethnic background (Hoppin et 

al., 2002). In order to overcome this problem, a similar study involving family 

members was designed, in which the non-transmitted parental alleles were used as 

controls. However, the family-based study is less powerful than the case-control 

design due to the difficulty in recruiting enough subjects for the study. 

 

Several association studies have been conducted to identify the susceptibility genes 

for schizophrenia. Selection of these genes was mainly based on their chromosomal 

location that has been previously identified through linkage studies; the genes 

involved in the aetiology, metabolic or signalling pathways that could be associated 

with schizophrenia and genes whose expression has been noted to be altered in the 

post-mortem reports on brain tissues from patients with schizophrenia. The details of 

the genes identified by association studies are mentioned in Table 1.3. 
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1.1.6.3. Linkage analysis 

Linkage analysis is normally performed on large pedigrees with multiple affected 

family members, to find a chromosomal region containing a disease susceptibility 

locus. This can be carried out by comparing the segregation patterns of alleles 

between the affected and unaffected members within the family. If there is a 

statistical difference in a transmission pattern between affected and unaffected family 

members, the chromosomal region will be thought to be an informative area for the 

mapping of disease-related genes. A number of densely spaced DNA markers 

should be tested in this informative chromosomal area to narrow down the region 

which could harbour the causative gene. Linkage studies have been successful in 

detecting the genes for Mendelian disorders. Therefore, researches have attempted 

to use the linkage study in searching for a gene for complex diseases (Non-

Mendelian) as well (Burghes et al., 2001). The chromosomal regions that have been 

identified to contain schizophrenia susceptibility genes by linkage analysis include 

1q21-42, 5q22-33, 6p24-22, 6q16-23, 8p22-12, 13q32-34, 10q22-26 (O’Donovan et 

al., 2003). A meta-analysis study performed by Badner and Gershon (2002) mapped 

the chromosomal regions 8p, 13q and 22q as the promising areas for the genes for 

schizophrenia, of which 8p and 22q have been replicated by another two meta-

analyses (Karayiorgou et al., 1995; O’Donovan et al., 2003); some more regions 

identified in these two studies included chromosomes 1q, 2q, 3p, 6p, 11q, 14p and 

20q. The chromosomal region 2p showed a very strong linkage signal and this region 

was not identified so far in previous studies (Lewis et al., 2003). 

 

Velo-cardio-facial syndrome (VCFS) is the condition caused by the micro-deletions of 

chromosome 22q11 (Tan et al., 2009). It has been noted that about 25-30% of 
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patients suffering from VCFS develop schizophrenia in their adulthood (Bassett et al., 

1998). When the prevalence of this deletion was studied in the individuals with 

schizophrenia, interestingly, it was found to be about 2% (Karayiorgou et al., 1995). 

Hence, chromosome 22q11 has been marked as a risk region of schizophrenia in the 

individuals with a 22q11 microdeletion (Pulver et al., 1994; Bassett et al., 1998). 

 

1.1.6.4. Genome-wide association (GWA) study  

The foundation for GWA study was laid only after the completion of the Human 

Genome Project in 2003 and the International HapMap Project in 2005 (Ertekin-

Taner, 2010). The GWA study is an unbiased research tool that identifies a disease-

causing variant somewhere across the human genome, and also unbiased research 

tools because the study design assumes no prior information of the genes and SNPs 

being genotyped. These are genome-wide tag SNPs, selected from the HapMap 

database that is spreading across the human genome. GWA studies are performed 

using DNA chip-based high-throughput genotyping methods that can genotype 

between 300K-1000K SNPs simultaneously across the entire genome to find an 

association for each SNP in a large case-control sample. The frequencies of tag 

SNPs are then compared between cases and controls with an appropriate statistical 

test. If the MAF of the SNPs deviates significantly between cases and controls, the 

tested SNP is likely to be associated with the disease. The commonly used arrays in 

GWA studies are Affymetrix 500K GeneChip (http://www.affymetrix.com) and Illumina 

HumanMap 300 (http://www.illumina.com) that provide about 65% and 75% coverage 

of common genetic variation across different populations, respectively (Barrett and 

Cardon, 2006; Pe'er et al., 2006). Some newly-developed arrays, like the Affymetrix 

SNP Array 6.0 and the Illumina Human 1M Beadchip, have a higher coverage of 
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genetic variants compared to the previous arrays. The disadvantage of GWA studies 

is the cost-effectiveness: studies require a large number of samples. Multiple testing 

is also required to analyze a large sample with enough power, which raised concerns 

because the false positive rates are inflated with multi-locus testing. Researchers 

unanimously decided to use more stringent genome-wide significance level (from 

p<1X10-7 to p<5X10-8, depending upon the types of DNA arrays used) to reduce the 

false-positive rate (Pe'er et al., 2008).  

 

There have been seven GWA studies performed to search for schizophrenia 

susceptibility genes to date, five of which detected association for SNPs and two 

focused on detecting both SNPs and copy number variants (CNVs), which are 

defined as a variation with DNA fragment of >1000 bp. The first GWA study for 

schizophrenia was published in 2007; it used only 78 cases and 144 controls in a 

Caucasian population (Lencz et al., 2007). This study indicated an association with 

schizophrenia at rs4129148 (p=3.7X10-7), a SNP located near the colony stimulating 

factor, receptor 2 alpha (CSF2RA) gene on the Y chromosome. The second GWA 

study was performed in pooled DNA samples (600 cases and 2771 controls) in an 

Ashkenazi Jewish population and tested for the gender differences in schizophrenia 

(Shifman et al., 2008). Although these authors failed to find a genome-wide 

association, they reported a female-specific association of rs7341475 in the reelin 

(RELN) gene with schizophrenia (p= 2.9X10-5). Similarly, another GWA study was 

done using pooled DNA samples of 574 parent-offspring trios and 605 unaffected 

controls, but they failed to find any genome-wide association with schizophrenia 

(Kirov et al., 2009). The following GWA study included patients diagnosed as having 

schizophrenia with the DSM-IV criteria and the participants in the Clinical 
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Antipsychotic Trials in Intervention Effectiveness (CATIE) study (Sullivan et al., 2008). 

The samples were mixed in ancestry, with a total of 738 cases (56.3% Whites, 29.6% 

African-American and 14.1% others) and 733 group-matched controls. This study did 

not reveal conclusive loci for schizophrenia, but found that the DISC1, COMT and 

NRG1 genes, which were identified in the past to be associated with schizophrenia, 

had a weak disease association with a p-value of 0.0011, 0.016 and 0.00091, 

respectively. This study also tested the V-akt murine thymoma viral oncogene 

homologue 1 (AKT1) gene, which is a candidate gene in the present study, but failed 

to show strong association with schizophrenia (p=0.0316). Another GWA study was 

conducted in a cohort of 479 cases and 2937 controls and the disease- associated 

SNPs were then replicated with 2 sets of samples, one with 1664 cases and 3541 

controls and the other with 6666 cases and 7897 controls. Meta-analysis showed a 

very strong association in the zinc finger protein 804A (ZNF804A) gene with a p-

value of 1.61X10-7 (O'Donovan et al., 2008). Table 1.4 is a list of the genes that have 

been found to be associated with schizophrenia by four recent GWA studies with 

very large sample sizes. 

 

With the high-throughput capability in GWA studies, it is feasible to identify the CNVs 

in the population tested. As mentioned above, there have been two GWA studies of 

copy number variants in schizophrenia; one with 1,433 cases and 33,250 controls 

showing that three deletions at 1q21.1 (OR=14.8), 15q11.2 (OR=2.7) and 15q13.3 

(OR=11.5) regions were associated with schizophrenia (Stefansson et al., 2008), and 

the other study conducted by the International Schizophrenia Consortium (ISC) with 

3,391 patients with schizophrenia and 3,181 ancestrally matched controls suggesting 

that large deletions on chromosome 15q13.3 and 1q21 might be associated with the 
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disease (ISC, 2008). However, the deletions on chromosomes 1q21.1 and 15q13.3 

have also been noticed in cases of mental retardation and autism though in a lesser 

frequencies. GWA studies have also identified a deletion on chromosome 22q11 (Xu 

et al., 2008) which was previously been found to be associated with schizophrenia 

(Liu et al., 2002a, 2002b; Bassett et al., 2008; Bassett and Chow, 2008). These 

deletions are regarded to be de novo, meaning that they have not been inherited 

from the parents and the study implied that these deletions were more frequently 

observed in sporadic cases of schizophrenia (~8 fold) than those with a familial 

history of the disease (Xu et al., 2008). It has also been noticed that large, rare 

duplications and deletions of more than 100kb, which can disrupt a gene function, 

are more commonly seen in individuals with schizophrenia. These disrupted genes 

affect the normal neurodevelopment pathway of an individual (Walsh et al., 2008).  

 

Another three GWA studies have recently revealed that some genes located in the 

human major histocompatibility complex region, also called human leukocyte antigen 

(HLA), may confer susceptibility to schizophrenia (ISC, 2009; Shi et al., 2009; 

Stefansson et al., 2009). However, all the risk genes identified by the GWA study 

have an effect size of smaller than OR=1.5.  How such genes of small size can be 

involved in developing schizophrenia is a challenge issue that needs to carry out 

further investigation with a new research strategy.   
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1.2. Antipsychotic medication 

Over a century of research into schizophrenia has not yielded any conclusive 

pathological mechanism to explain its complete spectrum of presentation. The use of 

antipsychotic medication has provided a management more than the treatment to the 

individuals with schizophrenia and hence opened up new avenues of developing 

various novel theories of neuropathology and neurochemistry in better understanding 

of schizophrenia. The pharmacological goal to be achieved is the development of a 

drug that has superior efficacy and fewer or no side effects. When antipsychotic 

medications are applied for the treatment of schizophrenia, the two principle 

challenges before the medical fraternity lack a comprehensive response and the 

occurrence of significant side effects. These cast an adverse influence on drug 

compliance, thwarting the objective of induction of remission and prevention of 

relapses of schizophrenia. Even today, there are about 30% patients who respond 

inadequately to neuroleptic treatments, despite all treatment efforts and good 

compliance (Freedman, 2003).  Many patients also experience relapse within a year 

of treatment (Steingard et al., 1994). The best that can be said today is that the 

treatment of schizophrenia markedly reduces the symptoms and improves the social 

functioning of patients (Breier et al., 1987; Swartz et al., 2007). 

 

1.2.1. Antipsychotic drugs 

Antipsychotic agents are divided into conventional or typical (first-generation) and 

atypical (second-generation) drugs. The term “Atypical” is used because at clinically 

effective doses, these drugs produce fewer (or even none) extrapyramidal motor side 

effects that are frequently observed with typical antipsychotic drugs (Nasrallah, 2008). 

The first-generation antipsychotic agents include chlorpromazine, perphenazine, 
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trifluoperazine, thiothixene and haloperidol. The second-generation antipsychotic 

agents include clozapine, risperidone, olanzapine, quetiapine, ziprasidone, 

aripiprazole and amisulpride. Receptor-binding characteristics and clinical effects 

vary among the atypical drugs (Casey and Zorn, 2001; Nasrallah, 2008).  

 

The first-generation antipsychotic drugs exert their effect through blockade of 

dopamine D2 receptors, particularly in the mesolimbic area of the brain. This 

blockade can also cause the extra-pyramidal side effects (Kerwin, 2004). The 

second-generation antipsychotic drugs have lower affinity and occupancy for 

dopaminergic receptors, and a high degree of occupancy of 5-HT2A receptors 

(Meltzer et al, 1989; Dazzan et al., 2005). The concomitant blockade of dopaminergic 

neurons in the substantia nigra and the dorsal neostriatum often leads to side effects 

similar to Parkinson’s disease (Carlsson, 1977). The side effects of first-generation 

antipsychotic drugs are different from those of second-generation antipsychotic drugs. 

While movement disorders are much less apparent, other side effects, such as 

moderate-to-severe weight gain, T2D, hyperlipidemia, hypotension, seizures, 

nocturnal salivation, agranulocytosis, myocarditis and lens opacities, are more 

frequently observed after clinical administration of the second-generation 

antipsychotic drugs (Freedman, 2003). The feasibility to consider the importance of 

first-generation antipsychotic drugs is that although they may cause problematic 

motor disturbances (dystonia, Parkinsonism, akathesia or tardive dyskinesia), they 

do not endanger life. However, the second-generation antipsychotic drugs can cause 

metabolic problems, including cardiovascular diseases, which may have the potential 

to reduce life span. 
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Formula: C18H19ClN4 
Mol. mass: 326.823 g/mol 

Figure 1.4. Chemical structure of clozapine 

 

Taken together, the principal advantage of atypical over typical antipsychotic drugs is 

the improved tolerability and efficacy in ameliorating “negative” symptoms of 

schizophrenia (Beasley et al., 1996; Mattes, 1997). 

 

1.2.2. Clozapine  

Clozapine is classified as an atypical 

antipsychotic drug and is a dibenzodiazepine 

derivative (Figure 1.4). It has been on the 

market since 1990 with a trade name of 

Clozaril® (Novartis Pharmaceutical Corporation). 

Clozapine is prescribed to individuals who suffer 

from schizophrenia and are either resistant or 

intolerant to other antipsychotic drugs 

(Baldessarini and Frankenburg, 1991).  

 

To date, clozapine remains the most effective agent for the treatment of refractory 

schizophrenia, producing good responses in 30% patients with treatment-resistant 

schizophrenia in a 6-week trial (Kane et al., 1988) and up to 60% in 6 months 

(Meltzer et al., 1990). In the CATIE trial, which compared the efficacy of typical and 

atypical antipsychotic drugs on PANSS-assessed patients with schizophrenia, 

clozapine was not included as it has already been proved to have superior efficacy 

(Lieberman et al., 2005). Clozapine is effective for controlling both the positive and 

negative symptoms of schizophrenia. The occurrence of extrapyramidal side-effects 

and tardive dyskinesia has been minimised with the use of clozapine (Tandon et al., 

1993). Clozapine can also help achieve a treatment response characterized not only 
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by reduction of psychotic symptoms but also by improvement in certain aspects of 

cognitive functioning, social functioning and quality of life, decreased need for 

hospitalization, and enhanced compliance with treatment (Meltzer et al., 1990; 

Meltzer,1992; Grace et al., 1996). In addition, a reduced reaction to medication and a 

decrease in violence, aggression and suicidal behaviours have also been noted in a 

number of schizophrenia patients who received clozapine treatment (Glazer and 

Dickson, 1998; Meltzer, 1998). The clozapine treatment has been effective with 

reduction of the potential suicidal risk from 10-15% to a percentage close to that of 

the general population (Harris and Barraclough, 1998; Henderson et al., 2000). It has 

also been observed that the mortality from all causes was decreased by clozapine, 

except for respiratory diseases, pulmonary embolism and cardiac conduction 

disorders (Walker et al., 1997). Overall, it appears that clozapine reduces a number 

of factors associated with a high rate of morbidity and mortality in patients with 

schizophrenia. 

 

The starting dose of clozapine is between 25 mg/day and 50 mg/day, in two doses 

per day, while its standard dose ranges from 300mg/day to 600mg/day. In some 

treatment-resistant cases, the dosage is increased up to 900 mg/day. After its oral 

administration, clozapine is readily absorbed and reaches the peak plasma levels 

within 3 hours. About 95% of the drug exists in a protein-bound form in the body and 

its bioavailability is not affected by food intake (Iqbal et al., 2003).  

 

Clozapine has a weak affinity for D2 dopamine receptors in the striatum and acts as 

an antagonist at D1 and D4 dopamine receptors, norepinephrine and 5-HT2A 

receptors (Meltzer et al., 1989). Clozapine also increases the synaptic release of 
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acetylcholine (Ichikawa et al., 2002). Clozapine helps control the symptoms of 

schizophrenia without the extra-pyramidal side effects. The reason for this could be 

the presence of a high D4 receptor density in the frontal cortex and amygdela and a 

low D4 receptor density in the basal ganglia. Clozapine also possess a high affinity 

for 5-HT receptors including 5-HT2, 5-HT3, 5-HT6 and 5-HT7 subtypes as well as acts 

as an antagonist at adrenergic, cholinergic and histaminergic receptors (Iqbal et al., 

2003). 

 

1.2.2.1. Side-effects 

Clozapine treatment can produce some adverse effects that are not trivial, with 

potential lethal consequences in both the short and long term. About 17% of patients 

with schizophrenia discontinue clozapine medication due to its side-effects (Young et 

al., 1998; Iqbal et al., 2003). In those taking clozapine, the rate of agranulocytosis is 

~6.8 events per 1000 patient-years and rate of death due to agranulocytosis is ~0.2 

per 1000 patient-years. Agranulocytosis occurs within the first 6 months of clozapine 

medication and has been observed in 95% of patients (Alvir et al., 1993; Iqbal et al., 

2003). The increased risk of sudden cardiac death in the users of clozapine is similar 

to those of other antipsychotic drugs (Ray et al., 2009).  

 

The other side-effects associated with clozapine are cardiomyopathy, obsessive 

compulsive symptoms, orthostatic hypotension, constipation, nausea, hypersalivation, 

akathisia and risk to foetus during pregnancy. Moreover, weight gain and imbalances 

of glucose-insulin homeostasis are the most important side-effects associated with 

clozapine medication and this discussed in the following sections. 
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1.2.2.2. Weight gain 

Weight gain is the major side-effect associated with clozapine medication and has 

recently drawn a lot of attention. A meta-analysis of 81 studies worldwide was 

conducted to compare the weight gain associated with both the types of 

antipsychotics (Figure 1.5). This study concluded that after 10-week treatments with 

various antipsychotic drugs, the standard dose of clozapine (500mg/day) could 

induce the maximum weight gain with mean of 4.45 Kg (Allison et al., 1999). 

 

A comparison study was conducted to see which one of clozapine and haloperidol 

can induce more weight gain after 10-week administration. The results showed that 

increased body weight was more significant by treatment with clozapine (5.32 Kg on 

average) than with haloperidol (0.68 Kg on average). This study also revealed that 

clozapine-induced weight gain lasted up to a year (Casey and Zorn, 2001). Another 

Figure 1.5. Average weight change after 10 weeks on standard doses of different antipsychotic 

drugs to various antipsychotic drugs 

(Figure taken with permission from Meta-analysis by Allison et al, 1999) 
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study was conducted to see the changes in Body mass index (BMI) among 42 

patients on clozapine treatment for 3 years. There was an increase in the mean BMI 

of 3.3 kg/m2 observed in male patients and 5.9 kg/m2 in female patients 

(Frankenburg et al., 1998). Umbricht et al. (1994) performed a study on 82 patients 

taking 500-600 mg/day of clozapine for 7.5 years. They found that there was a 

substantial weight gain in the first year, which continued until the third year and then 

reached a plateau.  

 

Although about 50% of patients became overweight due to antipsychotic medication, 

interestingly, patients who were underweight before taking the medicine substantially 

gained weight as compared with those who had ideal weight and those who had 

overweight before the medication. Several other studies also showed a significant 

weight gain due to the medication of clozapine (Cohen et al., 1990; Henderson et al., 

2000; Strassnig et al., 2005; Weissman et al., 2006). The mechanisms involved in 

antipsychotic-induced metabolic problems have yet to be elucidated. Several 

hypotheses have been proposed and tested, including disturbances in lipogenesis 

(detailed in Section 1.4.3.) and energy homeostasis as well as the instability in 

controlling the satiety regulation. It has been noted that patients often complain that 

their appetites have not been satisfied, even after having full meals. Possibly, 

clozapine may disturb the satiety regulation in the hypothalamus by binding to 

various 5-HT receptors that have been associated with the feeding mechanism. 

Moreover, autoradiographic studies have shown a high density of 5-HT1A and 5-HT2C 

receptors present in the medial hypothalamus responsible for satiety control. 

Clozapine itself is a potent 5-HT2C antagonist and 5-HT1A agonist (Pazos et al 1987; 

Basile et al, 2002). 
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It is worth noting that not all the individuals with schizophrenia experienced weight 

gain after clozapine medication. It could be hypothesized that only those, who may 

be genetically pre-disposed to this side-effect, could gain weight. In some cases of 

medication, the brain receptors might have a high affinity that might allow prediction 

of those patients who are most likely to respond or develop side-effects. Figure 1.6 

explains the genetic predisposition to clozapine-induced weight gain that has been 

suggested in some studies (Commuzzie and Allison, 1998; Basile et al, 2002). 
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1.2.2.3. Glucose-insulin homeostasis 

A broad spectrum of studies has highlighted an association of clozapine with 

disturbances in the glucose-insulin homeostasis. Early in 1998, a study compared the 

side effects induced by clozapine (n=63) versus conventional neuroleptics (n=67). 

They reported that 12% of patients on clozapine medication developed T2D as 

compared to 6% of those taking conventional antipsychotics; 6% of patients taking 

clozapine developed impaired glucose tolerance compared to 3% of those on 

conventional antipsychotics (Hagg et al., 1998). Another study investigated the effect 

on glucose metabolism in patients taking clozapine (n=17) and haloperidol (n=10) for 

8 weeks (Chae and Kang, 2001). They found that of the 17 patients taking clozapine, 

6 showed impaired glucose tolerance compared to none of those taking haloperidol. 

A 5-year naturalistic study was performed by Henderson and co-workers (2000) to 

see how many schizophrenia patients on clozapine medication had developed 

diabetes. It was estimated in this study that 30 out of 82 patients (36.6%) treated with 

clozapine developed diabetes regardless of other factors like increased weight, age, 

use of valproate and dosage of clozapine. Taken together, the above evidence 

strongly suggests that clozapine medication may affect metabolic control, leading to 

the development of T2D (Spoelstra et al., 2004).  

 

Glucose tolerance tends to improve after discontinuation of antipsychotic agents 

(Mukherjee et al., 1989a). Clozapine monotherapy is associated with an increased 

risk of diabetes (Sernyak et al., 2002; Newcomer, 2004). Impairment of glucose 

regulation is more frequently observed in patients receiving antipsychotic 

polypharmacy than those receiving with monotherapy (Taylor et al., 2004) as well as 
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in those receiving atypical antipsychotic drugs than those receiving conventional 

neuroleptic drugs (Hägg et al., 1998). 

 

1.3. Triad of schizophrenia, antipsychotics and metabolic syndromes 

It has long been noted that there is a close relationship between schizophrenia and 

diabetes and that patients with schizophrenia have a higher risk for T2D and a low 

risk for type-1 diabetes (Juvonen et al. 2007).  Some studies reported that the 

prevalence of T2D in patients with schizophrenia is 9% versus 4.6% in the general 

population (Buse et al., 2003; Elias and Hofflich, 2008). While antipsychotic drug-

induced obesity is an important risk factor for the development of T2D (Jin et al., 

2008), the high incidence of T2D in patients with schizophrenia had been frequently 

observed in the pre-neuroleptic era (Lindenmayer et al., 2001; Kohen, 2004). Hence, 

the medication of antipsychotic drugs is not the only reason for an increase in T2D 

risk in patients with schizophrenia (Ananth et al., 2002; Henderson, 2002). Weight 

gain not only disturbs the compliance status for medication but also causes patients 

to have a high risk of metabolic syndrome. Heiskanen et al. (2003) defined metabolic 

syndrome as an enigmatic disorder and identified its 5 key features, including 

obesity, hypertension, disturbed glucose metabolism, impaired glucose tolerance and 

disturbed insulin metabolism; all of these 5 conditions are high risk factors for 

developing T2D and cardiovascular disease. Their study also found a higher number 

of schizophrenia patients (~37%) to develop metabolic syndrome than expected 

(Heiskanen et al., 2003). There is also evidence indicating a prevalence of ~30% in 

impaired glucose tolerance among patients with schizophrenia (Lindenmayer et al., 

2003; Subramaniam et al., 2003). Muller and co-workers (2003) reported that 

antipsychotic drugs created an imbalance between energy generation and energy 
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expenditure in the body, thereby disrupting the normal energy-generating  pathway or 

energy homeostasis. Similar work was also performed by many other studies 

(Murashita et al., 2007; Girgis et al., 2008; Nasrallah, 2008; Holt and Peveler, 2009). 

 

 It is pertinent to view schizophrenia and T2D as genetic disorders because both 

involve a genetic component. Whether these two entities share genetic vulnerability 

factors or whether T2D can be called iatrogenic with the use of antipsychotic drugs in 

individuals with schizophrenia is a matter of debate. Interestingly, 50% of patients 

with schizophrenia have a family history of T2D (Cheta et al., 1990; Holt and Pevelar, 

2005); such a family history trebles the risk of developing T2D in patients with 

schizophrenia (Lamberti et al., 2005). Bellivier and co-workers (2005) reported that 

the linkage signals of mapping the genes for schizophrenia and T2D were detected in 

the same chromosomal regions, including 2p22.1-p13.2 and 6q21-q24. The GWA 

study indicated that SNP rs17036101 present between the PPARG gene and the 

Synapsin II (SYN2) gene was associated with T2D (Zeggini et al., 2008) but the 

SYN2 gene has been suggested to be associated with schizophrenia (Chen et al., 

2004; Saviouk et al., 2007).  

 

In summary, weight gain is one important factor contributing to the increased 

prevalence of T2D in patients with schizophrenia (Sernyak et al., 2002), probably in 

combination with many other factors like family history, increased body weight, lack 

of physical activity (Holt et al., 2004) and latent pancreatic β-cell defect (Bergman 

and Ader, 2005). Starrenburg and Bogers (2009) proposed a loop to illustrate the 

relationship between schizophrenia, antipsychotics and T2D (Figure 1.6). Patients 

with schizophrenia need antipsychotic medication, but at the same time, atypical 
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antipsychotic drugs can worsen insulin resistance, causing an increase in blood 

glucose (Starrenburg and Bogers, 2009). This vicious cycle can damage the 

glycaemic control system in the human body, consequently leading to obesity and 

T2D in patients with schizophrenia. Each kilogram of weight gain may increase the 

risk of diabetes between 4.5 and 9% (Ford et al., 1997).  
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Figure 1.6. Proposed mechanism of atypical antipsychotics-induced weight gain that 

might worsen insulin resistance (Modified diagram from Starrenburg and Bogers, 2009)  
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1.4. Obesity 

Obesity is not synonymous with increased body weight, which is normally defined 

based on BMI, for example, a very muscular person may be overweight without being 

obese. Hence, the definition of obesity relates body weight to the consequent 

morbidity or mortality. World Health Organisation (WHO) has defined obesity as a 

medical condition in which there is an excessive body fat accumulation in the body, 

which puts an adverse effect on an individual’s health by reducing their life 

expectancy and/or by increasing health problems (Holt and Preveler, 2009). This 

appears to be in agreement with what Hippocrates wrote over 2,500 years ago that 

“Corpulence is not only a disease itself, but the harbinger of others”.  

 

The major health consequences of obesity include cardiovascular disease, T2D, 

hypertension, dyslipidemia, ischaemic stroke, sleep apnoea, degenerative joint 

disease, cancers, fatty liver, gallstones and infertility (Webber, 2001). 

 

1.4.1. Body Mass Index (BMI) 

The term BMI was coined in 1972 by Keys 

(2007), and since then BMI has been most 

commonly used to stratify individuals into 

underweight, normal weight, overweight, 

obesity and morbid obesity. Other modalities 

of determining obesity like anthropometry 

(skin-fold thickness), densitometry 

(underwater weighing), CT or MRI, and 
World Health Organization. 2000. 
Obesity: Preventing and managing the global 
epidemic. WHO Technical Report Series 894.

Classification

Underweight
Normal range

Overweight
Pre-obese
  Obese class I

  Obese class II

  Obese class III

<18.5
18.5 - 24.9

25.0
25.0 - 29.9

30.0 - 34.9
35.0 - 39.9

40.0

≥

≥

BMI (kg/m )2

Body Mass Index (BMI) =
Weight in Kilogram

(Height in meter)2



 

Aditi Mathur                     Page 44 of 83 

Genetic association between 
schizophrenia and type-2 diabetes 

Chapter 1 
Introduction 

electrical impedance are not as user-friendly as BMI. The risks of T2D, hypertension 

and dyslipidaemia increase from a threshold BMI of 21.0 kg/m2 and then result in 

high mortality rate that causes great concern. Excess bodyweight is now the sixth 

most important risk factor contributing to the overall burden of disease worldwide 

(Rodgers et al., 2004; James, 2008a, 2008b). 

 

1.4.2. Adipose tissue 

Adipose tissue is composed of adipocytes that mainly contain triglycerides. Adipose 

tissue is very important in controlling energy homeostasis in the body. They are 

active secretory cells that release free fatty acids (FFAs) through the process of 

lipolysis, producing a range of cytokines, also called adipokines (Trayhurn and 

Beattie, 2001). For this reason, adipose tissue is now considered to be an endocrine 

organ (Rajala and Scherer, 2003, Kershaw and Flier, 2004).  

 

The fat is usually digested in the form of triglycerides in humans. These triglyceride 

molecules are broken down into free fatty acids and glycerol by lipoprotein lipases 

present on the surface of blood vessels to enable them to pass through adipocyte 

membrane where they are stored. When the body requires energy, mobilization of 

reserved fat occurs by hydrolysis of stored triglycerides through adipose triglyceride 

lipase (ATGL) and hormone sensitive lipase (HSL) (Schweiger et al., 2006).  

 

There are 2 forms of adipose tissues: brown adipose tissue (BAT) and white adipose 

tissue (WAT). The role of BAT is to generate body heat, and for this reason, this kind 

of adipose tissue is present only in fetus and neonates in humans. On the other 

hand, WAT is located either beneath the skin, also known as subcutaneous fat, or 
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around inner organs as visceral fat. WAT contributes about 15-30% of total body 

weight depending on the gender and age of an individual (Bray and Gray, 1988). 

Obesity is characterized by an excess of adipose tissue in the body. In such a 

condition, there is a change in the adipocyte mass meaning alteration of the 

adipocyte size and numbers (Prins and O'Rahilly, 1997). Weight gain starts with an 

increase in adipocyte size, but is supported by pre-adipocyte differentiation into 

mature adipocytes (Avram et al., 2005). It is thus important to maintain normal levels 

of adipose tissue. Increased adipose levels in obesity are associated with metabolic 

diseases such as insulin resistance and T2D (Bosello and Zamboni, 2000).  

 

 Peroxisome proliferator-activated receptors (PPARs) belong to the family of nuclear 

receptors and serves as a key regulator in the process of adipogenesis. The PPAR-

gamma (PPARG) agonists, thiazolidinediones (TZDs), have been used for the 

treatment of T2D (Spiegelman, 1998). The details of this nuclear receptor are given 

in Chapter 4. Because of the vital role of the PPARG gene in obesity and T2D, this 

gene was selected as one of the candidate genes to be investigated in this study.  

 

1.4.3. Leptin 

Leptin (Greek leptos, meaning thin) is perhaps the most important adipocyte-derived 

satiety hormone that influences appetite, energy expenditure and neuroendocrine 

function. It is often called the “energy balance - regulating hormone”. Leptin is a 16-

kD protein composed of 167 amino acid residues and a product of the ob gene which 

is expressed in adipose tissue and binds to cell surface receptors (the product of db 

gene) (Zhang et al., 1994). Leptin plays a significant role in regulating food intake 

and energy balance via its actions in the ventromedial hypothalamus (Elmquist et al., 
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1998). Leptin also has direct insulin-sensitizing effects in peripheral tissues (liver, 

skeletal muscle, and pancreatic β-cells) (Friedman, 2002). Leptin is an essential 

hormone for long-term central feedback mechanism that is responsible for the control 

of appetite and secondary regulation of metabolic activity. Leptin reaches the 

hypothalamus after crossing the blood brain barrier (BBB) and regulates function of 

the cells that express leptin receptors. The hypothalamic neurons, known as 

proopiomelanocortin (POMC), are the sites for leptin receptors (Cheung et al., 1997). 

POMC can be cleaved into a number of peptide hormones including α-melanocyte-

stimulating hormone (α-MSH), adrenocorticotropic hormone (ACTH) and beta-

endorphin to regulate the hypothalamic–pituitary–adrenal axis. These POMC-derived 

neuropeptides physiologically serve as agonists at the melanocortin-4 receptor 

(MC4R), which regulates the human body weight. It has been found that loss-of-

function mutations in the POMC gene result in obesity (Krude et al., 1998). 

 

The mutations in the leptin gene cause deficiency of leptin in an individual thereby 

making them obese at a very early age of their life. In some cases, these individuals 

also become insulin resistant, infertile due to hypogonadotropic hypogonadism, and 

show evidence of impaired T-cell–mediated immunity (Montague et al., 1997). 

Administration of leptin completely reverses all aspects of this phenotype (Farooqi et 

al., 2002). 

 

Serum leptin levels are directly proportional to adipocyte mass (Considine et al., 

1996), suggesting disruption of leptin homeostasis (Seufert et al., 1999). This 

disruption is probably caused by leptin resistance because high levels of leptin do not 

have the expected effects (reduction of fat mass and hypoinsulinemia) in such cases. 



 

Aditi Mathur                     Page 47 of 83 

Genetic association between 
schizophrenia and type-2 diabetes 

Chapter 1 
Introduction 

Normally, a low leptin level signals starvation and prepares the body to respond 

accordingly (Ahima et al., 1996). Leptin levels reflect the lipid content in the whole 

body of a non-fasting individual (Halaas et al., 1995). Women have significantly 

higher leptin levels than men even after their BMI and body fat contents are 

controlled, but men have greater BMI (Baptista et al., 2007; Jin et al., 2008).  

 

Both clozapine and olanzapine are involved in a high risk of developing T2D (Leslie 

and Rosenheck, 2004). The weight gain is predominantly seen in the first 6 months 

of olanzapine and clozapine treatment, and becomes steady thereafter. A 10-week 

clozapine trial demonstrated that after 2-week clozapine treatment, the levels of 

leptin had peaked; followed by a subsequent decrease and a steady rise again, 

although the peak levels were not as high as noted earlier (Brömel et al., 1998). A 

similar pattern was observed in other studies with the high levels of leptin at week 2 

(Monteleone et al., 2002, Theisen et al., 2005). Therefore, it is now evident that the 

levels of leptin increase with a long duration of antipsychotic treatment, suggesting 

an association with weight and BMI changes.  

 

In summary, leptin secreted by adipocytes stimulates its receptors in the CNS to 

inhibit appetite; leptin can increase metabolic rate and energy expenditure; plasma 

levels of leptin are increased after food intake and in obese patients, and decreased 

during fasting and malnutrition. Increased levels of leptin are also associated with 

increased weight gain through atypical antipsychotic drug medication (Zhang et al., 

1994). 

 

 



 

Aditi Mathur                     Page 48 of 83 

Genetic association between 
schizophrenia and type-2 diabetes 

Chapter 1 
Introduction 

1.4.4. GWA study of Obesity 

There has been a good progress made through GWA studies in identifying the loci 

associated with obesity and BMI. There have been 7 GWA study reports published to 

date, in which over 20 genes were identified at a significance level of less than p-

value= 5X10-7 for association with BMI or obesity. The fat mass- and obesity-

associated (FTO) gene appears to be the most remarkable discovery in several GWA 

studies and the FTO gene finding has been replicated in different populations 

(Frayling et al., 2007, 2008; Loos and Bouchard, 2008; Thorleifsson et al., 2009; 

Willer et al., 2009; Meyre et al., 2009, 2010). Interestingly, the FTO gene was initially 

found to be associated with T2D in a GWA study but the significance disappeared 

after adjustment for BMI. This probably means that the FTO gene association with 

T2D may be mediated through BMI (Frayling et al., 2008). Another study found an 

association of the MC4R gene with BMI in both an Asian Indian population and a 

European-derived population with the same effect size of the risk allele (Chambers et 

al., 2008). The first large GWA study of obesity was conducted by an international 

research group called the Genomic Investigation of Anthropometric Traits (GIANT) 

consortium. They performed meta-analysis with 32387 samples and confirmed that 

the FTO and MC4R genes were associated with BMI. Additionally, they found 6 novel 

loci (p-value of <5X10-8), including TMEM18, KCTD15, GNPDA2, SH2B1, MTCH2 

and NEGR1, to be associated with BMI (Willer et al., 2009). The second large meta-

analysis was conducted by the deCODE Genetics group on multiple populations 

composed of Icelanders (n=25,344), Dutch (n=25,344), European Americans 

(n=1,890) and African American (n=1,160), and found new loci, SEC16B, ATP2A1 

and BDNF in addition to the previously identified genes NEGRI, KCTD15 and 

TMEM18. This study also successfully identified the regions between ETV5-DGKG 
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genes and BCDIN3D-FAIM2 genes to be associated with obesity (Thorleifsson et al., 

2009).  

 

This study attempted to test the genes involved in obesity that have been identified 

by GWA studies. Although 3 further GWA studies published recently have identified 

another 7 new loci, LYPLAL1, TFAP2B, MSRA (Lindgren and McCarthy, 2008), 

PTER, MAR, NPC1 (Meyre et al., 2009) and NRXN3 3 (Heard-Costa et al., 2009), 

these 7 genes were not included in this study. Detailed descriptions of the genes 

tested in this study are summarized in Table 1.5. 
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1.5. Type-2 Diabetes (T2D) 

The term diabetes is used to describe a condition where the glucose levels in the 

blood become higher (hyperglycaemia) than the normal levels in the body (Table 1.5) 

(Malecki and Klupa, 2005). There are 2 forms of diabetes, type-1 diabetes and T2D. 

Type-1 diabetes is characterized by an absolute insulin deficiency, most commonly 

caused by auto-immune destruction of insulin producing β-cells in the pancreas 

(Alberti et al., 2007). The treatment of type-1 diabetes is to inject insulin into the body. 

The disease has an early onset with a peak at 12 years of age; therefore it is also 

known as juvenile, early onset or insulin-dependent diabetes. In contrast, T2D is a 

disease with a gradual onset, mostly later in life. In most cases with T2D, their age of 

onset is above 40 years with a peak at 60 years (Holt, 2004). T2D is characterized by 

a relative rather than an absolute insulin deficiency in combination with an insulin 

resistant state in which target tissues have an impaired reaction on insulin. When the 

β-cells cannot produce sufficient amounts of insulin to correct for the increased 

demand, the levels of glucose increase in the body (Alberti et al., 2007). T2D 

accounts for 90 to 95% of all the incidence of diabetes (Cheng, 2005).  

 

The National Diabetes Data Group (1979) had proposed a diagnostic test for T2D 

known as the ‘75g 2hour oral glucose tolerance test (OGTT)’ (1979). This test is 

performed by measuring the glucose levels in fasting blood and 2 hours after 

ingestion of 75g glucose. The cut-off values were revised by the WHO in 1985 and 

1999 (WHO, 1985, 1999). The American Diabetes Association (ADA) (1997) 

proposed a new diagnostic criteria by introducing two new terminologies, impaired 

glucose tolerance (IGT) and impaired fasting glucose (IFG) to distinguish between 

the border-line T2D and actually having T2D by cutting-off values of blood glucose  
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levels.  The new diagnostic criteria can also help determine the cases at an 

increased risk of developing cardiovascular diseases. The cut-off values for 

diagnosis were revised in 2004 and have now been used in medical practice (ADA, 

2004). The details are given in Table 1.6. 

 

 
 

T2D is a heterogeneous disease involving both genetic and environmental 

components. The most important risk factor for developing T2D is obesity which may 

result from a sedentary lifestyle and/or an unhealthy diet. It is believed that the fat 

accumulation in the body causes increased insulin resistance which thereby 

facilitates the development of T2D (Haffner, 1998; Lewis et al., 2002). Up to 80% of 

newly diagnosed cases with T2D are obese (Lean, 2000).  

 

1.5.1. Genetic epidemiology  

Diabetes has recently become one of the most explored areas in medical research 

due to its increasing prevalence worldwide. The WHO (2003) has predicted that the 

number of people suffering from diabetes will double by the year of 2030, from 177 

Table 1.6. Criteria for diagnosing T2D by the ADA based on a 75g oral glucose tolerance test 1 

 
 

Venous plasma glucose concentration 

 
 

Fasting value 2 hours after 

  Impaired Fasting Glycaemia 
(IFG) 

5.6 - <7.0 <11.1 
Patients with IFG and/or 

IGT are referred to as 
having ‘prediabetes’ Impaired Glucose Tolerance 

(IGT) 
<7.0 7.8 - <11.1 

T2D ≥7.0 ≥11.1  
1 Modified table adapted from the ADA (2004) 
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millions in 2000 to 370 millions (Wild et al., 2004). According to global statistics, T2D 

prevails in both developed and developing countries. The prevalence of T2D is about 

1% in Chile Mapuche Indian, which is the lowest among subpopulations, 2% in the 

European Caucasians, 41% in the Nauru (Pacific Island), and about 50% in the Pima 

Indians (Arizona), which is the highest in the world (Diamond, 2003). Familial 

inheritance has been confirmed as the lifetime risk of developing the disease 

increases by 3.5-fold (about 40%) in the individuals who have one parent affected 

with the disease and by 6-fold (nearly 70%) in those who have both parents affected 

(Pierce et al., 1995, Meigs et al., 2000). Insulin resistance and impaired glucose 

tolerance are more common in individuals whose parents have T2D than in the 

general population (Henkin et al., 2003). Twin studies demonstrated that the 

concordance rate of T2D was higher in the monozygotic twins (about 41-55%) than 

the dizygotic twins (about 10-15%) (Malecki et al., 2005). The chance for an offspring 

to develop T2D is higher if there is a maternal history of diabetes than the paternal 

history of diabetes (Thomas et al., 1994) perhaps on account of maternal 

hyperglycaemia during pregnancy (Pettitt et al., 1993).  

 

1.5.2. Genetic analysis of candidate genes 

Tremendous efforts have been made in the past couple of decades to identify the 

genes associated with T2D through linkage analysis and candidate gene approach. A 

brief summary of the disease-associated genes and loci is given below. 

 

 A number of linkage studies have been conducted among various populations and 

the following chromosomal regions have been suggested to harbour a risk locus for 

T2D, including 1q21-24 (Hanson et al., 1998; Elbein et al., 1999; Vionnet et al., 2000; 
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Wiltshire et al., 2001; Xiang et al., 2004), 1q31-q42, 9q21, 10q23, 11p51, 11q13-q14, 

20p, 20q11-q13 (Bowden et al., 1997; Ji et al., 1997; McCarthy 2003; Mori et al., 

2002). 

 

The candidate gene approach has also been applied to look for the genes whose 

products have a role to play in the pathophysiology of T2D, such as their involvement 

in insulin resistance, impaired glucose tolerance, glucose metabolism and obesity. 

Most promising genes with good replication include PPARG (Altshuler et al., 

2000;Barroso et al., 2003; Gloyn et al., 2003; Grant et al., 2006), transcription factor 

7-like2 (TFC7L2) (Grant, 2006), calpain10 (CAPN10), potassium inwardly rectifying 

channel, subfamily J, member 11 (KCNJ11) (Gloyn, 2003), Glucose transporter 2 

(GLUT2) (Barroso, 2003) and Wolfram syndrome gene 1 (WSF1) (Franks et al., 

2008). 

 

1.5.3. GWA study of T2D 

GWA studies have been the most successful in identifying the genes associated with 

T2D. The first GWA study was performed in a French case-control population, which 

had coverage of 392,935 tag SNPs (Sladek et al., 2007). This GWA study identified 

IDE-KIF11-HHEX and EXT2-ALX4 and also validated the association of the TCF7L2 

gene with the disease. Another 2 GWA studies were conducted in a Finnish 

population, one with 1464 cases and 1467 controls (Saxena et al., 2007) and the 

other with 1161 cases and1174 controls (Scott et al., 2007), respectively. The risk 

genes identified by these 2 studies revealed that genes coding for IGF2BP2, 

CDKAL1, CDKN2A, CDKN2B, SLC30A8 and HHEX were strongly associated with 

T2D. Some variants near to the TCF7L2, FTO, PPARG and KCNJ11 loci were also 
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identified to confer a high risk of T2D (Scott et al., 2007). The largest GWA study was 

conducted in the Wellcome Trust Case Control study, with 1924 cases and 2938 

controls in a British population. This study found similar results to those as mentioned 

above, confirming the genetic association of CDKAL1, CDKN2A/CDKN2B, IGF2BP2, 

HHEX/IDE and SLC30A8 with T2D. Moreover, further studies suggest that these risk 

genes may be involved in the pathways influencing pancreatic β-cell development 

and function (Zeggini et al., 2008). Steinthorsdottir et al. (2007) confirmed the 

disease association for rs7756992 in the CDKAL1 gene among both European and 

Han Chinese populations. Yasuda et al. (2008) revealed a strong association of the 

rs2237892-C allele in the KCNQ1 gene with an increased risk of T2D in Japanese, 

Chinese, Korean and European case-control samples. Similarly, rs2237895 and 

rs2237897 in the KCNQ1 gene (near to rs2237892) were also found to be associated 

with the disease in the Singaporean population of East Asian descent and the Danish 

population of European descent (Unoki et al., 2008). The FTO and MTNR1B genes 

were also found to be associated with insulin resistance and impaired glucose 

tolerance (Frayling et al., 2007; Saxena et al., 2007). 

 

 In order to achieve sufficient power to detect the genes of modest or small effect,  

meta-analysis was conducted by the Diabetes Genetics Replication And Meta-

analysis (DIAGRAM) consortium by combining the data from three previously 

published GWA studies, with a total of 4500 cases and 5500 controls (Saxena et al., 

2007; Zeggini et al., 2008). The DIAGRAM consortium applied the novel imputation 

approaches to infer genotypes (Marchini et al., 2007). This was done at additional 

SNPs that were not directly typed with the commercial arrays used for original GWA 

studies (Zeggini et al., 2008). Therefore, it extended the analysis to a total of about 
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2.2 million SNPs across the human genome. This study identified six association 

signals that reached a combined significance level at rs864745 (p=5X10-14), 

rs12779790 (p=1.2X10-10), rs7961581 (p=1.1X10-9), rs7578597 (p=1.1X10-9), 

rs4607103 (1.2X10-8) and rs10923931 (p=4.1X10-8). 

 

In summary, there have been 19 genes identified that contribute to the susceptibility 

of T2D. Of these 19 genes, 5 genes (PPARG, TCF7L2, TCF2, KCNJ11 and WSF1) 

were initially identified through the candidate-gene approach and the remaining 14 

genes are newly identified by the GWA studies, including ADAMTS9, 

CDC123/CAMK1D, CDKN2A/B, CDKAL1, FTO, HHEX/IDE, IGF2BP2, JAZF1, 

KCNQ1, MTNR1B, NOTCH2, SLC30A8, THADA and TSPAN8/LGR5. Most of these 

risk genes were tested in the present work to see if they could be involved in 

clozapine-related metabolic conditions. 
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1.6. The PPARG gene 

The PPARG gene plays a vital role as a modulator of insulin sensitivity, glucose 

homeostasis and blood pressure. GWA study has confirmed a genetic association of 

rs17036101 between the PPARG and SYN2 genes with T2D (Zeggini et al., 2008). 

Thiazolidinediones, a group of anti-diabetic drugs that can improve insulin-resistance, 

are artificial PPARG-ligands (Fajas et al., 1997). It is possible that the PPARG locus 

might either contribute to the aetiology of both schizophrenia and T2D, or represent 

linkage disequilibrium (LD) with the SYN2 gene. PPARG is functionally regulated by 

the dehydration product of prostaglandin D2 (PGD2), 15-deoxy- prostaglandin (15-

dPGJ2), which is a major endogenous ligand of PPARG. The genes coding for  

PLA2G4A and prostaglandin-endoperoxide synthase 2 (PTGS2) have been found to 

be weakly associated with schizophrenia in a few studies (Hudson et al., 1996; Wei 

et al., 1998, 2004; Mathur et al., 2009).  

 

Therefore, it is important to test if the PLA2G4A, PTGS2 and PPARG genes have an 

epistatic association with schizophrenia. The results would help to determine the 

extent to which a genetic link explains the association between schizophrenia and 

T2D. 

 

1.6.1. Biological characteristics of PPARs 

Peroxisomes are subcellular organelles that play an important role in various 

metabolic functions, including β-oxidation of fatty acids, hydrogen peroxide-derived 

respiration and cholesterol metabolism (Cho et al., 2008). The PPAR subfamily is a 

group of nuclear receptors that are ligand-activated transcriptional factors which alter 

the expression of their target genes (Nettles and Greene, 2005). There are 3 
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members in the PPAR family: PPARα, PPARβ and PPARγ (or PPARG). Interest was 

provoked in 1990, when researchers observed that the PPARα receptor activates 

DNA transcription factors in response to the proliferations of peroxisomes in the liver 

of rodents (Kersten, 2002; Touyz and Sciffrin, 2006). However, the same peroxisome 

proliferation response was not noted for PPARβ and PPARG (Tontonoz et al., 1994; 

Kersten, 2002) and thus the family continues with an inaccurate nomenclature.  

 

Each member of PPARs is expressed in a range of patterns in humans (Table 1.8) 

and is encoded from different genes. Although these three members possess a high 

level of structural homology, they perform different functions depending on their 

affinity for ligand-binding and their location in the tissues. Of the PPAR 3 members, 

PPARG has most extensively been studied in humans (Henke, 2004). 
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Table 1.8. Properties of  three members of PPARs1 

 PPAR-α PPAR-β PPAR-γ 

Expression Liver, kidney, Heart, 

Brown adipose tissue, 

Skeletal muscle 

Ubiquitous Adipose tissue, Colon 

Macrophages 

 

Functions • Lipid catabolism 

• Peroxisome 

proliferation 

• Control of 

inflammation 

• Reverse cholesterol 

        transport 

• Wound healing 

• Cell proliferation 

• Apoptosis 

• Epithelial homeostasis 

• Adipogenesis  

• Lipogenesis 

• PPARG agonists: TZDs 

serves as insulin 

sensitisers 

• Control of 

inflammation 

Natural ligands • Docosahexanoic acid 

(DHA) 

• Eicosapentaenoic acid 

(EPA) 

• Oxidized 

phospholipids 

 

• L-165041 

• trans-retinoic acid 

(atRA)  

• Prostaglandin D2 

derivative 15-deoxy-

12 

• 14-prostaglandin J2 

• oxidized linoleic acid 

• 9-hydroxy-

octadecadienoic acid 

(9-HODE) 

Synthetic ligands • Fenofibrate 

• Gemfibrozil 

• Prostacyclin (PGI2) 

• GW0742 

• Thiazolidinediones 

• Troglitazone 

• Pioglitazone 

• Rosiglitazone 
1Modified table from Wahli (2002) 
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1.6.2. Structure of PPARs protein 

All three PPARs possess 6-structural regions (A-F) divided into 4-function domains 

(Figure 1.7). Details of the domains are mentioned below (Guo and Tabrizchi, 2006):  

The first one is the ligand-independent transactivation domain (including A-B regions) 

lies next to the N-terminal. The function of this domain is to control the ligand-binding 

affinity for the receptor and is negatively regulated by phosphorylation.  

 

The second one is the DNA binding domain (including C region) that consists of 2 

zinc finger-like circular motifs. With the help of this domain, PPARs bind to the 

peroxisome proliferator response elements (PPREs) present on the promoter region 

of the target gene. These PPREs are direct repeat 1 (DR-1) elements that contain 

two hexanucleotide sequences of 5’- AGGTCA- 3’ separated by one nucleotide. 

 

The third one is the hinge domain (D region) that bridges between the DNA binding 

domain and another ligand binding domain adjacent to the COOH terminal. The 

hinge domain helps on the movement of the receptor of its specified functions.  

 

The fourth one is the ligand binding domain (including E-F regions), which is 

responsible for activation PPARs to efficiently bind to PPREs thereby accelerating 

expression of a target gene. With the help of this domain, the conformation of PPARs 

is stabilised after the ligand-binding, and as a result, the transcriptional machinery 

starts though the recruitment of coregulators. 
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DNA binding domain 
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D 
NH2 

• Contains large binding 

pocket 

• Binds to variety of structure 

unrelated ligands 

• C terminal part of this domain 

• Agonist lock the receptor 

into an active conformation 

while antagonist stabilize 

the receptor into an inactive 

conformation 

• Transcriptionally 

active in the 

absence of ligands 

• Covalent 

modification by 

phosphorylation & 

sumuylation 

changes the ligand-

binging affinity of the 

receptor 

Ligand-binding domain 

(AF 2) 

Ligand-independent 

transactivation domain (AF 1) 

    

 Permits the rotation of 

DNA-binding domain 

 Connects AB domain 

with EF domain 

• Most conserved 

domain 

• PPARs are targeted to 

a specific sequence 

(PPRE) of nucleotides 

within the regulatory 

regions of the 

  

 

C 

Figure 1.7. Structure of PPARG protein proposed by Guo & Tabrizchi (2006) 
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1.6.3. Mode of action of PPARs 

Activated PPARs by ligands stimulate a number of molecular cascades, mainly those 

that maintain the lipid and glucose homeostasis (Figure 1.9). When a PPAR is not 

bound to any ligand, it is associated with a chaperone protein located in the 

cytoplasm. This in turn enables the PPAR to stay in a conformation that helps in 

high-affinity binding of the ligand (Sumanasekera et al., 2003). A hydrophobic ligand 

permeates through the cell membrane with the aid of intracellular lipid-binding 

proteins (iLBP). By diffusion, the ligand-loaded iLBP translocates from the cytoplasm 

to the nucleus thereby making a short-lived complex with the PPAR (Zimmerman and 

Veerkamp, 2002; Cho et al., 2008); the ligand is then transferred to the PPAR, 

leading to its activation. The activated PPAR then forms a heterodimer complex with 

receptor retinoid X receptor (RXR), which is also a member of a nuclear receptor 

family. The RXR-PPAR complex binds to the target gene on its promoter region at a 

specific sequence (5-AGGTCA-3) called peroxisome proliferator hormone response 

element (PPREs). The DNA binding domain (DBD) present on PPARs helps their 

binding to PPREs and initiates the transcriptional process of the target gene (Touyz 

and Schiffrin, 2006). 

 

PPARα is mainly expressed in liver, blood vessels and heart and is responsible for 

regulating expression of these genes that are associated with the control 

inflammation and lipid metabolism. The expression of PPARβ in humans is not well 

defined but it controls expression of the genes for lipogenesis and glycogenesis. 

PPARG is highly expressed in adipocytes and skeletal muscle and has a key role to 

play in glucose homeostasis. PPARG is also responsible for the insulin-sensitivity. 
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Figure 1.8 illustrates the signalling pathway of the three PPARs in humans (Cho et al., 

2008). 
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FUNCTIONS 
 

 

Cytoplasm 

Nucleus 

Regulatory region  GENE 

DBD LBD 

T R A N S C R I P T I O N 

PPAR 

PPAR RXR 

RXR-PPAR heterodimer 

PPAR structure 

Receptor 

iLBPs Chaperone 

PPRE 

RXR-PPARα RXR-PPARβ RXR-PPARγ 

• Lipid homeostasis 
• Inflammation control 
• Vascular integrity 

• Lipid homeostasis 
• Glucose homeostasis 
• Vascular integrity 

• Insulin sensitivity 
• Glucose homeostasis 
• Vascular integrity 

ipocentric actionsAd 
Cytokines; Restin 
FA; NF-kB; GLUT-4 

Skeletal muscle 
Glucose intake 
Glygogen synthesis 

TRANSCRIPTION 
 

Ligand 

Figure 1.8.  Diagram shows the signalling pathways and functions of various PPARs 
FA=fatty acid;   NF-kB= nuclear factor kappa-light-chain-enhancer of activated B cells; 
 GLUT-4= Glucose transporter type 4; iLBPs= intracellular lipid-binding proteins 
 (Modified diagram from Cho et al., 2008) 
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1.6.4. Functions of the PPARG gene 

The PPARG gene lies on the short arm of chromosome 3 (3p25) and spans about 

146 kb of DNA (Cho et al., 2008). This gene encodes 4 isoforms of mRNA by 

alternative splicing and promoter usage, which are translated into 2 forms of protein, 

namely PPARG-1 spanning 477 amino acids and PPARG-2 spanning 505 amino 

acids (http://www.ncbi.nlm.nih.gov/gene/5468). The structural difference between 

PPARG-1 and PPARG-2 is that the latter has 28 additional amino acids at its N-

terminal. PPARG-1 is expressed in a broad range of tissues but PPARG-2 is mainly 

expressed in the adipose tissue (Stumvoll and Haring, 2002).  

 

The PPARG gene is the most studied member amongst the PPAR family due to its 

pleiotropic functions. It has a vital role in controlling expression of a plethora of the 

genes associated with a broad spectrum of physiological processes (Table 1.9), such 

as adipose cell differentiation, lipid storage, glucose homeostasis, atherosclerosis 

and inflammation. The PPARG gene functions mainly through a ligand-dependent 

mechanism (Costa et al., 2010). 

Table 1.9. Properties of the PPARG gene1 

Expression sites Functions 

 Brown & white adipose tissue 

 Large intestine 

 Colon 

 Spleen 

 Retina vascular 

 Immune cells (macrophages, lymphocytes,   

endothelial cells, smooth muscle cells) 

 Differentiation of pre-adipocytes to 

adipocytes 

 Lipid metabolism 

 Modulator of insulin action 

 Thiazolidinediones (TZDs) activates PPARG 

that in turn enhances insulin sensitivity 

 Macrophage lipid homeostasis 

 Anti-inflammatory activities 
1 Adapted from Moraes  et al. (2006) 



 

Aditi Mathur                     Page 71 of 83 

Genetic association between 
schizophrenia and type-2 diabetes 

Chapter 1 
Introduction 

As mentioned above, the principle site of expression of the PPARG-2 protein is 

adipose tissue in humans (Leonardini et al., 2009) (Table 1.9). The PPARG gene 

plays an important role in adipogenesis and in regulating adipocytes to act as a 

reservoir for lipid storage and energy dissipation in both white and brown adipose 

tissue (Koutnikova et al., 2003; Michalik et al., 2006). PPARG knockout mice fail to 

develop adipose tissue, strongly supporting a role for PPARG in adipocyte formation. 

Increased levels of PPARG mRNA have been observed in adipocytes of morbidly 

obese subjects as compared to those seen in the visceral adipose tissue of lean 

subjects (Lefebvre et al., 1998; Cecil et al., 2006). For this reason, dysfunction of the 

PPARG gene is considered as being a potential risk factor predisposing to obesity 

via an increase in central adiposity. Moreover, the PPARG gene has recently been 

extensively investigated due to its therapeutic utility in the treatment of T2D. The 

artificial ligand, known as TZDs, is a potent insulin sensitizer that activates PPARG 

and decreases insulin resistance and circulating glucose levels in patients with T2D 

(Kletzien et al., 1992; Leonardini et al., 2009).  

 

A number of genetic variants in the PPARG gene have been identified to be 

associated with a specific phenotype or related biochemical marker (Table 1.10). The 

most common and frequent amino-acid polymorphism tested is observed at the 12th 

codon on exon 6 of the PPARG-2 isoform. This polymorphism occurs due to a point 

mutation leading to the replacement of cytosine (C) by guanine (G), thereby encoding 

alanine (Ala) instead of proline (Pro), namely the Pro12Ala mutation. The frequency 

of Ala allele varies between ethnic groups, ranging from 1% to 23%. The Pro12Ala 

polymorphism has been found to be associated with an increased risk of an insulin 

resistance, dysfunction of beta cells, T2D and obesity since it was identified in 1997 
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(Yen et al., 1997; Zełobowska et al., 2007). It has been noted that the individuals 

carrying the Pro12 allele are more insulin resistant than those carrying the Ala12 

allele. The homozygous genotype (Pro/Pro) has a 1.25-fold increased risk of 

developing diabetes. Interestingly, the Pro12Ala polymorphism interacts with fatty 

acids and is linked with diet intake (Altshuler et al., 2000). 

 

Table 1.10. Genetic variants identified in the PPARG gene 

Genetic 
variant 

Location  Association Reference 

Pro12Ala PPARG-2, exon 6 

 BMI 

 T2D 

 Improved insulin sensitivity 

 Increased leptin levels 

 Decreased incidence of cardiac 

disease 

Stumvoll & Haring, 

2002 

Altshuler,  2000 

Deeb et al., 1998 

Mancini, 1999(-) 

Beamer, 1998(-) 

Pro115Gln 
PPARG2, 

N-terminal domain 

 Obesity 

 Increased adipocyte 

differentiation 

Ristrow et al., 1998 

Hamer et al., 2002(-) 

Val290Met 
 
Pro467Leu 

PPARG-2, 

Ligand binding 

domain 

 Decreased transcriptional 

activity 

 Severe insulin resistance 

 T2D 

 Hypertension at early age 

Barroso et al., 1999 

Garg et al., 2004 

C1431T 
PPARG2, 

exon 6 

 Increased BMI and fat mass 

 Reduced risk of T2D 

 Increased leptin levels 

Meirhaeghe et al., 

1998 

(-) negative study 
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1.7. The AKT1 gene 

The AKT1 gene is another candidate gene that has been selected for the genetic 

association study as it plays a functional role in the intracellular signalling pathways 

that may be important for the pathophysiology of both schizophrenia and T2D. 

Emamian and colleagues (Emamian et al., 2004) were the first to report on the AKT1 

association with schizophrenia. They found decreased levels of the AKT1 protein and 

glycogen synthase kinase 3 β (GK3β) phosphorylation in the post-mortem brain of 

patients  with schizophrenia (Emamian et al., 2004; Kozlovsky et al., 2004) and in the 

peripheral lymphocytes. The areas of brain mainly included hippocampus and 

prefrontal cortex. They concluded with a series of different experiments that impaired 

AKT1-GSK3β signalling pathway might contribute to the pathophysiology of 

schizophrenia. Their genetic analysis identified rs3730358 to be associated with 

schizophrenia and also showed a 3-SNP haplotype (rs1130214(T)-, rs3730358(C)- 

rs1130233(G) haplotype) to be over-transmitted in schizophrenia (Emamian et al., 

2004). The T-C-G haplotype has also been associated with clinical phenotypes of 

schizophrenia, including delusion and hallucination (Thiselton et al., 2008).  

 

The AKT1 association with schizophrenia has also been replicated by other research 

groups in different ethnic backgrounds (Ikeda et al., 2006; Schwab et al., 2005; 

Bajestan et al., 2006; Norton et al., 2007) although some failed to replicate the AKT1 

gene finding (Ohtsuki et al., 2004; Ide et al., 2006). 

 

1.7.1. AKT family 

The members of AKT family serve as phosphoinositide-dependent serine–threonine 

protein kinases that play a vital role in a range of cellular processes, including 
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glucose metabolism, cell proliferation, apoptosis, transcription and cell migration. 

AKTs also interact with neuronal dopaminergic signalling (Tan et al., 2008). There 

are three isoforms of AKT enzymes identified in mammalian cells, namely AKT1, 

AKT2 and AKT3, which are encoded by distinct genes located on chromosomes 

14q32 (AKT1), 19q13 (AKT2) and 1q43 (AKT3) in humans. All three genes have 

greater than 85% homology and their protein products share the same structural 

organization (Kandel and Hay, 1999). All three AKT isoforms are ubiquitously 

expressed in mammals, although the levels of expression vary among tissues 

(Bellacosa et al., 1993). AKT1 is the predominant isoform in most tissues and is 

highly expressed in regenerating neurons (Owada et al., 1997). The highest 

expression of AKT2 is observed in insulin-responsive tissues: skeletal muscle, heart, 

liver and kidney (Altomare et al., 1995), suggesting that this isoform is important for 

the insulin signalling pathway. Unlike AKT1 and AKT2, the AKT3 isoform shows a 

more restricted pattern of expression and higher levels are found in the testes and 

brain than in the adult pancreas, heart and kidney (Brodbeck et al., 1999). 

 
1.7.2. Molecular structure of AKT1  

Walker et al. (1998) proposed that all three AKT-isoforms might share similar 

structures. As shown in Figure 1.9., the AKT1 protein contains the following 

functional domains: (1) the pleckstrin homology (PH) domain that is bound to 

phospholipids, (2) the catalytic domain, (3)  the regulatory domain and (4) the short 

glycine-rich region (bridges to the catalytic region). These three isoforms all possess 

a conserved threonine at position 308 and a conserved serine residue at position 473 

in AKT1. Phosphorylation of those 2 sites is critical for full activation of AKT (Kandel 

and Hay, 1999).  
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1.7.3. Functions of the AKT1 gene                                  

The AKT1 gene lies on chromosome 14q22-32 and spans about 26 kb with 16 exons. 

The gene can be activated through the phosphorylation at the Thr-308 site by 3-

phosphoinositides dependant kinase (PDK1) (Alessi et al. 1997), but the maximal 

activity of the gene is only attained through phosphorylation of its both Thr-308 and 

Ser-473 sites via PDK1 and PDK2, respectively (Downward, 1998; Matsubara et al., 

2001). The main role of the AKT1 gene can be summarised as a regulator of cellular 

functions including growth, cell-survival (Thiselton et al., 2008), cell migration, 

tumorigenesis (Yang et al., 2003), transcriptional regulation, nutrient metabolism 

(Thiselton et al., 2008) and anti-apoptotic effects (Liu et al., 2001) (Figure 1.11).  

 

Severe growth retardation and high neonatal mortality (~40%) has been observed in 

study of AKT1 knock-out mice (Cho et al., 2001). It was found that the 

spongiotrophoblast cells were absent with reduced vascularisation in the mutant 
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2. Bind specifically to 
phosphoinositides with 

high affinity
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is necessary for the activation

Figure 1. 9. Structure of the AKT molecule. Modified diagram from Walker et al. 1998 
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placenta of affected mice, suggesting that the role of AKT1 in the trophoblast 

differentiation (Yang et al., 2003). Thus, the AKT1 gene is also a key regulator of the 

development and maintenance of the placenta. Another study of knock-out mice was 

performed in 3T3L1 adipocytes using small-interfering RNA (siRNA), and revealed a 

role of the AKT1 gene in insulin signalling (Jiang et al., 2003). The activated AKT1 

gene enhances the metabolism of glucose by inducing glycogen synthesis through 

phosphorylation at Ser9 position, downregulating the activity of enzyme GSK3β. The 

role of GSK3β is to mediate apoptosis by inhibiting transcriptional factors. Therefore, 

the AKT1 gene may be involved in regulating anti-apoptotic processes (Ide et al., 

2006). Impaired AKT1-GSK3 signalling pathway and lower levels of both AKT1 and 

GSK3β have also been found to be associated with the pathogenesis of 

schizophrenia (Emamian et al., 2004). Due to the high expression of AKT1 in the 

human brains, this gene may be involved in the neurodevelopment and working 

memory formation. To regulate function of the GABAα receptor, the AKT1 gene is 

critically involved in the synaptic transmission, neuronal survival and neuronal 

excitability (Thiselton et al., 2008).     
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1.8. Study design 

Based on the evidence from the literature, the following studies were undertaken 

toinvestigate the genetic link between schizophrenia and T2D. In doing so, two 

specific hypotheses were tested (Figure 1.10): 

 

Hypothesis 1: That a common gene or a genetic pathway links schizophrenia and 

T2D. 

 

Hypothesis 2: That the atypical antipsychotic drug, clozapine, affects expression of 

the genes associated with obesity and T2D in cultured cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Proposed genetic links between schizophrenia and type-2 diabetes in this study  
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Accordingly, two studies were designed as follows: 

 

1.8.1. Association Study 

This study was performed to test the first hypothesis and to identify a common 

gene/genetic pathway that could contribute to both schizophrenia and T2D in the 

British family samples (detailed information is given in Chapter 2). The genes tested 

included those encoding AKT1, PPARG, PLA2G4A and PTGS2. This study would 

test whether the PPARG locus or its biochemical pathway is associated with 

schizophrenia and whether the AKT1-GSK3β signalling pathway has a role to play in 

schizophrenia. 

 

1.8.1.1.  The PPARG-related pathway 

Both candidate gene and GWA studies have revealed dozens of genes that are 

associated with T2D (Zeggini et al, 2008). Of these disease-associated genes, the 

PPARG locus might contribute to  the pathological link between schizophrenia and 

T2D because PPARG is functionally regulated by the dehydration product of PGD2, 

15-dPGJ2, which is a major endogenous ligand of PPARG and a product of 

arachidonate-phospholipid metabolism (Figure 1.11) (Na and Surh, 2003). 

 

The niacin-induced dermal flush test, a non-invasive diagnostic test, has been used 

to detect the deficiency of AA released from membrane phospholipids in 

schizophrenia (Ward et al., 1998). Niacin is a form of vitamin B that functionally 

enhances the synthesis of PGD2, a prostaglandin that can stimulate blood vessels to 

dilate (Morrow et al., 1992). Up to 80% of patients with schizophrenia have a poor 

skin response to niacin stimulation as compared to 20% of healthy individuals (Ward 



 

Aditi Mathur                     Page 79 of 83 

Genetic association between 
schizophrenia and type-2 diabetes 

Chapter 1 
Introduction 

et al., 1998; Puri et al., 2001). These findings suggest that the diminished niacin flush 

may represent a subgroup of patients with schizophrenia who have abnormal 

phospholipid metabolism in their cellular membranes. If this were the case, such a 

subgroup might also have an increased risk for T2D due to deficiency of PGD2 and 

15-deoxy--PGJ2, leading to impaired ligand activation of the PPARG gene. 

 

PLA2 represents a group of isozymes regulating the release of PUFAs, such as AA, 

from the sn-2 position of phospholipids. This is an important step in the generation of 

PPARG ligands from arachidonate-phospholipids. The various members of the PLA2 

family have been tested in schizophrenia by a number of studies but results reported 

to date have been inconsistent (Gattaz et al., 1987; Gattaz et al., 1990; Albers et al., 

1993; Gattaz et al., 1995; Ross et al., 1997, 1999; Smesny et al., 2005). Inhibitors of 

brain PLA2 activity have neuropharmacological effects and may prove to be 

therapeutically important in treating neuropsychiatric disorders (Farooqui et al., 2006). 

Genetic studies suggest that of various PLA2 genes, polymorphisms in the PLA2G4A 

gene may contribute to the pathogenesis of schizophrenia (Law et al., 2006). Due to 

its role in prostaglandin generation and previous association with schizophrenia, 

PLA2G4A was selected for genotyping in this study.  

 

Prostaglandin-endoperoxide synthase 2 (PTGS2), which is commonly know as 

cyclooxygenase 2 (COX2), is the rate-limiting enzyme responsible for prostaglandin 

synthesis. The main function of this enzyme is to catalyze the conversion of free AA 

to prostaglandin endoperoxide D2 that acts as an inflammatory mediator 

(Langenbach et al., 1999; Samad et al., 2001). Interestingly, the PTGS2 and 

PLA2G4A genes lie close to each other (154 Kb of DNA) on the long arm of 
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chromosomes 1. While the PTGS2 gene was not associated with schizophrenia in a 

previous study using a smaller subset of this study population (Wei et al. 2004), it is 

worth genotyping in this larger population to see if there is a cis-phase interaction 

between these 2 closely-linked loci. The present study was therefore designed to 

investigate if the PLA2G4A, PTGS2 and PPARG genes are associated with 

schizophrenia singly or in a combined manner (Figure 1.11). 

 

In summary, the PPARG gene is a promising candidate for both schizophrenia and 

T2D. A proposed mechanism by which this gene works is given in Figure 1.11. 

 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 1.11. Proposed pathway for functional link between the PPARG, PLA2G4A and PTGS2 genes 
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1.8.1.2. The role of the AKT1-GSK3β signalling pathway 

 

Activated AKT can phosphorylate a number of substrates, one of which is GSK-3 

(Norton et al., 2007). GSK-3 is a serine/threonine-specific protein kinase, which is 

originally identified as a negative regulator of glycogen synthesis and involved in the 

development of skeletal muscle insulin resistance in animal models and T2D in 

humans (Dokken et al., 2005). There are at least two distinct genes encoding GSK3 

proteins in mammals, i.e. the GSK3α gene and the GSK3β gene. The GSK3β gene is 

highly expressed in neural tissues where its expression is regulated during 

neurodevelopment. Several studies have been carried out to investigate a role of the 

GSK3β gene in the development of neuropsychiatric disorders (Beaulieu et al., 2008; 

Souza et al., 2008). Dysfunction of the AKT1-GSK3β signalling pathway has been 

reported in schizophrenia (Emamian et al., 2004).  Genetic analysis suggested that 

both the AKT1 and GSK3β genes were very likely to contribute to the aetiology of 

schizophrenia (Emamian et al., 2004; Norton et al., 2007). Moreover, AKT1 can 

inhibit GSK3β as part of the insulin signalling pathway and consequently up-regulate 

the glycogen synthase activity (Ali et al., 2001). Abnormalities of the AKT1-GSK3β 

signal pathway are very likely to be involved in both T2D and schizophrenia (Zhao et 

al., 2006). 

 

This study is to replicate the initial findings of the AKT1 association with 

schizophrenia in the British samples and then to explore if the AKT1 gene was 

involved in the development of antipsychotics-induced metabolic problems that are a 

risk factor for T2D.  
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1.8.2. Functional Study 

 

This study was performed to test the second hypothesis, i.e. effects of clozapine on 

expression of the genes associated with obesity and T2D.  The U937 cell lines were 

used to analyse gene expression in this study. The genes tested mainly included 

those identified by the GWAS of obesity (Table 1.5) and T2D (Table 1.7). 

 

1.8.2.1. Effects of clozapine on expression of the genes associated with 

T2D and obesity 

Metabolic disorders, such as obesity, hyperlipidaemia and T2D, are the major side 

effect caused by atypical antipsychotic drugs (Nasrallah, 2008; Holt and Peveler, 

2009). It is well known that obesity is the major risk factor for T2D, and it is therefore 

important to test the effect of clozapine, an atypical antipsychotic drug commonly 

used for treatment of schizophrenia, on expression of the genes  for obesity and T2D, 

which were identified by GWA studies (Zeggini et al., 2008; Willer et al., 2009). There 

are more than 20 genes identified to confer a genetic risk of obesity and T2D (Tables 

1.5 and 1.7). Most of these genes were analysed in clozapine-treated cells. Because 

inflammatory cytokines are involved in the development of obesity and insulin 

resistance, expression of some genes coding for inflammatory cytokines were also 

tested. 
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Outline of research plan 

1.9. Outline of the research plan 
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Figure 1.12: An overview of the research design of the PhD project. 
Two kinds of studies were performed: the genetic association study and the gene functional study 
(in blue);  a brief description of the subjects and the methology used has been described under 
each study type (in green); the candidate genes selected for the genetic association study have 
been mentioned in the centre of the diagram (in red); the genes studied for the gene functional 
study are the ones tested for gene association study plus the genes associated with T2D and 

obesity by recent GWA study (in red, right).   
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Table 1.3. Schizophrenia susceptibility genes  identified through candidate gene studies  

Gene Chr. 
location Functions1 References 

Dopamine receptor gene 
(DRD3) 11p15.5 

 Helps to bind to dopamine secreted by presynaptic nerve cells 
thereby triggers changes in the metabolic activity of the 
postsynaptic nerve cells 

Jönsson et al., 2003 

5-HT gene (HTR2A) 13q14-q21 
 Functions as a neurotransmitter, a hormone and a mitogen. 
 Also involved in cardiovascular function and muscle 

contraction 
Abdolmaleky et al., 2004 

Dysbindin (DTNBP1) 6p22.3 

 Plays a role in synaptic vesicle trafficking and in 
neurotransmitter release. May be required for normal 
dopamine homeostasis in the cerebral cortex, hippocampus, 
and hypothalamus.  

 Contributes to the regulation of dopamine signalling 

Straub et al., 2002; Morris et al., 2003; 
Schwab et al., 2003; Funke et al., 2004; 
Kirov et al., 2005; Numakawa et al., 
2004; Williams et al., 2004 

Neuregulin 1 (NRG1) 8p21-p12 

 The protein interacts with the NEU/ERBB2 receptor tyrosine 
kinase to increase its phosphorylation on tyrosine residues. 
This protein is a signalling protein that mediates cell-cell 
interactions and plays critical roles in the growth and 
development of multiple organ systems. 

Stefansson et al., 2002; Stefansson et 
al., 2003; Williams et al., 2003; Corvin 
et al., 2004; Tang et al., 2004; Wang et 
al., 2004; Zhao et al., 2004 

Disrupted in schizophrenia 
1 (DISC1) 1q42 

 Involved in the regulation of multiple aspects of embryonic & 
adult neurogenesis.  

 Required for neural progenitor proliferation in the 
ventrical/subventrical zone during embryonic brain 
development and in the adult dentate gyrus of the 
hippocampus. 

Millar et al., 2000; Hennah et al., 2003; 
Hodgkinson et al., 2004; Thomson et 
al., 2005 
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Damino-acid oxidase 
(DAO) 12q24 

 Regulates the level of the neuromodulator D-serine in the 
brain. 

 Has high activity towards D-DOPA and contributes to dopamine 
synthesis. 

 
Chumakov et al., 2002, Addington et 
al., 2004, Hall et al., 2004, Schumacher 
et al., 2004, Wang et al., 2004; Bass et 
al., 2009 

D-amino-acid oxidase 
activator (DAOA, formerly 
known as G72) 

3q34 

 The gene encodes a protein that is an activator of the FAD-
dependent enzyme D-amino acid oxidase, which degrades the 
gliotransmitter D-serine, a potent activator of N-methyl-D-
aspartate (NMDA) type glutamate receptors. 

G protein signalling 4 
(RGS4) 1q23.3 

 Regulatory molecules that act as GTPase activating proteins 
 (GAPs) for G alpha subunits of heterotrimeric G proteins.  They 

drive G- proteins into their inactive GDP-bound forms. 
Chowdari et al., 2002 

Catechol-O-
methyltransferase (COMT) 22q11.21  Major enzyme in the brain that metabolizing dopamine & 

norepinephrine Tsai et al., 2004 

V-akt murine thymoma 
viral oncogene homolog 1 
(AKT1) 

14q32.32-
q32.33 

 Plays a role in regulating cell survival, insulin signalling, 
angiogenesis and tumor formation.  

 Also promotes glycogen synthesis by mediating the insulin-
induced activation of glycogen synthase. 

Bajestan, 2006; Emamian, 2004; Ikeda, 
2006; Norton, 2007; Pinheiro, 2007; 
Sanders, 2008; Schwab, 2005; 
Thiselton, 2008; Turunen, 2007 

Glutamate receptor, 
metabotropic 3 
(GRM3) 

7q21.1-
q21.2 

 Receptor for glutamate. The activity of this receptor is 
mediated by a G-protein that inhibits adenylate cyclase activity Egan, 2004; Jönsson, 2009  
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Reelin (RELN) 7q22 

 Extracellular matrix serine protease that plays a role in layering 
of neurons in the cerebral cortex and cerebellum. 

 Regulates microtubule function in neurons and neuronal 
migration. Affects migration of sympathetic pre-ganglionic 
neurons in the spinal cord, where it seems to act as a barrier to 
neuronal migration. 

Wedenoja, 2008 

V-erb-a erythroblastic 
leukemia viral oncogene 
homolog 4 (ERBB4) 

2q34 

 The protein binds to and is activated by neuregulins (NRG-2, 
NRG-3) and other factors that induce a variety of cellular 
responses including mitogenesis and differentiation.   

 Mutations in this gene have been associated with cancer. 

Silberberg, 2006 

1Functions of the genes are taken from www.genecards.org 

http://www.genecards.org/
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Table 1.4.  The genes identified for their association with schizophrenia  by GWA studies 

Gene Full name Chr. Location Variant p-value Ref. 

CCDC60 Coiled-coil domain containing 60 12q24.23 rs11064768 3.3 x 10-7 
G. Kirov et al 2009 

CLIC5 Chloride intracellular channel 5 6p12.3 rs16874040 4.8 x 10-10 

ZNF804A Zinc finger protein 804A 2q32.1 rs1344706 1.61 x 10-7 O. Donovan et al. 
2008 

HIST1H2BJ Histone cluster 1, H2bj 6p22.1 rs6913660 1.1 x 10-9 

K. Stefansson et al. 
2009 
 

PRSS16 Protease, serine, 16 (thymus) 6p21 rs13219354 
rs6932590 

1.3 x 10-10 

1.4 x 10-12 

PGBD1 PiggyBac transposable element derived 1 6p22.1 rs13211507 8.3 x 10-11 

NOTCH4 Notch homolog 4  6p21.3 rs3131296 2.3 x 10-10 

NRGN Neurogranin 11q24 rs12807809 2.4 x 10-9 

TCF4 Transcription factor 4 18q21.1 rs9960767 4.1 x 10-9 

CSF2RA Colony stimulating factor 2 receptor, alpha, low-
affinity 

Xp22.32  & 
Yp11.3 rs4129148  3.7X10-7 Shifman et al., 2008 
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Table 1.5.  The genes identified for their association with obesity and BMI  by GWA studies1 

Gene Full name Chr. 
Location Variant p-value Gene function2 Ref. 

FTO Fat-mass- and obesity 
associated gene 16q12.2 rs9939609 

rs9930506 
2x10-20 

8.6 ×10-7 

 Alters BMI in general population. 
 Highly expressed in the hypothalamus, 

involved in regulation of energy balance 
(food intake) 

Frayling et al., 
2007 
Scuter et al., 
2007 

MC4R Melanocortin 4 receptor 18q22 rs17782313 1.5X10-8  Regulator of food intake and energy 
homeostasis Loos et al., 2008 

NEGRI Neuronal growth  
regulator 1 1p31.1 rs2815752 9.3X10-6  Neuronal outgrowth 

Willer et al., 
2009 ; 
Thorleifsson et 
al., 2009 

TMEM18 Transmembrane protein 18 2p25.3 rs6548238 
rs2867125 

1.2X10-6 

1.7X10-16  Neural development 

Willer et al., 
2009 ; 
Thorleifsson et 
al., 2009 
 

GNPDA2 Glucosamine-6-phosphate 
deaminase 2 4p13 rs10938397 1.0X10-5  Unknown function, expressed in the 

hypothalamus 
Willer et al., 
2009 

MTCH2 
Mitochondrial carrier 
homologue 
2 (Caenorhabditis elegans) 

11p11.2 rs10838738 7.1 × 10-6  Promotes food intake Willer et al., 
2009 
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SH2B1 SH2B adaptor protein 1 16p11.2 rs7498665 5.4X10-6  Implicated in leptin signaling Willer et al., 
2009 

KCTD15 
Potassium channel 
tetramerisation domain 
containing 15 

19q13.11 rs11084753 2.6X10-7  Unknown function, expressed in the 
hypothalamus 

Willer et al., 
2009 ; 
Thorleifsson et 
al., 2009 

SEC16B SEC16 homologue B 1q25.2 rs10913469 6.2X10-8  Unknown function Thorleifsson et 
al., 2009 

BDNF Brain-derived neurotrophic 
factor 11p13 rs4074134 4.4X10-11 

 Involved in eating behaviour, body 
weight regulation and hyperactivity.  
Expressed in the hypothalamus 

Thorleifsson et 
al., 2009 

ATP2A1 ATPase, Ca2+ transporting, 
cardiac muscle, fast twitch 1 16p11.2 rs8049439 1.4X10-9  Involved in muscular contraction and 

excitation 
Thorleifsson et 
al., 2009 

ETV5 Ets variant gene 5 3q27 rs7647305 7.2X10-11  A transcription factor Lindgren et al., 
2009 

BCDIN3D / 
FAIM2 

BCDIN3-domain-containing/ 
FAS apoptotic inhibitory 
molecule 2 

12q13 rs7138803 1.2 × 10-7  Involved in apoptosis Thorleifsson et 
al., 2009 
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LYPLAL1 Lysophospholipase-like 1 1q41 rs2605100 1.9X10-4  Unknown function Lindgren et al., 
2009 

TFAP2B Transcription factor AP-2 b 6p12 rs987237 7.2X10-12 

 Function as transcriptional activator and 
repressor 

 Stimulates cell proliferation during 
embryonic development 

Lindgren et al., 
2009 

MSRA Methionine sulfoxide 
reductase A 8p23.1 rs7826222 2.2X10-3  Possibly play an important role in aging 

and neurological disorders 
Lindgren et al., 
2009 

PTER Phosphotriesterase related 10p12 rs10508503 6.1X10-1  Highly expressed in the hypothalamus, 
have a role in apoptosis 

Meyre et al., 
2009 

MAF 
v-Maf musculoaponeurotic 
fibrosarcoma oncogene 
homologue 

16q22–
q23 rs1424233 1.3X10-1 

 Involved in developmental and cellular 
differentiation processes, notably of the 
immune system, pancreas and  adipose 
tissue 

Meyre et al., 
2009 

NPC1 Niemann–Pick disease, type 
C1 

18q11-
q12 rs1805081 3.4X10-2 

 Highly expressed in the hypothalamus, 
involved in lipid transport in the central 
nervous system, liver and macrophages 

Meyre et al., 
2009 

NRXN3 Neurexin 3 14q31 rs10146997 7.4X10-6  May be involved in cell recognition 
molecules in the nerve terminal 

Heard et al., 
2009 

1 These genes were identified by GWA studies, and the table was modified based on the information published by Vimaleswaran and Loos (2010) 
2  Functions of the genes are cited  from NCBI & GeneAtlas 



Aditi Mathur        Page 53 of 83 

 



Aditi Mathur        Page 59 of 83 

Table 1.7. The genes identified for their association with T2D by GWA studies 

Gene1 Full name Chr. location Variant p-value Possible role in 
T2D2 Ref. 

TCF7L2 Transcription factor 7-like 2 10q25.3 rs7903146 1.0X10-4 

 Reduce insulin-
secretory capacity 
through beta cell 
function  or dysfunction 
to increase 

ibili    

Florez et al., 2007 
Sanghera et al., 2008 

PPARG Peroxisome proliferator-
activated receptor gamma 3p25 rs1801282 1.19X10-7 

 Impaired insulin 
sensitivity  

 Involved in adipocyte 
development 

Ludovico et al., 2007 

KCNJ11 Potassium inwardly-rectifying 
channel, subfamily J, member 11 11p15.1 rs5215 1X10-6 

 Regulator of glucose-
induced insulin 
secretion in pancreatic 
beta cells 

Sanghera et al., 2008 

ADAMTS9 ADAM metallopeptidase with 
thrombospondin type 1 motif 9 3p14 rs4607103 1.2X10-8 

 Encodes a protease 
responsible for cleaving 
of proteoglycans 

Zeggini et al., 2008 

CDKALI CDK5 regulatory subunit-
associated protein1-like1 6p22 rs10946398 4.1X10-11  Glucotoxicity signaling 

in pancreatic  β-cell   Frayling et al., 2007 



Aditi Mathur        Page 60 of 83 

CDC123/ 
CAMK1D 

Cell division cycle 123 
homologue (Saccharomyces 
cerevisiae)/ Calcium/calmodulin-
dependent protein kinase 1D 

10p23 rs12779790 1.2X10-10 

 Might be  involved 
through a T2D 
pathogenetic 
mechanism with cell 
cycle dysregulation 

Zeggini et al., 2008 

CDKN2A/2B Cyclin-dependent kinase 
inhibitor 2A/2B 9p21 rs10811661 8.8X10-15  Regeneration of 

pancreatic  β-cell Frayling et al., 2007 

FTO Fat mass and obesity associated 16q12 rs8050136 5X10-8  Altered BMI, Obesity Zeggini et al., 2008 

HHEX/IDE Haematopoietically expressed 
homeobox 10q23 rs1111875/ 

rs1111875 5.7X10-10 

 Pancreatic 
development 

 Insulin signaling & Islet 
function 

Frayling et al., 2007 

IGF2BP2 Insulin like growth factor 2 
mRNA binding protein 2 3p27 rs4402960 8.9X10-16  Pancreatic 

development Frayling et al., 2007 

JAZF1 Juxtaposed with another zinc 
finger gene 1 7p15 rs864745 5.0X10-14  Peri- and postnatal 

hypoglycemia Zeggini et al., 2008 

KCNQ1 
Potassium voltage-gated 
channel, KQT-like subfamily, 
member 1 

11p15 rs2237892 6.7X10-13  β-cell dysfunction Yasuda et al., 2008 

MTNR1B Melatonin receptor 1B 11q21 rs10830963 2.2 x 10-50  β-cell dysfunction Prokopenko et al., 2009 
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NOTCH2 Notch homologue  (Drosophila) 1p13 rs10923931 4.1X10−8  Pancreatic 
development Zeggini et al., 2008 

SLC30A8 Solute carrier family 30 (zinc 
transporter), member 8 8p24 rs13266634 5.3X10-8  Effect insulin storage, 

stability and secretion Frayling et al., 2007 

THADA Thyroid adenoma associated 2p21 rs7578597 1.1X10-9  β-cell apoptosis Zeggini et al., 2008 

WFS1 Wolfram syndrome 1 4p16.1 rs10010131 4.5X10-5 

 Involved in the 
regulation of 
membrane trafficking, 
protein processing and 
homeostasis in the 

 endoplasmic reticulum 
of pancreatic  β-cell 

Sandhu et al., 2007 

TSPAN8/LGR5 Tetraspanin 8 12q14 rs7961581 1.1X10-9 

 Encodes a glycoprotein 
expressed on the cell 
surface of pancreatic 
carcinomas 

Zeggini et al., 2008 

1 These risk genes were identified by GWA studies.  
2 Function of the genes cited from the information published by Pattin and Moore (2010) 
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2.1. Subjects 

A total of 221 British family samples, consisting of 148 fathers, 204 mothers and 222 

offspring affected with schizophrenia, were analysed in the association study, in 

which 131 trios and 90 duos were included. These family samples were collected for 

biochemical, immunological and genetic research into schizophrenia through the 

Schizophrenia Association of Great Britain, Bangor, UK, in the period between 1990 

and 2005. All family members studied were of European Caucasian descent, 

including English, Welsh, Irish and Scottish individuals. Except for a single family with 

2 affected offspring, each family had 1 offspring with schizophrenia. Of these 222 

patients, 159 were male and 63 were female; their mean age was 30.5±7.9 years. All 

the patients met the inclusion criteria for the study, which stipulated a diagnosis of 

schizophrenia by their treating psychiatrists, with confirmation of diagnosis by a 

clinical interview according to either DSM-III-R or DSM-IV criteria. All subjects gave 

written informed consent to donation of a blood sample for genetic analysis. This 

study was approved by the local research ethics committee and conforms to the 

requirements of the Declaration of Helsinki. 

 

2.2. Materials 

2.2.1. Equipments 

 Thermocycler model ABI2700 (Applied Biosystems) 

 PCR reaction tubes (0.2 ml) (Thermo Scientific) 

 Low speed and low temperature centrifuge (SIGMA) 

 Eppendorf® Centrifuge (Spectrafuge) 

 Agarose gel electrophoresis system (GE Healthcare) 

 Water bath (Fisher Scientific) 
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 Gel Documentation 2000 system (Bio-Rad) 

 Spectrophotometer ND-1000 (Nanodrop)  

 Quantica Real-time PCR system (Techne) 

 Plate centrifuge (Jouan or DJB Labcare) 

 Laminar air-flow hood (Fisher Scientific) 

 Phase-contrast microscope (Fisher Scientific) 

 Autoclaves (Fisher Scientific) 

 CO2 incubators (Fisher Scientific) 

 Haemocytometer (Fisher Scientific) 

 Low temperature Eppendorf® centrifuge (Sigma-Aldrich) 

 Low speed centrifuge (Heraeus Electro-Nite) 

 Ice machine (Labcold) 

 Adjustable pipettes sized from 1µl to 5000µl (Fisher Scientific) 

 

2.2.2. Consumables 

 Sealing film (Applied Biosystem) 

 Low skirt 96-well plates (Applied Biosystem) 

 Micropipettes and tips (Fisher Scientific) 

 Sterilized pipettes sized from 0.5-50 ml (Fisher Scientific) 

 Sterilized T-flasks sized from 25-100 ml (Fisher Scientific) 

 Sterilized tips sized from 10µl -1000µl (Fisher Scientific) 

 Sterilized centrifuge tubes sized from 10-50 ml (Fisher Scientific) 

 5ml syringe and filters (Whatman) 

 1.5-2.0ml Eppendorf® tubes (Thermo Scientific, Fisher Scientific) 

 10 ml centrifuge tubes (Fisher Scientific) 
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2.2.3. Reagents 

 DyNAzyme II Hot Start DNA polymerase (Finnzymes) 

 dNTPs (Sigma-Aldrich) 

 100 X TE buffer (Sigma-Aldrich) 

 InstaGene Whole Blood Kit (Bio-Rad) 

 Tris-Borate EDTA (TBE) buffer (Sigma-Aldrich)  

 Agarose powder (Sigma-Aldrich)  

 Ethidium bromide solution of 10 mg/ml (Bio-Rad)  

 Restriction endonucleases (New England BioLabs)  

 DNA ladder (New England BioLabs) 

 TaqMan genotyping master mix (Applied Biosystems) 

 Customized primers and probe (Applied Biosystems) 

 RPMI 1640 with 2mM glutamine (PAA) 

 Foetal bovine serum (Fisher Scientific) 

 Penicillin + Streptomycin antibiotics (Fisher Scientific) 

 0.4% trypan blue solution (Invitrogen) 

 Clozapine (Sigma-aldrich) 

 Dimethyl sulphoxide (Sigma-Aldrich) 

 75% alcohol spray (Fisher Scientific) 

 IllustraTMT Quickprep Micro mRNA Purification Kit (GE Healthcare) 

 Diethylpyrocarbonate (DEPC) (Sigma-Aldrich)  

 High-Capacity cDNA Reverse Transcription Kits, 200 reactions (Applied 

Biosystems) 

 SYBR green (Applied Biosystems) 

 Primers (10 mM) for house keeping genes (Tebu-Bio) 
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2.3. Extraction of genomic DNA for genetic analysis 

The InstaGene Whole Blood kit for DNA extraction was used to purify genomic DNA 

from whole blood samples as a template for genotyping work in the association study. 

The yield of template DNA should be around 1-2µg from 50µl of whole blood, as 

stated by the manufacturer. This kit contains two components, lysis buffer (200 ml) 

and InstaGene Matrix (20 ml). The DNA extraction was then performed with the 

protocol recommended by the manufacturer. A brief description of the procedure is 

summarized below. 

 

Step 1: RBC lysis 

In a 1.5ml Eppendorf® tube, 50µl of whole blood was mixed well with 1ml of lysis 

buffer by inverting the tube several times. The tube was left at room temperature for 

8 minutes with occasional mixing prior to centrifugation at 10,000 rpm for 1 minute. 

Most of the supernatant was discarded, leaving just 5-10µl, so that the pink-coloured 

pellet at the bottom of the tube was not disturbed. 

Step 2: Wash 

To wash the DNA sample, 0.5ml of lysis buffer was added to the pellet and vortexed 

at a high speed for 10 seconds. The vortexed sample was then centrifuged at 10,000 

rpm for a minute. A white coloured pellet should be visible at the bottom of the 

Eppendorf® tube. As much of the supernatant as possible was aspirated, with a 

special care not to touch the pellet. The process was repeated at least one more time 

in order to ensure effective washing of the pellet. 

Step 3: InstaGene step 

The InstaGene matrix was placed on a magnetic stir plate and stirred at the 

moderate speed for 30 seconds. When a uniform suspension was seen in the 
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solution, 200µl of InstaGene matrix from the bottle was added to the tube containing 

the pellet. The tube was then incubated at 70°C for 8 minutes. The solution was 

vortexed for 10 seconds and then incubated at 95°C for 4 minutes. The tube was 

vortexed again at a high speed for 10 seconds and centrifuged at 16,000 rpm for 1 

minute. After this, the DNA-containing supernatant was transferred carefully (without 

pipitting the InstaGene matrix) into a fresh Eppendorf® tube for polymerase chain 

reaction (PCR) experiments.  

 

2.4. Genotyping of SNPs for genetic analysis 

2.4.1. Principle of PCR  

PCR is a molecular biology technique which was developed by Kary Mullis in 1980s. 

Through this powerful method, a small copy of a given DNA segment can be 

amplified into millions of copies within a few hours. PCR amplification generally 

comprises three steps: (1) denaturation of double-stranded DNA at a very high 

temperature (usually 94oC-96oC), (2) annealing of sequence-specific primers to a 

target DNA segment at relative lower temperature (usually 55oC-62oC) and (3) 

synthesis of the new DNA strands with catalysis of Taq DNA polymerase. The 

materials required for PCR amplification include DNA templates, a pair of short DNA 

oligonucleotide primers (a complimentary short sequence of single-stranded DNA 

that initiates amplification of the DNA fragment), a pool of the four deoxynucleoside 

triphosphates (dNTPs) and Taq DNA polymerase. 

 

2.4.2. PCR primers 

In this study, programs such as Primer3 (http://frodo.wi.mit.edu/primer3) or Web 

Primer (http://www.yeastgenome.org/cgi-bin/web-primer) were used to design the 

http://www.yeastgenome.org/cgi-bin/web-primer
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primers for PCR amplification. The DNA sequence containing a SNP of interest was 

retrieved from the NCBI SNP database (http://www.ncbi.nlm.nih.gov/SNP). The 

specificity of primers was tested using the BLAST tool against the human genomic 

DNA database (http://www.ensembl.org/Multi/blastview). All the PCR primers 

designed in this study were synthesized by Sigma-Genosys (Cambridge, UK). The 

synthesized primers were delivered in a lyophilized form and completely dissolved in 

1mM TE buffer to obtain 100µM as a stock concentration. To avoid damaging 

primers by freezing-thawing over and again, they were aliquoted prior to storage at -

20oC. 

 

2.4.3. PCR amplification 

The details of a 15µl PCR reaction system are shown in Table 2.1 

 

 

 

 

 

 

Table 2.1. Detailed information of the PCR reaction system in a 15μl reaction volume 

Component Final volume Final concentration 

Water 9.95µl   

10 X reaction buffer 1.5μl 1.0 X 

dNTPs (2.5 mM each) 1.2μl 0.2mM 

Primer mix (50 μM) 0.15μl 0.5μM 

DyNAzyme II (2U/μl) 0.2μl 0.4 U 

DNA 2.0μl 5-20ng 

Total per reaction 15μl  

http://www.ncbi.nlm.nih.gov/SNP
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The conditions used for PCR amplification of a target DNA sequence in our study are 

given in Table 2.2. 

 

 

 

2.4.4. Restriction Fragment Length Polymorphism (RFLP)  

Restriction endonucleases (REs) are the enzymes that can cut the double-stranded 

DNA molecules at a specific site such as a palindromic DNA sequence. These 

specific sequences are known as restriction fragments, and also called polymorphic 

DNA fragments.  Normally, the restriction fragments of DNA have two forms or alleles 

in the population, and can be typed using a specific RE. For example, the allele with 

a restriction site can be cut when the PCR products are treated with the RE but the 

other one without such a restriction site remains uncut. This method is called 

restriction fragment length polymorphism (RFLP) analysis. Figure 2.1 is a schematic 

diagram illustrating the RFLP analysis.   

 

 

 

 

Table 2.2. The conditions used for PCR amplification with ABI model 2700 Thermocycler 

Stage Temperature Time Cycles 

Initial denaturation 94°C 10 mins. 1 

Denaturation 94°C 30 sec. 
35-40 Annealing 56-60°C 30 sec. 

Extension 72°C 45-60 sec. 

Final extension 72°C 5 mins. 1 

Cool down 20°C Hold  



 

Aditi Mathur                Page 91 of 117         

Genetic association between 
schizophrenia and type-2 diabetes 

Chapter2. 
Methods & Materials 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.4.1. REs used in this study 

REs used in our study were selected based on the target DNA sequence to be 

amplified. They were purchased from a UK-based company, and their activity was 

described in units (U), where 1 unit is defined as the amount of enzyme required to 

produce complete digestion of 1µg of substrate DNA in a total reaction volume of 

50µl for 1 hour under optimal assay conditions. Normally, 7 units of RE were 

sufficient for complete digestion of the 15µl PCR products by incubation at an optimal 

temperature for 3 hours. The volume of each RE to be added was calculated using 

the following formula shown in the box. 

 

 

 

 

A A T T 
T T A A 

A G C T 
T C G A 

W X Y 

G A T T 
C T A A 

A G C T 
T C G A 

Z Y 

Polymorphism 

cut cut 

cut 

X W Y 

Z Y 

+ 

+ 

- 

- 

Allele 1 
Allele 2 

(a) DNA strand (b) Electrophoresis 

Restriction Fragment Length 
Polymorphism (RFLP) 

Figure 2.1.  Schematic diagram illustrates the RFLP methodology. RE cuts a particular DNA 

sequence with a RFLP site (a); the digested DNA fragments are analysed by agarose gel 

electrophoresis (b) and the bands shown on the gel represent the number and size of DNA 

fragments. The fragment sizes may differ between individuals tested. 

Formula used =          0.7 X 10,000 

                  Conc. of RE (U/ml) 
 

http://biotech.about.com/od/protocols/ht/DNAgel.htm
http://biotech.about.com/od/protocols/ht/DNAgel.htm
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2.4.4.2. Agarose gel electrophoresis  

Agarose gel electrophoresis was used to separate the digested PCR products based 

on their DNA fragment size, whereby DNA fragment migration towards the cathode is 

visualised in ethidium bromide-stained agarose gels. Gel-loading buffers were added 

to help loading the DNA sample on the gel, as these buffers contain glycerol or 

sucrose to increase the density of the sample and a dye (e.g. bromophenol blue) to 

colour the sample. Migration rate of the DNA samples on the gel depends upon the 

molecular size of the DNA fragments and conformation of the DNA (superhelical, 

circular, linear), gel concentration, applied voltage and electrophoresis buffer. 

 

In order to make a 3% agarose gel, 750 mg of agarose powder was dissolved in 

25ml of 1X Tris Borate EDTA (TBE) buffer (mixture of 1.8M Tris +1.8M Boric acid + 

0.05M EDTA, pH 8.3). This mixture was heated to boiling point in a microwave, with 

occasional gentle swirling, and then left to cool before 3µl of 10mg/ml ethidium 

bromide solution was added and mixed thoroughly. The mixture was then poured on 

the casting tray with a comb. After the gel became solidified, the comb was removed 

carefully and the gel was soaked in the electrophoresis tank filled with 1X TBE buffer. 

After 1.5µl loading buffer was added to each sample, 10-15µl samples were loaded 

into the wells for electrophoresis. To adjudge the size of digested PCR products, a 

DNA ladder ranging from 50 bp to 766 bp was loaded into a well. Electrophoresis 

was then performed at 80 volts for 20-40 minutes, which depends on the migration 

and clarity of DNA visualized on the agarose gel. 
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2.4.4.3. Genotype calling 

The agarose gel was visualized using a UV transilluminator (Gel Documentation 

2000 system) to examine the genotype of electrophoresed samples. Figure 2.2a is a 

photograph used as an example to show a completed gel electrophoresis run in one 

of the genotyping experiments. The PCR marker was run in well 1 to estimate the 

size of the digested fragments and a negative control in well 2 to check any dimers 

formed or contamination in the experiment. Because there is no fragment visible in 

the negative control, there was no contamination with our samples; wells 3 to 12 

indicate the presence of the PCR products.  

 

Figure 2.2b gives an example illustrating how a target DNA sequence was genotyped 

with RFLP analysis in our study. Individuals showing 3 bands are heterozygous with 

allele A of 153 bp and allele G of 118bp+35bp (not very clear), respectively. 

Individuals with the homozygous genotype of either A/A or G/G have a brighter band 

than those with the heterozygous genotype. The DNA fragment sizes were estimated 

against the DNA ladder run in well 1.  
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Size of the primer (F): 23 bp  Size of the primer (R): 35 bp 
Size of the amplicon: 153 bp  RsaI restriction site:      GTAC 
 
 
 
 

Figure 2.2b. An example of PCR-based  RFLP genotyping  analysis  

The sequence highlighted in yellow is the amplicom containing a SNP genotyped.  

Primer sequences (F & R) are in blue colour.  

Example for RFLP genotyping analysis 
 
1   ATGTGTGTTT AAACTCTGAG TGACCCCAGG CAGCCTTCCA GACTGGCACA GTTCACCAAG 
61  ACGTTCAGAC AGATCATCTG CAAGTGAGGA AGAATGAAAA CCCAGCACTG GTTCAAATCA 
121 CTCCTAGCAG AGGTAGTGAA GGCATCACTC AGTCCTGGAG AAATCTTCGG AGGGCTCACC 
181 AGCGTCACAA GTAGGTAGAC CAGAAGAGGC AGGCTGGCCC ATTGCAAAGC CCTGGAATCA 
241 GAGGGACAGG AGTTCCAAAT CCCCACTCTC TCTCTTCCTA GATGTGTGCT TGCGGCAATT 
301 ATTTATCTCT CTGAGCCTTA ATTTCCTTAT CAGGACCCTG AGCAAACCAA ATAACATGAT 
361 GTGAAGCCTC TGGCACAATG CCTGGGACAT GTTCAGCACA CA 

    R 

1   TAAATGCTAA TTTTCCCTTT TGCCCTATAT GATATGATTT GAAGCAGCGC CACTCAATCC 
61  TGCCAGTCAC ATTGCTGGAA ATGCCACCAA CAGTCATTCT TAAGATCGCT TATTACAATA 

121 TAAATACCCC TAGGGGATAT CAGCTAATCG CTTTATCAAC TATCGCTTTA AGGGGATTAG 
     

 

 

50bp 

150bp 

300bp 
500bp 

 1        2         3          4          5         6         7         8        9         10       11       12   Wells: 

A/G A/G A/A A/G G/G A/G A/G A/G A/A A/G 

766bp 

Figure 2.2a. Original photograph of an agarose gel under UV transilluminator. 

 The PCR products were digested with Rsa I restriction enzyme for this SNP.  The RFLP 

allele: 118bp + 35bp (G) and the non-RFLP allele: 153bp (A) 

 

Samples ID 
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2.4.5. TaqMan genotyping method 

The TaqMan genotyping assay is based on the principle of allele-specific 

oligonucleotide hybridization. In this method, two complimentary probes for the major 

allele (wild-type allele) and the minor allele (mutated allele) are designed. These 

probes are linked with different fluorescent reporter dyes at their 5’ ends and a non-

fluorescent quencher at their 3’ ends. For example, VIC (chemical name not 

released), a fluorescent dye with the wavelength of 530 nm (excitation) - 560 nm 

(emission) is linked to the 5’ end of a probe, while another fluorescent dye, FAM (6-

carboxyfluorescein), with the wavelength of 485 nm (excitation) - 520 nm (emission) 

is attached to the 5’-end of the other probe. Because the Taq DNA polymerase has 

5’-nuclease activity, probe-labelling fluorescent reporter dyes will be released from 

the probes during DNA synthesis. Therefore, the use of a quencher in PCR 

amplification allows generation of signals by the fluorescent reporter dyes and the 

fluorescent signal from free fluorescent dyes can be easily measured as compared 

with that from those linked to the quencher-based probes. The components needed 

for the TaqMan genotyping assay include: (1) two primers (reverse & forward) for 

amplifying the polymorphic sequence of interest, (2) two TaqMan probes for 

discrimination between the two types of alleles and (3) TaqMan genotyping 

Mastermix consisting of AmpliTaq Gold DNA polymerase, dNTPs and an internal 

reference dye known as ROX that was used for correction of the signal fluctuations 

from well to well during the experimental data analysis. Since the ROX dye does not 

participate in the PCR reaction, it is also called a passive reference dye. 

 

In the process of PCR amplification, the specific target DNA sequence is bound 

specifically by the forward and reverse primers.  The two TaqMan probes linked with 
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the fluorescent reporter dyes (VIC and FAM) hybridize to a specific target sequences 

present within the PCR products. The role of the AmpliTaq Gold DNA polymerase is 

to cleave only the probes that are hybridized to the target sequences with its 5’-

nuclease activity. The reporter dye and quencher dye are then separated upon 

cleavage (Figure 2.3). It is very important for both the primers and the probes to 

hybridize to their targets for amplification and cleavage. The fluorescence signals are 

generated only if the target sequences for the probes are amplified during PCR 

thermal cycling. Thus, the fluorescence signal generated by PCR amplification 

indicates which alleles are present in the sample. If there is a substantial increase in 

the VIC-dye fluorescence only, then it indicates the homozygous genotype for allele 1; 

if there is an increase in the FAM-dye fluorescence only, then the indication is 

towards the homozygous genotype for allele 2. The presence of both VIC and FAM 

fluorescent signals indicate the existence of both alleles 1 and 2, i.e. the 

heterozygous genotype. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
 
 
 

Figure 2.3.  

Schematic illustration of the TaqMan 

probe chemistry mechanism. 

(Diagram taken from Wikipedia website) 
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Negative control 

Homozygous for allele 1 

Homozygous for allele 2 

Heterozygous for  
alleles 1 & 2 

Figure 2.4a. Snapshop of the result of TaqMan genotyping 

experiment. Genotype calling was manually performed based on 
the distribution of three clusters (blue, yellow, red) resulting from 

plotting the amplification of allele 1 (red) versus allele 2 (blue). 
Negative control (black) was run with each experiment to check for 

any false-positive result.   

Figure 2.4b. Snapshot of the result of TaqMan genotyping 
experiment showing unclear genotypes. The three closely packed 

clusters (blue, yellow, red) with a negative control (black) are 
clearly visible but a few samples (circled in pink) were repeated 

due to uncertainty of their genotypes.   
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2.4.6. Preparation of 96-well plate for TaqMan genotyping 

A master mix was prepared with (1) TaqMan genotyping master mix, (2) TaqMan 

assay reagents including customised probes and primers for a specific SNP, and (3) 

DNAse free water. The TaqMan Genotyping Mastermix and TaqMan assay reagents 

were ordered from Applied Biosystems.  The volume and concentration of each 

component in TaqMan master mix are detailed in Table 2.3. A 16µl reaction volume 

contained 14µl of this master mix and 2µl of genomic DNA samples, which were 

added to a 96-well plate. The 96-well plate was then sealed properly with a film using 

the heat plate sealer and was then centrifuged at 2000 rpm for 2-3 minutes for proper 

mixing. This 96-well plate was loaded on to the heater block in the Quantica real-time 

PCR system for amplification. 

 

 
 
 
2.4.7. PCR conditions used 

The condition used for real-time PCR analysis is given in Table 2.4. The genotype 

calling was performed manually based on the distribution of three clusters that result 

from plotting the amplification of allele 1 versus allele 2 using the florescent colours 

of FAM and VIC dyes, respectively. 

 

 

Table 2.3. The real-time PCR-based TaqMan genotyping system 

Component Final volume Final concentration 

Water 5.6 μl 
 Assay (primers + probe) 0.4 μl  

Genotyping mastermix 8.0 μl 

DNA 2.0 μl 5-20ng 

Total per reaction 16 μl   
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2.5. Cell culture 

To study the effects of clozapine on expression of the genes of interest, U937 cells 

were grown and treated with clozapine. This cell line was established from a human 

diffuse histiocytic lymphoma and displays many monocytic characteristics, including 

expression of many genes for inflammatory cytokines and those for obesity and T2D. 

 

2.5.1. Growth of U937 cell lines 

U937 cell line was purchased from the European Collection of Cell Culture (Porton 

Down, UK). The cells were transferred to a fresh flask when they arrived and were 

incubated at 37°C with 5% CO2. The number of cells was counted after incubation for 

24 hours. 

 

2.5.2. Counting of the cells 

To check the number of cells, 80µl of cell suspensions were stained 

with 20µl of 0.4% trypan blue in an Eppendorf® tube. After standing 

for 2-3 minutes, 10µl of the stained cells were loaded onto a 

haemocytometer and the number of cells in the corner squares (A, B, C and D from 

the picture) were counted using a phase-contrast microscope. The number of cells 

Table 2.4. The conditions used for real-time PCR amplification 

Stage Temperature Time Cycles 

Activation 50°C 2 mins. 1 

95°C 10 mins. 
40-50 

Amplification 95°C 15 sec. 

60°C 1 min. 
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was calculated using the formula below. The cells were counted before and after the 

treatment of clozapine. 

 

 
 
 
 
 
2.5.3. Re-seeding of the cells 

The cells were transferred into 50ml centrifuge tubes and spun at 500 x g and 4°C for 

a minute. The cell pellets were suspended in fresh RPMI 1640+2mM glutamine 

medium supplemented with 5% foetal calf serum (FCS) and 0.5% antibiotics. The 

cells were then seeded into 100ml flasks at a density of 3X106 cells/10ml to grow 

under the same condition as mentioned above. 

 

2.5.4. Treatment of U937 cells with clozapine 

2.5.4.1. Preparation of clozapine solution 

A total of 25mg clozapine was dissolved in 5ml of dimethyl sulfoxide (DMSO) to 

make a stock concentration of 5mg/ml (5000µg/ml). DMSO is a highly polar organic 

reagent that has exceptional solvent properties for organic and inorganic chemicals. 

The clozapine solution was filtered through the sterilised 0.2µm filter connected to a 

5ml sterilised syringe and was then aliquoted in 1.5 ml autoclaved Eppendorf® tubes 

for future experiments.  

 

2.5.4.2. Calculations for different concentrations of clozapine 

Two working concentrations of clozapine: 1µg/ml and 2µg/ml, were applied to treat 

U937 cells in this study. These two working concentrations were made according to 

Cell count per ml = Total number of cells 
10,000 

X 1.25 (dilution fold) 
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calculation from the stock concentration of clozapine (5mg/ml) and detail is given as 

follows:  

 

 

 

 

 

 

 

 

 

 

2.6. Analysis of gene expression 

 

2.6.1. The experimental design  

Quantitative real-time PCR analysis was performed only on a 96-well plate so that 

the experiment of cell culture was designed based on the plate layout. For example, 

six flasks of cultured cells were treated with clozapine and another six were treated 

with DMSO (vehicle) as controls. The number of U937 cells seeded in each flask was 

about 2.5-3X106 cells /10ml. 

 

The outline of the study is given as a flowchart below (Figure 2.5): 

 

 

 

5000 
X 1 =

 
0.2µl 

5000 
X 2 = 0.4µl 

 

(Calculation for 1µg/ml of clozapine concentration) 

(Calculation for 2µg/ml of clozapine concentration) 

(Stock solution of clozapine) 

5mg → 1ml (stock solution of clozapine) 
or 
5000µg →  1000µl    
1µg →  1000 
 
 
2µg → 1000 
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Figure 2.5. Flowchart showing the experimental design for  the study of  gene expression 
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2.6.2. Treatment of U937 cells with clozapine 

 

2.6.2.1. Treatment with 2µg/ml clozapine for 48 hours 

In this experiment, 6 flasks were prepared each for samples and controls. In each of 

these 12 flasks, 9ml of medium containing 2.5-3X106 cells were added. Thereafter, 

two master mixes were prepared, one for 6 sample flasks and the other for 6 control 

flasks. Master Mix S (for the sample flasks) was prepared by adding 28µl (with 

concentration of 2µg/ml) of clozapine and 7ml of medium, while Master Mix C (for the 

control flasks) was prepared using the same volume of medium but with 28µl of 

DMSO. 1ml from the Master Mix S was added to each sample flask, and similarly 1ml 

from Master Mix C was added to each control flask, making a total volume of 10ml in 

each of 12 flasks. These 12 flasks of cells were then incubated for 48 hours at 37°C 

with 5% CO2 for 48 hours.  

 

2.6.2.2. Treatment with 2µg/ml clozapine for 96 hours 

In this experiment, U937 cells were grown for 96 hours that were split into the first 48 

hour incubation and the second 48 hour incubation. In the first 48 hour experiment, 1 

to 1.5X106 cells in 4ml medium were incubated using 25cm2 T-flasks. As mentioned 

in the above experiment, 6 flasks for the sample group and 6 for the control group 

were prepared, respectively.  Briefly, 3 ml of medium containing 1-1.5X106 cells were 

added to each of these 12 flasks. Thereafter, Master Mix S (for the sample group) 

was prepared by adding 7ml of medium containing 11.2µl clozapine solution (56µg). 

Similarly, Master Mix C (for the control group) was prepared with 7ml of medium 

containing 11.2µl DMSO; 1ml Master Mix S was added to each sample flask and 1 ml 
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Master Mix C was added to each control flask. These 12 flasks were then incubated 

at 37°C with 5% CO2 for 48 hours. In the second 48 hour experiment, a 50ml medium 

containing 20µl clozapine solution (100µg) and another 50 ml containing 20µl of 

DMSO were prepared, 8ml of which was added to each flask for both groups, 

respectively, to keep the clozapine concentration at 2µg/ml for further incubation. 

 

2.6.2.3. Treatment with 1µg/ml clozapine for 96 hours 

This experiment was also performed in a similar way as mentioned above and U937 

cells were grown for 96 hours that were split into the first 48 hour incubation and the 

second 48 hour incubation. In the first 48 hour experiment, 1 to 1.5X106 cells in 4 ml 

medium were incubated using 25cm2 T-flasks. Briefly, 3 ml of medium containing 1-

1.5X106 cells were added to each of these 12 flasks, 6 flasks for the sample group 

and 6 for the control group. Thereafter, Master Mix S (for the sample group) was 

prepared by adding 7ml of medium containing 5.6µl clozapine solution (28µg). 

Similarly, Master Mix C (for the control group) was prepared with 7ml of medium 

containing 5.6µl DMSO; 1ml Master Mix S was added to each sample flask and 1 ml 

Master Mix C was added to each control flask. These 12 flasks were then incubated 

at 37°C with 5% CO2 for 48 hours. In the second 48 hour experiment, a 50ml medium 

containing 10µl clozapine solution (50 µg) and another 50 ml containing 10µl of 

DMSO were prepared, 8ml of which was added to each flask for both groups, 

respectively to keep the clozapine concentration at 1µg/ml for further incubation.  
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2.6.3. Harvesting of cells after clozapine treatment 

Following the required incubation period – treatment for 48 hours or 96 hours, the 

cells were counted from each of the 6 sample and 6 control flasks using a 

haemocytometer. Only 8-10 X106 cells were transferred from each flask to a properly 

labelled 15 ml centrifuge tube, and then centrifuged at 500xg at 4°C for 10 minutes. 

Most of the supernatant was discarded, leaving behind about 2ml to re-suspend the 

pelleted cells. These cells were then transferred into a properly labelled 2ml 

Eppendorf® and were kept on ice for mRNA extraction. 

 

2.6.4. Extraction of mRNA from cultured U937 cells 

The materials used for mRNA extraction were treated with 0.1% DEPC-treated water, 

including 100-1000µl, 20-200µl, 1-20µl pipette tips; 2ml and 1.5ml Eppendorf® tubes; 

0.5ml screw top tubes and their caps. The treatment of these labwares with 0.1% 

DEPC water was to inactivate the RNases thereby reducing the risk of RNA 

degradation. The 2ml Eppendorf® tubes containing the cells were centrifuged at 500 

xg at 4°C for 2-3 minutes. The supernatant was discarded very carefully to avoid 

disturbing the pellet at the bottom of the tube. Extraction of mRNA was performed 

following manufacturer’s instruction. A brief summary of the procedure is given below: 

 The extraction buffer (400µl) was added to the pelleted cells and then vortexed 

gently for a minute or until homogenised. Then 800µl of elution buffer was added 

and the mixture was vortexed. The elution buffer was thereafter kept at 65oC 

water bath for elution of mRNA sample. 

 A 1 ml volume of oligo-dt cellulose was added to a new 1.5ml Eppendorf® tube 

and was centrifuged at 16000 x g for a minute. The supernatants were removed 

after the centrifugation.  
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 The tubes containing cells were centrifuged and the supernatants were 

transferred to the 1.5ml Eppendorf® tubes containing oligo-dt cellulose. These 

Eppendorf® tubes were mixed well by shaking for 3 minutes until the pellet was 

dissolved.  

 The homogenate/oligo-dt mix tubes were centrifuged at 16000 xg for 10 seconds 

and the supernatant was discarded 

 The pellet was re-suspended in 1ml of High Salt Buffer and the tubes were 

centrifuged at 16,000 xg for 10 seconds. The supernatant was discarded and this 

procedure of adding 1ml High Salt Buffer was repeated for 4 times.  

 The pellet was re-suspended in 1ml of Low Salt Buffer and the tubes were 

centrifuged at 350 x g for 2 minutes. The supernatant was discarded and this step 

was repeated again. Now, 300µl of Low Salt Buffer was added on the top of the 

pellet and this solution was carefully transferred to a MicroSpin Column that was 

placed on a 2 ml Eppendorf® tube. The Eppendorf® tubes were then centrifuged 

at about 20,000 xg for 30 seconds and the supernatant was discarded. The 

column was placed back onto a 2ml Eppendorf® tube.  

 The Low Salt Buffer (500µl) was added to the column and centrifuged at about 

20,000 xg for 30 seconds. This step was repeated twice.  

 The column was placed onto a new 2ml tube and 150µl-200µl pre-warmed (65°C) 

elution buffer was then added for elution. The tubes were centrifuged at about 

20,000 xg for 30 seconds. As a final step, the column was removed and the tubes 

were kept on ice. 

 The purified mRNA sample was quantified using a Nanodrop UV 

spectrophotometer at the 260nm wavelength. The expected mRNA concentration 

as suggested by the manufacturer was between 20ng/ml and 40ng/ml. The 
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mRNA samples were aliquoted into well labelled 0.5ml screw cap tubes and were 

stored at -80°C for future use. 

 

2.6.5. Quantitative real-time PCR analysis 

Quantitative real-time PCR (QPCR) analysis was used to measure the mRNA 

expression levels in U937 cells treated with different concentrations of clozapine. 

Bustin (2000) suggested that real-time PCR was the most sensitive technique for any 

experiments requiring specific and reproducible quantification of mRNA expression. 

This technique is based on the properties of the PCR reaction kinetics, where the 

quantification of the PCR products synthesised during the reaction is measured at 

each cycle and is monitored by a specific fluorescent reporter dye (Ma et al., 2006). 

In this study, SYBR Green (485nm for excitation and 520nm for emission) was used 

as the florescent dye. This dye emits a fluorescent signal with an intensity that is 

proportional to the amount of double stranded DNA fragments after each 

amplification cycle. The cycle number at which the fluorescence signal of the 

amplicon crosses an arbitrary fluorescence threshold is referred to as the Ct value; 

the lower the Ct value, the greater the original mRNA concentration (Schmittgen and 

Livak, 2008). 

 

The mRNA sample extracted from U937 cells was converted to cDNA because RNA 

cannot serve as a template for PCR amplification. Therefore, the first step in 

quantitative real-time PCR analysis is to complete the reverse transcription of the 

mRNA templates into cDNA. 
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2.6.5.1. Synthesis of cDNA 

The high capacity reverse transcriptase kit purchased from Applied Biosystems was 

used to convert mRNA into cDNA. The following components were added for reach 

reaction as recommended by the manufacturer. Based on the total number of tubes, 

a master mix was prepared by adding the following components (Table 2.5): 

 

 

A total of 10 µl of the above master mix was added to the 0.2ml PCR tubes and 10µl 

mRNA sample was also added. These tubes were mixed well and kept in a thermo-

cycler for synthesis of cDNA with the following conditions (Table 2.6): 

 

 

 

 

Table 2.5: Volume of the components added to the master mix for cDNA synthesis 

Components Volume 

10X RT buffer 2.0µl 

25X dNTP mix (100mM) 0.8µl  

10X RT Random primers 2.0µl   

MutliScribeTM Reverse Transcriptase 1.0µl 

Rnase Inhibitor 1.0µl  

Nuclease-free water 3.2µl  

Total volume  10.0µl  

Table 2.6: Conditions used for synthesis of cDNA 

 Step 1 Step 2 Step 3 Step 4 

Temperature 25°C 37°C 85°C 4°C 

Time 10 mins. 120 mins. 5 mins. ∞ 
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2.6.5.2. Primers for QPCR  

There were two types of primers used in the experiment, one for the house-keeping 

genes (HKGs) and the other for the target genes. The HKGs are those whose 

expression levels remain relatively constant in all tissue samples and are used as an 

internal control in QPCR. Beta-actin (ACTB) and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) were used as HKGs in this study and primers for both 

HKGs with a concentration of 10µM were purchased from the Tebu-Bio company. 

The primers for the target genes were designed using the Beacon Designer software 

(version 6.0) and were then synthesized by Sigma-Genosys (Cambridge, UK). The 

lyophilized primers (both forward and reverse) were dissolved in 1mM TE buffer, 

respectively, to make the stock concentration of 100µM each. An equal volume of 

each primer was taken to mix well in making a working concentration of 10µM. Two 

master mixes were prepared, one with HKG primers and the other with target gene 

primers as follows (Table 2.7): 

 

 

 

 

 

 

Table 2.7: Components of master mixes for the quantification of cDNA 

Component ACTB or GAPDH Target gene 

SYBR green PCR Mastermix 7.5µl 7.5µl 

DEPC-treated distilled water 5.9µl   6.2µl   

10 µM mixed primers 0.3µl   (0.2μM ) 0.6µl  (0.4μM ) 

cDNA 1.0µl   1.0µl   

Total per reaction 15.0µl   15.0µl   
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2.6.5.3. Layout of 96-well plates  

The Quantica real-time PCR system was used for the quantification of cDNA. This 

system can hold a 96-well plate and hence the experiment was designed as follows: 

6 samples each group tested in triplicate and the HKG samples tested in duplicate. 

As shown in Figure 2.6, the first 3 rows and the last 3 rows (A, B, C and F, G, H) 

were used for the target genes and the 2 middle rows (D, E) for the HKG.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
After adding the required components for the experiment, the 96-well plate was 

properly sealed using a heat-plate sealer. To avoid any air bubbles and mix the 

components, the plate was centrifuged at 500xg for 5-6 minutes. The 96-well plate 

was then placed on the Quantica real-time PCR machine for quantitative analysis 

with the conditions given in Table 2.8. 

 

 

ACTB or GAPDH  
(Housekeeping genes) 

Repeat 1 

Repeat 2 

 

Target gene 1 

Repeat 1 

Repeat 2 

Repeat 3 

Target gene 2 

Repeat 1 

Repeat 2 

Repeat 3 

Control samples 
Test samples 

Figure 2.6. Schematic diagram showing the layout of a 96-well plate for the quantification of 

cDNA using the real-time PCR system 
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F 
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2.6.5.4. Data analysis of Ct values  

There are 2 common methods used for QPCR analysis of gene expression: relative 

quantification and absolute quantification. Relative quantification is the most popular 

and has been chosen by most studies of gene expression in the literature. Relative 

quantification involves a comparison made within a sample between a gene of 

interest (GOI) and an HKG whose expression levels should be unchanged by 

experimental conditions (Bustin and Nolan, 2004). Absolute quantification relies upon 

the use of a standard curve derived from known quantity of the DNA standards, 

which are used to calculate an unknown quantity of target gene expression.  

 

A number of relative quantification methods have been developed and the method 

used in this study is called the comparative Ct method (2-ΔΔCt), which can analyze the 

change of expression of the target genes via normalization with a HKG. To reduce 

the deviation, the modified (2-ΔΔCt) method by Livak and Schmittgen (2001) was 

applied to present the data, in which the Ct was used for a statistical test. The fold 

change was calculated by the 2-ΔΔCt formula based on the mean values of the 

clozapine-treated group and the untreated group. An example of how to quantify 

gene expression with the 2-ΔΔCt method is detailed in the box below. 

Table 2.8: Conditions used for quantitative analysis of gene expression 

Stage Temperature Time Cycles 

Activation 95°C 10 min. 1 

Amplification 
94°C 30 sec. 

45 55°C 45 sec. 

72°C 45 sec. 
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How to calculate the Fold-change for gene expression experiments? 
 
 
Ct HKG (Control) = 17.70  Ct HKG (Sample) = 17.21 
Ct GOI  (Control) = 19.58  Ct GOI  (Sample) = 21.26 
 
Ct (Control) = Ct GOI (Control) - Ct HKG (Control)  
  = 19.58 – 17.70 
  = 1.88 
Ct (Sample)  = Ct GOI (Sample) - Ct HKG (Sample) 
  = 21.26 – 17.21 
  = 4.05 
 Ct   = Ct (Sample)* - Ct (Control)* 
  = 4.05 – 1.88 
  = 2.17 
Fold Change  = 2 -Ct

 
 

  = 2-(2.17) 

  = 0.148 
Conclusion: The GOI expression has increased with clozapine treatment but this change needs to be 
statistically tested for a firm conclusion. 

Fold change is used to represent the degree of gene expression by 
using the formula 2 -Ct

 
 

 

Ct values of HKG and GOI of both 
control and sample run on the same 
reaction plate 

*In our study, an average of six Ct values of    
Sample and Control was used in this formula 

Ct = C t  of target gene - C t of HKG 
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2.7. Statistical softwares and data analysis 

A number of statistical methods and computer programs were applied to analyze the 

data collected in the study.  

 

2.7.1. Haploview 4.0 

The Haploview program is a bioinformatics software tool that has been developed 

and maintained at the MIT/Harvard Broad Institute, Cambridge, Massachusetts, USA 

(Barrett et al., 2005). It can be applied to analyze genotyping data. For example, the 

Haploview program provides functionality to perform analysis of disease association 

and selection of tag SNPs. In this study, the Haploview program (version 4.0) was 

used to perform various analyses, including goodness-of-fit χ2 test for Hardy-

Weinberg equilibrium (HWE), Mendelian error check, defining the linkage 

disequilibrium (LD) block and calculation of the LD measures of both D’ and r2 

between paired SNPs. The Haploview program was downloaded from the HapMap 

website (www.hapmap.org). Two data files were prepared and used to perform the 

above analyses, the linkage format data file and the SNP position data file. 

 

2.7.2. UNPHASED 

The UNPHASED program was developed by Dr Frank Dudbrigde (http://www.mrc-

bsu.cam.ac.uk/personal/frank/software/unphased/), and can be used for a likelihood-

based association analysis for nuclear families with missing parental genotype data, 

where cases are the affected offspring and controls refer both to the non-transmitted 

alleles in parents (Dudbrigde, 2008). This software allows the user to perform various 

genetic analyses, including allelic association, genotypic association, haplotype 

association, quantitative trait analysis and gene-gene interaction. In this study, 
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UNPHASED version 3.1.3 was applied to analyze the genotyping data for allelic and 

haplotypic association with schizophrenia. With analysis of the gene-gene interaction, 

the haplotype model was selected to test for the cis-phase interaction between the 

genes located in the same chromosome, and we also selected the genotype model 

to test for the trans-phase interaction between the genes located in the different 

chromosomes. With regard to the haplotype analysis, the haplotypes with relative 

frequencies of less than 1% were not considered. To circumvent the problem of 

multiple testing, a permutation test (10000 permutations) was performed with 

UNPHASED to obtain a global p-value corrected for all the markers used. 

 

2.7.3. Linkage format database 

Most programs for genetic analysis need a linkage format database, such as the 

Haploview and UNPHASED programs. To establish the linkage format database in 

this study, the genotyping data were numerically entered in a Microsoft Excel 

spreadsheet (Figure 2.7).  An example is given in Table 2.9. 
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Table 2.9: Linkage format for the genotyping data 

Column A Family ID Pedigree identity for each family 

Column B Subject ID Individual’s identity, Patient=1 

Column C Father ID Father’s identity, 3 

Column D Mother ID Mother’s identity, 2 

Column E Sex Gender of individual. F=2; M=1 

Column F Status Disease status. Affected= 2; Normal=1 

Column G SNP1: Allele 1 First marker’s first allele 

Column H SNP 1: Allele 2 First marker’s second allele 

Figure 2.7. Snapshot showing the genotyping data in the linkage format 
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2.7.4. SPSS for Windows 14.0  

SPSS for Windows 14.0 was used to analyze measurement data in this study. For 

example, the Student’s t-test was performed to compare the differences in gene 

expression levels between the drug-treated cells and the untreated cells. The 

Levene's test for equality of variances, i.e. F-test, was applied to estimate the 

equality of variances between the two groups. The p-value of the Student’s t-test was 

then chosen based on the result of F-test. 

 

2.7.5. SPSS SamplePower 2.0 

The SPSS SamplePower 2.0 software was applied to calculate sample power for 

disease association at a 5% false rate and small effect size (OR=1.5) based on 

Cohen’s conventions (Figure 2.8). 

 

In the family-based study, we recruited a total of 221 families as mentioned above, in 

which one family had two affected offsprings. While 90 family duos were recruited, 

the 444 non-transmitted chromosomes were estimated based on the expectation 

maximization (EM) algorithm with the UNPHASED program. Therefore, a total of 444 

transmitted and 444 non-transmitted chromosomes were used to calculate sample 

power. 
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Figure 2.8: Snapshot showing the power test for the sample size used in the genetic association 

study 
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3.1. Genetic association study 

 

This study was designed to test the first hypothesis that there is a common genetic 

component involved in both schizophrenia and T2D. Four candidate genes (Table 3.1) 

were selected to genotype using either RFLP or TaqMan genotyping techniques. The 

samples were composed of 221 British families, including 148 fathers, 204 mothers 

and 222 offspring affected with schizophrenia, of which a single family had 2 affected 

offspring. All family members studied were of European Caucasian descent, 

including English, Welsh, Irish and Scottish individuals. 

Table 3.1. Brief information of the candidate genes selected for association study 

G E N E      C A R D 

 PPARG PLA2G4A PTGS2 AKT1 

Full name 

Peroxisome 
Proliferator 

Activator 
Receptor 

Gamma 

Phospholipases 
A2, group IV A 

Prostaglandin-
endoperoxide 

synthase 2 

v-akt murine 
thymoma viral 

oncogene 
homolog 1 

Location 3p25 1q25   1q25.2 –  
q25.3 

14q32.32-
q32.33 

Structure 146 kb 
8 exons 

134 kb 
17 exons 

8 kb 
10 exons 

26 kb 
16 exons 

Family Nuclear  
receptor 

Cytosolic 
phospholipase  

A2 

Prostaglandin 
G/H synthase 

Serine-
threonine 

protein kinase, 
B 
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There were a number of reasons for selection of these 4 candidate genes for this 

genetic association study (as discussed in Chapter 1) but as a summary, the PPARG 

gene plays a vital role in modulating insulin sensitivity, glucose homeostasis and 

blood pressure. Genome-wide association (GWA) study has confirmed that the 

PPARG gene is strongly associated with T2D (Zeggini et al., 2008). It is possible that 

this locus might contribute to the aetiology of schizophrenia as well due to its 

functional link to the eicosanoid metabolism pathway. The PLA2G4A gene and the 

PTGS2 gene have been found to be weakly associated with schizophrenia in 

previous studies with a small sample size (Hudson et al., 1996; Wei et al., 1998, 

2004; Mathur et al., 2009). It is thus important to replicate their disease association in 

a rather large sample size to draw a firm conclusion. It is also important to test if the 

PLA2G4A, PTGS2 and PPARG genes have an epistatic association with 

schizophrenia. The results would help to determine the extent to which a genetic link 

explains the association between schizophrenia and T2D. The AKT1 gene plays a 

functional role in intracellular signalling pathways that may be involved in the 

pathophysiology of both schizophrenia and T2D. Moreover, this gene has been 

previously reported to be associated with schizophrenia in several populations (Ikeda 

et al., 2004; Schwab et al., 2005; Bajestan et al., 2006; Norton et al., 2007). It was 

worthwhile to replicate the AKT1 finding in a British population.  
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Two genetic pathways (as discussed in detail in Chapter 1) were proposed as follows 

to investigate whether they could contribute to both schizophrenia and T2D: 

 

1. Genetic association of the PPARG-related pathway with schizophrenia  

(as described in Chapter 1, Section 1.1.8.1) 

 

2. The role of the AKT1-GSK3β signalling pathway in schizophrenia  

(as described in Chapter 1, Section 1.1.8.2) 

 

This chapter gives more detail about the methodology, the results and the outcomes 

attained after testing the 2 proposed pathways. 
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3.2. Methods 

 

3.2.1. PPARG gene 

Eight SNPs present in the PPARG gene were selected based on (1) association with 

type-2 diabetes (rs1801282), (2) minor allele frequency (MAF) of >0.1 and (3) their 

location on the PPARG SNP map (http://www.ncbi.nlm.nih.gov/SNP) (Figure 3.1).  

 

 

 

 

 

 

 

 

 

 

 

Five out of 8 SNPs in the PPARG gene were genotyped using PCR-based RFLP 

analysis and the remaining 3 SNPs were genotyped using a TaqMan protocol on the 

Quantica real-time PCR system as described in Section 2.4.5. The primers and 

restriction enzymes used for the RFLP-based genotyping analysis are shown in 

Table 3.2.; customized primers and probes used for TaqMan genotyping work were 

purchased from Applied Biosystems.   

 

Figure 3.1. The location and distance between the 8 SNPs genotyped at the PPARG gene  
 

http://www.ncbi.nlm.nih.gov/SNP
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In the PCR-based RFLP genotyping analysis, PCR amplification was performed in a 

15μl reaction volume and the annealing temperature was optimized for each SNP 

between 57°C and 62°C to give specific amplification. The PCR products were 

completely digested using 8 units of the respective restriction enzymes as indicated 

in Table 3.2 and individual genotypes were resolved on ethidium bromide-stained 

agarose gels.  

 

For the TaqMan genotyping method, the genotype calling was manually performed 

based on the distribution of three clusters resulting from plotting the amplification of 

allele 1 versus allele 2 using the florescence dyes of VIC and FAM. 

 

 

 

3.2.2. The PLA2G4A and PTGS2 genes 

SNP rs10798059, corresponding to the BanI site in the PLA2G4A gene, which was 

initially found to be associated with schizophrenia (Peet et al., 1998; Wei et al., 1998)  

and rs2745557 in the PTGS2 gene, were genotyped using PCR-based RFLP 

Table 3.2. Primers used for genotyping 5 SNPs in the PPARG gene with PCR-based RFLP protocol 

SNPs 5’ → 3’ RFLP 

rs12490265 F: ACCACCAAGCTTTCAAATACAAAGA 
R: TTGTGGAATGAGAATCCATGG Rsa I 

rs2938395 F: TCCTGATGTTTGCCATTGTGATC 
R: GTGTAAGGAAGGGATCAATAATTCTC Hha I 

rs2938388 F: ACAAGCCATCACGCCCGACT 
R: GCTACCACACTGGCCTTGTC Msp I 

rs1875796 F: TAGTAAGTGGCTATCTTTGGCTG 
R: AGGCATTCTGGTGTAAAACTCAG ApaL I 

rs1699337 F: AGAAGGTGAGAAAGCAGTTGATG 
R: TGCGTAGCTGATTGGACTACAG Hinf I 
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156 Kb

rs2745557 rs10798059

PTGS2 PLA2G4A

   

156 Kb

rs2745557 rs10798059

PTGS2 PLA2G4A

   

156 Kb

rs2745557 rs10798059

PTGS2 PLA2G4A156 Kb

rs2745557 rs10798059

PTGS2 PLA2G4A

   

Figure 3.2. The location and distance between the 2 SNPs 

genotyped at the PLA2G4A and PTGS2 genes 

 

analysis (Wei and Hemmings, 2004). These 2 SNPs are spaced at an interval of 

about 156 Kb of DNA (Figure 3.2).  

 

 

 

 

 

 

 

 

 

A genetic study conducted with a smaller subset from the same biobank by Wei et al. 

(1998, 2004) showed a genetic association between rs10798059 and schizophrenia, 

but no disease association for rs2745557 (Wei et al., 1998; Wei and Hemmings, 

2004). To carry out a cis-phase interaction of these 2 closely linked genes, 

rs10798059 and rs2745557 were genotyped in the full Biobank population as 

mentioned above. The primers and enzymes used to genotype the SNPs using the 

RFLP genotyping method are shown in Table 3.3. PCR amplification was performed 

in a 15μl reaction volume with an annealing temperature of 60°C. The PCR products 

were completely digested using 8 units of TaqI for rs2745557 and BanI for 

rs10798059 (Table 3.3); the genotypes were resolved on ethidium bromide-stained 

agarose gels (as described in Section 2.4.4.3). 
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3.2.3. The AKT1 gene 

Seven SNPs present in the AKT1 gene were selected based on the following criteria: 

(1) previously examined SNPs associated with schizophrenia, including rs2498804, 

rs3730358 and rs1130214, (2) tag SNPs defined by the Haploview program (version 

4.0) and (3) MAF of >0.1. All the genomic information regarding these 7 SNPs 

selected is given in Table 3.4 and Figure 3.3. These 7 SNPs were genotyped using a 

TaqMan protocol on the Quantica real-time PCR system as described in Section 

2.4.5). The primers and probes used for TaqMan genotyping work were purchased 

from Applied Biosystems. Genotype calling was manually performed based on the 

distribution of the three clusters resulting from plotting the amplification of allele 1 

versus allele 2. 

 

 

 

 

 

 

 

Table 3.3. Primers used to genotype the PLA2G4A & PTGS2 genes with PCR-based RFLP analysis 

SNPs 5’ → 3’ RFLP 

rs10798059 F: GCAGTGGCTCATGCCCGTAATA 
R: TTGAGACAGAGCTTCGCTGTTT Ban I 

rs2745557 F: GGAGCAGGAAAGAACTGACTAG 
R: GGCAGAGTTTCCGCTCTGAC Taq I 
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Table 3.4.  Genomic information of 7 SNPs genotyped at the AKT1 locus 

SNPs Chromosomal 
Position 

Distance Location on 
the gene 

Alleles 

Major Minor 

rs1130214 104330779 0 Intron 1 G T 

rs2494746 104328764 2015 Intron 2  G C 

rs11847866 104326250 2514 Intron 2  G A 

rs3730358 104317452 8798 Intron 3  C T 

rs3001371 104313876 3576 Intron 4  C T 

rs2494731 104308725 5151 Intron 12 G C 

rs2498804 104304140 4573 3’UTR G T 

Figure 3.3. The location and distance between the 7 SNPs selected at the AKT1 locus 
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3.3. Data analysis 

The HaploviewTM program (version 4.0) was applied to detect Mendelian errors, to 

estimate the LD measures (D’ and r2) between paired SNPs and to test the Hardy–

Weinberg equilibrium for genotypic distributions of all SNPs genotyped. Because the 

family samples are composed of both trios and duos, likelihood-based association 

analysis in nuclear families with missing parental genotype data was applied to test 

for allelic association, haplotypic association and gene–gene interaction with the 

UNPHASED program (Dudbridge, 2008). With regard to the parental-offspring 

samples, “cases” are the alleles carried by affected offspring and “controls” refer to 

the non-transmitted alleles in parents. Haplotype analysis was performed on the 

SNPs present in the same LD block and those adjacent to each other; the 1-df chi-

squared (χ2) was applied to test individual haplotypes for disease association and the 

p-value was corrected for multiple comparisons using the Bonferroni method.  

 

The gene-gene interaction test was used to detect the combined effects of the 

PPARG, PLA2G4A and PTGS2 genes, where the odds ratio (OR) of conditioning 

haplotypes or genotypes are independent of those of the test alleles or genotypes. 

SNP rs10798059 in the PLA2G4A gene has previously been found to be associated 

with schizophrenia (Hudson et al., 1996; Peet et al., 1998; Wei et al., 1998). 

Therefore, rs10798059 was used as a conditional locus in this study. The haplotype 

model was selected to test for the cis-phase interaction between the PLA2G4A and 

PTGS2 genes as these genes are located on the same chromosome; the genotype 

model was selected to test for the trans-phase interaction between the PLA2G4A and 

PPARG genes as they are located in different chromosomes. To increase the power 
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for the gene-gene interaction tests, the haplotypes or genotypes with relative 

frequencies of less than 1% were not considered for analysis.  

 

Moreover, the software of SPSS Sample Power 2.0 was used to estimate the sample 

power and to calculate the OR and 95% confidence interval (CI). 

 

 

3.4. Results 

3.4.1. Association of the PPARG-PLA2G4A-PTGS2 pathway with schizophrenia 

The genotypic distributions of all 10 SNPs, including 8 in the PPARG locus, 

rs10798059 in the PLA2G4A locus and rs2745557 in the PTGS2 locus, were in 

Hardy-Weinberg equilibrium. None of the 8 SNPs in the PPARG gene showed allelic 

association with schizophrenia and a minimum of 1170 chromosomes harbouring the 

PPARG gene would be needed for each group to give 80% power for an OR of 1.5 

(Table 3.5). A weak association was detected at rs2745557 (χ2=4.95, p=0.025) and 

rs10798059 (χ2=4.82, p=0.028). However, the overall association for these 10 SNPs 

tested did not survive after 10000 permutations (global p= 0.246).   
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Table 3.5. Allelic association of 10 SNPs genotyped with schizophrenia 

Gene SNPs 

Case Control 

χ2 
 

p1 
 

Sample 
size for 

80% 
power2 Major Minor Major Minor 

PPARG rs12490265 G=294 A=130 G=303 A=122 0.36 0.549 13850 

PPARG rs1801282 C=377 G=65 C=396 G=46 3.20 0.074 1170 

PPARG rs2921188 A=294 G=150 A=313 G=131 1.76 0.184 2280 

PPARG rs2938395 T=272 C=172 T=300 C=144 3.44 0.064 1240 

PPARG rs2938388 C=272 T=154 C=290 T=136 1.51 0.220 3700 

PPARG rs1875796 C=179 T=177 T=192 C=165 1.08 0.298 4120 

PPARG rs1699337 C=276 T=168 C=304 T=140 3.46 0.063 1670 

PPARG rs1175543 A=290 G=154 A=315 G=129 2.90 0.088 1600 

PTGS2 rs2745557 A=387 G=51 A=365 G=73 4.19 0.041 1310 

PLA2G4A rs10798059 G=292 A=152 G=259 A=185 4.28 0.039 970 

1The adjusted p-value was 0.246 after 10000 permutations; 2The number of chromosomes would be 
needed for each group to achieve 80% power at a type I error rate of 0.005 (two-tailed) 
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The gene-gene interaction test did not show any evidence of either the cis-phase 

interaction between the PLA2G4A and PTGS2 genes (χ2=2.92, df=2, p=0.232) and 

the trans-phase interaction between the PLA2G4A and PPARG genes (Table 3.6). 

 

 

 

The HaploviewTM program (version 4.0) revealed 2 LD blocks in the European-

derived Caucasian population according to the Gabriel’s criteria (Gabriel et al., 2002). 

However, the genotyping data from this study showed that only rs2921188 and 

rs2938395 were in the same LD block spanning about 17 Kb of DNA and that the 

rest of SNPs tested did not strongly tag each other (Figure 3.4). Based on the 

chromosomal location of rs12490265 (intron 1) and rs1175543 (intron 6), these 8 

SNPs provided a minimum coverage of 82 Kb over the PPARG gene. 

 

 

 

Table 3.6. Analysis of the trans-phase interaction between the PLA2G4A and PPARG genes 

SNPs1 χ2 df p-value 

rs12490265 1.24 4 0.87 

rs1801282 2.19 4 0.69 

rs2921188 3.19 4 0.52 

rs2938395 3.59 4 0.46 

rs2938388 2.52 4 0.64 

rs1875796 2.55 4 0.63 

rs1699337 2.73 4 0.60 

rs1175543 2.81 4 0.58 

1rs10798059 in the PLA2G4A gene was used as a conditional locus 
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A B 

Figure 3.4. The LD measures for paired SNPs in the PPARG gene. (A) and (B) show the D’ 

values and the r2 values, respectively. 
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3.4.2. The AKT1 gene association with schizophrenia 

Of the 7 SNPs tested in the study of the AKT1 association, 6 of whose genotypic 

distributions were in Hardy-Weinberg equilibrium but rs3001371 was not (p=0.0017). 

Therefore, rs3001371 was excluded from further analysis. Allelic association was 

detected at rs1130214 ((2=6.28, p=0.012) and at rs11847866 ((2=4.64, p=0.031), 

although the remaining SNPs did not show allelic association with schizophrenia. The 

global p-value was 0.059 following 10000 permutations (Table 3.7). 

 

 

 

 

 

Table 3.7.  Allelic association of 6 SNPs in the AKT1 gene with schizophrenia 

SNPs 

Case Control 
2χ p1 OR (95% CI) 

Major Minor Major Minor 

rs1130214 G = 295 T = 141 G = 333 T = 107 6.28 0.012 1.52 (1.09-2.11) 

rs2494746 G = 399 C = 37 G = 405 C = 35 0.40 0.841 1.06 (0.63-1.75) 

rs11847866 G = 302 A = 138 G = 335 A = 109 4.64 0.031 1.43 (1.03-1.99) 

rs3730358 C = 363 T = 71 C = 372 T = 65 0.41 0.522 1.15 (0.76-1.74) 

rs2494731 G = 279 C = 153 G = 301 C = 134 1.85 0.173 1.23 (0.91-1.72) 

rs2498804 G = 294 T = 144 G  = 308 T = 134 0.59 0.443 1.13 (0.83-1.54) 

1The adjusted p-value was 0.059 after 10000 permutations 
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As shown above in Figure 3.5, the Haploview program revealed rs1130214, 

rs2494746 and rs11847866 in the same LD block but the other 3 SNPs did not 

strongly tag one another based on the Gabriel’s criteria (Gabriel et al., 2002).  

 

Haplotype analysis showed disease association for the rs1130214-rs2494746-

rs11847866 haplotypes (χ2=10.18, df = 4, p=0.037), of which the T-G-A haplotype 

was excessively transmitted (χ2=6.93, uncorrected p=0.008) and such a haplotypic 

association survived after the Bonferroni correction (Table 3.8). However, the 

rs3730358-rs2494731-rs2498804 haplotypes failed to show association with 

schizophrenia (Table 3.9). 

 

B A 

Figure 3.5. LD blocks defined by the Halpoview program for AKT1 gene based on the confidence 

interval method. “A” represents the LD measure of D’ and “B”, r2 
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Table 3.8. The test for genetic association of the rs1130214-rs2494746-rs11847866 haplotypes with 
schizophrenia1 

Haplotypes Transmitted (%) Non-Transmitted (%) χ2 p2 

G-C-G 38 (0.086) 37 (0.083) 0.001 0.971 

G-G-G 261 (0.590) 296 (0.663) 4.166 0.041 

T-G-G 6 (0.013) 8 (0.017) 0.149 0.699 

G-G-A 1 (0.002) 5 (0.012) 2.594 0.107 

T-G-A 137 (0.309) 100 (0.225) 6.931 0.0083 

1 The global χ2 test showed haplotypic association with schizophrenia (χ2=10.18, df=4, p=0.037); 2 The p-value 
was given by the 1-df χ2 test; 3 The p-value was 0.04 after the Bonferroni correction. 

 
 
 
 

Table 3.9. The test for genetic association of the rs3730358-rs2494731-rs2498804 haplotypes with 
schizophrenia1 

Haplotypes Transmitted (%) Non-Transmitted (%) χ2 p2 

C-C-G 11 (0.025) 12 (0.029) 0.031 0.860 

T-C-G 2 (0.005) 4 (0.009) 0.476 0.490 

C-G-G 276 (0.643) 285 (0.657) 0.269 0.604 

C-C-T 74 (0.172) 70 (0.160) 0.131 0.717 

T-C-T 64 (0.149) 55 (0.127) 0.919 0.338 

T-G-G 3 (0.007) 8 (0.018) 2.132 0.144 

1The global χ2 test did not show haplotypic association (χ2=1.67, df=5, p=0.893);  
2The p-value was given by the 1-df χ2 test. 
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3.5. Discussion 

3.5.1. Interpretation of the genotyping work 

The primary finding of the present study is that the PPARG gene is not associated 

with schizophrenia in this sample set. Based on the power test, these 221 nuclear 

families studied have 85% power to detect a disease-underlying variant of small 

effect size (OR=1.5) at a single locus based on the Cohen’s conventions, but only 

29% power to detect disease association for rs1801282 and less than 29% power for 

the other 7 SNPs genotyped at the PPARG locus. While the involvement of the 

PPARG gene in schizophrenia cannot be completely ruled out, it is unlikely to play an 

important role in mediating a genetic link between T2D and schizophrenia. 

 

Hudson and co-workers (1996) were the first to report a genetic association between 

a promoter microsatellite in the PLA2G4A gene and schizophrenia in a Caucasian 

population. Wei et al. (1998) found that rs10798059, reported as a BanI site present 

in Intron 1 of the gene, was associated with schizophrenia in a British population. 

This initial finding has been replicated in several other studies (Peet et al., 1998; 

Rybakowski et al., 2003; Pae et al., 2004), but not all (Price et al., 1997; Doris et al., 

1998; Chowdari et al., 2001; Frieboes et al., 2001). Many reasons may be involved in 

the lack of consistency across all the studies reported to date, including genetic 

heterogeneity of disease, ethnic background, small sample power, random error, 

skewed sampling and the diagnostic heterogeneity inherent in the label of 

schizophrenia. Although meta-analysis might lead to a more reliable conclusion, 

detailed information is needed from each independent study to facilitate such an 

analysis. The present study applied a larger sample size to replicate the initial results 

from a subset of this sample biobank (Wei et al., 1998). While in this genetic 
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association study, it was initially identified that the PLA2G4A gene was associated 

with schizophrenia in the British population (Table 3.5), the significance of the result 

was not carried through after permutation correction for multiple testing. Prior to 

correction, a weak association was also found between the PTGS2 gene and 

schizophrenia, which was not evident in the smaller subset of this population 

previously reported (Wei and Hemmings, 2004). The lack of LD between these two 

genes suggests that the LD signal detected at the PTGS2 locus is not due to a 

causative variant in the PLA2G4A gene.  

 

The gene-gene interaction test did not show that the PLA2G4A gene interacted with 

either the PTGS2 gene or the PPARG gene. It is thus impossible to conclude that 

abnormal metabolisms of membrane phospholipids interact with PPARG, which may 

have explained the high prevalence of T2D in schizophrenia. 

 

 The AKT1 gene plays a crucial role in the intracellular signalling pathway that may 

be important for the pathophysiology of schizophrenia. Emamian and co-workers 

(2004) were the first to report on the AKT1 association with schizophrenia in a 

Northern European population. This initial finding has been replicated in a number of 

independent studies (Schwab et al., 2005; Bajestan et al., 2006; Ikeda et al., 2006; 

Norton et al., 2007; Xu et al., 2007; Thiselton et al., 2008), although some others 

failed to replicate the AKT1 finding (Ohtsuki et al., 2004; Ide et al., 2006; Liu et al., 

2006; Pinheiro et al., 2007; Sanders et al., 2008). While there are many reasons for 

poor replication, variation of LD structure between subpopulations may be the major 

one.  
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The HapMap database (http://www.hapmap.org) shows 2 LD blocks at the AKT1 

locus in a European-derived Caucasian population (Figure 3.6). There is a 17-Kb 

hotspot region in these 2 blocks, which is defined based on the Gabriel’s criteria 

(Gabriel et al., 2002). The SNP database (http://www.ncbi.nlm.nih.gov/SNP) shows 

that rs2494731 is present in block 1 (3’-end of the AKT1 gene), rs1130214 in block 2 

(5’-end of the AKT1 gene) and rs3730358 in the hotspot region. SNPs rs2494738, 

rs10149779 and rs2494746, which were tested in some studies, are also present in 

the hotspot region. While rs2494738 is just about 279 bp of the 3’ site from 

rs3730358, it does not show any association with schizophrenia (Norton et al., 2007). 

This finding suggests that the disease-related variant may be located between 

rs3730358 and the promoter region of the gene. In the present study, therefore, 2 

additional SNPs were examined within the hotspot region between rs1130214 and 

rs3730358. The results showed no association for rs3730358 but a weak association 

for the additional SNP, rs11847866 (Table 3.8). The rs11847866-rs2494746-

rs1130214 haplotypes are present in the same LD block in the British samples and 

show strong association with the disease. This work provides further evidence that a 

disease-underlying variant may be located in the promoter region of the AKT1 gene, 

which may be the reason for decreased gene expression in the brain of patients with 

schizophrenia as demonstrated by Emamian et al. (2004).  

 

3.5.2. Sample power and relevant statistical issues 

A number of issues regarding the statistical test require clarification. Statistical testing 

is designed to test a null hypothesis of whether there is a difference between the 

values of different groups studied or between the observed values and the expected 

values. The null hypothesis states that there is no difference between the values of 
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different groups studied or between the observed values and the expected values. 

There are 2 types of errors with a statistical test, type I error and type II error. Type I 

errors involve rejection of a null hypothesis that should actually be accepted and type 

II errors involve acceptance of a null hypothesis that should be rejected. 

 

What causes type I error? Type I error is mainly produced by a system error, 

sampling error and random error due to multiple testing. System errors can be 

generated from experimental procedures, such as the accuracy of measurements, 

non-optimized protocols, poorly calibrated equipment and poor manipulations of 

experiments. In genotyping analysis, system errors could be due to a mistake of 

genotype calling. To reduce the system error with RFLP-based analysis, the samples 

that failed to show clear bands on a gel were always repeated until the genotypes 

were clearly resolved. In the study described in this chapter, the wrong genotype 

calls with the TaqMan genotyping work were made mostly due to a low concentration 

of DNA. To overcome this problem, the DNA samples that were not clearly resolved 

were always re-examined. Because family samples were applied for genetic analysis 

in this work, Mendelian errors could be identified using the Haploview program and 

the families with a Mendelian error were then re-genotyped to rule out mis-

genotyping.  

 

Other types of errors could be produced by skewed sampling from the general 

population. In such cases, the test of genotypic distributions for Hardy-Weinberg 

equilibrium became particularly important in parental samples. Of 16 SNPs tested in 

this study, only rs3001371 in the AKT1 gene was not in Hardy-Weinberg equilibrium, 

confirming that the sampling in this study used was not skewed; because rs3001371 
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inexplicably deviated from Hardy-Weinberg equilibrium, it was not used for further 

analysis. Multiple testing can inflate the rate of type I errors. The type I error rate 

(TIER) can be worked out by the following formula: TIER=1-(1-p)n, where “p” 

represents the probability of type I error and “n” is the number of independent tests. 

Normally, a p-value of 0.05 is set as a threshold for acceptance/rejection of the null 

hypothesis. This means that if the p-value is equal to 0.05 in a single test, the type I 

error should be 1-(1-0.05)1 =0.05, so the null hypothesis can be rejected. However, if 

more than one independent test is performed, the p-value of 0.05 cannot be used as 

a threshold of the true null hypothesis. If we test 2 SNPs present in different 

chromosomes, each test should be independent. Therefore, the type I error will be 1-

(1-0.05)2 =0.0975 if the p-value of 0.05 is still used as a cut-off value for rejection of 

the null hypothesis. To reduce the type I error in multiple testing, the Bonferroni 

correction is often used to adjust the p-value. For example, if 2 independent tests are 

performed, the p-value should be set at 0.05/2=0.025. In such a case, the type I error 

will be 1-(1-0.025)2=0.0494.  

 

The problem with genetic analysis is that most SNPs tested are present in the same 

gene, so the statistical tests for disease association with these SNPs are not 

independent. If the Bonferroni correct was applied to adjust the p-value, the chance 

of a type II error will be inflated. For this reason, the permutation test was used in this 

study to obtain a global p-value corrected for SNPs or haplotypes tested.      

 

What causes type II error? Type II errors are mainly caused by under-powering the 

study. Normally, statistical tests apply a chance of 20% for type II error (β=0.2) as a 

cut off value for the false null hypothesis. Because sample power is defined as 1-β, 
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80% power is needed for the acceptance of a false null hypothesis.  Although there 

are many factors affecting samples power, genetic analyses mainly focus on the 

following issues: sample size, effect size, frequency of alleles and correction for 

multiple testing. Schizophrenia is a multi-factorial disease and many genes of small 

effect may be involved in the disease. GWA studies have identified a number of 

schizophrenia susceptibility genes (Table 1.3), but their effect size is less than an OR 

of 1.5, which is defined based on the Cohen’s conventions. To increase sample 

power for genetic analysis, therefore, we need to increase sample size. The 

Bonferroni correction is often used to adjust a p-value in multiple testing. However, if 

SNPs tested are not independent due to their linking to one another, the sample 

power will also be reduced.  In this study, we recruited 221 family trios (including 2 

patients in a trio) or duos and, theoretically, there should be 444 chromosomes for 

genetic analysis in both the case group (transmitted alleles) and the control group 

(non-transmitted alleles). These samples therefore have 85% power for detection of 

an OR of 1.5 at a SNP with a minor allele frequency of 0.4 in the control group. 

However, all 16 SNPs tested in this study have a minor allele frequency of less than 

0.4 in the control group and an effect size of less than an OR of 1.5 (Table 3.10). If 

we use the Bonferroni correction to adjust the rate of type I error (α=0.05/16=0.003), 

the sample power of these 16 SNPs is considerably smaller (Table 3.10). Therefore, 

the results from these 221 family samples cannot draw a firm conclusion but just give 

a clue of their association with schizophrenia. Further study with a large sample size 

remains needed.  
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Table 3.10. Power calculation based on either a single testing or multiple testing in 221 family 
samples studied    

SNPs MAF (N)1 MAF (N)2 
Sample 
Power3 

(%) 

Sample 
size for 

80% 
power 

Sample 
Power4 

(%) 

Sample 
size for 

80% 
power 

Odds ratio 
(95% CI) 

rs12490265 0.307 (424) 0.287 (425) 10 8090 1 15,010 1.101  
(0.820-1.478) 

rs1801282 0.147 (442) 0.115 (397) 28 1730 6 3200 1.326  
(0.884-1.989) 

rs2921188 0.337 (444) 0.295 (444) 27 1900 5 3530 1.215  
(1.059-1.393) 

rs2938395 0.387 (444) 0.324 (444) 50 900 16 1660 1.317  
(1.085-1.599) 

rs2938388 0.361 (426) 0.319 (426) 25 1970 5 3500 1.206  
(1.057-1.376) 

rs1875796 0.497 (356) 0.462 (357) 15 3160 2 5860 1.151  
(1.042-1.270) 

rs1699337 0.378 (444) 0.315 (444) 51 890 16 1640 1.322  
(1.002-1.744) 

rs1175543 0.346 (444) 0.290 (444) 43 1080 12 1990 1.295 
 (0.976-1.719) 

rs2745557 0.116 (438) 0.166 (438) 57 750 20 1400 0.659  
(0.448-0.970) 

rs10798059 0.342 (444) 0.416 (444) 62 670 24 1240 0.730 
(0.556-0.958) 

rs1130214 0.323 (436) 0.243 (440) 75 500 37 920 1.486  
(1.105-1.999) 

rs2494746 0.084 (436) 0.079 (440) 6 46,410 < 1 86,100 1.069  
(1.020-1.121) 

rs11847866 0.313 (440) 0.245 (444) 62 680 24 1250 1.404  
(1.045-1.887) 

rs3730358 0.163 (434) 0.148 (437) 9 9050 1 16,780 1.121 
(1.034-1.215) 

rs2494731 0.354 (432) 0.308 (435) 30 1630 6 3010 1.231  
(1.064-1.425) 

rs2498804 0.328 (438) 0.303 (442) 13 5360 2 9940 1.123  
(0.845-1.492) 

1The patient group; 2The control group; 3Samples power calculated from a single test; 4Sample power 
calculated from 16 independent tests.  
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3.5.3. Inconsistent findings with the GWA study   

The International HapMap Consortium launched the HapMap project in 2002. There 

have been 2 versions of HapMap published since then (The International HapMap 

Consortium, 2005, 2007), the Phase I HapMap and the Phase II HapMap. The phase 

I HapMap was constructed by genotyping 270 individuals from 4 different ethnic 

groups and contained just over 1 million tag SNPs (The International HapMap 

Consortium, 2005). The phase II HapMap was constructed by genotyping further 2.1 

million tag SNPs, and contains a total of 3.1 million tag SNPs across the human 

genome (Frazer et al., 2007). Therefore, the phase II HapMap is more 

comprehensive than the phase I HapMap.  

 

The main aim of the HapMap project was to construct a user-friendly, computerised 

database, using of a set of common DNA markers in the human genome. The 

HapMap project can therefore help researchers to develop high-throughput 

technology to detect a disease-causing variant throughout the human genome, i.e. 

GWA analysis with microarray. Although HapMap is widely accepted, it has been 

criticized by some researchers. Terwilliger and Hiekkalinna (2006) commented that 

utilization of the tag-SNP based HapMap could increase a chance of false negative 

results due to the allelic heterogeneity across multiple haplotypes. Another study 

raised a question that the HapMap constructed based on genotyping of a small 

number of individuals may not be very powerful for genetic analysis across 

subpopulations (Montpetit et al., 2006). This may be a major reason for poor 

replication of the results from a GWA study.  
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Figure 3.6. LD block of the AKT1 gene in the European Caucasian 

population. The SNPs circled in red were tag SNPs tested in this study.  

 

It is important to recognise that the current gene-chips for microarray analysis cover 

less than 1 million tag SNPs and that approximately 70% tag SNPs shown in the 

phase II HapMap have been missed. It is not surprising that a candidate gene studies 

might show different results from GWA analysis. The figure below (Figure 3.6) shows 

all the tag SNPs present in the AKT1 gene. In the present study, 7 SNPs at the AKT1 

locus were genotyped, 4 of which are tag SNPs, namely rs1130214, rs2494746, 

rs3001371 and rs2494731 (Figure 3.5.).  The results indicated that 2 SNPs on the 

AKT1 gene were associated with schizophrenia and a stronger association signal 

was detected at rs1130214 (p=0.012) as compared to that detected at rs11847866 

(p=0.031). Because all the GWA studies of schizophrenia did not show AKT1 

association with the disease it is possible that the disease-associated SNPs tested in 

this study have been missed by the GWA study. 
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3.6. Conclusions 

The PPARG gene has been reported to be strongly associated with T2D, but the 

present study did not support the hypothesis that the PPARG gene may also play an 

important role in the development of schizophrenia. Neither the PLA2G4A-PTGS2 

combination nor the PLA2G4A-PPARG combination was associated with 

schizophrenia. The AKT1 gene has been previously reported in several populations 

for genetic association with schizophrenia and this study provides further evidence to 

support the AKT1 finding in the Caucasian population. 
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4.1 Introduction  

Patients with schizophrenia are normally treated with a combination of psychotherapy 

and drug administration (Frank et al., 1990; Bustillo et al., 2001). Antipsychotic drugs 

used to treat schizophrenia have been categorized into two classes: typical and 

atypical. Typical antipsychotics, such as chlorpromazine and haloperidol, are 

inhibitors of dopamine D2 receptors; it is believed that inhibition of these receptors 

underlies their ability to reduce positive symptoms, like hallucinations and delusions, 

in the affected individuals with schizophrenia (Lieberman et al., 2008). Atypical 

antipsychotics have a lower affinity for the dopamine receptors and a higher affinity 

for 5-HT2A receptors. Although antipsychotic medication is the primary treatment for 

schizophrenia, the side-effects of the treatments represent a major problem of 

varying severity that often affects the daily life of these patients. Typical 

antipsychotics have been associated with side-effects known as extra-pyramidal 

symptoms, including, Parkinson’s disease, tardive dyskinesia, akinesia and dystonia 

and, whilst atypical antipsychotics are rarely associated with extra-pyramidal 

symptoms, they are involved in the development of metabolic problems, such as 

weight gain and obesity (Freedman, 2003; Nasrallah, 2008).  

 

Clozapine is an atypical antipsychotic drug that has been widely used to treat 

patients with schizophrenia. Like other atypical antipsychotic drugs, clozapine has a 

weak affinity for dopamine D2 receptors but acts as an antagonist at dopamine D1 

and D4, norepinephrine and 5-HT2A receptors (Meltzer et al., 1989). It also acts as an 

antagonist at adrenergic, cholinergic and histaminergic receptors (Iqbal et al., 2003). 

Weight gain is the major side-effect associated with atypical drugs. A meta-analysis 

study was performed to compare the effects of various types of antipsychotic drugs 
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on the body weight; they found that of these antipsychotic drugs tested, clozapine 

induces the maximum weight gain (Allison et al., 1999). It has been suggested that 

clozapine might disturb satiety regulation in the hypothalamus of patients with 

schizophrenia by binding to a 5-HT2c receptor that is involved in controlling the 

satiety mechanism (Pazos et al., 1987; Basile et al., 2002; Miller et al., 2005). A 

broad spectrum of studies has highlighted an association between clozapine and 

disturbances in glucose-insulin homeostasis (Hagg et al., 1998; Chae and Kang, 

2001). Impaired glucose tolerance has been shown to improve after discontinuation 

of clozapine (Mukherjee et al., 1989a). Clozapine monotherapy is associated with an 

increased risk of diabetes (Sernyak et al., 2002; Newcomer, 2004). The above 

evidence strongly suggests that clozapine medication may cause metabolic problems, 

leading to the development of T2D (Spoelstra et al., 2004).  

 

The literature review indicates that clozapine-induced metabolic problems may be 

mediated by blocking neurotransmitter receptors that can regulate the satiety in the 

CNS. However, the direct effect of clozapine on the development of metabolic 

problems has not been documented yet. Since genome-wide association (GWA) 

studies have recently identified more than 20 genes that are strongly associated with 

obesity and T2D, it is particularly important to investigate whether these genes are 

involved in clozapine-induced metabolic problems. Accordingly, the experiments 

described in this chapter are designed to test the second hypothesis of this PhD 

project that clozapine may alter expression of those genes associated with obesity 

and T2D. Because inflammatory cytokines are involved in the development of obesity 

and insulin resistance, expression of the genes coding for inflammatory cytokines 

have also been tested. In addition, the four candidate genes tested for genetic 
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association with schizophrenia (described in Chapter 3) were also investigated for 

the effect of clozapine on their expression.  

 

It is worth noting that antipsychotic drug-induced weight gain is a chronic pathological 

process. Normally patients with schizophrenia show a sign of weight gain 2 or 3 

months after clozapine administration. As mentioned in Chapter 1 (section 1.2.2.2), 

several clinical studies have shown that the clozapine-induced weight gain started 

after 10 weeks of administration and continued up to 3 years before reaching a 

plateau (Umbricht et al., 1994; Frankenburg et al., 1998; Allison et al., 1999; Casey 

and Zorn, 2001). Therefore, it is worthwhile to treat cultured cells with clozapine for a 

fairly long period in this in-vitro study to explore the mechanism by which clozapine 

may induce the metabolic problem.  
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4.2. Study design 

 

4.2.1. Cell culture 

The U937 cell line that is derived from human histolytic lymphoma was used for the 

analysis of gene expression in this study. The following are the main reasons why 

U937 cells were selected. Firstly, U937 cells are characterized as monocytes, so 

they are well-suited for studying chronic inflammation-related conditions, such as 

obesity and T2D; secondly, macrophage infiltration into adipose tissues is a major 

event in developing obesity, insulin resistance and hepatic steatosis (Alkhouri et al., 

2010);  thirdly, literature and database searches suggest that most genes selected in 

this study are expressed in monocytes and monocyte-derived cells 

(http://biogps.gnf.org); lastly, it is difficult to isolate over 100 millions of human 

monocytes from a single blood donor for such a study. To test direct effect of 

clozapine on peripheral tissues, on the other hand, adipocytes are ideal targets to 

study antipsychotics-induced metabolic problems. However, there is a technical 

difficulty in growing a large quantity of adipocytes for a study of gene expression. 

Therefore, the U937 cell line is the best choice in this PhD project.  

 

Normally, the seeding density of U937 cells is 2.5 X 105/ml and the number of cells 

can triple within 48 hours (Harris and Ralph, 1985). For this reason, cultured U937 

cells need to be refreshed with fresh medium every 48 hours to keep the number of 

cells at an appropriate density for further culture.  Detailed methods were described 

in Chapter 2.    

 

http://biogps.gnf.org/
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The relevant concentration(s) and duration of clozapine to be used in a relatively 

acute in vitro study, with a view to mimicking the in vivo situation is not 

straightforward.  In this study, two concentrations of clozapine, 2µg/ml and 1µg/ml, 

were selected to treat the U937 cells for 48 hours and 96 hours to see the effect of 

clozapine on the expression of genes associated with obesity and T2D. The reasons 

for choosing such experimental conditions are because, Heiser et al. (2007) indicated 

that clozapine concentrations in the circulation ranged from 0.05µg/ml to 0.7µg/ml in 

patients on clozapine medication; Iqbal et al. (2003) suggested that the threshold 

level for efficacy is about 0.35µg/ml in the circulation. Because the time for treatment 

of cultured cells is much shorter than the clinical treatment period that is long enough 

to show a sign of weight gain, this work chose the upper limit concentration rather 

than 0.35µg/ml as a start point, which allows >95% cells to be survived after 

treatment with clozapine, followed by a lower concentration for further analysis. 

Heiser and co-workers (2007) also reported that when U937 cells were treated with 

clozapine concentrations ranging from 0 to 50µg/ml for 24 hours, the survival rate 

decreased in a concentration-dependent manner and reached a statistically 

significant level at ~12.5µg/ml (Heiser et al., 2007). This means that concentrations of 

12.5µg/ml or greater are not suitable for analysis of gene expression; on that basis, 

the upper limit selected for this study was 2µg/ml and a second, a lower 

concentration of 1µg/ml was also investigated to give some indication of 

concentration-dependence of any effects seen. As mentioned above, the aim of this 

study is to investigate for the clozapine-induced weight gain, which is usually 

observed after 10 weeks of its intake. However, it is not possible to apply a cell 

model to truly mimic the long-term exposure experienced in vivo, but the efforts were 
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made to extend the exposure as much longer as possible under a practical condition. 

For this reason, U937 cells were treated with clozapine for 96 hours as a maximum 

of long-term exposure. To see if there is any effect of clozapine on expression of 

HKGs, the genes of interest were normalised against ACTB as an HKG and the 

significant results were replicated using another HKG, GAPDH. The criterion to 

define whether expression of the HKGs is affected by clozapine is that only one of 

these two HKGs shows a significant change in their mRNA in the clozapine-treated 

cells. 

 

4.2.2. Gene selection 

To explore the mechanism by which an antipsychotic drug induces obesity and 

increase the risk of T2D (Basu and Meltzer, 2006), quantitative real-time PCR 

analysis was applied to test the effect of clozapine on mRNA expression of the genes 

associated with obesity and T2D in cultured U937 cells. The main criteria for gene 

selection were as follows: (1) genotyped genes selected for genetic analysis in our 

association study (Chapter 3); (2) the genes encoding inflammatory cytokines 

involved in insulin resistance; and (3) GWAS-identified T2D or obesity genes with a 

single isoform in the population and a p-value of 1X10-7 for disease association.  

 

The genes selected for analysis of their expression are given in Table 4.1. 
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Table 4.1. List of the genes selected to test for gene expression in U937 cell lines 

S.No Gene Isoform1 Full name Location 

1. PPARG 4 Peroxisome proliferator-activated receptor 
gamma 3p25 

2. AKT1 3 v-akt murine thymoma viral oncogene homolog 
1 14q32.32 

3. PLA2G4A 1 Phospholipase A2, group IVA 1q25 

4. PTGS2 1 Prostaglandin-endoperoxide synthase 2 1q25.2 - q25.3 

5. NOTCH2 1 Neurogenic locus notch homolog protein 2 1p13-p11 

6. ADAMTS9 1 ADAM metallopeptidase with thrombospondin 
type 1 motif, 9 3p14.1 

7. FTO 1 Fat mass and obesity associated 16q12.2 

8. HHEX 1 Haematopoietically expressed homeobox 10q23.33 

9. CDKAL1 1 CDK5 regulatory subunit associated protein 1-
like 6p22.2 

10. JAZF1 1 JAZF zinc finger 1 7p15.2-15.1 

11. MTNR1B 1 Melatonin receptor 1B 11q21-q22 

12. MC4R 1 Melanocortin 4 receptor 18q22 

13. DCD 1 Dermcidin 12q13.1 

14. MTCH2 1 Mitochondrial carrier homolog 2 11p11.2 

15. NEGR1 1 Neuronal growth regulator 1 1p31.1 

16. IL1-α 1 Interleukin 1, alpha 2q14 

17. IL1-β 1 Interleukin 1, beta 2q14 

18. IL-6 1 Interleukin 6 7p21-p15 

19. TNF-α 1 Tumour necrosis factor, alpha 6p21.3 

1The information regarding mRNA isoforms was updated in October 2010 
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4.2.3. Primer design and optimization 

The primers used for qPCR analysis were designed using the Beacon Designer™ 

program (version 6.0) as mentioned in Chapter 2. All the primers used in this study 

are given in Table 4.2. Because the PPARG and AKT1 genes have more than 1 

isoform, their primers were designed in a region to detect all the isoforms identified in 

the population (Figure 4.1a & 4.1b).  For example, the primers for amplification of 

PPARG cDNA samples were designed in exons 5 and 6, respectively, so that the 

amplicons covered all 4 isoforms of PPARG mRNA (Table 4.2 and Figure 4.1a); the 

primers for amplification of AKT1 cDNA samples were designed in exons 4 and 5, 

respectively, so that the amplicons covered all 3 isoforms of AKT1 mRNA (Table 4.2 

and Figure 4.1b). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Isoforms   (length) 
NM_138712.3 (1892 bp) 
NM_005037.5 (1818 bp) 
NM_138711.3 (1919 bp) 
NM_015869.4 (1820 bp) 

NC_000003.11 
5’ 3’ 

Figure 4.1a. Schematic diagram shows the 4 isoforms of PPARG mRNA with their length in base-pairs 

(bp) 

                     

Coding region of the gene 
Untranslated region of the gene Exons 

Introns 

Figure 4.1b. Schematic diagram shows the 3 isoforms of AKT1 mRNA with their length in base-pairs 

(bp) 

         Modified diagram from NCBI website  visited on 4th Feb  2010  

3’ 
NC_000014.8 

NM_001014431.1 (2794 bp)     
NM_001014432.1 (2878 bp) 
NM_005163.2 (3008 bp)     

Isoforms   (length) 5’ 

Coding region of the gene 
Untranslated region of the gene Exons 

Introns 
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Moreover, the 3 isoforms of AKT1 mRNA differ only in the 5’-UTR region but not in 

the coding regions (Figure 4.1b). So, the expression levels of all 3 isoforms may 

reflect a functional change of the AKT1 gene.  The four Isoforms of PPARG mRNA 

also show a difference in the 5’-UTR region, but isoform NM_015869.4 has a longer 

coding region than the other 3 isoforms. The interpretation of PPARG mRNA 

expression levels is more complicated than that of AKT1. This issue will be explored 

fully in the Discussion section.  

 

To optimize the conditions for qPCR analysis, we used two different concentrations 

of primers, 0.4μM and 0.8μM, to detect expression of target genes. The working 

concentrations of primers were finally determined based on the efficiency of 

amplification and specificity (Figures 4.2a; 4.2b; 4.2c). The efficiency of amplification 

and specificity were assessed according to the Ct values and melting curve. A 

smaller Ct value represents a high efficiency of amplification. . A single, specific 

product will lead to a single first derivate peak, because all SYBR green fluorescence 

will be quenched as the amplicon dissociates. The primers for the reference genes 

were purchased from the Tebu-Bio company as mentioned in Chapter 2. 
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Table 4.2. Details of the primer sequences, their location and amplicon size  

Genes Primer sequence Location Amplicon 
size (bp) 

Accession No. at 
NCBI 

PPARG F: AGATTACAAGTATGACCTGAAAC 
R: ATGAGGGAGTTGGAAGGC 

Exons 
5 & 6 132 NM_015869.4 

AKT1 F: TGGCACCTTCATTGGCTAC 
R: CCGCTCCGTCTTCATCAG 

Exons 
4 &5 106 NM_001014432 

 

PLA2G4A F: CCTGTGTGGAATGAGACCTTTG 
R: AATGTTGCTGTCCCTAGAGTTTC 

Exons 
3 & 4 116 NM_024420.2 

PTGS2 
F: GACAGTCCACCAACTTACAAT 
R: GCTGGTTCTGGGAGTTTG 
 

Exon 
4 106 NM_000963.2 

NOTCH2 
F: CACAATGGACAGGACAGTTC 
R: CAGCCGTTGACACATACAC 
 

Exons 
5 & 6 

 
127 NM_024408.2 

ADAMST9 F: CGGCGTGTTGTTGTATGTC 
R: CCACCAGTCTTGTTCTTATGC 

Exons 
27 &28 175 NM_182920.1 

FTO F: CTGGAAGCACTGTGGAAGAAG 
R: TGAGCGAGGCAAGGATGG 

Exons  
7 & 8 121 NM_001080432.1 

HHEX F: CTGGGCAAACCTCTACTCTG 
R: GATGGTCTGGTCGTTGGAG 

Exons  
1 & 2 93 NM_002729.4 

CDKAL1 F: CTGGTTGAAGTGATTCCTGAG 
R: AGACTGGACTGGTATGTGC 

Exons  
10 & 11 141 NM_017774.3 

JAZF1 F: ACCTATGTTGCCCTGAGTTAC 
R: TGCTGCTGCGGAATGAAG 

Exons 
2 & 3 217 NM_175061.3 

MTNR1B F: CGCTGTCGTGTCCTTCTG 
R: CTCTCTGGCTTGGCTTTCC 

Exon 
2 75 NM_005959.3 

MC4R F:  ATAGTAGTGCTGTCATCATCTG 
R: TAATCGCTCCCTTCATATTGG 

Exon 
1 171 NM_005912.2 

DCD F: ATGACTCTCCTCTTCCTGAC 
R: CTGCTTCCTTGGCTTTGG 

Exons  
1 & 3 174 NM_053283.2 

MTCH2 F: GCCTCTTCCTCCAACAATAG 
R: GTCACTCTCCTGGTAATGC 

Exons 
2 & 4 199 NM_014342.3 

NEGR1 F: GGCGGTGCTTAGGTGTTATTTG 
R: TTCTGTATCTGGAGGCTGTAGTC 

Exon 1 
Exon 2 157 NM_173808.2 

IL1-α F: CACTGGCTTCTGGCTGAG 
R: CTGGTCTTCTGTAGGATATGC 

Exon 
1 98 NM_000575 

IL1-β 
F: TGGCTTATTACAGTGGCAATG 
R: GTGGTGGTCGGATTCG 

Exons 
2 & 3 134 NM_000576 

IL-6 F: GACAACTCATCTCATTCTG 
R: CCATTAACAACAACAATCTG 

Exon 
5 104 NM_000600 

TNF-α F: GTGAGGAGGACGAACATC 
R: GAGCCAGAAGAGGTTGAG 

Exon 
9 
 

95 NM_000594 



 

Aditi Mathur                     Page 154 of 171 

Genetic association between 
schizophrenia and type-2 diabetes 

Chapter 4 
Effect of clozapine on gene expression 

4.2.4. Quantitative analysis 

All the selected genes (Table 4.2) were tested with different concentrations of 

primers in order to determine their expression levels in U937 cells. The genes were 

retained for further analysis only if their Ct values were less than 30 cycles to reduce 

system errors and their melting curve showed only a single peak of specificity at a 

temperature between 75oC and 85oC. Detection of gene expression was initially 

performed using ACTB as the HKG; all positive results were then replicated using a 

second HKG, GAPDH, to replicate the initial findings. There has been no evidence 

from literatures to confirm which HKG is best suited for the study of clozapine-treated 

cells. Given that clozapine may affect expression of some HKGs, the relative 

quantification of target gene expression will be affected, leading to a false result. The 

reason why ACTB and GAPDH were selected as HKGs in this study is because they 

have been used in more than 90% of functional studies (Ransbotyn and Reusch, 

2006).  

 

Relative quantification (fold change) was used to represent the levels of gene 

expression and comparison of the difference in Ct values between drug-treated 

and untreated cells was made by the Student’s t-test. To reduce the confounding 

effect of clozapine on expression of these 2 HKGs, the Fisher’s combined probability 

test (Fisher et al., 1932; Whitlock, 2005) was applied to analyse the significance 

levels by combining the p values from the independent tests for 2 HKGs-normalized 

results. The Fisher’s combined probability test (Sokal and Rohlf, 1995; Whitlock, 

2005) was performed using the formula: χ 2 = - 2 Σ l n ( P )   
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If all the null hypotheses in the experiments were accepted, this quantity would be 

distributed as χ2 with 2k degrees of freedom, of which k is equal to 2 in this study as 2 

HKGs were used. It is should be mentioned that –ln(P) if the fold change was less 

than 1, the ln(P) value would be treated as –ln(P) so that a two-tailed test was 

performed. 

 

Hence, the conclusions of this study were based on the p-values obtained from the 

Fisher’s combined probability test. 

 

4.3. Results and conclusions 

4.3.1. The features of each gene expressed in U937 cells   

Based on the Ct values, primer concentrations of 0.4µM were used for analysis of all 

the genes that were selected for qPCR analysis. The melting curves for each gene 

tested at 0.4µM primer concentrations are given in Figures 4.2a and 4.2b. Of the 19 

genes tested, 8 were removed from further analysis due to either low expression 

(Ct<30) or lack of specific amplification (showing more than one peak). These genes 

include, FTO, HEXX, CDKAL1, JAZF1, IL-6, MC4R, MTNR1B and DCD.  
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Figure 4.2a. The graphs showing the genes expressed in U937 cell lines 
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The HHEX gene showed non-specific amplification because there are 2 peaks on the 

melting curve; and the remaining 7 genes had a Ct value of greater than 30 cycles, 

which means that these genes were expressed at low levels in U937 cells (Figure 

4.2c). 
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Figure 4.2c.  The melting curves of amplicons of mRNA not highly expressed in U937 or 

lacking specific amplification 
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4.3.2. Gene expression in U937 treated with 2µg/ml clozapine for 48 hours   

When the cells were treated with clozapine (2µg/ml; 48 hours), none of the 11 genes 

of interest showed a significant change in their mRNA expression. Interestingly, when 

the MTCH2 gene was normalised against ACTB, a significant increase in its mRNA 

expression was observed (fold change=2.007, p=0.017) (Table 4.3). However, when 

the MTCH2 gene was normalised against GAPDH in the same cDNA samples, there 

was no significant change observed in its mRNA expression (fold change=1.726, 

p=0.520) (Table 4.3., highlighted in green); the combined p-value for the 2 tests of 

MTCH2 mRNA expression was 0.051 (χ2=9.46, df=4).  

 

Hence, the conclusion drawn from this experiment is that none of the 11 genes 

tested showed a significant change in their mRNA expression in U937 cells treated 

with 2µg/ml clozapine for 48 hours. 
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Table 4.3. Gene expression in cells treated with 2μg/ml clozapine for 48 hours (normalized with β-
actin) 

Genes Group1 Mean ± SE p-value2 Fold change3 

PPARG 
Case 11.13 ± 0.33 

0.073 2.757 
Control 12.59 ± 0.64 

AKT1 
Case 4.93 ± 0.24 

0.598 1.107 
Control 5.08 ± 0.10 

PLA2G4A 
Case 7.28 ± 0.16 

0.085 1.307 
Control 7.67 ± 0.11 

PTGS2 
Case 8.60 ± 0.16 

0.082 0.323 
Control 6.97 ± 0.74  

MTCH2 
Case 7.74 ± 0.28 

0.017 2.077 
Control 8.79 ± 0.19 

MTCH2 
(with GAPDH) 

Case 7.75 ± 0.83 
0.520 1.726 

Control 8.54 ± 0.83 

NEGR1 
Case 9.45 ± 0.32 

0.496 0.616 
Control 8.75 ± 1.01 

ADAMST9 
Case 8.25 ± 0.80 

0.882 1.022 
Control 8.06 ± 0.92 

NOTCH2 
Case 6.24 ± 0.51 

0.479 1.394 
Control 6.72 ± 0.40 

IL1α 
Case 8.00 ± 0.41 

0.135 0.491 
Control 6.97 ± 0.47 

IL1β 
Case 9.25 ± 0.22 

0.642 0.868 
Control 9.04 ± 0.36 

TNFα 
Case 8.17 ± 0.33 

0.314 0.575 
Control 7.37 ± 0.67 

1n=6 for each group; 2 t-test; 3 calculation method described in Chapter 2 
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4.3.3. Gene expression in U937 treated with 2μg/ml clozapine for 96 hours  

When the cells were treated with 2µg/ml concentration of clozapine for 96 hours, 

none of the genes tested had a significant change in their mRNA expression 

although when the MTCH2 gene was normalised against ACTB, a significant 

increase in its mRNA expression (fold change=2.654, p=0.009) was observed (Table 

4.4). When the MTCH2 gene was normalised against GAPDH in the same cDNA 

samples, there was no significant change in gene expression (fold change=0.406, 

p=0.507) (Table 4.4, highlighted in green). The combined p-value for the 2 tests of 

MTCH2 mRNA expression was 0.088 (χ2=8.113, df=4).  

 

Hence, the conclusion drawn from this experiment is that none of the 11 genes 

tested showed significant change in their mRNA expression in the cells treated with 

2µg/ml clozapine for 96 hours. 
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Table 4.4. Gene expression in cells treated with 2μg/ml clozapine for 96 hours (normalized with β-
actin) 

Gene Group1 Mean ± SE p-value2 Fold change3 

PPARG 
Case 9.59 ± 0.47 

0.368 0.650 
Control 8.96 ± 0.45 

AKT1  
Case 5.65 ± 0.24 

0.615 1.206 
Control 5.92 ± 0.45 

PLA2G4A 
Case 7.78 ± 0.24 

0.366 1.260 
Control 8.12 ± 0.25 

PTGS2 
Case 13.91 ± 0.27 

0.246 0.813 
Control 12.49 ± 1.11 

NEGR1 
Case 9.38 ± 0.26 

0.287 1.400 
Control 9.87 ± 0.34 

ADAMST9 
Case 8.73 ± 0.23 

0.740 0.921 
Control 8.61 ± 0.25 

MTCH2 
Case 5.84 ± 0.29 

0.009 2.654 
Control 7.25 ± 0.32 

MTCH2 
(with GAPDH) 

Case 9.08 ± 1.52 
0.507 0.406 

Control 7.78 ± 1.10 

NOTCH2 
Case 5.98 ± 0.35 

0.230 0.614 
Control 5.28 ± 0.41 

IL1α 
Case 10.83 ± 0.35 

0.272 1.440 
Control 11.35 ± 0.27 

IL1β 
Case 10.89 ± 0.12 

0.072 0.720 
Control 10.43 ± 0.18 

TNFα 
Case 10.51 ± 0.51 

0.798 0.656 
Control 10.81 ± 0.94 

1n=6 for each group; 2 t-test; 3calculation method described in Chapter 2 
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4.3.4. Gene expression in U937 treated with 1µg/ml clozapine for 96 hours  

The MTCH2 gene and the four candidate genes analysed for genetic association with 

schizophrenia were tested to see their gene expression in 1µg/ml clozapine-treated 

cells. Of these five genes, only the PPARG gene and the MTCH2 gene showed 

interesting results. The detail is given as follows. 

 

When the PPARG gene was normalised against ACTB, a significant increase in its 

mRNA expression was observed (fold change=2.299, p=0.005) (Table 4.5). On the 

contrary, when the PPARG gene was normalised against GAPDH in the same cDNA 

samples, there was no significant change observed (fold change=2.383, p=0.123) 

(Table 4.5, highlighted in green). Nevertheless, the combined p-value for the 2 tests 

was 0.005 (χ2=14.79, df= 4).  When the MTCH2 gene was normalised against ACTB, 

a significant decrease in its mRNA expression was observed (fold change=0.073, 

p=0.002) (Table 4.5), but only a marginal change was shown (fold change=0.145, 

p=0.051) on the normalisation with GAPDH in the same cDNA samples (Table 4.5, 

highlighted in green). The combined p-value for these 2 tests was 0.001 (χ2=18.38, 

df= 4). 

 

The conclusion that might be drawn from this experiment is that the lower 

concentration of clozapine might up-regulate expression of the PPARG gene and 

down-regulate expression of the MTCH2 gene. 
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Table 4.5. Gene expression in cells treated  with 1μg/ml clozapine for 96 hours (normalized with β-
actin) 

Gene name Group1 Mean ± SE p-value2 Fold change3 

PPARG 
Case 9.24 ± 0.19 

0.005 2.299 
Control 10.44 ± 0.27 

PPARG 
(with GAPDH) 

Case 7.81 ± 0.58 
0.123 2.383 

Control 9.06 ± 0.46 

PLA2G4A 
Case 7.53 ± 0.16 

0.211 1.608 
Control 8.22 ± 0.48 

PTGS2 
Case 11.41 ± 1.81 

0.898 1.208 
Control 11.68 ± 0.96 

AKT1 
 

Case 5.56 ± 0.26 
0.054 0.538 

Control 4.67 ± 0.30 

MTCH2 
 

Case 15.25 ± 0.57 
0.002 0.073 

Control 11.48 ± 0.66 

MTCH2 
(with GAPDH) 
 

Case 15.64 ± 1.02 
0.051 0.145 

Control 12.85 ± 0.73 

1n=6 for each group; 2 t-test; 3calculation method described in Chapter 2 
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4.4. Discussion 

 

4.4.1. Selection of clozapine concentrations and treatment time-points 

The clozapine concentrations selected for this study were designed based on the 

range of circulating clozapine levels in patients who received a long-term treatment 

and the survival rate of U937 cells treated in different concentrations of the drug 

(Heiser et al., 2007). Heiser and co-workers (2007) measured the survival rate of 

clozapine-treated U937 cells and found a significant decrease in the survival rate of 

the cells at the concentration of 12.5µg/ml clozapine. Unlike toxicity study, analysis of 

gene expression needs the cells in a good condition, which is allowed to investigate a 

specific effect of clozapine on expression of the genes of interest. A toxic 

concentration may affect expression of all the genes including the HKGs and 

generate a false result. This problem must be avoided in such a study of gene 

expression. The concentration of 2µg/ml clozapine was set as the upper-limit 

concentration to treat U937 cells as >95% cells remains alive at this concentration 

based on the study described by Heiser et al. (2007). The results from this study 

strongly suggests that expression of either ACTB or GAPDH is affected by 2µg/ml 

clozapine as there was a difference in gene expression between the results 

normalised by these 2 reference genes used (Tables 4.3 and 4.4). Therefore, further 

analysis was performed in the cells treated with 1µg/ml clozapine and showed a 

useful result for a conclusion although expression of the HKGs was also slightly 

affected. 

It is very important to consider the time points of clozapine treatment. The time points 

designed in this study were based on the fact that some individuals with 
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schizophrenia show signs of metabolic side-effects like weight gain and 

hyperglycaemia after 10 weeks of treatment (Bushe and Paton, 2005). Because this 

study was undertaken to test a mechanism of clozapine-induced metabolic side-

effect, U937 cells were treated with clozapine for a longer duration than other studies 

designed to test therapeutic and toxic effects in cultured cells. Normally, clozapine is 

absorbed within 1-6 hours after oral administration and the time to peak 

concentration after oral dosing is about 2.5 hours. Clozapine is extensively 

metabolized in the liver and has a half-life of 14 hours, although its half life varies 

with dosing (Rostami-Hodjegan et al., 2004). This is the reason why patients need to 

take clozapine daily in order to maintain an effective level for treatment of 

schizophrenia. However, it is impossible to treat cultured cells for as a long time as 

clinical treatment. The cultured U937 cells were treated for 96 hours as a maximum 

of long-term exposure in this study. Thus, the results from this study should be 

viewed with caution.  

4.4.2. Effect of clozapine on expression of the HKGs 

The relative quantification method was used in this study to analyse expression of 

the genes associated with obesity and T2D. This was performed by normalising the 

expression level of the target genes with the expression level of a HKG. An ideal 

reference gene should be constitutively and uniformly transcribed in all tissues at the 

same level, and its expression should not be affected by exposure to experimental 

conditions. Therefore, selection of an appropriate HKG is essential for analysis of 

gene expression. There are five housekeeping genes that are commonly used for 

analysis of gene expression: ACTB, GAPDH, hypoxanthine ribosyltransferase (HPRT) 

and ribosomal (18S and 28S rRNA) (Bar et al., 2009). However, a number of studies 
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have demonstrated considerable variation in the expression of these HKGs between 

individuals, cells types and experimental conditions (Vandesompele et al., 2002). It is 

becoming clear that it is difficult to choose a stable housekeeping gene in some 

studies concerned with exposure to an environmental factor. Several new methods 

and computer software programmes have been developed in recent years to 

facilitate the selection of HKGs (http://www.gene-quantification.de/download.html). 

They include geNORM, Relative Gene Expression Approach (REST), Linear 

Regression (LinREG), GENEX Software, AmpER, qBASE, qBasePlus, DART PCR 

version 1.0, GENE EXPRESSION MACRO Software by Bio-Rad, qGENE Software, 

qCalculator Software, qPCR DAMS Software, PREXCEL-Q, SoFAR Software, 

BestKeeper software and NormFinder software. However, it remains unclear which 

program is the best for QPCR analysis and there is a long way to go for evaluation of 

these newly-developed methods. 

This study was designed to test the effect of clozapine on expression of the genes 

association with T2D and obesity. Because there have been no data available to 

confirm which HKGs are suitable for such a study of clozapine-treated cells or 

patients, it was deemed essential to select more than one HKG to normalise against 

the expression of target genes and reduce the risk of false-positive rates. Accordingly, 

ACTB and GAPDH were chosen as the HKGs in this study as they have been most 

commonly used for analysis of gene expression (Ransbotyn and Reusch, 2006). All 

the target genes were first normalised against ACTB, and the positive findings were 

then replicated using GAPDH. As shown in Table 4.5, ACTB normalised expression 

of the PPARG and MTCH2 genes showed significant change in the cells treated with 

1µg/ml of clozapine, but the same result was not observed when GAPDH was used 
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to normalise expression of these 2 genes (Table 4.5). This finding suggests that 

clozapine affects expression of either one of these 2 HKGs or both. This is therefore 

a major confounding factor for identification of the true picture about the impact of 

clozapine on the target genes. While ACTB appears to be more sensitive than 

GAPDH in normalization of gene expression in clozapine-treated cells, it is still 

difficult to tell which of these 2 HKGs has been affected by clozapine treatment. It is 

worth noting that significant changes of gene expression were detected only on the 

PPARG and MTCH2 genes but not on the others (Tables 4.5). It can be concluded 

that clozapine can specifically affect expression of these two genes. For this reason, 

we applied the Fisher’s combined probability test to access the result of gene 

expression at a level of the combined p-value of ≤0.05 to draw a firm conclusion.   

4.4.3. Effect of clozapine on the PPARG expression  

The PPARG gene has four isoforms of mRNA in the population (NCBI website; 

http://www.ncbi.nlm.nih.gov/gene), including NM_138712.3, NM_005037.5, 

NM_138711.3 and NM_015869.4. As shown in Figure 4.1a, mRNA NM_138712.3 

spans 1892 bp and misses exons 2 and 4; mRNA NM_005037.5 spans 1818 bp and 

misses exons 2, 3 and 4; mRNA NM_138711.3 spans 1919 bp and misses exons 1, 

and 4; and mRNA NM_015869.4 spans 1820bp and misses exons 1, 2, and 3. In fact, 

the coding region starts from exon 4 and a total of 7 exons are involved in coding for 

the PPARG protein.  Because it is very difficult to design a pair of primers to amplify 

individual isoforms, a pair of primers in exons 5 and 6 was designed for this study to 

detect a cumulative expression of all 4 isoforms of the PPARG gene (Table 4.2). 

There was no significant change observed in expression of the PPARG gene when 

U937 cells were treated with 2µg/ml clozapine for 48 hours and 96 hours. However, 

http://www.ncbi.nlm.nih.gov/gene
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expression of the PPARG gene showed a significant increase with a combined p-

value of 0.005 (Tables 4.6) when U937 cells were treated with 1µg/ml clozapine for 

96 hours. However, the increase in gene expression does not necessarily mean that 

clozapine can up-regulate the function of PPARG because different isoforms may 

have different functions. For example, the human tyrosine hydroxylase gene encodes 

four distinct isoforms of the enzyme (Kobayashi et al., 1988), of which the shortest 

one shows the highest activity but the longest one shows an inhibitory action on the 

enzyme. Accordingly, this study cannot conclude which isoform of PPARG gene is 

really affected by clozapine or whether the increased gene expression reflects 

enhanced function of this nuclear receptor. Therefore, to draw a firm conclusion, the 

expression of all 4 isoforms of the PPARG gene needs to be individually tested in 

clozapine-treated cells. 

 

4.4.4. Effect of clozapine on MTCH2 expression 

Apoptosis, also known as programmed cell death, plays an important role in 

homeostasis of tissues and removal of damaged cells from the human body 

(Zaltsman et al., 2010). B-cell lymphoma 2 (BCL-2) protein is a family of regulators of 

both pro-apoptotic and anti-apoptotic processes and functions in mitochondria as its 

major site of action (Gross et al., 1999; Gross, 2005). Pro-apoptotic members of the 

BCL-2 protein family include BCL-2 associated X protein (BAX), BCL-2 associated 

death promoter (BAD) and BCL-2 interacting domain death agonist (BID), which 

translocates from the cytosol onto the organelle when activated, and promotes the 

apoptotic processes (Gross et al., 1999). Nevertheless, the precise mechanism by 

which BCL-2 protein family initiates the cell death remains unknown (Gross, 2005).  
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Figure 4.3. Structure of MTCH2 protein showing its three 

transmembrane. The dotted box represents the single 

mitochondria carrier domain. 

(Modified diagram from Gross, 2005) 

 

MTCH2 has recently been identified as a BCL-2 family member (Ricketts, 2003). This 

protein was initially identified as a putative open reading frame (ORF) in CD34+ 

hematopoietic stem/progenitor cells (Zhang et al., 2000). MTCH2 is an integral 

membrane protein that resides on the surface of an approximately 185 kD 

mitochondrial complex, and it consists of three transmembrane domains: TMI, TMII 

and TMIII. As shown in Figure 4.3, transmembrane domains I and II form the 

mitochondrial carrier domain, and transmembrane domain III is the C-terminal of the 

MTCH2 protein (Gross, 2005).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The gene coding for MTCH2 lies on the short arm of chromosome 11p11.2. It spans 

about 25.35 kb of DNA and contains 13 exons. Because the MTCH2 gene has been 

recently identified as a potential genetic factor for obesity, little is known about its 

functions and the mechanism through which it is involved in obesity (Willer et al., 

2009). However, the MTCH2 gene has also been associated with dietary and 

macronutrient intake of saturated fats, carbohydrates, mono-, di- and poly-
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saccharides and SNP rs10838738 present in the intron 1 of the gene has been 

significantly associated (p=0.04) with an increased BMI (Bauer et al., 2009). The 

MTCH2 gene is expressed not only in adipocytes but also in liver and hypothalamus 

(Willer et al., 2009). This study suggests that MTCH2 can be expressed in 

monocytes as well.  

 

Activation of MTCH2 molecules by tumour necrosis factor alpha (TNF-α) leads to the 

recruitment of BID and BAX to the mitochondrial complex, which in turn triggers the 

mitochondrial apoptosis process (Grinberg et al., 2005). This may be a possible 

reason for the role of MTCH2 in inducing mitochondrial apoptosis (Renstrom et al., 

2009; Willer et al., 2009). Genetic inactivation of BID can inhibit the process of 

adipocyte apoptosis, which is a key initial event that contributes to macrophage 

infiltration into adipose tissue and insulin resistance (Alkhouri et al., 2010). Cogliati 

and Scorrano (2010) have recently found that the MTCH2 protein plays a 

fundamental role in the recruitment of BID to mitochondria, which is involved in 

triggering the mitochondrial apoptotic programs (Gross, 2005). This study confirmed 

that MTCH2 expression in U937 cells could be inhibited by clozapine. Possibly, 

decreased MTCH2 levels in monocytes may be involved in clozapine-induced obesity 

by enhancing inflammatory activities of macrophages in adipose tissues. This is 

because the role of MTCH2 in apoptosis is down regulated by clozapine.     

 

In conclusion, this study provides a hint for the future studies that clozapine might 

induce metabolic side-effects by down-regulating expression of the MTCH2 gene in 

monocytes or macrophages in leading to T2D in schizophrenia patients who have 

received long-term treatment with clozapine or other antipsychotic drugs. 



 

 

 

Chapter 5. 

General discussion 
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5.1. Introduction 

Schizophrenia is a common mental disorder with a lifetime risk of 0.7% in the general 

population (Gejman et al., 2010). The disease usually manifests in adolescence and 

early adulthood. Schizophrenia is characterized by heterogeneous clinical 

presentation and there has been no laboratory-based test available for diagnosis of 

the illness so far. What causes schizophrenia remains unclear but there is no doubt 

that a genetic component is involved (Tandon et al. 2008). Family studies have 

shown that the close relatives of schizophrenia proband have a greater risk of 

developing the disease than the general population and that the risk of disease 

increases with the degree of genetic affinity between schizophrenia proband and 

their family members (Kirov et al., 2005; Tandon et al. 2008). In addition, 

schizophrenia has also been investigated in other relevant fields, such as 

neuropathology, neurochemistry, pharmacology and immunology, but there has been 

no crystal clear answer to interpret its mechanism.  It has long been noted that the 

individuals who suffer from schizophrenia have a high risk of developing T2D 

(Juvonen et al. 2007). Some studies reported that the prevalence of T2D in patients 

with schizophrenia is 9% as compared to 4.6% in the general population (Buse et al., 

2003; Elias and Hofflich, 2008). While antipsychotic drug-induced obesity is an 

important risk factor for the development of T2D (Jin et al., 2008), the high incidence 

of T2D in patients with schizophrenia had been frequently observed in the pre-

neuroleptic era (Lindenmayer et al., 2001; Kohen, 2004). Hence, the medication of 

antipsychotic drugs is not the only reason for an increased risk of T2D in patients 

with schizophrenia (Ananth et al., 2002, Henderson, 2002). 
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Accordingly, this project was designed to investigate whether these two entities share 

genetic vulnerability factors or whether T2D can be called iatrogenic with the use of 

antipsychotic drugs. The idea of this project comes from the fact that both conditions 

are considered to be genetic disorders, and that there might be a common genetic 

pathway associated with these two diseases. For this reason, two hypotheses were 

tested in this study: (1) that there is a common gene or a genetic pathway involved 

between schizophrenia and T2D and (2) that clozapine may affect expression of the 

genes identified to be associated with T2D and obesity by the genome-wide 

association (GWA) study (Zeggini et al., 2008; Willer et al., 2009). The first 

hypothesis was tested by performing a genetic association study of some genes 

possibly associated with both diseases and the second hypothesis was tested by 

analyzing expression of the genes for T2D and obesity in clozapine-treated cells. 

 

Four candidate genes, PPARG, PLA2G4A, PTGS2 and AKT1, were selected for the 

genetic association study for the following reasons: first, the PPARG gene plays a 

vital role as a modulator of insulin sensitivity, glucose homeostasis and blood 

pressure. The GWA study has confirmed an association of the PPARG gene with 

T2D (Zeggini et al., 2008). It is possible that the PPARG locus might contribute to the 

aetiology of both schizophrenia and T2D through the PLA2-PTGS2 pathway. The 

PLA2G4A gene and the PTGS2 gene have been found to be marginally associated 

with schizophrenia in previous studies (Hudson et al., 1996; Wei et al., 1998, 2004; 

Mathur et al., 2009). Because prostaglandin is the precursor of endogenous ligand of 

PPARG, it may be useful to test the interaction between the PLA2G4A gene and the 

PPARG gene. The results would help to establish a genetic link between 

schizophrenia and T2D. Second, the AKT1 gene plays a role in an intracellular 
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signalling pathway that may be important for the pathophysiology of both 

schizophrenia and T2D. This gene has been previously reported to be associated 

with schizophrenia in different populations (Ikeda et al., 2004; Schwab et al., 2005; 

Bajestan et al., 2006; Norton et al., 2007). It is worthwhile replicating the AKT1 gene 

findings in a British sample. Because AKT1 can inhibit GSK3β as part of the insulin 

signalling pathway and consequently up-regulate the activities of glycogen synthase 

(Ali et al., 2001), dysfunction of the AKT1/GSK3β signal pathway may be involved in 

both T2D and schizophrenia (Zhao et al., 2006). 

 

It is well known that obesity is a major risk factor for T2D. Clozapine is an atypical 

drug commonly used for treatment of schizophrenia and often causes weight gain in 

schizophrenia patients who have received clozapine treatment. It is therefore 

important to test the effect of clozapine on expression of the risk genes for obesity 

and T2D, which have recently been identified by the GWA study (Zeggini et al., 2008; 

Willer et al., 2009). Because inflammatory cytokines are involved in the development 

of obesity and insulin resistance, expression of the genes coding for inflammatory 

cytokines were also tested in this study.  In addition, the four candidate genes tested 

for genetic association with schizophrenia (described in Chapter 3) were also 

investigated for the effect of clozapine on their expression.  

 

 5.2. Summary 

Chapter 3 describes the work on genetic analysis of the four candidate genes 

possibly associated with both schizophrenia and T2D. When the eight SNPs were 

genotyped in the PPARG gene, none of them showed allelic association with 

schizophrenia. However, a weak association was detected in the PTGS2 locus 
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(χ2=4.19, p=0.041) and in the PLA2G4A locus (χ2=4.28, p=0.039). However, these 

associations failed to survive after 10,000 permutations (global p=0.246). The gene-

gene interaction test did not show that the PLA2G4A gene had a combined effect 

with either the PTGS2 gene or the PPARG gene. A total of 7 SNPs were genotyped 

in the AKT1 gene, one of which was excluded from further analysis due to its 

deviation from Hardy-Weinberg equilibrium. The likelihood-ratio test showed that 

allelic association was detected at rs1130214 (χ2=6.28, p=0.012) and at rs11847866 

(χ2=4.64, p=0.031); the remaining SNPs did not show association with schizophrenia. 

The global p-value was 0.059 after 10,000 permutations. The haplotype analysis 

showed disease association for the rs1130214-rs2494746-rs11847866 haplotypes 

(χ2=10.18, df=4, p=0.037) that lie in the same LD block. The AKT1 gene has 

previously been reported to be associated with schizophrenia in different populations.  

 

In conclusion, the PPARG gene is not associated with schizophrenia in this British 

population, although this gene has recently been identified by GWAS to be involved 

in the susceptibility to T2D. In addition, our results did not show an epistatic effect 

between the PPARG, PLA2G4A and PTGS2 genes whose genetic pathway could 

possibly contribute to the abnormal metabolism of membrane phospholipids in 

schizophrenia. Hence, the PPARG gene failed to produce any genetic link between 

schizophrenia and T2D in our genetic association study. The AKT1 gene is a 

potential candidate gene for the pathogenesis of schizophrenia with reference to the 

several studies done in the past. Furthermore, the results obtained from our genetic 

association study provide further evidence in support of the association of the AKT1 

gene with schizophrenia. However, further investigation is needed to clarify whether 

antipsychotic drugs trigger T2D through the AKT1/GSK3β signalling pathway. If this 
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hypothesis is confirmed to be correct, a therapy for treatment of both schizophrenia 

and T2D can then be developed by modifying the AKT1/GSK3β signalling pathway.   

 

Chapter 4 describes the study of the effect of clozapine on the expression of 19 

genes that have been found (or suggested) to be associated with T2D and obesity by 

GWA studies, 8 of which were removed from further analysis due to either low 

expression or lack of specific amplification. These genes include FTO, HEXX, 

CDKAL1, JAZF1, IL-6, MC4R, MTNR1B and DCD. To perform a gene functional 

study, U937 cells were treated with clozapine at the concentrations of 1µg/ml and 

2µg/ml for 48 and 96 hours. The concentrations of clozapine used for this study were 

based on the range of circulating clozapine levels in patients who received a long-

term treatment as well as the survival rate of U937 cells treated in different 

concentrations of the drug. As mentioned in Chapter 4, Heiser et al. (2007) indicated 

that clozapine concentrations in the circulation ranged from 0.05µg/ml to 0.7µg/ml in 

patients on clozapine medication and that when U937 were treated with clozapine 

concentrations from 0-50µg/ml for 24 hours, about 95% survival rate was shown in 

2µg/ml clozapine-treated cells. Therefore, 2µg/ml clozapine was used as an upper 

limit concentration and 1µg/ml clozapine was used for replication of an interesting 

finding. While it is impossible to accurately replicate drug exposure under clinical 

treatment in a cell culture model, the chosen conditions represent a reasonable 

approximation within the limitations of cell culture. The two internal controls were 

used, namely ACTB and GAPDH HKGs, to normalise and test against the genes of 

interest. Relative quantification (fold change) was used to represent the levels of 

gene expression and comparison of difference in the Ct values between drug-

treated and untreated cells was made by the Student’s t-test. The Fisher’s combining 
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probability test was applied to calculate a combined p-value for a firm conclusion 

(Fisher et al., 1932; Whitlock, 2005).  

 

Statistically significant results were only noticed when the U937 cells were treated 

with 1µg/ml clozapine for 96 hours, expression of the PPARG gene was significantly 

increased (χ2=14.79, df= 4, combined p=0.005) and that of the MTCH2 gene was 

significantly decreased (χ2=18.38, df= 4, combined p=0.001). This finding suggests 

that the 2µg/ml concentration of clozapine may be too high for analysis of gene 

expression due to its effect on expression of HKGs. Further study is needed to 

investigate the effect of 0.5µg/ml or a lower concentration on expression of the 

PPARG and MTCH2 genes.  In addition, increased PPARG expression and 

decreased MTCH2 expression may enhance the activities of monocytes or 

macrophages and consequently facilitate the development of inflammatory response 

in adipose tissues.     

 

In summary, the preliminary findings from this study suggests that the PPARG gene 

and the MTCH2 gene may be involved in clozapine-induced obesity and in increased 

risk of developing T2D in patients with schizophrenia. 
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5.3. Limitation of this study and future directions 

It should be mentioned that there are a few limitations of both the genetic and gene 

expression studies.  These limitations lead to some ideas of what should be done in 

future studies.   

 

First, these 221 family samples used for genetic association study were collected in 

the period between 1990 and 2005. These samples since then have been unlinked-

anonymised, breaking any connection to indentifying information. It is therefore 

impossible to re-obtain information such as the measurements of glucose and lipid 

concentrations in blood as well as history of T2D and medication. If this information 

were available, quantitative analysis could have been performed to test the genetic 

association of the candidate genes with BMI, glucose and lipid levels. The history of 

diabetes is also very useful to analyse genetic association between the candidate 

genes and a sub-group of schizophrenia, in which patients had suffered from T2D. In 

future studies, the above work should be carried out on patient samples with more 

detailed information regarding clinical characterization of patients with schizophrenia. 

     

Secondly, in the functional study of genes of interest, the normalization of gene 

expression was done using 2 HKGs, ACTB and GAPDH, to reduce the effect of 

clozapine on gene expression. In theory, the HKG used should be expressed stably 

and at a similar level in all tissues under investigation, and its expression should not 

be influenced by the experimental conditions (Aerts et al., 2004). Although ACTB and 

GAPDH have been used by most researchers (Bar et al., 2009), increasing evidence 

suggests that these two HKGs may not be stable in some experimental conditions 

and in some tissues or cells. This study mainly focused on detecting expression of 
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the genes for obesity and T2D in clozapine-treated U937 cells. There has been no 

convincing evidence indicating which HKG(s) is/are suitable for such work. To ensure 

the accuracy of experimental results, it has been suggested to use more than one 

HKG as the internal controls or reference genes for the analysis of gene expression 

(Vandesompele et al., 2002; Bar et al., 2009). As mentioned above, 2 HKGs were 

applied to normalize gene expression in this study but the difficulty is how to explain 

the controversial results from normalization with 2 HKGs in the exact same 

experimental conditions. After the U937 cells were treated with 2ug/ml clozapine for 

96 hours, for example, a significant change was observed in expression of the 

MTCH2 gene (p=0.009) when normalized against ACTB, but this significance 

disappeared (p=0.507) when normalized against GAPDH. Therefore, the Fisher’s 

combining test was performed to obtain a combined p-value of 0.088 in this case. 

The major reason for the controversial result is because of the effect of clozapine on 

expression of HKGs, which can either produce a false positive signal or reduce 

statistical test power, consequently leading to either the type I error or the type II 

error. To draw a firm conclusion, a third HKG is necessary to be applied for 

replication of the initial finding in a future study. The use of more HKGs can increase 

statistical test power and reduce the cofounding effect of drug on HKG expression. 

 

Thirdly, a neurotransmitter receptor-based hypothesis can help to explain the role of 

clozapine in weight gain, but there has been no direct evidence available to illustrate 

whether clozapine may directly affect its target cells that are involved in regulating 

metabolism of fatty acids.  As mentioned in Chapter 1, clozapine has affinity for 

dopamine receptors D1 and D4 than the D2 receptors, and a broad range of 5-HT 

receptors, particularly 5-HT2 (Iqbal et al, 2003). An antagonistic effect of clozapine at 
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the 5-HT receptor is important for its antipsychotic role in treatment of schizophrenia 

but this receptor is also involved in appetite regulation. It has been noted that 

patients often complain that their appetite is unsatisfied even after having substantial 

meals, suggesting that clozapine might disturb the satiety regulation in the 

hypothalamus possibly by blocking a 5-HT receptor that is associated with the 

mechanism of appetite control. However, increased food intake may not be the only 

mechanism by which patients gain weight after medication. It is also important to 

explore direct effect of clozapine on peripheral cells that regulate metabolism of lipid 

in adipose tissues. In this in-vitro gene functional study, expression of both the 

PPARG gene (combined p-value=0.005) and the MTCH2 gene (combined p-

value=0.001) showed significantly change in U937 cells treated with 1µg/ml 

clozapine for 96 hours. This finding suggests that clozapine may have a direct effect 

on expression of some genes involved in the development of obesity and T2D. The 

limitation of this work is that U937 cells are derived from monocytic lymphoma rather 

than normal white blood cells. Nevertheless, this preliminary work has provided a 

very useful clue leading to the conclusion that a direct effect of clozapine on 

peripheral cells is very likely to be involved in the development of weight gain. 

Further study should be designed to test if monoamine neurotransmitters like 

dopamine and 5-HT can eliminate or reduce the effect of clozapine on expression of 

the PPARG and MTCH2 genes in clozapine-treated U937 cells. This experiment 

would give an actual picture if clozapine has direct effects by activating some types 

of dopamine and 5-HT receptors. Furthermore, it is also important to clarify whether 

clozapine treatment alters expression of the MTCH2 and PPARG genes that could 

eventually lead to the development of obesity and T2D. To confirm this, the 

experiment should be performed using a typical antipsychotic drug like haloperidol to 
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see if a similar result can be observed in haloperidol-treated U937 cells. In addition, 

clinical study may be particularly important to confirm the finding of this study that 

clozapine may specifically affect expression of the MTCH2 and PPARG genes in 

normal monocytes or macrophages. To perform a clinical study, peripheral blood 

monocytes will be isolated from schizophrenia patients who are receiving a long-term 

treatment (over 2 months) with clozapine and expression of the MTCH2 and PPARG 

genes can be analysed in isolated monocytes. 

 

Fourthly, clozapine is readily absorbed in the body and its elimination half-life is 14 

hours. The metabolism of clozapine mainly takes place in liver by the cytochrome 

P450 system. The main metabolite of clozapine is known as N-desmethylclozapine. 

There are a number of agents that can either induce or inhibit the clozapine 

metabolism in the body, such as smoking and fluvoxamine administration (Iqbal et 

al., 2003). Clozapine can form reactive metabolites by interacting with reactive 

oxygen species, which can cause cellular oxidative stress (Fehsel et al., 2005; Heiser 

et al., 2007). Since the present study was performed in vitro by treating the U937 

cells with clozapine, it is worthwhile to check the stability of clozapine at different time 

points. This is another limitation of this study. Moreover, it is also necessary to 

investigate whether the alteration of MTCH2 and PPARG gene expression in 

clozapine-treated U937 cells is caused by clozapine metabolites instead of clozapine 

itself.  
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5.4. Concluding remarks 

My contribution to the biomedical science through this PhD project is as follows: 

♦ The PPARG gene has recently been identified as a potential candidate gene for 

the development of T2D as confirmed by the GWA study. This gene failed to 

show a significant association with schizophrenia in our British population. Hence, 

we conclude that the PPARG gene is not a common gene for both diseases. 

 

♦ Our study did not reveal any epistatic effect in the PPARG-PLA2G4A-PTGS2 

genetic pathway. Hence, we conclude that there may be an alternative genetic 

pathway involved in the abnormal metabolism of phospholipids in schizophrenia. 

 

♦ The AKT1 gene is a potential candidate for schizophrenia and has also been 

indirectly linked to the insulin signalling and AKT1-GSK3β pathways.  We provide 

further evidence confirming the AKT1 association with schizophrenia in the British 

population. Hence, the AKT1 gene could possibly be a common gene contributing 

to schizophrenia and T2D. 

 

♦ Analysis of gene expression shows a novel finding that clozapine may have a 

direct effect on expression of the MTCH2 and PPARG genes. Because these two 

genes have been identified by the GWA study to be associated with obesity and 

T2D, such a finding from this study provides useful information to confirm a 

possible role of these two genes in developing clozapine-induced metabolic 

problems. Based on this finding, a future study can be designed to investigate the 

precise mechanism by which clozapine can directly induce metabolic problems 

and to develop a new strategy to minimize the side-effects in clinical practice. 
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