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Abstract 

Schizophrenia is a severe and debilitating disorder, primarily treated with antipsychotic 

medication. Weight gain is a serious side-effect associated with most second generation 

antipsychotic drugs such as clozapine. The mechanism behind clozapine-induced weight gain 

remains poorly understood, but changes in eating behaviour and energy homeostasis may be 

involved. Recently, genome-wide association studies have identified a number of genetic 

variants associated with obesity risk; however the effects of these risk variants on clozapine-

induced weight gain have not been investigated. This doctoral thesis focused on the following 

research questions: (1) Does schizophrenia share a genetic link with obesity? (2) Can various 

antipsychotics alter the expression of obesity-related genes? (3) What is the initial signalling 

event by which clozapine could induce a change in mRNA expression of the obesity-related 

genes? 

 

The major findings from this work included that there was no demonstrable association 

between obesity-related variants and schizophrenia, and that low and intermediate doses of 

clozapine (0.125 µg/ml and 0.25 µg/ml) induced changes in mRNA expression of a panel of 

obesity-related genes in U937 cells. This effect was not observed in cells treated with 

haloperidol. However, the mRNA expression was also altered by treatment with olanzapine in 

most obesity-related genes tested but only in one gene when treated with risperidone. 

Treatment with 5-HT promoted an increase in mRNA expression of some obesity-related 

genes, which was similar to the treatment with 0.25 µg/ml clozapine although this effect was 

not apparent with a combination of clozapine and 5-HT. Changes in mRNA expression in 

clozapine-treated cells were likely mediated by the IP3 signalling pathway.  

 

In conclusion, the mechanism behind weight gain in patients treated with either clozapine or 

olanzapine is multi-factorial: this study suggests that there may be an additional risk factor that 

could facilitate antipsychotic-induced weight gain: the altered the mRNA expression of obesity-

related genes.  
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C/EBPα CCAAT/enhancer binding protein α 

CAFÉ Comparison of Atypicals for First Episode Psychosis  

CAM Cellular adhesion molecules 

cAMP Cyclic adenosine monophosphate 

CATIE Clinical Antipsychotic Trial in Intervention Effectiveness 

CBP CREB binding protein 

cDNA Complementary DNA 

CEPT Cholesteryl ester transfer proteins 

CI Confidence interval 

CNS Central nervous system 

CNV Copy number variation 

CoA Coenzyme A 

COMT Catechol-O-methyltransferase 

CPT-1 Carnitine-palmitoyl transferase-1 

CRE cAMP response elements 

CREB cAMP response element binding protein 

CRP C-reactive protein 

CSF Cerebral spinal fluid 

CSP Cavum septum pellucidum 

CVD Cardiovascular disease 

DA Dopamine 

DAG Diacylglycerol 

DLPFC Dorsolateral prefrontal cortex 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DSM Diagnostic and Statistical Manual of Mental Disorders 

ELISA Enzyme-linked immunosorbent assay 

EM Expectation maximum 
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EPS Extrapyramidal symptoms 

FAS Fas cell surface death receptor 

FasL Fas Ligand 

FC Fold change 

FFA Free fatty acids 

FGA First generation antipsychotic 

FPR False positive rate 

Fructose-6-P Fructose-6-phosphate 

FTO the fat mass and obesity associated 

GABA Gamma-aminobutyric acid 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GFAT Glutamine: fructose-6-phosphate aminotransferase 

GLUT4 Glucose transporter type 4 

GNPDA2 Glucosamine-6-phosphate deaminase 2 

GOI Gene of interest 

GPCR G-protein coupled receptors 

GWA Genome wide association 

Gαi G alpha subunit (inhibitory of cAMP) 

Gαs G alpha subunit (stimulatory of cAMP) 

H Histamine 

HDL High-density lipoprotein 

HFD High fat diet 

HKG Housekeeping gene 

HLA Human leukocyte antigen  

HRP Horseradish-peroxidase 

HSP Hexosamine signalling pathway 

IBMX 3-isobutyl-1-methylxanthine 

ICD International Classification of Disease 

IDF International Diabetes Federation 

IL-6 Interleukin 6 

InsP3R Inositol triphosphate receptor 

IP1 Inositol 1-phosphate 

IP3 Inositol 1,4,5-trisphosphate 

IRS-1 Insulin receptor substrate-1 

JNK c-Jun N-terminal kinase 

Kb Kilobase 

KCTD15 Potassium channel tetramerisation domain containing 15 

LC-CoA Long chain fatty acyl CoA 

LD Linkage disequilibrium 

LDL Low density lipoproteins 

LiCl Lithium chloride 

LPL Lipoprotein lipase 

LSD d-lysergic acid diethylamide 

M Muscarinic 

MAF Minor allele frequency 

Mb Megabase 

MC4R Melanocortin 4 receptor 
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MCH Melanin concentrating hormone 

MOMP Mitochondrial outer membrane permeabilisation 

mRNA Messenger ribonucleic acid 

MT-7 Muscarinic toxin 7 

MTCH2 Mitochondrial carrier 2 

NA Noradrenaline 

NAFLD Non-alcoholic fatty liver disease 

NDMC N-desmethylclozapine 

NEGR1 Neuronal growth regulator 1 

NFκB 
Nuclear factor kappa-light-chain-enhancer of activated B 

cells 

NMDA N-methyl-D-aspartate receptor 

NTC No template control 

OD Optical density 

OR Odds ratio 

PAF Platelet activating factor 

PAMs positive allosteric modulators 

PBMC Peripheral blood mononuclear cell 

PBS Phosphate buffered saline 

PCP Phencyclidine 

PCR Polymerase chain reaction 

PIP2 Phosphatidylinositol 4,5-bisphosphate 

PKA Protein kinase A 

PKF1 Phosphofructokinase 1 

PLC Phospholipase C 

POMC Proopionomelanocortin 

PPARG Peroxisome proliferator-activated receptor gamma 

PVH Paraventricular nucleus of the hypothalamus 

qPCR Quantitative PCR 

qRT-PCR Quantitative real-time PCR 

RMR Resting metabolic rate 

RNA Ribonucleic acid 

RPMI Roswell Park Memorial Institute medium 

RT Reverse transcription 

SAT Subcutaneous adipose tissue 

SD Standard deviation 

SGA Second generation antipsychotics 

SH-SY5Y Human neuroblastoma cell line 

SNP Single nucleotide polymorphism 

SREBP Sterol regulatory element binding protein 

T.gondii Toxoplasma gondii  

T2D Type 2 diabetes 

TBE Tris borate EDTA buffer 

TG Target gene 

THC ∆9-tetrahydrocannabinol 

THP-1 Human monocytic cell line 

TMB Tetramethylbenzidine 

TMEM18 Transmembrane protein 18 
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TNF-α Tumor necrosis factor α 

TRD Treatment resistant depression 

TUNEL 
Terminal deoxynucleotidyl transferase dUTP nick end 

labelling 

TZD Thiazolidinediones 

U937 Human leukemic monocyte lymphoma cell line 

UDP Uridine diphosphate 

UTR Untranslated region 

VAT Visceral adipose tissue 

VLDL Very low density lipoproteins 

WHO World Health Organisation 

α-MSH α-melanocyte stimulating hormone 
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1.1. Schizophrenia 

Schizophrenia is a complex mental disorder that affects ~1% of the general population 

worldwide (Messias et al., 2007, Gejman et al., 2010); this illness is clinically characterised 

by a disintegration of the thought process and emotional unresponsiveness (Faustman, 2003). 

The characteristic features of schizophrenia usually manifest during adolescence or early 

adulthood, but can also infrequently appear during childhood or in adults aged over 50 years 

old (Remschmidt and Theisen, 2005, Girard and Simard, 2008).  

 

1.1.1. Epidemiology 

1.1.1.1 The genetic basis of schizophrenia 

There is no unifying theory as to the aetiology of schizophrenia because it is a highly 

heterogeneous disease. However, it is believed that there is an interplay between multiple 

genes and various environmental triggers that promote the clinical expression of 

schizophrenia phenotypes (Boydell, 2001). Although over two-thirds of schizophrenia cases 

appear sporadically (Tiwari et al., 2010), the risk of developing schizophrenia increases 

considerably when a biological family member is also affected by the disease (Kendler et al., 

1993). A genetic component involved in schizophrenia is not a new concept (Kallmann, 

1946); there is robust evidence from family, twin and adoption studies in support of genetic 

contribution to disease risk (Kendler and Gruenberg, 1984, Kety et al., 1994, Tienari et al., 

1994).  

 

Seminal studies demonstrating the heritability of schizophrenia have been performed through 

investigation of adopted out children of affected parents with schizophrenia, who were raised 

by parents without the illness; conversely, children of unaffected parents who were raised by 

parents with schizophrenia (Heston, 1966, Kety et al., 1968). These studies revealed that an 

increased risk of schizophrenia was found in the children whose biological parents were 

affected by schizophrenia, rather than those placed with adoptive parents who had 

schizophrenia. Prospective studies have also been carried out to monitor cohorts of children 

born to parents with schizophrenia. This work has demonstrated higher cumulative incidences 

of schizophrenia in the children whose parents were affected with the disease compared to the 

control population (Ingraham et al., 1995, Erlenmeyer-Kimling et al., 1997). Similarly, twin 

studies have been invaluable in examining the heritability of schizophrenia. Earlier studies 

estimated that the heritability of schizophrenia was  41-86%, but many of these studies did not 

use the operational diagnostic criteria, leading to the observed variability in estimates of 

heritability (Cardno and Gottesman, 2000). More recent twin studies have utilised the 

operational diagnostic criteria, such as the Diagnostic and Statistical Manual of Mental 
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Disorders (DSM) III and onward. Estimates from these studies suggest the heritability of 

schizophrenia at rates of 80–85%, whilst concordance rates in monozygotic twins were 

estimated at 41 – 65% and in dizygotic twins, at up to 28% (Kläning et al., 1996, Cannon et 

al., 1998, Franzek and Beckmann, 1998, Cardno et al., 1999, Sullivan et al., 2003). It is worth 

noting that the risk of schizophrenia appeared to be similar between the offspring of 

discordant monozygotic twins (Gottesman and Bertelsen, 1989), suggesting that the 

unaffected monozygotic twin must have carried schizophrenia susceptibility genes and that 

other non-inherited risk factors are also needed to contribute to the aetiology of the disease.  

 

With such high estimates of heritability determined from twin studies, potential candidate 

genes were selected on the basis of prior evidence, either because they were identified by 

positional candidate studies e.g. genes within the 22q11 deletion or because their function fits 

into the phenotype of the disease e.g. neurotransmitter abnormalities (Collins, 1995, Glatt and 

Freimer, 2002); Table 1.1 details some of the most cited candidate genes possibly associated 

with schizophrenia. A study tested 14 of the most cited candidate genes (including COMT, 

DISC1, DTNBP1, HTR2A and NRG1), in 1870 cases and 2002 controls, but failed to show an 

association of these genes with schizophrenia (Sanders et al., 2008). To date, nearly 800 genes 

have been reported to be associated with schizophrenia (http://www.szgene.org/)1. However, 

the candidate gene approach has provided inconsistent outcomes, which was probably on 

account of small sample sizes coupled with the highly heterogeneous nature of schizophrenia.  

 

The completion of the human genome project in 2003 enabled large scale association studies 

to be performed throughout the human genome - genome-wide association (GWA) studies. 

GWA studies assumed no prior information of the genes or SNPs being genotyped and 

therefore represent an unbiased study design capable of detecting common genetic variation 

associated with a particular disease (Bergen and Petryshen, 2012). GWA studies are 

performed using microarray technology that can genotype up to a million SNPs or DNA 

markers simultaneously across large case-control samples. Up to the end of 2010, literature 

searches have identified ten GWA studies that investigated an association of genome 

variations with schizophrenia (Mah et al., 2006, Lencz et al., 2007, O'Donovan et al., 2008, 

Shifman et al., 2008, Sullivan et al., 2008, Kirov et al., 2009b, Purcell et al., 2009, Shi et al., 

2009a, Stefansson et al., 2009, Athanasiu et al., 2010) and the known gene variants identified 

to be associated with schizophrenia by these GWA studies are detailed in Table 1.2. The first 

GWA study of schizophrenia, published in 2006  (Mah et al., 2006), tested 320 individuals 

                                                 
1 SZgene website is a legacy database for candidate gene studies published before 2012 

http://www.szgene.org/
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with schizophrenia and 325 matched controls and identified disease association for rs752016, 

a SNP near the PLXNA2 locus (p=0.006, OR=1.49).
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Table 1.1 – Candidate genes tested for association with schizophrenia 

Gene Full gene name Location Function a Reference 

AKT v-akt murine thymoma viral oncogene homolog 1 14q32.32 Regulation of cell survival, insulin signalling, 

angiogenesis and tumour formation 

(Emamian et al., 2004, Ikeda et al., 

2004, Schwab et al., 2005) 

CHRNA7 cholinergic receptor, nicotinic, alpha 7 15q14 Ligand gated ion channel involved in brain nicotine 

metabolism 

(Freedman et al., 2000, Riley et al., 

2000, Leonard et al., 2002, Li et al., 

2004) 

COMT catechol-O-methyltransferase 22q11.21 Involved in in dopamine, epinephrine and 

norepinephrine metabolism 

(Egan et al., 2001, Shifman et al., 

2002, Tsai et al., 2004) 

DAO D-amino-acid oxidase 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, Liu et al., 

2004, Schumacher et al., 2004) 

DAOA D-amino acid oxidase activator 13q33.2; 

13q34 

This gene encodes a protein that may function as an 

activator of D-amino acid oxidase, which degrades 

the gliotransmitter D-serine, a potent activator of N-

methyl-D-aspartate (NMDA) type glutamate 

receptors 

(Chumakov et al., 2002, Addington 

et al., 2004, Hall et al., 2004, 

Schumacher et al., 2004, Wang et al., 

2004) 

DISC1 disrupted in schizophrenia 1 1q42.1 Involved in the regulation of multiple aspects of 

embryonic and 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) 

DRD2 Dopamine receptor D2 11q23 Receptor for dopamine. G-coupled receptor with 

activity inhibited by adenylate cyclase activity 

(Arinami et al., 1994, Spurlock et al., 

1998, Hori et al., 2001, Jonsson et al., 

2003b, Dubertret et al., 2004) 

DRD3 Dopamine receptor D3 3q13.3 Receptor for dopamine. G-coupled receptor with 

activity inhibited by adenylate cyclase activity 

(Spurlock et al., 1998, Schwartz et 

al., 2000, Jonsson et al., 2003a) 

DTNBP1 dystrobrevin binding protein 1 6p22.3 Component of the BLOC-1 complex, a complex 

that is required for normal biogenesis of lysosome-

related organelles (LRO), such as platelet dense 

granules and melanosomes 

(Straub et al., 2002, Morris et al., 

2003, Funke et al., 2004, Hall et al., 

2004) 

ERBB4 erb-b2 receptor tyrosine kinase 4 2q33.3-q34 Tyrosine-protein kinase that plays an essential role 

as cell surface receptor for neuregulins and EGF 

family members and regulates development of the 

(Silberberg et al., 2006) 
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heart, the central nervous system and the mammary 

gland, gene transcription, cell proliferation, 

differentiation, migration and apoptosis 

GRM3 glutamate receptor, metabotropic 3 7q21.1-

q21.2 

Receptor for glutamate. G-coupled receptor with 

activity inhibited by adenylate cyclase activity  

(Fujii et al., 2003, Egan et al., 2004, 

Chen et al., 2005) 

HTR2A 5- hydroxytryptamine receptor 2A 13q14-q21 Receptor for 5HT. G-coupled receptor with activity 

mediated by the phospholipase C signalling cascade 

(Williams et al., 1996, Williams et 

al., 1997, Polesskaya and Sokolov, 

2002, Abdolmaleky et al., 2004, Pae 

et al., 2005) 

NRG1 neuregulin 1 8p12 A membrane glycoprotein that that mediates cell-

cell signalling and plays a critical role in the growth 

and development of multiple organ systems 

(Stefansson et al., 2002, Stefansson 

et al., 2003, Hall et al., 2004, Fukui 

et al., 2006) 

RELN Reelin 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 

(Impagnatiello et al., 1998, Wedenoja 

et al., 2008) 

RGS4 regulator of G-protein signaling 4 1q23.3 Regulatory molecules that act as GTPase activating 

proteins. Drive G proteins into their inactive GDP-

bound forms 

(Mirnics et al., 2001, Chowdari et al., 

2002) 

TAAR6 trace amine associated receptor 6 6q23.2 Orphan receptor. Could be a receptor for trace 

amines. Trace amines are biogenic amines present 

in very low levels in mammalian tissues. Although 

some trace amines have clearly defined roles as 

neurotransmitters in invertebrates, the extent to 

which they function as true neurotransmitters in 

vertebrates has remained speculative 

(Yoshimoto et al., 1987, Pae et al., 

2008) 

a Functions of genes taken from www.genecards.org  

 

http://www.genecards.org/
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Table 1.2 – Known gene loci identified for their association with schizophrenia by GWA studies in 2010 and before 

Gene Full gene name Chr. Location Variant  Reported 

significance 

Reference 

PLAA Phospholipase A2-activating protein 9p21 rs7045881 p = 2.12 x 10-6 (Athanasiu et al., 2010) 

ACSM1 Acyl-CoA synthetase medium-chain family member 1 16p12.3 rs433598 p = 3.27 x 10-6 

ANK3 Ankyrin 3, node of Ranvier (ankyrin G) 10q21 rs10761482 p = 7.68 x 10-6 

CCDC60 Coiled-coil domain containing 60 12q24.23 rs11064768 p = 1.2 x 10-6 (Kirov et al., 2009b) 

RBP1 Retinol binding protein 1 3q23 rs893703 p = 0.00016 

CSF2RA Colony stimulating factor 2 receptor, alpha, low-

affinity 

Xp22.32 & 

Yp11.3 

rs4129148 p = 3.7 x 10-7 (Lencz et al., 2007) 

PLXNA2 Plexin A2 1q32.2 rs752016 p = 0.006 (Mah et al., 2006) 

ZNF804A Zinc finger protein 804A 2q32.1 rs1344706 p = 1.61 x 10-7 (O'Donovan et al., 2008) 

MHC region MHC region 6p22 rs13194053 p = 9.54 x 10-9 (Purcell et al., 2009) 

MYO18B Myosin XVIIIB 22q12.1 rs5761163 p = 3.4 x 10-7 

MHC region MHC region 6p22.1 rs13194053 p = 9.54 x 10-9 (Shi et al., 2009a) 

AGAP1 a ArfGAP with GTPase domain, ankyrin repeat and 

PH domain 1  
2q37.2 rs13025591 p = 4.59 x 10-7 

ERBB4 b Erb-b2 receptor tyrosine kinase 4  2q34 rs1851196 p = 2.14 x 10-6 

RELN c Reelin 7q22 rs7341475 p = 2.9 x 10-5 (Shifman et al., 2008) 

MHC region 

/HIST1H2BJ 

MHC region / histone cluster 1, H2bj 6p22 rs6913660 p = 1.1 x 10-9 (Stefansson et al., 2009) 

MHC region /PRSS16 MHC region / protease, serine, 16 6p22 rs13219354 p = 1.3 x 10-10 

MHC region /PRSS16 MHC region / protease, serine, 16 6p22 rs6932590 p = 1.4 x 10-12 

MHC region /PGBD1 MHC region / piggyBac transposable element 

derived 1 

6p22 rs13211507 p = 8.3 x 10-11 

MHC region /NOTCH4 MHC region / notch 4 6p22 rs3131296 p = 2.3 x 10-10 

NRGN Neurogranin (protein kinase C substrate, RC3) 6p22 rs12807809 p = 2.4 x 10-9 

TCF4 Transcription factor 4 6p22 rs9960767 p = 4.1 x 10-9 
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A second GWA study using 178 cases and 144 controls indicated an association of rs4129148 

with schizophrenia (p =3.7 x 10-7), the association signal of which was detected in the 

CSF2RA locus (Lencz et al., 2007). A GWA study conducted in 2008 (Shifman et al., 2008) 

utilised a pooled DNA sample from an Ashkenazi Jewish population and revealed a female-

specific association between the RELN gene and schizophrenia (p =2.9 x 10-5). A study of 

individual genotypes was performed in a discovery sample set with 479 cases and 2937 

controls, followed by two replication sample sets (1664 cases and 3541 controls in sample set 

1, and 4143 cases and 6515 controls in sample set 2). The study demonstrated an association 

for rs1344706 near to the ZNF804A locus (O'Donovan et al., 2008). As part of the Clinical 

Antipsychotic Trial in Intervention Effectiveness (CATIE) study, 492 900 SNPs were 

genotyped in 738 cases and 733 controls, but none of the findings achieved genome-wide 

significance (Sullivan et al., 2008). Another study was conducted using pooled DNA samples 

from patients with schizophrenia, matched controls and the parents of schizophrenia patients. 

This study reported an association for rs11064768 in the CCDC60 locus (p =1.2 x10-6) and 

rs893703 in the RBP1 locus (p = 0.00016) (Kirov et al., 2009b). The International 

Schizophrenia Consortium conducted a GWA study with 3322 individuals with schizophrenia 

and 3587 matched controls, and detected the strongest association signals at rs13194053 in 

the major histocompatibility complex (MHC) region (p =9.54 x10-9) and rs5761163 (p =3.4 

x10-7) located close to the MYO18B gene (Purcell et al., 2009). Another two GWA studies 

also showed an association for the genes encoding the NRGN protein (p =2.4 x10-9) and the 

TCF4 protein (p = 4.1 x10-9), which are also mapped near to the MHC region on chromosome 

6p22 (Shi et al., 2009a, Stefansson et al., 2009). Finally, a GWA study published in 2010 

found a disease association for rs7045881 near the PLAA gene on chromosome 9 (p =2.12 x 

10-6), rs433598 in the ACSM1 gene on chromosome 16 (p =3.27 x 10-6) and rs10761482 in the 

ANK3 gene on chromosome 10 (p =7.68 x 10-6) (Athanasiu et al., 2010).  

 

Copy number variations (CNVs) are structural variations of the genome, albeit they are a rare 

source of genetic variation associated with schizophrenia (Stefansson et al., 2008). CNVs 

involve microdeletions, microduplications, insertions and inversions, which range in size 

from 1 kilobase (Kb) of DNA to several megabases (Mb) and generally have a prevalence rate 

of less than 1% for each CNV in the population (Zhang et al., 2009). Bioinformatic analysis 

has demonstrated a higher than expected prevalence of CNVs associated with schizophrenia 

in the genes involved in function of the central nervous system (CNS), neurodevelopment and 

synaptic plasticity (Walsh et al., 2008). Additionally, schizophrenia patients who carried the 

CNVs of interest exhibited higher levels of neurocognitive dysfunction than those who did 

not carry such CNVs (Bassett et al., 2010). In fact, the association between a CNV and 
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schizophrenia was initially discovered by cytogenetic studies such as the 22q11.2 deletion 

that causes velocardio-facial syndrome or DiGeorge syndrome (Karayiorgou et al., 1995). The 

22q11.2 deletion is a region that contains around 45 genes (Bassett and Chow, 2008) and 

most individuals with the 22q11.2 deletions have a hemizygous loss of at least 30 of these 

genes (McDonald-McGinn and Zackai, 2008). The  22q11 deletion size is about 3 Mb of 

DNA in length and such a deletion is known as a de novo mutation, with 5-10% of cases 

thought to be familial (Bassett and Chow, 2008). The prevalence of the 22q11 deletion is 

found in ~1% patients with schizophrenia (Bassett and Chow, 2008), whilst 26% of the 22q11 

deletion carriers have been found to develop schizophrenia (Pulver et al., 1994, Murphy et al., 

1999, Bassett et al., 2005).  In addition, the clinical features of schizophrenia associated with 

the 22q11 deletion are not different from other forms of the disease (Gothelf et al., 1999). 

GWA studies have been utilised to reveal the associations between CNVs and schizophrenia 

and have identified a number of risk loci including 1q21.1, 1q42.2, 2p25.3, 3q29, 5p15.2, 

15q11.2, 15q13.1-3 and 16p11.2 (International-Schizophrenia-Consortium, 2008, Stefansson 

et al., 2008, Vrijenhoek et al., 2008, Walsh et al., 2008, Xu et al., 2008, Kirov et al., 2009a, 

McCarthy et al., 2009, Need et al., 2009, Rujescu et al., 2009, Mulle et al., 2010). CNVs 

therefore represent another aspect of genetic variation that can lead to a better understanding 

of the aetiology of schizophrenia.  

 

1.1.1.2 – Environmental risk factors for schizophrenia 

1.1.1.2.1 Perinatal infections 

A synergistic relationship between risk variants and environmental factors is thought to be 

central to the development of schizophrenia. Starting with the antenatal period, there are a 

number of events that are considered to be environmental risk factors for schizophrenia. The 

presence of maternal infection during the perinatal period and the increased risk of 

schizophrenia in offspring have been the focus of many studies (Fatemi et al., 2002, Ashdown 

et al., 2005, Buka et al., 2008, Sørensen et al., 2009, Krause et al., 2010). A retrospective 

study (Mednick et al., 1988) linked maternal infection during pregnancy with an increased 

risk of schizophrenia among people who were in utero during an influenza epidemic in 

Finland during 1950s. These findings have been supported by other studies that have reported 

similar correlations (Brown et al., 2004, Byrne et al., 2007). The mechanism underpinning the 

increased risk of schizophrenia due to maternal influenza infection is not fully understood but, 

there are a number of plausible hypotheses proposed as to the cause: (1) maternal IgG 

antibodies produced in response to the viral infection may traverse the placenta and cross-

react with foetal brain antigens, leading to the disruption of brain development (Wright et al., 

1993); (2) maternal cytokines in response to the virus cause developmental deficits in the 
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brain (Smith et al., 2007, Deverman and Patterson, 2009, Meyer et al., 2009); and (3) 

disruption in neuro-development due to hyperthermia in response to the maternal viral 

infection (Edwards, 1968, Edwards, 2007). Interestingly, mimicry of maternal infection in 

animal models through the use of synthetic double stranded RNA (poly (I:C)) resulted in 

behavioural abnormalities and neuropathological changes as seen in offspring that developed 

schizophrenia later in life (Meyer et al., 2006, Shi et al., 2009b, Bitanihirwe et al., 2010, 

Meyer and Feldon, 2012). A retrospective study looked at a cohort of people who were 

prenatally exposed to rubella in New York City during the 1964 pandemic, and found that 

prenatal infection with rubella showed a strong association with risk of schizophrenia later in 

life (Brown et al., 2001).  

 

Infection with the neurotropic protozoan parasite, Toxoplasma gondii (T.gondii) during the 

prenatal period, has also been thought to increase the risk of schizophrenia. Support for this 

association is mainly based upon the studies that demonstrated a high prevalence of 

antibodies to T.gondii in people with schizophrenia (Torrey et al., 2007, Torrey et al., 2012). 

The mechanism underpinning the link between T.gondii and schizophrenia is unknown, 

although T.gondii has been found to have an affinity for microglial cells (Creuzet et al., 

1998). It has been suggested that microglial activation may play a role in schizophrenia 

development through oxidative stress and inflammation (Monji et al., 2013). T.gondii also has 

the ability to make dopamine (Gaskell et al., 2009) and some species have been shown to alter 

the generation of GABA, glutamate and 5-HT in the host (Fuks et al., 2012, Xiao et al., 2013). 

Interestingly, acute cases of infection with T.gondii  are associated with delusions and 

hallucinations (Minto and Roberts, 1959) whilst the presence of antibodies to T.gondii is 

correlated with suicidal behaviour (Okusaga et al., 2011, Alvarado-Esquivel et al., 2013), as 

well as cognitive deficits (Yolken et al., 2009).  

 

In addition to those discussed above, a number of additional perinatal infectious agents have 

also been proposed to increase the risk of schizophrenia including: the bacteria Chlamydia 

trachomatis, Chlamydophila psittaci and Chlamydophila pneumoniae (Krause et al., 2010, 

Arias et al., 2012, Park et al., 2012), herpes simplex virus 2 (Buka et al., 2008) and 

cytomegalovirus (CMV) (Krause et al., 2012). However, it is not known whether any 

perinatal infectious agent alone can trigger the development of schizophrenia, or simply 

promote an increased risk of the disease in the individuals at a high genetic risk. 
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1.1.1.2.2 Maternal malnourishment  

Prenatal exposure to maternal malnourishment has been reported to be associated with an 

increased risk of schizophrenia later in life. This association was based on two studies of well-

documented periods of famine, which showed a high rate of schizophrenia in the population 

of children who were in utero during this period. The first study focused on the 1944-1945 

Dutch Hunger Winter caused by the Nazi blockade of Holland (Susser and Lin, 1992, Hoek et 

al., 1996, Susser et al., 1996) and revealed that there was a 2-fold increase in risk of 

schizophrenia in children born to mothers who were nutrient deficient during pregnancy. The 

second study investigated the individuals who were born in the 1959-1961 period in which 

Chinese famine was triggered by a number of adverse events including bad weather, flawed 

agricultural practices and a reduction of cultivated land (St Clair et al., 2005, Xu et al., 2009). 

The relative risk of developing schizophrenia was 2.30 for those born in 1960 and 1.93 for 

those born in 1961. It has been hypothesized that the increased risk of schizophrenia in times 

of extreme environmental stress (such as famine) may be because the developmental 

pathways that are normally tightly regulated become destabilised, allowing phenotypes to 

become more diverse and consequently increasing the number of genetic variants associated 

with schizophrenia (Waddington, 1942, Rutherford, 2003, Rosenberg and Hastings, 2004, St 

Clair et al., 2005). Another hypothesis is that the transmission of susceptibility alleles for 

schizophrenia may be enhanced somehow during the periods of famine, giving an advantage 

to women with risk alleles that make them more prone to becoming pregnant, carrying a child 

to full-term and having infants that are more likely to survive than those women who are not 

carriers of schizophrenia risk alleles (St Clair et al., 2005).  

 

1.1.1.2.3 Seasonality of birth 

A winter/spring birth, particularly in the northern hemisphere, is associated with an increased 

risk of schizophrenia (Torrey et al., 1997, Mortensen et al., 1999, Davies et al., 2003, 

Martinez-Ortega et al., 2011). The association between the season of birth and risk of 

schizophrenia was stronger with increasing latitude and severity of winter (McGrath and 

Welham, 1999, Tandon et al., 2008). What mediates this effect remains unknown, but an 

increased risk of prenatal infection during winter months (Torrey and Peterson, 1976) and a 

low level of vitamin D (McGrath, 1999) have been proposed to be the mechanisms behind 

this association.  

 

1.1.1.2.4 Obstetric and perinatal complications 

Schizophrenia risk has been reported to be increased in individuals who experienced obstetric 

and perinatal complications during their birth (Verdoux et al., 1997, Cannon et al., 2002a, 
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Byrne et al., 2007). A low birth weight and smaller head circumference at birth have been 

shown to be more common in individuals who developed schizophrenia later in life than in 

controls (Jones et al., 1998, McNeil et al., 2000). In addition, mothers affected with 

schizophrenia have a high incidence of having offspring with low birth weight (Sacker et al., 

1996, Olesen and Linnet, 1999). Intrauterine asphyxia is associated with cerebral palsy, 

cognitive impairment, developmental delays, epilepsy and motor deficits (Finer et al., 1981, 

Low, 2004, Glass et al., 2009, Hutter et al., 2010). Furthermore, foetal hypoxia is a commonly 

reported obstetric complication in patients with schizophrenia (McNeil et al., 2000, Zornberg 

et al., 2000, Cannon et al., 2002b). Animal studies demonstrated that the anatomical changes 

in the brain often observed in premature babies, such as volume loss, decreased myelination 

and enlarged ventricles, could be promoted by chronic hypoxia (Mayoral et al., 2009); these 

anatomical changes have also been observed in people with schizophrenia (Asami et al., 2012, 

Andreasen et al., 2013). Foetal hypoxia may alter the cerebral blood flow and metabolic 

demand in the developing brain and promote vasoconstriction, excitotoxicity, generation of 

free radicals that can promote apoptosis and necrotic cell death and neuro-inflammation, 

leading to dysfunction of the developing brain (Edwards and Mehmet, 1996, Bennet et al., 

1999, Bona et al., 1999, Young et al., 2004, Blomgren and Hagberg, 2006, Hagberg et al., 

2009, Baburamani et al., 2012).  

 

1.1.1.2.5 Migration and urban living 

Migration has been proposed as a risk factor for schizophrenia following a report in 1932 that 

documented an increased risk of ‘insanity’ among Norwegian immigrants to the United States 

compared with native-born Americans or Norwegians living in Norway (Odegaard, 1932). 

There have also been reports on a high incidence of schizophrenia cases among immigrants 

with an African Caribbean background in the UK (Murray and Hutchinson, 1999, Sharpley et 

al., 2001, Fearon et al., 2006), whilst in the Netherlands, there was evidence for an association 

of immigrants with a Surinamese, Dutch Antillean and Moroccan background, with an 

increased risk of schizophrenia (Selten et al., 2001). It is possible that there is genetic 

predisposition to schizophrenia in these populations. However, the studies conducted in the 

Caribbean and Surinam showed normal incidence rates of psychosis (Hickling and Rodgers-

Johnson, 1995, Bhugra et al., 1996, Mahy et al., 1999, Hanoeman et al., 2002), suggesting 

that environmental factors are mainly involved in increasing the risk of schizophrenia within 

these populations. Social explanations such as discrimination, chronic stress due to outsider 

status, low levels of social support and socioeconomic deprivation, have all been hypothesised 

to explain the immigrant risk of schizophrenia (Dohrenwend et al., 1992, Garety et al., 2001, 

Janssen et al., 2003, van Os and McGuffin, 2003, Selten and Canor-Graae, 2004) although the 
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definitive risk factor remains unknown. Furthermore, living in an urban environment has also 

been considered to be a risk factor for schizophrenia (Eaton et al., 2000, Sundquist et al., 

2004, March et al., 2008, Kelly et al., 2010, Vassos et al., 2012). Meta-analysis reported that 

the prevalence of all psychiatric disorders was increased by 38% in individuals living in cities 

compared with inhabitants of rural areas (Peen et al., 2010). Another study showed that the 

time of exposure to urban environments as a risk factor for schizophrenia was the period from 

birth to 15 years old (Pedersen and Mortensen, 2001) compared to later in life (Marcelis et al., 

1999). The mechanism behind this association is not yet understood, but social stress has been 

proposed to serve as an underlying risk factor (Lederbogen et al., 2013).   

 

1.1.1.2.6 Cannabis use and schizophrenia 

Cannabis use is more prevalent among people with schizophrenia than in the general 

population (Andréasson et al., 1987, Thornicroft, 1990, Zammit et al., 2002, Barnett et al., 

2007). An association between psychosis and cannabis use is well recognised due to the side-

effects of cannabis, including hallucinations and paranoia that were reported to occur in 15-

50% of cannabis users (Green et al., 2003). There have also been reports on induction of 

psychosis by cannabis (Arendt et al., 2005). The main psycho-active ingredient in cannabis, 

∆9-tetrahydrocannabinol (THC), has been shown to result in transient positive and negative 

symptoms as well as cognitive deficits in both healthy individuals and schizophrenia 

individuals (D'Souza et al., 2004, D'Souza et al., 2005). Evidence now suggests that cannabis 

use is associated with psychiatric illness only in the individuals who are genetically 

predisposed to the disease, rather than being a purely causative factor (Henquet et al., 2005, 

Proal et al., 2013, Power et al., 2014). Another study revealed that young adults, who 

excessively used cannabis during adolescence, were at increased risk of developing 

schizophrenia if they were homozygous carriers of the valine allele of the Val158Met 

polymorphism in the gene coding for catechol-O-methyltransferase (COMT) (Caspi et al., 

2005). Another study demonstrated that individuals who were carriers for homozygous Val 

alleles of the COMT Val158Met polymorphism had a higher level of attention and memory 

impairment, and were more prone to psychotic symptoms than the Met carriers when they 

were exposed to THC (Henquet et al., 2006). 

  

1.1.2 Clinical presentation and diagnosis 

Schizophrenia is exemplified by a profound disruption in both emotion and cognition, and is 

considered to be a highly heterogeneous disorder because it can present with an array of wide 

ranging symptoms (Table 1.3). Schizophrenia is generally diagnosed by the presence of 

symptoms that represent a change in behaviour or thoughts (positive symptoms), often in 
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conjunction with loss of normal thoughts, emotions or actions (negative symptoms) as well as 

cognitive deficits (Tandon et al., 2009). With no single symptom definitive for diagnosis and 

no specific biological markers, diagnosis of schizophrenia is accomplished by quantification 

of the diagnostic criteria (Table 1.4) outlined in DSM IV-TR (American Psychiatric 

Association, 2000).  

 

Table 1.3 – Clinical presentation of schizophrenia 1 

Positive symptoms 

Delusions Firmly held mistaken beliefs due to distortions of reasoning 

Hallucinations Exaggerations of perceptions of any of the senses 

Disorganised 

speech/thinking 

Incoherent speech severe enough to impair communication is an indicator of 

thought disorder 

Disorganised behaviour  Social disinhibition, unpredictable agitation 

Catatonic behaviour A marked decrease in reaction to immediate surrounding environment 

Negative symptoms 

Affective flattening Reduction of range and intensity of emotional expression 

Alogia Lessening of speech fluency and productivity 

Avolition Reduction of goal directed behaviour 

Cognitive deficits 

Poor executive functioning Ability to understand information and use it to make decisions 

Poor attention Trouble focusing 

Problems with working 

memory 

Inability to use information immediately after learning it 
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Table 1.4 – Current version of schizophrenia diagnostic criteria  
DSM IV diagnostic criteria 2 + DSM V update 3 

Category Duration 

A- characteristic symptoms:  

 Delusions 

 Hallucinations 

 Disorganised speech 

 Disorganised behaviour/ speech 

 Negative symptoms (Affective flattening, alogia or 

avolition) 

 

Two or more of ‘A’ present. Individual 

must have at least one of the following: 

delusions, hallucinations or 

disorganised speech 

B – Social/ occupational dysfunction:  

One or more of major areas of functioning below previously 

achieved 

 Work 

 Interpersonal relationships 

 Self-care 

 

Since onset of disturbance 

C- Duration:  

Continuous signs of disturbance that has persisted for at least 6 

months. 

 

The 6 month period must include at 

least one month of symptoms (or less if 

successfully treated) of  ‘A’ criterion 

D – Exclusion:  

Must exclude 

 Schizoaffective disorder 

 Mood disorder with psychotic features 

 

E – Substance/ general medical condition exclusion:  

Disturbance not due to direct physiological effects of a substance or 

general medical condition 

 

F – Relationship to a pervasive development disorder: 

If there is a history of autistic disorder or another pervasive 

development disorder, diagnosis of schizophrenia is only made if 

prominent delusions or hallucinations are also present for at least a 

month (or less if successfully treated) 

 

  
1  Table information from Tandon et al., 2009 
2 Table information from American Psychiatric Association (2000) 
3 Update taken from (American Psychiatric Association, 2014)
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1.1.3 Neuropathology  

There is some evidence to suggest that schizophrenia is primarily a neurodevelopmental 

disorder (Brown, 2011), with prospective studies indicating that there might be a disposition 

towards impaired neurocognition and neuromotor function (Cannon et al., 2002b, 

Reichenberg et al., 2002), as well as  profound alterations in behaviour (Brown et al., 2001, 

Cannon et al., 2002a). Physical abnormalities, especially of the craniofacial area, have an 

increased prevalence in patients with schizophrenia and can be indicative of an intrauterine 

development disturbance (Lloyd et al., 2008, Waddington et al., 2008, Brown, 2011). Over 

the past several decades, imaging studies and post-mortem examinations have shown that 

patients with schizophrenia have decreased brain volume, increased ventricular size and 

cortical surface abnormalities (Fallon et al., 2003). Morphological brain anomalies have also 

been documented by MRI in first-episode patients with schizophrenia and these include, 

decreased hippocampal volume (Nelson et al., 1998), increased ventricle size (Vita et al., 

2006) and an increase in the neuroembryologic marker, cavum septum pellucidum (CSP) 

(Kwon et al., 1998). CSP is a marker arising from the incomplete closure of the septal leaflets 

in the midline of the brain during the first six months of life (Brown, 2011); therefore, 

increased CSP in patients with schizophrenia suggests a disruption in brain maturation during 

intrauterine development or early infancy (Farruggia and Babcock, 1981). 

 

1.1.4 Neurochemistry of schizophrenia 

Abnormalities in a range of neurotransmitters have been noted in patients with schizophrenia, 

including dopamine, GABA, glutamate and histamine (Fallon et al., 2003, Keshavan et al., 

2008, Reynolds, 2008). 

 

1.1.4.1 Dopamine  

Dopamine is involved in movement, emotional responses and the reward/pleasure centres of 

the brain. The dopamine hypothesis of schizophrenia is the oldest and most established 

neurochemical theory around the condition and was originally proposed in the 1960s (Tost et 

al., 2010). This hypothesis was based firstly on the observations that the phenothiazine 

compound found in antipsychotic drugs could cause side effects similar to the central 

dopamine deficiency of Parkinson’s disease (Carlsson, 1964, Carlsson, 1972) and secondly, 

on early experiments with the dopamine precursor, L-Dopa, which revealed that dopamine 

agonists can provoke psychotic symptoms and relieve drug-induced parkinsonism symptoms 

(Yaryura-Tobias et al., 1970a, Yaryura-Tobias et al., 1970b). Over the decades, it has become 

clear that not all psychotic symptoms are controlled by dopamine antagonism, resulting in the 
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original dopamine hypothesis to be modified and incorporated into the modern 

neurodevelopmental concept of schizophrenia (Tost et al., 2010).  

 

1.1.4.2 Gamma-amino-butyric acid (GABA) 

GABA receptors mediate fast synaptic inhibition in the brain and are the most common 

inhibitory neurotransmitter in the brain (Reynolds, 2008) and activity of GABA neurons in 

the dorsolateral prefrontal cortex (DLPFC) have been shown to be essential for working 

memory function in non-human primates (Rao et al., 2000). Expression of the enzyme 

responsible for GABA synthesis (glutamic acid decarboxylase) has been demonstrated to be 

reduced in the DLPFC of the post mortem brains of patients with schizophrenia (Akbarian et 

al., 1995, Guidotti et al., 2000). Cognitive dysfunction in schizophrenia may be influenced by 

abnormalities in prefrontal cortical GABA neurotransmission (Pierri et al., 1999). Alterations 

in neural synchrony and working memory impairments in schizophrenia may be due to 

disease-specific up-regulation of GABAa receptors, which is thought to be a compensatory 

response to reduced GABA levels in the DLPFC (Benes et al., 1992, Benes et al., 1996). 

 

1.1.4.3 Glutamate  

Glutamate is the most common excitatory neurotransmitter in the brain (Reynolds, 2008). 

There is evidence to suggest that dysfunction in the glutamatergic system may trigger some of 

the psychopathological phenomena found in schizophrenia (Harrison and Weinberger, 2005). 

The glutamate hypothesis was based on clinical observations of a close similarity between the 

N-methyl-D-aspartate (NMDA) receptor antagonist phencyclidine (PCP) and the clinical 

manifestations of schizophrenia (Paz et al., 2008). PCP-induced psychosis can elicit auditory 

hallucinations, emotional blunting, thought disorder and working memory disturbances, all of 

which closely resemble clinical presentation of schizophrenia (Paz et al., 2008). Patients with 

schizophrenia have also shown altered glutamate metabolism (Tsai et al., 1995), altered 

NMDA subunit receptor gene expression (Akbarian et al., 1996) and reduced cerebral spinal 

fluid glutamate levels (Kim et al., 1980). However, glutamate is distributed throughout the 

nervous system, but irregularities in the glutamate system do not concur with the relatively 

localised disturbances in the brains of patients with schizophrenia (Crow, 1995, Keshavan et 

al., 2008). 

 

1.1.4.4 Histamine 

Histamine is a biogenic amine that mediates its action through binding to one of the four G-

protein coupled receptors subtypes of the histamine receptor (H1 - H4) to modulate immune 

responses and also function as a neurotransmitter. A relationship between schizophrenia and 
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histamine has long been noted due to the hypo-responsiveness of patients with schizophrenia 

to histamine (Green, 1964, Prell et al., 1995). The major histamine metabolite N-tele-

methylhistamine in the brain has been shown to be elevated in the cerebrospinal fluid of 

patients with schizophrenia; abnormal activities of histaminergic neurons may play a role in 

the neurochemical dysfunction involved in schizophrenia (Prell et al., 1995, Ito, 2004).  

 

1.1.4.5 5-HT 

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

functioning via receptors in the CNS, the peripheral nervous system, and the gastro-intestinal, 

endocrine and cardiovascular systems (Hannon and Hoyer, 2008). 5HT is synthesised from 

dietary tryptophan (Lam and Heisler, 2007) and binds to 13 distinct G protein coupled 

receptors to mediate its effects on mood regulation, satiety and gastro-intestinal function. 

Dysfunction of 5-HT signalling has been implicated in several severe psychiatric disorders, 

including anxiety, depression and obsessive-compulsive disorder (Lam and Heisler, 2007). 

There is also evidence to suggest a link between schizophrenia and 5-HT: schizophrenia-like 

symptoms are produced by the hallucinogenic drug D-lysergic acid diethylamide (LSD) which 

binds to 5-HT receptors, the CSF of patients with schizophrenia contains increased levels of 

serotonin and its metabolites, and negative symptoms can be reversed in some patients with 

schizophrenia by administration of certain anti-serotonergic drugs (Fallon et al., 2003). In 

fact, 5HT2 receptor blockage is a classical characteristic of atypical antipsychotics used to 

treat schizophrenia (Fallon et al., 2003). 

 

1.1.4.5.1 5-HT and metabolic disturbances 

Obesity is promoted through a prolonged period of positive energy balance. 5-HT is of 

interest in obesity research as it has a role in energy balancing through its effects on both food 

intake as well as energy expenditure. The first indication of a role for 5-HT in energy 

homeostasis was the discovery of an inverse relationship between brain 5-HT levels and food 

intake through studies in rats in the 1970s whereby 5-HT depletion resulted in hyperphagia 

(Breisch et al., 1976). We now know that in humans, hyperphagia and obesity have been 

shown to be promoted by a depletion of brain 5-HT, whereas 5-HT agonists and 5-HT itself 

have been shown to reduce energy intake, enhance energy expenditure and decrease body 

weight (Lam and Heisler, 2007). 

 

5-HT is of particular interest in areas of the brain that are responsible for energy balance such 

as the paraventricular (PVH) and arcuate (ARC) nucleus of the hypothalamus (Kiss et al., 

1984, Petrov et al., 1992, King, 2006), with studies reporting that decreased food intake can 
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be promoted by the direct infusion of 5-HT into the PVH (Leibowitz, 1986). In addition to its 

role in energy homeostasis, mouse models have indicated that serotonin directly produces 

effects in glucose metabolism by increasing serum insulin levels and decreasing serum 

glucose (Yamada et al., 1989, Sugimoto et al., 1990) and some 5-HT receptor antagonists 

have been shown to induce hyperglycaemia (Wozniak and Linnoila, 1991).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 

 

1.2 Antipsychotic medication 

Antipsychotic (also called neuroleptic) medication is the first-line treatment of schizophrenia. 

There are two generations of antipsychotic drugs: the first generation antipsychotics (FGAs), 

known as conventional or typical antipsychotics, and the second generation antipsychotics 

(SGAs) also known as atypical antipsychotics (Leucht et al., 2009).      

 

1.2.1 First generation antipsychotics  

Chlorpromazine was the first antipsychotic drug, discovered in 1952. Many other FGAs have 

been developed since then, including fluphenazine, haloperidol, levomepromazine, 

melperone, mesoridazine, methotrimeprazine, perazine, pipamperone, promethazine, 

prothipendyl, thioridazine (Leucht et al., 2003). FGAs have traditionally been used to treat 

mainly the positive symptoms, such as delusions and hallucinations. Their pharmacological 

mechanisms are thought to block dopamine receptors, especially type 2 (D2) receptors. 

However, there are two major problems with FGAs: they are less effective in patients with the 

negative symptoms and patients are at high risk of developing extrapyramidal side effects 

(EPS), such as akathisia (inner restlessness), dystonia (movement disorders), parkinsonism 

(tremor, rigidity and postural instability) and severely debilitating and disfiguring tardive 

dyskinesia (Kane, 2001). EPS is linked to poor treatment compliance, often leading to relapse 

and repeated institutionalisation (Buchanan, 1992).  

 

1.2.2 Second generation antipsychotics 

SGAs or atypical antipsychotics differ from FGAs because of their pharmacological profile 

and ability to promote a low risk of EPS  (Kane, 2001). However, mounting evidence 

indicates that SGAs are now regarded as a risk factor for the development of obesity, insulin 

resistance, type 2 diabetes and dyslipidaemia (Allison et al., 1999a, Gaulin et al., 1999, Koro 

et al., 2002, Citrome et al., 2004, Henderson et al., 2005b, Lieberman et al., 2005, 

Rettenbacher et al., 2006, Graham et al., 2008, Sacher et al., 2008, Ahmed et al., 2009, Correll 

et al., 2009, Kim et al., 2010, Manu et al., 2013). The mechanism of how antipsychotic drugs 

can cause the above metabolic side effects is still the subject of debate (Kane et al., 2004). 

SGAs have a greater propensity to treat both the positive and to a certain degree with some 

SGA, the negative symptoms presented in patients with schizophrenia. The class of SGAs 

include amisulpride, olanzapine, quetiapine, remoxipride, risperidone, sertindole, ziprasidone 

and zotepine (Leucht et al., 2003). Of the class of SGAs, clozapine was the first to be 

synthesised and remains commonly used on account of it being the only antipsychotic drug 

with established efficacy in treating refractory schizophrenia.

http://en.wikipedia.org/wiki/Fluphenazine
http://en.wikipedia.org/wiki/Haloperidol
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1.3 Clozapine  

Clozapine 3-chloro-6-(4-methylpiperazin-1-yl)-5H-benzo[b][1,4]benzodiazepine belongs to 

the dibenzodiazepine class (Figure 1.1), which was first synthesised in 1960 by Sandoz Ltd 

(Hippius, 1989). It was quickly established that clozapine differed from the FGAs available at 

the time because of its neurochemical and pharmacological properties and as a result, 

clozapine became known as an atypical antipsychotic medication (Bruhwyler et al., 1990). 

Clozapine differed from the antipsychotics in use at that time because it demonstrated 

antipsychotic action without inducing the side effects of the typical antipsychotic drugs such 

as a potent dopamine (DA) receptor 2 blockade (Meltzer, 1994). This meant that treatment 

with clozapine did not promote the development of extrapyramidal effects, including tardive 

dyskinesia and parkinsonism (Bartholini, 1976), increase serum prolactin levels (Meltzer et 

al., 1979) or promote dopamine hypersensitivity from prolonged use, the common side effects 

of the typical antipsychotics (Mathews et al., 2005). In addition, clozapine was shown to have 

a complex, multi-receptor profile (Selent et al., 2008), with affinities not only for DA but also 

for 5-HT, muscarinic, histamine and α-adrenergic receptors (Table 1.5). However, as the 

receptor profile is so complex, it has been impossible to tease apart the exact mechanism that 

promotes the unsurpassed effectiveness of clozapine (Gardner et al., 2005). 
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Table 1.5 – Clozapine receptor profile 1  

Receptor 

name 
Receptor function 

Action at 

receptor 

D2 
Member of the D2 like receptor family. Coupled to a G-protein which 

can directly inhibit adenylate cyclase 

Antagonist  

5-HT2A 
5-HT receptor subtype. G-protein coupled receptor that activates 

phosphatidylinositol signalling 

Antagonist 

D1A 

Member of the D1 like receptor family. Coupled to a G-protein which 

can activate adenylate cyclase, and increase the intracellular 

concentration of cAMP  

Antagonist 

D3 
Member of the D2 like receptor family. Coupled to a G-protein which 

can directly inhibit adenylate cyclase 

Antagonist 

D4 
Member of the D2 like receptor family. Coupled to a G-protein which 

can directly inhibit adenylate cyclase 

Antagonist 

5-HT1A 
5-HT receptor subtypes. G-protein coupled receptors that inhibits 

adenylate cyclase signalling 

Partial agonist 

5HT1B 

5-HT receptor subtypes. G-protein coupled receptors that inhibits 

adenylate cyclase signalling 

Antagonist 

 

5-HT1D 

 

5-HT1E  

5-HT2C 
5-HT receptor subtype. G-protein coupled receptor that activate 

phosphatidylinositol signalling 

Antagonist – 

Inverse agonist 

5-HT3 5-HT receptor subtype. A ligand gated ion channel Antagonist 

5-HT6 
5-HT receptor subtype. Activity of receptor mediated by G-proteins 

that stimulate adenylate cyclase 

Antagonist – 

Inverse agonist 

5-HT7 
5-HT receptor subtype. Activity of receptor mediated by G-proteins 

that stimulate adenylate cyclase 

Antagonist 

H1 
Histamine receptor subtype, G-protein coupled receptor, activates 

phosphatidylinositol signalling 

Antagonist 

H4 
Histamine receptor subtype, G-protein coupled receptor, inhibits 

adenylate cyclase 

Antagonist 

α1A Alpha-adrenoceptor subtype, G-protein coupled receptor coupled, 

activates phosphatidylinositol signalling 

Antagonist 

α1B Antagonist 

α2A 

Alpha-adrenoceptor subtype, G-protein coupled receptor that inhibits 

adenylate cyclase signalling 

Antagonist 

 
α2B 

α2C  

M1 

Muscarinic acetylcholine receptor subtype, G-protein coupled 

receptor that activates adenylate cyclase  

Weak agonist 

M3 Weak agonist 

M5 Antagonist 

M2 
Muscarinic acetylcholine receptor subtype, G-protein coupled 

receptor that inhibits adenylate cyclase  

Antagonist 

M4 Antagonist 

1  
Table information taken from http://www.drugbank.ca/drugs/DB00363  

Drugbank, accessed 22/08/14 (Law et al., 2014) 

http://www.drugbank.ca/drugs/DB00363
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Both FGAs and SGAs are effective at treating the positive symptoms of schizophrenia due to 

the blockade of D2 receptors (Seeman et al., 1975, Leucht et al., 2009, Singam et al., 2011). 

Clozapine has a higher affinity for 5-HT receptors than D2 receptors as well as a multi-

receptor profile that is thought to drive the clinical efficacy of the drug, as in contrast to FGAs 

and most other SGAs, it is proven to be able to alleviate both positive and negative symptoms 

of schizophrenia in patients (Wittmann et al., 2005). Furthermore, clozapine is also an 

antagonist at the 5-HT2A receptors in the prefrontal cortex, which is thought to reduce 

dopaminergic activity in the ventral tegmental area via the pyramidal neurons that connect 

these two areas (Carr and Sesack, 2000, Bortolozzi et al., 2005) and improve psychosis.  

 

The negative symptoms in schizophrenia are hypothesised to be due to hypostimulation of the 

mesocortical DA projections to the prefontal cortex (Abi-Dargham and Moore, 2003); 

clozapine is postulated to have efficacy in treating the negative symptoms due to activation of 

the 5-HT1A receptors in medial prefrontal cortex, which enhances the activity of the DA 

neurons in the ventral tegmental area and gives rise to an increase in the mesocortical DA 

release (Rollema et al., 1997, Melis et al., 1999, Díaz-Mataix et al., 2005, Bortolozzi et al., 

2010). Therefore, increased DA release in the mesocortical system promoted by clozapine 

may alleviate the hypostimulation of the mesocortical DA projections in the prefrontal cortex 

and improve the negative symptoms associated with schizophrenia.  

 

Clozapine is considered to be the most effective antipsychotic drug for treatment-resistant 

schizophrenia (Kane et al., 1988, Rosenheck et al., 1997, McEvoy et al., 2006) and has been 

demonstrated to have efficacy in treating the individuals with schizophrenia who have 

suicidal intentions (Meltzer et al., 2003a). Depressive symptoms are related to an increased 

risk of suicide, psychotic relapse and psychiatric hospitalisation (Prasad, 1986, Tollefson et 

al., 1999); however, it is difficult to differentiate between depression and the negative 

symptoms of schizophrenia as both share many clinical symptoms including anhedonia, a lack 

of energy, reduced speech or activity and social withdrawal (Selten et al., 1998). Although 

clozapine is effective in treating the negative symptoms and reducing suicidal intention, it 

remains unclear whether clozapine has any benefit in treating the actual depressive symptoms 

of schizophrenia. The recent 2E phase of the CATIE study established that clozapine was 

more effective in the long-term treatment of core depressive symptoms (depression, 

hopelessness, self-depreciation, guilty ideas of reference and pathological guilt) than 

quetiapine, but was comparable to olanzapine and risperidone for treatment of depressive 

symptoms (Nakajima et al., 2015). Clozapine appears to be as effective as other SGA drugs at 

treating the depressive symptoms of schizophrenia, but is reported to be more effective than 
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other SGAs (including olanzapine) at preventing suicide attempts in  schizophrenia patients 

with suicidal intentions (Meltzer et al., 2003a). As yet, the reason for the difference of 

effectiveness in treating suicidal intention between clozapine and olanzapine is unknown and 

as they share many of the same pharmacological features, it may be difficult to tease apart the 

mechanism of these two drugs that correspond to this difference in efficacy.  

 

In addition to its role in treating the negative symptoms of schizophrenia, clozapine has also 

been used to treat depression with psychotic features (Jeyapaul and Vieweg, 2006), treatment-

resistant bipolar disorder (Li et al., 2015) and psychosis associated with Huntington’s disease 

(Vallette et al., 1997, Ross and Tabrizi, 2011). Treatment-resistant depression (TRD), like 

other mental health conditions, may involve dysfunction of multiple neurotransmitter 

systems; the combination therapy with atypical antipsychotic drugs such as clozapine may 

improve the prognosis of TRD due to an additive effect of targeting multiple neurotransmitter 

systems rather than treatments of a single or couple of neurotransmitter systems alone (Rogóż, 

2013).  

 

Despite the therapeutic efficacy of clozapine, it is well established that its administration 

requires close monitoring of patients due to the adverse effect of agranulocytosis in some 

cases (Kane et al., 1988). While clozapine is known to have low impact on risk of EPS, it is 

becoming increasingly clear that clozapine can increase the risk of metabolic syndrome 

(Tarsy et al., 2002, Lamberti et al., 2006, Weiden, 2007, Grover et al., 2011, Divac et al., 

2014).   

 

Metabolic syndrome is an umbrella term used to describe a group of conditions that include 

abdominal obesity, raised triglyceride levels, decreased high-density lipoprotein (HDL) 

levels, elevated plasma glucose and hypertension (Table 1.6). Patients presenting with three 

or more of these conditions are defined to have metabolic syndrome (Grundy et al., 2004). 

Based on the information from the US National Heart, Lung and Blood Institute, a person 

with metabolic syndrome is twice as likely to develop heart disease and five times as likely to 

develop type 2 diabetes compared to a person who does not have metabolic syndrome (The 

US National Heart, 2010).  
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Table 1.6 – The IDF consensus worldwide clinical practice definition of metabolic syndrome 2 

For classification of metabolic syndrome can be made when the following criteria are present  

Central obesity – Europid 

population 

Waist circumference ≥ 94 cm for men and ≥ 80 cm for women 

Central obesity – South 

Asian, Chinese and Japanese 

population 

Waist circumference ≥ 90 cm for men and ≥ 80 cm for women 

Plus any two of the following four factors: 

Raised triglyceride level ≥150 mg/dL (1.7 mmol/L) or specific treatment for this lipid 

abnormality 

Reduced HDL cholesterol ≤40 mg/dL (1.03 mmol/L) in males and ≤50 mg/dL (1.29 

mmol/L) in females or specific treatment for this lipid 

abnormality 

Raised blood pressure Systolic BP ≥130 or diastolic BP ≥85 mm Hg or treatment of 

previously diagnosed hypertension 

Raised fasting plasma 

glucose 

≥100 mg/dL (5.6 mmol/L) or previously diagnosed type 2 

diabetes 

 

A great deal of research into the substantial increased prevalence of obesity (Allison et al., 

1999a, Procyshyn et al., 2004, Haddad, 2005), insulin resistance (Henderson et al., 2005a, 

Newcomer, 2007), type 2 diabetes (Cohen et al., 2006), dyslipidaemia (Thomas et al., 2003, 

Ahmed et al., 2009, Chiang et al., 2009) and cardiovascular disease (Henderson et al., 2005b). 

A case-control study reported that metabolic syndrome was significantly more prevalent in 

clozapine-treated patients (53.8% incidence) than those who did not receive clozapine 

treatment (20.7% incidence) (Lamberti et al., 2006). 

  

1.3.1 Clozapine-associated obesity 

Obesity is a condition characterised by the excessive accumulation of surplus nutrient intake 

which is then stored within the body as triglycerides (Westphal, 2008). Adipose tissue is the 

major fat depot within the body, with energy reserves stored in the form of triglycerides and 

in times of caloric need, triglycerides are hydrolysed to produce free fatty acids (FFAs) and 

glycerol that can be used in other tissues as an energy source (Kahn 2000). Adipose tissue is 

metabolically active and maintains metabolic homeostasis through the secretion of cell 

signalling proteins called adipokines from adipocytes (Trayhurn and Wood, 2004, Maury and 

Brichard, 2010). The production of FFAs and adipokines can be altered in obesity (Bastard et 

al., 2006, Badman and Flier, 2007); as the mass of adipose tissue expands, FFAs released 

from visceral fat are transported to the liver where they can promote gluconeogenesis and 

hepatic insulin resistance (Chen et al., 1999, Lam et al., 2003). An increase in circulating 

FFAs can lead to triglyceride accumulation in muscle tissue and the liver (fatty liver), 

enhanced synthesis of pro-atherogenic very low density lipoproteins (VLDL) (Jensen et al., 

1989, Grundy, 2006a, Sarafidis and Bakris, 2007). Circulating FFA concentrations can 

                                                 
2 Definition of metabolic syndrome taken from: http://www.idf.org/metabolic-syndrome  

http://www.idf.org/metabolic-syndrome
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become elevated continuously due to the blunted capability of insulin to inhibit lipolysis 

(Cnop, 2008). 

 

Adipose tissue secretes a range of adipokines that consists of both adipose-derived hormones 

and cytokines. Leptin is an anorexigenic protein hormone encoded by the ob gene and 

secreted by adipose tissue. The plasma concentration of leptin is tightly correlated with fat 

mass  (Shimizu et al., 1997) and it plays a central role in weight regulation. Leptin is actively 

transported across the blood-brain barrier and into the hypothalamus, where it binds to 

specific receptors and promotes satiety (Banks et al., 1996, Cowley et al., 2001). There is also 

a significant relationship between leptinaemia and chronic sub-inflammation states (Ahima 

and Flier, 2000). The mechanism involved in developing leptin-related inflammation is poorly 

understood, but it is important to note that leptin has a cytokine-like structure (Ahima and 

Flier, 2000, Antuna-Puente et al., 2008) and has the capability to control some components of 

the inflammatory pathway, tumor necrosis factor α (TNFα) production and macrophage 

activation (Loffreda et al., 1998).  

 

Brömel et al. (1998) compared the serum leptin concentration in patients prior to clozapine 

pharmacotherapy commencement and found that after 10-weeks of treatment, circulating 

leptin concentration and body weight were significantly increased. This finding was echoed 

by Kraus and colleagues, who showed that treatment with clozapine over a 4 week period 

significantly increased serum leptin levels and weight in patients (Kraus et al., 1999). A study 

conducted by Umbricht and colleagues (1994) showed that over a 90-month clozapine 

treatment period, the collective incidence of patients becoming substantially overweight 

exceeded 50%. The mechanism by which clozapine induces obesity remains unknown. It is 

speculated that clozapine-induced obesity may be caused through multifactorial mechanisms, 

including neurotransmitter-receptor interactions, hormone regulation, dysfunction of 

neuropeptides and cytokines (Baptista et al., 1987, Murzi et al., 1991, Tecott et al., 1995, 

Wirshing et al., 1999, Basile et al., 2001, Procyshyn et al., 2004). 

 

Treatment with clozapine has also been observed to result in an increase in BMI in patients 

(Meltzer et al., 2003b, Covell et al., 2004, Bobo et al., 2010). This effect has been thought to 

be due an inverse correlation that exists between the degree of weigh gained during clozapine 

treatment and a low or normal baseline (Frankenburg et al., 1998, de Leon et al., 2007a, Bai et 

al., 2009, Pons i Villanueva et al., 2013). This correlation has been reported in several studies 

that followed up  patients over 15 weeks (de Leon et al., 2007a), 18 weeks (Pons i Villanueva 

et al., 2013), 1 year (Frankenburg et al., 1998) and 8 years (Bai et al., 2009), respectively. 
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What drives this association is unclear, but it is possible that these patients have carried 

genetic variants that predispose them to clozapine-induced weight gain.   

 

1.3.1.1 Clozapine receptor affinity and weight gain 

The ventromedial hypothalamic nucleus and the paraventricular nucleus in the brain regulate 

food intake and energy expenditure (Masaki et al., 2004). Histamine (H) receptors are located 

in the tuberomamillary nucleus of the posterior hypothalamus and histamine signalling has a 

fundamental role in nutrient intake and energy regulation (Panula et al., 1984, Watanabe et al., 

1984, Sakata et al., 1988, Yoshimatsu et al., 2002). There is a correlation between weight gain 

and H1 receptor affinity (Kraus et al., 1999), which is confirmed by the finding that direct 

infusion of an H1 receptor antagonist into the ventromedial hypothalamus induced feeding in 

rats (Sakata et al., 1988). H1 receptor affinity is a dependable predictor of antipsychotic-

related weight gain (Kim et al., 2007). Clozapine shows a high antagonistic affinity for H1 

receptor, with the potential to promote increased nutrient intake (Starrenburg and Bogers, 

2009). This may in part explain why clozapine is more likely to cause weight gain than other 

antipsychotics. 

  

5-HT receptors are G-protein coupled receptors that mediate both inhibitory and excitatory 

neurotransmission. Agonists at the 5-HT2C receptor can reduce nutrient intake and increase 

energy expenditure (Hayashi et al., 2004). There is evidence suggesting that an increase in 

nutritional intake, weight gain and a reduction in energy expenditure are attributable to the 

ability of clozapine to antagonise 5-HT 1A, 2A and 2C receptors. Clozapine is an antagonist at 

the 5-HT2C receptor (Starrenburg and Bogers, 2009). If there is an interaction between 5-HT2C 

receptors and clozapine, this effect may only represent a modest component of a cumulative 

effect of other receptors bound by clozapine. This idea is based on the pharmacological 

properties of other antipsychotic drugs, such as sertindole and ziprasidone, that also have high 

affinities for 5-HT2C receptors but do not induce the severe metabolic adverse effects 

observed in patients receiving clozapine treatment (Starrenburg and Bogers, 2009).  

 

1.3.1.2 Resting metabolic rate and sedentary lifestyle 

Resting metabolic rate (RMR) is defined as the amount of calories needed by the body to 

maintain vital functions, such as brain activity, respiration and heart beat (Vasudevan et al., 

2010). A case study carried out by Procyshyn and colleagues (2004) measured the RMR and 

total body weight before and after clozapine therapy. Their results indicated that clozapine 

appeared to be associated with a significant decrease in RMR by 10.3-16.0%, accompanying 

an increase in total body weight by 2.9-9.0 kg. As patients were unaware of the decrease in 
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their RMR, they would have carried on eating the same amount of food and therefore 

experienced weight gain. Another study demonstrated that patients on clozapine treatment led 

sedentary lifestyles as measured by total energy expenditure, resting energy expenditure and 

had physical activity levels 20% lower than recommendations from the World Health 

Organisation (Sharpe et al., 2006). These studies suggest that patients on clozapine could 

experience weight gain due to both sedentary lifestyle as well as reducing internal catabolic 

processes.  

 

1.3.2 Clozapine-associated inflammation 

Inflammation is a protective process triggered by noxious stimuli after injury or infection of a 

tissue, and is characterised by an acute inflammatory response generated to prevent further 

damage to the tissue and return the organism to normal function (Majno and Joris, 2004). The 

typical inflammatory response is initiated by sensors on sentinel cells such as mast-cells, 

tissue resident macrophages and dendritic cells in response to tissue damage or infection from 

bacteria, viruses or parasites (Bienenstock et al., 1987, Banchereau and Steinman, 1998, 

Gallego et al., 2011). The acute phase response involves the transport of plasma components 

and leukocytes to the site of injury and is accompanied by the production of inflammatory 

mediators such as chemokines, cytokines, eicosanoids and products of proteolytic cascades 

(Medzhitov, 2008). Neutrophils are attracted to the noxious stimuli by cytokine signals and 

can neutralise the stimulus by releasing the toxic contents of their granules (Hirsch and Cohn, 

1960). The neutrophils then undergo programmed apoptosis and are removed by macrophages 

by way of phagocytosis (Fadok et al., 1992). If the noxious stimulus is resolved, tissue repair 

is promoted by the switch of lipid mediators from inflammatory to pro-resolution ones 

(Serhan and Savill, 2005). 

 

The acute inflammatory response requires stimulation; once the noxious substance is 

neutralised, the symptoms of inflammation go away (Medzhitov, 2010). However, a chronic 

condition such as obesity can give rise to a heightened inflammatory state, with increasing 

levels of plasma pro-inflammatory markers often found in obese individuals (Stienstra et al., 

2007). However, the chronic inflammatory state associated with obesity differs from the acute 

inflammatory response, in that there is no infection, no autoimmunity and no evidence of 

physical tissue injury present (Monteiro and Azevedo, 2010). The inflammatory process in 

obesity is often described as ‘low-grade chronic inflammation’ (Hotamisligil et al., 1995) 

which encourages macrophage infiltration into adipose tissue and the increased production of 

pro-inflammatory cytokines (Alkhouri et al., 2010). Mechanisms leading to this occurrence 

have yet to been elucidated, although an increased production and release of some 
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chemokines by adipocytes due to local hypoxic conditions in the enlarging adipose tissue may 

play a role in the development of obesity (Alkhouri et al., 2010).  

 

Murano and colleagues (2008) provided an explanation for macrophage infiltration into 

adipose tissue based on the finding that more than 90% of macrophages were found around 

dead adipocytes in obese mice and humans. The authors hypothesised that these macrophages 

might be reabsorbing lipid remnants from dead adipocytes. What causes adipocyte necrosis 

remains unclear, but it is hypothesised that this event may result from the expansion of 

adipose tissue, and may also be induced by inflammation or an upstream effect that is yet to 

be elucidated (Alkhouri et al., 2010). Alkhouri et al. (2010) have also recently demonstrated 

that adipose tissue displays a pro-apoptotic phenotype in diet-induced obese mice. This was 

due to the pronounced increase of pro-inflammatory cytokines such as TNF-α, interleukin 

(IL) -6 and IL-1β, a down-regulation of anti-apoptotic genes and the elevated expression of 

apoptotic signalling factors, the Fas cell surface death receptor (FAS) and FasL (Fas Ligand). 

The authors also investigated the association between adipocyte apoptosis in obese 

individuals and lean controls using terminal deoxynucleotidyl transferase dUTP nick-end 

labelling (TUNEL) staining used to detect DNA fragmentation caused through apoptosis. 

These researchers found that TUNEL positive cells often occur in adipose tissue from obese 

patients and only in a few isolated cases in lean controls. This suggests that adipocyte 

apoptosis may be more prevalent in patients with obesity than in lean controls.  

 

IL-6 is a pleiotropic cytokine that plays a crucial role in acute and chronic inflammation  

(Fonseca et al., 2009) and circulating IL-6 is often elevated during obesity (Trayhurn and 

Wood, 2004, Bastard et al., 2006). IL-6 might have a direct effect on hepatic metabolism of 

lipids because it can be transported from visceral adipose tissue through the portal vein to the 

liver (Antuna-Puente et al., 2008). IL-6 in the liver can enhance hepatic triglyceride secretion 

without affecting the clearance of triglyceride-rich lipoproteins (Nonogaki et al., 1995), 

suggesting that IL-6 contributes to hypertriglyceridaemia by stimulating the secretion of 

lipoproteins in the liver. Once the inflammatory process is activated, IL-6 can stimulate the 

production of acute phase proteins (such as C-reactive protein, fibrinogen, haptoglobin, 

chemotrypsin and serum amyloid A), and induce leukocytosis, fever and angiogenesis 

(Castell et al., 1988, Veldhuis et al., 1995, Nakahara et al., 2003, Fonseca et al., 2009).  

 

Kluge and colleagues (2009) conducted a randomised, double-blind study to determine the 

effects of antipsychotic drugs, including clozapine and olanzapine, on cytokine expression. 

These researchers found that, although both drugs induced cytokine secretion, clozapine did 

http://en.wikipedia.org/wiki/Terminal_deoxynucleotidyl_transferase
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so to a greater degree than olanzapine. In the clozapine-treated group, IL-6 expression was 

~10-fold higher than baseline. Among clozapine-treated patients, the IL-6 concentration in 

plasma were also significantly higher in those who were developing fever, suggesting that IL-

6 might be involved in initiating drug-induced fever (Kluge et al., 2009).  

 

Clozapine can induce IL-6-mediated inflammation through two pathways: direct activation of 

the cytokine-producing systems (Kluge et al., 2009) and indirect action due to antipsychotic 

drug-induced weight gain. Obesity may promote an inflammatory state since 15-30% of 

circulating IL-6 in the body is produced in adipose tissue in the absence of acute 

inflammatory processes (Mohamed-Ali et al., 1997).  

 

Furthermore, clozapine has the propensity to cause some problems with immune cells in the 

innate immune system, such as neutropenia, which is defined as a neutrophil count of less 

than 1,500/mm3, and agranulocytosis,  is defined as a granulocyte count of less than 500/mm3 

(Dunk et al., 2006). Approximately 3% of patients medicated with clozapine develop 

neutropenia and ~1% develop agranulocytosis (Alvir et al., 1993, Atkin et al., 1996), whilst 

the incidence of both disorders peaks between 6 and 18 weeks after commencing clozapine 

treatment (Atkin et al., 1996). Weekly variation of neutrophil counts and transient neutropenia 

have been reported during clozapine treatment and does not necessarily result in 

discontinuation of clozapine (Hummer et al., 1994, Ahn et al., 2004); however, 

agranulocytosis has a risk of death and is considered to be a medical emergency. Under these 

circumstances, clozapine is withdrawn (Schulte, 2006, Drew, 2013). 

 

The mechanism behind clozapine-induced neutropenia and agranulocytosis is still unknown 

although the involvement of genetic, immunological or toxic mechanisms have all been 

suggested. Clozapine can alter neutrophil kinetics when it is oxidised to a reactive nitrenium 

ion that can covalently bond to the neutrophils (Liu and Uetrecht, 1995, Gardner et al., 1998). 

It has been hypothesised that the nitrenium ion may promote apoptosis of the neutrophils, and 

failure of the bone marrow to compensate for the increased neutrophil destruction may lead to 

neutropenia or agranulocytosis (Iverson et al., 2010). Agranulocytosis has been shown to 

occur within a shorter time interval and with a more severe course after re-exposure to 

clozapine treatment (Young et al., 1998, Marchesi et al., 2005), which may indicate an 

immunological response against clozapine or its derivatives. Although most patients receiving 

clozapine therapy do not develop agranulocytosis, an immune response in the form of 

increased inflammatory cytokine levels and the release of immature neutrophils has often 

been described in response to clozapine medication (Pollmacher et al., 2000, Delieu et al., 
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2001, Ng et al., 2014). Clozapine-induced agranulocytosis is genetically associated with some 

variants of the human leukocyte antigen (HLA) system such as HLA-DRB1*0402, -

DQA1*0301 and -DQB1*0302 in Jewish Caucasian patients (Lieberman et al., 1990) as well  

as HLA-DR*02, -DQA1*0102 and -DRB5*0201 in non-Jewish Caucasian patients (Yunis et 

al., 1995). A large association study found that patients were at high risk of clozapine-induced 

agranulocytosis if they carried risk variants at the HLA-DQB1 and HLA-B loci (Goldstein et 

al., 2014), suggesting that the HLA system may be genetically involved in clozapine-induced 

agranulocytosis.  

 

1.3.3 Clozapine-associated dyslipidaemia  

Dyslipidaemia is a disorder characterised by abnormal levels of circulating lipoproteins: 

apolipoprotein B (ApoB)-containing cholesterol, VLDL and HDL (Chapman and Sposito, 

2008) and triglycerides (Grundy, 2006b, Gazi et al., 2007). HDL comprises a diverse group of 

metabolically active lipoproteins with anti-atherogenic properties (Gordon et al., 1977). HDL 

plays a protective role through cholesterol excretion during reverse cholesterol transport 

(Toth, 2003) and is involved in other anti-atherogenic effects including vasodilation through 

the stimulation of endothelial nitric acid production, inhibition of adhesion molecule 

expression, thrombosis and endothelial cell apoptosis (Nofer et al., 2002).  

 

Obesity and insulin resistance can lead to increased release of FFAs from adipose tissue into 

the circulation (Ginsberg, 2000, Kahn and Flier, 2000). In the plasma, cholesteryl ester 

transfer proteins (CEPT) can stimulate the exchange of triglycerides and cholesteryl esters 

between VLDL and HDL, resulting in triglyceride enriched HDL that is prone to degradation 

by hepatic lipases and facilitates the disassociation of the apoA1 component of HDL (Yen et 

al., 1989, Liang et al., 1994). This process not only results in the reduction of HDL for reverse 

cholesterol transport but also raises the levels of VLDL particles to increase the production of 

intermediate density lipoprotein (Avramoglu et al., 2006). As compared with large cholesteryl 

ester rich low density lipoproteins (LDL), small dense LDL is more vulnerable to oxidation, 

which can induce apoptosis (Cnop et al., 2002), and more readily penetrate the arterial wall 

(Anber et al., 1996).  

 

The hepatic sterol regulatory element binding protein (SREBP), is an important transcription 

factor that regulates biosynthesis of fatty acids and cholesterol (Avramoglu et al., 2006). 

SREBP has been shown to be highly expressed in adipose tissue, skeletal muscle and liver; it 

can be enhanced by insulin (Kim et al., 1998, Foretz et al., 1999, Guillet-Deniau et al., 2002, 

Sewter et al., 2002).  
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It has been proposed that some antipsychotics alter lipid profile in a manner that is not 

necessarily concordant with its effect on plasma glucose concentrations and obesity (de Leon 

et al., 2007b). This is similar to a hypothesis generated in 2004 which suggested that 

antipsychotic therapy could affect the levels of serum lipids, but that weight gain might not be 

correlated with the severity of hypertriglyceridaemia (Meyer and Koro, 2004). In fact, the 

relationship between antipsychotic therapy and dyslipidaemia is not new and has been noted 

for more than four decades (Clark et al., 1970). A number of case studies have consistently 

revealed the rapid rise in circulating levels of triglycerides and cholesterol after administration 

of clozapine. (Vampini et al., 1994) were the first to document a case report detailing 

clozapine-associated elevation of triglycerides. 

 

Case studies of severe dyslipidaemia have been reported after treatment with clozapine 

(Ahmed et al., 2009, Chiang et al., 2009). These patients with dyslipidaemia were shown to 

improve after clozapine treatment was discontinued; however Procyshyn and colleagues 

(2007) hypothesised that an increase in serum triglycerides can influence pharmacological 

activity of clozapine based on the studies conducted by others (Lemaire and Tillement, 1982, 

Brajtburg et al., 1984, Wasan, 1996) to demonstrate that pharmacokinetics, tissue distribution 

and pharmacological activity of lipophilic drugs could be altered by their interaction with 

plasma lipoproteins (Procyshyn et al., 2007).  

 

The adrenergic system mediates physiological events regulated by the sympathetic nervous 

system, in which noradrenaline (NA) is the primary neurotransmitter. It can rapidly prepare 

the body for high physical demands by increasing plasma glucose levels, resulting from 

enhanced rates of glycogenolysis, gluconeogenesis and lipolysis (Starrenburg and Bogers, 

2009). NA injected into paraventricular nucleus in rats increases food intake and weight gain 

(Leibowitz et al., 1984). NA release from synapses is regulated by the α2 adrenergic receptors 

that inhibit NA activity  (Starrenburg and Bogers, 2009). Some antipsychotic drugs associated 

with increased weight gain show a high affinity for the α2 adrenergic receptors (Starrenburg 

and Bogers, 2009). Clozapine has a high affinity for the α2 adrenergic receptor and exerts an 

antagonistic role in regulation of the NA function (Starrenburg and Bogers, 2009). It could be 

speculated that clozapine could block the NA inhibition and thus could increase the levels of 

plasma glucose and triglyceride, which could promote the risk of dyslipidaemia. 

 

1.3.4 Clozapine-associated insulin resistance 

Insulin is a hormone produced by the β-cells in the pancreas and is responsible for modulating 

many biological processes, including nutrient transportation into cells and energy homeostasis 

(de Luca and Olefsky, 2008). Insulin is secreted from the pancreas in response to dietary 
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glucose and targets multiple tissues including the liver, adipose tissue and skeletal muscle 

(Schenk et al., 2008). In skeletal muscle, the binding of insulin to its receptor stimulates 

downstream phosphorylation of protein substrates; the subsequent signalling events stimulate 

the translocation of the glucose transporter (GLUT4) to the plasma membrane and promotes 

glucose uptake (Taniguchi et al., 2006, Thirone et al., 2006, de Luca and Olefsky, 2008). 

Insulin inhibits hepatic glucose production in order to keep blood glucose at a low level. This 

can be achieved by controlling gene expression through stimulating the phosphorylation of 

transcription factor FOX01, and also through the down-regulation of the genes for the 

gluconeogenic enzymes, glucose-6-phosphatase and phosphoenolpyruvate carboxykinase 

(Matsumoto et al., 2006, Brown and Goldstein, 2008). In adipose tissue, insulin plays a role in 

inhibiting the release of FFAs from adipocytes by decreasing lipase activity (Duncan et al., 

2007). 

 

Insulin resistance is characterised when insulin sensitive tissues have an inadequate response 

to insulin signalling (Schenk et al., 2008) leading to a decrease in glucose metabolism 

regulation (Shimomura et al., 2000). Increasing levels of insulin are then required to 

compensate for the increased levels of lipogenic enzymes - fatty acid synthase and acetyl 

coenzyme A (CoA) carboxylase (Najjar et al., 2005). This action can then promote hepatic 

lipogenesis and VLDL secretion (Beynen et al., 1979, Han et al., 2009); the latter further 

stimulates insulin secretion that can in turn increase visceral obesity and drive a self-

perpetuating circle of destruction.  

 

Excess of circulating fatty acids can be toxic to β-cells (lipotoxicity) and can affect β-cells to 

function (Poitout and Robertson, 2002). In the concurrent presence of  elevated levels of both 

fatty acids and glucose in cells, intracellular metabolism of glucose leads to accumulation of 

cytosolic citrate and the generation of malonyl CoA, which inhibits carnitine-palmitoyl 

transferase-1 (CPT-1), an enzyme responsible for the transportation of fatty acids to the 

mitochondria for oxidation (Prentki and Corkey, 1996). Sustained inhibition of the CPT-1 

pathway results in accumulation of long chain fatty acyl CoA (LC-CoA), which  is thought to 

produce a toxic effect through the chronic elevation of FFAs (Prentki and Corkey, 1996). It 

remains  unknown whether the accumulation of LC-CoA can directly affect function of β-

cells or whether it acts as a precursor for diacylglycerols or phospholipids (Poitout and 

Robertson, 2002).   

 

One study established that plasma glucose levels could be increased independent of changes 

in BMI and insulin sensitivity within 4 months of clozapine treatment commencement 
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(Howes et al., 2004) and another, that a significant reduction in insulin sensitivity and a 

significant increase in insulin resistance was found in non-obese patients treated with either 

clozapine or olanzapine as compared to those treated with risperidone (Henderson et al., 

2005a).  

 

Acetylcholine is the key neurotransmitter of the peripheral parasympathetic nervous system 

and can facilitate glucose homeostasis via regulation of insulin secretion (Gautam et al., 

2006). Activated muscarinic (M) acetylcholine receptors on pancreatic β-cells mediate 

glucose-dependent insulin secretion in order to maintain glucose homeostasis (Gautam et al., 

2006). The M3 receptor is the major acetylcholine receptor on pancreatic β-cells (Duttaroy et 

al., 2004) and is also present on almost all glandular tissues, smooth muscle  and some 

neuronal cells in the CNS (Caulfield and Birdsall, 1998). Gautam and colleagues (2006) 

duplicated a mouse model lacking M3 receptors on pancreatic β-cells to establish the 

physiological role of these receptors in glucose regulation and insulin secretion. The authors 

demonstrated that in the absence of M3 receptors, mice developed glucose intolerance and had 

a significant reduction in plasma insulin (Gautam et al., 2006). Gautam et al (2006) also 

created a second mouse model system that was mutated for over expression of M3 receptors 

on pancreatic β-cells. This work revealed that both glucose tolerance and plasma insulin were 

increased. The findings from these two mouse models suggest that the M3 receptors on 

pancreatic beta cells may play a vital role in glucose homeostasis. These results can also 

explain the context of antipsychotic drug-associated insulin resistance. Clozapine is a potent 

antagonist at the M3 receptor and blocking of the M3 receptor in the pancreas could impair 

cholinergic-stimulated insulin secretion and increases the risk of hyperglycaemia and type 2 

diabetes (Johnson et al., 2005). 
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1.4 Haloperidol   

Haloperidol 4-[4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl]-1-(4-fluorophenyl)butan-1-one is 

a member of the butyrophenone class (Figure 1.1) (Creese et al., 1976) and a typical 

antipsychotic drug mainly used to treat the positive symptoms of schizophrenia. It was 

originally developed in the 1950s to prevent surgical shock from anaesthesia, but was 

subsequently found to have a beneficial effect on aggressiveness, delusions, hallucinations 

and impulsiveness (Ayd, 1972, Ayd, 1978, Settle and Ayd, 1983, Irving et al., 2006).  

 

1.4.1 Haloperidol receptor profile and associated side effects 

Haloperidol is known as a potent dopamine antagonist and produces a powerful dopamine 

blockade (Table 1.7) compared to most other antipsychotic drugs. Haloperidol also has a 

tendency to produce a range of EPS (Irving et al., 2006). The off-targeting effects observed in 

patients prescribed on haloperidol include akathisia, dyskinesia, parkinsonism symptoms and 

the potentially fatal neuroleptic malignant syndrome (dangerous changes in blood pressure 

regulation and body temperature) (Settle and Ayd, 1983, Irving et al., 2006). Other symptoms 

also associated with haloperidol treatment include xerostomia (dry mouth), lethargy, sedation, 

blurred vision, constipation and depression (Irving et al., 2006).  

 

Table 1.7 – Haloperidol receptor profile 1  

Receptor 

name 
Normal function of receptor 

Action at 

receptor 

D2 
Member of the D2 like receptor family. Coupled to a G-protein 

which can directly inhibit adenylate cyclase 

Antagonist 

D1A 

Member of the D1 like receptor family. Coupled to a G-protein 

which can activate adenylate cyclase, and increase the 

intracellular concentration of cAMP 

Antagonist 

NMDA 

receptor 

subunit 

epsilon 2 

NDMA receptor subtype of glutamate gated ion channels with 

high calcium permeability and voltage dependent sensitivity to 

magnesium 

Antagonist 

5-HT2A 
5-HT receptor subtype. G-protein coupled receptor that 

activates phosphatidylinositol signalling 

Antagonist 

D3 
Member of the D2 like receptor family. Coupled to a G-protein 

which can directly inhibit adenylate cyclase 

Antagonist – 

Inverse agonist 

1  
Table information taken from http://www.drugbank.ca/drugs/DB00502  

Drugbank, accessed 22/08/14 (Law et al., 2014) 
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1.5 Olanzapine  

Olanzapine 2-methyl-4-(4-methylpiperazin-1-yl)-5H-thieno[3,2-c][1,5]benzodiazepine was 

developed in 1996 as an atypical antipsychotic drug. Olanzapine is chemically derived from 

clozapine but classed as a thienobenzodiazepine (Figure 1.1) and displays subtle differences 

in its receptor activation profile (Fulton and Goa, 1997).  

 

1.5.1 Olanzapine receptor profile and associated side effects 

Like clozapine, olanzapine has a complex multi-receptor profile with affinities for dopamine, 

serotonin, histamine and α-adrenergic receptors (Table 1.8). Olanzapine also shares similar 

associated metabolic side effects such as weight gain and insulin resistance with clozapine. 

There is increasing evidence that olanzapine treatment is associated with metabolic side 

effects and in a recent meta-analysis, olanzapine treatment resulted in higher amounts of 

weight gain, glucose elevations and cholesterol levels than all other second generation 

antipsychotics except for clozapine (Rummel-Kluge et al., 2010).  

 

1.5.2 Olanzapine-associated weight gain 

In a retrospective cohort study, olanzapine was shown to promote weight gain in 40% of 

patients compared to 25% of patients on first generation antipsychotic medication (Farwell et 

al., 2004). Olanzapine treatment is well documented to result in weight gain, with a number of 

studies demonstrating that olanzapine can induce significant increases (up to 4 kg) in body 

weight within the first few weeks of treatment (Allison et al., 1999a, Kraus et al., 1999, Eder 

et al., 2001). In a rat model of olanzapine pharmacotherapy, chronic administration of 

olanzapine elevated fasting glucose, impaired insulin and glucose tolerance and increased the 

fat mass of treated rats (Albaugh et al., 2011). In this study, olanzapine was shown to increase 

fat mass through the elevation of the uptake of glucose and FFA into fat depots, resulting in 

increased lipogenesis in adipose tissues (Albaugh et al., 2011). 
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Table 1.8 – Olanzapine and risperidone receptor profiles 1&2   

Receptor Normal function of receptor Olanzapine Risperidone 

5-HT2A 
5-HT receptor subtype. G-protein coupled receptor 

that activates phosphatidylinositol signalling 

Antagonist Antagonist 

D2 
Member of the D2 like receptor family. Coupled to a 

G-protein which can directly inhibit adenylate cyclase 

Antagonist Antagonist 

D1 Members of the D1 like receptor family. Coupled to a 

G-protein which can activate adenylate cyclase, and 

increase the intracellular concentration of cAMP  

Antagonist Antagonist 

D5 
Antagonist No action 

reported 

D3 
Member of the D2 like receptor family. Coupled to a 

G-protein which can directly inhibit adenylate cyclase 

Antagonist Antagonist 

D4 
Member of the D2 like receptor family. Coupled to a 

G-protein which can directly inhibit adenylate cyclase 

Antagonist Antagonist 

5-HT1A 

5-HT receptor subtypes. G-protein coupled receptors 

that inhibits adenylate cyclase signalling 

Antagonist Antagonist 

5-HT1B 
Antagonist No action 

reported 

5-HT1D Antagonist Antagonist 

5-HT1E 
Antagonist No action 

reported 

5-HT2C 
5-HT receptor subtype. G-protein coupled receptor 

that activates phosphatidylinositol signalling 

Antagonist 

– Inverse 

agonist 

Antagonist – 

Inverse 

agonist 

5-HT3 5-HT receptor subtype. A ligand gated ion channel 
Antagonist No action 

reported 

5-HT6 
5-HT receptor subtype. Activity of receptor mediated 

by G-proteins that stimulate adenylate cyclase 

Antagonist 

– Inverse 

agonist 

No action 

reported 

5-HT7 
5-HT receptor subtype. Activity of receptor mediated 

by G-proteins that stimulate adenylate cyclase 

Antagonist No action 

reported 

H1 
Histamine receptor subtype, G-protein coupled 

receptor, activates phosphatidylinositol signalling 

Antagonist Antagonist 

α1A Alpha-adrenoceptor subtype, G-protein coupled 

receptor coupled, activates phosphatidylinositol 

signalling 

Antagonist Antagonist 

α1B Antagonist Antagonist 

α2A 

Alpha-adrenoceptor subtype, G-protein coupled 

receptor that inhibits adenylate cyclase signalling 

Antagonist Antagonist 

α2B 

Antagonist Antagonist – 

Inverse 

agonist 

α2C  Antagonist Agonist 

M1 

Muscarinic acetylcholine receptor subtype, G-protein 

coupled receptor that activates adenylate cyclase  

Antagonist No action 

reported 

M3 
Antagonist No action 

reported 

M5 
Antagonist No action 

reported 

M2 
Muscarinic acetylcholine receptor subtype, G-protein 

coupled receptor that inhibits adenylate cyclase  

Antagonist No action 

reported 

M4 
Antagonist No action 

reported 
1  

Table information taken from http://www.drugbank.ca/drugs/DB00334  
2  

Table information taken from http://www.drugbank.ca/drugs/DB00734  

Drugbank, accessed 22/08/14 (Law et al., 2014)

http://www.drugbank.ca/drugs/DB00334
http://www.drugbank.ca/drugs/DB00734
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1.5.3 Olanzapine-associated glucose disturbances 

A retrospective cohort study conducted between 2002 and 2003 demonstrated that 8% of 

patients on olanzapine treatment developed type 2 diabetes, compared to ~3% on first 

generation antipsychotic drug treatment and 3.5% on risperidone treatment (Farwell et al., 

2004). Glucose tolerance tests indicated that patients on olanzapine treatment had significant 

elevations in glucose and post-load plasma glucose compared to healthy controls as well as 

patients receiving other atypical antipsychotic drug treatments (Newcomer et al., 2002).  

Lindenmayer and Patel reported a case study of an African-American male diagnosed with 

paranoid type schizophrenia, with no history of diabetes. The patient developed type 2 

diabetes after 8 months on olanzapine treatment and upon discontinuation of olanzapine 

pharmacotherapy, the patient’s type 2 diabetes disappeared (Lindenmayer and Patel, 1999).  
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1.6 Risperidone  

Risperidone 3-[2-[4-(6-fluoro-1,2-benzoxazol-3-yl)piperidin-1-yl]ethyl]-2-methyl-6,7,8,9-

tetrahydropyrido[1,2-a]pyrimidin-4-one, is an atypical antipsychotic drug developed in 1994 

with a benzisoxazole structure (Figure 1.1) (Meuldermans et al., 1994).  

 

1.6.1 Risperidone receptor profile and associated side effects 

The receptor profile of risperidone (Table 1.8) is unusual among most other atypical 

antipsychotics due to its high receptor antagonism of both the dopamine D2 receptor (Stathis 

et al., 1996) and several 5-HT receptor subtypes, including the 5-HT2A and 5-HT2C (Conley, 

2000). Like other SGAs, risperidone has a propensity to produce off targeting metabolic 

effects linked with its antipsychotic action. However, treatment with risperidone has been 

shown to have a reduced potential to promote weight gain compared to treatment with either 

clozapine or olanzapine (Allison et al., 1999a). 
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1.7. Obesity 

Obesity can be described as the accumulation of body fat as adipose tissue (adiposity) to the 

extent where it might have a negative impact on health. However, the ability to store energy 

in the form of body fat was once seen as an evolutionary advantage because energy stores 

could be utilised during food shortages or famine when starvation was a greater danger than 

overabundance (Ogden et al., 2007).   

 

1.7.1 Obesity risk associated with a westernised diet and lifestyle 

Epidemiological data suggest that in many countries that have adopted the energy dense, 

nutrient poor westernised diet and sedentary lifestyle associated with decreased manual labour 

employment, decreased leisurely physical activity and readily available transportation, there is 

an increasing prevalence of obesity (Figure 1.2) (Popkin and Gordon-Larsen, 2004, Ogden et 

al., 2007). For example, the small Gulf state of Kuwait became a wealthy nation from oil 

revenues in the last 70 years and this had led to rapid changes in lifestyle of its inhabitants, 

with many now having the financial freedom to adopt a westernised diet and lifestyle. These 

changes may have contributed to the high level of obesity in the population, with 

approximately 55% of females and 30% of males being obese  (World Health Organisation, 

2010). 

 

1.7.2 Clinical presentation 

Body mass index (BMI) is commonly used as a measure of obesity. It is calculated by taking 

an individual’s weight divided by the square of his/her height (kg/m2) and can be used to 

assess how much an individual’s body weight differs from the expected value generated for 

their height. An adult individual with a BMI of between 18.5 and 24.9 kg/m2 is considered to 

be in the ‘normal’ range, between 25 and 30 kg/m2 is considered to be “overweight” and over 

30 kg/m2  to be “obese”.  However, using the BMI method to determine obesity is increasingly 

losing favour amongst clinicians due to the inability of the method to take into account the 

muscle mass of the individual and also due to the method underestimating the amount of 

abdominal fat in an individual. BMI is now becoming less recognised as a measurement of 

obesity. A more appropriate measure may be the waist to hip ratio (which measures the waist 

girth (m) to the hip girth (m)) to determine central obesity of an individual (Cheng et al., 

2010). There is evidence to indicate that the distribution of body fat rather than obesity itself 

has a greater adverse effect on health (Després, 2001, Pi-Sunyer, 2004).  
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Figure 1.2 – The percentage of males aged above 15 years old with a BMI of ≥ 30 kg/m2 

 

A graphical representation of obesity percentages from a selection of various countries taken from WHO statistics in 2010. Countries that have 

adopted a westernised diet and sedentary lifestyle (i.e. Australia, Austria, Canada, Chile, Germany, Kuwait, Mexico, New Zealand, Samoa, Saudi 

Arabia, UK and UAS) have above average levels of obesity within the population (World Health Organisation, 2010). 
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1.7.3 Consequences of obesity 

Several reports have suggested that obesity is associated with an increased risk of morbidity 

and mortality (Manson et al., 1995, Murphy et al., 2000, Calle et al., 2003, Fontaine et al., 

2003, Nagai et al., 2012, Jiang et al., 2013). The Framingham Heart Study conducted a 

longitudinal study to analyse the reduction in life expectancy associated with being 

overweight and obese (Peeters et al., 2003). These compelling data showed that in individuals 

older than 40 years, obesity reduces life expectancy by a mean of 7.1 years in female non-

smokers and 5.8 years in male non-smokers (Peeters et al., 2003). Tables 1.9 and 1.10 detail 

the increased risk of a range of co-morbidities that are associated with obesity and although 

not corrected for other cofounders such as age and ethnicity, they give us an indication of the 

level risk that obesity promotes in the development of many co-morbidities such as type 2 

diabetes and cardiovascular disease (CVD) (Ogden et al., 2007). This is partly because 

obesity can result in an increased risk of traditional CVD risk factors such as dyslipidaemia, 

hypertension and insulin resistance (Eckel, 1997). Obesity is also associated with increased 

risk of cancer (Polednak, 2008) and can be a trigger for the development of other serious 

conditions such as non-alcoholic fatty liver disease (NAFLD). The majority of patients with 

NAFLD (69-100% in one review) are markedly obese (Sheth et al., 1997). The presence of fat 

disrupts the normal liver architecture and inflammation triggered by the lipid peroxidation of 

the accumulated fat damages the hepatocytes which can then progress into fibrosis and 

cirrhosis (Wanless and Lentz, 1990, Bacon et al., 1994).  

 

1.7.4 GWA studies of obesity 

The human genome project was completed in April 2003 (Sanger-Institute, 2003) and 

amongst the data derived from this project, it was found that only 0.1% of the human genome 

varies between individuals (Manolio, 2010). This small fraction of the genome is considered 

to be responsible for the unique characteristics of individuals, susceptibility to disease and 

response to drug therapies. A GWA study is a powerful approach used to examine genetic 

variants associated with disease throughout the human genome. GWA studies are useful 

because they are unbiased; no assumptions are made about gene identity or location 

(Hirschhorn and Daly, 2005). GWA studies use high-throughput DNA chips to genotype 

millions of single nucleotide polymorphisms (SNPs) simultaneously in large case-control 

samples. The purpose is to identify particular alleles of SNPs that are more prevalent in either 

the case or the control population. Statistical methods are then used to determine which SNPs 

are associated with disease progression.  
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Table 1.9 - Estimated increase in risk of various diseases due to obesity in the English 

population  3 

Disease Relative risk  

in woman  

Relative risk 

in men 

Type 2 diabetes 12.7 5.2 

Hypertension 4.2 2.6 

Myocardial infarction 3.2 1.5 

Colon cancer 2.7 3.0 

Angina 1.8 1.8 

Gall bladder disease 1.8 1.8 

Ovarian cancer 1.7 - 

Osteoarthritis 1.4 1.9 

Stroke 1.3 1.3 

 

 

 

Table 1.10 – The estimated prevalence of obesity co-morbidities in the Scottish 

population 4 

Disease Estimated proportion 

attributable to obesity (%) 

Cardiovascular 

Hypertension 36 

Angina pectoris 15 

Myocardial infarction 18 

Stroke 6 

Endocrine 

Type 2 diabetes 47 

Neoplastic 

Colon cancer 29 

Ovarian cancer 13 

Prostate cancer 3 

Endometrial cancer 14 

Musculo-skeletal 

Osteoarthritis 12 

Gout 47 

Gastro-intestinal 

Gallstones 15 

 

 

 

                                                 
3 Information taken from National Audit Office (2001). Tackling Obesity in England. Report by the Comptroller 

and Auditor General. London: The Stationery Office, page 22 
4 Information taken from Obesity in Scotland, An epidemiology briefing, 2007. The Scottish Public Health 

Observatory, page 38 
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1.7.4.1 The obesity-associated genes identified by GWA studies 

GWA studies have recently been applied to determine if there is a genetic susceptibility to 

obesity in humans. In 2009, GWA studies identified a number of SNPs that were associated 

with an increased risk of obesity (Thorleifsson et al., 2009, Willer et al., 2009). The genes that 

harbour the SNPs associated with obesity are of particular interest because they are either 

expressed in, or known to act in, the central nervous system, highlighting a neuronal role in 

predisposition to obesity.  
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1.8 Research questions 

1.8.1 Rationale  

The relationship between schizophrenia and metabolic complications had been noted in the 

pre-neuroleptic era (Kooy, 1919, Raphael and Parsons, 1921, Lorenz, 1922) and the effect has 

amplified with the introduction of antipsychotic medication. The fact that antipsychotic 

treatment only elicits metabolic disturbances in some patients suggests that there is some 

genetic predisposition towards drug-induced metabolic problems within the population 

(Panariello et al., 2012). A meta-analysis showed that untreated patients with psychosis were 

at no greater risk of cardio-metabolic disorders than the general population, but once 

antipsychotic drug treatment commenced their risk of the disorders rose rapidly (Foley and 

Morley, 2011, Leung et al., 2012).  

 

However, a genetic predisposition does not explain the entirety of the clinical manifestations. 

There is evidence of antipsychotic medication altering a range of contributing factors of 

metabolic disorders, from energy metabolism, insulin homeostasis and lipid levels. This 

suggests that antipsychotics may play some, as yet unidentified, role in the development of 

metabolic problems.  

 

1.8.2 Hypotheses 

The aims of this doctoral thesis were to test the following hypotheses: 

 

 That obesity and schizophrenia share a genetic pathway 

Not all patients on clozapine treatment develop obesity and metabolic problems, suggesting 

that there is a genetic element associated with an increased risk of obesity development. 

GWA studies have identified a number of variants that are associated with an increased risk 

of obesity. This study investigated whether patients with schizophrenia have a higher 

incidence of these obesity-risk variants than the control population. 

 

 That the expression of obesity-related genes is altered by clozapine treatment 

Clozapine has a complex receptor profile and is thought to stimulate appetite and food intake 

through its antagonistic effect on the histamine type 1 (H1) and 3 (H3) receptors, and 5-HT2A 

and 5-HT2C receptors in the brain. Given that obesity is a condition closely related with 

inflammation, it is important to investigate the effect of clozapine on function of 

inflammatory cells. This study was designed to examine whether clozapine alters the 

expression of obesity-risk genes in a monocyte-derived cell line to illustrate the peripheral 

role of clozapine in inducing weight gain. As patients on clozapine medication are titrated up 
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to the therapeutic dosage and weight gain can be evident from as early as 10 weeks after 

treatment commencement, this study also investigated whether clozapine could alter the 

expression of obesity-risk genes in a concentration-dependent manner. 

 

 That the treatment with other SGAs does not alter the expression of obesity-

related genes 

Olanzapine is a SGA with many similarities to clozapine in both its receptor and side-effect 

profiles (Farwell et al., 2004, Nasrallah, 2008, Patel et al., 2009, Correll et al., 2011, 

Osuntokun et al., 2011); risperidone is a SGA that does not have a high propensity to cause 

weight gain in patients when compared to clozapine and olanzapine (Allison et al., 1999a). 

These two SGAs were used to assess their roles in stimulating the expression of obesity-

related genes. This study was designed to test whether changes in the expression of obesity-

related genes might be a unique feature to clozapine treatment.  

 

 That clozapine activates 5-HT receptor-mediated pathways in cultured cells 

The development of obesity and metabolic problems during clozapine therapy is likely to be 

multifactorial and complicated, with neurotransmitter–receptor interactions, hormone 

regulation and genetic predisposition all thought to play a small role in developing a 

metabolic disorder. Clozapine is an antagonist at the 5-HT2A and 5-HT2C receptors and whilst 

agonists of the 5-HT2C receptor are known to decrease appetite, in its capacity as an 

antagonist at this receptor, clozapine may be able to promote weight gain through increased 

appetite. It was therefore hypothesised that due to the predicted involvement of the 5-HT 

receptor signalling pathway in weight gain, it may also be able to mediate the downstream 

effect of the altered expression of obesity-related genes. In order to investigate this 

hypothesis, the expression of obesity-related genes and the second messengers of 5-HT will 

be examined after treatment with clozapine and 5-HT.  
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Chapter 2 – Materials and methods 
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Figure 2.1 – Overview of methods used to conduct studies in Chapters 3-6 of this thesis 
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2.1 Taqman genotyping of obesity-associated SNPs in patients with schizophrenia  
 

2.1.1 Subjects 

Two sample sets were used for genetic analysis: a family-based sample and a population-

based sample (case-control). All subjects were of British Caucasian origin, including English, 

Scottish, Welsh and Irish individuals. The family sample comprised of a 132 family trios and 

92 duos, including both parents or a single parent and affected offspring with schizophrenia. 

The case-control sample comprised of 104 unrelated patients with schizophrenia and 139 

unrelated healthy subjects. These 224 family samples and 179 out of 243 case-control samples 

were collected through the Schizophrenia Association of Great Britain, Bangor, in the period 

between 1991 and 2005; the 64 remaining case-control samples collected at New Craigs 

Hospital and the Highland Clinical Research Facility, Inverness, between 2009 and 2010. Of 

328 affected individuals with schizophrenia, 219 were males (aged 32.76 ± 10.4 years) and 

109 were female (aged 36.5 ± 10.57 years); of 139 control subjects, 60 were males (aged 

40.86 ± 12.24 years) and 79 were females (aged 42.5 ± 11.25 years). Patients were diagnosed 

as having schizophrenia by a clinical interview according to either the DSM-IIIR criteria or 

the DSM-IV criteria. The control subjects did not have history of any severe mental disorders 

and the first-degree relatives of patients did not have a history of schizophrenia. All the 

subjects gave written informed consent to donate their blood samples for genetic analysis. 

This study was approved by the local research ethics committee and conformed to the 

requirements of the Declaration of Helsinki and its amendments. All samples were 

anonymised to protect the identity of participants.  

 

2.1.2 Extraction of genomic DNA for genetic analysis 

Genomic DNA was purified from whole blood samples using the InstaGene® Whole Blood 

kit (Bio-Rad Laboratories, Hemel Hempstead, UK). The extraction and purification of 

genomic DNA samples were performed by following three steps according to the 

manufacturer’s instructions.  

 

Step 1: Lysis of red blood cells 

A 50 µl volume of whole blood was mixed well with 1 ml of lysis buffer through several 

inversions of the tube. The tube was left at room temperature for 8 min and briefly vortexed 

prior to centrifugation (6700 g for 1 min at room temperature). The supernatant was discarded 

with careful attention not to disturb the pellet. 
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Step 2: Wash 

A 500 µl volume of lysis buffer was added to the pellet and vortexed at high speed for 10 sec, 

followed by centrifugation (6700 g for 1 min at room temperature). The supernatant was 

aspirated off and the process was repeated. 

 

Step 3: InstaGene® Matrix 

InstaGene® Matrix (200µl) was added to the pellet and incubated at 70˚C for 8 min. The 

solution was then vortexed for 10 sec and incubated at 95˚C for 4 min. The solution was 

vortexed again for 10 sec and centrifuged (13000 g for 1 min at room temperature). The DNA 

containing supernatant was transferred into a clean tube for polymerase chain reaction (PCR) 

amplification. The manufacturer suggests that the yield of template DNA should be around 1-

2 µg from 50 ml of whole blood.  

 

2.1.3 Taqman® genotyping of SNPs  

The Taqman® SNP genotyping assay developed by Applied Biosystems (Warrington, UK) is 

highly specific as it relies on two complimentary probes designed to detect both the major 

allele (wide-type allele) and the minor allele (mutated allele) of a target SNP. Each of the 

allele-specific probes is linked to different fluorescent reporter dyes at the 5’ end and a 

quencher at the 3’ end. The two reporter dyes are discerned apart due to their different 

excitatory wavelengths, with reporter dye VIC assigned to allele 1 and FAM assigned to allele 

2.  As the DNA Taq polymerase has 5’-nuclease activity, the fluorescent reporter dye will be 

released from the probes and become free from the quencher during DNA synthesis. This 

produced a fluorescent signal that was detected by the quantitative real-time PCR (qRT-PCR) 

machine (Figure 2.2). The amount of PCR products amplified is directly proportional to the 

cleavage of the probe and the increase in fluorescence signal of the reporter dye.  
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Figure 2.2 – A schematic illustration detailing the Taqman probe 

chemistry reaction. 

 

The Taqman probe binds to the specific DNA region and during DNA 

synthesis, the probe is released by Taq polymerase during the nascent 

strand synthesis. The fluorophore released from the probe is proportional 

to the DNA template present in the sample and can be detected by the 

quantitative PCR machine.  Figure adapted from (Life-Technologies, 

2014) 
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2.1.4 Reagents for Taqman® SNP genotyping assay  

The mastermix used for Taqman® SNP genotyping assays were purchased from Applied 

Biosystems (Table 2.1) and SNPs genotyped were selected based on reported association with 

obesity by GWA studies.  

 

Table 2.1 - Information of Taqman SNP genotyping assay 

SNPs Gene name Assay ID 

rs10938397 GNPDA2 C_1594245_10 

rs29941 KCTD15 C_2843134_10 

rs17782313 MC4R C_32667060_10 

rs10838738 MTCH2 C_432493_10 

rs3101336 NEGR1 C_26252484_10 

rs2815752 NEGR1 C_26668839_10 

rs2568958 NEGR1 C_1682788_10 

rs4854344 TMEM18 C_27895226_20 

 

2.1.5 Taqman® PCR protocol and conditions 

A master mix was prepared as outlined in Table 2.2. A 96-well plate was prepared on ice and 

contained 13 µl of genotyping Master Mix reagents and 2 µl of genomic DNA sample.  

 

Table 2.2 – Taqman genotyping master mix 

Component Individual volume 

Water 2.75 l 

Primer + probe mix 0.25 l 

Genotyping master mix 5.00 l 

DNA 2.00 l 

  

Total per  sample reaction 10.00 l 

 

The 96-well PCR reaction plate was loaded with all reagents and a DNA-free sample that was 

run as no template controls (NTC) with at least two wells in each plate in order to identify any 

contamination present. If contamination appeared, the plate was discarded and the genotyping 

reaction was repeated. If contamination appeared again, materials were discarded and 

reactions were repeated with new components. The conditions used for qRT-PCR analysis 

with the StepOnePlus® real-time PCR system (Applied Biosystems, Warrington, UK) are 

described in Table 2.3. 

 

Table 2.3 – PCR conditions used for Taqman genotyping assay 

Stage Temperature and Time  

Pre-PCR read 60˚C for 30 sec 

95˚C for 10min 

Cycling stage (50 cycles) 95˚C for 15 sec 

60˚C for 1 min 

Post-PCR read 60˚C for 30 sec 
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Genotype calling was manually performed based on the distribution of three clusters of 

fluorescent signals, which represent the two groups of homozygotes and the group of 

heterozygotes at the target SNP in the study population. The groupings were generated by the 

qRT-PCR machine based on the fluorescence of the allele specific dyes. Any sample with an 

undetermined call was repeated. If the sample was unable to be determined after repetition, 

the DNA sample was re-extracted and genotyping analysis was performed again.   

 

2.2 Expression analysis of the obesity-related genes 

2.2.1 Cell culture 

U937 cells were isolated from a diffuse histiocytic lymphoma of a 37-year old male patient 

and they display many monocytic characteristics (Sundström and Nilsson, 1976).  U937 cells 

were chosen to study the effect of genes associated with obesity for a number of reasons: (1) 

both obesity and schizophrenia may involve inflammatory conditions (Stienstra et al., 2007, 

Altamura et al., 2013); (2) U937 cells have been previously used to study the effects of 

antipsychotic medication (Heiser et al., 2007); (3) in an attempt to compare and contrast the 

results with the forerunner for this project (Mathur et al., 2009).  

 

2.2.2 Growth of cell line 

The U937 cell line was purchased from the European Collection of Cell Cultures and stored at 

-152˚C until use. RPMI 1640 medium, foetal calf serum, L-glutamate and penicillin and 

streptomycin were purchased from Fisher Scientific (Loughborough, UK). Prior to the 

removal of the vial from the freezer, the medium was prepared by supplementing RPMI 1640 

with foetal calf serum (10%), penicillin (100 U/ml), streptomycin (0.1 mg/ml) and L-

glutamate (2 mM). The vial containing the U937 cells was removed from -152˚C and rapidly 

thawed in a water bath at 37˚C.  The contents of the vial were transferred into a 15 ml 

centrifuge tube containing complete RPMI 1640 medium, gently mixed, and then centrifuged 

at 500 g (3 min, room temperature). The supernatant was aspirated off and the cell pellet was 

washed in phosphate-buffered saline (PBS) (GE Healthcare Life Sciences, Buckinghamshire, 

UK) and centrifuged again (500 g, 3 min, room temperature). The cell pellet was then 

resuspended in 10 ml of complete RPMI 1640 in a T25 flask and placed in the incubator at 

37˚C with 5% CO2. 

 

2.2.3 Counting cell number 

To stain cells, 50 µl cell suspension was properly mixed with 50 µl of 0.1% trypan blue 

(Sigma Aldrich, Dorset, UK) in an Eppendorf® tube, and the trypan blue-stained cell 

suspension was left to stand for 2 min before 10 µl of the suspension was loaded onto a 



70 

 

microscope slide. The slide was viewed under a microscope and the cells in four corner 

squares (A, B, C & D) were counted (Figure 2.3).  

 

 

 

The cell density was calculated using the formula below (Box 2.1) and the total number of 

cells was established based on the total volume (ml) of cell culture in the particular flasks.  

 

 
 

 

 

 

 

 

 

 

Figure 2.3 - A graphic representation of a Neubauer Improved 

haemocytometer counting chamber. The total cell numbers in 

four chambers (A, B, C & D) were counted. 

 
 

Box 2.1 

Area of slide = 1mm x 1mm = 1mm2 

Volume of slide = 1mm2 x 0.1mm = 0.1mm3 (0.1µl) 

 

Total cells counted / Number of squares counted = A 

A x dilution factor = B (cells in 0.1µl) 

Cell concentration (cells/ml) = B x 10,000  
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2.2.4 Treatment of U937 cells with clozapine 

U937 cells were treated with clozapine (Sigma Aldrich, Dorset, UK) prior to examination of 

obesity-related gene expression. This experiment was conducted to determine if clozapine 

would promote any changes in the expression of obesity-related genes compared to dimethyl 

sulfoxide (DMSO) vehicle (Sigma Aldrich, Dorset, UK) treatment (control). Cells were 

seeded at a density of 5x105 cells/ml and growth curves indicated that the cell number 

increased approximately 2-fold every 48 h. At the 48 h medium change, double the original 

amount of medium and drug was added to reflect the 2-fold growth. The seeding density of 

3x106 cells (6 ml) in each flask was chosen, as growth curve experiments indicated that it 

would produce the required number of cells for mRNA extraction after 96 h of culture. 

Clozapine concentrations used to treat cells are given in Table 2.4. 

 

Table 2.4 – Preparation for different concentrations of clozapine to treat U937 cells 

Design Preparation Treatment of cells with clozapine 

 

Stock solution Dissolve 25 mg clozapine 

powder in 5 ml DMSO and 

aliquot in 5 mg/ml 

 

Working solution Take 20 µl of stock solution 

and add 980 µl of RPMI 

medium to obtain a 

working solution of 100 

µg/ml. 

 

Clozapine 1µg/ml Dilute 100 µg/ml clozapine 

into the concentration of 1 

µg/ml with RPMI.  

Cells in each flask containing 60 µl of working 

solution in 6 ml RPMI medium. At 48 h time 

point, 120 µl of working solution in 12ml of 

RPMI medium was added to each flask. Vehicle 

control consisted of 120 µl DMSO in 12 ml of 

RPMI medium added to each flask (1% DMSO). 

Clozapine 

0.5µg/ml 

Dilute 100 µg/ml clozapine 

into the concentration of 

0.5 µg/ml with RPMI.  

Cells in each flask containing 30 µl of working 

solution in 6 ml RPMI medium. At 48 h time 

point, 60 µl of working solution in 12 ml of RPMI 

medium was added to each flask. Vehicle control 

consisted of 60 µl DMSO in 12 ml of RPMI 

medium added to each flask (0.5% DMSO). 

Clozapine 

0.25µg/ml 

Dilute 100 µg/ml clozapine 

into the concentration of 

0.25µg/ml with RPMI. 

Cells in each flask containing 15 µl of working 

solution in 6 ml RPMI medium. At 48 h time 

point, 30µl of working solution in 12 ml of RPMI 

medium was added to each flask. Vehicle control 

consisted of 30 µl DMSO in 12 ml of RPMI 

medium added to each flask (0.25% DMSO). 

Clozapine 

0.125µg/ml 

Dilute 100 µg/ml clozapine 

into the concentration of 

0.125 µg/ml with RPMI. 

Cells in each flask containing 7.5 µl of working 

solution in 6 ml RPMI medium. At 48 h time 

point, 15 µl of working solution in 12 ml of RPMI 

medium was added to each flask. Vehicle control 

consisted of 15 µl DMSO in 12 ml of RPMI 

medium added to each flask (0.125% DMSO). 
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2.2.5 Treatment of U937 cells with haloperidol 

U937 cells were treated with haloperidol (Sigma Aldrich, Dorset, UK) prior to examination of 

expression of the genes associated with obesity. This experiment was conducted to determine 

if haloperidol could promote any changes in expression of the obesity-related genes compared 

to a vehicle treatment. Cell culture experiments were carried out using haloperidol 

concentrations given in Table 2.5. 

 

Table 2.5 – Preparation for different haloperidol concentrations to treat U937 cells 

Design Preparation Treatment of cells with haloperidol  

Making of 

stock 

solution 

Dissolve 100 mg 

haloperidol powder in 10 

ml DMSO and aliquot in 

10 mg/ml.  

 

Working 

solution 1 

Take 10 µl of stock 

solution and add 990 µl of 

RPMI medium to obtain 

working solution 1 of 100 

µg/ml.  

 

Working 

solution  2 

Take 100 µl of working 

solution 1 and add 900 µl 

of RPMI medium to 

obtain a working solution 

2 of  10 µg/ml.  

 

Haloperidol 

50ng/ml 

Dilute 10 µg/ml 

haloperidol into the 

concentration of 50 ng/mg 

in RPMI.  

Cells in each flask containing 30 µl of working solution 

2 in 6 ml RPMI medium. At 48 hour time point, 60 µl of 

working solution 2 in 12 ml of RPMI medium was 

added to each sample. Vehicle control consisted of 60 µl 

DMSO in 12 ml of RPMI medium added to each flask 

(0.5% DMSO). 

Haloperidol 

15ng/ml 

Dilute 10 µg/ml 

haloperidol into the 

concentration of 15 ng/mg 

in RPMI. 

Cells in each flask containing 9 µl of working solution 2 

in 6-ml RPMI medium. At 48 h time point, 18 µl of 

working solution 2 in 12 ml of RPMI medium was 

added to each sample. Vehicle control consisted of 18 µl 

DMSO in 12 ml of RPMI medium added to each flask 

(0.15% DMSO). 
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2.2.6 Treatment of U937 cells with olanzapine 

U937 cells were treated with olanzapine (Sigma Aldrich, Dorset, UK) prior to examination of 

expression of the genes associated with obesity. This experiment was to determine if 

olanzapine promoted any changes in expression of the obesity-related genes compared to a 

vehicle treatment. Growth curves indicated that cell number was tripling every 48 hours, so 

seeding density and 48 hour medium change were adjusted to reflect this. Olanzapine 

concentrations used are outlined Table 2.6. 

 

Table 2.6 – Preparation for different olanzapine concentrations to treat U937 cells 

Design Preparation Treatment of cells with olanzapine 

 

Making of 

stock solution 

Dissolve 10 mg 

olanzapine powder in 5ml 

DMSO and aliquot in 2 

mg/ml.  

 

Working 

solution 1 

Take 20 µl of stock 

solution and add 980 µl of 

DMSO to obtain working 

solution 1 of 40 µg/ml.  

 

Working 

solution 2 

Take 250 µl of olanzapine 

working solution 1 and 

added to 750 µl of RPMI 

medium to obtain working 

solution 2 of 10 µg/ml.  

 

Olanzapine 

150ng/ml 

Dilute 10 µg/ml 

olanzapine into the 

concentration of 150 

ng/ml in RPMI.  

Cells in each well containing 30 µl of working 

solution 2 in 2-ml RPMI medium. At 48 h time point, 

90 µl of working solution 2 in 6 ml of RPMI medium 

was added to each sample. Vehicle control consisted 

of 90 µl DMSO in 6 ml of RPMI medium added to 

each flask (1.5 % DMSO). 

Olanzapine 

40 ng/ml 

Dilute 10 µg/ml 

olanzapine into the 

concentration of 40 ng/ml 

in RPMI. 

Cells in each well containing 8 µl of working solution 

2 in 2 ml RPMI medium. At 48 h time point, 24 µl of 

working solution 2 in 6ml of RPMI medium was 

added to each sample. Vehicle control consisted of 24 

µl DMSO in 6 ml of RPMI medium added to each 

flask (0.4% DMSO). 
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2.2.7 Treatment of U937 cells with risperidone 

U937 cells were treated with risperidone (Sigma Aldrich, Dorset, UK) prior to examination of 

expression of the genes associated with obesity. This experiment was to determine if 

risperidone promoted any changes in expression of the obesity-related genes compared to a 

vehicle treatment. Risperidone concentrations used are outlined Table 2.7. 

 

Table 2.7 – Preparation for different risperidone concentrations to treat U937 cells 

Design Preparation Treatment of cells with risperidone 

 

Making of 

stock solution 

Dissolve 10 mg 

risperidone powder in 10 

ml DMSO and aliquot in 

1 mg/ml.  

 

Working 

solution 1 

Take 100 µl of stock 

solution and add 900 µl 

DMSO to obtain a 

working solution 100 

µg/ml. 

 

Working 

solution 2 

Take 100 µl of 

risperidone working 

solution 1 and add 900 µl 

of RPMI medium to 

obtain a working solution 

of 10 µg/ml. 

 

Risperidone 

50ng/ml 

Dilute 10 µg/ml 

risperidone into the 

concentration of 50 ng/ml 

in RPMI.  

Cells in each well containing 10µl of working solution 

2 in 2 ml RPMI medium. At 48 h time point, 30 µl of 

working solution 2 in 6 ml of RPMI medium was 

added to each sample. Vehicle control consisted of 30 

µl DMSO in 6 ml of RPMI medium was added to each 

flask (0.5% DMSO). 

Risperidone 

15ng/ml 

Dilute 10 µg/ml 

risperidone into the 

concentration of 15 ng/ml 

in RPMI.  

Cells in each well containing 3 µl of working solution 

2 in 2 ml RPMI medium. At 48 h time point, 9 µl of 

working solution 2 in 6 ml of RPMI medium was 

added to each sample. Vehicle control consisted of 9 

µl DMSO in 6 ml of RPMI medium was added to each 

flask (0.15% DMSO). 
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2.2.8 Treatment of U937 cells with 5-HT 

In this experiment, U937 cells were treated with a range of 5-HT (Sigma Aldrich, Dorset, 

UK) concentrations with and without 0.25 µg/ml of clozapine to determine if 5-HT could alter 

the effect of clozapine on expression of the obesity-related genes. Concentrations of 5-HT 

used are outlined in Table 2.8.  

 
Table 2.8 – Preparation for different concentrations of 5-HT and clozapine to treat U937 cells 

Design Preparation Drug 

concentration  

Treatment of cells with drug 

Stock 

solution of 

clozapine 

Dissolve 25 mg clozapine powder 

in 5ml DMSO and aliquot in 

5mg/ml 

-  

Stock 

solution of 

5-HT 

Dissolve 25 mg 5-HT in 7 ml 

DMSO and aliquot in 3.3mg/ml 

-  

Working 

solutions 

of  0.8 

µmol 

clozapine, 

0.8 µmol   

5-HT and 

DMSO 

(vehicle 

control) 

Take 100 µl of clozapine stock 

solution (5mg/ml) and add 100µl 

DMSO to create working solution 

1 of 2.5mg/ml. Take 40 µl of 

working solution 1and add to 960 

µl of RPMI medium to make 

working solution 2 (clozapine 100 

µg/ml). 

Clozapine 0.25 

µg/ml 

Cells in each well containing 

5µl of working solution 2 in 

2ml RPMI medium. At 48 hour 

time point, 15 µl of working 

solution 2 in 6 ml RPMI 

medium was added to each 

sample. 

Take 100 µl of clozapine stock 

solution (5 mg/ml) and mix with 

100 µl of 5-HT stock solution (3.3 

mg/ml) to get working solution 1 

of 2.5 mg/ml clozapine and 1.65 

mg/ml 5-HT. Take 40 µl of 

working solution 1 and add 960 µl 

of RPMI medium to obtain 

working solution 2 (clozapine 100 

µg/ml and 5-HT 66 µg/ml). 

Clozapine 0.25 

µg/ml with 5-

HT 0.165 

µg/ml 

Cells in each well containing 5 

µl of working solution 2 in 2ml 

RPMI medium. At 48 h time 

point, 15 µl of working 

solution 2 in 6 ml RPMI 

medium was added to each 

sample. 

Take 40 µl DMSO and add 960µl 

RPMI medium to create working 

solution of vehicle. 

DMSO vehicle Cells in each well containing 5 

µl of working solution in 2ml 

RPMI medium. At 48 h time 

point, 15 µl of working 

solution 1 in 6 ml RPMI 

medium was added to each 

sample. 

Working 

solutions 

of 0.25 

µg/ml  

clozapine, 

0.165 

µg/ml or 

0.33 µg/ml  

5-HT  

Take 100 µl of clozapine stock (5 

mg/ml) and add 200 µl of DMSO 

to create working solution 1(1.67 

mg/ml). Take 60 µl of working 

solution 1 and add 940 µl of 

RPMI medium to produce 

working solution 2 (100 µg/ml). 

Clozapine 0.25 

µg/ml 

Cells in each well containing 

5µl of working solution 2 in 

2ml RPMI medium. At 48 h 

time point, 15 µl of working 

solution 2 in 6 ml RPMI 

medium was added to each 

sample. 

Take 100 µl of 5-HT stock 

(3.3mg/ml) and add 200µl of 

DMSO to create working solution 

1 (1.1mg/ml). Take 60µl of 

working solution 1 and add to 

940µl of RPMI medium to 

produce working solution 2 (66 

µg/ml) 

5-HT 0.165 

µg/ml 

Cells in each well containing 5 

µl of working solution 2 in 2 

ml RPMI medium. At 48 h 

time point, 15 µl of working 

solution 2 in 6 ml RPMI 

medium was added to each 

well. 
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Take 200 µl of 5-HT stock (3.3 

mg/ml) and add 100 µl of DMSO 

to create working solution 1 

(2.2mg/ml). Take 60 µl of 

working solution 1 and add to 940 

µl of RPMI medium to produce 

working solution 2 (132 µg/ml). 

5-HT 0.33 

µg/ml 

Cells in each well containing 5 

µl of working solution 2 in 2ml 

RPMI medium. At 48 h time 

point, 15 µl of working 

solution 2 in 6 ml RPMI 

medium was added to each 

well. 

Working 

solutions 

of  0.165 

µg/ml and 

0.33µg/ml 

5-HT and 

DMSO 

Take 100 µl of 5-HT stock 

(3.3mg/ml) and add 100µl of 

DMSO to create working solution 

1 (1.65 mg/ml). Take 40 µl of 

working solution 1 and add to 960 

µl of RPMI medium to produce 

working solution 2 (66 µg/ml). 

5-HT 0.165 

µg/ml 

Cells in each well containing 5 

µl of working solution 2 in 2 

ml RPMI medium. At 48 hour 

time point, 15 µl of working 

solution 2 in 6ml RPMI 

medium was added to each 

well. 

Take 200 µl of 5-HT stock (3.3 

µg/ml) to create working solution 

1. Take 40 µl of working solution 

1 and add to 960 µl of RPMI 

medium to produce working 

solution 2 (132 µg/ml). 

5-HT 

0.330µg/ml 

Cells in each well containing 5 

µl of working solution 2in 2 ml 

RPMI medium. At 48 h time 

point, 15 µl of working 

solution 2 in 6 ml RPMI 

medium was added to each 

well. 

Take 40 µl of DMSO and add to 

960 µl of RPMI medium to 

produce working solution 1.  

DMSO vehicle Cells in each well containing 5 

µl of working solution 1 in 2ml 

RPMI medium. At 48 hour 

time point, 15 µl of working 

solution 1 in 6 ml RPMI 

medium was added to each 

sample. 

Working 

solutions 

of  

82.5ng/ml 

and 

55ng/ml 5-

HT and  

DMSO 

Take 100µl of 5-HT stock 

(3.3mg/ml) and add 100µl of 

DMSO to create working solution 

1 (1.65mg/ml). Take 20µl of 

working solution 1 and add 980µl 

of RPMI medium to produce 

working solution 2 (33µg/ml). 

5-HT 

82.5ng/ml 

Cells in each well containing 

5µl of working solution 2 in 

2ml RPMI medium. At 48 hour 

time point, 15 µl of working 

solution 2 in 6ml RPMI 

medium was added to each 

sample. 

Take 100µl of 5-HT stock 

(3.3mg/ml) and add 200µl of 

DMSO to create working solution 

1 (1.1mg/ml). Take 20µl of 

working solution 1 and add 980µl 

of RPMI medium to produce 

working solution 2 (22µg/ml). 

5-HT 55ng/ml Cells in each well containing 

5µl of working solution 2 in 

2ml RPMI medium. At 48 hour 

time point, 15 µl of working 

solution 2 in 6ml RPMI 

medium was added to each 

sample. 

Take 20µl of DMSO and add 

980µl of RPMI medium to 

produce working solution 1.  

DMSO vehicle Cells in each well containing 

5µl of working solution 1 in 

2ml RPMI medium. At 48 hour 

time point, 15 µl of working 

solution 1 in 6ml RPMI 

medium was added to each 

sample. 
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2.2.9 Analysis of gene expression 

2.2.9.1 Experimental design 

Ten flasks were established for each treatment (antipsychotic drugs, 5-HT and vehicle 

control) to determine if antipsychotic drugs and/or 5-HT modify the expression of obesity-

related genes. The cells were cultured for the required period of time and extraction of mRNA 

was performed immediately after the harvest of cells. The eight mRNA samples that were 

reverse transcribed into cDNA were selected providing they had an mRNA concentration of 

20-40 ng/µl; in instances when all ten samples were in the specified concentration range, the 

eight samples were chosen for reverse transcription based on the closest in the grouping of the 

range of concentrations. Each sample was tested in triplicate to examine if there was any 

difference in the expression levels of obesity-related genes between drug-treated and vehicle-

treated cells.  

 

2.2.9.2 Harvesting of cells  

Following the required incubation period of cells with the treatment, a sample was randomly 

chosen and the cell numbers were counted using a haemocytometer (Neubauer Improved, 

Marienfeld). Each sample had an average of 8-10x106 cells and after transfer from the 

flask/well into a 15-ml centrifuge tube, the cells were pelleted by centrifugation (500 g, 3 min, 

4˚C). Most of the supernatant was aspirated off and 1-2 ml left was used to resuspend the 

pellet, allowing transfer to a 1.5 ml Eppendorf® tube. Samples were kept on ice at all times 

for mRNA extraction.  

 

2.2.9.3 Extraction of mRNA from cells 

The extraction of mRNA from cultured cells was performed using the Illustra Quickprep 

Micro mRNA purification kit (GE Healthcare Life Sciences, Buckinghamshire, UK) 

according to the manufacturer’s instructions. All tips and tubes for this work were treated 

with 0.1% diethylpyrocarbonate (Sigma Aldrich, Dorset, UK) to inactivate RNases, followed 

by autoclaving. RNaseZap (Sigma Aldrich, Dorset, UK) was used to clean all surfaces. The 

cells transferred into a 1.5 ml Eppendorf® tube as mentioned above were lysed by addition of 

extraction buffer and elution buffers. The cell lysate was transferred to the oligo (dT) 

cellulose tube and mixed gently to facilitate the binding of mRNA to the cellulose resin. 

Purification of the mRNA samples using the tube containing cellulose resin was performed by 

a series of five high salt and two low salt washes to remove proteins and cell debris. The 

sample was transferred to a manufacturer-supplied spin column and then eluted into a clean 

tube. In order to detect successful mRNA extraction, check for protein contamination and 

select samples within a specific concentration range, RNA concentration was measured using 
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the Nanodrop spectrophotometer with the RNA 40 program (ƛ=260nm). All purified mRNA 

samples were stored at -80˚C.  

 

2.2.9.4 Synthesis of cDNA 

Reverse transcription of mRNA samples into cDNA was performed using the High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, Warrington, UK), according to the 

manufacturer’s instructions. The kit components were thawed on ice and the reverse 

transcriptional Master Mix was also made up on ice according to the procedure given in Table 

2.9.  

 

Table 2.9 – Master Mix for cDNA reverse transcription  

Component Individual volume 

10x RT buffer 2.0 µl 

25x dNTP mix (100mM) 0.8 µl 

10x RT Random primers 2.0 µl 

Multiscribe Reverse Transcriptase 1.0 µl 

RNase Inhibitor  1.0 µl 

Nuclease-free water 3.2 µl 

  

Total per sample reaction 10 µl 

 

Briefly, 10 µl of the prepared 2x RT Master Mix was added to individual 0.2 ml PCR tubes 

and 10 µl of mRNA sample was then added. The tubes were carefully mixed and briefly 

centrifuged before loaded into the 2720 model thermal cycler (Applied Biosystems, 

Warrington, UK), using the program described in Table 2.10. The resulting cDNA was stored 

at -20˚C. 

 

Table 2.10 – Conditions used for cDNA reverse transcription 

Temperature Time 

25˚C 10 min 

37˚C 120 min 

85˚C 5 min 

4˚C  

 

 

2.2.9.5 Quantitative real-time PCR (qRT-PCR) analysis 

Quantitative PCR analysis of gene expression in U937 cells was performed using cDNA 

samples as a template for amplification by qRT-PCR with monitoring SYBR green 

fluorescent signals. SYBR green binds to double stranded DNA and the accumulated PCR 

products from every thermo-cycling reaction were then quantified. When the fluorescent 

signal rises above a background level, the number of PCR cycles is defined as the threshold 

level (Ct value). There is an inverse correlation between Ct values and the levels of mRNA 

expressed by cells, e.g. a low Ct value indicating a high level of mRNA present.   
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2.2.9.5.1 Primers for qRT-PCR 

Primers used for qRT-PCR (Table 2.11) were designed using the web-based software Primer-

BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast) with the following criteria: primer 

length of 18-30 base pairs, melting temperature (Tm) ranging from 55 to 65˚C and an 

amplicon size between 80 and 150 base pairs (bp). Wherever possible, primers were designed 

to span exon-exon junctions to avoid amplifying genomic DNA. Certain genes have more 

than one isoform; in such a case, primers were designed to amplify the most common isoform 

and also to amplify all the isoforms together. This was achieved by in silico analysis of 

mRNA sequence of a target gene to look for the binding sites of the designed primers to the 

isoforms. Primer sequences were checked by Primer-BLAST to search for any homologues 

within the human genome and the sequence with non-specific matches of >70% was 

discarded. Primers were manufactured by Invitrogen, UK and rehydrated to 100 µM with 

autoclaved de-ionised water prior to use. Forward and reverse primers were mixed to make 20 

µM primer stocks. Primers were tested at 2 concentrations (0.4 µM and 0.6 µM) to identify an 

optimal concentration. The primers for both isoforms of KCTD15 mRNA and isoform 2 of 

PPARG mRNA required an optimal concentration of 0.6 µM. All other primers were 

optimised at a concentration of 0.4 µM. All primer aliquots were stored at -20˚C and scaled to 

ensure that no tube underwent more than three freeze-thaw cycles.  

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/tools/primer-blast
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Table 2.11 – Information of gene expression primers  

Gene Name Forward primer (5’-3’) Reverse primer (5’-3’) 

GNPDA2 TGGCTCTAACTGTTGGTGTGGGG TGCTGGAAAGCGGAAACAGTCCA 

KCTD15 ISO 1 CCGCTCAATGGCTACTGCCGG CAGGACGCAGCCACGCTGAA 

KCTD15 ISO 2 CCCACGCACGTCATCCGCTT TCTGGGTGTCAAATGAAGCACGC 

LPL TCATCAGTCGGTCCGCGCCT TCTCTTCTTTGGTCGGCGGCG 

MC4R CGACTCCCTGACCCAGGAGGT GCTGCGGTTCCAGAGGTGCA 

MTCH2 CGTGAAAGTGCTCATCCAGGTGGG ACCCGCGCCTCCCATCGATA 

NEGR1 GGCGGTGCTTAGGTGTTATTTG ATTCTGTATCTGGAGGCTGTAGTC 

PPARG ISO 1 TGACCCAGAAAGCGATTCCTTCACT GGCATCTCTGTGTCAACCATGGTCA 

PPARG ISO 2 AGATTACAAGTATGACCTGAAAC ATGAGGGAGTTGGAAGGC 

TMEM18 CAACACCATGCCGTCCGCCT TGGAAGGTGGCCAGCCCCAT 
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2.2.9.5.2 House-keeping genes 

Quantitative analysis of gene expression involves multiple stages, which can generate 

variation in measurements. To compensate for any differences in the concentration of the 

cDNA samples or any variation in individual qRT-PCR reactions, a house-keeping gene 

(HKG), is needed to normalise all qPCR-based raw data. By the very nature of a HKG, it 

should not be influenced by treatment conditions. However, this is not always the case, and 

use of a single HKG can often lead to the flawed analysis of the target gene. Therefore, 

analysis performed with two or more HKGs is a good practice to ensure reliability of 

experimental results. In this study, the genes coding for glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and beta-2 microglobulin (B2M) were chosen as an HKG based on 

previous experiments carried out by Dr Matilda Bradford, which analysed a panel of HKGs to 

determine the best combination of HKGs for effective normalisation of genes of interest 

(GOI) (Bradford, 2011).  

 

Primers for B2M and GAPDH were purchased in lyophilised form from Qiagen (UK) and 

prior to use, they were rehydrated with 0.1% Tris-borate EDTA (TBE) buffer (Sigma Aldrich, 

Dorset, UK) according to the manufacturer’s instructions and aliquoted. All aliquots were 

stored at -20˚C and scaled to ensure that no tube underwent more than three freeze-thaw 

cycles. 

 

2.2.9.5.3 SYBR green-based quantification of gene expression 

As mentioned above, primers for both isoforms of KCTD15 mRNA and isoform 2 of PPARG 

mRNA required a concentration of 0.6 µM for qRT-PCR reaction, whereas all other obesity-

related genes required 0.4 µM. The volume of master mixes for qRT-PCR reaction was 

calculated for a 96-well plate and is given in Table 2.12. 

  

Table 2.12 – Conditions used for RT-qPRC analysis of SYBR green-based gene 

expression 

Component Volume for 

HKG 

Volume for – 

0.4µM primer 

Volume for 

0.6µM primer 

SYBR green PCR Master Mix 7.5 µl 7.5 µl 7.5 µl 

DEPC treated distilled water 5.0 µl 6.2 µl 6.05 µl 

Mixed primers 1.5 µl 0.3 µl 0.45 µl 

cDNA 1.0 µl 1.0 µl 1.0 µl 

    

Total volume per reaction 15 µl 15 µl 15 µl 
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2.2.9.5.4 Plate layout for analysis of gene expression 

The StepOnePlus® real-time PCR system was used for quantitative analysis of gene 

expression. This PCR machine takes a single 96-well plate only and the plate layout was thus 

designed accordingly. Eight samples were used for each group (either drug-treated or vehicle-

treated), and each sample was tested in triplicate. In each plate, both HKGs (B2M and 

GAPDH) were run simultaneously for each individual sample. Table 2.13 is the plate layout 

that was designed to compare the difference in gene expression between the antipsychotic-

treated sample (labelled T) and the vehicle-treated sample (labelled C). 

 

Table 2.13 – 96-well plate layout for analysis of gene expression in antipsychotic treated 

and vehicle-treated samples   
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T1 T1 T1 T1 T1 T1 C1 C1 C1 C1 C1 C1 

T2 T2 T2 T2 T2 T2 C2 C2 C2 C2 C2 C2 

T3 T3 T3 T3 T3 T3 C3 C3 C3 C3 C3 C3 

T4 T4 T4 T4 T4 T4 C4 C4 C4 C4 C4 C4 

T5 T5 T5 T5 T5 T5 C5 C5 C5 C5 C5 C5 

T6 T6 T6 T6 T6 T6 C6 C6 C6 C6 C6 C6 

T7 T7 T7 T7 T7 T7 C7 C7 C7 C7 C7 C7 

T8 T8 T8 T8 T8 T8 C8 C8 C8 C8 C8 C8 

 

In the experiments regarding a test for a role of 5-HT in modifying the effect of clozapine on 

gene expression, a different plate layout was devised to enable both of the test compounds 

labelled First Test (FT) and Second Test (ST) and the vehicle control (C) to be run on the 

same plate to test the GOI expression (Table 2.14).  

 

Table 2.14 – 96 well plate layout for analysis of gene expression in antipsychotic treated, 5-

HT-treated  and vehicle-treated samples 
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FT1 FT1 FT1 FT1 ST1 ST1 ST1 ST1 C1 C1 C1 C1 

FT2 FT2 FT2 FT2 ST2 ST2 ST2 ST2 C2 C2 C2 C2 

FT3 FT3 FT3 FT3 ST3 ST3 ST3 ST3 C3 C3 C3 C3 

FT4 FT4 FT4 FT4 ST4 ST4 ST4 ST4 C4 C4 C4 C4 

FT5 FT5 FT5 FT5 ST5 ST5 ST5 ST5 C5 C5 C5 C5 

FT6 FT6 FT6 FT6 ST6 ST6 ST6 ST6 C6 C6 C6 C6 

FT7 FT7 FT7 FT7 ST7 ST7 ST7 ST7 C7 C7 C7 C7 

FT8 FT8 FT8 FT8 ST8 ST8 ST8 ST8 C8 C8 C8 C8 

 

The conditions used for qRT-PCR amplification with the StepOnePlus system in analysis of 

gene expression are described in Table 2.15.  
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Table 2.15 – PCR conditions used for gene expression analysis 

Stage Temperature and Time  

Holding stage 95˚C for 10min 

Cycling stage (40 cycles) 95˚C for 15sec 

60˚C for 1 min 

Melt curve  95˚C for 15sec 

60˚C for 1min 

95˚C for 15sec 

 

2.2.9.5.5 Analysis of Ct-based data 

There are several methods for data analysis of qRT-PCR gene expression, such as the relative 

standard curve method and the comparative Ct method (ΔΔCt). Literature searches indicate 

that the ΔΔCt method has been commonly used for quantitative analysis of gene expression 

(Livak and Schmittgen, 2001, Mootha et al., 2004, VanGuilder et al., 2008, Hoang et al., 

2009, Qian and Zhao, 2014, Tang et al., 2015). In this method, Ct from a target gene (TG) is 

normalized by Ct from an HKG (reference gene), i.e. ΔCt = Ct target – Ct reference. In this study, 

the individual ΔCt values were used for data analysis and statistical tests. Fold change (FC) 

was also introduced to express the relative quantity of gene expression in drug-treated cells. 

The FC is calculated by the formula of 2-ΔΔCt, in which ΔΔCt represents the difference in the 

mean ΔCt values between the treatment samples and the control samples, i.e. ΔΔCt = ΔCt 

treatment sample - ΔCt control sample. An example of the 2-ΔΔCt method is detailed in Table 2.16. 

 

Table 2.16 – Calculation of ΔΔCt  and fold change in gene expression  

Sample TG 

NEGR1 

Average 

Ct 

HKG 

B2M 

Average 

Ct 

ΔCt(NEGR1 

Ct – B2M 

Ct) 

ΔΔCt (ΔCt 

treatment – 

ΔCt control) 

Fold change in NEGR1 

treatment sample relative 

to control    (2- ΔΔCt) 

Vehicle (control) 30.49 23.63 6.86 - - 

Clozapine 

(treatment) 

27.03 22.66 4.37 -2.49 2- ΔΔCt  

= 2-(-2.49) 

= 5.62 fold change in 

treated compared to 

control samples 
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2.3 Enzyme-linked immunosorbent assay (ELISA) of cAMP and IP1 levels 

 

2.3.1 Principle of ELISA based measurement of cAMP levels 

The ELISA of cyclic adenosine monophosphate (cAMP) is a competitive assay based on the 

specific binding of anti-cAMP antibodies to the cAMP antigen in a sample. The cAMP 

molecules in a test sample compete with a known amount of horseradish-peroxidase (HRP)-

linked cAMP molecules for their binding to anti-cAMP antibodies immobilised onto a 96-

well plate. After incubation and wash steps are performed to remove unbound components, 

tetramethylbenzidine (TMB), a substrate for the peroxidase enzyme, is added to the ELISA 

reaction system. TMB is then converted by HRP into a detectable colour that can be 

quantified by a spectrophotometer built in a plate reader and the optical density (OD) is used 

to express the quantity of cAMP in the sample (Figure 2.4). The detectable colour intensity is 

inversely proportional to the amount of cAMP present in the sample. 

 

2.3.1.1 Experimental design 

This experiment was designed to determine whether clozapine had any effect on activation of 

the cAMP-mediated signalling system in U937 cells. There were four treatment groups 

analysed in this study, including  the cells treated with 0.25 µg/ml clozapine only, the cells 

treated with 0.25 µg/ml clozapine and 0.165 µg/ml 5-HT, the cells treated with 0.165 µg/ml 

5-HT only and the cells treated with DMSO vehicle control. Each group was composed of 

eight samples and cells were pre-treated for 30 min with 0.5 mM 3-isobutyl-1-methylxanthine 

(IBMX), a non-selective phosphodiesterase inhibitor used to stop the degradation of 

intracellular cAMP (Geisbuhler et al., 2002), followed by 30 min of treatment with one of the 

treatment groups. 10 µM forskolin was used as a positive control to increase cAMP levels 

(Laurenza et al., 1989) in order to show that cAMP was detectable in this assay. The 

concentrations of clozapine and 5-HT for the cAMP experiments are outlined in Table 2.17. 
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2.3.1.2 ELISA protocol 

The cAMP measures in cultured cells were performed using a cAMP ELISA kit supplied by 

Cell Signalling Technology, UK. The cAMP ELISA was performed in two stages according 

to the manufacturer’s guidelines: the preparation of cell lysate samples and sample analysis 

with the ELISA. 

 

Step 1: Cell lysate preparation 

Cells treated with drug treatments or vehicle for a required time period were pelleted 

respectively, and then washed twice with ice cold PBS. For each sample, 200 µl of 1x lysis 

buffer was added to the cell pellet and the sample was kept on ice for 10 min followed by 

brief sonification using a probe sonicator (Misonix). The sample was then centrifuged (5000 

g, 4˚C, 10 min). 

 

Step 2: Analysis with ELISA 

A 50 µl volume of HRP-linked cAMP solution and 50 µl of either samples or the standards 

were added to the cAMP assay plate and incubated at room temperature for 3 h on an orbital 

shaker plate (Stuart, Staffordshire, UK). After the supernatants were discarded, the plate was 

washed four times using 200 µl of 1x wash buffer and the TMB substrate was then added to 

each well. After the plate was incubated again at room temperature for 30 min, 100 µl of stop 

solution was added to each well and the absorbance was measured at λ=450 nm using the 

Varioskan Flash spectral scanning multimode reader (Thermo Fisher Scientific).  

 

A standard curve was used to calibrate the absolute amount of cAMP in all the samples and a 

comparison of the differences in cAMP levels was made between all the different treatments.  
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Figure 2.4 – Representation of a competitive ELISA 

HRP-linked conjugate competes with the sample for binding to 

target antibody. Following washing to remove excess sample and 

conjugate, the HRP linked substrate TMB. TMB will bind to the 

HRP-linked conjugate bound to the target antibody and colour will 

develop. As this is a competitive ELISA, the amount of absorbance 

for the developed colour is inversely proportional to the quantity of 

sample of interest. 
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Table 2.17 – Preparation for different concentrations of 5-HT and clozapine to treat U937 cells 

for 30 min in cAMP experiments 

Preparation 
Drug 

concentration  
Protocol 

Dissolve 250mg in 1ml DMSO (1.125M 

stock solution). Take 267µl of stock 

solution and add to 600ml medium 

(0.5mM). 

IBMX 0.5mM 
Pretreat all cells with 0.5mM 

IBMX for 30 min 

Take 100 µl of clozapine stock solution 

(5mg/ml) and add 100µl DMSO (solution 

2A - 2.5mg/ml). Take 125 µl of 2A and add 

to 875 µl of DMSO (solution 2B - 

312µg/ml). Take 333µl of 2B and add to 

666µl RPMI (solution 2C - 104.2µg/ml) 

Clozapine 

0.25 µg/ml 

Add 240µl of 2C into 100ml 

RPMI (0.261µg/ml). Add 10ml 

to each well 

Take 100 µl of 5-HT stock solution (3.3 

mg/ml) and add to 100 µl DMSO (solution 

3A 1.65 mg/ml). Take 125 µl of 3A and 

add 875 µl of DMSO (solution 2B - 

206.25µg/ml). Take 333µl of 3B and add to 

666µl RPMI (solution 3C - 68.75µg/ml)  

5-HT 0.165 

µg/ml 

Add 250µl of 3C into 100ml 

RPMI (0.172µg/ml). Add 10ml 

to each well 

Take 100 µl of clozapine stock (5mg/ml) 

solution  and add to 5-HT stock (3.3 

mg/ml) solution (solution 4A). Take 125 µl 

of 4A and add 875 µl of DMSO (solution 

4B ). Take 333µl of 4B and add to 666µl 

RPMI (solution 4C)  

Clozapine 

0.25 µg/ml 

with 5-HT 

0.165 µg/ml 

Add 250µl of 4C into 100ml 

RPMI. Add 10ml to each well 

Dissolve 10mg in 2ml DMSO (solution 5A, 

5mg/ml = 12.18mM). Take 200µl of 5A 

and add to 400µl RPMI (1.65mg/ml = 

4mM) 

Forskolin 

10µM 

Add 250µl of 5B into 100ml 

RPMI (10µM). Add 10ml to 

each well 

Take 333 µl DMSO and add 666 µl RPMI 

medium to create working solution of 

vehicle. 

DMSO 

vehicle 

control 

Add 500µl of 6A into 200ml 

RPMI. Add 10ml to each well 
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2.3.2 Principle of ELISA measurement of IP1 levels 

Inositol 1,4,5-triphosphate (IP3) is labile and difficult to measure so a downstream metabolite 

of IP3 (Inositol 1-phosphate (IP1)) was used as a surrogate to assess activation of the IP3 

pathway. IP1 is stabilised in cells by treatment with LiCl whereby it can accumulate after 

activation from upstream signals. The IP1 ELISA is a competitive assay based on the specific 

binding of anti-IP1 antibodies to the IP1 antigen in a sample. Similar to the cAMP ELISA 

(section 2.3.1), the IP1 molecules in a test sample compete with a known amount of HRP-

linked IP1 molecules for their binding to anti-IP1 antibodies. As this is a competitive ELISA, 

the detectable colour intensity produced at the end of the assay is inversely proportional to the 

amount of IP1 present in the sample.  

 

2.3.2.1 Experimental design 

IP1 signalling was analysed after 1 h of treatment with one of the treatment groups: 0.25 

µg/ml clozapine only, 0.25 µg/ml clozapine and 0.165 µg/ml 5-HT, 0.165 µg/ml 5-HT only, 

the positive control of 1µM platelet activating factor (PAF) or DMSO vehicle control (Table 

2.18). Each group was composed of eight samples, with 0.4x106 cells seeded into each well.  

 

2.3.2.2 ELISA protocol 

The IP1 concentrations in cultured cells were performed using an IP One ELISA kit supplied 

by Cisbio Assays, UK. The ELISA was performed in two stages according to the 

manufacturer’s guidelines: the preparation of cell lysate samples and sample analysis with 

ELISA. 

 

Step 1: Cell lysate preparation 

All cells were pre-treated for 5 min with a lithium chloride (LiCl) stimulation buffer supplied 

by the kit manufacturer. Cells treated with drug treatments and DMSO for 1 h in an incubator 

at 37˚C with 5% CO2. 50 µl of 2.5x lysis buffer was added to each well and the sample was 

placed back in the incubator for 30 min. The sample was then centrifuged (5000 g, 4˚C, 10 

min) and placed on ice. 

 

Step 2: Analysis with ELISA 

A 25 µl volume of HRP-linked IP1 conjugate, 25 µl of Anti-IP1 MAb and 50 µl of either 

samples or the standards were added to the IP1 assay plate and incubated at room temperature 

for 3 h on an orbital shaker plate. After the supernatants were discarded, the plate was washed 

six times using 250 µl of 1x wash buffer and 100 µl TMB substrate was then added to each 

well. After the plate was incubated again at room temperature for 30 min, 100 µl of stop 
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solution was added to each well and the absorbance was measured at λ=450 nm using the 

Varioskan Flash spectral scanning multimode reader.  

 

The standard curve was used to calibrate the absolute amount of IP1 in all the samples and a 

comparison of the differences in IP1 levels was made between all the different treatment 

groups.  

 

Table 2.18 – Preparation for different concentrations of 5-HT and clozapine to treat U937 

cells for 1 hour in IP1 experiments 

Preparation 
Drug 

concentration  
Protocol 

Stimulation buffer - 20 million cells into 5mls stimulation buffer for 5 min, add 100µl of cell 

suspension (0.4x106 cells) to each eppendorf  

Take 50µl of clozapine stock 

(5mg/ml) and add 50µl DMSO 

(Solution 1A - 2.5mg/ml). Take 

50µl of 1A and add to 950µl 

DMSO (Solution 1B - 125µg/ml). 

Add 8µl of 1B into 1992µl 

stimulation buffer (Solution 1C - 

0.5µg/ml) 

Clozapine 

0.25µg/ml 

Add 100µl of 1C to each well 

already containing 100µl 

stimulation buffer (0.25µg/ml) 

Take 50µl of 5-HT stock 

(3.3mg/ml) and add 50µl DMSO 

(Solution 2A - 1.65mg/ml). Take 

50µl of 2A and add to 950µl 

DMSO (Solution 2B - 82.5µg/ml). 

Add 8µl of 2B into 1992µl 

stimulation buffer (Solution 2C - 

0.33µg/ml) 

5-HT 0.165µg/ml 

Add 100µl of 2C to each well 

already containing 100µl 

stimulation buffer (0.165µg/ml) 

Take 50µl of clozapine stock and 

add 50µl of 5-HT stock. Take 50µl 

of 3A and add to 950µl DMSO 

(Solution 3B). Add 8µl of 3B into 

1992µl stimulation buffer 

(Solution 3C) 

Combined 

0.25µg/ml & 5-HT 

0.165µg/ml 

Add 100µl of 3C to each well 

already containing 100µl 

stimulation buffer  

Dissolve 1mg PAF into 3.9mls 

DMSO (Solution 4A - 0.5mM). 

Add 8µl of 4A into 1992µl 

stimulation buffer (Solution 4B - 

0.002mM) 

PAF 1µM 

Add 100µl of 4B to each well 

already containing 100µl 

stimulation buffer (0.001mM) 

Add 8µl of DMSO into 1992µl 

stimulation buffer (Solution 5A) 

DMSO vehicle 

control 

Add 100µl of 5A to each well 

already containing 100µl 

stimulation buffer  
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2.4 Data analysis 

 

2.4.1 General statistical methods 

IBM SPSS for Windows 21.0 was used to analyse all measurement data generated through 

laboratory work in this study. If data fulfilled a normal distribution after analysis with 

Shapiro-Wilk test or a Komogorov-Smirnoff test, the Student’s t-test was used to detect a 

difference in gene expression between two groups, whereas a one-way analysis of variance 

(ANOVA) was applied to compare the differences between three or more groups in gene 

expression, cAMP and IP1 levels. In ANOVA testing, the Bonferroni post hoc test was also 

applied to detect the differences in measurable parameters between two groups. Statistical 

significance in the data that showed a skewed distribution was assessed using non-parametric 

tests. The Mann-Whitney-U test was used to compare the differences between two groups and 

the Kruskal-Wallis analysis was used to compare the differences in measureable parameters 

between three or more groups. The results that were analysed using non-parametric statistics 

were indicated by underlined p-values in the individual tables. A Fisher’s test (Fisher, 1954) 

was used to work out the combined probabilities of the two HKGs tested, B2M and GADPH 

to determine the final level of significance.  

 

2.4.2 Haploview 

Haploview is a bioinformatics software program developed for analysis of genotyping data 

(Barrett et al., 2005). Haploview is designed to measure linkage disequilibrium (LD) with 

calculation of D’ and r2 values, to define a haplotype block, to identify any Mendelian errors 

for family-based samples and to test Hardy-Weinberg equilibrium for case-control samples. 

The Haploview version 4.2 (http://www.haplomap.org/haploview) was used to perform the 

above tests in this study.  

 

2.4.3 UNPHASED 

UNPHASED is a program designed to detect the association between genetic variation and 

disease susceptibility (Dudbridge, 2008). This program performs likelihood-based association 

analysis for nuclear families and unrelated subjects with missing genotype data. UNPHASED 

applies the expectation maximum (EM) algorithm to estimate the genotype frequency of 

missing parents in family duos, which could improve the sample power for a statistical test. 

All allelic and haplotypic genotyping data were analysed with UNPHASED version 3.1.5 to 

test the association of genetic variants with schizophrenia in this study.  
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3.1 Introduction 

Escalating levels of obesity has reached epidemic proportions and become a major health 

concern (Lau et al., 2007). The global prevalence of obesity has doubled since 1980 

(Finucane et al., 2011) and obesity related co-morbidities are now the leading preventable 

cause of disease and death in the United States of America (Stewart et al., 2009). Estimates 

from the World Health Organisation (WHO) suggest that 1.4 billion adults are overweight and 

500 million people are obese worldwide (World Health Organisation, 2008). The dramatic 

rise in global obesity prevalence is thought to be a manifestation of the increased availability 

of energy-rich diets and increased sedentary behaviours (Nguyen and Lau, 2012, Shen et al., 

2012).  

 

Obesity is a major risk factor for the development of secondary disorders, such as type 2 

diabetes (Bo, 1990), cardiovascular disease (Kannel et al., 1991), liver disease (Sheth et al., 

1997), certain cancers (Polednak, 2008), strokes (Strazzullo et al., 2010), fertility problems 

(Pasquali et al., 2007) and sleep disturbances (Gabbay et al., 2012). Like many other 

disorders, obesity is likely to be the result of interplay between environmental and genetic risk 

factors. Genetic variation between individuals may influence their responses to environmental 

factors, such as diet and physical activity (O'Rahilly and Farooqi, 2006). Obesity is thought to 

be attributable to a genetic component with an estimated 45-85% of variation in weight 

thought to be genetically determined (Naukkarinen et al., 2010). Twin, adoption and family 

studies have demonstrated that obesity is highly heritable (Maes et al., 1997, Wardle et al., 

2008) and genetic analyses have identified a number of chromosomal regions that harbour 

susceptibility genes for obesity (Rankinen et al., 2006). GWA studies have been used recently 

to detect genetic susceptibility to obesity in the human genome and have identified a number 

of genes that are associated with increased risk of obesity (Loos et al., 2008, Thorleifsson et 

al., 2009, Willer et al., 2009, Speliotes et al., 2010, Jiao et al., 2011, Wang et al., 2011, Wang 

et al., 2012a, Wen et al., 2012). A GWA study carried out by Willer and colleagues (2009) 

reported six novel loci that were significantly associated with risk of obesity. The genes of 

harbouring obesity-associated SNPs were found to be either highly expressed in the brain or 

to act functionally within the central nervous system (Willer et al., 2009).  A neuronal role in 

the development of obesity has been supported by evidence from patients with trauma in the 

hypothalamic regions, which can result in severe anorexia or obesity (Anand and Brobeck, 

1951); several distinct regions in the hypothalamus have been found to play a key role in the 

regulation of food intake and energy expenditure (Lam and Heisler, 2007, Remmers and 

Delemarre-van de Waal, 2011). 
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3.2 Study design 

 

3.2.1 Candidate genes to be tested 

The SNPs identified by GWA studies to be associated with BMI within the general population 

(Thorleifsson et al., 2009, Willer et al., 2009) were selected for genotyping analysis. These 

SNPs were located in or near to the genes coding for GNPDA2, KCTD15, MC4R, MTCH2, 

NEGR1 and TMEM18 (Table 3.1).  

  

Table 3.1 – SNPs selected for genotyping and their association with body 

weight in GWA studies 

SNPs Gene Nearby a Reported 

significance (p) b 

Reported OR 

rs10938397 GNPDA2  3.4x10-16   c 1.12 

rs29941 KCTD15  7.3x10-12   d 1.10 

rs17782313 MC4R  1.1x10-20   c 1.15 

rs10838738 MTCH2  1.9x10-11   c 1.03 

rs3101336 NEGR1  2.5x10-11   d No information 

rs2815752 NEGR1  1.0x10-12   c 1.05 

rs2568958 NEGR1  1.2x10-11   d 1.07 

rs4854344 TMEM18  6.8x10-17   d No information 
 

a     The genes closest to the SNPs selected for genotyping 
b P-values  reported by GWA studies of obesity 
c Significance reported by Willer et al (2009) 
d Significance reported by Thorleifsson et al (2009) 

 

 

3.2.2 Genomic information of each SNP selected 

SNP rs10938397 is located in the short arm of chromosome 4 (4p) and near to the GNPDA2 

gene; SNP rs29941 is located in the long arm of chromosome 19 (19q) and close to the 

KCTD15 gene; SNP rs17782313 is located in the long arm of chromosome 18 (18q) and close 

to the MC4R gene; SNP rs10838738 is located in the short arm of chromosome 11 (11p) and 

present in an intron of the MTCH2 gene; SNPs rs3101336, rs2815752 and rs2568958 are 

located in the short arm of chromosome 1 (1p) and close to the NEGR1 gene; finally, SNP 

rs4854344 is located in the short arm of chromosome 2 (2p) and near to the TMEM18 gene. 

All the SNPs tested were present in intergenic regions, except rs10838738. Table 3.2 lists the 

chromosomal position of these SNPs according to the information taken from the NCBI SNP 

database (genome build 37.3) and also gives the minor allele frequency (MAF) found within a 

British population based on the database from the 1000 genomes project.  
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Table 3.2 -  Genomic information of eight SNPs genotyped 
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rs10938397 45182527 4p GNPDA2 Intergenic A G G=0.4494 

rs29941 34309532 19q KCTD15 Intergenic G A A=0.2528  

rs17782313 57851097 18q MC4R Intergenic T C C=0.2247  

rs10838738 47663049 11p MTCH2 Intronic A G G=0.3820 

rs3101336 72751185 1p NEGR1 Intergenic C T T=0.4101 

rs2815752 72812440 1p NEGR1 Intergenic A G G=0.4101 

rs2568958 72765116 1p NEGR1 Intergenic A G G=0.4101 

rs4854344 638144 2p TMEM18 Intergenic T G G=0.1685  
 

a Chromosomal position of SNPs from the build 37.3 database 
b MAF from the 1000 genomes project database for a British population 
  

 

3.2.3 Sample biobank 

Two sample sets were used for genetic analysis in this study: a family-based sample and a 

population-based sample (case-control). All participants were of British Caucasian origin, 

including English, Scottish, Welsh and Irish individuals. The family sample comprised 132 

family trios (each trio consists of affected offspring, father and mother) and 92 duos (each duo 

consists of affected offspring and one parent). Except for a single family that comprised two 

affected offspring, each family had one affected offspring with schizophrenia. The case-

control sample was composed of 104 unrelated patients with schizophrenia and 139 unrelated 

health subjects. All subjects gave written informed consent for both the collection of blood 

samples as well as its use in genetic analysis. The study was approved by the local research 

ethics committee and conformed to the requirements of the Declaration of Helsinki and its 

amendments.  

 

3.2.4 Sample power calculations 

Prior to the experiment, sample power calculations were completed to determine the expected 

power available to detect small effect sizes. Effect sizes were determined from 

recommendations from Cohen, with Φ values of 0.1, 0.3 and 0.5 to denote small, medium and 

large effect sizes respectively (Cohen, 1992). Cohen’s effect sizes can be then converted to 

odds ratio (OR) values (1.49, 3.45 and 9.0) to denote small, medium and large effect sizes 

respectively (Olivier and Bell, 2013). The GWA studies reported that all the genes of interest 

had only a small effect on disease state with all OR values <1.5 (Table 3.1). Given that this 

experiment was conducted using subjects with a different disease state, the OR values 
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reported in the GWA studies were no longer valid because they were derived from a 

population with obesity and not with schizophrenia. Consequently, new power calculations 

were performed to determine the number of samples needed in this new population to detect a 

small effect size. In this study, 132 family trios that contributed 264 chromosomes to each 

group, 92 duos that contributed 92 chromosomes to each group, 104 unrelated patients that 

contributed 208 chromosomes to the case group and 139 unrelated health subjects that 

contributed 278 chromosomes to the control group. Therefore, a total of 564 chromosomes 

were available for a power test in the case group and 634 available in the control group. SPSS 

sample power 2.0 was used to calculate power for the detection of small effect size outlined 

by Cohen’s convention (OR of >1.49 but <3.45) and indicated that expected power of 

detection was 94% at a significance level of p=0.05 for an independent test. 

 

3.2.5 Genetic analysis of candidate genes 

Genetic analysis of the candidate genes was conducted as outlined in Chapter 2, section 2.1 

using the Taqman-based genotyping protocol designed by Applied Biosystems; the individual 

SNP assay information could be identified by their assay ID (Table 3.3). Genomic DNA 

samples were extracted from whole blood samples prior to genotyping analysis. Taqman 

technology utilises two allele-specific Taqman minor groove binding probes and a primer pair 

to detect the specific SNP alleles (Figure 2.1). Genotype calling was manually performed 

based on the distribution of three clusters of fluorescent signals, which represent two groups 

of homozygotes and one group of heterozygotes at the target SNP in the study population. 

The groupings were generated based on the fluorescence of the allele-specific dyes which are 

detailed in Table 3.3. Any sample with an undetermined call was repeated.  

 

Table 3.3 - Genotyping assay information 

SNPs Accession ID a 

Alleles Reference dye used for 

major allele b Major Minor 

rs10938397 C_1594245_10 A G  VIC 

rs29941 C_2843134_10 G A  FAM 

rs17782313 C_32667060_10 T C  FAM 

rs10838738 C_432493_10 A G  VIC 

rs3101336 C_26252484_10 C T  VIC 

rs2815752 C_26668839_10 A G  FAM 

rs2568958 C_1682788_10 A G  VIC 

rs4854344 C_27895226_20 T G  FAM 

 
a Applied Biosystems accession ID number 
b Reference dye determined from http://bioinfo.invitrogen.com/genome-

database/browse/genotyping/keyword/ 

 

 

http://bioinfo.invitrogen.com/genome-database/browse/genotyping/keyword/
http://bioinfo.invitrogen.com/genome-database/browse/genotyping/keyword/
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3.2.6 Data analysis 

Genotyping data were analysed using the UNPHASED program (version 3.1.5) for genetic 

association between schizophrenia and the candidate genes genotyped. In the family data sets, 

the transmitted allele from the parental samples was treated as ‘case’ and the untransmitted 

allele as ‘control’. Haploview (version 4.2) was used to analyse the data to determine if there 

were any Mendelian errors in the family sample, to estimate the LD strength with two 

measures (D’ and r2) between SNPs and to test the Hardy-Weinberg equilibrium in the case-

control sample set.  

 

3.2.7 Rationale for hypothesis 

Schizophrenia is associated with several metabolic disorders, some of which are thought to be 

linked to the use of antipsychotic medication (Mathews and Muzina, 2007). However, 

metabolic problems were prevalent among patients with schizophrenia before the advent of 

antipsychotic medications (Kooy, 1919, Raphael and Parsons, 1921, Lorenz, 1922) and a 

number of recent studies have also revealed associations between schizophrenia and an array 

of metabolic abnormalities in drug-naïve patients (Bushe and Paton, 2005, McEvoy et al., 

2005, Barakauskas et al., 2010). Allison and colleagues were the first to perform a meta-

analysis that documented an increased prevalence of obesity in individuals with schizophrenia 

compared to control subjects (Allison et al., 1999b). Although lifestyle factors, such as poor 

diet and sedentary behaviours are very likely to contribute to the aetiology of obesity, 

antipsychotic medication is a well-recognised risk factor for obesity in patients with 

schizophrenia. Given that 50% of all patients on antipsychotic drugs experience weight gain 

(Baptista et al., 2002), there must be otherwise unexplained individual differences in 

antipsychotic-induced weight gain. It has been proposed that a genetic factor is involved in 

conferring a risk of antipsychotic-induced obesity (Reynolds et al., 2013).  

 

3.2.8 Hypothesis 

The study described in this Chapter was designed to investigate the hypothesis that weight 

gain in patients with schizophrenia could be promoted by the obesity-associated genes. 
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3.3 Results 

 

3.3.1 The association between obesity-related genes and schizophrenia 

 

Eight SNPs were selected for this study to determine if there was any genetic association 

between the obesity-risk genes and schizophrenia. There were no Mendelian errors identified 

in the family samples and the genotypic distributions of all eight SNPs were in Hardy-

Weinberg equilibrium in case-control samples. Allelic analysis showed that there was no 

excess of allele transmission in the family samples and no significant difference in allele 

frequency between the case group and the control group (Table 3.4).  

 

Table 3.4 - Allelic association of obesity-associated SNPs with schizophrenia     

FAM= Family sample, Ca/Co = Case-control sample and Comb = Combined sample 

SNPs Sample Allele Case Control χ2 OR 95% CI P 

rs10938397 

FAM A/G 178/218 180/220 0.00 0.998 0.8655-1.1508 0.989 

Ca-Co A/G 96/116 127/177 0.626 1.153 0.9628-1.3812 0.429 

Comb A/G 274/334 307/397 0.281 1.061 0.9490-1.1861 0.596 

rs29941 

FAM G/A 137/289 133/297 0.15 1.059 0.9141-1.2268 0.699 

Ca-Co G/A 78/134 99/207 1.097 1.217 1.0087-1.4680 0.295 

Comb G/A 215/423 232/504 0.738 1.104 0.9837-1.2389 0.390 

rs17782313 

FAM T/C 83/349 105/331 3.033 0.750 0.6356-0.8850 0.082 

Ca-Co T/C 53/163 80/222 0.252 0.902 0.8063-1.1074 0.616 

Comb T/C 136/512 185/553 3.228 0. 794 0.6982-0.9028 0.072 

rs10838738 

FAM A/G 151/281 151/284 0.006 1.011 0.8767-1.1658 0.941 

Ca-Co A/G 77/139 87/153 0.018 0.974 0.8011-1.1844 0.894 

Comb A/G 228/420 238/437 0.001 0.997 0.8885-1.1187 0.978 

rs3101336 

FAM C/T 178/250 167/265 0.769 1.130 0.9831-1.2987 0.381 

Ca-Co C/T 87/113 120/184 0.808 1.181 0.9819-1.4206 0.369 

Comb C/T 265/363 287/449 1.443 1.142 1.0224-1.2756 0.230 

rs2815752 

FAM A/G 178/248 166/263 0.848 1.137 0.9890-1.3072 0.357 

Ca-Co A/G 87/115 120/184 0.649 1.160 0.9647-1.3947 0.420 

Comb A/G 265/363 286/447 1.419 1.141 1.0214-1.2746 0.234 

rs2568958 

FAM A/G 181/243 166/262 1.345 1.176 1.0228-1.3522 0.246 

Ca-Co A/G 84/108 120/182 0.78 1.180 0.9787-1.4226 0.377 

Comb A/G 265/351 286/444 2.039 1.172 1.0486-1.3098 0.153 

rs4854344 

FAM T/G 74/352 79/351 0.146 0.934 0.7812-1.1166 0.702 

Ca-Co T/G 39/173 38/268 3.536 1.590 1.2409-2.0370 0.060 

Comb T/G 113/525 117/618 0.788 1.137 0.9839-1.3139 0.375 

 

 

 



98 

 

Analysis with Haplotype software showed that the three SNPs located in the NEGR1 locus 

(rs3101336, rs2815752 and rs2568958) showed complete LD between each other, as both D’ 

and r2 were equal to 1 (Figure 3.1), indicating that these three SNPS are present in the same 

haplotype block.  

 

 
 

3.3.2 Effect sizes of genes and retrospective power calculation 

Power calculations performed prior to the experiment determined that the sample set of 224 

family samples and 190 case-control samples would have 94% power to detect small effect 

sizes with OR>1.49. Using the results from Table 3.4, the true power of the sample set was 

retrospectively calculated using the allelic frequencies of the combined groups. As shown in 

Table 3.5, each SNP had low power for the detection of genetic association between the 

obesity-related genes and schizophrenia. Therefore, at least 1600 chromosomes would be 

needed for each group to generate power of 80% for detection of a disease association. 

 

Figure 3.1 – Linkage disequilibrium between 3 SNPs in the NEGR1 locus 
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Table 3.5 – Sample power calculation 

SNPs Current power a Sample size for 80% power b 

rs10938397 8% 17,250 

rs29941 14% 7,000 

rs17782313 44% 1,600 

rs10838738 5% >1 million 

rs3101336 22% 3,600 

rs2815752 22% 3,600 

rs2568958 29% 2,600 

rs4854344 14% 6,700 

 
a Calculated with SPSS sample power 2.0 using combined frequency data from Table 3.4. 
b Calculated using SPSS sample power 2.0. 

 

 

3.3.3 Multiple testing  

Multiple testing means that when more than one null hypothesis is tested simultaneously, it 

can lead to null hypothesis rejection, i.e. inflation of the false positive rate (FPR) or the type I 

errors. The FPR is calculated using the following formula: 

 

FPR=1-(1 - p)m 

 

where p represents the probability of type-I error and m represents the number of independent 

tests. Normally, the p-value set for statistical significance is 0.05 for 5% FPR (α=0.05), but 

this p-value is acceptable for a single independent test only. If multiple tests are performed, 

p=0.05 no longer represents 5% FPR. For example, if two independent tests are performed, 

the FPR is calculated to be 9.75%, i.e. FPR=1-(1 - p)2=0.0975.  

 

In this study, eight SNPs were tested, of which rs3101336, rs2815752 and rs2568958 were 

shown to be present in the NEGR1 locus; because these three SNPs were in complete LD 

between in the study population, they were treated as a single independent test. The other five 

SNPs come from different chromosomes and are independent of each other. Therefore, six 

independent tests were performed in this study. As shown in Table 3.6, when these six 

independent tests were performed with a p-value set at 0.05 for statistical significance, the 

FPR was calculated at 0.265, indicating that there is over a 25% chance of a false positive 

result. Bonferroni correction was therefore applied to adjust the p-value to account for 

multiple testing. Because six independent tests were performed in this study, the corrected p-

value for α=0.05 is 0.05/6=0.0083. Table 3.6 shows a FPR with the corrected p-value (P 

=0.0083). Using this corrected p-value (0.0083), the FPR from six independent tests is just 

4.9%. This example demonstrates the importance of adjusting significance thresholds for 

multiple testing that is often performed in genetic analysis of human diseases. 
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Table 3.6 - FPR from multiple testing  

Independent tests 

(n=6) 

 

Type I error 

FPR for  

Corrected P-value 

1 0.050 0.0083 

2 0.098 0.0165 

3 0.143 0.0247 

4 0.186 0.0328 

5 0.226 0.0408 

6 0.265 0.0490 
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3.4 Discussion  

 

3.4.1 Summary of results 

None of the eight index SNPs genotyped using this schizophrenia biobank showed a 

demonstrable association with schizophrenia. Upon further examination, the effect size of the 

obesity-related genes was smaller than expected, which led to the study being underpowered.  

 

3.4.2 Sample collection 

This study utilised patients who were diagnosed with schizophrenia, based on the outcomes of 

a clinical interview that corresponded to either DSM-IIIR or DSM-IV criteria. Revision of the 

diagnostic definitions in DSM-IV included the required duration of the active-phase 

symptoms to be increased from 1 week to 1 month and the additional negative symptoms 

alogia and avolition as the characteristic symptoms of Criterion A (American Psychiatric 

Association, 1994). These changes were made to increase compatibility with the International 

Classification of Disease (ICD) 10 criteria, as well as to reduce false-positive diagnoses. 

Because approximately 30% of the samples in this biobank were collected from patients with 

a diagnosis with the DMS-IIIR criteria between 1990 and 1994; there is a possibility that a 

small proportion of these samples may have not met the revised criteria relating to the 

duration of active-phase symptoms. As these samples were anonymised and unlinked, there 

was no means to re-assess the patient records to ascertain whether the original diagnosis of 

schizophrenia was accurate in light of revised guidelines. However, the risk of inaccurate 

diagnosis due to DSM-IIIR criteria was deemed to be small enough to proceed with analysis 

of all patient samples in this study biobank.  

 

3.4.3 Sample power to detect genetic association between obesity and schizophrenia 

The eight index SNPs genotyped in this study were selected because they were identified by 

GWA studies to be associated with BMI within the general population (Thorleifsson et al., 

2009, Willer et al., 2009). Therefore, the aim of this study was to determine whether the high 

prevalence of obesity seen in patients with schizophrenia was due to a genetic susceptibility 

towards both obesity and schizophrenia. This was achieved by testing for an association 

between obesity susceptibility loci and schizophrenia. 

 

A limitation of this study was the small sample power. The effect sizes of all the index SNPs 

genotyped were smaller than expected (OR=1.5). By convention, 80% power is acceptable for 

type-II errors; as shown in Table 3.5, the least number of chromosomes required for 80% 

power is 1,600 (rs17782313), whilst the most exceeds over 1 million (rs10838738). In this 
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study, the SNP of most interest is rs17782313 present within the MC4R gene; as its 

association was shown to have a p-value of 0.072, this sample had 44% power to detect the 

OR of 0.794 for disease association (Tables 3.4 & 3.5). Increasing the sample size to 1,600 

chromosomes from the present 564 chromosomes would provide 80% power and a more 

robust answer as to whether this obesity-related SNP was associated with schizophrenia. In 

the absence of further case-control samples in the available biobank, it was not possible to 

extend the study to fully explore the hypothesis.  

 

To draw a valid conclusion, a number of experimental approaches have been considered to 

increase the sample power of this study (Figure 3.2). The first approach proposed is to recruit 

more case-control samples into the study, but as this was an archive biobank and the study 

ended many years ago, this approach was not considered to be viable. Another method that 

could be used to increase the sample power would be to conduct a meta-analysis using the 

data from independent studies designed in the same way as this study. However, literature 

searches indicated that analysis of these particular obesity-related genes in schizophrenia was 

unique to the present study and there were no other research groups available to contribute 

more data to this particular field. An alternative option to increase sample power would be to 

collaborate with other institutions where a schizophrenia biobank is available to genotype the 

obesity-related genes or to use micro-array technology to conduct a GWA study in order to 

unbiasedly assess if there is any association between obesity and schizophrenia. However, a 

GWA-based meta-analysis with 36,989 cases and 113,075 controls failed to show any 

association for the obesity-related genes tested in this study (Schizophrenia Working Group of 

the Psychiatric Genomics Consortium, 2014). Consequently, increasing the sample size 

through meta-analysis or by conducting a new GWA study would be unlikely to show an 

association, given that no association was detected in such a large-scale study. Even if there 

was a way to increase the sample size in order to provide enough power to examine an 

association between obesity and schizophrenia, it would in all probability still produce a result 

with a small OR value (OR<1.5), similar to that found in the original GWA studies of obesity.  
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Figure 3.2 – Route map of the study and conclusions discussed in Chapter 3 
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The original GWA studies that identified these risk loci used two distinct study populations to 

examine a disease association, one with samples from obese individuals and the other from 

healthy controls. Not every patient with schizophrenia developed obesity, but those who were 

at highest risk of obesity, tended to be on SGA (Allison et al., 1999a). Although the study set 

out to determine if there was a genetic association between schizophrenia and obesity, a more 

direct approach would be to examine the obesity-related genes in two subgroups of 

schizophrenia patients, one with drug-induced weight gain and the other without drug-induced 

weight gain. This approach has been utilised with success (Vehof et al., 2011, Wu et al., 2011, 

Brandl et al., 2012, Houston et al., 2012, Muller et al., 2012, Souza et al., 2012, Zai et al., 

2012, Tiwari et al., 2013) and has identified a number of loci that are associated with 

antipsychotic-induced obesity (Table 3.7), one of which is the MC4R gene that is of particular 

relevance to this study. A strong association between the MC4R locus and SGA-associated 

weight gain was demonstrated by a GWA study of antipsychotic-induced weight gain in a 

discovery set of 139 paediatric patients, followed by replication sets consisting of 73, 40 and 

92 patients, respectively (Malhotra et al., 2012). Another study with 224 patients showed a 

significant association of the rs17792313-C allele in MC4R with antipsychotic-induced 

weight gain, whilst patients who carried the rs8087522-A allele in MC4R had higher levels of 

clozapine-induced weight gain than those who did not carry this A allele (Chowdhury et al., 

2013). Another study investigated the association of rs17782313 with antipsychotic-induced 

weight gain in 345 patients who received 4-weeks of treatment, and demonstrated that 

patients homozygous for the C-allele had a significantly increased risk of weight gain 

(Czerwensky et al., 2013). Perhaps the most interesting study conducted in this manner was 

analysis of the fat mass and obesity associated gene (FTO) in drug-induced weight gain 

(Reynolds et al., 2013). This study examined the association of rs9939609 in the FTO locus 

with measurements of obesity in two sample sets: a cohort of first-episode patients with 

schizophrenia and a cohort of patients with schizophrenia who were under chronic 

antipsychotic drug treatment. The study revealed that rs9939609 was associated with 

increased body mass in the chronically treated patients but not with weight gain in first 

episode patients who received 12-month antipsychotic treatment, suggesting that the FTO 

gene is involved in antipsychotic-induced weight gain only in patients on long-term treatment. 

A similar study indicated that the FTO polymorphism did not influence weight gain in first-

episode patients during the first year of antipsychotic medication (Perez-Iglesias et al., 2010), 

which is consistent with the study conducted by Reynolds et al. (2013). It is not surprising 

that the individuals who possessed the genetic variants associated with obesity had a higher 

BMI than those who did not. It is the most interesting that the effect of the FTO genotype on 

BMI was enhanced in the chronically treated patients and that the rs9939609-A allele in the 
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FTO gene attributed a larger increase in BMI score in the individuals with antipsychotic drug-

induced weight gain (1.6 kg/m2) (Reynolds et al., 2013) than observed in the general 

population (0.36 kg/m2) (Frayling et al., 2007). Although FTO has been implicated in 

lipogenesis (Bravard et al., 2011), additional genetic components or environmental triggers 

must play a role in enhancing the effect of the FTO variant on weight gain in patients with 

schizophrenia. Possibly, another gene at some distance away from FTO could act as a 

regulatory element of FTO expression and then enhance FTO function in patients with 

schizophrenia. Moreover, it is also possible that the FTO index SNPs identified by GWA 

studies may not actually confer any risk of the disease but may be just in LD with a true 

disease-underlying variant; this could be ascertained by deep sequencing the genomic region 

surrounding the index SNPs in affected individuals. 

 

Table 3.7 – SNPs associated with increased risk of antipsychotic-induced weight gain 

SNP Associated gene Reference 

rs1501299 Adiponectin, C1Q and collagen 

domain containing (ADIPOQ) 

(Wu et al., 2011) 

rs6265, rs1519480, 

rs11030101 & rs12291186 

Brain-derived neurotrophic 

factor (BDNF) 

(Zai et al., 2012) 

rs2440390 &  

rs1079598 

Dopamine receptor D2 (DRD2) 

 

(Houston et al., 2012, Muller et 

al., 2012) 

rs9939609  Fat mass and obesity associated 

gene (FTO) 

(Perez-Iglesias et al., 2010, 

Reynolds et al., 2013) 

rs27647 Ghrelin/obestatin prepropeptide 

(GHRL) 

(Yang et al., 2012) 

rs346074/ rs346070 Histamine receptor H1 (HRH1) (Vehof et al., 2011) 

rs3813929 & rs518147 5-hydroxytryptamine receptor 

2C (HTR2C) 

(Wu et al., 2011) 

rs7799039,  rs10954173 & 

rs3828942 

Leptin (LEP) 

 

(Gregoor et al., 2009, Wu et al., 

2011, Brandl et al., 2012) 

rs489693, rs17782313 & 

rs8087522 

Melanocortin 4 receptor 

(MC4R) 

(Malhotra et al., 2012, Chowdhury 

et al., 2013, Czerwensky et al., 

2013) 

rs16147, rs5573 & rs5574 Neuropeptide Y (NPY) (Tiwari et al., 2013) 

 

The above studies demonstrate that obesity-related genes may predispose towards 

antipsychotic-induced weight gain and have a potential in predicting the risk of antipsychotic 

drug-induced weight gain in schizophrenia patients, which would allow preventative 

measures such as dietary and lifestyle advice and even choice of antipsychotic drugs, to be 

decided at the start of the treatment regime. In light of the positive associations between 

genetic variants and antipsychotic-induced weight gain, it would be prudent to re-examine the 

data from this study using weight change as a measure to assess the role of the obesity-related 

genes in antipsychotic-induced weight gain. However, given that the unlinked-anonymised 

samples in this existing biobank were collected between 1990 and 2005, and the 
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accompanying database had no information on the metabolic parameters of the subjects, it is 

impossible to retrieve such information from participants for further study. 

This study attempted to investigate whether there was any genetic association between 

schizophrenia and obesity, but no conclusions could be drawn because the small effect size of 

the genetic variants resulted in an underpowered study. The research question was posed at 

the start of the study and at that time there was no literature available as to the impact of these 

obesity-related genes identified by the GWA studies (Thorleifsson et al., 2009, Willer et al., 

2009) on the risk of obesity in patients with schizophrenia. Although the data generated in this 

study were inconclusive, in essence the above research question was answered by the recent 

meta-analysis of schizophrenia risk genes (Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014). This study confirmed that 108 loci were strongly associated 

with schizophrenia but none of the obesity-related genes reported in this Chapter were 

included, suggesting that it is highly unlikely that these genes genotyped in this study are 

present in a higher frequency in patients with schizophrenia than control subjects, thus 

establishing a negative result (by proxy) to the question posed in this association study. What 

has been made clear during the last few years is that some genetic variants may play an 

important role in antipsychotic-induced weight gain, which can be demonstrated in studies of 

patients on antipsychotic medication using the weight gain levels as a covariate. As 

mentioned previously, this approach is not appropriate to this study, so a different line of 

research should be undertaken to investigate the high rate of obesity observed in patients with 

schizophrenia.  

 

Patients on SGAs, such as clozapine, often experience rapid weight gain compared to those on 

FGAs  (Allison et al., 1999a). A literature search found that clozapine can promote weight 

gain by decreasing resting metabolic rate (Procyshyn et al., 2004) and the use of this drug is 

associated with sedentary behaviour (Sharpe et al., 2006). Clozapine is also thought to have a 

drug-receptor profile capable of increasing nutrient intake, thus promoting weight gain (Kim 

et al., 2007, Deng et al., 2010). This effect is thought to be due to antagonism of the 5-HT2C 

receptor in controlling satiety responses (Hayashi et al., 2004). Clearly, SGAs such as 

clozapine need further study to clarify why patients on SGAs experience such high levels of 

weight gain.   

 

3.4.4 Conclusion 

None of the obesity-related genes tested in this study showed a genetic association with 

schizophrenia. This study was retrospectively found to have insufficient power to detect a 

small OR value (<1.5). However, these obesity-related genes are unlikely to be associated 
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with schizophrenia as none of them was confirmed by the GWA-based meta-analysis 

(Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014). A number of 

studies have demonstrated the involvement of a genetic component in antipsychotic-induced 

weight gain, suggesting that this complex phenotype is highly heterogeneous in aetiology. As 

this study cannot increase the sample size or gain access to the metabolic measurements of the 

patient samples, it is impossible to extend this study and a new approach to investigate the 

mechanisms behind the increased risk of obesity observed in patients with schizophrenia 

should be employed.  

 

3.4.5 Future studies 

Apart from genetic components, other factors such as drug-receptor interaction and altered 

expression of obesity-related genes may also play a role in obesity development. Therefore, 

further research should be conducted into the high risk of obesity in patients treated with 

SGAs such as clozapine. The remaining Chapters in this thesis largely focus on alternative 

reasons that might underpin the association between schizophrenia and obesity. 
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Chapter 4 – Clozapine upregulates 

expression of obesity-associated genes 
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4.1 Introduction 

  

4.1.1 Schizophrenia and mortality 

Schizophrenia is a disease associated with increased mortality (Brown, 1997, Ösby et al., 

2000). The standardised mortality ratio - a ratio calculated from the number of expected 

deaths to that of observed deaths - indicates that people with schizophrenia have a 2- to 3-fold 

increased risk of premature death compared to that of the general population when taking all 

causes of mortality into account (Brown et al., 2010). Although most of the major causes of 

death are known to be of a higher incidence in people with schizophrenia (McGrath et al., 

2008), the main cause of death associated with schizophrenia in the early stages of the 

disorder is suicide, whereas cardiovascular complications are important in the later stages 

(Gejman et al., 2011).  

 

4.1.2.1 The benefits of antipsychotic medication  

Antipsychotic medications are prescribed to alleviate the major symptoms of the disease, such 

as hallucinations and delusions, as well as lowering the risk of suicide within the population 

(Haukka et al., 2008). The quality of life for many patients with schizophrenia has also 

improved with the introduction of antipsychotic medication and has enabled many patients to 

now live freely in the community. However, although antipsychotic medication has been 

shown to reduce some of the symptoms of schizophrenia, many patients treated with 

antipsychotic medication are affected by adverse side-effects to varying degrees and this can 

lead to a lack of treatment compliance and the promotion of serious secondary disorders.  

 

4.1.2.2 Side effects of antipsychotic medication 

Antipsychotic medication is now a well-recognised risk factor for the development of obesity 

in people with schizophrenia (Ahmed et al., 2009). Obesity itself is a worrying side-effect 

because it is a known risk factor for development of a range of other co-morbidities, such as 

inflammation, oxidative stress, dyslipidaemia and insulin resistance, all of which can further 

promote an increased risk of type 2 diabetes (T2D) and cardiovascular disease (Grundy, 

2004). The development of obesity is associated with the use of atypical antipsychotic drugs, 

such as clozapine (Mathews and Muzina, 2007).  
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4.1.3 Clozapine 

Clozapine displays affinity for 5-HT receptors, histamine receptors, adrenergic receptors, 

muscarinic receptors and several subtypes of the dopamine receptor (Andersen and Braestrup, 

1986, Van Tol et al., 1991, Burnet et al., 1996, Kane, 2001); this multi-receptor profile is 

thought to be the reason why it can treat both the positive and negative symptoms of 

schizophrenia (Wittmann et al., 2005), whilst reducing the risk of EPS which is traditionally 

associated with first generation antipsychotics drugs (Kane, 2001, Stahl, 2003). A meta-

analysis showed that  patients with schizophrenia who received treatment with a standard 

dose of clozapine experienced an average weight gain of 4.4 kg within a 10-week treatment 

period (Allison et al., 1999a) and some studies also demonstrated that clozapine was 

associated with a decrease in the resting metabolic rates of patients (Procyshyn et al., 2004) 

and sedentary behaviour (Sharpe et al., 2006).  

 

4.1.4. Genetic risk and clozapine-induced weight gain 

Obesity is a multifactorial condition and there is evidence that a genetic component 

contributes to the aetiology of the condition. GWA studies have recently identified more than 

20 genes underlying a susceptibility to obesity (Thorleifsson et al., 2009, Willer et al., 2009). 

However, the genetic association study carried out in Chapter 3 of this thesis was unable to 

demonstrate an association between schizophrenia and the obesity-risk variants identified in 

GWA studies. This suggests that at best, a weak genetic association with obesity may be 

involved in conveying risk to clozapine-induced weight gain and other factors such as the 

alteration of gene expression should be examined to determine if they pose any risk.  

 

4.1.5 Rationale for hypotheses 

Weight gain in patients on clozapine has been reported to begin within the first 10 weeks of 

treatment (Allison et al., 1999a). During this 10 week period, patients were titrated up from a 

low dosage of clozapine to therapeutic maintenance levels and during this course; they 

received a range of clozapine dosages. In light of this clinical practice, it is important to 

determine whether different therapeutic doses can alter expression of the genes associated 

with obesity.  

 

It is unknown whether changes in the expression of obesity-related genes are common to the 

therapeutic action of different classes of antipsychotic medications. Therefore, an appropriate 

negative control to the clozapine treatment experiments was deemed to be haloperidol, a first 

generation antipsychotic drug that displays a different range of side-effects to clozapine. 

Haloperidol is commonly associated with an increased risk of EPS (Irving et al., 2006) and 
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has limited effect on metabolic side effects such as weight gain when compared to atypical 

antipsychotics (Perez-Iglesias et al., 2008). 

 

 4.1.6 Hypotheses 

Accordingly, the experiments described in this Chapter were designed to investigate the 

following hypotheses: 

 

1. That mRNA expression of the obesity-related genes in U937 cells is altered by treatment 

with 0.25 µg/ml of clozapine. 

 

2. That persistent exposure to clozapine for several days is needed to alter the mRNA 

expression of obesity-related genes in 0.25 µg/ml clozapine-treated U937 cells. 

 

3. That mRNA expression of the obesity-related genes in clozapine-treated U937 cells is 

altered in a concentration-dependent manner. 

 

4. That haloperidol has no effect on mRNA expression of the obesity-related genes in U937 

cells. 
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4.2 Study design 

 

4.2.1 Selection of cell line  

The term “mild localised chronic encephalitis” has been used to describe the chronic 

inflammatory process that occurs in the brains of patients with schizophrenia (Bechter, 2001) 

and studies of post-mortem brain tissue of patients with schizophrenia indicate an increased 

number of activated resident immune cells of the CNS (microglial cells), suggesting that they 

might be involved in the disease process (Juckel et al., 2011). Increased levels of 

inflammatory markers in blood have been demonstrated not only in first episode patients 

(Miller et al., 2012, Ezeoke et al., 2013, Miller et al., 2014), but also in antipsychotic naïve 

relatives of people with schizophrenia compared to healthy controls (Gaughran et al., 2002, 

Nunes et al., 2006, Martínez-Gras et al., 2012), suggesting an association between 

inflammation and schizophrenia, independent of antipsychotic medication. However, 

inflammatory markers have also been shown to be altered by SGAs (Pollmacher et al., 2000, 

Kluge et al., 2009, Himmerich et al., 2011).  

 

Inflammation is also widely associated with obesity (Stienstra et al., 2007, Monteiro and 

Azevedo, 2010, Gregor and Hotamisligil, 2011) and the low grade obesity-associated 

inflammation encourages infiltration of monocyte-derived macrophages into adipose tissue 

and the increased production of pro-inflammatory cytokines such as TNF-α and IL-6 

(Trayhurn and Wood, 2004, Neels and Olefsky, 2006, Alkhouri et al., 2010).  

 

Monocytes have been demonstrated to be involved in both the production of the resident 

immune cells in the CNS (microglia) (Kaur et al., 2001, Dalmau et al., 2003, Rock et al., 

2004) and in peripheral inflammation (Trayhurn and Wood, 2004, Neels and Olefsky, 2006, 

Alkhouri et al., 2010). Therefore, the U937 monocyte-like cell line was deemed as an 

appropriate choice to study the effect of antipsychotic medication on obesity-associated genes 

that are highly expressed or function within the brain. 

 

4.2.2 Selection of obesity-related gene panel 

A total of eight genes were selected for analysis of mRNA expression (Table 4.1), based on 

their association with obesity, identified either by a powerful association study (Willer et al., 

2009) or a gene function study (Stienstra et al., 2007, Wang and Eckel, 2009). A GWA study 

identified six loci that were associated with increased BMI and that function or are expressed 

within the CNS (GNPDA2, KCTD15, MTCH2, MC4R, NEGR1 and TMEM18) (Willer et al., 

2009). The PPARG gene was also selected because of  its involvement in the regulation of 
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fatty acid metabolism, glucose regulation and obesity-induced inflammation (Stienstra et al., 

2007). The last gene selected for analysis of mRNA expression was lipoprotein lipase (LPL), 

which encodes an enzyme that hydrolyses triglycerides in lipoproteins. The LPL gene was 

selected because changes in its expression can alter obese states in mouse models (Wang and 

Eckel, 2009).  

 

Table 4.1 - List of the genes selected to test for a change of their expression in U937 cells 

Gene Full name of gene Location Isoform(s) 

GNPDA2 Glucosamine-6-phosphate deaminase 2 4p12 3 

KCTD15 Potassium channel tetramerisation domain containing 15 19q13.11 2 

LPL Lipoprotein lipase 8p22 1 

MC4R Melanocortin 4 receptor 18q22 1 

MTCH2 Mitochondrial carrier 2 11p11.2 1 

NEGR1 Neuronal growth regulator 1 1p31.1 1 

PPARG Peroxisome proliferator-activated receptor gamma 3p25 2  

TMEM18 Transmembrane protein 18 2p25.3 1 

 

However, of these variants found within the CNS, the only gene that would have a central 

effect on obesity development is MC4R through its role in the control of feeding behaviour 

(Adan et al., 2006).  The rest of the genes that may confer a risk of obesity are thought to 

demonstrate peripheral effects on obesity development because they have a wide range of 

biological roles, many of which are unrelated to obesity development: apoptosis (MTCH2), 

cellular adhesion (NEGR1), potassium channel (KCTD15), transmembrane protein 

(TMEM18) and carbohydrate metabolism (GNPDA2), demonstrating the complex 

relationship between genetic make-up and obesity development.  

 

4.2.3 Primer design and optimisation 

The primers used for qPCR were designed using Primer-BLAST software (section 2.2.9.5.1), 

and their sequences are outlined in Table 2.11. Because two of these eight genes had more 

than one mRNA isoform (PPARG and KCTD15), each required the design of two pairs of 

primers: one used to amplify all the isoforms identified so far and the other to amplify the 

most common isoform (Table 4.2). This was achieved by in silico analysis of mRNA 

sequences to look for the annealing sites of the designed primers corresponding to the target 

isoforms, followed by a search for their homologous sequences using Primer-BLAST to 

check the specificity of these primers. In primer set 2 for KCTD15, isoform 1 (NM_024076) 

was amplified alone and in primer set 1 for PPARG, isoform 2 (NM_015869) was amplified 

alone. All primers were designed to cross exon-exon junctions to exclude genomic DNA, 

apart from the primers for MC4R (NM_005912), which is an intronless gene.  
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Table 4.2 – Detailed information of the primers used for mRNA expression 

Gene Isoform 

Amplicon 

size 

Exon/exon 

junction NCBI Accession No.  

GNPDA2 All 142bp exon 5 & 6 

NM_138335.2, 

NM_002170881.1 & 

NM_001270880.1 

KCTD15-1 All 83bp - 

NM_024076, NM_001129994 & 

NM_001129995 

KCTD15-2 1 118bp exon 6 & 7 NM_024076 

LPL - 148bp exon 1 & 2 NM_000237 

MC4R - 117bp exon 1 NM_005912 

MTCH2 - 140bp exon 1, 2 & 3 NM_014342 

NEGR1 - 157bp exon 1 & 2 NM_173808 

PPARG-1 2 81bp exon 1 & 2 NM_015869 

PPARG-2 All 132bp - 

NM_138711, NM_015869, 

NM_137712 & NM_005037 

TMEM18 - 111bp exon 1 & 2 NM_152834 

 

To optimise the conditions used for qPCR analysis, two concentrations of primers (0.4 µM 

and 0.6 µM) were used to detect expression of a target gene. Optimal concentrations of 

primers were assessed by Ct values and melting curve analysis. Primers for KCTD15 sets 1 

(KCTD15-1) and 2 (KCTD15-2) and PPARG-2, were optimised for use at 0.6 µM, while all 

other primers were optimised at 0.4 µM. 

 

4.2.4 Analysis of relative quantity 

As mentioned above, all primers used to quantify mRNA expression were applied for 

amplification of target cDNA sequences at their optimised concentrations (section 4.2.3). To 

compensate for any differences in the concentration of the mRNA samples or any variation in 

individual qRT-PCR reactions, HKGs were used to normalise all qPCR-based raw data. By 

definition, HKGs should not be influenced by treatment conditions. However, this is not 

always the case, and use of a single HKG can often lead to the flawed analysis of the target 

gene. Therefore, analysis performed with two or more HKGs represents best-practice to 

ensure reliability of experimental results. In this study, GAPDH and B2M were chosen as 

appropriate HKGs to compensate for any differences in the concentration of the mRNA 

samples or any variation in individual qRT-PCR reactions. 

 

4.2.5 Data analysis 

The gene expression data were presented as mean ± standard error (SE) in the HKG-

normalized ΔCt values, with the calculation of 95% confidence interval (CI); fold-change was 

calculated using the comparative Ct method (2-ΔΔCt) and used to express the relative quantity 

of mRNA expression in drug-treated samples, relative to vehicle-treated samples. The 

measurement data were also tested to determine if it was normally distributed using a 
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Shapiro-Wilk test. If the data were normally distributed, a Student’s t-test was applied to 

detect the difference in gene expression between groups; if the data were not normally 

distributed, a Mann-Whitney U test was employed to test the differences in gene expression 

between groups. Because 2 HKGs were used for normalization of gene expression data, a 

Fisher’s combining probability test was used to estimate the significance of two HKG-

normalised results for a conclusion. The significance level for a false rate of <5% was 

determined by a Bonferroni correction using the following equation:  

 

P = 0.05/n, where n = the number of independent tests for gene expression (i.e. 8 genes 

tested), therefore, the P-value for a false rate of <5% should be 0.0063 in this study. 

 

4.2.6 Study protocols 

4.2.6.1 Study one – Clozapine exposure time and mRNA expression of obesity-related 

genes 

The first set of experiments was designed to examine whether long-term, repeated dosing of 

clozapine alters the expression of obesity-related genes. This was achieved by conducting two 

time-course gene expression experiments, in which U937 cells were treated with 0.25 µg/ml 

of clozapine over a period of 48 or 96 hours (Figure 4.1). The concentration of clozapine 

selected for these experiments was within the serum concentration range reported by clinical 

study of patients treated with clozapine (50 ng/ml and 700 ng/ml) (Heiser et al., 2007) and 

was equivalent to the estimated threshold concentration for therapeutic effect (VanderZwaag 

et al., 1996, Fabrazzo et al., 2002). This was the first in vitro study that attempted to model 

the effect of relatively long-term exposure of 0.25 µg/ml clozapine treatment on mRNA 

expression of the obesity-related genes. Long-term exposure to clozapine treatment showed  

that weight gain could be observed in patients after as little as 10 weeks of treatment (Allison 

et al., 1999a). However, a 10 week study is not feasible for a cell culture model because it 

would have to incorporate multiple variables such as exponential cell growth and to maintain 

a constant level of drug exposure. Therefore, a 96 hour model was deemed to be an 

appropriate time-frame to mimic long-term exposure of clozapine treatment, whilst being 

experimentally practical as cell growth and levels of drug exposure could easily be controlled.   

 

For the 96 hour experiment, U937 cells were seeded at 0.5x106 cells/ml in 6ml of medium 

(outlined in section 2.2.4), with clozapine (0.25 µg/ml) and cultured over 96 hours in 

individual flasks at 37˚C in an incubator with 5% CO2 (n=10 for each concentration). Growth 

curves indicated that after 48 hours of culture the cell number doubled, so 12 ml of medium 

containing 0.25 µg/ml clozapine was added to each sample. After 96 hour incubation, the cell 
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samples were pipetted into Falcon® tubes, centrifuged (500 g for 3 min at 4˚C) and then 

resuspended in 1ml of supernatant and kept on ice. The mRNA from each sample was 

extracted using an IllustraTM Quickprep Micro mRNA Purification Kit, as detailed in the 

manufacturer’s instructions. The mRNA concentration of each sample was measured by UV 

absorbance at a 40-RNA constant using NanodropTM and the eight samples with mRNA 

concentration of 20 ng-40 ng/µl were chosen to be converted into cDNA for storage and for 

mRNA expression analysis using High-capacity cDNA Reverse Transcription kit (Applied 

Biosystems). Full details of the methods for mRNA extraction and cDNA conversion are 

found in Chapter 2, sections 2.2.9.3 and 2.2.9.4.  

 

The effect of 48-hour treatment with 0.25 µg/ml of clozapine on mRNA expression of the 

obesity-related genes was examined to determine how early changes in mRNA expression of 

the obesity-related genes occurred. For the 48 hour experiment, seeding number was 

increased to 0.5x106 cells/ml in 9 ml of medium to allow sufficient cell expansion in the 48 

hour period, providing the necessary cell number required for mRNA extraction. The protocol 

for the 48 hour treatment period was followed as detailed above, after adjusting drug and 

medium volumes to account for new cell number. The experiment stopped at 48 hours and 

mRNA was extracted from the cultured cells as outlined above. 

 

4.2.6.2 Study two – The mRNA expression after clozapine washout  

The aim of the second experiment was to determine whether the replenishment of clozapine 

after 48 hours of culture was required to promote mRNA expression of the obesity-related 

genes in the 96 hour experiment in study one. This study was undertaken because the 48 hour 

treatment with 0.25 µg/ml of clozapine failed to demonstrate any changes in mRNA 

expression of obesity-related genes observed in the experiment with 96 hours of treatment. 

This study therefore examined whether the replenishment of drug by a second dose of 0.25 

µg/ml clozapine at the 48 hour time-point was needed to alter the mRNA expression of 

obesity-related genes. This was achieved by using a wash-out of clozapine at the 48 hour time 

point (Figure 4.1) and extracting samples at 96 hours as described in section 4.2.6.1.  
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4.2.6.3 Study three – Clozapine concentration and mRNA expression 

The third set of experiments was designed to examine hypothesis three that clozapine may 

alter the expression of obesity-related genes in a concentration-dependent manner. This was 

achieved by testing three additional concentrations of clozapine (0.125 µg/ml, 0.5 µg/ml and 

1.0 µg/ml) over a period of 96 hours (Figure 4.1). The 96 hour treatment period was chosen 

for this study as it was the only time point to show the altered mRNA expression of obesity-

related gene by treatment with 0.25 µg/ml of clozapine. The concentrations chosen were those 

that patients would receive during the titration phase of dosing (0.3-0.4 µg/ml); 1.0 µg/ml was 

Figure 4.1 – A diagrammatic representation of experimental layout of studies 1-3 

 

 
 

Study one explored how different treatment times (48 and 96 hours) with 0.25 µg/ml clozapine 

could alter the mRNA expression of obesity-related genes. Study two determined whether 

clozapine replenishment was required to promote the changes in mRNA expression of the 

obesity-related genes observed in study one. This was achieved by performing a wash out of 

clozapine at the 48 hour time point and mRNA expression was examined after 96 hours of 

culture. Study three examined the effect of different doses of clozapine (0.125 µg/ml, 0.5 µg/ml 

and 1.0 µg/ml) over 96 hours of treatment on the mRNA expression of obesity related genes.  
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included as the upper limit of circulating clozapine concentrations (Fowler, 2011). The 

experiments were conducted as described above (section 4.2.6.1) in the 96 hour 0.25 µg/ml 

clozapine experiment and the full methods were described in Chapter 2.  

 

4.2.6.4 Study four – The impact of haloperidol on obesity-related mRNA expression 

The fourth hypothesis was that haloperidol would have no effect on the expression of obesity-

related genes. Therapeutic levels of haloperidol are thought to be between 2 ng/ml and 50 

ng/ml (Heiser et al., 2007) and the concentrations of haloperidol used in this study were 15 

ng/ml and 50 ng/ml. In addition, the concentrations of haloperidol are equivalent to clozapine 

concentrations used in this study, which were estimated through chlorpromazine equivalent 

doses for clozapine and haloperidol (Woods, 2003). Using this equivalency formula, 15 ng/ml 

of haloperidol was estimated to be equivalent to 0.25 µg/ml of clozapine and 50 ng/ml of 

haloperidol to be equivalent to 887 ng/ml of clozapine. This experiment was conducted using 

the same method outlined in section 4.2.6.1 of this Chapter, with haloperidol in substitution 

for clozapine. 
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4.3 Results 

 

4.3.1 Study one – The mRNA expression is altered in response to length of exposure to 

0.25 µg/ml clozapine in U937 cells 

 

4.3.1.1 The mRNA expression in U937 cells treated with 0.25 µg/ml clozapine for 96 

hours 

Significant changes in mRNA expression of GNPDA2 (P=0.0002), LPL (P=0.001) and 

PPARG-1 (P=0.00001) were observed in U937 cells treated with 0.25 µg/ml clozapine for 96 

hours (Table 4.3, Fig 4.2). None of the other obesity-related genes tested demonstrated 

significantly altered mRNA expression after treatment with 0.25 µg/ml clozapine. Of the three 

genes that showed statistically significant expression, GNPDA2 had a fold change of 3.39-

4.00, LPL a fold change of 3.89-4.29 and PPARG-1 had a fold-change of 1.70-1.79. The 

apparent increase in MC4R expression (3.92-4.32) was not statistically significant.  

 

4.3.1.2 The mRNA expression in U937 cells treated with 0.25 µg/ml clozapine for 48 

hours 

Treatment with 0.25 µg/ml of clozapine for 48 hours failed to produce a significant 

(P<0.0063) change in mRNA expression of the obesity-related genes compared to vehicle-

treated controls (Table 4.4, Fig 4.2).  
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Table 4.3 The mRNA expression of obesity-related genes in U937 cells treated with 0.25 µg/ml clozapine over 96 hours 

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 8.55 ± 0.45 (8) 10.31 ± 0.29 (8) -2.91 -0.61 3.39 0.006 0.0002 

GAPDH 9.20 ± 0.40 (8) 11.20 ± 0.33 (8) -3.02 -0.79 4.00 0.003 

LPL 

  

B2M 10.79 ± 0.66 (8) 12.75 ± 0.34 (8) -3.56 -0.37 3.89 0.019 0.001 

GAPDH 11.43 ± 0.57 (8) 13.53 ± 0.37 (8) -3.57 -0.65 4.29 0.008 

MC4R 

  

B2M 17.05 ± 1.08 (8) 19.02 ±  0.47 (8) -4.60 0.66 3.92 0.125 f 0.074 

GAPDH 17.69 ± 1.10 (8) 19.80 ± 0.52 (8) -4.81 0.59 4.32 0.112 g 

MTCH2 

  

B2M 8.22 ± 0.21 (8) 8.37 ± 0.14 (8) -0.68 0.38 1.11 0.558 0.308 

GAPDH 8.49 ± 0.20 (8) 8.86 ± 0.14 (8) -0.89 0.16 1.29 0.159 

NEGR1 

  

B2M 7.91 ± 0.15 (8) 8.08 ± 0.24 (8) -0.77 0.43 1.13 0.549 0.496 

GAPDH 8.03 ± 0.19 (8) 8.26 ± 0.14 (8) -0.75 0.27 1.18 0.335 

PPARG-1 

  

B2M 16.55 ± 0.14 (8) 17.31 ± 0.12 (8) -1.17 -0.36 1.70 0.001 0.00001 

GAPDH 16.65 ± 0.15 (8) 17.49 ± 0.11 (8) -1.24 -0.44 1.79 <0.001 

TMEM18 

  

B2M 8.02 ± 0.09 (8) 8.12 ± 0.12 (8) -0.43 0.24 1.07 0.234 0.116 

GAPDH 8.17 ± 0.07 (8) 8.30 ± 0.05 (8) -0.31 0.06 1.09 0.105 

KCTD15-1 

  

B2M 9.02 ± 0.58 (8) 9.72 ± 0.61 (8) -2.50 1.10 1.62 0.420 0.412 

GAPDH 10.43 ± 0.22 (8) 10.74 ± 0.21 (8) -0.96 0.35 1.24 0.330 

KCTD15-2 

  

B2M 11.74 ± 0.41 (8) 12.10 ± 0.48 (8) -1.71 1.00 1.28 0.580 0.415 

GAPDH 11.88 ± 0.38 (8) 12.58 ± 0.43 (8) -1.93 0.53 1.63 0.241 

PPARG-2 

  

B2M 7.75 ± 0.09 (8) 7.49 ± 0.15 (8) -0.11 0.63 0.83 0.153 0.613 

GAPDH 7.89 ± 0.11 (8) 7.97 ± 0.10 (8) -0.40 0.24 1.06 0.595 
 

a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval (CI) of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 9.545 
g Levene’s Test for equality of variances, equal variances not assumed, df= 9.987 

 Underlined p-values calculated using Mann-Whitney U Test 
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Table 4.4 The mRNA expression of obesity-related genes in U937 cells treated with 0.25 µg/ml clozapine over 48 hours 

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 9.10 ± 0.10 (8) 9.19 ± 0.06 (8) -0.34 0.15 1.06 0.505 0.558 

GAPDH 9.95 ± 0.13 (8) 10.08 ± 0.08 (8) -0.45 0.19 1.09 0.442 

LPL 

  

B2M 12.81 ± 0.16 (8) 12.81 ± 0.15 (8) -0.47 0.46 1.00 1.000 0.694 

GAPDH 13.66 ± 0.21 (8) 13.67 ± 0.09 (8) -0.53 0.50 1.01 0.328 f 

MC4R 

  

B2M 15.70 ± 0.25 (8) 15.25 ± 0.37 (8) -0.52 1.41 0.73 0.342 0.280 

GAPDH 16.81 ± 0.23 (8) 16.27 ± 0.37 (8) -0.39 1.47 0.69 0.232 

MTCH2 

  

B2M 4.93 ± 0.12 (8) 5.04 ± 0.11 (8) -0.47 0.23 1.08 0.491 0.792 

GAPDH 6.04 ± 0.06 (8) 6.05 ± 0.08 (8) -0.24 0.20 1.01 0.873 

NEGR1 

  

B2M 6.86 ± 0.12 (8) 6.92 ± 0.09 (8) -0.39 0.26 1.04 0.682 0.796 

GAPDH 7.75 ± 0.09 (8) 7.81 ± 0.09 (8) -0.33 0.21 1.04 0.636 

PPARG-1 

  

B2M 14.14 ± 0.20 (8) 14.22 ± 0.22 (8) -0.72 0.55 1.06 0.798 0.995 

GAPDH 15.12 ± 0.12 (8) 15.08 ± 0.19 (8) -0.45 0.53 0.97 0.721 g 

TMEM18 

  

B2M 7.70 ± 0.03 (8) 7.81 ± 0.03 (8) -0.21 -0.02 1.08 0.019 0.083 

GAPDH 8.81 ± 0.08 (8) 8.83 ± 0.06 (8) -0.23 0.19 1.01 0.851 

KCTD15-1 

  

B2M 8.77 ± 0.10 (8) 9.10 ± 0.06 (8) -0.58 -0.08 1.26 0.014 0.072 

GAPDH 9.77 ± 0.08 (8) 9.78 ± 0.08 (8) -0.24 0.23 1.01 0.963 

KCTD15-2 

  

B2M 11.02 ± 0.13 (8) 11.07 ± 0.11 (8) -0.43 0.32 1.04 0.762 0.436 

GAPDH 12.02 ± 0.11 (8) 11.75 ± 0.12 (8) -0.07 0.61 0.83 0.115 

PPARG-2 

  

B2M 6.30 ± 0.08 (8) 6.52 ± 0.07 (8) -0.45 0.01 1.16 0.038 0.297 

GAPDH 7.30 ± 0.08 (8) 7.20 ± 0.08 (8) -0.15 0.34 0.93 0.442 
 

a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 9.496 
g Levene’s Test for equality of variances, equal variances not assumed, df= 12.038 

 Underlined p-values calculated using Mann-Whitney U Test
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Figure 4.2 Graph illustrating the fold change of obesity-related genes after treatment with 

0.25 µg/ml clozapine over 48 and 96 hours. The expression of the obesity-related genes 

was normalised using housekeeping genes (A) B2M and (B) GAPDH. 



123 

 

4.3.2 Study two – Clozapine replenishment at 48-hours is required to alter the mRNA 

expression of obesity-related genes 

 

4.3.2.1 The mRNA expression of 0.25 µg/ml clozapine-treated U937 cells with washout of 

drug treatment at 48-hour time point 

In study one, three obesity-related genes showed a significant change in mRNA expression after 

treatment with 0.25 µg/ml clozapine for 96 hours (GNPDA2, LPL and PPARG-1). These three 

genes were then assessed further in a supplementary experiment to explore whether 

replenishment of clozapine was required to promote changes in their mRNA expression. A 

wash-out of 0.25 µg/ml clozapine at 48 hours failed to produce a significant (P=0.0063) change 

in mRNA expression of the obesity-related genes after 96 hours of culture compared to vehicle-

treated controls (Table 4.5, Fig 4.3).  
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Table 4.5 The mRNA expression of obesity-related genes in U937 cells with wash-out of  0.25 µg/ml clozapine at 48 hours  

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 9.21 ± 0.08 (8) 9.33 ± 0.09 (8) -0.36 0.13 1.08 0.324 0.392 

GAPDH 9.40 ± 0.03 (8) 9.48 ± 0.09 (8) -0.29 0.13 1.06 0.397 f 

LPL 

  

B2M 10.75 ± 0.25 (8) 10.67 ± 0.37 (8) -0.90 1.05 0.95 0.798 0.856 

GAPDH 10.93 ± 0.20 (8) 10.81 ±  0.37 (8) -0.82 1.04 0.93 0.645 

PPARG-1 

  

B2M 16.65 ±  0.11 (8) 16.80 ± 0.14 (8) -0.52 0.23 1.11 0.417 0.517 

GAPDH 16.83 ± 0.07 (8) 16.94 ± 0.14 (8) -0.44 0.21 1.08 0.472 
 

a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 9.045 

 Underlined p-values calculated using Mann-Whitney U Test 
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Figure 4.3 - Graph illustrating the fold change of obesity-related genes after 96-hour 

treatment with 0.25 µg/ml clozapine compared to washout of 0.25 µg/ml clozapine at 48 

hours. The expression of obesity-related genes was normalised using housekeeping genes 

(A) B2M and (B) GAPDH. 
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4.3.3 Study three – The mRNA expression of obesity-related genes can be altered by 96 

hours of treatment with 0.125 µg/ml clozapine 

 

4.3.3.1 The mRNA expression in U937 cells treated with 0.125 µg/ml clozapine for 96 hours 

Significant (at P<0.0063 level) changes in mRNA expression of LPL (P=0.003) and MC4R 

(P=0.0005) were observed in U937 cells treated with 0.125 µg/ml clozapine for 96 hours (Table 

4.6, Fig 4.6). The fold change for mRNA expression of both LPL (0.50-0.55) and MC4R (0.28-

0.31) was shown to decrease after treatment with 0.125 µg/ml clozapine. This decrease in fold 

change for LPL expression was in contrast to the result for 0.25 µg/ml clozapine at 96 hours. In 

keeping with the result from 0.25 µg/ml clozapine treatment, the expression of GNPDA2 and 

PPARG-1 mRNA was not affected by treatment with clozapine at the lower concentration. None 

of the other obesity-related genes tested demonstrated significantly altered mRNA expression 

after treatment with 0.125 µg/ml clozapine. 

 

4.3.3.2 The mRNA expression in U937 cells treated with 0.5 µg/ml clozapine for 96 hours 

Treatment with 0.5 µg/ml clozapine over 96 hours failed to produce a significant (at P<0.0063 

level) change in mRNA expression of the obesity-related genes compared to vehicle treated 

controls (Table 4.7, Fig 4.4); the effect of lower clozapine concentrations on mRNA expression 

of these genes was lost at this concentration.  

 

4.3.3.3 The mRNA expression in U937 cells treated with 1.0 µg/ml clozapine for 96 hours 

Treatment with 1.0 µg/ml of clozapine over 96 hours failed to produce a significant (at 

P<0.0063 level) change in mRNA expression of the obesity-related genes compared to vehicle-

treated controls (Table 4.8, Fig 4.4).  
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Table 4.6 The mRNA expression of obesity-related genes in U937 cells treated with 0.125 µg/ml clozapine 

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 10.24 ± 0.09 (6) 10.42 ± 0.14 (7) -0.56 0.21 1.13 0.340 

0.233 GAPDH 10.30 ±  0.11 (6) 10.65 ± 0.22 (7) -0.90 0.20 1.27 0.181 f 

LPL 

  

B2M 9.55 ± 0.24 (6) 8.55 ± 0.26 (7) 0.22 1.79 0.50 0.017 

0.003 GAPDH 9.44 ± 0.24 (6) 8.57 ± 0.22 (7) 0.15 1.59 0.55 0.023 

MC4R 

  

B2M 13.49 ± 0.45 (6) 11.63 ± 0.31 (7) 0.69 3.02 0.28 0.005 

0.0005 GAPDH 13.37 ± 0.45 (6) 11.66 ± 0.32 (7) 0.52 2.91 0.31 0.009 

MTCH2 

  

B2M 7.32 ± 0.14 (6) 7.89 ± 0.23 (7) -1.18 0.05 1.48 0.035 

0.013 GAPDH 7.21 ± 0.12 (6) 7.91 ± 0.28 (7) -1.43 0.25 1.63 0.051 

NEGR1 

  

B2M 8.43 ± 0.08 (6) 8.06 ± 0.09 (7) 0.09 0.64 0.78 0.013 

0.076 GAPDH 8.21 ± 0.12 (6) 8.24 ± 0.10 (7) -0.36 0.32 1.02 0.891 

PPARG-1 

  

B2M 15.89 ± 0.09 (6) 15.53 ± 0.18 (7) -0.11 0.83 0.78 0.120 

0.422 GAPDH 15.68 ± 0.07 (6) 15.71 ± 0.10 (7) -0.31 0.26 1.02 0.837 

TMEM18 

  

B2M 8.11 ± 0.06 (6) 7.66 ± 0.11 (7) 0.16 0.74 0.77 0.006 

0.021 GAPDH 7.90 ± 0.08 (6) 7.84 ±  0.05 (7) -0.14 0.26 0.96 0.508 

KCTD15-1 

  

B2M 11.75 ± 0.05 (6) 11.24 ± 0.23 (7) -0.05 1.07 0.70 0.072 

0.273 GAPDH 10.53 ± 0.07 (6) 10.54 ± 0.09 (7) -0.28 0.26 1.01 0.942 

KCTD15-2 

  

B2M 11.65 ± 0.30 (6) 10.33 ± 0.40 (7) 0.21 2.44 0.40 0.024 

0.016 GAPDH 10.44 ±  0.33 (6) 9.63 ± 0.30 (7) -0.17 1.79 0.57 0.097 

PPARG-2 

  

B2M 10.12 ± 0.07 (6) 10.13 ± 0.31 (7) -0.78 0.76 1.01 0.138 

0.009 GAPDH 8.91 ± 0.07 (6) 9.44 ± 0.13 (7) -0.87 -0.18 1.44 0.008 

 

a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 8.626 

 Underlined p-values calculated using Mann-Whitney U Test 
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Table 4.7 The mRNA expression of obesity-related genes in U937 cells treated with 0.5 µg/ml clozapine 

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 10.98 ± 0.11  (8)  11.19 ± 0.05 (8) -0.47 0.05 1.16 0.105 0.015 

GAPDH 11.89 ± 0.22 (8) 12.53 ± 0.09 (8) -1.09 -0.08 1.16 0.020 

LPL 

  

B2M 9.18 ± 1.18 (8) 8.75 ± 0.43 (8) -4.51 0.84 0.74 0.789 0.852 

GAPDH 9.94 ± 1.24 (8) 9.85 ± 0.45 (8) -4.95 0.73 0.94 0.645 

MC4R 

  

B2M 19.13 ± 0.57 (8) 17.90 ± 0.52 (8) -0.41 2.89 0.42 0.130 0.120 

GAPDH 20.12 ± 0.53 (8) 19.06 ± 0.58 (8) -0.62 2.75 0.48 0.198 

MTCH2 

  

B2M 6.52 ± 0.80 (8) 6.40 ± 0.08 (8) -2.52 0.94 0.92 0.367 0.640 

GAPDH 7.29 ± 0.92 (8) 7.49 ± 0.09 (8) -3.05 0.92 1.15 0.104 

NEGR1 

  

B2M 7.65 ± 0.22 (8) 8.45 ± 0.31 (8) -1.62 0.03 1.73 0.130 0.024 

GAPDH 8.49 ± 0.22 (8) 9.36 ± 0.32 (8) -1.70 -0.04 1.83 0.028 

PPARG-1 

  

B2M 14.17 ± 0.17 (8) 14.20 ± 0.13 (8) -0.50 0.43 1.02 0.877 0.864 

GAPDH 15.00 ± 0.13 (8) 15.11 ± 0.15 (8) -0.55 0.33 1.08 0.599 

TMEM18 

  

B2M 7.25 ± 0.25 (8) 6.94 ± 0.11 (8) -0.27 0.88 0.81 0.278 0.404 

GAPDH 8.09 ± 0.26 (8) 7.86 ± 0.18 (8) -0.45 0.92 0.85 0.483 

KCTD15-1 

  

B2M 9.70 ± 0.24 (8) 9.88 ± 0.09 (8) -0.72 0.36 1.06 0.493 0.580 

GAPDH 9.90 ± 0.19 (8) 10.12 ± 0.14 (8) -0.74 0.26 1.16 0.449 

KCTD15-2 

  

B2M 11.76 ± 0.37 (8) 11.58 ± 0.14 (8) -0.67 1.03 0.88 0.652 0.653 

GAPDH 12.43 ± 0.33 (8) 12.14  ± 0.19 (8) -0.68 0.92 0.82 0.450 

PPARG-2 

  

B2M 6.63 ± 0.09 (8) 6.61 ± 0.05 (8) -0.19 0.23 0.99 0.878 0.972 

GAPDH 7.11 ± 0.11 (8) 7.03 ± 0.09 (8) -0.36 0.28 0.95 0.878 

 
a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 

 Underlined p-values calculated using Mann-Whitney U Test 
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Table 4.8 The mRNA expression of obesity-related genes in U937 cells treated with 1 µg/ml clozapine  

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 12.17 ± 0.07 (8) 12.34 ± 0.11 (8) -0.45 0.11 1.13 0.209 0.642 

GAPDH 10.21 ± 0.11 (8) 10.11 ± 0.26 (8) -0.51 0.71 0.93 0.736 

LPL 

  

B2M 11.15 ± 0.41 (8) 11.38 ± 0.34 (8) -1.38 0.92 1.17 0.328 0.741 

GAPDH 9.20 ± 0.51 (8) 9.15 ± 0.49 (8) -1.47 1.55 0.97 0.878 

MC4R 

  

B2M 13.90 ± 0.82 (8) 13.84 ± 0.59 (8) -2.11 2.22 0.96 0.382 0.694 

GAPDH 12.04 ± 0.89 (8) 11.62 ± 0.72 (8) -2.04 2.88 0.75 1.000 

MTCH2 

  

B2M 8.22 ± 0.11 (8) 8.14 ± 0.14 (8) -0.31 0.45 0.95 0.687 0.506 

GAPDH 6.26 ± 0.20 (8) 5.92 ± 0.22 (8) -0.31 0.99 0.79 0.277 

NEGR1 

  

B2M 10.64 ± 0.09 (8) 10.96 ± 0.11 (8) -0.62 -0.02 1.25 0.037 0.020 

GAPDH 10.16 ± 0.08 (8) 10.50 ± 0.16 (8) -0.71 0.05 1.27 0.081 

PPARG-1 

  

B2M 8.64 ± 0.09 (8) 8.58 ± 0.05 (8) -0.15 0.28 0.96 0.181 0.489 

GAPDH 8.16 ± 0.16 (8) 8.11 ± 0.17 (8) -0.45 0.55 0.97 0.994 

TMEM18 

  

B2M 11.72 ± 0.25 (8) 11.99 ± 0.22 (8) -0.97 0.44 1.21 0.248 0.329 

GAPDH 11.25 ± 0.33 (8) 11.52 ± 0.35 (8) -1.31 0.76 1.21 0.401 

KCTD15-1 

  

B2M 8.78 ± 0.39 (8) 8.52 ± 0.09 (8) -0.60 1.13 0.84 0.798 0.893 

GAPDH 8.73 ± 0.36 (8) 8.65 ± 0.11 (8) -0.71 0.89 0.95 0.721 

KCTD15-2 

  

B2M 12.29 ± 0.21 (8) 12.26 ± 0.10 (8) -0.49 0.54 0.98 0.919 f 0.959 

GAPDH 12.24 ± 0.31 (8) 12.39 ± 0.15 (8) -0.92 0.62 1.11 0.667 g 

PPARG-2 

  

B2M 6.58 ± 0.15 (8) 6.46 ± 0.11 (8) -0.30 0.53 0.92 0.558 0.939 

GAPDH 6.53 ± 0.22 (8) 6.59 ± 0.19 (8) -0.68 0.55 1.04 0.832 
 

a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 9.906 
g Levene’s Test for equality of variances, equal variances not assumed, df= 10.021 

 Underlined p-values calculated using Mann-Whitney U Test
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Figure 4.4 - Graph illustrating the fold change of obesity-related genes after treatment 

with a range of clozapine concentrations over 96 hours. The expression of obesity-

related genes was normalised using housekeeping genes (A) B2M and (B) GAPDH.  
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4.3.4 Study four – Haloperidol does not alter the expression of obesity-related genes in 

U937 cells 

 

4.3.4.1 The mRNA expression in U937 cells treated with 50 ng/ml haloperidol for 96 hours 

The MC4R results were excluded from analysis due to high intra-sample variation. On account 

of this exclusion, the P-value was corrected as follows: 

P = 0.05/n, where n = the number of genes analysed (i.e. 7 genes tested), therefore P=0.0071. 

 

Treatment with 50 ng/ml of haloperidol over 96 hours failed to produce a significant (at 

P<0.0071 level) change in mRNA expression of obesity-related genes compared to untreated 

controls (Table 4.9, Fig 4.5).  

 

4.3.4.2 The mRNA expression in U937 cells treated with 15 ng/ml haloperidol for 96 hours 

Treatment with 15 ng/ml of haloperidol over 96 hours failed to produce a significant (at 

P<0.0071 level) change in mRNA expression of obesity-related genes compared to untreated 

controls (Table 4.10, Fig 4.5).  
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Table 4.9 The mRNA expression of obesity-related genes in U937 cells treated with 50 ng/ml haloperidol 

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 11.01 ± 0.14 (8) 10.81 ± 0.14 (8) -0.23 0.61 0.88 0.328 0.963 

GAPDH 11.42 ± 0.29 (8) 11.65 ± 0.28 (8) -1.10 0.63 1.18 0.442 

LPL 

  

B2M 12.62 ± 0.25 (8) 12.37 ± 0.16 (8) -0.39 0.88 0.84 0.645 0.738 

GAPDH 13.25 ± 0.53 (8) 13.21 ± 0.33 (8) -1.31 1.38 0.97 0.574 

MC4R 

  

B2M n/a n/a n/a n/a - - - 

GAPDH n/a n/a n/a n/a - - 

MTCH2 

  

B2M 7.97 ± 0.18 (8) 8.06 ± 0.12 (8) -0.57 0.38 1.07 0.679 0.293 

GAPDH 8.38 ± 0.18 (8) 8.90 ± 0.26 (8) -1.20 0.17 1.43 0.124 

NEGR1 

  

B2M 8.54 ± 0.07 (8) 8.50 ± 0.07 (8) -0.16 0.24 0.97 0.683 0.861 

GAPDH 8.39 ± 0.12 (8) 8.65 ± 0.23 (8) -0.84 0.33 1.19 0.356 f 

PPARG-1 

  

B2M 17.60 ± 0.08 (8) 17.69 ± 0.06 (8) -0.31 0.13 1.07 0.381 0.225 

GAPDH 17.45 ± 0.14 (8) 17.84 ± 0.22 (8) -0.94 0.16 1.31 0.154 

TMEM18 

  

B2M 8.39 ± 0.08 (8) 8.47 ± 0.06 (8) -0.30 0.14 1.06 0.439 0.281 

GAPDH 8.24 ± 0.14 (8) 8.61 ± 0.22 (8) -0.95 0.20 1.30 0.181 

KCTD15-1 

  

B2M 12.13 ± 0.09 (8) 11.60 ± 0.21 (8) 0.04 1.01 0.70 0.010 0.319 

GAPDH 11.59 ± 0.38 (8) 12.00 ± 0.28 (8) -1.42 0.60 1.33 0.105 

KCTD15-2 

  

B2M 13.96 ± 0.12 (8) 13.32 ± 0.25 (8) 0.04 1.23 0.64 0.028 0.196 

GAPDH 13.43 ± 0.30 (8) 13.72 ± 0.30 (8) -1.22 0.62 1.23 0.574 

PPARG-2 

  

B2M 9.50 ± 0.22 (8) 9.03 ± 0.25 (8) -0.24 1.20 0.72 0.161 1.000 

GAPDH 8.97 ± 0.27 (8) 9.43 ± 0.30 (8) -1.33 0.42 1.37 0.161 
 

a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 10.611 

             Underlined p-values calculated using Mann-Whitney U Test
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Table 4.10 The mRNA expression of obesity-related genes in U937 cells treated with 15 ng/ml haloperidol 

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 10.09 ± 0.20 (8) 10.57 ± 0.22 (8) -1.11 0.15 1.40 0.128 0.755 

GAPDH 10.51 ± 0.21 (8) 10.12 ± 0.32 (8) -0.44 1.21 0.76 0.330 

LPL 

  

B2M 9.87 ± 0.77 (8) 11.08 ± 0.41 (8) -3.08 0.66 2.31 0.186 0.255 

GAPDH 9.90 ± 0.59 (8) 10.56 ± 0.40 (8) -2.18 0.88 1.58 0.374 

MC4R 

  

B2M n/a n/a n/a n/a - n/a - 

GAPDH n/a n/a n/a n/a - n/a 

MTCH2 

  

B2M 7.86 ± 0.26 (8) 8.31 ± 0.17 (8) -1.12 0.22 1.37 0.170 0.528 

GAPDH 8.43 ± 0.10 (8) 8.38 ± 0.20 (8) -0.44 0.53 0.97 0.835 

NEGR1 

  

B2M 9.37 ± 0.37 (8) 9.98 ± 0.14 (8) -1.51 0.30 1.53 0.279 0.345 

GAPDH 8.80 ± 0.17 (8) 8.85 ± 0.10 (8) -0.48 0.36 1.04 0.382 

PPARG-1 

  

B2M 17.15 ± 0.39 (8) 17.68 ± 0.26 (8) -1.53 0.47 1.44 0.234 0.690 

GAPDH 16.52 ± 0.17 (8) 16.49 ± 0.32 (8) -0.75 0.81 0.98 0.721 

TMEM18 

  

B2M 9.08 ± 0.28 (8) 9.49 ± 0.07 (8) -1.07 0.25 1.33 0.193 f 0.748 

GAPDH 8.45 ± 0.08 (8) 8.36 ± 0.10 (8) -0.19 0.36 0.94 0.508 

KCTD15-1 

  

B2M 10.98 ± 0.17 (8) 11.17 ± 0.11 (8) -0.63 0.26 1.12 0.379 0.862 

GAPDH 10.51 ± 0.11 (8) 10.45 ± 0.14 (8) -0.31 0.44 0.96 0.725 

KCTD15-2 

  

B2M 13.35 ± 0.26 (8) 13.70 ± 0.13 (8) -1.00 0.30 1.28 0.248 g 0.497 

GAPDH 13.01 ± 0.16 (8) 13.08 ± 0.10 (8) -0.48 0.34 1.05 0.724 

PPARG-2 

  

B2M 7.76 ± 0.21 (8) 7.97 ± 0.13 (8) -0.75 0.32 1.16 0.403 0.866 

GAPDH 7.29 ± 0.08 (8) 7.26 ± 0.09 (8) -0.21 0.28 0.98 0.761 
 

a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 7.953 
g Levene’s Test for equality of variances, equal variances not assumed, df= 10.363 

 Underlined p-values calculated using Mann-Whitney U Test 
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Figure 4.5 - Graph illustrating the fold change of obesity-related genes after 96-hour 

treatment with either 15 ng/ml or 50 ng/ml haloperidol. The expression of obesity-related 

genes was normalised using housekeeping genes (A) B2M and (B) GAPDH.  
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4.4 Discussion 

 

4.4.1 Result Summary 

At therapeutically relevant concentrations of clozapine, the mRNA expression of certain 

genes associated with obesity were altered in U937 cells compared to vehicle-treated controls. 

This effect is dependent upon exposure-time and concentration, with up-regulated expression 

of certain genes at an intermediate concentration (0.25 µg/ml) of clozapine and down-

regulated expression of others at a lower concentration (0.125 µg/ml); the effect was only 

seen at the 96 hour treatment point. Haloperidol, a drug more commonly associated with EPS 

than obesity, failed to show a significant effect on the mRNA expression on the same gene 

panel. 

 

4.4.2 The effect on obesity-related genes of different lengths of treatment times with 0.25 

µg/ml clozapine 

The 96 hour treatment period was chosen as a starting point to examine mRNA expression as 

in a cell culture experiment, it was thought to be a balanced timeframe to represent the impact 

of the long term treatment that patients received during clozapine therapy, whilst being at the 

high end of possibility for cell culture experiments. Treatment with 0.25 µg/ml clozapine for 

96 hours showed an increase in the mRNA expression of three obesity-related genes 

(GNPDA2, LPL and PPARG-1) compared to vehicle-treated controls (Table 4.3).   

 

Better understanding of the role of these genes associated with obesity might help to identify 

how a change of their mRNA expression might promote weight gain in patients on clozapine 

therapy. The GNPDA2 gene encodes the enzyme glucosamine-6-phosphate deaminase 2 that 

catalyses the reversible deamination of D-glucosamine-6-phosphate into ammonium and D-

fructose-6-phosphate (Comb and Roseman, 1958) within the hexosamine signalling pathway 

(HSP): 

  

L-glutamine + D-fructose 6-phosphate  L-glutamate + D-glucosamine 6-phosphate  

 

The HSP is involved in signalling cascades that influence a wide range of biological 

processes, from metabolism and ageing, to oxidative stress (Kaneto et al., 2001, Hanover et 

al., 2010, Denzel et al., 2014). The HSP branches off from the glycolysis pathway (Figure 

4.6) and, through a series of enzymatic reactions, converts glucose into the end product, 

uridine diphosphate (UDP)-N-acetylglucosamine that is a substrate for production of glycosyl 

side chains of various proteins and lipids (Buse, 2006). The HSP plays a role in desensitising 
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the insulin-responsive glucose transport system (Slawson et al., 2010); in mouse models, 

overexpression of the rate limiting enzyme of the HSP, glutamine: fructose-6-phosphate 

aminotransferase (GFAT) in skeletal muscle and adipose tissue, has been shown to result in 

insulin resistance (Cooksey and McClain, 2002). 

 

Treatment with 0.25 µg/ml clozapine in U937 cells resulted in an increase in GNPDA2 

mRNA expression, but the impact that such a finding would have on inducing obesity in vivo 

is as yet unknown. As detailed in Figure 4.6, an increase in the mRNA expression of 

GNPDA2 by treatment with 0.25 µg/ml clozapine could promote the conversion of 

glucosamine-6-phosphate back into fructose-6-phosphate (fructose-6-P), reversing the 

hexosamine pathway. Although fructose-6-P is the starting point for glycolysis, there are 

many check-points in place to control glycolytic flux that would have to be considered to 

determine the consequence of increased level of fructose-6-P. Firstly, glycolysis will not take 

place in the event that ATP is abundant; excess glucose will be firstly stored as glycogen and 

once glycogen stores are full, the excess energy will be used for lipid synthesis (Berg et al., 

2002), which could promote weight gain. The second check-point in glycolysis is controlled 

by glucagon. When blood glucose is low and glucagon is released, glycolysis is inhibited by 

down-regulation of fructose 2,6-bisphosphate (Berg et al., 2002). Under conditions where 

glucose is abundant, feed-forward stimulation promotes the increased conversion of fructose-

6-P to fructose 2,6–bisphosphate to prevent intermediates from accumulating needlessly 

within the cycle (Berg et al., 2002). Fructose 2,6-bisphosphate regulates the activity of PKF1, 

the enzyme that converts fructose-6-P into fructose 1,6-bisphosphate and allows glycolysis to 

commence if check points are not activated by high levels of ATP or low blood glucose (Berg 

et al., 2002). An end product of glycolysis, pyruvate, can be then be converted into acetyl-

CoA and products from acetyl-CoA can be used in multiple pathways including fatty acid 

synthesis (Murray et al., 1993). 
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The expression of GNPDA2 mRNA was shown to be increased by 3-4 fold after 96 hour 

treatment with 0.25 µg/ml clozapine. In light of the evidence above, it is reasonable to 

speculate that increased expression of glucosamine-6-phosphate deaminase 2 could increase 

the amount of frutose-6-P progressing into the glycolysis pathway and ultimately increase the 

level of fatty acid synthesis, lipogenesis and weight gain. This concept is contingent upon 

ATP not being abundant in the cell and glycogen stores being at capacity.  

 

Increased glucose flux through the HSP is associated with insulin resistance and type 2 

diabetes (Coomer and Essop, 2014). As treatment with 0.25 µg/ml clozapine in this study was 

hypothesised to decrease hexosamine signalling in favour of glycolysis, it could be speculated 

upon that this may be protective against insulin resistant and/or type 2 diabetes promoted by 

the HSP.  

 

 
 

 

Figure 4.6 Hypothesised conclusion of increased GNPDA2 mRNA transcription after 

treatment with 0.25 µg/ml clozapine. 

 

Increased GNPDA2 expression promoted by 0.25 µg/ml clozapine treatment could 

catalyse the conversion of glucosamine-6-P into fructose-6-P. This would lead to 

increased levels of fructose-6-P that could be fed in the glycolysis pathway. Increased 

glycolysis would lead to an increase in pyruvate levels that could be used to produce 

acetyl-CoA. Acetyl-CoA can then be used in the fatty acid synthesis pathway. 



138 

 

A single isoform of GNPDA2 mRNA was originally reported in the literature when this study 

started and a primer pair was designed to detect it. However, recent updates to the NCBI 

reference sequence webpage have demonstrated that there are in fact three isoforms of 

GNPDA2 mRNA (NCBI, 2014). Analysis of the primer pair originally used to detect 

GNPDA2 (Table 2.11) using PrimerBLAST established that this primer pair also detected all 

the isoforms of GNPDA2 known to date as well as three predicted isoforms of GNPDA2 

mRNA. When there was more than one mRNA isoform of a gene selected in this study, a 

primer pair was designed to detect the longest transcript of the gene in addition to the 

combined detection of all the isoforms. Given that the new findings were only published after 

the experiments were conducted, additional primers to detect the longest transcript were not 

used; the results of GNPDA2 expression reflect the total expression of all mRNA isoforms of 

this gene.  

 

PPAR- encoded by the PPARG gene is a nuclear receptor that is highly expressed in adipose 

tissue, where it plays a central role in the regulation of adipocyte differentiation, enhanced 

insulin sensitivity and increased facilitation of lipogenesis (Tontonoz et al., 1994b, Lehmann 

et al., 1995). PPAR- stimulates the production of small-insulin-sensitive adipocytes (Kubota 

et al., 1999) and contributes towards the maintenance of insulin sensitivity by encouraging 

entrapment of fatty acids during adipogenesis (Shulman, 2000). Thiazolidinediones (TZDs) 

such as pioglitazone are agonists of PPAR- and are sometimes used along with metformin in 

the treatment of type 2 diabetes as insulin sensitizers (Sakaue et al., 2008). Peripheral insulin 

resistance can be worsened by increased FFA and PPAR- agonists such as TZDs are used to 

reduce the amount of FFA present in the plasma by the promotion of lipogenesis and thus 

lower the level of peripheral insulin resistance (Jensen et al., 1989). 

 

PPAR- is expressed at highest quantities in adipose tissue where it regulates lipid 

metabolism through the promotion of lipid storage (Sharma and Staels, 2007). PPAR-  

promotes lipid accumulation and adipocyte maturation by the expressional activation of 

various lipogenic and adipogenic genes such as: the adipocyte fatty acid binding protein (aP2) 

which controls fatty acid uptake, transport and metabolism (Tontonoz et al., 1994a), perilipin 

that coats lipid droplets in adipocytes to protect them from endogenous lipases (Arimura et 

al., 2004) and the CCAAT/enhancer binding protein α (C/EBPα) (Schadinger et al., 2005). 

Adipogenesis is controlled by PPAR- and the expression factor C/EBPα, and together, they 

regulate the gene expression necessary for adipocyte maturation (Wu et al., 1999, Morrison 

and Farmer, 2000, Rosen et al., 2002).  
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PPAR- has two isoforms due to alternatively spliced transcripts coding for isoform 1 (Table 

4.1). In this study, PPARG-1 represents for the longest isoform of PPARG mRNA i.e. isoform 

2 (NM_015869). In Pparg knockout mouse models, depletion of Ppar- isoform 2 could 

dramatically diminish white adipose tissue mass by inhibiting adipocyte differentiation (Costa 

et al., 2010).  

 

Insight into PPAR- function in the immune cell came from a mouse model with disrupted 

Ppar- in immune cells (Guri et al., 2008). The PPAR- agonist abscisic acid (ABA) was 

demonstrated to decrease the infiltration of macrophages into adipose tissue, whilst disruption 

of Ppar- in the mouse model impaired the ability of ABA to stop macrophage infiltration into 

the adipose tissue (Guri et al., 2008). The results reported in this Chapter indicated that 96 

hours of treatment with 0.25 µg/ml clozapine significantly increased the mRNA expression 

(fold change ~1.75) of PPARG isoform 2 (PPARG-1) in U937 cells. However, PPAR- is a 

receptor and as such, changes in downstream gene expression through PPAR- are likely to be 

mediated by the level of agonist present. Although there are many agonists of PPAR- (Nixon 

et al., 2003), one studied in conjunction with clozapine treatment is the sterol regulatory 

element binding protein 1 isoform c (SREBP 1c). Expression of the SREBP 1c was not shown 

to be altered compared to vehicle control in response to a similar concentration of clozapine 

(Yang et al., 2009) that was used in this study (1 µM by Yang et al., 765 nM equivalent to 

0.25 µg/ml clozapine). Yet, much higher doses of clozapine (15 µM) have been demonstrated 

to promote an increase in mRNA expression of both SREBP 1 and PPARG in a pre-adipocyte 

cell line (Hu et al., 2010).  

 

In light of the limited knowledge in this area, it has to be speculated upon what the effect of 

clozapine-induced increased expression of PPARG-1 would be. Firstly, although this 

experiment was conducted in a monocyte-like cell line, adipose tissue macrophages are 

derived from monocytes (Weisberg et al., 2003) and therefore, it was hypothesised that in 

both cell types, PPAR-could be activated by treatment with clozapine. Considering only the 

information on PPAR- and SREBP 1 detailed above, it could be speculated that at the low 

concentration of clozapine (0.25 µg/ml) used in this study, there would be no effect on the 

expression of the PPAR- agonist SREBP 1C, and increased PPARG isoform 2 (PPARG-1) 

expression mediated by clozapine treatment would therefore have no effect on the rate of 

macrophage infiltration into the adipose tissue.  

 

It is worth noting that a higher dose of clozapine was shown to increase the expression of both 

SREBP1 and PPARG in a pre-adipocyte cell (Hu et al., 2010), which would up-regulate the 
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usual function of PPAR-, promoting adipocyte differentiation and increasing adipose tissue 

mass. It would be interesting to use a more therapeutically relevant dose of clozapine (0.25 

µg/ml) in this pre-adipocyte cell line to determine if clozapine could up-regulate the mRNA 

expression of SREBP 1 and PPARG, thus enhancing the rate of adipocyte differentiation and 

increase adipose tissue mass.  

 

LPL is an enzyme that plays a role in the transport and metabolism of lipids (Wang and Eckel, 

2009). LPL enzymatically hydrolyses the core of circulating triglyceride-rich lipoproteins, 

chylomicrons and very-low density lipoproteins (Wang and Eckel, 2009). LPL activity is a 

dynamic process that is responsive to the level of nutritional intake and undergoes tissue-

specific regulation in response to the specific need for fatty acids (Fielding and Frayn, 1998). 

In the fed state, LPL is activated in white adipose tissue and at the same time, is down-

regulated in heart tissue and skeletal muscle to allow the storage of excess nutrients (Cryer et 

al., 1976). The converse is observed during a fasting state to allow fatty acids to be 

transported to tissues where they can be used for fuel in -oxidation (Cryer et al., 1976).  

 

Infiltration of monocytes and macrophages into white adipose tissue is observed in patients 

with obesity (Maffei et al., 2009), with an estimated 40% of the cells in fat depots of obese 

humans consisting of macrophages (Weisberg et al., 2003). Interestingly, adipose tissue 

macrophages (ATM) have recently been shown to be able to both store and promote the 

lysosomal metabolism of lipids in response to factors secreted from adipose tissue (Xu et al., 

2013). As LPL is involved in the metabolism and transport of lipids, it could therefore be 

involved in the storage of lipids within ATM. Increased expression of LPL promoted by 96 

hours of treatment with 0.25 µg/ml clozapine may hypothetically be able to enhance the lipid 

accumulation within ATM. 

 

Moreover, LPL has been shown to be important in the adhesion of monocytes to aortic 

endothelial cells (Mamputu et al., 1997) and monocyte-derived macrophages have been 

shown to secrete LPL (Chait et al., 1982, O'Brien et al., 1992). This is of interest in 

atherosclerosis research as macrophages can further differentiate to form foam cells, which 

are an important part of the atherosclerotic plaque (Stary et al., 1994). Treatment with 0.25 

µg/ml clozapine for 96 hours promoted an increase in the mRNA expression of LPL, which in 

light of the above evidence, may be important in stimulating the adhesion of monocytes to 

aortic cells during the induction of atherosclerotic plaque. This is of interest as patients on 

clozapine treatment are already at a higher risk of metabolic disorders such as type 2 diabetes, 
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which is associated with atherosclerosis, and clozapine may be able to further exacerbate this 

problem through action of LPL.  

 

A second experiment examined the mRNA expression of obesity-related genes in U937 cells 

treated with 0.25 µg/ml clozapine for 48 hours. This time point was examined to determine 

whether 48 hour treatment of 0.25 µg/ml could promote any changes in mRNA expression of 

the obesity-related genes. After 48 hours of culture, mRNA expression of the eight obesity-

related genes was examined and no significant alteration of mRNA expression was observed 

(Table 4.4). Due to this non-significant result, the 48 hour treatment period was not chosen to 

study the effects of different clozapine concentrations on mRNA expression.  

 

Clozapine has a half-life of 14 hours in the body, meaning that it is required to be taken daily 

to maintain a therapeutic level in the circulation. In U937 cells, growth curves indicate that 

the cells divide 2-3 times within 48 hours; to account for this expansion of cells, the medium 

containing antipsychotic drugs was changed at 48 hours. To determine whether the 

replenishment of clozapine was needed to stimulate mRNA expression of the obesity-related 

genes at 96 hours, an experiment was designed to determine whether clozapine-induced 

alteration of mRNA expression of obesity-related genes could be affected by wash-out of 

clozapine at 48 hours. The significant increase in mRNA expression of GNPDA2, LPL and 

PPARG after treatment with 0.25 µg/ml clozapine over 96 hours (Table 4.3) was shown to be 

abolished by wash-out of clozapine at 48 hours (Table 4.5). This finding suggests that a 

sustained exposure to clozapine is needed for up-regulation of obesity-related gene 

expression.  

 

4.4.3 Clozapine concentration tests over 96 hours of treatment  

The results from studies one and three showed that the significantly altered expression of 

obesity-related genes occurred within a narrow concentration range between 0.125 µg/ml and 

0.25 µg/ml of clozapine treatments for 96 hours. This observation is of interest because these 

concentrations fall within the titration range that patients receive to reach therapeutic 

maintenance levels of 0.3 µg/ml – 0.4 µg/ml and may model a mechanism of antipsychotic 

induced obesity.  

 

After 96 hours of treatment with 0.125 µg/ml clozapine, there was a down-regulation of 

mRNA expression of two obesity-associated genes: LPL and MC4R. The LPL gene could 

possibly protect against adiposity and inflammation as discussed above where LPL mRNA 

expression was up-regulated and the MC4R gene may confer a risk of obesity through its 
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ability to control different aspects of feeding behaviour such as meal size and meal choice 

(Adan et al., 2006). A number of genetic studies have shown a strong association of the 

MC4R gene with obesity development (Cecil et al., 2012, Chua et al., 2012, Malhotra et al., 

2012); reduced MC4R function has been shown to be associated with obesity (Pott et al., 

2013) and in mice, targeted disruption of Mc4r results in obesity (Huszar et al., 1997). When 

the satiety hormone leptin is released by adipose tissue in response to nutrient intake (Maffei 

et al., 1995, Lonnqvist et al., 1997), it binds to receptors on the proopionomelanocortin 

(POMC) neurons (Mesaros et al., 2008, Ernst et al., 2009). This stimulates POMC to produce 

α-melanocyte stimulating hormone (α-MSH) which promotes MC4R activity (Walley et al., 

2009) and trigger anorexigenic signals through the activation of the downstream mediators 

(Xu et al., 2003, Caruso et al., 2012).  

 

Although MC4R is expressed in monocytes (BioGPS, 2014) and its mRNA expression was 

shown to be reduced by 96 hours of treatment with 0.125 µg/ml clozapine, the effect of the 

MC4R protein on weight gain is a central one – its obesogenic effects are produced within the 

brain. It is therefore doubtful that there is any effect on obesity development by decreasing 

MC4R mRNA expression in monocytes. Replication of this study using a neuronal cell line 

such as SH-SY5Y would determine if there is any effect of clozapine treatment on MC4R 

mRNA expression that could promote weight gain. If MC4R mRNA expression was also 

down-regulated by treatment with 0.125 µg/ml clozapine in a neuronal cell line, it is possible 

to speculate that the down-regulation of MC4R may promote an increase in nutrient intake by 

reducing the anorexigenic signals, which could contribute to weight gain observed in patients 

on clozapine treatment.   

 

MC4R is a receptor and as such would be normally present in excess within the cell (Ostrom 

et al., 2000, Kobayashi et al., 2009); therefore, changes in signalling (and thus gene 

expression) would be mediated mainly by concentration of the receptor agonist rather than 

receptor level. However, 96 hour treatment with 0.125 µg/ml clozapine significantly 

decreased MC4R mRNA expression (fold change of ~ 0.3 on average), which would impact 

on the amount of melanocortin 4 receptors expressed on the cell. This in turn may decrease 

the levels of the second messenger of MC4R (cyclic AMP) as there are less numbers of 

receptors for excitatory ligands to bind to. Hypothetically speaking, if there were less MC4R 

receptors available in the cell, cyclic AMP signalling could be reduced compared to normal 

response after activation by the MC4R agonist α-melanocyte stimulating hormone (α-MSH). 
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MC4R is proposed to have a role in protecting against inflammation (Breit et al., 2011). An 

agonist at the MC4R, α-MSH, has been shown to be expressed in a number of tissues and 

displays anti-inflammatory properties. α-MSH has also been shown to decrease γ-interferon in 

peripheral blood mononuclear cells (PBMCs) (Luger et al., 1993) and has been demonstrated 

to inhibit TNFα in the monocyte cell line THP-1 (Taherzadeh et al., 1999). As α-MSH is 

shown to have anti-inflammatory properties and can bind to the melanocortin 4 receptors, it 

can be hypothesised that MC4R by association may also be involved in anti-inflammatory 

processes within the body. Moreover, MC4R has been shown to be expressed in the CNS as 

well as peripheral tissues, of which CD14+ monocytes are known to express MC4R (BioGPS, 

2014). Speculatively, decreased MC4R expression promoted by clozapine treatment could 

decrease the number of MC4R receptors on target cells in the periphery and less α-MSH 

would be able to bind and the levels of inflammation could increase.  

 

MC4R is also thought to be able to modulate insulin signalling through the c-Jun N-terminal 

kinases (JNK) activity, as an agonist of MC4R was demonstrated to inhibit JNK activity in a 

dose-dependent manner (Chai et al., 2009). Moreover, activated JNK signalling is recognised 

to have a central role in obesity-related insulin resistance (Hirosumi et al., 2002). JNK was 

demonstrated to phosphorylate a single serine residue of the insulin receptor substrate 1 (IRS-

1), which blocks the interaction between the IRS-1 and the insulin receptor (Aguirre et al., 

2000). The IRS-1 is an important adapter protein as it binds to essential signalling 

intermediates (Myers and White, 1993); phosphorylation of the IRS-1 by JNK inhibits the 

ability of the IRS-1 to mediate the insulin response (Aguirre et al., 2000). Interestingly, TNFα 

is known to be a potent JNK activator (Kim et al., 2005, Choi et al., 2012) and treatment with 

clozapine in an adipocyte cell line was shown to increase the expression of the TNFα gene 

(Sárvári et al., 2014). Clozapine treatment could therefore promote an increase in TNFα 

which could increase JNK activity. In this study, the 96-hour treatment with 0.125 µg/ml 

clozapine was demonstrated to decrease MC4R expression. As the MC4R agonist α-MSH has 

been shown to inhibit TNFα in the monocyte cell line THP-1 (Taherzadeh et al., 1999), the 

decreased MC4R expression caused by clozapine treatment could result in a lower level of 

signalling produced from the binding of α-MSH and lead to less inhibition of TNFα, and 

TNFα could then activate JNK at an increased level. As JNKs are associated with a central 

role within obesity-associated insulin resistance, decreased MC4R expression promoted by 

96-hour treatment with 0.125 µg/ml clozapine could lead to the development of insulin 

resistance through increased TNFα production and decreased MC4R levels.  

 



144 

 

The contradictory mRNA expression profile of the significantly altered obesity-associated 

genes in the panel after treatment with 0.125 µg/ml clozapine is surprising. The down-

regulation (fold change ~ 0.5) of LPL expression suggests that there is a protective effect from 

inflammation at this concentration, whereas the down-regulation (fold change of ~0.3) of 

MC4R expression is thought to promote inflammation. It is unknown if a patient remained at 

0.125 µg/ml clozapine for a long period of time, could the combined effects of altered mRNA 

expression of these genes counteract each other and what effect, if any, would this have on 

maintaining a healthy weight level. Unfortunately, a plasma concentration of 250 ng/ml – 400 

ng/ml clozapine is normally required to elicit an efficacious response in patients (Remington 

et al., 2013), so that it is impossible to use a lower dose to improve the outcome with respect 

to obesity.  

 

Interestingly, the significant changes in mRNA expression of the obesity-related genes were 

not observed after treatment with 0.5 µg/ml or 1.0 µg/ml clozapine over 96 hours, suggesting 

that there might be a protective effect of high doses of treatment. However, upper doses of 

clozapine cannot be used to protect against metabolic problems because the concentrations 

above 600 ng/ml are not thought to improve clinical symptoms and daily doses of 500-600 

mg have been indicated to carry an increased risk of seizures than lower doses (Remington et 

al., 2013).  

 

In light of the evidence supporting the narrow ranges of clozapine concentrations that can be 

used to provide an effective response in the treatment of schizophrenia, changing the 

concentration of clozapine to reduce the risk of obesity is likely to have a serious impact on 

its effectiveness as an antipsychotic drug. The high propensity of antipsychotic medication to 

promote weight gain is a well-known side effect and as such, there are now various 

pharmacological approaches currently in use that could be utilised to attenuate antipsychotic-

induced weight gain.   

 

Aripiprazole has been demonstrated to have some success as an adjunctive treatment to 

clozapine in order to help reduce weight gain. Aripiprazole is regarded as a third generation 

antipsychotic drug because it is effective in controlling the symptoms of schizophrenia and 

has a low incidence of extrapyramidal side-effects and weight gain (Mailman and Murthy, 

2010, Stip and Tourjman, 2010). A study comparing aripiprazole to placebo in addition to a 

stable dose of clozapine demonstrated that patients who received the addition of aripiprazole 

lost 2.15 kg and had a lower BMI and waist circumference measurements than those on the 

clozapine + placebo treatment (Fleischhacker et al., 2010). A small 6-week open label study 
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of adjunctive aripiprazole to clozapine treatment promoted a significant decrease in weight 

(~2.7 kg) compared to clozapine monotherapy (Henderson et al., 2006). The mechanism 

underpinning the weight loss in patients on adjunctive aripiprazole treatment remains 

unknown and weight loss has been reported with adjunctive therapy in clozapine and 

olanzapine treated patients, but not with other SGA drugs (Henderson et al., 2009, De Risio et 

al., 2011, Wang et al., 2013, Srisurapanont et al., 2015). Although adjunctive aripiprazole can 

result in weight loss, treatment with aripiprazole comes with its own side effects including 

nausea, anxiety and akathisia (Wang et al., 2013), which could affect patient wellbeing and 

treatment compliance. However, adjunctive aripiprazole treatment to clozapine therapy would 

provide an intriguing alternative to clozapine-induced weight gain.   

 

Metformin is another adjunctive treatment used for weight reduction in patients on 

antipsychotic medication. Metformin is an insulin sensitiser used in the treatment of T2D and 

more recently fertility and metabolic problems in polycystic ovary syndrome (Lord et al., 

2003). Metformin pharmacologically acts through its ability to improve insulin sensitivity by 

supressing hepatic glucose output (Jackson et al., 1987), increasing insulin-mediated glucose 

uptake by skeletal muscle (Galuska et al., 1991) and increasing intestinal glucose use (Bailey 

et al., 1994, Sakar et al., 2010). These actions promoted by metformin ultimately result in a 

moderate reduction of body weight in both diabetic (Stumvoll et al., 1995, Ji et al., 2013, 

Romanelli et al., 2015) and non-diabetic individuals (Schuster et al., 2004, The Diabetes 

Prevention Program Research, 2012, Seifarth et al., 2013). A number of studies have 

demonstrated that the use of metformin as a combination therapy with antipsychotic 

medication can also decrease the risk of antipsychotic-induced weight gain (Baptista et al., 

2007, Chen et al., 2008, Carrizo et al., 2009, Maayan et al., 2010, Praharaj et al., 2011, Wang 

et al., 2012b, Wu et al., 2012, Chen et al., 2013). Although adjunctive metformin treatment 

could be beneficial in terms of weight reduction to schizophrenia patients, it is associated with 

a number of gastrointestinal problems such as diarrhoea (Dandona et al., 1983), nausea (Preiss 

et al., 2014) and loss of appetite (Lee and Morley, 1998) as well as a slightly increased risk of 

the potentially fatal lactic acidosis (Lalau, 2010).  

 

Topiramate, an anticonvulsant medication primarily used to treat epilepsy (Shank et al., 1994, 

Walker and Sander, 1996), was reported by patients to promote weight loss as a side-effect 

(Reife et al., 2000, Ben-Menachem et al., 2003). Consequently when this off-target effect of 

topiramate was substantiated, it was utilised as a weight reduction agent (Bray et al., 2003, 

Tremblay et al., 2007) and has since been demonstrated to be an effective adjunctive 

treatment to reduce the effect of antipsychotic medication on weight gain (Afshar et al., 2009, 
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Hahn et al., 2010). For example, in a double-blind placebo-controlled trial, adjunctive 

topiramate treatment was shown to promote weight loss (1.27 ± 2.28 kg) in patients on 

olanzapine compared to placebo (Narula et al., 2010); a recent meta-analysis demonstrated 

that patients receiving adjunctive topiramate treatment to olanzapine had a mean weight loss 

of 2.83 kg compared to control patients (Mahmood et al., 2013). Again, although topiramate 

treatment may be beneficial in reducing antipsychotic-induced weight gain, it is also 

associated with a number of adverse effects including paraesthesia, taste perversion, ataxia, 

difficulty with concentration/attention, difficulty with memory, somnolence, fatigue, dizziness 

and nausea (McElroy et al., 2007, Pfizer, 2013).  

 

As reviewed above, there are a number of pharmacological interventions potentially available 

for use as adjunctive therapies to reduce the level of clozapine-induced weight gain. In further 

experiments, 0.25 µg/ml clozapine could be used to treat U937 cells with each of the 

adjunctive treatments. Following 96 hours of U937 cell culture, the expression of the obesity-

related genes would be examined and compared between the clozapine alone and the 

combined clozapine and adjunctive treatments. This would determine if the adjunctive 

treatment could abolish the increased mRNA expression promoted by 0.25 µg/ml clozapine 

treatment as seen in this Chapter. If any of the adjunctive treatments could abolish the 

increased obesity-related gene expression promoted by clozapine treatment, it could be used 

as evidence in support of the wider use of adjunctive treatments to clozapine to reduce 

antipsychotic-induced weight gain. If the adjunctive weight-loss treatments fail to 

downregulate the increased mRNA expression associated with clozapine treatment, it will 

suggest that the adjunctive-induced weight loss may be caused by a different mechanism from 

clozapine-induced weight gain. In this situation, investigation of the differences in signalling 

pathways between clozapine and the adjunctive treatments should be conducted, followed by 

experiments to inhibit these pathways and analyse the resulting gene expression in an attempt 

to narrow down the mechanism of clozapine-induced weight gain.  

 

4.4.4 Haloperidol tests over 96 hours of treatment 

Haloperidol is a well-known conventional antipsychotic drug with  a range of off-targeting 

side effects such as akathisia, dyskinesia and parkinsonism symptoms, which are collectively 

termed extrapyramidal side-effects (Irving et al., 2006). Haloperidol has little effect on the 

development of metabolic problems such as weight gain, compared to atypical antipsychotics 

like clozapine (Allison et al., 1999a). For this reason, haloperidol was selected as an 

appropriate control to the clozapine treatment experiments. The concentrations of haloperidol 

(15 ng/ml and 50 ng/ml) used in this experiment were also chosen based on chlorpromazine 
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equivalent doses for clozapine (250 ng/ml clozapine and 887 ng/ml clozapine, respectively). 

These two concentrations of haloperidol also fall into the range of  therapeutic concentrations 

between 2 ng/ml and 50 ng/ml (Heiser et al., 2007). However, neither 15 ng/ml nor 50 ng/ml 

haloperidol could affect the expression of obesity-related genes (Table 4.9 and 4.10). MC4R 

was excluded from both the haloperidol data set due to high intra-sample variation.  

 

As haloperidol is not associated with metabolic side effects and has shown no effect on 

mRNA expression of the obesity-related genes, it is concluded to be an appropriate control to 

the clozapine treatment and suggests that clozapine-induced changes in mRNA expression of 

the obesity-related gene are specific to clozapine and not shared by the first generation class 

of antipsychotic drugs.  

 

4.4.5 Implications of this study 

This study has shown that clozapine at concentrations within the therapeutic treatment range 

has the potential to promote weight gain and inflammation by increasing the mRNA 

expression of obesity-related genes in U937 cells. The clozapine-induced changes in the 

mRNA expression of PPARG and MC4R in this monocyte-like cell line were thought to 

convey an increased risk to inflammation and insulin resistance; changes in LPL expression 

after treatment with 0.25 µg/ml clozapine are considered to promote both inflammation and 

lipid accumulation in adipose tissue. Increased expression of GNPDA2 is hypothesised to 

promote weight gain by the increasing glycolysis, which in turn could increase the level of 

fatty acid synthesis, lipogenesis and weight gain.  

 

The results from this study add another dimension to the understanding of how clozapine can 

possibly promote both weight gain and inflammation through altered expression of obesity-

related genes.  

 

4.4.6 Future studies 

To our knowledge, this was the first time U937 cells were applied to examine the effect of 

antipsychotic medications on obesity-related gene expression and this work provided some 

intriguing insights into the mechanisms of clozapine-induced metabolic problems. Future 

studies could use additional cell lines such as adipocytes, hepatocytes or neuronal cells to 

determine the effect of clozapine on the expression of obesity-related genes in cells deeply 

involved in metabolism.  
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It would be very interesting to determine whether the changes in the mRNA expression of 

obesity-related genes are unique to clozapine. Olanzapine has a pharmacological profile 

similar to clozapine and some studies have reported that olanzapine can promote higher levels 

of weight gain than clozapine. Whether olanzapine can also alter mRNA expression of the 

obesity-related genes is investigated in Chapter 5 of this thesis. 

 

4.4.7 Concluding remarks  

At a therapeutic concentration, clozapine can up-regulate expression of some obesity-related 

genes and this could convey some of the risk of obesity associated with clozapine treatment. 

The increased expression of the obesity-related genes is likely to be the consequence of 

repeated dosing and this is observed only in cells treated with clozapine but not haloperidol. 
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5.1 Introduction 

 

5.1.1 Study rationale based on previous results 

In Chapter 4, therapeutically relevant concentrations of clozapine were observed to alter 

mRNA expression of some obesity-related genes. The effect of clozapine on obesity-related 

gene expression was only observed in samples treated with clozapine but not haloperidol. The 

current Chapter focuses on the treatment with olanzapine, another SGA drug with similar 

receptor affinities (Satterlee et al., 1995, Beasley et al., 1996, Bymaster et al., 1996) and side-

effects to those of clozapine (Kinon et al., 2005), to investigate whether it could alter mRNA 

expression of the obesity-related genes, or if such an effect is unique to clozapine.  

 

5.1.2 Olanzapine and weight gain 

Weight gain is most commonly associated with clozapine and olanzapine treatment and is 

evident within 10 weeks of treatment commencement. A meta-analysis concluded that there 

was a mean weight gain of 4.5 kg for clozapine, 4.0 kg for olanzapine  and 2.1 kg for 

risperidone after 10 weeks of treatment at a standard dose (Allison et al., 1999a).  

 

Although olanzapine is structurally similar to the dibenzodiazepine clozapine, it is classed as 

a thienobenzodiazepine (Beasley et al., 1996). Just like clozapine, olanzapine has a complex 

multi-receptor profile with affinities for dopamine, 5-HT, histamine and α-adrenergic 

receptors (Beasley et al., 1996). Olanzapine also shares similar metabolic side-effects such as 

weight gain and insulin resistance with clozapine (Chiu et al., 2010).  

 

A recent meta-analysis indicated that olanzapine treatment resulted in higher weight gain, 

blood glucose and cholesterol levels than all other second generation antipsychotics, except 

for clozapine (Rummel-Kluge et al., 2010). In a small study conducted by Gothelf and 

colleagues, 10 olanzapine-medicated patients and 10 haloperidol-medicated controls 

underwent the measurements of BMI, calorie intake and energy expenditure at baseline and at 

a 4 week follow-up. Olanzapine-medicated patients showed an increase in both BMI and 

calorie intake, without any changes to their daily energy expenditure, indicating how calorie 

intake was an important measure in olanzapine-induced weight gain (Gothelf et al., 2002). A 

randomised, double blind study reported that there was a 2.62 kg increase in body weight in 

health male volunteers on olanzapine treatment compared to a 0.08 kg increase in those on the 

placebo and an 18% increase in food intake equivalent to 345 calories due to olanzapine 

treatment (Fountaine et al., 2010). Interestingly, the authors also reported that olanzapine 

increased the RMR of the subjects compared to the placebo treatment (equivalent to 113 
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calories), suggesting that olanzapine could promote weight gain in patients by increasing 

calorie intake, without decreasing energy expenditure.  

 

A meta-analysis examined the clinical trial data from 21 randomised, placebo-controlled, 

parallel-group studies and found that weight gain (defined as a 7% increase from baseline) 

was found in 57% of patients on olanzapine treatment compared to 13% of those receiving a 

placebo (Parsons et al., 2009). A small study conducted in an in-patient psychiatric unit 

reported that after just six weeks of olanzapine treatment, patients on olanzapine were shown 

to gain a mean body weight of 8.4 kg, whilst patients on haloperidol treatment in the study 

gained only 0.5 kg  (Atmaca et al., 2003).  

 

5.1.3 Risperidone 

Risperidone is an atypical antipsychotic drug with a benzisoxazole structure that has been 

shown to be effective in the treatment of the positive of schizophrenia, with a relatively low 

incidence of EPS (Ereshefsky and Lacombe, 1993). The receptor profile of risperidone is 

unusual among most other atypical antipsychotic drugs due to its high receptor antagonism at 

dopamine D2 receptor (Stathis et al., 1996) and several 5-HT receptor subtypes, including 

5HT2A and 5HT2C (Conley, 2000). Like other SGAs, risperidone has a propensity to produce 

off-target metabolic effects linked to its antipsychotic action. However, risperidone treatment 

has less risk of weight gain than clozapine and olanzapine (Allison et al., 1999a). The 

Comparison of Atypicals for First Episode Psychosis (CAFÉ) study reported that after 12 

weeks of treatment, significant weight gain was observed in 59.8% of patients treated with 

olanzapine compared to 32.5% of risperidone-treated patients; after 52 weeks of treatment, 

80% of patients treated with olanzapine experienced significant weight gain compared to 

57.6% of risperidone-treated patients (Patel et al., 2009). The CATIE study also reported that 

30% of patients in the olanzapine study group experienced more weight gain (increase by 

>7% of body weight) than in patients treated with risperidone, quetiapine, ziprasidone or 

perphenazine (Lieberman et al., 2005).  
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5.1.4 Rationale for hypotheses 

Olanzapine demonstrates similar side effects (Farwell et al., 2004, Patel et al., 2009, Correll et 

al., 2011, Osuntokun et al., 2011) and receptor profile to clozapine (Nasrallah, 2008). This 

study was thus undertaken to determine whether olanzapine would alter mRNA expression of 

the obesity-related genes as observed in clozapine treatment. Risperidone was chosen in this 

study for two reasons: firstly, it has lower effect on weight gain than clozapine and 

olanzapine, and secondly, it has high dopamine D2 receptor antagonism similar to haloperidol 

(Megens et al., 1994), which has no effect on the expression of obesity-related genes as 

described in Chapter 4. The effect of risperidone on the mRNA expression of obesity-related 

genes was thus investigated to determine if it would alter the expression of obesity-related 

genes.  

 

5.1.5 Hypotheses 

Accordingly, the work described in this Chapter was designed to investigate the following 

hypotheses: 

 

1. That the expression of obesity-related genes is altered after long term treatment with 

olanzapine in U937 cells. 

 

2. That treatment with risperidone has no effect on the mRNA expression of obesity-related 

genes in U937 cells.  
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5.2 Study design 

 

5.2.1 Selection of genes 

Eight obesity-related genes were analysed for their expression in drug-treated cells (Chapter 

4, Table 4.1), six of which were identified by GWA studies to show their strong association 

with obesity (Thorleifsson et al., 2009, Willer et al., 2009) and the other two genes were 

selected on account of their function in adiposity pathways (section 4.2.2). Genes KCTD15 

and PPARG have more than one mRNA isoform and the primers for qPCR analysis were then 

designed to detect both the longest isoform and all the isoforms identified to date (Table 4.2). 

There are three isoforms of KCTD15 mRNA identified in humans so far, including sequences 

NM_024076, NM_001129994 and NM_001129995. These three isoforms of KCTD15 

mRNA encode two protein isoforms, in which the shorter protein sequence of 234 amino 

acids (NP_076981) is encoded by NM_024076 and the longer one of 283 amino acids 

(NP_001123466 or NP_001123467) by either NM_001129994 or NM_001129995. As shown 

in Table 4.2, two pairs of primers were designed for qPCR amplification, i.e. pair 1 for all 

three isoforms and pair 2 for the NM_024076 isoform, the longest transcript from the 

KCTD15 gene. The PPARG gene encodes two proteins by four distinct mRNA sequences, of 

which the shorter protein isoform (isoform 1 spanning 477 amino acids) is encoded by mRNA 

NM_138711, NM_138712 or NM_005037, and the longer protein isoform (isoform 2 

spanning 505 amino acids, NP_056953) is encoded by mRNA NM_015869. The three mRNA 

sequences coding for protein isoform 1 differ in the 5’-untranslated regions (5’-UTR) but 

encode three identical proteins (NP_619725, NP_619726 and NP_005028). NM_015869 

mRNA sequence is the longest in all 4 isoforms and its resulting protein (NP_056953) has a 

distinct N-terminus compared with NP_619725, NP_619726 and NP_005028. As shown in 

Table 4.2, two pairs of primers were designed for qPCR analysis of PPARG mRNA 

expression, in which pair 1 was used to amplify the isoform 2 mRNA sequence (NM_015869) 

and pair 2 was used to amplify all four isoforms of PPARG mRNA. Each primer was tested 

for an optimal concentration to amplify a target sequence. 

 

5.2.2 Analysis of relative quantity 

Primers used for mRNA expression analysis were designed as outlined in section 2.2.9.5.1 of 

this thesis. Given that two of these eight genes had more than one mRNA isoform (PPARG 

and KCTD15), each had two pairs of primers to be designed, one used to amplify all the 

isoforms identified so far and the other to amplify the longest isoform (Chapter 4, Table 4.2). 

The experimental data were presented as mean ± SE in the HKG-normalized ΔCt values, with 

calculation of 95% CI and were analysed using the comparative Ct method (ΔΔCt); fold-
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change was used to express the relative quantity of mRNA expression between drug-treated 

and vehicle-treated samples. HKGs B2M and GAPDH were used to compensate for any 

variation introduced during amplification stages.  

 

5.2.3 Statistics 

All data were analysed for normal distribution; the data that showed normal distribution were 

analysed using parametric statistics (Student’s t-tests), while the data that showed abnormal 

distribution were analysed using non-parametric tests (Mann-Whitney U tests). The data that 

required non-parametric tests were indicated by an underlined combined p-value in each table. 

The statistical significance was considered at P<0.0063 to correct for multiple testing: P = 

0.05/n, where n = the number of genes analysed (i.e. 8 genes tested), therefore P=0.0063. 

 

5.2.4 Study protocols  

5.2.4.1 Study one – Olanzapine treatment and obesity-related gene mRNA expression 

Experiments were designed to investigate the hypothesis that olanzapine alters the mRNA 

expression of the genes associated with obesity. Two concentrations of olanzapine were 

chosen for the experiment: 40 ng/ml and 150 ng/ml. This was based on the chlorpromazine 

equivalent doses for clozapine and olanzapine (Woods, 2003); the reported range of plasma 

concentrations of olanzapine (1.2 - 208 ng/ml) in patients who received steady treatment and 

a mean reported plasma concentration of 54.2 ng/ml (Bergemann et al., 2004). Using the 

chlorpromazine equivalency developed by Woods (2003), 40 ng/ml of olanzapine was 

equivalent to 267 ng/ml of clozapine and 150 ng/ml of olanzapine was equivalent to 1000 

ng/ml of clozapine. 

 

The detailed method was described in section 2.2.6 of this thesis. Briefly, U937 cells were 

seeded at 0.5x106 cells/ml in 3ml of medium, with relevant concentrations of olanzapine along 

with a vehicle control and cultured for 96 hours (n=10 for each concentration). After 48 hours 

of culture, the cell number was expected to triple, so that the cells were resuspended at a 

density of 0.5x106 cells/ml in 9 ml medium containing 150 ng/ml olanzapine. At 96 hours, the 

experiment was stopped and mRNA was extracted from cell samples using an 

IllustraTMQuickprep Micro mRNA Purification Kit as detailed in the manufacturer’s 

instructions. The mRNA concentration of each sample was established by UV absorbance 

using NanodropTM and the eight samples with mRNA concentrations of 20 ng-40 ng/µl were 

chosen to be converted into cDNA using High-capacity cDNA Reverse Transcription kit for 

storage and analysis of mRNA expression. Full details of the methods for mRNA extraction 

and cDNA conversion were given in Chapter 2, sections 2.2.9.3 and 2.2.9.4.  
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5.2.4.2 Study two –Risperidone treatment and obesity-related gene mRNA expression 

The second hypothesis tested was that risperidone had no effect on the expression of the 

selected obesity-related genes. Experiments were conducted using two concentrations of 

risperidone: 15 ng/ml and 50 ng/ml. This was based on chlorpromazine equivalent dosage 

(Woods, 2003) and a report from a clinical study on patients treated with an active moiety 

level of 41.6 ± 26.6 ng/ml risperidone (Riedel et al., 2005). Using the chlorpromazine 

equivalency developed by Woods (2003), 15 ng/ml of risperidone was equivalent to 250 

ng/ml of clozapine and 50 ng/ml of risperidone was equivalent to 833 ng/ml of clozapine. 

This experiment was conducted using the same manner outlined in section 5.2.4.1 of this 

Chapter, with risperidone concentrations (section 2.2.7) in substitution for olanzapine. 
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5.3 Results 

 

5.3.1 Study one – The mRNA expression of obesity-related genes is altered in 

olanzapine-treated U937 cells 

 

5.3.1.1 The mRNA expression in U937 cells treated with 150 ng/ml olanzapine for 96 

hours 

All the genes of interest except for LPL showed significantly (P<0.0063) altered mRNA 

expression after 96-hour treatment with 150 ng/ml olanzapine (Table 5.1, Fig 5.1). Some of 

the genes of interest were demonstrated to have modest increases in fold change, of which 

MC4R showed the largest changes in mRNA expression (fold change of ~1.8 on average), 

followed by PPARG-1 which represents the longest isoform of PPARG mRNA (fold change 

of ~1.6 on average) and by GNPDA2 (fold change of ~1.5 on average). The gene that showed 

the most significantly altered mRNA expression was PPARG-2 (P=0.00003), which was 

designed to detect all four isoforms of PPARG mRNA. The fold change in the mRNA 

expression of this gene was ~ 1.3 on average.  

 

 

5.3.1.2 The mRNA expression in U937 cells treated with 40 ng/ml olanzapine for 96 

hours 

All the genes of interest, except for MTCH2 and PPARG-2, showed significantly (P<0.0063) 

altered mRNA expression after 96 hours of treatment with 40 ng/ml olanzapine (Table 5.2, 

Fig 5.1). MC4R mRNA expression was most significantly altered (P=0.0001) and also 

showed the highest increase by average fold change of~3.3. The mRNA expression of LPL 

and GNPDA2 were also significantly altered after olanzapine treatment and showed the next 

greatest increases in average fold change of ~1.9 and ~1.5, respectively.  
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Table 5.1  The mRNA expression of obesity-related genes in U937 cells treated with 150 ng/ml olanzapine for 96 hours 

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 7.77 ± 0.15 (8) 8.27 ± 0.16 (8) -0.97 -0.03 1.41 0.04 0.002 

GAPDH 8.33 ±  0.16 (8) 9.01 ± 0.16 (8) -1.17 -0.20 1.61 0.009 

LPL 

  

B2M 8.84 ± 0.11 (8) 9.10 ± 0.22 (8) -0.78 0.26 1.20 0.304 0.065 

GAPDH 9.37 ± 0.10 (8) 9.93 ± 0.23 (8) -1.11 -0.02 1.47 0.044 

MC4R 

  

B2M 15.05 ± 0.21 (8) 15.83 ± 0.19 (8) -1.39 -0.17 1.72 0.016 0.001 

GAPDH 15.80 ± 0.22 (8) 16.74 ± 0.17 (8) -1.55 -0.33 1.92 0.005 

MTCH2 

  

B2M 5.06 ± 0.07 (8) 5.20 ± 0.06 (8) -0.34 0.05 1.11 0.141 0.004 

GAPDH 5.80 ± 0.08 (8) 6.11 ± 0.04 (8) -0.49 -0.12 1.24 0.003 

NEGR1 

  

B2M 7.12 ± 0.04 (8) 7.23 ± 0.08 (8) -0.32 0.10 1.08 0.291 0.006 

GAPDH 7.86 ± 0.05 (8) 8.14 ± 0.05 (8) -0.43 -0.13 1.21 0.001 

PPARG-1 

  

B2M 14.35 ± 0.11 (8) 14.96 ± 0.18 (8) -1.05 -0.15 1.52 0.012 0.0004 

GAPDH 14.91 ± 0.08 (8) 15.70 ± 0.18 (8) -1.24 -0.34 1.73 0.003 f 

TMEM18 

  

B2M 8.08 ± 0.03 (8) 8.16 ± 0.04 (8) -0.20 0.03 1.06 0.157 0.002 

GAPDH 8.82 ± 0.03 (8) 9.06 ± 0.03 (8) -0.34 -0.14 1.18 0.001 

KCTD15-1 

  

B2M 9.24 ± 0.08 (8) 9.47 ± 0.05 (8) -0.43 -0.02 1.17 0.03 0.001 

GAPDH 10.02 ± 0.05 (8) 10.34 ± 0.06 (8) -0.50 -0.14 1.25 0.002 

KCTD15-2 

  

B2M 11.24 ± 0.11 (8) 11.54 ± 0.06 (8) -0.56 -0.04 1.24 0.025 0.001 

GAPDH 12.02 ± 0.09 (8) 12.41 ± 0.06 (8) -0.63 -0.16 1.32 0.003 

PPARG-2 

  

B2M 6.47 ± 0.04 (8) 6.79 ± 0.07 (8) -0.50 -0.15 1.25 0.002 0.00003 

GAPDH 7.25 ± 0.06 (8) 7.66 ± 0.07 (8) -0.61 -0.21 1.32 0.001 

 
a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 9.46 

 Underlined p-values calculated using Mann-Whitney U Test 
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Table 5.2 The mRNA expression of obesity-related genes in U937 cells treated with 40 ng/ml olanzapine for 96 hours 

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 8.69 ± 0.07 (8) 9.14 ± 0.08 (8) -0.67 -0.23 1.36 0.001 

0.00002 GAPDH 8.78 ± 0.06 (8) 9.48 ± 0.07 (8) -0.90 -0.50 1.63 < 0.001 

LPL 

  

B2M 9.16 ± 0.18 (8) 9.94 ± 0.09 (8) -1.21 -0.34 1.71 0.002 

0.00003 GAPDH 9.25 ± 0.18 (8) 10.28 ± 0.12 (8) -1.49 -0.57 2.04 0.001 

MC4R 

  

B2M 14.75 ± 0.20 (8) 16.36 ± 0.25 (8) -2.31 -0.91 3.06 0.001 

0.00001 GAPDH 15.33 ± 0.22 (8) 17.14 ± 0.31 (8) -2.61 -1.00 3.49 0.001 

MTCH2 

  

B2M 5.51 ± 0.11 (8) 5.61 ± 0.06 (8) -0.38 0.18 1.07 0.449 

0.024 GAPDH 6.10 ± 0.07 (8) 6.39 ± 0.06 (8) -0.50 -0.09 1.23 0.008 

NEGR1 

  

B2M 6.88 ± 0.11 (8) 7.04 ± 0.10 (8) -0.47 0.16 1.12 0.130 

0.005 GAPDH 7.47 ± 0.07 (8) 7.82 ± 0.07 (8) -0.56 -0.13 1.28 0.005 

PPARG-1 

  

B2M 15.04 ± 0.11 (8) 15.37 ± 0.15 (8) -0.73 0.07 1.26 0.097 

0.003 GAPDH 15.26 ± 0.10 (8) 15.80 ± 0.11 (8) -0.87 -0.22 1.46 0.003 

TMEM18 

  

B2M 8.11 ± 0.03 (8) 8.22 ± 0.05 (8) -0.24 0.02 1.08 0.088 

0.003 GAPDH 8.70 ± 0.04 (8) 9.00 ± 0.08 (8) -0.49 -0.11 1.24 0.004 

KCTD15-1 

  

B2M 9.71 ± 0.06 (8) 9.91 ± 0.10 (8) -0.45 0.05 1.15 0.112 

0.005 GAPDH 10.09 ± 0.06 (8) 10.39 ± 0.07 (8) -0.50 -0.10 1.23 0.005 

KCTD15-2 

  

B2M 12.11 ± 0.02 (8) 12.36 ± 0.06 (8) -0.39 -0.11 1.19 0.002 

0.00003 GAPDH 12.36 ± 0.07 (8) 12.74 ± 0.03 (8) -0.55 -0.21 1.30 0.001 f 

PPARG-2 

  

B2M 6.45 ± 0.04 (8) 6.42 ± 0.06 (8) -0.13 0.19 0.99 0.645 

0.524 GAPDH 7.08 ± 0.05 (8) 7.18 ± 0.08 (8) -0.29 -0.09 1.07 0.130 

 
a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 9.98 

 Underlined p-values calculated using Mann-Whitney U Test 



159 

 

Olanzapine: B2M

0 25 50 75 100 125 150
0

1

2

3

4

5

GNPDA2

LPL

MC4R

MTCH2
NEGR1

PPARG-1

TMEM18
KCTD15-1

KCTD15-2

PPARG-2

Olanzapine (ng/ml)

F
o

ld
 c

h
a

n
g

e

Olanzapine: GAPDH

0 25 50 75 100 125 150
0

1

2

3

4

5

GNPDA2

LPL

MC4R

MTCH2
NEGR1

PPARG-1

TMEM18
KCTD15-1

KCTD15-2

PPARG-2

Olanzapine (ng/ml)

F
o

ld
 c

h
a

n
g

e

A

B

 
 

 

 

Figure 5.1 - Graph illustrating the fold change of obesity-related genes after 96- hour 

treatment with either 40 ng/ml or 150 ng/ml olanzapine. The expression of obesity-related 

genes was normalised using housekeeping genes (A) B2M and (B) GAPDH.  
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5.3.2 Study two – The mRNA expression of obesity-related genes is altered in 

risperidone-treated U937 cells 

 

5.3.2.1 The mRNA expression in U937 cells treated with 50 ng/ml risperidone for 96 

hours  

When U937 cells were treated with 50 ng/ml risperidone for 96 hours, KCTD15-1 

demonstrated significantly altered mRNA expression (P=0.0045) compared to untreated 

controls (Table 5.3, Fig 5.2). KCTD15-1 had an average fold change of ~ 1.3 after treatment 

with 50 ng/ml risperidone. 

 

5.3.2.2 The mRNA expression in U937 cells treated with 15 ng/ml risperidone for 96 

hours  

Treatment of 15 ng/ml risperidone over 96 hours failed to produce a significant (P<0.0063) 

change in mRNA expression compared to untreated controls in any of the selected panel of 

genes (Table 5.4, Fig 5.2).  
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Table 5.3 The mRNA expression of obesity-related genes in U937 cells treated with 50 ng/ml risperidone for 96 hours  

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 8.64 ± 0.07 (8) 8.58 ± 0.06 (8) -0.13 0.25 0.96 0.527 0.779 

GAPDH 9.65 ± 0.10 (8) 9.60 ± 0.11 (8) -0.27 0.38 0.96 0.713 

LPL 

  

B2M 9.96 ± 0.10 (8) 9.90 ± 0.10 (8) -0.24 0.35 0.96 0.704 0.893 

GAPDH 10.97 ± 0.17 (8) 10.92 ± 0.19 (8) -0.49 0.59 0.97 0.841 

MC4R 

  

B2M 15.86 ± 0.18 (8) 15.75 ± 0.18 (8) -0.43 0.65 0.93 0.666 0.803 

GAPDH 16.69 ± 0.24 (8) 16.54 ± 0.23 (8) -0.56 0.86 0.90 0.663 

MTCH2 

  

B2M 5.93 ± 0.14 (8) 5.92 ± 0.11 (8) -0.36 0.39 0.99 0.936 0.937 

GAPDH 6.76 ± 0.09 (8) 6.71 ± 0.10 (8) -0.24 0.34 0.97 0.714 

NEGR1 

  

B2M 7.39 ± 0.11 (8) 7.56 ± 0.09 (8) -0.47 0.12 1.13 0.229 0.337 

GAPDH 8.22 ± 0.06 (8) 8.36 ± 0.13 (8) -0.45 0.17 1.10 0.344 f 

PPARG-1 

  

B2M 16.07 ± 0.07 (8) 16.04 ± 0.10 (8) -0.23 0.28 0.98 0.830 0.963 

GAPDH 17.08 ± 0.13 (8) 17.05 ± 0.12 (8) -0.35 0.40 0.98 0.892 

TMEM18 

  

B2M 8.18 ± 0.04 (8) 8.27 ± 0.05 (8) -0.23 0.05 1.06 0.191 0.381 

GAPDH 8.98 ± 0.11 (8) 9.06 ± 0.12 (8) -0.43 0.27 1.06 0.645 

KCTD15-1 

  

B2M 9.49 ± 0.17 (8) 9.83 ± 0.08 (8) -0.73 0.06 1.27 0.094 0.003 

GAPDH 10.21 ± 0.10 (8) 10.62 ± 0.05 (8) -0.66 -0.16 1.33 0.003 

KCTD15-2 

  

B2M 10.79 ± 0.13 (8) 10.98 ± 0.19 (8) -0.69 0.30 1.14 0.410 0.225 

GAPDH 11.50 ± 0.08 (8) 11.80 ± 0.18 (8) -0.72 0.12 1.23 0.143 

PPARG-2 

  

B2M 6.68 ± 0.11 (8) 6.72 ± 0.13 (8) -0.40 0.32 1.03 0.816 0.424 

GAPDH 7.39 ± 0.06 (8) 7.54 ± 0.09 (8) -0.37 0.08 1.10 0.194 

 
a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
f Levene’s Test for equality of variances, equal variances not assumed, df= 10.09 

 Underlined p-values calculated using Mann-Whitney U Test 
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Table 5.4 The mRNA expression of obesity-related genes in U937 cells treated with 15 ng/ml risperidone for 96 hours  

Gene  HKG a CASE 

Mean ± SE b (n) 

CONTROL 

Mean ± SE b (n) 

95% CI c  Fold change d P-value Combined P-value e 

Lower Upper 

GNPDA2 

  

B2M 8.87 ± 0.07 (8) 8.84 ± 0.04 (8) -0.14 0.21 0.97 0.647 0.520 

GAPDH 9.47 ± 0.06 (8) 9.58 ± 0.05 (8) -0.27 0.04 1.09 0.129 

LPL 

  

B2M 11.30 ± 0.13 (8) 11.21 ± 0.05 (8) -0.22 0.39 0.94 0.558 1.000 

GAPDH 11.88 ± 0.13 (8) 11.96 ± 0.04 (8) -0.37 0.21 1.06 0.554 

MC4R 

  

B2M 15.07 ± 0.28 (8) 15.04 ± 0.30 (8) -0.86 0.92 0.98 0.940 0.988 

GAPDH 15.67 ± 0.31 (8) 15.79 ± 0.32 (8) -1.07 0.84 1.08 0.798 

MTCH2 

  

B2M 5.28 ± 0.10 (8) 5.18 ± 0.07 (8) -0.15 0.35 0.93 0.412 0.925 

GAPDH 5.89 ± 0.08 (8) 5.94 ± 0.07 (8) -0.27 0.17 1.03 0.646 

NEGR1 

  

B2M 7.10 ± 0.09 (8) 7.03 ± 0.08 (8) -0.19 0.33 0.96 0.567 0.998 

GAPDH 7.71 ± 0.06 (8) 7.78 ± 0.10 (8) -0.33 0.18 1.06 0.531 

PPARG-1 

  

B2M 15.79 ± 0.11 (8) 15.53 ± 0.14 (8) -0.12 0.63 0.84 0.328 0.577 

GAPDH 16.37 ± 0.08 (8) 16.28 ± 0.13 (8) -0.25 0.42 0.94 0.721 

TMEM18 

  

B2M 7.87 ± 0.04 (8) 7.90 ± 0.04 (8) -0.16 0.10 1.02 0.609 0.132 

GAPDH 8.47 ± 0.06 (8) 8.65 ± 0.06 (8) -0.35 -0.002 1.13 0.048 

KCTD15-1 

  

B2M 9.10 ± 0.10 (8) 9.28 ± 0.10 (8) -0.49 0.12 1.14 0.219 0.017 

GAPDH 9.71 ± 0.10 (8) 10.14 ± 0.10 (8) -0.74 -0.11 1.35 0.011 

KCTD15-2 

  

B2M 11.73 ± 0.12 (8) 11.39 ± 0.10 (8) -0.002 0.67 0.79 0.130 0.316 

GAPDH 12.34 ± 0.13 (8) 12.25 ± 0.11 (8) -0.27 0.46 0.94 0.721 

PPARG-2 

  

B2M 6.17 ± 0.13 (8) 5.97 ± 0.10 (8) -0.16 0.55 0.87 0.279 0.960 

GAPDH 6.78 ± 0.14 (8) 6.83 ± 0.10 (8) -0.41 0.31 1.04 0.382 

 
a Housekeeping genes (HKG):  B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 

 Underlined p-values calculated using Mann-Whitney U Test 
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Figure 5.2 - Graph illustrating the fold change of obesity-related genes after 96-hour 

treatment with either 15 ng/ml or 50 ng/ml risperidone. The expression of obesity-related 

genes was normalised using housekeeping genes (A) B2M and (B) GAPDH.  
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5.4 Discussion 

 

5.4.1 Summary of results 

Two concentrations of olanzapine were found to significantly alter the mRNA expression of 

obesity-related genes compared to untreated controls after 96 hours of treatment. Risperidone 

was also tested at two concentrations to determine its effect on mRNA expression: the 

experiment using the upper concentration of risperidone (50 ng/ml) demonstrated that the 

combined expression of the three isoforms of KCTD15 mRNA was increased in drug-treated 

cells compared to untreated controls. No significant change in mRNA expression was found 

after treatment with 15 ng/ml risperidone in any obesity-related genes. 

 

5.4.2 The effect of olanzapine treatment on the mRNA expression of obesity-related 

genes 

To identify how changes in mRNA expression of the obesity-associated genes could promote 

the high levels of weight gain observed in patients on olanzapine treatment, it is important to 

understand the biological role of the genes targeted. As outlined in section 4.4.2.1, GNDPA2 

is an enzyme that catalyses the reversible deamination of D-glucosamine-6-phosphate into 

ammonium and D-fructose-6-phosphate (Comb and Roseman, 1958) within the HSP 

(Wolosker et al., 1998). Given that the role that GNPDA2 plays in the development of 

obesity, the importance of changes in its expression can only be the subject of speculation. 

Increased mRNA expression of GNPDA2 could promote weight gain by increasing adipose 

tissue mass. This could occur because increased GNPDA2 mRNA expression could promote 

an increased amount of glucose entering the glycolysis pathway instead of the HSP. The 

increased end-product of glycolysis (pyruvate) can be used to fuel fatty acid synthesis and 

ultimately promote lipogenesis and an increase in adipose tissue mass. Increased adipose 

tissue mass could also occur if glycolysis was inhibited due to sufficient ATP concentrations 

to affect negative feedback on the process. In this event, glucose would instead be used in 

glycogen synthesis, and as glycogen stores are limited once they are full, the excess glucose 

would be used in fatty acid synthesis.  

 

LPL is an enzyme that plays a role in the transport and metabolism of lipids (Wang and Eckel, 

2009). LPL enzymatically hydrolyses the core of circulating triglyceride-rich lipoproteins, 

chylomicrons and very-low density lipoproteins (Wang and Eckel, 2009). After treatment 

with 40 ng/ml of olanzapine, LPL mRNA expression was increased compared to untreated 

controls. As outlined in section 4.4.2.1 of Chapter 4, increased LPL expression was proposed 

to enhance the lipid accumulation within adipose tissue macrophages and to promote the 
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adhesion of monocytes to aortic endothelial cells which was thought to be important during 

the development of atherosclerosis.  

 

PPAR- is a nuclear receptor highly expressed in adipose tissue, where it plays a central role 

in the regulation of fatty acid storage and glucose metabolism (Tontonoz et al., 1994b, 

Lehmann et al., 1995). PPAR- activation has been shown to limit inflammation (Ricote et al., 

1998) and in Pparg knockout mouse models, Pparg isoform 2 depletion was shown to 

dramatically diminish white adipose tissue mass, due to diminished adipocyte differentiation 

(Zhang et al., 2004). Expression of all mRNA isoforms (PPARG-2) and the longest isoform 

(PPARG-1) were shown to have increased expression after treatment with olanzapine. As 

outlined in section 4.4.2.1 of Chapter 4, PPAR-has been demonstrated to be involved in 

macrophage infiltration into the adipose tissue (Guri et al., 2008). However, increased 

PPARG mRNA expression was thought to have little effect on obesity development, as the 

levels of agonist would determine the changes in gene expression promoted by activation of 

PPAR-. Interestingly, in 3T3 pre-adipocytes, olanzapine has been shown to promote up-

regulation of  the SREBP 1 expression (Yang et al., 2007), suggesting that if both SREBP 1 

and PPARG expression were increased by olanzapine treatment, the level of macrophage 

infiltration into white adipose tissue would be decreased and this could be protective of the 

inflammation associated with obesity. 

 

Agonists of PPAR-were shown to increase the expression of adipocyte fatty acid binding 

protein (aP2) in the monocyte-like cell line THP-1 (Pelton et al., 1999), which is involved in 

adipogenesis through the intracellular transport and metabolism of fatty acids (Binas et al., 

1999, Storch and Thumser, 2000). PPAR- plays a role in adipocyte differentiation (Shao and 

Lazar, 1997) and has been demonstrated to influence the mRNA expression of a gene 

involved in adipogenesis in a monocyte-like cell line (Pelton et al., 1999). It may also be able 

to alter the expression of other genes involved in adipocyte differentiation process. This is an 

interesting topic as MTCH2, NEGR1 and TMEM18 were all indicated to have a role in 

adipocyte differentiation (Bernhard et al., 2013) and their mRNA expression was increased 

after treatment with olanzapine. 

 

SREBP 1 has been shown to stimulate the expression of many lipogenic genes (Shimano et 

al., 1996, Yahagi et al., 1999, Horton et al., 2003) as well as the expression of PPARG (Yang 

et al., 2007) and LPL (Kim and Spiegelman, 1996). In light of the experiments conducted in 

this Chapter which demonstrated the increased expression of PPARG and LPL, it is 

hypothesised that treatment with olanzapine could up-regulate SREBP 1 expression, which 
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may in turn increase the mRNA expression of both PPARG and LPL. MTCH2, NEGR1 and 

TMEM18 are all thought to play a role in adipocyte differentiation (Bernhard et al., 2013); as 

PPAR- has been shown to control function of other genes involved in adipocyte 

differentiation (Tontonoz et al., 1994a, Hummasti et al., 2008), PPAR- may be able to 

promote the increased expression of these genes in the olanzapine treatment experiments. 

Furthermore, as SREBP 1 stimulates the genes involved in fatty acid synthesis, this may 

explain the reason for developing dyslipidaemia observed in patients on olanzapine treatment 

(Osser et al., 1999). Although these experiments were conducted in U937 cells, a monocyte-

like cell line, a previous study demonstrated that an agonist of PPARG increased the 

expression of a gene involved in adipogenesis in a monocyte-like cell line (Pelton et al., 

1999). If diverse cell types such as monocytes and adipocytes could share a common response 

to increased PPAR-expression promoted by olanzapine treatment, the results of this study 

could be used to interpret what is happening in adipose tissue during olanzapine treatment. 

Moreover, if these results could be used by proxy to determine the effect on adipose tissue, it 

would suggest that the altered mRNA expression of PPARG and LPL by olanzapine treatment 

might be mediated through SREBP 1, and that PPAR- a master regulator of adipocyte 

differentiation, could in turn increase the mRNA expression of MTCH2, NEGR1 and 

TMEM18 and facilitate an increased rate of adipocyte differentiation, leading to the 

expansion of adipose tissue and ultimately weight gain. 

 

MTCH2, a member of the mitochondrial carrier protein family, is localised to the inner 

mitochondrial membrane (Palmieri, 2008), and plays a role in the early stages of 

mitochondrial outer membrane permeabilisation, a process central to apoptotic cell death 

(Zaltsman et al., 2010). As mentioned above, the mRNA expression of MTCH2 was 

significantly altered by olanzapine treatment. Although MTCH2 has been identified by GWA 

studies as a candidate gene for obesity risk (Thorleifsson et al., 2009, Willer et al., 2009), 

little is known about the mechanism involved in enhancing susceptibility to obesity, although 

recent evidence supports a role of MTCH2 in adipogenesis.  

 

MTCH2 has also been demonstrated to be highly expressed in the white adipose tissue and 

adipocytes of obese women (Kulyté et al., 2011). A recent study indicated that MTCH2 was 

up-regulated during adipogenesis and that knockdown of MTCH2 inhibited adipocyte 

maturation (Bernhard et al., 2013). In the same study, MCTH2 expression was shown to be 

induced in mature adipocytes by insulin (1.72-fold) compared to pre-adipocytes (Bernhard et 

al., 2013). Mtch2 has also been shown to be up-regulated in the adipose tissue of rats fed with 
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a high-fat diet (Gutierrez-Aguilar et al., 2012). Taken together, this is strong evidence that 

MTCH2 plays a role in adipocyte differentiation.  

 

TMEM18 is a poorly characterised transmembrane protein that is expressed in the 

hypothalamus, an area of the brain responsible for energy homeostasis (Almén et al., 2010). 

TMEM18 is proposed to enhance the migration of neural stem cells for gliomas (Jurvansuu et 

al., 2008) and the variants in TMEM18 have been identified to be associated with obesity by a 

number of genetic studies (Rask-Andersen et al., 2012, Rouskas et al., 2012, Wang et al., 

2012a).  

 

TMEM18 levels in subcutaneous adipose tissue have been demonstrated to be negatively 

correlated with variables of body mass such as weight, BMI and waist hip circumference; 

TMEM18 expression is also decreased in the adipose tissue of obese patients and in vitro 

studies show that TMEM18 expression can be suppressed by insulin (Bernhard et al., 2013). 

Obesity is associated with insulin resistance and can result in hyperinsulinemia (Erdmann et 

al., 2009). As insulin has been demonstrated to decrease TMEM18 expression, a decrease in 

TMEM18 expression in obese patients is understandable. The strongest evidence for 

TMEM18 function in adipogenesis suggests that the suppression of TMEM18 can inhibit 

adipocyte differentiation (Bernhard et al., 2013). 

 

NEGR1 is a cell adhesion molecule highly expressed in the brain, particularly in the 

hypothalamus (Miyata et al., 2000, Lee et al., 2012), and it is thought to play a role in neural 

plasticity and synaptic remodelling (Hashimoto et al., 2008). The expression of the NEGR1 

gene has been shown to be altered by nutritional state (Boender et al., 2012). Negr1 deficient 

mice display reduced food intake and a steady reduction in body mass, demonstrating that 

NEGR1 has a role in body weight control (Lee et al., 2012).  Genome-wide transcript analysis 

in subcutaneous adipose tissue (SAT) found that cellular adhesion molecules (CAM) were 

differentially expressed between lean and obese siblings, and a group of genes were identified 

to be associated with the obese state (Walley et al., 2012). NEGR1 was the most highly 

connected gene identified with the CAM group associated with obesity, leading to it being 

described as being a ‘central hub’ in an obesity related transcript network within SAT (Walley 

et al., 2012). NEGR1 has also been shown to play a role in adipogenesis as knockdown of 

NEGR1 was demonstrated to significantly reduce adipocyte maturation (Bernhard et al., 

2013). Like TMEM18, NEGR1 expression has been shown to be reduced in vitro in response 

to insulin (Bernhard et al., 2013). As explained in the TMEM18 section, patients with obesity 

can have high levels of insulin which could decrease NEGR1 expression, explaining why 
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NEGR1 expression was shown to be decreased in the adipose tissue of obese subjects 

compared to non-obese subjects (Bernhard et al., 2013).  

 

Treatment with both concentrations of olanzapine was shown to significantly increase the 

mRNA expression of MC4R. As outlined in Chapter 4, MC4R plays a vital role in appetite 

control within the POMC pathway in the hypothalamus (Walley et al., 2009), whilst increased 

MC4R activity has been demonstrated to activate its downstream mediator, which stimulates 

anorexigenic signals and decreases nutrient intake (Xu et al., 2003, Caruso et al., 2012).  

 

However, MC4R mRNA has been detected in monocytes (BioGPS, 2014) and as described in 

section 4.4.2.2, the melanocortin 4 receptor is thought to play a role in protecting against 

inflammation and is connected to insulin signalling through the JNK signalling pathway (Chai 

et al., 2009, Breit et al., 2011). JNK activation can stimulate the phosphorylation of the 

insulin receptor substrate, which inhibits its interaction with the insulin receptor and promote 

insulin resistance (Aguirre et al., 2000). The melanocortin 4 receptor is thought to play a 

protective role against JNK insulin resistance as JNK activity was shown to be inhibited by an 

agonist of MC4R in a dose-dependent manner (Chai et al., 2009).  

 

Increased MC4R expression promoted by olanzapine treatment could increase the number of 

melanocortin 4 receptors on target cells in the periphery; however, the receptors are usually 

already in excess and any changes in signalling would be dependent on the level of a MC4R 

agonist. The MC4R agonist α-MSH has been shown to be expressed by monocyte-like cells 

(THP-1) in response to TNFα (Rajora et al., 1996). Treatment with olanzapine has 

demonstrated to promote TNFα expression in the adipose tissue (Victoriano et al., 2010) and 

patient’s plasma TNFα levels have been shown to increase in response to olanzapine 

treatment (Kluge et al., 2009). It is therefore possible that increased TNFα promoted by 

olanzapine treatment can increase the levels of α-MSH, which in association with increased 

expression of the melanocortin 4 receptor, could protect against inflammation and insulin 

resistance.  

 

Finally, KCTD15 also showed significantly altered mRNA expression compared to untreated 

controls after 96 hours of treatment with 150 ng/ml and 40 ng/ml of olanzapine, respectively. 

There are three isoforms of KCTD15 mRNA identified to date in humans, including 

sequences NM_024076, NM_001129994 and NM_001129995. Two sets of primer pairs were 

designed for qPCR amplification: pair KCTD15-1 to detect all three isoforms and pair 

KCTD15-2 to detect the longest transcript from the KCTD15 gene, NM_024076. Both the 
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combination of the three mRNA isoforms (KCTD15-1) and the longest transcript (KCTD15-

2) showed increased mRNA expression compared to untreated controls after 96 hours 

treatment with both concentrations of olanzapine. KCTD15 is a member of the voltage-gated 

potassium channel family and characterised as a BTB (BR-C, ttk and bab) domain containing 

protein of unknown function in humans (Dutta and Dawid, 2010). Genetic studies showed 

that the KCTD15 gene was strongly associated with obesity (Thorleifsson et al., 2009, Willer 

et al., 2009).  

 

KCTD15 expression has been demonstrated to be dependent on nutrition; a recent study 

conducted in rodent models reported that Kctd15 gene expression was up-regulated in the 

hypothalamus (2.1 fold) and in adipose tissue (5-fold) during a fed state compared to fasted 

animals (Yoganathan et al., 2012). Moreover, this study (Yoganathan et al., 2012) and another 

one (Gutierrez-Aguilar et al., 2012) also reported decreased mRNA expression of Kctd15 in 

the hypothalamus and adipose tissue when animals were fed on a high fat diet (HFD). The 

rats fed on the HFD were shown at the end of the study to reduce food intake, but the authors 

thought that this was due to an adiposity signal such as leptin (Yoganathan et al., 2012). It is 

possible that a decrease in Kctd15 expression in the rat model of a HFD could be a 

downstream response to a satiety signal or part of the signalling pathway that triggers the 

satiety signal. 

 

Evidently KCTD15 plays a role in energy balance as it is up-regulated by feeding and down-

regulated by a HFD. As this is the first time to investigate this gene with this cell type, it 

would be interesting to see if the results from this study in U937 cells were comparable to 

either a CNS or adipocyte cell line, as changes in Kctd15 expression from a HFD were 

induced in both the hypothalamus and adipose tissue of rodents. If the results were 

comparable, it would demonstrate that KCTD15 expression could be altered independent of 

nutrient intake. The effect that this would have on olanzapine-induced weight gain remains 

unknown; it is possible that an increase in KCTD15 expression would counteract the decrease 

in expression usually stimulated by a HFD. If KCTD15 was involved in satiety signalling, this 

could be disrupted by olanzapine treatment, and as a result, the intake of food would not be 

reduced as normal and weight gain would ensue. To reach a conclusion on this matter, an 

animal model with dietary inventions needs to be examined to determine the effect of 

olanzapine treatment on KCTD15 expression and weight gain.  
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5.4.3 Risperidone results 

Risperidone, like other SGAs, has a propensity to produce off-target metabolic effects in 

tandem with its antipsychotic action. The results of this study demonstrated that the 

expression of all three mRNA isoforms of KCTD15 was increased after treatment with 50 

ng/ml of risperidone for 96 hours. It is worth noting that only KCTD15 mRNA expression 

was altered by risperidone treatment because risperidone is known to promote weight gain at 

a lower level than clozapine and olanzapine (Allison et al., 1999a). The mRNA expression of 

the other obesity-related genes was not significantly altered after treatment with either 50 

ng/ml risperidone or 15 ng/ml risperidone. Both clozapine and olanzapine are well known to 

cause high levels of weight gain in patients with schizophrenia, and the experiments 

conducted in Chapters 3 and 4 showed that the treatment with these two antipsychotic drugs 

might lead to a significant increase in the transcription of multiple genes associated with 

obesity. The results from the risperidone treated samples support the clinical observation that 

risperidone has less effect on obesity development than that of clozapine and olanzapine, in 

which its effect was seen only in one of the eight obesity-related genes tested. The limited 

effect of risperidone on weight gain can possibly be due to the lack of promoting an increase 

in nutrient intake like olanzapine and clozapine, as it does not affect the mRNA expression of 

obesity-related genes or a combination of both.  

 

5.4.4 Implications of this study 

The results from the experiments outlined in this Chapter have broadened the understanding 

of how olanzapine may promote weight gain. Prior to these studies, it had been thought that 

weight gain in patients on clozapine and olanzapine medication was due to increased nutrient 

intake and decreased energy expenditure. There is now new evidence showing that both 

clozapine and olanzapine can promote significant changes in the mRNA expression of 

obesity-related genes in a monocyte-like cell line, which may play a role in weight gain as 

well.  

 

Olanzapine is a very effective and widely used drug for the treatment of schizophrenia. Based 

on a number of significant changes in expression of obesity-related genes after treatment with 

olanzapine, it may be very difficult to develop a powerful measure for reduction of the risk of 

weight gain seen in patients on these medications. New medications that can offer the 

therapeutic efficacy seen in olanzapine combined with fewer propensities to promote weight 

gain will be the goal post for future drug design.  
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5.4.5 Future studies 

Future experiments should attempt to elucidate the mechanism by which clozapine and 

olanzapine can promote changes in expression of obesity-related genes. 5-HT is of particular 

interest because it plays roles in energy expenditure and food intake (Yadav et al., 2009, Lam 

et al., 2010), and both clozapine and olanzapine are antagonists at many 5-HT receptors 

(Kahn et al., 1993, Bymaster et al., 1999). Future studies would be used to examine if 

treatment with clozapine could promote the changes in the mRNA expression of obesity-

related genes through the 5-HT pathway. This could be investigated by determining the effect 

of 5-HT on obesity-related gene expression as well as by examining the effect of clozapine 

treatment on the secondary messengers of the 5-HT pathway including the phospholipase C 

(PLC) signalling pathway (de Chaffoy de Courcelles et al., 1985) and the cAMP pathway 

(Hoyer et al., 2002). Chapter 6 will therefore focus on investigating whether clozapine can 

promote changes in obesity-related gene expression through the 5-HT pathway. 

 

 

5.4.6 Concluding remarks  

The present results have shown that olanzapine, like clozapine, can alter the mRNA 

expression of most of the obesity-related genes studied. The experiments on risperidone show 

that it has a limited effect on alteration of the mRNA expression of obesity-related genes.  
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6.1 Introduction 

 

6.1.1 Study rationale  

Previous work described in Chapters 4 and 5 of this thesis demonstrated that treatment with 

specific concentrations of clozapine and olanzapine could alter the expression of certain 

obesity-related genes in drug-treated cells compared to vehicle-treated cells. However, 

risperidone treatment showed a limited effect on the expression of the obesity related genes 

whereas treatment with haloperidol failed to show such an effect. The mechanism by which 

clozapine and olanzapine may influence the expression of the obesity-related genes remains 

unknown. In this study therefore, the experiments were designed to determine if clozapine 

could alter the expression of the obesity-related genes through the 5-HT signalling pathway.  

 

6.1.2 5-HT and obesity 

5-HT is of particular interest in obesity research as it has a role in energy balancing through 

its effects on both food intake and energy expenditure (Yadav et al., 2009, Lam et al., 2010). 

In the nervous system, 5-HT functions via G-protein coupled receptors (GPCR) that mediate 

both inhibitory and excitatory neurotransmission through secondary messengers (Lodish et 

al., 2000). 5-HT is involved in various physiological processes such as sleep, hormone 

secretion and appetite, and abnormalities of the 5-HT system have been found to be 

associated with obesity (Erritzoe et al., 2009, Vimaleswaran et al., 2010, Haahr et al., 2012, 

Hesse et al., 2014). Breisch and colleagues (1976) were the first to identify a role of 5-HT in 

energy homeostasis on account of an inverse relationship between 5-HT levels in the brain 

and food intake;  5-HT depletion in this model resulted in hyperphagia (Breisch et al., 1976). 

It is now known that in humans, hyperphagia and obesity can be promoted by a depletion of 

brain 5-HT, whereas 5-HT agonists and 5-HT itself have been shown to reduce energy intake, 

enhance energy expenditure and decrease body weight (Lam and Heisler, 2007). 5-HT is 

particularly important in some areas of the brain, which are responsible for energy balance 

such as the PVH and the ARC nucleus (Kiss et al., 1984, Petrov et al., 1992, King, 2006); a 

study reported that decreased food intake could be promoted by the direct infusion of 5-HT 

into the PVH (Leibowitz, 1986).  

 

6.1.3 5-HT receptor classes 

5-HT is found primarily in the gastro-intestinal tract (Feldberg and Toh, 1953), platelets 

(Vanhoutte, 1991) and the CNS (Twarog and Page, 1953). As a neurotransmitter in the CNS, 

5-HT elicits its effects through membrane-bound receptors which are found in neuronal 

tissues (both the central and peripheral nervous systems), cardiovascular system, gastro-
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intestinal tract and white blood cells (Hoyer et al., 2002). Except for the 5-HT3 receptor, 

which is a ligand gated ion channel, the remaining six classes of 5-HT receptors are GPCR 

and they have been further classified into subfamilies as listed in Table 6.1 (Hannon and 

Hoyer, 2008).   

 

Table 6.1 5-HT receptor classes and secondary messengers 

5-HT family Receptor subclasses Secondary messenger 

5-HT1 A, B, D, e & F  cAMP 

5-HT2 A, B & C  PLC  

5-HT3 - Ligand gated ion channel 

5-HT4 -  cAMP 

5-HT5 A & B  cAMP 

5-HT6 -  cAMP 

5-HT7 -  cAMP 

 

The 5-HT-mediated GPCR can activate intracellular secondary messenger cascades to 

produce excitatory or inhibitory neurotransmission. The secondary messenger mediated by 

most the 5-HT receptors (5-HT1, 5HT4 – 5HT7) is cAMP (Hoyer et al., 2002), whilst the 5-

HT2 family is slightly different and the PLC signalling system serves as a second messenger 

for the 5-HT2 family (de Chaffoy de Courcelles et al., 1985).   

 

6.1.4 Rationale for hypothesis  

As shown in Chapter 4 of this thesis, the expression of some obesity-related genes is altered 

in U937 cells treated with 0.25 µg/ml clozapine for 96 hours. The expression of three obesity-

related genes (GNPDA2, LPL and the longest isoform of PPARG mRNA [NM_015869]) 

were shown to have significantly altered expression after 96-hour treatment with 0.25 µg/ml 

clozapine (Table 4.3). The mechanism behind how clozapine promotes changes in the 

expression of the obesity-related genes is unknown, but it was hypothesised that clozapine 

may promote these changes through activation of the 5-HT pathway. This hypothesis is based 

on the fact that agonists at the 5-HT2c receptor have been shown to decrease appetite (Halford 

and Harrold, 2012) and increase energy expenditure (Hayashi et al., 2004). To investigate this 

hypothesis, different concentrations of 5-HT were examined in this study to determine 

whether they could promote any changes in expression of the obesity-related genes. As U937 

cells have the characteristics similar to monocytes that can express some subtypes of 5-HT 

receptors (Dürk et al., 2005), they were deemed as an appropriate cell line to study the effects 

of 5-HT on expression of the selected gene panel. 
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To determine whether clozapine alters expression of the obesity-related genes through the 5-

HT signalling pathway, both the cAMP system and downstream mediator of the PLC 

signalling system, IP1, were measured after treatment with clozapine.  

 

6.1.5 Hypotheses 

 

1. 5-HT can promote changes in the expression of obesity-related genes.  

 

2. Clozapine can stimulate the second messengers of the 5-HT signalling pathway in 

developing drug-induced obesity. 
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6.2 Study design 

 

6.2.1.1 Study one – 5-HT and obesity-related gene expression 

The first set of experiments was designed to determine if 5-HT could alter the expression of 

the obesity-related genes as described in Chapter 4. The genes of interest were selected 

because they had previously been shown to have significantly altered expression levels after 

treatment with 0.25 µg/ml clozapine.  

 

The detailed method can be found in section 2.2.8 of this thesis. Briefly, U937 cells were 

seeded at 0.5x106 cells/ml in 3 ml of medium containing relevant doses of the drugs and 

cultured over 96 hours (n=10 for each concentration). After 48 hours of culture, the medium 

containing drug/vehicle was refreshed with the amount adjusted to reflect for the expansion of 

the cells. At 96 hours, the experiment stopped and the mRNA from cultured cells was 

extracted using an IllustraTM Quickprep Micro mRNA Purification Kit as detailed in the 

manufacturer’s instructions. The mRNA concentration of each sample was measured by 

Nanodrop and eight samples that had the mRNA concentrations of 20 ng-40 ng/µl were 

chosen to be converted into cDNA using High-capacity cDNA Reverse Transcription kit for 

storage and gene expression analysis. The methods of mRNA extraction and cDNA 

conversion have been detailed in sections 2.2.9.3 and 2.2.9.4. All primers used for mRNA 

expression analysis were designed as outlined in section 2.2.9.5.1 of this thesis. 

 

Four experiments of study one were designed to determine the effect of 5-HT on expression 

of the selected genes using different concentrations of 5-HT along with 0.25 µg/ml clozapine 

and vehicle control. The first experiment was to compare the difference in gene expression 

between samples treated with 0.25 µg/ml clozapine (0.8 µmol), 0.165 µg/ml 5-HT (0.8 µmol) 

or DMSO vehicle control for 96 hours. The second experiment was to compare the difference 

in gene expression between samples treated with 0.25 µg/ml clozapine (0.8 µmol), 0.165 

µg/ml 5-HT (0.8 µmol) or 0.33 µg/ml 5-HT for 96 hours. The third experiment was to 

compare the difference in gene expression between samples treated with 0.165 µg/ml 5-HT, 

0.33 µg/ml 5-HT and DMSO vehicle control for 96 hours. Finally, the forth experiment was 

to compare the difference in gene expression between samples treated with 82.5 ng/ml 5-HT, 

55 ng/ml 5-HT and DMSO vehicle control for 96 hours.  

 

6.2.1.2 Study two – Clozapine treatment and the cAMP and PLC signalling systems 

The experiments of study two were designed to determine whether clozapine and 5-HT had 

any effect on activation of the cAMP-mediated signalling system in U937 cells. This was 
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achieved by examining cAMP levels after 30 minutes of drug treatment. As cAMP can be 

degraded quickly, IBMX, a non-selective phosphodiesterase inhibitor (Geisbuhler et al., 

2002), was used to stop the degradation of intracellular cAMP. 10 µM forskolin was used as a 

positive control to increase cAMP levels (Laurenza et al., 1989). Cells were therefore pre-

treated with 0.5 mM IBMX and split into four groups, each composed of nine samples. Cells 

were then treated with 0.25 µg/ml clozapine, 0.25 µg/ml clozapine combined with 0.165 

µg/ml 5-HT, 0.165 µg/ml 5-HT or DMSO vehicle control respectively for 30 minutes. The 

ELISA was then performed as detailed in section 2.3.1 according to manufacturer’s 

instructions (Cell Signalling Technology) to determine cAMP concentrations in each 

treatment group.  

 

The final experiment of study two was designed to determine whether either clozapine or 5-

HT had an effect on the IP3 signalling pathway. IP3 itself is too labile to measure, so that a 

downstream metabolite of IP3 (IP1) was used as a proxy for IP3 concentrations. IP1 is 

stabilised in cells after treatment with LiCl, whereby it can accumulate after activation from 

upstream signals. All the samples were pre-treated for 30 minutes with a LiCl stimulation 

buffer provided by the ELISA kit manufacturer (Cisbio Assays) and then split into 5 groups: 

one treated for 1 hour with 0.25 µg/ml clozapine only, one with 0.25 µg/ml clozapine plus 

0.165 µg/ml 5-HT, one with 0.165 µg/ml 5-HT only, one with a positive control – 1 µM 

platelet activating factor (PAF) and lastly, one with DMSO vehicle control. The positive 

control (PAF) increases IP3 levels through activation of the PAF receptor (Hwang et al., 1983, 

Abebe et al., 1996). The ELISA was then performed as detailed in section 2.3.2 according to 

the manufacturer’s instructions to determine the IP1 concentration in each treatment group.  

 

6.2.2 Data analysis 

The gene expression data were analysed using the ΔΔCt method and fold-change (formula 

shown in section 2.2.9.5.5) was used to represent the relative quantity of mRNA expression in 

drug-treated and vehicle-treated cells. The gene expression data were presented as mean ± 

standard error (SE) in the HKG-normalized ΔCt values, with the calculation of 95% 

confidence interval (CI). Two HKGs, B2M and GAPDH, were used to compensate for any 

variation introduced during testing stages. The concentrations of cAMP and IP1 were 

ascertained using a standard curve read by a microplate reader as detailed by the 

manufacturer.  

 

All data were tested for normal distribution using a Komogorov-Smirnoff test. Statistical 

significance in data which showed normal distribution was examined using ANOVA with a 
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Bonferroni post-hoc test; statistical significance in data that showed abnormal distribution 

was assessed using the non-parametric Kruskal-Wallis one-way analysis of variance and the 

resulting p-values were underlined in the individual tables of results. The results were 

considered to be statistically significant when P<0.05. 
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6.3 Results 

 

6.3.1 Study one - 5-HT can promote changes in the expression of obesity-related genes 

 

6.3.1.1 Gene expression in U937 cells treated with 0.25g/ml clozapine, combined 0.25g/ml 

clozapine and 0.165 µg/ml 5-HT and DMSO for 96 hours 

The mRNA expression of GNPDA2 was significantly increased (average fold change of ~ 

1.4) after 96 hours of treatment with 0.25 µg/ml clozapine compared either to the vehicle 

control (P=0.0007) or to 0.25 µg/ml clozapine plus 0.165 µg/ml 5-HT (P=0.0049). The 

mRNA expression of LPL was also significantly increased (average fold change of ~ 2) after 

96 hours of treatment with 0.25 µg/ml clozapine compared to vehicle control (P=0.0001). No 

other treatments significantly altered the expression of obesity-related genes in the selected 

panel (Table 6.2, Fig 6.1). 

 

6.3.1.2 Gene expression in U937 cells treated with 0.25 µg/ml clozapine, 0.165 µg/ml and 

0.33 µg/ml 5-HT for 96 hours 

The mRNA expression of GNPDA2 was significantly increased (average fold change of ~ 

1.3) after 96 hours of treatment with 0.25 µg/ml clozapine (P=0.0004) and 0.165 µg/ml 5-HT 

(P=0.0335) compared to treatment with 0.33 µg/ml 5-HT. No other treatments significantly 

altered the expression of the obesity-related genes (Table 6.3, Fig 6.2). 

 

6.3.1.3 Gene expression in U937 cells treated with 0.165 µg/ml and 0.33 µg/ml 5-HT for 

96 hours 

The mRNA expression of GNPDA2 was significantly increased (average fold change of ~ 

1.6) after treatment with 0.165 µg/ml 5-HT compared to treatment with either 0.33 µg/ml 5-

HT (P=0.0009) or DMSO vehicle control (P=0.0015). The mRNA expression of LPL was also 

significantly increased (average fold change of ~ 3) after 96 hours of treatment with 0.165 

µg/ml 5-HT compared to treatment with either 0.33 µg/ml 5-HT (P=0.043) or DMSO vehicle 

control (P=0.0005). No other treatments significantly altered expression of the obesity-related 

genes (Table 6.4, Fig 6.3). 

 

6.3.1.4 Gene expression in U937 cells treated with vehicle control, 0.055 µg/ml and 

0.0825 µg/ml 5-HT over 96 hours 

There was no significant difference in the expression of any of the obesity-related genes in the 

panel between any of the treatment groups tested (Table 6.5, Fig 6.4). 
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Table 6.2 – Analysis of gene expression  in cells treated with 0.25g/ml clozapine, combined 0.25g/ml clozapine/ 0.165 µg/ml 5-HT and DMSO over 96 hours 

GNPDA2 B
2
M

 a
 

Mean ± SE b (n) 

95% 

confidence 

interval c 

p-value F
o
ld

 

ch
a
n

g
e 

d
 

G
A

P
D

H
 a

 

Mean ± SE b (n) 

95% 

confidence 

interval c 

p-value F
o
ld

 

ch
a
n

g
e 

d
 

Combined 

p-value e 

Lower Upper Lower Upper 

0.25g/ml clozapine 1 9.45 ± 0.11 (8) -0.78 -0.25 
0.004 1.43 

1 9.68 ± 0.07 (8) -0.46 -0.12 
0.145 1.22 0.0049 

Combined clozapine & 5-HT 2 9.96 ± 0.06 (8) 2 9.97 ± 0.04 (8) 

0.25g/ml clozapine 1 9.45 ± 0.11 (8) -0.85 -0.16 
0.005 1.42 

1 9.68 ± 0.07 (8) -0.79 -0.09 
0.013 1.36 0.0007 

DMSO vehicle 3 9.95 ± 0.12 (8) 3 10.12 ± 0.15 (8) 

Combined clozapine & 5-HT 2 9.96 ± 0.06 (8) -0.27 0.29 
1.000 0.99 

2 9.97 ± 0.04 (8) -0.49 0.18 
0.854 1.11 0.9890 

DMSO vehicle 3 9.95 ± 0.12 (8) 3 10.12 ± 0.15 (8) 

PPARG (1)  

0.25g/ml clozapine 1 16.24 ± 0.17 (8) -0.89 0.15 
0.297 1.29 

1 16.48 ± 0.10 (8) -0.51 0.24 
1.000 1.10 0.6576 

Combined clozapine & 5-HT 2 16.61 ± 0.17 (8) 2 16.61 ± 0.14 (8) 

0.25g/ml clozapine 1 16.24 ± 0.17 (8) -0.88 -0.03 
0.134 1.37 

1 16.48 ± 0.10 (8) -0.72 -0.06 
0.102 1.31 0.0723 

DMSO vehicle 3 16.70 ± 0.10 (8) 3 16.86 ± 0.11 (8) 

Combined clozapine & 5-HT 2 16.61 ± 0.17 (8) -0.51 0.34 
1.000 1.06 

2 16.61 ± 0.14 (8) -0.64 0.14 
0.473 1.19 0.8271 

DMSO 3 16.70 ± 0.10 (8) 3 16.86 ± 0.11 (8) 

LPL  

0.25g/ml clozapine 1 9.29 ± 0.19 (8) -1.27 0.02 
0.083 1.54 

1 9.81 ± 0.18 (8) -1.02 0.18 
0.330 1.33 0.1259 

Combined clozapine & 5-HT 2 9.92 ± 0.23 (8) 2 10.23 ± 0.22 (8) 

0.25g/ml clozapine 1 9.29 ± 0.19 (8) -1.52 -0.55 
0.002 2.05 

1 9.81 ± 0.18 (8) -1.40 -0.47 
0.003 1.91 0.0001 

DMSO vehicle 3 10.33 ± 0.12 (8) 3 10.75 ± 0.12 (8) 

Combined clozapine & 5-HT 2 9.92 ± 0.23 (8) -0.97 0.15 
0.415 1.33 

2 10.23 ± 0.22 (8) -1.05 0.01 
0.147 1.43 0.2317 

DMSO vehicle 3 10.33 ± 0.12 (8) 3 10.75 ± 0.12 (8) 
a B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase (Housekeeping genes) 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
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Table 6.3 – Analysis of gene expression in U937 cells treated with 0.25 µg/ml clozapine, 0.165 µg/ml and 0.33 µg/ml 5-HT over 96 hours 

GNPDA2 B
2
M

 a
 

Mean ± SE b (n) 

95% 

confidence 

interval c 

p-value F
o
ld

 

ch
a
n

g
e 

d
 

G
A

P
D

H
 a

 

Mean ± SE b (n) 

95% 

confidence 

interval c 

p-value F
o
ld

 

ch
a
n

g
e 

d
 

Combined 

p-value e 
Lower Upper Lower Upper 

0.25 µg/ml clozapine 1 9.22 ± 0.11 (8) -0.41 0.16 
1.000 1.09 

1 9.48 ± 0.06 (8) -0.43 -0.02 
0.125 1.17 0.3849 

0.165 µg/ml 5-HT 2 9.34 ± 0.08 (8) 2 9.71 ± 0.08 (8) 

0.25 µg/ml clozapine 1 9.22 ± 0.11 (8) -0.65 -0.06 
0.035 1.28 

1 9.48 ± 0.06 (8) -0.76 -0.32 
0.001 1.45 0.0004 

0.33 µg/ml 5-HT 3 9.57 ± 0.09 (8) 3 10.02 ± 0.09 (8) 

0.165 µg/ml 5-HT 2 9.34 ± 0.08 (8) -0.49 0.02 
0.256 1.18 

2 9.71 ± 0.08 (8) -0.56 -0.07 
0.021 1.24 0.0335 

0.33 µg/ml 5-HT 3 9.57 ± 0.09 (8) 3 10.02 ± 0.09 (8) 

PPARG (1)  

0.25 µg/ml clozapine 1 15.51 ± 0.11 (8) -0.25 0.43 
1.000 0.94 

1 15.78 ± 0.12 (8) -0.34 0.31 
1.000 1.01 1.0000 

0.165 µg/ml 5-HT 2 15.42 ± 0.11 (8) 2 15.79 ± 0.10 (8) 

0.25 µg/ml clozapine 1 15.51 ± 0.11 (8) -0.20 0.44 
1.000 0.92 

1 15.78 ± 0.12 (8) -0.42 0.29 
1.000 1.04 1.0000 

0.33 µg/ml 5-HT 3 15.39 ± 0.10 (8) 3 15.84 ± 0.12 (8) 

0.165 µg/ml 5-HT 2 15.42 ± 0.11 (8) -0.28 0.34 
1.000 0.98 

2 15.79 ± 0.10 (8) -0.38 0.28 
1.000 1.03 1.0000 

0.33 µg/ml 5-HT 3 15.39 ± 0.10 (8) 3 15.84 ± 0.12 (8) 

LPL  

0.25 µg/ml clozapine 1 10.05 ± 0.20 (8) -1.15 0.14 
0.265 1.42 

1 10.59 ± 0.21 (8) -1.17 0.20 
0.426 1.40 0.3507 

0.165 µg/ml 5-HT 2 10.55 ± 0.23 (8) 2 11.07 ± 0.24 (8) 

0.25 µg/ml clozapine 1 10.05 ± 0.20 (8) -0.59 0.53 
1.000 1.02 

1 10.59 ± 0.21 (8) -0.77 0.52 
1.000 1.09 1.0000 

0.33 µg/ml 5-HT 3 10.08 ± 0.17 (8) 3 10.71 ± 0.22 (8) 

0.165 µg/ml 5-HT 2 10.55 ± 0.23 (8) -0.13 1.07 
0.329 0.72 

2 11.07 ± 0.24 (8) -0.34 1.06 
0.803 0.78 0.6158 

0.33 µg/ml 5-HT 3 10.08 ± 0.17 (8) 3 10.71 ± 0.22 (8) 
a B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase (Housekeeping genes) 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 
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Table 6.4 – Analysis of gene expression in U937 cells treated with DMSO, 0.165 µg/ml and 0.33 µg/ml 5-HT over 96 hours 

GNPDA2 B
2
M

 a
 

Mean ± SE b (n) 

95% confidence 

interval c 

p-value F
o
ld

 

ch
a
n

g
e 

d
 

G
A

P
D

H
 

a
 

Mean ± SE b (n) 

95% confidence 

interval c 

p-value F
o
ld

 

ch
a
n

g
e 

d
 

Combined 

p-value e 

Lower Upper Lower Upper 

0.165 µg/ml 5-HT 1 7.66 ± 0.18 (8) -1.21 -0.20 
0.018 1.63 

1 8.10 ± 0.16 (8) -1.15 -0.31 
0.005 1.66 0.0009 

0.33 µg/ml 5-HT 2 8.36 ± 0.15 (8) 2 8.82 ± 0.12 (8) 

0.165 µg/ml 5-HT 1 7.66 ± 0.18 (8) -1.11 -0.09 
0.050 1.52 

1 8.10 ± 0.16 (8) -1.24 -0.30 
0.003 1.70 0.0015 

DMSO vehicle 3 8.26 ± 0.16 (8) 3 8.86 ± 0.15 (8) 

0.33 µg/ml 5-HT 2 8.36 ± 0.15 (8) -0.36 0.57 
1.000 0.93 

2 8.82 ± 0.12 (8) -0.45 0.38 
1.000 1.03 1.0000 

DMSO vehicle 3 8.26 ± 0.16 (8) 3 8.86 ± 0.15 (8) 

PPARG (1)  

0.165 µg/ml 5-HT 1 15.56 ± 0.09 (8) -0.61 -0.02 
0.152 1.24 

1 16.01 ± 0.11 (8) -0.66 0.004 
0.153 1.25 0.1107 

0.33 µg/ml 5-HT 2 15.88 ± 0.11 (8) 2 16.34 ± 0.11 (8) 

0.165 µg/ml 5-HT 1 15.56 ± 0.09 (8) -0.49 0.16 
0.833 1.12 

1 16.01 ± 0.11 (8) -0.67 0.02 
0.156 1.25 0.3951 

DMSO vehicle 3 15.73 ± 0.13 (8) 3 16.34 ± 0.12 (8) 

0.33 µg/ml 5-HT 2 15.88 ± 0.11 (8) -0.21 0.50 
1.000 0.90 

2 16.34 ± 0.11 (8) -0.34 0.34 
1.000 1.00 1.0000 

DMSO vehicle 3 15.73 ± 0.13 (8) 3 16.34 ± 0.12 (8) 

LPL  

0.165 µg/ml 5-HT 1 7.39 ± 0.60 (8) -2.87 0.13 
0.071 2.58 

1 7.97 ± 0.60 (8) -2.84 0.13 
0.102 2.56 0.0430 

0.33 µg/ml 5-HT 2 8.75 ± 0.36 (8) 2 9.32 ± 0.34 (8) 

0.165 µg/ml 5-HT 1 7.39 ± 0.60 (8) -3.19 -0.41 
0.007 3.48 

1 7.97 ± 0.60 (8) -3.27 -0.47 
0.006 3.66 0.0005 

DMSO vehicle 3 9.18 ± 0.25 (8) 3 9.84 ± 0.25 (8) 

0.33 µg/ml 5-HT 2 8.75 ± 0.36 (8) -1.36 0.51 
1.000 1.35 

2 9.32 ± 0.34 (8) -1.42 0.38 
1.000 1.43 1.0000 

DMSO vehicle 3 9.18 ± 0.25 (8) 3 9.84 ± 0.25 (8) 
a B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase (Housekeeping genes) 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 

Underlined p-values calculated using Mann-Whitney U Test 
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Table 6.5 – Analysis of gene expression in U937 cells treated with DMSO, 0.055 µg/ml and 0.0825 µg/ml 5-HT over 96 hours 

GNPDA2 B
2
M

 a
 

Mean ± SE b (n) 

95% confidence 

interval c 

p-value F
o
ld

 

ch
a
n

g
e 

d
 

G
A

P
D

H
 a

 

Mean ± SE b (n) 

95% confidence 

interval c 

p-value F
o
ld

 

ch
a
n

g
e 

d
 

Combined 

p-value e 

Lower Upper Lower Upper 

0.055 µg/ml 5-HT 1 8.30 ± 0.12 (8) -0.72 0.18 
0.573 1.20 

1 8.91 ± 0.07 (8) -0.46 0.14 
0.925 1.12 0.8665 

0.0825 µg/ml 5-HT 2 8.57 ± 0.17 (8) 2 9.07 ± 0.12 (8) 

0.055 µg/ml 5-HT 1 8.30 ± 0.12 (8) -0.70 0.04 
0.335 1.25 

1 8.91 ± 0.07 (8) -0.65 -0.03 
0.107 1.27 0.1552 

DMSO vehicle 3 8.63 ± 0.12 (8) 3 9.25 ± 0.12 (8) 

0.0825 µg/ml 5-HT 2 8.57 ± 0.17 (8) -0.51 0.39 
1.000 1.04 

2 9.07 ± 0.12 (8) -0.55 0.18 
0.732 1.14 0.9604 

DMSO vehicle 3 8.63 ± 0.12 (8) 3 9.25 ±  0.12 (8) 

PPARG (1)  

0.055 µg/ml 5-HT 1 15.35 ± 0.10 (8) -0.35 0.29 
1.000 1.02 

1 8.91 ± 0.11 (8) -0.27 0.43 
1.000 0.95 1.0000 

0.0825 µg/ml 5-HT 2 15.38 ± 0.11 (8) 2 9.07 ± 0.13 (8) 

0.055 µg/ml 5-HT 1 15.35 ± 0.10 (8) -0.41 0.20 
1.000 1.08 

1 8.91 ± 0.11 (8) -0.52 0.28 
1.000 1.09 1.0000 

DMSO vehicle 3 15.46 ± 0.11 (8) 3 9.25 ± 0.15 (8) 

0.0825 µg/ml 5-HT 2 15.38 ± 0.11 (8) -0.41 0.25 
1.000 1.06 

2 9.07 ± 0.13 (8) -0.62 0.22 
0.861 1.15 0.9899 

DMSO vehicle 3 15.46 ± 0.11 (8) 3 9.25 ± 0.15 (8) 

LPL  

0.055 µg/ml 5-HT 1 8.16 ± 0.29 (8) -0.91 0.70 
1.000 1.08 

1 8.32 ± 0.13 (8) -0.92 0.40 
1.000 1.20 1.0000 

0.0825 µg/ml 5-HT 2 8.27 ± 0.24 (8) 2 8.58 ± 0.28 (8) 

0.055 µg/ml 5-HT 1 8.16 ± 0.29 (8) -1.01 0.42 
1.000 1.23 

1 8.32 ± 0.13 (8) -1.27 -0.43 
0.017 1.80 0.0863 

DMSO vehicle 3 8.46 ± 0.18 (8) 3 9.17 ± 0.14 (8) 

0.0825 µg/ml 5-HT 2 8.27 ± 0.24 (8) -0.84 0.45 
1.000 1.14 

2 8.58 ± 0.28 (8) -1.26 0.08 
0.135 1.51 0.4053 

DMSO vehicle 3 8.46 ± 0.18 (8) 3 9.17 ± 0.14 (8) 
a B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase (Housekeeping genes) 
b  Mean ∆CT ± standard error 
c 95% confidence interval of the difference of means 
d Fold change calculated using the 2(-∆∆Ct) method  
e  Combined probability from analyses of two HKG-normalised results 

Underlined p-values calculated using Mann-Whitney U Test
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Figure 6.1 A Figure 6.1 B

Figure 6.2 A

Figure 6.3 A

Figure 6.4 A

Figure 6.2 B

Figure 6.3 B

Figure 6.4 B

 
 

Figures 6.1 to 6.4 - Graphs illustrating the fold change of obesity-related genes after 96-hour 

treatment with 0.25 µg/ml clozapine, 5-HT (0.055 µg/ml, 0.0825 µg/ml, 0.165 µg/ml and 

0.33 µg/ml) or DMSO. The expression of obesity-related genes was normalised using 

housekeeping genes (A) B2M and (B) GAPDH.  
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6.3.2 Study two – Clozapine can stimulate the second messengers of the 5-HT signalling 

pathway 

 

6.3.2.1 The cAMP levels in cells treated with 10 µM forskolin and vehicle control for 30 

minutes 

After U937 cells were treated with the positive control of 10 µM forskolin for 30 minutes, the 

cAMP levels were significantly increased by 39.2% compared to treatment with vehicle 

control, determining that cAMP was detectable in U937 cells and was sensitive to activation 

by an adenylate cyclase activator (Figure 6.5). 
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Figure 6.5 – The cAMP levels after 30-min treatment with forskolin 

A significant increase in cAMP was seen in forskolin-treated cells *** (P=0.0005) 

compared to the vehicle control.  
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6.3.2.2 The cAMP levels in cells treated with clozapine, 5-HT, clozapine+ 5-HT and 

DMSO vehicle 

After U937 cells were treated with the combined 0.25 µg/ml clozapine and 0.165 µg/ml 5-HT, 

the cAMP levels were significantly increased by 28.7% compared to the vehicle control. All 

of the other treatment groups failed to promote a significant change (P<0.05) in cAMP levels 

after 30-min treatment (Figure 6.6).  
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Figure 6.6- The cAMP levels after different treatments for 30 minutes  

A significant increase in cAMP levels was shown in cells treated with the combination of 

0.25 µg/ml clozapine and 0.165 µg/ml 5-HT ** (P=0.037) compared to the vehicle 

control. 

 



187 

 

6.3.2.3 The IP1 levels in cells treated with clozapine, 5-HT, combined clozapine + 5-HT, 

PAF and DMSO vehicle  

Treatment with the positive control (1 µM PAF) was shown to increase IP1 levels by 149.5% 

compared to the vehicle control, determining that IP1 was detectable in U937 cells and was 

sensitive to activation by a PLC activator. After U937 cells were treated with 0.25 µg/ml 

clozapine, IP1 was significantly increased by 128.2% compared to that of the vehicle control. 

Treatment with 0.165 µg/ml 5-HT alone and the combined treatment of 0.25 µg/ml clozapine 

and 0.165 µg/ml 5-HT did not significantly alter IP1 levels after 1 hour of treatment (Figure 

6.7). 
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Figure 6.7 – The IP1 levels after different treatments for 1 hour  

A significant increase in IP1 levels was found in cells treated with 0.25 µg/ml clozapine 

compared to vehicle control * (P=0.027) and in cells treated with PAF compared to the 

vehicle control *(P=0.006).  
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6.4 Discussion 

 

6.4.1 Summary of results 

The treatment with 0.165 µg/ml 5-HT promoted an increase in expression of some obesity-

related genes, which was similar to the treatment with 0.25 µg/ml clozapine; this effect was 

not apparent with a combination of clozapine and 5-HT treatments. Examination of the levels 

of the second messengers, cAMP and IP1, demonstrated that treatment with 0.25 µg/ml 

clozapine could increase IP1 signalling, whilst treatment with a combination of clozapine and 

5-HT was shown to increase cAMP signalling.  

 

6.4.2 The effect of 5-HT on expression of the obesity-related genes 

Treatment with 0.25 µg/ml clozapine for 96 hours was shown to promote an increase in the 

mRNA expression of GNPDA2 and LPL. These findings are consistent with the results 

presented in Chapter 4, suggesting a good reproducibility of the initial experiments. However, 

the expression of PPARG1 mRNA was not shown to be significantly altered after 96 hours of 

treatment with 0.25 µg/ml clozapine although the p-value had a trend towards significance. 

Inter-assay deviation may be the reason for this inconsistent finding, and although PPARG 

expression was close to significance level in this study, re-examination of PPARG mRNA 

expression after 96 hours of treatment with 0.25 µg/ml clozapine would provide a definitive 

result.   

 

Treatment with 0.165 µg/ml 5-HT for 96 hours promoted an increase in the mRNA 

expression of both GNPDA2 and LPL compared to the vehicle control (Table 6.4) but  failed 

to promote significant change in the mRNA expression of GNPDA2 and LPL when compared 

to treatment with 0.25 µg/ml clozapine (Table 6.3). This is an interesting finding as firstly, it 

demonstrates that treatment with 0.165 µg/ml 5-HT can increase the mRNA expression of 

both GNPDA2 and LPL and secondly, such a change is at a level that is similar to treatment 

with 0.25 µg/ml clozapine. Combined treatment with 0.25 µg/ml clozapine and an equimolar 

concentration of 5-HT (0.165 µg/ml) abolished the increased gene expression of GNPDA2, 

which was promoted by 0.25 µg/ml clozapine treatment alone (Table 6.2). All these findings 

suggest that clozapine and 5-HT may function through different pathways to promote changes 

in obesity-related gene expression and functionally block each other when both are 

simultaneously applied to treat the same cells. 

 

However, the equimolar concentration of 5-HT selected for use in this study was much higher 

than that found in the circulation. Circulating levels of free 5-HT have been measured to be 
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between 0.5 – 6 µg/L (Anderson et al., 1987, Cheng et al., 1993, Lee et al., 2000), whilst the 

5-HT concentration that promoted the increased obesity-related gene expression in this study 

was 165 µg/L. Although additional experiments were conducted using lower concentrations 

of 5-HT (55 µg/L and 82.5 µg/L), these levels were still higher than circulating levels and 

were shown to promote no change in expression of GNPDA2 or LPL when compared to the 

vehicle control (Table 6.5). Although a high concentration of 5-HT (0.165 µg/ml) can 

promote changes in mRNA expression of obesity-related genes, in light of these findings, 

further studies should be conducted to determine the effect of circulating 5-HT levels on the 

obesity-related gene expression.  

 

In conclusion, an equimolar concentration of 5-HT increases the expression of GNPDA2 and 

LPL in a similar manner to the treatment with 0.25 µg/ml clozapine but has no effect on 

expression of the longest isoform of PPARG mRNA (PPARG-1); the effect of increased gene 

expression disappeared after combination of clozapine and 5-HT treatments. This effect 

seemed to be stronger on expression of the GNPDA2 gene than the LPL gene but was not 

evident in the PPARG gene. Further investigation of the altered gene expression of GNPDA2 

and LPL could be achieved by examination of the second messengers for the 5-HT signalling 

pathway to determine the impact of clozapine treatment, 5-HT treatment and combined 

treatment with 5-HT and clozapine within this cell model.   

 

6.4.2.1 The effect of clozapine on cAMP levels 

The treatment with 0.165 µg/ml 5-HT alone did not significantly alter the concentration of 

cAMP compared to the vehicle control (Figure 6.6). Monocytes have been shown to express 

5-HT1A, 5-HT1E, 5-HT2A, 5-HT3, 5HT4 and 5-HT7 receptors (Hellstrand and Hermodsson, 

1993, Dürk et al., 2005); stimulation of the 5-HT4 and 5-HT7 receptors results in the 

stimulation of adenylate cyclase (Figure 6.8), and an increase of cellular cAMP levels 

(Dumuis et al., 1988a, Plassat et al., 1993), whilst stimulation of the 5-HT1A and 5-HT1E 

receptors results in inhibition of adenylate cyclase and a decrease in cellular cAMP levels 

(Dumuis et al., 1988b, McAllister et al., 1992). Given that 5-HT did not significantly alter 

cAMP signalling, it is possible that both stimulatory and inhibitory 5-HT receptors are present 

in this cell type; 5-HT activation of both excitatory and inhibitory pathways could cancel each 

other out. 

  

However, this Chapter has shown that treatment with 0.165 µg/ml 5-HT for 96 hours could 

promote significant changes in obesity-related gene expression. Possibly, repeated stimulation 

of cAMP-mediated receptors by 5-HT in the 96 hour experiment can increase the expression 
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of the obesity-related genes that would not have been revealed in the 30 minutes of treatment 

in the cAMP study. Table 6.6 shows the dissociation constants of 5-HT at four 5-HT receptors 

reported to be found in monocytes. The 5-HT7 receptor appears to have a higher affinity for 5-

HT than the other receptors present and therefore could quickly dissociate from 5-HT, 

allowing more 5-HT to be bound to it. The 96 hour experiments suggest that there may be 

more 5-HT bound to the excitatory 5-HT7 receptors than to the inhibitory receptors, allowing 

cAMP levels to increase and to promote the observed increase in the expression of obesity-

related genes. Unfortunately, the measurement of cAMP in the 96 hour experiments probably 

is not feasible as IBMX levels would have to be sustained to prevent cAMP degradation and 

prolonged use may alter the normal function of cells.  

 

Table 6.6 - KD values of 5-HT at the 5-HT receptor subtypes  

Receptor subtype KD of 5-HT Reference 

5-HT1A  8.3 nM  (Hoyer et al., 1986) 

5-HT1E  6 nM  (Alexander et al., 2009) 

5-HT4  8.4-8.8 nM  (Bender et al., 2000) 

5-HT7  1-8 nM  (Alexander et al., 2009) 

 

It is not clear why the higher 5-HT concentration (0.33 µg/ml) was shown to decrease mRNA 

expression of the obesity-related genes when compared to the treatments either with 0.25 

µg/ml clozapine or with 0.165 µg/ml 5-HT. As outlined above, the increased level of gene 

expression promoted by treatment with 0.165 µg/ml 5-HT could be due to the affinity of the 

5-HT7 receptor for 5-HT. It is possible to speculate that treatment with a higher dose of 5-HT 

(0.33 µg/ml) saturated the 5-HT7 receptors and once these receptors could no longer bind to 5-

HT, cAMP concentrations were decreased by the binding of the inhibitory receptors (Gαi) of 

adenylate cyclase (5-HT1A and 5-HT1E) to the remaining 5-HT and increased obesity-related 

gene expression seen after treatment with 0.165 µg/ml 5-HT was abolished. This could be 

further investigated by comparing the cAMP signalling between cells treated with 0.165 

µg/ml and 0.33 µg/ml 5-HT to ascertain whether the higher concentration of 5-HT could alter 

cAMP levels than the 0.165 µg/ml concentration used in this cAMP study.  

 

Combined treatment with 0.25 µg/ml clozapine and 0.165 µg/ml 5-HT for 30 minutes resulted 

in a 28.7% significant increase in cAMP concentration compared to the vehicle control 

(Figure 6.6). This is most interesting as neither clozapine nor 5-HT could individually 

promote a significant increase in the cAMP levels, whereas their combination did, suggesting 

that 5-HT and clozapine may have an additive or synergistic effect on cAMP signalling 

levels. As clozapine has been reported to be a partial-agonist at the 5-HT1A receptor 
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(Newman-Tancredi et al., 1996), it is speculated that after treatment with the combination of 

clozapine and 5-HT, clozapine may compete for binding to the 5-HT1A receptor with 5-HT 

and in doing so, it can act as an antagonist at this receptor to decrease the binding rate of the 

endogenous ligand 5-HT to the 5-HT1A receptor. As 5-HT promotes the inhibition of 

adenylate cyclase at the 5-HT1A receptor, the partial-agonist activities of clozapine would 

activate the receptor at a lower level than a full agonist such as 5-HT, and cAMP signalling 

would not be inhibited to the same degree as if 5-HT had bound. As explained above, the 

combined activation of both excitatory and inhibitory pathways by 5-HT could cancel each 

other out, but if clozapine was added, it could decrease binding of 5-HT to the 5-HT1A 

receptor, which would result in a lower level of inhibition of adenylate cyclase and allow 

cAMP concentration to significantly increase after the combined treatment with clozapine and 

5-HT.  
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Figure 6.8 - When an excitatory ligand binds to the GPCR bound to Gs 

heterotrimeric G-protein, it activates the surface receptor which along with ATP 

causes the Gα subunit to disassociate from the complex and activates adenylate 

cyclase that subsequently catalyses the conversion of ATP into cAMP. Increased 

cAMP levels activate protein kinase A (PKA), which translocates to the nucleus 

where it further activates the cAMP response element binding protein (CREB). The 

activated CREB protein then binds to the cAMP response elements (CRE), which 

along with the CREB binding protein (CBP) alter s the level of transcription in 

downstream genes. When an inhibitory ligand binds to the GPCR, the Gα subunit 

stays bound to the Gq heterotrimeric G-protein, which stops signalling. 
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6.4.2.2 The effect of clozapine on IP1 levels 

IP3 plays a role in the PLC signalling pathway that mediates the effects of the 5-HT2 receptor 

family and the activation of this signalling pathway could result in alteration of gene 

expression (Figure 6.9). Treatment with 0.25 µg/ml clozapine resulted in a significant 

increase in IP1 levels compared to treatment with 5-HT alone, combination of 5-HT and 0.25 

µg/ml clozapine or DMSO vehicle control (Figure 6.7). The ELISA kit used in this 

experiment is documented to have a lower detection limit of IP1 at 10 nM (Cisbio Assays) and 

many of the samples in the 5-HT treatment, combined treatment and DMSO vehicle control 

groups fell below this level. However, the results still provided useful clues leading to an 

insight in the mechanism of clozapine-induced weight gain based on experimental data from 

0.25 µg/ml clozapine treatment group.  

 

Treatment with 5-HT alone did not increase IP1 levels compared to the vehicle control. This is 

an interesting finding as firstly, it suggests that the 5-HT2 receptors may not be expressed by 

this cell line if there is no activation of PLC signalling after treatment with the endogenous 

ligand, 5HT. Secondly, if 5-HT2 receptors are not present and treatment with clozapine has 

induced the PLC signalling, clozapine may activate another receptor that could increase IP1.  

 

This ELISA only detects the total IP1 levels in the samples. As many other GPCR, such as H1 

receptor (Bakker et al., 2000), Muscarinic 1 (M1) receptor (Berstein et al., 1992), Muscarinic 3 

(M3) receptor (Mauduit et al., 1993) and α-1-adrenergic receptors (Wu et al., 1992), also use 

the PLC signalling cascade, it is entirely possible that clozapine could act through one of 

these receptors to increase IP1 levels. However, clozapine is an antagonist at many of these 

receptors such as H1 receptor (Kim et al., 2007) and α-1 adrenergic receptor (Cohen and 

Lipinski, 1986), a very weak agonist at the M1 receptor and a weak agonist at the M3 receptor 

(Olianas et al., 1999, Weiner et al., 2004), and therefore, it would not be expected to greatly 

increase IP1 levels as seen in this study.  

 

A major circulating metabolite of clozapine, N-desmethylclozapine (NDMC) (Weigmann and 

Hiemke, 1992), has been shown to act as an agonist at both the M1 and M3 receptors (Sur et 

al., 2003, Weiner et al., 2004), which could account for the increased level of IP1 signalling in 

this assay. It is also plausible that NDMC could increase IP1 levels in U937 cells as both M1 

and M3 receptors have been previously demonstrated in monocyte cells (Costa et al., 1995, 

Koarai et al., 2012). There is a growing awareness that the targeting of the muscarinic 

receptor family may improve a number of schizophrenia symptoms: the glutamate hypothesis 

of schizophrenia is based upon the observation that drugs such as PCP and ketamine which 
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are non-competitive antagonists at the NMDA receptor can cause a drug-induced state that 

closely resembles schizophrenia (Krystal et al., 1994, Malhotra et al., 1996); NMDA 

receptors are involved in synaptic plasticity and there disrupted neurotransmission may be 

involved in the cognitive deficits observed in a number of psychiatric disorders (Malhotra et 

al., 1996, Olney et al., 1999) the drug xanomine which is a potent M1/M4 agonist was 

demonstrated to improve patients scores in the Brief Psychiatric Rating Scales and the 

Positive and Negative syndrome scale (Shekhar et al., 2008), but was also associated with a 

number of side effects including gastrointestinal upset, salivation and sweating attributed to 

off-target effects on the M2 and M3 receptors. Furthermore, a number of compounds have 

been developed as positive allosteric modulators (PAMs) which bind to the allosteric sites of 

a receptor, where they have no effect but increase the affinity of the endogenous agonists 

(Foster et al., 2014). Recently developed PAMs include VU0152100 and VU0152099 which 

have demonstrated antipsychotic like activity in rodent models (Brady et al., 2008), whilst 

LY2033298 an M4 selective PAM showed efficacy in models of psychosis (Chan et al., 2008, 

Leach et al., 2010).  

 

The M1 receptor is thought to be involved in learning, cognition and memory (Anagnostaras 

et al., 2003, Haley et al., 2011) and is a current therapeutic target for antipsychotic 

development (Gold, 2004). Interestingly, in addition to its role in cognition, the M1 receptor 

has also been linked to glucose metabolism (Liu et al., 2002) and may play an as yet unknown 

role in metabolism through the altered expression of obesity-related genes. If this proposed 

mechanism was accurate, it presents a conundrum for drug developers: does the benefit of 

improved cognition in patients outweigh the risks of metabolic disorders? NDMC is also 

thought to act as a low potency agonist at the M3 receptor (Sur et al., 2003), which has been 

linked to obesity on account of reduced food intake and elevated basal and total energy 

expenditure in M3 receptor knockout mouse models (Gautam et al., 2008). Hypothetically, 

agonism by NDMC on the M3 receptor could therefore be linked to obesity, but it is unknown 

whether the low potency agonist action of NDMC at this receptor could influence weight 

gain. In support of this argument is the sialorrhea side-effect in patients treated with clozapine 

therapy. The excess salivation during clozapine therapy has been attributed to the agonist 

properties of clozapine at the M4 receptor and antagonism of the α2 adrenergic receptor 

(Elverdin et al., 1990, Zorn et al., 1994, Corrigan et al., 1995, Davydov and Botts, 2000). 

However the argument for the role of the blockade of α2 adrenergic receptors in this process is 

weakened by the fact that a potent antagonist of these receptors (Mianserin) has the side effect 

of hyposalivation (Wilcox et al., 1994). Furthermore, it is possible to speculate that the 

sialorrhea experienced by clozapine patients could be due to the agonist properties of NDMC 



195 

 

at the M3 receptor because this receptor is thought to be involved in the parasympathetic 

control of salivation (Gautam et al., 2004, Nakamura et al., 2004). Although NDMC is a low 

potency agonist at the M3 receptor, if it is capable of activating the M3 receptors to promote 

sialorrhea, it might also be possible then that NDMC could activate M3 receptors to promote 

weight gain.  

 

The increased PLC signalling detected in this study could be produced by the action of 

NDMC on either M1 or the M3 receptor. In order to investigate this mechanism behind the 

increased PLC signalling, cells could be treated with NDMC alone to determine if it was 

capable of promoting the changes in PLC signalling and the expression of the obesity-related 

genes that were previously found after treatment with clozapine. As these receptors are so 

closely related, there is no antagonist that will exclusively bind to either the M1 or M3 

receptor. However, there are several broad spectrum muscarinic antagonists (e.g. 4-DAMP)  

(Alexander et al., 2009) that could be used to confirm a role for muscarinic receptors in the 

effect, and muscarinic toxin 7 (MT-7) is a relatively selective antagonist at M1 receptors 

compared to M3 receptors (Servent et al., 2011) that could be used to determine whether M1 

receptors are responsible. Unfortunately, there are not yet any antagonists that are sufficiently 

selective at the M3 receptor to provide unequivocal evidence as to the role of M3 receptors in 

this effect.  Nevertheless, taken together, data obtained from these experiments would provide 

circumstantial evidence to help to identify the contribution of M3 receptors in the effects seen 

with clozapine, which would be useful information to help design co-therapies that might help 

to avoid the side-effects that result in weight gain.  

 

The final interesting result in this study was that the combined treatment of 0.25 µg/ml 

clozapine and 0.165 µg/ml 5-HT could abolish the significant increase in IP1 levels promoted 

by treatment with 0.25 µg/ml clozapine alone. As discussed in section 6.4.2.2.1, the combined 

treatment of 0.25 µg/ml clozapine and 0.165 µg/ml 5-HT was shown to increase cAMP levels 

and there are some studies that have documented a crosstalk between the cAMP and PLC 

signalling systems (Tachado et al., 1992, Murthy et al., 1993, Tovey et al., 2010, Taylor et al., 

2014). The cross-talk between these two systems is complex and cAMP has been shown to be 

able to control PLC signalling in multiple ways, from cAMP directly binding to the inositol 

triphosphate receptor (InsP3R) to enhance its sensitivity to IP3 (Tovey et al., 2010), to the 

phosphorylation of the InsP3R by protein kinase A (PKA) to decrease sensitivity to IP3 

(Supattapone et al., 1988). Furthermore, a study demonstrated that increased intracellular 

cAMP could inhibit PLC signalling through the direct phosphorylation at a single serine 

residue in the PLC-γ subunit by PKA, therefore inhibiting PLC-γ and blocking the cleavage 
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of phosphatidylinositol 4,5-bisphosphate (PIP2) into IP3 and diacylglycerol (DAG) (Kim et 

al., 1989). However, the authors of this study suggested that there was no universal response 

of the PLC signalling pathway to cAMP signalling as PIP2 hydrolysis has been shown to vary 

in response to cAMP even within the same cell type (Madison and Brown, 1988). In light of 

this evidence, it is speculated that the decreased IP1 signalling demonstrated in this study after 

treatment with combined clozapine and 5-HT may be mediated by an increase in cAMP 

signalling, which could promote the phosphorylation of PIP2 by PKA, resulting in the 

decreased IP1 levels comparted to treatment with clozapine alone (Figure 6.10). This 

hypothesis could be further investigated through the use of inhibitors of PKA, such as KT 

5720 (Kase et al., 1987) and Rp-cAMPS (Dostmann, 1995) to determine if the increased IP1 

signalling levels could be restored after PKA inhibition. However, a combination of PKA 

inhibitors should be used for a conclusive result as some of the most-well used inhibitors of 

PKA have been shown to have signalling effects independent of PKA inhibition (Murray, 

2008).  

 

The work conducted in this Chapter demonstrated that treatment with clozapine could 

increase the expression of GNPDA2 and LPL whereas the combined treatment with clozapine 

and 5-HT was shown to decrease levels of GNPDA2 expression compared to treatment with 

clozapine alone. The results from this ELISA therefore echo the gene expression work and 

indicate that the PLC signalling pathway may be involved in mediating the changes in 

obesity-related gene expression. This work also presented interesting results suggesting that in 

this system, cAMP signalling may be able to decrease IP3 signalling and that the changes in 

obesity-related gene expression promoted by clozapine treatment could be mediated through 

the PLC signalling pathway.  
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Figure 6.9 - When an excitatory ligand binds to the GPCR linked to Gq heterotrimeric G-

protein, it activates the surface receptor which along with ATP causes the Gα subunit to 

disassociate from the complex and activate PLC. The activated PLC then cleaves 

phosphatidylinositol 4,5-bisphosphate (PIP2) into downstream signalling molecules: IP3 

and DAG. IP3 can then bind to its receptor (InsP3R) that triggers the opening of Ca2+ 

channels and releases Ca2+ into the cytoplasm. The Ca2+ ions and DAG are both needed 

to promote a downstream conformational change in protein kinase C (PKC) and activate 

it. The downstream signalling from the activated PKC to the nucleus results in the 

alteration of gene expression. When an inhibitory ligand binds to the GPCR, the Gα 

subunit stays bound to the Gq heterotrimeric G-protein, which stops signalling. 
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Figure 6.10 – The proposed interaction between the cAMP and PLC signalling pathways. Combined treatment with 0.25 

µg/ml clozapine and 0.165 µg/ml 5-HT increased cAMP levels, which in turn increased the level of PKA. PKA 

promoted the phosphorylation of PIP2, which stopped the hydrolysis of PIP2 into DAG and IP3.  
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6.4.3 Alternative hypotheses to explain results 

At this stage, there is evidence to support the notion that either M1 or M3 receptors play a role 

in the alteration of expression of the obesity-related genes; this hypothesis was presented as 

the most likely pathway by which clozapine could alter the expression of obesity-related 

genes, based on the least amount of assumptions about the origin of signalling data presented 

in this Chapter. However, as this system is likely to be complex, the possibility of other 

pathways playing a role in the alteration of the expression of obesity-related genes cannot be 

excluded and the process cannot be assumed to be limited to one pathway. 

 

NDMC has been shown to act as an agonist at the δ-opioid receptor (Onali and Olianas, 2007) 

which can induce protein kinase B (Akt) phosphorylation (Olianas et al., 2009) and promote 

downstream signalling processes (such as nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB)) which could lead to changes in gene expression. Furthermore, δ-

opioid receptors are expressed by monocytes (Lang et al., 1995) and have been implicated in 

the development of obesity, as mouse models lacking these receptors are resistant to diet-

induced obesity (Czyzyk et al., 2012). Therefore, δ-opioid receptors may control the 

expression of genes related to obesity development. δ-opioid receptors are Gαi  receptors, 

which decrease cAMP signalling; although this study did not detect any changes in cAMP 

levels after treatment with 0.25 µg/ml clozapine, it is possible that a receptor Gαs receptor  

increased ligand cAMP levels, which could counteract the signalling from the δ-opioid 

receptor. The adenosine A2A receptor is a Gαs receptor expressed by monocytes (Sciaraffia et 

al., 2014); clozapine has been demonstrated to enhance the activity of ecto-5’-nucleotidase 

(Lara et al., 2001), which is involved in the enzymatic breakdown of ATP into adenosine 

(Zimmermann, 1996), the natural ligand of the adenosine A2A receptor. It could be speculated 

that clozapine could enhance adenosine production and increase cAMP signalling, which 

would counteract the proposed decreased cAMP signalling by the δ-opioid receptor and 

explain why cAMP levels were unaltered by clozapine treatment in this study. The increased 

cAMP signalling could also possibly potentiate the altered gene expression observed in this 

study after clozapine treatment. Furthermore, activated adenosine receptors have been 

demonstrated to reduce the affinity of D2 receptors for dopamine in the ventral striatum 

(Ferre, 1997, Franco et al., 2000), which may be another mechanism behind the effectiveness 

of clozapine in treating the symptoms of schizophrenia.  

 

This alternative hypothesis could be further investigated. In order to determine whether 

clozapine activated δ-opioid receptors, downstream signalling processes such as NF-κB 

expression could be measured by flow cytometry (Maguire et al., 2011). To determine if 
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clozapine activated the adenosine A2A receptor, a selective antagonist at this receptor 

(methylnatrexane) (Wentland et al., 2009) could be utilised in conjunction with clozapine 

treatment and cAMP levels and gene expression could be re-measured to determine if 

clozapine had any effect on this receptor.  

 

In addition to the hypothesised receptor-mediated signalling processes promoted by clozapine 

treatment, it may also be able to affect the transcription of genes by altering their epigenetic 

profiles, given that clozapine has been demonstrated to alter the DNA methylation at the 

promoters of genes (Guidotti and Grayson, 2014). However, the exact mechanism behind this 

process is yet to be fully elucidated, although one hypothesis is that clozapine can alter 

protein expression which has downstream effects on methylation. Evidence for the latter 

comes from the Gadd45β protein, which is involved in the regulation of DNA methylation 

and its expression is increased after treatment with clozapine (Guidotti et al., 2011). 

Methylation patterns after clozapine treatment could be examined genome-wide using 

immunofluorescence (Santos and Dean, 2006) with antibodies against the methylated form of 

cytosine (5-methylcytosine) and yield candidate genes that have altered methylation after 

clozapine treatment that could be further investigated for a role in metabolic problems.  

 

Another hypothesis generated in attempt to explain the altered mRNA expression of obesity-

related genes after treatment with clozapine is the alteration of microRNA (miRNA) 

expression, which is thought to be able to regulate gene expression (Friedman et al., 2009). 

Altered miRNA expression has been found to be associated not only with schizophrenia 

(Beveridge and Cairns, 2012, Gumerov and Hegyi, 2015, Wei et al., 2015) but also with 

antipsychotic treatment (Gardiner et al., 2014). Furthermore, metabolically relevant miRNA-

gene interaction pathways show enrichment after treatment with clozapine and olanzapine 

(Santarelli et al., 2013).  It is possible to speculate that the altered expression of obesity-

related genes observed in this study could be promoted by altered miRNA expression 

following clozapine treatment. This proposed mechanism may act in addition to the other 

hypotheses discussed previously or could be the sole mechanism involved. In order to 

examine this hypothesis, miRNA expression could be analysed using microarray technology. 

Moreover, without the interventions described in the hypotheses previously, it is not known 

whether change in PLC signalling detected after clozapine treatment may be involved in this 

process. 

 

6.4.4 Future studies  

Future experiments should be designed to examine whether NDMC can promote a change in 

obesity-related gene expression through the M1 or M3 receptors. This would be achieved by 
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determining the effect of clozapine on obesity-related gene expression in cells treated with a 

non-selective muscarinic receptor antagonist or a selective M1 receptors antagonist, such as 

muscarinic toxin 7 (MT-7) (Olianas et al., 2000). Should this experiment exclude muscarinic 

receptors from the effect, further studies should be conducted as described in section 6.4.3 to 

determine whether other receptors such as the δ-opioid and adenosine A2A receptor could be 

involved in the altered expression of obesity-related genes promoted by clozapine, and to 

establish the possibility of clozapine altering the methylation pattern of obesity-related genes.  

 

6.4.5 Concluding remarks  

After 96-hours of treatment with either 0.25 µg/ml clozapine or 0.165 µg/ml 5-HT, the 

expression of some obesity-related genes was significantly increased but this effect was lost 

when the combination of clozapine and 5-HT was used to treat U937 cells. This finding 

suggests that clozapine and 5-HT may function through different pathways to promote the 

changes in obesity-related gene expression. This hypothesis was further supported by analysis 

of the secondary messenger signalling pathways after treatment with clozapine, which 

suggested that the increased IP1 levels might be mediated by either the muscarinic 1 or 3 

receptor stimulated by a metabolite of clozapine, N-desmethylclozapine. The combined 

treatment with clozapine and 5-HT resulted in an increase in cAMP levels, which is thought 

to be the accumulative effect of 5-HT4 and 5-HT7 receptor in response to 5-HT as well as the 

partial-agonist properties of clozapine at the 5HT1A receptor. The results also revealed a 

highly complex relationship between the cAMP and PLC signalling pathways, whereby 

increased levels of cAMP promoted during the combined treatment with clozapine and 5-HT 

were hypothesised to decrease IP1 levels.  
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Chapter 7 – General discussion 
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7.1 Introduction 

Schizophrenia is associated with an increased rate of mortality compared to the general 

population (Capasso et al., 2008); the main cause of death associated with schizophrenia in 

the early stages of the disorder is suicide, whereas cardiovascular complications are important 

in the later stages (Gejman et al., 2011).  

 

Antipsychotic medications are the first line treatment for schizophrenia and are prescribed to 

alleviate the major symptoms of the disease, such as hallucinations and delusions, as well as 

to lower the risk of suicide within the population (Haukka et al., 2008). Although the 

symptoms of schizophrenia are improved with antipsychotic medication, many patients suffer 

from a number of adverse side-effects such as EPS and serious metabolic disorders. 

Moreover, the treatment with antipsychotic medication particularly SGAs, is now a well-

recognised risk factor in the development of obesity in people with schizophrenia (Ahmed et 

al., 2009). Obesity itself is a worrying side-effect as it is a known risk factor for development 

of a range of other co-morbidities such as type 2 diabetes and cardiovascular disease (Ogden 

et al., 2007). Out of all the SGA drugs, clozapine has the greatest propensity to promote 

weight gain in patients with schizophrenia (Allison et al., 1999a). The mechanism behind 

clozapine-induced weight gain is not well understood, although there is evidence to suggest 

that treatment with clozapine is associated with sedentary behaviour (Sharpe et al., 2006), 

decrease the resting metabolic rate (Procyshyn et al., 2004) and increase appetite through 

receptor interactions (Starrenburg and Bogers, 2009), all of which would contribute to the 

development of obesity.  

 

A puzzling aspect of clozapine-induced weight gain is that it does not affect all patients; a 

study showed that roughly 50% of patients on clozapine medication were reported to 

experience weight gain with long term treatment (Umbricht et al., 1994). The variance in 

antipsychotic-induced weight gain between individuals suggests that genetic risk factors may 

be involved in conferring risk of antipsychotic drug-induced obesity (Reynolds et al., 2012). 

 

Accordingly, this project was designed to investigate the mechanisms that underpin 

antipsychotic-induced weight gain and employed the strategies to investigate the following 

experimental objectives: (1) determining if there is an association between schizophrenia and 

obesity-risk polymorphisms, (2) examination of the effect of various antipsychotic drugs on 

the expression of obesity-related genes and (3) investigation of the initial signalling event by 

which clozapine could induce a change in the mRNA expression of obesity-related genes. The 

first objective was tested by performing an association study of the obesity-related gene 
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polymorphisms identified by GWA studies with schizophrenia sample biobanks consisting of 

family samples and case-control samples. The second and third objectives were examined by 

analysing the expression of obesity-related genes and signalling cascades of the secondary 

messenger systems after treatment with various antipsychotics and 5-HT in a cell culture 

model.  

 

A total of eight obesity associated SNPs were selected for genotyping analysis to examine 

their genetic association with schizophrenia; these eight SNPs were identified on the basis 

that GWA studies had indicated an association with BMI in the general population and they 

were located in or near to GNPDA2, KCTD15, MC4R, MTCH2, NEGR1 and TMEM18 genes 

(Thorleifsson et al., 2009, Willer et al., 2009). Another two genes (PPARG and LPL) that 

were identified by functional studies to be associated with obesity (Stienstra et al., 2007, 

Wang and Eckel, 2009) were investigated along with the six obesity-risk genes identified by 

GWA studies, in cell culture experiments to determine the effect of treatment with various 

antipsychotics (clozapine, haloperidol, olanzapine and risperidone) on mRNA expression. The 

final approach of this study investigated the signalling event by which clozapine could 

promote changes in the mRNA expression of obesity-related genes through the examination 

of the cAMP and PLC signalling pathways.  
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7.2 Summary of results 

 

7.2.1 Chapter 3 - No detectable genetic association between schizophrenia and obesity 

Chapter 3 described the work on genetic analysis of six obesity-related genes for their 

association with schizophrenia. When eight index SNPs present in these six genes were 

genotyped with the in-house schizophrenia patient biobank consisting of 224 family samples 

and 190 case-control samples from a British population, there was no demonstrable 

association found between the obesity-risk variants and schizophrenia. However, the  recent 

GWA-based meta-analysis established a genetic association between 108 loci and 

schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 

2014) and by proxy provided an answer to this research question, because none of these eight 

SNPs genotyped in this Chapter was included in the list of 108 schizophrenia-associated loci. 

Therefore, it is highly unlikely that there is an association between the eight SNPs and 

schizophrenia, given that it was not found by such a large association study. 

 

7.2.2 Chapter 4 - Clozapine induces expression of specific obesity-related genes in U937 

cells 

The U937 monocyte-type cells were used for in vitro assessment of the impact of 

antipsychotic drugs on mRNA expression of the obesity-related genes. Treatment with a 

specific dose (0.25 g/ml) clozapine significantly increased mRNA expression of three 

obesity-related genes: GNPDA2, LPL and the longest isoform of PPARG-1 [NM_015869] 

after the long treatment period realistically feasible with cell culture (96 hours). The increased 

expression of these three obesity-related genes was not observed after 96 hour treatment with 

either higher or lower concentrations of clozapine, or after 48 hours of treatment with 0.25 

µg/ml clozapine, irrespective of whether gene expression was examined straight after the 48 

hour length of treatment or following a further 48 hour washout period. At the lowest 

concentration of clozapine (0.125 µg/ml), clozapine treatment decreased the expression of 

two obesity-related genes tested (LPL and MC4R). The expression of the obesity-related 

genes in the panel was not affected by haloperidol, a drug that has little effect on obesity 

development compared to clozapine.  

 

The results are novel and for the first time, implicate the changes in obesity-related gene 

expression in an inflammatory cell line. The genes of interest are related to glucose 

metabolism (GNPDA2), inflammation and insulin resistance (MC4R), lipid handling (LPL) 

and adipocyte differentiation and function and, macrophage infiltration (PPARG). These 

findings are important because they suggest that clozapine could promote inflammation and 
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influence obesity development at the cellular metabolism level in the periphery (e.g. adipose 

tissue), as well as through modulation of the central pathways involved in appetite. 

 

The significantly altered expression of obesity-related genes occurs within a narrow 

concentration range between 0.125 µg/ml and 0.25 µg/ml of clozapine at 96 hours of 

treatment. This observation is of interest because these concentrations fall within the titration 

range that patients receive to reach therapeutic maintenance levels of 0.3 µg/ml – 0.4 µg/ml 

and may model a mechanism of antipsychotic induced obesity.  

 

7.2.3 Chapter 5 - Olanzapine induces expression of specific obesity-related genes in U937 

cells 

Both concentrations of olanzapine applied in this study promote significant changes in the 

mRNA expression of multiple genes; significant changes were demonstrated in all genes 

except LPL after treatment with 150 ng/ml olanzapine, whereas treatment with 40 ng/ml 

olanzapine significantly altered all the obesity-related genes in the test panel except MTCH2 

and PPARG-2 which represents all four isoforms of PPARG mRNA. The increased 

expression of most obesity-related genes was considered to demonstrate the obesogenic 

properties of olanzapine.  

 

It is apparent therefore that olanzapine has the potential to stimulate mRNA expression of the 

same genes that are affected by clozapine in addition to several others, including MTCH2, 

NEGR1 and TMEM18, which are all thought to be involved in adipocyte differentiation 

(Bernhard et al., 2013) and KCTD15 involved in energy balance (Gutierrez-Aguilar et al., 

2012, Yoganathan et al., 2012). Risperidone, an antipsychotic drug that is less closely 

associated with obesity than olanzapine or clozapine, only induced the expression of KCTD15 

mRNA.  

 

7.2.4 Chapter 6 – Clozapine can alter PLC signalling in U937 cells 

Treatment with clozapine was confirmed to alter the expression of obesity-related genes 

demonstrated in previous studies described in this thesis, prior to showing that a combined 

treatment with clozapine and 5-HT abolished the increased gene expression seen in both LPL 

and GNPDA2 after treatment with clozapine alone. These results suggest that clozapine and 5-

HT have a complex interaction, perhaps functioning through different pathways to promote 

changes in obesity-related gene expression. 
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To further examine the effect of clozapine and 5-HT pathway on the expression of obesity-

related genes, the second messengers of the 5-HT signalling pathway, cAMP and a 

downstream mediator of the PLC signalling system, IP1, were measured after treatment with 

clozapine, 5-HT and a combination of both. The findings revealed a highly complex 

interaction between the two agents, potentially involving several different receptor classes and 

sub-types, and acting through both cAMP and PLC signalling pathways. The level of 

complexity is further amplified on account of cross-talk between the second messengers 

analysed. The increased PLC signalling observed after treatment with clozapine was 

hypothesised to be promoted by a metabolite of clozapine (N-desmethylclozapine) activating 

either the M1 or M3 receptors. This hypothesis was put forward to be the signalling 

mechanism that could promote the alteration of obesity-related genes expression.  
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7.3 Discussion of the methods chosen for this study 

 

7.3.1 Choice of the U937 cell line used in the gene expression experiments  

The term “mild-localised chronic encephalitis” has been used to describe the chronic 

inflammatory process that occurs in the brains of patients with schizophrenia (Bechter, 2001). 

Studies of the post-mortem brain tissue from patients with schizophrenia indicated an 

increased number of activated resident immune cells in the CNS (microglial cells), suggesting 

that these immune cells may be involved in the disease process (Juckel et al., 2011). Increased 

levels of inflammatory markers in blood have been demonstrated not only in first episode 

patients (Miller et al., 2012, Ezeoke et al., 2013, Miller et al., 2014) but also in antipsychotic 

naïve relatives of schizophrenia patients compared to unrelated healthy controls (Gaughran et 

al., 2002, Nunes et al., 2006, Martínez-Gras et al., 2012). It is possible that there is a close 

link between inflammation and schizophrenia, independent of antipsychotic medication. 

Nevertheless, inflammatory markers have also been shown to be altered by SGAs 

(Pollmacher et al., 2000, Kluge et al., 2009, Himmerich et al., 2011), whilst clozapine 

treatment may promote the development of neutropenia or agranulocytosis in a small group of 

patients (Young et al., 1998, Delieu et al., 2001, Marchesi et al., 2005). 

  

Inflammation is also widely associated with obesity (Stienstra et al., 2007, Monteiro and 

Azevedo, 2010, Gregor and Hotamisligil, 2011) and the low-grade obesity-associated 

inflammation is generated as a consequence of both the infiltration of monocyte-derived 

macrophages into adipose tissue and the increased production of pro-inflammatory cytokines 

such as TNF-α and IL-6 (Trayhurn and Wood, 2004, Neels and Olefsky, 2006, Alkhouri et al., 

2010). Monocytes have been demonstrated to be involved in both the production of the 

resident immune cells in the CNS (microglia) (Kaur et al., 2001, Dalmau et al., 2003, Rock et 

al., 2004) and in peripheral inflammation (Ginhoux and Jung, 2014) and have been 

demonstrated to express many of the obesity-related genes identified by the GWA studies 

(http://biogps.org). Therefore, due to the role of inflammation in both schizophrenia and 

obesity, this study was designed to employ a monocyte-derived cell line to study the effect of 

antipsychotic medication on the expression of obesity-associated genes that have been found 

to be highly expressed or function within the brain. U937 cells mature and differentiate in 

response to a number of soluble stimuli, adopting the morphology and characteristics of 

mature macrophages. 

 

Although monocytes-derived macrophages are considered to infiltrate the adipose tissue, 

literature searches have indicated that a number of the obesity-related genes (PPARG, LPL, 

http://biogps.org/
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MTCH2, NEGR1 and TMEM18) may be associated with adipocyte differentiation and 

adipose tissue expansion, a process that monocyte-derived macrophages would not be 

expected to play a role in. Whilst monocytes express many of the same genes as adipocytes, 

the expression of obesity-related genes may differ between the two types of cells in response 

to treatment with antipsychotic drugs. Therefore, this study focused on the role of the altered 

expression of obesity-related genes in monocytes and the development of obesity, whilst 

hypothesising the role of the obesity-related genes in adipose tissue. A particularly novel 

aspect of the research was to investigate the differences between different antipsychotic 

treatments in modulation of the expression of obesity-related genes in peripheral cells. 

However, this study could be further developed with the use of a human adipocyte cell line to 

determine whether antipsychotic treatment could alter the expression of obesity-related genes 

in the same manner as seen in the U937 monocyte-like cell line and to reveal a molecular 

mechanism behind antipsychotic-induced weight gain. Such a study could also be extended 

further with the use of a hepatic cell line such as HEPG2, as the liver is a site of fatty acid 

metabolism and would be useful in the study of obesity development.  

 

As outlined in Chapter 4, MC4R is hypothesised to play a role in insulin signalling through 

the JNK pathway. In addition, MC4R is also associated with obesity development due to its 

role in the satiety centres of the hypothalamus. When leptin is released by the adipose tissue 

in response to a meal, it crosses the blood-brain barrier and binds to receptors on the POMC-

producing and Agouti-related peptide (AgRP) producing neurons, which inhibit AgRP 

production and stimulate POMC secretion (Mesaros et al., 2008, Ernst et al., 2009). POMC 

produces α-MSH which stimulates MC4R activity, whilst AGRP suppresses MC4R activity 

(Walley et al., 2009). Increased MC4R activity promotes anorexigenic signals through the 

activation of its downstream mediators (Xu et al., 2003, Caruso et al., 2012). Although this 

gene has been studied in respect to insulin signalling in the U937 cell line, it would be 

interesting to examine its expression in a neuronal cell line, such as SH-SY5Y, to determine 

whether antipsychotic treatment could alter MC4R expression and thus influence satiety 

signalling.  

 

It was recognised at the outset that results from the U937 cell line were unlikely to predict the 

role that some of the obesity-related genes may play in other tissue types such as the liver, 

adipose tissue or the brain, all of which are relevant to the process that underpins obesity. 

Nevertheless, U937 cells were considered to be a good preliminary model to study the effect 

of antipsychotic treatment on the expression of obesity-related genes given that these cells 

express all of the genes selected for the test panel. U937 cells share many features with 
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circulating monocytes, which are widely considered to infiltrate into adipose tissue in the 

form of macrophages. These cells therefore represent a convenient first step in developing an 

understanding of how antipsychotic drugs might impact the expression of obesity-related 

genes. Many studies utilise cell culture as it provides a useful tool to study a number of 

biochemical and physiological processes and responses to drugs and toxins under highly 

controlled conditions, which can then be the basis for further work in animal or human model 

systems. However the caveat to the use of cell lines as a model system is that the cell culture 

environment is highly contrived and does not accurately represent the in vivo scenario. 

Moreover, cell lines are unlikely to behave in the same way as cells in vivo because they are 

immortalised and exposure periods are restricted for practical reasons to treatments of only a 

few days as through time the populations of cells become more unstable and heterogeneous 

and the number of cells generated become very hard to handle. Primary cell culture is also 

problematic because the cells may lose the ability to proliferate after a few cell divisions, 

making it difficult to perform long-term studies.  

 

An alternative to a cell culture based system could be the use of animal models, particularly 

rodents. An animal model could be used to assess the effect of clozapine treatment on the 

expression of obesity-related genes and to compare the findings to metabolic parameters, 

including weight, glucose, insulin, triglycerides, inflammatory markers and adiposity. This 

could provide an insight into the metabolic pathways that are off-target activated by 

antipsychotic medications. A limitation associated with an animal model is that antipsychotic 

drugs may not have the same effect on the expression of obesity-related genes in animals as in 

humans. A direct approach would be to assess the expression of obesity-related genes on 

antipsychotic medication directly from patient tissues. However, taking samples from the 

brain is not possible, while liver biopsies are not without risk. Adipose tissue biopsies would 

be an option, but would require considerable in vitro and animal data to provide sufficient 

evidence to justify this invasive research.  A less invasive approach could be developed 

through the use of PBMCs obtained through a routine blood draw, an approach used recently 

to study glucose metabolism in patients with schizophrenia (Liu et al., 2015). However, a 

large number of cells are needed to analyse gene expression and, therefore, it would not be 

feasible to take a sufficiently large quantity of blood from patients to meet the need for 

research work. With the advent of new technologies that will be more sensitive, smaller 

quantities of blood will be needed for analysis and this should be less of an issue in future.  

 

It is clear that the findings in this study have paved the way for further study of different cells 

on which antipsychotic drugs might influence obesity and other metabolic diseases. For 
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example, some of the genes with altered expression in U937 cells might be of critical 

importance in controlling appetite in neuronal cells in the hypothalamus, whilst others could 

be critical in adipogenesis or altering metabolic function in hepatocytes. There is clearly an 

opportunity to extend the findings of this study into neurons, adipocytes, macrophages and 

hepatocytes, as well as to follow up the current findings in primary monocytes, assuming that 

technology becomes available for detection of gene expression in the relatively small number 

of cells from patient’s blood draw. 

 

7.3.2 Tissue specific or global changes in the gene expression profile 

This study has raised questions around whether changes in the expression of the obesity-

related genes are limited to the study model (a monocyte-like cell line) or whether it is 

representative of the effect of clozapine on a number of tissues relevant to obesity. Without 

the use of an additional cell lines, it is not yet known whether clozapine altered the expression 

of the obesity-related genes in the same manner in other tissues as it had done in U937 cells. 

However, the development of large scale transcriptomics platforms such as RNA-seq allow 

the precise analysis and quantification of genome-wide gene expression (Wang et al., 2009). 

Transcriptomics platforms would avoid bias towards specific genes because the technology is 

chip-based and would allow many gene targets to be tested at the same time. Gene expression 

could not only be measured in a number of different cell or tissue types simultaneously, the 

effect of different antipsychotic drugs and dosages could be measured at the same time as 

well. An additional advantage of this approach is that gene-gene interactions could be studied 

and the number of other genes that could impact on obesity development would be increased. 

From a drug development point of view, it is essential to understand this off-target effect in 

order to design improved drugs that avoid or minimise these impacts.  

 

7.4 Discussion of the results generated from this study 

 

7.4.1 The genetic association between schizophrenia and obesity 

Over the last few years, a number of GWA studies have been conducted in search of 

schizophrenia susceptibility genes and these GWA studies have demonstrated how truly 

heterogeneous the genetic component for schizophrenia is given the number of loci found to 

be associated with the disease  (Ikeda et al., 2011, Schizophrenia Psychiatric Genome-Wide 

Association Consortium, 2011, Shi et al., 2011, Steinberg et al., 2011, Yue et al., 2011, Irish 

Schizophrenia Genomics Consortium, 2012, Rietschel et al., 2012, Hamshere et al., 2013, 

Lencz et al., 2013, Ripke et al., 2013). The largest study of schizophrenia samples was 

conducted in 2014 with 36,989 cases and 113,075 controls and determined that 108 loci were 
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strongly associated with schizophrenia, including 83 loci which had not previously been 

found to be associated with the disease (Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014). Among the loci identified, a number of candidate genes stood 

out, including the dopamine D2 receptor (due to the action of antipsychotics at this receptor), 

a number of genes involved in glutamatergic neurotransmission and the major 

histocompatibility complex (MHC) region (due to the inflammation hypothesis of 

schizophrenia aetiology). This study was also notable because many of the loci identified 

were enriched within the brain compared to tissues not relevant to schizophrenia (such as 

bone or kidney), suggesting the specificity of many of these genes in enhancing risk of 

schizophrenia. Yet, the sheer number of loci identified to be associated with schizophrenia 

suggests that it is unlikely that all of the risk alleles are essential for predisposition to the 

disease, or indeed that individual risk alleles are sufficient alone to promote the development 

of the disease.  

 

A question that arose during this doctoral study was whether there was a genetic association 

between schizophrenia and obesity. It becomes clear from the large 2014 GWA-based 

analysis as described above that patients with schizophrenia may not be more genetically 

susceptible to obesity than the general population. The genetic link between schizophrenia 

and obesity was originally proposed on account of the fact that large percentage of 

schizophrenia patients on SGA medication experienced an increase in weight but equally, 

other patients on SGAs experience little or no weight gain at all. An approach that others have 

used with success (Gregoor et al., 2009, Muller et al., 2010, Perez-Iglesias et al., 2010, Vehof 

et al., 2011, Wu et al., 2011, Brandl et al., 2012, Houston et al., 2012, Malhotra et al., 2012, 

Yang et al., 2012, Zai et al., 2012, Chowdhury et al., 2013, Czerwensky et al., 2013, Reynolds 

et al., 2013, Tiwari et al., 2013) investigated patients who experienced antipsychotic-induced 

weight gain as the case group and those who did not, as the control group and, yielded a 

number of candidate genes associated with antipsychotic-induced weight gain (Table 3.7 of 

this thesis). Unfortunately, there were no metabolic parameters recorded for the patient 

samples in this study, so this approach could not be adopted to re-analyse the data with weight 

gain as a covariate.  

 

7.4.2 Differences in the comparative pharmacology and obesity-related gene expression 

between clozapine and olanzapine 

This study showed that both clozapine and olanzapine had the capacity to alter the expression 

of obesity-related genes. These two SGAs share many similarities in receptor profiles, with a 

few differences for example, clozapine is active at many of the muscarinic receptors (Olianas 
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et al., 1999). This study also reported differences in gene expression between the two SGAs, 

in which olanzapine was demonstrated to influence a greater number of obesity-related genes 

than clozapine. 

 

It is possible that the changes in expression of obesity-related genes in olanzapine-treated 

samples may be due to a different mechanism than clozapine. Olanzapine has previously been 

demonstrated to increase the expression of SREBP-1, a transcription factor involved in lipid 

homeostasis (Yang et al., 2007). SREBP-1 is proposed to control the expression of a number 

of lipogenic genes (Shimano et al., 1996, Yahagi et al., 1999, Horton et al., 2003) and this 

study hypothesised that the expression of PPARG, MTCH2, NEGR1 and TMEM18 (genes 

thought to play a role in adipocyte differentiation) (Bernhard et al., 2012) are under the 

control of SREBP-1, and would explain the increased expression of these genes in the 

olanzapine treated samples in this study. As many of these genes were not altered by 

treatment with clozapine (MTCH2, NEGR1 and TMEM18), it suggests that there might be a 

different mechanism involved in altering the expression of the obesity-related genes between 

the two drugs. Evidence for this comes from the increased IP3 signalling presented in Chapter 

6 after treatment with clozapine, thought to be due to the agonist action of a metabolite of 

clozapine, N-desmethylclozapine at either the M1 or M3 receptors. The action of N-

desmethylclozapine at these receptors is currently hypothetical and there are other hypotheses 

which could explain the altered expression of obesity-related genes. One example could be 

altering the DNA methylation patterns of the obesity-related genes; the increased IP3 

signalling detected in this study may be involved in an unrelated process.  

 

There is a deficit in the literature regarding the mechanistic action of antipsychotic-induced 

obesity. Clozapine and olanzapine have many similarities in receptor profiles; both alter the 

expression of obesity-related genes, but with differences in targeted genes and additionally, 

the metabolite of clozapine has been demonstrated to be active at a number of receptors. 

Taken together, the simplest conclusion that can be arrived at in light of the current data is 

that clozapine and olanzapine can both induce weight gain, but that different mechanisms may 

be responsible for the differential gene expression profile between these two antipsychotic 

drugs.  
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7.5 Future directions 

As outlined in section 7.3.1 of this Chapter, the results from this study could be extended 

further through the use of additional cells (such as neurons, adipocytes, macrophages and 

hepatocytes), animal models and possibly, the eventual use of primary monocytes from 

patients themselves.  

 

A criticism that is often levelled at gene expression studies is that, while the findings are often 

robust in terms of identifying changes in mRNA transcription from specific genes, they offer 

no assurance that the changes are reflected in altered protein expression, or that modification 

in protein expression is sufficient to alter cell function. A systems biology approach, 

involving both proteomics and metabolomics, would be required to monitor the full impact of 

the modifications of gene transcription found in this study. The very latest mass spectrometry 

equipment has recently been acquired by the Department at the University of the Highlands & 

Islands, which would provide the capability to take an integrative approach to assess the 

influence of drug-induced changes in gene expression, protein expression and metabolite 

generation. 

 

Alternatively, an animal model could be used to assess the effect of clozapine treatment on 

the expression of obesity-related genes and to compare the findings to metabolic parameters, 

including weight, glucose, insulin, triglycerides, inflammatory markers and adiposity. This 

could provide insights into metabolic pathways that are off-target activated by antipsychotic 

medications.  

 

Adjunctive treatment with either aripiprazole, metformin or topiramate is hypothesised to be 

useful in reducing weight gain associated with clozapine treatment. Accordingly, an 

interesting future study would be performed to examine the expression of obesity-related 

genes after combined treatment with clozapine and one of the adjunctive therapies 

(aripiprazole, metformin or topiramate) in order to determine if the adjunctive treatment could 

abolish the alteration of obesity-related genes promoted by clozapine. If any of these add-on 

treatments could abolish the effect of clozapine on obesity-related gene expression, it would 

be useful evidence to suggest the wider use of adjunctive therapies with clozapine to reduce 

antipsychotic-induced weight gain 

 

The mechanism by which clozapine and olanzapine can promote changes in the expression of 

obesity-related genes is likely to be complex and, probably incorporate multiple genes and 

signalling pathways. To further elucidate the signalling pathways involved in the altered 
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expression of the obesity-related genes after treatment with antipsychotic drugs, a pull-down 

assay could be used to investigate the interaction between the natural binding partners of the 

proteins produced by the obesity-related genes. Identification of the partner proteins of the 

obesity-related genes could detect protein targets that could be potentially affected by 

antipsychotic treatment and also allow knockdown studies to determine if the partner protein 

played a role in the antipsychotic-induced obesity-gene expression or determine if it was the 

downstream genes that could promote metabolic problems. If the cellular pathway of how 

antipsychotic drugs can induce changes in obesity-related gene expression is established, 

potential therapies can be developed to specifically counteract this off-targeting effect and 

antipsychotic drugs with less metabolic side effects.  

 

The data gained from the study described in Chapter 6 resulted in the hypothesis that 

increased PLC signalling promoted by the metabolite of clozapine N-desmethylclozapine, 

could mediate the changes in obesity-related gene expression seen in this and previous 

Chapters. Though credible, it is too early to know whether increased PLC signalling through 

the M1 or M3 receptors are responsible for the altered gene expression promoted by clozapine 

medication and, could help identify the mechanism behind some of the metabolic problems 

associated with clozapine treatment. To further investigate this hypothesis, a competition 

assay could be used to test if the changes in the expression of the obesity-related genes 

promoted by treatment with clozapine could be abolished after treatment with the M1 receptor 

antagonist, MT-7. This would be a very interesting experiment as the M1 receptor is thought 

to be involved in learning, cognition and memory (Anagnostaras et al., 2003, Haley et al., 

2011), which would therefore be a target for drug developers of future antipsychotics (Gold, 

2004). If the M1 receptor was shown to be involved in promoting metabolic abnormalities 

through the altered expression of the obesity-related genes, drug developers would have to 

weigh up the risk of designing a new drug that could cause metabolic problems but improve 

cognition in patients with schizophrenia.  
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7.6 Concluding remarks 

This doctoral thesis contributes to the field of antipsychotic-induced weight gain in the 

following aspects: 

 

1. Therapeutically relevant doses of clozapine (0.125 µg/ml and 0.25 µg/ml) were shown to 

induce changes in the mRNA expression of obesity-related genes in U937 cells. Another 

SGA olanzapine was also demonstrated to alter the mRNA expression of most obesity-

related genes tested. This study provides the basis of a possible new mechanism by which 

SGA can induce weight gain by directly altering the expression of some obesity-related 

genes that have obesogenic roles in developing metabolic problems.  

 

2. Studies on second messengers indicated that clozapine could promote the changes in 

obesity-related genes through the PLC signalling pathway possibly mediated by the 

agonist action of a metabolite of clozapine, N-desmethylclozapine, on either the M1 or M3 

receptors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



217 

 

 

 
References 

 
 

 

 

 

 

 

 

 



218 

 

 

ABDOLMALEKY, H. M., FARAONE, S. V., GLATT, S. J. & TSUANG, M. T. 2004. Meta-

analysis of association between the T102C polymorphism of the 5HT2a receptor gene 

and schizophrenia. Schizophr Res, 67, 53-62. 

ABEBE, W., ALI, N. & AGRAWAL, D. K. 1996. Platelet-activating factor-induced inositol 

1,4,5-trisphosphate generation in undifferentiated and differentiated U937 cells: role 

of tyrosine kinase. Int J Immunopharmacol, 18, 173-81. 

ABI-DARGHAM, A. & MOORE, H. 2003. Prefrontal DA Transmission at D1 Receptors and 

the Pathology of Schizophrenia. The Neuroscientist, 9, 404-416. 

ADAN, R. A., TIESJEMA, B., HILLEBRAND, J. J., LA FLEUR, S. E., KAS, M. J. & DE 

KROM, M. 2006. The MC4 receptor and control of appetite. Br J Pharmacol, 149, 

815-27. 

ADDINGTON, A. M., GORNICK, M., SPORN, A. L., GOGTAY, N., GREENSTEIN, D., 

LENANE, M., GOCHMAN, P., BAKER, N., BALKISSOON, R., VAKKALANKA, 

R. K., WEINBERGER, D. R., STRAUB, R. E. & RAPOPORT, J. L. 2004. 

Polymorphisms in the 13q33.2 gene G72/G30 are associated with childhood-onset 

schizophrenia and psychosis not otherwise specified. Biological Psychiatry, 55, 976-

980. 

AFSHAR, H., ROOHAFZA, H., MOUSAVI, G., GOLCHIN, S., TOGHIANIFAR, N., 

SADEGHI, M. & TALAEI, M. 2009. Topiramate add-on treatment in schizophrenia: a 

randomised, double-blind, placebo-controlled clinical trial. Journal of 

Psychopharmacology, 23, 157-162. 

AGUIRRE, V., UCHIDA, T., YENUSH, L., DAVIS, R. & WHITE, M. F. 2000. The c-Jun 

NH(2)-terminal kinase promotes insulin resistance during association with insulin 

receptor substrate-1 and phosphorylation of Ser(307). J Biol Chem, 275, 9047-54. 

AHIMA, R. S. & FLIER, J. S. 2000. Leptin. Annu Rev Physiol, 62, 413-37. 

AHMED, M., GRIFFIN, D., O'TOOLE, R. & MCDONALD, C. 2009. Clozapine-induced 

severe mixed hyperlipidemia: a case report. General Hospital Psychiatry, 31, 93-96. 

AHN, Y. M., JEONG, S. H., JANG, H. S., KOO, Y. J., KANG, U. G., LEE, K. Y. & KIM, Y. 

S. 2004. Experience of maintaining clozapine medication in patients with 'red-alert 

zone' neutropenia: long-term follow-up results. Int Clin Psychopharmacol, 19, 97-101. 

AKBARIAN, S., KIM, J. J., POTKIN, S. G. & ET AL. 1995. Gene expression for glutamic 

acid decarboxylase is reduced without loss of neurons in prefrontal cortex of 

schizophrenics. Archives of General Psychiatry, 52, 258-266. 

AKBARIAN, S., KIM, J. J., POTKIN, S. G., HETRICK, W. P., BUNNEY, W. E. & JONES, 

E. G. 1996. Maldistribution of interstitial neurons in prefrontal white matter of the 

brains of schizophrenic patients. Arch Gen Psychiatry, 53, 425-36. 

ALBAUGH, V. L., JUDSON, J. G., SHE, P., LANG, C. H., MARESCA, K. P., JOYAL, J. L. 

& LYNCH, C. J. 2011. Olanzapine promotes fat accumulation in male rats by 

decreasing physical activity, repartitioning energy and increasing adipose tissue 

lipogenesis while impairing lipolysis. Mol Psychiatry, 16, 569-581. 

ALEXANDER, S. P. H., MATHIE, A. & PETERS, J. A. 2009. Guide to Receptors and 

Channels (GRAC), 4th Edition. Br J Pharmacol, 158 Suppl 1, S1-254. 

ALKHOURI, N., GORNICKA, A., BERK, M. P., THAPALIYA, S., DIXON, L. J., 

KASHYAP, S., SCHAUER, P. R. & FELDSTEIN, A. E. 2010. Adipocyte apoptosis, a 

link between obesity, insulin resistance, and hepatic steatosis. J Biol Chem, 285, 3428-

38. 

ALLISON, D., MENTORE, J., HEO, M., CHANDLER, L., CAPPELLERI, J., INFANTE, M. 

& WEIDEN, P. 1999a. Antipsychotic-induced weight gain: a comprehensive research 

synthesis. Am J Psychiatry, 156, 1686-96. 

ALLISON, D. B., FONTAINE, K. R., HEO, M., MENTORE, J. L., CAPPELLERI, J. C., 

CHANDLER, L. P., WEIDEN, P. J. & CHESKIN, L. J. 1999b. The distribution of 

body mass index among individuals with and without schizophrenia. J Clin 

Psychiatry, 60, 215-20. 



219 

 

ALMÉN, M. S., JACOBSSON, J. A., SHAIK, J. H., OLSZEWSKI, P. K., CEDERNAES, J., 

ALSIÖ, J., SREEDHARAN, S., LEVINE, A. S., FREDRIKSSON, R., MARCUS, C. 

& SCHIÖTH, H. B. 2010. The obesity gene, TMEM18, is of ancient origin, found in 

majority of neuronal cells in all major brain regions and associated with obesity in 

severely obese children. BMC Med Genet, 11, 58. 

ALTAMURA, A. C., POZZOLI, S., FIORENTINI, A. & DELL'OSSO, B. 2013. 

Neurodevelopment and inflammatory patterns in schizophrenia in relation to 

pathophysiology. Progress in Neuro-Psychopharmacology and Biological Psychiatry, 

42, 63-70. 

ALVARADO-ESQUIVEL, C., SANCHEZ-ANGUIANO, L. F., ARNAUD-GIL, C. A., 

LOPEZ-LONGORIA, J. C., MOLINA-ESPINOZA, L. F., ESTRADA-MARTINEZ, 

S., LIESENFELD, O., HERNANDEZ-TINOCO, J., SIFUENTES-ALVAREZ, A. & 

SALAS-MARTINEZ, C. 2013. Toxoplasma gondii infection and suicide attempts: a 

case-control study in psychiatric outpatients. J Nerv Ment Dis, 201, 948-52. 

ALVIR, J. M., LIEBERMAN, J. A., SAFFERMAN, A. Z., SCHWIMMER, J. L. & 

SCHAAF, J. A. 1993. Clozapine-induced agranulocytosis. Incidence and risk factors 

in the United States. N Engl J Med, 329, 162-7. 

AMERICAN PSYCHIATRIC ASSOCIATION 1994. Diagnostic and Statistical Manual of 

Mental Disorders, Washington, DC, American Psychiatric Association. 

AMERICAN PSYCHIATRIC ASSOCIATION, A. 2014. Highlights of Changes from DSM-

IV-TR to DSM-5 [Online]. Available: 

http://www.dsm5.org/Documents/changes%20from%20dsm-iv-tr%20to%20dsm-

5.pdf. 

ANAGNOSTARAS, S. G., MURPHY, G. G., HAMILTON, S. E., MITCHELL, S. L., 

RAHNAMA, N. P., NATHANSON, N. M. & SILVA, A. J. 2003. Selective cognitive 

dysfunction in acetylcholine M1 muscarinic receptor mutant mice. Nat Neurosci, 6, 

51-8. 

ANAND, B. K. & BROBECK, J. R. 1951. Localization of a "feeding center" in the 

hypothalamus of the rat. Proc Soc Exp Biol Med, 77, 323-4. 

ANBER, V., GRIFFIN, B. A., MCCONNELL, M., PACKARD, C. J. & SHEPHERD, J. 

1996. Influence of plasma lipid and LDL-subfraction profile on the interaction 

between low density lipoprotein with human arterial wall proteoglycans. 

Atherosclerosis, 124, 261-71. 

ANDERSEN, P. H. & BRAESTRUP, C. 1986. Evidence for different states of the dopamine 

D1 receptor: clozapine and fluperlapine may preferentially label an adenylate cyclase-

coupled state of the D1 receptor. J Neurochem, 47, 1822-31. 

ANDERSON, G. M., FEIBEL, F. C. & COHEN, D. J. 1987. Determination of serotonin in 

whole blood, platelet-rich plasma, platelet-poor plasma and plasma ultrafiltrate. Life 

Sci, 40, 1063-70. 

ANDREASEN, N. C., LIU, D., ZIEBELL, S., VORA, A. & HO, B. C. 2013. Relapse 

duration, treatment intensity, and brain tissue loss in schizophrenia: A prospective 

longitudinal MRI study. American Journal of Psychiatry, 170, 609-615. 

ANDRÉASSON, S., ENGSTRÖM, A., ALLEBECK, P. & RYDBERG, U. 1987. 

CANNABIS AND SCHIZOPHRENIA A Longitudinal Study of Swedish Conscripts. 

The Lancet, 330, 1483-1486. 

ANTUNA-PUENTE, B., FEVE, B., FELLAHI, S. & BASTARD, J. P. 2008. Adipokines: the 

missing link between insulin resistance and obesity. Diabetes Metab, 34, 2-11. 

ARENDT, M., ROSENBERG, R., FOLDAGER, L., PERTO, G. & MUNK-JORGENSEN, P. 

2005. Cannabis-induced psychosis and subsequent schizophrenia-spectrum disorders: 

follow-up study of 535 incident cases. Br J Psychiatry, 187, 510-5. 

ARIAS, I., SORLOZANO, A., VILLEGAS, E., DE DIOS LUNA, J., MCKENNEY, K., 

CERVILLA, J., GUTIERREZ, B. & GUTIERREZ, J. 2012. Infectious agents 

associated with schizophrenia: a meta-analysis. Schizophr Res, 136, 128-36. 

http://www.dsm5.org/Documents/changes%20from%20dsm-iv-tr%20to%20dsm-5.pdf
http://www.dsm5.org/Documents/changes%20from%20dsm-iv-tr%20to%20dsm-5.pdf


220 

 

ARIMURA, N., HORIBA, T., IMAGAWA, M., SHIMIZU, M. & SATO, R. 2004. The 

peroxisome proliferator-activated receptor gamma regulates expression of the perilipin 

gene in adipocytes. J Biol Chem, 279, 10070-6. 

ARINAMI, T., ITOKAWA, M., ENGUCHI, H., TAGAYA, H., YANO, S., SHIMIZU, H., 

HAMAGUCHI, H. & TORU, M. 1994. Association of dopamine D2 receptor 

molecular variant with schizophrenia. Lancet, 343, 703-4. 

ASAMI, T., BOUIX, S., WHITFORD, T. J., SHENTON, M. E., SALISBURY, D. F. & 

MCCARLEY, R. W. 2012. Longitudinal loss of gray matter volume in patients with 

first-episode schizophrenia: DARTEL automated analysis and ROI validation. 

NeuroImage, 59, 986-996. 

ASHDOWN, H., DUMONT, Y., NG, M., POOLE, S., BOKSA, P. & LUHESHI, G. N. 2005. 

The role of cytokines in mediating effects of prenatal infection on the fetus: 

implications for schizophrenia. Mol Psychiatry, 11, 47-55. 

ATHANASIU, L., MATTINGSDAL, M., KÄHLER, A. K., BROWN, A., GUSTAFSSON, 

O., AGARTZ, I., GIEGLING, I., MUGLIA, P., CICHON, S., RIETSCHEL, M., 

PIETILÄINEN, O. P. H., PELTONEN, L., BRAMON, E., COLLIER, D., CLAIR, D. 

S., SIGURDSSON, E., PETURSSON, H., RUJESCU, D., MELLE, I., STEEN, V. M., 

DJUROVIC, S. & ANDREASSEN, O. A. 2010. Gene variants associated with 

schizophrenia in a Norwegian genome-wide study are replicated in a large European 

cohort. Journal of Psychiatric Research, 44, 748-753. 

ATKIN, K., KENDALL, F., GOULD, D., FREEMAN, H., LIBERMAN, J. & O'SULLIVAN, 

D. 1996. Neutropenia and agranulocytosis in patients receiving clozapine in the UK 

and Ireland. Br J Psychiatry, 169, 483-8. 

ATMACA, M., KULOGLU, M., TEZCAN, E., GECICI, O. & USTUNDAG, B. 2003. 

Weight gain, serum leptin and triglyceride levels in patients with schizophrenia on 

antipsychotic treatment with quetiapine, olanzapine and haloperidol [4]. Schizophrenia 

Research, 60, 99-100. 

AVRAMOGLU, R. K., BASCIANO, H. & ADELI, K. 2006. Lipid and lipoprotein 

dysregulation in insulin resistant states. Clin Chim Acta, 368, 1-19. 

AYD, F. J. 1972. Haloperidol: fifteen years of clinical experience. Dis Nerv Syst, 33, 459-69. 

AYD, F. J. 1978. Haloperidol: twenty years' clinical experience. J Clin Psychiatry, 39, 807-

14. 

BABURAMANI, A. A., EK, C. J., WALKER, D. W. & CASTILLO-MELENDEZ, M. 2012. 

Vulnerability of the developing brain to hypoxic-ischemic damage: contribution of the 

cerebral vasculature to injury and repair? Front Physiol, 3, 424. 

BACON, B. R., FARAHVASH, M. J., JANNEY, C. G. & NEUSCHWANDER-TETRI, B. A. 

1994. Nonalcoholic steatohepatitis: an expanded clinical entity. Gastroenterology, 

107, 1103-9. 

BADMAN, M. K. & FLIER, J. S. 2007. The adipocyte as an active participant in energy 

balance and metabolism. Gastroenterology, 132, 2103-15. 

BAI, Y. M., CHEN, J. Y., CHEN, T. T., LIN, C. Y., CHOU, P., SU, T. P. & LIN, C. C. 2009. 

Weight gain with clozapine: 8-year cohort naturalistic study among hospitalized 

Chinese schizophrenia patients. Schizophr Res, 108, 122-6. 

BAILEY, C. J., MYNETT, K. J. & PAGE, T. 1994. Importance of the intestine as a site of 

metformin-stimulated glucose utilization. Br J Pharmacol, 112, 671-5. 

BAKKER, R. A., WIELAND, K., TIMMERMAN, H. & LEURS, R. 2000. Constitutive 

activity of the histamine H(1) receptor reveals inverse agonism of histamine H(1) 

receptor antagonists. Eur J Pharmacol, 387, R5-7. 

BANCHEREAU, J. & STEINMAN, R. M. 1998. Dendritic cells and the control of immunity. 

Nature, 392, 245-252. 

BANKS, W. A., KASTIN, A. J., HUANG, W., JASPAN, J. B. & MANESS, L. M. 1996. 

Leptin enters the brain by a saturable system independent of insulin. Peptides, 17, 

305-311. 



221 

 

BAPTISTA, T., KIN, N. M., BEAULIEU, S. & DE BAPTISTA, E. A. 2002. Obesity and 

related metabolic abnormalities during antipsychotic drug administration: 

mechanisms, management and research perspectives. Pharmacopsychiatry, 35, 205-

19. 

BAPTISTA, T., PARADA, M. & HERNANDEZ, L. 1987. Long term administration of some 

antipsychotic drugs increases body weight and feeding in rats. Are D2 dopamine 

receptors involved? Pharmacol Biochem Behav, 27, 399-405. 

BAPTISTA, T., RANGEL, N., FERNÁNDEZ, V., CARRIZO, E., EL FAKIH, Y., 

UZCÁTEGUI, E., GALEAZZI, T., GUTIÉRREZ, M. A., SERVIGNA, M., DÁVILA, 

A., UZCÁTEGUI, M., SERRANO, A., CONNELL, L., BEAULIEU, S. & DE 

BAPTISTA, E. A. 2007. Metformin as an adjunctive treatment to control body weight 

and metabolic dysfunction during olanzapine administration: A multicentric, double-

blind, placebo-controlled trial. Schizophrenia Research, 93, 99-108. 

BARAKAUSKAS, V. E., YPSILANTI, A. R., BARR, A. M., INNIS, S. M., HONER, W. G. 

& BEASLEY, C. L. 2010. Effects of sub-chronic clozapine and haloperidol 

administration on brain lipid levels. Progress in Neuro-Psychopharmacology and 

Biological Psychiatry, 34, 669-673. 

BARNETT, J. H., WERNERS, U., SECHER, S. M., HILL, K. E., BRAZIL, R., MASSON, 

K., PERNET, D. E., KIRKBRIDE, J. B., MURRAY, G. K., BULLMORE, E. T. & 

JONES, P. B. 2007. Substance use in a population-based clinic sample of people with 

first-episode psychosis. Br J Psychiatry, 190, 515-20. 

BARRETT, J. C., FRY, B., MALLER, J. & DALY, M. J. 2005. Haploview: analysis and 

visualization of LD and haplotype maps. Bioinformatics, 21, 263-5. 

BARTHOLINI, G. 1976. Differential effect of neuroleptic drugs on dopamine turnover in the 

extrapyramidal and limbic system. J Pharm Pharmacol, 28, 429-33. 

BASILE, V. S., MASELLIS, M., MCINTYRE, R. S., MELTZER, H. Y., LIEBERMAN, J. A. 

& KENNEDY, J. L. 2001. Genetic dissection of atypical antipsychotic-induced weight 

gain: novel preliminary data on the pharmacogenetic puzzle. J Clin Psychiatry, 62 

Suppl 23, 45-66. 

BASSETT, A. S. & CHOW, E. W. 2008. Schizophrenia and 22q11.2 Deletion Syndrome. 

Curr Psychiatry Rep, 10, 148-57. 

BASSETT, A. S., CHOW, E. W., HUSTED, J., WEKSBERG, R., CALUSERIU, O., WEBB, 

G. D. & GATZOULIS, M. A. 2005. Clinical features of 78 adults with 22q11 Deletion 

Syndrome. Am J Med Genet A, 138, 307-13. 

BASSETT, A. S., SCHERER, S. W. & BRZUSTOWICZ, L. M. 2010. Copy number 

variations in schizophrenia: critical review and new perspectives on concepts of 

genetics and disease. Am J Psychiatry, 167, 899-914. 

BASTARD, J. P., MAACHI, M., LAGATHU, C., KIM, M. J., CARON, M., VIDAL, H., 

CAPEAU, J. & FEVE, B. 2006. Recent advances in the relationship between obesity, 

inflammation, and insulin resistance. Eur Cytokine Netw, 17, 4-12. 

BEASLEY, C. M., JR., TOLLEFSON, G., TRAN, P., SATTERLEE, W., SANGER, T. & 

HAMILTON, S. 1996. Olanzapine versus placebo and haloperidol: acute phase results 

of the North American double-blind olanzapine trial. Neuropsychopharmacology, 14, 

111-23. 

BECHTER, K. 2001. Mild encephalitis underlying psychiatric disorder – A reconsideration 

and hypothesis exemplified on Borna Disease. Neurol Psychiatry Brain Res, 9, 55-70. 

BEN-MENACHEM, E., AXELSEN, M., JOHANSON, E. H., STAGGE, A. & SMITH, U. 

2003. Predictors of weight loss in adults with topiramate-treated epilepsy. Obes Res, 

11, 556-62. 

BENDER, E., PINDON, A., VAN OERS, I., ZHANG, Y. B., GOMMEREN, W., 

VERHASSELT, P., JURZAK, M., LEYSEN, J. & LUYTEN, W. 2000. Structure of 

the human serotonin 5-HT4 receptor gene and cloning of a novel 5-HT4 splice variant. 

J Neurochem, 74, 478-89. 



222 

 

BENES, F. M., VINCENT, S. L., ALSTERBERG, G., BIRD, E. D. & SANGIOVANNI, J. P. 

1992. Increased GABAA receptor binding in superficial layers of cingulate cortex in 

schizophrenics. J Neurosci, 12, 924-9. 

BENES, F. M., VINCENT, S. L., MARIE, A. & KHAN, Y. 1996. Up-regulation of GABAA 

receptor binding on neurons of the prefrontal cortex in schizophrenic subjects. 

Neuroscience, 75, 1021-31. 

BENNET, L., ROSSENRODE, S., GUNNING, M. I., GLUCKMAN, P. D. & GUNN, A. J. 

1999. The cardiovascular and cerebrovascular responses of the immature fetal sheep to 

acute umbilical cord occlusion. J Physiol, 517 ( Pt 1), 247-57. 

BERG, J., TYMOCZKO, J. & STRYER, L. 2002. Biochemistry, 5th edition. New York: W H 

Freeman. 

BERGEMANN, N., FRICK, A., PARZER, P. & KOPITZ, J. 2004. Olanzapine plasma 

concentration, average daily dose, and interaction with co-medication in schizophrenic 

patients. Pharmacopsychiatry, 37, 63-8. 

BERGEN, S. E. & PETRYSHEN, T. L. 2012. Genome-wide association studies (GWAS) of 

schizophrenia: does bigger lead to better results? Current opinion in psychiatry, 25, 

76-82. 

BERNHARD, F., LANDGRAF, K., KLOTING, N., BERTHOLD, A., BUTTNER, P., 

FRIEBE, D., KIESS, W., KOVACS, P., BLUHER, M. & KORNER, A. 2012. 

Functional relevance of genes implicated by obesity genome-wide association study 

signals for human adipocyte biology. Diabetologia, 56, 311-22. 

BERNHARD, F., LANDGRAF, K., KLOTING, N., BERTHOLD, A., BUTTNER, P., 

FRIEBE, D., KIESS, W., KOVACS, P., BLUHER, M. & KORNER, A. 2013. 

Functional relevance of genes implicated by obesity genome-wide association study 

signals for human adipocyte biology. Diabetologia, 56, 311-22. 

BERSTEIN, G., BLANK, J. L., SMRCKA, A. V., HIGASHIJIMA, T., STERNWEIS, P. C., 

EXTON, J. H. & ROSS, E. M. 1992. Reconstitution of agonist-stimulated 

phosphatidylinositol 4,5-bisphosphate hydrolysis using purified m1 muscarinic 

receptor, Gq/11, and phospholipase C-beta 1. J Biol Chem, 267, 8081-8. 

BEVERIDGE, N. J. & CAIRNS, M. J. 2012. MicroRNA dysregulation in schizophrenia. 

Neurobiol Dis, 46, 263-71. 

BEYNEN, A. C., VAARTJES, W. J. & GEELEN, M. J. H. 1979. Opposite Effects of Insulin 

and Glucagon in Acute Hormonal Control of Hepatic Lipogenesis. Diabetes, 28, 828-

835. 

BHUGRA, D., HILWIG, M., HOSSEIN, B., MARCEAU, H., NEEHALL, J., LEFF, J., 

MALLETT, R. & DER, G. 1996. First-contact incidence rates of schizophrenia in 

Trinidad and one-year follow-up. Br J Psychiatry, 169, 587-92. 

BIENENSTOCK, J., TOMIOKA, M., MATSUDA, H., STEAD, R. H., QUINONEZ, G., 

SIMON, G. T., COUGHLIN, M. D. & DENBURG, J. A. 1987. The Role of Mast 

Cells in Inflammatory Processes: Evidence for Nerve/Mast Cell Interactions. 

International Archives of Allergy and Immunology, 82, 238-243. 

BINAS, B., DANNEBERG, H., MCWHIR, J., MULLINS, L. & CLARK, A. J. 1999. 

Requirement for the heart-type fatty acid binding protein in cardiac fatty acid 

utilization. FASEB J, 13, 805-12. 

BIOGPS. 2014. MC4R tissue expression [Online]. Available: 

http://biogps.org/#goto=genereport&id=4160. 

BITANIHIRWE, B. K., PELEG-RAIBSTEIN, D., MOUTTET, F., FELDON, J. & MEYER, 

U. 2010. Late prenatal immune activation in mice leads to behavioral and 

neurochemical abnormalities relevant to the negative symptoms of schizophrenia. 

Neuropsychopharmacology, 35, 2462-78. 

BLOMGREN, K. & HAGBERG, H. 2006. Free radicals, mitochondria, and hypoxia-ischemia 

in the developing brain. Free Radic Biol Med, 40, 388-97. 

BO, L. 1990. Types of obesity and diabetes: Defining the risk. Journal of Diabetic 

Complications, 4, 57-59. 

http://biogps.org/#goto=genereport&id=4160


223 

 

BOBO, W. V., JAYATHILAKE, K., LEE, M. A. & MELTZER, H. Y. 2010. Changes in 

weight and body mass index during treatment with melperone, clozapine and typical 

neuroleptics. Psychiatry Res, 176, 114-9. 

BOENDER, A. J., VAN ROZEN, A. J. & ADAN, R. A. 2012. Nutritional state affects the 

expression of the obesity-associated genes Etv5, Faim2, Fto, and Negr1. Obesity 

(Silver Spring), 20, 2420-5. 

BONA, E., ANDERSSON, A. L., BLOMGREN, K., GILLAND, E., PUKA-SUNDVALL, 

M., GUSTAFSON, K. & HAGBERG, H. 1999. Chemokine and inflammatory cell 

response to hypoxia-ischemia in immature rats. Pediatric Research, 45, 500-509. 

BORTOLOZZI, A., DÍAZ-MATAIX, L., SCORZA, M. C., CELADA, P. & ARTIGAS, F. 

2005. The activation of 5-HT receptors in prefrontal cortex enhances dopaminergic 

activity. J Neurochem, 95, 1597-607. 

BORTOLOZZI, A., MASANA, M., DÍAZ-MATAIX, L., CORTÉS, R., SCORZA, M. C., 

GINGRICH, J. A., TOTH, M. & ARTIGAS, F. 2010. Dopamine release induced by 

atypical antipsychotics in prefrontal cortex requires 5-HT1A receptors but not 5-

HT2A receptors. International Journal of Neuropsychopharmacology, 13, 1299-1314. 

BOYDELL, J. 2001. Risk factors for schizophrenia. Expert Review of Neurotherapeutics, 1, 

183-191. 

BRADFORD, M. 2011. A genetic analysis of the relationship between gluten intolerance and 

schizophrenia. Ph.D, University of Aberdeen. 

BRADY, A. E., JONES, C. K., BRIDGES, T. M., KENNEDY, J. P., THOMPSON, A. D., 

HEIMAN, J. U., BREININGER, M. L., GENTRY, P. R., YIN, H., JADHAV, S. B., 

SHIREY, J. K., CONN, P. J. & LINDSLEY, C. W. 2008. Centrally Active Allosteric 

Potentiators of the M(4) Muscarinic Acetylcholine Receptor Reverse Amphetamine-

Induced Hyperlocomotor Activity in Rats. The Journal of pharmacology and 

experimental therapeutics, 327, 941-953. 

BRAJTBURG, J., ELBERG, S., BOLARD, J., KOBAYASHI, G. S., LEVY, R. A., 

OSTLUND, R. E., SCHLESSINGER, D. & MEDOFF, G. 1984. Interaction of plasma 

proteins and lipoproteins with amphotericin B. J Infect Dis, 149, 986-97. 

BRANDL, E. J., FRYDRYCHOWICZ, C., TIWARI, A. K., LETT, T. A., KITZROW, W., 

BÜTTNER, S., EHRLICH, S., MELTZER, H. Y., LIEBERMAN, J. A., KENNEDY, 

J. L., MÜLLER, D. J. & PULS, I. 2012. Association study of polymorphisms in leptin 

and leptin receptor genes with antipsychotic-induced body weight gain. Prog 

Neuropsychopharmacol Biol Psychiatry, 38, 134-41. 

BRAVARD, A., LEFAI, E., MEUGNIER, E., PESENTI, S., DISSE, E., VOUILLARMET, J., 

PERETTI, N., RABASA-LHORET, R., LAVILLE, M., VIDAL, H. & RIEUSSET, J. 

2011. FTO is increased in muscle during type 2 diabetes, and its overexpression in 

myotubes alters insulin signaling, enhances lipogenesis and ROS production, and 

induces mitochondrial dysfunction. Diabetes, 60, 258-68. 

BRAY, G. A., HOLLANDER, P., KLEIN, S., KUSHNER, R., LEVY, B., FITCHET, M. & 

PERRY, B. H. 2003. A 6-month randomized, placebo-controlled, dose-ranging trial of 

topiramate for weight loss in obesity. Obesity Research, 11, 722-733. 

BREISCH, S. T., ZEMLAN, F. P. & HOEBEL, B. G. 1976. Hyperphagia and obesity 

following serotonin depletion by intraventricular p-chlorophenylalanine. Science, 192, 

382-5. 

BREIT, A., BÜCH, T. R. H., BOEKHOFF, I., SOLINSKI, H. J., DAMM, E. & 

GUDERMANN, T. 2011. Alternative G protein coupling and biased agonism: New 

insights into melanocortin-4 receptor signalling. Molecular and Cellular 

Endocrinology, 331, 232-240. 

BROWN, A. S. 2011. The environment and susceptibility to schizophrenia. Prog Neurobiol, 

93, 23-58. 

BROWN, A. S., BEGG, M. D., GRAVENSTEIN, S., SCHAEFER, C. A., WYATT, R. J., 

BRESNAHAN, M., BABULAS, V. P. & SUSSER, E. S. 2004. Serologic evidence of 

prenatal influenza in the etiology of schizophrenia. Arch Gen Psychiatry, 61, 774-80. 



224 

 

BROWN, A. S., COHEN, P., HARKAVY-FRIEDMAN, J., BABULAS, V., MALASPINA, 

D., GORMAN, J. M. & SUSSER, E. S. 2001. A.E. Bennett Research Award. Prenatal 

rubella, premorbid abnormalities, and adult schizophrenia. Biol Psychiatry, 49, 473-

86. 

BROWN, M. S. & GOLDSTEIN, J. L. 2008. Selective versus Total Insulin Resistance: A 

Pathogenic Paradox. Cell Metabolism, 7, 95-96. 

BROWN, S. 1997. Excess mortality of schizophrenia. A meta-analysis. Br J Psychiatry, 171, 

502-8. 

BROWN, S., KIM, M., MITCHELL, C. & INSKIP, H. 2010. Twenty-five year mortality of a 

community cohort with schizophrenia. Br J Psychiatry, 196, 116-21. 

BRUHWYLER, J., CHLEIDE, E. & MERCIER, M. 1990. Clozapine: An atypical 

neuroleptic. Neuroscience & Biobehavioral Reviews, 14, 357-363. 

BUCHANAN, A. 1992. A two-year prospective study of treatment compliance in patients 

with schizophrenia. Psychol Med, 22, 787-97. 

BUKA, S. L., CANNON, T. D., TORREY, E. F. & YOLKEN, R. H. 2008. Maternal exposure 

to herpes simplex virus and risk of psychosis among adult offspring. Biol Psychiatry, 

63, 809-15. 

BURNET, P. W. J., CHEN, C. P. L. H., MCGOWAN, S., FRANKLIN, M. & HARRISON, P. 

J. 1996. The effects of clozapine and haloperidol on serotonin-1A, -2A and -2C 

receptor gene expression and serotonin metabolism in the rat forebrain. Neuroscience, 

73, 531-540. 

BUSE, M. G. 2006. Hexosamines, insulin resistance, and the complications of diabetes: 

current status. Am J Physiol Endocrinol Metab, 290, E1-e8. 

BUSHE, C. & PATON, C. 2005. The potential impact of antipsychotics on lipids in 

schizophrenia: is there enough evidence to confirm a link? J Psychopharmacol, 19, 

76-83. 

BYMASTER, F. P., CALLIGARO, D. O., FALCONE, J. F., MARSH, R. D., MOORE, N. 

A., TYE, N. C., SEEMAN, P. & WONG, D. T. 1996. Radioreceptor binding profile of 

the atypical antipsychotic olanzapine. Neuropsychopharmacology, 14, 87-96. 

BYMASTER, F. P., NELSON, D. L., DELAPP, N. W., FALCONE, J. F., ECKOLS, K., 

TRUEX, L. L., FOREMAN, M. M., LUCAITES, V. L. & CALLIGARO, D. O. 1999. 

Antagonism by olanzapine of dopamine D1, serotonin2, muscarinic, histamine H1 and 

alpha 1-adrenergic receptors in vitro. Schizophr Res, 37, 107-22. 

BYRNE, M., AGERBO, E., BENNEDSEN, B., EATON, W. W. & MORTENSEN, P. B. 

2007. Obstetric conditions and risk of first admission with schizophrenia: a Danish 

national register based study. Schizophr Res, 97, 51-9. 

CALLE, E. E., RODRIGUEZ, C., WALKER-THURMOND, K. & THUN, M. J. 2003. 

Overweight, obesity, and mortality from cancer in a prospectively studied cohort of 

U.S. Adults. New England Journal of Medicine, 348, 1625-1638. 

CANNON, M., JONES, P. B. & MURRAY, R. M. 2002a. Obstetric complications and 

schizophrenia: historical and meta-analytic review. Am J Psychiatry, 159, 1080-92. 

CANNON, T. D., KAPRIO, J., LÖNNQVIST, J., HUTTUNEN, M. & KOSKENVUO, M. 

1998. The genetic epidemiology of schizophrenia in a Finnish twin cohort. A 

population-based modeling study. Arch Gen Psychiatry, 55, 67-74. 

CANNON, T. D., VAN ERP, T. G., ROSSO, I. M., HUTTUNEN, M., LÖNNQVIST, J., 

PIRKOLA, T., SALONEN, O., VALANNE, L., POUTANEN, V. P. & 

STANDERTSKJÖLD-NORDENSTAM, C. G. 2002b. Fetal hypoxia and structural 

brain abnormalities in schizophrenic patients, their siblings, and controls. Arch Gen 

Psychiatry, 59, 35-41. 

CAPASSO, R. M., LINEBERRY, T. W., BOSTWICK, J. M., DECKER, P. A. & ST. 

SAUVER, J. 2008. Mortality in schizophrenia and schizoaffective disorder: An 

Olmsted County, Minnesota cohort: 1950–2005. Schizophrenia Research, 98, 287-

294. 



225 

 

CARDNO, A. G. & GOTTESMAN, II 2000. Twin studies of schizophrenia: from bow-and-

arrow concordances to star wars Mx and functional genomics. Am J Med Genet, 97, 

12-7. 

CARDNO, A. G., MARSHALL, E. J., COID, B., MACDONALD, A. M., RIBCHESTER, T. 

R., DAVIES, N. J., VENTURI, P., JONES, L. A., LEWIS, S. W., SHAM, P. C., 

GOTTESMAN, I. I., FARMER, A. E., MCGUFFIN, P., REVELEY, A. M. & 

MURRAY, R. M. 1999. Heritability estimates for psychotic disorders: the Maudsley 

twin psychosis series. Arch Gen Psychiatry, 56, 162-8. 

CARLSSON, A. 1964. EVIDENCE FOR A ROLE OF DOPAMINE IN 

EXTRAPYRAMIDAL FUNCTIONS. Acta Neuroveg (Wien), 26, 484-93. 

CARLSSON, A. 1972. Biochemical and pharmacological aspects of Parkinsonism. Acta 

Neurol Scand Suppl, 51, 11-42. 

CARR, D. B. & SESACK, S. R. 2000. Projections from the rat prefrontal cortex to the ventral 

tegmental area: target specificity in the synaptic associations with mesoaccumbens and 

mesocortical neurons. J Neurosci, 20, 3864-73. 

CARRIZO, E., FERNÁNDEZ, V., CONNELL, L., SANDIA, I., PRIETO, D., MOGOLLÓN, 

J., VALBUENA, D., FERNÁNDEZ, I., ARAUJO DE BAPTISTA, E. & BAPTISTA, 

T. 2009. Extended release metformin for metabolic control assistance during 

prolonged clozapine administration: A 14 week, double-blind, parallel group, placebo-

controlled study. Schizophrenia Research, 113, 19-26. 

CARUSO, C., CARNIGLIA, L., DURAND, D., GONZALEZ, P. V., SCIMONELLI, T. N. & 

LASAGA, M. 2012. Melanocortin 4 receptor activation induces brain-derived 

neurotrophic factor expression in rat astrocytes through cyclic AMP-protein kinase A 

pathway. Mol Cell Endocrinol, 348, 47-54. 

CASPI, A., MOFFITT, T. E., CANNON, M., MCCLAY, J., MURRAY, R., HARRINGTON, 

H., TAYLOR, A., ARSENEAULT, L., WILLIAMS, B., BRAITHWAITE, A., 

POULTON, R. & CRAIG, I. W. 2005. Moderation of the effect of adolescent-onset 

cannabis use on adult psychosis by a functional polymorphism in the catechol-O-

methyltransferase gene: longitudinal evidence of a gene X environment interaction. 

Biol Psychiatry, 57, 1117-27. 

CASTELL, J. V., GÓMEZ-LECHÓN, M. J., DAVID, M., HIRANO, T., KISHIMOTO, T. & 

HEINRICH, P. C. 1988. Recombinant human interleukin-6 (IL-6/BSF-2/HSF) 

regulates the synthesis of acute phase proteins in human hepatocytes. FEBS Lett, 232, 

347-50. 

CAULFIELD, M. P. & BIRDSALL, N. J. 1998. International Union of Pharmacology. XVII. 

Classification of muscarinic acetylcholine receptors. Pharmacol Rev, 50, 279-90. 

CECIL, J., DALTON, M., FINLAYSON, G., BLUNDELL, J., HETHERINGTON, M. & 

PALMER, C. 2012. Obesity and eating behaviour in children and adolescents: 

contribution of common gene polymorphisms. Int Rev Psychiatry, 24, 200-10. 

CHAI, B., LI, J. Y., ZHANG, W., WANG, H. & MULHOLLAND, M. W. 2009. 

Melanocortin-4 receptor activation inhibits c-Jun N-terminal kinase activity and 

promotes insulin signaling. Peptides, 30, 1098-104. 

CHAIT, A., IVERIUS, P. H. & BRUNZELL, J. D. 1982. Lipoprotein lipase secretion by 

human monocyte-derived macrophages. J Clin Invest, 69, 490-3. 

CHAN, W. Y., MCKINZIE, D. L., BOSE, S., MITCHELL, S. N., WITKIN, J. M., 

THOMPSON, R. C., CHRISTOPOULOS, A., LAZARENO, S., BIRDSALL, N. J. 

M., BYMASTER, F. P. & FELDER, C. C. 2008. Allosteric modulation of the 

muscarinic M(4) receptor as an approach to treating schizophrenia. Proceedings of the 

National Academy of Sciences of the United States of America, 105, 10978-10983. 

CHAPMAN, M. J. & SPOSITO, A. C. 2008. Hypertension and dyslipidaemia in obesity and 

insulin resistance: pathophysiology, impact on atherosclerotic disease and 

pharmacotherapy. Pharmacol Ther, 117, 354-73. 

CHEN, C.-H., CHIU, C.-C., HUANG, M.-C., WU, T.-H., LIU, H.-C. & LU, M.-L. 2008. 

Metformin for metabolic dysregulation in schizophrenic patients treated with 



226 

 

olanzapine. Progress in Neuro-Psychopharmacology and Biological Psychiatry, 32, 

925-931. 

CHEN, C. H., HUANG, M. C., KAO, C. F., LIN, S. K., KUO, P. H., CHIU, C. C. & LU, M. 

L. 2013. Effects of adjunctive metformin on metabolic traits in nondiabetic clozapine-

treated patients with schizophrenia and the effect of metformin discontinuation on 

body weight: a 24-week, randomized, double-blind, placebo-controlled study. J Clin 

Psychiatry, 74, e424-30. 

CHEN, Q., HE, G., WU, S., XU, Y., FENG, G., LI, Y., WANG, L. & HE, L. 2005. A case-

control study of the relationship between the metabotropic glutamate receptor 3 gene 

and schizophrenia in the Chinese population. Schizophrenia Research, 73, 21-26. 

CHEN, X., IQBAL, N. & BODEN, G. 1999. The effects of free fatty acids on 

gluconeogenesis and glycogenolysis in normal subjects. The Journal of Clinical 

Investigation, 103, 365-372. 

CHENG, C. H., HO, C. C., YANG, C. F., HUANG, Y. C., LAI, C. H. & LIAW, Y. P. 2010. 

Waist-to-hip ratio is a better anthropometric index than body mass index for predicting 

the risk of type 2 diabetes in Taiwanese population. Nutr Res, 30, 585-93. 

CHENG, F. C., KUO, J. S., CHANG, W. H., JUANG, D. J., SHIH, Y. & LAI, J. S. 1993. 

Rapid and reliable high-performance liquid chromatographic method for analysing 

human plasma serotonin, 5-hydroxyindoleacetic acid, homovanillic acid and 3,4-

dihydroxyphenylacetic acid. J Chromatogr, 617, 227-32. 

CHIANG, H., LIU, C. & HWANG, T. 2009. Rapid dose-dependent effect of clozapine on a 

schizophrenic patient's lipid profile. J Psychopharmacol, 23, 465-7. 

CHIU, C.-C., CHEN, C.-H., CHEN, B.-Y., YU, S.-H. & LU, M.-L. 2010. The time-dependent 

change of insulin secretion in schizophrenic patients treated with olanzapine. Progress 

in Neuro-Psychopharmacology and Biological Psychiatry, 34, 866-870. 

CHOI, J. J., PARK, M. Y., LEE, H. J., YOON, D.-Y., LIM, Y., HYUN, J. W., ZOUBOULIS, 

C. C. & JIN, M. 2012. TNF-α increases lipogenesis via JNK and PI3K/Akt pathways 

in SZ95 human sebocytes. Journal of Dermatological Science, 65, 179-188. 

CHOWDARI, K. V., MIRNICS, K., SEMWAL, P., WOOD, J., LAWRENCE, E., BHATIA, 

T., DESHPANDE, S. N., B, K. T., FERRELL, R. E., MIDDLETON, F. A., DEVLIN, 

B., LEVITT, P., LEWIS, D. A. & NIMGAONKAR, V. L. 2002. Association and 

linkage analyses of RGS4 polymorphisms in schizophrenia. Hum Mol Genet, 11, 

1373-80. 

CHOWDHURY, N. I., TIWARI, A. K., SOUZA, R. P., ZAI, C. C., SHAIKH, S. A., CHEN, 

S., LIU, F., LIEBERMAN, J. A., MELTZER, H. Y., MALHOTRA, A. K., 

KENNEDY, J. L. & MULLER, D. J. 2013. Genetic association study between 

antipsychotic-induced weight gain and the melanocortin-4 receptor gene. 

Pharmacogenomics J, 13, 272-279. 

CHUA, H. N., FAN, S. H. & SAY, Y. H. 2012. Prevalence of melanocortin receptor 4 

(MC4R) V103I gene variant and its association with obesity among the Kampar 

Health Clinic cohort, Perak, Malaysia. Med J Malaysia, 67, 234-5. 

CHUMAKOV, I., BLUMENFELD, M., GUERASSIMENKO, O., CAVAREC, L., PALICIO, 

M., ABDERRAHIM, H., BOUGUELERET, L., BARRY, C., TANAKA, H., LA 

ROSA, P., PUECH, A., TAHRI, N., COHEN-AKENINE, A., DELABROSSE, S., 

LISSARRAGUE, S., PICARD, F. P., MAURICE, K., ESSIOUX, L., MILLASSEAU, 

P., GREL, P., DEBAILLEUL, V., SIMON, A. M., CATERINA, D., DUFAURE, I., 

MALEKZADEH, K., BELOVA, M., LUAN, J. J., BOUILLOT, M., SAMBUCY, J. 

L., PRIMAS, G., SAUMIER, M., BOUBKIRI, N., MARTIN-SAUMIER, S., 

NASROUNE, M., PEIXOTO, H., DELAYE, A., PINCHOT, V., BASTUCCI, M., 

GUILLOU, S., CHEVILLON, M., SAINZ-FUERTES, R., MEGUENNI, S., 

AURICH-COSTA, J., CHERIF, D., GIMALAC, A., VAN DUIJN, C., GAUVREAU, 

D., OUELLETTE, G., FORTIER, I., RAELSON, J., SHERBATICH, T., 

RIAZANSKAIA, N., ROGAEV, E., RAEYMAEKERS, P., AERSSENS, J., 

KONINGS, F., LUYTEN, W., MACCIARDI, F., SHAM, P. C., STRAUB, R. E., 



227 

 

WEINBERGER, D. R., COHEN, N. & COHEN, D. 2002. Genetic and physiological 

data implicating the new human gene G72 and the gene for D-amino acid oxidase in 

schizophrenia. Proc Natl Acad Sci U S A, 99, 13675-80. 

CITROME, L., JAFFE, A., LEVINE, J., ALLINGHAM, B. & ROBINSON, J. 2004. 

Relationship between antipsychotic medication treatment and new cases of diabetes 

among psychiatric inpatients. Psychiatr Serv, 55, 1006-13. 

CLARK, M., DUBOWSKI, K. & COLMORE, J. 1970. The effect of chlorpromazine on 

serum cholesterol in chronic schizophrenic patients. Clin Pharmacol Ther, 11, 883-9. 

CNOP, M. 2008. Fatty acids and glucolipotoxicity in the pathogenesis of Type 2 diabetes. 

Biochem Soc Trans, 36, 348-52. 

CNOP, M., HANNAERT, J. C., GRUPPING, A. Y. & PIPELEERS, D. G. 2002. Low density 

lipoprotein can cause death of islet beta-cells by its cellular uptake and oxidative 

modification. Endocrinology, 143, 3449-53. 

COHEN, B. M. & LIPINSKI, J. F. 1986. In vivo potencies of antipsychotic drugs in blocking 

alpha 1 noradrenergic and dopamine D2 receptors: Implications for drug mechanisms 

of action. Life Sciences, 39, 2571-2580. 

COHEN, D., DEKKER, J., PEEN, J. & GISPEN-DE WIED, C. 2006. Prevalence of diabetes 

mellitus in chronic schizophrenic inpatients in relation to long-term antipsychotic 

treatment. Eur Neuropsychopharmacol, 16, 187-94. 

COHEN, J. 1992. A power primer. Psychol Bull, 112, 155-9. 

COLLINS, F. S. 1995. Positional cloning moves from perditional to traditional. Nat Genet, 9, 

347-50. 

COMB, D. G. & ROSEMAN, S. 1958. Glucosamine metabolism. IV. Glucosamine-6-

phosphate deaminase. J Biol Chem, 232, 807-27. 

CONLEY, R. R. 2000. Risperidone side effects. J Clin Psychiatry, 61 Suppl 8, 20-3; 

discussion 24-5. 

COOKSEY, R. C. & MCCLAIN, D. A. 2002. Transgenic mice overexpressing the rate-

limiting enzyme for hexosamine synthesis in skeletal muscle or adipose tissue exhibit 

total body insulin resistance. Ann N Y Acad Sci, 967, 102-11. 

COOMER, M. & ESSOP, M. F. 2014. Differential hexosamine biosynthetic pathway gene 

expression with type 2 diabetes. Molecular Genetics and Metabolism Reports, 1, 158-

169. 

CORRELL, C. U., LENCZ, T. & MALHOTRA, A. K. 2011. Antipsychotic drugs and 

obesity. Trends Mol Med, 17, 97-107. 

CORRELL, C. U., MANU, P., OLSHANSKIY, V., NAPOLITANO, B., KANE, J. M. & 

MALHOTRA, A. K. 2009. Cardiometabolic risk of second-generation antipsychotic 

medications during first-time use in children and adolescents. JAMA - Journal of the 

American Medical Association, 302, 1765-1773. 

CORRIGAN, F. M., MACDONALD, S. & REYNOLDS, G. P. 1995. Clozapine-induced 

hypersalivation and the alpha 2 adrenoceptor. Br J Psychiatry, 167, 412. 

COSTA, P., AUGER, C. B., TRAVER, D. J. & COSTA, L. G. 1995. Identification of m3, m4 

and m5 subtypes of muscarinic receptor mRNA in human blood mononuclear cells. 

Journal of Neuroimmunology, 60, 45-51. 

COSTA, V., GALLO, M. A., LETIZIA, F., APRILE, M., CASAMASSIMI, A. & 

CICCODICOLA, A. 2010. PPARG: Gene Expression Regulation and Next-

Generation Sequencing for Unsolved Issues. PPAR Res, 2010. 

COVELL, N. H., WEISSMAN, E. M. & ESSOCK, S. M. 2004. Weight gain with clozapine 

compared to first generation antipsychotic medications. Schizophr Bull, 30, 229-40. 

COWLEY, M. A., SMART, J. L., RUBINSTEIN, M., CERDÁN, M. G., DIANO, S., 

HORVATH, T. L., CONE, R. D. & LOW, M. J. 2001. Leptin activates anorexigenic 

POMC neurons through a neural network in the arcuate nucleus. Nature, 411, 480-

484. 



228 

 

CREESE, I., BURT, D. R. & SNYDER, S. H. 1976. Dopamine receptor binding predicts 

clinical and pharmacological potencies of antischizophrenic drugs. Science, 192, 481-

3. 

CREUZET, C., ROBERT, F., ROISIN, M. P., VAN TAN, H., BENES, C., DUPOUY-

CAMET, J. & FAGARD, R. 1998. Neurons in primary culture are less efficiently 

infected by Toxoplasma gondii than glial cells. Parasitol Res, 84, 25-30. 

CROW, T. J. 1995. Constraints on concepts of pathogenesis. Language and the speciation 

process as the key to the etiology of schizophrenia. Arch Gen Psychiatry, 52, 1011-4; 

discussion 1019-24. 

CRYER, A., RILEY, S. E., WILLIAMS, E. R. & ROBINSON, D. S. 1976. Effect of 

nutritional status on rat adipose tissue, muscle and post-heparin plasma clearing factor 

lipase activities: their relationship to triglyceride fatty acid uptake by fat-cells and to 

plasma insulin concentrations. Clin Sci Mol Med, 50, 213-21. 

CZERWENSKY, F., LEUCHT, S. & STEIMER, W. 2013. Association of the common 

MC4R rs17782313 polymorphism with antipsychotic-related weight gain. J Clin 

Psychopharmacol, 33, 74-9. 

CZYZYK, T. A., ROMERO-PICO, A., PINTAR, J., MCKINZIE, J. H., TSCHOP, M. H., 

STATNICK, M. A. & NOGUEIRAS, R. 2012. Mice lacking delta-opioid receptors 

resist the development of diet-induced obesity. Faseb j, 26, 3483-92. 

D'SOUZA, D. C., ABI-SAAB, W. M., MADONICK, S., FORSELIUS-BIELEN, K., 

DOERSCH, A., BRALEY, G., GUEORGUIEVA, R., COOPER, T. B. & KRYSTAL, 

J. H. 2005. Delta-9-tetrahydrocannabinol effects in schizophrenia: implications for 

cognition, psychosis, and addiction. Biol Psychiatry, 57, 594-608. 

D'SOUZA, D. C., PERRY, E., MACDOUGALL, L., AMMERMAN, Y., COOPER, T., WU, 

Y. T., BRALEY, G., GUEORGUIEVA, R. & KRYSTAL, J. H. 2004. The 

psychotomimetic effects of intravenous delta-9-tetrahydrocannabinol in healthy 

individuals: implications for psychosis. Neuropsychopharmacology, 29, 1558-72. 

DALMAU, I., VELA, J. M., GONZALEZ, B., FINSEN, B. & CASTELLANO, B. 2003. 

Dynamics of microglia in the developing rat brain. J Comp Neurol, 458, 144-57. 

DANDONA, P., FONSECA, V., MIER, A. & BECKETT, A. G. 1983. Diarrhea and 

Metformin in a Diabetic Clinic. Diabetes Care, 6, 472-474. 

DAVIES, G., WELHAM, J., CHANT, D., TORREY, E. F. & MCGRATH, J. 2003. A 

Systematic Review and Meta-analysis of Northern Hemisphere Season of Birth 

Studies in Schizophrenia. Schizophrenia Bulletin, 29, 587-593. 

DAVYDOV, L. & BOTTS, S. R. 2000. Clozapine-induced hypersalivation. Ann 

Pharmacother, 34, 662-5. 

DE CHAFFOY DE COURCELLES, D., LEYSEN, J. E., DE CLERCK, F., VAN BELLE, H. 

& JANSSEN, P. A. 1985. Evidence that phospholipid turnover is the signal 

transducing system coupled to serotonin-S2 receptor sites. J Biol Chem, 260, 7603-8. 

DE LEON, J., DIAZ, F. J., JOSIASSEN, R. C., COOPER, T. B. & SIMPSON, G. M. 2007a. 

Weight gain during a double-blind multidosage clozapine study. J Clin 

Psychopharmacol, 27, 22-7. 

DE LEON, J., SUSCE, M. T., JOHNSON, M., HARDIN, M., POINTER, L., RUAÑO, G., 

WINDEMUTH, A. & DIAZ, F. J. 2007b. A clinical study of the association of 

antipsychotics with hyperlipidemia. Schizophr Res, 92, 95-102. 

DE LUCA, C. & OLEFSKY, J. M. 2008. Inflammation and insulin resistance. FEBS Lett, 

582, 97-105. 

DE RISIO, A., PANCHERI, A., SIMONETTI, G., GIANNARELLI, D., STEFANUTTO, L. 

& GENTILE, B. 2011. Add-on of aripiprazole improves outcome in clozapine-

resistant schizophrenia. Progress in Neuro-Psychopharmacology and Biological 

Psychiatry, 35, 1112-1116. 

DELIEU, J. M., BADAWOUD, M., WILLIAMS, M. A., HOROBIN, R. W. & DUGUID, J. 

K. 2001. Antipsychotic drugs result in the formation of immature neutrophil 

leucocytes in schizophrenic patients. J Psychopharmacol, 15, 191-4. 



229 

 

DENG, C., WESTON-GREEN, K. & HUANG, X. F. 2010. The role of histaminergic H1 and 

H3 receptors in food intake: a mechanism for atypical antipsychotic-induced weight 

gain? Prog Neuropsychopharmacol Biol Psychiatry, 34, 1-4. 

DENZEL, MARTIN S., STORM, NADIA J., GUTSCHMIDT, A., BADDI, R., HINZE, Y., 

JAROSCH, E., SOMMER, T., HOPPE, T. & ANTEBI, A. 2014. Hexosamine 

Pathway Metabolites Enhance Protein Quality Control and Prolong Life. Cell, 156, 

1167-1178. 

DESPRÉS, J. P. 2001. Drug treatment for obesity. We need more studies in men at higher risk 

of coronary events. BMJ, 322, 1379-80. 

DEVERMAN, B. E. & PATTERSON, P. H. 2009. Cytokines and CNS development. Neuron, 

64, 61-78. 

DÍAZ-MATAIX, L., SCORZA, M. C., BORTOLOZZI, A., TOTH, M., CELADA, P. & 

ARTIGAS, F. 2005. Involvement of 5-HT1A receptors in prefrontal cortex in the 

modulation of dopaminergic activity: role in atypical antipsychotic action. J Neurosci, 

25, 10831-43. 

DIVAC, N., PROSTRAN, M., JAKOVCEVSKI, I. & CEROVAC, N. 2014. Second-

Generation Antipsychotics and Extrapyramidal Adverse Effects. BioMed Research 

International, 2014, 656370. 

DOHRENWEND, B. P., LEVAV, I., SHROUT, P. E., SCHWARTZ, S., NAVEH, G., LINK, 

B. G., SKODOL, A. E. & STUEVE, A. 1992. Socioeconomic status and psychiatric 

disorders: the causation-selection issue. Science, 255, 946-52. 

DOSTMANN, W. R. 1995. (RP)-cAMPS inhibits the cAMP-dependent protein kinase by 

blocking the cAMP-induced conformational transition. FEBS Lett, 375, 231-4. 

DREW, L. 2013. Clozapine and agranulocytosis: re-assessing the risks. Australas Psychiatry, 

21, 335-7. 

DUBERTRET, C., GOUYA, L., HANOUN, N., DEYBACH, J.-C., ADÈS, J., HAMON, M. 

& GORWOOD, P. 2004. The 3′ region of the DRD2 gene is involved in genetic 

susceptibility to schizophrenia. Schizophrenia Research, 67, 75-85. 

DUDBRIDGE, F. 2008. Likelihood-Based Association Analysis for Nuclear Families and 

Unrelated Subjects with Missing Genotype Data. Human Heredity, 66, 87-98. 

DUMUIS, A., BOUHELAL, R., SEBBEN, M., CORY, R. & BOCKAERT, J. 1988a. A 

nonclassical 5-hydroxytryptamine receptor positively coupled with adenylate cyclase 

in the central nervous system. Mol Pharmacol, 34, 880-7. 

DUMUIS, A., SEBBEN, M. & BOCKAERT, J. 1988b. Pharmacology of 5-

hydroxytryptamine-1A receptors which inhibit cAMP production in hippocampal and 

cortical neurons in primary culture. Mol Pharmacol, 33, 178-86. 

DUNCAN, R. E., AHMADIAN, M., JAWORSKI, K., SARKADI-NAGY, E. & SUL, H. S. 

2007. Regulation of lipolysis in adipocytes. Annu Rev Nutr, 27, 79-101. 

DUNK, L. R., ANNAN, L. J. & ANDREWS, C. D. 2006. Rechallenge with clozapine 

following leucopenia or neutropenia during previous therapy. The British Journal of 

Psychiatry, 188, 255-263. 

DÜRK, T., PANTHER, E., MÜLLER, T., SORICHTER, S., FERRARI, D., PIZZIRANI, C., 

DI VIRGILIO, F., MYRTEK, D., NORGAUER, J. & IDZKO, M. 2005. 5-

Hydroxytryptamine modulates cytokine and chemokine production in LPS-primed 

human monocytes via stimulation of different 5-HTR subtypes. Int Immunol, 17, 599-

606. 

DUTTA, S. & DAWID, I. B. 2010. Kctd15 inhibits neural crest formation by attenuating 

Wnt/beta-catenin signaling output. Development, 137, 3013-8. 

DUTTAROY, A., ZIMLIKI, C. L., GAUTAM, D., CUI, Y., MEARS, D. & WESS, J. 2004. 

Muscarinic stimulation of pancreatic insulin and glucagon release is abolished in m3 

muscarinic acetylcholine receptor-deficient mice. Diabetes, 53, 1714-20. 

EATON, W. W., MORTENSEN, P. B. & FRYDENBERG, M. 2000. Obstetric factors, 

urbanization and psychosis. Schizophr Res, 43, 117-23. 



230 

 

ECKEL, R. H. 1997. Obesity and heart disease: a statement for healthcare professionals from 

the Nutrition Committee, American Heart Association. Circulation, 96, 3248-50. 

EDER, U., MANGWETH, B., EBENBICHLER, C., WEISS, E., HOFER, A., HUMMER, M., 

KEMMLER, G., LECHLEITNER, M. & FLEISCHHACKER, W. W. 2001. 

Association of olanzapine-induced weight gain with an increase in body fat. Am J 

Psychiatry, 158, 1719-22. 

EDWARDS, A. D. & MEHMET, H. 1996. Apoptosis in perinatal hypoxic-ischaemic cerebral 

damage. Neuropathology and Applied Neurobiology, 22, 494-498. 

EDWARDS, M. J. 1968. Congenital malformations in the rat following induced hyperthermia 

during gestation. Teratology, 1, 173-7. 

EDWARDS, M. J. 2007. Hyperthermia in utero due to maternal influenza is an environmental 

risk factor for schizophrenia. Congenit Anom (Kyoto), 47, 84-9. 

EGAN, M. F., GOLDBERG, T. E., KOLACHANA, B. S., CALLICOTT, J. H., MAZZANTI, 

C. M., STRAUB, R. E., GOLDMAN, D. & WEINBERGER, D. R. 2001. Effect of 

COMT Val108/158 Met genotype on frontal lobe function and risk for schizophrenia. 

Proceedings of the National Academy of Sciences, 98, 6917-6922. 

EGAN, M. F., STRAUB, R. E., GOLDBERG, T. E., YAKUB, I., CALLICOTT, J. H., 

HARIRI, A. R., MATTAY, V. S., BERTOLINO, A., HYDE, T. M., SHANNON-

WEICKERT, C., AKIL, M., CROOK, J., VAKKALANKA, R. K., BALKISSOON, 

R., GIBBS, R. A., KLEINMAN, J. E. & WEINBERGER, D. R. 2004. Variation in 

GRM3 affects cognition, prefrontal glutamate, and risk for schizophrenia. Proc Natl 

Acad Sci U S A, 101, 12604-9. 

ELVERDIN, J. C., KANIUCKI, M. O., STEFANO, F. J. & PEREC, C. J. 1990. Physiological 

role of alpha-adrenoceptors in salivary secretion. Acta Odontol Latinoam, 5, 31-8. 

EMAMIAN, E. S., HALL, D., BIRNBAUM, M. J., KARAYIORGOU, M. & GOGOS, J. A. 

2004. Convergent evidence for impaired AKT1-GSK3beta signaling in schizophrenia. 

Nat Genet, 36, 131-7. 

ERDMANN, J., MAYR, M., OPPEL, U., SYPCHENKO, O., WAGENPFEIL, S. & 

SCHUSDZIARRA, V. 2009. Weight-dependent differential contribution of insulin 

secretion and clearance to hyperinsulinemia of obesity. Regulatory Peptides, 152, 1-7. 

ERESHEFSKY, L. & LACOMBE, S. 1993. Pharmacological profile of risperidone. Can J 

Psychiatry, 38 Suppl 3, S80-8. 

ERLENMEYER-KIMLING, L., ADAMO, U. H., ROCK, D., ROBERTS, S. A., BASSETT, 

A. S., SQUIRES-WHEELER, E., CORNBLATT, B. A., ENDICOTT, J., PAPE, S. & 

GOTTESMAN, I. I. 1997. The New York High-Risk Project. Prevalence and 

comorbidity of axis I disorders in offspring of schizophrenic parents at 25-year follow-

up. Arch Gen Psychiatry, 54, 1096-102. 

ERNST, M. B., WUNDERLICH, C. M., HESS, S., PAEHLER, M., MESAROS, A., 

KORALOV, S. B., KLEINRIDDERS, A., HUSCH, A., MUNZBERG, H., HAMPEL, 

B., ALBER, J., KLOPPENBURG, P., BRUNING, J. C. & WUNDERLICH, F. T. 

2009. Enhanced Stat3 activation in POMC neurons provokes negative feedback 

inhibition of leptin and insulin signaling in obesity. J Neurosci, 29, 11582-93. 

ERRITZOE, D., FROKJAER, V. G., HAUGBOL, S., MARNER, L., SVARER, C., HOLST, 

K., BAARE, W. F., RASMUSSEN, P. M., MADSEN, J., PAULSON, O. B. & 

KNUDSEN, G. M. 2009. Brain serotonin 2A receptor binding: relations to body mass 

index, tobacco and alcohol use. Neuroimage, 46, 23-30. 

EZEOKE, A., MELLOR, A., BUCKLEY, P. & MILLER, B. 2013. A systematic, quantitative 

review of blood autoantibodies in schizophrenia. Schizophrenia Research, 150, 245-

251. 

FABRAZZO, M., LA PIA, S., MONTELEONE, P., ESPOSITO, G., PINTO, A., DE 

SIMONE, L., BENCIVENGA, R. & MAJ, M. 2002. Is the time course of clozapine 

response correlated to the time course of clozapine plasma levels? A one-year 

prospective study in drug-resistant patients with schizophrenia. 

Neuropsychopharmacology, 27, 1050-5. 



231 

 

FADOK, V. A., VOELKER, D. R., CAMPBELL, P. A., COHEN, J. J., BRATTON, D. L. & 

HENSON, P. M. 1992. Exposure of phosphatidylserine on the surface of apoptotic 

lymphocytes triggers specific recognition and removal by macrophages. The Journal 

of Immunology, 148, 2207-2216. 

FALLON, J. H., OPOLE, I. O. & POTKIN, S. G. 2003. The neuroanatomy of schizophrenia: 

circuitry and neurotransmitter systems. Clinical Neuroscience Research, 3, 77-107. 

FARRUGGIA, S. & BABCOCK, D. S. 1981. The cavum septi pellucidi: its appearance and 

incidence with cranial ultrasonography in infancy. Radiology, 139, 147-50. 

FARWELL, W. R., STUMP, T. E., WANG, J., TAFESSE, E., L'ITALIEN, G. & TIERNEY, 

W. M. 2004. Weight gain and new onset diabetes associated with olanzapine and 

risperidone. J Gen Intern Med, 19, 1200-5. 

FATEMI, S. H., EARLE, J., KANODIA, R., KIST, D., EMAMIAN, E., PATTERSON, P., 

SHI, L. & SIDWELL, R. 2002. Prenatal Viral Infection Leads to Pyramidal Cell 

Atrophy and Macrocephaly in Adulthood: Implications for Genesis of Autism and 

Schizophrenia. Cellular and Molecular Neurobiology, 22, 25-33. 

FAUSTMAN, W. O. 2003. Schizophrenia, Biology. In: MICHAEL, J. A. & ROBERT, B. D. 

(eds.) Encyclopedia of the Neurological Sciences. New York: Academic Press. 

FEARON, P., KIRKBRIDE, J. B., MORGAN, C., DAZZAN, P., MORGAN, K., LLOYD, T., 

HUTCHINSON, G., TARRANT, J., FUNG, W. L., HOLLOWAY, J., MALLETT, R., 

HARRISON, G., LEFF, J., JONES, P. B. & MURRAY, R. M. 2006. Incidence of 

schizophrenia and other psychoses in ethnic minority groups: results from the MRC 

AESOP Study. Psychol Med, 36, 1541-50. 

FELDBERG, W. & TOH, C. C. 1953. Distribution of 5-hydroxytryptamine (serotonin, 

enteramine) in the wall of the digestive tract. J Physiol, 119, 352-62. 

FERRE, S. 1997. Adenosine-dopamine interactions in the ventral striatum. Implications for 

the treatment of schizophrenia. Psychopharmacology (Berl), 133, 107-20. 

FIELDING, B. A. & FRAYN, K. N. 1998. Lipoprotein lipase and the disposition of dietary 

fatty acids. Br J Nutr, 80, 495-502. 

FINER, N. N., ROBERTSON, C. M., RICHARDS, R. T., PINNELL, L. E. & PETERS, K. L. 

1981. Hypoxic-ischemic encephalopathy in term neonates: perinatal factors and 

outcome. J Pediatr, 98, 112-7. 

FINUCANE, M. M., STEVENS, G. A., COWAN, M. J., DANAEI, G., LIN, J. K., 

PACIOREK, C. J., SINGH, G. M., GUTIERREZ, H. R., LU, Y., BAHALIM, A. N., 

FARZADFAR, F., RILEY, L. M., EZZATI, M. & INDEX), G. B. O. M. R. F. O. C. 

D. C. G. B. M. 2011. National, regional, and global trends in body-mass index since 

1980: systematic analysis of health examination surveys and epidemiological studies 

with 960 country-years and 9·1 million participants. Lancet, 377, 557-67. 

FISHER, R. A. 1954. Statistical methods for research workers, Edinburgh, Oliver and Boyd. 

FLEISCHHACKER, W. W., HEIKKINEN, M. E., OLIÉ, J. P., LANDSBERG, W., 

DEWAELE, P., MCQUADE, R. D., LOZE, J. Y., HENNICKEN, D. & 

KERSELAERS, W. 2010. Effects of adjunctive treatment with aripiprazole on body 

weight and clinical efficacy in schizophrenia patients treated with clozapine: a 

randomized, double-blind, placebo-controlled trial. Int J Neuropsychopharmacol, 13, 

1115-25. 

FOLEY, D. L. & MORLEY, K. I. 2011. Systematic review of early cardiometabolic 

outcomes of the first treated episode of psychosis. Arch Gen Psychiatry, 68, 609-16. 

FONSECA, J. E., SANTOS, M. J., CANHÃO, H. & CHOY, E. 2009. Interleukin-6 as a key 

player in systemic inflammation and joint destruction. Autoimmunity Reviews, 8, 538-

542. 

FONTAINE, K. R., REDDEN, D. T., WANG, C., WESTFALL, A. O. & ALLISON, D. B. 

2003. Years of life lost due to obesity. Jama, 289, 187-93. 

FORETZ, M., GUICHARD, C., FERRÉ, P. & FOUFELLE, F. 1999. Sterol regulatory 

element binding protein-1c is a major mediator of insulin action on the hepatic 



232 

 

expression of glucokinase and lipogenesis-related genes. Proc Natl Acad Sci U S A, 

96, 12737-42. 

FOSTER, D. J., CHOI, D. L., CONN, P. J. & ROOK, J. M. 2014. Activation of M(1) and 

M(4) muscarinic receptors as potential treatments for Alzheimer’s disease and 

schizophrenia. Neuropsychiatric Disease and Treatment, 10, 183-191. 

FOUNTAINE, R. J., TAYLOR, A. E., MANCUSO, J. P., GREENWAY, F. L., BYERLEY, 

L. O., SMITH, S. R., MOST, M. M. & FRYBURG, D. A. 2010. Increased food intake 

and energy expenditure following administration of olanzapine to healthy men. 

Obesity (Silver Spring), 18, 1646-51. 

FOWLER, J. 2011. Clozapine-Induced Gastrointestinal Hypomotility: More Than Just 

Constipation. Mental Health Clinician [Online], 1. Available: 

http://cpnp.org/resource/mhc/2011/11/clozapine-induced-gastrointestinal-

hypomotility-more-just-constipation. 

FRANCO, R., FERRE, S., AGNATI, L., TORVINEN, M., GINES, S., HILLION, J., 

CASADO, V., LLEDO, P., ZOLI, M., LLUIS, C. & FUXE, K. 2000. Evidence for 

adenosine/dopamine receptor interactions: indications for heteromerization. 

Neuropsychopharmacology, 23, S50-9. 

FRANKENBURG, F. R., ZANARINI, M. C., KANDO, J. & CENTORRINO, F. 1998. 

Clozapine and body mass change. Biol Psychiatry, 43, 520-4. 

FRANZEK, E. & BECKMANN, H. 1998. Different genetic background of schizophrenia 

spectrum psychoses: a twin study. Am J Psychiatry, 155, 76-83. 

FRAYLING, T. M., TIMPSON, N. J., WEEDON, M. N., ZEGGINI, E., FREATHY, R. M., 

LINDGREN, C. M., PERRY, J. R., ELLIOTT, K. S., LANGO, H., RAYNER, N. W., 

SHIELDS, B., HARRIES, L. W., BARRETT, J. C., ELLARD, S., GROVES, C. J., 

KNIGHT, B., PATCH, A. M., NESS, A. R., EBRAHIM, S., LAWLOR, D. A., RING, 

S. M., BEN-SHLOMO, Y., JARVELIN, M. R., SOVIO, U., BENNETT, A. J., 

MELZER, D., FERRUCCI, L., LOOS, R. J., BARROSO, I., WAREHAM, N. J., 

KARPE, F., OWEN, K. R., CARDON, L. R., WALKER, M., HITMAN, G. A., 

PALMER, C. N., DONEY, A. S., MORRIS, A. D., SMITH, G. D., HATTERSLEY, 

A. T. & MCCARTHY, M. I. 2007. A common variant in the FTO gene is associated 

with body mass index and predisposes to childhood and adult obesity. Science, 316, 

889-94. 

FREEDMAN, R., ADAMS, C. E. & LEONARD, S. 2000. The α7-nicotinic acetylcholine 

receptor and the pathology of hippocampal interneurons in schizophrenia. Journal of 

Chemical Neuroanatomy, 20, 299-306. 

FRIEDMAN, R. C., FARH, K. K., BURGE, C. B. & BARTEL, D. P. 2009. Most mammalian 

mRNAs are conserved targets of microRNAs. Genome Res, 19, 92-105. 

FUJII, Y., SHIBATA, H., KIKUTA, R., MAKINO, C., TANI, A., HIRATA, N., SHIBATA, 

A., NINOMIYA, H., TASHIRO, N. & FUKUMAKI, Y. 2003. Positive associations of 

polymorphisms in the metabotropic glutamate receptor type 3 gene (GRM3) with 

schizophrenia. Psychiatric Genetics, 13, 71-76. 

FUKS, J. M., ARRIGHI, R. B., WEIDNER, J. M., KUMAR MENDU, S., JIN, Z., WALLIN, 

R. P., RETHI, B., BIRNIR, B. & BARRAGAN, A. 2012. GABAergic signaling is 

linked to a hypermigratory phenotype in dendritic cells infected by Toxoplasma 

gondii. PLoS Pathog, 8, e1003051. 

FUKUI, N., MURATAKE, T., KANEKO, N., AMAGANE, H. & SOMEYA, T. 2006. 

Supportive evidence for neuregulin 1 as a susceptibility gene for schizophrenia in a 

Japanese population. Neuroscience Letters, 396, 117-120. 

FULTON, B. & GOA, K. L. 1997. Olanzapine. A review of its pharmacological properties 

and therapeutic efficacy in the management of schizophrenia and related psychoses. 

Drugs, 53, 281-98. 

FUNKE, B., FINN, C. T., PLOCIK, A. M., LAKE, S., DEROSSE, P., KANE, J. M., 

KUCHERLAPATI, R. & MALHOTRA, A. K. 2004. Association of the DTNBP1 

locus with schizophrenia in a U.S. population. Am J Hum Genet, 75, 891-8. 

http://cpnp.org/resource/mhc/2011/11/clozapine-induced-gastrointestinal-hypomotility-more-just-constipation
http://cpnp.org/resource/mhc/2011/11/clozapine-induced-gastrointestinal-hypomotility-more-just-constipation


233 

 

GABBAY, I. E., GABBAY, U. & LAVIE, P. 2012. Obesity plays an independent worsening 

modifying effect on nocturnal hypoxia in obstructive sleep apnea. Sleep Med, 13, 524-

8. 

GALLEGO, C., GOLENBOCK, D., GOMEZ, M. A. & SARAVIA, N. G. 2011. Toll-Like 

Receptors Participate in Macrophage Activation and Intracellular Control of 

Leishmania (Viannia) panamensis. Infection and Immunity, 79, 2871-2879. 

GALUSKA, D., ZIERATH, J., THORNE, A., SONNENFELD, T. & WALLBERG-

HENRIKSSON, H. 1991. Metformin increases insulin-stimulated glucose transport in 

insulin-resistant human skeletal muscle. Diabete Metab, 17, 159-63. 

GARDINER, E., CARROLL, A., TOONEY, P. A. & CAIRNS, M. J. 2014. Antipsychotic 

drug-associated gene-miRNA interaction in T-lymphocytes. Int J 

Neuropsychopharmacol, 17, 929-43. 

GARDNER, D. M., BALDESSARINI, R. J. & WARAICH, P. 2005. Modern antipsychotic 

drugs: a critical overview. CMAJ, 172, 1703-11. 

GARDNER, I., LEEDER, J. S., CHIN, T., ZAHID, N. & UETRECHT, J. P. 1998. A 

comparison of the covalent binding of clozapine and olanzapine to human neutrophils 

in vitro and in vivo. Mol Pharmacol, 53, 999-1008. 

GARETY, P. A., KUIPERS, E., FOWLER, D., FREEMAN, D. & BEBBINGTON, P. E. 

2001. A cognitive model of the positive symptoms of psychosis. Psychol Med, 31, 

189-95. 

GASKELL, E. A., SMITH, J. E., PINNEY, J. W., WESTHEAD, D. R. & MCCONKEY, G. 

A. 2009. A unique dual activity amino acid hydroxylase in Toxoplasma gondii. PLoS 

One, 4, e4801. 

GAUGHRAN, F., O'NEILL, E., SHAM, P., DALY, R. J. & SHANAHAN, F. 2002. Soluble 

interleukin 2 receptor levels in families of people with schizophrenia. Schizophrenia 

Research, 56, 235-239. 

GAULIN, B. D., MARKOWITZ, J. S., CALEY, C. F., NESBITT, L. A. & DUFRESNE, R. 

L. 1999. Clozapine-associated elevation in serum triglycerides. American Journal of 

Psychiatry, 156, 1270-1272. 

GAUTAM, D., HAN, S. J., HAMDAN, F. F., JEON, J., LI, B., LI, J. H., CUI, Y., MEARS, 

D., LU, H., DENG, C., HEARD, T. & WESS, J. 2006. A critical role for beta cell M3 

muscarinic acetylcholine receptors in regulating insulin release and blood glucose 

homeostasis in vivo. Cell Metab, 3, 449-61. 

GAUTAM, D., HEARD, T. S., CUI, Y., MILLER, G., BLOODWORTH, L. & WESS, J. 

2004. Cholinergic stimulation of salivary secretion studied with M1 and M3 

muscarinic receptor single- and double-knockout mice. Mol Pharmacol, 66, 260-7. 

GAUTAM, D., JEON, J., LI, J. H., HAN, S. J., HAMDAN, F. F., CUI, Y., LU, H., DENG, 

C., GAVRILOVA, O. & WESS, J. 2008. Metabolic roles of the M3 muscarinic 

acetylcholine receptor studied with M3 receptor mutant mice: a review. J Recept 

Signal Transduct Res, 28, 93-108. 

GAZI, I. F., TSIMIHODIMOS, V., TSELEPIS, A. D., ELISAF, M. & MIKHAILIDIS, D. P. 

2007. Clinical importance and therapeutic modulation of small dense low-density 

lipoprotein particles. Expert Opin Biol Ther, 7, 53-72. 

GEISBUHLER, T. P., SCHWAGER, T. L. & ERVIN, H. D. 2002. 3-isobutyl-1-

methylxanthine (IBMX) sensitizes cardiac myocytes to anoxia. Biochem Pharmacol, 

63, 2055-62. 

GEJMAN, P. V., SANDERS, A. R. & DUAN, J. 2010. The role of genetics in the etiology of 

schizophrenia. Psychiatr Clin North Am, 33, 35-66. 

GEJMAN, P. V., SANDERS, A. R. & KENDLER, K. S. 2011. Genetics of schizophrenia: 

new findings and challenges. Annu Rev Genomics Hum Genet, 12, 121-44. 

GINHOUX, F. & JUNG, S. 2014. Monocytes and macrophages: developmental pathways and 

tissue homeostasis. Nat Rev Immunol, 14, 392-404. 

GINSBERG, H. N. 2000. Insulin resistance and cardiovascular disease. J Clin Invest, 106, 

453-8. 



234 

 

GIRARD, C. & SIMARD, M. 2008. Clinical characterization of late- and very late-onset first 

psychotic episode in psychiatric inpatients. Am J Geriatr Psychiatry, 16, 478-87. 

GLASS, H. C., GLIDDEN, D., JEREMY, R. J., BARKOVICH, A. J., FERRIERO, D. M. & 

MILLER, S. P. 2009. Clinical Neonatal Seizures are Independently Associated with 

Outcome in Infants at Risk for Hypoxic-Ischemic Brain Injury. J Pediatr, 155, 318-23. 

GLATT, C. E. & FREIMER, N. B. 2002. Association analysis of candidate genes for 

neuropsychiatric disease: the perpetual campaign. Trends Genet, 18, 307-12. 

GOLD, J. M. 2004. Cognitive deficits as treatment targets in schizophrenia. Schizophrenia 

Research, 72, 21-28. 

GOLDSTEIN, J. I., FREDRIK JARSKOG, L., HILLIARD, C., ALFIREVIC, A., DUNCAN, 

L., FOURCHES, D., HUANG, H., LEK, M., NEALE, B. M., RIPKE, S., SHIANNA, 

K., SZATKIEWICZ, J. P., TROPSHA, A., VAN DEN OORD, E. J. C. G., 

CASCORBI, I., DETTLING, M., GAZIT, E., GOFF, D. C., HOLDEN, A. L., 

KELLY, D. L., MALHOTRA, A. K., NIELSEN, J., PIRMOHAMED, M., RUJESCU, 

D., WERGE, T., LEVY, D. L., JOSIASSEN, R. C., KENNEDY, J. L., LIEBERMAN, 

J. A., DALY, M. J. & SULLIVAN, P. F. 2014. Clozapine-induced agranulocytosis is 

associated with rare HLA-DQB1 and HLA-B alleles. Nat Commun, 5. 

GORDON, T., CASTELLI, W. P., HJORTLAND, M. C., KANNEL, W. B. & DAWBER, T. 

R. 1977. High density lipoprotein as a protective factor against coronary heart disease. 

The Framingham study. The American Journal of Medicine, 62, 707-714. 

GOTHELF, D., FALK, B., SINGER, P., KAIRI, M., PHILLIP, M., ZIGEL, L., PORAZ, I., 

FRISHMAN, S., CONSTANTINI, N., ZALSMAN, G., WEIZMAN, A. & APTER, A. 

2002. Weight gain associated with increased food intake and low habitual activity 

levels in male adolescent schizophrenic inpatients treated with olanzapine. Am J 

Psychiatry, 159, 1055-7. 

GOTHELF, D., FRISCH, A., MUNITZ, H., ROCKAH, R., LAUFER, N., MOZES, T., 

HERMESH, H., WEIZMAN, A. & FRYDMAN, M. 1999. Clinical characteristics of 

schizophrenia associated with velo-cardio-facial syndrome. Schizophr Res, 35, 105-12. 

GOTTESMAN, II & BERTELSEN, A. 1989. Confirming unexpressed genotypes for 

schizophrenia. Risks in the offspring of Fischer's Danish identical and fraternal 

discordant twins. Arch Gen Psychiatry, 46, 867-72. 

GRAHAM, K. A., CHO, H., BROWNLEY, K. A. & HARP, J. B. 2008. Early treatment-

related changes in diabetes and cardiovascular disease risk markers in first episode 

psychosis subjects. Schizophrenia Research, 101, 287-294. 

GREEN, B., KAVANAGH, D. & YOUNG, R. 2003. Being stoned: a review of self-reported 

cannabis effects. Drug Alcohol Rev, 22, 453-60. 

GREEN, J. P. 1964. HISTAMINE AND THE NERVOUS SYSTEM. Fed Proc, 23, 1095-

102. 

GREGOOR, J. G., VAN DER WEIDE, J., MULDER, H., COHEN, D., VAN MEGEN, H. J., 

EGBERTS, A. C. & HEERDINK, E. R. 2009. Polymorphisms of the LEP- and LEPR 

gene and obesity in patients using antipsychotic medication. J Clin Psychopharmacol, 

29, 21-5. 

GREGOR, M. F. & HOTAMISLIGIL, G. S. 2011. Inflammatory mechanisms in obesity. 

Annu Rev Immunol, 29, 415-45. 

GROVER, S., NEBHINANI, N., CHAKRABARTI, S., AVASTHI, A. & KULHARA, P. 

2011. Metabolic syndrome among patients receiving clozapine: A preliminary 

estimate. Indian Journal of Pharmacology, 43, 591-595. 

GRUNDY, S. M. 2004. What is the contribution of obesity to the metabolic syndrome? 

Endocrinol Metab Clin North Am, 33, 267-82, table of contents. 

GRUNDY, S. M. 2006a. Atherogenic dyslipidemia associated with metabolic syndrome and 

insulin resistance. Clin Cornerstone, 8 Suppl 1, S21-7. 

GRUNDY, S. M. 2006b. Drug therapy of the metabolic syndrome: minimizing the emerging 

crisis in polypharmacy. Nat Rev Drug Discov, 5, 295-309. 



235 

 

GRUNDY, S. M., BREWER, H. B., CLEEMAN, J. I., SMITH, S. C., LENFANT, C., 

NATIONAL HEART, L. N., AND BLOOD INSTITUTE & ASSOCIATION, A. H. 

2004. Definition of metabolic syndrome: report of the National Heart, Lung, and 

Blood Institute/American Heart Association conference on scientific issues related to 

definition. Arterioscler Thromb Vasc Biol, 24, e13-8. 

GUIDOTTI, A., AUTA, J., CHEN, Y., DAVIS, J. M., DONG, E., GAVIN, D. P., 

GRAYSON, D. R., MATRISCIANO, F., PINNA, G., SATTA, R., SHARMA, R. P., 

TREMOLIZZO, L. & TUETING, P. 2011. Epigenetic GABAergic Targets in 

Schizophrenia and Bipolar Disorder. Neuropharmacology, 60, 1007-1016. 

GUIDOTTI, A., AUTA, J., DAVIS, J. M., DI-GIORGI-GEREVINI, V., DWIVEDI, Y., 

GRAYSON, D. R., IMPAGNATIELLO, F., PANDEY, G., PESOLD, C., SHARMA, 

R., UZUNOV, D. & COSTA, E. 2000. Decrease in reelin and glutamic acid 

decarboxylase67 (GAD67) expression in schizophrenia and bipolar disorder: a 

postmortem brain study. Arch Gen Psychiatry, 57, 1061-9. 

GUIDOTTI, A. & GRAYSON, D. R. 2014. DNA methylation and demethylation as targets 

for antipsychotic therapy. Dialogues in Clinical Neuroscience, 16, 419-429. 

GUILLET-DENIAU, I., MIEULET, V., LE LAY, S., ACHOURI, Y., CARRÉ, D., GIRARD, 

J., FOUFELLE, F. & FERRÉ, P. 2002. Sterol regulatory element binding protein-1c 

expression and action in rat muscles: insulin-like effects on the control of glycolytic 

and lipogenic enzymes and UCP3 gene expression. Diabetes, 51, 1722-8. 

GUMEROV, V. & HEGYI, H. 2015. MicroRNA-derived network analysis of differentially 

methylated genes in schizophrenia, implicating GABA receptor B1 [GABBR1] and 

protein kinase B [AKT1]. Biol Direct, 10, 59. 

GURI, A. J., HONTECILLAS, R., FERRER, G., CASAGRAN, O., WANKHADE, U., 

NOBLE, A. M., EIZIRIK, D. L., ORTIS, F., CNOP, M., LIU, D., SI, H. & 

BASSAGANYA-RIERA, J. 2008. Loss of PPARγ in immune cells impairs the ability 

of abscisic acid to improve insulin sensitivity by suppressing monocyte 

chemoattractant protein-1 expression and macrophage infiltration into white adipose 

tissue. The Journal of Nutritional Biochemistry, 19, 216-228. 

GUTIERREZ-AGUILAR, R., KIM, D. H., WOODS, S. C. & SEELEY, R. J. 2012. 

Expression of new loci associated with obesity in diet-induced obese rats: from 

genetics to physiology. Obesity (Silver Spring), 20, 306-12. 

HAAHR, M. E., RASMUSSEN, P. M., MADSEN, K., MARNER, L., RATNER, C., 

GILLINGS, N., BAARE, W. F. & KNUDSEN, G. M. 2012. Obesity is associated 

with high serotonin 4 receptor availability in the brain reward circuitry. Neuroimage, 

61, 884-8. 

HADDAD, P. 2005. Weight change with atypical antipsychotics in the treatment of 

schizophrenia. J Psychopharmacol, 19, 16-27. 

HAGBERG, H., MALLARD, C., ROUSSET, C. I. & XIAOYANG, W. 2009. Apoptotic 

mechanisms in the immature brain: involvement of mitochondria. J Child Neurol, 24, 

1141-6. 

HAHN, M. K., REMINGTON, G., BOIS, D. & COHN, T. 2010. Topiramate augmentation in 

clozapine-treated patients with schizophrenia: clinical and metabolic effects. J Clin 

Psychopharmacol, 30, 706-10. 

HALEY, G. E., KROENKE, C., SCHWARTZ, D., KOHAMA, S. G., URBANSKI, H. F. & 

RABER, J. 2011. Hippocampal M1 receptor function associated with spatial learning 

and memory in aged female rhesus macaques. Age (Dordr), 33, 309-20. 

HALFORD, J. C. & HARROLD, J. A. 2012. 5-HT(2C) receptor agonists and the control of 

appetite. Handb Exp Pharmacol, 349-56. 

HALL, D., GOGOS, J. A. & KARAYIORGOU, M. 2004. The contribution of three strong 

candidate schizophrenia susceptibility genes in demographically distinct populations. 

Genes Brain Behav, 3, 240-8. 

HAMSHERE, M. L., WALTERS, J. T., SMITH, R., RICHARDS, A. L., GREEN, E., 

GROZEVA, D., JONES, I., FORTY, L., JONES, L., GORDON-SMITH, K., RILEY, 



236 

 

B., O'NEILL, F. A., KENDLER, K. S., SKLAR, P., PURCELL, S., KRANZ, J., 

MORRIS, D., GILL, M., HOLMANS, P., CRADDOCK, N., CORVIN, A., OWEN, 

M. J. & O'DONOVAN, M. C. 2013. Genome-wide significant associations in 

schizophrenia to ITIH3/4, CACNA1C and SDCCAG8, and extensive replication of 

associations reported by the Schizophrenia PGC. Mol Psychiatry, 18, 708-12. 

HAN, S., LIANG, C.-P., WESTERTERP, M., SENOKUCHI, T., WELCH, C. L., WANG, Q., 

MATSUMOTO, M., ACCILI, D. & TALL, A. R. 2009. Hepatic insulin signaling 

regulates VLDL secretion and atherogenesis in mice. The Journal of Clinical 

Investigation, 119, 1029-1041. 

HANNON, J. & HOYER, D. 2008. Molecular biology of 5-HT receptors. Behavioural Brain 

Research, 195, 198-213. 

HANOEMAN, M., SELTEN, J. P. & KAHN, R. S. 2002. Incidence of schizophrenia in 

Surinam. Schizophr Res, 54, 219-21. 

HANOVER, J. A., KRAUSE, M. W. & LOVE, D. C. 2010. The hexosamine signaling 

pathway: O-GlcNAc cycling in feast or famine. Biochim Biophys Acta, 1800, 80-95. 

HARRISON, P. J. & WEINBERGER, D. R. 2005. Schizophrenia genes, gene expression, and 

neuropathology: on the matter of their convergence. Mol Psychiatry, 10, 40-68; image 

5. 

HASHIMOTO, T., YAMADA, M., MAEKAWA, S., NAKASHIMA, T. & MIYATA, S. 

2008. IgLON cell adhesion molecule Kilon is a crucial modulator for synapse number 

in hippocampal neurons. Brain Res, 1224, 1-11. 

HAUKKA, J., TIIHONEN, J., HÄRKÄNEN, T. & LÖNNQVIST, J. 2008. Association 

between medication and risk of suicide, attempted suicide and death in nationwide 

cohort of suicidal patients with schizophrenia. Pharmacoepidemiol Drug Saf, 17, 686-

96. 

HAYASHI, A., SONODA, R., KIMURA, Y., TAKASU, T., SUZUKI, M., SASAMATA, M. 

& MIYATA, K. 2004. Antiobesity effect of YM348, a novel 5-HT2C receptor 

agonist, in Zucker rats. Brain Res, 1011, 221-7. 

HEISER, P., ENNING, F., KRIEG, J. & VEDDER, H. 2007. Effects of haloperidol, clozapine 

and olanzapine on the survival of human neuronal and immune cells in vitro. J 

Psychopharmacol, 21, 851-6. 

HELLSTRAND, K. & HERMODSSON, S. 1993. Serotonergic 5-HT1A receptors regulate a 

cell contact-mediated interaction between natural killer cells and monocytes. Scand J 

Immunol, 37, 7-18. 

HENDERSON, D., CAGLIERO, E., COPELAND, P., BORBA, C., EVINS, E., HAYDEN, 

D., WEBER, M., ANDERSON, E., ALLISON, D., DALEY, T., SCHOENFELD, D. 

& GOFF, D. 2005a. Glucose metabolism in patients with schizophrenia treated with 

atypical antipsychotic agents: a frequently sampled intravenous glucose tolerance test 

and minimal model analysis. Arch Gen Psychiatry, 62, 19-28. 

HENDERSON, D., NGUYEN, D., COPELAND, P., HAYDEN, D., BORBA, C., LOUIE, P., 

FREUDENREICH, O., EVINS, A., CATHER, C. & GOFF, D. 2005b. Clozapine, 

diabetes mellitus, hyperlipidemia, and cardiovascular risks and mortality: results of a 

10-year naturalistic study. J Clin Psychiatry, 66, 1116-21. 

HENDERSON, D. C., FAN, X., COPELAND, P. M., SHARMA, B., BORBA, C. P., 

BOXILL, R., FREUDENREICH, O., CATHER, C., EVINS, A. E. & GOFF, D. C. 

2009. Aripiprazole added to overweight and obese olanzapine-treated schizophrenia 

patients. Journal of Clinical Psychopharmacology, 29, 165-169. 

HENDERSON, D. C., KUNKEL, L., NGUYEN, D. D., BORBA, C. P., DALEY, T. B., 

LOUIE, P. M., FREUDENREICH, O., CATHER, C., EVINS, A. E. & GOFF, D. C. 

2006. An exploratory open-label trial of aripiprazole as an adjuvant to clozapine 

therapy in chronic schizophrenia. Acta Psychiatr Scand, 113, 142-7. 

HENNAH, W., VARILO, T., KESTILÄ, M., PAUNIO, T., ARAJÄRVI, R., HAUKKA, J., 

PARKER, A., MARTIN, R., LEVITZKY, S., PARTONEN, T., MEYER, J., 

LÖNNQVIST, J., PELTONEN, L. & EKELUND, J. 2003. Haplotype transmission 



237 

 

analysis provides evidence of association for DISC1 to schizophrenia and suggests 

sex-dependent effects. Hum Mol Genet, 12, 3151-9. 

HENQUET, C., MURRAY, R., LINSZEN, D. & VAN OS, J. 2005. The environment and 

schizophrenia: the role of cannabis use. Schizophr Bull, 31, 608-12. 

HENQUET, C., ROSA, A., KRABBENDAM, L., PAPIOL, S., FANANAS, L., DRUKKER, 

M., RAMAEKERS, J. G. & VAN OS, J. 2006. An experimental study of catechol-o-

methyltransferase Val158Met moderation of delta-9-tetrahydrocannabinol-induced 

effects on psychosis and cognition. Neuropsychopharmacology, 31, 2748-57. 

HESSE, S., VAN DE GIESSEN, E., ZIENTEK, F., PETROFF, D., WINTER, K., DICKSON, 

J. C., TOSSICI-BOLT, L., SERA, T., ASENBAUM, S., DARCOURT, J., AKDEMIR, 

U. O., KNUDSEN, G. M., NOBILI, F., PAGANI, M., VANDER BORGHT, T., VAN 

LAERE, K., VARRONE, A., TATSCH, K., SABRI, O. & BOOIJ, J. 2014. 

Association of central serotonin transporter availability and body mass index in 

healthy Europeans. European Neuropsychopharmacology, 24, 1240-7. 

HESTON, L. L. 1966. Psychiatric disorders in foster home reared children of schizophrenic 

mothers. Br J Psychiatry, 112, 819-25. 

HICKLING, F. W. & RODGERS-JOHNSON, P. 1995. The incidence of first contact 

schizophrenia in Jamaica. Br J Psychiatry, 167, 193-6. 

HIMMERICH, H., SCHONHERR, J., FULDA, S., SHELDRICK, A. J., BAUER, K. & 

SACK, U. 2011. Impact of antipsychotics on cytokine production in-vitro. J Psychiatr 

Res, 45, 1358-65. 

HIPPIUS, H. 1989. The history of clozapine. Psychopharmacology (Berl), 99 Suppl, S3-5. 

HIROSUMI, J., TUNCMAN, G., CHANG, L., GORGUN, C. Z., UYSAL, K. T., MAEDA, 

K., KARIN, M. & HOTAMISLIGIL, G. S. 2002. A central role for JNK in obesity 

and insulin resistance. Nature, 420, 333-336. 

HIRSCH, J. G. & COHN, Z. A. 1960. Degranulation of polymorphonuclear leucocytes 

following phagocytosis of microorganisms. The Journal of Experimental Medicine, 

112, 1005-1014. 

HIRSCHHORN, J. N. & DALY, M. J. 2005. Genome-wide association studies for common 

diseases and complex traits. Nat Rev Genet, 6, 95-108. 

HOANG, K. N., DINH, C. T., BAS, E., CHEN, S., ESHRAGHI, A. A. & VAN DE WATER, 

T. R. 2009. Dexamethasone treatment of naïve organ of Corti explants alters the 

expression pattern of apoptosis-related genes. Brain Research, 1301, 1-8. 

HODGKINSON, C. A., GOLDMAN, D., JAEGER, J., PERSAUD, S., KANE, J. M., 

LIPSKY, R. H. & MALHOTRA, A. K. 2004. Disrupted in schizophrenia 1 (DISC1): 

association with schizophrenia, schizoaffective disorder, and bipolar disorder. Am J 

Hum Genet, 75, 862-72. 

HOEK, H. W., SUSSER, E., BUCK, K. A., LUMEY, L. H., LIN, S. P. & GORMAN, J. M. 

1996. Schizoid personality disorder after prenatal exposure to famine. Am J 

Psychiatry, 153, 1637-9. 

HORI, H., OHMORI, O., SHINKAI, T., KOJIMA, H. & NAKAMURA, J. 2001. Association 

analysis between two functional dopamine D2 receptor gene polymorphisms and 

schizophrenia. American Journal of Medical Genetics, 105, 176-178. 

HORTON, J. D., SHAH, N. A., WARRINGTON, J. A., ANDERSON, N. N., PARK, S. W., 

BROWN, M. S. & GOLDSTEIN, J. L. 2003. Combined analysis of oligonucleotide 

microarray data from transgenic and knockout mice identifies direct SREBP target 

genes. Proceedings of the National Academy of Sciences of the United States of 

America, 100, 12027-12032. 

HOTAMISLIGIL, G. S., ARNER, P., CARO, J. F., ATKINSON, R. L. & SPIEGELMAN, B. 

M. 1995. Increased adipose tissue expression of tumor necrosis factor-alpha in human 

obesity and insulin resistance. J Clin Invest, 95, 2409-15. 

HOUSTON, J. P., KOHLER, J., BISHOP, J. R., ELLINGROD, V. L., OSTBYE, K. M., 

ZHAO, F., CONLEY, R. R., POOLE HOFFMANN, V. & FIJAL, B. A. 2012. 



238 

 

Pharmacogenomic associations with weight gain in olanzapine treatment of patients 

without schizophrenia. J Clin Psychiatry, 73, 1077-86. 

HOWES, O. D., BHATNAGAR, A., GAUGHRAN, F. P., AMIEL, S. A., MURRAY, R. M. 

& PILOWSKY, L. S. 2004. A prospective study of impairment in glucose control 

caused by clozapine without changes in insulin resistance. Am J Psychiatry, 161, 361-

3. 

HOYER, D., HANNON, J. P. & MARTIN, G. R. 2002. Molecular, pharmacological and 

functional diversity of 5-HT receptors. Pharmacology Biochemistry and Behavior, 71, 

533-554. 

HOYER, D., PAZOS, A., PROBST, A. & PALACIOS, J. M. 1986. Serotonin receptors in the 

human brain. I. Characterization and autoradiographic localization of 5-HT1A 

recognition sites. Apparent absence of 5-HT1B recognition sites. Brain Res, 376, 85-

96. 

HU, Y., KUTSCHER, E. & DAVIES, G. E. 2010. Berberine inhibits SREBP-1-related 

clozapine and risperidone induced adipogenesis in 3T3-L1 cells. Phytother Res, 24, 

1831-8. 

HUMMASTI, S., HONG, C., BENSINGER, S. J. & TONTONOZ, P. 2008. HRASLS3 is a 

PPARgamma-selective target gene that promotes adipocyte differentiation. J Lipid 

Res, 49, 2535-44. 

HUMMER, M., KURZ, M., BARNAS, C., SARIA, A. & FLEISCHHACKER, W. W. 1994. 

Clozapine-induced transient white blood count disorders. J Clin Psychiatry, 55, 429-

32. 

HUSZAR, D., LYNCH, C. A., FAIRCHILD-HUNTRESS, V., DUNMORE, J. H., FANG, Q., 

BERKEMEIER, L. R., GU, W., KESTERSON, R. A., BOSTON, B. A., CONE, R. D., 

SMITH, F. J., CAMPFIELD, L. A., BURN, P. & LEE, F. 1997. Targeted disruption of 

the melanocortin-4 receptor results in obesity in mice. Cell, 88, 131-41. 

HUTTER, D., KINGDOM, J. & JAEGGI, E. 2010. Causes and mechanisms of intrauterine 

hypoxia and its impact on the fetal cardiovascular system: a review. Int J Pediatr, 

2010, 401323. 

HWANG, S. B., LEE, C. S., CHEAH, M. J. & SHEN, T. Y. 1983. Specific receptor sites for 

1-O-alkyl-2-O-acetyl-sn-glycero-3-phosphocholine (platelet activating factor) on 

rabbit platelet and guinea pig smooth muscle membranes. Biochemistry, 22, 4756-63. 

IKEDA, M., ALEKSIC, B., KINOSHITA, Y., OKOCHI, T., KAWASHIMA, K., KUSHIMA, 

I., ITO, Y., NAKAMURA, Y., KISHI, T., OKUMURA, T., FUKUO, Y., 

WILLIAMS, H. J., HAMSHERE, M. L., IVANOV, D., INADA, T., SUZUKI, M., 

HASHIMOTO, R., UJIKE, H., TAKEDA, M., CRADDOCK, N., KAIBUCHI, K., 

OWEN, M. J., OZAKI, N., O'DONOVAN, M. C. & IWATA, N. 2011. Genome-wide 

association study of schizophrenia in a Japanese population. Biol Psychiatry, 69, 472-

8. 

IKEDA, M., IWATA, N., SUZUKI, T., KITAJIMA, T., YAMANOUCHI, Y., KINOSHITA, 

Y., INADA, T. & OZAKI, N. 2004. Association of AKT1 with schizophrenia 

confirmed in a Japanese population. Biological Psychiatry, 56, 698-700. 

IMPAGNATIELLO, F., GUIDOTTI, A. R., PESOLD, C., DWIVEDI, Y., CARUNCHO, H., 

PISU, M. G., UZUNOV, D. P., SMALHEISER, N. R., DAVIS, J. M., PANDEY, G. 

N., PAPPAS, G. D., TUETING, P., SHARMA, R. P. & COSTA, E. 1998. A decrease 

of reelin expression as a putative vulnerability factor in schizophrenia. Proceedings of 

the National Academy of Sciences of the United States of America, 95, 15718-15723. 

INGRAHAM, L. J., KUGELMASS, S., FRENKEL, E., NATHAN, M. & MIRSKY, A. F. 

1995. Twenty-five-year followup of the Israeli High-Risk Study: current and lifetime 

psychopathology. Schizophr Bull, 21, 183-92. 

INTERNATIONAL-SCHIZOPHRENIA-CONSORTIUM 2008. Rare chromosomal deletions 

and duplications increase risk of schizophrenia. Nature, 455, 237-41. 



239 

 

IRISH SCHIZOPHRENIA GENOMICS CONSORTIUM 2012. Genome-wide association 

study implicates HLA-C*01:02 as a risk factor at the major histocompatibility 

complex locus in schizophrenia. Biol Psychiatry, 72, 620-8. 

IRVING, C., ADAMS, C. & LAWRIE, S. 2006. Haloperidol versus placebo for 

schizophrenia. Cochrane Database of Systematic Reviews [Online]. Available: 

http://www.mrw.interscience.wiley.com/cochrane/clsysrev/articles/CD003082/frame.h

tml. 

ITO, C. 2004. The role of the central histaminergic system on schizophrenia. Drug News 

Perspect, 17, 383-7. 

IVERSON, S., KAUTIAINEN, A., IP, J. & UETRECHT, J. P. 2010. Effect of clozapine on 

neutrophil kinetics in rabbits. Chem Res Toxicol, 23, 1184-91. 

JACKSON, R. A., HAWA, M. I., JASPAN, J. B., SIM, B. M., DISILVIO, L., FEATHERBE, 

D. & KURTZ, A. B. 1987. Mechanism of metformin action in non-insulin-dependent 

diabetes. Diabetes, 36, 632-40. 

JANSSEN, I., HANSSEN, M., BAK, M., BIJL, R. V., DE GRAAF, R., VOLLEBERGH, W., 

MCKENZIE, K. & VAN OS, J. 2003. Discrimination and delusional ideation. Br J 

Psychiatry, 182, 71-6. 

JENSEN, M. D., HAYMOND, M. W., RIZZA, R. A., CRYER, P. E. & MILES, J. M. 1989. 

Influence of body fat distribution on free fatty acid metabolism in obesity. The Journal 

of Clinical Investigation, 83, 1168-1173. 

JEYAPAUL, P. & VIEWEG, R. 2006. A case study evaluating the use of clozapine in 

depression with psychotic features. Annals of General Psychiatry, 5, 20-20. 

JI, L., LI, H., GUO, X., LI, Y., HU, R. & ZHU, Z. 2013. Impact of Baseline BMI on 

Glycemic Control and Weight Change with Metformin Monotherapy in Chinese Type 

2 Diabetes Patients: Phase IV Open-Label Trial. PLoS ONE, 8, e57222. 

JIANG, J., AHN, J., HUANG, W.-Y. & HAYES, R. B. 2013. Association of obesity with 

cardiovascular disease mortality in the PLCO trial. Preventive Medicine, 57, 60-64. 

JIAO, H., ARNER, P., HOFFSTEDT, J., BRODIN, D., DUBERN, B., CZERNICHOW, S., 

VAN'T HOOFT, F., AXELSSON, T., PEDERSEN, O., HANSEN, T., SØRENSEN, 

T. I., HEBEBRAND, J., KERE, J., DAHLMAN-WRIGHT, K., HAMSTEN, A., 

CLEMENT, K. & DAHLMAN, I. 2011. Genome wide association study identifies 

KCNMA1 contributing to human obesity. BMC Med Genomics, 4, 51. 

JOHNSON, D. E., YAMAZAKI, H., WARD, K. M., SCHMIDT, A. W., LEBEL, W. S., 

TREADWAY, J. L., GIBBS, E. M., ZAWALICH, W. S. & ROLLEMA, H. 2005. 

Inhibitory effects of antipsychotics on carbachol-enhanced insulin secretion from 

perifused rat islets: Role of muscarinic antagonism in antipsychotic-induced diabetes 

and hyperglycemia. Diabetes, 54, 1552-1558. 

JONES, P. B., RANTAKALLIO, P., HARTIKAINEN, A. L., ISOHANNI, M. & SIPILA, P. 

1998. Schizophrenia as a long-term outcome of pregnancy, delivery, and perinatal 

complications: a 28-year follow-up of the 1966 north Finland general population birth 

cohort. Am J Psychiatry, 155, 355-64. 

JONSSON, E. G., FLYCKT, L., BURGERT, E., CROCQ, M. A., FORSLUND, K., 

MATTILA-EVENDEN, M., RYLANDER, G., ASBERG, M., NIMGAONKAR, V. 

L., EDMAN, G., BJERKENSTEDT, L., WIESEL, F. A. & SEDVALL, G. C. 2003a. 

Dopamine D3 receptor gene Ser9Gly variant and schizophrenia: association study and 

meta-analysis. Psychiatr Genet, 13, 1-12. 

JONSSON, E. G., SILLEN, A., VARES, M., EKHOLM, B., TERENIUS, L. & SEDVALL, 

G. C. 2003b. Dopamine D2 receptor gene Ser311Cys variant and schizophrenia: 

association study and meta-analysis. Am J Med Genet B Neuropsychiatr Genet, 119b, 

28-34. 

JUCKEL, G., MANITZ, M. P., BRUNE, M., FRIEBE, A., HENEKA, M. T. & WOLF, R. J. 

2011. Microglial activation in a neuroinflammational animal model of schizophrenia--

a pilot study. Schizophr Res, 131, 96-100. 

http://www.mrw.interscience.wiley.com/cochrane/clsysrev/articles/CD003082/frame.html
http://www.mrw.interscience.wiley.com/cochrane/clsysrev/articles/CD003082/frame.html


240 

 

JURVANSUU, J., ZHAO, Y., LEUNG, D. S., BOULAIRE, J., YU, Y. H., AHMED, S. & 

WANG, S. 2008. Transmembrane protein 18 enhances the tropism of neural stem cells 

for glioma cells. Cancer Res, 68, 4614-22. 

KAHN, B. B. & FLIER, J. S. 2000. Obesity and insulin resistance. J Clin Invest, 106, 473-81. 

KAHN, R. S., DAVIDSON, M., SIEVER, L., GABRIEL, S., APTER, S. & DAVIS, K. L. 

1993. Serotonin function and treatment response to clozapine in schizophrenic 

patients. Am J Psychiatry, 150, 1337-42. 

KALLMANN, F. J. 1946. The genetic theory of schizophrenia; an analysis of 691 

schizophrenic twin index families. Am J Psychiatry, 103, 309-22. 

KANE, J., BARRETT, E., CASEY, D., CORRELL, C., GELENBERG, A., KLEIN, S. & 

NEWCOMER, J. 2004. Metabolic effects of treatment with atypical antipsychotics. J 

Clin Psychiatry, 65, 1447-55. 

KANE, J., HONIGFELD, G., SINGER, J. & MELTZER, H. 1988. Clozapine for the 

treatment-resistant schizophrenic. A double-blind comparison with chlorpromazine. 

Arch Gen Psychiatry, 45, 789-96. 

KANE, J. M. 2001. Extrapyramidal side effects are unacceptable. European 

Neuropsychopharmacology, 11, S397-S403. 

KANETO, H., XU, G., SONG, K.-H., SUZUMA, K., BONNER-WEIR, S., SHARMA, A. & 

WEIR, G. C. 2001. Activation of the Hexosamine Pathway Leads to Deterioration of 

Pancreatic β-Cell Function through the Induction of Oxidative Stress. Journal of 

Biological Chemistry, 276, 31099-31104. 

KANNEL, W. B., ADRIENNE CUPPLES, L., RAMASWAMI, R., STOKES III, J., 

KREGER, B. E. & HIGGINS, M. 1991. Regional obesity and risk of cardiovascular 

disease; the Framingham study. Journal of Clinical Epidemiology, 44, 183-190. 

KARAYIORGOU, M., MORRIS, M. A., MORROW, B., SHPRINTZEN, R. J., 

GOLDBERG, R., BORROW, J., GOS, A., NESTADT, G., WOLYNIEC, P. S., 

LASSETER, V. K. & ET AL. 1995. Schizophrenia susceptibility associated with 

interstitial deletions of chromosome 22q11. Proc Natl Acad Sci U S A, 92, 7612-6. 

KASE, H., IWAHASHI, K., NAKANISHI, S., MATSUDA, Y., YAMADA, K., 

TAKAHASHI, M., MURAKATA, C., SATO, A. & KANEKO, M. 1987. K-252 

compounds, novel and potent inhibitors of protein kinase C and cyclic nucleotide-

dependent protein kinases. Biochemical and Biophysical Research Communications, 

142, 436-440. 

KAUR, C., HAO, A. J., WU, C. H. & LING, E. A. 2001. Origin of microglia. Microsc Res 

Tech, 54, 2-9. 

KELLY, B. D., O'CALLAGHAN, E., WADDINGTON, J. L., FEENEY, L., BROWNE, S., 

SCULLY, P. J., CLARKE, M., QUINN, J. F., MCTIGUE, O., MORGAN, M. G., 

KINSELLA, A. & LARKIN, C. 2010. Schizophrenia and the city: A review of 

literature and prospective study of psychosis and urbanicity in Ireland. Schizophr Res, 

116, 75-89. 

KENDLER, K. S. & GRUENBERG, A. M. 1984. An independent analysis of the Danish 

Adoption Study of Schizophrenia. VI. The relationship between psychiatric disorders 

as defined by DSM-III in the relatives and adoptees. Arch Gen Psychiatry, 41, 555-64. 

KENDLER, K. S., MCGUIRE, M., GRUENBERG, A. M., O'HARE, A., SPELLMAN, M. & 

WALSH, D. 1993. The Roscommon Family Study. IV. Affective illness, anxiety 

disorders, and alcoholism in relatives. Arch Gen Psychiatry, 50, 952-60. 

KESHAVAN, M. S., TANDON, R., BOUTROS, N. N. & NASRALLAH, H. A. 2008. 

Schizophrenia, "just the facts": what we know in 2008 Part 3: neurobiology. Schizophr 

Res, 106, 89-107. 

KETY, S. S., ROSENTHAL, D., WENDER, P. H. & SCHULSINGER, F. 1968. The types 

and prevalence of mental illness in the biological and adoptive families of adopted 

schizophrenics. Journal of Psychiatric Research, 6, Supplement 1, 345-362. 

KETY, S. S., WENDER, P. H., JACOBSEN, B., INGRAHAM, L. J., JANSSON, L., FABER, 

B. & KINNEY, D. K. 1994. Mental illness in the biological and adoptive relatives of 



241 

 

schizophrenic adoptees. Replication of the Copenhagen Study in the rest of Denmark. 

Arch Gen Psychiatry, 51, 442-55. 

KIM, J. B., SARRAF, P., WRIGHT, M., YAO, K. M., MUELLER, E., SOLANES, G., 

LOWELL, B. B. & SPIEGELMAN, B. M. 1998. Nutritional and insulin regulation of 

fatty acid synthetase and leptin gene expression through ADD1/SREBP1. J Clin 

Invest, 101, 1-9. 

KIM, J. B. & SPIEGELMAN, B. M. 1996. ADD1/SREBP1 promotes adipocyte 

differentiation and gene expression linked to fatty acid metabolism. Genes Dev, 10, 

1096-107. 

KIM, J. S., KORNHUBER, H. H., SCHMID-BURGK, W. & HOLZMÜLLER, B. 1980. Low 

cerebrospinal fluid glutamate in schizophrenic patients and a new hypothesis on 

schizophrenia. Neurosci Lett, 20, 379-82. 

KIM, S. F., HUANG, A. S., SNOWMAN, A. M., TEUSCHER, C. & SNYDER, S. H. 2007. 

From the Cover: Antipsychotic drug-induced weight gain mediated by histamine H1 

receptor-linked activation of hypothalamic AMP-kinase. Proc Natl Acad Sci U S A, 

104, 3456-9. 

KIM, S. H., NIKOLICS, L., ABBASI, F., LAMENDOLA, C., LINK, J., REAVEN, G. M. & 

LINDLEY, S. 2010. Relationship between body mass index and insulin resistance in 

patients treated with second generation antipsychotic agents. Journal of Psychiatric 

Research, 44, 493-498. 

KIM, U. H., KIM, J. W. & RHEE, S. G. 1989. Phosphorylation of phospholipase C-gamma 

by cAMP-dependent protein kinase. J Biol Chem, 264, 20167-70. 

KIM, W. H., LEE, J. W., GAO, B. & JUNG, M. H. 2005. Synergistic activation of 

JNK/SAPK induced by TNF-alpha and IFN-gamma: apoptosis of pancreatic beta-cells 

via the p53 and ROS pathway. Cell Signal, 17, 1516-32. 

KING, B. M. 2006. The rise, fall, and resurrection of the ventromedial hypothalamus in the 

regulation of feeding behavior and body weight. Physiol Behav, 87, 221-44. 

KINON, B. J., KAISER, C. J., AHMED, S., ROTELLI, M. D. & KOLLACK-WALKER, S. 

2005. Association between early and rapid weight gain and change in weight over one 

year of olanzapine therapy in patients with schizophrenia and related disorders. J Clin 

Psychopharmacol, 25, 255-8. 

KIROV, G., GROZEVA, D., NORTON, N., IVANOV, D., MANTRIPRAGADA, K. K., 

HOLMANS, P., CRADDOCK, N., OWEN, M. J. & O'DONOVAN, M. C. 2009a. 

Support for the involvement of large copy number variants in the pathogenesis of 

schizophrenia. Hum Mol Genet, 18, 1497-503. 

KIROV, G., ZAHARIEVA, I., GEORGIEVA, L., MOSKVINA, V., NIKOLOV, I., 

CICHON, S., HILLMER, A., TONCHEVA, D., OWEN, M. J. & O'DONOVAN, M. 

C. 2009b. A genome-wide association study in 574 schizophrenia trios using DNA 

pooling. Mol Psychiatry, 14, 796-803. 

KISS, J., LÉRÁNTH, C. & HALÁSZ, B. 1984. Serotoninergic endings on VIP-neurons in the 

suprachiasmatic nucleus and on ACTH-neurons in the arcuate nucleus of the rat 

hypothalamus. A combination of high resolution autoradiography and electron 

microscopic immunocytochemistry. Neurosci Lett, 44, 119-24. 

KLÄNING, U., MORTENSEN, P. B. & KYVIK, K. O. 1996. Increased occurrence of 

schizophrenia and other psychiatric illnesses among twins. Br J Psychiatry, 168, 688-

92. 

KLUGE, M., SCHULD, A., SCHACHT, A., HIMMERICH, H., DALAL, M. A., 

WEHMEIER, P. M., HINZE-SELCH, D., KRAUS, T., DITTMANN, R. W. & 

POLLMÄCHER, T. 2009. Effects of clozapine and olanzapine on cytokine systems 

are closely linked to weight gain and drug-induced fever. Psychoneuroendocrinology, 

34, 118-128. 

KOARAI, A., TRAVES, S. L., FENWICK, P. S., BROWN, S. M., CHANA, K. K., 

RUSSELL, R. E. K., NICHOLSON, A. G., BARNES, P. J. & DONNELLY, L. E. 



242 

 

2012. Expression of muscarinic receptors by human macrophages. European 

Respiratory Journal, 39, 698-704. 

KOBAYASHI, H., AZUMA, R. & YASUNAGA, T. 2009. Expression of excess receptors 

and negative feedback control of signal pathways are required for rapid activation and 

prompt cessation of signal transduction. Cell Commun Signal, 7, 3. 

KOOY, F. 1919. Hyperglycaemia in mental disorders. Brain, 42, 215 - 289. 

KORO, C. E., FEDDER, D. O., L'ITALIEN, G. J., WEISS, S., MAGDER, L. S., 

KREYENBUHL, J., REVICKI, D. & BUCHANAN, R. W. 2002. An assessment of 

the independent effects of olanzapine and risperidone exposure on the risk of 

hyperlipidemia in schizophrenic patients. Arch Gen Psychiatry, 59, 1021-6. 

KRAUS, T., HAACK, M., SCHULD, A., HINZE-SELCH, D., KÜHN, M., UHR, M. & 

POLLMÄCHER, T. 1999. Body weight and leptin plasma levels during treatment 

with antipsychotic drugs. Am J Psychiatry, 156, 312-4. 

KRAUSE, D., MATZ, J., WEIDINGER, E., WAGNER, J., WILDENAUER, A., 

OBERMEIER, M., RIEDEL, M. & MÜLLER, N. 2010. The association of infectious 

agents and schizophrenia. The World Journal of Biological Psychiatry, 11, 739-743. 

KRAUSE, D. L., WEIDINGER, E., MATZ, J., WILDENAUER, A., WAGNER, J. K., 

OBERMEIER, M., RIEDEL, M., MÖLLER, H.-J. & MÜLLER, N. 2012. Infectious 

agents are associated with psychiatric diseases. Mental Illness; Vol 4, No 1 (2012). 

KRYSTAL, J. H., KARPER, L. P., SEIBYL, J. P., FREEMAN, G. K., DELANEY, R., 

BREMNER, J. D., HENINGER, G. R., BOWERS, M. B., JR. & CHARNEY, D. S. 

1994. Subanesthetic effects of the noncompetitive NMDA antagonist, ketamine, in 

humans. Psychotomimetic, perceptual, cognitive, and neuroendocrine responses. Arch 

Gen Psychiatry, 51, 199-214. 

KUBOTA, N., TERAUCHI, Y., MIKI, H., TAMEMOTO, H., YAMAUCHI, T., KOMEDA, 

K., SATOH, S., NAKANO, R., ISHII, C., SUGIYAMA, T., ETO, K., TSUBAMOTO, 

Y., OKUNO, A., MURAKAMI, K., SEKIHARA, H., HASEGAWA, G., NAITO, M., 

TOYOSHIMA, Y., TANAKA, S., SHIOTA, K., KITAMURA, T., FUJITA, T., 

EZAKI, O., AIZAWA, S., NAGAI, R., TOBE, K., KIMURA, S. & KADOWAKI, T. 

1999. PPARγ Mediates High-Fat Diet–Induced Adipocyte Hypertrophy and Insulin 

Resistance. Molecular Cell, 4, 597-609. 

KULYTÉ, A., RYDÉN, M., MEJHERT, N., DUNGNER, E., SJÖLIN, E., ARNER, P. & 

DAHLMAN, I. 2011. MTCH2 in Human White Adipose Tissue and Obesity. Journal 

of Clinical Endocrinology & Metabolism, 96, E1661-E1665. 

KWON, J. S., SHENTON, M. E., HIRAYASU, Y., SALISBURY, D. F., FISCHER, I. A., 

DICKEY, C. C., YURGELUN-TODD, D., TOHEN, M., KIKINIS, R., JOLESZ, F. A. 

& MCCARLEY, R. W. 1998. MRI study of cavum septi pellucidi in schizophrenia, 

affective disorder, and schizotypal personality disorder. Am J Psychiatry, 155, 509-15. 

LALAU, J. D. 2010. Lactic acidosis induced by metformin: incidence, management and 

prevention. Drug Saf, 33, 727-40. 

LAM, D. D., GARFIELD, A. S., MARSTON, O. J., SHAW, J. & HEISLER, L. K. 2010. 

Brain serotonin system in the coordination of food intake and body weight. 

Pharmacology Biochemistry and Behavior, 97, 84-91. 

LAM, D. D. & HEISLER, L. K. 2007. Serotonin and energy balance: molecular mechanisms 

and implications for type 2 diabetes. Expert Rev Mol Med, 9, 1-24. 

LAM, T. K., VAN DE WERVE, G. & GIACCA, A. 2003. Free fatty acids increase basal 

hepatic glucose production and induce hepatic insulin resistance at different sites. Am 

J Physiol Endocrinol Metab, 284, E281-90. 

LAMBERTI, J., OLSON, D., CRILLY, J., OLIVARES, T., WILLIAMS, G., TU, X., TANG, 

W., WIENER, K., DVORIN, S. & DIETZ, M. 2006. Prevalence of the metabolic 

syndrome among patients receiving clozapine. Am J Psychiatry, 163, 1273-6. 

LANG, M. E., JOURD'HEUIL, D., MEDDINGS, J. B. & SWAIN, M. G. 1995. Increased 

opioid binding to peripheral white blood cells in a rat model of acute cholestasis. 

Gastroenterology, 108, 1479-86. 



243 

 

LARA, D. R., VIANNA, M. R. M., DE PARIS, F., QUEVEDO, J., OSES, J. P., 

BATTASTINI, A. M. O., SARKIS, J. J. F. & SOUZA, D. O. 2001. Chronic Treatment 

with Clozapine, but Not Haloperidol, Increases Striatal Ecto-5′-Nucleotidase Activity 

in Rats. Neuropsychobiology, 44, 99-102. 

LAU, D. C., DOUKETIS, J. D., MORRISON, K. M., HRAMIAK, I. M., SHARMA, A. M., 

UR, E. & PANEL, O. C. C. P. G. E. 2007. 2006 Canadian clinical practice guidelines 

on the management and prevention of obesity in adults and children [summary]. 

CMAJ, 176, S1-13. 

LAURENZA, A., SUTKOWSKI, E. M. & SEAMON, K. B. 1989. Forskolin: a specific 

stimulator of adenylyl cyclase or a diterpene with multiple sites of action? Trends in 

Pharmacological Sciences, 10, 442-447. 

LAW, V., KNOX, C., DJOUMBOU, Y., JEWISON, T., GUO, A. C., LIU, Y., 

MACIEJEWSKI, A., ARNDT, D., WILSON, M., NEVEU, V., TANG, A., 

GABRIEL, G., LY, C., ADAMJEE, S., DAME, Z. T., HAN, B., ZHOU, Y. & 

WISHART, D. S. 2014. DrugBank 4.0: shedding new light on drug metabolism. 

Nucleic Acids Res, 42, D1091-7. 

LEACH, K., LOIACONO, R. E., FELDER, C. C., MCKINZIE, D. L., MOGG, A., SHAW, 

D. B., SEXTON, P. M. & CHRISTOPOULOS, A. 2010. Molecular mechanisms of 

action and in vivo validation of an M4 muscarinic acetylcholine receptor allosteric 

modulator with potential antipsychotic properties. Neuropsychopharmacology, 35, 

855-69. 

LEDERBOGEN, F., HADDAD, L. & MEYER-LINDENBERG, A. 2013. Urban social stress-

-risk factor for mental disorders. The case of schizophrenia. Environ Pollut, 183, 2-6. 

LEE, A. & MORLEY, J. E. 1998. Metformin decreases food consumption and induces weight 

loss in subjects with obesity with type II non-insulin-dependent diabetes. Obes Res, 6, 

47-53. 

LEE, A. W., HENGSTLER, H., SCHWALD, K., BERRIEL-DIAZ, M., LORETH, D., 

KIRSCH, M., KRETZ, O., HAAS, C. A., DE ANGELIS, M. H., HERZIG, S., 

BRÜMMENDORF, T., KLINGENSPOR, M., RATHJEN, F. G., ROZMAN, J., 

NICHOLSON, G., COX, R. D. & SCHÄFER, M. K. 2012. Functional inactivation of 

the genome-wide association study obesity gene neuronal growth regulator 1 in mice 

causes a body mass phenotype. PLoS One, 7, e41537. 

LEE, M. S., CHENG, F. C., YEH, H. Z., LIOU, T. Y. & LIU, J. H. 2000. Determination of 

plasma serotonin and 5-hydroxyindoleacetic acid in healthy subjects and cancer 

patients. Clin Chem, 46, 422-3. 

LEHMANN, J. M., MOORE, L. B., SMITH-OLIVER, T. A., WILKISON, W. O., 

WILLSON, T. M. & KLIEWER, S. A. 1995. An antidiabetic thiazolidinedione is a 

high affinity ligand for peroxisome proliferator-activated receptor gamma (PPAR 

gamma). J Biol Chem, 270, 12953-6. 

LEIBOWITZ, S. F. 1986. Brain monoamines and peptides: role in the control of eating 

behavior. Fed Proc, 45, 1396-403. 

LEIBOWITZ, S. F., ROOSSIN, P. & ROSENN, M. 1984. Chronic norepinephrine injection 

into the hypothalamic paraventricular nucleus produces hyperphagia and increased 

body weight in the rat. Pharmacol Biochem Behav, 21, 801-8. 

LEMAIRE, M. & TILLEMENT, J. P. 1982. Role of lipoproteins and erythrocytes in the in 

vitro binding and distribution of cyclosporin A in the blood. J Pharm Pharmacol, 34, 

715-8. 

LENCZ, T., GUHA, S., LIU, C., ROSENFELD, J., MUKHERJEE, S., DEROSSE, P., JOHN, 

M., CHENG, L., ZHANG, C., BADNER, J. A., IKEDA, M., IWATA, N., CICHON, 

S., RIETSCHEL, M., NÖTHEN, M. M., CHENG, A. T. A., HODGKINSON, C., 

YUAN, Q., KANE, J. M., LEE, A. T., PISANTÉ, A., GREGERSEN, P. K., PE’ER, I., 

MALHOTRA, A. K., GOLDMAN, D. & DARVASI, A. 2013. Genome-wide 

association study implicates NDST3 in schizophrenia and bipolar disorder. Nat 

Commun, 4. 



244 

 

LENCZ, T., MORGAN, T. V., ATHANASIOU, M., DAIN, B., REED, C. R., KANE, J. M., 

KUCHERLAPATI, R. & MALHOTRA, A. K. 2007. Converging evidence for a 

pseudoautosomal cytokine receptor gene locus in schizophrenia. Mol Psychiatry, 12, 

572-80. 

LEONARD, S., GAULT, J., HOPKINS, J., LOGEL, J., VIANZON, R., SHORT, M., 

DREBING, C., BERGER, R., VENN, D., SIROTA, P., ZERBE, G., OLINCY, A., 

ROSS, R. G., ADLER, L. E. & FREEDMAN, R. 2002. Association of promoter 

variants in the α7 nicotinic acetylcholine receptor subunit gene with an inhibitory 

deficit found in schizophrenia. Archives of General Psychiatry, 59, 1085-1096. 

LEUCHT, S., CORVES, C., ARBTER, D., ENGEL, R., LI, C. & DAVIS, J. 2009. Second-

generation versus first-generation antipsychotic drugs for schizophrenia: a meta-

analysis. Lancet, 373, 31-41. 

LEUCHT, S., WAHLBECK, K., HAMANN, J. & KISSLING, W. 2003. New generation 

antipsychotics versus low-potency conventional antipsychotics: a systematic review 

and meta-analysis. Lancet, 361, 1581-9. 

LEUNG, J. Y., BARR, A. M., PROCYSHYN, R. M., HONER, W. G. & PANG, C. C. 2012. 

Cardiovascular side-effects of antipsychotic drugs: The role of the autonomic nervous 

system. Pharmacol Ther. 

LI, C.-H., LIAO, H.-M. & CHEN, C.-H. 2004. Identification of molecular variants at the 

promoter region of the human α7 neuronal nicotinic acetylcholine receptor subunit 

gene but lack of association with schizophrenia. Neuroscience Letters, 372, 1-5. 

LI, X.-B., TANG, Y.-L., WANG, C.-Y. & DE LEON, J. 2015. Clozapine for treatment-

resistant bipolar disorder: a systematic review. Bipolar Disorders, 17, 235-247. 

LIANG, H. Q., RYE, K. A. & BARTER, P. J. 1994. Dissociation of lipid-free apolipoprotein 

A-I from high density lipoproteins. Journal of Lipid Research, 35, 1187-1199. 

LIEBERMAN, J. A., STROUP, T. S., MCEVOY, J. P., SWARTZ, M. S., ROSENHECK, R. 

A., PERKINS, D. O., KEEFE, R. S., DAVIS, S. M., DAVIS, C. E., LEBOWITZ, B. 

D., SEVERE, J., HSIAO, J. K. & INVESTIGATORS, C. A. T. O. I. E. C. 2005. 

Effectiveness of antipsychotic drugs in patients with chronic schizophrenia. N Engl J 

Med, 353, 1209-23. 

LIEBERMAN, J. A., YUNIS, J., EGEA, E., CANOSO, R. T., KANE, J. M. & YUNIS, E. J. 

1990. HLA-B38, DR4, DQw3 and clozapine-induced agranulocytosis in Jewish 

patients with schizophrenia. Arch Gen Psychiatry, 47, 945-8. 

LIFE-TECHNOLOGIES. 2014. TaqMan Assays for genetic variation research [Online]. 

Available: http://tools.lifetechnologies.com/content/sfs/brochures/taqman-assay-

genetic-variation-research-br.pdf. 

LINDENMAYER, J. P. & PATEL, R. 1999. Olanzapine-induced ketoacidosis with diabetes 

mellitus. Am J Psychiatry, 156, 1471. 

LIU, M. L., ZHANG, X. T., DU, X. Y., FANG, Z., LIU, Z., XU, Y., ZHENG, P., XU, X. J., 

CHENG, P. F., HUANG, T., BAI, S. J., ZHAO, L. B., QI, Z. G., SHAO, W. H. & 

XIE, P. 2015. Severe disturbance of glucose metabolism in peripheral blood 

mononuclear cells of schizophrenia patients: a targeted metabolomic study. J Transl 

Med, 13, 226. 

LIU, T. P., YU, P.-C., LIU, I. M., TZENG, T.-F. & CHENG, J.-T. 2002. Activation of 

muscarinic M1 receptors by acetylcholine to increase glucose uptake into cultured 

C2C12 cells. Autonomic Neuroscience, 96, 113-118. 

LIU, X., HE, G., WANG, X., CHEN, Q., QIAN, X., LIN, W., LI, D., GU, N., FENG, G. & 

HE, L. 2004. Association of DAAO with schizophrenia in the Chinese population. 

Neuroscience Letters, 369, 228-233. 

LIU, Z. C. & UETRECHT, J. P. 1995. Clozapine is oxidized by activated human neutrophils 

to a reactive nitrenium ion that irreversibly binds to the cells. J Pharmacol Exp Ther, 

275, 1476-83. 

LIVAK, K. J. & SCHMITTGEN, T. D. 2001. Analysis of Relative Gene Expression Data 

Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods, 25, 402-408. 

http://tools.lifetechnologies.com/content/sfs/brochures/taqman-assay-genetic-variation-research-br.pdf
http://tools.lifetechnologies.com/content/sfs/brochures/taqman-assay-genetic-variation-research-br.pdf


245 

 

LLOYD, T., DAZZAN, P., DEAN, K., PARK, S. B., FEARON, P., DOODY, G. A., 

TARRANT, J., MORGAN, K. D., MORGAN, C., HUTCHINSON, G., LEFF, J., 

HARRISON, G., MURRAY, R. M. & JONES, P. B. 2008. Minor physical anomalies 

in patients with first-episode psychosis: their frequency and diagnostic specificity. 

Psychol Med, 38, 71-7. 

LODISH, H., BERK A & ZIPURSKY SL, E. A. 2000. Molecular Cell Biology - G Protein –

Coupled Receptors and Their Effectors., New York, W. H. Freeman. 

LOFFREDA, S., YANG, S. Q., LIN, H. Z., KARP, C. L., BRENGMAN, M. L., WANG, D. 

J., KLEIN, A. S., BULKLEY, G. B., BAO, C., NOBLE, P. W., LANE, M. D. & 

DIEHL, A. M. 1998. Leptin regulates proinflammatory immune responses. FASEB J, 

12, 57-65. 

LONNQVIST, F., NORDFORS, L., JANSSON, M., THORNE, A., SCHALLING, M. & 

ARNER, P. 1997. Leptin secretion from adipose tissue in women. Relationship to 

plasma levels and gene expression. J Clin Invest, 99, 2398-404. 

LOOS, R. J., LINDGREN, C. M., LI, S., WHEELER, E., ZHAO, J. H., PROKOPENKO, I., 

INOUYE, M., FREATHY, R. M., ATTWOOD, A. P., BECKMANN, J. S., BERNDT, 

S. I., JACOBS, K. B., CHANOCK, S. J., HAYES, R. B., BERGMANN, S., 

BENNETT, A. J., BINGHAM, S. A., BOCHUD, M., BROWN, M., CAUCHI, S., 

CONNELL, J. M., COOPER, C., SMITH, G. D., DAY, I., DINA, C., DE, S., 

DERMITZAKIS, E. T., DONEY, A. S., ELLIOTT, K. S., ELLIOTT, P., EVANS, D. 

M., SADAF FAROOQI, I., FROGUEL, P., GHORI, J., GROVES, C. J., GWILLIAM, 

R., HADLEY, D., HALL, A. S., HATTERSLEY, A. T., HEBEBRAND, J., HEID, I. 

M., LAMINA, C., GIEGER, C., ILLIG, T., MEITINGER, T., WICHMANN, H. E., 

HERRERA, B., HINNEY, A., HUNT, S. E., JARVELIN, M. R., JOHNSON, T., 

JOLLEY, J. D., KARPE, F., KENIRY, A., KHAW, K. T., LUBEN, R. N., 

MANGINO, M., MARCHINI, J., MCARDLE, W. L., MCGINNIS, R., MEYRE, D., 

MUNROE, P. B., MORRIS, A. D., NESS, A. R., NEVILLE, M. J., NICA, A. C., 

ONG, K. K., O'RAHILLY, S., OWEN, K. R., PALMER, C. N., PAPADAKIS, K., 

POTTER, S., POUTA, A., QI, L., RANDALL, J. C., RAYNER, N. W., RING, S. M., 

SANDHU, M. S., SCHERAG, A., SIMS, M. A., SONG, K., SORANZO, N., 

SPELIOTES, E. K., SYDDALL, H. E., TEICHMANN, S. A., TIMPSON, N. J., 

TOBIAS, J. H., UDA, M., VOGEL, C. I., WALLACE, C., WATERWORTH, D. M., 

WEEDON, M. N., WILLER, C. J., WRAIGHT, YUAN, X., ZEGGINI, E., 

HIRSCHHORN, J. N., STRACHAN, D. P., OUWEHAND, W. H., CAULFIELD, M. 

J., et al. 2008. Common variants near MC4R are associated with fat mass, weight and 

risk of obesity. Nat Genet, 40, 768-75. 

LORD, J. M., FLIGHT, I. H. & NORMAN, R. J. 2003. Metformin in polycystic ovary 

syndrome: systematic review and meta-analysis. BMJ. England. 

LORENZ, W. 1922. Sugar tolerance in dementia praecox and other mental disorders. Arch 

Neurol Psychiatry, 8, 184-196. 

LOW, J. A. 2004. Determining the contribution of asphyxia to brain damage in the neonate. J 

Obstet Gynaecol Res, 30, 276-86. 

LUGER, T. A., SCHAUER, E., TRAUTINGER, F., KRUTMANN, J., ANSEL, J., 

SCHWARZ, A. & SCHWARZ, T. 1993. Production of immunosuppressing 

melanotropins by human keratinocytes. Ann N Y Acad Sci, 680, 567-70. 

MAAYAN, L., VAKHRUSHEVA, J. & CORRELL, C. U. 2010. Effectiveness of 

medications used to attenuate antipsychotic-related weight gain and metabolic 

abnormalities: a systematic review and meta-analysis. Neuropsychopharmacology, 35, 

1520-30. 

MADISON, J. M. & BROWN, J. K. 1988. Differential inhibitory effects of forskolin, 

isoproterenol, and dibutyryl cyclic adenosine monophosphate on phosphoinositide 

hydrolysis in canine tracheal smooth muscle. J Clin Invest, 82, 1462-5. 

MAES, H. H., NEALE, M. C. & EAVES, L. J. 1997. Genetic and environmental factors in 

relative body weight and human adiposity. Behav Genet, 27, 325-51. 



246 

 

MAFFEI, M., FUNICELLO, M., VOTTARI, T., GAMUCCI, O., COSTA, M., LISI, S., 

VIEGI, A., CIAMPI, O., BARDI, G., VITTI, P., PINCHERA, A. & SANTINI, F. 

2009. The obesity and inflammatory marker haptoglobin attracts monocytes via 

interaction with chemokine (C-C motif) receptor 2 (CCR2). BMC Biol, 7, 87. 

MAFFEI, M., HALAAS, J., RAVUSSIN, E., PRATLEY, R. E., LEE, G. H., ZHANG, Y., 

FEI, H., KIM, S., LALLONE, R., RANGANATHAN, S., KERN, P. A. & 

FRIEDMAN, J. M. 1995. Leptin levels in human and rodent: Measurement of plasma 

leptin and ob RNA in obese and weight-reduced subjects. Nat Med, 1, 1155-1161. 

MAGUIRE, O., COLLINS, C., O'LOUGHLIN, K., MIECZNIKOWSKI, J. & 

MINDERMAN, H. 2011. Quantifying nuclear p65 as a parameter for NF-kappaB 

activation: Correlation between ImageStream cytometry, microscopy, and Western 

blot. Cytometry A, 79, 461-9. 

MAH, S., NELSON, M. R., DELISI, L. E., RENELAND, R. H., MARKWARD, N., JAMES, 

M. R., NYHOLT, D. R., HAYWARD, N., HANDOKO, H., MOWRY, B., 

KAMMERER, S. & BRAUN, A. 2006. Identification of the semaphorin receptor 

PLXNA2 as a candidate for susceptibility to schizophrenia. Mol Psychiatry, 11, 471-8. 

MAHMOOD, S., BOOKER, I., HUANG, J. & COLEMAN, C. I. 2013. Effect of topiramate 

on weight gain in patients receiving atypical antipsychotic agents. J Clin 

Psychopharmacol, 33, 90-4. 

MAHY, G. E., MALLETT, R., LEFF, J. & BHUGRA, D. 1999. First-contact incidence rate 

of schizophrenia on Barbados. Br J Psychiatry, 175, 28-33. 

MAILMAN, R. B. & MURTHY, V. 2010. Third generation antipsychotic drugs: Partial 

agonism or receptor functional selectivity? Current Pharmaceutical Design, 16, 488-

501. 

MAJNO, G. & JORIS, I. 2004. Cells, Tissues, and Diseases - Principles of General 

Pathology, Oxford Univ. Press. 

MALHOTRA, A. K., CORRELL, C. U., CHOWDHURY, N. I., MÜLLER, D. J., 

GREGERSEN, P. K., LEE, A. T., TIWARI, A. K., KANE, J. M., 

FLEISCHHACKER, W. W., KAHN, R. S., OPHOFF, R. A., MELTZER, H. Y., 

LENCZ, T. & KENNEDY, J. L. 2012. Association between common variants near the 

melanocortin 4 receptor gene and severe antipsychotic drug-induced weight gain. Arch 

Gen Psychiatry, 69, 904-12. 

MALHOTRA, A. K., PINALS, D. A., WEINGARTNER, H., SIROCCO, K., MISSAR, C. D., 

PICKAR, D. & BREIER, A. 1996. NMDA receptor function and human cognition: 

the effects of ketamine in healthy volunteers. Neuropsychopharmacology, 14, 301-7. 

MAMPUTU, J. C., DESFAITS, A. C. & RENIER, G. 1997. Lipoprotein lipase enhances 

human monocyte adhesion to aortic endothelial cells. J Lipid Res, 38, 1722-9. 

MANOLIO, T. A. 2010. Genomewide association studies and assessment of the risk of 

disease. N Engl J Med, 363, 166-76. 

MANSON, J. E., WILLETT, W. C., STAMPFER, M. J., COLDITZ, G. A., HUNTER, D. J., 

HANKINSON, S. E., HENNEKENS, C. H. & SPEIZER, F. E. 1995. Body weight and 

mortality among women. N Engl J Med, 333, 677-85. 

MANU, P., CORRELL, C. U., WAMPERS, M., VAN WINKEL, R., YU, W., 

SHIFFELDRIM, D., KANE, J. M. & DE HERT, M. 2013. Insulin secretion in patients 

receiving clozapine, olanzapine, quetiapine and risperidone. Schizophrenia Research, 

143, 358-362. 

MARCELIS, M., TAKEI, N. & VAN OS, J. 1999. Urbanization and risk for schizophrenia: 

does the effect operate before or around the time of illness onset? Psychol Med, 29, 

1197-203. 

MARCH, D., HATCH, S. L., MORGAN, C., KIRKBRIDE, J. B., BRESNAHAN, M., 

FEARON, P. & SUSSER, E. 2008. Psychosis and place. Epidemiol Rev, 30, 84-100. 

MARCHESI, C., PAINI, M., TAMBORINI, S., AMPOLLINI, P. & MAGGINI, C. 2005. 

Recurrence of clozapine-induced agranulocytosis. J Clin Psychopharmacol. United 

States. 



247 

 

MARTÍNEZ-GRAS, I., GARCÍA-SÁNCHEZ, F., GUAZA, C., RODRÍGUEZ-JIMÉNEZ, R., 

ANDRÉS-ESTEBAN, E., PALOMO, T., RUBIO, G. & BORRELL, J. 2012. Altered 

immune function in unaffected first-degree biological relatives of schizophrenia 

patients. Psychiatry research, 200, 1022-1025. 

MARTINEZ-ORTEGA, J. M., CARRETERO, M. D., GUTIERREZ-ROJAS, L., DIAZ-

ATIENZA, F., JURADO, D. & GURPEGUI, M. 2011. Winter birth excess in 

schizophrenia and in non-schizophrenic psychosis: sex and birth-cohort differences. 

Prog Neuropsychopharmacol Biol Psychiatry, 35, 1780-4. 

MASAKI, T., CHIBA, S., YASUDA, T., NOGUCHI, H., KAKUMA, T., WATANABE, T., 

SAKATA, T. & YOSHIMATSU, H. 2004. Involvement of hypothalamic histamine 

H1 receptor in the regulation of feeding rhythm and obesity. Diabetes, 53, 2250-60. 

MATHEWS, M., GRATZ, S., ADETUNJI, B., GEORGE, V., MATHEWS, M. & BASIL, B. 

2005. Antipsychotic-Induced Movement Disorders: Evaluation and Treatment. 

Psychiatry (Edgmont), 2, 36-41. 

MATHEWS, M. & MUZINA, D. J. 2007. Atypical antipsychotics: new drugs, new 

challenges. Cleve Clin J Med, 74, 597-606. 

MATHUR, A., LAW, M. H., HAMZEHLOEI, T., MEGSON, I. L., SHAW, D. J. & WEI, J. 

2009. No association between the PPARG gene and schizophrenia in a British 

population. Prostaglandins Leukot Essent Fatty Acids, 81, 273-7. 

MATSUMOTO, M., HAN, S., KITAMURA, T. & ACCILI, D. 2006. Dual role of 

transcription factor FoxO1 in controlling hepatic insulin sensitivity and lipid 

metabolism. Journal of Clinical Investigation, 116, 2464-2472. 

MAUDUIT, P., JAMMES, H. & ROSSIGNOL, B. 1993. M3 muscarinic acetylcholine 

receptor coupling to PLC in rat exorbital lacrimal acinar cells. Am J Physiol, 264, 

C1550-60. 

MAURY, E. & BRICHARD, S. M. 2010. Adipokine dysregulation, adipose tissue 

inflammation and metabolic syndrome. Molecular and Cellular Endocrinology, 314, 

1-16. 

MAYORAL, S. R., OMAR, G. & PENN, A. A. 2009. Sex Differences in a Hypoxia Model of 

Preterm Brain Damage. Pediatr Res, 66, 248-253. 

MCALLISTER, G., CHARLESWORTH, A., SNODIN, C., BEER, M. S., NOBLE, A. J., 

MIDDLEMISS, D. N., IVERSEN, L. L. & WHITING, P. 1992. Molecular cloning of 

a serotonin receptor from human brain (5HT1E): a fifth 5HT1-like subtype. Proc Natl 

Acad Sci U S A, 89, 5517-21. 

MCCARTHY, S. E., MAKAROV, V., KIROV, G., ADDINGTON, A. M., MCCLELLAN, J., 

YOON, S., PERKINS, D. O., DICKEL, D. E., KUSENDA, M., KRASTOSHEVSKY, 

O., KRAUSE, V., KUMAR, R. A., GROZEVA, D., MALHOTRA, D., WALSH, T., 

ZACKAI, E. H., KAPLAN, P., GANESH, J., KRANTZ, I. D., SPINNER, N. B., 

ROCCANOVA, P., BHANDARI, A., PAVON, K., LAKSHMI, B., LEOTTA, A., 

KENDALL, J., LEE, Y. H., VACIC, V., GARY, S., IAKOUCHEVA, L. M., CROW, 

T. J., CHRISTIAN, S. L., LIEBERMAN, J. A., STROUP, T. S., LEHTIMÄKI, T., 

PUURA, K., HALDEMAN-ENGLERT, C., PEARL, J., GOODELL, M., WILLOUR, 

V. L., DEROSSE, P., STEELE, J., KASSEM, L., WOLFF, J., CHITKARA, N., 

MCMAHON, F. J., MALHOTRA, A. K., POTASH, J. B., SCHULZE, T. G., 

NÖTHEN, M. M., CICHON, S., RIETSCHEL, M., LEIBENLUFT, E., 

KUSTANOVICH, V., LAJONCHERE, C. M., SUTCLIFFE, J. S., SKUSE, D., GILL, 

M., GALLAGHER, L., MENDELL, N. R., CRADDOCK, N., OWEN, M. J., 

O'DONOVAN, M. C., SHAIKH, T. H., SUSSER, E., DELISI, L. E., SULLIVAN, P. 

F., DEUTSCH, C. K., RAPOPORT, J., LEVY, D. L., KING, M. C. & SEBAT, J. 

2009. Microduplications of 16p11.2 are associated with schizophrenia. Nature 

Genetics, 41, 1223-1227. 

MCDONALD-MCGINN, D. M. & ZACKAI, E. H. 2008. Genetic counseling for the 22q11.2 

deletion. Developmental Disabilities Research Reviews, 14, 69-74. 



248 

 

MCELROY, S. L., HUDSON, J. I., CAPECE, J. A., BEYERS, K., FISHER, A. C. & 

ROSENTHAL, N. R. 2007. Topiramate for the Treatment of Binge Eating Disorder 

Associated With Obesity: A Placebo-Controlled Study. Biological Psychiatry, 61, 

1039-1048. 

MCEVOY, J., MEYER, J., GOFF, D., NASRALLAH, H., DAVIS, S., SULLIVAN, L., 

MELTZER, H., HSIAO, J., SCOTT STROUP, T. & LIEBERMAN, J. 2005. 

Prevalence of the metabolic syndrome in patients with schizophrenia: baseline results 

from the Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE) 

schizophrenia trial and comparison with national estimates from NHANES III. 

Schizophr Res, 80, 19-32. 

MCEVOY, J. P., LIEBERMAN, J. A., STROUP, T. S., DAVIS, S. M., MELTZER, H. Y., 

ROSENHECK, R. A., SWARTZ, M. S., PERKINS, D. O., KEEFE, R. S., DAVIS, C. 

E., SEVERE, J. & HSIAO, J. K. 2006. Effectiveness of clozapine versus olanzapine, 

quetiapine, and risperidone in patients with chronic schizophrenia who did not respond 

to prior atypical antipsychotic treatment. Am J Psychiatry, 163, 600-10. 

MCGRATH, J. 1999. Hypothesis: Is low prenatal vitamin D a risk-modifying factor for 

schizophrenia? Schizophrenia Research, 40, 173-177. 

MCGRATH, J., SAHA, S., CHANT, D. & WELHAM, J. 2008. Schizophrenia: a concise 

overview of incidence, prevalence, and mortality. Epidemiol Rev, 30, 67-76. 

MCGRATH, J. J. & WELHAM, J. L. 1999. Season of birth and schizophrenia: a systematic 

review and meta-analysis of data from the Southern Hemisphere. Schizophr Res, 35, 

237-42. 

MCNEIL, T. F., CANTOR-GRAAE, E. & ISMAIL, B. 2000. Obstetric complications and 

congenital malformation in schizophrenia. Brain Res Brain Res Rev, 31, 166-78. 

MEDNICK, S. A., MACHON, R. A., HUTTUNEN, M. O. & BONETT, D. 1988. Adult 

schizophrenia following prenatal exposure to an influenza epidemic. Arch Gen 

Psychiatry, 45, 189-92. 

MEDZHITOV, R. 2008. Origin and physiological roles of inflammation. Nature, 454, 428-

435. 

MEDZHITOV, R. 2010. Inflammation 2010: new adventures of an old flame. Cell, 140, 771-

6. 

MEGENS, A. A., AWOUTERS, F. H., SCHOTTE, A., MEERT, T. F., DUGOVIC, C., 

NIEMEGEERS, C. J. & LEYSEN, J. E. 1994. Survey on the pharmacodynamics of 

the new antipsychotic risperidone. Psychopharmacology (Berl), 114, 9-23. 

MELIS, M., DIANA, M. & GESSA, G. L. 1999. Clozapine potently stimulates mesocortical 

dopamine neurons. Eur J Pharmacol, 366, R11-3. 

MELTZER, H. Y. 1994. An overview of the mechanism of action of clozapine. J Clin 

Psychiatry, 55 Suppl B, 47-52. 

MELTZER, H. Y., ALPHS, L., GREEN, A. I. & ET AL. 2003a. Clozapine treatment for 

suicidality in schizophrenia: International suicide prevention trial (intersept). Archives 

of General Psychiatry, 60, 82-91. 

MELTZER, H. Y., GOODE, D. J., SCHYVE, P. M., YOUNG, M. & FANG, V. S. 1979. 

Effect of clozapine on human serum prolactin levels. Am J Psychiatry, 136, 1550-5. 

MELTZER, H. Y., PERRY, E. & JAYATHILAKE, K. 2003b. Clozapine-induced weight gain 

predicts improvement in psychopathology. Schizophr Res, 59, 19-27. 

MESAROS, A., KORALOV, S. B., ROTHER, E., WUNDERLICH, F. T., ERNST, M. B., 

BARSH, G. S., RAJEWSKY, K. & BRUNING, J. C. 2008. Activation of Stat3 

signaling in AgRP neurons promotes locomotor activity. Cell Metab, 7, 236-48. 

MESSIAS, E. L., CHEN, C. Y. & EATON, W. W. 2007. Epidemiology of schizophrenia: 

review of findings and myths. Psychiatr Clin North Am, 30, 323-38. 

MEULDERMANS, W., HENDRICKX, J., MANNENS, G., LAVRIJSEN, K., JANSSEN, C., 

BRACKE, J., LE JEUNE, L., LAUWERS, W. & HEYKANTS, J. 1994. The 

metabolism and excretion of risperidone after oral administration in rats and dogs. 

Drug Metab Dispos, 22, 129-38. 



249 

 

MEYER, J. M. & KORO, C. E. 2004. The effects of antipsychotic therapy on serum lipids: a 

comprehensive review. Schizophrenia Research, 70, 1-17. 

MEYER, U. & FELDON, J. 2012. To poly(I:C) or not to poly(I:C): Advancing preclinical 

schizophrenia research through the use of prenatal immune activation models. 

Neuropharmacology, 62, 1308-1321. 

MEYER, U., FELDON, J. & YEE, B. K. 2009. A Review of the Fetal Brain Cytokine 

Imbalance Hypothesis of Schizophrenia. Schizophrenia Bulletin, 35, 959-972. 

MEYER, U., NYFFELER, M., ENGLER, A., URWYLER, A., SCHEDLOWSKI, M., 

KNUESEL, I., YEE, B. K. & FELDON, J. 2006. The Time of Prenatal Immune 

Challenge Determines the Specificity of Inflammation-Mediated Brain and Behavioral 

Pathology. The Journal of Neuroscience, 26, 4752-4762. 

MILLAR, J. K., WILSON-ANNAN, J. C., ANDERSON, S., CHRISTIE, S., TAYLOR, M. 

S., SEMPLE, C. A., DEVON, R. S., ST CLAIR, D. M., MUIR, W. J., 

BLACKWOOD, D. H. & PORTEOUS, D. J. 2000. Disruption of two novel genes by 

a translocation co-segregating with schizophrenia. Hum Mol Genet, 9, 1415-23. 

MILLER, B. J., CULPEPPER, N. & RAPAPORT, M. H. 2014. C-reactive protein levels in 

schizophrenia: a review and meta-analysis. Clin Schizophr Relat Psychoses, 7, 223-30. 

MILLER, B. J., GASSAMA, B., SEBASTIAN, D., BUCKLEY, P. & MELLOR, A. 2012. 

Meta-Analysis of Lymphocytes in Schizophrenia: Clinical Status and Antipsychotic 

Effects. Biological Psychiatry, 73, 993-999. 

MINTO, A. & ROBERTS, F. J. 1959. The psychiatric complications of toxoplasmosis. 

Lancet, 1, 1180-2. 

MIRNICS, K., MIDDLETON, F. A., STANWOOD, G. D., LEWIS, D. A. & LEVITT, P. 

2001. Disease-specific changes in regulator of G-protein signaling 4 (RGS4) 

expression in schizophrenia. Molecular Psychiatry, 6, 293-301. 

MIYATA, S., FUNATSU, N., MATSUNAGA, W., KIYOHARA, T., SOKAWA, Y. & 

MAEKAWA, S. 2000. Expression of the IgLON cell adhesion molecules Kilon and 

OBCAM in hypothalamic magnocellular neurons. J Comp Neurol, 424, 74-85. 

MOHAMED-ALI, V., GOODRICK, S., RAWESH, A., KATZ, D. R., MILES, J. M., 

YUDKIN, J. S., KLEIN, S. & COPPACK, S. W. 1997. Subcutaneous adipose tissue 

releases interleukin-6, but not tumor necrosis factor-alpha, in vivo. J Clin Endocrinol 

Metab, 82, 4196-200. 

MONJI, A., KATO, T. A., MIZOGUCHI, Y., HORIKAWA, H., SEKI, Y., KASAI, M., 

YAMAUCHI, Y., YAMADA, S. & KANBA, S. 2013. Neuroinflammation in 

schizophrenia especially focused on the role of microglia. Progress in Neuro-

Psychopharmacology and Biological Psychiatry, 42, 115-121. 

MONTEIRO, R. & AZEVEDO, I. 2010. Chronic inflammation in obesity and the metabolic 

syndrome. Mediators Inflamm, 2010. 

MOOTHA, V. K., HANDSCHIN, C., ARLOW, D., XIE, X., ST PIERRE, J., SIHAG, S., 

YANG, W., ALTSHULER, D., PUIGSERVER, P., PATTERSON, N., WILLY, P. J., 

SCHULMAN, I. G., HEYMAN, R. A., LANDER, E. S. & SPIEGELMAN, B. M. 

2004. Erralpha and Gabpa/b specify PGC-1alpha-dependent oxidative phosphorylation 

gene expression that is altered in diabetic muscle. Proc Natl Acad Sci U S A, 101, 

6570-5. 

MORRIS, D. W., MCGHEE, K. A., SCHWAIGER, S., SCULLY, P., QUINN, J., 

MEAGHER, D., WADDINGTON, J. L., GILL, M. & CORVIN, A. P. 2003. No 

evidence for association of the dysbindin gene [DTNBP1] with schizophrenia in an 

Irish population-based study. Schizophr Res, 60, 167-72. 

MORRISON, R. F. & FARMER, S. R. 2000. Hormonal signaling and transcriptional control 

of adipocyte differentiation. J Nutr, 130, 3116s-3121s. 

MORTENSEN, P. B., PEDERSEN, C. B., WESTERGAARD, T., WOHLFAHRT, J., 

EWALD, H., MORS, O., ANDERSEN, P. K. & MELBYE, M. 1999. Effects of 

Family History and Place and Season of Birth on the Risk of Schizophrenia. New 

England Journal of Medicine, 340, 603-608. 



250 

 

MULLE, J. G., DODD, A. F., MCGRATH, J. A., WOLYNIEC, P. S., MITCHELL, A. A., 

SHETTY, A. C., SOBREIRA, N. L., VALLE, D., RUDD, M. K., SATTEN, G., 

CUTLER, D. J., PULVER, A. E. & WARREN, S. T. 2010. Microdeletions of 3q29 

Confer High Risk for Schizophrenia. The American Journal of Human Genetics, 87, 

229-236. 

MULLER, D. J., ZAI, C. C., SICARD, M., REMINGTON, E., SOUZA, R. P., TIWARI, A. 

K., HWANG, R., LIKHODI, O., SHAIKH, S., FREEMAN, N., ARENOVICH, T., 

HEINZ, A., MELTZER, H. Y., LIEBERMAN, J. A. & KENNEDY, J. L. 2010. 

Systematic analysis of dopamine receptor genes (DRD1-DRD5) in antipsychotic-

induced weight gain. Pharmacogenomics J, 12, 156-64. 

MULLER, D. J., ZAI, C. C., SICARD, M., REMINGTON, E., SOUZA, R. P., TIWARI, A. 

K., HWANG, R., LIKHODI, O., SHAIKH, S., FREEMAN, N., ARENOVICH, T., 

HEINZ, A., MELTZER, H. Y., LIEBERMAN, J. A. & KENNEDY, J. L. 2012. 

Systematic analysis of dopamine receptor genes (DRD1-DRD5) in antipsychotic-

induced weight gain. Pharmacogenomics J, 12, 156-64. 

MURPHY, K. C., JONES, L. A. & OWEN, M. J. 1999. High rates of schizophrenia in adults 

with velo-cardio-facial syndrome. Arch Gen Psychiatry, 56, 940-5. 

MURPHY, T. K., CALLE, E. E., RODRIGUEZ, C., KAHN, H. S. & THUN, M. J. 2000. 

Body mass index and colon cancer mortality in a large prospective study. American 

Journal of Epidemiology, 152, 847-854. 

MURRAY, A. J. 2008. Pharmacological PKA inhibition: all may not be what it seems. Sci 

Signal, 1, re4. 

MURRAY, R. K., GRANNER, D. K., MAYES, P. A. & RODWELL, V. W. 1993. Harper's 

Biochemistry - Biosynthesis of fatty acids, London, Prentice Hall International. 

MURRAY, R. M. & HUTCHINSON, G. 1999. Psychosis in Migrants: The Striking Example 

of African-Caribbeans Resident in England. In: GATTAZ, W. & HÄFNER, H. (eds.) 

Search for the Causes of Schizophrenia. Steinkopff. 

MURTHY, K. S., SEVERI, C., GRIDER, J. R. & MAKHLOUF, G. M. 1993. Inhibition of 

IP3 and IP3-dependent Ca2+ mobilization by cyclic nucleotides in isolated gastric 

muscle cells. Am J Physiol, 264, G967-74. 

MURZI, E., BAPTISTA, T. & HERNANDEZ, L. 1991. Hypothalamic sites affecting 

masticatory neurons in rats. Brain Res Bull, 26, 321-5. 

MYERS, M. G., JR. & WHITE, M. F. 1993. The new elements of insulin signaling. Insulin 

receptor substrate-1 and proteins with SH2 domains. Diabetes, 42, 643-50. 

NAGAI, M., KURIYAMA, S., KAKIZAKI, M., OHMORI-MATSUDA, K., SONE, T., 

HOZAWA, A., KAWADO, M., HASHIMOTO, S. & TSUJI, I. 2012. Impact of 

obesity, overweight and underweight on life expectancy and lifetime medical 

expenditures: the Ohsaki Cohort Study. BMJ Open, 2. 

NAJJAR, S. M., YANG, Y., FERNSTRÖM, M. A., LEE, S.-J., DEANGELIS, A. M., 

RJAILY, G. A. A., AL-SHARE, Q. Y., DAI, T., MILLER, T. A., RATNAM, S., 

RUCH, R. J., SMITH, S., LIN, S.-H., BEAUCHEMIN, N. & OYARCE, A. M. 2005. 

Insulin acutely decreases hepatic fatty acid synthase activity. Cell Metabolism, 2, 43-

53. 

NAKAHARA, H., SONG, J., SUGIMOTO, M., HAGIHARA, K., KISHIMOTO, T., 

YOSHIZAKI, K. & NISHIMOTO, N. 2003. Anti-interleukin-6 receptor antibody 

therapy reduces vascular endothelial growth factor production in rheumatoid arthritis. 

Arthritis Rheum, 48, 1521-9. 

NAKAJIMA, S., TAKEUCHI, H., FERVAHA, G., PLITMAN, E., CHUNG, J. K., 

CARAVAGGIO, F., IWATA, Y., MIHASHI, Y., GERRETSEN, P., REMINGTON, 

G., MULSANT, B. & GRAFF-GUERRERO, A. 2015. Comparative efficacy between 

clozapine and other atypical antipsychotics on depressive symptoms in patients with 

schizophrenia: Analysis of the CATIE phase 2E data. Schizophrenia Research, 161, 

429-433. 



251 

 

NAKAMURA, T., MATSUI, M., UCHIDA, K., FUTATSUGI, A., KUSAKAWA, S., 

MATSUMOTO, N., NAKAMURA, K., MANABE, T., TAKETO, M. M. & 

MIKOSHIBA, K. 2004. M(3) muscarinic acetylcholine receptor plays a critical role in 

parasympathetic control of salivation in mice. J Physiol, 558, 561-75. 

NARULA, P. K., REHAN, H. S., UNNI, K. E. & GUPTA, N. 2010. Topiramate for 

prevention of olanzapine associated weight gain and metabolic dysfunction in 

schizophrenia: a double-blind, placebo-controlled trial. Schizophr Res, 118, 218-23. 

NASRALLAH, H. 2008. Atypical antipsychotic-induced metabolic side effects: insights from 

receptor-binding profiles. Mol Psychiatry, 13, 27-35. 

NAUKKARINEN, J., SURAKKA, I., PIETILÄINEN, K. H., RISSANEN, A., SALOMAA, 

V., RIPATTI, S., YKI-JÄRVINEN, H., VAN DUIJN, C. M., WICHMANN, H. E., 

KAPRIO, J., TASKINEN, M. R., PELTONEN, L. & CONSORTIUM, E. 2010. Use 

of genome-wide expression data to mine the "Gray Zone" of GWA studies leads to 

novel candidate obesity genes. PLoS Genet, 6, e1000976. 

NCBI. 2014. GNPDA2 glucosamine-6-phosphate deaminase 2 [Homo sapiens (human)] - 

Gene - NCBI [Online]. Pubs. Available: http://www.ncbi.nlm.nih.gov/pubmed/. 

NEED, A. C., GE, D., WEALE, M. E., MAIA, J., FENG, S., HEINZEN, E. L., SHIANNA, 

K. V., YOON, W., KASPERAVICIUTE, D., GENNARELLI, M., STRITTMATTER, 

W. J., BONVICINI, C., ROSSI, G., JAYATHILAKE, K., COLA, P. A., MCEVOY, J. 

P., KEEFE, R. S., FISHER, E. M., ST JEAN, P. L., GIEGLING, I., HARTMANN, A. 

M., MOLLER, H. J., RUPPERT, A., FRASER, G., CROMBIE, C., MIDDLETON, L. 

T., ST CLAIR, D., ROSES, A. D., MUGLIA, P., FRANCKS, C., RUJESCU, D., 

MELTZER, H. Y. & GOLDSTEIN, D. B. 2009. A genome-wide investigation of 

SNPs and CNVs in schizophrenia. PLoS Genet, 5, e1000373. 

NEELS, J. G. & OLEFSKY, J. M. 2006. Inflamed fat: what starts the fire? The Journal of 

Clinical Investigation, 116, 33-35. 

NELSON, M. D., SAYKIN, A. J., FLASHMAN, L. A. & RIORDAN, H. J. 1998. 

Hippocampal volume reduction in schizophrenia as assessed by magnetic resonance 

imaging: a meta-analytic study. Arch Gen Psychiatry, 55, 433-40. 

NEWCOMER, J. 2007. Antipsychotic medications: metabolic and cardiovascular risk. J Clin 

Psychiatry, 68 Suppl 4, 8-13. 

NEWCOMER, J., HAUPT, D., FUCETOLA, R., MELSON, A., SCHWEIGER, J., COOPER, 

B. & SELKE, G. 2002. Abnormalities in glucose regulation during antipsychotic 

treatment of schizophrenia. Arch Gen Psychiatry, 59, 337-45. 

NEWMAN-TANCREDI, A., CHAPUT, C., VERRIELE, L. & MILLAN, M. J. 1996. 

Clozapine is a partial agonist at cloned, human serotonin 5-HT1A receptors. 

Neuropharmacology, 35, 119-21. 

NGUYEN, T. & LAU, D. C. 2012. The obesity epidemic and its impact on hypertension. Can 

J Cardiol, 28, 326-33. 

NIXON, J. B., KAMITANI, H., BAEK, S. J. & ELING, T. E. 2003. Evaluation of 

eicosanoids and NSAIDs as PPARgamma ligands in colorectal carcinoma cells. 

Prostaglandins Leukot Essent Fatty Acids, 68, 323-30. 

NOFER, J. R., KEHREL, B., FOBKER, M., LEVKAU, B., ASSMANN, G. & VON 

ECKARDSTEIN, A. 2002. HDL and arteriosclerosis: beyond reverse cholesterol 

transport. Atherosclerosis, 161, 1-16. 

NONOGAKI, K., FULLER, G. M., FUENTES, N. L., MOSER, A. H., STAPRANS, I., 

GRUNFELD, C. & FEINGOLD, K. R. 1995. Interleukin-6 stimulates hepatic 

triglyceride secretion in rats. Endocrinology, 136, 2143-9. 

NUNES, S. O. V., MATSUO, T., KAMINAMI, M. S., WATANABE, M. A. E., REICHE, E. 

M. V. & ITANO, E. N. 2006. An autoimmune or an inflammatory process in patients 

with schizophrenia, schizoaffective disorder, and in their biological relatives. 

Schizophrenia Research, 84, 180-182. 

http://www.ncbi.nlm.nih.gov/pubmed/


252 

 

O'BRIEN, K. D., GORDON, D., DEEB, S., FERGUSON, M. & CHAIT, A. 1992. 

Lipoprotein lipase is synthesized by macrophage-derived foam cells in human 

coronary atherosclerotic plaques. J Clin Invest, 89, 1544-50. 

O'DONOVAN, M. C., CRADDOCK, N., NORTON, N., WILLIAMS, H., PEIRCE, T., 

MOSKVINA, V., NIKOLOV, I., HAMSHERE, M., CARROLL, L., GEORGIEVA, 

L., DWYER, S., HOLMANS, P., MARCHINI, J. L., SPENCER, C. C., HOWIE, B., 

LEUNG, H. T., HARTMANN, A. M., MOLLER, H. J., MORRIS, D. W., SHI, Y., 

FENG, G., HOFFMANN, P., PROPPING, P., VASILESCU, C., MAIER, W., 

RIETSCHEL, M., ZAMMIT, S., SCHUMACHER, J., QUINN, E. M., SCHULZE, T. 

G., WILLIAMS, N. M., GIEGLING, I., IWATA, N., IKEDA, M., DARVASI, A., 

SHIFMAN, S., HE, L., DUAN, J., SANDERS, A. R., LEVINSON, D. F., GEJMAN, 

P. V., CICHON, S., NOTHEN, M. M., GILL, M., CORVIN, A., RUJESCU, D., 

KIROV, G., OWEN, M. J., BUCCOLA, N. G., MOWRY, B. J., FREEDMAN, R., 

AMIN, F., BLACK, D. W., SILVERMAN, J. M., BYERLEY, W. F. & 

CLONINGER, C. R. 2008. Identification of loci associated with schizophrenia by 

genome-wide association and follow-up. Nat Genet, 40, 1053-5. 

O'RAHILLY, S. & FAROOQI, I. S. 2006. Genetics of obesity. Philos Trans R Soc Lond B 

Biol Sci, 361, 1095-105. 

ODEGAARD, O. 1932. Emigration and Insanity. Acta Psychiatr Neurol Scand, 4, 1-206. 

OGDEN, C. L., YANOVSKI, S. Z., CARROLL, M. D. & FLEGAL, K. M. 2007. The 

Epidemiology of Obesity. Gastroenterology, 132, 2087-2102. 

OKUSAGA, O., LANGENBERG, P., SLEEMI, A., VASWANI, D., GIEGLING, I., 

HARTMANN, A. M., KONTE, B., FRIEDL, M., GROER, M. W., YOLKEN, R. H., 

RUJESCU, D. & POSTOLACHE, T. T. 2011. Toxoplasma gondii antibody titers and 

history of suicide attempts in patients with schizophrenia. Schizophr Res, 133, 150-5. 

OLESEN, O. V. & LINNET, K. 1999. Olanzapine serum concentrations in psychiatric 

patients given standard doses: the influence of comedication. Ther Drug Monit, 21, 

87-90. 

OLIANAS, M. C., DEDONI, S., AMBU, R. & ONALI, P. 2009. Agonist activity of N-

desmethylclozapine at delta-opioid receptors of human frontal cortex. Eur J 

Pharmacol, 607, 96-101. 

OLIANAS, M. C., MAULLU, C., ADEM, A., MULUGETA, E., KARLSSON, E. & ONALI, 

P. 2000. Inhibition of acetylcholine muscarinic M(1) receptor function by the M(1)-

selective ligand muscarinic toxin 7 (MT-7). Br J Pharmacol, 131, 447-52. 

OLIANAS, M. C., MAULLU, C. & ONALI, P. 1999. Mixed agonist-antagonist properties of 

clozapine at different human cloned muscarinic receptor subtypes expressed in 

Chinese hamster ovary cells. Neuropsychopharmacology, 20, 263-70. 

OLIVIER, J. & BELL, M. L. 2013. Effect Sizes for 2×2 Contingency Tables. PLoS ONE, 8, 

e58777. 

OLNEY, J. W., NEWCOMER, J. W. & FARBER, N. B. 1999. NMDA receptor hypofunction 

model of schizophrenia. Journal of Psychiatric Research, 33, 523-533. 

ONALI, P. & OLIANAS, M. C. 2007. N-Desmethylclozapine, a major clozapine metabolite, 

acts as a selective and efficacious delta-opioid agonist at recombinant and native 

receptors. Neuropsychopharmacology, 32, 773-85. 

ÖSBY, U., CORREIA, N., BRANDT, L., EKBOM, A. & SPARÉN, P. 2000. Mortality and 

causes of death in schizophrenia in Stockholm County, Sweden. Schizophrenia 

Research, 45, 21-28. 

OSSER, D. N., NAJARIAN, D. M. & DUFRESNE, R. L. 1999. Olanzapine increases weight 

and serum triglyceride levels. J Clin Psychiatry, 60, 767-70. 

OSTROM, R. S., POST, S. R. & INSEL, P. A. 2000. Stoichiometry and compartmentation in 

G protein-coupled receptor signaling: implications for therapeutic interventions 

involving G(s). J Pharmacol Exp Ther, 294, 407-12. 

OSUNTOKUN, O., MILLEN, B., XU, W. I., KRYZHANOVSKAYA, L. A., ROBERTSON-

PLOUCH, C., CARLSON, J. L., ACHARYA, N. & CORYA, S. A. 2011. Metabolic 



253 

 

parameters in patients treated with olanzapine or other atypical antipsychotics. J 

Psychopharmacol, 25, 630-8. 

PAE, C.-U., ARTIOLI, P., SERRETTI, A., KIM, T.-S., KIM, J.-J., LEE, C.-U., LEE, S.-J., 

LEE, C. & PAIK, I.-H. 2005. No evidence for interaction between 5-HT2A receptor 

and serotonin transporter genes in schizophrenia. Neuroscience Research, 52, 195-

199. 

PAE, C.-U., YU, H.-S., AMANN, D., KIM, J.-J., LEE, C.-U., LEE, S.-J., JUN, T.-Y., LEE, 

C., PAIK, I.-H., PATKAR, A. A. & LERER, B. 2008. Association of the trace amine 

associated receptor 6 (TAAR6) gene with schizophrenia and bipolar disorder in a 

Korean case control sample. Journal of Psychiatric Research, 42, 35-40. 

PALMIERI, F. 2008. Diseases caused by defects of mitochondrial carriers: A review. 

Biochimica et Biophysica Acta (BBA) - Bioenergetics, 1777, 564-578. 

PANARIELLO, F., POLSINELLI, G., BORLIDO, C., MONDA, M. & DE LUCA, V. 2012. 

The role of leptin in antipsychotic-induced weight gain: genetic and non-genetic 

factors. J Obes, 2012, 572848. 

PANULA, P., YANG, H. Y. T. & COSTA, E. 1984. Histamine-containing neurons in the rat 

hypothalamus. Proceedings of the National Academy of Sciences of the United States 

of America, 81, 2572-2576. 

PARK, M. H., KWON, Y. J., JEONG, H. Y., LEE, H. Y., HWANGBO, Y., YOON, H. J. & 

SHIM, S. H. 2012. Association between Intracellular Infectious Agents and 

Schizophrenia. Clin Psychopharmacol Neurosci, 10, 117-23. 

PARSONS, B., ALLISON, D. B., LOEBEL, A., WILLIAMS, K., GILLER, E., ROMANO, S. 

& SIU, C. 2009. Weight effects associated with antipsychotics: A comprehensive 

database analysis. Schizophrenia Research, 110, 103-110. 

PASQUALI, R., PATTON, L. & GAMBINERI, A. 2007. Obesity and infertility. Curr Opin 

Endocrinol Diabetes Obes, 14, 482-7. 

PATEL, J. K., BUCKLEY, P. F., WOOLSON, S., HAMER, R. M., MCEVOY, J. P., 

PERKINS, D. O., LIEBERMAN, J. A. & INVESTIGATORS, C. 2009. Metabolic 

profiles of second-generation antipsychotics in early psychosis: findings from the 

CAFE study. Schizophr Res, 111, 9-16. 

PAZ, R. D., TARDITO, S., ATZORI, M. & TSENG, K. Y. 2008. Glutamatergic dysfunction 

in schizophrenia: from basic neuroscience to clinical psychopharmacology. Eur 

Neuropsychopharmacol, 18, 773-86. 

PEDERSEN, C. B. & MORTENSEN, P. B. 2001. Evidence of a dose-response relationship 

between urbanicity during upbringing and schizophrenia risk. Arch Gen Psychiatry, 

58, 1039-46. 

PEEN, J., SCHOEVERS, R. A., BEEKMAN, A. T. & DEKKER, J. 2010. The current status 

of urban-rural differences in psychiatric disorders. Acta Psychiatr Scand, 121, 84-93. 

PEETERS, A., BARENDREGT, J. J., WILLEKENS, F., MACKENBACH, J. P., AL 

MAMUN, A., BONNEUX, L. & NEDCOM, T. N. E. A. D. C. O. M. R. G. 2003. 

Obesity in adulthood and its consequences for life expectancy: a life-table analysis. 

Ann Intern Med, 138, 24-32. 

PELTON, P. D., ZHOU, L., DEMAREST, K. T. & BURRIS, T. P. 1999. PPARγ Activation 

Induces the Expression of the Adipocyte Fatty Acid Binding Protein Gene in Human 

Monocytes. Biochemical and Biophysical Research Communications, 261, 456-458. 

PEREZ-IGLESIAS, R., CRESPO-FACORRO, B., MARTINEZ-GARCIA, O., RAMIREZ-

BONILLA, M. L., ALVAREZ-JIMENEZ, M., PELAYO-TERAN, J. M., GARCIA-

UNZUETA, M. T., AMADO, J. A. & VAZQUEZ-BARQUERO, J. L. 2008. Weight 

gain induced by haloperidol, risperidone and olanzapine after 1 year: findings of a 

randomized clinical trial in a drug-naïve population. Schizophr Res, 99, 13-22. 

PEREZ-IGLESIAS, R., MATA, I., AMADO, J. A., BERJA, A., GARCIA-UNZUETA, M. 

T., MARTINEZ GARCIA, O., ARRANZ, M. J., VAZQUEZ-BARQUERO, J. L. & 

CRESPO-FACORRO, B. 2010. Effect of FTO, SH2B1, LEP, and LEPR 



254 

 

polymorphisms on weight gain associated with antipsychotic treatment. J Clin 

Psychopharmacol, 30, 661-6. 

PETROV, T., KRUKOFF, T. L. & JHAMANDAS, J. H. 1992. The hypothalamic 

paraventricular and lateral parabrachial nuclei receive collaterals from raphe nucleus 

neurons: a combined double retrograde and immunocytochemical study. J Comp 

Neurol, 318, 18-26. 

PFIZER 2013. Topiramate Product Monograph. In: GENMED, A. D. O. P. C. I. (ed.). 

PI-SUNYER, F. X. 2004. The epidemiology of central fat distribution in relation to disease. 

Nutr Rev, 62, S120-6. 

PIERRI, J. N., CHAUDRY, A. S., WOO, T. U. & LEWIS, D. A. 1999. Alterations in 

chandelier neuron axon terminals in the prefrontal cortex of schizophrenic subjects. 

Am J Psychiatry, 156, 1709-19. 

PLASSAT, J. L., AMLAIKY, N. & HEN, R. 1993. Molecular cloning of a mammalian 

serotonin receptor that activates adenylate cyclase. Mol Pharmacol, 44, 229-36. 

POITOUT, V. & ROBERTSON, R. P. 2002. Minireview: Secondary beta-cell failure in type 

2 diabetes--a convergence of glucotoxicity and lipotoxicity. Endocrinology, 143, 339-

42. 

POLEDNAK, A., P 2008. Estimating the number of U.S. incident cancers attributable to 

obesity and the impact on temporal trends in incidence rates for obesity-related 

cancers. Cancer Detection and Prevention, 32, 190-199. 

POLESSKAYA, O. O. & SOKOLOV, B. P. 2002. Differential expression of the "C" and "T" 

alleles of the 5-HT2A receptor gene in the temporal cortex of normal individuals and 

schizophrenics. Journal of Neuroscience Research, 67, 812-822. 

POLLMACHER, T., HAACK, M., SCHULD, A., KRAUS, T. & HINZE-SELCH, D. 2000. 

Effects of antipsychotic drugs on cytokine networks. J Psychiatr Res, 34, 369-82. 

PONS I VILLANUEVA, A., ROMERO, A., GOTI, J., FERNANDEZ-EGEA, E., 

UNDURRAGA, J., CARNE, X. & BERNARDO, M. 2013. Should obesity be a 

limiting factor for clozapine treatment? Revista de Psiquiatría y Salud Mental 

(English Edition), 6, 75-79. 

POPKIN, B. M. & GORDON-LARSEN, P. 2004. The nutrition transition: worldwide obesity 

dynamics and their determinants. Int J Obes Relat Metab Disord, 28, S2-S9. 

POTT, W., ALBAYRAK, O., HINNEY, A., HEBEBRAND, J. & PAULI-POTT, U. 2013. 

Successful treatment with atomoxetine of an adolescent boy with attention 

deficit/hyperactivity disorder, extreme obesity, and reduced melanocortin 4 receptor 

function. Obes Facts, 6, 109-15. 

POWER, R. A., VERWEIJ, K. J. H., ZUHAIR, M., MONTGOMERY, G. W., HENDERS, A. 

K., HEATH, A. C., MADDEN, P. A. F., MEDLAND, S. E., WRAY, N. R. & 

MARTIN, N. G. 2014. Genetic predisposition to schizophrenia associated with 

increased use of cannabis. Molecular Psychiatry, 19, 1201-1204. 

PRAHARAJ, S. K., JANA, A. K., GOYAL, N. & SINHA, V. K. 2011. Metformin for 

olanzapine-induced weight gain: a systematic review and meta-analysis. Br J Clin 

Pharmacol, 71, 377-82. 

PRASAD, A. J. 1986. Attempted suicide in hospitalised schizophrenics. Acta Psychiatr 

Scand, 74, 41-2. 

PREISS, D., LLOYD, S. M., FORD, I., MCMURRAY, J. J., HOLMAN, R. R., WELSH, P., 

FISHER, M., PACKARD, C. J. & SATTAR, N. 2014. Metformin for non-diabetic 

patients with coronary heart disease (the CAMERA study): a randomised controlled 

trial. The Lancet Diabetes & Endocrinology, 2, 116-124. 

PRELL, G. D., GREEN, J. P., KAUFMANN, C. A., KHANDELWAL, J. K., MORRISHOW, 

A. M., KIRCH, D. G., LINNOILA, M. & WYATT, R. J. 1995. Histamine metabolites 

in cerebrospinal fluid of patients with chronic schizophrenia: their relationships to 

levels of other aminergic transmitters and ratings of symptoms. Schizophr Res, 14, 93-

104. 



255 

 

PRENTKI, M. & CORKEY, B. E. 1996. Are the beta-cell signaling molecules malonyl-CoA 

and cystolic long-chain acyl-CoA implicated in multiple tissue defects of obesity and 

NIDDM? Diabetes, 45, 273-83. 

PROAL, A. C., FLEMING, J., GALVEZ-BUCCOLLINI, J. A. & DELISI, L. E. 2013. A 

controlled family study of cannabis users with and without psychosis. Schizophrenia 

Research, 152, 283-288. 

PROCYSHYN, R., WASAN, K., THORNTON, A., BARR, A., CHEN, E., POMAROL-

CLOTET, E., STIP, E., WILLIAMS, R., MACEWAN, G., BIRMINGHAM, C., 

HONER, W. & GROUP, C. A. R. E. S. 2007. Changes in serum lipids, independent of 

weight, are associated with changes in symptoms during long-term clozapine 

treatment. J Psychiatry Neurosci, 32, 331-8. 

PROCYSHYN, R. M., CHAU, A. & TSE, G. 2004. Clozapine's effects on body weight and 

resting metabolic rate: a case series. Schizophrenia Research, 66, 159-162. 

PULVER, A. E., KARAYIORGOU, M., WOLYNIEC, P. S., LASSETER, V. K., KASCH, 

L., NESTADT, G., ANTONARAKIS, S., HOUSMAN, D., KAZAZIAN, H. H., 

MEYERS, D. & ET AL. 1994. Sequential strategy to identify a susceptibility gene for 

schizophrenia: report of potential linkage on chromosome 22q12-q13.1: Part 1. Am J 

Med Genet, 54, 36-43. 

PURCELL, S. M., WRAY, N. R., STONE, J. L., VISSCHER, P. M., O'DONOVAN, M. C., 

SULLIVAN, P. F. & SKLAR, P. 2009. Common polygenic variation contributes to 

risk of schizophrenia and bipolar disorder. Nature, 460, 748-52. 

QIAN, X. & ZHAO, F.-Q. 2014. Collaborative interaction of Oct-2 with Oct-1 in 

transactivation of lactogenic hormones-induced β-casein gene expression in mammary 

epithelial cells. General and Comparative Endocrinology, 204, 185-194. 

RAJORA, N., CERIANI, G., CATANIA, A., STAR, R. A., MURPHY, M. T. & LIPTON, J. 

M. 1996. alpha-MSH production, receptors, and influence on neopterin in a human 

monocyte/macrophage cell line. Journal of Leukocyte Biology, 59, 248-253. 

RANKINEN, T., ZUBERI, A., CHAGNON, Y. C., WEISNAGEL, S. J., ARGYROPOULOS, 

G., WALTS, B., PÉRUSSE, L. & BOUCHARD, C. 2006. The human obesity gene 

map: the 2005 update. Obesity (Silver Spring), 14, 529-644. 

RAO, S. G., WILLIAMS, G. V. & GOLDMAN-RAKIC, P. S. 2000. Destruction and creation 

of spatial tuning by disinhibition: GABA(A) blockade of prefrontal cortical neurons 

engaged by working memory. J Neurosci, 20, 485-94. 

RAPHAEL, T. & PARSONS, J. 1921. Blood sugar studies in dementia praecox and manic 

depressive insanity. Arch Neurol Psychiatry., 5, 681-709. 

RASK-ANDERSEN, M., JACOBSSON, J. A., MOSCHONIS, G., CHAVAN, R. A., 

SIKDER, M. A., ALLZÉN, E., ALSIÖ, J., CHROUSOS, G. P., MANIOS, Y., 

FREDRIKSSON, R. & SCHIÖTH, H. B. 2012. Association of TMEM18 variants with 

BMI and waist circumference in children and correlation of mRNA expression in the 

PFC with body weight in rats. Eur J Hum Genet, 20, 192-7. 

REICHENBERG, A., WEISER, M., RABINOWITZ, J., CASPI, A., SCHMEIDLER, J., 

MARK, M., KAPLAN, Z. & DAVIDSON, M. 2002. A population-based cohort study 

of premorbid intellectual, language, and behavioral functioning in patients with 

schizophrenia, schizoaffective disorder, and nonpsychotic bipolar disorder. Am J 

Psychiatry, 159, 2027-35. 

REIFE, R., PLEDGER, G. & WU, S. C. 2000. Topiramate as add-on therapy: pooled analysis 

of randomized controlled trials in adults. Epilepsia, 41 Suppl 1, S66-71. 

REMINGTON, G., AGID, O., FOUSSIAS, G., FERGUSON, L., MCDONALD, K. & 

POWELL, V. 2013. Clozapine and therapeutic drug monitoring: is there sufficient 

evidence for an upper threshold? Psychopharmacology (Berl), 225, 505-18. 

REMMERS, F. & DELEMARRE-VAN DE WAAL, H. A. 2011. Developmental 

programming of energy balance and its hypothalamic regulation. Endocr Rev, 32, 272-

311. 



256 

 

REMSCHMIDT, H. & THEISEN, F. M. 2005. Schizophrenia and related disorders in 

children and adolescents. J Neural Transm Suppl, 121-41. 

RETTENBACHER, M. A., EBENBICHLER, C., HOFER, A., KEMMLER, G., 

BAUMGARTNER, S., EDLINGER, M., HUMMER, M., LECHLEITNER, M. & 

WOLFGANG FLEISCHHACKER, W. 2006. Early changes of plasma lipids during 

treatment with atypical antipsychotics. International Clinical Psychopharmacology, 

21, 369-372. 

REYNOLDS, G. P. 2008. The neurochemistry of schizophrenia. Psychiatry, 7, 425-429. 

REYNOLDS, G. P., YEVTUSHENKO, O. O., GORDON, S., ARRANZ, B., SAN, L. & 

COOPER, S. J. 2012. The obesity risk gene FTO influences body mass in chronic 

schizophrenia but not initial antipsychotic drug-induced weight gain in first-episode 

patients. Int J Neuropsychopharmacol, 1-5. 

REYNOLDS, G. P., YEVTUSHENKO, O. O., GORDON, S., ARRANZ, B., SAN, L. & 

COOPER, S. J. 2013. The obesity risk gene FTO influences body mass in chronic 

schizophrenia but not initial antipsychotic drug-induced weight gain in first-episode 

patients. International Journal of Neuropsychopharmacology, 16, 1421-1425. 

RICOTE, M., LI, A. C., WILLSON, T. M., KELLY, C. J. & GLASS, C. K. 1998. The 

peroxisome proliferator-activated receptor-[gamma] is a negative regulator of 

macrophage activation. Nature, 391, 79-82. 

RIEDEL, M., SCHWARZ, M. J., STRASSNIG, M., SPELLMANN, I., MÜLLER-ARENDS, 

A., WEBER, K., ZACH, J., MÜLLER, N. & MÖLLER, H. J. 2005. Risperidone 

plasma levels, clinical response and side-effects. Eur Arch Psychiatry Clin Neurosci, 

255, 261-8. 

RIETSCHEL, M., MATTHEISEN, M., DEGENHARDT, F., MUHLEISEN, T. W., KIRSCH, 

P., ESSLINGER, C., HERMS, S., DEMONTIS, D., STEFFENS, M., STROHMAIER, 

J., HAENISCH, B., BREUER, R., CZERSKI, P. M., GIEGLING, I., STRENGMAN, 

E., SCHMAEL, C., MORS, O., MORTENSEN, P. B., HOUGAARD, D. M., 

ORNTOFT, T., KAPELSKI, P., PRIEBE, L., BASMANAV, F. F., FORSTNER, A. J., 

HOFFMAN, P., MEIER, S., NIKITOPOULOS, J., MOEBUS, S., ALEXANDER, M., 

MOSSNER, R., WICHMANN, H., SCHREIBER, S., RIVANDENEIRA, F., 

HOFMAN, A., UITTERLINDEN, A. G., WIENKER, T. F., SCHUMACHER, J., 

HAUSER, J., MAIER, W., CANTOR, R. M., ERK, S., SCHULZE, T. G., 

CRADDOCK, N., OWEN, M. J., O'DONOVAN, M. C., BORGLUM, A. D., 

RUJESCU, D., WALTER, H., MEYER-LINDENBERG, A., NOTHEN, N. M., 

OPHOFF, R. A. & CICHON, S. 2012. Association between genetic variation in a 

region on chromosome 11 and schizophrenia in large samples from Europe. Mol 

Psychiatry, 17, 906-17. 

RILEY, B. P., MAKOFF, A., MOGUDI-CARTER, M., JENKINS, T., WILLIAMSON, R., 

COLLIER, D. & MURRAY, R. 2000. Haplotype transmission disequilibrium and 

evidence for linkage of the CHRNA7 gene region to schizophrenia in Southern 

African Bantu families. American Journal of Medical Genetics - Neuropsychiatric 

Genetics, 96, 196-201. 

RIPKE, S., O'DUSHLAINE, C., CHAMBERT, K., MORAN, J. L., KAHLER, A. K., 

AKTERIN, S., BERGEN, S. E., COLLINS, A. L., CROWLEY, J. J., FROMER, M., 

KIM, Y., LEE, S. H., MAGNUSSON, P. K. E., SANCHEZ, N., STAHL, E. A., 

WILLIAMS, S., WRAY, N. R., XIA, K., BETTELLA, F., BORGLUM, A. D., 

BULIK-SULLIVAN, B. K., CORMICAN, P., CRADDOCK, N., DE LEEUW, C., 

DURMISHI, N., GILL, M., GOLIMBET, V., HAMSHERE, M. L., HOLMANS, P., 

HOUGAARD, D. M., KENDLER, K. S., LIN, K., MORRIS, D. W., MORS, O., 

MORTENSEN, P. B., NEALE, B. M., O'NEILL, F. A., OWEN, M. J., 

MILOVANCEVIC, M. P., POSTHUMA, D., POWELL, J., RICHARDS, A. L., 

RILEY, B. P., RUDERFER, D., RUJESCU, D., SIGURDSSON, E., SILAGADZE, T., 

SMIT, A. B., STEFANSSON, H., STEINBERG, S., SUVISAARI, J., TOSATO, S., 

VERHAGE, M., WALTERS, J. T., MULTICENTER GENETIC STUDIES OF 



257 

 

SCHIZOPHRENIA, C., PSYCHOSIS ENDOPHENOTYPES INTERNATIONAL, C., 

WELLCOME TRUST CASE CONTROL, C., BRAMON, E., CORVIN, A. P., 

O'DONOVAN, M. C., STEFANSSON, K., SCOLNICK, E., PURCELL, S., 

MCCARROLL, S. A., SKLAR, P., HULTMAN, C. M. & SULLIVAN, P. F. 2013. 

Genome-wide association analysis identifies 13 new risk loci for schizophrenia. Nat 

Genet, 45, 1150-1159. 

ROCK, R. B., GEKKER, G., HU, S., SHENG, W. S., CHEERAN, M., LOKENSGARD, J. R. 

& PETERSON, P. K. 2004. Role of Microglia in Central Nervous System Infections. 

Clinical Microbiology Reviews, 17, 942-964. 

ROGÓŻ, Z. 2013. Combined treatment with atypical antipsychotics and antidepressants in 

treatment-resistant depression: preclinical and clinical efficacy. Pharmacol Rep, 65, 

1535-44. 

ROLLEMA, H., LU, Y., SCHMIDT, A. W. & ZORN, S. H. 1997. Clozapine increases 

dopamine release in prefrontal cortex by 5-HT1A receptor activation. Eur J 

Pharmacol, 338, R3-5. 

ROMANELLI, R. J., CHUNG, S., PU, J., NIMBAL, V., ZHAO, B. & PALANIAPPAN, L. 

2015. Comparative effectiveness of early versus delayed metformin in the treatment of 

type 2 diabetes. Diabetes Research and Clinical Practice, 108, 170-178. 

ROSEN, E. D., HSU, C. H., WANG, X., SAKAI, S., FREEMAN, M. W., GONZALEZ, F. J. 

& SPIEGELMAN, B. M. 2002. C/EBPalpha induces adipogenesis through 

PPARgamma: a unified pathway. Genes Dev, 16, 22-6. 

ROSENBERG, S. M. & HASTINGS, P. J. 2004. Genomes: Worming into genetic instability. 

Nature, 430, 625-626. 

ROSENHECK, R., CRAMER, J., XU, W., THOMAS, J., HENDERSON, W., FRISMAN, L., 

FYE, C. & CHARNEY, D. 1997. A comparison of clozapine and haloperidol in 

hospitalized patients with refractory schizophrenia. Department of Veterans Affairs 

Cooperative Study Group on Clozapine in Refractory Schizophrenia. N Engl J Med, 

337, 809-15. 

ROSS, C. A. & TABRIZI, S. J. 2011. Huntington's disease: from molecular pathogenesis to 

clinical treatment. The Lancet Neurology, 10, 83-98. 

ROUSKAS, K., KOUVATSI, A., PALETAS, K., PAPAZOGLOU, D., TSAPAS, A., 

LOBBENS, S., VATIN, V., DURAND, E., LABRUNE, Y., DELPLANQUE, J., 

MEYRE, D. & FROGUEL, P. 2012. Common variants in FTO, MC4R, TMEM18, 

PRL, AIF1, and PCSK1 show evidence of association with adult obesity in the Greek 

population. Obesity (Silver Spring), 20, 389-95. 

RUJESCU, D., INGASON, A., CICHON, S., PIETILAINEN, O. P., BARNES, M. R., 

TOULOPOULOU, T., PICCHIONI, M., VASSOS, E., ETTINGER, U., BRAMON, 

E., MURRAY, R., RUGGERI, M., TOSATO, S., BONETTO, C., STEINBERG, S., 

SIGURDSSON, E., SIGMUNDSSON, T., PETURSSON, H., GYLFASON, A., 

OLASON, P. I., HARDARSSON, G., JONSDOTTIR, G. A., GUSTAFSSON, O., 

FOSSDAL, R., GIEGLING, I., MOLLER, H. J., HARTMANN, A. M., HOFFMANN, 

P., CROMBIE, C., FRASER, G., WALKER, N., LONNQVIST, J., SUVISAARI, J., 

TUULIO-HENRIKSSON, A., DJUROVIC, S., MELLE, I., ANDREASSEN, O. A., 

HANSEN, T., WERGE, T., KIEMENEY, L. A., FRANKE, B., VELTMAN, J., 

BUIZER-VOSKAMP, J. E., SABATTI, C., OPHOFF, R. A., RIETSCHEL, M., 

NOTHEN, M. M., STEFANSSON, K., PELTONEN, L., ST CLAIR, D., 

STEFANSSON, H. & COLLIER, D. A. 2009. Disruption of the neurexin 1 gene is 

associated with schizophrenia. Hum Mol Genet, 18, 988-96. 

RUMMEL-KLUGE, C., KOMOSSA, K., SCHWARZ, S., HUNGER, H., SCHMID, F., 

LOBOS, C. A., KISSLING, W., DAVIS, J. M. & LEUCHT, S. 2010. Head-to-head 

comparisons of metabolic side effects of second generation antipsychotics in the 

treatment of schizophrenia: a systematic review and meta-analysis. Schizophr Res, 

123, 225-33. 



258 

 

RUTHERFORD, S. L. 2003. Between genotype and phenotype: protein chaperones and 

evolvability. Nat Rev Genet, 4, 263-274. 

SACHER, J., MOSSAHEB, N., SPINDELEGGER, C., KLEIN, N., GEISS-GRANADIA, T., 

SAUERMANN, R., LACKNER, E., JOUKHADAR, C., MÜLLER, M. & KASPER, 

S. 2008. Effects of olanzapine and ziprasidone on glucose tolerance in healthy 

volunteers. Neuropsychopharmacology, 33, 1633-1641. 

SACKER, A., DONE, D. J. & CROW, T. J. 1996. Obstetric complications in children born to 

parents with schizophrenia: a meta-analysis of case-control studies. Psychol Med, 26, 

279-87. 

SAKAR, Y., MEDDAH, B., FAOUZI, M. A., CHERRAH, Y., BADO, A. & DUCROC, R. 

2010. Metformin-induced regulation of the intestinal D-glucose transporters. J Physiol 

Pharmacol, 61, 301-7. 

SAKATA, T., OOKUMA, K., FUKAGAWA, K., FUJIMOTO, K., YOSHIMATSU, H., 

SHIRAISHI, T. & WADA, H. 1988. Blockade of the histamine H1-receptor in the rat 

ventromedial hypothalamus and feeding elicitation. Brain Research, 441, 403-407. 

SAKAUE, S., KAMIGAKI, M., YOSHIMURA, H. & NISHIMURA, M. 2008. Effects of 

replacing metformin with pioglitazone on glycemic control in japanese patients with 

poorly controlled type 2 diabetes mellitus: A 12-week, open-label, prospective study. 

Curr Ther Res Clin Exp, 69, 364-77. 

SANDERS, A. R., DUAN, J., LEVINSON, D. F., SHI, J., HE, D., HOU, C., BURRELL, G. 

J., RICE, J. P., NERTNEY, D. A., OLINCY, A., ROZIC, P., VINOGRADOV, S., 

BUCCOLA, N. G., MOWRY, B. J., FREEDMAN, R., AMIN, F., BLACK, D. W., 

SILVERMAN, J. M., BYERLEY, W. F., CROWE, R. R., CLONINGER, C. R., 

MARTINEZ, M. & GEJMAN, P. V. 2008. No significant association of 14 candidate 

genes with schizophrenia in a large European ancestry sample: implications for 

psychiatric genetics. Am J Psychiatry, 165, 497-506. 

SANGER-INSTITUTE, U. 2003. The Finished Human Genome - Wellcome To The Genomic 

Age [Online]. Available: http://www.sanger.ac.uk/about/press/2003/030414.html#f1. 

SANTARELLI, D. M., LIU, B., DUNCAN, C. E., BEVERIDGE, N. J., TOONEY, P. A., 

SCHOFIELD, P. R. & CAIRNS, M. J. 2013. Gene-microRNA interactions associated 

with antipsychotic mechanisms and the metabolic side effects of olanzapine. 

Psychopharmacology (Berl), 227, 67-78. 

SANTOS, F. & DEAN, W. 2006. Using immunofluorescence to observe methylation changes 

in mammalian preimplantation embryos. Methods Mol Biol, 325, 129-37. 

SARAFIDIS, P. A. & BAKRIS, G. L. 2007. Non-esterified fatty acids and blood pressure 

elevation: a mechanism for hypertension in subjects with obesity/insulin resistance? J 

Hum Hypertens, 21, 12-9. 

SÁRVÁRI, A. K., VERÉB, Z., URAY, I. P., FÉSÜS, L. & BALAJTHY, Z. 2014. Atypical 

antipsychotics induce both proinflammatory and adipogenic gene expression in human 

adipocytes in vitro. Biochemical and Biophysical Research Communications. 

SATTERLEE, W., BEASLEY, C., SANGER, T., TRAN, P. & TOLLEFSON, G. 1995. 

Olanzapine, a new “atypical” antipsychotic. Schizophrenia Research, 15, 163-164. 

SCHADINGER, S. E., BUCHER, N. L., SCHREIBER, B. M. & FARMER, S. R. 2005. 

PPARgamma2 regulates lipogenesis and lipid accumulation in steatotic hepatocytes. 

Am J Physiol Endocrinol Metab, 288, E1195-205. 

SCHENK, S., SABERI, M. & OLEFSKY, J. M. 2008. Insulin sensitivity: modulation by 

nutrients and inflammation. J Clin Invest, 118, 2992-3002. 

SCHIZOPHRENIA PSYCHIATRIC GENOME-WIDE ASSOCIATION CONSORTIUM 

2011. Genome-wide association study identifies five new schizophrenia loci. Nat 

Genet, 43, 969-976. 

SCHIZOPHRENIA WORKING GROUP OF THE PSYCHIATRIC GENOMICS 

CONSORTIUM 2014. Biological insights from 108 schizophrenia-associated genetic 

loci. Nature, 511, 421-427. 

http://www.sanger.ac.uk/about/press/2003/030414.html#f1


259 

 

SCHULTE, P. 2006. Risk of clozapine-associated agranulocytosis and mandatory white blood 

cell monitoring. Ann Pharmacother, 40, 683-8. 

SCHUMACHER, J., JAMRA, R. A., FREUDENBERG, J., BECKER, T., OHLRAUN, S., 

OTTE, A. C., TULLIUS, M., KOVALENKO, S., BOGAERT, A. V., MAIER, W., 

RIETSCHEL, M., PROPPING, P., NOTHEN, M. M. & CICHON, S. 2004. 

Examination of G72 and D-amino-acid oxidase as genetic risk factors for 

schizophrenia and bipolar affective disorder. Mol Psychiatry, 9, 203-7. 

SCHUSTER, D., GAILLARD, T., RHINESMITH, S., HABASH, D. & OSEI, K. 2004. 

Impact of Metformin on Glucose Metabolism in Nondiabetic, Obese African 

Americans: A placebo-controlled, 24-month randomized study. Diabetes Care, 27, 

2768-2769. 

SCHWAB, S. G., HOEFGEN, B., HANSES, C., HASSENBACH, M. B., ALBUS, M., 

LERER, B., TRIXLER, M., MAIER, W. & WILDENAUER, D. B. 2005. Further 

Evidence for Association of Variants in the AKT1 Gene with Schizophrenia in a 

Sample of European Sib-Pair Families. Biological Psychiatry, 58, 446-450. 

SCHWARTZ, J.-C., DIAZ, J., PILON, C. & SOKOLOFF, P. 2000. Possible implications of 

the dopamine D3 receptor in schizophrenia and in antipsychotic drug actions. Brain 

Research Reviews, 31, 277-287. 

SCIARAFFIA, E., RICCOMI, A., LINDSTEDT, R., GESA, V., CIRELLI, E., PATRIZIO, 

M., DE MAGISTRIS, M. T. & VENDETTI, S. 2014. Human monocytes respond to 

extracellular cAMP through A2A and A2B adenosine receptors. J Leukoc Biol, 96, 

113-22. 

SEEMAN, P., CHAU-WONG, M., TEDESCO, J. & WONG, K. 1975. Brain receptors for 

antipsychotic drugs and dopamine: direct binding assays. Proceedings of the National 

Academy of Sciences, 72, 4376-4380. 

SEIFARTH, C., SCHEHLER, B. & SCHNEIDER, H. J. 2013. Effectiveness of Metformin on 

Weight Loss in Non-Diabetic Individuals with Obesity. Exp Clin Endocrinol Diabetes, 

121, 27-31. 

SELENT, J., LÓPEZ, L., SANZ, F. & PASTOR, M. 2008. Multi-receptor binding profile of 

clozapine and olanzapine: a structural study based on the new beta2 adrenergic 

receptor template. ChemMedChem, 3, 1194-8. 

SELTEN, J.-P., GERNAAT, H. B. P. E., NOLEN, W. A., WIERSMA, D. & VAN DEN 

BOSCH, R. J. 1998. Experience of Negative Symptoms: Comparison of 

Schizophrenic Patients to Patients With a Depressive Disorder and to Normal 

Subjects. American Journal of Psychiatry, 155, 350-354. 

SELTEN, J.-P., VEEN, N., FELLER, W., BLOM, J. D., KAHN, R., SCHOLS, D., 

CAMOENIË, W., OOLDERS, J., VAN DER VELDEN, M., HOEK, H. W., RIVERO, 

V. M. V. & VAN DER GRAAF, Y. 2001. Incidence of psychotic disorders in 

immigrant groups to The Netherlands. The British Journal of Psychiatry, 178, 367-

372. 

SELTEN, J. P. & CANOR-GRAAE, E. 2004. Schizophrenia and migration, in search for the 

cause of schizophrenia, Darmstadt, Germany, Steinkopff/ Springer. 

SERHAN, C. N. & SAVILL, J. 2005. Resolution of inflammation: the beginning programs 

the end. Nat Immunol, 6, 1191-7. 

SERVENT, D., BLANCHET, G., MOURIER, G., MARQUER, C., MARCON, E. & 

FRUCHART-GAILLARD, C. 2011. Muscarinic toxins. Toxicon, 58, 455-463. 

SETTLE, E. C. & AYD, F. J. 1983. Haloperidol: a quarter century of experience. J Clin 

Psychiatry, 44, 440-8. 

SEWTER, C., BERGER, D., CONSIDINE, R. V., MEDINA, G., ROCHFORD, J., 

CIARALDI, T., HENRY, R., DOHM, L., FLIER, J. S., O'RAHILLY, S. & VIDAL-

PUIG, A. J. 2002. Human obesity and type 2 diabetes are associated with alterations in 

SREBP1 isoform expression that are reproduced ex vivo by tumor necrosis factor-

alpha. Diabetes, 51, 1035-41. 



260 

 

SHANK, R. P., GARDOCKI, J. F., VAUGHT, J. L., DAVIS, C. B., SCHUPSKY, J. J., 

RAFFA, R. B., DODGSON, S. J., NORTEY, S. O. & MARYANOFF, B. E. 1994. 

Topiramate: Preclinical evaluation of a structurally novel anticonvulsant. Epilepsia, 

35, 450-460. 

SHAO, D. & LAZAR, M. A. 1997. Peroxisome Proliferator Activated Receptor γ, CCAAT/ 

Enhancer-binding Protein α, and Cell Cycle Status Regulate the Commitment to 

Adipocyte Differentiation. Journal of Biological Chemistry, 272, 21473-21478. 

SHARMA, A. M. & STAELS, B. 2007. Review: Peroxisome proliferator-activated receptor 

gamma and adipose tissue--understanding obesity-related changes in regulation of 

lipid and glucose metabolism. J Clin Endocrinol Metab, 92, 386-95. 

SHARPE, J. K., STEDMAN, T. J., BYRNE, N. M., WISHART, C. & HILLS, A. P. 2006. 

Energy expenditure and physical activity in clozapine use: implications for weight 

management. Aust N Z J Psychiatry, 40, 810-4. 

SHARPLEY, M., HUTCHINSON, G., MCKENZIE, K. & MURRAY, R. M. 2001. 

Understanding the excess of psychosis among the African-Caribbean population in 

England. Review of current hypotheses. Br J Psychiatry Suppl, 40, s60-8. 

SHEKHAR, A., POTTER, W. Z., LIGHTFOOT, J., LIENEMANN, J., DUBE, S., 

MALLINCKRODT, C., BYMASTER, F. P., MCKINZIE, D. L. & FELDER, C. C. 

2008. Selective muscarinic receptor agonist xanomeline as a novel treatment approach 

for schizophrenia. Am J Psychiatry, 165, 1033-9. 

SHEN, J., GOYAL, A. & SPERLING, L. 2012. The emerging epidemic of obesity, diabetes, 

and the metabolic syndrome in china. Cardiol Res Pract, 2012, 178675. 

SHETH, S. G., GORDON, F. D. & CHOPRA, S. 1997. Nonalcoholic steatohepatitis. Ann 

Intern Med, 126, 137-45. 

SHI, J., LEVINSON, D. F., DUAN, J., SANDERS, A. R., ZHENG, Y., PE'ER, I., 

DUDBRIDGE, F., HOLMANS, P. A., WHITTEMORE, A. S., MOWRY, B. J., 

OLINCY, A., AMIN, F., CLONINGER, C. R., SILVERMAN, J. M., BUCCOLA, N. 

G., BYERLEY, W. F., BLACK, D. W., CROWE, R. R., OKSENBERG, J. R., 

MIREL, D. B., KENDLER, K. S., FREEDMAN, R. & GEJMAN, P. V. 2009a. 

Common variants on chromosome 6p22.1 are associated with schizophrenia. Nature, 

460, 753-7. 

SHI, L., SMITH, S. E., MALKOVA, N., TSE, D., SU, Y. & PATTERSON, P. H. 2009b. 

Activation of the maternal immune system alters cerebellar development in the 

offspring. Brain Behav Immun, 23, 116-23. 

SHI, Y., LI, Z., XU, Q., WANG, T., LI, T., SHEN, J., ZHANG, F., CHEN, J., ZHOU, G., JI, 

W., LI, B., XU, Y., LIU, D., WANG, P., YANG, P., LIU, B., SUN, W., WAN, C., 

QIN, S., HE, G., STEINBERG, S., CICHON, S., WERGE, T., SIGURDSSON, E., 

TOSATO, S., PALOTIE, A., NOTHEN, M. M., RIETSCHEL, M., OPHOFF, R. A., 

COLLIER, D. A., RUJESCU, D., CLAIR, D. S., STEFANSSON, H., STEFANSSON, 

K., JI, J., WANG, Q., LI, W., ZHENG, L., ZHANG, H., FENG, G. & HE, L. 2011. 

Common variants on 8p12 and 1q24.2 confer risk of schizophrenia. Nat Genet, 43, 

1224-1227. 

SHIFMAN, S., BRONSTEIN, M., STERNFELD, M., PISANTÉ-SHALOM, A., LEV-

LEHMAN, E., WEIZMAN, A., REZNIK, I., SPIVAK, B., GRISARU, N., KARP, L., 

SCHIFFER, R., KOTLER, M., STROUS, R. D., SWARTZ-VANETIK, M., 

KNOBLER, H. Y., SHINAR, E., BECKMANN, J. S., YAKIR, B., RISCH, N., ZAK, 

N. B. & DARVASI, A. 2002. A Highly Significant Association between a COMT 

Haplotype and Schizophrenia. The American Journal of Human Genetics, 71, 1296-

1302. 

SHIFMAN, S., JOHANNESSON, M., BRONSTEIN, M., CHEN, S. X., COLLIER, D. A., 

CRADDOCK, N. J., KENDLER, K. S., LI, T., O'DONOVAN, M., O'NEILL, F. A., 

OWEN, M. J., WALSH, D., WEINBERGER, D. R., SUN, C., FLINT, J. & 

DARVASI, A. 2008. Genome-wide association identifies a common variant in the 



261 

 

reelin gene that increases the risk of schizophrenia only in women. PLoS Genet, 4, 

e28. 

SHIMANO, H., HORTON, J. D., HAMMER, R. E., SHIMOMURA, I., BROWN, M. S. & 

GOLDSTEIN, J. L. 1996. Overproduction of cholesterol and fatty acids causes 

massive liver enlargement in transgenic mice expressing truncated SREBP-1a. Journal 

of Clinical Investigation, 98, 1575-1584. 

SHIMIZU, H., SHIMOMURA, Y., HAYASHI, R., OHTANI, K., SATO, N., 

FUTAWATARI, T. & MORI, M. 1997. Serum leptin concentration is associated with 

total body fat mass, but not abdominal fat distribution. Int J Obes Relat Metab Disord, 

21, 536-41. 

SHIMOMURA, I., MATSUDA, M., HAMMER, R. E., BASHMAKOV, Y., BROWN, M. S. 

& GOLDSTEIN, J. L. 2000. Decreased IRS-2 and increased SREBP-1c lead to mixed 

insulin resistance and sensitivity in livers of lipodystrophic and ob/ob mice. Mol Cell, 

6, 77-86. 

SHULMAN, G. I. 2000. Cellular mechanisms of insulin resistance. J Clin Invest, 106, 171-6. 

SILBERBERG, G., DARVASI, A., PINKAS-KRAMARSKI, R. & NAVON, R. 2006. The 

involvement of ErbB4 with schizophrenia: association and expression studies. Am J 

Med Genet B Neuropsychiatr Genet, 141B, 142-8. 

SINGAM, A. P., MAMARDE, A. & BEHERE, P. B. 2011. A Single Blind Comparative 

Clinical Study of the Effects of Chlorpromazine and Risperidone on Positive and 

Negative Symptoms in Patients of Schizophrenia. Indian Journal of Psychological 

Medicine, 33, 134-140. 

SLAWSON, C., COPELAND, R. J. & HART, G. W. 2010. O-GlcNAc signaling: a metabolic 

link between diabetes and cancer? Trends Biochem Sci, 35, 547-55. 

SMITH, S. E., LI, J., GARBETT, K., MIRNICS, K. & PATTERSON, P. H. 2007. Maternal 

immune activation alters fetal brain development through interleukin-6. J Neurosci, 

27, 10695-702. 

SØRENSEN, H. J., MORTENSEN, E. L., REINISCH, J. M. & MEDNICK, S. A. 2009. 

Association Between Prenatal Exposure to Bacterial Infection and Risk of 

Schizophrenia. Schizophrenia Bulletin, 35, 631-637. 

SOUZA, R. P., TIWARI, A. K., CHOWDHURY, N. I., CEDDIA, R. B., LIEBERMAN, J. 

A., MELTZER, H. Y., KENNEDY, J. L. & MULLER, D. J. 2012. Association study 

between variants of AMP-activated protein kinase catalytic and regulatory subunit 

genes with antipsychotic-induced weight gain. J Psychiatr Res, 46, 462-8. 

SPELIOTES, E. K., WILLER, C. J., BERNDT, S. I., MONDA, K. L., THORLEIFSSON, G., 

JACKSON, A. U., LANGO ALLEN, H., LINDGREN, C. M., LUAN, J., MÄGI, R., 

RANDALL, J. C., VEDANTAM, S., WINKLER, T. W., QI, L., WORKALEMAHU, 

T., HEID, I. M., STEINTHORSDOTTIR, V., STRINGHAM, H. M., WEEDON, M. 

N., WHEELER, E., WOOD, A. R., FERREIRA, T., WEYANT, R. J., SEGRÈ, A. V., 

ESTRADA, K., LIANG, L., NEMESH, J., PARK, J. H., GUSTAFSSON, S., 

KILPELÄINEN, T. O., YANG, J., BOUATIA-NAJI, N., ESKO, T., FEITOSA, M. F., 

KUTALIK, Z., MANGINO, M., RAYCHAUDHURI, S., SCHERAG, A., SMITH, A. 

V., WELCH, R., ZHAO, J. H., ABEN, K. K., ABSHER, D. M., AMIN, N., DIXON, 

A. L., FISHER, E., GLAZER, N. L., GODDARD, M. E., HEARD-COSTA, N. L., 

HOESEL, V., HOTTENGA, J. J., JOHANSSON, A., JOHNSON, T., KETKAR, S., 

LAMINA, C., LI, S., MOFFATT, M. F., MYERS, R. H., NARISU, N., PERRY, J. R., 

PETERS, M. J., PREUSS, M., RIPATTI, S., RIVADENEIRA, F., SANDHOLT, C., 

SCOTT, L. J., TIMPSON, N. J., TYRER, J. P., VAN WINGERDEN, S., 

WATANABE, R. M., WHITE, C. C., WIKLUND, F., BARLASSINA, C., 

CHASMAN, D. I., COOPER, M. N., JANSSON, J. O., LAWRENCE, R. W., 

PELLIKKA, N., PROKOPENKO, I., SHI, J., THIERING, E., ALAVERE, H., 

ALIBRANDI, M. T., ALMGREN, P., ARNOLD, A. M., ASPELUND, T., 

ATWOOD, L. D., BALKAU, B., BALMFORTH, A. J., BENNETT, A. J., BEN-

SHLOMO, Y., BERGMAN, R. N., BERGMANN, S., BIEBERMANN, H., 



262 

 

BLAKEMORE, A. I., BOES, T., BONNYCASTLE, L. L., BORNSTEIN, S. R., 

BROWN, M. J., BUCHANAN, T. A., et al. 2010. Association analyses of 249,796 

individuals reveal 18 new loci associated with body mass index. Nat Genet, 42, 937-

48. 

SPURLOCK, G., WILLIAMS, J., MCGUFFIN, P., ASCHAUER, H. N., LENZINGER, E., 

FUCHS, K., SIEGHART, W. C., MESZAROS, K., FATHI, N., LAURENT, C., 

MALLET, J., MACCIARDI, F., PEDRINI, S., GILL, M., HAWI, Z., GIBSON, S., 

JAZIN, E. E., YANG, H.-T., ADOLFSSON, R., PATO, C. N., DOURADO, A. M. & 

OWEN, M. J. 1998. European multicentre association study of schizophrenia: a study 

of the DRD2 Ser311Cys and DRD3 Ser9Gly polymorphisms. American Journal of 

Medical Genetics, 81, 24-28. 

SRISURAPANONT, M., SUTTAJIT, S., MANEETON, N. & MANEETON, B. 2015. 

Efficacy and safety of aripiprazole augmentation of clozapine in schizophrenia: A 

systematic review and meta-analysis of randomized-controlled trials. Journal of 

Psychiatric Research, 62, 38-47. 

ST CLAIR, D., XU, M., WANG, P., YU, Y., FANG, Y., ZHANG, F., ZHENG, X., GU, N., 

FENG, G., SHAM, P. & HE, L. 2005. Rates of adult schizophrenia following prenatal 

exposure to the Chinese famine of 1959-1961. JAMA, 294, 557-62. 

STAHL, S. 2003. Describing an atypical antipsychotic: Receptor binding and its role in 

pathophysiology. Primary Care Companion J Clin Psychiatry, 5, 9-13. 

STARRENBURG, F. C. J. & BOGERS, J. P. A. M. 2009. How can antipsychotics cause 

diabetes mellitus? Insights based on receptor-binding profiles, humoral factors and 

transporter proteins. European Psychiatry, 24, 164-170. 

STARY, H. C., CHANDLER, A. B., GLAGOV, S., GUYTON, J. R., INSULL, W., 

ROSENFELD, M. E., SCHAFFER, S. A., SCHWARTZ, C. J., WAGNER, W. D. & 

WISSLER, R. W. 1994. A definition of initial, fatty streak, and intermediate lesions of 

atherosclerosis. A report from the Committee on Vascular Lesions of the Council on 

Arteriosclerosis, American Heart Association. Circulation, 89, 2462-78. 

STATHIS, P., ANTONIOU, K., PAPADOPOULOU-DAIFOTIS, Z., RIMIKIS, M. N. & 

VARONOS, D. 1996. Risperidone: a novel antipsychotic with many "atypical" 

properties? Psychopharmacology (Berl), 127, 181-6. 

STEFANSSON, H., OPHOFF, R. A., STEINBERG, S., ANDREASSEN, O. A., CICHON, S., 

RUJESCU, D., WERGE, T., PIETILAINEN, O. P., MORS, O., MORTENSEN, P. B., 

SIGURDSSON, E., GUSTAFSSON, O., NYEGAARD, M., TUULIO-

HENRIKSSON, A., INGASON, A., HANSEN, T., SUVISAARI, J., LONNQVIST, J., 

PAUNIO, T., BORGLUM, A. D., HARTMANN, A., FINK-JENSEN, A., 

NORDENTOFT, M., HOUGAARD, D., NORGAARD-PEDERSEN, B., 

BOTTCHER, Y., OLESEN, J., BREUER, R., MOLLER, H. J., GIEGLING, I., 

RASMUSSEN, H. B., TIMM, S., MATTHEISEN, M., BITTER, I., RETHELYI, J. 

M., MAGNUSDOTTIR, B. B., SIGMUNDSSON, T., OLASON, P., MASSON, G., 

GULCHER, J. R., HARALDSSON, M., FOSSDAL, R., THORGEIRSSON, T. E., 

THORSTEINSDOTTIR, U., RUGGERI, M., TOSATO, S., FRANKE, B., 

STRENGMAN, E., KIEMENEY, L. A., MELLE, I., DJUROVIC, S., ABRAMOVA, 

L., KALEDA, V., SANJUAN, J., DE FRUTOS, R., BRAMON, E., VASSOS, E., 

FRASER, G., ETTINGER, U., PICCHIONI, M., WALKER, N., TOULOPOULOU, 

T., NEED, A. C., GE, D., YOON, J. L., SHIANNA, K. V., FREIMER, N. B., 

CANTOR, R. M., MURRAY, R., KONG, A., GOLIMBET, V., CARRACEDO, A., 

ARANGO, C., COSTAS, J., JONSSON, E. G., TERENIUS, L., AGARTZ, I., 

PETURSSON, H., NOTHEN, M. M., RIETSCHEL, M., MATTHEWS, P. M., 

MUGLIA, P., PELTONEN, L., ST CLAIR, D., GOLDSTEIN, D. B., STEFANSSON, 

K. & COLLIER, D. A. 2009. Common variants conferring risk of schizophrenia. 

Nature, 460, 744-7. 

STEFANSSON, H., RUJESCU, D., CICHON, S., PIETILAINEN, O. P. H., INGASON, A., 

STEINBERG, S., FOSSDAL, R., SIGURDSSON, E., SIGMUNDSSON, T., 



263 

 

BUIZER-VOSKAMP, J. E., HANSEN, T., JAKOBSEN, K. D., MUGLIA, P., 

FRANCKS, C., MATTHEWS, P. M., GYLFASON, A., HALLDORSSON, B. V., 

GUDBJARTSSON, D., THORGEIRSSON, T. E., SIGURDSSON, A., 

JONASDOTTIR, A., JONASDOTTIR, A., BJORNSSON, A., MATTIASDOTTIR, 

S., BLONDAL, T., HARALDSSON, M., MAGNUSDOTTIR, B. B., GIEGLING, I., 

MOLLER, H.-J., HARTMANN, A., SHIANNA, K. V., GE, D., NEED, A. C., 

CROMBIE, C., FRASER, G., WALKER, N., LONNQVIST, J., SUVISAARI, J., 

TUULIO-HENRIKSSON, A., PAUNIO, T., TOULOPOULOU, T., BRAMON, E., DI 

FORTI, M., MURRAY, R., RUGGERI, M., VASSOS, E., TOSATO, S., WALSHE, 

M., LI, T., VASILESCU, C., MUHLEISEN, T. W., WANG, A. G., ULLUM, H., 

DJUROVIC, S., MELLE, I., OLESEN, J., KIEMENEY, L. A., FRANKE, B., 

SABATTI, C., FREIMER, N. B., GULCHER, J. R., THORSTEINSDOTTIR, U., 

KONG, A., ANDREASSEN, O. A., OPHOFF, R. A., GEORGI, A., RIETSCHEL, M., 

WERGE, T., PETURSSON, H., GOLDSTEIN, D. B., NOTHEN, M. M., 

PELTONEN, L., COLLIER, D. A., ST CLAIR, D. & STEFANSSON, K. 2008. Large 

recurrent microdeletions associated with schizophrenia. Nature, 455, 232-236. 

STEFANSSON, H., SARGINSON, J., KONG, A., YATES, P., STEINTHORSDOTTIR, V., 

GUDFINNSSON, E., GUNNARSDOTTIR, S., WALKER, N., PETURSSON, H., 

CROMBIE, C., INGASON, A., GULCHER, J. R., STEFANSSON, K. & ST CLAIR, 

D. 2003. Association of neuregulin 1 with schizophrenia confirmed in a Scottish 

population. American Journal of Human Genetics, 72, 83-87. 

STEFANSSON, H., SIGURDSSON, E., STEINTHORSDOTTIR, V., BJORNSDOTTIR, S., 

SIGMUNDSSON, T., GHOSH, S., BRYNJOLFSSON, J., GUNNARSDOTTIR, S., 

IVARSSON, O., CHOU, T. T., HJALTASON, O., BIRGISDOTTIR, B., JONSSON, 

H., GUDNADOTTIR, V. G., GUDMUNDSDOTTIR, E., BJORNSSON, A., 

INGVARSSON, B., INGASON, A., SIGFUSSON, S., HARDARDOTTIR, H., 

HARVEY, R. P., LAI, D., ZHOU, M., BRUNNER, D., MUTEL, V., GONZALO, A., 

LEMKE, G., SAINZ, J., JOHANNESSON, G., ANDRESSON, T., 

GUDBJARTSSON, D., MANOLESCU, A., FRIGGE, M. L., GURNEY, M. E., 

KONG, A., GULCHER, J. R., PETURSSON, H. & STEFANSSON, K. 2002. 

Neuregulin 1 and susceptibility to schizophrenia. Am J Hum Genet, 71, 877-92. 

STEINBERG, S., DE JONG, S., ANDREASSEN, O. A., WERGE, T., BORGLUM, A. D., 

MORS, O., MORTENSEN, P. B., GUSTAFSSON, O., COSTAS, J., PIETILAINEN, 

O. P., DEMONTIS, D., PAPIOL, S., HUTTENLOCHER, J., MATTHEISEN, M., 

BREUER, R., VASSOS, E., GIEGLING, I., FRASER, G., WALKER, N., TUULIO-

HENRIKSSON, A., SUVISAARI, J., LONNQVIST, J., PAUNIO, T., AGARTZ, I., 

MELLE, I., DJUROVIC, S., STRENGMAN, E., JURGENS, G., GLENTHOJ, B., 

TERENIUS, L., HOUGAARD, D. M., ORNTOFT, T., WIUF, C., DIDRIKSEN, M., 

HOLLEGAARD, M. V., NORDENTOFT, M., VAN WINKEL, R., KENIS, G., 

ABRAMOVA, L., KALEDA, V., ARROJO, M., SANJUAN, J., ARANGO, C., 

SPERLING, S., ROSSNER, M., RIBOLSI, M., MAGNI, V., SIRACUSANO, A., 

CHRISTIANSEN, C., KIEMENEY, L. A., VELDINK, J., VAN DEN BERG, L., 

INGASON, A., MUGLIA, P., MURRAY, R., NOTHEN, M. M., SIGURDSSON, E., 

PETURSSON, H., THORSTEINSDOTTIR, U., KONG, A., RUBINO, I. A., DE 

HERT, M., RETHELYI, J. M., BITTER, I., JONSSON, E. G., GOLIMBET, V., 

CARRACEDO, A., EHRENREICH, H., CRADDOCK, N., OWEN, M. J., 

O'DONOVAN, M. C., RUGGERI, M., TOSATO, S., PELTONEN, L., OPHOFF, R. 

A., COLLIER, D. A., ST CLAIR, D., RIETSCHEL, M., CICHON, S., 

STEFANSSON, H., RUJESCU, D. & STEFANSSON, K. 2011. Common variants at 

VRK2 and TCF4 conferring risk of schizophrenia. Hum Mol Genet, 20, 4076-81. 

STEWART, S. T., CUTLER, D. M. & ROSEN, A. B. 2009. Forecasting the effects of obesity 

and smoking on U.S. life expectancy. N Engl J Med, 361, 2252-60. 

STIENSTRA, R., DUVAL, C., MÜLLER, M. & KERSTEN, S. 2007. PPARs, Obesity, and 

Inflammation. PPAR Res, 2007, 95974. 



264 

 

STIP, E. & TOURJMAN, V. 2010. Aripiprazole in schizophrenia and schizoaffective 

disorder: A review. Clinical Therapeutics, 32, S3-S20. 

STORCH, J. & THUMSER, A. E. 2000. The fatty acid transport function of fatty acid-

binding proteins. Biochim Biophys Acta, 1486, 28-44. 

STRAUB, R. E., JIANG, Y., MACLEAN, C. J., MA, Y., WEBB, B. T., MYAKISHEV, M. 

V., HARRIS-KERR, C., WORMLEY, B., SADEK, H., KADAMBI, B., CESARE, A. 

J., GIBBERMAN, A., WANG, X., O'NEILL, F. A., WALSH, D. & KENDLER, K. S. 

2002. Genetic Variation in the 6p22.3 Gene DTNBP1, the Human Ortholog of the 

Mouse Dysbindin Gene, Is Associated with Schizophrenia. American Journal of 

Human Genetics, 71, 337-348. 

STRAZZULLO, P., D'ELIA, L., CAIRELLA, G., GARBAGNATI, F., CAPPUCCIO, F. P. & 

SCALFI, L. 2010. Excess body weight and incidence of stroke: meta-analysis of 

prospective studies with 2 million participants. Stroke, 41, e418-26. 

STUMVOLL, M., NURJHAN, N., PERRIELLO, G., DAILEY, G. & GERICH, J. E. 1995. 

Metabolic effects of metformin in non-insulin-dependent diabetes mellitus. N Engl J 

Med, 333, 550-4. 

SUGIMOTO, Y., KIMURA, I., YAMADA, J., WATANABE, Y., TAKEUCHI, N. & 

HORISAKA, K. 1990. Effects of serotonin on blood glucose and insulin levels of 

glucose- and streptozotocin-treated mice. Jpn J Pharmacol, 54, 93-6. 

SULLIVAN, P. F., KENDLER, K. S. & NEALE, M. C. 2003. Schizophrenia as a complex 

trait: evidence from a meta-analysis of twin studies. Arch Gen Psychiatry, 60, 1187-

92. 

SULLIVAN, P. F., LIN, D., TZENG, J. Y., VAN DEN OORD, E., PERKINS, D., STROUP, 

T. S., WAGNER, M., LEE, S., WRIGHT, F. A., ZOU, F., LIU, W., DOWNING, A. 

M., LIEBERMAN, J. & CLOSE, S. L. 2008. Genomewide association for 

schizophrenia in the CATIE study: results of stage 1. Mol Psychiatry, 13, 570-84. 

SUNDQUIST, K., FRANK, G. & SUNDQUIST, J. A. N. 2004. Urbanisation and incidence 

of psychosis and depression. The British Journal of Psychiatry, 184, 293-298. 

SUNDSTRÖM, C. & NILSSON, K. 1976. Establishment and characterization of a human 

histiocytic lymphoma cell line (U-937). Int J Cancer, 17, 565-77. 

SUPATTAPONE, S., DANOFF, S. K., THEIBERT, A., JOSEPH, S. K., STEINER, J. & 

SNYDER, S. H. 1988. Cyclic AMP-dependent phosphorylation of a brain inositol 

trisphosphate receptor decreases its release of calcium. Proc Natl Acad Sci U S A, 85, 

8747-50. 

SUR, C., MALLORGA, P. J., WITTMANN, M., JACOBSON, M. A., PASCARELLA, D., 

WILLIAMS, J. B., BRANDISH, P. E., PETTIBONE, D. J., SCOLNICK, E. M. & 

CONN, P. J. 2003. N-desmethylclozapine, an allosteric agonist at muscarinic 1 

receptor, potentiates N-methyl-d-aspartate receptor activity. 

SUSSER, E., NEUGEBAUER, R., HOEK, H. W., BROWN, A. S., LIN, S., LABOVITZ, D. 

& GORMAN, J. M. 1996. Schizophrenia after prenatal famine. Further evidence. Arch 

Gen Psychiatry, 53, 25-31. 

SUSSER, E. S. & LIN, S. P. 1992. Schizophrenia after prenatal exposure to the Dutch Hunger 

Winter of 1944-1945. Arch Gen Psychiatry, 49, 983-8. 

TACHADO, S. D., AKHTAR, R. A., ZHOU, C. J. & ABDEL-LATIF, A. A. 1992. Effects of 

isoproterenol and forskolin on carbachol- and fluoroaluminate-induced 

polyphosphoinositide hydrolysis, inositol trisphosphate production, and contraction in 

bovine iris sphincter smooth muscle: interaction between cAMP and IP3 second 

messenger systems. Cell Signal, 4, 61-75. 

TAHERZADEH, S., SHARMA, S., CHHAJLANI, V., GANTZ, I., RAJORA, N., DEMITRI, 

M. T., KELLY, L., ZHAO, H., ICHIYAMA, T., CATANIA, A. & LIPTON, J. M. 

1999. alpha-MSH and its receptors in regulation of tumor necrosis factor-alpha 

production by human monocyte/macrophages. Am J Physiol, 276, R1289-94. 



265 

 

TANDON, R., KESHAVAN, M. S. & NASRALLAH, H. A. 2008. Schizophrenia, "just the 

facts" what we know in 2008. 2. Epidemiology and etiology. Schizophr Res, 102, 1-

18. 

TANDON, R., NASRALLAH, H. A. & KESHAVAN, M. S. 2009. Schizophrenia, "just the 

facts" 4. Clinical features and conceptualization. Schizophrenia Research, 110, 1-23. 

TANG, S., WU, Y., RYAN, C. N., YU, S., QIN, G., EDWARDS, D. S. & MAYER, G. D. 

2015. Distinct expression profiles of stress defense and DNA repair genes in Daphnia 

pulex exposed to cadmium, zinc, and quantum dots. Chemosphere, 120, 92-99. 

TANIGUCHI, C. M., EMANUELLI, B. & KAHN, C. R. 2006. Critical nodes in signalling 

pathways: insights into insulin action. Nat Rev Mol Cell Biol, 7, 85-96. 

TARSY, D., BALDESSARINI, R. J. & TARAZI, F. I. 2002. Effects of newer antipsychotics 

on extrapyramidal function. CNS Drugs, 16, 23-45. 

TAYLOR, C. W., TOVEY, S. C., ROSSI, A. M., LOPEZ SANJURJO, C. I., PROLE, D. L. & 

RAHMAN, T. 2014. Structural organization of signalling to and from IP3 receptors. 

Biochem Soc Trans, 42, 63-70. 

TECOTT, L. H., SUN, L. M., AKANA, S. F., STRACK, A. M., LOWENSTEIN, D. H., 

DALLMAN, M. F. & JULIUS, D. 1995. Eating disorder and epilepsy in mice lacking 

5-HT2c serotonin receptors. Nature, 374, 542-6. 

THE DIABETES PREVENTION PROGRAM RESEARCH, G. 2012. Long-Term Safety, 

Tolerability, and Weight Loss Associated With Metformin in the Diabetes Prevention 

Program Outcomes Study. Diabetes Care, 35, 731-737. 

THE US NATIONAL HEART, L. A. B. I. 2010. What is metabolic syndrome [Online]. 

Available: http://www.nhlbi.nih.gov/health/dci/Diseases/ms/ms_whatis.html. 

THIRONE, A. C., HUANG, C. & KLIP, A. 2006. Tissue-specific roles of IRS proteins in 

insulin signaling and glucose transport. Trends Endocrinol Metab, 17, 72-8. 

THOMAS, E., GEORGE, R., DANIELSON, P., NELSON, P., WARREN, A., LO, D. & 

SUTCLIFFE, J. 2003. Antipsychotic drug treatment alters expression of mRNAs 

encoding lipid metabolism-related proteins. Mol Psychiatry, 8, 983-93, 950. 

THORLEIFSSON, G., WALTERS, G. B., GUDBJARTSSON, D. F., 

STEINTHORSDOTTIR, V., SULEM, P., HELGADOTTIR, A., 

STYRKARSDOTTIR, U., GRETARSDOTTIR, S., THORLACIUS, S., 

JONSDOTTIR, I., JONSDOTTIR, T., OLAFSDOTTIR, E. J., OLAFSDOTTIR, G. 

H., JONSSON, T., JONSSON, F., BORCH-JOHNSEN, K., HANSEN, T., 

ANDERSEN, G., JORGENSEN, T., LAURITZEN, T., ABEN, K. K., VERBEEK, A. 

L., ROELEVELD, N., KAMPMAN, E., YANEK, L. R., BECKER, L. C., 

TRYGGVADOTTIR, L., RAFNAR, T., BECKER, D. M., GULCHER, J., 

KIEMENEY, L. A., PEDERSEN, O., KONG, A., THORSTEINSDOTTIR, U. & 

STEFANSSON, K. 2009. Genome-wide association yields new sequence variants at 

seven loci that associate with measures of obesity. Nat Genet, 41, 18-24. 

THORNICROFT, G. 1990. Cannabis and psychosis. Is there epidemiological evidence for an 

association? Br J Psychiatry, 157, 25-33. 

TIENARI, P., WYNNE, L. C., MORING, J., LAHTI, I., NAARALA, M., SORRI, A., 

WAHLBERG, K. E., SAARENTO, O., SEITAMAA, M. & KALEVA, M. 1994. The 

Finnish adoptive family study of schizophrenia. Implications for family research. Br J 

Psychiatry Suppl, 20-6. 

TIWARI, A. K., BRANDL, E. J., WEBER, C., LIKHODI, O., ZAI, C. C., HAHN, M. K., 

LIEBERMAN, J. A., MELTZER, H. Y., KENNEDY, J. L. & MULLER, D. J. 2013. 

Association of a functional polymorphism in neuropeptide Y with antipsychotic-

induced weight gain in schizophrenia patients. J Clin Psychopharmacol, 33, 11-7. 

TIWARI, A. K., ZAI, C. C., MÜLLER, D. J. & KENNEDY, J. L. 2010. Genetics in 

schizophrenia: where are we and what next? Dialogues Clin Neurosci, 12, 289-303. 

TOLLEFSON, G. D., ANDERSEN, S. W. & TRAN, P. V. 1999. The course of depressive 

symptoms in predicting relapse in schizophrenia: A double-blind, randomized 

comparison of olanzapine and risperidone. Biological Psychiatry, 46, 365-373. 

http://www.nhlbi.nih.gov/health/dci/Diseases/ms/ms_whatis.html


266 

 

TONTONOZ, P., HU, E., GRAVES, R. A., BUDAVARI, A. I. & SPIEGELMAN, B. M. 

1994a. mPPAR gamma 2: tissue-specific regulator of an adipocyte enhancer. Genes 

Dev, 8, 1224-34. 

TONTONOZ, P., HU, E. & SPIEGELMAN, B. M. 1994b. Stimulation of adipogenesis in 

fibroblasts by PPARγ2, a lipid-activated transcription factor. Cell, 79, 1147-1156. 

TORREY, E. F., BARTKO, J. J., LUN, Z. R. & YOLKEN, R. H. 2007. Antibodies to 

Toxoplasma gondii in patients with schizophrenia: a meta-analysis. Schizophr Bull, 

33, 729-36. 

TORREY, E. F., BARTKO, J. J. & YOLKEN, R. H. 2012. Toxoplasma gondii and other risk 

factors for schizophrenia: an update. Schizophr Bull, 38, 642-7. 

TORREY, E. F., MILLER, J., RAWLINGS, R. & YOLKEN, R. H. 1997. Seasonality of 

births in schizophrenia and bipolar disorder: A review of the literature. Schizophrenia 

Research, 28, 1-38. 

TORREY, E. F. & PETERSON, M. R. 1976. The Viral Hypothesis of Schizophrenia*. 

Schizophrenia Bulletin, 2, 136-146. 

TOST, H., ALAM, T. & MEYER-LINDENBERG, A. 2010. Dopamine and psychosis: 

theory, pathomechanisms and intermediate phenotypes. Neurosci Biobehav Rev, 34, 

689-700. 

TOTH, P. P. 2003. Reverse cholesterol transport: high-density lipoprotein's magnificent mile. 

Curr Atheroscler Rep, 5, 386-93. 

TOVEY, S. C., DEDOS, S. G., RAHMAN, T., TAYLOR, E. J., PANTAZAKA, E. & 

TAYLOR, C. W. 2010. Regulation of inositol 1,4,5-trisphosphate receptors by cAMP 

independent of cAMP-dependent protein kinase. J Biol Chem, 285, 12979-89. 

TRAYHURN, P. & WOOD, I. S. 2004. Adipokines: inflammation and the pleiotropic role of 

white adipose tissue. Br J Nutr, 92, 347-55. 

TREMBLAY, A., CHAPUT, J. P., BÉRUBÉ-PARENT, S., PRUD'HOMME, D., LEBLANC, 

C., ALMÉRAS, N. & DESPRÉS, J. P. 2007. The effect of topiramate on energy 

balance in obese men: A 6-month double-blind randomized placebo-controlled study 

with a 6-month open-label extension. European Journal of Clinical Pharmacology, 

63, 123-134. 

TSAI, G., PASSANI, L. A., SLUSHER, B. S., CARTER, R., BAER, L., KLEINMAN, J. E. 

& COYLE, J. T. 1995. Abnormal excitatory neurotransmitter metabolism in 

schizophrenic brains. Arch Gen Psychiatry, 52, 829-36. 

TSAI, S. J., HONG, C. J., LIAO, D. L., LAI, I. C. & LIOU, Y. J. 2004. Association study of a 

functional catechol-O-methyltransferase genetic polymorphism with age of onset, 

cognitive function, symptomatology and prognosis in chronic schizophrenia. 

Neuropsychobiology, 49, 196-200. 

TWAROG, B. M. & PAGE, I. H. 1953. Serotonin content of some mammalian tissues and 

urine and a method for its determination. Am J Physiol, 175, 157-61. 

UMBRICHT, D., POLLACK, S. & KANE, J. 1994. Clozapine and weight gain. J Clin 

Psychiatry, 55 Suppl B, 157-60. 

VALLETTE, N., GOSSELIN, O. & KAHN, J. P. 1997. 65-96 - Clozapine for psychosis in 

Huntington's chorea: A case report. Biological Psychiatry, 42, 180S. 

VAMPINI, C., STEINMAYR, M. & BILONE, F. 1994. The increase of plasma levels of 

triglyceride during clozapine treatment: a case report. Neuropsychopharmacology, p. 

249s. 

VAN OS, J. & MCGUFFIN, P. 2003. Can the social environment cause schizophrenia? Br J 

Psychiatry, 182, 291-2. 

VAN TOL, H. H., BUNZOW, J. R., GUAN, H. C., SUNAHARA, R. K., SEEMAN, P., 

NIZNIK, H. B. & CIVELLI, O. 1991. Cloning of the gene for a human dopamine D4 

receptor with high affinity for the antipsychotic clozapine. Nature, 350, 610-4. 

VANDERZWAAG, C., MCGEE, M., MCEVOY, J. P., FREUDENREICH, O., WILSON, W. 

H. & COOPER, T. B. 1996. Response of patients with treatment-refractory 



267 

 

schizophrenia to clozapine within three serum level ranges. Am J Psychiatry, 153, 

1579-84. 

VANGUILDER, H. D., VRANA, K. E. & FREEMAN, W. M. 2008. Twenty-five years of 

quantitative PCR for gene expression analysis. Biotechniques, 44, 619-26. 

VANHOUTTE, P. M. 1991. Platelet-derived serotonin, the endothelium, and cardiovascular 

disease. J Cardiovasc Pharmacol, 17 Suppl 5, S6-12. 

VASSOS, E., PEDERSEN, C. B., MURRAY, R. M., COLLIER, D. A. & LEWIS, C. M. 

2012. Meta-analysis of the association of urbanicity with schizophrenia. Schizophr 

Bull, 38, 1118-23. 

VASUDEVAN, D., SREEKUMARI, S. & VAIDYANATHAN, K. 2010. Textbook of 

Biochemistry for Medical Students, Jaypee Brothers Medical Publishers. 

VEHOF, J., RISSELADA, A. J., AL HADITHY, A. F., BURGER, H., SNIEDER, H., 

WILFFERT, B., ARENDS, J., WUNDERINK, L., KNEGTERING, H., WIERSMA, 

D., COHEN, D., MULDER, H. & BRUGGEMAN, R. 2011. Association of genetic 

variants of the histamine H1 and muscarinic M3 receptors with BMI and HbA1c 

values in patients on antipsychotic medication. Psychopharmacology (Berl), 216, 257-

65. 

VELDHUIS, G. J., WILLEMSE, P. H., SLEIJFER, D. T., VAN DER GRAAF, W. T., 

GROEN, H. J., LIMBURG, P. C., MULDER, N. H. & DE VRIES, E. G. 1995. 

Toxicity and efficacy of escalating dosages of recombinant human interleukin-6 after 

chemotherapy in patients with breast cancer or non-small-cell lung cancer. J Clin 

Oncol, 13, 2585-93. 

VERDOUX, H., GEDDES, J. R., TAKEI, N., LAWRIE, S. M., BOVET, P., EAGLES, J. M., 

HEUN, R., MCCREADIE, R. G., MCNEIL, T. F., O'CALLAGHAN, E., STÖBER, 

G., WILLINGER, M. U., WRIGHT, P. & MURRAY, R. M. 1997. Obstetric 

complications and age at onset in schizophrenia: an international collaborative meta-

analysis of individual patient data. Am J Psychiatry, 154, 1220-7. 

VICTORIANO, M., DE BEAUREPAIRE, R., NAOUR, N., GUERRE-MILLO, M., 

QUIGNARD-BOULANGE, A., HUNEAU, J. F., MATHE, V., TOME, D. & 

HERMIER, D. 2010. Olanzapine-induced accumulation of adipose tissue is associated 

with an inflammatory state. Brain Res, 1350, 167-75. 

VIMALESWARAN, K. S., ZHAO, J. H., WAINWRIGHT, N. W., SURTEES, P. G., 

WAREHAM, N. J. & LOOS, R. J. 2010. Association between serotonin 5-HT-2C 

receptor gene (HTR2C) polymorphisms and obesity- and mental health-related 

phenotypes in a large population-based cohort. Int J Obes (Lond), 34, 1028-33. 

VITA, A., DE PERI, L., SILENZI, C. & DIECI, M. 2006. Brain morphology in first-episode 

schizophrenia: a meta-analysis of quantitative magnetic resonance imaging studies. 

Schizophr Res, 82, 75-88. 

VRIJENHOEK, T., BUIZER-VOSKAMP, J. E., VAN DER STELT, I., STRENGMAN, E., 

SABATTI, C., GEURTS VAN KESSEL, A., BRUNNER, H. G., OPHOFF, R. A. & 

VELTMAN, J. A. 2008. Recurrent CNVs disrupt three candidate genes in 

schizophrenia patients. Am J Hum Genet, 83, 504-10. 

WADDINGTON, C. H. 1942. CANALIZATION OF DEVELOPMENT AND THE 

INHERITANCE OF ACQUIRED CHARACTERS : Abstract : Nature. Nature, 563-

565. 

WADDINGTON, J. L., BROWN, A. S., LANE, A., SCHAEFER, C. A., GOETZ, R. R., 

BRESNAHAN, M. & SUSSER, E. S. 2008. Congenital anomalies and early 

functional impairments in a prospective birth cohort: risk of schizophrenia-spectrum 

disorder in adulthood. Br J Psychiatry, 192, 264-7. 

WALKER, M. C. & SANDER, J. W. A. S. 1996. Topiramate: a new antiepileptic drug for 

refractory epilepsy. Seizure, 5, 199-203. 

WALLEY, A. J., ASHER, J. E. & FROGUEL, P. 2009. The genetic contribution to non-

syndromic human obesity. Nat Rev Genet, 10, 431-42. 



268 

 

WALLEY, A. J., JACOBSON, P., FALCHI, M., BOTTOLO, L., ANDERSSON, J. C., 

PETRETTO, E., BONNEFOND, A., VAILLANT, E., LECOEUR, C., VATIN, V., 

JERNAS, M., BALDING, D., PETTENI, M., PARK, Y. S., AITMAN, T., 

RICHARDSON, S., SJOSTROM, L., CARLSSON, L. M. & FROGUEL, P. 2012. 

Differential coexpression analysis of obesity-associated networks in human 

subcutaneous adipose tissue. Int J Obes (Lond), 36, 137-47. 

WALSH, T., MCCLELLAN, J. M., MCCARTHY, S. E., ADDINGTON, A. M., PIERCE, S. 

B., COOPER, G. M., NORD, A. S., KUSENDA, M., MALHOTRA, D., BHANDARI, 

A., STRAY, S. M., RIPPEY, C. F., ROCCANOVA, P., MAKAROV, V., LAKSHMI, 

B., FINDLING, R. L., SIKICH, L., STROMBERG, T., MERRIMAN, B., GOGTAY, 

N., BUTLER, P., ECKSTRAND, K., NOORY, L., GOCHMAN, P., LONG, R., 

CHEN, Z., DAVIS, S., BAKER, C., EICHLER, E. E., MELTZER, P. S., NELSON, S. 

F., SINGLETON, A. B., LEE, M. K., RAPOPORT, J. L., KING, M. C. & SEBAT, J. 

2008. Rare structural variants disrupt multiple genes in neurodevelopmental pathways 

in schizophrenia. Science, 320, 539-43. 

WANG, H. & ECKEL, R. H. 2009. Lipoprotein lipase: from gene to obesity. Am J Physiol 

Endocrinol Metab, 297, E271-88. 

WANG, J., MEI, H., CHEN, W., JIANG, Y., SUN, W., LI, F., FU, Q. & JIANG, F. 2012a. 

Study of eight GWAS-identified common variants for association with obesity-related 

indices in Chinese children at puberty. Int J Obes (Lond), 36, 542-7. 

WANG, K., LI, W. D., ZHANG, C. K., WANG, Z., GLESSNER, J. T., GRANT, S. F., 

ZHAO, H., HAKONARSON, H. & PRICE, R. A. 2011. A genome-wide association 

study on obesity and obesity-related traits. PLoS One, 6, e18939. 

WANG, L.-J., REE, S.-C., HUANG, Y.-S., HSIAO, C.-C. & CHEN, C.-K. 2013. Adjunctive 

effects of aripiprazole on metabolic profiles: Comparison of patients treated with 

olanzapine to patients treated with other atypical antipsychotic drugs. Progress in 

Neuro-Psychopharmacology and Biological Psychiatry, 40, 260-266. 

WANG, M., TONG, J. H., ZHU, G., LIANG, G. M., YAN, H. F. & WANG, X. Z. 2012b. 

Metformin for treatment of antipsychotic-induced weight gain: a randomized, placebo-

controlled study. Schizophr Res, 138, 54-7. 

WANG, X., HE, G., GU, N., YANG, J., TANG, J., CHEN, Q., LIU, X., SHEN, Y., QIAN, 

X., LIN, W., DUAN, Y., FENG, G. & HE, L. 2004. Association of G72/G30 with 

schizophrenia in the Chinese population. Biochem Biophys Res Commun, 319, 1281-6. 

WANG, Z., GERSTEIN, M. & SNYDER, M. 2009. RNA-Seq: a revolutionary tool for 

transcriptomics. Nature reviews. Genetics, 10, 57-63. 

WANLESS, I. R. & LENTZ, J. S. 1990. Fatty liver hepatitis (steatohepatitis) and obesity: an 

autopsy study with analysis of risk factors. Hepatology, 12, 1106-10. 

WARDLE, J., CARNELL, S., HAWORTH, C. M. & PLOMIN, R. 2008. Evidence for a 

strong genetic influence on childhood adiposity despite the force of the obesogenic 

environment. Am J Clin Nutr, 87, 398-404. 

WASAN, K. M. 1996. Modifications in plasma lipoprotein concentration and lipid 

composition regulate the biological activity of hydrophobic drugs. J Pharmacol 

Toxicol Methods, 36, 1-11. 

WATANABE, T., TAGUCHI, Y., SHIOSAKA, S., TANAKA, J., KUBOTA, H., TERANO, 

Y., TOHYAMA, M. & WADA, H. 1984. Distribution of the histaminergic neuron 

system in the central nervous system of rats; a fluorescent immunohistochemical 

analysis with histidine decarboxylase as a marker. Brain Research, 295, 13-25. 

WEDENOJA, J., LOUKOLA, A., TUULIO-HENRIKSSON, A., PAUNIO, T., EKELUND, 

J., SILANDER, K., VARILO, T., HEIKKILÄ, K., SUVISAARI, J., PARTONEN, T., 

LÖNNQVIST, J. & PELTONEN, L. 2008. Replication of linkage on chromosome 

7q22 and association of the regional Reelin gene with working memory in 

schizophrenia families. Mol Psychiatry, 13, 673-84. 



269 

 

WEI, H., YUAN, Y., LIU, S., WANG, C., YANG, F., LU, Z., DENG, H., ZHAO, J., SHEN, 

Y., ZHANG, C., YU, X. & XU, Q. 2015. Detection of Circulating miRNA Levels in 

Schizophrenia. Am J Psychiatry, 172, 1141-1147. 

WEIDEN, P. J. 2007. EPS Profiles: The Atypical Antipsychotics: Are Not All the Same. 

Journal of Psychiatric Practice®, 13. 

WEIGMANN, H. & HIEMKE, C. 1992. Determination of clozapine and its major metabolites 

in human serum using automated solid-phase extraction and subsequent isocratic high-

performance liquid chromatography with ultraviolet detection. J Chromatogr, 583, 

209-16. 

WEINER, D. M., MELTZER, H. Y., VEINBERGS, I., DONOHUE, E. M., SPALDING, T. 

A., SMITH, T. T., MOHELL, N., HARVEY, S. C., LAMEH, J., NASH, N., 

VANOVER, K. E., OLSSON, R., JAYATHILAKE, K., LEE, M., LEVEY, A. I., 

HACKSELL, U., BURSTEIN, E. S., DAVIS, R. E. & BRANN, M. R. 2004. The role 

of M1 muscarinic receptor agonism of N-desmethylclozapine in the unique clinical 

effects of clozapine. Psychopharmacology (Berl), 177, 207-16. 

WEISBERG, S. P., MCCANN, D., DESAI, M., ROSENBAUM, M., LEIBEL, R. L. & 

FERRANTE, A. W., JR. 2003. Obesity is associated with macrophage accumulation 

in adipose tissue. The Journal of Clinical Investigation, 112, 1796-1808. 

WEN, W., CHO, Y. S., ZHENG, W., DORAJOO, R., KATO, N., QI, L., CHEN, C. H., 

DELAHANTY, R. J., OKADA, Y., TABARA, Y., GU, D., ZHU, D., HAIMAN, C. 

A., MO, Z., GAO, Y. T., SAW, S. M., GO, M. J., TAKEUCHI, F., CHANG, L. C., 

KOKUBO, Y., LIANG, J., HAO, M., LE MARCHAND, L., ZHANG, Y., HU, Y., 

WONG, T. Y., LONG, J., HAN, B. G., KUBO, M., YAMAMOTO, K., SU, M. H., 

MIKI, T., HENDERSON, B. E., SONG, H., TAN, A., HE, J., NG, D. P., CAI, Q., 

TSUNODA, T., TSAI, F. J., IWAI, N., CHEN, G. K., SHI, J., XU, J., SIM, X., 

XIANG, Y. B., MAEDA, S., ONG, R. T., LI, C., NAKAMURA, Y., AUNG, T., 

KAMATANI, N., LIU, J. J., LU, W., YOKOTA, M., SEIELSTAD, M., FANN, C. S., 

WU, J. Y., LEE, J. Y., HU, F. B., TANAKA, T., TAI, E. S., SHU, X. O. & 

CONSORTIUM, G. I. O. A. T. G. 2012. Meta-analysis identifies common variants 

associated with body mass index in east Asians. Nat Genet, 44, 307-11. 

WENTLAND, M. P., LOU, R., LU, Q., BU, Y., DENHARDT, C., JIN, J., GANORKAR, R., 

VANALSTINE, M. A., GUO, C., COHEN, D. J. & BIDLACK, J. M. 2009. Syntheses 

of novel high affinity ligands for opioid receptors. Bioorg Med Chem Lett, 19, 2289-

94. 

WESTPHAL, S. A. 2008. Obesity, abdominal obesity, and insulin resistance. Clin 

Cornerstone, 9, 23-29; discussion 30-1. 

WILCOX, C. S., COHN, J. B., KATZ, B. B., MIJARES, C. P., GUARINO, J. J., 

PANAGIDES, J. & DEFRANCISCO, D. F. 1994. A double-blind, placebo-controlled 

study comparing mianserin and amitriptyline in moderately depressed outpatients. Int 

Clin Psychopharmacol, 9, 271-9. 

WILLER, C., SPELIOTES, E., LOOS, R., LI, S., LINDGREN, C., HEID, I., BERNDT, S., 

ELLIOTT, A., JACKSON, A., LAMINA, C., LETTRE, G., LIM, N., LYON, H., 

MCCARROLL, S., PAPADAKIS, K., QI, L., RANDALL, J., ROCCASECCA, R., 

SANNA, S., SCHEET, P., WEEDON, M., WHEELER, E., ZHAO, J., JACOBS, L., 

PROKOPENKO, I., SORANZO, N., TANAKA, T., TIMPSON, N., ALMGREN, P., 

BENNETT, A., BERGMAN, R., BINGHAM, S., BONNYCASTLE, L., BROWN, 

M., BURTT, N., CHINES, P., COIN, L., COLLINS, F., CONNELL, J., COOPER, C., 

SMITH, G., DENNISON, E., DEODHAR, P., ELLIOTT, P., ERDOS, M., 

ESTRADA, K., EVANS, D., GIANNINY, L., GIEGER, C., GILLSON, C., 

GUIDUCCI, C., HACKETT, R., HADLEY, D., HALL, A., HAVULINNA, A., 

HEBEBRAND, J., HOFMAN, A., ISOMAA, B., JACOBS, K., JOHNSON, T., 

JOUSILAHTI, P., JOVANOVIC, Z., KHAW, K., KRAFT, P., KUOKKANEN, M., 

KUUSISTO, J., LAITINEN, J., LAKATTA, E., LUAN, J., LUBEN, R., MANGINO, 

M., MCARDLE, W., MEITINGER, T., MULAS, A., MUNROE, P., NARISU, N., 



270 

 

NESS, A., NORTHSTONE, K., O'RAHILLY, S., PURMANN, C., REES, M., 

RIDDERSTRÅLE, M., RING, S., RIVADENEIRA, F., RUOKONEN, A., SANDHU, 

M., SARAMIES, J., SCOTT, L., SCUTERI, A., SILANDER, K., SIMS, M., SONG, 

K., STEPHENS, J., STEVENS, S., STRINGHAM, H., TUNG, Y., VALLE, T., VAN 

DUIJN, C., VIMALESWARAN, K., VOLLENWEIDER, P., et al. 2009. Six new loci 

associated with body mass index highlight a neuronal influence on body weight 

regulation. Nat Genet, 41, 25-34. 

WILLIAMS, J., MCGUFFIN, P., NOTHEN, M. & OWEN, M. J. 1997. Meta-analysis of 

association between the 5HT(2a) receptor T102C polymorphism and schizophrenia 

[4]. Lancet, 349, 1221. 

WILLIAMS, J., SPURLOCK, G., MCGUFFIN, P., MALLET, J., NÖTHEN, M. M., GILL, 

M., ASCHAUER, H., NYLANDER, P. O., MACCIARDI, F. & OWEN, M. J. 1996. 

Association between schizophrenia and T102C polymorphism of the 5-

hydroxytryptamine type 2a-receptor gene. Lancet, 347, 1294-1296. 

WIRSHING, D. A., WIRSHING, W. C., KYSAR, L., BERISFORD, M. A., GOLDSTEIN, 

D., PASHDAG, J., MINTZ, J. & MARDER, S. R. 1999. Novel antipsychotics: 

comparison of weight gain liabilities. J Clin Psychiatry, 60, 358-63. 

WITTMANN, M., MARINO, M. J., HENZE, D. A., SEABROOK, G. R. & P, C. J. 2005. 

Clozapine Potentiation of N-Methyl-d-aspartate Receptor Currents in the Nucleus 

Accumbens: Role of NR2B and Protein Kinase A/Src Kinases. J Pharmacol Exp Ther, 

313, 594-603. 

WOLOSKER, H., KLINE, D., BIAN, Y., BLACKSHAW, S., CAMERON, A. M., 

FRALICH, T. J., SCHNAAR, R. L. & SNYDER, S. H. 1998. Molecularly cloned 

mammalian glucosamine-6-phosphate deaminase localizes to transporting epithelium 

and lacks oscillin activity. FASEB J, 12, 91-9. 

WOODS, S. W. 2003. Chlorpromazine equivalent doses for the newer atypical antipsychotics. 

J Clin Psychiatry, 64, 663-7. 

WORLD HEALTH ORGANISATION, W. 2008. 10 Facts on obesity [Online]. Available: 

http://www.who.int/features/factfiles/obesity/facts/en/index1.html. 

WORLD HEALTH ORGANISATION, W. 2010. Global Infobase - Int'l comparisons 

[Online]. Available: https://apps.who.int/infobase/Comparisons.aspx. 

WOZNIAK, K. M. & LINNOILA, M. 1991. Hyperglycemic properties of serotonin receptor 

antagonists. Life Sci, 49, 101-9. 

WRIGHT, P., GILL, M. & MURRAY, R. M. 1993. Schizophrenia: genetics and the maternal 

immune response to viral infection. Am J Med Genet, 48, 40-6. 

WU, D., KATZ, A., LEE, C. H. & SIMON, M. I. 1992. Activation of phospholipase C by 

alpha 1-adrenergic receptors is mediated by the alpha subunits of Gq family. Journal 

of Biological Chemistry, 267, 25798-25802. 

WU, R., ZHAO, J., SHAO, P., OU, J. & CHANG, M. 2011. Genetic predictors of 

antipsychotic-induced weight gain: a case-matched multi-gene study. Zhong Nan Da 

Xue Xue Bao Yi Xue Ban, 36, 720-3. 

WU, R. R., JIN, H., GAO, K., TWAMLEY, E. W., OU, J. J., SHAO, P., WANG, J., GUO, X. 

F., DAVIS, J. M., CHAN, P. K. & ZHAO, J. P. 2012. Metformin for treatment of 

antipsychotic-induced amenorrhea and weight gain in women with first-episode 

schizophrenia: a double-blind, randomized, placebo-controlled study. Am J 

Psychiatry, 169, 813-21. 

WU, Z., ROSEN, E. D., BRUN, R., HAUSER, S., ADELMANT, G., TROY, A. E., 

MCKEON, C., DARLINGTON, G. J. & SPIEGELMAN, B. M. 1999. Cross-

regulation of C/EBP alpha and PPAR gamma controls the transcriptional pathway of 

adipogenesis and insulin sensitivity. Mol Cell, 3, 151-8. 

XIAO, J., LI, Y., JONES-BRANDO, L. & YOLKEN, R. H. 2013. Abnormalities of 

neurotransmitter and neuropeptide systems in human neuroepithelioma cells infected 

by three Toxoplasma strains. J Neural Transm, 120, 1631-9. 

http://www.who.int/features/factfiles/obesity/facts/en/index1.html


271 

 

XU, B., GOULDING, E. H., ZANG, K., CEPOI, D., CONE, R. D., JONES, K. R., TECOTT, 

L. H. & REICHARDT, L. F. 2003. Brain-derived neurotrophic factor regulates energy 

balance downstream of melanocortin-4 receptor. Nat Neurosci, 6, 736-42. 

XU, B., ROOS, J. L., LEVY, S., VAN RENSBURG, E. J., GOGOS, J. A. & 

KARAYIORGOU, M. 2008. Strong association of de novo copy number mutations 

with sporadic schizophrenia. Nat Genet, 40, 880-885. 

XU, M. Q., SUN, W. S., LIU, B. X., FENG, G. Y., YU, L., YANG, L., HE, G., SHAM, P., 

SUSSER, E., ST CLAIR, D. & HE, L. 2009. Prenatal malnutrition and adult 

schizophrenia: further evidence from the 1959-1961 Chinese famine. Schizophr Bull, 

35, 568-76. 

XU, X., GRIJALVA, A., SKOWRONSKI, A., VAN EIJK, M., SERLIE, MIREILLE J. & 

FERRANTE JR, ANTHONY W. 2013. Obesity Activates a Program of Lysosomal-

Dependent Lipid Metabolism in Adipose Tissue Macrophages Independently of 

Classic Activation. Cell Metabolism, 18, 816-830. 

YADAV, V. K., OURY, F., SUDA, N., LIU, Z. W., GAO, X. B., CONFAVREUX, C., 

KLEMENHAGEN, K. C., TANAKA, K. F., GINGRICH, J. A., GUO, X. E., 

TECOTT, L. H., MANN, J. J., HEN, R., HORVATH, T. L. & KARSENTY, G. 2009. 

A serotonin-dependent mechanism explains the leptin regulation of bone mass, 

appetite, and energy expenditure. Cell, 138, 976-89. 

YAHAGI, N., SHIMANO, H., HASTY, A. H., AMEMIYA-KUDO, M., OKAZAKI, H., 

TAMURA, Y., IIZUKA, Y., SHIONOIRI, F., OHASHI, K., OSUGA, J., HARADA, 

K., GOTODA, T., NAGAI, R., ISHIBASHI, S. & YAMADA, N. 1999. A crucial role 

of sterol regulatory element-binding protein-1 in the regulation of lipogenic gene 

expression by polyunsaturated fatty acids. J Biol Chem, 274, 35840-4. 

YAMADA, J., SUGIMOTO, Y., KIMURA, I., TAKEUCHI, N. & HORISAKA, K. 1989. 

Serotonin-induced hypoglycemia and increased serum insulin levels in mice. Life Sci, 

45, 1931-6. 

YANG, L.-H., CHEN, T.-M., YU, S.-T. & CHEN, Y.-H. 2007. Olanzapine induces SREBP-

1-related adipogenesis in 3T3-L1 cells. Pharmacological Research, 56, 202-208. 

YANG, Y., LI, W., ZHAO, J., ZHANG, H., SONG, X., XIAO, B., YANG, G., JIANG, C., 

ZHANG, D., YUE, W. & LV, L. 2012. Association between ghrelin gene (GHRL) 

polymorphisms and clinical response to atypical antipsychotic drugs in Han Chinese 

schizophrenia patients. Behav Brain Funct, 8, 11. 

YANG, Z., YIN, J.-Y., GONG, Z.-C., HUANG, Q., CHEN, H., ZHANG, W., ZHOU, H.-H. 

& LIU, Z.-Q. 2009. Evidence for an effect of clozapine on the regulation of fat-cell 

derived factors. Clinica Chimica Acta, 408, 98-104. 

YARYURA-TOBIAS, J. A., DIAMOND, B. & MERLIS, S. 1970a. The action of L-dopa on 

schizophrenic patients (a preliminary report). Curr Ther Res Clin Exp, 12, 528-31. 

YARYURA-TOBIAS, J. A., WOLPERT, A., DANA, L. & MERLIS, S. 1970b. Action of L-

Dopa in drug induced extrapyramidalism. Dis Nerv Syst, 31, 60-3. 

YEN, F. T., DECKELBAUM, R. J., MANN, C. J., MARCEL, Y. L., MILNE, R. W. & 

TALL, A. R. 1989. Inhibition of cholesteryl ester transfer protein activity by 

monoclonal antibody. Effects on cholesteryl ester formation and neutral lipid mass 

transfer in human plasma. J Clin Invest, 83, 2018-24. 

YOGANATHAN, P., KARUNAKARAN, S., HO, M. M. & CLEE, S. M. 2012. Nutritional 

regulation of genome-wide association obesity genes in a tissue-dependent manner. 

Nutr Metab (Lond), 9, 65. 

YOLKEN, R. H., DICKERSON, F. B. & FULLER TORREY, E. 2009. Toxoplasma and 

schizophrenia. Parasite Immunology, 31, 706-715. 

YOSHIMATSU, H., CHIBA, S., TAJIMA, D., AKEHI, Y. & SAKATA, T. 2002. Histidine 

suppresses food intake through its conversion into neuronal histamine. Experimental 

Biology and Medicine, 227, 63-68. 



272 

 

YOSHIMOTO, S., KAKU, H., SHIMOGAWA, S., WATANABE, A., NAKAGAWARA, M. 

& TAKAHASHI, R. 1987. Urinary trace amine excretion and platelet monoamine 

oxidase activity in schizophrenia. Psychiatry Research, 21, 229-236. 

YOUNG, C., TENKOVA, T., DIKRANIAN, K. & OLNEY, J. W. 2004. Excitotoxic versus 

apoptotic mechanisms of neuronal cell death in perinatal hypoxia/ischemia. Curr Mol 

Med, 4, 77-85. 

YOUNG, C. R., BOWERS, M. B., JR. & MAZURE, C. M. 1998. Management of the adverse 

effects of clozapine. Schizophr Bull, 24, 381-90. 

YUE, W. H., WANG, H. F., SUN, L. D., TANG, F. L., LIU, Z. H., ZHANG, H. X., LI, W. 

Q., ZHANG, Y. L., ZHANG, Y., MA, C. C., DU, B., WANG, L. F., REN, Y. Q., 

YANG, Y. F., HU, X. F., WANG, Y., DENG, W., TAN, L. W., TAN, Y. L., CHEN, 

Q., XU, G. M., YANG, G. G., ZUO, X. B., YAN, H., RUAN, Y. Y., LU, T. L., HAN, 

X., MA, X. H., CAI, L. W., JIN, C., ZHANG, H. Y., YAN, J., MI, W. F., YIN, X. Y., 

MA, W. B., LIU, Q., KANG, L., SUN, W., PAN, C. Y., SHUANG, M., YANG, F. D., 

WANG, C. Y., YANG, J. L., LI, K. Q., MA, X., LI, L. J., YU, X., LI, Q. Z., HUANG, 

X., LV, L. X., LI, T., ZHAO, G. P., HUANG, W., ZHANG, X. J. & ZHANG, D. 

2011. Genome-wide association study identifies a susceptibility locus for 

schizophrenia in Han Chinese at 11p11.2. Nat Genet, 43, 1228-31. 

YUNIS, J. J., CORZO, D., SALAZAR, M., LIEBERMAN, J. A., HOWARD, A. & YUNIS, 

E. J. 1995. HLA associations in clozapine-induced agranulocytosis. Blood, 86, 1177-

83. 

ZAI, G. C., ZAI, C. C., CHOWDHURY, N. I., TIWARI, A. K., SOUZA, R. P., 

LIEBERMAN, J. A., MELTZER, H. Y., POTKIN, S. G., MULLER, D. J. & 

KENNEDY, J. L. 2012. The role of brain-derived neurotrophic factor (BDNF) gene 

variants in antipsychotic response and antipsychotic-induced weight gain. Prog 

Neuropsychopharmacol Biol Psychiatry, 39, 96-101. 

ZALTSMAN, Y., SHACHNAI, L., YIVGI-OHANA, N., SCHWARZ, M., 

MARYANOVICH, M., HOUTKOOPER, R. H., VAZ, F. M., DE LEONARDIS, F., 

FIERMONTE, G., PALMIERI, F., GILLISSEN, B., DANIEL, P. T., JIMENEZ, E., 

WALSH, S., KOEHLER, C. M., ROY, S. S., WALTER, L., HAJNOCZKY, G. & 

GROSS, A. 2010. MTCH2/MIMP is a major facilitator of tBID recruitment to 

mitochondria. Nat Cell Biol, 12, 553-562. 

ZAMMIT, S., ALLEBECK, P., ANDREASSON, S., LUNDBERG, I. & LEWIS, G. 2002. 

Self reported cannabis use as a risk factor for schizophrenia in Swedish conscripts of 

1969: Historical cohort study. British Medical Journal, 325, 1199-1201. 

ZHANG, F., GU, W., HURLES, M. E. & LUPSKI, J. R. 2009. Copy number variation in 

human health, disease, and evolution. Annu Rev Genomics Hum Genet, 10, 451-81. 

ZHANG, J., FU, M., CUI, T., XIONG, C., XU, K., ZHONG, W., XIAO, Y., FLOYD, D., 

LIANG, J., LI, E., SONG, Q. & CHEN, Y. E. 2004. Selective disruption of 

PPARgamma 2 impairs the development of adipose tissue and insulin sensitivity. Proc 

Natl Acad Sci U S A, 101, 10703-8. 

ZIMMERMANN, H. 1996. BIOCHEMISTRY, LOCALIZATION AND FUNCTIONAL 

ROLES OF ECTO-NUCLEOTIDASES IN THE NERVOUS SYSTEM. Progress in 

Neurobiology, 49, 589-618. 

ZORN, S. H., JONES, S. B., WARD, K. M. & LISTON, D. R. 1994. Clozapine is a potent 

and selective muscarinic M4 receptor agonist. European Journal of Pharmacology: 

Molecular Pharmacology, 269, R1-R2. 

ZORNBERG, G. L., BUKA, S. L. & TSUANG, M. T. 2000. Hypoxic-ischemia-related 

fetal/neonatal complications and risk of schizophrenia and other nonaffective 

psychoses: a 19-year longitudinal study. Am J Psychiatry, 157, 196-202. 

 

 




