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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 clozapineinduced 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 obesityrelated genes.
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Gαs
H
HDL
HFD
HKG
HLA
HRP
HSP
IBMX
ICD
IDF
IL-6
InsP3R
IP1

G alpha subunit (stimulatory of cAMP)
Histamine
High-density lipoprotein
High fat diet
Housekeeping gene
Human leukocyte antigen
Horseradish-peroxidase
Hexosamine signalling pathway
3-isobutyl-1-methylxanthine
International Classification of Disease
International Diabetes Federation
Interleukin 6
Inositol triphosphate receptor
Inositol 1-phosphate

IP3
IRS-1
JNK
Kb
KCTD15
LC-CoA
LD
LDL
LiCl
LPL
LSD
M
MAF
Mb
MC4R

Inositol 1,4,5-trisphosphate
Insulin receptor substrate-1
c-Jun N-terminal kinase
Kilobase
Potassium channel tetramerisation domain containing 15
Long chain fatty acyl CoA
Linkage disequilibrium
Low density lipoproteins
Lithium chloride
Lipoprotein lipase
d-lysergic acid diethylamide
Muscarinic
Minor allele frequency
Megabase
Melanocortin 4 receptor
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MCH
MOMP
mRNA
MT-7
MTCH2
NA
NAFLD
NDMC
NEGR1
NFκB
NMDA
NTC
OD
OR
PAF
PAMs
PBMC
PBS
PCP
PCR

Melanin concentrating hormone
Mitochondrial outer membrane permeabilisation
Messenger ribonucleic acid
Muscarinic toxin 7
Mitochondrial carrier 2
Noradrenaline
Non-alcoholic fatty liver disease
N-desmethylclozapine
Neuronal growth regulator 1
Nuclear factor kappa-light-chain-enhancer of activated B
cells
N-methyl-D-aspartate receptor
No template control
Optical density
Odds ratio
Platelet activating factor
positive allosteric modulators
Peripheral blood mononuclear cell
Phosphate buffered saline
Phencyclidine
Polymerase chain reaction

PIP2
PKA
PKF1
PLC
POMC
PPARG
PVH
qPCR
qRT-PCR
RMR
RNA
RPMI
RT
SAT
SD
SGA
SH-SY5Y
SNP
SREBP
T.gondii
T2D
TBE
TG
THC
THP-1
TMB
TMEM18

Phosphatidylinositol 4,5-bisphosphate
Protein kinase A
Phosphofructokinase 1
Phospholipase C
Proopionomelanocortin
Peroxisome proliferator-activated receptor gamma
Paraventricular nucleus of the hypothalamus
Quantitative PCR
Quantitative real-time PCR
Resting metabolic rate
Ribonucleic acid
Roswell Park Memorial Institute medium
Reverse transcription
Subcutaneous adipose tissue
Standard deviation
Second generation antipsychotics
Human neuroblastoma cell line
Single nucleotide polymorphism
Sterol regulatory element binding protein
Toxoplasma gondii
Type 2 diabetes
Tris borate EDTA buffer
Target gene
∆9-tetrahydrocannabinol
Human monocytic cell line
Tetramethylbenzidine
Transmembrane protein 18
15

TNF-α
TRD
TUNEL
TZD
U937
UDP
UTR
VAT
VLDL
WHO
α-MSH

Tumor necrosis factor α
Treatment resistant depression
Terminal deoxynucleotidyl transferase dUTP nick end
labelling
Thiazolidinediones
Human leukemic monocyte lymphoma cell line
Uridine diphosphate
Untranslated region
Visceral adipose tissue
Very low density lipoproteins
World Health Organisation
α-melanocyte stimulating hormone
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Chapter 1 – General Introduction
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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
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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
AKT

Full gene name
v-akt murine thymoma viral oncogene homolog 1

Location
14q32.32

CHRNA7

cholinergic receptor, nicotinic, alpha 7

15q14

COMT

catechol-O-methyltransferase

22q11.21

DAO

D-amino-acid oxidase

12q24

DAOA

D-amino acid oxidase activator

13q33.2;
13q34

DISC1

disrupted in schizophrenia 1

1q42.1

DRD2

Dopamine receptor D2

11q23

DRD3

Dopamine receptor D3

3q13.3

DTNBP1

dystrobrevin binding protein 1

6p22.3

ERBB4

erb-b2 receptor tyrosine kinase 4

2q33.3-q34

Function a
Regulation of cell survival, insulin signalling,
angiogenesis and tumour formation
Ligand gated ion channel involved in brain nicotine
metabolism
Involved in in dopamine, epinephrine and
norepinephrine metabolism
Regulates the level of the neuromodulator D-serine
in the brain. Has high activity towards D-DOPA
and contributes to dopamine synthesis
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 Nmethyl-D-aspartate (NMDA) type glutamate
receptors
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
Receptor for dopamine. G-coupled receptor with
activity inhibited by adenylate cyclase activity
Receptor for dopamine. G-coupled receptor with
activity inhibited by adenylate cyclase activity
Component of the BLOC-1 complex, a complex
that is required for normal biogenesis of lysosomerelated organelles (LRO), such as platelet dense
granules and melanosomes
Tyrosine-protein kinase that plays an essential role
as cell surface receptor for neuregulins and EGF
family members and regulates development of the

Reference
(Emamian et al., 2004, Ikeda et al.,
2004, Schwab et al., 2005)
(Freedman et al., 2000, Riley et al.,
2000, Leonard et al., 2002, Li et al.,
2004)
(Egan et al., 2001, Shifman et al.,
2002, Tsai et al., 2004)
(Chumakov et al., 2002, Liu et al.,
2004, Schumacher et al., 2004)
(Chumakov et al., 2002, Addington
et al., 2004, Hall et al., 2004,
Schumacher et al., 2004, Wang et al.,
2004)
(Millar et al., 2000, Hennah et al.,
2003, Hodgkinson et al., 2004)

(Arinami et al., 1994, Spurlock et al.,
1998, Hori et al., 2001, Jonsson et al.,
2003b, Dubertret et al., 2004)
(Spurlock et al., 1998, Schwartz et
al., 2000, Jonsson et al., 2003a)
(Straub et al., 2002, Morris et al.,
2003, Funke et al., 2004, Hall et al.,
2004)
(Silberberg et al., 2006)

21

GRM3

glutamate receptor, metabotropic 3

HTR2A

5- hydroxytryptamine receptor 2A

7q21.1q21.2
13q14-q21

NRG1

neuregulin 1

8p12

RELN

Reelin

7q22

RGS4

regulator of G-protein signaling 4

1q23.3

TAAR6

trace amine associated receptor 6

6q23.2

a

heart, the central nervous system and the mammary
gland, gene transcription, cell proliferation,
differentiation, migration and apoptosis
Receptor for glutamate. G-coupled receptor with
activity inhibited by adenylate cyclase activity
Receptor for 5HT. G-coupled receptor with activity
mediated by the phospholipase C signalling cascade

A membrane glycoprotein that that mediates cellcell signalling and plays a critical role in the growth
and development of multiple organ systems
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
Regulatory molecules that act as GTPase activating
proteins. Drive G proteins into their inactive GDPbound forms
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

(Fujii et al., 2003, Egan et al., 2004,
Chen et al., 2005)
(Williams et al., 1996, Williams et
al., 1997, Polesskaya and Sokolov,
2002, Abdolmaleky et al., 2004, Pae
et al., 2005)
(Stefansson et al., 2002, Stefansson
et al., 2003, Hall et al., 2004, Fukui
et al., 2006)
(Impagnatiello et al., 1998, Wedenoja
et al., 2008)

(Mirnics et al., 2001, Chowdari et al.,
2002)
(Yoshimoto et al., 1987, Pae et al.,
2008)

Functions of genes taken from 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

PLAA
ACSM1
ANK3
CCDC60
RBP1
CSF2RA

Phospholipase A2-activating protein
Acyl-CoA synthetase medium-chain family member 1
Ankyrin 3, node of Ranvier (ankyrin G)
Coiled-coil domain containing 60
Retinol binding protein 1
Colony stimulating factor 2 receptor, alpha, lowaffinity
Plexin A2
Zinc finger protein 804A
MHC region
Myosin XVIIIB
MHC region
ArfGAP with GTPase domain, ankyrin repeat and
PH domain 1
Erb-b2 receptor tyrosine kinase 4
Reelin
MHC region / histone cluster 1, H2bj

9p21
16p12.3
10q21
12q24.23
3q23
Xp22.32 &
Yp11.3
1q32.2
2q32.1
6p22
22q12.1
6p22.1
2q37.2

MHC region / protease, serine, 16
MHC region / protease, serine, 16
MHC region / piggyBac transposable element
derived 1
MHC region / notch 4
Neurogranin (protein kinase C substrate, RC3)
Transcription factor 4

PLXNA2
ZNF804A
MHC region
MYO18B
MHC region
AGAP1 a
ERBB4 b
RELN c
MHC region
/HIST1H2BJ
MHC region /PRSS16
MHC region /PRSS16
MHC region /PGBD1
MHC region /NOTCH4
NRGN
TCF4

Reference

rs7045881
rs433598
rs10761482
rs11064768
rs893703
rs4129148

Reported
significance
p = 2.12 x 10-6
p = 3.27 x 10-6
p = 7.68 x 10-6
p = 1.2 x 10-6
p = 0.00016
p = 3.7 x 10-7

rs752016
rs1344706
rs13194053
rs5761163
rs13194053
rs13025591

p = 0.006
p = 1.61 x 10-7
p = 9.54 x 10-9
p = 3.4 x 10-7
p = 9.54 x 10-9
p = 4.59 x 10-7

(Mah et al., 2006)
(O'Donovan et al., 2008)
(Purcell et al., 2009)

2q34
7q22
6p22

rs1851196
rs7341475
rs6913660

p = 2.14 x 10-6
p = 2.9 x 10-5
p = 1.1 x 10-9

6p22
6p22
6p22

rs13219354
rs6932590
rs13211507

p = 1.3 x 10-10
p = 1.4 x 10-12
p = 8.3 x 10-11

6p22
6p22
6p22

rs3131296
rs12807809
rs9960767

p = 2.3 x 10-10
p = 2.4 x 10-9
p = 4.1 x 10-9

(Athanasiu et al., 2010)

(Kirov et al., 2009b)
(Lencz et al., 2007)

(Shi et al., 2009a)

(Shifman et al., 2008)
(Stefansson et al., 2009)

23

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 femalespecific 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

24

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 crossreact 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 welldocumented 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 RodgersJohnson, 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 sideeffects of cannabis, including hallucinations and paranoia that were reported to occur in 1550% 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
Hallucinations
Disorganised
speech/thinking
Disorganised behaviour
Catatonic behaviour
Negative symptoms
Affective flattening
Alogia
Avolition
Cognitive deficits
Poor executive functioning
Poor attention
Problems with working
memory

Firmly held mistaken beliefs due to distortions of reasoning
Exaggerations of perceptions of any of the senses
Incoherent speech severe enough to impair communication is an indicator of
thought disorder
Social disinhibition, unpredictable agitation
A marked decrease in reaction to immediate surrounding environment
Reduction of range and intensity of emotional expression
Lessening of speech fluency and productivity
Reduction of goal directed behaviour
Ability to understand information and use it to make decisions
Trouble focusing
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
A- characteristic symptoms:
 Delusions
 Hallucinations
 Disorganised speech
 Disorganised behaviour/ speech
 Negative symptoms (Affective flattening,
avolition)

Duration
Two or more of ‘A’ present. Individual
must have at least one of the following:
delusions, hallucinations or
disorganised speech
alogia

or

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
2
3

Table information from Tandon et al., 2009
Table information from American Psychiatric Association (2000)
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 Gprotein 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-telemethylhistamine 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).
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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.
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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
Action
at
Receptor function
name
receptor
Member of the D2 like receptor family. Coupled to a G-protein which Antagonist
D2
can directly inhibit adenylate cyclase
5-HT receptor subtype. G-protein coupled receptor that activates Antagonist
5-HT2A
phosphatidylinositol signalling
Member of the D1 like receptor family. Coupled to a G-protein which Antagonist
can activate adenylate cyclase, and increase the intracellular
D1A
concentration of cAMP
D3
D4
5-HT1A
5HT1B

5-HT1D

Member of the D2 like receptor family. Coupled to a G-protein which Antagonist
can directly inhibit adenylate cyclase
Member of the D2 like receptor family. Coupled to a G-protein which Antagonist
can directly inhibit adenylate cyclase
5-HT receptor subtypes. G-protein coupled receptors that inhibits Partial agonist
adenylate cyclase signalling
Antagonist

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

5-HT1E
5-HT2C

5-HT receptor subtype. G-protein coupled receptor that activate Antagonist –
Inverse agonist
phosphatidylinositol signalling

5-HT3

5-HT receptor subtype. A ligand gated ion channel

5-HT6
5-HT7
H1
H4
α1A
α1B

5-HT receptor subtype. Activity of receptor mediated by G-proteins Antagonist –
Inverse agonist
that stimulate adenylate cyclase
5-HT receptor subtype. Activity of receptor mediated by G-proteins Antagonist
that stimulate adenylate cyclase
Histamine receptor subtype, G-protein coupled receptor, activates Antagonist
phosphatidylinositol signalling
Histamine receptor subtype, G-protein coupled receptor, inhibits Antagonist
adenylate cyclase
Antagonist
Alpha-adrenoceptor subtype, G-protein coupled receptor coupled,
activates phosphatidylinositol signalling
Antagonist
Antagonist

α2A
α2B

Antagonist

Alpha-adrenoceptor subtype, G-protein coupled receptor that inhibits
adenylate cyclase signalling

α2C
M1

Weak agonist

M3

Muscarinic acetylcholine receptor subtype, G-protein coupled Weak agonist
receptor that activates adenylate cyclase
Antagonist

M5
M2
M4
1

Antagonist
Muscarinic acetylcholine receptor subtype, G-protein coupled
Antagonist
receptor that inhibits adenylate cyclase
Table information taken from http://www.drugbank.ca/drugs/DB00363
Drugbank, accessed 22/08/14 (Law et al., 2014)
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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 multireceptor 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), treatmentresistant 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
Waist circumference ≥ 94 cm for men and ≥ 80 cm for women
population
Central obesity – South
Waist circumference ≥ 90 cm for men and ≥ 80 cm for women
Asian, Chinese and Japanese
population
Plus any two of the following four factors:
≥150 mg/dL (1.7 mmol/L) or specific treatment for this lipid
Raised triglyceride level
abnormality
≤40 mg/dL (1.03 mmol/L) in males and ≤50 mg/dL (1.29
Reduced HDL cholesterol
mmol/L) in females or specific treatment for this lipid
abnormality
Systolic BP ≥130 or diastolic BP ≥85 mm Hg or treatment of
Raised blood pressure
previously diagnosed hypertension
≥100 mg/dL (5.6 mmol/L) or previously diagnosed type 2
Raised fasting plasma
diabetes
glucose

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
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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 antipsychoticrelated 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
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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 IL6 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 selfperpetuating 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 βcells 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
D2

Action
receptor
Member of the D2 like receptor family. Coupled to a G-protein Antagonist
which can directly inhibit adenylate cyclase
Member of the D like receptor family. Coupled to a G-protein Antagonist
Normal function of receptor

at

1

D1A

which can activate adenylate cyclase, and increase the
intracellular concentration of cAMP

NMDA
receptor
subunit
epsilon 2
5-HT2A
D3
1

NDMA receptor subtype of glutamate gated ion channels with
high calcium permeability and voltage dependent sensitivity to
magnesium

Antagonist

5-HT receptor subtype. G-protein coupled receptor that Antagonist
activates phosphatidylinositol signalling
–
Member of the D2 like receptor family. Coupled to a G-protein Antagonist
Inverse agonist
which can directly inhibit adenylate cyclase

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
5-HT2A
D2
D1
D5
D3
D4
5-HT1A
5-HT1B
5-HT1D
5-HT1E
5-HT2C
5-HT3
5-HT6
5-HT7
H1
α1A
α1B
α2A
α2B

Olanzapine Risperidone
Normal function of receptor
5-HT receptor subtype. G-protein coupled receptor Antagonist Antagonist
that activates phosphatidylinositol signalling
Member of the D2 like receptor family. Coupled to a Antagonist Antagonist
G-protein which can directly inhibit adenylate cyclase
Antagonist Antagonist
Members of the D1 like receptor family. Coupled to a
G-protein which can activate adenylate cyclase, and
Antagonist No
action
increase the intracellular concentration of cAMP
reported
Member of the D2 like receptor family. Coupled to a Antagonist Antagonist
G-protein which can directly inhibit adenylate cyclase
Member of the D2 like receptor family. Coupled to a Antagonist Antagonist
G-protein which can directly inhibit adenylate cyclase
Antagonist Antagonist
Antagonist
5-HT receptor subtypes. G-protein coupled receptors
that inhibits adenylate cyclase signalling
Antagonist
Antagonist

No
action
reported
Antagonist Antagonist –
5-HT receptor subtype. G-protein coupled receptor
– Inverse Inverse
that activates phosphatidylinositol signalling
agonist
agonist
Antagonist No
action
5-HT receptor subtype. A ligand gated ion channel
reported
Antagonist No
action
5-HT receptor subtype. Activity of receptor mediated
– Inverse reported
by G-proteins that stimulate adenylate cyclase
agonist
action
5-HT receptor subtype. Activity of receptor mediated Antagonist No
reported
by G-proteins that stimulate adenylate cyclase
Histamine receptor subtype, G-protein coupled Antagonist Antagonist
receptor, activates phosphatidylinositol signalling
Alpha-adrenoceptor subtype, G-protein coupled Antagonist Antagonist
receptor coupled, activates phosphatidylinositol Antagonist Antagonist
signalling
Antagonist Antagonist
Alpha-adrenoceptor subtype, G-protein coupled
receptor that inhibits adenylate cyclase signalling

α2C

M5
M2
M4
1
2

Antagonist

Antagonist
Antagonist

M1
M3

No
action
reported
Antagonist

Muscarinic acetylcholine receptor subtype, G-protein Antagonist
coupled receptor that activates adenylate cyclase
Antagonist
Antagonist
Muscarinic acetylcholine receptor subtype, G-protein
coupled receptor that inhibits adenylate cyclase
Antagonist

Antagonist –
Inverse
agonist
Agonist
No
action
reported
No
action
reported
No
action
reported
No
action
reported
No action
reported

Table information taken from http://www.drugbank.ca/drugs/DB00334
Table information taken from http://www.drugbank.ca/drugs/DB00734
Drugbank, accessed 22/08/14 (Law et al., 2014)
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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 nonsmokers 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
Type 2 diabetes
Hypertension
Myocardial infarction
Colon cancer
Angina
Gall bladder disease
Ovarian cancer
Osteoarthritis
Stroke

Relative risk
in woman
12.7
4.2
3.2
2.7
1.8
1.8
1.7
1.4
1.3

Relative risk
in men
5.2
2.6
1.5
3.0
1.8
1.8
1.9
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
Endocrine

6

Type 2 diabetes

47

Neoplastic
Colon cancer

29

Ovarian cancer

13

Prostate cancer

3

Endometrial cancer
Musculo-skeletal

14

Osteoarthritis

12

Gout
Gastro-intestinal
Gallstones

47
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 obesityrelated 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 obesityrelated genes. This study was designed to test whether changes in the expression of obesityrelated 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 populationbased 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 12 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 Lglutamate (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
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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).

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.

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.

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 Cells in each flask containing 60 µl of working
into the concentration of 1
solution in 6 ml RPMI medium. At 48 h time
µg/ml with RPMI.
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
Dilute 100 µg/ml clozapine Cells in each flask containing 30 µl of working
0.5µg/ml
into the concentration of
solution in 6 ml RPMI medium. At 48 h time
0.5 µg/ml with RPMI.
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
Dilute 100 µg/ml clozapine Cells in each flask containing 15 µl of working
0.25µg/ml
into the concentration of
solution in 6 ml RPMI medium. At 48 h time
0.25µg/ml with RPMI.
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
Dilute 100 µg/ml clozapine Cells in each flask containing 7.5 µl of working
0.125µg/ml
into the concentration of
solution in 6 ml RPMI medium. At 48 h time
0.125 µg/ml with RPMI.
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 Dissolve 100 mg
stock
haloperidol powder in 10
solution
ml DMSO and aliquot in
10 mg/ml.
Working
Take 10 µl of stock
solution 1
solution and add 990 µl of
RPMI medium to obtain
working solution 1 of 100
µg/ml.
Working
Take 100 µl of working
solution 2
solution 1 and add 900 µl
of RPMI medium to
obtain a working solution
2 of 10 µg/ml.
Haloperidol
Dilute 10 µg/ml
Cells in each flask containing 30 µl of working solution
50ng/ml
haloperidol into the
2 in 6 ml RPMI medium. At 48 hour time point, 60 µl of
concentration of 50 ng/mg working solution 2 in 12 ml of RPMI medium was
in RPMI.
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
Dilute 10 µg/ml
Cells in each flask containing 9 µl of working solution 2
15ng/ml
haloperidol into the
in 6-ml RPMI medium. At 48 h time point, 18 µl of
concentration of 15 ng/mg working solution 2 in 12 ml of RPMI medium was
in RPMI.
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 Dissolve 10 mg
stock solution olanzapine powder in 5ml
DMSO and aliquot in 2
mg/ml.
Working
Take 20 µl of stock
solution 1
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.

Olanzapine
40 ng/ml

Dilute 10 µg/ml
olanzapine into the
concentration of 40 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).
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

Working
solution 1

Working
solution 2

Risperidone
50ng/ml

Risperidone
15ng/ml

Dissolve 10 mg
risperidone powder in 10
ml DMSO and aliquot in
1 mg/ml.
Take 100 µl of stock
solution and add 900 µl
DMSO to obtain a
working solution 100
µg/ml.
Take 100 µl of
risperidone working
solution 1 and add 900 µl
of RPMI medium to
obtain a working solution
of 10 µg/ml.
Dilute 10 µg/ml
risperidone into the
concentration of 50 ng/ml
in RPMI.

Dilute 10 µg/ml
risperidone into the
concentration of 15 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).
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
Treatment of cells with drug
concentration
Stock
Dissolve 25 mg clozapine powder
solution of in 5ml DMSO and aliquot in
clozapine
5mg/ml
Stock
Dissolve 25 mg 5-HT in 7 ml
solution of DMSO and aliquot in 3.3mg/ml
5-HT
Working
Take 100 µl of clozapine stock
Clozapine 0.25 Cells in each well containing
solutions
solution (5mg/ml) and add 100µl
µg/ml
5µl of working solution 2 in
of 0.8
DMSO to create working solution
2ml RPMI medium. At 48 hour
µmol
1 of 2.5mg/ml. Take 40 µl of
time point, 15 µl of working
clozapine,
working solution 1and add to 960
solution 2 in 6 ml RPMI
0.8 µmol
µl of RPMI medium to make
medium was added to each
5-HT and
working solution 2 (clozapine 100
sample.
DMSO
µg/ml).
(vehicle
Take 100 µl of clozapine stock
Clozapine 0.25 Cells in each well containing 5
control)
solution (5 mg/ml) and mix with
µg/ml with 5µl of working solution 2 in 2ml
100 µl of 5-HT stock solution (3.3 HT 0.165
RPMI medium. At 48 h time
mg/ml) to get working solution 1
µg/ml
point, 15 µl of working
of 2.5 mg/ml clozapine and 1.65
solution 2 in 6 ml RPMI
mg/ml 5-HT. Take 40 µl of
medium was added to each
working solution 1 and add 960 µl
sample.
of RPMI medium to obtain
working solution 2 (clozapine 100
µg/ml and 5-HT 66 µg/ml).
Take 40 µl DMSO and add 960µl DMSO vehicle Cells in each well containing 5
RPMI medium to create working
µl of working solution in 2ml
solution of vehicle.
RPMI medium. At 48 h time
point, 15 µl of working
solution 1 in 6 ml RPMI
medium was added to each
sample.
Working
Take 100 µl of clozapine stock (5 Clozapine 0.25 Cells in each well containing
solutions
mg/ml) and add 200 µl of DMSO µg/ml
5µl of working solution 2 in
of 0.25
to create working solution 1(1.67
2ml RPMI medium. At 48 h
µg/ml
mg/ml). Take 60 µl of working
time point, 15 µl of working
clozapine,
solution 1 and add 940 µl of
solution 2 in 6 ml RPMI
0.165
RPMI medium to produce
medium was added to each
µg/ml or
working solution 2 (100 µg/ml).
sample.
0.33 µg/ml Take 100 µl of 5-HT stock
5-HT 0.165
Cells in each well containing 5
5-HT
(3.3mg/ml) and add 200µl of
µg/ml
µl of working solution 2 in 2
DMSO to create working solution
ml RPMI medium. At 48 h
1 (1.1mg/ml). Take 60µl of
time point, 15 µl of working
working solution 1 and add to
solution 2 in 6 ml RPMI
940µl of RPMI medium to
medium was added to each
produce working solution 2 (66
well.
µg/ml)
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Working
solutions
of 0.165
µg/ml and
0.33µg/ml
5-HT and
DMSO

Working
solutions
of
82.5ng/ml
and
55ng/ml 5HT and
DMSO

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).
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).
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 0.33
µg/ml

Take 40 µl of DMSO and add to
960 µl of RPMI medium to
produce working solution 1.

DMSO vehicle

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).
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).
Take 20µl of DMSO and add
980µl of RPMI medium to
produce working solution 1.

5-HT
82.5ng/ml

5-HT 0.165
µg/ml

5-HT
0.330µg/ml

5-HT 55ng/ml

DMSO vehicle

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.
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.
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.
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.
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.
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.
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 obesityrelated 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 vehicletreated 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 PrimerBLAST (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.
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Table 2.11 – Information of gene expression primers
Gene Name
GNPDA2

Forward primer (5’-3’)
TGGCTCTAACTGTTGGTGTGGGG

Reverse primer (5’-3’)
TGCTGGAAAGCGGAAACAGTCCA

KCTD15 ISO 1
KCTD15 ISO 2

CCGCTCAATGGCTACTGCCGG
CCCACGCACGTCATCCGCTT

CAGGACGCAGCCACGCTGAA
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 obesityrelated 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
expression
Component
Volume for Volume for –
HKG
0.4µM primer
SYBR green PCR Master Mix
7.5 µl
7.5 µl
DEPC treated distilled water
5.0 µl
6.2 µl
Mixed primers
1.5 µl
0.3 µl
cDNA
1.0 µl
1.0 µl
Total volume per reaction

15 µl

15 µl

green-based gene
Volume
for
0.6µM primer
7.5 µl
6.05 µl
0.45 µl
1.0 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 vehicletreated), 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 antipsychotictreated sample (labelled T) and the vehicle-treated sample (labelled C).

GOI 1

GOI 2

GOI 3

GOI 4

HKG 1

HKG 2

GOI 1

GOI 2

GOI 3

GOI 4

HKG 1

HKG 2

Table 2.13 – 96-well plate layout for analysis of gene expression in antipsychotic treated
and vehicle-treated samples

T1
T2
T3
T4
T5
T6
T7
T8

T1
T2
T3
T4
T5
T6
T7
T8

T1
T2
T3
T4
T5
T6
T7
T8

T1
T2
T3
T4
T5
T6
T7
T8

T1
T2
T3
T4
T5
T6
T7
T8

T1
T2
T3
T4
T5
T6
T7
T8

C1
C2
C3
C4
C5
C6
C7
C8

C1
C2
C3
C4
C5
C6
C7
C8

C1
C2
C3
C4
C5
C6
C7
C8

C1
C2
C3
C4
C5
C6
C7
C8

C1
C2
C3
C4
C5
C6
C7
C8

C1
C2
C3
C4
C5
C6
C7
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).

GOI 1

GOI 2

HKG 1

HKG 2

GOI 1

GOI 2

HKG 1

HKG 2

GOI 1

GOI 2

HKG 1

HKG 2

Table 2.14 – 96 well plate layout for analysis of gene expression in antipsychotic treated, 5HT-treated and vehicle-treated samples

FT1
FT2
FT3
FT4
FT5
FT6
FT7
FT8

FT1
FT2
FT3
FT4
FT5
FT6
FT7
FT8

FT1
FT2
FT3
FT4
FT5
FT6
FT7
FT8

FT1
FT2
FT3
FT4
FT5
FT6
FT7
FT8

ST1
ST2
ST3
ST4
ST5
ST6
ST7
ST8

ST1
ST2
ST3
ST4
ST5
ST6
ST7
ST8

ST1
ST2
ST3
ST4
ST5
ST6
ST7
ST8

ST1
ST2
ST3
ST4
ST5
ST6
ST7
ST8

C1
C2
C3
C4
C5
C6
C7
C8

C1
C2
C3
C4
C5
C6
C7
C8

C1
C2
C3
C4
C5
C6
C7
C8

C1
C2
C3
C4
C5
C6
C7
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
HKG
ΔCt(NEGR1 ΔΔCt
(ΔCt Fold change in NEGR1
NEGR1 B2M
Ct – B2M treatment – treatment sample relative
Average Average Ct)
ΔCt control)
to control (2- ΔΔCt)
Ct
Ct
Vehicle (control)
Clozapine
(treatment)

30.49
27.03

23.63
22.66

6.86
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 96well 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
Protocol
concentration

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

Forskolin
10µM

Add 250µl of 5B into 100ml
RPMI (10µM). Add 10ml to
each well

DMSO
vehicle
control

Add 500µl of 6A into 200ml
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)
Take 333 µl DMSO and add 666 µl RPMI
medium to create working solution of
vehicle.
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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 HRPlinked 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
Add 100µl of 1C to each well
50µl of 1A and add to 950µl
Clozapine
already containing 100µl
DMSO (Solution 1B - 125µg/ml).
0.25µg/ml
stimulation buffer (0.25µg/ml)
Add 8µl of 1B into 1992µl
stimulation buffer (Solution 1C 0.5µg/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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Chapter 3 – The detection of genetic
association between schizophrenia and
obesity

91

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
rs29941
rs17782313
rs10838738
rs3101336
rs2815752
rs2568958
rs4854344

GNPDA2
KCTD15
MC4R
MTCH2
NEGR1
NEGR1
NEGR1
TMEM18

3.4x10-16
7.3x10-12
1.1x10-20
1.9x10-11
2.5x10-11
1.0x10-12
1.2x10-11
6.8x10-17

1.12
1.10
1.15
1.03
No information
1.05
1.07
No information

a
b
c
d

c
d
c
c
d
c
d
d

The genes closest to the SNPs selected for genotyping
P-values reported by GWA studies of obesity
Significance reported by Willer et al (2009)
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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rs10938397
rs29941
rs17782313
rs10838738
rs3101336
rs2815752
rs2568958
rs4854344
a
b

45182527
34309532
57851097
47663049
72751185
72812440
72765116
638144

4p
19q
18q
11p
1p
1p
1p
2p

GNPDA2
KCTD15
MC4R
MTCH2
NEGR1
NEGR1
NEGR1
TMEM18

Intergenic
Intergenic
Intergenic
Intronic
Intergenic
Intergenic
Intergenic
Intergenic

A
G
T
A
C
A
A
T

G
A
C
G
T
G
G
G

MAF b

Major

Minor

Alleles

Location

Nearby gene

Chromosome

Chromosomal
position (bp) a

SNPs

Table 3.2 - Genomic information of eight SNPs genotyped

G=0.4494
A=0.2528
C=0.2247
G=0.3820
T=0.4101
G=0.4101
G=0.4101
G=0.1685

Chromosomal position of SNPs from the build 37.3 database
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 casecontrol 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
rs10938397
rs29941
rs17782313
rs10838738
rs3101336
rs2815752
rs2568958
rs4854344
a
b

a

Accession ID
C_1594245_10
C_2843134_10
C_32667060_10
C_432493_10
C_26252484_10
C_26668839_10
C_1682788_10
C_27895226_20

Alleles
Major
Minor
A
G
G
A
T
C
A
G
C
T
A
G
A
G
T
G

Reference dye used for
major allele b
VIC
FAM
FAM
VIC
VIC
FAM
VIC
FAM

Applied Biosystems accession ID number
Reference dye determined from http://bioinfo.invitrogen.com/genomedatabase/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 casecontrol 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 metaanalysis 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 HardyWeinberg 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
rs10938397

rs29941

rs17782313

rs10838738

rs3101336

rs2815752

rs2568958

rs4854344

Sample

Allele

Case

Control

χ2

OR

95% CI

P

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

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
FAM

G/A
T/C

215/423
83/349

232/504
105/331

0.738
3.033

1.104
0.750

0.9837-1.2389
0.6356-0.8850

0.390
0.082

Ca-Co

T/C

53/163

80/222

0.252

0.902

0.8063-1.1074

0.616

Comb
FAM

T/C
A/G

136/512
151/281

185/553
151/284

3.228
0.006

0. 794
1.011

0.6982-0.9028
0.8767-1.1658

0.072
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

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

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

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
FAM

A/G
T/G

265/351
74/352

286/444
79/351

2.039
0.146

1.172
0.934

1.0486-1.3098
0.7812-1.1166

0.153
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
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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.
Figure 3.1 – Linkage disequilibrium between 3 SNPs in the NEGR1 locus

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.
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Table 3.5 – Sample power calculation
SNPs

Current power a

Sample size for 80% power b

rs10938397
rs29941
rs17782313
rs10838738
rs3101336
rs2815752
rs2568958
rs4854344

8%
14%
44%
5%
22%
22%
29%
14%

17,250
7,000
1,600
>1 million
3,600
3,600
2,600
6,700

a
b

Calculated with SPSS sample power 2.0 using combined frequency data from Table 3.4.
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 pvalue 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 firstepisode 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 druginduced 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
rs1501299
rs6265, rs1519480,
rs11030101 & rs12291186
rs2440390 &
rs1079598
rs9939609
rs27647
rs346074/ rs346070
rs3813929 & rs518147
rs7799039, rs10954173 &
rs3828942
rs489693, rs17782313 &
rs8087522
rs16147, rs5573 & rs5574

Associated gene
Adiponectin, C1Q and collagen
domain containing (ADIPOQ)
Brain-derived neurotrophic
factor (BDNF)
Dopamine receptor D2 (DRD2)
Fat mass and obesity associated
gene (FTO)
Ghrelin/obestatin prepropeptide
(GHRL)
Histamine receptor H1 (HRH1)
5-hydroxytryptamine receptor
2C (HTR2C)
Leptin (LEP)

Reference
(Wu et al., 2011)
(Zai et al., 2012)
(Houston et al., 2012, Muller et
al., 2012)
(Perez-Iglesias et al., 2010,
Reynolds et al., 2013)
(Yang et al., 2012)
(Vehof et al., 2011)
(Wu et al., 2011)
(Gregoor et al., 2009, Wu et al.,
2011, Brandl et al., 2012)

Melanocortin 4 receptor
(MC4R)

(Malhotra et al., 2012, Chowdhury
et al., 2013, Czerwensky et al.,
2013)

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.

107

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 metaanalysis 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.

111

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
GNPDA2
KCTD15
LPL
MC4R
MTCH2
NEGR1
PPARG
TMEM18

Full name of gene
Glucosamine-6-phosphate deaminase 2
Potassium channel tetramerisation domain containing 15
Lipoprotein lipase
Melanocortin 4 receptor
Mitochondrial carrier 2
Neuronal growth regulator 1
Peroxisome proliferator-activated receptor gamma
Transmembrane protein 18

Location
4p12
19q13.11
8p22
18q22
11p11.2
1p31.1
3p25
2p25.3

Isoform(s)
3
2
1
1
1
1
2
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

GNPDA2

All

142bp

exon 5 & 6

KCTD15-1
KCTD15-2
LPL
MC4R
MTCH2
NEGR1
PPARG-1

All
1
2

83bp
118bp
148bp
117bp
140bp
157bp
81bp

exon 6 & 7
exon 1 & 2
exon 1
exon 1, 2 & 3
exon 1 & 2
exon 1 & 2

PPARG-2
TMEM18

All
-

132bp
111bp

exon 1 & 2

NCBI Accession No.
NM_138335.2,
NM_002170881.1 &
NM_001270880.1
NM_024076, NM_001129994 &
NM_001129995
NM_024076
NM_000237
NM_005912
NM_014342
NM_173808
NM_015869
NM_138711, NM_015869,
NM_137712 & NM_005037
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 HKGnormalized 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 HKGnormalised 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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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.

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 obesityrelated 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
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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 obesityrelated 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 3.394.00, 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 vehicletreated 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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

8.55 ± 0.45 (8)
9.20 ± 0.40 (8)
10.79 ± 0.66 (8)
11.43 ± 0.57 (8)
17.05 ± 1.08 (8)
17.69 ± 1.10 (8)
8.22 ± 0.21 (8)
8.49 ± 0.20 (8)
7.91 ± 0.15 (8)
8.03 ± 0.19 (8)
16.55 ± 0.14 (8)
16.65 ± 0.15 (8)
8.02 ± 0.09 (8)
8.17 ± 0.07 (8)
9.02 ± 0.58 (8)
10.43 ± 0.22 (8)
11.74 ± 0.41 (8)
11.88 ± 0.38 (8)
7.75 ± 0.09 (8)
7.89 ± 0.11 (8)

10.31 ± 0.29 (8)
11.20 ± 0.33 (8)
12.75 ± 0.34 (8)
13.53 ± 0.37 (8)
19.02 ± 0.47 (8)
19.80 ± 0.52 (8)
8.37 ± 0.14 (8)
8.86 ± 0.14 (8)
8.08 ± 0.24 (8)
8.26 ± 0.14 (8)
17.31 ± 0.12 (8)
17.49 ± 0.11 (8)
8.12 ± 0.12 (8)
8.30 ± 0.05 (8)
9.72 ± 0.61 (8)
10.74 ± 0.21 (8)
12.10 ± 0.48 (8)
12.58 ± 0.43 (8)
7.49 ± 0.15 (8)
7.97 ± 0.10 (8)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2
a
b
c
d
e
f
g

95% CI c
Lower
Upper
-2.91
-0.61
-3.02
-0.79
-3.56
-0.37
-3.57
-0.65
-4.60
0.66
-4.81
0.59
-0.68
0.38
-0.89
0.16
-0.77
0.43
-0.75
0.27
-1.17
-0.36
-1.24
-0.44
-0.43
0.24
-0.31
0.06
-2.50
1.10
-0.96
0.35
-1.71
1.00
-1.93
0.53
-0.11
0.63
-0.40
0.24

Fold change d

P-value

Combined P-value e

3.39
4.00
3.89
4.29
3.92
4.32
1.11
1.29
1.13
1.18
1.70
1.79
1.07
1.09
1.62
1.24
1.28
1.63
0.83
1.06

0.006
0.003
0.019
0.008
0.125 f
0.112 g
0.558
0.159
0.549
0.335
0.001
<0.001
0.234
0.105
0.420
0.330
0.580
0.241
0.153
0.595

0.0002
0.001
0.074
0.308
0.496
0.00001
0.116
0.412
0.415
0.613

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval (CI) of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
Levene’s Test for equality of variances, equal variances not assumed, df= 9.545
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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

9.10 ± 0.10 (8)
9.95 ± 0.13 (8)
12.81 ± 0.16 (8)
13.66 ± 0.21 (8)
15.70 ± 0.25 (8)
16.81 ± 0.23 (8)
4.93 ± 0.12 (8)
6.04 ± 0.06 (8)
6.86 ± 0.12 (8)
7.75 ± 0.09 (8)
14.14 ± 0.20 (8)
15.12 ± 0.12 (8)
7.70 ± 0.03 (8)
8.81 ± 0.08 (8)
8.77 ± 0.10 (8)
9.77 ± 0.08 (8)
11.02 ± 0.13 (8)
12.02 ± 0.11 (8)
6.30 ± 0.08 (8)
7.30 ± 0.08 (8)

9.19 ± 0.06 (8)
10.08 ± 0.08 (8)
12.81 ± 0.15 (8)
13.67 ± 0.09 (8)
15.25 ± 0.37 (8)
16.27 ± 0.37 (8)
5.04 ± 0.11 (8)
6.05 ± 0.08 (8)
6.92 ± 0.09 (8)
7.81 ± 0.09 (8)
14.22 ± 0.22 (8)
15.08 ± 0.19 (8)
7.81 ± 0.03 (8)
8.83 ± 0.06 (8)
9.10 ± 0.06 (8)
9.78 ± 0.08 (8)
11.07 ± 0.11 (8)
11.75 ± 0.12 (8)
6.52 ± 0.07 (8)
7.20 ± 0.08 (8)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

a
b
c
d
e
f
g

95% CI c
Lower
Upper
-0.34
0.15
-0.45
0.19
-0.47
0.46
-0.53
0.50
-0.52
1.41
-0.39
1.47
-0.47
0.23
-0.24
0.20
-0.39
0.26
-0.33
0.21
-0.72
0.55
-0.45
0.53
-0.21
-0.02
-0.23
0.19
-0.58
-0.08
-0.24
0.23
-0.43
0.32
-0.07
0.61
-0.45
0.01
-0.15
0.34

Fold change d
1.06
1.09
1.00
1.01
0.73
0.69
1.08
1.01
1.04
1.04
1.06
0.97
1.08
1.01
1.26
1.01
1.04
0.83
1.16
0.93

P-value
0.505
0.442
1.000
0.328 f
0.342
0.232
0.491
0.873
0.682
0.636
0.798
0.721 g
0.019
0.851
0.014
0.963
0.762
0.115
0.038
0.442

Combined P-value e
0.558
0.694
0.280
0.792
0.796
0.995
0.083
0.072
0.436
0.297

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
Levene’s Test for equality of variances, equal variances not assumed, df= 9.496
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.
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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 vehicletreated 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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

9.21 ± 0.08 (8)
9.40 ± 0.03 (8)
10.75 ± 0.25 (8)
10.93 ± 0.20 (8)
16.65 ± 0.11 (8)
16.83 ± 0.07 (8)

9.33 ± 0.09 (8)
9.48 ± 0.09 (8)
10.67 ± 0.37 (8)
10.81 ± 0.37 (8)
16.80 ± 0.14 (8)
16.94 ± 0.14 (8)

LPL
PPARG-1

a
b
c
d
e
f

95% CI c
Lower
Upper
-0.36
0.13
-0.29
0.13
-0.90
1.05
-0.82
1.04
-0.52
0.23
-0.44
0.21

Fold change d

P-value

Combined P-value e

1.08
1.06
0.95
0.93
1.11
1.08

0.324
0.397 f
0.798
0.645
0.417
0.472

0.392
0.856
0.517

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
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 (0.280.31) 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 vehicletreated 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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

10.24 ± 0.09 (6)
10.30 ± 0.11 (6)
9.55 ± 0.24 (6)
9.44 ± 0.24 (6)
13.49 ± 0.45 (6)
13.37 ± 0.45 (6)
7.32 ± 0.14 (6)
7.21 ± 0.12 (6)
8.43 ± 0.08 (6)
8.21 ± 0.12 (6)
15.89 ± 0.09 (6)
15.68 ± 0.07 (6)
8.11 ± 0.06 (6)
7.90 ± 0.08 (6)
11.75 ± 0.05 (6)
10.53 ± 0.07 (6)
11.65 ± 0.30 (6)
10.44 ± 0.33 (6)
10.12 ± 0.07 (6)
8.91 ± 0.07 (6)

10.42 ± 0.14 (7)
10.65 ± 0.22 (7)
8.55 ± 0.26 (7)
8.57 ± 0.22 (7)
11.63 ± 0.31 (7)
11.66 ± 0.32 (7)
7.89 ± 0.23 (7)
7.91 ± 0.28 (7)
8.06 ± 0.09 (7)
8.24 ± 0.10 (7)
15.53 ± 0.18 (7)
15.71 ± 0.10 (7)
7.66 ± 0.11 (7)
7.84 ± 0.05 (7)
11.24 ± 0.23 (7)
10.54 ± 0.09 (7)
10.33 ± 0.40 (7)
9.63 ± 0.30 (7)
10.13 ± 0.31 (7)
9.44 ± 0.13 (7)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

a
b
c
d
e
f

95% CI c
Lower
Upper
-0.56
0.21
-0.90
0.20
0.22
1.79
0.15
1.59
0.69
3.02
0.52
2.91
-1.18
0.05
-1.43
0.25
0.09
0.64
-0.36
0.32
-0.11
0.83
-0.31
0.26
0.16
0.74
-0.14
0.26
-0.05
1.07
-0.28
0.26
0.21
2.44
-0.17
1.79
-0.78
0.76
-0.87
-0.18

Fold change d

P-value

1.13
1.27
0.50
0.55
0.28
0.31
1.48
1.63
0.78
1.02
0.78
1.02
0.77
0.96
0.70
1.01
0.40
0.57
1.01
1.44

0.340
0.181 f
0.017
0.023
0.005
0.009
0.035
0.051
0.013
0.891
0.120
0.837
0.006
0.508
0.072
0.942
0.024
0.097
0.138
0.008

Combined P-value e

0.233
0.003
0.0005
0.013
0.076
0.422
0.021
0.273
0.016
0.009

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
Levene’s Test for equality of variances, equal variances not assumed, df= 8.626
Underlined p-values calculated using Mann-Whitney U Test

127

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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

10.98 ± 0.11 (8)
11.89 ± 0.22 (8)
9.18 ± 1.18 (8)
9.94 ± 1.24 (8)
19.13 ± 0.57 (8)
20.12 ± 0.53 (8)
6.52 ± 0.80 (8)
7.29 ± 0.92 (8)
7.65 ± 0.22 (8)
8.49 ± 0.22 (8)
14.17 ± 0.17 (8)
15.00 ± 0.13 (8)
7.25 ± 0.25 (8)
8.09 ± 0.26 (8)
9.70 ± 0.24 (8)
9.90 ± 0.19 (8)
11.76 ± 0.37 (8)
12.43 ± 0.33 (8)
6.63 ± 0.09 (8)
7.11 ± 0.11 (8)

11.19 ± 0.05 (8)
12.53 ± 0.09 (8)
8.75 ± 0.43 (8)
9.85 ± 0.45 (8)
17.90 ± 0.52 (8)
19.06 ± 0.58 (8)
6.40 ± 0.08 (8)
7.49 ± 0.09 (8)
8.45 ± 0.31 (8)
9.36 ± 0.32 (8)
14.20 ± 0.13 (8)
15.11 ± 0.15 (8)
6.94 ± 0.11 (8)
7.86 ± 0.18 (8)
9.88 ± 0.09 (8)
10.12 ± 0.14 (8)
11.58 ± 0.14 (8)
12.14 ± 0.19 (8)
6.61 ± 0.05 (8)
7.03 ± 0.09 (8)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

a
b
c
d
e

95% CI c
Lower
Upper
-0.47
0.05
-1.09
-0.08
-4.51
0.84
-4.95
0.73
-0.41
2.89
-0.62
2.75
-2.52
0.94
-3.05
0.92
-1.62
0.03
-1.70
-0.04
-0.50
0.43
-0.55
0.33
-0.27
0.88
-0.45
0.92
-0.72
0.36
-0.74
0.26
-0.67
1.03
-0.68
0.92
-0.19
0.23
-0.36
0.28

Fold change d

P-value

Combined P-value e

1.16
1.16
0.74
0.94
0.42
0.48
0.92
1.15
1.73
1.83
1.02
1.08
0.81
0.85
1.06
1.16
0.88
0.82
0.99
0.95

0.105
0.020
0.789
0.645
0.130
0.198
0.367
0.104
0.130
0.028
0.877
0.599
0.278
0.483
0.493
0.449
0.652
0.450
0.878
0.878

0.015
0.852
0.120
0.640
0.024
0.864
0.404
0.580
0.653
0.972

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

12.17 ± 0.07 (8)
10.21 ± 0.11 (8)
11.15 ± 0.41 (8)
9.20 ± 0.51 (8)
13.90 ± 0.82 (8)
12.04 ± 0.89 (8)
8.22 ± 0.11 (8)
6.26 ± 0.20 (8)
10.64 ± 0.09 (8)
10.16 ± 0.08 (8)
8.64 ± 0.09 (8)
8.16 ± 0.16 (8)
11.72 ± 0.25 (8)
11.25 ± 0.33 (8)
8.78 ± 0.39 (8)
8.73 ± 0.36 (8)
12.29 ± 0.21 (8)
12.24 ± 0.31 (8)
6.58 ± 0.15 (8)
6.53 ± 0.22 (8)

12.34 ± 0.11 (8)
10.11 ± 0.26 (8)
11.38 ± 0.34 (8)
9.15 ± 0.49 (8)
13.84 ± 0.59 (8)
11.62 ± 0.72 (8)
8.14 ± 0.14 (8)
5.92 ± 0.22 (8)
10.96 ± 0.11 (8)
10.50 ± 0.16 (8)
8.58 ± 0.05 (8)
8.11 ± 0.17 (8)
11.99 ± 0.22 (8)
11.52 ± 0.35 (8)
8.52 ± 0.09 (8)
8.65 ± 0.11 (8)
12.26 ± 0.10 (8)
12.39 ± 0.15 (8)
6.46 ± 0.11 (8)
6.59 ± 0.19 (8)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

a
b
c
d
e
f
g

95% CI c
Lower
Upper
-0.45
0.11
-0.51
0.71
-1.38
0.92
-1.47
1.55
-2.11
2.22
-2.04
2.88
-0.31
0.45
-0.31
0.99
-0.62
-0.02
-0.71
0.05
-0.15
0.28
-0.45
0.55
-0.97
0.44
-1.31
0.76
-0.60
1.13
-0.71
0.89
-0.49
0.54
-0.92
0.62
-0.30
0.53
-0.68
0.55

Fold change d

P-value

Combined P-value e

1.13
0.93
1.17
0.97
0.96
0.75
0.95
0.79
1.25
1.27
0.96
0.97
1.21
1.21
0.84
0.95
0.98
1.11
0.92
1.04

0.209
0.736
0.328
0.878
0.382
1.000
0.687
0.277
0.037
0.081
0.181
0.994
0.248
0.401
0.798
0.721
0.919 f
0.667 g
0.558
0.832

0.642
0.741
0.694
0.506
0.020
0.489
0.329
0.893
0.959
0.939

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
Levene’s Test for equality of variances, equal variances not assumed, df= 9.906
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 obesityrelated 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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

11.01 ± 0.14 (8)
11.42 ± 0.29 (8)
12.62 ± 0.25 (8)
13.25 ± 0.53 (8)
n/a
n/a
7.97 ± 0.18 (8)
8.38 ± 0.18 (8)
8.54 ± 0.07 (8)
8.39 ± 0.12 (8)
17.60 ± 0.08 (8)
17.45 ± 0.14 (8)
8.39 ± 0.08 (8)
8.24 ± 0.14 (8)
12.13 ± 0.09 (8)
11.59 ± 0.38 (8)
13.96 ± 0.12 (8)
13.43 ± 0.30 (8)
9.50 ± 0.22 (8)
8.97 ± 0.27 (8)

10.81 ± 0.14 (8)
11.65 ± 0.28 (8)
12.37 ± 0.16 (8)
13.21 ± 0.33 (8)
n/a
n/a
8.06 ± 0.12 (8)
8.90 ± 0.26 (8)
8.50 ± 0.07 (8)
8.65 ± 0.23 (8)
17.69 ± 0.06 (8)
17.84 ± 0.22 (8)
8.47 ± 0.06 (8)
8.61 ± 0.22 (8)
11.60 ± 0.21 (8)
12.00 ± 0.28 (8)
13.32 ± 0.25 (8)
13.72 ± 0.30 (8)
9.03 ± 0.25 (8)
9.43 ± 0.30 (8)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

a
b
c
d
e
f

95% CI c
Lower
Upper
-0.23
0.61
-1.10
0.63
-0.39
0.88
-1.31
1.38
n/a
n/a
n/a
n/a
-0.57
0.38
-1.20
0.17
-0.16
0.24
-0.84
0.33
-0.31
0.13
-0.94
0.16
-0.30
0.14
-0.95
0.20
0.04
1.01
-1.42
0.60
0.04
1.23
-1.22
0.62
-0.24
1.20
-1.33
0.42

Fold change d

P-value

Combined P-value e

0.88
1.18
0.84
0.97
1.07
1.43
0.97
1.19
1.07
1.31
1.06
1.30
0.70
1.33
0.64
1.23
0.72
1.37

0.328
0.442
0.645
0.574
0.679
0.124
0.683
0.356 f
0.381
0.154
0.439
0.181
0.010
0.105
0.028
0.574
0.161
0.161

0.963
0.738
0.293
0.861
0.225
0.281
0.319
0.196
1.000

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

10.09 ± 0.20 (8)
10.51 ± 0.21 (8)
9.87 ± 0.77 (8)
9.90 ± 0.59 (8)
n/a
n/a
7.86 ± 0.26 (8)
8.43 ± 0.10 (8)
9.37 ± 0.37 (8)
8.80 ± 0.17 (8)
17.15 ± 0.39 (8)
16.52 ± 0.17 (8)
9.08 ± 0.28 (8)
8.45 ± 0.08 (8)
10.98 ± 0.17 (8)
10.51 ± 0.11 (8)
13.35 ± 0.26 (8)
13.01 ± 0.16 (8)
7.76 ± 0.21 (8)
7.29 ± 0.08 (8)

10.57 ± 0.22 (8)
10.12 ± 0.32 (8)
11.08 ± 0.41 (8)
10.56 ± 0.40 (8)
n/a
n/a
8.31 ± 0.17 (8)
8.38 ± 0.20 (8)
9.98 ± 0.14 (8)
8.85 ± 0.10 (8)
17.68 ± 0.26 (8)
16.49 ± 0.32 (8)
9.49 ± 0.07 (8)
8.36 ± 0.10 (8)
11.17 ± 0.11 (8)
10.45 ± 0.14 (8)
13.70 ± 0.13 (8)
13.08 ± 0.10 (8)
7.97 ± 0.13 (8)
7.26 ± 0.09 (8)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

a
b
c
d
e
f
g

95% CI c
Lower
Upper
-1.11
0.15
-0.44
1.21
-3.08
0.66
-2.18
0.88
n/a
n/a
n/a
n/a
-1.12
0.22
-0.44
0.53
-1.51
0.30
-0.48
0.36
-1.53
0.47
-0.75
0.81
-1.07
0.25
-0.19
0.36
-0.63
0.26
-0.31
0.44
-1.00
0.30
-0.48
0.34
-0.75
0.32
-0.21
0.28

Fold change d

P-value

Combined P-value e

1.40
0.76
2.31
1.58
1.37
0.97
1.53
1.04
1.44
0.98
1.33
0.94
1.12
0.96
1.28
1.05
1.16
0.98

0.128
0.330
0.186
0.374
n/a
n/a
0.170
0.835
0.279
0.382
0.234
0.721
0.193 f
0.508
0.379
0.725
0.248 g
0.724
0.403
0.761

0.755
0.255
0.528
0.345
0.690
0.748
0.862
0.497
0.866

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
Levene’s Test for equality of variances, equal variances not assumed, df= 7.953
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 downregulated 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 Dfructose-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 fructose6-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 acetylCoA and products from acetyl-CoA can be used in multiple pathways including fatty acid
synthesis (Murray et al., 1993).
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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.

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.
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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 tissuespecific 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 downregulated 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 obesityrelated 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 (IRS1), 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.
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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 downregulation (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 antipsychoticinduced 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 obesityrelated 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 obesityrelated 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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Chapter 5 – Alteration of the mRNA
expression of obesity-related genes is not
unique to clozapine
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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 sideeffects 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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

7.77 ± 0.15 (8)
8.33 ± 0.16 (8)
8.84 ± 0.11 (8)
9.37 ± 0.10 (8)
15.05 ± 0.21 (8)
15.80 ± 0.22 (8)
5.06 ± 0.07 (8)
5.80 ± 0.08 (8)
7.12 ± 0.04 (8)
7.86 ± 0.05 (8)
14.35 ± 0.11 (8)
14.91 ± 0.08 (8)
8.08 ± 0.03 (8)
8.82 ± 0.03 (8)
9.24 ± 0.08 (8)
10.02 ± 0.05 (8)
11.24 ± 0.11 (8)
12.02 ± 0.09 (8)
6.47 ± 0.04 (8)
7.25 ± 0.06 (8)

8.27 ± 0.16 (8)
9.01 ± 0.16 (8)
9.10 ± 0.22 (8)
9.93 ± 0.23 (8)
15.83 ± 0.19 (8)
16.74 ± 0.17 (8)
5.20 ± 0.06 (8)
6.11 ± 0.04 (8)
7.23 ± 0.08 (8)
8.14 ± 0.05 (8)
14.96 ± 0.18 (8)
15.70 ± 0.18 (8)
8.16 ± 0.04 (8)
9.06 ± 0.03 (8)
9.47 ± 0.05 (8)
10.34 ± 0.06 (8)
11.54 ± 0.06 (8)
12.41 ± 0.06 (8)
6.79 ± 0.07 (8)
7.66 ± 0.07 (8)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

a
b
c
d
e
f

95% CI c
Lower
Upper
-0.97
-0.03
-1.17
-0.20
-0.78
0.26
-1.11
-0.02
-1.39
-0.17
-1.55
-0.33
-0.34
0.05
-0.49
-0.12
-0.32
0.10
-0.43
-0.13
-1.05
-0.15
-1.24
-0.34
-0.20
0.03
-0.34
-0.14
-0.43
-0.02
-0.50
-0.14
-0.56
-0.04
-0.63
-0.16
-0.50
-0.15
-0.61
-0.21

Fold change d

P-value

Combined P-value e

1.41
1.61
1.20
1.47
1.72
1.92
1.11
1.24
1.08
1.21
1.52
1.73
1.06
1.18
1.17
1.25
1.24
1.32
1.25
1.32

0.04
0.009
0.304
0.044
0.016
0.005
0.141
0.003
0.291
0.001
0.012
0.003 f
0.157
0.001
0.03
0.002
0.025
0.003
0.002
0.001

0.002
0.065
0.001
0.004
0.006
0.0004
0.002
0.001
0.001
0.00003

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

8.69 ± 0.07 (8)
8.78 ± 0.06 (8)
9.16 ± 0.18 (8)
9.25 ± 0.18 (8)
14.75 ± 0.20 (8)
15.33 ± 0.22 (8)
5.51 ± 0.11 (8)
6.10 ± 0.07 (8)
6.88 ± 0.11 (8)
7.47 ± 0.07 (8)
15.04 ± 0.11 (8)
15.26 ± 0.10 (8)
8.11 ± 0.03 (8)
8.70 ± 0.04 (8)
9.71 ± 0.06 (8)
10.09 ± 0.06 (8)
12.11 ± 0.02 (8)
12.36 ± 0.07 (8)
6.45 ± 0.04 (8)
7.08 ± 0.05 (8)

9.14 ± 0.08 (8)
9.48 ± 0.07 (8)
9.94 ± 0.09 (8)
10.28 ± 0.12 (8)
16.36 ± 0.25 (8)
17.14 ± 0.31 (8)
5.61 ± 0.06 (8)
6.39 ± 0.06 (8)
7.04 ± 0.10 (8)
7.82 ± 0.07 (8)
15.37 ± 0.15 (8)
15.80 ± 0.11 (8)
8.22 ± 0.05 (8)
9.00 ± 0.08 (8)
9.91 ± 0.10 (8)
10.39 ± 0.07 (8)
12.36 ± 0.06 (8)
12.74 ± 0.03 (8)
6.42 ± 0.06 (8)
7.18 ± 0.08 (8)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2
a
b
c
d
e
f

95% CI c
Lower
Upper
-0.67
-0.23
-0.90
-0.50
-1.21
-0.34
-1.49
-0.57
-2.31
-0.91
-2.61
-1.00
-0.38
0.18
-0.50
-0.09
-0.47
0.16
-0.56
-0.13
-0.73
0.07
-0.87
-0.22
-0.24
0.02
-0.49
-0.11
-0.45
0.05
-0.50
-0.10
-0.39
-0.11
-0.55
-0.21
-0.13
0.19
-0.29
-0.09

Fold change d

P-value

1.36
1.63
1.71
2.04
3.06
3.49
1.07
1.23
1.12
1.28
1.26
1.46
1.08
1.24
1.15
1.23
1.19
1.30
0.99
1.07

0.001
< 0.001
0.002
0.001
0.001
0.001
0.449
0.008
0.130
0.005
0.097
0.003
0.088
0.004
0.112
0.005
0.002
0.001 f
0.645
0.130

Combined P-value e

0.00002
0.00003
0.00001
0.024
0.005
0.003
0.003
0.005
0.00003
0.524

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
Levene’s Test for equality of variances, equal variances not assumed, df= 9.98
Underlined p-values calculated using Mann-Whitney U Test
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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)

GNPDA2

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

8.64 ± 0.07 (8)
9.65 ± 0.10 (8)
9.96 ± 0.10 (8)
10.97 ± 0.17 (8)
15.86 ± 0.18 (8)
16.69 ± 0.24 (8)
5.93 ± 0.14 (8)
6.76 ± 0.09 (8)
7.39 ± 0.11 (8)
8.22 ± 0.06 (8)
16.07 ± 0.07 (8)
17.08 ± 0.13 (8)
8.18 ± 0.04 (8)
8.98 ± 0.11 (8)
9.49 ± 0.17 (8)
10.21 ± 0.10 (8)
10.79 ± 0.13 (8)
11.50 ± 0.08 (8)
6.68 ± 0.11 (8)
7.39 ± 0.06 (8)

8.58 ± 0.06 (8)
9.60 ± 0.11 (8)
9.90 ± 0.10 (8)
10.92 ± 0.19 (8)
15.75 ± 0.18 (8)
16.54 ± 0.23 (8)
5.92 ± 0.11 (8)
6.71 ± 0.10 (8)
7.56 ± 0.09 (8)
8.36 ± 0.13 (8)
16.04 ± 0.10 (8)
17.05 ± 0.12 (8)
8.27 ± 0.05 (8)
9.06 ± 0.12 (8)
9.83 ± 0.08 (8)
10.62 ± 0.05 (8)
10.98 ± 0.19 (8)
11.80 ± 0.18 (8)
6.72 ± 0.13 (8)
7.54 ± 0.09 (8)

LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2
a
b
c
d
e
f

95% CI c
Lower
Upper
-0.13
0.25
-0.27
0.38
-0.24
0.35
-0.49
0.59
-0.43
0.65
-0.56
0.86
-0.36
0.39
-0.24
0.34
-0.47
0.12
-0.45
0.17
-0.23
0.28
-0.35
0.40
-0.23
0.05
-0.43
0.27
-0.73
0.06
-0.66
-0.16
-0.69
0.30
-0.72
0.12
-0.40
0.32
-0.37
0.08

Fold change d

P-value

Combined P-value e

0.96
0.96
0.96
0.97
0.93
0.90
0.99
0.97
1.13
1.10
0.98
0.98
1.06
1.06
1.27
1.33
1.14
1.23
1.03
1.10

0.527
0.713
0.704
0.841
0.666
0.663
0.936
0.714
0.229
0.344 f
0.830
0.892
0.191
0.645
0.094
0.003
0.410
0.143
0.816
0.194

0.779
0.893
0.803
0.937
0.337
0.963
0.381
0.003
0.225
0.424

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
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
HKG a

Gene

GNPDA2
LPL
MC4R
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

a
b
c
d
e

B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH
B2M
GAPDH

CASE
Mean ± SE b (n)
8.87 ± 0.07 (8)
9.47 ± 0.06 (8)
11.30 ± 0.13 (8)
11.88 ± 0.13 (8)
15.07 ± 0.28 (8)
15.67 ± 0.31 (8)
5.28 ± 0.10 (8)
5.89 ± 0.08 (8)
7.10 ± 0.09 (8)
7.71 ± 0.06 (8)
15.79 ± 0.11 (8)
16.37 ± 0.08 (8)
7.87 ± 0.04 (8)
8.47 ± 0.06 (8)
9.10 ± 0.10 (8)
9.71 ± 0.10 (8)
11.73 ± 0.12 (8)
12.34 ± 0.13 (8)
6.17 ± 0.13 (8)
6.78 ± 0.14 (8)

CONTROL
Mean ± SE b (n)
8.84 ± 0.04 (8)
9.58 ± 0.05 (8)
11.21 ± 0.05 (8)
11.96 ± 0.04 (8)
15.04 ± 0.30 (8)
15.79 ± 0.32 (8)
5.18 ± 0.07 (8)
5.94 ± 0.07 (8)
7.03 ± 0.08 (8)
7.78 ± 0.10 (8)
15.53 ± 0.14 (8)
16.28 ± 0.13 (8)
7.90 ± 0.04 (8)
8.65 ± 0.06 (8)
9.28 ± 0.10 (8)
10.14 ± 0.10 (8)
11.39 ± 0.10 (8)
12.25 ± 0.11 (8)
5.97 ± 0.10 (8)
6.83 ± 0.10 (8)

95% CI c
Lower
-0.14
-0.27
-0.22
-0.37
-0.86
-1.07
-0.15
-0.27
-0.19
-0.33
-0.12
-0.25
-0.16
-0.35
-0.49
-0.74
-0.002
-0.27
-0.16
-0.41

Upper
0.21
0.04
0.39
0.21
0.92
0.84
0.35
0.17
0.33
0.18
0.63
0.42
0.10
-0.002
0.12
-0.11
0.67
0.46
0.55
0.31

Fold change d

P-value

Combined P-value e

0.97
1.09
0.94
1.06
0.98
1.08
0.93
1.03
0.96
1.06
0.84
0.94
1.02
1.13
1.14
1.35
0.79
0.94
0.87
1.04

0.647
0.129
0.558
0.554
0.940
0.798
0.412
0.646
0.567
0.531
0.328
0.721
0.609
0.048
0.219
0.011
0.130
0.721
0.279
0.382

0.520
1.000
0.988
0.925
0.998
0.577
0.132
0.017
0.316
0.960

Housekeeping genes (HKG): B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase
Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
Combined probability from analyses of two HKG-normalised results
Underlined p-values calculated using Mann-Whitney U Test

162

A

Risperidone: B2M

5

MC4R
GNPDA2
LPL
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

Fold change

4
3
2
1
0
0

10

20

30

40

50

Risperidone (ng/ml)

B

Risperidone: GAPDH

5

MC4R
GNPDA2
LPL
MTCH2
NEGR1
PPARG-1
TMEM18
KCTD15-1
KCTD15-2
PPARG-2

Fold change

4
3
2
1
0
0

10

20

30

40

50

Risperidone (ng/ml)

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.

163

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

164

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 upregulation 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 monocytelike 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 (KCTD152) 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 downregulated 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 obesityrelated 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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Chapter 6 – The 5-HT signalling pathway
and clozapine-induced metabolic
disorders
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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
5-HT1
5-HT2
5-HT3
5-HT4
5-HT5
5-HT6
5-HT7

Receptor subclasses
A, B, D, e & F
A, B & C
A&B
-

Secondary messenger
 cAMP
 PLC
Ligand gated ion channel
 cAMP
 cAMP
 cAMP
 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 5HT2 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 obesityrelated 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 5HT 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 pretreated 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 5HT 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 5HT (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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Combined clozapine & 5-HT
0.25g/ml clozapine
DMSO vehicle
Combined clozapine & 5-HT
DMSO vehicle
PPARG (1)
0.25g/ml clozapine
Combined clozapine & 5-HT
0.25g/ml clozapine

-0.85

-0.16
0.29

1 16.24 ± 0.17 (8)

-0.89

0.15

DMSO

3 16.70 ± 0.10 (8)

DMSO vehicle
Combined clozapine & 5-HT

-0.25

-0.27

DMSO vehicle
Combined clozapine & 5-HT

Combined clozapine & 5-HT
0.25g/ml clozapine

-0.78

3 9.95 ± 0.12 (8)
2 9.96 ± 0.06 (8)
3 9.95 ± 0.12 (8)

2 16.61 ± 0.17 (8)
1 16.24 ± 0.17 (8)
3 16.70 ± 0.10 (8)
2 16.61 ± 0.17 (8)

LPL
0.25g/ml clozapine

1 9.29 ± 0.19 (8)
2 9.92 ± 0.23 (8)
1 9.29 ± 0.19 (8)

-0.88

-0.03

-0.51

0.34

-1.27

0.02

-1.52

-0.55

0.004

1.43

0.005

1.42

1.000

0.99

0.297

1.29

0.134

1.37

1.000

1.06

0.083

1.54

0.002

2.05

Mean ± SE b (n)
1 9.68 ± 0.07 (8)
2 9.97 ± 0.04 (8)
1 9.68 ± 0.07 (8)

95%
confidence
interval c
Lower Upper
p-value
-0.46

-0.12

-0.79

-0.09

3 10.12 ± 0.15 (8)
2 9.97 ± 0.04 (8)
3 10.12 ± 0.15 (8)

-0.49

0.18

1 16.48 ± 0.10 (8)

-0.51

0.24

-0.72

-0.06

-0.64

0.14

-1.02

0.18

-1.40

-0.47

-1.05

0.01

2 16.61 ± 0.14 (8)
1 16.48 ± 0.10 (8)
3 16.86 ± 0.11 (8)
2 16.61 ± 0.14 (8)
3 16.86 ± 0.11 (8)
1 9.81 ± 0.18 (8)
2 10.23 ± 0.22 (8)
1 9.81 ± 0.18 (8)

3 10.33 ± 0.12 (8)
3 10.75 ± 0.12 (8)
-0.97
0.15
2 9.92 ± 0.23 (8)
2 10.23 ± 0.22 (8)
0.415
1.33
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

Fold
change d

p-value

GAPDH a

Mean ± SE b (n)
1 9.45 ± 0.11 (8)
2 9.96 ± 0.06 (8)
1 9.45 ± 0.11 (8)

95%
confidence
interval c
Lower Upper

Fold
change d

GNPDA2
0.25g/ml clozapine

B2M a

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

Combined
p-value e

0.145

1.22

0.0049

0.013

1.36

0.0007

0.854

1.11

0.9890

1.000

1.10

0.6576

0.102

1.31

0.0723

0.473

1.19

0.8271

0.330

1.33

0.1259

0.003

1.91

0.0001

0.147

1.43

0.2317
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0.165 µg/ml 5-HT
0.25 µg/ml clozapine
0.33 µg/ml 5-HT
0.165 µg/ml 5-HT
0.33 µg/ml 5-HT
PPARG (1)
0.25 µg/ml clozapine
0.165 µg/ml 5-HT
0.25 µg/ml clozapine
0.33 µg/ml 5-HT
0.165 µg/ml 5-HT
0.33 µg/ml 5-HT
LPL
0.25 µg/ml clozapine
0.165 µg/ml 5-HT
0.25 µg/ml clozapine
0.33 µg/ml 5-HT
0.165 µg/ml 5-HT

2 9.34 ± 0.08 (8)
1 9.22 ± 0.11 (8)
3 9.57 ± 0.09 (8)
2 9.34 ± 0.08 (8)

-0.41

0.16

-0.65

-0.06

-0.49

0.02

3 9.57 ± 0.09 (8)
1 15.51 ± 0.11 (8)
2 15.42 ± 0.11 (8)
1 15.51 ± 0.11 (8)
3 15.39 ± 0.10 (8)
2 15.42 ± 0.11 (8)
3 15.39 ± 0.10 (8)

-0.25

0.43

-0.20

0.44

-0.28

0.34

1 10.05 ± 0.20 (8)
2 10.55 ± 0.23 (8)
1 10.05 ± 0.20 (8)

-1.15

0.14

-0.59

0.53

1.000

1.09

0.035

1.28

0.256

1.18

1.000

0.94

1.000

0.92

1.000

0.98

0.265

1.42

1.000

1.02

Mean ± SE b (n)
1 9.48 ± 0.06 (8)
2 9.71 ± 0.08 (8)
1 9.48 ± 0.06 (8)
3 10.02 ± 0.09 (8)
2 9.71 ± 0.08 (8)

95%
confidence
interval c
Lower Upper
-0.43

-0.02

-0.76

-0.32

-0.56

-0.07

-0.34

0.31

-0.42

0.29

-0.38

0.28

-1.17

0.20

-0.77

0.52

-0.34

1.06

3 10.02 ± 0.09 (8)
1 15.78 ± 0.12 (8)
2 15.79 ± 0.10 (8)
1 15.78 ± 0.12 (8)
3 15.84 ± 0.12 (8)
2 15.79 ± 0.10 (8)
3 15.84 ± 0.12 (8)
1 10.59 ± 0.21 (8)
2 11.07 ± 0.24 (8)
1 10.59 ± 0.21 (8)

3 10.08 ± 0.17 (8)
3 10.71 ± 0.22 (8)
-0.13
1.07
2 10.55 ± 0.23 (8)
2 11.07 ± 0.24 (8)
0.329
0.72
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

p-value

Fold
change d

p-value

GAPDH a

Mean ± SE b (n)
1 9.22 ± 0.11 (8)

95%
confidence
interval c
Lower Upper

Fold
change d

GNPDA2
0.25 µg/ml clozapine

B2M a

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

Combined
p-value e

0.125

1.17

0.3849

0.001

1.45

0.0004

0.021

1.24

0.0335

1.000

1.01

1.0000

1.000

1.04

1.0000

1.000

1.03

1.0000

0.426

1.40

0.3507

1.000

1.09

1.0000

0.803

0.78

0.6158
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0.33 µg/ml 5-HT
0.165 µg/ml 5-HT
DMSO vehicle
0.33 µg/ml 5-HT
DMSO vehicle
PPARG (1)
0.165 µg/ml 5-HT
0.33 µg/ml 5-HT
0.165 µg/ml 5-HT
DMSO vehicle
0.33 µg/ml 5-HT
DMSO vehicle
LPL
0.165 µg/ml 5-HT
0.33 µg/ml 5-HT
0.165 µg/ml 5-HT
DMSO vehicle
0.33 µg/ml 5-HT

1

2 8.36 ± 0.15 (8)
1 7.66 ± 0.18 (8)
3 8.26 ± 0.16 (8)
2 8.36 ± 0.15 (8)

-1.21

-0.20

-1.11

-0.09

-0.36

0.57

3 8.26 ± 0.16 (8)
1 15.56 ± 0.09 (8)
2 15.88 ± 0.11 (8)
1 15.56 ± 0.09 (8)
3 15.73 ± 0.13 (8)
2 15.88 ± 0.11 (8)
3 15.73 ± 0.13 (8)
1 7.39 ± 0.60 (8)
2 8.75 ± 0.36 (8)
1 7.39 ± 0.60 (8)

-0.61

-0.02

-0.49

0.16

-0.21

0.50

-2.87

0.13

-3.19

-0.41

0.018

1.63

0.050

1.52

1.000

0.93

0.152

1.24

0.833

1.12

1.000

0.90

0.071

2.58

0.007

3.48

1

Mean ± SE b (n)
8.10 ± 0.16 (8)

2 8.82 ± 0.12 (8)
1 8.10 ± 0.16 (8)
3 8.86 ± 0.15 (8)
2 8.82 ± 0.12 (8)

p-value

-1.15

-0.31

-1.24

-0.30

-0.45

0.38

-0.66

0.004

-0.67

0.02

-0.34

0.34

-2.84

0.13

-3.27

-0.47

3 8.86 ± 0.15 (8)
1 16.01 ± 0.11 (8)
2 16.34 ± 0.11 (8)
1 16.01 ± 0.11 (8)
3 16.34 ± 0.12 (8)
2 16.34 ± 0.11 (8)
3 16.34 ± 0.12 (8)
1 7.97 ± 0.60 (8)
2 9.32 ± 0.34 (8)
1 7.97 ± 0.60 (8)

3 9.18 ± 0.25 (8)
3 9.84 ± 0.25 (8)
-1.36
0.51
-1.42
2 8.75 ± 0.36 (8)
2 9.32 ± 0.34 (8)
1.000
1.35
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

0.38

Fold
change d

p-value

95% confidence
interval c
Lower Upper
a

Mean ± SE b (n)
7.66 ± 0.18 (8)

GAPDH

95% confidence
interval c
Lower Upper

Fold
change d

GNPDA2
0.165 µg/ml 5-HT

B2M a

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
Combined
p-value e

0.005

1.66

0.0009

0.003

1.70

0.0015

1.000

1.03

1.0000

0.153

1.25

0.1107

0.156

1.25

0.3951

1.000

1.00

1.0000

0.102

2.56

0.0430

0.006

3.66

0.0005

1.000

1.43

1.0000
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b
c
d
e

-0.65

-0.03

-0.55

0.18

8.91 ± 0.11 (8)
9.07 ± 0.13 (8)
8.91 ± 0.11 (8)
9.25 ± 0.15 (8)
9.07 ± 0.13 (8)
9.25 ± 0.15 (8)

-0.27

0.43

-0.52

0.28

-0.62

0.22

1 8.32 ± 0.13 (8)
2 8.58 ± 0.28 (8)
-1.01
0.42
1 8.32 ± 0.13 (8)
1.000
1.23
3 9.17 ± 0.14 (8)
-0.84
0.45
2 8.58 ± 0.28 (8)
1.000
1.14
3 9.17 ± 0.14 (8)
B2M - Beta-2 microglobulin and GAPDH - Glyceraldehyde 3-phosphate dehydrogenase (Housekeeping genes)

-0.92

0.40

-1.27

-0.43

-1.26

0.08

1
2
1
3
2
3
1
2
1
3
2
3

8.57 ± 0.17 (8)
8.30 ± 0.12 (8)
8.63 ± 0.12 (8)
8.57 ± 0.17 (8)
8.63 ± 0.12 (8)

0.18

p-value

0.14

1
2
1
3
2
3

-0.72

Mean ± SE b (n)
8.91 ± 0.07 (8)

-0.70

0.04

-0.51

0.39

15.35 ± 0.10 (8)
15.38 ± 0.11 (8)
15.35 ± 0.10 (8)
15.46 ± 0.11 (8)
15.38 ± 0.11 (8)
15.46 ± 0.11 (8)

-0.35

0.29

-0.41

0.20

-0.41

0.25

8.16 ± 0.29 (8)
8.27 ± 0.24 (8)
8.16 ± 0.29 (8)
8.46 ± 0.18 (8)
8.27 ± 0.24 (8)
8.46 ± 0.18 (8)

-0.91

0.70

0.573

1.20

0.335

1.25

1.000

1.04

1.000

1.02

1.000

1.08

1.000

1.06

1.000

1.08

1
2
1
3
2
3
1
2
1
3
2
3

9.07 ± 0.12 (8)
8.91 ± 0.07 (8)
9.25 ± 0.12 (8)
9.07 ± 0.12 (8)
9.25 ± 0.12 (8)

Fold
change d

p-value

GAPDH a

Mean ± SE b (n)
8.30 ± 0.12 (8)

95% confidence
interval c
Lower Upper

-0.46

0.0825 µg/ml 5-HT
0.055 µg/ml 5-HT
DMSO vehicle
0.0825 µg/ml 5-HT
DMSO vehicle
PPARG (1)
0.055 µg/ml 5-HT
0.0825 µg/ml 5-HT
0.055 µg/ml 5-HT
DMSO vehicle
0.0825 µg/ml 5-HT
DMSO vehicle
LPL
0.055 µg/ml 5-HT
0.0825 µg/ml 5-HT
0.055 µg/ml 5-HT
DMSO vehicle
0.0825 µg/ml 5-HT
DMSO vehicle
a

95% confidence
interval c
Lower Upper

Fold
change d

GNPDA2
0.055 µg/ml 5-HT

B2M a

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

Combined
p-value e

0.925

1.12

0.8665

0.107

1.27

0.1552

0.732

1.14

0.9604

1.000

0.95

1.0000

1.000

1.09

1.0000

0.861

1.15

0.9899

1.000

1.20

1.0000

0.017

1.80

0.0863

0.135

1.51

0.4053

Mean ∆CT ± standard error
95% confidence interval of the difference of means
Fold change calculated using the 2(-∆∆Ct) method
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
Control, Clozapine, [Clozapine+5-HT]: GAPDH

Control, Clozapine, [Clozapine+5-HT]: B2M
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Figure 6.2 B

Clozapine, 5-HT (0.165 g/ml), double 5-HT (0.33 g/ml): B2M

Clozapine, 5-HT (0.165 g/ml), double 5-HT (0.33 g/ml): GAPDH
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Figure 6.3 A

Figure 6.3 B
Control, 5-HT (0.165 g/ml), double 5-HT (0.33 g/ml): GAPDH

Control, 5-HT (0.165 g/ml), double 5-HT (0.33 g/ml): B2M

5

5

4
Fold change

5H
T

v

ou

bl

e

5H
T

H
5e
D

D

ou

bl

ro

v

do
ub
le

co
v
T

v
5H
T

co
nt
ro
l

5H

l
nt

ro

co
nt
ro
l

T
5H
do
ub
le
v
5H
T

nt

0

v

0

T

1

l

2

1

T

2

GNPDA2
LPL
PPARG-1

3

H

GNPDA2
LPL
PPARG-1

3

5-

4

co

Fold change

ol

T]
H

co
nt
r

ol
tr
co
n

H
5+
z
lo
[C
v
z
lo
C

Figure 6.2 A

Fold change

co
nt
r

0
ol

0
T]

1

ol

2

1

T]
v

2

3

co
n

3

GNPDA2
LPL
PPARG-1

4
Fold change

Fold change

4

Figure 6.4 A

Figure 6.4 B

Control, third 5-HT (0.055 g/ml), half 5-HT (0.0825 g/ml): B2M

Control, third 5-HT (0.055 g/ml), half 5-HT (0.0825 g/ml): GAPDH
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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.
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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 obesityrelated 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 5HT 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 obesityrelated 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 5HT, cAMP concentrations were decreased by the binding of the inhibitory receptors (G αi) 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
190

(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
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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 M 1 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 IP 3
(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 Gprotein, 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, δopioid 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 dietinduced 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 obesityrelated 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 miRNAgene interaction pathways show enrichment after treatment with clozapine and olanzapine
(Santarelli et al., 2013). It is possible to speculate that the altered expression of obesityrelated 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 wellrecognised 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 5HT 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 obesityrelated 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,
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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 POMCproducing 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 obesityrelated 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 Ndesmethylclozapine 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 obesityrelated 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.
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