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Abstract

The balance between oxidant production and the antioxidant defence system is
essential to brain health. First-episode psychosis (FEP) and schizophrenia (SZ)
are psychiatric disorders that affect the patients’ contact with reality, with
unique presentation of symptoms and experiences. Both FEP and SZ can be
characterised by perturbed redox status, notably via antioxidant depletion.
Previous research, undertaken in healthy populations, has highlighted the
ability of exercise training to regulate redox balance.

One patrticular biomarker of redox status is the antioxidant glutathione (GSH),
which has a principal role of removing toxic substances from the cell, especially
in the brain.

This thesis presents novel data investigating the drawbacks of exercise study
design in youth mental health, the efficacy of a training intervention in
‘normalising’ measures of antioxidant capacity, oxidative stress, inflammation
and functionality in FEP. Studies presented go on to interrogate some of the
redox-related mechanisms of the neurodevelopmental aspect of psychosis
pathophysiology. Assessment of GSH in the brain, blood and in patient-derived
cell models offers significant gateways into elucidating the pathological
mechanisms of mental ill-health.

In order to address some of the principle weaknesses in previous study design
which have aimed to provide exercise to a FEP cohort, chapter 2 of this thesis
used personalised heart rate zones (50-70% VO2max) to standardise bouts of
activity across a range of exercise modalities, in a healthy but sedentary group

of young people. The study was successful in provoking a redox response



during each acute bout, which typically initiates the stimulation of adaptive
processes. This study achieved 100% retention, which also demonstrated that
engagement in an exercise intervention is possible in a sedentary group, when
choice of activity and variety of exercise mode are offered to the participant.
Chapters 3 and 4 highlight the therapeutic benefits of regular exercise training
(12 weeks, 3-4 times/week, 40-60 minutes) for FEP patients in a randomised
trial. The study highlighted the positive impact of increased physical activity on
peripheral and brain indices of GSH, markers of oxidative stress, and patient-
centred measures of psychotic symptomology and daily function. In a more in-
depth assessment of the GSH cycle and indices of cell damage, chapter 5
describes the characterisation and generation of mature astrocytes and
neurons from SZ patient-derived induced pluripotent stem cells (iPSCs), as a
model of the neurodevelopmental aspect of disease pathogenesis. It was found
that the de-toxifying ability of GSH is impaired in SZ cerebral cells, offering a
cogent target for further investigation in this novel approach to assessing the

mechanisms of mental ill-health, in the brain.
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CHAPTER 1: BACKGROUND AND LITERATURE REVIEW

1.1 Pathophysiology of first-episode psychosis

First-episode psychosis (FEP) is a psychiatric condition that usually manifests
during early adulthood, and is characterised by positive, negative and cognitive
symptoms. The American Psychiatric Association’s Diagnostic and Statistical
Manual of Mental Disorders (13) broadly defines FEP as “gross impairment in
reality testing”, and “loss of ego boundaries” that interferes with the capacity to
meet the ordinary demands of life. However, the clinical manifestations of
psychosis vary enormously between cases. FEP is typically preceded by a
retrospectively identified ‘prodromal’ period, during which, people display some
of the hallmarks of the FEP state, such as neuroses, disturbances in attention
and perception, altered motor function, depressed mood and anxiety (14).
Archetypal symptoms and phenomenological experiences observed during a
first-psychotic episode are summarised in figure 1.1.

Typically, patients presenting with symptoms of psychosis are prescribed
neuroleptic treatment (7, 15). To further promote functional recovery, many
care-teams offer cognitive and behavioural psychotherapy (12, 16), family
education and support (17-19) and educational and vocational rehabilitation
(20, 21) alongside pharmacological intervention. FEP and schizophrenia (S2)

pare not mutually exclusive; with a 60% transition rate (22).
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Typical
psychotic

symptoms

Figure 1.1 Typical symptoms that are characteristic of psychosis. The
symptom profile consists of three ‘sub-groups’ positive, negative and
cognitive.

However, psychosis can be described as a continuum of psychopathology, with
many shared symptomatic and mechanistic profiles. Complete clinical and
functional remission is rare, with one study reporting sustained evidence of

recovery, over a 10-year period, of 12.5% (23).

The global burden of mental ill-health is a strong argument for provision of early
treatment in FEP as it raises the possibility of future prevention, or reduction of
the chronicity of mental illness, and associated morbidity. It is proposed that

mental illness accounts for 7.7% of disability-adjusted life years and is 5" on
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the list of disease types that comprise the global burden of disease (24). Co-
morbid conditions are commonly found in a clinically heterogeneous FEP
population. In a review by Buckley et al (25), the most prevalent co-diagnoses
with SZ were identified as: substance abuse (47%), anxiety, panic disorder
(15%) post-traumatic stress disorder (29%) and depression (50%). Alongside
these psychological illnesses, a diagnosis of FEP is often associated with and
increased obesity (26), poor diet (27), sedentariness (28), smoking (29) and
increased rates of suicide (30) when compared to the general population. All of
these listed characteristics of FEP and SZ contribute to the early mortality rate
reported in chronic mental illness, with the life-expectancy of a person with SZ
20 years less than that of the average population (31).

Antipsychotic medication is closely associated with significant weight gain,
particularly in the first few months after initial prescription. This immediate
change is associated with increased fat deposition in visceral adipose tissue
(32), which is an important risk factor for dyslipidaemia, hyperglycemia,
development of type 2 diabetes mellitus, hypertension and cardiovascular
disease. One longitudinal study assessed weight gain over an average
treatment duration of 7.6 years (33). The average gain of body weight was
24.6kg, at a rate of 5.81kg per year. Hyperglycemia is well-reported in FEP
following medication initiation, however, studies have shown that glucose
disturbances are reversible when antipsychotics are discontinued (34). Altered
lipid metabolism is also highly associated with treatment status.
Hypertriglyceridemia is elevated as a result of second generation antipsychotic
medication (35), which leads to excess release of free-fatty acids, and can

ultimately cause insulin resistance. Additionally, the psychosocial
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consequences of weight gain often result in medication discontinuation (36). It
should be noted however, that impaired glucose and lipid metabolism may not
solely be a consequence of medication status. Studies assessing drug-naive
FEP patients have reported insulin resistance (37, 38) and impaired glucose
tolerance (39). Dysregulation of glucose may be an intrinsic impairment in the
pathogenesis of FEP, and may pre-dispose the risk of a psychotic episode.
Metabolic dysfunction is well-documented as a consequence of antipsychotic
medication and sedentariness associated with illness, but may also represent a

key aspect of disease pathophysiology.

It is estimated that the global prevalence of FEP is 86 per 100,000 members of
the population for ages 15-29, and 46 per 100,000 for ages 30-59 (40). For SZ,
the incidence is reduced, since not all cases of FEP transition to a SZ
diagnosis (41). This emphasizes the opportunity for early intervention in FEP,
with the potential to reduce the incidence of disease progression and future
chronicity. There are a number of risk factors that increase the probability of
FEP becoming a diagnosis of SZ. Longer first admission in hospital, younger
age and being male have all been associated with increased risk of transition
(42). Further investigation of the transition from FEP to SZ observed that there
was a 12.6% transition after 1.7 years of FEP diagnosis, 80% after 2.8 years,
and 90% after 4.6 years. These statistics highlight the importance of early

intervention for improved diagnostic outcome.
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1.2 Nature or nurture?

1.2.1 Genetic contribution

FEP and SZ are highly polygenic in genetic contribution, which means that the
predictive power of any one genetic variant is extremely small. FEP and SZ risk
are multifactorial conditions, rather than a single-gene conferring disease
causality. Familial inheritance describes an estimated 60-80% genetic
contribution (43). There are no known familial subtypes of psychosis and Sz,
and offspring of affected parents do not demonstrate a completely penetrant
genetic phenotype (44). The polygenic risk score (PRS) is based on variation in
multiple genetic loci, and is commonly calculated for neurodegenerative
diseases. In FEP, the PRS was found by one study to have good discriminative
ability to predict the development of SZ from FEP (40). From 710 individuals,
and 290,871 genotyped markers, studies estimated that the heritability of SZ
was 65-85% (45, 46), and a genome-wide association study associated 108
genetic loci, at independent regions, that conferred elevated SZ risk (47). There
are several recent studies that have identified specific rare gene variants that
may be linked with psychosis and SZ propagation. The Psychiatric Genomics
Consortium validated six genomic deletions and two duplications that conferred
a 60-fold increased risk of SZ (48). Exome and whole-genome studies have
identified some very rare single-gene mutations that were associated with

increased risk of psychosis (49, 50). Some variants have been linked to
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treatment response and side-effects; for example alleles in the dopamine D2
receptor are thought to determine antipsychotic response (51), and a number
of variants have also been linked to pre-disposed antipsychotic related weight-
gain (52). The heterogeneous nature of psychosis and SZ genetic contribution
is difficult to characterise, but, when combined with assessment of
environmental contribution, a more coherent picture of disease pathology can

be drawn.

1.2.2 Environmental risk factors

There is no doubt that the role of environmental factors can contribute towards
precipitation of a psychotic episode, either in conjunction with, or exclusive of,
genetic predisposition. Propagation of a psychotic episode and potential future
chronic mental ill health is hypothesized to be neurodevelopmental (53, 54),
with obstetric complications posing important contributory pathway for the
pathogenesis of FEP. A meta-analysis of prospective population-based studies
revealed that three groups of complications had significant association with
each other; complications of pregnancy (bleeding, diabetes, rhesus
incompatibility, pre-eclampsia), abnormal fetal growth and development (low
birth weight, congenital malformations, reduced head circumference) and
complications with delivery (uterine atony, asphyxia, emergency cesarean
section) (55).

Fearon et al (56) reviewed studies that investigated populations with a higher
incidence rate of psychosis. Migrant groups from developing countries (57),

and countries where the majority population is black (African-Caribbean and
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black Africans) (58) have a substantially greater incidence of SZ. A study by
Harrison et al (59) in Nottingham (UK) found the rate of SZ was raised more
than 12-fold in the African-Caribbean community, compared with the general
population. This association is likely due to factors such as social isolation and
social disadvantage; unemployment, low education status, being single, lower
income and being childless, as all of these factors have been associated with
greater risk of psychosis (11). Krabbendam (60) proposed that genetic
predisposition, alongside the impact of living in an urban environment, may
have an additive effect on the risk of psychosis. It is increasingly likely that any
genetic contribution to the incidence of psychosis is conditional on
environmental encounters (61), and the observed increase in global psychotic
episode incidence may be partially accounted for by the increase in urbanicity
(62).

It has been reported that drug abuse prior to first hospital admission for
psychosis is 27.5%, which is twice that of the general population and indicates
a strong association between FEP and drug abuse (63). A study by Giordano
et al (64) examined the effect of cannabis abuse prior to an initial diagnosis of
SZ. It was found that cannabis abuse was strongly associated with a
subsequent diagnosis (odds ratio 10.44), however population based estimates
of cannabis-schizophrenia comorbidity substantially overestimate their casual
association. As described in detail in section 3, dopamine dysregulation is a
hallmark of FEP (65). Intermittent stimulation of dopamine receptors leads to
sensitization (66), and the propagation of the positive symptoms of psychosis
(67). Drugs of abuse, such as cocaine, function as agonists of dopamine

receptors (68), and may be key precipitators of FEP.
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1.3 Mechanistic theories of psychosis

FEP and SZ are multifactorial and heterogeneous in aetiology, and although
some of the factors that cause these conditions are unique, they also share a
number of common factors. These commonalities seem to propagate during
neurodevelopment and may be responsible for the psychotic symptoms which
are seen in both FEP and SZ (69). There are several evidence-based
hypotheses relating factors that contribute to the pathology of psychosis,
including neuro-inflammation, neurotransmitter perturbation and redox-

imbalance, which are further described below.

1.3.1 Inflammatory hypothesis of psychosis

Perturbed inflammatory cytokine expression is a hallmark of FEP. Increases in
peripheral markers of inflammation have been described, and are linked to the
severity of psychosis-related cognitive impairment and psychopathology (70,
71). PET imaging of the mitochondrial 18kDa translocator protein (TPSO),
which measures microglial activation, is the most valid approach for studying
neuro-inflammation in vivo (72). Using this method, upregulation of
inflammatory mechanisms has been observed in the brain (73-76), via tagged-
ligand binding of activated microglia. Several genome-wide association studies
have assessed genes associated with the immune system in relation to FEP
and SZ to ascertain if there is a genetic basis for disease. The most commonly

implicated region is the major histocompatibility complex (MHC) island on
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chromosome 6. Many of the gene products associated with the MHC are linked
to components of the immune response, and have a strong allelic association
with SZ (77, 78).

In a recent meta-analysis of studies investigating neuro-inflammation in FEP
(79), it was shown that the inflammatory markers homocysteine, IL-6 and TNF-
a were elevated in blood samples from patient groups compared with healthy
controls. Some research groups have suggested that treatment with
neuroleptic medication may, in part, elicit its effect via an anti-inflammatory
mechanism which involves the modification of cytokine levels (80, 81). TNF-a
may have an antecedent role in psychosis, since it is consistently elevated in
FEP; even after acute exacerbations of symptoms are controlled. IL-6 and
TNF-a cytokine levels are elevated in general and antipsychotic naive FEP
groups, which implies that increases in pro-inflammatory markers are present
before the onset of symptoms; a potential biomarker for clinical high-risk groups
(79). One study even noted that several inflammatory cytokines (CRP, gliadin
and pentraxin-3) were predictive of conversion to FEP from a ‘clinical high risk’
state, before the onset of any diagnosable illness (82). In a review paper by
Upthegrove et al (83), low-grade inflammation observed in many FEP cases
has been associated with poor response to antipsychotic medication, alongside
the theory that chronic upregulation of the immune response is a causal feature
of FEP, rather than a consequence of iliness. Despite the heterogeneity of
findings relating to the immune infrastructure in psychosis, it is well understood
that non-specific alteration of the immunological response is a hallmark of

disease pathology. Activation of cytokines related to both innate and adaptive
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immunity suggests that reciprocal influences of neuro-inflammation are present

during the ‘prodromal’ period of time before symptoms emerge.

1.3.2 Neurotransmitter hypotheses of psychosis

One of the principle hypotheses in FEP aetiology is that both dopamine and
glutamate neurotransmitter systems are dysfunctional (84, 85). The following
summary presents an up-to-date stance on the role of dopamine and glutamate

systems in psychosis and SZ.

Dopamine hypothesis

The dopamine hypothesis of psychosis is a model that attributes positive
symptoms to dysfunctional and hyperactive dopaminergic signal transduction
(86). The original dopamine hypothesis became popular after observations that
administration of drugs like amphetamines, that increase dopamine
neurotransmission, can induce psychotic symptoms (87). Other early studies
observed increased striatal dopamine levels, and increased density of
dopamine D2 receptors in SZ patients (88). Indeed, the efficacy of
antipsychotic medications is directly related to their affinity of the medication for
dopamine receptors (89), since all antipsychotics act by blockade of the
dopamine D2 receptors. More recent studies have assessed the function of
other dopamine receptors to be able to further understand the role of this
pathway in psychotic disorders. For example, one study observed a 6-fold

increase in the D4 receptor density in a SZ group (90). Additional evidence that
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the dopamine pathway is instrumental in SZ disease pathology is provided by
the observation that further upstream, there is an increased production of
tyrosine hydroxylase in the substantia nigra of SZ patients. This enzyme
catalyses a rate-limiting step in the production of dopamine (91). It has also
been noted that dopamine D2 auto-receptor density at the pre-synaptic cleft is
greater in SZ compared with healthy controls (92). One of the etiological
characteristics of psychosis and SZ is an increased capacity for dopamine
production, as well as increased pre-synaptic dopamine availability and
release. A further link for dopamine to the pathology of psychotic disease is
provided by the metabolism of dopamine. This process is a potent source of
reactive oxygen species (ROS) and given that metabolism and auto-oxidation
of neurotransmitters in the brain, e.g. dopamine, increases H>O> (hydrogen
peroxide) production (93) this will likely contribute to the altered redox status
seen in psychosis. As a product of the disease process, there is increased
dopamine content in the brain, which subsequently leads to increased ROS,
and can further result in enhanced striatal glutamatergic neurotransmission
(94). Altered dopamine neurotransmission represents one of the most well-
characterised facets of the pathology of psychosis, describing a propagation of

positive symptoms.

Glutamate hypothesis

Excitatory neurotransmission in the brain is primarily glutamatergic; and

accounts for 60-80% of the brain’s metabolic activity (95). The glutamate

hypothesis of psychosis and SZ was proposed by Coyle et al (96), and
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implicates dysregulation of the NMDA (N-methyl-D-aspartate) receptor
(NMDAR) in particular (97). NMDAR hypofunction limits glutamate excitatory
neurotransmission, and neuronal activation, and has downstream negative
perturbations in synaptic plasticity and long-term potentiation (98). Antagonists
of NMDARs, like ketamine, are known to induce positive and negative
psychotic-like symptoms (84), and acute administration of the drug may be
used as a model of early psychosis or FEP. Long-term administration of
NMDAR antagonists reflects symptomology observed in chronic SZ, such as
deficits in set-shifting ability (99) and functional connectivity (100). Similarly,
long-term administration of ketamine to rats induces cognitive deficits that are
characteristic of the SZ phenotype (101). Mechanistically, is has been
proposed that antagonism of the NMDA receptor decreases GABAergic
interneuron function (102) by increasing pyramidal cell firing due to disinhibition
(103). The glutamate hypothesis can be closely linked to the generation and
negative effects of ROS accumulation. Inhibition of ROS formation blocks the
behavioural effect of NMDA receptor antagonists (104), and reduced
superoxide dismutase (antioxidant enzyme) levels can prevent ketamine-

induced changes in interneuron activity (105).

1.3.3 Free radical-mediated damage and oxidative stress in FEP

Oxidative stress is defined as “a disturbance in the balance between the
production of reactive oxygen species (free-radicals), and antioxidant
defenses” (106). It is this state of oxidative stress that is a hallmark of FEP

pathology.
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Reactive oxygen species (ROS) and reactive nitrogen species (RONSs) are
ubiquitous since they are a product of aerobic metabolism. Other potential
sources of radical species are environmental (e.g. x-rays, cigarette smoke, air
pollutants or industrial chemicals), or pathological states (107). A free-radical is
any molecular species with an unpaired electron. Radical species can be de-
toxified by an electron donor, or antioxidant. Radicals are highly reactive, and if
they are not quenched by an antioxidant they may interact to oxidise
macromolecules including lipids, proteins and DNA (108). Some of the most
common ROS are superoxide (O2°) the hydroxyl radical (OH") and H202. A
balance between free-radicals and antioxidants is necessary for reduction-

oxidation (redox) homeostasis throughout the body.

Antioxidants can be endogenous (synthesized in the body) or exogenous
(taken in through the diet). Endogenous antioxidants are most commonly
enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx) and glutathione reductase (GR) (109, 110). SOD is the first
line of defense against oxidants and free-radicals, and catalyses the
dismutation of the Oz anion radical into H2O2 by reduction. H2O:is then
transformed to H>O and O by either CAT or GPx. The main function of GPx is
to remove H>O,, and it does this by oxidizing the antioxidant glutathione (GSH)
to glutathione disulphide (GSSG) (111). GPx also reduces lipid and non-lipid
hydroperoxides during the oxidation of GSH. GR, a flavoprotein enzyme,
regenerates GSH from GSSG, with NADPH as a reducing co-factor (112).

Antioxidants must be constantly restored and replenished, since they become
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oxidized in the detoxification of free-radicals and oxidant molecules. When the
production of ROS overwhelms antioxidant capacity then ‘damage’ to cell
components results via the formation of adducts. This is termed oxidative
stress. GSH is the principle non-enzymatic endogenous antioxidant in all cells,
and the most abundant free-radical scavenger throughout the body, and will be

described further in section 1.4.

Products of ROS-induced damage

When the antioxidant defense system is compromised, or overwhelmed,
adducts form on macromolecules. Such ‘oxidative damage’ may be irreversible
and can form macromolecules that have compromised function and even result
in cellular apoptosis. Figure 1.2a and 1.2b describe the process of redox

balance, and the state of oxidative stress.

There are three forms of oxidative protein modification (figure 1.2a): a specific
amino acid may be oxidatively modified, free-radical mediated peptide
cleavage can take place or protein cross-links may form as a result of a
reaction with lipid peroxidation products (107). Oxidative modification of some
proteins has the potential to increase the susceptibility of the cell to enzymatic
proteolysis, which may ultimately affect the enzyme activity, receptor action,
protein-mediated membrane transport and signal transduction. Proteins that
contain cysteine or methionine amino acids as constituents are much more
susceptible to oxidation because of the electron rich sulphur group within the

primary amino acid structure (113).
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Polyunsaturated fatty acids (PUFAS), which make up the majority of the cell
membrane, are commonly oxidized to form lipid peroxides following interaction
with ROS. This often results in formation of the hydroxyl radical, which can then
lead to a propagation reaction where a lipid radical is converted to a diene
conjugate. In the presence of oxygen, this radical interacts with other lipids to
form a lipid hydroperoxide (LOOH) and a new lipid radical. This chain reaction
of lipid peroxidation is propagated by the addition of a secondary free-radical
(114). A number of different compounds are formed by this process; including
alkanes, malonyldialdehyde (MDA) and 8-isoprostanes, which are useful
biomarkers of free-radical mediated lipid damage, and can be detected in blood
or urine samples.

DNA is also commonly oxidized by ROS to cause lesions to DNA, including
abasic sites, base modifications, base or sugar alterations, sugar/ base
cyclization, DNA-protein cross-linking and inter/intra-strand cross link formation,
translocations, deletions and degradation of bases. All of these events
contribute to DNA strand breaks (115, 116). The superoxide radical and
hydrogen peroxide do not react with DNA under normal conditions, but they
can react with each other to form hydroxyl radicals, which readily react with
DNA (117). Microsatellite regions (118) and aberrant CpG island methylation
(an epigenetic modification) are both targets for oxidative damage in the DNA,
affecting DNA repair and cell survival. It has been suggested that DNA repair in
cells has a dependence on GSH bioavailability, and that GSH, through a
process called glutathionylation, may act as a modulator of DNA-repair activity

(119). Aside from the principle role of GSH as an antioxidant via direct
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interaction with reactive oxygen species, it also has a detoxification role
alongside enzymes like GSH peroxidases and glutathione-S-transferases
(120). The formation of mixed disulphides, known as S-glutathionylation, could
be an essential modulating factor in response to oxidative stress in the cell, via
a formation of mixed disulphides between oxidised GSH and cysteinyl residues
of proteins (121). It was shown that DNA repair in the cell has a partial
dependence on GSH; Rojas (122) showed that mice who had a defect in GSH
metabolism demonstrated an accumulation of DNA damage as a result of low

GSH levels.

Redox homeostasis is altered in many disease conditions, such as
cardiovascular disease (123), autoimmune disorders (124), ageing (125),
rheumatoid arthritis (126), cancer (127) and many psychological disorders
(128). In particular, there is a growing evidence base to implicate altered ROS
and antioxidant defences in the pathogenesis of FEP. The ‘oxidative stress’
model of psychosis (figure 1.2b) describes the pro-oxidative state which is
often reported in this clinical population (129). In a recent meta-analysis (79), a
comparison of 3002 FEP patients with 2806 healthy controls showed that in
FEP, total antioxidant levels were reduced, in both general and antipsychotic
naive sub-groups. Other studies assessing redox status in early psychosis

have found increased plasma concentrations of MDA (lipid peroxidation
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marker) (130-134) and SOD (representing an upregulation of the first line of

antioxidant defence)(133, 135). There are also reports of altered CAT activity;

decreased expression (136, 137), and upregulation (138). In the limited number
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of studies that have assessed DNA damage in FEP, results are heterogeneous
(139, 140). Oxidative stress is elevated in FEP, but DNA damage markers
appear to be present only in later stages of illness chronicity, such as SZ (141).
Similarly, protein carbonyl assessment in FEP is rarely described. Pedrini et al
(142) observed elevated carbonyl concentration in patients within 10 years of a
first psychotic episode, and Noto et al (143) observed no difference in
advanced oxidized protein products between drug naive FEP patients and
healthy controls. These data may suggest that damage to protein components
of the cell may occur later in disease pathogenesis, rather than as a precursor

to emergence of symptoms.

1.4 The neuroprotective role of glutathione

Glutathione is the most abundant antioxidant in the human body. Biosynthesis
of GSH occurs in the cell cytosol, and is composed of cysteine, glutamate and
glycine (figure 1.3). It is a non-protein thiol, that functions in a cycle (figure 1.4)

to eliminate ROS. The sulphydryl group (-SH) on cysteine is involved in

Glutamate Cysteine
ATP \ YGluCys /
synthetase
ADP +P .
YGluCys Glycine
ATP GSH synthetase
ADP +P
GSH

Figure 1.3 Glutathione production from three amino acid precursors; glutamate, cysteine and glycine
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reduction and conjugation reactions, rendering it the most important component

of the molecule.

GR GPx

NADPH GSSG 2H,0

Figure 1.4 The glutathione cycle. GSH: glutathione (reduced), GSSG: glutathione disulphide (oxidised), GPx:
glutathione peroxidase, GR: glutathione reductase, H,0,: hydrogen peroxide.

GSH production is reliant on two factors; availability of cysteine, and activity of
the rate-limiting enzyme, gamma-glutamyl cysteine synthetase (yGluCys
sythetase) which is composed of two subunits: GCLC (a catalytic form) and
GCLM (a modifier) (144). In the GSH molecule, glutamate and cysteine are
bound unusually via the y-carboxyl group of glutamate. This bond can only be
broken by specific binding to a protein outside of the cell (y-
glutamyltranspeptidase), which makes GSH resistant to intracellular
degradation inside the cell. Released extracellular GSH can be then broken
down into constituent amino acids, to be re-incorporated in new GSH (145).
Other essential roles of GSH in the cell include detoxification of xenobiotics,
regulation of cell cycle progression and apoptosis, storage of cysteine,
maintenance of redox potential, modulation of immune function and
fibrogenesis (146-149). In its role as an antioxidant, GSH shares the reduction
of H.O2 with CAT. CAT is only found in the peroxisome, meaning that GSH is
salient in the detoxification of reactive species, especially in the mitochondria

(144).
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In quantifying the amount of GSH directly in the brain, it is possible to gain a
more accurate measure of antioxidant status, and therefore brain health, in a
population of patients with psychosis. There are very few studies that have
assessed brain GSH in FEP, and results are very mixed. A recent study
employed 3T MRS (magnetic resonance spectroscopy) (method described in
greater detail in section 1.6) to assess GSH in the brain, within an FEP
population (150). The study saw a significant reduction in striatal GSH content
in the patient group compared with healthy age-matched controls. There was
also a positive correlation between GSH concentration and positive symptoms
of psychosis. Other studies have reported depleted GSH concentration in the
brain (79, 151), no difference compared with healthy controls (152), and
elevated GSH in FEP (153). These observations may be a consequence of
varied methodology (e.g. voxel of interest, size of voxel, magnetic field strength
of the scanner). In SZ research, Fraguas et al (154) assessed the relationship
between grey matter volume and GSH in the brains of patients. The study
highlighted a progressive decline in brain GSH over the two-year study period,
as well as a direct correlation between brain and declining GSH levels in the
blood. This longitudinal assessment of GSH in the brain offered insight into the
potential relationship between GSH and disease progression. It also highlights
the potential for GSH to be studied in vitro as a biomarker of disease
progression. Further research in SZ has reported significant decreases (52%
and 50% respectively) in brain GSH compared with controls (155, 156). It
appears that brain GSH may be related to duration of illness as studies have
shown that it is perturbed in early psychosis, and further depleted with longer

duration of psychotic illness.
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Mice with a chronic GSH deficit that has been induced by knocking out GCLM
have impaired parvalbumin interneuron function (157) and elevations of
anterior cingulate cortical glutamate and glutamine levels (158). Both of these
functional deficits are significant in the context of psychosis. Proper interneuron
function is crucial for normal cognitive processes (159), and GSH deficit, which
has been observed in FEP patients, may be partially responsible for the
cognitive aspect of symptomology. Additionally, GSH may have a buffering role
in glutamate concentration in the synaptic cleft, preventing excitotoxicity and
neuronal death. Depleted GSH in the brain as a result of disease pathology

elevates the toxic potential of glutamate.

1.4.1 Genetics of GSH in psychosis

The interaction between environmental and genetic factors may explain the
multifactorial etiology for psychosis, particularly in the context of GSH
perturbation. Chromosome 6p has been the main area of interest in several
genetic studies that have associated the SZ phenotype with the region between
6p23 and 6p21 (160). Tosic et al (161) described reduced gene expression of
the GCLC and GCLM subunits of the glutathione cysteine ligase enzymes.
These mutations were found more commonly in SZ patients than control cases,
and the resultant phenotype was a reduction in GSH. The GCLC subunit of the
GCL gene sits on 6p, and a trinucleotide repeat (TNR) polymorphism of GAG
nucleotides has been linked to SZ in this chromosomal region (155).
Decreased expression of this enzyme leads to a downstream effect of
decreased GSH, as GCL is a precursor to synthesis of GSH. Similarly, Gysin

(162) described a TNR sequence that conferred incidence of SZ. This
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sequence was three times more common in patients with SZ and suggests that
GSH concentration is related to GCLM protein expression. Despite progress
having been made in identifying SZ genetic markers, especially related to GSH
metabolism and expression, the phenotypic and genetic heterogeneity across
the patient population make classification of the condition very difficult (163).
The pattern of inheritance does not follow a dominant or recessive pattern,
since SZ represents a polygenic condition, whose effect is not completely

penetrant from parent to offspring (44).

1.5 Studies assessing GSH in FEP

There are few studies that have evaluated the GSH system in FEP (table 1.1),
and comparison is difficult due to a number of factors. In particular, many
studies use the diagnostic labels ‘first-episode psychosis’ and ‘schizophrenia’
interchangeably, which makes it difficult to draw conclusions about the role of
GSH in disease progression or pathology. Where psychosis is a symptom of
SZ, itis important to distinguish the different stages of illness in order to track
time-course changes that may be a result of neurodevelopment, the prodromal
period, early psychosis or later illness progression. There are also far fewer
studies that assess the antioxidant system in FEP, whereas this is often
measured in SZ, and since FEP represents early disease pathology, the results
are less consistent than findings in chronic populations. This highlights FEP as
an interesting point for early detection of some of the perturbed markers in
chronically ill patients. Study design is often heterogeneous, with the use of

many different mediums for GSH quantification, and the umbrella term of FEP
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may include psychotic illnesses that will not all be ultimately identified as SZ.
Despite this, many of the underlying mechanisms that have been identified in
FEP are shared by SZ. The studies in table 1.1 all reported at least one marker
of perturbed redox status that was significantly altered compared with healthy
controls. However, not all research studies report altered redox status. Reddy
et al (164) showed no impairment of antioxidant defenses in comparison with a
healthy control group, and hypothesised that disease stage is related to
accumulation of oxidative stress markers. Overall, the evidence presented
indicates that disruption of the entire GSH system is likely in FEP, however
each study reports a different selection of outcome measures, at variable

disease stages.

Duration of iliness in FEP is a heterogeneous measure. This is usually based
on the time since first clinical intervention, although it is estimated that the
average duration of untreated psychosis is between 1 and 3 years (48, 165).
Therefore, the variance in results assessing GSH and markers of oxidative
stress in FEP may be partially explained by this discrepancy. As is expected,
the concentration of GSH in various tissues is different. Despite this, whole
blood and brain GSH regulation is related; a single infusion of N-acetyl cysteine
(provides cysteine precursor for GSH synthesis) in healthy controls resulted in
a concordant elevation in GSH in both tissues (166). This doesn’t guarantee
that GSH concentration will be altered in the same way as a result of an
intervention e.g. medication. Plasma measures of GSH, however, are
unreliable, since the plasma has a high concentration of —SH groups present

as cysteine, the target of most GSH assays (167).
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Redox status appears to be more consistently reported in SZ. Review papers

(93, 135, 168-170) overviewing markers of oxidative stress in SZ report

reduced GSH, GPx, total antioxidant capacity (TAC) and CAT. Lipid

peroxidation is consistently increased whereas SOD data is mixed. The fact

that studies in SZ present a uniform picture with regard to antioxidant status

versus a much more varied situation in FEP speaks to the causal versus

consequential roles of redox balance and antioxidant systems in the

pathogenesis of psychosis.

Table 1.1. Comparison of human FEP study outcomes

relating to the GSH cycle.

Reference Marker  n (FEP, HC) Tissue Outcome Du”rlarl]téc;r; of
Baumann et al (171) GSH 42,42 RBC No change 21 months
Fraguas et al (154) GSH 48, 56 Brain Depleted <6 months
Lesh et al (152) GSH 36, 40 Brain No change NA
Martinez-Cengotitabengoa et al

(137) GSH 28, 28 Plasma No change <6 months
Martinez-Cengotitabengoa el al

(71) GSH 105, 97 Plasma Depleted NA
Mico et al (134) GSH 102, 98 RBC Depleted <6 months
Parelleda et al (172) GSH 34, 34 Plasma No change NA
Raffa et al (136) GSH 23,40 RBC Depleted <6 months
Reyes-Madrigal et al (150) GSH 10,9 Brain Depleted <5 years
Ruiz-Litago et al (173) GSH 49,0 Plasma Depleted <6 months
Wang et al (151) GSH 81,91 Brain Depleted <2 years
Wood et al (153) GSH 30, 18 Brain Increased 5 weeks
Raffa et al (136) GSSG 23, 40 RBC Increased <6 months
Baumann et al (171) GPx 42, 42 RBC No change 21 months
Evans et al (138) GPx 16, 25 RBC No change <1 month
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Martinez-Cengotitabengoa et al
(137)

Mukerjee et al (174)
Parelleda et al (172)
Sarandol et al (133)
Simsek et al (140)

Ruiz-Litago et al (173)
Raffa et al (136)

Langbein et al (175)

GPx
GPx
GPx
GPx
GPx

GPx
GPx

GR

28, 28
14,10
34, 34
29, 25

20, 20
49 FEP,
follow-up

study

30, 18

27 (DN), 31

Plasma
RBC
RBC
RBC

Plasma

Plasma
RBC

Plasma

Depleted
No change
No change

Depleted
No change

Depleted
Increased

Depleted

DN: drug naiive, HC: healthy control, FEP: first-episode psychosis, GPx: glutathione

<6 months
4.5 days
NA
<6 months
NA

<6 months

<6 months

NA

peroxidase, GSH: glutathione, GSSG: glutathione disulphide, GR: glutathione reductase, RBC:

red blood cell

1.6 Magnetic resonance spectroscopy and its role in studying

disease

The following sections of text (up to 6.4) (Strength of a brain measure over

periphery, MRS determination of metabolite concentration and GSH

measurement in vivo) have been taken verbatim from the following publication

in which | am principle author (176).

The biological application of nuclear magnetic resonance technigues allows

imaging of tissue, via magnetic resonance imaging (MRI), or quantification of

key metabolites via magnetic resonance spectroscopy (MRS). The process is

summarised in figure 1.5. MRS is a particularly useful method of direct, non-

invasive quantification of a metabolite in vivo, eliminating the uncertainty of
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peripheral measures. We are capable of quantifying the concentration of GSH

in the brain, which represents a salient measure of GSH where it is most

functional, particularly in the context of FEP.

-

Alignment of protons in the body with the larger magnetic field of the MRI scanner

A radio frequency (RF) pulse tips the protons out of alignment with the scanner's
magnetic field

Magnetic moment of the hydrogen protons can be measured as they rotate past
measurement coils (loops of wire) inducing an electrical current

Protons are pulled back into alignment with the main magnetic field decreasing the
measurable signal. The rate at which this occurs determines the T1 properties of a
tissue

While rotating, the protons gradually become out of phase with one another,
decreasing the measureable signal. The rate at which this dephasing occurs
determines the T2 properties of a tissue

Figure 1.5 Summary of the basic principles of magnetic resonance, applicable to imaging of spectroscopy. MRI:
\ magnetic resonance imaging, T1: longitudinal relaxation time, T2: transverse relaxation time.

\

/

1.6.1 Strength of a brain measure of GSH over periphery

Since GSH is the major free-radical scavenger in the brain, and it is known that

free-radical generation is elevated in FEP, direct measurement of the thiol

in

Vivo is a valuable indication of disease-related GSH perturbation. GSH is most

important in the brain, since it is particularly vulnerable to oxidative insult, for a

variety of reasons. Firstly, there is high oxygen use in the brain (177), around

20% of total consumption (178). Neuronal membranes are rich in poly-

unsaturated fatty-acids (PUFAS), which are primary targets for oxidative

damage (179), and the ratio of membrane surface area to cytoplasmic volume

is high (180). Autoxidation of neurotransmitters can generate radicals (181),
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alongside a modest antioxidant concentration in the brain compared with other
regions of the body (182). The neurotransmitter glutamate is a major effector in
causing cytotoxicity and free radical generation (183), as well as the free-
radical generating capacity of activated microglia and other immune cells (184).
Neuronal cells are non-replicating, and are thus sensitive to ROS (185). GSH
has a primary role in quenching the brain of potentially damaging radicals,
otherwise oxidative stress will prevail; a state described in many diseases, but

especially important in conditions related to the brain, like FEP.

A number of studies have tried to draw comparisons between GSH in the brain
and peripheral measures such as blood components or cerebrospinal fluid
(CSF). Due to the variable nature of study design in the tissue assessed and
the brain region of interest, the concentration of GSH across differing
compartments of the human body is not well characterized (186-188). Many
studies, when investigating GSH, do not differentiate between reduced,
oxidized and total GSH, rendering the measure comparable only within its own
intervention, and difficult to use in comparison to other studies. This makes the
use of MRS as a tool for GSH quantification useful, since the measure is direct,
and informative of brain GSH status. Blood measures of GSH are the most
commonly reported methods, since assays are cheaper and more accessible
than MRS. Plasma measures of GSH are commonly reported, but report a wide
range of concentrations of GSH (0.5-759 uM) (189, 190). Plasma acts as a
medium for metabolic waste products in the body, where cells excrete partial
protein and lipid components for clearance. In addition, the role of GSH is to

provide redox balance within a cellular system. Therefore, it is unlikely that
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plasma GSH offers a reliable and accurate representation of peripheral GSH,

and even more unlikely that it would be a representation of brain GSH.

1.6.2 MRS determination of metabolite concentration

MRS provides a means to explore novel chemical environments and analyse
known molecular systems. Through the analysis of the free induction decay
(FID) spectra of a target nucleus, the local chemical environment may be
inferred. While exotic nuclei, such as 3'P and '3C, are possible for targeting in
clinical environments, *H is the most widely available (191). However, accurate
guantification of some metabolites is hampered by both the low spatial
resolution, due to the low chemical concentrations and the decreased spectral
resolution of clinical scanners with lower field strengths. Generally, in vivo MRS
is conducted over a single voxel placed within a target brain region (identified
using a preliminary scout scan); while imaging protocols that perform

spectroscopy over an array of large voxels are possible they are less common.

1.6.3 GSH measurement in vivo

In vivo quantification of GSH in humans is particularly challenging due to the
low concentration (1.5-3 mmol/L), and the fact that all resonances overlap with
stronger signals from alternate metabolites, such as water, glutamate and NAA
(N-acetylaspartate) (192). However, it is possible to quantitatively isolate the
spectral contribution from GSH through both refinement and calibration of
standard approaches to MRS measurement as well as the development of
novel sequences. Additionally, in order to accurately quantify the contribution of

GSH to the measured spectra, a range of post-processing techniques, from
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spectral decomposition to partial volume correction, are required. While
similarities and trends do exist, studies conducted within the past 10 years vary
in voxel placement, measurement sequence, acceptance bounds on signal

quality and post-processing methodologies.

1.6.4 MEGAPRESS technique and glutathione quantification

Localised spectroscopy enables the observation of spectral information from a
specific voxel, and one basic pulse sequence is the MEGAPRESS technique
(Mescher-Garwood point resolved spectroscopy) (Figure 1.6, from one of the
MRS experiments described in chapter 4 of this thesis). This method had been
adapted for detection of the cysteinyl resonance of glutathione. GSH resonates
at 2.95 parts per million (ppm), as a result of the strongly coupled cysteine -
CH2 at 2.95ppm, J-coupled to a-CH at 4.56ppm (193). When a selective
inversion pulse is applied to the H1 frequency of the GSH cysteinyl a-CH, the
GSH cysteinyl B-CH2 shows a single peak at 2.95ppm because of abolishment
of the J-coupling with the cysteinyl a-CH. MEGAPRESS editing allows the
2.95ppm signal from cysteinyl B-CH2 protons to stand out over other peaks
(194). Itis also possible to quantify GSSG using MEGAPRESS editing; there is
a distinct shift and a division of peaks due to the disulphide bond. GSH and
GSSG peaks only interfere when in a ratio of 1:1- but the standard
physiological range is between 100:1 and 10:1. In a study by Matsuzawa et al
(155) used MEGAPRESS MRS to assess GSH in the brains of SZ patients.

They observed that negative symptoms were related to reduced glutathione
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levels in this group, and that a stronger relationship may have been observed if

a smaller voxel had been used, but it is harder to reach sufficient signal.

Lo ol s
\Mﬂ | MJI Mﬁw'u NJ‘EI W 1M, T Jll !M(MIM ‘m’UFLHV W\h

GSH
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Figure 1.6 Example anterior cingulate cortex 'H-MRS
MEGA-PRESS chemical shift in vivo, after suppression of
masking water signal. The y-axis represents the detected
concentration of GSH, x-axis the frequency chemical shift
in parts per million (ppm).

1.7 Mechanisms of exercise in the GSH system and disease

Low levels of ROS can be beneficial to adaptation and cell signalling. The
theory of hormesis (195) describes the beneficial effects of a potentially toxic
compound, in a dose-response manner, up to a threshold point (figure 1.7). In
this case, continuous exposure to low-to-moderate concentrations of ROS can
induce antioxidant enzyme expression through signalling by free radicals (196).
This theory accounts for the beneficial effects of long-term exercise training; an

acute bout of exercise stimulates and increases in ROS production, which
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favours subsequent adaptation through upregulation of antioxidant
mechanisms. Regular exercise increases activity of the proteasome complex,
which is believed to be responsible for degradation of oxidised proteins (197).
The damaging effects of ROS that are characteristic of many diseases are
represented by the second half of the hormesis bell curve. Maintenance of
adaptation in response to exercise is dependent on a balanced concentration
of the xenobiotics that are attributable to disease cause. This relationship has
the potential to be used as a therapy in clinical populations, since exercise
training may interact with mechanisms of redox-related perturbations.
Importantly, one of the most notable changes in response to exercise is

upregulated antioxidant expression.

Oxidative stress
and cell-component
damage

Free-radical
signalling to
promote adaption

Reactive Oxygen Species

>

Figure 1.7 Hormesis dose-response curve demonstrating the effects of increasing ROS
levels, characterised by low doses that promote signalling and adaptation, followed by the
toxic effect of excessive ROS production. Exercise training modulates ROS and prevents the
downward tipping of the curve.
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The beneficial effects of exercise training on the antioxidant response to
oxidative stress are clear, and are the subject of a growing pool of literature.
The huge gap in this knowledge is the effect exercise can have in a mental
health population. Exercise in healthy people and disease models has mapped
the baseline from which to build new research into the potential treatment of

FEP patients with exercise.

In the context of the GSH cycle, Gohil et al (198) showed that with a prolonged
session of submaximal exercise (90min at 65% VO. peak) GSH levels were
reduced by 60% immediately post exercise, and GSSG was increased 100%.
This effect is temporary, and an adaptive process takes place through training.
Elokda (199) demonstrated an adaptation to oxidative stress through exercise
training. Using healthy sedentary volunteers, interventions of either aerobic
training, or combined aerobic and circuit weight training (standardised
workload) were implemented to observe the change in GSH and GSH: GSSH
ratio- the criterion markers of oxidative stress. Both training programmes
increased GSH, and reduced GSSG, but the combined programme had a
greater effect- 45% versus 35% improvement. The subjects in this study
adapted their ability to cope with greater acute stress, strengthening their
response to oxidative stress. Ten-weeks of an aerobic exercise programme,
with exhaustive acute bouts pre-and post-intervention resulted in an increased
GPx response to exercise, and reduced GR, and GSSG (200). These results
highlight the improved reducing power of GSH; with greater free-radical
removing capacity. Increased GPx demonstrates the adaption to chronic

exercise stress.
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Exercise training also has the capacity to elicit an adaptive response to
damage-marker production. One study assessed the differences in resting
redox biomarkers between trained athletes and sedentary young men (201).
Trained men had significantly reduced MDA (lipid peroxidation marker) and
protein carbonyl concentration compared with the sedentary counterparts.
Different exercise modalities appear to have different effects on redox
outcomes. Bogdanis et al (202) prescribed 3-weeks of high intensity interval
training, and showed that after an acute bout (pre-intervention), protein
carbonyls, TBARS (thiobarbituric acid reactive substances), GPx activity, total
antioxidant capacity and CAT were all elevated. After the training period, total
antioxidant capacity was improved, alongside an attenuated response to
TBARS production after exercise. In a comparison of three different exercise
modalities, Azizbeigi et al (203) designed a study to include three groups;
endurance training, resistance training and a combination of the two. All groups
showed an increase in resting SOD, and reduced MDA after the intervention.
For the endurance and combination groups, GPx and total antioxidant capacity
were increased. Resistance and anaerobic high intensity bouts of exercise
training have less requirement for oxygen, but free-radical production is elicited
via a number of alternative mechanisms, including the xanthine oxidase
pathway, catcholamine oxidation, local muscle ischemia, and conversion of
superoxide anion to hydroxyl radical by lactate (204, 205). The decrease in lipid
peroxidation products across all training types in this study may be due to an
increased resistance of cell-membrane rich poly-unsaturated fatty acids to

peroxidation (203).
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The inflammatory pathway represents another target of exercise in FEP, and
observational studies have reported lower inflammatory biomarker
concentrations in those who are more habitually active (206, 207).
Interventional studies have observed reductions in CRP (C reactive protein),
stimulated by TNF-alpha (tumor necrosis factor alpha) and IL-6 (interleukin 6),
after periods of training (208-210). Thompson et al (211) recruited sedentary
middle-aged men to a 24-week exercise intervention, with a 2-week de-training
assessment post-exercise. They observed that IL-6 was decreased at 24-
weeks, but within the two weeks de-training period the cytokine returned to
baseline level. IL-6 increased after each acute bout of exercise (212), indicating
the power of acute bouts to elicit change, and the adaptive potential of exercise
training. Aerobic endurance training results in increased basal IL-6 receptor
expression in skeletal muscle (213), which in time results in reduced
upregulation of IL-6 in response to an acute bout of exercise.

Nikseresht et al (214) assessed the effects of exercise training followed by 4-
weeks detraining on inflammatory markers in inactive males. They found that
after 4-weeks detraining, IL-6 was significantly increased. There was no
change in TNF-a or CRP as a result of the exercise training. Another group
found that long-term moderate intensity exercise training had no effect on

adipokine gene expression (e.g. TNF-a)(215).

There are several mechanisms of adaptation to exercise training in reducing
the raised inflammatory profile. IL-6 is principally defined as a pro-inflammatory

cytokine, but also exhibits autocrine, paracrine and endocrine effects when
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released by myocytes during muscular contraction (216). Many cytokines,
including IL-6, and other small proteins can be described as myokines, which
act as regulators of exercise-induced metabolic changes. Contrary to the belief
that increases in IL-6 during exercise represent an acute-phase response
initiated by local damage in the muscle (217), IL-6 release is elevated in the
circulation during dynamic exercise, without muscle damage (218). This effect
means that IL-6 is involved with adaption to exercise, as a signalling molecule,
alongside it's pro-inflammatory role. It is also known that exercise training
results in shifts in monocyte phenotype, specifically reductions on immune cell
production of inflammatory mediators (205, 219). Since chronic low-grade
inflammation is a potent source of ROS, the exercise-induced reduction of
inflammatory cytokine reduction also reduces the concentration of ROS

produced and the consequential damage to cellular components (220).

No study has assessed the effects of exercise training on redox homeostasis in
a FEP or SZ group. The perturbations of redox homeostasis and the
antioxidant system have been well-described in the context of FEP; highlighting
the need for therapeutic treatments that have the potential to alleviate some of
the products of oxidative stress. The potential for exercise as an adjunctive
therapy to target the redox system is profound, alongside the other, more well-
known metabolic benefits of exercise training. Improvements in BMI (221), lipid
profile (222), cardiovascular fithess (223) and a reduced risk of type 2 diabetes
(224) are some of the salient benefits especially since they address some of

the more common negative side-effects of antipsychotic medication.
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1.8 Exercise as a therapy in psychosis; potential benefits and

difficulties in this clinical population

Alongside the principle aim of generating a physiological response to exercise,
it is also important, in the context of patient populations, to record the response
needed to elicit change in psychological factors. Depression and anxiety are
two of the most common co-morbidities associated with any psychotic illness
(225-227). Regular exercise has the potential to alleviate some of the
symptoms associated with these diagnoses. Dunn et al (228) treated a group of
patients diagnosed with depression with a 12-week programme of exercise,
and the average score on the Hamilton rating scale for depression was
reduced by 47%. A review in patients with depression and severe anxiety
showed that physical inactivity was a risk factor for depressive symptoms, and
that regular physical activity was associated with lower levels of depression,
anxiety and neuroticism (229). Perceived levels of mental health and well-
being, as well as reduced feelings of anxiety are heightened with regular
exercise (230), and a study in European older adults correlated quality of life
with increasing habitual activity (231). Acil et al (232) used a 10-week
intervention of aerobic exercise as an adjunctive therapy in a SZ patient group.
Exercise conferred positive and negative symptom reduction (assessed by the
Positive and Negative Symptom Scale (PANSS)), as well as a significant
improvement in quality of life (assessed by the World Health Organisation
Quiality of Life questionnaire). Beebe et al (233) employed a 16-week walking

programme in a group of SZ patients, observing an average 22% reduction in
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PANSS total score- clinically significant despite the relatively low intensity of
training.

A meta-analysis by McAuley et al (234) compared psychological outcomes
related to exercise. In a comparison of the reported studies (n=32), 6 showed
no response to any of the psychological measures reported. Of these studies,
either the training intensity or intervention duration was very low- providing a
potential explanation for lack of improvement in measures such as mood, well-
being, depression or life satisfaction. The exercise interventions for these
studies comprised walking/ jogging (235-239), or in the case of higher intensity
activity (70-80% HRmax (age-related maximum heart rate)) the intervention
duration was only 4 weeks (240). All reported studies that provided positive
results on psychological factors used exercise interventions with greater
intensity, with a minimum of 8-weeks duration. With these extended
parameters, improvements in anxiety, depression, well-being index, mood,
quality of life, stress, life satisfaction, tension, happiness and emotional stability
were reported.

Study design is the most important factor in generating the most reliable data
from an exercise intervention, particularly in a clinical population. Table 1.2
describes all of the exercise trials in FEP and SZ groups, highlighting various
aspects of intervention design and key outcomes. It is important to standardise
bouts of exercise across an intervention, in order to observe a meaningful
effect of exercise. Supervision and frequency of training have an enormous
impact on study compliance and drop-out; from the studies described,

supervised studies demonstrate 75% attendance and 21.3% attrition, whereas
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unsupervised studies are unable to report attendance, but show 51% dropout,

on average.
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Table 1.2. Summary of exercise interventions in FEP and Sz

Reference  Sample size (n) Exercise intervention Frequency Duration Drop- Attendance Supervised? Clinical Notable results
PAT, PATC, HC (weeks) out group
Abdel-Baki et 25,0,0 Aerobic running intervals 2 x 30 mins 14 36% 48% Y Sz Decreased waist
al (241) circumference
and increased VOzmax
Acil et al (232)  15,15,0 Home-based AE 3 x40 mins 10 0% NA N Sz Sig. decreased positive
and
negative symptoms,
improved
WHOQOL score
Alvarez- 35,27,0 Behavioural intervention, including AE Flexible 12 0% NA Y FEP Sig. less weight gain
Jimenez et al schedule than controls
(242)
Archie et al 10,10,0 Gym access and recommendation Determined 24 90% 30% N Sz Increase in body weight
(243) by in both
patient groups
Ball et al (244) 11,11,0 Walking 3 x 5-20 mins 10 54% NA Y Sz No sig. change in body
weight
or symptoms
Battaglia et al 18,0,0 Group football 2 x100-120 12 22% 80% Y Sz Decreased body weight
(245) mins and
increased mental
component
Beebe et al 4,6,0 Walking programme 3 x 30 mins 16 NA 67% Y Sz Sig reduced body fat,
(233) and

improved fithess and
BMI
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Behere et al
(246)

Bhatia et al
(247)

Bredin et al
(248)

Curtis et al
(249)

Dodd et al
(250)

Duraiswamy
et al (251)

Firth et al
(252)

Yoga 27,0,0
Jogging 17,0, 0

Yoga 104, 0, 0
Jogging 90, 0, 0

13,0,0

16, 12,0

8,0,0

Yoga 13,0, 0
Jogging 30, 0, 0

31,00

Jogging/ yoga

Yoga or physical exercise training

AE or resistance exercise training

Gym access, health coaching and
dietetic support

Group aerobic exercise

Jogging/ yoga

Aerobic and resistance training

Recommend
ation

7 x 60 mins

3 x 30 mins

Aim to
increase
participation

2 x 30 mins

5 x 60 mins

2 x 45-60
mins

16

12

12

24

16

10

45% NA
17% NA
31% 81%
62% NA

0% 73%
26% NA
19% 50%>90min

79%>60min

Sz

Sz

Sz

FEP

Sz

SZ

FEP

Sig. improvement in
positive and
negative symptoms,
and socio-
occupational
functioning for yoga
group only

Both exercise
modalities improved
attention and additional
cognitive

domains

Non-sig. improvements
in PA,
aerobic fithess and BP

Sig. reduced weight
gain in
intervention group

Sig. improvements in
weight, no

change in symptom
score

Yoga group had sig.
less

paychopathology than
joggers

Sig. reduced PANSS
score,

psychosocial
functioning and
verbal short-term
memory
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Fogharty et al
(253)

Gholipour et al
(254)

Heggelund et
al (255)

Heggelund et
al (256)

Ho etal
(257)

Ho etal
(258)

lkai et al
(259)

lkai et al
(260)

6,0,0

15,15, 0

12,7,0

6,7,0

15, 15,0

Thai Chi 51,51, 0
Exercise 51, 51, 0

25,24,0

25,25,0

Individual, incremental exercise
programme

Therapeutic exercise (exercise and
token
behaviour therapy)

Hight intensity interval training

Maximal strength training

Thai Chi

Thai Chi, or moderate intensity
aerobic exercise

Yoga therapy

Hatha yoga

NA

3 x 120 mins

3x(4x4
mins)

3x(4x4
mins)

1 x 150 mins

3 x50 mins

1 x 60 mins

1 x 60 mins

12

12

NA

%

25%

17%

23%

5%

10%

28%

NA

NA

85%

85%

NA

80%

87%

NA

NA

Sz

Sz

Sz

Sz

Sz

SZ

Sz
spectrum

Sz

Future participation in
regular

exercise was
encouraged

Token reinforcement
more effective

than exercise for
reducing

psychotic symptoms

Improved VO:2 peak, no
change in symptom
scores

Improved 1RM, no
change in
symptom scores

No change in negative
symptoms,

thai chi reduced
deterioration in
movement coordination

Thai Chi showed sig.
decreases in

motor deficits and
increased

cortisol. AE showed
decreased

motor deficits, negative
symptoms,
depression and
increased

cortisol

Sig. improvements in
postural
stability

No change BDNF or
PANSS
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lkai et al
(261)

Jayaram et al
(262)

Kaltsatou et
al (263)

Kang et al
(264)

Kimhy et al
(265)

Lambden et
al (266)

Larsen et al
(267)

28, 28,0

15, 28,0

16, 15,0

118,126, 0

16, 17,0

92,0,0

13,12,0

Chair yoga therapy

Yoga therapy

Greek traditional dancing programme

Thai Chi plus social skills

AE programme with Xbox Kinect

Structured group exercise; circuit
training,

resistance exercises, AE and
stretching

Hight intensity training inspired by
Crossfit

2 x 20 mins

NA

3 x50 mins

2 x 120 mins
per
month

3 x 60 mins

5 x 60 mins

3 x 60 mins

12

8 months

12 months

12

12

13%

33%

0%

0%

21%

51%

16%

83%

NA

87%

NA

79%

48%

NA

Sz
spectrum

Sz

Sz

Sz

SZ

FEP

FEP

Sig improvements
flexibility,

hand-grip strength and
lower limb

muscle endurance

Improvements in socio-
occupational
functioning, and
plasma oxytocin

Improved QoL score,
Global

Assessment of
Functioning,

balance and 6-minute
walk test

Reduced PANSS
negative score,
improved adherence to
medication

Improved aerobic
fithess and
neurocognition

Association between
exercise and
autonomy,
representative of
recovery process

Participants given the
chance to

take partin
Copenhagen

Warrior obstacle race
post-trial.
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Lin etal
(268)

Loh et al
(269)

Manjunath et
al (270)

Marzolini et al
(271)

Methapatara
etal (272)

Nuechterlein
etal (273)

Oertel-
Knochel et al
(274)

Paikkatt et al
(275)

Yoga 45, 39,0
AE 40, 39, 0

52,52,0

Yoga 44, 0,0
Jogging 44, 0, 0

7,6,0

32,32,0

7,90

MDD 8, 8, 0
SZ8,10,0

15,15,0

Yoga or AE programme

Structured walking intervention

Jogging/ yoga

Group aerobics and weights

Pedometre walking

AE and cognitive training

Aerobic exercise and cognitive training

Yoga therapy

3 x 60 mins

3 x 30 mins

5 x 60 mins

2 x 90 mins

Recommend
ation

4 x 30 mins

3 x 45 mins

7 x 90 mins

12

12

12

10

23%

8%

43%

0%

0%

NA

32%

7%

Yoga 47%
AE 58%

NA

NA

2%

NA

93.50%

NA

NA

50% supervised

FEP

Sz

Sz

Sz

Sz

SZ

SZ &
MDD

Sz

Both interventions sig.
improvement

in working memory, and
reduced

depressive symptoms.
Sig.

Increase hippocampal
volume

AE group only

Sig. reduction PANSS
domains

Yoga more effective for
improvements in
PANSS score,

CGIS and HDRS

Improved strength and
MHI score

Decreased body weight

Combined cognitive
training

and AE increased
cognition

MDD sig. reduction
depressive
symptoms and state
anxiety. SZ

reduced negative
symptoms

Improved PANSS rating
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Pajonk et al
(276)

Poulin et al
277)

Romain et al
(278)

Scheewe et al
(279)

Silva et al
(280)

Strassnig et
al (281)

Su etal (282)

8,8,8

59,51,0

38,28,0

Exercise 31, 0, 0
0T32,0,0

Concurrent 9, 13,0
Resistance 12, 13, 0

6,0,0

30, 27,0

Group aerobic exercise

Education, diet and AE programme

High intensity interval training

Aerobic and resistance training

Resistance exercise or concurrent
exercise

Lab based treadmill running

Treadmill running

3 x 30 mins

2 x 60 mins

2 x 30 mins

2 x 60 mins

2 x 60 mins

3 x 30 mins

3 x40 mins

12

18 months

6 months

24

20

12

38%

15%

50%

42%

27.65%

NA

22.60%

85%

85%

64%

79%

75%%

60-100%

7%

Sz

SZ + BD

Psychoti
c
disorder*

Sz

SZ

SZ

SZ

Sig. increase
hippocampal

volume, correlating with
VO2max,

NAA:Cr ratio and short-
term

memory

Sig. decreased BMI and
cholesterol

Compliant participants
reduced

waist circumference,
negative

symptoms, social and
global

functioning

Exercise reduced
symptoms,
depression, need of
care and
cardiovascular fitness
Improved positive and
negative

symptoms, no change
in BDNF or
anthropometric
measures

Increased VO2max

Improved processing
speed and

attention. No change in
cognition

or fitness
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Svatkova et al
(283)

Takahashi et
al (284)

Varambally et
al (285)

Visceglia et al
(286)

Warren et al
(287)

Wu et al
(288)

Wu et al
(289)

33,0, 48

13,10,0

Yoga 47, 36,0
Jogging 37, 36, 0

10,9,0

17,0,0

59,0,0

20,0,0

AE on a stationary bicycle

AE, basketball and stretching

Jogging/ yoga

Yoga

Jogging, increasing throughout and
educational programme

Treadmill jogging

HIT

2 x 60 mins

2 x 30-60
mins

5 x 60 mins

2 x 45 mins

3 x 20 mins

7 x 30 mins

3 x 25 mins

6 months

16

10

12

NA

0%

41%

NA

11%

0%

10%

NA

>50%

NA

NA

NA

65%

2%

Y/N

FEP

SZ

Sz

Sz

Sz

Sz

Sz

No difference between
groups,

irrespective of
diagnosis regular

PA of an overlearned
skill increases

motor functioning

Decreased BMI and
PANSS
score

Yoga more effective for
improved

PANSS score than
jogging

Decreased positive and
negative PANSS scores

82% participation in a
5km
event

Decreased BMI, insulin
resistance, and waist
circumference

Sig. reduced weight,
BMI, BP
and PANSS measures

AE: aerobic exercise, BDNF: brain derived neurotrophic factor, BMI: body mass index, BP: blood pressure, CGIS: clinical global impression scale, FEP: first-episode

psychosis, HC: healthy control group, HDRS: Hamilton depression rating scale, MDD: major depressive disorder, MHI: mental health inventory, PA: physical activity,

PANSS: positive and negative symptom scale, PAT: patient group, PATC: patient control group, SZ: schizophrenia, QoL: quality of life, 1IRM: 1 repetition maximum
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1.9 Modelling psychosis in human cerebral cells

Studying the mechanistic pathways that contribute to psychosis is very difficult
in humans, and animal models have often been employed instead. There are a
number of limitations of using in vivo models of mental illness. As described
earlier, psychosis and SZ are so genetically heterogeneous that producing an
animal with a genotype and metabolic regulation that represents disease is
almost impossible. Since diagnoses are made based on subjective
phenomenology (290), rather that physiological processes, it is reasonable to
conclude that animals are unlikely to mirror the disease state well (291).
Induced pluripotent stem cells (iPSCs) present an interesting model for the
study of brain health, since it is possible to neurally induce these pluripotent

stem cells from a human donor with a specific disease phenotype.

Since pathogenesis of FEP is hypothesised to be neurodevelopmental (53, 54),
it represents a good candidate for an iPSC neural cell model. These cells
reflect embryonic development, and are unigue in the sense that other cell
models of disease represent ‘adult’ cells in culture. iPSC-derived neurons and
astrocytes are immature in comparison to the human brain (292, 293), which
means that iPSC lines derived from patients represent the perfect model for the
neurodevelopmental aspects of the disease phenotype. Markers of antioxidant
capacity have never been assessed in SZ iPSC lines, especially in different
cerebral cell-types. Additionally, redox biology is an area of iPSC research in

SZ that is in its infancy. Brennand et al (294) observed increased oxidative
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indices (DNA damage and protein oxidation) in iPSC neural progenitor cells,

precursors to cerebral cell development, in a patient-derived SZ model.

Schematic outline of thesis

Chapters
Standardising bouts of exercise Research questions:
for use in a clinical population' 1. ltis possible to standardise exercise bouts for clinical intervention bouts?
2 ' 2. Can acute bouts of exercise be equated using redox markers?

equating exercise via redox 3. Can engagement of exercise be encouraged through study design, including
markers and heart rate elements of choice, promotion of enjoyment and accompaniment?

Research questions:

1. Is 12-weeks of moderate-intensity exercise training sufficient to alleviate the
negative redox effects of first-episode psychosis pathology, in measures of
cerebral and blood glutathione, markers of oxidative damage, inflammation and
neurocognition?

2. It is possible to engage patients with first-episode psychosis in an intervention
of exercise, prioritising exercise quality, attendance and retention?

First-episode psychosis and
3&4 exercise study (FEPEX)

Research questions:

Assessmg C‘?rebral glu.tathlone 1. Are antioxidant cycle and oxidative stress parametres different in schizophrenia
5 metabolism in human induced hiPSCs versus healthy control hiPSCs?
pluripotent stem cells derived 2. Is glutathione differentially affected in neurons and astrocytes?
from patients of schizophrenia 3. Is there a redox-related neurodevelopmental role in pathophysiology of

psychosis and schizophrenia?
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CHAPTER 2: STANDARDISING BOUTS OF EXERCISE FOR USE

IN A CLINICAL POPULATION; EQUATING EXERCISE VIA

REDOX MARKERS AND HEART RATE

Abstract

Regular exercise may have a therapeutic role in youth mental ill-health, but the
majority of exercise studies undertaken in this population have observed poor
compliance to intervention and high drop-out rates. In the context of first-
episode psychosis (FEP), the antioxidant system and oxidative adducts
represent cogent markers for monitoring exercise training-induced
improvements, as oxidative stress and depleted antioxidant defense are a key
component of disease pathology. The principle aim of this study was to
characterise a variety of exercise types that could be used in an exercise
intervention to ensure the quality of the exercise bout whilst promoting
enjoyment for the participant. Blood markers of antioxidant capacity and
oxidative stress were assessed, to determine the optimal intensity and activity
type to elicit adaptation.

Ten healthy sedentary participants (aged 23.50 + 3.70 years) were invited to
complete 7 acute exercise bouts, across a range of exercise modes. A single
laboratory exercise bout on a cycle ergometer was undertaken to act as a
control, and following this, target heart rates were set for exercise at 50-70%

VO2max. Heart rate was continuously monitored through the session, as well
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as blood glutathione (GSH) and 8-isoprostane measurements immediately prior
to and post individual sessions.

The study observed an 90% completion rate of activities, and 52% of exercise
sessions were within the individual target heart rate range. GSH concentration
was elevated by 12.09% (+ 27.51) between pre-and post-bout measurements,
and the high-intensity interval running session caused a 71.40% GSH increase
(p=0.007). There was no change in 8-isoprostane concentration as a result of
any of the acute exercise bouts.

This study demonstrated that it is possible to engage and retain sedentary
participants in exercise training, using a variety of different exercise modalities.
The redox system was challenged, as indicated by altered GSH concentrations
after exercise, which suggests these bouts of exercise are capable of
stimulating an adaptive response to exercise. Exercise bouts did not elicit
oxidative stress however, as no increase in 8-isoprostane concentration was
detected. The findings of this pilot study inform the design of an exercise
intervention as an adjunctive treatment in FEP, including bout monitoring,
exercise intensity and the provision of a variety of activity types to facilitate

enjoyment and study-compliance.

Key words

Heart rate, oxidative stress, glutathione, 8-isoprostane, acute exercise
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2.1 Introduction

2.1.1 The sedentary lifestyle

Physical inactivity is a hallmark of youth mental iliness, particularly psychosis
and schizophrenia (SZ): these populations report barriers to regular exercise,
which have been described by Firth et al (295) and Vancampfort et al (296); as
low mood, stress and lack of support. These barriers, along with depression
and anxiety, are key features of first-episode psychosis (FEP) and SZ that
emphasize the incipient need for a different kind of exercise provision
alongside treatment, to better aid people with mental ill health in working past
these barriers and to use exercise to maximise improvements in both
physiological and psychological health. Regular exercise has the potential to

diminish many of the barriers presented by this population.

Severe mental illness (e.g. SZ, bipolar disorder or major depression) confers a
much greater risk of chronic co-morbid-related death, up to 20 years
prematurely, compared with the general population (296). This reduced life
expectancy can be attributable to metabolic disorders (297) that are two-fold in
origin; association with sedentariness and lack of physical activity (298), as
well as impaired glucose metabolism that is linked to underlying disease
pathology (299). As sedentary behaviour is an independent risk factor for a
number of metabolic conditions, including cardiovascular disease, type 2
diabetes and all-cause mortality (300), it is even more important to engage

young people with mental ill-health in regular physical activity.

74



Exercise training has the potential to elicit benefits both psychologically and
physiologically, but not all exercise is equal. Exercise of different intensity,
frequency and duration can equate to different physiological and psychological
stimulus and there is a need to standardise exercise intervention design in
youth mental health. By targeting biomarkers of iliness, via more detailed
prescription of exercise, the benefits of an intervention have the potential to
become much more specific. Clinical recovery from FEP is often incomplete,
therefore adjunctive strategies are needed alongside neuroleptic medication
prescription to increase the chances of success, and reduce the number of

people that progress to SZ.

2.1.2 Enjoyment and engagement

One of the principle drawbacks in exercise intervention studies in these clinical
populations is the high rate of attrition and poor compliance to a training
programme (301). Larsen et al (267) found that by providing a choice of
exercise sessions to a cohort, adherence was improved. In another study of
healthy young participants, exercise session design prioritised enjoyment, and
physical activity achieved strong correlation with overall enjoyment (302). It has
also been observed that enjoyment of exercise is predictive of participation in
moderate to vigorous physical activity (303, 304). Therefore, it is necessary to
optimise exercise interventions to prioritize session quality, engagement and

enjoyment in order to achieve attendance in prospective exercise interventions.
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2.1.3 Exercise and the redox response

The pro-oxidative state, and chronic antioxidant depletion in psychosis, as well
as the beneficial effects of exercise training on the redox system have been
well-described in chapter 1 of this thesis (pages 37-43). Briefly, the potential of
exercise to reduce disease-related markers of oxidative damage, as well as
upregulate the antioxidant system is profound. Exercise has an important role
in reducing the damaging effects of reactive oxygen species (ROS), and
exercise intensity and duration is a determinant of the magnitude of ROS
production (305). An acute bout of exercise produces ROS (306), but ROS are
an integral part of the process of exercise adaptation. Unaccustomed or
exhaustive exercise bouts may generate excessive ROS (307), which shifts
redox balance, depleting or overwhelming antioxidants to cause ‘damage’ to
cellular components. However, in almost all cases, biomolecules carrying

‘damage’ as adducts will be repaired or will act as a stimulus for repair (308).

2.1.4 Using redox markers to assess the physiological stress associated with

acute bouts of exercise

Redox status can be assessed by measurement of biomarkers of oxidative
damage or antioxidant concentration. These markers give an indication of the
physiological stress or load that an exercise bout may have placed on the
system. It is salient to note that markers of oxidative stress are similarly
perturbed across different youth mental health conditions, including FEP (309),
SZ (310), bipolar disorder (311) and major depressive disorder (312). Thus, at

baseline, before any exercise bout is undertaken, the redox status of a person
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with mental ill health will likely be altered in comparison to a healthy individual.
In addition, the physiological stress of a bout of exercise, which can be
monitored using heart rate (HR), and the characteristics of the person

undertaking the exercise are likely to be affected by an individuals’ illness.

Glutathione (GSH) is the most abundant antioxidant molecule in the brain and
periphery. It acts as a scavenger of ROS, with the primary role of maintaining
intracellular redox balance (313) (described in detail on pages 43-46). In a
comparison of different acute exercise bouts on redox balance, Rai et al (314)
invited sedentary young men to complete a bout of HIIT (high-intensity interval
training) or moderate intensity continuous exercise. The response of blood
GSH to the two different intensity bouts was different. HIIT resulted in a
significant increase in circulating GSH, whereas no change was observed after
moderate intensity continuous exercise. Increased synthesis of endogenous
GSH in response to HIIT training is known to activate the GSH redox cycle
(199), increasing the activity of other antioxidant enzymes associated with this
cycle (202). This occurs alongside a transient increase in ROS, which can act
as a signalling mechanism to stimulate adaptation (315). Resting blood GSH
has been shown to be depleted in FEP and SZ (71, 134, 154), indicating a
reduced capacity of the antioxidant system to quench damaging free radicals

that may be elevated as a result of disease pathogenesis.

Markers of free radical-mediated damage can be present on any biomolecule,
e.g. protein, lipid or DNA, and can give an indication of the source of the
radical. For example, 8-isoprostane is a specific marker of ROS induced lipid

damage (316). These prostaglandin-like compounds are formed via the
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peroxidation of the free-fatty arachidonic acid (317). 8-isoprostane production
in response to acute exercise in healthy sedentary populations has been
measured, with exercise intensity proving an important determinant of oxidative
stress, resultant cell injury and response. One study compared a high intensity
interval-style bout with a continuous moderate intensity bout (318) and
detected a significant increase in plasma 8-isoprostane concentration following
the high intensity bout only. Other studies have observed significantly
increased isoprostane concentrations after a 50km ultramarathon (319), and

conversely no change after 2 hours of exhaustive weight lifting exercise (320).

It is clear that different exercise mode, duration and intensity elicit a different
redox response, either via stimulation of antioxidant production, or via
accumulation of adducts that have resulted from ROS interaction with
biomolecules. By assessing redox markers following different bouts of exercise,
it may be possible to ‘tariff or equate the amount of physiological stress, or
stimulus of adaptation, that has been caused by that exercise bout, alongside a
more traditional measure of exercise intensity such as heart rate. With this
information, it may therefore be possible to design training sessions that
stimulate key adaptive processes relevant for populations with altered redox

status.

2.1.5 Aims

The aim of this study was to assess the redox perturbation caused by different
exercise modes, undertaken at differing intensities and durations to create a
series of standardised exercise sessions. These exercise sessions were

created using a range of different exercise modes to offer variety and appeal to

78



individuals who were not normally motivated to exercise. A healthy, but
sedentary group was targeted to replicate the activity levels of a clinical

population of people with psychosis.

By assessing acute changes in a marker of oxidative damage, alongside the
protective antioxidant capacity of the blood, it was hypothesized that it is
possible to observe the physiological demand of a particular exercise session,
and therefore equate sessions for use in a clinical intervention. Since this study
design is destined to be implemented in a youth mental health population,
promoting attendance and enjoyment was salient considering the high rates of
attrition reported in similar studies, and therefore variety in exercise mode to

offer broader choice was a primary aim.

2.2 Methods

2.2.1 Participants

Ten healthy male and female participants were recruited from the University of
Birmingham and surrounding area. The sample size was calculated prior to
recruitment, using G*Power software (321), based on exercise stimulating
change in blood GSH concentration. Eligibility criteria were assessed using a
general health questionnaire (supplementary section, page 285), to ensure that
participants were free of medical conditions that prevented them from taking
part in moderate intensity exercise bouts. Volunteers were aged between 18-30
years and were sedentary (<150 minutes moderate to vigorous physical activity

per week), as assessed by International Physical Activity questionnaire (IPAQ)
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(supplementary section, page 288). Baseline characteristics are summarized in
table 2.1. Recruitment commenced following approval from the University of

Birmingham STEM research ethics committee (ERN_17-0249).

2.2.2 Baseline measurements

Participant height and weight were measured, as well as habitual activity
(Garmin activity monitor) and physical activity enjoyment (PACES
guestionnaire) (supplementary section, page 287). These questionnaires were
repeated at the end of the study. Before exercise sessions commenced, each
participant wore a Garmin VivoActive HR™ activity monitoring band for one
week, in an assessment of habitual activity. The Garmin device has been

validated for use in healthy and clinical populations (322-324).

2.2.3 Determination of target heart rate zone

Participants attended one exercise session in the laboratory, in the School of
Sport, Exercise and Rehabilitation Sciences at the University of Birmingham, to
assess physical fitness and heart rate zones. After familiarization with the cycle
ergometer (Lode Excalibur Sport®) and gas exchange equipment (Vyntus CPX,
CareFusion; UK), participants cycled for 40 minutes at a chosen resistance,
maintaining a heart rate within a target zone, based on 50-70% VO2.max (60-
80% HR max (age-related number of beats per minute of the heart when
working at its maximum) from Tanaka’s 208-(0.7*age) equation) (325). Heart

rate was monitored using a Polar T-31™ (Polar T-31, Polar; Finland) coded
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transmitter and with the Garmin VivoSmart HR® wristwatch, in order to compare

inter-device accuracy.

2.2.4 Acute exercise bouts

Participants were given a choice of the order in which each exercise bout was
completed, with each bout taking place at least one week apart to prevent
adaptation and improvement in fitness. Garmin VivoSmart HR™ activity
monitors were used to record HR, with participant height/ weight/ age pre-
programmed onto the device. Each bout had a main aim of maintaining a target
HR, based on 50-70% VO2mayx, individual to the participant. Sessions (run,
cycle, interval running, swimming, tennis and aerobics) concluded at 40-
minutes. All exercise sessions were accompanied and supervised with a
researcher from the School of Sport, Exercise and Rehabilitation Studies at the

University of Birmingham.

2.2.5 Enjoyment

Enjoyment of each activity was assessed via the Physical Activity Enjoyment

Scale (supplementary section). This questionnaire was completed following

each bout of exercise.

2.2.6 Blood sampling and assays

Finger-prick blood samples were taken immediately before and after each

exercise bout, including the laboratory test, in BD Microtainer® MAP Ko EDTA
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1.0mg tubes (BD, USA), in order to measure plasma 8-isoprostane and whole-

blood GSH concentration.

2.2.7 Blood glutathione

Whole blood total glutathione was determined using a commercially available
luminescence-based assay (GSH-Glo™ Glutathione Assay, Promega,
Wisconsin, USA). The luciferin formed in the presence of GSH is detected in a
coupled-reaction using Ultra-Glo™ Recombinant Luciferase that generates a
glow-type luminescence proportional to GSH concentration in the cells present.
Standards were prepared by serial dilution from a stock solution (5mM) of
glutathione (1:100), concentrations ranging from 0-5uM. Whole blood lysate is
prepared from frozen whole blood, by gentle inversion with an anticoagulant.
Cells are diluted 1:5 in GSH-Glo™ Reaction buffer (50mM Tricine pH 7.9),
incubated, and centrifuged (10000 x g for 15 minutes at 4 degrees).
Supernatant (lysed whole blood sample was collected), and further diluted 1:15
in dH20. Diluted lysate (10ul) was transferred to a 96-well plate. 1X GSH-Glo™
reagent (100ul) (luciferin-NT substrate and glutathione-S-transferase diluted
1:100 in GSH-Glo™ reaction buffer) was added to each sample/ standard, and
incubated (RT for 30 minutes). Luciferin detection reagent (100ul)
(reconstitution buffer, esterase and lyophilized luciferin detection reagent) was
added to each well, incubated for a further 15 minutes, and luminescence was

measured.
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2.2.8 8-Isoprostane determination

The concentration of 8-isoprostane in plasma samples was determined by a
competitive enzyme-linked immunosorbent assay (ELISA) using a
commercially available kit (516351 Cayman Chemical, Michigan, USA). In
order to assess lipid peroxidation in plasma samples from each participant, pre-
and post each exercise session. The methodological process had been
described in detail previously (Pradelles et al, 1985). In brief, plasma (30uL)
was added to 8-isoprostane affinity sorbent (401113, Cayman Chemical) and
incubated for 60 minutes with gentle mixing. Samples were then centrifuged
(1500xg for 30 seconds) to sediment the sorbent, the resulting supernatant was
removed and discarded, this was repeated twice following addition of
Eicosanoid Column Affinity buffer (100uL) (400220, Cayman Chemical) and
ultrapure water (100uL). Elution solution (95% ethanol) was added to the
sediment and evaporated to dryness under nitrogen. Samples were suspended
in the ELISA buffer. Next, standards were prepared from the assay stock
solution to create an 8-point standard curve ranging from 0.8 to 500pg.ml, a
blank well was used as the Opg.ml standard. Standard or sample (30uL) was
added to the appropriate well with 8-isoprostane tracer (50uL) and antiserum
(50uL), and incubated (18hours at 4°C). Ellman’s reagent was added to each
well (200uL) and incubated (2 hours with gentle agitation). The plate was read

at 405nm.
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2.2.9 Data analysis

Data analysis was performed using GraphPad Prism 8 software (version 8.0.1,
2018). At baseline, relationships between markers were determined using
linear regression, and to assess any difference at baseline between the two
groups, two-sample t-tests were used. To assess changes between different
time points in the study, paired t-tests were used. To compare relationships
between marker pre-exercise bout/ post-exercise bout, Pearson’s correlation
coefficient was employed. Outlying values were identified using the ROUT
method (Q=1%). Shapiro-Wilk normality, testing Gaussian distribution were
used, with alpha significance level set at 0.05. Cohen’s D test was also used to
assess effect size between time points using the standard deviation of paired
differences. GoldenCheetah software was used for heart rate analysis of data

obtained by the Garmin watch.

2.3 Results

2.3.1 Baseline

Baseline characteristics are expressed in table 2.1. Ten healthy sedentary
participants (7 females and 3 males) were recruited from the University of

Birmingham. Retention rate was 100%.
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| Mean + SD |

| Gender Female n=7, male n=3 |
| Age (years) 23.50 + 3.66 |
| Height (cm) 167.84 +11.00 |
| Weight (kg) 66.35+11.79 |
| BMI (kg/m2) 2362+383 |

Table 2.1. Baseline characteristics of the
cohort. BMI: body mass index, SD:
standard deviation.

2.3.2 Enjoyment

Based on PACES data, participants displayed no preference to one individual
activity, although the most popular were tennis and outdoor run, whereas the
lab cycle and interval running sessions were least popular. There was also a
positive correlation (r=0.58, p=0.079, df=9) between IPAQ scores and PACES,
implying that those who enjoyed physical activity more were more likely to be

more habitually active.

2.3.3 Compliance

There was an 90% completion of the study activities. Five out of the ten
participants completed all 7 exercise sessions. Since participants were allowed
to choose in which order the exercise sessions were completed, it is likely that
those that did not complete all sessions of the study simply did not want to take
part in the remaining activities. 50% of the sessions missed were due to a lack

of essential skills for completion e.g. unable to swim, or ride a bicycle.
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2.3.4 Heart rate data

The Garmin HR data for each activity was split into five zones, representing the
percentage of time during the bout that participants were in a particular HR
range based on their individual laboratory bout test results (Figure 2.1 (A)).
Zones are described as 1: active recovery, 2: endurance, 3: tempo, 4:
threshold and 5: VO2max. Zone 3 represented the target HR range for each
bout of acute exercise. For the average distribution of HR zones, the Shapiro-
Wilk test of normality demonstrated a normal distribution of results (p=0.63),
meaning that for each session, participants were within their target ‘moderate
intensity’ zone for more time (34%) than the other zones. Since HR was an
easy factor to control within the lab, participants were within zone 3 for 69% of
the bout, whereas the run session was 30%, intervals 19%, tennis 25%,
aerobics 19%, cycle 34% and swim 25% zone 3 distribution. The run and
aerobics sessions both favoured majority HR zone 4 (42% and 30%
respectively), whereas intervals, tennis and swimming favoured zone 2 (23%,

27% and 45% respectively).

Each individual’s resting heart rate was compared, derived from the 1-week
assessment of habitual activity from the Garmin, with heart rate during exercise
bouts. Participants were asked to maintain a specific, individual HR range for
the duration of each bout, to the best of their ability. A significant positive
correlation was observed (r=0.62, p=0.05, df=9) between average bout heart

rate and resting heart rate.

86



Figure 2.1 (B) presents the average HR for each bout. The target HR range
(70-80% HRmax) is represented by the grey region. In this untrained
population, running posed more of a metabolic demand to participants, since
the average HR (158.90 bpm + 6.17) was higher than the target range (134.40-
153.40 bpm average). Swimming and tennis were below the range (130.8 +
16.86 and 134.10 + 25.25 bmp respectively), possibly due to the skilled nature
of these activities, and lack of familiarity for these activities among participants.

52% of all bouts were inside the target HR zone.
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Figure 2.1 (A) The average heart rate zone distribution for all acute bouts of exercise. Median values are expressed, along
with upper and lower quartiles, and maximum and minimum values. (B) The heart rate during each activity type, including
grey band representing the 50-70% VO.,max target zone.

2.3.5 Erythrocyte glutathione

Whole blood GSH concentration, prior to and post each acute exercise bout, is
shown in figure 2.2. Overall, there was a 12.09% increase in circulating GSH
between pre-and post-bout. The greatest change between pre-and post-bout
measures was caused by the interval running session, where a 71.4% increase
in GSH concentration from 0.36 M (£ 0.18) to 0.62 uM (+ 0.11) (p=0.0071,

d=2.27, df=4) was detected. There was a general trend for GSH to increase
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across the different activity types, including the lab bout (8.87%, from 0.26 uyM
(£ 0.21) t0 0.28 M (£ 0.18), p=0.48 d=0.74, df=3), run (8.74% from 0.35 uM (£
0.11) t0 0.38 uM (x 0.15), p=0.66, d=0.21, df=4), aerobics (0.99% from 0.31 uyM
(£ 0.23) t0 0.31 uM (£ 0.14), p=0.96, d=0.02, df=5) and swim (37.57%, from
0.23 pM (£0.13) to 0.32 uM (£ 0.06) p=0.41, d=0.48, df=3). For both the tennis
and cycle bouts, circulating GSH was decreased following the exercise bouts,
14.26%, from 0.46 uyM (+ 0.15) to 0.39 uM (+ 0.13) (p=0.30, d=-0.43, df=6),
and 6.48%, from 0.43 uM (£ 0.2) to 0.40 uM (= 0.27) (p=0.86, d=-0.08, df=4)
respectively. These two bouts demonstrated the lowest average heart rate
during the exercise period. GSH response and average HR for the exercise
bouts were negatively correlated (r=-0.45, p=0.26). The Pearson’s r correlation
coefficients for average bout heart rate and change in GSH concentration are
r=0.66 (p=0.22) for run, r=0.21 (p=0.74) for cycle, r= 0.97 (p=0.026) for swim,
r=-0.6 (p=0.21) for aerobics, r=-0.11 (p=0.82) for tennis and r=-0.02 (p=0.98)
for intervals. Due to failure of one of the GSH assay kits, only two pre-post

values were attainable for the lab bout.

0.8—  —
g \
— 06—
c
S
"
E 0.4 o f o \
g }":
8 0.2
= V. N
(L)

0.0- - i

Laboratory Run Intervals Tennis Aerobics Cycle Swim

Figure 2.2 Glutathione concentration prior (left bar) to and post (right bar) each exercise bout. Values are
expressed by mean (bars) and individual data points. * denotes statistical significance, p<0.05.
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2.3.6 8-isoprostane concentration

Figure 2.3 shows the isoprostane concentration across each exercise session:
pre-and post. Increases in 8-isoprostane concentration were present for the run
(0.39%, from 8.71 pg.ml (+ 4.84) to 9.18 pg.ml (x 5.71), p=0.59, d=0.18, df=8),
aerobics (18.71%, from 9.68 pg.ml (5.03) to 10.82 pg.ml (£7.43), p=0.43,
d=0.23, df=8), tennis (12.50%, from 8.39 pg.ml (x3.81) to 9.2 pg.ml (£8.02),
p=0.79, d=0.11, df=6), intervals (5.82%, from 12.72 pg.ml (x6.09) to 13.48
pg.ml (x9.82), p=0.80, d=0.08, df=7), cycle (44.8%, from 8.64 pg.ml (£3.27) to
11.96 pg.ml (£5.57), p=0.21, d=0.11, df=5), and swim bouts (59.31%, from
15.51 pg.ml (£16.76) to 20.23 pg.ml (+21.09), p=0.13, d=0.86, df=4).
Decreases were observed for the lab bout (-12.77%, from 13.3 pg.ml (£8.98) to
11.26 pg.ml (£7.92), p=0.11, d=-0.5, df=8) only. One-way ANOVA showed no
significant difference between resting plasma 8-isoprostane concentration and
post-exercise bout concentration, for any of the acute bouts. 8-isoprostane
response and average HR for the exercise bouts were positively correlated
(r=0.21, p=57). At rest, 8-isoprostane concentration was positively correlated
with GSH (r=0.13, p=0.78, df=6), and post-bout (r=0.13, p=0.77, df=6). The
Pearson’s r correlation coefficients for average bout heart rate and change in 8-
isoprostane concentration are r=0.36 (p=0.35, df=8) for the lab bout, r=-0.23
(p=0.54, df=8) for run, r=-0.82 (p=0.046, df=5) for cycle, r=0.19 (p=0.76, df=4)
for swim, r=0.34 (p=0.41, df=8) for aerobics, r=0.46 (p=0.30, df=6) for tennis
and r=-0.43 (p=0.29, df=7) for intervals. Outlier analysis (ROUT method) did

not identify any outlying values.
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Figure 2.3 8-isoprostane concentration prior (left bar) to and post (right bar) each exercise bout. Values are
expressed as mean (bars) and individual data points.

2.4 Discussion

This study demonstrated that it is possible to engage sedentary people in
exercise sessions that are able to stimulate a redox response without the onset
of free-radical mediated cell damage. The redox system was challenged, as
can be observed by the change in GSH post-exercise, but there was no
resultant increase in 8-isoprostane concentration between bouts. Using HR as
a measure of exercise intensity, it was possible to achieve a target range that is
known to elicit change; exercise at this intensity has been shown to provoke
ROS release and stimulate adaptation (307, 326, 327). The different exercise
bouts incited a similar response in both HR and GSH and thus suggests that
these different exercise modes, undertaken at a standardised intensity and
duration, can cause a similar physiological stress response in individuals
unaccustomed to regular exercise. This model of exercise standardization is
particularly relevant in a clinical group where it is important to provide choice of

exercise type to engage participants.
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2.4.1 Variable HR during exercise

HR results suggest that maintaining a target exercise intensity through some of
the exercise modalities was difficult. This may be due to the participants in this
study being sedentary (328). Although provision of HR data in real-time was
useful to the participant, poor respiratory fithness among the individuals may
have made maintaining a consistent HR difficult. Other than the baseline cycle
ergometer laboratory bout, the only activity for which the participants were able
to maintain HR at the target zone of 3, was cycling. Both indoor and outdoor
cycling demonstrate steady-state modes of activity that are easy to monitor,

and control in situ (329).

In approximately half (48%) of the sessions, participants were unable maintain
target HR for the majority of the exercise sessions. For some participants this
may have been due to a higher perceived intensity by the participant, or a
reduced intensity due to skill acquisition e.g. tennis or swimming (330).
Conversely, in activities such as the outdoor run or aerobics, where sustained
HR was more often reported above the target HR range, low fithess may
account for the difficulty in maintaining the target. Equally, the metabolic
demand of these types of activity is greater. Ainsworth (331) classified the
energy costs of human activities, including occupational and household
movement. Of the exercise modalities provided by the current study, running
and aerobics are reported to have the highest energy demand, measured in

MET minutes.
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2.4.2 Intensity and duration of exercise intervention needed to elicit a stress

response

This study aimed to investigate redox status in response to the different
activities. Exercise is a physiological stressor, and as such will stimulate
adaptation. The results presented here suggest that the exercise bouts were
not a sufficient stressor to elicit lipid peroxidation as assessed by 8-isoprostane
concentration. However, this does not mean that the exercise sessions did not
provoke ROS. Redox status is a balance between ROS production and
antioxidant defense, and where antioxidants are able to balance or quench
ROS sufficiently then redox homeostasis is maintained, and adducts or
markers of oxidation may not be detected (332). Exercise did however, provoke
a change in GSH concentration in some of the bouts, suggesting that the
exercise resulted in ROS release. Moderate and strong effect sizes of change
are useful indicators of the magnitude of change observed, despite most bouts
failing to reach statistical significance. Bloomer et al (333) observed a transient
decrease in blood GSH after acute bouts of both aerobic cycling and anaerobic
squatting exercises. This is in contrast to the results of the present study,
where an average increase of 12.09% across the activities was detected. Only
tennis and cycling provoked a similar decrease in GSH to that reported by
Bloomer. In a review of acute exercise and oxidative stress, Fisher-Wellman et
al (334) concluded that bouts resulted in either no change or a decrease in
GSH, but this was dependent on training status, duration of exercise, intensity
and mode of exercise. The measure of GSH used in the present study is

representative of total GSH; rather than constituent reduced GSH and oxidized
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GSH (GSSG) separately. It is difficult to draw accurate comparisons with other
studies as the post-exercise reductions of GSH reported in much of the
literature may represent reduced GSH only, and since most bouts of exercise
often result in a transient increase in GSSG (198, 335, 336), any decrease in

reduced GSH may not take this into account.

Increased total GSH may occur as a result of hepatic GSH efflux (337) which
occurs to balance the increased production of ROS during exercise. The
different exercise modes in the present study were able to provoke slightly
different responses in GSH concentration. For example, running, which was the
exercise mode where participants consistently achieved highest HR caused a
significant increase in GSH post-exercise. Whereas GSH was unchanged or
slightly decreased during the cycle and tennis bouts. These sessions also
provoked lowest average heart rate, therefore representing the lowest
physiological stress. It appears that cycling and tennis were of sufficient
intensity to use a greater amount of GSH than the resting state, but not intense
enough, shown by the other bouts, to mount a hyper-compensatory response
to the decreased pool of local GSH (338, 339). The overall elevation of GSH
post-acute bout of exercise demonstrates a response to increased free-radical
generation as a result of exercise. Continuous replenishment (recovery) and
stimulation of new GSH production and release may account for this transient

increase post-bout (340).

The absence of significant change in 8-isoprostane concentration in the current

study is consistent with some other studies of acute exercise bouts (314, 341).
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However, studies that have employed exhaustive bouts of acute exercise often
report increases in plasma 8-isoprostane concentration (342-344). Two of the
studies that used exhaustive bouts also used a sub-maximal effort for
comparison, where no change in 8-isoprostane plasma concentration was
reported (343, 344). In a review by Nikolaidis et al (345), an evaluation of 30
human and animal studies assessing 8-isoprostane changes after acute
exercise bouts found that 20 of the 30 studies showed increases between pre-
and post-bout. The remaining 10 studies reported no change. Unfortunately,
the intensity of each bout was not recorded and therefore no conclusions on
the relationship between exercise intensity and lipid peroxidation were drawn.
However, it is accepted that exercise intensity is a factor in adduct formation
(346, 347). The results presented in the current study do suggest that exercise
caused a redox response, but the stimulus was not intense enough to result in

lipid peroxidation.

2.4.3 Designing a standardized exercise intervention for a clinical population

The study achieved 100% retention and 90% completion. In an inactive cohort
of participants, supporting autonomy i.e. freedom of choice and presentation of
alternatives promoted engagement, and therefore it could be suggested will
ultimately reduce study attrition (348). Supervision and accompaniment were
also key characteristics of this study design. There are a number of studies that
have assessed the benefits of a structured, supervised programme of exercise
across various clinical groups, compared with less-formal exercise prescription
(349, 350). All reports show greater changes to outcome measures, and

improved compliance with an intervention if supervision is provided. Alongside
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supervision of bouts, exercise accompaniment appears to be a novel approach
to intervention design. A meta-analysis by Firth et al (295) that described
motivating factors and barriers towards exercise in severe mental illness, a
number of the most well-reported factors preventing regular exercise could be
negated by accompaniment during an exercise bout. These included lack of
motivation, being too shy or embarrassed, feeling unsafe outdoors, lack of

support, lack of information and no-one to exercise with.

This study also demonstrated that activity types that have a greater emphasis
on learned skills, such as tennis and swimming, resulted in the lowest average
heart rates across the range of activities on offer. Therefore, for future trial
design, it should be noted that the activities that rely heavily on skill may result
in a lower physiological stimulus, until a participant is sufficiently familiar with
the required skills to be able to perform the activity at a higher intensity.
Additionally, the current study has informed the design of a clinical intervention
from a monitoring perspective. The target zone 3 (130-150 bpm) described in
this study represented a range slightly above the 50-70% VO2>max (115-150
bpm), and was demonstrably difficult to attain by this cohort of sedentary
participants. Moving into a randomised trial in FEP, zone 2 (110-130 bmp) will
be the target for participants, a range that can be monitored during each

exercise bout by individual participants.

2.4.4 Strengths and Limitations

This study demonstrated novel approaches to providing and assessing

exercise bout quality, including the measurement of HR and accompaniment of
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participants for the duration of each session. Each of these factors contributed
to the successful engagement and monitoring of acute bouts, and thus are
examples of the strengths of this study.

This study has several limitations. The swimming and tennis bouts did not
reach the target HR range for the study, compared to the laboratory bout, in
which all participants (n=10) average HR was above the minimum target. For a
dichotomous end-point (either reached the target zone or not) (a=0.05, power
=0.8), the swim bout was underpowered by n=2, whereas the
underachievement of a target HR can be attributable to participant number
(n=8). Conversely, the tennis bout was sufficiently powered (n=9), implying that
the lowed average HR was due to a lack of sufficient intensity.

Also, there was not an equal distribution of male and female participants. This
may be important when assessing antioxidants since gender can affect GSH
metabolism; when estrogen is elevated so is GSH, in a dose-response manner
(351). There were also issues with the Garmin devices, such as dropped heart
rate signal for periods of time, which can be mitigated in the future by
recommending that the watch is worn tighter to the wrist, as suggested by

Garmin.

2.4.5 Conclusions

This study demonstrated that it is possible to stimulate change in peripheral
GSH, after an acute bout of exercise of differing modalities. This implies that
bouts of different modes of exercise can elicit a similar effect when undertaken

at an intensity referenced to a pre-determined heart rate zone. These exercise
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bouts were of sufficient intensity to cause change a change in GSH, but not a
high enough stressor to cause markers of cell damage. This standardisation
approach is essential in the design of an exercise intervention in a first-episode
psychosis population, where exercise quality and choice of mode is of primary

importance but is rarely the priority of a programme.
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CHAPTER 3: DESIGNING A FEASIBLE EXERCISE

INTERVENTION IN FIRST-EPISODE PSYCHOSIS: EXERCISE

QUALITY, ENGAGEMENT AND EFFECT

Abstract

First-episode psychosis (FEP) is the first presentation of a psychotic disorder
that usually propagates during early adulthood. FEP represents an important
early intervention point to attenuate the negative metabolic risks seen in
psychosis and side-effects of antipsychotic medication. Exercise has the
potential to improve measures of metabolic health and psychological
symptoms, but engaging an FEP population in regular exercise is typically
difficult. Interventions that promote enjoyment and attendance may improve
participation.

22 men with FEP were randomised to a 12-week intervention of exercise
training, or treatment as usual. Exercise bouts were pre-standardised based on
measures of heart rate to assess intensity. Positive and negative symptoms of
psychosis were assessed via Positive and Negative Syndrome Scale (PANSS),
alongside measures of quality of life, perceived disability and habitual activity.
The study observed 83% attendance at exercise sessions with target intensity
attained throughout the intervention (50-70% VO2.max). There were clinically
meaningful decreases in PANSS positive (17.31%) and general
psychopathology (10.98%) scores, whereas exercise was protective of

negative symptom score increase observed in the control group (13.89%). The
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assessment of disability declined as a result of exercise (12.65%) compared
with a 20.78% increase in the control group.

This study was able to demonstrate that engagement of FEP patients in a 12-
week intervention of moderate intensity exercise was possible, whilst
maintaining exercise quality. Positive changes in psychopathology scores and
disability show that the benefits of regular exercise are achievable and have a
potential positive impact on clinical presentation. Further larger scale definitive

trials are needed.

Keywords
First-Episode Psychosis, Youth Mental Health, Exercise, Positive and

Negative Symptoms
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3.1 Introduction

First-episode psychosis (FEP) is a psychiatric illness characterised by positive
and negative symptoms, cognitive difficulties and, for some, the onset of a poor
physical health trajectory. FEP represents a crucial early intervention point to
target symptoms of psychopathology, reduce the negative metabolic side-
effects of antipsychotic medication and encourage a habitually active lifestyle.
The transition from FEP to a functional psychosis like schizophrenia (SZ) is

accompanied by a plethora of cardio-metabolic diseases.

3.1.1 Sedentary behaviour and metabolic perturbations in severe mental
illness
Premature mortality is one of the principal issues associated with severe
mental illness, including SZ or related disorders. This is a result of co-morbid
illness that is common across chronic mental ill health (31). Sedentariness and
physical inactivity are independent but modifiable risk factors that can
contribute to all-cause mortality. In a meta-analysis comparing physical activity
levels and sedentary lifestyles in SZ, bipolar disorder and major depression,
the average amount of sedentary time per day was 476 minutes during waking
hours; significantly more than the age and gender matched healthy controls
(296). Compounding this, many psychotropic drugs, including antidepressants,
mood stabilisers and antipsychotics are associated with long-term metabolic
issues, such as significant weight gain (352), insulin resistance and an
atherogenic lipid profile (353). NICE recommend that FEP be treated with an

antipsychotic medication, alongside cognitive behavioural therapy (354), but do
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not address the cardiometabolic risk factors, or subsequent weight gain as a
result of antipsychotic medication. Antipsychotic medications exert their
influence via influence on dopaminergic, serotonergic, histamatergic and
muscarinic receptors (355). The differential effects on weight gain has been
attributed to differing affinity for antipsychotic drugs at these receptors (356).
Antipsychotics affect the expression of neuropeptides that have been
associated with appetite control and energy metabolism. Elevated blood
concentrations of leptin (inhibits hunger) (357), ghrelin (enhances food intake
ad adipose deposition) (358) and reduced adiponectin adipokines (regulate
glucose) (359) are all characteristics of peripheral alterations following
antipsychotic prescription. The reduced capacity for glucose control further
contributes to dysregulated triglyceride control, insulin resistance and elevated
release of low density lipoproteins from adipocytes.

Wetterling et al (360) demonstrated that at first-psychotic hospital admission,
drug naive patients had an average BMI less than that of the general
population. However, after 5 years of neuroleptic treatment, the proportion of
overweight and obese patients outweighed that of the general population.
Aside from medication, there are a number of metabolic alterations that have
been implicated in FEP, as a predisposition to illness. Dysglycaemia, a term
that encapsulates insulin resistance, impaired glucose tolerance and fasting
insulin, has been associated with FEP pathology independent of medication,
and unbiased by sociological factors (361). In a meta-analysis assessing lipid
and adipocytokine status in FEP (362), hypertriglyceridemia and resultant
impaired glucose regulation were found to be intrinsic to psychosis, not a side-

effect of antipsychotic medication. These underlying perturbed mechanisms are
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also cogent targets for exercise training, an enhancer of glucose control (363).
Thus, the combination of a sedentary lifestyle with the poor metabolic profile
associated with FEP pathogenesis and antipsychotic medication can lead to an
exacerbated risk of type 2 diabetes, hypertension and cardiovascular disease
(364, 365) in FEP. Exercise is a key modulator of metabolic health, regulating
chronic adaptions that not only improve physical fitness but also affect energy
metabolism. Prescribing exercise as an adjunct treatment, and encouraging
habitual activity in FEP is therefore important to counter the negative metabolic
effects both potentially inherent in psychosis and precipitated by antipsychotic

medication.

3.1.2 Exercise as an adjunctive therapy

It is well-established that exercise is beneficial to metabolic health measures,
as well as the many known positive effects on psychological outcomes (228-
230, 232, 233) in FEP and SZ. However, most studies experience difficulties
with drop-out or attendance, with many reporting less than 50% compliance
with the intervention (233) (366). Supervised exercise training appears to be
more successful in engaging participants. In a comparison of FEP and SZ
studies that employed supervised training (233, 241, 245, 248-250, 252, 255,
256, 271, 276, 279) over non-supervised (243, 246, 251, 270), the drop-out
rates were 21.3% (0-62%) and 51% (26-90%) respectively. Average
attendance for supervised sessions was 74.6%. The best attended
interventions were those that included group sessions and structured activities,
like football (245) or interval training (255), rather than a more general provision

of gym access (249), or jogging (246).
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All of these approaches to design must be considered when developing an
exercise intervention to enable effective exercise. Allowing choice of mode of
exercise for the intervention is important in this population, together with
supervised exercise training has the potential to promote attendance and

reduce drop-out rates that are normally very high in this clinical group.

The cost-benefit of exercise provision in early intervention care may potentially
outweigh the increasing cost of treatment of symptoms and long-term cardio-
metabolic comorbidities. The 2014 NICE costing statement for psychosis and
SZ (367) reported an annual cost of £2.2 billion predicted to rise to £3.7 billion
by 2026. The guidelines also stated that “Savings are likely to arise in the
future from avoiding adverse health events”. It was also reported that 60% of
SZ patients have at least one cardiac co-morbidity, costing between $10606

and $15355 per year (368).

3.1.3 Targeting motivations and barriers to exercise participation

A meta-analysis assessed the motivations and barriers to exercise in severe
mental illness (295), the most common barriers to participation being stress/
depression, lack of support, tiredness, disinterest and physical illness. These
self-reported factors closely link to many of the negative symptoms that could
be causally linked to the very high rates of exercise-study attrition seen in this
clinical group (301). However, a review by Firth et al (31) reported motivating
factors for taking part in exercise, which were to improve physical health,
reduce weight, manage mood, mental health benefits, reducing stress and

tension and appearance. Stress was reported as both an important motivating
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factor as well as a barrier to exercise.

3.1.4 Standardising exercise bouts for use in an intervention

In order to successfully design an intervention of exercise that is replicable in
the future, it is crucial to control as many components of each training session
as possible. It is necessary to employ a particular training intensity that will
have a therapeutic benefit, whilst catering to the preferences of each individual
patient, in terms of environment and activity type. The minimum training
intensity for improvement in cardiovascular fithess, or VO.max, is 55-65% heart
rate (HR) max (369), so it would be logical to exceed this level in order to
observe a meaningful and significant effect of exercise. A review by Roy et al
(370) described the most accurate equation for estimating HRmax, (208-(0.7 x
age)), first proposed by Tanaka (325). The use of this equation, alongside 50-
70% VO2max, which corresponds to 60-80% HR max has the potential to elicit
improvements in measures of cardiorespiratory fitness, a method that may be
standardized for use during an intervention by setting a personalized ‘heart-rate
target zone’ that corresponds to this range. Standardising exercise bouts for
the purpose of research is salient for controlling variables in order to maintain
scientific integrity of a study. Translating these techniques into ‘real-life’, or
clinical practice is also useful for progressing with an exercise programme or
goal setting to encourage participation and habitual adoption of regular
exercise training.

Alongside these intensity measures, the World Health Organisation (WHO)
recommend that people aged 18-64 should engage in 150 moderate intensity

or 75 vigorous intensity minutes of physical activity per week; simple measures
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that can be accrued in variety of ways, and represent a motivating target for

sedentary individuals initiating a more active lifestyle.

3.1.5 Aims

This study aimed to assess the feasibility of engaging people with FEP with a
12-week exercise training programme. The exercise intervention was designed
to maximize participation and engagement by allowing choice of exercise mode

and choice of environment in which to exercise.

3.2 Methods

The data presented in chapters 3 and 4 are collected from the same
randomised trial, and therefore represent data collected from the same
participants. Chapter 3 presents data on the feasibility of the trial and Chapter 4

focusses on biomarker analysis.

3.2.1 Participants

Male patients, aged 16-35, with a diagnosis of first-episode psychosis (as
identified by a psychiatrist in keeping with ICD-10 F 20-29, F31.2, 32.3), were
recruited from the community-based Birmingham Early Intervention service.
Male participants only were recruited, to negate the need to control for the
menstrual cycle in female participants. The oestrogen cycle has a significant

effect on antioxidant concentration, which was one of the primary outcomes in
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the other arm of this study (371). Patients were within 3-years of first
presentation of iliness. Eligibility criteria were assessed initially by the primary
care coordinators for each patient, followed by assessment of habitual activity,
via Garmin activity monitoring device, to ensure a sedentary lifestyle. A general
health questionnaire (page 285) was provided to ensure the patient was free
from medical conditions that would have prevented participation in moderate
intensity aerobic exercise. Exclusion criteria included failure to adhere to pre-
testing requirements e.g. refusal to be scanned, provide a blood sample, or
significant risk to self or others as identified by the clinical team. Height and
weight were assessed at baseline, mid and post-intervention and BMI was
calculated at each stage. This study was commenced following approval from
the NIHR HRA ethics committee (West Midlands- Edgbaston REC

17/ WM/04120).

3.2.2 Randomisation

Following consent, participants were randomised to either the exercise
intervention arm or the control arm (treatment as usual; in terms of clinical care,
medication, psychotherapy) of the study. A block randomisation method
(http://lwww.randomization.com) was utilised to allow for equal group

distribution in the event of poor or slow recruitment.

3.2.3 Exercise intervention

Exercise sessions were delivered by an exercise scientist from the School of

Sport, Exercise and Rehabilitation Sciences, University of Birmingham.
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Exercise was undertaken 2-3 times per week, for 40-60 minutes, for 12 weeks

(figure 3.1).
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Figure 3.1 Study schematic, including assessment time-
points and general outline of the trial period for both
exercise and control groups.

To maximise attendance and participation, participants were given a choice of
different activities. Modes of exercise included were running; cycling;
swimming; tennis; squash; badminton; circuit training and football. Each
training session was supervised and accompanied by a researcher in a 1-to-1
manner. Researchers participated in each activity alongside subjects. Each
training session was standardised by use of a heart rate target zone, based on
60-80% HRmax for each participant. Attendance, drop-out and tracking of heart

rate was measured throughout the intervention period.

3.2.4 Activity tracking

Habitual activity was assessed for one week at baseline, mid-intervention and

post-intervention for both e