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ABSTRACT

Objective: The primary objective of this thesis is to evaluate the effects of microbial ecosystem
therapeutic-2 (MET-2) in comparison to a placebo on sleep disturbances in individuals with
major depressive disorder (MDD) during a 6-week treatment period, with follow-up assessments
at 12- and 24-weeks post-treatment. The secondary objectives are to assess changes in mood at
the same intervals and to assess any correlations between sleep and mood.

Methods: Data from this thesis were derived from the METDA study, a phase 2 double-blind
placebo-controlled trial that recruited individuals with MDD in the Kingston and Toronto areas.
Participants were randomly assigned to receive either MET-2 or a placebo for 6 weeks.
Longitudinal effects of MET-2 were explored in a follow-up sub-study at 12- and 24-weeks post-
treatment. The Pittsburgh Sleep Quality Index (PSQI) and the Montgomery Asberg Depression
Rating Scale (MADRS) evaluated changes in sleep and mood, respectively, at each time point.
Results: Among the 27 participants included in the analysis of this thesis, a two-way repeated
measures ANOVA showed significant improvements in PSQI scores within the MET-2 group
(n=13) compared to the placebo group (n= 14) from baseline to week 6 (p= 0.044) and baseline
to week 18 (p= 0.011), after adjusting for sex and age. Although MADRS scores did not display
inter-group differences, intra-group trends revealed notable mood improvements in MET-2
recipients from baseline to week 6 (p<0.001) and baseline to week 12 (p= 0.003).

Conclusion: This study is the first to examine the potential efficacy of MET-2 in mitigating
sleep disturbances in individuals with MDD, suggesting the potential benefits in treating sleep-
related symptoms in MDD. The results of this study contribute to a growing body of research on
gut repopulation as a treatment method for a variety of psychiatric illnesses, offering new

insights and directions for future investigations.
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CHAPTER 1: Purpose of Thesis

1.1 General Overview

Major depressive disorder (MDD) is a prevalent and debilitating mental health disorder that
significantly contributes to the global burden of disease (World Health Organization, 2012).
MDD affects millions of individuals of all ages worldwide, with a significantly increased risk of
suicide for these individuals being 20 times higher compared to the general population (Lépine &
Briley, 2011). MDD manifests through persistent feelings of sadness and/or loss of interest or
pleasure in one's surroundings. It presents a range of symptoms that cause significant distress or
impairment, including changes in appetite and even thoughts of suicide. MDD often follows a
severe and chronic course, with affected individuals experiencing multiple recurrent episodes
throughout their lives. Depression leads to impairments in academic, occupational, and
interpersonal functioning, as well as high rates of medical and psychiatric comorbidities
(Thaipisuttikul et al., 2014). The global economic cost of major depressive disorder is
substantial; according to some estimates it may be responsible for up to $1 trillion each year
alongside anxiety disorders (The Lancet Global, 2020).

Sleep disturbances that result in decreased sleep quality are one of the most common and
debilitating symptoms in individuals with MDD, playing a crucial role in both the manifestation
and progression of the disorder (Nutt et al., 2008). Among the various symptoms present in
MDD, disturbances in sleep stand out particularly due to their substantial impact on an
individual’s well-being and overall functioning. Sleep disturbances often manifest in the form of
sleep disorders, such as insomnia and hypersomnia’s, of which are highly comorbid with MDD

(Li et al., 2021). While not every individual with depression will meet the diagnostic criteria for



insomnias or hypersomnia’s, many exhibit symptoms consistent with these sleep disorders.
Specifically, about three quarters of individuals with depression have difficulties initiating or
maintaining sleep, including early morning awakenings. In addition, hypersomnia, or excessive
sleepiness, is also commonly observed, often resulting in prolonged sleep durations or significant
daytime sleepiness (Nutt et al., 2008). Although sleep disorders have a close relationship with
MDD, any sleep disturbances may contribute to the overall burden of the disorder and are closely
intertwined with other depressive symptoms, exacerbating the negative effects on mood,
cognition, and daily functioning (Murphy & Peterson, 2015). The bidirectional relationship
between sleep disturbances and depression adds complexity to the clinical understanding of these
conditions. Sleep disturbances can function as both a prodromal symptom and a result of
depression (Murphy & Peterson, 2015). In certain instances, sleep disturbances precede the onset
of depressive episodes, potentially indicating early indicators or risk factors for developing MDD
(Murphy & Peterson, 2015). Further, ongoing, and unresolved sleep problems can perpetuate and
exacerbate depressive symptoms, contributing to a chronic and recurring trajectory of the
disorder. On the other hand, depressive symptoms can disrupt normal sleep (Murphy & Peterson,
2015).

Standard treatments for MDD primarily involve pharmacological interventions, with
selective serotonin reuptake inhibitors (SSRIs) being the first line treatment and most widely
prescribed method targeting symptomatic remission (Karrouri et al., 2021). However, while
SSRis are effective for mood stabilization, they present a variable impact on sleep disturbances.
Early in treatment, these medications can potentially exacerbate sleep issues, leaving residual
sleep symptoms even after mood stabilization (Nutt et al., 2008). This often necessitates the

introduction of drugs such as benzodiazepines to counteract these effects, however, these types



of drugs come with many limitations, such as potential dependence and withdrawal (Nutt et al.,
2008). Specific antidepressants, including those with activating effects like SSRIs, can further
disrupt sleep in the short term (Wichniak et al., 2017). Conversely, those with sedative qualities
might offer rapid sleep enhancing effects but present long-term risks of oversedation (Wichniak
et al., 2017). While cognitive behavioral therapy for insomnia (CBT-I) is the gold standard for
insomnia, its efficacy in treating the comorbidity of sleep disruptions and MDD remains an
uncertainty (Feng et al., 2020). Moreover, even when pharmacological approaches are combined
with psychotherapies like CBT-I, approximately one third of patients will still not respond to
treatment (Murphy & Peterson, 2015). Indeed, sleep-related symptoms in MDD frequently
remain unaddressed post-treatment, conferring greater risks of depressive relapse and recurrence
(Nutt et al., 2008).

Recently, there has been increasing recognition of the gut-brain axis (GBA), a
bidirectional communication system between the gastrointestinal microbiota and the brain. The
gut microbiota, which varies significantly among individuals, is hypothesized to impact brain
function, sleep, and mood and anxiety symptoms through GBA signaling (Carabotti, 2015; Wang
et al., 2022). Promising studies, both in preclinical and clinical models, have shown that gut
repopulation techniques such as fecal microbiota transplant (FMT) can alleviate psychiatric
symptoms by reintroducing healthy bacteria to the gut (Chinna Meyyappan et al., 2020). As a
result, many studies have suggested that the GBA may provide the basis for a hypothesis that
explains sleep disturbances in depression (Li et al., 2018). Gut repopulation techniques such as
FMT therefore have the potential to be a novel treatment for targeting both depression and its

associated sleep disturbances.



The purpose of this thesis is to evaluate the efficacy of a novel microbe therapy,
microbial ecosystem therapeutic-2 (MET-2), against a placebo, in addressing sleep disturbances
in MDD. Unlike FMT, MET-2 offers a safer alternative due to its lyophilized, lab grown,
encapsulated formulation. The data used and presented in this thesis are sourced from the
METDA study, a randomized controlled trial and subsequent follow-up, conducted at Providence
Care Hospital in Kingston, Ontario and at the Centre for Addiction and Mental Health in
Toronto, Ontario. This research was funded by NuBiyota LLC. Participants diagnosed with
MDD were recruited from the Kingston and Toronto communities and were administered either
encapsulated MET-2 or a placebo for a duration of 6 weeks. Throughout the treatment period and
at 12- and 24-week post-treatment, sleep disturbances and depressive symptoms were evaluated
using the Pittsburgh Sleep Quality Index (PSQI) and Montgomery Asberg Depression Rating

Scale (MADRS), respectively.

1.2 Objectives

1.2.1 Primary Objective

The primary objective of this thesis was to evaluate alterations in sleep disturbances among
individuals with MDD following MET-2 administration. Assessments were made from baseline
to the end of the 6-week treatment and continued at 12- and 24-weeks post-treatment.
Comparisons were drawn using the PSQI, against a placebo group.
1.2.2 Secondary Objectives

The secondary objectives of this thesis were to assess mood changes using the MADRS
from baseline through the end of treatment and during the 12- and 24-week follow-up periods, as

well as to examine potential correlations between sleep disturbances and mood alterations.



CHAPTER 2: Literature Review

2.1 Major Depressive Disorder

Major Depressive Disorder (MDD) is a global health concern with a substantial
prevalence and an increasing burden. According to the World Health Organization (WHO),
depression affects more than 300 million individuals worldwide, making it the leading cause of
disability (World Health Organization, 2023). Furthermore, the lifetime prevalence of MDD is
approximately 16%, indicating a significant risk of developing this condition at any point in
one’s life (Kessler et al., 2005).

MDD is characterized by persistent feelings of sadness, loss of interest or pleasure in
daily activities, and a wide range of cognitive, emotional, and physical symptoms. This disorder
affects individuals across diverse demographic backgrounds and has profound implications for
both personal well-being and societal functioning (Kennedy, 2008). In comparison to the general
population, patients with depression endure substantial functional impairments in many domains
(Hammer-Helmich et al., 2018). It has been shown that the functional disparities seen in
depression are as devastating, if not more, as those found in chronic medical diseases, such as
diabetes mellitus and cardiovascular disease (Hammer-Helmich et al., 2018)

The economic burden of depression is also extensive, with substantial costs to workplace
productivity. Individuals with depression lose, on average, six hours of productive work a week,
and depression accounts for nearly 20% of all workdays lost (Stewart et al., 2003). Moreover, the
likelihood of unemployment is seven times higher for individuals with depression, underscoring
the significant impact of depression on productivity and the overall output of an economy

(Lerner et al., 2010; Stewart et al., 2003).



2.1.1 Clinical Presentation

The clinical manifestations of MDD exhibit a diverse range of symptoms and
considerable variability in terms of severity and duration among patients (Kennedy, 2008). While
ongoing research explores the potential use of biomarkers for diagnosing depression, currently,
there are not widely accepted or utilized biomarkers in clinical practice. Consequently, the most
effective diagnostic approach for depression involves a comprehensive clinical assessment
conducted by a trained healthcare professional, such as a psychiatrist or psychologist (Garcia-
Gutiérrez et al., 2020). This assessment typically employs a combination of methods, including
evaluation of the individual’s symptoms, medical history, and psychosocial factors. The
Diagnostic and Statistical Manual of Mental Disorders (DSM-5) provides the primary guidelines
for diagnosing depression. Additionally, self-report questionaries or rating scales, such as the
Beck Depression Inventory (BDI) or the Patient Health Questionnaire-9 (PHQ-9), may be used
as a supplementary tool to assess the severity and presence of depressive symptoms ((UK), 2010;
Beck, 1961).

To confirm a major depressive episode (MDE), the DSM-5 criteria require that an
individual must exhibit five or more symptoms during the same two-week period. At least one of
the symptoms should be either (1) depressed mood or (2) loss of interest or pleasure, known as
anhedonia, persisting for the specified duration ((UK), 2010). The other symptoms may be any
of the following: (3) Significant (more than 5 percent in a month) unintentional weight loss/gain
or decrease/increase in appetite; (4) sleep disturbance (insomnia or hypersomnia); (5)
psychomotor changes (agitation or retardation) severe enough to be observable by others; (6)
tiredness, fatigue, or low energy, or decrease efficiency with which routine tasks are completed;

(7) a sense of worthlessness or excessive, inappropriate, or delusional guilt; (8) impaired ability



to think, concentrate, or make decisions; (9) recurrent thoughts of death (Chand & Arif, 2023).
Additionally, the confirmation of an MDE requires the absence of any previous manic or
hypomanic episodes in the patient’s history. The wide range of possible symptom combinations

contributes to the significant intraclass heterogeneity within MDD (Kennedy, 2008).

2.1.2 Comorbidity

Extensive research based on epidemiological surveys has provided substantial evidence
highlighting the close association between depression and other mental disorders, particularly
anxiety disorders and substance use disorders (Steffen et al., 2020). Approximately 50-60% of
individuals who have experienced depression during their lifetime also report having at least one
anxiety disorder. A large-scale survey in the United States found that 14% of individuals with
MDD in the past year also had an alcohol use disorder, and 4.6% had a drug use disorder.
Among those with a lifetime history of MDD, 40% had an alcohol use disorder, and 17% had a
drug use disorder (Steffen et al., 2020).

Furthermore, the comorbidity of depression and sleep disorders has been well-
documented, highlighting a bidirectional relationship between the two (Staner, 2010). About
three quarters of patients with depression exhibit insomnia symptoms, and hypersomnia is seen
in approximately 40% of adults and 10% of elderly patients with depression. Notably, 41% of
participants with depression had symptoms severe enough to qualify for an insomnia diagnosis
as per the DSM-1V (Nutt et al., 2008). The presence of psychiatric comorbidity alongside
depression has been associated with increased MDD severity, including a higher risk of
suicidality, slower recovery, elevated risk of chronicity, recurrence, treatment resistance and

more frequent use of medical services compared to individuals with “pure” depression (Steffen



et al., 2020). Given the wide-range comorbidities and the profound implications for personal

well-being and societal health, it is crucial to prioritize the management of this disorder.

2.1.3 Pathophysiology

The complexity of MDD stems from its multifaceted clinical and etiological features.
While a comprehensive understanding of its pathophysiology is crucial for optimal treatment, the
precise mechanisms of depression remain partially understood, explaining why many
interventions fail to achieve desired results in many individuals (Jesulola et al., 2018). Despite
these challenges, there are currently a few recognized mechanisms that are hypothesized to
contribute to MDD pathophysiology.

At the neurobiological level, MDD is associated with dysregulation in several
neurotransmitter systems, including serotonin, norepinephrine, and dopamine. The monoamine
hypothesis of depression proposes that imbalances in these neurotransmitters play a crucial role
in the pathophysiology of MDD (Jesulola et al., 2018). For instance, serotonin, often referred to
as the “feel-good” neurotransmitter, is instrumental in mood regulation. Meanwhile, dopamine
modulates reward and motivation functions, and norepinephrine affects the functioning of the
prefrontal cortex, which regulates behavior (Jesulola et al., 2018). The importance of
monoaminergic systems in depression is clear, as they are instrumental to the various behavioral
symptoms associated with the disorder, including low mood, reduced motivation, fatigue, and
psychomotor agitation (Jesulola et al., 2018). Modern antidepressants, grounded in the
monoamine hypothesis, focus on restoring synaptic monoamine neurotransmitter balance to
alleviate depressive symptoms. A significant limitation of the monoamine hypothesis is its

inability to account for the delayed response of antidepressants. While the hypothesis would



suggest immediate effects, these drugs typically require several weeks to demonstrate therapeutic
benefits (Racagni & Popoli, 2008). Furthermore, monoamine-targeting antidepressants don’t
benefit all patients as up to 30% of those with MDD remain unresponsive following treatment,
and roughly a third of responders continue to experience residual symptoms post-treatment (Al,
2012; Boku et al., 2018).

In addition to monoamine dysfunction, growing evidence suggests that disturbances in
other neurobiological systems may contribute to the pathophysiology of MDD. The
hypothalamic-pituitary-adrenal (HPA) axis, which regulates the body's stress response, is often
dysregulated in individuals with MDD (Varghese & Brown, 2001). Research on the HPA axis
have shown that those with depression often have increased secretion of corticotrophin-releasing
factor (CRF) and cortisol, weakened glucocorticoid feedback, and compromised corticosteroid
receptor signaling (Jesulola et al., 2018). Furthermore, patients with depression who fail to
restore proper functioning of their HPA axis after treatment tend to experience poorer clinical
outcomes and prognosis (Mickey et al., 2018; Owashi et al., 2008). Despite this understanding, it
should be noted that previous studies exploring HPA axis-regulating treatments, such as
glucocorticoid receptor antagonists, have shown limited success in alleviating depression

symptoms (Aubry, 2013; Stetler & Miller, 2011).

2.1.4 Current Interventions

Every year, approximately 7% of American adults experience MDD, yet only half seek
professional help. Among those who do seek care, only 20% receive adequate treatment
(Wichniak et al., 2017). Treatments for MDD primarily comprises pharmacotherapy,

psychotherapy, and lifestyle changes, often beginning in primary care (Karrouri et al., 2021).



Despite drug therapy being the most prescribed, around 20% of patients do not adhere, mostly
due to side effects or insufficient relief (Gartlehner et al., 2008; Xing et al., 2011). Most patients
don’t achieve full remission with their initial treatment. This has prompted research on
combining medication and psychotherapy, revealing better outcomes for both short- and long-
term depression management compared to single-modality treatments for some patients (Dunlop,
2016). The combination of pharmacotherapy with psychotherapy, such as CBT, has been shown
to be more effective than either one alone (Cuijpers et al., 2014). However, psychotherapy often

isn’t covered by insurance, posing a financial challenge for patients.

2.1.4.1 Pharmacotherapy

Antidepressant medications play a central role in MDD treatment. Among the various
antidepressants available, second-generation antidepressants, including SSRIs like fluoxetine and
sertraline, are the most prescribed for their efficacy and limited side effects (Mojtabai & Olfson,
2014). These drugs modulate serotonin levels by blocking the reuptake of serotonin, therefore
increasing the amount of serotonin remaining in the synaptic cleft and thus improving mood
(Chu & Wadhwa, 2023). Despite side effects like sleep disturbances, sexual dysfunction and
weight changes, SSRIs remain the first-line treatment for MDD due to their overall effectiveness
(Karrouri et al., 2021).

In cases where SSRIs are not effective or well-tolerated, other classes of antidepressants,
such as serotonin-norepinephrine reuptake inhibitors (SNRISs), tricyclic antidepressants (TCAS),
and monoamine oxidase inhibitors (MAOISs), are considered (Taylor, 2008). The choice is often
based on individual reactions and side effects. The process of finding the most suitable

antidepressant often relies on a trial-and-error approach.
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SNRIs, which include drugs like desvenlafaxine and duloxetine, block serotonin and
norepinephrine reuptake, prolonging their effects (Fanelli et al., 2021). Although SNRIs are
similar in effectiveness to SSRIs, they may be associated with more side effects such as
increased blood pressure or gastrointestinal symptoms (Santarsieri & Schwartz, 2015).

MAOIs exhibit their effects by inhibiting the monoamine oxidase enzyme, which is
responsible for breaking down various neurotransmitters in the brain, leading to increased levels
in the brain. Due to severe potential side effects, including hepatotoxicity and hypertensive
crises, the use of MAOIs has decreased in frequency over time (Lopez-Muiioz et al., 2007).

TCAs, including amitriptyline and imipramine, are comparably effective to the other
classes of antidepressants. TCAs inhibit the reuptake of norepinephrine and serotonin by binding
to their transporters, primarily affecting these neurotransmitter levels. This broader receptor
interaction increases the likelihood of TCAs inducing undesirable side effects, and therefore
TCAs should be prescribed only after first-line antidepressants have failed (Karrouri et al., 2021;

Tatsumi et al., 1997).

2.1.4.2 Cognitive Behavioral Therapy

Among the various psychotherapeutic approaches, CBT is one of the most extensively
studied and evidence-based interventions for depression (Cuijpers et al., 2014). CBT focuses on
identifying and modifying negative thought patterns and behaviors that contribute to depressive
symptoms. By providing adaptive coping strategies and positive thinking, CBT aims to improve
emotional regulation and well-being. CBT is recommended both as an initial treatment and as an
augmentation strategy to antidepressants, such as SSRIs. Evidence supports its use in both

scenarios (Nakagawa et al., 2017). Several studies have shown that CBT can be as effective as
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antidepressant medications, particularly for mild to moderate depression. The combination of
CBT with pharmacotherapy has also been shown to lead to better treatment outcomes, especially

for those with more severe depression (Cuijpers et al., 2014).

2.2 Sleep

Sleep is integral to human well-being, supporting various physiological and cognitive
functions like memory consolidation, immune regulation, and emotional processing (Diekelmann
& Born, 2010). The National Sleep Foundation suggests 7-9 hours of sleep per night for adults
aged 18-64, but individual needs can vary (Hirshkowitz et al., 2015). Though sleep duration is
important, it’s not the sole determinant of restfulness. Here, the multifaceted concept of ‘sleep
quality’ comes into play, encompassing both objective and subjective dimensions of sleep. While
the primary emphasis of this thesis revolves around subjective sleep quality, delving into the

objective scope remains relevant to a more holistic understanding of sleep.

2.2.1 The Topography of Normal Sleep

Sleep architecture refers to the overall structure and organization of the different sleep
stages that occur during a typical night's sleep. A balanced proportion of different sleep stages,
cycling throughout the night, is indicative of healthy sleep (Walker, 2009). Understanding sleep

architecture also provides insights into overall sleep quality.

2.2.1.1 Stages of Sleep
Normal sleep architecture is comprised of non-rapid-eye-movement (NREM) sleep and

rapid eye-movement (REM) sleep (Walker, 2009). During NREM, the brain and body undergo
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restorative processes. In contrast, REM sleep, which is associated with vivid dreaming,
demonstrates increased brain activity (Rasch & Born, 2013; Walker, 2009). Polysomnography,
the gold standard tool for studying objective sleep, monitors brain activity, eye movements,
muscle activity, and heart rhythm, helping to identify the primary sleep stages: wakefulness,
NREM Stage 1, NREM Stage 2, NREM Stage 3, and REM (Feriante & Araujo, 2023). Distinct
EEG patterns are correlated with each stage of sleep, involving beta, alpha, theta, and delta

waves (Feriante & Araujo, 2023).

2.2.1.2 The Sleep Cycle

Sleep begins with NREM stage 1, acting as a transitional phase from wakefulness to deep
sleep, followed by REM sleep, alternating cyclically throughout the night (Colten & Altevogt,
2006). On average, most of a night’s sleep is spent in NREM, constituting approximately 75-
80% of sleep, while REM contributes 20-25% (Colten & Altevogt, 2006). In healthy young
individuals, the first cycle lasts around 70 to 100 minutes, extending to 90 to 120 minutes in
subsequent cycles (Colten & Altevogt, 2006). NREM stage 2 gradually becomes the
predominant NREM phase, with stage 3, referred to as slow-wave sleep (SWS), sometimes
fading entirely. As the night advances, sleep shifts from a dominance of SWS to REM sleep,
with most experiencing four to five REM periods at about 90-minute intervals (Thase, 2006).
These REM periods intensify and lengthen, especially towards the night’s end (Colten &
Altevogt, 2006). Termed “paradoxical sleep”, REM sleep shows rapid eye movements with EEG
activity resembling wakefulness (Siegel, 2005). Around 80% of vivid dreams are recalled from

REM sleep, with muscle paralysis preventing physical enactment of dreams (Dement &
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Kleitman, 1957). Although the precise function of NREM and REM alterations isn’t fully clear,

abnormal sleep stage patterns are associated with sleep disorders (Colten & Altevogt, 2006).

2.2.1.3 Sleep Regulation

The regulation of sleep involves two processes: circadian rhythms and homeostatic
mechanisms (Thase, 2006). Circadian rhythms, governed by internal “clocks” like the
suprachiasmatic nucleus (SCN), regulate our sleep-wake cycles and hormone releases.
Disruptions in these rhythms have been associated with disorders like MDD, with clock genes
dysregulation being associated with insomnia and depression (Thase, 2006).

Homeostatic regulation, on the other hand, ensures we sleep mostly at night, aligning
with melatonin and growth hormone releases. Extended wakefulness increases the need for sleep,
with chemicals like adenosine playing a potential role. These rhythms are further influenced by

various neurotransmitters, ensuring a balance between sleep and arousal (Thase, 2006).

2.2.2 Other Measures of Sleep

Sleep quality, as a subjective measure, includes various dimension of sleep that offer
insights into the restfulness and satisfaction of an individual’s experience (Buysse et al., 1989).
One of the most clinically validated instruments to assess this subjective sleep quality is the
Pittsburgh Sleep Quality Index (PSQI). The PSQI is designed to capture several components of
sleep over a one-month interval, encompassing components such as subjective sleep quality,
sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleeping

medications, and daytime dysfunction (Buysse et al., 1989). With its high reliability and validity,
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the PSQI has become a gold standard in both clinical and research settings to measure the overall
sleep quality of individuals (Larche et al., 2021).

Sleep quality encompasses a broad spectrum of elements, including sleep latency, the
duration of time taken to transition from wakefulness to sleep. Prolonged sleep latency can often
be indicative of issues initiating sleep, which can be due to anxiety, stress, or an overly active
mind (Nelson et al., 2022). Another element is sleep efficiency, a metric that compares the total
time spent asleep to the overall time spent in bed. A high sleep efficiency suggests that most of
the time in bed is spent asleep, whereas a lower efficiency can indicate frequent awakenings
(Nelson et al., 2022).

Although detailed sleep stages are more accurately assessed with objective tools, such as
polysomnography, individuals can report perceived durations to their sleep cycle, like frequent
nocturnal awakenings or a feeling of never reaching deep sleep. In essence, objective measures
detail the architecture and physiology of sleep, but it is the subjective experiences, as captured by
tools like the PSQI, that elucidate how a person feels during their waking hours and how

effectively they function in daily life.

2.2.3 The Relationship Between Sleep and Depression

Sleep disturbances are intrinsically linked with MDD. Over 90% of individuals with
depression report sleep disruptions, ranging from insomnia, experienced by roughly 75% of
MDD patients, to hypersomnia (Franzen & Buysse, 2008), making sleep-related complaints
almost synonymous with depression (Nutt et al., 2008). These disturbances manifest as increased
sleep onset latency, decreased sleep efficiency, early morning wakening’s and alterations in sleep

duration, less in insomnia and more in hypersomnia (Hutka et al., 2021; Nutt et al., 2008).
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Polysomnographic recordings also indicate profound changes in sleep architecture among
patients with depression, with marked disturbances in REM sleep patterns and a decrease in
SWS (Hutka et al., 2021; Wichniak et al., 2017). Specifically, shortened REM latency and
increased REM duration are most characteristic of depression (Wang et al., 2015). Disturbances
in REM sleep, linked to emotional processing, may contribute to the emotional dysregulation
seen in depression (Wang et al., 2015). Additionally, a shift in sleep stages is highlighted, with a
notable reduction in SWS (Armitage, 2007; Borbély et al., 1984). Several studies indicate this
SWS reduction in MDD patients, with varying results across age groups (Bovy et al., 2022).

The consequences of sleep disturbances in depression are profound. For instance, a study
revealed that 97% of individuals with depression reported sleep difficulties, with 59% of them
experiencing significant impairment in their quality of life (Nutt et al., 2008). Not only do sleep
disturbances intensify depressive symptoms, they also contribute to an increased likelihood of
suicidal ideation and reduced treatment effectiveness, whether through medication or
psychotherapy (Asarnow & Manber, 2019; Franzen & Buysse, 2008; Manber et al., 2008; Mason
& Harvey, 2014). Sleep disturbance in depression is associated with higher attrition rates,
leading many to stop treatment prematurely (Christensen et al., 2016). Moreover, higher baseline
insomnia is correlated to a decreased likelihood of MDD remission, regardless of whether
insomnia symptoms improve or not (Mason et al., 2020). Studies have found that addressing
sleep disturbances could markedly improve depressive symptoms in patients (Franzen & Buysse,
2008).

Notably, the interplay between sleep and depression is bidirectional, in that symptoms of
insomnia contribute to depression and symptoms of depression disrupt sleep (Mason & Harvey,

2014). Recent evidence suggests that sleep disturbances may act as potential precursors to

16



depression, challenging the traditional view of them merely being by-products of depressive
illness (Baglioni et al., 2011; Fang et al., 2019). Their presence can predict depression onset,
with studies showing that those with insomnia, for example, face a 2-4 times higher risk of
developing MDD (Breslau et al., 1996). Furthermore, persistent insomnia remains the most
frequent residual symptom in patients with MDD and is considered a key predictor of relapse
(Fang et al., 2019). The occurrence of sleep disturbances either before or concurrently with other
depressive symptoms highlights their role as diagnostic entities capable of triggering the onset of

depression (Fang et al., 2019).

2.2.3.1 Neurophysiological Mechanisms

At the neurophysiological level, there is clear evidence of a mechanistic link between
sleep and depression (Li et al., 2022). Neurotransmitter imbalances, notably within the
monoamine system, have been identified as key players in both disturbed sleep and depression.
These neurotransmitters, in addition to their involvement in mood regulation as per the
monoamine theory of depression, are also important for maintaining sleep-wake cycles,
particularly the initiation and maintenance of REM sleep. Altered neurotransmitter release can
also interrupt the regular alternation of REM and NREM sleep (Li et al., 2022).

Additionally, the HPA axis, which governs our body’s stress responses, is implicated in
both sleep and mood disorders. Dysregulation in the HPA axis results in altered cortisol
secretion. Elevated cortisol levels can not only disrupt sleep architecture but also contribute to
MDD pathophysiology. Cortisol serves an important role in the stress response system, as well as

in a classic circadian pattern given its release from the adrenal gland (Asarnow, 2020).
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2.2.4 Current Interventions for Disturbed Sleep in MDD

Addressing sleep disturbances in the context of depression is crucial, given the potential
for improved symptom resolution and remission. Both pharmacological and non-
pharmacological approaches have demonstrated effectiveness in addressing the co-occurring

conditions.

2.2.4.1 Pharmacotherapy

Antidepressant medications serve as primary treatments for MDD and often target
associated sleep disturbances. They directly impact sleep neurophysiology, with some improving
sleep-related issues, and others exacerbating them (Hutka et al., 2021; Sharpley & Cowen, 1995).

Nearly all SSRIs, SNRIs, and MAOIs are associated with REM sleep suppression,
marked by increased REM latency, reduced REM sleep duration, and diminished REM density
(Wichniak et al., 2017). Some of these drugs are known to further deteriorate sleep quality as a
side effect (Fang et al., 2019; Wang et al., 2015). By elevating the brain’s levels of monoamines,
such as serotonin, antidepressants can affect REM sleep (Gillin et al., 1994). The suppression of
REM is often most pronounced during the early stages of treatment but may gradually diminish
over time (Wilson & Argyropoulos, 2005). However, even after mood improvement, some of
these medications might still cause residual sleep symptoms (Nutt et al., 2008). Notably, MAQIs
may even lead to a complete absence of REM sleep for extended periods (Wilson &
Argyropoulos, 2005). Another drug, Mirtazapine, categorized as an atypical antidepressant, also
suppresses REM sleep (Winokur et al., 2003). A rebound in REM sleep, sometimes surpassing
baseline levels, is observed in many individuals after discontinuing these medications (Wang et

al., 2015). Interestingly, escitalopram, an SSRI, appears not to suppress REM sleep (Holshoe,
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2009). While depression is characterized by increased REM sleep and many antidepressants
suppress REM, this doesn’t directly translate to therapeutic efficacy. The influence of
antidepressants on sleep goes beyond merely REM modulation, therefore addressing one aspect
of sleep architecture does not assure overall sleep or mood improvement.

While many antidepressants can disrupt sleep, others, notably sedative types like
nefazodone, mirtazapine, and certain TCAs, can decrease sleep latency, enhance sleep efficiency,
and increase time in SWS without significant REM interference (Wichniak et al., 2017).
Notably, nefazodone and mirtazapine exert antagonist effects on certain serotonin receptors and
minimally inhibit monoamine transporters, targeting insomnia in patients with depression
(Thase, 2006). In some instances, just a single dose of these medications, especially mirtazapine,
can enhance sleep quality (Schmid et al., 2006). However, the sedative properties can be
problematic in long-term use due to oversedation, potentially requiring dose adjustments that
could impact treatment efficacy (Wichniak et al., 2017).

Agomelatine, a unique antidepressant that targets melatonergic receptors, has been
reported to reduce sleep latency and enhance sleep continuity by increasing SWS and daytime
alertness without suppressing REM sleep (Wichniak et al., 2017) However, its antidepressant
mechanism and relative effectiveness are still topics of research and debate (Leung, 2021).

Other medications, such as the psychostimulant modafinil, offers potential against fatigue
and sleepiness associated with depression. However, its efficacy remains debated across studies
(Fava et al., 2007). Benzodiazepines, common sedative-hypnotics, are used to treat sleep
disorders like insomnia by amplifying the action of GABA, the brain’s primary inhibitory
neurotransmitter (Pagel & Parnes, 2001). The newer non-benzodiazepines, or z-drugs, offer

improved sleep with fewer risks of dependency and insomnia rebound, likely due to their distinct
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mechanisms of action (Schifano et al., 2019). Although not typically effective for symptoms of
depression due to their depressive action on the central nervous system (CNS), combination
studies using antidepressants with these drugs show promising results. For instance, combining
fluoxetine with eszopiclone resulted in better sleep and depression outcomes (Krystal et al.,
2007). However, both benzodiazepines and z-drugs come with potential concerns such as
dependence and cognitive disturbances (Brett & Murnion, 2015). Therefore, non-
pharmacological interventions or safer alternatives should serve as primary treatments, with
hypnotic drug use closely monitored for potential side effects and risks.

Sedative antidepressants, like mirtazapine, can serve as effective treatments for patients
with co-existing depression and sleep disturbances (Dolder et al., 2012). Such medications can
also reduce benzodiazepine reliance, mitigating the risk of sleep aid addiction in patients with
depression (Hashimoto et al., 2016). Nevertheless, concerns about drug resistance, potential side

effects, and discontinuation symptoms should always be considered (Fang et al., 2019).

2.2.4.2 Cognitive Behavioral Therapy for Insomnia

Cognitive behavioral therapy for insomnia (CBT-I) has become a frontline intervention in
managing both depression and coexisting insomnia, with numerous studies demonstrating its
effectiveness. For instance, a study involving adults with coexistent depression and insomnia
found that participants receiving CBT-I experienced pronounced improvements in both insomnia
severity and depressive symptoms when compared to a control group (Manber et al., 2008). A
recent meta-analysis further supported these findings, showing marked improvements in sleep
metrics, including sleep onset latency, total sleep time, and wake after sleep onset, after

undergoing CBT-I. Additionally, depressive symptoms also saw noteworthy reductions (Wu et
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al., 2015). Another study spanning three years confirmed the benefits of addressing insomnia
rather than just targeting depression, thus advocating for the integration of CBT in treating
individuals with both conditions (Blom et al., 2017).

However, while CBT-I primarily targets insomnia symptoms, it may not directly address
the underlying depressive symptoms. Although improved sleep can potentially elevate mood, the
broader emotional and physiological aspects of MDD may not be fully addressed (Baglioni et al.,
2011). Implementing CBT-I requires consistent participation and adherence, a challenge for
those with depression facing motivation issues, lethargy, or therapy engagement challenges. For
example, those exhibiting pronounced depressive symptoms might be more inclined to abort
group CBT-I sessions (Ong et al., 2008). There’s also evidence suggesting that those with
childhood-onset depression and insomnia may not benefit from CBT-I compared to those who

manifested these conditions later in life (Edinger et al., 2017).

Addressing sleep disturbances in MDD requires a significant understanding of both the
subjective and objective aspects of sleep, as these disturbances not only signal alterations in
brain neurotransmitter functions, but also exert profound impacts on quality of life. While
sedative antidepressants and CBT-I present promising avenues for those struggling with
depression and sleep disturbances, barriers like financial constraints and sustained therapy
engagement remain. The persistent nature of sleep disturbances in depression, persisting even
post-treatments, underscores the need for enhanced therapeutic strategies. These are vital to

optimize patient well-being and reduce the likelihood of recurrent depressive episodes.
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2.3 The Gut Microbiome

2.3.1 The Microbiota Gut-Brain Axis

The human body is home to trillions of microorganisms, collectively termed the
microbiome, pivotal in maintaining overall health (Kho & Lal, 2018). Recent years have
witnessed a revolutionary surge in our understanding of microbiota biology, revealing their
significant role to the pathophysiology of brain disorders (Wang et al., 2022). Often considered
our body’s secondary genome, approximately 3.8 x 102 microorganisms inhabit the
gastrointestinal (Gl) tract, with the colon owning the densest microbial concentration (Kho &
Lal, 2018; Sender et al., 2016). Colonization of the gut begins soon after birth, influenced by
factors such as birthing method and breastfeeding. As we age, the microbial composition
stabilizes, though its specific makeup varies widely due to influences like genetics, diet,
metabolism, age, geographic location, antibiotic use, and stress (Martin et al., 2016). Generally,
the gut microbiota consists of bacteria predominantly from three major phyla: Firmicutes,
Bacteroidetes, and Actinobacteria (Tap et al., 2009). This diverse microbiota ecosystem aids in
the proper functioning and development of the immune system, CNS circuitry, and GI operations
(Yong et al., 2020).

A rapidly growing area of study is the bidirectional communication between the gut
microbiome and the brain, termed the microbiota-gut-brain axis (GBA). This communication
network includes the central nervous system (CNS), the autonomic nervous system (ANS), the
enteric nervous system (ENS), the immune system and the HPA axis (Carabotti, 2015; Yong et
al., 2020). Understanding this intricate communication system showecases its role in maintaining
vital systems like GI and immune homeostasis, while also influencing higher cognitive functions

(Carabotti, 2015). Any disruptions in this system, whether resulting from diseases or stress, can
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lead to imbalances in the gut, mood swings, cognitive dysfunctions, and altered inflammatory
levels. The gut microbiota and the brain communicate bidirectionally most notably through

neural, immune, and humoral pathways (Yong et al., 2020).

2.3.1.1 Neural and Humoral Routes

A significant link between the gut microbiota and our nervous system is thought to
initiate within the ENS. Termed “the second brain,” the ENS exhibits neuronal complexity
comparable to the brain, autonomously governing gut-related functions, and the immune system
(Breit et al., 2018). Gut metabolites, such as short-chain fatty acids (SCFASs), including butyrate,
propionate, and acetate, have a profound effect on the ENS. Generated during the fermentation
of non-digestible carbohydrates by gut microbiota, these SCFAs, though indigestible, critically
influence gut functions. Notably, butyrate and propionate affect serotonin synthesis in
enterochromaffin cells (Reigstad et al., 2015). Studies using germ-free (GF) mice highlight the
essential role of gut microbiota in maintaining neuron excitability (McVey Neufeld et al., 2013).

The gut microbiota and the brain communicate bidirectionally, employing neural and
humoral pathways (Appleton, 2018). A primary conduit for this communication is the tenth
cranial nerve, the vagus nerve. This nerve relays information between the Gl tract and the CNS,
significantly influencing the activities of the ENS, particularly in areas like intestinal
permeability and gut inflammation (Powley, 2000; Yong et al., 2020). Additionally, microbial
metabolites interact with the brain through the systemic (humoral) circulation, while the brain
sends chemical messengers, such as cytokines and glucocorticoids, to influence gut physiology

(Luan et al., 2019).
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2.3.1.2 Immune, Endocrine, and Neurotransmitter Systems

The gut, specifically the gut-associated lymphoid tissue (GALT), contains approximately
70% of the body’s immune system, making it the body’s largest immune organ (Vighi et al.,
2008). Specific immune cells in the gut respond to foreign antigens as they penetrate the
intestinal mucosal barrier, triggering the production of inflammatory cytokines such as
interleukins (ILs), tumour necrosis factor (TNF)- a and interferon (IFN)-y (Sherwin et al., 2016).
These cytokines can then influence neural pathways in the brainstem, hypothalamus, and limbic
system or directly penetrate the blood-brain barrier (BBB) through the humoral pathway (Yong
et al., 2020).

Additionally, the HPA axis, a major stress-response system, plays an integral role. When
activated by increased systemic pro-inflammatory cytokines or other stressors, it triggers a series
of hormonal releases that ultimately affect areas such as the gut by modulating inflammation
(Carabotti, 2015; Tsigos & Chrousos, 2002). Specifically, HPA axis stimulation can influence
the release of corticotropin-releasing factor (CRF), which then stimulates the secretion of
adrenocorticotropic hormone (ACTH) from the pituitary gland (Carabotti, 2015). ACTH
stimulates adrenal gland release of cortisol which inhibits CRF release, creating a negative
feedback loop. This stress hormone, cortisol, is known as the body’s major stress hormone that
influences multiple organs, such as the brain. Cortisol, a primary glucocorticoid produced as a
result of HPA axis activation, plays a crucial role in regulating inflammatory responses
throughout the body, including the gut (Tsigos & Chrousos, 2002).

Simultaneously, the gut microbiota produces brain neurotransmitters critical to brain
function. This includes GABA, glutamate, and monoamines like serotonin, while also

modulating their precursor availability (Oleskin et al., 2016). These neurotransmitters are
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involved in modulating ENS signalling, ultimately influencing the GBA (Karl et al., 2018). For
instance, microbes that ferment carbohydrates produce butyrate, a SCFA, which then triggers the
synthesis of serotonin from intestinal cells (Reigstad et al., 2015). The complex interplay of
neural, immune, and hormonal pathways facilitates the brain’s influence over various intestinal

activities, underscoring the significance of the GBA (Carabotti, 2015).

2.3.2 GBA Dysregulation and its Implications in MDD

Following the discovery of the GBA, research has underscored the importance of a
healthy microbiota for normal brain function. A balanced state of the gut, or eubiosis, is
characterized by a healthy ratio of potentially beneficial bacteria to potentially harmful bacteria,
primarily represented by the phyla Firmicutes and Bacteroidetes. This balance is integral for
physiological homeostasis (Salami, 2021; Zhang et al., 2015). Dysbiosis, the offset of this
balance, can be triggered by various factors such as dietary shifts, lifestyle changes, excessive
stress, and antibiotic consumption. In this altered state, the gut may see a decline in intestinal gut
microbiota diversity or a rise in pathogenic bacterial populations (Salami, 2021). This imbalance
can elevate acetylcholine and cortisol levels, compromising the intestinal barrier, a condition
termed “leaky gut syndrome” (Clapp et al., 2017). The weakened barrier permits bacterial toxins
to penetrate through, causing inflammation in the GI tract. This inflammation, in turn, prompts
the release of cytokine and neurotransmitters, adding stress to the microbiome (Clapp et al.,
2017; Yong et al., 2020). These cascading effects, paired with the increased permeability of the
BBB, can influence brain function, potentially leading to depression (Raffaele et al., 2021).
Indeed, high levels of pro-inflammatory cytokines have been identified in individuals with

depression (Howren et al., 2009).
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Typically, the immune system and the HPA axis can mount an adaptive response.
However, chronic stress hinders this response. Sustained inflammation, induced by elevated pro-
inflammatory cytokines, can cause persistent activation of the HPA axis. This chronic
inflammation impairs the immune system’s ability to recognize and respond to cortisol’s
inhibitory signals, disrupting the negative feedback inhibition of the HPA axis (Schiepers et al.,
2005).

Moreover, chronic stress and gut inflammation can also alter the distribution and
abundance of the bacteria in the gut. Such shifts in composition can exacerbate gut inflammation
and escalate intestinal permeability and cytokine production (Yong et al., 2020). These changes
can also influence neuroactive metabolite production, altering host neurotransmitter circuitry, a
key component in depression pathophysiology. A compromised neurotransmitter system in the
ENS might impact gut motor function, which is crucial for sustaining microbial diversity in the
gut (Salami, 2021).

Thus, chronic stress triggers a vicious cycle leading to an impaired GBA, marked by
inflammation, HPA axis overactivity, and gut imbalances (Raffaele et al., 2021). Significantly,
those with depression react more intensely to stress, emphasizing the GBA’s role in these

conditions (Mendoncga-De-Souza et al., 2007).

2.3.2.1 Altered Gut Microbiota Composition in Depression

There are evident alterations in gut microbiome patterns among those with depression.
Many studies have highlighted these changes, a notable one being a systematic review that aimed
to distinguish the differences in microbiota composition in individuals with depression compared

to their healthy counterparts (Barandouzi et al., 2020). Key findings included noted discrepancies
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in both alpha-diversity (the diversity of organisms within individual samples) and beta-diversity
(the diversity of organisms between different samples) of the microbiota among the two groups.
Phylum level analysis showed inconsistencies in the abundance of Firmicutes, Bacteroidetes,
and Proteobacteria in the depressed cohort. Conversely, Actinobacteria and Fusobacteria phyla
were markedly abundant in depressed individuals. Both family- and genus-level data revealed
more consistent findings of either lower or higher abundances of certain bacteria between groups
(Barandouzi et al., 2020). These findings encourage further exploration to steer findings into

novel clinical strategies that could enhance outcomes in depression.

2.3.3 The Bidirectionality of Disturbed Sleep and Gut Microbiota

The intricate bidirectional relationship between sleep disturbances and gut microbiota is
becoming increasingly evident (Wang et al., 2022). Disruptions in the GBA have been associated
with sleep disorders such as insomnia, sleep apnea, and circadian rhythm disorders (Wang et al.,
2022). Notably, both sleep and gut microbiota showcase circadian rhythms, emphasizing a
synchronized relationship (Li et al., 2018; Voigt et al., 2014). The bidirectional communication
between sleep and the gut microbiota is influenced by various mechanisms, including the vagus
nerve, HPA-axis, homeostatic and inflammatory regulation processes, and brain function
modulation influence this bidirectional communication, much like the mechanisms pertaining to
the GBA and depression. Neurotransmitters and microbial metabolites, including tryptophan,
melatonin, serotonin, GABA, and SCFAs further mediate this relationship (Osadchiy et al.,
2019). The intertwined nature of these factors underscores the importance of understanding their

interactions, with potential implications for holistic health interventions.
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2.3.3.1 Mechanisms Linking Sleep Regulation and the GBA
Serotonergic System

Serotonin plays a crucial role in regulating sleep architecture. A decline in serotonin
concentrations in the brain have been associated with changes in NREM sleep (Nakamaru-Ogiso
et al., 2012). Similarly, antibiotic-induced gut microbiome depletion diminishes intestinal
serotonin and alters NREM patterns, suggesting that serotonin may bridge gut microbiome

interactions with brain sleep regulation (Ogawa et al., 2020).

Microbial Metabolites

Alterations in gut SCFA-producing microbiota have been correlated with disrupted sleep
patterns (Maki et al., 2020). Butyrate, a specific SCFA, when introduced externally, has been
shown to enhance NREM sleep in rats, suggesting a possible bidirectional link between gut

microbiota and sleep via microbial metabolites (Szentirmai et al., 2019)

The Vagus Nerve
The role of the vagus nerve in linking gut microbiota and sleep has been highlighted in
mice studies where severing the vagus nerve negated the inflammation resulting from sleep

deprivation (Zhang et al., 2021).

The Immune System
A reciprocal relationship exists between sleep and the immune response. Sleep
deprivation intensifies inflammatory reactions and susceptibility to infections, whereas

inflammation can disturb sleep patterns (Sen et al., 2021). VVagotomised mice lack of
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inflammatory response post sleep deprivation suggests gut microbiota mediates this
inflammation (Zhang et al., 2021). Further, chronic inflammation from leaky gut syndrome can

impact circadian rhythm and induce sleep disturbances (Irwin, 2023)

The Blood Brain Barrier

The BBB’s permeability is susceptible to the influences of the gut microbiota. For
instance, FMT from conventional mice to GF mice mitigates their increased BBB permeability
(Braniste et al., 2014). Similarly, antibiotics, which deplete gut microbiota, can also compromise
the BBB permeability (Sun et al., 2021). Rodent studies have shown sleep is vital for BBB
integrity, whereby sleep restriction led to a widespread breakdown of the BBB, suggesting that
sleep disturbances might impact the BBB via interactions with the gut microbiota (He et al.,

2014).

2.3.3.2 Altered Gut Microbiota Compositions in Sleep Disturbances

Both the gut microbiome and the host’s circadian rhythm and sleep cycles influence each
other. Notably, variations within the gut microbiome have been shown to influence the
expression of the host’s circadian genes (Li et al., 2018). As such, maintaining a balanced gut
microbiota is important for optimal circadian rhythm regulation (Parkar et al., 2019). However,
the literature presents somewhat varied findings concerning the exact relationship between sleep
disruptions and microbiota composition. A key consideration is that many studies assess gut
microbiota at single time points, often overlooking the fact that gut microbiota undergo rhythmic
fluctuations throughout the day. While various studies in the literature have explored the

potential influence of microbial composition on different aspects of both objective and subjective
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sleep disruptions, the complex relationship between the two remains an ongoing field of study. In
the context of this thesis, with a particular emphasis on microbial therapeutic interventions and
the use of the PSQI scale, we will focus on studies measuring sleep quality, an important aspect

of sleep with significant clinical implications.

Sleep Quality Studies

Recent studies have underscored the importance of sleep quality in relation to gut
microbiota. A positive correlation has been observed between self-reported sleep quality, as
measured by the PSQI, and microbial diversity. Specifically, participants reporting better sleep
quality demonstrated a richer microbial diversity in the gut, as measured by the Shannon index
(Grosicki et al., 2020). This observation aligns with findings that connect gut microbiota
diversity with objective measures of sleep quality, such as actigraphy-based assessments of sleep
duration and efficiency (Smith et al., 2019). In contrast, two earlier studies did not identify
significant impacts on microbiome diversity following short-term sleep restriction (Benedict et
al., 2016; Zhang et al., 2017). However, a more extended study proposed that minor, short-term
alterations in sleep might not exert notable effects on gut microbiota diversity (Smith et al.,
2019). Moreover, a positive association was noted between sleep quality and the
Firmicutes/Bacteroidetes (F/B) ratio, with the presence of higher relative abundance of butyrate-
producing genera Blautia and Ruminococcus, both from the Firmicutes phylum, and a decreased
presence of Prevotella, from the Bacteroidetes phylum (Grosicki et al., 2020). Collectively, these
results strengthen an expanding body of research, which suggests a connection between the gut

microbiome and its by-products with sleep physiology.
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The Actinobacteria phylum showed a negative correlation with the number of
awakenings during sleep, indicating that Actinobacteria richness contributes to enhanced sleep
quality (Smith et al., 2019). Studies in mice illustrated a reduction in the proportion of
Actinobacteria in the gut microbiome after sleep disruption (Poroyko et al., 2016). However, in
humans, one study identified that specific members of the Actinobacteria phylum increased in
response to sleep restrictions (Benedict et al., 2016). Another recent study revealed that high
sleep quality individuals exhibited a gut microbiome marked by an abundance of bacteria from
the Verrucomicrobia and Lentisphaerae phyla (Anderson et al., 2017; Morwani-Mangnani et al.,
2022). Yet, another study did not find any significant relationships between sleep measures and
the richness or diversity within these phyla, demonstrating the inconsistencies across trials

(Smith et al., 2019).

Given the established connection between gut microbiota and sleep quality, it’s vital to
examine this relationship within the framework of MDD, especially considering the prominent
link between sleep disturbances and depressive disorders. As sleep disturbances remain one of
the hallmark features of depression, it becomes crucial to explore innovative interventions

targeting this domain.

2.3.5 Microbiota-Targeted Interventions for Sleep Disturbances in Depression

Given the clearer understanding of the relationship between sleep, depression, and the gut
microbiome, microbiota-targeted interventions are being heavily explored for their therapeutic
potential to alter the gut microbiota and mitigate dysbiosis, as seen in psychiatric pathology. The

motivation for this exploration stems from two primary factors: the search for therapeutic
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alternatives that sidestep the complications associated with traditional sleep and depression
treatments, and the promising regulatory potential of these interventions on the GBA. In this
regard, microbiota-targeted interventions, including probiotics, prebiotics, synbiotics,
postbiotics, and FMT, have emerged as potential strategies for managing psychiatric illnesses

such as MDD.

2.3.5.1 Probiotics

Probiotics are live microorganisms, primarily beneficial bacterial strains like
Lactobacillus and Bifidobacterium, that confer health benefits when consumed sufficiently.
Available in capsules, powders, and fermented foods, they modulate the gut microbiota to
promote a balance of beneficial bacterial over harmful bacteria. The effects and mechanisms of
action of probiotics are strain-specific, and their efficacy can vary depending on the probiotic
strain and the host’s individual characteristics (Zmora et al., 2018).

Recent research underscores the potential of probiotics in sleep enhancement. Specific
strains like Lactobacillus fermentum PS150TM have been noted for improving sleep in mice
with caffeine-induced sleep disturbances and increasing NREM sleep duration (Lin et al., 2021;
Lin et al., 2019). Lactobacillus brevis ProGA28 was shown to mitigate stress-related sleep issues
(Lai et al., 2022).

In clinical trials, diverse Lactobacillus and Bifidobacterium strains have yielded
promising results in enhancing both sleep quality and mood (Dickerson et al., 2018; Marotta et
al., 2019). Specifically, a study in 2021 found positive results from probiotic supplementation on
both mood and sleep. A mixture of Lactobacillus reuteri NK33 and Bifidobacterium adolescentis

NK98 were found to improve depression and sleep disturbances significantly compared to their

32



placebo counterparts (Lee et al., 2021). In patients with MDD, supplementation with
Lactobacillus fermentum NSO significantly improved sleep quality and reduced sleep latency
(Liu et al., 2016). Another study found that a multispecies probiotic improved multiple sleep
parameters, including sleep efficiency and sleep duration, in patients with depression (Huang et
al., 2016). These findings highlight the potential of probiotics as a novel and promising approach

to manage sleep disturbances in depression.

2.3.5.2 Prebiotics

Prebiotics are indigestible substances that, when metabolized by microorganisms, foster
beneficial effects on the host by modulating the composition and function of these
microorganisms (Pandey et al., 2015). Research on rats has indicated that dietary prebiotics can
promote NREM sleep and affect certain gut microbiota-produced metabolites (Fei et al., 2021).
One significant finding revealed that prebiotic-supplemented rats had higher levels of
Parabacteroides distasonis and Ruminiclostridium 5, which were related to adjustments in body
temperature rhythms after a light/dark shift (Thompson et al., 2021). Another study found that a
prebiotic diet increased both NREM and REM sleep durations in rats, also highlighting
Parabacteroides distasonis as a potential contributor to these sleep enhancements (Bowers et al.,
2022).

In human studies, early-life prebiotic supplementation in infants led to delayed nap onset and
sustained daytime alertness, possibly due to microbiota changes (Colombo et al., 2021).
Additionally, another study including individuals with depression observed enhanced sleep
quality and REM sleep duration following the administration of a prebiotic

galactooligosaccharide supplement (Schmidt et al., 2015). However, participants given the
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prebiotic inulin in a cross-over study did not experience any mood or sleep quality alterations
compared to placebo counterparts (Smith, 2005). Collectively, these findings from preclinical
and clinical studies, although promising, require further investigation to establish a clearer

understanding of their potential for sleep disturbances in depression.

2.3.5.3 Synbiotics

Synbiotics are combinations of probiotics and prebiotics designed to work synergistically
(Pandey et al., 2015). Military field training often leads to sleep deprivation, with soldiers
experiencing sleep loss and sleepiness. In this context, one study found that symbiotic ice cream
improved soldiers’ resistance to sleepiness during field training (Valle et al., 2021). In the
context of depression, symbiotic treatment led to significant reductions in depressive symptoms,
although no measures of sleep were assessed (Ghorbani et al., 2018). Additional research is
needed to evaluate the therapeutic potential of synbiotics in managing sleep disturbances in

depression.

2.3.5.4 Postbiotics

Postbiotics are the metabolic by-products or components of probiotics that offer health
benefits to the host (Salminen et al., 2021). One study demonstrated that using heat-inactivated
Lactobacillus gasseri CP2305 notably enhanced sleep quality in chronically stressed students
(Nishida et al., 2017). Unlike strategies that utilize live microorganisms, postbiotics are
perceived as safer due to their absence of biological activity (Salminen et al., 2021). However,

the evidence regarding postbiotics’ impact on sleep and depression remains limited.
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2.3.55 FMT

FMT is a therapeutic approach that involves transferring a complete microbial
community into the intestinal tract of a recipient from a donor to treat various diseases (Smits et
al., 2013). While its primary clinical application has been for patients suffering from persistent
Clostridium difficile infections, its therapeutic potential is being explored for a broader range of
conditions (Smits et al., 2013). These include inflammatory bowel diseases, irritable bowel
syndrome, anorexia nervosa, cancer, and even neuropsychiatric issues such as depression (Kang
et al., 2022). Although limited, some studies have also proposed the potential of FMT in treating
insomnia and other sleep disorders (Kang et al., 2022). A recent systematic review highlighted
the promising impact of FMT on psychiatric disorders specifically. All studies cited within the
review reported reduced symptoms of depression and anxiety post healthy microbiota
transplantation, across both preclinical and clinical contexts. A specific study in the review even
showcased improved sleep metrics (Chinna Meyyappan et al., 2020). Furthermore, research
indicates FMT might alleviate sleep disruptions in irritable bowel syndrome patients, while also
correlating enhanced depressive scores with post-FMT microbiome diversity changes (Kurokawa
et al., 2018).

Despite its potential, several challenges limit FMT’s therapeutic promise. The primary
concerns relate to safety, the procedure’s invasiveness, and its implications. The invasive nature
of FMT could deter patients with MDD, impacting treatment adherence and leading to premature
discontinuation. Moreover, potential complications and side effects, especially in
immunocompromised individuals, remain a significant concern. Identifying ideal donor-recipient

matches also presents a challenge, considering the vast diversity of individual gut microbiomes
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(Bibbo et al., 2020). Lastly, optimal timing, frequency, and the long-term effects of FMT

procedures remain unknown.

While the current literature investigating gut-repopulation techniques for psychiatric
illness like depression is promising, challenges such as individual variability, safety concerns,
and standardization are of relevance. Another significant limitation is the lack of comprehensive
studies, underscoring an urgent need for deeper investigation using larger-scale clinical trials. In
this context, this thesis introduces MET-2, a novel microbe therapy containing defined microbial
communities in capsule form. The aim is to ascertain MET-2’s potential as a novel solution for

addressing both disturbed sleep and depression.
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CHAPTER 3: METHODOLOGY

3.1 Introduction to the METDA Study

This thesis uses data from the METDA study: a phase 2, double-blind, placebo-controlled
trial evaluating the safety and efficacy of MET-2 in patients with major depression. The METDA
study was conducted at two sites: Providence Care Hospital in Kingston, Ontario and the Centre
for Addition and Mental Health in Toronto, Ontario.

The METDA study was designed to assess the efficacy of MET-2 against a placebo in
mitigating depressive symptoms across a 6-week treatment duration. The primary objective was
to assess mood using the Montgomery Asberg Depression Rating Scale (MADRS) at 5 different
time points throughout the study. Secondary objectives included analyzing changes in mood,
anxiety, sleep disturbance, early stress, gastrointestinal symptoms, and the tolerability of MET-2.
These evaluations employed a range of clinical scales, including the HAM-A, GAD-7, CGl,
SHAPS, QIDS-SR16, and the PSQI. Side effects and gastrointestinal symptoms were assessed
using the TSES and GSRS scales, respectively.

A component of the METDA study was a follow-up sub study, which was designed to
monitor the longitudinal effects of MET-2 at both 12- and 24-weeks post-treatment
discontinuation. Therefore, this thesis also uses data from this sub study.

This thesis primarily investigates the impact of MET-2 on sleep disturbances in
individuals with depression, with mood symptoms assessed as a secondary measure. The
methods discussed in this chapter are based on the METDA study protocol. A specific set of
METDA study data, encompassing PSQI and MADRS scores along with demographic
information, was extracted for the analyses presented.

*This protocol has been detailed in a published manuscript (Chinna Meyyappan et al., 2021).
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3.2 Participants

A total of 29 eligible adult participants between the ages of 18 and 45 currently in a
major depressive episode (MDE) were recruited from the Kingston and Toronto areas. All
potential study participants were initially pre-screened over the phone by one of the site
coordinators to deem eligibility based off a few pre-screening questions. If eligible, individuals
were then invited to the study site for an in-depth screening appointment. At the initial screening
visit, individuals were given ample time to read over the consent form and to have any questions
answered by the site coordinator. Consent was then obtained from the participant by a site
coordinator and overseen by the principal investigator. Following informed consent, participants
were screened to ensure they fit the inclusion and exclusion criteria. Participants were then
evaluated for a diagnosis of MDD based on the Mini-International Neuropsychiatric Interview
(MINI) and a score of 15 or higher on the MADRS. All participants had to be in a current MDE
and could not be taking any antidepressant medication currently. See Table 1 and Table 2 for

full study criteria.

Table 1: Inclusion Criteria

1. Between 18 and 45 years of age (inclusive) and able to provide informed consent.

2. Not pregnant. Individuals who are capable of becoming pregnant must agree to use
appropriate birth control measures unless otherwise exempted by investigator and sponsor
for exceptional circumstances.

Willing to participate in follow up as part of the study.

Diagnosis of MDE as determined by the MINI

Current depressive episode with a MADRS score of >15.

Able to understand and comply with the requirements of the study.

Able to provide stool, urine, and blood samples.

Those who do not choose to use antidepressants for moderate-severe depression.

NG W
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Table 2: Exclusion Criteria

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

History of chronic diarrhea

Need for regular use of agents that affect GI motility (narcotics such as codeine or
morphine, agents such as loperamide or metoclopramide)

Colostomy

Elective surgery that will require preoperative antibiotics planned within 6 months of
enrolment.

History of bariatric surgery.

Pregnant, breastfeeding, or planning to get pregnant in the next 6 months.

Any condition for which, in the opinion of the investigator, the patient should be excluded
from the study.

Current use of any antidepressant/antianxiety drug (eligible to participate after a 4-week
washout period)

More than three depressive episodes throughout lifetime

Having failed two or more anti-depressant treatments in the past or a antidepressant
treatment during current depressive episode

Use of any antibiotic drug in the past 4 weeks (may be eligible to participate after a 1-
month washout period)

History of alcohol or substance use disorder in the past 12 months based on the MINI 7.0
Section I: Alcohol use disorder and Section J: Substance use disorder.

Daily use of probiotic product in the past 2 weeks (may be eligible to participate after a 2-
week washout period)

Use of any type of laxative in the last 2 weeks.

Consumption of products fortified in probiotics (may be eligible to participate after a 2-
week washout period)

High suicidal risk, as measured by MADRS item 10 score equal to 4 or higher.

Current psychotic symptoms

History of epilepsy or uncontrolled seizures

Immunodeficiency (immuno-compromised and immuno-suppressed patients, e.g., acquired
immune deficiency syndrome [AIDS], lymphoma, patients undergoing long-term
corticosteroid treatment, chemotherapy, and allograft patients)

Unstable medical conditions or serious diseases/conditions (e.g., cancer, cardiovascular,
renal, lung, diabetes, psychiatric illness, bleeding disorders, etc.)

The use of natural health products (e.g., St. John’s Wort, passionflower, etc.) that affect
depression.

History of Electroconvulsive therapy
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3.3 Recruitment

Participants were recruited through a combination of methods, including targeted
Facebook ads, public transit advertisements, and posters distributed around Kingston and
Toronto University campuses. Additionally, announcements were made on the Department of

Psychiatry Queen’s website and the Queen’s Centre for Neuroscience website.

3.4 Investigational Product

Microbial ecosystem therapeutic (MET) is an innovative treatment method that aims to
repopulate the gut with healthy bacteria. MET was developed as an alternative to fecal
microbiota transplantation (FMT). MET is a biological compound that consists of live microbes
that naturally reside in the gut of a healthy individual. While stool contains a diverse and
complex community of microbes, including bacteria, fungi, and viruses, MET focuses on using
defined mixtures of isolated strains of intestinal bacteria for treatment.

Specifically, MET-2 is a refined version of the original MET-1 mixture. MET-2 is
derived from healthy donor stool and was developed to alleviate symptoms of early depression
and restore normal gut flora. It consists of 40 lyophilized bacteria strains, carefully selected from
a healthy 25-year-old donor for their safety profile and purified for use.

To enhance patient compliance and convenience, MET-2 is administered orally in
capsule form. This method of administration allows for easier intake over consecutive days
compared to rectal administration, as seen with FMT. Furthermore, the use of capsules ensures
the controlled delivery of fecal colonies, which increases safety compared to using raw fecal

material in rectal suspension.
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Each MET-2 capsule contains 0.5 g of product, with a concentration of 3.2 X 105-10%!
colony forming units (CFU) per capsule. An initial loading dose of 5 g (equivalent to 10
capsules) is typically administered to deliver a therapeutic dose of MET-2 ranging from 108 to
10% CFU. MET-2 capsules were produced in adherence to Good Manufacturing Practice
guidelines at the University of Guelph and were transported securely under anaerobic conditions

at room temperature (Chinna Meyyappan et al., 2021).

3.5 Study Design
3.5.1 METDA Randomized Controlled Trial

The METDA study was an 8-week, phase 2, double-blind, randomized placebo-
controlled, clinical trial used to measure the effects of MET-2 on symptoms of depression using
pre- and post- treatment scores. A total of 15 participants were randomly allocated to receive
MET-2 treatment and a total of 14 participants were randomly allocated to receive placebo
alternative. All participants consumed either MET-2 or placebo alternative daily for 6 weeks.
The study consisted of 6 visits total: a screening visit, a baseline visit (week 0), 3 treatment-

period visits (week 2, 4, and 6), and a 2-week follow-up visit (week 8) as outlined in Table 3.

3.5.2 METDA Longitudinal Follow-Up

In addition to the METDA study RCT, a longitudinal follow-up sub study was conducted
to assess long-term effects of MET-2 on depressive symptoms. Participants who completed at
least 5 weeks of either MET-2 or placebo treatment were invited to participate. Consent to
participate was obtained during the last visit of the METDA RCT: the week 8 visit. The sub
study consisted of two additional visits, occurring 12- and 24-weeks post-treatment

discontinuation (week 18 and week 30), as outlined in Table 3.
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Table 3: Summary of Study Visits

Visit 1 2 3 4 5 6 7 8

Procedures Week Screening? 0 (BL) 2 4 6 8 (FU) | 18(FU) | 30(FU)
Study Day -10to -1 o° 14> 28P 42b 68P 126° 210°

Study Criteria and ICF Review and Signing X¢
MINI Diagnostic Interview X
Demographics X¢
Medical and Antidepressant History X¢
Randomization to Treatment or Placebo group X¢
MADRS Xe X X X X X X X
HAM-A X X X X X X X
YMRS Xe X X X X X X X
GAD-7 X X X X X X X
CGl X X X X
SHAPS X X X X
QIDS-SR16 X X X X
PSQI X X X X X X
TSES X X X X
GSRS X X X X
CECA X
AE Monitoring X X X X X
Treatment Administration® Xe Xe

AE= adverse event; BL = baseline; CECA = Childhood Experience of Care and Abuse Questionnaire; CGI = Clinical Global Impressions Scale; FU = follow up;
GAD-7 = Generalized Anxiety Disorder Scale; GSRS = Gastrointestinal Symptom Rating Scale; HAM-A = Hamilton Anxiety Rating Scale; MADRS =
Montgomery-Asberg Depression Rating Scale; MINI = Mini-International Neuropsychiatric Interview; PSQI = Pittsburgh Sleep Quality Index; QIDS-SR16 =
Quick Inventory of Depressive Symptomatology; SAE = serious adverse event; SHAPS = Snaith-Hamilton Pleasure Scale; TSES = Toronto Side Effects Scale.

2 Time between screening to baseline can be up to 10 days.

® Note that all windows will reset to the previous visit (i.e. +/- 4 days from last treatment visit). All participants will be provided with four extra day’s worth of
investigational product to account for this window.

¢ In-hospital component of visits.

4 The serum pregnancy test is only to be performed to confirm pregnancy if a urine pregnancy test is positive.

¢ Note that although subjects take the product daily, they only pick-up the product from research personnel at two timepoints.
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3.6 Treatment of Patients
3.6.1 Identity and Administration of Study Drug

MET-2 and placebo were both provided in 0.5g capsules. The placebo, filled with
cellulose, mirrored the appearance of MET-2 capsules to maintain blinding. Participants were
given a 4-week supply of MET-2 or placebo capsules at the baseline visit and a subsequent 2-
week supply at the week 4 visit. Distinct vials differentiated loading/booster doses from the daily
maintenance doses.

Eligible participants began the regimen with a loading dose of 5g (10 capsules) of MET-2
on days 1-2. The maintenance dose, set at 1.5g (3 capsules), was introduced on days 3-14. Days
15-16 involved another booster dose, followed by the continuation of the maintenance dose on
days 17-28. At week 4, participants were analyzed for treatment response. Responders, identified
by more than a 50% decrease in MADRS scores from baseline, continued with the maintenance
dose until day 42. Non-responders received a second booster dose on days 29-30, followed by
the continuation of the maintenance dose until day 42 (see Table 4). After the initial dose on day
1, a 30-minute observation period was mandated to ensure no immediate adverse reactions.

Table 4: MET-2 Dosing Schedule

Dosing Treatment Period

Baseline to Week 2

Weeks 2 to 4

Weeks 4 to 6

Loading/Booster Dose
(5.0 g/day MET-2?)

Days 1 and 2 only

Days 15 and 16 only

NR: Days 29 and 30
only®

Maintenance Dose
(1.5 g/day MET-2)

Days 3-14

Days 17-28

R:Days 29-42
NR: Days 31-42

NR = non-responders; R = responders

2 The present study involves 6 weeks of regular maintenance dose with a 2-day loading dose/booster at baseline and
Week 2, during which period patients will not take the maintenance dose.
® Only non-responders will receive the booster dose at this point (Week 4).
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3.7 Study Visits
3.7.1 METDA RCT

Due to the COVID-19 pandemic, participants were only required to attend 4 out of the 6
RCT visits in person: Screening, Baseline, Week 4, and Week 8. Week 2 and Week 6 visits were

conducted over the phone. Please see Table 3 for a more detailed description of the study visits.

Screening Visit (Day -10 to -1)

During screening, the following data was collected: demographic information and
medical/antidepressant history, MINI diagnostic interview and MADRS scores, vital signs
(including blood pressure, pulse, temperature, and weight), and blood samples to ensure the
participant was in good health to participate. Participants who met the eligibility criteria (see

Table 1 and Table 2) proceeded to the baseline visit.

Baseline Visit (Week 0)

The baseline visit included participant randomization into either the treatment or placebo
group. To ensure participant safety, pregnancy tests (specific to women participants), a physical
exam performed by the study doctor, and vital signs were taken at the beginning of the visit.
Mood (MADRS) and sleep (PSQI) assessments were then administered prior to the first dose of

treatment administration at the clinic in front of the site coordinator.

Treatment Period Visits (Weeks 2, 4, and 6)

During each treatment visit, participants underwent mood (MADRS) and sleep (PSQI)

assessments. Specifically, at the week 4 in-person visit, vitals and blood samples were collected
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to ensure participant safety. Additionally, the second supply of treatment was dispensed at the

week 4 visit.

Follow Up Visit (Week 8)
This 2-week follow-up visit was a part of the METDA RCT, however, for the purpose of

this thesis, no data from this visit was used in the analysis.

3.7.2 METDA Longitudinal Follow-Up
At the final METDA RCT visit, participants were consented to the longitudinal follow-
up had they wished to participate. Both follow-up visits were conducted over the phone. Please

see Table 3 for a more detailed description of the study visits.

12- and 24- Week Longitudinal Follow-Up Visits (Week 18 and 30)
The first follow up visit occurred 12-weeks post treatment discontinuation, at week 18,
whereas the second follow up visit occurred 24-weeks post treatment discontinuation, at week

30. During these visits, both PSQI and MADRS scores were collected.

3.7 Treatment Compliance

To monitor treatment adherence, unused clinical trial material was recorded, and
participants’ mood charts were reviewed, which were personal logs used to document the
following: mood, hours of sleep, adverse events, etc. In the event of non-compliance, patients
received retraining after the initial occurrence. Had non-compliance continued, they were

subsequently withdrawn from the study.
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3.8 Discontinuation Criteria

At any point during the treatment or study, if the participant, principal investigator, or
research personnel determined that it was not in the best interest of the participant to continue,
the participant may have been discontinued from treatment or withdrawn from the study. The

following are examples of potential reasons for treatment discontinuation:

e Withdrawal of consent

e Non-compliance with study procedures

e Adverse event that in the opinion of the investigator would be in the best interest of the
patient to discontinue study treatment.

e Protocol violation requiring discontinuation of study treatment

e Lost to follow-up

e Request by NuBiyota LLC for early termination of study

¢ Newly pregnant patient

If a participant had to withdraw because of an adverse event (AE), the investigator monitored and
provided necessary treatment until the issue was resolved or stabilized. All participants had the
right to withdraw at any time and for any reason, without facing any repercussions and the

investigator made efforts to understand the reasons behind any withdrawals.

3.9 Clinical Outcome Measures
3.9.1 Sleep

Sleep disturbances were evaluated at all treatment visits, excluding the week 8 visit as
previously mentioned. The primary outcome measure of this thesis was changes in sleep
disturbances, assessed biweekly using the PSQI, from baseline to the end of the RCT and at the
end of each follow-up visit. The PSQI is a 19-item tool assessing various aspects of sleep. Each

item has a score ranging from 0 to 3, with higher scores indicating poorer sleep quality. The total
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score ranges from 0 to 21, with a higher score indicating worse sleep quality. Total scores were

reported in this thesis and used in the analysis.

3.9.2 Mood

Depression symptoms were the primary outcome of the METDA RCT and follow-up and
were therefore assessed at all treatment visits. The secondary outcome measure of this thesis
included changes in depressive symptoms, evaluated biweekly using the MADRS from baseline
to the end of the RCT and at the end of each follow-up visit. The MADRS is a 10-item
diagnostic questionnaire used to measure the severity of depressive episodes in patients with
mood disorders. Each item on the MADRS is scored out of 6, where 0 indicates the absence of
symptoms and 6 indicates symptoms of maximum severity. The overall score thus ranges from 0

(no depression) to 60 (severe depression).

3.9.3 Correlation

Another secondary outcome measure of this thesis involved gauging correlations between
sleep disturbances and depressive symptoms. This correlation assessment was carried out using
both the PSQI and MADRS scores from baseline to the end of the RCT. It’s worth noting that
only one analysis was carried out using the RCT data sample, and not the smaller follow-up
sample sizes. This is because the RCT dataset had the largest sample size, providing a more
robust and representative data set that is statistically appropriate for correlation analyses. A
larger sample size ensures greater reliability in detecting meaningful differences between sleep

disturbances and mood.
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3.10 Statistical Analysis

All statistical tests in this thesis were conducted using the IBM Statistical Package for the
Social Sciences (SPSS) version 29.0.1.0 with a significance level set at 0.05. At baseline, PSQI
and MADRS scores between groups were compared using independent samples t tests, while
demographic characteristics of participants were described using means with standard deviations.

Adhering to the intention-to-treat (ITT) principle, all participants data were included in
the RCT analysis, excluding those without a post-baseline visit. For participants who withdrew
early from the study, their last observation was carried forward to week 6 using the last
observation carried forward (LOCF) method. This approach was solely used for the baseline to
week 6 analysis, as it was not suitable for the long-term follow-up visits.

Considering the varied participation in follow-up visits, clinical data was separated and
analyzed in three batches: baseline to week 6 (RCT), baseline to week 18 (12-week follow-up),
and baseline to week 30 (24-week follow up).

For both PSQI and MADRS scores, changes from baseline to each endpoint were
assessed using a two-way repeated measures ANOVA to observe differences both between and
within the experimental and placebo groups. Pairwise comparisons facilitated the evaluation of
within-group differences. When required, potential confounders were controlled for in the
statistical models using analyses of covariance (ANCOVA). If sphericity was compromised,
Greenhouse-Geisser corrections were used. To contrast the changes in overall scores from
baseline to each endpoint between groups, independent samples t tests were used.

Correlations between sleep and depression scores from baseline to week 6 were
established through a bivariate correlation analysis using the Pearson correlation coefficient. For

visual representation, graphs were created using GraphPad Prism10.
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3.11 Data Management

Data from the clinical scales were recorded on case report forms (CRF) and source
documents, and then stored at Providence Care Hospital and Centre for Addiction and Mental
Health. The data was then transferred to REDCap, a secure online database software. Only the
study team had access to the database, ensuring data confidentiality. To protect privacy,
participant data was analyzed using randomized assigned study numbers. Participants' study files
were securely kept in a designated locked room, accessible only to the study coordinator and
investigators, for a period of 25 years in accordance with the guidelines set by the International

Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use.

3.12 Data Monitoring

Monitoring visits were conducted by NuBiyota LLC representatives in accordance with
the ICH Guidelines for Good Clinical Practices (GCP). Information collected during the study
was treated as highly confidential, and the anonymity of each participant was always protected.
The Investigator granted permission to NuBiyota LLC (or its designated representatives) and
relevant regulatory authorities to perform on-site monitoring and auditing of study
documentation as necessary. Participants were identified solely by study numbers and were not
disclosed in any publications or reports.

The data collected for the study was securely stored in a locked area under the
responsibility of the study doctor for a period of 25 years. Only the study team, representatives of
the Research Ethics Board (REB), and representatives of Health Canada had access to the data.
In some cases, the study data may have been transferred to the aforementioned individuals or
groups for processing purposes related to the study, product registration, and scientific purposes,

while ensuring compliance with applicable laws and regulations.
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3.13 Adverse Events

During the safety reporting period, careful monitoring was conducted for the
development of adverse events (AES) in each patient. A questionnaire was used to collect
information on the frequencies and severity of AEs from the time of consent until the completion
of the study, as well into the follow-up sub study. This data was collected for use in the METDA
RCT and Follow-Up but will not be presented in this thesis. AEs were assessed and documented
at all in-hospital visits and phone calls, and they were categorized based on their frequency,
severity, and causality.

Site coordinators engaged in discussions with the patients during each visit to inquire
about the occurrence of AEs, and this information was recorded in the site's source documents.
Details of the AEs, such as their duration (start and stop dates and times), severity, outcome,
treatment, and their relationship to the study drug or other causes, were documented in the
patient CRF.

Adverse events were collected by:

1. Any symptoms or events self-reported spontaneously by the patient

2. Any significant changes in blood work

3. The patient was asked open-ended questions to answer about their health (e.g., “how
are you feeling since we saw you last in clinic?”)

4. Any clinically relevant abnormalities noted by the investigator during follow up

interviews.
All AEs were recorded in an AE Log for each patient by the Research Study Coordinator during
study follow-up encounters. Any instances that led to AEs or untoward medical occurrences at

any dose were reported to the Research Ethics Board (REB).
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3.13.1 Serious Adverse Events
During the entirety of the study, no serious adverse events (SAE) were reported. If a SAE
occurred, it would have been promptly reported to the REB, and immediate medical attention

would have been provided. A SAE refers to any undesirable medical incident that:

e Results in death

e s life-threatening.

e Requires inpatient hospitalization or prolongation of existing hospitalization.

e Results in persistent or significant disability/incapacity

e The AE results in a congenital anomaly/birth defect

e Is an important medical event. The investigator should apply medical and scientific
judgement to assess whether an AE should be classified as a SAE due to medical
significance, even if no other seriousness criteria is met.

3.13.2 Requirement to Report

AEs that met the criteria of being serious, unexpected, and potentially or probably related
to the study drug would have been reported promptly to the REB and Health Canada in
compliance with C.05.014 of the Canadian Food and Drug Regulations. The Investigator bears
the responsibility of reporting serious, unexpected, and possibly or probably related AEs to the

REB, while NuBiyota LLC is responsible for reporting such AEs to Health Canada.

3.13.3 Reporting Procedures

If the investigator or designated representative had become aware of a participant
experiencing a SAE, they would have been responsible for reporting it to the Medical Monitor
within 24 hours, regardless of the expectedness or relationship to the investigational drug. This
reporting would have been done by completing a Serious Adverse Event Form, which includes:

e Participant's study number
e Participant's gender
e Date of first dose of investigational drug(s)
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e Date of last dose of investigational drug(s), if applicable

e AEterm

e Time and date of occurrence of the event

e A brief description of the event, outcome to date, and any actions taken.

e The seriousness criteria that were met

e Concomitant medication at onset of the event

e Relevant medical history information

e Relevant laboratory test findings

e Investigator's opinion of the relationship to investigational drug(s) ("Is there a
reasonable possibility that the investigational drug caused the SAE? Yes or No?")

3.14 Approvals and Registration

This trial was conducted following the protocol, adhering to GCP, and in accordance with
relevant local regulatory requirements and laws. Ethics approval was granted from the Queen's
University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board (protocol
no. 6025187) on March 28, 2019 (See Appendix A). A no objection letter from Health Canada
was collected for the use of MET-2, in compliance with Part C, Division 5 of the Food and Drug
Regulations. This clinical trial was registered on Clinicaltrials.gov on October 26, 2020
(NCT04602715) and was funded by NuBiyota LLC.

Had the investigator made alterations to the study protocol, including modifications to
eligibility criteria, informed consent procedures, outcomes, or analyses, these changes were
relayed to the sponsor, the REB, Health Canada, and the trial registry. When necessary, all

participants were notified and re-consented.
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CHAPTER 4: RESULTS

4.1 Study Population Demographics

The study population consisted of 29 participants total, with 15 participants randomized
to the experimental group and 14 to the placebo group. Participants were enrolled between
March 2021 and December 2022. Data was analyzed on an intention-to-treat (ITT) basis. With
regards to the RCT only, any missing clinical data values were inputted using the last
observation carried forward (LOCF) method. In contrast, follow-up data was analyzed separately
without using the LOCF method due to its distinct phase and different set of participants. Using
the LOCF method for the follow-up analysis could introduce bias, as it may not accurately reflect
the natural progression or changes occurred so long after the RCT phase.

Of the initial cohort in the RCT, 27 participants were included in the analysis after
excluding 2 for lacking a post-baseline visit. In terms of the follow-up visits, 15 participants
attended the 12-week follow-up and 11 attended the 24-week follow-up, with all follow-up
participants being included in their respective analysis. The decline in participant attendance
primarily resulted from participants not proceeding from the RCT. Therefore, to maintain the
integrity and accuracy of the results, the RCT and both sets of follow-up data were analyzed
independently.

Further details on enrollment and study flow are provided in Figure 1, which presents
information on pre-screens, screenings, screen-fails, enrollments, study completions, and
withdrawals related to the RCT. It also depicts how many participants from the initial cohort
completed the 12-week and 24-week follow-ups. A significant number of potential participants

were screened out during both the pre-screening and screening stages, primarily because they did
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not meet the inclusion criteria. A common reason for exclusion was ongoing use of
antidepressant medication.

During the treatment phase, 8 participants were withdrawn due to issues like non-
compliance and changes in eligibility. Two of these participants had no post-baseline
observation, and were, therefore, excluded from the subsequent analyses. Thus, 27 participants
(13 in the experimental group and 14 in the placebo group) were retained for statistical analysis,
with each having at least one post-baseline observation.

Of the 27 participants analyzed, 22 were females with a mean age (xSD) of 27.95 + 8.21,
and 5 were males with a mean age of 26.6 = 4.39. The overall mean age of the cohort was 27.70
+ 7.59. Participant ages ranged from 18 to 42, fitting the study’s age inclusion criteria of 18-45,
with individuals from 11 distinct ethnicities. All participants were in a current major depressive
episode at baseline, as confirmed by the MINI psychiatric interview and MADRS. A total of 24
participants had a diagnosis of MDD, while 3 were diagnosed with Bipolar 1 Disorder (BPD1).

The average PSQI score for the cohort was 8.56 + 3.77. The MET-2 cohort averaged 9.76
+ 3.61, while the placebo cohort averaged 7.43 + 3.67. The average baseline MADRS score for
the entire cohort was 24.44 + 4.27. When separated by treatment groups, the MET-2 cohort had
an average score of 24.23 + 5.05, and the placebo cohort scored 24.64 + 3.59 on average. Mann-
Whitney U tests indicated no significant differences between the experimental and placebo
groups regarding baseline PSQI (U= 129; p= 0.068) and MADRS scores (U= 89.5, p=0.943).

Baseline characteristics and demographic information can be found in Table 5.
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Figure 1: Flow Diagram of MET-2 RCT and Follow-Up Visits
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Table 5: Baseline Sample Characteristics and Demographic Information

Baseline characteristic MET-2 Placebo Full Sample
(n=13) (n=14) (n=27)
n %/SD n %/SD n %/SD
Mean age (years) 28.3 8.0 27.1 7.4 21.7 7.6
Sex
Female 11 846% 11 786% 22 815%
Male 2 15.4% 3 21.4% 5 18%
Ethnicity
White 7 53.8% 8 57.1% 15  55.6%
Black 1 7.7% 2 14.3% 3 11.1%
South Asian 0 0% 2 14.3% 2 7.4%
Chinese 0 0% 1 7.1% 1 3.7%
Southeast Asian 1 7.7% 0 0% 1 3.7%
West Asian 1 7.7% 0 0% 1 3.7%
Tibetan 1 7.7% 0 0% 1 3.7%
Persian 1 7.7% 0 0% 1 3.7%
Arab 0 0% 1 7.1% 1 3.7%
Latin American/Hispanic 1 7.7% 0 0% 1 3.7%

Mean baseline PSQI score 9.77 3.61 7.43 3.67 8.56 3.77

Mean baseline MADRS 2423 505 2464 359 2444 427
score

SD: standard deviation; PSQI: Pittsburgh Sleep Quality Index; MADRS: Montgomery-Asberg Depression Rating
Scale
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4.2 Clinical Measures
42.1RCT
4.2.1.1 PSQI

Several domains of sleep were measured using the PSQI at baseline, week 2, week 4, and
week 6. A two-way repeated measures ANOVA revealed a significant main effect of time on
PSQI scores for both the experimental and placebo groups, F (2.355, 58.877) = 7.065, p= 0.001.
However, the interaction effect, which would show if the changes over time differed between the
groups, was not statistically significant, F (2.355, 58.877) = 2.767, p= 0.062, after Greenhouse-
Geisser correction (Figure 2A). When accounting for demographic covariates, specifically sex
and age, a significant difference emerged between the groups over time, p= 0.044) (Figure 2B).

Further analysis using pairwise comparisons showed significant reductions in the
experimental group’s mean PSQI scores from baseline (9.77 + 3.61) to week 4 (7.77 + 2.98, p=
0.004) and week 6 (6.62 + 3.15, p<0.001). In contrast, the placebo group experienced a smaller,
non-significant decrease in mean PSQI scores from baseline (7.43 + 3.67) to week 4 (6.86 +
3.55, p=0.353) and week 6 (6.50 + 3.13, p=0.234) (Figure 2A).

Additionally, an independent samples t-test comparing the overall change in PSQI scores
from baseline to week 6 was conducted, revealing a notably greater reduction in PSQI scores for
the treatment group (-3.15 + 2.54) compared to the placebo group (-0.93 + 3.10) from baseline to
week 6. This between-group difference was statistically significant, t (25) = 2.029, p=0.027

(one-sided) (Table 6 and Figure 2C).
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Table 6: Clinical RCT Statistical Analysis Results

MET 2 (n=13) Placebo (n=14)
Measure Baseline | Week | Week | Week | Change | Baseline | Week | Week | Week | Change | p
Mean 2 4 6 from Mean 2 4 6 from
(SD) Mean | Mean | Mean | baseline | (SD) Mean | Mean | Mean | baseline
(SD (SD) (SD) (SD (SD) | (sD)
Sleep Quality
PSQI* 9.77 9.08 7.77 6.62 -3.15 7.43 6.79 6.86 6.50 -0.93 0.0272
(3.61) (3.62) | (2.98) | (3.15) (3.67) (3.91) | (3.55) | (3.13)
Global Depression Symptomology
MADRS 24.23 15.84 | 12.69 | 12.77 | -11.46 24.64 19.64 | 17.21 | 16.57 | -8.07 0.1312
(5.05) (5.16) | (8.15) | (7.22) (3.59 (6.59) | (5.35) | (7.94)

SD: standard deviation; PSQI: Pittsburgh Sleep Quality Index; MADRS: Montgomery-Asberg Depression Rating
Scale

Figure 2A-C: Trajectories and Change in Mean PSQI Scores from Baseline to Week 6
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A. Mean trajectory PSQI scores from baseline to week-2, week-4 and post-intervention (week 6) B. Mean trajectory
PSQI scores from baseline to week-2, week-4 and post-intervention (week 6) after accounting for demographic
covariates; sex= 1.19 and age= 27,7037 C. Overall change in PSQI scores from baseline to post-intervention (week
6).
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4.2.1.2 MADRS

A two-way repeated measures ANOVA indicated that MADRS scores improved
significantly over time in both groups, F (3,75) = 27.089, p< 0.001, sphericity assumed.

Pairwise comparisons showed that participants MADRS scores in the experimental group
significantly improved from baseline (24.23+5.05) to week 6 (12.77+7.22, p<0.001), while
participants in the placebo group also significantly improved from baseline (24.64+3.59) to week
6 (16.57+7.94, p<0.001). Although the experimental group exhibited lower mean scores
compared to the placebo group over time, analyses showed no statistically significant group
differences over time, F (3, 75) = 1.119, p= 0.347) (Figure 3A). Further analyses controlling for
sex and age at baseline still did not yield any significant group differences over time F (3, 69) =
1.361, p= 0.262).

An independent samples t-test was again conducted to compare mean MADRS changes
over time between the 2 groups, however, there was no statistically significant difference found,
t (25) = 1.146, p= 0.131, although a notably greater reduction in MADRS scores for the

treatment group compared to the placebo group was evident (Table 6 and Figure 3B).
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Figure 3A-B: Trajectories and Change in Mean MADRS Scores from Baseline to Week 6
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A. Mean trajectory MADRS scores from baseline to week-2, week-4, and post-intervention (week 6) B. Overall
change in MADRS scores from baseline to post-intervention (week 6).

60



4.2.2 12-Week Follow-Up
4.2.2.1 PSQI

Among the 27 participants included in the RCT analysis, 15 participants (8 experimental
and 7 placebo) completed the first follow-up visit, which was conducted 12-weeks post-
treatment discontinuation. A one-way repeated measures ANOVA did not reveal a significant
main effect of time on PSQI scores for both groups, F (2.321, 30.167) = 2.642, p= 0.080, or a
significant interaction between time and treatment group, F (2.321, 30.167) = 2.642, p= 0.065).
When accounting for demographic covariates, specifically sex and age, a significant difference
emerged between the groups over time, p=0.011 (Figure 4B).

Pairwise comparisons revealed significant improvements in PSQI scores in the
experimental group from baseline (9.38 + 3.70) to week 6 (5.63 + 2.67, p=0.006), and a
noticeable yet non-significant improvement to week 18 (6.63 + 2.45, p= 0.111). The period
between week 6 and week 18 reflected a modest increase in scores, but this too lacked statistical
significance (p= 0.383). In contrast, the placebo group, although showing a slight reduction in
PSQI scores from baseline (7.00 + 3.92) to week 6 (6.43 + 2.76), was not significant (p= 0.645).
The placebo group also showed worsening PSQI scores from baseline to week 18 (7.14 + 4.53,
p=0.935), and week 6 to week 18 (p= 0.383) (Figure 4A).

Additionally, an independent samples t-test comparing the overall change in mean PSQI
scores from baseline to week 18 was conducted, showing a greater mean reduction in PSQI
scores in the experimental group compared to the placebo group, although this difference was

not statistically significant, t (13) = 1.230, p= 0.120 (Table 7 and Figure 4C).
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Table 7: Clinical 12-Week Follow-up Statistical Analysis Results

MET 2 (n=13) Placebo (n=14)

Measure | Baseline | Week | Week | Week | Week | Change | Baseline | Week | Week | Week | Week | Change | p
Mean 2 4 6 18 from Mean 2 4 6 18 from
(SD) Mean | Mean | Mean | Mean | baseline | (SD) Mean | Mean | Mean | Mean baseline

(SD (SD) | (SD) | (SD) (Sb (SD) | (SD) | (SD)

Sleep Quality

PSQI 9.38 9.75 7.88 5.63 6.63 -2.75 7.00 6.29 6.86 6.43 7.14 -0.14 0.120
(3.70) (3.65) | (3.31) | (2.67) | (2.45) (3.92) (3.55) | (2.97) | (2.76) | (452)

Global Depression Symptomology

MADRS | 25.63 17.88 | 13.75 | 11.75 | 1450 | -11.13 25.00 19.43 | 1529 | 13.29 | 16.29 -8.71 0.299
(4.17) (4.22) | (9.50) | (6.76) | (8.77) (3.56) (7.30) | (3.86) | (8.04) | (10.52)

Figure 4A-C: Trajectories and Change in Mean PSQI Scores from Baseline to Week 18
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A. Mean trajectory PSQI scores from baseline to week-2, week-4, post-intervention (week 6), and 12-week follow-up
(week 18) B. Mean trajectory PSQI scores from baseline to week-2, week-4, post-intervention (week 6), and 12-week
follow-up (week 18) after accounting for demographic covariates; sex= 1.19 and age= 27,7037 C. Overall change
in PSQI scores from baseline to 12-week follow up (week 18).
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4.2.2.2 MADRS

A two-way repeated measures ANOVA found a significant main effect of time on
MADRS scores for both the experimental and placebo groups, F (4, 52) = 12.454, p<0.001.

Pairwise comparisons revealed significant reductions in MADRS scores in the
experimental group from baseline to week 2 (p=0.004), week 4 (p<0.001), week 6 (p<0.001),
and week 18 (p= 0.003). Similarly, significant reductions in MADRS scores were also seen in
the placebo group from baseline to week 2 (p= 0.036), week 4 (p=0.001), week 6 (p<0.001), and
week 18 (p= 0.019). Both groups MADRS scores slightly worsened from week 6 (mean= 12.47
+7.15) to week 18 (15.33 £ 9.31) (Figure 5A).

No significant interaction between time and treatment group was found during analysis, F
(4, 52) = 0.125, p= 0.973. Further analyses controlling for sex and age at baseline also did not
find any statistically significant differences between experimental and placebo groups, F (4, 44)
=0.448, p=0.773.

Additionally, an independent samples t-test comparing the overall change in mean
MADRS scores from baseline to week 18 was conducted, showing a greater mean reduction in
MADRS scores in the experimental group compared to the placebo group, although this

difference was not statistically significant, t (13) = 0.539, p=0.299 (Table 7 and Figure 5B).
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Figure 5A-B: Trajectories and Change in Mean MADRS Scores from Baseline to Week 18
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A. Mean trajectory MADRS scores from baseline to week-2, week-4, post-intervention (week 6), and 12-week follow-
up (week 18). B. Overall change in MADRS scores from baseline to 12-week follow up (week 18).
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4.2.3 24-Week Follow-Up
4.2.3.1 PSQI

Of the 27 participants included in the RCT analysis, 11 participants (6 MET-2, 5 placebo)
completed the second follow-up visit, at 24-weeks post-treatment discontinuation.

Results from a two-way repeated measures ANOVA found that there was no significant
main effect of time on the PSQI measure, F (2.114, 19.029) = 1.908, p= 0.174. Additionally,
there was no significant time*treatment group interaction, F (2.114, 19.029) = 1.302, p= 0.296.
Further analyses controlling for sex and age at baseline again did not demonstrate any
statistically significant differences between groups, F (1.824, 12.765) = 1.904, p= 0.190.

However, post hoc tests revealed that participants in the experimental group significantly
improved from baseline (9.67 + 4.23) to week 6 (6.00 + 3.03, p=0.037), from week 2 (9.83 £
4.22) to week 6 (6.00 + 3.03, p= 0.001) and week 30 (6.33 + 3.93, p= 0.002). Scores worsened
from week 6 to week 18, but did improve from week 18 to week 30, although showing no
significance. In contrast, the placebo group showed very minimal non-significant improvements
from baseline (6.40 + 4.38) to week 6 (5.80 + 3.03), week 18 (5.80 + 4.09) and week 30 (5.80 £
3.11). Mean PSQI scores in the placebo group remained the same from week 6 to week 30
(Figure 6A).

Independent samples t-tests were carried out to compare the overall change in mean PSQI
scores from baseline to week 30. This difference was not statistically significant, although there
was a greater mean reduction in PSQI scores in the experimental group compared to the placebo

group over time, t (9) = 1.089, p=0.152 (Table 8 and Figure 6B).
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Table 8: Clinical 24-Week Follow-Up Statistical Analysis Results

MET 2 (n=13) Placebo (n=14)

Measure | Baseline | Week | Week | Week | Week | Week Change | Baseline | Week | Week | Week | Week | Week | Change | p
Mean 2 4 6 18 30 from Mean 2 4 6 18 30 from
(SD) Mean | Mean | Mean | Mean | Mean baseline | (SD) Mean | Mean | Mean | Mean | Mean | baseline

(SD (SD) (SD) (SD) (SD) (SD (SD) (SD) (SD) (SD)

Sleep Quality

PSQI 9.67 9.83 8.33 6.00 717 6.33 -3.33 6.40 5.80 6.40 5.80 5.80 5.80 -0.60 0.152
(4.23) (4.22) | (3.78) | (3.03) | (2.56) (3.93) (4.38) (3.42) | (2.79) | (3.03) | (4.09) | (3.11)

Global Depression Symptomology

MADRS 25.67 17.83 16.50 13.67 15.50 12.17 -13.50 25.00 18.80 14.80 10.80 12.40 11.20 -13.80 0.479
(4.84) (4.31) | (9.05) | (6.02) | (9.52) | (11.36) (2.55) (8.11) | (3.35) | (4.97) | (8.23) | (8.56)

SD: standard deviation; PSQI: Pittsburgh Sleep Quality Index; MADRS: Montgomery-Asberg Depression Rating

Scale

Figure 6A-B: Trajectories and Change in Mean PSQI Scores from Baseline to Week 30
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4.2.3.2 MADRS

There was a significant main effect of time on MADRS scores, F (5,45) = 9.845, p<
0.001. Post hoc tests confirmed that those in the experimental group significantly improved from
baseline (25.67 + 3.15) to week 6 (13.67 £ 6.02, p= 0.001), to week 18 (15.50 + 9.52, p= 0.016),
and to week 30 (12.17 + 11.36, p= 0.006). However, participants did not improve from week 6
(13.67 +6.02) to week 18 (15.50 + 9.52) but did improve significantly from week 18 (15.50 +
9.52) to week 30 (12.17 + 11.36, p= 0.037). Participants in the placebo group also significantly
improved from baseline (25.00 + 2.56) to week 6 (10.80 + 4.97, p<0.001), to week 12 (12.40 +
8.23, p=0.008) and to week 24 (11.20 + 8.56, p=0.008). Participants in the placebo group
showed the same trends as the experimental group from week 6 to week 18, and week 18 to
week 30, with all trends not being significant (Figure 7A).

However, the interaction between time and treatment group was not significant. Under
the sphericity assumed condition, F (5,45) = 0.218, p= 0.953. Further analyses controlling for
sex and age at baseline, measured using demographic data at screening, still did not yield any
statistically significant differences between experimental and placebo groups, F (5,35) = 0.774,
p=0.575.

Independent samples t-tests were carried out to compare the overall change in mean
MADRS scores from baseline to week 30. This difference was not statistically significant, as
both groups demonstrated very similar reduction in PSQI scores over time, t (9) = -0.54, p=

0.479 (Table 8 and Figure 7B).
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Figure 7A-B: Trajectories and Change in Mean MADRS Scores from Baseline to Week 30
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A. Mean trajectory MADRS scores from baseline to week-2, week-4, post-intervention (week 6), 12-week follow-up
(week 18), and 24-week follow-up (week 30). B. Overall change in MADRS scores from baseline to 24-week follow-
up (week 30).
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4.3 Correlations Findings

The Pearson correlation analysis revealed a significant moderate correlation between the
changes in PSQI and MADRS scores from baseline to week 6, r (25) = 0.435, p= 0.023. At
baseline, the relationship between scores was positive but not significant, r (25) = 0.345, p=
0.078. By week 6, a significant moderate correlation emerged, r (25) = 0.465, p=0.015 in PSQI
scores

Supporting this, non-parametric tests at week 6 showed significant relationship using

both Kendall's tau_b, t (25) = 0.313, p=.028 and Spearman's rho, p (25) = 0.437, p= 0.023.

Figure 8: Correlation Between Changes in PSQI and MADRS from Baseline to Week 6
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PSQI= Pittsburgh Sleep Quality Index; MADRS= Montgomery Asberg Depression Rating Scale; r= Pearson’s
correlation coefficient; *= represents significance
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CHAPTER 5: DISCUSSION

5.1 Summary of Main Findings

The aim of this thesis was to evaluate the efficacy of a novel microbe therapy, MET-2,
against a placebo in managing sleep and mood disturbances among patients with MDD. The
clinical data for this evaluation was sourced from the phase 2 RCT and the succeeding follow-up
MET-2 study. Our primary investigation focused on changes in sleep disturbances, while our
secondary outcomes investigated the effects of MET-2 on mood. Results indicate that MET-2
could have a potential advantage in improving sleep disturbances, with some indications of its

possible influence on mood regulation, compared to a placebo.

5.2 Effects of MET-2 on Sleep

5.2.1 RCT Data and Baseline Observations

Clinical findings on our primary outcome measure, the PSQI, did not yield any
statistically significant differences between groups. However, deeper analysis offers an
alternative perspective. Independent samples t-tests revealed a statistically significant decline in
PSQI scores for the MET-2 group compared to the placebo over the treatment period. In
addition, pairwise comparisons further emphasized MET-2’s efficacy by demonstrating
significant improvements from baseline to both week-4 and week-6, trends that were absent in
the placebo group. Finally, when sex and age were factored in as covariates, a statistically
significant result was in fact yielded between the two groups, demonstrating MET-2’s superiority
in treating sleep disturbances against a placebo. This suggests that sex and age may be important

covariates in determining sleep outcomes in depression.
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A notable observation is the higher initial baseline PSQI score in the MET-2 group
relative to the placebo group. Given that both groups had baseline scores exceeding 5 — a
threshold indicating significant sleep disturbances as per guidelines provided by authors such as
(Chiu & Hsu, 2016) — it is possible to postulate that MET-2 may offer pronounced benefits to
those with more severe baseline sleep disturbances. Conversely, MET-2’s impact could be
diminished or harder to discern in those with mild to moderate sleep disturbances.

Drawing parallels with previous research, our findings are in line with the outcomes of
the MET-2 phase 1 clinical trial, an open-label pilot study, which documented significant
reductions in PSQI scores across an 8-week treatment span (Chinna Meyyappan et al., 2022).
Similarly, a recent double-blind placebo-controlled trial that used a probiotic mixture and a
placebo alternative on healthy subjects for 6 weeks (Marotta et al., 2019). Analogous to our
study, the baseline PSQI values differed between the groups and although direct group
comparisons didn’t reveal significant differences, post-hoc analysis did unveil significant
improvements from the onset to week 6 in the probiotic cohort (Marotta et al., 2019). This
evidence presents a persuasive argument for the use of microbial therapies, like MET-2, which
seems to be especially beneficial for individuals suffering severe sleep disturbances, in a

depressed population.

5.2.2 Long-Term Effects and Follow-up Observations

At the 12-week follow-up, PSQI scores continued to suggest better sleep metrics for the
MET-2 group compared to the placebo group. Although these group differences did not reach
statistical significance, they became significant when accounting for sex and age from baseline to

week 18, further emphasizing the potential significance of these demographic factors in sleep
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outcomes. A noticeable pattern emerged where both groups saw a slight worsening of PSQI
scores from week 6 to week 18. This could be attributed to the cessation of MET-2
administration post-treatment, indicating either a transient effect of MET-2 or an adaptive
response of the gut microbiota over time. In other words, either the effects of MET-2 are short-
lived, or the gut adjusts to MET-2 over time, which may lessen its initial benefits. This
observation raises questions about MET-2’s duration of action and its lasting impacts.

By the 24-week follow-up, there remained no notable group differences over time, even
after controlling for covariates. However, significant intra-group differences were seen in the
MET-2 group over time, particularly from baseline to week 30. In contrast, the placebo group did
not display any significant changes within the group. Interestingly, a slight improvement in PSQI
scores from week 18 to week 30 was observed in the treatment group. Intriguingly, the mean
PSQI score at week 30 closely aligned with the week 6 score in the MET-2 group. As previously
discussed, the temporary increase seen in PSQI scores post-treatment to week-12 might suggest
MET-2’s effects are not permanent. It’s possible that upon discontinuing therapy, the gut
microbiota may revert to its original composition, reverting the therapeutic benefits. Yet, the
gradual improvement in PSQI scores for the MET-2 group from week 18 to week 30 complicates
this possible explanation. These results might indicate that while MET-2’s initial effects
diminish over time, it may still trigger longer-term changes either in the gut or potentially in the
CNS that subtly influence sleep patterns. The near identical mean PSQI scores at end of
treatment and the 24-week follow-up offer a unique perspective. One possibility is that MET-2’s
efficacy plateaus after a certain period, beyond which no additional benefits can be obtained.
Alternatively, MET-2 may initiate various adaptive changes in the body that eventually lead to

improved sleep quality after a longer duration, despite the initial relapse.
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5.3 Effects of MET-2 on Mood
5.3.1 RCT Data

Our secondary outcome measure, the MADRS, found no significant differences between
groups. Although there was a notably greater reduction in MADRS scores for the MET-2 group
compared to the placebo group, both groups were found to significantly improve over time.

These findings corroborate existing literature, which identified significant amelioration of
depressive symptoms post-microbe therapy, as measured by the MADRS. This was observed in
an open-label study assessing the impacts of probiotics on depression (Wallace & Milev, 2021)
and was consistent with our MET-2 pilot study that also reported significant reductions in
MADRS scores (Chinna Meyyappan et al., 2022). However, the absence of a significant
distinction between MET-2 and placebo groups argues that MET-2 may not be conclusively
superior in treating depressive symptoms compared to a placebo. This might also suggest that
while MET-2 demonstrates promise in improving sleep, its direct influence on depressive
symptoms remains unclear. Other intervening variables, such as potential placebo effects or the
limited sample size, might contribute to these observations. Yet, the notable improvements in the

MET-2 group could have clinical relevance, warranting further investigation.

5.3.2 Long-Term Effects and Follow-up Observations

From the end of treatment to the 12-week follow-up, a mild deterioration in MADRS
scores was evident in both groups. This trend may be the case of a gradual waning of the
treatment’s effects over time, a pattern that was with the PSQI during the same time point. These
findings parallel a recent RCT examining the effects of probiotics on depressed individuals.

Their findings revealed improvements across both treatment and placebo groups within a 4-week
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RCT, although a sharper decline in Hamilton depression rating scale (HAM-D) scores was noted
in the probiotic group compared to their placebo counterparts (Schaub et al., 2022). Yet, at their
4-week follow-up, modest improvements persisted in the probiotic group in contrast to our 12-
week follow-up, which showed a decline in scores (Schaub et al., 2022). The HAM-D, like the
MADRS, is a measure designed to assess depressive symptomology. While this similarity allows
comparisons between our studies to be relevant, it’s also worth noting that the differences in
these measures could account for the discrepancies seen between studies. In addition, the
dissimilarities observed could be due to the much shorter follow-up period of just 4 weeks,
hinting at potential attrition as time advances, or their much larger sample size, which provides
greater statistical power and potentially more meaningful results found.

By the 24-week mark, both groups mirrored earlier trends seen by PSQI scores: following
a regression in MADRS scores from the end of treatment to week 18, modest improvements
were visible from week 18 to week 30. Once again, no significant intergroup variations were
observed. However, a significant improvement in MADRS scores was recorded from week 18 to
week 30 exclusively for the MET-2 group. In parallel with the PSQI findings, it’s plausible that
MET-2’s effects plateau after a specific period, to which no further enhancements can be
observed. Alternatively, MET-2 might trigger adaptive bodily responses that, over an extended
period, eventually result in better mood outcomes, despite the initial regressions. On the other
hand, these observations may just be the result of a limited sample size. Given the novelty of this
research area, few studies provide follow-up data as comprehensive as ours, limiting the

available literature for comparative analysis.
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5.4 Correlation Findings between Mood and Sleep

Previous studies have demonstrated a strong relationship between sleep and mood
(Lastella et al., 2014). This was also evident in the analysis of our study. In this thesis, we
conducted a correlation analysis to assess the strength and direction of the relationship between
sleep quality and mood over the 6-week treatment. Our findings revealed that improvements in
sleep, as measured by the PSQI, were moderately positively correlated with enhancements in
mood, as measured by the MADRS, and the correlation was significant. This implies that as
sleep quality improved, there was a concurrent increase in mood improvement. The observed
correlation in our study underscores the multifaceted potential of MET-2. As MET-2 seems to
positively impact sleep quality, it could indirectly also be influential in mood regulation. This
offers an avenue for further exploration: Could MET-2 be employed as a holistic therapy,
addressing both sleep and mood dimensions simultaneously? Depression and sleep disturbances
share an interconnected relationship, with each potentially exacerbating the other. It’s notable
that when individuals experience sleep issues, the severity of their depressive symptoms often
intensifies, underlining the interconnectedness of these two conditions. Additionally, persistent
sleep disturbances can elevate the risk of developing depression in the first place or lead to a
higher risk of depressive relapse (Nutt et al., 2008). Given this connection, the therapeutic
landscape requires a comprehensive solution. A novel treatment, such as MET-2, that can target
and potentially alleviate both depression and its co-occurring sleep disturbances has the potential
to transform clinical practice. Such an approach would not only offer more holistic relief to
patient but also reduce the duration and intensity of treatment, leading to faster recovery and

improved quality of life.
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5.5 Evaluation of MET-2 in Clinical Contexts

5.5.1 Comparisons with Existing Microbial Therapy

While no studies have directly compared the efficacy of MET-2 against a placebo in
sleep and mood, there are a handful of clinical studies that have investigated the use of microbial
therapy on mood or sleep in various indications. The literature reviewed in this thesis suggests
that techniques for repopulating the gut can influence psychiatric symptoms. Notably, FMT has
gathered attention for its potential to enhance mood and sleep in both preclinical and clinical
domains (Chinna Meyyappan et al., 2020).

However, while FMT might offer symptom relief, it brings with it certain limitations.
Some significant challenges include its invasive nature and its limited duration of benefits, often
lasting just 3-6 months, leading to concerns about its long-term clinical feasibility (He et al.,
2017). Furthermore, FMT introduces variability as it depends on individual donor microbial
profiles, potentially leading to inconsistent therapeutic outcomes. There is also the risk of
potential pathogen transmission, even with rigorous donor screening (Park & Seo, 2021).

In contrast, our research highlights the many promising attributes of MET-2. We
observed rapid therapeutic benefits from MET-2, findings that align well with our initial pilot
study (Chinna Meyyappan et al., 2022). The primary MET-2 study, while outside the scope of
this thesis, documents its safety and tolerability over extended periods, demonstrating MET-2’s
potential for long-term application. MET-2’s standardized nature means it can promise more
consistent outcomes compare to FMT, without any risk of pathogen transmission. Additionally,
as a non-invasive therapy, MET-2 might be more patient-friendly, making it easier to administer
and potentially more acceptable to a broader patient demographic. While there is extensive

research on FMT compared to MET-2, when considering the balance between efficacy, safety,
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and patient acceptability, MET-2 seems to offer a more viable alternative or supplement to

existing microbial therapies like FMT.

5.5.2 MET-2’s Therapeutic Advantages

A notable aspect of MET-2 is its rapid onset of therapeutic response. Data from our RCT
and prior pilot demonstrate that most patients experience symptomatic relief within the first two
weeks of MET-2 therapy (Chinna Meyyappan et al., 2022). This is significant when compared to
standard antidepressants, which often take longer to display full therapeutic effects. This
potentially expedited relief from depressive and disturbed sleep symptoms could be
transformative for many patients, especially those in acute distress, thereby reducing the overall
burden of disease and improving quality of life for these individuals in the short-term. Given its
distinct mode of action targeting the gut-brain axis, MET-2 might circumvent common
drawbacks associated with tradition antidepressant therapies such as side effects, drug
interactions, and varied patient response rates. The intrinsic difference in MET-2’s mode of
intervention may also make it less stigmatizing than traditional chemical interventions.

Nonetheless, how society perceives such treatments remains an area for exploration.

5.5.3 Potential Challenges and Considerations

While MET-2’s efficacy and tolerability highlight its potential as a therapeutic for
improving sleep in MDD, certain factors may impede its widespread clinical acceptance. The
safety profile of MET-2, alike other microbial therapies such as FMT, have not been fully
elucidated, and societal perceptions or possible stigmas attached to its use are yet to be clarified,

factors which could lead to poor treatment adherence.
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Despite its promise, MET-2’s therapeutic longevity, especially post-treatment, requires
further investigation and more rigorous testing before advocating its use in clinical contexts. It’s
important to determine whether MET-2 could complement or even replace current antidepressant
treatment in certain patient demographics. Such shifts in treatment paradigms will heavily
depend on further empirical evidence, alongside assessments of production scalability, cost, and
patient access. Given that the research surrounding this treatment is still in its infancy, its
challenging to definitively ascertain the viability of MET-2 in treating psychiatric conditions
such as MDD and comorbid sleep disturbances, emphasizing the need for further diverse and

large-scale investigations.

5.6 METDA Study Limitations

5.6.1 Sample Size and Generalizability

The main limitation of the MET-2 study, alike others in the field of microbe therapy, was its
small sample size. This not only limits the study’s statistical power but also raises the potential
for type Il errors, potentially overlooking MET-2’s true effects. While we identified statistically
significant differences between groups in certain measures, no significance was found in our
secondary objective measure, the MADRS, or in much of the follow-up data. Such small cohorts
might fail to detect subtle differences between treatment groups. In essence, the risk of type Il
errors means there’s a possibility we failed to detect a difference that truly exists, potentially
underestimating MET-2’s true therapeutic impact.

This limitation also has repercussions for the generalizability of our findings. Consequently,
while our findings are relevant to our specific cohort, they may not readily apply to broader

populations, especially males, given their limited representation in our sample. The reduced
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cohort size also increases vulnerability to random variations, with outliers potentially skewing
the results and thus potential to find significant differences between groups. Moreover, with
smaller sample studies, there’s often a heightened margin of error, suggesting the effects of
MET-2 identified could vary in different settings or populations. Such limitations underscore the

importance of replication in larger cohorts to affirm MET-2’s therapeutic potential.

5.6.2 External Influences

Further, it is plausible that other factors not accounted for in our study, such as changes in
diet or physical activity may have affected both the short and long-term outcomes of our results.
Notably, changes in diet stand out as a significant confounder, given the close relationship
between dietary intake and the gut microbiota composition. While MET-2 introduces beneficial
microbes, factors such as dietary changes and medication use can rapidly disrupt this balance.
Although we documented medication use throughout the study, assessing dietary habits may
have enhanced our analysis.

Moreover, the episodic nature of depression and its symptoms, including sleep disturbances,
makes it challenging to distinguish between genuine therapeutic effects and the natural
fluctuations of the disorder. This variability underscores the need for continued long-term,
follow-up studies with larger cohorts to truly determine the short-term and sustained benefits of

MET-2.

5.6.3 Subjective vs. Objective Measures
While subjective sleep measures didn’t highlight significant differences at specific

follow-up timepoints, specifically the 12-week follow-up without adjusting for covariates, or the
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24-week follow-up, incorporating objective evaluations would be of value. As sleep disturbances
in depression are multidimensional, addressing not just subjective disturbances, but also
objective measures such as polysomnography, might offer additional insight into the potential

benefits of MET-2.

5.7 Future Research

Exploring the use of native microbe therapies, such as MET-2, as potential treatments for
MDD and comorbid sleep disturbances in upcoming research holds considerable promise that
warrants further investigation. Future studies should focus on the expansion of sample size and
participant diversity. The observed gender imbalance and constrained sample size in our research
demonstrates the need for more inclusive and extensive participation recruitment in future
endeavors, which will enhance generalizability and reduce the susceptibility to type Il errors.

Our findings also examine the potential influence of external factors like diet or physical
activity, in addition to concurrent medication use, on treatment outcomes. This highlights a
potential avenue for future studies: the incorporation of more rigorous controls or intricate
participant-monitoring systems, by using daily logs to capture these variables.

While our research did incorporate longitudinal follow-up studies at 12- and 24-weeks
post-treatment, a limitation to many clinical studies, there was a lack of statistical significance
yielded between the 2 groups, which is most likely due from the low sample size. Although
statistical significance was low, there are promising trends in the data that warrant further
investigation. Given the cyclical nature of depression, it’s plausible that extending observational

periods could offer deeper insights into MET-2’s long-term efficacy.
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Additionally, future studies should focus on comparing the efficacy of MET-2 against
established depressive treatments such as SSRIs. Such studies should ideally set the new
intervention against standard treatments, moving beyond solely placebo comparisons.
Furthermore, there is also value in exploring MET-2 as an adjunct or complementary treatment
to existing therapeutic approaches.

However, it is essential that future research endeavors to understand the mechanisms by
which MET-2 could have sustained effects on sleep disturbances in depression. Larger, longer-
term studies, ideally incorporating multiple time points for assessment, are needed to validate our

findings, and shed light on the potential factors affecting the long-term outcomes.

5.8 Conclusion

The MET-2 RCT and its subsequent follow-up study were the first to examine the
potential benefits of MET-2, a novel microbe therapy, against a placebo in addressing sleep
disturbances in MDD. Results from this thesis indicate that MET-2 is highly efficacious in
treating sleep quality disturbances compared to a placebo across 6 weeks of treatment, and at a
12-week follow-up adjusted for age and sex. Such findings are in line with emerging research
that identifies the pivotal role gut microbiota might play in influencing brain function and mood
disorders via the GBA. These insights substantiate the theory that interventions altering the gut
microbiota, like MET-2, could have a direct impact on depressive symptoms and associated
sleep disturbances in MDD.

However, while there was evident improvement in mood symptoms across the 6-week
treatment and subsequent follow-up durations, no significant differences were discovered

between the MET-2 and placebo cohorts. These outcomes may be attributed to factors such as a
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limited participant pool, high interpatient variability, and the unpredictable trajectory of
depression.

Our research contributes to the growing body of research that suggests manipulating gut
microbiota could be instrumental in managing sleep disturbances in MDD. While our findings
require further investigation, they raise interesting questions about the potential of therapies such
as MET-2 to provide a novel approach in treating sleep disturbances in depression, and possibly
other related mental health disorders. While our study provides valuable longitudinal insights on
MET-2, it alone is insufficient to conclusively determine its efficacy, emphasizing the need for

further diverse and large-scale investigations to truly understand MET-2’s therapeutic potential.
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