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Abstract 

Autism Spectrum Disorder (ASD) is a chronic neurodevelopmental condition with a complex molecular 

aetiology shaped by genetic, epigenetic and environmental factors. The poorly understood nature of 

ASD aetiology significantly impedes diagnosis and management of the condition, which substantially 

impairs quality of life. A role for mitochondrial dysfunction in ASD has become increasingly well-

recognised, while mitochondria are also emerging as central regulators of neurodevelopment, 

physiology and function. Moreover, recent work in a South Africa (SA) ASD cohort reported 

differential DNA methylation (DNAm) signatures converging on mitochondrial metabolism and 

Propionyl CoA Carboxylase B (PCCB). This project aimed to better characterise the mitochondrial 

component of ASD aetiology using an in vitro system to mechanistically interrogate the molecular 

signatures found in an understudied SA population.  

Building on established preclinical models for both PCCB dysfunction and ASD, Propionic Acid (PPA) 

was used to recapitulate mitochondrial dysfunction in neuronal-like SH-SY5Y cells. The Thiazolyl Blue 

Tetrazolium Bromide (MTT), Luminescent ATP Detection and Tetramethylrhodamine, ethyl ester 

(TMRE) assays revealed a dose- and time-dependent decrease in cell viability from 4 to 72 hours, 

catalysed by an acute loss of mitochondrial membrane potential at 4 hours. In conjunction, reverse 

transcription quantitative polymerase chain reaction (RT-qPCR) assays showed an acute and sustained 

suppression of PCCB expression and a systemic dysregulation of the genes that govern mitochondrial 

metabolism (PGC1Ŭ, c-MYC), biogenesis (TFAM, NRF1), fission (DRP1) and fusion (STOML2, 

MFN1/2, OPA1). Confocal microscopy demonstrated associated disruptions to mitochondrial network 

morphology and integrity, characterised by decreased mitochondrial volume, increased mitochondrial 

fragmentation and perturbations to mitophagic flux. Finally, live-cell respirometry illustrated functional 

impairments to metabolic state marked by significant deficits in both oxidative and glycolytic ATP 

production.  

Having effectively recapitulated mitochondrial dysfunction in vitro, a model for neurogenesis was 

developed to examine the interplay between neuronal metabolism and maturation. Phase contrast 

microscopy, immunocytochemistry and respirometry assays confirmed the efficacy of differentiation, 

demonstrating successful cell cycle exit, efficient neurite production, elongation and branching, an 

increased ɓ-III-tubulin (ɓ3T): Nestin (NES) ratio and enhanced mitochondrial capacity. This system 

was harnessed to characterise PPA-induced disruptions to neurogenesis, demonstrating gross 

morphological aberrations and significant changes to the composition and connectivity of neuronal 

networks. Complementary image analysis workflows showed that PPA reduced the length and 

complexity of neurite processes, disrupted the localisation and expression of cytoskeletal markers and 

decreased the ɓ3T:NES ratio, indicating substantial impairments to neuronal morphology and 

maturation.  
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Lastly, global RNA sequencing was used to characterise the molecular mechanisms that disrupt 

neuronal maturation under PPA stress, revealing transcriptional signatures of developmental delay and 

neurotoxicity. PPA upregulated processes involved in pluripotency, proliferation and glycolysis, 

impaired epigenetic and metabolic reprogramming and inhibited synaptogenesis and 

neurotransmission. An interplay between stress-responsive, metabolic and neurogenic signalling 

emerged at the centre of the PPA transcriptome, highlighting reciprocal mechanisms that modulate 

substrate utilisation, differentiation, synaptogenesis and survival.  Moreover, PPA systemically altered 

convergent mechanisms that shape extracellular matrix dynamics, leading to signatures of neuronal 

injury, apoptosis and excitotoxicity. Together, transcriptomic profiles reflected impairments to 

neurogenesis under PPA stress, driven by disruptions to the intrinsic and extrinsic landscapes that shape 

neuronal cell fate.  

This project established an in vitro model for neurogenesis and developmental neurotoxicity that lays 

the groundwork for mechanistic studies on neurodevelopment and disease. The work presented here 

provides a quantitative assessment of mitochondrial morphology, dynamics and function under PPA 

stress and is the first study to functionally demonstrate that PPA alters neuronal metabolism and 

differentiation in the SH-SY5Y model. Moreover, the transcriptional signatures of PPA exposure 

highlight novel processes that function at the interface between metabolism, neurodevelopment and 

neurotoxicity. Ultimately, these insights contribute to a mechanistic understanding of the mitochondrial 

component of ASD aetiology, which could inform the development of novel biomarkers and therapeutic 

strategies to improve long-term clinical outcomes.   
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Thesis Overview 

Molecular research into Autism Spectrum Disorders (ASD) has evolved rapidly since the turn of the 

century with the introduction of high-throughput ñomicsò technologies. Yet, researchers are still 

grappling with how to translate novel genetic associations into an understanding of ASD aetiology that 

can be harnessed to improve quality of life. From a mechanistic perspective, mitochondrial processes 

have emerged as a subject of interest in both molecular autism and neuroscience research. Our research 

group previously reported differential DNA methylation (DNAm) signatures converging on 

mitochondrial processes in an understudied South African (SA) ASD cohort (Stathopoulos et al., 2020; 

Bam et al., 2021). In fact, the mitochondrial component of ASD aetiology has become increasingly 

well-established over the last decade (Frye et al., 2024). Concurrently, mitochondrial mechanisms have 

emerged as focal regulators of neurodevelopment, physiology and function that are widely implicated 

in neurodevelopmental and neurodegenerative disorders (Garone, De Giorgio and Carli, 2024). 

Moreover, an emerging field known as mitochondrial psychobiology has pioneered the concept of 

mitochondrial allostatic load (MAL), illustrating how mitochondria mediate interactions between 

underlying biology and the environment to influence long-term clinical outcomes (Picard, Trumpff and 

Burelle, 2019).  

This thesis examines the role of mitochondrial dysfunction in ASD aetiology, building on the molecular 

signatures identified in our ASD cohort to develop, and test, a mechanistic hypothesis in vitro. This 

thesis is divided into two parts, tied together by a central research question about the role of 

mitochondrial dysfunction in neurodevelopment and disease. Part I describes the origins and 

implications of the mitochondrial dysfunction hypothesis before establishing a neuronal cell model to 

study mitochondrial dysfunction in vitro. In Part II, this model system is harnessed to investigate the 

relationship between mitochondrial dysfunction and neurogenesis, by developing and characterising a 

model for mitochondrial-associated neurotoxicity. These primary aims are achieved according to four 

broad objectives, addressed in Chapters 1 ï 4 (Figure A).  

Chapter 1 introduces the broader landscape of molecular autism research, highlighting pertinent clinical, 

socio-economic and psychosocial considerations that shape the aims and directions of the field. This 

chapter collates the existing evidence for mitochondrial mechanisms in ASD, demonstrating how 

mitochondria shape diverse facets of ASD aetiology that could be targeted to improve quality of life. 

Chapter 2 establishes an in vitro model for mitochondrial dysfunction in neuronal-like SH-SY5Y cells, 

using Propionic acid (PPA) to recapitulate the mitochondrial signatures associated with Propionyl CoA 

carboxylase B (PCCB) observed in our ASD cohort. Chapter 3 builds on this work to develop and 

characterise an in vitro model for neuronal differentiation, which is harnessed to study the effect of PPA 
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on neuronal morphology and maturation. Lastly, Chapter 4 examines the transcriptional signatures that 

underpin PPA-associated neurotoxicity to better understand the mechanistic relationship between 

neuronal metabolism and development.  

 

Figure A. Thesis Contents and Outline. Chapter 1 describes how mitochondria influence neurodevelopment, 

neurophysiology and neurochemistry to shape clinical outcomes in Autism Spectrum Disorder (ASD). Chapter 2 

develops an in vitro model for mitochondrial dysfunction based on the signatures in a South African ASD Cohort. 

Chapter 3 establishes an in vitro model for neuronal differentiation to study the effect of metabolic stress on 

neuronal maturation, while Chapter 4 characterises the underlying transcriptional mechanisms that drive this 

response. This work provides new insight into the mitochondrial mechanisms that govern neurodevelopment and 

function, contributing to an understanding of the mitochondrial component of ASD aetiology. BDNF ï brain-

derived neurotrophic factor; PCCB - Propionyl CoA carboxylase B; PPA ï propionic acid; RA ï retinoic acid.   

Ultimately, this thesis expands current characterisations of the PPA model, providing novel insight into 

mechanisms and manifestations of PPA-induced neurotoxicity. This work establishes an in vitro system 

to serve as a bridge between gene identification and mechanistic translation in the SA context. 

Moreover, this thesis develops a molecular workflow to characterise different facets of mitochondrial 

homeostasis in vitro and highlights novel considerations for the SH-SY5Y system in neurotoxicology 

research. Together, this project lays the groundwork for new avenues of research into mitochondrial 

dysfunction and neurotoxicity that could yield insight into the mitochondrial component of ASD 

aetiology. 
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~  PART I  ~ 

Chapter 1.  

The Mitochondrial Hypothesis: Molecular Mechanisms and Clinical Implications 

1.1. The Landscape of Molecular Autism Research  

Autism research spans disparate academic disciplines shaped by intersecting sociological, clinical, and 

molecular landscapes. Although first described in the scientific literature in 1943, ASD was only 

included in the Diagnostic and Statistical Manual of Mental Disorders (DSM-III) in 1980 (Rosen, Lord 

and Volkmar, 2021) and the clinical conceptualisations of autism are still evolving (Whiteley, Carr and 

Shattock, 2021). Current diagnostic texts define ASD as a lifelong neurodevelopmental condition 

marked by differences in social communication, interaction and behaviour that are present during early 

development and significantly impact daily functioning (American Psychiatric Association, 2022). 

These criteria capture diverse and dynamic presentations that can vary across life-stages and 

sociocultural contexts (Lombardo and Mandelli, 2022). The phenotypic heterogeneity of ASD is 

compounded by a range of frequent comorbidities including epilepsy, attention deficit hyperactivity 

disorder (ADHD), sleep disorders, gastrointestinal problems, intellectual disability, anxiety and 

depression (Zhang et al., 2019).  Similarly, the capacity and motivation to mask ASD-associated traits 

varies significantly between individuals due to differences in underlying physiology and sociocultural 

factors that contribute to socialisation (Petrolini, Rodr²guez-Armendariz and Vicente, 2023). 

Accordingly, it remains challenging to effectively operationalise the DSM-V criteria in the form of 

standardised tools that provide quantitative thresholds for diagnostic classification (Evers et al., 2021).   

The molecular aetiology of ASD is equally multi-faceted, with an undisputed but complex genetic 

component that is influenced by both epigenetic and environmental factors (Choi and An, 2021). The 

heritability of ASD was first established with the high rates of concordance between monozygotic (MZ) 

twins. Varying rates of concordance between 60 and 90% have been documented in the literature, but 

the most recent estimates range between 96 and 99% (Tick et al., 2016; Castelbaum et al., 2019; Masini 

et al., 2020; Ho et al., 2022). As the throughput, accuracy and scale of molecular ASD research has 

advanced rapidly over the past two decades, genomic studies have validated the genetic origins of ASD, 

demonstrating an estimated heritability between 64 and 91% (Yasuda et al., 2022; Ghafouri-Fard et al., 

2023; Kereszturi, 2023). This work has revealed a complex genetic architecture defined by significant 

pleiotropy, extensive locus heterogeneity and common and rare de novo mutations with variable 

penetrance (Havdahl et al., 2021). In fact, no single mutation accounts for more than 1% of ASD cases 
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(Duffney et al., 2018), while more than 65% of additive heritability cannot be attributed to known 

genetic variants (Havdahl et al., 2021) and 85% of all ASD cases are idiopathic (Casanova et al., 2020; 

Stoccoro et al., 2023). Together, the heterogeneity in clinical presentations and genetic aetiology 

presents considerable challenges to molecular ASD research. Nevertheless, the diverse molecular 

origins of ASD are thought to converge on common biological processes that could inform novel 

biomarkers and therapeutic strategies (Murtaza et al., 2022; Pintacuda et al., 2023; Khaliulin, Hamoudi 

and Amal, 2024).  

Despite the exponential increase in molecular ASD research since the start of the genomic revolution, 

existing research is still largely conducted in the Global North (Bakare et al., 2022). The rich genetic 

diversity of African populations has the potential to yield novel insight into ASD aetiology, and 

characterising understudied populations is an emerging priority for the field. However, autism remains 

poorly studied across Sub-Saharan Africa (SSA) (De Vries, 2016; Franz et al., 2017). We recently 

conducted a review of molecular ASD research in Africa to quantify and explain this geographical 

disparity (Frickel et al., 2023). In this review, we report that molecular ASD research across the whole 

African continent amounts to less than half of the output from the United States of America (USA), 

with the existing research coming from only seven of 54 African countries. In South Africa (SA), 

molecular researchers are already constrained by a lack of infrastructure, funding and human resources, 

but poor access to health care, a shortage of qualified clinicians, a lack of centralised databases, an 

absence of culturally relevant diagnostic tools and widespread misconceptions about mental conditions 

further limits the scope of molecular ASD research in this context (Abubakar, Ssewanyana and Newton, 

2016; Franz et al., 2017; Bakare et al., 2022; Samadi, 2022).  

Yet, these factors alone cannot entirely account for the regional gap in molecular ASD research. A recent 

evaluation of health science research capacity showed that SA ranked first in Africa with respect to the 

number of universities, first-author publications, and clinical trials (Wenham et al., 2021). At the same 

time, SA has produced more than 50% of all ASD research in SSA, with an exponential increase in 

research output over the last decade (Frickel et al., 2023). Thus, SA has the infrastructure to produce 

high-quality research in both autism and molecular biology. Yet, we found that only five molecular ASD 

studies have been conducted in SA populations since 1935. This discrepancy between research capacity 

and research output appears to be due to a lack of investment among stakeholders in both the molecular 

and clinical sectors. The disproportionate burden of infectious disease across SSA means that the limited 

resources available for molecular research are seldom allocated to research on non-communicable 

diseases (Nyirenda, 2016). Similarly, existing research on neuropsychiatric conditions prioritises 

studies on diagnosis and intervention rather than an understanding of molecular aetiology (Frickel et 

al., 2023). While there is a growing awareness of the stark gap in the literature on autism in SSA, 

resources are not allocated to molecular ASD research due to a perceived lack of translatability in this 

context.  
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In fact, the translatability of molecular ASD research is an issue that the field is grappling with 

internationally. Despite the hundreds of risk genes identified to date, a prevailing challenge of molecular 

autism research is to ñtranslate gene discovery into an actionable understanding of ASD physiologyò 

(Manoli and State, 2021). There is still a significant lag between molecular studies and the development 

of strategies that tangibly improve peopleôs lives. Indeed, even promising in vitro and in vivo molecular 

studies have failed to produce translatable results in clinical trials (Young and Findling, 2015; Jeste and 

Geschwind, 2016; Loth, Murphy and Spooren, 2016; Vorstman et al., 2017; Sestan and State, 2018; 

McCracken et al., 2021). This can largely be attributed to the dynamic interplay between genetic, 

epigenetic and environmental factors that contribute to ASD aetiology. Yet, molecular research may 

also require a more interdisciplinary approach to produce socially transformative outputs (de Vries, 

2023).  

In recent years, the evolving sociological landscape of autism research has required clinicians and 

scientists to reevaluate the aims and directions of the field. Historically, autism research has primarily 

relied on the medical model of disability, rooted in a pathologisation of external ASD traits (Whiteley, 

Carr and Shattock, 2021). However, the field is now progressing towards a more comprehensive 

biopsychosocial disability model (Chown and Beardon, 2017; Doyle, 2020). This model recognises that 

an individualôs experience of disability is influenced by both biological and sociological factors, 

emphasising that biological differences are not necessarily biological deficits (Fletcher-Watson et al., 

2019). The neurological differences associated with ASD may indeed present challenges to independent 

functioning; yet an inability to function within a societal framework that accommodates only one 

neurotype is not itself pathological (Doyle, 2020). On the other hand, everyone has their own individual 

experience of intrinsic disability that causes internal distress irrespective of their sociological context. 

Considering both perspectives, autism research is shifting its focus to improving quality of life and 

minimising internal distress, rather than eradicating or correcting external behaviours (Leadbitter et al., 

2021).  

Still, an over-reliance on the medical model of disability is often unavoidable in molecular research, 

which requires unambiguous definitions of disease, reductionist animal and cell culture models, and 

highly specific questions with limited scope. Biomedical research tends to rely on limited measurements 

of behaviour and functioning, where the efficacy of an intervention is frequently evaluated by a decrease 

in ASD-associated behaviours. Yet, it is becoming clear that external presentations of ASD do not 

always correlate with health, well-being or quality of life (Cage and Troxell-Whitman, 2019; Cassidy 

et al., 2020; Hull, Petrides and Mandy, 2020; Cook et al., 2021). In this context, it is important to 

acknowledge that molecular ASD research may be rooted in a one-dimensional understanding of autism 

that could hinder its translatability in a clinical and sociological context.  
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Nevertheless, molecular research has great potential to inform both pharmacological and psychosocial 

interventions that could improve quality of life.  Insight into the heritability of ASD has already been 

instrumental in increasing access to early diagnoses and shifting blame away from caregivers or 

individuals themselves for their differences (Chiapperino and Hens, 2023). Likewise, molecular 

therapies have been able to effectively treat co-occurring health conditions in syndromic ASDs, 

improving life expectancy and clinical outcomes (Schubert-Bast et al., 2019). Better characterising 

molecular ASD aetiology could be essential to improve the resolution, specificity and utility of 

diagnostic labels, while population-specific biomarkers and pharmacological interventions could make 

early diagnosis and treatment much more accessible in resource-constrained contexts. In the long term, 

many areas of society will need to be systemically restructured to better accommodate different 

neurotypes. However, in a country like SA, where access to basic education and health care remains 

limited for a majority of the population, children with different needs are still left to fend for themselves. 

While psychological and sociological interventions are slowly becoming more accessible, there is a 

need for more targeted pharmacological approaches to alleviate distress for people who are simply not 

accommodated by the system.  

Ultimately, different sectors of autism research have distinct roles, but socially transformative molecular 

research requires socially responsive practices (de Vries, 2023). An understanding of ASD physiology 

within a biopsychosocial framework could also provide novel insight into the cellular mechanisms at 

the interface between environmental stressors and biological processes that determine long-term clinical 

outcomes. On the one hand, ASD is associated with increased exposure to early life stress (ELS), which 

not only increases the risk of psychopathology and suicidality (Fogelman and Canli, 2019; LeMoult et 

al., 2020; Sahle et al., 2021; Su et al., 2022) but it also impairs clinical outcomes in a range of 

neurodevelopmental, neurodegenerative and neuropsychiatric conditions (Guidi et al., 2021).  On the 

other hand, increasing evidence also suggests an underlying susceptibility to psychopathology mediated 

by genetic and neurological aspects of ASD aetiology (Muscatello et al., 2020; Unruh, Bodfish and 

Gotham, 2020; Scarpa et al., 2021; Warrier and Baron-Cohen, 2021). Thus, clinical outcomes in ASD 

are determined by interactions between ELS and ASD physiology (Singletary, 2015; Scarpa et al., 2021; 

Makris, Eleftheriades and Pervanidou, 2022). With high rates of poverty, food insecurity, infectious 

disease, and consequent childhood abuse or neglect across SA, the relationship between genetic 

aetiology, ELS and pathophysiology has direct implications for the health and well-being of individuals 

with ASD. Mechanistically understanding this relationship is therefore central to our understanding of 

the sociological and physiological factors that impact quality of life.  

It is within this context that our research group studies the molecular aetiology of ASD in SA 

populations. We previously conducted the first null-hypothesis-based molecular study in an ASD cohort 

from SA, revealing DNAm signatures that converged on mitochondrial metabolism (Stathopoulos et 

al., 2020). Notably, DNAm and mitochondrial dysfunction have separately been implicated in ASD, 
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and there is now increasing evidence that these processes are mechanistically intertwined. Moreover, 

mitochondria function as critical regulators of neurodevelopment that shape diverse facets of ASD 

aetiology. This chapter reviews the relationship between DNAm and mitochondrial dysfunction in ASD, 

describing the biochemical context that informs the central aims and objectives of this thesis. In doing 

so, this chapter demonstrates how the molecular signatures in our SA cohort reflect emerging trends in 

the broader literature, highlighting recent insights implicating mitochondria as central modulators of 

neuronal maturation, physiology and function that operate at the intersection between biology and the 

environment. Together, this discussion illustrates how mitochondrial dysfunction contributes to diverse 

facets of ASD aetiology that are susceptible to ELS, presenting novel therapeutic avenues to improve 

quality of life.  

1.2. From DNA Methylation to Mitochondrial Dysfunction in ASD 

The complex heritability of ASD and the varying rates of discordance between MZ twins indicate that 

autism cannot solely be explained by genetic factors (WiŜniowiecka-Kowalnik and Nowakowska, 

2019). Therefore, a role for epigenetic mechanisms in ASD is a focus of ongoing research. The 

epigenome is shaped by modifications to DNA and histone tails that regulate chromatin architecture 

(Tremblay and Jiang, 2019). Epigenetic state plays a critical role in embryonic neurogenesis by 

governing the spatiotemporal patterns of gene expression that determine neuronal identity, development 

and function (Salinas, Connolly and Song, 2020). Operating at the interface between environmental 

stressors and transcriptional regulation, epigenetic mechanisms are sensitive to chemical, 

immunological, endocrinological and psychological insults that are linked to the development of ASD 

(Kubota and Mochizuki, 2016). Moreover, a recent systematic review demonstrated that almost 20% of 

ASD candidate genes participate in epigenetic regulation (Duffney et al., 2018), including several genes 

that are causally implicated in syndromic neurodevelopmental disorders (NDDs) (Rangasamy, DôMello 

and Narayanan, 2013). In fact, cumulative evidence has revealed systemic changes to DNAm (Banerjee 

and Adak, 2021; Sun et al., 2022; Stoccoro et al., 2023), histone acetylation (Sun et al., 2016; Tseng et 

al., 2022), histone methylation (Shulha et al., 2012) and microRNA (miRNA) (Vasu et al., 2019; 

Garrido-Torres et al., 2023) profiles in ASD.  

DNAm is one of the most well-studied epigenetic mechanisms in ASD because DNAm patterns play a 

fundamental role in regulating neuronal identity and development during early embryogenesis (Siu and 

Weksberg, 2017). DNAm modulates gene expression by changing chromatin accessibility, recruiting 

repressor and enhancer complexes and regulating alternative splicing (Corley et al., 2019). A role for 

DNAm in ASD is supported by syndromic ASDs underpinned by genomic imprinting disorders, de 

novo mutations in DNAm machinery, loci-specific and global DNAm profiles and the sensitivity of 

DNAm profiles to environmental risk factors linked to NDDs (Ciernia and LaSalle, 2016; Keil and 

Lein, 2016; Tremblay and Jiang, 2019). Early studies reported the differential methylation (DM) of 
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single genes in ASD post-mortem cortex tissue, which correlated with downregulated mRNA and 

protein expression (Nagarajan et al., 2006; Gregory et al., 2009). Subsequent whole-genome 

methylation screens in patient-derived lymphoblastoid cell lines (LCLs) and blood samples revealed 

DM signatures converging on central nervous system (CNS) development and neurological disease 

(Nguyen et al., 2010; Wong et al., 2014). These findings were ultimately validated with genome-wide 

DM signatures found across three regions in post-mortem ASD brain tissue (Ladd-Acosta et al., 2014).  

Since this seminal work, epigenetic mechanisms in ASD have been widely studied and the role of 

DNAm in ASD has been extensively reviewed (Ciernia and LaSalle, 2016; Keil and Lein, 2016; Siu 

and Weksberg, 2017; Waye and Cheng, 2018; Tremblay and Jiang, 2019; WiŜniowiecka-Kowalnik and 

Nowakowska, 2019; Banerjee and Adak, 2021; Sun et al., 2022; Gholamalizadeh et al., 2024). Recent 

studies and meta-analyses have found that DNAm signatures consistently converge on mechanisms 

implicated in ASD aetiology (Andrews et al., 2018; Wong et al., 2019; Bakulski et al., 2021; Garc²a-

Ortiz et al., 2021; Stoccoro et al., 2023), correlate with differences in cognition, behaviour and 

neurophysiology (Jia et al., 2019; Massrali et al., 2019; Kraan et al., 2020) and distinguish between 

ASD endophenotypes (Siu et al., 2019; Lee and Hu, 2020; Hu et al., 2021). Thus, DNAm is a well-

established component of ASD aetiology. However, epigenetic mechanisms in ASD remain unexplored 

in SA populations. We conducted the first whole-genome methylation screen in an SA ASD cohort and 

identified DM across 898 genes that converged on mitochondrial canonical pathways (Stathopoulos et 

al., 2020). Subsequent validation studies demonstrated that central genes involved in mitochondrial 

biogenesis, fission and fusion were DM in ASD, which was associated with altered mitochondrial DNA 

(mtDNA) copy number and urinary metabolomic profiles (Bam et al., 2021). Together, this data 

suggests a mitochondrial endophenotype underpinned by DNAm in SA, proposing a role for 

mitochondrial function in ASD physiology.  

It is this hypothesis that informed the direction of my PhD, which evolved from a mechanistic curiosity 

about the relationship between mitochondrial function and ASD aetiology. In order to establish whether 

the functional signatures implicated in our cohort were reflected in the broader literature, my project 

began with a quantitative review of published molecular ASD datasets (Figure 1.1) (Mahony and 

OôRyan, 2021). Here, 19 transcriptomic, proteomic and DNAm profiles were collated from ASD cohort 

studies and meta-analyses published between 2016 and 2021. These datasets were inherently and 

intentionally heterogeneous, derived from different cohorts spanning a wide range of ages and tissue 

types from both blood and brain samples (Table S1.1).  This approach aimed to identify common 

molecular mechanisms that were implicated in our own DNAm data and consistently dysregulated 

across a range of datasets using diverse molecular techniques in different cohorts, tissue types and 

developmental stages.  
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Figure 1.1. Convergent Molecular Signatures in Autism Spectrum Disorder (Taken from Mahony and 

OôRyan, 2021)). A) Analysis Workflow and Graphical Overview. B) Hallmark Canonical Pathways implicated in 

at least seven independent datasets. Datasets were collated from 19 studies and meta-analyses on Autism Spectrum 

Disorder (ASD) cohorts published between 2017 and 2021, including six proteomic, eight transcriptomic and six 

DNA methylation (DNAm) profiles. All gene lists were converted into NCBI Entrez Gene IDs, and each dataset 

was annotated according to the top 10 significantly enriched Hallmark Canonical pathways. The Hallmark 

Canonical Pathways that were most consistently enriched across ASD proteomic, transcriptomic and DNA 

methylation (DNAm) datasets converged on processes involved in mitochondrial metabolism, neurogenesis and 

neuroinflammation. 

Using a quantitative approach to functionally annotate each dataset with standardised enrichment 

signatures, this work revealed canonical pathways and protein-protein interaction networks that 

converged on processes involved in proliferation, differentiation, metabolism and inflammation. Of 

note, mitochondrial oxidative phosphorylation (OXPHOS) was one of the two most consistently 

dysregulated pathways across all 19 datasets, implicated in brain tissue using all three molecular 

approaches, and enriched in samples from children ranging from 18 months to 12 years old (Figure 

S1.1; Table S1.2).  Thus, the mitochondrial signature in our cohort was not unique to the SA population, 

the tissue type or the age range employed in our own study but was reflected in both blood and brain 

tissue from diverse populations. This analysis emphasised the functional relevance of our DNAm 

signatures in the developing brain and highlighted mitochondrial metabolism as a convergent 

mechanism that may be implicated in idiopathic ASD.  

In fact, a mitochondrial component in ASD aetiology has become increasingly well-established over 

the past two decades. A review of clinical data in 1998 first proposed a link between mitochondrial 

metabolism and autism, reporting consistent evidence for lactic acidosis, plasma carnitine deficiency, 

impaired neuronal energy production and altered urinary metabolomics (Lombard, 1998). Multiple lines 

of evidence have since emerged to support this hypothesis, which have been well-described in recent 

reviews (Siddiqui, Elwell and Johnson, 2016; Griffiths and Levy, 2017; Rose et al., 2018; Castora, 

2019; Balachandar et al., 2020; Citrigno et al., 2020; Frye, 2020; Thorsen, 2020; Khaliulin, Hamoudi 

and Amal, 2024). The prevalence of mitochondrial disorders is significantly higher in individuals with 
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ASD compared to the general population (Cheng, Rho and Masino, 2017), while both clinical and 

genetic aspects of ASD aetiology are frequently observed in patients with inherited metabolic disorders 

(Ģigman et al., 2021; Shchelochkov et al., 2024). A recent meta-analysis of ASD-associated biomarkers 

revealed consistent disruptions to plasma lactate, pyruvate, ATP and acyl-carnitine profiles, altered 

mtDNA copy number, increased mtDNA mutations and deletions and perturbed electron transport chain 

(ETC) activity (Frye et al., 2024). Independent studies have also demonstrated altered mitochondrial 

morphology, dynamics and bioenergetics (Pecorelli et al., 2020; Frye et al., 2021; Hassan et al., 2021), 

impaired mitochondrial quality control (Ebrahimi-Fakhari et al., 2016; Wang et al., 2021) and 

transcriptomic (Ginsberg et al., 2012; Zeid§n-Chuli§ et al., 2014; For®s-Martos et al., 2019; Aldosary 

et al., 2020), proteomic (Abraham, Szoko and Natowicz, 2019; Shen, Feng, et al., 2019; Shen, Zhao, et 

al., 2019; Cicaloni et al., 2020; Yao et al., 2021), epigenomic (Stathopoulos et al., 2020; Bam et al., 

2021; Hu et al., 2021) and metabolomic (Glinton and Elsea, 2019; Gevi, Belardo and Zolla, 2020; 

Ristori et al., 2020; Smith et al., 2020; L. Wang et al., 2021; Korteling et al., 2022; Piras et al., 2022; 

Smith and Donley, 2022; Un et al., 2022) signatures converging on mitochondrial processes in ASD. 

Moreover, there is consistent evidence for increased oxidative stress in ASD, which is both a cause and 

consequence of mitochondrial dysfunction (Bjßrklund et al., 2020; Hu et al., 2020; Manivasagam et al., 

2020; Pangrazzi, Balasco and Bozzi, 2020; Thorsen, 2020; Chen et al., 2021). Thus, ongoing research 

is exploring the utility of existing and novel therapeutics to target mitochondrial mechanisms in ASD 

(Frye, 2020; Nabi et al., 2022; Indika et al., 2023; Varma, Bhandari and Kuhad, 2024). 

As a source of the substrates and cofactors that drive epigenetic modifications, mitochondria are 

established regulators of epigenetic state (Matilainen, Quir·s and Auwerx, 2017; Wiese and Bannister, 

2020; Meiliana, Dewi and Wijaya, 2021; Zhu, Li and Tian, 2022) and this relationship plays an essential 

role in neurodevelopment (S§nchez-Ram²rez et al., 2024), neurodegeneration (Copped¯, 2021, 2024; 

Xu et al., 2021) and disease (Gao et al., 2018; Chakraborty and Mukherjee, 2024). In particular, Lopes, 

(2020) described the intricate relationship between DNAm and mitochondrial metabolism mediated by: 

i) the methylation of nuclear-encoded mitochondrial genes; ii) nuclear-encoded methyltransferases and 

demethylases that regulate mtDNA methylation; iii) mtDNA retrograde signalling that alters nuclear 

DNAm and iv) mitochondrial-derived metabolites that regulate DNAm machinery. Here, the S-

adenosyl-L-methionine (SAM) produced by one-carbon (1C) metabolism provides the methyl groups 

used by histone and DNA methyltransferases, which are modulated by the energy-sensitive AMP-

dependent protein kinase (AMPK), while histone and DNA demethylases are regulated by the alpha-

ketoglutarate (Ŭ-KG), fumarate, succinate and nicotinamide adenine dinucleotide (NAD+) generated by 

OXPHOS (Zhu, Li and Tian, 2022). Indeed, in vitro and in vivo models have verified the coupling 

between mitochondrial metabolism and nuclear DNAm, demonstrating that DNAm profiles are altered 

by mitochondrial inhibitors and different mtDNA haplotypes (Bellizzi et al., 2012; Scola et al., 2014; 

Atilano et al., 2015; Lozoya et al., 2018; Cort®s-Pereira et al., 2019; Kopinski et al., 2019). 
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The multifaceted relationship between DNAm and mitochondrial function remains understudied in 

ASD. Nevertheless, a mechanistic link between the epigenetic and metabolic facets of ASD aetiology 

has long been considered through the lens of the redox/methylation hypothesis. Proposed by Deth et 

al., (2008) and more recently reviewed by Bjßrklund et al., (2021), the redox/methylation hypothesis 

suggests a relationship between oxidative stress and altered methylation capacity mediated by 1C 

metabolism (Figure 1.2). In brief, 1C metabolism is an integrated system comprised of the folate, 

methionine cycle and transulfuration cycles, coupling folate-dependent methionine synthesis to the 

glutathione (GSH/GSSG) antioxidant system via the homocysteine recycling pathway. Consequently, 

DNAm is sensitive to disruptions to folate, homocysteine or glutathione cycling and this relationship is 

widely documented in ASD. Genetic variants involved in folate metabolism and transport have been 

implicated in ASD (Frye, Slattery and Quadros, 2017; Razi et al., 2020; Tisato et al., 2021), while 

cerebral folate deficiency is linked to an increased risk of NDDs (Lintas, 2019). Indeed, systematic 

reviews have found that folic acid supplementation improves neurodevelopmental outcomes and 

mitigates oxidative stress, altered DNAm capacity and core ASD symptoms (Hoxha et al., 2021; 

Rossignol and Frye, 2021a; Sampaio et al., 2021; Chen et al., 2023). Likewise, significant differences 

in plasma homocysteine, methionine, cysteine and glutathione profiles have been reported in systematic 

reviews of clinical ASD data  (Frustaci et al., 2012; Bjßrklund et al., 2020; Chen et al., 2021; Gulati et 

al., 2024; Polat et al., 2024), while a relationship between 1C metabolism and DNAm has been 

established in both clinical (James et al., 2004, 2009; Melnyk et al., 2012; Shpyleva et al., 2014) and 

preclinical studies (Kloypan et al., 2015; Singhal et al., 2015; Wei et al., 2016). To date, the 

redox/methylation hypothesis has highlighted several novel ASD biomarkers (Khemakhem et al., 2017; 

Ristori et al., 2020; Smith et al., 2020) and targeted therapies that have been shown to improve 

mitochondrial function, redox homeostasis and clinical outcomes (Delhey et al., 2017; Citrigno et al., 

2020; Rossignol and Frye, 2021a). 

Importantly, emerging evidence suggests that the mechanistic relationship between epigenetic and 

metabolic mechanisms in ASD aetiology extends beyond the redox/methylation hypothesis. Indika et 

al., (2021) recently proposed a more direct relationship between DNAm and mitochondrial metabolism 

in ASD underpinned by SAM depletion. These authors noted a decrease in methionine, SAM and the 

SAM/SAH ratio that was consistently linked to ASD across independent studies and meta-analyses, an 

observation that has since been validated in more recent systematic reviews (Polat et al., 2024). 

Moreover, SAM supplementation has been shown to mitigate ASD-associated behaviours in preclinical 

models (Ornoy et al., 2019, 2023; Weinstein-Fudim et al., 2019, 2020) and a range of clinical studies 

have explored SAM as a therapeutic target in neurodevelopmental and psychiatric disorders (Gao et al., 

2018; Curpan, Luca and Ciobica, 2021; Rossignol and Frye, 2021b; Frye et al., 2023).  
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Figure 1.2. The Redox/Methylation Hypothesis. Disruptions to one carbon (1C) metabolism in Autism 

Spectrum Disorder (ASD) are depicted showing convergent changes to metabolites and enzymes in the folate, 

methionine and glutathione pathways reported by recent systematic reviews (Indika et al., 2021; Tisato et al. 

2021). In the folate cycle, dietary folate is reduced by dihydrofolate reductase (DHFR) to form tetrahydrofolate 

(THF). THF enters the methionine cycle as 5,10-methyleneTHF, which is reduced by methylenetetrahydrofolate 

reductase (MTHFR) to produce 5-methytetrahydrofolate (5-mTHF). 5-THF donates a methyl group to 

homocysteine (Hcy) in a reaction catalysed by methionine synthase (MS) and betaine-homocysteine 

methyltransferase (BHMT) to produce methionine, which ultimately forms the methyl donor S-

adenosylmethionine (SAM) that is used for methylation reactions. Methionine is recycled via the conversion of 

SAM to S- adenosylhomocysteine (SAH), which is used to produced adenine by SAHase. Hcy can also be 

metabolised by cystathionine beta synthase (CBS) to enter the transsulfuration pathway as cysteine. Cysteine is 

then incorporated into glutathione (GSH), which is an essential antioxidant enzyme responsible for metabolising 

reactive oxygen species (ROS) generated by mitochondrial respiration. To maintain the cellular redox equilibrium, 

glutathione disulfide (GSSG) is reduced back to GSH at the expense of NADPH, thereby forming a redox cycle.  

The SAM depletion hypothesis considers the integrated processes that couple 1C metabolism to 

mitochondrial homeostasis beyond their shared reliance on oxidative state (Figure 1.3). Methionine 

directly contributes to tricarboxylic acid cycle (TCA) anaplerosis via the methylmalonyl pathway and 

indirectly governs mitochondrial metabolism by regulating the mechanistic target of rapamycin 

complex 1 (mTORC1). The mTOR signalling pathway is a focal regulator of proliferation, 

differentiation, metabolism and survival that is widely implicated in neurodevelopmental and 

neurodegenerative disease (Licausi and Hartman, 2018). Several well-studied genes implicated in 

syndromic ASD converge on disruptions to mTOR signalling, including tuberous sclerosis complexes 

(TSC1/2), neurofibromatosis (NF) and phosphatase and tensin homolog (PTEN) (Selamet and Usta, 
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2023). In vivo models have shown that disrupting mTOR signalling during neurodevelopment impairs 

synaptogenesis and synaptic pruning leading to cortical malformations, seizures, hyperactivity and 

differences in sensory processing, cognition and social interactions (Thomas et al., 2023). Indeed, both 

preclinical and clinical studies demonstrate hyperactive mTOR signalling in ASD that can be targeted 

to mitigate ASD-associated behaviours (Winden, Ebrahimi-Fakhari and Sahin, 2018; Thomas et al., 

2023). Therefore, mTOR is proposed to be a convergent mechanism in idiopathic ASD that serves as a 

promising target for novel therapeutic strategies (Ganesan et al., 2019; Sharma and Mehan, 2021). 

Notably, mTOR is a master regulator of mitochondrial metabolism that is broadly regulated by 

metabolic state (Szwed, Kim and Jacinto, 2021) and is directly modulated by methionine availability 

via the SAM Sensor Upstream of MTORC1/Gap Activity TOward Rags 1 (SAMTOR/ GATOR1) 

pathway (Gu et al., 2017). Thus, SAM depletion and mTOR signalling are convergent signatures in 

ASD pathophysiology that function at the interface between metabolic and epigenetic state.  

In fact, SAM coordinates diverse metabolic processes that are critical for mitochondrial homeostasis. 

As the obligatory methyl donor for methylation reactions, SAM modulates the activity of an array of 

mitochondrial enzymes that govern mitochondrial dynamics, structure and function - including Lipoyl 

synthase (LIAS), ubiquinone biosynthesis O-methyltransferases (COQ3 and COQ5) and 

Phosphatidylethanolamine N-methyltransferase (PEMT) (Dieckmann, 2024). LIAS facilitates the 

synthesis of lipoate which is a focal regulator of bioenergetic and redox homeostasis that has been 

shown to modulate mitochondrial biogenesis, integrity and dynamics (Dieter, Esselun and Eckert, 2022; 

Longhitano et al., 2023; Yu et al., 2023) while decreasing oxidative stress, inflammation and 

neurotoxicity (Lv et al., 2022; Zhang et al., 2022; Superti and Russo, 2024). Lipoate functions as a 

cofactor required by four mitochondrial dehydrogenase complexes involved in TCA metabolism and 

anaplerosis; namely, pyruvate dehydrogenase (PDH), Ŭ-ketoglutarate dehydrogenase (ŬKDH), 

branched-chain Ŭ-ketoacid dehydrogenase (BCKD) and 2-oxoadipate dehydrogenase (OADH) (Monn® 

et al., 2022). Together, these complexes facilitate the oxidation of acetyl CoA, branched-chain amino 

acids (BCAAs), lysine and tryptophan coupled to NAD+ cycling, which is an essential regulator of 

oxidative and metabolic state (Xie et al., 2020). On the other hand, COQ produces the ubiquinone that 

forms part of the mitochondrial ETC (Monn® et al., 2022), while PEMT governs the balance between 

phosphatidylethanolamine and phosphatidylcholine in the mitochondrial membrane (Li et al., 2023). 

Consequently, methionine supplementation has been shown to promote TCA cycle flux and 

mitochondrial respiration, improve mitochondrial membrane fluidity and attenuate oxidative and 

metabolic stress in vitro (Tripodi et al., 2018; Catanesi et al., 2021; Goicoechea et al., 2024). 
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Figure 1.3. The SAM Depletion Hypothesis. The methionine cycle shapes mitochondrial structure, metabolism 

and function. Methionine is shunted into the TCA cycle via the methylmalonyl pathway (blue) or used to produce 

SAM in the methionine cycle (pink). SAM directly regulates mTORC1 (purple), a master metabolic regulator, via 

SAMTOR. SAM is also used as a cofactor for several mitochondrial enzymes required for mitostasis: Lipoyl 

synthase (LIAS), which synthesises TCA cycle dehydrogenases, ubiquinone biosynthesis O-methyltransferases 

(COQ3 and COQ5) which produce the ubiquinone in the ETC and Phosphatidylethanolamine N-methyltransferase 

(PEMT) which controls the composition of the mitochondrial membrane. Genes highlighted in red were 

differentially methylated in our ASD cohort. ETC ï Electron Transport Chain; Hcy ï homocysteine; MET ï 

methionine; mTORC1 - Mechanistic Target Of Rapamycin Kinase; MUT ï Methylmalonyl-CoA Mutase; SAH - 

S- adenosylhomocysteine; SAM - S-adenosylmethionine; TCA- Tricarboxylic Acid; PCCB ï Propionyl CoA 

Carboxylase B; PRMT - Protein Arginine N-methyltransferase 1.  

Together, the integrated pathways that drive OXPHOS and 1C metabolism reveal a mechanistic 

relationship between methylation capacity and mitochondrial function that bridges separate molecular 

signatures implicated in ASD. Interestingly, the methylmalonyl pathway was implicated across three of 

the nine significantly enriched canonical pathways in our SA ASD cohort, as well as several SAM-

dependent processes involved in acyl metabolism, lipoate salvage and ETC function. Thus, a 

relationship between methionine cycling and mitochondrial metabolism may contribute to the metabolic 

phenotype observed in our ASD cohort. Notably, the biochemical signature that underpins this 
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relationship has significant implications for the regulation of neurodevelopment, physiology and 

function. Mitochondrial dysfunction is associated with impaired OXPHOS, reduced ATP synthesis and 

a consequent energy deficit, which has been well-described in the context of both metabolic disease and 

neuropathology. However, mitochondria are also implicated in diverse biological processes, ranging 

from Ca2+ buffering, redox balance and apoptosis to gene expression, hormone synthesis, immune 

signalling and neurotransmission (Picard, Wallace and Burelle, 2016). As the mitochondrial component 

of ASD aetiology has become increasingly recognised, mitochondria are also emerging as central 

regulators of neuronal development and function that shape diverse aspects of ASD physiology.  

1.3. Mitochondrial Mechanisms in Neurodevelopment 

During neurodevelopment, pluripotent neuronal stem cells (NSCs) differentiate into mature neurons 

and glial cells in response to tightly regulated spatiotemporal cues that shape neuronal architecture    

(Beckervordersandforth, 2017). Symmetric cell division facilitates NSC self-renewal, while 

asymmetric division gives rise to intermediate precursors (IPCs) that migrate to the outer layer of the 

ventricular zone before undergoing differentiation (Belmonte-Mateos and Pujades, 2022). During early 

embryogenesis, IPCs undergo neurogenesis to produce mature neurons, while mature glial cells are 

generated through gliogenesis during late pre-natal and early post-natal development (Sheloukhova and 

Watanabe, 2024). A tight balance between NSC quiescence, activation, proliferation, migration and 

differentiation governs neurophysiology and function from embryonic development to adulthood 

(Scandella et al., 2023). Notably, neurodifferentiation is characterised by a distinct remodelling of 

mitochondrial metabolism and dynamics that functions as a fundamental regulator of stem cell fate 

(Maffezzini et al., 2020; Brunetti et al., 2021; Iwata and Vanderhaeghen, 2021; Landry and Huang, 

2021; Coelho et al., 2022; Ozgen et al., 2022; Bonzano et al., 2024; Garone, De Giorgio and Carli, 

2024).   

Metabolic state is shaped by interdependent processes that govern mitochondrial metabolism and 

dynamics. On the one hand, different profiles of substrate utilisation regulate the balance between 

anabolic and catabolic metabolism that modulates energy production and biosynthesis (Figure 1.4). 

Undifferentiated NSCs largely rely on aerobic glycolysis to produce the metabolic intermediates that 

drive rapid cell growth and proliferation (Maffezzini et al., 2020). Glycolysis produces energy more 

quickly, but less efficiently than OXPHOS (Iwata and Vanderhaeghen, 2021); thus, NSCs also rely on 

fatty acid oxidation (FAO) to meet their energy demands (S§nchez-Ram²rez et al., 2024). On the other 

hand, post-mitotic differentiating neurons exhibit high rates of mitochondrial respiration to fuel the 

energy-demanding processes required for neurite outgrowth, axonal transport and synaptic signalling 

(Iwata and Vanderhaeghen, 2021). Concurrently, fatty acid metabolism shifts away from FAO towards 

de novo lipogenesis, to facilitate the synthesis of membrane lipids required for synaptogenesis, synaptic 

vesicle cycling and myelination (Maffezzini et al., 2020).  
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Figure 1.4. An Overview of Mitochondrial Metabolism. Glucose that is imported into the cytosol is metabolised 

by aerobic glycolysis (purple) to produce i) nucleotides or non-essential amino acids (NEAAs) in the pentose-

phosphate pathway (PPP); ii) hexosamines and glycerol, used to synthesise glycoconjugates; iii) serine and 

glycine, used for one-carbon (1C) metabolism and glutathione (GSH) synthesis; or iv) proteins, collagen, bile 

salts, purines and porphyrins. The pyruvate derived from glycolysis can either be converted to lactate in a reaction 

that produces 8 ATP molecules per mol of glucose or imported into the mitochondria as acetyl CoA to fuel 

oxidative phosphorylation (OXPHOS) (blue). The reducing equivalents generated in the TCA cycle drive electron 

transport chain (ETC) activity, producing 32 ATP molecules per mol of glucose. In addition to glucose, lipids can 

provide acetyl CoA via fatty acid oxidation (FAO), while glutamine and branched chain amino acids (BCAAs) 

can be incorporated into the TCA cycle via glutaminolysis or the methylmalonyl pathway respectively. Citrate can 

be exported from the mitochondria to fuel lipogenesis while glutamate is incorporated into 1C metabolism as a 

substrate for GSH synthesis.  

Current evidence suggests that metabolic remodelling during neurogenesis is driven by a marked 

downregulation of canonical glycolytic genes including the c-MYC proto-oncogene (c-MYC), 

hexokinase (HK2), lactate dehydrogenase (LDHA) and pyruvate kinase isoform 2 (PKM2) (Khacho 

and Slack, 2018). Simultaneously, an increase in mtDNA copy number, mitochondrial mass, 

mitochondrial membrane potential, mitochondrial gene expression and ETC activity is mediated by an 

upregulation of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1Ŭ), 

estrogen-related receptor gamma (ERRɔ) and mitochondrial transcription factor A (TFAM) which 

function as master transcriptional regulators of mitochondrial metabolism, biogenesis and redox 

homeostasis (Zheng et al., 2016). Importantly, attenuating this metabolic shift by upregulating aerobic 
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glycolysis, inhibiting mitochondrial respiration or disrupting mitochondrial biogenesis, translation, 

dynamics or mtDNA integrity has been shown to significantly impede neuronal differentiation and 

survival (Zheng et al., 2016; Arr§zola et al., 2018; Khacho and Slack, 2018; Baum and Gama, 2021). 

Similarly, the remodelling of lipid metabolism plays a defining role in regulating cell fate transitions. 

Although the brain predominantly primarily relies on glucose as an energy source, fatty acids are critical 

for NSC maintenance, proliferation, migration and differentiation (Ito et al., 2016; Iwata and 

Vanderhaeghen, 2021), while cholesterol, phospholipids and sphingolipids sustain neuronal integrity, 

plasticity and signalling (S§nchez-Ram²rez et al., 2024). Neuronal lipid homeostasis is maintained by 

PPARŬ and ɔ, which function as master regulators of fatty acid uptake, transport, storage and turnover 

(M. DôAngelo et al. 2018). During development, the balance between FAO and lipogenesis is 

determined by carnitine palmitoyltransferase 1 (CPT1Ŭ), which imports fatty acids into the 

mitochondrial matrix, and malonyl CoA, which functions as a substrate for lipogenesis and an 

endogenous inhibitor of FAO (Fad·, Rodr²guez-Rodr²guez and Casals, 2021). In NSCs, the high AMP: 

ATP ratio maintained by glycolysis inhibits lipogenesis via AMPK, which decreases intracellular 

malonyl CoA by inhibiting acetyl-CoA carboxylase (ACC) and activating malonyl-CoA decarboxylase 

(MCD) (Foster, 2012). As neurons differentiate, an increase in oxidative ATP production coincides with 

a decrease in CPT1Ŭ expression, leading to an increase in malonyl CoA synthesis and a decrease in 

mitochondrial fatty acid import (Knobloch et al., 2017). Inhibiting FAO has been shown to attenuate 

NSC self-renewal (Ito et al., 2016; Knobloch et al., 2017), while genetically disrupting lipogenesis 

impairs neuronal differentiation, memory and cognition (Knobloch et al., 2013; Di Giacomo et al., 

2017; Bowers et al., 2020). Thus, the shift in glucose metabolism is intrinsically tied to the 

reprogramming of fatty acid utilisation during neurodevelopment, and both are essential to modulate 

NSC self-renewal and differentiation. 

As mitochondrial respiration is upregulated to meet higher energy demands, an increase in the 

production of reactive oxygen species (ROS) necessitates a remodelling of mitochondrial dynamics to 

cope with metabolic and oxidative stress (Martorana et al., 2018). Mitochondrial dynamics refers to the 

integrated processes that maintain mitochondrial homeostasis (or mitostasis) by modulating 

mitochondrial abundance, localisation, ultrastructure, interconnectivity and turnover (Figure 1.5) 

(Quintana-Cabrera and Scorrano, 2023). The molecular regulation of mitostasis is multidimensional 

and complex, with new facets still emerging in ongoing research. Still, the major players that govern 

mitochondrial integrity are well-characterised, with the current state of the field comprehensively 

reviewed elsewhere (Giacomello et al., 2020; Iwata, Casimir and Vanderhaeghen, 2020; Cardanho-

Ramos and Morais, 2021; Campos, Bozi and Ferreira, 2022; Choubey, Zeb and Kaasik, 2022; Coelho 

et al., 2022; Chen, Zhao and Li, 2023; Quintana-Cabrera and Scorrano, 2023; Ul Fatima and 

Ananthanarayanan, 2023; Kondadi and Reichert, 2024; Lacombe and Scorrano, 2024; Wang et al., 

2024; Zimmermann et al., 2024). 
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Figure 1.5. An Overview of Mitochondrial Dynamics. Mitochondrial biogenesis drives mitochondrial DNA 

replication and translation via peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1Ŭ), 

nuclear respiratory factors (NRF1/2) and mtDNA transcription factor A (TFAM). Mitochondrial fission and fusion 

maintain mitochondrial function and ultrastructure via the coordinated actions of mitofusin 1/2 (MFN1/2), optic 

atrophy protein 1 (OPA1), Stomatin-like protein 2 (STOML2), dynamin-related protein 1 (DRP1) and 

mitochondrial fission protein 1 (FIS1). Mitophagy degrades damaged mitochondria tagged by phosphatase and 

tensin homolog-induced kinase 1 (PINK1) and Parkin (PARK) while trafficking kinesin (TRAK) and 

mitochondrial rho (MIRO) adaptor proteins transport mitochondria along microtubules in the intracellular 

cytoskeleton.  

Mitochondrial biogenesis (or mitogenesis) is governed by PGC1Ŭ, a master regulator of mitostasis, and 

nuclear factor erythroid-derived 2-like 2 (Nfe2l2), a redox-sensitive transcription factor that modulates 

oxidative state (Cherry and Piantadosi, 2015). Following transcriptional activation by PGC1Ŭ or Nfe2l2, 

nuclear respiratory factors (NRFs) facilitate mtDNA replication by upregulating the expression of 

mtDNA transcription factors (Chen et al., 2022). Fusion and fission are orchestrated by canonical 

dynamin-related GTPases mitofusin 1/2 (MFN1/2), optic atrophy protein 1 (OPA1), dynamin-related 

protein 1 (DRP1) and mitochondrial fission protein 1 (FIS1) in cooperation with accessory proteins at 

the inner and outer mitochondrial membranes (Quintana-Cabrera and Scorrano, 2023). Mitochondrial 

ultrastructure is determined by the structure, complexity and density of the cristae (Pernas and Scorrano, 

2016), governed by interactions between OPA1, Stomatin-like protein 2 (STOML2) and the 

mitochondrial contact site and cristae organising system (MICOS) complex at the inner mitochondrial 

membrane (Hu et al., 2021; Kondadi and Reichert, 2024). Mitochondrial trafficking is facilitated by 
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microtubule-anchored kinesins and dynein motors linked to mitochondria via trafficking kinesin 

(TRAK) and mitochondrial rho (MIRO) adaptor proteins (Chen, Zhao and Li, 2023), while mitophagy 

is mediated by interactions between PTEN homolog-induced kinase 1 (PINK1), Parkin and autophagic 

machinery (Lacombe and Scorrano, 2024). Together, a tight balance between each branch of mitostasis 

is a prerequisite for neuronal metabolism, development and survival.  

Mitochondrial dynamics are tightly coupled to stem cell fate, with separate roles played by 

mitochondrial biogenesis, fission, fusion and mitophagy during different phases of development 

(Khacho and Slack, 2018). As NSCs develop into mature neurons, they acquire a highly polarised 

morphology with functionally and physiologically distinct sub-cellular domains (Papageorgiou and 

Filiou, 2024). Thus, a remodelling of mitochondrial dynamics is crucial to meet local energy demands 

in growth cones, axonal branches, dendritic arbours and synaptic terminals (Goglia et al., 2024). The 

transition from NSC self-renewal to differentiation is triggered by mitochondrial fission and clearance, 

which eliminates exhausted mitochondria, promotes mitochondrial motility and facilitates efficient 

mitochondrial turnover (Arr§zola et al., 2018). As a result, the mitochondrial network is redistributed 

across distal regions of neuronal axons, growth cones and synapses where local energy production and 

Ca2+ buffering are most critical (Goglia et al., 2024). The sub-cellular localisation of mitochondria 

orchestrates neuronal polarisation and synaptogenesis by driving axon formation, axon branching and 

dendritic arborisation (Beckervordersandforth, 2017). At the same time, an increase in local biogenesis, 

fission and fusion enables rapid changes to mitochondrial capacity in response to dynamic 

developmental conditions (Han et al., 2021).   

When neurons become terminally differentiated, these dynamic mitochondrial pools are replaced by 

organised mitochondrial networks with complex, interconnected branches (Alberti et al., 2022). Stable 

mitochondrial populations are established at synaptic terminals and mitochondrial ultrastructure 

matures, with well-defined, complex cristae that enhance metabolic capacity by increasing the surface 

area available for ETC activity and facilitating the formation of respiratory super-complexes and 

intracistal compartments in the mitochondrial matrix (Baum and Gama, 2021).  Importantly, this shift 

in mitochondrial dynamics is intrinsically linked to metabolic state (Wai and Langer, 2016; 

Zimmermann et al., 2024) and disrupting mitochondrial remodelling has profound implications for 

neuronal metabolism and differentiation.  Knockdown studies have shown that promoting fusion in 

NSCs leads to self-renewal, while inducing fission triggers differentiation (Khacho and Slack, 2018). 

On the other hand, inhibiting fusion, fission or mitophagy impairs neurite outgrowth, axon branching, 

synaptic vesicle cycling and neurotransmission (Vantaggiato et al., 2019; Baum and Gama, 2021). Thus, 

current evidence suggests a synergistic reprogramming of glucose and lipid metabolism underpinned 

by a remodelling of mitochondrial dynamics that drives neuronal maturation (Figure 1.6). 
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Figure 1.6. The Metabolic Shift: 

Mitochondrial Remodelling During 

Neurogenesis. Neurodifferentiation is 

driven by a remodelling of 

mitochondrial metabolism and 

dynamics. As neurons mature, glucose 

metabolism shifts from glycolysis to 

oxidative phosphorylation 

(OXPHOS), while lipid metabolism 

switches from fatty acid oxidation 

(FAO) towards lipogenesis. Neuronal 

commitment is marked by increased 

mitochondrial fragmentation, motility 

and turnover as high rates of 

mitochondrial fission, trafficking, 

mitophagy and biogenesis facilitate 

rapid mitochondrial remodelling 

across nascent synapses. Upon 

terminal differentiation, 

mitochondrial pools stabilise, and 

mitochondrial ultrastructure matures, 

while fusion drives the formation of 

elongated and interconnected 

mitochondrial networks. 

The relationship between neuronal metabolism and differentiation is multifaceted, involving 

mitochondria-to-nucleus retrograde signalling and biochemical crosstalk between the canonical 

pathways that govern development and mitostasis. Section 1.2 highlighted that mitochondrial 

metabolism influences epigenetic state, while S§nchez-Ram²rez et al., (2024) recently described the 

tight coupling between metabolic and epigenetic remodelling that drives neurogenesis (Figure 1.7). 

Oxidative respiration supplies acetyl CoA to histone acetyltransferases (HATs) that activate neuron-

specific genes, while the NAD+ required for OXPHOS, glycolysis and FAO also drives the activity of 

Sirtuin (SIRT) histone deacetylase (HDACs). The acyl CoA/CoA and NAD+/NADH ratios that are 

broadly modulated by metabolic state shape the histone acetylation profiles that determine NSC fate. 

Likewise, the intracellular pools of ŬKG, succinate and fumarate modulate DNAm patterns by 

regulating Jumonji-C domain-containing (JMJC) histone demethylases and Tet DNA demethylases 

(Garone, De Giorgio and Carli, 2024). Notably, both preclinical and epidemiological studies have 

shown that DNAm is altered by disruptions to 1C metabolism during development (Lin et al., 2014; Yu 

et al., 2014; K¿hnen et al., 2016; Rabaneda et al., 2016; Fawal et al., 2018; Wang et al., 2022), while 

SAM, SAH and methionine levels influence NSC fate by remodelling DNAm in vitro (Shyh-Chang et 

al., 2013; Shiraki et al., 2014; Sperber et al., 2015; Desai et al., 2019). Thus, the redox/methylation 

hypothesis in ASD has important implications for the relationship between epigenetic and metabolic 

state during neurodevelopment.  
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Figure 1.7. The Relationship Between Metabolic and Epigenetic Remodelling (inspired by Matilainen, 

Quir·s and Auwerx, 2017). The acetyl CoA that fuels the TCA cycle is used as a cofactor for histone 

acetyltransferases (HATs), while sirtuin histone deacetylases rely on the nicotinamide adenine dinucleotide 

(NAD+) derived from oxidative phosphorylation. Alpha-ketoglutarate (ŬKG) removes DNA methylation marks 

by activating Tenïeleven translocation (TET) demethylases while succinate and fumarate competitively inhibit 

TETs and Histone lysine demethylases (KDMs). Lastly, the S-Adenosyl methionine (SAM) produced in one 

carbon metabolism is a cofactor for histone and DNA methyltransferases.  

As well as directly regulating the expression of neurogenic genes via epigenetic remodelling, 

mitochondria also modulate the upstream signalling cascades that shape the neurogenic transcriptome. 

The Wnt and Notch pathways are the two major pathways involved in cell fate determination that 

function synergistically to modulate neuronal differentiation and patterning (Bejoy et al., 2020). Notch 

signalling is mediated by interactions between cognate transmembrane receptors on neighbouring cells, 

triggering the cleavage and nuclear translocation of the Notch intracellular domain (NICD) to promote 

the expression of bHLH transcription factors that maintain pluripotency (Lampada and Taylor, 2023). 

Canonical WNT/ɓ-catenin signalling is activated by secreted glycoprotein ligands that bind to 

transmembrane Frizzled (FZD) receptors, leading to the inhibition of the Glycogen synthase kinase-3 

beta (GSK3ɓ) complex which allows for the ɓ-catenin-dependent activation of Wnt target genes 

involved in NSC proliferation and lineage commitment (Liu et al., 2022). On the other hand, non-

canonical Wnt signalling is mediated via the Jun N-terminal kinase (JNK), Rho-associated kinase 

(ROCK), phospholipase C (PLC), phosphoinositide-3 kinase (PI3K) and protein kinase C (PKC) 
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cascades that modulate cytoskeletal remodelling, synaptogenesis and survival (Bengoa-Vergniory and 

Kypta, 2015; Konopelski Snavely et al., 2023). Both the Notch and Wnt pathways interact with the 

mTOR cascade that regulates cell growth, pluripotency and morphogenesis in concert with TGF-ɓ, 

Hedgehog (Shh) and Hippo signalling, forming an integrated regulatory network that shapes neuronal 

identity, morphology and function (Hurlbut et al., 2007; Boksha et al., 2021).   

Increasing evidence suggests that these pathways are sensitive to biochemical markers of metabolic and 

oxidative state and directly influence the transcriptional mechanisms that govern mitostasis. Firstly, the 

interplay between mitochondrial dynamics and Notch signalling plays an instrumental role in neuronal 

lineage commitment. In undifferentiated stem cells, Notch signalling promotes glycolytic metabolism 

through interactions with forkhead box protein O1 (FOXO1), which regulates the expression of rate-

limiting enzymes in canonical glycolysis (Hwang, Tang and Paik, 2021). Concurrently, canonical Notch 

signalling inhibits the expression of both PPARɔ and PGC1Ŭ, decreases mitochondrial content and 

reduces ETC activity (Bi and Kuang, 2015; Huang et al., 2023; Tien et al., 2023) while limiting 

mitochondrial ROS and maintaining mitochondrial integrity via interactions with PINK1 and Bcl-2 

Associated X-protein (BAX) (Kasahara and Scorrano, 2014). The mitochondrial fragmentation that 

triggers neuronal differentiation is accompanied by an upregulation of mitochondrial-derived ROS, 

which inhibits Notch signalling via Nfe2l2 (Khacho et al., 2016). Here, oxidative stress triggers the 

nuclear translocation of Nfe2l2, which upregulates the transcription of the Notch inhibitor Botch 

(Khacho and Slack, 2018). At the same time, the enhanced ETC activity increases the NAD+/ NADH 

ratio, culminating in the activation of SIRT1, which represses canonical Notch signalling as part of a 

polycomb repressive complex (Yu et al., 2024). Targeted disruptions to mitochondrial dynamics have 

been shown to modulate the Notch pathway via CaĮ+ / calcineurin signalling (Kasahara and Scorrano, 

2014), while several studies have demonstrated changes to Notch signalling in response to specific 

metabolic substrates, mtDNA mutations and ETC inhibitors (Wakabayashi et al., 2014; Rodrigues et 

al., 2020; Winanto et al., 2020; Tay, Chia and Ong, 2021). Together, this illustrates a tight coupling 

between Notch signalling and metabolic remodelling that governs stem cell fate.   

Likewise, an interdependent relationship between Wnt signalling and metabolic state is critical to 

regulate NSC metabolism, proliferation and differentiation. Canonical Wnt signalling promotes 

glycolysis by upregulating c-MYC, LDHA, monocarboxylate lactate transporter 1 (MCT-1), hypoxia-

inducible factor-1Ŭ (HIF-1Ŭ) and pyruvate dehydrogenase kinase (PDK), shunting pyruvate towards 

lactate production rather than OXPHOS (Vall®e, Lecarpentier and Vall®e, 2021). At the same time, an 

antagonistic relationship between Wnt/ɓ-catenin and PPARɔ governs glycolysis, OXPHOS, 

mitochondrial biogenesis, lipid metabolism and redox homeostasis (Corona and Duchen, 2016).  

Indeed, Wnt signalling has been shown to modulate at least 150 genes involved in mitochondrial 

function (Garone, De Giorgio and Carli, 2024). Both Wnt/ɓ-catenin and Wnt/ Ca2+ signalling regulate 

mitochondrial biogenesis, dynamics and morphology (Arr§zola, Silva-Alvarez and Inestrosa, 2015; 
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Singh et al., 2018; Mishra et al., 2019); and conversely, disruptions to mitochondrial metabolism, 

dynamics and redox homeostasis have been shown to alter Wnt signalling in vitro (Bernkopf and 

Behrens, 2018; Zhang et al., 2019, 2022; Delgado-Deida, Alula and Theiss, 2020; Cui et al., 2021).  

Impairments to mitochondrial ATP production can promote Wnt/ ɓ-catenin signalling via the AMPK-

dependent phosphorylation of ɓ-catenin (Zhang et al., 2019); however, mitochondrial dysfunction can 

also inhibit Wnt signalling by inducing endoplasmic reticulum (ER) stress (Garone, De Giorgio and 

Carli, 2024). Mitochondrial-derived ROS has been shown to activate Wnt signalling via interactions 

with the Dishevelled and Nucleoredoxin complex (Delgado-Deida, Alula and Theiss, 2020) while 

mitochondrial dynamics modulates ɓ-catenin degradation via the Ca2+ / calmodulin-dependent protein 

kinase II (CaMKII) cascade (Bernkopf and Behrens, 2018; Cui et al., 2021). The coupling between 

Wnt/ɓ-catenin and mitostasis has been demonstrated in several preclinical models using targeted gene 

knockdowns, ETC inhibitors or mitochondrial transplantation (Bernkopf and Behrens, 2018; Singh et 

al., 2018; Zhang et al., 2019, 2022) and this relationship has been found to play an integral role in 

determining NSC fate (Rharass et al., 2014).  

Lastly, increasing evidence demonstrates a reciprocal interplay between Wnt and mTOR signalling that 

orchestrates metabolic reprogramming during differentiation (Garone, De Giorgio and Carli, 2024). On 

the one hand, GSK3ɓ cooperates with AMPK to inhibit mTORC1 by phosphorylating TSC2 in response 

to energetic stress; however, GSK3ɓ has also been shown to promote mTOR signalling by targeting 

p70S6 kinase (S6K1), eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1) and the 

regulatory-associated protein of mTOR (RAPTOR) (Papadopoli, Pollak and Topisirovic, 2021). On the 

other hand, the PI3K/AKT cascade that activates mTORC1 also inhibits GSK3ɓ, while mTOR directly 

impedes GSK3ɓ-dependent transcription by preventing its nuclear translocation (Bautista et al., 2018). 

Notably, section 1.2. introduced the mTOR pathway as a master metabolic regulator that is centrally 

implicated in ASD aetiology. During neurogenesis, the PI3K/AKT cascade plays a fundamental role in 

driving the mitochondrial metabolic shift by activating mTOR and upregulating cAMP response 

element binding protein (CREB), which increases the expression of PGC1Ŭ to promote mitochondrial 

biogenesis and function (Agostini et al., 2016; Beckervordersandforth, 2017). Conversely, mTOR 

signalling is regulated by AMPK, cAMP, ŬKG and acetyl CoA, and is thus tightly coupled to metabolic 

state (Szwed, Kim and Jacinto, 2021). Critically, interactions between Wnt and mTOR signalling have 

been shown to drive cortical neurogenesis in vitro (L·pez-Tob·n et al., 2019) while Wnt/mTOR 

crosstalk is linked to the behavioural, neurophysiological and cognitive disruptions observed in ASD 

murine models (Qin, Dai and Yin, 2016). Thus, Wnt and mTOR signalling function as synergistic 

regulators of metabolism and development that connect the mitochondrial and neurological components 

of ASD aetiology.   
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Notably, cumulative genetic and preclinical data demonstrates a consistent role for Wnt signalling in 

ASD (Caracci, Avila and De Ferrari, 2016; Kwan, Unda and Singh, 2016; Mulligan and Cheyette, 2016; 

Bae and Hong, 2018; Iakoucheva, Muotri and Sebat, 2019; Vall®e, Vall®e and Lecarpentier, 2019; 

Caracci et al., 2021; Elgamal et al., 2023). In fact, a recent systematic review highlights a relationship 

between Wnt signalling, glycolysis, and oxidative stress in ASD murine models (Bou Najm, Alame and 

Takash Chamoun, 2024). Likewise, preclinical models for ASD consistently report hallmarks of 

constitutive Notch signalling which can be targeted to mitigate ASD-associated behaviours (Li et al., 

2023; Zhang, Wang, Li, Deng and Shen, 2023; Zhang, Wang, Li, Deng, He, et al., 2023; Deng et al., 

2024). Thus, Wnt, Notch and mTOR signalling serve as convergent mechanisms involved in neuronal 

metabolism and maturation with direct relevance for ASD aetiology.  

Together, this discussion illustrates a central role for mitochondria in the regulation of neuronal 

differentiation through interactions with neurogenic signalling pathways that are separately implicated 

in ASD neurology. Considering the cumulative evidence for mitochondrial dysfunction in ASD, 

disruptions to metabolic reprogramming that interfere with neuronal maturation may contribute to the 

neurodevelopmental and neurophysiological hallmarks of ASD that alter cognition and behaviour. This 

is the mechanistic hypothesis that has shaped this thesis and its primary objectives. However, the 

relevance of mitochondrial function to ASD aetiology extends far beyond the context of embryonic 

neurogenesis. In fact, mitochondria continuously shape the interactions within and between 

heterogenous cell populations in the brain that regulate neuronal plasticity, neurophysiology and 

behaviour throughout post-natal development and adulthood.   

1.4. Beyond Neurogenesis: The Metabolic Nexus of ASD Neurology 

Neuronal differentiation is just one aspect of neurodevelopment that is modulated by interactions 

between diverse cell types in the developing brain. Glial cells are non-excitable cells in the CNS that 

are critical for neuronal metabolism, structure, plasticity and function with diverse roles in 

immunoregulation, neuroprotection, blood-brain barrier formation, redox homeostasis and 

neurotransmission (Sheloukhova and Watanabe, 2024). Glial cells comprise both macroglia (astrocytes 

and oligodendrocytes derived from NSCs during late embryogenesis) and microglia (the resident 

immune cells in the CNS derived from macrophage progenitors in the yolk sac) (Revuelta et al., 2020; 

P®rez-Rodr²guez, Blanco-Luquin and Mendioroz, 2021). Glial phenotypes are dynamic, shift in 

response to different stimuli and can be either neurotoxic or neuroprotective (Afridi et al., 2020). Gliosis 

describes a pathogenic consequence of impaired glial homeostasis, marked by an over-proliferation of 

reactive glia and chronic neuroinflammation (Sofroniew, 2020). Markedly, gliosis has been described 

as a universal hallmark of neuropathology (Verkhratsky, Rodr²guez and Parpura, 2013) that is widely 

documented in both mitochondrial disease (Lake et al., 2015; Sherry, Lee and Choi, 2015; McAvoy and 
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Kawamata, 2019; Hanaford and Johnson, 2022; Aguilar et al., 2024) and ASD (Petrelli, Pucci and 

Bezzi, 2016; Gğadysz, KrzywdziŒska and Hozyasz, 2018; Mekori-Domachevsky, Segal-Gavish and 

Gross, 2019; Liao, Liu, et al., 2020; Liao, Yang, et al., 2020; Revuelta et al., 2020; Savino et al., 2020; 

Usui, Kobayashi and Shimada, 2023). Indeed, post-mortem studies have demonstrated an upregulation 

of microglial-specific genes (Edmonson, Ziats and Rennert, 2014), increased microglial density 

(Morgan et al., 2010; Tetreault et al., 2012), excessive microglial activation (Vargas et al., 2005; Suzuki 

et al., 2013) and disruptions to microglial morphology and organisation in ASD brain tissue (Liao, Yang, 

et al., 2020; Fetit et al., 2021) while innate immune activation is a well-established component of ASD 

aetiology (Hughes, Moreno and Ashwood, 2023; Aytulun and ¦nal, 2024; Vacharasin et al., 2024).  

Notably, distinct metabolic signatures underpin the dynamic glial phenotypes that shape neuronal 

circuitry (Afridi et al., 2020). Microglia are the only glial cells present in the early embryonic brain 

(Schafer et al., 2012) that are continuously remodelled during neurodevelopment to regulate NSC self-

renewal, migration and differentiation, synaptogenesis and synaptic pruning (Savino et al., 2020; P®rez-

Rodr²guez, Blanco-Luquin and Mendioroz, 2021). This necessitates a careful balance between the 

resting and reactive microglial phenotypes which is primarily governed by the classical complement 

system (Magdalon et al., 2020). However, mitochondrial metabolism also modulates microglial 

activation via both extrinsic and intrinsic mechanisms (Figure 1.8).  Mitochondrial dysfunction in 

surrounding brain tissue leads to the release of damage-associated molecular patterns (DAMPs) that 

bind to microglial receptors and induce pro-inflammatory signalling (Castora, 2019). Conversely, 

microglial activation is intrinsically coupled to metabolic reprogramming (Lauro and Limatola, 2020). 

Resting microglia rely primarily on OXPHOS, while the shift toward the inflammatory M1 phenotype 

is driven by a decrease in mitochondrial respiration and an upregulation of glycolysis (Harry et al., 

2020). Concurrently, microglial activation is marked by a switch from FAO to fatty acid synthesis (FAS) 

that remodels TCA cycle flux and ETC activity (Loving and Bruce, 2020). In fact, recent work has 

demonstrated that mitochondrial metabolism directly regulates microglial activation while 

mitochondrial dysfunction has profound implications for microglial inflammatory state (Bernier, York 

and MacVicar, 2020; Fairley, Wong and Barron, 2021). In vitro studies have shown that microglial 

activation is induced by ETC inhibition and mitochondrial fragmentation, while this response could be 

mitigated by targeting mitochondrial fission, membrane potential, or ROS (Park et al., 2013; Ye et al., 

2016; Lauro and Limatola, 2020; Mora-Romero et al., 2024). At the same time, mitochondrial 

dysfunction inhibits the transition to the anti-inflammatory M2 phenotype, exacerbating 

neuroinflammation and oxidative stress (Ferger et al., 2010; Tang and Le, 2016). Conversely, different 

cytokine stimuli are known to alter microglial metabolic state. Inflammatory stimuli were found to 

induce a metabolic switch from OXPHOS to glycolysis in microglia in vitro, marked by increased 

lactate production and decreased mitochondrial activity, oxygen consumption and ATP production 

(Voloboueva et al., 2013; Gimeno-Bay·n et al., 2014; Lively and Schlichter, 2018). This metabolic shift 
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correlates with increased production of proinflammatory cytokines and nitric oxide (Freemerman et al., 

2014; Lively and Schlichter, 2018), demonstrating a proinflammatory feedback loop driven by 

metabolic reprogramming. 

 

Figure 1.8. The Mitochondrial Modulation of Neuroimmune State (Taken and adapted from Mahony and 

OôRyan, (2022)). Neuroimmune homeostasis is maintained by a tightly regulated interplay between dynamic glial 

phenotypes. Microglial activation toward a pro-inflammatory state is driven by intrinsic metabolic reprogramming 

away from oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO) toward glycolysis, fatty acid 

synthesis (FAS) and the pentose phosphate pathway (PPP). Conversely, microglial metabolic profile directly 

influences inflammatory state. Activated microglia release pro-inflammatory cytokines and ROS, which in turn 

activates neighbouring astrocytes and induces mitochondrial dysfunction in neurons. Reactive astrocytes release 

lactate and Ca2+, which upregulates glutamatergic neurotransmission and culminates in an excitotoxic loop that 

drives further inflammation and oxidative stress. Damaged mitochondria in neurons induce the release of damage-

associated molecular patterns (DAMPs), upregulating pro-inflammatory signalling in microglia.  

The reciprocal relationship between microglial metabolism and activation has significant consequences 

for NSC fate. Both metabolic (Fasano et al., 2009; Liu et al., 2009; Chatoo et al., 2010; Wang et al., 

2013) and oxidative (Hou et al., 2012; Huang, Zou and Corniola, 2012; Prozorovski et al., 2015) stress 

have been found to promote gliogenesis at the expense of neurogenesis in vitro. Likewise, pathological 

microglial activation has been shown to enhance NSC proliferation and gliogenesis while inhibiting 

neuronal differentiation and survival (Sato, 2015; Zhang, Zhang and You, 2018; Araki, Ikegaya and 

Koyama, 2021; P®rez-Rodr²guez, Blanco-Luquin and Mendioroz, 2021). By shifting NSC fate towards 
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gliogenesis and inducing microglial activation, mitochondrial dysfunction could significantly influence 

the composition, connectivity and plasticity of neural networks. Indeed, disruptions to microglial 

metabolism lead to synaptic pruning deficits, excitotoxicity and neurodegeneration with implications 

for neurophysiology, cognition and behaviour (Araki, Ikegaya and Koyama, 2021; Yang et al., 2021; 

Cantando et al., 2024).  Notably, aberrant microglial activation is thought to contribute to the increased 

dendritic spine density, cortical hyperconnectivity, excitation/inhibition (E/I) imbalance and resultant 

behavioural phenotypes in ASD (Cowan, Petri and Jr., 2018; Zengeler and Lukens, 2021; Luo and 

Wang, 2024). Moreover, both clinical and preclinical studies have revealed a role for mTOR (Johnson 

et al., 2013; Wen et al., 2013; Sarn et al., 2020; Cantando et al., 2024) and Wnt (Scuderi et al., 2014; 

Xu et al., 2015; Lee et al., 2019) signalling in the relationship between mitochondrial dysfunction and 

astrogliosis, which emphasises the convergence between the metabolic and neuroimmune mechanisms 

that govern neurogenesis in ASD.  

Beyond embryogenesis, interactions between mitochondria, microglia and macroglia continuously 

modulate neuronal activity, structure and function. Astrocytes and oligodendrocytes provide neurons 

with trophic, metabolic and structural support that is essential for neuronal viability, and these functions 

are closely coupled to glial metabolism (Sheloukhova and Watanabe, 2024). Unlike resting microglia, 

astrocytes and oligodendrocytes rely primarily on glycolysis, and both provide axons with glycolytic 

intermediates to support neuronal energy production (Mayorga-Weber, Rivera and Castro, 2022). 

Astrocytes are immensely energetic cells marked by high rates of glucose consumption, glycolytic and 

mitochondrial respiration, and an enhanced resistance to oxidative stress that allows them to effectively 

metabolise fatty acids (Maly, Morales and Pletnikov, 2021). Oligodendrocytes exhibit a comparatively 

greater degree of oxidative reliance to sustain the energy-demanding process of myelin synthesis but 

lack the antioxidant capacity of astrocytes, which limits their capacity for FAO (Meyer and Rinholm, 

2021). As a result, both neurons and oligodendrocytes rely on substrates derived from astrocytic 

metabolism through neuron-glia metabolic coupling (Figure 1.9). 

Neurons rely on glial glycolysis for metabolic intermediates, antioxidant enzymes and neurotransmitter 

precursors ï including lactate, alanine, glutathione, glycine and serine (Afridi et al., 2020). Moreover, 

astrocytic fatty acid metabolism functions as an essential buffer against nutrient depletion or lactic 

acidosis and provides substrates for the lipids that comprise neuronal membranes and synaptic vesicles 

(Barber and Raben, 2019). As neuronal energy supplies are depleted with chronic stimulation, 

peroxidated fatty acids are shuttled from neurons to astrocytes, where they are either stored as lipid 

droplets or oxidised to produce acetyl CoA, NADH, FADH or ketones to fuel neuronal respiration (Rose 

et al., 2017). Concurrently, redox homeostasis is maintained by a reciprocal relationship between 

neuronal oxidative state and astrocytic glutathione synthesis. Oxidative stress upregulates astrocytic 

glycolysis to increase the supply of cysteine, glutamate and y-glutamatylcysteine for GSH biosynthesis 

in neighbouring neurons (Vicente-Gutierrez et al., 2019). Meanwhile, mitochondrial respiration in 
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astrocytes is reduced as glutamate is shunted away from TCA anaplerosis towards GSH synthesis. As 

such, astrocyte metabolism is tightly coupled to neuronal activity. Glutamatergic signalling promotes 

glycolysis via the induction of CaĮ+ signalling cascades in astrocytes, while glial-derived lactate 

potentiates glutamatergic signalling in neurons in a process called gliotransmission (Mosienko, 

Teschemacher and Kasparov, 2015). Although glial cells lack excitable membranes, astrocytes can 

excite neurons by releasing gliotransmitters like lactate, ATP, glutamate or D-serine in response to 

intracellular ionic signals, and this process is modulated by metabolic state (Cal³ et al., 2024). Thus, an 

interplay between metabolism, glutamate signalling and gliotransmission shapes the coordinated 

functions of neurons and astrocytes that maintain energy homeostasis in the brain.  

 

Figure 1.9. Neuron-Glia Metabolic Coupling.  Astrocytes are highly glycolytic cells with an enhanced resistance 

to reactive oxygen species (ROS) that allows for efficient fatty acid oxidation (FAO). Astrocytic glycolysis 

supplies both neurons and oligodendrocytes with metabolic intermediates to fuel oxidative phosphorylation 

(OXPHOS) and antioxidants such as glutathione (GSH) and its precursors (serine and glycine) to mitigate 

oxidative stress. Fatty acid precursors exported from astrocytes facilitate the synthesis of neuronal membranes 

and synaptic vesicles as well as the myelin in oligodendrocytes that maintains neuronal integrity. Free fatty acids 

in neurons are shuttled back to astrocytes where they are stored in lipid droplets (LDs) or oxidised to fuel 

mitochondrial respiration.  

Likewise, metabolic coupling between astrocytes, oligodendrocytes and microglia is essential for 

neuronal integrity and survival. Oligodendrocytes rely on astrocytes to supply lactate and creatine for 

energy during active myelination, as well as the cholesterol that comprises 70% of the myelin sheath 

(Meyer and Rinholm, 2021). Cholesterol synthesised in astrocytes is also essential for microglial 

survival and phagocytotic activity (Loving and Bruce, 2020). Conversely, the metabolic reprogramming 
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that underpins microglial activation facilitates myelin degradation and turnover, while both astrocytes 

and microglia play an essential role in cholesterol clearance and recycling (Chausse, Kakimoto and 

Kann, 2021). Consequently, mitochondrial function is essential to modulate myelin synthesis, turnover 

and degradation. Metabolic stress not only impedes the myelinating capacity of oligodendrocytes but 

also promotes the glycolytic shift that drives microglial activation and phagocytosis. As such, 

mitochondrial dysfunction is linked to demyelination, which is widely observed in neurodegeneration 

and neuropathology (Campbell, Licht-Mayer and Mahad, 2019). In fact, aberrant myelination is a 

hallmark of ASD neurophysiology that is thought to contribute to the associated disruptions to neural 

connectivity, synaptic plasticity and signalling (Graciarena et al., 2019; Khanbabaei et al., 2019; Lee et 

al., 2019; Galvez-Contreras et al., 2020; Chen et al., 2022; Khelfaoui, Ibaceta-Gonzalez and Angulo, 

2024).   

This discussion illustrates how mitochondrial metabolism coordinates the interactions between neurons 

and glia that shape neurodevelopment, physiology and function. Importantly, these interactions are 

dependent on neuroinflammatory state. Like microglia, astrocytes shift towards a distinct reactive 

phenotype under inflammatory conditions in a process called reactive astrogliosis, and this has profound 

consequences for neuron-glia metabolic coupling (Liddelow, Marsh and Stevens, 2020). Reactive 

astrogliosis is marked by an upregulation of glycolysis with a loss of mitochondrial membrane potential, 

reduced mitochondrial respiration, increased mitochondrial fragmentation and elevated ROS (Rahman 

and Suk, 2020). Conversely, mitochondrial dysfunction has been shown to induce reactive astrogliosis 

in vitro (Astakhova et al., 2019; Fiebig et al., 2019) while either inhibiting mitochondrial fission (Joshi 

et al. 2019) or promoting mitochondrial respiration (Mart²nez-Palma et al., 2019) attenuated this 

response. This relationship underpins the self-sustaining and self-amplifying ñauto-toxic loopò that 

exacerbates pathogenic signalling between microglia and astrocytes in the context of mitochondrial 

dysfunction or oxidative stress (Bantle et al., 2021). Metabolic stress in microglia induces a shift 

towards glycolysis, consequent microglial activation, and the release of ROS and inflammatory 

cytokines that promote reactive astrogliosis. In turn, reactive astroglia undergo metabolic remodelling 

marked by increased glycolysis, mitochondrial fragmentation and oxidative stress, which potentiates 

glutamatergic signalling and microglial activation in a positive feedback loop.  

This highlights a mechanistic relationship between neuroinflammation and neurotransmission 

underpinned by mitochondrial metabolism. In fact, central facets of ASD neurochemistry are directly 

modulated by mitochondrial function. ASD is characterised by an E/I imbalance (Marotta et al., 2020; 

Hollestein et al., 2023) and disruptions to glutamatergic, serotonergic and dopaminergic signalling 

(Zheng et al., 2016; Montanari et al., 2022; Esposito et al., 2024; Wegiel et al., 2024; Blum et al., 2024; 

Havranek, Bacova and Bakos, 2024; Martin et al., 2024). Importantly, this neurochemical landscape 

underpins distinct behavioural, emotional and cognitive features of the ASD phenotype; glutamatergic 

excitotoxicity is thought to contribute to anxiety, perseveration, motor stereotypies, language processing 
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delays and cognitive deficits (Kawada, Kuramoto and Mimori, 2020); serotonin signalling is linked to 

altered social memory, facial recognition, emotional regulation and communication (Rodnyy et al., 

2024) and dopamine signalling is associated with disruptions to sleep, mood and attention (PavŁl, 2023).  

Interestingly, neurotransmitter synthesis is tied to mitochondrial metabolism, while neuron-glia 

metabolic coupling directly facilitates neurotransmitter signalling and recycling (Figure 1.10). 

Numerous reviews have comprehensively described the relationship between mitochondrial 

metabolism and glutamatergic (Mira and Cerpa, 2020; Andersen et al., 2021; Cavalcanti-de-

Albuquerque et al., 2021), serotonergic (Gardner and Boles, 2011; Fanibunda et al., 2019; Yabut et al., 

2019; Tian, Du and Guo, 2023) and dopaminergic (Burbulla et al., 2017; Ben-Shachar, 2020) 

neurotransmission, although this relationship remains understudied in ASD. At the centre of neuron-

glia metabolic coupling, glutamate signalling modulates metabolic and redox homeostasis as a substrate 

for both OXPHOS and GSH synthesis in neurons and astrocytes (Andersen et al., 2021). Thus, 

glutamate-glutamine cycling is regulated by mitochondrial TCA cycle flux as well as intracellular redox 

homeostasis (Sedlak et al., 2019). Mitochondrial dysfunction can contribute to glutamatergic 

excitotoxicity by diverting glutamate away from GSH synthesis and inhibiting the energy-dependent 

glutamate import that removes excess glutamate from the synaptic cleft. Concurrently, the relationship 

between glial metabolism and reactive astrogliosis leads to the release of inflammatory cytokines, ROS 

and gliotransmitters that potentiate neuronal excitability while broadly disrupting the CaĮ+ signalling 

cascades that facilitate intracellular responses to neurotransmitter signalling.  

Likewise, dopamine signalling is coupled to mitochondrial function via a reciprocal interplay between 

dopamine autooxidation and oxidative state. In fact, dopamine directly inhibits the mitochondrial ETC, 

while oxidative dopamine metabolites contribute to oxidative stress, mitochondrial membrane 

depolarisation, decreased ETC activity and impaired energy production (Ben-Shachar, 2017; 2020). On 

the other hand, dopamine is a precursor required to produce norepinephrine (NE) which protects 

mitochondrial function by preventing membrane depolarisation and has both anti-inflammatory and 

antioxidant properties (Wong et al., 2020). Similarly, serotonin, melatonin, and kynurenine (KYN) 

metabolites are modulated by a relationship between mitochondrial function and tryptophan metabolism 

(Michelhaugh, Guastella and Mittal, 2015). Serotonin not only promotes mitochondrial biogenesis, 

oxidative capacity and ATP synthesis (Weng et al., 2015, 2016; Scholpa et al., 2018; Fanibunda et al., 

2019) but also facilitates the synthesis of melatonin, which is critical for bioenergetic, redox and 

immune homeostasis (Molina-Carballo, Jerez-Calero and Mu¶oz-Hoyos, 2020). Notably, melatonin 

also governs the balance between the serotonin and KYN branches of tryptophan metabolism by 

regulating the rate-limiting enzymes involved in serotonin synthesis and turnover (Li et al., 2017). 

 

https://www.frontiersin.org/journals/psychiatry/articles/10.3389/fpsyt.2022.985713/full#F4
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Figure 1.10. Mitochondrial Mechanisms in ASD Neurochemistry (Taken from Mahony and OôRyan, (2022)). A) Glutamine (Gln) and Glutamate (Glu) are synthesised in 

the mitochondria of glutamatergic neurons and glial cells. Glu is directly integrated into the TCA cycle via GDH, converted into GABA via GAD, shunted into the 

transulfuration pathway via GSS, or released from the presynaptic compartment of glutamatergic neurons. A small percentage of Glu in the synaptic cleft is taken up by post-

synaptic glutamate receptors, triggering the Ca2+-dependent signalling cascades that facilitate neurotransmission. Chronic glutamatergic activation leads to an influx of Ca2+ 

and mitochondrial dysfunction in post-synaptic neurons. The majority of presynaptically-released Glu diffuses out of the synaptic cleft and is taken up by glial cells where it is 

either integrated into the TCA cycle or converted to Gln by GS. B) In dopaminergic neurons, dopamine (DA) is either deaminated by MAO or auto-oxidised by mitochondrial-

derived ROS to produce quinones that lead to oxidative stress, mtDNA damage and mitochondrial deficits. DA can also enter the mitochondria to directly inhibit the ETC. 

Upon neuronal excitation, DA is released into the synaptic cleft and reimported into presynaptic neurons or taken up by surrounding glial cells where it is degraded by COMT 

or MAO. DA can also be metabolised by DBH in synaptic vesicles to generate NE which exerts antioxidant effects via the inhibition of NOX signalling in 

microglia. C) Serotonin (5-HT) is produced from tryptophan via MAO in serotonergic neurons while melatonin is produced from 5-HT in pinealocytes. 5-HT upregulates 

mitochondrial biogenesis, oxidative capacity and ATP synthesis and decreases oxidative stress while melatonin mitigates against mitochondrial membrane permeabilisation by 

activating Bcl-2. Once released, 5-HT can be taken up by either presynaptic neurons or glial cells via 5-HT transporters and broken down by MAO. In glial cells, tryptophan is 

oxidised via the KYN pathway. Astrocytes produce the neuroprotective metabolite KYNA while microglia generate the neurotoxic metabolite QUIN. Microglial immune 

activation in response to pro-inflammatory stimuli upregulates the expression of IDO1 to facilitate tryptophan transport into the cell, which both decreases local tryptophan 

availability and increases the production of QUIN in microglia. Bcl2 - B-cell lymphoma 2; COMT - catechol-Omethyltransferase; DBH - DA betahydroxylase; ETC - electron 

transport chain; GABA - Gamma-aminobutyric acid; GAD - glutamate decarboxylase; GDH - glutamate dehydrogenase; GSH - glutathione; GS - glutamine synthetase; GSS - 

glutathione synthetase; IDO1- Indoleamine-pyrrole 2-3-dioxygenase; KYN - kynurenine; KYNA - kynurenic acid; MAO - monoamine oxidase; mtDNA - mitochondrial DNA; 

NE - norepinephrine; NOX - Nicotinamide adenine dinucleotide phosphate oxidase; QUIN - quinolinic acid; ROS - reactive oxygen species. * While specific neuronal subtypes 

express subsets of the enzymes involved in the metabolism of each neurotransmitter, all pathways are depicted in one diagram for the sake of simplicity.
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Interestingly, the KYN pathway functions at the interface between metabolism, neuroendocrinology 

and neuroinflammation. The quinolinic acid (QUIN) branch of KYN metabolism is coupled to de 

novo NAD+ synthesis, which is critical to modulate both metabolic and oxidative state (Xie et al., 2020). 

Mitochondrial dysfunction shifts the KYN pathway toward QUIN production by increasing the demand 

for NAD+; conversely, QUIN contributes to mitochondrial dysfunction by increasing cytoplasmic Ca2+ 

concentration and superoxide production in microglia (Castro-Portuguez and Sutphin, 2020). A 

consequent shift toward a pathogenic microglial phenotype upregulates tryptophan import, decreasing 

local tryptophan availability for serotonin synthesis and further increasing the rate of QUIN production 

(Savino et al., 2020). Moreover, QUIN promotes excitotoxicity by upregulating glutamatergic 

neurotransmission and inhibiting glutamate uptake from the synaptic cleft (Notarangelo and 

Pocivavsek, 2017). Together, this discussion illustrates that mitochondrial metabolism modulates the 

glutamatergic, dopaminergic and serotonergic neurotransmitter systems that contribute to gliosis, 

excitotoxicity and neuroinflammation. Thus, mitochondrial dysfunction shapes the neurochemical 

landscape that governs cognition, emotional regulation and behaviour, illustrating a convergence 

between molecular signatures and clinical presentations in ASD aetiology. 

1.5. Mitochondrial Allostatic Load: A Biopsychosocial Perspective  

The literature reviewed in this chapter has demonstrated growing evidence for mitochondrial 

dysfunction in ASD that is supported by an emerging role for mitochondria in ASD neurology. 

Interestingly, the mitochondrial aspect of ASD aetiology could also yield insight into the neurological 

and psychosocial mechanisms that influence long-term clinical outcomes. ASD is associated with a high 

prevalence of comorbid psychopathologies that substantially impair functioning and decrease quality 

of life ï including generalised anxiety disorder (GAD), major depressive disorder (MDD), post-

traumatic stress disorder (PTSD) and suicidal ideation (Etyemez et al., 2020; Smith and White, 2020; 

Oakley, Loth and Murphy, 2021). Of note, children with ASD are six times more likely to reach 

clinically significant thresholds for measures of depression (Muscatello et al., 2020), while rates of 

suicide risk, suicide attempts, and mortality by suicide are more than doubled across the lifespan 

(Cassidy et al., 2014; Costa, Loor and Steffgen, 2020; Howe et al., 2020; K»lves et al., 2021; Oakley, 

Loth and Murphy, 2021).  This phenomenon remains largely uncharacterized, but emerging evidence 

suggests a role for both environmental and biological susceptibility factors.  

It is widely acknowledged that interactions between genetic and environmental factors contribute to 

ASD aetiology, though this relationship is complex and poorly understood (Xavier Santos, Rasga and 

Moura Vicente, 200AD; Kubota and Mochizuki, 2016; Sealey et al., 2016; Cheroni, Caporale and Testa, 

2020; Khogeer et al., 2022). In particular, environmental insults experienced during critical periods of 

neurodevelopment can profoundly impact the neuroimmune, neuroendocrine and neurochemical 

landscapes of the developing brain (Fogelman and Canli, 2019). This phenomenon is defined as ELS, 
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which refers to ñenvironmental events or chronic conditions that objectively threaten the physical 

and/or psychological wellbeing of an individualò during the post-natal and adolescent periods marked 

by significant neuroplasticity (Sheth, McGlade and Yurgelun-Todd, 2017). Several forms of ELS have 

been characterised in the literature, ranging from poverty, neglect, abuse, or violence to food insecurity, 

immunological insults, natural disasters and systemic racism (Jones, Merrick and Houry, 2020). 

Importantly, researchers have noted a distinction between good, tolerable, and toxic stress that 

differentially induce adaptation, resilience or pathology. Here, the defining feature of toxic stress is ña 

lack of internal resources or external support systems, resulting in chronic physiological dysregulationò 

(Picard et al., 2018).  

There is substantial evidence from both epidemiological and preclinical studies that toxic stress 

increases the risk of psychopathology and suicidality (Sheth, McGlade and Yurgelun-Todd, 2017; 

Malinovskaya et al., 2018; Fogelman and Canli, 2019; Lªhdepuro et al., 2019; Targum and Nemeroff, 

2019; LeMoult et al., 2020; Sahle et al., 2021; Su et al., 2022) as well as cancer, autoimmune, cardiac 

and neurodegenerative disease (Guidi et al., 2021). Importantly, an increased exposure to ELS is well-

documented in ASD (Schroeder et al., 2014; Griffiths et al., 2019; Kuenzel et al., 2021; Trundle et al., 

2022), while lifetime stress exposure has been linked to suicidality in ASD (Moseley et al., 2024). In 

fact, recent work has defined distinct internal experiences that precipitate psychopathology in ASD ï 

namely, social camouflaging and autistic burnout - that closely reflect the established definitions for 

toxic stress (Mahony and OôRyan, 2022). Moreover, several authors have proposed an underlying 

susceptibility to ELS mediated by molecular and neurological aspects of ASD aetiology (Singletary, 

2015; Cheroni, Caporale and Testa, 2020; Scarpa et al., 2021; Makris, Eleftheriades and Pervanidou, 

2022). Thus, interactions between ELS and ASD aetiology may be centrally involved in determining 

clinical outcomes.  

The pathological responses to ELS are thought to be mediated by allostatic load, which describes the 

physiological consequences of chronic stress on the metabolic, endocrine and immune systems required 

for homeostasis (Picard and McEwen, 2018a). Notably, a growing body of work suggests that the 

molecular components of allostatic load are modulated by mitochondrial metabolism (Picard et al., 

2015; Juster et al., 2016; Hoffmann and Spengler, 2018; Picard and McEwen, 2018b, 2018a; Ridout, 

Khan and Ridout, 2018; Picard, Trumpff and Burelle, 2019; Daniels, Olsen and Tyrka, 2020; Allen, 

Caruncho and Kalynchuk, 2021; Zitkovsky, Daniels and Tyrka, 2021; Mposhi and Turner, 2023; Liu et 

al., 2024). As I recently reviewed in more detail (Mahony and OôRyan, 2022), both in vivo models and 

epidemiological studies have shown markers of mitochondrial dysfunction associated with ELS 

exposure, while experimentally disrupting mitochondrial function has been shown to alter the 

pathophysiological consequences of chronic stress. On the other hand, mitochondrial dysfunction is 

separately implicated in the pathogenesis of neuropsychiatric disorders, including MDD, GAD and 

suicidality (Ben-Shachar and Ene, 2018; Kim et al., 2019; Gim®nez-Palomo et al., 2021; Klein et al., 
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2021; Ni, Ma and Chung, 2022). In fact, an emerging field characterised as ñmitochondrial 

psychobiologyò is exploring the utility of targeting mitochondrial mechanisms to treat 

neurodevelopmental, neuropsychiatric and neurodegenerative conditions (Picard, Trumpff and Burelle, 

2019). Thus, mitochondrial dysfunction emerges as a convergent signature in ELS, ASD and 

psychopathology that could serve as a therapeutic target to mitigate negative neuropsychiatric 

outcomes.   

Mitochondrial allostatic load (MAL) is defined as the adaptive changes to mitochondrial morphology, 

dynamics, and function that modulate the response to chronic stress (Picard and McEwen, 2018a). The 

relationship between MAL and ELS is governed by the Hypothalamic-Pituitary-Adrenal (HPA) axis 

that coordinates the molecular stress response (Makris et al., 2021). Children are particularly vulnerable 

to HPA disruption during early childhood and adolescence, which are periods marked by higher HPA 

axis plasticity; thus, HPA signalling is a key mediator of pathological responses to ELS (Sheth, McGlade 

and Yurgelun-Todd, 2017; Agorastos et al., 2019). In fact, a recent systematic review has demonstrated 

an established role for HPA axis dysregulation in mood disorders, suicidal behaviour, and the 

relationship between ELS and major depression (Ceruso et al., 2020). Notably, a bidirectional 

relationship between mitochondrial metabolism and stress-responsive signalling has emerged, mediated 

by both genomic and non-genomic mechanisms that have been comprehensively described (Figure 

1.11) (Picard and McEwen, 2018a; Ridout, Khan and Ridout, 2018; Lapp, Bartlett and Hunter, 2019; 

de Guia, 2020; Jaszczyk and Juszczak, 2021; Kokkinopoulou and Moutsatsou, 2021; Melchinger and 

Garcia, 2023; Bhattacharya et al., 2024).  

The HPA axis initiates stress-responsive signalling via glucocorticoids (GCs) like cortisol and 

corticosterone that act on GC receptors (GRs) to regulate genes involved in neurogenesis, 

neuroplasticity, and neurotransmission (Finsterwald and Alberini, 2014). The cytochrome P450 

enzymes that drive GC synthesis are coupled to mitochondrial redox homeostasis  (Prasad et al., 2014); 

and conversely, GC signalling modulates mitochondrial integrity, activity, ROS production and Ca2+ 

buffering (Du et al., 2009; Tome et al., 2012; Picard, Juster and McEwen, 2014; He et al., 2017; Choi 

et al., 2021). Moreover, GCs affect the availability and turnover of key energetic substrates in the brain, 

including pyruvate, glucose, lactate and ketone bodies which regulate mitochondrial OXPHOS, 

glycolysis and FAO, respectively (Jaszczyk and Juszczak, 2021). GCs also modulate mitochondrial 

dynamics by regulating the expression of relevant genes via GC response elements in both nuclear and 

mtDNA (Lee et al., 2013; Lapp, Bartlett and Hunter, 2019; Kokkinopoulou and Moutsatsou, 2021). 

Indeed, GCs suppress the expression of the genes involved in mitochondrial fusion, trafficking and 

clearance (Choi and Han, 2021) and upregulate central transcriptional regulators of mitogenesis (Lee et 

al., 2013; Ridout, Khan and Ridout, 2018; Dempster et al., 2021). Accordingly, animal models have 

shown that both chronic stress and corticosterone treatment increase mtDNA copy number (Cai et al., 

2015) and conversely, that mtDNA genetic variants can alter corticosterone production and HPA 
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signalling (Gimsa et al., 2009; Picard et al., 2015). Together, this illustrates an interdependent 

relationship between the metabolic and neuroendocrine components of allostasis.  

 

 
Figure 1.11. The Interplay Between Metabolic and Stress-Responsive Signalling (Taken from Mahony and 

OôRyan, (2022)). Chronic stress activates the Hypothalamic-Pituitary-Adrenal (HPA) axis, leading to the release 

of glucocorticoids (GCs) that diffuse through the blood-brain barrier to activate glucocorticoid receptors (GRs) 

Rs in neurons. GCs alter circulating levels of key energetic substrates including ketone bodies, glucose, lactate 

and pyruvate, which modulate mitochondrial fatty acid oxidation, glycolysis and oxidative phosphorylation. 

Activated GRs act via B-cell lymphoma 2 (Bcl-2) and other non-genomic mechanisms to modulate membrane 

potential, Ca2+ buffering, ATP production and redox homeostasis in the mitochondria. Activated GRs also bind to 

glucocorticoid response elements in both nuclear and mitochondrial DNA to moderate the transcription of key 

genes involved in the regulation of mitochondrial trafficking (TRAK1/2, MIRO1/2), morphology (MFN1/2), 

biogenesis (PGC1Ŭ, TFAM, NRF1/2) and mitophagy (BNIP3, NIX). Conversely, mitochondria are responsible 

for the synthesis of GCs via the cytochrome P450 (CYP540) and hydroxysteroid dehydrogenase/ketosteroid 

reductase (HSD/KSR) enzymes. GC synthesis increases mitochondrial reactive oxygen species (ROS), and 

conversely, oxidative stress is known to inhibit steroidogenesis. BNIP3 - Bcl2 interacting protein 3; MFN1/2 - 

mitofusin 1 and 2; MIRO1/2 - mitochondrial Rho GTPase; NIX - BNIP3-like; NRF1/2  - nuclear respiratory 

factors 1/2; PGC1Ŭ - peroxisome proliferator-activated receptor gamma coactivator-1 alpha; TFAM - 

mitochondrial transcription factor A; TRAK1/2 - Trafficking Kinesin Protein 1/2. 
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The neuroimmune system is the second established component of allostatic load that works in concert 

with HPA neuroendocrine signalling to modulate the stress response. Neuroimmune dysregulation is 

widely documented in stress-related (Fogelman and Canli, 2019; Dutcher et al., 2020; Brown, Worrell 

and Pariante, 2021) and neuropsychiatric (Furtado and Katzman, 2015; Lurie, 2018; Troubat et al., 

2021) disorders, while a reciprocal relationship between inflammation and HPA signalling has been 

well-described in the context of psychopathology (Pace and Miller, 2009; Beurel, Toups and Nemeroff, 

2020; Nettis and Pariante, 2020; Sugama and Kakinuma, 2020; Silva et al., 2021; Troubat et al., 2021). 

Notably, Section 1.4 emphasised that neuroinflammation is an established component of ASD aetiology 

that is tightly coupled to metabolic state. Given that HPA signalling regulates mitochondrial function, 

and that mitochondria are central to immune modulation, it has been proposed that HPA-immune 

interactions could be mediated by mitochondrial mechanisms (Kasahara and Inoue, 2015; Picard and 

McEwen, 2018; Mocayar Mar·n et al., 2019). Indeed, mitochondria directly govern the NFəB and 

inflammasome pathways at the interface between neuroendocrine and neuroimmune signalling (Boeck 

et al., 2016). Congruent with this, recent data demonstrate that ELS simultaneously impairs 

mitochondrial function and increases neuroinflammation in animal models (Gonz§lez-Pardo et al., 

2020) while clinical studies report a significant correlation between mitochondrial respiration and pro-

inflammatory signalling in response to ELS (Boeck et al., 2016).  

Importantly, MAL also functions as a mechanistic link between the neuroendocrine and neurochemical 

landscapes that drive psychopathology in response to ELS. As described in section 1.4, the relationship 

between mitochondrial dysfunction and ASD neurochemistry influences cognition and behaviour via 

glutamatergic, serotonergic and dopaminergic signalling. This neurochemical signature is not only 

associated with core facets of ASD aetiology but also has direct functional implications for stress-related 

psychopathology. Preclinical studies have shown that chronic stress disrupts glutamate (Ohta et al., 

2020; Deutschmann, Kirkland and Briand, 2021; Hyer et al., 2021; Xu et al., 2021), serotonin (Wang 

et al., 2022) and dopamine (Majcher-MaŜlanka et al., 2017; Bonapersona, Jo±ls and Sarabdjitsingh, 

2018; Catale et al., 2022) signalling, leading to increased anxiety-like behaviours and impairments in 

social recognition, social interest and cognitive flexibility. These data are supported by human cohort 

studies showing that ELS impairs dopaminergic responses to psychosocial stress (Pruessner et al., 2004; 

Oswald et al., 2014), and alters glutamate/glutamine cycling (Averill et al., 2020) and serotonin 

transporter binding (Underwood et al., 2018) in patients with MDD.  

Notably, interactions between HPA signalling and neurotransmission play a central role in modulating 

suicide risk after ELS exposure (Berardelli et al., 2020). Glutamate is involved in both driving HPA 

responses and limiting HPA overactivation (Evanson and Herman, 2015; Mathew and Joy, 2019) while 

GC signalling is modulates the plasticity and excitability of glutamatergic synapses (Gulyaeva, 2021). 

Serotonergic neurotransmission excites hypothalamic neurons in the amygdala (Troubat et al., 2021) 

and acts as an important regulator of GR signalling in the pre-frontal cortex after exposure to acute 
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stress (Sbrini et al., 2020). On the other hand, an inverse relationship between corticosteroids and 

serotonin receptor binding densities mediates suicidality following ELS (Pompili et al., 2010). Finally, 

GCs also activate the mesolimbic dopamine pathway (DeRosse and Barber, 2021) by upregulating the 

rate-limiting step of dopamine synthesis, downregulating dopamine degradation, clearance and synaptic 

uptake, or by acting directly on GRs in dopamine-receptive (Lopez and Flagel, 2020). Thus, the 

interplay between mitochondrial dysfunction and HPA dysregulation directly shapes the neurochemical 

signatures that precipitate psychopathology in response to chronic stress (Berardelli et al., 2020).  

This discussion illustrates that mitochondria not only govern neurodevelopment, physiology and 

function, but may also modulate the allostatic mechanisms that lead to psychopathology. Importantly, 

this may highlight a novel molecular susceptibility to ELS that has been overlooked in the context of 

ASD. Given the high prevalence of both ELS and psychopathology in ASD, a role for HPA signalling 

in ASD has been widely studied. Despite substantial evidence for global disruptions to cortisol 

signalling  (Corbett and Schupp, 2014; Corbett and Simon, 2014; Taylor and Corbett, 2014; Tordjman 

et al., 2014; Tomarken, Han and Corbett, 2015; Edmiston, Blain and Corbett, 2017; Alagendran et al., 

2019; Hadwin et al., 2019; Makris et al., 2021), HPA hyperactivation (Tordjman et al., 2014; Tomarken, 

Han and Corbett, 2015; Ogawa et al., 2017; Muscatello and Corbett, 2018) and increased stress 

reactivity (Spratt et al., 2012; Alagendran et al., 2019) in ASD, current findings lack intra- and inter-

individual reproducibility, while numerous studies report no significant differences in cortisol levels, 

rhythms, variability or responsivity (Sharpley et al., 2017; Alagendran et al., 2019; Hadwin et al., 2019). 

The existing literature suggests some role for HPA signalling in ASD; however, the relationship between 

HPA axis signalling and psychopathology is likely mediated by pleiotropic mechanisms (Muscatello et 

al., 2020). In this context, the mitochondrial component of ASD aetiology may function as a novel 

molecular susceptibility to HPA dysregulation that increases the risk of psychopathology. Thus, better 

understanding the relationship between mitochondrial dysfunction, MAL and HPA signalling could 

yield insight into neuropsychiatric comorbidities in ASD that impact quality of life.   

1.6. Summary and Conclusions 

This chapter introduced and contextualised the mitochondrial hypothesis, illustrating how 

mitochondrial mechanisms could yield insight into molecular, clinical and neurological components of 

ASD aetiology that influence clinical outcomes (Figure 1.12). Molecular ASD research is shaped by a 

complex landscape spanning diverse academic disciplines and sociocultural contexts. The clinical 

conceptualisations of ASD are still evolving, while its diverse presentations are underpinned by a 

multifaceted molecular aetiology that remains poorly understood. These factors present considerable 

challenges to the field of molecular ASD research, which is grappling with a need to improve its 

translatability. Increasingly, researchers are recognising a need for a more biopsychosocial framework 

to understand the interactions between biological and environmental factors that influence clinical 
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outcomes. This is highly relevant in SA, where poor access to health care limits diagnosis and 

intervention while exposure to ELS is widespread due to high rates of poverty, infectious disease and 

institutionalised inequality. Yet, ASD remains significantly understudied in SA populations. Better 

characterising ASD in genetically diverse African populations could yield novel insight into ASD 

aetiology and contribute to the development of population-specific biomarkers to improve the 

accessibility of diagnosis and intervention. In this context, our research group has explored DNAm 

signatures in a novel SA ASD cohort, revealing a dysregulation of mitochondrial metabolism associated 

with ASD.  

 

Figure 1.12. Contextualising the Mitochondrial Hypothesis. The mitochondrial component of autism spectrum 

disorder (ASD) has implications for the molecular, neurological, clinical and sociological landscapes that shape 

ASD research. This chapter has described the evidence for mitochondrial dysfunction in ASD, focussing on the 

relationship between mitochondrial metabolism and neurogenesis that informs the central aims and objectives of 

this research project. Beyond neurogenesis, mitochondria modulate epigenetic, redox and immune homeostasis 

with functional implications for transcriptional regulation and allostatic load. Mitostasis influences ASD 

neurology by modulating aspects of neurodevelopment, physiology and function that underpin clinical hallmarks 

of ASD. Moreover, as regulators of the neuroendocrine and neuroimmune components of allostasis, mitochondria 

mediate the interactions between environmental and biological factors that determine long-term clinical outcomes 

in ASD. Better characterising the mitochondrial component of ASD could help to identify environmental risk 

factors and psychosocial interventions and aid the development of diagnostic biomarkers and novel therapeutics 

to improve quality of life.   

This thesis builds on the molecular signatures implicated in our SA cohort to examine underlying 

mechanisms that contribute to ASD. This chapter reviewed the cumulative evidence for DNAm and 

mitochondrial dysfunction in ASD, highlighting the interplay between epigenetic and mitochondrial 

mechanisms as an interesting target for future research in this context. As the mitochondrial component 

in ASD has become increasingly well-established, mitochondria have also emerged as central regulators 

of neurodevelopment, physiology and function. Neurogenesis relies on metabolic reprogramming that 

upregulates oxidative respiration by remodelling profiles of substrate utilisation and mitochondrial 

dynamics. Moreover, disruptions to mitochondrial metabolism, morphology or connectivity profoundly 
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influence neuronal differentiation and NSC fate, while metabolic state is tightly coupled to the 

epigenetic remodelling that shapes the neurogenic transcriptome. Mitochondria also modulate the 

balance between resting and reactive microglia that shape neural circuitry during embryonic 

neurogenesis, facilitate post-natal synaptic pruning and govern neuroimmune homeostasis throughout 

adulthood. In fact, metabolic coupling underpins the relationship between neurons, astrocytes and 

oligodendrocytes that controls neuronal activity, integrity and function. This interplay drives a 

pathogenic feedback loop between mitochondrial dysfunction, oxidative stress, reactive gliosis and 

glutamatergic excitotoxicity that is widely implicated in neuropsychiatric and neurodegenerative 

disorders. Moreover, mitochondrial metabolism in neurons and glia modulates the synthesis, release, 

reuptake and recycling of neurotransmitters that shape neurochemistry, cognition and behaviour in 

ASD, demonstrating how mitochondria contribute to clinical ASD presentations.  

Lastly, this chapter highlights that the mitochondrial mechanisms implicated in ASD are emerging as 

central regulators of pathological stress responses that contribute to psychopathology, suicidality and 

other pathophysiological outcomes. ASD is not only associated with increased ELS and psychosocial 

stress, but recent characterisations of internal autistic experiences have highlighted chronic and distinct 

forms of stress in ASD that often go unrecognised. A growing body of work on MAL has described how 

mitochondria orchestrate both the neuroimmune and neuroendocrine components of allostasis. As such, 

mitochondria may be centrally involved in mediating the adaptive and toxic responses to ELS that 

influence clinical outcomes. In fact, mitochondrial psychobiology is exploring how mitochondria can 

be targeted to develop novel therapies to mitigate psychopathology and other pathological stress 

responses. This emphasises that mitochondria function at the interface between biological and 

sociological factors that determine quality of life, and present novel therapeutic targets to improve long-

term clinical outcomes.   

Better characterising the relationship between mitochondrial dysfunction and neurodevelopment could 

yield insight into both neurological and molecular aspects of ASD aetiology that influence 

neuropsychiatric outcomes in this context. Accordingly, this thesis aims to investigate how 

mitochondrial dysfunction impacts neuronal viability, metabolism, morphology and maturation by 

addressing the specific objectives outlined in Figure 1.13.  This work develops an in vitro system to 

characterise mitochondrial mechanisms in ASD and provides novel insight into the relationship between 

neuronal metabolism and development. Ultimately, this lays the groundwork for future studies to 

characterise new genes identified in our ASD cohort, yield mechanistic insight into ASD aetiology or 

explore targeted mitochondrial therapeutics to improve quality of life.  
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Figure 1.13. Specific Research Question, Aims and Objectives. This thesis examines how mitochondrial 

dysfunction impacts neuronal metabolism, morphology and maturation using an in vitro system to achieve four 

aims: 1) establish and characterise a model for mitochondrial dysfunction in vitro; 2) establish an in vitro model 

for neurogenesis; 3) examine whether mitochondrial dysfunction alters in vitro neurogenesis and 4) characterise 

the underlying transcriptional mechanisms that mediate this response.  
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Chapter 2.  

Mitochondrial Dysfunction In Vitro: The Propionic Acid Model 

2.1. Introduction 

Chapter 1 reviewed an intricate relationship between metabolism and neurogenesis that may yield 

insight into the mitochondrial component of ASD aetiology. However, this discussion also highlighted 

some of the challenges involved in translating molecular signatures into a mechanistic understanding 

of ASD. In SA, these challenges are compounded by socioeconomic factors that significantly impede 

the recruitment and phenotyping of the well-powered, finely characterised cohorts that are needed for 

large-scale molecular studies. Yet, the phenotypic heterogeneity and aetiological complexity of ASD 

can confound even sufficiently powered molecular studies. Moreover, brain tissue remains notoriously 

inaccessible ï particularly during pre- and post-natal neurodevelopment - and the functional 

consequences of molecular disruptions are cell-type and life-stage specific.  In this context, in vitro 

systems have emerged as useful reductionist models in which to study specific aspects of neuronal 

development, physiology and function. In resource-constrained contexts, a combined top-down and 

bottom-up approach that employs both small-scale cohort studies and mechanistic in vitro approaches 

could not only maximise translatability but also facilitate the development of molecular neuroscience 

infrastructure.  Therefore, this chapter aims to establish an in vitro system that can be used to ask 

targeted mechanistic questions and build local ASD research capacity. 

2.1.1. An In Vitro Model to Study Metabolism: The SH-SY5Y System 

The SH-SY5Y cell line is widely used as a cost-effective ñworkhorseò cell line to study 

neurodevelopment and disease (Lopez-Suarez et al., 2022). SH-SY5Y cells are thrice-subcloned 

immortalised derivatives of the parental SK-N-SH cell line that was originally established from human 

neuroblastoma tissue (Feles et al. 2022). SH-SY5Y cells are comprised of distinct subtypes that reflect 

the neuroblast-like (N) and epithelial-like (S) phenotypes in the parental SK-N-SH line (Kovalevich, 

Santerre and Langford, 2021). N-type cells are immature neuronal progenitor cells (NPCs) while S-type 

cells reflect multipotent precursors to non-neuronal cells in the neural crest (Bell et al., 2013). Despite 

this inherent heterogeneity, N-type cells comprise ~80% of SH-SY5Y cultures in vitro (Bell et al., 2013) 

and several reviews have recently described the features that make this system particularly suitable for 

the study of neuropsychiatric disorders (¥Z, 2019; Ducray et al., 2020; Alrashidi, Eaton and Heales, 

2021; Bayeva, Coll and Piskareva, 2021; Bell and Zempel, 2021; Campos, Bozi and Ferreira, 2022; 

Ioghen, Ceafalan and Popescu, 2023). As well as its reproducibility, capacity for rapid expansion and 

cost-effective maintenance, the SH-SY5Y cell line can be differentiated into homogenous N-type 



40 

 

derivatives that display phenotypic and molecular hallmarks of primary neurons (Sim»es et al., 2022). 

This system can be used to examine the mechanisms that drive neurogenesis, which is particularly 

relevant for the study of NDDs. Moreover, the genetic (Krishna et al., 2014), transcriptomic (Nishida 

et al., 2008; Beveridge et al., 2009; Korecka et al., 2013; Chiocchetti et al., 2016; Pezzini et al., 2017; 

Mercatelli et al., 2021) and proteomic (Murillo et al., 2017; Zhang, Gygi and Paulo, 2021; Barth et al., 

2022; Pandey et al., 2022) profiles of the SH-SY5Y cell line have been comprehensively evaluated, 

providing a well-characterised molecular landscape in which to study neuropathological mechanisms. 

There are clear limitations to the translatability of in vitro studies for in vivo and clinical applications, 

yet a pervasive challenge in molecular research is the need to balance feasibility with translatability. 

The very features that make the SH-SY5Y system much more accessible ï its immortalised nature, its 

capacity for proliferation and long-term storage, and its flexibility in the face of varied culture 

conditions ï are also those that diverge most significantly from the primary neuronal phenotype it is 

intended to model. More biologically accurate models such as human-derived neuronal stem cells 

(NSCs), primary neurons, brain-tissue biopsies or 3D organoid systems are also much more time- and 

cost-intensive, require specialised infrastructure and come with complex ethical considerations with 

respect to their origins. Therefore, this chapter established standard cell culture operating procedures 

within the scope of the SH-SY5Y system as a prerequisite for the more refined models employed in 

subsequent chapters and beyond the scope of this thesis. The primary research aim of this project was 

to examine the relationship between mitochondrial dysfunction and neurogenesis. Therefore,  the scope 

of this study was to i) establish a model for mitochondrial dysfunction, ii) establish a model for in vitro 

neurogenesis and iii) explore how mitochondrial metabolism modulates neurogenesis in vitro. Chapter 

2 addresses the first of these objectives, harnessing the flexible, efficient and cost-effective nature of 

the undifferentiated phenotype to characterise different facets of mitostasis. Here, this model system 

was intentionally designed to maximise its translatability and lay the groundwork to establish a suitable 

model for neurogenesis in Chapter 3.  

2.1.2. The Metabolic Landscape of SH-SY5Y 

The utility of any model system lies in its capacity to ask specific mechanistic questions in a highly 

controlled environment. Thus, the environment itself should be carefully considered with the nature of 

the research question in mind. Here, the SH-SY5Y cell line is used to investigate the metabolic 

regulation of neurogenesis based on the mechanistic hypothesis derived from molecular ASD 

signatures. Therefore, it is important to consider the variables that influence the utility of the SH-SY5Y 

cell line to study neurogenesis. The culturing, differentiation and pathological relevance of the SH-

SY5Y cell line has been widely reviewed (Pahlman et al., 1990; Feng, Wang and Sheng, 2006; Xie, Hu 

and Li, 2010; Kovalevich and Langford, 2013; Xicoy, Wieringa and Martens, 2017; OôNeill Sarah, Irani 

Julia, Fodjo Siewe Nelson Joseph, Nono Denis, Abbo Catherine, Sato Yasuaki, Mugarura Augustine, 
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Dolo Housseini, Ronse Maya, 2019; Campos Cogo et al., 2020; Ducray et al., 2020; Bayeva, Coll and 

Piskareva, 2021; Ioghen, Ceafalan and Popescu, 2023). Yet, Feles et al., (2022) noted an absence of 

standardised parameters for SH-SY5Y subculturing, which are critical for robust and reproducible 

protocols for neuronal differentiation. Similarly, Xicoy, Wieringa and Martens, (2017) highlighted that 

recommendations on basic subculture vary even between different cell-line suppliers.  

Recent systematic reviews of the SH-SY5Y cell line have described seven different media formulations 

with divergent nutrient profiles (Xicoy, Wieringa and Martens, 2017; Lopez-Suarez et al., 2022). The 

most frequently used formulation (in 67-69% of studies) is either Dulbeccoôs Modified Essential 

Medium (DMEM) or DMEM with Hamôs F12, which is the most cost-effective method for large-scale 

expansion of the cell line. Indeed, many studies describe DMEM: F12 as the de facto method for SH-

SY5Y subculture (Xie, Hu and Li, 2010; Kovalevich and Langford, 2013; Smerker, 2014; Sakagami et 

al., 2017; Mohammed Izham et al., 2018; ¥Z, 2019; Feles et al., 2022; Kaya et al., 2024; Kronenberger 

et al., 2024). However, numerous cell line suppliers recommend the use of minimum essential medium 

(MEM) or MEM: F12, including the American Type Culture Collection (ATCC), the European 

Collection of Authenticated Cell Cultures (ECCAC) and the German Collection of Microorganisms and 

Cell Cultures (DSMZ) (Xicoy, Wieringa and Martens, 2017). Of the most frequently reported 

formulations in the literature, there are marked differences with respect to the concentrations of glucose, 

glutamine, glutathione, sodium pyruvate, sodium bicarbonate, AAs, vitamins and inorganic salts. As 

either direct substrates or essential cofactors in different metabolic pathways, the balance between these 

components is central to the determination of basal metabolic state. Therefore, media composition is an 

integral consideration for the use of the SH-SY5Y cell line to study metabolic mechanisms in 

neuropathology.  

Yet, the relationship between growth media and SH-SY5Y metabolism remains poorly recognised. 

Previous authors have noted the general significance of media composition for SH-SY5Y metabolism, 

differentiation and function (Xicoy, Wieringa and Martens, 2017; Mohammed Izham et al., 2018; 

Sim»es et al., 2021) and several studies have sought to optimise subculture conditions to promote SH-

SY5Y proliferation (Buttiglione et al., 2007; Sakagami et al., 2017; Mohammed Izham et al., 2018; 

Kaya et al., 2024). However, the parameters that facilitate rapid cell growth are unlikely to best 

recapitulate the post-mitotic neuronal phenotype. The oncogenic origins of the SH-SY5Y cell line are 

fundamental to its capacity for cell line expansion but also contribute to a metabolic state reminiscent 

of the ñWarburg Effectò that is a characteristic of tumour tissue (Gogvadze, Zhivotovsky and Orrenius, 

2010). Consequently, the SH-SY5Y model displays a predominantly glycolytic metabolic profile, 

particularly under high-glucose conditions, which contrasts the oxidative reliance of primary neurons. 

Manipulating the availability of glucose, growth factors or micronutrients may shift SH-SY5Y 

metabolism towards oxidative rather than glycolytic metabolism (Swerdlow et al., 2013; Wilkins et al., 

2016; Xie, 2018; Kronenberger et al., 2024). However, few studies have explored the implications of 
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media composition for the context-specific relevance of the SH-SY5Y cell line as a model for 

neurogenesis.  

To identify the optimal conditions to study neuronal metabolism, it is necessary to consider the extent 

to which SH-SY5Y metabolism reflects or diverges from the in vivo neuronal phenotype. Several 

studies have compared the metabolic profile of the SH-SY5Y cell line against glioblastoma, 

neuroblastoma, NSCs or primary neuronal cultures. In the undifferentiated state, SH-SY5Y cells display 

an oxidative capacity that reflects non-neuronal cancer-derived cell lines (Kim et al., 2015; Prado et al., 

2015) but is considerably lower than primary neuronal cultures (Sotolongo, Ghiso and Rostagno, 2020). 

Conversely, basal glycolysis is markedly reduced in undifferentiated SH-SY5Y cells compared to either 

hepatocellular carcinoma or glioblastoma lines (Kim et al., 2015; Prado et al., 2015). This indicates a 

greater degree of oxidative reliance than non-neuronal cell lines even if oxidative capacity is more 

limited than in mature neurons. However, unlike the intrinsic oxidative reliance exhibited by primary 

neurons, undifferentiated SH-SY5Y cells display an ñopportunisticò metabolic profile that shifts with 

nutrient availability (Xun et al., 2012) and a reciprocal relationship between oxidative and glycolytic 

metabolism (Swerdlow et al., 2013) that allows them to compensate for mitochondrial dysfunction by 

upregulating glycolytic flux (Farina et al., 2018; Bovio et al., 2021; Yang et al., 2021). In fact, SH-

SY5Y cells display a capacity for glycolytic compensation in the absence of mitochondrial respiration 

that is sufficient for cell viability (Lu et al., 2013; Xiao et al., 2019) which starkly contrasts the 

mitochondrial dependence of mature neurons.  

Interestingly, mitochondrial reliance can be promoted by replacing glucose with alternative carbon 

sources (Naia et al., 2021), while serum depletion decreases the glycolytic reliance of SH-SY5Y cells 

(Kronenberger et al., 2024). Thus, low-glucose media with glutamine supplementation and serum 

depletion should be used to model oxidative reliance in the SH-SY5Y system. Here, glucose will be 

depleted rather than replaced because i) glucose is a primary energy source in the brain and ii) this study 

aims to evaluate both oxidative and glycolytic metabolism. Hence, this chapter establishes the SH-

SY5Y system using DMEM: F12 for cell-line expansion and cell bank maintenance, while cells are 

weaned onto EMEM: F12 with 5mM Glucose, 2mM L-Glutamine and 1% non-essential amino acids 

(NEAAs) according to the protocol described by (Shipley, Mangold and Szpara, 2016) at least one 

passage prior to all experiments, employing a 24-hour FBS depletion before treatments.  

2.1.3. A Model for Mitochondrial Dysfunction  

This chapter aims to establish an in vitro model for mitochondrial dysfunction based on the DNAm 

patterns identified in our ASD cohort. Chapter 1 introduced the methylmalonyl pathway as a point of 

convergence between mitochondrial metabolism and DNAm that shapes both metabolic and epigenetic 

remodelling during neurodevelopment. Notably, this pathway comprised three of the eight 

mitochondrial pathways that were differentially regulated in our ASD cohort. Among the significantly 



43 

 

DM genes was PCCB, one of two subunits comprising a central enzyme in the methylmalonyl pathway 

involved in the conversion of propionyl CoA to succinyl CoA during TCA cycle anaplerosis 

(Wongkittichote, Ah Mew and Chapman, 2017). Our research group previously demonstrated the DM 

of PCCB using three independent methods ï namely, the Illumina 450K Array, targeted next-generation 

bisulphite sequencing and pyrosequencing ï and urinary metabolomic profiles revealed a significant 

dysregulation of metabolites directly associated with PCCB activity in our ASD cohort (Stathopoulos 

et al., 2020). Moreover, a recent analysis of genomic, epigenomic and transcriptomic ASD datasets 

identified PCCB as one of 16 genes modulated by ASD-associated regulatory regions in both foetal and 

adult cortex tissue (Golovina et al. 2021). Therefore, this chapter establishes a model for mitochondrial 

dysfunction that recapitulates the dysregulation of PCCB in vitro.  

Genetic mutations in PCCB are causally implicated in Propionic Acidemia (PA), a primary metabolic 

disease characterised by an accumulation of propionyl CoA that results from a PCC deficiency 

(Wongkittichote, Ah Mew and Chapman, 2017). In vivo, up to 50% of propionyl CoA is derived from 

BCAAs, while 30% comes from odd chain fatty acids (OCFAs) and cholesterol and 20% is produced 

by intestinal microbiota (Chandler et al., 2011). At physiological levels, propionyl CoA is metabolised 

by PCC to produce succinyl-CoA, which is either oxidised in the TCA or used to fuel gluconeogenesis 

(Wilson et al., 2017). However, at pathophysiological levels, toxic propionyl derivatives are known to 

cause lactic acidosis, hyperammonaemia, muscle weakness, cardiomyopathy and CNS dysfunction 

(Marchuk et al., 2023). Interestingly, the neurological symptoms associated with PA are also widely 

observed in ASD, including cognitive deficits, seizures, dystonia, developmental delay and language 

impediments, and a relationship between PA and ASD has been demonstrated in the clinical literature 

(Witters et al., 2016; de la B©tie et al., 2018; Shchelochkov et al., 2024). Moreover, both PA and ASD 

manifest with immunological and gastrointestinal abnormalities, oxidative stress, mitochondrial 

dysfunction and decreased serum free carnitine, which is depleted by the conversion of propionyl CoA 

into propionyl-carnitine esters (Roginski et al., 2020; Frye et al., 2024). Therefore, establishing a model 

to study the relationship between PCCB-associated mitochondrial dysfunction and neurodevelopment 

could not only yield insight into the mitochondrial component of ASD aetiology, but also contribute to 

an understanding of the clinical convergence of PA and ASD more broadly.  

Several preclinical models have been established to study PA pathophysiology, each best suited to 

address different aspects of the disease phenotype. Targeted genetic disruptions are ideal for the study 

of specific genotype-phenotype associations, but in vivo and patient-derived models are limited with 

respect to species- and cell-specific mechanisms. Genetic knockout models of PCC deficiency are 

constrained by neonatal fatality in vivo, while even hypomorphic murine models only partially 

recapitulate disease physiology, particularly given species-specific differences in the metabolism of 

PCC substrates and the expression, regulation and activity of the PCC enzyme itself (Collado et al., 

2020).  Patient-derived cell lines are useful species-specific alternatives, but these have historically been 
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restricted by the accessibility of relevant tissue. Most studies have resorted to patient-derived 

fibroblasts, which typically display low levels of PCC substrates, while hepatocytes have been used to 

model a more metabolically active tissue with a higher energy demand (Chapman et al., 2016; Collado 

et al., 2020). However, small patient populations, high rates of post-natal mortality and ethical 

considerations associated with brain tissue biopsies create significant barriers to the study of neuronal-

specific mechanisms in patient-derived primary cell lines.  

As such, propionic acid (PPA) is widely used as an alternative model for PA pathophysiology.  In vitro, 

PPA is metabolised to propionyl CoA via propionate-CoA transferase (PCT), which reflects the 

accumulation of propionyl derivatives induced by PCC deficiency (Frye et al., 2015).  Notably, several 

lines of evidence suggest a central role for PPA derivatives in PA pathophysiology: i) PPA readily 

crosses the gut-blood, blood-brain, and placental barriers (Joon, Kumar and Parle, 2023);  ii)  PA patients 

develop normally in utero, likely due to the activity of maternal PCC; iii) PA symptoms are managed 

primarily by reducing propionate load and iv) liver transplants can improve clinical outcomes but fail 

to negate pathology due to the sustained elevation of propionyl metabolites (Park et al., 2020). 

Moreover, a growing body of literature demonstrates that PPA administration recapitulates metabolic, 

neurological, immunological and behavioural aspects of PA aetiology. Studies in patient-derived cell 

lines and in vivo models for PCC deficiency illustrate impairments to TCA metabolism, ETC activity 

and mitochondrial function, as well as mtDNA depletion, altered mitochondrial morphology, impaired 

glucose, AA and lipid metabolism and increased oxidative stress (Anzmann et al., 2019; Wajner, Vargas 

and Amaral, 2020; Marchuk et al., 2023). Similarly, PPA has been shown to disrupt TCA cycle flux, 

impair fatty acid and glucose oxidation, and increase intracellular lactate, ROS and apoptosis (Khalil et 

al., 2015; Wang et al., 2018; Roginski et al., 2020).  

In addition, both clinical and preclinical studies suggest a link between PPA and ASD aetiology. Clinical 

data demonstrates significant changes to the composition of gut microbiota associated with PPA 

production in ASD, which is considered a promising therapeutic target to mitigate ASD-associated 

behaviours (Liu et al., 2019; Ho et al., 2020; Iglesiasïv§zquez et al., 2020; Lin et al., 2022; Prosperi et 

al., 2022; Lagod and Naser, 2023).  Moreover, in vivo studies have shown that PPA consistently induces 

neurophysiological and behavioural aspects of ASD aetiology, to the extent that PPA has become a well-

established preclinical model for ASD. Pioneered by MacFabe et al., (2007), the PPA murine ASD 

model is associated with impaired cognition, memory, sociability and motor function as well as 

increased hyperactivity, stereotypy, perseveration, anxiety and seizures (El-Ansary, Bacha and Kotb, 

2012; Shultz and Macfabe, 2014; Joon, Kumar and Parle, 2023). Concurrently, PPA has been found to 

disrupt gross neuronal morphology, neuronal organisation, dendritic spine maintenance, 

neurotransmission, synaptic gap junction signalling, neuroimmune state and redox homeostasis 

(Nankova et al., 2014; Choi et al., 2018, 2020; Sylla et al., 2020; Khera et al., 2022; Joon, Kumar and 

Parle, 2023).  
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However, researchers have yet to fully elucidate the mechanisms that mediate the neurotoxic effects of 

PPA, particularly as it pertains to the regulation of neurodevelopment. In vitro studies have facilitated 

more targeted questions in neuronal models (Nankova et al., 2014; Abdelli, Samsam and Naser, 2019; 

Choi et al., 2020), including a small but growing body of work in the SH-SY5Y cell line (El Ansary, 

Abu Shmais and Al Dbass, 2013; Hu et al., 2018; Kim et al., 2019; Filippone et al., 2020; Jung et al., 

2020). Previous studies have established that PPA exerts concentration-dependent effects on the 

metabolism and viability of SH-SY5Y cells, showing neuroprotective effects at low doses (0.1-10uM) 

(Hu et al., 2018; Filippone et al., 2020) while inducing mitochondrial dysfunction-driven apoptosis 

from 1-10mM (El Ansary, Abu Shmais and Al Dbass, 2013; Kim et al., 2019; Jung et al., 2020). Still, 

the relationship between mitochondrial dynamics, metabolism and function remains uncharacterised in 

this context. Chapter 1 emphasised that mitochondria are constantly adapting to intracellular demands 

as a balance between biogenesis, fission, fusion and mitophagy maintains a dynamic state of 

homeostasis (Wai and Langer, 2016). Yet, most experimental techniques rely on intrinsically 

reductionist end-point measurements of mitochondrial function that seldom reflect the multifaceted 

nature of upstream processes. As such, a multipronged approach using several complementary 

techniques is recommended for the study of mitostasis in vitro (Patergnani et al., 2021).  

This chapter establishes a model for PCCB-associated mitochondrial dysfunction using PPA in 

undifferentiated SH-SY5Y cells. This is achieved according to three primary objectives, namely to; i) 

successfully establish the PPA model in the SH-SY5Y system; ii) address existing gaps in the literature 

pertaining to the effect of PPA on metabolic state and iii) interrogate specific aspects of mitostasis with 

relevance for the metabolic regulation of neurogenesis. To this end, a range of techniques are employed 

to characterise dose- and time-dependent effects on several interdependent facets of mitochondrial 

function (Figure 2.1). This work characterises how PPA influences the transcriptional, morphological 

and metabolic mechanisms that govern mitostasis in neuronal-like cells. Together, this chapter 

contributes to current understandings of SH-SY5Y metabolism, informs future studies on the 

neuropathology of PA in the SH-SY5Y cell line, and lays the foundation for studies on the relationship 

between metabolism and neurogenesis in subsequent chapters.  
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Figure 2.1. Studying Mitostasis In Vitro. A model for mitochondrial dysfunction was established in SH-SY5Y 

cells using propionic acid (PPA) to recapitulate the differential methylation of Propionyl CoA carboxylase B 

(PCCB) in an Autism Spectrum Disorder cohort. Windows of cytotoxicity associated with PCCB-dependent 

mitochondrial dysfunction were established using cell viability and mitochondrial membrane potential (ȹɊm) 

assays in conjunction with reverse transcription quantitative polymerase chain reactions (RT-qPCRs). This model 

was used to measure the transcriptional dysregulation of central genes involved in mitochondrial biogenesis and 

dynamics, which were functionally validated using confocal microscopy to quantify mitochondrial content, 

morphology and mitophagic flux. Downstream changes to metabolic state were determined using Seahorse live 

cell respirometry assays to measure oxidative and glycolytic ATP production. MTT - Thiazolyl Blue Tetrazolium 

Bromide; TMRE - tetramethylrhodamine, ethyl ester.  



47 

 

2.2. Methodology 

2.2.1. Neuronal Cell Culture  

The SH-SY5Y cell line (ECACC, 94030304-1VL) was obtained from Sigma-Aldrich at p12 and a cell 

bank of <33 vials between p14-p19 was established using the protocol recommended by the 

manufacturer. For cell-line maintenance and sub-culturing, cells were grown in a 1:1 ratio of DMEM 

(Thermo Fisher Scientific, 41965039) and Hams F12 (Thermo Fisher Scientific, 11765054) with 1% 

Penicillin-Streptomycin (Thermo Fisher Scientific, 15140122), and 15% Foetal Bovine Serum (FBS) 

(Thermo Fisher Scientific, 10493106) at 5% CO2 and 37ÁC in a NUAIRE 4750E incubator (serial 

#N162864042114). Cells were sub-cultured at 85-95% confluency at a 1:5 ratio using 0.05% Trypsin-

EDTA (Sigma Aldrich, T3924-100ML) followed by a three-minute centrifugation at 1000 rpm (Hermile 

Z446 centrifuge, serial # 79A2000009). Cells from p14-p19 were cryopreserved in 1mL complete 

DMEM, 5% Dimethyl Sulfoxide (DMSO) at -80ÁC at a concentration of approximately 1 x 106 

cells/mL. Since high passage numbers are known to increase the S-type: N-type ratio in the SH-SY5Y 

line, all cells used for subsequent experiments were between p19-22 and were adapted to Eagleôs 

Minimum Essential Media (EMEM) (Thermo Fisher Scientific, BoC 1-31S01-I): F12 at a 1:1 ratio to 

Hamôs F12 with 1% PS, 15% FBS, 1% non-essential amino acids (NEAA) (Inqaba Biotechnical 

Industries, SC 0823) and 200mM L-glutamine (Inqaba Biotechnical Industries, BoC 5-10K00-H) at 

least one passage before seeding. Propionic Acid (PPA) was administered in the form of sodium 

propionate (C3H5NaO2, CAS # 137-40-6) (Sigma-Aldrich, P5436-100G) by dissolving 0.096g in 

10mL pre-warmed sterile MilliQ water to form a 1M stock solution which was filtered through a 

0.22mm filter and stored at 4ÁC for no longer than four weeks before use. All tissue culture workflows 

were conducted in a sterile Biosafety Level 2 laboratory equipped with an ESCO Biosafety Cabinet, 

Model AC2-451. 

2.2.2. Characterisation of Cytotoxicity  

To characterise the profiles of cytotoxicity associated with PPA in the SH-SY5Y cell line, Thiazolyl 

Blue Tetrazolium Bromide (MTT) (Sigma-Aldrich, M5655-500MG) was used to measure total cellular 

reduction potential under a range of different treatment conditions. An initial series of experiments in 

DMEM: F12 explored broad windows of cytotoxicity from 1 ï 500mM PPA over 30 minutes to two 

hours. Having established an acutely cytotoxic effect at supraphysiological concentrations, the effect of 

a 24-hour exposure to pathological concentrations from 3-5mM was investigated using both MTT 

reduction and ATP production to assess cell viability. Finally, treatment concentrations in complete 

EMEM: F12 were further titrated between 3-10mM over 4-72 hours after a 24-hour FBS depletion. 

These concentrations were informed by previous studies in SH-SY5Y cells (Afaf, Ghada and Abeer, 
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2013; Hu et al., 2018; Kim et al., 2019; Filippone et al., 2020; Jung et al., 2020) as well as plasma 

concentrations of PPA reported in PA that can reach up to 5mM (Roginski et al., 2020).   

In order to employ the MTT assay as a measure of cell viability, the influence of seeding density, MTT 

concentrations, incubation times and cell proliferation was considered in line with the recommendations 

made by Ghasemi et al. (2021). Cells were seeded in clear 96-well plates (Sigma-Aldrich, M0812-

100EA) at 5 x 10  per well in 200uL per well. After an overnight incubation in complete EMEM: F12, 

cells underwent 24 hours of FBS depletion before treatment. On the day of the assay, cell media was 

replaced with 0.5mg/mL MTT diluted in serum-free media from a stock solution of 5mg/mL in MilliQ 

water. After a two-hour incubation in the dark at 5% CO2 and 37ÁC, the MTT solution was carefully 

removed and 100uL of DMSO was used to dissolve the formazan crystals in each well. After shaking 

the plate for 10 minutes, the absorbance was measured at 570nm using an absorbance 

spectrophotometer microplate reader (Thermo Fisher Scientific, MultiskanÊ GO, Serial 

number:110000010644). Each treatment was administered in triplicate, and each well was corrected 

against the average absorbance of DMSO-blanks. Relative cell viability was calculated as the average 

blank-corrected absorbance of all three triplicates normalised to the average of untreated controls.  

Since MTT assays can be confounded by metabolic, redox and proliferative state, preliminary MTT 

assays were cross-checked using ATP production as a reflection of cell viability. For ATP assays, cells 

were seeded at 2.4 x 10  per well in white 96-well plates (BioSmart Scientific, #30196), allowed to 

adhere for 24 hours and treated with PPA for 24 hours. ATP concentrations were evaluated using the 

Luminescent ATP Detection Assay Kit (Biocom Africa, AB113849) according to the manufacturerôs 

instructions. Briefly, cells were lysed using 50ÕL detergent and 50ÕL substrate solution per well and 

luminescence was read on the GloMax Luminometer (Promega, E5311), data was normalised against 

media-only blanks and standard curves in triplicate were used to convert relative luminescent units 

(RLU) to total ATP (ÕM) per well. Changes to cell viability and morphology were also cross-referenced 

by visualising live cells after 24, 48 and 72 hours of PPA exposure, using an Olympus CKX41 Inverted 

Microscope equipped with an NA0.30 Condenser Lens, CAch N 10X PhP and LCAch N 20X Ph1 

objectives and a 6V 30W Lamphouse. Images were captured using Olympus Stream Start 2.5 build 

24576 software in conjunction with a 0.5X camera adaptor.  

2.2.3. Measurement of Mitochondrial Membrane Potential 

To determine whether changes in cell viability were associated with mitochondrial dysfunction, 

mitochondrial membrane potential (ȹɊm) was measured in response to acute (four-hour) PPA treatment 

using the tetramethylrhodamine, ethyl ester (TMRE) assay (Thermo Fischer Scientific, T669). TMRE 

is a fluorescent cationic dye that diffuses through cell membranes due to its lipophilic nature and is 

hydrolysed to tetramethylrhodamine which accumulates in the negatively charged mitochondrial matrix 

in a manner that is proportional to ȹɊm (Connolly et al., 2017). TMRE fluorescent signal can be 
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quantified using confocal microscopy, flow cytometry or fluorescence-based microplate assays. Live-

cell confocal microscopy is the most sensitive technique to quantify TMRE signal at low concentrations; 

however, accurate quantification requires strictly matched periods of dye loading and light exposure 

between samples, which presents significant logistical challenges (Perry et al., 2011). This approach is 

also more costly, time-intensive, and requires access to BSL2 facilities equipped with a high-resolution 

confocal imaging unit. In the absence of the required infrastructure, and with the aim of characterising 

a population-level dose-dependent response across a range of PPA concentrations, a microplate-based 

TMRE assay was optimised as a higher-throughput alternative.  

Irrespective of the method of signal quantification, the relationship between fluorescent signal and ȹɊm 

depends on the experimental design and the concentration of TMRE used.  Here, TMRE was added to 

cells after exposure to the relevant treatment, and fluorescence was measured as a single end-point 

marker of ȹɊm which typically necessitates the use of non-quenching dye concentrations between 1 

and 30nM (Perry et al., 2011). On the other hand, the manufacturers of microplate-based TMRE assay 

kits recommend concentrations ranging from 200 to 1000nM depending on the cell line used (Abcam 

2016) and studies in SH-SY5Y cells routinely use TMRE at 100 ï 1000nM in the same experimental 

paradigm (Dai et al., 2015a, 2015; Waseem et al., 2017; Tan, Zakharova and An, 2021; Zandona et al., 

2021; Vulin et al., 2022). With reference to the aforementioned literature, both quenching and non-

quenching concentrations from 30-500nM were tested in both negative (untreated) and positive (treated 

with the mitochondrial membrane decoupler carbonylcyanide-p-trifluoromethoxyphenylhydrazone or 

FCCP) controls. The upper limit of concentrations was determined in order to avoid the cytotoxic 

potential of TMRE at concentrations of 1000nM and higher (Perry et al., 2011). In addition, different 

seeding densities, incubation periods and staining solutions were tested to identify the most reproducible 

conditions that accurately revealed a significant decrease in membrane potential in samples treated with 

10-50ɛM FCCP for two or 24 hours (Figure S2.1). The positive control was chosen as the concentration 

at which cell viability was maintained while TMRE fluorescence was significantly decreased.  

After optimisation of all relevant parameters, cells were seeded in clear 96-well plates at 5 x 10  per 

well in full EMEM: F12, allowing for one empty well between each sample to minimise signal cross-

talk. After a 24-hour incubation and a 24-hour FBS depletion, cells were treated in triplicate with 0, 3, 

5, and 10mM PPA for 4 hours or 25ɛM FCCP for two hours, both in serum-free EMEM.  Subsequently, 

cells were incubated in 250nM TMRE for 20 minutes at 37ÁC, followed by a rinse with 0.2% bovine 

serum albumin (BSA, Inqaba Biotechnical Industries, GLS GE1877-50G) in 1X phosphate-buffered 

saline (PBS, pH 7.4). 100ɛL 0.2% BSA was added to each well, including blanks, before fluorescence 

was measured on a GloMax-Multi Detection System (Model E7801, Anatech, 2014, Serial 

number:518130957) using the green fluorescent filter (Ex 525, Em 580~640nm). Each sample was 

rinsed once with 1X PBS before being lysed in 50ɛL 250mM Tris/ 0.1% Triton X-100 for 20 minutes 

at room temperature. Subsequently, lysates were diluted 1:2 to reach a final concentration of 0.05% 
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Triton-X 100 before being transferred in duplicate to a fresh 96 well plate. 150ɛL of Bradford reagent 

(Lasec Pty, BBRD5000201) was added to each well, and samples were mixed and incubated for 5 

minutes. Absorbance at 595nM was measured on the MultiskanÊ GO microplate reader, and protein 

concentrations were calculated from blank-corrected absorbance values according to a standard curve 

that was run in triplicate with each assay. For the sake of quality control and reproducibility, biological 

repeats were retained if total RFU and protein concentrations among technical replicates varied by less 

than 10%.  Blank-correct TMRE fluorescence was normalised to protein concentration per well and 

membrane potential was calculated relative to untreated controls as per the equation described by the 

manufacturer, where Ϸ4-2% ÓÉÇÎÁÌ  
 

 ὼ ρππ.  

2.2.4. Examining the Transcriptional Regulation of Mitostasis 

To characterise the dynamic transcriptional responses to PPA, quantitative reverse transcription 

polymerase chain reaction (RT-qPCR) assays were used to study eleven genes involved in mitochondrial 

metabolism and dynamics. First, PCCB expression was measured to determine whether the PPA model 

recapitulated a dysregulation of PCCB in vitro. Subsequently, mRNA expression was measured for 

central genes involved in crosstalk between neuronal metabolism and maturation (c-MYC, PGC1Ŭ), 

mitochondrial biogenesis (NRF1, Nfe2l2, TFAM), fission (DRP1) or fusion (MFN1, MFN2, STOML2, 

OPA1). SH-SY5Y cells were seeded in 6-well plates at 3 x 10  per well in complete EMEM: F12 and 

allowed to adhere for 24 hours. The next day, cells were subject to 24 hours of FBS depletion before a 

series of 72-hour, 24-hour and four-hour treatments at 0,3,5 and 10mM PPA. RNA was extracted using 

the Quick-RNAÊ Miniprep (Inqaba Biotechnical Industries, ZR R1055) according to the 

manufacturerôs instructions with minor modifications. Briefly, cells were washed once with 1X PBS 

before 300ɛL lysis buffer was added to each well. After 1 minute of scraping, the cells were transferred 

to an Eppendorf and RNA was extracted in accordance with the prescribed protocol. RNA was eluted 

in 25ɛL DNAse/RNAse-free water and quantified using a NanoDrop ND-1000 UV-Vis 

Spectrophotometer (Inqaba Biotechnical Industries, Model ND1000, Serial number:2511) before 

storage at -80ÁC until further analysis.  

All RNA samples used for RT-qPCR analysis had a concentration Ó 95ng/ɛL and A260:280 / 260:230 

ratios between 1.8-2.2. The cDNA synthesis was performed using the TetroÊ cDNA Synthesis Kit 

(Celtic Molecular Diagnostics, BIO-65043) according to the manufacturerôs instructions. A total of 

700ng of RNA was added to each reaction, along with 0.5ɛL of oligoDT and 0.5ɛL Random Hexamer 

primers in a total of 20ɛL/reaction. cDNA was stored at -80ÁC for no longer than 7 days before use. RT-

qPCR assays were run using a Rotor-Gene Q6-plex (QIAGEN RG, Serial Number: R0618110) in 10ɛL 

reactions comprising of 5ɛL Luna Universal qPCR Master Mix (Inqaba Biotechnical Industries, NEB 

M3003L) and gene-specific quantities of cDNA and primers made up in sterile MilliQ water. The 

primers supplied by Inqaba Biotechnical Industries are detailed in Table S2.1 along with the relevant 
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master mix and cycling conditions for each gene. Samples from between three and five biological 

repeats as well as standard curves were run in triplicate, and data was analysed using Rotor-Gene Q 

Software 2.3.5. All qPCR runs had efficiencies between 0.8-1.2 and R values between 0.90-1.2 

respectively and the standard deviation between technical replicates was < 0.3. Relative expression was 

calculated using the delta delta Ct method where fold change in expression = 2-ȹȹCt (Livak and 

Schmittgen 2001). 

2.2.5. Evaluating Mitochondrial Content, Connectivity and Turnover 

2.2.5.1. Mitochondrial DNA Copy Number and Deletions 

Transcriptional disruptions to mitostasis can influence both the abundance and integrity of mtDNA 

(Sabouny and Shutt, 2021). Notably, changes to mtDNA copy number and deletions have been reported 

in a range of neuropsychiatric and neurodegenerative diseases (Tyrka et al., 2016; Chung et al., 2019; 

Czarny et al., 2020), including ASD (Giulivi et al., 2010; Gu et al., 2013; Napoli, Wong and Giulivi, 

2013; Chen et al., 2015; Golzio and Katsanis, 2016; Yoo, Park and Kim, 2017; Varga et al., 2018; J. I. 

Kim et al., 2019; S. Liu et al., 2021; Al-Kafaji et al., 2023). Accordingly, mtDNA copy number and 

deletions are widely used as markers of mitochondrial function in both clinical (Castellani et al., 2020; 

Li et al., 2022) and preclinical (Rothfuss, Gasser and Patenge, 2010; Al-Kafaji and Golbahar, 2013; 

Burgue¶o et al., 2013; Masser et al., 2016; C. Liu et al., 2019; S. A. Kim et al., 2019; H. Wang et al., 

2021; Jang, Lee and Kim, 2021; Wasner et al., 2022) studies.  

Here, qPCR of the mitochondrial NADH dehydrogenase genes (ND1 and ND4) and the nuclear 

reference gene ɓ2M was used to measure mtDNA copy number and deletions. Prior to treatment, cells 

were seeded at a density of 5 x 10  cells per well in sterile 6-well plates (Thermo Fischer Scientific, 

140675) in complete EMEM: F12 for 24 hours. Following an additional 24-hour FBS-depletion, cells 

were treated with 0, 3, 5, and 10mM PPA in serum-free media for 72 hours. On the day of extraction, 

cells were washed once with 1X PBS before 300ɛL lysis buffer (Saline/EDTA; 10mM EDTA, 40mM 

NaCl, pH8) was added to each well and samples were incubated for 10 minutes at 37ÁC. Each well was 

scraped for one minute using sterile cell scrapers (Biosmart Scientific, 90021) before cells were 

transferred to a clean Eppendorf and lysed with 10% SDS and 20mg/ml Proteinase K at 56ÁC for 2 

hours. Proteins were removed with 6M NaCl at room temperature for one hour and samples were 

centrifuged at 10 000 rpm (Eppendorf ï Netheler ï Hinz 5426 centrifuge, Serial number 542601273) 

for 10 minutes at room temperature. The supernatants were transferred to a fresh Eppendorf and the 

centrifugation step was repeated before samples were mixed with 1mL isopropanol and incubated 

overnight at -20ÁC. Subsequently, samples were centrifuged at 10 000 rpm for 20 minutes before the 

pellet was washed with 70% ethanol and centrifuged for 20 minutes at 10 000 rpm. After pellets were 

air-dried for 1 hour, DNA was eluted in 20ɛL TE buffer (10mM Tris; 1mM EDTA; pH8) and samples 
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were quantified using a NanoDrop ND-1000 UV-Vis Spectrophotometer (Inqaba Biotechnical 

Industries, Model ND1000, Serial number:2511) and stored at -20ÁC until subsequent analysis.  

All samples with A260:280 and 260:230 ratios between 1.8-2.2 and 1.5-2.1 respectively were diluted 

in MilliQ water to 45ng/ɛL before downstream qPCR assays were run using a Rotor-Gene Q 6-plex 

(QIAGEN RG, Serial Number: R0618110) in 10ɛL reactions comprising of 5ɛL Luna Universal qPCR 

Master Mix (Inqaba Biotechnical Industries, NEB M3003L) and gene-specific quantities of DNA and 

primers made up in sterile MilliQ water. The primers for ND1, ND4 and ɓ2M (Inqaba Biotechnical 

Industries) are detailed in Table S2.1 along with the relevant master mix and cycling conditions for 

each gene. Samples from five biological repeats and standard curves were run in triplicate, and data was 

analysed using Rotor-Gene Q Software 2.3.5. All qPCR runs had efficiencies between 1.09-1.2 and R 

values between 0.98-1.2 respectively and the standard deviation between technical replicates was < 0.3.  

Mitochondrial copy numbers and deletions were quantified according to the protocol described by 

Quiros et al. (2017) using the 2īȹȹCt method where mtDNA copy number is calculated using ȹCt = 

Ct (MT-ND1) - Ct (ɓ2M) and mtDNA deletions are calculated using ȹCt = Ct (MT-ND4) - Ct (MT-

ND1).  

2.2.5.2. Mitochondrial Network Morphology and Mitophagic Flux  

Importantly, changes to mtDNA copy number may not reflect differences in biogenesis, but rather 

disruptions to mitochondrial turnover and clearance. Therefore, fluorescent probes in conjunction with 

confocal microscopy can be used to quantify mitochondrial volume. Here, visualisation techniques were 

used to examine mitochondrial network morphology and connectivity, while a multiplex 

immunocytochemistry assay was designed to quantify mitochondrial turnover (Redmann et al., 2018). 

Microtubule-associated protein light chain 3 Beta (LC3ɓ) functions at the intersection of autophagic 

and mitophagic flux as an essential component of the mature autophagosomes that degrade damaged 

mitochondria (Ashrafi and Schwarz, 2012). The colocalisation of LC3ɓ puncta with fluorescently 

labelled mitochondria is an established method to assess mitophagy in vitro that has been widely 

employed in the SH-SY5Y cell line (Dagda et al., 2009; Dai et al., 2015; Dagda and Rice, 2017; 

Redmann et al., 2018; Lawana et al., 2020; Choi and Han, 2021; Patergnani et al., 2021). Since 

mitochondrial membrane depolarisation specifically induces mitophagy without perturbing other 

aspects of autophagic flux (Ashrafi and Schwarz, 2012), FCCP or CCCP is used as a positive control in 

this context (G·mez-S§nchez et al., 2014; Parganlija et al., 2014; Berezhnov et al., 2016).  

Sample Preparation: SH-SY5Y cells were seeded in EMEM: F12 15% FBS at 1.5 x 10  per well on 12 

x 0.16mm glass coverslips (Lasec SA, GLAS2C29M12RND) in 24 well plates. After allowing the cells 

to adhere for 24 hours, cells were exposed to a 24-hour FBS depletion before 72-hour and 24-hour 5mM 

PPA treatments were administered in serum-free media. On the day of staining, positive controls were 

treated with 25uM FCCP for 2 hours before all samples were stained with 300nM MitoTrackerÊ Red 
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CMXRos Dye (Thermo Fisher Scientific, M7512) for 30 minutes in the dark at 37ÁC. Subsequently, 

cells were rinsed twice with 1X PBS and fixed with 4% formaldehyde at room temperature for 20 

minutes. After rinsing with 1X PBS to remove the fixative, samples were permeabilised with 0.5% 

Triton-X 100 for 20 minutes and blocked with 3% BSA for one hour at 4ÁC. Samples were then 

incubated overnight with monoclonal mouse IgG anti-human LC3ɓ antibody (Thermo Fischer 

Scientific, MA5-31541) at a dilution of 1:200 in 0.3% BSA at 4ÁC. The next day, cells were rinsed twice 

with 1X PBS, followed by three five-minute washes and a 90-minute incubation with 1:1000 Goat anti-

Mouse IgG Alexa Fluor Plus 488 (Thermo Fischer Scientific, A32723) in 1X PBS at 4ÁC. The wash 

step was repeated before each sample was stained with 250nM Dapi (Biocom Africa, 422801) for 10 

minutes. After two rinses and three washes in 1X PBS, each sample was mounted using 7ɛL of Antifade 

Mountant (Thermo Fischer Scientific, S36972) and allowed to dry at room temperature for 2 hours 

before being stored in the dark at 4ÁC until imaging.  

Samples were transported to the Central Analytical Facility (Stellenbosch University, Cape Town, SA) 

where they were imaged using a Carl Zeiss LSM780 AxioObserver Confocal Microscope equipped with 

Elyra PS1 super-resolution technology and Zen 2012 Software. After evaluating negative controls to 

ensure an absence of crosstalk between fluorescent spectra and non-specific binding of secondary 

antibodies (Figure S2.2), each region of interest (ROI) was visualised using the LCI Plan-Achromat 

63X oil DIC M27 objective with an effective numerical aperture (NA) of 1.4. MitoTracker CMX was 

excited with a 561nm laser at 10% intensity and detected at 566-683nm at a gain of 750. The LC3 

channel was excited with the Argon multiline laser 25mW at 488 nm and 2% intensity and detected at 

499-552nm at a gain of 750. Lastly, Dapi was excited with the Diode 405nm CW/PS laser at 10% 

intensity and detected at 410-496nm at a gain of 800.  All channels were detected using a GaAsP 32+2 

PMT detector. Z stacks were captured as a series of 0.36ɛM slices using unidirectional line sequential 

scanning. A total of five ROIs were captured per sample, comprising at least 46 and up to 86 cells per 

condition for a total of 288 cells from three independent biological repeats.  

Image Analysis: Image analysis was conducted in Fiji ImageJ according to the workflow depicted in 

Figure 2.2. OME Z stacks were converted into 8-bit .tif files and a maximum intensity projection (MIP) 

of all three channels was used to identify individual ROIs each containing one well-segmented cell. 

Each channel was separated and pre-processed independently using an optimised pre-processing 

protocol shown in Figure 2.3.  First, the background was subtracted using a rolling ball of 10 pixels 

before the Iterative Deconvolve plugin was used to perform 10 rounds of deconvolution on each 

channel. Stacks were despeckled and smoothed before the unsharp mask filter was used with a radius = 

1 and mask = 0.80 to improve signal: noise ratios. Processed images were thresholded using the Li 

thresholding algorithm and subsequently filtered to remove any particles less than 0.06ɛM.   
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Figure 2.2. Image Analysis Workflow to Quantify Mitochondrial Content, Morphology and Turnover. Z-

stacks were saved as .czi files and converted into .tif stacks before a composite maximum intensity projection 

(MIP) was generated to select and crop regions of interest (ROIs) each containing one well-segmented cell. Each 

.tif stack was divided into separate ROIs before channels were split, background was subtracted (rolling ball = 10 

pixels) and the iterative deconvolve plugin was used to perform 10 rounds of deconvolution. Stacks were subject 

to a preprocessing protocol during which stacks were despeckled, smoothed and enhanced using an unsharp mask 

where the radius was set to 1 and the mask was weighted to 0.90. The MitoTracker channel (MITO) was 

thresholded and the filtered mask was skeletonised to measure branch length, branches and junctions. The 

thresholded mask was also analysed using the MitoMorphology and Mitochondrial Network Analysis (MiNA) 

plugins to evaluate mitochondrial count, area, perimeter, circularity and footprint. Both the grayscale and 

thresholded masks were used to measure mitochondrial volume, surface area and integrated density using the 3D 

Objects Counter plugin. Pre-processed LC3 stacks were filtered using a threshold of 0.06uM before thresholding, 

and the 3D Objects counter was used to measure total LC3 volume and integrated density. Colocalisation between 

MitoTracker and LC3 was measured using both volume-based and intensity-based colocalisation to calculate the 

ratio of common volume to total volume per channel, while the Just Another Colocalisation Plugin (JaCoP) was 

used to calculate the Pearsons, Mandes and Costes coefficients for colocalisation.  
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Figure 2.3. Image Pre-processing Pipeline. Representative slices of showing A) MitoTracker (MITO) and B) 

LC3ɓ signal in raw .tif stacks, after subtracting background (rolling ball = 10 pixels), following 10 rounds of 

deconvolution using the Iterative Deconvolve plugin and after a pre-processing protocol employing despeckling, 

smoothing and enhancing with an unsharp mask.  

A two-pronged approach was used to quantify mitochondrial content, morphology and connectivity 

based on the protocol described by Chaudhry, Shi and Luciani, (2020). This approach quantifies 

parameters related to mitochondrial size, shape and network complexity in both 2D slices and 3D stacks 

(Figure 2.4A). Thresholded 2D slices were examined using the ñanalyse particlesò command to 

measure area, perimeter and circularity as well as the Mitochondrial Morphology macro developed by 

Dagda et al., (2009) for a more comprehensive assessment of mitochondrial shape. Binarised slices 

were skeletonised and the ñskeletonise 2D/3Dò command was used to quantify and measure branches 

and junctions in the mitochondrial network. Similarly, 3D stacks were used to calculate an object map 

using the ñ3D object counterò, followed by the ñparticle analyser 3Dò command on the greyscale image 

to calculate volume, integrated density, surface area and sphericity.  3D skeletons were analysed from 

thresholded masks using the Mitochondrial Network Analysis (MiNA) plugin developed by (Valente et 

al. 2017). LC3 volume and expression were evaluated using the 3D particle analyser as described above, 

setting the minimum puncta volume to 10 voxels in line with the parameters used by Stauffer et al, 

(2018) (Figure 2.4B).   
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Figure 2.4. Quantification of Mitochondrial Content and LC3ɓ Expression. A) Analysis of Mitochondrial 

Content and Morphology. Binarised masks were used to generate 2D outlines, 2D Skeletons and 3D skeletons 

using the MitoMorphology, Analyse Skeleton and Mitochondrial Network Analysis (MiNA) plugins respectively. 

B) Analysis of LC3ɓ Volume. Binarised Masks were filtered to remove particles smaller than 0.06uM and volume 

was measured using the 3D objects counter plugin.  

Subsequently, colocalisation of LC3 and MitoTracker was measured using both volume-based and 

intensity-based colocalisation approaches with two different macros to ensure that the results were 

internally consistent. First, the ImageJ JaCoP plugin (Bolte and Cordeli¯res, 2006) was used to calculate 

Pearsons, M1 and M2 colocalisation coefficients using Costes thresholding. Secondly, the macro 

developed by Cordeli¯res and Zhang, (2020) for 3D quantitative colocalisation analysis was adapted to 

calculate volume-based and intensity-based colocalisation coefficients (Figure 2.5).  
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Figure 2.5. Colocalisation Analysis Workflow (Based on Cordeli¯res & Zhang, (2020)). Original .tif stacks from 

each channel were converted into binarised masks that were used to generate a common mask containing only 

areas of colocalisation. The common pixels mask was overlayed with tagged object maps for each channel to 

calculate the volume and integrated density for all objects relative to common objects.   

2.2.6. Live Cell Respirometry to Measure Metabolic Flux 

Changes to gene transcription and mitochondrial morphology may suggest disruptions to mitostasis, 

but do not provide measures of end-point metabolic state. Several metabolic parameters can be 

quantified to examine the relationship between ATP production, glycolysis and oxidative respiration ï 

such as the levels of ATP, lactate, TCA cycle intermediates or the activity of different enzymes 

associated with distinct metabolic pathways. These methods are well-suited to a targeted examination 

of pathways of interest but are limited with respect to a more comprehensive characterisation of 

metabolic state. For example, metabolite analysis using LC-MS provides a static measurement at one 

point in time, while radiolabelling of specific substrates is both time- and cost-intensive (Radogna et 

al., 2021). Conversely, luminescence- or absorbance-based assays that facilitate real-time analysis of 

enzymatic activity are low-throughput and expensive, allowing for the study of only one variable at a 

time (Johnson et al., 2022).  

The gold-standard method to measure cellular bioenergetics is live-cell respirometry using Seahorse 

technology to assess both oxidative and glycolytic metabolism. Using standardised assays developed 

by the manufacturers, this approach quantifies dynamic changes to metabolic flux in response to 

targeted disruptions, facilitating a comprehensive assessment of both basal metabolism and 

compensatory metabolic capacity. The disadvantage of live-cell respirometry is that it requires 

specialised technology, reagents and training which limits its accessibility. Although a 96-well Seahorse 

instrument was inaccessible, the Brombacher lab at UCTôs Institute for Infectious Disease generously 

allowed me to use their recently acquired Seahorse XFp instrument. The Seahorse XFp employs 6-well 
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pairwise experiments between one case and one control in triplicate. Budgetary constraints allowed for 

one set of 12 plates to be used for cell characterisation, assay optimisation and experimental runs, which 

necessitated careful experimental design. However, the XFp miniplate creates a much smaller 

microchamber in which changes to oxygen consumption and proton efflux are measured, leading to 

improved sensitivity (Agilent Technologies 2021).  

First, a series of cell characterisation experiments was carried out to establish the seeding density and 

cycling conditions at which oxygen consumption (OCR), extracellular acidification rate (ECAR) and 

minimum oxygen levels were within the parameters recommended by the manufacturers (Table S2.2; 

Figure S2.3A, B). Subsequently, titration experiments were conducted to identify the FCCP 

concentration at which maximal respiration is induced (Figure S2.3C). Optimised experimental 

conditions were used to first broadly characterise PPA-induced metabolic shifts using ATP Rate Assays, 

while subsequent MitoStress tests were conducted to examine different aspects of mitochondrial 

function. In each case, SH-SY5Y cells were seeded in 6-well plates at a density of 3 x 10  cells/mL in 

2mL complete EMEM: F12 and allowed to adhere for 24 hours. The next day, media was replaced with 

serum-free EMEM: F12 for 24 hours before cells were treated with 5mM PPA in serum-free EMEM: 

F12 72 hours before the assay. The day before the assay, both treated and untreated cells were seeded 

in poly-D-lysine (PDL) coated XFp 6-well miniplates (Chemetrix, 103721-100) at 30 000 cells per well 

in 30ɛL of serum-free EMEM: F12 with or without 5mM PPA. After allowing cells to rest at room 

temperature for 30 minutes, each well was supplemented with an additional 50ɛL per well, moats were 

hydrated with sterile MilliQ water, and plates were incubated overnight at 5% CO2 37ÁC. The next day, 

media was replaced by 180ɛL per well of Seahorse XF DMEM (Chemetrix, 103575-100) supplemented 

with 200mM glutamine (103579-100), 100mM pyruvate (103578-100) and 100mM glucose (103577-

100), all at pH 7.4. Seahorse cartridges, having been incubated in MilliQ water at 37ÁC overnight, were 

hydrated with pre-warmed calibrant and both XFp miniplates and cartridges were incubated in a non-

CO  37ÁC incubator for 60 minutes before the assay. Cartridges were loaded according to the protocols 

detailed by the manufacturers and calibrated for 15 minutes while cell media was replaced with fresh 

XFp DMEM before being transferred to the Seahorse XF HS Mini Bioanalyser (Brombacher Research 

Group, Institute of Infectious Diseases, University of Cape Town).  

ATP rate assays were conducted using the Seahorse XFp Real-Time ATP Rate Assay Kits (Chemetrix, 

103591-100) according to the protocol detailed in Table S2.3. Briefly, the assay comprised three cycles 

of three measurements each at basal respiration, after the addition of 1.5ɛM oligomycin and finally after 

the addition of 0.5ɛM Rotenone/Antimycin A (Rot/AA). MitoStress Tests were performed as described 

above, with the exception of a 1.5ɛM FCCP (Biocom Africa, AB12008) treatment before the addition 

of Rot/AA (Table S2.4). Subsequently, protein normalisation was carried out using the Bradford assay 

described in 2.2.4. Data was analysed using the Seahorse Analytics online platform, ensuring that each 
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run passed quality control checks related to basal respiration, pH, and oxygen availability for the 

duration of the assay.  

2.2.7. Statistical Analysis 

Data were analysed in GraphPad Prism v10.0.2 (San Diego, California USA). For confocal microscopy 

data, outliers were removed with the Robust regression and Outlier removal (ROUT) approach using 

the standard Q coefficient of 1%. All data were tested for normality using the Shapiro-Wilks Test before 

being evaluated for significance. All datasets comprising three or more conditions were analysed with 

one-way ANOVAs (parametric) or Kruskal-Wallis (non-parametric) tests and post-hoc Dunnetôs 

multiple comparisons tests were conducted to evaluate significance while MitoStress Tests were 

analysed using two-tailed paired T-tests. P-values are annotated on the graphs as follows: *p<0.05, 

**p<0.01, ***p<0.001, and ****p<0.0001.  

2.3. Results  

2.3.1. Cell Viability and Metabolism 

Mechanistic studies of metabolism generally rely on end-point measurements of mitochondrial 

function, but mitostasis is an intrinsically dynamic process. Although models of acute mitochondrial 

dysfunction (i.e., ETC inhibitors or mitochondrial membrane uncouplers) might be suitable to study 

primary mitochondrial diseases, a different approach is required to study disorders marked by subtle 

and systemic disruptions to mitostasis. To identify treatment conditions that could capture responses 

ranging from mitochondrial compensation to mitochondrial dysfunction, PPA doses and incubation 

periods were titrated in serial cell viability assays. The first aim of this chapter was to recapitulate the 

published model of PPA stress in SH-SY5Y cells. As such, initial experiments aimed to identify broad 

windows of cytotoxicity in DMEM: F12 to reflect the conditions most commonly reported in the 

literature.  

Initial MTT assays conducted in DMEM found that acute (two-hour) PPA stress decreased MTT 

reduction to ~58% of untreated controls, while chronic (24-hour) treatment decreased MTT reduction 

to 82% and 67% at 3 and 5mM respectively (Figure S2.4A). Although the MTT assay is widely used 

to measure cell viability, this assay more strictly reflects cellular reduction potential, which can be 

confounded by metabolic, redox and proliferative state (Ghasemi et al., 2021). In line with the approach 

employed by Kim et al., (2019), the cytotoxicity profiles generated from the MTT assay were cross-

referenced using intracellular ATP production as an alternative assessment of cell viability. ATP 

concentrations were significantly decreased to 85% of untreated controls after 24 hours at 5mM PPA 

(Figure S2.4B, C). However, this response was smaller in magnitude than detected using the MTT 
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assay, and ATP levels showed no changes at lower PPA doses. These results are consistent with previous 

studies in SH-SY5Y cells (El Ansary, Abu Shmais and Al Dbass, 2013; Kim et al., 2019) and reveal a 

consistency between the MTT and ATP assays at higher PPA doses.  

Since the MTT assay detected significant changes in viability at lower concentrations, subsequent 

experiments in EMEM: F12 used the MTT assay to establish the lower boundary of doses that did not 

compromise cell viability or reduction potential. Time course experiments were conducted to evaluate 

the effect of PPA on the viability, health and morphology of SH-SY5Y cells over 4, 24 and 72 hours, 

using a 2-hour treatment of 100ɛM FCCP as a positive control for cell death (Figure 2.6A). No 

significant changes in cell viability were detected from 4-24 hours, while 72 hours at 5 and 10mM 

decreased MTT reduction to 64% and 27% of healthy controls respectively.  While these cytotoxicity 

profiles differ from the responses in DMEM: F12, this data is consistent with previous studies in 

EMEM: F12 that found no significant changes to SH-SY5Y cell viability after 24 hours up to10mM 

PPA (Filippone et al., 2020). Thus, the cytotoxicity profiles of PPA in both DMEM and EMEM: F12 

successfully recapitulate the responses reported in the literature. 

Moreover, cell morphology was distinctly altered in a dose- and time-dependent manner that appeared 

to pre-empt significant cytotoxicity (Figure 2.6B). While control cells maintained in serum-free 

EMEM: F12 displayed a rounded tear-drop morphology, PPA induced a thickening and curving of cell 

bodies at low doses, while cells became elongated and spindle-shaped at higher doses. There was a 

noticeable accumulation of floating dead cells in cultures treated for 72 hours, which reflects the 

decrease in cell viability detected using the MTT assay. Moreover, cells treated with 5-10mM show a 

marked elongated morphology from 24 hours, preceding significant changes in viability. Cumulatively, 

the data suggests that PPA treatments less than 4 hours do not impact cell viability at any concentration, 

while doses <3mM retain viability and morphology until ~ 48 hours. From 5-10mM, morphological 

changes are detected from 24 hours and significant cytotoxicity is demonstrated at 72 hours. Together, 

these data suggest dose-dependent changes to cell viability under PPA stress, establishing windows of 

cytotoxicity for the SH-SY5Y system using EMEM: F12 to promote oxidative reliance.   
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Figure 2.6.  Propionic Acid-Induced Cytotoxicity in SH-SY5Y Cells. Undifferentiated SH-SY5Y cells were 

exposed to propionic acid (PPA) in EMEM: F12 for 4, 24 and 72 hours followed by MTT assays to establish 

windows of cytotoxicity. A) MTT assays revealed a time- and dose-dependent decrease in cell viability in response 

to 3-10mM PPA or 2 hours of 100ɛM FCCP as a positive control (n=7) where data represent mean and standard 

deviation. All experiments were conducted in triplicate and cell viability was calculated as the average blank-

corrected absorbance of all three triplicates normalised to the average of untreated controls. Data were tested for 

normality using the Shapiro-Wilks test before significance was determined using one-way ANOVAs and Dunnetôs 

Post-Hoc Comparisons where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. B) Morphological changes in 

undifferentiated SH-SY5Y cells exposed to PPA for 24, 48 and 72 hours were visualised using a light microscope 

at 20X magnification, revealing decreased cell density and elongated cell bodies with prolonged PPA exposure.  
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However, the nature of PPA-associated cytotoxicity cannot be inferred from MTT and ATP assays. More 

targeted approaches were required to evaluate whether PPA could be further explored as a model for 

PCCB-associated metabolic stress. Here, EMEM: F12 was employed as basal growth media for all 

subsequent studies using the approach described in 2.1.2. One of the earliest signs of mitochondrial 

dysfunction in vitro is a loss of ȹɊm (Gorospe et al., 2023), which is widely assessed using cationic 

fluorophores such as TMRE that load specifically in polarised mitochondria (Perry et al., 2011). Using 

the ȹɊm uncoupler FCCP as a positive control, relative TMRE intensity showed a dose-dependent 

decrease after acute (four-hour) PPA treatment, with 10mM PPA reducing ȹɊm by 26% compared to 

untreated controls (Figure 2.7A). Notably, this effect is equivalent to the 23% decrease observed after 

two hours at 25ɛM FCCP and consistent with the decreased ȹɊm previously reported in SH-SY5Y 

cells exposed to PPA (Kim et al., 2019).  

 

Figure 2.7. A Model for PCCB-Associated Mitochondrial Dysfunction. A) Acute exposure to PPA decreases 

mitochondrial membrane potential. Data represent relative TMRE fluorescence calculated from RFU/ug of protein 

according to the calculation described by the manufacturer where % ȹɊm = (treatment ï blank) / (untreated 

control ï blank). B) Propionyl CoA Carboxylase B (PCCB) mRNA expression measured by Reverse Transcription 

Quantitative Polymerase Chain Reaction (RT-qPCR) relative to ɓ2M demonstrates an inhibition of PCCB 

transcription under PPA exposure. Data represent the fold-change in expression relative to untreated controls 

according to the ȹȹCT method (2-ȹȹCT). Each assay was performed in triplicate, data were tested for normality 

using the Shapiro-Wilks test before significance was established using one-way ANOVAs with Dunnetôs multiple 

comparisons where **p<0.01, ***p<0.001, and ****p<0.0001. 

While PPA is commonly used as a model for PA, the relationship between PPA and the regulation, 

expression and activity of the PCC enzyme itself remains poorly characterised. Here, the transcriptional 

profile of PCCB was measured to assess some degree of dysregulation to metabolic flux. In contrast to 

the profiles of cytotoxicity observed in Figure 2.7, PCCB expression was acutely inhibited under PPA 

stress, in a manner that appears neither dose- nor time-dependent (Figure 2.7B). Regardless of time or 

concentration, PCCB expression was reduced between 55-73% in response to PPA, reflecting an 

immediate and sustained disruption to the transcriptional regulation of metabolic flux. While the 

implications of PCCB transcription for PCC activity are unclear, the fact that PPA suppresses PCCB 

transcription in SH-SY5Y cells is a novel, and interesting, observation in this context that may reflect 

ȹɊm
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a broad dysregulation of TCA cycle flux. Moreover, the decrease in PCCB expression at 4 hours 

coinciding with a loss of ȹɊm supports the utility of the PPA model to further study mitochondrial 

dysfunction associated with PCCB dysregulation in vitro. 

Having established that acute PPA exposure induces a decrease in ȹɊm that compromises cell viability, 

specific aspects of mitochondrial function and homeostasis were examined using a three-pronged 

approach. First, PPA-induced disruptions to central transcriptional regulators of mitochondrial 

metabolism and dynamics were evaluated across a window of treatment conditions ranging from those 

with no effect on cell viability to those associated with significant cytotoxicity. Secondly, mitochondrial 

content, morphology and turnover were explored using mtDNA copy number and deletions in 

conjunction with confocal microscopy to visualise mitochondrial networks and autophagosomes. 

Lastly, metabolic state was assessed using live-cell respirometry to measure oxidative and glycolytic 

flux.  

2.3.2. The Transcriptional Regulation of Mitostasis  

To examine the relationship between PPA exposure and the transcriptional regulation of mitostasis, ten 

genes involved in mitochondrial metabolism (PGC1Ŭ, c-MYC), biogenesis (TFAM, NRF1 and Nfe2l2), 

fusion (MFN1, MFN2, OPA1, STOML2) and fission (DRP1) were evaluated across four PPA doses and 

three time points. These genes included four genes that were significantly DM in our ASD cohort - 

PGC1Ŭ, DRP1, MFN2, STOML2 (Stathopoulos et al., 2020; Bam et al., 2021), and several transcription 

factors involved in cross-talk between metabolism and neurogenesis, including c-MYC, TFAM, NRF1 

and Nfe2l2 (Zheng et al., 2016; Beckervordersandforth, 2017; Cai et al., 2021; Iwata and 

Vanderhaeghen, 2021). As master transcriptional regulators of mitochondrial metabolism and 

biogenesis, both c-MYC and PGC1Ŭ play an essential role in metabolic remodelling during 

neurodevelopment (Zheng et al., 2016). Here, PPA induced a clear dose- and time-dependent decrease 

in c-MYC expression, with a 50% decrease in expression after 4 hours at 10mM that amounted to a 96% 

reduction after 72 hours (Figure 2.8A). PGC1Ŭ displayed a more complex transcriptional profile, with 

a consistent but highly variable increase in expression from 4-72 hours at higher PPA doses (Figure 

2.8B).  
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Figure 2.8. Master Metabolic Regulators Perturbed by Propionic Acid. Reverse Transcription Quantitative 

Polymerase Chain Reaction (RT-qPCR) was used to measure mRNA expression of A) c-MYC relative to ɓ2M 

and B) PGC1Ŭ relative to 18S. Data represent the fold-change in expression relative to untreated controls 

according to the ȹȹCT method (2-ȹȹCT). Each assay was performed in triplicate, data were tested for normality 

using the Shapiro-Wilks test before significance was determined using one-way ANOVAs with Dunnetôs multiple 

comparisons or Kruskal-Wallis test with Dunnôs Post-Hoc Comparisons where *p<0.05, **p<0.01, ***p<0.001, 

and ****p<0.0001. c-MYC - c-MYC protooncogene; PGC1Ŭ - Peroxisome Proliferator-Activated Receptor 

Gamma Coactivator-1 Alpha.  

Mitogenesis is essential for the maintenance of metabolic capacity under stress and serves as a 

compensatory mechanism to mitigate mitochondrial dysfunction (Al-Kafaji and Golbahar, 2013; 

Masser et al., 2016; Zeng et al., 2019). Canonically, mitochondrial biogenesis is mediated by the 

TFAM-NRF1 cascade that functions downstream of either PGC1Ŭ or Nfe2l2 in response to metabolic 

or oxidative stress (Jornayvaz and Shulman, 2010). However, this cascade can also be modulated by c-

MYC, which functions as an independent regulator of mitochondrial transcription, translation and 

complex assembly (Morrish and Hockenbery, 2014). Here, the transcriptional profiles of TFAM, NRF1 

and Nfe2l2 were characterised to further explore the regulation of mitogenesis in response to PPA 

(Figure 2.9). After 24 hours of PPA stress, a decreasing trend in expression was observed for all three 

transcriptional regulators, though Nfe2l2 expression was not significantly impacted. Both TFAM and 

NRF1 displayed a time-dependent response, where mRNA levels decreased by 60-70% after 24 hours 

at 10mM, reaching 75-82% inhibition by 72 hours.  
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Figure 2.9. Transcriptional Regulators of Mitogenesis. Reverse Transcription Quantitative Polymerase Chain 

Reaction (RT-qPCR) was used to measure mRNA expression of A) TFAM, B) NRF1 and C) Nfe2l2 relative to 

ɓ2M. Data represent the fold-change in expression relative to untreated controls according to the ȹȹCT method 

(2-ȹȹCT). Each assay was performed in triplicate, data were tested for normality using the Shapiro-Wilks test and 

significance was established using one-way ANOVAs or Kruskal-Wallis test with Dunnôs Post-Hoc Comparisons 

with Dunnetôs multiple comparisons where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. TFAM - 

Mitochondrial DNA Transcription Factor A;  NRF1 - Nuclear Respiratory Factor 1; Nfe2l2 - Nuclear factor 

erythroid-derived 2-like 2.  
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Like mitogenesis, the dynamic remodelling of mitochondrial morphology and interconnectivity is an 

essential component of mitostasis. Under stress, fusion serves as a form of complementation by 

integrating dysfunctional mitochondrial components into functioning organelles, while fission 

facilitates the removal and clearance of damaged units in the mitochondrial network (Youle and Van 

Der Bliek, 2012). Mitochondrial network integrity is maintained by fission and fusion events driven by 

interactions between STOML2 and the dynamin-related GTPases MFN1, MFN2, OPA1 and DRP1 (van 

der Bliek, Shen and Kawajiri, 2013). Here, PPA-induced disruptions to mitochondrial dynamics were 

investigated via the transcriptional profiles of central regulators involved in mitochondrial fission, 

fusion and ultrastructure (Figures 2.10 and 2.11). The expression of MFN1/2, DRP1, OPA1 and 

STOML2 was significantly attenuated under PPA stress, though each gene displayed distinct patterns of 

expression over time. MFN1 levels were not significantly disrupted until 72 hours, at which point a 50-

60% decrease in expression was observed irrespective of PPA concentration (Figure 2.10A). MFN2 

expression was significantly decreased by 24 hours, but 72 hours was required for a dose-dependent 

effect to emerge, where expression was decreased by 50% at 3mM and ~70% from 5-10mM (Figure 

2.10B). In contrast, DRP1 expression exhibited a dose- and time-dependent decrease from 24 hours, 

where the 50% reduction at 10mM progressed to 60% after 72 hours (Figure 2.10C). Interestingly, both 

OPA1 and STOML2 showed similar patterns of expression, marked by a small but significant 30-40% 

decrease in expression after 4 hours, dropping further by 24 hours to a 70-75% reduction that was 

maintained through 72 hours (Figure 2.11). However, while OPA1 levels were equivalent between 

different PPA concentrations, the expression of STOML2 was modulated in a dose-dependent manner.   
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Figure 2.10. Canonical Regulators of Fusion and Fission. Reverse Transcription Quantitative Polymerase 

Chain Reaction (RT-qPCR) was used to measure mRNA expression of A) MFN1, B) MFN2 and C) DRP1 relative 

to ɓ2M. Data represent the fold-change in expression relative to untreated controls according to the ȹȹCT method 

(2-ȹȹCT). Each assay was performed in triplicate, data were tested for normality using the Shapiro-Wilks test and 

significance was established using one-way ANOVAs with Dunnetôs multiple comparisons or Kruskal-Wallis test 

with Dunnôs Post-Hoc Comparisons where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. DRP1 - 

Dynamin-Related Protein 1; MFN1/2 ï Mitofusin 1/2.  
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Figure 2.11. Central Modulators of Mitochondrial Morphology and Dynamics. Reverse Transcription 

Quantitative Polymerase Chain Reaction (RT-qPCR) was used to measure mRNA expression of A) OPA1 and B) 

STOML2 relative to ɓ2M. Data represent the fold-change in expression relative to untreated controls according 

to the ȹȹCT method (2-ȹȹCT). Each assay was performed in triplicate, data were tested for normality using the 

Shapiro-Wilks test and significance was established using one-way ANOVAs with Dunnetôs multiple comparisons 

or Kruskal-Wallis test with Dunnôs Post-Hoc Comparisons where *p<0.05, **p<0.01, ***p<0.001, and 

****p<0.0001. OPA1 - Optic Atrophy 1; STOML2 - Stomatin-Like Protein 2.  

Of the eleven mitochondrial genes investigated here, three distinct transcriptional profiles emerged 

(Figure 2.12). PGC1Ŭ was the only gene to demonstrate significant upregulation in response to PPA, 

and while transcription levels vary, a consistent pattern of acute upregulation that is attenuated over 

time was observed at all PPA concentrations, where both the degree of initial upregulation and the 

subsequent rate of downregulation was dose-dependent (Figure 2.12B).  In contrast, the other 10 genes 

of interest examined here were transcriptionally downregulated by PPA, although there is a separation 

between four early-responders and six late-responders (Figure 2.12C-E). c-MYC and PCCB showed 

the greatest degree of initial downregulation, but while PCCB expression stabilised after 24 hours, c-

MYC was attenuated further with time.  Like PCCB, OPA1 and STOML2 were acutely and significantly 

downregulated by hours, reaching a maximum level of 60% downregulation by 24 hours that was 

sustained to 72 hours. On the other hand, TFAM, NRF1, MFN1/2 and DRP1 displayed a more time-

dependent response that took effect only after at least 24 hours of PPA exposure. While TFAM, NRF1 
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and MFN1/2 were downregulated by 24 hours, NRF1 expression appeared to stabilise at this point while 

TFAM and MFN1/2 were further attenuated in a time-dependent manner. DRP1 expression was less 

susceptible to PPA stress, only showing significant signs of inhibition after 72 hours of exposure, while 

Nfe2l2 expression displayed more minor fluctuations at all time points.   

 

Figure 2.12. Transcriptional Disruptions to Mitostasis Induced by Propionic Acid. A) Transcriptional  

disruptions induced by Propionic Acid (PPA) stress converge on a dysregulation of mitochondrial biogenesis, 

dynamics and metabolism. B) PGC1Ŭ expression over time at 3, 5 and 10mM PPA. C) Early, D) Medium and E) 

Late responders show distinct patterns of downregulation over time at 5mM PPA. c-MYC ï c-MYC 

protooncogene; DRP1 - Dynamin-Related Protein 1; MFN1/2 ï Mitofusin 1/2; NRF1 ï Nuclear Respiratory 

Factor 1; Nfe2l2 - Nuclear factor erythroid-derived 2-like 2; OPA1 ï Optic Atrophy 1; PGC1Ŭ - Peroxisome 

Proliferator-Activated Receptor Gamma Coactivator-1 Alpha; STOML2 ï Stomatin-like Protein 2; TFAM ï 

Mitochondrial DNA Transcription Factor A.   

Importantly, the transcriptional profiles of individual genes may not reflect acute changes to specific 

mitochondrial processes. Fission, fusion or biogenesis may be induced as an acute response to metabolic 

stress by activating or recruiting existing transcripts and proteins. Still, maintaining the pool of mRNA 

transcripts can be considered a prerequisite for the subsequent levels of regulation that shape 

mitochondrial dynamics. Thus, the data presented here may suggest that chronic PPA exposure depletes 

the mRNA levels of critical genes that maintain mitostasis, which could have implications for 

mitochondrial morphology, dynamics and metabolism.  

2.3.3. Mitochondrial Morphology and Turnover 

To examine whether transcriptional changes were associated with downstream disruptions to mitostasis, 

complementary RT-qPCR and immunocytochemistry assays were used to evaluate mitochondrial 
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content, morphology and turnover. The treatment conditions used for these experiments were based on 

the transcriptional profiles in section 2.2.2. and a range of preliminary experiments that found no 

changes to mtDNA copy number after 24 and 48 hours of PPA stress (data not shown). After 72 hours 

at 3-10mM, neither mtDNA copy number nor the ND4:ND1 ratio used to assess mtDNA deletions was 

altered in response to PPA (Figure S2.5). However, confocal microscopy revealed subtle disturbances 

to mitochondrial content over time. Although 10mM PPA had the most substantial effect on both 

transcriptomic profiles and cell viability, 5mM was chosen to study a more intermediate response from 

24-72 hours, with the aim of capturing different responses that occur both before and after significant 

cytotoxicity is observed. Quantifying mitochondrial content using two independent image analysis 

workflows showed that mitochondrial mass was retained until 24 hours under 5mM PPA stress, while 

mitochondrial volume, fluorescent signal, area, and mitochondrial footprint were decreased by 20-27% 

after 72 hours (Figure 2.13).  

Figure 2.13. Decreased Mitochondrial Content Under Propionic Acid Stress. A) Representative maximum 

intensity projections of SH-SY5Y cells at 63X magnification after exposure to 25ɛM FCCP for 2 hours or 5mM 

PPA for 24 ï 72 hours. Cells were stained with 300nM MitoTracker CMX Ros and visualised with a Zeiss LSM780 

Confocal Microscope, using the 63X oil DIC M27 objective and a 561nm laser. Mitochondrial content was 

quantified according to B) Mitochondrial Volume; C) Integrated Density; D) Mitochondrial Area and E) 

Mitochondrial Footprint per cell normalised to total cell surface area. Data represent 288 cells with 46-86 cells 

per treatment condition from three independent biological repeats. Data was filtered using the ROUT method to 

identify outliers before being tested for normality using the Shapiro-Wilks test. Significance was evaluated using 

Kruskal-Wallis test with Dunnôs Post-Hoc Comparisons where *p<0.05, **p<0.01, ***p<0.001, and 

****p<0.0001.  
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