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Abstract

Auti sm Spectrum Disorder (ASD) is a chronic neur
aetiology shaped by geneti c, epigenetic and env
ASD aetiology significantlty dfmptelde sc an diigtniosn ,s vah

i mpairs quality of life. A role for mitoehondr.i
recogni sed, wharlee arMlissoasdmedgi ngl regul ators of
physi ol ogy anrde ofvierct iroemmcenM work in a South Af
di fferenti al DNA met hyl ation (DNAmMmM) signatures
Propionyl CoA Carboxylase B (PCCB). This projec
comegaan of ASD aceitmobiggye msitwg marc hani stically ir
signatures found in an understudied SA popul atio
Building on esmaldei shédrpbethi PCEBI dysfunction a
was used to recapitul ate iitkeR¥YHEdh dereiTdllisadyddhfyd n Btl iu
Tetrazolium Bromide (MTT), Teutmamesbghtr hddB miDee¢ e
( TMRE) ass ay®sard edad peen dae n t decrease in cell Vi
catalysed by an acute | oss of mi tochondri al me

transcription quantit at-q RR) paoslsyanyesr assheo wehda i ann raecauc
supprefsLiC8xpoéssion and a systemic dysregul ati on
met aboPAGLOMYEL, bi oGEAMSi)BREMIDRPiloand STUGMLoN, (

MFN1/ 2) .OFANfocal mi croscopy demonstrated assoc
mor phol ogy and integrity, characterised by decr e
fragmentation and perturbateélshpsrreoanmerdirtgadp i d guisd ir foln
i mpairments to metabolic state marked by signif

producti on.

Having effectively recapiithulvattendodmil t d @olr o nnderuiraolg e

devel oped to examine the interplay haesteweemn tnreausr
mi croscopy, immunocytochemistryfdndarcegs pifr ame tf rey
demonssuatciesgf ul cel l cycle exit, efficient neu

i ncr &b B ubl3i)nn (Nestin (NES) ratio and enhanced

was har ne sacetde r ti-i3 e deutitderd di sruptions t o neur oge:-

mor phol ogi cal aberrations and significant <chang
net wor ks. Compl ementary i mage analysis workfl o\
complexity of neurite processes, disrupted the |
decr easheBd NEBe rati o, i ndicating substanti al i mp

mat ur ati on.



Lastl vy, gl obal RNA sequencing was used to char
neur onal maturation under PPA stress, revealing
neurotoxicity. PPA upregul aneg, ppookesfesatiinovrol ¥
i mpaired epigenetic and metabol i c reprogramm
neurotransmission. AmesporersipVvay et avleeini cstamd s |
emerged at the cenmee af ghheglPtPAngraescprptal n
substrate utilisation, differentiation, synaptog
convergent mechani sms that shape extracellul ar

injury, apoptosi s and excitot axifdietoyp.ad Togettiser
neurogenesis under PPA stress, driven by disrupt
neuronal cell fate.

This projeat nemoalebi §loed neurogenesis and devel o
the groundwork for mechanistic studies on neuro
provides a gqguantmittatcihvoen da d sad s stmoermpth od fogy, dy nami
stress and itso tfhuencftiirosntal $tyudlye monstrate t hat PP
di fferenti a3YoDWY mmndetlhhe MOH eover, the transcript
hi ghlight novel procersfsecse tlhhat wdeaimcrme toab alti stnh,e |
neurotoxicity. Ultimately, these insights contri
component of ASD aetiology, which could informt

s ttreagi es t o-tiempr ¢aMeé nlicermd out comes.
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Thesi s Overview

Mol ecrwelsaerar ch into Autism Spectrum Disorders (AS
century with thet hirnouhdgodtéeeicdrmobbdgihe g.h Yet , res
grappling with how to translate novel genetic as
can be harnessed to i mprove quality oprocéesedr.
have emerged as a subject of interest in both mo
group previously reported di fferenti al DNA me-
mitochondri al processes i n amohunrdte r (sSeuadtiad@ap,Swlud
Bamt 22021) . I n fact, the mitochondri al componen
we-ebtablished overttdad24)a.stCaodrecuardreametElhyg, i ianvimso ¢ h o
emer gfedaalgul at ors of neurodevel opment , physi ol oc¢
in neurodevel opment al and neurodegenerative di ¢
Mor eover, an emerging field known ae mohoebonar
mitochondri al alil lolsasatihi at ilnogadh o WAt ochondria m

underl ying biology and ttheea memrcJiirnd rcmd n to utt ac oinrefsl U d
Burell e, 2019) .

This thesis examines the role of mitochondrial d
signatures identified in our ASD cohortvittoabdeve
thesis is divided into two parts, tied togethe
mi tochondri al dysfunction inl descoideee | & hrme ndr i
i mplications of the mitochondrial dysfunction h)
study miabcdgedbthunddntirlplortthi s model system is harn
relationship between mitochondri al dysfunction e
mo d el for -mssochaneédi aleurotoxicity. These pri mart

br ooabdf ecti ves, adddeBisgur é nA)Chapters 1

Chapter 1 introduces the broader | andscape of mo
soeicoonomi ¢c and psychosoci al considerations that
chapter coll ates theopdibBal ngneeh adckemoomss thioavt A )t «
mitochondria shape diverse facets of ASD aeti ol
Chapter 2 estwbtieshésramitochondr-liiak e S¥plH¥f cettd isor
usingpPonic acid (PPA) to recapitulate the mitoc
carboxylase B (PCCB) observed in our ASD <cohort

charactitaer moeleadan for neur onal di fferentiati on, whi

X X1 ii



on neuronal mor phol ogy and maturation. Lastl vy,

C

under piass®PAated neurotoxicity to better under s

neuronal metabolism and devel opment
CHAPTER 1 CHAPTER 2
Mitochondrial Dysfunction in ASD Mitochondrial Dysfunction /n Vitro
h ~
x - —> PCCB | —» Ty
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CHAPTER 3 CHAPTER 4

Neuronal Differentiation /n Vitro Transcriptomic Signatures of Neurogenesis
—_—
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Figure A. Thesis Contents and OutlineChapter 1 describes how mitochondria influence neurodevelopment,
neurophysiology and neurochemistry to shape clinical outcomes in Autism Spectrum Disorder (ASD). Chapter 2
develops ain vitro model for mitochondrial dysfunction based on the signatures in a South African ASD Cohort.
Chapter 3 establishes &m vitro model for neuronal differentiation to study the effect of metabolic stress on
neuronal maturation, while Chaptercliaracterise the underlying transcrigthal 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 aetiBDiiF i brain

derived neurotrophic factoRCCB-Pr opi ony | C o0 APPATapropiomig acid; &RA eetinBi¢ acid.

PART I
|

A

Ultimately, thisthesisexpands currertharacteriations of the PPA model, providing novel insight into
mechanisms and manifestations of FiRAduced neurotoxicityThiswork establishes aim 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 charaetdiiferent facets of mitochondrial
homeostasig vitro and highlights novel considerations for the-SM5Y system in neurotoxicology
research. Together, this project lays the groundwork for new avenues of research into mitochondrial
dysfunction ad neurotoxicity that could yield insight into the mitochondrial component of ASD

aetiology.
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Chapter 1.

ThMi t ochondri al Hypot hesi s: Mol ecul ar Mect

1.1The LandBeclapeulodr Auti sm Research

Auti sm research spans di sparate academic discipl
mol ecualnadrs Al plkeiurgsht fdescri bed in the scientific
included in the Diagnostic and -Bth)ishi t8a80MaRaas
and Vol kmatdhcel2iOn2ilc)al concepansaliildateivond svi omfg g WMhii 9 |

Shattock, 2021) . Current di agnostic texts defin
mar k edd fbfyer ences in soci al communi cati on, i ntera
devel opment and significantly i mpact daily func

These <criteria capture diverswsveargndhahcdtpagenslad dma e

sociocul tur al contexts (Lombardo and Mandel | i,
compounded by a range of frequent comorbidities
di sorder ( ADHD) g a sstl reeipntdcissdrndadr spr obl ems, i nt el
depressieotnh 20048ang Similarly, the ceapasmictiyatandd tm
varies significantly between individuals due to
factor s t hat contribute t eAr mendadi &/a taieon e ,( P&t0
Accordingly, it remains chal |l eniaorgi tteor i eaf fienc tti hve

standardi sed t ool s etshhaotl dpsr ofvoird ed i gaugannoesi tt2agk2i tv) ea st shir

The mol ecul ar aeti ol efgayc edafe dASDwviitsh eaqu aulnldyi smpuwlt tei

component that is influenced by both epigenetic
heritability of ASD was dfircdnescrnddldes hteadt we e rh
twins. Varying rates of concordance between 60 ¢
t he most recent esti mat eest PaAlh§p BDecttivEa® h@ A IMasidn O
et 220 2H0et 2a022) . As the throughput, accuracy and
advanced rapidly over the past two decades, geno

demonstrating an estimated het i2a0l212;; | iGthaaef to eidrlw.e e n
2023, Kereszturhia;rse28aBed dahcemwbek genetic archi
pl eiotropy, extensive | ocusdeée ennewtoagteinoenist ywiatnhd vc

penetrancet gabBlat,dahln fact, no single mutation ac



(Duf ehez01l®&hinmocere than 65% of additive heritabil

ge
St
pr
or

b

netic vareitaBO2alnB38v vdhlal | ASD case®ta2a2.0,;di op e
ocebrmd23) . Toget her, the heterogeneity in cl
esents considerable challenges to mol ecul ar £
igins of ASD are thought to <conovuelrdgei nofno ram mimx
omar keapeanhdct ser at e2g0l2e2s; (Pdunr2e@h@z3d a Khal i ul i n,

and Amal , 2024) .

Despite the exponenti al increase in molecul ar A¢
existing research is stildl | aetg 40y2.20 a n dftheet ed cihn
di versity of African populations has the potent
characterising understudied populations is an en
poorly studbfedamcAforsiscaSSUpDPSSA) eDe2aWiT)es, W2 0rlég e |
coneuwcta review of mol eculgauranA3 0 yr easneda recxhp lian nAftr
di spari tty 223 )ckelln rRip®hratevinelwec wear ASD resear
African continent amounts to |l ess than half of

with the existing research coming from only seV

mol eculrathersse@a e already constrained by a | ack c

but pooo kealksh tarqeuald fskrarewddamcefi ahhscentralis

absence of cultwurally relevant diagnostic tool s
further | imits the scope of molecul ar ASD resear
2016 ; e Fr2a0hlz7,; eBta RaflR.&,; Samadi |, 2022) .

Yet Isd€ ac & boawmeoetnt iaod ced wn thred goigoanpa li n mol ecul ar ASD r e

evaluation of health science research capacity s

number of umaiuvtehrosri tpiuebsl,i cfaitrisotns ,etaBad2t) i nAtal her.

t

r

me , SA has produced more than 50% of all ASD

esearch output overnr 22023)).asThue,calie Hdadg itctkeli nf

higloal ity researnadh mor ebcoutlhara utiiosmmgy. Yet, we f ou
stubdaes chen@nuct ed in SA populations since 1935. T
and research output appears to be due to a | ack
and clinical sectors. The dsspaopomsdi D9Atme dbrug dtel
resources available for mol ecul ar Fceosmenaurnci hc adid e
di seases (Nyirendiast i2nOgl 6nme s eSaiorgidlyarhliya,t rex condi
studies on diagnosis and intervention raéeher th
al2Q023) . Whil e there is a growing awareness of

resources are not allocated to molecul ar ASD r es

context.



I n fact , the translatability of mol ecul ar ASD |
internationally. Despite dhéehuadpedsgsaot imnmigskhagte
auti sm r efisteraarncshl aitse tgpene di scovery into an actio
(Manoli and State, 2021). There is still a signi
of strategies that tangibly i mpr cavnedmpeno pleeadas alri v
studies have failed to produce transl atable resu
Geschwind, 2016 ; Lot h, Mu r @ th y2alaln7d, SSpeosctraenn ,a n2d0 16t
Mc Craekeamd21) . This can | argely be attributed t

epigenetic and environment al factors that contr
al so reqguire a more interdiscipaihaeyoappubachd
2023) .

I n recent year s, the evolving sociological |l and

scientists to reevaluate the aims andpdiimayti on:

relied on the medical mo d el of disability, root e
Carr and Shattock, 2021) . However, the field i
bi opsychosocial disability Duogdel, QOR®Wn &rMmd sB ena

an Vvindlual 6s experience of disability is influen

0

emphasi sing dtifdteakeaclecygi acakeds & i( il edVe helt o qailc. a |
e
n

2019). Th neurological differences associated w
functioni g; yet an inability to function withi
neurotype is not itsel fe mdthleod erghirackadt h{ed dry Moewchu 2 0 2
experdiemtcrei nsitch adti scasbuslest yi nt er nal di stress irre.
Consi bempiergpectives, autism research is shiftin
mi ni mi sing internal di stress, rather thamh @&lradic
2021) .

Still ,rean aonvceer on t he medi cal model of disabilit

which requires unambiguous definitions of disea
highly specific questicans rwistelarlicihmitteendl ssd ope el Fi
of behaviour and functioning, where the efficacy
in ASBociated behaviour s. Yet , it i s becomi ng ¢
a ways corr el atbee iwigt horh egaulatlhi,t ywedlhli t mae, (Z@aph2; agGe
et 22020; Hul I , Petridest aZadd2 LMandywy, t2h0 20 ;c oGaoekxt ,
acknowl edge that mol ecul ar -dA Se nrseisoenaarlc hu nndaeyr sbtea rr(

that could hinder i1its translatability in a clini



Neverthel ess, mg r e@attleanrt irad sgar dmflmasn bot h pharm
interventions that could improve quality of | if:
instrument al in increasing access to eapokhy di af
individuals themselves for their di fferences (|
therapies have been -abd¢er rtionge fieaclttilved gn dirteiaan s

i mproving |ife expectancyBaaend 2009 hi cBletbercamas
mol ecul ar ASD aetiology could be essenti al to
di agnostic | abaslpeciwhicl @i ponaulkatrisomnd phar macol «

early diagnasinsu cahn dnotrree aatcraeamsit br lag nierd rceoand werxd e .
many areas of society wild.l need to be systemic
neur otypes. However, in a countrnyd lhiekael tShA,c awhee rr
l imted for a majority of the population, childr
Whil e psychol ogical and sociological intervent.i
need for rmpdrag maarod eotge ¢ a | approaches to alleviat:

accommodated by the system.

Ultimately, different sectors of autism research
research requires socially responsive practices
within a biopsychosorcowailddrmamesvlorknesioghtd iantso tpt
the interface between environmental dterenssdi i &
out comes. On the one hand, ASD is associhatcehd wi t
not only increases the risk of psychopatlkdl ogy ¢
al2Q20; efamiNEal et Sad2BYyital so i mpairs <clinical out
neurodevel opmental, neurodegener atti @824 nhd nOor o}
ot her hand, increasing evidence al so suggests an
by geamatteiua olaspiexcals of (ME®c adete li2db2dDgy Unr uh, Bodf
Gotnha 2020et Ral2Wprar i er -GokemBaTB®d& 1) cl inical out c

are determined by interactions bet weeent EOS3l,and A
Makri s, El eftheriades and Pervanidou, 2022) . Wi
di sease, and consequent chil dhood abuse or neg

aetiology, ELS and patthiopmy sfi @l otghpee li lmega ldbtif m é anrdd ivuir
with ASD. Mechanistically understanding this rel

the sociological and physiological factors that

It wiismh t his context tsht autd ihees rmorl eesceud rach agertd wd ogy
popul ations. We pr evilwpdtyhassend motl ed utl me fsit rusdty n
from SA, revealing DNAmM signatures that eetonverg
al2020) . Not abl vy, DNAmM and mitobbemgrdialateysfiwnnoae

4



and thewacreasing evidence that these processes

mi t ochondr iar iftuecatlloabtnonrass r odevel opment t hat shap

aetiology. This chapter reviews the relationship
descrtihbei nbg occohretme xcta | tt theet caemfisrraahsd o bj ecltn vesi rod t
so, this chapter demonstrates how the molecul ar
the broader Il iterature, highlightingoodetafhor $§ ns
newmrad matpthryastiiodm,gy and f unctsieaxrbietohweete no bd rod toegy ya te
environment . Toget her, this discussion illustrat
facets of ASD aetiology that are suscaepitmbprlnevdo
gual ity of [1ife

1. 2Fr oDPNA Met hytMat oohondri ailn DASDuncti on

The complex heritability of ASD and the varying
autism cabmextpl abhedy by genetiKowahot br @n @ WIN®mwiadk\
2019) . Therefore, a role for epigenetic mechani
epigenome is shaped by modifications totDNA& and
(Tremblay and Jiang, 2019) . Epigenetic state pl
governing the spatiotemporal patterns of gene ex
and function (Salinas, r@onngllay ame $Songegrfa0620Db
stressors and transcriptional regul ati on, epi
i mmunol ogical, endocrinological and psychol ogi caea
(Kubota akid, M&h6)zu Moreover, a recent systemat.

ASD candiparttei @ipmayteen eitni ¢ r eegtu2a@ 1.8, n i( Dalf ddhieyg se
that are causally implicated (NDByhdfRamgasnamyod

and Narayanan, 2013). I n fact, cumul ative eviden
and Adak,et2 @BIR2; S &ntoza@da3 )0, hi st onet 2a0d6y ledsieay (
al2Q22), hi stone anet2holyll2a)t i @omd (Mihaurl dRBA ZWni RINA)  (

Gar rTiod® & a012.3,) profiles in ASD.

DNAmM i s oneweckft udiee dnaoeepci hgaemnirest @ aDuNsAem patt erns pl
fundament al role in regulating neuronal identity
Weksber g, 2017) . DNAmM modul ates gene expression
repressor and enkagntati agmpl ¢eeseaba BB ey s pl Aci mlge
DNAmMm in ASD is supported by syndromic ASIEsS unde
nowvatati ons ihn nBNAmeinwtcic and gl obal DNAmM profi
DNAmMm profiles to environment al risk factors | in
Lein, 2016; Tremblay and Jiang, 2019) (DEpr by st

5



single genemorithe M Sdo rptoest ti ssue, which correl at

protein expressi @aP06§ Na@Etegpd 9 ) . Subsg@gueme wh
met hyl ati on sdcerreievnesd ilny mpaehtoibdmtst oi d cel | l'ines (
DM signatures converging on central nervous sSYys

( Ngugte a0l 1.0,; eWo2a@1.4,) . These findings wer-eidéeti mat
DM signatures foand -marpemt ASBDelker Aleget a2atblude) .(Lad

Since this seminal wor k, epigenetic mechani sms
DNAmM in ASD has been extensively reviewed (Cier
and Weksberg, 2017; Waye and €hWwn§n i-Kdowiasl crkiak eanmbd
Nowakowska, 2019; Banet j2a0k2 23 n dG hAodl eakm2ali2.02281d; e RLwcre n |
studi es-aamatt ymesahave found that DNAmM signatures
i mplicated in ASBt aZaltl 8;l eWoyza@(1l.An d rBetvkall 8 kj - Gar c?2 a
Or teitz 2202 1 ; Setto caxlo2r3o0) , correlate with difference
neur ophysetol2a0gly9 ;( Jddas 2000 4 9] eKr 2 R20,) and di stingui
ASD endopheprpbdtzadle; (lSeas andt Hal 2 120.2 0T,h uksy, - DNAmM i
established component of ASD aetiology. However,
in SA populations. Wermomae ume telly [trdbieN dAS Ds croavd o |t ie ma
ideadi PM across 898 genes that convergededn mito
al2Q020) . Subsequent validation studies demonstr e
bi ogenesi s, fission and fusion were DM in ASD, W
( mt DNA) copy number and wurientarza02méet ablolgemiher pr
suggests a mitochondri al endophenotype under pi |

mitochondrial function in ASD physiology.

I't is this hypothesis that informed the directio
about the relationship between mitochondrial fun
the functional si gnatt uwesrse i mefl li eatt eed i m tolueg Trode

began with a quantitative r evi(dw gaof(eMadhbollnjys haerdd r
O6Ryan, 2021). Here, 19 transcriptomic, proteomi
studidcksnaetaal yses published between 2016 and 202:
intentionally heterogeneous, derived from diff el
types from both biideabdl ead@®lbitmippresampl @3 med t o |
mol ecul ar mechani sms that were implicated in ou
across a range of datasets wusing diverse mol ecu

devel opment al stages.
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Figure 1.1 . MoCerwhdmgeantArueas simn Spect r(Tuank EDiodaoir adrey and
O6Ryan)ARDAlLlYysis Wor kfl ow a&BnHalGrmagprhk c@dn dwvieaasli eRvat hwa
at | east seven Dandemrdrsdavretr ed &tod § exttaenda | fyrSaertsi 199n sStpledit & su
Di soA&Paronhorts published between 2017 and 2021, inclu
DNA met hyl ation (DNAm) profiles. All Igkared |ldasdls dvaetraes
was anmetattebd ntghe top 10 significantly enriched Hal/l
Canonical Pat hwayssitshaint wegr enmbehedcoacr oss DNSD prot
met hy IDaNtAijdat dsets converged on processes involved in
neuroinfl ammati on.

Using a quantitative approach to functionally ¢
signatures, this work revealrodecanomitealacpabdhw
converged on processes involvendtabobremi haedat ind
not e, mi tochondri al oxidative phosphorylation (
dysregul ated pathways across all 19 dataset s, [
approaches, amgl esrfcbemdchnl dren ranging from 1
S1.1; Table S1.2). Thus, the mitochondrial sign
the tissue type or the age range ehmphdlooyoced a md obur
ti ssue from diverse popul ations. This analysis
signatures in the developing brain and highlicg
mechani sm that may be implicated in idiopathic A
Il n fact, a mitochondri al component-eshaBbDsheti o
the past two decades. A review of <clinical dat a
met abolism and auti sm, raecptoirct i enagi dcoosnissi ,s tpelna s neav i @
i mpaired neuronal energy production and altered

of evidence have since emerged to-desppobedthnsr

revi dawsdi @®%i , El wel | and Johnson,et2@0Aa:;8; GrCiafsft iotr I
2019; Baé¢ta 2é0l20d ar€it t 220 3M;0 Fr ye, 2020; Thor sen, 2
and Amal , 2024). The prevalence of mitochondri al



ASD compared to the gener al popul ation (Cheng,
genetic aspects of ASD aetiology are frequently
( Gi ganta ga0l2.1,; Shcehe2a@2hk oVvA -arexleynd i-asesidac ASDed bi o0 me
revealed consistent di sruptionsatromi piasmprbéacta
mt DNA copy number, increased mt DNA mutatiaoms and
(ETC) t gc(erty iga® 2 4,) . I ndependent studies have al so
mor phol ogy, dynamics ain RalllRi0g e rFeapRelt; i eHsa 260RReic)o,r e | |
i mpaired mitochondri a-Falghesr iiza0yl 6 ¢ ceMamznd 2 1)Eba md i r
transcri pt emi 220 1 %Z; n@Ehbluecbdtg82a0l 1.4,; -MB o E®s2a0 1.9, ; Al dosar
et 2a0120,) , proteomic (Abr aham, Se o Radl 1.8 d Sheetnqg wiZdhza
al2019; Gitczall 2@ jetYaad 21,) , epi genoan 0Bt atBmanpoul o
2021etH2m021) and metabolomic (Glinton and EI sea
Ri sebr2r020,; e$ m2ad 2o, ; et 28a2b; Keotr R2a8l12.i2,n g tP i2a0la2.<2, ;

Smith and Doaetf e2g0222)02s2i;gnlant ures converging on mi

Mor eover, there is consistent evidence for incre
consequence dafysrmhiuthaed h oentd RaBIR.16,¢ k R&DIRD,; Mareitvadagam
2020; Pangrazzi, Bal asco amred RBMb2ZLZ)i. TRHOWRD, dmeaisre
is exploring the wutility of existing and novel 1

(Frye, 202202XNalkitn2000kX3; Var ma, Bhandar.i and Kuha

As a source of the substrates and cofactors th
established regul ators of epigenetic state (Mati
2020; Mei |l i ana, De wi and 0Wi2)ayaan,d 2t0h2i 1s; rZehlua,t iLoin sal
role in neur odeRam2apgenZad 24 ) SE8neheadegener ati on ( (
Xuet 2a0l2.1,) and edti 2aBla.8,e CGa&raborty and Mukherjee,
(20@2€3cribed the intricate relationship between
i) the met hydmdd ded omi thawacH cerade n cad d egde nneest; h yi li t) r annuscf
demet hyl ases that regul ate gmtabdNeA gmegd rhaylllaitn g nt; hat
DNAmM and iv) -dmirt oe@ldo nmdertiaablol i tes that regul at e
adenlomgtd hi onine (SAMrapbodu¢c&@) bmmebakbol i sm provi
used by histone amnas ©ONA wleit iy}t threa resnéent sgilytait wel A MP
dependent protein kinase (AMPK), while hi-stone
ket ogl GK@)r,atfeunfjar ate, succinate and nicotinamide
OXPHOS (Zhu, Li ered nTiwamidn o ntb2d2e)l .s lhnadve verified
bet ween mitochondri al met abolism and nucl ear DNA
by mitochondri al i nhi bitors eend2adl2fefemlladmt DNA
At i leanzall 1.5 ; dto Zabhyl.8,; -PCorrett®@&a0l 1.9, ; Keotp 2adl §. 8,) .



The multifaceted relationship between DNAmM and
ASD. Neverthel ess, a mechanistic |link between tl
has | ong been considered thooubhpohkesienast Bfopd:
al(.2008) and more recent !l (pdd2elv)i,e wehde brye dBg xi3/r nke tuhnyd
suggests a relationship between oxidative stres
met aboFi gmylen 1br2i ef , 1C metabolism is an integr
met hi onine cycle and trandapdnundearti ome tctyicd reisne co
glutathione (GSH/ GSSG) antioxidant sqgrsdedaqu en tal yt,l
DNAmM is sensitive to disruptions to folate, homo
wi dely documented in ASD. Genetic variants invol
i mplicated in ASD d(rForsy, e, 2 edl 7240t R zyieTa @ll2 @) a whi |l e
cerebral folate deficiency is |inked to an inecr
reviews have found that folic acid suppl ement a
mitigates oxidative sandsgsoreael ASDedyiiZA@d2nk a [ &o ix
Rossignol and Feye2a0 2210;2elh2e0nd 3, mpalLokewi se, signif
in plasma homocysteine, methhilemrsi mayvecyeteadi nepamd
reviews of clinietal20A2D0 ®Bg tRa2d0lAFnreuiGRaaiR.ii,; e®Gul at i
al2Q24; ePokh@24g) , while a relationship between 1
established i neboZth0.4g,l i 0 0e%;l 2al) &Papmekehtp padlda. a2 and

preclinical studidag; (Siopmddihb ; etWehr016) . To dat e,
redox/ methylation hypothesis has(Khgmakzp®ing,d sev
Ri stteor dd2Q; eImizldi2 Q) and targeted therapies that
mi tochondri al function, redox &b n2aliols7t; a s@itst r@alngdn oc |
2020; Rossignol and Frye, 2021a).

|l mportantl vy, emerging evidence suggests that t h
met abolic mechanisms in ASD aetiology extéends b
al(.2021) recently proposed a more direct relatio
in ASD underpinned by SAM depletion. These aut hc
SAM/ SAH ratio that was consi atestiudidanrnbagd emet AT
observati on tbheaetn hvaasl i lianed i n moreetem@ld) syst
Moreover, SAM supplementati-asmsbasabednbehawhotos
model s e(tOra0 1Y, 202 F,udwam @1 @j N2020) and a range
have explored SAM as a therapeutic target ah. npeu
2018; Curpan, Luca and Ciobice,t 220023). Rossignol
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Figure 1. 2. The RedoxDMset hyploasbecas h@iGptoanthelsiissm i n Aut
Spectrum Disorder (ASD) are depicted showing converg
met hi oni ne and grleuptoarttbecdesmeyt mantah Waynsed k sad 9 2 2t . Bilsat o
2021)in the feotl any fcylcddichyddr ofeadluatead megductase (DHFR)
(THF) . THF enters t hmetmeylhe menT HhFe, cwlcil geh eainse tS5e, €Eldda b g dr 0 fy
reductase ( MTHF-Rgt htyot epr adrpTld O)HoHFat @ o n(a5t e s a met hyl

homocysteine (Hcy) i n a reaction cat athyosteodc vy b ¥ e i nmeet |
met hyl transferase (BHiMA¢, twhigrmhodulk®ei madtehiyonf or ms t
adenosyl met hionine (SAM) that is used for methyl ati ol
SAM tadenosyl homocysteine (SAH), which is wused to pr
met aldolbiysecystat hi onine beta synthase (CBS) to enter
then incorporated into glutathione (GSH), which is ar
reactive oxygen spmict ecsh¢ROS)abenespiteadtbgyn. To maint

g utathione disulfide (GSSG) is reduced back to GSH a

The SAM depletion hypothesis considers the int
mitochondri al homeostasis beyon(dritghueidetlbiBagnieder
directly contributes to tricarboxylic acaind cycl e
indirectly governs mitochondri al met abolism by
compl ex 1 ( mMmTORC1) . The MTOR signalling pat hw
di fferentiati on, amettahbadl iissn windlelsyurivimwpl i cat ed i
neurodegenerative disease (Lisaudgdieadandemast map)
syndromic ASD converge on disruptions to mTOR si
(TSCl/R2¢urofi bromatosis (NF) and phosphatase anqt
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2Bn . mbdel s have shown that disrupting mTOR sig

naptogenesis and synaptic pruning | eading to
fferences in sensory processdamtig 20ldgni tlinadreeand
eclinical and clinical studies demonstrate hyyg
miti-gasec ASDed behavidakdha¢W madan ,Salkli mahi2mil 8
23). réeghemé@OR i s proposed to be a convergent me
omi sing target for novet 2athle;apRhudrima samdtdgh

tabl vy, MTOR is a master regul ator of mi t ocho
tabolic state (Szwed, Kim and Jacint o, 2021)

a the SAM SeMIORCUpGapeAmtiodity TOward Rags
t hwaegyt 2@ 7,) . Thus, SAMR deipdredli loinngnar enT®Oonver

ASD pathophysiology that function at the interfa
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fact , SAM coordinates diverse metabolic proc:
the obligatory methyl donor for methylation |
tochondrial enzymes t lkat ¢gdveaercn uvmiptcaldo mamicd Ip
nt hase (LI AS) , ubingeutihnyolnter amsg fosryag dre s i(sCO @3 i
osphatidyl enehdiyolt aminséd eNase (PEMT) (Di eckmann
nt hesis of | ilp oraetgeu lvahtiocrh oifs ba ofeccea geti ¢ and 1
own to modul ate mitochondri al bi ogenesi s, i nt e

nghietarad 23 ;etYuald 2 3) whi |l e decreasing oxidati v
Uur ot oxeitc iR 2 ( Lezth 2a0 @ 2 ; Superti and Russo, 2024
factor required by four mitochondri al dehydr o
aplerosis; namel vy, py ket et adreahtyedr di¢ B HEH S e g & P
anchdlikret oaci d dehydrogronadepbaBEKDphgddoBenase
20002.2,) . Toget her, these compl exes fcéaiilni taarien ot
ids (BCAAs) , |l ysine and tryptophan coupled to
idative and e#&lt2a0p200)i.c Gnt atthee (oXiheer hand, COQ p
rms part of the nmitt@ga@Bdaphdrivh|l | ETEBEMMogo®er ns t
osphatidyl ethanol amine and phosphaeti @dl28h ol i ne

nsequently, met hi onine supplementation has b

itochondri al respiration, i mprove mitochondri a

taboliim wilrriegme@l 1.8,; €4t 2a0h23;i ¢ 0 e t h2edb2. 4,) .

11



Acetyl-CoA

Oxaloacetate L

PCCB MUT (‘ A Citrate
Propionyl COoA ——% — Succinyl-CoA cycle ) [:[ P:,EM.,,;E
B12 N KG v
PMRT T ',‘ JeQow bt A
Hcy ",' T :
/ N B12 ----""
‘ \ Lipoate Q
SAH f f
MET ! !
\ LIAS CQ3/5
A/ A .
SAM :
&, SAM  -oneeezzzziiiooeeee
l OXPHOS
SAMTOR —— mTORC1 ——»
J FUSION MITOGENESIS
FISSION
MITOPHAGY

Figure 1.3. The SAMITIDDepmethioonHy@othelsé sshapes mitoch
and function. Met hTGAYyoéei siashtheedet hydbmahenyl pat hv
SAM in the methionine cycnTeOR@lunk)e) SAKM dcastet!| jnet aba
SAMTOR. SAM is also used as a cofactor for several r
synthase (&8yVASBedw@#Aéchcl e dehydr ogenasneest,hydhlircgumish emrea
(COQ3 and COQ5) which pri@dace Phes pbaf ibndept bhaytel htiarnaont safeei ribe
( PEMT) which controls the compo&etnheenhof§hltiheghtneidt oicrh
di fferentially met hFT@QElkd riom duanHdBPhomoBhat aiine; MET
met hi anTiOrR&€EMe chani stic Tar get MUNMetapyalnmyGolAdntydErleld s e
Sadenosyl hogAaMBatenney | meCATiranciarreb;o;xPyCGBPr Agii dnyl CoA
Carboxyl asPr BAerd@iRMmee hMI t ransferase 1

Toget her, the integrated pathways that drive O
relationship between methyl ation capacity and mi

signatures implicated in ASDhwanptwasestmphbigatede

the nine significantly enriched canonical pathw
dependent processes invol ved in acyl met abol i s
relationship kbegttwéeanyg meatdhimobhioscbondri al metabolis
phenotype observed in our ASD <cohort. Notabl vy,

12



relationship has significant i mplications for t
function. Mi tochondri al dysfunction is associate
a consequent energy -dledcdcrctihedwhntcdx thacf bleetnh wae t

neuropathol ogy. However, mitochondria are al so
from Ca2+ buffering, redox balance and apoptosi
signal |l iontgr amsdminsesuiron ( Picard, Wall ace and Bur el
of ASD aetiology has become increasingly recogn
regul ators of neuronal devel opmeB8D phygsfohogyon
1.3Mitochondri al Mechani sms in Neurodevel opn
During neurodevel opment, pluripotent neuronal S
and gl ial cells in response to tightly regul ate
(Beckervordersandfort h, NR201Lari | iStyastneesterwNd G c enenli fl
asymmetric division gives rise to intermediate |

ventricular zone bef ¢Bel whatteego i amrgd dP J[f werdiemgt ieadd
embryogenh®€ssundergo neurogenesis to produce ma
generated through gqlait@ademadiag ad d rdie(pdhdlepomeknto ea a
Wat anabe, A202dnht bal ance between NSC quiescence
di fferentiation governs neurophysiology and fun
( Scandtelzda2 3)Not abl vy, neurodi fferentiation is c¢hi
mi tochondri al met abolism and dynamics that func
(Maffetz2a®h2O; Btuzn@?2t; |l wata and Vander haeghen,
2021; €toe2d0n2e2; eQz g2 2 ; Ban 2824, ; Gar one, De Gi or ¢
2024)

Met abolic state i s sheaemehdatbyg oivretrenr dneipteancdheonrtd rp rac
dynami cs. On the one hand, di fferent profiles o«
anabolic and cat anbadluileantemmegtya bporl o dsurc ttilfodati gaunrde bl .04s)y
Undi fferentiated NSCs | argely rely on aerobic gl
drive rapid cel |l (gMaofwitehz zaah@ O pQ| oylciofl eyrsaitsi opnr oduc e s
ui ckl yef fbiueci ¢ rtslsy( It vhaatna OCaXnPdH O\& n;d etr hiase,g heSIiCs 2a&12sla
atty acid oxidation (FAOENRAEmmaeete RaOl2.4,¢0nr tehnee rogtyh

and, mipoostti c di fferentiating neurons exhibit hi g

Il wat a and Van.deCGadmcewrhreennt 12y0,2 1f)atty aci d met abol

q

f

h

enedgwmanding processes required for neurite out
(

de ndwmomgenesiitsat et a¢ hfeacsiynt hesi s of membrane | i pi
%

esicle cycliMaghetz @g0RiI0j)nat i on
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1
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Figu4de Ah. Overview of Mi tGd auhcoonscer itehlatMd tsa b arlpiogm.ed i nto
by aerobic glycolysis (pur@dseénttioalpramdiuce aqgi-thuc( BBA,
phosphate pat bwegamiPP&3 ; and sg hy bgelsypdsoec ounsj eudg att @ s ; i
gl yci nfegornreaeldon (l1Clangilettédohi eme ;0 &M otseyinmtsh,esd sl | age
salts, purines and porphyrins. The pyruvate derived f
t hat pr8dWAd® mol ecul es per mo | of glucose or i mport e
oxidative phosphorylation (OXPHOS) (blue). The reduci
transport chain (ETC) eaotesipgr mpbdoti gbhuddsATPImolad

provide acetyl CoA via fatty acid oxidation (FAO), w
can be incorporated into the TCA cyclepeedtai géclayna mCintorl
be exported from the mitochondria to fuel |l i pogenesi

substrate for GSH synthesis.

Current evidence suggests that met abolic remode

downregul ati on of canoni calMY®&Il ypeoool tyotgi ebhYe@)e(nce s i

hexokinase (HK2), | actate dehydrmaong en a({PeKiMRIg D id A)
and Slack,Sinmal18pneousl! vy, an i ncrease i n mt DNA
mi tochondri al membr ane potential, mitochondri al

upregul ation of paecrt o xvi ast cende rpercoel pit foear| aplaRnGEIL, coact
est rrogleamt ed r ece ptloonrd gnaintnoac h(oERIR i a | transcriptio
function as master transcriptional regul ators

homeog Zahewimhg2a0l1.6,) mpor t anttlhyi,s armettearbwdtiicngshi ft by
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glycolysi s, inhibiting mitochondri al respiratio
dynamics or mtDNA integrity has been shown to s
sur v(izvhagh g2a0l 1.6,; ArnrZA@Db8,a Khacho and Slack, 2018;

Similarly, the remodelling of |ipid metabolism j
Al t hough the brain predominantly primarily relie
for NSC maintenancen m@mal idfief(fladroeonttdilabni ghaai a a

Vander haegheh, | 202Zh) !l ester ol , phospholipids and
plasticity(a8sunBbsmpantaRadl2d,Neur onal |l i pid homeost a
PPABanadwhi ch function as master regulators of fat
(M. D6Angel a eturahg #26%¢8) opment, the balance b
determi ned byoylransfenadgwal mi{tCPMport s fatty a
mi tochondri al matri x, and mal onyl CoA, which f

endogenous inhibitoRodfr 2 gA@ z( Rand:- ,CaRadrs? g2 1) .
ATP rati o maint ailnietds blyi pgolgyecncelsyissi sviian hAMP K, whi
mal onyl CoA byCo A hdadritadxyl acet(YyACECJo A ndde caacrt bi ovxayt i ¢
(MCD) (Foster, 2012). As neurons differentiate,
a decr ea¥exprme sCsPiToln , l eading to an increase in
mitochondrial ( Kaobeyto @®id)linthp dritti ng FAO has been
NSC -sehéwatlto 220 1 6 ; Kato b2hlolc7h)whi | e genetically dis
i mpairs neuronal di ffer edhohbdto &dd,L 3me Mad reyGi arcd Mmoo

2017 ; Boweard2 Q)T hus, t he shift in glucose met ab
reprogramming of fatty acid utilisation during
NSC -sehéwal and di fferentiation.

As mitochondri al respiration is upregulated to

production of reactive @xygenodepddinggs of R )t orcdh@e
cope with metabol(iMardettr 2a0kdi. 8l)slit f sehenhdeisal dynami
i ntegrated processes t hat maimnt @ g anintoadah @ann d mic
mi tochondri al abundance, l ocalisati gmj guflféeér ds i
(Qui fCtackbmraera and .ScHhe amol, e 2WI28r) regul ation of m
and complex, with new facets stild]l emerging in

mi t ochondri al -cihmtreagrtietryi s&mde weltlh t he csuirvred nyt S

revi ewed (&l secwamerZdd @ O ; |l wat a, Casi mir and- Vander
Ramasd Morai s, 2021; Campos, Bozi and Ferreira,
et a0 2 2; Chen, Zhao a-GabrLer,a 2a80md3 ; ScQurirnanom,a 20 2
Anant hanarayanan, 202 3; Kondadi and Reetheaitdt , 2

2024; Zi mme2alnzad)n
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Fi gube An. Overview of Mi Mocbomdndail alDybiamgensesi s driv
replicati on apred otxri ssrosrieatpirdon avf iea at ec e pt earl phaanmihjap GoCda c t
nucl ear respiratory factors (NRF1/2) and mt DNA transc
mai ntain mitochondrial function and wultrastructure vVvi
atrophy proteinnlli keOPAL§T, OMBR2)2narteiy ataend n pr ot ei n 1 (1
mitochondrial (Fli S ) onMproplagy 1degrades damaged mit oc
tensin -ihnodmiocleodg ki nase 1 (Pl NK1) and Par kin ( PARK)
mi tochondri al rho (Ml RO) adaptor prot etime itmtamagelrltu
cytoskel et on.

Mitochondri ami bo @)griesisgosv e(tbare thalby ePGEegul at or of
nucl ear f addmrirv{edeg2 hr oNfdeend i)t, i vae rterdanxscr i pti on
oxidat{Ceestgatand PiBEothdwsihng 204ab3crlopt N6 eIl 2ac
nucl ear respiratory factors (NRFs) facilitate n
mt DNA transc(Cheinoxd2f2a)fueriresn and fi ssciaonnonarceal or
dymemnel ated GTPases mitofusin 1/2 (MFNitk2htedpt:
protein 1 (DRP1) and mitochondrial fission prote
the inner and outer( Qniitrotadhmoaada i a h d m8 aMirtacacehsg n d2roi?
ultrastructure is determined by t(hPee rsntarsu catnudr eS,c ocr
201L6)governed by i nteractidrke Ipgtéife®ddvrh 2 2P Aln,d St
mi tochondriandd comitsaatcae sartgani sing system (MICOS)
me mb r(aHea 2a0 2 1,; Kondadi andMi Reoichlmerdtr,i a2024)affi ck
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mi cr ofamlbchhloe ed kinesins and dynein motors |inke
( TRAK) and mitochondrial Chkao, ( MhR®) amhlialpd omi2tp@@Bh
i s mediated by interad<cmhidocedb&i wase RTERINKDYI o g
ma c hi(nLearcyo mbe and .Sclorgredarhe,r ,2®24) ght bal ance bet

is a prerequisite for neuronal met abolism, devel
Mi tochondri al dynamics are tightly coupled to
mitochondri al bi ogenesi s, fission, fusi on and |

(Khacho and. SAsackSCs20de&8yel op into mature neuron
mor phol ogy with functional-¢t gl lamldarphdEmed mgd icad |

Filiou, Th@zd4) a remodell ing of mitochondri al dy n:
in growth cones, axonal br anchesGo gdtd raadir2i4t)Ti lce ar b
transitionrfememaNS€Cosel fferentiation is triggere
which eliminatesriex,hapsomdt end t mchookbondr i al mo t
mi t ochondr(iArlr 8ztuodathd.BgAs a result, the mitochondr
across distal regions of neuronal axons, growth
Cd'buf f arrenagt drGotgeltd e@hd 2 4 )Theeb ubl ar | ocalisation
orchestrates neuronal pol arisation and synapt oge

dendritic arborisatihon20B&ddkerAvot her samedf bi me, a
fission and fusi ont omhabtbsendraipald cocahmancgietsy i n
devel opment(aHa&nc RablRilt)i ons

When neurons become terminally differentiated,
organi sed mitochondri al net wor kAl ménfadlZz)Bphbke i
mitochondri al popul ations are established at S

mat ures,devfiitmhedvvel dompl ex cristae that enhance me
area available for EtThCe afcdri ma ttiyo na nalfo mpakcd @ & st aatd a
i ntraciasrttalencdesmp n t he( BaumchoddGaambmmaoeartl vy,

i n mitochondri al dynami cs i's (Wairi masidcaldanygel i n
Zi mmerentan2ad2adnd di srupting mitochondri al remodel
neur onal metabolism and differentiation. Knock
NSCs | eadsndawals,elWwhil e inducindgKhiashioomntdr iSd gae ks
On the other hangionnar bmiioghéagygi ompaifi s neurit
synaptic vesicle cytcVamtgeg 2@ nh®;u rBa u n nasn Tssa soan,
current evidence suggests a synergistic reprogr

by a remodelling of mitochondri@Fi glymeami.c&) t hat
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Fi gumeTh®k. Met abolic Sh

\_ Mitochondri al Remodel | i

Neurogd&eesiosdi fferenti at

driven by a remode.l

mitochondri al met abol

. dynamics. As neurons ma

NSC ’ Neuron metabolism shifts from
oxidative phosphor

(OXPHOS) , while 1lipid

OXPHOS switches from fatty a

GLYCOLYSIS (FAO) towards |l ipogenes
commit ment i s marked b

LIPOGENESIS mitochondrial fragment e

FAO and t ur n oivgehr raast e h of
mitochondri al fission,

mi tophagy and bi ogenes
rapi d mi tochondri al I
% across nascent synaps
% terminal di fferen
mitochondri al pool s s t

mi tochondri al ultrastr

Elongated Fragmented Elongated whil enfdsi ves the form
Immature Motile Mature & Stable el ongated and inter

mi tochondri al net wor ks.

The relationshinp bet ween neur onal met abolism
mi t oc htommwa li @u s retrograde signalling and bi oche

pat hways that govern devello@Rmght i gamtde dmi tt hoastt a mi
metabolism influence®8$ncRmmferetal @ &it arttel,y whe d er i t
tight coupling between metabolic andFépgiugendt i79
Oxidative respiration supplies acetyl CoA to hi
specific genedsegwhiéde tbe QRXPHOS, glycolysis anc
Sirtuin (SIRT) hi stone deacetyl dNADHHDAAGS )o.s T hhes
broadly modul ated by metabolic state shape the |
Li kewi se, the | tkG,acelduilmat epomhdé fodmar ate mod.
regul ati-€@g ddéwmmmnjaii ni ng (JMJIC) hi stone demet hyl a
(Gar one, De Giorgio and Carl i ,de2ni24)o.gi Mdatl a bsltyu,d
shown that DNAmM is altered by di s lptni2alhls4, ;t oyul C
et 2a0l1l4,; &t h2a0klnG, ; Reatb allel.cbg eFaz2a@l1. 8 ; eWaza@®2 2,)whi | e

SAM, SAH andvméshioni menke NSC fiat of ISInglhaeaimodel | i
al2013; ethiZ2a0alkd,; SpeXables; ebDeZm@GL9)Thus, the redox/r
hypot hesis in ASD has important implications fo

state during neurodevel opment .
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Figure 1.7. The Relationship Reenowed¢msipMgtkbabtod i @i maed , |
Quir-s and Aluhweraxet 2I01Go)A that fuels the TCA cycl

acetyltransferases (HATs), while sirtuin histone dea
(NAD derived from oxi dakeveg lpUkdcspérieeno(vaetsi oON.A Adephhay | a
by acti Vvealteivnegn Tternansl ocation (TET) demethyl ases while
TETs and Histone | ysinlky,defderhdd yals eme t(KiDavisi)ne L(@aSA M)
carbon metabolism is a cofactor for histone and DNA n
As wel | as directly regulating the expression

mi tochondria also modul ate the upstream signalli
The Wnt and Notch pathways dreéenthkellwdamaj adret i
function synergistically to moduBlegtbgati2z@)Nohah di
signalling is mediated by interactions between c
triggealiemgvade and nucl ear translocation of the

the expression of DbHLH transcf(iLpmpadafaoadoMayt bi
Canonicé&tatWNiligmal |l ing i s activated by secreted
transmembrane Frizzled (FzZD) receptors, {3eading

beta H)GB8HKBI ex whi chbcdtlamigretfdanttihveat i on of Whn t

involved in NSC gpgeolddmniatimeomd 22¢hhd tlhieneot her han
canoni cal Whn t signal |l i-thegr nisn arme dkiiantaesdeo ¢(i JaNKe) & e kRIhe
( ROCK) , phospholipase -3C k(i mlaB®)e, (pPHdBsKphoamdsptt o tde
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cascades that modul ate cytoskel gtBeelnyeoeagmndet Vi agq
Kypt a, 2015; Ke h 002 Bgkti h Stnhaev eNoyt ch and Wnt pat h\
MTOR cascade that regul ates cell growt h,-b,plurip
Hedgehog (Shh) and Hippo signalling, fnerumioma@alan
i denmoirtpyh,ol ogy (aHud dtbuaatth 7, ;0 nBto RadiiR.dl, )

Il ncreasing evidence suggests thmarkbeseopambtivapse

oxidati veei rsd attley ainrdf | uence the transcriptional m
interplay between mitochondri al dynamics and Not
l ineage commitment . I n undifperomotéeatgdysokemticel
through interactions with forkhead box protein

l'iiming enzymes i fHwamgni dahgghpdoPsgsks 2021). Cc

signalling inhibits otamal dMa@rkersesa soens onii tboocthho nRIR A R
reduces ETBIi aeandviKumnge,t 20258 ; etAuatn2g8hi | e | i mi t i |
mitochondri al ROS and maintaining mitoch2andri al

Associ-patetde iXnh Ka@aBAaX)ar a and. STkhhe rmintog c ROndr)i al fr.
triggers neuronal di fferentiamiomchdedccathpROBe
which inhibits NYoetZlb assithgoda8 IL 6, )Hegr ev,i aoxi dati ve str
nucl ear transl ocautpircengudfat B6e2lh2, twhinsktri pti on
( Khaxmad SI ac kAt 2t0H8)same ti me, the enh/anNAROHETC
rati o, cul minating in the activation of SI RT1, \
pol ycomb repriefrmsi2at24)bapexed di sruptions to mit
been shown to modul at¥ tchad cN mtealrK gns ashi aganga | al mi én g€ @ ¢

20%34)whil e sever al studies have demonstrated che
met abolic BMNAsmutadteisqg n ant a(n\Wa kEaTbCa vi adsithilild,i; t diRredl r | g u e
al2020; Witn 28 2 0, ; Tay, ChiaTaget Derg, pABR&) il 1l ustr
bet ween Notch signalling and metabolic remodel |
Li kewi se, an interdependent relationship betwee
regul at e NSC metabol i sm, proliferation and dif

glycolysis bMYQ,prle@dA@ecamigoxy !l ate | adt)at dv-ytproxmn ap
induci blUeH(fFa)lahdr pyruvate dehydrogenase kinase (
| actate production rather than OXPHOS (Vall ®e, 1
antagonistic r el af-ciaotnesnhiinp a@bgedt ew @A R gWnytc/ol ysi s,

mitochondri al bi ogenesi s, l i pid metabolism and
I ndeed, Wn t signalling has been showrnottdhomdduheE
function (Garone, De Gi dbfcqite namd &g@alrgiWmt 1 2 @RS )r.e gl
mitochondri al bi ogenes(arr 8yohlay arSe aAwnan dnolr protl ro
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Si ngth 220 1 8§ i szar1lp9 )and conversely, di sruptions t
dynamics and redox homeostasis havgiBeeak ophowm
Behrens, 201280/1.97,hann0g2Rei dae, gAaldwl a ared dabizi,ss, 20:

|l mpairments to mitochondr i ailcaATem i mr osd ugentail-dn nogya nv
dependent phdodsphé¢Zhimatg2ad 9 hfowever, mitochondri al
al so inhibit Wnt signalling by inducing endopl a
Carl i, 2024}).erNivteadc hRoOnSd rhiaasl been shown to acti va
with thedDiasnhde vedd|l eor edoienmn dapmpl ek a( Bedgddhei s
mitochondri all adbemamine # medu &d a tciad mlevieanidiehnet Goar ot
ki nase | kaétaBieriniklopf and Rdeahfa@f4 )T h20 1c8;u pCuing b
Wnbdatenin and mitostasis has been demonstrated
knockdowns, ETC inhibitoréBernmopbchoddBehl ehsal
al2018; ezhafld9, aza@22)his relationship has been f
determini (6 h et 2dld.t4,9

Lastly, increasing evidence demonstrates a recip
orchestrates metabolic reprogramming during diff
the one bawmape GEKS8s wit hORMPKbyY ophaoadhpbhonty Imati ng -
to energetic sthhassal bowbeem, sG3W3H t o promote m
p70S6 kinase (S6K1), eukaryotic tr(aMEPILt iacd it rhie
r egulaastsomeyi ar ot ein of mTOR ( RAPTOR) (Papadopol i,
ot her hand, the Pl 3K/ AKT cascadebwhhiate awTtQRs/ adtierse
i mpedeédd&p&Bdent transcription by Bamueée ¥ e2a0iali8ng it s
Notabl yl.idrtctddwnmced the mTOR pathway as a master
i mplicated in ASD aetiology. During neurogenesi s
driving the mitedbthondrbiyalacmdtvealldlnigc mTOR and up
el ement binding protein (CREB)Ut ovhpgrcomad tnec rmeiatscecsh
bi ogenesi s (Agdostuididibpn BeckervordeCsesandisosel W, 7

signalling is regklGaned bhyeAMPKCoOAAMBNd is thus
state (Szwed, Kim and Jacinto, 2021). Critically
been shown to drasies cWwiktttfiloehlk h n2@IWwhgielne Wnt / mTOR
crosstalk is |Ilinked to the behavioural, neur oph
murine model s ( Qi n, Dai and Yin, 2016) . Thus, V

regul ators of metabodtnsectindhdemiet opmemdr t @abhtand

of ASD aetiology.
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Notabl vy, cumul ative genetic and preclinical dat :

ASpPCaracci, Avila and De Ferrari, 2016; Kwan, Un
Bae and Hong, 2018, |l akoucheva, Muotri and Sebe
Car adc2a021,; Elt g2zadhad, )l n fact, a recent systematic
bet ween Wnt signalling, glycolysis, and oxidatiyv
Takash Chamoun, 2024) . Li kewi se, preclinical m c

constitutiavd i Mgt ovthi ihgm an b ea stsaorcgi eatteedd Leboe healvti i oguar

2023; Zhang, Wang, Li, Deng andetShain2,3 ; 2200238, .Zh a |
2024)Thus, Wnt, Notch and mTOR signalling serve
met abolism and maturation with direct relevance
Toget her , t his di scussi on il lustrates a centr al
di fferentiation through interactions with neur og
in ASD neurology. Considerdfiomg mihechamdtaal valy e
di sruptions to metabolic reprogramming that inte
neurodevel opmental and neurophysiological hall ma
i s the timmechthamios hesi s that has shaped this thes
relevance of mitochondri al function to ASD aeti
neurogenesi s. I n fact , mitochondhia @odt imeitowe
heterogenous cell popul ations in the brain tha
behaviour t-havalghdoevelpogment and adulthood.

1. 4Beyond Neurogenesis: The Metabolic Nexus
Neur onal di fferentiation is just one aspect of
bet ween diverse cell types i pxtcheda addwe lctefidnsg inr
ar e critical for neur onal metabol i sm, Sstructur
i mmunoregul ation, -bear oprarerciteron,f orbrhatoido n, re

neur ot r a(nShreilsosuikohnova and GWatadnaled,| s2CTddpri se bot
and oligodendrocytes derived from NSCs during |
i mmune cells in the CNS derived {fRememhamthoPH;hage
P®rReozdr 2 guet ugqBilaanndc oMendi orGo i al 2@hENot ypes are
response to different stimuli drAd edal#0lb®)GEi bbheées
describes a pathogenic consequence -prfoliimpan ateidon
reactive glia and chronic neuroinflammation (Sof
as a universal hal(lVemakhkhrat skgpur Bpdt hgbegyand Pa
documented in botelf Lacskie @A 6ndSheaeltrgi skas and Choi
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Kawamat a, 2019; Hanafor &t az@d2alnodh nfsBoent,r e2d 2 2 ; PAugcuc

Bezzi, 2016 ; Ggadysz, Krzyw®dom&skavakay HSlRgalsd ,
Gross, 201e9t; 2aDiR. 8,0, Lledo2a0lX 8 n g Rdv2a@20a eSta 2adl A.6, ;

Usui , Kobayashi. ahdd &adrmtagm sd t200Ri3es have demonst
of mi esrpoegcliifailc genes (Edmonson, Zi ats and Rennce

( Moragta a0l 1.0, e dedtlt 2a0l1.2,)e x cessi ve mi{ Yarwegaz@i5ac3uvwkii
et 2a0l1a3md di sruptions to microglial marLphaool,o g'yanan
et 2a012.0,;etFeal2vihi | e i nnat e i mmuenset aabcltiisvhaetdi ocno nipso nae
aeti bHoghes, Moreno and Ashwood, 202320024 dul un a

Not abl vy, di stinct metabolic signatures underpin
circuAfteityd2a0 20, )Mi croglia are the only glial cel |
( Sc heatf @0l 1t2h)at are continuously remodell ed-during
renewal , migration and differ entSiaaditin@0l2.0,sy P®&®p eag
Rodr2guekuqgq®Bil mnand Mendihdrsoznec2®X3l) ates a caref
resting and reactive microglial phenotypes whic
syst(evragdat om0 20)However, mi tochondri al metabol i
activation via botmkecbhatiFd mauiraMi dmod hiomtdriimsdi aody s f L
surrounding brain tissuasdeaidat eéd mohlee cruellaera spea tot
bind to microglial -imédammant ®randi gndlbbtéengr 6Cast

mi croglial amsivalktliwyncowspl e@drt(Lanert @ bandd cLirmagtrmlg

Resting microglia rely primarily on OXPHOS, whil
is driven by a decrease in mitochon({Haetyakspir
2020)oncurrently, microglial activation i s mar ke
t hat remodel s TCA cy(clcevifnguxa nadd dBIrBiTcGea & ¢2,0 2rGetcye n t
demonstrated t hat mitochondri al metabol ism di
mi t ochondriioaml hdys fpumdtound i mplications for micr
and MacVicar, 2020; Fai t hew|jttuwWoreg &md/ eB asrhroovm, txh
activation is induced by ETC inhibition and mito
mitigated by targeting mitochofHaeitl?2a0l 1 3etsYealn.,, me

2016 ; Lauro and LR onmaete @dol 4,0 2 2 PA2t0 ; t hMo r sa me ti me,
dysfunction i nhi bitthe -itahfdliatmmmaner yi oM2 tphenotyp:e
neuroinfl ammati ofFardeamOi@;atTamrg sanChk slsee,r s220 lyg) di
cytokine stimuldi are known to alter microgli al

induce a metabolic switch from @XPMEHOXedobgl yaal
|l actate production and decreased mitochondri al
( Vol obeadu2a8B3,; -Biamen Ra0l1.4,; Livetgrand8DEBBh| methabol i
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correlates with increased producti(dmecefreep malinnf | a

2014, Lively and dSecnholniscthrtaetri,ng20al 8pr oi nfl ammator
met abolic r.eprogramming
M2 M1
Mo~ ) /= PPP
-2 ' — FAS
OXPHOS S
Microglial GLYCOLYSIS

----------- ¥ activation

"y

@ Cytokines
LN n
]
DAMPs
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Figure 1. 8. The Mitochondrial ( Mokeh aa ndnhMahhcpnNe darrbd cam
O6bRyan, . NeaO@l2mmune homeostasis is maintained by a tig
phenotypes. Microgl-iafl ammavatyostabwarsd dr pven by in
away from oxidative phosphoragli dt ioanmn d@aOKBHOEFAONdt Dwa
synthesis (FAS) and the pentose phosphate pathway (F
influences inflammatory stiantfel.a mntatti ovrayt ecdy tnoi kcir noégst i dam dr r

activates neighbouring astrocytes and induces mitochc
| act aG&’ awnhdi ch upregul ates glutamatergic neurotransmi
drives further inflammation and oxidative stress. Dam

associated mol ecul ar pa®@tnerlinasmn{altAoMPys )s,i gunparlelgiunlga tiinn mi

The reciprocal relationship between microglial n
for NSC fate( FBoebih afi€.0, el & Rahi 0. 9,; eCth #240dL®,; e Wa rad . ,

20 1a3nd o x(i Head i2a0kl.2,; Huang, Zou and &€t r2adlilsdfl)mes 2012
have been found to promote gliingwintereonss at paehek
mi crogl i al activation has been shown to enhance
ner onal di fferelftSiaatoi, o2 0drmd <Lbhrawnigya Zhang and Yo
Koy ama, 2-B@dr 2 g®elrgq Bl mnzmd MeBiyd isohriofzt,i n2g0 2NISC f a't
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gliogenesis and inducing microglial activati on,
the composition, connectiviltygdaand, pdiasruptiitgnsof
metabolism |l ead to synaptic pruning deficits, e
for neurophysiology(Aralgin, tl lboegaya &med aZkh2plauma , z

Cant ahd20l22pt abl vy, aberrant microglial activatio
dednr i tic spine density, cortical hyperconnecti vi
behaviour al p { e€Croomaynp e sPeitimr iAShd Jr ., 2018; Zenge

Wang, .2Md4)over, both clinical and prédlihmisoal ;
et 2a01.3 ;e tWeadl 1. 3,; e tS 2a0l2. 0, ; Caatn Radlalpd MWSda uate 2400 1. 4, ;

Xuet 2a0l1.5etL2Z@1s9j)gnal |l ing in the relationship bet
astrogliosis, which emphasises the convergence ©b
t hat govern neurogenesis in ASD.

Beyond embryogenesi s, interactions between mito
modul ate neur onal activity, structure and funct]
with trophic, metabolic alndf et rruecuruamd!| swipghoirlti tt
are closely coupl( &Hdetoulhoboabh aptddWali &keabree,st2 hpy4)
astrocytes and oligodendrocytes rely primarily

i nt eirameeds t o support neur oRWelbeenerRyy eprao duncdt | @an:

Astrocytes are immensely energetic cells marked
mitochondri al respiration, ard san hanhand edvsr & hies
met abolise fatty acids (Maly, Mor al es and Pl etni
greater degree of oxi datdiewmandélnigampec®ctes ss wgt anyre

e
| ack thaentantddmadidty of astrocyt eg,Mewteirc hanldi mRiitnsh
202

met abol i sm tgHricugtetme@BADd@rurceo ulp.l 9)n.g

1)As a result, both neurons and oligodendroc

Neurons rely on glial glycolysis for metabolic i
precitrisedlsuding | actate, alaniiAéptdibliz)Mbireneger gl
astrocytic fatty acid metabolism functions as a
acidosis and provides substrates for the | ipids
(Barber and. RAbdbemeurddndl energy supplies are d
pexiodated fatty acids are shuttled from neurons
droplets or oxidised to produce acetyl CBAseNADH
et Z2a017)Concurrently, redox homeostasi s i s mai nt
neur onal oxidative state and astrocytic glutath
glycolysis to increase t hel maupyll oy otfeicryess tfeam eGS H
i n meoiughng ( Wieu@wthisertr & 1L 9)Meanwhi | e, mitochondr.ii
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astrocytes is reduced as glutamate is shunted a\
such, astrocyte metabolism is tightly coupled t

h

glycolysis via “tshgnahtduogi carasobhd€sdermi vaesdt rloao/tt e
e
c

potentiates glutamatergic signalling in neurons:s
Teschemacher and Kasparov, 2015). Althoegm gl i a
excite ndwrasisngbylrine®transmitterBselriiknee lianc trad sep o
intracellular ionic signals, afNC€Caitth282fH)Tbasess ans
interplay between metabol i sm, glutamate signal/l

functions of neurons and astrocytes that maintai
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Figure 1:G9.i aNeMertaarb o lAis¢ rCecypleisngr e highly glycolytic c
to reactive oxygen species (ROS) t haAs tarl d coywsi cf og !l yecfol
supplies both neurons and oligodendrocytes with met:
(OXPHOS) and antioxidants such as glutathione (GSH)
oxi dative asti depg.echatstoy s export eydntfhreosm sa sotfr onceyureosn afla
and synaptic vesicles as well as the myelin in oligod
in neurons are shuttled back to astrocytes where thi
mitochondri al respiration.

Li kewi se, met abolic coupling between astrocytes
neur onal integrity and survival. Oligodendrocyt e
energy during active myelriohatihan, casnpwelsle sag 08h
( Meyer and Ri nGhodIlnmest2e02ll) synt hesised in astroc
survival and p(hlagwicryg oaric Browoea, $s0Q) t he met abo
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that underpins microglial activation facilitates:

and microglia play an essenti al role in chol est
Kann, 2021). Consequenddgentmi dalocthonmod all atf @ nmy & lo
and degradati on. Met abolic stress not only i mpe

al so promotes the glycolytic shift t hat drives
mitocalondysfunction is |Iinked to demyelination,
and neuropat hol oMay e(rCaanmpbeMahad, chd®19) . I n fact
hall mark of ASD neurophysi ol ogoycitaheatd ids strhugu g totn
connectivity, synap(Grca éd t@r2dohlad,i t K heatm dGald.Q, gt d lelei ng
al2019; -Gandtvredr 2282 0,; e C h2a0h2. 2, ; Khel fGomuwia,l elzb anat aAn g
2024)

This discussion illustrates how mitochondrial me
and glia that shape neurodevel opment, physiol og
dependent on neuroinfl ammatoocryyt est asthe .f tLitkoewamider
phenotype under inflammatory conditions in a pro
consequencegl ifaormenteaubroonn ¢ coupling (Liddel ow, M
astroigd imasrisced by an upregulation of glycolysis
reduced mitochondri al respiration, i ndrRadasnadh mi t
and Suk, Cpb2e)ysely, mitochondri al dysfunction he
in YAst ad&th ®Rallda.9,; eRi za@1v@h)i | e ei ther inhib{(dosnlgi mit
et al or2@pro®moting mitddaocnRlatieatl 20d &Pt enttiabad t !
respongel aThionshi p -undteaipn insop khiretl ysieddgf f Tadtompo t

exacerbates pathogenic signalling between micro
dysfunction ofBamttldél R ¢ pMedtarbeodd ¢ stress i n micl
towards glycolysi s, consequent mi crogli al acti v
cytokines that promote reactive astrogliosis. I T
ma r k eidn cbrye as eids ,g Inyictoolcyhsondr i al fragmentation and
glutamatergic signalling and microglial actiwvat.i
Thi s hi ghlights a mechani stic relationship b et
underpinned by mitochondri al met abol i sm. I n f act
modul ated by mitochondri al f U n ¢ mighhahraoatht®da0l 2.G;; c har

Hol eestt eade&Bnd di sruptions sttoo@gmaedmpamrgecgi c s
(Zhehg2a0l1Mepo;nt eertarail 202 2et Ra0jRAds i ¢éVie gadl@. i,; e B |2a0h2. 4,;
Havranek, Bacova aed ZRBGXisp orztbalndt;lnyklartbc hemi cal
underpins distinct behaviour al , emoti onal and coc

excitotoxicity is thought to contribute to anxi e
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del ays and cognitive deficit;sedq&Ktaovaidm ,s iKgmralnmoitmg

altered soci al me mor y, faci al recodrmriotdimtyry,al emot
202a4ndopami ne signalling is associated with disru
I nterestingly, neurotransmitter synt hes-glsi a s ti
met abol ic coupling directly facilifFagels.el®gur ot

Numer ous revi ews have comprehensively descri be
met abolism an¢Migrhat amdt eCegripcaet 22R201; AQdealseant
Al buqueetr gadl2 1,)ser ot @anredmgarc and Boled s2a0lRY;1d4d¥al&klatni bu

2019; Ti an, Duamdc dd dGpuamB nzetetyd J@0 1 7 ;-S hBaecnh ar 2020
neurotransmission, although this relationship r
glia metabolic coupling, glutamate signalling mo
for both OXPHOS and GSH o9¢gpf( Asdeets ézmd 2 ¢Tulrio:n,s a
gl ut grhatemi ne cycling is regulated by mitochondr
homeos(tsesdddak 201 9)Mi t ochondri al dysfuncti on can
excitot oxeirctiitnyg gyl udiavmat e away from G8Hdpeypydeheési
glutamate i mport that removes excess glutamate f
bet ween glial metabolism and rnefdcatmnvae oarsyt rcoygloika s
and gliotransmitters that potentiate *qiegnmalnlailn g
cascades that facilitate intracellular responses
Li kewise, dopamine signall i ng riescicpondpc akutl @ goe nmi t ¢

dopamine aandoaxiddai iowep asnmd antreg athllinb iftasc tt,hed mi t oc h
whil e oxidative dopami mxi chet abel isttasxe s s pntnritlwth
depol arisation, decreased ETC BeBrhaohary, a@d@l7 mpao
the other hia n &, pdrequnismed ntoor epr mepde i ne ( NE) w
mi tochondri al function by preventiimdg | menman oanmeg
antioxidantWopgop@m@elO)Seismg ermaatl yni n, mel at oni n, and
met abolites arcremadiudas leidp blyet ween mitochondri al
(Mi chel haugh, GuastSerlbaoangr Mnmbt etln] m0@éhondri a
oxidative <capaciWeyhagha n2d0l IAST,PSBa§ debthaad 1.8 ; Fabhi Bunda
20189t also facilitatesvhiikdédh syntheaisfof mebane
i mmune hoMmMdol|sGtaaabiad FCoa,| eXeor eaHdy M Jf DNN202M@¢lyat oni n

al so governs the balance between the serotonin

regul at i-lnigmitthieng agrmrezymes i nvol ved (ilLent 28ld.d) oni n s
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I nt er etshkaYMNpd tyhway & un dtei d ma emeftaacbem ldiestraveerechocr i n o |
and neuroi.mMmheammamniobonni c acid (QUI N) br alrech of
NoWNADsynt hesicsr,i twihdealhb oissh mmdubabolei c( Xl 2a0R.i0,d at i v
Mi tochondrial dysfunction shiftsinlce elt¥Nnmgat hwa y
for 'NADonversely, QUIN contributes to mit?6chondr
concentration and superpashrdmuoudezt iacnmd AiSut mh ic
consequent shift toward a pathogenic microglial
|l ocal tryptophan availability for serotonin synt
(Savdtnoad2Mpr eo@QlirN promotes excitotoxicity by
neurotransmission and inhibiting @Natamangelwpt a
Poci vavs.ekfet2hOelr7,) t hi s dimictussh omdriildlusmeatadles!| itsh
glutamatergi c, dopaminergic and serotonergic ne
excitotoxicity amtumietuorcohnionnfdraimamatdysnf uncti on sh
|l andscape that governs coghition, emotional rec

bet ween mol ecul ar signatures and clinical presen

1. 5Mitochondrial Allostatic Load: A Biopsych

The l'iterature revi ewed in this chapter has d
dysfunction in ASD that is supported by an eme
I nterestingly, the mitochondrdailnsaisgpletcti of o ASDe ¢
and psychosocial mechanmsmbksi hhaal i o6t oemes. | ASD
preval ence of comorbid psychopathol ogies that s
of Timel udiemagl geed anxiety disorder ( GAD- , maij
traumatic stress disordé&tyeheZRBMAO0 ;anlAmistubi cd rdda | WH i
Oakl ey, Loth andOfMum@theg, @Wi2lldren with ASD are
clinically significant t HRHrMuslitcaltde2al D06 jwhmd aes urraetse s

suicide risk, suicide attempt s, and mortality &
(Caseti 230 1. 4,; Costaffgdmor 2 @202 &WeeKt» Radl@.4,; Oakl ey,
Loth and Murphghis2z2pBéhomenon remains | argely unf¢
suggests a role for both environment al and biolc
It is widely acknowledged that interactions bet

ASD aetiology, though this rel dXiaonmnehi Faing oo mRI
Moura Vicent e, 200AD; Kubet ®a0ldrd MdAdehionuki ,Cad®lI 6
2020; kkho2p@22) n particul ar, enviroametitadl i peswuil @
neurodevel opment can profoundly impact the neu
| andscapewelodpit(ign gogrlamann and Tdarsl ipheh®@IE)hon i s d

30



which refher sonme it al events or chronic conditio
and/ or psychol ogicalo walrli megiart da o fpoadn aidrod iewicewna |
by significa@ghetehy obt &bk &Tced d,5.d2 8r&uvF gredlunf or ms of
been characterised in the |iterature, ranging fr
i mmunol ogi cal insults, nat@utardesdi sMertreircsk aardd sh
Il mportantl vy, researchers have noted a distinct]
di fferentially induce aHerpda,attiloen,deafeisniln ganfceea tour
|l ack of internal resources or external su@port s
(Pi ear2d01.8,)

There is substanti al evidence from both epidem
increases the risk of pShethbpatMe &l agdpdamd 2&U7 g e
Mal i noet k2alylas, ; Fogel man and eCaza0ll19; 2Ddr9gum2arirdce pNie
20109; led M2a@ 2. @,; e 65 azh0l 2el,e t a0l 2a2s) we | | as cancer, aut
and neur odege(nCureadti2a® 21,rdp csretassret | y, an i ncreased e
documen$ B dcihmete @aIrl.4,; 61t i Jad i 9 ;hskbte2alk22l; dtrualdl g

2022)while |Iifetime stress expogbdMoesehaZzlbi)en | in
fact , recent work has defined distinct if@fternal

mel vy, soci al camouf-thgingl asdl wutéebstéect buheoal

—

xic(Mahesy and .O6RgmeovemnD223ever al aut hors ha
scept iLbSi Imetdyi attce dE by mol ecul ar and (nSiunrgolleotgaircya,
15; Cheroni , Capor alt e2athhld; THMak rai, s ,20RI0e f tSkkarr ipad
2

a
0
u
0
022)Thus, i nteractions between ELS and ASD aet.i

o N N O

l i ni cal out comes.

Th
physiological consequences of chronic stress on
for homeRisdarsd sand McEweabl y018aprowing body of
mol ecul ar components of allostatic (Bia@daradaé . mod
2015; eduz:de6; Hof f mann and Spengl er, 2018; Picar
Khan and Ri dPoiucta,r d201T8 umpff and Burell e, 20109; [
Caruncho and Kalynchuk, 2021; Zitkovsky, eDani el s

(0]

pat hol ogi cal responses to ELS are thought t

al20,24)As | recent!l y (rMah cenwe da n dn , OrobRoyahmipect 2200 8 2 a n d
epidemiol ogi cal studi es have shown markers of
exposur e, whil e experimentally disrupting mi t o«
pat hhophysiol ogical conseqtuleerc elsamd, crhirtomd lkco nsdrriea
separately implicated in the pathogenesis of ne

sui ci(dBabi d yh ar and &N a0 1200 1 8 ankRmmmeoz2all 2.1,; e K| al n,
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2021; Ni | Ma andl nChuagt, 282 2) mer gi ng field ch

psychobi ol ogy?o i s exploring t he utility of t
neurodevel opmental, neuropsychiatric and neurode
2019hus, T mitochondri al dysfunction emerges as

psychopat hol ogy that could serve as a therapeu

out comes.

Mi tochondri al all ostatic |l oad (MAL) is defined &
dynamics, and function that (mRodualralt @antdh McTERve&emqg n s
relationship between MAHYy podh-EILtmA dsraegyav e r(nHPdA ) b ya
that coordinates t heMankartli &0I2.11,a0h isltdrreesns arrees ppoanrstei c |
to HPA disruption during early childhood and ad:«¢
axis pltashusjtHPA signalling is a kEegheteh, aMoGI| @
and YuTged,un201l7;t 22009t act, a recent systemat
an established role for HPA axis dysregulation
relationship between (EeSatm@&0 2na)jNort adégr e sas iboind i
relationship between mi treecshpoomdsriivael smegtnaal d liinsgm haare
by both gengemican amedc hrammn sms t hat have (bFRiegiurceo mp:
1. XP)i card and McEwen, 2018a; Ri dout , Khan and R
de Gui a, 2020; Jaszczyk and Juszczak, 2021; Kok |
Garci a, 2022t RBZA4 ) acharya

The HPA axi s —riesiptoinat «e® stimgesads | ing via glucocor
corticosterone t hat act on GC receptors ( GRs)
neuroplasticity, (aFndhsheuvwat damanidh efslicoyetrd cnhir, o m20 1F
enzymes that drive GC synthesis aftRr @dazpllledd t o m
andnversely, nmd@ udiagreas! InMintg,c hootdirviatly ,i nR@rprnt ogdu
buff ébé&tnall0.9,; eT o2akl 2, ; Picard, Just et 2a0hld7,; McCEhwoein ,
et 2012MQr e &GCesr ,af fect the availability and turnov
including pyruvate, gl ucose, |l act atiemal amMODXPKHO®SG 0 nNn
glycolysis and( FAODzczwlk pard i QaCksy cazlasko, n200d2ull)at e n
dynamics by regul ating vilts€ eeppessieor| efmemeélse v an
mt DNALe¢ 2a013; Lapp, Bartl ettt and Hunter,. 2019

| Nnde&GeCds,uppr eexsgp rtetses i tome genes involved in mitochdc
clea(&@hoke andamhapr,e gwldaltfjeal transcripti dqriaele regul
al2013; Ri dout , Khan aept 20 2ZApjucto,r d2 (algg ;jnad e mypted rs

shown that both chronic stress and co(rGatc oaslt.e,r or

201&nd conversely, t hat mt DNA genetic wvariants
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signalQ@iinesgg 2009 ; ePti cald5)Toget her , t his il lustra
relationship between the metabolic and neuroendoa

Q ® O ® —

[ o
- Ketone '. Glucose A 3
bodies Lactate Pyruvate [T}
v
GR { GO )J¢----__ . T A
=
)
‘ ATP
MT Biogenesis Fusion/ Fission
PGC1a
NRF1/2 w
TFAM MFN1/2
BNIP3L TRAK1/2
lee’& MIRO1/2
Mitophagy @
Trafficking
r eThellntetplay BetweenMet ab ol i ¢ -Rersd odtsri eve§ TSa kgennMbfhroonng  an d
an,.Ch20n22)x) stress actPivarhdamaetyhe HWPA) hakiamjcl eadi
l ucocorticoids (GCshraihrmtbarirfifairset d ha otuigshattéd eglbd ¢
n neurons. GCs aehtenecpetukbtasubgttavebsiotl kdi ng
pyruvat e, which modul ate mitochondri al fatty aci
vated @Rd ladty mpiza mBana {gBhlemi comembdni smeg membr ar
ntbaffe€Cang, ATP production and redox homeostasis
ocorticoid response el ements in both nuclear and
s involved in therafefgiudlaitngen( DRAKIL /tD,c hdNnRO1/a2) ,t
ene JiTsSFAMPRGONIRF1/2) and mitophagy (BNIP3, NIX). Co
the synthesis of GCs via thwet ernydiothdemegd rPelddn a sCe
ctase (HSD/ KSR) enzymes. GC synthesis increases
ersely, oxidative stred®8NIiPBcl2tcewnpc ® eaighNBb2t ste
fusi MI ROBMiAt o2c;chondr i al RBNI| GBI Pa;s e NRURELIX2ar respira
ors U/per oxGG&Glome-apriovatt @ed atr@ercept dr ad ommg JTFEAM i
chondrial tTRAKETRpftfiionkifmghRmirtinei;n 1/ 2
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The neuroi mmune system is the second establishec
with HPA neuroendocrine signalling to modul ate |
wi dely documealtefled enl mam eassrsd Cat 12802 02 0 1B9r;0 whu,t cWoe
and Pari amtde ,ned0 dPpwyrcthadcdd ramd Katzman, e20a5%5; , Lu
202di)sorder s, while a reciprocal rel ationship be
we-described in the cohaeatawnmnd Misylchopa2lb®@d,ogFeur
2020; Nettis and Pariant e, 2é0t2 @a0l 2.8,u g @ mazadkRald) Ka Kk i

Not adbdceyt,i empHadgli sed that neuroinflammation i s an
that is tightly coupled to metabolic state. Gi Vv ¢
and tthamadahomidri a are centr al to i mmune-i mmdokati o

interactions could be med{ HKasdhayamanhdchoodei alk
Mc Ewe n, 2018; eMo ZdlylLadr)! Ve e th, mi t ochondaBi aandi r e c 1

infl ammasome pathways at the interface(Beew&en n
et 2016)Congruent wi t h t hi s, recent dat a de mon
mi tochondri al functionoandni mal @&d e ZRtalne sal nf | a
202whi Il e clinical studies report a significant ¢

infl ammatory signa(Boewgk2aln.6r)esponse to ELS

|l mportantly, MAL also functions as a mechanistic
|l andscapes that drive psychopasehall gy hien rred sapg d ros
bet ween mitochondri al dysfunction and ASD neur of
glutamatergi c, serotonergic and dopaminergic si
associated with cghet falceotshasd dSDeatt f-rodloqgt ed al
psyahdampl!l ogy. Preclinical studies havehdtaowh. t ha
2020; Deut schmann, KirlkltaZa@2 hmtdX2dir2ilgod g2 a g1 ; H
et 202®29d dopMWMamj-Ma8EF &nk2adl7; Bonaper sona, Jozxl s
2018; eGaradpsBi)gnal ling, |l eadd hget behnuereassedaadxi
soci al recognition, social i nterest and cogni ti
studi eg shawi BLS i mpairs dopami née€rPgiucestrs@e@ifp.dnses
Oswaeltd 201 4)and alters gl ut@Anadeei/I@GO0R2A I ser clyohi
transportéendbicwaoza@lg8n pati ents with MDD.

Not abl vy, interactions between HPA signalling and
suicide risk &Betepagtdl2i®yPlosstuaneat e i s i nvol ved i
responses and | i mi(tEivrag stemA aonvde rHeecrtmawat i2a0nli5l;e Mat |

GC signmaddulhadpeleasst i ci ty odndy|euxtcainmaa e@lglifcg esswan,a psSkX
Serotonergic neurotransmission exdr betb azhly2plot hal &

and aansimportant regul at ofrr cmrft adR csaorgtneaxl | d fntge ri ne
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str(eseitnkad20Q)On the ot her hand, an i nver se rel a
serotonin receptor binding defBomgtelRallm®,JFiantael sl ys, u
GCs also activate t he (nbeesRoolsisneb iacn dth gBoaar moirerr g u p2adt2hlw &
raftiemi ting step of dopamine synthesis, downregul
upt ake, or by acting -decegtibye 0 narGdRs F liTanguedl o, p & 2inGe:
i nt ertpweaggn brei t ochondrial dysfunction and HPA dys
signatures that precipitate p¢$pBehaeptd@®&0,0gy in r

This discussion illustrates that mitochondria
functi on, but may also modul ate the allostatic |
this may highlight a novéebht mbhecblkean suvuecépbkkedl
ASD. Given the high prevalence of both ELS and j

in ASD has been widely studied. Despite substa
signa(ldoirdbged tSchupp, 2014, Corbett and Si mon, 20:
et 2a0l1.4,; Tomar ken, Han and Corbett, 2012t Bdmi st

2019; ¢l R0il®,; eMaRablR.&§,)HPA hypéiTac deftmaadil.on Tomar ker
Han and Corbetett, 200 5; MOgawtel | oamd di nCoorrebaestetd s
reac{Spetayx012; Aleatgeeddi®dm nASD, currentand Ridntnegrs

individual reproducibility, while numerous studi
rhythms, vari aljiShiatey |260yl.7, e shleanziivd It,aynélita Ra0lilr9,)

The existing |iterature suggests some role for H
HPA axis signalling and psychopat hol(davuys ciast ellil koe |

al2020) n this cont extmpothleent miotf o AISMDn dareitalol ogy ma
mol ecul ar susceptibility to HPA dysregulation th
understanding the relationship between mitochon

yi ensdi ght into neuropsychiatric comorbidities in

1. 6Summary and Conclusions

Thi s cihmtpt @duced and tchoent enxtt wa&lhiondr i al hypot he
mi tochondri al mechani sms could yield insight int
ASD aetiology that i(Ffilgud®mod edluil mirc AlSDouveceme £ h
compl ex |samamrsiapgr se academic disciplines and sc
concesptuahs of ASD are stildl evolving, while it

mul tifaceted molecul ar aetiology that remains p

chall enges to the field of moweth!| ar nRA8Md te®sdanr
transl atability. Irmecacepmgiisaghgedpsgedacher @l &f ® ar
to understand the interactions between biologic
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out comes. This is highly relevant i n SA, wher e

intervention while exposure to ELS is widespreacd
i nsti seut iiomedual i ty. Yet , ASD remains significar
characABDi sinngenetically diverse African popul a

aetiology and <contribute -$mpectihfei cd ebvieol noaprnkeenrts otf
accessibilstgndfi di agnwestii on. I n this context,
signatures in a novel SA ASD cohort, revealing a
with ASD.

MITOCHONDRIAL MOLECULAR NEUROLOGICAL CLINICAL SOCIOLOGICAL
Epigenetic State Neurodevelopment Development Therapeutic Targets
& Redox State Neuroplasticity Communication Risk Factors

Immune State Neuroinflammation Cognition Biomarkers
Transcription Neuroplasticity Behaviour Interventions
Allostatic Load Neurodegeneration Psychopathology Mechanisms

< The Landscape of Autism Research 3

Figure 1.12. Contextual i siTnhge tnhiet oMihtooncdhroinadl r icaol mpHynpeontth

di sorder (ASD) has implications sfocr otl bggi mall ed alnalrs,c ampe
ASD research. This chapter has described the evidenc:
relationship between mitochondri al metabolism and nev
this research project. Beyond neurogenesi s, mi t ochond
with functional i mplications for transcriptional re
neur ol ogy by modul etliompgneans p e pthsy sd fol megwr achedv f uncti on f
of ASD. Moreover, as regulators of the neuroendocrine
medi ate the interactions betweenmeneitlteammedt ali caad d oluit
in ASD. Better characterising the mitochondri al comp
factors and psychosocial interventions and aid the deé
toprmve quality of 1ife.

This thesis builds on the mMAAtebathartei gmamimnes
mechani sms that contribute to ASD. This chapter
mi tochondri al dysfunction in ASD, hi ghlighting
mechani sms as dmri mMtudrueaset irreg etaarcchetin this cont e

in ASD has becometiarbdriesadixidnglImy twelhlondri a have al

of neur odte,veploypsneol ogy and function. Neurogenesi
upregul ates oxidative respiration by remodell in
dynamics. Moreover, disruptions ctoon nmeicttoicvhiotnyd rpiraol:
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influence neuronal di fferentiation and NSC f at
epigenetic remodelling that Sshapes the neurogenr
bal ance bet ween resting and | recacatciuvid r pni odrua g Iniga
neur ogenesi snatfaacislyintaapttei cpopsrtuni ng and govern ne

adul thood. I n fact, metabolic coupling wunderpin
oligodendrocythesir bhat aonhivot g, integrity and

pat hogenic feedback | oop between mitochondri al

glutamatergic excitotoxicity that i's wirdel wei m
di sorder s. Mor eover, mitochondri al met abol ism i1
reuptake and recycling of neurotransmitters tha
ASD, demonstrating howlmintical o mdmDi presretnn iald i toe st.

Lastly, this chapter highlights that the mitoch:¢
centr al regul ators of pathological stress respol
ot her pathophysiologicasoovatcedewi t ASDncseaoeéd ofF
Sstress,chat aadcdeeomiss of i nternal autistic experienc
forms of stress rienc cASNO Ategato wa fntge b ogly wrf  wor k on
miotc hondri a orchestrate both the neuroi mmune and

mitochondria may be centrally involved in media
influence c¢clinical outcomegy 18 €aptormngohbwn thi
be targeted to develop novel therapies to mit.i

respohtsies. emphasi ses that mitochondria function
sociologicalteframnd tner ggutahatt ydof | ife, and present

term clinical out comes.

Bet tbaractlei séhgti onship between mitockomnddi al
yield i nso tnetur oIno @i c al and mol ecultalrat a siprefcltuse ni
neuropsychiatric ouAcoomredihnigrn ytahhemssi st 0 n tihaoxwie.st i g ¢
mi t ochondr i almp dngesubruenincatbinoknt & g,pl memp hol ogy band mat
addressing the specFiifgiucr3ed bljselagteinvechsd posu iy t$ e mh i o

charamieocbBendri al wmedhamowmdedsmsAht into the r
neur onal met abol iBlin iamad ed gy elthpmentays the grou
charaoewrigeees identi fyiieedl d nmeocuhra nA SsDx icco hionrsti,g ht
expltarget ed mitochonidmpgradv & heu alpietug iacfs | i f e.
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How does mitochondrial dysfunction influence
neuronal metabolism, morphology & maturation?

1. Establish a model for mitochondrial dysfunction i vitro

Establish a neuronal-like in vitro model using SH-SYSY cells
Develop a model for metabolic stress that reflects DNAm signatures in ASD

e Evaluate changes to mitochondrial dynamics, morphology & metabolism

¥

2. Establish a workflow to induce & characterise neurogenesis in vitro

Establish an effective neurodifferentiation protocol

e Demonstrate cell cycle exit, morphological maturation & neuron-specific markers

Develop an image analysis pipeline to quantify changes to neuronal morphology

\ 4

3. Determine how metabolic stress impacts in vitro neurogenesis

o Evaluate changes to gross neuronal morphology
e Measure neurite production, elongation & branching

Quantify expression & localisation of neuronal markers

¥

4. Characterise transcriptomic mechanisms that drive neurotoxicity

Determine whether metabolic stress alters the neurogenic transcriptome
Characterise signatures of metabolic remodelling & neurotoxicity

e Identify central mechanisms that disrupt neuronal morphology & development

Figur3SplecRésearch Question, TAiinss dahrmedsih®bvs entittiovcehso.ndr i

dysfunction

ai msestlabl i sh and

for
t he

neurmogenamirse

imap abdtod i seny r ona Ip hwd iomiyn awiydts tnem v if @wé o n

characterise ian mddelstfaion | wmihtd @inhondr
whet her ndlttoeorhsmietir male Mgy s fsa maentdt eni s

underlying transcriptional mechani sms that medi at
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Chapter 2.

Mi tochondri alvi Diydfhend®etriopgmoni c Aci d Moc

1. l ntroducti on

apter 1 reviewed an intricate relationship be
sight into the mitochondri al component of ASD
me of the challenges iqmnatlwreds iinntta aaasheadhami s
ASD. I n SA, these challenges are compounded |
e recruitment angdowbeedifypinglpfchaeraweetised
rsgealleecmiol ar studies. Yet, the phenotypic hetert
n confound even sufficiently powered mol ecul ar
acceisparbtliecul ard an dd upatsad pnreeum o dende | tolpeme f unct i
nsequences of mol & gwlearasndd gai Upep @ ©infsi i@ ev ilcterld h
stems have emerged as usef ul reductioni st mo d
vel opment , physi ol ogynahdaif n@dt t on tdeckwns ,raenado a b
twemappr emphoysmdieciah e colaomdécamins mipiopr@maches
uld not only mbhut mabeotfansl atabielithg devel op
frastrulcheurreef or e, this ichapiysneami mhratocasat del |
r getendi grteiccha gdiueisltd olnosc al ASD research capacity

.10 1M tAo IModbdEt aboBTHREWSWHW System

h

e

e -SSY¥bY cell i ne i s -ewfifdeecltyi ves efidwoa & h ar se@ds tc e
urodevel opmdntopamdbde ol BOREZIBNM5Y cel |l ssubrcé onhddi c

mmortalised derivdSHves]l lofl ithe tplhat nwad &Ki gi na

e
h

ur obl as(tfanae ¢ i estsB8MI5.Y Z®22)s are comprised of di
e ne-brbbel adl) HandkeepgiSt) hplhieamlot y-W-8Hd i nneé heKpaalea

Santerre and H#Hympef ered,| s2@2®) i mhature mneéwryPral pr

cells reflect mul-hepobaenat peéet qBeedtrl bl B ow@intae cCr
this inherentypeteerbfenedBYpPiYNeuhn8 gBedd228HSI,)

and sever al revidewsr hbed theehehtures that make
the study of neuf¥psyeolat r2BO2c0d;a glolrrdaesrhsi di , Eato
2021; Bayeva, Col | and Piskareva, 2021; Bel | an
l oghen, Ceafal an asdwPbpesasujt&8028producibility,
coeffective mai-aY®EYhaoekl t hee S#Han be dHfyfpeer ent i
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derivatives that display phenotygiSd newtreall@g®l)ec ul &
This system can be used to examine the mechani s
relevant for the study (&f i &ltha0l 1 4Ntom a ros(eNrii,sphttidoei a «
et 2a000.8,; Betwv aliodge Ko r2adtk3; Cheito2a@ het tdte 2alil.ry,i

Mer c eette2a0l 2alnd pr 6 Ma pentl RaOI1.7,; Zhang, Gygi eanalPaul
2022; detandde2y@rnof i | esSYFY tcheel ISH i ne have been c¢omj

providi-ogamaeoweéti sed mol ecul ar | andscape in whic
There are clear | i mit at iwdnusdaditens afiodro ¢ Ir iamisd¢,alt adppl
yet a pervasive challenge in molecular research
The very feat urS Y54 hsayts tneank emutchhe tnSoH iemmarcteaslsii sbd & |
capacity for p rtoelrini es tadln aages,afd ekxiobigl ity in the
condiitairensal so those that diverge most significa
intended to model . More biolodeérciavéyg mecmuomale &
(NSCed)marpr neutrionssye bbriadmsi es or 3D or ga+daonidd syst
coshtensive, reqguire specialised infrastructure

respect to their origins. dlahdar efedrle,c utlhiusr ec hogpetr
within the S&&esghbtemeaSHa prerequisite for th
subsequent chapters and beyond the scope of thi:c
to examiamé onlsdimpelbet ween mit ochonTdhre radtf hodryesfcomet i
of this study was to i) establish a modeal vfionr omi
neurogenesis and iii) explore how mint oGhtarpode i a l
2 addresses the first of these objeddteicvyevye mart m
the undifferentiated phenotype to characterise
was i pbpnhahty designed to maximise its transl atabi

model for neurogenesis in Chapter 3.
2.1.2. The Met ab®¥Y5% Landscape of SH

The wutility of any model system |ies in its cap
controlled environment. Thus, the entwvieadmumentofi t
the research questi-®¥YW5 Y ncenilndl.i nHeeries uded StHo i
regul ation of neurogenesi s based on the mec har
signatures. Therefor e, aibtl eiss tihnap o ritna n tu-8nod &t a nsei d

cell dtincky troeur ogenesi s. The culturing, di fferert
SY5Y cell 1l ine ha(sPdalkemalaiode!| \Femagyi aMaed and Shen
and Li, 2010; Kovalevich and Langford, 2013; Xic
Jul i a, Fodjo Siewe Nelson Joseph, Nono Denis, A
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Dol o Housseini, Rons ee tM&30&.,0,; 2 @t a0l a; mpBoasy eCG/oag,0 Co

Pi skar eva, 2021; I oghen, Yeetlaefsa(h2ang @a)nedd Paonp eashcsue n
standardi sed {{pabametuddrcul tar i B8H, which are criti
protocols for neuronal di fferentiation. Similar/|l

recommendati onse owarbya sd we rs ubbhestuwteurrs dp pfieeesat cel

Recent systemat-8¥5Yewveéeleiwsl ofethav&Hdescri bed sev
with divergentXinaway,i eWiterpirmndgd | ®sd akRérzza®2z3) Tha0l7;

mo st fregbienmbyawsBse@m O6fns6ddi es) is either Dul |
Medium (DMEM) or DMEM with Ha&mdeckiX,e wieddalhda § ot
expansion of the cell ' ine. |1 ndded fnaentahooyd -sftourd i SeH
SY5Y sulyXiletuHe and Li, 2010; Koval evicheand Lar
al2.0,17; Mohamme2h0l1.&:ha¥Z, e2 02002 2,;Feetd @38/2.4,; Kr onenber
et 20124 )However, nunpelrioaurss credd o mmeired stulpe use of mi
( MEM) or ME M: F12, including the American Type
Coll ection of Authenticated Cell Cultures (ECCAC
Cel | Cul tZyf ¥isc oyDSMWi eri nga and Martens, 2017) .
formulations in the |iterature, there are mar ked
glutamine, glutathione, SAdS umv ipyamivmd egasiodi s al
either direct substrates or essential cofactors
components is central to the determination of ba
integr al ¢ @omsitcheer au sSSa&yb&f cehé HSHne to study met

neuropathol ogy.

Yet , the relationship -DYesYWemeat aghbroolwitshm nreedmaai nasn dp
Previous authors have noted the ge&nwédryalmediadmil fi isa
di fferenti at( inc cayn,d Wiuenrcitnigoban and Mardtenza(d182017;

Si meée¢s2a0l2alp)d several studies have sought to opti
SY5Y prol(Buet &tgi 220> 2; Satk a2glalnTj; Mo h anente @OLBhHham

Kayeat 2024 )Howtlwer parameters that facilitate rap
recapitublmitteottihce npeausrton al phenot yp-8Y5Yheebhcbipgea
fundamental to its cadpmaciatlysof awrondealilbultiend oexap ame:
of the AWarburg Effecto that is a characteristic
2010) . ConsepuwdiYt Imp,detlthedi Sl ays a predomi nant | )

parmtliac |l 'y whndemnskogebndwhi ch contrasts the oxidat
Mani pul ating the availability of gl uc ébsyes,Y gr ow
met abolism towards oxidati ¢8we aetithéadl1.8hadi ghklyosel vy
2016 ; Xi e, 2048 ;2a0Rrdomewmdveergerf ew studies have ex
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medi a compositi-omecfiofri ct hree| c@Milinkeret edfl tiheweSHks a

neurogenesi s.

To identify the opti mal conditions to study neur
to whiSYhs YSHnet abolism refleotweanodavephesnofypm
studi es have compared th®&8Ybnmvetadloll i ¢i pe ofaiglae noff
neurobl astoma, NSCs or primary neuS¥YnhYalc elullst udriess|
an oxidative tcsapmaxuirtoyn ad b ectamnkcieefr K gethl 2a011.5,; e Pr atl o,

2 0 1b5u)tc oinssi derably | ower than primary neuronal cu
Conversely, basal glycolysis -S¥5Mackkedbsycomgdarced
hepatocell ul ar calkicii &eema 2a0l0.5 gl PoZa@las)Toma i ndi cat
greater degree of onxel udraotni avle creellli alnicree st heawe m oinf

' imited than in matnubrkenebeonstr Howeveveoxidati ve
neur onfsf,ervemd-8YabtYe dc e9H s di spl ay an Aopportunistic
nutrient (&Xweati Pa8ll&@M)d ty reci procal rel ationship be
met abo8bwe nmadtl @afl 1t3h)at al l ows them to compensate fo
upregul at i ng( Fa ryitcnozhOylt8j; c eBfolalDxd 1, ; e Yaza®2 1, )l nSH act ,

SY5Y cells display a capacity for glycolytic cor
t hat iesnt s U fofri cclellelt @OAaABi eiXt @®1WHi ch starkly cont

mitochondri al dependence of mature neurons.

I nterestingly, mi tochondri al reliance can be pr
sourn Negta 2a0l2.1,)whi |l e serum depletion deX¥e¥scecesl Itshe
(Kronerbheagded )Thug|l u¢ osve media with glutamine s
depletion should be used t-8YIYvdeystoxm.dallewve, rell
depl eted rather than replaced becausde iii)) gtlhuicso sset
aims to evaluate both oxiH®katcheve tamaptgdry coodtyd b Ici
SY5Y systDeME MusiFoli-lie |l ¢ xpansi on and cel | bank mali
weanedMEM: owAT2h 5mM GI| uGlowteg mi2meM-esngde nlt% anlo nami n o
( NEAAS) according to the protocol described by
passage prior to all-hexmpekFB3IMedd I, eteimpn olye fn@r ea t2r4

2.1.3. A Model for Mitochondri al Dysfuncti on

This chapter aiimswmiotorede st abl mBbhoamondr i al dysfun
patterns identified in our ASD cohort. Chapter

convergence between mitochondri al met abolism and
remeold i ng during neurodevel opment . Not abl vy, t h

mitochondri al pat hways that were differentially
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DM genes wae BECBwoO s ubcuenittrsalc oenmpzryinsei nign a he met
invol ved in the conversion of propionyl CoA t ¢
(Wongkittichote, Ah Mew and Chaprde&monz3@ifi&a)2MOur

of PCCB using thréeamedgpenienit| memhogsesh®0kKtAmoma
bi sul phite sequenciamgl anmnd nay iyosned waédrodionmg ¢ pr of i
dysregul ation tolfy med sadoil dtted wiitrle cP QC3Bt aatchtoi pva utlyo
et 22020 )Mor eover, a recent anal ysis of genomi c,

identified PCCB as one-acsfs olcd agemnde s engoud walt aotreyd rhbeyg i
adul t co(rGoelxo vtiinsas ueet hal ef @M0O&,1)t hi s chapter establ

dysfunction that recapitolatéesothe dysregul ati on

Genetic mutations in PCCB are causally implicat
di sease characterised by dmabas@lmPe&GaX idafiofi emrc
(Wongkittichote, Ah IMewwipnn@a,oCbhbapimah, p20p7 pnyl Cc

BCAAswhile 30% comes from odd chain fatty acids
by intestinh@hamdIlczabblblj)dtt aphysi ol ogi cal l evel s, pr
by PCC to pr@odAucewhsiucchciinsylei t her oxidised in the
( Wi lestogaOll.7,)However, at pathophysiological l evel s
cause |l actic acidosi s, hyperammonaemi a, muscl e

(Mar ®ehuRd23) nterestingly, the neurol ogical symp

observed in ASD, including cognitive deficits,

i mpedi ment s, and a relationship betwdemiRAland t/
( Wi tette Rafl 1.6, ; det |2a0 1Bt i Sh cehte Pabl 2.4, Wowr eover , both PA
mani f est wi t h i mmunol ogi cal and gastrointestin,.

dysfunction ande deearrmriatsidrde,s ewhaidc th yiet he conversio
i nto prcaphndhif Re gdéeants@llz0,;etFRaQld.4)Theref ore, establi
to study the r el atsisoconcs mitpe db enti weoecrh omMQCB a | dysfun
could not only yield insight into the mitochondr
an underseaaodingcaf tbnvergence of PA and ASD mo

Sever al preclinical model s have been establishe
address different aspects of the disease phenot
of speci fpihce ngoet nyoptey paesi sno cei nadt oi pahreggi,iewvn@wdt model s are |
respect -aomd ssqeueelciigds ¢ mechani sms. Genetic knockol
constrained byi nnewinwmhtialle feavtean i hypomor phi c murin
recapitaogkeatpdydi 9kagy, paspeciufiiac | g¢i Igfi reein csepxe cii r®
PCC substrates and the expression, (rCeod @wltaadtailan a
2020) Paeidiemned cel |l | ispecidriec wmddfeulnastpeceisegs but t
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restricted by the accessibility of r edleeevi avretd t i

fibroblasts, which typically display | ow | evels
model a more metabolicahkygsctCehvmganthiPallslibe VvCiotl H aal «
et a02Q)However, smal | pati entnaptoapul madri toanlsi, t yh i ai

considerations associated with brain tiss-ue biopg

specimdchani s-theri nmegapiiemary cell l i nes.

As such, propionic acid (PPA) is widellnusiedras
PPA is metabolised to {odpitamynlsf EoAse®i §d PETopi w
accumul ation of propionyl y(eRreywea280llvbg)sNo malicye,d Deg
l ines of evidence suggest a central role for PF
crossedl bloe ;bgrili nod and pl acental barriers (Joon,
devel op imorumatlilkyel vy due to the activity of mater
primarily by reducing propionate |l oad and iv) Ii
to negate pathology due to the gsusagtki m8AdQll eva

Mor eover, a growing body of Iliterature demonstr:
neur ol ogical, i mmunol ogi cal and behadéepbpuvatd aspl
l inesnamoddel s for PCC deficiency illustrate i mps:e
and mitochondri al functi on, as wel | as mt DNA der
gluchoAdsed | i pid metabol i sm (aAkrdz riearrc2a0blad%;e dWaoxaiedra, t iV
and Amar al , &t0240;2 3NMAirmihlu&kr | vy, PPA has been shown
i mpair fatty acid and glucose oxidati qKhednd i nc

al20,15; eWazayl.8,; FReag 20l 2 @)

I n addition, both clinical and preclinical studi
data demonstrates significant changes to the ci
production in ASD, whi chapiesutd @n siadeggreead 4 ac prai ot enigs
behav(ileur 2011.9,et Ha0l2.0,; iV 8k gestie 8a612.0,et LFaGh2.2,; Bt osper.
al2.0,22; Lagod andMbasewkpwudpdD23) have shown that PP/

newphysiological and behavioural aspects -of ASD
established preclinicaMambaké(a@aX07t)AeD.PPRIi onue é me
model is associated with i mpaired cognition, m

increased hyperactivity, ster ¢ @&Anyspayr,y ,p eBascetvae raart d
201 2; Shultz and Macfabe, .200Adnc Wwroroennt IKyu maRP Aa mad
di srupt gr osos p meluagpy,al nerur onal organisation,

neurotransmission, synaptic gap junction signal
(Nanlkadv2all4,; etCladlil. 8, 20202203509, eh2a0Aa2,; Joon, Kuma
Parl e, 2023)
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However, hagearctbefslly elucidate the mechani sms
PPA, particularly as it pertainnssitttiodotehse Iraewei | fad a
more targeted questNamied vz2all 1nde; u rAdordaell I mmo d eSlasms am a
Cheit 2202.0,)i ncl uding a small but-SY5 Y weé &lgll blaidga oy,
Abu Shmais and Al 208 tKZ2Z@LB,; KUl 20ROnetd uanlg. ,

2020)Previ ouwe sdatdatelsi shhaed t hat-d ePpRPeAn deexndar tesf foeean s
met abolism an8Y9vYabellisy o®fiiowiHhg neur ofdrOatMdct i ve
(Hat 220 18; Fetl i2pdp2ed)é | e i nducing miidaodélwvemdraipaolpt oy
froth0MMEI Ansary, Abu Shmaiest 2a0ld 9 A¢ tJ RdDILDYSt i21011,3 ;

the relationship between mitochondrial dynamics,
this context. Ch a ptcehro nld rd mp haa i scadisth teanta ¢ myil taula g it
as a bal ance bet ween bi ogenesi s, fission, f usi
homeos(tWasii sand Lanogret , MoE6) experi ment al t echn
reducti-poinst meadsurements of mitochondri al func
nature of upstream processes. As such, a mul ti

techensi gus recommended fionr Vtithieet esetiurBa@midj mi t ost asi

This <chapter establ-dssesi ad echodE It ot bo n dPCiCaI dy s
undi ff er e&rivtsivatced | SH This is achieved according
successfully establ-S¥BYt hg)spPlPdddmasie !l exinstihmg Sdlap
pertaining to the effect of PPA on metabolic sta

|l evance for the metabolicaregobatobnteéthnieguesg

—

nc(tRiogwurTehi2s. Iwor k characterises how PPA influer
d metabolic mechani sms thakegaceeéds. miTogst aser
ntributes to curr-8YdyY umatealsa laingdm,ng s n fodr n&BH ef u
uropathol ogYsély PAIInItime,SHEAnd | ays the founde

h
n
u
e
e
e haract eand ed éedpnesned e n't effects on several inter
u
n
0
e
et ween metabolism and neurogenesis in subsequenr
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Cytotoxicity Depolarisation PCCB Expression

MTT TMRE

T

THE PPA MODEL

/

PCCB © —> %/\
}

RT-qPCR Confocal Microscopy Live Cell Respirometry

Biogenesis & MT Content, Mitochondrial
Dynamics Morphology & Turnover Metabolism & Function

Figursgta2adwimngsltidistirsomodel for mitowBordniadbll -Sdpxfdun et iS

cells wusing propionic acid (PPA) to recapitulate the
(PCCB) in an Autism S\ exdtorwssm oDi scoyrtdoetro xd cfiepte.adsmtc i af
mitochondri wk edyesftamdtiistied using cell viab(pldgn)ty and
assays in conjunction with reverse g$(rRPXERri Phi snmgdah
W& used d ot hme atsruanscri ptional dysregul ation of centra
dynami cswe ewhficrhct i onally validated wusing confocal mi
mor phol ogy and mitophagic fl ux welRovdresdterrarda m eah airsg ensgg tS
cel |l respirometry assays to meadMIrFd hoxaizodtyil vl ard Tglky

BromlfMBEt etramet hyl rhodamine, ethyl ester.
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2. 2. Met hodol ogy

2.2. 1. N eCwrloamuarle Cel |

The -SSYtbY cel | i ne - \EIC)ACWa s 9dDt3aBOdHldi Ehomt Spghaar
bank of <33 vipdl9s whmet westnabpli4shed wusing the pr
manufact us em.e HFar nd edndalntcuer ianngd, scuebl N sa wle:rle rga toiwo
(Thermo Fisher Scientific, 41965039) and Hams F
Peni SitIrleipmomycin (Thermo Fisher Scientific, 151
(Thermo Fisher Sc5%n€O2iandl1B8Z8B8106) aatNUAI RE 47
#N162864042114).ul Catlrdiesdl Y%ovmeoeBBHs wency at a 2:5 rat.
EDTA (Si gma AllOdorMLc)h ,f oTl 3l 9eBwlendu tbey cae ntthrriefeugati on at
Z446 ideamter, serialCe#!| 39 ApRIONOVPelr®le . cr yopreserved i
DMEM, Di%et hyl Sul fo&80A€e §DMS8O)coactentrati®on of
cell s/ mL. Since high passageypdmipkrng adhssy S¥h own t
Il i ne, al | cells used for subd23eceqndntweerpadiame rtds
Mi ni mum Essenti al Media (EMEM3I1 SOB:E2 mat Fashel IS
Hamés F12 with 1% PS,sehf%aFBami b® moecnds (NEAA)
I ndustries, SC -9lI8233a miamal 210 gnadMb & B i olt Oekebhdn i acta | |
|l east one passage befoAr weaeedbdmpi niPsto@ri ®@cthi tcn Actt
propionate (C3HMAHMNR)2( AICABd ¢ hLDIRH 436y di ssol ving

10mL -wamrened sterile MilliQ water to form a 1M s
0.22mm filtehA@andnsetboedenttBhan four weeks befor
were conducted in a sterile Biosafety Level 2 |

Model-4AC2
2.2.2. Characterisation of Cytotoxicity

To characterise the profiles ofSY&YWt otedXi diitnye, asl
Blue Tetrazolium Bldadmiddr QMBES 5 w&65gmaed t o measu
reduction potenti al undedi i omsgeAmmfi i thif &lr esé r il
DME M: F12 explored broad wh O@mMsPRA owdarotIdOX i miirn.t
hours. Having established an acutely cytotoxic e
a -Bédur sekxpoto pathol ogi ¢carmhM cwanceinhvasti  opmat dd ouns
reduction and ATP production to assess celll Vi a
EME M: F12 were fur{lenM toivemr dtded sihatf weEaBrSaJ 291 et i
These concentrations were -$Y5Yreneida b,y Phaedda oarsd
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2013 et H28018;etkizall 19, ; Fe tl i2g0@2dn e tJ walxrads wel | as pl s
concentrations of PPA repo(Redien sdallR2A0,)t hat <can r e

I n order to employ the MTT assay as a measure of

concentrations, i ncubation times and cell prolif
madeGlhys e mi et el s weealrewrdleld plna-Acedera(rSh9gemisio 8 1 -
100EA) at 5 x 10 per well in 200ulL per FWwelLl . Af
cells underwent 24 hours of FBS depletion befor

repl atche do wamg/ mL MTTFH rddd umeddi @ nf rseemuan st ock sol ut
water. AFdwer ifandwmati on in the dark at 5% C0O2 ar
removed and 100ulL of DMSO was used to dissol ve f

t he eplfaotr 10 mi nutes, t he absorbance was me a ¢
spectrophot ometer mi cropl at e reade rGO( ThSerrmoal F
number :110000010644) . Each tatat mand washadwmihi .
against the averabkaanbkhsorBRahati o DHMBED viabilit)
bl acnokr rect ed absorbance of all three triplicates
Since MTT assays can be confounded by metabolic

assays wehreec kecerdosussi ng ATP production as a refl ect
wer e s &edled alt0 whpietreewddd Ipliant es (Bi oSmart Scient
adhere for 24 hours and treated with PPA for 24
Luminescent ATP Detection Assay Kit (Bi ocom Afri
instructliyehks ®Weireflysed using 500L detergent al
| umi nescence was read on the GloMax Luminometer

medormal y bl anks and standard curves mimesciemphki wat

(RLU) to total ATP (OM) per well. Changéertencedl
by visualising live cells after 24, 48 and 72 ho
Mi croscope equidP@Pedonwdédrhs earn LNeANOs., CAch N 10X Ph
objectives and a 6V 30W Lamphouse. | mages wer e
24576 software in conjunction with a 0.5X camer 8
2.2.3. Measurement of Mitochondri al Membr ane Pot
To determine whether changes in cell viability

mitochondri al mdmb rweaarse npecatseurrteidali nh o ers)p oMBRA ttroe atc
usi nget hamet hyl rhodamine, et hyl ester (TMRE) ass
is a fluorescent cationic dye that di ffuses thr
hydrolysed to tetramethylrhoddmi nteh awlgieadh ma d cowrhwlr
i n a marsneprr otploayn (oG neatlolzad 1 7 )TMRE f |l uorescent S i
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guantified using confocal mi ebraossecdo pnyi, c rfol polwa tcey taosr
cell confocal microscopy is the most sensitive t
however, accurate quantcihfeidc gpteird m drse qpudi rdeyse sltoraidc 1
bet ween samples, which predqdereesy WwOlglh)Tt §i apptobholbi
al so more-iocbenbyyveti med requires accesesbtnhhuBBbb?2
conf ocal i maging unit. I n the absence of the rec
a popdleateitbethesnalent response across a r-aagedof F

TMRE assay was ophrmugbpguasabtbirgherve.

Il rrespective of the method of signal quap@m i ficat
depends on the experimental design and the conce
cells after exposure to the relevant tiqp®atnment,
mar Kk epnwhiHi ch typically nequwemndhiang sdyteh ec aurnscee notfr ar
and J®Pre®tr Ya0l1.1,)On t he ot her hand, tbhhe emda nMMuR&EC tasrse
kits recommend concentrations ranging from 200 t
2016) and -StvGd¥iesll a 6B6luti nébDPOoMei "MREeatambOe:
para@dbDgin 2a0l1.5,a, 20&5b6;2a0Ma%k;eeTmran, Zakhar oveat aald. An,
2021; eVukha22)With reference to ®Hlé haoeamédhhigo ma
guenching concb00nktwenses fesme@80in both negative

with the mitochondri al membriahkudecwmephexy gche byl

FCCP) controls. ohtanhtpmer wlaismidtet e mcned i n or de
potenti al of TMRE at condeéreetraddbinbnohddiodDaM, ac
seeding densities, incubation periods and staini

conditions that accurately revealed a significan
1660 FCCPof or ©QMFihgouurresh &2p @3 i ti ve control was cho

at which cell viaki I TMRE Whdsomaiscteaicee advawhisli gni f i

Af ter optimisati on coefl lasl Iwerreel esveaenttle dppalraat neest eearts , 9 6
wel | in full EME M: F12, all owing for one -empty \
tal k. Afotuer ianc2ud ehtoiuon FBr5d dep24ti on, cel I3, wer e
5, and 104w PrPAMé PCEZP® f or t wo Horueres ,ENMEOM.h iSnu bsseerq
cells were incubated in AR60nM oTWwWeRE bfyora 2r0i nnsien uwi
serum gIBBWAmMi n nqgaba Bi otechnib0aG) lindulssh up le@s @ B tS
saline (PBS, Q@H2%.B3JA vwaOHD added to each well, in
was measured -Mund t i Céodaki on System (MBedeh!| E7S8
number :518130957) uosiesgenhhefglreen (Ex 525, Em 5
rinsed once with 1X PBLB2S ObnmeM oTrrei sb e 410@ lo% yT2r@ d noinn uXb ¢

at room temperature. Substequreenadtly,al yismalesc owec @1
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Tri-Xoh00O before being transferrlegh) iod Bumldifoatde r te
(Lasec Pty, BBRD5000201) was added to each well
mi nutes. Absorbance at 595BBOwmscmepkatredr eadeih,
concentrations wet¥rce raelcdwlda taeébd ofrrbcam clkel avrad ues ac

that was run in triplicate with each assay. For
repeatreawaed i f tot al RFU and protein concentrat
than 10%.or rRlcankKiMRE fl uorescence was nor mali sed
membrane potenti al was calcultahedegebhtitonmedeéeswcui
manuf act urder20EWCH die op TL.T

2.2. 4. Examining the Transcriptional Regul ati on

To characterise the dynamicquamansati pei areavlerse
pol ymer ase ¢ haPiCR)r eaasscstaiyossn weRTe used to study el ev
met abolism and dynamics. First, PCCB expression
recapitulated a dypswé @ubacigoenof y PCABNA express
centr al genes involved in crosstalckMYICet PGELC neu
mitochondriME1Dbi Bl edk 8 if sEDRENIMnr (MEN1I onMEN2, STOML
OPAl -SSYrbY cell s wweekl spkdedsiat 63 x 10 per well

all owed to adhere for 24 hours. The next day, C €
serieBoofho/2r4 amaurf otureatamedht sOmM RPRA., 5RNA was ex
t he <@®WNikc Mi niprep (lngaba Biotechnical Il ndustri
manufacturer 6s instructionsg |wi twermi nwars hreald iofniccea 1
beforele I3YHLi s buffer was added to each well . Afte
to an Eppendorf and RNA was extracted in accord:
i n €el25 DNAse HIRANAAs ewat er and qguanti fi-PA@0OOuMUM(g a
Spectrophot ometer (Il'ngaba Biotechnical I ndustri
storapeACatuntil further analysis.

Al | RNA s amplgePsCRu saenda | fyssri sRThad ca @mahdch260:a28 @n/ O

ratios b2tveefhhe . 8DNA synthesisEwDNAp Sryfnd mmed su
(Celtic Molecul-@a50dP3)agaosodidisng Bl ® the manufact
700ng of RNA was added tlo ®facdl irggadRaothd mHBbxagme
primers iaL/ar daocttailam.fs 2BRACGwaDr no | onger -t han 7
gPCR assays Wot@®@amemiQaéxi (n@l MGEN RG, Serial Numbe
reactions clompunaidgi wdr $al gPCR Master Mix (I nqg
M3003L) ampecgtne quantities of cDNA and pri mers
pri mers supplied by I ngaba Hiabi ealb@ndaiwvi t hduberr
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master mi x and cycling conditions for each gene
repeats as well as standard curves werGenreum i n
Software 2.3.5. Al gPCR HAursamddR eV &l ele.€2n bie ¢ sv
respectively and the standard deviation between
calculated using the delta delta Cf'(iméevhé&d awide
Schmittgen 2001)

2.2.5. Evaluating Mitochondri al Content, Connect

2.2.5.1. MitochNunndbreirala nDdNAD eCoeptyi ons

Transcriptional di sruptions to mitostasis can i
(Sabouny ando$ladi aynge9D2t19g mt DNA copy number and
in a range of neuropsychi &fTy e & a2abhld6, ;n eQhr Babtde9g;e n e r ¢
Czarmnyz2a020)i ncl udGingltiABRDL O, gt Gl 1 3, ; Napol i, Wong a
2013; e Ch2alnl. 5, ; Gol zi o and Katsani s, @ 0 1280t 1.8Y:0 0J,. Pla.
Ki mt 22019 ; eS. 2202 tKa fAéhff i2a02 3, )Accor di ngl vy, mt DNA <co
del et iwonmdelagr awsed ashmadkéeabk ©bbOnatClacmeeil Ragl@dt; h c | |
Liet 2a02&2nd pr € Rloit hif wasls , Gasser-Kafnalj iPadrechg6o | ROMNA
Burguwe T2a01 1. 3,; evia 2a0ld.6,; eCG@. 2all 1. 9, ; Set ARall 1Kj;m K.t Vdad n g,
2021; Jang, Lee @&nd2akK2aszhuddexsl; Wasner

Her e, gPCR of thedemhydochgpandasal g&NiA®OH ( ND1 and
referebh®e wgenesed to measure mt PNA ocroptyo ntur nebaetrmec
were «@dededensity of 5 x -wlel | cpelaltse spe(rT hvealmo iFn
140675) in complete EMEM: F12 fhooru r2die gh$oaitrisa n ,F od d
were treated with 0, -f3reé& , madhida dffaorMOPPAhendagr ol
cells were WwagdkKed®BS8nshel wisk(sSDIOiIfrfe/rEDTA; 10mM EDT

NaCl ,waésil8added to each well and samples were inc
scraped for one minute using sterile cell scra
transferred to a clean EppZ2hnrdgpARmbtaenidn alsyes ekd awi t 5he
hour s. Proteins vNearCd raemorvoeodm wtietnmp e&Mt ure for o
centrifuged at 1i0NeGh@EHiepm [ E£pPpeaedotrfi fuge, Ser i
for 10 minutes at preoronna ttaenntpse rvaetruer et.r almsef esrur ed t ¢
centrifugation step was repeated before sampl es
over ni2gohAAC.atSubsequentl y, samples were centrifug
pelwast washed with 70% ethanol 0&OmMd rpemt rAifft ege ¢ efl
adrried for 1 hourgL,TENAuwderell dtOendd iTmi 80 1 mM EDT
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wer e guanti fied u-$1000-VEeY NapedOr opp hNoX omet er (I'n
I ndustries, Model ND100O, -296ArCi auln tri d mseurb:s25lule)n ta n

Al l samples with A260: 28 .&2n d22040rB53percatives yb e
in MilliQ sgtatbeerf otroe 4d5omgn/st ream qPCR-GassgpWse&wer e
( QI AGEN RG, Seri al Numbaat i ROD 1d@driuhnai sUmni dv @orfs abl ¢
Master Mix (lngaba Biotechni eeleclifduwstqruiaens,i tNEB
primers made up in sterile MiIlbMQ( wagqaba Bhet pc
I ndustri es) Tabrl2e atlSotnagi Iweidt hi nt he r el evant master n
each gene. Samples from five biological repeats
anal ysed -GsnegQR®dforware 2.3.5. All qgRBCR mawmrds Rha
val ues belt.weeamnrskp.exd& i vely and the standard devi at
Mitochondri al copy numbers and deletions were (
Quiros etusalhg mptoh@ lozelit wher e mt DNA copy ngCmber i s
Ct {NWMT-CtbR) and mt DNA del et i qghts =ar@®tD4(MT § IMAt e d
ND1) .

2.2.5.2. Mitochondri al Net wor k Morphol ogy and Mi
| mportantly, changes to mtDNA copy number may n
di sruptions to mitochondrial turnover and cl ear g
confocal microscopy can vwel wme.d Heor g,uawits i gl ims a4 to
used to examine mitochondri al net wor k mor phol
i mmunocytochemi stry assay was degsRiegdmeadc Ba0ldl.8gu ant i
Mi cr otasslswlce aitne dl ipgrhott ec hfa)i mn St iBensa qtLCBhe i nterse

and mitophagic flux as an essenti al component o
mit ochOAgdhrn af i and Schwarz,of2@fLBhct aheithl 6d¢aloir
|l abell ed mitochondria is an &t atbHtartohleas med drro dw

empl oyed -S¥5 Yt hcee(IBdddianzed 0 9 ;etD&id 1 5 ; Dagda and Ri
Redmann 22018 ; Eawalaq; Chok0O2bhd Pamwmhem@l24andi nce
mi tochondri al membrane depolarisation specifica
aspects of (aAidiorpahfaigiand | Siexh wa rizs, u2s0eld2 )a,s FRC PR soirt i
t hi s €6nwBeSxntcehte 2a0l 1. 4, ; Patr allill4; | éB et eZ2athln6y)v

Sampl e Pr @iSarrbart iced:l s were seeded in EMEM: F12 1°F
Xx 0.16mm glass coverslips (Lasec SA, GLAS2C29M12
to adhere for 24 houhsur ceEBSsdephenedpideddmd &2
PPA treatments wer-keradmmedsaer ®d t hesdavwmof st ai
treated with 25uM FCCP for 2 hours bef &mRedal | S é
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CMXRos Dye (Thermo Fisher Scientific, M7512) fo
cells were rinsed twice with 1X PBS and fixed v
mi nutes. After rinsing with W¥rPBpPetmealkmioveedh
Tri-Xobh0O0O for 20 minutes and blocked with 3% BS,
i ncubated overnight wi t-humom@a&aiCBinkd d ymo U lee rlngoG
Scienti-3i%®41)MA®Ht a doi.l3u% iBomA caft 14:A200.0 Tihne next day
with 1X PBS, f o-mil owee WwWasrhibrs wetee dii @mece@l@ati on with

Mouse | gG Alexa Fluor Plus 488 (Thermo Fischer

st eprevmasated before each sample was stained witt
mi nutes. After two rinses and three ewasheAnt nf &&
Mount ant (Thermo Fischer Sciemamfiempesl3dtO9rrRrg fam

before being stored in the dark at 4AC wuntil i me

Samples were transported to the Central Analytic
where they were imaged using a Carl Zeiss LSM780
El yra PSdsaclupteiron technol ogyAfatnedr Zeevnal2u0altZ no fntewy:
ensure an absence of crosstabpebiet weebi hdiumg est
antibodies (Figure S2.2), each regi onrAcohfr oimmatter e
63X oil Dc€i M27 wolbbjhean effective numeri cal aper |
excited with a 561nm | aser -6a8t3nlnD%ti nat egnasiint yo fa nd
channel was excited with the Argon mul tdieltierca elda s
49952nm at a gain of 750. Lastl vy, Dapi was exci
intensity andl9@rmeatt ead @qdi M 1®f 800. Al channel
PMT detector. Z stackofoaMdrs8bca&pt wrséedgasina ds & reice |
scanning. A total of five ROIls were captured per

condition for a total of 288 cells from three in

|l mage Ahmhgei anal ysis was conducted in Fiji I ma (
Figur@MR .2 .stacks webketconvertieldes namd8a maxi mum

of all three channels was used to sdgmentedi odi
Each <channel wasproepasatded namgp e mepe n tplirwecsipi @ g
protocolFisghwrwdai 2 :93., t he background was subtracte

before ttitvee IDteecrommvol ve plugin was used to perfo

channel . Stacks were despeckled and smoothed bef
1 and mask = 0. 8n0oitsce irmaprioovse sPirgonceels:sed | mages |
thresholding algorithm and subsequeaM.ly filtereoc
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Figure 2. 2. | maged oA nQaulaynstiiocsfc Wwormr krfil olw Cont ent, ZMor phol o
stacks were saved as .czi files and converted into
(MI'P) was generated to select and cropegrgntoead odél li nt
.tif stack wasadée vkOks beat or eephawnasalbs rwaern e ds fIriotl | i ma
pixels) and the iterative deconvolve plugin was wused
to a preprocessing protoclodd,dusgmoagt wdd caand tearctkan wed eu
whet lkreadi us was set to 1 and the mask was weighted
thresholded and tstke |l &di bthae s me a anars&k bwasnch | engt h, br e
threshol ded mask was also anhl yeeHownmdiingl tNet Wortl MAm
pl ugionseval uate mitochondri al count , area, peri meter
threshol ded masks werei akedotomemeasurkeaméetacdanand i n
Objects CoRmptreorc épsTliegdithacks were filtered using a thre
and the 3D Objects counter was used Colwmeadbeseaettatnal

Mi t o Trasmadk €rC3 was me as urbeads euds ianngd absoattheonesattaym@ a i ownl at e t

rat.i

(o]

of

common volume to total Cobbom®il pgi noljfdaCelP)

usedaltcoulcate the Pearsons, Mol besa.ldamdatCont es coef fici
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A Raw Ti f Subtract Backgrobedonvol ve Process

Ml T O

LG

B . .
Figure 2. 3pr domygsei nAgregPri pedntnaet i veA)MI t o @ g avd KTeOgBh)yawmidn g
LCBsignal in raw .tif stacks, after subtracting back:

deconvolution using the |t erpartoicvees shencgo npvroo tvoec opll uegnipnl oc
smoothing and enh@naemiasg.with an unsha

A t-woonged approach was wused to quantify mitoch
based on the prOhawcdhr ydesShii baddithl sc iaapnpir,o a(ch0 2qC

parameters related to mitochondrial size, shape
(Figur eTh.edsth)o.l ded 2D slices were examined usin
measure area, peri meter and circularity as well

Dagda (a2060686)y ornemcomprehensi ve assessment of mi t ¢
were skeletonised and the fAskeletonise 2D/ 3D0 cc
and junctions in the mitochondri al n eotbw oerckt. n&aipmi
using the A3D object countero, followed by the 0
to calculate vol ume, integrated density, surface
threshol ded masksl ulengot keAMalt pshendMValAg ntpe uati
al . .20L1C713) vol ume earpedatxptedsusinng the 3D particl e
setting the minimum puncta volume t8tdad0f fveorxeets
(20F8)yure 2.4B) .



A Mi t o Mask 2D Outline 2D Skeleton 3D Skel et

Gray Scale FiTagged Obj

FigurQuandgification of Mi tochondr.i dAnaCysti eantofarMd t oCH®
Content andBiMparpimads gy were used to generate 2D outli
using the MitoMorphology, Analyse Skeleton and Mitoch
BAnal ysifsv/od fuBnec€ 8r iMaes ks wer e fiartércéedst e mmémevethan O
was measured using the 3D objects counter plugin.

Subsequentl vy, col ocalisation of LC3 &dmdeli tam™r a
i ntemassedg col ocalisation approaches with two di
internally consistent(B&Flirstand heoudaenalgedd dadCo®@aP
Pear sons, M1 and M2 colocalisation c¢ctoled f maceat s

devel oGoerdd eblyi r es afnodr Z3hDa nggu,a n(t2i0t2a0t)i ve col ocal i sa

calcul abvesed|l amdasatdensl bygal (Fatgiucsmre Qo&fHf i ci ent s
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Split Channels Masks Tagged Maps

Original Common Pi

Figur@olRo&alAinadtyisors Bws&@dwdwe | i res )Drdhgamag,] ((20X0)st a
each channel wieir ea@cimae kst ¢ethat nwere used to generate
ar eacsoloofc a.l i Sheg i ®ommon pi xel s mask was overl ayed with
cal culvattaameheand integrated density for all/l objects r

2.2.6. Live Cell Respirometry to Measure Metabol

Changes to gene transcription and mitochondri al
but do not provipoenmemetmabsl o enhdt e. Sever al
guantified to examine the r1leglcatliyesn shiam db etxwelern i/
such as the | evel s of ATP, | act at e, TCA cycle

associated with distinct met-abbted pat awagpsgeThe

of pat hwaysst futi mtreer | i mited with respect to a
met abolic state. For exaisSl @or ométdalsolai tse¢ aana&l ynei
point in time, whil e radiol a-laeldIt-icmmise @Ra s@derca f i ¢

al2021)Conversel ygr | abm-hesattnexrsays -tihme dmaliysita
enzymatic athroughpatreanhdwexpensi venealtil alwi agaf c
ti médohat adl 2. 2,)

The -gohddard met hod to meastcred | c elelswliaro meit o e/n eurs

technology to assess both oxidative and glycol y

by the manufacturers, thasgaepptoaametqbahiicf ifd:
targeted di sruptions, facilitating a comprehen
compensatory metabolic cagpeatctilt yr.esPhe omesngdvarmnt e
specialised techndl dogwj ni @ggehi ch | iweiltls Setash carcsc
i nstrument was i naccessibl e, the Brombacher |l ab
all owed me to use their recently XEpgueéempikodpBe abor
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pairwise experiments between one case and one <coO
one set of 12 plates to be used for cell <charact
necessitated careful verx,pet heme XtFpl md emsipdrat e Howe

mi crochamber in which changes to oxygen consump
i mpr oved (sAegnsdlietnitviTtexc.hnol ogi es 2021)

First, a series of cel | characterisation experi:r
cycling conditions at which oxygen consumption |

mi ni mum oxygen | evels werme nwietdhibry tt heT gl rmeaufletca2ys
Figure BYYXSudAs,equentl vy, titration experiments we
concentration at which makgmak OfesmCpatdi expesi |
conditions were used t-ionducesd metalbodlyi c hahiafct € r u
whil e subsequent MitoStress tests were conduct e
function. [-BY & ¥ clhise cweesree,-wesEdHt d @d ait re s6xatl Oa ded dist/ yml
2mL complete EMEM: F12 and all owed to adhere for
serfutmee EMEM: F12 for 24 hours beforfereeMENME wer e
F12 72 hours before the assay. The day before t1l
in Podlyyi ne (PDLWwWetbamedi KFpteéslQ@heaetT@& k| s1Pp8i7 2
i nel300f -fsre¢ @ mEME M: F12 with or without 5mM PPA.
temperature for 30 minutes, eaclkLwpéld wall sumpat
hydrated with sterile MilovieQ miaghetr ,atan5d% pd @2 e3s7 Aw

medi a ewasaceld pgr 18&dl | of Seahor se-1X0FR)DMBENMN p(l Ghreenme
with 200mM gl ultOaOmi,n el 0(0IMOVMB 5pAI0 DY ataen d( LO@DINM8 gl ucos
100), all at pH 7.4. Seahorse car37rAa goevse r nhiagvhitn,g

hydr at edvawintend prad i brant and both XFp miniplates
coO 37AC incubator for 60 minutes before the ass
detailed by thealmamruwuftedt droer sl5amd naut es whil e ce
XFp DMEM before being transferred to the Seahor s

Group, I nstitute of I nfectious Diseases, Uni ver s

ATP rate assays were conddaié¢tmed AT®PIi Rgt ehAsSaphKr b
103B8PID) according t oTabhlee BB PoetBolcyo,| tdheet aaislseady icno mp
of three measurements each ateMbababomgspnrandohi
the addieMi Romt @efio®e SKAnti mycin A (Rot/ AA). Mi toStr
aboveh whe exceMptFiCCP qBiamcbms Africa, AB12008) ¢t
of ROTdMAe SIIb.se)quently, protein normalisation wa

descrikbhedbBPianha was analysed using the Seahorse Ar
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run passed quality control checks related to be

duration of the assay.
2.2.7. Statistical Analysis

Data were analysed (®5a6r ®pbBad Eail smovh0aOU3A) .

dat a, outliers were remowWadI| wierhrtemevRdb | RIOUTEg
the standard Q coefficient of 1%. AMiIl kdatTe@swembef
being evaluated for significance. Al I datasets ¢

onrway ANOVAs (par andatirliicg) a (oarmpKr i €k aHboestDsunared 6
mul tipl e scotmepsatrsi swenr e conducted to evaluate sig
analysed-tasied-teasdavadduRSs are annotated on the ¢
**p<0.01, ***p<0.001, and ****p<0.0001.

2. 3. Resul ts

2.3.1. Cell Viability and Metabolism

Mechanistic studies of metoamol insenasge menealtilsy off e

function, but mitostasis is an intrmhsbochbhgr idg
dysfunc,tei.obThC ¢i smhobi mi t ochondr i al membrane uncoup
primary mitochondri al di seases, a different app!

and systemic disruptions to mitostatsiuse Tespades:¢
ranging from mitochondri al compensation to mito
periods were titrated in serial cell wviability ¢
publ i shed model -SY5FY PcPAl Iss.reSss swmchS;H initial expe
wi ndows of OMEM: bXF cotyefilnect the conditions mo

|l iteratur e.

Il ni MTHRI ascoanydsuct ed fomn®MEMathoac iyt ®#PAt wbress dec

reduction to ~58% of unt-heat pdt ceat mehs, debri &as e
to 82% and 67% at Q@Fiagudr &6AMM2hrcellgphe ctthhev eMTyT assay
to measure cell viability, this assay more stri

confounded by metabol i €Ghaeédnokrll2alnldn plrioh e fwirtah itvle
empl oykeidmtblyf.2019) , the cytotoxicity profiles gen
referenced wusing intracellular ATP prodAdldPti on a
concentrations were significantly decreased to

(Figure %S?>wé&Ber C)this response was smaller in n
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assay, and ATP |l evels showed no changes at | ower
studi eSY5¥Y S&H | Ansary, Abu Shmaiest dafldOBd rDhvaesas!, &
consistency between the MTT and ATP assays at hi

Since the MTT assay detected significant change
experiments in EMEM: F12 used the MTT assay t o ¢
compr omi se credducvtiiadbn [Mp onge notoivuarls e experi ments wer
the effect of PPA on the v-iSa¥BiYl ceVy )] shealtrhd4an@4r
usinédhoar 2treatMmemCCP faslOd positi vieFigakleNo2. 6f or

significantcedhanvgieasbiil i t 24wédmardet eaviiti éc ffr2ormodir ¢
decreased MTT reduction to 64% Whdl @ 7¢%hese hewntl o1
profiles differ from the responses in DMEM: F1c
EMEME12 t hato fsogmd fi ca-BY5%¥haebkesviabiSHity after
PPAFi |l ieptp @0l @0, )Thus, the cytotoxicity profiles of
successfully recapidtulnattehet hlei treersaptounrseee.s r eport e
Moreover, cell morphol ogyandadepgenetdentt mgnaktet be

t o -e@ompet signifidda&ntgucgWhdtl@eBilcontyr ol cel-fseaai nt
EME M: F12 di spl adyreodp amorropuhnod eodg yt, e PrPA i nduced a t|
bodi es at |l ow doses, whi | es hcaepdds abte chaingeh eerl ochagsad:
not eatullat aonu of floating dead <cells in cultu
decreasebiilni tceldetvdat ed using the MILDmMmis ssehyo.w Mor
mar ked el ongated morphology from 24 hours, prece
whi l doses <3mM retain viabili tly0 mavh d nmoorrpphhool | ooggi

chan

e
c
e
e

the data suggests t4dhaoturPBPAda rrnecatt memmptasc tl ecsesl It hvaina l
e
ges are detected from 24 hours andogeghefi ce
e

t hes dat ad spugmeesnt dolsenges t o ceé st avbilnbdsohwish go fu n
cytot Oortirh8eHIWS5 Y sysittlE Mm120 pr omote oxidative reld
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Figurerdpébonlicdlced CyithotSHbiYc iGenydlisf f er esntS Yatceedl ISSH wer
exposed to propEMEBEMET2Rftod 4 PPA2% Bnd 72 hours foll owe
windows of AMMTtessayscri eyand edlemendenet decrease in cell
to-183mM PPA or M hFoQUuQPs aosf al Op0o swh e e dcatnd rrod pr(erse’ngt me e
devi.dAti oexperi ments were conducted imasttihpel aretragand
correctedfamddridmee driplicates nor mhat esreett st e dt i ®r a
nor mal ity usWindkdtdifepgSghnaipfiircoance waswayyetANOVAMse da nuds i Dhugn e
Po#lbc Compar *pefs Obherégp<0.01, ***BoMdr. PIOd Ichoagnrgdad* * * * p <
undi ffer &W¥tbivaemd d SEHJ otro 2MFrARanmiwaivessual i sed using a | i
at Xtmagni f,i craetvideeaplrienagd ¢ d densi toelaln db ed ioevygy awietdh pr ol onge
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Howevae, n®PPérses oxfi at ed amyntodt dxi ¢ inffyerr ed Morroem MTT
targeted weppper ceeqqludégs ed to evaluate whet her PPA ¢
PCC8ssoci ated nteetréeM& Mi cwradse reenspsls o Yogarcoamte I i @arl |
Ssubsequensi sgudhesappiRbd@rie nof the earliest sigr
dysfunot weshraoplng SoobspRaI23)which is widely asses
fluorophores such as TMRE that (|Pewdr ya@eL)Usi agl |y
t h@@huncoupler FCCP as a positive contdremlendealat
decrease atfhtoeurr )achuRAe t(rfeamaurment ,pGuby h26 mMo MPAT ed
untreat edrFicgounrted o2l.ssbA)y., this effect is equival ent
two howreMsF@CP2&nd consi sttep@tprwivi bushegSHIEDNYe 4 © @
cell s exp(dismd 2a00l. 9P P A

pdn 4hrs 24hrs 72hrs
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FigurAM@dégl f eAssPoCcCGBat ed Mitochomrdnitael eRypofswm et itown .PPA
mi tochondri al membr ane potential. Data represent rela
according to the calculatio®mqgdiesc(t bdgdt md(kdinhter emaa reudf a
coniblodBWPropionyl CoA Carboxyl ase B (MRe&8TransuipbA expr e
Quantitative Polymerase Chain Reactlenitfq PCR) | atbhMe démonstrates an inhibi
transcription under PPA exlpasge ei nDaxpresepiresenel!l athiev
accordi @ Tt onet Ai%)d. (Rach assay was, pdeartfao rwreerde itne sttreidp |fi
using t W8 |&sapgiessagnbéf cmece waswaywtAaMOVYAsh ewdi tuhs i Dhugn nented
compari sdvbhp<@hede ***p<0.001, and ****p<0.0001.

While PPA is commonly wused as a model for PA, t
expression and activity ofcharadiCé&iaersne,y nteh & ttsrea nf:
prof PCEBas measured to assess some degree of dys
the profiles of cytotoxicity observed in Figure
stress, in a mannemot h-@adé preenf ¢re @ius Kediatr B¢ re sdso o
contcreatPiCCB,Xx pr essi on was 78&uded restpweasre 59 PPA,
i mmedi ate and sustained disruption to the tran:
i mplicatGCBransfcri ption for PCC activitRC@Be wunc

transcri-p¥b¥ncehl SHis a novel, and interesting,
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a broad dysregulation of TCA PCKBIxeorteksé4kownmrMat e oy
coinciding pwinsappordtossttod utility of the PPA mo
dysfunction associ atiend wi tho PCCB dysregul ati on

Having established that acupGe tPHPAt exprmpuomi $§asuc

specific aspects of mitochondri al funptoongedand
approach. -i rduseéed @PAruptiopsi aanal cernetgruallat tor & n soc
met abolism and dynamics were evaluated across a
with no effect on cell wviability to those associ

contenthol ongoyr pand turnover were explored wusing
conjunction with confocal mi croscopy to visual:|
Lastl vy, met abolic sicaté waespasosmes e gh di il mg old iyvt @
flux.

2.3.2. The Transcriptional Regulation of Mitosta

To examine the rel ati ontshhei pt rbaentswere np tH PoAn alx proesguu le
genes involved in mQAGeMHOYQ) bi allemels a NdRFils2n )

fusM&EN1( MFN2, OPAdnd TIRO¥Miwene (eval uated across
three time points. These genes included four ge
PGQIPRP1, MFN2( SSd OMatg Qalll2.0,se tBaai2dnNd sever al trans:t
factors iIinvyall kedbeitmweemosngt abol i gaMYalh,d ThFAUM, o g\NeRiFel

antf edlZheentg 2016 ; Beckervorderestanadabdtt h,l wadoa?7:a
Vander haeghMesn, mazsd@2k) transcriptional regul ator s
bi ogenesciMY,Carb®G@Ipl ay an essenti al role in met

neur odev(ed bhepmgEPaditl. 6,)Her e, PPA i nand eddé pae ncd eenatr ddeocsree
i oMY@xpression, with a 504%hoduercsr eaas el OinmM et xhpart e sasrioa
reduction @Fitgeur 30 WDASYpd ayed a more complex trat
a consistent but highly va&ri aamlue si mdr diarsjdg eirre PPy
2.8B) .
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accordi @ Tt omet A%)d. (Rach assay was, pdeartfao rwreerde itne sttreidp |fi
using t W | Xtsapgiersd before suginngragrmndéi®VAa swidtelh eD um metdd
comparison®alblhi Xrusstal-Mo¢ hCOUMmadE pPROSs OBhere p<0. 01, **
and **** oy COMYIC. pr ot o ®Gadd-gPeerreo;x iPs @omeé-Aet avatred Recep
Gamma Co alc tAil.wahtao r

Mi togenesis is essential for the maintenance o
compensatory mechanism to miAKagfaatjei maintdoc@Gminla h &
Masxdr 201 6; eZem@l9)Canonically, mitochondri al bi
TFAMRF1 cascade that functiUoNSeBb@&nshreampohsei.t
or oxi da(tJdiovren asytvraezs sa n.d Fdwd vmarn,, t20ild)cascade can
MY C, which funpéndest asmigind cahrodrel roifa l transcript.]
compl ex (aMocrermibdty and Hbecrkee,n btelrey , t 2O sIgrAIMp t INREFA | |
andf etwWe?2e characterised to further explore the

(Fi gurAef t22.r9)24 hours of PPA stress, a decreasing
transcriptionalNf egg&lgprl eadpiren wahoumgdt sTRAMNd cant |
NRFdi spl ay-edpandémie response, wher70%MRaNfAt d re ve4 sh
at lomWchBAggnhi byt i7@n hour s.
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Li ke mitogenesi s, the dynamic remodelling of mi

essenti al c omp olhrechear osft rmeistsg s tfasssiison serves as a
integrating dysfunctional mitochondri al compon ¢
facilitates the removal and cl earancYyoudfe @Gamdadg/a

Der BliaktozWhba)ri al network integrity is mainte
interacti oML 2beatnwe etrtheSTdyed mGMPases MFENL1(vMARN2, (
der Bl i ek, Shen and -iKnmdwag e o idi s2rOulp3t)i.o nHse rteo, nkiPtAo c
investigated via the transcriptional profiles o
fusion and (WKl tga &thrélu clLLhee exprdBN1/02, obDR#®M1Hd OPA1
STOMW&2s significantly attenuated under PPA stres
expressi oMFNIVevwelts meer e not significantly-disrup
60% decrease in expression was O(BFsguveNMRNZDOA}pe
expression was significantly decr eas edepbeynd2ednth o
effect to emerge, where expression -whamMHKiegcureeas e (
2.10B) cobRP&Rpt essi on e-xamidbidtegodena eddbseecrease fr
where the 50% reduction at 1AGCmMupreb Rt. eldeCegtli hgl §0
OPAdANITOME RBowed similar patterns of expr4&6%i on,

decrease i n 4dehxopurress,s idorno papfitnegr f u f7tSRe rr eldyuc2 4 ohot h:
mai ntained tliFoguh Hoekepy OBAllheivieel s were equi val
di fferent PPA concemfTOMvaenmpduhatdepepmnaeaitdmaean e
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(2®) . Each assay was pdeartfao rweerde itre sttreidp Ifidtlialthesarntdz Isit t y
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DynaminRelated Protein 1; MFN1/2 Mitofusin 1/2.
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STOML2 r eblRht iDvaet ot or ep-cbapge t heekptdssion relative to
to Pl E met A®)d. (Rach assay was, pdeatfa rweerde itne sttreidp | ficcratre
ShapWirlock antdesti gni fi cance weasy ANONAIsi svih ¢ v Dauinm@gt dse mu l
or K r-Wasl kl ail s test wHotch Cummpnabrsi sPpea&8t Owsh,er 8* p<0. 01, * ok ok
* ko k< O.PAADPLt.i ¢ At r o p h StomhtinLiks FrQevhL22

Of the eleven mitochondri al genes investigated
(FigureGauwlax) .t he only gene to demonstrate signi
and while transcription | evels vary, a consi ste
time was observed at al | PPA <coinacle ndu prad g winast,i oah
subsequent rate of-ddpwnde glrel 2odewys addbset he ot
of interest examined here were transcriptionall

bet ween -fespom®dnhgw essipo(nfletysr €)2MYL@ EACC8B8howed

the greatest degree of PiICCBxipalesdowmr agabati cred |
MY@®as attenuated fRCACB,ercOMMNIOMWE®:i encacutltelky and si
downregul ated by hours, reaching a maximum | eve
sustained to 72 hoeAMRFEOnNMFtMhEIRPAhepl bgead; a mor e
dependent response that uUoekoéef PPAt eTwrpAOMgRUFalE &t e Wh i
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anMFN1Iwe2r e downr egulNRFeldpbgs84olmoappeared to stact
TFAMNMFENI1IWEr e further addparuddariR Adnpaeasismen was
susceptible to PPA stress, only showing signific
Nfe@kgression displayed more minor fluctuations
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dynami cs anB)PG&ikaxbporleisssm.on over t i r@eE aartd)yBe,d i5u ra)adn d1 0 mM
Lat e responder s show distinct patter oMYCd fcMMownr egul
protooncogenePRP1 - DynaminRelated Protein 1; MFN1/R Mitofusin 1/2; NRF11 Nuclear Respiratory
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Mitochondrial DNA Transcription Factor.A

|l mportantl vy, the transcriptional profiles of i n¢
mi tochondrial processes. Fission, fusion or biog
stress by activatisgroptseandi proggeéexsstiShgltrar
transcripts can be considered a prereghiapiet e f
mi t ochondr.i alhuwsy,natmecsdata presented here may su
the mMRNA |l evels of critical genes that mai nt air

mitochondri al mor phol ogy, dynamics and metabolis
2.3.3. Mi tochondri al Mor phol ogy and Turnover

To examine whether transcriptional changes were

compl emeqqtP&RYy aR™ i mmunocytochemi stry assays wer
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content, morphology and turnover. The treat ment
the transcripti oznazamrdr af irlaensgei mfs eateildmi nary e
changes to mt DNA copy number after 24 and 48 holt
at-18mM, neither mt DNA copy number nor the ND4: ND
alteredponsEeFit@purP##a®&2vE)y, confocal microscopy re
t o mitochtoenndtr i @ e rc otni me . Alt hough 10mM PPA had
transcriptomic profiles and cell viability, 5mM

242 hours, with the aim of captueg iamgd ddfftfer eqitg!

cytotoxicity is observed. Quantifying mitochond
wor kfl ows showed that mi tochondri al mass was r et
mitochondri al vodlumear €dd ,uoared crinttocshigmd r2i7a% f oot

after (Ri homue s2. 13) .

Control

Fi gur eDe2c.rleddisteac hondr iUmnldeCo rPtreomti onARehaieds eBttraeg § ¥y e ma X
intensity piSpe&crciedbhs at BB X magndMf IFCLtPi droraf2t drro ue s p ¢
PPA fiorr2 hdour s. Cel |l s wwirteo TsrEddckknéRmls wand Bi0HDwmaMl i sed wit
Confocal Mi croscope, using the 63X oil DI C M27 obj et
guanti fied BaMictoaodh dogduti@@il nt egr at eDd)MiDteomch @ tyd r i &)l Ar ea

Mi t ochondri al nFaonddriisrett opearl .cceeDélt as urrefparcees eairbe a2 8 B| s el |

per treatment condition from three independent bi ol ocg
identify outliers before beiWig ktse stteesd .f oSri gma rf mmaclaintcye u
Kr usWadll i s test wildadh OQammasi sPast wher e *p<0.05, R

**x**p<0.0001.
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