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Abstract	

Chemical	Strategies	for	Delivery	of	Compounds	to	Mitochondria	

Nicole	Quesada	Torelli	

	

Mitochondria	 are	 involved	 in	 numerous	 processes	 vital	 for	 cellular	 homeostasis,	

therefore,	mitochondrial	dysfunction	can	lead	to	a	wide	range	of	diseases.	Understanding	

mitochondrial	function	in	health	and	disease	is	crucial	for	the	development	of	efficient	

therapies,	 for	 which	 targeting	 bioactive	 compounds	 to	 mitochondria	 is	 a	 promising	

strategy.	 The	 best	 characterised	 approach	 is	 to	 attach	 the	 bioactive	 moiety	 to	 a	

triphenylphosphonium	 cation	 (TPP),	 which	 drives	 membrane	 potential-dependent	

uptake	 into	 the	 organelle.	 However,	 there	 are	 still	 limitations	 associated	 with	 TPP-

targeting,	 some	 of	 which	 I	 have	 attempted	 to	 overcome	 in	 this	 work.	 Firstly,	 I	 have	

investigated	 the	 use	 of	 labile	 linkers	 to	 connect	 bioactive	moieties	 to	 the	TPP	 cation,	

allowing	their	release	from	TPP	once	they	are	taken	up	by	mitochondria.	This	strategy	

could	allow	the	lock-in	of	compounds	within	mitochondria,	a	feature	that	is	currently	not	

routinely	possible.	Furthermore,	this	approach	could	minimise	negative	effects	the	TPP	

cation	could	have	on	the	compound’s	bioactivity.	In	order	to	select	linker	candidates,	I	

have	 performed	 a	 bioinformatics	 analysis	 to	 investigate	 which	 structures	 are	

enzymatically	 cleaved	 inside	 mitochondria	 but	 are	 stable	 when	 crossing	 the	 plasma	

membrane	and	the	cytosol.	Then,	I	developed	a	fast	screening	method	using	coumarin	

fluorescence	to	test	 the	stability	of	 these	candidates	across	multiple	conditions.	 I	have	

also	tested	the	use	of	an	ester	bond	to	deliver	a	hydrophobic	compound	(an	analogue	of	

MitoQ10)	 to	 mitochondria,	 as	 well	 as	 the	 use	 of	 a	 cleavable	 mask	 to	 deliver	 a	 polar	

compound	 (a	 phosphate	 group	 which	 is	 charged	 at	 physiological	 pH).	 I	 have	 also	

addressed	the	lack	of	probes	to	measure	mitochondrial	membrane	potential	that	could	

be	used	in	vivo	in	live	models,	without	the	need	for	tissue	homogenization.	For	that	I	used	

click	 chemistry	with	the	goal	of	 targeting	 two	TPP	precursors	 that	would	 react	 inside	

mitochondria	 to	 generate	 labelled	N2,	which	 could	 then	 be	 detected	 externally	 in	 the	

expired	 gases.	 Finally,	 I	 have	 investigated	 whether	 TPP	 dications	 could	 be	 used	 to	

improve	the	uptake	and	retention	of	a	hydrogen	peroxide	probe,	MitoB,	in	cells	and	in	

vivo.	 These	 approaches	 have	 provided	 a	 number	 of	 insights	 into	 how	 to	 develop	 new	

mitochondria	targeted	compounds.	
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 1	

Chapter	1:	Introduction	

All	living	organisms	rely	on	metabolism	to	sustain	life.	The	reason	for	that	is,	in	short,	a	

battle	against	the	Second	Law	of	Thermodynamics,	which	states	that	all	closed	systems	

tend	to	maximize	entropy	i.e.	disorder.	Sustaining	the	orderly	processes	required	for	life	

demands	 constant	 input	 of	 energy,	 and	 organisms	 have	 evolved	 complex	 metabolic	

pathways	 in	 order	 to	 obtain	 it.	 At	 the	 centre	 of	 these	 processes	 in	 eukaryotes	 are	

mitochondria,	key	players	in	most	cells	in	the	conversion	of	water,	food	and	oxygen	into	

energy.	

	

Nevertheless,	contrary	to	popular	belief,	mitochondria	are	not	simply	“the	powerhouse	

of	the	cell”.	While	one	of	their	main	functions	is	to	generate	large	amounts	of	ATP	through	

oxidative	 phosphorylation1,	 they	 are	 also	 involved	 in	 thermogenesis2,	 calcium	

homeostasis3,	cell	death4,5,	 inflammation6,7,	synthesis	of	intermediary	metabolites8	and	

production	 of	 reactive	 oxygen	 species	 (ROS)9,	 among	 many	 other	 pathways.	

Mitochondrial	function	is	therefore	often	essential	for	cellular	homeostasis,	and	it	is	not	

surprising	that	mitochondrial	dysfunction	is	associated	with	a	large	number	of	diseases,	

including	primary	mitochondrial	diseases10,11,	neurodegenerative	diseases12,	metabolic	

syndrome13	and	cancer14,15.	

	

Over	the	past	couple	of	decades,	mitochondria	have	slowly	started	to	be	recognized	as	

important	 pharmaceutical	 targets16,17.	 Indeed,	 modulating	mitochondrial	 function	 has	

shown	 promising	 results	 in	 the	 treatment	 of	 a	 wide	 range	 of	 diseases,	 including	

cardiomyopathies,	 ischaemia-reperfusion	 (IR)	 injury	 and	 cancer17.	 It	 has	 also	 proven	

useful	in	understanding	the	mechanisms	by	which	mitochondrial	dysfunction	contributes	

to	pathological	pathways,	such	as	inflammation	and	IR	injury18,19.	The	main	challenge	in	

modulating	 mitochondrial	 function	 is	 selectively	 delivering	 bioactive	 compounds	 to	

mitochondria.	The	most	well-characterised	method	to	target	compounds	to	mitochondria	

is	by	conjugating	the	molecule	of	interest	to	a	triphenylphosphonium	(TPP)	cation,	which	

accumulates	in	mitochondria	driven	by	the	membrane	potential20	and	will	be	explored	in	

this	work.	
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In	this	chapter,	I	will	outline	the	distinct	characteristics	of	mitochondria	and	the	major	

pathways	in	which	they	are	involved	in	the	maintenance	of	cellular	homeostasis.	I	will	

then	 explore	 the	 consequences	 of	mitochondrial	 dysfunction	 and	 how	 it	 is	 associated	

with	 primary	 and	 secondary	 diseases.	 I	 will	 describe	 some	 of	 the	 currently	 available	

mitochondrial	 therapies	 and	 discuss	 the	 main	 chemical	 strategies	 used	 to	 target	

compounds	to	mitochondria.	Finally,	I	will	detail	the	mechanism	and	application	of	the	

TPP	 mitochondria-targeting	 strategy,	 highlighting	 the	 current	 challenges	 that	 I	 have	

attempted	to	overcome	with	this	work.	

	

1.1	Mitochondria	

1.1.1	Origin	and	structure	

Mitochondria	have	originated	from	the	endosymbiosis	between	an	archaeal	cell	and	a-

proteobacteria,	although	the	details	regarding	why	and	how	they	became	associated	are	

still	 debated21.	 For	 many	 years,	 it	 was	 thought	 that	 an	 anaerobic	 archaeon	 engulfed	

through	 phagocytosis	 an	 aerobic	 bacterium	 that	 subsequently	 escaped	 digestion	 and	

established	a	symbiotic	relationship	with	the	host.	Recent	evidence,	however,	suggests	

that	what	drove	this	relationship	was	the	beneficial	exchange	of	nutrients	between	a	H2-

dependent	host	and	a	H2-producing	facultative	anaerobe	that	was	able	to	respire22.	While	

the	 host	 provided	 protection	 and	 a	 stable	 supply	 of	 substrates,	 the	 mitochondrial	

ancestor	contributed	with	a	new	set	of	metabolic	processes.	As	the	endosymbionts	died,	

their	 genetic	material	was	 gradually	 incorporated	 into	 the	 host’s,	 creating	 a	 chimeric	

genome	that	consolidated	their	symbiotic	relationship23.	

	

The	bacterial	origin	of	mitochondria	confers	on	them	distinct	features	including	a	double-

membrane	with	a	distinct	lipid	composition	(notably	cardiolipin)	in	the	inner	membrane	

and	their	own,	bacterial	like,	DNA	and	protein	synthesis	machineries	and	virus-like	RNA	

polymerisation.	 The	 organelles	 can	 only	 proliferate	 from	 the	 division	 of	 pre-existing	

mitochondria;	the	cell	cannot	replace	them	if	they	are	lost24.	Unlike	nuclear	DNA	(nDNA),	

mitochondrial	DNA	(mtDNA)	is	generally	circular	and	multiple	copies	are	present	in	each	

organelle.	 In	mammals	 it	 encodes	 13	 core	 subunits	 of	 the	 oxidative	 phosphorylation	

(OXPHOS)	 complexes	 and	 24	 RNAs	 for	 mitochondrial	 protein	 synthesis.	 Most	 of	 the	

different	types	of	mitochondrial	proteins	(~	1,500),	however,	are	encoded	by	the	nDNA,	
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translated	 in	 the	 cytosol	 and	 imported	 into	 mitochondria	 through	 the	 TIM/TOM	

complexes	in	the	mitochondrial	inner	and	outer	membranes25,26.	

	

A	tight	control	of	metabolite	exchange	between	mitochondria	and	the	cell	is	essential	for	

mitochondrial	function	and	cell	survival,	and	it	is	achieved	by	the	combined	properties	of	

the	 outer	 (OMM)	 and	 inner	 (IMM)	mitochondrial	membranes.	 The	 OMM	 contains	 an	

approximate	1:1	 ratio	of	proteins	and	 lipids,	 and,	 similarly	 to	 the	outer	membrane	of	

gram-negative	bacteria,	has	porins	that	allow	permeability	to	metabolites	of	up	to	10	kDa.	

The	OMM	protects	the	cell	from	mitochondrial	components	that	could	lead	to	oxidative	

stress,	inflammation	and	cell	death	and	allows	the	interaction	between	mitochondria	and	

other	organelles,	such	as	the	endoplasmic	reticulum	(ER).	On	the	other	hand,	the	IMM	is	

composed	of	80%	protein	and	20%	lipid,	which	represents	a	higher	protein	content	than	

other	cellular	membranes.	Its	surface	area	is	greatly	increased	by	invaginations	into	the	

matrix	called	cristae.	While	the	evolutionary	origin	of	the	cristae	is	unknown,	it	is	thought	

that	they	have	evolved	to	allow	the	accommodation	of	more	protein	complexes	from	the	

OXPHOS	machinery	and	thus	 favour	greater	 levels	of	ATP	synthesis	at	 times	of	higher	

energy	demand.	The	IMM	does	not	contain	pores,	in	contrast	to	the	OMM,	and	instead	is	

selectively	permeable	to	various	metabolites	and	molecules	by	the	action	of	a	series	of	

transport	proteins.	This	is	crucial	for	maintaining	the	proton	electrochemical	potential	

gradient	 between	 the	 matrix	 and	 the	 intermembrane	 space	 (IMS)	 required	 for	 ATP	

synthesis	by	OXPHOS,	as	is	discussed	in	the	next	section.27,28	

	

For	 many	 decades,	 electron	 microscopy	 images	 led	 researchers	 to	 believe	 that	

mitochondria	were	static,	bean-shaped	organelles.	More	recently,	it	became	evident	that	

mitochondria	 are	 actually	 highly	 dynamic	 and	 capable	 of	 fusion	 (combination	 of	 two	

organelles	into	one)	and	fission	(division	of	one	organelle	into	two),	forming	a	complex	

network	of	joined	and	elongated	or	spherical,	segregated	structures	(Figure	1).	They	are	

highly	 mobile	 and	 capable	 of	 translocating	 forwards	 and	 backwards	 along	 the	

cytoskeleton,	 for	 example	 along	 the	 axon	 of	 neurons,	 perhaps	 in	 order	 to	meet	 local	

energy	demand	and	allow	an	even	distribution	of	mitochondria	within	the	cell	and	the	

turnover	and	repair	of	damaged	organelles29.	Mitochondrial	morphology	varies	not	only	

among	different	cell	types,	but	it	also	responds	to	their	physiological	state.	Fusion	allows	

the	equilibration	of	genetic	and	biochemical	materials	among	mitochondria,	resulting	in	
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a	 homogenous	 mitochondrial	 population	 that	 is	 correlated	 with	 high	 oxidative	

phosphorylation	activity.	Fission	makes	it	possible	to	isolate	damaged	mitochondria	from	

the	 network	 and	 target	 them	 for	 degradation	 through	 a	 selective	 autophagic	 process,	

called	mitophagy.	It	is	not	only	the	external	mitochondrial	structure	that	responds	to	the	

physiological	 state	 of	 the	 cell	 and	 of	 the	 organelle,	 but	 the	 internal	 structure	 of	

mitochondria	is	also	dynamic.	The	abundance,	width,	length	and	alignment	of	the	cristae	

in	the	IMM	modulate	respiratory	function	in	response	to	substrate	availability,	as	well	as	

the	release	of	apoptotic	signals.	Together,	the	dynamic	morphology	and	distribution	of	

mitochondria	 are	 essential	 for	 quality	 control	 and	 rapid	 regulation	 of	 mitochondrial	

function	to	meet	cellular	metabolic	demands28,30,31.	

	
Figure	1.	Mitochondrial	structure	and	dynamics.	(A)	Electron	micrograph	of	a	section	from	the	pancreas	of	a	bat,	
depicting	a	mitochondrion	sliced	approximately	through	its	midplane.	Mitochondria	are	complex	organelles	that	are	
delimited	by	a	double-membrane,	named	mitochondrial	outer	membrane	(OMM)	and	inner	mitochondrial	membrane	
(IMM).	In	between	them	there	is	the	inner	membrane	space	(IMS),	which	is	crucial	for	the	generation	and	maintenance	
of	the	membrane	potential	necessary	for	ATP	synthesis.	The	IMM	produces	invaginations	called	cristae,	which	greatly	
increase	 its	 surface	 area	 and	 allow	 it	 to	 house	more	membrane-bound	 proteins	 such	 as	 the	 components	 of	 the	
respiratory	chain.	Soluble	proteins	and	metabolites	are	kept	in	the	matrix,	inside	of	the	organelle.	Adapted	from	Keith	
Porter,	 Mary	 Bonneville	 (2011)	 CIL:7739,	 Chiroptera,	 pancreatic	 cell.	 CIL.	 Dataset.	 doi:10.7295/W9CIL7739.	 (B)	
Representative	microscopy	confocal	images	showing	the	different	mitochondrial	morphological	aspects	from	control	
(Ctrl),	Mfn1-	and	Drp1-Knockdown	(Kd)	mouse	embryonic	fibroblasts	cells	(scale	bars:	10	µm)32.	Contrary	to	what	was	
initially	believed,	mitochondria	are	not	static	organelles.	They	usually	form	a	tubular	network	which	can	become	more	
fragmented	or	more	fused	according	to	the	physiological	state	of	the	cell.		
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1.1.2	Function	

Mitochondria	are	the	main	source	of	adenosine	triphosphate	(ATP)	in	most	cells.	While	

some	 other	 metabolic	 pathways	 also	 contribute	 to	 its	 synthesis,	 it	 is	 oxidative	

phosphorylation	(OXPHOS)	that	is	the	most	efficient	mechanism	of	generating	ATP	and	

the	largest	source	of	ATP	for	most	cells	under	respiratory	conditions.	It	consists	of	the	

oxidation	 of	 reduced	 metabolites	 that	 allows	 the	 formation	 of	 a	 protonmotive	 force	

across	 the	 IMM,	 which	 drives	 the	 conversion	 of	 adenosine	 diphosphate	 (ADP)	 and	

inorganic	 phosphate	 (Pi)	 to	 ATP,	 as	 proposed	 by	 the	 chemiosmotic	 hypothesis33.	

Carbohydrates	are	broken	down	to	glucose,	which	 is	 firstly	cleaved	to	pyruvate	 in	 the	

cytosol	 via	 glycolysis,	 reducing	 cytosolic	 nicotinamide	 adenine	 nucleotide	 (NAD+)	 to	

NADH	+	H+.	 Pyruvate	 is	 then	 transported	 into	mitochondria,	where	 it	 is	 converted	 to	

acetyl-CoA	by	pyruvate	dehydrogenase.	Acetyl-CoA	enters	 the	tricarboxylic	acid	(TCA)	

cycle	and	generates	more	NADH	+	H+.	Fatty	acids,	on	the	other	hand,	are	converted	to	

acetyl-CoA,	 NADH	 +	 H+	 and	 flavin	 adenine	 dinucleotide	 (FADH2)	 entirely	 inside	 the	

mitochondrion	by	ß-oxidation.	Acetyl-CoA	goes	to	the	TCA	cycle	and	the	electrons	from	

NADH	and	FADH2	are	then	passed	down	the	electron	transport	chain	(ETC)	to	the	final	

acceptor,	oxygen	(O2),	while	protons	are	pumped	from	the	mitochondrial	matrix	to	the	

IMS.	 During	 this	 process,	 the	 electrons	 from	 NADH	 are	 transferred	 to	 ubiquinone	

(coenzyme	 Q	 or	 CoQ)	 by	 NADH	 dehydrogenase	 (Complex	 I	 of	 the	 ETC).	 CoQ	 is	 also	

reduced	 to	ubiquinol	by	FADH2-containing	enzymes	 such	as	 succinate	dehydrogenase	

(Complex	 II)	 and	 the	 electron	 transferring	 flavoprotein	 (ETF).	 The	 electrons	 are	 then	

sequentially	 transferred	 from	 ubiquinol	 to	 the	 bc1	 complex	 (Complex	 III),	 then	 to	

cytochrome	c,	cytochrome	c	oxidase	(COX	or	Complex	IV)	and	finally	to	O2,	reducing	it	to	

water.	The	energy	released	as	the	electrons	travel	down	the	redox	potential	gradient	is	

used	to	pump	protons	from	the	mitochondrial	matrix	to	the	IMS	by	complexes	I,	III	and	

IV34.	 The	 mitochondrial	 matrix	 consequently	 becomes	 more	 negatively	 charged	 and	

alkaline	than	the	IMS.	This	generates	a	protonmotive	force	(∆p),	consisting	of	an	electrical	

component	(mitochondrial	membrane	potential,	Dym)	of	~150	mV	and	a	concentration	

gradient	of	H+	(∆pH)	of	~30	mV	that	corresponds	to	a	difference	of	0.5	pH	units1.	The	

IMM	acts	as	a	capacitor,	storing	energy	as	a	protonmotive	across	the	membrane	that	is	

used	to	drive	the	conformational	changes	in	the	ATP	synthase	(Complex	V)	that	catalyse	

the	formation	of	ATP	from	ADP	and	Pi	as	protons	return	controllably	to	the	matrix	(Figure	

2)35.	Matrix	ATP	is	then	exchanged	for	cytosolic	ADP	by	the	ADP/ATP	carrier,	located	in	
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the	 IMM36,	 while	 phosphate	 is	 transported	 by	 the	 phosphate	 carrier37.	 Both	 these	

processes	also	use	the	protonmotive	 force	to	contribute	to	 the	net	export	of	ATP.	The	

dephosphorylation	of	ATP	to	ADP	is	coupled	with	a	multitude	of	metabolic	reactions	to	

provide	the	free	energy	necessary	to	make	them	thermodynamically	favourable.	

	
Figure	2.	Mitochondrial	electron	transport	chain	and	oxidative	phosphorylation.	The	aerobic	synthesis	of	ATP	is	
achieved	by	transferring	electrons	from	reduced	substrates	to	oxygen	through	the	electron	transport	chain,	which	
allows	protons	to	be	pumped	against	the	chemiosmotic	gradient	from	the	mitochondrial	matrix	to	the	intermembrane	
space	(IMS).	The	electrochemical	potential	generated	by	the	proton	gradient	drives	the	conformational	changes	in	ATP	
synthase	 (Complex	 V)	 necessary	 to	 generate	 ATP.	 The	 structures	 were	 generated	 from	 the	 PDB	 coordinates	 for	
Complex	I	(4UQ8),	Complex	II	(1ZOY),	Complex	III	(4D6T),	Cytochrome	c	(1HRC),	Complex	IV	(1V54)	and	Complex	V	
(5DN6).	 	The	 lipid	bilayer	was	constructed	by	modifying	an	image	from	the	Servier	Medical	Art	database,	 licensed	
under	the	Creative	Commons	Attribution	3.0	Unported	License.	

Besides	driving	OXPHOS,	∆p	is	also	used	for	thermogenesis2.	The	efficiency	with	which	

Complex	I,	Complex	III	and	Complex	IV	pump	protons	to	the	IMS	and	Complex	V	uses	the	

proton	 flow	 to	 the	matrix	 to	generate	ATP	determines	 the	 coupling	 efficiency	 i.e.	 the	

efficiency	 by	 which	 reduced	 substrates	 are	 converted	 to	 ATP.	 This	 efficiency	 can	 be	

“short-circuited”	if	protons	return	to	the	matrix	by	means	other	than	the	ATP	synthase,	

thus	dissipating	∆p	without	generating	ATP.	Some	chemicals,	including	2,4-dinitrophenol	

and	FCCP,	act	as	ionophores,	reversibly	binding	to	protons	in	the	IMS	and	releasing	them	

in	 the	 matrix.	 In	 physiological	 conditions,	 uncoupler	 protein	 1	 (UCP1),	 as	 the	 name	

suggests,	also	uncouples	electron	transport	from	ATP	synthesis,	causing	the	ETC	to	run	

at	its	maximum	rate	and	the	energy	to	be	dissipated	as	heat.	UCP1	is	present	in	the	IMM	

of	 brown	 adipose	 tissue	 (BAT)	 and	 is	 responsible	 for	 non-shivering	 thermogenesis	

especially	in	hibernators,	cold-adapted	rodents	and	new-born	mammals38.	More	recently,	

the	discovery	that	BAT	is	also	present	in	adult	humans	may	correlate	coupling	efficiently	

and	weight	homeostasis.	Having	more	uncoupled	mitochondria	would	mean	that	part	of	

the	energy	obtained	from	nutrients	in	the	diet	is	dissipated,	decreasing	any	excess	energy	

that	 would	 be	 stored	 as	 fat	 in	 the	 white	 adipose	 tissue.	 Small	 clinical	 studies	 have	

suggested	that	BAT	activity	is	indeed	related	to	body	composition39–41.	
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Another	function	of	∆p	is	to	drive	the	uptake	of	Ca2+	into	the	mitochondrion.	Calcium	ions	

play	a	key	role	in	cell	signalling	by	altering	the	electrostatic	profile	and	conformation	of	

a	wide	range	of	proteins,	thus	regulating	their	activity.	In	order	to	act	as	a	messenger,	

local	concentrations	of	Ca2+	must	be	tightly	regulated42.	The	main	sources	responsible	for	

rises	 in	cytosolic	Ca2+	([Ca2+]c)	are	the	extracellular	environment	and	the	endoplasmic	

reticulum	(ER),	capable	of	rapid	Ca2+	release	through	resident	channels3.	Mitochondria	

are	 also	 an	 important	 pool	 of	 calcium	 ions	 in	 the	 cell.	 Since	 the	matrix	 is	 negatively	

charged,	mitochondria	can	take	up	[Ca2+]c	and	in	some	cases	can	act	to	buffer	high	levels	

of	 the	 cation,	 controlling	 [Ca2+]c	 oscillations.	 The	 uptake	 across	 the	 OMM	 takes	 place	

through	the	voltage-dependent	anion	channel	(VDAC),	while	the	mitochondrial	calcium	

uniporter	 (MCU)	 controls	 Ca2+	 uptake	 through	 the	 IMM	 driven	 by	 the	 membrane	

potential.	 Interestingly,	 although	 mitochondria	 respond	 promptly	 to	 increases	 in	

[Ca2+]c43,44,	the	affinity	of	the	MCU	for	the	dication	is	low45.	This	apparent	paradox	can	be	

explained	by	the	demonstration	that	mitochondria	are	located	closely	to	the	ER	and	the	

plasma	 membrane	 and	 are	 therefore	 exposed	 to	 microdomains	 of	 high	 calcium	

concentrations,	which	match	the	affinity	of	the	mitochondrial	calcium	transporters46.	On	

the	other	hand,	H+	and	Na+	exchangers	export	mitochondrial	Ca2+	([Ca2+]m),	preventing	

the	 electrochemical	 equilibrium	 that	 would	 lead	 to	 excessive	 levels	 of	 [Ca2+]m	 being	

achieved47.	Calcium	ions	also	have	regulatory	functions	in	the	mitochondrion,	modulating	

the	 activity	 of	 key	 enzymes	 such	 as	 pyruvate,	 ketoglutarate	 and	 isocitrate	

dehydrogenases	and	of	 some	metabolite	 transporters	also	 involved	 in	OXPHOS48,49.	 In	

this	way,	 Ca2+	 uptake	 helps	 upregulate	mitochondrial	 ATP	 production	 in	 response	 to	

greater	 cellular	 activity	 stimulated	 by	 calcium	 release	 and	 is	 important	 for	 coupling	

mitochondrial	metabolism	to	the	state	of	 the	cell50.	Matrix	Ca2+	 is	also	 involved	 in	the	

opening	 of	 the	 mitochondrial	 permeability	 transition	 pore	 (mPTP),	 a	 non-selective	

channel	that	makes	the	IMM	permeable	to	solutes	of	up	to	1.5	kDa.	It	is	believed	that	the	

mPTP	 might	 also	 play	 an	 important	 role	 in	 rapid	 [Ca2+]m	 release,	 which	 would	

compensate	for	the	fact	that	the	rate	by	which	the	MCU	imports	[Ca2+]c	is	thought	to	be	

faster	than	the	rate	by	which	[Ca2+]m	is	exported	by	the	Na+/Ca2+	exchanger51.	

	

The	most	established	role	for	the	mPTP,	however,	is	in	cell	death.	When	there	is	[Ca2+]m	

overload	 and/or	 oxidative	 stress,	 the	 mPTP	 opens,	 making	 the	 IMM	 permeable	 and	

allowing	 the	 equilibration	 of	 metabolites	 with	 small	 molecular	 weights	 between	
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mitochondria	and	the	cytosol.	As	mitochondria	swell	due	to	the	osmotic	pressure	caused	

by	their	high	internal	protein	concentration,	the	IMM	unfolds,	disrupting	the	OMM.	This	

leads	 to	 the	 collapse	 of	 ∆p,	 the	 uncoupling	 of	 the	 respiratory	 chain,	 the	 release	 of	

cytochrome	 c,	 the	 hydrolysis	 rather	 than	 the	 synthesis	 of	 ATP	 and	 the	 production	 of	

reactive	oxygen	species	(ROS).	If	the	mPTP	remains	open,	the	loss	of	ATP	levels	leads	to	

bioenergetic	 failure	 and	 necrotic	 cell	 death52.	 The	 mitochondrial	 proteins	 and	 DNA	

released	 into	 the	 bloodstream	 during	 cell	 death	 are	 damage-associated	 molecular	

patterns	(DAMPs)	that	induce	the	inflammatory	response.	In	particular,	it	is	known	that	

mtDNA	release	triggers	 inflammation	after	 tissue	 injury	by	activating	neutrophils	 in	a	

mechanism	similar	to	that	of	sepsis,	possibly	due	to	the	similarity	between	mitochondria	

and	bacterial	pathogen-associated	molecular	patterns	(PAMPs)53.	Mitochondria	further	

regulate	inflammation	through	redox-sensitive	pathways	and	the	direct	activation	of	the	

inflammasome6,7.	

	

Mitochondria	are	also	involved	in	the	intrinsic	apoptotic	pathway	of	cell	death.	Apoptosis	

is	 a	mechanism	of	programmed	cell	death	 that	 is	 crucial	 for	embryonic	development,	

tissue	 homeostasis	 and	 defence	 against	 infection54.	 In	 this	 scenario,	 the	 OMM	 is	

permeabilized	 by	 a	 process	 called	 MOMP	 (mitochondrial	 outer	 membrane	

permeabilization)	and	cytochrome	c	is	released	in	a	controlled	mechanism	coordinated	

by	Bcl-2	family	proteins,	a	group	of	pro	and	anti-apoptotic	transmembrane	proteins	that	

regulates	the	membrane	integrity	of	the	mitochondrial	outer	membrane.	The	release	of	

cytochrome	 c	 initiates	 the	 caspase	 cascade,	 which	 controls	 the	 orderly	 proteolysis	 of	

hundreds	of	substrates,	leading	to	apoptotic	cell	death4,5,27.	The	cell	is	then	phagocytosed	

by	macrophages	or	adjacent	cells,	avoiding	inflammation.	With	the	permeabilization	of	

the	OMM,	caspases	can	access	the	IMM	and	disrupt	Complex	I	and	Complex	II	activities,	

decreasing	the	mitochondrial	membrane	potential	and	ATP	synthesis55,56.	The	ROS	burst	

that	 results	 from	 the	 caspase-dependent	 depolarization	 of	 mitochondria	 not	 only	

contributes	to	the	death	of	the	cell,	but	also	oxidises	and	inactivates	immunostimulatory	

protein	HMGB1,	thus	further	avoiding	an	inflammatory	response6.	It	is	worth	noting	that	

while	the	extrinsic	apoptotic	pathway	is	initiated	by	caspase	activation	independent	of	

mitochondria,	in	type	II	cells,	such	as	hepatocytes,	it	triggers	MOMP,	establishing	a	cross-

talk	 between	 the	 extrinsic	 and	 intrinsic	 pathways5,57.	 Therefore,	 mitochondria	 play	
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multiple	roles	in	cell	death,	being	involved	in	both	the	orderly	mechanism	of	apoptosis	

and	in	the	damaging	mechanism	of	necrosis.	

	

Mitochondrial	 metabolic	 processes	 are	 also	 vital	 for	 the	 synthesis	 of	 intermediary	

metabolites.	The	TCA	cycle	not	only	reduces	the	coenzymes	necessary	for	OXPHOS	but	

also	generates	precursors	for	other	pathways,	such	as	the	synthesis	of	amino	acids	and	

gluconeogenesis	(Figure	3).	In	humans,	the	TCA	intermediate	a-ketoglutarate	is	used	in	

the	synthesis	of	glutamate,	which	can	be	converted	into	glutamine,	proline	and	arginine.	

Oxaloacetate	 is	 the	 precursor	 of	 aspartate,	 which,	 together	with	 glutamine,	 can	 form	

asparagine.	 In	 the	 liver,	 oxaloacetate	 can	 also	 be	 converted	 to	 phosphoenolpyruvate,	

either	 in	 the	mitochondrion	or	 in	 the	cytosol	after	being	released	through	the	malate-

aspartate	 shuttle.	 Phosphoenolpyruvate	 can	 then	 be	 used	 in	 gluconeogenesis	 to	 form	

glucose.	Citrate,	another	intermediary	metabolite	of	the	TCA	cycle,	can	be	exported	from	

mitochondria	into	the	cytosol,	where	it	can	generate	acetyl-CoA	and	for	the	synthesis	of	

lipids	and	cholesterol8,58.	

	

Haem	 biosynthesis	 and	 the	 assembly	 of	 Fe-S	 clusters	 (ISCs)	 also	 take	 place	 in	

mitochondria.	For	the	first,	the	synthesis	requires	succinyl-CoA,	an	intermediate	of	the	

TCA	 cycle.	 The	 latter	 depends	 on	 the	 ISC-assembly	 machinery,	 present	 in	 the	

mitochondrial	 matrix.	 Both	 haem	 and	 ISCs	 are	 prosthetic	 groups	 in	 a	 wide	 range	 of	

enzymes	 and	 essential	 for	 iron	 homeostasis59–61.	Mitochondria	 also	 play	 a	 role	 in	 the	

synthesis	of	nucleotides,	specifically	in	the	salvage	pathway,	in	which	deoxynucleosides	

and	nucleobases	are	recycled	to	generate	nucleotides.	While	this	process	also	occurs	in	

the	cytosol,	mitochondrial	synthesis	of	nucleotides	is	crucial	for	the	maintenance	of	not	

only	 mtDNA	 but	 also	 nDNA	 in	 quiescent	 cells,	 in	 which	 the	 activity	 of	 the	 cytosolic	

enzymes	involved	in	nucleotide	synthesis	is	down-regulated62,63.	
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Figure	 3.	 Simplified	 representation	 of	 the	 TCA	 cycle	 showing	 the	 intermediates	 that	 are	 used	 for	 the	

biosynthesis	of	other	metabolites.	The	tricarboxylic	acid	(TCA)	cycle	not	only	provides	reduces	substrates	to	the	
respiratory	chain	for	aerobic	ATP	production,	but	also	generates	intermediary	metabolites	for	the	synthesis	of	amino	
acids,	fatty	acids,	cholesterol,	haem	and	nucleotides.	Adapted	from	Alberts,	B.	et	al.64	

Mitochondria	also	play	a	role	in	catabolism,	not	only	of	lipids	into	electron	donors	to	the	

ETC,	 but	 also	 of	 amino	 acids	 into	 urea,	 a	 process	 that	 occurs	mostly	 in	 the	 liver.	 An	

abundance	of	glutamate	signals	the	excess	of	amino	acids	and	promotes	the	reaction	with	

acetyl-CoA	 to	 form	N-acetylglutamate,	which	upregulates	 the	 first	 enzyme	of	 the	urea	

cycle.	The	second	reaction	of	the	cycle	also	takes	place	in	the	mitochondrion,	while	the	

rest	is	completed	in	the	cytosol.	Urea	is	then	released	into	the	blood	and	excreted	by	the	

kidneys,	removing	excess	nitrogen	from	the	body8,65.	

	

1.1.3	Reactive	Oxygen	Species	

As	 described	 previously,	 mitochondria	 generate	 ATP	 by	 OXPHOS	 by	 transferring	

electrons	 from	reduced	substrates	 to	molecular	oxygen	through	the	ETC.	The	ground-

state	 diatomic	 oxygen	 molecule	 has	 two	 unpaired	 electrons	 with	 parallel	 spins	 in	

antibonding	orbitals,	which	forces	it	to	receive	electrons	one	at	a	time66.	Complex	IV	of	

the	ETC	catalyses	the	reduction	of	oxygen	to	two	water	molecules	by	tightly	binding	the	

partially	reduced	oxygen	species	until	the	reduction	is	complete67.	However,	Complex	I	

and	Complex	III	of	the	ETC	can	directly	“leak"	electrons	to	oxygen,	partially	reducing	it	to	

superoxide	(O2•-).	Superoxide	itself	can	damage	Fe-S	cluter-containing	enzymes	and	can	

also	lead	to	the	formation	of	more	reactive	species	that	damage	biological	molecules	i.e.	

DNA,	lipids	and	proteins9.	
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Superoxide	 formation	 is	 thermodynamically	 favourable;	 therefore,	 the	 extent	 of	 its	

production	depends	on	the	kinetic	factors	that	regulate	the	partial	reduction	of	oxygen	to	

superoxide:	 the	 local	concentration	of	molecular	oxygen	and	of	the	enzyme	capable	of	

generating	superoxide,	the	second-order	rate	constant	of	the	reaction	and	the	proportion	

of	the	enzyme	that	is	in	the	appropriate	redox	state68.	The	concentration	of	oxygen	([O2])	

and	 of	 the	 enzyme	 are	 determined	 by	 the	 external	 conditions,	 organism,	 tissue	 and	

physiological	state.	Variations	in	local	[O2]	have	little	effect	in	mitochondrial	respiration	

due	 to	 the	 very	 high	 affinity	 of	 Complex	 IV	 to	 oxygen,	 but	 it	 can	 affect	 superoxide	

formation.	Still,	the	relationship	between	the	concentration	of	oxygen	and	the	production	

of	 superoxide	 is	not	 straightforward.	While	some	studies	have	 shown	 that	hyperbaric	

conditions	increase	the	release	of	ROS	and	hypobaric	conditions	decrease	it69–74,	other	

studies	 have	 found	 a	 larger	 production	 of	 ROS	 with	 lowered	 [O2]	 under	 certain	

conditions75,76.	Differences	in	enzyme	concentration	are	possibly	one	of	the	factors	that	

explain	variations	in	ROS	across	multiple	tissues77.	The	second-order	rate	constant	of	the	

conversion	 of	oxygen	 into	 superoxide	 depends	 on	 the	 distance	 between	 the	 electron-

carrier	and	oxygen78.	Since	the	tunnelling	of	the	electron	from	the	carrier	to	oxygen	can	

only	occur	within	a	maximum	distance,	superoxide	is	likely	to	form	at	sites	where	oxygen	

can	get	in	close	proximity	of	the	carrier.	The	bulk	of	the	ETC	carriers	can	therefore	act	as	

an	insulator,	restricting	the	access	of	oxygen	and	minimizing	superoxide	production79.	

	

Of	the	four	kinetic	factors	that	determine	superoxide	production,	the	one	that	responds	

rapidly	to	variations	in	biological	state	is	the	fraction	of	the	electron-carrier	that	is	in	a	

redox	state	capable	of	reducing	oxygen	to	superoxide.	This	fraction	can	be	changed	by	

alterations	 such	 as	 damage,	 mutation	 or	 post-translational	 modification,	 as	 well	 as	

transient	 changes	 in	 ∆p,	 which	 are	 particularly	 important	 since	 they	 can	 rapidly	 and	

significantly	shift	the	redox	state	of	ETC	complexes.	Studies	in	isolated	mitochondria	have	

shown	that	 there	are	two	main	modes	of	mitochondrial	activity	 that	 lead	to	 increased	

release	of	ROS	(Figure	4)68.	The	first	one	is	when	the	NADH/NAD+	ratio	is	high,	due	to	

low	 respiration	 rate	 caused	 by	 damage	 to	 the	 respiratory	 chain,	 low	 ATP	 demand,	

ischaemia	or	loss	of	cytochrome	c	during	apoptosis.	The	NADH/NAD+	ratio	determines	

the	proportion	of	the	FMN,	the	site	in	Complex	I	that	under	normal	conditions	accepts	

electrons	 from	NADH,	 that	 is	 fully	reduced72,80.	When	electrons	build	up	 in	Complex	I,	

they	can	pass	into	oxygen,	increasing	the	production	of	superoxide69,73,81.	This	effect	can	
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also	 be	 seen	 upon	 inhibition	 of	 this	 complex	 with	 rotenone,	 which	 blocks	 electron	

transfer	from	Complex	I	to	CoQ82,83.	Interestingly,	the	expression	of	the	alternative	NADH	

dehydrogenase	from	Saccharomyces	cerevisiae,	which	oxidises	the	NADH	pool,	decreases	

superoxide	production	in	the	presence	of	rotenone	in	rat	and	human	cell	lines,	confirming	

the	correlation	between	high	NADH/NAD+	ratio	and	superoxide	formation84.	The	second	

mode	of	mitochondrial	activity	that	promotes	the	release	of	ROS	is	when	reverse	electron	

transport	(RET)	occurs	in	Complex	I.	In	this	case,	there	is	no	ATP	production,	electrons	

build-up	 across	 the	 respiratory	 chain	 and	∆p	 is	 high.	The	 reduced	 pool	 of	 CoQ	 forces	

electrons	backwards	into	Complex	I,	driven	by	the	large	∆p,	reducing	NAD+	to	NADH73,85.	

Electrons	leak	to	oxygen,	generating	large	amounts	of	superoxide,	probably	at	the	FMN	

site86.	 This	mode	 is,	 in	 fact,	 the	 condition	 in	which	mitochondria	 produce	 the	 highest	

amount	 of	 ROS87,88.	 Inhibition	 of	 Complex	 I	 in	 this	 case	 blocks	 RET	 and	 is	 protective	

against	ROS	damage89,90.	While	initially	it	was	believed	that	RET	might	only	happen	in	

vitro,	 it	 is	 now	known	 that	 it	 does	occur	 in	 vivo	 and	 plays	 a	major	 role	 in	 ischaemia-

reperfusion	(IR)	injury	and	possibly	ROS	signalling91,92,	as	will	be	discussed	later.	The	last	

mode	of	mitochondrial	function,	which	occurs	in	normal	conditions,	is	characterised	by	

high	respiration,	high	ATP	production	and	consequently	low	∆p.	In	this	case,	superoxide	

production	 by	 the	 ETC	 is	 small,	 and	 alternative	 sources	 such	 as	 a-ketoglutarate	

dehydrogenase,	which	generate	 low	amounts	of	 superoxide,	become	more	 relevant	as	

contributors	to	the	small	ROS	efflux	from	mitochondria68,93.	It	is	worth	noting	that,	while	

Complex	III	can	generate	large	amounts	of	superoxide	when	inhibited	by	antimycin94,	its	

production	under	physiological	conditions	is	negligible	compared	to	that	of	Complex	I	in	

modes	1	and	2,	and	may	only	become	relevant	when	mitochondria	are	operating	in	mode	

368.	
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Figure	4.	Activity	modes	in	which	mitochondria	produce	superoxide.	(A)	In	mode	1,	 low	respiration	and	ATP	
production	rates	lead	to	an	increase	in	NADH/NAD+	ratio,	which	keeps	the	FMN	site	in	Complex	I	in	a	reduced	state.	
Electrons	can	leak	from	Complex	I	to	oxygen,	forming	superoxide.	(B)	In	mode	2,	low	respiration	and	ATP	production	
result	 in	high	protonmotive	force	(Dp)	and	a	reduced	pool	of	coenzyme	Q.	This	condition	allows	electrons	to	 flow	
backwards	 in	 the	electron	 transport	 chain,	moving	 from	CoQH2	 to	 Complex	 I	 in	 a	 process	 called	 reverse	electron	
transport	(RET).	Complex	I	then	generates	large	amounts	of	superoxide.	(C)	In	mode	3,	respiration	and	ATP	production	
are	working	 normally,	 keeping	Dp	 low.	Mitochondria	 produce	 only	 small	 amounts	 of	 superoxide,	 and	 alternative	
sources	to	Complex	I	such	as	Complex	III	and	a-ketoglutarate	dehydrogenase	(aKGDH)	become	more	relevant.	The	
lipid	bilayer	was	constructed	by	modifying	an	image	from	the	Servier	Medical	Art	database,	licensed	under	the	Creative	
Commons	Attribution	3.0	Unported	License.	

In	summary,	mitochondria	are	always	producing	some	superoxide,	even	under	normal	

conditions.	 There	 is,	 however,	 very	 little	 free	 superoxide	 available:	 virtually	 all	

superoxide	 is	 dismutated	 to	 hydrogen	 peroxide	 by	 the	 mitochondrial	 superoxide	

dismutase	(MnSOD)	in	the	mitochondrial	matrix	or	by	the	Cu/Zn	SOD,	which	is	located	

mainly	 in	 the	 cytosol	 but	 has	 also	 been	 found	 in	 the	 IMS95–98.	 For	 this	 reason,	 the	

production	of	superoxide	is	often	measured	by	the	quantification	of	hydrogen	peroxide.	

Hydrogen	peroxide	is	not	a	radical	i.e.	does	not	have	unpaired	electrons,	which	makes	it	

a	more	stable	and	less	reactive	species.	It	is	nonetheless	capable	of	inducing	structural	

modifications	on	proteins,	such	as	oxidation	of	methionine	residues	and	thiol	groups	in	

cysteines.	For	example,	the	formation	of	disulphide	bonds	among	two	or	more	molecules	

can	lead	to	protein	oligomerization,	while	intramolecular	disulphide	bonds	can	change	

the	 configuration	 of	 an	 enzyme’s	 active	 site9.	 Hydrogen	 peroxide	 can	 diffuse	 across	

membranes,	although	its	transport	across	the	plasma	membrane	may	be	facilitated	and	
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regulated	by	aquaporins99.	This	way,	the	effects	of	hydrogen	peroxide	are	not	restricted	

to	where	it	is	generated.			

	

The	most	harmful	effect	of	superoxide	and	hydrogen	peroxide	in	fact	does	not	directly	

stem	from	their	individual	reactions	with	biological	molecules,	instead,	it	is	the	product	

of	 the	 reaction	 between	 superoxide	 and	 hydrogen	 peroxide	 that	 leads	 to	 the	 most	

oxidative	damage.	In	the	presence	of	iron	or	copper,	superoxide	and	hydrogen	peroxide	

can	react	to	form	hydroxyl	radical	(OH•),	which	is	highly	reactive	and	typically	acts	by	

removing	a	hydrogen	atom	(H•)	 and	 leaving	another	 radical	 that	 can	undergo	 further	

reactions,	for	instance,	lipid	peroxidation.	Hydroxyl	radical	immediately	reacts	with	all	

macromolecules	 in	 its	 vicinity	 i.e.	 proteins,	 DNA,	 RNA,	 lipids	 and	 carbohydrates,	 and	

cannot	be	removed	by	any	enzymatic	reaction9.	

	

Superoxide	 can	 also	 react	with	 another	 radical,	 nitric	 oxide	 (NO•),	 generated	 from	L-

arginine	by	nitric	oxide	synthase	enzymes,	to	form	peroxynitrate	(ONOO-).	Nitric	oxide	is	

relatively	stable	and	can	diffuse	through	membranes,	while	superoxide	is	a	short-lived	

species	due	to	its	rapid	dismutation	to	hydrogen	peroxide.	Therefore,	the	production	of	

peroxynitrate	depends	on	the	location	of	superoxide	generation.	Peroxynitrate	itself	is	

capable	 of	 crossing	 membranes	 and	 can	 generate	 a	 variety	 of	 peroxynitrate-derived	

radicals	that	oxidise	thiols,	tyrosine	residues,	DNA	and	unsaturated	fatty	acids100.	

	

The	generation	of	ROS	is	an	inevitable	consequence	of	living	in	an	oxidising	environment.	

In	order	to	cope	with	that,	cells	have	evolved	an	assortment	of	antioxidant	defences	to	

transform	reactive	species	into	more	inert	ones	(Figure	5).	One	of	them,	as	mentioned	

earlier,	are	superoxide	dismutases,	which	efficiently	catalyse	the	reduction	of	superoxide	

into	hydrogen	peroxide.	Their	physiological	 importance	 is	such	 that	MnSOD	knockout	

mice	die	within	21	days	of	birth	and	exhibit	reduced	Complex	I	and	Complex	II	activities,	

cardiac	abnormalities	with	severe	mitochondrial	damage	in	the	heart,	fat	accumulation	

in	 liver	 and	 skeletal	 muscle	 and	 metabolic	 acidosis101,102.	 The	 removal	 of	 hydrogen	

peroxide	is	catalysed	by	several	enzymes.	Catalase	promotes	the	direct	dismutation	of	

hydrogen	peroxide	to	ground-state	oxygen	and	is	mostly	present	in	peroxisomes,	which	

generate	high	quantities	of	this	ROS	when	degrading	fatty	acids103.	Mitochondria,	on	the	

other	 hand,	 contain	 very	 little	 catalase	 activity.	 In	 their	 case,	 hydrogen	 peroxide	 is	
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removed	 by	 another	 class	 of	 antioxidant	 enzymes:	 peroxidases.	 Peroxidases	 remove	

hydrogen	 peroxide	 indirectly	 by	 using	 it	 to	 oxidise	 another	 substrate.	 Glutathione	

peroxidases	 (GPx),	 as	 the	 name	 suggests,	 reduce	 hydrogen	 peroxide	 by	 oxidising	

glutathione.	The	oxidised	glutathione	is	then	reduced	by	glutathione	reductase,	recycling	

it.	 This	 process	 requires	 the	 oxidation	 of	 NADPH,	which	 is	 reduced	 back	 by	 NADPH-

isocitrate	dehydrogenase	(ICDH)	and	by	transhydrogenase	(TH),	as	well	as	by	the	NADP-

dependent	 malic	 enzyme	 (not	 pictured).	 Another	 group	 of	 peroxidase	 enzymes	 that	

degrades	 hydrogen	 peroxide	 in	 mitochondria	 are	 peroxiredoxins	 (Prx).	 They	 act	 as	

dimers,	 which	 are	 themselves	 oxidised	 by	 hydrogen	 peroxide	 and	 are	 subsequently	

reduced	 back	 to	 their	 original	 state	 by	 thioredoxins	 (Trx2	 being	 the	 mitochondrial	

isoform).	 The	 resulting	 oxidised	 Trx2	 is	 recycled	 by	 thioredoxin	 reductase	 (TrxR2),	

which	reduces	Trx2	by	oxidising	NADPH104–106.	

	
Figure	5.	Mitochondrial	antioxidant	mechanisms.	In	the	mitochondrial	matrix,	superoxide	is	converted	to	hydrogen	
peroxide	by	the	mitochondrial	 superoxide	dismutase	 (MnSOD).	Hydrogen	peroxide	 is	dismutated	 to	water	by	 two	
distinct	 enzymes:	 glutathione	 peroxidase	 (GPx)	 and	 peroxiredoxins	 (Prx).	The	 latter	 is	 recycled	 by	mitochondrial	
thioredoxin	 (Trx2)	and	 thioredoxin	 reductase	 (TrxR2).	Both	GPx	and	TrxR2	oxidise	NADPH,	which	 is	 recycled	by	
transhydrogenase	(TH)	and	NADPH-isocitrate	dehydrogenase	(ICDH).	

Being	highly	reactive	and	therefore	relatively	short-lived	species,	accurate	quantification	

of	ROS	can	be	challenging107.	The	first	mistake	is	to	consider	all	ROS	to	be	the	same,	when	

in	 reality	 each	 have	 very	 specific	 chemistry	 and	 physiological	 roles9.	 In	 order	 to	

accurately	quantify	and	study	the	biological	importance	of	ROS,	it	is	important	to	specify	

which	species	 is	 involved.	 Similarly,	 it	 is	 inaccurate	 to	group	all	 antioxidants	 into	one	

category	when	each	of	 them	has	particular	mechanisms	and	may	be	sensitive	to	some	

ROS	while	 insensitive	 to	others108.	One	 should	 therefore	be	 careful	when	 interpreting	

results	in	the	literature.	Many	studies	use	biomarkers	for	oxidative	damage	such	as	lipid	

peroxidation,	protein	carbonylation	and	damaged	DNA	as	indicative	of	ROS	production,	

but	ROS	 levels	 can	vary	 in	biologically	 significant	ways	without	 resulting	 in	oxidative	

damage108.	 Furthermore,	 oxidative	 damage	 cannot	 be	 directly	 correlated	 with	 ROS	
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production	 as	 it	 is	 the	 result	 of	 the	 balance	 between	 ROS	 release	 and	 removal	 by	

antioxidant	 systems.	 It	 is	 also	 unlikely	 that	 a	 single	 biomarker	would	 be	 sufficient	 to	

represent	 the	 complexity	 of	 oxidative	 damage	 in	 vivo108.	 Another	 common	method	 of	

assessing	 ROS	 is	 the	 use	 of	 fluorescent	 probes	 such	 as	 dichlorodihydrofluorescein	

(DCFH),	hydroethidine	(HE),	Mito-SOX,	dihydrorhodamine	(DHR)	and	Amplex	Red.	Many	

of	 these	 react	 indirectly	with	ROS,	 present	 side-reactions	 that	 can	 lead	 to	 artefactual	

amplification	of	 the	 fluorescent	signal,	are	non-specific	or	 toxic107.	While	 their	use	can	

provide	 valuable	 information	 if	 the	 caveats	 are	 taken	 into	 consideration	 when	

interpreting	the	results,	this	is	not	always	the	case.	A	more	rigorous	approach	and	the	

development	of	new,	improved	probes	are	required	for	improving	our	understanding	of	

ROS	production	and	their	biological	function.	The	roles	that	ROS	play	both	in	disease	and	

in	cellular	homeostasis	will	be	explored	in	the	following	section.	

	

The	 number	 of	 vital	 functions	 that	 mitochondria	 exert	 make	 it	 evident	 that	 these	

organelles	 are	 essential	 for	 cell	metabolism.	 Consequently,	mitochondrial	 dysfunction	

can	have	devastating	effects	on	cellular	homeostasis	and	affect	a	wide	range	of	processes,	

leading	to	a	diverse	spectrum	of	pathologies,	which	are	considered	next.	

	

1.2	Mitochondrial	dysfunction	

1.2.1	Mitochondrial	diseases	

Mitochondrial	 dysfunction	 can	 lead	 to	 a	 heterogeneous	 group	 of	 diseases	 that	 may	

manifest	at	any	age,	affect	a	specific	organ	or	multiple	tissues	and	present	a	variety	of	

symptoms109.	 The	 causes	 can	 be	 divided	 into	 two	 groups:	 primary	 and	 secondary	

mitochondrial	dysfunction16,110.	

	

Primary	mitochondrial	dysfunction	arises	 from	genetic	mutations	 to	mitochondrial	or	

nuclear	DNA	genes	that	code	for	ETC	proteins	and	may	lead	to	inherited	mitochondrial	

diseases.	Primary	mitochondrial	diseases	affect	1	in	5,000	live	births111,	and	treatment	

alternatives	remain	very	limited112.	As	discussed	previously,	multiple	copies	of	mtDNA	

are	present	 in	each	mitochondrion,	not	all	of	which	might	be	mutated.	Mutations	that	

occur	in	all	copies	(homoplasmic)	are	often	silent	polymorphisms,	whereas	pathologies	

usually	arise	from	heteroplasmic	mutations	i.e.	when	only	some	of	the	mtDNA	copies	are	

affected113.	During	mitosis,	the	mutant	genomes	are	randomly	distributed	to	the	daughter	
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cells	 and	 symptoms	 emerge	 when	 there	 are	 enough	 mutated	 copies	 to	 cause	

mitochondrial	dysfunction	(threshold	effect).	The	threshold	tends	to	be	lower	in	tissues	

that	 are	 highly	 dependent	 on	OXPHOS	 and	 that	 present	 low	mitotic	 rate,	 such	 as	 the	

central	nervous	system,	skeletal	and	cardiac	muscle,	retina	and	kidney114.	Mitochondrial	

DNA	is	maternally	inherited	and	it	is	possible	for	a	healthy	mother	with	heteroplasmic	

mutations	 to	 have	 offspring	 with	 mitochondrial	 dysfunction:	 while	 the	 level	 of	

heteroplasmy	in	the	mother	might	be	lower	than	the	disease’s	threshold,	each	oocyte	can	

inherit	 and	 replicate	 a	 different	 number	 of	 mutated	 mtDNA	 (genetic	 bottleneck),	

potentially	 leading	 to	 the	 development	 of	 an	 embryo	 with	 high	 heteroplasmy	 levels	

(Figure	6)10.	

	
Figure	6.	Heteroplasmy	and	genetic	bottleneck	can	lead	to	offspring	with	or	without	mitochondrial	disease,	

according	to	the	disease’s	mutation	threshold.	Mitochondrial	DNA	is	maternally	inherited	but	it	is	possible	for	a	
healthy	mother	to	have	offspring	that	manifest	a	mitochondrial	disease.	A	primordial	germ	cell	may	have	mitochondria	
with	different	 levels	of	mutated	DNA	 (heteroplasmy),	 of	which	only	a	 restricted	number	will	 be	passed	on	 to	 the	
primary	oocyte.	This	genetic	bottleneck	allows	the	replication	of	a	bigger	proportion	of	mutated	mtDNA	in	relation	to	
normal	mtDNA,	 leading	 to	 offspring	with	 distinctive	 heteroplasmy	 from	 the	mother.	 If	 it	 surpasses	 the	 threshold	
necessary	 to	 cause	 mitochondrial	 dysfunction,	 the	 offspring	 will	 develop	 a	 mitochondrial	 disease	 whose	 clinical	
manifestation	may	vary	according	to	the	level	of	heteroplasmy.	Image	source:	Gorman,	G.	et	al10.	

Mutations	in	mtDNA	can	lead	to	pathological	alterations	of	subunits	of	the	respiratory	

chain	or	of	the	mitochondrial	protein	synthesis	machinery	required	for	their	expression.	

In	addition	to	defects	in	mtDNA,	mitochondrial	dysfunction	can	arise	from	mutated	nDNA	

genes	 that	 affect	 not	 only	OXPHOS,	 but	 also	 other	mitochondrial	metabolic	 functions,	

assembly	and	dynamics,	including	mtDNA	maintenance	and	translation113,115.		
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Considering	the	pivotal	role	of	mitochondria	in	energy	metabolism,	it	is	not	surprising	

that	 primary	 mitochondrial	 dysfunction	 often	 results	 in	 neuromuscular	 disorders11.	

Leigh	 syndrome	 is	 the	 most	 common	 child-onset	 mitochondrial	 disease	 and	 can	 be	

caused	by	mutations	in	over	75	different	genes	that	result	in	neurological	symptoms	and	

in	some	cases	affects	other	systems	such	as	the	heart,	liver	and	gastrointestinal	tract116.	

MERRF	(Myoclonic	Epilepsy	with	Ragged	Red	Fibres)	is	a	syndrome	that	causes	epilepsy,	

weakness	 and	 loss	 of	 control	 of	 body	 movements,	 and	 is	 usually	 caused	 by	 a	 point	

mutation	 in	 mitochondrially	 expressed	 gene	 for	 tRNALys117.	 Another	 disorder	 that	

results	 from	 pathogenic	 alterations	 in	 mitochondrial	 tRNA	 is	 mitochondrial	

encephalomyophathy,	lactic	acidosis	and	stroke-like	episodes	(MELAS),	a	syndrome	most	

commonly	caused	by	a	mutation	in	the	gene	that	encodes	tRNALeu118.	These	mutations	

disrupt	 the	 translation	 of	 proteins	 of	 the	 respiratory	 chain,	 impairing	 aerobic	 energy	

production	 and	 leading	 to	 multi-organ	 dysfunction. Other	 tissues	 that	 are	 highly	

dependent	on	ATP	production	are	also	likely	to	be	affected	by	mitochondrial	dysfunction.	

For	example,	homoplasmic	point	mutations	in	mtDNA	genes	that	encode	for	subunits	of	

Complex	I	can	lead	to	Leber	hereditary	optic	neuropathy	(LHON),	characterised	by	the	

degeneration	of	retinal	ganglion	cells,	which	can	 lead	to	vision	 loss119,120.	Mutations	in	

nDNA	 genes	 that	 code	 for	 mitochondrial	 proteins	 can	 also	 give	 rise	 to	 primary	

mitochondrial	diseases.	Many	of	these	are	associated	with	Complex	I	deficiency,	others	

can	result	in	mtDNA	depletion,	multiple	mtDNA	deletions,	impaired	synthesis	of	CoQ	or	

of	assembly	factors	of	ETC	complexes	or	defects	in	iron	metabolism121,122. 

	

While	some	mitochondrial	diseases	can	be	classified	into	characteristic	disorders,	many	

present	a	unique	range	of	clinical	manifestations10.	Diagnosis	is	complicated	not	only	by	

the	dual	genetic	control	of	mitochondrial	components,	but	also	by	the	fact	that	one	DNA	

mutation	 can	 lead	 to	 different	 clinical	 syndromes	 and	 a	 specific	 syndrome	 can	 have	

multiple	genetic	origins116.	The	variability	of	heteroplasmy	among	individuals	and	across	

multiple	 tissues	 in	 a	 single	 individual	with	mtDNA	mutations	 also	 leads	 to	 a	 complex	

diversity	 in	phenotypes.	A	 combination	of	detailed	 clinical	 and	biochemical	 tests	with	

targeted	 genetic	 analysis	 is	 critical	 to	 the	 identification	 of	 genetic	 mitochondrial	

diseases10.	
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Secondary	mitochondrial	dysfunction	may	arise	from	inherited	diseases	with	mutations	

in	non-OXPHOS	genes	or	from	causes	that	are	exogenous	to	mitochondria	but	that	impair	

mitochondrial	metabolism.	While	primary	mitochondrial	diseases	are	considered	rare,	

secondary	 mitochondrial	 dysfunction	 is	 involved	 in	 pathologies	 that	 affect	 a	 great	

percentage	 of	 the	 population	 in	 developed	 countries,	 such	 as	 neurodegenerative	

diseases,	metabolic	syndrome	and	cancer16.	

	

Neurodegenerative	diseases	share	common	features	such	as	mitochondrial	dysfunction,	

oxidative	 stress,	 impaired	 protein	 degradation	 with	 the	 presence	 of	 misfolded	 and	

aggregated	proteins,	impaired	autophagy,	inflammation	and	defects	in	axonal	transport9.	

The	 two	most	 common	 neurodegenerative	 diseases	 are	 Alzheimer’s	 and	 Parkinson’s.		

Alzheimer’s	disease	 is	 characterised	by	memory	 loss	and	cognition	 impairment	 in	 the	

presence	 of	 neurofibrillary	 tangles	 and	 senile	 plaques	 in	 the	 brain.	 Studies	 of	 post-

mortem	affected	brains	show	impaired	activity	of	multiple	enzymes	involved	in	aerobic	

energy	 production	 i.e.	 pyruvate	 dehydrogenase,	 isocitrate	 dehydrogenase,	 aKGDH,	

Complex	 I,	 III	 and	 IV.	There	 is	 also	evidence	of	 impaired	mitochondrial	dynamics	and	

biogenesis.	While	it	is	clear	that	oxidative	damage	plays	an	early	and	important	role	in	

Alzheimer’s,	 it	 is	 not	 known	 whether	 it	 is	 a	 cause	 or	 a	 consequence	 of	 plaque	

formation9,12.	In	Parkinson’s	disease,	progressive	degeneration	of	dopaminergic	neurons	

in	the	substantia	nigra	and	accumulation	of	Lewy	bodies	(electron-dense	inclusion	bodies	

that	 contain	 aggregated	 a-synuclein)	 lead	 to	 resting	 tremor,	 slow	 movement	

(bradykinesia)	and	muscular	rigidity.	While	the	exact	mechanism	of	neuronal	loss	is	still	

unknown,	it	seems	to	involve	a	decrease	in	aKGDH	and	Complex	I	activities	and	impaired	

mitophagy,	leading	to	oxidative	stress123,124.	Mitochondrial	dysfunction	is	also	involved	

in	 other	 neurodegenerative	 disorders,	 such	 as	 Huntington’s	 disease125,	 amyotrophic	

lateral	sclerosis	(ALS)126	and	Friedreich’s	ataxia127.	

	

A	major	public-health	concern	nowadays	is	metabolic	syndrome,	which	is	estimated	to	

affect	 one	 quarter	 of	 the	world’s	 adult	population128.	 It	 involves	 a	 complex	 system	of	

metabolic,	 physiological	 and	 clinical	 factors	 such	 as	 obesity,	 fatty	 liver,	 hypertension,	

hypercholesterolemia	 and	 insulin	 resistance,	 that	 directly	 increase	 the	 risk	 of	

cardiovascular	 disease,	 type	 2	 diabetes	 and	 all-cause	 mortality13.	 Chronic	 excess	 of	

nutrients,	coupled	with	low	ATP	demand	due	to	lack	of	physical	activity	result	in	high	Dp	
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and	 low	 respiration	 rate,	 which,	 as	 discussed	 in	 the	 previous	 section,	 promotes	 the	

formation	of	superoxide	by	the	ETC.	It	has	been	shown	that	reducing	ROS	levels	in	animal	

models	of	metabolic	syndrome	is	protective129,130,	however,	the	level	of	oxidative	damage	

is	relatively	modest131.	Therefore,	it	is	likely	that	ROS	play	a	role	in	metabolic	syndrome	

through	redox	signalling	rather	than	direct	damage	of	biological	structures.	Superoxide	

is	 converted	 to	hydrogen	peroxide,	which	 can	diffuse	 from	mitochondria	and	act	 as	a	

signalling	molecule	by	modulating	enzymatic	activity	inside	and	outside	of	the	organelle.	

Elevated	 levels	of	superoxide	and	hydrogen	peroxide	decrease	 the	activity	of	 the	TCA	

cycle	and	of	b-oxidation,	while	increasing	the	breakdown	of	carbohydrates	into	fat.	This	

feedback	 loop	 may	 explain	 the	 high	 levels	 of	 ROS	 found	 in	 metabolic	 syndrome132.	

Superoxide	has	also	been	linked	to	insulin	resistance.	Indeed,	many	studies	have	found	a	

link	 between	 ROS	 and	 diabetes133,134.	 While	 normal	 levels	 of	 ROS	 are	 necessary	 for	

physiological	insulin	secretion,	excessive	oxidative	stress	can	impair	insulin	signalling,	

therefore	therapeutic	modulation	of	ROS	must	be	studied	with	care135,136.	

	

It	is	widely	known	that	cancer	cells	undergo	a	metabolic	shift	from	OXPHOS	to	glycolysis	

as	the	main	source	of	ATP,	a	phenomenon	known	as	the	Warburg	effect137,138.	Contrary	

to	 what	 was	 initially	 believed,	 however,	 mitochondria	 are	 essential	 for	 cancer	

metabolism,	as	removal	of	mtDNA	reduces	cancer	cell	growth	rate	and	tumorigenesis.	

High	 levels	 of	 ROS	 have	 been	 detected	 in	 numerous	 types	 of	 cancer,	 with	 multiple	

possible	causes,	such	as	oncogene	expression,	dysfunctional	mitochondria,	hypoxia	and	

reperfusion	in	the	cancerous	tissue	and	altered	antioxidant	defences.	Increased	oxidative	

stress	can	alter	the	redox	status	of	the	cell	and	change	the	activity	of	transcription	factors	

such	 HIF1a,	 altering	 gene	 expression	 and	 stimulating	 cancer	 cell	 proliferation.	 High	

levels	 of	 ROS	 can	 also	 initiate	 carcinogenesis	 by	 causing	 DNA	 damage	 that	 leads	 to	

oncogene	activation	and	inactivation	of	tumour	suppressor	genes.	Another	way	in	which	

mitochondria	 can	 play	 a	 role	 in	 cancer	 metabolism	 is	 through	 the	 regulation	 of	

intracellular	Ca2+.	A	decrease	in	mitochondrial	membrane	potential	leads	to	a	reduction	

in	 [Ca2+]c	 uptake,	which	 decreases	 the	MOMP	and	 impairs	 autophagy,	 thus	 increasing	

cancer	cell	survival.	The	resulting	high	concentration	of	Ca2+	in	the	cytosol	activates	the	

mitochondrial	retrograde	signalling	pathway,	which	promotes	activation	of	transcription	

factors	such	as	NFkB	activation	and	the	expression	of	cell	proliferation	genes.	While	it	is	
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important	to	note	that	different	types	of	tumours	undergo	different	metabolic	changes,	it	

is	clear	that	mitochondria	play	an	important	role	in	cancer	biology14,15,139.	

	

As	was	briefly	mentioned	earlier,	mitochondria	are	also	central	in	ischaemia-reperfusion	

(IR)	injury.	It	occurs	whenever	there	is	a	cut	in	oxygen	supply	to	a	tissue,	which	is	later	

restored	 i.e.	 in	 stroke,	 heart	 attack	 and	 organ	 transplantation.	 Curiously,	 it	 is	 when	

oxygen	 is	 reintroduced	 that	 the	 damage	 occurs.	 It	 is	 now	 understood	 that	 during	

ischemia,	 the	 lack	 of	 oxygen	supply	 results	 in	decreased	 respiration	 rate	 and	 low	Dp.	

Reduced	 equivalents	 of	 the	 TCA	 cycle	 i.e.	 NADH	 and	 fumarate	 accumulate,	 which	

promotes	the	reversal	of	Complex	II:	NADH	passes	electrons	through	Complex	I	to	CoQ,	

which	then	reduces	fumarate	at	Complex	II	leading	to	an	accumulation	of	succinate.	Upon	

reperfusion,	the	accumulated	succinate	is	rapidly	oxidised	to	fumarate	and	the	high	Dp,	

combined	with	a	 reduced	CoQ	pool,	promotes	RET	at	Complex	 I,	 leading	 to	extensive	

superoxide	 production	 (Figure	 7).	 The	 burst	 of	 ROS	 causes	 oxidative	 damage	 to	

mitochondria	and	reduces	ATP	production,	leading	to	apoptotic	and	necrotic	cell	death	

and	the	release	of	DAMPs	which	trigger	the	inflammatory	response,	ultimately	resulting	

in	permanent	tissue	damage90,140.	

	
Figure	 7.	 Molecular	 mechanism	 of	 ischaemia-reperfusion	 (IR)	 injury.	 During	 ischaemia,	 the	 lack	 of	 oxygen	
decreases	the	respiration	rate	in	mitochondria	and	leads	to	an	accumulation	of	reduced	substrates	of	the	ETC,	NADH	
and	 fumarate.	This	drives	a	 reversal	of	Complex	 II	 (SDH),	reducing	 fumarate	and	resulting	 in	 the	accumulation	of	
succinate.	Once	oxygen	is	reintroduced	in	the	tissue	(reperfusion),	succinate	is	rapidly	oxidised	and	the	high	Dp	and	
reduced	CoQ	pool	drive	reverse	electron	transport	(RET)	in	Complex	I,	which	leads	to	extensive	superoxide	formation.	
Image	source:	Chouchani	et	al140.	

	

1.2.2	Ageing	and	the	dual	role	of	ROS	

Understanding	the	molecular	pathways	involved	in	ageing	is	compelling	in	order	to	allow	

the	 development	 of	 therapies	 not	 only	 aimed	 at	 delaying	 its	 progress	 but	 also	 at	
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promoting	a	healthier	way	to	age.	Nonetheless,	this	is	no	easy	task,	as	ageing	represents	

the	gradual	decline	of	numerous	interconnected	cellular	functions.	

	

Initially,	 it	 was	 believed	 that	 the	 amount	 of	 free	 radicals	 produced	 in	 the	 cell	 would	

increase	 over	 time	 and	 that	 the	 oxidative	 damage	 they	 would	 cause	 to	 biological	

molecules	would	 lead	 to	 their	 loss	 of	 function	 and	 be	 responsible	 for	 the	 organism’s	

senescence	(free	radical	theory	of	ageing)141.	Later	on,	it	was	proposed	that	mitochondria	

played	 a	 central	 role	 in	 ageing	 since	 they	 are	 the	 main	 source	 of	 ROS	 in	 the	 cell	

(mitochondrial	 theory	 of	 ageing).	 ROS	 would	 over	 time	 lead	 to	 an	 accumulation	 of	

oxidative	damage	to	the	mtDNA.	This	damage	would	then	result	in	mutations	to	the	genes	

that	encode	components	of	the	ETC	and	OXPHOS	complexes,	leading	to	the	generation	of	

more	ROS.	The	cycle	of	oxidative	damage	would	then	repeat	until	the	levels	of	mtDNA	

damage	would	no	longer	be	compatible	with	life142.	Although	it	has	been	reported	that	

mtDNA	 mutations	 do	 accumulate	 with	 age	 and	 that	 mitochondria	 show	 a	 change	 in	

morphology	and	OXPHOS	function,	there	is	not	enough	evidence	of	the	causality	of	ROS	

to	 ageing.	 Multiple	 studies	 have	 shown	 an	 increase	 in	 mtDNA	mutations	without	 an	

increase	in	oxidative	stress,	suggesting	that	these	mutations	may	be	a	result	of	replication	

errors	rather	than	ROS	production.	The	accumulation	of	mtDNA	mutations	also	does	not	

necessarily	 lead	 to	mitochondrial	 dysfunction,	 as	 antioxidant	 defences	 and	 increased	

mitochondrial	biogenesis	may	alleviate	its	effect143.	Moreover,	as	discussed	previously,	

there	is	a	threshold	that	determines	how	many	mutated	mtDNA	copies	is	required	for	a	

disease	phenotype	to	be	observed.	This	threshold	is	usually	around	70	–	90%144,	while	

the	mutation	load	in	aged	human	tissues	is	usually	less	than	one	mutation	per	copy145.	

Even	patients	 that	manifest	mitochondrial	diseases	with	 increased	oxidative	stress	do	

not	present	signs	of	accelerated	ageing146.	Taken	together,	 these	observations	suggest	

that	 the	 free	 radical	 and	mitochondrial	 theories	 of	 ageing	 are	 not	 accurate	models	 to	

describe	this	phenomenon	and	that	 further	understanding	of	 the	biochemical	changes	

that	progress	over	time	is	necessary	to	comprehend	the	mechanisms	involved	in	ageing.	

	

Another	interesting	finding	that	corroborates	the	idea	that	the	role	of	ROS	in	the	cell	may	

not	be	solely	related	to	oxidative	damage	is	the	fact	that	clinical	trials	with	antioxidant	

treatments	 have	 often	 failed	 to	 delay	 disease	 progression	 and	 extend	 lifespan,	 and	 in	

some	cases	may	even	have	a	negative	effect147.	A	growing	amount	of	evidence	shows	that	
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ROS	play	multiple	roles	in	redox	signalling.	The	changes	in	protein	structure	and	function	

caused	 by	 ROS-mediated	 reversible	 oxidation	 are	 often	 regulatory,	 for	 example,	

hydrogen	 peroxide	 produced	 by	 NADPH	 oxidase	 enzymes	 upon	 growth	 factor	

stimulation	can	inactivate	protein	tyrosine	phosphatases,	which	allows	the	increase	in	

tyrosine	kinase	activity	required	for	downstream	signalling148.	ROS	are	also	involved	in	

transcriptional	regulation,	such	as	the	accumulation	and	nuclear	translocation	of	Nrf2,	

which	promotes	the	transcription	of	antioxidant	genes.	This	process	therefore	consists	in	

a	 negative	 feedback	 that	 increases	 antioxidant	 defences	 in	 response	 to	 ROS149.	 ROS	

signalling	has	also	been	shown	to	be	involved	in	autophagy,	the	inflammatory	response,	

cancer	and	modulation	of	stem	cell	biology,	and	can	even	play	a	role	in	the	regulation	of	

hunger	and	in	the	biological	benefits	of	exercise150,151.	It	has	also	been	proposed	that	ROS	

may	have	a	beneficial	role	in	ageing:	low	levels	of	ROS	can	stimulate	antioxidant	defences	

and	be	protective	against	 larger	oxidative	 insults	 in	model	organisms,	 a	phenomenon	

called	 hormesis.	 However,	 some	 models	 with	 increased	 ROS	 levels	 have	 shown	

accelerated	ageing150,152.	

	

It	 is	 clear	 that	ROS	play	an	 intricate	dual	 role	 in	 cellular	biology.	Whether	 they	act	 as	

signalling	molecules	necessary	for	cellular	homeostasis	or	promote	detrimental	oxidative	

damage	is	dependent	upon	which	ROS	is	generated,	in	which	cellular	compartment,	at	

which	concentration	and	under	which	condition	of	antioxidant	defences.	This	illustrates	

the	 complexity	 of	 the	 mitochondrial	 involvement	 in	 diseases	 and	 shows	 that	 the	

development	of	effective	therapies	designed	to	modulate	mitochondrial	function	is	not	

simple.	The	current	alternatives	and	challenges	in	the	field	of	mitochondrial	therapies	are	

explored	in	the	following	section.	

	

1.3	Mitochondrial	therapies	

1.3.1	General	strategies	

Despite	 the	advances	 in	understanding	the	molecular	mechanisms	that	underlie	many	

mitochondrial	 disorders,	 the	 range	 of	 effective	 treatments	 is	 still	 very	 limited.	 This	 is	

especially	 the	case	 for	primary	mitochondrial	diseases,	 for	which	most	 treatments	are	

restricted	to	being	symptomatic,	although	more	recently	gene	therapies	are	being	studied	

to	effectively	address	the	underlying	causes	of	these	genetic	dysfunctions10.	On	the	other	

hand,	 mitochondria	 are	 a	 promising	 therapeutic	 target	 for	 the	 treatment	 of	multiple	
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common	pathologies	such	as	heart	failure,	metabolic	syndrome	and	neurodegeneration.	

While	mitochondrial	dysfunction	is	not	the	primary	cause	of	these	diseases,	it	contributes	

to	 disease	 progression,	often	 through	 common	pathways	 that	 can	 be	 targeted	 for	 the	

development	 of	 drugs,	 and	 multiple	 therapies	 focused	 on	 modulating	 mitochondrial	

function	 to	 treat	 secondary	 or	 ameliorate	 primary	mitochondrial	 diseases	 have	 been	

developed17.	

	

Gene	therapy	 is	 the	approach	that	would	most	effectively	cure	primary	mitochondrial	

disorders,	but	its	development	is	challenging.	Treatment	of	LHON	with	an	intravitreally	

injected	 AAV	 (adeno-associated	 virus)	 vector	 carrying	 the	 mtDNA	 gene	 that	 encodes	

subunit	 4	 of	 Complex	 IV,	 which	 is	 mutated	 in	 70%	 of	 LHON	 patients,	 has	 showed	

promising	 initial	 results,	 although	 the	 difficulty	 in	 engineering	 mtDNA	 limits	 the	

application	 of	 this	 approach	 in	 other	 mitochondrial	 disorders153.	 Another	 strategy	

involves	shifting	the	level	of	heteroplasmy	in	order	to	achieve	levels	of	mutated	mtDNA	

lower	that	the	threshold	for	the	onset	of	mitochondrial	diseases.	While	the	ability	to	edit	

mtDNA	 with	 CRISPR/Cas9	 remains	 controversial	 due	 to	 the	 lack	 of	 any	 known	 RNA	

import	system	in	mitochondria,	the	use	of	the	protein-only	nucleases	i.e.	mitochondrially-

targeted	 zincfinger	 nucleases	 (mtZFNs)	 and	mitochondrially-targeted	TALE	 nucleases	

(mtTALENs)	 show	 promising	 results154–156.	 They	 can	 be	 engineered	 to	 recognize	 the	

mutant	mtDNA	sequence,	bind	only	to	copies	in	which	the	mutation	is	present	and	cause	

a	double-strand	break.	Since	mitochondria	lack	efficient	repair	for	this	kind	of	damage157,	

mtDNA	copies	with	double-strand	breaks	are	usually	degraded.	Therefore,	mtZFNs	and	

mtTALENs	can	be	used	to	selectively	degrade	mutated	copies	of	mtDNA,	reducing	the	

level	 of	 heteroplasmy.	 This	 shift	 in	 heteroplasmy	with	 physiological	 rescue	 has	 been	

achieved	 in	 numerous	 cell	models	 of	mtDNA	 genetic	mutations	 as	well	 as	 in	 oocytes	

bearing	mutations	that	cause	LHON158–160.	However,	despite	the	recent	advances	in	gene	

therapy,	 its	 application	 is	 still	 very	 limited	 and	 currently	 treatment	 of	 primary	

mitochondrial	diseases	mostly	 involves	management	of	 the	downstream	effects	of	 the	

genetic	mutations.		

	

Some	 symptomatic	 treatments	 for	mitochondrial	 disorders	 include	 physiotherapy	 for	

loss	of	motor	function,	cardiac	pacing	to	regulate	heart	rate,	cochlear	implants	for	hearing	

loss	and	sodium	bicarbonate	infusion	to	correct	acute	lactic	acidosis161.	Exercise	and	diet	
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are	also	 important	 to	 control	 type	2	diabetes,	 improve	OXPHOS	and,	 in	 the	 first	 case,	

stimulate	mitochondrial	biogenesis162,163.	

	

Other	treatments	aim	at	improving	ETC	function,	either	by	increasing	the	availability	of	

some	of	its	components	or	of	its	substrates	in	order	to	enhance	electron	transport.	One	

strategy	 is	 to	 supplement	 CoQ.	 In	 individuals	 with	 primary	 CoQ	 deficiency	 due	 to	

defective	CoQ	biosynthesis,	CoQ	supplementation	restored	electron	flow	and	improved	

the	clinical	manifestation	of	the	disease164.	However,	treatment	with	CoQ	in	individuals	

with	 other	 ETC	 deficiencies	 failed	 to	 show	 a	 positive	 effect165.	 Idebenone,	 a	 quinone	

derivative	 that	 presents	 better	 bioavailability	 than	 CoQ	 administration,	 has	 been	

successfully	used	in	the	treatment	of	LHON.	Though	it	did	not	restore	vision	acuity,	it	was	

protective	against	further	vision	loss	and	loss	of	colour	vision166,167.	Some	studies	have	

shown	clinical	 improvement	of	patients	with	acyl-CoA	dehydrogenase,	Complex	I	or	 II	

deficiencies	 with	 the	 administration	 of	 riboflavin	 (vitamin	 B2).	 Riboflavin	 is	 a	

flavoprotein	precursor	necessary	for	Complex	I	and	II	synthesis	and	co-factor	of	several	

enzymes	 involved	 in	 b-oxidation	 and	 the	 TCA	 cycle168–170.	 Treatments	 that	 involve	

supplementing	substrates	to	improve	mitochondrial	function	include	the	administration	

of	dichloroacetate	and	thiamine.	Dichloroacetate	activates	pyruvate	dehydrogenase	and	

increases	the	conversion	of	pyruvate	to	acetyl-CoA,	which	is	then	used	in	the	TCA	cycle	

to	 generate	 the	 reduced	 substrates	 for	OXPHOS.	 It	 also	 prevents	 the	 accumulation	 of	

pyruvate	that	can	lead	to	lactic	acidosis	seen	in	many	mitochondrial	disorders.	While	its	

administration	has	shown	improvement	in	acidosis	levels	of	patients,	it	did	not	improve	

other	clinical	manifestations	and	was	toxic	to	patients	with	MELAS	syndrome,	therefore	

providing	only	temporary	aid	in	some	mitochondrial	diseases171.	Thiamine	(vitamin	B1)	

also	 increases	 pyruvate	 dehydrogenase	 activity	 and	 has	 been	 successfully	 used	 to	

improve	 lactic	 acidosis	 and	 myopathy	 in	 MELAS	 syndrome,	 as	 well	 as	 promoting	

considerable	 clinical	 improvement	 in	 an	 individual	 with	 Leigh	 disease	 when	

administered	in	conjunction	with	CoQ,	carnitine	and	vitamins	C	and	E172,173.	

	

Another	strategy	to	treat	mitochondrial	disorders	 is	 to	use	antioxidants	 to	control	 the	

production	 of	 ROS.	 As	 discussed	 previously,	 ROS	 can	 have	 damaging	 effects	 in	 high	

concentrations	but	are	also	important	for	cellular	signalling	at	lower	quantity.	Therefore,	

it	is	no	longer	surprising	that	supplementation	with	antioxidants	often	does	not	lead	to	
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clinical	improvement.	Still,	in	some	cases	antioxidants	have	been	shown	to	be	beneficial	

to	patients	with	mitochondrial	disorders.	Some	individuals	have	shown	modest	benefits	

from	vitamin	C	and	E	supplements174,	and	the	administration	of	lipoic	acid	combined	with	

other	therapies	decreased	oxidative	markers	in	urine,	lowered	lactate	levels	in	plasma	

and	attenuated	the	decline	in	muscle	strength	in	a	study	with	patients	with	mitochondrial	

diseases175.	 Glutathione	 is	 an	 important	 cellular	 antioxidant	 that	 is	 often	 depleted	 in	

mitochondrial	diseases,	and	treatments	focused	on	increasing	the	intracellular	levels	of	

glutathione	 include	 supplementation	 with	 cysteine	 donors,	 as	 the	 synthesis	 of	

glutathione	 depends	 on	 this	 amino	 acid.	 Glutamylcysteine,	 N-acetylcysteine	 and	

cysteamine	 are	 examples	 of	 cysteine	 donors	 that	 have	 been	 tested	 as	 treatment	 for	

mitochondrial	 diseases,	 and	 though	 some	 have	 shown	 a	 decrease	 in	 oxidative	 stress	

markers	in	patients,	not	all	of	them	led	to	clinical	improvement176–178.	

	

ROS	production	may	also	be	decreased	by	modulating	ETC	function.	Protonophores	such	

as	dinitrophenol	(DNP)	translocate	protons	 from	the	IMS	to	the	mitochondrial	matrix,	

disrupting	 Dp	 and	 uncoupling	 the	 ETC	 from	 OXPHOS.	 Decreasing	 Dp	 reduces	 the	

production	of	superoxide,	while	uncoupling	OXPHOS	increases	the	metabolism	of	fatty	

acids	necessary	to	maintain	ATP	levels,	thus	promoting	the	burning	of	excess	fat179,180.	

However,	 DNP	 has	 a	 very	 narrow	 therapeutic	window	 that	 resulted	 in	 fatal	 cases	 of	

hyperthermia	 and	 consequently	 it	 was	 banned	 by	 the	 FDA	 as	 a	 slimming	 agent.	

Nevertheless,	 the	 development	 of	 safe	 mitochondrial	 uncouplers	 is	 an	 interesting	

strategy	for	the	treatment	of	the	metabolic	syndrome181–184.	

	

Therapeutic	 approaches	 focused	 on	modulating	mitochondrial	 function	 by	 increasing	

mitochondrial	biogenesis	to	reduce	ATP	depletion	in	mitochondrial	diseases	have	been	

studied	 in	mice.	AICAR	 increases	 total	mitochondrial	 function	of	 the	 cell	by	 indirectly	

activating	PGC-1a,	a	transcription	factor	that	promotes	mitochondrial	biogenesis.	AICAR	

led	to	partial	correction	of	Complex	IV	activity	and	motor	improvement	in	mouse	models	

of	Complex	IV	deficiency185–187.	Other	examples	 include	epicatechin	and	RTA	408.	The	

first	 improved	 exercise	 performance	 and	 fatigue	 resistance	 in	 mice,	 which	 showed	

evidence	of	enhanced	mitochondrial	biogenesis188.	Enhanced	mitochondrial	function	was	

also	 observed	 in	 cultured	 bovine	 coronary	 artery	 endothelial	 cells	 treated	 with	

epicathechin189.	 RTA	 408	 promotes	 mitochondrial	 biogenesis	 by	 activating	 Nrf2,	 a	
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downstream	 effector	 of	 PGC-1a190.	 It	 elevated	 levels	 of	 glutathione	 and	 increased	

mitochondrial	 biogenesis	 in	 a	mouse	model	 of	 amyotrophic	 lateral	 sclerosis191	 and	 is	

currently	being	tested	as	treatment	for	Friedreich’s	Ataxia	(NCT02255435).	

	

Another	way	of	modulating	mitochondrial	function	is	by	targeting	the	mPTP.	Cyclosporin	

A	binds	to	and	inhibits	the	activity	of	cyclophilin	D,	a	protein	in	the	mitochondrial	matrix	

required	for	mPTP	opening,	thus	inhibiting	the	mPTP	and	preventing	necrotic	cell	death	

in	 heart	 attack	 and	 stroke192.	 Cyclosporin	 A	 has	 been	 shown	 to	 decrease	 apoptosis,	

improve	mitochondrial	 function	and	promote	muscle	regeneration	 in	a	pilot	trial	with	

patients	with	collagen	IV	myopathies193.	It	has	also	been	explored	as	a	drug	to	prevent	

cell	 death	 after	 IR	 injury,	 reducing	 infarct	 size	 in	 pigs	 when	 administered	 during	

reperfusion194.	However,	though	it	showed	promising	results	in	a	phase	II	clinical	trial195,	

it	was	unsuccessful	in	phase	III	trials196,197.	

	

Mitochondrial	dynamics	can	also	be	explored	as	a	therapeutic	target	since	they	are	an	

important	mechanism	of	mitochondrial	quality	control.	An	inhibitor	of	the	mitochondrial	

fission	 regulator	Drp1,	mdivi-1	 (mitochondrial	division	 inhibitor	1)198,	was	protective	

against	mitochondrial	morphological	disruption	and	neuroinflammation	 in	kainic-acid	

treated	mice199.	Even	so,	it	is	not	clear	whether	the	effects	seen	with	mdivi-1	treatment	

are	indeed	a	consequence	of	mitochondrial	fission	inhibition,	as	mdivi-1	was	shown	to	

inhibit	Complex	I	activity	and	therefore	is	not	a	Drp1-specific	inhibitor200,201.	

	

Other	drugs	indirectly	affect	mitochondrial	function.	Rapamycin	inhibits	the	mammalian	

target	of	rapamycin	(mTOR)	pathway	that	promotes	cell	growth	by	upregulating	anabolic	

processes	 such	 as	 mRNA	 translation	 and	 lipid	 biosynthesis	 and	 inhibiting	 catabolic	

processes	 such	 as	 autophagy202.	 In	 a	 murine	 model	 of	 Leigh	 syndrome,	 rapamycin	

delayed	the	onset	of	symptoms	and	increased	life	span203.	A	number	of	drugs	improve	

mitochondrial	homeostasis	by	 increasing	the	NAD+	pool204.	For	example,	nicotinamide	

rescued	 mitochondrial	 function	 and	 was	 protective	 against	 neurodegeneration	 in	 a	

PINK1	model	of	Parkinson’s	disease205.	Nicotinamide	riboside	promoted	mitochondrial	

biogenesis,	 stimulated	 the	 mitochondrial	 unfolded	 protein	 response	 and	 effectively	

delayed	 disease	 progression	 in	 mice	 with	 mitochondrial	 myopathy206,	 and	 enhanced	

oxidative	 metabolism	 in	 models	 of	 high-fat	 diet-induced	 obesity207.	 Nicotinamide	



 28	

mononucleotide	 restored	 mitochondrial	 function	 in	 an	 Alzheimer’s	 disease-relevant	

murine	model208	 and	 promoted	 neuron	 survival	 in	 rats	 that	 were	 injected	 with	 a	 ß-

amyloid	oligomer,	which	is	generally	assumed	to	be	a	primary	neurotoxic	agent	in	the	

development	of	Alzheimer’s	disease209.	

	

Despite	 the	 vast	 diversity	 of	 processes	 that	 cause	mitochondrial	 dysfunction	 and	 the	

equally	 large	 variety	 of	 pathologies	 that	 can	 arise	 from	 it,	 there	 are	 some	 common	

patterns	of	cell	disruption	that	can	be	explored	in	the	development	of	therapies	for	both	

primary	and	secondary	mitochondrial	disorders.	However,	most	of	the	aforementioned	

strategies	 focus	 on	 alleviating	 the	 consequences	 of	 the	 primary	 defect	 rather	 than	

addressing	 the	 cause	of	 the	 dysfunction16.	 Furthermore,	 a	 number	of	 challenges	 arise	

from	the	fact	that	these	compounds	are	not	selectively	targeted	to	mitochondria.	Many	of	

them	 cause	 side	 effects	 through	 affecting	 other	 metabolic	 pathways,	 for	 example,	

cyclosporin	A	 and	 rapamycin	 are	 known	 immunosuppressants,	which	may	 limit	 their	

therapeutic	 use	 in	 mitochondrial	 diseases210,211.	 The	 lack	 of	 specificity	 also	 makes	 it	

difficult	to	characterise	all	involved	mechanisms	that	lead	to	the	observed	effects	of	the	

drug,	as	is	the	case	with	mdivi-1200,201.	Untargeted	drugs	may	present	low	efficacy	since	

they	do	not	accumulate	where	they	are	needed,	which	is	one	of	the	possible	explanations	

to	why	many	clinical	trials	with	untargeted	antioxidants	failed	to	show	positive	results212.	

Moreover,	 higher	 doses	may	 be	 required	 for	untargeted	 drugs	 to	 achieve	 the	 desired	

effect,	since	only	a	reduced	amount	will	effectively	reach	its	target.	Untargeted	drugs	may	

also	be	metabolised	and	excreted	quicker	in	vivo	as	there	is	no	driving	force	to	rapidly	

accumulate	 it	 inside	 the	 cell.	 All	 of	 these	 points	 support	 the	 idea	 that	 targeting	

compounds	to	mitochondria	designed	to	assess	and	modulate	mitochondrial	function	can	

potentially	be	a	more	effective	way	to	characterise	and	treat	mitochondrial	disorders.	

	

1.3.2	Selective	delivery	of	drugs	and	probes	to	mitochondria	

Mitochondria	 present	 many	 unique	 characteristics	 that	 can	 be	 explored	 in	 order	 to	

chemically	direct	the	delivery	of	compounds	to	it.	One	of	them	is	the	distinctively	large	

membrane	potential	across	the	IMM	of	up	to	150	–	160	mV,	while	the	membrane	potential	

across	the	plasma	membrane	lies	at	30	–	60	mV.	In	both	cases,	the	inside	(of	mitochondria	

and	the	cell)	is	negative.	Therefore,	positively	charged	species	that	are	capable	of	crossing	

biological	 membranes	 tend	 to	 be	 taken	 up	 by	 the	 cell,	 and	 then	 to	 a	 great	 extent	
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accumulate	inside	mitochondria.	Such	species	can	be	coupled	to	bioactive	molecules	or	

probes	 and	 drive	 their	 selective	 uptake	 by	 mitochondria20.	 This	 property	 has	 been	

extensively	explored	and	will	be	discussed	in	greater	detail	in	the	next	section.	The	large	

Dp	across	the	IMM	not	only	has	an	electrochemical	potential	component,	but	also	a	pH	

gradient	between	 the	matrix	and	 the	 IMS/cytoplasm	of	0.8,	with	 the	 first	being	more	

alkaline	due	to	the	pumping	of	protons	into	the	IMS	by	the	ETC.	As	a	result,	while	the	pH	

of	the	cytoplasm	is	around	7.2,	the	pH	of	the	mitochondrial	matrix	is	usually	around	81.	

This	difference	can	 influence	the	uptake	of	 ionic	compounds	 into	mitochondria213	 and	

also	be	explored	for	the	selective	hydrolysis	of	linkers	that	attach	a	bioactive	compound	

to	a	mitochondria-targeting	moiety,	selectively	releasing	the	compound	in	mitochondria,	

a	strategy	that	will	be	explored	in	this	thesis.	

	

Mitochondria	 also	 have	 a	 unique	 protein	 import	machinery	 that	 can	 be	 used	 for	 the	

delivery	 of	 targeted	 drugs	 and	 probes.	 Since	 the	 vast	 majority	 of	 the	 mitochondrial	

proteins	are	encoded	in	nDNA	and	translated	in	the	cytosol,	the	mitochondrial	protein	

import	machinery	is	essential	for	mitochondrial	function.	Most	imported	mitochondrial	

proteins	 are	 synthesized	 as	 precursors	 in	 the	 cytosol	 with	 cleavable	 amino-terminal	

sequences.	These	presequences	contain	positively	charged	amphipathic	structures	that	

are	recognized	by	the	translocase	of	the	outer	membrane	(TOM)	and	the	translocase	of	

the	inner	membrane	(TIM)	and	are	imported	into	mitochondria	driven	by	the	membrane	

potential.	 Once	 in	 the	 matrix,	 the	 presequence	 is	 typically	 cleaved	 off	 by	 the	

mitochondrial	 processing	 peptidases	 and	 the	 protein	 is	 refolded	 by	 mitochondrial	

chaperones	 into	 its	 mature	 form.	 Some	 proteins	 of	 the	 IMM	 contain	 a	 hydrophobic	

segment	behind	the	presequence	that	leads	to	its	arrest	in	the	TIM	and	lateral	release	into	

the	membrane26.	This	well-orchestrated	physiological	mechanism	of	protein	import	is	an	

interesting	candidate	for	the	delivery	of	bioactive	molecules	to	mitochondria.	

	

Other	ways	 to	 target	mitochondria	 involve	exploring	high-affinity	binding	 sites	 in	 the	

OMM	or	IMM.	For	example,	porphyrins	bind	to	the	benzodiazepine	receptor	in	the	OMM	

with	high	selectivity214.	Since	some	types	of	cancer	cells	tend	to	express	more	of	these	

receptors,	this	feature	may	be	used	for	the	development	of	mitochondria-targeted	cancer	

therapies214.	 Another	 point	 of	 interest	 is	 to	 target	 proteins	 of	 the	 Bcl-2	 family,	 also	

present	 in	 the	 OMM,	 in	 order	 to	 regulate	 MOMP	 and	 apoptosis215.	 The	 IMM	may	 be	
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targeted	 with	 compounds	 that	 interact	 with	 cardiolipin,	 a	 lipid	 only	 present	 in	 this	

membrane216,	 as	 does	 10-N-nonyl	 acridine	orange217.	 Overall,	 this	 approach	 has	 been	

adopted	 less	 often	 but	 may	 lead	 to	 interesting	 strategies	 to	 specifically	 target	 the	

mitochondrial	membranes	instead	of	the	matrix.	

	

Targeting	 molecules	 to	 mitochondria	 presents	 numerous	 advantages.	 Since	 they	

accumulate	 in	 the	 organelle,	 lower	 doses	 are	 necessary	 to	 achieve	 efficacy218.	 This	

reduces	 toxicity	 risks	and	side-effects	 that	 can	arise	 from	undesired	 interactions	with	

other	 cellular	 components16.	 The	 relatively	 quick	 uptake	 into	 mitochondria	 of	 some	

targeted	theapies	may	also	facilitate	the	development	of	drugs	that	need	to	act	rapidly,	

for	example	to	be	administered	during	a	stroke	or	heart	attack	 in	order	to	prevent	 IR	

injury219,220.	Attaching	a	pharmacophore	to	a	targeting	moiety	allows	the	delivery	of	non-

specific	 bioactive	 molecules	 to	 act	 primarily	 on	 mitochondria	 as	 a	 consequence	 of	

targeted	delivery221.	Molecules	that	act	as	probes	can	also	be	selectively	delivered	and	

provide	 a	 powerful	 tool	 for	 studying	 mitochondrial	 function222–224.	 Differences	 in	

mitochondrial	 function	 across	 tissues	 or	 between	 normal	 and	 cancer	 cells	 can	 be	

explored	 to	 achieve	 tissue-	 or	 cell-specific	 delivery225,226.	 Targeting	 compounds	 to	

mitochondria	 also	 allow	 the	 development	 of	 further	 techniques	 such	 as	 using	

mitochondria	 as	 a	 reaction	 chamber	 by	 simultaneously	 administering	 two	 targeted	

compounds	that	will	react	once	taken	up	by	mitochondria227,228.	If	a	labile	linker	that	is	

cleaved	 in	 mitochondria	 is	 used	 between	 the	 targeting	 moiety	 and	 the	 bioactive	

compound,	it	may	be	possible	to	lock	the	compound	in	mitochondria	once	the	targeting	

moiety	is	released.	Still,	there	is	a	large	number	of	challenges	that	must	be	overcome	in	

order	to	achieve	mitochondria-targeting,	including	overcoming	the	reduced	permeability	

of	the	IMM	even	to	relatively	small	molecular	species.	

	

1.3.3	Chemical	strategies	for	targeting	compounds	to	mitochondria	

A	 few	 different	 chemical	 strategies	 based	 on	 the	 characteristic	 properties	 of	

mitochondria	 illustrated	 previously	 were	 developed	 to	 achieve	 selective	 delivery	 of	

compounds	to	the	organelle.	The	most	widely	employed	rely	on	mitochondria-targeted	

sequences,	mitochondria-targeted	peptides	or	conjugation	to	lipophilic	cations	(Figure	

8).	
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Figure	8.	Strategies	for	selectively	targeting	compounds	to	mitochondria.	Examples	of	mitochondria-targeting	
sequences	(MTS)229,	mitochondria-permeable	peptides	(MPP)230	and	lipophilic	cations218,	three	widely	used	chemical	
strategies	for	mitochondria-targeting.	

Mitochondria-targeted	sequences	(MTS)	can	be	conjugated	to	bioactive	cargos	to	drive	

uptake	by	mitochondria	through	the	mitochondrial	protein	import	system.	They	typically	

consist	of	a	chain	of	20	–	40	amino	acids	with	structural	motifs	that	are	recognized	by	the	

import	machinery	and,	similarly	to	the	presequences	of	imported	proteins,	are	cleaved	

off	by	mitochondrial	processing	peptidases	once	imported	into	the	matrix,	releasing	the	

compound	 of	 interest	 inside	 mitochondria26,231,232.	 Contrary	 to	 what	 was	 initially	

believed,	 there	 is	 no	 consensus	 sequence	 for	mitochondrial	 import.	 MTS	 are	 instead	

characterised	 by	 positively	 charged	 amphiphilic	 residues	 along	 the	 full	 length	 of	 the	

chain,	 and	while	 some	generate	mainly	a-helix	 structures,	 this	does	not	seem	 to	be	a	

requirement	for	import233.	The	main	advantage	of	delivering	compounds	to	mitochondria	

with	MTS	is	its	biocompatibility,	since	it	is	based	on	an	endogenous	import	system.	It	has	

been	used	for	the	delivery	of	a	signal	protein229	and	endonucleases	with	the	purpose	of	

shifting	mtDNA	heteroplasmy234,235.	However,	this	approach	presents	a	few	challenges.	

Firstly,	effective	MTS	are	long	and	therefore	their	synthesis	is	not	simple.	Secondly,	since	

MTS	are	relatively	hydrophobic,	their	restricted	aqueous	solubility	and	related	low	cell	

permeability	limit	exogenous	delivery	as	the	uptake	into	cells	is	low,	a	major	drawback	

in	the	delivery	of	drugs	and	probes	to	mitochondria230.	Lastly,	care	must	be	taken	when	
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analysing	 whether	 an	 MTS-targeted	 compound	 has	 effectively	 been	 delivered	 to	 the	

matrix,	rather	than	being	adsorbed	in	the	membrane,	trapped	in	the	IMS	or	stuck	to	the	

import	machinery.	Confocal	microscopy	and	cell	fractionation	are	not	sensitive	enough	

methods	for	this	purpose,	but	recently	a	mass-spectrometry	method	was	developed	to	

accurately	assess	the	import	of	MTS-targeted	cargos	into	mitochondria228,236.	

	

A	 simpler	 approach	 to	 mitochondria-targeting	 than	 MTS	 is	 using	 mitochondria-

permeable	 peptides	 (MPP).	 These	 peptides	 present	 natural	 and	 synthetic	 amino	 acid	

residues	 that	 are	 either	 cationic	 or	 hydrophobic.	 The	 balance	 between	 charge	 and	

lipophilicity	allows	MPP	to	cross	the	IMM	and	be	taken	up	by	mitochondria	without	the	

need	 to	 go	 through	 the	 protein	 import	 machinery237.	 One	 class	 of	 MPP	 are	 the	 SS-

peptides,	 which	 comprise	 four	 alternating	 aromatic	 and	 basic	 amino	 acids238.	 They	

present	a	total	positive	charge	of	three	and	rapidly	accumulate	a	hundred-fold	in	the	IMM	

of	 isolated	 mitochondria	 mostly	 in	 a	 membrane	 potential-independent	 way.	 The	 SS-

peptides	 that	 contain	 dimethyltyrosine,	 SS-02	 and	 SS-31,	 have	 been	 claimed	 to	 have	

antioxidant	properties	and	were	protective	against	cell	death	caused	by	the	oxidant	t-

butylhydroperoxide	 and	 improved	 contractile	 force	 in	 an	 ex	 vivo	 ischaemic	 heart	

model238.	SS-31	was	shown	to	bind	to	cardiolipin	in	the	IMM	and	accelerate	the	recovery	

of	mitochondrial	structure	upon	reperfusion	following	ischaemia239	and	was	protective	

against	oxidative	stress	in	high	glucose-induced	renal	injury240	and	in	a	murine	model	of	

hypertensive	 cardiomyopathy241.	 An	 SS-peptide	 analogue	 was	 able	 to	 deliver	 a	

fluorescent	probe	to	mitochondria,	suggesting	that	 they	can	also	be	used	as	molecular	

transporters242.	 Another	 class	of	MPP	have	 a	 similar	 structure	 to	 the	 SS-peptides	 but	

comprise	four	to	eight	amino	acid	residues	with	net	charges	of	three	to	five.	Contrary	to	

the	 SS-peptides,	 their	uptake	 is	 dependent	 on	 the	membrane	 potential237.	 The	 parent	

sequence	can	be	modified	to	compensate,	to	some	extent,	for	the	effect	a	cargo	can	exert	

on	 the	 uptake,	 allowing	 the	 delivery	 of	molecules	 with	 variable	 polarity	 and	 charge,	

including	 negatively	 charged	 and	 zwitterionic	 species.	 Still,	 the	 overall	 degree	 of	

lipophilicity	of	 the	 conjugate	must	 fall	below	a	determined	 threshold	 in	order	 for	 the	

uptake	to	be	successful243.	These	peptides	have	been	used	to	deliver	DNA	damaging	anti-

cancer	drugs244–246	and	antimicrobial	drugs247–249.	MPP	therefore	represent	one	of	 the	

main	approaches	for	mitochondria-targeted	delivery	since	they	are	tuneable,	relatively	
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easy	to	synthesize	and	present	desirable	pharmacokinetic	profiles,	although	their	uptake	

and	metabolism	in	vivo	is	not	fully	characterised250.	

	

The	most	extensively	characterised	and	adopted	strategy	for	targeting	mitochondria	is	

the	use	of	lipophilic	cations.	Being	positively	charged,	they	are	driven	to	mitochondria	

due	 to	 the	 negative	 polarization	 inside	 the	 organelle	 created	 by	 the	 large	membrane	

potential	across	the	IMM.		What	makes	lipophilic	cations	different	from	inorganic	cations,	

such	as	Ca2+	or	Na+,	 is	that	their	charge	is	shielded	across	a	large	hydrophobic	surface,	

which	lowers	the	enthalpy	associated	with	desolvating	charged	species	in	order	to	move	

them	 through	 a	 lipophilic	 environment	 i.e.	 biological	 membranes218.	 This	 allows	

lipophilic	cations	to	directly	cross	the	IMM	and	accumulate	in	the	matrix	driven	by	the	

membrane	 potential,	 in	 a	 manner	 that	 can	 be	 described	 by	 the	 Nernst	 equation.	 It	

indicates	that,	in	the	absence	of	any	specific	efflux	pathways,	unimpeded	singly-charged	

cations	 accumulate	 10-fold	 for	 every	 61.5	 mV	 of	 membrane	 potential	 at	 37ºC,	 and	

therefore	accumulation	into	mitochondria	should	be	several	hundred	to	thousand-fold	

greater	than	the	extracellular	environment	(Figure	9)218.	

	
Figure	 9.	 Accumulation	 of	 lipophilic	 cations	 into	 mitochondria.	 Lipophilic	 cations	 (here	 illustrated	 as	
methyltriphenylphosphonium,	 TPMP)	 accumulate	 several	 hundred-fold	 into	 mitochondria	 in	 comparison	 to	 the	
extracellular	environment,	driven	by	the	plasma	and	mitochondrial	membrane	potentials.	

Lipophilic	 cations	 such	 as	 Janus	 green	 were	 historically	 used	 to	 selectively	 stain	

mitochondria	in	histological	studies,	although	the	mechanism	of	accumulation	was	not	
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understood	at	the	time251.	Since	then	a	number	of	mitochondrial	lipophilic	cationic	dyes	

was	 developed,	 including	 Rhodamine	 123	 and	 JC-1,	 which	 led	 to	 the	 routine	 use	 of	

fluorescent	 lipophilic	 cations	 to	 visualize	 mitochondria	 and	 assess	 mitochondrial	

membrane	potential	in	cells252–255.	Rhodamine	123	also	pioneered	the	use	of	lipophilic	

cations	with	the	purpose	of	delivering	probes	to	mitochondria	in	vivo,	having	been	used	

to	 selectively	 deliver	 anticancer	 drugs	 to	mitochondria	 based	 on	 the	 knowledge	 that	

cancer	cells	present	higher	mitochondrial	membrane	potential256.	From	its	application	in	

the	development	of	cancer	therapies225,226,257,258,	the	field	of	research	exploring	lipophilic	

cations	 for	 mitochondria-targeting	 has	 greatly	 grown,	 especially	 in	 the	 case	 of	 the	

triphenylphosphonium	(TPP)	cation.	

	

TPP	 cations	 present	 a	 number	 of	 advantages	when	 generating	mitochondria-targeted	

compounds.	 The	 mechanism	 of	 their	 accumulation	 into	 mitochondria	 has	 been	

extensively	characterised,	both	in	vitro259–262	and	in	vivo130,219,263,	and	does	not	depend	on	

any	specific	molecular	transport	method.	Attaching	cargo	molecules	to	TPP	is	chemically	

relatively	easy,	usually	involving	a	reaction	with	triphenylphosphine	to	displace	a	leaving	

group.	 This	 process	 also	 facilitates	 the	 incorporation	 of	 radio-	 or	 stable	 isotopically-

labelled	TPP	towards	the	end	of	the	synthesis,	a	useful	feature	for	studying	the	uptake	

and	metabolism	of	 TPP	 compounds264.	 Conjugation	with	TPP	 cations	 has	 allowed	 the	

successful	delivery	of	a	variety	of	cargos,	including	antioxidants,	bioactive	molecules	and	

probes	 to	 mitochondria20,	 and	 examples	 will	 be	 explored	 in	 more	 detail	 in	 the	 next	

section.	While	 there	 is	 some	 concern	 regarding	 the	 toxicity	 of	 TPP	 compounds	 since	

accumulation	of	lipophilic	cations	at	high	concentrations	can	depolarize	the	membrane	

potential,	the	extensive	accumulation	provided	by	these	compounds	result	in	low	doses	

being	sufficient	 to	achieve	the	desired	effect	on	mitochondrial	 function265.	 Indeed,	 the	

TPP	compound	MitoQ10	was	safely	administered	in	vivo	 for	prolonged	periods	and	has	

shown	promising	results	in	clinical	trials130,266.	

	

1.4	The	current	status	of	the	TPP	strategy	

1.4.1	Uptake	and	release	of	TPP	

Triphenylphosphonium	(TPP)	cations	are	lipophilic	cations	that,	as	described	previously,	

are	capable	of	crossing	the	IMM	and	plasma	membrane	due	to	their	positive	charge	being	

shielded	across	a	large,	hydrophobic	area,	and	consequently	they	accumulate	in	cells	and	
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mitochondria	 driven	 by	 the	membrane	 potential218.	 This	 uptake	mechanism	does	 not	

limit	the	use	of	TPP	cations	as	mitochondria-targeting	moieties	for	therapies,	since	even	

in	 diseases	 in	 which	 there	 is	 mitochondrial	 dysfunction,	 the	 membrane	 potential	 is	

unlikely	 to	 fall	much	 below	 the	 normal	 range	 of	 130	 –	 150	mV	 in	 vivo20.	 Since	 a	 low	

membrane	 potential	 activates	 a	 reversal	 in	 Complex	 V,	 resulting	 in	 the	 consumption	

rather	than	production	of	ATP,	cells	with	lower	membrane	potential	are	likely	the	usually	

small	proportion	undergoing	apoptosis	or	necrosis	and	therefore	are	beyond	repair.	Even	

cells	lacking	mtDNA	still	have	a	significant	mitochondrial	membrane	potential	of	about	

70	mV,	which	arises	from	the	electrogenic	exchange	of	ATP4-	for	ADP3-	by	the	adenine	

nucleotide	 transporter	 and	 from	 the	 ATPase	 activity	 of	 an	 incomplete	 Complex	 V267.	

Therefore,	 even	 in	 cases	 of	 extreme	mitochondrial	 dysfunction,	 there	 is	 still	 enough	

membrane	potential	to	drive	the	uptake	of	TPP.	

	

The	ability	of	 these	 cations	 to	 cross	 the	 IMM	derives	 from	 the	 lower	energy	potential	

required	to	move	a	lipophilic	cation	across	the	lipid	bilayer.	The	large	hydrophobic	area	

of	TPP	cations	lowers	the	potential	energy	required	for	their	adsorption	as	a	monolayer	

to	the	IMS	side	of	the	IMM.	Then,	they	rapidly	“jump”	across	the	hydrophobic	core	of	the	

lipid	bilayer,	where	the	energy	potential	 is	 the	highest,	 to	 the	matrix	side	of	 the	 IMM,	

where	there	is	another	potential	energy	well,	before	desorbing	from	the	membrane	and	

becoming	free	in	the	matrix	(Figure	10)218.	

	

The	more	 hydrophobic	 the	 cargo	 connected	 to	 TPP,	 the	more	 the	 energy	 potential	 is	

lowered,	facilitating	transport	across	the	IMM.	However,	increasing	the	hydrophobicity	

of	the	TPP	cargo	also	increases	the	proportion	of	compound	that	will	remain	bound	to	

the	matrix	side	of	the	IMM,	rather	than	becoming	free	in	the	matrix268.	Irrespective	of	the	

degree	 of	 hydrophobicity	 of	 the	 cargo,	 when	 bound	 to	membranes,	 the	 charged	 TPP	

moiety	 remains	 on	 the	 hydrophobic	 side	 of	 the	 lipid/water	 interface,	 with	 the	

hydrophobic	 tail	penetrating	 into	the	core	of	 the	membrane,	except	 transiently	during	

transport	 across	 it	 (Figure	10)218.	Therefore,	while	 increasing	 the	hydrophobicity	of	 a	

cargo	increases	its	accumulation	into	mitochondria,	it	also	decreases	the	proportion	of	

free	TPP-bound	cargo	in	the	matrix.	This	fact	may	be	an	advantage	if	the	bioactivity	of	the	

cargo	is	meant	to	occur	within	the	IMM,	for	example	when	targeting	components	of	the	

ETC.	Still,	its	location	within	the	IMM	will	be	limited	by	the	constraint	that	the	TPP	moiety	
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will	be	anchored	to	the	membrane/matrix	interface.	This	can	have	a	significant	impact	

on	 the	 activity	 of	 the	 cargo,	 i.e.	 the	 TPP-targeted	 ubiquinone	 MitoQ10	 is	 effectively	

reduced	by	Complex	 II	 but	not	Complex	 I	 and	 III	 because	 the	TPP	 cation	anchors	 the	

conjugated	 ubiquinone	 out	 of	 reach	 of	 their	 active	 sites261.	 If	 changes	 in	 the	

hydrophobicity	of	the	cargo	are	not	possible,	the	uptake	of	TPP	compounds	can	also	be	

enhanced	when	paired	with	the	lipophilic	anion	tetraphenylborate	(TPB),	which	affects	

the	 energy	 profile	 of	 membranes	 and	 facilitates	 the	 movement	 of	 lipophilic	 cations	

through	the	lipid	bilayer269–271.	

	
Figure	10.	Transport	of	TPP	cations	across	the	inner	mitochondrial	membrane.	TPP	cations	first	get	adsorbed	to	
the	IMS	side	of	 the	IMM,	then	rapidly	 flip	to	the	matrix	side	driven	by	the	membrane	potential	(Dy)	and	are	then	
desorbed	from	the	membrane,	becoming	free	inside	the	matrix.	The	potential	energy	profile	of	the	transport	of	TPP	
cations	across	the	membrane	(depicted	in	red)	contains	a	well	at	the	interfaces	due	to	the	facilitated	adsorption	of	the	
large	hydrophobic	ionic	radius	of	TPP.	The	core	of	the	membrane	represents	the	highest	potential	energy,	where	TPP	
cations	remain	only	transiently	during	transport.	As	a	consequence,	lipophilic	TPP	compounds	such	as	MitoQ10	remain	
anchored	to	the	membrane/matrix	interface	of	the	IMM	by	the	TPP	moiety.	Image	source:	Murphy	and	Smith272.	

The	uptake	of	ionic	compounds	conjugated	to	TPP	is	affected	not	only	by	the	membrane	

potential,	but	also	by	the	DpH	between	the	mitochondrial	matrix	and	the	IMS/cytoplasm.	

Compounds	 where	 TPP	 is	 conjugated	 to	 either	 weakly	 acidic	 or	 basic	 groups	 can	

successfully	 be	 taken	 up	 by	 mitochondria213.	 However,	 when	 compared	 to	 a	 neutral	

cargo,	weakly	acidic	conjugates	present	 increased	mitochondrial	uptake,	while	weakly	

basic	conjugates	show	decreased	uptake.	This	is	due	to	the	effect	that	DpH	has	on	both	

species:	while	the	uptake	of	acidic	compounds	is	favoured	by	the	fact	that	the	matrix	is	

more	basic	than	the	cytosol,	this	property	causes	the	uptake	of	basic	compounds	to	be	
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unfavourable	 when	 compared	 to	 a	 neutral	 conjugate213.	 Many	 bioactive	 compounds	

contain	 ionizable	groups	with	pKa	values	that	generate	a	variety	of	charged	species	 in	

physiological	pH.	The	uptake	of	TPP	cations	conjugated	to	weak	acids	or	bases	occurs	in	

the	monocationic	form,	which	is	more	soluble	in	a	hydrophobic	phase	than	the	zwitterion	

and	therefore	is	more	capable	of	crossing	the	IMM	(Figure	11)213.	

	
Figure	11.	Uptake	of	ionic	compounds.	Weak	acids	or	bases	conjugated	to	a	TPP	cation	are	taken	up	by	mitochondria	
in	the	monocationic	form,	which	is	present	in	physiological	conditions	at	a	proportion	dependent	on	the	pKa	of	the	
ionizable	compound.	The	uptake	of	the	TPP	cation	conjugated	to	acidic	cargos	is	enhanced	in	comparison	to	that	of	
TPMP	due	to	the	higher	matrix	pH,	while	the	uptake	of	TPP	conjugated	to	a	basic	group	is	decreased.	Adapted	from	
Finichiu,	P.G.	et	al213.	

A	major	advantage	of	targeting	compounds	to	mitochondria	by	conjugation	with	TPP	is	

that	TPP	uptake	has	been	extensively	studied	in	isolated	mitochondria,	cell	models	and	

in	vivo273.	TPP	cations	are	rapidly	taken	up	by	the	tissues	following	oral,	intravenous	or	

intraperitoneal	 administration,	with	mitochondrial	 uptake	 in	 vivo	 taking	 as	 little	 as	 5	

minutes	following	intravenous	injection219,263.	The	rapid	clearance	of	TPP	from	the	blood	

supports	 the	 evidence	 that	 the	 lipophilic	 cation	 is	 taken	 up	 by	 the	 organs	 from	 the	

circulation	 in	 a	 membrane	 potential-dependent	 manner219.	 The	 distribution	 across	

tissues	is	not	uniform130,219,263	and	it	is	not	possible	to	target	simple	TPP	compounds	to	

specific	organs	without	exploring	chemical	modifications	to	allow	selective	uptake,	which	

is	 a	 strategy	 that	will	be	explored	 in	 this	 thesis.	TPP	usually	accumulates	 to	a	greater	

extent	in	tissues	with	higher	mitochondrial	content,	however,	multiple	factors	influence	

the	 relative	 uptake	 by	 each	 tissue,	 such	 as	 the	 plasma	 and	mitochondrial	membrane	

potentials,	the	relative	volume	of	the	cytosol	and	mitochondria,	the	location	of	the	organ	

relative	to	the	site	of	administration	and	the	magnitude	of	any	selective	efflux20.	
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The	retention	in	tissues	has	also	been	studied,	with	half-lives	lying	between	2	–	15	hours,	

depending	 on	 compound	 and	 organ219.	 A	 common	 concern	 regarding	 the	 use	 of	 TPP-

targeted	therapies	is	that	TPP	would	accumulate	indefinitely	in	mitochondria,	reaching	

toxic	concentrations.	This	does	not	happen	in	vivo.	The	uptake	of	TPP	is	an	equilibrium	

between	 its	 extracellular	 and	 intracellular	 concentrations,	 and	 while	 the	 membrane	

potential	 favours	 the	 equilibrium	 towards	 accumulation	 into	 mitochondria,	 there	 is	

always	a	small	proportion	of	the	compound	left	in	the	extracellular	environment.	As	this	

pool	is	removed	by	the	circulation	and	excreted	from	the	body,	this	drives	the	continuous	

equilibration	 of	 TPP	 from	 inside	 the	 cell	 to	 the	 circulation,	 maintaining	 the	 relative	

concentrations	of	the	compound	as	dictated	by	the	membrane	potential,	until	eventually	

all	TPP	is	cleared	out	from	mitochondria	and	the	cell.	Therefore,	accumulation	of	TPP	into	

mitochondria	is	essentially	self-limiting20,218.	Besides	this	intrinsic	excretion	mechanism,	

TPP	release	can	also	be	facilitated	by	physiological	excretion	pathways.	For	example,	in	

the	 brain,	 the	 ATP-binding	 cassette	 (ABC)	 transporters	 in	 the	 endothelial	 cells	 of	 the	

blood-brain	barrier	(BBB)	excrete	lipophilic	compounds,	restricting	their	uptake	into	the	

brain274.	 Interestingly,	 because	 these	 transporters	 present	 higher	 affinity	 for	

hydrophobic	molecules,	increasing	the	hydrophobicity	of	a	TPP	compound	is	not	enough	

to	enhance	mitochondrial	uptake	in	this	organ,	since	excretion	by	the	ABC	transporters	

is	also	facilitated.	Thus,	in	order	to	enhance	the	uptake	of	TPP	compounds	into	the	brain	

it	 is	 necessary	 to	 increase	 hydrophobicity	 while	 inhibiting	 the	 activity	 of	 the	 ABC	

transporters274.	Once	TPP	is	released	into	the	circulation,	it	is	excreted	in	the	urine	and	

bile,	with	no	 significant	metabolic	modification	of	 the	TPP	moiety275.	TPP	compounds	

usually	present	low	toxicity	and	the	doses	necessary	for	therapeutic	effect	fall	below	the	

toxicity	limit,	resulting	in	safe	long-term	administration	in	vivo130.	

	

1.4.2	Modulating	mitochondria	with	TPP	

TPP	cations	have	been	successfully	used	to	target	a	variety	of	cargos	to	mitochondria,	

which	include	drugs	to	treat	mitochondrial	dysfunction,	probes	to	quantitatively	assess	

mitochondrial	 function	 and	 also	 molecules	 to	 modulate	 and	 study	 mitochondrial	

pathways276.	

	

The	best	 characterised	TPP-targeted	drug	 is	MitoQ10,	 an	antioxidant	 that	 consists	of	 a	

quinone	moiety	linked	to	a	TPP	cation	by	a	10-carbon	alkyl	chain.	As	presented	in	Chapter	
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1.1,	coenzyme	Q10	(CoQ)	is	an	essential	part	of	the	ETC,	acting	as	an	important	electron-

carrier	and	antioxidant,	and	CoQ	deficiency	is	involved	in	mitochondrial	dysfunction	in	

many	disorders277,278.	A	large	proportion	of	ubiquinone	is	present	in	vivo	in	its	reduced	

form,	ubiquinol.	Ubiquinol	can	act	as	an	antioxidant	by	donating	a	hydrogen	atom	from	

one	 of	 its	 hydroxyl	 groups	 to	 lipid	 peroxide	 radicals,	 consequently	 decreasing	 lipid	

peroxidation	in	the	IMM.	It	is	also	important	for	the	regeneration	of	Vitamin	E,	another	

antioxidant	 of	 the	 IMM279–282.	 Supplementation	 of	 CoQ	 is	 a	 potential	 strategy	 for	

overcoming	 CoQ	 deficiencies	 and	 improving	mitochondrial	 function,	 however,	 CoQ	 is	

highly	 hydrophobic	 and	 its	 low	 water	 solubility	 and	 bioavailability	 limit	 this	 direct	

approach283.	The	hydrophobicity	of	CoQ	can	be	lowered	by	replacing	the	long	isoprenoid	

chain	 (containing	 10	 units	 in	 humans)	 at	 ring	 position	 6	 with	 more	 hydrophilic	

moieties264.	The	ubiquinone	moiety	in	MitoQ10	is	a	decyl	chain	the	same	length	as	that	in	

commercially	available	idebenone,	which	is	also	contains	a	terminal	hydroxyl	and	is	thus	

less	hydrophobic	than	CoQ	(Figure	12)265.	

	

MitoQ10	is	taken	up	rapidly	by	isolated	mitochondria	driven	by	the	membrane	potential	

and	 accumulates	 in	 the	matrix	 side	 of	 the	 IMM265.	 As	 discussed	 previously,	 the	 steric	

hindrance	of	the	TPP	cation	and	anchoring	of	MitoQ10	to	the	matrix/IMM	surface	makes	

it	a	poor	substrate	 for	Complex	I,	but	 it	can	be	reduced	by	Complex	II261.	The	reduced	

form	of	MitoQ10	(ubiquinol)	is	a	poor	substrate	for	Complex	III	and	consequently	it	cannot	

restore	 respiration	 in	 mitochondria	 lacking	 CoQ	 since	 it	 cannot	 act	 as	 an	 electron-

transporter	 down	 the	 ETC284.	 Therefore,	 the	 benefits	 of	MitoQ10	 administration	must	

arise	from	the	antioxidant	properties	of	the	quinol,	which	is	converted	to	quinone	in	the	

process	and	is	recycled	when	the	quinone	is	reduced	back	to	quinol	by	Complex	II284.	The	

ability	 to	 be	 recycled	 back	 to	 its	 active	 form	 is	 a	 critical	 factor	 in	 the	 efficacy	 of	

antioxidants.	MitoQ10	effectively	reduces	lipid	peroxidation	in	isolated	mitochondria	and	

can	 also	 react	with	 peroxynitrate	 and	 superoxide265,268,284.	 In	 cells,	MitoQ10	 is	 rapidly	

taken	 up262	 and	 protective	 against	 lipid	 peroxidation,	 as	 well	 as	 stress-induced	

apoptosis265,285–287.	MitoQ10	was	several	hundred-fold	more	protective	against	oxidative	

damage	in	fibroblasts	from	Friedreich’s	Ataxia	patients	than	untargeted	idebenone288.	It	

also	 counteracted	 telomere	 shortening	 and	 increased	 lifespan	 in	 fibroblasts	 under	

hypoxia-induced	oxidative	stress289.	
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The	 efficacy	 of	 MitoQ10	 was	 also	 confirmed	 in	 vivo.	 In	 murine	 models,	 MitoQ10	 was	

protective	 against	 IR	 injury290,291,	 ameliorated	 vascular	 dysfunction	 in	 old	 mice	 by	

decreasing	oxidative	stress292,	supressed	the	activation	of	the	inflammasome	in	colitis293,	

protected	against	the	development	of	hypertension,	improved	endothelial	function	and	

reduced	 cardiac	 hypertrophy	 in	 hypertensive	 rats294	 and	 decreased	 cardiac	 and	 liver	

damage	in	models	of	sepsis295,296.	Two	human	studies	also	showed	beneficial	effects	of	

MitoQ10	administration.	A	phase	II	study	of	hepatitis	C	showed	decreased	liver	damage	in	

patients	 that	 were	 given	 MitoQ10	 for	 28	 days297	 and	 a	 small	 placebo-controlled	 trial	

showed	lowered	aortic	stiffness	in	healthy	older	adults	supplemented	with	MitoQ10	for	6	

weeks298.	 However,	 in	 a	 phase	 II	 double-blind	 study	 with	 patients	 with	 Parkinson’s	

disease,	 there	was	no	difference	between	MitoQ10	and	placebo	administration	over	12	

months.	It	is	possible	that,	by	the	time	patients	present	clinical	manifestations,	it	may	be	

too	 late	 to	 provide	 neuroprotection	 to	 the	 remaining	 dopaminergic	 neurons299,300.	 In	

mouse	 models	 of	 the	 disease,	 in	 which	 treatment	 is	 administered	 earlier,	 MitoQ10	 is	

neuroprotective301.	Despite	the	fact	that	there	was	no	therapeutic	benefit	in	the	human	

trial,	 this	study	showed	that	MitoQ10	can	be	safely	administered	to	humans	 for	a	year.	

Another	 study	 (NCT02364648)	 is	 currently	 investigating	 the	 effect	 to	 mitochondrial	

oxidative	stress	and	vascular	health	of	4	week-administration	of	MitoQ10	to	patients	with	

Chronic	Kidney	Disease.	

	

Other	 TPP-targeted	 antioxidants	 include	 MitoE2	 and	 MitoC.	 MitoE2	 was	 the	 first	

mitochondria-targeted	antioxidant	 to	be	synthesized,	and	consists	of	 the	a-tocopherol	

moiety	of	vitamin	E	conjugated	to	the	TPP	cation	by	a	 two-carbon	alkyl	chain	(Figure	

12)302.	MitoE2	 is	rapidly	 taken	up	by	mitochondria	and	 is	more	effective	at	preventing	

lipid	 peroxidation	 than	 an	 untargeted	 a-tocopherol302.	 It	 is,	 on	 the	 other	 hand,	 less	

effective	than	MitoQ10288.	Still,	MitoE2	decreased	lipid	peroxidation	and	cell	death	in	a	few	

cell	 models	 exposed	 to	 stress-inducing	 factors288,302–304.	 MitoE2	 is	 taken	 up	 in	 vivo	

following	oral	administration,	but	is	less	tolerated	than	MitoQ10263.	Continuous	infusion	

of	MitoE2	to	rat	striatum	after	perinatal	IR	injury	did	not	protect	against	neuronal	loss305.	

It	was	predicted	that	elongating	the	carbon	chain	of	MitoE	could	increase	its	availability	

in	the	core	of	the	IMM	and	its	effectiveness	at	preventing	lipid	peroxidation272.	Indeed,	

MitoE10,	which	has	an	alkyl	 chain	of	10	 carbon	atoms,	 is	more	protective	 than	MitoE2	

against	menadione-induced	oxidative	stress	in	isolated	mitochondria306.	
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MitoC	 is	 a	 relatively	 new	 mitochondria-targeted	 antioxidant	 characterised	 by	 an	

ascorbate	(vitamin	C)	moiety	attached	to	TPP	(Figure	12)307.	Conjugating	ascorbate	to	

TPP	 through	 a	 3	 or	 11-carbon	 chain	 showed	 that	 only	 the	 longer	 chain	 allowed	

accumulation	in	mitochondria,	consistent	with	the	evidence	that	more	hydrophobic	TPP	

compounds	 have	 increased	mitochondrial	 uptake268,307.	 MitoC	 reacts	with	 superoxide	

and	 alkyl	 peroxide	 radicals,	 but	 not	 hydrogen	 peroxide,	 and	 retained	 the	 ferric	 iron-

reducing	 property	 of	 ascorbate307.	 It	 is	 recycled	 back	 to	 its	 reduced	 form	 by	 the	

glutathione/glutaredoxin	 2	 and	Trx2/TrxR2	 systems307.	MitoC	was	 protective	 against	

lipid	peroxidation	by	exogenous	oxidants	and	against	superoxide-dependent	inactivation	

of	aconitase	in	vitro,	while	ascorbate	was	not307.	This	compound	is	therefore	a	promising	

antioxidant	 drug	 and	 also	 opens	 the	 field	 of	 TPP-targeting	 of	 polar	 compounds	 to	

mitochondria.	

	
Figure	12.	Chemical	structures	of	the	TPP-targeted	antioxidants	MitoQ10265,	MitoE2302	and	MitoC307.	

TPP	cations	are	useful	not	only	to	 target	 therapeutic	compounds	to	mitochondria,	but	

also	 to	deliver	probes	 that	 allow	 the	 selective	 study	mitochondrial	 function107,308.	 For	

example,	the	production	of	hydrogen	peroxide	by	mitochondria	can	be	quantified	in	vivo	

with	MitoB222,309,310.	This	probe	comprises	a	TPP	cation	linked	to	an	arylboronic	acid	that	

reacts	with	hydrogen	peroxide,	forming	MitoP222,311.	The	relative	levels	of	MitoP	to	MitoB	

can	be	determined	by	liquid	chromatography	tandem	mass	spectrometry	(LC-MS/MS)	in	

tissues	after	in	vivo	injection	of	MitoB,	and	the	MitoP/MitoB	ratio	quantitatively	depicts	

relative	changes	in	the	average	amount	of	hydrogen	peroxide	present	in	mitochondria	in	

the	tissue222,312.	The	strategy	of	injecting	a	probe	in	vivo	which	reacts	with	the	species	of	
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interest	to	generate	an	exomarker	that	is	extracted	an	analysed	ex	vivo	by	LC-MS/MS	was	

termed	 the	 exomarker	 approach	 and	 has	 been	 explored	 in	 the	 development	 of	 other	

mitochondria-targeted	probes308.	Arylboronic	acids	also	react	rapidly	with	peroxynitrate	

and	 hypohalous	 acids313,314,	 therefore	 it	 is	 important	 to	 determine	 their	 levels	

independently	in	order	to	have	an	accurate	quantification	of	hydrogen	peroxide	levels	

with	MitoB.	MitoB	was	successfully	used	to	show	that	there	is	an	increase	in	hydrogen	

peroxide	with	age	 in	Drosophila	melanogaster222	and	 in	the	mtDNA	mutator	mouse309.	

MitoB	also	revealed	increased	levels	of	hydrogen	peroxide	in	a	mouse	model	of	propionic	

acidaemia,	indicating	that	oxidative	damage	contributes	to	the	pathophysiology	of	this	

disease310.	

	

Other	 mitochondria-targeted	 probes	 include	 MitoA,	 MitoNeoD	 and	 MitoClick.	 MitoA	

comprises	a	TPP	cation	conjugated	to	an	aryl	azide	and,	contrary	to	fluorescent	probes,	

can	be	used	to	measure	hydrogen	sulphide	in	mitochondria	in	vivo223.	Similarly	to	MitoB,	

the	ratio	between	the	product	of	the	reaction	with	hydrogen	sulphide,	MitoN,	and	MitoA	

can	 be	 determined	 by	 LC-MS/MS	 to	 quantify	 intramitochondrial	 levels	 of	 hydrogen	

sulphide223.	When	MitoA	was	injected	intravenously	into	mice,	it	rapidly	accumulated	in	

the	tissues	and	was	successfully	used	to	determine	the	variation	in	hydrogen	sulphide	

levels	during	ischaemia	and	reperfusion	in	the	heart223.	
	

The	 exomarker	 approach	 is	 also	 used	 to	 determine	 superoxide	 levels	 in	 vivo	 with	

MitoNeoD,	 a	mitochondria-targeted	modified	 hydroethidine	 (HE)	 probe	 that	 presents	

enhanced	 superoxide	 selectivity	 and	 does	 not	 intercalate	 with	 DNA	 as	 HE	 analogues	

usually	do	(Figure	13)224.	MitoNeoD	accumulates	 in	 isolated	mitochondria	and	 in	cells	

and	 reacts	 preferably	with	 superoxide	 to	 form	MitoNeoOH.	 Non-specific	 oxidation	 of	

MitoNeoD	 with	 other	 species	 forms	 MitoNeo,	 which	 can	 be	 distinguished	 from	

MitoNeoOH,	allowing	the	selective	quantification	of	superoxide	by	confocal	fluorescence	

microscopy	in	cells	or	LC-MS/MS	in	tissues224.	In	this	case,	since	detection	of	MitoNeoD	

by	 LC-MS/MS	was	 inconsistent,	 the	 amount	 of	MitoNeoOH	 is	 normalised	 to	 the	 total	

amount	 of	 MitoNeo	 variants	 (MitoNeoD,	 MitoNeoOH	 and	 MitoNeo)	 in	 the	 sample224.	

MitoNeoD	 was	 injected	 intravenously	 into	 mice	 and	 successfully	 detected	 induced	

superoxide	production	in	the	heart224.	
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Figure	13.	Detection	of	mitochondrial	superoxide	with	MitoNeoD.	MitoNeoD	(or	its	untargeted	version,	NeoD)	
preferably	reacts	with	superoxide	to	 form	MitoNeoOH	(NeoOH).	Non-specific	oxidation	of	MitoNeoD	(NeoD)	yields	
MitoNeo	 (Neo).	The	neopentyl	 groups	prevent	 intercalation	with	DNA,	 a	 common	problem	with	other	 superoxide	
probes.	 The	 detection	 of	 MitoNeoOH	 and	MitoNeo	 by	 LC-MS/MS	 allows	 the	 quantification	 of	 superoxide	 in	 vivo.	
Adapted	from	Shchepinova,	M.M.	et	al.224	

Other	mitochondrial	properties	besides	ROS	production	can	be	determined	by	targeted	

compounds:	 MitoClick	 is	 a	 probe	 that	 can	 assess	 average	 mitochondrial	 membrane	

potential	in	vivo227.	In	this	case,	two	TPP	compounds	are	targeted	to	mitochondria:	one	

containing	an	azido	group	(MitoAzido)	and	the	other	containing	a	cyclooctyne	(MitoOct).	

They	 react	 inside	 mitochondria	 in	 a	 concentration-dependent	 manner	 by	 “click”	

chemistry	 to	 form	 MitoClick.	 Since	 the	 accumulation	 of	 MitoAzido	 and	 MitoOct	 in	

mitochondria	 is	 dependent	 on	 membrane	 potential,	 the	 formation	 of	 MitoClick	 is	

extremely	sensitive	to	small	variations	in	membrane	potential227.	MitoAzido	and	MitoOct	

can	be	injected	simultaneously	in	vivo,	followed	by	extraction	of	the	compounds	from	the	

tissues	 and	 quantification	 of	 MitoClick	 formation	 by	 LC-MS/MS	 to	 determine	

mitochondrial	membrane	potential227.	

	

Another	class	of	compounds	that	can	be	targeted	to	mitochondria	by	conjugation	with	

TPP	consists	of	bioactive	molecules	 that	modulate	mitochondrial	 function	(Figure	14).	

For	 example,	 MitoParaquat	 (MitoPQ)	 selectively	 generates	 superoxide	 within	

mitochondria	without	disruption	of	OXPHOS	by	undergoing	one-electron	 reduction	at	

Complex	I,	which	generates	a	radical	monocation	that	rapidly	reacts	with	oxygen	to	form	

superoxide221.	While	untargeted	paraquat	presents	poor	uptake	into	mitochondria	and	

leads	to	indiscriminate	superoxide	production	in	multiple	cell	compartments,	MitoPQ	is	

accumulated	in	mitochondria	and	can	be	used	to	locally	generate	superoxide	in	cells	and	
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in	 vivo221.	 Examples	 of	 the	 applicability	 of	 MitoPQ	 include	 studying	 the	 effects	 of	

superoxide	 in	 the	 mitochondrial	 modulation	 of	 inflammatory	 cytokines	 in	

macrophages18,	 in	 developmental	 and	 pathological	 denervation	 seen	 in	 multiple	

neurodegenerative	 diseases315,	 in	 the	 development	 of	 a	 Parksonian	 phenotype	 in	

zebrafish	and	in	huntingtin	aggregation	in	a	Huntington’s	disease	cell	model316	and	in	the	

physiological	activation	of	AMPK317.	Another	compound,	MitoSNO,	selectively	generates	

nitric	 oxide	 in	 mitochondria	 and	 promotes	 S-nitrosation	 of	 thiol	 proteins,	 allowing	

reversible	 inhibition	 of	 mitochondrial	 respiration318.	 The	 generated	 nitric	 oxide	

competes	with	oxygen	 at	 Complex	 IV	 and	 allows	MitoSNO	 to	 be	 useful	 in	modulating	

mitochondrial	respiration	and	local	levels	of	oxygen,	besides	promoting	vasorelaxation	

of	blood	vessels318.	MitoSNO	was	shown	to	be	cardioprotective	against	 IR	 injury	by	S-

nitrosating	and	inhibiting	Complex	I	during	reperfusion,	thus	avoiding	RET	and	the	burst	

of	ROS	that	leads	to	tissue	damage19,90,318.	

	
Figure	 14.	 Chemical	 structures	 of	 MitoPQ	 and	 MitoSNO.	 MitoPQ	 selectively	 generates	 superoxide	 inside	 of	
mitochondria221	and	MitoSNO	selectively	generates	nitric	oxide318.	

The	examples	here	listed	show	the	potential	of	using	TPP	cations	to	target	compounds	to	

mitochondria,	 illustrating	 the	 wide	 range	 of	 applications	 that	 can	 be	 explored	 when	

selectively	assessing	and	modulating	mitochondrial	function	with	these	compounds.	Still,	

every	 strategy	 has	 its	 challenges,	 and	 the	 current	 limitations	 of	 TPP	 targeting	 are	

considered	next.	

	

1.4.3	Challenges	

Although	conjugating	bioactive	molecules	to	the	TPP	cation	has	proven	to	be	a	successful	

strategy	 for	 their	 selective	 accumulation	 in	 mitochondria,	 many	 challenging	 factors	

remain.	 Firstly,	 effective	 uptake	 is	 restricted	 by	 the	 hydrophilicity	 of	 the	 cargo.	 As	

discussed	in	Chapter	1.4.1,	the	energy	potential	for	a	TPP	compound	to	cross	the	IMM	

increases	with	the	increased	energy	necessary	to	desolvate	a	hydrophilic	compound	in	

order	for	it	to	cross	the	lipid	bilayer218.	The	uptake	is	also	unfavourable	when	the	cargo	
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is	a	weak	base,	which	is	excluded	from	the	mitochondrial	matrix	due	to	the	DpH	between	

the	 cytosol	 and	mitochondria213.	 These	 restrictions	 limit	 the	 applicability	 of	 the	 TPP	

strategy	in	the	delivery	of	more	polar	or	charged	compounds.	

	

Secondly,	 there	 is	currently	no	way	of	achieving	tissue	selectivity	when	administering	

TPP-targeted	compounds	in	vivo.	While	TPP	accumulates	rapidly	into	tissues	following	

intravenous	administration,	its	distribution	is	not	uniform	and	depends	on	a	variety	of	

factors	outside	of	the	researcher’s	control219.	As	many	pathologies	involve	mitochondrial	

dysfunction	in	some	tissues	more	than	others,	it	would	be	ideal	to	be	able	to	selectively	

target	probes	and	drugs	to	specific	tissues	of	interest.	

	

Thirdly,	there	are	a	few	concerns	once	TPP	compounds	are	taken	up	by	mitochondria.	

Compounds	 that	 are	enzymatic	 substrates	may	have	 their	 activity	 restricted	by	 steric	

hindrance	of	the	bulky	TPP	moiety,	which	can	decrease	the	access	of	the	bioactive	moiety	

to	the	active	site.	This	may	also	happen	due	to	TPP	tethering	hydrophobic	compounds	to	

the	 membrane/matrix	 interface	 of	 the	 IMM,	 which,	 as	 discussed	 previously,	 causes	

MitoQ10	 to	 be	 a	 poor	 substrate	 for	 Complex	 I	 and	 Complex	 III261.	 Since	 the	 bioactive	

moiety	 remains	attached	 to	TPP	after	 the	uptake,	 its	 transport	 across	 the	 IMM	 is	 still	

facilitated.	Thus,	 the	TPP	compound	 is	 equilibrated	with	 the	 cytosol	 and	extracellular	

environment	and	can	be	released	from	mitochondria	over	time20.	Currently	there	is	no	

way	 of	 delivering	 and	 subsequently	 locking	 compounds	 into	mitochondria	 using	 this	

delivery	strategy.	

	

Finally,	all	of	the	TPP	probes	that	allow	measurement	of	mitochondrial	function	in	vivo	

depend	on	extracting	and	quantifying	the	compounds	ex	vivo223,224,227.	Since	fluorescence	

is	 not	 an	 applicable	 method	 to	 in	 vivo	 models	 other	 than	 transparent	 ones	 such	 as	

Caenorhabditis	elegans,	there	is	currently	no	method	to	assess	mitochondrial	function	in	

vivo	in	other	organisms	without	the	need	of	tissue	homogenization.	

	

1.5	Summary	and	aims	

Mitochondria	 are	 vital	 for	 cellular	 homeostasis	 and	 consequently	 mitochondrial	

dysfunction	can	severely	hamper	normal	metabolism	and	lead	to	a	myriad	of	diseases.	In	

order	 to	 effectively	 treat	 them,	 it	 is	 important	 to	 firstly	 understand	 the	 mechanisms	
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involved	 in	 these	 pathologies	 by	 accurately	 assessing	 mitochondrial	 function.	 ROS	

generation	serves	as	an	example	of	how	crucial	it	is	to	have	sensitive,	organelle-specific	

quantification	methods,	since	their	effect	can	be	either	physiological	or	damaging	to	the	

cell	 depending	 on	 their	 concentration	 and	 sub-cellular	 localization.	 In	 addition	 to	

quantification	methods,	being	able	to	selectively	modulate	mitochondrial	function	is	also	

critical,	not	only	to	elucidate	the	biological	mechanisms	of	mitochondrial	pathologies,	but	

also	to	restore	mitochondrial	 function	and	successfully	 treat	 them.	These	 features	can	

only	be	achieved	by	 targeting	bioactive	 compounds	 selectively	 to	mitochondria.	Much	

progress	has	been	made	 in	 this	 field	by	 conjugating	drugs	and	probes	to	TPP	cations,	

however,	this	strategy	still	presents	some	limitations,	which	were	the	focus	of	this	thesis.	

	

Thus,	the	aims	of	this	thesis	were	as	follows;	

	

One.	Develop	a	strategy	of	targeting	compounds	to	mitochondria	by	conjugation	with	the	

TPP	 cation	 through	 labile	 linkers,	 which	 should	 only	 be	 cleaved	 after	 mitochondrial	

uptake,	 therefore	 releasing	 the	 bioactive	 compound	 from	 TPP	 in	 mitochondria.	 This	

strategy	would	overcome	the	issues	concerning	decrease	of	the	compound’s	activity	in	

mitochondria	by	steric	hindrance	or	tethering	by	the	TPP	cation	to	the	membrane/matrix	

interface	of	the	IMM.	It	would	also	allow	the	development	of	“lock	in”	compounds	that,	

once	released	from	TPP	inside	mitochondria,	can	no	longer	cross	the	IMM	and	therefore	

could	permanently	atone	for	deficiencies	of	mitochondrial	components,	for	example	of	

the	respiratory	chain.	Using	cleavable	linkers	to	conjugate	molecules	to	TPP	would	also	

allow	the	delivery	of	bioactive	compounds	that	would	still	be	able	to	cross	the	IMM	once	

detached	from	TPP,	but	at	a	slower	rate,	thus	allowing	the	slow	release	of	drugs	or	probes	

into	the	cytosol.	

	

Two.	Further	develop	the	strategy	of	using	a	cleavable	mask	to	conceal	the	charges	of	

polar	 compounds	 i.e.	 phosphate	 groups	 with	 the	 aim	 to	 improve	 their	 uptake	 into	

mitochondria,	in	continuation	of	the	work	initiated	by	Dr.	Peter	G.	Finichiu.	

	

Three.	Explore	 the	 click	 chemistry	 approach	 to	 create	 a	 probe	 capable	 of	measuring	

membrane	potential	in	vivo	in	live	models,	without	the	need	for	tissue	homogenization.	
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Four.	Investigate	the	uptake	of	a	dicationic	TPP	compound	in	order	to	determine	whether	

attaching	 a	 cargo	 to	 two	 TPP	 cations	 would	 accelerate	 and	 increase	 its	 uptake	 into	

mitochondria,	as	well	as	increase	its	retention	time.	This	way,	less	concentrated	doses	

would	be	necessary	and	measurements	would	be	possible	for	longer	periods	with	a	single	

administration	of	the	probe.	

	

I	will	 cover	 the	 first	 aim	 in	 Chapter	 3,	where	 I	will	 present	 a	 bioinformatics	 analysis	

developed	 to	 identify	 candidate	 chemical	 linkers	 that	 would	 be	 stable	 in	 the	

extramitochondrial	environment	but	cleaved	inside	the	organelle,	as	well	as	describe	the	

development	of	 a	 fluorescent	screening	method	 to	rapidly	assess	 the	efficacy	of	 these	

linkers	across	multiple	sample	types.	Aim	one	will	also	be	explored	in	Chapter	4,	where	I	

will	discuss	the	use	of	a	cleavable	linker	to	conjugate	idebenone	to	TPP	in	order	to	deliver	

hydrophobic	 compounds	 to	mitochondria	without	 subsequent	 interference	 from	TPP.	

The	 delivery	of	 hydrophilic	 compounds	will	 be	 explored	 in	 Chapter	 5,	 in	which	 I	will	

report	 the	 results	 on	 the	 employment	 of	 a	 cleavable	mask	 to	 improve	mitochondrial	

uptake	of	a	phosphorylated	cargo	in	cells.	In	Chapter	6,	I	will	discuss	the	development	of	

a	 probe	 to	 measure	 membrane	 potential	 in	 vivo	 in	 live	 models	 by	 simultaneously	

targeting	 two	 precursors	 to	 mitochondria	 that	 should	 react	 inside	 the	 organelle	 to	

generate	isotopically-labelled	nitrogen	gas	in	a	membrane	potential-dependent	manner,	

thus	allowing	its	measurement	by	analysis	of	expired	gases	in	live	organisms.	Finally,	in	

Chapter	7	I	will	explore	the	effects	of	modifying	the	hydrogen	peroxide	probe	MitoB	by	

conjugating	boronic	acid	to	two	TPP	cations	with	the	purpose	of	investigating	whether	

dicationic	TPP	compounds	have	increased	uptake	and	retention	into	mitochondria.	

	



 

	
	

	

	 	



 

	

	

	

	

	

	

	

Chapter	2	

Materials	and	Methods	

	 	



 

	
	 	



 51	

Chapter	2:	Materials	and	Methods	

2.1	Consumables	

2.1.1	Chemicals	

All	reagents	were	purchased	from	Merck	(formerly	Sigma-Aldrich),	UK,	unless	otherwise	

specified.	Non-commercialized	TPP	compounds	were	synthesized	in	the	laboratories	of		

Prof.	Richard	C.	Hartley	(University	of	Glasgow,	Scotland,	UK	-	MitoCoumarin,	MitoTPP,	

MitoBN3,	MitoBCN,	d15-MitoBCN,	MitoBCNtet,	d15-MitoBCNtet,	MitoPN3,	MitoB-click,	d15-

MitoB-click,	 MitoP-click,	 d15-MitoP-click,	 Mito2B,	 d15-Mito2B,	 Mito2P,	 d15-Mito2P,	 o-

xyleneBisTPP,	 m-xyleneBisTPP,	 p-xyleneBisTPP,	 MitoB,	 d15-MitoB,	 MitoP,	 d15-MitoP),	

Prof	Robin	A.	J.	Smith	(University	of	Otago,	Dunedin,	New	Zealand	-	TME,	MitoQ10OCO2,	

d15-MitoQ,	MitoAzido,	MitoAP,	MitoEP,	MitoOct,	MitoPhTet,	OctClickPhTet,	pentynylTPP)	

and	Prof.	David	Larsen	(University	of	Otago,	Dunedin,	New	Zealand	-	TPPClcycloSal).	The	

pH	of	solutions	was	adjusted	at	room	temperature	(RT)	using	a	calibrated	3310	pH	meter	

(Jenway).	 Water	 used	 in	 all	 experiments,	 unless	 specified,	 was	 Milli-Q	 filtered	 to	 a	

resistivity	of	18.2	MΩ.cm	at	room	temperature	(Merck).		

	

2.1.2	Stocks	

Stock	solutions	of	TPP	compounds	(40	mM),	rotenone	(4	mg/ml),	carbonyl	cyanide	p-

(trifluoromethoxy)phenylhydrazone	 (FCCP;	 100	 µM),	 oligomycin	 (5	 mg/ml)	 and	

nigericin	(10	µM)	were	prepared	in	absolute	ethanol	(VWR).	Succinate	(1	M),	glutamate	

(1	M)	 and	malate	 (1	M)	were	 dissolved	 in	water	 and	 adjusted	 to	 pH	7	with	KOH.	All	

solutions	were	stored	at	-20ºC.	

	

2.1.3	Buffer	compositions	

KCl	 buffer:	 120	 mM	 KCl	 (Fisher	 Scientific),	 10	 mM	 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic	acid	(HEPES),	1	mM	ethylene	glycol-bis(β-aminoethyl	ether)-	

N,N,N’,N’-tetraacetic	acid	(EGTA),	pH	7.2	(adjusted	with	KOH);	

STE:	250	mM	sucrose,	5	mM	Tris,	1	mM	EGTA,	pH	7.4	(adjusted	with	HCl);	

STE	 +	 BSA:	 STE	 buffer	 supplemented	 with	 0.1%	 (w/v)	 fatty-acid	 free	 bovine	 serum	

albumin	(BSA).	
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2.1.4	Reverse-phase	high-performance	liquid	chromatography	(RP-HPLC)	solutions	

RP-HPLC	buffers	were	prepared	using	HPLC-grade	acetonitrile	(ACN)	(Fisher	Scientific),	

LC/MS-grade	water	 (Fisher	 Scientific)	 or	Milli-Q	water	 and	 trifluoroacetic	 acid	 (TFA)	

(Fluka	 Analytical)	 as	 described	 below	 (v/v)	 and	 degassed	 daily	 by	 sonication	 (15	

minutes,	RT)	with	a	Bransonic	CPX3800-E	ultrasonic	bath	(Branson,	USA).	

	

HPLC	buffer	A:	0.1%	TFA	in	water;	

HPLC	buffer	B:	0.1%	TFA	in	ACN.	

	

2.1.5	Mass	spectrometry	(MS)	solutions	

MS	solutions	were	prepared	as	described	below	(v/v)	using	LC/MS-grade	water	(Fisher	

Scientific),	far	UV/gradient	quality	ACN	(Romil)	and	formic	acid	(FA)	(Honeywell	Fluka,).	

	

MS	buffer	A:	95%	water,	5%	ACN,	0.1%	FA;	

MS	buffer	B:	10%	water,	90%	ACN,	0.1%	FA;	

Strong	needle	wash:	20%	water,	80%	ACN,	0.1%	FA;	

Weak	needle	wash	and	seal	wash:	95%	water,	5%	ACN;	

Injection	buffer:	80%	water,	20%	ACN,	0.1%	FA.	

	

2.1.6	Cell	culture	media,	buffers	and	reagents	

All	cell	culture	solutions	were	stored	at	4ºC	and	warmed	to	37ºC	in	a	heated	waterbath	

before	use.	

	

Standard	 medium:	 Dulbecco’s	 Modified	 Eagle	 Medium	 (DMEM,	 Gibco)	 +	 GlutaMAX™	

containing	4.5	g	L-1	D-glucose	and	1	mM	pyruvate,	supplemented	with	10%	(v/v)	foetal	

bovine	serum	(FBS,	E.U.-approved,	South	American	origin,	Gibco),	100	U	mL-1	penicillin	

and	100	µg	mL-1	streptomycin	(Pen	Strep,	Gibco);	

Phenol	red-free	DMEM:	DMEM	containing	4.5	g	L-1	D-glucose,	4	mM	L-glutamine,	25	mM	

HEPES,	no	sodium	pyruvate	or	phenol	red	(Gibco);	

DMEM	without	FBS:	standard	medium	without	the	addition	of	foetal	bovine	serum;	

DMEM	with	heat-treated	FBS	(HTFBS):	heat-treated	FBS	was	prepared	by	placing	it	in	a	

water	bath	at	65ºC	for	30	minutes,	vortexing	and	supplementing	DMEM	as	described	for	

the	standard	medium;	
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Serum-free	medium	 (SFM):	 EX-CELL	HeLa	 Serum-Free	Medium	 for	HeLa	 Cells	 or	 EX-

CELL	293	Serum-Free	Medium	for	HEK	293	Cells,	as	described	 in	 figure	 legends,	both	

supplemented	with	6	mM	L-glutamine	(Gibco);	

RPMI	 medium:	 RPMI	 medium	 1640	 (Gibco)	 +	 GlutaMAX™	 containing	 25	 mM	 Hepes,	

supplemented	with	10%	(v/v)	FBS,	100	U	mL-1	penicillin	and	100	µg	mL-1	streptomycin	

(Pen	Strep,	Gibco);	

Phosphate-buffered	saline	(PBS):	Dulbecco’s	Phosphate	Buffered	Saline	(Gibco)	without	

calcium,	magnesium	or	phenol	red;	

Trypsin:	Trypsin-EDTA	0.25%	with	phenol	red	(Gibco).	

	

2.2	Preparations	

2.2.1	Cell	culture	maintenance	

C2C12	mouse	C3H	myoblast	 cells	 (European	Collection	of	Cell	Cultures,	ECACC)	were	

cultured	 in	 T75	 or	 T125	 (Thermo	 Scientific,	 Nunclon	 Delta	 Surface,	 vented)	 flasks	

containing	standard	medium	and	incubated	in	a	humidified	atmosphere	(5%	CO2/95%	

air)	 at	 37ºC	 until	 ~	 70%	 confluency,	 at	 which	 point	 they	 were	 subcultured.	 For	

subculturing,	the	medium	was	removed	from	the	flask	and	the	cells	were	washed	once	

with	PBS.	Trypsin	(1.5	mL	for	T75	or	3	mL	for	T125	flasks)	was	added	and	the	cells	were	

incubated	at	37ºC	for	3	–	5	minutes,	after	which	they	were	resuspended	in	3.5	mL	(T75)	

or	7	mL	(T125)	standard	medium	and	centrifuged	at	195	x	g	for	3	minutes	at	RT.	The	

supernatant	was	 carefully	 discarded,	 cells	were	 resuspended	 in	 fresh	 5	mL	 standard	

medium	and	seeded	at	1/10	–	1/75	dilution	into	a	new	flask.	

	

Jurkat	 clone	 E6-1	 acute	 T	 cell	 leukaemia	 cells	 (TIB-152,	 American	 Type	 Culture	

Collection,	 ATCC)	 were	 cultured	 in	 T75	 or	 T125	 (Thermo	 Scientific,	 Nunclon	 Delta	

Surface,	 vented)	 flasks	 containing	 RPMI	 medium	 and	 incubated	 in	 a	 humidified	

atmosphere	(5%	CO2/95%	air)	at	37ºC	until	a	maximum	cell	density	of	3	million	cells	mL-

1,	at	which	point	they	were	subcultured.	For	subculturing,	an	aliquot	was	diluted	1/10	–	

1/75	into	a	new	flask	containing	fresh	medium.	
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2.2.2	Animals	

All	 procedures	 were	 carried	 out	 in	 accordance	 with	 the	 UK	 Animals	 (Scientific	

Procedures)	Act	1986	and	the	University	of	Cambridge	Animal	Welfare	Policy.	Female	

Wistar	 rats	 and	male	or	 female	 C57BL/6	mice	 (Charles	River	Laboratories,	 UK)	were	

maintained	in	pathogen-free	facilities	with	ad	libitum	chow	and	water	until	4	–	6	or	8	-	12	

weeks	old,	respectively,	for	experimental	use.	

	

2.2.3	Isolation	of	rat	liver	and	heart	mitochondria	

Mitochondria	were	prepared	by	differential	 centrifugation	as	described	previously	by	

Chappell	and	Hansford319.	All	steps	were	carried	out	on	ice	and	the	centrifugation	steps	

were	performed	at	4ºC.	Female	Wistar	rats	(4	-	6	weeks	old,	250	–	400	g)	were	culled	by	

stunning	and	cervical	dislocation	prior	to	harvesting	the	tissue.	

	

In	the	case	of	liver	mitochondria,	the	fresh	liver	was	rinsed	multiple	times	in	ice-cold	STE	

buffer	before	and	after	cutting	into	small	pieces.	The	tissue	was	then	homogenized	in	STE	

buffer	(approximately	40	mL)	using	a	55	mL	Dounce	homogenizer	with	a	 loose-fitting	

pestle	(Fisher	Scientific)	5	to	8	times,	until	a	homogenous	suspension	was	formed.	This	

was	transferred	to	a	50	mL	centrifuge	tube	and	centrifuged	for	3	minutes	at	1000	x	g.	The	

resulting	supernatant	was	centrifuged	at	10,000	x	g	for	10	minutes.	The	mitochondrial	

pellet	was	separated	from	the	pelleted	blood	with	a	glass	rod,	resuspended	in	STE	and	

centrifuged	 again	 at	 10,000	 x	 g	 for	 10	 minutes.	 The	 resulting	 mitochondria	 were	

resuspended	 in	approximately	5	mL	of	STE.	Protein	concentration	was	determined	by	

BCA	assay,	typically	achieving	concentrations	of	50	mg	mL-1.	The	isolated	mitochondria	

were	kept	on	ice	and	used	within	4	hours	of	the	start	of	the	isolation	from	the	harvested	

tissue.	

	

For	rat	heart	mitochondria,	2	-	3	fresh	hearts	were	rinsed	four	times	in	ice-cold	STE	+	BSA	

buffer	before	and	after	cutting	into	small	pieces.	The	tissue	was	homogenized	using	an	

Ultra-Turrax	T	25	homogenizer	in	STE	+	BSA	buffer	at	13,000	revolutions	minute-1	for	

four	pulses	of	10	seconds,	with	10	seconds	rest	on	ice	between	pulses	to	prevent	heating	

of	 the	 sample.	 The	 sample	 was	 then	 further	 homogenized	 using	 a	 55	 mL	 Dounce	

homogenizer	with	a	tight-fitting	pestle	(Fisher	Scientific)	4	to	5	times,	until	a	homogenous	

suspension	was	formed.	This	was	transferred	to	a	50	mL	centrifuge	tube	and	centrifuged	
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for	5	minutes	at	700	x	g.	The	resulting	supernatant	was	decanted	through	one	layer	of	

muslin	previously	wetted	with	STE	+	BSA	and	centrifuged	at	10,000	x	g	for	10	minutes.	

The	 mitochondrial	 pellet	 was	 separated	 from	 the	 pelleted	 blood	 with	 a	 glass	 rod,	

resuspended	 in	 STE	 +	 BSA	 and	 centrifuged	 again	 at	 10,000	 x	 g	 for	 10	 minutes.	 The	

resulting	mitochondria	were	resuspended	in	approximately	300	µL	STE	+	BSA.	Protein	

concentration	was	determined	by	BCA	assay,	typically	achieving	concentrations	of	20	mg	

mL-1.	The	isolated	mitochondria	were	kept	on	ice	and	used	within	4	hours	of	the	start	of	

the	isolation	from	the	harvested	tissue.	

	

2.2.4	Chemical	reactions	

Chemical	 reactions	 to	 investigate	 the	 reactivity	 of	 TPP	 compounds	 in	 the	 absence	 of	

biological	 components	 were	 carried	 out	 in	 KCl	 buffer	 at	 37ºC	 in	 a	 thermoshaker	

(Eppendorf	Thermomixer	Compact)	at	1000	rpm,	at	concentrations	and	for	time	periods	

indicated	in	the	figure	legends.	

	

2.2.5	Linker	hydrolysis	

To	test	whether	the	buffer	promoted	the	hydrolysis	of	a	cleavable	linker,	the	compound	

was	 incubated	 in	 KCl	 buffer	 pH	 7.2	 or	 8	 at	 37ºC	 in	 a	 thermoshaker	 (Eppendorf	

Thermomixer	Compact)	at	1000	rpm,	at	concentrations	and	for	time	periods	indicated	in	

the	figure	legends.	

	

Chemical	hydrolysis	of	TME	was	induced	by	incubating	5	µM	TME	in	KCl	buffer	pH	12	at	

80ºC	for	one	hour	prior	to	RP-HPLC	analysis.	Chemical	hydrolysis	of	MitoCoumarin	was	

induced	by	adding	5	mM	NaOH	to	5	µM	MitoCoumarin	 in	KCl	buffer	pH	7.2	at	27ºC	1	

minute	after	fluorescence	started	to	be	recorded	as	described	in	2.4.5.	

	

To	test	whether	the	cleavage	of	the	linker	in	MitoQ10OCO2	and	TME	would	be	catalysed	

by	esterases,	200	µM	MitoQ10OCO2	or	TME	were	incubated	in	KCl	buffer	pH	7.2	with	24	U	

mL-1	porcine	liver	esterase	in	a	thermoshaker	(Thermo	Scientific)	at	1000	rpm.	After	0,	

15,	30,	60	and	120	minutes,	20	µL	samples	were	collected	and	mixed	with	250	µL	HPLC	

buffer	B	and	730	µL	HPLC	buffer	A,	then	filtered	and	analysed	by	RP-HPLC	as	described	

in	2.4.3.	
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Hydrolysis	of	 the	 cycloSal	mask	 in	TPPClcycloSal	by	various	 cell	media	was	 tested	by	

incubating	1	µM	TPPClcycloSal	in	standard	medium,	DMEM	with	heat-treated	FBS,	DMEM	

without	FBS,	HEK	serum-free	medium,	HeLa	serum-free	medium	and	KCl	buffer	pH	7.2	

at	37ºC	for	24	hours,	after	which	the	samples	were	analysed	by	LC-MS/MS	as	described	

in	2.4.7.	

	

2.2.6	Reduction	of	MitoQ10OCO2	and	idebenone	

Ethanol	pH	2	was	prepared	by	acidifying	10	mL	absolute	ethanol	with	1	µL	HCl	6	M.	

MitoQ10OCO2	and	idebenone	were	reduced	by	adding	1	mL	water	and	10	mg	NaBH4	to	1	

mL	of	a	10	mM	MitoQ10OCO2	or	idebenone	solution	prepared	with	95%	ethanol	pH	2.	The	

resulting	solution	was	vortexed	with	3	mL	of	diethyl	 ether	2:1	 cyclohexane	 (v/v),	 the	

upper	fraction	was	collected	and	vortexed	with	1	mL	of	2	M	NaCL.	Once	again,	the	upper	

fraction	was	collected	and	dried	under	a	stream	of	N2.	The	resulting	pellet	was	 finally	

dissolved	in	ethanol	pH	2	and	stored	under	argon	at	-20ºC	until	RP-HPLC	analysis.	

	

2.2.7	Preparation	of	TPP-C11-PO42-	and	TPP-C11-OH	from	TPPClcycloSal	for	MS	setup	

TPP-C11-PO42-	was	prepared	by	incubating	10	µM	TPPClcycloSal	in	KCl	buffer	pH	12	for	6	

hours	at	37ºC.	To	1	mL	of	 this	solution,	334	µL	HPLC	buffer	B	(25%)	was	added.	The	

sample	was	then	filtered	and	injected	in	the	RP-HPLC	as	described	in	2.4.3.	The	product	

eluted	at	49%,	corresponding	to	TPP-C11-PO42-,	was	collected	and	dried	under	vacuum	

overnight	to	remove	the	TFA.	TPP-C11-PO42-	was	then	resuspended	in	MS	injection	buffer	

and	 used	 to	 set	 up	 the	 LC-MS/MS	 detection	 method.	 To	 prepare	 TPP-C11-OH,	 the	

remaining	TPP-C11-PO42-	stock	was	dried	under	vacuum	overnight	and	resuspended	in	

10	µL	ethanol,	then	incubated	with	50	µL	bovine	alkaline	phosphatase	1000	U	in	750	µL	

KCl	buffer	pH	9	at	37ºC	for	10	minutes.	To	that,	250	µL	HPLC	buffer	B	was	added	and	the	

sample	was	filtered	and	injected	in	the	RP-HPLC	as	described	in	2.4.3.	The	product	eluted	

at	58%	buffer	B,	corresponding	to	TPP-C11-OH,	was	collected	and	dried	under	vacuum	

overnight	to	remove	the	TFA.	TPP-C11-OH	was	then	resuspended	in	MS	injection	buffer	

and	used	to	set	up	the	LC-MS/MS	detection	method.	The	elution	times	of	TPP-C11-PO42-	

and	TPP-C11-OH	were	previously	determined	by	Dr.	Peter	G.	Finichiu320.	
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2.2.8	Oxidation	of	Mito2B	with	hydrogen	peroxide	

The	oxidation	of	Mito2B	with	hydrogen	peroxide	was	analysed	by	absorbance	and	RP-

HPLC.	 0.1	 mM	Mito2B	was	 added	 to	 KCl	 buffer	 pH	 7.2	 at	 37ºC	 and	 absorbance	 was	

measured	in	at	290	nm	over	time	as	described	in	2.4.4.	After	30	seconds,	1,	2.5	or	5	mM	

H2O2	were	added.	KCl	buffer	containing	1	mM	H2O2	was	used	as	a	blank.	For	the	second	

analysis,	2.5	µM	Mito2B	was	incubated	with	25	µM	H2O2	in	KCl	buffer	pH	7.2	at	37ºC	for	

5	or	30	minutes	and	analysed	by	RP-HPLC	as	described	in	2.4.3.	

	

2.3	Uptake	of	targeted	compounds	

2.3.1	Incubation	of	targeted	compounds	with	isolated	mitochondria	

KCl	buffer	was	pre-heated	to	37ºC	and	supplemented	with	4	µg	mL-1	rotenone	and	10	mM	

succinate	(adjusted	to	pH	7	with	KOH),	unless	otherwise	stated	in	the	figure	legend	that	

10	mM	malate	and	10	mM	glutamate	(adjusted	to	pH	7	with	KOH)	were	used.	The	TPP	

compound	 of	 interest	 and	 the	 appropriate	 internal	 standard	 were	 added,	 at	

concentrations	 indicated	 in	 each	 figure.	 To	 the	 buffer	 0.5	 -	 2	mg	mL-1	mitochondrial	

protein	was	added	(as	indicated	in	the	figure	legends),	mixed	by	inversion	three	times	

and	incubated	in	a	thermoshaker	(Eppendorf	Thermomixer	Compact)	at	1000	rpm,	37ºC	

for	the	time	indicated	in	the	figure	legends.	Where	FCCP	was	used,	1	µM	was	added	to	the	

buffer	prior	to	mitochondria.	Similarly,	100	nM	nigericin	was	added	to	the	buffer	where	

stated.	After	incubation,	the	samples	were	immediately	centrifuged	at	10,000	x	g,	4ºC	for	

5	minutes.	The	supernatant	(supernatant	fraction)	was	collected	and	stored	at	-20ºC,	and	

the	pellet	was	carefully	dried	with	tissue	paper	and	resuspended	in	250	µL	HPLC	buffer	

B	firstly	with	a	disposable	plastic	pestle	(Bio	Basic	Canada	Inc)	and	then	by	vortexing	for	

5	minutes	using	Vortex-Genie	2	(Scientific	Industries).	The	centrifugation	was	repeated	

and	the	supernatant	(mitochondrial	fraction)	was	collected	and	stored	in	a	glass	vial	at				

-20ºC.	To	test	 if	hydrolysis	of	 the	cleavable	 linker	takes	place	before	the	compound	 is	

taken	 up	 by	 mitochondria,	 1	 mg	 mL-1	 mitochondrial	 protein	 was	 added	 to	 the	

supplemented	 KCl	 buffer	 and	 centrifuged	 at	 10,000	 x	 g,	 4ºC	 for	 5	 minutes.	 The	

supernatant	was	collected	and	to	it	the	TPP	compound	and	internal	standard	were	added	

as	described	in	figure	legends.	The	sample	was	incubated	in	the	thermoshaker	at	1000	

rpm,	37ºC	for	1	minute,	then	snap-frozen	on	dry	ice	and	stored	at	-20ºC	until	RP-HPLC	or	

LC-MS/MS	analysis.	
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2.3.2	Incubation	of	TPPClcycloSal	with	C2C12	cells	

C2C12	 cells	 were	 plated	 in	 6	 well	 plates	 (Corning	 Costar)	 in	 triplicate	 at	 250,000	

cells/well	and	grown	overnight	in	standard	medium.	The	medium	was	then	removed	and	

cells	were	washed	with	PBS	before	HeLa	SFM	with	1	µM	TPPClcycloSal	was	added.	Cells	

were	incubated	for	0	-	24	hours	at	37ºC,	5%	CO2/95%	air.	For	each	sample,	an	extra	plate	

was	incubated	in	parallel	and	used	to	count	the	cells	at	the	end	of	the	incubation	period.	

TPPClcycloSal	was	also	added	to	medium	and	incubated	for	up	to	24	hours	with	no	cells.	

After	the	treatment,	1	mL	of	supernatant	was	collected	and	immediately	snap-frozen	in	

dry	ice.	Cells	were	then	washed	with	PBS,	after	which	1	mL	of	fresh	PBS	was	added	to	the	

wells	 and	 the	 cells	 were	 scraped	 using	 25	 cm	 scrapers	 (Sarstedt).	 The	 cells	 were	

centrifuged	at	16,000	x	g	for	3	minutes,	the	supernatant	was	discarded	and	the	pellet	was	

centrifuged	again.	Any	PBS	left	was	carefully	removed	with	tissue	paper	and	the	pellets	

were	frozen	on	dry	ice.	All	samples	were	stored	at	-80ºC	until	extraction	for	LC-MS/MS	

as	described	in	2.4.7.	

	

2.3.3	Incubation	of	Mito2B	with	Jurkat	cells	

Jurkat	cells	(3	million	mL-1)	were	incubated	with	5	µM	Mito2B	±	500	nM	FCCP	or	5	µM	

sodium	 tetraphenylborate	 (TPB)	 in	PBS	with	1	mM	sodium	pyruvate	at	37ºC	and	5%	

CO2/95%	air	for	0,	15,	30,	60	and	120	minutes.	The	cells	were	then	centrifuged	(16,000	

x	g,	3	minutes),	the	supernatant	was	discarded	and	the	pellets	were	carefully	dried	with	

tissue	paper.	The	pellets	were	snap-frozen	in	dry	ice	and	stored	at	-20ºC	until	extraction	

for	LC-MS/MS	analysis	the	following	day,	as	described	in	2.4.7.	

	

2.3.4	In	vivo	injections	

In	 vivo	 injections	 were	 performed	 in	 collaboration	 with	 Dr.	 Andrew	 Hall	 (MRC	

Mitochondrial	Biology	Unit,	University	of	Cambridge,	UK),	Dr.	Ana-Mishel	Spiroski	and	

Ms	Volha	Sauchanka	(Department	of	Medicine,	University	of	Cambridge,	UK).	Procedures	

were	approved	to	be	carried	out	under	the	Project	License	70/7963.	Mice	(C57BL/6,	20	

–	30	g)	aged	5	-	8	weeks	were	injected	with	10	nmols	of	either	a	combination	of	MitoBN3	

and	MitoBCN,	MitoB-click	or	Mito2B.	Stocks	were	diluted	into	saline	and	a	100	µL	bolus	

was	injected	via	the	tail	vein.	Mice	were	culled	by	cervical	dislocation	at	the	time	points	

indicated	in	the	figure	legends	and	the	blood,	heart,	lung,	liver,	kidneys,	urine	and	brain	
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were	collected	and	immediately	frozen	by	submersion	in	liquid	nitrogen.	Samples	were	

stored	at	-80ºC	until	extraction	for	mass	spectrometry	analysis.	

	

2.4	Detection	techniques	

2.4.1	Protein	concentration	

Protein	 concentration	was	determined	using	a	BCA	Protein	Assay	Kit	 (Thermo	Fisher	

Scientific).	A	standard	curve	with	0,	0.4,	0.8,	1.2,	1.6	and	2	mg	mL-1	bovine	serum	albumin	

(BSA)	was	prepared	each	time	in	2%	(v/v)	Triton	X-100	(Fisher	Scientific)	solution	in	

water	and	analysed	on	the	same	plate	as	the	samples.	Samples	were	diluted	1:75	(liver)	

or	1:10	(heart)	in	2%	(v/v)	Triton	X-100.	To	10	µL	of	sample	or	standard	curve,	200	µL	

of	kit	reagent	A	50:1	reagent	B	were	added.	The	plate	was	incubated	at	RT	for	30	minutes	

on	a	platform	rocker	STR6	(Bibby	Stuart)	and	the	absorbance	was	measured	at	562	nm	

on	Spectramax	Plus	384	(Molecular	Devices).	The	protein	concentration	of	the	samples	

was	 determined	 by	 interpolation	 of	 the	 standard	 curve	 and	 considering	 the	 dilution	

factor.	

	

2.4.2	Cell	count	

Cells	were	 counted	 by	 adding	 5	 µL	Trypan	Blue	 (Bio-Rad)	 to	 5	 µL	 cell	 suspension	 in	

culture	medium,	pipetting	the	mixture	into	cell	counting	chamber	slides	(Invitrogen)	and	

detecting	cell	concentration	and	viability	using	Countess	II	FL	Automated	Cell	Counter	

(Life	Technologies),	typically	achieving	values	of	0.5	–	4	million	cells	mL-1	and	80	–	100%	

viability.	

	

2.4.3	Reverse-phase	high-performance	liquid	chromatography	(RP-HPLC)	

Reverse-phase	 high-performance	 liquid	 chromatography	 was	 performed	 using	 a	 C18	

column	(Jupiter	300A,	Phenomenex)	with	a	Widepore	C18	Guard	Column	(Phenomenex)	

and	a	Gilson	321	pump.�The	mobile	phase	was	a	gradient	of	HPLC	buffer	A	and	B	using	

trifluoroacetic	 acid	 as	 an	 ion-pairing	 agent.	 With	 the	 exception	 of	 TPPClcycloSal,	 the	

gradient	was:	0	–	2	min,	5%	HPLC	buffer	B;	2	–	17	min,	5	–	100%;	17	–	20	min,	100%;	20	

–	22	min,	100	–	5%	(flow	rate:	1	mL	min-1).	For	TPPClcycloSal,	the	gradient	was:	0	–	2	

min,	5%	HPLC	buffer	B;	2	–	7	min,	5	–	15	%;	7	-	33	min,	15	–	100%;	33	–	36	min,	100%;	

36	–	40	min,	100	–	5%	(flow	rate:	2	mL	min-1).	Buffer	B	and	buffer	A	were	added	to	the	
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samples	resulting	in	a	25%	buffer	B	solution,	which	was	vacuum	filtered	using	P3	protein	

precipitation	plates	 (Porvair	Sciences)	before	0.7	mL	were	 injected	 into	the	HPLC.	All	

samples	were	 detected	 by	 absorbance	 at	 220	 nm,	where	 the	TPP	 cation	 presents	 the	

highest	 absorbance	 (Figure	 15),	 using	 a	 Gilson	 UV/Vis-151	 spectrophotometer.	

Compound	 standards	 were	 used	 to	 determine	 elution	 times	 and	 the	 software	

programmes	Chart	5	(AD	Instruments)	or	Trilution	LC	(Gilson)	were	used	to	measure	

peak	areas.	

	
Figure	15.	Typical	absorbance	spectrum	of	a	TPP	compound.	Absorbance	spectrum	of	5,	10	and	20	µM	TPMP	in	
KCl	buffer	pH	7.2	as	 a	 representative	of	 the	absorbance	 spectrum	of	TPP	compounds,	which	 typically	present	 the	
highest	absorbance	at	220	nm.	

	

2.4.4	Ultraviolet/Visible	(UV/Vis)	spectra	

Absorbance	spectra	were	obtained	in	KCl	buffer	pH	7.2	at	37ºC	using	concentrations	of	

TPP	compounds	indicated	in	the	figure	legends.		Measurements	were	done	in	a	QG	10.00	

mm	 quartz	 cuvette	 at	 200	 –	 400	 nm	 using	 a	 Shimadzu	 UV-	 2600	 UV-VIS	 recording	

spectrophotometer.	

	

2.4.5	Fluorescence	

The	fluorescence	spectrum	of	0.5,	0.1,	0.2	and	0.5	µM	coumarin	in	KCl	buffer	pH	7.2	at	

37ºC	was	obtained	using	a	Shimadzu	RF-5309PC	spectrometer	and	a	QG	10.00	mm	quartz	

cuvette.	The	same	equipment	was	used	to	measure	fluorescence	when	NaOH	was	added	

to	MitoCoumarin	 as	 described	 in	 2.2.6.	 Fluorescence	measurements	 for	 the	 coumarin	

standard	curve	and	incubation	of	MitoCoumarin	with	isolated	mitochondria	were	done	

in	96	well	plates	(Corning	Costar)	unless	stated,	at	λex	330	nm	(excitation	wavelength),	

λem	450	nm	(emission	wavelength)	and	37ºC	using	a	Spectra	MAX	Gemini	XS	fluorometric	

plate	reader	(Molecular	Devices).	Any	necessary	solutions	were	prepared	in	KCl	buffer	

pH	7.2.	
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2.4.6	Tandem	mass	spectrometry	(MS/MS)	

Determination	of	the	MS	fragmentation	patterns	of	TPP	compounds	for	subsequent	LC-

MS/MS	 analysis	 of	 samples	 was	 carried	 out	 by	 using	 a	 triple-quadrupole	 mass	

spectrometer	(Waters	Xevo	TQ-S),	with	running	buffers	A	and	B	and	needle	wash	buffers	

as	 described	 in	 2.1.5.	 Nitrogen	 and	 argon	 were	 used	 as	 curtain	 and	 collision	 gases,	

respectively.	 The	 compounds	 were	 directly	 infused	 (50	 nM	 in	 injection	 buffer	 at	 50	

μl/min)	under	positive	ion	mode	with	parameters	as	shown	in	Table	1.	

	
Table	1.	MS/MS	settings	used	for	the	detection	of	TPP	compounds.	The	settings	for	MitoB-click	were	optimized	by	
Dr.	Angela	Logan.	

	 MitoQ10OCO2	 TPPClcycloSal	 MitoB-click	 Mito2B	
Source	spray	voltage	
(kV)	

2.80	 2.80	 3.00	 3.00	

Cone	voltage	(V)	 114	 114	 23	 23	
Ion	source	
temperature	(ºC)	 400	 400	 400	 400	

Collision	energy	(V)	 90	 90	 4	 4	
	

2.4.7	Liquid	chromatography	tandem	mass	spectrometry	(LC-MS/MS)	

Samples	were	prepared	for	LC-MS/MS	analysis	according	to	sample	type	and	compound	

to	be	detected.	For	isolated	mitochondria,	pellets	and	supernatants	were	defrosted	and	

95%	ACN	with	100	pmol	internal	standard	(d15-MitoQ)	was	added.	Samples	were	left	on	

ice	for	30	minutes	to	encourage	protein	precipitation,	then	centrifuged	at	16,000	x	g	for	

10	minutes.	The	supernatant	was	transferred	to	a	new	tube	and	centrifuged	again.	The	

final	supernatant	was	then	filtered	through	a	96	well	filter	plate	(Porvair	Sciences)	and	

dried	overnight	under	vacuum	(miVac	QUATTRO	Concentrator,	GeneVac).	Samples	were	

resuspended	in	20%	ACN/0.1%	FA,	centrifuged	and	the	supernatant	was	stored	at	-20ºC	

until	analysis.	

	

For	cell	samples,	the	same	protocol	for	isolated	mitochondria	was	followed.	In	the	case	of	

incubations	with	Mito2B,	0.1%	FA	 in	ACN	was	used	 instead	of	95%	ACN.	The	 internal	

standards	used	were	100	pmol	d15-MitoQ	for	TPPClcycloSal	and	100	pmol	d15-Mito2B/	

d30-Mito2P	for	Mito2B.	
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Mouse	tissues	(brain,	liver,	lung,	heart	and	kidney)	were	cut	into	approximately	50	±	5	

mg	pieces,	and	the	precise	weight	was	measured	for	each	piece,	to	which	60%	ACN/0.1%	

FA	with	100	pmol	internal	standard	(d15-MitoB	and	d30-MitoP	for	Mito2B,	d15-MitoBCN,	

d15-MitoBCNtet,	 d15-MitoB,	 d15-MitoP,	 d15-MitoB-click	 and	 d15-MitoP-click	 for	 MitoB-

click)	were	added.	The	 tissues	were	 then	homogenized	with	either	0.5	mm	zirconium	

oxide	beads	(liver,	kidney	and	brain)	or	0.9	–	2	mm	stainless	steel	beads	(heart)	(Web	

scientific)	in	a	bullet	blender	(Next	Advance	Storm	24)	at	speed	8	for	3	minutes	at	4ºC.	

This	step	was	repeated,	if	necessary,	until	all	tissue	was	homogenized.	Samples	were	then	

centrifuged	 (16,000	 x	 g,	 10	minutes)	 and	 to	 the	 supernatant	 60%	ACN/0.1%	FA	was	

added.	 Samples	were	 vortexed	 for	 10	 seconds	 and	 centrifuged.	 The	 supernatant	was	

filtered	 through	 a	 96	 well	 filter	 plate	 (Porvair	 Sciences)	 and	 dried	 overnight	 under	

vacuum	in	a	miVac	QUATTRO	concentrator	(GeneVac).	

	

For	the	LC-MS/MS	analysis	the	Xevo	TQ-S	triple-quadrupole	mass	spectrometer	with	the	

attached	 I-class	 Acquity	 LC	 system	 (Waters)	 was	 used.	 Samples	 were	 kept	 in	 the	

autosampler	at	4ºC	upon	injection	of	0.3-8	μl	into	a	15	μl	flow-through	needle	and	RP-

UPLC	at	30ºC	using	an	Acquity	UPLC®	BEH	C18	column	(1	x	50	mm,	1.7	μm,	Waters)	with	

a	Waters	UPLC	filter	(0.2μm).	MS	buffer	A	and	MS	buffer	B	were	used	at	200μl/min	for	

the	following	LC	gradients:	

	

MitoQ10OCO2:	0	–	0.3	min,	5%	buffer	B;	0.3	–	1	min,	5	–	100%	buffer	B;	1	–	1.5	min,	100%	

buffer	B;	1.5	–	2	min,	100	–	5%	buffer	B;	2	–	3	min,	5%	buffer	B.	Eluent	was	diverted	to	

waste	at	2.8	–	3	min.	

TPPClcycloSal:	0	–	0.3	min,	5%	buffer	B;	0.3	–	1	min,	5	–	100%	buffer	B;	1	–	1.5	min,	100%	

buffer	B;	1.5	–	2	min,	100	–	5%	buffer	B;	2	–	3	min,	5%	buffer	B.	Eluent	was	diverted	to	

waste	at	0	–	0.75	min	and	at	2	–	3	min.	

MitoB-click:	0	–	0.3	min,	5%	buffer	B;	0.3	–	8	min,	5	–	100%	buffer	B;	8	–	9	min,	100%	

buffer	B;	9	–	9.1	min,	100	–	5%	buffer	B;	9.1	–	10	min,	5%	buffer	B.	Eluent	was	diverted	

to	waste	at	0	–	2	min	and	at	8	–	10	min	(optimized	by	Dr.	Angela	Logan);	

Mito2B:	0	–	0.3	min,	5%	buffer	B;	0.3	–	2	min,	5	–	100%	buffer	B;	2	–	2.5	min,	100%	buffer	

B;	2.5	–	2.8	min,	100	–	5%	buffer	B;	2.8	–	3	min,	5%	buffer	B.	Eluent	was	diverted	to	waste	

at	0	–	0.75	min	and	2	–	3	min;	
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The	compounds	were	detected	in	multiple	reactions	monitoring	in	positive	ion	mode.	The	

precursor	to	product	transitions	resulting	from	the	MS	fragmentation	that	were	used	to	

quantify	the	TPP	compounds	are	shown	in	Table	2.	The	software	IntelliStart	was	used	to	

determine	the	optimal	cone	voltage	and	collision	energy	for	each	transition	considering	

the	source	spray	voltage	and	ion	source	temperature	determined	as	in	Table	1.	

	
Table	2.	Precursor	to	product	transitions	used	for	MS	detection	of	TPP	compounds.	Mass-to-charge	(m/z)	ratio	
of	 the	precursor	and	product	 ions	resulting	from	MS	fragmentation	that	were	used	in	the	identification	of	 the	TPP	
compounds,	including	for	internal	standards	(IS).	The	method	for	MitoB-click	was	developed	by	Dr.	Angela	Logan.	

Project	 Compound	
Precursor	
(m/z)	

Cone	
Voltage	
(V)	

Products	
(m/z)	

Collision	
Energy	
(V)	

MitoQ10OCO2	
MitoQ10OCO2	 655.45	 92	 183.16	 80	
2carbEtTPP	 335.28	 10	 183.35	 34	
d15-MitoQ	(IS)	 598.41	 94	 456.36	 54	

TPPClcycloSal	

TPPClcycloSal	 635.60	 100	 262.43	 52	
TPP-C11-PO42-	 513.54	 6	 262.37	 54	
TPP-C11-OH	 433.58	 98	 262.56	 40	
d15-MitoQ	(IS)	 598.41	 94	 456.36	 54	

MitoB-click	

MitoB-click	 509.84	 10	 183.09	 70	
d15-MitoB-click	(IS)	 517.35	 2	 191.09	 76	

MitoP-click	 495.90	 2	 183.09	 72	
d15-MitoP-click	(IS)	 503.41	 2	 191.10	 76	

MitoBCN	 496.27	 58	 183.09	 80	
d15-MitoBCN	(IS)	 511.35	 52	 191.10	 76	

MitoBN3	 523.22	 36	 183.03	 78	
d15-MitoB	(IS)	 412.27	 46	 191.07	 70	
MitoPN3	 495.22	 68	 183.03	 76	

d15-MitoP	(IS)	 384.24	 48	 191.06	 64	
MitoBCNtet	 626.35	 12	 183.08	 80	

d15-MitoBCNtet	(IS)	 641.35	 50	 191.09	 80	

Mito2B	

Mito2B	 336.35	 82	 107.99	 32	
d15-Mito2B	(IS)	 351.41	 90	 113.06		 32	

Mito2P	 322.35	 4	 107.98	 28	
d30-Mito2P	(IS)	 337.41	 12	 113.06	 30	

	

Chromatograms	showing	 all	 transitions	 for	 50	 nM	standards	 of	 each	 compound	were	

obtained	in	order	to	confirm	that	the	detection	was	specific	for	each	transition	(Figure	
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16-18).	The	method	for	MitoB-click	was	developed	by	Dr.	Angela	Logan	(transitions	not	

shown).	

	
Figure	16.	Detection	of	MitoQ10OCO2	by	LC-MS/MS.	Mass-to-charge	(m/z)	transitions	measured	simultaneously	for	
0.1	pmol	MitoQ10CO2,	d15-MitoQ	and	2carbEtTPP	stocks.	Each	trace	is	normalised	to	the	highest	peak	within	that	trace.	

	
Figure	17.	Detection	of	TPPClcycloSal	by	LC-MS/MS.	Mass-to-charge	(m/z)	transitions	measured	simultaneously	
for	 0.1	 pmol	 TPPClcycloSal,	 d15-MitoQ,	 TPP-C11-PO42-	 and	 TPP-C11-OH	 stocks.	 d15-MitoQ	 was	 used	 as	 an	 internal	
standard	due	to	the	lack	of	available	deuterated	stocks	of	each	compound	at	the	time.	Each	trace	is	normalised	to	the	
highest	peak	within	that	trace.	

	
Figure	18.	Detection	of	Mito2B	by	LC-MS/MS.	Mass-to-charge	(m/z)	transitions	measured	simultaneously	for	0.1	
pmol	d15-Mito2B,	d15-Mito2P,	Mito2B	and	Mito2P.	Each	trace	is	normalised	to	the	highest	peak	within	that	trace.	

Standard	curves	with	known	amounts	of	each	compound	were	prepared	in	parallel	with	

samples,	spiked	with	IS	and	extracted	following	the	protocol	for	the	respective	samples	

(Figure	19).	The	peak	area	of	each	compound	and	IS	of	samples	and	standard	curves	were	
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quantified	using	the	MassLynx	4.1	software.	The	amount	of	TPP	compound	in	the	sample	

was	determined	using	the	standard	curve.	

	
Figure	19.	LC-MS/MS	standard	curves	for	TPP	compounds.	LC-MS/MS	standard	curves	of	TPP	compounds	in	(A)	
KCl	buffer,	(B)	isolated	rat	heart	mitochondria	(1	mg	of	protein),	(C)	HeLa	SFM,	(D)	200,000	C2C12	cells,	(E	and	F)	50	
mg	 liver.	 Data	 are	 represented	 as	MS	 response,	which	 refers	 to	 compound	 peak	 area	 relative	 to	 the	 peak	 of	 the	
respective	internal	standard	(100	pmol	d15-MitoQ	for	TPPClcycloSal,	100	pmol	d15-MitoB-click	for	MitoB-click	and	100	
pmol	d15-MitoB	for	Mito2B).	

	

2.4.8	Cytotoxicity	

Cytotoxicity	was	measured	by	plating	5,000	C2C12	cells	(n	=	8	for	each	condition)	in	a	96	

well	plate	 (Corning	Costar)	and	 incubating	 them	 in	200	µL	standard	medium	at	37ºC,	

5%CO2/95%	air	overnight.	The	medium	was	then	removed	and	cells	were	washed	once	

with	phenol	red-free	DMEM.	Next,	phenol	red-free	DMEM	with	either	no	treatment	(low	

control	 i.e.	minimum	LDH	release),	2%	(v/v)	Triton	X-100	(high	control	i.e.	maximum	

LDH	release),	2%	ethanol,	2	%	dimethyl	sulfoxide	(DMSO),	0.75,	1.5,	3,	6,	12.5,	25	or	50	

µM	TPP	compound	were	added	to	the	cells	and	they	were	incubated	for	24	hours	unless	

otherwise	 stated	 in	 the	 figure	 legends.	 A	 control	 plate	was	 prepared	 containing	 only	

phenol	 red-free	 DMEM	 (background	 control),	 medium	 with	 50	 µM	 TPP	 compound,	

medium	with	0.05	U	mL-1	 lactate	dehydrogenase	 (LDH)	and	medium	with	50	µM	TPP	

compound	and	0.05	U	mL-1	LDH.	This	plate	was	also	incubated	for	24	hours.	Both	sample	

and	control	plates	were	centrifuged	at	250	x	g	for	10	minutes	and	100	µL	of	supernatant	

were	collected	and	cell	death	was	measured	as	lactate	dehydrogenase	activity	using	the	

LDH	Cytotoxicity	Detection	Kit	(Roche	Applied	Science)	after	incubating	for	15	minutes	
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at	RT.	Absorbance	was	measured	at	490	nm	(LDH	assay)	and	600	nm	(plate	background	

absorbance).	Final	results	were	calculated	by	subtracting	the	absorbance	of	the	plate	and	

the	absorbance	of	the	background	control.	The	control	plate	was	used	to	check	if	the	kit	

was	detecting	LDH	activity	and	whether	the	TPP	compound	could	affect	it.	Cytotoxicity	

was	expressed	as	either	percentage	of	cell	survival,	considering	the	untreated	cells	as	

100%,	or	as	raw	absorbance	results	for	each	condition.	

	

2.4.9	Cell	growth	

The	effect	of	TPP	compounds	in	C2C12	cell	growth	was	assessed	by	plating	2,000	cells	in	

triplicate	 in	 a	 24	 wells	 plate	 (Corning	 Costar)	 with	 500	 µL	 standard	 medium	 and	

incubating	at	37ºC,	5%	CO2/95%	air	for	4	hours.	The	medium	was	then	removed	and	to	

the	cells	500	µL	standard	medium	containing	either	no	compounds,	2%	ethanol	or	1	µM	

–	25	µM	TPP	compound	was	added,	as	stated	in	the	figure	legends.	The	final	percentage	

of	ethanol	in	all	TPP	incubations	was	2%.	Cell	growth	was	then	measured	as	confluence	

percentage	over	time	in	Incucyte	Zoom	(Essen	BioScience)	at	37ºC	and	5%	CO2/95%	air,	

taking	four	images	per	well	for	each	time	point.	

	

2.4.10	Cell	microscopy	

To	detect	MitoCoumarin	fluorescence	in	cells,	75,000	C2C12	cells	were	plated	in	35	mm	

diameter	glass	bottom	dishes	(Ibidi)	for	24	hours,	after	which	100	nM	MitoTracker	Red	

and	5	µM	MitoCoumarin	were	added	and	the	cells	were	incubated	for	30	minutes,	2,	4	or	

24	hours	at	37ºC,	5%CO2/95%	air.	Fluorescence	was	detected	at	350	nm	with	DAPI	filter	

using	 an	 Axio	 Overver	 z1	 microscope	 equipped	 with	 a	 HXP120V	 lamp	 and	 plan-

apochromat	 63x/1.4	 lens	 (ZEISS).	Quantifications	were	 performed	using	 the	 software	

Image	J	(NIH).	

	

2.5	Statistical	analysis	

Results	were	analysed	on	GraphPad	Prism	7.0	and	expressed	as	mean	±	standard	error	

of	the	mean	(SEM).	Statistical	significance	was	determined	by	unpaired,	two-tailed	t-test.	

Results	were	considered	significant	when	p-values	≤	0.05	and	annotated	as	ns	=	p	>	0.05,	

*	=	p	≤	0.05,	**	=	p	≤	0.01	and	***	p	≤	0.001.	
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2.6	Collaborations	

Collaborators	were	from	the	MRC	Mitochondrial	Biology	Unit,	University	of	Cambridge,	

UK,	 unless	 otherwise	 stated.	 Synthesis	 of	 all	 TPP	 compounds	were	 performed	 in	 the	

laboratories	of	Prof.	Richard	C.	Hartley	(University	of	Glasgow,	Scotland,	UK),	Prof.	Robin	

A.	 J.	 Smith	 and	 Prof.	 David	 Larsen	 (University	 of	 Otago,	 Dunedin,	 New	 Zealand)	 as	

described	 in	 2.1.1.	 Fluorescence	 microscopy	 of	 MitoCoumarin	 cell	 samples	 was	

performed	 with	 the	 assistance	 of	 Dr.	 Sara	 Vidoni.	 The	 bioinformatics	 analysis	 for	

cleavable	 linkers	 was	 done	 in	 collaboration	with	 Dr.	 Anthony	 C.	 Smith	 and	 Dr.	 Alan	

Robinson	 and	with	 the	 assistance	 of	Dr.	 Andrew	M.	 James.	 Initial	work	with	 cycloSal	

compounds	was	performed	by	Dr.	Peter	G.	Finichiu.	Incubations	of	TPPClcycloSal	with	

isolated	mitochondria	and	cells	were	carried	out	with	the	assistance	of	Mr	Filip	Cvetko.	

Ms	Joanna	Hutchings	often	contributed	to	the	design	of	tissue	culture	experiments.	In	vivo	

injection	of	MitoB-click	and	the	precursors	MitoBCN	and	MitoBN3	was	performed	by	Dr.	

Andrew	R.	Hall,	extraction	 from	tissues	was	done	by	Dr.	Yang	Liu	and	analysis	by	LC-

MS/MS	 was	 developed	 by	 Dr.	 Angela	 Logan.	 Mito2B	 experiments	 were	 done	 in	

collaboration	with	Dr.	Thomas	Krieg	(Department	of	Medicine,	University	of	Cambridge,	

Cambridge,	UK),	for	which	in	vivo	injections	were	performed	by	Ms	Volha	Sauchanka	and	

tissue	collection	for	preliminary	experiments	was	done	by	Dr.	Ana-Mishel	Spiroski.	LC-

MS/MS	experiments	were	set	up	with	the	help	of	Dr.	Angela	Logan	and	Dr.	Sabine	Arndt.	

Ms	Tracy	Prime	and	Georgina	Bates	helped	in	collecting	and	processing	tissue	and	cell	

samples,	maintaining	cell	cultures	and	troubleshooting	experiments.	

	



 

	
	

	 	



 

	

	

	

	

	

	

	

Chapter	3	

TPP-targeting	via	cleavable	linkers	

	 	



 

	

	 	



 71	

Chapter	3:	TPP-targeting	via	cleavable	linkers	

3.1	Introduction	

The	 best	 characterised	 strategy	 for	 selectively	 delivering	 bioactive	 compounds	 to	

mitochondria	involves	conjugating	the	cargo	molecule	to	a	TPP	cation.	As	discussed	in	

more	detail	in	Chapter	1,	TPP	cations	accumulate	into	mitochondria	driven	by	the	large	

mitochondrial	membrane	potential,	and	have	been	successfully	used	to	carry	drugs	and	

probes	into	mitochondria	in	cells	as	well	as	in	vivo16,17.	However,	a	few	limitations	arise	

from	the	fact	that	these	compounds	are	permanently	attached	to	the	TPP	cation.	

	

Firstly,	if	the	bioactive	compound	remains	conjugated	to	the	TPP	cation,	it	does	not	get	

locked	inside	mitochondria.	The	uptake	of	TPP	is	an	equilibrium:	although	the	majority	

of	the	cation	pool	will	be	located	in	mitochondria	due	to	the	mitochondrial	membrane	

potential,	a	smaller	fraction	will	be	present	in	the	cytosol,	and	a	yet	smaller	fraction	will	

be	 extracellular	 (Figure	20)218.	 In	 vivo,	 the	 extracellular	TPP	 cations	 are	 continuously	

removed	and	excreted	in	the	urine	and	bile275.	As	this	happens,	the	equilibrium	is	shifted	

towards	the	release	of	more	TPP	cations	from	the	cytosol	into	the	circulation,	and	from	

mitochondria	 into	 the	 cytosol.	Thus	while	 they	 rapidly	accumulate	 into	mitochondria,	

TPP	cations	are	slowly	released	over	time263.	This	imposes	a	limitation	on	the	time	the	

compound	is	active	inside	the	organelle	after	a	single	administration,	thus	requiring	more	

frequent	 doses	 in	 order	 to	 maintain	 the	 desired	 effect	 in	 mitochondria	 than	 if	 the	

compound	remained	in	the	organelle	after	the	uptake.	

	
Figure	 20.	 Equilibrium	of	 TPP	 cations	 between	 the	 extracellular	 space,	 the	 cytosol	 and	mitochondria.	TPP	
cations	rapidly	accumulate	into	the	cytosol	driven	by	the	plasma	membrane,	then	to	a	greater	extent	into	mitochondria	
driven	by	the	mitochondrial	membrane	potential.	Due	to	the	electrochemical	potentials,	the	equilibrium	between	the	
extracellular	 space	 and	 the	 cytosol	 is	 shifted	 towards	 the	 cytosol,	 and	 the	 equilibrium	 between	 the	 cytosol	 and	
mitochondria	is	shifted	towards	mitochondria.	Still,	a	small	fraction	of	the	cation	pool	remains	in	the	extracellular	space	
and	in	the	cytosol.	In	vivo,	as	the	extracellular	TPP	cations	are	removed	from	the	circulation	and	excreted,	more	TPP	is	
released	from	the	cytosol	into	the	extracellular	space	and	consequently	more	TPP	is	released	from	mitochondria	into	
the	cytosol	in	order	to	maintain	the	equilibrium.	
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Secondly,	the	TPP	cation	may	affect	the	bioactivity	of	the	cargo	compound	to	which	it	is	

conjugated.	TPP	has	a	positive	charge	across	a	large	ionic	radius,	and	while	these	are	the	

characteristics	 that	 allow	 its	mitochondrial	membrane	 potential-driven	 uptake	 across	

the	IMM,	they	can	hinder	the	activity	of	the	cargo	by	preventing	its	access	to	the	active	

site	of	selected	enzymes218,261.	This	can	be	caused	by	steric	hindrance	due	to	the	large	

TPP	group	and/or	by	decreased	availability	of	the	compound	inside	the	IMM	due	to	the	

positive	charge,	limiting	the	access	of	the	compound	to	enzymes	in	the	membrane261.	The	

positive	charge	may	also	restrict	the	access	of	the	compound	to	active	sites	buried	deep	

within	hydrophobic	domains	of	enzymes.	A	wide	variety	of	drugs	and	probes	have	been	

targeted	to	mitochondria	by	conjugation	to	TPP	cations	with	no	negative	effect	of	TPP	to	

their	activity,	however,	an	example	of	how	TPP	may	limit	the	bioactivity	of	a	compound	

is	 MitoQ10,	 which	 targets	 a	 CoQ10	 derivative	 to	 mitochondria261.	 While	 MitoQ10	 can	

successfully	be	used	as	an	antioxidant,	it	cannot	substitute	for	CoQ10	in	the	ETC	as	the	

TPP	cation	prevents	it	from	accessing	the	ubiquinone	site	of	Complex	III	and	transferring	

electrons	down	the	chain	to	O2261,284.	As	a	result,	MitoQ10	cannot	be	used	to	treat	CoQ10	

deficiency.	This	case	will	be	explored	in	more	detail	in	Chapter	4.	

	

Lastly,	 there	 is	no	way	of	achieving	tissue	selectivity	when	permanently	conjugating	a	

compound	to	TPP.	Following	intravenous	injection,	TPP	cations	accumulate	rapidly	but	

to	varying	extent	 in	 the	tissues,	usually	accumulating	the	most	 in	 the	 following	order:	

kidney	>	liver	>	heart	>	muscle,	fat	>	brain219.	The	extent	of	accumulation	in	each	organ	

depends	 on	 multiple	 factors,	 including	 mitochondrial	 content,	 the	 magnitude	 of	 the	

plasma	 and	 mitochondrial	 membrane	 potentials,	 the	 cytoplasmic	 and	 mitochondrial	

volumes	within	the	organ,	and	any	specific	efflux	or	metabolic	pathways	to	the	organ20,219.	

The	local	concentration	of	the	compound	in	the	blood	is	also	an	important	determining	

factor,	and	will	depend	on	the	distance	between	the	organ	and	the	point	of	injection	and	

the	rate	of	clearance	of	the	compound	by	excretion	mechanisms	and	uptake	into	other	

organs219.	 Therefore,	 although	 the	 distribution	 of	 TPP	 compounds	 in	 vivo	 is	 well	

characterised,	it	is	not	possible	to	control	the	determining	factors	in	order	to	target	the	

delivery	of	bioactive	 compounds	 to	 specific	 tissues,	 a	 strategy	 that	 is	of	 interest	 since	

many	types	of	mitochondrial	dysfunction	affect	some	organs	more	than	others10.	
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The	aforementioned	limitations	that	arise	from	conjugating	a	bioactive	compound	to	a	

TPP	cation	 for	mitochondria-targeting	 can	be	overcome	by	using	a	 cleavable	 linker	 to	

attach	the	TPP	moiety	to	the	cargo.	Such	a	linker	must	be	stable	in	the	extracellular	and	

cytosolic	 environments,	 but	 be	 cleaved	 in	 mitochondria.	 This	 way,	 the	 bioactive	

compound	 is	 attached	 to	 TPP,	 which	 promotes	 its	 uptake	 into	 mitochondria,	 but	 is	

released	from	the	targeting	cation	once	accumulated	within	the	organelle.	This	strategy	

allows	 the	 selective	 delivery	 of	 intact	 bioactive	 compounds	 to	 mitochondria,	 taking	

advantage	of	the	well-characterised	TPP-targeting	method	without	being	susceptible	to	

any	effects	from	the	large	lipophilic	cation	in	mitochondria.	

	

Cleavable	 linkers	 have	 been	 widely	 used	 in	 chemical	 biology	 to	 purify	 proteins	 for	

proteomics	 analyses,	 release	 fluorophores	 under	 specific	 conditions	 for	 imaging	

purposes,	allow	DNA	sequencing	by	synthesis	and	to	make	prodrugs	that	can	improve	

the	pharmacological	profile	of	bioactive	compounds321.	In	the	latter,	the	linkers	rely	on	

biochemical	 characteristics	 particular	 to	 the	 target	 in	 order	 to	 release	 selectively	 the	

molecule	 of	 interest,	 such	 as	 differences	 in	 the	 chemical	 environment	 (pH,	

reducing/oxidising	 agents),	 specific	 enzymatic	 catalysis	 and	 presence	 of	 unique	

receptors321,322.	Examples	of	mitochondria-targeted	compounds	with	 cleavable	 linkers	

include	 antioxidants	 with	 a	 linker	 that	 is	 cleaved	 by	 b-oxidation,	 a	 MPP-conjugated	

fluorophore	with	a	fluorescence	quencher	linked	by	a	disulphide	bond	whose	cleavage	is	

promoted	 by	 reducing	 agents	 in	mitochondria,	 TPP-targeted	 lipoic	 acid	with	 an	 ester	

linker	cleaved	by	mitochondrial	aldehyde	dehydrogenase	and	dichloroacetate	molecules	

conjugated	to	a	TPP	cation	by	ester	linkers	for	cancer	treatment323–326.	

	

Attaching	 a	 bioactive	 compound	 to	 TPP	 through	 a	 linker	 that	 is	 cleaved	 once	

mitochondrial	uptake	has	taken	place	not	only	prevents	any	interference	the	TPP	cation	

may	have	to	the	compound’s	activity,	but	also	opens	the	field	for	new	applications.	For	

example,	it	may	be	possible	to	lock	compounds	into	mitochondria	that	are	incapable	of	

crossing	the	IMM	once	detached	from	the	lipophilic	cation,	i.e.	polar	compounds	or	very	

hydrophobic	compounds	that	will	remain	attached	to	the	IMM.	By	limiting	the	release	of	

the	 compound	 from	 mitochondria,	 fewer	 administrations	 and	 lower	 doses	 of	 the	

compound	would	likely	be	sufficient	to	achieve	the	desired	activity	of	the	compound	in	

mitochondria.	 This	 would	 be	 especially	 interesting	 when	 targeting	 compounds	 that	
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compensate	 for	 any	 deficiencies	 caused	 by	 mitochondrial	 dysfunction.	 If	 a	 bioactive	

compound	is	not	completely	locked	into	mitochondria	once	the	linker	is	cleaved,	it	may	

be	released	from	the	organelle	more	slowly	than	when	attached	to	TPP.	In	this	case,	it	

would	 be	 possible	 to	 explore	 this	 targeting	 strategy	 to	 accumulate	 compounds	 into	

mitochondria	for	slow	release	into	the	cytosol,	thus	providing	continuous	release	of	the	

compound	into	the	cell	with	a	single	administration.	

	

Another	interesting	application	that	could	be	achieved	when	using	cleavable	linkers	to	

conjugate	bioactive	 compounds	 to	TPP	 is	 tissue	 selectivity.	For	 that,	 linkers	would	be	

selected	that	are	cleaved	by	enzymes	that	are	expressed	to	a	greater	extent	in	particular	

organs,	such	as	enzymes	of	 the	urea	cycle,	which	would	 focus	the	 linker	cleavage	and	

compound	release	on	the	liver,	or	enzymes	of	b-oxidation,	which	would	limit	the	cleavage	

in	the	brain327,328.	

	

In	 order	 for	 the	 cleavable	 linker	 strategy	 to	 work,	 it	 is	 crucial	 to	 achieve	 a	 balance	

between	 linker	 stability	 and	 lability.	 The	 linker	 must	 be	 stable	 in	 the	 extracellular	

environment	and	in	the	cytosol,	otherwise	the	mitochondria-targeting	TPP	moiety	will	

be	released	before	the	compound	has	accumulated	into	mitochondria.	On	the	other	hand,	

the	 linker	must	 be	 labile	 enough	within	mitochondria	 to	 release	 the	 bioactive	moiety	

from	the	TPP	cation,	otherwise	the	compound	will	be	submitted	to	the	same	restrictions	

as	compounds	permanently	conjugated	to	TPP.	Therefore,	 it	 is	essential	 to	 investigate	

which	 linkers	 are	 suitable	 to	 achieve	 the	 desired	 delivery	 of	 intact	 compounds	 to	

mitochondria,	which	will	be	explored	in	this	chapter.	

	

3.2	Aim	and	strategy	

The	aim	of	 this	 chapter	 is	 to	 study	 the	use	of	cleavable	 linkers	 to	 conjugate	bioactive	

molecules	 to	TPP	 in	order	to	selectively	deliver	 intact	compounds	to	mitochondria	by	

releasing	the	bioactive	molecule	from	TPP	once	the	compound	is	accumulated	within	the	

organelle	(Figure	21).	
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Figure	21.	Cleavable	linker	strategy	for	delivery	of	 intact	bioactive	compounds	to	mitochondria.	A	bioactive	
compound	(X)	is	conjugated	to	a	TPP	cation	through	a	cleavable	linker,	which	is	stable	in	the	extracellular	environment	
and	the	cytosol.	The	TPP	cation	drives	the	uptake	of	the	compound	into	the	tissues,	cells	and	mitochondria,	driven	by	
the	 plasma	 and	mitochondrial	membrane	 potentials.	 Specific	biochemical	 characteristics	 of	mitochondria	 such	 as	
increased	 pH,	 reducing/oxidising	 agents	 or	 enzymatic	 activity	 promote	 the	 cleavage	 of	 the	 linker,	 releasing	 the	
bioactive	compound	into	mitochondria	free	from	the	TPP	cation,	which	could	otherwise	affect	its	activity	and	retention	
within	the	organelle.	Adapted	from	Smith,	R.	A.	J.	and	Murphy,	M.	P300.	

The	 first	 step	 involved	 targeting	 a	 small	 molecule	 (methanol)	 to	 mitochondria	 by	

attaching	 it	 to	 TPP	 through	 an	 easily	 cleavable	 linker	 (ester)	 as	 a	 preliminary	

investigation	of	the	strategy.	Esters	are	relatively	labile	groups	which	can	be	hydrolysed	

by	acid	or	base	catalysis,	as	well	as	by	esterases	in	biological	samples329.	It	was	therefore	

chosen	throughout	this	work	as	a	preliminary	candidate	for	a	cleavable	linker	as	it	was	

likely	 that	 we	 would	 be	 able	 to	 detect	 hydrolysis	 in	 mitochondria,	 allowing	 the	

development	 of	 detection	methods.	 For	 this	 preliminary	 study,	 the	 hydrolysis	 of	 the	

linker	leads	to	the	release	of	methanol.	This	cargo	was	chosen	for	being	a	small	molecule	

that	should	not	significantly	affect	the	uptake	of	the	compound	into	mitochondria,	nor	
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the	hydrolysis	or	the	linker,	thus	representing	a	simple	scenario	for	the	initial	study	of	

this	delivery	strategy.	

	

Next,	a	bioinformatics	analysis	was	performed	to	allow	the	rational	selection	of	candidate	

linkers.	By	collecting	 information	on	the	subcellular	 location	of	enzymatic	reactions	 in	

humans,	 it	 was	 possible	 to	 identify	 those	 that	 catalyse	 bond	 cleavage	 exclusively	 in	

mitochondria.	 Then,	 we	 have	 selected	 the	 substrates	 of	 these	 reactions	 that	 do	 not	

participate	in	other	reactions	in	the	plasma	membrane	or	cytosol,	thus	consolidating	a	

list	of	substrates	that	should	be	cleaved	only	when	accumulated	within	mitochondria.	By	

studying	the	types	of	chemical	bonds	present	in	these	molecules,	as	well	as	the	structure	

of	the	active	sites	of	the	enzymes	that	cleave	them,	we	hope	to	identify	candidate	linkers	

that	are	stable	outside	of	mitochondria	and	cleaved	within	the	organelle.	

	

Finally,	we	 have	 developed	 a	 fast	 screening	method	 to	 test	 the	 cleavage	 of	 linkers	 in	

multiple	conditions.	It	involves	using	the	linker	in	question	to	conjugate	TPP	to	coumarin,	

a	commonly	used	fluorophore330.	When	the	linker	is	cleaved,	an	increase	in	fluorescence	

is	detected	due	to	the	release	of	coumarin.	This	 fluorophore	was	selected	 for	having	a	

relatively	small	and	less	hydrophobic	structure	than	most	fluorophores331.	This	way,	we	

predicted	 that	 coumarin	 would	 exert	 the	 least	 influence	 on	 the	 uptake	 of	 TPP	 into	

mitochondria	and	the	cleavage	of	the	linker	in	the	organelle.	However,	one	caveat	of	using	

coumarin	 is	 that	 its	 fluorescence	spectrum	(Figure	22)	 is	similar	 to	 that	of	NADH	and	

NADPH	 (excitation	 at	 340	 nm,	 emission	 at	 460	 nm)332.	 For	 this	 reason,	 appropriate	

controls	must	 be	 used	 to	 identify	 the	 contribution	 of	 NA(P)DH	 and	 coumarin	 to	 the	

fluorescence	detected	in	a	biological	sample.	

	
Figure	 22.	 Coumarin	 fluorescence	 spectrum.	 Excitation	 and	 emission	 fluorescence	 spectra	 of	 0.05	 –	 0.5	 µM	
coumarin	in	KCl	buffer	pH	7.2.	
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3.3	Preliminary	study	

The	 first	 step	 into	 developing	 new	mitochondria-targeted	 compounds	with	 cleavable	

linkers	 was	 to	 study	 the	 uptake	 and	 cleavage	 of	 a	 simple	 compound	 as	 a	 model	 to	

establish	strategies	for	testing	more	complex	ones	in	the	future.	For	that	purpose,	TPP	

C11	Me	ester	chloride	(TME)	was	chosen.	This	compound	has	an	ester	group	as	cleavable	

linker	that,	when	hydrolysed,	releases	methanol	(Figure	23).	

	
Figure	23.	Structure	and	hydrolysis	of	TPP	C11	Me	ester	chloride	(TME).	TME	(TPP-C10-COOMe)	has	an	ester	as	
cleavable	linker	that,	when	hydrolysed,	releases	TPP-C10-COOH	and	methanol.	

Analysis	of	the	TME	stock	by	RP-HPLC	showed	that	it	was	partially	hydrolysed,	with	40%	

of	the	total	response	corresponding	to	the	detectable	product	of	the	hydrolysis,	TPP-C10-

COOH.	The	identity	of	the	carboxyl	peak	was	confirmed	by	incubating	the	TME	stock	in	

KCl	 buffer	 at	 pH	 12	 until	 complete	 hydrolysis	 of	 the	 ester,	 TPP-C10-COOMe,	 to	 the	

carboxyl,	TPP-C10-COOH.	Under	the	conditions	used	(Chapter	2)	the	carboxyl	was	eluted	

at	 74%	 buffer	 B	 and	 the	 ester	 at	 83%	 B	 (Figure	 24).	 Despite	 the	 partial	 hydrolysis,	

experiments	were	carried	out	with	this	stock	of	TME	to	prevent	unnecessary	synthesis	of	

more	compound,	as	this	was	a	preliminary	study.	For	each	subsequent	experiment,	the	

stock	used	was	analysed	and	results	were	compared	to	the	extent	of	hydrolysis	present	

in	the	stock.	
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Figure	24.	RP-HPLC	analysis	of	TME	stock.	(A)	5	µM	TME	stock,	showing	partial	hydrolysis	of	TPP-C10-COOMe	to	
TPP-C10-COOH	 (left)	 and	 percentage	 of	 the	 peak	 area	 of	 TPP-C10-COOMe	 and	 TPP-C10-COOH	 relative	 to	 the	 total	
(combined	peak	areas).	(B)	Confirmation	of	the	carboxyl	peak	after	incubation	of	5	µM	TME	in	KCl	buffer	at	pH	12	for	
1	hour	at	80ºC.	Absorbance	was	measured	at	220	nm	and	injection	volume	was	0.7	mL	for	both	figures.	

In	 order	 to	 analyse	 if	 the	 hydrolysis	 of	 the	 linker	would	 be	 promoted	 by	 the	 slightly	

alkaline	environment	of	the	mitochondrial	matrix	and	whether	it	could	occur	in	the	buffer	

used	for	incubations	with	mitochondria,	TME	was	added	to	KCl	buffer	pH	8	or	pH	7.2	and	

incubated	at	37ºC	for	24	hours	(Figure	25).	Only	a	small	decrease	in	the	amount	of	TPP-

C10-COOMe	relative	to	the	total	(TPP-C10-COOMe	+	TPP-C10-COOH)	was	detected,	despite	

the	long	incubation	time,	which	suggests	that	any	hydrolysis	detected	in	mitochondria	

will	likely	occur	due	to	the	catalysis	by	esterases	rather	than	due	to	the	slightly	alkaline	

pH.	
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Figure	25.	pH	hydrolysis	of	TME.	Incubation	of	5	µM	TME	in	KCl	buffer	pH	7.2	(A)	or	8	(B)	at	37ºC	for	24	hours	
Absorbance	was	measured	at	220	nm	and	injection	volume	was	0.7	mL.	(C)	Comparison	of	the	percentage	of	TPP-C10-
COOMe	relative	to	the	total	(combined	peak	areas	of	TPP-C10-COOMe	and	TPP-C10-COOH)	for	the	initial	and	final	time	
points	shown	in	A	and	B.	

TME	was	then	incubated	with	isolated	rat	mitochondria	to	test	its	uptake,	as	described	in	

Chapter	 2.	 Initially,	we	 chose	 to	 isolate	mitochondria	 from	 liver	 due	 to	 its	 high	 yield.	

However,	as	the	liver	is	rich	in	esterases,	it	was	possible	that	the	mitochondria	would	be	

contaminated	with	extramitochondrial	 esterases	associated	with	mitochondria	during	

the	 isolation333.	 In	order	 to	 test	 if	 this	was	 the	 case,	 isolated	 liver	mitochondria	were	

pelleted,	 the	 supernatant	was	 collected	and	TME	was	 incubated	with	 the	 supernatant	

only,	 as	 described	 in	 Chapter	 2.	 Since	 TPP	 compounds	 are	 taken	 up	 by	 isolated	

mitochondria	within	minutes219,	TME	was	incubated	with	the	supernatant	for	1	minute	

to	 simulate	 the	 time	 in	which	hydrolysis	 could	occur	prior	 to	mitochondrial	uptake	 if	

mitochondria	were	present	(Figure	26-B).	After	this	short	incubation,	100%	of	TPP-C10-

COOMe	was	hydrolysed	to	TPP-C10-COOH.	The	cleavage	of	the	linker	was	not	due	to	the	

pH	of	the	buffer,	as	incubating	TME	in	KCl	buffer	pH	7.2	at	37ºC	for	1	minute	did	not	alter	

the	relative	concentration	of	TPP-C10-COOMe	of	 the	stock	(Figure	26-A).	These	results	

suggest	 that	 the	 mitochondria	 isolated	 from	 liver	 were	 indeed	 contaminated	 with	

cytosolic	enzymes	that	have	esterase	activity,	and	therefore	could	not	be	used	to	study	

the	hydrolysis	of	 the	 linker	within	mitochondria	as	 it	would	partially	be	promoted	by	

extramitochondrial	 enzymes	 present	 in	 the	 sample.	 Mitochondria	 were	 then	 isolated	

from	rat	hearts,	which	yields	 isolated	mitochondria	with	 less	 contamination	 from	 the	

cytosol	 than	 the	 liver.	 Indeed,	 when	 TME	 was	 incubated	 with	 the	 supernatant	 of	

mitochondria	 isolated	 from	hearts,	 no	hydrolysis	was	detected,	 contrary	 to	what	was	

observed	when	liver	mitochondria	were	used	(Figure	26-C).	
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Figure	26.	Hydrolysis	of	TME	by	the	supernatant	of	isolated	rat	liver	and	heart	mitochondria.	Incubation	of	5	
µM	TME	for	1	minute	at	37ºC	(A)	in	KCl	buffer	pH	7.2;	(B)	with	the	supernatant	of	isolated	rat	liver	mitochondria,	in	
the	 absence	 of	 mitochondria;	 and	 (C)	 with	 the	 supernatant	 of	 isolated	 rat	 heart	 mitochondria,	 in	 the	 absence	 of	
mitochondria.	Absorbance	was	measured	at	220	nm	and	injection	volume	was	0.7	mL.	Data	refers	to	percentage	of	
TPP-C10-OMe	in	relation	to	the	total	compound	(TPP-C10-OMe	+	TPP-C10-OH),	calculated	with	the	peak	areas	for	each	
compound,	and	are	mean	±	SEM	(n	=	3).	Statistical	significance	was	assessed	comparison	to	0	min	(A)	or	to	the	stock	
(B,	C)	by	unpaired	two-tailed	t-test,	considering	p	≤	0.05	significant	(ns	=	p	>	0.05,	***	p	≤	0.001).	

Once	it	was	determined	that	the	isolated	heart	mitochondria	were	not	contaminated	with	

cytosolic	enzymes	that	could	hydrolyse	the	linker,	TME	was	incubated	with	mitochondria	

in	the	absence	and	presence	of	the	uncoupler	FCCP	(Figure	27).	As	expected,	the	presence	

of	FCCP	reduced	the	amount	of	TPP	compounds	present	in	the	mitochondrial	pellet	as	the	

mitochondrial	uptake	is	dependent	on	the	membrane	potential.	More	TPP-C10-COOMe	is	

detected	 in	 the	mitochondrial	pellet	 in	 the	 presence	 of	 FCCP	 than	TPP-C10-COOH	 and	

TPMP,	indicating	that	part	of	the	TPP-C10-COOMe	that	is	detected	in	the	mitochondrial	

pellet	 is	adsorbed	to	the	IMM	and	therefore	does	not	respond	to	the	disruption	of	 the	

membrane	potential	by	FCCP.	Since	TPP-C10-COOMe	is	the	most	hydrophobic	compound	

among	the	three,	it	is	expected	that	it	would	have	the	highest	proportion	of	membrane	

adsorption.	
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Figure	27.	Uptake	of	TME	into	isolated	heart	mitochondria.	(A)	Representative	RP-HPLC	runs	of	 isolated	heart	
mitochondria	(1	mg	mL-1	protein)	incubated	with	5	µM	TME	and	5	µM	TPMP	(internal	standard)	in	KCl	buffer	at	37ºC	
for	10	minutes	in	the	absence	or	presence	of	1	µM	FCCP	as	described	in	Chapter	2.	(B)	Comparison	between	the	peak	
areas	(A.U.	=	arbitrary	units)	of	TPP-C10-COOMe,	TPP-C10-COOH	and	TPMP	in	the	mitochondrial	pellet	in	the	absence	
and	presence	of	1	µM	FCCP	(results	are	mean	±	SEM,	n	=	2).	

Once	 it	 was	 confirmed	 that	 TME	 is	 taken	 up	 by	mitochondria,	 it	 was	 incubated	with	

coupled	isolated	heart	mitochondria	for	up	to	20	minutes.	Mitochondria	promoted	the	

gradual	hydrolysis	of	TPP-C10-COOMe	to	TPP-C10-COOH	over	time	(Figure	28).	

	
Figure	28.	Hydrolysis	of	TME	in	the	mitochondrial	pellet	of	isolated	heart	mitochondria	over	time.	Hydrolysis	
of	 the	ester	 linker	 is	 shown	as	conversion	 from	TPP-C10-COOMe	to	TPP-C10-COOH	in	 the	mitochondrial	pellet	of	1	
mg/mL-1	protein	 isolated	 rat	heart	mitochondria	 incubated	with	5	µM	TME	 in	KCl	buffer	pH	7.2	at	37ºC	over	20	
minutes,	detected	by	RP-HPLC	and	expressed	as	relative	percentage	of	initial	compound	(mean	±	SEM,	n	=	3).	

This	preliminary	 study	 showed	 that	 a	 compound	 can	 be	 targeted	 to	mitochondria	 by	

conjugation	 to	 TPP	 through	 a	 cleavable	 linker,	 and	 be	 released	 from	 TPP	 once	

accumulated	in	mitochondria	following	the	hydrolysis	of	the	linker.	This	strategy	allows	

the	 selective	 delivery	 of	 bioactive	 compounds	 to	 mitochondria	 while	 preventing	 any	

effects	the	TPP	cation	might	have	to	the	compound’s	activity.	It	may	also	be	possible	to	

lock	the	bioactive	compound	inside	the	organelle	once	it	is	released	from	TPP.	While	the	
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ester	group	was	successfully	hydrolysed	over	time	within	isolated	heart	mitochondria,	it	

was	 also	 hydrolysed	 by	 cytosolic	 contamination	 in	 isolated	 liver	 mitochondria.	 This	

indicates	that	the	presence	of	extramitochondrial	enzymes	with	esterase	activity	likely	

makes	esters	too	labile	to	be	used	as	linkers	in	some	tissues,	as	they	can	hydrolyse	prior	

to	 mitochondrial	 uptake	 and	 thus	 release	 the	 bioactive	 compound	 from	 the	

mitochondria-targeting	 moiety,	 TPP.	 This	 problem	 might	 be	 overcome	 by	 using	

carbamate	esters	instead	of	esters	as	cleavable	linkers,	since	they	hydrolyse	less	easily334,	

and	illustrates	the	importance	of	adjusting	linker	lability.	

	

3.4	Bioinformatics	screening	of	candidate	linkers	

While	the	preliminary	study	with	TME	showed	that	the	general	strategy	of	attaching	a	

bioactive	compound	to	a	TPP	cation	through	a	cleavable	linker	is	successful	in	delivering	

the	intact	compound	to	mitochondria,	the	stability	of	the	linker	is	crucial	in	order	for	this	

strategy	to	work.	On	one	hand,	the	linker	must	be	stable	outside	the	cell	and	in	the	cytosol,	

otherwise	it	will	cleave	the	TPP	cation	from	the	compound	of	interest	before	it	is	taken	

up	by	mitochondria,	and	 it	will	no	 longer	be	targeted	to	the	organelle.	This	 issue	was	

observed	when	using	an	ester	bond	as	linker:	while	it	was	stable	enough	to	deliver	TME	

to	isolated	heart	mitochondria,	it	was	cleaved	by	esterases	prior	to	the	uptake	in	the	case	

of	 isolated	 liver	 mitochondria.	 On	 the	 other	 hand,	 the	 stability	 of	 linker	 inside	

mitochondria	 cannot	 be	 such	 that	 it	 does	 not	 get	 cleaved	 after	 the	 uptake,	 thereby	

keeping	the	compound	of	interest	attached	to	TPP.	

	

Finding	linkers	that	balance	stability	outside	mitochondria	and	lability	inside	is	crucial	in	

order	to	successfully	deliver	intact	compounds	to	mitochondria.	For	that	purpose,	I	have	

performed,	 in	 collaboration	 with	 Dr	 Alan	 Robinson	 and	 Dr	 Anthony	 Smith	 (MRC	

Mitochondrial	Biology	Unit,	University	of	Cambridge,	UK),	a	bioinformatics	analysis	 to	

identify	chemical	groups	that	would	be	interesting	candidates	for	cleavable	linkers.	The	

goal	was	to	generate	a	 list	of	enzymes	that	catalyse	bond	cleavage	that	 are	present	 in	

mitochondria,	but	absent	 in	 the	 cytosol	 and	 the	plasma	membrane,	which	would	help	

ensure	 that	 the	 linker	 is	 stable	 until	mitochondrial	 uptake.	With	 this	 list,	 it	would	 be	

possible	 to	 identify	which	chemical	bonds	are	cleaved	selectively	 in	mitochondria	and	

test	their	function	as	linkers	in	multiple	conditions	using	the	screening	strategy	described	

in	the	next	section.	
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Firstly,	the	reactions	catalysed	by	metabolic	enzymes	in	humans	were	listed	by	acquiring	

data	 from	GO	 (Gene	Ontology)335,336,	 IMPI	 (Integrated	Mitochondrial	Protein	 Index)337	

and	Rhee,	H.	 et	 al338	 and	 organised	 by	 location	within	 the	 cell,	 EC	 number	 and	KEGG	

number.	The	GO	database	comprises	a	vast	list	of	genes	across	multiple	species,	providing	

information	about	which	proteins	are	encoded	and	their	subcellular	location.	We	used	

this	database	to	categorize	human	enzymatic	reactions	known	to	occur	 in	 the	cytosol,	

endoplasmic	reticulum,	Golgi,	nucleus,	peroxisome,	plasma	membrane	and	vacuole.	The	

IMPI	is	a	database	developed	by	Dr	Robinson’s	group	and	it	includes	genes	that	code	for	

proteins	 with	 strong	 evidence	 of	 being	 localized	 in	 mammalian	 mitochondria.	 It	 is	

updated	 using	 multiple	 types	 of	 evidence,	 including	 novel	 studies	 that	 have	 not	

previously	 been	 considered	 and	 therefore	 lists	more	 entries	 than	MitoCarta	 2.0339,340,	

another	known	mitochondrial	genome	database.	With	IMPI	it	is	possible	to	distinguish	

between	proteins	 that	 are	known	through	experimental	 evidence	 to	be	mitochondrial	

and	those	that	are	predicted	to	be	mitochondrial	by	bioinformatic	modelling.	Finally,	we	

have	considered	the	study	performed	by	Rhee,	H.	et	al338,	which	used	mass	spectrometry	

to	identify	proteins	present	in	the	mitochondrial	matrix.	By	combining	the	information	of	

these	three	data	sources	we	were	able	to	list	3608	enzymatic	reactions	and	organize	them	

by	cellular	localization.	Each	enzyme	was	listed	with	their	EC	number,	which	classifies	

them	by	the	type	of	chemical	reaction	they	catalyse	(EC	1	for	oxidoreductases,	EC	2	for	

transferases,	 EC	 3	 for	 hydrolases,	 EC	 4	 for	 lyases,	 EC	 5	 for	 isomerases	 and	 EC	 6	 for	

ligases).	We	then	used	MitoMiner	4.0337,	a	mitochondrial	proteomics	database,	to	obtain	

the	KEGG	(Kyoto	Encyclopedia	of	Genes	and	Genomes)	numbers	for	each	enzyme,	which	

specify	 in	detail	 the	particular	chemical	reactions	 it	catalyses,	showing	substrates	and	

products341–343.	

	

Enzymes	with	EC	1,	2,	5	or	EC	6	were	then	excluded	from	the	list	since	they	do	not	catalyse	

bond	 cleavage.	 Enzymes	with	 incomplete	 EC	numbers	were	 also	 disregarded	 as	 their	

reactions	 are	 not	 fully	 characterised.	 Next,	 enzymes	 that	 are	 known	 to	 be	 absent	 in	

mitochondria	were	also	excluded,	leaving	only	enzymes	that	are	known	or	predicted	to	

be	 mitochondrial.	 Finally,	 to	 avoid	 using	 linkers	 that	 could	 be	 cleaved	 prior	 to	

mitochondrial	uptake,	enzymes	that	are	present	in	mitochondria	but	also	in	the	plasma	

membrane	 or	 the	 cytosol	were	 removed	 from	 the	 list	 (Figure	 29).	Whether	 the	 same	

enzymes	present	in	mitochondria	are	present	in	other	subcellular	compartments	was	not	



 84	

considered	 since	 the	 compounds	 are	 efficiently	 targeted	 to	mitochondria	 by	 the	 TPP	

cation	and	therefore	it	is	unlikely	that	the	linker	would	be	cleaved	in	other	organelles.	As	

a	result,	3608	reactions	were	narrowed	down	to	45,	which	are	catalysed	by	22	different	

enzymes	(Table	3).	

	
Figure	 29.	 Representative	 streamline	 of	 the	 bioinformatics	 analysis	 performed	 to	 identify	 candidates	 for	

cleavable	 linkers.	 The	 full	 list	 of	 human	 enzymatic	 reactions	 was	 compiled	 by	 combining	 the	 information	 on	
intracellular	 localization	 found	 in	Gene	Ontology	 (GO)335,336,	 Integrated	Mitochondrial	Protein	 Index	 (IMPI)337	 and	
Rhee,	H.	et	al338.	MitoMiner	4.0337	was	used	to	obtain	 the	KEGG341–343	numbers	and	description	of	each	enzymatic	
reaction.



 

Table	3.	Enzymatic	reactions	that	are	present	in	mitochondria	and	absent	in	the	cytosol	and	plasma	membrane.	Reactions	of	enzymes	that	catalyse	bond	cleavage	(EC	3	and	4),	
which	are	present	in	mitochondria	and	absent	in	the	cytosol	and	plasma	membrane,	as	identified	by	the	method	described	in	the	text.	“Loc”	stands	for	localization	in	mitochondria,	
showing	whether	the	enzyme	is	known	(“K”)	by	experimental	evidence	or	predicted	(“L”)	by	bioinformatic	modelling	to	be	present	in	the	organelle.	

EC 
number 

EC description KEGG KEGG description Loc 

3.1.2.4 3-hydroxyisobutyryl-CoA hydrolase R03158 3-Hydroxypropanoate + CoA <=> 3-Hydroxypropionyl-CoA + H2O K 

3.1.2.4 3-hydroxyisobutyryl-CoA hydrolase R03352 
3-Hydroxy-2-methylpropanoyl-CoA + H2O <=> 3-Hydroxy-2-

methylpropanoate + CoA 
K 

3.1.2.4 3-hydroxyisobutyryl-CoA hydrolase R05064 
(S)-3-Hydroxyisobutyryl-CoA + H2O <=> CoA + (S)-3-

Hydroxyisobutyrate 
K 

3.1.2.27 choloyl-CoA hydrolase R03974 Chenodeoxycholate + CoA <=> Chenodeoxycholoyl-CoA + H2O P 

3.1.2.27 choloyl-CoA hydrolase R07296 Choloyl-CoA + H2O <=> Cholic acid + CoA P 

3.1.3.27 phosphatidylglycerophosphatase R02029 
Phosphatidylglycerophosphate + H2O <=> Phosphatidylglycerol + 

Orthophosphate 
K 

3.1.3.32 polynucleotide 3’-phosphatase R02248 
3'-Phosphopolynucleotide + H2O <=> Polynucleotide + 

Orthophosphate 
K 

3.1.3.43 

[pyruvate dehydrogenase (acetyl-

transferring)]-phosphatase; 

pyruvate dehydrogenase phosphatase 

R03450 

[Pyruvate dehydrogenase (acetyl-transferring)] phosphate + H2O 

<=> [Pyruvate dehydrogenase (acetyl-transferring)] + 

Orthophosphate 

K 

3.2.1.106 mannosyl-oligosaccharide glucosidase R05979 H2O + G00009 <=> D-Glucose + G00171 P 

3.4.11.1 leucyl aminopeptidase R00899 Cys-Gly + H2O <=> L-Cysteine + Glycine K 

3.4.11.1 leucyl aminopeptidase R04951 R-S-Cysteinylglycine + H2O <=> S-Substituted L-cysteine + Glycine K 

3.4.11.5 proline aminopeptidase R00135 Peptide + H2O <=> L-Proline + Peptide K 

3.5.1.3 omega-amidase R00269 2-Oxoglutaramate + H2O <=> 2-Oxoglutarate + Ammonia P 

3.5.1.3 omega-amidase R00348 2-Oxosuccinamate + H2O <=> Oxaloacetate + Ammonia P 

3.5.1.3 omega-amidase R03804 Monoamide of dicarboxylate + H2O <=> Dicarboxylate + Ammonia P 

3.5.1.3 omega-amidase R06134 Amide + H2O <=> Carboxylate + Ammonia P 

3.5.1.88 peptide deformylase R04268 
N-Formyl-L-methionylaminoacyl-tRNA + H2O <=> Formate + L-

Methionylaminoacyl-tRNA 
K 

85	

85	



 

3.5.1.88 peptide deformylase R05635 Formyl-L-methionyl peptide + H2O <=> Methionyl peptide + Formate K 

3.5.1.99 anandamide amidohydrolase R09536 Anandamide + H2O <=> Arachidonate + Ethanolamine P 

3.5.1.99 oleamide hydrolase R09537 Oleamide + H2O <=> (9Z)-Octadecenoic acid + Ammonia P 

3.5.3.11 agmatine amidinohydrolase R01157 Agmatine + H2O <=> Putrescine + Urea K 

3.6.1.7 acylphosphatase R00317 Acetyl phosphate + H2O <=> Acetate + Orthophosphate P 

3.6.1.7 acylphosphatase R00539 Acyl phosphate + H2O <=> Carboxylate + Orthophosphate P 

3.6.1.7 acylphosphatase R01421 Benzoyl phosphate + H2O <=> Benzoate + Orthophosphate P 

3.6.1.7 acylphosphatase R01515 
3-Phospho-D-glyceroyl phosphate + H2O <=> 3-Phospho-D-glycerate + 

Orthophosphate 
P 

3.6.1.17 
bis(5'-nucleosyl)-tetraphosphatase 

(asymmetrical) 
R00184 P1,P4-Bis(5'-adenosyl)tetraphosphate + H2O <=> ATP + AMP P 

3.6.1.17 
bis(5'-nucleosyl)-tetraphosphatase 

(asymmetrical) 
R00969 P1,P4-Bis(5'-uridyl) tetraphosphate + H2O <=> UTP + UMP P 

3.6.1.17 
bis(5'-nucleosyl)-tetraphosphatase 

(asymmetrical) 
R01232 P1,P4-Bis(5'-guanosyl) tetraphosphate + H2O <=> GTP + GMP P 

3.6.1.17 
bis(5'-nucleosyl)-tetraphosphatase 

(asymmetrical) 
R02805 

P1,P4-Bis(5'-xanthosyl) tetraphosphate + H2O <=> XTP + Xanthosine 5'-

phosphate 
P 

3.6.1.23 dUTP diphosphatase R02100 dUTP + H2O <=> dUMP + Diphosphate K 

4.1.1.6 cis-aconitate decarboxylase R02243 cis-Aconitate <=> Itaconate + CO2 P 

4.1.1.9 malonyl-CoA decarboxylase R00233 Malonyl-CoA <=> Acetyl-CoA + CO2 K 

4.1.1.9 malonyl-CoA decarboxylase R05373 Methylmalonyl-CoA <=> Propanoyl-CoA + CO2 K 

4.1.1.65 phosphatidylserine decarboxylase R02055 Phosphatidylserine <=> Phosphatidylethanolamine + CO2 K 

4.1.1.84 D-dopachrome decarboxylase R07313 D-Dopachrome <=> 5,6-Dihydroxyindole + CO2 P 

4.1.3.16 4-hydroxy-2-oxoglutarate aldolase R00470 4-Hydroxy-2-oxoglutarate <=> Pyruvate + Glyoxylate K 

4.1.3.16 4-hydroxy-2-oxoglutarate aldolase R00471 (4R)-4-Hydroxy-2-oxoglutarate <=> Pyruvate + Glyoxylate K 

4.1.3.16 4-hydroxy-2-oxoglutarate aldolase R10283 (4S)-4-Hydroxy-2-oxoglutarate <=> Pyruvate + Glyoxylate K 

4.2.1.18 methylglutaconyl-CoA hydratase R02085 (S)-3-Hydroxy-3-methylglutaryl-CoA <=> 3-Methylglutaconyl-CoA + H2O K 

4.2.1.68 L-fuconate dehydratase R03688 L-Fuconate <=> 2-Dehydro-3-deoxy-L-fuconate + H2O K 
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ATP-dependent NAD(P)H-

hydrate dehydratase 
R00129 

ATP + (6S)-6beta-Hydroxy-1,4,5,6-tetrahydronicotinamide-adenine dinucleotide 

<=> ADP + Orthophosphate + NADH 
K 

4.2.1.93 
ATP-dependent NAD(P)H-

hydrate dehydratase 
R10288 

ATP + (6S)-6beta-Hydroxy-1,4,5,6-tetrahydronicotinamide-adenine dinucleotide 

phosphate <=> ADP + Orthophosphate + NADPH 
K 

4.2.3.134 
5-phosphonooxy-L-lysine 

phospho-lyase 
R10270 

5-Phosphonooxy-L-lysine + H2O <=> L-2-Aminoadipate 6-semialdehyde + 

Ammonia + Orthophosphate 
K 

4.4.1.17 holocytochrome-c synthase R02480 Cytochrome c <=> Apocytochrome c + Heme K 

4.99.	1.1 protoporphyrin ferrochelatase R00310 Protoporphyrin + Fe2+ <=> Heme + 2 H+ K 
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As	a	particular	substrate	may	take	part	in	multiple	enzymatic	reactions,	the	next	step	was	

to	identify	which	substrates	involved	in	the	45	mitochondrial	reactions	are	also	known	

to	be	cleaved	by	other	enzymes	present	in	the	cytosol	or	plasma	membrane.	Out	of	the	

substrates	used	in	the	mitochondrial	enzymatic	reactions	listed	previously,	36	were	not	

substrates	involved	in	enzymatic	reactions	that	take	place	in	the	cytosol	or	the	plasma	

membrane	(Table	4).	
Table	4.	Preliminary	list	of	substrates	cleaved	in	mitochondria	but	not	in	the	cytosol	or	plasma	membrane.	List	
of	substrates	for	EC	3	and	EC	4	enzymes	present	in	mitochondria	and	absent	from	the	cytosol	and	plasma	membrane,	
which	are	not	known	substrates	for	any	other	enzymes	present	in	the	cytosol	and	plasma	membrane,	according	to	the	
analysis	shown	in	Figure	29.	

3-Hydroxypropanoate	
3-Hydroxy-2-methylpropanoyl-CoA	
(S)-3-Hydroxyisobutyryl-CoA	
Chenodeoxycholate	
Choloyl-CoA	
Phosphatidylglycerophosphate	
3'-Phosphopolynucleotide	
2-Oxoglutaramate	
2-Oxosuccinamate	
Monoamide	of	dicarboxylate	
N-Formyl-L-methionylaminoacyl-tRNA	
Formyl-L-methionyl	peptide	
Anandamide	
Oleamide	
Agmatine	
Acetyl	phosphate	
Acyl	phosphate	
Benzoyl	phosphate	
3-Phospho-D-glyceroyl	phosphate	
P1,P4-Bis(5'-adenosyl)tetraphosphate	
P1,P4-Bis(5'-uridyl)	tetraphosphate	
P1,P4-Bis(5'-guanosyl)	tetraphosphate	
P1,P4-Bis(5'-xanthosyl)	tetraphosphate	
cis-Aconitate	
Malonyl-CoA	
Methylmalonyl-CoA	
D-Dopachrome	
(4R)-4-Hydroxy-2-oxoglutarate	
(4S)-4-Hydroxy-2-oxoglutarate	
(S)-3-Hydroxy-3-methylglutaryl-CoA	
L-Fuconate	
(6S)-6beta-Hydroxy-1,4,5,6-tetrahydronicotinamide-
adenine	dinucleotide	
(6S)-6beta-Hydroxy-1,4,5,6-tetrahydronicotinamide-
adenine	dinucleotide	phosphate	
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5-Phosphonooxy-L-lysine	
Cytochrome	c	
Protoporphyrin	

	

Some	substrates	shown	in	Table	3	were	notably	not	located	exclusively	in	mitochondria,	

such	as	malonyl-CoA8.	In	order	to	confirm	which	substrates	were	subject	to	enzymatic	

cleavage	 in	mitochondria,	 I	 searched	 for	 each	metabolite	 on	 the	 Human	Metabolome	

Database	(HMDB)344–347	and	verified	whether	the	metabolite	is	annotated	to	be	involved	

in	any	reaction	in	the	cytosol	or	membrane	that	involves	its	cleavage.	Entries	that	stated	

that	the	metabolite	is	present	in	the	cytosol	or	in	the	membrane	but	is	only	used	in	these	

compartments	by	transporters	or	in	reactions	in	which	it	is	formed	were	still	considered	

as	“exclusively	mitochondrial”	as	they	do	not	lead	to	cleavage	of	the	substrate,	which	is	

the	 goal	 of	 this	 study.	 In	 the	 case	 of	 metabolites	 that	 were	 not	 found	 on	 HMDB,	 I	

investigated	whether	it	is	known	which	pathway	they	participate	in,	and	its	subcellular	

localization.	 For	 example,	 phosphatidylglycerophosphate	 is	 involved	 in	 cardiolipin	

biosynthesis	in	mitochondria348,349.	Substrates	known	to	be	present	in	the	mitochondrial	

membrane,	 such	 as	 cytochrome	 c350,	 were	 excluded	 from	 the	 list	 as	 the	 enzymatic	

cleavage	of	linkers	should	preferably	occur	in	the	matrix	in	order	to	guarantee	the	release	

of	 the	 bioactive	 compound	 within	 mitochondria.	 With	 this	 information,	 the	 list	 of	

substrates	was	narrowed	down	 to	15,	which	are	known	or	predicted	to	be	 cleaved	 in	

mitochondria	but	not	in	the	cytosol	or	plasma	membrane	(Table	5).	
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Table	5.	Confirmed	substrates	cleaved	in	mitochondria	but	not	in	the	cytosol	or	plasma	membrane.	The	sub-
cellular	localization	of	the	substrates	shown	in	Table	4	was	confirmed	using	(HMDB)344–347	or	known	location	of	the	
metabolic	pathway	in	which	they	participate348,349.	The	substrates	in	this	table	(in	bold)	are	cleaved	by	reactions	in	
mitochondria,	but	not	in	the	cytosol	or	plasma	membrane.	Substrates	known	to	be	present	in	the	IMM	and	not	in	the	
matrix	were	not	included.	

3-Hydroxypropanoate + CoA <=> 3-Hydroxypropionyl-CoA + H2O	
3-Hydroxy-2-methylpropanoyl-CoA + H2O <=> 3-Hydroxy-2-methylpropanoate + CoA	
(S)-3-Hydroxyisobutyryl-CoA + H2O <=> CoA + (S)-3-Hydroxyisobutyrate	
Chenodeoxycholate + CoA <=> Chenodeoxycholoyl-CoA + H2O	
Phosphatidylglycerophosphate + H2O <=> Phosphatidylglycerol + Orthophosphate	
N-Formyl-L-methionylaminoacyl-tRNA + H2O <=> Formate + L-Methionylaminoacyl-tRNA	
Formyl-L-methionyl peptide + H2O <=> Methionyl peptide + Formate	
Agmatine + H2O <=> Putrescine + Urea	
cis-Aconitate <=> Itaconate + CO2	
Methylmalonyl-CoA <=> Propanoyl-CoA + CO2	
(4R)-4-Hydroxy-2-oxoglutarate <=> Pyruvate + Glyoxylate	
(4S)-4-Hydroxy-2-oxoglutarate <=> Pyruvate + Glyoxylate	
L-Fuconate <=> 2-Dehydro-3-deoxy-L-fuconate + H2O	
5-Phosphonooxy-L-lysine + H2O <=> L-2-Aminoadipate 6-semialdehyde + Ammonia + 
Orthophosphate	
Protoporphyrin + Fe2+ <=> Heme + 2 H+	
	

The	 next	 step,	 which	 could	 not	 be	 executed	 due	 to	 time	 constraints,	 will	 be	 done	 in	

collaboration	 with	 Prof.	 Richard	 Hartley	 (University	 of	 Glasgow,	 UK)	 and	 involves	

studying	the	structure	of	these	substrates	in	order	to	identify	particular	chemical	groups	

that	 are	 cleaved	 in	mitochondria	 and	 could	 be	 used	 as	 cleavable	 linkers	 to	 conjugate	

bioactive	compounds	to	TPP.	It	is	also	important	to	analyse,	with	tools	such	as	Pymol351,	

if	the	structure	of	the	active	sites	of	the	enzymes	that	catalyse	the	cleavage	of	these	bonds	

could	accommodate	a	variety	of	substrates,	as	either	the	moiety	containing	the	bioactive	

compound	or	the	one	with	TPP	will	likely	have	to	access	the	active	site	in	order	for	the	

linker	 to	 by	 cleaved.	 A	 list	 of	 candidates	 for	 cleavable	 linkers	 can	 then	 be	 obtained,	

comprising	chemical	groups	that	are	likely	to	be	cleaved	exclusively	within	mitochondria.	

The	efficacy	of	these	candidates	can	then	be	tested	using	the	screening	method	described	

in	the	following	section.	

	

3.5	Fluorescent	screening	of	candidate	linkers	
The	preliminary	study	with	TME	illustrated	the	importance	of	achieving	the	right	balance	

between	lability	and	stability	in	order	for	a	linker	to	successfully	allow	the	delivery	of	

compounds	to	mitochondria	and	the	release	of	TPP	after	its	uptake.	The	bioinformatics	
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screening	 will	 allow	 the	 identification	 of	 promising	 linker	 candidates	 that	 should	 be	

enzymatically	cleaved	exclusively	within	mitochondria.	The	next	step	consists	in	testing	

these	candidates	 in	a	variety	of	conditions	and	tissues,	 in	order	to	determine	whether	

they	are	stable	prior	to	mitochondrial	uptake	and	cleaved	once	inside	the	organelle.	In	

order	 to	 rapidly	 screen	 multiple	 cleavable	 linkers	 in	 different	 conditions,	 we	 have	

developed	 a	 quick	 screening	 method	 in	 collaboration	 with	 Prof.	 Richard	 Hartley	

(University	of	Glasgow,	UK).	It	involves	attaching	the	fluorophore	coumarin	to	the	TPP	

cation	 through	 the	 candidate	 linker,	 forming	 a	 non-fluorescent	 compound.	 Once	 the	

linker	 is	 cleaved,	 a	 coumarin	 derivative	 is	 released,	 which	 can	 be	 quantified	 by	 an	

increase	 in	 fluorescence	 (Figure	 30).	 This	 method	 allows	 us	 to	 test	 the	 cleavage	 of	

multiple	 linkers	at	once	on	a	96	well	plate	and	enables	 the	quick	 investigation	of	how	

each	linker	behaves	in	mitochondria	or	cells	from	different	tissues	and	organisms.	

 
Figure	30.	Screening	method	for	cleavable	linkers	using	coumarin	fluorescence.	The	cleavable	linkers	are	used	
to	attach	a	TPP	cation	to	coumarin,	forming	a	non-fluorescent	mitochondria-targeted	compound.	When	the	linker	is	
cleaved,	a	derivative	of	coumarin	is	released,	which	can	be	measured	by	an	increase	in	fluorescence	at	λex	330	nm	and	
λem	450	nm.	This	method	can	be	used	to	rapidly	assess	mitochondrial	uptake	and	cleavage	of	multiple	linkers	using	
mitochondria	or	cells	from	different	tissues	and	organisms.	

As	for	the	preliminary	study,	an	ester	group	was	chosen	as	the	cleavable	linker	as	it	would	

likely	be	hydrolysed	by	esterases	and	thus	 facilitate	 the	development	of	 the	screening	

method.	 Coumarin	 was	 therefore	 conjugated	 to	 TPP	 through	 an	 ester	 bond,	 forming	

MitoCoumarin.	MitoCoumarin	has	low	fluorescence,	which	is	increased	when	the	ester	

linker	is	cleaved	and	coumarin	is	released	(Figure	31).	
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Figure	31.	MitoCoumarin	linker	hydrolysis.	MitoCoumarin	has	an	ester	as	cleavable	linker	that,	when	hydrolysed,	
releases	coumarin,	which	is	fluorescent,	and	4-carboxybutylTPP.	

Firstly,	the	increase	in	fluorescence	following	the	hydrolysis	of	the	linker	was	confirmed	

by	adding	NaOH	 to	a	 solution	of	MitoCoumarin,	 and	detecting	 fluorescence	over	 time	

(Figure	32-A).	The	fluorescence	increased	over	2-fold	in	a	period	of	3	minutes.	Next,	a	

standard	 curve	 was	 prepared	 with	 known	 concentrations	 of	 coumarin,	 allowing	 the	

correlation	between	fluorescence	and	the	amount	of	coumarin	released	(Figure	32-B).	

 
Figure	32.	MitoCoumarin	hydrolysis	with	NaOH	and	standard	curve.	(A)	Hydrolysis	of	5µM	MitoCoumarin	when	
5	mM	NaOH	were	added	after	1	minute.	Fluorescence	was	measured	in	a	cuvette	for	10	minutes	at	37ºC.	(B)	Standard	
curve	 correlating	 fluorescence	 and	 coumarin	 concentration	 obtained	 from	 coumarin	 stock	 solutions.	 The	 linear	
regression	 equation,	 expressed	 in	 the	 figure,	was	 used	 to	 calculate	 the	 formation	 of	 coumarin	 from	 fluorescence	
measurements.	 All	 fluorescence	measurements	were	 done	 at	 λex	 330	 nm	 and	 λem	 450	 nm	 and	 all	 solutions	were	
prepared	in	KCl	buffer.	A.U.	=	arbitrary	units.	

I	 then	tested	whether	MitoCoumarin	could	report	 the	hydrolysis	of	 the	ester	 linker	 in	

mitochondria.	Since	the	preliminary	study	showed	that	isolated	liver	mitochondria	may	

be	 contaminated	with	 cytosolic	 esterases,	MitoCoumarin	was	 incubated	with	 isolated	

heart	mitochondria	for	the	initial	characterization	of	the	method.	Other	tissues,	including	

liver,	can	be	used	in	the	future	to	investigate	other	candidate	linkers.	

	

Incubation	of	5	µM	MitoCoumarin	with	isolated	heart	mitochondria	showed	an	increase	

in	 fluorescence	over	time,	 indicating	that	MitoCoumarin	was	taken	up	and	hydrolysed	

inside	 the	 organelle	 (Figure	 33,	 continuous	 green	 line).	 In	 order	 to	 confirm	 that	

MitoCoumarin	was	hydrolysed	only	once	accumulated	 in	mitochondria,	 three	controls	
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were	 carried	 out.	 For	 the	 first,	MitoCoumarin	was	 added	 to	 KCl	 buffer	 to	 investigate	

whether	any	hydrolysis	would	take	place	in	the	buffer	(Figure	33,	continuous	red	line).	A	

continuous	 level	 of	 fluorescence	 was	 detected,	 which	 is	 likely	 attributed	 to	 the	 low	

fluorescence	of	MitoCoumarin,	as	seen	in	Figure	32	pior	to	NaOH	addition.	For	the	second	

control,	similarly	to	TME,	mitochondria	were	centrifuged,	the	pellet	was	discarded	and	

MitoCoumarin	was	incubated	with	the	supernatant	(Figure	33,	dashed	blue	line).	While	

some	increase	in	fluorescence	was	detected,	it	was	lower	than	the	fluorescence	detected	

in	the	presence	of	mitochondria,	indicating	that	the	majority	of	the	hydrolysis	does	not	

occur	due	to	cytosolic	contamination.	For	the	third	control,	MitoCoumarin	was	incubated	

with	mitochondria	 in	 the	presence	of	 the	uncoupler	FCCP	(Figure	33,	continuous	blue	

line).	 The	 increase	 in	 fluorescence	was	 again	 lower	 than	 in	 the	 absence	 of	 polarized	

mitochondria,	 confirming	 that	 little	 hydrolysis	 of	 the	 linker	 occurred	 outside	 of	

mitochondria.	 Lastly,	 as	 discussed	 previously,	 I	 investigated	 whether	 the	 detected	

fluorescence	could	be	attributed	to	NAD(P)H	by	measuring	the	fluorescence	of	energized	

mitochondria	in	the	absence	of	MitoCoumarin	(Figure	33,	continuous	purple	line).	The	

level	of	fluorescence	measured	was	continuous	over	time	and	lower	than	the	maximum	

fluorescence	detected	when	MitoCoumarin	was	incubated	with	energized	mitochondria.	

The	fluorescence	of	5	µM	Coumarin	was	also	measured	in	order	to	show	how	much	could	

be	detected	 if	 all	 of	MitoCoumarin	was	hydrolysed	 (Figure	33,	 continuous	black	 line).	

Other	controls	included	the	fluorescence	measurement	of	KCl	buffer	(Figure	33,	dashed	

black	 line)	 and	 of	 KCl	 buffer	with	 isolated	mitochondria	 only	 (Figure	 33,	 continuous	

orange	 line).	The	 final	 fluorescence	measured	in	the	 incubation	of	MitoCoumarin	with	

mitochondria	 in	 the	absence	of	FCCP	was	significantly	greater	 than	 in	the	presence	of	

FCCP	or	when	MitoCoumarin	was	incubated	with	the	supernatant,	indicating	that	some	

hydrolysis	of	the	linker	occurred	within	mitochondria.	
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Figure	33.	Incubation	of	MitoCoumarin	with	isolated	rat	heart	mitochondria	over	time.	(A)	MitoCoumarin	(5	µM)	
was	added	to	isolated	rat	heart	mitochondria	(1	mg	mL-1	protein)	in	KCl	buffer	containing	4	µg	mL-1	rotenone	and	10	
mM	succinate	±	1	µM	FCCP.	To	test	whether	there	was	hydrolysis	prior	to	mitochondrial	uptake,	mitochondria	were	
centrifuged	 (10,000	 x	 g,	 5	minutes)	 and	MitoCoumarin	 was	 added	 to	 the	 supernatant.	 As	 a	 control	 of	maximum	
fluorescence,	5µM	coumarin	was	analysed.	Measurements	were	taken	for	30	minutes	at	37ºC.	(B)	Fluorescence	values	
measured	after	30	minutes	of	the	incubations	shown	in	A	(mean	±	SEM).	Statistical	significance	was	determined	by	
unpaired	 two-tailed	 t-test,	 comparing	 the	annotated	 conditions	 (n	=	4),	 considering	p	≤	0.05	 significant	 (ns	=	not	
significant).	A.U.	=	arbitrary	units.	

From	the	results	obtained	in	Figure	33,	it	is	possible	to	quantify	how	much	coumarin	was	

released	from	the	hydrolysis	of	the	linker	in	MitoCoumarin	promoted	by	mitochondria.	

This	calculation	was	done	by	subtracting	the	 fluorescence	of	MitoCoumarin	 incubated	

with	mitochondria	in	the	presence	of	FCCP	(“FFCCP”)	from	the	fluorescence	obtained	from	

the	 incubation	 of	 MitoCoumarin	 with	 coupled	 mitochondria	 (“Fmito”).	 The	 result	 was	

expressed	in	µM	mg-1	protein	by	considering	the	correlation	between	fluorescence	and	

coumarin	 concentration	obtained	 from	 the	 standard	curve	 (Figure	32-B),	 corrected	 to	

µM,	and	the	volume	in	which	the	experiment	was	conducted	(0.2	mL).		

	

"#$%&'()	*#'%&+(#)	(-. ×%0123'#+4()) =
789:; − 7=>>?

4.887 × 1000× 0.2
	

	

With	 the	 calculation	 above,	 it	 is	 possible	 to	 show	 the	 release	 of	 coumarin	 due	 to	 the	

hydrolysis	of	the	ester	link	in	mitochondria	over	time	(Figure	34).	Therefore,	this	method	

allows	us	to	use	fluorescence	to	simultaneously	and	rapidly	investigate	the	cleavage	of	a	

linker	 across	 multiple	 conditions	 with	 isolated	 mitochondria	 by	 using	 the	 linker	 to	

conjugate	 TPP	 to	 coumarin.	 By	 quantifying	 how	 much	 coumarin	 is	 released	 and	

considering	how	much	MitoCoumarin	was	incubated	with	mitochondria,	it	is	possible	to	
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accurately	compare	the	cleavage	efficiency	of	multiple	linkers.	For	example,	in	this	case,	

5	µM	MitoCoumarin	was	used,	which,	considering	that	the	hydrolysis	of	the	ester	leads	to	

a	1:1	release	of	coumarin,	would	result	in	the	production	of	5	µM	coumarin.	As	only	up	to	

0.5	µM	was	released	after	30	minutes,	we	can	conclude	that	10	%	of	MitoCoumarin	added	

to	mitochondria	was	hydrolysed	within	the	organelle	during	that	period.	This	method	

therefore	allows	the	quantitative	comparison	of	candidate	linkers	and	rational	selection	

of	appropriate	linkers	depending	on	the	aim	based	on	their	delivery	efficiency.	

 
Figure	34.	Coumarin	release	from	the	hydrolysis	of	the	linker	in	MitoCoumarin	by	mitochondria.	Quantification	
of	the	results	shown	in	Figure	33,	calculated	by	subtracting	the	fluorescence	measured	over	a	30-minute	incubation	of	
5	µM	MitoCoumarin	with	isolated	rat	heart	mitochondria	(1	mg	mL-1	protein)	at	37ºC	in	the	presence	of	1	µM	FCCP	
from	the	fluorescence	measured	in	the	same	conditions	in	the	absence	of	FCCP.	Fluorescence	values	were	converted	
into	coumarin	concentration	with	the	standard	curve	shown	in	Figure	32-B.	

Next,	 I	 investigated	 whether	 MitoCoumarin	 can	 be	 incubated	 with	 cells	 and	 the	

fluorescence	detected	by	confocal	microscopy.	Firstly,	MitoCoumarin	was	incubated	with	

C2C12	cells	 and	 its	 toxicity	was	measured	by	LDH	activity,	 as	described	 in	Chapter	2.	

MitoCoumarin	did	not	significantly	affect	cell	survival	 in	concentrations	of	up	to	6	µM	

(Figure	35).	
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Figure	35.	MitoCoumarin	toxicity	to	C2C12	cells.	The	toxicity	of	1.5	–	50	µM	MitoCoumarin	to	C2C12	cells	over	30	
minutes	 was	 assessed	 as	 LDH	 activity	 as	 described	 in	 Chapter	 2	 and	 expressed	 as	 percentage	 of	 cell	 survival	
considering	the	number	of	untreated	cells	as	100%	(results	are	mean	±	SEM).	Triton	X-100,	ethanol	and	DMSO	were	
used	as	controls.	Statistical	significance	was	determined	by	unpaired	two-tailed	t-test,	comparing	each	condition	to	the	
untreated	cells	(n	=	3),	considering	p	≤	0.05	significant	(ns	=	p	>	0.05,	*	=	p	≤	0.05,	**	=	p	≤	0.01).	

Then,	MitoCoumarin	was	incubated	with	cells	for	30	minutes,	2,	4	or	24	hours,	after	which	

the	fluorescence	was	detected	by	confocal	microscopy	(Chapter	2).	The	fluorescence	of	

untreated	cells	was	also	measured.	While	there	is	an	increase	in	fluorescence	in	the	cells	

when	 MitoCoumarin	 is	 present	 (Figure	 36-A),	 the	 background	 fluorescence	 also	

increases,	with	the	difference	between	the	fluorescence	detected	in	the	cells	and	in	the	

background	remaining	similar	to	that	of	untreated	cells	(Figure	36-B).	This	suggests	that	

the	ester	linker	is	hydrolysed	in	the	cell	medium	before	MitoCoumarin	is	taken	up	by	the	

cells.	Indeed,	when	MitoCoumarin	was	incubated	with	the	cell	medium	in	the	absence	of	

cells,	an	increase	in	fluorescence	similar	to	that	in	the	presence	of	cells	was	detected	by	

spectrometry	(Figure	36-C).	
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Figure	36.	Incubation	of	MitoCoumarin	with	C2C12	cells.	(A)	Representative	images	of	fluorescence	microscopy	at	
350	nm	of	C2C12	cells	incubated	in	standard	medium	with	100	nM	MitoTracker	Red	and	5	µM	MitoCoumarin	for	2	
hours,	4	hours	and	24	hours,	as	well	as	of	cells	untreated	with	MitoCoumarin.	(B)	Difference	between	fluorescence	in	
cells	and	in	the	background	of	each	condition	(mean	±	SEM,	n	=	9).	No	statistically	significant	difference	was	identified	
when	comparing	 the	 results	of	 the	 treated	 cells	with	 the	untreated	 (unpaired	 two-tailed	 t-test,	results	 considered	
significant	if	p	≤	0.05).	(C)	Fluorescence	of	5	µM	MitoCoumarin	added	to	standard	medium	in	the	presence	or	absence	
of	 cells,	 and	 of	 standard	medium	 and	 cells	 without	 MitoCoumarin	 addition	 as	 negative	 controls,	 measured	 in	 a	
fluorimeter	as	described	in	Chapter	2.	

The	hydrolysis	of	the	ester	linker	prior	to	cellular	uptake	is	likely	due	to	the	presence	of	

esterases	in	the	foetal	bovine	serum	with	which	the	cell	medium	is	supplemented352,353.	

While	it	would	be	possible	to	use	serum-free	medium	to	avoid	extracellular	hydrolysis	of	

the	 ester,	 the	 results	 obtained	 from	 the	 incubation	 of	 TME	 with	 isolated	 liver	

mitochondria	and	from	the	incubation	of	MitoCoumarin	with	cells	in	serum-containing	

medium	 suggest	 that	 esters	 are	 too	 labile	 to	 be	 used	 as	 linkers	 when	 incubating	

mitochondria-targeted	 compounds	 with	 cells,	 and	 likely	 in	 vivo.	 For	 this	 reason,	 the	

screening	strategy	was	not	further	explored	with	this	linker.	

	

While	 an	 ester	 group	 may	 not	 to	 be	 an	 ideal	 cleavable	 linker	 for	 the	 delivery	 of	

compounds	to	mitochondria,	MitoCoumarin	successfully	demonstrated	that	the	efficacy	

of	a	candidate	linker	can	be	investigated	by	using	it	to	conjugate	TPP	to	coumarin	and	

measuring	fluorescence	in	isolated	mitochondria	and	in	cells.	This	is	a	promising	strategy	

for	the	fast	screening	of	multiple	linkers	in	biological	samples	under	various	conditions.	
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3.6	Discussion	and	future	work	
In	 this	 chapter,	 I	 have	 investigated	 the	 chemical	 strategy	 of	 delivering	 compounds	 to	

mitochondria	by	 conjugation	 to	a	TPP	cation	 through	a	 labile	 linker,	which	should	be	

cleaved	 only	 within	 mitochondria,	 releasing	 the	 compound	 from	 TPP.	 It	 allows	 the	

delivery	of	intact	compounds	to	the	organelle,	preventing	the	TPP	cation	from	interfering	

with	the	compound’s	activity.	It	also	opens	the	possibility	of	selective	delivery	of	drugs	

and	probes	to	distinct	tissues,	if	the	linker	is	cleaved	by	tissue-specific	enzymes.	Other	

applications	that	this	delivery	strategy	theoretically	enables	is	the	lock	in	of	compounds	

into	mitochondria	which	can	no	longer	cross	the	IMM	once	released	from	TPP,	and	the	

accumulation	of	compounds	within	mitochondria	for	slow	release	into	the	cytosol.	

	

Initially,	 I	have	conducted	a	preliminary	study	by	 investigating	the	delivery	of	a	small	

molecule,	methanol,	to	mitochondria	by	the	hydrolysis	of	a	simple	linker,	an	ester	group.	

The	stock	of	this	compound,	TME,	was	partially	hydrolysed,	therefore	for	the	subsequent	

measurements	the	ratio	between	the	intact	compound	(TPP-C10-COOMe,	60%)	and	the	

hydrolysis	product	(TPP-C10COOH,	40%)	in	the	stock	was	considered	as	the	starting	point	

for	further	hydrolysis.	This	ratio	was	unaltered	when	TME	was	incubated	for	24	hours	in	

KCl	 buffer	 at	 pH	 7.2	 and	 pH	 8,	 simulating	 the	 pH	 of	 the	 cytosol	 and	 mitochondria,	

respectively354.	 This	 result	 indicated	 that	 any	 linker	 hydrolysis	 detected	 in	 biological	

samples	would	likely	occur	due	to	enzymatic	catalysis	and	not	the	pH.	

	

Next,	 TME	was	 incubated	with	 isolated	 rat	mitochondria.	Mitochondria	were	 initially	

isolated	from	liver,	as	it	provides	a	high	yield.	In	order	to	test	whether	the	mitochondria	

were	contaminated	by	cytosolic	enzymes	with	esterase	activity	that	could	have	adsorbed	

to	the	OMM	during	the	isolation,	mitochondria	were	pelleted	and	discarded,	and	TME	was	

incubated	with	 the	 supernatant	only.	 In	 the	 case	of	mitochondria	 from	 liver,	TPP-C10-

COOMe	 was	 completely	 hydrolysed	 to	 TPP-C10-COOH.	 When	 TME	 was	 added	 to	 the	

incubation	buffer	for	the	same	amount	of	time,	no	hydrolysis	was	detected,	suggesting	

that	the	linker	cleavage	detected	in	the	supernatant	was	a	result	of	contamination	with	

cytosolic	 enzymes.	 Mitochondria	 were	 then	 isolated	 from	 heart,	 and	 in	 this	 case	 no	

hydrolysis	took	place	when	TME	was	incubated	with	the	supernatant,	indicating	that	the	

isolation	was	 clean	 from	 cytosolic	 contamination.	 TME	was	 therefore	 incubated	with	

isolated	heart	mitochondria	in	the	absence	and	presence	of	FCCP	to	determine	whether	
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membrane-potential	 dependent	 uptake	 into	 mitochondria	 occurred.	 Some	 TPP-C10-

COOMe	was	detected	in	the	pellet	in	the	presence	of	FCCP,	suggesting	that	part	of	TPP-

C10-COOMe	remains	attached	to	the	IMM.	As	expected,	this	happens	to	a	lesser	extent	with	

TPP-C10-COOH,	which	is	less	hydrophobic	than	TPP-C10-COOMe.	

	

TME	was	 then	 incubated	with	heart	mitochondria	over	20	minutes,	 and	hydrolysis	of	

TPP-C10-COOMe	 to	 TPP-C10-COOH	 was	 detected	 over	 time.	 This	 preliminary	 study	

showed	that	a	compound	can	be	targeted	to	mitochondria	by	conjugation	to	TPP	through	

a	linker	that	is	cleaved	within	the	organelle.	It	also	illustrated	the	importance	of	using	

linkers	that	are	not	cleaved	prior	to	mitochondrial	uptake	i.e.	by	enzymes	present	in	the	

plasma	membrane	or	cytosol,	as	was	the	case	when	TME	was	 incubated	with	 isolated	

mitochondria	 from	 liver	 contaminated	with	 extramitochondrial	 enzymes.	 As	 esterase	

activity	is	not	specific	to	mitochondria,	this	study	indicated	that	esters	may	be	too	labile	

to	 be	 used	 as	 linkers	 to	 target	 compounds	 to	 mitochondria355.	 A	 higher	 stability	 is	

required	in	order	to	guarantee	that	the	linker	will	not	be	cleaved	prior	to	mitochondrial	

uptake,	which	would	result	in	the	premature	loss	of	the	mitochondria-targeting	moiety,	

TPP.	A	possible	alternative	 for	 the	use	of	esters	are	carbamate	esters,	which	are	more	

stable334.	 Still,	 esters	were	 used	 as	 linkers	 throughout	 this	 thesis	 to	 test	whether	 this	

strategy	would	work	as	it	is	expected	that	they	will	be	cleaved	within	mitochondria.	

	

In	the	following	part	of	this	study,	I	have	performed,	in	collaboration	with	Dr	Anthony	

Smith	 and	 Dr	 Alan	 Robinson	 (MRC	 Mitochondrial	 Biology	 Unit,	 Cambridge,	 UK),	 a	

bioinformatics	analysis	to	identify	candidate	linkers	that	are	substrates	for	mitochondrial	

enzymatic	 cleavage	but	not	 for	enzymatic	 reactions	 in	 the	plasma	membrane	and	 the	

cytosol.	Therefore,	 if	 these	 substrates	were	 conjugated	 to	TPP,	 they	 should	be	able	 to	

cross	the	plasma	membrane	and	the	cytosol	and	only	be	cleaved	once	in	mitochondria.	

We	have	used	the	information	found	in	GO335,336,	IMPI337	and	Rhee,	H.	et	al338	to	compile	

a	list	of	all	known	human	enzymatic	reactions,	organized	by	subcellular	localization.	I	was	

then	 able	 to	 select	 only	 enzymes	 that	 catalyse	 bond	 cleavage,	 that	 are	 present	 in	

mitochondria	and	absent	in	the	plasma	membrane	and	cytosol,	whose	substrates	are	not	

used	 by	 other	 enzymes	 present	 in	 the	 plasma	 membrane	 and	 cytosol.	 A	 list	 of	 36	

substrates	 was	 obtained.	 As	 bioinformatics	 databases	 are	 manually	 curated,	 it	 is	 not	

uncommon	 for	 them	 to	 differ	 from	 each	 other	 in	 some	 cases,	 especially	 in	 regards	 to	
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subcellular	 localization	of	enzymatic	reactions	and	metabolites,	as	 the	evidence	 in	 the	

literature	 may	 not	 be	 very	 clear.	 Therefore,	 in	 order	 to	 further	 ascertain	 that	 the	

substrates	were	not	cleaved	by	reactions	in	the	cytosol	or	plasma	membrane,	I	restricted	

the	list	to	include	only	metabolites	that	meet	these	criteria	according	to	the	HMDB344–347.	

The	final	list	consists	of	15	substrates	that,	according	to	the	analysis	described	here,	are	

cleaved	in	mitochondria	but	not	in	the	plasma	membrane	or	the	cytosol.	Future	steps,	

which	were	not	completed	due	to	time	restrictions,	 involve	studying	the	structures	of	

these	 substrates	 in	 search	 for	 chemical	 similarities	 in	 the	 cleavable	 parts	 that	 can	 be	

explored	for	the	rational	design	of	cleavable	linkers,	as	well	as	investigating	the	structure	

of	the	active	sites	of	the	enzymes	that	catalyse	the	cleavage	in	order	to	determine	whether	

they	would	be	capable	of	cleaving	linkers	between	a	TPP	cation	and	a	cargo	molecule.	

Active	sites	that	are	buried	within	hydrophobic	cores	may	not	be	accessible	unless	there	

is	a	long	alkyl	chain	between	the	TPP	cation	and	the	linker,	as	the	cation	will	not	be	able	

to	enter	the	hydrophobic	domain284.	It	is	also	desirable	that	the	active	site	offers	enough	

space	to	accommodate	either	the	TPP	cation	or	the	cargo,	as	it	is	likely	that	one	of	these	

moieties	will	have	to	access	the	site	in	order	for	the	linker	between	them	to	be	cleaved,	

unless	the	active	site	is	situated	close	to	the	surface	of	the	enzyme.	

	

Next,	I	have	developed	a	fluorescent	screening	strategy	to	quickly	test	multiple	linkers	in	

various	 conditions.	 It	 involves	 using	 the	 linker	 in	 question	 to	 conjugate	 TPP	 to	 the	

fluorophore	 coumarin,	 so	 that	 the	 cleavage	 of	 the	 linker	 leads	 to	 an	 increase	 in	

fluorescence	due	to	coumarin	release.	For	the	initial	development	of	this	probe,	an	ester	

group	was	used	as	linker	as	it	was	likely	to	be	cleaved	in	mitochondria,	thus	allowing	us	

to	 test	 the	 efficacy	 of	 the	 strategy.	 Firstly,	 MitoCoumarin	 was	 exposed	 to	 NaOH	 to	

promote	the	chemical	hydrolysis	of	the	linker,	and	an	increase	in	fluorescence	over	time	

was	 detected	 accordingly.	Known	 concentrations	of	 coumarin	were	 used	 to	 achieve	 a	

standard	curve	correlating	fluorescence	to	coumarin	release.	

	

Following	the	results	with	TME	which	showed	that	 isolated	 liver	mitochondria	can	be	

contaminated	 with	 extramitochondrial	 enzymes	 that	 catalyse	 the	 hydrolysis	 of	 ester	

linkers	prior	to	mitochondrial	uptake,	MitoCoumarin	was	incubated	with	isolated	heart	

mitochondria	and	the	fluorescence	was	measured	over	time	under	various	conditions.	A	

steeper	increase	was	detected	in	the	presence	of	coupled	mitochondria,	indicating	that	
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MitoCoumarin	 is	 taken	up	by	 the	organelle	and	 the	 linker	 is	 cleaved	over	 time.	A	 less	

prominent	increase	was	detected	in	the	presence	of	FCCP	and	when	MitoCoumarin	was	

incubated	 with	 the	 supernatant	 only,	 suggesting	 that	 the	 ester	 linker	 is	 partially	

hydrolysed	 outside	 mitochondria.	 By	 subtracting	 the	 results	 obtained	 in	 the	 second	

condition	 from	the	results	obtained	 in	the	 first,	 it	was	possible	 to	calculate	how	much	

coumarin	 was	 released	 from	 the	 hydrolysis	 of	 the	 linker	 within	 mitochondria.	

Interestingly,	 only	 10%	 of	 the	 added	MitoCoumarin	 was	 cleaved	 in	 the	 period	 of	 30	

minutes.	In	this	experiment,	it	was	also	possible	to	detect	and	take	into	consideration	the	

background	 fluorescence	 from	 NAD(P)H	 in	 coupled	 mitochondria	 in	 the	 absence	 of	

MitoCoumarin,	 therefore	overcoming	 the	 fact	 that	 the	 fluorescence	 spectra	of	 the	 two	

molecules	is	similar332.		

	

The	toxicity	of	MitoCoumarin	to	C2C12	cells	was	then	investigated,	and	concentrations	of	

up	 to	 6	 µM	 did	 not	 significantly	 affect	 cell	 survival.	 MitoCoumarin	 was	 therefore	

incubated	with	cells	for	up	to	24	hours,	and	the	fluorescence	was	detected	by	confocal	

microscopy.	 Cells	 in	 the	 presence	 of	MitoCoumarin	 showed	 increased	 fluorescence	 in	

comparison	to	untreated	cells,	however,	the	background	fluorescence	was	also	increased,	

leading	 to	 no	 difference	 in	 the	 corrected	 fluorescence	 (cells	 –	 background)	 between	

treated	and	untreated	cells.	This	suggests	that	in	this	case,	the	linker	is	cleaved	in	the	cell	

medium	prior	to	cellular/mitochondrial	uptake.	As	the	medium	contains	serum,	which	is	

known	to	have	esterase	activity,	this	result	is	not	surprising352,353.	A	linker	that	is	stable	

in	serum	will	have	to	be	used	in	the	future	to	test	whether	it	is	possible	to	detect	higher	

fluorescence	in	mitochondria	of	treated	cells	correspondent	to	the	release	of	coumarin.	

Serum-free	medium	can	be	used	to	investigate	the	cleavage	of	the	ester	linker	in	cells,	

although	it	is	likely	that	some	extramitochondrial	hydrolysis	will	still	take	place	in	the	

cytosol,	as	there	are	cytosolic	esterases355.	

	

Whichever	linker	is	tested	in	the	future,	it	will	be	necessary	to	measure	the	fluorescence	

in	mitochondria	 of	 untreated	 cells	 to	 account	 for	 NAD(P)H	 fluorescence.	 Besides	 the	

overlap	between	the	fluorescence	of	coumarin	and	of	NAD(P)H,	this	screening	strategy	

also	has	the	limitation	of	requiring	the	synthesis	of	a	probe	for	each	linker,	in	which	the	

linker	 is	 used	 to	 conjugate	 TPP	 to	 coumarin.	 However,	 once	 these	 probes	 are	 ready,	

multiple	linkers	can	be	rapidly	screened	in	various	conditions	using	a	96	well	plate	and	a	
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fluorimeter	to	quickly	identify	promising	candidates.	Mitochondria	can	be	isolated	from	

multiple	tissues	and	simultaneously	incubated	with	a	variety	of	linkers	to	study	whether	

their	cleavage	 is	 favoured	 in	particular	 tissues,	a	property	that	can	be	explored	 in	the	

future	 for	 tissue-selective	targeting	of	compounds	to	mitochondria,	which	 is	currently	

not	possible.	This	screening	strategy	also	allows	the	investigation	of	linker	behaviour	in	

cells	by	detecting	fluorescence	with	confocal	microscopy,	thus	better	simulating	in	vivo	

conditions.	

	

In	 this	 chapter,	 I	 have	 shown	 that	 it	 is	 possible	 to	 target	 a	 small	 compound	 to	

mitochondria	by	conjugating	it	to	TPP	through	a	linker	that	is	cleaved	upon	mitochondrial	

uptake.	The	lability	of	the	ester	group	outside	of	mitochondria	illustrated	the	importance	

of	 selecting	 linkers	 that	 are	 cleaved	 only	 inside	 the	 organelle,	 so	 that	 TPP,	 the	

mitochondria-targeting	moiety,	is	not	lost	before	the	compound	accumulates	within	the	

organelle.	 To	 facilitate	 the	 rational	 selection	 of	 candidate	 linkers,	 I	 have	 performed	 a	

bioinformatics	analysis	to	compile	a	list	of	metabolites	that	are	cleaved	in	mitochondria	

but	 stable	 in	 the	 cytosol	 and	plasma	membrane,	with	 the	goal	of	 identifying	 chemical	

similarities	 among	 them	 that	 can	 be	 explored	 for	 this	 delivery	 strategy	 i.e.	 chemical	

groups	that	are	stable	outside	of	mitochondria	and	cleaved	inside	and	the	enzymes	that	

catalyse	their	cleavage	in	mitochondria.	Finally,	I	have	developed	a	screening	method	that	

can	 be	 used	 to	 rapidly	 investigate	 the	 suitability	 of	 multiple	 linkers	 across	 various	

conditions,	in	isolated	mitochondria	as	well	as	in	cells.	
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Chapter	4:	Delivery	of	a	cleavable	hydrophobic	compound	to	

mitochondria	

4.1	Introduction	
As	 discussed	 in	 Chapter	 1,	 hydrophobic	 compounds	 can	 be	 successfully	 delivered	 to	

mitochondria	through	TPP-targeting.	The	uptake	of	these	compounds	into	mitochondria	

is	facilitated	by	their	hydrophobicity,	since	it	reduces	the	desolvation	energy	necessary	

to	 allow	 the	 compounds	 to	 cross	 the	 IMM218.	 The	 best	 characterised	 example	 of	 a	

hydrophobic	 compound	 targeted	 to	 mitochondria	 by	 conjugation	 to	 a	 TPP	 cation	 is	

MitoQ10,	which	comprises	a	ubiquinone	moiety	attached	to	TPP	by	a	saturated	10-carbon	

chain	and	acts	as	an	antioxidant	by	preventing	 lipid	peroxidation	to	the	IMM265,268,284.	

MitoQ10	 showed	 promising	 results	 in	 clinical	 trials	 of	 hepatitis	 C	 and	 vascular	

function297,298.	

	

While	MitoQ10	exemplifies	that	hydrophobic	compounds	can	be	selectively	delivered	to	

mitochondria,	it	also	illustrates	how	conjugation	to	a	TPP	cation	can	hinder	a	compound’s	

biological	activity	within	the	organelle.	MitoQ10	cannot	act	as	a	substitute	for	CoQ10	since	

it	is	a	poor	substrate	for	Complex	III	and	thus	cannot	transfer	electrons	down	the	ETC284.	

This	is	because	TPP	cations	remain	within	the	core	of	the	IMM	only	transiently,	with	the	

transport	through	the	membrane	occurring	by	adsorption	to	the	membrane	at	the	level	

of	the	fatty	acid	carboxyl	groups	on	the	interface	between	the	IMS	and	the	IMM,	followed	

by	quick	transport	to	the	level	of	the	fatty	acid	carboxyl	groups	on	the	interface	between	

the	IMM	and	the	matrix,	and	then	desorption	into	the	matrix	(Chapter	1,	Figure	10)218.	In	

the	 case	 of	 TPP	 cations	 conjugated	 to	 lipophilic	 cargos,	 such	 as	 ubiquinone,	 the	 TPP	

remains	adsorbed	to	the	interface	between	IMM	and	the	matrix,	with	the	lipophilic	cargo	

penetrating	into	the	membrane	to	a	depth	depending	on	the	length	of	the	alkyl	linker261.	

This	tethers	the	compound	to	the	matrix	surface	of	the	IMM,	thereby	restricting	its	access	

to	 many	 enzymes	 in	 the	 core	 of	 the	 membrane.	 As	 the	 ubiquinone	 reduction	 and	

ubiquinol	oxidation	sites	of	Complex	III	must	be	accessed	from	within	the	hydrophobic	

core,	MitoQ10	is	a	poor	substrate	for	this	complex	because	the	charge	of	the	TPP	cation	

tethers	it	out	of	reach	of	the	enzyme’s	active	sites261,356.	Complex	II,	on	the	other	hand,	

has	 an	 ubiquinone	 binding	 site	 close	 to	 the	matrix	 surface	 of	 the	 IMM,	which	 can	 be	
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accessed	 by	 MitoQ10357.	 The	 reduction	 of	 MitoQ10	 by	 Complex	 II	 is	 crucial	 to	 its	

antioxidant	activity	as	it	recycles	it	to	its	reduced	form	(Figure	37)284.	

	
Figure	37.	MitoQ10	redox	cycle	in	the	IMM.	MitoQ10	prevents	lipid	peroxidation	by	being	oxidised	by	lipid	peroxides,	
thereby	terminating	chain	reactions.	It	is	recycled	to	its	reduced	form	by	Complex	II.	

MitoQ10	 is	 also	a	poor	 substrate	 for	Complex	 I.	Comparison	between	 the	 reduction	of	

tritylQ10,	which	has	the	same	structure	as	MitoQ10	but	lacks	the	positive	phosphonium	

ion,	and	CoQ4	by	Complex	I	showed	that	the	reduction	rate	for	the	first	is	slower	than	the	

second261.	 Since	 the	 large	 triphenyl	moiety,	 but	 not	 the	 positive	 charge,	 is	 present	 in	

tritylQ10,	this	result	suggests	that	the	steric	hindrance	of	the	triphenyl	group	is	the	major	

contributor	to	the	decreased	reduction	of	MitoQ10	by	Complex	I261.	The	charge	on	MitoQ10	

further	contributes	to	this	impediment	as	MitoQ10	is	even	less	reactive	with	Complex	I	

than	 tritylQ10261.	 Indeed,	 the	 electron	 cryomicroscopy	 structure	 of	 bovine	 Complex	 I	

indicates	 that	 the	ubiquinone-binding	site	 is	a	 long,	narrow	channel	 lined	mostly	with	

uncharged,	 hydrophobic	 residues,	 suggesting	 that	 the	 access	 of	MitoQ10	 to	 this	 site	 is	

restricted	by	both	the	size	and	charge	of	the	TPP	cation358.	In	the	case	of	Complex	III,	both	

CoQ4	and	tritylQ10	are	good	substrates,	while	MitoQ10	is	not,	confirming	that	here	it	is	the	

positive	charge	on	the	TPP	cation	rather	than	steric	hindrance	that	affects	the	reactivity	

of	MitoQ10261.	The	reduction	of	MitoQ10	by	ETF	is	also	prevented	by	steric	hindrance	of	

the	 TPP	 cation,	 as	 can	 be	 determined	 when	 modelling	 MitoQ10	 into	 the	 ubiquinone	

reduction	site	of	the	enzyme261,359.	

	

The	concentration	of	hydrophobic	compounds	conjugated	with	TPP	cations	in	the	core	of	

the	IMM	can	be	improved	by	lengthening	the	alkyl	chain	between	the	cargo	and	TPP268.	

However,	 this	 strategy	 does	 not	 circumvent	 the	 problem	 of	 steric	 hindrance.	

Furthermore,	 lengthening	 of	 the	 alkyl	 chain	 leads	 to	 an	 increase	 in	 the	 compound’s	

hydrophobicity	and	consequently	reduces	water	solubility	and	oral	bioavailability,	and	
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also	 promotes	 non-specific	 binding	 to	 non-mitochondrial	membranes284.	 Therefore,	 a	

more	 interesting	 strategy	 to	prevent	TPP	cations	 from	 interfering	with	 the	activity	of	

mitochondria-targeted	hydrophobic	compounds	in	the	IMM	is	to	use	a	cleavable	linker	to	

conjugate	 the	 two	moieties.	 The	 linker	 should	 be	 stable	 outside	 of	mitochondria,	 but	

cleaved	once	the	compound	 is	 taken	up.	This	way,	 the	hydrophobic	compound	can	be	

targeted	to	mitochondria	driven	by	the	mitochondrial	membrane	potential-dependent	

uptake	of	TPP,	but	be	detached	from	the	TPP	cation	once	accumulated	in	the	organelle.	

	

Another	advantage	of	this	strategy	is	that	it	may	allow	the	delivery	of	CoQ	analogues	that	

remain	 attached	 to	 the	 IMM	 once	 released	 from	 TPP.	 While	 short-chained,	 more	

hydrophilic	 analogues	 such	 as	 CoQ2	 and	 CoQ4	 diffuse	 between	 non-contiguous	

membranes	of	two	vesicle	populations,	CoQ9	does	not360.	This	suggests	that	by	targeting	

CoQ10,	 the	 predominant	 human	 form	 of	 endogenous	 ubiquinone,	 to	 mitochondria	 by	

conjugating	it	to	TPP	through	a	cleavable	linker,	it	would	remain	locked	within	the	IMM	

once	 released	 from	 the	 TPP	 moiety361.	 Therefore,	 using	 cleavable	 linkers	 to	 deliver	

hydrophobic	 compounds	 to	 mitochondria	 may	 improve	 the	 bioavailability	 of	 CoQ	

supplements,	which	currently	show	limited	accumulation	in	mitochondria	in	vivo362–364.	

	

4.2	Aim	and	strategy	
The	aim	of	this	project	was	to	test	whether	a	hydrophobic	compound	could	be	delivered	

to	mitochondria	and	released	from	the	TPP	cation	once	accumulated	into	the	organelle,	

thus	preventing	the	TPP	cation	from	affecting	the	activity	of	the	compound.	This	strategy	

may	also	allow	the	lock	in	of	hydrophobic	compounds	within	mitochondria,	as	they	will	

likely	remain	attached	to	the	IMM	once	released	from	TPP.	For	that	purpose,	we	chose	to	

initially	target	a	ubiquinone	derivative,	idebenone,	to	mitochondria	by	attaching	it	to	a	

TPP	cation	by	an	ester	group	as	a	cleavable	linker.	Idebenone	is	a	synthetic	compound	

that	has	the	same	ubiquinone	moiety	as	the	one	present	in	CoQ10,	but	a	much	shorter	and	

less	hydrophobic	alkyl	tail,	as	well	as	a	terminal	hydroxyl	group365.	It	was	chosen	over	

CoQ10	 due	 to	 its	 higher	 solubility	 in	 aqueous	 solution	 and	 simpler	 synthesis,	 which	

facilitated	 the	 initial	 development	 of	 this	 delivery	 strategy	 for	 targeting	 more	

hydrophobic	ubiquinones	to	mitochondria	in	the	future366.	The	uptake	of	the	compound	

and	cleavage	of	the	linker	were	studied	by	incubation	with	isolated	mitochondria	and	RP-

HPLC	analysis.	



 108	

4.3	Delivery	of	idebenone	attached	to	TPP	through	a	cleavable	linker	
In	 order	 to	 selectively	 deliver	 idebenone	 to	 mitochondria	 we	 have	 developed,	 in	

collaboration	with	Prof.	Robin	A.	 J.	Smith	and	Prof.	David	Larsen	(University	of	Otago,	

Dunedin,	 New	 Zealand),	 MitoQ10OCO2	 iodide,	 which	 comprises	 an	 idebenone	 moiety	

attached	to	TPP	by	an	ester	group	as	cleavable	linker	(Figure	38).	

 
Figure	 38.	 MitoQ10OCO2	 and	 linker	 cleavage.	 (A)	 Representative	 scheme	 of	 the	 cleavable	 linker	 strategy.	 (B)	
MitoQ10OCO2	 has	 an	 ester	 group	 as	 cleavable	 linker	 which,	 when	 hydrolysed,	 releases	 idebenone,	 a	 ubiquinone	
derivative,	as	well	as	2-carboxyethylTPP	(2carbEtTPP).	

Firstly,	MitoQ10OCO2	and	 the	 products	 of	 the	 hydrolysis	 of	 the	 linker,	 idebenone	 and	

2carbEtTPP,	were	characterised	by	RP-HPLC.	The	compounds	are	eluted	 in	 increasing	

order	of	hydrophobicity:	2carbEtTPP	<	idebenone	<	MitoQ10OCO2	(Figure	39).	

 
Figure	39.	RP-HPLC	analysis	of	MitoQ10OCO2,	idebenone	and	2-carboxyethylTPP	(2carbEtTPP)	stocks.	(A)	50	
µM	MitoQ10OCO2,	(B)	40	µM	idebenone	and	(C)	0.2	mM	2-carboxyEthylTPP	RP-HPLC	traces.	The	injection	volume	was	
0.7	 mL	 and	 absorbance	 was	measured	 at	 220	 nm.	 The	 compounds	 are	 eluted	 at	 92%,	 86%	 and	 58%	 buffer	 B,	
respectively.	

While	the	hydrolysis	of	ester	bonds	in	cells	is	catalysed	by	esterases,	ester	groups	can	

also	undergo	hydrolysis	in	acidic	or	basic	pH.	Therefore,	I	firstly	investigated	the	effect	of	

pH	in	the	hydrolysis	of	MitoQ10OCO2	by	incubating	it	in	KCl	buffer	at	the	physiological	pH	

corresponding	to	the	cytosol	(pH	7.2)	or	to	the	mitochondrial	matrix	(pH	8)354.	After	24	
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hours	 3%	 of	 the	 initial	 MitoQ10OCO2	 was	 hydrolysed	 at	 pH	 7.2,	 whereas	 11%	 was	

hydrolysed	at	pH	8	(Figure	40).	As	expected,	the	alkaline	pH	promotes	more	hydrolysis	

than	 the	neutral	pH.	Nevertheless,	 the	 rate	of	 the	hydrolysis	 in	KCl	buffer	at	both	pH	

values	is	slow,	suggesting	that	in	biological	samples	the	hydrolysis	of	MitoQ10OCO2	will	

mostly	depend	on	enzymatic	catalysis	by	esterases	than	on	pH.	

	
Figure	40.	Hydrolysis	time	course	of	MitoQ10OCO2	in	cytosolic	and	mitochondrial	pH.	Hydrolysis	of	0.25	mM	
MitoQ10OCO2	in	KCl	buffer	pH	7.2	(cytosolic)	or	pH	8	(mitochondrial)	at	37ºC,	analysed	by	RP-HPLC	after	0,	2,	4	or	24	
hours	and	indicated	as	conversion	from	MitoQ10OCO2	to	idebenone	relative	to	the	total	amount	of	MitoQ10OCO2.	

MitoQ10OCO2	was	then	incubated	with	isolated	rat	liver	mitochondria	to	test	whether	the	

hydrolysis	 of	 the	 linker	 would	 occur	 in	 the	 organelle.	 Prior	 to	 the	 incubation	 with	

mitochondria,	 a	 control	 test	was	 run	 to	 investigate	whether	 the	 compound	would	 be	

hydrolysed	before	its	uptake	into	the	organelle.	Since	the	cytoplasm	of	liver	cells	has	high	

esterase	 activity333,	 it	 is	 possible	 for	 isolated	 mitochondria	 from	 this	 tissue	 to	 be	

contaminated	with	 cytosolic	 esterases	 that	 attached	 to	 the	OMM	during	 the	 isolation	

process.	In	order	to	confirm	that	any	effects	detected	in	the	mitochondrial	pellet	would	

not	be	the	result	of	an	artefactual	esterase	activity	present	on	the	surface	of	mitochondria,	

isolated	mitochondria	were	added	to	KCl	buffer,	then	centrifuged	as	described	in	Chapter	

2.	The	pellet	was	discarded	and	MitoQ10OCO2	was	incubated	with	the	supernatant.	Only	

MitoQ10OCO2	 and	 the	 internal	 standard	 (TPMP)	 were	 detected,	 confirming	 that	 any	

effects	 seen	 in	 the	 incubation	 of	 MitoQ10OCO2	 with	 isolated	 mitochondria	 can	 be	

attributed	 to	 an	 activity	 present	 within	 mitochondria,	 rather	 than	 from	 cytosolic	

contamination	(Figure	41A).	Incubation	of	MitoQ10OCO2	with	isolated	mitochondria	over	

time	showed	a	decrease	in	MitoQ10OCO2	and	an	increase	of	a	peak	at	90%	buffer	B,	which	

does	 not	 correspond	 to	 either	 of	 the	 hydrolysis	 products,	 idebenone	 or	 2carbEtTPP	

(Figure	41B).	The	internal	standard	was	changed	to	propylTPP	since	TPMP	is	eluted	at	a	

similar	percentage	of	buffer	B	as	2carbEtTPP.	
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Figure	41.	Incubation	of	MitoQ10OCO2	with	isolated	rat	liver	mitochondria.	(A)	Isolated	rat	liver	mitochondria	(1	
mg	mL-1	protein)	were	centrifuged	and	the	supernatant	was	incubated	with	20	µM	MitoQ10OCO2	and	20	µM	TPMP	as	
internal	standard,	as	described	in	Chapter	2.	(B)	Incubation	of	33	µM	MitoQ10OCO2	and	33	µM	propylTPP	(internal	
standard)	with	isolated	rat	liver	mitochondria	(1	mg	mL-1	protein)	at	37ºC	for	15	seconds,	5	minutes	or	10	minutes.	
Results	show	RP-HPLC	analysis	of	mitochondrial	fractions.	

Since	 idebenone	 localizes	 to	 the	 IMM367,	 it	was	possible	 that	 the	peak	 formed	at	90%	

buffer	B	during	the	incubation	of	MitoQ10OCO2	with	isolated	mitochondria	could	either	

indicate	the	reduction	of	MitoQ10OCO2	(if	the	ester	linker	had	not	been	cleaved)	or	the	

reduction	 of	 idebenone	 (if	 the	 ester	 linker	 was	 cleaved)	 by	 Complex	 II.	 In	 order	 to	

investigate	which	was	the	case,	MitoQ10OCO2	and	idebenone	were	reduced	with	NaBH4	

as	 describe	 in	 Chapter	 2.	 The	 formation	 of	 reduced	 MitoQ10OCO2	 and	 idebenol	 was	

confirmed	by	a	shift	in	the	absorbance	spectra	of	the	compounds	(Figure	42).	

	
Figure	42.	Absorbance	spectra	of	reduced	and	oxidised	MitoQ10OCO2	and	idebenone.	(A)	MitoQ10OCO2	and	(B)	
idebenone	were	reduced	by	adding	1	mL	water	and	10	mg	NaBH4	to	1	mL	of	a	10	mM	MitoQ10OCO2	or	idebenone	
solution	prepared	with	95%	ethanol	pH	2,	as	described	in	Chapter	2.	The	reduction	was	confirmed	by	the	shift	in	the	
absorbance	spectra,	with	the	indicated	wavelengths	representing	the	expected	shift	in	absorbance	peaks368.	
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RP-HPLC	analysis	of	idebenol	showed	that	it	is	eluted	at	80%	buffer	B	and	thus	does	not	

correspond	 to	 the	 product	 formed	 in	 the	 incubation	 of	 MitoQ10OCO2	 with	 isolated	

mitochondria,	which	is	eluted	at	90%	(Figure	43A).	The	reduced	MitoQ10OCO2	stock	was	

then	analysed	by	RP-HPLC	(Figure	43B),	and	while	the	reduction	process	promoted	the	

hydrolysis	 of	 the	 linker	 and	 yielded	 a	 large	 proportion	 of	 idebenol,	 a	 new	 peak	 was	

identified	 at	 90%	buffer	 B,	 indicating	 that	 the	 product	 formed	 in	 the	 incubation	with	

isolated	mitochondria	was	reduced	MitoQ10OCO2.	

	
Figure	43.	RP-HPLC	analysis	of	 idebenol	and	 reduced	MitoQ10OCO2	stocks	prepared	 from	the	reduction	of	
idebenone	and	MitoQ10OCO2	with	NaBH4.	(A)	Idebenol	stock	prepared	by	reducing	10	mM	idebenone	with	NaBH4	as	
described	in	Chapter	2.	(B)	Stock	obtained	from	the	reduction	of	10	mM	MitoQ10OCO2	with	NaBH4	as	described	in	
Chapter	2.	Based	on	previously	performed	RP-HPLC	analyses	of	stocks	of	each	compound,	the	peaks	correspond	to	
2carbEtTPP	 (58%	 buffer	 B),	 idebenol	 (80%),	 idebenone	 (86%),	 reduced	 MitoQ10OCO2	 (90%)	 and	 oxidised	
MitoQ10OCO2	(92%).	

One	hypothesis	 that	could	explain	why	the	linker	 in	MitoQ10OCO2	 is	not	hydrolysed	 in	

isolated	mitochondria	 is	 that	 the	proximity	of	 the	 large	TPP	cation	 to	the	ester	 linker	

could	prevent	it	from	reaching	the	active	site	of	esterases,	whether	by	steric	hindrance	or	

by	blocking	the	access	to	a	hydrophobic	core	due	to	its	positive	charge261.	To	test	whether	

this	is	the	case,	MitoQ10OCO2	was	incubated	with	porcine	liver	esterase	and	analysed	by	

RP-HPLC	over	time.	As	a	control,	TME	(Chapter	3)	was	incubated	in	parallel	under	the	

same	conditions	(Figure	44).	While	the	ester	linker	in	TME	was	completely	hydrolysed	

within	15	minutes,	 the	 linker	 in	MitoQ10OCO2	was	only	50%	hydrolysed	after	1	hour,	

suggesting	that	esterases	are	indeed	less	efficient	in	hydrolysing	MitoQ10OCO2.	
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Figure	44.	Hydrolysis	of	MitoQ10OCO2	and	TME	by	esterase.	200	µM	MitoQ10OCO2	(A)	or	TME	(B)	were	incubated	
with	porcine	liver	esterase	24	U	in	KCl	buffer	pH	7.2	for	0,	15,	30,	60	or	120	minutes	at	37ºC.	At	each	time	point,	20	µL	
aliquots	were	collected	and	analysed	by	RP-HPLC	as	described	in	Chapter	2.	Results	are	mean	±	SEM	(n	=	3)	of	the	peak	
areas	of	the	compounds	(MitoQ10OCO2/TPP-C10-COOMe)	and	of	the	hydrolysis	products	(2carbEtTPP/	TPP-C10-COOH)	
relative	to	the	total	peak	areas	(MitoQ10OCO2	+	2	carbEtTPP	or	TPP-C10-COOMe	+	TPP-C10-COOH),	considering	the	
amount	of	TPP-C10-COOMe	initially	present	in	the	TME	stock	as	100%	(Chapter	3).	

In	conclusion,	MitoQ10OCO2	is	successfully	taken	up	by	isolated	liver	mitochondria	and	

the	 linker	 does	 not	 get	 hydrolysed	 prior	 to	 the	 uptake.	 However,	 once	 taken	 up,	

MitoQ10OCO2	 is	 reduced	 and	 the	 linker	 is	 not	 hydrolysed.	 Therefore,	 even	 though	

MitoQ10OCO2	is	successful	in	targeting	idebenone	to	mitochondria,	it	remains	attached	to	

the	TPP	cation,	and	therefore	is	subject	to	effects	by	the	TPP	cation	in	the	same	way	as	

MitoQ10.	Structural	modifications	to	MitoQ10OCO2	would	likely	resolve	this	issue,	as	will	

be	discussed	next.	

	

4.4	Discussion	and	future	work	
Hydrophobic	compounds	can	be	targeted	to	mitochondria	by	conjugation	to	TPP	cations.	

However,	the	presence	of	TPP	can	hinder	the	compound's	bioactivity	in	mitochondria.	

For	example,	MitoQ10	can	successfully	deliver	idebenone,	a	ubiquinone	derivative,	to	the	

IMM,	 but	 it	 anchors	 the	 molecule	 to	 the	 interface	 between	 the	 IMM	 and	 the	

matrix265,268,284.	This	keeps	 idebenone	out	of	reach	of	Complex	III284.	Furthermore,	 the	

TPP	cation	prevents	MitoQ10	from	reaching	the	CoQ	active	site	of	Complex	I	due	to	steric	

hindrance284.	The	reduction	of	MitoQ10	by	Complex	II	is	sufficient	to	recycle	it	after	it	has	

been	used	as	an	 antioxidant,	preventing	oxidative	damage	 to	 the	 IMM	caused	by	ROS	

produced	by	the	ETC265,268,284.	However,	since	MitoQ10	is	not	a	substrate	for	Complex	III,	

it	 cannot	 substitute	CoQ10	as	 it	 cannot	pass	electrons	down	 the	ETC.	Therefore,	while	

MitoQ10	 has	 been	 successfully	 used	 as	 an	 antioxidant	 in	 clinical	 trials,	 it	 is	 not	 an	

alternative	for	the	treatment	of	CoQ10	deficiency284,297,298.	This	case	illustrates	how	the	

TPP	cation	can	affect	the	activity	of	a	compound	within	mitochondria.	In	order	to	avoid	
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any	negative	effects	the	TPP	cation	may	have	on	the	activity	of	a	compound,	the	bioactive	

moiety	 can	 be	 conjugated	 to	 TPP	 through	 a	 labile	 linker,	 which	 is	 cleaved	 inside	

mitochondria.	This	way,	the	TPP	cation	can	drive	the	accumulation	of	the	compound	into	

mitochondria,	 but	 be	 released	 once	 inside	 the	 organelle,	 allowing	 the	 delivery	 of	 the	

intact	bioactive	compound.	

	

In	this	chapter,	I	have	studied	whether	MitoQ10OCO2	could	be	used	to	deliver	idebenone	

to	mitochondria	by	 releasing	 it	 into	 the	organelle	via	 a	hydrolysable	ester	 linker.	The	

hydrolysis	of	esters	can	be	catalysed	by	acidic	or	basic	pH,	but	when	MitoQ10OCO2	was	

incubated	in	buffer	with	pH	7.2	and	8,	representing	the	physiological	pH	of	the	cytosol	

and	mitochondria	 respectively,	 the	 hydrolysis	was	 very	 slow	 and	 only	 up	 to	 11%	 of	

MitoQ10OCO2	was	hydrolysed	after	24	hours.	This	result	indicated	that	the	hydrolysis	of	

MitoQ10OCO2	in	cells	would	likely	occur	due	to	the	catalysis	by	esterases,	rather	than	due	

to	the	pH.	

	

MitoQ10OCO2	was	 then	 incubated	with	 isolated	 rat	 liver	mitochondria.	 I	have	 checked	

whether	the	mitochondria	were	contaminated	with	cytosolic	esterases,	which	could	lead	

to	the	linker	being	cleaved	before	the	uptake	of	MitoQ10OCO2	by	mitochondria,	but	no	

hydrolysis	 occurred	 when	 MitoQ10OCO2	 was	 incubated	 with	 the	 supernatant	 of	 the	

mitochondrial	preparation.	Incubation	of	MitoQ10OCO2	with	isolated	mitochondria	also	

did	not	lead	to	the	hydrolysis	of	the	linker,	as	it	resulted	in	the	formation	of	a	product	that	

was	eluted	at	90%	buffer	B	and	did	not	correspond	to	either	of	the	hydrolysis	products.	

In	order	to	investigate	the	hypothesis	that	the	product	could	be	either	reduced	MitoQ10-
OCO2	or	reduced	idebenone,	i.e.	idebenol,	MitoQ10OCO2	and	idebenone	were	reduced	with	

NaBH4,	 as	 confirmed	 by	 a	 shift	 in	 the	 absorbance	 spectra,	 and	 analysed	 by	RP-HPLC.	

Idebenol	was	eluted	at	80%,	whereas	reduced	MitoQ10OCO2	was	eluted	at	90%,	matching	

the	product	obtained	from	the	incubation	with	mitochondria.	For	further	confirmation,	

the	compound	eluted	at	90%	could	be	collected	after	the	separation	by	RP-HPLC	analysis	

and	analysed	by	LC-MS/MS,	however,	due	to	time	constraints	only	the	confirmation	by	

RP-HPLC	analysis	was	performed.	

	

MitoQ10OCO2	 is	 therefore	 taken	 up	 by	 isolated	 mitochondria,	 but	 the	 linker	 is	 not	

hydrolysed.	 Instead,	 incubation	 of	MitoQ10OCO2	with	mitochondria	 over	 time	 showed	
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reduction	of	intact	MitoQ10OCO2,	which	is	expected	since	idebenone	localizes	to	the	IMM	

and	as	a	ubiquinone	derivative,	is	reduced	by	the	ETC265,367.	Since	the	idebenone	moiety	

remains	attached	to	the	TPP	cation	after	the	uptake	into	mitochondria,	MitoQ10OCO2	is	

likely	 subjected	 to	 the	 same	 limitations	 as	MitoQ10.	 As	 discussed	 previously,	 the	 TPP	

cation	 anchors	 MitoQ10	 to	 the	 matrix	 surface	 of	 the	 IMM,	 keeping	 it	 out	 of	 reach	 of	

Complex	 III	 and	 restricting	 its	 participation	 in	 the	 ETC.	The	TPP	 cation	 also	 prevents	

MitoQ10	 from	 being	 oxidised	 by	 Complex	 I	 due	 to	 steric	 hindrance261.	 In	 order	 for	

idebenone	to	be	released	freely	into	the	IMM,	avoiding	any	restrictions	caused	by	the	TPP	

cation,	it	is	necessary	that	the	linker	between	idebenone	and	TPP	is	cleaved.	

	

We	hypothesized	that	the	short	carbon	chain	between	the	large	TPP	cation	and	the	linker	

prevents	its	access	to	the	active	site	of	esterases	that	would	promote	the	hydrolysis	of	the	

linker,	either	by	steric	hindrance	of	the	large	TPP	cation	or	by	blocking	the	access	to	the	

hydrophobic	core	of	the	enzyme	due	to	the	positive	charge.	To	test	if	that	was	the	case,	

MitoQ10OCO2	was	incubated	with	porcine	liver	esterase	over	time,	and	the	hydrolysis	of	

the	linker	was	compared	to	that	of	TME	(Chapter	3).	While	the	hydrolysis	of	TME	was	

complete	 within	 15	 minutes,	 only	 50%	 MitoQ10OCO2	 was	 hydrolysed	 over	 1	 hour,	

indicating	 that	 esterases	 are	 indeed	 less	 efficient	 in	 cleaving	 the	 linker	 present	 in	

MitoQ10OCO2.	

	

The	next	step	in	attempting	to	overcome	this	issue	and	allow	the	delivery	of	idebenone	

free	 from	 the	 TPP	 cation	 into	 mitochondria	 would	 be	 to	 elongate	 the	 carbon	 chain	

between	the	TPP	cation	and	the	linker.	By	increasing	the	distance	between	the	linker	and	

the	TPP	cation,	it	is	possible	that	the	linker	could	then	access	the	active	sites	of	esterases	

without	steric	hindrance	by	the	TPP	cation.	If	this	is	the	case,	it	will	be	another	example	

of	how	TPP	cations	can	hinder	the	biological	activity	of	a	compound,	both	by	limiting	the	

participation	of	idebenone	in	the	ETC	as	seen	with	MitoQ10	and	by	hindering	the	cleavage	

of	 a	 linker	 by	 preventing	 its	 access	 to	 the	 active	 site	 of	 esterases	 in	 the	 case	 of	

MitoQ10OCO2.	It	is	important	to	note	that	once	the	hydrolysis	of	the	linker	by	esterases	

can	 be	 achieved,	 it	 will	 be	 necessary	 to	 again	 verify	 if	 the	 preparation	 of	 isolated	

mitochondria	 is	 contaminated	 with	 cytosolic	 esterases,	 especially	 in	 the	 case	 of	

preparations	 from	 liver,	 in	 order	 to	 accurately	 conclude	 that	 the	 hydrolysis	 is	 being	

promoted	 by	 mitochondrial	 esterases.	 Since	 esterases	 are	 abundantly	 present	 in	 the	
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plasma	and	the	cytosol329,	an	ester	linker	may	not	be	ideal	in	order	to	deliver	idebenone	

to	mitochondria	in	cells	and	in	vivo,	as	it	may	be	cleaved	prior	to	mitochondrial	uptake,	

thereby	 releasing	 the	 TPP	 cation	 before	 idebenone	 is	 successfully	 targeted	 to	

mitochondria.	In	this	case,	it	may	be	necessary	to	use	a	less	labile	linker,	which	can	be	

determined	by	using	the	screening	method	described	in	Chapter	3.	

	

While	 the	aforementioned	structural	 changes	 to	MitoQ10OCO2	 could	not	be	performed	

due	to	time	constrictions,	this	project	indicates	what	should	be	investigated	next	when	

delivering	a	hydrophobic	compound	to	mitochondria	by	conjugation	to	TPP	through	a	

cleavable	linker.	This	initial	characterization	with	idebenone	will	help	in	developing	the	

delivery	of	more	hydrophobic	ubiquinones	to	mitochondria,	that	once	released	from	the	

TPP	 cation	 are	 predicted	 to	 remain	 locked	 within	 the	 IMM,	 thus	 allowing	 improved	

supplementation	of	CoQ10	in	humans360,362.	
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Chapter	5:	Delivery	of	a	phosphate-containing	compound	to	

mitochondria	

5.1	Introduction	
The	uptake	of	mitochondria-targeted	TPP	compounds	across	biological	membranes	 is	

facilitated	by	the	lipophilicity	of	the	compound,	which	lowers	the	energy	requirement	to	

cross	 lipophilic	 bilayers218.	 For	 this	 reason,	 the	 uptake	 of	 polar	 compounds	 by	

mitochondria	 is	 limited	 unless	 there	 is	 a	 specific	 carrier.	 However,	 many	 bioactive	

compounds	 that	 have	 potential	 use	 as	 drugs,	 or	 as	 biochemical	 probes,	 have	 polar	

moieties.	Therefore,	it	is	of	considerable	interest	to	develop	strategies	that	allow	us	to	

target	compounds	containing	polar	moieties	compounds	to	mitochondria.	

	

Previous	 investigations	have	shown	that	 the	uptake	of	weakly	acidic	and	basic	groups	

conjugated	 to	 TPP	 occurs	 in	 the	 mono-cationic	 form	 (Chapter	 1,	 Figure	 11)213.	 An	

example	is	MitoC,	which	targets	ascorbic	acid	(vitamin	C)	to	mitochondria307.	As	the	first	

pKa	of	MitoC	is	approximately	4.2,	roughly	0.1%	of	MitoC	molecules	are	present	in	the	

membrane-permeant,	monocationic	form	at	physiological	pH.	This	proportion,	together	

with	the	hydrophobicity	granted	by	the	long	alkyl	chain	between	ascorbate	and	the	TPP	

cation,	is	enough	to	allow	the	accumulation	of	MitoC	within	mitochondria307.	However,	

the	situation	is	different	for	more	polar	groups,	such	as	phosphate.	With	the	first	pKa	at	

approximately	2,	the	fraction	of	phosphorylated	compounds	present	in	the	monocationic	

form	at	pH	7	is	only	~	0.001%,	which	makes	them	membrane-impermeant	as	they	will	

mostly	be	present	as	a	mixture	of	di-	and	monoanions	(Figure	45).	
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Figure	45.	Protonation	states	of	alkyl	phosphates	according	 to	pH.	At	physiologically	 relevant	pH,	phosphate	
groups	are	predominantly	present	as	a	mixture	of	di-	and	monoanions.	Image	source:	Finichiu,	P.	G320.	

The	 delivery	of	 phosphorylated	 bioactive	 compounds	 to	mitochondria	 is	 of	 particular	

interest	 for	 various	 reasons.	 For	 example,	 patients	 with	 defective	 mitochondrial	

thymidine	 kinase	 (TK-2)	 are	 unable	 to	 phosphorylate	 deoxy-nucleotides	 and	 thus	

present	with	severe	pathologies	such	as	childhood	encephalomyopathy,	neuro-muscular	

diseases	and	progressive	external	ophthalmoplegia	associated	with	mitochondrial	DNA	

depletion369,370.	The	delivery	of	nucleotide	analogues	to	mitochondria	could	in	principle	

bypass	 the	 defect	 in	 TK-2	 and	 thereby	 be	 a	 potential	 treatment	 strategy.	 Another	

application	could	be	the	delivery	of	phosphorylated	TK-2	inhibitors	to	study	the	role	of	

this	 enzyme	 in	 the	 toxicity	 of	 nucleoside	 analogues	 such	 as	 3’-azido-2’,3’-

dideoxythymidine	 (AZT,	 RetrovirTM),	 which	 are	 used	 in	 the	 treatment	 of	 acquired	

immunodeficiency	 syndrome	 (AIDS)371,372.	 When	 phosphorylated,	 these	 compounds	

inhibit	HIV-1	reverse	transcriptase,	blocking	the	proliferation	of	the	virus.	However,	in	

prolonged	treatments	they	can	lead	to	mitochondrial	toxicity,	which	was	proposed	to	be	

due	 to	 inhibition	 of	 mitochondrial	 DNA	 replication,	 resulting	 in	 cardiac	 and	 skeletal	

muscle	inflammation373–375.	More	recently,	clinical	evidence	suggests	that	other	factors	

such	 as	 inhibition	 of	mitochondrial	 enzymes	 and	 enhanced	ROS	production	may	 also	

contribute	 to	 the	 mitochondrial	 toxicity	 of	 HIV-1	 nucleoside	 reverse	 transcriptase	

inhibitors376,377.	 Blocking	 TK-2	 activity	 with	 mitochondria-targeted	 inhibitors	 could	

allow	us	to	elucidate	the	role	this	enzyme	in	the	toxicity	of	AZT-like	drugs,	and	potentially	

help	to	design	new	drugs	with	fewer	side-effects.	As	TK-2	inhibitors	are	phosphorylated	
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compounds,	this	method	depends	on	the	development	of	a	strategy	to	efficiently	deliver	

polar	compounds	to	mitochondria.	

	

A	delivery	strategy	that	allows	the	uptake	of	phosphate	groups	by	mitochondria	would	

also	 be	 useful	 to	 deliver	 4’-phosphopantothenic	 acid,	 necessary	 for	 the	 synthesis	 of	

Coenzyme	 A	 (CoA).	 Patients	with	 Pantothenate	 Kinase-associated	 Neurodegeneration	

(PKAN)	 have	 loss	 of	 the	 mitochondrial	 isoform	 of	 pantothenate	 kinase	 (PANK2)	

activity378.	This	enzyme	catalyses	the	phosphorylation	of	pantothenic	acid	(vitamin	B5)	

to	4’-phosphopantothenic	acid,	which	constitutes	the	first	and	rate-controlling	step	in	the	

synthesis	of	CoA379.	Therefore,	the	delivery	of	4’-phosphopantothenic	acid	would	allow	

this	 step	 to	 be	 bypassed,	 potentially	 restoring	 CoA	 homeostasis	 in	 PKAN	 patients.	

However,	 4’-phosphopantothenic	 acid	 is	 not	 membrane-permeant,	 and	 current	

treatments	only	address	the	consequences	of	CoA	deficiecy379,380.	A	patented	potential	

surrogate	for	4’-phosphopantothenic	acid,	fosmetpantotenate	(RE-024,	Retrophin	Inc.),	

is	 currently	 undergoing	 a	 placebo-controlled	 clinical	 trial	 for	 the	 treatment	 of	 PKAN	

(NCT03041116),	 and	 illustrates	 the	 importance	 of	 developing	 strategies	 to	 deliver	

phosphorylated	compounds	across	biological	membranes380,381.	

	

Targeting	phosphorylated	bioactive	compounds	to	mitochondria	is	challenging	for	two	

reasons.	 First,	 due	 to	 the	 pKas	 of	 phosphate	 groups	 (~2	 and	 7),	 phosphorylated	TPP	

cations	will	be	mostly	present	in	physiological	pH	as	a	mixture	of	a	hydrophilic	anion	and	

a	 neutral	 zwitterion	 (Figure	 46).	 The	 first	 is	 predicted	 to	 be	membrane-impermeant,	

whereas	the	second	will	not	accumulate	within	mitochondria	driven	by	the	membrane	

potential320,382–384.	 The	 second	 challenge	 is	 the	 ubiquitous	 presence	 of	 phosphatases,	

which	rapidly	promote	the	dephosphorylation	to	the	corresponding	alcohol385,386.	

	
Figure	46.	Protonation	states	of	phosphorylated	TPP	compounds.	At	physiological	pH	(~7),	phosphorylated	TPP	
compounds	are	mostly	present	as	a	mixture	of	the	neutral	zwitterion	and	the	monoanion	forms.	
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Therefore,	 in	 order	 to	 effectively	 target	 phosphorylated	 bioactive	 compounds	 to	

mitochondria,	 it	 is	necessary	 to	mask	 the	phosphate	group	 to	allow	 its	uptake	across	

biological	membranes,	as	well	as	protect	it	from	attack	by	phosphatases.	

	

5.2	Aim	and	strategy	
The	 aim	 of	 this	 chapter	 is	 to	 continue	 to	 develop	 the	 strategy	 of	 delivering	 charged	

compounds	to	mitochondria	by	masking	the	charges	with	a	cleavable	group,	which	was	

initiated	 by	 Dr.	 Peter	 G.	 Finichiu	 (MRC	 Mitochondrial	 Biology	 Unit,	 University	 of	

Cambridge,	 UK).	 Many	 bioactive	 compounds	 of	 interest	 contain	 phosphate	 groups,	

therefore	 we	 tested	 whether	 we	 could	 promote	 the	 uptake	 of	 a	 phosphorylated	

compound	by	mitochondria.	The	intention	is	that	the	development	of	this	strategy	would	

enable	us	to	target	other	charged	groups	to	mitochondria	in	the	future.	

	

Examples	of	masked	phosphorylated	therapeutic	compounds	that	are	taken	up	by	cells	

in	vitro	and	in	vivo	are	adefovir	dipivoxil	(Hepsera®)	and	tenofovir	disoproxil	(Viread®),	

which	release	a	nucleotide	analogue	that	blocks	a	viral	DNA	polymerase	and	prevents	the	

replication	of	the	hepatitis	B	virus387.	However,	the	release	of	the	bioactive	compound	is	

dependent	 on	 enzymatic	 activity.	 An	 alternative	 approach	 would	 be	 to	 explore	 the	

physiological	 difference	 in	 cytosolic	 and	 mitochondrial	 pH	 (pH	 7.2	 and	 ~8,	

respectively)354.	 The	 more	 alkaline	 environment	 of	 mitochondria	 might	 promote	 the	

nucleophilic	 attack	 of	 a	 cleavable	 mask	 by	 an	 hydroxyl	 anion,	 thereby	 releasing	 the	

phosphate	group	within	the	organelle.	The	main	challenge	of	this	strategy	is	that	fact	that,	

once	 the	 phosphate	 diester	 is	 formed	 by	 the	 unmasking	 of	 the	 first	 oxygen	 atom,	 its	

negative	 charge	 greatly	 slows	 further	 hydrolysis	 due	 to	 repulsion	 of	 the	 nucleophile	

(Figure	47)388,389.	This	property	is	one	of	the	factors	that	confers	stability	to	DNA390.	

	
Figure	47.	Nucleophilic	attack	of	a	masked	phosphorylated	compound.	Masked	phosphorylated	compounds	are	
stable	against	nucleophilic	attacks	because	the	unmasking	of	the	first	oxygen	atom	prevents	a	second	attack	and	release	
of	the	mask	due	to	charge	repulsion.	The	dashed	line	represents	a	generic	mask.	

In	order	to	overcome	this	challenge,	Meier	et	al.	have	developed	the	strategy	of	masking	

phosphate	groups	with	a	cleavable	cycloSal	group391.	This	strategy	was	explored	for	the	
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delivery	of	antiviral	nucleotides	and	may	be	used	for	the	delivery	of	other	phosphorylated	

bioactive	molecules389,392,393.	 In	 the	 first	 step,	 the	phenyl	 ester	bond	 is	 cleaved	by	 the	

nucleophilic	attack	of	an	hydroxyl	anion,	forming	a	negative	charge	that	is	stabilized	by	

its	 delocalization	 onto	 the	 aromatic	 ring.	The	ortho	 substituent	 consequently	 changes	

from	an	electron-accepting	group	 to	an	electron-donating	group.	This	polarity	switch,	

named	 “umpolung”,	 allows	 the	 cleavage	 of	 the	 remaining	 masking	 group	 to	 occur	

spontaneously.	The	alternative	unmasking	mechanism,	in	which	the	benzyl	ester	bond	

would	 be	 cleaved	 first,	 is	 unfavourable	 because	 the	 phosphate	 residue	 in	 the	 ortho	

position	 stabilizes	 this	 bond,	 and	would	 require	 the	 second	 unmasking	 step	 to	 occur	

enzymatically	(Figure	48).	As	the	cleavage	of	 the	phenyl	ester	bond	occurs	 in	alkaline	

conditions,	 this	 property	 can	 be	 explored	 to	 promote	 the	 selective	 unmasking	 of	

phosphates	within	mitochondria354.	

	
Figure	48.	Mechanism	of	release	of	the	cycloSal	mask.	In	the	first	step,	at	pH	>	7,	the	phenyl	ester	bond	is	cleaved	
by	a	nucleophilic	attack	of	hydroxyl,	and	the	negative	charge	formed	is	stabilized	by	delocalization	in	the	aromatic	ring.	
The	ortho	group	then	changes	from	an	electron-accepting	to	an	electron-donating	group	(“umpolung”),	which	leads	to	
the	 spontaneous	 cleavage	of	 the	C-O	bond	and	 the	 release	of	 the	 cyclic	diol	mask	 from	 the	phosphate	group.	The	
alternative	mechanism	involves	the	cleavage	of	the	benzyl	ester	bond,	but	is	unfavourable	as	the	phosphate	in	the	ortho	
group	is	a	weak	electron-donating	group	and	does	not	promote	the	release	of	the	mask,	as	well	as	repelling	further	
attacks	by	other	nucleophiles.	Image	source:	Finichiu,	P.	G.320	

We	therefore	investigated	whether	a	cycloSal	mask	could	be	used	to	target	a	phosphate	

group	to	mitochondria.	For	that,	our	laboratory	has	designed,	in	collaboration	with	the	

laboratories	 of	 Prof.	 Robin	 A.	 J.	 Smith	 and	 Prof.	 David	 Larsen	 (University	 of	 Otago,	

Dunedin,	New	Zealand),	compounds	that	contain	a	TPP	cation	for	mitochondrial	targeting	

and	a	cycloSal	mask	attached	to	the	conjugated	phosphate	group.	The	rate	of	hydrolysis	

of	the	cycloSal	mask	can	be	controlled	by	substituents	in	the	para	position:	the	stronger	
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the	 electron-withdrawing	 property	 of	 the	 substituent,	 the	 faster	 the	 hydrolysis394.	

Previous	work	by	Dr.	Peter	G.	Finichiu	in	our	laboratory	compared	the	uptake	of	TPP-C11-

cycloSal	(TPPcycloSal)	and	TPP-C11-chloro-cycloSal	(TPPClcycloSal)	by	isolated	rat	liver	

mitochondria	and	determined	that	while	both	were	taken	up,	hydrolysis	of	TPPClcycloSal	

occurred	faster	than	that	of	TPPcyclosal320.	For	this	reason,	we	decided	to	carry	out	our	

experiments	 with	 TPPClcycloSal	 (Figure	 49).	 Upon	 cleavage	 of	 the	 cycloSal	 mask	 on	

TPPClcycloSal,	 TPP-C11-PO42-	 is	 released,	 thereby	 delivering	 the	 phosphate	 group.	

Targeting	 phosphate	 compounds	 to	 mitochondria	 is	 challenging	 not	 only	 due	 to	 the	

uptake	of	 the	 charged	group	across	hydrophobic	membranes,	but	 also	because	of	 the	

presence	 of	 phosphatases	 which	 catalyse	 the	 cleavage	 of	 the	 phosphate	 from	 the	

compound.	In	order	to	test	whether	this	would	happen	to	TPP-C11-PO42-,	we	also	analysed	

if	TPP-C11-OH	was	present	in	the	samples.	

	
Figure	49.	Delivery	of	a	phosphate	group	through	a	cleavable	cycloSal	mask.	The	cycloSal	mask	on	TPPClcycloSal	
is	 cleaved	 in	 alkaline	 pH,	 releasing	TPP-C11-PO42-.	 In	 the	 presence	 of	 phosphatases,	 the	 phosphate	 group	may	 be	
removed,	leading	to	the	formation	of	TPP-C11-OH.	

The	work	conducted	by	Dr.	Peter	G.	Finichiu	showed	that	TPPClcycloSal	is	taken	up	by	

isolated	mitochondria,	 and	 that	 the	 cycloSal	mask	 is	 cleaved	 faster	 in	 the	presence	of	

energised	than	unenergized	mitochondria320.	This	suggests	that	the	cleavage	is	promoted	

by	the	mitochondrial	environment.	However,	it	was	at	the	time	not	possible	to	investigate	

the	metabolic	fate	of	TPPClcycloSal	within	the	organelle,	or	to	incubate	it	with	cells.	In	

order	to	carry	out	 these	experiments,	 I	have	set	up	an	LC-MS/MS	analysis	method	for	

TPPClcyloSal,	 TPP-C11-PO42-	 and	TPP-C11-OH,	which	 allowed	me	 to	 study	 not	 only	 the	

uptake	 of	 TPPClycloSal	 in	 isolated	 mitochondria	 and	 in	 cells,	 but	 also	 to	 determine	

whether	 it	 is	 converted	 to	 TPP-C11-PO42-	 and/or	 TPP-C11-OH	 by	 cells	 and	 by	

mitochondria.	

	

5.3	Delivery	of	phosphate	through	a	cleavable	mask	
Previously,	 Dr.	 Peter	 G.	 Finichiu	 incubated	 TPPClcycloSal	 with	 isolated	 rat	 liver	

mitochondria	and	detected	mitochondrial	membrane	potential-dependent	uptake	of	the	
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molecule	 by	RP-HPLC	 (Figure	 50-A).	His	work	 also	 showed	 that	 the	 cycloSal	mask	 is	

hydrolysed	 over	 time,	 and	 that	 the	 hydrolysis	 is	 faster	 in	 the	 presence	 of	 energised	

isolated	 mitochondria	 (Figure	 50-B).	 The	 decrease	 in	 the	 amount	 of	 TPPClcycloSal	

detected	over	time	corresponded	to	an	increase	in	two	new	peaks,	which	were	eluted	at	

53%	and	63%	buffer	B	(Figure	50-C).	LC-MS/MS	analysis	of	the	compound	eluted	at	63%	

suggested	that	 it	was	likely	 to	be	TPP-C11-OH,	 indicating	that	some	dephosphorylation	

occurred	within	mitochondria.	However,	due	to	the	lack	of	other	synthesised	metabolite	

standards	at	the	time	and	the	low	sensitivity	of	RP-HPLC	analysis,	it	was	not	possible	to	

interpret	the	data	any	further.	

	
Figure	50.	Preliminary	study	of	the	uptake	of	TPPClcycloSal	by	isolated	mitochondria.	(A)	2.5	µM	TPPClcycloSal	
and	2.5	µM	TPMP	(internal	standard)	were	incubated	with	isolated	rat	liver	mitochondria	(0.5	mg	mL-1	protein)	in	KCl	
buffer	pH	7.2	for	5	minutes	at	37ºC.	Where	indicated,	1	µM	FCCP	was	added	after	4	minutes	of	incubation.	Statistical	
significance	was	determined	by	unpaired	two-tailed	t-test,	comparing	the	conditions	indicated	(n	=	3),	considering	p	≤	
0.05	significant	(*).	The	accumulation	ratios	(ACR)	were	calculated	by	normalizing	the	peak	areas	to	the	mitochondrial	
volume	(0.5	µL/	mg	protein)395	divided	by	the	incubation	volume	(4	mL).	(B)	Incubation	of	10	µM	TPPClcycloSal	with	
isolated	rat	liver	mitochondria	(2	mg	mL-1	protein)	in	KCl	buffer	pH	7.2	±	10	mM	succinate	for	5	–	60	minutes	at	37ºC.	
The	data	points	refer	to	the	peak	area	of	TPPClcycloSal	normalised	to	the	peak	area	of	TPMP	(internal	standard),	added	
prior	 to	 injection	 into	 the	 RP-HLPC,	 considering	 the	 ratio	 at	 5	 minutes	 as	 100%	 initial	 TPPClcycloSal.	 Statistical	
significance	was	determined	by	unpaired	two-tailed	t-test,	comparing	the	conditions	indicated	(n	=	3),	considering	p	≤	
0.05	 significant	 (*).	 (C)	RP-HPLC	chromatograms	of	 the	data	presented	 in	B.	RP-HPLC	analysis	was	performed	as	
described	in	Chapter	2.	All	results	were	obtained	by	Dr.	Peter	G.	Finichiu320.	
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In	 order	 to	 further	 investigate	 the	 uptake	 and	 metabolism	 of	 TPPClcycloSal,	 I	 again	

incubated	the	molecule	with	isolated	mitochondria,	but	this	time	the	compounds	were	

analysed	by	LC-MS/MS.	This	technique	is	far	more	sensitive	than	RP-HPLC	and	allowed	

me	to	detect	not	only	TPPClcycloSal	and	TPP-C11-OH,	but	also	TPP-C11-PO42-.	As	only	a	

small	 amount	 of	 a	 TPPClcycloSal	 stock	 solution	 was	 available	 (Figure	 51-A),	 a	 small	

amount	was	incubated	in	KCl	buffer	pH	12	at	37ºC	for	6	hours	to	promote	the	hydrolysis	

of	the	mask,	as	described	in	Chapter	2.	The	compounds	were	then	separated	by	RP-HPLC,	

TPP-C11-PO42-	was	collected	and	used	to	develop	the	LC-MS/MS	method.	TPP-C11-PO42-	

was	 also	 used	 to	 generate	 TPP-C11-OH	 (Figure	 51-B).	 For	 this,	 TPP-C11-PO42-	 was	

incubated	with	bovine	alkaline	phosphatase	as	described	in	Chapter	2,	TPP-C11-OH	was	

collected	following	separation	by	RP-HPLC	and	used	to	develop	the	LC-MS/MS	method	to	

detect	that	molecule	(Figure	51-C).	As	only	small	amounts	of	TPP-C11-PO42-	and	TPP-C11-

OH	 could	 be	 produced	 from	 the	 limited	 stock	 of	 TPPClcylcloSal	 available,	 it	 was	 not	

possible	to	run	standard	curves	for	these	two	compounds.	However,	standard	curves	for	

TPPClcycloSal	were	prepared	as	described	in	Chapter	2.	Therefore,	the	LC-MS/MS	results	

presented	 in	 this	 chapter	 show	 either	 a	 quantification	 of	 TPPClcycloSal	 (nmol	 mg-1	

protein),	or	the	detected	MS/MS	response	for	all	three	compounds.	From	the	latter,	only	

trends	can	be	compared	between	different	compounds,	as	each	compound	may	have	a	

different	 MS/MS	 response	 for	 the	 same	 amount	 of	 compound,	 making	 precise	

quantification	unreliable.	Hence,	a	higher	MS/MS	response	of	one	compound	relative	to	

another	does	not	necessarily	imply	a	higher	amount	of	that	compound	in	the	sample.	Still,	

as	 the	 response	of	 each	 compound	 is	normalised	 to	 that	of	 an	 internal	 standard	 (d15-

MitoQ),	 it	 is	 possible	 to	 compare	 trends	 among	 the	 compounds,	 and	 interpret	 the	

variation	in	the	relative	amount	of	each	over	time.	
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Figure	51.	 Production	 of	 TPP-C11-PO42-	 and	TPP-C11-OH	 from	TPPClcycloSal.	 (A)	 RP-HPLC	 analysis	 of	 10	 µM	
TPPClcyclosal.	(B)	10	µM	TPPClcycloSal	were	incubated	in	KCl	buffer	pH	12	at	37ºC	for	6	hours	and	analysed	by	RP-
HPLC.	Based	on	previous	data	by	Dr.	Peter	G.	Finichiu,	the	peak	corresponding	to	TPP-C11-PO42-	was	identified	and	the	
compound	was	collected	as	it	was	eluted.	(C)	The	remaining	stock	of	TPP-C11-PO42-	was	incubated	in	KCl	buffer	pH	9	
containing	bovine	alkaline	phosphatase	at	37ºC	for	10	minutes,	as	described	in	Chapter	2,	and	analysed	by	RP-HPLC.	
Based	 on	 previous	 data	 by	 Dr.	 Peter	 G.	 Finichiu,	 the	 peak	 corresponding	 to	 TPP-C11-OH	 was	 identified	 and	 the	
compound	was	collected	as	it	was	eluted.	For	all	figures,	absorbance	was	measured	at	220	nm	and	the	injection	volume	
was	0.7	mL.	

As	 discussed	 in	 Chapter	 3,	 isolated	 liver	 mitochondria	 are	 often	 contaminated	 with	

cytosolic	 enzymes	 that	 are	 adsorbed	 to	 the	 OMM	 during	 the	 isolation.	 In	 order	 to	

minimise	the	possibility	of	 the	mask	being	cleaved	outside	of	 the	mitochondria	due	to	

cytosolic	 contamination,	 TPPClcycloSal	 was	 incubated	 with	 isolated	 rat	 heart	

mitochondria,	and	the	presence	of	the	masked	compound,	TPP-C11-PO42-	and	TPP-C11-OH	

was	 detected	 in	 the	 pellet	 and	 the	 supernatant	 over	 time.	 There	was	 no	 statistically	

significant	difference	in	the	amount	of	TPPClcyclosal	detected	in	the	pellet	at	the	start	

and	 end	 of	 the	 incubation,	 however,	 this	 result	 could	 be	 due	 to	 the	 conversion	 of	

TPPClcycloSal	 to	 the	 unmasked	 product	 rather	 than	 lack	 of	 accumulation	 within	

mitochondria	 (Figure	 52).	 Contrary	 to	what	was	 previously	 observed	 by	 Dr.	 Peter	 G.	

Finichiu	(Figure	50-A),	there	was	no	difference	in	the	presence	of	TPPClcycloSal	in	the	

pellet	of	mitochondria	 incubated	 in	 the	absence	or	presence	of	FCCP,	 suggesting	 that,	

despite	 TPPClcycloSal	 being	 relatively	 polar	 (as	 indicated	 by	 its	 elution	 at	 69%	HPLC	

buffer	B),	it	may	remain	mostly	attached	to	the	IMM	rather	than	in	the	matrix.	
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Figure	52.	Incubation	of	isolated	rat	heart	mitochondria	with	TPPClcycloSal.	Rat	heart	mitochondria	(0.5	mg	mL-
1	protein)	were	incubated	in	KCl	buffer	pH	7.2	containing	10	mM	malate,	10	mM	glutamate	and	5	µM	TPPClcycloSal	±	
1	µM	FCCP	at	37ºC	for	5,	10,	15	or	20	minutes.	For	timepoint	zero,	TPPClcycloSal	was	added	to	mitochondria	in	KCl	
buffer	at	0ºC	without	malate/glutamate.	The	compounds	were	extracted	from	the	samples	and	analysed	by	LC-MS/MS	
as	described	in	Chapter	2.	The	amount	of	TPPClcycloSal	present	in	the	pellet	and	supernatant	was	quantified	using	the	
standard	curve	shown	in	Chapter	2.	Results	are	mean	±	SEM	(n	=	3)	and	show	the	amount	of	TPPClcycloSal	present	(A)	
in	the	pellet	and	supernatant	over	time	or	(B)	in	the	pellet	(left)	and	in	total	(pellet	+	supernatant,	right)	at	time	points	
0	and	20	minutes	shown	in	Figure	A.	No	statistical	significance	was	identified	by	unpaired	two-tailed	t-test	between	
the	groups	(0	vs	20	minutes	and	–	FCCP	vs	+	FCCP)	in	B.	

As	discussed	previously,	 the	absolute	amounts	of	TPP-C11-PO42-	 and	TPP-C11-OH	could	

not	be	quantified	as	it	was	not	possible	to	obtain	a	standard	curve	for	these	compounds,	

therefore	 their	 presence	 in	 the	mitochondrial	 pellet	 and	 supernatant	 is	 expressed	 as	

MS/MS	response	(Figure	53).	While	there	is	a	slight	decrease	in	TPPClcycloSal	detection	

and	 increase	 in	 TPP-C11-PO42-	 and	 TPP-C11-OH,	 the	 difference	 is	 not	 statistically	

significant.	A	non-significant	decrease	in	TPPClcycloSal	is	also	detected	in	the	presence	

of	FCCP.	TPP-C11-PO42-	and	TPP-C11-OH	are	also	detected,	suggesting	that	the	mask	might	

be	cleaved	to	some	extent	and	TPP-C11-PO42-	partially	dephosphorylated.	
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Figure	 53.	 Detection	 by	 LC-MS/MS	 of	 TPPClcycloSal,	 TPP-C11-PO42-	 and	 TPP-C11-OH	 in	 heart	mitochondria	
incubated	with	TPPClcycloSal.	TPPClcycloSal	was	 incubated	with	isolated	rat	heart	mitochondria	as	described	in	
Figure	52.	Here,	results	are	represented	as	MS/MS	response	(mean	±	SEM)	for	TPPClcycloSal,	TPP-C11-PO42-	and	TPP-
C11-OH.	

Despite	 not	 being	 able	 to	 reproduce	 in	 isolated	 heart	 mitochondria	 the	 uptake	 of	

TPPClcycloSal	 previously	 detected	 in	 liver	 mitochondria	 by	 Dr.	 Peter	 G.	 Finichiu,	 we	

decided	to	investigate	the	uptake	of	TPPClcycloSal	by	cells.	As	the	esterases	present	in	

the	 serum	 of	 normal	 cell	 media	 were	 able	 to	 hydrolyse	 the	 linker	 in	 MitoCoumarin	

(Chapter	3),	we	firstly	tested	whether	the	serum	would	induce	not	only	hydrolysis	of	the	

cycloSal	mask,	thereby	converting	TPPClcycloSal	to	TPP-C11-PO42-	prior	to	cell	uptake,	but	

also	 whether	 TPP-C11-PO42-	 could	 be	 further	 transformed	 to	 TPP-C11-OH	 by	

phosphatases.	For	that,	we	incubated	TPPClcycloSal	in	standard	medium	(DMEM	+	10%	

FBS),	 in	DMEM	with	heat-treated	FBS	(HTFBS)	as	described	 in	Chapter	2	to	 inactivate	

enzymes	 present	 in	 the	 serum,	DMEM	without	 FBS,	HeLa	 and	HEK	serum-free	media	

(SFM)	and	KCl	buffer	pH	7.2	at	37ºC	(Figure	54).	All	media	promoted	the	hydrolysis	of	

TPPClcycloSal	 to	TPP-C11-PO42-	after	24	hours,	however,	HeLA	SFM,	HEK	SFM	and	KCl	

buffer	did	not	show	dephosphorylation	of	TPP-C11-PO42-	to	TPP-C11-OH.	Since	TPP-C11-

OH	is	able	to	cross	lipophilic	membranes,	if	TPPClcycloSal	was	incubated	in	media	that	

promotes	 the	 dephosphorylation	of	 TPP-C11-PO42-	 it	would	 not	 be	 possible	 to	 discern	

whether	any	detected	TPP-C11-OH	was	generated	inside	or	outside	the	cell.	On	the	other	

hand,	since	TPP-C11-PO42-	should	not	be	able	to	cross	lipophilic	membranes,	its	presence	
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in	the	medium	should	be	indicative	of	TPPClcycloSal	hydrolysis	in	the	medium	only,	while	

its	presence	in	the	cell	pellet	would	indicate	intra-cellular	hydrolysis	of	the	mask320.	We	

therefore	opted	to	use	HeLa	SFM	when	 incubating	cells	with	TPPClcycloSal,	and	use	a	

control	in	which	TPPClcycloSal	is	incubated	with	the	medium	in	the	absence	of	cells	to	

account	for	hydrolysis	of	the	mask	promoted	by	the	medium.	

	
Figure	54.	Hydrolysis	of	the	cycloSal	mask	promoted	by	various	cell	media	and	KCl	buffer.	1	µM	TPPClcycloSal	
was	added	to	DMEM	with	10%	FBS,	DMEM	with	10%	heat-treated	FBS	(HTFBS),	DMEM	with	no	FBS,	HEK	serum-free	
medium	(SFM),	HeLa	SFM	or	KCl	buffer	pH	7.2	and	incubated	at	37ºC	for	24	hours,	after	which	the	samples	were	
analysed	by	LC-MS/MS	as	described	in	Chapter	2.	

TPPClcycloSal	was	then	incubated	with	C2C12	cells	in	HeLA	SFM,	as	well	as	in	medium	in	

the	absence	of	cells,	for	up	to	24	hours.	There	was	a	burst	of	TPP-C11-PO42-	in	the	pellet	at	

15	 minutes	 of	 incubation,	 with	 a	 small	 increase	 in	 TPP-C11-OH	 in	 the	 same	 period,	

suggesting	that	TPPClcycloSal	is	taken	up	by	the	cells	and	converted	mostly	to	TPP-C11-

PO42-,	 with	 a	 small	 proportion	 being	 dephosphorylated	 to	 TPP-C11-OH	 (Figure	 55-A).	

Suprisingly,	the	amount	of	TPP-C11-PO42-	in	the	pellet	sharply	decreased	in	the	following	

45	minutes,	suggesting	that	it	was	gradually	excreted	from	the	cells.	In	the	supernatant,	

the	presence	of	TPPClcyloSal	decreased	as	TPP-C11-PO42-	increased	from	the	beginning	of	

the	 incubation	 (Figure	55-B),	whereas	 the	 increased	detection	of	TPP-C11-PO42-	 in	 the	

medium	in	absence	of	cells	(Figure	55-C)	occurred	only	at	a	later	time	point.	These	results	

suggest	that	TPPClcycloSal	was	rapidly	taken	up	by	the	cells	and	converted	to	TPP-C11-

PO42-,	which	was	gradually	excreted	to	the	supernatant.	



 131	

	
Figure	55.	Incubation	time	course	of	TPPClcycloSal	in	C2C12	cells.	250,000	C2C12	cells	were	plated	in	6	well	plates	
in	standard	medium	overnight,	then	washed	with	PBS	and	incubated	in	HeLa	SFM	with	1µM	TPPClcycloSal	for	0	–	24	
hours	at	37ºC	and	5%	CO2/95%	air.	As	a	control	to	see	the	effect	of	the	medium,	1	µM	TPPClcycloSal	was	incubated	
with	HeLA	SFM	in	the	absence	of	cells	under	the	same	conditions.	The	cell	pellet	(A),	cell	supernatant	(B)	and	medium	
(C)	were	collected	and	analysed	by	LC-MS/MS	as	described	in	Chapter	2.	Results	are	mean	±	SEM	(n	=	3).	

One	possible	explanation	for	the	unexpected	release	of	TPP-C11-PO42-	from	the	cells	is	that		

the	 molecules	 may	 form	 dimers,	 with	 the	 opposite	 charges	 pairing	 with	 each	 other	

(Figure	56).	As	discussed	in	the	introduction	of	this	chapter,	TPP-C11-PO42-	has	a	pKa	of	

approximately	 7,	 therefore,	 in	 mitochondrial	 pH	 (~8)	 it	 will	 be	 mostly	 present	 as	 a	

monoanion,	 while	 in	 cytosolic	 pH	 (7.2),	 it	 will	 also	 be	 partly	 present	 as	 a	 neutral	

zwitterion354,396.	It	is	possible	that	the	dimerization	of	two	neutral	molecules	would	allow	

the	 charges	 in	 each	molecule	 to	 conceal	 each	 other	 and	 the	 dimer	 to	 cross	 lipophilic	

bilayers,	 promoting	 the	 release	 of	 TPP-C11-PO42-	 from	 the	 cytosol	 to	 the	 extracellular	

environment.	The	depletion	of	TPP-C11-PO42-	 from	the	cytosol	could	then	promote	the	

shift	 in	 equilibrium	 from	 the	 monoanion	 to	 the	 zwitterion	 in	 mitochondria,	 thereby	

driving	the	release	of	TPP-C11-PO42-	to	the	cytosol.	However,	as	TPP-C11-PO42-	has	a	long	

alkyl	chain	between	the	phosphate	and	the	TPP	groups,	the	formation	of	the	dimer	would	

be	entropically	unfavourable,	 as	 the	 free	 rotation	of	 the	alkyl	 chain	would	have	 to	be	

maintained	 at	 a	 fixed	 position	 in	 order	 for	 two	 molecules	 to	 align.	 This	 may	 be	

compensated	 by	 the	 elevated	 relative	 concentration	 of	 TPP-C11-PO42-	 within	

mitochondria	and	the	cytosol	due	to	the	small	volume	of	these	compartments	in	relation	

to	the	external	medium,	which	would	encourage	the	release	of	TPP-C11-PO42-.	Theoretical	

calculations	will	have	to	be	performed	in	the	future	to	confirm	whether	this	mechanism	

is	indeed	thermodynamically	favourable.	
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Figure	56.	Possible	mechanism	for	the	release	of	TPP-C11-PO42-.	TPP-C11-PO42-	is	present	in	mitochondria	as	an	
equilibrium	 between	 the	 zwitterion	and	 the	monoanion	 forms,	with	 the	majority	 present	 as	 the	monoanion.	 It	 is	
possible	that	the	zwitterions	can	form	a	dimer	which	is	membrane-permeable,	thus	being	released	in	the	cytosol.	This	
release	may	drive	 further	 conversion	 to	 the	 zwitterion,	 formation	of	dimers	and	 release	of	TPP-C11-PO42-	 into	 the	
cytosol.	 These	 dimers	 may	 then	 be	 able	 to	 cross	 the	 plasma	 membrane	 and	 be	 released	 into	 the	 extracellular	
environment.	

Another	 possibility	 is	 that	 TPP-C11-PO42-	 is	 surprisingly	 membrane-permeable	 as	 a	

monomer.	Instead	of	forming	dimers,	as	the	alkyl	chain	conjugating	the	TPP	cation	to	the	

phosphate	group	 is	 long,	 the	molecule	may	 fold	 in	 such	a	way	 that	 the	 charges	 in	 the	

zwitterion	are	concealed,	similarly	to	what	I	have	proposed	would	happen	with	a	dimer.	

However,	previous	investigations	by	Dr.	Peter	G.	Finichiu	showed	that	incubation	of	TPP-

C11-PO42-	with	 isolated	mitochondria	did	not	 result	 in	membrane	potential-dependent	
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detection	 of	 this	 compound	 in	 the	 mitochondrial	 pellet	 (Figure	 57)320.	 Sodium	

orthovanadate	 (Na3VO4),	 a	 competitive	 inhibitor	 of	 phosphatases,	 was	 used	 in	 this	

incubation	 to	 avoid	 dephosphorylation	 of	 TPP-C11-PO42-	 to	 TPP-C11-OH397.	 This	 result	

suggests	 that	 either	 TPP-C11-PO42-	 was	 mostly	 present	 in	 the	 incubation	 buffer	 in	 a	

membrane-impermeant	form,	or	that	other	factors	are	necessary	to	drive	the	transport	

of	this	compound	across	the	lipid	bilayer,	as	will	be	discussed	shortly.	Similarly	to	the	

hypothesis	of	the	formation	of	TPP-C11-PO4H-	dimers,	the	folding	of	one	molecule	would	

incur	a	decrease	in	entropy,	as	the	free	rotation	of	the	alkyl	chain	would	have	to	remain	

in	a	particular	conformation.	It	may	be	possible	that	the	high	concentration	of	TPP-C11-

PO42-	 within	 the	 small	 volume	 of	 mitochondria	 and	 cells	 is	 enough	 to	 promote	 the	

diffusion	 of	 the	 compound	 across	 the	 lipophilic	 membranes	 and	 its	 release	 into	 the	

extracellular	environment,	whether	in	a	folded	conformation	or	not.	As	this	would	not	be	

the	case	when	TPP-C11-PO42-	is	instead	added	to	the	buffer,	this	may	be	the	reason	why	is	

it	 unable	 to	 be	 taken	 up.	 As	with	 the	 hypothesis	 of	 the	 dimer	 formation,	 theoretical	

calculations	and	further	experiments	will	have	to	be	performed	to	confirm	if	this	could	

be	 the	 mechanism	 by	 which	 TPP-C11-PO42-	 is	 not	 taken	 up	 when	 incubated	 with	

mitochondria	(and	potentially	cells),	but	is	released	if	generated	within	the	cells	after	the	

uptake	of	TPPClcycloSal	and	the	hydrolysis	of	the	mask.	
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Figure	57.	Incubation	of	isolated	rat	liver	mitochondria	with	TPP-C11-PO42-.	Isolated	rat	liver	mitochondria	(0.5	
mg/mL	protein)	were	 incubated	 in	KCl	buffer	pH	7.2	 containing	2.5	µM	TPP-C11-PO42-	 and	2.5	µM	TPMP	(internal	
standard)	at	37ºC	for	5	minutes	in	the	absence	(A,	left)	or	presence	(A,	right)	of	1	µM	FCCP.	The	pellet	and	supernatant	
fractions	were	collected	and	analysed	by	RP-HPLC	as	described	in	Chapter	2.	(A)	RP-HPLC	traces	of	the	compounds	
extracted	 from	 the	 mitochondrial	 pellet	 and	 supernatant.	 (B)	 Accumulation	 ratios	 (ACR)	 were	 calculated	 by	
normalizing	the	peak	areas	to	the	mitochondrial	volume	(0.5	µL/	mg	protein)395	divided	by	the	incubation	volume	(4	
mL).	Data	are	means	±	SEM	(n	=	3).	Statistical	significance	was	determined	by	two-tailed,	unpaired	t-test	considering	
p	<	0.05	significant	(***	p	<	0.001).	

Finally,	we	cannot	exclude	the	possibility	that	multidrug	transporters	such	as	the	ATP-

binding	cassette	(ABC)	proteins	are	involved	in	promoting	the	release	of	TPP-C11-PO42-	

from	 the	 cells398–400.	 These	 transporters	 have	 been	 shown	 to	 act	 on	 substrates	 with	

varying	 levels	 of	 hydrophobicity,	 from	 highly	 hydrophobic	 compounds,	 such	 as	

mitoxantrone,	 to	 water-soluble	 chemicals,	 such	 as	 Lucifer	 Yellow401.	 As	 discussed	 in	

Chapter	 1,	 ABC	 transporters	 are	 responsible	 for	 excretion	 of	 hydrophobic	 alkyl	 TPP	

compounds	from	the	brain274.	The	long	list	of	ABC	transporters	substrates	also	includes	

conjugated	organic	anions,	e.g.	estrone-3-sulfate402.	This	way,	it	is	possible	that	they	are	

capable	of	promoting	 the	efflux	of	 amphiphilic	TPP-C11-PO42-	 from	cells.	 Interestingly,	

Na3VO4,	which,	 as	 described	 previously,	was	 used	 to	 inhibit	 phosphatases	 in	order	 to	

study	the	uptake	of	TPP-C11-PO42-	by	isolated	mitochondria,	is	also	an	inhibitor	of	ABC	

transporters403,404.	 Therefore,	 it	 is	 unclear	 whether	 Dr.	 Peter	 C.	 Finichiu	 could	 have	



 135	

detected	 the	 transport	 of	 TPP-C11-PO42-	 across	 the	 IMM	 should	 he	 have	 used	 a	

phosphatase	inhibitor	that	does	not	affect	the	activity	of	multidrug	transporters.	

	

In	conclusion,	the	work	performed	by	Dr.	Peter	G.	Finichiu	and	I	suggest	that,	while	TPP-

C11-PO42-	 might	 not	 be	 membrane-permeable	 when	 incubated	 with	 isolated	

mitochondria,	 it	 does	 cross	 biological	 membranes	 when	 it	 is	 generated	 within	 cells	

incubated	 with	 TPPClcycloSal.	 Further	 investigations	 will	 be	 necessary	 to	 fully	

characterise	this	unexpected	phenomenon.	

	

5.4	Discussion	and	future	work	
Over	 the	past	decades,	many	bioactive	 compounds	and	probes	have	been	 successfully	

targeted	to	mitochondria	by	conjugation	to	TPP	cations16,17.	However,	very	few	of	these	

are	 hydrophilic,	 as	 their	 transport	 across	 the	 lipophilic	 biological	 membranes	 is	

restricted213,218.	A	variety	of	bioactive	compounds	of	interest	have	charged	groups,	calling	

for	 the	 development	 of	 strategies	 to	 selectively	 deliver	 them	 to	 mitochondria	 and	

improve	their	bioavailability.	One	example	are	phosphorylated	compounds,	which	would	

be	useful	in	the	treatment	of	thymidine	kinase	deficiency,	PKAN	and	hepatitis	B,	as	well	

as	in	the	study	of	the	mechanisms	involved	in	mitochondrial	toxicity	of	HIV-1	nucleoside	

reverse	transcriptase	inhibitors	for	the	treatment	of	AIDS369,376,378,387.	

	

The	delivery	of	phosphorylated	compounds	to	mitochondria	is	difficulted	by	two	reasons:	

the	fact	that	at	physiological	pH	the	compound	will	be	mostly	present	as	a	mixture	of	a	

membrane-impermeable	monoanion	and	a	zwitterion	whose	uptake	is	not	driven	by	the	

membrane	 potential,	 and	 the	 ubiquitous	 presence	 of	 phosphatases	 that	 catalyse	 the	

removal	 of	 the	 phosphate	 group213,383,386,389.	 In	 order	 to	 confer	 protection	 of	 these	

compounds	 against	 dephosphorylation	 and	 allow	 their	 mitochondrial	 membrane	

potential-driven	 uptake,	 we	 have	 explored	 the	 strategy	 of	 masking	 a	 TPP-targeted	

phosphate	 group	 with	 a	 cycloSal	 mask389,392.	 Previous	 work	 by	 Dr.	 Peter	 G.	 Finichiu	

showed	 that	 this	 compound,	 TPPClcycloSal,	 accumulates	 within	 isolated	 liver	

mitochondria	in	a	membrane	potential-dependent	manner	and	the	mask	is	hydrolysed	

within	the	organelle	over	time320.	
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To	characterise	this	strategy	further,	I	have	developed	a	LC-MS/MS	analysis	method	for	

the	sensitive	detection	of	TPPClcycloSal,	as	well	as	of	TPP-C11-PO42-	and	TPP-C11-OH.	As	

only	a	TPPClcycloSal	stock	was	available,	I	have	incubated	a	fraction	of	it	in	KCl	buffer	pH	

12	for	6	hours	to	promote	the	hydrolysis	of	the	mask,	separated	the	compounds	by	RP-

HPLC	and	collected	the	eluted	TPP-C11-PO42-.	I	then	used	a	fraction	of	the	TPP-C11-PO42-	

stock	to	generate	TPP-C11-OH	by	incubating	it	with	bovine	alkaline	phosphatase	in	KCl	

buffer	pH	9	for	10	minutes,	and	also	collected	the	compound	using	RP-HPLC.	

	

To	avoid	any	effect	from	contamination	of	isolated	mitochondria	by	cytosolic	enzymes,	

as	is	common	in	liver	preparations,	I	have	incubated	TPPClcycloSal	with	isolated	rat	heart	

mitochondria.	Surprisingly,	I	was	unable	to	reproduce	the	uptake	results	obtained	by	Dr.	

Peter	G.	Finichiu	with	liver	mitochondria.	As	he	was	able	to	detect	higher	accumulation	

of	TPPClcycloSal	in	the	mitochondrial	pellet	in	the	absence	of	the	uncoupler	FCCP	than	in	

its	 presence,	 as	 well	 as	 faster	 hydrolysis	 of	 the	 mask	 in	 the	 presence	 of	 energised	

mitochondria	than	unenergised	ones,	this	rules	out	the	possibility	of	his	results	differing	

from	 mine	 due	 to	 contamination	 from	 cytosolic	 enzymes,	 which	 could	 promote	 the	

hydrolysis	of	the	mask	and	therefore	lower	the	amount	of	TPPClcycloSal	detected	in	the	

pellet	regardless	of	the	presence	of	FCCP	or	the	energy	state	of	mitochondria.	Contrary	to	

the	incubation	with	liver	mitochondria,	no	difference	in	the	uptake	of	TPPClcycloSal	and	

in	the	hydrolysis	of	the	mask	was	detected	when	the	compound	was	incubated	with	heart	

mitochondria	in	the	absence	or	presence	of	FCCP.	As	we	would	not	expect	there	to	be	a	

difference	in	uptake	by	these	two	tissues,	since	TPP	compounds	are	known	to	accumulate	

both	in	the	heart	and	the	liver,	the	reason	for	these	contrasting	results	is	unclear219.	

	

Despite	 being	 unable	 to	 reproduce	 Dr.	 Peter	 G.	 Finichiu’s	 results	 with	 isolated	

mitochondria,	 I	 investigated	the	uptake	of	TPPClcycloSal	by	cells,	as	 this	had	not	been	

done	previously.	Firstly,	I	examined	the	effect	of	various	cell	media	on	the	compound,	and	

found	that	when	TPPClcycloSal	was	incubated	for	24	hours	in	standard	medium	(DMEM	

with	10%	FBS)	or	DMEM	with	heat-treated	FBS	to	inactivate	the	enzymes	present	in	the	

serum,	 TPPClcycloSal	was	 partially	 hydrolysed	 and	 dephosphorylated	 to	 TPP-C11-OH.	

HeLa	and	HEK	serum-free	media	(SFM),	on	the	other	hand,	only	promoted	the	hydrolysis	

to	TPP-C11-PO42-,	but	not	the	dephosphorylation	to	TPP-C11-OH,	as	did	KCl	buffer	pH	7.2.	

Since	TPP-C11-OH	is	capable	of	crossing	biological	membranes,	a	medium	that	hydrolyses	



 137	

and	 dephosphorylates	 TPPClcycloSal	 would	 not	 allow	 us	 to	 determine	 whether	 the	

presence	 of	 TPP-C11-OH	 in	 the	 supernatant	 of	 the	 cells	 was	 due	 to	 these	 processes	

occurring	within	the	cells	or	in	the	medium.	As	TPP-C11-PO42-	is	not	taken	up	by	isolated	

mitochondria,	any	TPP-C11-PO42-	generated	by	the	medium	would	likely	not	be	taken	up	

by	the	cells,	 thus	 its	presence	 in	 the	supernatant	would	be	 indicative	of	TPPClcycloSal	

hydrolysis	 in	 the	 medium,	 whereas	 its	 presence	 in	 the	 cell	 pellet	 would	 be	 due	 to	

hydrolysis	occurring	within	the	cells320.	Therefore,	I	chose	to	incubate	TPPClcycloSal	with	

cells	in	HeLa	SFM	and	use	a	condition	in	which	the	compound	was	added	to	the	medium	

in	the	absence	of	cells	to	consider	any	effect	that	could	be	attributed	to	the	medium.	

	

Interestingly,	incubation	of	TPPClcycloSal	with	cells	resulted	in	a	rapid	burst	of	TPP-C11-

PO42-	in	the	cell	pellet,	followed	by	a	sharp	decline,	while	in	the	supernatant	TPP-C11-PO42-	

gradually	increased	over	time.	In	the	condition	where	TPPClcycloSal	was	incubated	with	

medium	in	 the	absence	of	 cells,	 the	 increase	 in	TPP-C11-PO42-	 occurred	at	 a	 later	 time	

point,	with	different	kinetics	than	that	observed	in	the	supernatant.	A	relatively	constant	

amount	of	TPP-C11-OH	was	detected	in	the	cell	pellet,	cell	supernatant	and	medium.	These	

results	suggest	that	TPPClcycloSal	accumulates	in	the	cells	and	is	rapidly	hydrolysed	to	

TPP-C11-PO42-,	which,	surprisingly,	is	released	to	the	supernatant	over	time.	

	

As	incubation	of	isolated	mitochondria	with	TPP-C11-PO42-	in	the	presence	of	Na3VO4	to	

avoid	 dephosphorylation	 did	 not	 lead	 to	 accumulation	 of	 this	 compound	 within	 the	

organelle,	we	 initially	hypothesized	 that	while	TPP-C11-PO42-	 is	not	 taken	up	 from	 the	

external	environment,	it	can	be	released	when	generated	within	mitochondria320,385.	One	

possibility	is	that	the	high	concentration	of	TPP-C11-PO42-	within	mitochondria	due	to	its	

small	volume	in	comparison	to	the	extracellular	environment	drives	the	transport	of	TPP-

C11-PO42-	through	the	lipophilic	membranes,	perhaps	as	a	neutral	dimer	of	two	TPP-C11-

PO4H-	molecules	or	in	a	folded	conformation	that	allows	the	concealment	of	the	charge	in	

the	 zwitterion.	 Further	 investigation	 will	 be	 necessary	 to	 confirm	 this	 hypothesis.	 If	

accumulation	of	polar	compounds	conjugated	to	TPP	within	mitochondria	drives	their	

transport	across	biological	membranes	and	release	from	the	organelle,	this	property	may	

be	explored	to	target	compounds	to	mitochondria	with	the	goal	of	slowly	being	released	

into	 the	 cytosol	 and	 bloodstream	 in	 vivo.	 However,	 another	 possibility	 is	 that	 what	

promotes	 the	 release	 of	 TPP-C11-PO42-	 across	 biological	 membranes	 is	 not	 its	
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accumulation	 within	 mitochondria	 and	 the	 cell,	 but	 rather	 the	 action	 of	 multidrug	

transporters,	e.g.	the	ABC	transporters398–400.	Since	Na3VO4	promotes	the	inhibition	not	

only	of	phosphatases,	but	also	of	ABC	transporters403,404,	incubation	of	TPP-C11-PO42-	with	

isolated	mitochondria	and	cells	in	the	presence	of	a	compound	that	inhibits	the	first,	but	

not	the	second,	will	be	necessary	to	elucidate	whether	TPP-C11-PO42-	can	be	taken	up	from	

the	medium	independently	of	ABC	transporters.	On	the	other	hand,	incubation	of	cells	in	

the	presence	of	Na3VO4	would	indicate	whether	TPP-C11-PO42-	could	be	released	from	the	

cells	when	ABC	transporters	are	inhibited,	while	also	avoiding	dephosphorylation	to	TPP-

C11-OH.	Unfortunately,	these	experiments	could	not	be	performed	at	the	moment	due	to	

limited	TPP-C11-PO42-	availability.	

	

In	conclusion,	this	study	showed	that	it	is	possible	to	use	a	cleavable	cycloSal	mask	to	

target	a	phosphorylated	compound	conjugated	to	TPP	to	cells,	but	uncertainty	remains	

regarding	whether	the	concealed	phosphate	group	is	delivered	to	mitochondria	as	the	

previous	 results	with	 isolated	 liver	mitochondria	were	 not	 replicated	with	 heart.	 The	

apparent	 release	 of	 the	 unmasked	 phosphorylated	 compound	 from	 cells	 suggests	 a	

mechanism	of	diffusion	of	TPP	compounds	across	biological	membranes,	which	requires	

further	investigation.	This	mechanism	may	open	the	possibility	to	new	applications	using	

mitochondria	 as	 a	 reaction	 chamber	 for	 subsequent	 release	 of	 polar	 bioactive	

compounds.	
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Chapter	6:	Detection	of	mitochondrial	membrane	potential	in	

vivo	

6.1	Introduction	
One	of	the	striking	characteristics	of	mitochondria	is	the	large	protonmotive	force	(∆p)	

between	 the	 IMM	and	 the	matrix,	which	 in	 physiological	 conditions	usually	 lies	 at	or	

below	180	mV	(negative	inside).	It	is	generated	through	the	pumping	of	protons	from	the	

matrix	into	the	IMS	by	the	ETC1.	As	discussed	in	more	detail	in	Chapter	1,	∆p	is	essential	

for	many	mitochondrial	functions,	such	as	ATP	production,	Ca2+	homeostasis	and	control	

of	cell	death.	Two	components	contribute	to	∆p:	the	mitochondrial	membrane	potential	

(Dym),	which	arises	from	the	difference	in	electrical	potential	between	the	matrix	and	the	

IMS,	and	the	mitochondrial	pH	gradient	(∆pH),	which	arises	from	the	difference	in	the	

concentration	of	protons	between	the	two	compartments1.	Out	of	the	two,	the	membrane	

potential	 offers	 the	 highest	 contribution,	 at	 up	 to	 150	 mV,	 while	 ∆pH	 (which	 in	

physiological	 conditions	 is	 usually	 0.5	 units,	 basic	 inside)	 contributes	 with	 30	 mV,	

according	to	the	Nernst	equation,	where	R	is	the	gas	constant	and	T	is	the	temperature1:	

	

∆3	(mV) = ∆ψK − 2.3MN∆pH	

	

Variations	in	Dym	can	indicate	the	energetic	state	of	the	cell,	as	it	is	determined	by	the	

balance	between	its	generation	by	the	ETC	and	its	dissipation	by	ATP	synthesis	and	other	

processes.	Elevated	ATP	production	or	 thermogenesis	 lead	to	decreases	 in	Dym,	while	

reduced	 ATP	 synthesis	 or	 an	 increase	 in	 reducing	 equivalents	 that	 promote	 electron	

transport	and	consequently	proton	pumping	by	the	ETC	increase	Dym34.	Changes	in	Dym	

impact	not	only	ATP	production,	but	also	the	uptake	of	cations	such	as	Ca2+,	affecting	Ca2+	

signalling	pathways405.	Pathological	conditions	can	also	be	associated	with	altered	Dym.	

For	example,	cancer	cells	have	higher	Dym,	possibly	because	their	enhanced	glycolysis	

decreases	the	necessity	of	ATP	production	by	OXPHOS,	leading	to	less	consumption	of	

Dym17,406,407.	Loss	of	mitochondrial	membrane	potential	is	involved	in	both	the	necrotic	

and	apoptotic	pathways	of	cell	death5,52.	Increases	in	Dym	can	drive	ROS	production	and	

lead	 to	 oxidative	 stress	 or	 redox	 signalling68,108.	 Therefore,	 Dym	 is	 central	 to	

mitochondrial	metabolism	 in	 physiological	 and	 pathological	 conditions,	 and	 assessing	

Dym	variation	is	essential	for	understanding	the	multiple	roles	of	mitochondria	in	health	



 142	

and	disease	and	 for	 the	development	of	 effective	diagnostic	 and	 therapeutic	methods.	

However,	changes	in	Dym	are	often	subtle,	and	accurate	quantification	can	be	challenging,	

especially	in	vivo227.	

	

Measurement	 of	Dym	 in	 cells	 or	 in	 the	 transparent	 worm	 C.	 elegans	 can	 be	 done	 by	

fluorescent	 or	 radiolabelled	 cationic	 dyes,	 which	 accumulate	 in	 mitochondria	 in	 a	

membrane	potential-dependent	manner.	Therefore,	 the	more	dye	that	 is	detected,	 the	

higher	 the	 Dym408.	 Alternatively,	 a	 quenching	 mode	 can	 be	 used,	 in	 which	 a	 higher	

concentration	 of	 dye	 is	 used	 and	 its	 uptake	 into	 mitochondria	 leads	 to	 fluorescence	

quenching409.	 A	 decrease	 in	 Dym	 consequently	 leads	 to	 the	 release	 of	 the	 dye	 and	

dequenching	of	the	probe,	which	leads	to	an	increase	in	fluorescence.	Hyperpolarization	

of	 mitochondria,	 on	 the	 other	 hand,	 promotes	 further	 fluorescence	 quenching	 in	 the	

organelle,	 resulting	 in	 a	 decrease	 in	 the	 signal408.	 These	 cationic	 dyes	 include	 TMRM	

(tetramethylrhodamine	methyl)	and	TMRE	(tetramethylrhodamine	ethyl)410,	Rhodamine	

123411,	DiOC6(3)	(3,3′-dihexyloxacarbocyanine	iodide)412,	and	JC-1	(5,5′,6,6’-tetrachloro-

1,1’,3,3′-tetraethylbenzimidazolylcarbocyanine	iodide)254.	While	these	probes	are	widely	

used,	 they	 are	 insensitive	 to	 small	 changes	 in	Dym	 and	 have	 restricted	 application	 in	

vivo408,413.	

	

Recently,	the	Murphy	lab	developed	a	Dym	probe	that	can	quantify	small	changes	in	cells	

and	in	vivo,	named	MitoClick227.	It	involves	targeting	two	compounds	to	mitochondria,	

MitoAzido	and	MitoOct,	which	react	by	click	chemistry	once	accumulated	in	the	organelle,	

forming	MitoClick	(Figure	58).	Since	the	accumulation	of	both	MitoAzido	and	MitoOct	is	

dependent	 on	Dym,	 the	 formation	 of	 MitoClick	 responds	 sensibly	 small	 variations	 in	

Dym227,272.	Other	factors	which	can	influence	MitoClick	formation	will	be	explored	in	the	

discussion.	 Since	 this	 probe	 relies	 on	 the	 accumulation	 of	 two	mitochondria-targeted	

compounds,	 it	 is	 highly	 sensitive	 to	 small	 variations	 in	Dym227.	 Most	 importantly,	 in	

contrast	 to	 the	use	of	 these	dyes,	MitoClick	 formation	can	be	used	 to	 report	on	 small	

changes	to	Dym	not	only	in	cultured	cells	but	also	in	vivo,	with	MitoAzido	and	MitoOct	

having	been	safely	administered	to	mice	and	MitoClick	used	to	identify	differences	in	Dym	

in	 the	 hearts	 of	 mice	 exposed	 to	 the	 uncoupler	 DNP,	 or	 in	 mice	 with	 a	 Complex	 I	

deficiency227.	
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Figure	58.	Measurement	of	membrane	potential	in	vivo	with	MitoClick.	MitoAzido	and	MitoOct	are	simultaneously	
injected	in	vivo,	where	they	are	taken	up	by	mitochondria	in	a	membrane	potential-dependent	way.	Their	accumulation	
into	mitochondria	drives	their	reaction	to	form	MitoClick.	MitoClick	production	is	therefore	an	indicative	of	membrane	
potential	and	can	be	assessed	ex	vivo	by	LC-MS/MS.	Image	source:	Logan,	A.	et	al.227	

While	 the	 MitoClick	 probe	 allows	 the	 measurement	 of	 Dym	 in	 vivo,	 it	 requires	 the	

extraction	 of	 the	 targeted	 compound	 from	 the	 tissues	 for	 subsequent	 analysis	 by	 LC-

MS/MS227.	This	means	that	it	is	not	possible	to	assess	Dym	in	real	time	in	living	models	

without	 killing	 individual	 animals	 for	 each	 time	 point,	making	 it	 challenging	 to	 study	

variations	 in	Dym	over	 time,	or	 in	 response	 to	altered	conditions	 in	 the	 same	animal.	

Being	able	to	do	so	would	eliminate	inter-animal	variations,	which	can	compromise	the	

comparison	of	results	since	different	animals	must	be	used	for	each	condition	or	 time	

point	when	 using	MitoClick.	 It	would	 also	 allow	 the	 investigation	 of	how	 a	 particular	

condition	 can	 affect	 individuals	 differently,	 as	 well	 as	 reduce	 the	 number	 of	 animals	

necessary	to	conduct	studies	and	avoid	any	modifications	that	could	occur	to	the	samples	

during	the	extraction	ex	vivo.	

	

6.2	Aim	and	strategy	
The	aim	of	 this	project	was	to	help	develop	a	mitochondria-targeted	probe	capable	of	

assessing	variations	in	mitochondrial	membrane	potential	in	vivo,	without	the	need	for	

tissue	homogenization	in	order	to	extract	the	probe.	For	that,	we	explored	the	concept	of	
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using	click	chemistry	to	react	 two	mitochondria-targeted	compounds	in	mitochondria,	

similarly	 to	 MitoClick,	 but	 which	 would	 generate	 a	 product	 that	 could	 be	 detected	

externally	without	the	need	for	tissue	homogenization.	An	attractive	candidate	for	that	

purpose	 is	 molecular	 nitrogen,	 as	 it	 is	 non-reactive,	 would	 rapidly	 diffuse	 from	 the	

tissues,	and	could	be	detected	in	the	expired	gases	by	using	15N-labelled	precursors	and	

gas	chromatography	mass	spectrometry	(GC-MS)	quantification.	Therefore,	by	targeting	

two	 compounds	 to	mitochondria	 that	would	 generate	 15N2	 in	 a	membrane	 potential-

dependent	manner,	it	could	be	possible	to	have	a	probe	that	dynamically	responds	to	Dym	

in	 vivo	 in	 live	 models.	 This	method	 would	 enable	 real-time	measurement	 of	 relative	

changes	of	the	overall	membrane	potential	and	fluctuations	under	various	conditions	or	

over	time	with	the	same	animal,	which	is	currently	not	possible	(except	in	models	where	

fluorescent	probes	can	be	measured	in	vivo,	e.g.	C.	elegans414).	

	

Thus,	we	need	a	pair	of	precursors	that	meet	the	following	criteria:	

1. Both	precursors	should	rapidly	accumulate	in	mitochondria;	

2. None	 of	 the	 precursors	 should	 cause	 alterations	 in	 mitochondrial	 membrane	

potential	at	the	concentrations	used;	

3. The	 reaction	 between	 the	 two	 precursors	 must	 be	 negligible	 without	 their	

accumulation	in	mitochondria	i.e.	the	precursors	should	not	react	prior	to	uptake	

and	must	react	once	taken	up.	

	

With	the	exception	of	MitoAzido,	unlabelled	compounds	were	used	at	this	stage	as	they	

were	easier	to	make.	RP-HPLC	was	used	to	investigate	the	uptake	of	the	precursors	into	

mitochondria	and	their	reaction	in	order	to	confirm	the	suitability	of	the	method	before	

advancing	into	N2	detection	by	GC-MS.	

	

6.3	MitoAzido	and	MitoTPP	
Firstly,	I	investigated	whether	the	Staudinger	reaction415	could	be	used	to	generate	N2	in	

a	mitochondrial	membrane	 potential-dependent	manner.	 In	 this	 reaction,	 an	 azide	 is	

reduced	by	a	phosphine,	forming	an	iminophosphorane	intermediate,	releasing	N2.	The	

intermediate	is	then	hydrolysed	to	give	an	amine	and	phosphine	oxide	(Figure	59).	
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Figure	59.	Staudinger	reaction	between	an	azide	and	a	phosphine	produces	nitrogen	gas.	By	using	a	15N-labelled,	
mitochondria-targeted	azide	and	a	mitochondria-targeted	phosphine,	it	could	be	possible	to	detect	the	generation	of	
15N2	 in	 the	expired	 gases	 by	 GC-MS	 as	an	 indication	 of	overall	mitochondrial	membrane	 potential	 in	 live	models.	
Detection	of	the	Staudinger	intermediate	and	the	final	products,	amine	and	phosphine	oxide,	by	RP-HPLC	was	used	for	
the	preliminary	study	of	this	reaction	in	mitochondria	due	to	the	simplicity	of	the	method.	

Initially,	MitoAzido	(TPP	C4	15N1	Azide)	and	MitoTPP	were	used	as	azide	and	phosphine,	

respectively.	The	reaction	between	MitoAzido	and	MitoTPP	in	aqueous	solution	 forms	

MitoAmine	and	MitoTPP	oxide	(MitoTPP=O),	as	well	as	N2	(Figure	60).	

	
Figure	 60.	 Reaction	 between	 MitoAzido	 and	 MitoTPP.	 Following	 the	 mechanism	 for	 a	 Staudinger	 reaction,	
MitoAzido	 reacts	 with	MitoTPP,	 releasing	N2	 and	 forming	 a	 Staudinger	 intermediate.	 The	 latter	 is	 hydrolysed	 to	
MitoAmine	and	MitoTPP=O.	

MitoAzido	and	MitoTPP	could	successfully	be	detected	by	RP-HPLC	(Figure	61)	and	this	

method	was	used	to	investigate	their	reaction	in	vitro.	It	was	known	from	previous	work	

by	Dr	Sabine	Arndt	that	MitoTPP	can	slowly	oxidise	in	air,	therefore	MitoTPP	stocks	were	

prepared	 daily	 from	 the	 solid.	 A	 small	 extent	 of	 oxidation	 was	 still	 observed	 in	 the	

MitoTPP	 stock	 in	 the	 absence	 of	 MitoAzido	 (Figure	 61-B),	 for	 which	 reason	 it	 was	

determined	that	the	production	of	MitoAmine	would	be	a	more	suitable	indication	of	the	

reaction	between	MitoAzido	and	MitoTPP.	
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Figure	61.	Characterization	of	MitoAzido	and	MitoTPP	by	RP-HPLC.	Stock	solutions	containing	50	µM	MitoAzido	
(A)	or	MitoTPP	(B)	were	detected	separately	by	RP-HPLC	(injection	volume:	0.7	mL)	with	absorbance	being	measured	
at	 220	 nm.	 MitoAzido	 is	 eluted	 at	 70%	buffer	 B,	 whereas	 MitoTPP	 is	 eluted	 at	 90%.	 The	 peak	 at	 68%	 buffer	 B	
corresponds,	as	was	determined	previously	in	the	work	of	Dr.	Sabine	Arndt,	to	MitoTPP	oxide	(MitoTPP=O).	

MitoAzido	and	MitoTPP	were	then	incubated	in	KCl	buffer	at	37ºC,	with	samples	being	

collected	at	0	and	3	hours	(Figure	62).	At	3	hours,	a	new	peak	was	detected	at	62%	buffer	

B,	 which	 is	 hypothesized	 to	 be	MitoAmine.	 Since	 confirmation	would	 require	 a	 time-

consuming	development	of	LC-MS/MS	methods,	at	this	stage	priority	was	given	to	first	

investigating	whether	the	precursors	would	react	within	isolated	mitochondria	and	form	

the	same	peak.	The	extent	of	the	reaction	in	buffer	over	3	hours	was	small,	as	indicated	

by	the	proportion	between	the	peaks	for	the	product	and	the	precursors.	This,	however,	

is	 an	 advantage,	 as	 the	 precursors	 need	 to	 primarily	 react	 within	 mitochondria,	 not	

outside,	 in	 order	 for	 their	 reaction	 to	 indicate	 variations	 in	mitochondrial	membrane	

potential.	For	this	reason,	a	slow	reaction	in	the	absence	of	mitochondria	is	preferable.		
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Figure	62.	Incubation	of	MitoAzido	and	MitoTPP	in	buffer.	Reaction	between	50	µM	MitoAzido	and	50	µM	MitoTPP,	
incubated	in	KCl	buffer	at	37ºC	for	3	hours,	showing	the	formation	of	a	product	that	is	eluted	at	62%	buffer	B	and	is	
hypothesised	to	be	MitoAmine	(injection	volume:	0.7	mL).		

I	next	incubated	MitoAzido	and	MitoTPP	with	isolated	mitochondria	to	test	whether	they	

are	taken	up	and	react	inside	the	organelle.	Since	the	reaction	between	MitoAzido	and	

MitoTPP	 in	 KCl	 buffer	 formed	 a	 product	 that	 is	 eluted	 at	 62%	 buffer	 B	 (supposedly	

MitoAmine),	 the	 reaction	 between	 the	 two	precursors	within	mitochondria	would	 be	

indicated	by	the	formation	of	a	peak	at	62%	buffer	B.	The	precursors	were	incubated	with	

isolated	mitochondria,	either	separately	or	at	the	same	time,	and	the	mitochondrial	and	

supernatant	fractions	were	analysed	by	RP-HPLC	(Figure	63).	In	the	absence	of	MitoTPP,	

MitoAzido	was	present	mostly	in	the	supernatant	fraction,	while	MitoTPP	in	the	absence	

of	MitoAzido	was	detected	mostly	in	the	mitochondrial	fraction.	This	difference	could	be	

due	to	the	higher	hydrophobicity	of	MitoTPP	in	comparison	to	MitoAzido,	which	tends	to	

facilitate	mitochondrial	uptake	and	adsorption	of	TPP	compounds	to	the	IMM	(Chapter	

1.4).	A	small	extent	of	MitoTPP	oxidation	was	detected,	which	in	this	case	could	either	be	

spontaneous	and/or	promoted	by	mitochondria,	a	possibility	that	was	investigated	later.	

Interestingly,	 simultaneous	 incubation	 of	 MitoAzido	 and	 MitoTPP	 with	 isolated	

mitochondria	did	not	lead	to	the	formation	of	a	new	product	(“MitoAmine”),	neither	did	

it	seem	to	increase	the	amount	of	MitoTPP=O,	suggesting	that	no	reaction	took	place.	A	

comparison	 between	 the	 incubation	 with	 MitoAzido	 alone	 and	 the	 incubation	 with	

MitoAzido	+	MitoTPP	shows	that	MitoAzido	is	no	longer	detected	in	the	mitochondrial	

fraction	when	MitoTPP	is	present.	The	absence	of	MitoAzido	in	the	mitochondrial	fraction	

explains	why	no	reaction	with	MitoTPP	was	detected	in	these	conditions.	
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Figure	63.	 Incubation	of	MitoAzido	 and	MitoTPP	with	 isolated	rat	 liver	mitochondria.	 Incubation	 of	 25	 µM	
MitoTPP	 (bottom	 trace),	25	µM	MitoAzido	(centre)	or	both	 (top)	with	 isolated	 rat	 liver	mitochondria	 (2	mg	mL-1	
protein)	for	10	minutes	as	described	in	Chapter	2.	Results	are	shown	for	RP-HPLC	analysis	of	the	mitochondrial	(left)	
and	supernatant	(right)	fractions.	

Since	high	concentrations	of	TPP	cations	can	lead	to	the	depolarization	of	mitochondria,	

I	 then	 investigated	 the	 effect	 of	 multiple	 concentrations	 of	 MitoAzido	 and	 MitoTPP,	

incubated	separately,	to	the	uptake	of	TPMP.	This	compound	was	chosen	as	an	internal	

standard	because	 its	 simple	 structure	 is	unlikely	 to	 cause	any	 side-reactions	with	 the	

precursors	and	 its	uptake	 into	mitochondria	 is	well	 characterised219.	Therefore,	 if	 the	

concentration	of	MitoAzido	or	MitoTPP	used	previously	 (25	µM)	had	an	effect	on	 the	

mitochondrial	 membrane	 potential,	 the	 uptake	 of	 TPMP	 in	 their	 presence	 would	 be	

hindered.	To	 test	 if	 this	 is	 the	 case,	 isolated	mitochondria	were	 incubated	with	TPMP	

alone,	TPMP	in	the	presence	of	MitoAzido	or	TPMP	in	the	presence	of	MitoTPP,	and	the	

amount	 of	 TPMP	 detected	 in	 the	 mitochondrial	 fraction	 was	 compared	 among	 these	

conditions.	The	presence	of	MitoAzido	(Figure	64-A)	did	not	seem	to	have	an	effect	on	

the	 uptake	 of	 TPMP	 when	 compared	 to	 the	 results	 obtained	 from	 the	 incubation	

exclusively	with	TPMP	(Figure	64-B),	even	at	concentrations	of	up	to	25	µM	as	used	for	

Figure	40.	On	the	other	hand,	 the	presence	of	MitoTPP	greatly	reduced	the	amount	of	

TPMP	detected	in	the	mitochondrial	fraction,	and	this	negative	effect	was	already	evident	

at	 5	 µM	 (Figure	 64-C).	 This	 result	 suggests	 that	 the	 presence	 of	MitoTPP	 inhibits	 the	

uptake	of	MitoAzido,	thus	preventing	the	reaction	of	these	precursors	in	mitochondria.	
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Figure	64.	Effect	of	MitoAzido	and	MitoTPP	on	the	uptake	of	TPMP.	RP-HPLC	analysis	of	the	mitochondrial	fraction	
from	the	incubation	of	1	µM,	5	µM,	12.5	µM	or	25	µM	MitoAzido	and	TPMP	(A),	TPMP	only	(B)	or	MitoTPP	and	TPMP	
(C)	with	isolated	rat	liver	mitochondria	(1	mg	mL-1	protein)	for	10	minutes	as	described	in	Chapter	2.	

Another	factor	that	could	impact	the	reaction	of	MitoTPP	with	MitoAzido	in	mitochondria	

is	the	possibility	that	the	mitochondrial	environment	promotes	the	oxidation	of	MitoTPP.	

MitoAzido	reacts	with	MitoTPP	in	its	reduced	state,	therefore,	if	a	significant	proportion	

of	MitoTPP	is	oxidised	to	MitoTPP=O	inside	mitochondria,	less	MitoTPP	will	be	available	

to	 react	with	MitoAzido.	MitoTPP	was	 incubated	with	 isolated	mitochondria	 and	 the	

relative	amounts	of	MitoTPP	and	MitoTPP=O	to	the	total	amount	of	compound	(MitoTPP	

+	MitoTPP=O)	was	determined	over	time	(Figure	65).	No	difference	was	detected	within	

20	minutes	of	incubation,	indicating	that	mitochondria	do	not	promote	further	oxidation	

of	MitoTPP	during	this	time.	Once	again,	the	presence	of	MitoTPP	had	a	negative	effect	on	

the	uptake	of	TPMP,	which	appears	mostly	in	the	supernatant	fraction.	
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Figure	65.	Effect	of	mitochondria	in	the	oxidation	of	MitoTPP.	Isolated	rat	liver	mitochondria	(1	mg	mL-1	protein)	
were	 incubated	with	12.5	µM	MitoTPP	and	TPMP	(internal	 standard)	 for	15	 seconds	 to	20	minutes.	(A)	RP-HPLC	
analysis	of	 the	mitochondrial	(left)	and	supernatant	(right)	 fractions	(injection	volume:	0.7	mL).	(B)	Percentage	of	
MitoTPP	and	MitoTPP=O	relative	to	total	MitoTPP,	obtained	by	adding	the	areas	under	the	peaks	for	MitoTPP	and	
MitoTPP=O	of	both	mitochondrial	and	supernatant	fractions.	

As	 the	 results	 suggest	 that	MitoTPP	 disrupts	mitochondrial	membrane	 potential	 and	

prevents	 the	 uptake	 of	 TPMP	 and	 MitoAzido,	 I	 then	 investigated	 whether	 MitoTPP	

appears	mostly	in	the	mitochondrial	fraction	because	it	remains	attached	to	the	IMM	due	

to	its	hydrophobicity,	rather	than	being	taken	up	into	the	matrix.	For	that,	I	incubated	

isolated	mitochondria	with	TPMP,	MitoAzido	and	MitoTPP	in	the	presence	or	absence	of	

FCCP	 (Figure	 66).	 TPP	 compounds	 that	 are	 taken	 up	 into	 the	 matrix	 appear	 in	 the	

mitochondrial	 fraction	 in	 the	absence	of	FCCP	but	 remain	 in	 the	 supernatant	 fraction	
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when	the	membrane	potential	is	disrupted	by	FCCP.	On	the	other	hand,	TPP	compounds	

that	 are	 adsorbed	 to	 the	 IMM	 due	 to	 their	 hydrophobicity	 tend	 to	 appear	 in	 the	

mitochondrial	 fraction	 regardless	 of	 the	 presence	 of	 FCCP.	 In	 this	 case,	 simultaneous	

incubation	of	TPMP	and	MitoAzido	with	MitoTPP	in	the	absence	of	FCCP	resulted	in	the	

detection	 of	 TPMP	 and	 MitoAzido	 in	 the	 supernatant	 fraction,	 due	 to	 the	 effect	 of	

MitoTPP,	as	seen	previously.	However,	MitoTPP	appeared	in	the	mitochondrial	fraction	

both	 in	 the	 absence	 and	 in	 the	 presence	 of	 FCCP,	 suggesting	 that	 it	 remains	 in	 the	

mitochondrial	 fraction	 despite	 its	 effect	 on	 the	 mitochondrial	 membrane	 potential	

because	it	is	attached	to	the	IMM.	

	
Figure	66.	 Effect	 of	 FCCP	 in	 the	 uptake	 of	MitoTPP.	 Isolated	 rat	 liver	mitochondria	 (1	mg	mL-1	 protein)	were	
incubated	with	12.5	µM	TPMP,	MitoAzido	and	MitoTPP	for	10	minutes	±	1	µM	FCCP	as	described	in	Chapter	2.	(A)	RP-
HPLC	traces	of	the	mitochondrial	(left)	and	supernatant	(right)	fractions.	(B)	Peak	areas	(arbitrary	units)	of	the	peaks	
shown	in	A	in	the	presence	of	FCCP.	

In	 conclusion,	 the	Staudinger	 reaction	between	MitoAzido	and	MitoTPP	occurs	 in	KCl	

buffer	and	 is	relatively	 slow,	which	 in	principle	would	make	 it	 a	 good	candidate	 for	a	

mitochondrial	membrane	potential	probe	 if	 the	accumulation	of	both	compounds	 into	

mitochondria	 promoted	 their	 reaction	 in	 a	 membrane	 potential-dependent	 manner.	
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However,	the	uptake	of	MitoTPP	seems	to	disrupt	the	membrane	potential,	preventing	

the	accumulation	of	MitoAzido.	MitoTPP	itself	remains	attached	to	the	IMM,	probably	due	

to	its	hydrophobicity.	The	effect	of	MitoTPP	on	the	mitochondrial	membrane	potential	

precludes	its	use	as	a	precursor	for	the	membrane	potential	dependent-N2	release	not	

only	 because	 it	 hinders	 the	 reaction	 with	 MitoAzido	 in	 mitochondria,	 but	 most	

importantly	because	since	it	alters	the	very	characteristic	the	probe	is	being	designed	to	

measure,	MitoTPP	cannot	be	used	to	accurately	measure	Dym.	Therefore,	I	investigated	

whether	a	different	phosphine	would	allow	the	Staudinger	reaction	to	be	used	for	 the	

measurement	of	mitochondrial	membrane	potential.	

	
6.4	MitoAzido	and	MitoAP	
Since	MitoTPP	had	proven	to	be	an	unsuitable	precursor	for	a	mitochondrial	membrane	

potential-dependent	 reaction	 with	 MitoAzido,	 I	 investigated	 whether	 it	 could	 be	

substituted	with	 a	 different	 phosphine.	 Two	 other	mitochondria-targeted	 phosphines	

that	were	synthesized	for	this	purpose	were	MitoAP	and	MitoEP	(Figure	67).	

	
Figure	67.	MitoAP	and	MitoEP,	 substitute	candidates	 for	MitoTPP.	Structures	and	RP-HPLC	analysis	of	10	µM	
MitoAP	(A)	and	MitoEP	(B).	Absorbance	was	measured	at	220	nm	and	the	injection	volume	was	0.7	mL.	The	second	
tallest	peaks	are	likely	the	oxide	of	the	compounds,	based	on	the	oxidation	pattern	seen	with	MitoTPP	and	the	fact	that	
the	oxides	are	more	hydrophilic	and	therefore	should	be	eluted	first	in	the	RP-HPLC	conditions	used.	

Firstly,	 I	 investigated	 whether	 MitoAP	 and	 MitoEP	 had	 an	 effect	 on	 the	 membrane	

potential	by	incubating	isolated	mitochondria	exclusively	with	TPMP	and	comparing	its	

uptake	when	incubated	simultaneously	with	MitoAP	or	MitoEP	(Figure	68).	MitoAP	did	

not	show	an	effect	on	TPMP	uptake	when	concentrations	of	up	to	12.5	µM	were	used,	
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while	the	presence	of	MitoEP	decreased	TPMP	uptake	from	1	µM.	Therefore,	the	reaction	

between	MitoAzido	and	MitoAP,	but	not	MitoEP,	was	investigated	as	a	potential	candidate	

for	the	mitochondrial	membrane	potential	probe.	

	
Figure	68.	Effect	of	MitoAP	and	MitoEP	on	the	uptake	of	TPMP.	(A)	RP-HPLC	analysis	of	5	µM	TPMP	incubated	with	
isolated	rat	liver	mitochondria	(1	mg	mL-1	protein)	in	the	presence	of	12.5	µM	MitoAP	(left)	or	MitoEP	(right),	or	on	its	
own	(centre).	 Injection	volume	was	0.7	mL.	(B)	Peak	area	(arbitrary	units)	of	5	µM	TPMP	incubated	with	rat	 liver	
mitochondria	(1	mg	mL-1	protein)	in	the	presence	of	1,	5,	12.5	and	25	µM	MitoAP	or	MitoEP,	or	on	its	own	(isolated	
column),	including	quantification	of	the	data	shown	in	A.	

MitoAP	was	then	incubated	with	MitoAzido	in	buffer	in	order	to	study	their	reaction	in	

the	absence	of	mitochondria.	After	2	hours,	no	product	was	detected	by	RP-HPLC	(Figure	

69),	 which	 could	 be	 a	 promising	 result	 since	 a	 slow	 reaction	 in	 the	 absence	 of	

mitochondria	would	 prevent	 it	 from	occurring	 prior	 to	mitochondrial	 uptake	 i.e.	 in	 a	

membrane	potential-independent	manner.	However,	when	MitoAP	and	MitoAzido	were	

incubated	with	isolated	mitochondria,	no	reaction	was	detected	either.	Despite	the	lack	

of	effect	that	MitoAP	had	on	TPMP	uptake	(Figure	68),	less	MitoAzido	was	detected	in	the	

mitochondrial	 fraction	when	MitoAP	was	present,	 suggesting	 that	 this	phosphine	also	

had	an	effect	on	the	membrane	potential.	



 154	

	
Figure	69.	Incubation	of	MitoAzido	and	MitoAP	in	buffer	and	isolated	mitochondria.	(A)	Reaction	between	5	µM	
MitoAP	and	MitoAzido	in	KCl	buffer	at	37ºC,	over	2	hours.	(B)	Incubation	of	5	µM	MitoAzido,	MitoAP	and	TPMP	with	
isolated	rat	liver	mitochondria	(1	mg	mL-1	protein)	for	10	minutes.	Injection	volume:	0.7	mL	for	both	figures.	

Although	MitoAP	did	not	inhibit	the	uptake	of	MitoAzido	to	the	same	extent	as	seen	with	

MitoTPP,	 the	 fact	 that	 it	 also	 decreased	 the	 amount	 of	 MitoAzido	 detected	 in	 the	

mitochondrial	 suggests	 that	 triphenylphosphines	 are	 not	 ideal	 precursors	 for	 the	

mitochondrial	membrane	potential	probe.	 Indeed,	phosphine	 (PH3)	 is	used	as	a	grain	

fumigant	 and	 although	 the	 precise	 mechanism	 of	 phosphine	 toxicity	 is	 not	 well	

understood416,417,	 it	 was	 shown	 to	 inhibit	 Complex	 IV	 in	 vitro418,419	 and	 reduce	

mitochondrial	 membrane	 potential	 in	 C.	 elegans420,421.	 These	 results	 corroborate	 our	

finding	 that	 triphenylphosphines	 hinder	 the	 concomitant	 uptake	 of	 other	 TPP	

compounds	 due	 to	 disruption	 of	 the	mitochondrial	membrane	 potential.	 	Therefore,	 I	

moved	 on	 to	 investigate	 other	 click	 reactions	 that	 generate	 N2	 but	 do	 not	 involve	

triphenylphosphines.	

	

6.5	MitoPhTet	and	MitoOct	
Since	 the	 Staudinger	 reaction	 did	 not	 show	 promising	 results	 for	 mitochondrial	

membrane	potential-dependent	N2	generation	due	to	the	disruption	of	 the	membrane	

potential	by	the	phosphines	tested,	a	different	approach	was	explored.	 In	this	case,	an	

inverse	electron-demand	Diels-Alder	(IEDDA)	reaction	was	chosen,	in	which	an	electron-

poor	diene	(in	this	case,	a	tetrazine)	and	an	electron-rich	dienophile	(here,	an	alkyne)	are	

reacted,	releasing	N2	and	forming	a	clicked	product422	(Figure	70).	
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Figure	70.	 The	 inverse	 electron-demand	Diels-Alder	 (IEDDA)	 reaction	 between	 a	 tetrazine	 and	 an	 alkyne	
releases	N2	when	forming	a	clicked	product.	

The	reaction	between	a	cyclooctyne	(MitoOct)	and	a	TPP-targeted	version	of	the	tetrazine	

PhTet	(MitoPhTet),	which	was	previously	used	for	click	chemistry	in	the	laboratory,	was	

initially	 tested.	 MitoOct	 is	 used	 as	 a	 precursor	 to	 form	 MitoClick	 by	 reacting	 with	

MitoAzido	within	mitochondria227.	As	discussed	previously,	MitoClick	reports	on	changes	

in	membrane	potential	but	needs	to	be	extracted	from	cells	or	tissues	for	quantification	

by	 LC-MS/MS.	 The	 extraction	 method	 requires	 the	 samples	 to	 be	 dried	 down	 and	

resuspended	in	MS	running	buffer222.	As	the	samples	dry	down,	the	compounds	become	

more	concentrated,	promoting	the	formation	of	MitoClick	from	unreacted	MitoOct	and	

MitoAzido.	The	formation	of	MitoClick	during	the	drying	step	of	the	extraction	would	be	

independent	from	the	mitochondrial	membrane	potential,	thus	invalidating	the	results.	

In	order	to	avoid	that,	PhTet	is	added	to	the	buffer	in	first	step	of	the	extraction.	It	reacts	

with	MitoOct,	thereby	preventing	the	reaction	between	MitoOct	and	MitoAzido	and	the	

membrane	 potential-independent	 formation	 of	MitoClick	 during	 the	 extraction	 of	 the	

samples227.	Coincidentally,	this	reaction	generates	N2,	a	feature	that	is	not	explored	in	the	

MitoClick	 strategy	 but	 is	 of	 interest	 to	 this	 project.	While	 in	 the	 case	 of	MitoClick	 an	

untargeted	tetrazine	is	used	to	react	with	MitoOct	ex	vivo,	I	have	investigated	whether	a	

TPP-targeted	 version	 of	 the	 tetrazine,	 MitoPhTet,	 and	 MitoOct	 could	 generate	 N2	 in	

mitochondria	(Figure	71).		

	
Figure	71.	IEDDA	reaction	between	MitoPhTet	and	MitoOct.	MitoPhTet	reacts	with	MitoOct	to	 form	the	clicked	
product	OctClickPhTet,	releasing	N2.	
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Unlabelled	 compounds	 were	 used	 in	 this	 case	 for	 the	 preliminary	 study.	 Stocks	 of	

MitoPhTet,	MitoOct	and	the	clicked	product,	OctClickPhTet,	were	analysed	by	RP-HPLC	

in	order	to	determine	their	elution	times	for	subsequent	analyses	(Figure	72).	

	
Figure	72.	 RP-HPLC	 analysis	of	 stocks.	 (A)	 5	µM	MitoPhTet,	 (B)	 5	µM	MitoOct,	 (C)	 2.5	 µM	OctClickPhTet	were	
prepared	in	75%	buffer	A	and	25%	buffer	B	and	injected	to	the	RP-HPLC	as	described	in	Chapter	2.	Absorbance	was	
measured	at	220	nm.	

The	chemical	reaction	between	MitoOct	and	MitoPhTet	was	then	investigated	in	buffer	in	

the	absence	of	mitochondria	(Figure	73).	The	reaction	occurred	instantly,	as	immediate	

injection	into	the	RP-HPLC	after	both	compounds	were	added	to	the	buffer	mostly	yielded	

a	single	peak,	which	was	confirmed	to	be	the	clicked	product	(OctClickPhTet).	

	
Figure	73.	Reaction	between	MitoPhTet	and	MitoOct	in	buffer.	Incubation	of	2.5	µM	MitoPhTet	and	MitoOct	in	KCl	
buffer	at	37ºC,	measured	after	0,	5	and	15	minutes	 (injection	volume:	0.7	mL).	 In	order	 to	 confirm	 that	 the	peak	
detected	referred	to	the	formation	of	the	product,	a	sample	containing	MitoPhTet	and	MitoOct	was	immediately	spiked	
with	2.5	µM	OctClickPhTet	and	analysed	by	RP-HPLC	(0	min	+	OctClickPheTet).	

In	order	to	assess	variations	in	mitochondrial	membrane	potential	by	the	release	of	N2	in	

the	 expired	 gases,	 it	 is	 necessary	 that	 the	 production	 of	 N2	 occurs	 in	 a	 membrane	
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potential-dependent	 way	 i.e.	 only	 when	 the	 precursors	 accumulate	 in	 mitochondria.	

Therefore,	precursors	that	readily	react	in	the	absence	of	mitochondria	could	generate	

N2	prior	to	their	uptake	in	a	membrane	potential-independent	manner.	MitoPhTet	and	

MitoOct	were	not	incubated	with	isolated	mitochondria	because	even	if	they	accumulated	

and	 reacted	 in	 the	 organelle	 in	 this	 condition,	 the	 following	 steps	 would	 involve	

incubating	the	precursors	in	cells	and	in	vivo,	and	in	these	systems	the	reaction	between	

MitoPhTet	and	MitoOct	would	 likely	occur	prior	 to	mitochondrial	uptake.	Despite	 the	

uptake	of	TPP	compounds	into	mitochondria	in	vivo	being	relatively	rapid219,	the	fact	that	

the	reaction	between	MitoPhTet	and	MitoOct	occurs	instantaneously	in	buffer	indicates	

that	they	would	react	in	the	blood	or	in	the	cytosol,	therefore	releasing	N2	independently	

from	 the	 mitochondrial	 membrane	 potential.	 For	 this	 reason,	 the	 reaction	 between	

MitoOct	 and	MitoPhTet	 is	unsuitable	 to	 accurately	 report	 variations	 in	mitochondrial	

membrane	potential.		

	

6.6	MitoPhTet	and	PentynylTPP	
As	the	reaction	between	MitoPhTet	and	MitoOct	in	the	absence	of	mitochondria	was	too	

fast	to	allow	its	use	for	a	mitochondrial	membrane	potential	probe,	I	then	investigated	

whether	 pentynylTPP	 could	 be	 a	 promising	 substitute	 for	 MitoOct	 (Figure	 74).	 The	

reaction	 between	 MitoPhTet	 and	 pentynylTPP	 is	 predicted	 to	 be	 slower,	 since	

pentynylTPP	lacks	the	strained	cyclooctyne	ring	which	confers	high	reactivity	to	MitoOct.	

	
Figure	74.	 IEDDA	reaction	between	MitoPhTet	and	pentynylTPP.	MitoPhTet	 reacts	with	pentynylTPP	 to	 form	
PentClickPhTet,	releasing	N2.	

Incubation	of	MitoPhTet	and	pentynylTPP	in	buffer	at	37ºC	did	not	yield	any	product	over	

2	hours	(Figure	75),	which,	as	discussed	previously,	could	be	a	promising	result.	Both	

compounds	 were	 then	 incubated	 with	 isolated	 mitochondria.	 The	 presence	 of	 either	

compound	did	not	alter	the	uptake	of	the	other	or	of	TPMP,	suggesting	that,	contrary	to	
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the	phosphines	MitoTPP,	MitoAP	and	MitoEP,	neither	MitoPhTet	nor	pentynylTPP	had	an	

effect	on	the	membrane	potential.	However,	although	both	MitoPhTet	and	pentynylTPP	

were	present	in	the	mitochondrial	pellet,	no	reaction	was	detected	after	10	minutes	of	

incubation	with	isolated	mitochondria.	

	
Figure	75.	Incubation	of	MitoPhTet	and	pentynylTPP	in	buffer	and	isolated	mitochondria.	(A)	RP-HPLC	analysis	
of	5	µM	pentynylTPP.	(B)	Incubation	between	5	µM	MitoPhTet	and	pentynylTPP	in	KCl	buffer	at	37ºC,	over	2	hours,	
detected	by	RP-HPLC.	The	bottom	two	traces	correspond	to	the	stocks.	(C)	Incubation	of	5	µM	MitoPhTet,	pentynylTPP	
and	TPMP	with	isolated	rat	liver	mitochondria	(1	mg	mL-1	protein)	for	10	minutes.	Absorbance	was	measured	at	220	
nm	and	injection	volume	was	0.7	mL	for	all	figures.	

It	is	possible	that	a	reaction	between	MitoPhTet	and	pentynylTPP	would	be	detected	in	

longer	incubations	with	mitochondria,	but	this	hypothesis	would	have	to	be	tested	in	cells	

as	 coupled	 isolated	mitochondria	 exhaust	 substrates	 (e.g.	 succinate)	 and	 oxygen	 very	

quickly	 and	 therefore	 cannot	 be	 incubated	 for	 long	 periods	 of	 time.	 However,	 the	

precursors	for	membrane	potential-dependent	N2	generation	should	ideally	react	quickly	
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once	mitochondrial	uptake	has	taken	place,	so	that	 the	probe	can	report	variations	 in	

membrane	potential	at	early	time	points	if	necessary.	Still,	the	fact	that	neither	MitoPhTet	

nor	 pentynylTPP	 seem	 to	 have	 an	 effect	 on	 membrane	 potential	 is	 encouraging,	 and	

testing	the	reactivity	between	other	tetrazines	and	alkynes	appears	to	be	a	promising	

strategy	for	the	development	of	the	probe.	

	

6.7	Discussion	and	future	work	
The	membrane	potential	between	the	IMM	and	the	matrix	is	essential	for	mitochondrial	

function	 and	 its	 disruption	 is	 involved	 in	 multiple	 mitochondrial	 pathologies16,34.	

Physiologically,	small	variations	in	membrane	potential	occur	depending	on	the	energetic	

demand	of	the	cell	and	hence	are	an	indicator	of	its	metabolic	state.	For	these	reasons,	

accurately	assessing	variations	in	Dym	is	important	in	order	to	understand	mitochondrial	

function	in	health	and	disease.	The	most	widely	used	probes	rely	on	microscopy	imaging	

of	 membrane	 potential-dependent	 uptake	 of	 fluorescent	 cationic	 dyes408,	 but	 these	

probes	are	not	sensitive	enough	to	detect	the	subtle	but	biologically	significant	changes	

in	 Dym,	 and	 have	 very	 limited	 application	 in	 vivo227.	 The	 recently	 developed	 probe	

MitoClick	 allows	 for	 sensitive	 quantification	 of	 Dym	 in	 vivo,	 but	 it	 depends	 on	 its	

extraction	 from	 the	 tissues	 for	 LC-MS/MS	 detection,	 thus	 requiring	 the	 culling	 of	 the	

animal227.	Currently,	there	is	no	probe	to	measure	Dym	in	live	models,	which	would	allow	

for	real-time	detection	and	investigation	of	Dym	with	the	same	animal	over	time	and	in	

various	conditions.	

	

In	this	chapter,	I	have	investigated	whether	click	chemistry	could	be	used	for	this	purpose	

by	simultaneously	targeting	two	precursors	to	mitochondria,	which	would	accumulate	in	

the	organelle	and	drive	the	membrane	potential-dependent	formation	of	N2.	By	using	15N-

labelled	precursors	it	would	then	be	possible	to	measure	this	formation	by	GC-MS	in	the	

expired	gases	and	thereby	report	overall	changes	in	Dym	in	live	models.	Firstly,	I	tested	

the	Staudinger	reaction	between	an	azide,	MitoAzido,	and	a	phosphine,	MitoTPP,	which	

releases	 N2	 and	 forms	 the	 products	 MitoAmine	 and	 MitoTPP	 oxide.	 MitoAzido	 and	

MitoTPP	 reacted	 in	KCl	 buffer	 at	 37ºC,	 forming	 a	 product	 that	was	 likely	MitoAmine.	

Before	 confirming	 if	 that	was	 the	 case,	MitoAzido	 and	MitoTPP	were	 incubated	with	

isolated	 rat	 liver	 mitochondria	 to	 determine	 whether	 the	 same	 product	 would	 be	
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generated.	However,	MitoAzido	was	not	 taken	up	by	the	organelle	when	MitoTPP	was	

present.	 The	 same	 result	 was	 observed	 when	 using	 TPMP,	 a	 compound	 that	 was	

established	 in	 the	 laboratory	as	a	 control	 for	mitochondrial	uptake.	 In	 the	absence	of	

MitoTPP,	MitoAzido	 and	 TPMP	 accumulated	 into	mitochondria,	 but	 their	 uptake	was	

prevented	in	the	presence	of	MitoTPP.	Thus,	MitoTPP	seems	to	disrupt	the	mitochondrial	

membrane	 potential,	 hindering	 the	 uptake	 of	 other	 compounds	 into	 mitochondria.	

Consequently,	there	is	no	reaction	between	MitoAzido	and	MitoTPP	within	the	organelle.	

Furthermore,	when	the	mitochondrial	membrane	potential	was	disrupted	by	adding	the	

protonophore	FCCP,	MitoTPP	was	still	detected	in	the	mitochondrial	pellet.	This	suggests	

that	it	is	attached	to	the	IMM	rather	than	being	taken	up	into	the	matrix,	and	that	it	is	

associated	 with	 mitochondria	 in	 a	 manner	 that	 is	 independent	 from	 the	 membrane	

potential.	 Taken	 together,	 these	 results	 indicated	 that	 MitoTPP	 is	 not	 an	 adequate	

precursor	for	the	mitochondrial	membrane	potential-dependent	generation	of	N2,	since	

it	associates	to	mitochondria	in	a	membrane	potential-independent	way	and	disrupts	the	

membrane	 potential,	 preventing	 the	 uptake	 of	 the	 second	 precursor	 and	 altering	 the	

property	it	was	meant	to	innocuously	report	on.	

	

I	then	investigated	whether	a	different	phosphine	could	be	used	to	react	with	MitoAzido.	

In	 order	 to	 choose	 the	 most	 promising	 candidate,	 I	 studied	 the	 effect	 of	 two	

triphenylphosphines,	 MitoAP	 and	 MitoEP,	 on	 the	 uptake	 of	 TPMP	 by	 isolated	

mitochondria.	MitoAP	did	not	hinder	TPMP	uptake	in	concentrations	of	up	to	12.5	µM,	

while	less	TPMP	was	detected	in	the	mitochondrial	pellet	when	as	little	as	1	µM	MitoEP	

was	present.	MitoAP	was	therefore	chosen	and	incubated	with	MitoAzido	in	KCl	buffer.	

No	 reaction	 was	 observed	 after	 2	 hours	 at	 37ºC.	 A	 slow	 reaction	 between	 the	 two	

precursors	 in	 the	absence	of	mitochondria	 is	preferable,	since	 it	 is	 less	 likely	 to	occur	

prior	to	the	accumulation	of	the	precursors	into	mitochondria	in	a	membrane	potential-

independent	 manner.	 However,	 when	 MitoAP	 and	 MitoAzido	 were	 incubated	 with	

isolated	 mitochondria,	 no	 reaction	 was	 observed	 either.	 The	 presence	 of	 the	

triphenylphosphine	 once	 again	 hindered	 the	 uptake	 of	 MitoAzido,	 although	 more	

MitoAzido	was	detected	 in	the	mitochondrial	pellet	 in	 the	presence	of	MitoAP	than	of	

MitoTPP.	Despite	some	MitoAzido	being	taken	up	by	mitochondria	together	with	MitoAP,	

the	 fact	 that	more	MitoAzido	 is	 detected	 in	 the	mitochondrial	 pellet	when	MitoAP	 is	
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absent	 suggests	 that	 this	 triphenylphosphine	 also	 has	 an	 effect	 on	 the	mitochondrial	

membrane	potential	and	therefore	cannot	be	used	to	assess	it	accurately.	

	

I	then	tested	a	different	approach,	which	did	not	involve	the	use	of	phosphines.	In	this	

case,	an	inverse	electron-demand	Diels-Alder	(IEDDA)	reaction	between	a	tetrazine	and	

an	 alkyne	 was	 explored,	 which	 releases	 N2	 and	 forms	 a	 clicked	 product.	 The	 first	

precursors	to	be	tested	were	MitoPhTet	and	MitoOct,	which	reacted	instantaneously	in	

KCl	buffer,	forming	OctClickPhTet.	In	order	for	a	probe	to	release	N2	in	a	mitochondrial	

membrane	potential-dependent	way,	it	is	crucial	that	the	precursors	only	react	once	they	

accumulate	 into	 mitochondria,	 driven	 by	Dym.	 Since	 MitoPhTet	 reacts	 instantly	 with	

MitoOct	in	the	absence	of	mitochondria,	this	reaction	is	not	ideal	for	the	development	of	

the	mitochondrial	membrane	potential	probe,	as	it	is	likely	that	N2	release	would	occur	

prior	to	the	mitochondrial	uptake	of	the	precursors	and	hence	independently	from	the	

membrane	potential.	Lastly,	I	investigated	the	IEDDA	reaction	between	MitoPhTet	and	

pentynylTPP.	Since	pentynylTPP	 lacks	the	strained	cyclooctyne	ring	that	 increases	the	

reactivity	of	MitoOct,	it	was	expected	to	have	a	slower	reaction	with	MitoPhTet.	Indeed,	

no	reaction	was	observed	after	both	precursors	were	incubated	in	KCl	buffer	for	2	hours.	

However,	 when	 MitoPhTet	 and	 pentynylTPP	 were	 simultaneously	 incubated	 with	

isolated	 mitochondria,	 no	 reaction	 was	 detected	 either.	 Interestingly,	 although	 no	

reaction	 was	 observed,	 both	 MitoPhTet	 and	 pentynylTPP	 were	 detected	 in	 the	

mitochondrial	fraction,	indicating	that	neither	hindered	the	uptake	of	the	other.	This	is	a	

promising	 result,	 in	 contrast	 to	 the	 Staudinger	 reaction,	 as	 it	 suggests	 that	 neither	

precursor	had	an	effect	on	the	mitochondrial	membrane	potential.	

	

The	IEDDA	reaction	is	therefore	a	promising	strategy	to	continue	the	development	of	a	

probe	that	releases	N2	in	response	to	the	mitochondrial	membrane	potential.	While	the	

reaction	between	MitoPhTet	and	pentynylTPP	is	too	slow,	other	precursors	can	be	tested	

with	the	goal	of	achieving	the	ideal	balance	necessary	for	this	strategy	to	work,	i.e.	the	

precursors	 must	 not	 react	 rapidly	 prior	 to	 mitochondrial	 uptake,	 but	 do	 so	 once	

accumulated	 into	mitochondria.	 Fortunately,	 the	 reactivity	 between	 a	 tetrazine	 and	 a	

dienophile	 can	 be	 fine-tuned	 either	 by	 changing	 the	 electronic	 or	 steric	 effect	 of	 the	

substituents	on	the	precursors,	or	by	altering	the	ring	strain	of	a	cyclic	dienophile422.	For	

example,	 introducing	 an	 electron-withdrawing	 group	 (EWG)	 on	 the	 tetrazine	 or	 an	
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electron-donating	group	(EDG)	on	the	dienophile	will	each	contribute	to	a	faster	IEDDA	

reaction,	while	an	EDG	in	the	tetrazine	or	an	EWG	in	the	dienophile	will	slow	down	the	

reaction423–425.	The	steric	hindrance	provided	by	substituents	in	either	the	tetrazine	or	

the	dienophile	 can	also	be	explored	as	a	 strategy	 to	alter	 the	 reaction’s	kinetics,	with	

groups	 that	 increase	 steric	 hindrance	 significantly	 decreasing	 the	 reaction	 rate426,427.	

Alternatively,	increasing	the	ring	strain	of	cyclic	dienophiles	also	accelerates	the	reaction	

with	 tetrazines:	 the	 rate	 constant	 increases	 from	 cyclopropene	 >	 cyclobutene	 >	

cyclopentane	>	cyclohexene	>	cyclooctene	as	the	more	strained	the	dienophile,	the	less	

energy	is	required	to	distort	the	dienophile	into	the	transition	structure428–430.	This	way,	

an	IEDDA	reaction	 is	an	 interesting	strategy	 for	 the	development	of	 the	mitochondrial	

membrane	potential	probe	since	there	is	a	vast	array	of	structural	modifications	that	can	

be	explored	in	order	to	achieve	optimal	reactivity	between	the	precursors,	and	the	effects	

of	each	type	of	modification	are	well	characterised	 in	the	 literature.	An	example	of	an	

interesting	 candidate	 is	 the	 reaction	 between	MitoPhTet	 and	 N-acylazetine.	 Although	

different	 tetrazines	were	 used	 in	 each	 study	 and	 therefore	 the	 reaction	 rates	 are	 not	

directly	 comparable,	 the	 reaction	 with	 N-acylazetine431	 was	 slower	 than	 with	 a	

cyclooctyne432,	 but	 faster	 than	with	 a	 non-cyclic	 alkyne433.	 Due	 to	 limitations	 in	 time,	

however,	we	were	unable	to	explore	this	strategy	further.	

	

Irrespective	 of	 the	 specific	 chemical	 strategy	 that	 is	 explored	 in	 the	 future	 for	 the	

development	of	a	mitochondrial	membrane	potential-dependent	N2	release	probe,	I	have	

in	this	work	established	a	few	important	steps	for	the	characterization	of	the	probe	in	

isolated	mitochondria.	Firstly,	it	is	important	to	determine	that	they	do	not	react	quickly	

in	 the	 absence	 of	 mitochondria.	 Then,	 it	 is	 necessary	 to	 incubate	 both	 precursors	

simultaneously	 with	 isolated	 mitochondria	 to	 verify	 not	 only	 if	 they	 react	 once	

accumulated	into	the	organelle,	but	also	if	the	uptake	of	one	precursor	hinders	the	uptake	

of	the	other.	Florescent	dyes	such	as	safranin	O434	can	be	used	to	further	assess	if	there	

are	changes	to	the	membrane	potential	of	isolated	mitochondria	in	the	presence	of	each	

precursor.	Finally,	it	is	also	important	to	confirm	that	the	precursors	are	taken	up	into	

the	matrix	driven	by	the	membrane	potential,	which	can	be	done	by	incubating	isolated	

mitochondria	with	the	precursors	in	the	presence	of	an	uncoupler	such	as	FCCP.	If	the	

compounds	indeed	accumulate	into	the	matrix,	the	disruption	of	the	membrane	potential	

caused	by	the	uncoupler	should	prevent	their	uptake,	thus	they	should	predominantly	be	
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detected	in	the	supernatant	fraction.	Highly	hydrophobic	compounds	are	more	likely	to	

bind	to	the	IMM	and	be	less	responsive	to	changes	in	mitochondrial	membrane	potential.	

On	 the	 other	 hand,	 some	 hydrophobicity	 is	 required	 to	 facilitate	 the	 TPP-targeted	

compound	to	cross	the	IMM	and	reach	the	matrix218.	Therefore,	it	may	be	necessary	to	

test	a	few	combinations	of	precursors	in	order	to	find	the	right	extent	of	reactivity	and	of	

hydrophobicity	for	membrane	potential-dependent	uptake.	

	

Once	 it	 is	 determined	 that	 the	 precursors	 react	within	mitochondria	 in	 a	membrane	

potential-dependent	way,	 they	 can	be	 incubated	with	 cells	 and	 injected	 in	 vivo	 to	 test	

whether	that	holds	true	in	more	complex	systems.	A	few	considerations	must	be	made	at	

this	stage.	Firstly,	the	uptake	of	TPP-targeted	compounds	is	driven	not	only	by	Dym,	but	

also	by	the	plasma	membrane	potential,	Dyp218.	While	Dym	is	much	larger	(~	180	mV)	

than	Dyp	(~60	mV)	and	predominantly	drives	the	accumulation	of	these	compounds	into	

mitochondria218,	variations	in	Dyp	will	also	affect	the	uptake	of	the	precursors	into	cells	

and	therefore	must	be	considered	before	confidently	attributing	differences	in	N2	release	

solely	 to	 changes	 in	Dym.	 Secondly,	 the	 N2	 release	will	 be	 a	 response	 to	 the	 average	

membrane	 potential	 of	 the	 mitochondrial	 population.	 Therefore,	 differences	 in	

mitochondrial	content	or	volume	in	the	cells	will	also	affect	the	amount	of	N2	generated,	

and	methods	such	as	measuring	citrate	synthase	activity	and	confocal	microscopy	should	

be	used	to	determine	if	that	is	the	case435,436.	Changes	in	Dym	in	individual	mitochondria,	

cells	or	tissues	will	have	to	be	determined	by	complimentary	methods.	These	limitations,	

however,	also	apply	to	other	mitochondrial	membrane	potential	probes	which	depend	

on	 membrane	 potential-driven	 uptake	 of	 compounds,	 and	 which	 do	 not	 have	 the	

advantage	of	allowing	the	measurement	of	Dym	changes	in	live	organisms227,408.	

	

This	 work	 provides	 useful	 information	 for	 further	 development	 of	 a	 mitochondrial	

membrane	potential	probe	 that	 can	be	used	 in	 vivo	 in	 live	models	by	establishing	 the	

criteria	that	must	be	met	when	using	click	chemistry	to	generate	N2	in	response	to	the	

mitochondrial	 membrane	 potential,	 illustrating	 potential	 challenges	 that	 must	 be	

overcome	in	order	to	find	suitable	precursors	and	demonstrating	that	an	IEDDA	reaction	

is	a	more	promising	strategy	than	a	Staudinger	reaction	due	to	the	effect	of	phosphines	

to	the	membrane	potential.	
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Chapter	7:	Mitochondria-targeting	with	a	TPP	dication	

7.1	Introduction	
As	explored	in	detail	 in	Chapter	1,	ROS	have	multiple	 functions	within	the	cell.	At	 low	

concentrations,	they	are	involved	in	cell	signalling	by	oxidising	amino	acid	residues	and	

causing	 structural	 changes	 to	 proteins	 that	 modulate	 their	 activity.	 At	 high	

concentrations,	ROS	can	lead	to	oxidative	damage,	loss	of	function	and	cell	death9.	The	

difference	 between	 these	 two	 roles	 depends	 not	 only	 on	 the	 amount	 of	 ROS	 that	 is	

generated,	but	also	on	the	subcellular	location,	as	some	ROS	are	highly	reactive	and	thus	

act	only	locally108.	Therefore,	in	order	to	characterise	the	role	of	ROS	in	physiological	and	

pathological	scenarios,	it	is	crucial	to	be	able	to	accurately	quantify	ROS	or	at	least	relative	

changes,	preferably	in	vivo.	

	

For	 this	 purpose,	 the	Murphy	 laboratory	 has	 developed	 a	 ratiometric,	 mitochondria-

targeted	 probe	 named	 MitoB222.	 This	 compound	 rapidly	 accumulates	 within	

mitochondria	driven	by	the	membrane	potential,	where	it	reacts	with	hydrogen	peroxide	

and	forms	MitoP	(Figure	76).	MitoB	can	be	injected	in	vivo,	after	which	the	probe	and	the	

product	can	be	extracted	from	tissues	and	quantified	by	LC-MS/MS312.	The	ratio	between	

MitoP/MitoB	indicates	the	amount	of	hydrogen	peroxide	present	in	mitochondria,	and	

accounts	for	any	differences	in	the	uptake	of	MitoB	across	the	various	tissues222.	MitoB	

has	been	successfully	used	to	measure	the	effect	of	ageing	to	hydrogen	peroxide	levels	in	

flies,	 and	 identify	 that	 the	 mtDNA	 mutator	 mouse	 and	 a	 mouse	 model	 of	 propionic	

acidaemia	 have	 increased	 hydrogen	 peroxide222,309,310.	 Other	 studies	 used	 MitoB	 to	

investigate	the	correlation	of	ROS	with	coronary	artery	disease	and	diabetes,	IR	injury	

and	 cardiomyopathy	 in	 a	mouse	model	 of	 Complex	 I	 deficiency140,220,437,438.	 The	wide	

range	of	experimental	foci	of	these	studies	indicate	the	usefulness	of	having	reliable	ROS	

probes	that	work	in	vivo.	
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Figure	76.	Measuring	hydrogen	peroxide	in	mitochondria	in	vivo	with	MitoB.	(A)	MitoB	reacts	with	hydrogen	
peroxide	and	 forms	MitoP	and	boronic	 acid.	 (B)	MitoB	can	be	administered	 in	 vivo,	where	 it	 accumulates	 several	
hundred-fold	within	mitochondria	in	the	tissues	driven	by	the	membrane	potential.	The	ratio	between	MitoP	and	MitoB	
is	indicative	of	the	amount	of	hydrogen	peroxide	present	in	mitochondria,	and	can	be	measured	by	extraction	from	the	
tissues	and	quantification	by	LC-MS/MS.	Image	source:	Cochemé,	H.	et	al222.	

One	 limitation	 of	 this	 approach	 is	 the	 fact	 that,	 despite	 MitoB	 being	 targeted	 to	

mitochondria	due	to	the	TPP	cation,	slow	equilibration	between	mitochondria	and	the	

cytosol,	and	between	the	cytosol	and	the	extracellular	environment,	occurs	over	time218.	

In	vivo,	 the	TPP	compounds	released	 in	the	circulation	are	continuously	removed	and	

excreted	 in	 the	urine	and	bile,	which	drives	 further	 release	 from	mitochondria	 to	 the	

blood262.		This	limits	the	time	frame	in	which	MitoB	can	be	measure	hydrogen	peroxide	

in	mitochondria	in	vivo	with	a	single	administration	to	approximately	6	hours312.	

	

In	order	to	extend	this	time	period,	we	started	to	develop	a	new	mitochondria-targeted	

hydrogen	peroxide	probe.	For	that,	we	explored	the	strategy	of	using	a	TPP	dication	to	

target	a	hydrogen	peroxide-reactive	moiety	to	mitochondria,	which	we	postulated	would	

increase	the	accumulation	and	duration	of	the	retention	of	the	probe	within	the	organelle	
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driven	by	the	mitochondrial	membrane	potential.	We	have	based	this	hypothesis	on	the	

fact	 that	MitoClick,	 a	 dicationic	mitochondrial	membrane	 potential	 probe,	 is	 retained	

within	tissues	in	vivo	 for	longer	time	periods	than	its	monocationic	precursors	(Figure	

77).	

	
Figure	77.	Retention	of	 a	 dicationic	 probe,	MitoClick,	 and	 its	monocationic	precursors	 in	heart.	Mice	were	
injected	intravenously	with	50	nmol	MitoAzido	and	MitoOct	and	the	heart	was	removed	after	the	indicated	time	points.	
Samples	were	quenched	with	tetrazine	(tet),	extracted	and	the	amount	of	MitoAzo,	MitoOcttet	and	generated	MitoClick	
in	the	tissue	was	analysed	by	LC-MS/MS.	Results	are	mean	±	SEM	(n	=	3	for	each	time	point).	Adapted	from	Logan,	A.	
et	al227.	

	

7.2	Aim	and	strategy	
The	aim	of	this	chapter	was	to	study	whether	using	TPP	dications	to	target	a	compound	

to	mitochondria	 could	allow	us	 to	develop	a	mitochondria-targeted	probe	 to	measure	

hydrogen	 peroxide	 in	 vivo	 which	 has	 higher	 accumulation	 and	 longer	 retention	 time	

within	mitochondria	than	the	current	available	probe,	MitoB.	This	would	allow	the	study	

of	 variations	 in	 hydrogen	 peroxide	 concentration	 over	 longer	 periods	 of	 time	with	 a	

single	administration	of	the	probe.	

	

As	 TPP	 cations	 are	 taken	 up	 and	 retained	 in	mitochondria	 driven	 by	 the	membrane	

potential	 (negative	 inside	 the	 organelle),	 the	 rationale	 for	 this	 project	 was	 that	 a	

compound	 with	 a	 TPP	 dication	 may	 be	 retained	 for	 longer	 in	 mitochondria	 than	 a	

compound	with	one	TPP20,271.	Initially,	we	were	unsure	whether	a	dicationic	probe	would	

be	able	to	cross	the	IMM	due	to	the	higher	potential	energy	that	is	required	to	transport	

charged	 compounds	 across	 the	 lipophilic	 bilayer,	 despite	 the	 charges	 being	 shielded	

across	the	large	hydrophobic	surface	of	TPP218.	To	circumvent	this	potential	problem,	we	
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used	 the	 click	 chemistry	 approach	 to	 target	 two	 singly-charged	 TPP	 precursors	 to	

mitochondria,	which	should	react	within	the	organelle	to	form	a	double-charged	probe.	

This	strategy	has	been	successfully	used	to	generate	a	mitochondrial	membrane	potential	

probe	within	the	organelle	 in	vivo,	 therefore	we	explored	whether	 it	could	be	used	to	

develop	 a	 probe	 for	 hydrogen	 peroxide227.	 For	 that,	 two	 precursors,	 MitoBN3	 and	

MitoBCN,	were	targeted	to	mitochondria	 in	vivo,	where	they	react	 to	 form	MitoB-click	

(Figure	78).	MitoB-click	then	reacts	with	hydrogen	peroxide,	leading	to	the	formation	of	

MitoP-click.	 Similarly	 to	 the	method	used	with	MitoB,	MitoB-click	and	MitoP-click	 can	

then	be	extracted	from	the	tissues	and	quantified	by	LC-MS/MS,	and	the	ratio	of	MitoP-

click/MitoB-click	 indicates	 the	 amount	 of	 hydrogen	 peroxide	 present	 in	

mitochondria222,312.	

 
Figure	78.	Click	chemistry	 strategy	 to	 form	MitoB-click	 in	mitochondria.	 (A)	Structure	of	MitoBN3,	MitoBCN,	
MitoB-click	and	MitoP-click.	(B)	MitoBN3	and	MitoBCN	are	injected	in	mice	and	taken	up	by	mitochondria	driven	by	
the	membrane	potential,	accumulating	several	hundred-fold.	This	drives	the	click	reaction	to	form	MitoB-click,	which	
reacts	with	H2O2	to	form	MitoP-click.	The	MitoP-click/	MitoB-click	ratio	can	be	measured	by	mass	spectrometry	and	is	
an	indicative	of	the	concentration	of	H2O2	in	vivo.	Adapted	from	Logan,	A.	et	al227.	

As	will	be	shown	in	the	next	section,	we	identified	that	MitoB-click	itself	was	taken	up	by	

tissues	when	injected	in	vivo,	suggesting	that	it	is	not	necessary	to	use	click	chemistry	to	

generate	 a	 dicationic	 probe	 within	 mitochondria	 as	 the	 dication	 could	 directly	
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accumulate	in	the	tissues.	Therefore,	we	changed	the	approach	to	develop	a	dicationic	

hydrogen	 peroxide	 probe	with	 a	 simpler	 structure	 in	 order	 to	 facilitate	 its	 synthesis.	

Mito2B	has	 a	 similar	 structure	 to	MitoB,	 but	 contains	 two	TPP	 cations.	 It	 reacts	with	

hydrogen	peroxide	to	form	Mito2P	(Figure	79-A).	As	with	the	click	chemistry	approach,	

Mito2B	and	Mito2P	can	be	extracted	from	the	tissues	following	injection	of	Mito2B	in	vivo	

and	the	ratio	Mito2P/Mito2B	indicates	the	amount	of	hydrogen	peroxide	present	within	

mitochondria.	 Our	 hypothesis,	 based	 on	 the	 retention	 time	 of	 the	 dicationic	 probe	

MitoClick	 in	 tissues	 in	 comparison	 to	 its	monocationic	precursors,	 is	 that	Mito2B	will	

show	greater	accumulation	and	longer	retention	time	within	mitochondria	than	MitoB	

(Figure	79-B)227.	

 
Figure	79.	Mito2B	reacts	with	hydrogen	peroxide,	 forming	Mito2P.	(A)	Structures	of	Mito2B	and	Mito2P.	The	
Mito2P/Mito2B	ratio	can	be	measured	by	mass	spectrometry	and	indicates	the	amount	of	H2O2	 in	the	sample.	(B)	
Hypothetical	accumulation	of	Mito2B	and	MitoB	and	retention	within	mitochondria.	

Both	strategies	were	investigated	by	injecting	the	compounds	in	mice	and	extracting	the	

probes	and	products	from	multiple	organs	for	quantification	by	LC-MS/MS.	The	uptake	

of	Mito2B	was	also	investigated	in	isolated	mitochondria	and	in	cultured	cells.	

	

7.3	Measurement	of	mitochondrial	hydrogen	peroxide	in	vivo	with	a	

dicationic	TPP	probe	
The	initial	approach	to	develop	a	probe	for	long-term	detection	of	hydrogen	peroxide	in	

vivo	involved	simultaneously	targeting	two	precursors	to	mitochondria	that	would	react	

within	the	organelle	to	form	the	probe,	which	would	be	retained	in	mitochondria	due	to	

the	two	TPP	cations	in	its	structure.	This	experiment	was	performed	by	Dr.	Yang	Liu,	Dr.	

Andrew	Hall	and	Dr.	Angela	Logan,	and	I	quantified	and	analysed	the	results.	Mice	were	

injected	with	either	a	combination	of	the	MitoB-click	precursors,	MitoBCN	and	MitoBN3,	

or	with	MitoB-click	directly,	and	the	amount	of	MitoB-click	 in	 the	brain,	heart,	kidney,	
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liver	and	blood	was	investigated	over	time.	Mice	that	were	injected	with	MitoBCN	and	

MitoBN3	showed	presence	of	MitoB-click	 in	 the	 tissues,	 indicating	 that	 the	precursors	

were	 successfully	 taken	 up	 and	 formed	 the	 probe	 in	 the	 tissues	 (Figure	 80).	 A	 small	

amount	of	MitoB-click	was	also	detected	in	the	blood,	which	at	early	time	points	suggests	

that	some	formation	of	the	probe	occurs	prior	to	tissue	uptake,	but	at	longer	time	points	

the	presence	of	MitoB-click	in	the	blood	can	be	attributed	to	the	excretion	of	MitoB-click	

from	the	tissues	into	the	circulation.	Interestingly,	when	mice	were	injected	directly	with	

MitoB-click,	the	probe	was	also	detected	in	the	tissues,	to	a	similar	or	greater	extent	to	

when	the	precursors	were	used.	This	suggests	that	MitoB-click	can	be	taken	up	by	the	

tissues,	 despite	 having	 two	 TPP	 cations	 in	 its	 structure.	 The	 amount	 of	 MitoB-click	

detected	in	the	blood	rapidly	declines,	which	is	consistent	with	the	uptake	of	MitoB-click	

from	the	circulation	into	the	tissues.	
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Figure	80.	Injection	of	MitoBCN	+	MitoBN3	or	MitoB-click	in	vivo.	Mice	were	injected	intravenously	with	either	10	
nmol	MitoBCN	+	10	nmol	MitoBN3	(left)	or	10	nmol	MitoB-click	(right)	and	the	(A)	brain,	(B)	heart,	(C)	kidney,	(D)	liver	
and	(E)	blood	were	collected	after	0	–	3	hours.	Injections	and	tissue	collection	were	performed	by	Dr.	Andrew	R.	Hall,	
extraction	of	the	compounds	by	Dr.	Yang	Liu	and	LC-MS/MS	analysis	by	Dr.	Angela	Logan	and	me.	Results	are	mean	±	
SEM	(n	=	3).	
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The	fact	that	MitoB-click	was	able	to	be	taken	up	by	tissues	suggested	that	it	was	possible	

to	target	a	dicationic	probe	to	mitochondria	without	the	need	to	use	click	chemistry	to	

generate	 it	 within	 the	 organelle.	 This	 allowed	 us	 to	 develop	 a	 probe	 with	 a	 simpler	

structure,	 that	would	 be	 easier	 to	 synthesize.	 Based	 on	 the	 structure	 of	MitoB,	 three	

compounds	 were	 made	 by	 Prof.	 Richard	 Hartley’s	 group:	 ortho-,	 meta-	 and	 para-

xyleneBisTPP	(Figure	81).	They	have	the	same	boronic	acid	moiety	as	MitoB	that	reacts	

with	 hydrogen	 peroxide,	 as	well	 as	 a	 second	TPP	 cation	 conjugated	 in	 three	 distinct	

positions	in	relation	to	the	first	TPP.	

	
Figure	81.	Preliminary	compounds	for	the	development	of	a	dicationic	probe	to	measure	hydrogen	peroxide.	
Stock	 solutions	 containing	 5	 µM	 ortho-xyleneBisTPP	 (A),	meta-xyleneBisTPP	 (B)	 or	 para-xyleneBisTPP	 (C)	 were	
detected	separately	by	RP-HPLC	(injection	volume:	0.7	mL)	with	absorbance	being	measured	at	220	nm.	

In	 order	 to	 investigate	 whether	 the	 position	 of	 the	 second	 TPP	 in	 the	 compound’s	

structure	 would	 influence	 its	 uptake	 into	 mitochondria,	 each	 of	 the	 xylenes	 was	

incubated	with	isolated	rat	liver	mitochondria	in	the	absence	or	presence	of	FCCP,	and	

the	compounds	were	extracted	from	the	mitochondrial	pellet	and	analysed	by	RP-HPLC	

(Figure	82).	All	three	compounds	accumulated	in	mitochondria	and	were	responsive	to	

the	disruption	of	the	membrane	potential	by	FCCP,	indicating	that	they	were	taken	up	

into	the	mitochondrial	matrix	with	little	adsorption	to	the	IMM.	
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Figure	82.	Incubation	of	ortho-,	meta-	and	para-xyleneBisTPP	with	isolated	rat	liver	mitochondria.	5	µM	o-,	m-	
or	p-xyleneBisTPP	were	incubated	with	isolated	rat	liver	mitochondria	(1	mg	mL-1	protein)	in	KCl	buffer	pH	7.2	±	1	µM	
FCCP	at	37ºC	for	10	minutes.	Results	show	peak	areas	(arbitrary	units)	for	n	=	3	o-xyleneBisTPP	and	m-xyleneBisTPP	
(mean	±	SEM)	and	n	=	1	p-xyleneBisTPP.	

Since	 all	 xylenes	were	 taken	 up	 by	 isolated	mitochondria,	 we	 chose	 to	 conjugate	 the	

second	TPP	cation	in	the	probe	in	the	meta	position,	as	its	synthesis	is	facilitated	by	its	

symmetry.	This	way,	Mito2B	has	a	 similar	 structure	 to	m-xyleneBisTPP	and	 the	 same	

boronic	 acid	 moiety	 as	 MitoB	 for	 hydrogen	 peroxide	 detection.	 Mito2B	 reacts	 with	

hydrogen	peroxide	to	form	Mito2P	(Figure	79).	
	

In	order	to	confirm	that	hydrogen	peroxide	would	oxidise	Mito2B	to	Mito2P,	firstly	the	

absorbance	 spectra	 of	 both	 compounds	 were	 obtained	 to	 determine	 if	 there	 is	 a	

difference	that	can	be	explored	for	detection	(Figure	83-A).	Mito2P	has	absorbance	at	290	

nm	whereas	Mito2B	has	not,	therefore	this	wavelength	was	used	to	detect	the	conversion	

of	Mito2B	to	Mito2P	in	the	presence	of	H2O2	(Figure	83-B).	The	reaction	occurs	in	a	H2O2	

concentration-dependent	manner.	

	
Figure	83.	Reaction	of	Mito2B	with	hydrogen	peroxide.	(A)	Absorbance	spectra	of	0.1	mM	Mito2B	and	Mito2P	in	
KCl	buffer	pH	7.2	at	room	 temperature.	At	290	nm	only	Mito2P	 shows	absorbance.	(B)	Reaction	between	0.1	mM	
Mito2B	and	multiple	concentrations	of	H2O2	in	KCl	buffer	pH	7.2	at	room	temperature,	detected	at	290	nm	over	time.	
The	blank	is	KCl	buffer	with	1	mM	H2O2	only.	

To	confirm	this	result	further,	the	reaction	of	Mito2B	and	H2O2	was	also	detected	by	RP-

HPLC,	 which	 showed	 conversion	 from	Mito2B	 to	 Mito2P	 over	 time	 (Figure	 84).	 The	
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reaction	is	slow,	with	approximately	30%	Mito2B	reacting	to	Mito2P	after	30	minutes.	

This	is	desirable,	as	the	ratio	between	Mito2P/Mito2B	will	be	used	to	assess	hydrogen	

peroxide	 in	 biological	 samples,	 accounting	 for	 differences	 in	Mito2B	 uptake	 between	

conditions	or	tissues.	Therefore,	if	the	reaction	between	Mito2B	and	hydrogen	peroxide	

was	 fast,	 all	 Mito2B	 might	 be	 converted	 to	 Mito2P	 and	 it	 would	 not	 be	 possible	 to	

calculate	the	ratio	in	biological	samples.	

 
Figure	84.	Reaction	of	Mito2B	with	hydrogen	peroxide	forming	Mito2P.	Stock	solutions	containing	2.5	µM	Mito2B	
(A)	or	Mito2P	(B)	were	detected	separately	by	RP-HPLC	with	absorbance	being	measured	at	220	nm.	(C)	Reaction	
between	2.5	µM	Mito2B	and	25	µM	H2O2	in	KCl	buffer	pH	7.2	at	37ºC	detected	at	5	and	30	minutes	incubation	by	RP-
HPLC.	Injection	volumes	were	0.7	mL	for	all	figures.	

Next,	the	uptake	of	Mito2B	by	isolated	mitochondria	was	investigated.	For	that,	it	was	

incubated	with	isolated	rat	liver	mitochondria	in	the	absence	or	presence	of	FCCP,	with	

propylTPP	used	as	internal	standard	(Figure	85).	Mito2B	accumulated	in	mitochondria	

in	a	membrane	potential-dependent	manner,	as	significantly	less	Mito2B	was	detected	in	

the	mitochondrial	pellet	in	the	presence	of	FCCP,	indicating	that	Mito2B	predominantly	

accumulates	in	the	matrix,	with	only	a	small	proportion	being	adsorbed	in	the	IMM.	

	
Figure	85.	Incubation	of	Mito2B	with	isolated	rat	 liver	mitochondria.	5	µM	Mito2B	and	5	µM	propylTPP	were	
simultaneously	incubated	with	isolated	rat	liver	mitochondria	(1	mg	mL-1	protein)	in	KCl	buffer	pH	7.2	±	500	nM	FCCP	
at	37ºC	for	5	minutes.	Results	are	mean	±	SEM.	Statistical	significance	was	determined	by	unpaired	two-tailed	t-test,	
comparing	the	conditions	indicated	(n	=	3),	considering	p	≤	0.05	significant	(*	=	p	≤	0.05,	***	=	p	≤	0.001).	
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Prior	to	the	injection	of	Mito2B	in	vivo,	its	toxicity	to	cells	was	investigated	and	compared	

to	 that	 of	MitoB.	 Since	Mito2B	 has	 two	 TPP	 cations,	 it	 was	 possible	 that	 cells	would	

tolerate	lower	concentrations	of	Mito2B	than	of	MitoB.	Firstly,	the	effect	of	Mito2B	and	

MitoB	 to	 C2C12	 cell	 growth	was	 therefore	 investigated.	Mito2B	 had	 no	 effect	 on	 cell	

growth	at	concentrations	of	up	to	25	µM	(Figure	86).	

	
Figure	86.	Effect	of	Mito2B	on	C2C12	cell	growth.	Three	different	passages	of	C2C12	cells	were	seeded	in	standard	
medium	at	2,000	cells/well	in	a	24	well	plate	and	treated	with	2%	ethanol,	1,	5,	12.5	or	25	µM	Mito2B	after	4	hours,	or	
left	untreated.	The	cell	growth	was	measured	as	percentage	of	confluence	over	7	days	using	Incucyte	Zoom	(Essen	
BioScience)	as	described	in	Chapter	2.	

Surprisingly,	MitoB	seemed	to	affect	C2C12	cell	growth	at	concentrations	as	low	as	5	µM,	

although	 the	variability	among	cell	populations	prevents	a	definitive	 conclusion	 to	be	

reached	(Figure	87).	
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Figure	87.	Effect	of	MitoB	on	C2C12	cell	growth.	Three	different	passages	of	C2C12	cells	were	seeded	in	standard	
medium	at	2,000	cells/well	in	a	24	well	plate	and	treated	with	2%	ethanol,	1,	5,	12.5	or	25	µM	MitoB	after	4	hours,	or	
left	untreated.	The	cell	growth	was	measured	as	percentage	of	confluence	over	7	days	using	Incucyte	Zoom	(Essen	
BioScience)	as	described	in	Chapter	2.	

Next,	 the	cytotoxicity	of	Mito2B	and	MitoB	was	 investigated.	Cell	death	and	 lysis	were	

detected	by	the	release	of	cytosolic	LDH	from	damaged	cells	into	the	supernatant,	which	

is	indicated	by	an	increase	in	the	absorbance	from	a	colorimetric	product	formed	in	the	

presence	 of	 LDH,	 as	 described	 in	 Chapter	 2	 (Figure	 88-A	 and	B).	Neither	Mito2B	nor	

MitoB	were	toxic	at	concentrations	of	up	to	50	µM	when	compared	to	the	absorbance	of	

untreated	cells.	The	absorbance	of	cells	treated	with	Mito2B	or	MitoB	was	considered	not	

significantly	different	from	the	untreated,	as	it	was	unexpectedly	lower.	To	test	whether	

the	compounds	could	have	an	effect	on	the	absorbance,	a	control	plate	was	prepared	in	

which	LDH	was	added	to	the	assay	in	the	presence	or	absence	of	Mito2B	(Figure	88-C).	

Mito2B	did	not	alter	the	absorbance	of	LDH,	therefore,	it	is	unclear	why	the	absorbance	

of	 cells	 treated	 with	 Mito2B	 or	 Mito2B	 was	 lower	 than	 that	 of	 untreated	 cells.	

Nevertheless,	neither	compound	was	toxic	as	none	of	the	concentrations	used	showed	

increased	absorbance.	
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Figure	88.	Cytotoxicity	of	Mito2B	and	MitoB	 in	cells.	 Cytotoxicity	was	measured	as	LDH	activity	present	 in	the	
supernatant	of	7,000	C2C12	cells	incubated	in	DMEM	overnight	and	then	treated	with	2%	ethanol,	2%	Triton	X-100,	
2%	DMSO,	0.75,	1.5,	3,	6,	12.5,	25	or	50	µM	Mito2B	(A)	or	MitoB	(B),	or	left	untreated,	for	24	hours	at	37ºC.	(C)	Control	
plate	with	DMEM	±	50	µM	Mito2B	and	0.5	U	mL-1	LDH.	The	assay	plates	were	incubated	at	room	temperature	for	15	
minutes.	Results	show	mean	±	SEM	of	absorbance	measured	at	490	nm,	minus	absorbance	measured	at	600	nm	(plate	
absorbance).	Statistical	significance	was	determined	by	unpaired	two-tailed	t-test,	comparing	the	conditions	indicated	
with	untreated	cells	(DMEM	+	cells),	considering	p	≤	0.05	significant	(***	=	p	≤	0.001;	n	=	8	for	A	and	B;	n=3	for	C).	
Results	for	0.75	–	50	µM	Mito2B	or	MitoB	were	considered	not	significantly	different	than	untreated	cells	as	discussed	
in	the	text.	

Mito2B	 was	 then	 injected	 intravenously	 in	 mice	 to	 investigate	 whether	 it	 would	

accumulate	in	the	tissues.	To	mice,	Mito2B	was	more	toxic	than	MitoB,	as	50	nmol	Mito2B,	

the	same	amount	that	is	routinely	injected	in	mice	for	MitoB,	was	lethal.	Therefore,	10	

nmol	Mito2B	were	used	for	the	in	vivo	experiments.	Mito2B	was	detected	in	the	heart,	

lung	 and	 brain,	 however,	 the	 rapid	 decrease	 in	 the	 amount	 present	 in	 these	 tissues	

suggests	that	Mito2B	was	not	taken	up	by	the	cells,	instead	what	is	being	detected	is	the	

amount	of	Mito2B	in	the	blood	trapped	inside	these	organs	(Figure	89).	Indeed,	the	same	

trend	 is	 detected	 in	 the	 blood.	Mito2B	 levels	 are	more	 stable	 in	 the	 liver	 and	 kidney,	

which,	based	on	the	results	seen	with	the	other	tissues,	suggests	that	Mito2B	is	present	

in	 the	 liver	 and	 kidney	 for	 excretion	 in	 the	 urine	 and	 biliary	 pathway	 rather	 than	

accumulating	in	these	organs.	The	decrease	in	the	levels	of	Mito2B	detected	in	the	urine	

at	180	and	300	minutes	corresponds	with	the	decrease	detected	in	the	liver	and	kidney	

at	these	time	points.	Therefore,	it	is	likely	that	when	Mito2B	is	injected	intravenously	in	

mice,	 there	 is	 a	 spike	 in	 the	 amount	present	 in	 the	blood,	both	 in	 the	 circulation	and	

within	 the	 heart,	 lung	 and	 brain,	 followed	 by	 removal	 by	 the	 liver	 and	 kidney	 for	

excretion.	When	MitoB	was	infused	intravenously	in	mice	for	2	hours,	followed	by	a	2	

hour-infusion	with	saline	without	MitoB,	the	probe	was	still	detected	in	the	heart,	liver	

and	kidney,	 indicating	 that	MitoB,	 contrary	 to	Mito2B,	 accumulates	within	 the	 tissues	

(Figure	89-H)222.	
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Figure	89.	Mito2B	uptake	in	vivo.	10	nmol	Mito2B	was	injected	intravenously	in	mice	and	the	heart	(A),	lung	(B),	
brain	(C),	blood	(D),	liver	(E),	kidney	(F)	and	urine	(G)	were	collected	at	5	minutes	–	5	hours.	Mito2B	was	extracted	
from	the	tissues	and	analysed	by	LC-MS/MS	as	described	in	Chapter	2.	Results	are	mean	±	SEM	of	n	=	3	except	for	heart,	
for	which	n	=	2.	We	were	unable	to	collect	urine	at	time	points	earlier	than	3	hours.	(H)	180	nmol	MitoB	were	infused	
intravenously	in	mice	over	6	hours,	or	infused	with	180	nmol	MitoB	over	2	hours	followed	by	4	hours	saline	infusion	
without	MitoB.	The	tissues	were	collected	and	MitoB	was	extracted	and	analysed	by	LC-MS/MS.	The	amount	detected	
in	the	blood	after	the	6	hour-infusion	was	22	±	7	pmol	MitoB/	50	mg	blood,	whereas	no	detectable	amount	was	present	
in	the	blood	by	4	hours	after	the	2	hour-infusion.	Data	are	means	±	SEM	(n	=	3	or	4).	Figure	H	source:	Cochemé,	H.	M.	
et	al222.	

While	Mito2B	is	taken	up	in	isolated	mitochondria,	it	is	not	taken	up	by	tissues	in	vivo,	

whereas	MitoB-click	is	(Figure	80).	The	differences	between	the	two	structures	will	have	

to	 be	 explored	 in	 order	 to	 determine	why	 the	 two	 compounds	 have	 distinct	 uptakes	

despite	both	having	two	TPP	moieties.	One	possibility	is	that	the	distance	between	the	

two	 cations	 influences	 the	 ability	 of	 the	 compound	 to	 cross	 lipid	 bilayers.	 A	 previous	

study	 showed	 that	 TPP	 dications	 linked	 by	 an	 alkyl	 chain	 of	 varying	 lengths	 have	

differences	in	uptake	by	isolated	mitochondria,	with	those	linked	by	5,	6	or	10	carbons	

being	taken	up,	whereas	those	linked	by	2	or	4	carbons	are	not271.	Interestingly,	despite	

the	fact	that	the	5-	and	6-carbon	dications	were	taken	up	by	isolated	mitochondria,	they	
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did	 not	 accumulate	 in	 cells,	 	 which	 was	 shown	 to	 be	 due	 to	 an	 inability	 of	 these	

compounds	to	cross	the	plasma	membrane271.	

	

In	order	to	test	if	this	was	the	case	with	Mito2B,	this	compound	was	incubated	with	Jurkat	

cells	 in	 the	 presence	 or	 absence	 of	 the	 uncoupler	 FCCP,	 as	 well	 as	 of	 sodium	

tetraphenylborate	(TPB),	a	lipophilic	anion	which	facilitates	the	transport	of	lipophilic	

cations	across	biological	membranes269,270.	The	amount	of	Mito2B	detected	 in	 the	 cell	

pellet	in	the	absence	of	TPB	remained	constant	over	time	and	no	difference	was	detected	

in	 the	 presence	 or	 absence	 of	 FCCP,	 suggesting	 that	 it	 is	 partially	 adsorbed	 to	 the	

membrane	 instead	 of	 accumulating	 within	 the	 cell	 (Figure	 90-A).	 Furthermore,	 the	

presence	of	TPB	greatly	increased	the	amount	of	Mito2B	detected	in	the	cell	pellet,	which	

indicates	 that,	 similarly	 to	 the	 5-	 and	 6-carbon	 dications	 discussed	 earlier,	Mito2B	 is	

unable	 to	 cross	 the	 plasma	 membrane	 without	 the	 presence	 of	 the	 lipophilic	

counteranion	to	facilitate	the	uptake.	The	decrease	in	the	amount	of	Mito2B	detected	in	

the	presence	of	TPB	over	time	may	be	attributed	to	cell	death,	although	this	hypothesis	

was	 not	 confirmed.	 Contrary	 to	 Mito2B,	 MitoB	 accumulates	 in	 cells	 over	 time	 in	 a	

membrane	potential-dependent	manner	(Figure	90-B).	

	
Figure	90.	Uptake	of	Mito2B	by	cells.	(A)	Jurkat	cells	(3	x	106	cells	mL-1)	were	incubated	with	5	µM	Mito2B	±	500	nM	
FCCP	or	5	µM	TPB	in	PBS	with	1	mM	pyruvate	for	0,	15,	60	and	120	minutes	at	37ºC	and	5%	CO2/95%	air.	Samples	
were	centrifuged	and	Mito2B	was	extracted	from	the	pellets	and	analysed	by	LC-MS/MS	as	described	in	Chapter	2.	Data	
are	means	±	SEM	(n	=	3).	The	graph	to	the	right	shows	the	same	data,	without	the	set	incubated	with	TPB.	(B)	Incubation	
of	5	µM	MitoB	with	Jurkat	cells	under	the	same	conditions	as	in	Figure	A.	The	insert	compares	the	incubation	of	Jurkat	
cells	with	MitoB	in	the	presence	and	absence	of	500	nM	FCCP	for	1	hour.	Figure	B	source:	Cochemé,	H.	M.	et	al222.	

These	results	indicate	that	TPP	dications	such	as	Mito2B	may	be	able	to	cross	the	IMM	

but	not	the	plasma	membrane,	thus	accumulating	in	isolated	mitochondria	but	not	in	cells	

or	 tissues.	 The	 transport	 across	 the	 IMM	 may	 be	 facilitated	 by	 the	 higher	 dielectric	

constant	that	arises	from	its	greater	protein	content	than	the	plasma	membrane218,439.	It	

is	possible	that	by	increasing	the	length	of	the	chain	that	conjugates	the	TPP	cations	to	
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the	boronic	acid	moiety	in	Mito2B,	its	uptake	in	tissues	will	be	improved.	This	will	be	the	

next	step	in	the	future	development	of	a	dicationic	probe	to	measure	hydrogen	peroxide	

in	vivo.	

	

7.4	Discussion	and	future	work	
Accurately	measuring	ROS	is	crucial	for	understanding	the	dual	role	they	play	in	the	cell	

as	signalling	species	or	agents	of	oxidative	stress9.	Whether	ROS	production	will	lead	to	

one	or	the	other	depends	on	the	amount	generated	and	the	sub-cellular	location	where	

they	 are	 released.	Many	 of	 the	 existing	 probes	 available	 are	 not	 sensitive	 or	 specific	

enough	 to	 detect	 subtle	 differences	 in	 a	 particular	 species,	 which	 can	 lead	 to	

misinterpretation	 of	 the	 data108.	 Furthermore,	 the	 majority	 rely	 on	 fluorescence	

measurements	 and	 therefore	 cannot	 be	 used	 in	 vivo	 in	models	 that	 are	 not	 optically	

accessible107.	

	

MitoB,	 on	 the	 other	 hand,	 is	 a	 mitochondria-targeted	 ratiometric	 probe	 that	 can	

successfully	be	used	to	quantify	hydrogen	peroxide	within	mitochondria	in	vivo222.	As	it	

relies	on	the	extraction	of	the	compounds	from	the	tissues	and	analysis	by	LC-MS/MS,	it	

can	 be	 used	 in	models	 for	which	 fluorescent	probes	 are	 not	 applicable.	MitoB	 can	 be	

injected	in	flies	and	mice,	where	it	rapidly	accumulates	within	mitochondria	in	the	tissues	

and	reacts	with	hydrogen	peroxide,	 forming	MitoP312.	The	ratio	between	MitoP/MitoB	

therefore	 indicates	 the	 amount	 of	 this	 ROS	 present	 in	 mitochondria.	 However,	 one	

disadvantage	of	MitoB	is	that	it	is	slowly	released	back	into	the	circulation	and	excreted,	

which	 limits	 the	 time	 frame	 of	 the	 probe	 to	 approximately	 6	 hours	 with	 a	 single	

administration222.	We	 therefore	 investigated	whether	 it	would	be	possible	 to	 improve	

this	probe	with	the	aim	of	increasing	its	retention	within	mitochondria	in	vivo.	

	

MitoB	consists	of	a	hydrogen	peroxide-sensitive	boronic	acid	moiety,	conjugated	to	a	TPP	

cation222.	As	TPP	compounds	accumulate	within	mitochondria	driven	by	the	membrane	

potential,	we	postulated	that	a	probe	conjugated	to	two	TPP	cations	may	have	improved	

uptake	and	retention	in	mitochondria218.	At	first,	we	were	unsure	whether	a	dicationic	

probe	would	be	 capable	of	 crossing	 the	biological	membranes	 in	order	 to	accumulate	

within	the	organelle.	For	this	reason,	we	initially	used	the	click	chemistry	approach	to	

target	two	monocationic	TPP	precursors	(MitoBCN	and	MitoBN3)	to	mitochondria,	which	
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react	 to	 form	 the	 dicationic	 probe	 (MitoB-click)	 within	 the	 organelle227.	 Similarly	 to	

MitoB,	MitoB-click	reacts	with	hydrogen	peroxide	and	forms	MitoP-click,	which	can	be	

assessed	by	LC-MS/MS.	To	investigate	the	uptake	of	the	probe,	mice	were	injected	with	

either	a	combination	of	MitoBCN	and	MitoBN3,	or	with	MitoB-click	directly.	Surprisingly,	

the	second	group	also	showed	accumulation	of	MitoB-click	in	the	tissues,	suggesting	that	

the	dicationic	probe	is	capable	of	crossing	biological	membranes	and	therefore	it	is	not	

necessary	to	use	click	chemistry	to	generate	it	within	mitochondria.	

	

As	MitoB-click	was	 designed	 to	 be	 generated	within	mitochondria	 from	 two	 targeted	

precursors,	its	structure	is	complex,	hence	we	investigated	whether	a	simpler,	easier	to	

synthesize	structure	could	be	used	for	the	probe	such	as	conjugating	the	same	boronic	

acid	moiety	present	in	MitoB	to	two	TPP	cations.	Firstly,	I	studied	whether	the	position	

of	the	second	cation	in	relation	to	the	first	affected	the	uptake	of	a	xylene	to	mitochondria.	

For	 that,	 ortho-,	meta-	 and	 para-xyleneBisTPP	were	 incubated	with	 isolated	 rat	 liver	

mitochondria,	and	all	three	compounds	showed	membrane	potential-dependent	uptake	

into	the	organelle.	The	conjugation	of	the	second	TPP	cation	in	the	meta	position	was	then	

chosen	to	develop	the	hydrogen	peroxide	probe,	as	its	synthesis	would	be	facilitated	by	

the	symmetric	molecular	structure.	

	

This	rationale	led	to	 the	design	of	Mito2B,	which	has	the	same	boronic	acid	moiety	as	

MitoB,	conjugated	to	two	TPP	cations	in	the	meta	position	of	the	benzene	ring	in	relation	

to	each	other.	 I	 firstly	showed	that	Mito2B	reacts	with	hydrogen	peroxide	ex	vivo	 in	a	

concentration-dependent	way.	The	reaction	is	slow,	which	is	necessary	to	ensure	that	not	

all	Mito2B	is	converted	to	Mito2P	in	biological	samples,	so	that	the	Mito2P/Mito2B	ratio	

can	 be	 calculated.	 Then,	 I	 incubated	Mito2B	with	 isolated	 rat	 liver	mitochondria	 and	

determined	 that	 it	 accumulates	 within	mitochondria.	 The	 detection	 of	 Mito2B	 in	 the	

mitochondrial	pellet	is	significantly	reduced	in	the	presence	of	FCCP,	indicating	that	most	

Mito2B	is	 taken	up	 into	the	mitochondrial	matrix	 in	a	membrane	potential-dependent	

manner,	rather	than	adsorbing	into	the	IMM.	

	

Next,	the	toxicity	of	Mito2B	was	investigated	in	cells	and	compared	to	that	of	MitoB.	Since	

Mito2B	has	two	TPP	cations,	we	expected	it	to	become	toxic	at	lower	concentrations	than	

MitoB.	Surprisingly,	Mito2B	did	not	affect	the	growth	of	C2C12	in	concentrations	of	up	to	
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25	µM,	and	did	not	lead	to	cell	death	in	concentrations	of	up	to	50	µM.	However,	when	

Mito2B	was	injected	into	mice,	a	lower	amount	(10	nmol)	than	MitoB	had	to	be	used,	as	

the	amount	routinely	used	for	MitoB	(50	nmol)	was	fatal.	Quantification	of	Mito2B	within	

the	tissues	of	mice	injected	intravenously	with	the	probe	and	culled	at	various	time	points	

suggested	that	Mito2B	is	not	taken	up	into	the	tissues.	Instead,	based	on	the	detection	

profiles	 in	 the	heart,	brain,	 lung,	blood,	 liver,	kidney	and	urine,	Mito2B	remains	 in	 the	

circulation	until	excretion	by	the	liver	and	kidneys,	with	the	amount	detected	in	the	other	

tissues	likely	corresponding	to	Mito2B	present	in	the	blood	trapped	within	the	organs.	

	

As	 it	was	previously	shown	that	dications	with	5-	or	6-alkyl	chains	between	each	TPP	

moiety	 accumulate	 within	 isolated	 mitochondria	 but	 not	 within	 cells,	 the	 uptake	 of	

Mito2B	by	Jurkat	cells	was	investigated271.	A	constant	amount	of	Mito2B	was	detected	in	

the	pellet,	which	was	no	different	in	the	presence	of	FCCP,	suggesting	that	it	was	adsorbed	

to	the	membrane	rather	than	accumulated	within	the	cell.	Incubation	of	Mito2B	in	the	

presence	of	TPB,	a	 lipophilic	anion	which	 facilitates	 the	transport	of	 lipophilic	cations	

across	biological	membranes,	 lead	to	increased	detection	of	Mito2B	in	the	pellet218,439.	

This	result	suggests	that	Mito2B	is	not	able	to	cross	the	plasma	membrane	in	the	absence	

of	TPB,	and	explains	why	it	was	not	detected	in	the	tissues	in	vivo.	It	also	suggests	that	

the	potentially	lower	toxicity	of	Mito2B	to	cells	compared	to	MitoB	is	due	to	the	restricted	

accumulation	of	the	first	within	the	cells,	in	contrast	to	the	second.	

	

It	 is	 clear	 that	 the	 structural	 differences	 between	MitoB-click	 and	Mito2B	 lead	 to	 the	

uptake	of	the	first,	but	not	of	the	second,	into	tissues	in	vivo.	As	it	was	shown	that	dications	

in	which	the	TPP	moieties	are	separated	by	longer	alkyl	chains	have	increased	uptake	

into	isolated	mitochondria,	it	is	possible	that	the	separation	between	the	cations	in	the	

MitoB-click	structure	is	what	accounts	for	its	ability	to	accumulate	in	tissues,	whereas	in	

Mito2B	the	two	TPP	cations	are	much	closer	to	each	other271.	TPP	compounds	are	capable	

of	crossing	 lipid	bilayers	without	 transporters	or	pores,	contrary	to	 inorganic	cations,	

because	the	large	hydrophobic	surface	of	TPP	lowers	the	potential	energy	necessary	for	

the	 positive	 charge	 to	 cross	 hydrophobic	 membranes218.	 	 It	 is	 possible	 that	 when	 a	

dicationic	compound	has	two	TPP	moieties	close	to	each	other,	it	acts	as	a	double-charged	

cation	 and	 the	 relative	 increase	 in	 the	 hydrophobic	 surface	 area	 is	 not	 enough	 to	

compensate	for	the	increased	desorption	energy	necessary	for	the	compound	to	cross	the	
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membrane.	On	the	other	hand,	if	the	two	TPP	moieties	are	distant	from	each	other	in	the	

compound’s	 structure,	 they	 may	 act	 as	 independent	 TPP	 cations	 and	 be	 capable	 of	

crossing	 the	 lipid	 bilayer.	 It	 is	 also	 known	 that	 TPP	 compounds	 conjugated	 to	more	

hydrophobic	cargos	accumulate	more	in	mitochondria,	therefore	the	difference	in	uptake	

seen	 between	 MitoB-click	 and	 Mito2B	 could	 also	 be	 related	 to	 the	 first	 being	 more	

hydrophobic268.	However,	increasing	the	alkyl	chain	between	two	TPP	cations	and	hence	

the	hydrophobicity	of	the	dicationic	compound	does	not	necessarily	lead	to	uptake	into	

cultured	cells,	despite	facilitating	uptake	into	isolated	mitochondria271.	

	

This	study	shows	that	a	dicationic	probe	can	be	directly	injected	in	vivo	and	targeted	to	

mitochondria	 without	 the	 need	 of	 monocationic	 precursors	 that	 would	 “click”	 and	

generate	 the	 probe	within	 the	 organelle.	 Is	 also	 shows	 that	 the	 position	 of	 both	 TPP	

cations	relative	to	each	other	when	conjugated	to	a	benzyl	ring	does	not	affect	the	uptake	

of	the	compound	into	mitochondria,	therefore	conjugation	in	the	meta	position	can	be	

used	to	facilitate	the	synthesis	of	the	probe.	However,	the	length	of	the	alkyl	chain	that	

conjugates	the	TPP	cations	to	the	hydrogen	peroxide-sensitive	moiety	may	be	decisive	to	

the	uptake	of	the	probe	into	cultured	cells	and	tissues	in	vivo.	Further	investigation	will	

be	necessary	 to	 investigate	whether	 increasing	 the	alkyl	 chain	 that	 conjugate	 the	TPP	

cations	to	the	boronic	acid	moiety	in	Mito2B	improves	its	uptake	in	vivo,	and	whether	the	

dicationic	 structure	 indeed	 leads	 to	 improved	 accumulation	 and	 retention	 in	

mitochondria	when	compared	to	MitoB.	
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Chapter	8:	General	discussion	and	future	aims	

8.1	Summary	of	work	
Major	 advances	 have	 been	 made	 in	 the	 field	 of	 mitochondrial	 biology	 thanks	 to	 the	

selective	delivery	of	probes	and	drugs	to	the	organelle.	The	best	characterised	method	to	

target	bioactive	compounds	to	mitochondria	involves	conjugation	to	a	TPP	cation,	which	

rapidly	accumulates	several	hundred-fold	within	mitochondria,	driven	by	the	membrane	

potential17.	 While	 this	 strategy	 allowed	 the	 development	 of	 effective	 drugs,	 such	 as	

MitoQ10,	as	well	as	sensitive	probes	such	as	MitoB	and	MitoClick,	a	few	challenges	remain	

that	 limit	 the	 scope	 of	 molecular	 cargos	 that	 can	 be	 delivered	 to	 mitochondria	 with	

TPP222,227,265.	 In	 this	 thesis,	 I	have	made	advances	 towards	overcoming	some	of	 these	

limitations.	

	

In	Chapter	3,	I	have	addressed	the	limitations	that	arise	from	the	permanent	conjugation	

of	bioactive	compounds	to	the	TPP	cation.	As	the	accumulation	of	TPP	cations	within	cells	

and	mitochondria	is	an	equilibrium,	a	small	proportion	of	a	TPP-compound	remains	in	

the	 extracellular	 environment218.	 In	 vivo,	 these	 molecules	 are	 removed	 from	 the	

circulation	 for	 excretion	 in	 the	 urine	 and	 bile262.	 The	 equilibrium	 of	 TPP	 across	 the	

biological	membranes	is	then	maintained	by	the	slow	release	of	TPP	from	mitochondria	

into	the	cytosol,	and	from	the	cytosol	 into	the	bloodstream.	This	leads	to	 the	eventual	

excretion	of	TPP-compounds	from	the	cells,	limiting	the	time	period	for	which	it	remains	

active	 following	 a	 single	 administration219.	 Another	 challenge	 that	 arises	 due	 to	

permanent	conjugation	to	TPP	in	some	cases	is	the	effect	that	the	lipophilic	cation	can	

exert	in	the	compound’s	activity.	For	example,	despite	being	a	CoQ10	derivative,	MitoQ10	

cannot	be	used	to	restore	CoQ10	levels	in	CoQ10-deficient	patients284.	This	is	due	to	the	

fact	that	the	TPP	cation	anchors	MitoQ10	to	the	matrix/membrane	interface	of	the	IMM,	

keeping	it	out	of	reach	from	the	CoQ	sites	in	Complex	III261,356.	As	MitoQ10	is	unable	to	

pass	electrons	down	the	ETC,	it	cannot	substitute	for	CoQ10	and	therefore	its	activity	is	

restricted	to	acting	as	an	antioxidant	and	preventing	lipid	peroxidation	of	the	IMM284.	The	

TPP	 cation	 can	 also	 impose	 steric	 hindrance	 and	 prevent	 a	 bioactive	 compound	 from	

reaching	the	active	site	of	an	enzyme	of	interest,	which	 is	what	makes	MitoQ10	a	poor	

substrate	 for	 Complex	 I	 and	 ETF261,359.	 Finally,	 as	 the	 accumulation	 of	 TPP	 cations	 is	

driven	 by	 the	mitochondrial	membrane	 potential,	 there	 is	 no	way	 of	 achieving	 tissue	
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specificity	 when	 targeting	 compounds	 to	 mitochondria	 by	 permanent	 conjugation	 to	

TPP16.	

	

Many	of	 the	 limitations	above	 can	 in	principle	be	 resolved	by	detaching	 the	bioactive	

compound	from	the	TPP	cation	once	mitochondrial	uptake	has	occurred.	In	order	to	do	

that,	I	have	proposed	conjugating	compounds	to	TPP	via	labile	linkers	that	are	stable	in	

the	extramitochondrial	environment,	but	cleaved	within	the	organelle,	thus	releasing	the	

compound	 inside	 of	 mitochondria.	 Firstly,	 I	 conducted	 a	 preliminary	 study	 of	 this	

strategy	by	investigating	the	uptake	of	TME,	which	consists	of	methanol	conjugated	to	a	

TPP	cation	with	a	ten	carbon-alkyl	chain	through	an	ester	as	a	linker.	TME	successfully	

accumulated	in	isolated	rat	heart	mitochondria,	becoming	partially	adsorbed	to	the	IMM	

as	 expected	 from	 its	 high	 hydrophobicity,	 and	 gradually	 underwent	 linker	 hydrolysis	

over	 time.	 Interestingly,	 incubations	with	mitochondria	 isolated	 from	 liver	 led	 to	 the	

premature	hydrolysis	of	the	linker	due	to	contamination	from	cytosolic	esterases.	From	

this	preliminary	study,	I	have	concluded	that	cleavable	linkers	can	successfully	be	used	

to	target	and	release	compounds	in	mitochondria,	but	that	the	linker	must	be	carefully	

chosen	in	order	to	achieve	the	necessary	balance	between	stability	outside	and	lability	

inside	the	organelle.	

	

To	 allow	 the	 rational	 design	 of	 cleavable	 linkers,	 I	 have	 performed	 a	 bioinformatics	

analysis	with	the	goal	of	identifying	enzymatic	substrates	that	undergo	cleavage	within	

mitochondria,	but	not	in	the	plasma	membrane	or	cytosol,	as	a	TPP	compound	must	cross	

these	domains	in	order	to	reach	the	organelle.	I	was	able	to	generate	a	list	of	15	substrates	

that,	according	to	my	search	criteria,	should	be	stable	prior	to	mitochondrial	uptake	and	

cleaved	 enzymatically	 within	 mitochondria.	 By	 studying	 the	 molecular	 structures	 of	

these	substrates,	as	well	as	of	the	active	sites	of	the	enzymes	that	catalyse	their	cleavage,	

we	hope	to	identify	in	the	future	chemical	groups	that	show	a	promising	balance	between	

stability	and	lability,	required	for	TPP-targeting	to	mitochondria	via	cleavable	linkers	to	

be	effective.	

	

Once	these	candidates	are	identified,	it	will	be	useful	to	have	a	rapid	screening	strategy	

to	 investigate	 their	 effectiveness	 across	 multiple	 conditions,	 including	 uptake	 by	

mitochondria	 from	 various	 tissues.	 This	 will	 allow	 us	 to	 identify	 variations	 in	 linker	
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lability	 according	 to	 the	 tissue	 that	 can	 be	 explored	 for	 selective	 tissue	 delivery	 of	

bioactive	compounds.	For	this	screening	method,	I	have	developed	the	strategy	of	using	

the	 linker	 in	 question	 to	 conjugate	 TPP	 to	 coumarin,	 forming	 a	 molecule	 whose	

fluorescence	increases	upon	cleavage	of	the	linker	and	release	of	the	fluorophore.	A	large	

number	of	molecules	with	various	linkers	can	then	be	incubated	with	mitochondria	or	

cells	in	96	well	plates	and	their	uptake	and	cleavage	rapidly	investigated	by	measuring	

fluorescence	over	time.	As	a	preliminary	study,	I	used	an	ester	as	the	linker	to	form	the	

MitoCoumarin	 probe.	 Incubation	 of	 MitoCoumarin	 with	 isolated	 heart	 mitochondria	

showed	a	membrane	potential-dependent	increase	in	fluorescence	over	time,	consistent	

with	 the	 probe	 being	 taken	 up	 and	 the	 linker	 cleaved	 within	 mitochondria.	 This	

promising	 result	 indicates	 that	 coumarin	 fluorescence	 can	 be	 used	 to	 investigate	 the	

effectiveness	of	a	linker	in	delivering	compounds	to	mitochondria.	When	MitoCoumarin	

was	incubated	with	cells,	it	was	not	possible	to	identify	a	specific	increase	in	fluorescence	

within	the	cells	over	time	as	the	incubation	medium	promoted	the	hydrolysis	of	the	ester	

linker	prior	to	the	uptake	of	MitoCoumarin.	This	result,	however,	is	not	discouraging,	as	

it	shows	that	this	screening	strategy	is	able	to	identify	linkers	that	are	too	labile	to	allow	

the	delivery	of	compounds	to	mitochondria.	

	

Taken	together,	my	investigations	on	the	use	of	cleavable	linkers	to	conjugate	compounds	

to	 mitochondria	 has	 shown	 that	 this	 is	 a	 promising	 strategy	 to	 overcome	 the	

aforementioned	 disadvantages	 that	 can	 arise	 from	 permanent	 conjugation	 to	 a	 TPP	

cation.	They	have	also	shown	that	esters	are	likely	too	labile	to	be	used	effectively	for	this	

strategy,	and	that	more	stable	groups	such	as	carbamate	esters	may	be	a	more	interesting	

option334.	The	substrates	 identified	by	the	bioinformatics	analysis	will	hopefully	allow	

the	 rational	 selection	of	 linker	 candidates,	which	 can	be	 rapidly	 tested	across	various	

conditions	using	the	MitoCoumarin	screening	strategy	developed	in	this	work.	

	

In	Chapter	4,	I	have	investigated	whether	a	hydrophobic	compound	can	be	targeted	to	

mitochondria	by	conjugation	to	TPP	through	a	cleavable	linker.	The	compound	chosen	

was	 idebenone,	 the	 same	moiety	 present	 in	MitoQ10,	 so	 that	 it	 would	 be	 possible	 to	

evaluate	whether	the	limitations	of	MitoQ10	discussed	previously	can	be	overcome	by	the	

use	of	a	labile	linker	to	release	idebenone	from	the	TPP	cation	within	the	IMM.	Idebenone	

was	 also	 chosen	 due	 to	 its	 relatively	 low	 hydrophobicity,	 which	 facilitated	 the	
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development	 of	 the	 delivery	 strategy261.	 MitoQ10OCO2	 thus	 has	 an	 idebenone	 moiety	

conjugated	to	a	TPP	cation	with	a	two	carbon-alkyl	chain	through	an	ester	as	the	linker.	

This	compound	was	incubated	with	isolated	liver	mitochondria	and	successfully	detected	

in	 the	 mitochondrial	 pellet.	 To	 test	 whether	 the	 hydrolysis	 of	 the	 linker	 would	 be	

promoted	 by	 cytosolic	 contamination	 of	 enzymes	 adsorbed	 to	 the	 OMM	 during	 the	

isolation,	 MitoQ10OCO2	 was	 incubated	 with	 the	 supernatant	 of	 the	 mitochondrial	

preparation,	in	the	absence	of	mitochondria,	and	no	hydrolysis	of	the	linker	was	detected.	

However,	this	was	also	the	case	when	the	compound	was	incubated	with	mitochondria,	

suggesting	 that,	 although	 it	 accumulates	 in	 the	 organelle,	 the	 linker	 is	 not	 cleaved.	

Instead,	the	idebenone	moiety	of	MitoQ10OCO2	is	reduced,	as	would	be	expected	from	its	

accumulation	in	the	IMM,	but	it	remains	attached	to	the	TPP	cation261,284.	I	have	proposed	

that	the	short	alkyl	chain	between	the	TPP	cation	and	the	linker	could	prevent	the	access	

of	the	linker	to	the	active	site	of	esterases,	due	to	steric	hindrance	or	the	positive	charge	

of	 TPP.	 Indeed,	 when	 MitoQ10OCO2	 was	 incubated	 with	 porcine	 liver	 esterase,	 the	

hydrolysis	of	the	linker	was	much	slower	than	that	detected	when	TME	was	incubated	

under	the	same	conditions.	This	study	reveals	that	not	only	the	inherent	stability	of	the	

linker	is	important	for	the	effective	delivery	of	compounds	to	mitochondria,	but	also	that	

the	length	of	the	chain	conjugating	the	linker	to	the	cation	can	influence	the	release	of	the	

compound	within	the	organelle.	

	

In	Chapter	5,	I	have	explored	the	strategy	of	delivering	polar	compounds	to	mitochondria	

by	 concealing	 the	 charge	of	 a	phosphate	group	with	a	 cleavable,	 cycloSal	mask.	Many	

potential	drugs	and	probes	have	polar	moieties,	however,	the	uptake	of	polar	compounds	

across	lipophilic	bilayers	is	limited,	unless	there	is	a	specific	carrier.	In	order	to	develop	

a	strategy	to	target	polar	compounds	to	mitochondria	by	conjugation	with	a	TPP	cation,	

I	chose	to	explore	the	uptake	of	a	phosphate	group,	whose	delivery	has	the	potential	to	

contribute	 to	 the	 treatment	 of	 diseases	 such	 as	 TK-2	 deficiency,	 PKAN	 and	 even	

AIDS369,375,380.	 Previous	 work	 by	 Dr.	 Peter	 G.	 Finichiu	 showed	 that	 a	 TPP-targeted	

phosphate	group,	TPP-C11-PO42-,	was	not	taken	up	by	isolated	rat	liver	mitochondria320.	

However,	 a	 compound	 in	 which	 the	 negative	 charges	 in	 the	 phosphate	 group	 were	

concealed	by	a	cycloSal	mask,	TPPClcycloSal,	did	accumulate	within	the	organelle,	which	

promoted	 the	 cleavage	 of	 the	 mask320.	 The	 cycloSal	 mask	 also	 prevented	 the	

dephosphorylation	of	 the	compound	prior	 to	mitochondrial	uptake,	as	was	seen	when	
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TPP-C11-PO42-	was	incubated	with	unenergized	liver	or	heart	mitochondria320.	In	order	to	

further	 investigate	 the	 uptake	 of	 TPPClcycloSal	 and	 the	 release	 and	 possible	

dephosphorylation	 of	 TPP-C11-PO42-,	 I	 have	 developed	 an	 LC-MS/MS	 method	 for	 the	

sensitive	detection	of	TPPClcycloSal,	TPP-C11-PO42-	and	TPP-C11-OH.	Since	only	a	small	

volume	of	a	stock	solution	of	TPPClcycloSal	was	available	at	the	time,	I	have	used	it	to	

generate	 the	other	 compounds	by	 firstly	 incubating	 it	 in	alkaline	buffer	 to	 induce	 the	

cleavage	of	the	mask	and	the	release	of	TPP-C11-PO42-.	Then,	 I	incubated	TPP-C11-PO42-	

with	bovine	alkaline	phosphatase	to	generate	TPP-C11-OH.	

	

As	I	had	previsously	identified	that	isolated	liver	mitochondria	can	be	contaminated	with	

cytosolic	enzymes,	I	have	decided	to	incubate	TPPClcycloSal	with	heart	mitochondria	and	

analyse	 the	 uptake	 and	metabolism	 of	 the	 compound	 in	 the	 organelle	 by	 LC-MS/MS.	

Surprisingly,	I	was	unable	to	reproduce	the	results	obtained	by	Dr.	Peter	G.	Finichiu	when	

TPPClcycloSal	was	incubated	with	isolated	liver	mitochondria.	While	he	detected	a	higher	

amount	of	this	compound	in	the	mitochondrial	pellet	in	the	absence	than	in	the	presence	

of	FCCP,	suggesting	that	TPPClcycloSal	accumulated	within	the	organelle	driven	by	the	

membrane	 potential,	 I	 did	 not	 detect	 any	 difference	 between	 the	 two	 conditions320.	

Furthermore,	 Dr.	 Peter	 G.	 Finichiu	 showed	 a	 gradual	 decrease	 in	 the	 amount	 of	

TPPClcycloSal	in	the	pellet,	which	occurred	at	a	faster	rate	in	the	presence	of	energized	

than	unenergized	mitochondria320.	This	result	suggested	that	the	mask	was	cleaved	over	

time,	 and	 that	 the	 hydrolysis	 was	 faster	 within	 the	 organelle.	 When	 I	 incubated	

TPPClcycloSal	with	heart	mitochondria,	however,	no	significant	decrease	in	the	amount	

of	TPPClcycloSal	in	the	pellet	of	energized	mitochondria	was	detected.	The	controls	used	

by	Dr.	Peter	G.	Finichiu	indicate	that	his	results	do	not	differ	from	mine	due	to	cytosolic	

contamination	of	the	isolated	liver	mitochondria.	TPP	compounds	are	known	to	rapidly	

accumulate	 in	 liver	and	 in	heart	 in	 vivo,	 therefore,	we	would	not	expect	 there	 to	be	a	

difference	 between	 the	 uptake	 of	 TPPClcycloSal	 by	 isolated	mitochondria	 from	 these	

tissues,	and	the	reason	for	the	contrasting	results	is	unclear219.	

	

Despite	not	being	able	to	reproduce	the	results	obtained	with	isolated	mitochondria	by	

Dr.	 Peter	 G.	 Finichiu,	 I	 investigated	 whether	 TPPClcycloSal	 is	 taken	 up	 by	 cells.	

Interestingly,	incubation	of	TPPClcycloSal	with	C2C12	cells	showed	a	burst	of	TPP-C11-

PO42-	 in	 the	 cell	 pellet,	 which	 rapidly	 declined,	 while	 in	 the	 supernatant	 I	 detected	 a	
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gradual	 increase	 of	 TPP-C11-PO42-	 over	 time.	 The	 presence	 of	 TPP-C11-PO42-	 in	 the	

supernatant	 was	 not	 due	 to	 hydrolysis	 of	 TPPClcycloSal	 by	 the	 incubation	 buffer,	 as	

incubating	this	compound	with	buffer	in	the	absence	of	cells	led	to	as	increase	in	TPP-

C11-PO42-	 levels	 only	 at	 a	 later	 time	 point.	 Therefore,	 these	 results	 suggest	 that	

TPPClcycloSal	is	taken	up	by	the	cells,	hydrolysed	and	then	TPP-C11-PO42-	is	surprisingly	

released	into	the	supernatant.	Since	TPP-C11-PO42-	was	not	taken	up	when	Dr.	Peter	G.	

Finichiu	incubated	it	with	isolated	mitochondria,	it	seems	that	it	is	not	capable	of	crossing	

biological	membranes	from	the	outside,	but	can	do	so	when	released	within	the	cell.	How	

TPP-C11-PO42-	can	cross	the	lipid	bilayers	and	be	released	from	the	cell	is	unclear.	One	

possibility	is	that	the	zwitterion	form,	TPP-C11-PO4H-,	may	form	dimers	or	fold	in	a	way	

in	which	the	positive	charge	of	TPP	is	concealed	by	the	negative	charge	of	the	phosphate	

group,	 thus	 forming	 a	 neutral	 entity	 that	 is	 capable	 of	 crossing	 the	 membrane.	 The	

concentration	of	TPP-C11-PO42-	released	within	mitochondria	and	the	cells	will	be	high	

due	 to	 the	 small	 volume	 of	 these	 compartments	 compared	 to	 the	 extracellular	

environment,	which	may	be	enough	to	compensate	for	the	increase	of	entropy	caused	by	

the	dimer/folded	formation	and	allow	the	release	of	TPP-C11-PO42-	in	this	direction.	It	is	

also	possible	that	the	increased	concentration	of	TPP-C11-PO42-	in	the	mitochondria	and	

cells	 compared	 to	 the	 extracellular	medium	 is	 sufficient	 to	 drive	 the	 diffusion	 of	 this	

compound	 across	 the	membranes,	 without	 the	 need	 for	 any	 conformational	 changes.	

Further	investigation	will	be	necessary	to	confirm	that	TPP-C11-PO42-	is	indeed	released	

and	 how.	 These	 results	 suggest	 that	 there	 may	 be	 mechanisms	 by	 which	 polar	

compounds	conjugated	to	TPP	cations	can	cross	biological	membranes	which	were	not	

investigated	to	date.	One	exciting	possibility	is	that,	if	the	accumulation	of	polar	targeted	

compounds	 within	 mitochondria	 drives	 their	 gradual	 release	 into	 the	 cytosol,	 polar	

bioactive	 molecules	 may	 be	 targeted	 to	 the	 organelle	 with	 the	 goal	 of	 being	 slowly	

released	into	the	cytosol	and	the	bloodstream	in	vivo,	an	approach	that	is	currently	not	

possible.	

	

Targeting	bioactive	compounds	to	mitochondria	is	useful	not	only	to	selectively	deliver	

drugs	 to	 the	 organelle,	 but	 also	 to	 deliver	 probes	 which	 are	 able	 to	 report	 changes	

specifically	in	mitochondria.	In	Chapter	6,	I	have	described	the	development	of	a	probe	

to	 measure	 mitochondrial	 membrane	 potential	 in	 vivo	 in	 the	 expired	 gases	 of	 living	

models.	The	current	TPP-targeted	probe	available,	MitoClick,	requires	extraction	of	the	
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probe	 from	 tissues	 for	 quantification	 by	 LC-MS/MS227.	 I	 have	 proposed	 a	 strategy	 in	

which	 two	 15N-labelled	 precursors	 are	 targeted	 to	 mitochondria,	 and	 react	 upon	

accumulation	 within	 the	 organelle,	 releasing	 15N2.	 As	 the	 accumulation	 of	 TPP	

compounds	is	dependent	on	the	mitochondrial	membrane	potential,	the	quantification	of	
15N2	in	the	expired	gases	by	GC-MS/MS	would	report	on	variations	in	overall	membrane	

potential	in	vivo,	without	the	need	for	tissue	collection218.	This	method	would	allow	us	to	

investigate	changes	in	membrane	potential	over	time	and	across	various	conditions	with	

the	same	individual,	thus	eliminating	inter-animal	variations	that	could	compromise	the	

veracity	 of	 the	 study.	 It	 would	 also	 avoid	 artefactual	 results	 that	 could	 arise	 from	

reactions	occurring	during	the	extraction	of	the	compounds	from	tissues	ex	vivo,	as	well	

as	reduce	the	number	of	animals	necessary.	Finally,	measuring	mitochondrial	membrane	

potential	in	living	animals	would	open	the	possibility	of	studying	how	individuals	react	

differently	to	particular	conditions.	

	

In	 order	 for	 this	 strategy	 to	work,	 it	 is	 necessary	 that	 the	 reaction	 between	 the	 two	

precursors	takes	place	only	after	 they	accumulate	within	mitochondria,	otherwise	the	

release	of	15N2	will	not	be	dependent	on	the	membrane	potential.	It	is	also	crucial	that	the	

uptake	of	the	precursors	does	not	alter	the	mitochondrial	membrane	potential,	as	this	

would	 lead	 to	 artefactual	 results.	 Therefore,	 I	 have	 studied	 four	 combinations	 of	

precursors	with	the	aim	of	finding	a	pair	that	meets	these	criteria.	Firstly,	I	explored	the	

Staudinger	 reaction	 between	 an	 azide,	 MitoAzido,	 and	 a	 phosphine,	 MitoTPP.	 While	

incubation	of	both	compounds	in	buffer	led	to	the	formation	of	a	product,	no	reaction	was	

detected	when	they	were	incubated	with	isolated	liver	mitochondria.	I	then	investigated	

whether	 mitochondria	 promoted	 the	 oxidation	 of	 MitoTPP,	 thereby	 preventing	 its	

reaction	with	MitoAzido,	but	incubation	of	MitoTPP	with	mitochondria	did	not	increase	

the	 amount	 of	 MitoTPP	 oxide	 detected	 over	 time.	 When	 various	 concentrations	 of	

MitoAzido	 and	MitoTPP	were	 separately	 incubated	with	 isolated	mitochondria	 in	 the	

presence	 of	 TPMP,	 an	 internal	 standard	 of	 known	 mitochondrial	 uptake,	 it	 became	

evident	that,	while	MitoAzido	did	not	affect	the	uptake	of	TPMP,	MitoTPP	disrupted	the	

uptake	 of	 TPMP	 at	 concentrations	 as	 low	 as	 5	 µM.	 Lastly,	 I	 incubated	MitoAzido	 and	

MitoTPP	 with	 mitochondria	 in	 the	 presence	 and	 absence	 of	 FCCP	 and	 showed	 that	

MitoTPP	 is	 present	 in	 the	 mitochondrial	 pellet	 in	 both	 conditions,	 indicating	 that	 it	

remains	attached	to	the	IMM	rather	than	being	taken	up	into	the	matrix.	As	MitoTPP	does	
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not	accumulate	in	mitochondria	in	a	membrane	potential-dependent	manner	and	leads	

to	 the	disruption	of	 the	membrane	potential,	 it	 cannot	be	used	as	a	precursor	 for	 the	

development	of	the	mitochondrial	membrane	potential	probe.	

	

Next,	I	investigated	whether	a	different	phosphine	could	be	used	to	react	with	MitoAzido	

in	 response	 to	 the	 mitochondrial	 membrane	 potential.	 Two	 phosphines,	 MitoAP	 and	

MitoEP,	 were	 synthesized	 for	 this	 purpose.	 Incubation	 of	 each	 one,	 separately,	 with	

isolated	liver	mitochondria	and	TPMP	showed	that	the	presence	of	MitoEP	led	to	reduced	

uptake	of	TPMP,	whereas	the	presence	of	MitoAP	did	not	seem	to	affect	TPMP	uptake	

when	concentrations	of	up	to	12.5	µM	were	used.	For	this	reason,	the	reaction	between	

MitoAzido	and	MitoAP	was	investigated.	Incubation	of	both	compounds	in	buffer	did	not	

lead	 to	 a	 detectable	 product	 after	 2	 hours,	 indicating	 that	 the	 reaction	 is	 slow	 in	 the	

absence	of	mitochondria.	This	was	a	promising	result,	as	a	fast	reaction	would	potentially	

allow	 it	 to	 take	place	prior	 to	mitochondrial	uptake	of	 the	precursors	 in	a	membrane	

potential-independent	way.	However,	when	MitoAzido	and	MitoAP	were	incubated	with	

isolated	mitochondria,	no	reaction	was	detected	either.	Less	MitoAzido	was	detected	in	

the	 pellet	when	MitoAP	was	 present,	 suggesting	 that	 this	 phosphine	 also	 affected	 the	

mitochondrial	membrane	potential	and	the	uptake	of	the	other	precursor.	

	

As	 the	 Staudinger	 reaction	 could	 not	 be	 used	 for	 the	membrane	 potential-dependent	

release	 of	 N2,	 I	 explored	 a	 different	 approach,	 involving	 an	 inverse	 electron-demand	

Diels-Alder	(IEDDA)	reaction	between	a	cyclooctyne,	MitoOct,	and	a	tetrazine,	MitoPhTet.	

In	this	case,	the	reaction	between	these	two	precursors	in	the	absence	of	mitochondria	

was	immediate,	as	confirmed	by	the	detection	of	the	clicked	product,	MitoOctPhTet.	This	

rapid	 reaction	 indicates	 that	 these	 compounds	are	not	appropriate	precursors	 for	 the	

mitochondrial	membrane	 potential	 probe,	 as	 they	would	 react	 prior	 to	 accumulation	

within	 the	 organelle	 and	 release	 N2	 in	 a	 membrane	 potential-independent	 manner.	

Therefore,	 I	 studied	 whether	 a	 different	 alkyne,	 pentynylTPP,	 could	 substitute	 for	

MitoOct,	as	it	lacks	the	reactive	strained	cyclooctyne	ring	and	therefore	should	react	more	

slowly	with	MitoPhTet.	Indeed,	incubation	of	pentynylTPP	and	MitoPhTet	in	the	absence	

of	mitochondria	 did	 not	 lead	 to	 the	 formation	 of	 a	 detectable	 product	 after	 2	 hours.	

However,	no	 reaction	was	detected	after	10	minutes	 in	 the	presence	of	mitochondria	

either,	despite	both	compounds	being	present	in	the	mitochondrial	pellet.	It	is	preferable	
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that	 the	 reaction	 between	 the	 two	 precursors	 occurs	 rapidly	 upon	 mitochondrial	

accumulation,	so	that	the	probe	can	report	on	membrane	potential	variations	at	as	early	

time	points	after	administration	as	possible.	Still,	the	fact	that	neither	precursor	seemed	

to	 affect	 the	 uptake	 of	 the	 other,	 or	 of	 TPMP	 indicates	 that	 the	 IEDDA	 reaction	 is	 a	

promising	strategy	for	the	development	of	the	mitochondrial	membrane	potential	probe,	

in	contrast	 to	 the	Staudinger	reaction.	This	study	has	therefore	 identified	a	promising	

mechanism	 by	 which	 two	 mitochondria-targeted	 precursors	 can	 be	 used	 to	 report	

variations	on	membrane	potential	by	15N2	release.	

	

Finally,	in	Chapter	7	I	have	explored	whether	the	retention	time	of	the	hydrogen	peroxide	

probe	MitoB	in	mitochondria	within	cultured	cells	and	tissues	in	vivo	could	be	improved	

by	targeting	the	reactive	boronic	acid	moiety	to	mitochondria	via	a	TPP	dication	instead	

of	a	monocation222.	Initially,	as	it	was	not	certain	whether	the	dication	would	be	able	to	

cross	 biological	 membranes	 and	 accumulate	 within	 mitochondria,	 a	 click	 chemistry	

approach	 was	 explored.	 Similarly	 to	 the	 strategy	 used	 for	 the	 development	 of	 the	

mitochondrial	membrane	potential	probe,	 two	monocationic	precursors,	MitoBN3	and	

MitoBCN,	were	targeted	to	mitochondria,	where	they	react,	forming	the	dication	clicked	

product	MitoB-click.	MitoB-click	 then	 reacts	with	 hydrogen	 peroxide,	 forming	MitoP-

click.	Extraction	of	MitoB-click	and	MitoP-click	from	the	tissues	and	quantification	by	LC-

MS/MS	would	then	allow	us	to	calculate	the	MitoP-click/MitoB-click	ratio,	which	would	

indicate	the	amount	of	hydrogen	peroxide	in	mitochondria	in	vivo.	In	order	to	investigate	

the	uptake	of	 these	compounds,	a	preliminary	study	was	performed	together	with	Dr.	

Yang	Liu,	Dr.	Andrew	R.	Hall	and	Dr.	Angela	Logan	in	which	mice	were	injected	with	either	

a	combination	of	MitoBN3	and	MitoBCN	or	with	MitoB-click.	In	both	cases,	MitoB-click	

was	detected	in	the	tissues,	indicating	that	while	MitoBN3	and	MitoBCN	were	taken	up	by	

the	tissues	and	reacted	to	form	MitoB-click,	it	is	not	necessary	to	generate	the	dicationic	

probe	within	the	tissues	as	MitoB-click	was	taken	up	when	it	was	administered	to	the	

animals	directly.	

	

Following	the	result	that	a	dicationic	probe	is	taken	up	by	the	tissues,	we	have	decided	to	

develop	a	hydrogen	peroxide-sensitive	molecule	with	a	 simpler	 structure	 than	MitoB-

click,	to	facilitate	its	synthesis.	Firstly,	I	investigated	whether	the	position	of	the	second	

TPP	 cation	 in	 relation	 to	 the	 first	 would	 affect	 the	 uptake	 of	 the	 probe	 by	 isolated	
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mitochondria.	For	that	purpose,	three	compounds	were	synthesized:	ortho-,	meta-	and	

para-xyleneBisTPP.	Incubation	of	each	compound	with	isolated	liver	mitochondria	in	the	

absence	 and	 presence	 of	 FCCP	 showed	mitochondrial	membrane	 potential-dependent	

accumulation	of	all	three	within	the	organelle.	As	the	position	of	the	second	TPP	cation	

did	not	affect	 the	uptake	of	 the	 compound,	we	have	opted	 to	 conjugate	 it	 in	 the	meta	

position,	 as	 the	symmetry	of	 the	molecule	would	 facilitate	 the	 synthesis	of	 the	probe.	

Therefore,	 a	 preliminary	 probe,	 Mito2B,	 was	 synthesized,	 which	 has	 a	 hydrogen	

peroxide-sensitive	boronic	acid	moiety	conjugated	to	m-xyleneBisTPP.	

	

Mito2B	 reacts	with	 hydrogen	 peroxide	 and	 forms	Mito2P,	 as	 detected	 by	 the	 gradual	

decrease	 in	 the	Mito2B	peak	and	 increase	 in	Mito2P	over	time	measured	by	RP-HPLC.	

The	 amount	 of	 Mito2P	 formed	 depends	 on	 the	 concentration	 of	 hydrogen	 peroxide	

present,	which	was	assessed	by	the	increase	in	the	absorbance	relative	to	Mito2P	when	

Mito2B	was	 incubated	with	various	concentrations	of	hydrogen	peroxide.	Mito2B	was	

then	incubated	with	isolated	liver	mitochondria	in	the	absence	and	presence	of	FCCP	and	

membrane	 potential-dependent	 uptake	 was	 detected,	 indicating	 that	 Mito2B	

accumulates	 within	 mitochondria.	 Next,	 the	 toxicity	 of	 Mito2B	 to	 C2C12	 cells	 was	

investigated	 and	 compared	 to	 that	 of	 MitoB.	 As	 Mito2B	 has	 two	 TPP	 cations,	 it	 was	

expected	 to	 be	 toxic	 to	 cells	 at	 a	 lower	 concentration	 than	 MitoB,	 however,	 neither	

compounds	led	to	cell	death	as	measured	by	LDH	activity	at	concentrations	of	up	to	50	

µM.	Interestingly,	MitoB	showed	a	tendency	of	negatively	affecting	cell	growth	at	25	µM,	

whereas	Mito2B	did	not.	As	will	be	discussed	shortly,	I	later	identified	that	Mito2B	was	

not	taken	up	by	cells,	which	explains	why	no	toxicity	was	detected.	In	vivo	injections	of	

Mito2B	suggested	that	a	dicationic	probe	indeed	presents	toxicity	at	lower	doses	than	a	

monocationic	one,	as	50	nmol	Mito2B	intravenous	injections,	an	amount	commonly	used	

for	MitoB,	were	 lethal	 to	mice.	Still,	 if	a	dicationic	probe	 indeed	 is	retained	within	the	

tissues	for	longer	periods	of	time,	lower	doses	that	fall	beneath	the	toxicity	threshold	are	

likely	to	be	sufficient.	

	

Mice	were	then	injected	with	10	nmol	Mito2B	and	the	tissues	were	collected	at	various	

time	points.	Extraction	and	LC-MS/MS	analysis	of	the	amount	of	Mito2B	present	in	the	

heart,	lung,	brain,	blood,	kidney,	liver	and	urine	suggests	that	Mito2B	did	not	accumulate	

within	the	tissues,	and	that	the	amount	detected	in	the	heart,	lung	and	brain	at	early	time	
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points	was	due	to	Mito2B	present	 in	 the	blood	trapped	 in	these	organs	at	 the	time	of	

extraction.	A	greater	amount	of	Mito2B	was	detected	in	the	liver	and	kidney,	however,	

these	results	likely	result	from	the	excretion	of	the	TPP	compound	in	the	urine	and	bile,	

rather	than	show	accumulation	in	these	tissues262.	Incubation	of	Mito2B	with	Jurkat	cells	

under	the	same	conditions	as	previously	done	with	MitoB	showed	that,	contrary	to	the	

monocationic	probe,	Mito2B	did	not	accumulate	 in	 the	cells222.	When	TPB,	a	 lipophilic	

anion	which	facilitates	the	transport	of	lipophilic	cations	across	biological	membranes,	

was	added	to	the	incubation,	10	times	more	Mito2B	was	detected	in	the	cell	pellet269,270.	

This	 result	 suggests	 that,	 in	 the	 absence	 of	 TPB,	 Mito2B	 cannot	 cross	 the	 plasma	

membrane,	 despite	 being	 able	 to	 cross	 the	 IMM	 when	 incubated	 with	 isolated	

mitochondria.	A	similar	result	was	observed	when	TPP	dications	linked	by	5-	or	6-carbon	

alkyl	 chains	 were	 incubated	 with	 mitochondria	 or	 cells,	 indicating	 that	 the	 plasma	

membrane	may	be	more	 impermeable	to	TPP	dications	than	the	IMM271.	The	 fact	 that	

MitoB-click	accumulated	within	tissues	in	vivo,	whereas	Mito2B	did	not,	indicates	that	the	

structural	 differences	 between	 these	 two	 compounds	 must	 be	 explored	 in	 order	 to	

develop	 a	 dicationic	 probe	 for	mitochondrial	hydrogen	 peroxide	 that	 has	 as	 simple	 a	

structure	as	possible	 to	 facilitate	 its	synthesis	while	still	being	effectively	 taken	up	by	

cells.	

	

In	conclusion,	the	work	presented	in	this	thesis	has	contributed	to	the	development	of	

new	chemical	strategies	to	target	bioactive	compounds	to	mitochondria	by	conjugation	

to	 TPP	 cations.	 It	 offers	 valuable	 insight	 for	 the	 use	 of	 cleavable	 linkers	 to	 release	

compounds	from	TPP	once	within	mitochondria,	thereby	preventing	the	lipophilic	cation	

from	 influencing	 the	 compound’s	 activity.	 This	 strategy	may	 also	 allow	 the	 lock	 in	 of	

compounds	within	the	organelle.	I	have	also	shown	that	a	cleavable	mask	can	be	used	to	

allow	the	delivery	of	a	polar	compound	to	cells,	and	that	there	might	be	an	unexplored	

mechanism	of	release	of	this	compound	from	the	cells.	Significant	advances	have	been	

made	 in	 developing	 a	 probe	 to	measure	mitochondrial	membrane	 potential	 in	 living	

models	by	targeting	two	precursors	to	mitochondria	that	generate	15N-labelled	nitrogen	

gas	in	the	expired	gases	in	response	to	the	membrane	potential.	Finally,	I	have	shown	that	

the	development	of	a	dicationic	probe	to	measure	mitochondrial	hydrogen	peroxide	in	

vivo	 for	 longer	 periods	 of	 time	 than	 currently	 possible	 may	 depend	 on	 the	 distance	

between	the	two	TPP	cations	in	the	molecule.	
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8.2	Future	steps	
This	 work	 has	 established	 the	 foundation	 for	 the	 further	 improvement	 of	 the	 TPP-

targeting	strategy.	In	order	to	overcome	the	limitations	that	arise	from	the	permanent	

conjugation	 of	 bioactive	 compounds	 to	 TPP,	 the	 list	 of	 enzymatic	 substrates	 that	 are	

cleaved	within	mitochondria	but	stable	in	the	cytosol	and	plasma	membrane,	according	

to	the	bioinformatics	analysis	described	in	Chapter	3,	will	be	used	to	identify	chemical	

groups	that	constitute	promising	candidates	to	be	used	as	labile	linkers.	These	candidates	

will	 then	be	used	 to	 conjugate	TPP	 to	 coumarin,	 allowing	 the	 rapid	screening	of	 their	

stability	outside	of	mitochondria	and	lability	inside	across	various	conditions,	potentially	

identifying	linkers	that	show	tissue-specific	cleavage	and	which	can	be	used	to	selectively	

target	compounds	to	particular	organs.	Linkers	that	show	the	required	balance	between	

stability	and	 lability	will	 then	be	used	to	target	bioactive	compounds	to	mitochondria,	

and	studies	will	be	performed	to	investigate	if	conjugation	to	these	compounds	affects	

the	efficacy	of	the	linkers.	

	

In	order	to	further	investigate	the	effectiveness	in	targeting	hydrophobic	compounds	to	

mitochondria	 through	 a	 cleavable	 linker,	 a	 new	 version	 of	 MitoQ10OCO2	 will	 be	

synthesised,	comprising	a	longer	alkyl	chain	between	the	TPP	cation	and	the	linker.	First,	

it	will	be	interesting	to	investigate	whether	changing	solely	the	chain	length	will	allow	

the	 cleavage	 of	 the	 ester	 linker	 within	 mitochondria,	 thus	 confirming	 that	 this	 is	 an	

important	factor	in	the	effectiveness	of	linker	cleavage	within	the	organelle.	Then,	as	it	is	

likely	that	the	ester	will	be	too	labile	to	prevent	premature	hydrolysis	of	the	linker	(as	

observed	when	TME	was	incubated	with	liver	mitochondria),	a	more	stable	linker	can	be	

used	based	on	the	bioinformatics	analysis	and	the	MitoCoumarin	screening	described	in	

Chapter	 3.	 Once	 a	 molecule	 is	 designed	 that	 allows	 the	 delivery	 of	 idebenone	 to	

mitochondria	and	its	release	from	TPP	within	the	organelle,	the	delivery	of	other,	more	

hydrophobic	 compounds	 can	 be	 explored.	 This	 strategy	 may	 allow	 the	 lock-in	 of	

hydrophobic	 compounds	 into	 mitochondria	 that,	 once	 released	 from	 the	 TPP	 cation,	

remain	attached	to	the	IMM.	

	

The	surprising	result	that	a	polar,	phosphorylated	compound	can	be	released	from	cells	

once	it	has	been	taken	up	with	the	charges	concealed	by	a	cleavable	mask	suggests	that	

there	may	be	a	mechanism	for	 the	diffusion	of	polar	TPP	compounds	across	 lipophilic	
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bilayers	that	was	not	explored	to	date.	In	order	to	better	characterise	it,	cells	should	be	

incubated	with	TPP-C11-PO42-	(in	the	presence	of	Na3VO4	to	prevent	dephosphorylation	

in	 the	medium)	 to	 confirm	 that	 no	 uptake	 is	 detected,	 as	was	 seen	 previously	when	

isolated	mitochondria	were	 incubated	with	 this	 compound320.	The	 release	of	TPP-C11-

PO42-	from	cells	can	be	confirmed	by	incubating	this	compound	with	cells,	then	collecting	

and	changing	the	medium	at	specific	time	points	to	investigate	whether	TPP-C11-PO42-	is	

detected,	 thereby	 indicating	release	of	 this	compound	over	time.	 In	order	to	carry	out	

these	 experiments,	 a	 TPP-C11-PO42-	 stock	 will	 have	 to	 be	 synthesized.	 Theoretical	

calculations	will	be	required	to	show	the	mechanism	by	which	TPP-C11-PO42-	is	capable	

of	 crossing	 lipophilic	 bilayers	 and	 be	 released	 from	 the	 cells,	 thereby	 determining	

whether	 it	 is	 possible	 that	 the	 high	 concentration	 of	 the	 compound	 within	 the	

mitochondria	and	cells	due	to	their	small	volume	is	enough	to	drive	the	diffusion	of	TPP-

C11-PO42-,	or	whether	formation	of	zwitterion	dimers	or	a	folded	conformation	is	required	

to	facilitate	its	transport	across	the	membranes.	

	

Regarding	the	development	of	a	probe	to	measure	mitochondrial	membrane	potential	in	

live	models,	the	study	presented	in	this	thesis	showed	that	an	IEDDA	reaction	between	

an	 alkyl	 and	 a	 tetrazine	 targeted	 to	 mitochondria	 is	 a	 promising	 strategy	 for	 the	

membrane	 potential-dependent	 release	 of	 15N2.	 As	 I	 have	 shown	 that	 the	 reaction	

between	MitoPhTet	and	MitoOct	is	too	fast,	whereas	the	reaction	between	MitoPhTet	and	

pentynylTPP	 is	 too	 slow,	 dienophiles	with	 intermediate	 reactivity	will	 be	 explored	 in	

order	to	identify	precursors	that	rapidly	react	upon	accumulation	within	mitochondria,	

but	 that	 do	 not	 generate	 N2	 prior	 to	 the	 uptake	 into	 the	 organelle.	 As	 the	 reactivity	

between	 a	 tetrazine	 and	 a	 dienophile	 can	 be	 fine-tuned	 by	 the	 addition	 of	 electron	

withdrawing	or	donating	groups,	substituents	that	offer	steric	hindrance	or	ring	strain	in	

cyclic	dienophiles,	it	will	be	possible	to	create	a	library	of	precursor	candidates	in	order	

to	find	a	pair	that	generates	N2	in	a	membrane	potential-dependent	manner422.	Once	the	

ideal	 precursors	 have	 been	 identified	 by	 incubation	with	 isolated	mitochondria,	 their	

uptake	 by	 cultured	 cells	 and	 tissues	 in	 vivo	 will	 be	 investigated.	 These	 initial	

characterizations	can	be	performed	by	LC-MS/MS	analysis,	which	is	readily	available	at	

the	moment,	prior	to	developing	sample	collection	and	GC-MS	methods	to	measure	15N2	

in	the	expired	gases.	
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Lastly,	 the	 development	 of	 a	 dicationic	 probe	 to	 measure	 mitochondrial	 hydrogen	

peroxide	in	vivo	here	presented	has	shown	that	the	structural	differences	between	MitoB-

click	and	Mito2B	allow	the	first,	but	not	the	second,	to	accumulate	within	tissues	in	vivo.	

As	it	is	of	interest	to	develop	a	probe	with	as	simple	a	synthesis	as	possible,	molecular	

modifications	to	Mito2B	will	be	explored	to	achieve	cellar	uptake	with	a	simple	structure.	

It	has	been	shown	that	the	length	of	the	alkyl	chain	connecting	two	TPP	cations	affects	

the	uptake	of	dications	by	isolated	mitochondria,	therefore,	a	promising	modification	that	

will	be	explored	next	 is	 the	 lengthening	of	 the	alkyl	chains	 in	Mito2B271.	Once	cellular	

uptake	of	the	probe	is	achieved,	it	will	be	possible	to	compare	the	uptake	and	release	of	

Mito2B	 and	 MitoB	 in	 order	 to	 determine	 whether	 a	 dicationic	 probe	 shows	 greater	

accumulation	 and/or	 longer	 retention	 within	 cells	 and	 in	 tissues	 in	 vivo	 than	 a	

monocationic	probe.	 If	 that	 is	 the	case,	 it	will	be	possible	 to	develop	dicationic	probes	

capable	of	reporting	not	only	mitochondrial	hydrogen	peroxide,	but	also	other	molecules	

such	 as	 hydrogen	 sulphide	 and	 superoxide,	 for	 longer	 periods	of	 time	 than	 currently	

possible	with	a	single	administration.	
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