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Abstract	
	

	

Coenzyme	Q10	 (CoQ10)	deficiencies	are	unique	among	mitochondrial	 respiratory	chain	

(MRC)	disorders	in	that	they	are	potentially	treatable.	While	there	is	clear	evidence,	both	

clinically	and	biochemically,	for	the	improvement	of	peripheral	abnormalities	associated	

with	CoQ10	deficiency	following	CoQ10	supplementation,	neurological	symptoms	are	only	

partially	ameliorated.	The	reasons	for	the	refractory	nature	of	the	neurological	sequelae	

associated	with	 a	CoQ10	deficiency	 are	 as	 yet	unknown	and	may	be	 a	 consequence	of	

irreversible	damage	prior	to	CoQ10	supplementation,	the	retention	of	CoQ10	in	the	blood-

brain	barrier	(BBB)	itself,	or	simply	reflect	poor	transport	of	CoQ10	across	the	BBB.		

This	thesis	presents	the	first	isolated	investigations	into	the	mechanisms	that	govern	bi-

directional	BBB	transport	of	CoQ10	and	its	synthetic	analogue,	idebenone,	using	normal	

and	pathophysiological	cell	models	relevant	to	disorders	of	CoQ10	biosynthesis.	

	

The	mouse	BBB	endothelial	cell	line	bEnd.3	and	porcine	primary	brain	endothelial	cells	

(PBECs)	 co-cultured	 with	 primary	 astrocytes	 were	 used	 to	 assess	 transcytosis	 from	

‘blood-to-brain’	or	‘brain-to-blood’,	revealing	that	although	CoQ10	can	traverse	the	BBB,	

CoQ10	is	being	effluxed	back	to	the	blood,	which	could	explain	the	refractory	nature	of	

CoQ10	therapy,	whereas,	idebenone	appeared	to	cross	the	BBB	passively.	

Using	inhibitors	of	known	transport	systems	for	lipoproteins,	the	circulatory	bio-carriers	

of	CoQ10	in	vivo,	three	systems	mediating	the	BBB	transport	of	lipoprotein-bound	CoQ10	

were	identified.	Inhibitors	of	the	scavenger	receptor	class	B	type	1	(SR-B1),	BLT-1,	and	

the	receptor	for	advanced	glycation	end	products	(RAGE),	FPS-ZM1,	reduced	uptake	of	

lipoprotein-bound	CoQ10	towards	the	brain,	 implicating	RAGE	and	SR-B1	as	modes	for	

CoQ10	 brain	 uptake..	 In	 the	 reverse	 direction,	 the	 low-density	 lipoprotein	 receptor-

related	 protein-1	 (LRP-1)	 inhibitor,	 RAP,	 reduced	 efflux	 of	 lipoprotein-bound	 CoQ10	

towards	the	blood,	implicating	LRP-1	as	a	major	impediment	to	brain	entry	of	CoQ10.	

	

This	study	is	the	first	to	generate	a	BBB	endothelial	cell	model	of	CoQ10	deficiency,	using	

para-aminobenzoic	acid	(pABA)	to	pharmacologically	induce	a	depletion	of	cellular	CoQ10	

status,	resulting	in	a	global	reduction	of	MRC	enzyme	activities.	The	CoQ10	deficient	BBB	
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models	 were	 leakier	 to	 large	 permeability	 markers,	 with	 poor	 BBB	 tight-junction	

formation,	 and	 altered	 CoQ10	 transport	 dynamics	 in	 favour	 of	 an	 increased	 net	 efflux	

towards	 the	 blood,	 suggesting	 BBB	 pathophysiology	 is	 key	 to	 the	 neurological	

presentation	and	refractory	nature	of	CoQ10	supplementation	in	symptomatic	patients.	

	

In	addition,	the	effects	of	vitamin	E,	a	common	clinical	co-therapy	in	the	‘mito-cocktail’,	

and	simvastatin	were	assessed.	 Interestingly,	vitamin	E	co-administration	reduced	net	

efflux	of	CoQ10	from	the	brain.	It	is	unknown	why	this	occurs,	but	oxidative	effects	on	the	

BBB	transporters	and/or	carrier-lipoproteins	may	be	factors	to	consider.		

In-line	with	its	deleterious	effect	on	CoQ10	biosynthesis,	simvastatin	therapy	appeared	to	

disrupt	 BBB	 integrity,	 increasing	 the	 paracellular	 leak	 of	 the	 BBB.	 This	 would	 be	

detrimental	 to	 normal	 brain	 homeostasis,	 particularly	 given	 the	 BBBs	 major	 role	 in	

limiting	brain	entry	of	the	small	molecule	plasma	excitotoxins,	calcium,	and	glutamate.		

	

Throughout	this	study	CoQ10	was	quantified	using	a	novel	and	rapid	mass	spectrometric	

method	(ESI+	LC-MS/MS),	which	could	potentially	enable	detection	of	CoQ10	in	the	CSF	

of	patients	presenting	with	neurological	symptoms,	perhaps	providing	a	new	analytical	

tool	for	the	diagnosis	of	CoQ10	deficiencies	in	clinical	laboratories.	

	

In	 conclusion,	 this	 thesis	 has	 demonstrated	 for	 the	 first	 time	 the	 pathophysiological	

consequences	of	a	CoQ10	deficiency	on	the	BBB.	It	has	highlighted	the	impact	of	a	deficit	

in	CoQ10	status	on	CoQ10	delivery	to	the	brain	parenchyma	and	has	elucidated	some	of	the	

mechanisms	by	which	CoQ10	is	transported	across	the	BBB,	which	are	ultimately	dictated	

by	 lipoprotein	 interactions.	 Additionally,	 this	 thesis	 outlines	 the	 potential	 dangers	 of	

statin	therapy	in	patients	with	an	underlying	or	established	MRC	dysfunction.		

Overall,	this	thesis	provides	insights	into	the	limitations	of	CoQ10	supplementation	as	a	

therapy	for	neurological	disorders	associated	with	MRC	dysfunction	and	indicates	that	

further	work	will	be	required	to	improve	the	delivery	of	exogenous	CoQ10	across	the	BBB,	

alongside	 a	 need	 for	 further	 investigations	 into	 the	 composition	 of	 the	 widely	

administered	‘mito-cocktail’.	 	



	 	 		

	 	
v	

List	of	Abbreviations	
	

α-toc	 RRR-α-tocopherol	(vitamin	E)	

ABC	 ATP-binding	cassette	

ABL	 aqueous	boundary	layer	

ADME	 absorption	distribution	metabolism	and	excretion	

AJ	 adherens	junction	

AMT	 adsorptive-mediated	transcytosis	

APTX	 encoding	aprataxin	

ATP	 adenosine	triphosphate	

BBB	 blood-brain	barrier	

BCSFB	 blood-cerebral	spinal	fluid	barrier	

BDPS	 bovine	derived	plasma	serum	

BLT-1	 block	lipid	transport	–	1	

CBF	 cerebral	blood	flow	

CNS	 central	nervous	system	

CoQ10	 coenzyme	Q10	

CP	 choroid	plexus	

CSF	 cerebrospinal	fluid	

CV	 coefficient	of	variation	

CVO	 circumventricular	organs	

DMEM	 Dulbecco’s	modified	Eagle’s	medium	

DNA	 deoxyribonucleic	acid	

DTNB	 5,	5’-dithio-bis	(2-nitrobenzoic	acid)	

EDTA	 ethylenediaminetetraacetic	acid	

EVOM	 endothelial	volt/ohm	meter	

FITC-40	 fluorescein	isothiocyanate	–	dextran	(40	kDa)	

FPP	 farnesyl	pyrophosphate	

FPS-ZM1	 4-chloro-N-cyclohexyl-N-(phenylmethyl)-benzamide	

HBSS	 Hank’s	balanced	salt	solution	

HEPES	 4-(2-hydroxyethyl)-1-piperazineethanesulfonic	acid	

HIV	 human	immunodeficiency	virus	



	 	 		

	 	
vi	

HMG-CoA	 3-hydroxy-3-methyl-glutaryl-coA	

HPLC	 high	performance	liquid	chromatography	

IPP	 isopentenyl	pyrophosphate	

IS	 internal	standard	

ISF	 interstitial	fluid	

JAM	 junctional	adhesion	molecule	

LC-MS/MS	 liquid	chromatography	tandem	mass	spectrometry	

LDL	 low-density	lipoprotein	

LDLR	 low-density	lipoprotein	receptor	

LRP-1	 lipoprotein	receptor	protein	–	1	

MELAS	
mitochondrial	encephalopathy	with	lactic	acidosis	and	stroke-like	

episodes	

MEM	 minimum	essential	medium	

MNC	 blood	mononuclear	cell	

MPP+	 1-methyl-4-phenylpyridinium	

MPTP	 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine	

MRC	 mitochondrial	respiratory	chain	

MRCE	 mitochondrial	respiratory	chain	enzyme	

MS	 Multiple	Sclerosis	

MTT	 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl	tetrazolium	bromide	

MVK	 mevalonate	kinase	

NAD(H)	 nicotinamide	adenine	dinucleotide	(reduced)	

NPC1L1	 Niemann-Pick	C1-like	1	

NVU	 neurovascular	unit	

P-gp	 P-glycoprotein	receptor	

pABA	 para-aminobenzoic	acid	

PBEC	 porcine-brain	endothelial	cell	

PPAR-g	 peroxisome	proliferator-activated	receptor-g	

RAGE	 receptor	for	advanced	glycation	endproducts	

RAP	 receptor	associated	protein	

RMT	 receptor-mediated	transcytosis	

RT	 room	temperature	

SEM	 standard	error	of	the	mean	



	 	 		

	 	
vii	

SR-B1	 scavenger	receptor	class	B	type	1	

TEER	 transendothelial	electrical	resistance	

TJ	 tight	junction	

TNB	 5-thio-2-nitrobenzoic	acid	

Trolox	 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic	acid	

TPP	 triphenylphosphine	

UK	 United	Kingdom	

USA	 Unites	States	of	America	

UV	 ultra	violet	

ZO	 zonula	occluden	

	

	 	



	 	 		

	 	
viii	

Acknowledgements		
	
	

First	 and	 foremost	 I	would	 like	 to	 thank	my	 supervisors	Dr	 Iain	Hargreaves,	 Dr	 Jane	

Preston	 and	 Prof	 Simon	 Heales.	 In	 particular,	 I	 am	 sincerely	 grateful	 to	 Jane	 for	 her	

unwavering	support	and	guidance	through	what	has	been	a	rather	turbulent	few	years.	I	

could	not	have	wished	for	a	better	mentor	throughout	this	process	and	I	shall	never	forget	

the	kindness	that	Jane	has	shown	me.		

	

In	addition	to	my	formal	supervisors,	I	would	like	to	extend	a	massive	thank	you	to	Dr	

Ana	Georgian	who	taught	me	everything	there	is	to	know	about	the	in	vitro	models	of	the	

blood-brain	barrier.	Her	patience,	resilience,	humour	and	selflessness	is	truly	admirable.	

Similarly,	I	would	like	to	thank	Prof	R.	Neil	Dalton	and	Charles	Turner	of	the	WellChild	

Laboratory	for	their	seemingly	endless	support	throughout	my	career,	both	during	this	

PhD	and	prior.	They	have	been	pivotal	role-models	in	my	life	and	I	am	indebted	to	them.	

	
This	PhD	project	has	spanned	various	organisations	and	I	am	grateful	to	everyone	who	

has	helped	me	along	 the	way,	 especially;	Dr	Kate	 Joseph	 (UCL),	Dr	Alex	Dyson	 (UCL),	

Viruna	Neergheen	(National	Hospital	for	Neurology	and	Neurosurgery),	Prof	Joan	Abbott	

(KCL),	 Prof	 Alex	 Avdeef	 (KCL),	 Dr	 Liam	Doonan	 (KCL),	 Dr	 Svetlana	 Drndarski	 (KCL),	

Jorgen	Dam	 (PharmaNord),	Bent	Henriksen	 (PharmaNord),	David	Blundred	 (UCL),	Dr	

Lee	Stanyer	(UCL),	and	Dr	Alan	Pittman	(UCL).	

	

Finally,	my	utmost	 gratitude	goes	 to	my	 friends	and	 family	who	have	unconditionally	

supported	 me	 during	 this	 very	 testing	 period	 of	 time.	 In	 particular,	 my	 dear	 friend	

Andrew	 Wilson	 for	 his	 help	 with	 proof-reading	 and	 general	 counsel,	 and	 my	 ever	

enduring	partner,	Carolyn	Sharpe,	who	has	been	an	absolute	rock.		

	

I	acknowledge	the	support	of	Ataxia	UK,	University	College	London	and	PharmaNord	for	

their	generous	sponsorship.	

	 	



	 	 		

	 	
ix	

Contents	
	

ABSTRACT	.......................................................................................................................................................................	III	
LIST	OF	ABBREVIATIONS	.............................................................................................................................................	V	
ACKNOWLEDGEMENTS	.............................................................................................................................................	VIII	
LIST	OF	FIGURES	AND	TABLES	...............................................................................................................................	XIII	
1.	 GENERAL	INTRODUCTION	.................................................................................................................................	1	
1.1.	 COENZYME	Q10	.....................................................................................................................................................................	1	
1.1.1.	 Function	of	Coenzyme	Q10	...........................................................................................................................................	1	
1.1.2.	 Biosynthesis	of	Coenzyme	Q10	....................................................................................................................................	5	
1.1.3.	 Absorption	and	Distribution	of	Coenzyme	Q10	...................................................................................................	8	

1.2.	 COENZYME	Q10	AND	PATHOLOGY	...................................................................................................................................	11	
1.3.	 BARRIERS	OF	THE	CENTRAL	NERVOUS	SYSTEM	...........................................................................................................	15	
1.4.	 THE	BLOOD–BRAIN	BARRIER	.........................................................................................................................................	17	
1.1.4.	 Physical	Barrier	............................................................................................................................................................	18	
1.1.5.	 Transport	Barrier	and	Solute	Uptake	Overview	............................................................................................	21	
1.1.6.	 Metabolic	Barrier	........................................................................................................................................................	23	

1.5.	 THE	NEUROVASCULAR	UNIT	...........................................................................................................................................	24	
1.6.	 BLOOD-BRAIN	BARRIER	AND	PATHOLOGY	...................................................................................................................	25	
1.7.	 IN	VITRO	MODELS	OF	THE	BLOOD-BRAIN	BARRIER	....................................................................................................	26	

AIMS	AND	OBJECTIVES	...............................................................................................................................................	27	
2.	 MATERIALS	AND	METHODS	...........................................................................................................................	28	
2.1.	 PREPARATION	OF	RAT-TAIL	COLLAGEN	........................................................................................................................	28	
2.1.1.	 Materials	.........................................................................................................................................................................	28	
2.1.2.	 Method	.............................................................................................................................................................................	28	

2.2.	 BEND.3	CELL	CULTURE	....................................................................................................................................................	29	
2.2.1.	 Materials	.........................................................................................................................................................................	29	
2.2.2.	 Method	.............................................................................................................................................................................	29	
Initial	Culture	.............................................................................................................................................................................................	29	
Growth	on	Transwell®-Inserts	...........................................................................................................................................................	30	
Stimulation	of	Differentiation	Factors	............................................................................................................................................	31	

2.3.	 PORCINE	BRAIN	MICROVESSEL	ISOLATION	...................................................................................................................	31	
2.3.1.	 Materials	.........................................................................................................................................................................	31	
2.3.2.	 Method	.............................................................................................................................................................................	32	

2.4.	 PORCINE	BRAIN	ENDOTHELIAL	CELL	CULTURE	...........................................................................................................	33	
2.4.1.	 Materials	.........................................................................................................................................................................	33	
2.4.2.	 Method	.............................................................................................................................................................................	33	
Initial	Culture	(P0)	...................................................................................................................................................................................	33	
Growth	of	PBECs	on	Transwell®	Inserts	(P1)	.............................................................................................................................	34	
Stimulation	of	Differentiation	Factors	in	Co-culture	................................................................................................................	35	

2.5.	 RAT	ASTROCYTE	CELL	ISOLATION	..................................................................................................................................	36	
2.5.1.	 Materials	.........................................................................................................................................................................	36	
2.5.2.	 Method	.............................................................................................................................................................................	36	

2.6.	 RAT	ASTROCYTE	CELL	CULTURE	....................................................................................................................................	38	
2.6.1.	 Materials	.........................................................................................................................................................................	38	
2.6.2.	 Method	.............................................................................................................................................................................	38	

2.7.	 CHARACTERISING	THE	BBB	PHENOTYPE	......................................................................................................................	39	
2.7.1.	 Transendothelial	Electrical	Resistance	(TEER)	.............................................................................................	39	
Materials	......................................................................................................................................................................................................	39	
Method	..........................................................................................................................................................................................................	39	

2.7.2.	 Paracellular	Permeability	.......................................................................................................................................	40	
Materials	......................................................................................................................................................................................................	40	
Method	..........................................................................................................................................................................................................	40	



	 	 		

	 	
x	

2.8.	 APPARENT	PERMEABILITY	ASSAY	..................................................................................................................................	41	
2.8.1.	 Materials	.........................................................................................................................................................................	41	
2.8.2.	 Method	.............................................................................................................................................................................	41	

2.9.	 CELL	VIABILITY	ASSAY	.....................................................................................................................................................	43	
2.9.1.	 Materials	.........................................................................................................................................................................	43	
2.9.2.	 Method	.............................................................................................................................................................................	43	

2.10.	 INDUCING	COENZYME	Q10	DEFICIENCY	.........................................................................................................................	44	
2.10.1.	 Materials	...................................................................................................................................................................	44	
2.10.2.	 Method	.......................................................................................................................................................................	44	

2.11.	 CONFOCAL	MICROSCOPY	..................................................................................................................................................	45	
2.11.1.	 Materials	...................................................................................................................................................................	45	
2.11.2.	 Methods	.....................................................................................................................................................................	45	
Fixing	.............................................................................................................................................................................................................	45	
Staining	.........................................................................................................................................................................................................	45	
Imaging	.........................................................................................................................................................................................................	47	

2.12.	 LIPOPROTEIN	FRACTIONATION	.......................................................................................................................................	47	
2.12.1.	 Materials	...................................................................................................................................................................	47	
2.12.2.	 Method	.......................................................................................................................................................................	47	
HDL	Fractionation	...................................................................................................................................................................................	47	
LDL/HDL	Fractionation	........................................................................................................................................................................	48	

2.13.	 COENZYME	Q10	QUANTITATION	......................................................................................................................................	48	
2.13.1.	 High-Performance	Liquid	Chromatography	.............................................................................................	48	
Materials	......................................................................................................................................................................................................	48	
Method	..........................................................................................................................................................................................................	49	

2.13.2.	 Tandem	Mass	Spectrometry	.............................................................................................................................	51	
Materials	......................................................................................................................................................................................................	51	
Method	..........................................................................................................................................................................................................	51	
Calibrator	Preparation	...........................................................................................................................................................................	52	
Sample	Preparation	................................................................................................................................................................................	53	
LC-MS/MS	Acquisition	Parameters	..................................................................................................................................................	54	

2.14.	 MITOCHONDRIAL	RESPIRATORY	CHAIN	ENZYME	(MRCE)	ASSAYS	.........................................................................	55	
2.14.1.	 Materials	...................................................................................................................................................................	55	
2.14.2.	 Methods	.....................................................................................................................................................................	55	
Complex	I	(NADH:	ubiquinone	reductase;	EC	1.6.5.3)	.............................................................................................................	55	
Complex	II-III	(succinate	dehydrogenase:	cytochrome	c	reductase)	................................................................................	57	
Complex	IV	(cytochrome	c	oxidase;	EC	1.9.3.1)	..........................................................................................................................	58	
Citrate	Synthase	(EC	2.3.3.1)	..............................................................................................................................................................	59	

2.15.	 TOTAL	PROTEIN	DETERMINATION	.................................................................................................................................	60	
2.15.1.	 Materials	...................................................................................................................................................................	60	
2.15.2.	 Method	.......................................................................................................................................................................	61	

2.16.	 STATISTICAL	ANALYSIS	....................................................................................................................................................	62	
3.	 VALIDATION	OF	EXPERIMENTAL	AND	ANALYTICAL	PROCEDURES	.................................................	63	
3.1.	 BACKGROUND	.....................................................................................................................................................................	63	
3.1.1.	 CoQ10	Analysis	using	Mass	Spectrometry	..........................................................................................................	63	
3.1.2.	 In	vitro	BBB	Experimental	Design	.......................................................................................................................	64	

3.2.	 MATERIALS	AND	METHODS	.............................................................................................................................................	66	
3.2.1.	 Materials	.........................................................................................................................................................................	66	
3.2.2.	 Methods	............................................................................................................................................................................	66	
Coenzyme	Q10	Quantitation	.................................................................................................................................................................	66	
Lipoprotein	Fractionation	....................................................................................................................................................................	66	
Cell	Culture	.................................................................................................................................................................................................	67	
Cell	Viability	Assay	..................................................................................................................................................................................	67	
Assessing	Barrier	Integrity	..................................................................................................................................................................	67	
Inducing	Coenzyme	Q10	Deficiency	..................................................................................................................................................	68	
MRCE	Activities	and	Cellular	CoQ10	Determination	..................................................................................................................	68	

3.3.	 RESULTS	..............................................................................................................................................................................	69	
3.3.1.	 LC-MS/MS	Method	Development	..........................................................................................................................	69	
3.3.2.	 LC-MS/MS	Method	Validation	...............................................................................................................................	72	
3.3.3.	 Distribution	of	CoQ10	in	Lipoprotein	Fractions	..............................................................................................	75	
3.3.4.	 Effect	of	CoQ10	Treatment	on	Cell	Viability	......................................................................................................	77	



	 	 		

	 	
xi	

3.3.5.	 Assessment	of	Barrier	Integrity	.............................................................................................................................	77	
3.3.6.	 Pharmacologically	Inducing	CoQ10	Deficiency	...............................................................................................	79	
3.3.7.	 Effect	of	CoQ10	Deficiency	on	Rat	Astrocytes	...................................................................................................	85	

3.4.	 DISCUSSION	........................................................................................................................................................................	85	
4.	 COENZYME	Q10	TRANSPORT	AT	THE	BLOOD-BRAIN	BARRIER	..........................................................	93	
4.1.	 BACKGROUND	.....................................................................................................................................................................	93	
4.2.	 MATERIALS	AND	METHODS	.............................................................................................................................................	96	
4.2.1.	 Materials	.........................................................................................................................................................................	96	
4.2.2.	 Methods	............................................................................................................................................................................	96	
Coenzyme	Q10	Quantitation	.................................................................................................................................................................	96	
Cell	Culture	.................................................................................................................................................................................................	97	
Inducing	Coenzyme	Q10	Deficiency	..................................................................................................................................................	97	
Assessing	Barrier	Integrity	..................................................................................................................................................................	97	
Confocal	Microscopy	...............................................................................................................................................................................	97	
Apparent	Permeability	..........................................................................................................................................................................	97	

4.3.	 RESULTS	..............................................................................................................................................................................	99	
4.3.1.	 Mechanisms	of	CoQ10	Uptake	Across	the	bEnd.3	BBB	.................................................................................	99	
Physiological	Conditions	.......................................................................................................................................................................	99	
Pathophysiological	Conditions	.........................................................................................................................................................	102	

4.3.2.	 Mechanisms	of	CoQ10	Efflux	Across	the	bEnd.3	BBB	..................................................................................	104	
Physiological	Conditions	.....................................................................................................................................................................	104	
Pathophysiological	Conditions	.........................................................................................................................................................	106	

4.3.3.	 Mechanisms	of	CoQ10	Transport	at	the	PBEC	BBB	......................................................................................	107	
4.3.4.	 Effect	of	CoQ10	Deficiency	on	the	PBEC	BBB	..................................................................................................	109	

4.4.	 DISCUSSION	.....................................................................................................................................................................	112	
5.	 CLINICALLY	RELEVANT	ANALOGUES	OF	COENZYME	Q10	...................................................................	118	
5.1.	 BACKGROUND	..................................................................................................................................................................	118	
5.2.	 MATERIALS	AND	METHODS	..........................................................................................................................................	123	
5.2.1.	 Materials	.......................................................................................................................................................................	123	
5.2.2.	 Methods	..........................................................................................................................................................................	124	
Coenzyme	Q10	Quantitation	...............................................................................................................................................................	124	
Idebenone	Quantitation	......................................................................................................................................................................	124	
Cell	Culture	...............................................................................................................................................................................................	126	
Inducing	Coenzyme	Q10	Deficiency	................................................................................................................................................	126	
Assessing	Barrier	Integrity	................................................................................................................................................................	126	
Apparent	Permeability	........................................................................................................................................................................	127	

5.3.	 RESULTS	...........................................................................................................................................................................	128	
5.3.1.	 Effects	of	Vitamin	E	on	CoQ10	BBB	Transport	...............................................................................................	128	
5.3.2.	 LC-MS/MS	Method	Development	........................................................................................................................	130	
5.3.3.	 Mechanisms	of	Idebenone	BBB	Transport	.....................................................................................................	132	

5.4.	 DISCUSSION	.....................................................................................................................................................................	134	
6.	 THE	NEUROLOGICAL	IMPLICATIONS	OF	STATIN	THERAPY	.............................................................	140	
6.1.	 BACKGROUND	..................................................................................................................................................................	140	
6.2.	 MATERIALS	AND	METHODS	..........................................................................................................................................	144	
6.2.1.	 Materials	.......................................................................................................................................................................	144	
6.2.2.	 Methods	..........................................................................................................................................................................	145	
Coenzyme	Q10	Quantitation	...............................................................................................................................................................	145	
Cell	Culture	...............................................................................................................................................................................................	145	
Inducing	Coenzyme	Q10	Deficiency	................................................................................................................................................	145	
Assessing	Barrier	Integrity	................................................................................................................................................................	146	
Apparent	Permeability	........................................................................................................................................................................	146	
In	Vivo	Studies	.........................................................................................................................................................................................	146	
MRCE	Activities	.......................................................................................................................................................................................	147	
Reduced	Glutathione	Quantitation	.................................................................................................................................................	148	

6.3.	 RESULTS	...........................................................................................................................................................................	149	
6.3.1.	 Effect	of	Statins	on	Physiological	BBB	.............................................................................................................	149	
6.3.2.	 Effect	of	Statins	on	the	Pathophysiological	BBB	.........................................................................................	151	
6.3.3.	 Investigations	in	vivo	...............................................................................................................................................	153	



	 	 		

	 	
xii	

6.4.	 DISCUSSION	.....................................................................................................................................................................	158	
7.	 CONCLUSIONS	AND	FUTURE	DIRECTION	................................................................................................	164	
REFERENCES	................................................................................................................................................................	171	
APPENDICES	................................................................................................................................................................	211	
APPENDIX	A	–	PBEC/ASTROCYTE	CO-CULTURE	TIMELINE	......................................................................................................	211	
APPENDIX	B	–	PCEL-X™	IN	SILICO	ASSESSMENT	OF	COQ10	APPARENT	PERMEABILITY	......................................................	212	
APPENDIX	C	–	COMPARATIVE	EFFECT	OF	VITAMIN	E	AND	TROLOX	.........................................................................................	213	

	

	 	



	 	 		

	 	
xiii	

List	of	Figures	and	Tables	
	
Figure	1:	The	 skeletal	 structures	of	CoQ10,	 vitamin	K2	and	vitamin	E,	highlighting	 the	
similarities	between	the	molecules.	..........................................................................................................	2	
Figure	 2:	 The	mitochondrial	 respiratory	 chain,	 a	 series	 of	 complexes	which	 undergo	
redox	reactions,	transferring	electrons	from	donor	to	acceptor	molecules,	and	generating	
a	transmembrane	proton	gradient	which	ultimately	drives	the	production	of	ATP	through	
complex	V.	.............................................................................................................................................................	3	
Figure	 3:	 Skeletal	 structure	 of	 CoQ10	 (oxidised)	 and	 CoQ10H2	 (reduced)	 with	 the	
isoprenoid	side	chain	shown	in	trans-configuration	as	is	found	in	vivo.	...................................	4	
Figure	4:	Schematic	for	the	biosynthesis	of	CoQ10	(adapted	from	27).,	highlighting	the	end-
point	 products	 that	 share	 the	 pathway.	A	 perturbation	 of	 this	 pathway	 could	 cause	 a	
wide-spread	 downstream	 effect,	 for	 example	 in	 response	 to	 inhibition	 of	 HMG-CoA	
reductase	by	statins.	.........................................................................................................................................	6	
Figure	5:	A)	Illustration	of	the	CNS	barriers;	1	BBB;	2	BCSFB;	and	3	Arachnoid	barrier	
(adapted	from	98).	B)	The	cerebral	blood	flow	in	relation	to	the	barriers	of	the	CNS	99.	.	16	
Figure	6:	Structure	of	BBB	tight	junctions	(adapted	from	101).	.................................................	19	
Figure	7:	The	transport	barrier	and	bidirectional	routes	across	the	BBB	101.	ABC,	ATP	
binding	 cassettes;	 SLC,	 solute	 carrier;	 RMT,	 receptor-mediated	 transcytosis;	 AMT,	
adsorptive-mediated	 transcytosis;	 Pgp,	 P-glycoprotein	 (ABCB1);	 BCRP,	 breast	 cancer	
resistance	protein	(ABCG2);	MRP,	multi-drug	resistance	protein	(ABCC1-5).	....................	22	
Figure	8:	The	neurovascular	unit	 (NVU)	 -	a	 finely	 tuned	collection	of	specialised	cells	
working	in	concert	to	ensure	vicinal	neurons	are	subject	to	optimal	conditions	100.	.......	24	
Figure	9:	Fully	confluent	bEnd.3	cells	after	six	days	of	growth.	 Images	were	captured	
using	a	Dino-Lite	AM4023X	eyepiece	camera	with	DinoXcope	software.	.............................	30	
Figure	10:	PBEC	cells	after	3	(top	left	image),	5	(top	right	image)	and	7	(bottom	image)	
days	of	growth.	Images	were	captured	using	a	Dino-Lite	AM4023X	eyepiece	camera	with	
DinoXcope	software.	......................................................................................................................................	34	
Figure	11:	Schematic	diagram	of	the	in	vitro	non-contact	co-culture	of	rat	astrocytes	with	
PBEC	cells	on	Transwell®	apparatus.	.....................................................................................................	35	
Figure	12:	Primary	rat	astrocytes	exhibiting	D3	stellate	morphology	at	80	%	confluence	
(left	image),	and	quiescence	at	100	%	confluence	(right	image).	Images	were	captured	
using	a	Dino-Lite	AM4023X	eyepiece	camera	with	DinoXcope	software.	.............................	38	
Figure	13:	Schematic	diagram	of	the	apparent	permeability	assay	for	assessing	apical-
to-basal	(blood-to-brain;	A	->	B)	and	basal-to-apical	(brain-to-blood;	B	->	A)	transport	of	
molecules	across	the	in	vitro	models	of	the	BBB.	.............................................................................	42	
Figure	14:	 The	 inhibitory	mechanism	of	 action	 of	para-aminobenzoic	 acid	 (pABA)	 in	
CoQ10	biosynthesis.	pABA	 inhibits	 the	CoQ10	biosynthetic	 step	 that	 is	mediated	by	 the	
Coq2p	enzyme.	.................................................................................................................................................	44	
Figure	15:	HPLC-UV	chromatogram	for	CoQ10,	CoQ9	and	the	in-house	internal	standard	
dipropoxy-CoQ10	(IS).	....................................................................................................................................	50	
Figure	16:	Serial	dilution	linearity	of	HPLC-UV	CoQ10	peak	area	vs.	CoQ10	concentration,	
reaching	a	lower	limit	of	detection	at	10	nmol/L.	............................................................................	50	
Figure	 17:	 LC-MS/MS	 CoQ10	 serial	 dilution	 linearity	 graph	 reaching	 a	 lower	 limit	 of	
detection	at	0.125	nmol/L	–	calibration	curves	were	derived	using	1/x	weighted	linear	
least-squares	 regression,	 as	 calculated	 by	 the	 Analyst®	 software	 package.	 Calibration	
curves	were	accepted	if	R2	≥	0.998.	........................................................................................................	53	
Figure	18:	bEnd.3	MRC	complex	I	activity	linearity.	......................................................................	56	



	 	 		

	 	
xiv	

Figure	19:	bEnd.3	MRC	complex	II-III	activity	linearity.	..............................................................	57	
Figure	20:	bEnd.3	MRC	complex	IV	activity	linearity.	...................................................................	58	
Figure	21:	bEnd.3	citrate	synthase	linearity.	....................................................................................	60	
Figure	22:	Lowry	total	protein	determination	–	Bovine	Serum	Albumin	(BSA)	linearity.
	.................................................................................................................................................................................	61	
Figure	23:	LC-MS/MS	CoQ10	chromatogram	of	the	top	calibrator,	500	nmol/L	CoQ10	(top	
chromatogram),	 with	 tuned	 MS	 scans	 of	 the	 CoQ10	 product	 ion	 (bottom	 left	 mass	
spectrum)	and	the	parent	ammonium	adduct	ion	(bottom	right	mass	spectrum)	in	ESI+	
mode.	....................................................................................................................................................................	69	
Figure	24:	The	effect	of	sample	injection	volume	on	analyte	signal	response	in	the	CoQ10	
LC-MS/MS	method.	For	both	conditions	(n	=	7).	Error	bars	represent	standard	error	of	
the	mean	(SEM).	..............................................................................................................................................	70	
Figure	25:	Assessment	of	ion	suppression	as	a	result	of	matrix	effects	in	the	CoQ10	LC-
MS/MS	method.	For	all	 conditions	 (n	=	4).	Error	bars	 represent	standard	error	of	 the	
mean	(SEM).	......................................................................................................................................................	71	
Figure	26:	Cross-validation	of	 the	LC-MS/MS	CoQ10	method	against	the	gold-standard	
HPLC-UV	 CoQ10	method	 in	 human	 skeletal	 muscle	 samples.	 A	 significant	 (p	 <	 0.001)	
correlation	of	results	is	shown	(top	graph),	with	a	case	of	proportional	error	highlighted	
by	a	Bland-Altmann	difference	analysis	(bottom	graph).	For	both	graphs	(n	=	29).	........	74	
Figure	 27:	 A	 graphical	 representation	 of	 the	 distribution	 of	 CoQ10	 in	 the	 major	
lipoprotein	fractions	of	untreated	(top	pie	chart)	and	supplemented	(10	µmol/L	CoQ10,	
45	minutes,	 bottom	pie	 chart)	 bovine	 plasma	derived	 serum.	 For	 both	 untreated	 and	
supplemented	conditions	(n	=	3).	VLDL,	very	low-density	lipoprotein;	LDL,	low-density	
lipoprotein;	HDL,	high-density	lipoprotein.	........................................................................................	76	
Figure	28:	CoQ10	MTT	cell	viability	assay	in	bEnd.3	cells	and	PBECs;	cells	were	treated	
with	CoQ10	for	60	minutes	in	‘50	%	Serum’	assay	buffer.	For	all	conditions	(n	=	6).	Error	
bars	represent	standard	error	of	the	mean	(SEM).	..........................................................................	77	
Figure	 29:	 The	 correlation	 between	 TEER	 and	 Lucifer	 Yellow	 apparent	 permeability	
(Papp)	in	bEnd.3	and	PBECs	(n	=	57).	......................................................................................................	78	
Figure	30:	 Comparison	between	 the	paracellular	permeability	 (Papp)	of	 the	PBEC	and	
bEnd.3-BBB	models	under	50	%	(v/v)	serum	(control)	assay	conditions.	Collagen/poly-
L-lysine-coated	Transwell®–insert	filter	(n	=	6),	bEnd.3	(n	=	14),	PBEC	(n	=	4).	Error	bars	
represent	standard	error	of	the	mean	(SEM).	....................................................................................	78	
Figure	31:	bEnd.3	pABA	MTT	cell	viability	assay;	cells	were	treated	with	pABA	for	5	days.
	.................................................................................................................................................................................	79	
Figure	 32:	 PBEC	 cells	 after	 5	 days	 growth;	 untreated	 PBECs	 (left	 image)	 and	 pABA	
treated	(1	mmol/L,	5	days)	PBECs	(right	image).	Images	were	captured	using	a	Dino-Lite	
AM4023X	eyepiece	camera	with	DinoXcope	software.	..................................................................	80	
Figure	33:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	cellular	CoQ10	content.	......	80	
Figure	34:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	cellular	CoQ10	content.	......	81	
Figure	 35:	 Effect	 of	 pABA	 treatment	 (1	 mmol/L,	 5	 days)	 on	 bEnd.3	 MRC	 complex	 I	
activity.	................................................................................................................................................................	82	
Figure	36:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	bEnd.3	MRC	complex	II-III	
activity.	................................................................................................................................................................	82	
Figure	37:	 Effect	 of	pABA	 treatment	 (1	mmol/L,	 5	days)	 on	bEnd.3	MRC	Complex	 IV	
activity.	................................................................................................................................................................	83	
Figure	38:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	citrate	synthase	activity	in	
bEnd.3	cells.	.......................................................................................................................................................	83	



	 	 		

	 	
xv	

Figure	39:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	paracellular	permeability	in	
bEnd.3	 cells.	 bEnd.3	 control	 (n	 =	 14),	 pABA	 bEnd.3	 (n	 =	 12).	 Error	 bars	 represent	
standard	error	of	the	mean	(SEM).	.........................................................................................................	84	
Figure	40:	The	effect	of	PBEC	co-culture	in	pABA	treated	(1	mmol/L,	5	days)	primary	rat	
astrocytes.	 Confluent	 co-cultured	 astrocytes	displaying	quiescence	 (left	 image)	 versus	
mono-cultured	 astrocytes	 displaying	 signs	 of	 cell	 death	 (right	 image).	 Images	 were	
captured	using	a	Dino-Lite	AM4023X	eyepiece	camera	with	DinoXcope	software.	..........	85	
Figure	 41:	 Skeletal	 structures	 of	 the	 HPLC-UV	 dipropoxy-CoQ10	 internal	 standard,	
including	 the	 reaction	 scheme	 from	 CoQ10,	 and	 the	 commercially	 certified	 LC-MS/MS	
stable-isotope	labelled	internal	standard,		CoQ10-[2H9].	................................................................	86	
Figure	 42:	 (Table	 -	 top)	 comparative	 homology	 of	 ApoB	 across	 four	 species.	 The	
comparisons	are	expressed	as	percentage	homology	between	pairs	of	sequences.	Left	of	
the	hyphen	is	the	complete	ApoB	protein,	right	of	hyphen	is	the	binding	region	to	the	LDL	
receptor.	..............................................................................................................................................................	89	
Figure	43:	Proposed	model	of	stimulated	lactate	production	in	astrocytes	by	nitric	oxide	
(NO)	released	from	endothelial	cells.	NO	stabilises	hypoxia-inducible	factor	1α	(HIF-1α)	
in	 astrocytes	 leading	 to	 an	 increased	 expression	 of	 key	 glycolytic	 enzymes	 and	
glucose/lactate	 transporters.	 Glucose	 uptake	 from	 arterial	 supply	 is	 increased	 in	
astrocytes	via	glucose	 transporter	1	 (GLUT1),	 lactate	production	 is	 increased	 through	
enhanced	 glycolysis	 and	 export	 of	 lactate	 from	 astrocytes	 involves	 monocarboxylate	
transporter	4	(MCT4)	269.	............................................................................................................................	92	
Figure	44:	The	proposed	mechanisms	for	investigation	in	the	receptor-mediated	uptake	
of	CoQ10	into	the	brain.	Yellow	spheres	represent	lipoprotein-associated	CoQ10.	.............	99	
Figure	45:	Effect	of	uptake	inhibitors	on	CoQ10,	blood-to-brain,	apparent	permeability	in	
the	bEnd.3	BBB.	bEnd.3	control	(n	=	12),	RAGE	inhibitor	(FPS-ZM1;	n	=	4),	SR-B1	inhibitor	
(BLT-1;	n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	...........................	100	
Figure	46:	Effect	of	uptake	inhibitors	on	CoQ10,	brain-to-blood,	apparent	permeability	in	
the	bEnd.3	BBB.	............................................................................................................................................	100	
Figure	47:	Net	effect	of	uptake	inhibitors	on	CoQ10	apparent	permeability	in	the	bEnd.3	
BBB.	....................................................................................................................................................................	101	
Figure	48:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	CoQ10	apparent	permeability	
in	the	bEnd.3	BBB.	bEnd.3	control;	A->B	(n	=	12),	B->A	(n	=	9).	pABA	treated	control;	A-
>B	(n	=	9),	B->A	(n	=	9).	Error	bars	represent	standard	error	of	the	mean	(SEM).	........	102	
Figure	 49:	 Net	 effect	 of	 pABA	 treatment	 (1	 mmol/L,	 5	 days)	 on	 CoQ10	 apparent	
permeability	in	the	bEnd.3	BBB.	bEnd.3	control	(df	=	19),	pABA	treated	control	(df	=	16,	
p	<	0.001).	Error	bars	represent	standard	error	of	the	mean	(SEM).	...................................	102	
Figure	50:	Net	effect	of	pABA	treatment	(1	mmol/L,	5	days)	and	uptake	inhibitors	on	
CoQ10	apparent	permeability	in	the	bEnd.3	BBB.	Control;	bEnd.3	(df	=	19),	pABA	treated	
(df	=	16).	RAGE	inhibitor	(FPS-ZM1);	bEnd.3	(df	=	7),	pABA	treated	(df	=	9,	p	<	0.001).	SR-
B1	 inhibitor	 (BLT-1);	 bEnd.3	 (df	 =	 7),	 pABA	 treated	 (df	 =	 8).	 Error	 bars	 represent	
standard	error	of	the	mean	(SEM).	......................................................................................................	103	
Figure	51:	The	proposed	mechanisms	for	investigation	in	the	receptor-mediated	efflux	
of	CoQ10	into	the	blood.	Yellow	spheres	represent	lipoprotein-associated	CoQ10.	.........	104	
Figure	52:	Effect	of	efflux	inhibitors	on	CoQ10,	blood-to-brain,	apparent	permeability	in	
the	bEnd.3	BBB.	............................................................................................................................................	104	
Figure	53:	Effect	of	efflux	inhibitors	on	CoQ10,	brain-to-blood,	apparent	permeability	in	
the	bEnd.3	BBB.	bEnd.3	control	(n	=	9),	P-gp	inhibitor	(Verapamil;	n	=	4),	LRP-1	inhibitor	
(RAP;	n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	...............................	105	



	 	 		

	 	
xvi	

Figure	54:	Net	effect	of	efflux	inhibitors	on	CoQ10	apparent	permeability	in	the	bEnd.3	
BBB.	....................................................................................................................................................................	105	
Figure	55:	Net	 effect	 of	pABA	 treatment	 (1	mmol/L,	 5	 days)	 and	 efflux	 inhibitors	 on	
CoQ10	apparent	permeability	in	the	bEnd.3	BBB.	Control;	bEnd.3	(df	=	19),	pABA	treated	
(df	 =	 16).	 P-gp	 inhibitor	 (Verapamil);	 bEnd.3	 (df	 =	 7),	 pABA	 treated	 (df	 =	 7).	 LRP-1	
inhibitor	(RAP);	bEnd.3	(df	=	7),	pABA	treated	(df	=	7).	Error	bars	represent	standard	
error	of	the	mean	(SEM).	..........................................................................................................................	106	
Figure	56:	Effect	of	inhibitors	on	CoQ10	apparent	permeability	in	the	PBEC	BBB.	.......	107	
Figure	57:	Effect	of	inhibitors	on	FITC-40	apparent	permeability	in	the	PBEC	BBB.	...	107	
Figure	58:	Effect	of	transport	inhibitors	on	TEER	in	the	PBEC	BBB.	...................................	108	
Figure	59:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	TEER	in	the	PBEC	BBB.	..	109	
Figure	 60:	 Immunofluorescent	 confocal	 images	 of	 the	 PBEC	 BBB.	 Left	 image;	 PBEC	
control.	Right	image;	pABA	treated	(1	mmol/L,	5	days)	PBECs.	Alexa	Fluor®	488	(green)	
represents	the	tight-junction	protein	claudin-5.	DAPI	(blue)	highlights	the	nuclei.	......	109	
Figure	 61:	 Effect	 of	 pABA	 treatment	 (1	 mmol/L,	 5	 days)	 on	 FITC-40	 apparent	
permeability	in	the	PBEC	BBB.	A	->	B;	PBEC	control	(n	=	4),	pABA	PBEC	(n	=	3,	p	<	0.05).	
B	->	A;	PBEC	control	(n	=	4),	pABA	PBEC	(n	=	3,	p	<	0.05).	Error	bars	represent	standard	
error	of	the	mean	(SEM).	..........................................................................................................................	110	
Figure	62:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	CoQ10	apparent	permeability	
in	the	PBEC	BBB.	A	->	B;	PBEC	control	(n	=	4),	pABA	PBEC	(n	=	3,	p	<	0.001).	B	->	A;	PBEC	
control	(n	=	3),	pABA	PBEC	(n	=	3,	p	<	0.01).	Error	bars	represent	standard	error	of	the	
mean	(SEM).	...................................................................................................................................................	110	
Figure	 63:	 Net	 effect	 of	 pABA	 treatment	 (1	 mmol/L,	 5	 days)	 on	 CoQ10	 apparent	
permeability	in	the	PBEC	BBB.	PBEC	control	(df	=	6),	pABA	PBEC	(df	=	4,	p	<	0.001).	Error	
bars	represent	standard	error	of	the	mean	(SEM).	.......................................................................	111	
Figure	64:	A	summary	of	the	findings	from	investigations	into	the	mechanisms	governing	
CoQ10	uptake	and	efflux	at	the	BBB.	The	RAGE	receptor	was	confirmed	in	both	the	bEnd.3	
and	PBEC	BBB	models	as	a	mode	of	uptake,	similarly	the	LRP-1	was	confirmed	as	a	mode	
of	efflux.	The	SR-B1	receptor	was	implicated	as	a	mode	of	uptake	in	the	bEnd.3	model	and	
the	 investigations	 into	 P-gp	were	 inconclusive.	 Yellow	 spheres	 represent	 lipoprotein-
associated	CoQ10.	..........................................................................................................................................	116	
Figure	65:	Skeletal	 structures	and	associated	physicochemical	properties	of	 the	main	
synthetic	analogues	of	CoQ10.	.................................................................................................................	119	
Figure	66:	LC-MS/MS	idebenone	serial	dilution	linearity	graph	reaching	a	lower	limit	of	
detection	at	0.5	nmol/L	–	calibration	curves	were	derived	using	1/x	weighted	linear	least-
squares	regression,	as	calculated	by	the	Analyst®	software	package.	Calibration	curves	
were	accepted	if	R2	≥	0.998.	....................................................................................................................	125	
Figure	67:	Effect	of	co-administered	vitamin	E	(50	µmol/L)	on	TEER	in	the	PBEC	BBB.
	..............................................................................................................................................................................	128	
Figure	 68:	 Effect	 of	 co-administered	 vitamin	 E	 (50	 µmol/L)	 on	 FITC-40	 apparent	
permeability	in	the	PBEC	BBB.	A	->	B;	PBEC	control	(n	=	4),	vitamin	E	treated	PBEC	(n	=	
4).	B	->	A;	PBEC	control	(n	=	4),	vitamin	E	treated	PBEC	(n	=	4).	Error	bars	represent	
standard	error	of	the	mean	(SEM).	......................................................................................................	128	
Figure	 69:	 Net	 effect	 of	 co-administered	 vitamin	 E	 (50	 µmol/L)	 on	 CoQ10	 apparent	
permeability	in	the	PBEC	BBB.	PBEC	control	(df	=	6),	vitamin	E	treated	PBEC	(df	=	6,	p	<	
0.05).	Error	bars	represent	standard	error	of	the	mean	(SEM).	.............................................	129	
Figure	 70:	 Net	 effect	 of	 co-administered	 vitamin	 E	 (50	 µmol/L)	 on	 CoQ10	 apparent	
permeability	 in	the	PBEC	BBB.	PBEC	control	(df	=	6),	vitamin	E	treated	PBEC	(df	=	6).	



	 	 		

	 	
xvii	

pABA	PBEC	control	(df	=	4),	pABA	vitamin	E	treated	PBEC	(df	=	6).	Error	bars	represent	
standard	error	of	the	mean	(SEM).	......................................................................................................	129	
Figure	 71:	 LC-MS/MS	 idebenone	 chromatogram	 of	 the	 top	 calibrator,	 500	 nmol/L	
idebenone	 (top	 chromatogram),	 with	 tuned	 MS	 scans	 of	 the	 idebenone	 product	 ion	
(bottom	left	mass	spectrum)	and	the	parent	ion	(bottom	right	mass	spectrum)	in	ESI+	
mode.	.................................................................................................................................................................	130	
Figure	72:	Idebenone	apparent	permeability	in	the	bEnd.3	BBB.	........................................	132	
Figure	73:	Idebenone	apparent	permeability	in	the	PBEC	BBB.	...........................................	133	
Figure	74:	An	overall	comparative	summary	of	the	mechanisms	of	transport	for	CoQ10	
and	 idebenone	 across	 the	BBB,	 as	 established	 from	 findings	 in	 this	 study.	 CoQ10	 BBB	
transport	 is	 mediated	 by	 specific	 uptake	 (RAGE	 and	 SR-B1)	 and	 efflux	 (LRP-1)	
transporters	 of	 the	 BBB	 and	 is	 dependent	 upon	 lipoprotein	 interactions,	 whereas	
idebenone	appears	 to	passively	diffuse	bidirectionally	across	 the	BBB.	Yellow	spheres	
represent	lipoprotein-associated	CoQ10	and	purple	spheres	represent	idebenone.	......	138	
Figure	 75:	 The	 mevalonate	 synthetic	 pathway,	 common	 in	 the	 biosynthesis	 of	
cholesterol,	 coenzyme	Q10	 and	 dolichol.	 Statins	 competitively	 inhibit	 the	 reduction	 of		
HMG-CoA	 to	 mevalonate,	 the	 rate	 determining	 step	 of	 the	 pathway.	 FFP,	 farnesyl	
pyrophosphate;	HMG-CoA,	3-hydroxy-3-methyl-glutaryl-coA.	...............................................	141	
Figure	76:	Limits	of	linearity	for	the	reduced	glutathione	(GSH)	assay.	............................	148	
Figure	77:	Effect	of	simvastatin	treatment	(0.1	μmol/L,	3	days)	on	TEER	in	the	PBEC	BBB.
	..............................................................................................................................................................................	149	
Figure	78:	 Effect	 of	 simvastatin	 treatment	 (0.1	μmol/L,	 3	days)	 on	FITC-40	apparent	
permeability	at	the	PBEC	BBB.	PBEC	control	(n	=	4),	PBEC	statin-treated	(n	=	6).	Error	
bars	represent	standard	error	of	the	mean	(SEM).	.......................................................................	150	
Figure	 79:	 Effect	 of	 simvastatin	 treatment	 (0.1	 μmol/L,	 3	 days)	 on	 CoQ10	 apparent	
permeability	at	the	PBEC	and	bEnd.3	BBB.	PBEC	control	(n	=	4),	PBEC	statin-treated	(n	=	
6),	bEnd.3	control	(n	=	7),	bEnd.3	statin-treated	(n	=	6).	Error	bars	represent	standard	
error	of	the	mean	(SEM).	..........................................................................................................................	150	
Figure	 80:	 Effect	 of	 simvastatin	 (0.1	 μmol/L,	 3	 days)	 and	 pABA	 (1	mmol/L,	 5	 days)	
treatment	on	TEER	in	the	PBEC	BBB.	PBEC	control	(n	=	4),	pABA	PBEC	control	(n	=	3,	p	<	
0.05),	PBEC	statin-treated	(n	=	6),	pABA	PBEC	statin-treated	(n	=	5,	p	<	0.01).	Error	bars	
represent	standard	error	of	the	mean	(SEM).	.................................................................................	151	
Figure	 81:	Effect	 of	 simvastatin	 (0.1	 μmol/L,	 3	 days)	 and	 pABA	 (1	mmol/L,	 5	 days)	
treatment	on	CoQ10	apparent	permeability	in	the	PBEC	BBB.	PBEC	control	(n	=	4),	pABA	
PBEC	control	(n	=	3),	PBEC	statin-treated	(n	=	6),	pABA	PBEC	statin-treated	(n	=	5).	Error	
bars	represent	standard	error	of	the	mean	(SEM).	.......................................................................	152	
Figure	 82:	 The	 effect	 of	 oral	 simvastatin	 (1	 g/kg	 food)	 and	 CoQ10	 (400	mg/kg	 food)	
treatment	(7	days)	on	cerebral	CoQ9	content	in	rat.	For	both	conditions	(n	=	5).	Error	bars	
represent	standard	error	of	the	mean	(SEM).	.................................................................................	153	
Figure	 83:	The	 effect	 of	 oral	 simvastatin	 (1	 g/kg	 food)	 and	 CoQ10	 (400	mg/kg	 food)	
treatment	(7	days)	on	cerebral	CoQ10	content	in	rat.	For	both	conditions	(n	=	5).	Control	
vs.	CoQ10-treated	rats	(p	<	0.05).	Error	bars	represent	standard	error	of	the	mean	(SEM).
	..............................................................................................................................................................................	153	
Figure	 84:	 The	 effect	 of	 oral	 simvastatin	 (1	 g/kg	 food)	 and	 CoQ10	 (400	mg/kg	 food)	
treatment	(7	days)	on	cerebral	MRC	complex	I	activity	in	rat.	For	all	conditions	(n	=	5).	
Control	vs.	statin-treated	rats	(p	<	0.05).	Error	bars	represent	standard	error	of	the	mean	
(SEM).	................................................................................................................................................................	154	



	 	 		

	 	
xviii	

Figure	 85:	 The	 effect	 of	 oral	 simvastatin	 (1	 g/kg	 food)	 and	 CoQ10	 (400	mg/kg	 food)	
treatment	(7	days)	on	cerebral	MRC	complex	II-III	activity	in	rat.	For	all	conditions	(n	=	
5).	Error	bars	represent	standard	error	of	the	mean	(SEM).	...................................................	154	
Figure	 86:	 The	 effect	 of	 oral	 simvastatin	 (1	 g/kg	 food)	 and	 CoQ10	 (400	mg/kg	 food)	
treatment	(7	days)	on	cerebral	MRC	complex	IV	activity	in	rat.	For	all	conditions	(n	=	5).	
Error	bars	represent	standard	error	of	the	mean	(SEM).	..........................................................	155	
Figure	 87:	 The	 effect	 of	 oral	 simvastatin	 (1	 g/kg	 food)	 and	 CoQ10	 (400	mg/kg	 food)	
treatment	(7	days)	on	cerebral	citrate	synthase	activity	in	rat.	For	all	conditions	(n	=	5).	
Control	vs.	statin-treated	rats	(p	<	0.05).	Error	bars	represent	standard	error	of	the	mean	
(SEM).	................................................................................................................................................................	155	
Figure	 88:	 The	 effect	 of	 oral	 simvastatin	 (1	 g/kg	 food)	 and	 CoQ10	 (400	mg/kg	 food)	
treatment	(7	days)	on	cerebral	reduced	glutathione	levels	in	rat.	For	all	conditions	(n	=	
5).	Error	bars	represent	standard	error	of	the	mean	(SEM).	...................................................	156	
Figure	89:	 Food	 consumption	by	 rats	 across	 the	duration	of	 the	 treatment	period	 (7	
days).	For	all	conditions	(n	=	5).	Values	represent	the	cumulative	consumption	of	food	by	
5	rats,	per	treatment	condition.	.............................................................................................................	157	
Figure	90:	Weight	change	by	rats	across	the	duration	of	the	treatment	period	(7	days).	
For	all	conditions	(n	=	5).	Control	vs.	statin-treated	(p	<	0.001),	control	vs.	statin	plus	
CoQ10-treated	(p	<	0.01).	Error	bars	represent	standard	error	of	the	mean	(SEM).	......	157	
Figure	91:	Timeline	for	the	non-contact	(NC)	co-culture	of	primary	PBECs	with	primary	
rat	astrocytes.	Additional	treatments	are	highlighted	in	red.	Both	pABA	and	simvastatin	
were	added	directly	to	culture	medium	and	in	subsequent	feeds.	1	vial	of	PBECs	is	split	
into	2	x	T-75	flasks,	which	are	in	turn	seeded	into	~	12-Tanswell®-inserts.	i.e.	1	vial	≈	1	x	
12-well	plate.	.................................................................................................................................................	211	
Figure	92:	 in	 silico	pCEL-XTM	analysis	of	 the	 limiting	 factors	 that	may	 influence	CoQ10	
apparent	permeability;	 output	 suggests	 that	 the	 aqueous	boundary	 layer	 (ABL)	 is	 the	
most	prominent	limiting	factor	for	the	permeability	of	‘free’	CoQ10,	with	the	Transwell®	
filter	showing	a	small	degree	of	hindrance	at	a	ratio	of	4:1	respectively.	pH	showed	no	
effect	on	CoQ10	apparent	permeability.	..............................................................................................	212	
Figure	93:	Net	effect	of	co-administered	vitamin	E	(50	µmol/L)	or	trolox	(50	µmol/L)	on	
CoQ10	 apparent	 permeability	 in	 the	 bEnd.3	BBB.	 bEnd.3	 controls	 (df	 =	 11),	 vitamin	E	
treated	bEnd.3	(df	=	11),	trolox	treated	bEnd.3	(df	=	9).	pABA	bEnd.3	controls	(df	=	11),	
vitamin	E	treated	pABA	bEnd.3	(df	=	13),	trolox	treated	pABA	bEnd.3	(df	=	9).	Error	bars	
represent	standard	error	of	the	mean	(SEM).	.................................................................................	213	
	

Table	 1:	 Human	 genes	 encoding	 the	 Coq	 proteins	 that	 are	 responsible	 for	 CoQ10	
biosynthesis	in	mammals.	..............................................................................................................................	7	
Table	2:	Summary	of	CoQ10	status	in	different	tissues	of	the	human	body	43,	44.	The	brain	
shows	relatively	low	levels	of	total	CoQ10,	which	predominantly	exists	as	CoQ10	(ox),	due	
to	high	levels	of	oxidative	stress	associated	with	the	tissue.	..........................................................	8	
Table	 3:	 Primary	 CoQ10	 deficiencies	 –	 an	 overview	 of	 the	 clinical	 phenotypes	 and	
associated	 defects	 in	 genes	 encoding	 the	 Coq	 proteins	 that	 are	 responsible	 for	 CoQ10	
biosynthesis	11.	.................................................................................................................................................	12	
Table	4:	Molecular	composition	of	the	CSF	in	relation	to	the	plasma	(adapted	from	101).
	.................................................................................................................................................................................	18	
Table	5:	Components	of	the	physical	barrier	and	their	function	113.	......................................	20	
Table	6:	Composition	of	assay	buffers	used	in	apparent	permeability	studies.	Condition	
A	is	the	acceptor	buffer	and	conditions	B	and	C	are	the	donor	buffers.	The	serum	used	in	
bEnd.3	investigations	was	FBS	and	for	PBECs	it	was	BPDS.	........................................................	68	



	 	 		

	 	
xix	

Table	 7:	A	 comparison	 of	 performance	 parameters	 for	 the	 LC-MS/MS	 and	 HPLC-UV	
CoQ10	methods.	................................................................................................................................................	72	
Table	8:	A	summary	of	the	validation	metrics	for	the	LC-MS/MS	CoQ10	method.	............	72	
Table	 9:	 A	 comparative	 summary	 of	 the	 major	 lipoproteins	 and	 their	 physical	
parameters	246.	VLDL,	very	low-density	lipoprotein;	LDL,	low-density	lipoprotein;	HDL,	
high-density	lipoprotein.	.............................................................................................................................	93	
Table	10:	Composition	of	assay	buffers	used	in	apparent	permeability	studies.	Condition	
A	is	the	acceptor	buffer	and	conditions	B	–	F	are	donor	buffers.	B;	CoQ10	control.	C;	LRP-
1	inhibitor	(RAP)	325.	D;	RAGE	inhibitor	(FPS-ZM1)	326.	E;	P-gp	inhibitor	(Verapamil)	327.	
F;	SR-B1	inhibitor	(BLT-1)	328.	The	serum	used	in	bEnd.3	investigations	was	FBS,	and	for	
PBECs	it	was	BPDS.	........................................................................................................................................	98	
Table	11:	Composition	of	assay	buffers	used	in	apparent	permeability	studies.	Condition	
A	is	the	acceptor	buffer	and	conditions	B–E	are	donor	buffers.	The	serum	used	in	bEnd.3	
investigations	was	FBS	and	for	PBECs	it	was	BPDS.	.....................................................................	127	
Table	12:	A	summary	of	performance	parameters	for	the	LC-MS/MS	idebenone	method.
	..............................................................................................................................................................................	131	
Table	13:	Composition	of	assay	buffers	used	in	apparent	permeability	studies.	Condition	
A	is	the	acceptor	buffer	and	conditions	B	is	the	donor	buffer.	The	serum	used	in	bEnd.3	
investigations	was	FBS	and	for	PBECs	it	was	BPDS.	.....................................................................	146	
Table	14:	A	summary	of	the	treatment	groups	for	the	in	vivo	investigation	of	simvastatin	
and	CoQ10	effects	in	rat	brain.	For	each	treatment	group	(n	=	5).	..........................................	147	



	 	 		

	 	
1	

1. General	Introduction	
	

1.1. Coenzyme	Q10	
	

Formerly	recognised	as	the	‘275	mμ	absorbing	substance’	at	the	start	of	World	War	II	1,	

it	 wasn’t	 until	 the	 1950s	 that	 ‘quinone,	 Q-275’	 was	 isolated	 and	 characterised	

independently	in	the	UK	and	USA	by	Festenstein	et	al.	2,	studying	fat-soluble	vitamins	at	

the	 University	 of	 Liverpool,	 and	 Crane	 et	 al.	 3,	 studying	 enzymatic	 processes	 of	 the	

mitochondrial	respiratory	chain	(MRC)	at	the	University	of	Wisconsin–Madison	Enzyme	

Institute.	 Following	 its	 discovery,	Wolf	 et	 al.	 4	 determined	 the	 complex	 structure	 and	

proposed	a	chemical	synthesis	for	‘coenzyme	Q10’	at	Merck	&	Co.	Inc.,	New	Jersey,	USA.		

During	the	1960s	Ernster	et	al.	5	substantiated	the	obligatory	role	of	CoQ10	in	the	MRC	by	

studying	 the	 interaction	 of	 succinate	 dehydrogenase,	 NADH	 dehydrogenase	 and	

Cytochrome	b.		

However,	arguably,	the	most	pioneering	breakthrough	came	from	the	seminal	work	of	

Peter	Mitchell.	He	received	The	Nobel	Prize	in	Chemistry	1978	"for	his	contribution	to	the	

understanding	of	biological	energy	transfer	through	the	formulation	of	the	chemiosmotic	

theory"	 6.	 Mitchell	 revolutionised	 the	 concept	 of	 oxidative	 phosphorylation	 and	 the	

generally	 accepted	 phenomenon	 of	 the	 protonmotive	 Q	 cycle	 was	 introduced.	 This	

described	the	fundamental	role	of	CoQ10	in	the	cyclic	electron	transfer	pathway	through	

complex	III	involving	ubisemiquinone	7-9.		

Ubiquinone	 became	 the	 ‘official'	 name	 of	 the	 compound,	 established	 in	 1975	 by	 the	

IUPAC-IUB	Commission	on	Biochemical	Nomenclature	10.		

	

1.1.1. Function	of	Coenzyme	Q10	
	

Coenzyme	Q	(CoQ)	is	a	naturally	occurring	compound	with	properties	similar	to	vitamins.	

Due	 to	 its	 ubiquitous	 distribution	 in	 nature,	 CoQ	 is	 also	 known	 as	 ubiquinone.	 CoQ	

belongs	to	a	homologous	series	of	compounds.	Each	share	a	common	benzoquinone	core	
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with	 differing	 lengths	 of	 the	 repeating	 isoprenoid	 side	 chain.	 In	 humans,	 and	 higher	

mammalian	species,	the	side	chain	is	comprised	of	10	isoprenoid	units	(Figure	1),	hence,	

it	is	called	CoQ10.		

CoQ10	 has	 a	 similar	 chemical	 structure	 to	 vitamin	 K	 and	 shares	 some	 biochemical	

characteristics	with	vitamin	E	(α-toc).	It	 is	not	considered	a	vitamin	due	to	its	de	novo	

biosynthesis	in	virtually	all	cells	of	the	body	11,	12.	The	rate	of	CoQ10	de	novo	biosynthesis	

reaches	a	peak	at	the	age	of	20	years	for	most	tissues	in	the	body	after	which	it	declines,	

with	the	rate	accelerating	from	the	age	of	40	years	13.	

	

	
	
Figure	1:	The	skeletal	structures	of	CoQ10,	vitamin	K2	and	vitamin	E,	highlighting	the	similarities	between	

the	molecules.	

	

CoQ10	has	a	fundamental	role	in	cellular	bioenergetics	(Figure	2).	It	is	a	cofactor	in	the	

MRC	 where	 it	 shuttles	 electrons	 from	 complex	 I	 (NADH:	 ubiquinone	 reductase;	 EC	

1.6.5.3)	 and	 complex	 II	 (succinate:	 ubiquinone	 reductase;	 EC	 1.3.5.1)	 to	 complex	 III	

(ubiquinol:	 cytochrome	 c	 reductase;	 EC	 1.10.2.2).	 It	 is,	 therefore,	 essential	 for	 the	

production	of	ATP	14,	15.		
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Figure	2:	The	mitochondrial	respiratory	chain,	a	series	of	complexes	which	undergo	redox	reactions,	

transferring	electrons	from	donor	to	acceptor	molecules,	and	generating	a	transmembrane	proton	

gradient	which	ultimately	drives	the	production	of	ATP	through	complex	V.		

Complex	I	oxidizes	NADH,	the	product	of	glycolysis,	the	citric	acid	cycle	and	fatty	acid	oxidation.	Electrons	

are	transferred	via	the	flavoprotein	FMN	and	an	Fe-S	cluster	to	CoQ10	which	is	reduced.	Complex	II	

oxidizes	succinate	directly	from	the	citric	acid	cycle.	Electrons	are	transferred	via	the	flavoprotein	FAD	

and	an	Fe-S	cluster	to	CoQ10.	Reduced	CoQ10	(ubiquinol)	from	complexes	I	and	II	is	the	substrate	for	

complex	III,	also	known	as	the	cytochrome	bc1	complex.	Ubiquinol	is	re-oxidized	to	CoQ10	and	electrons	

are	transferred	via	cytochrome	b,	c1,	an	Fe-S	cluster	and	the	‘Q	cycle’	to	the	water-soluble	enzyme	

cytochrome	c	which	transfers	the	electrons	to	complex	IV.		(Adapted	from	16).	

	

In	addition	 to	existing	as	discrete	entities,	 recent	studies	have	 indicated	 that	 the	MRC	

enzymes	 can	 also	 exist	 as	 supercomplexes	within	 the	 inner	mitochondrial	membrane	

consisting	of	aggregates	of	complexes	I,	III	and	IV,	complexes	I	and	III,	and	complexes	III	

and	IV	17.	CoQ10	is	thought	be	an	essential	component	of	the	functional	superassembly	of	

these	structures	in	the	so-called	‘respirasome’	18,	which	serves	to	improve	efficiency	and	

prevent	 electron	 leakage	 to	 oxygen	 that	 results	 in	 the	 production	 of	 reactive	 oxygen	

species,	and	some	authors	suggest	CoQ10	redox	status	acts	as	a	metabolic	sensor	that	fine-

tunes	the	respirasome	configuration	in	order	to	match	the	prevailing	substrate	profile,	

be	that	NAD-	or	FAD-dependent	19.	

Interestingly,	vitamin	K2	has	also	been	shown	to	behave	as	a	mitochondrial	membrane	

bound	electron	carrier	in	bacteria,	presumably	as	a	result	of	the	considerable	likeness	to	
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CoQ10,	as	predicted	by	Crane	et	al.	20	and	later	corroborated	by	Vos	et	al.	21.	However,	it	is	

unknown	if	this	remains	true	for	higher	organisms.	

Importantly,	 the	 redox	 functions	of	CoQ10	extend	beyond	 its	 role	 in	 the	mitochondria,	

since	 it	 also	 serves	 as	 an	 electron	 acceptor	 for	 glycerol-3-phosphate,	 dihydroorotate,	

choline,	sarcosine,	sulfide	and	several	amino	acids	and	fatty	acylCoA	dehydrogenases	11,	

22.	

	

	
	

Figure	3:	Skeletal	structure	of	CoQ10	(oxidised)	and	CoQ10H2	(reduced)	with	the	isoprenoid	side	chain	

shown	in	trans-configuration	as	is	found	in	vivo.	

	

In	its	fully-reduced	form,	CoQ10H2,	often	referred	to	as	ubiquinol,	 is	a	potent	lipophilic	

antioxidant	 (Figure	 3)	 23.	 As	 well	 as	 protecting	 plasma	 membranes	 from	 oxidative	

damage,	CoQ10H2	is	capable	of	recycling	and	regenerating	other	antioxidants	such	as	α-

toc	and	ascorbate	24.	Effective	enzymatic	systems	work	continuously	to	maintain	CoQ10	

in	 its	 active	 reduced	 form.	Other	 important	 functions	 of	 CoQ10	 include	 cell	 signalling,	
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activation	 of	 mitochondrial	 uncoupling	 proteins,	 regulation	 of	 the	 mitochondrial	

permeability	transition	pore	and	gene	expression	25-27.	

	

1.1.2. Biosynthesis	of	Coenzyme	Q10	
	

Knowledge	of	the	biochemical	pathway	responsible	for	CoQ10	biosynthesis	(Figure	4)	is	

yet	to	be	fully	characterised.	To	date	most	investigations	have	focused	on	bacteria	and	

yeast	28-30.	Relatively	few	have	probed	the	pathway	in	mammals.		

	

The	precursor	for	the	benzoquinone	core	in	mammals,	4-hydroxybenzoic	acid,	is	derived	

from	 tyrosine	 or	 phenylalanine	 in	 a	 cascade	 of	 uncharacterised	 reactions.	 Generally	

present	 in	 excess,	4-hydroxybenzoic	 acid	undergoes	a	 condensation	 reaction	with	 the	

long	isoprenoid	side	chain	that	is	derived	from	acetyl-CoA.	

The	well-established	mevalonate	pathway	is	the	route	of	biosynthesis	for	the	isoprenoid	

side	 chain.	This	 comprises	 the	 reactions	 starting	 from	acetyl-CoA	 to	produce	 farnesyl	

pyrophosphate	 (FPP),	 for	 which	 HMG-CoA	 reductase	 is	 considered	 to	 be	 the	 central	

regulatory	enzyme.	Condensation	of	the	two	components	is	catalyzed	by	polyprenyl-4-

hydroxybenzoate	 transferase.	Given	 that	4-hydroxybenzoic	acid	 is	generally	 in	excess,	

the	rate	of	this	reaction	is	determined	by	the	availability	of	the	polyisoprenoid	side	chain	
11,	27.		

Following	condensation,	the	benzoquinone	core	is	iteratively	modified	by	a	sequence	of	

C-hydroxylation,	 decarboxylation,	 O-methylation	 and	 C-methylation	 reactions.	

Mechanisms	for	these	reactions	have	been	examined	primarily	in	bacteria	and	yeast,	with	

the	 functions	 of	 several	 corresponding	 mammalian	 genes	 having	 been	 established	

through	complementary	recognition	in	yeast	31.	Incomplete	details	of	CoQ10	biosynthesis	

in	 mammalian	 tissues	 is	 due	 to	 the	 difficulty	 associated	 with	 isolating	 the	 enzymes	

involved.		

The	terminal	steps	in	CoQ10	biosynthesis	are	thought	to	be	rate	limiting	for	the	process	

in	eukaryotes	and	take	place	in	the	mitochondrial	matrix,	governed	by	Coq	biosynthetic	

proteins	(Table	1)	32.	In	yeast,	Coq	proteins	assemble	in	a	multi-subunit	complex	and	the	

presence	of	all	its	components	are	required	for	stability,		33.	This	complex	also	seems	to	
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be	present	in	mammalian	cells	34,	however,	the	exact	composition	and	organisation	of	this	

complex	is	not	yet	clear.	

	

	
	

Figure	4:	Schematic	for	the	biosynthesis	of	CoQ10	(adapted	from	27).,	highlighting	the	end-point	products	

that	share	the	pathway.	A	perturbation	of	this	pathway	could	cause	a	wide-spread	downstream	effect,	for	

example	in	response	to	inhibition	of	HMG-CoA	reductase	by	statins.		
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Table	1:	Human	genes	encoding	the	Coq	proteins	that	are	responsible	for	CoQ10	biosynthesis	in	

mammals.	

	

Gene	

Homo	Sapiens	
Function	

Number	of	Families	

w/Coenzyme	Q10	Deficiency	

Attributed	to	Mutation	of	This	

Gene	35	

Enzymes	

PDSS1/(COQ1A)	

PDSS2/(COQ1B)	

COQ2	

COQ3	

COQ5	

COQ6	

COQ7	

FDX1L	

FDXR	

	

Prenyl	diphosphate-

synthase	

Prenyltransferase	

O-methyltransferase	

C-methyltransferase	

Mono-oxygenase	

Hydroxylase	

Electron	transfer	to-

COQ6	

	

2	

2	

10	

-	

1	

5	

1	

-	

-	

Non-Enzymatic	Role	

COQ4	

	

ADCK3/(COQ8A)	

ADCK4/(COQ8B)	

	

COQ9	

	

?	

	

Stabilisation	of	Q	

complex	

Putative	kinase	

Phosphorylation	of	

other	Coq	proteins?	

Lipid-binding	protein.	

Co-factor	of	COQ7?	

Decarboxylase?	

	

9	

	

15	

34	

	

2	

	

-	

Chaperone/Transporter	

	

COQ10A	

COQ10B	

	

Localisation	of	CoQ	

within	inner	

mitochondrial	

membrane	

	

	

-	

-	

	

	

	



	 	 		

	 	
8	

In	addition	to	CoQ10,	FPP	is	also	the	common	branch-point	intermediate	for	cholesterol,	

dolichol	 and	 isoprenylated	 proteins	 (Figure	 4).	 All	 are	 vital	 components	 of	 various	

important	 biological	 functions.	 This	 has	 been	 of	 interest	 recently	 since	 the	 most	

commonly	prescribed	 lipid-lowering	drug	worldwide,	 statins,	 are	HMG-CoA	reductase	

inhibitors	 36	 which	 lead	 to	 down-stream	 inhibition	 of	 FPP,	 potentially	 leading	 to	

pathological	consequences	often	associated	with	mitochondrial	dysfunction	37-40.	
	

1.1.3. Absorption	and	Distribution	of	Coenzyme	Q10	
	

CoQ10	 shares	 similar	 physicochemical	 properties	 to	 α-toc	 and	 appears	 to	 follow	

analogous	uptake	mechanisms	in	vivo.	Gastric	digestion	releases	dietary	CoQ10	from	the	

food	 matrix,	 secretions	 from	 the	 pancreas	 and	 bile	 then	 facilitate	 micelle	 formation	

leading	 to	 uptake	 of	 the	 solubilised	 lipid	 across	 the	 small	 intestine	 41.	 CoQ10	 is	 then	

incorporated	into	chylomicrons	and	transported	via	the	lymphatic	system	to	the	vascular	

circulation	41.	Somewhere	between	absorption	and	incorporation	into	the	chylomicrons	

the	molecule	is	reduced	to	its	CoQ10H2	form	42.	After	release	into	the	vascular	circulation,	

chylomicron	remnants	are	readily	taken	up	by	the	liver.	Here	CoQ10H2	is	repackaged	into	

lipoproteins,	primarily	low-density	lipoprotein	(LDL),	and	re-released	into	the	systemic	

circulation	12.	

	
Table	2:	Summary	of	CoQ10	status	in	different	tissues	of	the	human	body	43,	44.	The	brain	shows	relatively	

low	levels	of	total	CoQ10,	which	predominantly	exists	as	CoQ10	(ox),	due	to	high	levels	of	oxidative	stress	

associated	with	the	tissue.	

	
Tissue	 CoQ10	(nmol/g)	 Redox	State	(%	reduced)	

Heart	

Kidney	

Liver	

Muscle	

Brain	

Intestine	

Lungs	

Plasma	(μmol/L)	

132.0	

77.0	

63.6	

46.0	

15.5	

13.3	

9.2	

1.1	

61.0	

75.0	

95.0	

65.0	

23.0	

95.0	

25.0	

96.0	
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In	general,	tissues	with	a	high-metabolic	turnover	or	energy	demand,	such	as	the	heart,	

kidney,	liver,	and	muscle	contain	relatively	high	concentrations	of	CoQ10	(Table	2)	with	a	

significant	proportion	of	CoQ10	in	tissues	being	in	the	reduced	form	as	CoQ10H2	14.	The	

brain	and	lungs	are	exceptions,	which	appears	to	be	a	reflection	of	increased	oxidative	

stress	in	these	two	tissues	(Table	2).		

In	addition	to	variation	between	different	species	and	organs,	CoQ10	concentrations	vary	

among	cells	and	regions	of	the	same	organ.	For	example,	the	cerebellum	has	a	notably	

low	concentration	of	total	CoQ10	relative	to	other	regions	of	the	brain	45.	This	has	been	

correlated	with	 an	 ataxic	presentation	and	multiple	 system	atrophy	 in	 a	 recent	 study	

investigating	CoQ10	deficiency	and	neurodegeneration	46.	Therefore,	it	could	be	said	that	

the	cerebellum	has	the	narrowest	safety	margin	and	will	be	the	first	tissue	to	suffer	from	

a	pathological	shortage	of	CoQ10	47.		

Perhaps	more	 encouragingly,	 these	 findings	may	 also	 suggest	 that,	 in	 the	 case	 of	 the	

cerebellum,	only	a	small	amount	of	CoQ10	is	needed	to	restore	tissue	levels	to	a	normal	

CoQ10	status.	

	

At	a	subcellular	level,	CoQ10	is	a	component	of	virtually	all	cell	membranes.	In	particular,	

the	inner	membrane	of	the	mitochondria	where	more	than	80	%	of	the	endogenous	lipid	

is	found	48.	The	long	isoprenoid	side	chain	of	CoQ10	anchors	the	molecule	in	the	middle	of	

the	membrane	bilayer	while	 the	quinone	 core	 translocates	 from	 inside	 to	 the	 surface	

depending	on	its	redox	state,	with	the	reduced	form,	CoQ10H2,	moving	to	the	surface	due	

to	an	increased	polarity	27,	31.	It	can,	therefore,	be	surmised	that	the	‘active’	part	of	the	

molecule	 is	 the	 quinone	 core	with	 the	 isoprenoid	 side	 group	 behaving	 as	 a	 directing	

moiety.	The	 remainder	of	 cellular	CoQ10	 is	 found	 in	 the	other	organelles	 and	also	 the	

cytosol.	

	

CoQ10	 is	 highly	 lipophilic	 (LogP	 >	 10)	with	 a	 cLogP	 of	 19.4	 –	 20.2	 49,	 50.	 It	 also	 has	 a	

relatively	 large	molecular	weight	(863.34	g/mol).	Thus,	absorption	of	dietary	CoQ10	 is	

slow	 and	 limited	 (2	 –	 4	%)	 51.	 In	 the	 case	 of	 dietary	 supplements,	 solubilised	 orally-

administered	 CoQ10	 formulations	 have	 shown	 enhanced	 bioavailability,	 an	 exemplary	

safety	profile	and	are	the	preferred	choice	for	therapeutic	intervention	52,	53.	 Intestinal	

absorption	is	three-fold	faster	if	CoQ10	is	administrated	with	food	intake	54.		

Gastrointestinal	absorption	of	supplemented	CoQ10	is	non-linear,	with	increasing	doses	
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absorbed	 to	 a	 decreasing	 degree.	 This	 behaviour	may	 be	 a	 consequence	 of	 a	 carrier-

mediated	absorption,	saturation	of	transporter	protein	and/or	existence	of	absorption	

window	55,	56.	Higher	daily	doses	of	CoQ10	are,	therefore,	best	taken	in	split	doses.		

Following	 administration,	 CoQ10	 takes	 approximately	 6	 hours	 to	 reach	 its	 maximal	

plasma	concentration.	Subsequently,	a	second	plasma	CoQ10	peak	 is	often	observed	at	

about	 24	 hours,	 which	 has	 been	 attributed	 to	 enterohepatic	 recycling	 as	 well	 as	

redistribution	 to	 the	circulation	 12,	57,	58.	Once	administered,	 the	 circulatory	half-life	of	

CoQ10	 has	 been	 reported	 to	 be	 approximately	 36	 hours	 requiring	 a	 2	week	 period	 of	

cessation	 of	 treatment	 before	 it	 returns	 to	 its	 baseline	 level	 following	 4	 weeks	 of	

supplementation	59.		

	

Opinion	remains	divided	as	to	which	is	a	more	effective	supplement,	CoQ10	or	CoQ10H2,	

with	conflicting	information	being	disseminated	52,	60-62.	Some	have	suggested	this	debate	

is	 likely	driven	by	commercial	entities	who	seek	to	expand	their	product	portfolios	by	

introducing	 ‘biologically	 active’	 ubiquinol	 63.	 However,	 all	 forms	 of	 the	 quinone	 are	

biologically	 active	 and,	 to	 date,	 there	 has	 been	 no	 direct	 in	 vivo	 comparison	 of	 the	

compounds	in	formulation-matched	or	native	form.	Although,	a	recent	paper	by	Lopez-

Lluch	et	al.	 64	compared	the	bioavailability	of	seven	different	 formulations	of	CoQ10	 in	

healthy	volunteers,		and	concluded	that	the	capsule	matrix	and	preservatives	used	in	the	

formulation	affected	absorption,	but	not	whether	CoQ10	was	oxidised	 (ubiquinone)	or	

reduced	(ubiquinol).	

Were	the	compounds	to	be	administered	in	a	matrix-matched	or	native	form,	it	is	likely	

the	harsh	 conditions	of	 gastric	digestion	would	 initiate	 redox	 reactions	deeming	both	

compounds	analogous	by	the	time	they	reach	the	point	of	uptake	in	the	small	intestine	–	

most	 probably	 in	 the	 fully/semi-reduced	 form.	 This	 suggests	 that	 bioavailability	 is	

predominantly	a	function	of	formulation	as	opposed	to	an	intrinsic	difference	between	

the	physiochemical	properties	of	the	compounds.	However,	specific	and	better	designed	

studies	need	to	be	performed	before	any	definitive	conclusions	can	be	made	on	the	topic.	
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1.2. Coenzyme	Q10	and	Pathology	
	

CoQ10	deficiencies	are	defined	by	a	decreased	cellular	CoQ10	content	as	is	biochemically	

diagnosed	in	skeletal	muscle	and/or	cultured	skin	fibroblasts	65.	Additionally,	a	reduction	

in	MRC	complex	I-III	and	II-III	activities	has	been	shown	in	muscle	tissue	from	severely	

affected	 patients,	 although	 these	 activities	 can	 be	 normal	 in	 muscle	 tissue	 from	 less	

severely	affected	patients	66.		

Pathologies	arising	from	a	CoQ10	deficiency	are	clinically	and	genetically	heterogeneous	

and	are	 a	 result	 of	 impaired	oxidative	phosphorylation	 and	 compromised	antioxidant	

status	11.	Manifestation	of	the	disease	ranges	from	fatal	neonatal	multisystem	failure,	to	

adult-onset	 encephalopathy	 67.	 However,	 there	 appears	 to	 be	 five	 distinct	 clinical	

phenotypes:	encephalomyopathy;	severe	infantile	multisystemic	disease;	nephropathy;	

cerebellar	 ataxia	 and	 isolated	 myopathy,	 with	 a	 clear	 preponderance	 of	 ataxic	 and	

neurological	 presentation	 66,	 68,	 69,	 likely	 attributed	 to	 the	 innate	 susceptibility	 of	 the	

cerebellum	to	a	decrease	in	CoQ10	status	47.	

CoQ10	deficiency	can	be	caused	by	mutations	in	COQ	genes	that	encode	proteins	of	the	

CoQ	biosynthesis	pathway	 35,	 or	 as	 a	 secondary	deficiency	 caused	by	defects	 in	 other	

mitochondrial	functions	that	are	indirectly	involved	in	the	biosynthesis	of	CoQ10	70.		

	

Primary	 deficiency	 of	 CoQ10	 is	 attributed	 to	mutations	 in	 enzymes	 involved	 in	 CoQ10	

biosynthesis	and	is	very	rare.	However,	there	are	no	precise	epidemiological	data	to	state	

overall	incidence	67,	71.	In	most	cases,	the	family	history	suggests	an	autosomal	recessive	

mode	 of	 inheritance.	 To	 date,	mutations	 in	 10	 genes	 that	 encode	proteins	 of	 the	 CoQ	

biosynthesis	 pathway	 have	 been	 identified	 (PDSS1,	 PDSS2,	 COQ2,	 COQ4,	 COQ5,	 COQ6,	

COQ7,	 ADCK3,	 ADCK4,	 and	 COQ9)	 (Table	 3).	 The	 majority	 of	 symptoms	 reported	 are	

common	to	other	mitochondrial	disorders	11,	72.	
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Table	3:	Primary	CoQ10	deficiencies	–	an	overview	of	the	clinical	phenotypes	and	associated	defects	in	

genes	encoding	the	Coq	proteins	that	are	responsible	for	CoQ10	biosynthesis	11.	

	
Tissue/Organ	 Manifestation	 Gene	Defects	

Central	Nervous	System	

Encephalomyopathy	

	

Cerebellar	Ataxia	

Leigh	Syndrome	

Stroke-like	episodes	

Seizures	

	

Dystonia	

Spasticity	

Migraine	

Mental	retardation	

PDSS2,	 COQ2,	 COQ4,	 COQ7,	

ADCK3,	COQ9,	COQ5	

PDSS2,	COQ6,	ADCK3,	COQ5	

PDSS2,	COQ2	

PDSS2,	COQ2	

PDSS2,	COQ2,	COQ6,	ADCK3,	

ADCK4	

ADCK3	

ADCK3	

COQ2	

PDSS1,	PDSS2,	COQ2,	COQ4,	

COQ6,	ADCK3,	ADCK4	

Kidney	

Steroid	Resistant	Nephrotic	

Syndrome	

Tubulopathy	

PDSS1,	 PDSS2,	 COQ2,	 COQ6,	

ADCK4	

COQ9	

Peripheral	 Nervous	 System	

&	Sensory	Organs	

Sensorineural	

Optic	atrophy	

Retinitis	pigmentosa	

Peripheral	neuropathy	

PDSS2,	COQ2,	COQ6	

PDSS1,	COQ2	

PDSS2,	COQ2	

PDSS1,	COQ4	

Muscle	
Myopathy	with	lipid	

accumulation	
COQ2,	COQ4	

Heart	
Hypertrophic	

cardiomyopathy	
COQ2,	COQ4	

Liver	 Liver	Failure	 COQ2	

Other	

Lactic	Acidosis	

	

Dicarboxylic	aciduria	

PDSS1,	 COQ2,	 COQ4,	 COQ7,	

COQ9	

COQ2	

	

Secondary	deficiencies,	defined	by	mutations	in	genes	not	involved	in	CoQ10	biosynthesis,	

are	considerably	more	common	than	primary	deficiencies	70.	This	demonstrates	how	the	

CoQ10	 biosynthetic	 pathway	 can	 be	 easily	 perturbed.	 Examples	 of	 secondary	 CoQ10	

deficiency	 include	 mitochondrial	 myopathies	 73	 and	 mitochondrial	 DNA	 depletion	
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syndrome	 74.	 Additionally,	 mutations	 in	 the	 APTX	 (encoding	 aprataxin)	 75	 and	 ETFA	

(multiple	 acyl-CoA	 dehydrogenase	 deficiency	 caused	 by	 defects	 in	 electron	 transfer	

flavoprotein	or	ETF-ubiquinone	oxidoreductase)	76	also	result	 in	CoQ10	deficiency.	The	

BRAF	gene	has	been	shown	to	 influence	 the	MAPK	(mitogen-activated	protein	kinase)	

pathway	 in	 such	 a	 way	 as	 to	 lead	 to	 the	 cardiofaciocutaneous	 syndrome	 77.	

Cardiofaciocutaneous	syndrome	is	associated	with	a	reduction	in	the	muscle	content	of	

CoQ10	27,	67.	

	

CoQ10	 is	 available	 over	 the	 counter	 as	 a	 dietary	 supplement	 in	 the	 UK	 and	 overseas.	

Supplementation	is	believed	to	benefit	cardiovascular	and	neurodegenerative	disorders	
78-80.		As	such,	it	has	become	an	increasingly	popular	dietary	supplement	in	recent	years.	

The	beneficial	effects	of	CoQ10	supplementation	have	been	attributed	to	its	fundamental	

role	in	mitochondrial	energy	production.	

Pathologies	 associated	 with	 CoQ10	 deficiency	 can	 be	 successfully	 treated	 via	 oral	

supplementation	 of	 CoQ10.	 These	 pathologies	 are,	 therefore,	 unique	 since	 other	

mitochondrial	disorders	are	relatively	untreatable.	If,	however,	damage	to	the	brain	and	

kidneys	is	present	at	the	time	of	diagnosis,	such	damage	cannot	be	reversed	completely.	

Therefore,	early	diagnosis	is	an	absolute	necessity.	This	is	presently	problematic	since	

muscle	biopsy	and	subsequent	analysis	of	the	mitochondria	in	this	tissue	are	required.	

Plasma	CoQ10	measurements	are	not	useful	for	diagnosis	due	to	the	association	of	CoQ10	

with	circulating	lipoproteins,	meaning	values	are	limited	by,	if	not	directly	related	to,	the	

lipoidic	deposit	volume	81.	However,	blood	mononuclear	cells	have	been	suggested	as	a	

low	invasive	surrogate	to	assess	endogenous	CoQ10	status	82.	

Uptake	 of	 exogenous	 CoQ10	 supplements	 appears	 to	 be	 tissue-specific.	 The	 heart	 and	

skeletal	muscle	exhibit	the	most	efficient	uptake.	In	all	peripheral	tissues,	plasma	CoQ10	

concentrations	need	to	be	high	 in	order	to	promote	uptake,	particularly	 in	the	case	of	

delivery	across	the	blood-brain	barrier	47,	52,	83.	

The	 highest	 plasma	 CoQ10	 concentrations	 and	 subsequent	 efficacy	 of	 treatment	 are	

achieved	after	chronic	high	dosing	with	an	observed	safe	level	of	1200	mg/day	53.	Plasma	

CoQ10	concentrations	appear	to	plateau	at	2400	mg	using	one	specific	chewable	tablet	

formulation	 of	 CoQ10	 56.	 The	 highest	 plasma	 CoQ10	 concentration	 reported	 thus	 far	 is	

10.7	μmol/L	(cf.	‘norm’	0.5–1.7	μmol/L)	using	a	solubilised	CoQ10H2	formulation	52,	84,	85.	
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In	Parkinson’s	disease,	plasma	CoQ10	levels	of	4.6	μmol/L	were	reported	to	be	the	most	

efficacious	in	slowing	functional	decline	in	patients	86.	In	contrast,	a	plasma	level	of	2.8	

μmol/L	 showed	 the	 highest	 therapeutic	 benefit	 in	 the	 treatment	 of	 congestive	 heart	

disease	 patients	 87.	 However,	 a	 recent	 study	 has	 indicated	 that	 10.0	 μmol/L	 CoQ10	 is	

required	to	restore	MRC	enzyme	activities	in	CoQ10	deficient	cells	88,	89.	As	such,	efforts	

should	 be	 made	 to	 increase	 the	 bioavailability	 of	 oral-supplements	 to	 achieve	 this	

therapeutic	concentration	in	the	peripheral	tissues	and	brain	parenchyma.	To	date,	there	

are	no	clinically	available	intravenous	formulations	of	CoQ10.	These	would,	undoubtedly,	

increase	plasma	CoQ10	levels	beyond	those	of	oral-supplementation	and	could	potentially	

prevent	pathogenesis	if	administered	at	an	acutely	high	dose	in	conjunction	with	an	early	

diagnosis.	

While	there	is	clear	evidence,	both	clinically	and	biochemically,	for	the	improvement	of	

peripheral	 abnormalities	 associated	 with	 CoQ10	 deficiency	 following	 CoQ10	

supplementation,	neurological	symptoms	are	only	partially	ameliorated	47,	90,	91.	This	may	

be	a	 result	of	 irreversible	damage	prior	 to	supplementation,	 retention	of	CoQ10	 in	 the	

blood-brain	 barrier	 endothelial	 cells	 themselves,	 or	 simply	 poor	 transport	 across	 the	

barrier.	
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1.3. Barriers	of	the	Central	Nervous	System	
	

There	are	three	main	barriers	that	serve	to	selectively	compartmentalise	the	CNS	from	

the	 periphery;	 the	 blood-brain	 barrier	 (BBB);	 the	 blood-cerebrospinal	 fluid	 barrier	

(BCSFB);	 and	 the	 avascular	 arachnoid	 epithelium	 that	 completely	 encases	 the	 brain	

(Figure	5).	The	combined	functions	of	these	barriers	are	to	regulate	solute	and	cellular	

movement	between	brain	fluids	and	blood.	Selective	transport	processes	are	provided	

for	essential	nutrients,	ions,	and	metabolic	waste	products	92.	The	main	sites	of	molecular	

exchange	 between	 systemic	 circulation	 and	 the	 brain	 occur	 at	 the	 vascular	 BBB	 and	

BCSFB.	

However,	the	cellular	basis	and	primary	functions	of	the	BBB	and	BCSFB	differ.	The	BBB	

is	comprised	of	a	highly	specialised	network	of	brain	microvascular	endothelia.	The	main	

role	 of	 the	 BBB	 is	 to	 protect	 the	 brain	 from	 physiological	 fluctuations	 in	 plasma	

concentrations	of	various	solutes	and	from	blood-borne	substances	that	could	interfere	

with	 neurotransmission.	 Other	 unique	 features	 of	 the	 BBB	 are	 a	 lack	 of	 endothelial	

fenestrations	 93	 or	 pores,	 a	 very	 low	 rate	 of	 pinocytosis	 94,	 and	 a	 high	 number	 of	

mitochondria	associated	with	its	high	metabolic	activity	–	over	50	%	more	than	neuroglia	
95.	 In	contrast	to	this,	the	BCSFB	is	created	by	a	layer	of	a	modified	cuboidal	epithelial	

cells,	the	choroid	plexuses,	that	secrete	cerebrospinal	fluid	(CSF)	and	this	process	could	

be	considered	as	the	main	function	of	this	epithelium	96,	97.	
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Figure	5:	A)	Illustration	of	the	CNS	barriers;	1	BBB;	2	BCSFB;	and	3	Arachnoid	barrier	(adapted	from	98).	

B)	The	cerebral	blood	flow	in	relation	to	the	barriers	of	the	CNS	99.		
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Although	constituting	only	2	%	of	the	weight	of	the	body,	the	brain	utilises	roughly	20	%	

of	its	blood	supply	100.	The	BBB	is	large	in	relation	to	the	other	CNS	barriers,	making	it	

the	most	important	interface	for	blood-brain	exchange.	Blood	flows	through	the	brain	via	

a	complex	microvasculature	that	spans	approximately	20	m2	and	extends	over	650	km	
101-103,	 so	 the	 BBB	 ensures	 rapid	 distribution	 of	 small	 permeant	 molecules	 and	 ions	

throughout	the	brain,	and	subsequent	exchange	with	the	brain’s	interstitial	space.	There	

is	a	mean	distance	of	~	40	μm	between	capillaries	and	a	close	proximity	of	8-25	μm	to	

individual	neurons	100,	effectively	meaning	each	neuron	is	perfused	by	its	own	capillary.	

These	 qualities	make	 permeation	 of	 the	 BBB	 a	 prime,	 yet	 underdeveloped,	 target	 for	

delivery	 of	 therapeutic	molecules	 to	 the	 brain	 parenchyma,	 for	 example	 CoQ10	 in	 the	

context	of	this	study.	

	

While	 the	 BBB	 is	 present	 throughout	 the	majority	 of	 the	 brain,	 it	 is	 absent	 from	 the	

circumventricular	organs	(CVO).	The	CVO	are	highly	specialised	areas	in	the	brain	which	

require	significant	crosstalk	between	the	brain	and	peripheral	blood.	For	example,	in	the	

release	and	transport	of	hormones	of	the	pituitary	gland	104,	105.		

The	 cerebral	 endothelia	 of	 the	 CVO	 are	 fenestrated	 and	 do	 not	 possess	 the	 typical	

properties	associated	with	the	BBB.	That	is	not	to	say	the	CVO	are	a	region	of	the	brain	

lacking	barrier	properties,	rather	the	barrier	for	the	CVO	lies	in	the	epithelial	cells	known	

as	tanycytes	and	ependymal	cells.	Therefore,	circulating	molecules	can	diffuse	into	the	

CVO	but	not	beyond	and	into	the	general	neural	parenchyma.	

	

1.4. The	Blood–Brain	Barrier	
	

Arguably,	 the	CNS	 is	 the	most	 critical	 and	 sensitive	 system	 in	 the	human	body.	 Strict	

homeostasis	of	the	local	microenvironment,	known	as	the	interior	milieu	106,	is	imperative	

for	 reliable	 neuronal	 signalling	 and	 a	 healthy	 life.	 This	 must	 be	 maintained	 during	

physiological	 and	pathological	 conditions.	A	 selective	barrier	 between	 the	 changeable	

periphery	and	the	CNS	is	formed	to	control	movement	of	molecules	into	and	out	of	the	

CNS.	 In	 doing	 so,	 the	 brain	 interstitial	 fluid	 (ISF)	 is	 formed	 107.	 This	 is	 a	 finely	 tuned	

reaction	mixture	that	maintains	a	near	perfect	stoichiometry	for	all	essential	chemical	
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reactions	and	interactions.	The	composition	of	CSF	and	ISF	are	similar	to	that	of	plasma	

(Table	4),	although,	they	have	a	much	lower	protein	content,	K+	and	Ca2+	concentrations.	

Levels	of	Mg2+,	however,	are	higher	in	comparison	to	plasma	107,	108.	
	

Table	4:	Molecular	composition	of	the	CSF	in	relation	to	the	plasma	(adapted	from	101).	

	
Solute	 Unit	 Plasma	 CSF	

Na+	

K+	

Ca2+	

Mg2+	

Cl-	

HCO3-	

Osmolarity	

pH	

Glucose	

Total	Amino	Acid	

Total	Protein	

mM	

mM	

mM	

mM	

mM	

mM	

mOsmol	

	

mM	

μM	

mg/mL	

140.0	

4.6	

2.5	

0.85	

101.0	

23.0	

305.2	

7.4	

5.0	

2890	

70	

141.0	

2.9	

1.25	

1.2	

124.0	

21.0	

298.5	

7.3	

3.0	

890	

0.43	

	

The	 BBB	 provides	 a	 dynamic	 tri-functional	 barrier.	 Constantly	 adapting	 to	 its	

environment,	it	provides	a	physical,	metabolic	and	transport	interface	between	the	CNS	

and	the	rest	of	the	body,	ensuring	optimal	conditions	for	normal	physiological	function	
101.		

	

1.1.4. Physical	Barrier	
	

Zonulae	occludentes	 (ZOs)	or	 ‘tight	 junctions’	 (TJs)	present	between	adjacent	 cerebral	

endothelia,	 in	conjunction	with	the	 lack	of	 fenestrae,	are	the	foundations	of	 the	highly	

impermeable	physical-barrier	of	the	BBB.	It	severely	restricts	paracellular	transport	of	

polar	molecules	and	effectively	blocks	the	penetration	of	macromolecules	into	the	brain	

parenchyma.	 Transcellular	 passage	 via	 specific	 carriers	 and/or	 receptor-mediated	

transporters	on	the	luminal	membrane	of	the	brain	endothelium	is	thereby	enforced	101,	

109.	Impediment	of	the	paracellular	pathway	and	subsequent	ion	movement	results	in	a	

characteristically	high	 in	vivo	 transendothelial	 electrical	 resistance	 (TEER)	of	 the	BBB	
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(~1500–2000	W	.	cm2)	compared	to	the	endothelium	of	other	tissues	in	the	body	(~3–33	

W	.	cm2)	97,	101,	110,	111.	It	is	in	this	segregation	of	the	luminal	and	abluminal	domains	of	the	

brain	endothelium	that	the	TJs	give	rise	to,	resulting	in	the	polarised	properties	of	the	

BBB,	analogous	to	the	endothelium	of	the	kidney	and	gastrointestinal	tract	107.		
	

The	term	‘tight	junction’	is	often	used	to	describe	the	physical	barrier	between	adjacent	

endothelial	 cells	 of	 the	 BBB.	 In	 reality,	 the	 physical	 barrier	 is	 a	 combined	 intricate	

network	of	TJs,	including	junctional	adhesion	molecules	(JAMs),	and	adherens	junctions	

(AJs)	(Figure	6).	

	

	
	

Figure	6:	Structure	of	BBB	tight	junctions	(adapted	from	101).		

The	tight	junctional	complex	comprises	occludin,	claudins	3	and	5,	and	possibly	other	claudins.	The	

claudins	associate	and	bind	to	each	other	across	the	intercellular	cleft	forming	a	barrier	to	diffusion	and	a	

high	electrical	resistance.	Occludin	has	similar	associations	across	the	cleft	but	does	not	form	the	

restrictive	pore	to	small	ions.	The	claudins	and	occludin	are	linked	to	the	scaffolding	proteins	ZO-1,	ZO-2	

and	ZO-3,	linked	in	turn	via	cingulin	dimers	to	the	actin/myosin	cytoskeletal	system	within	the	cell.	

Cadherins	of	the	adherens	junctions	provide	structural	integrity	and	attachment	between	the	cells,	and	

are	necessary	for	formation	of	tight	junctions.		
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The	TJs	are	constructed	from	three	integral	membrane	proteins;	claudin,	occludin,	and	

JAMs,	and	a	number	of	cytoplasmic	accessory	proteins:	ZO-1,	ZO-2,	ZO-3,	cingulin,	and	

others	(Table	5)	112.	
	

Table	5:	Components	of	the	physical	barrier	and	their	function	113.	

	
Cellular	Junctions	 Components	 Abbreviation	 Genes	 Function	

Tight	Junctions	

Occludin	 Occludin	 OCLN	 Regulates	permeability	

Claudins	

Claudin-1	 CLDN1	 Sealing	BBB	

Claudin-3	 CLDN3	 Unknown	

Claudin-5	 CLDN5	
Size-selective	barrier	to	

small	molecules	

Claudin-12	 CLDN12	 Unknown	

Cytoplasmic		

Proteins	

ZO-1	 TJP1	 Multi-domain	

scaffolding	proteins,	

cytoskeleton	anchorage	

for	TJ	proteins	

ZO-2	 TJP2	

ZO-3	 TJP3	

Adherens	Junctions	
Adherens	

Junctions	
Cadherins	 CDH5	

Cytoskeleton	link,	

modulating	receptor	

signalling,	

regulating	

transendothelial	

migration	of	

lymphocytes	

Other	Junctional		

Molecules	
JAMs	

JAM-A	 F11R	 Modulating	junctional	

tightness,	regulating	

transendothelial	

migration	of	

lymphocytes	

JAM-B	 JAM2	

JAM-C	 JAM3	

	

Claudins	are	22	kDa	phosphoproteins	and	claudin-3	and	claudin-5	comprise	the	major	

component	 of	 TJs	 114.	 The	 carboxy-(C)-terminal	 domain	 of	 the	 claudins	 bind	 to	

cytoplasmic	proteins	including	ZO-1,	ZO-2	and	ZO-3	115.	The	zonula	occludens	proteins	

(ZO-1,	ZO-2,	and	ZO-3)	together	with	cingulin	and	several	others	are	cytoplasmic	proteins	
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involved	in	TJ	formation	116.	This	critical	link	provides	for	structural	stability	of	the	brain	

endothelial	cell	and	is	an	important	means	of	regulating	paracellular	permeability.		

Occludin	is	a	60–65	kDa	phosphoprotein	with	four	transmembrane	domains;	a	long	(C)-

terminal	 cytoplasmic	domain,	 and	 a	 short	 amino-terminal	 cytoplasmic	domain	 107,	 117.	

Two	extracellular	loops	of	occludin	and	claudin	originating	in	neighboring	cells	form	the	

paracellular	barrier	of	the	TJ.	Occludin	is	directly	linked	to	the	zonula	occludens	proteins	

and	thereby	regulates	permeability	through	their	association	with	the	actin	cytoskeleton	
118.		

JAMs	(JAM-A,	JAM-B	and	JAM-C)	are	40	kDa	membrane	proteins	within	the	TJs	of	brain	

endothelial	 cells	 that	 also	 bind	 with	 ZO-1.	 They	 are	 involved	 in	 the	 formation	 and	

maintenance	of	the	TJs	47,	119-122.	

	

AJs	are	composed	of	a	cadherin-catenin	complex	and	its	associated	proteins.	Cytoplasmic	

proteins	link	membrane	proteins	to	actin,	which	is	the	primary	cytoskeleton	protein	in	

the	maintenance	of	the	structural	and	functional	integrity	of	the	brain	endothelium	97,	105,	

107,	123,	124.	

	

1.1.5. Transport	Barrier	and	Solute	Uptake	Overview	
	

The	majority	of	polar	hydrophilic	molecules	and	all	macromolecules	are	prevented	from	

paracellular	transport	across	the	BBB	by	the	physical	barrier	 imposed	by	the	TJs.	 It	 is	

only	gaseous	molecules	such	as	O2	and	CO2	in	addition	to	small	lipophilic	molecules	(<	

400-500	Da	and	<	8	H-bonds)	that	can	move	passively	through	the	lipid	membrane	of	the	

brain	 endothelia	 100,	 125-127.	 Thus,	 a	 highly	 selective	 ‘transport	 barrier’	 is	 formed	 from	

specific	 transporters	 distributed	 symmetrically	 or	 asymmetrically	 on	 the	 luminal	 and	

abluminal	 membranes	 of	 the	 brain	 endothelia.	 These	 selectively	 exclude	 potentially	

neurotoxic	 compounds,	 mainly	 via	 the	 ATP-binding	 cassette	 (ABC)	 efflux	 transport	

family,	while	facilitating	the	entry	of	required	nutrients	via	solute	carrier	(SLC)	uptake	

transporters	or	receptor-mediated	transcytosis	96,	103,	107,	126.		

Transcellular	 bidirectional	 transport	 across	 the	 BBB	 can	 be	 classified	 into	 five	 main	

categories:	carrier-mediated	transport,	 ion	transport,	active	efflux	transport,	receptor-

mediated	transport,	and	adsorptive-mediated	transport	(Figure	7)	128.	
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Figure	7:	The	transport	barrier	and	bidirectional	routes	across	the	BBB	101.	ABC,	ATP	binding	cassettes;	

SLC,	solute	carrier;	RMT,	receptor-mediated	transcytosis;	AMT,	adsorptive-mediated	transcytosis;	Pgp,	P-

glycoprotein	(ABCB1);	BCRP,	breast	cancer	resistance	protein	(ABCG2);	MRP,	multi-drug	resistance	

protein	(ABCC1-5).	

	

Polar	molecules	such	as	glucose,	amino	acids,	and	several	peptides	have	specific	carriers.	

These	highly	selective	transporters	mediate	transport	 into	the	endothelial	cytosol	and	

through	to	the	brain	parenchyma.	Some	macromolecules	and	also	certain	peptides	cross	

the	BBB	through	endocytic	mechanisms	involving	receptor-mediated	transcytosis	(RMT)	

or	 adsorptive-mediated	 transcytosis	 (AMT).	 AMT	 is	 considered	 non-specific	 and	

comprises	all	vesicular	transport	mechanisms	that	do	not	involve	protein	receptors.	In	

AMT,	endocytosis	is	generally	promoted	by	the	interaction	of	the	often	positively-charged	

molecule	with	membrane	phospholipids	and	the	glycocalyx	127.	The	two	main	trafficking	

routes	 for	 BBB	 transcytosis	 appear	 to	 involve	 clathrin-coated	 vesicles	 and	 caveolae.	

Macropinocytosis	is	implicated	as	a	route	for	larger	constructs	such	as	nanoparticles	100,	

129.	

With	 restricted	 passage	 of	 haematogenous	 cells	 from	 blood-to-brain,	 the	 brain	

endothelium	 maintains	 the	 immune	 privilege	 status	 of	 the	 CNS	 under	 normal	

physiological	conditions.	Mononuclear	leukocytes,	monocytes	and	macrophages	are	able	
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to	 be	 recruited	 into	 the	 CNS	during	 pathological	 conditions,	 providing	 support	 to	 the	

resident	microglia	101,	130.		

	

The	BBB	is	thought	to	be	intact	for	CoQ10	deficient	patients.	This	has	led	to	the	assumption	

that	 a	 refractory	 response	 to	 CoQ10	 supplementation	 is	 governed	 by	 transport	

mechanisms	 across	 the	 endothelia.	 Given	 its	 size,	 lipophilicity	 and	 transport	 within	

lipoproteins,	CoQ10	is	likely	to	experience	receptor-mediated	interactions	at	the	barrier.	

Some	of	the	most	exploited	receptor-mediated	transport	systems	for	delivery	across	the	

BBB	 include	 the	 low	density	 lipoprotein	 receptor	 (LDLR)	 superfamily,	making	 them	a	

promising	candidate	for	CoQ10	131,	132.	Moreover,	some	of	them,	particularly	low-density	

lipoprotein	 receptor-related	 protein	 1	 (LRP-1),	 are	 well	 expressed	 in	 the	 brain	 133.	

Ligands	targeting	this	family	of	receptors	include	the	natural	protein	components	of	LDL	

and	VLDL,	ApoB	and	ApoE	fragments	134.		

A	recent	study	in	the	Caco-2	epithelial-barrier	model	also	indicates	there	may	be	a	CoQ10	

efflux	mechanism	operating	via	 the	P-glycoprotein	efflux	transporter	(P-gp)	135,	which	

may	explain	the	apparently	poor	uptake	of	CoQ10	into	the	brain.	

	

1.1.6. Metabolic	Barrier	
	

The	final	component	of	the	dynamic	tri-functional	BBB	is	the	metabolic	barrier,	where	a	

range	of	Phase	I	and	II	metabolising	enzymes	are	present	in	the	cell	membrane	and	in	the	

cytosol	of	the	brain	endothelium	101.		

The	most	prevalent	Phase	I	(functionalisation)	enzymes	of	the	BBB	are	the	cytochrome	

P450	enzymes	which	are	responsible	for	the	oxidative	biotransformation	of	a	variety	of	

endogenous	 and	 xenobiotic	 substrates	 136-139.	 Phase	 I	 metabolites	 can	 then	 serve	 as	

substrates	 for	 Phase	 II	 enzymes,	 which	 conjugate	 the	 functional	 group	 with	 polar	

endogenous	compounds,	such	as	amino	acids,	sulphates,	glutathione,	or	sugars.		

Of	 the	 Phase	 II	 (conjugation)	 enzymes,	 the	 most	 prevalent	 in	 the	 BBB	 are	 UDP-

glucuronyltransferases,	 glutathione	 S-transferases,	 sulphotransferases,	 and	 N-

acetyltransferases	136-139.	However,	relatively	little	characterisation	of	the	BBB	enzymes	

has	been	performed,	with	the	presence	of	some	Phase	II	enzymes	being	a	topic	of	debate	
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since	investigations	have	mainly	focussed	on	brain	homogenates	instead	of	isolated	brain	

microvessels. 

Nevertheless,	 the	 metabolic	 barrier	 plays	 a	 prominent	 role	 in	 the	 restriction	 of	

endogenous	and	xenobiotic	compounds	to	the	brain	and	is	a	major	consideration	when	

designing	drugs	for	neurological	application	125,	140,	141.	

	

1.5. The	Neurovascular	Unit	
	

It	is	now	widely	accepted	that	the	characteristics	of	the	BBB	are	part	of	a	complex	local	

grouping	of	non-neuronal	cells	that	work	in	concert	to	support	vicinal	neurons	(Figure	

8).	In	this	ensemble,	the	brain	endothelia	are	in	close	proximity	to	perivascular	astrocytic	

end-feet,	 pericytes,	 and	 are	 closely	 associated	 with	 microglia	 that	 influence	 BBB	

permeability	and	collectively	constitute	a	‘neurovascular	unit’	(NVU)	109,	142.		

	

	
	

Figure	8:	The	neurovascular	unit	(NVU)	-	a	finely	tuned	collection	of	specialised	cells	working	in	concert	

to	ensure	vicinal	neurons	are	subject	to	optimal	conditions	100.	

	

Both	 pericytes	 and	 astrocytes	 regulate	 the	 phenotype	 of	 the	 endothelium.	 The	

mechanisms	 governing	 this	 are	 not	 yet	 fully	 understood,	 but	 involve	 cell–cell	

communication	via	soluble	factors	and	possibly	direct	contact	interactions	107,	143.		
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Proper	 structural	and	 functional	brain	connectivity,	 synaptic	activity,	 and	 information	

processing	all	require	precise	regulation	of	cerebral	blood	flow	(CBF),	oxygen	delivery,	

and	energy	metabolite	supply.	It	is	in	maintaining	these	key	CNS	functions	for	which	the	

NVU	is	responsible	113.	

Whilst	the	concept	of	the	NVU	widely	is	accepted,	it	is	still	developing	and	is	an	area	of	

great	 interest	 142,	 144-146,	with	 emerging	 research	 suggesting	 circulating	 leukocytes	 are	

part	of	this	unique	cellular	structure,	providing	surveillance	and	immune	protection	of	

the	CNS	147.	

	

1.6. Blood-Brain	Barrier	and	Pathology	
	

Pathogenesis	in	the	CNS	often	has	a	direct	correlation	with	BBB	dysfunction,	either	in	a	

causative	 or	 exacerbating	 role.	 A	 breakdown	 of	 the	 ‘physical-barrier’	 is	 the	 most	

prominent	factor,	although	a	change	in	transport	and	metabolic	systems	can	also	occur.	

Dysfunction	 can	 range	 from	 mild	 transient	 opening	 of	 the	 TJs	 to	 chronic	 barrier	

breakdown	148.		

The	 pathophysiological	 ‘leaky’	 barrier	 exposes	 the	 brain	 parenchyma	 to	 a	 flux	 of	

potentially	 neurotoxic	 molecules	 from	 the	 peripheral	 circulation.	 This	 can	 be	 a	

consequence	of	a	 lack	of	 inductive	factors	due	to	astrocyte	dysfunction,	an	 increase	 in	

permeability	 factors,	 or	 a	 down-regulation	 of	 TJ	 proteins	 subsequent	 to	 an	 oxidative	

insult,	 for	 example	 149.	 In	 turn,	 this	 can	 contribute	 to	 a	 range	 of	 debilitating	 and/or	

progressive	 neuropathies	 such	 as;	 brain	 tumours	 150;	 multiple	 sclerosis	 151,	 152;	

amyotrophic	 lateral	 sclerosis	 153;	 Alzheimer’s	 disease	 154,	 155;	 Parkinson’s	 disease	 156;	

epilepsy	157,	158;	HIV	encephalopathy	159;	lysosomal	storage	diseases	160;	stroke	161;	autism	

spectrum	disorder	162;	and	infectious	or	inflammatory	processes	163.	

Early	diagnosis	of	regional	defects	in	the	BBB	at	onset	could	help	long-term	prognosis	for	

a	vast	and	increasing	number	of	patients.	Promising	markers	for	the	diagnosis	of	barrier	

dysfunction	are	associated	with	microglial	activation	and	CNS	inflammation.	Thus,	efforts	

should	focus	on	developing	these	diagnostic	methods	164.	
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1.7. In	Vitro	Models	of	the	Blood-Brain	Barrier	
	

There	are	numerous	methods	to	assess	barrier	transport	in	vivo,	ex	vivo,	in	silico	and	in	

vitro	 165.	 In	 vitro	 cell	 based	 BBB	models	 provide	 the	 best	 compromise	 between	 cost,	

throughput	and	predictive	value.	Generally,	 they	can	produce	good	correlation	with	 in	

vivo	permeability	values.		

However,	it	is	primary	cell	cultures,	including	the	Porcine	Brain	Endothelial	Cell	(PBEC)	

BBB	model,	that	exhibit	the	best	in	vitro-in	vivo	correlation	166.	In	addition	to	forming	very	

tight	TJs	with	TEERs	up	to	1600	W	.	cm2	167,	PBECs	have	been	shown	the	express	many	of	

the	transporters	found	within	the	human	brain	endothelia,	including	the	well	expressed	

LRP-1	and	P-gp	transporters.	The	PBEC	BBB	is	therefore	likely	to	yield	the	most	clinically	

relevant	results	for	the	study	of	CoQ10	transport	across	the	BBB	167.	 	
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Aims	and	Objectives	
	

	

In	view	of	the	refractory	nature	of	the	neurological	presentation	of	a	CoQ10	deficiency	to	

CoQ10	 supplementation,	 the	 main	 aim	 of	 this	 project	 was	 to	 better	 understand	 the	

mechanisms	 of	 CoQ10	 transport	 across	 the	 BBB.	 Additionally,	 it	 was	 important	 to	

understand	how	these	transport	mechanisms	differed	for	clinical	analogues	of	CoQ10,	in	

particular	idebenone,	with	an	overall	aim	to	utilise	this	combined	knowledge	to	suggest	

the	most	efficacious	therapeutic	strategy	for	the	treatment	of	CoQ10	deficiencies.	

	

Towards	these	aims,	the	following	objectives	were	defined:	

	

• To	develop	and	validate	new	LC-MS/MS	analytical	methods	for	the	measurement	

of	CoQ10	and	idebenone.	

• To	 interrogate	potential	CoQ10	 transport	mechanisms	at	 the	BBB	using	 in	 vitro	

models	of	the	BBB,	performing	high-throughput	apparent	permeability	assays	in	

the	immortalised	bEnd.3	cell	line	and	supporting	this	with	focussed	investigation	

in	the	gold-standard	PBEC	BBB.	

• To	develop	an	 in	vitro	model	of	CoQ10	deficiency	at	 the	BBB	and	 investigate	 its	

effect	 on	 CoQ10	 transport	 mechanisms,	 using	 para-aminobenzoic	 acid	 to	

pharmacologically	induce	a	CoQ10	deficiency.	

• To	comparatively	assess	the	mechanisms	of	BBB	transport	for	CoQ10	against	the	

clinically	relevant	analogue,	idebenone.	

• To	 explore	 the	 effect	 of	 co-administered	 components	 of	 the	 mito-cocktail,	

specifically	vitamin	E,	on	CoQ10	BBB	transport	as	a	means	to	optimise	the	therapy.	

• To	measure	the	effect	of	statin	therapy	at	the	BBB	and	its	overall	effect	on	CoQ10	

transport	across	the	BBB	in	vivo.	 	
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2. Materials	and	Methods	
	
	

2.1. Preparation	of	Rat-Tail	Collagen	

2.1.1. Materials	
	

Rat	tails;	glacial	acetic	acid	(109088,	Sigma®,	UK). 
	

2.1.2. Method	
	

Along	 with	 fibronectin,	 collagen	 is	 a	 key	 component	 of	 the	 extracellular	 matrix	 and	

basement	membrane.	 It	 is	widely	accepted	that	 for	primary	cells	 in	particular,	coating	

plates	with	collagen	and	fibronectin	is	conducive	to	a	stable	culture	168-170.	Additionally,	

the	presence	of	a	basement	membrane	has	been	shown	to	improve	cell	proliferation	and	

differentiation	 in	 in	 vitro	 models	 of	 the	 BBB	 171.	 Collagen	 fibres	 in	 this	 project	 were	

sourced	from	the	tendons	of	rat–tail	vertebrae,	in	accordance	to	the	method	described	by	

Strom	et	al.	172.	

	

Rat	tails	were	collected	from	experimental	rats	(6–8	tails),	avoiding	the	use	of	animals	

that	had	been	exposed	to	toxic	substances,	and	a	longitudinal	incision	made	from	the	base	

to	the	tip	of	the	tail.	The	skin	was	then	removed.	Starting	at	the	tip	of	the	tail,	the	distal	3	

vertebrae	 were	 broken	 and	 gently	 pulled	 away	 with	 their	 associated	 collagen	 fibres	

attached.	This	process	was	repeated	down	the	full	length	of	the	tail.	Collagen	fibres	were	

then	severed	from	their	points	of	attachment	on	the	vertebrae	and	left	to	dry	(3	h;	25oC)	

before	being	weighed.	The	dried	fibres	were	then	subject	to	UV	radiation	(germicidal	UV	

lamp;	48	h)	and	transferred	to	a	sterile	laminar	flow	hood	for	dissolution	in	acetic	acid.	

Sterilised	collagen	fibres	were	dissolved	in	a	solution	of	acetic	acid	(3.3	g/L	in	0.1%	(v/v)	

acetic	 acid)	 and	 continuously	 stirred	 (72	 h)	 until	 dissolution	 was	 achieved.	 An	

intermediate	stock	solution	(300	μg/mL	in	ddH2O)	was	used	throughout	this	project.	
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2.2. bEnd.3	Cell	Culture	
	

2.2.1. Materials	
	

bEnd.3	cells	(CRL-2299™,	ATCC®,	USA);	rat	tail	collagen	type	I	(Section	2.1);	fibronectin	

from	bovine	plasma	(F1141,	Sigma®,	UK);	Hank’s	Balanced	Salt	Solution	without	Ca2+	and	

Mg2+	 (HBSS;	 H9394,	 Sigma®,	 UK);	 Dulbecco’s	 Modified	 Eagle’s	 Medium	 (DMEM;	 30-

2002™,	 ATCC®,	 USA);	 Foetal	 Bovine	 Serum	 (FBS;	 F7524,	 Sigma®,	 UK);	 penicillin-

streptomycin	 (P0781,	 Sigma®,	 UK);	 trypsin-EDTA	 solution	 (30-2101™,	 ATCC®,	 USA);	

dimethyl	sulfoxide	(DMSO;	D5879,	Sigma®,	UK);	Mr.	Frosty™	freezing	container	(Thermo	

Scientific™,	UK);	Nunc™	1.8	mL	cryogenic	tubes	(Thermo	Scientific™,	UK);	Nunc™	T-75	

cell	culture	flasks	with	filter	caps	(Thermo	Scientific™,	UK);	Costar®	12	mm	Transwell®	

0.4	μm	pore	polycarbonate	inserts	with	12-well	plates	(Corning®	Inc.,	USA).	

	

2.2.2. Method	
	

bEnd.3s	are	an	immortalised	mouse	brain	endothelial	cell	line	transformed	with	Polyoma	

virus	middle	T	antigen	173,	174.	They	are	sensitive	to	pH	changes	and	must	be	maintained	

between	 pH	 7.35–7.45.	 Additionally,	 blood-brain	 barrier	 characteristics	 have	 been	

shown	to	degrade	after	passage	30	and,	therefore,	should	not	be	used	beyond	this	point	
175.	bEnd.3s	are	a	popular	cell	 line	 for	BBB	permeability	studies	due	to	 their	 low	cost,	

speed	and	ease	of	use	compared	with	 the	 ‘gold-standard’	primary	cell	 cultures.	 In	 the	

context	of	this	project,	bEnd.3s	were	used	as	a	first-line	platform	for	investigation	prior	

to	further	experiments	on	the	superior	primary	PBECs.	

	

Initial	Culture	
	

Endothelial	cells	were	thawed	and	re-suspended	in	culture	medium	as	directed	by	the	

supplier	 (9	 mL/vial;	 DMEM	 with	 10	 %	 (v/v)	 FBS,	 100	U/mL	 penicillin,	 100	μg/mL	

streptomycin).	The	cell	suspension	was	then	seeded	onto	a	T-75	flask	(1	vial/T-75	flask)	
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and	grown	to	90	%	confluence	in	a	humidified	incubator	at	37oC,	5	%	CO2	(Figure	9).	An	

initial	media	change	was	performed	at	24	h	after	seeding	and	every	2–3	days	thereafter.	

	

	
	

Figure	9:	Fully	confluent	bEnd.3	cells	after	six	days	of	growth.	Images	were	captured	using	a	Dino-Lite	

AM4023X	eyepiece	camera	with	DinoXcope	software.	

	

Cells	 thawed	 from	 liquid	nitrogen	were	passaged	 at	 least	 once	onto	 a	new	T-75	 flask	

before	being	passaged	again	for	bEnd.3	experiments:	Cells	were	detached	from	the	T-75	

flask	with	 trypsin-EDTA	solution	 (2	mL/T-75	 flask;	0.25	%	trypsin,	0.53	mM	EDTA	 in	

HBSS	 without	 Ca2+	 and	 Mg2+)	 at	 37oC,	 5	 %	 CO2,	 for	 8-9	 minutes.	 Trypsin	 was	 then	

quenched	with	culture	medium	(8	mL/T-75	flask),	and	the	cell-suspension	centrifuged	at	

125	×	g	for	7	minutes.	The	supernatant	was	aspirated,	the	pellet	re-suspended	in	culture	

medium,	and	cells	seeded	onto	T-75	flasks	at	a	sub-cultivation	ratio	of	1:4.		

Cultures	 from	this	passage	were	 then	 taken	 forward	 for	subsequent	plating	 in	bEnd.3	

experiments	or	cryopreserved	(2.5	×	105	cells/1	mL	cryovial;	DMEM,	10	%	(v/v)	FBS,	

100	U/mL	penicillin,	100	μg/mL	streptomycin,	5	%	DMSO)	in	liquid	nitrogen.	

	

Growth	on	Transwell®-Inserts	
	

Cultures	 of	 bEnd.3	 cells	 at	 90	%	 confluence	were	 detached	 from	 the	 T-75	 flask	with	

trypsin	as	described	above.	The	resulting	cell	pellet	was	re-suspended	in	culture	medium	

(1	mL)	to	be	counted	with	a	haemocytometer.	
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Cells	were	seeded	in	0.5	mL	medium	into	each	12-well	Transwell®-insert	coated	with	lab-

prepared	rat	tail	collagen	type	I	(300	μg/mL)	and	fibronectin	(7.5	μg/mL),	at	a	density	of	

25000	cells/cm2.	 The	 Transwell®-inserts	were	 then	 carefully	 transferred	 to	 a	 12-well	

plate	containing	culture	medium	(1.5	mL/well),	and	 incubated	at	37oC,	5	%	CO2,	 for	3	

days	until	confluent.	

	

Stimulation	of	Differentiation	Factors	
	
	
After	3	days	of	growth	on	Transwell®-inserts,	confluent	bEnd.3	cells	were	differentiated	

to	 express	 a	 BBB	 phenotype.	 This	 was	 achieved	 by	 the	 addition	 of	 serum-free	

differentiation	 medium	 (1.5	 mL/well;	 DMEM	 with	 100	U/mL	 penicillin,	 100	μg/mL	

streptomycin)	to	the	basal	compartments	of	the	Transwell®	apparatus.	Apical	chambers	

were	replenished	with	standard	culture	medium	(0.5	mL/insert).	bEnd.3s	were	used	in	

experiments	72	h	after	this	medium	change.	

	

2.3. Porcine	Brain	Microvessel	Isolation	
	

2.3.1. Materials	
	

IS89	multi-shelf	shaker	incubator	(Wesbart	Ltd.,	UK);	Wheaton™	Dounce	tissue	grinders	

(Jencons	Scientific	Ltd.,	UK);	Porcine	brains	(Cheale	Meats	Ltd.,	UK);	 Iscove’s	Modified	

Dulbecco’s	Medium	(IMDM;	Gibco™,	UK);	penicillin-streptomycin	(P0781,	Sigma®,	UK);	

Dulbecco’s	 Phosphate	 Buffered	 Saline	 (PBS;	 D8537,	 Sigma®,	 UK);	 Eagle’s	 Minimum	

Essential	 Medium	 (MEM;	 Sigma®,	 UK);	 M199	 medium	 (Sigma®,	 UK);	 nylon	 meshes	

(Plastok	 Associates	 Ltd.,	 UK);	 trypsin-EDTA	 (Sigma®,	 UK);	 collagenase	 CLS3	 (Lorne	

Laboratories	Ltd.,	UK);	DNase	I	(Lorne	Laboratories	Ltd.,	UK);	Foetal	Bovine	Serum	(FBS;	

F9665,	 Sigma®,	 UK);	 dimethyl	 sulfoxide	 (DMSO;	 D5879,	 Sigma®,	 UK);	 Mr.	 Frosty™	

freezing	 container	 (Thermo	 Scientific™,	 UK);	Nunc™	1.8	mL	 cryogenic	 tubes	 (Thermo	

Scientific™,	UK).	
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2.3.2. Method	
	

Primary	PBECs	were	isolated	based	on	the	method	described	by	Abbott	et	al.	176.	Brains	

from	 domestic	 pigs	 (5-6	 months-old)	 were	 obtained	 fresh	 as	 by-products	 from	 the	

abattoir	 and	 transported	 on	 ice	 in	 Iscove’s	 Modified	 Dulbecco’s	 Medium	 with	 added	

penicillin	(100	U/mL)	and	streptomycin	(100	μg/mL).	Isolation	proceeded	within	2–3	h	

of	brain	harvesting.	

In	a	sterile	laminar	flow	hood,	6	–	8	brains	were	gently	washed	in	cold	PBS	(1	L)	with	

added	penicillin	 (100	U/mL)	 and	 streptomycin	 (100	μg/mL).	One	 brain	 at	 a	 time,	 the	

meninges	were	 thoroughly	peeled-off	 and	discarded.	White	matter	was	 then	carefully	

removed	and	discarded.	The	isolated	grey	matter	was	collected	in	cooled	isolation	buffer	

(20	 mL;	 MEM	 with	 25	 mmol/L	 HEPES,	 10	 %	 (v/v)	 FBS,	 100	U/mL	 penicillin	 and	

100	μg/mL	streptomycin),	stored	on	ice,	and	the	procedure	repeated	for	the	remaining	

brains.	 The	 pooled	 grey	matter	 was	 then	 forced	 through	 a	 50	mL	 syringe,	 without	 a	

needle,	 to	produce	a	 slurry	which	was	 subsequently	diluted	 in	 cooled	 isolation	buffer	

(1:1,	v/v)	and	stored	on	ice.	

The	grey	matter	material	was	gently	homogenised	 in	a	hand-held	Dounce	glass	 tissue	

grinder	 (89–127	μm	 clearance,	 15	 strokes;	 25–76	μm	 clearance,	 15	 strokes).	 The	

resulting	homogenate	was	made	up	to	450	mL	in	cooled	isolation	buffer	and	sequentially	

filtered	in	50	mL	batches;	first	through	a	150	μm	nylon	mesh,	then	through	a	60	μm	nylon	

mesh.		

Microvessel	fragments	collected	on	the	150	μm	and	60	μm	meshes	were	kept	separate	

and	digested	in	Petri	dishes	(8.8	cm2)	at	37°C	for	1	h	in	a	digestion	solution	(20	mL;	M199	

medium	with	10	%	(v/v)	FBS,	90	U/mL	 trypsin,	0.1	nM	EDTA,	210	U/mL	collagenase	

CLS3,	115	U/mL	DNase	I)	with	continuous	orbital-agitation	(180	rpm).		

Keeping	the	fractions	separate,	the	microvessels	were	then	washed-off	the	meshes	with	

the	digestion	 solution,	 centrifuged	 for	5	minutes	 at	105	×	g,	 4°C,	 and	 the	 supernatant	

aspirated.	Each	pellet	was	then	re-suspended	in	isolation	buffer	(20	mL)	and	centrifuged	

again.	Finally,	the	separated	‘150s’	and	‘60s’	fractions	were	re-suspended	in	a	freezing	

solution	 (~1	mL/brain	 isolated;	 10	%	 (v/v)	DMSO	 in	 FBS),	 triturated	 to	 ensure	 even	

distribution,	aliquoted	into	cryovials	(1	mL/vial),	brought	slowly	to	−80°C,	and	stored	in	

liquid	nitrogen.	A	1:1	mixture	(‘150s’/‘60s’)	was	used	for	all	experiments	outlined	in	this	

project.	
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2.4. Porcine	Brain	Endothelial	Cell	Culture	
	

2.4.1. Materials	
	

Primary	Porcine	Brain	Endothelial	Cells	(PBECs;	Section	2.3);	Dulbecco’s	Modified	Eagle’s	

Medium	(DMEM;	D5546,	Sigma®,	UK);	Bovine	Plasma	Derived	Serum	(BPDS;	First	Link	

Ltd.,	 UK);	 penicillin-streptomycin	 (P0781,	 Sigma®,	 UK);	 L-glutamine	 (G7513,	 Sigma®,	

UK);	 heparin	 (H3149,	 Sigma®,	 UK);	 hydrocortisone	 (H0135,	 Sigma®,	 UK);	 puromycin	

(P8833,	Sigma®,	UK);	pCPT-cAMP	(C3912,	Sigma®,	UK);	RO-20-1724	(Calbiochem®,	UK);	

trypsin-EDTA	 solution	 (T4299,	 Sigma®,	 UK);	 rat	 tail	 collagen	 type	 I	 (Section	 2.1);	

fibronectin	from	bovine	plasma	(F1141,	Sigma®,	UK);	Nunc™	T-75	cell	culture	flasks	with	

filter	 caps	 (Thermo	 Scientific™,	 UK);	 Costar®	 12	 mm	 Transwell®	 0.4	 μm	 pore	

polycarbonate	inserts	with	12-well	plates	(Corning®	Inc.,	USA).			

	

2.4.2. Method	
	

Initial	Culture	(P0)	
	
	
Microvessel	 fragments	were	 thawed	and	re-suspended	 in	culture	medium	(9	mL/vial;	

DMEM	 with	 10	 %	 (v/v)	 BPDS,	 100	U/mL	 penicillin,	 100	μg/mL	 streptomycin,	 2	mM	

glutamine,	 125	μg/mL	 heparin)	 supplemented	 with	 puromycin	 (4	μg/mL)	 to	 kill	

contaminating	cells,	especially	pericytes	177.	A	1:1	cell	mixture	(150s/60s)	was	seeded	

onto	2	×	T-75	flasks	coated	with	lab-prepared	rat	tail	collagen	type	I	(300	μg/mL)	and	

fibronectin	(7.5	μg/mL),	and	grown	to	70	%	confluence	in	a	humidified	incubator	at	37oC,	

5	%	CO2.	Care	was	taken	to	avoid	reaching	100	%	confluence	in	order	to	prevent	contact-

inhibition	that	can	halt	further	cell	growth	(Figure	10).	
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Figure	10:	PBEC	cells	after	3	(top	left	image),	5	(top	right	image)	and	7	(bottom	image)	days	of	growth.	

Images	were	captured	using	a	Dino-Lite	AM4023X	eyepiece	camera	with	DinoXcope	software.	

	

An	 initial	 media	 change	 was	 performed	 at	 24	 h	 after	 seeding	 (culture	 medium	 +	

puromycin)	and	every	2–3	days	thereafter,	with	a	maximum	puromycin	exposure	of	5	

days.	

	

Growth	of	PBECs	on	Transwell®	Inserts	(P1)	
	
	
Once	70	%	confluence	was	achieved,	 the	 cells	were	detached	 from	 the	T-75	 flasks	by	

incubating	with	trypsin-EDTA	solution	(2	mL/T-75	flask;	2.5	%	trypsin,	0.1	nM	EDTA	in	

PBS),	 at	 37oC,	 5	 %	 CO2,	 for	 8-10	 minutes.	 Trypsin	 was	 then	 quenched	 with	 culture	

medium	 (8	 mL/T-75	 flask;	 DMEM	 with	 10	 %	 (v/v)	 BPDS,	 100	U/mL	 penicillin,	

100	μg/mL	streptomycin,	2	mM	glutamine,	125	μg/mL	heparin),	and	the	cell-suspension	

centrifuged	at	360	×	g	for	5	minutes.	The	supernatant	was	aspirated	and	the	pellet	of	first	
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passage	 (P1)	 cells	 re-suspended	 in	 culture	 medium	 (3	 mL)	 to	 be	 counted	 with	 a	

haemocytometer.		

	

	
	
Figure	11:	Schematic	diagram	of	the	in	vitro	non-contact	co-culture	of	rat	astrocytes	with	PBEC	cells	on	

Transwell®	apparatus.	

	

Cells	 were	 seeded	 onto	 12-well	 Transwell®-inserts	 coated	 with	 lab-prepared	 rat	 tail	

collagen	type	I	(300	μg/mL)	and	fibronectin	(7.5	μg/mL),	at	a	density	of	1	×	105	cells/cm2	

in	 0.5	mL	medium.	 The	 Transwell®-inserts	 containing	 the	 PBECs	were	 then	 carefully	

transferred	 onto	 a	 12-well	 plate	 containing	 primary	 rat	 astrocytes,	 which	 had	 been	

refreshed	with	astrocyte	culture	medium	24	h	prior	 (Section	2.6).	The	co-culture	was	

then	incubated	at	37oC,	5	%	CO2,	for	3	days	(Figure	11).		

	

Stimulation	of	Differentiation	Factors	in	Co-culture	
	
	
After	3	days	of	growth	on	the	Transwell®-inserts,	the	culture	medium	was	replaced	with	

differentiation	medium	to	induce	characteristic	BBB	properties,	especially	tight	junction	
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maturation	178-180.	Apical	differentiation	medium	(0.5	mL/insert;	DMEM	with	10	%	(v/v)	

BPDS,	 100	U/mL	 penicillin,	 100	μg/mL	 streptomycin,	 2	mM	 glutamine,	 125	μg/mL	

heparin,	250	μM	pCPT-cAMP,	550	nM	hydrocortisone,	17.5	μM	RO-20-1724)	was	applied	

to	the	PBECs,	and	a	serum-free	basal	differentiation	medium	(1.5	mL/well;	DMEM	with	

100	U/mL	penicillin,	100	μg/mL	streptomycin,	125	μg/mL	heparin,	250	μM	pCPT-cAMP,	

550	nM	hydrocortisone,	17.5	μM	RO-20-1724)	was	applied	to	the	astrocytes.	PBECs	were	

used	in	experiments	48	h	after	this	medium	change	(Appendix	A).	

2.5. Rat	Astrocyte	Cell	Isolation	
	

2.5.1. Materials	
	
Rat	pups	(one	litter,	0-2	days	postnatal);	Hank’s	Balanced	Salt	Solution	without	Ca2+	and	

Mg2+	(HBSS;	H9394,	Sigma®,	UK);	HEPES	(H3375,	Sigma®,	UK);	penicillin-streptomycin	

(P0781,	Sigma®,	UK);	trypsin	(T4549,	Sigma®,	UK);	Dulbecco’s	Modified	Eagle’s	Medium	

(DMEM;	31966,	Gibco™,	UK);	Foetal	Bovine	Serum	(FBS;	F9665,	Sigma®,	UK);	penicillin-

streptomycin	 (P0781,	 Sigma®,	UK);	poly-L-lysine	hydrobromide	 (P6282,	 Sigma®,	UK);	

Nunc™	T-25	cell	culture	flasks	with	filter	caps	(Thermo	Scientific™,	UK);	Vibrax	SR/VXR	

orbital	shaker	(Camlab	Ltd.,	UK);	cytosine	β-D-arabinofuranoside	(C1768,	Sigma®,	UK);	

dimethyl	sulfoxide	(DMSO;	D5879,	Sigma®,	UK);	Mr.	Frosty™	freezing	container	(Thermo	

Scientific™,	UK);	1.8	mL	Nunc™	Cryogenic	Tubes	(Thermo	Scientific™,	UK).	

	

2.5.2. Method	
	
Primary	rat	cortical	astrocytes	were	isolated	according	to	Rist	et	al.	181.	Animals	(rat	pups;	

0–2	 days	 old)	 were	 sacrificed	 by	 cervical	 dislocation	 and	 decapitated.	 The	 head	was	

transferred	into	a	sterile	laminar	flow	hood	and	the	skin	incised	longitudinally	using	a	

scalpel.	The	soft	skull	was	then	cut	and	the	whole	brain	removed	and	placed	into	a	Petri	

dish	 filled	 with	 cold	 dissection	 buffer	 (HBSS	 without	 Ca2+and	Mg2+,	 with	 10	mmol/L	

HEPES,	100	U/mL	penicillin,	100	µg/mL	streptomycin;	pH	7.4)	on	ice.	

The	cerebellum,	diencephalon	and	brain	stem	were	then	removed,	followed	by	the	tissue	

overlying	the	cortex	and	non-cortical	structures.	The	cortex	was	then	placed	on	a	buffer–
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soaked	gauze	and	the	meninges	were	gently	peeled-off.	Cortices	were	collected	in	cold	

dissection	buffer	(5	mL)	and	stored	on	ice.	The	process	was	repeated	for	all	brains.	

The	pooled	cortical	matter	was	then	finely	chopped	with	a	scalpel	and	digested	at	37oC	

with	 trypsin	 (5	mL;	0.125	mg/mL	 in	dissection	buffer).	After	30	minutes,	 trypsin	was	

quenched	by	the	addition	of	culture	medium	(10	mL;	DMEM	with	4500	mg/L	glucose,	

GlutaMAX™	 and	 pyruvate,	 10	 %	 (v/v)	 FBS,	 100	 U/mL	 penicillin,	 100	 µg/mL	

streptomycin).	The	suspension	was	centrifuged	at	360	×	g	for	5	minutes,	the	supernatant	

aspirated,	and	the	pellet	re-suspended	in	culture	medium	(2	mL).	After	triturating	with	a	

fine–bore	polished	pipette	and	sedimentation,	the	cell-suspension	was	filtered	through	a	

sterile	73.5	µm	tissue-sieve,	 counted	with	a	haemocytometer,	 and	 seeded	at	 a	plating	

density	of	25000	 cells/cm2	on	 coated	 (250	µg/mL	poly-L-lysine)	T-25	 flasks.	The	 cell	

cultures	were	incubated	at	37oC,	5	%	CO2.	

	
The	culture	medium	was	replaced	24	h	after	seeding	and	every	2–3	days	thereafter.	At	

sub-confluence	(days	7-9	after	plating),	cell	contaminants	on	top	of	the	monolayer	were	

separated	 from	type	1	astrocytes	by	orbital-agitation	at	37oC	 for	24	h.	Detached	cells,	

consisting	 mainly	 of	 oligodendrocytes,	 type	 2	 astrocytes	 and	 0-2A	 progenitors,	 were	

aspirated	and	the	culture	medium	replaced.	Further	purification	of	the	cell	cultures	was	

achieved	at	confluence	(day	14-16	after	plating)	by	adding	cytosine	arabinoside	(10	µM)	

to	the	culture	medium	for	5	days	to	kill	contaminating	dividing	cells.	

Cells	were	detached	from	the	T-25	flasks	with	trypsin-EDTA	solution	(1	mL/T-25	flask;	

2.5	%	trypsin,	0.1	nM	EDTA	in	PBS),	 incubated	at	37oC,	5	%	CO2,	for	5–7	minutes,	and	

quenched	with	culture	medium	(5	mL).	The	cell-suspension	was	then	centrifuged	at	250	

×	g,	4oC,	 for	 7	minutes,	 the	 supernatant	 aspirated,	 and	 cells	 re-suspended	 in	 freezing	

medium	(10	%	(v/v)	DMSO	in	FBS)	at	a	density	of	4	×	106	cells/mL.	Finally,	the	cells	were	

aliquoted	 into	 cryovials	 (1	 mL/vial),	 brought	 slowly	 to	 −80°C,	 and	 stored	 in	 liquid	

nitrogen.	
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2.6. Rat	Astrocyte	Cell	Culture	
	

2.6.1. Materials	
	

Primary	 rat	 astrocytes	 (Section	 2.5);	 Dulbecco’s	 Modified	 Eagle’s	 Medium	 (DMEM;	

31966,	 Gibco™,	 UK);	 Foetal	 Bovine	 Serum	 (FBS;	 F9665,	 Sigma®,	 UK);	 penicillin-

streptomycin	 (P0781,	 Sigma®,	UK);	poly-L-lysine	hydrobromide	 (P6282,	 Sigma®,	UK);	

Costar®	12-well	plates	(Corning®	Inc.,	USA).	

	

2.6.2. Method	
	
Astrocytes	were	thawed	and	re-suspended	in	culture	medium	(17	mL/vial;	DMEM	with	

4500	mg/L	glucose,	GlutaMAX™	and	pyruvate,	10	%	(v/v)	FBS,	100	U/mL	penicillin,	100	

µg/mL	streptomycin).	Cells	were	seeded	onto	a	pre-coated	(250	µg/mL	poly-L-lysine)	

12-well	plate	(1.5	mL/well)	and	incubated	at	37oC,	5	%	CO2.	

	

	
	

Figure	12:	Primary	rat	astrocytes	exhibiting	D3	stellate	morphology	at	80	%	confluence	(left	image),	and	

quiescence	at	100	%	confluence	(right	image).	Images	were	captured	using	a	Dino-Lite	AM4023X	

eyepiece	camera	with	DinoXcope	software.	
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Culture	medium	was	 replaced	6	h	 after	 seeding	 and	 every	3	days	 thereafter.	 The	 cell	

culture	was	maintained	for	a	minimum	of	14	days	prior	to	co-culture	with	PBECs	(Figure	

12),	24	h	before	which	the	culture	medium	was	refreshed	(Appendix	A).	

	

2.7. Characterising	the	BBB	Phenotype	
	

2.7.1. Transendothelial	Electrical	Resistance	(TEER)	
	

Materials	
	
EVOM™	voltohmmeter	with	STX100C	electrodes	(World	Precision	Instruments,	UK).	

	

Method	
	
In	combination	with	visual	inspection	under	a	light	microscope,	TEER	measurements	are	

the	 most	 reliable	 way	 of	 assessing	 confluency	 and	 tightness	 of	 the	 endothelial	 cell	

monolayer	prior	to	experiments.	TEER	measurements	are	convenient,	non-invasive,	and	

give	results	in	real-time.		

TEER	 was	 determined	 using	 a	 voltohmmeter,	 where	 resistance	 is	 calculated	 in	

accordance	 to	 Ohm’s	 law	 (Equation	 1)	 182	 and	 is	 inversely	 proportional	 to	 ionic	

permeability	of	the	in	vitro	BBB.	

𝑅 =
𝑉
𝐼 	

	
Equation	1:	Ohm’s	law	where	R	is	resistance	(ohms,	Ω),	V	is	voltage	(volts)	and	I	is	current	(amperes,	

Amps)	182.	

	

TEERs	 were	 recorded	 across	 Transwell®-insert	 monolayers	 24	 h	 after	 changing	 to	

differentiation	 medium	 and	 a	 minimum	 of	 3	 h	 before	 assay.	 A	 guidance	 rig	 was	

manufactured	 in-house	 to	 ensure	 TEER	 apparatus	 were	 consistently	 positioned	

throughout	the	entire	project.		
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The	measured	resistance	of	cells	grown	on	Transwell®-inserts	was	corrected	against	the	

resistance	across	a	‘blank’	collagen/fibronectin-coated	Transwell®-insert,	and	multiplied	

by	surface	area	(1.12	cm2	for	a	12-well	Transwell®-insert),	to	give	TEER	in	Ω	.	cm2	(	

Equation	2)	183.		

	

𝐓𝐄𝐄𝐑()*+(,)-	(Ω	cm3) = (𝑅,+,56 − 𝑅8659:) 	× 	𝑆𝐴>9?)(,	

	

Equation	2:	TEER	calculation	where	the	reported	TEER	(Ω	.	cm2)	is	equal	to	the	difference	between	total	

resistance	and	resistance	of	a	blank	Transwell®-insert	(Ω),	multiplied	by	the	surface	area	of	the	

Transwell®-insert	(cm2)	183.	

	

The	higher	 the	TEER,	 the	 lower	 the	 ionic	permeability	 and,	 therefore,	 the	 greater	 the	

degree	of	characteristic	tight-junction	expression.	

	

2.7.2. Paracellular	Permeability	
	

Materials	
	

Synergy™	HT	plate	reader	with	KC4™	data	analysis	software	(BioTek	Instruments	Ltd.,	

UK);	Lucifer	Yellow	dipotassium	salt	 (L0144,	Sigma®,	UK);	 fluorescein	 isothiocyanate-

dextran	 (FITC-40;	 FD40S,	 Sigma®,	 UK);	 Nunc™	 MicroWell™	 96-well	 plates	 (Thermo	

Scientific™,	UK).	

	

Method	
	

In	 addition	 to	 characterising	 BBB	 integrity	 with	 visualisation	 and	 quantitative	 TEER	

measurements,	 permeability	markers	were	 incorporated	 in	 situ	 to	 assess	paracellular	

permeability	 during	 the	 assay	 procedure	 164,	 184.	 This	 approach	 provided	 robust	

information	about	 the	 functional	parameters	of	 the	 in	 vitro	BBB,	 thereby	 serving	as	a	

reliable	quality	control	for	all	assays.	
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The	paracellular	permeability	marker	Lucifer	Yellow	(~0.44	kDa;	10	μg/mL)	or	FITC-

dextran	(~40	kDa;	0.5	mg/mL)	was	added	to	the	assay	buffer	of	the	‘donor’	chamber	in	

the	 Transwell®	 apparatus,	 and	 their	 paracellular	 permeability	 was	 analysed	

fluorometrically	post-experiment;	assay	buffer	was	sampled	(50	μL)	apically	and	basally	

upon	 completion	 of	 the	 assay,	 transferred	 to	 a	 96-well	 plate,	 and	 analysed	 on	 a	

fluorometer	(Lucifer	Yellow	–	excitation	400/30	nm,	emission	528/20	nm,	sensitivity	83;	

FITC-40	–	excitation	485/20	nm,	emission	528/20	nm,	sensitivity	50).	

Apparent	 permeability	 (Papp)	 of	 the	 paracellular	 markers	 was	 determined	 from	 the	

amount	 of	 compound	 transported	 per	 time	 (Section	 2.8.2,	 Equation	 3)	 185.	 Papp	 is	

proportional	 to	 the	 extent	 of	 paracellular	 transport	 exhibited,	 normalised	 for	 assay	

duration	and	surface	area	of	the	Transwell®	filter;	a	low	Papp	is	indicative	of	an	integral	

BBB	phenotype.		

	

2.8. Apparent	Permeability	Assay	
	

	

2.8.1. Materials	
	

Hank’s	 Balanced	 Salt	 Solution	 (HBSS;	 H8264,	 Sigma®,	 UK);	 IS89	 multi-shelf	 shaker	

incubator	(Wesbart	Ltd.,	UK);	Costar®	12-well	plates	(Corning®	Inc.,	USA).	

	

2.8.2. Method		
	

The	apparent	permeability	(Papp)	of	a	compound	is	a	well-documented	and	highly	utilised	

method	to	investigate	transport	mechanisms	across	in	vitro	models	of	the	BBB	167,	186,	187.	

Both	influx	(blood-to-brain;	apical	->	basal)	and	efflux	(brain-to-blood;	basal	->	apical)	

directions	can	be	examined,	separately	(Figure	13).		
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Figure	13:	Schematic	diagram	of	the	apparent	permeability	assay	for	assessing	apical-to-basal	(blood-to-

brain;	A	->	B)	and	basal-to-apical	(brain-to-blood;	B	->	A)	transport	of	molecules	across	the	in	vitro	

models	of	the	BBB.	

	

Immediately	prior	to	assay,	brain-endothelial	cells	on	Transwell®	filters	were	transferred	

to	mono-culture	in	a	new	12-well	plate	and	washed	with	HBSS	(×	2;	500	μL/insert,	1.5	

mL/well)	to	remove	any	cell	debris	and	residual	differentiation	medium.	‘Donor’	assay	

buffer	containing	the	CoQ10	preparation	was	then	applied	to	either	the	apical	(500	μL)	or	

basal	(1.5	mL)	chambers	of	the	Transwell®	apparatus,	with	an	‘acceptor’	buffer	applied	

to	 the	 opposite	 chamber	 accordingly.	 The	 plates	 were	 subjected	 to	 gentle	 orbital-

agitation	 (100	 rpm;	37oC)	as	a	means	 to	 replicate	 fluid	dynamics	 in	 vivo	 and	mitigate	

interference	from	the	aqueous	boundary	layer,	as	indicted	by	in	silico	simulations	of	the	

model	 (Appendix	B)	 188,	 189.	Upon	completion	of	 the	assay,	both	 chambers	 (apical	 and	

basal)	were	immediately	sampled	for	subsequent	analysis	and/or	storage	at	-80oC.	

	

𝑃5** 	= A
𝑑𝑄

𝑑𝑡
E 	×	A

1
𝐴𝐶H

E		

	
Equation	3:	Apparent	permeability	calculation	where	dQ/dt	is	the	steady-state	flux	(rfu	s−1	or	μmol	s−1),	

A	is	the	surface	area	of	the	filter	(cm2)	and	C0	is	the	initial	concentration	of	compound	in	the	donor	

chamber	(in	rfu	or	μM)	185.	

	

The	 apparent	 permeability	 coefficient	 (Papp,	 unit:	 cm	 s−1)	 was	 determined	 from	 the	

amount	of	compound	transported	per	time	(Equation	3)	185.	
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2.9. Cell	Viability	Assay	
	
	

2.9.1. Materials	
	

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl	 tetrazolium	 bromide	 (MTT;	 M5655,	 Sigma®,	

UK);	 Hank’s	 Balanced	 Salt	 Solution	 (HBSS;	 H8264,	 Sigma®,	 UK);	 propan-2-ol	 (I9516,	

Sigma®,	 UK);	 Multiskan	 Ascent	 plate	 reader	 with	 Ascent	 software	 (MTX	 LabSystems,	

USA);	Nunc™	MicroWell™	96-well	plates	(Thermo	Scientific™,	UK).	

	

2.9.2. Method	
	

Cell	viability	was	determined	based	upon	the	method	described	by	Mosmann	190.	Cells	

were	passaged	onto	96-well	plates,	grown	to	confluence	and	washed	with	HBSS	prior	to	

the	 addition	 of	 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl	 tetrazolium	 bromide	 (MTT)	

(100	 μL/well;	 1	 mg/mL	 MTT	 in	 DMEM	 without	 phenol	 red).	 Mitochondrial	

dehydrogenases	 of	 viable	 cells	 cleave	 the	 tetrazolium	 ring	 191,	 producing	 purple	MTT	

formazan	crystals	which	are	insoluble	in	aqueous	solutions.	After	4	h	incubation	at	37oC,	

5	%	CO2,	the	medium	was	removed,	and	the	formazan	crystals	dissolved	in	propan-2-ol	

(100	μL/well).	The	resulting	purple	solution	was	spectrophotometrically	measured	at	

560	nm.	Absorbance	is	proportional	to	cell	viability,	meaning	the	higher	the	absorbance	

the	greater	the	number	of	viable	cells	present.		
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2.10. 	Inducing	Coenzyme	Q10	Deficiency		
	

2.10.1. Materials		
	

para-aminobenzoic	acid	(pABA;	A9878,	Sigma®,	UK).	

	

2.10.2. Method	
	

The	use	of	para-aminobenzoic	acid	(pABA)	as	a	pharmacological	reagent	to	induce	CoQ10	

deficiency	was	first	described	by	Alam	et	al.	192,	and	has	since	been	utilised	by	González-

Aragón	et	al.	193	and	Duberley	et	al.	194	for	their	studies	in	human	myeloid	leukemia	HL-

60	and	human	neuroblastoma	SH-SY5Y	cells	respectively.	

	

	
	

Figure	14:	The	inhibitory	mechanism	of	action	of	para-aminobenzoic	acid	(pABA)	in	CoQ10	biosynthesis.	

pABA	inhibits	the	CoQ10	biosynthetic	step	that	is	mediated	by	the	Coq2p	enzyme.	

	

The	 mechanism	 of	 action	 is	 via	 the	 competitive	 inhibition	 of	 polyprenyl-4-

hydroxybenzoate	 transferase	 (Coq2p),	 a	 key	 enzyme	 in	 the	 latter	 stages	 of	 the	 CoQ10	

biosynthetic	pathway	(Figure	14).		

Consistent	with	the	aforementioned	methods,	1	mmol/L	pABA	was	supplemented	into	

culture	medium	over	a	5-day	time	course	for	all	cell	types.		
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2.11. 	Confocal	Microscopy	
	

2.11.1. Materials	
	
Nikon®	Eclipse	Ti-E	inverted	microscope	with	NIS-Elements	Advanced	Research	imaging	

software	 (Nikon	 Instruments,	 Inc.,	 USA);	 EPR3724	 anti-LRP1	 monoclonal	 antibody	

(ab92544,	Abcam	PLC,	UK);	goat	anti-rabbit	 IgG	(H+L)	cross-adsorbed	antibody,	Cy5®	

(A10523,	 Life	 Technologies™,	 USA);	 clathrin	 heavy	 chain	 polyclonal	 antibody,	 Alexa	

Fluor®	 555	 conjugated	 (bs-2932R-A555,	 Bioss	 Antibodies™,	 Inc.,	 USA);	 4C3C2	 anti-

claudin-5	monoclonal	antibody,	Alexa	Fluor®	488	(35-2500,	Life	Technologies™,	USA);	

VECTASHIELD®	antifade	mounting	medium	with	DAPI	(H-1200,	Vector	Laboratories	Ltd.,	

UK);	Dako	REAL™	antibody	diluent	(Agilent	Technologies,	UK);	Triton™	X-100	(T8787,	

Sigma®,	UK);	TWEEN®	20	 (P9416,	 Sigma®,	UK);	Hank’s	Balanced	Salt	 Solution	 (HBSS;	

H8264,	Sigma®,	UK);	Dulbecco’s	Phosphate	Buffered	Saline	(PBS;	D8537,	Sigma®,	UK).	

	

2.11.2. Methods	
	

Fixing	
	
Adherent	cells	grown	on	polyethylene	Transwell®-inserts	were	immediately	fixed,	post-

assay,	for	subsequent	immunofluorescent	analysis	using	confocal	microscopy.	The	cells	

were	washed	with	HBSS	 (´	 2)	 prior	 to	being	 treated	with	paraformaldehyde	 (0.4	mL	

apical,	 1.2	 mL	 basal;	 4	 %	 (w/v)	 in	 PBS)	 for	 30	 minutes	 at	 room	 temperature.	 The	

paraformaldehyde	fixing	solution	was	then	removed	and	the	cells	washed	with	HBSS	(´	

2)	before	being	stored	at	4oC	in	glycerol	solution	(0.4	mL	apical,	0.4	mL	basal;	70	%	(v/v)	

in	PBS).	
	

Staining	
	
Cells	were	 selectively	 stained	 for	 immunofluorescent	 imaging	 of	 the	 LDL	 transporter	

LRP-1,	the	tight	junction	protein	claudin-5,	the	transcytic	vesicular	protein	clathrin,	and	

the	nuclei.	Prior	to	commencing	the	staining	procedures,	glycerol	storage	solution	was	
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aspirated,	the	fixed	cells	were	then	washed	with	HBSS	(´	3),	permeabilised	with	Triton™	

X-100	(0.1	%	(v/v)	in	PBS)	for	5	minutes,	and	subsequently	washed	again	in	HBSS	(´	2).	

	

The	monoclonal	primary	antibody	EPR3724	(anti-LRP1,	rabbit	IgG)	was	used	for	specific	

staining	 of	 LRP-1.	 Cells	were	 treated	with	 the	 antibody	 (200	µL;	 1:49	 (v/v)	 in	DAKO	

antibody	diluent)	overnight	in	a	humid	box	at	4oC.	The	primary	antibody	solution	was	

then	aspirated	and	the	cells	repeatedly	washed	with	TWEEN®	20	(0.5	mL;	0.1	%	(v/v)	in	

PBS)	for	10	minutes	(´	3).	Goat	anti-rabbit	IgG	(H+L)	cross-adsorbed	secondary	antibody,	

Cy5®	conjugated	(200	µL;	1:99	(v/v)	in	Dako	antibody	diluent),	was	then	added	for	3	h	at	

37oC	for	the	detection	of	EPR3724	in	the	far	red	region.	The	secondary	antibody	solution	

was	aspirated	and	the	cells	repeatedly	washed	with	TWEEN®	20	(0.5	mL;	0.1	%	(v/v)	in	

PBS)	for	10	minutes	(´	3),	and	subsequently	with	HBSS	before	mounting.	

The	 clathrin	 heavy-chain	 polyclonal	 antibody,	 Alexa	 Fluor®	 555	 conjugated	 (anti-

clathrin,	rabbit	IgG),	was	used	for	the	detection	of	clathrin	in	the	red	region.	Cells	were	

treated	with	the	antibody	(200	µL;	1:99	(v/v)	in	Dako	antibody	diluent)	overnight	in	a	

humid	 box	 at	 4oC.	 The	 antibody	 solution	was	 then	 aspirated	 and	 the	 cells	 repeatedly	

washed	 with	 TWEEN®	 20	 (0.5	 mL;	 0.1	 %	 (v/v)	 in	 PBS)	 for	 10	 minutes	 (´	 3),	 and	

subsequently	with	HBSS	before	mounting.	

The	monoclonal	 antibody	4C3C2,	Alexa	Fluor®	488	 conjugated	 (anti-claudin-5,	mouse	

IgG1),	was	used	for	the	detection	of	claudin-5	in	the	green	region.	Cells	were	treated	with	

the	antibody	(200	µL;	1:79	(v/v)	in	Dako	antibody	diluent)	overnight	in	a	humid	box	at	

4oC.	The	primary	antibody	solution	was	then	aspirated	and	the	cells	repeatedly	washed	

with	TWEEN®	20	(0.5	mL;	0.1	%	(v/v)	in	PBS)	for	10	minutes	(´	3),	and	subsequently	

with	HBSS	before	mounting.	

Once	stained,	the	polyethylene	filters	were	removed	from	the	Transwell®-insert	using	a	

scalpel,	 and	 the	 cells	 mounted	 onto	 slides	 with	 VECTASHIELD®	 antifade	 mounting	

medium	containing	DAPI	for	the	detection	of	the	nuclei	in	the	blue	region.	Slides	were	

then	sealed	with	nail	varnish	for	later	batch	analysis.	
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Imaging	
	
An	 A1	 Nikon	 inverted	 confocal	 microscope	 was	 used	 to	 image	 the	 cells	 with	 a	 40×/	

objective	lens.	Laser	wavelengths	were	set	at	(excitation/emission);	DAPI	blue	360/465	

nm,	 	 Alexa	 Fluor®	 green	 488/520	 nm,	 Alexa	 Fluor®	 red	 555/568	 nm,	 Cy5®	 far-red	

645/665	nm.	The	collected	tif.	files	were	analysed	using	image	analysis	software,	ImageJ	

(National	Institutes	of	Health).	

	

2.12. 	Lipoprotein	Fractionation		
	

2.12.1. Materials		
	

Calcium	 chloride	 (Merck	 Chemicals	 Ltd.,	 UK);	 sodium	 chloride	 (S7653,	 Sigma®,	 UK);	

dextran	sulfate	 (MWt.	2	×	106,	Sigma®,	UK);	 sodium	dodecyl	 sulfate	 (436143,	Sigma®,	

UK).	

	

2.12.2. Method	
	

Serum	 lipoproteins	 were	 fractionated	 in	 accordance	 to	 the	 method	 described	 by	

Ononogbu	et	al.	195.	The	method	is	comprised	of	two	parallel	precipitation-centrifugation	

extractions,	yielding	a	separation	of	the	three	major	classes	of	lipoprotein;	VLDL,	LDL	and	

HDL.	Serum	was	sampled	from	an	identical	source	for	both	stages	of	the	fractionation	

process.		

	

HDL	Fractionation	
	

Calcium	chloride	(50	μL;	22.2	%	(w/v)	in	ddH2O)	and	dextran	sulfate	(40	μL;	5	%	(w/v)	

in	 ddH2O)	 were	 added	 to	 an	 aliquot	 of	 serum-sample	 (1	 mL),	 the	 contents	 mixed	

thoroughly,	and	the	mixture	set	aside	for	24	h,	4oC.	
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After	 24	 h,	 the	mixture	was	 centrifuged	 at	 310	 g,	 for	 25	minutes,	 4oC.	 The	 resulting	

supernatant	was	collected	for	analysis	of	CoQ10	content	in	the	HDL	fraction.	

	

LDL/HDL	Fractionation	
	

Sodium	dodecyl	sulfate	(75	μL;	10	%	(w/v)	in	0.15	M	NaCl(aq))	was	added	to	an	aliquot	of	

serum-sample	(1	mL),	the	contents	mixed	thoroughly,	and	the	mixture	set	aside	for	2	h,	

37oC.	

After	2	h,	 the	mixture	was	 centrifuged	 at	 7800	g,	 for	 10	minutes,	 25oC.	The	 resulting	

supernatant	was	collected	for	analysis	of	CoQ10	content	in	the	LDL/HDL	fraction.	
	

2.13. 	Coenzyme	Q10	Quantitation	
	

2.13.1. High-Performance	Liquid	Chromatography	
	

Materials	
	

PU-980	intelligent	HPLC	pump	(Jasco	Inc.,	USA);	AS-950	intelligent	auto-sampler	(Jasco	

Inc.,	USA);	FP-920	intelligent	UV	detector	(Jasco	Inc.,	USA);	HiQ	sil™	5	µm	C18HS	4.6	×	

150	mm	column	(KYA	Technologies	Corp.,	Japan);	Jetstream	II	Plus	column	thermostat	

(Kromatek,	 UK);	 AZUR	 chromatography	 software	 (Kromatek,	 UK);	 Chromacol™	 HPLC	

vials	 and	 caps	 (Thermo	 Scientific™,	 UK);	 60	 %	 (v/v)	 perchloric	 acid	 (HiPerSolv	

Chromanorm®,	VWR	International	Ltd.,	UK);	methanol	(HiPerSolv	Chromanorm®,	VWR	

International	Ltd.,	UK);	ethanol	(HiPerSolv	Chromanorm®,	VWR	International	Ltd.,	UK);	

n-hexane	 (HiPerSolv	 Chromanorm®,	 VWR	 International	 Ltd.,	 UK);	 centrifugal	 vacuum	

concentrator	5301	(Eppendorf®,	UK).	
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Method	
	

The	 current	 ‘gold-standard’	 method	 for	 CoQ10	 quantitation	 in	 accredited	 clinical	

laboratories	is	based	on	a	reversed-phase	HPLC-UV	technique	described	by	Boitier	et	al.	
196.	The	lower	limit	of	quantitation	for	this	method	is	10	nmol/L,	with	a	limit	of	detection	

at	6	nmol/L,	and	linearity	up	to	200	nmol/L	(Figure	16).	The	run-time	(inject-to-inject)	

per	sample	is	25	minutes.	

In	an	attempt	to	account	for	the	loss	of	analyte	during	sample	preparation	a	dipropoxy-

CoQ10	internal	standard	(IS)	was	incorporated	in	a	method	first	proposed	by	Duncan	et	

al.	 197.	 IS	 (0.2	 μmol/L)	 was	 added	 to	 each	 sample	 prior	 to	 extraction,	 samples	 then	

underwent	a	 freeze-thaw	process	(×	3)	 to	perturb	the	cellular	membranes.	CoQ10	was	

then	extracted	by	the	addition	of	hexane/ethanol	(800	μL;	5:2,	v/v).	Samples	were	then	

vigorously	mixed	on	a	vortex	for	1	minute,	centrifuged	at	18625	×	g	for	3	minutes,	20oC,	

and	 the	 top-layer	 of	 hexane	 collected.	 Hexane	 was	 evaporated	 to	 dryness	 using	 a	

centrifugal	evaporator,	the	sample	re-suspended	in	ethanol	(300	μL)	and	passed	through	

a	0.2	μm	filter	ahead	of	injection.		

The	mobile	phase	for	the	HPLC	system	was	prepared	by	dissolving	sodium	perchlorate	

(7	 g)	 in	 ethanol/methanol/60	%	 (v/v)	 perchloric	 acid	 (1	 L;	 700:300:1.2,	 v/v/v).	 An	

isocratic	flow	rate	of	0.7	mL/min	was	maintained	throughout.		

A	 working	 standard	 (0.2	 μM	 CoQ10	 and	 0.2	 μM	 dipropoxy-CoQ10)	 was	 injected	 for	

calibration.	50	μL	of	each	sample	was	injected	and	separated	on	a	C18	reversed-phase	

column,	 maintained	 at	 25oC.	 CoQ10	 was	 detected	 using	 an	 online	 UV	 detector	 at	 a	

wavelength	of	275	nm	(Figure	15).		
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Figure	15:	HPLC-UV	chromatogram	for	CoQ10,	CoQ9	and	the	in-house	internal	standard	dipropoxy-CoQ10	

(IS).	

	

	
	

Figure	16:	Serial	dilution	linearity	of	HPLC-UV	CoQ10	peak	area	vs.	CoQ10	concentration,	reaching	a	lower	

limit	of	detection	at	10	nmol/L.	

	

CoQ10	was	quantified	using	the	following	equation:		

	

CoQLH	(nmol/L) = A	
peak	area
IS	peak	area	E × 	IS	conc.	
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Dilution	factor:		

Final	CoQLH	conc. = CoQLH	conc.		 × 	A	
resuspension	vol.
extraction	vol. 	E	

	

For	intracellular	determination	of	CoQ10	the	concentration	was	divided	by	total	protein	

(mg/mL)	and	expressed	as	pmol/mg	(nmol/g)	of	protein.		

	

2.13.2. Tandem	Mass	Spectrometry	
	

Materials	
	

QTRAP®	6500	(ESI)-MS/MS	system	with	Analyst®	software	v	1.6	(AB	Sciex™,	UK);	1200	

Series	 LC	 system	 (Agilent	 Technologies,	 USA);	 HTS	 PAL®	 DLW-2	 auto-sampler	 (CTC	

Analytics	AG,	Switzerland);	ACE®	UltraCore™	2.5	µm	SuperC18™	30	×	2.1	mm	column	

(Advanced	Chromatography	Technologies	Ltd.,	UK);	ACE®	C18	2.1	mm	guard-column	and	

cartridges	(Advanced	Chromatography	Technologies	Ltd.,	UK);	ACE®	ColumnShield™	0.5	

μm	pre-column	filters	(Advanced	Chromatography	Technologies	Ltd.,	UK);	Chromacol™	

300	µL	 fused-insert	9	mm	screw-thread	amber	vials	with	auto-sampler	caps	 (Thermo	

Scientific™,	 UK);	 1-propanol	 (Chromasolv™,	 Honeywell™	 Riedel-de	 Haën™,	 UK);	

methanol	 (M/4062,	 Fisher	 Chemical,	 UK);	 ethanol	 (AnalaR	 NORMAPUR®,	 VWR	

International	 Ltd.,	UK);	 hexane	 (HPLC	Grade,	 Fisher	Chemical,	UK);	 7.5	M	ammonium	

acetate	 solution	 (A2706,	 Sigma®,	 UK);	 coenzyme	 Q10–[2H9]	 (IsoSciences	 LLC,	 USA);	

coenzyme	 Q10	 (C9538,	 Sigma®,	 UK);	 Uvikon	 XL	 spectrophotometer	 with	 LabPower	

software	 (Northstar	 Scientific	 Ltd.,	 UK);	 sodium	 borohydride	 (ReagentPlus®,	 Sigma®,	

UK);	CE100/CVP100	centrifugal	vacuum	evaporator	(Genevac	Ltd.,	UK).	

	

Method	
	

A	novel	CoQ10	LC-MS/MS	method	was	established.	The	method	is	a	modified	version	of	

that	described	by	Itkonen	et	al.	198,	in	combination	with	the	sample	prep	outlined	in	the	

HPLC-UV	(Section	2.13.1).	The	lower	limit	of	quantitation	for	this	method	is	0.25	nmol/L,	
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with	a	 limit	of	detection	0.125	nmol/L,	 and	 linearity	up	 to	500	nmol/L.	The	 run-time	

(inject-to-inject)	is	7	minutes	per	sample	(Figure	17).	

	

Calibrator	Preparation	
	

CoQ10,	 and	 all	 other	 quinones	 in	 the	 homologous	 series,	 contain	 a	 2,3-dimethoxy-5-

methylbenzoquinone	core	which	absorbs	light	in	the	UV	region	of	the	electromagnetic	

spectrum	 at	 275	 nm.	 In	 a	method	 first	 described	 by	 Crane	 et	 al.	 199,	 it	 is	 possible	 to	

spectrophotometrically	analyse	the	decrease	in	absorbance	in	response	to	a	reduction	of	

the	 quinone	 core	 to	 2,3-dimethyl-5-methylbenzoquinol	 using	 sodium	 borohydride	

(NaBH4)	and,	therefore,	quantify	CoQ10	content	of	a	pure	calibrator	standard.	

	

𝑐 = 	
	𝛥𝐴	𝑥	𝑙
ε 	

	
Equation	4:	Beer-Lambert	law	where	ΔA	is	the	specific	change	in	absorbance;	ε	=	extinction	coefficient;	l	

=	path	length	(1	cm);	and	c	=	moles	200.	

	

Stock	CoQ10	calibrator	standard	(1	mM)	was	diluted	(1:99	(v/v)	in	ethanol)	and	aliquoted	

into	analogous	sample	and	reference	quartz	cuvettes	(1	mL).	NaBH4	was	added	to	the	

reference	cuvette	and	the	change	in	absorbance	at	275	nm	recorded	after	5	minutes	on	a	

spectrophotometer.	This	process	was	repeated	a	further	3	times	and	an	average	taken.	

CoQ10	concentration	was	subsequently	determined	from	the	Beer-Lambert	law	(Equation	

4)	200.	The	molar	coefficient	of	CoQ10	is	14.6	x	103	M-1	cm-1.	
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Figure	17:	LC-MS/MS	CoQ10	serial	dilution	linearity	graph	reaching	a	lower	limit	of	detection	at	0.125	

nmol/L	–	calibration	curves	were	derived	using	1/x	weighted	linear	least-squares	regression,	as	

calculated	by	the	Analyst®	software	package.	Calibration	curves	were	accepted	if	R2	≥	0.998.	

	

CoQ10	calibration	curves	were	established	by	serial	dilutions	of	a	1	mM	stock	solution	as	

confirmed	by	spectrophotometric	methods	outlined	above	(200	µL;	0,	0.25,	0.5,	1.0,	2.5,	

5.0,	25,	50,	500	nmol/L	in	ethanol).	Stable	isotope-labelled	internal	standard	was	added	

to	 each	 calibrator	 (CoQ10–[2H9];	 ~1	 µmol/L),	 the	 calibrator	 standards	 were	 then	

vigorously	mixed	and	evaporated	to	dryness	on	a	centrifugal	vacuum	evaporator.	Prior	

to	analysis,	calibrators	were	re-constituted	in	LC-MS/MS	‘running	solvent	A’	(50	µL;	41:9	

(v/v)	methanol/1-propanol	with	500	µmol/L	ammonium	acetate),	vigorously	mixed,	and	

transferred	into	a	suitable	vial.		

Fresh	calibrators	were	made-up	alongside	every	analytical	batch.	Calibrators	were	not	

extracted,	as	per	sample	preparation	below,	since	there	was	no	quantifiable	difference	in	

absolute	values	between	‘extracted’	versus	‘non-extracted’	calibrator	standards.	

	

Sample	Preparation	
	

Samples	 were	 prepared	 by	 the	 addition	 of	 stable	 isotope-labelled	 internal	 standard	

(CoQ10–[2H9];	 ~1	 µmol/L)	 to	 each	 sample	 (200	 µL),	 with	 a	 subsequent	 freeze-thaw	

process	 (×	 3)	 to	 perturb	 cellular	membranes.	 Extraction	 buffer	was	 then	 added	 (800	

uL/sample;	5:2	(v/v)	hexane/ethanol)	and	the	samples	vigorously	mixed	on	a	vortex	for	
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1	minute,	centrifuged	at	18625	×	g	for	3	minutes,	and	the	top-layer	of	hexane	collected.	

The	hexane	extract	was	evaporated	to	dryness	using	a	centrifugal	evaporator.	Prior	to	

analysis,	 calibrators	were	re-constituted	 in	LC-MS/MS	 ‘running	solvent	A’	 (50	µL;	41:9	

(v/v)	methanol/1-propanol	with	500	µmol/L	ammonium	acetate),	vigorously	mixed,	and	

transferred	into	a	suitable	vial.	

	

LC-MS/MS	Acquisition	Parameters	
	

Chromatography	was	performed	on	a	C18	reversed-phase	column	kept	at	25oC	with	a	

gradient	 of	 running	 solvent	 A	 (41:9	 (v/v)	 methanol/1-propanol	 with	 500	 µmol/L	

ammonium	acetate)	 and	 running	 solvent	B	 (1:1	 (v/v)	methanol/1-propanol	with	500	

µmol/L	ammonium	acetate).	The	gradient	elution	profile	was	maintained	at	100	%	A	(0	

–	0.2	min),	ramped	to	100	%	B	(0.21	–	1	min),	maintained	at	100	%	B	(1	–	3.5	min),	and	

ramped	back	to	100	%	A	(3.51	–	3.6	min).	Total	run	time	was	6.5	minutes	with	a	flow	rate	

of	220	µL/min	and	inject	volume	of	10	µL.	

The	mass	 spectrometer	was	operated	 in	positive	 ion	mode	with	 the	 ion	 source	 spray	

voltage	 at	 5500	V,	 declustering	potential	 at	 50	V,	 temperature	 at	 115oC,	 and	 collision	

energy	 at	 27	V.	The	 curtain	 gas	was	48	L/min,	 gas	1	 (nebuliser	 gas)	55	L/min,	 gas	2	

(heater	gas)	21	L/min,	and	collision	gas	on	‘medium’	setting.	The	mass	spectrometer	was	

programmed	 to	 follow	 the	 transitions	 of	 m/z	 880.7	 ->	 197.1	 (dwell	 time	 200	 ms)	

corresponding	to	the	ammonium	adduct	of	CoQ10,	and	m/z	889.7	->	206.1	(dwell	time	

200	ms)	corresponding	to	the	ammonium	adduct	of	CoQ10–[2H9].	

	

Final	 CoQ10	 concentrations	 (nmol/L)	were	 calculated	 as	 a	 ratio	 of	 CoQ10/CoQ10–[2H9]	

peak	areas,	and	quantified	against	the	corresponding	calibration	curve	(Figure	17),	with	

dilution	factors	corrected	for	accordingly.	For	 intracellular	determination	of	CoQ10	the	

concentration	 was	 divided	 by	 total	 protein	 (mg/mL)	 and	 expressed	 as	 pmol/mg	

(nmol/g)	of	protein	(Section	2.15).		
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2.14. 	Mitochondrial	Respiratory	Chain	Enzyme	(MRCE)	
Assays	

	

2.14.1. Materials	
	

Uvikon	XL	spectrophotometer	with	LabPower	software	(Northstar	Scientific	Ltd.,	UK);	

spectrophotometer	 cuvettes	 (C5416,	 Sigma®,	 UK);	 dipotassium	 hydrogen	 phosphate	

(K2HPO4;	P5504,	Sigma®,	UK);	potassium	dihydrogen	phosphate	(KH2PO4;	Sigma®,	UK);	

Triton™	X-100	(T8787,	Sigma®,	UK);	Trizma®	base	(T1503,	Sigma®,	UK);	ethanol	(AnalaR	

NORMAPUR®,	VWR	International	Ltd.,	UK);	Bovine	Serum	Albumin	(BSA;	A6003,	Sigma®,	

UK);	 β-Nicotinamide	 Adenine	 Dinucleotide	 (β-NADH;	 N6785,	 Sigma®,	 UK);	 potassium	

cyanide	 (KCN;	60178,	Sigma®,	UK);	magnesium	chloride	 (MgCl2;	M2670,	Sigma®,	UK);	

coenzyme	 Q1	 (C9538,	 Sigma®,	 UK);	 rotenone	 (R8875,	 Sigma®,	 UK);	

ethylenediaminetetraacetic	 acid	 (EDTA;	 ED2P,	 Sigma®,	 UK);	 cytochrome	 c	 (C7752,	

Sigma®,	UK);	sodium	succinate	(S2378,	Sigma®,	UK);	antimycin	A	(A8674,	Sigma®,	UK);	

sodium	L-ascorbate	(A7631,	Sigma®,	UK);	PD-10	desalting	column	(GE	Healthcare,	UK);	

potassium	ferricyanide	(60299,	Sigma®,	UK);	acetyl-coenzyme	A	(A2056,	Sigma®,	UK);	

5,5’-dithio-bis(2-nitrobenzoic	acid)	(DNTB;	D218200,	Sigma®,	UK);	oxaloacetate	(O4126,	

Sigma®,	UK).	

	

2.14.2. Methods	
	

Complex	I	(NADH:	ubiquinone	reductase;	EC	1.6.5.3)		
	

Complex	 I	 activity	was	determined	based	on	 the	method	described	by	Reed	et	 al.	 201.	

Electrons	 derived	 from	 the	 oxidation	 of	 NADH	 are	 transferred	 through	 complex	 I	 to	

exogenously	 added	 CoQ1,	 which	 in	 turn	 is	 reduced	 to	 CoQ1H2.	 Complex	 I	 activity	 is	

subsequently	measured	as	the	rotenone-sensitive	decrease	in	NADH	at	340	nm.		
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Rotenone,	a	specific	complex	 I	 inhibitor,	 is	used	 to	determine	 the	background	 level	of	

Complex	I	independent	NADH	oxidation.	Rotenone	acts	on	the	matrix	embedded	long	arm	

of	the	enzyme,	arresting	electron	transfer	from	the	Fe-S	cluster	to	CoQ1	202.	

	

	
	

Figure	18:	bEnd.3	MRC	complex	I	activity	linearity.	

	

Sample	(20	μL)	was	added	to	two	analogous	cuvettes	(1	mL)	containing	BSA	(2.5	mg/mL),	

β-NADH	(0.15	mmol/L),	and	KCN	(1	mmol/L)	in	a	20	mM	potassium	phosphate	buffer	

(pH	7.2)	with	MgCl2	(8	mmol/L).	Duplicate	cuvettes	were	then	gently	mixed	by	double	

inversion	and	placed	into	the	corresponding	reference	and	sample	compartments	of	the	

spectrophotometer.	The	reaction	was	initiated	by	the	addition	of	CoQ1	(50	µmol/L)	into	

the	sample	cuvette	and	monitored	at	an	absorbance	of	340	nm	at	30	second	intervals	for	

5	minutes,	30oC.	Rotenone	(20	µmol/L)	was	then	added	to	each	sample	cuvette	and	the	

reaction	 monitored	 for	 a	 further	 5	 minutes	 to	 establish	 any	 background	 activity.	

Subtraction	of	the	background	absorbance	from	the	initial	absorbance	yielded	a	specific	

rate	of	absorbance	for	Complex	I.		

Absorbance	was	converted	to	molar	concentration	using	the	Beer-Lambert	law	(Section	

2.13.2,	Equation	4)	200.	The	extinction	coefficient	of	NADH-CoQ1	is	6.81	×	103	M-1	cm-1.	

Results	 are	 expressed	 as	nmol/min/mg	of	protein	 (Section	2.15)	 and/or	 as	 a	 ratio	 to	

citrate	synthase	activity	(Figure	18).	

	

y	=	94.676x
R²	=	0.9978

0

20

40

60

80

100

120

140

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Ac
ti
vi
ty
	(n
m
ol
/m

in
/m

L)

Protein	(mg/mL)

bEnd.3	MRC	Complex	I



	 	 		

	 	
57	

Complex	II-III	(succinate	dehydrogenase:	cytochrome	c	reductase)	
	

Complex	 II-III	 activity	 was	 determined	 based	 on	 the	 method	 described	 by	

Bhuvaneswaran	et	al.	203.	Complex	II	(succinate	dehydrogenase;	EC	1.3.5.1)	catalyses	the	

oxidation	 of	 succinate	 to	 fumarate	 and	 in	 the	 process	 reduces	 CoQ10	 to	 CoQ10H2.	

Ubiquinol	 then	 acts	 as	 an	 electron	 carrier	 facilitating	 the	 reduction	 of	 cytochrome	 c	

catalysed	by	Complex	III	(ubiquinol-cytochrome	c	oxidoreductase;	EC	1.10.2.2).	Complex	

II-III	 activity	 is	 then	 selectively	 measured	 by	 the	 succinate-dependent	 Antimycin	 A	

sensitive	reduction	of	cytochrome	c	at	550	nm.		

Antimycin	A,	a	complex	III	inhibitor	that	binds	to	the	Qi	site	of	cytochrome	c	reductase,	is	

added	 to	determine	 the	background	 level	 of	 complex	 II-III	 independent	 cytochrome	c	

reduction.		

	

	
	

Figure	19:	bEnd.3	MRC	complex	II-III	activity	linearity.	

	

Sample	 (20	 μL)	 was	 added	 to	 two	 analogous	 cuvettes	 (1	 mL)	 containing	 EDTA	 (0.3	

mmol/L),	 KCN	 (1	mmol/L),	 and	 cytochrome	 c	 (0.1	mmol/L)	 in	 a	 100	mM	 potassium	

phosphate	 buffer	 (pH	 7.4).	 Duplicate	 cuvettes	 were	 then	 gently	 mixed	 by	 double	

inversion	and	placed	into	the	corresponding	reference	and	sample	compartments	of	the	

spectrophotometer.	The	reaction	was	initiated	by	the	addition	of	succinate	(20	mmol/L)	

in	 the	 sample	 cuvette.	The	 reaction	was	measured	at	 an	 absorbance	of	 550	nm	at	30	

second	intervals	for	5	minutes,	30oC.	Antimycin	A	(10	µmol/L)	was	then	added	to	each	
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sample	cuvette	and	the	measurement	was	continued	for	a	further	5	minutes.	Subtraction	

of	 the	 background	 absorbance	 from	 the	 initial	 absorbance	 yields	 a	 specific	 rate	 of	

absorbance	for	Complex	II-III.		

Absorbance	was	converted	to	molar	concentration	using	the	Beer-Lambert	law	(Section	

2.13.2,	Equation	4)	200.	The	extinction	coefficient	of	cytochrome	c	is	19.2	×	103	M-1	cm-1.	

Results	 are	 expressed	 as	nmol/min/mg	of	protein	 (Section	2.15)	 and/or	 as	 a	 ratio	 to	

citrate	synthase	activity	(Figure	19).		

	

Complex	IV	(cytochrome	c	oxidase;	EC	1.9.3.1)		
	

Complex	 IV	was	measured	based	on	 the	method	described	by	Tzagoloff	et	al.	 204.	The	

assay	measures	the	oxidation	of	cytochrome	c	catalysed	by	complex	IV.	

	

	
	

Figure	20:	bEnd.3	MRC	complex	IV	activity	linearity.	

	

Oxidized	cytochrome	c	(0.8	M)	is	first	reduced	by	the	addition	of	a	few	crystals	of	ascorbic	

acid.	The	solution	was	then	passed	through	a	PD-10	desalting	column,	equilibrated	with	

a	 10	 mM	 potassium	 phosphate	 buffer	 (pH	 7.0),	 to	 remove	 the	 ascorbate.	 The	

concentration	 of	 the	 reduced	 cytochrome	 c	was	 then	 determined	 against	 a	 reference	

sample;	 reduced	 cytochrome	 c	was	 diluted	 (1:19	 (v/v)	 in	 ddH2O)	 and	 added	 to	 two	

analogous	cuvettes	(1	mL),	the	sample	was	blanked	against	the	reference	at	550	nm	using	

y	=	1.5863x
R²	=	0.9996

0

0.5

1

1.5

2

2.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Ac
ti
vi
ty
	(k
/m

in
/m

L)

Protein	(mg/mL)

bEnd.3	MRC	Complex	IV



	 	 		

	 	
59	

a	 spectrophotometer	 and	 ferricyanide	 (1	 mmol/L)	 added	 to	 the	 reference	 cuvette,	

oxidising	 the	 cytochrome	 c.	 The	 absorbance	 was	 recorded	 after	 1	 minute	 and	 the	

concentration	 of	 reduced	 cytochrome	 c	 determined	 using	 Beer-Lambert	 law	 (Section	

2.13.2,	Equation	4)	200.	The	extinction	coefficient	for	reduced	cytochrome	c	is	19.2	×	103	

M-1	cm-1.	

	

Reduced	Cytochrome	c	(50	μmol/L)	was	then	added	to	analogous	sample	and	reference	

cuvettes	(1	mL)	containing	a	10	mM	potassium	phosphate	buffer	(pH	7.0).	The	sample	

was	blanked	against	the	reference	at	550	nm	using	a	spectrophotometer.	Ferricyanide	(1	

mM)	was	added	to	the	reference	cuvette.	The	reaction	was	initiated	by	the	addition	of	

sample	 (20	 μL)	 to	 the	 sample	 cuvette	 and	 the	 change	 in	 absorbance	 at	 550	 nm	was	

recorded	over	3	minutes,	30oC.		

The	 reaction	 of	 complex	 IV	 with	 cytochrome	 c	 follows	 first-order	 kinetics	 as	 it	 is	

dependent	on	the	concentration	of	cytochrome	c.	Activity	is	therefore	expressed	as	a	first	

order	rate	constant	(k).	k	is	calculated	by	plotting	the	natural	log	of	absorbance	against	

time	 and	 determining	 the	 gradient.	 Results	 are	 expressed	 as	 k/min/mg	 of	 protein	

(Section	2.15)	and/or	as	a	ratio	to	citrate	synthase	activity	(Figure	20).	

	

Citrate	Synthase	(EC	2.3.3.1)	
	

Citrate	synthase	is	an	enzyme	in	the	citric	acid	cycle	which	catalyses	the	condensation	of	

oxaloacetate	and	acetyl-coenzyme	A	to	form	citric	acid	and	coenzyme	A.	It	is	exclusively	

localised	 within	 the	 mitochondrial	 matrix	 and	 is	 widely	 accepted	 as	 a	 marker	 of	

mitochondrial	enrichment	or	depletion	205.		

The	assay	was	performed	based	on	methods	described	by	Shepherd	and	Garland	206,	and	

measures	the	production	of	5-thio-2-nitrobenzoic	acid	(TNB)	at	412	nm,	via	the	reaction	

of	coenzyme	A	with	5,5’-dithio-bis(2-nitrobenzoic	acid)	(DTNB).		

Given	 that	citrate	synthase	serves	as	a	marker	 for	 intact	mitochondria,	 corresponding	

MRCE	values	are	often	expressed	as	a	ratio	to	citrate	synthase.	
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Figure	21:	bEnd.3	citrate	synthase	linearity.	

	

Sample	(20	μL)	was	added	to	two	analogous	cuvettes	containing	acetyl-coenzyme	A	(0.1	

mmol/L),	DTNB	(0.2	mmol/L)	in	a	100	mM	tris	buffer	(pH	8.0)	with	triton	X-100	(1	g/L).	

Duplicate	 cuvettes	 were	 then	 gently	 mixed	 by	 double	 inversion	 and	 placed	 into	 the	

corresponding	 reference	 and	 sample	 compartments	 of	 the	 spectrophotometer.	 The	

reaction	was	initiated	by	the	addition	of	oxaloacetate	(200	μmol/L)	to	the	sample	cuvette.	

The	reaction	was	measured	at	412	nm	for	5	minutes	at	30	second	intervals,	30oC.	

Absorbance	 was	 converted	 to	 molar	 concentration	 and	 calculated	 using	 the	 Beer-

Lambert	law	(Section	2.13.2,	Equation	4)	200.	The	extinction	coefficient	of	DTNB	is	13.6	×	

103	M-1	cm-1.	Results	are	expressed	as	nmol/min/mg	of	protein	(Section	2.15).		

	

2.15. 	Total	Protein	Determination	
	

2.15.1. Materials	
	

DC	total	protein	assay	Reagent	A	and	Reagent	B	(Bio-Rad	Laboratories	Ltd.,	UK);	Bovine	

Serum	Albumin	(BSA;	A6003,	Sigma®,	UK);	spectrophotometer	cuvettes	(C5416,	Sigma®,	
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UK);	Uvikon	XL	spectrophotometer	with	LabPower	software	(Northstar	Scientific	Ltd.,	

UK).	

	

2.15.2. Method	
	

Total	protein	was	determined	by	the	Bio–Rad	DC–protein	assay.	This	assay	is	a	modified	

method	based	on	that	of	Lowry	et	al.	207	which	monitors	the	reaction	of	protein	with	an	

alkaline	copper	tartrate	solution	and	Folin	reagent.	There	are	 two	steps	which	 lead	to	

colour	development;	the	reaction	between	protein	and	copper	in	an	alkaline	medium,	and	

the	 subsequent	 reduction	 of	 Folin	 reagent	 by	 the	 copper-treated	 protein.	 Colour	

development	is	primarily	due	to	the	amino	acids	tyrosine	and	tryptophan,	and	to	a	lesser	

extent,	cystine,	cysteine,	and	histidine.	Proteins	effect	a	reduction	of	the	Folin	reagent	by	

loss	of	1,	2,	or	3	oxygen	atoms,	thereby	producing	one	or	more	of	several	possible	reduced	

species	which	have	a	characteristic	blue	colour	with	maximum	absorbance	at	750	nm.	

	

	
	

Figure	22:	Lowry	total	protein	determination	–	Bovine	Serum	Albumin	(BSA)	linearity.	

	

The	 assay	was	 performed	 as	 per	 the	manufacturer’s	 instructions.	 Briefly,	 all	 samples	

were	 diluted	 in	 ddH2O,	 a	 6–point	 standard	 curve	 was	 prepared	 with	 bovine	 serum	

albumin	(BSA)	solution	(0,	25,	50,	75,	100,	200	μg/mL)	(Figure	22).	Reagent	A	(alkaline	

copper	tartrate;	100	μL)	and	Reagent	B	(Folin-Ciocalteau	phenol;	800	μL)	were	added	to	
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the	sample/standard	solution	(200	μL).	Samples/standards	were	then	vigorously	mixed	

for	30	seconds,	incubated	for	25	minutes,	25oC,	in	the	dark,	and	subsequently	measured	

at	750	nm	on	a	 spectrophotometer.	Total	protein	was	 subsequently	determined	 from	

linear	regression	of	sample	absorbance	units	against	the	BSA	standard	curve.	

	

2.16. 	Statistical	Analysis	
	

All	 results	 are	 expressed	 as	 mean	 ±	 standard	 error	 of	 the	 mean	 (SEM).	 Individual	

comparisons	of	means	were	made	using	the	two-sample	Student’s	t-test	and	were	carried	

out	using	Microsoft®	Excel	with	AnalystSoft®	StatPlus	software.	To	reduce	the	incidence	

of	type	1	error	that	is	associated	with	performing	multiple	two-sample	t-test’s,	one-way	

ANOVA	was	used	for	comparison	of	groups	>	2,	with	Bonferroni	post-hoc	analysis.	In	all	

cases	p	<	0.05	was	considered	significant.	Ratios	were	 transformed	prior	 to	statistical	

analysis	using	the	arcsine	square-root	transformation	to	minimise	the	negative	skew	of	

distribution	produced	when	expressing	proportions	208,	209.	
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3. Validation	of	Experimental	and	
Analytical	Procedures	

	

3.1. Background	
	

3.1.1. CoQ10	Analysis	using	Mass	Spectrometry	
	

The	 current	 ‘gold-standard’	 analytical	 technique	 for	 CoQ10	 determination	 in	 clinical	

laboratories	is	HPLC-UV.	The	method	exploits	the	ability	of	the	CoQ10	benzoquinone	core	

to	absorb	UV	light	at	275	nm	and	is	highly	reliable.	However,	it	is	time	consuming,	with	a	

run-time	of	ca.	20	minutes	per	sample,	 it	has	a	quantitation	limit	of	10	nmol/L,	and	is	

susceptible	to	interference	197.	Consequently,	alternative	technologies	are	being	explored	

to	mitigate	and	overcome	these	limitations.	

Although	mass	spectrometry	(MS)	has	been	around	for	many	decades,	the	application	of	

MS	in	routine	clinical	laboratories	has	increased	significantly	in	recent	years	210.	This	is	

primarily	due	to	the	very	high	specificity,	superior	sensitivity,	and	simultaneous	analysis	

of	multiple	analytes	(>	100)	that	MS	can	offer.	Furthermore,	the	coupling	of	tandem	mass	

spectrometry	with	 liquid	 chromatography	 (LC-MS/MS)	 has	 enabled	 the	 separation	 of	

isobaric	compounds	which	once	limited	its	application,	and	has	been	a	key	development	

in	the	rapid	expansion	of	this	technology	211-213.	

In-line	with	the	recent	popularity	of	CoQ10	research,	numerous	LC-MS/MS	methods	for	

CoQ10	analysis	have	surfaced	over	the	years,	each	offering	superior	sensitivity	and	speed	

compared	 to	 the	 HPLC-UV	 ‘gold-standard’,	 and	 they	 will	 most	 likely	 supersede	 the	

current	methodology	in	clinical	laboratories	198,	214-218.		

A	major	incentive	for	this	technological	shift	is	an	emerging	clinical	need	for	diagnosis	

and	 treatment	monitoring	 in	 CSF,	 since	 there	 is	 a	 clear	 preponderance	 of	 ataxic	 and	

neurological	 presentation	 associated	 with	 CoQ10	 deficiencies.	 Recent	 studies	 have	

tentatively	indicted	that	the	baseline	concentrations	of	CoQ10	in	CSF	are	<	9	nmol/L	214,	

219,	220,	a	concentration	that	is	undetectable	by	HPLC-UV.	Additionally,	the	limited	efficacy	

of	 CoQ10	 treatment	 for	 neurological	 presentation	 suggests	 that	 there	 could	 be	 a	 poor	
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permeability	 of	 CoQ10	 across	 the	 BBB,	meaning	HPLC-UV	may	 also	 be	 insufficient	 for	

treatment	monitoring.	The	other,	more	obvious,	advantage	of	transitioning	to	LC-MS/MS	

is	speed,	since	the	high	level	of	specificity	afforded	through	selective	reaction	monitoring	

allows	 for	 a	 less	 intensive	 sample	 preparation	 and,	 in	 most	 cases,	 a	 reduced	

chromatographic	 separation.	 This	 enables	 quicker	 run-times	 and	 a	 more	 efficient	

diagnostic	service	–	an	essential	criterion	for	successful	implementation	of	innovation	in	

the	NHS	221.	

	

Given	the	predicted	poor	permeability	of	CoQ10	at	the	BBB	and	the	clear	benefits	of	LC-

MS/MS	for	low-level	quantitation,	a	novel	LC-MS/MS	method	to	be	used	for	in	vitro	BBB	

investigations	and	clinical	diagnostics	is	proposed.	

	

3.1.2. In	vitro	BBB	Experimental	Design	
	

As	introduced	in	Section	1.4,	the	BBB	is	a	highly-specialised,	low-permeability	interface	

between	 the	 central	 nervous	 system	 and	 the	 circulating	 blood	 and	 is	 a	 primary	

component	 of	 the	 neurovascular	 unit	 which	 serves	 to	 maintain	 the	 finely	 balanced	

interior	milieu	of	the	brain	parenchyma	142.	The	specific	structure	and	function	of	the	BBB	

can	make	it	difficult	to	replicate	in	an	in	vitro	model.	It	is	therefore	important	to	establish	

a	model	 that	 is	 as	 close	 to	 the	 in	 vivo	 environment	as	possible.	With	 this	 in	mind	cell	

culture	models,	based	on	either	primary	or	immortalised	brain	endothelial	cell	lines,	have	

been	developed	in	order	to	facilitate	in	vitro	studies	of	molecular	transport	to	the	brain	

and	endothelial	cell	pathophysiology	166,	167.		

While	no	one	model	exactly	mimics	the	in	vivo	BBB	expression	of	enzymes,	transporters,	

receptors,	and	structural	proteins,	it	is	the	primary	cell	models	which	exhibit	the	best	in	

vivo	 –	 in	 vitro	 correlation.	Given	 that	 access	 to	human	primary	brain	material	 is	 very	

limited	 and	 restricted	 to	 biopsy	 or	 autopsy	 material	 from	 patients	 with	 established	

disease	 222,	 researchers	 have	 resorted	 to	 isolations	 from	 healthy	 animals	 as	 a	 more	

feasible	source	of	material	for	primary	cultures.	To	date,	the	endothelial	cells	that	have	

been	characterised	as	providing	in	vivo-like	functionality,	tight	barrier	integrity,	and	low	

paracellular	permeability	are	primary	porcine	223,	bovine	224,	and	rodent	166,	225,	226.	Due	

to	 the	much	 lower	yield	of	 endothelial	 cells	 from	rat	brains	 (1–2	million	 cells	per	 rat	
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brain),	bovine	and	porcine	brains	(up	to	200	million	cells	per	brain)	are	the	most	popular	

choice	for	in	vitro	BBB	models	both	in	academia	and	industry	186.	

The	introduction	of	astrocytes	in	the	growth	stage	of	primary	cultures	has	been	shown	to	

greatly	improve	functional	parameters	of	the	BBB	227,	with	astrocytic	co-cultures	of	both	

bovine	and	porcine	endothelial	cells	having	been	shown	to	produce	a	transendothelial	

resistance	 of	 up	 to	 1600	W	 .	 cm2	 167.	 This	 is	 a	 result	 of	 crosstalk	 of	 secretion	 factors	

between	the	cell	types	that	enhance	maturation	of	the	BBB	to	a	level	comparable	with	

that	 in	 vivo	 143.	Additionally,	 the	primary	 cultures	of	 the	 in	 vitro	BBB	have	 the	 lowest	

paracellular	permeability	and	 the	most	 comprehensive	expression	and	polarisation	of	

characteristic	BBB	transporters.	All	 these	 factors	combined	position	them	as	the	gold-

standard	for	in	vitro	investigations	into	molecular	transport	at	the	BBB.	

However,	 the	 use	 of	 primary	 cells	 is	 very	 expensive,	 time-consuming,	 technically	

demanding,	 and	 requires	 a	 high	 consumption	 of	 animals	 per	 isolation.	 Therefore,	

immortalised	 cell	 lines	 have	 been	 developed	 for	 BBB	 permeability	 studies	 and	 are	

commonly	used	as	a	platform	for	high-throughput	and/or	first-line	investigations	228.	

Immortalised	cells	of	murine	229,	rat	230,	bovine	231,	porcine	232,	and	human		233	have	been	

established	 and,	 in	 addition	 to	 being	 considerably	 cheaper	 and	 far	 less	 technically	

demanding,	these	cell	lines	have	the	advantage	of	being	usable	over	many	passages	with	

a	 higher	 reproducibility	 of	 results	 compared	 to	 primary	 cells.	 While	 the	 functional	

parameters	of	these	immortalised	cell	lines	are	markedly	inferior	to	the	primary	in	vitro	

BBB	models,	with	TEERs	frequently	as	low	as	~	50	W	 .	cm2,	they	are	sufficient	for	large	

molecule	 investigations	 and	 are	 the	 best	 compromise	 between	 functionality	 and	

practicality	166,	167.	

	

Based	on	the	relative	merit	and	limitations	of	the	available	in	vitro	models	of	the	BBB,	the	

investigation	 strategy	 adopted	 for	 this	 project	 was	 to	 perform	 initial	 studies	 on	 the	

commercially	 available	 mouse	 brain	 endothelial	 cell	 line,	 bEnd.3,	 with	 subsequent	

investigation	of	promising	findings	to	be	made	on	the	primary	porcine	brain	endothelial	

cell,	PBEC,	model	in	co-culture	with	primary	rat	astrocytes.	
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3.2. Materials	and	Methods	
	

3.2.1. Materials	
	

Coenzyme	Q10	Plasma	Control,	Level	I	(0092,	ChromSystems®,	Germany);	Bovine	Plasma	

Derived	Serum	(BPDS;	First	Link	Ltd.,	UK);	Foetal	Bovine	Serum	(FBS;	F7524,	Sigma®,	

UK);	HEPES	 (H3375,	 Sigma®,	UK);	HEPES	 (H3375,	 Sigma®,	UK);	Hank’s	Balanced	 Salt	

Solution	(HBSS;	H8264,	Sigma®,	UK);	Bovine	Serum	Albumin	(BSA;	A6003,	Sigma®,	UK);	

coenzyme	Q10	(C9538,	Sigma®,	UK).	

	

3.2.2. Methods	
	

Coenzyme	Q10	Quantitation	
	

Unless	 otherwise	 stated,	 CoQ10	 concentrations	were	 determined	 using	 the	 LC-MS/MS	

method	described	in	Section	2.13.2.	Duplicate	samples	of	ChromSystems®	EQC	Plasma,	

IQC	0	(HBSS	with	50	%	(v/v)	BPDS,	0.5	%	(w/v)	BSA,	25	mmol/L	HEPES),	and	IQC	10	

(HBSS	with	50	%	(v/v)	BPDS,	0.5	%	(w/v)	BSA,	25	mmol/L	HEPES,	10	μmol/L	CoQ10)	

were	 run	 at	 the	 beginning	 and	 end	 of	 each	 batch	 to	 ensure	 a	 consistent	 intra-batch	

instrument	performance.		

Measurements	made	 using	 the	HPLC-UV	 technique	were	 performed	 in	 accordance	 to	

Section	2.13.1.	

	

Lipoprotein	Fractionation	
	

The	CoQ10	content	in	the	three	major	classes	of	serum	lipoprotein	was	investigated	by	

parallel	 isolation	of	 the	LDL/HDL	and	HDL	fractions	within	an	 identical	sample	of	cell	

culture	serum,	BPDS,	as	is	outlined	in	Section	2.12.	

In	the	case	of	treated-serum,	exogenous	CoQ10	(10	μmol/L)	was	incubated	with	BPDS	for	

45	minutes,	37oC,	consistent	with	the	protocol	for	the	preparation	of	CoQ10	assay	buffers.	



	 	 		

	 	
67	

VLDL	 CoQ10	 content	 was	 calculated	 as	 the	 difference	 between	 the	 total	 CoQ10	 in	 the	

sample	 and	 the	 CoQ10	 content	 found	 in	 the	 LDL/HDL	 fraction,	 as	 determined	 by	 LC-

MS/MS.	

	

Cell	Culture	
	

bEnd.3	 cells	were	 cultured	 as	 outlined	 in	 Section	 2.2	 and	 passaged	 onto	 Transwell®-

inserts	 for	apparent	permeability	 studies,	 into	T-75	 flasks	 for	MRCE	activity	and	 total	

CoQ10	measurements,	or	onto	96-well	plates	for	MTT	cell	viability	analysis.		

Primary	 PBECs	 were	 isolated	 and	 cultured	 as	 per	 Sections	 2.3	 and	 2.4.	 Cells	 were	

passaged	onto	Transwell®-inserts	for	apparent	permeability	studies,	into	T-75	flasks	for	

total	CoQ10	measurements,	or	onto	96-well	plates	for	MTT	cell	viability	analysis.	

Primary	astrocytes	were	isolated	and	cultured	in	accordance	to	Sections	2.5	and	2.6,	with	

co-culture	coordinated	as	per	Appendix	A.	

	

Cell	Viability	Assay	
	

The	 effect	 of	 treatment	 conditions	 on	 cell	 viability	 were	 assessed	 against	 untreated	

controls	using	the	MTT	assay	described	in	Section	2.9.	Results	are	expressed	as	a	relative	

percentage	to	untreated	controls.	

	

Assessing	Barrier	Integrity	
	

TEERs	were	measured	 across	 cell	mono-layers	 on	 Transwell®-inserts	 as	 described	 in	

Section	2.7.1.	Apparent	permeability	(Papp)	of	in	situ	paracellular	markers	was	evaluated	

following	the	experimental	procedures	outlined	in	Sections	2.7.2	and	2.8.	Assay	buffers	

were	made	up	in	HBSS	at	pH	7.4	(Table	6).	
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Table	6:	Composition	of	assay	buffers	used	in	apparent	permeability	studies.	Condition	A	is	the	acceptor	

buffer	and	conditions	B	and	C	are	the	donor	buffers.	The	serum	used	in	bEnd.3	investigations	was	FBS	

and	for	PBECs	it	was	BPDS.	

	

	
BSA	

(w/v)	

HEPES	

(mmol/L)	

Serum	

(v/v)	

FITC-40	

(mg/mL)	

Lucifer	

Yellow	

(μg/mL)	

A	 0.5	%	 25	 –	 –	 –	

B	 0.5	%	 25	 50	%	 0.5	 –	

C	 0.5	%	 25	 50	%	 –	 10	

	

Inducing	Coenzyme	Q10	Deficiency	
	

Cell	cultures	were	pharmacologically	induced	with	a	CoQ10	deficiency	by	supplementing	

culture	media	with	1	mmol/L	para-aminobenzoic	acid	(pABA)	for	a	duration	of	5	days,	in	

accordance	to	the	method	described	in	Section	2.10.	

	

MRCE	Activities	and	Cellular	CoQ10	Determination	
	

Cells	 were	 grown	 to	 confluence	 on	 T-75	 flasks,	 harvested	 in	 accordance	 to	 their	

respective	 trypsination	 procedures,	 washed	 and	 subsequently	 collected	 in	 PBS	 (200	

μL/confluent	T-75	flask).		MRCE	activities	were	investigated	as	per	Section	2.14	and	total	

CoQ10	 content	 determined	by	 LC-MS/MS.	MRCE	 activities	 and	 total	 CoQ10	 content	 are	

expressed	against	protein,	as	determined	by	the	Lowry	method	outlined	in	Section	2.15.	
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3.3. Results	
	

3.3.1. LC-MS/MS	Method	Development	
	

	
	

Figure	23:	LC-MS/MS	CoQ10	chromatogram	of	the	top	calibrator,	500	nmol/L	CoQ10	(top	chromatogram),	

with	tuned	MS	scans	of	the	CoQ10	product	ion	(bottom	left	mass	spectrum)	and	the	parent	ammonium	

adduct	ion	(bottom	right	mass	spectrum)	in	ESI+	mode.	

	

The	optimum	combination	of	LC-MS/MS	parameters	to	yield	the	highest	signal	response	

for	CoQ10	was	achieved	by	automatically	ramping	each	parameter	(ionisation	voltages,	

temperature	 and	 interface	 gases)	 across	 a	 range	 and	 then	manually	 fine-tuning.	 The	

specific	 Q1/Q3	 transitions	were	 determined	 by	 performing	 a	 product	 ion	 scan	 of	 the	

respective	 parent	 ion.	 The	 resulting	 chromatogram	 (Figure	 23)	 shows	 very	 good	

sensitivity	 and	 chromatography	 for	 both	 the	 CoQ10	 ammonium	 adduct	 (m/z	 880.7	 ->	

197.1)	and	the	stable-isotope	labelled	internal	standard,	CoQ10-[2H9]	ammonium	adduct	

(m/z	889.7	->	206.1),	in	selected-reaction	monitoring	mode.	
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Figure	24:	The	effect	of	sample	injection	volume	on	analyte	signal	response	in	the	CoQ10	LC-MS/MS	

method.	For	both	conditions	(n	=	7).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

In	 addition	 to	 optimal	 tuning	 of	 the	 physical	 LC-MS/MS	parameters,	 sample	 injection	

volume	was	explored	as	a	method	for	improving	analyte	signal	response.	Inject	volume	

was	shown	to	be	directly	proportional	to	signal	response	(Figure	24).	However,	it	was	

important	to	impose	an	upper	limit	since	excess	sample	can	result	in	detrimental	carry-

over,	 detector	 saturation,	 and	peak	broadening	due	 to	 column	overload	 234.	 Thus,	 the	

lowest	inject	volume	to	give	a	sufficiently	high	analyte	signal	response	was	defined	as	10	

μL/sample.	Extrapolating	from	this,	the	minimum	re-constitution	volume	was	calculated	

to	be	50	μL/sample.	
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Figure	25:	Assessment	of	ion	suppression	as	a	result	of	matrix	effects	in	the	CoQ10	LC-MS/MS	method.	

For	all	conditions	(n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

It	was	noted	that	there	was	a	significant	46	%	(p	<	0.001)	relative	decrease	in	internal	

standard	 (IS)	 response	 for	matrix-extracted	 samples	 compared	 to	 corresponding	 un-

extracted	calibrator	standards	(Figure	25).	To	investigate	if	this	was	attributed	to	matrix	

effects	or	extraction	efficiency,	calibrator	(0	nmol/L	CoQ10	+	IS)	was	diluted	(1:1,	v/v)	

with	extracted	native	matrix	(IQC	‘0’	with	no	IS)	and	the	response	of	the	IS	analysed.	The	

resulting	response	for	the	IS	in	the	diluted	calibrator	was	roughly	half	(48.8	%)	that	of	

the	 undiluted	 control,	 meaning	 there	 were	 no	 notable	 matrix	 effects	 causing	 an	 ion	

suppression.	 Therefore,	 it	 was	 concluded	 that	 the	 significant	 decrease	 in	 internal	

standard	signal	was	due	to	an	inefficient	extraction	process,	albeit	the	presence	of	the	

stable-isotope	labelled	internal	standard	mitigated	the	effect	this	has	on	absolute	values	

for	CoQ10	since	they	share	identical	extraction	efficiencies.	
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3.3.2. LC-MS/MS	Method	Validation	
	

Table	7:	A	comparison	of	performance	parameters	for	the	LC-MS/MS	and	HPLC-UV	CoQ10	methods.	

	
	 LC-MS/MS	 HPLC-UV		197	

LLOQ	(nmol/L)	 0.25	 10	

LLOD	(nmol/L)	 0.125	 6	

Linearity	(nmol/L)	 500	 200	

Run	Time	(minutes)	 7	 25	

	

The	lower	limit	of	detection	(LLOD)	for	the	LC-MS/MS	method	was	defined	as	a	signal-

to-noise	 ratio	 of	 3	 (n	 =	 6).	 Linearity	 and	 lower	 limit	 of	 quantitation	 (LLOQ)	 were	

determined	across	a	10-point	serial	dilution	(0	–	500	nmol/L)	performed	on	6	separate	

days	with	6	separate	preparations,	and	defined	as	the	lowest	concentration	and	range,	

respectively,	that	could	be	measured	with	an	inaccuracy	(percentage	relative	error)	and	

imprecision	(CV	%)	<	20	%	(n	=	6)	–	in	accordance	to	the	EMA	and	FDA	Guidelines	for	

bioanalytical	method	validation	235,	236.	

The	 results	 (Table	 7)	 show	 that	 the	 LC-MS/MS	 method	 surpasses	 the	 current	 gold-

standard	for	CoQ10	determination,	HPLC-UV,	in	every	aspect	of	performance,	with	a	much	

greater	degree	of	sensitivity	(40	×	more	sensitive)	for	low-level	detection	of	CoQ10	at	a	

markedly	accelerated	rate	(3.5	×	quicker).	

	
Table	8:	A	summary	of	the	validation	metrics	for	the	LC-MS/MS	CoQ10	method.	

	

	

Intra-assay	

imprecision	

(CV	%)	

Inter-assay	

imprecision	

(CV	%)	

Recovery	

(Ave.	%)	

Baseline		 3.6	 7.2	 -	

Low	Spike	(10	nmol/L)	 5.6	 6.4	 84	

High	Spike	(100	nmol/L)	 5.9	 -	 103	

EQC	Plasma	 -	 6.7	 -	

	

The	precision	of	the	LC-MS/MS	method	was	assessed	by	evaluating	the	intra-	and	inter-

assay	coefficient	of	variation	(CV),	with	acceptable	CV	values	being	defined	as	<	15	%	235-
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237.	The	intra-assay	precision	was	determined	across	replicates	of	3	parallel	samples	of	

internal	QC	(IQC)	material	(n	=	8;	baseline,	low	spike,	high	spike).	Inter-batch	precision	

was	calculated	as	 the	CV	of	average	values	 for	parallel	 samples	of	QC	material	over	7	

separate	days	(n	=	2;	baseline,	low	spike,	‘plasma’	QC).	The	results	(Table	8)	indicate	that	

the	LC-MS/MS	method	has	very	good	reproducibility	at	all	levels.	

Accuracy	was	 investigated	by	 examining	 the	 average	 recovery	of	 known	quantities	of	

CoQ10	in	replicates	of	spiked	samples	(n	=	8;	low	spike	(+	10	nmol/L),	high	spike	(+	100	

nmol/L)).	A	negligible	inaccuracy	(3	%)	was	observed	for	the	high	spike	at	100	nmol/L.	

The	relatively	low,	but	consistent,	recovery	(84	%)	for	the	low	spiked	CoQ10	sample	at	10	

nmol/L	could	be	due	to	adsorption	losses	during	sample	preparation,	but	overall	it	can	

be	said	the	method	exhibits	an	acceptable	degree	of	accuracy	across	the	range.		

Carryover	 between	 successive	 samples	 was	 assessed	 by	 analysing	 a	 blank	 sample	

immediately	 after	 the	 highest	 calibrator	 standard	 (ULOQ;	 500	 nmol/L)	 (n	 =	 7).	 No	

quantifiable	carryover	was	observed	for	the	LC-MS/MS	method.	
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Figure	26:	Cross-validation	of	the	LC-MS/MS	CoQ10	method	against	the	gold-standard	HPLC-UV	CoQ10	

method	in	human	skeletal	muscle	samples.	A	significant	(p	<	0.001)	correlation	of	results	is	shown	(top	

graph),	with	a	case	of	proportional	error	highlighted	by	a	Bland-Altmann	difference	analysis	(bottom	

graph).	For	both	graphs	(n	=	29).	

	

Cross-validation	of	the	CoQ10	LC-MS/MS	method	against	the	gold-standard	HPLC-UV	was	

performed	 on	 human	 skeletal	 muscle	 samples	 provided	 by	 a	 collaborator	 at	 the	

University	of	Hull,	UK.	Identical	samples	were	prepared	in	parallel	in	accordance	to	the	

respective	extraction	procedures	and	directly	 compared.	Results	 indicate	a	 significant	
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correlation	between	 the	 two	methods	 (R2	 =	 0.77,	p	 =	 1.1	 ×	 10-11),	 confirming	 the	 LC-

MS/MS	as	a	viable	method	for	CoQ10	analysis.		

However,	closer	evaluation	of	the	data	(Figure	26)	highlights	a	factor	difference	(×	2.7)	

between	 the	 absolute	 values	 of	 the	 two	 methods.	 This	 was	 confirmed	 as	 a	 case	 of	

proportional	 error	 by	 a	Bland-Altman	difference	 analysis	 238,	 239,	 suggesting	 the	 likely	

cause	is	a	discrepancy	in	calibration	and/or	calculation.		

Analysis	 of	 the	 LC-MS/MS	 CoQ10	 calibrator	 stock	 solution	 by	 UV	 (Section	 2.13.2)	

confirmed	the	concentration	of	the	standard	to	be	as	stated	(i.e.	1	mM).	Assessment	of	

the	 HPLC-UV	 CoQ10	 calibrator	 stock	 solution	 on	 the	 LC-MS/MS	 system	 suggested	 the	

concentration	to	be	half	that	of	stated,	confirming	there	is	likely	to	be	a	calibration	and/or	

calculation	discrepancy	contributing	to	the	difference	in	absolute	values.	

	

3.3.3. Distribution	of	CoQ10	in	Lipoprotein	Fractions	
	

Isolation	of	 the	main	 fractions	of	 lipoprotein	 (VLDL,	LDL	and	HDL)	 indicated	 that	 the	

majority	of	CoQ10	is	incorporated	within	the	LDL	fraction	(77.7	%	of	endogenous	CoQ10),	

and	upon	direct	addition	of	exogenous	CoQ10,	(i.e.	not	via	a	digestive	process),	it	is	the	

VLDL	and	LDL	fractions	which	showed	the	greatest	 incorporation	of	CoQ10	(92.8	%	of	

supplemented	CoQ10)	(Figure	27).	This	suggests	that	transport	of	CoQ10	at	the	barrier	will	

be	mainly	mediated	by	(V)LDL	interactions.		
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Figure	27:	A	graphical	representation	of	the	distribution	of	CoQ10	in	the	major	lipoprotein	fractions	of	

untreated	(top	pie	chart)	and	supplemented	(10	µmol/L	CoQ10,	45	minutes,	bottom	pie	chart)	bovine	

plasma	derived	serum.	For	both	untreated	and	supplemented	conditions	(n	=	3).	VLDL,	very	low-density	

lipoprotein;	LDL,	low-density	lipoprotein;	HDL,	high-density	lipoprotein.	
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3.3.4. Effect	of	CoQ10	Treatment	on	Cell	Viability	
	

	
	

Figure	28:	CoQ10	MTT	cell	viability	assay	in	bEnd.3	cells	and	PBECs;	cells	were	treated	with	CoQ10	for	60	

minutes	in	‘50	%	Serum’	assay	buffer.	For	all	conditions	(n	=	6).	Error	bars	represent	standard	error	of	

the	mean	(SEM).	

	

An	 initial	MTT	assay	 to	 investigate	mitochondrial	dehydrogenase	activity,	 a	 surrogate	

marker	 for	 cell	 proliferation	 and	 viability,	 as	 a	 function	 of	 CoQ10	 concentration	 was	

performed	on	both	bEnd.3	cells	and	PBECs	(Figure	28).		

Relative	 to	 untreated	 controls,	 there	 was	 no	 observable	 detrimental	 effect	 with	

increasing	CoQ10,	indicating	the	both	types	of	cell	are	compatible	with	exogenous	CoQ10	

up	to	a	concentration	of	100	μmol/L	for	60	minutes.	

	

3.3.5. Assessment	of	Barrier	Integrity	
	

The	 integrity	 of	 the	 BBB	models	 was	 assessed	 using	 TEER	 and	 permeability	 of	 non-

transported	markers,	Lucifer	Yellow	and	FITC-40.	A	correlation	was	seen	between	these	

measures	(Figure	30),	where	as	expected,	as	TEER	increased,	paracellular	permeability	

of	markers	decreased.	
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Figure	29:	The	correlation	between	TEER	and	Lucifer	Yellow	apparent	permeability	(Papp)	in	bEnd.3	and	

PBECs	(n	=	57).	

	

	
	

Figure	30:	Comparison	between	the	paracellular	permeability	(Papp)	of	the	PBEC	and	bEnd.3-BBB	models	

under	50	%	(v/v)	serum	(control)	assay	conditions.	Collagen/poly-L-lysine-coated	Transwell®–insert	

filter	(n	=	6),	bEnd.3	(n	=	14),	PBEC	(n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

Increasing	TEER	across	cell	monolayers	is	indicative	of	decreasing	ion	permeability	as	a	

direct	 result	 of	 tight-junction	 formation	 between	 adjacent	 cells.	 This	 is	 a	 functional	

characteristic	of	the	brain	endothelium	that	enables	it	to	behave	as	a	selective	barrier.	As	

expected,	 TEER	 correlated	 with	 the	 paracellular	 permeability	 of	 the	 in	 situ	 markers	
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(Figure	30),	with	Lucifer	Yellow	Papp	(mean	Papp	=	14.58	×	10-6	cm/sec)	following	a	sharp	

exponential	decrease	with	increasing	TEER,	a	trend	reflective	of	excellent	BBB	integrity.	

Direct	comparison	of	the	two	in	vitro	BBB	models	using	the	permeability	marker	FITC-40	

(~40	kDa;	0.5	mg/mL),	clearly	 illustrates	 that	 the	PBEC-BBB	(mean	Papp	=	1.52	×	10-6	

cm/sec)	exhibits	significantly	less	paracellular	permeability	than	the	bEnd.3-BBB	(mean	

Papp	=	3.34	×	10-6	cm/sec)	and,	therefore,	has	a	tighter	BBB	phenotype	(Figure	30).	

	

3.3.6. Pharmacologically	Inducing	CoQ10	Deficiency		
	

The	effect	of	a	pharmacologically	induced	CoQ10	deficiency	on	bEnd.3	cell	viability	was	

determined	against	untreated	controls	using	the	MTT	assay.	

	

	
	

Figure	31:	bEnd.3	pABA	MTT	cell	viability	assay;	cells	were	treated	with	pABA	for	5	days.	

For	all	conditions	(n	=	6).	Error	bars	represent	standard	error	of	the	mean	(SEM).	
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Figure	32:	PBEC	cells	after	5	days	growth;	untreated	PBECs	(left	image)	and	pABA	treated	(1	mmol/L,	5	

days)	PBECs	(right	image).	Images	were	captured	using	a	Dino-Lite	AM4023X	eyepiece	camera	with	

DinoXcope	software.	

	

Results	indicate	that	bEnd.3	cells	are	compatible	with	1	mmol/L	pABA	for	up	to	5	days	

(Figure	31),	with	no	significant	decrease	 in	cell	viability	observed	after	said	course	of	

treatment.	

Visual	inspection	(Figure	32)	and	comparison	of	total	protein	content	in	pABA	treated	(1	

mmol/L,	5	days)	PBECs	corroborate	with	the	findings	from	the	bEnd.3	MTT	assay.	
	

	

	
Figure	33:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	cellular	CoQ10	content.	

bEnd.3	control	(n	=	4),	pABA	bEnd.3	(n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

**

0

5

10

15

20

25

30

bEnd.3 pABA	bEnd.3

Co
Q
10
(n
m
ol
/g
)

Effect	of	pABA	Treatment	on	bEnd.3	CoQ10
Content



	 	 		

	 	
81	

	
	

Figure	34:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	cellular	CoQ10	content.		

PBEC	control	(n	=	3),	pABA	PBEC	(n	=	3).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

Assessment	of	cellular	CoQ10	content	in	response	to	pABA	treatment	(1	mmol/L,	5	days)	

showed	a	significant	43.4	%	(p	<	0.01)	depletion	of	CoQ10	relative	to	untreated	controls	

in	bEnd.3	cells	(Figure	33),	with	PBEC	cells	exhibiting	a	comparable	depletion	of	55.6	%	

that	is	approaching	significance	(p	=	0.08)	(Figure	34).	These	results	confirm	that	pABA	

treatment	(1	mmol/L,	5	days)	induces	a	pronounced	CoQ10	deficiency	in	both	models	of	

the	in	vitro	BBB	at	a	magnitude	that	is	consistent	with	clinical	presentation	240.	
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Figure	35:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	bEnd.3	MRC	complex	I	activity.		

bEnd.3	control	(n	=	4),	pABA	bEnd.3	(n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

	
	

Figure	36:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	bEnd.3	MRC	complex	II-III	activity.		

bEnd.3	control	(n	=	4),	pABA	bEnd.3	(n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	
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Figure	37:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	bEnd.3	MRC	Complex	IV	activity.		

bEnd.3	control	(n	=	4),	pABA	bEnd.3	(n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

	
	

Figure	38:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	citrate	synthase	activity	in	bEnd.3	cells.		

bEnd.3	control	(n	=	4),	pABA	bEnd.3	(n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

Consistent	with	trends	in	vivo	240	and	previous	in	vitro	studies	194,	a	CoQ10	deficiency	in	

the	bEnd3	cells	was	associated	with	a	significant	decrease	in	MRC	enzyme	activity	across	

all	complexes,	with	MRC	complexes	I	(Figure	35)	and	II-III	(Figure	36)	experiencing	the	

greatest	relative	decline	in	activity	(68	and	72	%	decrease	respectively,	p	<	0.001),	and	

MRC	complex	IV	(Figure	37)	exhibiting	a	lesser	effect	(80.2	%	of	control,	p	<	0.05).	
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MRC	complex	activities	were	expressed	as	a	 ratio	 to	citrate	synthase,	a	mitochondrial	

marker	enzyme,	which	enabled	the	effect	of	mitochondrial	enrichment	to	be	normalised	

across	all	samples,	since	there	was	a	notable,	but	insignificant,	mitochondrial	enrichment	

(11.1	%	increase)	of	bEnd.3	cells	in	response	to	pABA	treatment	(Figure	38).	

	

	
	

Figure	39:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	paracellular	permeability	in	bEnd.3	cells.	

bEnd.3	control	(n	=	14),	pABA	bEnd.3	(n	=	12).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

Although	pABA	treatment	showed	a	negligible	effect	on	cell	viability,	it	was	unknown	if	

this	 correlated	 to	 maturation	 of	 BBB	 characteristics.	 Evaluation	 of	 FITC-40	 Papp	 data	

suggested	there	was	no	significant	effect	on	paracellular	permeability,	 in	such	that	the	

CoQ10	 deficient	 bEnd.3-BBB	 showed	 an	 insignificant	 14.6	%	 increase	 in	 permeability	

(Figure	39).	This	suggests	a	potential,	very	marginal,	decrease	in	tight-junction	formation	

which	may	manifest	with	longer	treatment.	

	

	

	

	

	

	

	

0
0.5
1

1.5
2

2.5
3

3.5
4

4.5

bEnd.3 pABA	bEnd.3

FI
TC
-4
0	
P a

pp
(×
10

-6
cm

/s
ec
)

Effect	of	pABA	on	Blood	->	Brain
Paracellular	Permeabilty



	 	 		

	 	
85	

3.3.7. Effect	of	CoQ10	Deficiency	on	Rat	Astrocytes	
	

	
	

Figure	40:	The	effect	of	PBEC	co-culture	in	pABA	treated	(1	mmol/L,	5	days)	primary	rat	astrocytes.	

Confluent	co-cultured	astrocytes	displaying	quiescence	(left	image)	versus	mono-cultured	astrocytes	

displaying	signs	of	cell	death	(right	image).	Images	were	captured	using	a	Dino-Lite	AM4023X	eyepiece	

camera	with	DinoXcope	software.	

	

In	an	effort	to	maintain	consistency,	all	astrocytes	within	a	batch	were	supplemented	the	

same	across	the	full	life-cycle	of	the	culture	protocol	(Appendix	A),	regardless	of	whether	

or	not	they	were	in	co-culture	with	PBECs.	For	pABA-treated	astrocytes,	it	was	observed	

that	cells	 in	mono-culture	(i.e.	not	 in	 the	presence	of	PBECs)	began	to	detach	and	die,	

whereas	astrocytes	in	co-culture	with	PBECs	grew	to	confluence	as	expected	(Figure	40).	

This	 provides	 qualitative	 evidence	 that	 suggests	 astrocytes	 share	 some	 bioenergetic	

cross-talk	with	neighbouring	PBECs.		

	

3.4. Discussion	
	
	

Due	to	a	predicted	 low	permeability	of	CoQ10	across	 the	BBB	and	a	potential	need	 for	

assessing	 CoQ10	 in	 CSF	 samples	 as	 a	 diagnostic	 tool,	 a	 novel	 LC-MS/MS	method	was	

designed	to	circumvent	the	inherent	limitations	of	current	HPLC-UV	methods.	
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Output	 from	 the	validation	procedure	 (Table	8)	 indicated	 that	 the	LC-MS/MS	method	

operates	with	very	good	reproducibility	at	all	levels	(intra-	and	inter-batch	imprecision	

(CV	%)	consistently	<<	10	%),	with	good	accuracy,	no	carry-over,	and	well	within	the	

acceptable	clinical	guidelines	for	a	diagnostic	assay	235-237.		

When	 compared	 with	 the	 established	 ‘gold-standard’	 HPLC-UV	 method,	 the	 newly	

developed	and	validated	LC-MS/MS	method	surpassed	the	existing	methodology	 in	all	

aspects	 of	 performance	 (Table	 7),	 particularly	 LLOQ	 (0.25	 nmol/L	 compared	with	 10	

nmol/L)	 and	 run-time	 (7	 minutes	 compared	 with	 25	 minutes),	 an	 important	

improvement	on	HPLC-UV	in	the	diagnosis	of	CoQ10	deficiencies.		

Cross-validation	 of	 the	 analytical	 techniques,	 HPLC-UV	 and	 LC-MS/MS,	 showed	 a	

significant	correlation	(R2	=	0.77,	p	<	0.001,	n	=	29)	of	results	for	CoQ10	in	human	skeletal	

muscle	samples	(Figure	26).	However,	while	a	small	degree	of	inter-operator	variability	

is	to	be	expected,	a	proportional	error	(CoQ10	LC-MS/MS	=	2.7	×	CoQ10	HPLC-UV)	between	

the	absolute	values	of	the	two	methods	was	apparent.	In	addition	to	probable	calibration	

discrepancies,	this	could	be	partially	attributed	to	the	different	internal	standards;	the	

HPCL-UV	method	 utilises	 an	 in-house	 dipropoxy-derivative	 of	 CoQ10	 for	 quantitation	

purposes,	whereas	the	LC-MS/MS	incorporates	a	commercially	certified	stable-isotope	of	

CoQ10	(CoQ10-[2H9])	(Figure	41).		

	

	
	

Figure	41:	Skeletal	structures	of	the	HPLC-UV	dipropoxy-CoQ10	internal	standard,	including	the	reaction	

scheme	from	CoQ10,	and	the	commercially	certified	LC-MS/MS	stable-isotope	labelled	internal	standard,		

CoQ10-[2H9].	
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The	 increased	 alkoxy-chain	 length	 of	 the	 HPLC-UV	 internal	 standard	 will	 affect	 the	

physicochemical	 properties	 of	 the	molecule	 relative	 to	 CoQ10,	 especially	 its	 solubility.	

Indeed	it	has	been	shown	that	there	is	a	marked	decrease	in	polarisability	with	increasing	

alkoxy-chain	length	on	substituted	aromatic	systems,	as	is	consistent	with	the	inductive	

effect	of	hydrocarbons	and	the	mesomeric	effect	associated	with	extensive	π-conjugation	
241,	242.	HPLC	confirms	this	disparity	in	polar	properties	with	dipropoxy-CoQ10	displaying	

a	delayed	retention	on	the	column	relative	to	CoQ10	(Section	2.13.1,	Figure	15).	Hence,	in	

a	latent	biphasic	solution	of	ethanol	and	hexane,	the	basic	principles	of	chemistry	dictate	

that	dipropoxy-CoQ10	is	likely	to	have	a	greater	extraction	efficiency	than	CoQ10,	meaning	

the	results	from	the	HPLC-UV	are	likely	to	be	an	underestimation	of	the	true	value.	The	

extent	of	which	is	unknown.	

This	highlights	how	vital	it	is	to	use	an	internal	standard	that	will	behave	exactly	the	same	

as	the	analyte	of	interest,	since	there	are	several	stages	in	the	preparation	and	analytical	

process,	each	with	an	associated	error.	This	is	demonstrated	in	the	inefficient	extraction	

of	 CoQ10-[2H9]	 (54	 %	 of	 control)	 (Figure	 25),	 in	 a	 process	 that	 is	 common	 to	 both	

analytical	techniques,	with	an	inefficiency	that	is	unlikely	to	be	equivalent	for	different	

compounds.	Although,	it	should	be	noted	that	for	clinical	samples	measured	by	HPLC-UV,	

the	 extraction	 process	 is	 repeated	 three	 times	 in	 recognition	 of	 this	 poor	 extraction	

efficiency,	costing	time	and	money.	

Another	 possible	 consideration	 for	 the	 difference	 in	 absolute	 values	 between	 the	

analytical	techniques	is	the	much	higher	specificity	of	LC-MS/MS	for	both	the	analyte	and	

the	 corresponding	 IS.	 This	 is	 known	 to,	 in	 some	 cases,	 have	 an	 effect	 when	 cross-

validating	different	technologies	237.	

That	said,	 if	 the	CoQ10	LC-MS/MS	method	were	 to	be	 taken	 forward	 for	use	 in	clinical	

laboratories,	new	 tissue-specific	 reference	 ranges	would	have	 to	be	established	and	a	

more	 extensive	 validation	 procedure	 would	 need	 to	 be	 performed.	 However,	 in	 the	

context	 of	 this	 project,	 absolute	 values	 of	 CoQ10	 are	 far	 less	 critical	 since	 apparent	

permeability	 (Papp)	 is	 a	 relative	 measure	 of	 rate	 (Section	 2.8,	 Equation	 3),	 and	 the	

significant	 increase	 in	 sensitivity	 is	 highly	 advantageous.	 Therefore,	 the	 LC-MS/MS	

method	was	chosen	as	the	primary	method	for	CoQ10	determination.	

	

To	 date,	 no	 studies	 have	 assessed	 CoQ10	 permeability	 on	 in	 vitro	models	 of	 the	 BBB,	

meaning	our	knowledge	of	the	mechanisms	governing	uptake	of	the	compound	into	the	
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brain	is	purely	theoretical.	Using	a	combination	of	the	immortalised	bEnd.3	cell	line	and	

the	primary	PBEC/astrocyte	 co-culture	model,	 BBB	permeability	 investigations	under	

physiological	 and	 pathophysiological	 conditions	were	 performed.	 Prior	 to	 performing	

these	 studies,	 it	 was	 imperative	 to	 first	 optimise	 and	 assess	 in	 vitro	 experimental	

procedures.	

	

It	 is	 widely	 accepted	 that	 dietary,	 or	 supplementary,	 CoQ10	 is	 absorbed	 at	 the	 small	

intestine	and	subsequently	 transported	 into	systemic	circulation	by	 lipoproteins	12.	Of	

the	major	classes	of	 lipoprotein,	 it	 is	LDL	which	 is	reported	to	be	the	most	prominent	

chaperone	of	CoQ10	243-245.	As	a	means	to	replicate	this	in	the	in	vitro	models	of	the	BBB,	

the	donor	assay	buffer	in	apparent	permeability	investigations	was	comprised	of	50	%	

(v/v)	serum,	more	analogous	to	the	proportion	found	in	human	blood	when	compared	to	

the	usual	cell	culture	serum	content	of	10	%	(v/v).	Furthermore,	to	encourage	association	

with	the	lipoproteins,	the	serum	was	pre-incubated	(45	minutes,	37oC)	with	exogenous	

CoQ10	prior	to	being	mixed	with	the	remaining	components	of	the	assay	buffer.	Analysis	

of	native	serum	and	CoQ10	supplemented	serum	indicated	a	distribution	of	CoQ10	in	the	

lipoprotein	 fractions	 that	 are	 in	 agreement	 with	 published	 data	 from	 in	 vivo	 studies	

(Figure	27)	243-245,	thereby	validating	the	pre-incubation	process.	

Further	evaluation	of	these	findings	highlight	a	strong	affinity	of	exogenous	CoQ10	for	the	

(V)LDL	 fractions	 (92.8	 %	 of	 total	 CoQ10),	 suggesting	 that	 the	 compound	 is,	 perhaps,	

associated	to	the	lipid-membrane	of	the	vesicle	as	opposed	to	being	encapsulated	within	

the	vesicle.	This	would	be	 consistent	with	 the	known	 in	 vivo	cellular	distribution	and	

function	of	CoQ10	 in	preventing	 lipid-membrane	peroxidation.	Additionally,	 the	results	

from	this	investigation	support	the	common	theory	that	uptake	of	CoQ10	at	the	barrier	

will	be	primarily	mediated	by	(V)LDL	interactions,	of	which	apolipoprotein	B	(ApoB)	is	

likely	to	dominate	due	to	its	abundance	246.		

ApoB	is	known	to	be	highly	conserved	between	species	(Figure	42),	both	in	terms	of	the	

protein	as	a	whole	and	the	specific	binding	domain,	meaning	experimental	procedures	

which	span	porcine,	murine	and	bovine,	as	is	the	case	with	this	project,	are	feasible	247.		
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(%)	 Human	 Porcine	 Murine	 Bovine	

Human	 -	 70.3	 69.7	 68.0	

Porcine	 80.0	 -	 67.0	 81.3	

Murine	 70.0	 90.0	 -	 66.3	

Bovine	 70.0	 90.0	 80.0	 -	
	

	
	

Figure	42:	(Table	-	top)	comparative	homology	of	ApoB	across	four	species.	The	comparisons	are	

expressed	as	percentage	homology	between	pairs	of	sequences.	Left	of	the	hyphen	is	the	complete	ApoB	

protein,	right	of	hyphen	is	the	binding	region	to	the	LDL	receptor.		

(Sequence	-	bottom)	aligned	nucleotide	sequences	of	ApoB	LDL	receptor	binding	domain	in	four	species.	

The	numbering	corresponds	to	the	published	human	ApoB-100	sequence.	Binding	domains	to	LDL	are	

highlighted	in	yellow	and	are	highly	conserved	across	the	four	species.		

Sequences	were	aligned	using	UniProt	and	compared	using	BLAST.	

	

Several	reports	have	shown	the	rate	for	receptor-mediated	endocytosis	of	lipoproteins	

to	 be	 very	 fast,	 with	 a	 half-life	 of	 less	 than	 30	 seconds	 248-251.	 As	 a	 means	 to	 isolate	

transcytic	events	and	mitigate	any	interference	from	paracellular	passive	diffusion,	it	was	

important	to	minimise	the	timescale	of	permeability	assays.	With	an	upper	limit	of	2	h	

already	 imposed	 due	 to	 experimental	 procedures	 outside	 of	 optimal	 incubation	

conditions,	a	time-course	of	1	h	was	chosen.	This	is	in	agreement	with	the	protocols	from	

other	studies	assessing	similar	transcytic	mechanisms	252,	253.	

In	keeping	with	the	excellent	safety	profile	of	CoQ10	in	vivo	53,	both	bEnd.3	cells	and	PBECs	

were	compatible	with	exogenous	CoQ10	up	to	100	μmol/L	for	a	duration	of	1	h	(Figure	

28).	 To	 date,	 the	 highest	 achievable	 CoQ10	 plasma	 concentration	 observed	 after	 oral-

supplementation	 in	 vivo	 is	 10.7	μmol/L	 52,	 84,	 additionally,	 treatment	with	 10	μmol/L	

CoQ10	has	been	shown	to	restore	MRC	function	in	CoQ10	deficient	human	neuroblastoma	
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cells	88.	Therefore,	10	μmol/L	CoQ10	was	selected	as	the	clinically	relevant	concentration	

for	use	in	this	study.		

	

Viability	of	 the	 in	vitro	BBB	models	was	confirmed	through	combined	and	continuous	

monitoring	of	TEER	and	the	in	situ	paracellular	permeability	markers	Lucifer	Yellow	or	

FITC-40.	These	 functional	markers	 of	 barrier	 integrity	 are	 inversely	proportional	 and	

served	as	a	robust	quality	control	for	each	batch	of	experiments	(Figure	29).	They	also	

provide	quantitative	data	relating	to	tight-junction	formation/degradation	in	response	to	

treatment	conditions	254,	255.		

It	is	good	practise	to	incorporate	a	paracellular	permeability	marker	that	is	of	a	similar	

size	 to	 the	 compound	 of	 interest.	 When	 associated	 to	 (V)LDL,	 CoQ10	 is	 essentially	 a	

macromolecule	 meaning	 FITC-40	 (~40	 kDa)	 was	 the	 preferred	 marker	 for	 use	

throughout	this	project.		

Due	to	a	higher	expression	of	the	tight-junction	proteins	ZO-1,	claudin-5	and	occludin,	the	

PBECs	possess	a	more	in	vivo	like	BBB	morphology	compared	to	immortalised	cell	lines	

such	as	bEnd.3.	This	is	reflected	in	a	significantly	lower	paracellular	permeability	relative	

to	the	immortalised	bEnd.3	cell	line	(FITC-40	Papp;	PBEC	=	1.52	×	10-6	cm/sec,	bEnd.3	=	

3.34	×	10-6	cm/sec,	p	<	0.05)	(Figure	30).	These	data	are	in	agreement	with	the	literature	

and	substantiate	the	proposed	experimental	strategy	of	subsequent	testing	of	promising	

leads	on	the	gold-standard	PBEC	model	167.	

	

The	pathophysiological,	CoQ10	deficient,	 in	vitro	BBB	model	was	established	using	 the	

pharmacological	 reagent	 para-aminobenzoic	 acid	 (pABA).	 Compared	 with	 alternative	

techniques	 for	 inducing	CoQ10	deficiency,	 for	example	gene	silencing	 255-257,	 the	use	of	

pABA,	or	other	hydroxybenzoic	acid	derivates	258-260,	is	extremely	cheap,	very	simple	and	

highly	reproducible.		

Building	on	previous	findings	from	Duberley	et	al.	194,	both	the	bEnd.3	cells	and	PBECs	

exhibited	a	depletion	of	CoQ10	(bEnd.3	56.6	%	of	control,	p	<	0.01,	and	PBEC	44.4	%	of	

control,	p	=	ns)	upon	treatment	with	pABA	(1	mmol/L,	5	days).	This	was	concomitant	

with	 a	 depletion	 of	 MRCE	 activity	 in	 bEnd.3	 cells,	 in	 particular	 the	 CoQ10	 dependent	

complex	II-III	(28.1	%	of	control,	p	<	0.001)	(Figure	36)	and	complex	I	(31.8	%	of	control,	

p	<	0.001)	(Figure	35).	However,	the	treatment	did	not	correspond	to	a	cytotoxic	effect,	

as	is	consistent	with	previous	studies	193,	194.	Interestingly,	and	in	contrast	to	the	work	of	
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Duberley	et	al.	194,	the	activity	of	bEnd.3	MRC	complex	IV	was	the	least	effected	(80.2	%	

of	control,	p	<	0.05)	(Figure	37),	suggesting	there	is	tissue-specific	variation.	Although,	

the	overall	deficiency	profile	is	markedly	similar	to	that	seen	in	the	fibroblasts	of	patients	

with	 a	 primary	 CoQ10	 deficiency,	 making	 the	 pABA-treated	 bEnd.3-BBB	 model	 an	

appropriate	surrogate	for	pathophysiological	investigations	240,	261,	262.		

There	was	 an	 emerging	 trend	 for	 small	 increases	 in	 citrate	 synthase	 activity	 (11.1	%	

increase,	 p	 =	 ns)	 and	 FITC-40	 paracellular	 permeability	 (14.6	%	 increase,	 p	 =	 ns)	 in	

response	 to	pABA	 treatment	 in	 the	bEnd.3	cells	 (Figure	38).	This	 suggests	a	potential	

mitochondrial	enrichment	as	a	means	to	counteract	a	reduced	OXPHOS	capacity,	albeit	

insignificant	 263,	 264.	 Similarly,	 although	 insignificant,	 an	 increase	 in	 paracellular	

permeability	 suggests	 a	 minor	 breakdown	 of	 the	 bEnd.3-BBB	 in	 response	 to	 a	

compromised	OXPHOS	capacity.	This	trend	has	been	observed	in	other	 in	vitro	barrier	

models,	which	noted	an	internalisation	of	the	tight-junction	protein,	claudin	265.	However,	

the	 degree	 of	 breakdown	 exhibited	 is	 unlikely	 to	 have	 any	 notable	 effect	 on	 the	

paracellular	transport	of	(V)LDL-CoQ10	due	to	its	large	size.	Furthermore,	the	bEnd.3	cells	

on	average	expressed	a	very	low	TEER	(35.4	±	1.1	W	.	cm2,	result	not	shown)	meaning	the	

effect	of	TJ	disruption	by	pABA	treatment	 is	unlikely	to	cause	any	further	paracellular	

transport	than	is	already	exhibited	by	the	untreated,	physiological,	cells.	

Unfortunately,	the	high	cost	of	PBEC	culture	meant	there	were	insufficient	repeats	for	a	

full	statistical	validation	of	pABA	treatment.	It	should	be	noted,	however,	that	the	limited	

PBEC	data	gathered	was	consistent	with	the	trends	observed	in	the	bEnd.3	cells	and	with	

published	data	193,	194,	confirming	that	pABA	treatment	has	most	likely	had	the	desired	

pathological	effect	in	the	PBECs.		

	

In	a	somewhat	serendipitous	observation	it	was	noted	that	pABA	treated	astrocytes	(1	

mmol/L)	began	to	die	in	the	absence	of	co-culture	with	PBECs	(Figure	40),	giving	strong	

support	for	the	interactive	neurovascular	unit	(NVU)	142.	

It	is	well	documented	that	astrocytes	and	neurons	share	an	energetic	interaction,	in	the	

so-called	 astrocyte-neuronal	 lactate	 shuttle,	 whereby	 astrocytes	 respond	 to	 neuronal	

activity	by	converting	glucose	into	lactate	that	is	subsequently	taken	up	by	neurons	to	

satisfy	their	energy	needs	during	activation	266-268.	However,	very	little	is	known	about	

astrocyte-endothelial	bioenergetic	cross-talk	aside	from	than	the	work	published	by	Brix	
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et	al.	 269,	who	proposes	a	 symbiotic	 relationship	between	 the	components	of	 the	NVU	

mediated	by	the	neurometabolic	marker	nitric	oxide,	NO	(Figure	43).	

	

	
	

Figure	43:	Proposed	model	of	stimulated	lactate	production	in	astrocytes	by	nitric	oxide	(NO)	released	

from	endothelial	cells.	NO	stabilises	hypoxia-inducible	factor	1α	(HIF-1α)	in	astrocytes	leading	to	an	

increased	expression	of	key	glycolytic	enzymes	and	glucose/lactate	transporters.	Glucose	uptake	from	

arterial	supply	is	increased	in	astrocytes	via	glucose	transporter	1	(GLUT1),	lactate	production	is	

increased	through	enhanced	glycolysis	and	export	of	lactate	from	astrocytes	involves	monocarboxylate	

transporter	4	(MCT4)	269.	

	

Based	on	 the	 collective	 knowledge	 from	previous	 studies	 in	 the	 group	 194,	whereby	 a	

neuronal	cell	line	was	not	susceptible	to	cell-death	post	pABA	treatment,	and	results	from	

this	project	which	indicate	that	bEnd.3	cells	(Figure	31)	and	PBECs	(Figure	32)	are	also	

compatible	with	pABA	treatment,	it	would	seem	that	astrocytes	are	the	most	affected	cell	

type	in	the	NVU	to	a	CoQ10	deficiency.	What	role	this	has	in	the	pathogenesis	of	the	disease	

is	unknown,	nevertheless,	these	findings	are	a	basis	for	further	isolated	investigation.		

	

With	confidence	in	the	in	vitro	models	of	the	BBB	for	the	assessment	of	CoQ10	transport	

and	 with	 suitable	 analytical	 techniques	 established,	 focus	 moved	 to	 interrogating	

mechanisms	of	uptake	and	efflux	of	CoQ10	across	the	BBB	under	both	physiological	and	

pathophysiological	conditions.	
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4. Coenzyme	Q10	Transport	at	the	
Blood-Brain	Barrier	

	

4.1. Background		
	

At	present,	our	understanding	of	the	mechanisms	that	govern	CoQ10	uptake	at	the	BBB	

are	 based	 upon	 the	 common	 physicochemical	 and	 biochemical	 properties	 that	 CoQ10	

shares	with	vitamin	E	(α-toc),	coupled	with	our	knowledge	of	lipoprotein	distribution	12,	

270,	 271.	 While	 these	 predictions	 are	 logical	 in	 approach,	 they	 offer	 little	 proof	 or	

substantive	 evidence	 that	 can	 be	 built	 upon.	 Through	 gaining	 a	 more	 detailed	

understanding	of	the	specific	transport	mechanisms	that	govern	CoQ10	uptake	at	the	BBB,	

it	is	hoped	that	CoQ10	therapies	can	be	optimised	for	delivery	into	the	brain	parenchyma,	

thereby	improving	the	efficacy	of	the	treatment	for	neurological	disorders.	

	
Table	9:	A	comparative	summary	of	the	major	lipoproteins	and	their	physical	parameters	246.	VLDL,	very	

low-density	lipoprotein;	LDL,	low-density	lipoprotein;	HDL,	high-density	lipoprotein.	

	

Lipoprotein	
Diameter	

(nm)	

Density	

(g/mL)	

Major	

Lipoprotein	

Protein	

Content	(~	%)	

Chylomicrons	 80–500	 <	0.94	 ApoB-48	 2	

VLDL	 30–80	 0.94–1.006	 ApoB-100,	ApoE	 4–10	

LDL	 18–28	 1.006–1.063	 ApoB-100	 25	

HDL	 5–12	 1.063–1.21	 ApoA-I/II	 50	

	

Lipoproteins	serve	to	solubilise	lipophilic	compounds,	such	as	CoQ10,	and	transport	them	

through	the	aqueous	circulatory	system.	Specific	apolipoproteins,	present	on	the	surface	

of	 the	macromolecule,	 then	 facilitate	 the	 targeting	 of	 the	 lipoproteins	 to	 appropriate	

tissues	by	receptor-mediated	endocytic	processes.	The	main	plasma	lipoproteins	include	

high-density	lipoproteins	(HDL,	containing	approximately	50	%	protein	of	d	=	1.063–1.21	

g/mL),	low-density	lipoproteins	(LDL,	cholesteryl	ester-enriched	particles	of	d	=	1.006–

1.063	 g/mL,	 approximately	 25	 %	 protein),	 very	 low-density	 lipoproteins	 (VLDL,	
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endogenous	triacylglycerol-rich	particles	of	d	=	0.94–1.006	g/mL,	approximately	4–10	%	

protein),	 and	 chylomicrons	 (dietary	 triacyglycerol-rich	 particles	 of	 d	 <	 0.94	 g/mL,	

approximately	 2	 %	 protein).	 They	 are	 classified	 according	 to	 their	 mass	 density	 in	

addition	to	association	with	specific	apolipoproteins	(Table	9)	246,	272-275.	

Combined	current	knowledge	of	CoQ10	and	α-toc	ADME	has	led	to	the	assumption	that	

the	low-density	lipoprotein	receptor	(LDLR)	superfamily	and	scavenger	receptor	class	B	

type	1	(SR-B1)	will	most	likely	play	a	prominent	role	in	the	transcytosis	of	CoQ10	at	the	

BBB	and	are	therefore	a	focus	of	this	project	12,	271,	276-278.	

The	 LDLR	 superfamily	 includes	 several	 structurally	 homologous	 endocytic	 receptors;	

LDLR	itself,	apolipoprotein	E	receptor	2	(apoER2/LRP-8),	very	low-density	lipoprotein	

receptor	(VLDLR),	multiple	epidermal	growth	factor-like	domains	7	(MEGF7/LRP-4),	the	

LDLR-related	protein	1	(LRP-1),	glycoprotein	330	(gp330/megalin/LRP-2),	and	LRP-1B	
131,	250,	279,	280.	Of	the	receptors	in	the	superfamily,	it	is	LRP-1	that	has	received	the	most	

interest	and	is	best	characterised	on	in	vitro	models	of	the	BBB	where	it	is	reported	to	be	

a	 bidirectional	 transporter	 167,	 252,	 281,	 282.	 Although,	 due	 to	 its	 proposed	 role	 in	 the	

clearance	 of	 amyloid-beta	 in	 Alzheimer’s	 disease,	 it	 has	 been	 suggested	 there	 is	 an	

abluminal/basolateral	distribution	of	LRP-1	leading	to	a	net	efflux	from	the	brain	283-289.		

LRP-1	is	comprised	of	an	extracellular	515	kDa	α-chain	that	is	non-covalently	coupled	to	

an	85	kDa	transmembrane	and	cytoplasmic	light	β-chain	domain.	The	α-chain	contains	

four	cysteine-rich	ligand-binding	domains	(clusters	I-IV),	with	domains	II	and	IV	being	

the	major	binding	regions	290.	 It	has	been	suggested	that	the	YXXL	motif	and	distal	di-

leucine	repeats	of	the	cytoplasmic	tail	may	be	associated	with	the	rapid	endocytic	rate	of	

LRP-1	 248.	 Recent	 work	 by	 Nyberg	 et	 al.	 253	 has	 offered	 insight	 into	 the	 transcytic	

mechanism	by	which	LRP-1	operates,	suggesting	an	initial	ligand-binding	and	clustering,	

followed	by	a	rapid	dynamin-dependent	tubular	transcytosis	on	a	scale	of	minutes	291.	

This	 is	 in	 contrast	 to	 the	 classical	 vesicular	 theory	 that	 is	 isolated	 and	 mediated	 by	

caveolae	or	clathrin	292-294.		

As	 the	 name	 implies,	 LRP-1	 is	 best	 recognised	 for	 its	 role	 in	 the	 receptor-mediated	

transcytosis	of	(V)LDL,	whereas	SR-B1,	an	82	kDa	glycoprotein	with	two	transmembrane	

domains	separated	by	a	large	extracellular	loop,	is	the	main	target	for	HDL	transport	295-

300.	Distributed	in	tissues	throughout	the	body	and	expressed	almost	exclusively	on	the	

luminal/apical	membrane	 of	 the	 brain	 endothelium	 301,	 SR-B1	 has	 been	 shown	 to	 be	
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pivotal	 in	 the	 transcytic	 influx	and/or	 internalisation	of	HDL	 in	a	dynamin-dependent	

tubular	mechanism	that	is	markedly	similar	to	LRP-1	302.		

While	the	aforementioned	endocytic	receptors	are	commonly	associated	with	VLDL/LDL	

and	HDL,	ligand-binding	to	LRP-1	and	SR-B1	is	characterised	by	high	affinity	and	broad	

specificity.	As	a	consequence,	these	endocytic	receptors	recognise	both	lipoprotein	and	

non-lipoprotein	 ligands	 and	 appear	 to	 participate	 in	 a	 wide	 variety	 of	 biological	

processes,	making	them	prime	candidates	for	drug	delivery	in	general	125,	131,	303-306.	

	

The	receptor	for	advanced	glycation	end	products	(RAGE)	is	a	45	kDa	pattern	recognition	

multi-ligand	 surface	 receptor	 comprising	 three	 immunoglobulin	 domains,	 a	 single	

transmembrane	region,	and	a	short	C-terminal	cytoplasmic	tail	307-310.	It	is	expressed	in	

many	cell	 types,	 including;	brain	endothelial	 cells,	pericytes,	 astrocytes	and	microglia.	

The	endocytic	mechanism	for	RAGE	is	poorly	understood,	however	some	have	suggested	

that	 it	 may	 follow	 a	 lipid-raft	 dependent	 pathway	 311,	 312.	 In	 light	 of	 its	 proposed	

involvement	with	amyloid-β	accumulation	in	Alzheimer’s	disease,	in	a	process	directly	

opposed	to	LRP-1	284,	313,	and	in	combination	with	its	relative	lack	of	specificity,	RAGE	has	

presented	itself	as	a	potential	target	for	CoQ10	influx	and	will	be	explored	further	in	this	

project	283,	284,	314-316.		

	

P-glycoprotein	(P-gp/ABCB1),	a	170	kDa	ATP-binding	cassette	(ABC)	efflux-transporter,	

is	distributed	throughout	the	body	in	tissues	with	barrier	function	where	it	is	responsible	

for	mediating	the	cellular	uptake	and	distribution	of	xenobiotics	and	toxic	metabolites	
317,	 318.	 It	 impedes	 the	 absorption,	 permeability,	 and	 retention	 of	 said	 compounds,	

extruding	 them	out	of	 the	cell.	Overexpressed	on	 the	 luminal/apical	membrane	of	 the	

brain	 endothelium,	 P-gp	 is	 one	 of	 the	most	 comprehensively	 characterised	 transport	

proteins	of	in	vitro	models	of	the	BBB	and	is	reported	to	be	present	in	both	bEnd.3	cells	

and	PBECs	 166,	 167,	 319-321.	 There	 are	 hundreds	 of	 structurally	 diverse,	 although	usually	

large	 (>	 400	 Da)	 and	 hydrophobic,	 substrates	 that	 bind	 to	 P-gp	 making	 it	 a	 highly	

proficient	neuroprotective	efflux-transporter	322,	323.	

Findings	from	recent	reports	by	Itagaki	et	al.	135,	324,	using	the	Caco-2	intestinal	epithelial-

barrier	model,	have	suggested	that	P-gp	plays	an	interfering	role	in	CoQ10	uptake	such	

that	inhibition	of	P-gp	improves	the	permeability	of	the	compound	across	the	intestinal	

barrier.	However,	closer	inspection	of	the	experimental	procedures	indicate	the	use	of	
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exogenous	CoQ10	in	its	pure	form	as	opposed	to	being	associated	with	lipoprotein	or	in	a	

digestive	micelle,	meaning	the	transport	mechanisms	described	do	not	reflect	the	true	in	

vivo	environment.	Furthermore,	the	Caco-2	intestinal	barrier-model	is	a	poor	surrogate	

for	BBB	characteristics.	Nevertheless,	it	is	important	to	explore	P-gp	as	a	possible	mode	

of	CoQ10	efflux	at	the	barrier,	using	a	more	robust	and	reliable	model	of	the	BBB.	

	

4.2. Materials	and	Methods	
	

4.2.1. Materials	
	

Coenzyme	Q10	Plasma	Control,	Level	I	(0092,	ChromSystems®,	Germany);	Bovine	Plasma	

Derived	Serum	(BPDS;	First	Link	Ltd.,	UK);	Foetal	Bovine	Serum	(FBS;	F7524,	Sigma®,	

UK);	HEPES	 (H3375,	 Sigma®,	UK);	HEPES	 (H3375,	 Sigma®,	UK);	Hank’s	Balanced	 Salt	

Solution	(HBSS;	H8264,	Sigma®,	UK);	Bovine	Serum	Albumin	(BSA;	A6003,	Sigma®,	UK);	

coenzyme	Q10	(C9538,	Sigma®,	UK);	RAP	(Enzo	Life	Sciences,	Inc.,	UK);	FPS-ZM1	(553030,	

Merck	 Chemicals	 Ltd.,	 UK);	 (±)-verapamil	 hydrochloride	 (V4629,	 Sigma®,	 UK);	 BLT-1	

(SML0059,	Sigma®,	UK).	

	

4.2.2. Methods	
	

Coenzyme	Q10	Quantitation	
	

Unless	 otherwise	 stated,	 CoQ10	 concentrations	were	 determined	 using	 the	 LC-MS/MS	

method	described	in	Section	2.13.2.	Duplicate	samples	of	ChromSystems®	EQC	Plasma,	

IQC	0	(HBSS	with	50	%	(v/v)	BPDS,	0.5	%	(w/v)	BSA,	25	mmol/L	HEPES),	and	IQC	10	

(HBSS	with	50	%	(v/v)	BPDS,	0.5	%	(w/v)	BSA,	25	mmol/L	HEPES,	10	μmol/L	CoQ10)	

were	 run	 at	 the	 beginning	 and	 end	 of	 each	 batch	 to	 ensure	 a	 consistent	 intra-batch	

instrument	performance.		
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Cell	Culture	
	

bEnd.3	 cells	were	 cultured	 as	 outlined	 in	 Section	 2.2	 and	 passaged	 onto	 Transwell®-

inserts	for	apparent	permeability	studies.	Primary	PBECs	were	isolated	and	cultured	as	

per	Sections	2.3	and	2.4,	and	passaged	onto	Transwell®-inserts	for	apparent	permeability	

studies.		

Primary	astrocytes	were	isolated	and	cultured	in	accordance	to	Sections	2.5	and	2.6,	with	

co-culture	coordinated	as	per	Appendix	A.	

	

Inducing	Coenzyme	Q10	Deficiency	
	

Cell	cultures	were	pharmacologically	induced	with	a	CoQ10	deficiency	by	supplementing	

culture	media	with	1	mmol/L	para-aminobenzoic	acid	(pABA)	for	a	duration	of	5	days,	in	

accordance	to	the	method	described	in	Section	2.10.	

	

Assessing	Barrier	Integrity	
	

TEERs	were	measured	 across	 cell	mono-layers	 on	 Transwell®-inserts	 as	 described	 in	

Section	2.7.1.	Apparent	permeability	 (Papp)	of	 in	 situ	paracellular	marker	FITC-40	was	

evaluated	following	the	experimental	procedures	outlined	in	Sections	2.7.2	and	2.8.		

	

Confocal	Microscopy	
	
Cell	mono-layers	grown	on	Transwell®-inserts	were	fixed,	stained	and	imaged	following	

the	procedures	outlined	in	Section	2.11.		

	

Apparent	Permeability	
	

Apparent	 permeability	 (Papp)	 of	 CoQ10	 was	 evaluated	 following	 the	 experimental	

procedures	outlined	in	Section	2.8.	Assay	buffers	were	made	up	in	HBSS	at	pH	7.4	(Table	

10).	 CoQ10	 was	 incubated	 with	 serum	 (45	 minutes,	 37oC)	 prior	 to	 addition	 with	 the	
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remaining	 components	 of	 the	 assay	 buffer.	 Inhibitors	were	 added	 in	 excess	 and	 pre-

incubated	with	cells	for	2	hours	before	assay	325-328.		

	
Table	10:	Composition	of	assay	buffers	used	in	apparent	permeability	studies.	Condition	A	is	the	

acceptor	buffer	and	conditions	B	–	F	are	donor	buffers.	B;	CoQ10	control.	C;	LRP-1	inhibitor	(RAP)	325.	D;	

RAGE	inhibitor	(FPS-ZM1)	326.	E;	P-gp	inhibitor	(Verapamil)	327.	F;	SR-B1	inhibitor	(BLT-1)	328.	The	serum	

used	in	bEnd.3	investigations	was	FBS,	and	for	PBECs	it	was	BPDS.	

	

	
BSA	

(w/v)	

HEPES	

(mmol/L)	

Serum	

(v/v)	

FITC-40	

(mg/mL)	

CoQ10	

(µmol/L)	

RAP	

(µmol/L)	

FPS-ZM1	

(µmol/L)	

Verapamil	

(mmol/L)	

BLT-1	

(µmol/L)	

A	 0.5	%	 25	 –	 –	 –	 –	 –	 –	 –	

B	 0.5	%	 25	 50	%	 0.5	 10	 –	 –	 –	 –	

C	 0.5	%	 25	 50	%	 0.5	 10	 0.5	 –	 –	 –	

D	 0.5	%	 25	 50	%	 0.5	 10	 –	 1.0	 –	 –	

E	 0.5	%	 25	 50	%	 0.5	 10	 –	 –	 0.1	 –	

F	 0.5	%	 25	 50	%	 0.5	 10	 –	 –	 –	 10	
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4.3. Results		
	

4.3.1. Mechanisms	of	CoQ10	Uptake	Across	the	bEnd.3	BBB	
	

	
	

Figure	44:	The	proposed	mechanisms	for	investigation	in	the	receptor-mediated	uptake	of	CoQ10	into	the	

brain.	Yellow	spheres	represent	lipoprotein-associated	CoQ10.	

	

Physiological	Conditions	
	

When	 assessed	 separately	 as	 influx	 (Figure	 45)	 and	 efflux	 (Figure	 46),	 isolated	

investigations	 into	 the	 receptor-mediated	 uptake	 of	 exogenous	 CoQ10	 across	 the	

physiological	 bEnd.3	 BBB	 (Figure	 44)	 indicated	 no	 significant	 effect	 of	 transporter	

inhibition	(RAGE	inhibition;	1	µmol/L	FPS-ZM1,	and	SR-B1	inhibition;	10	µmol/L	BLT-1)	

on	CoQ10	apparent	permeability.	Although,	there	was	an	insignificant	trend	to	decrease	

blood-to-brain	transport	(RAGE	inhibition;	23.1	%	decrease,	and	SR-B1	inhibition;	30.8	

%	decrease)	and	 increase	brain-to-blood	transport	(RAGE	inhibition;	20.0	%	increase,	

and	SR-B1	inhibition;	46.7	%	increase)	relative	to	controls.		
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Figure	45:	Effect	of	uptake	inhibitors	on	CoQ10,	blood-to-brain,	apparent	permeability	in	the	bEnd.3	BBB.	

bEnd.3	control	(n	=	12),	RAGE	inhibitor	(FPS-ZM1;	n	=	4),	SR-B1	inhibitor	(BLT-1;	n	=	4).	Error	bars	

represent	standard	error	of	the	mean	(SEM).	
	

	
	

Figure	46:	Effect	of	uptake	inhibitors	on	CoQ10,	brain-to-blood,	apparent	permeability	in	the	bEnd.3	BBB.		

bEnd.3	control	(n	=	9),	RAGE	inhibitor	(FPS-ZM1;	n	=	5),	SR-B1	inhibitor	(BLT-1;	n	=	5).	Error	bars	

represent	standard	error	of	the	mean	(SEM).	
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Figure	47:	Net	effect	of	uptake	inhibitors	on	CoQ10	apparent	permeability	in	the	bEnd.3	BBB.		

bEnd.3	control	(df	=	19),	RAGE	inhibitor	(FPS-ZM1;	df	=	7,	p	<	0.05),	SR-B1	inhibitor	(BLT-1;	df	=	7,	p	<	

0.001).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

Analysis	 of	 the	 combined	 difference	 between	 efflux	 and	 influx	 indicated	 a	 significant	

effect	 for	 both	 transport	 inhibitors	 (Figure	 47).	 The	 inhibition	 of	 RAGE	 resulted	 in	 a	

significant	(p	<	0.05)	2-fold	relative	increase	in	net	efflux	of	CoQ10	from	brain-to-blood.	

The	same	was	observed	for	the	inhibition	of	SR-B1,	which	resulted	in	an	even	greater	net	

efflux	(p	<	0.001)	from	brain-to-blood	at	the	physiological	bEnd.3	BBB.	This	implicates	

the	involvement	of	both	transporters	in	the	receptor-mediated	uptake	of	CoQ10	into	the	

brain.	

	

	

	

	

	

	

	

	

	

	

0

0.05

0.1

0.15

0.2

bEnd.3	control RAGE	inhibitor SR-B1	inhibitor

Co
Q
10
P a

pp
(×
10

-6
cm

/s
ec
)

bEnd.3	Net	Apparent	Permeability	
(B->A	- A->B)

*

***	



	 	 		

	 	
102	

Pathophysiological	Conditions	
	

	
	

Figure	48:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	CoQ10	apparent	permeability	in	the	bEnd.3	

BBB.	bEnd.3	control;	A->B	(n	=	12),	B->A	(n	=	9).	pABA	treated	control;	A->B	(n	=	9),	B->A	(n	=	9).	Error	

bars	represent	standard	error	of	the	mean	(SEM).	

	

	
	

Figure	49:	Net	effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	CoQ10	apparent	permeability	in	the	

bEnd.3	BBB.	bEnd.3	control	(df	=	19),	pABA	treated	control	(df	=	16,	p	<	0.001).	Error	bars	represent	

standard	error	of	the	mean	(SEM).	
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Figure	50:	Net	effect	of	pABA	treatment	(1	mmol/L,	5	days)	and	uptake	inhibitors	on	CoQ10	apparent	

permeability	in	the	bEnd.3	BBB.	Control;	bEnd.3	(df	=	19),	pABA	treated	(df	=	16).	RAGE	inhibitor	(FPS-

ZM1);	bEnd.3	(df	=	7),	pABA	treated	(df	=	9,	p	<	0.001).	SR-B1	inhibitor	(BLT-1);	bEnd.3	(df	=	7),	pABA	

treated	(df	=	8).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

To	further	understand	the	pathophysiological	consequence	of	a	CoQ10	deficiency	on	the	

uptake	of	exogenous	CoQ10	into	the	brain,	a	pharmacologically	induced	CoQ10	deficient	

bEnd.3	BBB	model	was	established	using	pABA	(1	mmol/L,	5	days).		

Again,	 when	 influx	 and	 efflux	 were	 assessed	 separately	 there	 was	 no	 statistically	

significant	effect	of	pABA	treatment	on	the	apparent	permeability	of	CoQ10	(Figure	48).	

However,	when	expressed	as	a	Net	transport,	results	indicated	that	the	CoQ10	deficient	

bEnd.3	BBB	exhibited	an	overall	net	influx	of	CoQ10	from	the	blood	to	the	brain	(Figure	

49).	This	effect	was	significant	(p	<	0.001)	and	opposed	the	observed	net	efflux	of	CoQ10	

across	the	physiological	bEnd.3	BBB	model.		

Assessment	 of	 the	 effect	 of	 a	 CoQ10	 deficiency	 on	 the	 individual	 receptor-mediated	

transport	mechanisms	indicated	a	comparable	effect	on	SR-B1	relative	to	controls,	but	an	

contrasting	 (p	 <	 0.001)	 benign	 effect	 of	 pABA	 treatment	 on	 RAGE	 (Figure	 50).	 This	

suggests	that	uptake	of	CoQ10	across	the	BBB	by	RAGE	is	unaffected	by	a	CoQ10	deficiency.	
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4.3.2. Mechanisms	of	CoQ10	Efflux	Across	the	bEnd.3	BBB	
	

	
	

Figure	51:	The	proposed	mechanisms	for	investigation	in	the	receptor-mediated	efflux	of	CoQ10	into	the	

blood.	Yellow	spheres	represent	lipoprotein-associated	CoQ10.	

	

Physiological	Conditions	
	

	
	

Figure	52:	Effect	of	efflux	inhibitors	on	CoQ10,	blood-to-brain,	apparent	permeability	in	the	bEnd.3	BBB.		

bEnd.3	control	(n	=	12),	P-gp	inhibitor	(Verapamil;	n	=	5),	LRP-1	inhibitor	(RAP;	n	=	5,	p	<	0.05).	Error	

bars	represent	standard	error	of	the	mean	(SEM).	
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Figure	53:	Effect	of	efflux	inhibitors	on	CoQ10,	brain-to-blood,	apparent	permeability	in	the	bEnd.3	BBB.	

bEnd.3	control	(n	=	9),	P-gp	inhibitor	(Verapamil;	n	=	4),	LRP-1	inhibitor	(RAP;	n	=	4).	Error	bars	

represent	standard	error	of	the	mean	(SEM).	
	
	

	
	

Figure	54:	Net	effect	of	efflux	inhibitors	on	CoQ10	apparent	permeability	in	the	bEnd.3	BBB.		

bEnd.3	control	(df	=	19),	P-gp	inhibitor	(Verapamil;	df	=	7,	p	<	0.01),	LRP-1	inhibitor	(RAP;	df	=	7,	p	<	

0.001).	Error	bars	represent	standard	error	of	the	mean	(SEM).	
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relative	 to	 controls	 (Figure	 52).	 This	 suggests	 an	 efflux	mode	 of	 action	 for	 the	 LRP-1	

receptor	at	the	bEnd.3	BBB	under	physiological	conditions.	No	significant	effects	were	

observed	in	the	brain-to-blood	CoQ10	apparent	permeability	when	either	the	LRP-1	or	P-

gp	receptors	were	inhibited	(Figure	53).		

Comparison	of	 the	net	effect	of	 transporter	 inhibition	on	CoQ10	apparent	permeability	

confirmed	a	significant	(p	<	0.001)	LRP-1	mediated	efflux	of	CoQ10	from	the	brain	to	the	

blood	 at	 the	 bEnd.3	 BBB.	 Somewhat	 unexpectedly,	 the	 effect	 of	 P-gp	 inhibition	 (0.1	

mmol/L	 Verapamil)	 indicated	 a	 significant	 (p	<	 0.01)	 increase	 in	 net	 efflux	 of	 CoQ10,	

suggesting	 an	 overall	 blood-to-brain,	 or	 uptake,	mode	 of	 action	 for	 the	 P-gp	 receptor	

(Figure	54).	

	

Pathophysiological	Conditions		
	

	
	
	

Figure	55:	Net	effect	of	pABA	treatment	(1	mmol/L,	5	days)	and	efflux	inhibitors	on	CoQ10	apparent	

permeability	in	the	bEnd.3	BBB.	Control;	bEnd.3	(df	=	19),	pABA	treated	(df	=	16).	P-gp	inhibitor	

(Verapamil);	bEnd.3	(df	=	7),	pABA	treated	(df	=	7).	LRP-1	inhibitor	(RAP);	bEnd.3	(df	=	7),	pABA	treated	

(df	=	7).	Error	bars	represent	standard	error	of	the	mean	(SEM).	
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4.3.3. Mechanisms	of	CoQ10	Transport	at	the	PBEC	BBB	
	

	
	

Figure	56:	Effect	of	inhibitors	on	CoQ10	apparent	permeability	in	the	PBEC	BBB.		

A	->	B;	PBEC	control	(n	=	3),	RAGE	inhibitor	(FPS-ZM1;	n	=	4,	p	<	0.001).	B	->	A;	PBEC	control	(n	=	4),	LRP-

1	inhibitor	(RAP;	n	=	4,	p	<	0.05).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

	
	

Figure	57:	Effect	of	inhibitors	on	FITC-40	apparent	permeability	in	the	PBEC	BBB.		

A	->	B;	PBEC	control	(n	=	3),	RAGE	inhibitor	(FPS-ZM1;	n	=	4,	p	<	0.01).	B	->	A;	PBEC	control	(n	=	4),	LRP-1	

inhibitor	(RAP;	n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	
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Figure	58:	Effect	of	transport	inhibitors	on	TEER	in	the	PBEC	BBB.		

PBEC	control	(n	=	7),	RAGE	inhibitor	(FPS-ZM1;	n	=	4),	LRP-1	inhibitor	(RAP;	n	=	4).	Error	bars	represent	

standard	error	of	the	mean	(SEM).	

	

Having	 explored	 some	 of	 the	 possible	mechanisms	 for	 receptor-mediated	 uptake	 and	

efflux	 of	 exogenous	 CoQ10	 across	 the	 bEnd.3	 BBB,	 under	 physiological	 and	

pathophysiological	conditions,	the	most	promising	candidates	(RAGE	and	LRP-1)	were	

taken	forward	for	investigation	in	the	gold-standard	PBEC	BBB	model.	

Assessment	 of	 the	 receptor-mediated	 uptake	 of	 CoQ10	 by	RAGE	 across	 the	 PBEC	BBB	

indicted	 a	 significant	 decrease	by	75	%	 (p	 <	 0.001)	 in	 blood-to-brain	CoQ10	 apparent	

permeability	when	the	transporter	was	inhibited	(Figure	56).	Similarly,	inhibition	of	the	

LRP-1	receptor	resulted	in	a	significant	decrease	by	57	%	(p	<	0.05)	 in	brain-to-blood	

CoQ10	apparent	permeability	(Figure	56),	suggesting	a	receptor-mediated	efflux	role	for	

LRP-1	at	the	physiological	PBEC	BBB.	Both	results	corroborate	with	the	findings	from	the	

physiological	bEnd.3	BBB	model	(Sections	4.3.1	and	4.3.2).		

Interestingly,	the	inhibition	of	RAGE	corresponded	to	a	significant	decrease	in	FITC-40	

apparent	 permeability	 (34.2	 %	 of	 control,	 p	 <	 0.01)	 which	 suggests	 a	 generalised	

reduction	in	baseline	transcytosis	(Figure	57).	There	was	no	effect	on	FITC-40	apparent	

permeability	 as	 a	 result	 of	 LRP-1	 inhibition	 and	 neither	 of	 the	 transport	 inhibitors	

impacted	 PBEC	 TEER	 (Figure	 58),	 meaning	 the	 observed	 effects	 were	 not	 subject	 to	

interference	from	paracellular	events.		
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4.3.4. Effect	of	CoQ10	Deficiency	on	the	PBEC	BBB	
	

Figure	59:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	TEER	in	the	PBEC	BBB.		

PBEC	control	(n	=	8),	pABA	PBEC	(n	=	3,	p	<	0.05).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

	
	

Figure	60:	Immunofluorescent	confocal	images	of	the	PBEC	BBB.	Left	image;	PBEC	control.	Right	image;	

pABA	treated	(1	mmol/L,	5	days)	PBECs.	Alexa	Fluor®	488	(green)	represents	the	tight-junction	protein	

claudin-5.	DAPI	(blue)	highlights	the	nuclei.	
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Figure	61:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	FITC-40	apparent	permeability	in	the	PBEC	

BBB.	A	->	B;	PBEC	control	(n	=	4),	pABA	PBEC	(n	=	3,	p	<	0.05).	B	->	A;	PBEC	control	(n	=	4),	pABA	PBEC	(n	

=	3,	p	<	0.05).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

	
	

Figure	62:	Effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	CoQ10	apparent	permeability	in	the	PBEC	BBB.	

A	->	B;	PBEC	control	(n	=	4),	pABA	PBEC	(n	=	3,	p	<	0.001).	B	->	A;	PBEC	control	(n	=	3),	pABA	PBEC	(n	=	3,	

p	<	0.01).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

0

2

4

6

8

10

12

14

A	->	B B	->	A

FI
TC
-4
0	
P a

pp
(×
10

-6
cm

/s
ec
)

PBEC	FITC-40	Apparent	Permeability

PBEC	Control pABA	treated

*
*

0

0.1

0.2

0.3

0.4

0.5

A	->	B B	->	A

Co
Q
10
P a

pp
(×
10

-6
cm

/s
ec
)

PBEC	CoQ10 Apparent	Permeability

PBEC	Control pABA	treated

***

**



	 	 		

	 	
111	

	
	

Figure	63:	Net	effect	of	pABA	treatment	(1	mmol/L,	5	days)	on	CoQ10	apparent	permeability	in	the	PBEC	

BBB.	PBEC	control	(df	=	6),	pABA	PBEC	(df	=	4,	p	<	0.001).	Error	bars	represent	standard	error	of	the	

mean	(SEM).	

	

When	 a	 CoQ10	 deficiency	 was	 induced	 in	 the	 PBEC	 BBB	 model,	 TEER	 was	 reduced	

significantly	 by	 92	%	 (p	 <	 0.05)	 (Figure	 59)	 and	 FITC-40	 apparent	 permeability	was	

significantly	increased	in	both	directions	(blood-to-brain;	338.2	%	increase,	p	<	0.05	and	

brain-to-blood;	 178.6	%	 increase,	p	 <	 0.05)	 (Figure	61).	 These	 results	 provide	 strong	

evidence	for	increased	paracellular	permeability	in	the	PBEC	BBB	as	a	consequence	of	TJ	

breakdown	 due	 to	 a	 CoQ10	 deficiency.	 This	 was	 confirmed	 by	 immunofluorescent	

confocal	imaging,	which	clearly	demonstrated	a	diminished	cell	surface	expression	of	the	

TJ	protein	claudin-5	in	the	pABA-treated	PBEC	BBB	(Figure	60).	

As	would	be	expected	from	a	degradation	in	BBB	integrity,	CoQ10	apparent	permeability	

was	 significantly	 increased	 in	 both	 directions	 (blood-to-brain;	 333.3	%	 increase,	 p	 <	

0.001	 and	 brain-to-blood;	 188.9	 %	 increase,	 p	 <	 0.01)	 (Figure	 62),	 with	 an	 overall	

significant	increase	in	net	efflux	(p	<	0.001)	of	CoQ10	from	brain-to-blood	(Figure	63).	
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4.4. Discussion	
	

Under	physiological	conditions,	findings	from	this	study	have	indicated	that	there	is	a	net	

efflux	of	exogenous	CoQ10	from	the	brain	to	the	blood	in	the	bEnd.3	BBB	model	(0.03	×	

10-6	cm/sec)	(Sections	4.3.1	and	4.3.2).	This	profile	was	consistent	with	that	observed	in	

the	physiological	PBEC	BBB	(net	CoQ10	efflux	=	0.06	×	10-6	cm/sec)	which	is	a	more	in	

vivo-like	 model,	 based	 on	 BBB	 characteristics	 (Section	 4.3.3).	 Furthermore,	 through	

comparison	of	the	PBEC	CoQ10	Papp	(0.04	×	10-6	cm/sec)	with	the	PBEC	FITC-40	Papp	(1.52	

×	10-6	cm/sec),	CoQ10	does	not	appear	to	cross	the	BBB	passively	or	paracellularly.	This	

is	the	first	time	a	receptor-mediated	efflux	mechanism	has	been	implicated	for	CoQ10	at	

the	BBB	and	it	is	certainly	in	agreement	with	the	clinical	ineffectiveness	of	CoQ10	therapy	

for	the	treatment	of	neurological	disorders	329.		

Another	 theory	 for	 the	 poor	 efficacy	 of	 CoQ10	 therapy	 is	 the	 possible	 retention	 or	

metabolism	of	CoQ10	by	the	BBB,	however,	there	was	a	full	recovery	of	exogenous	CoQ10	

in	every	assay	carried	out	(100.5	±	0.8	%,	n	=	8	in	PBEC	and	100.5	%,	n	=	2	in	pABA	PBEC,	

results	 not	 shown)	 and	no	 accumulation	 of	 CoQ10	 in	 the	 endothelial	 cells	 themselves,	

suggesting	that	the	refractory	nature	is	more	likely	dominated	by	unfavourable	transcytic	

transport	 mechanisms.	 That’s	 said,	 it	 was	 vitally	 important	 to	 understand	 these	

mechanisms	in	more	detail	and	to	further	ascertain	the	pathophysiological	consequences	

of	a	CoQ10	deficiency	at	the	BBB.	

	

The	 strategy	 adopted	 for	 investigating	 the	precise	mechanisms	 governing	uptake	 and	

efflux	 of	 CoQ10	 across	 the	 BBB	 was	 to	 perform	 initial	 studies	 on	 the	 commercially	

available	immortalised	bEnd.3	in	vitro	BBB	model,	primarily	due	to	the	ease	of	use	and	

relatively	 high-throughput	 that	 could	 be	 achieved.	 Promising	 candidates	 from	 these	

studies	were	then	taken	forward	to	be	assessed	on	the	gold-standard	primary	PBEC	BBB	

model	to	obtain	results	that	better	reflect	in	vivo	conditions.	

Based	on	the	assumption	of	successful	loading	of	exogenous	CoQ10	into	lipoproteins,	as	

was	indicated	by	the	lipoprotein	fractionation	experiments	(Section	3.3.3,	Figure	27),	it	

was	possible	to	selectively	investigate	the	uptake	and	efflux	mechanisms	operating	at	the	

in	vitro	BBB.	Investigations	into	the	receptor-mediated	uptake	of	CoQ10	was	achieved	by	

the	selective	inhibition	of	RAGE	and	SR-B1,	using	an	excess	of	the	inhibitors	FPS-ZM1	330	

and	BLT-1	331,	332	respectively.	While	verapamil	333-335,	a	commonly	used	first	generation	
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inhibitor	 of	 P-gp,	 and	RAP	 281,	 325,	 a	 potent	 inhibitor	 of	 LRP-1,	were	 utilised	 to	 probe	

receptor-mediated	efflux	mechanisms.	

	

The	outcome	from	investigations	in	the	physiological	bEnd.3	BBB	provided	evidence	for	

RAGE	(p	<	0.05)	and	SR-B1	(p	<	0.001)	mediated	uptake,	concomitant	with	an	LRP-1	(p	<	

0.001)	 dependent	 efflux	 of	 CoQ10.	 This	 combination	 of	 uptake	 and	 efflux	 is	 well	

documented	 for	 lipoproteins	 and	 is	 a	 prominent	 feature	 in	 the	 study	 of	 Alzheimer’s	

disease	 for	 the	 clearance	 of	 amyloid-beta	 283-287.	 However,	 this	 is	 the	 first	 time	 these	

receptors	 have	been	 confirmed	 as	 the	 route	 of	 transport	 for	CoQ10	 at	 the	BBB.	These	

results	also	validate	lipoproteins	as	the	primary	carrier	of	exogenous	CoQ10	and	provide	

support	for	a	robust	experimental	procedure.		

Surprisingly,	however,	P-gp	was	shown	to	be	operating	as	an	influx	receptor.	This	is	in	

stark	contrast	to	the	findings	of	Itagaki	et	al.	135,	324	who	illustrated	a	P-gp	mediated	efflux	

of	CoQ10	 at	 the	 intestinal	 epithelial-barrier,	 and	against	 the	numerous	 comprehensive	

studies	that	have	characterised	P-gp	as	a	non-specific	luminal	efflux-transporter	166,	167,	

319-321,	meaning	this	result	should	be	taken	with	caution.	Reasoning	behind	this	observed	

phenomena	is	as	yet	unknown,	but	could	be	due	to	the	very	poor	TEER	of	the	bEnd.3	BBB	

(35.4	±	1.1	W	.	cm2,	n	=	90),	and	therefore	decreased	polarisation	of	the	endothelia,	which	

could	plausibly	facilitate	an	atypical	luminal/basolateral	distribution	of	the	receptor	due	

to	 an	 increased	 motility	 throughout	 the	 lipid	 membrane.	 Nevertheless,	 there	 was	 a	

significant	 (p	<	0.01)	net	effect	of	 inhibition	meaning	 the	P-gp	receptor	 is	 likely	 to	be	

involved	 in	 the	 transport	 of	 the	 compound,	 whether	 that	 be	 in	 the	 uptake	 or	 efflux	

remains	to	be	seen.	If	P-gp	does	emerge	as	an	efflux	receptor	for	CoQ10,	then	perhaps	a	

therapeutic	strategy	would	be	to	administer	exogenous	CoQ10	in	the	evening	as	a	means	

to	reduce	this	effect,	as	has	been	proposed	by	Zhang	et	al.	336	who	suggest	that	circadian	

rhythms	regulate	efflux	at	the	BBB.	

	

Having	gained	an	understanding	of	the	mechanisms	governing	uptake	and	efflux	of	CoQ10	

at	the	physiological	bEnd.3	BBB,	a	CoQ10	deficiency	was	pharmacologically	induced	using	

pABA,	yielding	the	first	reported	CoQ10	deficient	in	vitro	model	of	the	BBB.		

Given	that	the	TEER	of	the	bEnd.3	BBB	was	already	very	low,	the	effect	of	pABA	treatment	

did	not	appear	to	perturb	the	TJs	any	further	(35.4	±	1.1	W	 .	cm2,	n	=	90	in	bEnd.3	and	

38.0	±	1.0	W	.	cm2,	n	=	89	in	pABA	treated	bEnd.3,	results	not	shown),	although	results	are	
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generally	 deemed	 unreliable	 since	 there	 is	 a	 greater	 degree	 of	 instrumental	 error	

associated	 with	 the	 measurements	 of	 small	 TEER.	 Regardless,	 the	 model	 did	 enable	

investigations	 into	 the	 impact	 of	 a	 CoQ10	 deficiency	 on	 the	 receptor-mediated	

transcytosis	of	exogenous	CoQ10.	

Under	pathophysiological	conditions	the	observed	net	efflux	of	CoQ10	at	the	bEnd.3	BBB	

is	reversed	(p	<	0.001).	This	suggests	that	the	mechanisms	governing	CoQ10	efflux	are	

either	active	processes	or	are	more	susceptible	to	a	change	in	antioxidant	capacity.	

Further	examination	of	the	results	indicates	that	RAGE	and	LRP-1	are	unaffected	by	the	

induced	CoQ10	deficiency,	but	both	P-gp	and	SR-B1	showed	a	similar	effect	to	controls	

suggesting	a	pABA	induced	inactivity.	This	would	imply	that	modes	of	uptake	and	efflux	

for	 CoQ10	 are	 still	 present	 under	 pathophysiological	 conditions,	 albeit	 at	 a	 reduced	

capacity	compared	to	normal	controls.	

	

To	validate	and	strengthen	the	initial	conclusions	drawn	from	the	bEnd.3	investigations,	

further	analysis	was	performed	on	the	gold-standard	PBEC	BBB	model.	However,	due	to	

the	 cost	 and	 complexity	 of	 the	 technique,	 only	 select	mechanisms	were	 investigated.	

Since	 there	was	no	detrimental	effect	of	pathology	on	 the	RAGE	and	LRP-1	receptors,	

these	were	taken	forward	as	candidates	for	analysis	on	the	PBEC	BBB,	albeit	SR-B1	did	

exhibit	a	significant	degree	of	net	uptake	in	the	physiological	bEnd.3	BBB	and	should	be	

considered	in	future	experiments.		

The	results	from	the	physiological	PBEC	BBB	were	in	agreement	with	that	of	the	bEnd.3	

BBB	model,	such	that	RAGE	was	confirmed	as	an	uptake	receptor	for	CoQ10	(p	<	0.001)	

and	LRP-1	was	confirmed	as	a	mode	of	efflux	for	CoQ10	(p	<	0.05)	at	the	BBB	(Section	

4.3.3).	While	 these	 findings	 are	 in	 themselves	novel	 in	nature,	 the	data	 also	provided	

some	insight	into	the	potential	mechanism	for	RAGE	uptake.	Through	closer	inspection	

of	the	FITC-40	data	it	was	noted	that	there	was	a	significant	decrease	(p	<	0.001)	in	FITC-

40	Papp	as	a	result	of	RAGE	inhibition	by	FPS-ZM1,	this	observation	suggests	that	RAGE	

operates	via	a	large	vesicular	transcytic	mechanism,	since	it	is	known	that	vicinal	FITC-

40	can	be	internalised	during	such	processes	337,	338.	Following	the	same	logic,	it	could	be	

said	 that	 transcytosis	 via	 LRP-1	may	 proceed	 via	 an	 alternative	mechanism,	 perhaps	

giving	support	to	the	recent	findings	of	Nyberg	et	al.	253	who	have	suggested	a	‘tunnelling’	

process	 for	 LRP-1.	 However,	 there	 is	 debate	 over	 the	 inherent	 limitations	 of	 the	
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techniques	used	to	support	this	theory,	as	the	instruments	were	operating	at	the	limit	of	

temporal	resolution	which	may	have	resulted	in	false	positive	motion	artefacts.		

	

As	with	the	bEnd.3	model,	the	PBEC	BBB	was	pharmacologically	induced	with	a	CoQ10	

deficiency	using	pABA,	again,	 this	 is	 the	 first	reported	case	 for	 this	pathophysiological	

BBB	 model.	 The	 most	 notable	 effect	 pABA	 treatment	 had	 on	 the	 PBEC	 BBB	 was	 a	

significant	(p	<	0.05)	decrease	in	TEER	to	a	level	comparable	with	that	of	the	bEnd.3	BBB	

model.	This	implies	that,	perhaps,	this	is	the	maximum	effect	of	a	CoQ10	deficiency	on	the	

TJs,	as	pABA	failed	to	perturb	TEER	in	the	bEnd.3	model.	Therefore,	it	could	be	said	that	

the	 maintenance	 of	 the	 protein	 network	 responsible	 for	 this	 low	 level	 residual	 TJ	

formation,	is	ATP	independent.	

Further	 analysis	 using	 confocal	 microscopy	 suggested	 that	 an	 explanation	 for	 the	

observed	TJ	breakdown	in	the	PBEC	BBB	may	be	due	to	an	internalisation	of	the	main	TJ	

protein	Claudin-5	from	the	cell	surface	to	the	cytosol.	The	findings	from	similar	work	by	

Duijghuijsen	 et	 al.	 265,	 who	 noted	 a	 Claudin-7	 internalisation	 after	 an	 induced	 ATP	

depletion	 in	 the	Caco-2	 intestinal	 epithelial-barrier	model,	 are	 in	agreement	with	 this	

observation.	These	results,	therefore,	suggest	that	the	expression	and	maintenance	of	a	

highly	functional	TJ	network	at	the	surface	of	the	endothelia	requires	mitochondrial	ATP	

or	a	finely	balanced	redox	state.		

As	expected,	the	breakdown	in	TJ	function	corresponded	to	an	increase	in	bidirectional	

paracellular	 and	 CoQ10	 apparent	 permeability	 across	 the	 PBEC	 BBB.	 Interestingly,	

however,	this	did	not	correspond	with	a	net	uptake	of	exogenous	CoQ10	from	the	blood	

to	the	brain,	as	was	the	case	with	the	pathophysiological	bEnd.3	BBB	model,	meaning	the	

observed	 effect	 is	 likely	 due	 to	 the	 continued	 operation	 of	 efflux	 receptors	 and/or	

disproportional	 knockdown	 of	 uptake	 receptors.	 Either	 way,	 this	 does	 provide	 an	

explanation	 for	 the	refractory	nature	of	neurological	symptoms	associated	with	CoQ10	

deficiencies	with	CoQ10	supplementation.	
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Figure	64:	A	summary	of	the	findings	from	investigations	into	the	mechanisms	governing	CoQ10	uptake	

and	efflux	at	the	BBB.	The	RAGE	receptor	was	confirmed	in	both	the	bEnd.3	and	PBEC	BBB	models	as	a	

mode	of	uptake,	similarly	the	LRP-1	was	confirmed	as	a	mode	of	efflux.	The	SR-B1	receptor	was	

implicated	as	a	mode	of	uptake	in	the	bEnd.3	model	and	the	investigations	into	P-gp	were	inconclusive.	

Yellow	spheres	represent	lipoprotein-associated	CoQ10.	

	

Taken	collectively,	these	results	have	demonstrated	for	first	time	a	dynamic	interplay	of	

multiple	transport	receptors,	with	varying	degrees	of	influence,	for	the	uptake	and	efflux	

of	CoQ10	across	the	BBB.	While	there	is	substantial	evidence	for	the	involvement	of	RAGE,	

LRP-1	 and	 SR-B1	 in	 the	 transport	 of	 CoQ10	 across	 the	BBB	 (Figure	64),	 these	 are	not	

predicted	 to	 be	 a	 comprehensive	 representation	 of	 all	 the	 receptors	 involved	 in	 its	

transport.	Results	have	shown	that	the	mechanisms	governing	uptake/efflux	are	complex	

and	it	is	likely	there	are	many	interactions	occurring	simultaneously,	nevertheless,	this	

study	has	narrowed	down	and	isolated	some	key	instigators,	and	also	provided	a	solid	

foundation	for	further	investigations.		

	

From	a	clinical	perspective,	these	findings	have	expanded	our	biochemical	knowledge	of	

CoQ10,	and	imply	that	the	uptake	of	exogenous	CoQ10	into	the	brain	could	be	improved	by	

the	administration	an	LRP-1	inhibitor,	or	by	implementing	interventions	that	stimulate	a	

luminal	overexpression	of	RAGE	and	SR-B1.		
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Recently,	 Wang	 et	 al.	 284	 provided	 evidence	 for	 the	 overexpression	 of	 LRP-1	 and	

suppression	 of	 RAGE	 using	 peroxisome	 proliferator-activated	 receptor-g	 (PPAR-g)	

agonists	in	an	effort	to	ameliorate	diabetes-associated	cognitive	decline	in	rodents,	based	

on	 this	 logic,	 perhaps	 a	 PPAR-g	 antagonist	 would	 impart	 the	 opposite	 effect	 thereby	

increasing	CoQ10	uptake	into	the	brain	339-341.	However,	due	to	the	broad	specificity	of	

LRP-1,	 RAGE	 and	 SR-B1,	 and	 the	 important	 role	 they	 play	 in	 various	 other	 biological	

functions,	there	may	be	adverse	side	effects	that	outweigh	the	potential	benefits	of	this	

approach.	Nevertheless,	 it	 is	a	consideration	for	end-of-life	care	or	 in	acute	therapy	to	

prevent	 irreversible	 damage,	 although	 further	 tests	 would	 need	 to	 be	 performed	 to	

understand	the	wider	clinical	 implications	of	 their	 inhibition/stimulation.	A	more	risk	

averse	 alternative	 is	 to	 explore	 analogues	 of	 CoQ10	which	may	 show	 improved	 brain	

uptake	while	imparting	a	comparable	therapeutic	effect.	
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5. Clinically	Relevant	Analogues	of	
Coenzyme	Q10	

	

5.1. Background	
	

Mitochondrial	disorders	are	among	 the	most	 common	 inherited	conditions	 that	 cause	

neurological	 impairment.	 Generally,	 once	 diagnosed,	 patients	 receive	 a	 ‘mito-cocktail’	

treatment	containing	antioxidants	and	cofactors	for	the	various	constituents	of	the	MRC	
342-346.	The	mito-cocktail	 is	 tailored	 to	 the	patient	and	usually	 consists	of	 antioxidants	

such	 as	 CoQ10,	 α-toc,	 ascorbate,	 the	 flavoprotein	 precursor	 riboflavin,	 and	 creatine	

monohydrate	to	assist	in	ATP	generation	347,	348.	With	both	α-toc	and	CoQ10	being	amongst	

the	most	popular	choices	for	treatment,	particularly	in	ataxic	patients	348-352.		

As	previously	mentioned	(Section	1.1.3),	α-toc	is	structurally	and	biochemically	similar	

to	CoQ10,	both	are	potent	lipid-soluble	antioxidants,	they	share	similar	redox	properties,	

and	are	 thought	 to	undergo	analogous	uptake	and	distribution	processes	41.	However,	

due	 to	 the	considerable	similarities	and	subsequent	competition,	some	have	 indicated	

that	high	doses	of	α-toc	(1310	IU/kg)	may	impede	CoQ10	uptake	in	vivo,	resulting	in	lower	

plasma	levels	of	the	quinone.	Conversely,	in	the	same	study,	it	was	also	suggested	that	

low	concentrations	of	α-toc	(100	IU/kg)	in	conjugation	with	CoQ10	could	improve	overall	

uptake	and	distribution	into	tissue	353.		

Since	α-toc	is	a	prominent	component	of	the	mito-cocktail,	it	is	important	to	understand	

the	 effect	 this	 may	 have	 on	 the	 transport	 of	 CoQ10	 into	 the	 brain,	 and	 indeed	 the	

peripheral	tissue,	in	doing	so	the	cocktail	can	be	optimised	to	become	a	more	efficacious	

treatment	354.	

	

In	 addition	 to	 the	 nutraceutical	 approach	 of	 the	 mito-cocktail,	 numerous	 synthetic	

analogues	 of	 CoQ10	 have	 been	 designed	 with	 an	 aim	 to	 improve	 bioavailability	 and	

enhance	 therapeutic	 potential.	 To	 date,	 the	most	 promising	 synthetic	 small	molecule	

candidates	for	the	treatment	of	mitochondrial	disorders	include;	idebenone,	EPI-743,	and	

MitoQ®.	Each	of	these	analogues	share	a	common	quinone	core	attached	to	different	side-
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chain	moieties	(Figure	65),	suggesting	all	exhibit	a	similar	redox	function,	albeit	with	a	

varied	capacity	to	restore	electron	flux	through	the	MRC	enzymes.	

	

	
	

Figure	65:	Skeletal	structures	and	associated	physicochemical	properties	of	the	main	synthetic	analogues	

of	CoQ10.	

	

Initially	developed	by	Takeda	Pharmaceutical	Company	Ltd.,	Japan,	for	the	treatment	of	

Alzheimer’s	disease	355,	idebenone	is	now	a	licensed	drug	(Raxone®/Catena®/	Sovrima®)	

that	is	clinically	approved	for	the	treatment	of	Leber’s	hereditary	optic	neuropathy	356,	357	

and	 Duchenne	 muscular	 dystrophy	 358,	 with	 a	 phase	 IIa	 randomised,	 double	 blind,	

placebo	controlled,	dose-finding	study	of	idebenone	in	MELAS	syndrome	ongoing	(trial	

ID:	 NCT01370447)	 359.	 Given	 that	mitochondrial	 dysfunctions	may	 play	 a	 key	 role	 in	

progressive	axonal	loss	in	Multiple	Sclerosis	(MS),	a	phase	II	trial	of	idebenone	efficacy	in	

Primary	Progressive	MS	is	currently	underway	(trial	ID:	NCT01854359)	360.	Additionally,	
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idebenone	has	demonstrated	some	efficacy	in	the	treatment	of	Friedreich’s	ataxia,	where	

studies	have	 shown;	 improved	 cardiac	measures	 361,	 362;	 a	 correlation	between	 serum	

idebenone	 levels	and	 International	Cooperative	Ataxia	Rating	Scale	 (ICARS)	scores;	as	

well	as	a	stabilisation	of	neurological	progression	in	paediatric	patients	363,	364.		

The	 mechanism	 of	 action	 for	 idebenone	 is	 thought	 to	 restore	 both	 mitochondrial	

membrane	 potential	 (Δψm)	 and	 cellular	 antioxidant	 status:	 Bypassing	 complex	 I,	

idebenone	is	reduced	by	the	cytosolic	flavoprotein	DT-diaphorase	(NQO1	or	NAD(P)H:	

quinone	oxidoreductase),	feeding	electrons	directly	into	complex	III	of	the	MRC	to	restore	

Δψm	 and	 subsequent	 ATP	 production	 365-367.	 The	 redox-active	 quinone	 core	 affords	 a	

potent	antioxidant	function	to	the	molecule,	as	is	the	case	with	all	the	aforementioned	

synthetic	analogues	of	CoQ10	368.		

However,	 while	 idebenone	 has	 proven	 to	 be	 an	 effective	 treatment	 for	 some	

mitochondrial	 disorders,	 there	 are	 several	 reports	 of	 idebenone	 inhibiting	 complex	 I	

activity	 and	 promoting	 superoxide	 production	 in	 vitro	 369-374,	 with	 some	 even	

demonstrating	a	cytotoxic	effect	at	high-doses	(>	25	µM)	375.	King	et	al.	376	provided	a	

detailed	 investigation	 into	 this	phenomenon	and	concluded	that	 idebenone	has	a	high	

affinity	for	the	quinone-binding	site	within	complex	I,	resulting	in	a	strong	association	

and	 slow	 dissociation.	 Consequently,	 it	 acts	 as	 a	 competitive	 substrate	 that	 impairs	

endogenous	 CoQ10	 function	 without	 substituting	 for	 its	 electron	 transfer	 function	 to	

complex	III.	Furthermore,	idebenone	is	shown	to	bind	to	a	second	hydrophilic	site	within	

complex	I	where	it	is	reduced	by	flavin	mononucleotide	to	form	an	unstable	semiquinone	

that	generates	superoxide.	

Interestingly,	King	et	al.	376	also	suggested	decylubiquinone	to	be	the	most	appropriate	

substrate	for	complex	I	in	systems	that	lack	endogenous	CoQ10.	Indeed	this	is	supported	

by	the	work	of	Fash	et	al.	50	who	investigated	the	effect	of	alkyl	side	chain	modification	

on	 2,3-dimethoxy-5-methylbenzoquinones,	 showing	 decylubiquinone	 to	 be	 more	

effective	 than	 idebenone	 in	 restoring	 MRC	 function,	 antioxidant	 capacity,	 and	 Δψm.	

However,	 very	 limited	 in	 vivo	 investigations	 have	 focussed	 on	 decylubiquinone	 as	 a	

therapeutic	candidate	for	the	treatment	of	mitochondrial	disorders	377.	

	

MitoQ®	was	designed	on	the	turn	of	the	century	by	M.	P.	Murphy	and	R.	A.	J.	Smith,	and	

synthesised	 by	 G.	 Kelso,	 at	 the	 University	 of	 Otago,	 New	 Zealand	 378.	 It	 has	 a	 similar	

chemical	structure	to	idebenone,	and	is	a	variant	of	decylubiquinone,	with	the	addition	
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of	a	triphenylphosphonium	(TPP)	cation	moiety	on	the	terminal	carbon	of	the	alkyl	side	

chain.		

The	Nernst	equation	indicates	that	the	uptake	of	singly	charged	cations	increases	10-fold	

for	every	61.5	mV	of	membrane	potential	at	37°C	379,	meaning	there	is	a	100	–	1000-fold	

accumulation	of	MitoQ®	into	the	mitochondrial	matrix	in	response	to	the	Δψm	(-150	to	-

180	mV,	negative	 inside)	and	the	delocalised	positive	charge	of	the	TPP	moiety	380-382.	

Uptake	into	cells	is	also	driven	by	the	cellular	plasma	membrane	potential	(-30	to	-60	mV,	

negative	inside).	Hence,	MitoQ®	is	a	selective	mitochondria-targeted	antioxidant	383.	

Once	within	the	mitochondria,	MitoQ®	is	primarily	adsorbed	to	the	matrix	surface	of	the	

inner	 membrane	 where	 it	 is	 continually	 recycled	 to	 the	 quinol	 form	 by	 complex	 II,	

meaning	 it	 behaves	 as	 a	 potent	 antioxidant	 against	 lipid	 peroxidation	 384.	 However,	

MitoQ®	 is	 unable	 to	 restore	 MRC	 function	 in	 mitochondria	 lacking	 CoQ10	 since	 the	

reduced	quinol	form	of	MitoQ®	is	not	oxidised	by	complex	III	and	therefore	cannot	act	as	

an	electron	carrier	385,	386.		

Some	pre-clinical	studies	have	demonstrated	great	promise	for	MitoQ®	in	the	treatment	

of	Alzheimer’s	387,	388	and	Parkinson’s	389	disease.	However,	when	trialled	on	128	newly	

diagnosed	untreated	patients	with	Parkinson’s	disease,	there	was	no	difference	between	

MitoQ®	 and	 placebo	 on	 any	 measure	 of	 Parkinson’s	 disease	 progression	 390.	 This	 is	

thought	to	be	due	to	irreversible	neuronal	damage	by	the	time	parkinsonism	becomes	

clinically	 evident,	 meaning	 MitoQ®,	 and	 other	 analogues,	 could	 still	 have	 a	

neuroprotective	 effect	 if	 administered	 prior	 to	 symptomatic	 presentation	 390.	 Other	

explanations	 for	 the	 observed	 difference	 between	 pre-clinical	 models	 and	 clinical	

investigations	include	a	possible	drug-drug	interaction	between	MitoQ®	and	1-methyl-4-

phenylpyridinium	 (MPP+),	 an	 active	metabolite	 of	 the	 neurotoxin	 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine	 (MPTP)	 which	 is	 commonly	 used	 to	 induce	 Parkinson’s	

disease	391-393,	and/or	insufficient	brain	penetration	of	MitoQ®	in	human	394.	

While	there	was	no	notable	therapeutic	efficacy,	this	study	did	provide	important	safety	

data	for	the	long-term	administration	of	MitoQ®	in	humans,	demonstrating	MitoQ®	can	

be	safely	administered	as	a	daily	oral	 tablet	 to	patients	 for	a	year.	This	 is	particularly	

pertinent	when	considering	the	recent	findings	that	indicate	MitoQ®	could	ameliorate	the	

mitochondrial	impairment	and	subsequent	progression	of	spinocerebellar	ataxia	type	I	
395.	
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The	most	recent	small	molecule	synthetic	quinone	to	show	therapeutic	potential	is	EPI-

743.	Initially	designed	to	modulate	the	biochemistry	of	aging	396,	at	the	start	of	the	decade,	

EPI-743	was	rapidly	repurposed	for	the	treatment	of	inherited	mitochondrial	disease	397.	

Unlike	 idebenone	 and	 MitoQ®,	 the	 chemical	 structure	 of	 EPI-743	 is	 not	 based	 upon	

decylubquinone,	but	is	derived	from	the	hydrolysis	of	α-toc.	Nevertheless,	it	does	share	

some	basic	commonalities	with	the	other	synthetic	analogues	of	CoQ10,	namely	a	quinone	

core	and	a	relatively	short	carbon	side	chain.		

Perhaps	 in	 an	 effort	 to	 mimic	 the	 translocation	 of	 CoQ10	 in	 vivo,	 and	 to	 reduce	 the	

inhibitory	effects	exhibited	by	idebenone	on	the	MRC,	the	side	chain	of	EPI-743	contains	

repeating	isoprenoid	units.	When	tested	on	human	fibroblast	assays	modelling	the	effects	

of	 mitochondrial	 disease,	 the	 resulting	 compound	 was	 approximated	 to	 be	 1000	 to	

10000-fold	more	potent	than	CoQ10	or	idebenone	in	protecting	cells	from	oxidative	stress	
396,	397.	

Although	its	precise	mechanism	of	cellular	action	has	yet	to	be	fully	elucidated,	EPI-743	

treatment	has	been	shown	to	replenish	the	level	of	the	antioxidant,	reduced	glutathione	

(GSH),	possibly	resulting	from	its	ability	to	facilitate	the	transfer	of	electrons	between	

NOQ1	and	GSH	reductase	82.	In	addition	to	its	ability	to	restore	cellular	GSH	status,	the	

beneficial	effects	of	EPI-743	in	the	treatment	of	mitochondrial	disease	may	result	from	

its	possible	interaction	with	the	transcription	factor,	nuclear	factor	E2-related	factor	2	

(Nrf2),	which	regulates	both	the	expression	of	antioxidant	proteins	and	cellular	energy	

metabolism	398.	

Double	blind,	placebo-controlled,	randomised	clinical	trials	of	EPI-743	are	currently	in	

progress	 for	 Leigh	 syndrome,	 Kearns-Sayre	 syndrome,	 Friedreich’s	 ataxia,	 Rett	

syndrome,	and	Parkinson’s	disease,	with	the	US	FDA	having	also	granted	approval	to	use	

EPI-743	to	treat	patients	with	genetically	confirmed	MRC	disease	who	are	considered	to	

be	within	90	days	of	end-of-life	care	399.	

	

Given	the	small	size	of	all	the	synthetic	quinone	analogues	in	relation	to	CoQ10,	and	the	

associated	decrease	 in	relative	 lipophilicity,	each	of	 the	synthetic	molecules	are	either	

reported	 or	 purported	 to	 cross	 the	 BBB	 396,	 400-403.	 However,	 no	 studies	 have	 directly	

compared	this	in	relation	to	exogenous	CoQ10.		
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It	is	of	particular	importance	to	compare	the	relative	uptake	of	idebenone	into	the	brain,	

since	it	is	the	only	clinically	approved	and	commercially	certified	analogue	of	CoQ10	that	

can	be	used	 in	 the	 treatment	of	neurological	 disorders	 associated	with	mitochondrial	

dysfunction.	

	

5.2. Materials	and	Methods	
	

5.2.1. Materials		
	

Coenzyme	Q10	Plasma	Control,	Level	I	(0092,	ChromSystems®,	Germany);	Bovine	Plasma	

Derived	Serum	(BPDS;	First	Link	Ltd.,	UK);	Foetal	Bovine	Serum	(FBS;	F7524,	Sigma®,	

UK);	HEPES	 (H3375,	 Sigma®,	UK);	HEPES	 (H3375,	 Sigma®,	UK);	Hank’s	Balanced	 Salt	

Solution	(HBSS;	H8264,	Sigma®,	UK);	Bovine	Serum	Albumin	(BSA;	A6003,	Sigma®,	UK);	

coenzyme	Q10	(C9538,	Sigma®,	UK);	 (+)-α-tocopherol	 (vitamin	E;	T3634,	Sigma®,	UK);	

trolox	(238813,	Sigma®,	UK).	

QTRAP®	6500	(ESI)-MS/MS	system	with	Analyst®	software	v	1.6	(AB	Sciex™,	UK);	1200	

Series	 LC	 system	 (Agilent	 Technologies,	 USA);	 HTS	 PAL®	 DLW-2	 auto-sampler	 (CTC	

Analytics	AG,	Switzerland);	ACE®	UltraCore™	2.5	µm	SuperC18™	30	×	2.1	mm	column	

(Advanced	Chromatography	Technologies	Ltd.,	UK);	ACE®	C18	2.1	mm	guard-column	and	

cartridges	(Advanced	Chromatography	Technologies	Ltd.,	UK);	ACE®	ColumnShield™	0.5	

μm	 pre-column	 filters	 (Advanced	 Chromatography	 Technologies	 Ltd.,	 UK);	

CE100/CVP100	centrifugal	vacuum	evaporator	(Genevac	Ltd.,	UK);	96-Deepwell	Plates	

(Porvair	 Science	 Ltd.,	 UK);	 idebenone	 (I5659,	 Sigma®,	 UK);	 idebenone–[13CD3]	 (Qmx	

Laboratories	Ltd.,	UK);	acetonitrile	(RH1015,	Rathburn	Chemicals	Ltd.,	UK);	formic	acid	

(5.33002,	Sigma®,	UK).	
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5.2.2. Methods		
	

Coenzyme	Q10	Quantitation	
	

Unless	 otherwise	 stated,	 CoQ10	 concentrations	were	 determined	 using	 the	 LC-MS/MS	

method	described	in	Section	2.13.2.	Duplicate	samples	of	ChromSystems®	EQC	Plasma,	

IQC	0	(HBSS	with	50	%	(v/v)	BPDS,	0.5	%	(w/v)	BSA,	25	mmol/L	HEPES),	and	IQC	10	

(HBSS	with	50	%	(v/v)	BPDS,	0.5	%	(w/v)	BSA,	25	mmol/L	HEPES,	10	μmol/L	CoQ10)	

were	 run	 at	 the	 beginning	 and	 end	 of	 each	 batch	 to	 ensure	 a	 consistent	 intra-batch	

instrument	performance.		

	

Idebenone	Quantitation	
	

A	novel	idebenone	LC-MS/MS	method	was	established.	The	method	is	a	modified	version	

of	that	described	by	Bodmer	et	al.	404.	The	lower	limit	of	quantitation	for	this	method	is	1		

nmol/L,	with	a	limit	of	detection	0.5	nmol/L,	and	linearity	up	to	500	nmol/L	(Figure	66).	

The	run-time	(inject-to-inject)	is	4	minutes	per	sample.	

	

Idebenone	 calibration	 curves	 were	 established	 by	 serial	 dilutions	 of	 a	 1	 mM	 stock	

solution	 (200	 µL;	 0,	 0.5,	 1.0,	 2.5,	 5.0,	 25,	 50,	 500	 nmol/L	 in	 ethanol).	 Stable	 isotope-

labelled	 internal	 standard	 was	 added	 to	 each	 calibrator	 (idebenone–[13CD3];	 ~100	

nmol/L),	the	calibrator	standards	were	then	vigorously	mixed	and	evaporated	to	dryness	

on	a	centrifugal	vacuum	evaporator.	Prior	to	analysis,	calibrators	were	re-constituted	in	

LC-MS/MS	running	solvent	mixture	(100	µL;	3:1	(v/v)	ddH2O/acetonitrile	with	0.05	%	

(v/v)	 formic	 acid),	 vigorously	mixed,	 and	 transferred	 into	 a	 96-deepwell	 plate.	 Fresh	

calibrators	were	made-up	alongside	every	analytical	batch.		
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Figure	66:	LC-MS/MS	idebenone	serial	dilution	linearity	graph	reaching	a	lower	limit	of	detection	at	0.5	

nmol/L	–	calibration	curves	were	derived	using	1/x	weighted	linear	least-squares	regression,	as	

calculated	by	the	Analyst®	software	package.	Calibration	curves	were	accepted	if	R2	≥	0.998.	

	

Samples	 were	 prepared	 by	 the	 addition	 of	 stable	 isotope-labelled	 internal	 standard	

(idebenone–[13CD3];	 ~100	 nmol/L)	 to	 each	 sample	 (200	 µL).	 Idebenone	 was	 then	

extracted	and	protein	precipitated	by	the	addition	of	ethanol	(600	µL);	the	samples	were	

vigorously	mixed	on	a	vortex	for	1	minute,	centrifuged	at	18625	×	g	for	3	minutes,	and	

the	 supernatant	 collected.	 The	 ethanol	 extract	 was	 evaporated	 to	 dryness	 using	 a	

centrifugal	evaporator.	Prior	 to	analysis,	 calibrators	were	 re-constituted	 in	LC-MS/MS	

running	solvent	mixture	(100	µL;	3:1	(v/v)	ddH2O/acetonitrile	with	0.05	%	(v/v)	formic	

acid),	vigorously	mixed,	and	transferred	into	a	96-deepwell	plate.	

	

Chromatography	was	performed	on	a	C18	reversed-phase	column	kept	at	25oC	with	a	

gradient	of	running	solvent	A	(ddH2O	with	0.05	%	(v/v)	formic	acid)	and	running	solvent	

B	 (acetonitrile	 with	 0.05	 %	 (v/v)	 formic	 acid).	 The	 gradient	 elution	 profile	 was	

maintained	at	75	%	A	(0	–	0.2	min),	ramped	to	100	%	B	(0.21	–	1	min),	maintained	at	100	

%	B	(1	–	2	min),	and	ramped	back	to	75	%	A	(2.01	–	2.1	min).	Total	run	time	was	3.5	

minutes	with	a	flow	rate	of	220	µL/min	and	inject	volume	of	10	µL.	

The	mass	 spectrometer	was	operated	 in	positive	 ion	mode	with	 the	 ion	 source	 spray	

voltage	at	5500	V,	declustering	potential	at	100	V,	temperature	at	115oC,	and	collision	

energy	 at	 25	V.	The	 curtain	 gas	was	48	L/min,	 gas	1	 (nebuliser	 gas)	55	L/min,	 gas	2	

y	=	0.0057x
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(heater	gas)	21	L/min,	and	collision	gas	on	‘medium’	setting.	The	mass	spectrometer	was	

programmed	 to	 follow	 the	 transitions	 of	 m/z	 339.2	 ->	 197.1	 (dwell	 time	 100	 ms)	

corresponding	to	idebenone,	and	m/z	343.2	->	201.1	(dwell	time	100	ms)	corresponding	

to	idebenone–[13CD3].	

	

Final	 idebenone	 concentrations	 (nmol/L)	 were	 calculated	 as	 a	 ratio	 of	 idebenone/	

idebenone–[13CD3]	 peak	 areas,	 and	 quantified	 against	 the	 corresponding	 calibration	

curve	(Figure	66),	with	dilution	factors	corrected	for	accordingly.	

	

Cell	Culture	
	

bEnd.3	 cells	were	 cultured	 as	 outlined	 in	 Section	 2.2	 and	 passaged	 onto	 Transwell®-

inserts	for	apparent	permeability	studies.	Primary	PBECs	were	isolated	and	cultured	as	

per	Sections	2.3	and	2.4,	and	passaged	onto	Transwell®-inserts	for	apparent	permeability	

studies.		

Primary	astrocytes	were	isolated	and	cultured	in	accordance	to	Sections	2.5	and	2.6,	with	

co-culture	coordinated	as	per	Appendix	A.	

	

Inducing	Coenzyme	Q10	Deficiency	
	

Cell	cultures	were	pharmacologically	induced	with	a	CoQ10	deficiency	by	supplementing	

culture	media	with	1	mmol/L	para-aminobenzoic	acid	(pABA)	for	a	duration	of	5	days,	in	

accordance	to	the	method	described	in	Section	2.10.	

	

Assessing	Barrier	Integrity	
	

TEERs	were	measured	 across	 cell	mono-layers	 on	 Transwell®-inserts	 as	 described	 in	

Section	2.7.1.	Apparent	permeability	 (Papp)	of	 in	 situ	paracellular	marker	FITC-40	was	

evaluated	following	the	experimental	procedures	outlined	in	Sections	2.7.2	and	2.8.		
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Apparent	Permeability	
	

Table	11:	Composition	of	assay	buffers	used	in	apparent	permeability	studies.	Condition	A	is	the	

acceptor	buffer	and	conditions	B–E	are	donor	buffers.	The	serum	used	in	bEnd.3	investigations	was	FBS	

and	for	PBECs	it	was	BPDS.	

	

	
BSA	

(w/v)	

HEPES	

(mmol/L)	

Serum	

(v/v)	

FITC-40	

(mg/mL)	

CoQ10	

(µmol/L)	

α-toc	405,	

406	

(µmol/L)	

Trolox	

(µmol/L)	

Idebenone	

(µmol/L)	

A	 0.5	%	 25	 –	 –	 –	 –	 –	 –	

B	 0.5	%	 25	 50	%	 0.5	 10	 –	 –	 –	

C	 0.5	%	 25	 50	%	 0.5	 10	 50	 –	 –	

D	 0.5	%	 25	 50	%	 0.5	 10	 –	 50	 –	

E	 0.5	%	 25	 50	%	 0.5	 -	 –	 –	 10	

	

Apparent	 permeability	 (Papp)	 of	 CoQ10	 and	 the	 synthetic	 analogue	 idebenone	 was	

evaluated	following	the	experimental	procedures	outlined	in	Section	2.8.	Assay	buffers	

were	made	up	in	HBSS	at	pH	7.4	(Table	11).	CoQ10	was	incubated	with	serum	(45	minutes,	

37oC)	prior	to	addition	with	the	remaining	components	of	the	assay	buffer.	
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5.3. Results	
	

5.3.1. Effects	of	Vitamin	E	on	CoQ10	BBB	Transport	
	

		
	

Figure	67:	Effect	of	co-administered	vitamin	E	(50	µmol/L)	on	TEER	in	the	PBEC	BBB.		

PBEC	control	(n	=	8),	vitamin	E	treated	PBEC	(n	=	8).	Error	bars	represent	standard	error	of	the	mean	

(SEM).	

	

	
	

Figure	68:	Effect	of	co-administered	vitamin	E	(50	µmol/L)	on	FITC-40	apparent	permeability	in	the	

PBEC	BBB.	A	->	B;	PBEC	control	(n	=	4),	vitamin	E	treated	PBEC	(n	=	4).	B	->	A;	PBEC	control	(n	=	4),	

vitamin	E	treated	PBEC	(n	=	4).	Error	bars	represent	standard	error	of	the	mean	(SEM).	
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Figure	69:	Net	effect	of	co-administered	vitamin	E	(50	µmol/L)	on	CoQ10	apparent	permeability	in	the	

PBEC	BBB.	PBEC	control	(df	=	6),	vitamin	E	treated	PBEC	(df	=	6,	p	<	0.05).	Error	bars	represent	standard	

error	of	the	mean	(SEM).	

	

	
	

Figure	70:	Net	effect	of	co-administered	vitamin	E	(50	µmol/L)	on	CoQ10	apparent	permeability	in	the	

PBEC	BBB.	PBEC	control	(df	=	6),	vitamin	E	treated	PBEC	(df	=	6).	pABA	PBEC	control	(df	=	4),	pABA	

vitamin	E	treated	PBEC	(df	=	6).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

The	potent	antioxidant	and	‘mito-cocktail’	component	vitamin	E	was	assessed	alongside	

CoQ10	to	monitor	its	effect	on	CoQ10	apparent	permeability	across	the	PBEC	BBB.		
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As	expected,	vitamin	E	had	no	effect	on	PBEC	TEER	(Figure	67)	and	subsequent	FITC-40	

Papp	(Figure	68),	suggesting	BBB	integrity	was	maintained.	Of	notable	clinical	importance,	

however,	was	a	significant	decrease	(to	16.7	%	of	control,	p	<	0.05)	in	net	brain-to-blood	

CoQ10	apparent	permeability	when	co-administered	with	vitamin	E	in	the	physiological	

PBEC	BBB	model	(Figure	69).	To	see	if	this	trend	was	sustained	under	pathophysiological	

conditions,	 pABA	 (1	mmol/L,	 5	 days)	 was	 used	 to	 pharmacologically	 induce	 a	 CoQ10	

deficiency	 in	 the	PBEC	BBB.	Results	 indicate	 that	a	CoQ10	deficiency	 in	 the	PBEC	BBB	

causes	 a	 reversal	 of	 the	 vitamin	 E	 effect	 to	 an	 absolute	 magnitude	 of	 net	 CoQ10	

permeability	that	is	consistent	with	pABA-treated	controls	(Figure	70).	

	

5.3.2. LC-MS/MS	Method	Development	
	

	
	

Figure	71:	LC-MS/MS	idebenone	chromatogram	of	the	top	calibrator,	500	nmol/L	idebenone	(top	

chromatogram),	with	tuned	MS	scans	of	the	idebenone	product	ion	(bottom	left	mass	spectrum)	and	the	

parent	ion	(bottom	right	mass	spectrum)	in	ESI+	mode.	

	

The	optimum	combination	of	LC-MS/MS	parameters	to	yield	the	highest	signal	response	

for	 idebenone	 was	 achieved	 by	 automatically	 ramping	 each	 parameter	 (ionisation	

voltages,	temperature	and	interface	gases)	across	a	range	and	then	manually	fine-tuning.	
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The	specific	Q1/Q3	transitions	were	determined	by	performing	a	product	ion	scan	of	the	

respective	 parent	 ion.	 The	 resulting	 chromatogram	 (Figure	 71)	 shows	 very	 good	

sensitivity	and	chromatography	for	both	idebenone	(m/z	339.2	->	197.1)	and	the	stable-

isotope	labelled	internal	standard,	idebenone–[13CD3]	(m/z	343.2	->	201.1),	in	selected-

reaction	monitoring	mode.	

	
Table	12:	A	summary	of	performance	parameters	for	the	LC-MS/MS	idebenone	method.	

	

Performance	Parameters	
Idebenone	

LC-MS/MS	

LLOQ	(nmol/L)	 1.0	

LLOD	(nmol/L)	 0.5	

Linearity	(nmol/L)	 500	

Run	Time	(minutes)	 4	

Intra-assay	Imprecision	(CV	%)	 3.0	

Recovery	(Ave.	%)	 105	

	

The	lower	limit	of	detection	(LLOD)	for	the	LC-MS/MS	method	was	defined	as	a	signal-

to-noise	 ratio	 of	 3	 (n	 =	 3).	 Linearity	 and	 lower	 limit	 of	 quantitation	 (LLOQ)	 were	

determined	across	an	8-point	serial	dilution	(0	–	500	nmol/L)	performed	on	3	separate	

sample	preparations,	and	defined	as	 the	 lowest	concentration	and	range,	respectively,	

that	could	be	measured	with	an	inaccuracy	(percentage	relative	error)	and	imprecision	

(CV	%)	<	20	%	(n	=	3),	as	is	consistent	with	the	criteria	set	for	the	CoQ10	method	(Section	

3.3.2).	

The	 precision	 of	 the	 LC-MS/MS	 method	 was	 assessed	 by	 evaluating	 the	 intra-assay	

coefficient	of	variation	(CV),	with	acceptable	CV	values	being	defined	as	<	15	%	235-237.	

The	 intra-assay	 precision	 was	 determined	 across	 replicates	 of	 2	 parallel	 samples	 of	

internal	QC	(IQC)	material	(n	=	10;	baseline	and	medium-spike).	The	results	(Table	12)	

indicate	that	the	LC-MS/MS	method	has	very	good	reproducibility	within	batch.	

Accuracy	was	 investigated	by	 examining	 the	 average	 recovery	of	 known	quantities	of	

idebenone	 in	 replicates	 of	 spiked	 sample	 (n	 =	 10;	medium-spike	 (+	 250	 nmol/L)).	 A	

negligible	inaccuracy	(5	%)	was	observed,	but	overall	it	can	be	said	the	method	exhibits	

an	acceptable	degree	of	accuracy	for	use	in	this	study.		
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Carryover	 between	 successive	 samples	 was	 assessed	 by	 analysing	 a	 blank	 sample	

immediately	 after	 the	 highest	 calibrator	 standard	 (ULOQ;	 500	 nmol/L)	 (n	 =	 3).	 No	

quantifiable	carryover	was	observed	for	the	LC-MS/MS	method.	

	

5.3.3. Mechanisms	of	Idebenone	BBB	Transport	
	

	
	

Figure	72:	Idebenone	apparent	permeability	in	the	bEnd.3	BBB.		

A	->	B;	bEnd.3	control	(n	=	6),	pABA	bEnd.3	(n	=	6).	B	->	A;		bEnd.3	control	(n	=	6),	pABA	bEnd.3	(n	=	5).	

Error	bars	represent	standard	error	of	the	mean	(SEM).	
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Figure	73:	Idebenone	apparent	permeability	in	the	PBEC	BBB.		

A	->	B;	PBEC	control	(n	=	4),	pABA	PBEC	(n	=	4).	B	->	A;		PBEC	control	(n	=	4),	pABA	PBEC	(n	=	4).	Error	

bars	represent	standard	error	of	the	mean	(SEM).	

	

Assessment	 of	 idebenone	 (10	µmol/L)	 apparent	 permeability	 across	 the	 bEnd.3	 BBB	

indicated	no	significant	differences	between	blood-to-brain	and	brain-to-blood	transport	

(Figure	72).	More	notably,	the	value	for	Papp	was	considerably	higher	than	that	observed	

in	any	of	the	CoQ10	studies,	at	a	level	akin	to	passive	transport.	Further	examination	of	

these	 results	 showed	 no	 difference	 between	 physiological	 and	 pathophysiological	

conditions,	 further	 strengthening	 the	 passive	 theory	 since	 the	 mode	 of	 transport	 is,	

therefore,	likely	governed	by	concentration	gradients	with	limited	interference	from	the	

physical	and	transport	barriers	of	the	endothelia.	

Interestingly,	when	 the	 idebenone	permeability	assays	were	 translated	onto	 the	gold-

standard	PBEC	BBB,	the	results	were	in	contrast	to	that	observed	in	the	bEnd.3	BBB.	The	

PBEC	results,	instead,	suggest	there	is	a	difference	between	blood-to-brain	and	brain-to-

blood	transport	of	idebenone	for	both	the	physiological	(p	<	0.01)	and	pathophysiological	

(p	<	0.05)	BBB	models	(Figure	73),	such	that	the	BBB	is	serving	to	impede	the	transport	

of	the	compound	in	favour	of	a	net	influx	from	the	blood	to	the	brain.	
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5.4. Discussion	
	

Alongside	 CoQ10,	 vitamin	 E	 (tocopherol)	 is	 a	 key	 component	 of	 the	 mito-cocktail,	 a	

therapeutic	mixture	of	potent	antioxidants	and	cofactors	administered	for	the	treatment	

of	 mitochondrial	 disorders.	 Due	 to	 the	 well	 documented	 similarities	 in	 ADME	 that	

tocopherol	 shares	 with	 CoQ10,	 namely	 an	 association	 with	 circulatory	 lipoprotein,	 in	

addition	 to	 similar	 proposed	 uptake	 mechanisms	 that	 are	 mediated	 by	 the	 SR-B1	

receptor	282,	296,	407,	it	is	important	to	understand	the	implications	of	co-administration	of	

tocopherol	on	CoQ10	BBB	transport.	

	

There	are	four	forms	of	tocopherol	found	in	nature.	They	are	categorised	based	on	the	

degree	of	methylation	in	the	hydrocarbon	side-chain	and	each	of	these	four,	in	turn,	has	

eight	stereoisomers.	The	mammalian	body	predominantly	recognises	RRR-a-tocopherol	

(a-toc),	a	highly	lipid-soluble	compound,	with	approximately	90	%	of	tocopherol	in	brain	

and	other	tissue	displaying	this	isomeric	form	278,	408,	409.	For	this	reason,	RRR-a-toc	was	

the	chosen	isoform	for	investigations	in	this	study.	

	

Disruption	of	the	BBB	endothelial	TJs	in	response	to	an	increased	oxidative	incident	is	

extensively	documented	410-414,	similarly,	it	is	known	that	TJ	disruption	can	be	prevented	

in	the	presence	of	antioxidants	415.	Therefore,	and	perhaps	unsurprising,	there	was	no	

observed	effect	of	a-toc	co-administration	on	the	PBEC	BBB	integrity	relative	to	controls	

(TEER	control	=	605	±	131	W	.	cm2,	TEER	a-toc	=	622	±	168	W	.	cm2).	These	findings	were	

further	strengthened	by	an	unaffected	FITC-40	apparent	permeability	for	a-toc	relative	

to	controls	(A->B	FITC-40	Papp;	control	=	1.52	×	10-6	cm/sec,	a-toc	=	1.49	×	10-6	cm/sec.	

B->A	FITC-40	Papp;	control	=	2.01	×	10-6	cm/sec,	a-toc	=	1.80	×	10-6	cm/sec),	meaning	

paracellular	events	across	the	PBEC	BBB	were	analogous	with	or	without	the	addition	of	

a-toc.	

	

With	a	proven	and	 integral	PBEC	BBB	model,	 the	effect	of	a-toc	 co-administration	on	

CoQ10	apparent	permeability	was	interrogated.	Of	considerable	interest	was	a	significant	

effect	of	a-toc	co-administration	on	net	CoQ10	apparent	permeability	such	that	net	efflux	

from	the	brain	was	reduced	to	16.7	%	of	controls	(p	<	0.05)	(Figure	69).	These	results	are	
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in	agreement	with	the	findings	of	Ibrahim	et	al.	353	who	assessed	the	effect	of	a-toc	co-

administration	on	CoQ10	uptake	in	rat	tissue,	noting	an	increased	uptake	of	CoQ10	when	

co-administered	with	low	dose	a-toc.	However,	at	high	dose	a-toc	Ibrahim	et	al.	353	noted	

a	 detrimental	 effect	 on	 CoQ10	 tissue	 uptake,	 giving	 rise	 to	 the	 theory	 that	a-toc	may	

compete	for	uptake	into	circulatory	lipoproteins	thereby	reducing	the	maximal	load	of	

CoQ10	 in	 the	carrier	 64,	353.	Nevertheless,	 the	 likely	cause	of	 the	observed	effect	 in	 this	

study	is	due	to	the	potent	antioxidant	properties	associated	with	a-toc.	Indeed	this	was	

confirmed	by	assessing	the	effect	of	Trolox,	a	water-soluble	synthetic	analogue	of	a-toc	
416,	417,	on	CoQ10	apparent	permeability	across	the	bEnd.3	BBB	(Appendix	C).		

The	exact	reasoning	for	why	an	increased	antioxidant	capacity	would	have	a	desirable	

effect	on	CoQ10	apparent	permeability,	 in	 favour	of	a	reduced	efflux	 from	the	brain,	 is	

unknown.	 However,	 it	 is	 possible	 that	 the	 co-administered	 a-toc	 further	 prevents	

peroxidation	 of	 the	 lipoprotein	 carriers,	 and/or	 offers	 increased	 stability	 to	 the	 BBB	

transport	 receptors,	 in	 particular	 RAGE	 418,	 although,	 further	work	would	 need	 to	 be	

performed	in	order	to	prove	these	hypotheses.	

	

To	investigate	whether	the	promising	results	obtained	from	the	physiological	PBEC	BBB	

were	 maintained	 under	 pathophysiological	 conditions,	 the	 PBEC	 BBB	 was	

pharmacological	 induced	 with	 a	 CoQ10	 deficiency	 and	 the	 a-toc	 co-administration	

apparent	permeability	experiments	repeated.	

Unfortunately,	and	in	contrast	to	the	observations	made	under	physiological	conditions,	

the	co-administration	of	a-toc	with	CoQ10	did	not	reduce	the	net	efflux	of	CoQ10	at	the	

pathophysiological	PBEC	BBB	(Figure	70).	Instead,	the	results	suggest	that	the	presence	

of	a	CoQ10	deficiency	supresses	the	beneficial	effects	of	low	dose	a-toc	co-administration,	

such	that	efflux	of	CoQ10	from	the	brain	is	amplified	(p	<	0.01)	to	levels	akin	to	controls.		

While	 this	 finding	 questions	 the	 notion	 of	a-toc	 co-administration	 being	 a	 beneficial	

therapeutic	strategy	for	the	improved	delivery	of	CoQ10	into	the	brain	of	patients	with	a	

CoQ10	 deficiency,	 it	 does	 offer	 deeper	 insight	 into	 the	 mechanisms	 governing	 CoQ10	

transport	at	the	BBB.	Taken	collectively,	these	results	highlight	that	the	BBB	transporters	

responsible	for	CoQ10	uptake	are	highly	sensitive	to	an	oxidative	insult	and	hence	may	be	

the	first	to	falter	during	the	onset	of	a	deficiency,	additionally	they	indicate	that	the	efflux	

transporters	are	more	robust	to	a	mitochondrial	dysfunction.		
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Presently,	 there	are	no	 recommended	clinical	 guidelines	 for	 the	administration	of	 the	

mito-cocktail,	with	the	composition	varying	greatly	depending	on	the	physician,	meaning	

the	effect	is	varied	and	somewhat	disputed.	This	study	has	successfully	highlighted	the	

interdependency	that	individual	components	of	the	mito-cocktail	may	have	with	respect	

to	tissue	uptake.		

Although,	 the	 observed	 effects	 from	 this	 investigation	 were	 proven	 beneficial	 under	

physiological	 conditions,	 the	 converse	 could	also	be	 true	 for	other	 components	of	 the	

mito-cocktail	64.	Therefore,	future	studies	should	investigate	a	range	of	permutations	and	

concentrations	to	establish	the	most	efficacious	composition	that	is	tailored	to	the	clinical	

presentation.	

	

As	 has	 been	 clearly	 demonstrated,	 the	 co-administration	 of	 natural	 antioxidants	may	

serve	to	improve	the	uptake	of	CoQ10	into	tissue,	however,	an	alternative	and	increasingly	

popular	 approach	 is	 to	 harness	 the	 potential	 of	 small	 synthetic	 analogues	 in	 place	 of	

CoQ10.		

With	 a	 recent	 surge	 in	 popularity	 due	 to	 promising	 effects	 in	 the	 treatment	 of	

neurological	disorders	such	as	Leber’s	hereditary	optic	neuropathy	356,	357	and	Duchenne	

muscular	dystrophy	361,	362,	idebenone	is	the	only	clinically	approved	synthetic	analogue	

of	CoQ10.	However,	there	is	a	distinct	paucity	of	information	pertaining	to	its	uptake	into	

the	brain,	in	particular	the	mechanisms	by	which	it	may	or	may	not	cross	the	BBB.	

Small	synthetic	analogues	such	as	idebenone	have	the	potential	benefit	of	circumventing	

mediated	 transport	 processes,	 since	 their	 size	 enables	 passive	 diffusion	 across	 a	

concentration	gradient.	Indeed	pharmacokinetic	data	for	idebenone	has	already	hinted	

at	different	ADME	to	CoQ10	419,	420,	additionally,	physicochemical	analysis	suggests	this	

may	hold	true	for	BBB	transport	(<	400-500	Da	and	<	8	H-bonds)	127,	although	no	one	has	

directly	assessed	this.	

	

Investigations	in	the	bEnd.3	BBB	highlighted	no	significant	differences	between	blood-

to-brain	and	brain-to-blood	transport	of	idebenone,	with	a	Papp	that	is	markedly	greater	

than	that	observed	for	CoQ10	(idebenone	Papp	=	12.2	×	10-6	cm/sec,	CoQ10	Papp	=	0.13	×	10-

6	cm/sec),	strongly	suggesting	a	passive	mechanism	of	transport	for	idebenone	across	the	

BBB	 (Figure	 72).	 Moreover,	 there	 was	 no	 difference	 between	 idebenone	 apparent	
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permeability	under	physiological	and	pathophysiological	 conditions,	 implying	 that	 the	

transport	mechanism	is	ATP	independent	and	unimpeded	by	BBB	function.	

These	findings,	which	implicate	a	passive	mechanism	of	transport,	are	in	agreement	with	

the	 wider	 pharmacokinetic	 properties	 of	 idebenone	 in	 vivo.	 Outcomes	 from	 a	 recent	

phase	I	clinical	trial,	assessing	the	safety	and	tolerability	of	idebenone	in	the	treatment	of	

Freidrich’s		ataxia,	indicate	that	the	time	taken	to	reach	maximum	plasma	concentration	

following	 oral	 supplementation	 is	 2.1	 hours	 420.	 The	 mean	 terminal	 half-life	 of	 total	

idebenone	was	10.8	hours	 and	 absorption	 characteristics	were	 linear	with	 increasing	

dose	419,	420.	This	is	in	contrast	to	transport-mediated	CoQ10	which	takes	approximately	6	

hours	to	reach	maximum	plasma	concentration	following	oral	supplementation,	with	a	

secondary	 peak	 at	 24	 hours,	 a	 half-life	 of	 approximately	 36	 hours,	 and	 non-linear	

absorption	 characteristics	 12,	 56,	 57.	 Therefore,	 it	 is	 highly	 possible	 that	 a	 passive	 BBB	

transport	mechanism	for	idebenone	exists	and	there	is	less	association	with	lipoprotein	

or	similar	bio-carriers.	

	

The	average	TEER	measured	in	the	bEnd.3	BBB	across	the	full	scope	of	this	project	was	

very	low	(35.4	W	.	cm2)	in	comparison	to	the	PBEC	BBB	(605.17	W	.	cm2).	For	studies	that	

focus	on	receptor-mediated	transport	of	large	molecules,	a	low	TEER	is	not	a	limitation	

of	the	model,	however,	for	small	molecule	investigations	a	low	TEER	has	the	potential	to	

skew	 results	 due	 to	 paracellular	 leak.	 Therefore,	 idebenone	 apparent	 permeability	

studies	were	repeated	on	the	PBEC	BBB	model.	

Results	from	investigations	in	the	PBEC	BBB	shared	some	similarities	with	the	bEnd.3,	in	

so	far	as	the	magnitude	of	the	idebenone	Papp	was	comparably	high	(bEnd.3	idebenone	

Papp	 =	 12.2	 ×	 10-6	 cm/sec,	 PBEC	 idebenone	 Papp	 =	 9.9	 ×	 10-6	 cm/sec),	 confirming	 a	

prominent	passive	mechanism	of	 transport	 across	 the	BBB,	however,	 there	were	also	

some	important	differences.	Of	note,	was	a	significant	difference	between	blood-to-brain	

and	brain-to-blood	permeability,	this	was	maintained	under	both	physiological	(p	<	0.01)	

and	pathophysiological	(p	<	0.05)	conditions	(Figure	73).	This	suggests	that	there	may	be	

mediated	transport	processes	in	play,	albeit	in	favour	of	a	net	influx	from	blood-to-brain.	

Idebenone	 is	 not	 hyper-lipophilic,	with	 a	 cLogP	 of	 3.22	 compared	 to	 20.15	 for	 CoQ10	

(Figure	65)	50,	421,	nevertheless,	it	is	still	hydrophobic	and	may	have	some	association	with	

lipoprotein,	or	other	serum	proteins,	albeit	with	a	considerably	lower	affinity	than	CoQ10.	

Although	the	reasoning	behind	the	observed	significant	differences	in	blood-to-brain	and	
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brain-to-blood	permeability	 is	as	of	yet	unknown,	these	physicochemical	properties	of	

idebenone	may	contribute	to	a	minor	degree	of	mediated	transport.		

	

	
	
Figure	74:	An	overall	comparative	summary	of	the	mechanisms	of	transport	for	CoQ10	and	idebenone	

across	the	BBB,	as	established	from	findings	in	this	study.	CoQ10	BBB	transport	is	mediated	by	specific	

uptake	(RAGE	and	SR-B1)	and	efflux	(LRP-1)	transporters	of	the	BBB	and	is	dependent	upon	lipoprotein	

interactions,	whereas	idebenone	appears	to	passively	diffuse	bidirectionally	across	the	BBB.	Yellow	

spheres	represent	lipoprotein-associated	CoQ10	and	purple	spheres	represent	idebenone.	

	

For	most	of	the	assays,	the	bEnd.3	and	PBEC	BBB	results	correlated	with	one	another	and	

provided	strong	evidence	for	a	passive	mechanism	of	transport	for	idebenone	across	the	

BBB	 (Figure	 74).	 This	 makes	 idebenone	 a	 very	 promising	 synthetic	 compound	 for	

successful	brain	delivery	and	is	certainly	advantageous	over	its	native	parent	compound,	

CoQ10.	 The	 disadvantage	 of	 passive	 transport	 is	 unselective	 distribution	 and	 quick	

clearance.	 This	 should	 be	 noted	 when	 considering	 the	 best	 regime	 for	 therapeutic	

administration.		
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There	was	a	full	recovery	of	exogenous	idebenone	throughout	this	study	(96.2	±	0.8	%,	n	

=	10	in	PBEC	and	94.8	%	±	1.5	%,	n	=	8	in	pABA	PBEC,	results	not	shown)	suggesting	no	

retention	of	idebenone	by	the	endothelial	cells	in	the	in	vitro	models	of	the	BBB.	

	

While	 it	 is	 important	 to	 first	 compare	 the	 relative	 uptake	 of	 individual	 synthetic	

analogues,	particularly	with	regards	to	penetration	of	the	BBB	for	neurological	disorders,	

several	studies	have	shown	that	the	provision	of	individual	antioxidants	as	supplements	

are	either	ineffective,	or	can	be	deleterious	to	health.	This	is	because	every	antioxidant	

can,	 under	 certain	 circumstances,	 also	 behave	 as	 a	 pro-oxidant	 422,	 423.	 As	 such,	

antioxidants	are	best	administered	redox	coupled	to	other	vicinal	antioxidants,	hence,	

future	studies	should	 focus	on	 finding	 the	optimum	combination	of	 the	most	effective	

candidates,	and	a	standardised	therapy	recommended.	

	

Throughout	this	study,	mass	spectrometry	was	utilised	as	the	choice	method	of	analysis.	

Given	 the	 considerable	 difference	 in	 lipophilicity	 idebenone	 has	 compared	 to	 CoQ10	

(Figure	65),	and	with	knowledge	of	the	inefficiency	associated	with	the	latent	biphasic	

extraction	 (Section	 3.3.1,	 Figure	 25),	 it	 was	 decided	 a	 single	 phase	 extraction	 using	

ethanol	 would	 be	more	 appropriate.	 The	 resulting	 new	method	 displayed	 very	 good	

performance	 metrics	 (Table	 12)	 and,	 although	 it	 is	 not	 fully	 validated	 to	 a	 clinical	

standard,	it	does	show	great	promise	and	could	be	further	developed	for	implementation	

in	a	clinical	laboratory.	
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6. The	Neurological	Implications	
of	Statin	Therapy	

	

6.1. Background	
	

Discovered	in	1976	and	their	clinical	significance	realised	in	1987,	statins,	3-hydroxy-3-

methylglutaryl-coenzyme	 A	 (HMG-CoA)	 reductase	 inhibitors,	 remain	 the	most	widely	

prescribed	drug	for	the	treatment	of	hypercholesterolaemia	and	are	undoubtedly	one	of	

the	most	influential	advancements	in	therapeutic	cardiovascular	medicine	36,	424,	425.	The	

popularity	of	statin	treatment	by	clinicians	is	due	to	their	excellent	efficacy	and	safety	

profiles.	Although	usually	well	 tolerated	by	the	majority	of	patients,	 there	 is	a	notable	

incidence	 of	 adverse	 effects,	 with	 a	 recent	 international	 survey	 suggesting	 a	

nonadherence	 rate	 of	 11-29	%	 of	which	 72	%	were	 related	 to	myopathic	 symptoms,	

ranging	from	benign	myalgias	to	potentially	fatal	rhabdomyolysis	426,	427.	Additionally,	it	

has	been	suggested	there	may	be	a	correlation	between	the	prevalence	of	adverse	effects	

and	increased	dosage,	as	well	as	age	428-430.	As	such,	it	is	recommended	to	prescribe	the	

lowest	statin	dose	that	will	achieve	the	desired	therapeutic	effect	431,	432.		

	

The	pathogenesis	of	the	adverse	myopathic	effects	associated	with	statin	therapy	has	yet	

to	be	fully	elucidated.	However,	lactic	acidosis	and	elevated	lactate:	pyruvate	ratios	have	

been	 reported	 in	 patients	 following	 statin	 therapy,	 indicating	 evidence	 of	 MRC	

impairment	37,	38.		

Statins	competitively	inhibit	HMG-CoA	reductase,	the	rate-limiting	enzyme	common	to	

both	 cholesterol	 and	 CoQ10	 biosynthesis	 (Figure	 75).	 Based	 on	 the	 essential	 electron	

carrier	role	CoQ10	plays	in	the	MRC	and	the	association	of	MRC	dysfunction	with	statin	

therapy,	a	number	of	studies	have	assessed	the	effect	of	statin	therapy	upon	endogenous	

CoQ10	status	40.		
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Figure	75:	The	mevalonate	synthetic	pathway,	common	in	the	biosynthesis	of	cholesterol,	coenzyme	Q10	

and	dolichol.	Statins	competitively	inhibit	the	reduction	of		HMG-CoA	to	mevalonate,	the	rate	determining	

step	of	the	pathway.	FFP,	farnesyl	pyrophosphate;	HMG-CoA,	3-hydroxy-3-methyl-glutaryl-coA.	

	

When	the	effect	of	statin	treatment	is	determined	upon	circulatory	CoQ10	levels,	a	number	

of	 studies	have	 reported	evidence	of	deficit	 in	plasma	CoQ10	 status	 40.	However,	 since	

statins	 target	 the	 liver	causing	a	decrease	 in	hepatic	synthesis	of	LDL,	 the	decrease	 in	

plasma	 CoQ10	 status	 associated	 with	 this	 pharmacotherapy	 may	 simply	 reflect	 the	

lowering	of	the	level	of	circulatory	LDL	by	the	drug	therapy	40.	Few	studies	have	assessed	

the	effect	on	statin	therapy	upon	tissue/cellular	CoQ10	levels	and,	of	the	limited	number	

that	have,	some	have	reported	evidence	of	a	deficit	in	CoQ10	status	in	association	with	this	

pharmacotherapy	433-436.		

A	decrease	in	CoQ10	status	(an	approximate	34	%	decrease	from	baseline	levels)	has	been	

reported	 in	skeletal	muscle	of	48	hypercholesterolemia	patients	 following	simvastatin	

treatment	 (80	mg/day)	 for	 8	weeks.	 A	 study	 that	 assessed	 the	 effect	 of	 rosuvastatin	

therapy	 upon	 blood	 mononuclear	 cell	 (MNC)	 CoQ10	 status	 in	 children	 with	 familial	

hypercholesterolemia	reported	a	32	%	decrease	in	MNC	CoQ10	status	following	29	weeks	

of	therapy	437.	Interestingly,	MNC	ATP	synthesis	was	not	affected	by	the	34	%	decrease	in	

cellular	CoQ10	status	437.	While	there	is	possibility	that	an	up-regulation	in	glycolysis	may	

have	 accounted	 for	 the	 unimpaired	 MNC	 ATP	 synthesis	 following	 statin	 therapy,	 an	
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insufficient	 deficit	 in	 CoQ10	 status	 to	 perturb	 MRC	 function	 could	 be	 an	 alternative	

explanation.		

In	contrast,	a	study	by	Duberley	et	al.	194	reported	that	a	24	%	decrease	in	neuroblastoma	

cell	CoQ10	status	was	sufficient	to	perturb	oxidative	phosphorylation	as	indicated	by	the	

decrease	in	cellular	ATP	status	commensurate	with	a	loss	of	mitochondrial	membrane	

potential.	Therefore,	the	degree	to	which	cellular	CoQ10	status	has	to	be	decreased	before	

MRC	function	becomes	compromised	may	be	cell/tissue	specific	and	further	studies	are	

required	to	investigate	this	threshold	phenomena.		

In	addition	to	the	primary	deleterious	effects	on	CoQ10	biosynthesis,	statins	inhibit	the	

synthesis	of	several	selenoproteins,	including	thioreductase	redoxin	1,	which	play	a	key	

role	in	the	redox	cycle	of	CoQ10,	thereby	perturbing	its	antioxidant	function	438,	439.	

	

It	has	been	suggested	that	patients	presenting	with	myopathies	following	statin	therapy	

are	 likely	 to	 have	 contributing	 subclinical	 mitochondrial	 disorders	 and/or	 be	

exasperated	 by	 exercise	 440-443.	 In	 particular,	 patients	 with	 inherited	 mitochondrial	

disorders	such	as	mitochondrial	myopathy,	encephalopathy,	lactic	acidosis	and	stroke-

like	 episodes	 (MELAS	 syndrome),	 myoadenylate	 deaminase	 (MADA)	 deficiency,	 and	

variations	 of	 the	COQ	genes	 appear	 to	 have	higher	 susceptibility	 for	 statin-associated	

myopathy	444.		

Following	these	trends,	polymorphisms	in	the	COQ2	gene,	which	encodes	for	the	CoQ10	

biosynthetic	enzyme,	4-hydroxy-benzoate	polyprenyl	transferase,	has	been	suggested	as	

a	predictive	marker	of	possible	muscular	side	effects	in	patients	treated	with	statins	445.	

	

Mitochondrial	disorders	have	a	prevalence	of	more	than	1	in	5000	343,	which	is	relatively	

rare,	however,	the	widespread	popularity	of	statins	globally	means	this	corresponds	to	a	

considerable	incidence	in	susceptible	subjects.	Recognising	this,	an	international	panel	of	

35	mitochondrial	medicine	specialists,	through	the	Mitochondrial	Medicine	Society,	USA,	

released	 clinical	 care	 guidelines	 stating	 statins	 should	 be	 avoided	 in	 patients	 with	

mitochondrial	disease	when	possible	and,	if	given,	they	should	be	used	with	caution	343.	

Indeed,	this	was	preceded	by	Health	Canada	who	imposed	a	CoQ10	depletion	warning	on	

all	statin	drugs.	Similarly,	an	expert	group	on	statin-associated	muscle	symptoms	(SAMS)	

justified	prescribing	CoQ10	with	statins	for	patients	with	coexisting	cardiomyopathies	446.	

Furthermore,	 Backes	 et	 al.	 447	 recommend	 starting	 CoQ10	 supplementation	 2	 weeks	
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before	introducing	statins	as	a	means	to	offset	a	statin-induced	reduction	in	CoQ10	serum	

concentrations	and	allow	for	improved	tolerability.	

Perhaps	anticipating	an	inevitable	shift,	and	with	full	appreciation	for	the	benefits	of	co-

administration	of	CoQ10	with	statins,	Merck	&	Co.,	Inc.	filed	a	US	patent	for	simvastatin-

CoQ10	combination	products	in	1989	448.	These	patents	have	since	expired	having	never	

been	exercised,	highlighting	the	fact	that	co-administration	is	not	yet	common	practise,	

albeit	the	evidence	is	building.	

	

Adverse	side-effects	are	not	always	myopathic	and	isolated	to	the	periphery.	Recently,	

Teive	 et	 al.	 449	 reported	 four	 cases	 of	 acquired	 cerebellar	 ataxia	 due	 to	 statin	 use,	 a	

neurological	condition	commonly	associated	with	a	CoQ10	deficiency	66,	68,	69.	Patients	had	

a	mean	age	of	67.5	years,	were	prescribed	with	either	atorvastatin	or	simvastatin,	and	

presented	 with	 gait	 ataxia.	 After	 statin	 withdrawal,	 and	 treatment	 with	 CoQ10	 (300	

mg/day)	 in	 three	 cases,	 all	 had	 progressive	 improvement	 of	 gait	 ataxia.	 When	 re-

challenged	with	 statins,	 there	was	 a	 recurrence	 of	 the	 progressive	 gait	 ataxia,	 which	

improved	again	after	statin	withdrawal.	These	findings	corroborate	observations	from	

J.E.	Berner	450	who	reported	two	cases	of	ataxia	and	bipolar	disorder	as	a	result	of	statin	

therapy,	 patients	 in	 these	 cases	 had	 a	 mean	 age	 of	 58	 years	 and	 were	 prescribed	

atorvastatin	and	simvastatin	respectively.		

Numerous	cases	of	impaired	cognitive	function	as	a	consequence	of	taking	statins	have	

emerged	over	the	years,	with	many	patients	reporting	of	memory	loss,	forgetfulness,	or	

confusion	as	a	 common	side-effect	 451.	 Some	have	even	 suggested	a	direct	 correlation	

between	statin	use	and	progression	of	Parkinson’s	disease	in	susceptible	subjects	452-454.	

However,	data	from	several	large	epidemiological	studies	have	not	reliably	demonstrated	

a	robust	association	between	incident	cognitive	impairment	and	statin	use,	leading	to	the	

suggestion	that	the	cause	of	cognitive	impairment	may	be	a	result	of	combined	therapies	

alongside	statins	455-458.	

		

Prescriptions	of	statins	are	expected	to	increase	in	response	to	an	ageing	population	and	

as	 a	 result	 of	 cardiovascular	 disease	 (CVD)	 campaigns	 such	 as	 the	 World	 Health	

Organisation’s	Global	Hearts	initiative.	Given	that	the	rate	of	CoQ10	de	novo	biosynthesis	

is	inversely	proportional	to	age	13,	and	with	the	emerging	evidence	for	a	tissue-specific	

threshold	effect	on	MRC	function	459,	it	could	be	logical	to	conclude	that	there	will	be	an	
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increased	 prevalence	 of	 CoQ10	 dependent	 statin-induced	mitochondrial	 disorders	 460.	

When	coupled	with	the	recently	reported	cases	of	statin-associated	ataxias	and	impaired	

cognitive	 function,	 it	 is	 vital	 we	 channel	 efforts	 into	 understanding	 the	 potential	

neuropathological	implications	of	statin	therapy,	starting	with	the	brain’s	gatekeeper,	the	

blood-brain	barrier.	

	

6.2. Materials	and	Methods	
	

6.2.1. Materials		
	

Coenzyme	Q10	Plasma	Control,	Level	I	(0092,	ChromSystems®,	Germany);	Bovine	Plasma	

Derived	Serum	(BPDS;	First	Link	Ltd.,	UK);	HEPES	(H3375,	Sigma®,	UK);	HEPES	(H3375,	

Sigma®,	UK);	Hank’s	Balanced	Salt	Solution	(HBSS;	H8264,	Sigma®,	UK);	Bovine	Serum	

Albumin	 (BSA;	 A6003,	 Sigma®,	 UK);	 coenzyme	 Q10	 (C9538,	 Sigma®,	 UK);	 simvastatin	

(S6196,	Sigma®,	UK).	

Male	 Wistar	 Rats	 (Charles	 River	 Laboratories	 Ltd.,	 UK),	 Teklad	 global	 18	 %	 protein	

rodent	 chow	 (Envigo,	 UK),	 simvastatin	 and	 CoQ10	 supplemented	 rodent	 diet	

(PharmaNord,	Denmark),	isoflurane	(Abbott	Laboratories	Ltd.,	UK),	0.96	mm	PVC	tubing	

catheter	(Biocorp	Ltd.,	Australia).	

PU-1580	intelligent	HPLC	pump	(Jasco	Inc.,	USA);	AS-2055	Plus	intelligent	auto-sampler	

(Jasco	Inc.,	USA);	HiQ	sil™	5	µm	C18HS	4.6	×	150	mm	column	(KYA	Technologies	Corp.,	

Japan);	 Jetstream	 II	 Plus	 column	 thermostat	 (Kromatek,	 UK);	 Coulochem®	 II	

electrochemical	 detector	 (ESA	 Biosciences	 Inc.,	 USA);	 5010	 analytical	 cell	 (ESA	

Biosciences	 Inc.,	 USA);	 AZUR	 chromatography	 software	 (Kromatek,	 UK);	 Chromacol™	

HPLC	vials	 and	 caps	 (Thermo	Scientific™,	UK);	 centrifugal	 vacuum	concentrator	5301	

(Eppendorf®,	UK);	orthophosphoric	acid	(04102,	Sigma®,	UK).	
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6.2.2. Methods	
	

Coenzyme	Q10	Quantitation	
	

Unless	 otherwise	 stated,	 CoQ10	 concentrations	were	 determined	 using	 the	 LC-MS/MS	

method	described	in	Section	2.13.2.	Duplicate	samples	of	ChromSystems®	EQC	Plasma,	

IQC	0	(HBSS	with	50	%	(v/v)	BPDS,	0.5	%	(w/v)	BSA,	25	mmol/L	HEPES),	and	IQC	10	

(HBSS	with	50	%	(v/v)	BPDS,	0.5	%	(w/v)	BSA,	25	mmol/L	HEPES,	10	μmol/L	CoQ10)	

were	 run	 at	 the	 beginning	 and	 end	 of	 each	 batch	 to	 ensure	 a	 consistent	 intra-batch	

instrument	performance.		

The	 HPLC-UV	 technique	was	 used	 for	 the	 analysis	 of	 rat	 cerebral	 CoQ9	 and	 CoQ10	 in	

accordance	to	Section	2.13.1.	

	

Cell	Culture	
	

bEnd.3	 cells	were	 cultured	 as	 outlined	 in	 Section	 2.2	 and	 passaged	 onto	 Transwell®-

inserts	for	apparent	permeability	studies.	Primary	PBECs	were	isolated	and	cultured	as	

per	Sections	2.3	and	2.4,	and	passaged	onto	Transwell®-inserts	for	apparent	permeability	

studies.		

Primary	astrocytes	were	isolated	and	cultured	in	accordance	to	Sections	2.5	and	2.6,	with	

co-culture	 coordinated	 as	 per	 Appendix	 A.	 Cells	 were	 treated	 with	 simvastatin	 (0.1	

μmol/L	in	culture	medium)	for	a	duration	of	72	h	prior	to	assay	461-464.	

	

Inducing	Coenzyme	Q10	Deficiency	
	

Cell	cultures	were	pharmacologically	induced	with	a	CoQ10	deficiency	by	supplementing	

culture	media	with	1	mmol/L	para-aminobenzoic	acid	(pABA)	for	a	duration	of	5	days,	in	

accordance	to	the	method	described	in	Section	2.10.	
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Assessing	Barrier	Integrity	
	

TEERs	were	measured	 across	 cell	mono-layers	 on	 Transwell®-inserts	 as	 described	 in	

Section	2.7.1.	Apparent	permeability	 (Papp)	of	 in	 situ	paracellular	marker	FITC-40	was	

evaluated	following	the	experimental	procedures	outlined	in	Sections	2.7.2	and	2.8.		

	

Apparent	Permeability	
	

Apparent	 permeability	 (Papp)	 of	 CoQ10	 was	 evaluated	 following	 the	 experimental	

procedures	outlined	in	Section	2.8.	Assay	buffers	were	made	up	in	HBSS	at	pH	7.4	(Table	

13).	 CoQ10	 was	 incubated	 with	 serum	 (45	 minutes,	 37oC)	 prior	 to	 addition	 with	 the	

remaining	components	of	the	assay	buffer.	
	

Table	13:	Composition	of	assay	buffers	used	in	apparent	permeability	studies.	Condition	A	is	the	

acceptor	buffer	and	conditions	B	is	the	donor	buffer.	The	serum	used	in	bEnd.3	investigations	was	FBS	

and	for	PBECs	it	was	BPDS.	

	

	
BSA	

(w/v)	

HEPES	

(mmol/L)	

Serum	

(v/v)	

FITC-40	

(mg/mL)	

CoQ10	

(µmol/L)	

A	 0.5	%	 25	 –	 –	 –	

B	 0.5	%	 25	 50	%	 0.5	 10	

	

In	Vivo	Studies	
	

Male	 Wistar	 rats	 averaging	 317.6	 g	 body	 weight	 were	 used	 for	 the	 in	 vivo	 study,	

performed	by	Dr	Alex	Dyson	in	the	UK	according	to	local	ethics	committee	(University	

College	 London,	 UK)	 and	 UK	 Home	 Office	 guidelines	 under	 the	 Animals	 (Scientific	

Procedures)	Act	1986.	Animals	were	certified	pathogen-free,	and	housed	in	cages	of	4	on	

a	12	h	light/dark	cycle,	with	food	and	water	ad	libitum	prior	to	experimentation.	Standard	

cages	 and	bedding	were	 used.	Additional	 tissue	paper	was	provided	 for	 comfort,	 and	

cardboard	tubes	for	cage	enrichment.	
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Prior	to	randomisation,	animals	were	separated	into	cages	of	2	or	3	giving	a	total	of	n	=	5	

per	treatment	group.	Four	treatment	groups	were	studied	(Table	14).	

	
Table	14:	A	summary	of	the	treatment	groups	for	the	in	vivo	investigation	of	simvastatin	and	CoQ10	

effects	in	rat	brain.	For	each	treatment	group	(n	=	5).	

	

Group	1	 Group	2	 Group	3	 Group	4	

Food	with	placebo	

vehicle	

Simvastatin	treated	

(1000	mg/kg	food)	

CoQ10	treated	(400	

mg/kg	food)	

CoQ10	+	

Simvastatin	treated	

(400	+	1000	mg/kg	

food)	

					

On	the	first	day	of	experimentation,	animals	were	weighed	and	assigned	a	randomization	

number.	 Standard	 rodent	 chow	was	 replaced	with	 ad	 libitum	 chow	 supplemented	 as	

above.	Food	provided	was	weighed	at	the	start,	and	additional	food	weighed	such	that	

the	total	food	consumed	by	weight	per	cage	could	be	calculated	for	the	entire	study	period	

(1	week).	At	experiment	end,	animals	were	re-weighed	and	then	subjected	to	a	surgical	

procedure	 for	 the	removal	of	blood.	Animals	were	anaesthetised	by	5	%	 isoflurane	 in	

room	air	(reduced	to	2	%	post-induction)	and	placed	on	a	heated	mat	to	maintain	rectal	

temperature	at	37°C.	Inhaled	isoflurane	was	used	as	it	allows	better	cardiorespiratory	

stability	 over	 other	 agents	 in	 spontaneously-breathing	 animals.	 Animals	 were	 then	

sacrificed	by	cervical	dislocation,	and	a	bilateral	craniotomy	performed.	The	whole	brain	

was	removed	and	snap	frozen	in	liquid	nitrogen.	This	too	was	transferred	to	cryogenic	

vials	and	frozen	(-80oC)	until	later	batch	analysis.	

	

MRCE	Activities	
	

Rat	cerebral	MRCE	activities	were	investigated	as	per	Section	2.14	and	expressed	against	

protein,	as	determined	by	the	Lowry	method	outlined	in	Section	2.15.	
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Reduced	Glutathione	Quantitation	
 

Glutathione	 is	 the	most	abundant	 intracellular	 thiol.	 It	plays	a	key	role	 in	cellular	 free	

radical	 defence.	 Dysfunction	 of	 the	 MRC	 is	 associated	 with	 a	 redox	 imbalance	 and	

abnormally	 low	 levels	 of	 reduced	 glutathione	 have	 been	 reported	 in	 patients	 with	

primary	 genetic	 mitochondrial	 disorders,	 as	 well	 as	 in	 conditions	 associated	 with	

secondary	mitochondrial	 impairment	465,	466.	These	trends	make	reduced	glutathione	a	

suitable	biomarker	for	mitochondrial	dysfunction.	

Reduced	glutathione	(GSH)	was	measured	using	reversed-phase	HPLC	with	coulometric	

electrochemical	detection	in	accordance	to	the	method	described	by	Riederer	et	al.	467.	

The	mobile	phase	was	orthophosphoric	acid	(15	mM)	with	a	flow	rate	of	0.5	mL/min	and	

run-time	of	30	minutes.	

	

	
	

Figure	76:	Limits	of	linearity	for	the	reduced	glutathione	(GSH)	assay.	

	

Samples	underwent	a	freeze-thaw	process	(×	3)	to	perturb	the	cellular	membranes	and	

were	subsequently	extracted	in	orthophosphoric	acid	(15	mM),	centrifuged	at	18625	×	g	

for	5	minutes,	5oC,	and	the	supernatant	collected	for	analysis.	50	μL	of	each	sample	was	

injected	 and	 separated	 on	 a	 C18	 reversed	 phase	 column	 maintained	 at	 25˚C.	 The	

screening	electrode	(E1)	was	set	to	50	mV	to	oxidise	analytes	of	low	oxidation	potential.	

The	optimum	potential	 for	 the	detector	electrode	(E2)	was	determined	to	be	750	mV.	

Samples	 were	 quantified	 against	 an	 external	 standard	 of	 GSH	 (5	 μmol/L)	 diluted	 in	
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orthophosphoric	acid	(15	mM).	A	calibration	curve	confirmed	linearity	between	0.5	–	5	

μmol/L	GSH	(Figure	76).	

	

GSH	was	quantified	using	the	following	equation:	

	

GSH	(µmol/L) = 	A
sample	peak	area

external	standard	peak	areaE 	× 	external	standard	conc.	

	

For	intracellular	determination	of	GSH,	values	were	divided	by	total	protein	(mg/mL)	and	

expressed	as	nmol/mg	of	protein	(Section	2.15).	

	

6.3. Results	
	

6.3.1. Effect	of	Statins	on	Physiological	BBB	
	

	
	

Figure	77:	Effect	of	simvastatin	treatment	(0.1	μmol/L,	3	days)	on	TEER	in	the	PBEC	BBB.		

PBEC	control	(n	=	4),	PBEC	statin-treated	(n	=	6,	p	<	0.05).	Error	bars	represent	standard	error	of	the	

mean	(SEM).	
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Figure	78:	Effect	of	simvastatin	treatment	(0.1	μmol/L,	3	days)	on	FITC-40	apparent	permeability	at	the	

PBEC	BBB.	PBEC	control	(n	=	4),	PBEC	statin-treated	(n	=	6).	Error	bars	represent	standard	error	of	the	

mean	(SEM).	

	

	
	

Figure	79:	Effect	of	simvastatin	treatment	(0.1	μmol/L,	3	days)	on	CoQ10	apparent	permeability	at	the	

PBEC	and	bEnd.3	BBB.	PBEC	control	(n	=	4),	PBEC	statin-treated	(n	=	6),	bEnd.3	control	(n	=	7),	bEnd.3	

statin-treated	(n	=	6).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

Isolated	investigations	into	the	effect	of	statin	therapy	(simvastatin,	0.1	μmol/L,	3	days)	

on	 in	 vitro	 models	 of	 the	 BBB	 under	 physiological	 conditions	 indicated	 a	 significant	

decrease	in	TEER	of	45	%	of	control	(p	<	0.05)	subsequent	to	statin	therapy	(Figure	77).	
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This	correlated	with	a	notable,	albeit	insignificant,	(38.8	%)	increase	in	FITC-40	apparent	

permeability	through	the	PBEC	BBB	from	blood-to-brain	(Figure	78).		

Perhaps	 expectedly,	 given	 the	 detrimental	 effect	 of	 statins	 on	 the	 aforementioned	

functional	parameters	of	the	BBB,	a	consistent	yet	insignificant	increasing	trend	in	blood-	

to-brain	CoQ10	apparent	permeability	was	observed	in	both	models	of	the	BBB	after	statin	

therapy	(49	%	increase	in	bEnd.3	BBB	and	80	%	increase	in	the	PBEC	BBB)	(Figure	79).	

	

6.3.2. Effect	of	Statins	on	the	Pathophysiological	BBB	
	

	
	

Figure	80:	Effect	of	simvastatin	(0.1	μmol/L,	3	days)	and	pABA	(1	mmol/L,	5	days)	treatment	on	TEER	in	

the	PBEC	BBB.	PBEC	control	(n	=	4),	pABA	PBEC	control	(n	=	3,	p	<	0.05),	PBEC	statin-treated	(n	=	6),	

pABA	PBEC	statin-treated	(n	=	5,	p	<	0.01).	Error	bars	represent	standard	error	of	the	mean	(SEM).	
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Figure	81:	Effect	of	simvastatin	(0.1	μmol/L,	3	days)	and	pABA	(1	mmol/L,	5	days)	treatment	on	CoQ10	

apparent	permeability	in	the	PBEC	BBB.	PBEC	control	(n	=	4),	pABA	PBEC	control	(n	=	3),	PBEC	statin-

treated	(n	=	6),	pABA	PBEC	statin-treated	(n	=	5).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

The	pathophysiological	CoQ10	deficient	PBEC	BBB	model	was	established	using	pABA	(1	

mmol/L,	5	days).	Comparison	of	the	resulting	TEER	in	response	to	a	pharmacologically	

induced	CoQ10	deficiency	indicated	no	difference	between	statin-treated	and	untreated	

control	 conditions,	 although	pABA	 consistently	 caused	 a	 significant	 decrease	 in	 TEER	

relative	to	physiological	models	of	the	BBB	(8.1	%	of	physiological	BBB	in	PBEC	control,	

p	<	0.05;	14.6	%	of	physiological	BBB	in	statin-treated	PBECs,	p	<	0.01)	(Figure	80).		

The	significant	decrease	in	TEER	due	to	the	induced	CoQ10	deficiency	correlated	with	an	

insignificant	increase	in	CoQ10	apparent	permeability	for	statin	treated	PBECs	to	a	level	

analogous	 to	 that	 observed	 in	 PBEC	 controls	 (Figure	 81),	 suggesting	 this	may	 be	 the	

upper	limit	of	CoQ10	apparent	permeability	across	the	endothelial	cells.	
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6.3.3. Investigations	in	vivo	
	

	
	
Figure	82:	The	effect	of	oral	simvastatin	(1	g/kg	food)	and	CoQ10	(400	mg/kg	food)	treatment	(7	days)	on	

cerebral	CoQ9	content	in	rat.	For	both	conditions	(n	=	5).	Error	bars	represent	standard	error	of	the	mean	

(SEM).	

	
	

	
	
Figure	83:	The	effect	of	oral	simvastatin	(1	g/kg	food)	and	CoQ10	(400	mg/kg	food)	treatment	(7	days)	on	

cerebral	CoQ10	content	in	rat.	For	both	conditions	(n	=	5).	Control	vs.	CoQ10-treated	rats	(p	<	0.05).	Error	

bars	represent	standard	error	of	the	mean	(SEM).	
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Figure	84:	The	effect	of	oral	simvastatin	(1	g/kg	food)	and	CoQ10	(400	mg/kg	food)	treatment	(7	days)	on	

cerebral	MRC	complex	I	activity	in	rat.	For	all	conditions	(n	=	5).	Control	vs.	statin-treated	rats	(p	<	0.05).	

Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

	
	

Figure	85:	The	effect	of	oral	simvastatin	(1	g/kg	food)	and	CoQ10	(400	mg/kg	food)	treatment	(7	days)	on	

cerebral	MRC	complex	II-III	activity	in	rat.	For	all	conditions	(n	=	5).	Error	bars	represent	standard	error	

of	the	mean	(SEM).	
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Figure	86:	The	effect	of	oral	simvastatin	(1	g/kg	food)	and	CoQ10	(400	mg/kg	food)	treatment	(7	days)	on	

cerebral	MRC	complex	IV	activity	in	rat.	For	all	conditions	(n	=	5).	Error	bars	represent	standard	error	of	

the	mean	(SEM).	

	

	
	

Figure	87:	The	effect	of	oral	simvastatin	(1	g/kg	food)	and	CoQ10	(400	mg/kg	food)	treatment	(7	days)	on	

cerebral	citrate	synthase	activity	in	rat.	For	all	conditions	(n	=	5).	Control	vs.	statin-treated	rats	(p	<	0.05).	

Error	bars	represent	standard	error	of	the	mean	(SEM).	
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Figure	88:	The	effect	of	oral	simvastatin	(1	g/kg	food)	and	CoQ10	(400	mg/kg	food)	treatment	(7	days)	on	

cerebral	reduced	glutathione	levels	in	rat.	For	all	conditions	(n	=	5).	Error	bars	represent	standard	error	

of	the	mean	(SEM).	

	

To	assess	the	effect	of	statin	therapy	in	vivo,	and	to	investigate	the	potential	benefits	of	

CoQ10	as	a	co-therapy,	rats	were	subjected	to	a	combination	of	treatment	conditions	over	
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recorded	(Figure	84).	This	corresponded	to	a	17.5	%	(p	<	0.05)	relative	decrease	in	citrate	

synthase	activity	(Figure	87).	There	was	no	effect	across	all	treatment	conditions	on	MRC	
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Figure	89:	Food	consumption	by	rats	across	the	duration	of	the	treatment	period	(7	days).	For	all	

conditions	(n	=	5).	Values	represent	the	cumulative	consumption	of	food	by	5	rats,	per	treatment	

condition.	

	

	
	

Figure	90:	Weight	change	by	rats	across	the	duration	of	the	treatment	period	(7	days).	For	all	conditions	

(n	=	5).	Control	vs.	statin-treated	(p	<	0.001),	control	vs.	statin	plus	CoQ10-treated	(p	<	0.01).	Error	bars	

represent	standard	error	of	the	mean	(SEM).	
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correlated	with	a	45.2	%	decrease	 in	 food	consumption	relative	 to	control	conditions.	

Similarly,	 rats	under	 the	statin	plus	CoQ10	 regime	experienced	a	 significant	 (p	<	0.01)	

weight	loss	at	an	average	of	21.5	grams,	which	correlated	to	a	37.4	%	decrease	in	food	

consumption	relative	to	control	conditions.	

	

6.4. Discussion	
	

Simvastatin	 (Zocor®)	 and	 Atorvastatin	 (Lipitor®)	 are	 the	 most	 commonly	 prescribed	

statins	in	the	UK,	both	are	lipophilic	and	both	are	linked	to	the	reported	cases	of	statin-

associated	 neurological	 impairment	 449,	 450,	 468.	 Due	 to	 its	 lipophilicity,	 some	 have	

suggested	 that	 simvastatin	 has	 the	 potential	 capacity	 for	 BBB	 penetration	 469-471,	

however,	 no	 studies	 have	 isolated	 the	 direct	 effect	 of	 statin	 treatment	 on	 the	 BBB	 in	

conjunction	with	a	CoQ10	deficiency	and/or	with	CoQ10	therapy.		

	

Using	the	bEnd.3	and	PBEC	 in	vitro	BBB	models,	 it	was	possible	to	assess	the	effect	of	

simvastatin	(0.1	μmol/L,	3	days	461,	462)	treatment	on	the	physical	parameters	of	the	BBB	

under	 physiological	 conditions	 (Section	 6.3.1).	 Evaluation	 of	 the	 TEER	 in	 response	 to	

statin	 treatment	 indicated	 a	 significant	 45.5	 %	 decrease	 (p	 <	 0.05)	 suggesting	 a	

breakdown	 in	 BBB	 integrity	 (Figure	 77).	 This	 correlated	 with	 a	 consistent	 trend	 of	

increasing	 FITC-40	 (Figure	 78)	 and	 CoQ10	 (Figure	 79)	 blood-to-brain	 apparent	

permeability.		

The	combination	of	a	significantly	decreased	TEER	and	trend	for	increased	FITC-40	Papp,	

confirms	a	breakdown	in	BBB	integrity	and	subsequent	increase	in	barrier	permeability	

following	statin	treatment.	This	infers	that	statins	have	an	impact	on	the	BBB	that	could,	

potentially,	 disrupt	 the	 finely	 balanced	 interior	 milieu	 of	 the	 brain	 parenchyma.	 This	

would	be	detrimental	 to	normal	brain	homeostasis,	particularly	given	the	BBBs	major	

role	 in	 limiting	 brain	 entry	 of	 plasma	 excitotoxins	 calcium,	 and	 glutamate,	 and	 could	

plausibly	be	a	contributing	factor	to	the	pathogenesis	of	adverse	neurological	side-effects	

associated	with	statin	therapy	472.	

These	findings	are	in	contrast	to	Yang	et	al.	473	and	Wu	et	al.	474	who	have	suggested	an	

acute	neuroprotective	role	for	statins	by	reducing	BBB	permeability	after	intracerebral	
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haemorrhage	and	traumatic	brain	 injury	respectively.	However,	 the	observed	effect	 in	

both	cases	was	relative	 to	a	diseased	baseline,	 following	a	 traumatic	 incident,	and	the	

reduction	in	BBB	permeability	may	be	reflective	of	the	anti-inflammatory	action	of	statins	

as	 opposed	 to	 an	 evaluation	 of	 their	 isolated	 effect	 on	 BBB	 permeability	 under	

physiological	 conditions	 475-477.	Another	study	by	 Ifergan	et	al.	 478,	 investigating	 lesion	

formation	 in	 Multiple	 Sclerosis,	 noted	 a	 reduced	 leukocyte	 migration	 to	 the	 brain	

parenchyma	 after	 simvastatin	 or	 lovastatin	 treatment.	 Authors	 noted	 biochemical	

consequences	independent	of	structural	TJ	proteins	as	the	cause	of	the	observed	effect,	

however,	 their	 method	 did	 not	 provide	 any	 measurement	 of	 TJ	 functionality	 as	 is	

demonstrated	by	TEER,	rather	they	focussed	on	overall	TJ	protein	expression.	It	could	be	

the	 case	 that	 the	 TJ	 proteins	were	 not	 operational	 at	 the	 peripheral	 inter-membrane	

region	and	were	instead	internalised	to	be	more	cytosolic,	as	was	the	case	with	pABA-

treated	endothelia	in	this	project	(Section	4.3.4,	Figure	60).	Nevertheless,	it	does	support	

the	notion	that	statins	can	impart	perturbations	of	biochemical	process	at	the	BBB.	

While	it	would	be	logical	to	surmise	that	the	consistently	increasing	trend	of	CoQ10	Papp	

in	 response	 to	 statin	 treatment	 is	 due	 to	 a	 leaky	 barrier,	 an	 alternative,	 or	 parallel,	

explanation	may	be	stimulation	of	 transport	mechanisms;	statins	have	been	shown	to	

induce	an	upregulation	of	LDLR	and	downregulation	of	P-gp	and	RAGE	479-481.	Both	RAGE	

and	LDL-related	transporters	have	previously	been	shown,	within	this	project	(Chapter	

4)	to	be	the	route	of	transport	for	CoQ10	across	the	BBB.	Given	the	reduced	BBB	integrity	

in	response	to	statin	treatment,	there	is	likely	to	be	a	greater	degree	of	membrane-protein	

motility,	 meaning	 the	 distribution	 of	 the	 transporters	 may	 be	 atypical.	 This	 atypical	

luminal/basolateral	 distribution	 of	 over/under-expressed	 transporters	 could,	 in	 turn,	

contribute	 to	 the	 observed	 trend	 for	 CoQ10	Papp.	 However,	 the	 precise	 reason	 for	 the	

increasing	 trend	 in	 CoQ10	 Papp	 as	 a	 response	 to	 statin	 therapy	 will	 probably	 be	 a	

combination	of	both	BBB	leak	and	perturbed	transport	dynamics,	although,	further	work	

needs	to	be	performed	to	confirm	this.	

Since	 the	 reported	 cases	 of	 statin-associated	 neurological	 impairment	 have	 shown	 to	

improve	 after	 cession	 of	 statin	 therapy	 and/or	with	 CoQ10	 supplementation	 449,	 450,	 it	

could	be	suggested	that	the	BBB	effects	are	reversible.	Again,	further	studies	would	need	

to	be	performed	 to	 support	 this	notion	as,	 evidently,	 the	1	hour	 time-course	of	CoQ10	

supplementation	in	the	confines	of	this	study	was	insufficient	to	cause	a	full	reparation	

of	the	BBB	following	statin	therapy.		
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With	knowledge	of	the	effects	that	statins	have	on	the	physiological	BBB,	it	was	important	

to	further	understand	how	this	translated	to	the	pathophysiological	CoQ10	deficient	BBB.	

Using	pABA	(1	mmol/L,	5	days)	to	pharmacologically	induce	a	CoQ10	deficiency,	the	 in	

vitro	PBEC	BBB	was	treated	with	simvastatin	(0.1	μmol/L,	3	days)	and	CoQ10	permeability	

was	assessed	alongside	functional	parameters	of	the	BBB	(Section	6.3.2).	

Of	note,	were	significant	decreases	in	TEER	as	a	result	of	pABA	treatment	(Figure	80).	

This	 effect	 was	 consistent	 in	 both	 the	 untreated	 and	 statin	 treated	 PBEC	 BBB.	 The	

significantly	 decreased	 TEER	 in	 the	 pathophysiological	 BBB	 corresponded	 with	 an	

insignificant	 trend	 for	 increased	blood-to-brain	CoQ10	Papp	 in	 the	 statin	 treated	PBECs	

(66.7	%	increase)	(Figure	81).	As	previously	mentioned,	this	is	likely	indicative	of	a	‘leaky’	

barrier	 in	 conjunction	with	 atypical	 transporter	 distribution.	 Given	 that	 the	 absolute	

magnitude	of	the	resulting	TEER	and	CoQ10	Papp	for	the	untreated	versus	statin	treated	

PBECs	was	comparable,	 it	may	be	that	the	dominant	factor	was	the	pharmacologically	

induced	CoQ10	deficiency	and	the	observed	trends	are	likely	the	upper	limit	of	this	effect.	

Extrapolating	these	findings,	statins	imparted	a	mild,	yet	significant,	transient	effect	on	

the	 functionality	of	 the	BBB	which	could	contribute	 to	 the	reported	neurological	side-

effects.	This	provides	support	for	a	CoQ10	co-therapy,	with	prolonged	pre-administration	

to	increase	baseline	status	of	the	quinone	prior	to	commencing	statin	therapy,	since	an	

established	 or	 sub-clinical	 mitochondrial	 dysfunction,	 as	 indicated	 by	 the	

pharmacologically	induced	CoQ10	deficiency	in	this	study,	has	been	shown	to	exacerbate	

the	effects	on	the	BBB,	potentially	leading	to	harmful	neurological	sequalae.	Furthermore,	

given	 the	 correlation	 of	 increased	 age	with	 the	 administration	 of	 statins,	 it	would	 be	

feasible	 to	 expect	 naturally	 diminished	 levels	 of	 endogenous	 CoQ10	 in	 addition	 to	 a	

progressively	compromised	BBB	482-485,	therefore	increasing	the	risk	of	incidence	by	way	

of	a	compound	effect.	

While	this	is	the	first	time	that	statins	have	been	shown	to	have	a	direct	detrimental	effect	

on	the	BBB,	statins	have	previously	been	shown	to	induce	endothelial	dysfunction	in	the	

patients	 with	 pre-disposed	 or	 established	 mitochondrial	 dysfunction	 486,	 further	

strengthening	the	conclusions	drawn	from	these	in	vitro	studies.	

	

The	PBEC	BBB	is	considered	the	gold-standard	in	vitro	model	of	the	BBB,	providing	the	

best	 in	 vitro	 –	 in	 vivo	 correlation	 166,	 however,	 it	 does	 not	 provide	 any	 quantifiable	
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information	on	the	clinical	consequence	of	a	compromised	BBB	on	the	brain	parenchyma.	

For	this	it	is	imperative	to	perform	investigations	in	vivo	(Section	6.3.3).	

There	 is	 ongoing	 debate	 regarding	 the	 delivery	 of	 exogenous	 CoQ10	 to	 the	 brain	

parenchyma	 since	 CoQ10	 therapy	 can	 be	 ineffective	 for	 the	 treatment	 of	 neurological	

disorders	in	human.	Some	previous	studies	have	reported	CoQ10	uptake	into	animal	brain	

following	 supplementation	 48,	 83,	 487,	 including	 this	 study	 (22.1	%	 increase,	 p	 <	 0.05)	

(Figure	 83).	 However,	 it	 must	 be	 noted	 that	 while	 these	 results	 indicate	 an	 overall	

increase	of	cerebral	CoQ10,	there	are	notable	caveats	that	should	be	considered,	including,	

whether	the	rat	BBB	is	leakier	or	possesses	different	transporters	to	human.	Additionally,	

the	microvasculature	was	still	present	in	the	dissected	brain	samples,	meaning	the	CoQ10	

measured	may	not	be	a	true	representation	of	pure	brain	tissue,	but	could	be	reflective	

of	contamination	with	residual	plasma.	These	limitations	should	also	be	considered	when	

critiquing	other	work	reported	by	the	scientific	community.	

Interestingly,	 and	 unexpectedly,	 there	 was	 no	 observed	 effect	 of	 simvastatin	 on	 the	

cerebral	levels	of	CoQ9	(Figure	82),	the	prominent	ubiquinone	in	rat,	and	CoQ10	(Figure	

83).	This	is	surprising	as	the	emerging	consensus	would	dictate	a	depletion	of	CoQ	levels	

in	 response	 to	 a	 perturbation	 of	 the	mevalonate	 pathway	 by	 the	HMG-CoA	 reductase	

inhibitor	37,	38,	40.	 Indeed	this	 is	an	underlying	premise	 for	the	clinical	manifestation	of	

statin-associated	myopathies	433-436.	However,	while	the	results	presented	here	suggest	

statins	have	reached	the	brain	parenchyma,	because	of	the	effect	on	the	MRC	(Figure	84),	

it	is	unknown	to	what	extent.	This	means	we	are	unable	to	ascertain	what	concentration	

of	statin	is	required	to	cause	a	deleterious	effect	on	cerebral	CoQ	biosynthesis,	if	at	all.	

Further	studies	should	focus	on	determining	this	by	direct	measurement	and	comparison	

of	plasma	and	brain	simvastatin	levels	464.	

	

It	has	been	estimated	that	1–3	%	of	the	electrons	that	flow	through	the	MRC	are	released	

as	free	radicals,	primarily	at	complexes	I	and	III.	More	recent	estimates	place	this	value	

at	about	0.15	%	under	basal	physiological	conditions,	however,	 the	production	of	 free	

radicals	 is	 known	 to	 increase	 with	 the	 inhibition	 of	 the	 MRC	 complexes	 I/III	 488-490.	

Results	from	this	study	indicate	an	increase	in	MRC	complex	I	activity	(14.5	%	increase,	

p	<	0.05)	following	simvastatin	treatment	(Figure	84).	This	suggests	that	the	simvastatin	

treatment	did	not	exert	enough	of	a	deficit	on	CoQ10	levels	to	hinder	the	flux	of	electrons	

through	 the	 MRC,	 but	 did	 induce	 hypersensitivity	 to	 an	 oxidative	 incident,	 which	 is	
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reflected	by	an	increased	complex	I	activity	as	a	compensatory	mechanism	for	upholding	

the	 mitochondrial	 membrane	 potential	 436,	 491-493.	 This	 correlated	 with	 a	 decrease	 in	

citrate	 synthase	activity	 (17.5	%	decrease,	p	<	0.05)	 indicating	a	 relative	depletion	of	

mitochondria	 (Figure	 87).	 The	 sequence	 and	 inter-relation	 of	 the	 observed	 events	 is	

unknown,	but	previous	reports	have	cited	mitochondrial	calcium	signalling	as	a	 likely	

contributor	 to	statin-associated	myopathies,	be	 it	dependent	or	 independent	of	CoQ10,	

and	is	certainly	an	avenue	for	further	exploration	494-500.	

	

Although	various	effects	have	been	observed	as	an	apparent	consequence	of	simvastatin	

treatment	in	vivo,	a	consideration	that	shouldn’t	be	overlooked	is	the	weight	change	of	

the	rats	during	the	course	of	 the	treatment	period	(Figure	90).	Either	the	smell	of	 the	

statin-chow	or	appetite	suppression	caused	a	significant	decrease	in	the	weight	of	rats	

who	were	subjected	to	simvastatin	treatment	(Figure	89).	Appetite	loss	has	previously	

been	reported	in	conjunction	with	sleep	disturbances	for	patients	undergoing	lovastatin	

therapy	501,	however,	the	majority	of	weight	loss	side-effects	are	more	commonly	a	result	

of	conjunctive	dieting	and	exercise	as	is	prescribed	for	hypercholesterolaemic	patients.	

This	means	the	weight	loss	may	well	be	a	reflection	of	a	repulsive	smell	associated	with	

the	statin-chow.	

Whatever	the	reason	for	the	weight	loss,	it	does	have	an	implication	for	the	reliability	of	

the	observed	effects,	since	it	is	unknown	if	the	effect	on	the	MRC	enzymes	described	here	

are	an	exclusive	consequence	of	simvastatin	treatment	or	a	bioenergetic	adaptation	in	

response	to	a	loss	of	appetite/starvation	502-504.	Indeed	it	has	recently	been	shown	that	

calorie	restriction	modifies	ubiquinone	and	COQ	transcript	 levels	 in	mouse	tissues	505,	

potentially	having	 an	 effect	 on	 the	overall	 stability	 of	 the	 respirasome.	That	 said,	 any	

future	in	vivo	investigations	involving	high-dose	statins	should	adhere	to	administration	

by	gavage	or	intravenous	injection	to	ensure	a	reliable	treatment	regime.	

	

Although	the	validity	of	 the	 in	vivo	 investigations	may	be	disputed,	 the	effect	of	statin	

treatment	on	the	in	vitro	PBEC	BBB	is	isolated	and	reliable.	As	previously	mentioned,	it	is	

unclear	as	to	how	these	effects	will	manifest	clinically	and	what	role	they	may/may	not	

play	 in	 the	neurological	adverse	effects	associated	with	statin	 therapy,	but	 there	 is	no	

disputing	the	detrimental	effect	on	the	functional	parameters	of	the	BBB.		
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It	is	common	protocol	to	provide	extensive	evidence	as	to	why	a	drug	should	be	used	for	

the	treatment	of	a	particular	disease.	This	is	often	due	the	compound	being	a	synthetic	

analogue	with	unknown	in	vivo	interactions.	However,	in	the	case	of	co-administration	of	

CoQ10	with	statins,	we	are	dealing	with	an	endogenous	compound	that	is	fundamental	to	

bioenergetics,	has	a	direct	association	with	statins,	and	has	an	exemplary	safety	profile.	

As	such,	it	would	be	more	logical	to	ask;	‘why	shouldn’t	we	use	CoQ10	in	conjunction	with	

statins?’,	a	question	to	which	there	are	very	few	answers	and	is	probably	best	directed	at	

health	economists.	

Opposition	 to	 CoQ10	 and	 statin	 co-administration	 may	 be	 due	 to	 studies	 which	 have	

proven	 inconclusive,	 however	 these	 studies	 have	 been	 small-scale	 in	 relation	 to	 the	

magnitude	of	statin	use	globally	and	therefore	may	not	reflect	a	true	demographic.	Or	

perhaps	 the	main	prohibiting	 factor	 is	 cost,	 in	which	 case	 commercial	 entitles	 should	

respond	accordingly	and	realise	the	enormous	market	they	have	been	gifted.	Either	way,	

there	is	mounting	evidence,	including	findings	from	this	study,	which	supports	the	use	of	

CoQ10	 as	 a	 preventative	 measure	 to	 alleviate	 the	 adverse	 effects	 of	 statins,	 thereby	

improving	adherence	and	further	strengthening	statin	use	as	a	highly	effective	therapy	

against	one	of	the	biggest	pandemics	facing	the	planet,	CVD.		
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7. Conclusions	and	Future	
Direction	

	

	

Through	developing	in	vitro	BBB	models	compatible	with	investigating	CoQ10	transport,	

this	study	has	provided	the	first	insights	into	the	mechanisms	by	which	CoQ10	crosses	the	

BBB.	Furthermore,	a	method	for	pharmacologically	inducing	a	CoQ10	deficiency	in	bEnd.3	

cells	and	PBECs	has	been	proposed.	This	will	enable	further	comparative	assessments	of	

the	 pathophysiological	 effects	 of	 a	 deficit	 in	 CoQ10	 status	 on	 BBB	 transport	 and	

mitochondrial	function.	

	

The	mechanisms	that	have	emerged	as	the	modes	of	efflux	and	influx	of	CoQ10	across	the	

in	 vitro	 BBB	 within	 this	 study,	 namely	 LRP-1	 mediated	 efflux,	 and	 RAGE	 and	 SR-B1	

mediated	influx,	are	not	thought	to	be	an	exhaustive	representation	of	all	the	processes	

in	 action	 (Chapter	 4,	 Figure	 64).	 Rather,	 they	 represent	 some	 of	 the	most	 prominent	

mechanisms	 operating	 and	 provide	 evidence	 for	 lipoprotein-dependent	 transport	 of	

CoQ10	across	the	BBB.		

Through	providing	this	evidence	we	have	better	defined	the	possible	routes	 for	CoQ10	

transport	 across	 the	 BBB,	 thereby	 extending	 our	 understanding	 of	 the	 biochemical	

function	 of	 CoQ10	 in	 vivo,	 and	 affording	 future	 researchers	 a	more	 focussed	 scope	 of	

investigation.	Of	particular	interest	would	be	to	isolate	the	precise	mode	of	transcytosis,	

whether	 that	 be	 via	 large	 vesicular	 transport,	 tunnelling,	 or	 endocytic	 intracellular	

repackaging.	This	could	be	achieved	by	fluorescently	labelling	CoQ10	and	visualising	the	

event	506.	

	

In	addition	to	the	novel	mechanistic	insight,	this	study	has	provided	the	first	models	of	a	

CoQ10	 deficient	 in	 vitro	 BBB.	 The	 effect	 of	 this	 pathology	 detrimentally	 impacted	 the	

physical	parameters	of	the	BBB	by	reducing	TEER,	increasing	paracellular	permeability,	

and	 altering	 CoQ10	 transport	 parameters	 (Section	 4.3.4).	 The	 precise	 cause	 of	 these	

effects	are	unknown,	but	both	ATP	depletion	and	a	decreased	redox	capacity	are	likely	

mechanisms	265,	418.		
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This	theory	was	strengthened	by	investigations	into	the	‘mito-cocktail’,	specifically	the	

effect	of	vitamin	E	co-administration	on	CoQ10	BBB	permeability	(Section	5.3.1),	where	

results	highlighted	 that	 the	 transporters	responsible	 for	CoQ10	uptake	are	sensitive	 to	

changes	in	antioxidant	capacity	and	hence	may	be	the	first	to	falter	during	the	onset	of	a	

CoQ10	deficiency.	Additionally,	 the	results	 indicated	 that	 the	efflux	receptors	are	more	

robust	to	a	mitochondrial	dysfunction.	Perhaps	the	key	message	to	take	from	this	is	that,	

if	 antioxidant	 capacity	 could	 be	 preserved	 during	 a	 CoQ10	 deficiency,	 through	 the	

administration	 of	 excess	 antioxidant,	 there	 is	 potential	 for	 improved	 uptake	 during	

pathophysiological	conditions.	However,	 the	antioxidant	of	choice	should	not	compete	

with	 CoQ10	 for	 circulatory	 lipoprotein.	 That	 said,	 future	 studies	 should	 focus	 on	

understanding	this	in	more	detail	and	discovering	the	optimal	co-therapies.	

Additionally,	 it	 would	 be	 interesting	 to	 see	 if	 the	 physical	 defects	 expressed	 by	 the	

pathophysiological	BBB,	induced	by	a	CoQ10	deficiency,	could	be	reversed	through	long-

term	treatment	with	exogenous	CoQ10.	

	

Since	primary	CoQ10	deficiencies	are	inherited	and	present	from	the	beginning	of	brain	

development	in	utero,	an	alternative,	and	equally	important	line	of	investigation,	would	

be	to	assess	the	effect	of	a	CoQ10	deficiency	on	the	maturation	of	the	BBB.		The	culture	of	

human	 induced	pluripotent	 stem	cells	 (hiPSCs)	 in	 combination	with	pABA	could	offer	

insight	into	the	effect	of	a	CoQ10	deficiency	on	the	glial	switch	which,	in	turn,	would	have	

implications	 for	 BBB	 maturation	 507.	 This	 would	 enable	 us	 to	 better	 understand	 the	

condition	in	utero	and	its	clinical	manifestation	in	neonates.	

	

Regardless	of	the	mechanistic	processes	operating,	the	delivery	of	exogenous	CoQ10	to	

the	 brain	 is	 limited	 by	 receptor-mediated	 efflux	 and,	 ultimately,	 determined	 by	 low-

density	 lipoprotein	 BBB	 transport	 (Section	 3.3.3).	 The	 transport	 of	 circulatory	

lipoprotein	into	the	brain	is	already	known	to	be	low,	with	CSF	concentrations	of	most	

plasma-derived	proteins	at	<	1	%	of	the	corresponding	plasma	concentrations	508.		

An	approach	to	circumvent	these	inherent	limitations	include	the	loading	of	CoQ10	into	

alternative	circulatory	carriers.	For	example,	the	selective	loading	of	CoQ10	into	HDL,	an	

SR-B1	 ligand,	 which	 is	 known	 to	 be	 a	 prevalent	 lipoprotein	 found	 in	 the	 CNS,	 could	

potentially	reduce	efflux	at	the	BBB.	Similarly,	loading	into	synthetic	nanoparticles	could	

facilitate	a	‘Trojan-horse’	style	of	delivery	to	the	brain.	However,	the	synthetic	approach	
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is	burdened	by	more	stringent	pharmaceutical	testing	relative	to	the	use	of	endogenous	

lipoprotein,	hence,	a	comparative	study	of	LDL	versus	HDL	could	be	a	simple	and	effective	

next-line	of	investigation.	

	

An	increasingly	popular	method	for	the	treatment	of	neurological	disorders	associated	

with	mitochondrial	dysfunction	is	through	utilising	small	synthetic	analogues	of	CoQ10.	

Currently,	the	only	clinically	approved	synthetic	analogue	of	CoQ10	is	idebenone,	which	

shares	the	antioxidant	properties	of	CoQ10	and	is	able	to	restore	electron	flux	through	the	

MRC,	albeit	to	a	lesser	extent	than	CoQ10	itself	365-367.		

Due	to	its	small	size,	many	have	purported	passive	diffusion	as	the	mechanism	of	uptake	

for	idebenone	across	the	BBB	and	into	the	brain	parenchyma	400-402,	however,	no	research	

has	so	far	studied	the	specific	transport	mechanisms.	This	study	has	provided	the	first	

insight	into	the	capacity	for	idebenone	to	cross	the	BBB,	at	relatively	high	levels,	in	both	

the	PBEC	and	bEnd.3	BBB	models	(Section	5.3.3).	

These	results	 therefore	suggest	 that	 idebenone	may	be	a	more	effective	 treatment	 for	

neurological	 disorders	 than	 CoQ10.	 However,	much	 like	 CoQ10,	 the	 therapy	 should	 be	

optimised	since	the	bioavailability	of	oral	idebenone	is	known	to	be	around	1	%	and,	due	

to	its	lack	of	association	with	circulatory	lipoproteins,	its	clearance	is	considerably	more	

rapid	than	CoQ10.	Furthermore,	in	vitro	studies	have	previously	demonstrated	a	potential	

toxic	effect	for	idebenone	due	to	competitive	binding	with	complex	I	of	the	MRC	376.		

Given	the	similarities	between	idebenone	and	CoQ10	as	antioxidants,	and	with	knowledge	

of	 the	 beneficial	 effects	 of	 co-administration	with	 vitamin	 E,	 as	 proven	 in	 this	 study,	

idebenone	therapies	may	also	benefit	from	combined	administration	with	other	potent	

antioxidants.	This	avenue	should	therefore	be	explored	further.	

	

While	 there	 is	 a	 clear,	 and	 logical,	 rationale	 for	 performing	BBB	 investigations	 in	 the	

commercially	available	 in	vitro	 immortalised	cell	 lines,	 the	differences	observed	in	the	

bEnd.3	and	PBEC	BBB	models	within	this	study	demonstrate	why	it	is	important	to	use	a	

model	 that	 has	 the	 best	 in	 vivo	 –	 in	 vitro	 correlation,	 and	 to	 not	 directly	 compare	 or	

contrast	data	from	different	models.		

It	should	also	be	noted	that,	although	the	astrocyte-PBEC	co-culture	BBB	is	currently	the	

gold-standard	for	the	in	vitro	analysis	of	permeability,	there	is	a	thriving	field	of	research	

focussed	 on	 developing	 these	models	 further,	 with	 great	 promise	 being	 shown	 for	 a	
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human	BBB	derived	from	human	pluri-	and	multipotent	stem	cells	509,	510.	These	models	

are	still	 in	the	very	early	stages	of	development	and	currently	require	an	even	greater	

demand	on	resource,	skill	and	time	than	the	PBEC	BBB	model.	Nevertheless,	they	have	

the	potential	to	supersede	the	primary	animal	cell	BBB	models	for	routine	use	and	their	

progress	should,	therefore,	be	monitored	closely.	

	

In	 summary,	 this	 study	 has	 provided	 the	 first	 substantive	 evidence	 for	 bi-directional	

transport	mechanisms	which	limit	CoQ10	transfer	across	the	BBB,	it	has	identified	a	rapid	

mechanism	for	idebenone	transport,	and	it	has	shown	that	CoQ10	efflux	at	the	BBB	can	be	

reduced	in	the	presence	of	other	potent	antioxidants.	

All	of	this	information	is	invaluable	if	we	are	to	optimise	CoQ10	therapies,	however,	it	has	

not	provided	any	information	on	how	CoQ10	is	released	from	lipoprotein	carriers,	or	how	

CoQ10	and	 idebenone	are	 taken	up	by	cells	 in	 the	brain	parenchyma.	Even	 though	co-

culture	 with	 glia	 during	 the	 Papp	 assay	 could	 help	 shed	 some	 light	 on	 this,	 the	 most	

appropriate	strategy	going	forward	would	be	to	translate	any	promising	in	vitro	findings	

onto	a	robust	in	vivo	model.		

	

There	 is	considerable	and	 increasing	 theoretical	knowledge	surrounding	CoQ10,	and	 it	

could	 be	 said	 that	 the	 main	 issue	 now	 faced	 is	 overcoming	 rather	 than	 necessarily	

understanding,	 therefore,	 future	 studies	 should	 transition	 to	 pragmatic	 investigation.	

With	 regards	 to	 overcoming	 the	 BBB,	 a	 multi-faceted	 approach	 of	 an	 increased	

circulatory	CoQ10	concentration,	in	conjunction	with	optimised	co-therapies,	and	perhaps	

the	inhibition	of	known	BBB	efflux	transporters	284	 is	a	highly	promising	tactic	for	the	

improved	delivery	of	CoQ10	to	the	brain.	Realistically,	the	best	chance	of	achieving	this	is	

through	high-dose	intravenous	administration	of	CoQ10,	and	investigations	into	this	could	

be	 ground-breaking,	 leading	 to	 an	 efficacious	 therapy	 for	 acute	 presentation,	 or	 for	

neonates	of	parents	with	known	deficiencies	–	either	primary	or	secondary.	Given	the	

irreversible	neurological	implications	of	a	CoQ10	deficiency,	establishing	a	more	effective	

therapy	really	could	be	life-changing.	

	

The	 other,	 highly	 pertinent,	 focus	 of	 this	 research	 was	 to	 better	 understand	 the	

neurological	 implications	of	 statin	 therapy	 (Chapter	6),	 in	particular	 the	effects	at	 the	

BBB.		
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Statins	inhibit	a	key	enzyme,	HMG-CoA	reductase,	in	the	biosynthetic	pathway	of	CoQ10	

(Section	5.1,	Figure	75),	and	this	deleterious	effect	is	implicated	as	the	cause	of	muscular	

and	neurological	adverse	side-effects.	In	a	first	of	 its	kind	study,	 in	vitro	models	of	the	

BBB	were	 treated	with	simvastatin	and	 the	 impact	of	 this	 treatment	directly	assessed	

using	TEER	measurements	and	apparent	permeability	markers	(Section	6.3.1).		

The	outcome	of	this	study	indicated	that	simvastatin	treatment	induces	a	breakdown	of	

the	BBB	integrity.	This	could	plausibly	disrupt	the	finely	balanced	interior	milieu	of	the	

brain	 parenchyma	 and	 may	 be	 a	 contributing	 factor	 to	 the	 pathogenesis	 of	 adverse	

neurological	 side-effects	 associated	 with	 statin	 therapy.	 The	 precise	 series	 of	 events	

leading	to	the	BBB	leak	is	unclear,	with	dysregulation	of	the	de	novo	biosynthesis	of	CoQ10	

and/or	a	reduced	antioxidant	capacity	being	viable	explanations.	However,	an	emerging	

theory	 implicating	 a	 calcium-induced	 mitochondrial	 permeability	 transition,	 which	

would	fit	with	the	observed	trends,	warrants	further	investigation	494-500.		

To	test	whether	the	findings	from	these	in	vitro	investigations	are	consistent	in	vivo,	an	

option	is	to	analyse	peripheral	markers	of	BBB	breakdown	in	statin	patients	presenting	

with	either	neurological	and/or	muscular	side-effects	511,	512.	It	would	also	be	of	interest	

to	observe	the	effects	of	co-administered	exogenous	CoQ10	with	the	statin	treatment	on	

the	PBEC	BBB	model	to	deduce	whether	the	BBB	derangement	is	CoQ10	dependent	and	

could	therefore	be	prevented,	perhaps	utilising	this	platform	to	investigate	the	potential	

protective	effects	of	CoQ10	pre-treatment,	additionally.	

	

It	is	known	that	endogenous	CoQ10	levels	decrease	with	age	13.	Considering	that	statins	

are	most	prominently	prescribed	to	the	elderly,	and	taking	into	account	the	deleterious	

effect	statins	can	have	on	the	de	novo	biosynthesis	of	CoQ10,	it	is	logical	to	surmise	that	

there	 is	an	 increased	risk	of	developing	CoQ10	dependent	statin-induced	adverse	side-

effects	with	increasing	age.	This	would	be	consistent	with	the	emerging	consensus	that	

there	may	be	a	CoQ10	threshold,	below	which	triggers	the	pathogenesis	of	mitochondrial	

dysfunction	associated	with	a	CoQ10	deficiency.	Theoretically,	this	could	be	exacerbated	

by	statin	therapy,	causing	previously	sub-clinical	subjects	to	present	within	the	clinical	

reference	range.	

The	benefit	of	pharmacologically	inducing	a	CoQ10	deficiency	using	pABA	is	the	ability	to	

titrate	 the	 level	 of	 CoQ10	 depletion,	 thereby	 enabling	 the	 investigation	 of	 a	 threshold	

between	 CoQ10	 status	 and	 mitochondrial	 (dys)function.	 Hence,	 future	 studies	 should	
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explore	 the	 legitimacy	of	 the	proposed	phenomenon	by	probing	 the	effect	of	 iterative	

CoQ10	depletion	on	the	MRC	enzyme	activities,	TEER,	and	Papp	in	BBB	models.	This	can	

then	be	correlated	with	statin	effects	to	find	the	critical	concentration	that	will	induce	a	

symptomatic	effect.		

Further	 studies	 could	 determine	 the	 neurological	 risk	 in	 the	 general	 population	 by	

assessing	 cerebral	 CoQ10	 levels	 in	 the	 elderly	 versus	 young	 healthy	 controls	 to	 gauge	

depletion	 in	 relation	 to	 CoQ10	 deficient	 references,	 and	 therefore	 the	 susceptibility	 to	

statin	therapy	with	age.	Of	interest	would	be	noting	any	regional	CoQ10	differences	in	the	

brain,	 as	 this	 will	 give	 some	 indication	 of	 the	 resulting	 neurological	 presentation.	

However,	this	would	be	a	significant	and	expensive	study,	which	may	suffer	from	having	

a	 lack	 of	 brain	 sample	 material	 from	 young	 healthy	 controls.	 However,	 the	 highly	

sensitive	LC-MS/MS	method	developed	within	this	study	(Section	3.3.2)	may	circumvent	

this	issue	should	the	CSF	emerge	as	a	reliable	conduit	for	assessing	neurological	CoQ10	

status.	

	

While	 this	 study	 raises	 questions	 about	 statin	 therapy,	 it	 is	 important	 to	 remember	

statins	are	one	of	the	most	effective	interventions	in	cardiovascular	medicine,	and	this	

study	aims	to	address	some	flaws	by	proposing	solutions.	Ultimately	the	intention	is	to	

increase	adherence	to	statins	and	reduce	CVD	even	further.	
To	 counteract	 the	 potentially	 deleterious	 effect	 of	 statins	 on	 CoQ10	 biosynthesis,	

alongside	 CoQ10	 co-therapy,	 many	 have	 proposed	 pre-administration	 of	 CoQ10.	

Interestingly,	while	the	observed	beneficial	effect	of	vitamin	E	on	reducing	CoQ10	efflux	at	

the	BBB	only	occurred	under	physiological	conditions,	this	is	nonetheless	significant	as	it	

could	aid	in	improving	brain	CoQ10	uptake	during	pre-treatment.	Each	of	these	strategies	

should	be	tested	on	a	robust	in	vivo	model.		

Another	 option	 would	 be	 to	 administer	 soluble	 precursors	 of	 the	 CoQ10	 biosynthetic	

pathway,	as	HMG-CoA	reductase	 inhibitors	act	 relatively	 far	upstream,	 there	 is	 lots	of	

scope	for	this	approach	260.		

	

Overall,	this	project	has	spanned	analytical	chemistry,	clinical	biochemistry,	cell	biology,	

neuroscience	 and,	 to	 an	 extent,	medicine.	 This	 exemplifies	 the	 importance	 and	wide-

reaching	 impact	 CoQ10	 has	 and	 could	 have.	Although	 a	 seemingly	 insignificant	 simple	

molecule	it	is	key	to	maintaining	the	powerhouse	of	the	cell,	the	mitochondria.		
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Considerable	progress	has	been	made	in	the	context	of	this	project,	yet	it	has	also	opened	

the	 door	 for	 various	 avenues	 of	 further	 research,	 and	 it	 is	 likely	 that	 the	 clinical	

significance	of	the	compound	will	only	increase	with	time.		 	
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Appendices	
	

Appendix	A	–	PBEC/astrocyte	co-culture	timeline	
	
Non-contact	(NC)	co-culture	of	PBECs	with	primary	rat	astrocytes	required	considerable	

planning	and	coordination	to	ensure	each	component	of	the	co-culture	was	in	the	optimal	

stage	of	growth	to	produce	the	desired	BBB	phenotype	(Figure	91).	

	

	
	
Figure	91:	Timeline	for	the	non-contact	(NC)	co-culture	of	primary	PBECs	with	primary	rat	astrocytes.	

Additional	treatments	are	highlighted	in	red.	Both	pABA	and	simvastatin	were	added	directly	to	culture	

medium	and	in	subsequent	feeds.	1	vial	of	PBECs	is	split	into	2	x	T-75	flasks,	which	are	in	turn	seeded	into	

~	12-Tanswell®-inserts.	i.e.	1	vial	≈	1	x	12-well	plate.	
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Appendix	B	–	pCEL-X™	in	silico	assessment	of	CoQ10	apparent	

permeability	
	

Evaluation	of	CoQ10	apparent	permeability	 in	 silico	highlighted	a	necessity	 for	stirring	

within	 the	 experimental	 procedure	 as	 a	means	 to	 reduce	 any	 confounding	 hindrance	

from	the	aqueous	boundary	layer	(Figure	92)	167.	However,	it	should	be	noted	that	this	

was	 in	 reference	 to	 ‘free’	 CoQ10	 and	 not	 reflective	 of	 CoQ10	 incorporated	 within	

lipoproteins	–	as	is	the	case	in	vivo.	In	view	of	these	in	silico	findings,	the	experimental	

procedure	was	amended	so	that	all	Papp	and	uptake	studies	were	performed	on	an	orbital	

plate-shaker	at	100	rpm,	a	level	compatible	with	the	PBEC	BBB	cell	model.		

Since	the	method	for	stirring	required	the	use	of	a	temperature	controlled	plate-shaker	

outside	the	optimal	culture	conditions	of	a	humidified	incubator,	an	upper	limit	of	2	hours	

was	imposed	to	ensure	cell	viability.	

Simulations	were	performed	by	the	architect	of	the	pCEL-XTM	software,	Prof	Alex	Avdeef.	

	

	
	
	

Figure	92:	in	silico	pCEL-XTM	analysis	of	the	limiting	factors	that	may	influence	CoQ10	apparent	

permeability;	output	suggests	that	the	aqueous	boundary	layer	(ABL)	is	the	most	prominent	limiting	

factor	for	the	permeability	of	‘free’	CoQ10,	with	the	Transwell®	filter	showing	a	small	degree	of	hindrance	

at	a	ratio	of	4:1	respectively.	pH	showed	no	effect	on	CoQ10	apparent	permeability.	
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Appendix	C	–	comparative	effect	of	vitamin	E	and	trolox		
	

	
	

Figure	93:	Net	effect	of	co-administered	vitamin	E	(50	µmol/L)	or	trolox	(50	µmol/L)	on	CoQ10	apparent	

permeability	in	the	bEnd.3	BBB.	bEnd.3	controls	(df	=	11),	vitamin	E	treated	bEnd.3	(df	=	11),	trolox	

treated	bEnd.3	(df	=	9).	pABA	bEnd.3	controls	(df	=	11),	vitamin	E	treated	pABA	bEnd.3	(df	=	13),	trolox	

treated	pABA	bEnd.3	(df	=	9).	Error	bars	represent	standard	error	of	the	mean	(SEM).	

	

Results	(Figure	93)	indicate	a	direct	correlation	between	co-administered	vitamin	E	and	

trolox	 on	 the	 apparent	 permeability	 of	 CoQ10	 across	 the	 bEnd.3	 BBB.	 This,	 therefore,	

suggests	 that	 the	 antioxidant	 function	 of	 vitamin	 E	 is	 likely	 to	 be	 the	 cause	 of	 any	

observed	differences	between	control	and	treatment	conditions.	
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