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Abstract	

Introduction:	 Alkaptonuria	 (AKU)	 is	 a	 rare	 autosomal	 recessive	 condition	 resulting	 from	

deficiency	of	homogentisate	1,2	dioxygenase,	causing	 inability	to	metabolise	homogentisic	

acid	(HGA).	Over	time	HGA	polymerises	and	deposits	as	a	dark	pigment	within	collagenous	

tissues;	this	process	is	ochronosis.	Ochronosis	causes	rapid	and	early	onset	joint	arthropathy,	

mimicking	 osteoarthritis	 in	 presentation.	 Ochronosis	 causes	 damage	 to	 the	 extracellular	

matrix	and	chondrocyte	death.	It	is	hypothesised	that	superoxide	dismutase	(SOD)	may	have	

a	beneficial	effect	on	chondrocytes	and	limit	this	polymerisation	process.	This	research	aims	

to	 observe	 the	 effects	 of	 SOD	 in	 an	 in	 vitro	model	 of	 ochronosis,	 and	 identify	 structural	

changes	in	this	model	via	Raman	spectroscopy.			

	

Methods:	Immortalised	human	chondrocytes	(C20)	and	osteosarcoma	(MG63)	cell	lines	were	

cultured	 in	DMEM	containing	HGA,	 SOD	or	 a	 combination	of	both	 for	up	 to	14	days.	 Cell	

viability	was	assessed	using	trypan	blue	assay.	Pigmentation	was	quantified	using	Schmorl’s	

staining	 technique.	 A	 dimethylmethylene	 blue	 assay	was	 performed	 to	 assess	 damage	 to	

proteoglycans.	Structural	analysis	was	then	performed	on	an	in	vitro	model	of	ochronosis	via	

Raman	spectroscopy.		

	

Results:	Addition	of	SOD	to	the	culture	medium	indicates	there	is	little	effect	on	percentage	

viability	 of	 osteoarticular	 cells.	 All	 C20	 cultures	 suggest	 a	 decrease	 in	 pigmentation	 upon	

addition	 of	 SOD	 by	 day	 14.	 Pigmentation	 analysis	 of	 MG63	 cultures	 indicate	 contrasting	

results	at	different	magnification	settings.	In	C20	and	MG63	cells,	there	does	not	appear	to	

be	a	difference	 in	 levels	of	sulphated	glycosaminoglycan	release	between	these	treatment	
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groups.	Results	from	Raman	spectroscopy	identify	structural	differences	between	control	and	

HGA	treated	cultures.		

	

Conclusion:	The	results	indicate	that	SOD	does	have	a	role	in	the	prevention	of	ochronosis.	

This	 suggests	 that	 SOD	 has	 the	 potential	 to	 be	 used	 as	 a	 therapeutic	 approach	 in	 the	

prevention	 of	 ochronosis	 in	 articular	 cartilage.	 Raman	 spectroscopy	 is	 able	 to	 highlight	

structural	 differences	 caused	 by	 ochronosis.	 This	 has	 implications	 for	 the	 use	 of	 Raman	

spectroscopy	as	a	potential	diagnostic	tool	in	AKU,	in	the	future.		
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Chapter	1	–	Introduction	

1.1	Alkaptonuria		

Alkaptonuria	(AKU)	is	an	autosomal	recessive,	metabolic	disease	resulting	from	mutations	to	

the	 homogentisate	 1,2	 dioxygenase	 (HGD)	 gene.	 This	 genetic	 defect	 results	 in	 an	

accumulation	of	homogentisic	acid	(HGA),	which	undergoes	polymerisation	and	deposits	in	

cartilages,	 leading	to	an	extreme	and	debilitating	form	of	osteoarthropathy.	This	condition	

was	the	first	to	demonstrate	a	Mendelian	pattern	of	inheritance	and	was	also	used	to	coin	

the	term	“inborn	errors	of	metabolism”	by	Archibald	Garrod	(1,	2).		

	

The	prevalence	of	AKU	is	extremely	low.	It	is	estimated	there	are	approximately	950	people	

diagnosed	with	 the	condition	worldwide,	 from	61	 identified	countries	 (3).	However,	areas	

such	as	the	Dominican	Republic	and	Slovakia	show	a	relatively	higher	prevalence,	estimated	

to	be	1:	19,000.	Two	hundred	and	eight	patients	have	been	diagnosed	with	AKU	in	Slovakia,	

of	which	110	are	children	(Fig.	1.1)	(4).	More	recently,	countries	such	as	Jordan	and	India	have	

seen	 a	 rise	 in	 the	 number	 of	 diagnosed	 cases	 of	 AKU.	 This	 suggests	 that	 there	 are	 still	

numerous	unidentified	cases	and	the	current	prevalence	of	the	condition	is	underestimated	

(3,	5).	The	recent	rise	in	the	number	of	cases	of	AKU	in	Jordan	for	example,	can	be	attributed	

to	 increased	 awareness	 of	 the	 condition	 among	 health	 care	 providers	 and	 high	 rates	 of	

consanguineous	 marriages,	 suggesting	 a	 founder	 effect	 (3,	 5).	 This	 raised	 profile	 of	 the	

condition	 has	 enabled	 the	 identification	 of	 more	 HGD	 gene	 variants,	 with	 at	 least	 129	

mutations	currently	 identified,	enabling	studies	 in	genotype-phenotype	correlation	 in	AKU	

(3).		
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Fig.	1.1.	Taken	from	reference	(4).	The	distribution	of	patients	identified	with	AKU,	worldwide	in	2011.	

	

1.2	History	of	AKU	

The	earliest	documented	case	of	AKU	was	by	Scribonius	in	1586,	of	a	school	boy	who	excreted	

black	urine.	The	cause	of	 this	phenomena,	however,	was	not	known	as	 the	boy	appeared	

otherwise	well	(6).	It	was	not	until	Boedeker,	that	the	term	Alkaptonuria	was	associated	with	

black	urine.	At	the	time,	there	was	confusion	between	AKU	and	diabetes,	as	many	thought	

AKU	was	an	atypical	form	of	diabetes.	Boedeker	attempted	to	identify	glucose	in	an	AKU	urine	

sample,	but	instead	noticed	that	a	reduction	reaction	was	occurring	in	alkaline	conditions.	He	

therefore	 termed	 the	 causative	 substance	 “Alkapton”;	 a	 combination	 of	 the	 Arabic	 word	
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meaning	 alkali	 and	 the	 Greek	 word	 meaning	 “to	 suck	 up”	 oxygen	 greedily	 in	 alkali.		

Alkaptonuria	was	therefore	the	term	used	to	describe	the	condition	(2,	6,	7).		

	

The	term	ochronosis	was	coined	by	Virchow,	who	during	an	autopsy,	noticed	dark	pigment	

deposits	in	the	cartilage	of	a	sixty-seven-year-old	male.	When	he	took	some	samples	and	put	

them	under	the	microscope,	they	displayed	an	“ochre”	(yellow)	colour	(8,	9).	Ochronosis	was	

not	 linked	 to	AKU	until	Albrecht,	 in	1902,	 showed	 that	a	patient	known	to	have	AKU	also	

demonstrated	ochronosis.	Further	evidence	to	link	ochronosis	to	AKU	was	provided	by	Osler,	

who	demonstrated	that	two	brothers	with	AKU	showed	pigmentation	in	cartilaginous	areas,	

such	as	the	eyes,	ears	and	nose	(6,	7).		

	

Wolkow	 and	 Bauman	were	 the	 first	 to	 isolate	 and	 identify	 the	 structural	 formula	 of	 the	

pigment	 that	 undergoes	 ochronosis.	 Their	 results	 showed	 that	 the	 chemical	 compound	

shared	a	similar	structure	to	the	salicylic	acid	metabolite,	gentisic	acid,	hence	they	termed	

the	compound	homogentisic	acid	 in	1891.	 It	was	then	Archibald	Garrod,	who	by	using	the	

term	“inborn	error	of	metabolism”,	suggested	that	there	was	a	specific	enzyme	defect	causing	

ochronosis.	Fifty	years	later	this	was	proven	by	La	Du	who	showed	that	the	enzyme	involved	

was	HGD	(2,	6,	7,	10).	

	

In	recent	years,	several	advances	have	been	made	 in	AKU	research.	The	Egyptian	mummy	

Harwa,	dated	back	to	1500	B.C.	was	verified	as	the	earliest	case	of	AKU	(11).	The	defective	

gene	was	identified	and	located	on	chromosome	3q2,	enabling	identification	of	the	various	

mutations	attributed	to	AKU	(3,	8).	An	in	vitro	model	synonymous	with	the	human	condition	

was	also	established.	This	model	has	enabled	research	into	the	pathological	process	of	AKU,	
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and	assessment	of	possible	therapeutic	interventions	(12,	13).	Despite	this,	there	are	still	gaps	

in	the	understanding	of	AKU	pathology,	with	current	treatment	only	being	palliative	(14).		

	

1.3	Pathogenesis	and	Clinical	Features		

AKU	is	caused	by	a	genetic	defect	to	the	gene	coding	for	the	HGD	enzyme.	This	defect	results	

in	a	lack	of	production	of	HGD.	Normally	present	in	the	liver,	HGD	is	involved	in	the	tyrosine	

degradation	 pathway	 (Fig.	 1.2)	 (2).	 It	 is	 responsible	 for	 the	 breakdown	 of	 HGA	 to	

maleylacetoacetic	 acid.	 A	 lack	 of	 this	 enzyme,	 therefore	 causes	 an	 accumulation	 of	 HGA,	

resulting	in	the	clinical	features	associated	with	AKU	(15).	

	

	

	

	

	

	

	

	

Fig.	 1.2.	 Adapted	 from	 reference	 (2).	 The	 image	 shows	 the	 Tyrosine	 degradation	 pathway.	 AKU	

(highlighted)	is	the	condition	that	can	occur	if	the	HGD	enzyme	(left	of	pathway)	is	deficient.		

	

The	earliest	clinical	feature	that	often	appears	is	urine	which	turns	dark	on	standing.	HGA,	

present	from	birth,	is	exerted	in	urine.	HGA	undergoes	spontaneous	oxidation	in	air,	resulting	

in	 the	 formation	 of	 benzoquinone	 acetic	 acid	 (BQA),	 an	 intermediary	 which	 undergoes	

polymerisation	into	ochronotic	pigment.	Whilst	it	is	possible	for	this	reaction	to	occur	by	itself,	
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it	 is	 enhanced	 in	 an	 alkaline	environment	 (15,	 16).	Although	dark	urine	 is	 a	 characteristic	

symptom	of	 the	disease,	 it	has	been	shown	 that	other	 tyrosine	metabolites	 in	excess	 can	

darken	 urine	 (17,	 18).	 It	 is	 therefore	 usually	 confirmed	 using	 a	 technique	 known	 as	 high	

performance	 liquid	 chromatography,	 which	 has	 been	 shown	 to	 be	 a	 highly	 specific	 and	

sensitive	way	of	detecting	the	condition	(19,	20).			

	

The	conversion	of	HGA	into	ochronotic	pigment	also	occurs	inside	the	body.	The	deposition	

of	pigments	in	connective	tissues	occurs	around	the	third	decade,	and	is	known	as	ochronosis	

(8,	20).	The	reaction	is	the	same	as	when	HGA	in	urine	undergoes	spontaneous	oxidation	in	

air,	 except	 Zannoni	et	 al	 have	 shown	 that	 the	whole	 reaction	 is	 catalysed	by	 an	 enzyme,	

termed	homogentisic	acid	polyphenol	oxidase	(21).	This	implies	that	even	those	without	the	

genetic	defect	carry	this	enzyme,	which	would	not	incur	any	evolutionary	advantage.	Taylor	

et	 al	 therefore	 postulated	 that	 Tyrosinase,	 an	 enzyme	 involved	 in	 melanin	 synthesis,	 is	

responsible	for	producing	the	melanin	like	ochronotic	pigment.	This	is	because	the	melanin	

synthesis	 pathway	 and	 HGA	 polymerisation	 pathway	 share	 remarkable	 similarities	 (8).	

Ochronosis	in	connective	tissue	is	only	seen	from	around	the	third	decade	of	life.	This	raises	

the	question	as	to	why	pigmentation	does	not	occur	earlier,	suggesting	there	are	physiological	

changes	which	must	occur	to	enable	ochronosis.	What	these	physiological	changes	are	is	not	

currently	known.	One	hypothesis	is	that	it	 is	linked	with	a	decline	in	kidney	function	and	a	

reduction	 in	plasma	pH,	accelerating	 the	 rate	of	ochronosis	 (8,	22-24).	 	 Inflammation	and	

reactive	oxygen	species	(ROS)	have	also	been	theorised	to	be	involved	in	the	pathogenesis	of	

AKU.	Results	have	shown	that	interleukin	6	(IL-6)	and	oxygen	free	radicals	have	been	present	

alongside	HGA	in	AKU	patients	(25).		
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Ochronosis	 is	 found	 in	 a	 variety	 of	 collagenous	 tissues.	 HGA	 polymerises	 into	 ochronotic	

pigment,	which	preferentially	binds	to	cartilage	in	joints	and	aortic	valves	(26).	Discolouration	

can	also	be	noticed	clearly	 in	the	sclera	of	eyes	and	pinna	of	ears	and	can	affect	the	renal	

system	via	 formation	of	 stones	 (2).	AKU	has	 significant	 implications	on	 the	 cardiovascular	

system,	due	to	its	role	in	the	formation	of	stenotic	valves	in	the	aorta.	It	has	been	reported	

that	patients	require	valve	replacement	surgery	to	alleviate	symptoms.	Pigmentation	has	also	

been	noticed	in	the	arteriolar	section	of	the	cardiovascular	system,	whilst	there	have	been	no	

reports	 with	 regards	 to	 venous	 pigmentation.	 This	 could	 have	 implications	 for	 the	

pathogenesis	of	AKU,	suggesting	that	mechanical	forces	may	have	a	role	in	the	initiation	of	

ochronosis	(2,	27-29).		

	

Chronic	ochronosis	in	joints	results	in	the	third	clinical	feature,	ochronotic	osteoarthropathy.	

Patients	commonly	appear	with	progressive	degeneration	of	their	spine	and	weight-bearing	

joints.	The	clinical	and	radiological	 features	that	often	appear	first	are	associated	with	the	

spine.	X-rays	 show	 features	 similar	 to	osteoarthritis	 (OA),	 including	 joint	 space	narrowing,	

subchondral	 sclerosis	 and	 subchondral	 cysts.	 Clinically,	 the	 patient	 presents	 with	 sharp	

debilitating	back	pain	which	progresses	with	time	to	peripheral	weight	bearing	joints	such	as	

the	 hips	 and	 knees	 (7,	 30).	 Symptoms	 then	 continue	 to	 develop;	 thoracic	 kyphosis	 and	

reduced	 chest	 expansion	 due	 to	 osteoarthropathy	 of	 the	 spine	 are	 seen	 after	 the	 fourth	

decade.	Whilst	 AKU	 does	 not	 reduce	mortality	 it	 is	 clear	 to	 see	 that	 it	 affects	morbidity.	

Patients	are	often	left	with	severe	disabilities	having	significant	impacts	on	their	activities	of	

daily	living	(20).		
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There	 are	 still	 gaps	 however	 in	 the	 understanding	 of	 the	 pathogenesis	 of	 ochronosis	 and	

ochronotic	 osteoarthropathy.	 The	 initiating	 factor/factors	 of	 ochronosis	 are	 currently	

unknown.	 It	 has	 been	 observed	 that	 there	 is	 an	 initial	 period	where	 connective	 tissue	 is	

resistant	to	ochronosis.	This	is	known	because	ochronosis	isn’t	seen	until	early	adulthood	(1,	

31).	This	therefore	suggests	there	are	protective	mechanisms	in	connective	tissue	preventing	

ochronosis,	 which	 are	 currently	 unknown.	 It	 is	 hypothesised	 that	 the	 tissue	 undergoes	

stresses	 which	 remove	 protective	 factors	 such	 as	 proteoglycans,	 enabling	 ochronotic	

polymers	to	bind	to	collagen	fibres	in	specific	areas,	as	shown	by	Taylor	et	al	(1,	32).	Whilst	

the	 stressors	are	currently	unknown,	 inferences	can	be	made.	 IL-6	 is	a	 catabolic	 cytokine,	

released	during	an	inflammatory	response.	Research	has	shown	that	IL-6	plays	a	role	in	the	

pigmentation	 process.	 IL-6	 has	 been	 shown	 to	 dysregulate	 antioxidant	 defences	 in	

chondrocytes.	Mechanical	 insult	 to	chondrocytes	 results	 in	an	 inflammatory	 response	and	

therefore	the	release	of	IL-6	(25,	33,	34).	HGA	during	the	polymerisation	process	produces	

ROS,	which	overwhelm	inhibited	antioxidant	defences	(15,	25,	35).	It	is	proposed	that	these	

ROS	inflict	damage	to	the	protective	barriers	in	collagen,	resulting	in	the	collagen	strand	being	

exposed.	This	exposed	collagen	hypothesis	therefore	suggests	that	the	lack	of	a	protective	

barrier,	such	as	proteoglycans,	enables	pigment	polymers	to	bind	to	collagen.	This	changes	

the	 biochemical	 and	 biomechanical	 properties	 of	 collagen,	 causing	 further	 damage	 and	

continued	 release	 of	 IL-6,	 leading	 to	 further	 loss	 of	 protective	 barriers	 and	 therefore	 a	

nucleation	event	(1).		
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1.4	Management	of	AKU		

1.4.1	Low	Tyrosine	Diet	

Approximately	six	percent	of	dietary	proteins	undergo	degradation	via	the	HGA	pathway.	It	

therefore	makes	sense	to	reduce	the	intake	of	dietary	proteins,	to	decrease	the	amount	of	

HGA	 produced.	 Unfortunately,	 trials	 have	 shown	 this	 method	 as	 being	 ineffective	 and	

impractical.	 If	 this	 treatment	 is	 implemented,	 intensive	 specialist	 supervision	 is	 required	

during	the	growth	period.	As	well	as	this,	endogenous	catabolism	of	protein	results	in	tyrosine	

production	 regardless	 of	 dietary	 restrictions.	 The	 lack	 of	 efficacy	 associated	 with	 this	

treatment	means	that	it	is	no	longer	considered	in	clinical	practice	and	research	is	directed	at	

pharmacological	interventions	(2,	20,	30).	

	

1.4.2	Ascorbic	acid		

HGA	is	converted	to	an	ochronotic	polymer	in	an	oxidative	process.	It	was	thought	that	in	high	

doses,	ascorbic	acid	(ASC),	a	type	of	vitamin-C	could	prevent	the	conversion	of	HGA	into	BQA.	

Whilst	this	was	shown,	 it	also	increased	levels	of	serum	HGA.	ASC	was	also	shown	to	be	a	

cofactor	 to	 4-hydroxyphenylpyruvate	 dioxygenase	 (HPPD),	 which	 further	 increases	 HGA	

production.	The	presence	of	HGA	is	known	to	contribute	to	the	formation	of	renal	oxalate	

stones.	Using	ASC	therefore	increases	the	risk	of	renal	stone	formation	and	therefore	renal	

damage,	in	patients	who	are	already	at	risk.	Studies	also	showed	that	ASC	displayed	variable	

treatment	 efficacy.	With	 variable	 clinical	 efficacy	 and	 risk	 of	 harm	 to	 the	 patient,	 it	 was	

deemed	that	ASC	was	not	an	appropriate	treatment	option	for	AKU	patients	(2,	24,	30,	36).		

	

1.4.3	N-acetylcysteine		

Recent	 research	however	 is	 looking	at	 alternative	antioxidants	which	are	not	 cofactors	 to	
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HPPD.	N-acetylcysteine	 (NAC),	 a	 drug	 already	 in	 use	 in	 the	management	 for	 paracetamol	

overdose	and	in	respiratory	disease,	has	been	shown	to	inhibit	the	oxidation	of	HGA	to	BQA	

(20,	37,	38).	

	

1.4.4	Nitisinone	

Nitisinone,	a	HPPD	inhibitor,	acts	by	preventing	HGA	production.	Nitisinone	therefore	acts	as	

a	 preventative	 treatment,	 by	 aims	 of	 preventing	 ochronosis.	 It	 is	 already	 an	 established	

treatment,	 approved	 by	 the	 Food	 and	 Drug	 Administration	 (FDA),	 in	 the	management	 of	

hereditary	tyrosinemia	type	I.	The	first	round	of	trials	for	AKU	have	shown	promising	results	

with	 urinary	 HGA	 levels	 decreasing	 in	 a	 dose	 dependant	manner.	 	 Although	 it	 is	 an	 FDA	

approved	treatment,	there	are	still	safety	concerns	with	Nitisinone.	Some	of	the	side	effects	

have	the	potential	to	cause	ocular	and	neurological	complications,	such	as	corneal	irritation,	

corneal	 epithelial	 damage,	 ataxia,	 delayed	 development,	 and	 intellectual	 impairment.	 A	

short-term	study	exists	which	states	that	those	with	AKU,	treated	by	the	medication	for	a	few	

months	experienced	no	complications.	To	further	assess	the	long-term	efficacy	however,	a	

large-scale	trial	is	currently	underway	(2,	14,	39).			

	

1.4.5	Palliative	Care		

As	 there	 is	no	 licensed	 therapy	 for	AKU,	management	 is	achieved	via	physiotherapy,	 joint	

replacement	and	pain	relief	(2).	Physiotherapy	aims	to	improve	range	of	movements	in	joints,	

whilst	 pain	 management	 is	 achieved	 via	 medications	 and	 physical	 interventions	 such	 as	

acupuncture.	 Whilst	 these	 treatments	 do	 not	 target	 ochronosis,	 they	 aim	 to	 improve	 a	

patient’s	quality	of	life.	The	most	definitive	treatment	currently	available	is	joint	replacement	

and	spinal	surgery,	which	can	prevent	complications	such	as	cauda	equina	syndrome	or	joint	
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failure	(20).		As	the	enzyme	HGD	is	mainly	present	in	the	liver,	a	liver	transplant	has	shown	a	

partial	or	complete	resolution	of	AKU.	However,	due	to	the	difficulty	of	the	operation	and	

potential	to	develop	severe	complications,	this	is	not	considered	an	ideal	solution	(8,	20,	40).		

	

1.5	Bone	Ultrastructure		

Bone	 is	 classified	 as	 a	 type	 of	 connective	 tissue	 and	 therefore	 shares	 similar	 histological	

features	to	other	connective	tissues	(41).	There	is	a	widespread	extracellular	matrix	(ECM)	

surrounding	the	cells,	of	which	there	are	relatively	few.	Unlike	other	connective	tissues,	the	

ECM	of	bone	contains	inorganic	salts	as	well	as	an	organic	matrix.	The	inorganic	component	

is	 approximately	 60	 percent	 of	 the	 bone	 matrix	 and	 is	 constituted	 mainly	 of	 calcium	

hydroxyapatite	 crystals.	 These	 crystals	 surround	 the	 collagen	 fibres	 (organic	 matrix)	 in	 a	

process	 known	as	mineralisation.	 The	 type	 I	 collagen	 fibres	 form	about	90	percent	of	 the	

bone’s	 organic	 material.	 The	 collagen-crystal	 combination	 gives	 the	 bone	 the	 ability	 to	

withstand	compressive	and	tensile	forces	(42).		

	

Osteoblasts	are	the	cells	which	deposit	new	bone	matrix	by	secreting	collagen	fibres	around	

the	cell,	initiating	the	calcification	process.	By	depositing	collagen	fibres	around	themselves,	

osteoblasts	transition	into	osteocytes,	cells	which	are	responsible	for	maintaining	the	ECM.	

The	final	type	of	cell	present,	is	known	as	an	osteoclast,	responsible	for	the	breakdown	of	old	

ECM.	These	cells	work	in	homeostasis	with	osteoblasts	to	ensure	that	removal	and	production	

of	bone	are	kept	in	balance.	Any	disturbances	to	this	balanced	process	can	result	in	pathology	

(43,	44).	
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Histologically,	 bone	 tissue	 is	 known	 to	 have	 two	 variations;	 cortical	 (compact)	 bone,	 and	

trabecular	 (cancellous)	 bone.	 In	 cortical	 bone	 the	 buildings	 blocks	 are	 known	 as	 osteons.	

Around	a	central	canal	are	layers	of	concentric	lamellae.	Within	these	lamellae	are	osteocytes	

which	have	become	embedded.	The	osteocytes	communicate	with	each	other	through	small	

channels	 known	 as	 canaliculi.	 Blood	 vessels	 run	 through	 the	 central	 canal	 and	 reach	

osteocytes	via	transverse	perforating	canals	known	as	Volkmann’s	canals.	Trabecular	bone	is	

always	located	on	the	inside,	surrounded	by	cortical	bone.	The	basic	units	of	trabecular	bone	

are	trabeculae	which	are	composed	of	lamella,	forming	a	three-dimensional	interconnecting	

lattice.	The	lattice	is	aligned	along	lines	of	stress	and	has	gaps	between	each	lamella,	which	

contain	bone	marrow.	The	purpose	of	trabecular	bone	is	to	reduce	bone	density,	to	enable	

movement	of	bone	(41-43).	

	

1.6	Cartilage	Ultrastructure	

Cartilage	is	an	avascular	connective	tissue,	which	is	composed	of	cells	known	as	chondrocytes	

and	a	specialised	ECM.	Three	types	of	cartilage	exist	with	varied	compositions,	 relating	 to	

their	function	and	location	in	the	body	(41).	Ochronosis	occurs	in	all	collagenous	connective	

tissues,	but	occurs	predominantly	in	weight	bearing	joints	(32).	As	hyaline	cartilage	coats	the	

articular	surfaces	of	these	joints,	it	will	be	described	in	greater	detail	(45).		Articular	cartilage	

is	present	on	the	surface	of	joints	for	its	ability	to	provide	a	smooth	surface.	This	facilitates	

movement	 between	 joints	 and	 evenly	 distributes	 the	 load	 to	 the	 underlying	 subchondral	

bone	 (46).	 The	 strength	 and	 resilience	 of	 articular	 cartilage	 is	 achieved	 through	 complex	

interactions	between	collagen,	proteoglycans,	chondrocytes	and	water	(46).		
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Chondrocytes	are	responsible	for	collagen	synthesis.	Collagen	is	present	in	large	quantities	

(90%)	in	the	ECM,	and	makes	up	60%	of	the	dry	weight	of	articular	cartilage.	Type	II	collagen	

is	 the	main	type	of	collagen	present	 in	articular	cartilage.	Other	types	of	collagen	are	also	

present,	 and	 they	 aid	 in	 forming	 and	maintaining	 the	 structure	 of	 type	 II	 collagen.	 Three	

proteoglycan	 chains,	 present	 within	 each	 collagen	 fibril,	 arrange	 themselves	 into	 a	 triple	

helical	molecule,	 formed	by	disulphide	bonds	between	and	within	the	chains.	These	triple	

helix	structures	provide	articular	cartilage	with	sheer	and	tensile	strength	(45,	46).	

	

Proteoglycans	are	macromolecules	which	exist	in	the	ECM	of	articular	cartilage,	making	up	

10%	of	the	wet	weight.	Aggrecan	is	the	main	proteoglycan	found	in	articular	cartilage.	Several	

chondroitin	 sulphate	 (CS)	 and	 keratan	 sulphate	 glycosaminoglycan	 (GAG)	 molecules,	 are	

attached	 to	 a	 core	 protein	 via	 sugar	 bonds	 to	 form	 the	 proteoglycan	 molecule.	 These	

molecules	 are	 highly	 negatively	 charged;	 this	 attracts	 cations	 and,	 due	 to	 an	 increase	 in	

osmotic	pressure,	attracts	water.	Water	is	the	main	contributing	factor	to	articular	cartilage,	

making	up	approximately	80%	of	the	wet	weight	of	cartilage.	Water	is	known	to	withstand	

high	pressures.	Therefore,	this	arrangement	serves	to	provide	the	cartilage	with	compressive	

strength	(45-47).	Hyaluronic	acid	(HA)	another	GAG,	is	another	important	component	of	the	

ECM	(41).	The	aggrecan	molecule,	via	a	link	protein,	binds	non-covalently	to	HA.	HA	therefore	

acts	 as	 a	 binding	 site	 for	 several	 aggrecan	 molecules	 resulting	 in	 a	 large	 proteoglycan	

aggregate	(45).		

	

Histologically	articular	 cartilage	consists	of	 four	 zones	 (I-IV)	 (Fig.	1.3).	 The	 superficial	 zone	

(zone	I)	is	responsible	for	protecting	the	lower	layers	from	sheer	stress,	and	acts	as	a	barrier	

preventing	 large	 molecules	 from	 entering	 the	 cartilage.	 The	 collagen	 fibrils	 are	 arranged	
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parallel	to	the	articular	surface,	and	are	coated	by	a	thin	film	of	lubricating	synovial	fluid.	This	

arrangement	provides	a	smooth	gliding	surface	for	the	cartilage.	Damage	to	this	structure	

results	 in	 changes	 to	 the	 mechanical	 property	 of	 cartilage,	 which	 is	 thought	 to	 be	 a	

contributing	factor	to	the	pathogenesis	of	OA.	The	transitional	zone	(zone	II)	has	its	collagen	

fibrils	arranged	at	an	oblique	angle,	enabling	the	compressive	forces	to	be	transferred	to	the	

deep	layer.	The	deep	radial	zone	(zone	III)	has	collagen	fibres	arranged	perpendicular	to	the	

articular	surface,	enabling	them	to	resist	compressive	forces	and	evenly	distribute	load.	The	

chondrocytes	in	zones	II	and	III	are	spherical,	unlike	zone	I	where	they	are	flat	and	arranged	

in	a	layer.	The	calcified	zone	(zone	IV),	the	final	layer,	has	a	distinct	boundary	between	the	

calcified	and	uncalcified	cartilage,	known	as	the	tidemark.	Zone	 IV	 is	responsible	 for	 fixing	

cartilage	 to	 the	 subchondral	 bone.	 The	 chondrocytes	 in	 this	 zone	 are	 hypertrophic	 in	

appearance	and	produce	type	X	collagen	(45-47).		

	

	

	

	

	

	
	

Fig.	1.3.	Adapted	from	reference	(47).	Image	shows	the	zonal	layers	of	articular	cartilage.		
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1.7	MG63	and	C20		

For	the	purposes	of	this	research	two	cell	lines	will	be	used	as	in	vitro	models	to	demonstrate	

the	pathogenesis	of	AKU.	C20	cells	are	immortalised	human	chondrocytes,	which	characterise	

the	 properties	 of	 cartilage.	 Previous	 experiments	 have	 shown	 that	 pigment	 deposition	 is	

observed	 intra-	 and	 extracellularly,	 which	 replicates	 the	 pathological	 picture	 of	 articular	

cartilage	in	vivo	(2,	25).	MG63	cells	are	osteosarcoma	cell	lines.	They	have	been	used	as	an	in	

vitro	model	to	investigate	ochronosis.	Unlike	in	vivo,	these	cells	have	shown	that	they	pigment	

both	 intra-	and	extracellularly,	 like	the	C20	cell	 line.	 It	 is	 thought	this	 is	due	to	the	 lack	of	

mineralizing	agents	which	bind	to	collagen.	This	finding	therefore	suggests	that	mineralisation	

of	collagen	serves	as	a	protective	mechanism	against	AKU	(2,	48).	

	

1.8	OA	

OA	 is	 the	most	 common	 form	of	 arthritis,	 commonly	associated	with	ageing	 (49).	OA	 is	 a	

clinical	 diagnosis,	 often	 confirmed	 by	 observing	 structural	 changes	 radiographically.	 The	

changes	that	are	often	seen	include:	loss	of	joint	space	due	to	loss	of	cartilage,	subchondral	

sclerosis,	osteophyte	(new	bone)	formation	at	joint	margins,	and	subchondral	cysts	(50,	51).	

Patients	typically	present	with	joint	pain,	exacerbated	during	exercise	and	alleviated	by	rest.	

Short	periods	of	stiffness	are	also	common,	differentiating	the	condition	from	Rheumatoid	

Arthritis	 (51,	52).	Table	1.1	summarises	the	signs	and	symptoms	that	are	often	associated	

with	OA:	
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Signs		 Symptoms		
• Crepitus		 • Joint	pain	
• Joint	effusion	+/-	inflammation	 • Short	lasting	morning	stiffness		

• Joint	instability	and	muscle	wasting		 • Limitations	in	movements	
	
	
Table	1.1.	Adapted	from	reference	(52).	Table	lists	the	signs	and	symptoms	associated	with	OA.	
	

The	aetiology	of	OA	is	currently	unknown,	which	is	mainly	due	to	multiple	identified	causes	

(50,	52).	The	initiation	of	OA	can	be	thought	to	occur	in	either	of	two	ways:	when	an	abnormal	

load	is	placed	on	articular	cartilage	of	normal	structure,	or	when	a	normal	load	is	placed	on	

articular	 cartilage	with	 an	 abnormal	 structure	 (53).	 This	 results	 in	 an	 imbalance	 between	

anabolic	and	catabolic	activities	of	chondrocytes	(Fig.	1.4)	(54).	

	

	

	

	

	

	

Fig.	1.4.	Figure	taken	from	reference	 (54).	Cytokines	which	 influence	anabolic	and	catabolic	activities	 in	

chondrocytes.	

	
It	is	suggested	that	stress	on	cartilage	results	in	damage	to	the	ECM,	inducing	a	breakdown	of	

proteoglycans	 and	 type	 II	 collagen.	 It	 is	 thought	 that	 the	 breakdown	 products	 of	 these	

molecules	stimulate	the	production	of	inflammatory	mediators,	specifically	interleukin	1	(IL-

1)	and	tumour	necrosis	factor	a	(TNF-a)	(55).	It	has	been	shown	that	these	are	pro-catabolic	
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Table 1.  Altered functions of osteoarthritic chondrocytes
Increased Decreased
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mediators,	which	upregulate	and	activate	matrix	metalloproteinase	(MMP)	(56).	MMPs	are	a	

group	of	enzymes	produced	by	chondrocytes	and	are	responsible	for	degrading	collagen	and	

proteoglycans.	Specifically,	it	is	the	collagenase,	gelatinase,	stromelysin	and	membrane	type	

1	families	that	are	involved	in	this	process	(52,	57).	In	normal	cartilage,	MMP	activity	is	kept	

in	balance	by	inhibitory	enzymes	and	anabolic	growth	factors	(Fig.	1.5).	Examples	of	inhibitory	

enzymes	are	tissue	inhibitor	of	metalloproteinase	(TIMP),	interleukin	4	(IL-4)	and	interleukin	

10	(IL-10).		Examples	of	anabolic	growth	factors	include	insulin-like	growth	factor	(IGF-1)	and	

transforming	growth	factor	β	(TGF-β).	In	OA,	due	to	repetitive	mechanical	stress,	there	is	an	

imbalance	resulting	in	greater	expression	of	MMP.	This	outmatches	inhibitory	and	anabolic	

factors	resulting	in	the	pathogenesis	of	OA	(54,	57,	58).	

	

There	is	an	initial	compensation	period	by	chondrocytes,	where	there	is	an	overproduction	of	

ECM	content	and	cloning	of	chondrocytes	in	an	attempt	to	prevent	an	overall	loss	of	ECM.	

However,	these	cells	eventually	fail	to	match	the	degradation	of	articular	ECM,	resulting	in	an	

overall	degradation	of	cartilage	(59).	This	imbalance	between	anabolic	and	catabolic	activity	

results	in	loss	of	proteoglycans	and	cleavage	of	type	II	collagen.	This	leads	to	an	influx	of	water	

into	 the	 cartilage,	 resulting	 in	 loss	 of	 function	 of	 articular	 cartilage.	No	 longer	 having	 the	

ability	to	withstand	tensile	stresses	and	compression,	articular	cartilage	undergoes	physical	

changes,	leading	to	the	characteristic	radiographic	appearance	of	OA	(49,	54).	
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Fig.	1.5.	Taken	from	Reference	(54).	Components	involved	in	the	breakdown	of	cartilage	in	OA.	

	
OA	and	AKU	share	some	common	clinical	characteristics.	Ochronotic	osteoarthropathy	can	

be	viewed	as	an	extreme	form	of	OA.	Therefore,	it	is	theorised	that	by	using	an	in	vitro	model	

to	study	AKU,	novel	discoveries	can	be	made	in	relation	to	OA	(1,	60).		

	

1.9	The	Role	of	Superoxide	Dismutase	in	AKU	Pathogenesis				

Superoxide	Dismutase	(SOD)	are	enzymes	found	in	a	wide	variety	of	living	organisms,	and	are	

responsible	for	the	conversion	of	superoxide	free	radicals	into	hydrogen	peroxide	and	oxygen.	

Three	 variants	 of	 SOD	 exist	within	 the	 body,	 and	work	 as	 part	 of	 the	 cellular	 antioxidant	

defence	mechanism.	SOD	1	(CuZnSOD)	and	SOD	2	(MnSOD)	are	found	intracellularly;	SOD	1	

is	present	in	the	cytoplasm	and	SOD	2	in	mitochondria.		SOD	3	(extracellular	SOD)	is	found	in	

the	ECM,	bound	to	negatively	charged	proteoglycans	and	collagen	fibril.		The	role	of	SOD	is	to	

prevent	the	over-accumulation	of	ROS,	specifically	the	superoxide	anion.	Whilst	superoxide	

anions	are	important	for	cellular	metabolism	and	intercellular	signalling,	overproduction	can	

lead	to	loss	of	cellular	integrity	and	in	some	cases,	apoptosis	(61-63).		
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Superoxide	anions	are	 the	ROS	primarily	produced	 in	 the	body	as	a	by-product	of	cellular	

metabolism	and	inflammatory	processes.		SOD	is	therefore	produced	in	a	variety	of	tissues,	

including	articular	cartilage,	with	the	aim	of	maintaining	superoxide	anions	at	a	viable	level	

(63-65).	OA	and	AKU	share	similar	pathophysiological	mechanisms.	It	has	been	shown	that	in	

human	joints	affected	with	OA,	there	is	an	overproduction	of	superoxide	anions	during	the	

inflammatory	process.	Experiments	in	mice	have	also	shown	an	accumulation	of	ROS	prior	to	

structural	changes	in	cartilage.	This	accumulation	was	accompanied	by	an	early	decrease	in	

SOD,	 suggesting	 that	 it	 is	 implicated	 in	 the	 early	 initiation	 of	 OA.	 It	 can	 therefore	 be	

hypothesised	that	a	potential	deficit	of	SOD	in	articular	cartilage	of	patients	with	AKU,	may	

be	a	contributing	factor	to	its	pathogenesis	(1,	60,	63,	65).		

	

It	 is	currently	not	known	where	 in	the	body	ochronosis	 is	 initiated.	Studies	however,	have	

shown	that	fresh	serum	and	urine	samples	from	AKU	patients	only	contain	HGA	molecules.	

These	 results	 suggest	 that	 in	 vivo,	HGA	 is	 a	 stable	molecule	 and	 that	 polymerisation	only	

occurs	in	collagenous	areas	such	as	articular	cartilage	(8,	66,	67).	During	the	polymerisation	

process,	HGA	is	oxidised	to	form	BQA	(7).	However,	normal	articular	cartilage	is	avascular	and	

therefore	has	a	hypoxic	environment	(45,	68).	It	is	possible	that	HGA	utilises	ROS	to	initiate	

the	polymerisation	process	(69).	Trauma	or	focal	damage	to	articular	cartilage	is	thought	to	

be	a	key	factor	in	the	initiation	of	ochronosis.	The	resultant	inflammatory	process	is	known	

to	produce	superoxide	anions	in	excess.	This	would	suggest	that	superoxide	anions	are	likely	

to	be	the	ROS	utilised	by	HGA	(1,	65).	If	this	is	the	case,	it	is	plausible	to	hypothesise	the	use	

of	SOD	in	the	prevention	of	ochronosis.			
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As	previously	stated,	in	patients	with	AKU	there	are	thought	to	be	protective	factors	which	

are	removed	in	the	third	and	fourth	decades	of	life,	resulting	in	the	clinical	manifestations	of	

AKU	(1,	30,	60).	SOD	may	be	one	of	those	protective	factors	which	is	inhibited	by	IL-6	during	

mechanical	 stress	 (25,	 33,	 34).	 This	 enables	 ROS	 produced	 by	 polymerisation	 of	 HGA	 to	

damage	 proteoglycans.	 Loss	 of	 proteoglycans	 from	 the	 ECM	 is	 thought	 to	 enable	

pigmentation	 (1,	 15).	 This	 hypothesis	 can	 be	 further	 supported	 as	 there	 has	 been	 no	

published	evidence	of	ochronotic	pigment	deposition	in	skeletal	muscle	or	lung	tissue.	This	

can	be	thought	of	as	an	anomaly,	as	ochronotic	pigment	has	an	affinity	for	collagenous	tissue	

(32).	It	therefore	appears	there	are	factors	present	which	prevent	ochronosis	in	the	collagen	

of	skeletal	and	lung	ECM	(70,	71).	Both	tissues	require	high	levels	of	aerobic	cellular	activity,	

which	produces	ROS	as	a	by-product.	To	prevent	accumulation	of	ROS,	high	levels	of	SOD	are	

present	within	these	cells	to	maintain	a	fine	balance.	It	could	be	suggested	that	this	high	level	

of	SOD	protects	proteoglycans	in	skeletal	and	lung	ECM	from	ochronosis.	This	provides	further	

reason	to	suggest	SOD	as	a	viable	protective	mechanism	in	cartilage	against	AKU	(61,	64,	72-

74).	 It	 can	 therefore	 be	 suggested	 that	 SOD	 may	 not	 only	 have	 a	 preventative	 role,	 by	

preventing	the	initiation	of	ochronosis,	but	it	may	also	have	a	protective	role,	by	preventing	

pigments	from	binding	to	collagen	fibrils	(Fig.	1.6).		
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Fig.	 1.6.	 Schematic	 representation	 of	 the	 proposed	 role	 superoxide	 anions	 have	 in	 the	 initiation	 of	

ochronosis,	and	their	role	in	enabling	the	binding	of	ochronotic	pigment	to	collagen	fibrils.	In	normal	aging	

superoxide	anions	are	involved	in	cartilage	degradation,	suggesting	its	role	in	the	pathogenesis	of	OA.	In	

AKU	 this	 process	 is	 accelerated	 due	 to	 the	 polymerisation	 of	 HGA	 in	 conjunction	 with	 normal	 aging	

processes.	The	diagram	indicates	the	reactions	SOD	is	likely	to	target	to	prevent	the	process	of	ochronosis	

from	occurring.		

	
For	the	purposes	of	this	research	SOD	from	bovine	erythrocytes	was	used,	due	to	its	

suitability	for	cell	culture.	Erythrocytes	contain	cytoplasm	but	lack	organelles,	and	therefore	

lack	mitochondria.	CuZnSOD	is	therefore	the	SOD	used	in	these	experiments.	This	SOD	is	

extracted	from	erythrocytes,	purified	and	stored	in	powder	form.	It	is	not	known	where	this	

enzyme	acts,	however	due	to	the	intact	membranes	of	live	cultured	cells,	it	is	likely	to	act	

mainly	in	the	ECM.	Therefore,	for	the	purposes	of	the	following	experiments	SOD	is	

speculated	to	act	in	a	similar	manner	to	extracellular	SOD	(43,	75).		

	

1.10	Raman	Spectroscopy		

Raman	spectroscopy	is	a	non-destructive	spectroscopic	method	which	provides	quantitative	

and	qualitative	information	of	samples	(76,	77).	A	laser	beam	of	single	wavelength	interacts	
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with	samples,	causing	light	to	scatter	upon	contact	(76).	Scattering	can	be	either	elastic	or	

inelastic	in	nature	(78).		

	

Elastic	 scattering	 occurs	 when	 there	 is	 no	 exchange	 of	 energy	 between	 the	 sample	 and	

incident	light.	This	means	the	scattered	light	has	the	same	amount	of	energy	as	the	incident	

light.	Elastic	scattering	is	termed	Rayleigh	scattering,	and	the	majority	of	light	is	scattered	in	

this	fashion.	Inelastic	scattering,	known	as	Raman	scattering,	is	also	generated.	This	type	of	

scattering	 is	used	to	generate	a	detailed	chemical	analysis	of	a	sample’s	structure.	Raman	

scattering	results	from	an	exchange	of	energy	between	the	incident	light	and	sample.	This	

means	that	the	scattered	light	has	less	energy	(stokes	scatter),	or	more	energy	(anti-stokes	

scatter)	 than	 the	 incident	 light.	 Change	 in	 energy	 results	 in	 an	 associated	 change	 in	

wavelength	of	scattered	light.	The	changes	in	wavelength	are	dependent	on	the	molecular	

bonds	present	within	the	sample,	resulting	in	a	unique	fingerprint	for	each	sample	(77-79).		

	

The	wavelengths	of	 the	Raman	scatter	are	plotted	as	a	spectrum	of	 intensity	 (a.u)	against	

wavenumbers	 (cm-1)	 (79).	 Qualitative	 analysis	 provides	 details	 about	 the	 structure	 of	 the	

sample	studied,	while	quantitative	analysis	provides	information	about	the	relative	amounts	

of	analyte	present	in	the	sample	(77).	Therefore,	using	this	spectral	technique,	it	is	thought	

that	structural	changes,	if	present,	can	be	identified	in	an	in	vitro	model	of	AKU.			

	

1.11	Summary		

AKU	is	a	rare	autosomal	recessive	condition,	resulting	in	a	triad	of	clinical	manifestations	(2).	

Homogentisic	aciduria	is	the	earliest	clinical	feature	of	AKU	(8,	15).	Pigment	formation	then	
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begins	 to	 occur	within	 the	 body,	 from	 the	 third	 decade	 onwards.	 Ochronosis	 occurs	 in	 a	

variety	of	collagenous	tissues.	HGA	polymerises	into	ochronotic	pigment,	and	preferentially	

binds	 to	 cartilage	 in	 joints	 (2,	 26).	 Chronic	 ochronosis	 in	 joints	 results	 in	 the	 third	 clinical	

feature,	ochronotic	osteoarthropathy	(30).	Ochronotic	osteoarthropathy	can	be	viewed	as	an	

extreme	form	of	OA.	The	similarities	between	these	two	conditions	have	been	demonstrated	

with	novel	cartilage	and	bone	phenotypes	observed	in	both	conditions	(31,	80).	This	means	

that	 discoveries	made	 from	 research	 in	 AKU	 can	 also	 have	 potential	 implications	 for	 the	

understanding	of	the	pathophysiology	of	OA.		

	

Many	advances	have	been	made	in	the	study	and	understanding	of	AKU.	The	defective	gene	

has	been	identified	and	located	on	chromosome	3q2	(1,	8).	In	vitro	and	mouse	models	have	

been	established,	which	are	synonymous	with	the	human	condition	(12,	48).	These	recent	

discoveries	have	enabled	the	evaluation	of	joint	pathology	and	testing	of	novel	therapeutic	

interventions,	such	as	Nitisinone,	currently	undergoing	human	trials	(13,	14).	

	

SOD	is	an	enzyme	responsible	for	the	conversion	of	superoxide	free	radicals	into	hydrogen	

peroxide	 and	 oxygen	 (61).	 Studies	 have	 shown	 that	 ROS	 are	 involved	 in	 the	 OA	 disease	

process	due	to	a	decrease	in	SOD	(63).	Due	to	OA	and	AKU	sharing	similar	pathophysiological	

mechanisms,	 it	 can	 be	 hypothesised	 that	 a	 potential	 deficit/inactivity	 of	 SOD	 in	 articular	

cartilage	of	patients	with	AKU,	may	be	a	contributing	factor	to	its	pathogenesis	(1,	25).	

	

Structural	 analysis	 has	 enabled	 significant	 advancement	 in	 AKU	 research,	 such	 as	 the	

discovery	of	novel	cartilage	and	bone	phenotypes	(80).	It	is	therefore	likely	that	using	a	novel	

analytical	 technique	 will	 provide	 new	 insights	 into	 the	 pathogenesis	 of	 AKU.	 Raman	
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spectroscopy,	 a	 non-destructive	 spectroscopic	method,	will	 therefore	 be	 used	 to	 observe	

chemical	changes	in	an	in	vitro	model	of	ochronosis	(76,	77).	

	

1.14	Statement	of	Aims	

This	study	will	aim	to	further	existing	knowledge	of	AKU.	This	will	be	achieved	by:	

1. Observing	the	effects	of	SOD	in	an	AKU	disease	model.		

2. Observing	any	structural	changes	to	cell	cultures	in	a	disease	model	of	AKU	via	Raman	

spectroscopy.				

	

An	 in	vitro	model	will	be	used	to	observe	the	effect	of	different	concentrations	of	SOD	on	

MG63	and	C20	cell	lines.	This	experiment	will	aim	to	assess	the	highest	concentration	of	SOD	

that	can	maintain	cell	viability.	Using	the	concentration	determined	from	this	experiment,	

another	experiment	will	be	set	up	to	see	if	pigmentation	occurs	in	cell	lines	with	and	without	

SOD,	upon	addition	of	HGA.	This	may	give	some	novel	 insights	 into	the	pathophysiological	

mechanism	of	ochronosis,	and	lend	evidence	to	suggest	that	SOD	is	a	protective	mechanism	

which	prevents	ochronosis.	If	this	is	the	case,	SOD	may	have	implications	to	future	therapeutic	

approaches	in	AKU.	

	

An	in	vitro	model	of	each	cell	line	will	be	set	up	and	treated	with	HGA.	Raman	spectroscopy	

will	then	be	used	in	an	attempt	to	identify	structural	changes	to	cells	and	their	matrix	upon	

addition	of	HGA.	If	there	are	structural	differences,	it	may	be	possible	to	implement	Raman	

spectroscopy	in	a	clinical	setting	as	a	diagnostic	tool.	
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Chapter	2	-	Materials	and	Methods	

2.1	Materials		

Dulbecco's	modified	eagle's	medium	(DMEM)	for	MG63	and	DMEM	with	Hams	F12	1:1	for	

C20,	 were	 purchased	 pre-mixed	 with	 5ml	 (1%)	 L-Glutamine	 (Sigma	 Aldrich,	 UK).	 Both	

mediums	 were	 then	 supplemented	 with	 50ml	 (10%)	 foetal	 calf	 serum	 (FCS)	 (Appleton	

Woods),	and	5ml	(1%)	penicillin/streptomycin	(P/S)	(Sigma	Aldrich,	UK),	in	sterile	conditions.	

All	DMEM	was	stored	at	2-	4°C.	FCS	was	aliquoted	into	25ml	universals	(Appleton	Woods)	and	

P/S	 aliquoted	 into	 5ml	 bijous	 (Appleton	Woods).	 Both	were	 stored	 at	 -20°C	 until	 further	

required.		

	

Trypsin	 EDTA	 (Sigma	Aldrich,	UK)	was	 aliquoted	 into	 5ml	 bijous	 and	 stored	 at	 -20°C	 until	

further	required.	

	

25cm3	cell	culture	flasks	were	obtained	from	laboratory	store	supplies.		

	

2.1.1	Phosphate	Buffer	Solution	Preparation		

10M	stock	of	phosphate	buffer	solution	(PBS)	was	made	in	the	laboratory	and	stored	at	room	

temperature.	When	required	this	solution	was	diluted	down	to	1M	PBS	and	autoclaved.		

	

2.1.2	SOD	Preparation		

SOD	from	bovine	erythrocytes	(Sigma	Aldrich,	UK)	was	prepared	as	detailed	in	the	supplier’s	

instructions	and	aliquoted	into	Eppendorf’s	at	2000	units	per	ml.	One	unit	of	SOD	is	defined	

as	 the	 number	 of	 enzymes	 needed	 to	 convert	 50%	 of	 superoxide	 anions	 into	 hydrogen	
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peroxide	and	water,	preventing	the	reduction	of	cytochrome	c	(75).		SOD	was	stored	at	-20°C	

until	further	required.	

	

2.1.3	HGA	Preparation		

HGA	stock	solution	was	prepared	by	adding	100mg	of	HGA	crystalline	(Sigma	Aldrich,	UK)	to	

5.95ml	of	PBS,	resulting	in	0.1M	HGA	solution.	This	was	stored	at	-20°C	until	further	required.		

	

2.2	Cell	Culture	

C20	 immortalised	 chondrocytes	 were	 a	 kind	 gift	 from	 Dr.	Mary	 B.	 Goldring	 (Hospital	 for	

Special	 Surgery,	 NY,	 USA)(81).	 MG63	 osteosarcoma	 cells	 were	 obtained	 from	 laboratory	

stocks.	Both	cell	lines	were	cultured	in	25cm3	culture	flasks	containing	DMEM	for	MG63,	and	

DMEM	with	Hams	F12	1:1	for	C20.	

	

Cells	were	passaged	every	three	days	in	a	clean	laminar	flow	hood.		The	DMEM	was	removed	

from	both	cell	lines	and	the	plates	were	washed	once	with	PBS.	2.5ml	of	trypsin	EDTA	was	

added	to	the	cultures	and	then	incubated	at	37°C,	to	detach	the	cell	layer	from	the	base	of	

the	flasks.	The	action	of	trypsin	EDTA	was	halted	by	adding	12.5ml	of	DMEM	or	DMEM	with	

Hams	F12	1:1,	to	the	respective	culture	flasks.	This	15ml	cell	suspension	was	then	vortexed	

to	remove	any	cell	clumps,	and	then	distributed	evenly	(5ml)	into	three	new	25cm3	culture	

flasks.	The	flasks	were	then	supplemented	with	5ml	of	fresh	medium	each.	The	flasks	were	

stored	in	an	incubator	in	a	humidified	atmosphere	of	95%	air	and	5%	CO2	for	three	days,	until	

the	point	of	confluency,	before	being	passaged	again	(82).		
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2.3	Experiment	I	-	The	Effects	of	SOD	on	C20	and	MG63	Cell	Lines		

2.3.1	Preparation	of	Samples		

Following	 the	 incubation	 period,	 one	 flask	 of	 each	 cell	 type	 displaying	 greater	 than	 80%	

confluence	was	selected.	The	culture	medium	was	removed	and	the	cells	were	washed	with	

10mls	of	PBS	and	incubated	for	5	minutes	with	2.5ml	of	trypsin	EDTA.	This	cell	suspension	

was	then	placed	in	a	centrifuge	and	spun	at	900rpm,	for	5	minutes	at	18°C,	resulting	in	the	

sedimentation	 of	 cells.	 The	 trypsin	 EDTA	 supernatant	 was	 removed	 and	 1ml	 of	 culture	

medium	was	added	to	re-suspend	the	cell	lines,	using	a	vortex.	10μL	of	cell	suspension	was	

injected	into	a	disposable	C-Chip	haemocytometer	(Labtech),	and	cells	were	counted	under	a	

light	microscope.	The	mammalian	cell	counting	formula	(Fig.	2.1)	was	then	used	to	provide	

the	appropriate	number	of	cells	per	ml.	Cells	from	each	cell	line	were	plated	at	5	x	103	cells	

per	well,	into	a	24	well	plate	each.	Cells	were	left	to	culture	for	three	days.		

	

𝐶𝑒𝑙𝑙𝑠	𝑝𝑒𝑟	𝑚𝑙 = 	
𝑐𝑒𝑙𝑙𝑠	𝑖𝑛	5	𝑙𝑎𝑟𝑔𝑒	𝑠𝑞𝑢𝑎𝑟𝑒𝑠	

5 	×	𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟	×109	

	

Fig.	2.1.	Taken	from	reference	(83).	Mammalian	cell	counting	formula.	A	dilution	factor	of	1	was	used	when	

preparing	samples.	

	

After	3	days,	the	plates	were	treated	with	medium	supplemented	with	varying	concentrations	

of	SOD	(Table	2.1	and	2.2).	The	cells	were	cultured	in	these	conditions	for	seven	days,	with	a	

medium	 change	 after	 three	 days.	 All	 supernatants	 were	 pipetted	 into	 labelled	 sterile	

Eppendorf’s	and	stored	at	-20°C	for	further	analysis	(84).	
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Table	2.1.	Concentrations	of	SOD	used	for	each	column	of	cultured	C20	and	MG63	cells.	

	

Table	2.2.		The	volume	of	medium	and	stock	SOD	used	to	achieve	the	required	concentrations	listed	in	Table	

2.1.	Solutions	were	prepared	in	5ml	bijou	jars	prior	to	being	aliquoted	into	each	well	of	the	corresponding	

column	at	1ml/well.	

	

2.3.2	Trypan	Blue	Exclusion	Assay	to	Assess	Cell	Viability		

Following	 treatment	 for	 seven	 days,	 the	 supernatant	 was	 removed	 and	 stored	 in	 sterile	

Eppendorf’s	for	further	analysis.	0.5ml	of	trypsin	EDTA	was	added	to	each	well	to	detach	cells	

from	the	bottom	of	the	well.	The	culture	plate	was	then	incubated	for	5	minutes	to	enable	

optimal	conditions	for	the	enzyme.	The	cell	suspensions	from	each	of	the	wells	with	the	same	

treatment	were	pipetted	into	a	labelled	25ml	universal.	The	universal	was	then	spun	down	in	

a	balanced	centrifuge	at	900rpm	at	18oC	for	5	minutes.		

	

The	 trypsin	 EDTA	 supernatant	 was	 poured	 off	 and	 the	 remaining	 cell	 pellets	 were	 re-

suspended	with	PBS,	at	a	ratio	of	1ml/well.	0.1ml	of	this	cell	suspension	was	mixed	with	0.1ml	

of	trypan	blue,	in	a	sterile	Eppendorf,	resulting	in	a	dilution	factor	of	2	(Fig.	2.2).	10µl	of	this	

	 1	 2	 3	 4	 5	 6	
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mixture	 was	 pipetted	 into	 a	 C-Chip	 haemocytometer,	 and	 a	 mammalian	 cell	 count	 was	

performed	under	a	light	microscope	of	the	total	number	of	cells	and	blue	stained	cells.	

	

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠 + 𝑣𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑇𝑟𝑦𝑝𝑎𝑛	𝐵𝑙𝑢𝑒		
𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝐶𝑒𝑙𝑙𝑠	 	

	

Fig.	2.2.	Formula	for	calculating	the	dilution	factor	for	trypan	blue	exclusion	assay.	

	
2.3.3	Statistical	Analysis		

The	cell	counts	were	used	to	determine	percentage	viability	(Fig.	2.3).	The	experiment	used	

one	biological	 replicate	 for	each	cell	 line.	Each	 treatment	group	was	 set	up	as	a	 technical	

replicate	of	four	in	the	24-well	plate.	The	mean	and	standard	error	of	the	mean	(SEM)	were	

calculated	for	each	treatment	group,	using	the	four	technical	replicates	from	the	same	cell	

line	(n=1).		The	analysis	was	performed	using	GraphPad	Prism	7	software	(GraphPad	Software	

Inc.	USA).			

	

%	viable	cells	 = 1.00 −	
Number	of	blue	cells
Number	of	total	cells ∗ 100	

	

Fig.	2.3.	Formula	for	calculation	of	percentage	viability	following	trypan	blue	exclusion	assay.	
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2.4	Experiment	II	–	The	Effects	of	SOD	on	an	in	vitro	Model	of	Ochronosis		

2.4.1	Effects	of	SOD	and	HGA	on	Cell	Viability	

	Each	cell	line	was	seeded	into	a	24	well	plate	at	a	density	of	5	x	103	cells	per	well	as	described	

above,	and	allowed	to	grow	for	3	days	prior	to	treatment.	Cells	were	treated	with	medium	

supplemented	with	HGA	and/or	SOD	(Table	2.3	and	Table	2.4).	The	supplemented	medium	

was	aliquoted	at	1ml/well,	with	each	row	of	the	24	well	plate	considered	as	one	treatment	

arm.	The	treatment	medium	was	changed	after	every	third	day	and	the	supernatants	spun	

down	and	stored	at	-20°C	in	 labelled	sterile	Eppendorf’s,	until	 further	required.	Cells	were	

grown	for	either	7	or	14	days.	At	these	time	points	cell	layers	were	washed,	trypsinised	and	

counted,	using	disposable	C-Chip	haemocytometers.	Trypan	blue	exclusion	assay	was	used	to	

determine	cell	viability.	

	

	
	
Table	2.3.	Concentrations	of	HGA	and/or	SOD	used	for	each	row	of	cultured	C20	and	MG63	cells.	
	
	
	
	
	
	
	
	
	
	
	

	 A	 B	 C	 D	 E	 F	
1	 Control	–	DMEM	with	Ham’s	F12	(1:1)	or	DMEM	dependant	on	cell	line	
2	 HGA	–	DMEM	with	Ham’s	F12	(1:1)	or	DMEM	dependant	on	cell	line	+	HGA	at	

33µM	
3	 SOD	-		DMEM	with	Ham’s	F12	(1:1)	or	DMEM	dependant	on	cell	line	+	SOD	at	

0.5units/ml	
4	 HGA	+	SOD	-		DMEM	with	Ham’s	F12	(1:1)	or	DMEM	dependant	on	cell	line	+	HGA	

at	33µM	+	SOD	at	0.5units/ml	
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Table	2.4.	The	volume	of	medium,	stock	HGA	and	stock	SOD	used	to	achieve	the	required	concentrations	

listed	in	Table	2.3.	Solutions	were	prepared	in	25ml	universals	prior	to	being	aliquoted	into	each	well	of	the	

corresponding	row	at	1ml/well.	The	solution	was	aliquoted	into	2	X	24	well	plates.	One	plate	was	used	to	

assess	cell	viability,	the	other	plate	was	used	for	quantification	of	pigment	deposition	using	Schmorl’s	stain.	

	

2.4.2	Statistical	Analysis		

The	 cell	 counts	 were	 used	 to	 determine	 percentage	 viability.	 The	 experiment	 used	 one	

biological	replicate	for	each	cell	line.	Each	treatment	group	was	set	up	as	a	technical	replicate	

of	three	in	the	24-well	plate	for	day	7	and	day	14.	The	mean	and	SEM	were	calculated	for	

each	treatment	group,	using	the	three	technical	replicates	from	the	same	cell	line	(n=1).		The	

analysis	was	performed	using	GraphPad	Prism	7	software.	

	

2.4.3	Identification	and	Quantitation	of	Ochronotic	Pigment	Deposition	in	vitro	

2.4.3.1	Preparation	of	10%	Phosphate	Buffered	Formalin	Solution		

• 100ml	formalin	(37-40%	stock	solution)		

• 900ml	water		

• 4g/L	NaH2PO4	(monobasic)	

• 6.5g/l	Na2HPO4	(dibasic)		

Materials	were	purchased	from	Sigma	Aldrich,	UK.	

	 A	 B	 C	 D	 E	 F	
1	 Control	–	13ml	DMEM	

2	 HGA	–	4.29µl	HGA	stock	+	12	996.75µl	DMEM	

3	 SOD	–	3.25µl	SOD	stock	+	12	996.74µl	DMEM	

4	 HGA	+	SOD	-		4.29µl	HGA	stock	+	3.25µl	SOD	stock	+	12	992.46µl	DMEM	
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2.4.3.2	Preparation	of	Schmorl’s	Stain	

• 37.5ml	ferric	chloride	solution	1%	(freshly	prepared)	

• 5ml	potassium	ferricyanide	solution	1%	

• 7.5ml	distilled	water		

Mix	 the	 above	 and	 use	 within	 one	 hour	 (85).	 Materials	 were	 purchased	 from	 Sigma	

Aldrich,	UK.	

	

2.4.3.3	Schmorl’s	Staining	and	Analysis	of	Samples	

The	 cell	 lines	were	 each	 seeded	at	 a	 density	 of	 5	 x	 103	 cells	 per	well,	 into	 24	well	 plates	

containing	sterile	13mm	glass	cover	slips	at	the	bottom	of	each	well.	These	plates	were	setup	

and	were	treated	as	described	previously	(Table	2.3	and	2.4).	At	day	7	and	day	14	the	medium	

was	spun	down	and	stored	at	-20°C,	in	labelled	sterile	Eppendorf’s	for	further	analysis.	The	

glass	cover	slips	were	rinsed	with	PBS	and	then	fixed	 in	10%	phosphate	buffered	formalin	

solution	(PBFS).	Following	fixation,	cells	were	stored	at	2-	4°C	for	at	least	24	hours.	The	PBFS	

was	then	removed	and	the	cover	slips	were	rinsed	with	1ml	of	PBS	and	left	for	another	12	

hours	at	2-	4°C,	prior	to	staining	and	mounting.		

	

The	cover	slips	were	removed	from	the	well	plates	and	rinsed.	They	were	then	immersed	in	

freshly	 prepared	 Schmorl’s	 reagent	 for	 10	 minutes.	 The	 cover	 slip	 was	 washed	 again	 in	

distilled	water	to	remove	any	residual	ferricyanide	and	then	counterstained	using	nuclear	fast	

red	 (Sigma	 Aldrich,	 UK)	 for	 5	minutes.	 The	 cover	 slips	 then	 went	 through	 a	 dehydration	

process	in	graded	levels	of	alcohol	and	xylene	(Fig	2.4),	and	were	then	mounted	onto	labelled	
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glass	slides	using	DPX	microscopy	mountant	(Sigma	Aldrich,	UK).	These	slides	were	then	left	

for	24	hours	on	a	flat	surface	to	dry	prior	to	microscopic	analysis.		

	

Fig.	2.4.	Adapted	from	reference	(86).	The	dehydration	process	for	Schmorl’s	staining,	using	ethanol	and	

xylene.	

	

Digital	images	of	all	coverslips	were	obtained	using	an	Olympus	light	microscope	at	x10	and	

x40	magnification	settings.	Five	random	areas	of	each	cover	slip	were	photographed,	two	of	

which	were	 selected	 for	each	cover	 slip.	Grids	were	overlain	on	each	of	 these	 two	digital	

images:	

	

• At	X10	magnification,	6	grids	were	overlain	on	each	image,	each	grid	covering	30,	000µm2.	

• At	X40	magnification,	3	grids	were	overlain	on	each	image,	each	grid	covering	10,	000µm2.	

	

The	number	of	 blue	pigment	deposits	within	 the	 grids	were	 counted	 for	 each	of	 the	 two	

images.	The	number	of	pigment	deposits	were	then	averaged	and	expressed	per	unit	area	for	

each	image.	This	resulted	in	six	average	counts	of	pigment	deposits	expressed	per	unit	area,	

for	each	treatment	group,	for	each	day	and	magnification	(25,	48,	85).	

	

2.4.4	Statistical	Analysis		

The	experiment	used	one	biological	replicate	for	each	cell	line.	Each	treatment	group	was	set	

up	as	a	technical	replicate	of	three	in	the	24-well	plate	for	day	7	and	day	14.	The	mean	and	
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SEM	for	the	number	of	pigment	deposits	were	derived	for	each	treatment	group,	using	the	

three	technical	 replicates	 from	the	same	cell	 line	 (n=1).	The	analysis	was	performed	using	

GraphPad	Prism	7	software.	

	

2.5	Experiment	III	-	Analysis	of	Sulphated	GAG	Release	in	an	in	vitro	Model	of	

Ochronosis,	Following	Treatment	with	SOD		

2.5.1	Preparation	of	Dimethylmethylene	Blue		

• 1L	water		

• 3.04g	glycine	

• 2.37g	NaCl	

• 95ml	0.1M	HCl	

• 16mg	dimethylmethylene	blue	(DMMB)	reagent	-	1,9-dimethylmethylene	blue		

	

The	solution	was	thoroughly	mixed	and	stored	at	room	temperature	 in	a	brown	bottle	

wrapped	 in	 foil,	 to	 prevent	 interactions	 with	 background	 light	 (87).	 Materials	 were	

purchased	from	Sigma	Aldrich,	UK.	

	

2.5.2	DMMB	Assay	

Two	5ml	samples	of	4mg/ml	CS	solution	were	first	prepared	by	mixing	CS	A	sodium	salt	(Sigma	

Aldrich,	UK),	with	DMEM	with	Hams	F12	1:1	and	DMEM.	The	samples	were	prepared	24	hours	

prior	 to	 analysis,	 enabling	 the	 CS	 to	 fully	 dissolve.	 These	 solutions	 were	 then	 diluted	 to	

prepare	a	working	solution	of	50µg/ml	of	CS.	This	solution	was	then	used	to	prepare	serial	

dilutions	to	generate	a	standard	curve	(Table	2.5).	The	dilutions	were	aliquoted	at	20µL,	as	
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duplicates,	 into	 a	 96	 well	 plate.	 The	 supernatants	 collected	 from	 experiment	 II	 were	

defrosted,	and	20µL	pipetted	into	96	well	plates.	180µL	of	DMMB	solution	was	aliquoted	into	

each	well	 using	 a	multichannel	 pipette.	 The	 absorbance	was	measured	 at	 530nm	using	 a	

photospectrometer	(87).		

	

	
Table	2.5.	Serial	dilutions	of	CS	in	DMEM	used	to	generate	a	standard	curve	for	DMMB	assay.	

	

2.5.3	Statistical	Analysis	

The	supernatants	obtained	 from	experiment	 II	were	used	 for	 this	assay.	The	supernatants	

were	therefore	derived	from	one	biological	replicate	for	each	cell	line.	At	days	4	and	8	the	

supernatant	was	derived	from	a	technical	replicate	of	6,	for	each	treatment	group	(n=1).	At	

days	12	and	14	 the	 supernatant	was	derived	 from	a	 technical	 replicate	of	 three,	 for	each	

treatment	group	(n=1).	The	measured	absorbance	values	were	interpolated	using	a	standard	

curve	 to	 obtain	 corresponding	 concentration	 values	 of	 CS.	 The	 mean	 and	 SEM	 of	 the	

Volume of 50μg/mL stock solution 
(μL) 

Volume of DMEM 
(μL) 

Concentration 
(μg/mL) 

0 20 0 

2.5 17.5 6.25 

5 15 12.5 

7.5 12.5 18.75 

10 10 25 

12.5 7.5 31.25 

17.5 2.5 43.75 

20 0 50 
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concentrations	of	CS	for	each	treatment	group	were	then	calculated	using	GraphPad	Prism	7	

software.	

	

2.6	Experiment	IV	–	Raman	Spectroscopy	of	an	in	vitro	Model	of	Ochronosis		

2.6.1	Preparation	of	Samples	for	Raman	Spectroscopy	Analysis		

Prior	to	passaging	cells,	sterilised	calcium	fluoride	(CaF2)	disks	were	placed	into	25cm3	sterile	

culture	 flasks.	 Each	 cell	 line	was	 then	 passaged	 as	 described	 above	 into	 two	 flasks,	 each	

containing	 a	 CaF2	 disk.	 One	 flask	 was	 left	 untreated	 as	 a	 control.	 The	 other	 flask	 upon	

passaging	 was	 treated	 with	 HGA.	 The	 cell	 medium	 was	 pre-mixed	 with	 HGA	 in	 sterile	

universals,	 to	ensure	a	concentration	of	33µM	of	HGA.	Cells	were	then	 left	 for	three	days	

which	ensured	cells	adhered	to	and	achieved	confluency	on	the	CaF2	disks.	Cells	were	then	

gently	 rinsed	with	PBS	 solution	and	 immersed	 in	 fresh	PBS	on	an	open	petri	dish.	Raman	

spectroscopy	produces	weak	 signals	 for	 PBS	 (88).	 This	 process	 therefore	 ensures	minimal	

interference	 from	 culture	 medium,	 and	 allows	 cells	 to	 maintain	 structural	 integrity	 and	

viability	during	the	spectral	acquisition	period.	

	

2.6.2	Raman	Spectroscopy	Instrumentation	and	Analysis		

Spectroscopic	measurements	were	carried	out	using	a	Renishaw	inVia	Raman	spectrometer	

(Renishaw	Plc.	UK).	A	laser	with	785nm	bandwidth	was	used	for	all	spectral	acquisitions.	The	

instrument	 was	 calibrated	 using	 silicon,	 which	 has	 a	 spectral	 band	 at	 520.5cm-1,	 and	

confirmed	using	polystyrene	at	 the	 spectral	bands	of	1001.4cm-1	and	1031.0cm-1.	 Spectral	

acquisition	 settings	 were	 determined	 using	 a	 spare	 CaF2	 disk,	 using	 C20	 cells	 grown	 in	

confluence.	Various	settings	were	trialled	with	consideration	to	quality	of	data	generated	and	

time	taken	for	each	spectral	acquisition.	Visual	analysis	for	the	optimal	signal	to	noise	ratio,	
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showed	that	the	most	appropriate	setting	was	20	seconds,	with	six	accumulations,	at	100%	

intensity,	with	a	X60	immersion	objective	(Fig.	2.5).	The	spectra	were	measured	across	the	

wavelengths	593.00cm-1	 to	1704.00cm-1,	where	biological	molecules	 are	most	 likely	 to	be	

detected	 (89).	 These	 settings	 were	 applied	 to	 both	 C20	 and	 MG63	 cell	 lines	 for	 all	

measurements.	 The	 experiment	 used	 one	 biological	 replicate	 for	 each	 cell	 line,	 with	 a	

technical	 replicate	 of	 15	 spectral	 acquisitions	 for	 each	 treatment	 group.	 15	 areas	 were	

randomly	 selected	 for	 spectral	 acquisition	 on	 each	 CaF2	 disk,	 to	 ensure	 a	 representative	

sampling	 of	 cell	 and	matrix.	 A	 total	 of	 60	 spectra	were	 acquired	 for	 the	 purposes	 of	 this	

experiment.		

		

Fig.	2.5.	Graph	displaying	various	spectral	acquisition	settings	attempted,	using	an	immersion	objective.	

Visual	analysis	was	 then	performed	 to	 identify	 the	 setting	with	 the	best	 signal	 to	noise	 ratio.	The	most	

appropriate	setting	was	20	seconds	with	six	accumulations	(green).	

	

2.6.3	Data	Pre-Processing	and	Statistical	Analysis		

The	spectra	were	first	baseline	corrected	with	an	11th	order	polynomial,	using	WiRE	software	

(Renishaw	Plc.	UK),	to	minimise	fluorescence	interference	in	all	spectral	acquisitions.	A	min	

max	 normalization	 was	 applied	 using	 peaks	 at	 1150cm-1	 and	 1003cm-1	 (arising	 from	 the	
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Phenylalanine	group),	as	these	bands	did	not	fluctuate	in	signal	strength	across	all	spectra.	

Normalization	 of	 sample	 spectra	 ensures	 the	 concentration	 and	 thickness	 of	 samples	 are	

accounted	for	to	enable	comparability	(79,	90,	91).		

	

Multivariate	 analysis	 using	 principle	 component	 analysis	 (PCA)	 and	 linear	 discriminant	

analysis	(LDA)	was	then	performed	using	MATLAB	software	(The	MathWorks,	USA).	PCA	is	an	

unsupervised	 technique	 used	 to	 find	 the	most	 variance	 in	 the	 dataset.	 It	 is	 a	method	 of	

compressing	 several	 datasets	 (wavenumbers)	 into	 a	 visually	 representable	 dataset,	 by	

focusing	on	the	wavenumbers	with	the	greatest	amount	of	variance.	The	degrees	of	variance	

are	termed	principle	component	(PC)	and	the	axis	with	most	variance	is	termed	PC	1,	the	axis	

with	the	second	highest	variance	is	then	termed	PC	2.	This	continues	until	the	number	of	PCs	

are	the	same	or	less	than	the	number	of	variables.	The	first	three	PCs	are	used,	as	they	are	

likely	 to	 contain	 99%	 of	 all	 variances	 (79,	 90).	 LDA	 is	 then	 used	 on	 top	 of	 PCA.	 LDA	 is	 a	

supervised	 technique	 which	 is	 used	 to	 discriminate	 different	 categories.	 LDA	 aims	 to	

maximise	 the	differences	between	groups	 (cell	 type	and	cell	 treatment)	whilst	minimising	

inter-category	variance.	A	 loadings	plot	 is	then	displayed,	which	shows	the	contribution	of	

each	wavenumber	to	the	linear	discrimination	produced	by	a	PCA-LDA	plot	(90,	92).		
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Chapter	3	–	Results	I	

3.1	The	Effects	of	SOD	on	C20	and	MG63	Cell	Lines	

The	 aim	 of	 this	 experiment	 was	 to	 observe	 the	 effects	 of	 SOD	 on	 immortalised	 human	

chondrocytes	and	osteosarcoma	cell	 lines.	 Studies	have	 shown	SOD	 to	be	present	at	high	

levels	in	human	cartilage	samples	(63).	However,	no	studies	have	been	conducted	to	assess	

the	 dose	 response	 relationship	 of	 SOD	 in	 chondrocytes.	 Therefore,	 it	 is	 not	 known	 if	 the	

presence	of	SOD	at	certain	concentrations	creates	a	beneficial	or	detrimental	environment	in	

articular	cartilage.		

	

This	experiment	was	based	on	work	published	by	Mistry	et	al	with	modifications	(84).	The	

experiment	utilises	an	 in	 vitro	model	 to	 test	 various	 concentrations	of	 SOD,	 to	assess	 cell	

viability.	As	AKU	primarily	effects	articular	cartilage,	C20	human	immortalised	chondrocytes	

were	 chosen	 (84).	MG63	 cell	 lines	 produce	 an	 un-mineralised	 collagen	matrix,	 known	 to	

become	pigmented	when	treated	with	HGA.	This	lends	to	further	evidence	that	HGA	deposits	

in	collagenous	matrix,	and	that	there	are	protective	factors	such	as	mineralisation	of	bone	

which	prevent	ochronosis	(48).			

	

This	experiment	will	aim	to	determine	a	viable	concentration	of	SOD,	for	an	 in	vitro	model	

containing	osteoarticular	cells.	This	will	enable	further	work	into	observing	the	effects	of	SOD	

on	an	in	vitro	model	of	ochronosis.	
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Fig.	3.1.		Percentage	viability	of	C20	cells	after	7	days	of	treatment,	using	a	range	of	concentrations	of	SOD.	

The	number	of	viable	cells	are	expressed	as	a	percentage.	Results	are	derived	from	the	mean	of		four	cultures	

(technical	replicates)	for	each	treatment	group	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	

variability	of	internal	replicates.		
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Fig.	3.2.		Percentage	viability	of	MG63	cells	after	7	days	of	treatment,	using	a	range	of	concentrations	of	

SOD.	The	number	of	viable	cells	are	expressed	as	a	percentage.	Results	are	derived	from	the	mean	of	four	

cultures	 (technical	 replicates)	 for	 each	 treatment	 group	 (n=1).	 Error	 bars	 signify	 ±	 SEM.	 The	 SEM	 is	 a	

measure	of	the	variability	of	internal	replicates.		

	

	

	

	

	

	



	 56	

The	 results	 suggest	 that	 in	 C20	 cell	 lines	 (Fig.	 3.1),	 SOD	 has	 no	 effect	 on	 percentage	 cell	

viability	following	seven	days	of	treatment.	This	is	seen	across	the	concentration	range	50	–	

0.05	 units/ml,	 which	 shows	 a	 greater	 percentage	 viability	 than	 the	 control.	 The	 only	

concentration	 to	 have	 a	 lower	 viability	 than	 the	 control	 was	 500	 units/ml,	 the	 highest	

concentration	tested.		

	

The	MG63	cell	line	(Fig.	3.2)	also	suggests	that	SOD	has	minimal	effect	on	cell	viability.	The	

data	 shows	 there	 are	 minimal	 differences	 seen	 across	 the	 concentration	 ranges	 500-0.5	

units/ml,	when	compared	 to	 control	 cultures.	 The	 concentrations	500,	5	and	0.5	units/ml	

have	 a	 higher	 viability	 when	 compared	 to	 the	 control.	 The	 concentrations	 50	 and	 0.05	

units/ml	however,	have	lower	viability	in	comparison	to	control	cultures,	with	viability	at	0.05	

units/ml	being	lower	than	50	units/ml.	However,	the	data	suggests	no	differences	in	viability	

between	treatment	groups,	due	to	the	overlap	of	error	bars.	

	

The	results	suggest	that	the	various	levels	of	SOD	have	no	detrimental	impact	on	cell	viability	

in	 both	 cell	 lines.	 However,	when	 considering	 a	 single	 concentration	 to	 be	 implemented,	

either	5	or	0.5	units/ml	can	be	considered	appropriate,	as	 these	concentrations	 show	the	

closest	levels	of	viability	when	compared	to	control	cultures	in	both	cell	lines.	

	

3.2	Summary	of	Results		

The	results	 indicate	that	 in	C20	and	MG63	cell	 lines,	SOD	has	no	effect	on	percentage	cell	

viability	following	seven	days	of	treatment.	5	or	0.5	units/ml	of	SOD	are	considered	the	most	

appropriate	 concentrations,	 as	 they	 show	 the	 closest	 level	 of	 viability	 to	 control	 cultures.	

There	 is	 limited	data	on	 the	physiological	 range	of	 SOD	 in	 articular	 cartilage.	A	 study	has	
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shown	that	cartilage	has	a	ten-fold	higher	concentration	of	SOD	than	lung	tissue,	suggesting	

the	presence	of	large	quantities	of	SOD	in	articular	cartilage	(63).	This	study,	therefore	is	the	

first	to	assess	the	dose-response	relationship	of	SOD	in	osteoarticular	cells.	
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Chapter	4	–	Results	II	

4.1	The	Effects	of	SOD	on	an	in	vitro	Model	of	Ochronosis	

Having	established	a	suitable	working	concentration	of	0.5	units/ml	of	SOD,	experiments	were	

set	up	to	observe	the	effects	of	SOD	in	an	in	vitro	model	of	AKU.		

	

The	first	experiment	conducted	was	a	cell	viability	assay	using	trypan	blue,	as	described	in	

Chapter	2	section	2.4.1.		

	

Two	additional	24	well	plates,	one	for	each	cell	line,	were	set	up	alongside	the	plates	used	to	

assess	 cell	 viability.	 In	 the	additional	plates,	 13mm	glass	 cover	 slips	were	added	and	 cells	

seeded	onto	them	as	previously	described.	At	days	7	and	14,	the	cover	slips	were	removed	

and	 stained	 using	 Schmorl’s	 stain.	 This	 method	 highlights	 any	 pigmentation	 present	 in	

cultures,	by	staining	pigments	an	intense	blue-green	colour,	contrasting	ochronotic	pigment	

with	the	surrounding	cells	and	matrix.	The	results	from	this	experiment	will	then	be	used	to	

assess	if	pigment	production	is	reduced/prevented	in	the	presence	of	SOD	(25,	48).		

	

The	 following	 experiments	 aim	 to	 gain	 some	 new	 insights	 into	 the	 pathophysiological	

mechanism	of	ochronosis.	This	study	will	aim	to	determine	if	SOD	can	prevent	ochronosis	in	

C20	and	MG63	cell	lines	upon	addition	of	HGA.	
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4.1.1	C20	–	Cell	Viability	and	Histological	Analysis		

	

	

	

Fig.	4.1.	Percentage	viability	of	day	7	C20	cultures	supplemented	with	HGA	and	SOD.	The	number	of	viable	

cells	expressed	as	a	percentage	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	

internal	replicates.		

	

	
Fig.	4.2.	Percentage	viability	of	day	14	C20	cultures	supplemented	with	HGA	and	SOD.	The	number	of	viable	

cells	expressed	as	a	percentage	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	

internal	replicates.		
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Fig.	4.3.	Light	microscopy	images	at	x10	magnification	of	C20	cultures	supplemented	with	HGA	and	SOD.	

Images	of	C20	cell	cultures	were	taken	at	day	7	and	day	14.	
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Fig.	4.4.	Mean	number	of	pigment	deposits	at	day	7	 in	C20	cultures	 supplemented	with	HGA	and	SOD.	

Pigment	counts	 from	x10	magnification	 images	expressed	as	number	of	pigment	deposits	per	unit	area	

(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	

	
	

Fig.	4.5.	Mean	number	of	pigment	deposits	at	day	14	in	C20	cultures	supplemented	with	HGA	and	SOD.	

Pigment	counts	 from	x10	magnification	 images	expressed	as	number	of	pigment	deposits	per	unit	area	

(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		
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Fig.	4.6.	Light	microscopy	images	at	x40	magnification	of	C20	cultures	supplemented	with	HGA	and	SOD.	

Images	of	C20	cell	cultures	were	taken	at	day	7	and	day	14.	
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Fig.	4.7.	Mean	number	of	pigment	deposits	at	day	7	 in	C20	cultures	 supplemented	with	HGA	and	SOD.	

Pigment	counts	 from	x40	magnification	 images	expressed	as	number	of	pigment	deposits	per	unit	area	

(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	

	

Fig.	4.8.	Mean	number	of	pigment	deposits	at	day	14	in	C20	cultures	supplemented	with	HGA	and	SOD.	

Pigment	counts	 from	x40	magnification	 images	expressed	as	number	of	pigment	deposits	per	unit	area	

(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.	
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After	7	days,	C20	cells	show	differences	in	their	viability	(Fig.	4.1).	Cultures	containing	HGA	

show	an	increased	viability	compared	to	control	and	SOD	only	cultures.	There	appears	to	be	

no	difference	in	the	data	between	HGA	and	HGA+SOD.	After	14-days	(Fig.	4.2),	C20	cells	show	

no	differences	in	their	levels	of	viability	across	all	treatment	conditions.	The	results	therefore	

suggest	C20	cells	are	able	to	tolerate	medium	containing	SOD	and	HGA.	

	

Histological	examination	at	x10	magnification,	shows	increased	levels	of	ochronotic	pigment	

present	 in	 HGA	 only	 cultures	 at	 day	 7	 (Fig.	 4.4).	 The	 presence	 of	 SOD	 in	 cultures	 with	

HGA+SOD	shows	a	decrease	in	pigmentation	compared	to	HGA	alone,	reducing	it	to	a	level	

equal	to	that	of	cultures	without	HGA.	Similarly,	by	day	14	(Fig.	4.5),	C20	cells	treated	with	

HGA	 only,	 show	 an	 increase	 in	 the	 number	 of	 pigment	 deposits	 compared	 to	 other	

treatments.	 Cultures	 containing	 HGA+SOD	 demonstrate	 a	 reduction	 in	 the	 amount	 of	

pigmentation.	

	

At	 x40	 magnification,	 the	 results	 suggest	 there	 are	 no	 differences	 between	 treatment	

conditions	at	day	7	(Fig.	4.7).	By	day	14	however	(Fig.	4.8),	it	is	indicated	that	cells	treated	

with	 HGA	 only,	 show	 an	 increase	 in	 the	 amount	 of	 pigmentation	 compared	 to	 control	

cultures.	Cultures	containing	HGA+SOD	show	a	decrease	in	pigmentation	compared	to	HGA	

only	cultures.	This	suggests	that	by	day	14	SOD	influences	pigmentation	in	C20	cells.		

	

These	 results	 suggest	 that	 the	 presence	 of	 SOD	 in	 C20	 cultures	 has	 an	 effect	 on	 the	

pigmentation	process,	whilst	having	no	effect	on	the	viability	of	cells.		
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4.1.2	MG63	–	Cell	Viability	and	Histological	Analysis		

	

	

	

	

	

	

	

Fig.	4.9.	Percentage	viability	of	day	7	MG63	cultures	 supplemented	with	HGA	and	SOD.	The	number	of	

viable	cells	expressed	as	a	percentage	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	

of	internal	replicates.		

	

	

	

	

	

	

	

	

Fig.	4.10.	Percentage	viability	of	day	14	MG63	cultures	supplemented	with	HGA	and	SOD.	The	number	of	

viable	cells	expressed	as	a	percentage	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	

of	internal	replicates.		
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Fig.	4.11.	 Light	microscopy	 images	at	x10	magnification	of	MG63	cultures	supplemented	with	HGA	and	

SOD.	Images	of	MG63	cell	cultures	were	taken	at	day	7	and	day	14.	
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Fig.	4.12.	Mean	number	of	pigment	deposits	at	day	7	in	MG63	cultures	supplemented	with	HGA	and	SOD.	

Pigment	counts	 from	x10	magnification	 images	expressed	as	number	of	pigment	deposits	per	unit	area	

(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	

	

	

Fig.	4.13.	Mean	number	of	pigment	deposits	at	day	14	in	MG63	cultures	supplemented	with	HGA	and	SOD.	

Pigment	counts	 from	x10	magnification	 images	expressed	as	number	of	pigment	deposits	per	unit	area	

(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		
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Fig.	4.14.	 Light	microscopy	 images	at	x40	magnification	of	MG63	cultures	supplemented	with	HGA	and	

SOD.	Images	of	MG63	cell	cultures	were	taken	at	day	7	and	day	14.	
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Fig.	4.15.	Mean	number	of	pigment	deposits	at	day	7	in	MG63	cultures	supplemented	with	HGA	and	SOD.	

Pigment	counts	 from	x40	magnification	 images	expressed	as	number	of	pigment	deposits	per	unit	area	

(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	

	

	
Fig.	4.16.	Mean	number	of	pigment	deposits	at	day	14	in	MG63	cultures	supplemented	with	HGA	and	SOD.	

Pigment	counts	 from	x40	magnification	 images	expressed	as	number	of	pigment	deposits	per	unit	area	

(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		
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MG63	cultures	indicate	no	differences	between	treatment	groups	in	percentage	viability	at	

days	7	and	14	(Fig.	4.9	and	Fig.	4.10).	All	treatments	display	similar	levels	of	viability	to	control	

cultures.	These	results	suggest	that	like	C20	cultures,	MG63	cells	are	able	to	tolerate	medium	

supplemented	with	SOD	and	HGA.					

	

The	results	of	the	MG63	pigment	deposit	counts	show	similar	results	to	C20	cultures	at	x10	

magnification	 (Fig.	 4.12	 and	 Fig.	 4.13).	At	 7	days,	 the	 cells	 treated	with	only	HGA	 show	a	

significant	number	of	pigment	deposits,		whereas	there	is	a	large	decrease	in	pigmentation	

observed	in	cultures	containing	HGA+SOD.	This	trend	continues	on	day	14,	with	an	even	larger	

difference	 in	 pigmentation	 seen	 between	 cultures	 treated	 with	 HGA	 and	 HGA+SOD,	

suggesting	SOD	is	effective	in	reducing	pigmentation.		

	

Analysis	 of	 pigment	 deposits	 at	 x40	magnification,	 suggests	 that	 there	 is	 no	 difference	 in	

pigmentation	levels	between	HGA	only	cultures	and	HGA+SOD,	for	both	days	7	and	14	(Fig.	

4.15	and	Fig.	4.16).	Although	the	amount	of	pigmentation	in	HGA+SOD	cultures	is	lower	than	

HGA	cultures,	the	results	suggest	a	difference	may	not	be	observed,	as	the	error	bars	are	likely	

to	overlap.	

	 	

The	 results	 at	 x10	 magnification	 show	 that	 the	 presence	 of	 SOD	 has	 an	 effect	 on	 the	

pigmentation	process.	However,	at	x40	magnification	the	efficacy	of	SOD	appears	 to	have	

reduced.	The	results	therefore	suggest	that	MG63	cells	respond	differently	to	C20	cells,	when	

exposed	to	cultures	containing	HGA+SOD.		
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4.2	Summary	of	Results		

The	results	from	the	cell	viability	assay	show	that	following	14	days	of	treatment,	C20	and	

MG63	 cultures	 are	 able	 to	 tolerate	 culture	 medium	 supplemented	 with	 SOD	 and	 HGA.	

Histological	 examination	of	C20	 cultures	 shows	 that	 there	 is	 a	decrease	 in	 the	number	of	

pigment	deposits	 in	HGA+SOD	cultures,	 in	comparison	 to	HGA	only	cultures.	This	effect	 is	

observed	at	both	time	points	at	x10	magnification.		At	x40,	a	decrease	in	pigmentation	is	seen	

by	day	14.	MG63	cultures	show	similar	results	at	x10	magnification	to	C20	cultures.	At	x40	

magnification	however,	the	results	suggest	SOD	is	less	effective	in	reducing	pigmentation.	The	

results	for	C20	cultures	suggest	that	SOD	may	have	a	role	in	the	prevention	of	ochronosis	in	

chondrocytes.	 MG63	 cultures	 show	 contrasting	 results	 to	 C20	 cultures,	 at	 x40.	 This	 may	

provide	 further	 evidence	 to	 suggest	 that	 in	 comparison	 to	 C20	 cells,	MG63	 cells	 respond	

differently	in	the	presence	of	HGA	(48).		
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Chapter	5	–	Results	III		

5.1	Analysis	of	Sulphated	GAG	Release	in	an	in	vitro	Model	of	Ochronosis,	

Following	Treatment	with	SOD	

Cell	supernatants	from	the	experiments	undertaken	in	Chapter	4	were	analysed	via	DMMB	

assay,	 an	 assay	 used	 to	 detect	 loose	 sulphated	 GAG	 complexes	 in	 culture	 medium.	

Ultrastructural	examination	has	shown	sulphated	GAGs	to	be	a	major	component	of	ECM	in	

bone,	as	well	as	in	articular	cartilage.	It	is	therefore	feasible	to	assess	sulphated	GAG	release	

in	both	cell	lines	(93).	Studies	have	shown	that	SOD	binds	to	proteoglycans	and	collagen,	and	

in	early	stages	of	OA	there	is	a	known	decrease	in	proteoglycans	and	therefore	an	associated	

decrease	in	SOD	(54,	63).	It	is	hypothesised	in	AKU	that	proteoglycans	are	a	protective	barrier	

against	pigment	deposits	on	collagen	fibrils	(1).	This	theory	can	be	furthered	by	suggesting	

that	the	SOD	present	on	proteoglycans	are	the	barrier	to	ochronosis,	by	preventing	oxidative	

damage	to	proteoglycans	(1).		This	study	will	aim	to	measure	the	quantity	of	sulphated	GAG	

released	 in	 culture	medium,	 as	 an	 indirect	method	 of	 assessing	 damage	 to	 proteoglycan	

structures.		
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5.1.1	C20	–	DMMB	Assay		

	

	

	

		

	

	

	

Fig.	5.1.	Concentration	of	sulphated	GAG	complexes	in	C20	cultures	supplemented	with	HGA	and	SOD	at	

day	4	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	

	

	

	

	

	

	

	

Fig.	5.2.	Concentration	of	sulphated	GAG	complexes	in	C20	cultures	supplemented	with	HGA	and	SOD	at	

day	8	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		
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Fig.	5.3.	Concentration	of	sulphated	GAG	complexes	in	C20	cultures	supplemented	with	HGA	and	SOD	at	

day	12	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	
	
	

	

	

	

	

	

	

Fig.	5.4.	Concentration	of	sulphated	GAG	complexes	in	C20	cultures	supplemented	with	HGA	and	SOD	at	

day	14	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	



	 75	

	

	
	
Fig.	5.5.	A	comparison	of	sulphated	GAG	concentrations	in	C20	control	cultures	across	the	14-day	treatment	

period	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	

	

	

	
	
Fig.	5.6.	A	comparison	of	sulphated	GAG	concentrations	in	C20	HGA	cultures	across	the	14-day	treatment	

period	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		
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Fig.	5.7.	A	comparison	of	sulphated	GAG	concentrations	in	C20	SOD	cultures	across	the	14-day	treatment	

period	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.			

	
	
	

	

	
Fig.	 5.8.	 A	 comparison	 of	 sulphated	 GAG	 concentrations	 in	 C20	 HGA+SOD	 cultures	 across	 the	 14-day	

treatment	 period	 (n=1).	 Error	 bars	 signify	 ±	 SEM.	 The	 SEM	 is	 a	 measure	 of	 the	 variability	 of	 internal	

replicates.			
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The	results	suggest		that	in	C20	cultures		there	are	no	differences	in	sulphated	GAG	release	

between	treatment	groups,	at	any	of	the	time	points	analysed	(Fig.	5.1	-	Fig.	5.4).	However,	

cultures	supplemented	with	SOD	and/or	HGA	show	a	general	rise	in	levels	of	sulphated	GAG,	

in	 comparison	 to	 control	 cultures	 over	 the	 treatment	 period.	 By	 day	 14	 treated	 cultures	

produce	a	greater	level	of	sulphated	GAGs	than	control	cultures,	however	due	to	the	large	

internal	variance	in	each	culture	group	a	difference	is	unlikely	to	be	observed.		

	

When	comparing	the	same	culture	conditions	over	the	14-day	treatment	period	(Fig.	5.5	–	

Fig.	5.8),	,	control	cultures	appear	to	consistently	produces	similar	levels	of	sulphated	GAG	at	

each	time	point	(Fig.	5.5).	However,	a	difference	is	indicated	within	treatment	cultures	(Fig.	

5.6	-	Fig.	5.8).	Cultures	with	HGA	and/or	SOD	show	increases	in	sulphated	GAG	production	by	

day	14,	compared	to	day	4.	SOD	cultures	also	show	an	increase	by	day	12,	suggesting	SOD	

may	induce	an	earlier	release	of	sulphated	GAG	in	cultures.				

	

When	comparing	treatment	cultures	to	control	cultures	on	each	day	(Fig.	5.1	–	Fig.	5.4),	the	

results	 indicate	 that	 there	are	no	effects	on	 sulphated	GAG	release.	However,	when	each	

treatment	is	examined	across	the	14-day	treatment	period	(Fig.	5.5	–	Fig.	5.8),	the	cultures	

appear	to	release	more	sulphated	GAGs	during	the	later	stages.	This	suggests	that	if	left	for	

longer	 than	 14	 days,	 there	 may	 be	 some	 differences	 observed	 in	 sulphated	 GAG	 levels	

between	control	and	treatment	cultures.		
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5.1.2	MG63	–	DMMB	Assay	

	

	

	

Fig.	5.9.	Concentration	of	sulphated	GAG	complexes	in	MG63	cultures	supplemented	with	HGA	and	SOD	at	

day	4	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	

	

	
Fig.	5.10	Concentration	of	sulphated	GAG	complexes	in	MG63	cultures	supplemented	with	HGA	and	SOD	at	

day	8	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		
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Fig.	5.11.	Concentration	of	sulphated	GAG	complexes	in	MG63	cultures	supplemented	with	HGA	and	SOD	

at	day	12	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.		

	
	

	

	

Fig.	5.12	Concentration	of	sulphated	GAG	complexes	in	MG63	cultures	supplemented	with	HGA	and	SOD	at	

day	14	(n=1).	Error	bars	signify	±	SEM.	The	SEM	is	a	measure	of	the	variability	of	internal	replicates.	
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Fig.	 5.13	 A	 comparison	 of	 sulphated	 GAG	 concentrations	 in	 MG63	 control	 cultures	 across	 the	 14-day	

treatment	 period	 (n=1).	 Error	 bars	 signify	 ±	 SEM.	 The	 SEM	 is	 a	 measure	 of	 the	 variability	 of	 internal	

replicates.		

	

	

	

	
Fig.	 5.14.	 A	 comparison	 of	 sulphated	 GAG	 concentrations	 in	 MG63	 HGA	 cultures	 across	 the	 14-day	

treatment	 period	 (n=1).	 Error	 bars	 signify	 ±	 SEM.	 The	 SEM	 is	 a	 measure	 of	 the	 variability	 of	 internal	

replicates.		
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Fig.	 5.15.	 A	 comparison	 of	 sulphated	 GAG	 concentrations	 in	 MG63	 SOD	 cultures	 across	 the	 14-day	

treatment	 period	 (n=1).	 Error	 bars	 signify	 ±	 SEM.	 The	 SEM	 is	 a	 measure	 of	 the	 variability	 of	 internal	

replicates.	

	

	

	

	

	

	

	

	

	

Fig.	5.16.	A	comparison	of	sulphated	GAG	concentrations	in	MG63	HGA+SOD	cultures	across	the	14-day	

treatment	 period	 (n=1).	 Error	 bars	 signify	 ±	 SEM.	 The	 SEM	 is	 a	 measure	 of	 the	 variability	 of	 internal	

replicates.	
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The	data	indicates	that	there	are	no	differences	between	the	treatment	groups	at	day	4	and	

day	8	(Fig.	5.9	and	Fig.	5.10),	due	to	the	large	variances	observed.	However,	by	day	12	(Fig.	

5.11	and	Fig.	5.12)	cultures	containing	SOD	show	an	 increase	 in	sulphated	GAG	release	 in	

comparison	 to	 other	 treatment	 conditions.	 Cultures	 that	 were	 treated	 with	 HGA	 and	

HGA+SOD	show	similar	levels	of	sulphated	GAG	release.	Both	cultures	produced	lower	levels	

of	Sulphated	GAGs	than		control	cultures.		

	

Comparison	 of	 control	 culture	 across	 the	 14-day	 treatment	 period	 (Fig.	 5.13),	 shows	 an	

increase	in	sulphated	GAG	release	at	day	12.	This	decreases	at	day	14,	and	the	data	indicates	

similar	 levels	of	 sulphated	GAG	are	seen	 in	comparison	to	days	4	and	8	cultures.	Cultures	

containing	SOD	only	(Fig.	5.15),	also	show	an	increase	in	sulphated	GAG	release	at	day	12	and	

14.	Cultures	containing	HGA	indicate	no	differences	are	seen	across	the	days	(Fig.	5.14	and	

Fig.	5.16).		

	

The	results	suggest	that	in	MG63	cultures,	SOD	induces	a	greater	release	of	sulphated	GAG	

complexes	 compared	 to	 controls.	 The	 data	 suggests	 that	 cultures	 containing	 HGA	 and	

HGA+SOD	have	no	impact	on	GAG	release,	as	no	differences	are	indicated,	when	compared	

to	control	cultures.		
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5.2	Summary	of	Results		

C20	cultures	appear	 to	show	no	differences	 in	sulphated	GAG	release	between	treatment	

groups	across	the	14-day	treatment	period.	This	suggests	that	ROS	are	not	 involved	in	the	

breakdown	of	proteoglycans.	It	can	therefore	be	suggested	that	other	factors	are	involved	in	

the	breakdown	of	proteoglycans,	enabling	ochronosis	(1).	MG63	cells	show	similar	results	at	

days	4	and	8	to	C20	cultures;	there	are	no		differences	between	treatment	groups.	However,	

cultures	 treated	 with	 SOD	 at	 days	 12	 and	 14,	 showed	 an	 increase	 in	 sulphated	 GAG,	 in	

comparison	to	other	treatment	conditions.	This	indicates	that	SOD	may	have	a	detrimental	

impact	on	aspects	of	the	ECM	of	bone.			
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Chapter	6	–	Results	IV	

6.1	Raman	Spectroscopy	of	an	in	vitro	Model	of	Ochronosis	

Structural	analysis	of	AKU	cartilage	has	enabled	a	detailed	understanding	of	the	progression	

of	AKU	following	the	deposition	of	ochronotic	pigment	(1,	31).	This	has	provided	evidence	

which	 shows	 similarities	 between	 AKU	 and	 OA	 in	 the	 form	 of	 high	 density	 mineralised	

protrusions.	Originally	 thought	 to	be	disease	specific	 to	AKU,	 these	protrusions	were	 later	

found	in	OA	cartilage,	suggesting	a	new	mechanism	of	cartilage	degradation	in	OA	(1,	60,	80,	

94,	95).	Ochronotic	osteoarthropathy	 represents	an	extreme	 form	of	OA.	This	means	 that	

discoveries	 made	 from	 research	 in	 AKU	 can	 also	 have	 potential	 implications	 for	 the	

understanding	 of	 the	 pathophysiology	 of	 OA	 (1).	 Further	 structural	 analysis	 has	 shown	 a	

distinct	pattern	of	binding	of	ochronotic	pigment	on	collagen	fibrils	(32).	This	has	enabled	the	

proposal	 of	 the	exposed	 collagen	hypothesis,	 as	 this	binding	pattern	 shows	 similarities	 to	

proteoglycan	binding	(1).	

	

Structural	 analysis	 has	 enabled	 significant	 advancement	 in	AKU	 research.	 There	 is	 further	

potential	 using	 another	 novel	 analytical	 technique,	 to	 provide	 new	 insights	 into	 the	

pathogenesis	of	AKU.	Raman	spectroscopy	 is	a	non-destructive	method	with	the	ability	 to	

analyse	chemical	structures	and	perform	quantitative	analyses	of	samples.	To	do	this,	each	

cell	line	(C20	and	MG63)	was	passaged	and	grown	to	confluence	for	three	days,	in	two	25cm3	

culture	 flasks	 containing	 sterilised	 CaF2	 disks.	One	 flask	was	 left	 untreated	 and	 the	 other	

treated	with	33µM	of	HGA.	Following	three	days	of	treatment,	spectroscopic	measurements	

were	 carried	 out	 to	 determine	 the	 presence,	 if	 any,	 of	 structural	 differences	 between	

treatment	and	non-treatment	groups.	Quantitative	analysis	was	also	carried	out	with	the	aim	



	 85	

of	 providing	 information	 about	 any	 changes	 to	 the	 amount	 of	 cartilage	 and	 osteoid	

components	present	in	cultures.			

	

This	study	will	aim	to	use	Raman	spectroscopy	to	observe	any	differences	in	the	structural	

composition	of	in	vivo	cell	cultures,	with	and	without	the	presence	of	HGA.	Through	this,	it	

may	be	possible	to	identify	the	matrix	components	associated	with	the	ochronotic	pigment	

and	elucidate	any	changes	in	structural	composition.	The	study	will	also	attempt	to	provide	

evidence	 for	 the	 exposed	 collagen	 hypothesis	 via	 quantitative	 analysis	 of	 proteoglycans	

among	treatment	groups.			
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Average	Raman	Spectra	of	Treated	and	Untreated	Chondrocytes		

	

	

	

	
Fig.	6.1.		A)	Average	spectra	of	C20	control	cultures,	with	labels	for	key	components	of	cell	and	matrix.	B)	

Average	spectra	of	C20	HGA	treated	cultures,	with	labels	for	key	components	of	cell	and	matrix	C)	Average	

spectra	 of	 C20	 control	 (Black)	 and	 HGA	 treated	 (Red)	 cultures.	 The	 labels	 highlight	 components	which	

demonstrate	a	difference	in	intensity	between	the	two	treatment	groups	(96-98).	
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Average	Raman	Spectra	of	Treated	and	Untreated	Osteoblasts	

	

	

	

Fig.	6.2.		A)	Average	spectra	of	MG63	control	cultures,	with	labels	for	key	components	of	cell	and	matrix.	

B)	Average	spectra	of	MG63	HGA	treated	cultures,	with	 labels	for	key	components	of	cell	and	matrix	C)	

Average	spectra	of	MG63	control	(Black)	and	HGA	treated	(Red)	cultures.	The	labels	highlight	components	

which	demonstrate	a	difference	in	intensity	between	the	two	treatment	groups	(99,	100).	
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Fig.	6.3.		PCA	analysis	of	all	C20	and	MG63	cultures.	Plots	represent	cell	type	and	treatment	and	are	colour	

and	shape	coordinated.	Ellipses	represent	a	95%	Confidence	Interval	for	their	respective	cell	culture.	

	

		

	

	

	

	

	

	

	

	

Fig.	6.4.	PCA-LDA	analysis	of	all	C20	and	MG63	cultures.	Plots	represent	cell	type	and	treatment	and	are	

colour	and	shape	coordinated.	
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Wavenumber	 Associated	Structure	 Biological	Function	

850-870cm-1	 Proline	and	
Hydroxyproline	

Components	of	cartilage.	
Type	2	cartilage	produced	
by	C20	cell	and	Type	1	
cartilage	produced	by	

MG63.	
1620-1650cm-1	 Amide	I	

960-990cm-1	 Phosphate	 Mineralising	agents	
produced	in	MG63	cultures	
but	not	in	C20	cultures	

	

	

Fig.	6.5.	 	Loadings	plot	of	LD1	following	PCA-LDA	analysis	of	all	C20	and	MG63	cultures.	A	loadings	plot	

distinguishes	 wavenumbers,	 which	 separate	 classes	 along	 LD1.	 Separation	 along	 LD1	 is	 likely	 due	 to	

differences	in	cell	type.	Table	correlates	wavenumbers	from	the	loadings	plot	to	their	associated	structures.	

The	differences	observed	on	the	loadings	plot	are	then	related	to	potential	biological	function.			
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Wavenumber	 Associated	Structure	 Biological	Function	

610-750cm-1	 Unknown	
No	identifiable	structures	
associated	with	C20	and	
MG63.	Possibly	associated	
with	structures	present	in	

HGA	and	its	pigment	polymer	880-1090cm-1	 Unknown	

1277cm-1	 Amide	III	
Collagen	components.	
Structural	alterations	to	

collagen	components,	due	to	
the	presence	of	HGA.	

1603cm-1	 Phenylalanine	

1660-1680cm-1	 Amide	I	

	
	

Fig.	6.6.			Loadings	plot	of	LD3	following	PCA-LDA	analysis	of	all	C20	and	MG63	cultures.	A	loadings	plot	

distinguishes	wavenumbers,	which	separate	classes	along	LD3.	Separation	along	LD3	is	 likely	due	to	the	

presence	of	HGA.	Table	correlates	wavenumbers	from	the	loadings	plot	to	their	associated	structures.	The	

differences	observed	on	the	loadings	plot	are	then	related	to	potential	biological	function.		
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Fig.	6.7.	PCA-LDA	analysis	of	C20	Control	and	HGA	cultures.	Plots	represent	cell	type	and	treatment	and	are	

colour	and	shape	coordinated.	

	

	

Wavenumber	 Associated	
Structure	 Biological	Function	

600-800cm-1	 Unknown	 No	identifiable	structures	associated	with	C20.	Possibly	associated	with	
structures	present	in	HGA	and	its	pigment	polymer	

1063cm-1	 GAG	Sulphate	 Structural	alteration	to	GAG	components	due	to	the	presence	of	HGA	

1000cm-1	 Phenylalanine	
Collagen	components.	Suggested	structural	alterations	to	collagen	
components,	due	to	the	presence	of	HGA.	1274cm-1	 Amide	III	

1660-1690cm-1	 Amide	I	
	

Fig.	6.8.	Loadings	plot	of	LD1	following	PCA-LDA	analysis	of	C20	Control	and	HGA	cultures.	A	loadings	plot	

distinguishes	wavenumbers,	which	separate	classes	along	LD1.	Separation	is	likely	due	to	the	presence	of	

HGA.		Table	correlates	wavenumbers	from	the	loadings	plot	to	their	associated	structures.	The	differences	

observed	on	the	loadings	plot	are	then	related	to	potential	biological	function.	
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Fig.	6.9.	PCA-LDA	analysis	of	MG63	Control	and	HGA	cultures.	Plots	represent	cell	type	and	treatment	and	

are	colour	and	shape	coordinated.	

	

	

Wavenumber	 Associated	Structure	 Biological	Function	

870-920cm-1	 Proline		 	
Collagen	components.	Suggested	structural	alterations	
to	collagen	components,	due	to	the	presence	of	HGA.	1001cm-1	 Hydroxyproline		

1260-1330cm-1	 Phenylalanine	
1640-1680cm-1	 Amide	I	and	Amide	III	

	

Fig.	6.10.	Loadings	plot	of	LD1	following	PCA-LDA	analysis	of	MG63	Control	and	HGA	cultures.	A	loadings	

plot	distinguishes	wavenumbers,	which	separate	classes	along	LD1.		Separation	is	likely	due	to	the	presence	

of	 HGA.	 	 Table	 correlates	 wavenumbers	 from	 the	 loadings	 plot	 to	 their	 associated	 structures.	 The	

differences	observed	on	the	loadings	plot	are	then	related	to	potential	biological	function.	
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The	 graph	 displaying	 average	 spectra	 of	 C20	 cultures	 (Fig.	 6.1),	 highlights	 key	 peaks	 for	

cartilage	components.	The	results	show	that	both	cultures	produce	Raman	signatures	at	all	

key	peaks,	suggesting	no	alterations	or	change	 in	presence	to	key	structures.	However,	at	

certain	 wavelengths	 there	 are	 variations	 in	 intensity	 between	 C20	 control	 and	 C20	 HGA	

cultures.	Hydroxyproline	at	875cm-1,	GAG	Sulphates	at	1063cm-1	and	1420cm-1,	CH2	at	1450	

cm-1	and	Amide	I	at	1660cm-1	in	cultures	treated	with	HGA,	produce	a	higher	intensity	peak	

than	control	cultures.	Similar	observations	are	seen	in	MG63	cultures	(Fig.	6.2).	Both	cultures	

show	peaks	at	similar	wavelengths,	suggesting	there	are	no	structural	alterations	due	to	HGA.	

Unlike	C20	cultures	however,	there	are	no	differences	in	intensity	at	the	GAG	sulphate	peaks.	

Proline,	Hydroxyproline,	Amide	III	and	Amide	I	at	850cm-1,	875cm-1,	1280cm-1and	1660cm-1	

respectively,	show	a	visually	observable	difference	in	intensity.		

	

PCA	is	a	statistical	analysis	technique	which	identifies	components	of	high	variance	within	a	

dataset.	 PCA	 is	 an	 unsupervised	 technique	 which	 focuses	 on	 the	 wavenumbers	 with	 the	

greatest	variance,	rather	than	aiming	to	separate	based	on	cell	type	and	treatment.		All	four	

cell	cultures	were	compared	to	identify	any	differences.	The	results	show	that	there	is	overlap	

at	the	95%	confidence	interval	between	all	four	cultures	(Fig.	6.3).	This	suggests	there	are	no	

differences	between	the	structures	of	all	four	cultures.	However,	it	appears	this	is	due	to	the	

large	confidence	intervals	seen	from	MG63	cultures.	The	plots	for	MG63	control	and	MG63	

HGA	are	widely	spread,	with	a	few	of	the	plots	among	C20	control	and	C20	HGA.	This	large	

spread	of	data	suggests	variations	in	structural	composition	among	both	MG63	cultures.		On	

the	other	hand,	C20	cultures	show	narrower	confidence	intervals.	It	is	interesting	to	note	that	

C20	cultures	treated	with	HGA	have	the	narrowest	confidence	interval,	suggesting	the	least	

variance	among	cells.	It	is	also	interesting	to	note	that	while	there	is	overlap	between	control	
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cultures	and	respective	treated	cultures,	 it	appears	that	separate	clusters	are	beginning	to	

form,	suggesting	that	differences	in	structures	due	to	cell	type	and	treatment	are	starting	to	

appear.		

	

Following	PCA	analysis,	LDA	was	used	on	the	data	output	from	PCA.	This	method	aimed	to	

maximise	 the	differences	between	groups	 (cell	 type	and	cell	 treatment)	whilst	minimising	

inter-category	variance.	The	results	show	that	MG63	cell	cultures	and	C20	cell	cultures	are	

different	along	LD1	(Fig.	6.4).	The	differences	observed	along	LD3	appears	to	be	due	to	the	

presence	of	HGA.	Between	C20	control	and	C20	HGA	cultures,	there	are	some	overlaps	along	

LD3.	However,	it	appears	that	C20	controls	are	clustered	lower	than	C20	HGA,	suggesting	a	

separation	between	the	two	classes	(treatment	conditions)	could	be	seen	if	observed	over	a	

longer	 treatment	 period.	 This	 separation	 along	 LD3	 is	 more	 pronounced	 between	MG63	

control	and	MG63	HGA	cultures	(Fig.	6.4).		

	

The	loadings	plot	of	the	PCA-LDA	analysis,	shows	the	wavenumbers	which	have	contributed	

the	most	in	discriminating	categories	along	LD1	and	LD3	(Fig.	6.5	and	Fig.	6.6).	The	loadings	

plot	for	LD1	mainly	highlights	peaks	for	Proline	and	Hydroxyproline	between	850-870cm-1,	

Phosphate	between	960-990cm-1	and	Amide	I	between	1620-1650cm-1	(Fig.	6.5).	The	loadings	

plot	therefore	provides	further	evidence	to	suggest	that	the	differences	observed	along	LD1	

on	the	PCA-LDA	graph,	are	due	to	the	differences	in	structural	composition	between	the	two	

cell	types.	The	peaks	highlighted	between	610-750cm-1	and	880-1090cm-1	on	the	loadings	plot	

for	 LD3,	 show	 no	 correlation	 to	 key	 band	 signatures	 for	 chondrocytes	 or	 osteoblasts,	

suggesting	they	are	likely	to	be	associated	with	HGA	and	its	pigment	polymer	(Fig.	6.6).	The	

peaks	 at	 1277cm-1,	 1603cm-1	 and	 between	 1660-1680cm-1	 for	 LD3	 correlate	 to	 Amide	 III,	



	 95	

Phenylalanine	and	Amide	I	respectively.	This	indicates	that	HGA	is	influencing	the	structural	

composition	 of	 C20	 and	MG63	 cell	 cultures.	 The	 results	 therefore	 show	 that	 there	 are	 a	

variety	of	structures	which	contribute	to	the	differences	observed	in	the	PCA-LDA	graph	along	

LD1	and	LD3.		

	

PCA-LDA	analysis	of	individual	cell	lines	was	then	performed	(Fig.	6.7	and	Fig.	6.9).	C20	control	

cultures	 were	 compared	 against	 C20	 HGA	 cultures.	 The	 results	 show	 that	 there	 are	

differences	between	the	two	treatment	groups,	with	only	a	minor	overlap	seen	along	LD1	

(Fig.	 6.7).	 The	 loadings	 plot	 highlights	 peaks	 between	 600-800cm-1,	 1000-1130cm-1,	 1400-

1440	and	1580-1690cm-1,	as	contributing	 to	 the	differences	between	the	 two	groups	 (Fig.	

6.8).	 Among	 these	 were	 peaks	 for	 key	 band	 signatures	 for	 chondrocytes.	 The	 peaks	 at	

1000cm-1,	 1063cm-1,	 1274cm-1	 and	 1660-1690cm-1	 correspond	 to	 Phenylalanine,	 GAG	

sulphate,	Amide	 III	 and	Amide	 I	 respectively.	MG63	cultures	 show	more	overlap	between	

control	and	HGA	treated	cultures	along	LD1	(Fig.	6.9).	However,	it	does	appear	a	separation	

is	beginning	to	form	between	the	two	treatment	types.	Like	the	results	from	the	PCA	analysis,	

a	large	variance	is	seen	among	MG63	cultures,	suggesting	variations	in	structural	composition	

within	both	treatment	groups.	The	peaks	at	870-920cm-1,	1001cm-1,	1260-1330cm-1	and	1640-

1680cm-1	are	highlighted	as	peaks	which	contribute	to	the	differences	observed	along	LD1	

(Fig.	6.10).	These	peaks	correspond	to	Proline,	Hydroxyproline,	Phenylalanine,	Amide	III	and	

Amide	 I	 respectively,	 which	 are	 key	 components	 present	 in	 osteoblasts.	 These	 results	

therefore	suggest	there	are	structural	differences	between	control	and	HGA	treated	cultures,	

which	can	be	detected	via	Raman	spectroscopy.		
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6.2	Summary	of	Results	

The	graphs	displaying	average	spectra,	highlight	key	structures	present	in	chondrocyte	and	

osteoblast	cultures.	Both	treatment	groups	(control	and	HGA)	for	C20	and	MG63	cultures,	

produced	Raman	signatures	at	all	key	peaks,	suggesting	no	alterations	to	key	structures	 in	

both	cultures	when	treated	with	HGA.	However,	following	this,	multivariate	analyses	were	

performed.		All	four	cultures	were	initially	analysed	with	PCA.	LDA	was	then	implemented	on	

the	 data	 output	 from	 PCA,	 resulting	 in	 a	 PCA-LDA	 analysis.	 PCA-LDA	 analysis	 revealed	

differences	 in	 structural	 composition	 between	 the	 two	 cell	 types	 (C20	 and	 MG63),	 and	

suggested	a	separation	between	the	two	treatment	groups	could	be	seen	if	observed	over	a	

longer	 treatment	 period.	 PCA-LDA	of	 individual	 cell	 lines	was	 then	performed,	 comparing	

control	cultures	against	HGA	cultures.	The	results	indicated	there	are	structural	differences	

between	control	and	HGA	treated	cultures,	with	C20	cultures	showing	less	overlap	between	

treatment	groups	than	MG63	cultures.		
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Chapter	7	-	Discussion	

The	aim	of	this	thesis	was	to	further	existing	knowledge	of	AKU	by:	

1. Observing	the	effects	of	SOD	in	an	AKU	disease	model.	

2. Observing	any	structural	changes	to	cell	cultures	in	a	disease	model	of	AKU	via	Raman	

spectroscopy.	

The	research	was	conducted	in	four	stages:	

1. The	assessment	of	the	effects	of	SOD	on	C20	and	MG63	cell	lines.	

2. The	assessment	of	the	effects	of	SOD	on	an	in	vitro	model	of	ochronosis.		

3. The	analysis	of	sulphated	GAG	release	in	an	 in	vitro	model	of	ochronosis,	following	

treatment	with	SOD.	

4. Raman	spectroscopy	of	an	in	vitro	model	of	ochronosis.		

	

7.1	The	Effects	of	SOD	on	C20	and	MG63	Cell	Lines	

The	 pigmentation	 process	 in	 AKU	 is	 known	 to	 require	 molecular	 oxygen	 to	 allow	 the	

polymerisation	process	 to	proceed	 (15).	However,	 consideration	must	be	given	 to	normal	

articular	cartilage,	which	is	avascular	and	aneural	and	therefore	has	a	hypoxic	environment	

(45,	68).	It	is	therefore	sensible	to	consider	that	HGA	utilises	ROS	such	as	superoxide	anions,	

for	the	oxidation	process	within	this	environment	(69).	Previous	therapies,	for	example	ASC,	

have	attempted	to	target	this	oxidative	process.	Although	ASC	prevents	the	polymerisation	

process,	it	also	causes	an	accumulation	of	HGA,	leading	to	increased	risk	of	renal	stones.	As	a	

result	of	this	severe	side	effect	it	is	not	considered	a	viable	treatment	option	(2).	It	is	therefore	

worth	observing	the	effects	of	alternative	antioxidants	on	HGA,	with	the	aims	of	establishing	
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a	novel	therapeutic	approach	and	elucidating	pathophysiological	mechanisms	involved	in	the	

polymerisation	process.		

	

Similarities	 between	 AKU	 and	 OA	 in	 their	 pathogenic	 mechanisms	 present	 novel	 study	

opportunities	for	greater	understanding	of	AKU	(1).	Oxygen	free	radicals	are	involved	in	the	

OA	 disease	 process.	 An	 increase	 in	 the	 presence	 of	 ROS	 is	 associated	 with	 a	

downregulation/decrease	in	the	presence	of	SOD	in	articular	cartilage		(63).	AKU	is	considered	

a	rapidly	progressing	form	of	OA,	which	shows	similar	clinical	and	microscopic	presentations.	

A	 potential	 deficit	 of	 SOD	 in	 articular	 cartilage	 of	 patients	 with	 AKU	may	 therefore	 be	 a	

contributing	factor	to	its	pathogenesis.	It	has	been	shown	that	cartilage	is	initially	resistant	to	

ochronosis,	and	ochronosis	is	only	seen	from	the	third	decade	and	onwards.	It	could	be	that	

a	decline	in	SOD,	as	seen	in	OA,	initiates	joint	ochronosis	(2,	31,	63).	This	would	suggest	SOD	

has	a	protective	role	in	cartilaginous	tissues,	specifically	preventing	ochronosis.		

	

At	500	units/ml	C20	cells,	displayed	a	lower	level	of	viability	in	comparison	to	control	cultures.	

Studies	 have	 shown	 that	 ROS	 are	 essential	 molecules	 in	 articular	 cartilage	 due	 to	 their	

intracellular	signalling	properties	(69).		It	 is	therefore	possible	to	suggest	that	at	extremely	

high	doses,	SOD	may	have	an	adverse	effect	on	articular	cartilage	through	the	prevention	of	

metabolic	 processes.	 This	would	 suggest	 that	 further	 studies	 are	 required	 to	 observe	 the	

effects	of	SOD	in	osteoarticular	cells	at	high	concentrations.	The	results	for	the	cell	viability	

assays	between	0	–	50	units/ml,	show	that	human	osteoarticular	cells	are	able	to	tolerate	

SOD.	It	is	therefore	possible	to	implement	SOD	in	an	in	vitro	model	of	ochronosis,	with	the	

aims	of	observing	its	effects	on	the	polymerisation	process	of	HGA.	If	SOD	does	prevent	the	

formation	of	ochronotic	pigment,	the	results	suggest	articular	cartilage	will	be	able	to	tolerate	



	 99	

SOD	as	a	possible	therapy.	It	is	likely	that	SOD	at	viable	concentrations	will	have	fewer	side	

effects	 in	 comparison	 to	 existing	 therapies	 when	 administered,	 as	 it	 is	 produced	

endogenously	in	a	variety	of	tissues	(64).			

	

The	results	indicate	that	5	and	0.5	units/ml	are	viable	concentrations	for	the	in	vitro	model.	

These	cultures,	show	the	closest	levels	of	viability	in	comparison	to	control	cultures.	As	5	and	

0.5	units/ml	show	similar	results,	0.5	units/ml	will	be	used	for	further	experiments,	with	the	

aims	of	minimising	resource	consumption.			

	

7.2	The	Effects	of	SOD	on	an	in	vitro	Model	of	Ochronosis	

The	purpose	of	 conducting	 another	 cell	 viability	 assay	was	 to	 compare	how	 cells	 tolerate	

different	treatment	conditions.	Specifically,	this	experiment	was	used	to	observe	if	HGA+SOD	

in	 combination	 had	 a	 detrimental	 impact	 in	 comparison	 to	 control	 cultures.	 The	 results	

indicate	that	C20	and	MG63	cultures	are	able	to	tolerate	medium	treated	with	HGA	and	SOD,	

enabling	further	experimentation	via	histological	analysis.	

	

Upon	addition	of	SOD,	a	reduction	is	thought	to	be	seen	in	the	amount	of	pigmentation	in	

both	cultures	of	osteoblasts	and	chondrocyte	cells	at	x10	magnification.	Little	is	still	known	

about	 the	 factors	 which	 protect,	 or	 fail,	 within	 tissues	 that	 are	 subject	 to	 ochronosis.	

However,	the	literature	on	AKU	is	absent	of	reports	of	ochronosis	in	muscles,	this	may	be	due	

to	the	presence	of	high	levels	of	SOD	in	muscular	tissues	within	the	body	(101,	102).	These	

results	therefore	suggest	that	SOD	has	a	protective	role	in	the	pigmentation	process.		
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HGA	appears	relatively	stable	 in	 in	vivo	samples	as	seen	 in	fresh	serum	and	urine	samples	

from	AKU	patients,	suggesting	ochronosis	only	occurs	in	collagenous	areas	such	as	articular	

cartilage	 (8,	 66,	 67).	 Considering	 the	 pigmentation	 process	 in	 AKU	 is	 known	 to	 require	

molecular	oxygen,	and	normal	articular	cartilage	has	a	hypoxic	environment,	it	is	possible	to	

suggest	that	HGA	utilises	ROS	within	this	environment	to	undergo	polymerisation	(15,	45,	68,	

69).	Research	has	shown	that	the	pigmentation	process	commences	in	articular	cartilage	in	

the	pericellular	matrix	(12,	13,	31).	The	reason	for	this	is	not	yet	clear,	but	trauma	or	focal	

damage	 may	 be	 a	 key	 factor	 (1).	 Degenerative	 change	 in	 response	 to	 trauma	 and	 focal	

damage	changes	the	whole	extracellular	milleau	and	releases	a	variety	of	cytokines,	as	part	

of	an	inflammatory	response.	In	response	to	these	stimuli,	chondrocytes	have	been	shown	to	

produce	 IL-6,	 a	 catabolic	 cytokine.	 Research	 has	 shown	 that	 IL-6	 plays	 a	 role	 in	 the	

pigmentation	 process.	 IL-6	 has	 been	 shown	 to	 dysregulate	 antioxidant	 defences	 in	

chondrocytes	(25,	33,	34).	Furthermore	it	is	known	that	superoxide	anions	are	produced	in	

excess	during	an	inflammatory	response	(65).	It	is	possible	that	IL-6	inhibits	the	action	of	SOD	

present	 in	 articular	 cartilage,	 enabling	 HGA	 to	 utilise	 superoxide	 anions	 during	 the	

polymerisation	process.	

	

At	x40	magnification,	upon	addition	of	SOD,	the	results	indicate	chondrocyte	cultures	show	a	

reduction	 in	 pigmentation	 at	 day	 14	 only.	However,	 osteoblast	 cultures	 do	 not	 show	any	

differences	in	pigmentation	at	both	days	7	and	14.	These	results	contrast	with	analysis	at	x10	

magnification,	which	suggests	a	reduction	in	pigmentation	is	seen	in	both	cell	lines	at	days	7	

and	14.	Cell	lines	have	differential	capacities	in	inducing	ochronosis.	This	is	especially	seen	in	

vivo,	where	cartilage	is	much	more	detrimentally	affected	by	ochronosis	than	bone	(2,	31,	

48).	It	has	been	shown	that	C20	cultures	are	susceptible	to	a	greater	level	of	pigmentation	



	 101	

than	osteoblasts,	suggesting	a	greater	number	of	pigments	per	unit	area	to	be	more	likely	

present	in	chondrocyte	cultures	(48).	Therefore,	there	is	a	greater	likelihood	of	observing	a	

difference	upon	addition	of	SOD	in	C20	cultures,	than	in	MG63	cultures.	Furthermore,	analysis	

at	 x40	 magnification	 was	 carried	 out	 with	 a	 smaller	 sample	 size	 in	 comparison	 to	 x10	

magnification.	This	suggests	further	reasons	a	difference	is	not	seen	in	MG63	cultures	and	

only	seen	at	day	14	for	C20	cells.		

	

The	results	suggest	that	SOD	shows	more	pigment	reduction	in	C20	cells	than	in	MG63	cells.	

The	experiments	were	conducted	using	extracellular	SOD,	which	means	SOD	is	only	likely	to	

prevent	pigmentation	from	occurring	in	the	ECM.	In	vivo,	the	ECM	of	bone	is	mineralised	and	

therefore	 is	 resistant	 to	 pigmentation.	 Pigment	 deposition	 only	 occurs	within	 osteocytes,	

extracellular	 SOD	 therefore	 is	 unlikely	 to	 be	 beneficial	 as	 a	 therapy	 in	 bone	 (2,	 42,	 63).	

Chondrocytes	however	produce	an	unmineralised	ECM,	which	is	affected	by	ochronosis.	As	a	

major	symptom	of	AKU	is	an	early	onset	debilitating	OA,	SOD	can	potentially	be	implemented	

as	a	targeted	therapeutic	strategy	(1,	2).		

	

It	 is	 interesting	 to	 note	 that	 in	 both	 cell	 lines,	 all	 results	 showed	 the	presence	of	 stained	

pigment	deposits	in	cultures	treated	with	SOD	only.	Schmorl’s	stain,	originally	used	to	identify	

melanin,	is	also	used	to	identify	ochronotic	pigment.	This	suggests	ochronotic	pigment	shares	

structural	 similarities	 to	 melanin.	 The	 non-specific	 nature	 of	 Schmorl’s	 stain	 therefore	

suggests	it	may	have	reacted	with	other	tyrosine	metabolites,	produced	by	the	cell	lines	or	

present	in	the	culture	medium	(48).	It	is	therefore	likely	that	pigments	present	in	SOD	only	

cultures	are	likely	due	to	this	non-specific	staining.	Further	evidence	to	suggest	that	tyrosine	

metabolites	are	produced	by	cell	lines	or	present	in	the	culture	medium	is	the	presence	of	
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pigment	deposits	in	all	control	groups.	This	suggests	that	all	treatment	groups	are	likely	to	be	

equally	affected	by	non-specific	 staining.	Therefore,	 it	 is	 still	possible	 to	 suggest	 that	SOD	

inhibits/reduces	the	ochronotic	process.	However,	to	improve	the	reliability	of	the	results,	it	

may	be	beneficial	to	count	the	number	of	pigment	deposits	in	replicates	of	control	cultures.	

This	can	then	be	used	as	a	baseline	correction	on	data,	prior	to	statistical	analysis.			

	

This	 experiment	 looked	 to	 see	 if	 there	was	 a	 decrease	 in	 pigmentation	 between	 cultures	

treated	 with	 HGA	 and	 cultures	 treated	 with	 HGA+SOD.	 By	 observing	 a	 decrease	 in	

pigmentation	between	the	two	groups,	it	was	suggested	that	due	to	the	enzyme	activity	of	

SOD,	a	decrease	in	pigmentation	was	seen.	To	confirm	that	SOD	was	active	in	the	different	

treatment	conditions,	an	enzymatic	assay	would	have	been	beneficial.	The	assay	would	have	

been	 able	 provide	 further	 evidence	 to	 suggest	 SOD	 was	 the	 enzyme	 responsible	 for	 the	

prevention	of	ochronosis.	However,	the	results	still	suggest	that	SOD	plays	a	preventive	role	

in	 the	 ochronotic	 process,	 indicating	 that	 HGA	 requires	 ROS	 for	 the	 initiation	 of	 the	

polymerisation	 process.	 The	 cell	 viability	 assays	 demonstrate	 that	 SOD	 does	 not	 have	 a	

detrimental	 effect	 on	 the	 cells.	 This	 suggests	 that	 SOD	 has	 the	 potential	 to	 be	 used	 as	 a	

therapeutic	approach	in	the	prevention	of	ochronosis	in	articular	cartilage.		

	

7.3	 Analysis	 of	 Sulphated	GAG	Release	 in	 an	 in	 vitro	Model	 of	Ochronosis,	

Following	Treatment	with	SOD	

This	experiment	was	setup	to	observe	if	SOD	protected	proteoglycans	from	damage	caused	

by	ROS.	Degenerative	change	in	response	to	trauma	and	focal	damage,	changes	the	whole	

extracellular	milleau	and	releases	a	variety	of	cytokines.	IL-6	has	been	shown	to	play	a	role	in	
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the	 pigmentation	 process	 and	 is	 also	 known	 to	 dysregulate	 antioxidant	 defences	 in	

chondrocytes	(25,	33,	34).	HGA	has	been	shown	to	produce	ROS	during	the	polymerisation	

process	(15,	35).	 It	 is	proposed	that	these	ROS	inflict	damage	to	protective	components	in	

collagen	such	as	proteoglycans.	Loss	of	proteoglycans	may	enable	ochronotic	pigment	to	bind	

to	collagen	fibrils	at	specific	areas,	as	proposed	by	Taylor	et	al	(1,	32).	It	is	therefore	likely	that	

IL-6	 inhibits	 the	 action	 of	 SOD	 present	 in	 articular	 cartilage,	 enabling	 the	 polymerisation	

process.	 Using	 this	 exposed	 collagen	 hypothesis,	 a	 decrease	 in	 quantity	 of	 SOD	 in	 AKU	

cartilage,	as	seen	in	OA	cartilage,	can	be	predicted	(1,	63).	SOD	has	been	shown	to	bind	to	

proteoglycans;	if	there	is	loss	of	proteoglycans	there	is	a	subsequent	loss	of	SOD	(63,	103).	

This	 proposes	 a	 self-perpetuating	 mechanism,	 where	 deposition	 of	 pigment	 starts	 a	

nucleation	event	and	eventually	ochronotic	pigment	spreads	throughout	the	entire	cartilage	

due	to	inhibition	and	loss	of	SOD,	and	therefore	proteoglycans	(1,	25,	48).		

	

The	results	however	suggest	that	the	treated	C20	cells	show	no	differences	across	the	days,	

when	 compared	 to	 control	 cultures.	 This	 suggests	 that	ROS	are	not	 involved	 in	 the	 initial	

breakdown	of	proteoglycans.	 It	 is	 therefore	 likely	 to	be	another	 factor,	 such	as	 repetitive	

mechanical	 loading	 and/or	 ageing	 and	 degradation,	 which	 changes	 the	 composition	 of	

articular	cartilage,	enabling	ochronosis	(1).		

	

There	 are	 also	 no	 differences	 indicated	 between	HGA	 treatments	 and	 control	 cultures	 in	

MG63	cultures	across	all	days.	This	suggests	that	proteoglycan	loss	in	MG63	cultures	is	also	

not	 attributable	 to	 ROS.	 However,	 there	 is	 an	 increase	 in	 proteoglycan	 production	 upon	

addition	of	SOD	at	days	12	and	14.	Studies	have	shown	the	presence	of	SOD	in	the	ECM	of	

mineralised	bone	(104).	This	suggests	that	the	presence	of	SOD	has	no	detrimental	effects	on	
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the	structural	composition	of	MG63	ECM.	This	is	further	supported	from	the	assessment	of	

cell	 viability,	 upon	 addition	 of	 SOD.	 Sulphated	 GAGs	 via	 an	 electrostatic	 interaction	 are	

attracted	to	SOD.	As	well	as	this,	in	an	in	vitro	model	the	ECM	components	are	not	assembled	

correctly.	The	presence	of	SOD	can	therefore	attract	loosely	formed	sulphated	GAGs,	forming	

free	complexes	in	the	media.	Furthermore,	due	to	lack	of	mineralisation,	it	may	be	the	case	

that	MG63	cultures	form	a	less	well	organised	ECM	than	C20	cultures.	This	could	explain	why	

a	rise	in	proteoglycans	was	seen	in	MG63	cultures	at	days	12	and	14,	but	not	in	C20	cultures	

(1,	48,	103).		

	

The	 results	 indicate	 that	 ROS	 are	 not	 involved	 in	 the	 breakdown	of	 proteoglycans.	 It	 can	

therefore	 be	 suggested	 an	 alternative	mechanism	 is	 involved	 in	 the	 breakdown,	 such	 as	

mechanical	insult,	aging,	changes	to	the	cellular	environment	(e.g.	pH),	or	a	combination	of	

mechanisms	(1,	8).	The	results	therefore	indicate	ROS	are	only	involved	in	the	initiation	of	

ochronosis.				

	

7.4	Raman	Spectroscopy	of	an	in	vitro	Model	of	Ochronosis		

To	 enable	 the	 assessment	 of	 structural	 differences	 between	 control	 and	 HGA	 treated	

cultures,	it	is	possible	to	group	the	highlighted	peaks	in	the	average	spectra	to	their	relevant	

structures.	 The	 GAG	 components	 are	 spectra	 of	 bonds	 present	 in	 proteoglycans.	 The	

spectrum	produced	at	1063cm-1	represents	the	sulphated	bonds	in	a	GAG	complex,	such	as	

CS	(96,	98).	The	other	peaks	represent	bonds	present	in	collagen.	Peaks	for	cells	are	usually	

identified	by	the	presence	of	nucleic	acid	peaks	at	1488cm-1	and	1579cm-1.	However,	they	are	

absent	in	the	average	spectra,	which	is	to	be	expected	as	cells	are	normally	scattered	around	

a	dense	ECM	(96-98,	105).		
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Similar	 Raman	 peaks	 are	 produced	 for	MG63	 and	 C20	 cultures,	 with	 peaks	 representing	

collagen	 and	 proteoglycan	 components	 present	 in	 both	 cultures.	 However,	 a	 structural	

difference	 in	 the	 two	 cultures,	 as	 identified	by	 the	 results,	 is	 the	presence	of	mineralised	

components	such	as	phosphate	and	carbonate	in	MG63	cultures	(99,	100).	It	is	known	that	

the	ECM	of	MG63	cultures	undergoes	ochronosis	due	to	the	absence	of	protective	factors	

such	as	minerals,	which	cover	the	ECM.	However,	the	results	suggest	that	minerals	are	still	

produced	by	the	MG63	cell	line.	Previously,	it	was	thought	that	early	stage	osteosarcoma	cell	

lines	did	not	produce	minerals	in	cell	culture	conditions	without	the	presence	of	appropriate	

stimuli,	such	as	ascorbic	acid.	The	results	from	the	Raman	spectra	however,	suggest	that	early	

stage	osteoblasts	produce	minerals	such	as	phosphates	and	carbonates,	regardless	of	their	

surrounding	 environment.	 This	 is	 echoed	 by	 a	 study	 that	 has	 shown	 the	 production	 of	

hydroxyapatite,	 another	 key	 mineralising	 agent,	 by	 MG63	 cells.	 This	 suggests	 that	

mineralising	conditions	aid	in	the	binding	of	minerals	to	collagen	fibrils,	rather	than	in	their	

formation	(48,	82,	106,	107).	The	results	presented	here	lend	further	evidence	to	the	theory	

that	in	vitro,	MG63	cell	cultures	do	not	replicate	the	assembly	of	complex	structures	as	seen	

in	vivo	(48).	

	

The	results	show	that	in	the	presence	of	HGA,	certain	peaks	show	a	higher	intensity	for	both	

C20	and	MG63	cultures.	Both	 cell	 lines	 in	 the	presence	of	HGA	produced	higher	 intensity	

peaks	for	collagen	components,	suggesting	more	collagen	is	produced	in	this	environment.	

HGA	is	thought	to	induce	a	stressful	environment	for	chondrocytes	(1,	15,	25).	It	has	been	

shown	that	under	stressful	conditions	chondrocytes	change	phenotype	and	become	activated	

cells,	 producing	 greater	 amounts	 of	 ECM	 (108).	 Similar	 findings	 have	 also	 been	 shown	 in	
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MG63	cell	lines	when	exposed	to	stress	(109).	This	suggests	that	the	presence	of	HGA	may	be	

the	reason	a	higher	intensity	is	seen	in	bands	for	collagen	components,	as	an	initial	attempt	

is	made	at	repairing	damaged	ECM	(110).	However,	it	must	be	noted	that	C20	cultures	also	

show	differences	in	intensity	at	the	GAG	sulphate	and	the	CH2	peaks,	but	MG63	cultures	do	

not.	This	could	be	because	C20	cells	have	a	higher	cellular	activity	and	proliferate	quicker	than	

MG63	cells.	The	presence	of	HGA	creates	a	stressful	environment,	further	stimulating	cellular	

activity	of	C20	cells.	This	 results	 in	a	greater	production	of	ECM	in	C20	cells,	compared	to	

MG63	cells	(1,	15,	48).		

	

The	exposed	collagen	hypothesis	predicts	a	loss	of	proteoglycans,	enabling	binding	of	HGA	to	

collagen	and	polymerisation	to	ochronotic	pigment.	The	results	suggest	there	 is	no	 loss	of	

proteoglycans	following	treatment	with	HGA.	This	would	suggest	that	proteoglycans	may	not	

be	the	barriers	to	ochronosis,	as	originally	thought.	However,	it	is	acknowledged	that	in	vitro	

models	do	not	assemble	their	ECM	correctly	into	the	organised	matrix	seen	in	vivo,	enabling	

pigmentation	(1).	Furthermore,	due	to	the	stress	response	of	HGA,	an	initial	compensatory	

period	 may	 be	 seen	 with	 cells	 increasing	 production	 of	 ECM	 components	 such	 as	

proteoglycans.	This	could	be	considered	as	an	initial	attempt	at	repairing	damaged	collagen,	

as	seen	in	OA	(1,	15,	110,	111).	If	therefore	a	longer	treatment	period	is	observed,	a	decline	

in	proteoglycans	may	be	found.	

	

PCA	analysis	 shows	MG63	 cultures	have	a	 large	 confidence	 interval,	which	 contrasts	with	

confidence	intervals	for	C20	cultures.	It	could	be	the	case	that	MG63	cells,	due	to	their	slower	

cellular	activity,	replicate	more	slowly	than	C20	cells.	This	means	that	cells	could	be	at	several	

stages	of	the	growth	cycle,	suggesting	that	cells	and	their	surrounding	ECM	are	at	different	
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stages	of	maturity.	Meanwhile	C20	cell	may	be	able	to	achieve	cellular	maturity	at	a	faster	

rate,	meaning	that	at	the	time	of	spectral	acquisition,	C20	cells	and	surrounding	ECM	may	be	

fully	 formed	 into	 a	 uniform	 structure.	 This	 result	 therefore	 provides	 further	 evidence	 to	

suggest	that	C20	cells	proliferate	more	quickly	than	MG63	cells	(48).		

	

PCA-LDA	analysis	of	all	 four	cell	 treatments,	shows	that	separation	was	based	on	cell	type	

along	LD1.	Further	analysis	using	loadings	plots	identified	that	this	difference	was	observed	

due	to	collagen	and	minerals.	This	is	to	be	expected	as	the	types	of	collagen	differ	between	

the	two	cells	types.	C20	cells	produce	type	II	collagen,	whereas	MG63	produce	type	I.	Whilst	

both	collagen	structures	share	the	same	basic	components,	the	quantity	of	each	component	

in	 each	 collagen	 type	 is	 likely	 to	 vary	 (42,	 46,	 112).	 Another	 factor	 that	 has	 influenced	

separation	between	cell	types	is	the	presence	of	mineral	components	in	MG63	cell	cultures,	

which	are	not	present	 in	C20	 cultures.	 This	 is	 also	 to	be	expected	as	MG63	cells	produce	

minerals	which,	as	described	above,	are	not	present	on	collagen	(48,	107).		

	

Analysis	 along	 LD3	 shows	 that	 there	 may	 be	 potential	 to	 observe	 a	 distinct	 separation	

between	 control	 and	 HGA	 treated	 cultures,	 if	 analysed	 for	 a	 longer	 treatment	 period.	

Loadings	plot	analysis	for	LD3	shows	that	any	differences	seen	can	be	attributed	to	peaks	in	

between	610-750cm-1,	and	peaks	corresponding	to	collagenous	structures.	It	has	been	shown	

that	 for	 several	 biological	 spectra,	 the	 bands	 between	 600-800cm-1	 are	 a	 result	 of	 ring	

breathing	vibrations.	This	is	the	simultaneous	contraction	of	all	bonds	present	in	an	aromatic	

ring,	such	as	benzene	(113).	Whilst	the	structure	of	the	ochronotic	pigment	is	not	known,	it	is	

known	that	a	quinone	intermediary	is	produced.	As	the	ochronotic	pigment	is	derived	from	a	

quinone,	it	is	possible	that	aromatic	compounds	may	be	present	within	the	pigment	polymer,	
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also	producing	ring	breathing	vibrations	(8,	113).	Changes	to	collagenous	structures	is	also	

further	evidence	for	the	presence	of	HGA.	Ochronotic	pigment	is	known	to	bind	to	collagen	

in	a	periodic	fashion;	the	presence	of	ochronotic	pigment	on	collagen	fibres	is	therefore	likely	

to	 alter	 its	 structure	 (1,	 32).	 Alternatively,	 if	 the	 bands	 from	 the	 loadings	 plot	 are	 not	

attributable	to	an	alteration	in	structure	of	collagen,	 it	could	be	that	HGA	induces	a	stress	

response	in	cell	cultures,	 inducing	an	increased	production	of	cellular	matrix,	as	previously	

mentioned	(48).						

	

Further	comparison	using	PCA-LDA	of	individual	cell	lines	(control	vs	treatment	groups),	has	

provided	 evidence	 to	 suggest	 that	 it	 is	 possible	 to	 distinguish	 control	 cultures	 and	 HGA	

treated	cultures	using	Raman	spectroscopy.	The	results	from	the	loadings	plot	show	that	for	

C20	 cultures,	 there	 are	 several	 peaks	 contributing	 to	 the	 differences	 seen	 between	 the	

control	 and	 treatment	 groups.	 A	 study	 has	 shown	 the	 presence	 of	 multiple	 peaks	

corresponding	to	GAG	complexes	within	the	1000-1130cm-1	range	(114).	This	suggests	that	

collagen	and	GAG	components	are	the	main	contributors	to	the	discriminant	analysis	(96-98,	

114).	Similar	results	are	seen	in	the	loadings	plot	for	MG63	cultures,	which	shows	that	the	

peaks	which	contribute	to	the	differences	between	treatment	groups	correspond	to	collagen	

components	(99,	100).	In	both	cell	lines,	there	are	peaks	present	in	the	loadings	plots	between	

600-800cm-1,	suggesting	the	presence	of	aromatic	rings	which	could	indicate	the	presence	of	

ochronotic	pigment	(8,	113).	Furthermore,	there	are	unidentified	peaks	present	in	both	cell	

lines,	which	are	not	related	to	structures	in	chondrocytes	and	osteoblasts.	This	could	suggest	

these	peaks	are	related	to	HGA	and	its	ochronotic	pigment.	It	is	clear	the	results	show	that	

Raman	spectroscopy	is	able	to	differentiate	HGA	treated	cultures	from	control	cultures.	It	is	

not	clear	however,	how	HGA	contributes	to	these	structural	differences.	As	described	above,	
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these	changes	could	be	due	to	the	binding	of	ochronotic	pigment	to	collagenous	components	

with	 resulting	damage	 to	proteoglycans	via	ROS.	Alternatively,	 it	 could	be	an	 initial	 stress	

response	by	cells	to	the	presence	of	HGA	and	its	pigment	polymer,	as	indicated	by	the	results	

from	the	average	spectra	(1,	48).	With	consideration	to	the	results	from	the	PCA-LDA	analysis	

of	individual	cell	lines	(Fig.	6.7	and	Fig.	6.9),	and	the	results	from	the	average	spectra	(Fig.	6.1	

and	Fig.	6.2),	it	is	likely	the	differences	seen	are	due	to	a	combination	of	stress	responses	and	

structural	alterations	to	the	presence	of	HGA	and	its	pigment	polymer.		

	

This	 initial	 experiment	 suggests	 that	 there	 is	 potential	 for	 Raman	 spectroscopy	 in	 the	

investigation	of	the	pathogenesis	of	AKU.	Raman	spectroscopy	has	been	shown	to	be	a	highly	

sensitive	 technique,	 capable	 of	 detecting	 subtle	molecular	 changes.	 This	 ability	 to	 detect	

subtle	changes,	invisible	to	conventional	techniques	such	as	X-ray,	has	greatly	enhanced	the	

diagnosis	of	OA	(114,	115).	This	has	implication	for	using	Raman	spectroscopy	as	a	potential	

diagnostic	tool	in	AKU,	as	it	may	be	possible	to	detect	minor	structural	changes	during	the	

initial	stages	of	ochronosis.	This	would	enable	earlier	 interventions,	 limiting	progression	of	

the	disease.		

		

7.5	Conclusion		

The	results	from	the	experiments	conducted	in	this	thesis	indicate	that	SOD	does	have	a	role	

in	 the	 prevention	 of	 ochronosis,	 and	 Raman	 spectroscopy	 	 has	 the	 potential	 to	 highlight	

structural	differences	caused	by	ochronosis.		
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The	results	however,	demonstrate	limited	variability	due	to	experimental	design.	The	

experiments	conducted	in	this	thesis	were	all	derived	from	one	biological	replicate,	with	the	

results	calculated	using	technical	replicates	(n=1).	These	technical	replicates	do	not	

demonstrate	sufficient	variability	to	be	considered	as	representative	samples	of	the	cell	

lines.	Due	to	the	lack	of	representative	sample	populations	for	each	cell	line,	only	the	mean	

and	SEM	could	be	calculated	for	experiments	I,	II	and	III;	further	statistical	analysis	could	not	

be	conducted.		It	was	therefore	not	possible	to	state	any	statistical	significance	from	the	

results.	Experimental	repeats	are	required	to	increase	sample	size	and	improve	reliability,	

enabling	statistical	certainty	regarding	the	impact	of	SOD	in	AKU.	

	

Several	 areas	 have	 been	 highlighted	 from	 this	 work,	 for	 further	 investigation	 to	 enable	

continual	advancements	in	the	understanding	of	AKU.	The	initial	experiment,	to	assess	the	

effects	of	SOD	on	C20	and	MG63	cell	lines,	highlighted	uncertainty	in	the	viability	of	C20	cells	

at	high	concentrations	of	SOD.	Further	work	should	therefore	be	done	to	asses	if	SOD	has	a	

detrimental	effect	on	cell	viability	 in	both	cell	 lines,	at	concentrations	of	500	units/ml	and	

above.	This	will	ensure	that	if	SOD	is	targeted	as	a	potential	therapy	for	AKU,	an	effective	and	

safe	dosage	with	minimal	side	effects	can	be	trialled.		

	

It	has	been	suggested	that	IL-6	has	a	role	in	the	dysregulation	of	SOD.	In	vitro	studies	could	

therefore	attempt	to	observe	the	effects	of	IL-6	in	cultures	containing	HGA	and	SOD.	If	IL-6	

does	inhibit	SOD,	no	significant	differences	should	be	expected	in	the	quantity	of	ochronotic	

pigments	between	cultures	containing	HGA,	SOD	and	IL-6,	and	cultures	containing	HGA	only.			
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The	results	indicate	that	SOD	has	the	ability	to	reduce/prevent	ochronosis	in	an	in	vitro	model	

of	AKU.	This	suggests	that	SOD	can	have	therapeutic	benefits	for	AKU	patients.	However,	no	

research	has	been	conducted	on	 the	administration	of	SOD	as	a	 targeted	 therapy	 in	 vivo.	

Therefore,	 further	 work	 needs	 to	 be	 conducted	 into	 the	methods	 of	 targeting	 SOD	 as	 a	

therapy.	 Studies	 have	 shown	 SOD	 mimetics	 injected	 into	 the	 articular	 cartilage,	 have	

beneficial	 effects	 on	 rats	 induced	 with	 arthritis.	 SOD	 mimetics	 are	 currently	 undergoing	

research	 with	 the	 aims	 of	 clinical	 implementation,	 in	 the	 treatment	 of	 inflammatory	

conditions	such	as	arthritis	(65,	116).	This	suggests	that	SOD	mimetics	may	have	a	potential	

application	 in	 the	 treatment	 of	 AKU.	 Nevertheless,	 advancing	 research	with	 SOD	 in	 trials	

involving	animal	models	and	humans,	may	have	several	challenges.	Examples	of	this	may	be,	

finding	the	optimum	method	of	administration,	and	identifying	and	reducing	side	effects	and	

interactions.	

	

The	Raman	spectroscopy	 results	 showed	that	whilst	 structural	differences	were	observed,	

there	was	still	a	degree	of	overlap	in	both	cultures.	If	cultures	were	therefore	treated	for	a	

longer	 period	 prior	 to	 analysis,	 and	 repeat	 experiments	 had	 been	 conducted,	 a	 clearer	

distinction	may	have	been	observed.	 Furthermore,	 if	 both	 cell	 lines	were	 seeded	at	 a	 set	

number	of	cells/ml,	a	quantitative	comparison	would	have	been	possible	between	cell	lines.	

This	may	provide	evidence	 to	 support	 the	 theory	 that	C20	cells	 replicate	and	mature	at	a	

faster	rate	than	MG63	cells.		

	

Using	Raman	spectroscopy,	it	would	be	interesting	to	compare	cartilage	samples	from	AKU	

patients	against	control	cartilage	samples.	If	results	show	that	it	is	possible	to	discriminate	

between	normal	cartilage	and	AKU	cartilage,	this	would	provide	further	evidence	to	suggest	
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that	 Raman	 spectroscopy	 could	 be	 used	 in	 the	 clinical	 setting.	 Studies	 have	 shown	 that	

spectral	acquisitions	can	be	made	up	to	4mm	below	the	surface	of	the	skin,	using	a	technique	

known	as	spatially	offset	Raman	spectroscopy.	Therefore,	this	technique	can	be	applied	in	the	

clinical	setting	to	assess	efficacy	of	treatment	in	AKU	patients.	For	example,	the	ear	can	be	

used	for	clinical	tests	as	the	cartilage	of	the	ear	 is	commonly	affected	 in	AKU.	 It	would	be	

feasible	to	suggest	that	using	non-invasive	Raman	spectroscopy	techniques,	the	cartilage	of	

the	ear	can	be	used	to	observe	if	treatments	such	as	Nitisinone	reduce	the	accumulation	of	

HGA	and	prevent	subsequent	ochronosis	(1,	79).	

	

It	is	clear	significant	advancements	have	been	made	in	the	study	of	AKU.	Furthermore,	these	

advancements	have	had	a	significant	impact	on	OA	research.	Findings	from	this	thesis	add	

further	pieces	 to	 the	puzzle,	 in	an	attempt	 to	gain	a	better	understanding	of	AKU	and	 its	

disease	process.			
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