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Streszczenie: Cel: stres oksydacyjny należy do głównych czynników wywołujących zwyrodnienie plamki żółtej związane z wiekiem, charakte-
ryzujące się uszkodzeniem komórek nabłonka barwnikowego siatkówki oraz fotoreceptorów. Komórki nabłonka barwnikowego 
siatkówki bogate są w mitochondria wytwarzające duże ilości reaktywnych form tlenu, będących produktem aktywności łań-
cucha oddechowego. Rozkład w aktywności łańcucha może być wywołany przez uwalnianie cytochromu C z mitochondriów 
do cytoplazmy. Proces ten może być aktywowany przez jądrowy czynnik oddechowy 2 Nrf2, który jest kodowany przez wysoce 
polimorficzny gen. W badaniach tych przeanalizowano związek między ryzykiem wystąpienia zwyrodnienia plamki związanego 
z wiekiem a polimorfizmem 25129A>C w genie kodującym jądrowy czynnik oddechowy 2 (rs12594956).

 Materiały	i	metody: genotypy określane były za pomocą metody PCR-RFLP w DNA wyizolowanym z limfocytów krwi obwodo-
wej, pobranej od 281 pacjentów, u których zdiagnozowano zwyrodnienie plamki związane z wiekiem (od 181 chorych na wysię-
kową postać i od 101 chorych na suchą postać) oraz od 105 osób z grupy kontrolnej.

 Wyniki: wykazano słaby związek między genotypem C/C polimorfizmu 25129A>C a występowaniem zwyrodnienia plamki zwią-
zanego z wiekiem (OR 1.96; p = 0.023). Zaobserwowano silny związek między występowaniem suchej postaci tego schorze-
nia a genotypem C/C badanego polimorfizmu (OR 2.23; p = 0.018). Dodatkowo wykazano, że genotyp A/C zmniejsza ryzyko 
występowania zwyrodnienia plamki związanego z wiekiem oraz jego suchej postaci (odpowiednio OR 0.51; p = 0.023 i 0.44; 
p = 0.018). Potencjalne czynniki ryzyka takie jak wiek, płeć, palenie tytoniu, środowisko zamieszkania (wiejskie bądź miejskie) 
czy też rodzinny status zwyrodnienia plamki związanego z wiekiem wpływają na zwiększenie ryzyka występowania tego scho-
rzenia, w korelacji z genotypem C/C badanego polimorfizmu (OR 2.52; p = 0.012).

 Wnioski: polimorfizm 25129A>C w genie NRF2 może mieć związek z występowaniem zwyrodnienia plamki związanego z wie-
kiem.

Słowa kluczowe: mitochondria, reaktywne formy tlenu, polimorfizm genu, gen NRF2, zwyrodnienie plamki związane z wiekiem – AMD.
Summary: Purpose: Oxidative stress belongs to the main factors of pathogenesis of age-related macular degeneration, characterized by 

the damage to the retinal pigment epithelium cells and photoreceptors. Retinal pigment epithelium cells are rich in mitochon-
dria, producing large amount of reactive oxygen species, which are by-products of the activity of the respiratory chain. The di-
stribution in the activity of the chain may be evoked by the release of cytochrome C from the mitochondrion to the cytoplasm. 
This process may activated by nuclear respiratory factor 2, Nrf2, which is encoded by a highly polymorphic gene. In this study 
we examined the association between age-related macular degeneration risk and the 25129A>C polymorphism of the gene 
encoding nuclear respiratory factor 2 (rs12594956).

 Material	and	methods: Genotypes were determined in DNA from peripheral blood lymphocytes of 281 patients with age-related 
macular degeneration (181 with wet form of the disease and 101 with its dry form), and 105 controls by PCR-restriction frag-
ment length polymorphism.

 Results: A weak association (OR 1.96; p = 0.023) between the C/C genotype of the 25129A>C polymorphism and the occur-
rence of age-related macular degeneration was found. A stronger association was observed between dry age-related macu-
lar degeneration occurrence and the C/C genotype of the polymorphism (OR 2.23; p = 0.018). The A/C genotype decreased 
the risk of age-related macular degeneration and its dry form (OR 0.51; p = 0.023 and 0.44; p = 0.018, respectively). Potential 
risk factors such as age, gender, smoking habit, living environment (rural or urban) and family status of age-related macular de-
generation increased the risk of AMD associated with the C/C genotype (OR 2.52; p = 0.012).

 Conclusions: The 25129A>C polymorphism of the NRF2 gene may be associated with age-related macular degeneration.
Key words: mitochondria, reactive oxygen species, gene polymorphism, NRF2 gene, age-related macular degeneration – AMD.
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1. Background
Age-related	macular	degeneration	(AMD)	is	one	of	the	most	

common	causes	of	vision	loss	in	the	elderly	in	developed	coun-
tries,	but	its	pathogenesis	still	remains	unclear.	About	11	million	
people	across	 the	globe	are	affected	by	AMD,	whose	 inciden-
ce	 increases	with	age	 (1,	2).	According	 to	data	 from	Western	
coun	tries,	the	disease	develops	among	people	50	years	old	and	
older	(3).	Two	manifestations	of	AMD	can	be	distinguished,	its	
dry	and	wet	 form.	Genetic	and	environmental	 risk	 factors	may	
predispose	to	the	development	of	AMD	(4,	5).	The	main	biolo-
gical	 factors	associated	with	AMD	pathogenesis	are	advanced	
age,	female	gender,	Caucasian	ethnicity,	hypertension,	obesity,	
cataract	and	cataract	surgery,	high-fat	diet	and	chronic	sun	light	
exposure	(6–13).	To	date,	tobacco	smoking	is	considered	as	pri-
mary	environmental	 risk	 factor	 for	AMD	(14,	15).	Furthermore,	
family	 history	 studies	 showed,	 that	 relatives	 of	 AMD	 patients	
are	at	a	higher	 risk	of	AMD	than	 individuals	without	 family	hi-
story	of	this	disease	(16).

High	 oxygen	 concentrations,	 prolonged	 exposure	 to	 light,	
and	 the	 presence	 of	 photosensitizers	 are	 factors	 favoring	 the	
generation	of	reactive	oxygen	species	(ROS)	in	the	macular	re-
gion.	Oxidative	stress	may	play	a	role	 for	age-related	accumu-
lation	of	 lipofuscin	 in	 retinal	pigment	epithelium	(RPE),	 located	
near	the	macula	(17).

Mitochondria	 are	 cytoplasmic	 organelles	 that	 play	 an	 im-
port	 role	 in	 the	 energy	 production,	 apoptosis	 and	 free	 radical	
production.	Each	of	these	processes	has	been	implicated	in	the	
pathogenesis	of	AMD	(18).	Under	normal	physiologic	conditions	
the	 release	 of	 cytochrome	 C	 from	 mitochondria	 into	 the	 cyto-
sol	 interrupt	 the	 electron	 flow	 along	 the	 respiratory	 chain	 and	
reduce	oxygen	to	superoxide	anion,	initiating	a	cascade	of	free	
radicals,	that	 indiscriminately	damage	biological	macromolecu-
les	(19).	Mitochondria	are	especially	susceptible	to	damage	by	
ROS	because	 the	mitochondrial	genome	has	 limited	 reparative	
capacity	 (20).	 Latest	 results	 suggest	 that	 the	 severity	 of	 mi-
tochondrial	 and	 peroxisomal	 alterations	 are	 different	 between	
AMD	and	normal	aging,	and	the	timing	of	damage	to	RPE	cells	
may	be	critical	for	the	development	of	AMD	(21).	Moreover,	mi-
tochondrial	 biogenesis,	 complex	assembly,	mtDNA	 replication,	
transcription,	and	mitochondrial	protein	biosynthesis,	all	require	
nuclear	DNA-encoded	 factors	 (22–24).	One	of	 these	 factors	 is	
a	nuclear	respiratory	factor	2	(NRF2)	protein.	NRF2	was	disco-
vered	 as	 the	 human	 homolog	 of	 the	 mouse	 GA-binding	 prote-
in	 (GABP)	 (25,	 26).	 It	 is	 known	 that	 the	 product	 of	 the	 NRF2	
gene	(GABPB1)	regulates	several	genes	encoding	mitochondrial	

proteins,	 including	 cytochrome	 C	 and	 cytochrome	 C	 oxidase	
(27–30).

It	was	shown	that	the	wild	type	genotype	of	the	25129A>C	
polymorphism	 of	 the	 NRF2	 gene	 (rs12594956),	 is	 associated	
with	 endurance	 performance	 in	 different	 population	 (31).	 The-
se	 results	support	 the	 regulatory	 role	of	 this	gene	 in	 the	mito-
chondrial	oxygen	metabolism.	The	25129A>C	polymorphism	is	
located	on	15q21.2	in	an	intron	region	of	the	NRF2	gene	and	it	
may	affect	the	splicing	of	the	NRF2	splicing.	 It	has	a	relatively	
high	hetrozygosity	and	has	not	been	investigated	in	AMD.

In	 this	 work	 we	 searched	 for	 the	 association	 between	
the	 25129A>C	 polymorphism	 of	 the	 NRF2	 gene	 and	 the	 risk	
of	 AMD	 in	 a	 Polish	 population.	 We	 also	 studied	 the	 influence	
of	some	risk	factors:	age,	gender,	smoking,	environment	of	 life	
and	family	status	of	AMD	on	this	association.

2. Material and methods

2.1. Clinical subjects
Peripheral	 blood	samples	were	obtained	 from	281	patients	

with	AMD	who	were	examined	 in	 the	Department	of	Ophthal-
mology,	 Medical	University	 of	Warsaw,	Poland,	 and	 from	 sex-	
and	age	matched	individuals	with	exclusion	of	AMD	(n	=	105,		
controls).	101	patients	had	dry	AMD	and	the	remaining	180	had		
the	wet	form	of	the	disease	(Table	I).	Medical	history	was	obta-
ined	from	all	subjects,	and	no	one	reported	current	or	previous	
cancer	or	any	genetic	disease.	The	patients	underwent	ophthal-
mic	 examination,	 including	 best-corrected	 visual	 acuity,	 intra-
ocular	pressure,	slit	lamp	examination,	and	fundus	examination,	
performed	 with	 a	 slit	 lamp	 equipped	 with	 either	 non-contact	
or	 contact	 fundus	 lenses.	 Diagnosis	 of	 AMD	 was	 confirmed	
by	 optical	 coherence	 tomography	 (OCT)	 and,	 in	 some	 cases,	
by	 fluorescein	 angiography	 (FA)	 and	 indocyanin	 green	 angio-
graphy	 (ICG).	OCT	evaluated	 retinal	 thickness,	 the	presence	of	
RPE	atrophy,	drusen,	or	subretinal	 fluid	and	intraretinal	edema;	
angiography	assessed	the	anatomical	status	of	the	retinal	ves-
sels,	 the	 presence	 of	 choroidal	 neovascularization	 and	 leaka-
ge.	 The	 OCT	 examinations	 were	 performed	 with	 Stratus	 OCT	
model	 3000,	 software	 version	 4.0	 (Oberkochen,	 Germany).	
The	 FA	 and	 ICG	 examinations	 were	 completed	 with	 a	 Topcon	
TRC-50I	IX	fundus	camera	equipped	with	the	digital	Image	Net	
image	system,	version	2.14	(Topcon,	Tokyo,	Japan).	Structured		
questionnaire	was	used	 to	obtain	 information	 from	study	 sub-
jects	 about	 smoking	 habit,	 living	 environment	 and	 the	 history	
of	 AMD	 among	 first-degree	 relatives.	 The	 genetic	 analyses	

Individuals/
Pacjenci

Number/ 
Liczba

Age (years)/  
Wiek/ lata

Gender (females+males)/ 
Płeć (kobiety+mężczyźni)

All/	Wszyscy	badani 386 72.8	±	9.5 255	F	+	131	M

AMD/	Chorzy	na	AMD 281 72.8	±	8.4 185	F	+	96	M

Dry	AMD/	Chorzy	na	postać	suchą	AMD 101 74.3	±	8.7 	67	F	+	34	M

Wet	AMD/	Chorzy	na	postać	wysiękową	AMD 180 72.5	±	8.0 118	F	+	62	M

Controls/	Grupa	kontrolna 105 71.7	±	10.2 	70	F	+	35	M

Tab. I. Characteristics	of	patients	with	AMD	and	individuals	with	exclusion	of	AMD	(controls;	mean	±	SD).
Tab. I. Charakterystyka	chorych	na	AMD	oraz	osób,	u	których	AMD	wykluczono	(średnia	±	odchylenie	standardowe).
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did	 not	 interfere	with	 diagnostic	 or	 therapeutic	 procedures	 for	
the	 subjects.	 The	 study	 was	 approved	 by	 the	 Bioethics	 Com-
mittee	of	 the	Medical	University	of	Warsaw,	Poland,	and	each	
patient	gave	a	written	informed	consent.

2.2. DNA preparation
Peripheral	blood	lymphocytes	(PBLs)	were	isolated	by	cen-

trifugation	 in	 a	 density	 gradient	 of	 Histopaque-1077	 (15	 min,	
280×g).	 The	 pellet	 containing	 the	 PBLs	 was	 resuspended	
in	Tris–EDTA	buffer,	pH	8,	to	yield	about	1–3×105	cells/ml.	Ge-
nomic	DNA	was	extracted	 from	 the	PBLs	by	DNA	Blood	Mini	
Kit	 (A	 &	 A	 Biotechnology,	 Gdansk,	 Poland).	 The	 final	 samples	
were	kept	in	Tris–EDTA	buffer,	pH	8,	at	-20°C	until	use.

2.3. Genotype determination
Restriction	fragments	length	polymorphism	PCR	(RFLP-PCR)	

was	 employed	 to	 determine	 the	 genotypes	 of	 the	 25129A>C	
polymorphism.	Each	20	µl	of	the	PCR	reaction	contained	10	ng	
genomic	DNA,	1.25	U	Taq	polymerase	(Epicentre,	Madison,	WI,	
USA)	in	1×PCR	buffer	(100	mM	Tris-HCl,	pH	8.3,	500	mM	KCl,	
11	mM	MgCl2,	0.1%	gelatine),	1.5	mM	MgCl2,	50	mM	dNTPs,	
and	250	nM	each	primer.	Thermal	cycling	conditions	for	investi-
gated	 polymorphism	 were	 as	 follows:	 initial	 denaturation	 step	
at	95°C	for	5	min,	30	cycles	at	95°C	for	30	sec	and	30	sec	at	
the	55°C	annealing	temperature,	and	at	72°C	for	1	min.	The	final	
extension	was	performed	at	72°C	for	10	min.	The	PCR	was	car-
ried	out	in	a	MJ	Research,	INC	thermal	cycler;	model	PTC-100	
(Waltham,	MA,	USA).

The	 25129A>C	 polymorphism	 of	 the	 NRF2 gene	 was	 de-
termined	using	the	following	primers	(Sigma-Aldrich,	St.	Louis,	
MO,	USA):

sense,	5’-	TAAAATGAATAAAGGTGGGGGT	-3’;
antisense,	5’-	TAAGAGTGGAAGGGTGGAGAA	-3’.
The	407	bp	PCR	product	was	digested	3	hours	with	2	units	

of	the	restriction	enzyme	MfeI	 (New	England	Biolabs,	 Ipswich,	
UK).	The	A	allele	was	digested	into	269	and	138	bp	fragments	
whereas	the	C	variant	remained	intact.	The	PCR	products	were	
separated	onto	a	3%	agarose	gel.	Figure	1	presents	a	represen-
tative	gel	obtained	after	genotyping	of	this	polymorphism.	More	
than	10%	of	 the	samples	were	 repeated,	and	 the	 results	were	
100%	concordant.

3. Statistical analysis
The	allelic	frequencies	were	estimated	by	gene	counting	and	

the	genotypes	were	scored.	The	χ2	 analysis	was	used	 to	com-
pare	 the	observed	number	of	 genotypes	with	 that	 expected	 for	
a	 population	 in	 a	 Hardy–Weinberg	 equilibrium.	 The	 χ2	 analysis	
was	also	used	 to	 test	 the	significance	of	 the	differences	of	ob-
served	alleles	and	genotypes	between	groups.	A	logistic	regres-
sion	model	was	used	to	calculate	the	odds	ratios	(ORs)	and	95%	
confidence	intervals	(CIs).	 In	all	 tests	p	values	of	 less	than	0.05	
were	 considered	 statistically	 significant.	 The	 genotype-associa-
ted	risk	was	given	by	the	crude	ORs	and	the	p	value.	Additionally,	
unconditional	 logistic	 regression	 analyses	 with	 adjustment	 for	
possible	 confounders	 (age,	 gender,	 smoking	 habit,	 environment	
of	 life	 –	 rural	 or	 municipal	 –	 and	 familiar	 status	 of	 AMD)	 were	
performed	to	calculate	adjusted	ORs	and	p	values.	Smoking	ha-
bit	were	categorized	in	terms	of	never	smokers	and	smokers	(in-
cluding	 former	 and	 current).	 Statistical	 analysis	 was	 performed	
using	STATISTICA	9.0	package	(Statsoft,	Tulusa,	USA).

4. Results
The	 patients	 were	 divided	 into	 three	 groups	 according	 to	

genotypes	of	 the	25129A>C	polymorphism	of	 the	NRF2	 gene	
(A/A,	 A/C,	 and	 C/C).	 The	 observed	 genotype	 frequency	 of	 the	
polymorphism	 in	 the	 control	 subjects	 was	 in	 agreement	 with	
Hardy-Weinberg	equilibrium	(p	0.612;	χ2	=	0.98).	The	distribu-
tion	of	the	genotypes	of	the	polymorphism	differed	significantly	
between	the	patients	with	dry	AMD	and	controls	(p	<	0.05).

We	observed	an	association	of	AMD	and	its	dry	form	with	
the	C/C	genotype	of	the	25129A>C	polymorphism	of	the	NRF2 
gene	(Table	 II	and	 III).	The	A/C	genotype	of	 this	polymorphism	
decreased	the	risk	of	AMD	and	its	dry	form	(Table	II	and	III).

We	 also	 investigated	 relationship	 between	 age,	 gender,	
smoking	 habit,	 environment	 of	 life	 (rural	 or	 municipal)	 and	 fa-
miliar	status	of	AMD	and	risk	of	AMD	independent	of	genotype.	
We	 compared	 controls	 and	 AMD	 patients	 according	 to	 these	
parameters.	Male	gender,	age	over	75	years	and	familiar	history	
of	AMD	significantly	increased	the	risk	of	AMD	(Table	IV).

Next,	we	examined	gene–investigated	parameters	 interac-
tions.	 To	 estimate	 the	 interaction	 between	 these	 parameters	
and	genotype	relative	to	the	risk	of	AMD	we	performed	analy-
sis	with	stratification	of	controls	and	AMD	patients	in	separate	
groups	 dependent	 of	 age,	 gender,	 smoking	 habit,	 environment	
of	life	(rural	or	municipal)	and	familiar	status	of	AMD.	Only	mat-
ching	variables	and	factors	that	altered	the	ORs	by	≥	10%	were	

Fig. 1.	 Genotyping	of	the	25129A>C	polymorphism	of	the	NRF2 gene	
by	restriction	length	fragment	polymorphism	PCR	in	age-related	
macular	degeneration.	A	representative	analysis	of	3%	agarose	
gel	 electrophoresis	 with	 ethidium	 bromide.	 Band	 sizes	 are	 in-
dicated	on	the	right	of	the	panel.	Lane	M,	DNA	marker	100	bp	
(Fermentas),	 lane	 10,	 the	 C/C	 homozygote	 is	 not	 cleaved	 by	
the	MfeI	enzyme	and	remains	as	a	single	407	bp	band,	lanes	3	
and	7	the	A/A	homozygote	is	cleaved	by	MfeI	producing	269	bp	
and	138	bp	bands,	lanes	1,	2	4–6,	8	and	9,	the	A/C	heterozygo-
te	is	represented	by	3	bands	(407,	269	and	138	bp).

Ryc. 1.	 Genotypowanie	polimorfizmu	25129A>C	genu	NRF2 w	AMD	za	
pomocą	metody	PCR-RFLP.	Przykładowy	wynik	analizy	przepro-
wadzonej	w	3%	żelu	agarozowym	zawierającym	bromek	etydy-
ny.	Wielkości	produktów	DNA	 (w	parach	 zasad)	 zostały	poka-
zane	po	prawej	stronie	ryciny.	M	oznacza	marker	DNA	100	bp	
(Fermentas),	 ścieżka	 10.	 –	 genotyp	 C/C	 nie	 był	 rozpoznany	
przez	enzym	MfeI,	ścieżki	4.	i	7.	–	genotyp	A/A	był	rozpoznawa-
ny	przez	enzym	MfeI	–	w	wyniku	trawienia	dawał	dwa	pasma	
o	wielkości	269	 i	138	pz;	ścieżki	1.,	2.,	4.–6.,	8.	 i	9.	–	hetero-
zygota	A/C	była	widoczna	na	 żelu	w	postaci	3	pasm	o	długo-
ściach	407,	269	i	138	pz.
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Genotype or allele
(polymorphism in bold)/  

Genotypy albo allele  
(polimorfizm oznaczono grubszą czcionką)

Controls/ Grupa kontrolna 
(n=105)

AMD/ Chorzy na AMD  
(n=281) Crude/ Analiza

OR (95% CI)

Adjusteda/  
OR skorygowany 

(95% CI)Number/  
Liczba

Frequency/ 
Częstość

Number/  
Liczba

Frequency/ 
Częstość

25129A>C
A/A 27 0.26 48 0.17 Ref. Ref.

A/C 59 0.56 143 0.51 0.51 (0.28–0.92)
p 0.023

0.48 (0.26–0.90)
p 0.021

C/C 19 0.18 90 0.32 1.96 (1.09–3.52)
p 0.023

2.06 (1.11–3.83)
p 0.021

A 113 0.54 239 0.43 Ref. Ref.
C 97 0.46 323 0.57 0.64	(0.37–1.13) 0.64	(0.34–1.08)

Data in boldface are statistically significant, Ref. denotes reference group ie. group relative which ORs were calculated. 
aAdjusted for age, gender, smoking, environment of life and familiar status of AMD/ Dane istotne statystyczne zostały pogrubione. Ref. oznacza grupę odniesienia, względem której obliczano OR. aSkorygowany względem wieku, płci, palenia 
tytoniu, środowiska zamieszkania i rodzinnego statusu AMD.

Tab. II. Distribution	of	genotypes,	frequency	of	alleles	of	the	25129A>C	polymorphism	of	the	NRF2 gene	and	odds	ratio	(OR)	with	95%	confidence	
interval	(95%	CI)	in	patients	with	age-related	macular	degeneration	(AMD)	and	individuals	without	visual	disturbances	(controls).	

Tab. II. Rozkład	genotypów,	częstość	alleli	polimorfizmu	25129A>C	genu	NRF2 oraz	analiza	OR	z	95%	przedziałem	ufności	u	chorych	na	AMD	oraz	
u	osób	z	grupy	kontrolnej.

Genotype or allele
(polymorphism in bold)/  

Genotypy albo allele  
(polimorfizm oznaczono grubszą czcionką)

Controls/ Grupa kontrolna 
(n=105)

AMD/ Chorzy na AMD  
(n=101) Crude/ Analiza

OR (95% CI)

Adjusteda/
OR skorygowany 

(95% CI)Number/  
Liczba

Frequency/  
Częstość

Number/  
Numer

Frequency/  
Częstość

25129A>C
A/A 27 0.26 18 0.18 Ref. Ref.

A/C 59 0.56 57 0.56 0.44 (0.22–0.88)
p 0.018

0.39 (0.18–0.82)
p 0.012

C/C 19 0.18 26 0.26 2.23 (1.13–4.39)
p 0.018

2.52 (1.21–5.24)
p 0.012

A 113 0.54 93 0.46 Ref. Ref.
C 97 0.46 109 0.54 0.50	(0.24–1.02) 0.51	(0.23–1.09)

Data in boldface are statistically significant, Ref. denotes reference group ie. group relative which ORs were calculated.
aAdjusted for age, gender, smoking, environment of life and family status of AMD/ Dane istotne statystyczne zostały pogrubione. Ref. oznacza grupę odniesienia, względem której obliczano OR. aSkorygowany względem wieku, płci, palenia 
tytoniu, środowiska zamieszkania i rodzinnego statusu AMD.

Tab. III. Distribution	of	genotypes,	frequency	of	alleles	of	the	25129A>C	polymorphism	of	the	NRF2 gene	and	odds	ratio	(OR)	with	95%	confidence	
interval	(95%	CI)	in	patients	with	dry	age-related	macular	degeneration	(AMD)	and	individuals	without	visual	disturbances	(controls).

Tab. III. Rozkład	 genotypów,	 częstość	 alleli	 polimorfizmu	 25129A>C	 genu	 NRF2 oraz	 analiza	 OR	 z	 95%	 przedziałem	 ufności	 u	 chorych	 na	 AMD		
oraz	u	osób	z	grupy	kontrolnej.

Characteristics/ Charakterystyki Controls, number/ Liczba 
osób w grupie kontrolnej (%)

AMD patients, number/ Liczba 
chorych na AMD (%) OR (95% CI) p value/ Istotność 

statystyczna
Age/ Wiek
Up	to	75	years/do	75	lat 77	(73) 150	(53) Ref.	
Over	75	years/	powyżej	75	lat 28	(27) 131	(47) 2.40 (1.46–3.92) < 0.001
Gender/ Płeć
Female/	Kobiety 82	(78) 185	(66) Ref.	
Male/	Mężczyźni 23	(22) 	96	(34) 1.85 (1.09–3.12) 0.021
Smoking/ Palenie tytoniu
Never/	Nigdy 59	(66) 135	(59) Ref.	
Ever/	Zawsze 30	(34) 94	(41) 1.36	(0.82–2.28) 0.229
Living Environment/ Miejsce 
zamieszkania 
Rural/	Wieś 33	(37) 50	(30) Ref.
Municipal/	Miasto 56	(63) 115	(70) 1.35	(0.78–2.33) 0.272
AMD in family/ Występowanie 
AMD w rodzinie
No/	Nie 86	(97) 132	(80) Ref.	
Yes/	Tak 3	(3) 33	(20) 7.16 (2.13–24.09) < 0.001

Data in boldface are statistically significant. Ref. denotes reference group ie. group relative which ORs were calculated/ Dane istotne statystyczne zostały pogrubione. Ref. oznacza grupę odniesienia, względem której obliczano OR.

Tab. IV. AMD	association	with	age,	gender,	smoking	habit,	environment	of	life	and	familiar	status	of	AMD.
Tab. IV. Związek	AMD	z	wiekiem,	płcią,	paleniem	tytoniu,	środowiskiem	zamieszkania	i	rodzinnym	statusem	AMD.
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considered	as	risk	factor	in	the	final	multivariate	model.	Adjust-
ment	for	investigated	potential	confounders	indicated	that	they	
altered	the	observed	estimates	of	association	between	C/C	ge-
notype	of	the	25129A>C	polymorphism	of	the	NRF2	gene	and	
AMD	risk	(Table	V).

We	also	divided	AMD	patients	into	groups	depending	on	the	
same	 biological	 and	 environmental	 factors.	 We	 did	 not	 found	
any	 relationship	between	any	group	and	 investigated	polymor-
phism	in	the	single	stage	OR	analysis	(data	not	shown).

5. Discussion
Organs	 requiring	 large	 amounts	 of	 energy,	 such	 as	 brain,	

heart,	 muscles,	 and	 retina,	 may	 be	 dramatically	 affected	 by	
mitochondrial	dysfunction	(32,	33).	Mitochondria	are	especially	
sensitive	 to	damage	because	 they	are	major	bioenergetic	ma-
chinery	and	source	of	oxidative	stress	in	cells.	Therefore,	effec-
tive	control	of	mitochondrial	biogenesis	and	turnover	 is	critical	
for	the	maintenance	of	energy	production,	the	prevention	of	en-
dogenous	oxidative	stress	and	promotion	of	healthy	aging	(34).	
Processes	 in	which	mitochondria	play	a	central	 role,	 including	
production	of	cellular	energy,	free	radical	production	and	apop-
tosis,	have	been	implicated	in	the	pathogenesis	of	AMD	(18).

The	 etiology	 of	 AMD	 is	 not	 completely	 known	 and	 this	
hampers	 the	development	of	 rational	 therapies.	Some	aspects	
of	susceptibility	to	this	disease	suggest	the	involvement	of	ge-
netic	factors	in	 its	pathogenesis	(35).	The	identification	of	the-
se	factors	would	be	helpful	 in	prevention,	diagnosis	and	thera-
py	 of	 AMD.	 Because	 oxidative	 stress	 is	 frequently	 implicated	
in	the	induction	and	development	of	AMD,	it	seems	reasonable	
to	assume	that	genetic	variability	of	components	of	antioxidant	
defense	system	may	contribute	to	this	disease.	An	association	
between	 genetic	 polymorphism	of	 genes	 encoding	 antioxidant	
enzymes	and	development	of	AMD	was	reported	(36).

Nuclear	 DNA-encoded	 factors	 are	 essential	 for	 mito-
chondrial	 biogenesis	 and	 mitochondrial	 protein	 biosynthesis	
(22–24).	 One	 of	 these	 factors	 is	 encoded	 by	 the	 NRF2	 gene	
and	 plays	 a	 significant	 role	 in	 these	 processes	 (37,	 38).	 It	 is	
unclear	how	a	mutation	located	in	an	intron,	can	influence	gene	
expression	(39,	40).	The	25129A>C	polymorphism	of	the	NRF2	
gene,	 may	 influences	 the	 process	 of	 canonical	 or	 alternative	
splicing	 of	 mRNA,	 leading	 to	 the	 expression	 differences	 and	
hence	interfere	with	mitochondrial	biogenesis	(41).	That	is	why	

we	 decided	 to	 study	 the	 variability	 in	 the	 intron	 of	 the	 NRF2	
gene	in	both	forms	of	AMD.	This	is	the	first	study	showed	that	
the	polymorphism	of	the	NRF2	may	be	associated	with	AMD.

We	found	that	the	C/C	variant	of	the	polymorphism	may	in-
crease	 the	 risk	of	AMD.	We	speculate	 that	 this	polymorphism	
may	lead	to	an	extended	activation	of	the	mitochondrial	respira-
tory	chain	elements	and	their	overproduction	 in	AMD	patients.	
The	 wild	 type	 genotype	 of	 this	 polymorphism	 was	 associated	
with	endurance	performance	in	a	Chinese	population,	due	to	the	
mitochondrial	 role	of	 the	NRF2	 (31).	Moreover,	a	 recent	study	
suggested	 that	 the	 A/G	 genotype	 of	 the	 A/G	 polymorphism	 in	
the	intron	3	of	the	NRF2	gene	(rs7181866)	was	associated	with	
endurance	performance	(42).	These	results	supported	the	regu-
latory	role	of	this	gene	in	oxygen	metabolism.

Epidemiologic	studies	have	suggested	that	ocular	and	sys-
temic	factors,	such	as	hyperopia,	cardiovascular	disorders,	and	
some	environmental	 factors	as	sunlight	exposure	and	 tobacco	
smoking,	are	risk	factors	for	AMD	(43,	44).	AMD	is	caused	by	
environmental	factors	triggering	disease	in	genetically	suscepti-
ble	subjects	(45–49).

In	this	study	we	investigated	the	relationship	between	bio-
logical	and	environmental	factors	and	risk	of	AMD	independent	
of	 genotype.	 Our	 study	 suggests	 that	 age,	 gender	 and	 family	
history	 of	 AMD	 are	 risk	 factors	 in	 the	 development	 of	 AMD.	
This	 is	 in	 general	 agreement	 with	 results	 obtained	 by	 other	
scientist	 (50–53).	 In	contrast	to	some	previous	reports	we	did	
not	 find	 any	 association	 between	 tobacco	 smoking	 and	 AMD	
risk	(54).	It	may	be	underlined	by	different	criteria	for	classifica-
tion	of	controls	and	patients	into	groups,	because	we	stratified	
controls	and	AMD	patients	into	two	groups:	never	smokers	and	
ever	smokers	(former	and	current).	We	also	correlated	age,	sex,	
smoking,	living	environment	(rural	or	municipal)	and	family	sta-
tus	of	AMD	and	NRF2	polymorphism	with	AMD	risk	 in	a	mul-
tivariable	 model.	 We	 showed	 for	 the	 first	 time	 an	 interaction	
between	 these	 biological	 and	 environmental	 factors	 and	 poly-
morphic	variants	of	the	NRF2	gene	influencing	AMD	risk.

6. Conclusions
The	 C/C	 genotype	 of	 the	 25129A>C	 polymorphism	 of	 the	

NRF2 gene	 may	 be	 associated	 with	 enhanced	 risk	 of	 AMD	
in	a	Polish	population,	whereas	 the	A/C	genotype	of	 this	poly-
morphism	may	reduce	the	risk	of	 the	disease.	Thus,	 this	poly-

Genotype or allele
(polymorphism in bold)/  

Genotypy albo allele  
(polimorfizm oznaczono grubszą czcionką)

Controls/ Grupa kontrolna 
(n=105)

AMD/ Chorzy na AMD  
(n=180) Crude/ Analiza

OR (95% CI)

Adjusteda/
OR skorygowany 

(95% CI)Number/  
Liczba

Frequency/ 
Częstość

Number/  
Liczba

Frequency/ 
Częstość

25129A>C
A/A 27 0.26 30 0.17 Ref. Ref.
A/C 59 0.56 86 0.48 0.55	(0.29–1.03) 0.52	(0.27–1.00)
C/C 19 0.18 64 0.35 1.80	(0.97–3.34) 1.93	(0.99–3.74)
A 113 0.54 146 0.41 Ref. Ref.
C 97 0.46 214 0.59 0.64	(0.36–1.15) 0.61	(0.32–1.17)

Data in boldface are statistically significant, Ref. denotes reference group ie. group relative which ORs were calculated.
aAdjusted for age, gender, smoking, environment of life and family status of AMD/ Dane istotne statystyczne zostały pogrubione. Ref. oznacza grupę odniesienia, względem której obliczano OR. aSkorygowany względem wieku, płci, palenia 
tytoniu, środowiska zamieszkania i rodzinnego statusu AMD.

Tab. V. Distribution	of	genotypes,	frequency	of	alleles	of	the	25129A>C	polymorphism	of	the	NRF2 gene	and	odds	ratio	(OR)	with	95%	confidence	
interval	(95%	CI)	in	patients	with	wet	age-related	macular	degeneration	(AMD)	and	individuals	without	visual	disturbances	(controls).

Tab. V. Rozkład	genotypów,	częstość	alleli	polimorfizmu	25129A>C	genu	NRF2 oraz	analiza	OR	z	95%	przedziałem	ufności	u	chorych	na	wysiękową	
postać	AMD	oraz	u	osób	z	grupy	kontrolnej.
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morphism	 might	 be	 regarded	 as	 a	 risk	 factor	 associated	 with	
the	AMD	occurrence.	However,	expression	profiles	and	biologi-
cal	activities	of	examined	polymorphic	variants	in vivo	will	pro-
vide	a	better	understanding	of	their	role	in	AMD	pathogenesis.
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