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Abstract	

	 Human	 populations	 are	 frequently	 exposed	 to	 range	 chemicals	 from	 the	

environment,	 which	 are	 associated	 with	 disease	 development.	 Molecular	 epidemiology	

focuses	on	the	environmental	and	genetic	risk	factors	involved	in	the	etiology,	distribution	

and	 further	 prevention	 of	 disease	 across	 populations.	 In	 particular,	 environmental	 and	

occupational	 epidemiology	 studies	 the	 association	 of	 exposure	 levels	 to	 these	 chemicals	

within	the	workplace,	and	their	impact	on	human	health.	Risk	assessment	in	occupationally	

exposed	 populations	 tries	 to	 identify	 biomarkers,	 measured	 at	 the	 molecular	 level,	 that	

contribute	to	understand	in	a	wider	range	the	outcome	of	potential	health	effects,	and	their	

association	with	exposure.			

	 This	 research	 thesis	 focuses	 on	 the	 characterization	 of	 DNA	 effects	 induced	 by	

oxidative	 stress	 (OS)	 associated	 with	 occupational	 exposure	 of	 Colombian	 miners.	 To	

address	 this,	 I	worked	with	biological	 samples	 from	artisanal	gold	and	underground	coal	

miners	in	order	to	characterize	genetic	and	epigenetic	effects	of	occupational	exposure	to	

mercury	(Hg)	and	to	coal	dust	 in	mining	activities.	Samples	 from	coal	miners	were	taken	

within	a	collaborative	project	between	Universidad	del	Rosario,	Colombian	National	Health	

Institute	 (INS),	 ARL	 Positiva	 and	 Universidad	 de	 los	 Andes,	 and	 was	 financed	 by	

COLCIENCIAS	(Code:	210454531656,	contract	number	379-2011).	On	the	other	hand,	the	

samples	 from	 gold	 miners	 were	 taken	 within	 a	 collaborative	 project	 between	 INS	 and	

Universidad	de	los	Andes,	as	part	of	the	surveillance	program	of	the	INS.	In	this	document,	I	

particularly	focused	on	DNA	damage	(Chapter	I),	genetic	polymorphisms	(Chapter	II),	and	

DNA	methylation	changes	(Chapter	III).	The	data	collected	shows	that	OS	induced	genetic	
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and	epigenetic	effects	are	associated	with	occupational	exposure.	These	results	may	help	to	

draw	 a	 perspective	 of	 contamination	 levels	 and	 to	 size	 actual	 effects	 of	 exposure	 on	 the	

population.		

	 In	 addition,	 as	 member	 of	 the	 Human	 Genetics	 Laboratory	 of	 Universidad	 de	 los	

Andes,	I	had	the	opportunity	to	collaborate	in	different	research	projects	during	the	course	

of	my	PhD.	These	side	projects	involved	in	vitro	cytotoxic	and	genotoxic	effects	of	chemical	

substances,	 genetic	 susceptibility	 associated	 with	 complex	 diseases,	 and	 also	 involving	

assessment	 of	 other	 occupational	 exposures	 in	 different	 populations.	 Exposure	 to	

pesticides	 in	 rice	 crop	 workers	 was	 characterised	 in	 a	 collaborative	 project	 between	

Universidad	 del	 Rosario,	 INS,	 Universidad	 de	 Cundinamarca,	 Universidad	 Industrial	 de	

Santander	and	Universidad	de	los	Andes.	These	results	are	also	presented	in	this	document	

(Chapter	IV).		

In	 general,	 the	 importance	 of	 my	 research	 work	 was	 to	 try	 to	 understand	 the	

molecular	mechanisms	behind	the	effects	of	occupational	exposures,	and	to	contribute	to	

the	 development	 of	 biomarkers	 that	 can	 support	 the	 public	 health	 fields	 of	 both	 early	

diagnosis	and	intervention	in	order	to	limit	the	burden	of	occupational	diseases.		
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Nacionales	 (567),	 by	 Human	 Genetics	 Laboratory	 of	 Universidad	 de	 los	 Andes	 and	 by	

Comité	 de	 Investigaciones	 y	 Posgrados	 of	 Facultad	 de	 Ciencias	 from	 Universidad	 de	 los	
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Introduction	

	 Environmental	 and	 occupational	 epidemiology	 focus	 on	 the	 association	 of	 human	

health	 impact	 and	 exposure	 levels	 (1).	 Biomarkers	 are	 used	 to	 measure	 biological	

processes	involved	in	disease	development	after	exposure.	There	are	three	different	kinds	

of	 biomarkers.	 i)	 Biomarkers	 of	 exposure	measure	 the	 level	 of	 an	 external	 agent,	 or	 its	

metabolites,	 in	biological	samples	reflecting	the	dose	of	exposure.	 ii)	Biomarkers	of	effect	

estimate	 cellular	 changes	 induced	 by	 the	 exposure,	 and	 sometimes	 can	 be	 used	 as	

biomarkers	 of	 exposure	 depending	 on	 the	 agent.	 iii)	 Biomarkers	 of	 susceptibility	 are	

associated	 with	 individual	 ability	 to	 respond	 to	 specific	 exposures	 (2).	 	 The	 choice	 of	 a	

biomarker	depends	on	 the	understanding	of	mechanistic	basis	of	 adverse	effects,	 and	on	

their	 kinetic	 parameters	 (3).	 	 Studies	 in	 environmental	 and	 occupational	 epidemiology	

provide	 information	 about	 the	 toxicity	 or	 harmfulness	 of	 a	 specific	 factor	 and	 disease	

mechanisms	that	will	contribute	to	risk	reduction	by	controlling	exposure	in	advance	(4).		

Oxidative	stress	(OS)	results	from	the	imbalance	between	endogenous	generation	of	

reactive	oxygen	species	(ROS)	and	the	anti-oxidant	cell	response.	Thus,	higher	levels	of	ROS	

generate	 OS	 in	 the	 cell.	 The	most	 common	 ROS	 are	 hydroxyl	 radicals	 (OH·),	 superoxide	

radicals	(O·2),	and	hydrogen	peroxide	(H2O2);	nonetheless,	O·2	and	H2O2	have	low	reactivity	

and	they	are	not	able	to	directly	react	with	biological	molecules	like	DNA,	proteins	or	lipids	

(5).	 These	 oxygen	 species	 are	 generated	 through	 metabolic	 processes,	 inflammation	

reactions,	 and	 can	 be	 induced	 by	 physical	 exercise,	 aging,	 several	 pathologies	 and	

environmental	agents	(6).	Oxidative	DNA	damage	may	be	induced	by	different	mechanisms	

such	as	ROS	generated	by	exogenous	(physical	exercise,	aging,	several	pathologies	such	as	
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mellitus	 diabetes,	 and	 chemical	 exposure	 to	 heavy	 metals)	 or	 endogenous	 (oxygen	

metabolism,	apoptosis	or	 inflammatory	response)	sources	 (7).	As	a	result,	oxidative	DNA	

lesions	are	repaired	in	most	of	the	cases	by	base	excision	repair	(BER)	pathway	(8).	There	

is	a	balance	between	the	formation	rate	of	this	lesions	and	its	repair	in	normal	conditions	

(9).	However,	when	cells	are	chronically	exposed	to	OS,	higher	levels	of	DNA	damage	may	

accumulate	(10).	Cancer	and	other	complex	diseases	may	occur	as	a	result	of	higher	levels	

of	ROS	that	induce	higher	levels	of	genetic	damage,	which	increases	gene	mutagenesis	(11).		

OS	 is	 a	 common	 pathological	 process	 in	 many	 chronic	 diseases	 and	 has	 been	

associated	 with	 environmental	 exposures.	 Environmental	 and	 occupational	 exposure	 to	

heavy	metals	has	the	potential	to	generate	ROS,	being	one	of	the	mechanisms	involved	in	

their	 health	 effects.	 Toxic	 effects	 of	mercury	 (Hg)	 exposure	 are	 amply	 known	 due	 to	 its	

impact	on	 the	environment	and	on	human	health.	 In	humans,	Hg	can	 induce	 respiratory,	

cardiovascular,	 endocrine,	 gastrointestinal,	 haematological,	 renal,	 dermal,	 hepatic,	

immunological,	 reproductive,	 developmental,	 neurodegenerative	 and	 genotoxic	 effects	

depending	on	the	route	of	exposure	(12,13).	Some	of	the	toxic	effects	of	Hg	are	caused	by	

increased	ROS	production	and	by	the	alteration	of	cell	response	to	OS	(14,15).	Due	to	Hg	

chemical	properties,	occupational	exposure	mainly	occurs	in	artisanal	gold	mining.	During	

the	 mining	 process	 elemental	 Hg	 (Hgº)	 vapour	 is	 generated	 when	 Hg-gold	 amalgam	 is	

burned	to	release	pure	gold	(16).	After	inhalation	Hgº	vapour	mainly	deposits	in	the	kidney	

and	 brain	 (12).	 Hgº	 vapour	 settles	 in	 the	 soil	 and	 body	 water	 sediments,	 and	 it	 is	

transformed	 into	 methylmercury	 (MeHg)	 by	 sulphate-reducing	 bacteria	 and	 other	

anaerobic	microorganisms	(17).	MeHg	is	the	most	toxic	Hg	compound	and	bioaccumulates	

in	 the	 aquatic	 food	 chain	 (18);	 therefore,	 in	 mining	 areas	 Hg	 exposure	 not	 only	 affects	
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miners	but	general	population	by	fish	consumption.	In	Colombia,	a	large	population	of	gold	

miners	is	exposed	continually	to	Hg.	In	2013,	Colombia	issued	a	law	(1658)	with	the	main	

objective	to	protect	and	safeguard	human	health	and	the	environment	from	the	use	of	Hg	in	

industrial	 activities,	 as	part	 of	 the	Minamata	 treaty.	 People	who	handle	Hg	often	 are	not	

aware	 of	 its	 toxicity	 and	 do	 not	 take	 proper	 precautions.	 In	 this	 research,	 a	 group	 of	

artisanal	gold	miners	and	of	permanent	residents	of	the	Colombian	northern	sub-region	of	

the	La	Mojana	were	selected	(Figure	1).	The	occupationally	exposed	group	consisted	of	158	

miners,	 while	 the	 non-ocupationally	 exposed	 group	 consisted	 of	 148	 habitants	 of	 the	

region.	Blood,	hair	and	urine	samples	were	taken	in	order	to	determine	Hg	levels	(analyses	

were	carried	out	by	the	INS),	and	an	aliquot	of	blood	was	used	for	genetic	and	epigenetic	

analysis.	

	 Many	 diseases	 are	 associated	 with	 environmental	 chemicals	 exposure	 and	 OS	

induction.	For	instance,	coal	workers	pneumoconiosis	(CWP)	is	one	of	these	diseases.	The	

typical	symptoms	of	CWP	are	cough	and	shortness	of	breathe;	one	of	the	primary	lesions	in	

lung	tissue	is	the	coal	macule,	which	can	be	detected	by	chest	film	that	is	frequently	used	

for	diagnosis	(19).	CWP	is	often	initiated	after	chronic	mineral	dust	inhalation	in	the	mines.	

This	dust	activates	macrophages	 inducing	cytokines	and	ROS	production,	which	start	 the	

inflammatory	process	(20).	Mineral	dust	composed	mainly	of	asbestos,	silica	and	coal	dust	

often	increase	oxidation	of	DNA	bases	leading	to	mutations	(19).	It	is	well	known	that	CWP	

medical	 treatment	 does	 not	 offers	 cure.	 In	 Colombia,	 CWP	 is	 considered	 a	 public	 health	

issue	 due	 to	 the	 lack	 of	 data	 about	 its	 prevalence	 and	 because	 of	 its	 high	 cost	 after	

diagnosis.	In	this	research,	a	group	of	474	underground	coal	miners	were	selected	from	the	

central	region	of	Colombia	(Figure	2).	Cases	were	165	miners	who	exhibit	CWP	pathologic		
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Figure	1.	Geographical	distribution	of	samples	taken	from	artisanal	gold	miners.	Gold	

extraction	 is	 a	 very	 common	 process	 in	 Colombian	 territory.	 In	 this	 study	miners	 were	

selected	 from	 the	 geographical	 sub-region	 called	 La	Mojana	 located	 in	 the	 north	 of	 the	

country.	 This	 region	 is	 surrounded	 by	 many	 different	 rivers	 and	 compromises	 five	

departments:	Antioquia,	Bolivar,	Córdoba	and	Sucre.		

	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



  	23	

Figure	2.	Geographical	distribution	of	samples	taken	from	underground	coal	miners.	

Participants	were	recruited	from	mines	affiliated	to	the	ARL	Positiva	in	three	departments	

of	central	region	of	Colombia:	Boyacá,	Cundinamarca	and	Norte	de	Santander.
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fibrotic	 lesions,	 and	 the	 remaining	 309	 miners	 were	 considered	 as	 the	 control	 group.	

Environmental	air	samples	were	taken	in	the	workspace	to	determine	coal	and	crystalline	

silica	 (analyses	were	carried	out	by	ARL	Positiva).	Blood	samples	were	 taken	 for	genetic	

and	epigenetic	analysis.	

The	 research	 question	 of	 this	 thesis	was:	 if	DNA	 effects	 induced	 by	OS	 associated	

with	occupational	exposure,	 could	be	used	as	biomarkers	 for	early	detection	of	high	cost	

labor	 associated	 diseases.	 To	 address	 this	 question,	 the	 aim	 of	 the	 study	 was	 to	

characterize	genetic	and	epigenetic	effects	of	occupational	exposure	to	coal	dust	and	to	Hg	

in	 mining	 activities.	 The	 data	 collected	 will	 contribute	 to	 draw	 a	 perspective	 of	

contamination	 levels	 and	 to	 size	 effects	 of	 exposure.	 These	 results	may	help	 to	 establish	

health	regulations	focused	on	prevention,	and	to	justify	environmental	policies	in	order	to	

reduce	the	impact	of	exposure	on	Colombian	miners’	health.		

A	review	on	the	evaluation	of	the	different	kinds	of	biomarkers,	the	genotoxic	effects	

associated	 with	 occupational	 exposures	 and	 biomonitoring,	 belongs	 to	 the	 book	 section	

entitled:	Biomarcadores	y	Genotoxicidad	published	in	Toxicología	Ocupacional	that	was	part	

of	the	products	of	this	thesis	(See	supplementary	documents).	
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Chapter	 I:	 	 DNA	 damage	 associated	 with	 oxidative	 stress	

induced	by	occupational	exposure	to	mercury,	and	to	coal	dust		

	

1. Background	

In	 the	 cell,	 ROS	 induced	DNA	 damage	 results	 in	 abasic	 sites,	 single	 strand	 brakes	

(SSB),	 purine	 and	 pyrimidine	 oxidation,	 and	 deoxyribose	modifications	 (9,21).	 Oxidative	

generated	DNA	damage	results	in	several	modified	bases	such	as	8-oxo-7,8-dihydroadenine	

(8-oxoA),	 8-oxo-7,8-dihydroguanine	 (8-oxoG),	 5-hydroxycytosine	 and	 8-hydroxy-2’-

deoxyguanosine	(8-OHdG),	which	is	the	most	common	oxidative	DNA	lesion	in	the	genome,	

among	many	others	that	induce	mutations	(6).	The	·OH	radical	is	the	main	responsible	of	

genomic	damage	under	normal	conditions;	in	addition,	high	levels	of	H2O2	allows	it	to	enter	

the	nucleus	and	generate	·OH	(22).	An	additional	effect	of	·OH	involves	its	interaction	with	

the	sugar	moiety	of	DNA	inducing	sugar	lesions	or	DNA	brakes	(5).		

An	oxidative	clustered	DNA	 lesion	occurs	when	 two	or	more	oxidative	 lesions	are	

present	 within	 10	 base	 pairs	 (9).	 This	 clustered	 lesions	 produce	 double	 strand	 brakes,	

which	 are	 one	 of	 the	most	 toxic	 DNA	 lesions,	 as	 they	 are	 associated	with	 chromosomal	

aberrations,	mutations	and	cell	 transformation	 (6,23,24).	Measurement	of	oxidized	bases	

levels	 is	used	as	a	reliable	biomarker	of	high	 levels	of	OS	and	DNA	damage	that	could	be	

associated	with	 the	process	of	carcinogenesis	 (25),	even	though	these	base	modifications	

are	not	lethal,	they	may	be	highly	mutagenic.		
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2. Manuscript	 I:	 Occupational	 exposure	 to	 mercury	 induces	 genotoxic	

effects	in	artisanal	gold	miners	from	northern	region	of	Colombia	

The	draft	manuscript	is	presented	in	supplementary	documents.	

2.1.	Hypothesis	and	objectives		

	 Genotoxic	 effects	 of	 Hg	 exposure	 have	 been	 documented	 over	 the	 time	 and	 the	

mechanisms	 involved	 are	 related	 to	 OS	 induction,	 interference	 with	 microtubules,	 and	

direct	 interaction	 with	 DNA.	 Therefore,	 we	 assessed	 occupational	 exposure	 to	 Hg	 in	

artisanal	gold	mines,	and	its	effect	on	DNA	damage	using	the	micronucleus	technique	(MN),	

and	the	quantification	of	8-OHdG	levels	in	DNA	as	a	biomarker	of	OS.	

2.2.	Materials	and	methods	

This	 is	a	cross-sectional	 study	 to	characterize	occupational	exposure	 to	Hg.	Blood,	

urine,	and	hair	samples	were	collected	to	quantify	total	Hg	levels	 in	the	occupational	and	

non–exposed	populations.	Peripheral	blood	samples	were	collected	 from	the	participants	

to	determine	chromosomal	damage	by	the	MN,	and	to	determine	8-OHdG	lesions	in	DNA	as	

a	measure	of	oxidative	damage	and	an	established	marker	of	OS.		

2.3.	Data	persented	

• General	 description	 of	 the	 study	 population	 including	 demographic	 information,	

smoking	habits,	 fish	 consumption	along	with	 total	Hg	 levels	 in	different	biological	

samples.	

• Quantification	 of	 chromosomal	 damage	 as	 frequency	 of	 micronucleated	 cells,	

nucleoplasmic	bridges,	and	buds.		
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• Determination	of	OS	measured	by	8-OHdG	levels	in	DNA.	

2.4.	Conclusion	

	 Total	 Hg	 levels	 were	 significantly	 higher	 in	 the	 exposed	 population.	 There	 is	

evidence	of	chromosomal	and	oxidative	DNA	damage	induced	by	occupational	exposure	to	

Hg	that	is	correlated	with	total	Hg	levels	measured	in	blood,	urine	and	hair.	

2.5.	Pending	Results	

	 There	is	left	to	complete	the	quantification	of	8-OHdG	in	some	of	the	samples.	These	

analyses	will	be	completed	before	submitting	the	manuscript.	

	

3. Manuscript	 II:	 Coal	Workers'	 Pneumoconiosis	 induces	 oxidative	DNA	

lesions	modulated	by	XRCC1	polymorphisms	

The	draft	manuscript	is	presented	in	supplementary	documents.	

3.1.	Hypothesis	and	objectives		

CWP	 is	 developed	 by	 continuous	 exposure	 to	 mineral	 dust	 in	 the	 process	 of	 coal	

extraction.	 	 This	 disease	 is	 characterized	 by	 an	 induction	 of	 OS	 due	 to	 the	 inflammation	

response	 in	 alveolar	 cells	when	dust	 is	 inhaled.	OS	may	 induce	 specific	DNA	 lesions	 that	

may	 contribute	with	 CWP	 pathology.	 Then	we	measure	 8-OHdG	 levels	 as	 oxidative	DNA	

damage	induced	by	CWP.	
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3.2.	Materials	and	methods	

	 This	 is	 a	 case	 control	 study,	 where	 cases	 were	 underground	 coal	 miners	 with	

diagnosis	 of	 CWP	 and	 controls	 were	 miners	 without	 CWP.	 In	 the	 population	 of	 study,	

environmental	samples	in	the	workplace	were	taken	to	characterize	occupational	exposure	

to	mineral	dust.	Additionally,	CWP	incidence	and	genotoxic	effects	were	determined.	Blood	

samples	were	 taken	 to	 extract	 DNA	 and	 establish	 oxidative	DNA	 lesions	 associated	with	

CWP.		

3.3.	Data	persented	

• General	 description	 of	 the	 study	 population	 including	 demographic	 information,	

smoking	habits,	along	with	characterization	of	coal	dust	exposure.	

• Oxidative	DNA	lesions	induced	by	CWP.	

3.4.	Conclusion	

	 We	found	that	CWP	induces	increased	8-OHdg	levels	in	DNA	that	are	associated	with	

disease	onset	and	progression.	

2.5.	Pending	Results	

	 There	is	left	to	complete	the	quantification	of	8-OHdG	in	some	of	the	samples.	These	

analyses	will	be	completed	before	submitting	the	manuscript.	
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Chapter	 II:	 Polymorphisms	 of	 DNA	 repair	 enzymes	 as	

predictors	 of	 genetic	 effects	 in	 occupationally	 exposed	

populations		

	

1. Background	

It	 is	well	known	that	the	main	DNA	repair	pathway	for	oxidative	DNA	bases	 is	the	

Base	 Excision	 Repair	 (BER).	 Briefly,	 8·Oxoguanine	 glycosylase	 (OGG1)	 recognizes	 and	

removes	 oxidized	 and	 alkylated	 bases	 giving	 rise	 to	 a	 single	 strand	 break,	 when	 other	

glycosylase	is	involved	the	AP	endonuclease	(APE1)	cleaves	the	apurinic	site;	then,	the	DNA	

polymerase	 β	 synthetize	 the	DNA	 strand	 and	 finally	DNA	 ligation	 by	 ligase	 III	 and	X-ray	

repair	 cross	 complementing	 1	 (XRCC1)	 is	 performed	 (26).	 	 Recently,	 it	 has	 been	

demonstrated	 by	 the	 Comet-FISH	 assay	 that	 certain	 8-OHdG	 lesions	 are	 repaired	 by	 the	

Transcription	 Coupled	 Repair	 mechanism	 in	 association	 with	 BER	 (27).	 I	 had	 the	

opportunity	 to	 learn	 this	 specific	 technique	 in	 Dr	 Hanawalt	 Laboratory	 at	 Stanford	

University	during	a	1-month	internship,	even	though	I	did	not	include	it	in	my	analyses.	

Polymorphisms	 in	 BER	 repair	 enzymes	 are	 considered	 as	 risk	 factors	 in	 disease	

progression	 (28).	 OGG1	 Ser326Cys	 polymorphism	 is	 one	 of	 the	 most	 evaluated	 in	

epidemiological	 studies,	 because	 Cys326	 variant	 has	 a	 lower	 enzymatic	 activity	 than	

Ser326	variant	 (29).	 Single-nucleotide	polymorphisms	of	 the	APE1	gene	Asp148Glu	have	

been	demonstrated	to	be	involved	in	carcinogenesis	(30).	XRCC1	polymorphisms,	such	as	

Arg194Trp	and	Arg399Gln,	have	been	studied	in	relation	to	cancer	risk	and	DNA	damage	
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susceptibility	(31)	because	they	alter	BER	function.	The	Arg194Trp	variant	is	located	in	an	

evolutionary	conserved	region,	and	the	Arg399Gln	variant	is	located	in	the	polyadenosine	

diphosphate-ribose	polymerase-biding	domain	(32).	Changes	in	the	amino	acid	residue	at	

the	 protein-protein	 interfaces	 and	 residues	 involved	 in	 the	 enzymatic	 activity	 can	 affect	

enzyme	 function	 (33)	 In	 particular,	Gln399	variant	 has	 been	 involved	 in	 a	 decrease	DNA	

repair	 capacity	 (31).	 There	 is	 sufficient	 evidence	 that	 oxidative	 DNA	 and	 repair	 protein	

lesions	 can	 be	 used	 as	 biomarkers	 in	 epidemiological	 studies	 of	 risk	 assessment	 and	

monitoring.	

	

2. Manuscript	 I:	 Occupational	 exposure	 to	 mercury	 induces	 genotoxic	

effects	in	artisanal	gold	miners	from	northern	region	of	Colombia	

2.1.	Hypothesis	and	objectives		

	 Genotoxic	 effects	 of	Hg	 exposure,	 induced	by	OS,	may	be	modulated	by	 individual	

genetic	 variability	 in	 DNA	 repair	 proteins	 that	 confer	 major	 risk	 for	 DNA	 damage.	

Polymorphisms	 in	BER	enzymes	are	the	most	convenient	way	to	completely	elucidate	OS	

genetic	 alterations	 and	 its	 susceptibility.	 Thus,	 we	 evaluated	 the	 influence	 of	 XRCC1	

polymorphisms	on	the	micronucleus	frequency	and	the	8-OHdG	levels.	

2.2.	Materials	and	methods	

DNA	 extracted	 from	 peripheral	 blood	 samples	 was	 used	 to	 determine	 XRCC1	

polymorphisms	 by	 PCR-RFLP.	 Chromosomal	 DNA	 damage	 measured	 by	 the	 MN,	 and	 8-

OHdG	levels	measured	by	ELISA	were	stratified	by	XRCC1	genotype.	
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2.3.	Data	persented	

• Genotypic	distribution	of	XRCC1	polymorphisms	and	less	common	allele	frequency	

in	the	occupationally	exposed	and	non-exposed	populations.	

• Effect	 of	 XRCC1	 variants	 in	 chromosomal	 and	 oxidative	 DNA	 lesions	 for	 the	 two	

populations	of	study.	

2.4.	Conclusion	

	 Both	micronucleus	 frequency	 and	 8-OHdG	 levels	 were	 higher	 for	 individuals	 that	

carry	the	399Gln	allele	in	the	occupationally	exposed	population.	

2.5.	Pending	Results	

	 There	is	left	to	evaluate	polymorphisms	in	DNA	repair	enzymes	OGG1	and	APE1	in	

all	the	samples.	These	analyses	will	be	completed	before	submitting	the	manuscript.	

	

3. Manuscript	 II:	 Coal	 Workers'	 Pneumoconiosis	 induces	 oxidative	 DNA	

lesions	modulated	by	XRCC1	polymorphisms	

3.1.	Hypothesis	and	objectives		

CWP	 induces	 OS	 due	 to	 the	 inflammation	 response	 in	 alveolar	 cells	 when	 dust	 is	

inhaled.	OS	may	induce	specific	DNA	lesions	repaired	by	BER	pathway.	Polymorphisms	in	

the	BER	enzymes	may	contribute	 to	differences	 in	 the	personal	 reaction	 to	mineral	dust,	

thus	 contributing	 with	 CWP	 pathology.	 In	 this	 case	 we	 evaluate	 the	 influence	 of	

polymorphisms	 in	 BER	 enzymes	 XRCC1,	 OGG1	 and	 APE1	 along	 with	 polymorphisms	 in	
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metabolism	 enzymes	 GSTM1	 and	 GSTT1	 in	 a	 population	 occupationally	 exposed	 to	 coal	

dust,	and	its	association	with	CWP	and	oxidative	DNA	damage.	

3.2.	Materials	and	methods	

	 Blood	 samples	 were	 taken	 to	 extract	 DNA	 and	 establish	 polymorphisms	 in	

metabolism	and	DNA	repair	enzymes	by	PCR-RFLP	in	order	to	associate	them	with	CWP.		

3.3.	Data	persented	

• Genetic	and	allelic	frequencies	in	the	polymorphisms	of	DNA	repair	and	metabolism	

enzymes.		

• Association	of	polymorphisms	with	CWP	and	oxidative	DNA	lesions.	

3.4.	Conclusion	

	 The	findings	suggest	that	there	are	no	significant	differences	in	the	frequency	of	the	

polymorphisms	 between	 the	 CWP	 and	 control	 group	 of	miners;	 therefore	 no	 association	

with	CWP	was	found.	Nevertheless,	DNA	repair	enzymes’	polymorphisms	were	associated	

with	oxidative	DNA	lesions	induced	by	the	inflammatory	response	in	CWP	patients.		
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Chapter	 III:	Epigenetic	changes	associated	with	environmental	

chemicals	as	biomarkers	of	effect		

	

1. Background	

Environmental	 chemicals	 can	produce	abnormal	DNA	methylation	 status.	A	global	

DNA	 hypomethylation	 is	 one	 of	 the	 most	 common	 alterations	 found	 in	 environmental	

studies.	 Nevertheless,	 hyper	 or	 hypomethylation	 in	 specific	 gene	 regions	 induced	 by	

environmental	pollutants	may	be	directly	associated	with	aberrant	gene	expression.	Some	

experimental	 studies	 have	 demonstrated	 that	 Hg	 exposure	 can	 change	DNA	methylation	

patterns,	 although	 the	 molecular	 mechanism	 involved	 in	 Hg	 epigenetic	 effect	 is	 still	

unknown	(34).	In	addition,	few	human	studies	have	investigated	the	relationship	between	

environmental	Hg	exposure	and	DNA	methylation	(35,36).	These	findings	demonstrate	the	

possible	epigenetic	effect	of	Hg	in	humans	but	are	not	sufficient	to	elucidate	the	real	effect	

of	Hg	on	DNA	methylation,	 therefore,	 further	 investigation	 is	needed.	On	 the	other	hand,	

little	is	known	about	the	DNA	methylation	status	in	patients	with	CWP,	thus	it	is	important	

to	 evaluate	methylation	 changes	 in	 candidate	 genes.	 Some	 studies	 have	 associated	 DNA	

methylation	changes	in	 inflammatory	response	that	could	be	used	as	a	biomarker	of	 lung	

disease	development	(37).		

	 It	has	been	shown	that	OS	lesions	may	interfere	with	DNA	methylation	patterns	and	

in	 consequence	 with	 transcriptional	 activation	 (38,39).	 Environmental	 factors	 can	 alter	

methylation	of	DNA	repair	genes	and	thus,	modulate	BER	activity	increasing	oxidative	DNA	
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damage	 susceptibility	 (40).	 The	 effects	 of	 OS	 conditions	 in	 methylation	 have	 been	

demonstrated	in	DNA	repair	enzymes’	genes	but	few	studies	involved	exposed	populations	

to	 environmental	 chemicals	 (41,42).	 This	 information	 suggests	 that	 epigenetic	 changes	

may	regulate	DNA	repair	process.	

	

2. Manuscript	 III:	 Oxidative	 stress	 in	 coal	 workers	 pneumoconiosis	 is	

associated	with	changes	in	leukocyte	DNA	methylation.		

The	submitted	manuscript	is	presented	in	supplementary	documents.	

2.1.	Hypothesis	and	objectives		

	 Occupational	 exposure	 to	 mineral	 dust	 in	 underground	 coalmines	 is	

frequently	associated	with	pulmonary	diseases	including	CWP.	CWP	is	characterised	by	an	

inflammatory	process	that	leads	to	lung	fibrosis,	and	contributes	to	increase	ROS	levels.		OS	

is	associated	with	epigenetic	changes	in	global	DNA,	and	in	particular	genes.	Therefore,	we	

determined	 oxidative	 DNA	 lesions	 and	 DNA	 methylation	 status	 in	 four	 candidate	 genes	

(IFN-γ,	 Thy1,	 OGG1	 and	 XRCC1),	 and	 in	 repetitive	 elements	 LINE1	 and	 Alu(Yb8)	 as	

epigenetic	 changes	associated	with	occupational	exposure	 to	coal	dust	 in	a	population	of	

underground	coal	miners.	

2.2.	Materials	and	methods	

This	is	a	case	control	study	to	determine	DNA	methylation	changes	associated	with			

CWP.	 Cases	 were	 underground	 coal	 miners	 with	 diagnosis	 of	 CWP	 and	 controls	 were	

miners	without	 CWP.	Mineral	 dust	 exposure	was	 characterised	 by	 quantification	 of	 coal	
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dust	 and	 crystalline	 silica	 levels	 in	 environmental	 samples.	 OS	 was	 measured	 by	 the	

quantification	 of	 8-OHdG	 in	 whole	 DNA	 extracted	 from	 peripheral	 blood	 samples.	 To	

quantify	the	percentage	of	methylated	cytosine	in	individual	CpG	sites,	bisulfite-converted	

DNA	was	used.	Methylation	in	promoter’s	CpG	sites	from	the	genes	of	interest	was	carried	

out	by	pyrosequencing.		

2.3.	Data	persented	

• General	 description	 of	 the	 study	 population	 including	 demographic	 information,	

smoking	habits,	along	with	coal	dust	and	crystalline	silica	levels.	

• OS	measured	by	8-OHdG	levels	in	the	CWP	miners	compared	to	the	control	group	of	

miners	without	CWP.	

• Average	and	 specific	CpG	 sites	methylation	 levels	 in	 IFN-γ,	Thy1,	OGG1	 and	XRCC1	

genes,	and	in	LINE1	and	Alu(Yb8)	repetitive	elements	associated	with	CWP.	

2.4.	Conclusion	

There	 is	 an	 association	 of	 CWP	 with	 oxidative	 DNA	 lesions,	 hypomethylation	 in	 the	

inflammatory	related	gene	IFN-γ,	and	hypermethylation	in	fibrosis	related	gene	Thy1,	and	

DNA	 repair	 gene	 XRCC1.	 These	 findings	 may	 be	 due	 to	 higher	 levels	 of	 coal	 dust	 and	

crystalline	 silica	 than	 the	 Threshold	 Limit	 Value	 (TLV)	 found	 in	 environmental	 samples	

taken	from	all	the	underground	coal	miners’	work	place.	

	



  	36	

3. Manuscript	 IV:	Oxidative	stress	and	global	DNA	methylation	changes	in	

artisanal	gold	miners	occupationally	exposed	to	mercury.	

The	submitted	manuscript	is	presented	in	supplementary	documents.	

3.1. Hypothesis and objectives  
	 The	process	of	gold	extraction	has	been	associated	very	frequently	with	the	process	

of	amalgamation	with	Hg.	Exposure	to	Hg	vapor	generated	in	the	burning	of	the	amalgam,	

in	order	to	collect	the	gold,	is	one	of	the	main	Hg	occupational	sources	of	exposure.	Toxic	

effects	of	Hg	are	caused	by	ROS	production,	thus	we	evaluate	the	effects	of	occupational	Hg	

exposure	 on	 OS,	 and	 on	DNA	methylation	 in	 gold	miners	 compared	with	 a	 non-exposed	

population.		

3.2.	Materials	and	methods	

This	 is	 a	 case	 control	 study	 to	 determine	 DNA	 methylation	 changes	

associated	with			occupational	exposure	to	Hg.	Cases	were	artisanal	gold	miners	with	

occupational	exposure	to	Hg	and	controls	were	permanent residents of the region non-

occupationally exposed to Hg.	 Hair,	 blood	 and	 urine	 samples	 were	 collected	 to	

determine	 total	 Hg	 levels	 in	 all	 the	 participants.	 	 Oxidative	 effect	 of	 ROS	 was	

measured	 as	 8-OHdG	 levels	 in	 Peripheral	 blood	 DNA.	 	 Methylation	 changes	 were	

evaluated	in	four	candidate	genes	related	to	OS	response	(SOD2),	to	Hg	metabolism	

(SEPP1),	 to	 DNA	 repair	 (OGG1	 and	 XRCC1),	 and	 repetitive	 elements	 (LINE1	 and	

Alu(Yb8)).	 Pyrosequencing	 was	 used	 to	 quantify	 the	 percentage	 of	 methylated	

cytosine	in	individual	CpG	sites	in	bisulfite-converted	DNA.		
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3.3.	Data	persented	

• General	 description	 of	 the	 study	 population	 including	 demographic	 information,	

smoking	habits,	along	with	total	Hg	levels.	

• OS	 measured	 by	 8-OHdG	 levels	 in	 the	 Hg	 occupational	 exposed	 population	

compared	to	the	non-exposed.	

• Average	and	specific	CpG	sites	methylation	levels	in	SOD2,	SEPP1,	OGG1	and	XRCC1	

genes,	and	in	LINE1	and	Alu(Yb8)	repetitive	elements	associated	with	Hg	exposure.	

• Correlations	between	methylation,	8-OHdG,	and	total	Hg		levels.	

3.4.	Conclusion	

	 OS	 induced	by	occupational	Hg	exposure	 is	associated	with	changes	 in	global	DNA	

methylation	 and	 in	 specific	 CpG	 sites	 in	 SOD2	 and	XRCC1	 genes.	 This	 changes	 correlates	

with	total	Hg	levels	in	blood	and	urine.	
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Chapter	IV:	DNA	damage	induced	by	oxidative	stress	from	other	

occupational	exposures		

	

1. Background	

In	 many	 countries,	 pesticide	 use	 is	 essential	 for	 agricultural	 practices;	 therefore	

toxicity	 of	 pesticide	 exposure	 can	 be	 a	 problem	 affecting	 many	 people.	 Even	 when	

pesticides	are	handled	correctly,	the	most	persistent	pesticides	remain	in	the	environment	

during	 years	 and	 exposure	 still	 continues.	 According	 to	 the	World	 Health	 Organization,	

pesticide	 poisoning	 occurs	 in	 millions	 of	 people	 worldwide	 due	 to	 direct	 or	 indirect	

exposure.	 In	 Colombia,	 agricultural	 practices	 are	 some	 of	 the	 main	 incomes,	 and	 they	

represent	approximately	40%	of	workforce	(43).		

Pesticides	can	be	classified	according	to	their	chemical	nature	in	Organochlorine	(OC),	

Organophosphate	 (OP),	 Carbamates	 (C)	 and	 Synthetic-pyrethroid.	 Exposure	 to	 pesticides	

can	 occur	 in	 three	 different	 stages:	 formulation,	 manufacture	 and	 application.	 All	 these	

stages	involve	exposure	to	complex	mixture	of	different	chemicals,	and	in	these	cases	the	

inactive	 ingredients	 sometimes	 are	 the	most	 toxic	 compounds	 of	 pesticide	 formulations	

(44).	 Human	 biomonitoring	 studies	 have	 focused	 on	 the	 evaluation	 of	 DNA	 and	

chromosome	damage	associated	with	pesticide	exposure.	Some	studies	have	demonstrated	

increasing	genotoxic	effects	in	populations	occupationally	exposed,	especially	to	mixtures,	

around	the	world	(45–48).		Pesticides	induced	OS	through	direct	or	indirect	action,	which	

involve	mitochondrial	ROS	production	and	depletion	of	cell	antioxidants	(49).	Additionally,	
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OS	has	been	implicated	in	the	onset	and	progression	of	Parkinson	disease	(50),	one	of	the	

main	health	outcomes	of	pesticide	exposure.		

	

2. Manuscript	 V:	 Exposure	 to	 pesticide	 mixture	 and	 DNA	 damage	 among	

rice	field	workers.	

The	published	manuscript	is	presented	in	supplementary	documents.	

2.1.	Hypothesis	and	objectives		

	 Pesticides	have	been	widely	used	to	control	infestations.	Many	agricultural	workers	

do	not	use	a	single	pesticide	but	wide	mixtures	of	them,	supposedly	to	improve	their	effect.	

Pesticide	 exposure	 induces	DNA	damage	as	part	 of	 the	harmful	 effects	on	human	health.	

This	 work	 is	 an	 initial	 approach	 to	 elucidate	 genotoxic	 effects	 from	 pesticide	 mixture	

exposure	 on	 Colombian	 rice	 fields.	 To	 do	 this,	 single	 and	 pesticide	 mixtures,	 and	 their	

relationship	with	DNA	damage	was	evaluated.	

2.2.	Materials	and	methods	

This	 is	 a	 cross-sectional	 study	 to	 characterize	occupational	 exposure	 to	pesticides	

mixtures	in	rice	fields	and	their	genotoxic	effects.	Blood	and	urine	samples	were	collected	

to	quantify	OP,	C	and	OC	pesticides,	and	ethylenethiourea	as	a	measure	of	dithiocarbamates	

pesticides.	 An	 aliquot	 of	 blood	was	 used	 for	DNA	damage	 detection	 by	 the	 Comet	 assay.		

Data	are	presented	in	three	different	municipalities	in	the	state	of	Tolima,	Colombia.	
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2.3.	Data	persented	

• General	 description	 of	 the	 study	 population	 including	 demographic	 information,	

smoking	habits,	X-ray	exposure,	along	with	occupational	information.	

• Pesticide	concentration	in	biological	samples,	and	mixture	identification.		

• Quantification	 of	DNA	damage	 as	 Comet	 tail	 length	 and	percentage	 of	DNA	 in	 the	

tail.		

• Analysis	of	associations	between	exposure	to	pesticides	and	DNA	damage.	

2.4.	Conclusion	

	 Mixtures	with	OP	and	OC	pesticides	induce	single	DNA	strand	breaks	in	the	farmers	

exposed.	The	presence	of	OC	in	biological	samples	from	rice	farmers	arises	the	question	if	

this	is	a	result	of	its	highly	environmental	persistence	or	is	due	to	an	illegal	use	of	them.		

	 	



  	41	

Concluding	remarks	and	perspectives	

The	 overall	 aim	 of	 this	 study	 was	 to	 characterize	 DNA	 effects	 of	 occupational	

exposure	to	OS	inducing	agents	in	order	to	provide	information	about	possible	biomarkers	

for	use	in	risk	assessment	of	Colombian	populations.	 	Main	results	fund	regarding	genetic	

and	epigenetic	effects	are	summarized	in	Table	1.		

	

Table	1.		Summary	results	of	the	genetics	and	epigenetics	assessments	in	occupationally	
exposed	populations.	

	

	 Underground	Coal		

Miners	

Artisanal	Gold		

Miners	

Rice	Field		

Agricultural	Workers	

High	occupational	

exposure	

+	 +	 +	

Oxidative	stress	 +	 +	 	

DNA	damage	 +	 +	 +	

DNA	repair	

polymorphisms	

+	 +	 	

Methylation	changes	 +	 +	 	
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Although	it	is	well	known	that	the	best	way	to	protect	the	health	of	exposed	population	is	

by	 exposure	 reduction,	 characterizing	 the	 factors	 that	 influence	 pathogenesis	 may	

represent	 an	 important	 tool	 to	 understand	 the	 disease	 and	 promote	 new	 targets	 for	

prevention	 and	 biomonitoring.	 In	 general,	 this	 thesis	 provides	 informative	 data	 about	

biological	 effects	 of	 occupational	 exposures	 associated	 with	 OS,	 in	 order	 to	 better	

understand	 the	 actual	 environmental	 and	 health	 issues	 of	 exposure;	 therefore,	 this	 data	

will	 help	 to	 develop	 adequate	 risk	 management	 strategies	 that	 in	 the	 end	 will	 improve	

workers	health	and	wellbeing.	

The	more	biomarkers	evaluated	in	an	occupationally	exposed	population,	the	better	

the	 understanding	 of	 actual	 effects	 of	 exposure	 as	 it	 is	 very	 difficult	 to	 define	 a	 single	

biomarker	 that	 could	 identify	 the	 risk	 of	 developing	 a	 particular	 illness.	 As	many	 agents	

induce	OS,	oxidative	DNA	lesions	are	common	effects	of	different	occupational	exposures.	

Our	 data	 suggests	 that	 DNA	 damage,	 as	 a	 biomarker	 of	 effect	 is	 the	 best	 choice	 for	

differentiates	 the	 cellular	 effects	 between	 occupationally	 exposed	 and	 non-exposed	

populations	and	possible	future	health	outcomes.	In	the	case	of	genetic	polymorphisms	as	

biomarkers	 of	 susceptibility,	 we	 fail	 to	 associate	 genetic	 variants	 with	 disease	 in	 our	

population	 of	 study.	 Nonetheless,	we	 found	 that	 polymorphisms	 in	 DNA	 repair	 enzymes	

modulate	 DNA	 damage	 response	 in	 occupationally	 exposed	 populations.	 Genotoxicity	

biomarkers	may	 be	 influenced	 by	many	 different	 factors	 such	 as	 age,	 sex,	 diet,	 lifestyle,	

exercise,	 among	 others;	 therefore,	 it	 is	 important	 to	 take	 into	 account	 this	 possible	

variation	sources	by	implementing	a	survey	that	helps	to	control	for	this	variables	to	better	

associate	genotoxic	effects	with	occupational	exposure.	Results	on	methylation	changes	in	

DNA	 from	 peripheral	 blood	 samples,	 demonstrate	 that	 variability	 in	 different	 cell	
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population	can	affect	determination	of	epigenetic	effects	of	occupational	exposures.	Even	

though	 our	 results	 suggest	 differential	 methylation	 in	 the	 diseased	 and	 exposed	 groups	

when	compare	to	the	controls,	methylation	levels	often	overlap	between	the	exposed	and	

control	populations.	Thus	samples	used	for	epigenetic	studies	should	be	chosen	carefully	to	

clearly	elucidate	exposure	effects.	The	 continued	 identification	of	biomarkers	 that	 reflect	

individuals’	 risk	 of	 developing	 an	 illness,	 contribute	 to	 clearly	 identify	 high-risk	 groups	

among	occupationally	exposed	populations.	

This	 work	 showed	 genotoxic	 and	 epigenetic	 changes	 associated	 with	 OS	 induced	

occupational	 exposures	 that	 explain	 and	 could	 lead	 to	 disease.	 These	 results	 provide	

evidence	that	can	be	useful	for	exposure	regulation	policies.	However,	the	ultimate	goal	of	

risk	assessment	 is	 to	protect	exposed	populations	and	prevent	 them	from	toxic	effects	of	

exposures.	Nowadays,	many	studies	have	focussed	on	the	protective	effects	of	diet	(51).	It	

has	been	shown	 that	 fruits	 and	vegetables	 consumption	on	 the	daily	diet	 can	 reverse	OS	

and	 its	 induced	 genetic	 damage	 (52).	 In	 addition,	 supplementation	 with	 folic	 acid	 and	

vitamins	A,	C	or	E	diminished	micronucleus	frequency	(53).	Furthermore,	a	balanced	diet	

decreases	toxic	effects	of	heavy	metals	by	improving	metabolic	conditions	(54),	specifically	

in	the	case	of	Hg	the	Selenium	containing	 foods.	For	 future	plans,	 it	will	be	 interesting	to	

evaluate	the	protective	effect	of	diet	on	OS	as	a	tool	to	propose	new	affordable	alternatives	

to	reduce	health	impact	on	exposed	populations.		

We	found	a	correlation	between	oxidative	DNA	lesions	and	DNA	methylation	in	the	

population	 exposed	 to	 Hg.	 Nevertheless,	 it	 will	 be	 interesting	 to	 assess	 the	 relationship	

between	 chromosomal	 damage	 and	 methylation,	 as	 it	 have	 been	 demonstrated	 that	
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increased	 cytokinesis-block	 micronucleus	 cytome	 index	 was	 associated	 with	

hypomethylation	of	candidate	genes	in	a	diesel	engine	exhaust	exposed	population	(55).	
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Introduction 

Colombia is a country where in mineral resources such as gold, coal, platinum, nickel, 

silver and limestone. Taking into account this fact, gold mining is responsible for 14 % of the 

country’s gross domestic product, with 70 % of gold extraction being handle by workers 

occupationally exposed to mercury (Hg). The majority of the mining activities are illegal and 

performed in a rudimentary way generating important environmental and health impacts (1). 

This situation reflects the number of gold miners who are being potentially harmed by Hg 

exposure due to the lack of protective measures.  

In many countries, mercury (Hg) exposure has become a major concern for public heath 

due to its toxicity, its persistence in the environment and the increased use of this metal (2). Hg 

use is essential for artisanal and small-scale gold mining. During the mining process elemental 

Hg (Hgº) vapour is generated when Hg-gold amalgam is burned to release pure gold (3). Thus 

the inhalation of elemental Hg (Hgº) vapour is the principal source of Hg exposure for miners, 
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gold shop workers and people living near mines (1); therefore, Hg toxicity can be a problem 

affecting many people. Eventually, Hgº vapour settles in soil and water near the mining zones. In 

the sediments, Hg is transformed into methylmercury (MeHg) by the action of anaerobic 

microorganisms (4). MeHg bioaccumulates and biomagnifies in the trophic chain, and in 

consequence, the general population could be environmentally exposed to MeHg through fish 

consumption (5).  

The carcinogenic process induced by environmental and occupational heavy metals 

constitutes a critical factor in the increase of cancer incidence during the last century (7). As 

many other metals, Hg is toxic even at low levels of exposure (8). Hg toxicity is principally due 

to increased Reactive Oxidative Species (ROS) production, cellular lipid peroxidation, and 

inhibition of antioxidant enzymes (9,10). One of the main cellular effects of increased ROS is 

DNA damage (11). Base Excision Repair pathway (BER) is principally involved in oxidative 

DNA damage repair. X-ray repair cross complementing 1 (XRCC1) protein is one of the main 

enzymes of BER, and polymorphisms in this protein are often associated with reduced enzymatic 

activity (6). 

Recently, there has been a significant increment in gold mining activities associated with 

a rise in the cost of this metal (3). The northern sub-region of the La Mojana is surrounded by 

multiple rivers (12) that favour mining activities. Hence, the aim of this study was to evaluate 

oxidative stress and the genotoxic effects of Hg exposure in artisanal gold mines, and the 

influence of XRCC1 polymorphism on DNA damage. 
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Methods 

Study population 

The Ethics Committee of the Colombian National Health Institute (Instituto Nacional de 

Salud, INS) approved this study. A total of 306 women and men residents from the La Mojana 

Colombian sub-region, voluntarily accepted to participate in the study and signed an informed 

consent. The Hg occupationally exposed group consisted of 158 artisanal gold miners, who have 

worked with Hg during at least 6 months from the time the samples were taken. The control 

group consisted of 148 permanent residents of the region non-occupationally exposed to Hg. 

People who were under radiotherapy or chemotherapy treatments, were recently exposed to x-

ray, and have had chronic diseases associated with inflammation, diabetes or cancer were 

excluded from the study. A survey was applied to all participants with information about habits, 

occupational histories and clinical symptoms. Blood, hair and urine samples were taken from 

each participant to measure biomarkers of exposure, effect and susceptibility. 

 

Determination of Hg levels in biological samples  

 Total Hg levels were measured in blood, hair and urine samples.  Blood samples 

were collected in heparin or EDTA tubes (BD) by venepuncture, and were stored on ice until 

analysis. Approximately, 20 strands of hair were gathered and cut from the occipital region of 

the scalp in a length of 1 cm (about 10 mg), each sample was placed in plastic bags and 

maintained at room temperature. Urine samples were collected in 50 mL polyethylene tubes, and 

were kept at 4ºC. Chemical analyses were carried on using Cold Vapor-Atomic Absorption 

Spectrophotometry (CV-AAS). Results were given either as µg/L or as µg/g of dry weight.  
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Micronucleus technique  

A modified version of the cytokinesis-blocked method was used to determine frequency 

of micronuclei in lymphocyte cultures (13). In brief, 300 µL of heparinized blood sample were 

incubated at 37°C in 4.7 mL of RPMI 1640 supplemented with 10% fetal bovine serum, 100 

Unit/mL penicillin, 100 µg/mL streptomycin and 1.5% phytohemoaglutinin. After 44 hr a final 

concentration of 6 µg/ml of Cytochalasin B was added. After 72 hr of incubation cells were 

treated with 5 ml of 0.075 mM KCl for less than 5 min. The samples were then treated with 

prefixative (methanol: acetic acid 3:1) and centrifuged. Then the pellet was treated with fixative 

solution (methanol: acetic acid 5:1) and centrifuged for 10 additional min and repeated twice. 

Lymphocytes in fresh fixative were dropped onto cold iced slides, air-dried and stained in 2% 

Giemsa. Lymphocytes with preserved cytoplasm were analysed at a magnification of 400x in a 

light microscope. Cells were scored evaluating cell division (mononucleated. binucleated. 

multinucleated) and chromosomal damage (presence of micronuclei. nucleoplasmic bridges. 

nucleoplasmic buds). Results are reported as frequency of binucleate cells with micronuclei 

(BNMN), nuclear buds (NBUD) and nucleoplasmic bridges (NPB) in 1000 binucleated cells 

analysed. 

Additionally, the cytokinesis-block proliferation index (CBPI) in 500 cells was calculated 

according to the formula: CBPI =  (Mono) + 2(Bi) + 3(Multi)/N where Mono. Bi and Multi 

represent the numbers of cells with 1–	3 or more nuclei and N is the total number of viable cells 

scored. 
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DNA extraction 

Peripheral blood samples were collected in EDTA tubes (BD). White blood cell layer was 

isolated by centrifugation for DNA extraction. Genomic DNA was extracted using the FlexiGene 

DNA kit (QIAGEN Hombrechtikon, Switzerland), adhering to the protocol recommended by the 

manufacturer. 

 

8-OHdG ELISA assay  

Oxidative DNA lesions in peripheral blood samples were measured by the 8-OHdG 

ELISA kit (Abcam, Boston, MA). Briefly, a DNA aliquot (50 µg) was digested using nuclease 

P1. Samples’ pH was adjusted with 1M Tris, and digested with alkaline phosphatase. Digested 

DNA was then boiled for 10 minutes and kept on ice until use. Standard and samples were added 

to the ELISA plate along with previously diluted 8-OHdG-antibody preparation, and incubated 

for 1 hour at room temperature. The plate was washed and the substrate was added. The ELISA 

plate was developed in the dark for 30 minutes and read on a BioRad micro plate reader at a 

wavelength of 450 nm. 

 

Genotyping   

 Polymorphic sites in XRCC1: Arg194Trp (rs1799782) and Arg399Gln (rs25487) were 

determined by polymerase chain reaction–restriction fragment length polymorphism (PCR–

RFLP) analysis.  Primer used for Arg194Trp were, fwd: 5´GCC CCG TCC CAG GTA 3´, rev: 

5´AGC CCC AAG ACC CTT TCA CT 3´, and for Arg399Gln were, fwd: 5´ TTG TGC TTT 

CTC TGT GTC CA 3´, rev: 5´ TCC TCC AGC CTT TTC TGA TA 3´. A multiplex PCR was 
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conducted for amplification with a thermal profile as follows: 4 min denaturation step at 94°C 

followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final extension step 

at 72°C for 7 min. PCR products were checked at 2% agarose gel (419 bp for Arg194Trp and 

615 bp for Arg399Gln), and digested with MspI restriction enzyme. Digestions were resolved in 

a 3% Metaphor agarose gel. The length of expected bands for the 194 gene region are:  Arg/Arg: 

292, 178, 21 bp, Arg/Trp: 313, 292, 178, 21 and Trp/Trp: 313, 178. For the 399 gene region, the 

expected bands are: Arg/Arg: 377, 238, Arg/Gln: 615, 377, 238 and Gln/Gln: 615.  

 

Statistical analysis 

Mean and standard error were calculated for continuous variables. Two sample t test or 

Mann–Whitney U-test ware performed, according to the results of Shapiro-Wilk normality test, 

to evaluate differences between control and gold miners. P values < 0.05 were considered 

statistically significant. Two-tailed Spearman–Rho test was used to determine bivariate 

correlations between DNA damage and total mercury levels. All polymorphisms allele 

frequencies were calculated and tested if were consistent with Hardy–Weinberg Equilibrium 

(HWE) (14). Graphics and analyses were conducted with PRISM version 5.0 (GraphPad 

Software Inc., San Diego, CA) and STATA version 12 (Stata Corporation, College Station, TX). 

 

Results 

Characteristics of the study population 

This study involved 306 individuals from the La Mojana sub-region in northern 

Colombia. One hundred and fifty-eight were working in artisanal gold extraction and were 



	 57	

exposed to Hg. The other 148 participants were habitants from the local population and were 

taken as the non-exposed control group.  General population	characteristics are shown in Table 

1. In both groups, the average age is about 36 years, which represents people in their active 

working age. There were more men within the artisanal gold miners (94.30 %) than within the 

non-exposed group (47.30 %), reflecting the principal masculine workforce dedicated to mining 

process. About 22.78 % of the miners smoked, and this percentage was significantly different 

from the 9.3 % of non-exposed smokers. Cumulative smoking habit (package/year) was around 7 

for both groups. In terms of years of exposure to Hg between the miners, the average was around 

10 years indicating that the population has been chronically exposed. As environmental Hg 

exposure is directly linked to fish consumption, participants were asked about their consumption 

frequency. There were no statistically significant differences between the groups but most of the 

miners report less fish consumption than the control group.  

  

 

Hg levels in biological samples as a Biomarker of exposure  

 Hg exposure was measured as total Hg in urine, blood and hair samples (Figure 

1). Hg concentration in urine reflects chronic exposure to Hgº and inorganic Hg (15); therefore, it 

has been widely used to measure occupational Hg exposure. The values of total Hg in urine 

ranged from 1.3 to 85 µg/L in the non-exposed group, and from 2.63 to 253 µg/L in the miners. 

In the occupationally exposed group, the mean Hg levels in urine were significantly higher 

(20.64 ± 2.82 µg/L) when compared to the control group (12.47 ± 2.35 µg/L). About 50 % of the 

urine samples from the control group were lower than the detection level of the CV-AAS. 
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 Meanwhile, total Hg in blood is used as a measure of MeHg (16). Total Hg levels 

in blood ranged from 0 to 26.73 µg/L in the non-exposed group, and from 0 to 160.3 µg/L in the 

miners. Results showed higher levels of total Hg in blood from the miners (11.13 ± 1.70 µg/L) 

when compared to the controls (5.24 ± 0.46 µg/L). In the same way, total Hg levels in hair are 

used as a measure of Hgº or MeHg long term exposure (16,17). Hg hair levels range from 0.13 to 

24.87 µg/L in the non-exposed group, and from 0.05 to 19.18 µg/L in the miners. The mean Hg 

levels were significantly higher for the exposed group (2.90 ± 0.29 µg/g) when compared to the 

controls (1.85 ± 0.22 µg/g). High levels of Hg within the artisanal gold miners, in the three 

samples analysed, confirm the occupational exposure. Overall, mean Hg levels were under the 

biological exposure indices (BEI) established for urine, blood and hair of 35 µg/g creatinine 

(45.5 µg/L), 15 µg/L and 5 µg/g, respectively (18). The levels of Hg in urine were significantly 

correlated with the levels in blood (Spearman r = 0.268, p = 0.002) and hair (Spearman r = 0.288, 

p < 0.001). On the other hand, a significant correlation was additionally found for Hg levels in 

urine and hair (Spearman r = 0.724, p < 0.01). 

  

DNA damage induced by occupational Hg exposure as a Biomarker of effect 

 Hg exposure induces DNA damage by its ROS generation (15), its chromosomal 

genotoxicity (19), and its oxidative stress generation (20). DNA damage induced by occupational 

Hg exposure is presented in Figure 2. Mean BNMN and NBUD were significantly higher among 

the gold miners (5.69 ± 1.07 and 2.00 ± 0.34, respectively) when compared to the controls (2.85 

± 0.39 and 0.96 ± 0.15, respectively). In the same way, oxidative DNA lesions represented as 8-

OHdG levels were in average higher in the exposed group (35.85 ± 3.87) than in the control 

group (21.04 ± 2.90).  
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 DNA damage was stratified according to demographic characteristics and total Hg 

levels (Table 2). Results show that among the non-exposed population females and ex-smokers 

exhibit higher levels of oxidative DNA damage when compared to males and non smokers. 

Within the Hg exposed group, miners with total Hg levels in urine above the BEI have more 

BNMN frequency than the non smoker. When DNA damage was compared between control and 

artisanal gold miners, a higher frequency of BNMN was observed in male and ex-smokers 

miners with levels of Hg in the three biological samples. The NBUD and NPB frequency was 

higher among male miners with low Hg levels than the BEI in blood. Additionally, NBUD 

frequency was also higher in ex-smoker miners with high levels of Hg in hair. Finally, Oxidative 

DNA lesions were higher in male, non smoker miners that have higher levels than the BEI of Hg 

in blood and hair.  

   

Genetic polymorphisms of XRCC1 as Biomarkers of susceptibility 

 Distribution of XRCC1 genotypes in the population is presented in Table 3. All the allele 

frequencies were in Hardy-Weinberg equilibrium in the two populations (p > 0.05). The less 

common allele frequencies for the occupationally exposed and the non-exposed group were very 

similar. The results for the association analysis between XRCC1 polymorphisms and DNA 

damage show that exposed miners that have the 399Gln allele present more BNMN frequency as 

well as 8-OHdG levels than the miners with the. In the case of the non-occupationally exposed 

group, individuals with the 194Trp allele exhibit a BNMN frequency significantly higher than 

the ones with the Arg/Arg genotype. Hence, polymorphisms in XRCC1 are modulating 

genotoxic effects of Hg exposure. 
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Discussion 

To further understand the actual state behind the Hg induced OS, this study evaluated and 

analysed the influence of XRCC1 polymorphisms on DNA damage in Colombian artisanal gold 

miners. Hg exposure through artisanal gold extraction has become a public health issue in 

developing countries. The La Mojana region is well known by its continuous mining activity. 

Although the accumulation of metals in water sediments, fish, plants and humans has been amply 

documented, few reports regarding genotoxic effects are available (21). When inhaled, Hgº is 

oxidized in the red blood cells and lungs to divalent inorganic cation (Hg+2); after inhalation Hgº 

vapour mainly deposits in the kidney and brain (15). We found high levels of Hgº and inorganic 

Hg in the miners detected as total Hg levels in urine. Additionally, miners exhibit high levels of 

MeHg detected as total Hg levels in blood and hair. When inorganic Hg exposure is high, as it is 

in the mines environment, total Hg levels in blood can also represent its concentration (16), even 

though blood Hg level decreases within days of exposure, and do not correspond to total body 

burden (15).  In addition, Hg levels in hair can be a biomarker of Hgº vapour under occupational 

exposure as hair total Hg and urine Hg correlates (17). Again hair Hg levels were high within the 

miners in this study and significantly correlated with urine levels, thus occupational Hg exposure 

was confirmed in the three samples analysed. 

OS induction by Hg is associated with DNA damage. Biomarkers such as 8-OHdG are 

frequently used as indicators of oxidative DNA damage. We found a significant increased 8-

OHdG levels in DNA among the artisanal gold miners when compared to the non-exposed 

population. These results are in agreement with previous studies that show increased 8-OHdG 

levels in urine associated with Hg exposure (22). On the other hand, many studies have 

demonstrated cytogenetic damage induce by Hg (23–25). Partially, chromosomal genotoxicity of 



	 61	

Hg is due to its interactions with cytoskeletal proteins leading to aneugenicity (19). We found 

increased BNMN and NBUD frequency in the exposed population. DNA damage associated 

with high Hg concentrations have been also found in general population from the same sub-

region of our study (21), fact that confirms the important public health issue regarding human 

occupational and environmental exposure. 

The XRCC1 194 polymorphic site is located in the XRCC1 NLS domain, close to other 

domains that mediate polymerase β and APE1 interactions (26). This polymorphism can disrupt 

XRCC1 conformation, resulting in a decreased protein affinity or decreased DNA damage 

binding and ineffective DNA repair activity (27).  Our results suggest that 194Trp allele is 

involved in increased chromosomal damage as measured by BNMN frequency in the non-

exposed population. There is an association between the presence of the variant genotypes of the 

XRCC1 Arg399Gln polymorphism and reduced DNA repair capacity, including increased 

micronucleus frequency (6). We found increased chromosomal along with oxidative damage 

associated with the 399Gln variant in the exposed population. These results prove the conferred 

susceptibility of XRCC1 polymorphisms to DNA damage response in Hg occupationally 

exposed population. 

Overall our study demonstrates the XRCC1 polymorphisms play an important role in 

regulating susceptibility to DNA damage induced by Hg exposure. XRCC1 is involved in the 

BER pathway, the major cellular defence against oxidative DNA damage. In this case, our 

results support the evidence of OS induced genotoxic effects in gold miners. In general, the use 

of combined biomarkers constitutes a good approach to elucidate toxic effects of Hg exposure. 
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Table 1. Demographic characteristics of the non-occupationally, and occupationally exposed 

populations. 

Variable Controls 
 (n=148) 

Artisanal gold miners  
(n=158) 

p value 

 n (%) Mean ± SE n (%) Mean ± SE  

Age (years)  37.59 ± 1.43  35.76 ± 0.94 0.283a 

Sex      

Male 70 (47.30)  149 (94.30)  < 0.001 

Female 78 (52.70)  9 (5.70)   

Time of exposure (years)    10.65 ± 0.97  

Smoking habit     0.005 

Non smoker 33 (25.58)  43 (27.22)   

Ex-smoker 84 (65.12)  79 (50.00)   

Smoker 12 (9.30)  36 (22.78)   

Package/year  7.54 ± 2.42  6.74 ± 1.28 0.678 

Frequency of fish 
consumption     0.097 

Never 15 (10.14)  7 (4.43)   

1 time per month 36 (24.32)  50 (31.65)   

1 time per week 37 (25.00)  43 (27.22)   

2-4 times per week 41 (27.70)  47 (29.75)   

Everyday 19 (12.84)  11 (6.96)   

SE: Standard Error. χ2 test for frequencies. Mann–Whitney U-test. (a) Two-sample t test. 
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Figure 1. Characterization of Hg exposure. Concentration of total Hg levels in the exposed 

artisanal gold miners and the non-exposed group. Hg levels in urine (A), blood samples (B) and 

hair (C) samples. Mann-Whitney U test. (*) p < 0.05, (***) p < 0.001. 
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Figure 2. DNA damage induced by occupational exposure to Hg in artisanal gold miners. 

Oxidative DNA damage as 8-OHdG levels (A) and chromosomal damage as frequency of binucleated 

cells with micronuclei (BNMN), nuclear buds (NBUD) and nucleoplasmic bridges (NPB) in 1000 cells 

(B) from peripheral blood samples of occupationally exposed and non-exposed populations. Mann-

Whitney U test (*) p < 0.05, (**) p < 0.01. 
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Table 2. Stratification of DNA damage in occupationally Hg exposed miners and none-exposed controls by demographic 
characteristics.  
 
 

  Sex Smoking habit Total Hg urine 
(µg/L) 

Total Hg blood 
(µg/L) 

Total Hg hair 
(µg/L) 

  Male Female Non 
smoker 

Ex-
smoker Smoker < 45.5 ≥ 45.5 < 15 ≥ 15 < 5 ≥ 5 

Controls BNMN 2.76 ± 
0.40 

3.44 ± 
0.53 

4.08 ± 
1.12 

2.61 ± 
0.37 

3.25 ± 
0.95 

2.56 ± 
0.73 

2.92 ± 
0.45 

2.87 ± 
0.41 

2.67 ± 
0.88 

2.91 ± 
0.42 

2.25 ± 
0.75 

 NBUD 0.82 ± 
0.25 

1.03 ± 
0.20 

1.17 ± 
0.40 

0.78 ± 
0.16 

1.75 ± 
0.48 

1.11 ± 
0.43 

0.92 ± 
0.15 

0.91 ± 
0.15 

1.67 ± 
0.88 

0.93 ± 
0.15 

1.25 ± 
0.95 

 NPB 0.29 ± 
0.17 

0.71 ± 
0.24 

1.09 ± 
0.48  

0.42 ± 
0.17 

0.25 ± 
0.25 

0.33 ± 
0.24 

0.62 ± 
0.20 

0.53 ± 
0.17 

1.00 ± 
0.58 

0.61 ± 
0.18 

0 

 8-
OHdG 

12.55 
± 0.88 

25.66 ± 
3.80b 

12.23 ± 
0.92 

27.98 ± 
4.31a 

14.16 ± 
0.18 

30.30 
± 9.64 

19.05 
± 1.79 

21.06 
± 3.08 

20.92 
± 9.65 

23.47 
± 3.53 

13.13 ± 
1.15 

Artisanal 
gold 

miners 
BNMN 

6.07 ± 
1.20** 

3.00 ± 
1.15 

4.88 ± 
1.75 

7.33 ± 
2.38* 

4.58 ± 
1.14 

3.15 ± 
0.69 

7.42 ± 
1.64*b 

2.66 ± 
0.67 

6.10 ± 
1.15** 

4.37 ± 
1.49 

6.12 ± 
1.34* 

 NBUD 2.00 ± 
0.36* 

2.00 ± 
0.91 

1.12 ± 
0.61 

2.58 ± 
0.56** 

2.00 ± 
0.55 

1.79 ± 
0.43 

2.31 ± 
0.55a 

2. 07 ± 
0.36** 

1.33 ± 
0.67 

1.75 ± 
0.80 

2.08 ± 
0.37** 

 NPB 1.36 ± 
0.37* 

0 1.38 ± 
0.65 

1.25 ± 
0.70 

1.00 ± 
0.43 

1.21 ± 
0.37 

1.15 ± 
0.65 

1.31 ± 
0.36* 

0 1.21 ± 
0.38 

1.12 ± 
0.74 

 8-
OHdG 

36.13 
± 

4.01** 

28.49 ± 27.06 ± 
3.86* 

41.02 ± 
6.17 

34.02 ± 
8.19 

36.51 
± 4.57 

33.53 
± 7.46 

32.37 
± 

4.16* 

48.02 
± 8.34 

34.94 
± 4.78 

38.43 ± 
6.49** 

Mean ± SE. Mann-Whitney U test or Kruskal-Wallis test: * p < 0.05 ** p < < 0.01 when compared to control group; a p < 0.05 b 
p < 0.01 when compared to the same variable. Cells with micronuclei (BNMN), nuclear buds (NBUD) and nucleoplasmic 
bridges (NPB) in 1000 binucleated cells. Oxidative DNA damage (8-OHdG). Total Hg in urine, blood and hair is 
divided according to the BEI. 
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Table 3. Distribution of XRCC1 genotypes in the non-occupationally, and occupationally 

exposed populations. 

 

 

	

Polymorphism Genotypes Controls 
(n=136) 

Artisanal gold miners 
(n=156) 

  n (%) n (%) 

XRCC1 194 Arg/Arg 110 (80.88) 128 (82.05) 

 Arg/Trp 24 (17.65) 28 (17.95) 

 Trp/Trp 2 (1.47) _ 

 Trp allele frequency 0.103 0.090 

Hardy-Weinberg 
Equilibrium Test  p = 0.632 p = 0.613 

    

XRCC1 399 Arg/Arg 74 (54.41) 88 (56.41) 

 Arg/Gln 57 (41.91) 56 (35.90) 

 Gln/Gln 5 (3.68) 12 (7.69) 

 Gln allele frequency 0.246 0.256 

Hardy-Weinberg 
Equilibrium Test  p = 0.169 p = 0.528 

Hardy-Weinberg equilibrium was evaluated by Χ2 test 
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Table 4. Effect of XRCC1 polymorphisims on biomarkers of DNA damage in in the non-

occupationally, and occupationally exposed populations. 

 

Biomarkers Polymorphism Genotype Controls     Artisanal gold miners 

   Mean ± SE p value Mean ± SE p value 

BNMN XRCC1 194 Arg/Arg 2.44 ± 0.12 0.007 4.51 ± 0.14  0.124 

  Trp/- 6.08 ± 0.23  3.59 ± 0.33  

 XRCC1 399 Arg/Arg 2.74 ± 0.15 0.345 4.36 ± 0.15 0.003 

  Gln/- 2.95 ± 0.54  8.19 ± 0.64  

NBUD XRCC1 194 Arg/Arg 1 ± 0.19 0.406 1.81 ± 0.33 0.285 

  Trp/- 0.57 ± 0.30  3.2 ± 1.24  

 XRCC1 399 Arg/Arg 1.00 ± 0.22 0.466 2.21 ± 0.52 0.934 

  Gln/- 0.85 ± 0.26  1.75 ± 0.35  

NPB XRCC1 194 Arg/Arg 0.68 ± 0.22 0.290 1.08 ± 0.36 0.315 

  Trp/- 0.14 ± 0.14  2.00 ± 1.05  

 XRCC1 399 Arg/Arg 0.48 ± 0.16 0.708 0.95 ± 0.38 0.141 

  Gln/- 0.70 ± 0.35  1.67 ± 0.66  

8-OHdG XRCC1 194 Arg/Arg 16.65 ± 2.86 0.086 35.76 ± 4.15 0.871 

  Trp/- 32.33 ± 7.33  38.72 ± 12.36  

 XRCC1 399 Arg/Arg 25.39 ± 5.07 0.109 29.88 ± 4.51 0.040 

  Gln/- 13.12 ± 0.98  46.63 ± 6.44  

Mann-Whitnay U test in relation to the genotype from the same group of exposure. In bold statistical significant 

differences. Cells with micronuclei (BNMN), nuclear buds (NBUD) and nucleoplasmic bridges (NPB) in 1000 

binucleated cells. Oxidative DNA damage (8-OHdG). 
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Introduction 

 Coal Workers’ Pneumoconiosis (CWP) is a common respiratory disease caused by 

chronic exposure to mineral dust. Workers in underground coalmines are constantly exposed 

to inorganic dust as a product of drilling, roof bolting, mining and transportation processes 

(1). This dust is a complex mixture of silica, coal and metal particles. When coal dust 

deposits in the lungs, an inflammatory reaction is produced leading to the formation of 

fibrotic tissue (2). CWP progression may develop progressive massive fibrosis or other 

chronic-obstructive pulmonary disease, and in some cases lung cancer (2,3). Typical 

symptoms of CWP are cough and shortness of breath, the presence of typical lesions in lung 

tissue can be detected by chest film, and it is frequently used for CWP diagnosis (2). 
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 CWP pathogenesis is not completely understood but oxidative stress is known to play an 

important role (4,5). Generation of reactive oxygen species (ROS) has been associated with 

the presence of mineral dust in the environment (5). Cell response to oxidative stress may 

result in DNA damage, protein modification, lipid peroxidation, membrane disruption and 

even mitochondrial damage (4). Oxidative DNA bases are replaced by DNA Base Excision 

Repair (BER) pathway (6), which is an essential mechanism to maintain genomic integrity. 

Deficient BER proteins may increase DNA lesions and induce disease development (6). The 

protein 8-Oxoguanine glycosylase (OGG1) removes oxidized DNA bases (4). The OGG1 

Ser326Cys (rs1052133) polymorphism is one of the most evaluated in epidemiological 

studies because 326Cys variant has a lower enzymatic activity than 326Ser variant. In 

addition, 326Cys allele has been associated with lung cancer risk (7). AP endonuclease 

(APE1) cleaves the apurinic site leaved by the glycosylase. It has been shown that single-

nucleotide polymorphisms of the APE1 gene Asp148Glu (rs3136820) are involved in 

carcinogenesis (8). Another important protein in the BER pathway is the X-ray cross-

complementing group 1 (XRCC1), which is involved in the last steps of the repair process. 

XRCC1 polymorphisms, such as Arg194Trp (rs1799782) and Arg399Gln (rs25487), have 

been studied in cancer risk assessment and DNA damage susceptibility (3). In particular, 

399Gln variant has been involved in a decrease DNA repair capacity (3). In this sense, 

genetic variations in BER pathway proteins may confer differential risk in CWP. 

 Antioxidant enzymes like Gluthatione S-transferases (GST) play an important role 

against oxidative stress produced by CWP inflammatory process (4,5). GSTM1 and GSTT1 

are cytosolic enzymes that convert reactive electrophilic compounds to a gluthatione 

conjugates that are more easily excreted from the cell. Polymorphisms in these genes may be 
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considered as CWP modifiers (5). GSTM1 null genotype was associated with 

pneumoconiosis and asbestosis, another occupationally chronic inflammatory lung disease 

(4). Knowing that disease modifiers, like genetic and environmental factors, may play an 

important role in CWP prevention, it is important to conduct genetic association studies that 

contribute to understand disease susceptibility and severity. Therefore, the aim of this study 

was to evaluate the influence of OGG1, XRCC1 and GST polymorphisms in CWP 

development, and to evaluate oxidative stress effects associated with the disease. To do this, 

a group of underground coal miners were selected, and biomarkers of exposure, effect and 

susceptibility were assessed in order to contribute to the understanding of disease aetiology. 

Methods 

Study population 

 A group of 474 underground coal miners who were exposed to mineral dust were selected 

to participate in this case-control study. All miners accepted voluntarily to participate, and 

were over 18th years old. All participants may have been working for at least 10 years in the 

mines. Miners signed an informed consent and were examined by a physician in order to 

determine their occupational health condition, including respiratory symptoms. Blood 

samples and chest radiographs were taken. After CWP diagnostic, cases were miners who 

exhibit pneumoconiosis’ pathologic fibrotic lesions according to chest radiographs scores 

using the International Labour Organization (ILO) criteria. A more specific description of the 

population was published else were (9). The ethics committee of Colombian National Health 

Institute (INS) approved the methods used in this study. 
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Genotyping 

DNA was extracted from white blood cell layer, obtained from peripheral blood samples 

collected in EDTA tubes (BD), by the FlexiGene DNA kit (QIAGEN Hombrechtikon, 

Switzerland), adhering to the protocol recommended by the manufacturer. GSTT1 and 

GSTM1 genetic polymorphisms were determined by a polymerase chain reaction (PCR) 

technique, including negative controls without DNA template for each reaction. Polymorphic 

sites in OGG1 (Ser326Cys), APE1 (Asp148Glu), and XRCC1 (Arg194Trp and Arg399Gln) 

were determined by polymerase chain reaction–restriction fragment length polymorphism 

(PCR–RFLP) analysis.  

  Briefly, GSTM1 and GSTT1 polymorphisms were genotyped using a modified multiplex 

PCR procedure. The thermal cycle conditions for amplification were 94ºC for 5 min, 

followed by 35 cycles of 94ºC for 2 s and 59ºC for 1 min, 72ºC for 1 min, and a final 

extension at 72ºC for 10 min. Null genotype corresponds to GSTM1 and GSTT1 absent 

products. DNA repair enzymes OGG1 and XRCC1 polymorphisms were determined in all 

miners. For XRCC1 Arg194Trp and Arg399Gln a multiplex PCR was conducted. PCR 

program was a 4 min denaturation step at 94°C followed by 30 cycles of 94°C for 30 s, 55°C 

for 30 s, 72°C for 1 min, and a final extension step at 72°C for 7 min. The PCR conditions 

for OGG1 Ser326Cys polymorphisms amplification were 95ºC for 10 min, followed by 40 

cycles of 95ºC for 30 s, 60ºC for 30 s, 72ºC for 1 min, and 60ºC for 10 min. PCR products 

were checked at 2% agarose gel and digested with StaI and MspI restriction enzymes for 

OGG1 and XRCC1, respectively. Digestions were resolved in a 3% Metaphor agarose gel. 

Detailed conditions are presented in Table 1.   
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8-OHdG	ELISA	assay		

Peripheral	blood	 samples	were	used	 to	measured	oxidative	DNA	 lesions	by	 the	8-

OHdG	ELISA	kit	(Abcam,	Boston,	MA).	Briefly,	a	DNA	aliquot	(50	μg)	was	digested	using	

nuclease	 P1.	 Samples’	 pH	 was	 adjusted	 with	 1M	 Tris,	 and	 digested	 with	 alkaline	

phosphatase.	Digested	DNA	was	 then	boiled	 for	10	minutes	and	kept	on	 ice	until	use.	

Standard	and	samples	were	added	to	the	ELISA	plate	along	with	previously	diluted	8-

OHdG-antibody	preparation,	and	incubated	for	1	hour	at	room	temperature.	The	plate	

was	washed	and	the	substrate	was	added.	The	ELISA	plate	was	developed	in	the	dark	

for	30	minutes	and	read	on	a	BioRad	micro	plate	reader	at	a	wavelength	of	450	nm.	

 

Statistical analysis 

Mean and standard error were calculated for continuous variables. Mann–Whitney U-test 

was performed, according to the results of Shapiro-Wilk normality test, to evaluate 

differences between control and miners with CWP. P values < 0.05 were considered 

statistically significant. All polymorphisms allele frequencies were calculated and tested if 

they were consistent with Hardy–Weinberg Equilibrium (HWE) by asymptotic tests in 

STATA v.12.0 software (10). Genotype data were analysed with the homozygote of the 

common allele as the reference group. Unconditional logistic regression was used to estimate 

the odds ratios (ORs) and 95% confidence intervals (CIs) for the association between CWP 

risk. The logistic regression model was adjusted for age, smoking status, and time of 

exposure. Graphics and analyses were conducted with PRISM version 5.0 (GraphPad 



	

  76 

Software Inc., San Diego, CA) and STATA version 12 (Stata Corporation, College Station, 

TX). 

 

Results 

The study population comprises 473 underground coal miners. Out of them, 164 were  

diagnosed with CWP. The others were considered as the control group. As shown in Table 2 

the average of miners with CWP were significantly older than the controls. CWP miners 

have been working for more years then the miners without CWP. The majority of CWP 

miners were non-smokers but in average, they have more cumulative smoking than the 

control miners (Table 2).  

Environmental measured levels of coal dust and crystalline silica were higher in the CWP 

miners (Figure 1). Significant differences for coal dust concentration between CWP miners 

and controls were found. On average, coal dust and crystalline silica concentrations were 

above the Threshold Limit Value (TLV) calculated for this population of 0.7 and 0.02 mg/m3 

respectively. These findings suggest that underground coalmines are highly contaminated by 

mineral dust, and this could influence CWP pathogenicity.   

CWP	 induces	 an	 inflammatory	 process	 in	 lung	 tissues	 that	 is	 characterized	 by	

oxidative	 stress	 generation	 (11).	 We	 assessed	 8-OHdG	 levels	 in	 genomic	 DNA	 from	

blood	samples,	as	a	marker	of	oxidative	stress	and	DNA	damage	 in	CWP	miners.	CWP	

led	 to	 a	 statistically	 significant	 increase	 (p	 =	 0.034)	 in	 the	 8-OHdG	 levels	 in	 genomic	

DNA	with	a	mean	of	30.24	±	1.55	ng/mL,	when	compared	to	the	control	group	with	a	

mean	of	24.22	±	1.71	ng/mL	(Figure	2).	

 All the allele frequencies were in Hardy-Weinberg equilibrium (p > 0.05) both in total and 
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control populations. No significant differences were observed for the allele frequency 

between cases and controls for the polymorphisms of GSTM1, GSTT1, OGG1 (Ser326Cys), 

APE1 (Asp148Glu), and XRCC1 (Arg194Trp; Arg399Gln) (p > 0.05), as seen in Figure 3. 

When evaluating the association of polymorphisms with CWP, no significant association 

were found.  The frequency of the null genotype for GSTM1 and GSTT1 was slightly 

increased in the CWP miners (35.76 % and 21.82 %, respectively) when compared to the 

miners without CWP (33.01 % and 20.06 %, respectively), even though association was not 

significant (Table 3). Moreover, for APE1 the genotype Trp/Trp was more frequent (14.19 

%) in the CWP miners (p=0.235; ORs = 1.49, 95% CIs = 0.77- 2.89). In the case of codon 

399 of XRCC1, individuals with Arg/Gln genotype were slightly more frequent (44.85 %) in 

the CWP miners (p=0.748; ORs = 1.07, 95% CIs = 0.71- 1.60).  

 Then, we analysed the influence of DNA repair polymorphism on oxidative DNA damage 

induction by CWP. We found that for the CWP miners, the presence of the XRCC1 variant 

194Trp was significantly associated with oxidative DNA lesions and therefore with oxidative 

stress induced by CWP pathology (Figure 4). 

Discussion 

 At small underground mines, miners are exposed to different amounts and types of mineral 

dust than large mine, therefore they have a greater risk of CWP (1). Thus, observational 

studies focus on exposure assessment became important in identify factors increasing CWP. 

High prevalence of CWP in this study population of underground coal miners, along with the 

coal dust and crystalline silica levels in the environment adobe the TVL reflects the critical 

condition to which miners are exposed within their workplace. Although risk factors are 
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associated with coal dust rank and concentration (2), and CWP progression is related to the 

amount of breathable dust exposure through working lifetime (12), genetic individual factors 

may be considered. Many studies have been conducted to assess the association between 

single nucleotide polymorphisms and pneumoconiosis (4,5,12,13).  

 Many lung diseases are often related to oxidative stress induction; specifically, in the case 

of CWP ROS generation due to mineral dust exposure is associated with its pathogenesis 

(14). Chronic exposure to redox-active toxicants like crystalline silica, coal, inorganic dust 

and cigarette smoke promotes the influx of inflammatory cells into the lungs creating an 

oxidative stress status (11), and improves ROS-producing reactions associated with fibrosis 

(15) leading to lung injury. It has been demonstrated that over the process of phagocytosis of 

inhaled particles, superoxide radicals (O2
·-) are generated and converted into hydrogen 

peroxide (H2O2); consecutively, H2O2 is transformed in hydroxyl radicals (OH·) through the 

Fenton reaction (11). Another ROS generation mechanism, associated with exposure to 

ambient air pollutants, is through non-cellular surface redox reaction catalysed by metal ions. 

This potential increases the phagocytic ROS generation and results in further generation of 

oxidants. In the case of crystalline silica, which was found in higher amounts in the air 

samples of the mines in our study, the production of OH· radicals is mediated by its direct 

reaction with water in the presence of metal ions in the surface of silica or within biological 

milieus (11,16,17). The 8-OHdG molecule is formed by the action of ROS and represents a 

key molecular marker of oxidative DNA damage (18). Our results show higher levels of 8-

OHdG induced by CWP that can be related to its pathological course.  

 Cellular response against oxidative stress induced by CWP, involves the activity of 

antioxidant enzymes like GST. We investigated polymorphisms in the enzymes GSTM1 and 
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GSTT1 with CWP but no association was found. This result is in agreement with previous 

findings where genotype frequencies of these genes were not associated with CWP risk 

(4,13,19). Although we found no association, the miners with CWP exhibit more frequently a 

GSTM1 and GSTT1 null genotype than the miners without the pathology. Even though these 

polymorphisms have a limited role in oxidative stress induced by coal dust exposure (19), it 

has been suggested that this antioxidant genes together with other genetic variations may 

play a role in severity of inflammatory or fibrotic lung diseases (13).  

 We have tested the hypothesis that BER gene polymorphisms might be associated with 

CWP because this mechanism is responsible for repair oxidative DNA damage. 

Polymorphisms in OGG1 (Ser326Cys), and XRCC1 (Arg194Trp; Arg399Gln) have been 

reported in association with lung cancer (6,20–22). These polymorphisms lead to amino acid 

changes that may alter the efficiency of DNA repair and may have functional significance 

(19). In the present study, we analysed the codons 194Trp and 399Gln of the XRCC1 gene, 

and its possible contribution to the CWP risk. To our knowledge, this is the first study to 

investigate the distribution and association of the XRCC1 polymorphisms in CWP. We found 

that the variant allele 194Trp and 399Gln display a homogenous distribution in miners with 

and without CWP, and they do not provide evidence for any role of these codons 

polymorphisms in CWP susceptibility. Genetic heterogeneity among ethnic groups could be 

an important confounding factor responsible for the lack of association (23). Nevertheless, 

we found a modulating effect of 194Trp on oxidative DNA lesions as indicator of oxidative 

stress induction of CWP.  
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Conclusion 

In conclusion, the present study did not find any association between the OGG1, XRCC1 and 

GST polymorphisms with CWP, although induce oxidative DNA damage associated with 

XRCC1 194Trp was found in CWP miners. Information regarding genetic and exposure 

conditions will contribute to the understanding of biological mechanisms and public health 

implications that causes and determines occupational disease like CWP in Colombia. It is the 

first time that coal dust exposure monitoring was done in this population. 
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Table 1. Detailed DNA Polymorphisms Analyses. 

Polymorphisms Primer sequence PCR 
product 

(bp) 

Restriction 
Enzymes 

Expected 
bands (bp) 

GSTM1 F: 5´GAA CTC CCT GAA AAG CTA AAG C 3´ 
R: 5´GTT GGG CTC AAA TAT ACG GTG G 3´ 459   

GSTT1 F: 5´TCA CCG GAT CAT GGC CAG CA 3´ 
R: 5´TTC CTT ACT GGT CCT CAC ATC TC 3´ 215   

OGG1 
Ser326Cys F: 5´ ACT GTC ACT AGT CTC ACC AG 3´ 

R: 5´TGAATTCGGAAGGTGCTTGGGGAAT 3´ 

 

 Sta I Ser/Ser : 
207 

Ser/Cys : 
207, 107, 
100. 

Cys/Cys : 
107, 100. 

XRCC1 
Arg194Trp 
 

F: 5´GCC CCG TCC CAG GTA 3´ 

R: 5´AGC CCC AAG ACC CTT TCA CT 3´ 

491 Msp I Arg/Arg : 
292, 178, 
21. 

Arg/Trp : 
313, 292, 
178, 21. 

Trp/Trp : 
313, 178. 

Arg399Gln F: 5´ TTG TGC TTT CTC TGT GTC CA 3´ 
R: 5´ TCC TCC AGC CTT TTC TGA TA 3´ 615  Arg/Arg : 

377, 238. 

    Arg/Gln: 
615, 377, 
238. 

    Gln/Gln: 
615 

APE1 
Asp148Glu F: 5´ CTG TTT CAT TTC TAT AGG CTA 3´ 

R: 5´AGG AAC TTG CGA AAG GCT TC 3´ 

 

164  Bfa I Asp/Asp:  

164 

Asp/Glu :  

164,144, 20 

Glu/Glu : 
144, 20 
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Table 2. Demographic characteristics of underground coal miners.  

 

	
Control 
(n=309) 

Miners with CWP 
(n=164) 

p value 

	
n (%) Mean ± SE n (%) Mean ± SE  

Age (years)  40.47 ± 0.57  47.48 ± 0.64 < 0.001 

Time of exposure 
(years) 	 17.17±	0.48	 	 23.12	±	0.68	 <	0.001	

Smoking habit 
	 	 	 	 0.014	

Non smoker 206 (66.67) 
	

113 
(68.90) 	 	

Former smoker 45 (14.56) 
	

35 
(21.34) 	 	

Smoker 58 (18.77) 
	

16 
(9.76) 	 	

Cumulative smoking: 
Package/year 	

 
1.89 ± 0.47 	

 
6.30 ± 2.52 

 
< 0.001 

SE: Standard Error. χ2 test for frequencies. Mann–Whitney U-
test. 	
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Figure	 1.	 Characterization	 of	 mineral	 dust	 exposure.	 Concentration	 of	

environmental	coal	dust	(A)	and	crystalline	silica	(B)	in	the	workplace.	Threshold	Limit	

Value	(TLV).	Statistical	differences	evaluated	by	Mann-Whitney	U	test.	(*)	p	<	0.05	
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Figure 2. DNA damage induced by CWP. Oxidative damage as 8-OHdG levels in DNA from 

peripheral blood samples of underground coal miners. Mann-Whitney U test (*) p < 0.05 
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Figure 3. Distribution of genotypes frequency in the population of study. Polymorphisms 

in DNA repair (A) and metabolism (B) enzymes in underground coal miners with and 

without CWP. Less common allele frequency. 
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Table 3. Metabolism and DNA repair enzymes’ polymorphisms and CWP risk. 

 

 

 

 

Gene Polymorphism Miners with 
CWP (n=165) 

Miners without 
CWP 

(n=309) 

ORs 
(CIs 95%) 

p value 

  n (%) n (%)   

GSTM1 Present 106 (64.24) 207 (66.99) 1.00  

 Null 59 (35.76) 102 (33.01) 1.13 
(0.75-1.68) 

0.547 

GSTT1 Present 129 (78.18) 247 (79.94) 1.00  

 Null 36 (21.82) 62 (20.06) 1.11 
(0.70-1.76) 

0.653 

OGG1 
326 

Ser/Ser 90 (54.55) 168 (54.57) 1.00  

 Ser/Cys +  
Cys/Cys 

 

75 (45.45) 141 (45.63) 0.99 
(0.68-1.45) 

0.971 

APE1 
148 

Arg/Arg  73 (47.10) 109 (44.31) 1.00  

 Arg/Trp  60 (38.71) 115 (46.75) 0.78  
(0.51-1.19) 

0.256 

 Trp/Trp 22 (14.19) 22 (8,94) 1.49  
(0.77-2.89) 

0.235 

XRCC1 
194 

Arg/Arg  148 (89.70) 266 (85.81) 1.00  

 Arg/Trp + 
Trp/Trp 

16 (9.70) 42 (13.55) 0.65 
(0.35-1.19) 

0.159 

XRCC1 
399 

Arg/Arg  73 (44.24) 137 (44.34) 1.00  

 Arg/Gln 74 (44.85) 130 (42.07) 1.07 
(0.71-1.60) 

0.748 

 Gln/Gln 18 (10.91) 42 (13.59) 0.80 
(0.43-1.50) 

0.492 

Logistic regression results    
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Figure 4. XRCC1 Arg194Trp polymorphisms associated with oxidative DNA damage.  

Modulating effect of XRCC1 polymorphisims on 8-OHdG levels on DNA in miners with 

CWP.  Mann-Whitney U test (**) p < 0.01. 
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Abstract 

Coal Workers Pneumoconiosis (CWP) is a respiratory occupational disease caused by 

chronic exposure to breathable mine dust which is characterized by an inflammatory reaction and 

a subsequent progressive massive fibrosis. As has been shown for other environmental 

pollutants, DNA methylation may represent an interface between exposure and disease. To 

address this, we studied a cohort of underground miners (n=154) diagnosed or not with CWP. 

We show that underground miners who develop pneumoconiosis have a higher level of the 

oxidative stress marker 8-OHdG. In addition, leukocytes from CWP cases are differentially 

methylated at two immune-related loci when compared with control miners, as assessed by 

bisulfite pyrosequencing. Hypomethylation of Interferon Gamma (IFNG) and hypermethylation 

of Thy-1 (CD90) promoters may be linked to the inflammatory and fibrosis response observed in 

CWP. In this sense, a better knowledge of DNA methylation in CWP will contribute to both, a 

better knowledge of its pathogenesis and the identification of potential biomarkers of disease 

risk. 

 

Keywords 

DNA methylation, pneumoconiosis, oxidative stress, coal dust. 
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Introduction 

Toxicological and epidemiological studies have uncovered an association between 

exposure to environmental chemicals and multiple human conditions, such as Coal Workers 

Pneumoconiosis (CWP). CWP is a common respiratory occupational disease caused by chronic 

exposure to breathable mine dust, which is characterized by an inflammatory reaction and a 

subsequent progressive massive fibrosis. Because of the lack of a curative treatment, 

characterizing the factors that influence pathogenesis may improve our understanding of the 

disease and promote the identification of new targets for prevention. 

Mineral dust composed mainly by asbestos, silica and coal dust 1 often activates 

macrophages inducing cytokines and production of reactive oxygen species (ROS), which start 

the lung inflammatory process 2. ROS induce genetic and epigenetic changes in the cell, lack of 

regulation in cell proliferation, and abnormal cell signalling 3,4 along with transcriptional 

deregulation 5,6.  

As has been shown for other environmental chemicals, DNA methylation may represent 

an interface between exposure and disease 7. In this sense, a better knowledge of DNA 

methylation in CWP will contribute to both, a better knowledge of its pathogenesis and the 

identification of potential biomarkers of exposure. However, there are no available reports of 

DNA methylation in CWP. An in vivo study demonstrated that exposure of mice to carbon 

nanotubes lead to lung tissue inflammation and decreased DNA methylation of Interferon 

Gamma (IFN-γ) and Thy-1 surface antigen (Thy1/CD90) 8. On the other hand, the effects of 

oxidative stress conditions in methylation have been demonstrated in DNA repair genes but few 

studies involved occupational exposed populations. Specifically, it has been documented that 

hypermethylation, both in OGG1 (8-Oxoguanine DNA Glycosylase) and XRCC1 (X-Ray Repair 
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Cross Complementing 1) CpG islands (CGIs), may be associated with oxidative stress conditions 

9,10.  

The aim of the present study was to elucidate the effect of CWP on oxidative stress, and 

on the methylation of genes associated with inflammation, fibrosis and DNA repair, as well as 

global methylation. Oxidative stress was determined in a cohort of underground coal miners and 

quantification of DNA methylation was performed by bisulfite pyrosequencing.  

 

Results 

We used data from 154 underground coal miners (Table 1). Out of them, 47 were 

diagnosed with CWP according to their chest x-ray films, which were analysed using 

International Labour Organization (ILO) criteria. The remaining 107 miners were considered as 

the control group. On average, CWP patients were significantly older than the control 

individuals, but in both groups miners were in their active working age. The time of exposure, 

which corresponds to the working time in years on underground mines, was on average 

significantly higher in the CWP group compared to the control. Regarding smoking habits, only 

14.02% of controls and 8.70% of CWP miners were smokers. CWP smokers exhibited more 

cumulative smoking habit (over 14 package/year) than the controls. 

Overall, environmental coal dust and crystalline silica exposures were above the 

Threshold Limit Value (TLV) calculated for this population of 0.7 and 0.02 mg/m3 respectively. 

Coal dust concentration was slightly lower for the control group (2.08 ± 0.47 mg/m3) compared 

to the CWP patients (4.88 ± 1.14 mg/m3). For crystalline Silica, the mean concentration was 
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lower among in controls (0.13 ± 0.07 mg/m3) relative to CWP individuals (0.38 ± 0.20 mg/m3) 

(Table 1). 

 

The oxidative stress marker 8-OHdG is increased in CWP 

Oxidative stress has been proposed as one of the mechanisms involved in lung 

inflammatory processes 11. Therefore, we assessed 8-OHdG levels in genomic DNA from blood 

samples, as a surrogate of oxidative stress in control and CWP miners. CWP led to a statistically 

significant increase (p = 0.033) in the 8-OHdG levels in genomic DNA with a mean of 35.02 ± 

3.87 ng/mL, when compared to the control group with a mean of 25.74 ± 2.62 ng/mL (Fig 1). 

 

DNA methylation in repetitive elements 

DNA methylation (5mC) is mainly present in intergenic repetitive elements throughout 

the human genome 12, and its deregulation has been associated with a variety of conditions, 

notably cancer 7,13,14. Global 5mC content was measured by bisulfite pyrosequencing in LINE1 

and Alu(Yb8) repetitive elements (Fig 2). Average percentage of DNA methylation in LINE1 was 

of 66.34% for the controls and 66.34% for the CWP patients (Fig 2a). Although high variation is 

seen between the seven LINE1 CpG sites analysed, no significant differences were observed 

between control and CWP groups (Fig 2b). In a similar way, mean 5mC for Alu(Yb8) was not 

significantly different between the two groups (88.42% in the control group, and 88.25% in the 

CWP group) (Fig 2c). Also in both groups, 5mC is continuously increasing along the five CpG 

sites analysed (Fig 2d). 
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In summary, no significant differences in global methylation were found between the two 

groups of study. 

 

DNA methylation (5mC) in immune-related candidate genes 

As CWP is a disease characterized by an inflammatory process, two genes were selected 

for candidate-gene analyses based on previous reports showing their susceptibility to 5mC 

variation under similar pathological conditions 8,15. The IFN-γ gene was selected for being part of 

the adaptive immune response. In average, IFN-γ promoter was significantly hypomethylated (p 

= 0.039) in CWP individuals (76.37%) with a difference of 2.3% of methylation when compared 

to controls (78.67%) (Fig 3a). The 3 CpG sites evaluated exhibit the same trend as the average, 

with significantly lower 5mC content in CWP samples (site 1 p = 0.048; site 2 p = 0.038; site 3 p 

= 0.029) (Fig 3a). 

Thy-1 is a protein implicated in tissue fibrosis especially in the lung 8. Thy1 5mC levels 

were significantly increased (p = 0.014) in CWP patients (3.62%) compared to the controls 

(3.18%) with a difference of 0.44% (Fig 3b). When analysing by individual CpG sites, a 

significant difference was only found for site 7 (p = 0.020). Although no statistical differences 

were observed in the other CpG sites, a general trend for hypermethylation was seen in CWP 

individuals (Fig 3b).   

In summary, candidate genes, IFN-g and Thy-1 were differentially methylated in CWP 

leukocytes. 
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DNA methylation in DNA repair-related candidate genes 

CWP induces oxidative stress; therefore, DNA repair enzymes genes involved in the 

oxidative cell response (i.e. XRCC1 and OGG1) were selected as candidate genes in this study. 

No significant differences were found for the average percentage of DNA methylation in XRCC1 

between controls (0.62%) and CWP patients (0.74%), although the methylation level is increased 

in patients (Fig 4a). The percentage DNA methylation at individual CpG site showed a 

significant increase in site 19 (p = 0.046) for CWP individuals, with a difference of 0.47% (Fig 

4a). In the case of the OGG1 promoter, there was no significant difference in 5mC between 

controls (1.31%) and patients (1.35%) (Fig 4b).  The same trend was found when analysing 

single CpG sites. 

Except for one isolated CpG site in the XRCC1 locus, no differences in methylation were 

observed for DNA repair-related genes. 

 

Discussion 

 In the present study, we show that underground miners who develop pneumoconiosis 

have a higher level of the oxidative stress marker 8-OHdG. In addition, leukocytes from CWP 

cases are differentially methylated at two immune-related loci when compared with control 

miners. 

The high level of 8-OHdG suggests that CWP may induce oxidative stress in the miners 

affected. Oxidative stress results from the imbalance between endogenous generation of ROS 

and the anti-oxidant cell response. ROS have been involved in the pathogenesis of 

pneumoconiosis. Chronic exposure to redox-active toxicants like crystalline silica, coal, 
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inorganic dust and cigarette smoke promotes the influx of inflammatory cells into the lungs 

creating an oxidative stress status 11, and improves ROS-producing reactions associated with 

fibrosis 16 leading to lung injury. It has been demonstrated that over the process of phagocytosis 

of inhaled particles, superoxide radicals (O2
·-) are generated and converted into hydrogen 

peroxide (H2O2); consecutively, H2O2 is transformed in hydroxyl radicals (OH·) through the 

Fenton reaction 11. Another ROS generation mechanism, associated with exposure to ambient air 

pollutants, is through non-cellular surface redox reaction catalysed by metal ions. This potential 

increases the phagocytic ROS generation and results in further generation of oxidants. In the case 

of crystalline silica, which was found in higher amounts in the air samples of the mines in our 

study, the production of OH· radicals is mediated by its direct reaction with water in the presence 

of metal ions in the surface of silica or within biological milieus 11,17,18. The 8-OHdG molecule is 

formed by the action of ROS and represents a key molecular marker of oxidative DNA damage 

20. DNA modifications caused by this molecular base change cause DNA point mutations. In 

cells chronically exposed to oxidative stress, higher levels of DNA damage may accumulate 21. 

In consequence, carcinogenesis induced by mineral particles may occur as a result of higher 

levels of ROS that result in higher levels of genetic damage and increased mutagenesis 17,18,22.   

 Genomic instability and increased mutational events are associated with changes in 

global methylation. Repetitive elements comprise about 45% of the human genome, and contain 

the majority of CpG dinucleotides 23; therefore, global methylation status has been determined 

using these sequences. DNA repetitive elements such as interspersed and tandem repeats are 

frequently hypermethylated in normal somatic tissues 24. Interspersed repeats mostly comprises 

retrotransposable elements such as LINE, and short interspersed elements such as Alu.  We have 

examined the methylation levels of the LINE1 and Alu(Yb8) utilizing pyrosequencing assays, and 
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found no significant differences between CWP patients and controls. In agreement with our 

results, it has been difficult to establish a link between methylation of repetitive elements in 

white blood cells and target tissues in human cancer patients 25,26, where global DNA 

hypomethylation is commonly found 7,13,14. 

Alterations in DNA methylation produced by environmental exposures have been studied 

mostly in gene-specific regions. Epigenetic alterations induced by occupational exposures may 

contribute to disease phenotype; therefore, changes in the methylation of genes involved in 

inflammation and fibrosis associated with CWP were examined. The present study, for the first 

time, shows a decrease in DNA methylation of IFN-γ and increase in methylation of Thy1 in a 

population of coal miners exposed to mineral dust. IFN-γ encodes for a pleiotropic cytokine 

secreted by type-1 helper cells, cytotoxic T cells and stimulated natural killer 27. As in this study, 

IFN-γ hypomethylation was found in lung tissue of mice exposed to multi-walled carbon 

nanotubes (MWCNT), which modulates the inflammatory response 8. Decrease in methylation 

can be caused by oxidative DNA damage that interferes with the ability of methyltransferases to 

interact with DNA resulting in hypomethylation of CpG sites 6,28, in line with our 8-OHdG 

findings. It has been suggested that environmental pollutants may cause diseases through 

epigenetic mechanism that regulate gene expression 13. Increased IFN-γ gene expression has 

been associated with hypomethylation in the promoter region 29 in inflammatory diseases 30,31. 

On the other hand, Thy-1 is a regulator of cell-cell interactions and intracellular signalling 

pathways 32 affecting fibrogenic phenotype in lung fibroblasts 33. We found hypermethylation of 

Thy1 in CWP patients. Silencing of Thy1 by hypermethylation was found in patients with 

idiopathic pulmonary fibrosis 15, and in mice with pulmonary fibrosis induced by MWCNT, 

where mRNA expression was significantly decreased 8. Methylation of the Thy1 gene promoter 
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region causes loss of its expression in rat and human fibroblasts, which can be recovered by 

methyltransferase inhibition in vitro 15, thus functioning as a fibrosis suppressor gene. Overall, 

these data suggest that gene specific methylation may contribute to altering gene transcription 

affecting the inflammatory response and CWP development. 

Environmental factors can alter methylation of DNA repair genes and thus, modulate 

base-excision repair (BER) activity increasing oxidative DNA damage susceptibility 34. Little is 

known about the relationship between DNA methylation of repair genes and pathology. 

Therefore, we evaluated methylation in promoter regions of XRCC1 and OGG1, and found 

significant differences for only one CpG site in XRCC1. Our data did not provide significant 

evidence that DNA methylation in OGG1 gene promoter was associated with CWP 

development. In both cases, XRCC1 and OGG1 methylation remains below 5%, and differences 

can be explained by technical variation. In addition, variation in DNA methylation can be 

explained by differences in cell populations in the sample. Indeed, distinct global DNA 

methylation results from different blood types, and changes observed can be explained by 

changes in blood cell composition 25,35.  Nevertheless, accessible tissues such as blood are 

suitable for population screening. Blood DNA methylation is affected by environmental 

exposure; for instance, inhaled nanoparticles may cross the lung tissue into the bloodstream and 

affect directly blood cells generating inflammatory or oxidative stress reactions 36. Even though 

no large XRCC1 hypermetylation was found in patients with CWP, it has been associated with a 

reduced expression contributing to the regulation of the transcriptional activation of this gene in 

cancer 37,38. 

Of note, the differences in 5mC identified here may be the result of a redistribution of 

white blood cell subpopulations, for example as part of the immune response associated to 
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pneumoconiosis. Studies including blood cell counts would be necessary to rule out this 

possibility. Further limitations of our study include the lack of a control group of individuals not 

exposed to mineral dust to elucidate more clearly the changes in methylation involved in CWP 

pathogenesis. Although methylation changes found in candidate genes were statistically 

significant, methylation levels often overlap between controls and CWP cases suggesting that 

further studies should be focused on identifying suitable epigenetic biomarkers of CWP risk 

assessment. 

 

Conclusions 

This study shows that CWP in underground miners causes DNA methylation differences 

in key genes involved in inflammation, and fibrosis. Our data demonstrate a significant 

accumulation of 8-OHdG in genomic DNA, decreased DNA methylation in IFN-γ promoter as 

long as increased methylation in Thy1 and one isolated CpG site at the XRCC1 loci. Further 

studies are needed to correlate these epigenetic changes with CWP clinical and cellular profiles. 

 

Methods 

Study population 

The study population was selected from a group of Colombian men working in 

underground coal mines (Table 1). Coal miners were selected according to the working time of at 

least 10 years and they were over 18th years old. Blood samples were taken for DNA extraction 

and chest x-ray films were done to confirm CWP diagnosis by the International Labour 

Organization (ILO) criteria. This population was subdivided into two groups of healthy and 
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CWP miners. Healthy miners were taken as the control group.  Additionally, air samples in the 

mines were assessed to determine environmental coal and crystalline silica levels. 

All participants have voluntarily accepted to participate and signed an informed consent 

approved by the Ethics Committee of the Colombian National Health Institute (Instituto 

Nacional de Salud, INS).  

 

DNA extraction 

Peripheral blood samples were collected in EDTA tubes (BD). White blood cell layer was 

isolated by centrifugation for DNA extraction. Genomic DNA was extracted using the FlexiGene 

DNA kit (QIAGEN Hombrechtikon, Switzerland), adhering to the protocol recommended by the 

manufacturer. 

 

8-OHdG ELISA assay 

Oxidative stress was determined measuring 8-OHdG levels in DNA by an 8-OHdG 

ELISA kit (Abcam, Boston, MA). Briefly, a DNA aliquot (50 µg) was digested using nuclease 

P1. Samples’ pH was adjusted with 1M Tris, and digested with alkaline phosphatase. Digested 

DNA was then boiled for 10 minutes and kept on ice until use. Standard and samples were added 

to the ELISA plate along with previously diluted 8-OHdG-antibody preparation, and incubated 

for 1 hour at room temperature. The plate was washed and the substrate was added. The ELISA 

plate was developed in the dark for 30 minutes and read on a BioRad micro plate reader at a 

wavelength of 450 nm. 
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Bisulfite pyrosequencing 

Promoter regions of IFN-γ, THY1, OGG1, and XRCC1, and repetitive elements LINE1 

and AluYb8 were assessed in all samples (Table 2). Genomic DNA (250 ng) was bisulfite 

modified by the EZ DNA Methylation-Gold Kit (Zymo Research Corporation, Irvine, CA, USA) 

as per the manufacture’s instructions. Gene regions were amplified using PCR (HotStarTaq 

Master Mix kit - Qiagen) under the following conditions: initial denaturation at 95°C for 15 

seconds; 50 cycles of denaturation at 95ºC for 30 seconds, annealing temperature (See Table 2) 

for 30 seconds, and extension at 72°C for 1 minute; final extension at 72ºC for 10 minutes. Then, 

PCR products were sequenced by pyrosequencing using the PyroMark ID Q96 system (Qiagen 

and Biotage, Uppsala, Sweden). For all genes, percentage DNA methylation at individual CpG 

sites, as well as average percentage of DNA methylation was analysed. 

 

Statistical analysis 

Mean and standard error were calculated for continuous variables. Mann–Whitney U-test 

for independent samples was performed, according to the results of Shapiro-Wilk normality test, 

to evaluate differences between control and CWP miners. P values < 0.05 were considered 

statistically significant. Graphics and analyses were conducted with PRISM version 5.0 

(GraphPad Software Inc., San Diego, CA) and STATA version 12 (Stata Corporation, College 

Station, TX).  
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Table 1.  Demographic characteristics of the study population. SE: Standard Error. χ2 test for 

frequencies. Mann–Whitney U-test. 

 Control 
 (n=107) 

Miners with CWP  
(n=47) 

p value 

 n (%) Mean ± SE n (%) Mean ± SE  

Age (years)  36.50 ± 3.19  47.25 ± 4.40 < 0.001 

Time of exposure (years)  14.83 ± 1.42  18.75 ± 3.50 < 0.001 

Environmental levels      

Coal dust (mg/m3)  2.08 ± 0.47   4.88 ± 1.14 0.502 

Crystalline Silica (mg/m3)  0.13 ± 0.07  0.38 ± 0.20 0.550 

Smoking habit     0.283 

Non smoker 71 (66.35)  28 (60.87)   

Former smoker 21 (19.63)  14 (30.43)   

Smoker 15 (14.02)  4 (8.70)   

Cumulative smoking: 
Package/year   

0.91 ± 0.43   
14.91 ± 7.50 

 
0.008 
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Table 2. Detailed Bisulfite Pyrosequencing Analyses. F: Forward primer; R: Reverse primer; Bt: Biotinylated primer 

 

 

Gene PCR Primer sequence Annealing T. 
(ºC) 

PCR product 
(bp) 

Sequencing Primer CpG 
sites 

AluYb8 F: 5’-AGATTATTTTGGTTAATAAG-3’ 

R (Bt):  5’-AACTACRAACTACAATAAC-3’ 

49 178 1:  5’-GTTTGTAGTTTTAGTTATT-3’ 5 

IFN-γ F (Bt): 5’-GGGTTTTGGTAGTAATAGTTAAGAG-3’ 

R: 5’-CCTATCTATCACCATCTCATCTT-3’ 

58 301 1: 5’-TAACTTAATTCTC-3’ 

2:  5’-TTCAACTCTACAT-3’ 

2 

1 

LINE1 F (Bt): 5’-TAGGGAGTGTTAGATAGTGG-3’ 

R: 5’-AACTCCCTAACCCCTTAC-3’ 

58 109 1: 5’-CAAATAAAACAATACCTC-3’ 7 

OGG1 F: 5’-GTGGTTTTGAAGAYGGATAGT-3’ 

R (Bt): 5’-CTCCAAAAACAAACCACAAC-3’ 

58 267 1: 5’-AGTTTTGAGGAAT-3’ 

2: 5’-GAGAGTTTAGTGT-3’ 

7 

8 

Thy1 F (Bt): 5’-GAYGTTTGGGTGGAATGTAG-3’ 

R: 5’-CAAAACTTCCCAACACTAAACTTC-3’ 

58 269 1: 5’-AACTTCRAACCA-3’ 

2: 5’-TCATTTCCAAAC-3’ 

3: 5’-ACCCTAATATCTT-3’ 

4 

3 

5 

XRCC1 F: 5’-GGTTAGAAGGATGAGGTAGAG-3’ 

R (Bt): 5’-ATCRCTTCTATTACTAAACTCCC-3’ 

55 309 1: 5’-GTTGGTTAAAGTG-3’ 

2: 5’-GATATTGYGTAAGT-3’ 

13 

8 
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Abstract 

Oxidative stress generated by Mercury (Hg) has been associated to its toxicity. Due to its 

chemical properties, Hg has been used in various applications including artisanal gold mining. 

Hg exposure has a great impact on the environment and on human health; therefore, it has 

become a public health concern due to its persistence in the environment and its high toxicity.  In 

this study we characterize occupational exposure to Hg by measuring blood, urine and hair 

levels, and investigate oxidative stress and DNA methylation associated with gold miners. To do 

this, samples from 53 miners and 36 controls were assessed. We show higher levels of oxidative 

stress marker 8-OHdG in the miners. Differences in LINE1 and Alu(Yb8) DNA methylation 

between gold miners and control group are present in peripheral blood leukocytes. LINE1 

methylation is positively correlated with 8-OHdG levels, while XRCC1 and LINE1 methylation 

are positively correlated with Hg levels. These results demonstrate an effect of Hg on oxidative 

stress and methylation in gold miners that may impact on miners’ health. 
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Introduction 

Oxidative stress is due to deregulation of the homeostasis between reactive oxygen 

species (ROS) and cell antioxidant and repair mechanisms. Occupational exposure to 

environmental contaminants may induce oxidative stress on exposed populations. Mercury (Hg) 

is a heavy metal with a known impact on the environment and on human health. Some of the 

toxic effects of Hg are caused by increased production of ROS [Park & Zheng, 2012]. It has been 

shown that Hg exposure inhibits antioxidant enzymes like glutathione-S-transferase (GST), 

glutathione peroxidase (GPx), superoxide dismutase (SOD) and catalase (CAT) [Martinez et al., 

2014; Zeneli et al., 2015] increasing oxidative stress in the cell. The main source of inorganic Hg 

exposure is occupational, while general population is exposed to organic Hg through 

contaminated fish consumption by a biomagnification process [Li et al., 2010]. Due to its 

chemical properties, Hg has been used in various applications including artisanal gold mining 

[Crespo-López et al., 2009]. It has become one of the principal public health concerns in 

developing countries due to the growing use of this metal, and its persistence in the environment 

and its high toxicity [Kristensen et al., 2014].  

Environmental chemicals can produce abnormal DNA methylation status. Some 

experimental studies have demonstrated that Hg exposure can change DNA methylation patterns; 

although, the molecular mechanism involved in Hg epigenetic effect is still unknown [Ruiz-

Hernandez et al., 2015]. In addition, few human studies have investigated the relationship among 

environmental Hg exposure and DNA methylation. For instance, in the work of Hanna and 

collaborators [Hanna et al., 2012] an increased methylation in the promoter of GSTM1 was found 

when measured in women with high blood Hg levels. Another study correlated DNA 

hypomethylation of seleno-protein P plasma 1 (SEPP1) promoter and increasing Hg levels 
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measured in hair [Goodrich et al., 2013]. These findings demonstrate the possible epigenetic 

effect of Hg in humans but are not sufficient to elucidate the real effect of mercury on DNA 

methylation; therefore, further investigation is needed. On the other hand, environmental factors 

can alter methylation of DNA repair genes and modulate base-excision repair (BER) activity 

increasing oxidative DNA damage susceptibility [Langie et al., 2014]. The effects of oxidative 

stress conditions in methylation have been demonstrated in DNA repair genes but few studies 

involved exposed populations to environmental chemicals. It has been documented that 

hypermethylation both in OGG1 and in XRCC1 CpG islands may be associated with oxidative 

stress conditions [Wang et al., 2012; Zhou et al., 2012]. This information suggests that epigenetic 

changes may regulate the DNA repair process. 

In light of these observations, the aim of this study was to characterize exposure by 

measuring blood, urine and hair levels of Hg, to investigate oxidative stress, and DNA 

methylation associated with miners occupationally exposed. Research in this field may 

contribute to establish health regulations focused on prevention, and to justify environmental 

policies for reducing exposure impact on miners’ health. 

 

Methods 

Study population 

 A cross-sectional study was conducted in a population exposed to Hg, which consisted of 

miners dedicated to artisanal gold extraction and who have been working during at least 6 

months from the time the samples were taken (n= 53). A control group was included from 

permanent residents of the region who were not occupationally exposed to Hg (n= 36). 
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Biological samples were taken from each participant. DNA was extracted from blood samples, 

and total Hg levels were determined in blood, hair and urine by Cold Vapor-Atomic Absorption 

Spectrophotometry (CV-AAS).  

All participants have voluntarily accepted to participate and signed an informed consent 

approved by the Ethics Committee of the Colombian National Health Institute (Instituto 

Nacional de Salud, INS).  

 

DNA extraction 

Peripheral blood samples were collected in EDTA tubes (BD). White blood cell layer was 

isolated by centrifugation for DNA extraction. Genomic DNA was extracted using the FlexiGene 

DNA kit (QIAGEN Hombrechtikon, Switzerland), adhering to the protocol recommended by the 

manufacturer. 

 

8-OHdG ELISA assay 

Oxidative stress was determined measuring 8-OHdG levels in DNA by an 8-OHdG 

ELISA kit (Abcam, Boston, MA). Briefly, a DNA aliquot (50 µg) was digested using nuclease 

P1. Samples’ pH was adjusted with 1M Tris, and digested with alkaline phosphatase. Digested 

DNA was then boiled for 10 minutes and kept on ice until use. Standard and samples were added 

to the ELISA plate along with previously diluted 8-OHdG-antibody preparation, and incubated 

for 1 hour at room temperature. The plate was washed and the substrate was added. The ELISA 

plate was developed in the dark for 30 minutes and read on a BioRad micro plate reader at a 

wavelength of 450 nm. 
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Bisulfite pyrosequencing 

The promoter region of SEPP1, SOD2, OGG1, XRCC1, and LINE1 and AluYb8 repetitive 

regions were assessed in all samples (Table I). Genomic DNA (250 ng) was bisulfite modified by 

the EZ DNA Methylation-Gold Kit (Zymo Research Corporation, Irvine, CA, USA) as per the 

manufacture’s instructions. Gene regions were amplified using PCR (HotStarTaq Master Mix kit 

- Qiagen) under the following conditions: initial denaturation at 95°C for 15 seconds; 50 cycles 

of denaturation at 95ºC for 30 seconds, annealing temperature (See Table I) for 30 seconds, and 

extension at 72°C for 1 minute; final extension at 72ºC for 10 minutes. Then, the PCR product 

was sequenced by pyrosequencing using the PyroMark ID Q96 system (Qiagen and Biotage, 

Uppsala, Sweden). For all genes, percentage DNA methylation at individual CpG sites, as well 

as average percentage of DNA methylation was analysed. 

 

Statistical analysis 

Mean and standard error were calculated for continuous variables. Unpaired t test or 

Mann–Whitney U-test for independent samples was performed, according to the results of 

Shapiro-Wilk normality test, to evaluate differences between control and Hg exposed miners. 

Two-tailed Spearman–Rho test was used to determine bivariate correlations between methylation 

status, oxidative stress marker and total mercury levels. P values < 0.05 were considered 

statistically significant. Graphics and analyses were conducted with PRISM version 5.0 

(GraphPad Software Inc., San Diego, CA) and STATA version 12 (Stata Corporation, College 

Station, TX).  
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Results 

We analysed DNA samples from 53 gold miners occupationally exposed to Hg and 36 

controls. All participants were residents of the same region, thus environmental Hg exposure was 

considered the same for both groups. A general description of the population is presented in 

Table II. Exposed and control subjects were the same age (approximately 35 years old). The 

control group consisted of more women (66.67%) than the exposed group (3.77%), which 

reflects the mainly masculine workforce present in the gold extraction process. Regarding 

smoking habits, only the 6.45% of controls and the 11.32% of exposed were smokers. 

Cumulative smoking habit (package/year) within the smokers was higher for the gold miners, 

although no significant differences were found when compared to the controls. When 

participants were ask about fish consumption, the majority of controls (38.89%) report to 

consume fish 2 to 4 times per week, while most of the miners (47.17%) report a consumption 

frequency of 1 time per month being significantly less than the controls. 

Hg exposure was measured as total Hg in blood, urine and hair samples (Fig. 1). For the 

concentration of Hg in urine the values ranged from 3.4 to 785.5 µg/L. The mean levels of Hg in 

urine were significantly higher in the occupationally exposed group (36.98 ± 17.79 µg/L) when 

compared to the control group (9.02 ± 3.64 µg/L). The concentration of Hg in blood ranged from 

0 to 160.32 µg/L, with a significant higher mean of 13.46 ± 3.39 µg/L for the exposed group, and 

of 5.02 ± 1.08 µg/L for the controls. Regarding the Hg hair analyses, total mercury levels range 

from 0.31 to 24.87 µg/g. The mean Hg levels were again higher for the exposed group (3.28 ± 

0.47 µg/g) when compared to the controls (2.19 ± 0.76 µg/g). The levels of Hg in blood and 

urine were significantly correlated (Spearman r = 0.436, p < 0.01) along with the levels in blood 
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and hair (Spearman r = 0.764, p < 0.001), and the levels in urine and hair (Spearman r = 0.301, p 

< 0.01). 

 

Oxidative stress in gold miners 

One of the main effects of Hg exposure is the oxidative stress induction, thus the levels of 

8-OHdG in genomic DNA from blood samples were assessed. In this case, occupational 

exposure to Hg in the gold extraction process led to a statistically significant increase (p = 0.003) 

in the 8-OHdG levels in genomic DNA with a mean of 35.85 ± 3.87 ng/mL when compared to 

the control group with a mean of 20.68 ± 2.62 ng/mL (Fig. 2). 

 

DNA methylation in repetitive elements 

Global DNA methylation was measured by bisulfite pyrosequencing in LINE1 and 

Alu(Yb8) repetitive elements (Fig. 3). Average percentage of DNA methylation in LINE1 was of 

65.94% for the controls and 66.90% for the miners (Fig. 3A). This significant hypermethylation 

(p < 0.001) in the miners group is consistent for the seven CpG sites analysed for LINE1 (Fig. 

3B). When methylation status was evaluated in Alu(Yb8), the average percentage of DNA 

methylation was of 87.82% in the control group, and 87.52% in the exposed group (Fig. 3C), 

showing a significant hypomethylation in the miners (p = 0.012).  

 

DNA methylation in antioxidant genes 

The SEPP1 gene encodes for a selenoprotein that function as an antioxidant in the cell 

[Chen et al., 2006]. Distribution of percentage methylation of SEPP1 promoter is shown in Fig. 
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4. In average, the SEPP1 methylation in the exposed individuals (86.23%) was higher than the 

controls (85.75%) but it was not significantly different. This same pattern was seen for the 9 

CpG sites evaluated as seen in Fig. 4. 

The SOD2 gene codifies for an enzyme involved in the cell antioxidant response. DNA 

methylation level in this candidate gene is seen in Fig. 4. On average, DNA methylation levels 

were not significantly different between the Hg exposed and controls. Nevertheless, when 

analysing by individual CpG sites a significant difference was found for site 25 (p = 0.022) 

showing hypermethylation in the exposed group with a difference of 1.04%.  

 

DNA methylation in BER repair genes 

As described above, oxidative stress may be induced by Hg occupational exposure; 

therefore, BER repair genes involved in the oxidative cell response were selected as candidate 

genes in this study.  XRCC1 and OGG1 methylation was assessed in the study population. 

XRCC1 methylation level is shown in Fig. 5. No significant differences were found for the 

average percentage of DNA methylation between the controls (0.36%) and the exposed (0.52%), 

although the methylation level is increased in the miners. The percentage DNA methylation at 

individual CpG site showed a significant increase in site 20 (p = 0.007) for the exposed 

population with a difference of 2.24% (Fig. 5). In the case of the OGG1 promoter, the average 

percentage of methylation was very similar for the controls (1.11%) and the patients (1.21%), as 

seen in Fig. 5.  The same trend was found for single CpG sites. 
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DNA methylation and oxidative stress 

 Bivariate correlations between methylation status and oxidative DNA lesions were 

evaluated in the total population (Fig. 6A). Significant positive correlation between 8-OHdG 

levels and LINE1 methylation was found (Spearman r = 0.506, p < 0.001). Increasing values of 

8-OHdG were associated with increasing percentage of LINE1 methylation. The same 

relationship was observed when analyzing the exposed population separately (Spearman r = 

0.382, p = 0.049), as seen shown Fig. 6B. 

 

DNA methylation and Hg levels 

 Bivariate correlations between methylation status and Hg levels were evaluated in the 

total population (Fig.7). A positive correlation was found between blood Hg levels and LINE1 

and XRCC1 methylation (Spearman r = 0.296, p = 0.007 and Spearman r = 0.274, p = 0.013, 

respectively). In the same way, hair Hg levels were positively correlated with LINE1 and XRCC1 

methylation (Spearman r = 0.266, p = 0.020 and Spearman r = 0.243, p = 0.036, respectively). 

On the contrary, urine Hg levels were only correlated with XRCC1 methylation (Spearman r = 

0.378, p = 0.007). 

  

Discussion 

 Our results show high levels of total Hg in artisanal gold miners when compared to 

controls. Methylation changes in Alu and LINE1 repetitive elements and SOD2 and XRCC1 

promoters were found in miners’ blood. Furthermore, our data revealed oxidative stress as DNA 

oxidative lesions in the miners. We found that higher levels of oxidative stress, were correlated 
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with and LINE1 hypermethylation, and LINE1 as well as XRCC1 methylation were positively 

correlated with Hg exposure. 

 The main source of Hg exposure in the artisanal gold mining process is the inhalation of 

elemental Hg (Hgº) vapour. When inhaled, Hgº is oxidized in the red blood cells and lungs to 

divalent inorganic cation (Hg+2), after inhalation Hgº vapour mainly deposits in the kidney and 

brain [Park & Zheng, 2012]. Biomarkers of Hg exposure focus on detecting total Hg levels in 

biological samples. Hg concentration in urine is the best biomarker of chronic exposure to Hgº 

and inorganic Hg [Park & Zheng, 2012]. We showed higher levels of total Hg in urine in the 

miners. On the other hand, in the general population total Hg in blood is used as a measure of 

methylmercury (MeHg), which is associated with fish consumption, with the assumption that 

inorganic Hg exposure is low [Berglund et al., 2005]. Our results showed higher levels of total 

Hg in blood from the miners when compared to the controls, which can be associated not only 

with MeHg, but with Hgº vapour exposure due to the low frequency of fish consumption in this 

population. It is important to take into account that blood Hg level decreases within days of 

exposure, and do not correspond to total body burden [Park & Zheng, 2012].  In the same way, 

total Hg levels in hair are used as a measure of MeHg long term exposure [Berglund et al., 

2005]. Even though hair Hg is not recommended for biological monitoring of Hgº exposure, 

significant correlation between hair total Hg and urine Hg in artisanal mining workers suggest 

that hair can be a biomarker of Hg vapour exposure [Li et al., 2011]. Again hair Hg levels were 

high within the miners in this study and significantly correlated with urine levels, thus 

occupational Hg exposure was confirmed in the three samples analysed.  

Exposure to Hg confers high risk for human health, with Hg toxicity appearing even at 

low levels of exposure [Lee et al., 2012]. Such toxic effects of Hg are principally due to 
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increased ROS production, cellular lipid peroxidation, and inhibition of antioxidant enzymes 

[Ercal et al., 2001; Crespo-López et al., 2009]. Hg, like other metals, produces the superoxide 

anion radial (O·2) and hydroxyl radical (·OH) via Fenton reaction [Koedrith & Seo, 2011; Lee et 

al., 2012]. In line with this, our results suggest the induction of oxidative stress by occupational 

Hg exposure, reflected in high levels of 8-OHdG in gold miners. The 8-OHdG is the most 

frequent modified base produced by oxidative DNA damage. Of note, DNA damage in cells 

chronically exposed to oxidative stress results in DNA breaks, base modifications, DNA 

mutations, genomic instability [Dizdaroglu, 2012], and eventually carcinogenicity [Lee et al., 

2012].  

 The effects of environmental exposure to heavy metals on epigenetic changes have been 

previously studied.  Oxidative stress as primary mechanism involved in metal-toxicity causes 

genetic and epigenetic changes. One commonly reported alteration is global hypomethylation 

[Hou et al., 2012]. In general, global hypomethylation has been associated with cancer 

development by inducing chromosomal instability and alteration in transcription of otherwise 

silenced adjacent genes [Herceg & Vaissière, 2011; Hou et al., 2012]. We found a significant 

decrease in DNA methylation of Alu(Yb8) in peripheral blood from gold miners. Alu elements 

are short interspersed elements (SINEs) that are part of the primate specific retrotransposons. 

The Yb- lineage is one of the young group of evolutionarily-related Alu subfamilies in humans 

[Carter et al., 2004]. Due to its high density of CpG, Alu elements may be more affected in terms 

of DNA methylation [Xing et al., 2004]. Alu(Yb8) hypomethylation has been associated with 

tumorigenic events suggesting that these elements may be used as biomarkers for early cancer 

detection [Bakshi et al., 2016]. In contrast, contrary to expectations, we found that LINE1 

methylation was significantly higher among the miners, and it was correlated with 8-OHdG and 
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Hg levels. LINE1 elements are found in 20% of mammalian genome approximately [Miousse et 

al., 2015], and are AT-rich genomic regions [Akers et al., 2014].  LINE1 hypermethylation was 

found in mice after exposure to ionizing radiation [Koturbash et al., 2016; Prior et al., 2016], in 

this case changes in DNA methylation were associated with time after exposure and the 

evolutionary age of the transponsable element. Alterations in DNA methylation associated with 

environmental stressors are not unidirectional and may vary by loci [Miousse et al., 2014]. Given 

the nature of Alu and LINE1 elements, methylation may be differentially regulated [Akers et al., 

2014]. Additionally, it has been shown that different transponsable elements could be 

differentially methylated in response to exposure to the same metal within the same experimental 

system [Miousse et al., 2015]. Nevertheless, the different methylation changes observed in our 

study could be a result of blood cell composition, as differences in DNA methylation has been 

reported in different blood cell types [Wu et al., 2011].  

Hg exposure modulates gene expression in biological pathways such as stress response 

and DNA repair [Koedrith et al., 2013]  that  may be explained by epigenetic mechanisms. We 

analysed DNA methylation changes in antioxidant response (SEPP1 and SOD2) and BER repair 

pathway (XRCC1 and OGG1), and found no significant differences between the gold miners and 

control groups.  SEPP1 promoter hypomethylation was found in male dental professionals 

associated with MeHg exposure with a general mean of 37% [Goodrich et al., 2013]; our results 

indicate a mean of SEPP1 promoter methylation around 86%, which suggest that methylation 

pattern in this gene may be influenced by the different kind of Hg exposure. Even though we did 

not find significant differences between the two populations for SOD2 methylation, when 

analysing individual CpG sites we found significant hypermethylation only in one site. SOD2 

hypermethylation induces SOD2 downregulation impairing redox signalling and creating a 
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proliferative, apoptosis-resistant state as the one seeing in carcinogenesis [Archer et al., 2010]. In 

the same way, differential XRCC1 hypermethylation was only found in one CpG site for the gold 

miners. But hypermethylation for this gene was correlated with high levels of Hg both in hair, 

blood and urine suggesting an effect of exposure in the methylation pattern. It has been 

demonstrated that XRCC1 expression is downregulated by promoter hypermethylation and 

contributes to caner development [Wang et al., 2010]. 

Further limitations of our study include the lack of a control group of subjects not 

exposed to Hg as our control individuals were exposed to low levels because they were habitants 

of the same location of the miners; this will help to elucidate more clearly the changes in the 

methylation involved in the occupational exposure. Although methylation changes found in this 

study were statistically significant between gold miners and controls, the differences were of low 

magnitude and the methylation levels often overlap between the two populations suggesting that 

further studies should be focused on identifying suitable epigenetic biomarkers for risk 

assessment of occupational Hg exposure. 
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Table I. Detailed Bisulfite Pyrosequencing Analyses. 

Gene PCR Primer sequence Annealing T. 

(ºC) 

PCR 
product (bp) 

Sequencing Primer CpG 
sites 

AluYb8 F: 5’-AGATTATTTTGGTTAATAAG-3’ 

R (Bt):  5’-AACTACRAACTACAATAAC-3’ 

49 178 1:  5’-GTTTGTAGTTTTAGTTATT-3’ 5 

LINE1 F (Bt): 5’-TAGGGAGTGTTAGATAGTGG-3’ 

R: 5’-AACTCCCTAACCCCTTAC-3’ 

58 109 1: 5’-CAAATAAAACAATACCTC-3’ 7 

OGG1 F: 5’-GTGGTTTTGAAGAYGGATAGT-3’ 

R (Bt): 5’-CTCCAAAAACAAACCACAAC-3’ 

58 267 1: 5’-AGTTTTGAGGAAT-3’ 

2: 5’-GAGAGTTTAGTGT-3’ 

7 

8 

SEPP1 

 

F: 5’-GAAATTGTGTATTYGGGGAGT-3’ 

R (Bt): 5’-ACTCTAACAAAACATTCCACC-3’ 

58 307 1: 5’-ATTGATAGATATAGA-3’ 

2: 5’-GTTAGTTTGAGTGA-3’ 

4 

5 

SOD2 F: 5’-GTTAGTGTTGGTGTTATYGTTGATG-3’ 

R (Bt): 5’-ACTAACCTACAACCTCCTTTCTC -3’ 

58 293 1: 5’-AGTGTTGGTGTTAT-3’ 

2: 5’-AGTTATTATAGTTA-3’ 

3: 5’-GGGGAGTAGGGT-3’ 

4: 5’-GGGGGTGTTTTG-3’ 

 

5 

8 

10 

9 

XRCC1 F: 5’-GGTTAGAAGGATGAGGTAGAG-3’ 

R (Bt): 5’-ATCRCTTCTATTACTAAACTCCC-3’ 

55 309 1: 5’-GTTGGTTAAAGTG-3’ 

2: 5’-GATATTGYGTAAGT-3’ 

13 

8 

F: Forward primer; R: Reverse primer; Bt: Biotinylated primer	
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Table II.  Demographic characteristics of the study population. 

 Control (n=36) Gold miners (n=53) p value 

 n (%) Mean ± SE n (%) Mean ± SE  

Age (years)  35.19 ± 2.83  34.38 ± 1.51 0.783 

Sex     < 0.001 

Men 12 (33.33)  51 (96.23)   

Women 24 (66.67)  2 (3.77)   

Time of exposure (years)    7.72 ± 1.43  

Smoking habit     0.585 

Non smoker 7 (22.58)  15 (28.30)   

Ex-smoker 22 (70.97)  32 (60.38)   

Smoker 2 (6.45)  6 (11.32)   

Cumulative smoking: 
Package/year   

2.90 ± 1.10   
4.52 ± 2.37 

 
1.000 

Frequency of fish 
consumption     0.01 

Never 0  3 (5.66)   

1 time per month 7 (19.44)  25 (47.17)   

1 time per week 11 (30.56)  14 (26.42)   

2-4 times per week 14 (38.89)  10 (18.87)   

Everyday 4 (11.11)  1 (1.89)   

SE: Standard Error. χ2 test for frequencies. Mann–Whitney U-test.  
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Figure legends 

Fig. 1. Characterization of Hg exposure. Concentration of total Hg levels in the exposed gold 

miners and the control group. (A) Hg levels in urine, (B) blood, and (C) hair samples. 

Fig. 2. Oxidative stress induced by Hg occupational exposure. Oxidative DNA damage (8-

OHdG) as biomarker of oxidative stress in peripheral blood samples of Hg exposed gold miners 

and control group. Mann-Whitney U test (**) p < 0.01. 

Fig. 3. Global DNA methylation. DNA methylation in repetitive elements of Hg exposed gold 

miners and control group assessed by pyrosequencing. (A) Average levels of DNA methylation 

in LINE1 from genomic DNA of peripheral blood samples. (B) Levels of DNA methylation in 

specific CpG sites of LINE1. (C) Average levels of DNA methylation in Alu(Yb8) from genomic 

DNA of peripheral blood samples. (D) Levels of DNA methylation in specific CpG sites of 

Alu(Yb8). Unpaired t test, (*) p < 0.05; (***) p < 0.001. 

Fig. 4. DNA methylation in antioxidant candidate genes. Methylation levels in the promoter 

of SEPP1 (A) and SOD2 (B) in peripheral blood samples of Hg exposed gold miners and control 

group. Genomic location targeted by specific primers in shown in the upper panel for each assay. 

Mean methylation for the targeted region is shown in the left panel, and methylation levels by 

CpG site is shown in the right panel. Unpaired t test, (*) p < 0.05. 

Fig. 5. DNA methylation in DNA repair candidate genes. Methylation levels in the promoter 

of XRCC1 (A) and OGG1 (B) in peripheral blood samples of Hg exposed gold miners and 

control group. Genomic location targeted by specific primers in shown in the upper panel for 

each assay. Mean methylation for the targeted region is shown in the left panel, and methylation 

levels by CpG site is shown in the right panel. Mann-Witney U test, (**) p < 0.01. 
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Fig. 6.  Correlation between global DNA methylation and oxidative stress. Bivariate 

correlations between LINE1 methylation and oxidative DNA lesions in the general (A) and in the 

Hg occupationally exposed populations (B).  

 

Fig. 7.  Correlation between DNA methylation and total Hg levels. Bivariate correlations 

between LINE1 methylation and total Hg in blood (A) and hair (C) samples. Correlations 

between XRCC1 methylation and total Hg in blood (B), hair (D) and urine (E) samples. 
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Fig. 2.  
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 
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ABSTRACT
This study describes the use of pesticides mixtures and their potential association with comet assay
results in 223 rice field workers in Colombia. Thirty-one pesticides were quantified in blood, serum,
and urine (15 organochlorines, 10 organophosphorus, 5 carbamates, and ethylenethiourea), and the
comet assay was performed. Twenty-four (77.42%) pesticides were present in the workers. The use
of the maximum-likelihood factor analysis identified 8 different mixtures. Afterwards, robust
regressions were used to explore associations between the factors identified and the comet assay.
Two groups of mixtures— a-benzene hexachloride (a-BHC), hexachlorobenzene (HCB), and b-BHC
(b: 1.21, 95% confidence interval [CI]: 0.33!2.10) and pirimiphos-methyl, malathion, bromophos-
methyl, and bromophos-ethyl (b: 11.97, 95% CI: 2.34!21.60)—were associated with a higher
percentage of DNA damage and comet tail length, respectively. The findings suggest that exposure
to pesticides varies greatly among rice field workers.

KEYWORDS
Agriculture; chemical
mixtures; Colombia;
genotoxicity; pesticides

Rice is a cereal for human consumption that is essential
to food security, particularly in Asia and Africa.1 Colom-
bia is the third-largest producer of rice in Latin America,
preceded by Brazil and Peru, and the growing national
demand for rice is surpassed only by corn.2 By 2007,
there was a total of 21,800 rice producers in Colombia,
with a crop area of 400,451 hectares and a production of
2,471,545 tons per year.3 Because of the potential harm-
ful effects on human health, the use of pesticides on rice
crops has been the subject of attention by the public and
the scientific community for several decades.4 Some ear-
lier studies with field workers exposed to pesticides used
on rice crops have shown an increase in mortality,5 ocu-
lar irritation and pterygium, dermatosis, and respiratory,
neurological, and renal disorders.6

Rice field workers are exposed to a variety of pesticide
mixtures, which presents a challenge for toxicological and
epidemiological studies.7,8 No standard methods exist to
explore the effects of these chemical mixtures, and it may
be impossible to find contexts in which the same mixtures
are used. Therefore, studies of pesticide mixtures must
first be considered for very specific contexts, whereas the
generalization of the their findings will depend on obtain-
ing repetitive findings from diverse studies.9,10

Four rice-producing regions exist in Colombia: the Cen-
tral region (Tolima, Huila and Valle), Llanos Orientales
(Eastern Plains), Bajo Cauca, and the Caribbean. Pesticides
are widely used in all these regions to control a variety of
infestations, primarily by insects.11 Nevertheless, no studies
have been conducted, to date, to explore the potential gen-
otoxic effects from exposure to pesticide mixtures used on
rice crops. Given this lack of information, the objectives of
this study were to identify the pesticide mixtures to which
rice field workers are exposed in Colombia and explore
their relationship to genetic damage.

Methods

A cross-sectional study was performed with rice field
workers located in the municipalities of Espinal, Guamo,
and Purificaci!on, all of which are in Tolima, Colombia.
The participants were selected by convenience, since the
study corresponded to an exploratory evaluation of a
population group that had not previously been studied.
To this end, contacts were made with community leaders
who facilitated the identification of rice field workers
who have been regularly exposed to pesticide mixtures.
A survey was administered to the workers who agreed to

CONTACT Marcela Eugenia Varona-Uribe marcela.varona@urosario.edu.co Departamento de Salud P!ublica, Universidad del Rosario. Carrera 24 N"
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participate to obtain sociodemographic data (sex, age,
and affiliation with a health system) and information
about exposure to tobacco and ionizing radiations and
work conditions (use of pesticides, use of personal pro-
tective equipment, and previous poisoning). Blood and
urine were also obtained to quantify the presence of 31
pesticides and to perform the comet assay test. The study
was approved by the Ethics Committee of the Colombia
National Institute of Health, and the participants signed
informed consent forms before participating.

Collection of biological samples

A 10-mL sample of blood was collected the day after
each worker reported having been exposed to at least 1
pesticide. This was divided in half; 5 mL were collected
with heparin to analyze organophosphorus and carba-
mates pesticides and to perform the comet assay,12,13

and 5 mL were placed in tubes with no anticoagulant to
centrifuge and then separate the serum for the analysis
of organochlorine. In addition, urine samples (approxi-
mately 50 mL) were collected from one micturition in
polypropylene jars with threaded caps for the analysis of
ethylenethiourea (ETU), the primary metabolite of
dithiocarbamates in mammals.

Pesticide measurement

The organophosphorus and carbamates were analyzed
using solid-phase extractions and high-resolution gas
chromatography with flame photometric detector
(HRGC/FPD). The following organophosphorus chemi-
cals were analyzed: bromophos-ethyl, bromophos-methyl,
chlorpyriphos, dimethoate, malathion, methamidophos,
methyl parathion, pirimiphos, pirimiphos-methyl, and
profenofos. The carbamates that were quantified included
aminocarb, bendiocarb, metolcarb, pirimicarb, and pro-
poxur. The organochlorine pesticides were quantified
using solid-phase extraction and high-resolution gas chro-
matography with micro-electron capture detector
(HRGC/mECD). Previous analyses were performed with
solid-phase extraction. Twelve pesticides were identified:
a-benzene hexachloride (a-BHC), b-BHC, hexachloro-
benzene (HCB), heptachlor, a-chlordane, g-chlordane,
oxichlordane, a-endosulfan, b-endosulfan, endosulfan
sulfate, 2,4-DDT (dichlorodiphenyltrichloroethane), and
4,4-DDE (dichlorodiphenyldichloroethylene). The ETU
in urine was quantified with liquid-liquid extraction fol-
lowed by high-performance liquid chromatography!mass
spectrometry (HPLC-LC/MS).12,14.15

All the analyses were performed by expert chemists at
the Environment and Labor Health Group at the Colom-
bia National Institute of Health. The procedures used

were standardized using reference standards. To this end,
internal controls were performed for every 5 samples read
for each run. Adequate reproducibility of the quantifica-
tions was observed for all cases.

Comet assay

A peripheral blood sample was collected in tubes with
heparin to perform the comet assay. These samples were
taken to the Human Genetics Laboratory of the Univer-
sity of the Andes, where the technique based on the Sing
et al.13 protocol was performed. Briefly, whole blood was
diluted with phosphate-buffered saline (PBS; 1:1). Then,
30 mL of the cell suspension was mixed with 470 mL of
low-melting-point agarose (0.5%). This mixture was
then placed on a microscope slide (3 slides were prepared
per sample). After the agarose solidified at 4"C for 8
minutes, a final layer of 0.5% low-melting-point agarose
was applied to the slides. The slides were placed over-
night at 4"C in freshly prepared lysing solution (2.5 M
NaCl, 100 mM EDTA [ethylenediaminetetraacetic acid],
10 mM Tris [tris(hydroxymethyl)aminomethane], 10%
DMSO [dimethyl sulfoxide], 1% Triton X-100, pH 10).
After lysis, the slides were washed with PBS without
Ca2C or Mg2C and then placed in an alkaline buffer
(300 mM NaOH, 1 mM EDTA, pH >13, 4"C). Electro-
phoresis was conducted at 25 V, 290 mA for 35 minutes
at 4"C. Following electrophoresis, the slides were treated
with neutralizing buffer (0.4 M Tris), dehydrated in
methanol, and dried at room temperature to store.
When staining, the slides were hydrated in cold deion-
ized water and stained with ethidium bromide (2 mg/
mL) for 5 minutes. The slides were dipped in cold water,
and a coverslip was placed over the gel. Coded slides
were examined blindly at 250£ magnification with a
Zeiss fluorescence microscope using a BP 546/10 nm
excitation filter and a 590 nm barrier filter. A total of 50
cells were examined per person (25 cells per slide). The
DNA damage was determined according to tail length
and percentage tail DNA using CASP software.16

Statistical methods

The data were described using percentages or central
tendency and dispersion measurements according to the
distribution observed. Municipalities were compared
using Fisher’s exact test or the Kruskal-Wallis test. The
pesticide mixtures were then explored using diverse fac-
torial analysis methods. Although no method was found
that fulfilled all the suppositions,17 the maximum-likeli-
hood factor method18 explained most of the variability
and was therefore used to generate factorial scores. Not
all the suppositions were fulfilled primarily because of a
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high number of zeros obtained when quantifying the
pesticides. Nevertheless, this approach was considered
appropriate given the exploratory nature of the investiga-
tion. The individual concentrations of each pesticide and
the factorial scores were included later as independent
variables in simple and multiple robust regression mod-
els,19 whose dependent variables were the percentage of
DNA damage and the tail length. All the analyses were
performed with the Stata 12 statistical program (Stata-
Corp, College Station, TX, USA).

Results

Although a total of 265 workers initially participated in
the study, the comet assay indicated total DNA damage
in 42 workers. Since these cases can affect the results of
the test by generating false positives, they were excluded
from the analysis, as recommended by other studies of
this type.20 The main characteristics of the 223 workers
participating in the study are found in Table 1. There
was a greater number of men (97.76%), and the ages
ranged between 18 and 86 years. The majority of the par-
ticipants lived in Purificaci!on, and differences were
observed among municipalities in the use of personal
protective equipment and reports of previous pesticide
poisoning.

The pesticide concentrations are summarized in
Table 2. As can be observed, the pesticides not present
included bendiocarb, carbofuran, chlorpyriphos, metol-
carb, pirimiphos, and propoxur, whereas those that were
observed in all the participants were a-BHC, b-endosul-
fan, 2,4-DDT, 4,4-DDE, bromophos-ethyl, bromophos-
methyl, endosulfan sulfate, HCB, heptachlor, malathion,
methamidophos, methyl parathion, oxychlordane, piri-
miphos-methyl, and profenofos. The factorial analysis
(Kaiser-Meyer-Olkin measure of 0.6207) made it possi-
ble to identify 8 mixture groups (factors) with values >1
that had between 1 and 4 principal pesticides (Table 3).

Tail length values ranged between 3.24 and 232.83 mm
(median: 17.79 mm), whereas the DNA damage percentage
in the tail was between 0.15% and 97.96% (median:
6.53%). When comparing the 3 participating municipali-
ties, higher values were observed in Guamo. The median
tail lengths in Espinal and Purificaci!on were 20.22 mm
(8.16!119.26 mm) and 14.64 mm (3.24!123.23 mm),
respectively, and over 45.88 mm (7.04!232.83 mm;
Kruskal-Wallis, p D .0001) in Guamo. Similar results were
observed with DNA damage (Kruskal-Wallis, p D .0001),
which was less in Espinal (median: 6.12%; from 2.00% to
34.10%) and Purificaci!on (median: 6.10%; from 0.15% to
97.96%) than in Guamo (median: 17.65%; from 2.28%
to 77.52%).

Table 4 shows the bivariate results from the associa-
tion between exposure to individual pesticides and mix-
tures and the results from the comet assay. The only
significant findings were the protective effects of a-endo-
sulfan, 2,4-DDT, and the FC6 mixture in relation to
DNA damage. Results from tail lengths indicated protec-
tive associations with 2,4-DDT and b-endosulfan. The
robust regressions indicated that the greatest DNA dam-
age occurred with higher values of the FC4 mixture
(with a-BHC, HCB, and b-BHC), lower FC2 and FC6
values, and for residents in the municipality of Guamo.
The only predictor of the comet tail length was the FC3
mixture, which includes pirimiphos-methyl, malathion,
bromophos-methyl, and bromophos-ethyl (Table 5).

Comment

This study made it possible to identify several types of
pesticide mixtures that contain banned organochlorine
pesticides, similar to that reported by other studies in
Colombia.21,22 It also suggests that the pesticide mixtures
do not have the same genotoxic effects. Most of the mix-
tures evaluated did not show significant effects with the
comet assay. The only mixtures that showed an

Table 1. Main characteristics of workers participating in the study (N D 223).

Variable Espinal (n D 30) Guamo (n D 40) Purificaci!on (n D 153) p valuea

Sex: male (%) 100 95 98.04 .341
Age (years) .086"

Median 49 43.5 45
Min!Max 25!73 18!66 18!86
Affiliation with a health system (%)
Affiliated (contributive regime) 13.33 12.50 18.95 .458
Not affiliated 0 0 4.58
Affiliated (subsidized regime) 86.67 87.50 76.47
Tobacco consumption (%) 50.00 40.74 35.23 .499
X-ray exposure during last year (%) 10.00 15.00 18.95 .498
Use of pesticides (%) 86.67 82.50 90.20 .365
Use of personal protective equipment (%) 60.00 22.50 24.84 .001
Previous pesticide poisoning (%) 40.00 52.50 23.53 .001

aFisher’s exact test.
"Kruskal-Wallis equality-of-populations rank test.
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Table 2. Concentrations of pesticides in blood, serum, or urine of rice field workers in colombian (N D 223).

Concentrations

Positive Percentiles

Pesticide n % Mean SD Min 25 50 75 90 Max

Organophosphorus
Bromophos-methyl 223 100 21.05 32.32 1 1 1 97 97 97
Bromophos-ethyl 223 100 10.82 19.03 1 1 1 62 63 64
Pirimiphos-methyl 223 100 8.41 16.75 1 1 1 64 65 67
Methamidophos 223 100 9.66 17.01 1 1 1 60 61 63
Methyl parathion 223 100 2.87 4.00 1 1 1 16 19 22
Malathion 223 100 4.50 9.23 1 1 1 39 41 44
Profenofos 223 100 1.22 1.35 1 1 1 9 10 12
Dimethoate 8 3.59 0.56 3.01 0 0 0 14.3 18.8 22.5
Pirimiphos 0 0 ND ND ND ND ND ND ND ND
Chlorpyriphos 0 0 ND ND ND ND ND ND ND ND

Carbamates
Pirimicarb 12 5.38 0.04 0.17 0 0 0 0.82 1 1.00
Aminocarb 8 3.59 0.03 0.18 0 0 0 0 1.3 1.36
Bendiocarb 0 0 ND ND ND ND ND ND ND ND
Metolcarb 0 0 ND ND ND ND ND ND ND ND
Propoxur 0 0 ND ND ND ND ND ND ND ND

Dithiocarbamates
Ethylenethiourea 2 0.90 0.002 0.02 0 0 0 0 0 0.3

Organochlorines
a-BHC 223 100 2.57 1.38 0.4 2 2.4 6.7 7.2 20
Oxychlordane 223 100 16.63 2.27 8.2 13.6 16.1 22.4 22.7 35.8
HCB 223 100 2.93 6.54 0.5 1.5 1.8 15.6 25.5 79.9
Heptachlor 223 100 25.93 67.36 3.5 8.1 25.5 43.7 52.8 1012.9
b-Endosulfan 223 100 46.36 14.69 2 5 50 66 68 70
Endosulfan sulfate 223 100 10.96 6.55 3.1 3.2 11.7 27.5 27.8 56.7
2,4-DDT 223 100 17.66 2.94 13.9 14.5 17.1 27.5 30.2 40.6
4,4-DDE 223 100 19.82 10.89 2 2.2 24.6 31 34.5 84.6
a-Chlordane 209 93.72 7.54 3.63 0 0 8.6 15.3 16.2 22.5
Mirex 104 46.64 9.27 21.24 0 0 0 107 118 131.2
b-BHC 87 39.01 4.89 21.41 0 0 0 18.9 19.7 292
g-Chlordane 69 30.94 1.51 5.74 0 0 0 5.1 5.8 76.8
Heptachloro epoxide 41 18.39 1,47 8.82 0 0 0 10.4 11.4 128.2
a-Endosulfan 35 15.70 0.42 1.14 0 0 0 5.3 5.8 6.6
Carbofuran 0 0 ND ND ND ND ND ND ND ND

Table 3. Factor loadings to identify possible pesticide mixtures with data from colombian rice field workers (N D 223).

Variable FC1 FC2 FC3 FC4 FC5 FC6 FC7 FC8 Uniqueness

Aminocarb 0.8448 0.2834
Pirimicarb 0.9987 0
Dimethoate 0.9669
Ethylenethiourea 0.9612
a-BHC 0.9268 0.1154
HCB 0.5177 0.6707
b-BHC 0.3746 0.4927 0.6007
Heptachlor 0.9562
Oxychlordane 0.5168 0.6275
2,4-DDT 0.5433 0.6726
g-Chlordane 0.7950
Heptachloro epoxide 0.3175 0.8110
Methamidophos 0.3205 0.8101
a-Endosulfan 0.3542 0.6820
a-Chlordane 0.5285 0.3159 0.5272
4,4-DDE 0.9708 0.0324
Endosulfan sulfate 0.3494 0.8261
Mirex 0.9232
Pirimiphos-methyl 0.7612 0.3522
Bromophos-methyl 0.3745 0.8180
Bromophos-ethyl 0.7768 0.3624
Malathion 0.3027 0.7298 0.3744
Methyl parathion 0.4348 0.7560
Profenofos 0.9493
b-Endosulfan 0.7862
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association with greater genotoxic damage were those
that included specific groups of organochlorines (FC4)
or organophosphorus (FC3).

The differences among the municipalities suggest that
different contexts exist. Specific characteristics in the 3
municipalities were unfortunately not measured,
although the secondary data indicate a higher production
of rice in Purificaci!on, which may be associated with
greater care in the use of pesticides. Therefore, the inter-
pretation of the findings should not exclude the possibil-
ity of a psychologist’s fallacy, for which municipal
variables are needed in order to better explain the
findings.23

There are few studies in Colombia that have evaluated
the genotoxicity of pesticides,24!26 and only 2 of these
used the comet assay.26 The first study explored the asso-
ciation between exposure to pesticide mixtures (mainly
fungicides) and cytogenetic alterations (micronuclei and

chromosome aberrations) and DNA damage. In relation
with comet assay, there was not differences between
exposed and nonexposed groups.25 In the second study,
DNA damage was compared between flower growers
and other farm workers exposed to pesticides, finding
longer tail lengths among farm workers.26 This is consis-
tent with the observations from our study in which the
mixture of 4 organophosphorus pesticides—pirimiphos-
methyl, malathion, bromophos-methyl, and bromophos-
ethyl—was associated with longer tail lengths.

Other studies exploring DNA damage with comet
assay among farming populations have been conducted
in different places around the world with similar results.
Some examples include those carried out with farm
workers exposed to mixtures of carbamates, organophos-
phates, and pyrethroids,27,28 mixtures of pirimiphos
methyl, chlorpyrifos, temephos, and malathion,29 com-
plex mixtures in Brazilian fields,30 and gardeners exposed
to organophosphorus.31 This evidence contrasts with the
scarcity of studies related to humans exposed to organo-
chlorines, which limits comparisons with our findings.
Studies in Mexico using the comet assay have shown
that exposure to organochlorines is associated with DNA
damage,32!34 whereas in vitro evidence has shown the
genotoxic effect of endosulfan and 2,4-D.35,36 Other
studies have shown contrary results with HCB and p,p0-
DDE.37

The interpretation of this study should take into
account the limitations inherent to its design and the
subject matter. First, the sample of participants was not
representative of the group of rice field workers; there-
fore, the results cannot be generalized. The findings
should be understood as an initial evaluation of the labor
and environmental situation for a particular group of
individuals. The quality of the toxicological analysis can
be considered to have had adequate internal control,38

although external control was lacking because of the
costs of this type of program. This problem is widespread

Table 4. Bivariate robust regressions between pesticide exposure
and results of comet assay among colombian rice field workers
(N D 223).

DNA damage (%) Tail length (mm)

Pesticide b 95% CI b 95% CI

Single pesticides
Aminocarb 1.29 ¡2.76, 5.35 5.72 ¡4.26, 15.70
Pirimicarb 0.47 ¡3.84, 4.78 0.84 ¡9.71, 11.40
Dimethoate ¡0.17 ¡0.42, 0.07 ¡0.47 ¡1.07, 0.14
Ethylenethiourea 1.70 ¡28.96, 32.37 16.77 ¡58.95, 92.48
a-BHC ¡0.92 ¡1.91, 0.06 ¡2.46 ¡4.95, 0.03
HCB 0.03 ¡0.09, 0.14 ¡0.10 ¡0.38, 0.18
b-BHC ¡1.27 ¡2.62, 0.07 ¡2.79 ¡6.10, 0.52
Heptachlor 0.03 ¡0.04, 0.09 0.10 ¡0.06, 0.26
Oxychlordane ¡0.27 ¡0.66, 0.13 ¡0.79 ¡1.76, 0.18
Heptachloro epoxide 0.24 ¡0.08, 0.56 0.67 ¡0.14, 1.47
g-Chlordane ¡0.08 ¡0.36, 0.19 ¡0.12 ¡0.80, 0.56
a-Endosulfan ¡0.64 ¡1.27, ¡0.01 ¡1.50 ¡3.09, 0.09
a-Chlordane ¡0.01 ¡0.21, 0.20 0.09 ¡0.41, 0.60
4,4-DDE ¡0.04 ¡0.11, 0.03 ¡0.10 ¡0.27, 0.07
2,4-DDT ¡0.31 ¡0.56, ¡0.07 ¡0.94 ¡1.69, ¡0.20
Endosulfan sulfate ¡0.05 ¡0.16, 0.10 ¡0.08 ¡0.36, 0.20
Mirex 0.01 ¡0.03, 0.04 ¡0.02 ¡0.11, 0.07
Methamidophos 0.04 ¡0.01, 0.08 0.05 ¡0.06, 0.16
Pirimiphos-methyl ¡0.01 ¡0.06, 0.03 ¡0.07 ¡0.18, 0.04
Malathion 0.02 ¡0.06, 0.10 ¡0.04 ¡0.24, 0.16
Methyl parathion ¡0.04 ¡0.22, 0.15 ¡0.28 ¡0.73, 0.18
Bromophos-methyl 0.01 ¡0.01, 0.04 0.04 ¡0.01, 0.10
Bromophos-ethyl 0.02 ¡0.02, 0.05 ¡0.02 ¡0.11, 0.08
Profenofos 0.18 ¡0.37, 0.74 0.06 ¡1.30, 1.41
b-Endosulfan ¡0.03 ¡0.08, 0.02 ¡0.12 ¡0.25, ¡0.00

Mixtures"

FC1 0.07 ¡0.58, 0.71 0.11 ¡1.47, 1.69
FC2 ¡0.47 ¡1.20, 0.26 ¡1.17 ¡2.98, 0.65
FC3 0.05 ¡0.82, 0.91 ¡0.82 ¡2.96, 1.33
FC4 ¡0.77 ¡2.28, 0.75 ¡2.77 ¡6.57, 1.04
FC5 0.13 ¡0.80, 1.05 ¡0.91 ¡3.19, 1.38
FC6 ¡1.74 ¡3.02, ¡0.46 ¡3.33 ¡7.03, 0.37
FC7 0.80 ¡0.36, 1.96 0.96 ¡1.88, 3.81
FC8 ¡1.27 ¡2.62, 0.07 ¡2.79 ¡6.10, 0.52

"FC1: aminocarb and pirimicarb; FC2: a-chlordane, 4,4-DDE, and endosulfan
sulfate; FC3: pirimiphos-methyl, bromophos-methyl, bromophos-ethyl, and
malathion; FC4: a-BHC, HCB, and b-BHC; FC5: malathion and methyl para-
thion; FC6: oxychlordane and 2,4-DDT; FC7: heptachloro epoxide, methami-
dophos, a-endosulfan, and a-chlordane; FC8: b-BHC.

Table 5. Multiple robust regressions of results from comet assay
among colombian rice field workers (N D 223).

DNA damage (%) Tail length (mm)

Variable b 95% CI b 95% CI

Pesticide mixtures"

FC2 ¡0.90 ¡1.68, ¡0.13
FC3 11.97 2.34, 21.60
FC4 1.21 0.33, 2.10
FC6 ¡1.68 ¡3.05, ¡0.31

Municipality
Espinal 1
Guamo 5.46 2.70, 8.22
Purificaci!on ¡0.45 ¡2.77, 1.87

"FC2: a-chlordane, 4,4-DDE, and endosulfan sulfate; FC3: pirimiphos-methyl,
bromophos-methyl, bromophos-ethyl, and malathion; FC4: a-BHC, HCB, and
b-BHC; FC6: oxychlordane and 2,4-DDT.

ARCHIVES OF ENVIRONMENTAL & OCCUPATIONAL HEALTH 7

D
ow

nl
oa

de
d 

by
 [P

on
tif

ic
ia

 U
ni

ve
rs

id
ad

 Ja
ve

ria
] a

t 0
5:

42
 3

0 
M

ar
ch

 2
01

6 



in Colombia, where the development of industrial
hygiene and toxicology is still limited.39 Thus, although
there may be a certain degree of error in the concentra-
tions, the presence of pesticides is a true fact.

In addition, exposure to the pesticides was measured
at a specific moment and is not characteristic of previous
periods. By not having a control population, the results
regarding DNA damage can only be related to exposure.
Having excluded the analysis of cases in which there was
total DNA damage, the associations may be underesti-
mated.20 In our case, when comparing those that were
included with those excluded, the only difference
(p<.05) found was a greater presence of mixtures identi-
fied as FC5 and FC6 among those included. This suggests
that, in general, total DNA damage was due to factors
other than exposure to pesticides.

Furthermore, there are additional factors that result in
differences in the results of the comet assay within the
study population, such as age, sex, and other types of
environmental exposure, including exercise and expo-
sure to sunlight and pollution that can affect individual
levels of DNA damage.40 Therefore, this study appropri-
ately collected and stored biological samples in order to
process them within 48 hours of collection, to avoid sam-
ple handling errors.

In conclusion, this study suggests that the workers
exposed to pesticide mixtures that included a-BHC,
HCB, and b-BHC or pirimiphos-methyl, malathion, bro-
mophos-methyl, and bromophos-ethyl have greater gen-
otoxic damage. Future studies could explore whether
individuals exposed to those mixtures present a greater
occurrence of cancer. It is also suggested that the Colom-
bian regulatory authorities increase the monitoring of
the prohibited organochlorine pesticides that were
detected, since it is not clear as to their source or whether
the exposure was recent.
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