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Abstract

Mer cuUHg)onies of the t opmajeonr cphuebmiicca.lTndeesolfg enn ecroanlic

popul ation is exposed to different | evels of F
exposure -Hg (mMéetthgy)lf 6odmi stedkaepand Hgl eased froc
amal gams. | mreouretrrsa tl et ayisf umlcs é iomesd Rinldd ma&w Ma

were prenatally expopedsheddkfifgehc tlse vied sa wse Hxgf
| olwe \Hygl e x paorsecoiensi st ent anRlelcioanbtlreo veexpdsadr e as
chal | mamgy dthivmees | ack ofamMdssipeabiati on of inclu

or susceptibility biomarkers.
The objectives of this work wer e nttor isbhuotwe htoown
associati comobwebeébwplgmrure and health effects, w

a suitable biomartkeerrm oH g perxepnoastuarle ,|l ocanngd t o st u
(ApolEal laesl ea bi omar ker Bofol ssgancpalpstrseb icloibthye.ct e d
pregnant womerboamd tfhreimN Sk edvriedh ) Car(oNa t=i &218alt)
werel tnfgeexposed to Hg mainly through seafood

The obe@e results showed t he i mpoHgeaxnpcoes uorfe s p
andtasdver seonehéegener all ngiepdiil aitd wanl. di f ference
to g Hg (Il 1) signidfodeati gt pcrooms orri tkieddngs c bwfh i
makes meas uroethagd nmMtHyg hworfr el i abl e e x pRoessuwrl et sb i sohnoaw ek
t hahproportion of THg as MeHg in matern-al bl oo
100% axd@®08% respectively.

Hg speciatioshbowedcdetbateaenmgéd! ) her @hdj0oda) i toff ( €
measured THg in the meconium and that hi gh H¢
placental tPA&ahspoughoMeHg from seafood was s
t hrotulygghl acent apr drae B rbi omaathemsélg@lull)d not be
confirmed nFour tehxecrl usdteuddi es are needed to confi

Statistically signi ApoBinctardiifefr esc @mscieesmeanmo n g
obsermhedr esul t smosthhoewesd Witheartwé ree s had higher | ¢
Seli¢arri ersavsien®n 62.6 and B4r @ owlgirlmdr, em ewhp@
werlllecarri ers had inaarngti rhalglhye rs icopmidf bl ood THg | e
nooarriersasaondi atbeld decrease in the chgnitiyv
car rwaesr sobHgayvyeaci ated decr eascfe ¢ miv# d mga mott yopre
i ndepelhudretditeudi es are needed to establish the

I n this dissertation the i mporWenstowdd Htgh ast
Hg speci atstcbeapepvideormati on about bl ood | eve
can r éadquoacsesitbi | ityabfomssiwherr ptatgssagcimat abos
bet wereennatladvdlowHgard& polsiulree devel opment. Hg sp¢
reveal emdc bhaaim be absieodnagfggreenaxpdbdsHirgeh.er pl as ma
Seeviel s i n motApac avhroi ewesr ecoul bemeficnméctedd e
Apo&uring pregnanOnt aedorelaehghéndg cetrhat n ev
chil dr en#tavédhrorcimenrasb e e s u s creepd & thil vee teofufbe o tusr tchfe rH
researchtoscponeéded the | atter
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Povzetek

Zivo srebrai Amed dJeseetni mak bwlrkoalaijjo, €kiovekovo
Spl osna poipzupl cascti apvall jijeégma mr koncennnaalcii § mimh Hwgi rpa
naj pogosutCaujjeej Wk lijz p otbgt( dMeiH @ wukzmevtainlj a mor ske hr
i zposthdvaipto&mv Hg se sprosc¢aj oNegaamahgaméknki za
ki bigrienatalno izpostavljeni swi dolkirfoo kdorzungaimti r.
strrmamdreigant i vnna azooklikt popit ewdmatal ne i zpostavi
koncent,nasbjQcesnmi i z pjoes tvaevliitkvoek rzaatr andei u sptorneaznn & a
podat kowav i i zpagimhkgnt e@eci jam ter zareadi ne
bi omarkerjev izpostavitve in obcCutljivosti
Namen tega delkakjoe l adpttoo wipteici aci ja Hg i zbol
i zpostavHg einnosrnjjeogoviwmdi nkeig,atalvinijmdb imewmamk ér us
prenatHagl nepostavitve ,al BdMmpotepoproteina E (A

bimar kerja obcCutljisvsmetoduBolkiomshke Browveaije i
njihovim mater am, K i so tbiidli oK qroa eatdnroa diiizjpaon
uzivanja morskamhftgaemovn zar adi

Rezultati so pokazal:. pomeRmasgt oHgmog me e@imac i
negatuicCvinktigrea zdr avj e pr i Isnpdliovgidiuag ompeu lraaczil jiik.e
Hdal i Hoa(hlklo) doprinesej o k v,&kmairdleidls cast ip ounedd |,
so meritve celokupnega Hg (THg) | ahko nezanes
pokazal i, dpar idseol teezn ,Tkkbgt i iMddddndeddldy ma mi ni 8kr vi t
%ul 0%v popkovni Krvi

Rezultati speciaciajlea ,v dmel§ e&n iHjgy | d4(08%ujodetds t a v |
%)i zmer j en¥igaoRHdel ez Hg (!l | )prjeatogspacgl aeent ez ul
Cepr avitljy#leHg iz morske hrane prenesen prek pl
do Hogn(lsimo potrdildi

Rezalit so pokazalgdoneunba esltiaktep ellendd 50 | o i I'n n
nosilci. Matere, Wisadsmevieaelog ivpdjazem alieslje vr
pri merj-mavsi lzk.@arei P( B3/ @iLr)o.c i , Mk n o s,iol isdwdieil imej no

signifikantno visje vrRdawst akdgshnp pmogpakeozvdnni I
zni zlamgrei ti vnih sposobnos#t Negarisornahkaei a mMmedi
motori ko in Hg je bila neodvisna od genoti pa.
V tej di soekratzaacniaj ip ojmee ndb n o skt a K Rgeo szp g caisancoi joep,r esda
i zpostavitve razmadpsmmbgmepeosfamnassi aezneqg:
med prenatalno izpostavitnjiejgoovninmgk inne gvardad d/mad anti
razvoj. otprecdk acija Hg v mekoniju je pokazal a,
prenatal neMel@oisnt aHgsf e vrednosti sel A&p@Epri m
Wal edia,| ahk ospp@vieaz alniamiol upopkSolt epmamblEada s o
otoci , ki Osbo | no sdiolwmzéegtartii vnae ucinke Hg na nevr
otrnokemdmma potrditev teehidpdaene iszwuddli
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Chapter 1

Int roduction

Mer c(gHg)i diesntidmedofast he tenaj ohempiubdlixs dfeal
(WHO, 2101b63% patesriai!| snhe envibruannrmeumman acti vi
mi ning and fosshhvéubkebdcombwsdiespr ¢ ®di gt obhl|
Mas on, Chan, Jaco.lPhy &i ®0 ¢inroamies ratl2i 6¢Ig3de rda slper s e
int o andi meanad nyst ems( UMEP/geMAR @QH2 ominshne x iyst $#g
in vari ohatf camsbe di viedeedmddnt €hhr ¢ e ogrga@awp <: me |
compounds, and organ(iATSEZR,cury9)ompounds

El ement al tnheer counrlyy inset al that i saddrqeuddi layt r
forms an amal gam wihdah betelme u s mehiewlda, & by wixn r act
pure gol d, aandesritbavie dt.rlenaotrngeanttioanp Blgnds wexi st [
oxidati Hg Il lhg (elslsu dloluwidiokxkygesul fur I mar gaidioa i
Hg compounds have been used i namasdipcrad ssearpvpd tiicv
but n o vad dreaydstl of those mappdi g ap p(elhNsEePY aAVMEA P,
201BpPi ol ogi cal sysatqeunasi gc epmbritn eesu |vairtthfeoa medn an
compowmaes coarlgandi ¢ mer cu(fu,c oMgp,oulngar ashi , &
Al though there are several di(fafldkrygln by of gani &
most common found in the eawiyHigtkeMe NMgBlg monom
bi oaccumubiad masg minfdi es t hrough the food chain &
MeHg ar e |faowred dirinescha tacaird ma r(iNfReC, ma2mn@adlcs)

It is knownanadeasts ethg iiad el ementd fas shworha nh ahse «
known physi o(Bgilciah, roaleups,. Mo Feaimer ougf015
i nvestigations have reported the negative hesc
exposures to hiAgIhSDdARQg s els9 90f;, HGna rtkhseo ng t th2edr0 2hH a n c
nonoccupatiogahbkbyalkxpoptbagi ex piosveglidvwen s
v
r
n
[

t h
ti

arying amounthy cargd fdof sEPANt 29461, c 8HWe r 210 1 6

esearchers titadi eet when  rledwa | evel Hg exposur
egative effects, but mechani sms behind are n
nconglikKsatreamgtas et al ., 2012)

During prpeagrnarcayt arly or gflamieceandmaecleemant dHll o
pl ascnraan pass the @dlIKagemwtaala, b&¥rasiuerrake, Adachi ,

Yoshida, whdh)ypt eadgs actxoprtbsur e. Such i mturrd wntger i n
windows of vulnef(&bahidjgann &eaddlelrdg ,drkcddddulc)e da me
neurodevel opmeandl|lrepmonduma&tRiocne s& sBacamsdan 2000
have an i mpact on huasanr dieiad wénd | layt eRug qi driif ee
et .(aHaragas et al ., 2012, Ruggieri ,.FMaj beani,
studi es ameomdckerdetdo i pr otaencd tha mant akelailsshth r el i
l'imits under wivhilclbhet morThev ¢@rosrde cédsy ndi at es, S uUumma



2 Chapter 1. Introduction

and | imit the shogt cdmidngegs @fmdepirotvi de met hods
assessment especially at t he (madatr panugsgcneapntciyb)l e p &
This bwi ldc hwheevne dwe wi ldldf ed d@riebgeafposur e, i ts

toxicokinetics and toarhododtemamindd umechangi Sms,t or
mo diafpyersomi sk m@miorfdilwi doufchle ladtweddafs s eritsattioon

pr esaecnutr r ent fapmprpraemat al Hg expdodbhreuvadvseudihe st
scientific articles proviedei mpmevemgEgesti ons abo

1.1 Routesof Hg Exposure inthe General Population

The general popul &tampour sf expadsedit alo dHmgal gam f i | |
from the at mosphere, although the contribution o
can occur through-ltigehtw<nd ngf cs ®emaenss kaind soaps, f
paint and as disinfghtt hod wsreaionf sHge disn, sau cthh opur o d |
in many ¢CUNEBPf ABAPEXDPOHBIy ®erganic Hg (mostly as |

Hg, MeKglusual l xyYonsuapetddbeshwater and marine fi
seafood. Hu maon oetxhpddrgs uaxlekmploposisi bhlse andsusually i
exposur eHg odsked, h¥Elt Hg) , whi sbmesvproesesteramti ve.

I n Tablmaj brl t oxi c otkoixniectoidcysn aanm @& s characteristic
(adapftredmr vat, Snoj Tr at n,i kwh e8r gMa kel Falv. €li Cp,r e2s0eln2t)s
mechani sms in detail

TablleMaioutres of Hg exposur e (adapgfthredimrenatr aé¢t popu

al ., .2012)
Source Upt a Tar ge
Hg sp exposu Route of ( %) OrganHaIf
Hgvapodent al a i nhal at 80 CNS, Kk 2 mon
Hg (I 1 cosmetider mal at ? ki dne2 mon
Me Hg seafoo ingesti 95 CNS 50 d.
Et Hg vaccin ' PNtramus ,,5 ¢cNs 7 da
Il njectli

1.1.1 Toxicokinetics and toxicodynamics of Hg species

Hgvapour is readily absorbed by thhda,l whgd e( ~80"
absorption through gastroi (08es iamr&l & rzZahcetn ga n o2 0sll
Hgvapdwr to some extent oOusmaglowed yi n sploaxdmda sed t
by ca(dMbhgeses, Hal bach, ARt@Gloaghsome DXT7T8&8Ati on proc
a rel asthiovel vt i me, it i i stsidHIdlwv elgpatnay pmpEematgrhatfeort he
bl olordai n and pl acent al barriers, whClcar kaomn,l ead
Magos, & Greenwo,0d200nB)t he YVdhlkieddooandesai on only
15% of Hg (1l 1)t hega satbrsowirrbteedd ¢iimall absctpti on of H (
possible, but availabl e data apealkhees ufgf(ilcdi)e ntonf o
i n biloolWbanadl Whmibmhdnhaembog|l obninr®aappaég Higl )
crosses brain and plaxecarntadlIn( GxrteeineadDupnR@ 14D)p
chronievledwex p’ovsapraanrd oHgHgl | ), the kidney tissue
site. The main exdvaeporyapadt Hwal | Offaasettee st,h ewiutrhi n e
a hlailffe of appr ox(iHoartvealty e2 maont,hs2012)



1.2 Biomarkers of Hg Exposure 3

Once consumed, MeHg is readily absorbed by t
i sapidly ddios tarlilb utiésesriee s samaor mdl wyt b-omipt lelk e
sul f heyodrrtydi ni nge myysenal| egl.¢tlant bilomed), t he maj or
was found i n (rBed gllucmald eadelallal,. ,2 ®005ij2/)Ho0% yatset
vapaursdeHg most eklkedlly mermbsgssanes bwhpawelkesve di
met hyl mecgstgin CHhgrlyesx)ef{inse believed to be t
amino acid transpomeéthi oBeigumsenit mimek iecag | Br mi mi c
CHHgcysteommet @k r ansported abcrrabas rilkee bBhdogl ac
bar r(iBern dges & Zal ups, 2005; Kaj jtwhaursa perte saeln.t,i
prenat al exposur e. Once in the bile, MeHg <car
cycling, but the major, twhi sh diesnealhyd attteed mai t
pat hwayhis | ess (tlx(ic$ )Hygo osrpleya celvsesr Hende i nt est
excretedq Cilmrfkesmers & . Mag osx a2t00gchani sm of MeH
i s not clear, but researcheKbasuggangidr €d & 0)
radicMadgano, YasutaG®k0)addMowur &nCar bbi,ettza0418 ;
Rot henberg .etFualt.her2Gltdu)di es are nesmhedot oMeHy
bi otr ans.fTdhhiremanteialminfhealoff MeHg i n human bl ood is

Human exposumae rdalroy sEa sHgf r o nv accocmpnaartii sognn. wi t h
ha-l foffe Et Hg(iTabslkoldt 1.) ané&teélgcesi netdéel gyl boadt
and excrtehtee(@WNmtd,a 2016)

As summabovedand presenhhredt amelFagmurcei all. 1r,ol e
t he psrnstcer nand dopecbal eigmiréed to acculravell y a:
oBExpobuvuriencl uidmndigvviadrtiearlpiolsisti ibé syH ga fbfieocatcicnugmu | a't
anidtbd ol ogi cHulmaenf fbeicotmsoni t ori ng (HBM) is the mo
t o assess human expheaund a@&fdeptossitlml edi ffer
cont amithBaMtiss based on the wuse ®ds ubrieonmeanrtkse r e
exogenous cooimpo umelt( @heod s urea(lsl)e i ndi cator (s) of
of contami namstp eecxi fd LWrdeaectt-pe se nioa) t hat can m
i ndi vNsdisxlep{ NBTPRTY

1.2 Biomarkers of Hg Exposure

Bi omar ker s arfe emepaosswrreebl e exogenous compounds
bi o¢algi matrix (bl od,| urtime,, cthkne rg €& ledlact.i on of

bi omar ker of exposure is not only closely rel
mechani s ms, but al so to t hteertnyp e tohfe d xepvoesl usr eo
and thwindow (prenatalts)chiAldhemnghadbe gener
exposed to different Hg species inamdfiects vam
met hod f or HB M, often perform measurements of
compounds) wit ho(uBr athgc os p eCcaiiattoi,onFar i na, Tei xe
Hor vat et. al ., 2012)

1.2.1 Biological samples used for Hg exposure assessment

THg measuirrememitrse ar e usetde rtno eaxspsoésausrdet k go( |Hogh g
and it i s telsnseeanstuiraeld tchoantcentr ati ons are nor mal
(e.g. normalization t o (Gramdatoinreinne Adorn i ope Fiofwil @
2015)Determination of Hg in whole blood provid
mont hs) to organic and MenHgr geaxrpiocs uHge. tAhsrsoeusgshmeam
of THg in hair is based onSH) ndioagp®foMeKgr ar



4 Chapter 1. Introduction

hair. I't was shown that MeHg concentrations in
hair (1:250) and theat halimodts dlnl tHhge ((>090)ofi Me H
approxi mately Inmecams upeermemanst ho,f Hg ipm elsseaadger hair

term Hg exposure. Hirghtg( lelx)pomsaikrees tme adsgur ement o
MeHg exposuramuags edd armartker vat et al ., 2012)
Prenat al Hg exposure is ofementissensasemdtehnalgh
hair or mat er nal bl ood, but neither of them i s
exposure in early weeks of gestation. However,
prenat al Hg expo¢$Grandjseamrgét ghind ten , 2007; Gran
Satoh, Mur at a, C& nkteon,t r2a0li)ns i n cord-flolladod ar e
hi gher than those fo8ndrnn&mé@merhal 200BpadUS EPA
maj or problem with cord blood is its praobl ematic
well trained and &k peaenmspileen ciesd upseuraslowya enbouts saenpdar at
arterial cord bl ood,anibuad i csoxiMe rbdeleavoeds a mploé d ea s ed
bl ood was shown to be frequently (reported betw
mat er na(l Mdr iorodet. &ls. sed@®@YAa)l phesi bleo gvieeal coir df b1t
and adult blood exist (e.g. the haemoglobin), wi
be | ost aamdipseclcannot be marked as representatiy
ahigher affinity for MeHf§ heduwldti ngneé namcd mpamrd shino
hi gher haematocrit l evel s, mater nal contaminat.
exposure |l evels me@kiumedt i al Howa drde)s afeéonrt i rmd n

el ements that accumul atde bilnoacedr iyittshly loee ya psr, o xmi matdi
prenatal exposure, but adjustment of measured Hg

precision of exposure assessment.
Al ong with all fti mhgdHgaeSmaiadneontad letannadbnat a018%al p h

(Lindow, Knight, Batty, & Haswel I -J u2s0z0k3i;e wsickzo,r s k
1986)dbnrdeasi Bmiahko et ad .et 2aI1.7,; 2@XK5;n Snoj Tratn
al ., a2®l9%)| so considered appropriate biomarkers

not commonly asedn Shmi caslky®dsturminlek altsle i mr obl
reported concenztataitamnfsori sdinloutmadn as compositi o
and fat content) varies thndhdkghet oméMaocphpmbedi de
Ling, & Blackburn, 2016)

1.2.2 Levels co nsidered safe

As prenatal 1ife was shown t(oGrbaen dsjeenasni t& vHee rfzo,r 2tC
di fferent thresholds of expéAdsuheugbnshdgrwewdrsate
in order to prevent negative effects of prenat a
bi omar k earl £ ud radhecetstheod edlds onstdatfsteoal and phar mac
model s. Based on the obser (é&dame$ elains, efttrha@ein. t hd 9F
Nati onal Research Counctihe ammdl YW So fEfPiIAc ieaslt arbé fi srheer
MgHg/ kg body weight per day as an exposure consi
This correspondsr d obl50l@gHgdildgaiLe hmg dRC, 2000¢c)

However, updated cal cultatei anmep otkeabkeisrnegx piorstua ea cdcad war
mater nal hair Hg | imit w@®ra@andpeaprlsg@ogandtear , 0. 58
2007n0Othe other hand, the THg threshold of 3.5 u
rel evant for prevent(Mah affofeetya, |l Ol e ucrkonteorx,i c& t o d
Mahaffey, Clickner ,Al& hdefghr imasn,y Z3Qudd)itees put a
eatbliinsgel evant e xumadseuwr evhlwiomibttishres eobserved health
this job is far from com@l,etsetdud vAess ipaeegsoeantd veedr S en
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1.3 Examples from birth cohorts

Bi rth cwehrdees sgned ti o dmonedkupeotdswr esel ect ed cont a
through di fferent i fe satdaud e ded ¢p ) e naan | a s saac
estalbed expmesugieblteo negatni vteh eegfcfaescet sof s pot ent
cause neuroteeveraffeactfd$erent birthposbhobte w
adverse efpfremtagd abf texmpSosner eoft & hldg most remport e
summariins efd Bur e 1

Hg® Ha(ll) ‘

Mediterranean PHIME
(2006-2011; N=1308)

New Zealand
{1977-1985; N=10,970)

ALSPAC
Seychelles (1991-1992; N=14,062)

(1989-1998; N=779)  Faroe Islands INMA
(1986-2009; N=2351) (1997-2008; N=3757)

Data on long-term
birth cohorts not
available

Fi ga2Baibni rth cohorts assessing prenatal

g neurotoxicity was extensively studied ¢
functions namdlriedm owrad iwesr & prenatally expose
tthenvironment al di saster i msebdioamatcansthbhmpt
radaand986rrpdiesnaviitnhg cont ami natl(eBdackgrraient al
73 negative h&aHgh wef £eaobds ewmd/resdumpti on of
ntaminated food resulted in body burdens t
ner al proepsuel aaftoi boans,malt @emn al s efarfoono d eisnst ackoent a mi
easi nanuvelgo e x proasltue an etuor ol ogi c al devellhegp ment

rst epidemiol ogi cal repor-t on adverse eff e
afood intake was dockKjmelhit £tdr d m, NEevn Zedy a n\Wa |
8 6 ; Kjiell staman wds adonf iln@®@&®d | ater in the st
Grandjean et .alTheg 1297er 1992) h ccoohnodrutc taeldo nign
Seychled |l &mMlyser s, el 9%3e). ttwhoe maj or l ongitudi nal

conducted to date icnonwhindulmiutssibiwvwedghkh madel escenc
assesseltdti onnédwrtovesync hol ogiacnad u rpr eenpftaosHima n c e

exposiuhe Faroe studywt olryemveldbow EBmposmgrearly
devel opment could cause neurf Ghamayieamaledtod7gfl i c
However, in the Seychell es satbddy , Hgalltehvoeu gsh aes
Far,oeadverse eff estmrse wrfomHsgy cohno lcohgiilcda | developn
obsefMgers et, ablutanodmdléy5) ecent study on the sa
an association between higher expasuWej hgakle Hi
et al .Si Mmddeesde,v.er al bfraomfdehermtts countriTlkesesy wer
al | share ,whhe chames aleemseelk poefsut e awdl uate t he
of dwitve ewxlposure on ,graomwd hde vhelad grhileing u®é 1 he ¢
Environment aPRdo|CHcNiMiNddFoadhci a y Me@dadt Wanpi ent
condcuwctin different parts of Spain, whi ch was
exposure to various pollutants (including Hg)

H
S
e
a

AI—‘UJ""SD@QI—""Q_Q_Z
©OD =~ D00 ©O©WTC<®
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associ atacansl dwiawmt h andRedeeeaet opeaemaslga sespoait aetde d

decrease in psychomotor dev(Eellopmeat aammong2® &2npl
decrease in neuropsycbhopogi.caAdddietziedrmogplmeyn,t t hey
t hat prenat al Hgse®apioatue® wiatyh beredcduced placent a
(Murcia et al., 2016)

The Avon Longitudinal St AllyS PoN C wPaast leentt isd ainrd Chii
t heounty of Av.om it OEmgtrlheyyd have recruited over 1
women and thei f ofdadmiwl itdhsebdrinfse ionf otrhdeeirr tnoew ec ogn
and socibhh tbBssesohort reseaechessocdatdi onos betnwa
mat ernal bl ood Hg |l evels dmwGol adfi ngcteds | @w. phi2l0d6d e
wei ght or pedagtmr bi Gobhdi ng.,Mo& e Emanpd,rt aatby, t
associations between maternal Hg | evels and chil
dire¢tGobding et al ., 2016)

Théedi t ampramjeeRuU b loifc Heal t h -tlempmg d tdvoed Mo x@ d
El ement Exposure in Sus¢Pplt MENiek | lrovpCu ICateito na lS.t,r a
Val ent etwaasl .c,0 nkd&lc8t yeedni a, Grnoda tGreeklclet i yt h cohor

was desi gnedr ébreecvaeuds ei mtferae st in toxic metal s, d L
that the exposure in the general population in
potential to cause toixvicdledIf®ltits dins sairstcetpita m,l et
work was conducted on the samples collected with

included Médi tteheP&dh M&EN prhjacenubl pcanicomdi ng
Medi terranean countriaetsi agf alntda IQr,e eXleo vreenpioar,t e@r oo
association between amaisé dnaanl g uHhgg el ecvoeBipaso babrhde s cor
et al .The20slt9u)dy ilrnyclpwditngigomnt s farmes €Ccioat i @an r ey
bet ween cord bl adelc Hgad e vien sf(i@meabi Motedanad ki, 125017
mat ernall ehvad lradlvwgirtehas eadeswbwenef e(bacleu BeOtl 1lal . |,

As s eetnhatbrooveent i @exiamdigsluensmar i zed ), n| Tabileeelw 1 n2rev
arti(Klaesagas et al ., 2012; Tayhod, e@phdsnged&bE ml
(NRC, 2 Wmhoh ppetheirtdCecpari son of stasgsesmsimont use i
is clear t hat further studies need. tohiisdeing i fy
essenni alrder to provide <clear conclusions about
considered safe to prevent possibfe. ndbetievarhbe
opportunities for improvement and they will be p
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Tabl2e Examples from the |itteatlreélgasgewtssneg
adverseadedpree®Roafgomri et al ., 2017)
Birt Bi ol o Aver a
coho 9 expos| Observed a Ref eren
sampl
stud |l eve
;-
v © Mat er | > 6 SDeCchrOeIaosei Kjiellastra®
z o hair Hg) Psy 04 1986; 19
N schol astic
C ©
- Matr_eﬂa 4.3 p Hgrel at e (Grandjea
T o ha,r 23 neur opsych 1997)
L — | cord b H9 dysfunct
m§ No direct (Myers et
= Mat er | bet ween ex o |
> . 6.9 van Wi jngse
- o hair neurodevel
al ., 20
n out comes
Decrease
psychomot
8. 4L devel opmen (LI op et a
<§E femal e i n
Decrease
z
_ Cord b 8.8 neuropsych (LI op et a
devel opm
Reduced pl
8.2 weight an{((Murcia et
gr owt h
0.12. Nghialdt\alle;z\?e
O /L i
< H9 bet ween 6 (Golding e
o
%) Mat er months.
No associa
- bl ood¢
< ant hropom
1.83 | variables, (Taylor et
wei ght or
birth
= Overall p
~w Matertl -4, | associati (Barbone
= hair | anguapgesic 2019)
R scor e
- I i
L | cord b 2.98 jPecrease oo a6 et
o skill's
= Mat er | 51 Decr e asoefd (Cace et
hair H9 newbwraer e
1.4 Opportunities for  Improvement
Theboa esdtedchiasryse many strenmgtdatleywT @ f me mteim, t he
sample size (e.g. the sZ23%r fromp&atsesp bBNHALt &t
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~37pP@Arti cAlpamAVGt h4d ~pabtictpbanespre the studied p
can be marked as r eprtehsee npaarttiiveei.p afutrst hferromo r teh e
cohorts ar e -ubpeitnog sfeoel lhoowne dt hei r exposure to Hg Vv
stages ana@ankhdowrexgsotstur e coul d be associated with
in |'ife. The rmaewnrfchetr ¢ar $ ndshyantdeeahoiusl tdi ch aevfef ect (e
bi sphe)nodn At he studied relation or could act ben
long chain polyunsaturcated fatty acids

On the other hand, t her elLtiasmieo fa ltshoe stohnree ed rbaiw btahc
from New Zeal and, the Seychelles, and the Faroe
( NRC, 200048) hasvhea Hmeadniyt wittito net her studies |isted

For exappsései bl e source of misinterpretations ar e
assessment odndHgi texppeusgieb| eStnuedgiaetsi vues ee ffaercitesu s
bi oma¢ maternal hablrgo d,b pettic. )dnoef lireorpesnytd reslt sgi ¢ al

and test dihfifl dreemMoadegavnedri,uwsigeemalt i ¢ s usceopgtiemi | ity
not i nxnsuded sti cakeanmnaltpwysascount different subj e
(e.gergemdtrusj oantl sbatodemographic dat a).

Bess dekathesteudi es hardly i nvestimgaser etnheent i mp o
uncer toaiinntitegrbor at ory measuyur amentt wafhsdhnopwing v h a't
size is grebytlhy dlfeStitasjenTrat ni k, Ma.z eJrhex& Hor vat,
dr awbaclktiusditehsaswar enafiHigd w x posure tankm,sehtoetoie
mai nomMe Hg , al though the source of exposure is
consumption of whale meat vs. freposeoté&coostimpti
i s most commonlogc wpoantnieoccntaeld etxopoosure i n communiti
mi ni(n"Gg bbN &a Oy ,, 2ad 1t4h)otulgghe nael rsaol popul ati®n is exp
vapour releasedamsomBidenh adcolmaomat § t hat woul d stu
in children af%er Hgx{ddsurae et moHg avail able (Figu
species can negatively modify physiological proc
(e. g. pbr éRacel & Ba.r oOree di2fGa@laec st mdts onone of the
| i saned onl y -la s{tededl h s 0eltd Yauld.i,es2 performed analytic
of Hg speciation. I n the case of gener al popul at
species from various sources (seafood intake, de
l evels (fishheamiumdpegr od p g.e)ntt tad r eafmearinegl aimstdeurat c .
variabil ity sholutl di dbeclceoarsitdlfkatedcombi ned infl ue
di fficul tt hteor eproberdeipcptor t uni ti es for i mprovement s

1.4.1 The importanc e of Hg speciation at MeHg exposure
Al t hough the majority of MeHg in blood is found

Hg specie found in plasma, me as ur e naeunstesf udf THg
approximati onbudaf cexp ovsaukye ,caotn sdmdeir a@Ca«1i Weliad o | eve
Hornos, Grotto, .&hBar lwassapsehooiwanl2l@yl 4i)n cases of | ow
exposuMaedgtwmom seafood (eogsurmpmtei oghe newhaelr epopul at
proportions ofbl dwaase e Hdg(eJ amkd wot o et al ., 2016,
al ., .RAdihe)odhvi dual variations in proportions of
sampwerse smownh ¢ Bpagtund egtfaw. st @é@b0épHdnade

specianaloinei sel evant exp8sasueebi amar k04 8; Gunda
2010; Sakamoto et al ., 2016; Wells et al., 2016)
THg concentration is often used as a proxy mea

assumptaitome High constitutes a substanti(8hs@~ 90%)

1Speciation analysis as r elfaaivitieseoflidentilying add?oA Geasursng €Anal yt i c a
the quantities of one or more i fTegmpletodata. 2000h e mi ¢ al species
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et al., 2018; Berglund et al ., 2005MorHeoonvge r ,Ki r
Hg speci atbilomdi wwacsormhr ked as unnecessary, bec
mainly in its methylated form for (WHKiimhetpl alc.e,l
201Hopwever, this approach can result in over e:
cas eoft dnodver at e | eved sMeoHg efxrpoons usreea ftaol otdh ocuognhs u rr

possi bl e adver sel eevfefle cetexsp aisnurseulcahr sluogsh e stases ab
i ndividual di fferehoces Hgh!l le)xpmisghte ¢ iotgoHigf i ca
variations in M®@&elgl pr ep o antTihpins®g Owiars, s2h0olwsn) i n O
(Trdin, Snoj Tr atSreickt,i,oaite paeld.p,or20 b Metlg TiHg as
maternaadandl oodda bil ®d db eltOvwed@a d -180% %, r esTpheect i v el
i mportance of Hgu rstpheatrfi iaatame ¢h s lwtats e ta smme e ment s of

MeHg provide clearer information about bl ood

reduce the misinterpretations when studying H

ofgHon children neurodevel opment .

Al t hough the i mpecitamicen owasHgshsown through
ers as described above, many researchers s

r
ot her hand, theaneabnlfebd#&igf apeluhiea meiex@imopd se
dBebyl undheete @measwr ement sweafe Tpkg fehdredddlsg
&t obrgani c, p roens uonfa bNMMeyHgi)n wahdeecfgll amlda tea d 3
5)Al t hougnh bilno ohdu mah e Hgaj er presoma®l y presen
m, ot her or galnsiucc hHga somadtdhfibbgeln @ s. € memctoo mpar i son
h MehHeg,ob| &g ( dle)a s ur eammdemttse r f, e rvehaiccehs har d t o
over ddmeang, Bl oom,.T&i kResipwatimpldpdatnt measur emen
nedrhaedetiecnt ,aissrig tilotweeel s pfedlghdmadm .BTheod
approa&chh Hg(1l 1) mMBasglremdnted salel i aRlDO®€5)kxpos
assessment for biomonitoresgapluropdiecalgt hdauts i n
oreval udgi mgot als nc,ouil @ act as an additional s
Furtloeem in the case of me a s u rimeem ecrmti syi ha rf t ot
exchaegédni quesesabtai o, mpe rheidg h eor ,@®@tsipeerc i md tl hyo
in the case of hi gh Hd®HIlolr) a¢.o nTiIh®a@1%) i anr et haet slaa
reasons behind. The first i sin htahti st htee eirhgnoi | gautei
specific and could be a resul t poafs sfeosr nahtriooung hn
i on egxerh®n s erceoansdon | debection of Hg(l 1), which
bi ol ogmphéxes (e. gt.hathenapys ot diend)onareadchangar
det ect ed( Hraov a®HgHOOMWEeNer , met hodol ogi es to accu
human samplabl arawedivaobttve, and nbatonger foe
i mproved stuby egnotmeasclus e(neinang ,ofHovtevHgt , & Bl «
i n combinat measwiremefilg and wkgr(el Is)h oavant etcol sbéei o |
estimation of exposurendo t&i 6f earpeprtoallyp s pece
epi dbdmigi cal studi es ass(elsrsdiinng, hSnaol jt hT reaftfneickt,s
HoweHagr specianbpneddtecmiiéeveal so othlaer cfamc haws
an mpact on &gurhen ddesdgi.n seafood i ntake, number
will be collected precisely samplsadnp,lo¢g hteramsopuao
and sttoreageuyumber of freezidreg aan e dtilyaewssis naybooouyt a |
possi ble sources of exposure) are reduced.

1.4.2 Meconium

To study Hg toxicokinetics mechanisms during
in chither @ase of biomarkers presenting Atshe wi d
menti oned, emdgabur ements in wholteerhbm oeoxdp osrue e ne
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additionally, Hg in blood is in ®omdtsdmti bdif nami,
and elifmMiOsarieanJr ..Oaet tak. ptheéd2hankddatongewas shc
(~®@dxhair sddgMypentss et al ., 1995 ucNRCeng®@mdcp avai!
mecondariedeal for ifnovetsatlieglad iepxnp cosfur e t o neur ot oXi
pregn(@@rctyega Garcia, Carrizo Gall ardo, Ferris i
Ostrea Jr..let tdle. ca3@0-b¥v @lr ednrad mll ekgppawsure to var
pollutants, meconi um anrael ysse rss iwai sv es hcoonnmp atroe db evi m
meconiacnumusl ati ve and (EB.po¥. tRark . .rR&tritehee r n2o0rled,)
meconium represents foetal tissue armcdnits atshter ef o
to maternal, bWwhiodh olby dhilaidier eat est ({@atieasJbof, ex
Bi el awski, & Posecion Jr ., 2006)

Unt i | nafeww ol yd meas ulr alde WHeggl s i n( Guencdoancikuerm et al .
0 ; Jiang, Hs i , Fan, & Chi en, 2014; Knezovi ¢,
2; Peng et @lt. ,al2012;008BgagmiRroéehenberg, Wagner,
zc®reat ¢ , 20109; Unawndr denteealomie p@07pPr med Hg
ciation on a very |(iRwittheedn bsearngp Taete saslz.e,d Y2Nb19 )1 4
thenberg et al. reported ~100% of measured THg
norgani cotHg dwe#&s imlikedherein dipacud agtflaaktld yspeci e
MeHgwhi Hg( llle)ss )Y eadnl|l yyass the placent al barri e
me c hsaammsi behind should beaseev alhmddheedi aigm iiacsaddeére t o
bi omar keerahbbdfllg pe x pesamet hi s point (dfdvhewFabaoogsat |
et al .(,Se2x0tlidmas 3t B¢ first one to perfommrma Hg spec
| arge sa(mMpl=e.4s8082)re results showed that Hg(IlIl) pre
100%) of measured THg in the meconium and that h
from placent aPand aafstpe nptaorxifi dt ditgi noinnng foofe tHagl ( Itli)s s u e
body fluids,.MomdeomeaocgniMerlg | evewer toasdothamedoa

with maternal,tbenébodei weaktesumed t hat MeHg is t
side and i st haecrcélanud vadre,d as MdadgH dliedrole)tulty ladt isd re p
in elimination of MeHg from thereddedigbody, b
bi otranstoumdt hoh Mmeorc exfWinithed hi s study we wer e
conclude that meconi umor s aapsesnsasttanlh | eex pbo sountaer ktear M
and®Hmgder the condition that Hg Tgpde i, atFiad m oagmal y
al ., . 2019)

Al t hoaigm! isng of meicrovnaauind eisss mmpd re , met hods wused
not standardi zed, therefore t he resul ts obtai n:

comparkache.study has its wcvwd | samploinngvapr adtomeo li n
few hours or even dayg aafitoeas iret bel Asvedndt® be
the time of med Onit erg ac @lalr ¢g, taitahti salshou2d0®de t ake
account. Further more,i s ncarolsec tceads efsr ame cao nd iuamp e r
i mpossible to compare the water content between
| yophitlhiezemdeconi um s ampgl eme abseufroervedrntckhe mhkes t he
comparability othaé¢sdelhgs ngven mor e

It is worth mecbnomimhnguashathown to be a promisi
prenatal bealplosaf et, hes meraes umadne nunderh attlred usss sumpt i
does noitndregpwendkrani snms f or met addmoy i meé elyga MedHg @fn c
eminati oonotharmaternal side dqrRuigngsiiedre .tehte apl.ac &
However, this assumption needs to be confirmed w
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1.5 Biomarkers of Susceptibility

When studying possible negatliewesl h eHygl teha peofsfue cet
care must be taken to avoid misinterpretation:
considerably at berawfséexpdealel eveldi fferent I
species in difAegddiemitomnalmley friamewmanssoshocowRi nleai
mechani sms di ffer under compar aibd e clHgare xtploas t
interactions bet ween genetic and environment
variability respodsei ¢t oa(aBagsiuv, e nGoeoxdpra scunr,e & He
Mor eover, an expert committee iolf ddnechldutdSeudpNa't
to 25% of neur coesdewopmdnbel tt e irretsad dac toifon b
exposure and indivi dNKIC,se2906e€pHhibility genes
Recently studi es established t he relation
pol ymosrnmpsh t hati dewnplodfuplealtp ons or individual s tt
(LI op, Ball ester, Mo sBr ofbreeqguenazady5)studi ed we
pol ymor phi sms ( SNPB Yt oxni cgoeknirense 1l id cnsketdo dtioe 0 t iy &
Sprewi, 2017 ; Jul vez, Smi.tAh t hRiumgd, m& nGr an dijde &n
associations between Hg and specific S&Ns, th
reviewed byLLIoppe¢t adl ., 2015)

1.5.1 Hg and single nucleotide polymorphisms

Most of the |l iteraturien Isgt udaedy othem,r od s @Ifu tgae
(GSWas propotskea maiphiendveol venet ambdigicsrngani ¢ an
organic Hg bind to GSH possibly through) the re
(Custodi o, Harari, Ger har dss dSnt,abd ke rcfoHigrugy,at & s
are eliminated thgdBwudH aftmades 20rnkds;ounrBia ILIB&@t59 r i
theseaswodns mpr phiGSksy nt hes iGSHignjourgati n@r enzyme
believed tonbdiifheolkvw@dnr ebd(aBdnyioib@em gof Engst or m,
201EBdor example, study among students in Austr
level s of hair rgelrtstond@shT gewele MBii(GSTT1
an@GSTN1 tdherycl udtehdketl heati on i s a risk factor fo
to mercuryGernpdasuee .et al ., 2007)

Ot her siynsctleunidgtdr a ms pcerlti mdmca are metall ot hi on
the AWNIPndi ng taasmsseptotred er s ( ABCgdmrmiamsawoiroer §y an
(OATs) ,-amindo lraacnisdpotr t e Br i(dAel's,) &2 @Radbry pesx amp | e,
ssudy including two Mediterranean birth cohort
ABC transporter proteins, which are involved
across mdmhurnadrpebshyammor p AB&msanisnppptearsta play a
in accumulation of MeH Lduwrpi reg. eadr.l,y 2d0elvde)l op m

As antagonism between HEFahdoBa-ZfsTaskk,e208
Khan & Wanagnd 29e09i)s believed to af(fkicm dethealt .0,
20Lppl ymor phinsgmsSeaflfeewelis or expression of se
genes of( ZionitdeirsestSer emel i s, Kont opd eln@op,;r o&e iDr
(SEPP1is a selenoprotein containing neuelnti pl e
i mMpi cated toSkeunctainepoas garnati eoiXnBdeankd &OHialnl , 2
Hi | | & Bur Kor2 E&sampadne ,adul t dentirepoptefies hiac
SEPRdnotwapse as socuraitread awpd vneéGorodr i ch dtheyl ., 2
assume that hiigmheuril esarésd bbatigsee spgpeaiot ype
i's | i nke®EtPdeXkgpreeastshirogtaearnd t y of SEPHR1IMetpol &n nd
et al ., 2007)
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O
S

the other hand, studiesbeaealt woemeldgreéexpossgi &I
cific genes widtur gttogbeindpg adt.Falt.esxZalmpd e, studi
ress t heetaweermrcitg-daemd berdainrrur otrophic factor
r e quti reeudr vfi ovra | of neu$iomisl arnl yt,h eP abrraacixma.nas e 1
i bits oxidation of |l i poproteins through hydr
age cardbdeoyi (MbdHgnandez .etl mAILSHRAZIOOB®)r t h
ort chBDNB@eBONMit hor all ele showed stronger Me
l vez efAmahgen?28NB3 that could aflbflecap eteualo.t, x
A)ploi popr ovwaesi npreEoposed to play a <central r ol
rodevel Apoveanst .i nAcsl udtewdiiitess ,pwis(ssi)bben dofF éerent
perspectives wil/l be summari zed next.

O OO 9 5 ”WwW QT
o D

SN0 Q™00 W;
ck,rc 3T

1.5.2 Apolipoprotein E

Apol i poprAoptoeE,n Aggeone ilsaspma gl ycoprotein of 299 ar
relative mol «dwl, aranmdaspsl a34ma -70o0o nce/nmlr.at Tha wost
ommon site ofatsiyentshyerstihse siissbhespd pfo) hesios | omwetdhe
n the macr ophhawman téingds goet shseprl ,eaennd, aoadwraerniads gl and
Hang & Mahlclelyt,hOWdlptlafaggceelnt r al r ol e i,miltihpi d met 8
entr al nervous system ApoE has an i mportant rol
euronal plasticity, neurite outg(bwtuh, Kesiaehpt o
Shen, Hui , & Woodsman2n0 1 2Sa dhaugthtiearn,i ,NaSuc hnei der , &
Ot heordi pid related f bomeni antritthattedhatvkeedpos Eonncl
i mmune riespbawmmatdi ox Tdatsi anmu.l t i f uradtfiearmaln pr ot ei r
physiahdgyat hophmuditdIpdEe@eliety efd sRear don, 2009)
Apofr ot ein i sApeoogFenoegetl hlay i s | ocatedndnhakr omosoc
four exons anAdp atdarse @ hirreter onrag .or pr ot ewhiic®of or ms
are encode® BhY alelspldess pvebent ed GimauT,abBlaegyli.n3s.zky
An, & Kim, 2015; Nyhol g2, Bults \&s tVd m sichteef i2r0dd )by
SNPisdhpockodi ng regiTdre dfi (esxsod2MNBB 581 at ed t o the nuc
change T to C (c.334T>C), which results in chan:;
The second SNP (rs7mul)edtsi dreelcahteendg et oC tthee T ( c . 4
results in change argininAcdordicygtted neded @r. Abgd &
are si xApadsesniobt ge®el® (8, B/ (B, B/ &, /&, a n @y (.

SO/ ™T0

Tabl3®Apol i poppotegemar Ehi sms and asswcihtadl eret ei

frequeéeodrcaaset al ., 2015, Nyholt et al., 2009)
positi positi al el
|l sof ¢c.334  c.472Call frequst
rs429 rs741 ( %)
Cys Cys 0
ApoE TGe TGe 2 014
Cys Ar g 5
ApoE TGe cGe B 490
Ar g Ar g 0
ApoE cGe cGe u 537

According to SNPs prhApeB2 cedasyrst §@WE s Afla B3 ,
containsndnen€@yargg)i,niaaned (MproE4 contains two Arg,
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affect pher al lipid and HHaiamgn&u MahAfeoli o m@ddna
i secogni zed as a Mlaz masi mkirsske afsaect drncfreerasi ng t h
|l owering théHagergok bMabhbetbheca2@r4@ApofEddund of @r m
be associahowecdlrensirtahnce capaci tyaymynaodideldmradat ihen
(Giau et .latl .i,s 20dBpele & tahagtl ob al actiuwnat or o
functi dm,r et diseurrdva sv & lp owpaull lpae i ons exposed to higt
di seseawdhi cldedan nbeent al when faced WwWithe#di sBaewn
& Col t on, Mb@@l‘bhlekele was shown to bsserausns oc i &
chol est e(rdod Cheavved ss s&aMd r, a Y2a0r0aB ; Petrovi ¢, Zor c
vitamithuedDbbe etboane(,Egedlil) Ri mbach, &hdigdlkebe, :

progesterone | evel i n women. These parameter s
hi gher rMnewadamdmsiyenska.Aptolaa.s, fdDUhH) to be asso
with improved perinatal hed Istembamd , s Kuziawal,

2010)The divergent effects (beneficial early
period) suggests ApoE is a ca(nS@midtah,e Aohf oarndt
Perffeti), 2019; TuAnd dhietl il mn & liHgayng X[ eni ment s
ApoE can bind ceerstpacicni amdtya.ldi.ive@®Eintdaha & Smit
199 However, beddaes esdtirfufcetbuernasle e n t Is ®f earl Bsoe

di fferences in bindinwgo caipsbeddi rbetmweeg®lon h(eTma |
are responsi bl e tfwoor diinfcfoerrpeonB & tcaan@ peoo Eaoanimdasi n s
sul fhydryHWgtbumi gh affinity to biwar iHgnt sa nodf
ApoE with Cys in their swewet hypo (bhesliE 2veed rad s A
(i ncl udmonrge eegf)fliycii n comparison with ApoE4.
During pi,tlkeatadaével opi sogn cnhuitlrdi edretpse npdr ovi ded |
I n this context, human placenta is essential f
placenta is mainly of foet al origin, t he en\
pr egnamnfctyen snot considered. Agbher inangrhnal Gyrmed:
determines the placentoat akengenonhmpat detwwbhi mene
of the placent aenwi rcaefpiea ndiatchk etrhi sNees en, Stra
Dol zi ng, H. Henghkst ApbEadgarj a0 @parde flelrieemvt e
bi ndi ng vwea psatchigtogeodl y mormdiries misr om a physi ol ogi ca
how its polymorphisms could modirfaeled rheen tcso nicre
sel elxiteldogi cgISemdti.iiec B 3ehatedwmotcaer yi ng at | e
Wall elset ahtaidsti cally sigildi amat MaHghen bekwoeds
cord bl ood; As in urine and cord HIToad;n a&nd a$e
202dowever, after observed results were adjust
bet wdlearriers persisteéitaanliyerisamnm splean®ma 62e 6( a
ng/ mL, r eslpnecotuirv esltyu)d.y h({(agmeérot kerl|l sl omhe Higs e .
et)é .n bc aslaongpMeerse not confir med.

On t he otbheecra unsdBendpo a maj or role i n metabol.i
is crucial for neuriteegeawpghot higtt nwymwmd vteangert e
in neuroddwWiligmhmenett Skever alpdjrudiiadisat hel e i s

g

0

n
0

associated with neurodevel opment al advantage
exposure or nu(tOriientetdedli.c,i encYyRecWnit gt Seni t &l
al . r etvhipeiwd d shed | iterature and concl Wded t he
all ele may have a positive different(isanmitihmpac
et al ., Oh@l1lfifr stthest uditeos etshtaatb laiisnme dt he Er el at i
pol ymorphisms and prenat al exposutd behd&aygi @m

conclwuketd negative associations of MeHg with
cof ounded by ApoE and Wtchatr i ehisl dragn bwehNgower e L
et al ., .Zhedy, hypbi)hesized that higlhhearteegess
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are found KBepo&dsdasnihy cgs)t,eianet h(iToalblceonlt.ai ni ng
that would Mehnygriebiuménao Bocra.r ritearse famrgar,at e  at
ri sk -ionfduHge d n e u rseo | doegvi ecl@od@ondefnste g, Woj ci k, & Krone
et al .QurRO04BINy| Tratni kSecttiabe , 8@Wwiivghent with
observatien falomHBJY ¢ hpioghawr piopwdlatl(ovearmn

cord blood levels 2. WB sthlhaedshi I1@naprwylide)vser e
hawhar gi nal | yhisgihgenri fTiHgahnete v embxed comparbhlso@ad wiin h
no-aarriers, a rdH gaves mdlisetrevce ddecrease in the cogni
who Wicraer ri ers. Moreover 6 -agsesnadiyaptec i mae@ einm efnit n éH
skills was o0bsceornvfeidn mevdrei csha medspomutdbaffenent poin
viaeaw mentiohkRar aboe eet al ., 2bbwveverpi al betobhbery
associations werevfbotsndofi meudedeoremalpmeat al scor

1.6 Factors to Consider when Assessing Hg Exposure

't i s cilmelge ntehraatl pemdlodtdi dmt ake and number of
have the | argest contfrddinnd ihamatAs btdldeg clo & dbeelds adf H
i ndi vNgeewma&lts ¢ makeup can affect toxicokinetics me
of e X ptboswier veehre,r eo t daree i ndhardaobaéesi sttitast amaly habi t
prevent ortpxowat yadigods meéldi ft 9 xi sme&kd man ii xms

ocan aféaecumubhatdiidn.ondlalcyt,ortshossheoul d be consi der
have iampacobur interpretation of the observed exp

1.6.1 The general population

The diet represents one of t g emo Moriempceerrt, arEturso@
Food Safety Agency t(IE#HISIY friexcto mmerndierdgs per week
wi || outhweirgbks rel at e(dEFtSOA MecHge netxi pffascu rGoimmi t t ee
this cantreéext onml status has an hopantlaeal bhtaodm
i ndi wsindiadali ti omand md e tugtgs o n f(cWatlyk er. ThBEOB§)

ChaPaol yunsdatFuartatsfeLLPIWBE A whi ch are most commonly i
seaflbavhecr uci al +eaond -pens Bplr ebr ai n bade he ldup menmgt ,t he
periobdgrowth and in the orogagminzadsivmeh lpatoicers ses

and ditfifeere,enb gane sgiesn,essd ysnamtdo manhalt apiavohwafy sneu
(Borsonelo & GaMdueodwgnPOD8f decline wéas shown t
in elderl yamaovhe rcdd kele aidnft (PvUaFnAsGel der Tijhuis, K¢

Kr omhout., 2007)

Sel efiSswins shown to be invol ved,eismeHg atldxi cist ySe
haacruci al role in preventing ohxainddaddarnwebetiHgss,
i nduced. Seplaernti uonf issel enoprsoytsetigghne t & tshyisdareend o x i n
Sel enoprotein P, K, T; et c. ) ,d whan hmebdinadt eHgt hwei tl
absorption, redi stri butsi ewni, e werd bbi goptiSl@indsrif,eomr 2l 9 )o
Moreover, the format-Senpbbhxetsalwhe Bhsol ubper Hegd
ef fect(sFadfnoea-Z&i Hagsek, 2007; Khan & Wang, 20009)

The mi cr obi ome i s increasingly recogni zed as
devel opment , heal t h, taonxdincedksiesa s&nd | tiexviroel bvdey @ a mie c
chall enges t o cur rteont a bcsoonrcpetpitosn , r-enheatit achodonlmesnm, g €

i nt er acapnadtnhrsways oMomeswermn, etbhieo ngeu tp onsiscersos e s mahny
not all, of thehgemaesgpmrememtcoidre ttmeymbe t hat ir
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toxiefittlgi | bergeldor 20Hd9e reasons, the rol e

studied and i ntcddiideesd. in future s

Dietary <correlates assessed within US NHAN
Examination Survey idnaet aass htowe donlhyatf ovod cat
associated with MeHg seateoadractnsmmameongadadint i
whe as a potential source aofWeMelHyg, eX(pbBur e i s
Studies r eaapertabadyhmass i ndext ed uwidé iesHg S s oc
ahuman @ORdtyhenber g, Korr.iiAdk ho&dghaydae, ex@ki) me
not knhoewsmgatts secbat weMlianbl ood Hg coanacwind rkad i an
resul tref aiIBMdA erences in MeHg upthkecomketdabel |
changes in GSH or other hepatic enzymes alter
aktting bl ood HgCawen ceetn tarCant,ito@ndsl &drhoenma | h avnads, ¢ usl
celilns adi ponsaey thiessaureroir of MeHg; aisn sgirenawi tct
i ncreasiim@yBNMIoulhddeadfgf @d tst rtihbeuimiaon(b®atyhenberg

et al)., 2015

I't was shgwn etvipdtsi tarseseolcyi atgeddCavli d ime lal Mort e
nes, Caudil Il ,, &lQsthtomeghodni 2D 9D ehi td eamare no
is unlikely that this is related only to

a c ¢ u ntHud vaet vi eorn, observed associ a(tkooznisk cawsek an o
2013; VahMoeare owte wals.i rtelp®t0 Qhegd i s present i
K i
a

o

: Shishido,akd Usamdédi yamadi ed97éported t

0
t
[
.
S
0 ffefatndHig bl Bemlhbar d, Rossmann, & Wick,

J
I

b
a
(Su
cou

zu
| d

1.6.2 Pregnancy and new borns

During pregnancy, sever al phy<siciuir o gmdsmablo daynd a
that are e¢deemmalal déwvel opment of the child. T
t heear di owassawelmpr body water metabolism, respir ;.
metabolism of glucog&So-mhi paygshi daicd/ g p rTotl giprasm e
Mebazaa., 2dmé&é)oéedheo be taken intocthecbeutel i
of KMgosauaoceur.at el y

Haemat ol ogi cal cthaa higresr eatr bl raesimeat evdo | u me . The

pl asma increase asi nmottabel limwerdedbybl ocood cell
concentration of haemogl ob({ o-Raldl @yveentat dicr i t2
the majority of MeHg is found in red blood c
whol e bl ood was reported t ©Bed gd ruemas ee.tduali .n,g
Nor mali zation for haemoglobin or haematocrit
Parity ilsert hefwotmeyme we rttoh a f oefgestwtt bnal ag
at | emséek®240r more regardless of whetherA t he

negative association between p@VYahtyeranat calr .d,
and the same wagd ualbilsredrivne,d S o jo uTrr.&thmisk ,c oatl da Ib .
related to the fact that with pé&apPrtegrihdupli
Bennet, & Kumahmi,c0dadgl d i ncfl udlee htpdgddeat ocaxoiifly

(accumul at e port ealtiimildat d)oxi ¢ metals, such as
Gendeerl ated differences in Hg toxicokinetics
speci fic hor mones (e. g. estrogens and thyroi

neumxotco tgbswvakved di fferen{(Gogdifrettsd, of20Wi7Tew LIl o
Espinosa, Rebagliato, & Bal.lester, 2013; Tats
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Chapter 2

Aims and Hypothesis

The effects of <chroni-lcevperlesn actfalHge xgm saitriel d od d°
controvehsi alcowsi st dmt tcharnsc | diissiesvearstudaiveodH,g we
peci amatoer n al bl bbdo@Amtdr iclourtde thetavese@oisat ieo n s
neaét hasctsewls@&Emeconi unuseacthbibemar ker loofngpr ena
e rHge x p o,sainrde s tApbilée doproteima Eugerptypéelasy bi
The gener al Ipidfpaniga teixgpm diesv el s di biver ent Hg s

—~ Q n

varying amounts and from various sources. Mo ¢
THg ®memements in blood to assess MeHg exposur
that the majority of measured THg is in the

overestimation of MeHg exposure and conseqguen
the efbéctMeHg on child develionpdnueanitd.dilfnf egwent e
exposure tldg imonomadeotand amtah@gramsources might
contribute to waroipatritdemxsp ®.tnh\&hdks e iiast ieosnpeci al |
i mor tfacith&s sessmentl| a@foxdHagti tlyow | evel sDetfaielxedo :
i nf or matHigonexgprosure i s essenti al at an i ndi v
t oxi cokainnde tpiocsssi bl e negative effects on child
To study Hetitoximeckhani sms during pregnancy ¢
i n chyitlher eurs e of bi omarkers presenting the wi
Meconium radpreamdnesorgngroduthereforel cangdi r ec
t erempo,sbwr econtrast to mateynahi dbhopdowirdescanhlp
estimati onsOwrf &@xmowaseto speciatd nHptraomer mec
evalula¢ eadequacyaofa meicomarukdnehbea smteod eon t he cond
specianaldys i me c,ovea xupne c tt otxh a&to loir n enteit méboH d i s ms
occduuring prenat@lr Hgt edypyoissirehe first one to
meconium amhasgehsampl e size shudtheaetnarbd ald u
characd eancdsthabi ts t hatr emaant ad o rHtgr ielxytoes utr ce
ApoiEsof orms were hypothesized to behave dif
(especiall)y Hg te@mddentbsfcyepatr bbeof , p &muebaettiiocn
polmor phi s msudwedr eha gpedgEe not vy preosdicdfayn t he concent
of different el emewet sstiundinalt erhneadradbldéattmialden b et \
genotypes and concdrmtackee m¢ MHigs ofSeselPd¢ci aCd , As
mat er nal bl omme nta sp reonwiidre d by the mother dur i
included in exposur ForadipedfFeamott ypese wementhy po
tabe differentmmeat avoheedodevel opamemase rFoal t h
and/hewbwAmoderot ypes were also studied in relat
Hg | ewdlixedird bl ood.
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Chapter 2. Aims and Hypothesis

2.1 Research Goals and Hypothesis

Goal s of the dissertation ar e:

[ To define t hdei fefxelpgsepnatc e e $ 0 ( Me kg ,a He@Elull)a)y i on
mot hers awdortrhsifrram S|l ovenia and Croati a

[ .To compare associatiiomsmbte wealn bigospeana&s mi
bl owidt h cdi hdoueodevel opment al out comes

i iTo study meconium as a -tbdrommaH gk eerx pods wprree naandald
possi lhlammmeof Hg bi et dams hgr. patigommncy

[ .To eval uat eAodie nsepteicci fppocl y mor phi sms are assoc
selected el ements (Hg, Se, Pb, Cd, As, Zn)

v. To asseaslkabtenteneen prenatal Hg exposure, ApoE
ad cki nkurodevel opment

Hy potshesfe t he doctor al di ssertation ar e:

[ The maj driotogdt aF Hg will be present in organic
in Croatian participants, because they <c¢ome
surroundiacgo) damdg to tédat quieshi monai fegquent
Sl oveni ans.

i .Tot al Hg measurements alone are cohréepntly thi
evaluate exposuegpdont oHigh a tMegtbhmpdasur ement s i n
combination witprdwWigde evleéarei |information a
di fferent Hg species, which is especially i1
studying associations between prenat al Hg ex

i iAmong foet al bi oindicat das @ tnreicroend tuentr i sf ctohve
pregnancy, while blood samples obtained at C
trimesterHgTHetefmraati on and Hg speciation o

hel p t
proces
meconi
proces
accumu

Accor di

with h
synerg

0 edteirmatfeeltarng exposure torhHp@tdmd expl
ses during pregnancy (maternal and fo
um are different and are presumably <c

ses of Me Hg arfd/ bot bhxireéauil onngfimMHgco
lation of Hg(ll).

ng tsagptiitthresspuesendlal bl RpwEI |l be asso
igher | evels of Hg in maternal and mi x

i stic modi fsy innegu reofdfeevcetl oopnmeantc.hi | d
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Chapter 3

Scientific Publications

Publicationss idicd uuaretdatiinom hare | isted in such
appear anctehsgpenelrladw di sselrhhteandd o atent entant i ons
individual scientific article ar e described
publ i capteiaornsi napt he foll owing order:

Trdin, A., Snoj Tratnik, J., Mazej, D., Fajon,
Z., Petrovié¢, O., Marc, J., Neubauer, D., Kod]
Horvat, M. (2019) . Mercury speniabhiamdi €r pati
popul atiwyon PHI ME study. Environmentlall?7 r
https://doi.org/10.1016/j.envres. 2019.108627
Trdin, A., Falnogwi¢,) .Il. Fa$mmj, WNr.at f@igkikdlé, 22r
M. (2019) . Mercury usnaedi aatsisoonc i ian E€dne it @a@it me rst &

researltvOt ps: // doi .org/ 10. 1016/j.envres. 2019.1

Trdi n, AL, Snoj Tratni k, J ., Stajnko, AL, Ma z
I ., Petrovi ¢, O., Spiri ¢, Z2@20Maace dl. e meHotrs a
APOE pol ymor pghniasnnis wonmepnr eaod Acleeoifmmdnewbl i cat i
Environment .International

Snoj Tratni k, J ., Fal noga, ., Trdi n, AL, Ma z
Osredkar, J ., Seiskeek MBr,i sNkeiu b afu.e,r ,KrbDs.n, Kodri ¢,
D. , Lesni k Musek, P. , Marc, O.,-CV¥eceko¢ic, MIL ak
., Mi | ar doNMiigeviA¢, Radidukovi ¢, D. , Fisi ¢, E
Prenatalrymeexposur e, neurodevel opment and

pol ymor phi sm. Environment al r8s8&arch,

https://doi.org/10.1016/j.envres. 2016.08.035
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3.1 Mercury Speciation in Prenatal Exposure in Slovenian
and Croatian Population wPHIME Study

TrdimMm., Snoj Tratnik, J., Mazej, D., Fajon, V
Z ., Petrovi ¢, O. , Mar c, J ., Neubauer, D. , Ko d |
Hor vat, M. (E®19pnment al , ResEk®a¥f ch

https:// doij..oemgv/rleds. .12001169. 108627

Possiebgaet i v eafetfefrecpprsenat al | explosupné& Hg how |
under st ood. Mor eover, di fferent studi es have
publi shed epidamsestogHg rakgneaementtsh oTHdMI ood

rat her thamdagersfpoercm ati on, which idanmnitiyncoé:

mi si nt er drne tpdatpieans .t he aut hors evaluated the i
prenatédlvdloweApasyses wer e conductfdonna san

Medi terranean population included in an epide
| epelenatexlpodaure avnvel opmendal podrofrasmanc & 8o mom
of age. The s twedriee dp rpeogprua natt i wvonme nf wdiSh o veme ar

(N = 584) and GCr onehtoicdwe(oMi= a2 3 dy)-tempdesreat ¢ ol ¢ vav
of Hg through seafood consumption and/ or amal
Mat ernal bl ood and scaltp®hai mewe¢ree admpredna
mi xearldo dd was sampl ed earto gdrealpihviecr yd.atSao,c ipcer s on a
and habits were col | dditee e xfprosmr gu & 0t iHnN nvaaisr eass

measurements ofi nT Huygataenrdn aMe Hgd ixre,dr Wl .dhdedv,e tlasn b f

Hdll wercemal cul ated by subtr Heuri mdge WeelHgp me motma IT Hyge
of mhewwasassedbyedusitmgndar di zddndBaWlpeyi poprote
pol ymor phi sms tweaeaxe sused fPHOMME cohort dataset.
The authors presepomised tloevdeilfsf eo Radei aHhg TsHoge c i

concentrat edodalord nficoll ected on] yNih T"a®atias
( 0 -2505.n5g)/ go.r dC bl oo d@Hgneadd mme nt rla thi Bo-thld6. nhgE/rge a n d

2. 90 :33n3g)/ g for tpartrioan (Sd m=v edndda) Cr(oNat3 a210)
respecltti vweal sy shown that the proportion of THg
varied between 4% and 100% (CV = 32%) and be
respecWiitvhe [lyowem clehhg, trtad i wenrsi abi Il ity of MeHg pr
The authormapedmpeotFerdt ype dependent negative
cord MEogodl evels and cognitive performance of
Decreases in (imaiodentabrweskeelge3not ype i ndepende
ass$aced with Hg (MUt iavmad | MekBlg.stati st ikogl ana
speciation provides additional and more prec
assesBacsrettl . hmmesentedt resadtthors concluded that
of MeHg ar enpogpganitalalty ainanpido wii dlel adl etl ®&ivieéd i n
when ot her influencing factors ar e coll ect e
uncertainties (mpulch tarsamsampmepd i ngnd ssat orage, and
are reduced.

The <camsdicdoantter i buti on to this paper included
the samples of mat er nal bl oodomancotbeds,bdoddc¢!l
and st aaniasltyisciasl. She drew prgpated anmmdubabl s,

cooperati-amtworntd. co
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ARTICLE INFO ABSTRACT:

Keywords: In recent years, several studies have addressed the issue of prenatal exposure to methylmercury (MeHg);
Methylmercury however, few have actually analysed MeHg blood concentrations. Our study population included mothers and
Speciation their new-borns from Slovenia (central region; N = 584) and Croatia (coastal region; N = 234). We have
Prenatal exposure measurements of total Hg (THg) and MeHg in maternal hair, maternal peripheral blood, and cord blood. Cord
Neurodevelopment

blood Hg concentrations were low to moderate (median THg = 1.84 ng/g and MeHg = 1.69 ng/g). The pro-
portion of THg as MeHg (%MeHg) in maternal and cord blood varied between 4% and 100% (coefficient of
variation, CV = 32%) and between 8% and 100% (CV = 20%), respectively. Our data shows that variability of
9%MeHg was higher at lower blood THg levels. Concentrations of MeHg in maternal blood and cord blood were
highly correlated (R; = 0.943), in the case of inorganic Hg correlation was significant but weaker (R, = 0.198).
MeHg levels in maternal blood and cord blood were positively associated with seafood intake, maternal age, and
negatively associated with pre-pregnancy BMI. Additionally, MeHg in maternal blood was positively associated
with plasma selenium levels, and cord blood MeHg was negatively associated with panty The results ot’ multiple
linear regression models showed that speciation analysis provides more defined of p

in association modelling. Associations between Hg exposure and cognitive performance of children (assessed
using Bayley Scales of Infant and Toddler development) adjusted for maternal or child Apolipoprotein E gen-
otypes showed higher model R? and lower p-values when adjusted for MeHg compared to THg. This study

Apolipoprotein E (ApoE)

demonstrates that Hg speciation i

p the iation between and p health effects.

1. Introduction

Mercury (Hg) is one of the top ten chemicals of major public health
concern. It disperses into and remains in ecosystems for generations,
causing severe ill health and intellectual impairment in exposed po-
pulations (Berlin et al., 2015; UNEP/AMAP, 2013). With the signing of
the UNEP Minamata Convention in 2013 and its ratification in 2017,
the world's governments are committed to reduce Hg emissions from

The general population is exposed to organic mercury (mostly as
monomethyl Hg; CH,Hg *, MeHg) mainly through seafood consump-
tion and to Hg® through dental amalgam fillings (Horvat et al., 2012).
The central nervous system is the primary target site where toxic effects
of MeHg are manifested (ATSDR, 1999; Karagas et al., 2012; WHO,
2007). Studies often focus on neurotoxicological effects after prenatal
MeHg exposure, the time window in which the developing nervous

the energy and other industrial sectors (UNEP/AMAP, 2013).

Y of the foetus is especially vulnerable (Ha et al., 2017; Sheehan
et al., 2014). As shown in the past prenatal exposure to high doses of
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MeHg results in different irreversible dysfunctions and anomalies (Bakir
et al., 1980; Elhassani, 1982; Harada, 1995). However, the effects of
chronic prenatal exposure to low levels of MeHg on child development
remain controversial with inconsistent conclusions, as researchers re-
cently reported negative associations between Hg and child develop-
ment (Prpi¢ et al., 2017; Vejrup et al., 2018) whereas others observed
positive associations (Taylor et al., 2016). However, all agree that
prenatal Hg exposure needs further research.

Few studies have addressed long-term low-level prenatal exposure
to MeHg and measured MeHg in relevant exposure biomarkers (Basu
et al., 2018; Gundacker et al., 2010; Sakamoto et al., 2016; Wells et al.,
2016). Otherwise, total Hg (THg) concentration is often used as a proxy
measure of MeHg exposure based on the assumption, that MeHg con-
stitutes a substantial (~90%) proportion of THg in blood (Basu et al.,
2018; Berglund et al., 2005; Hong et al., 2012; Horvat et al., 2012).
However, this approach can result in overestimation of MeHg exposure
especially in cases of low-to-moderate levels of exposure to MeHg from
seafood consumption. In such cases, inter-individual differences in ex-
posure to inorganic mercury (IHg; Hg(ll) and Hg% from dental
amalgam fillings and/or other sources) might significantly contribute to
variations in MeHg proportions.

This study aimed to speciate Hg through measurements of MeHg in
blood samples of Mediterranean population (Slovenia and Croatia, both
included in an epidemiological study PHIME) which is life-long exposed

Chapter 3. Scientific Publications

Environmental Research 177 (2019) 108627

cases, biological material was not collected (Table 1). Hair samples
were stored at room temperature in a zip-lock plastic bag and then
analysed without any cleaning. All other biological samples (maternal
blood and cord blood) were stored in a freezer below —24°C.

Our study only included healthy pregnant women with no reported
serious illness or dysfunction of the child or twin gestation (N = 818).
Pregnant women were sampled in the 3rd trimester. The participating
pregnant women filled out a short and a long questionnaire. At the time
of recruitment, the short questionnaire provided an assessment of the
individual's characteristics such as demographics, smoking status, in-
take of alcoholic beverages, and frequency of consumption of specific
food (e.g. vegetables; milk; meat; and fresh, frozen, or tinned fish).
After delivery, the long questionnaire provided more detailed in-
formation about the sociodemographic and health status of the whole
family, smoking habits, food frequency (especially seafood consump-
tion), number of dental amalgams, etc.

Questions regarding smoking were present in both the short and the
long questionnaires. Women reported smoking before or during preg-
nancy. If the answers between the long and the short questionnaires
differed (yes/no), we took the positive one as the more reliable one. To
include smokers regardless of the period of smoking, we combined both
smoking during or before pregnancy in the group of ‘ever-smokers’.

Seafood intake during pregnancy was estimated from a long ques-

ti ire leted by mothers one month after delivery. This ques-

to low-to-moderate levels of Hg through seafood consumption and/or
amalgam fillings. We used existed data set of personal and lifestyle
characteristics and THg measurements in maternal hair, maternal
blood, and cord blood. Total Hg measurements were reported pre-
viously (Miklav¢ic et al., 2013, 2011), as well as associations between
prenatal Hg exposure, as indicated through total Hg in cord blood, and
neurodevelopment assessed by Bayley Scales of Infant and Toddler
Development, third edition (Bayley III) (Barbone et al., 2019; Prpi¢
et al., 2017; Snoj Tratnik et al., 2017). In this paper, we performed Hg
speciation in maternal blood and cord blood and re-evaluated the as-
sociations based on MeHg measurements.

2. Materials and methods
2.1. Study population, sampling, and data collected

Our study population included mothers and their new-borns from
Slovenia (the city of Ljubljana and its surroundings up to 50 km) and
from the Adriatic coastal region of Croatia (the city of Rijeka and its
county Primorsko-goranska). They were recruited in 2007-2009 as part
of the birth cohort study PHIME (Public Health Impact of Long-term
Low-level Mixed Element Exposure in Susceptible population Strata; EU
6th Framework Programme). The study was conducted in accordance
with the Declaration of Helsinki; the Republic of Slovenia National
Medical Ethics Committee approved the protocol (No. 98/05/06) for
the Slovenian participants and the Ethics Committee of University
Hospital Centre Rijeka approved the protocol (No. 2170-29-02/1-07-1)
for the Croatian participants. All subjects gave their informed consent.

Valent et al. (Valent et al., 2013a, 2013b) and Miklav¢i¢ et al.
(2013) described the study design, recruitment, sampling and ques-
tionnaires in detail. Briefly, recruitment and sampling took place in (1)
Slovenia at the Maternity Hospital of the University Medical Centre of
Ljubljana and in (2) Croatia at the University Hospital Rijeka. For lo-
gistics reasons, the timing of sample collection differs and, in some

Table 1

protocol

y: sample phases, biological samples, and data collected.

tionnaire included seven questions on seafood that addressed the fre-
quency (never, 1x/month, 1-3x/month, 1x/week, 2-4x/week, 5-6x/
week, 1x/day, 2-3x/day, more than 3x/day) of consumption of 150-g
servings of fish, crustaceans, and molluscs (boiled, grilled, fried, or
baked) and tuna, mackerel, or sardines in oil. To estimate daily seafood
intake, we used the same method as that described in detail by Valent
et al. and Miklav¢ic et al. (Miklavéic et al., 2013; Valent et al., 2013b).
For each seafood item, conversion from categories of consumption into
continuous intake of seafood servings per day was done by assigning to
each category a consumption level equal to the median value for that
category (e.g., 2-4 times/week was converted to 3 times/week), and
this was recalculated into servings per day of each seafood type. Overall
seafood intake was calculated by summing up the estimated daily in-
take of all seafood types.

To assess the number of dental amalgams, women were divided into
four classes (<3 1 3-5 Ig: 6-9 Ig
10 + amalgams). Information on dental amalgam fillings was in-
complete, especially for the Croatian part of the population; therefore,
data about amalgam fillings was not included in the statistical analysis.

Women also reported how many births they gave to a foetus with a
gestational age of at least 24 weeks or more regardless of whether the
babies were born alive or stillborn. According to their answer, we di-
vided them into two groups: nulliparous and parous women.

2.2. Mercury measurements methods

All analyses of THg and MeHg in biological samples were performed
at the JoZef Stefan Institute, Ljubljana, Slovenia. Total mercury in
maternal hair, blood, and cord blood was determined using a Direct
Mercury Analyzer (DMA; Milestone, USA). The method is described in
detail elsewhere (EPA Method 7473, 1998; Miklav¢i¢ et al., 2011). All
measurements were performed under strict quality control procedures
and gave comparable results. To check the accuracy of the method, we
used the following reference materials (RMs): NIES CRM no. 13, human

Country (Number of recruited women) Short questionnaire, maternal hair

Maternal blood Mixed cord blood Long questionnaire

Slovenia (N = 584)
Croatia (N = 234)

3rd trimester
3rd trimester

- At delivery
3rd trimester At delivery

approx. 1 month after delivery
approx. 1 month after delivery
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Table 2
Average, range, and number of collected basic demographic data from Slovenian and Croatian participants with p-values for comparisons between both populations.
Demographic data Slovenia Croatia All p-value
Maternal age (years) 30.5 (18-45), N = 580 30.1 (19-44), N = 221 30.4 (18-45), N = 818 0.285"
Body mass index (BMI; kg/m") 23.8 (17.1-44.5), N = 582 23.0 (16.8-41.1), N = 232 23.6 (16.8-44.5), N = 814 0.012°
Parity (% of nulliparous) 52, 45, 50, 0.080"
N = 562 N =233 N =795
Seafood intake (meals per day) 0.28 (0-4.5), N = 372 0.45 (0-2.21), N = 200 0.34 (0-4.5), N = 375 0.000°
Ever-smoking (% of smokers) 31, 42, 35, 0.002"
N = 584 N=234 N =818
Gestational age (EGA; weeks) 39.5 (28-42), N = 371 39.4 (34-41), N = 169 39.4 (28-42), N = 541 0.302°
Birth weight (kg) 3.4 (2.0-4.9), N = 371 3.5(2.4-4.8), N = 196 3.5 (2.0-4.9), N = 568 0.037°
Child sex (% boys/girls) 49/51, N = 373 50/50, N = 208 49/51, N = 582 0.728"

Bolded are statistically significant differences between both populations. Statistical tests used to test the difference between Slovenian and Croatian population:

“ ANOVA.
b2

° Mann Whitney U.

hair; IAEA-086, methylmercury, total mercury and other trace
in human hair; and Seronorm, trace elements in whole blood L-1. For
additional information, see Miklavéi¢ et al. (Miklavéic et al., 2013,
2011).

MeHg in hair was measured only in those samples in which THg
concentrations in hair exceeded 1 pg/g, Horvat et al. gave a more de-
tailed description of this method (Horvat et al., 1988; Horvat and
Byrne, 1990), and results were previously published by Miklav¢ic et al.
(Miklavéic¢ et al., 2013, 2011). Methylmercury in maternal blood and
cord blood was ed in all availabl For this purpose,
~0.2 g of a sample was weighed into glass tubes. Then, 10 mL of 4 M
HNO; was added and the mixture was heated at 72°C for 24h
(Hammerschmidt et al., 2013). After cooling, the digested samples were
diluted to 30 mL with MQ water. We took an aliquot of digested sample,
added MQ water, and after adjusting the pH using citrate buffer, MeHg
was ethylated using an ethylation reagent (1% NaBEt, in 1% KOH)
(Liang et al., 1994). For measurements, we used an automatic system
based on cold-vapor atomic fluorescence detection (CV AFS, Tekran
2700 instrument; Tekran Instruments Corporation, Canada). To check
the accuracy of MeHg measurements in maternal blood and cord blood,
we analysed lyophilized whole human blood PT-WB1 obtained from
non-exposed population as an RM. MeHg in PT-WB1 was determined in
the PHIME project through interlaboratory comparisons. The assigned
value (5.8 + 0.5pg/kg) was in good agreement with the determined
value (5.69 = 0.57 pg/kg, k = 2; n = 50).

Inorganic mercury levels were calculated by subtracting MeHg from
THg. In cases where the percentage of Hg as MeHg 100%, we used
LOD/2 for the IHg level.

The estimated measured uncertainty for Hg determination in blood
was 14% (k = 2) for THg measurements (Miklav¢ic et al., 2011), 10.2%
(k = 2) for MeHg measurements, and 17.3% (k = 2) for IHg. The LODs
calculated as three times the standard deviation of the blank sample
were 0.02 ng/g for THg and MeHg in blood samples. The LOQs calcu-
lated as ten times the standard deviation of the blank sample were
0.07 ng/g for THg and MeHg in blood samples.

2.3. ApoE genotyping

Maternal DNA was isolated from their peripheral blood leukocytes
using High Pure PCR Template Preparation Kit (Roche, Switzerland).
Genotyping for Apolipoprotein E (ApoE; rs429358 and rs7412) was
performed using TagMan® pre-designed SNP genotyping small scale
(Applied Biosystems, CA, USA) on LightCycler® 480 II (Roche,
Switzerland). We determined ApoE genotype for 398 women, 59 of
which were ¢4 carriers. ApoE genotypes were in Hardy-Weinberg
equilibrium. Details are presented elsewhere (Trdin, 2015).

2.4. Neurodevelop l

Children neurodevelopment was assessed using Bayley Scales of
Infant and Toddler development third edition (Bayley-III). Children
(N = 444) were tested at the age between 15 and 22 months. Bayley
standard scores were derived from raw scores according to standardi-
zation sample for child's age at test administration in one-month in-
terval, which is relevant for ages 5 months 16 days-36 months 15 days
(Bayley, 2006). Additional information about the Bayley III test and
outcomes are reported elsewhere (Barbone et al., 2019; Prpi¢ et al,,
2017; Snoj Tratnik et al., 2017).

2.5. Statistical analysis

All data obtained were analysed using STATA 12 software. To check
the distribution of measured Hg species in samples, the Shapiro-Wilk
test was used. Mercury concentrations in all measured samples were not
normally distributed. Therefore, median values were used to describe
the original data and Spearman correlations between continuous vari-
ables. For comparison between populations, we used the Mann Whitney
U test, x? and ANOVA. Before performing multiple linear regression
analysis, the THg and MeHg concentrations in maternal blood and cord
blood were log transformed. The regression models were used to
evaluate associations between THg and MeHg concentrations and other
possible influencing factors (Table 5). Cofounders and covariates were
selected based on knowledge of physiology about possible influencing
factors and correlations from our results or from literature and then
included to provide the highest prediction value (R?) of the models.
Model 1 MB was adjusted for seafood consumption, smoking status, pre-
pregnancy BMI, parity, estimated gestational age, child's sex, In blood
Pb, and In plasma Se. Model 2 CB was adjusted for seafood ¢ p
tion, smoking status, pre-pregnancy BMI, parity, estimated gestational
age, child's sex, birth weight, In cord blood Pb, and In cord blood
plasma Se. Re-evaluation models, assessing ApoE genotypes, cord blood
Hg levels, and Bayley III neurodevelopmental outcomes (Table 6) were
designed during our first study (Snoj Tratnik et al., 2017). Models were
adjusted for ApoE genotype, cord blood Hg levels, country and parti-
cular socio-demographic characteristics (mother's age at delivery,
child's gender, birth weight, educational level of mother, smoking
during pregnancy), In cord blood plasma Se, and In cord blood Pb. The
same as in our previous study (Snoj Tratnik et al., 2017), models were
not adjusted for child's age. Models A, C, and E are adjusted for In THg
[ng/g] concentrations. Models B, D, and F are adjusted for In MeHg
[ng/g] concentrations. Models A and B include child's genotype. Models
C and D include maternal genotype. Models E and F include child's and
maternal genotype where €4 carriers are mother-child pairs and at least
one of them is an €4 carrier. Afterwards we re-ran the regression models
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Median concentrations [ng/g] of total Hg (THg), methyl Hg (MeHg) expressed as ng Hg/g, inorganic Hg (IHg), and % MeHg [%)] in maternal hair (MH), maternal

blood (MB), and cord blood (CB).

THg (ng/g) median

MeHg (ng/g) median

% MeHg (%) median IHg (ng/g) median

range range range range
N N N N
Slo Cro All Al Slo Cro All Slo Cro All Slo Cro All
MH 298 604 346* 1510* 1268 1651 1475* 100 99 100 0.1 16.3 0.1
15-2439 16-8710 15-8710 1010-8710  576-2439  928-8710 576-8710 55-100 72-100 55-100 0.1-474 0.1-1302 0.1-1302
571 234 805 75 26 49 75 26 49 75 26 49 75
MB / 2,04 / / / 1.73 / / 85.9 / / 0.36 /
0.55-20.5 0.03-19.6 4.3-100 0.01-12.6
225 225 225 225
CB 1.55 294 1.84* / 1.43 2.84 1.69* 98.6 97.9 98.4 0.02 0.08 0.04*
0.16-14.1 0.33-32.3  0.16-32.3 0.08-13.3 0.16-31.9 0.08-31.9 20-100 7.8-100 7.8-100 0.01-2.09 0.01-4.76 0.01-4.76
435 210 645 426 210 636 423 210 633 423 210 633
Slo-Slovenian population. Cro-Croatian population. All-both populations combined. *statistically significant (p < 0.05) difference between Slo and Cro population.

“ THg levels in hair of participants which have measurements of THg and MeHg levels in hair.

using sub-sets, dividing participants into two groups according to the
presence or absence of 4 in children and/or mothers (genotypes €4 vs.
€2 And €3). The level of significance (p) was set at 0.05 and p va-
lues < 0.1 as marginally significant.

3. Results and discussion

To estimate prenatal exposure to Hg in our population, we sampled
pregnant women and their new-borns from central Slovenia (N = 584)
and the coastal region of Croatia (N = 234). Maternal hair and per-
ipheral whole blood were sampled during the 3rd trimester (Table 1), at
which time the foetuses' brains are in the critical phase of development
and are particularly vulnerable to neurotoxic chemicals such as Hg
(Grandjean and Herz, 2011). The age of pregnant women included in
this study was 30.4 years, and their average body mass index (BMI)
before pregnancy was 23.6. Of the participating women, 50% have
never given birth (nulliparous women). Approximately 3% of women
self-reported never eating any kind of fish or other seafood. Based on
their answers from the short and the long questionnaires, we identified
35% women as ‘ever-smokers’. The average gestational age of new-
borns was 39.4 weeks, average birth weight was 3.5kg, and 49.3% of
them were boys. Collected demographic data are presented in Table 2.

At delivery, we sampled cord blood, which was shown to be a sui-
table biomarker of prenatal Hg exposure (Grandjean et al., 2010;
Grandjean and Budtz-Jergensen, 2007). Total Hg concentrations were
measured in all collected samples (N = 1685). MeHg was measured in
available samples of maternal blood (N = 225) and cord blood
(N = 636). MeHg in hair was measured in cases when hair THg ex-
ceeded 1pg/g (N = 75). The median values, range, and observed THg,
MeHg, (% MeHg), and IHg concentrations are listed in Table 3.

The median value of THg in maternal hair was 346 ng/g.
Methylmercury in hair presented ~100% of THg. In maternal blood,
which was available only for the Croatian population, the median THg
value was 2.04 ng/g. Methylmercury on average presented 85.9% of
THg in maternal peripheral blood. The median value of IHg con-
centrations in maternal blood was 0.36 ng/g. The median value of THg
in cord blood was 1.84 ng/g. Methylmercury presented 98.4% of THg in
cord blood on average. The median value of IHg concentrations in cord
blood was 0.04 ng/g. The maximum level of IHg in maternal and cord
blood was observed in the same participant. As shown in Table 3,
participants from Slovenia had lower hair and cord blood Hg con-
centrations than participants from Croatia (p < 0.001). This is related
to higher fish consumption in Croatian than in Slovenian study popu-
lation, and was confirmed by the questionnaire data (Table 2), and
reported previously by Miklav¢i¢ et al. (Miklavéic et al., 2013, 2011).
As observed from Table 2, women from Croatia also had higher

percentage of smokers. Although there was statistically significant dif-
ference between Slovenian and Croatian women in pre-pregnancy BMI
and birth weight of their children, average BMI and birth weight
(Table 2) was comparable between the two countries. As we did not
have all the demographic data for all the participants, we pooled the
data from both countries into one database for further statistical ana-
lysis.

In our population, ~10% of women exceeded the threshold of 1 pg/
g for total mercury in hair, which was established by NRC (National
Research Council, 2000). Based on the updated hair Hg limit of 0.58 pg/
g (Bellanger et al., 2013; Grandjean and Budtz-Jorgensen, 2007) a
substantial proportion of our population (29%) is above this limit.
Given the US EPA threshold of 5.8 pg/L in cord blood, which appeared
to be safe for the development of neonates (Rice, 2004; US EPA, 1997),
11% of women exceeded this value. 23% of women had blood THg
=3.5ug/L, which is the threshold considered relevant for preventing
foetal neurotoxicity by Mahaffey et al. (Mahaffey et al., 2009, 2004).
Considering the health-based value established by the German Human
Biomonitoring Commission, ~12% of women exceeded limit value
(HBM-I) for THg defined at 5ug/L in maternal blood, and two women
exceeded the action level (HBM-II) of 15ug/L (Schulz et al., 2011).
Based on the above comparisons with “safe” values, we can conclude,
that in general our population was exposed to low-to-moderate levels of
Hg (Table 3).

We observed that with lower THg blood concentrations, the average
% of MeHg decreases (Fig. 1a and b), which is consistent with literature
(Berglund et al., 2005; Wells et al., 2017). The coefficient of variation
(CV) for % of MeHg in maternal blood was 32.3%. With maternal MeHg
levels lower than the median level of 1.73 ng/g, MeHg presented only
62.4% (range: 4%-100%, CV: 42%) of THg on average; if we included
only those lower than 0.72 ng/g (25th percentile), MeHg presented only
44.1% (range: 4%-72%, CV: 41%) of THg. Trends in cord blood were
similar; however, the decrease in % of MeHg was less obvious. The CV
for % of MeHg in cord blood was 20.2%. For cord blood MeHg levels
lower than the median value of 1.69ng/g, MeHg presented 92.4%
(range: 8%-100%, CV: 27%) of THg on average; if we included only
those lower than 0.76 ng/g (25th percentile), MeHg presented 79.2%
(range: 8%-100%, CV: 35%) of THg. This could be related to variations
in only the MeHg concentrations and the population's exposure to IHg
remains at a comparable level. The decreased proportion of MeHg at
lower levels of THg exposure can be the result of some other influencing
factors (e.g. genetic polymorphisms, gut microbiome). These results
showed that at comparable THg levels, the individual proportion of
MeHg can vary considerably. One woman presented a special case (in
Fig. 1a: THg ~ 13 ng/g, %MeHg ~ 5%), but based on our data, we could
not identify the reason for such low %MeHg for this individual.
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However, this woman and her child were not included in further mul-
tiple linear regression modelling. On the other hand, seafood intake was
correlated with % of MeHg in maternal blood (R, = 0.354, p < 0.001,
N = 198) and cord blood (Rg = 0.126, p < 0.05, N = 526).

To better understand all possible sources of Hg exposure, especially
in this low-level concentration range, we examined Spearman’s corre-
lations (Rs) between Hg concentrations in different matrices and ma-
ternal characteristics (Table 4). Furthermore, by using multiple linear
regression we adjusted the THg and MeHg concentrations in maternal
blood and cord blood for possible covariates and cofounders (Table 5).
The regression models were not significant for IHg; therefore, these
results are not included.

As observed from the correlations in Table 4 and additionally con-
firmed by the multiple linear regression in Table 5, the major source of
Hg exposure in our population was seafood consumption, mainly pre-
senting exposure to MeHg. A further examination of the correlations
from Table 4 showed that daily seafood consumption correlated the
strongest with cord blood MeHg but also with THg in maternal hair.
Measurement of Hg in hair is a commonly used method to asses MeHg
exposure in the general population, because the Hg concentration in the
hair reflects the blood Hg concentration during hair formation (Ha
et al., 2017; Sakamoto et al., 2018). Further, hair collection is non-
invasive, storage is simple and analytical determination is relatively
precise (Miklavéic et al., 2011). Correlation between THg in hair and
cord blood MeHg was stronger as compared to the correlation between
THg in the cord blood and THg in the hair.

The correlation between Hg in maternal blood and cord blood was
high and significant, but Spearman's correlations coefficient was
somewhat higher in the case of MeHg (Table 4). By contrast, the IHg
correlation between maternal blood and cord blood was significant but
much lower. Donohue et al. observed positive correlation between
MeHg and IHg concentration in maternal blood (Donohue et al., 2018),
but we observed a significant negative correlation between MeHg and
IHg concentrations in maternal blood and cord blood. This can be ex-
plained by either lower numbers of amalgams or lower demethylation
potential of MeHg (Dock et al., 1994) in women with higher MeHg
levels. Unfortunately, due to incomplete data on the number of amal-
gams we cannot explain these correlations.

Associations that were observed from multiple regression (Table 5)
after adjusting for potential covariates and confounders include a ne-
gative association between pre-pregnancy BMI and MeHg concentra-
tions in maternal blood and cord blood. Associations between Hg and
BMI were observed before in a study performed on the general (non-
pregnant) population (Rothenberg et al., 2015). In present study, total
Hg in maternal blood did not show an association with BMI, whereas
MeHg did.

In the case of cord blood associations were found for BMI and there
was no marked difference between them (Table 5). Furthermore,
Kozikowska et al. (2013) reported that Hg decreases with age, which is
opposite to the results reported by Vahter et al. (2000). Consistently
with the latter, we found a positive association between maternal age
and Hg concentrations in maternal blood and cord blood. In the case of
cord blood, the difference between associations with maternal age and
THg or MeHg was minor. In contrast, maternal blood THg was mar-
ginally associated with the age, but blood MeHg association was sig-
nificant. Table 5 shows also negative associations between parity and
Hg in cord blood, which is consistent with literature (Vahter et al.,
2000). The effect of parity on Hg cord blood level was stronger in the
case of MeHg than THg. Additionally, maternal blood Hg was asso-
ciated with maternal plasma Se levels; however, the association with
maternal blood THg was only marginally statistically significant, while
with MeHg it was significant. Cord blood MeHg was marginally asso-
ciated also with cord blood Pb levels, and cord blood THg levels were
marginally associated with cord blood plasma Se. From the results of
multiple linear regression above, we can conclude that MeHg con-
centrations better predicted factors influencing Hg concentrations in

—0.082* (776)
—0.128 (224)

—0.143* (224)
0.087 (224)
—0.057 (613)
0.305*** (773)

0.045 (613)
—0.005 (563)

—0.058 (624)
0.099* (786)

Parity

0.140*** (784)
0.174* (212)
0.199** (212)
—0.085 (212)
0.129** (623)
0.142*** (612)
—-0.026 (612)
0.035 (567)
0.087* (794)

Age

—0.221*** (798)
—0.199** (223)
—0.217** (223)

0.144* (223)
—0.210*** (630)

—0.194*** (619)
- 0.046 (619)
—0.126** (565)

BMI

—0.181* (198)

0.509*** (554)
0.440*** (198)
0.480*** (198)
0.550*** (533)
0.562*** (527)
—-0.009 (527)

Seafood intake

-0.304*** (208)
—0.338*** (208)
0.198** (208)

0.052 (633)
—0.109* (633)

—0.060 (611)

IHg

—0.312*** (208)

0.913*** (208)
0.972*** (633)

MeHg
0.903*** (611)
0.943*** (208)

=0.291*** (208)

0.896*** (622)
0.929*** (208)
0.929*** (208)

THg

—0.255*** (225)
-0.183* (225)
—0.352%** (225)

IHg

MB
0.887*** (225)
0.960*** (225)

MeHg

0.892*** (225)

THg

Spearman’s correlations (N) between total Hg (THg), methyl Hg (MeHg), and inorganic Hg (IHg) in maternal hair, maternal blood, cord blood, and maternal personal characteristics (daily seafood intake, BMI, age,
CB
THg
THg
MeHg
THg
THg
MeHg
IHg

MH-maternal hair; MB-maternal blood; CB-cord blood; *p < 0.05; **p < 0.005; ***p < 0.0001.

Seafood intake

Table 4
parity)
MH
MB
CB
BMI
Age
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Table 5
Multiple linear regression for THg and MeHg in maternal blood (MB) and cord blood (CB).
MODEL 1 MB In THg MB In MeHg MB
B; p (95% CI) B; p (95% CD)

p < 0.001, R* = 0.2465; N = 150

p < 0.001, R* = 0.3029; N = 150

Seafood intake (meals per day)
Smoking (smokers vs. non-smokers)
Pre-pregnancy BMI" (kg/m?)
Mother's age (years)

Parity (nulliparous vs. parous)
EGA" at sampling (weeks)

Child's sex (girls vs. boys)

Maternal blood In Pb (ng/g)
Maternal plasma In Se (g/L)

0.80; 0.000 (0.47; 1.13)
—0.02; 0.853 (—0.23; 0.19)
=0.02; 0.100 (—0.04; 0.004)
0.02; 0.090 (-0.003; 0.04)
—-0.17; 0.129 (- 0.40; 0.05)
-0.005; 0.890 (-0.09; 0.07)
—0.04; 0.719 (—0.25; 0.19)

0.04; 0.680 (—0.16: 0.25)

0.46; 0.081 (-0.06; 0.97)

1.27; 0.000 (0.80; 1.74)
—0.03; 0.831 (—0.34; 0.28)
—0.04; 0.020 (- 0.07; —0.001)
0.04; 0.028 (0.004; 0.07)
—=0.23; 0.159 (- 0.56; 0.09)
—0.04; 0.522 (- 0.15; 0.08)
—0.005; 0.976 (—0.31; 0.30)
—0.01; 0.959 (-0.31; 0.29)
0.92; 0.016 (0.17; 1.66)

MODEL 2 CB In THg CB In MeHg CB
B; p (95% CI) B; p (95% CD)
p < 0.001, R* = 0.3030; N = 388 p < 0.001, R* = 0.3016; N = 388

Seafood intake (meals per day)

Pre-pregnancy BMI* (kg/m?)
Mother's age (years)

Parity (nulliparous vs. parous)
EGA” (weeks)

Child's sex (girls vs. boys)
Birth weight (kg)

Cord blood In Pb (ng/g)

Cord plasma In Se (g/L)

1.54; 0.000 (1.25; 1.82)
vs. 0.02; 0.791 (—0.14; 0.19)
—0.04; 0.000 (- 0.06; —0.03)
0.02; 0.014 (0.005; 0.04)
~0.14; 0.097 (-0.31; 0.03)
—0.03; 0.299 (—0.10; 0.03)
0.0001; 0.770 (—0.001; 0.001)
0.0001; 0.572 (- 0.0001; 0.0003)
0.13; 0.119 (—0.03; 0.30)
0.32; 0.094 (-0.05, 0.69)

1.71; 0.000 (1.39; 2.04)
0.04; 0.683 (—0.15; 0.22)
~0.04; 0.000 (—0.06; —0.02)
0.03; 0.007 (0.01; 0.05)
—0.19; 0.045 (- 0.38; —0.004)
—0.03; 0.382 (—-0.11; 0.04)
-0.0002; 0.573 (—0.001; 0.001)
0.0001; 0.612 (—0.0001; 0.0003)
0.17; 0.069 (-0.013; 0.36)
0.29; 0.174 (-0.13; 0.71)

Concentrations of maternal blood and cord blood THg, MeHg, Pb and Se were log transformed (In) before statistical analysis. Bolded are statistically

significant associations; bolded in italic are marginally significant associations.

? BMI-body mass index.

" EGA-estimated gestational age; bolded are statistically significant associations; bolded in italic are marginally significant associations.

maternal blood and cord blood, particularly the influence of seafood
intake and explanatory level (R?) of the model for maternal blood. Our
results are consistent with recent studies in which speciation of Hg was
shown to improve the interpretation of association between exposure
biomarkers and health outcome (Wells et al., 2016, 2017).

In line with the objective of our previously published work (Snoj
Tratnik et al., 2017), namely, to identify susceptible subgroups of the
presented population, Apolipoprotein E (ApoE) was studied as a po-
tential genetic factor that could influence Hg exposure and/or effects of
exposure. The e4 allele of ApoE is recognized as an important risk factor
for Alzheimer's disease (Buttini et al., 1999), but researchers have also
reported the positive role of ApoE in neurodevelopment (Tuminello and
Han, 2011; Wright et al., 2003). Recently, Ng et al. reported that the
effects of MeHg on neurodevelopment were modified by ApoE in chil-
dren who were €4 carriers (Ng et al., 2015, 2013). Similarly, in our
study (Snoj Tratnik et al., 2017), we found that children who were €4
carriers had higher cord blood THg levels in comparison with €4 non-
carriers (geometric mean: 2.37 ng/g vs 1.98; p = 0.079), and we ob-
served a Hg-associated decrease in the cognitive scores (within the
normal range of scores) of children who were €4 carriers. However,
both mentioned studies did not include information about contribution
of different Hg species to these associations. To clarify these associa-
tions, in present study we performed additional measurements of MeHg
in cord blood for the whole population, analysed maternal ApoE gen-
otypes, and re-evaluated multiple linear regression models designed by
Snoj Tratnik et al. (Snoj Tratnik et al., 2017). It is worth mentioning,
that in our first evaluation some participants were excluded from sta-
tistical analysis because of suspected high THg exposure.

Modified multiple linear regression models were used for partici-
pants for whom information about THg and MeHg in their cord blood
was available. In case of maternal blood the samples were available
only for Croatian population; therefore, these data were not included
(as confounder) because of the major participant downsize and conse-
quently misleading results. We included the influence of maternal ApoE
genotype (alone or in combination with child genotype) because the

environment provided by the mother during prenatal development is
probably as important as is that in which children grew until 18 months
of age (Rappaport, 2011), when the Bayley III tests were assessed. With
this approach, we tested whether measurements of MeHg in cord blood
(in comparison with cord blood THg) would provide additional in-
formation about studied associations. The models (A, B, C, D, E, F) are
presented in Table 6. Model A is adjusted for cord blood In THg and
child's ApoE genotype. Model B is the same as model A except that it is
adjusted for cord blood In MeHg. Model C is adjusted for cord blood In
THg and maternal ApoE genotype. Model D is adjusted for cord blood In
MeHg and maternal genotype. Models E and F are adjusted for maternal
and child's ApoE genotype (where at least one in the mother-child pair
is an €4 carrier) and cord blood In THg (Model E) or cord blood In MeHg
(Model F). All were adjusted also for variables that could potentially
influence the outcome including country and particular socio-demo-
graphic characteristics (mother’s age at delivery, child's gender, birth
weight, educational level of mother, smoking during pregnancy), cord
blood plasma Se, and cord blood Pb as described in Methods.

In general, most of the models were statistically non-significant and
with low explanatory values (R* < 0.2). Anyway, some of them were
significant (marked as bolded in Table 6), and inside non-significant a
few variables had statistically significant modifying effects. Models
adjusted for the child's ApoE genotype (Table 6, Models A and Models
B) showed statistically negative association between cognitive score
and Hg cord blood levels in children who were ¢4 carriers. In the group
of €4 carriers the p-estimate of the change in cognitive score is com-
parable for THg (B = —5.55) and for MeHg (B = —5.33). As both
models are not significant, the significance of selected variables have to
be interpreted very carefully.

Models C and models D which are adjusted for maternal ApoE
genotype confirmed similar associations as those described above. In
the group of children, whose mothers were ¢4 carriers, a negative as-
sociations were observed between child's cognitive score and Hg levels,
where B-estimates of change were higher in the case of cord blood THg
(Model C) in comparison with MeHg (Model D); —7.09 and —6.06,
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Fig. 1. Correlations between THg and % MeHg in (a) maternal blood (N = 225) and (b) cord blood (N = 633).

respectively. However, association with MeHg showed higher model R? presented 86% of THg in maternal blood and 98% of THg in cord blood.
(0.422 vs. 0.407) and narrower 95% CI in comparison with THg However, we observed substantial individual variations; the proportion
models. Both models were significant as a whole and had relatively high of MeHg in maternal blood was 4%-100% (CV = 32%) and that in cord
prediction value (R?). So we also tested the interaction between ma- blood was 8%-100% (CV = 20%). Our data shows that at lower blood
ternal presence of ApoE 4 and cord blood Hg levels (ApoExHg). We THg concentrations the variability of % MeHg was higher. By com-
observed marginally significant interaction between ApoE ¢4 and THg paring results of multiple linear regression adjusted for ApoE geno-
(p = 0.081) on child's cognitive score and the model was not significant types, we observed better prediction values when studying associations
(p = 0.109). However, interaction between ApoE ¢4 and MeHg was between the child’s cognitive score and cord blood MeHg levels in
significant (p = 0.052) and the model was marginally significant comparison with cord blood THg levels.

(p = 0.088), suggesting synergistic modifying effect of MeHg and ma- Although our study suffers from incomplete data in questi ires,
ternal ApoE ¢4 allele on decrease in child's cognitive score. we confirmed that Hg speciation significantly improves interpretation
Models E and models F, adjusted for combination of the child's and of association between exposure and health outcomes. Therefore, we

maternal genotype (where at least one in the mother-child pair is an €4 strongly recommend that Hg speciation is included in future studies.
carrier), cord blood MeHg levels were significantly associated with Today, methodologies to accurately speciate Hg in human samples are
decrease in cognitive score in the group of ¢4 carriers (p = 0.048), available and cost-effective, and no-longer represent barriers for im-
compared with marginally significant association with THg proved study protocols.

(p = 0.074). In this case, B-estimates of change were comparable be-

tween models, but associations with MeHg had slightly higher model R? Author contributions

(0.181 vs. 0.168). However, models are again not significant.

We observed genotype independent Hg-associated modifying effect
in the child's fine motor function (decrease inside normal levels). The
difference between THg and MeHg suggests that inorganic Hg might as
well be associated with the Hg-associated decrease in child's fine motor
score, as observed from the small but significant estimates of change.
Models with THg (Model A) had lower p-value in comparison with
MeHg (Model B; 0.050 and 0.098, respectively).

According to observed statistically significant, or marginally, sig-
nificant results (bold and bold italic, Table 6) we suppose that with
inclusion of MeHg values and maternal genotypes we improved our
previously reported models. The main improvement/enhancement was
in the case of interaction between maternal ApoE ¢4 and MeHg (in
comparison with cord blood THg) levels on decrease in child's cognitive
score. Interactions between child's fine motor scores and Hg were
genotype independent and Hg speciation showed that probably IHg and
MeHg contributed to this negative association. Associations between
THg or MeHg and other Bayley-III scores (language, motor, and gross
motor), generally showed no statistically significant difference regard-
less of which genotype was included. We can conclude that Hg spe-
ciation provides profound information on exposure and is of great im- Acknowledgements
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ABSTRACT

Keywords:

Meconium

Mercury speciation
Prenatal exposure
Biomarker of exposure

Meconium is formed early in gestation and it is normally not excreted until after birth. Thus it may provide a
longer and cumulative record of exposure to mercury (Hg). The present study aims to speciate Hg in meconium
samples (N = 488) from Slovenian and Croatian new-borns prenatally exposed to low levels of methyl-Hg
(MeHg) from maternal seafood intake and to Hg” from maternal dental amalgam fillings. We had complete data
of total Hg (THg) and MeHg in meconium and THg in maternal hair (MH), while THg and MeHg in maternal
blood (MB) were available only for Croatian mothers. Personal data namely maternal seafood intake, age, pre-
pregnancy BMI, parity, smoking, estimated gestational age at birth, sex, and birth weight were available for the
majority of participants, except the number of dental amalgams which was in most cases missing for Croatian
mothers. The median THg concentration in meconium was 11.1 (range: 0.41-375.2) ng/g and inorganic Hg (Hg
(1) presented 98.8% (range: 82%-100%, CV: 2%) of THg. We observed significant correlation between me-
conium and MH Hg levels, with the highest correlation between hair THg and meconium MeHg. Correlation
analysis including MB (available only for Croatian population) showed a significant positive correlation between
THg in meconium and THg in MB (R, = 0.642). Additionally, MeHg from MB was correlated with MeHg in
meconium (R, = 0.898), while the correlation between Hg(Il) in MB and meconium was positive, but not sig-
nificant. Maternal seafood intake was significantly correlated with meconium MeHg (R, = 0.498) and Hg(ll)
(R, = 0.201). Multiple linear regression (performed on the Slovenian population, N = 143) confirmed a positive
association between meconium MeHg and seafood intake. Furthermore, meconium Hg(II) was positively asso-
ciated with the number of maternal dental amalgam fillings, but linear regression models did not confirm
correlation between seafood intake and meconium Hg(Il) levels. We assume that Hg” released from maternal
dental amalgam fillings and MeHg from seafood intake were both transported through the placental barrier and
portioned between different foetal compartments including meconium. Weak correlation between maternal
seafood intake and Hg(II) levels in meconium suggests that there is certain evidence of MeHg demethylation.
However, because this correlation was not confirmed by the multiple regression, MeHg demethylation during
prenatal life cannot be neither confirmed nor excluded. Further investig; at higher level of exposure are
needed to confirm this observations. We can conclude that meconium is a suitable biomarker for MeHg and Hg”
exposure during pregnancy. However, comparability of the results reported in meconium in different studies is
hindered by a lack of standardized sampling protocols, storage, and analysis.

1. Introduction

and other lipids swallowed with the amniotic fluid (Concheiro and
Huestis, 2018). The total weight of meconium increases exponentially

Meconium is formed early in gestation, presumably from the 13th
week of gestation, and it is normally not excreted until after birth,
usually in the first 72 h in amount of 20-70 g (Bearer, 2003; Concheiro
and Huestis, 2018). It is a dark viscous material that mostly consists of
eliminated mucosa epithelia, water, bile, bile acids, epithelium cells,

with gestational age; about 1 g of meconium accumulated in the foetal
gut during 23-26 weeks of gestation and about 5 g after 27-32 weeks.
According to recent data ~80% of meconium accumulates after 38
weeks of pregnancy (Bakdash et al., 2010; Concheiro and Huestis,
2018). Accordingly, meconium analysis provides an overview of the
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exposure primarily during the last trimester of pregnancy. In the case of
prenatal low-level and long-term exposure to various pollutants, me-
conium analysis was shown to be more sensitive compared with blood
as meconium is cumulative and repository matrix (Park and Lee, 2014).
Furthermore, meconium represents foetal tissue and is therefore a di-
rect measure of exposure, by contrast to maternal blood (MB) or hair
(MH), which provide only indirect estimations of exposure (Ostrea
et al., 2006).

Few studies have reported mercury (Hg) levels in meconium
(Gundacker et al., 2010; Jiang et al., 2014; Knezovi¢ et al., 2016; Ostrea
et al.,, 2002; Peng et al., 2015; Ramirez et al., 2003; Rothenberg et al.,
2019; Unuvar et al., 2007). Nonetheless, Hg concentrations in meco-
nium are known to generally be higher than those in MB (Ramirez
et al., 2000). Except the recent one (Rothenberg et al., 2019) none of
the studies so far performed Hg speciation. On a small sample size
(N = 14) Rothenberg et al. reported 99%-100% of meconium Hg being
in inorganic (Hg(I)) form (Rothenberg et al., 2019). Based on listed
studies we cannot conclude what are Hg kinetics and biotransformation
mechanisms in meconium during prenatal life. The general population
is usually exposed to low levels of different Hg species, including or-
ganic Hg from seafood intake (mostly as monomethyl-Hg, CH;Hg ",
MeHg), elemental Hg (Hg®) vapour from dental amalgam fillings, and,
potentially, inorganic Hg (Hg(II)) from cosmetics and food. Placental
transport of Hg® vapour released from dental amalgam and inhaled
from the atmosphere has already been confirmed before (Clarkson
etal., 1972; Yoshida, 2002). Further, MeHg readily penetrates placental
and blood-brain barriers (Kajiwara et al., 1996) where it can enter
foetal circulation. However, the exact MeHg dynamics (including in-
dividual variations) remain unclear (Caito et al., 2018). At the same
time, it was long believed that Hg(Il) is accumulated in the placenta and
therefore limits the amount of Hg reaching the foetus (Al-Saleh et al.,
2011). However, researchers showed that in rats, although having
slightly different Hg kinetics than humans, Hg(I) can also pass the
placental barrier in small amounts (Oliveira et al., 2015). Hg transport
from MB to foetal tissues is further supported by some studies that re-
ported positive correlations between meconium total Hg (THg) levels
with fish consumption during pregnancy (Jiang et al., 2010; Knezovi¢
et al., 2016) or with dental amalgams (Gundacker et al., 2010); how-
ever, all studies do not concur on this point (Unuvar et al., 2007). Be-
cause meconium is not usually used in studies g p 1 Hg
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Slovenia National Medical Ethics Committee approved the protocol
(No. 98/05/06) for the Slovenian participants and the Ethics
Committee of University Hospital Centre Rijeka approved the protocol
(No. 2170-29-02/1-07-1) for the Croatian participants. All subjects gave
their informed consent.

Valent et al. (2013b) and Miklav¢i¢ et al. (2013) described the study
design, recruitment, pling, and questi in detail. MH sam-
ples were stored at room temperature in a zip-lock plastic bag and then
analysed without any cleaning. MB and meconium were stored in a
freezer at temperature below —24°C. Unfortunately, not all women
who gave their informed consent answered precisely to all questions
from questionnaires and not all of them were sampled for listed ma-
trices. Therefore, the number of included participants in statistical
analysis varies throughout the text; precise number of included parti-
cipants have been provided in the tables and figures.

Pregnant women were recruited and sampled in the 3rd trimester
(28-41 weeks of gestation). MB was available only for the Croatian part
of the population, but maternal hair was available for both populations.
In most cases meconium was sampled on the day of birth. However,
there were cases where meconium was sampled in the first few days
(=3 days) after birth. Unfortunately, the information when meconium
was sampled was not available for all of the collected samples.
However, in all cases meconium was sampled (5-10 g) from the diaper
and was frozen (below —24 °C) until analysis were carried out.

2.2. Data collected with questionnaires

During 3rd trimester women filled out short questionnaire for as-
sessment of their individual characteristics. Approximately one month
after delivery, women filled out the long questionnaire which provided
more detailed information about the socio-demographic and health
status of the whole family, smoking habits, food intake frequency,
number of dental amalgams, etc. Women reported smoking before or
during pregnancy, and we generated the new variable of ‘ever-smokers’
to include all smokers regardless of the period of smoking. Seafood
intake during pregnancy was estimated from the long questionnaire.
This questionnaire included seven questions on seafood that addressed
the frequency of consumption of 150-g servings of fish, crustaceans, and
molluscs and tuna, mackerel, or sardines in oil. We converted and
combined all listed categories to estimate daily seafood intake

exposure, little is known about the possible kinetic mechanisms of
different Hg species in meconium.

The present study aims to speciate Hg in meconium samples
(N = 488) from Slovenian and Croatian new-borns prenatally exposed
to low levels of MeHg from maternal seafood intake and to Hg’ from
maternal dental amalgam fillings. We used existing datasets which
contained information on participants' lifestyle and personal char-
acteristics and THg and MeHg concentrations in MH and MB (Miklavéi¢
et al., 2013, 2011; Trdin et al., 2019). In this study, we performed Hg
speciation in meconium and evaluated the associations between Hg
species in meconium with Hg concentrations in MH and MB as well as
with specific participants’ characteristics and habits that could con-
tribute to Hg levels in meconium.

2. Materials and methods

2.1. Study population and sampling

Our study population included healthy pregnant women and their
new-borns from Slovenia (the city of Ljubljana and its surroundings up
to 50km) and from the Adriatic coastal region of Croatia (the city of
Rijeka and its county Primorsko-goranska). They were recruited in
2007-2009 as a part of the PHIME (Public Health Impact of Long-term
Low-level Mixed Element Exposure in Susceptible population Strata; EU
6th Framework Programme) birth cohort study. The study was con-
ducted in accordance with the Declaration of Helsinki; the Republic of

(Miklavéié et al.,, 2013; Trdin et al., 2019; Valent et al., 2013a). To
assess the number of dental amalgams, women were divided into four
classes (<3 Ig 3-5 1g: 6-9 1g; 10 + amal-
gams). Information on dental amalgam fillings was incomplete, espe-
cially for the Croatian part of the population. Women also reported the
number of births with gestational age of at least 24 weeks regardless of
whether the babies were born alive or stillborn. According to their
answer, we divided them into two groups: nulliparous and parous
women.

2.3. Mercury measurements methods

All analyses of THg and MeHg in biological samples were performed
at the Jozef Stefan Institute, Ljubljana, Slovenia. Total mercury in MH,
MB, and meconium of Croatian population was determined using a
Direct Mercury Analyser (DMA; Milestone, USA). The method is de-
scribed in detail elsewhere (EPA Method 7473, 1998; Miklav¢ic et al.,
2011). Meconium samples of the Slovenian population were digested
with the addition of 2mL of a mixture of 65% HNO; + 70% HClIO4
(1:1, v/v) and 5mL of 96% H,SO4. Samples were heated to 220 °C for
20 min. For determining THg in the digested ples, a semi d
Mercury Analyser based on cold vapour atomic absorption spectro-
metry (CVAAS, Model Hg-201; Sanso Seisakusho Co. Ltd., Japan) was
used. The method is described in detail elsewhere (Akagi, 1997). All
measurements were performed under strict quality control procedures
and gave comparable results (Miklavéié et al., 2011; Trdin et al., 2019).
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PIPTR I T To check the accuracy of the meconium measurement method, we
E888RK{E used the NIST SRM 2781 Domestic sludge. The assigned value
e e (3.68 = 0.14 pg/g) was in good agreement with the determined value
(3.62 = 0.08ug/g, k=2;n=12).

Unfortunately, in some cases there was not enough sample to per-
form both measurements for THg and MeHg. Therefore, MeHg in me-
conium was measured in samples that were available. For this purpose,
the ples were first h genised and then ~0.2 g was weighed into
glass tubes. Then, 10 mL of 4 M HNO3 was added and the mixture was
heated at 72 °C for 24 h (Hammerschmidt et al., 2013). After cooling,
the digested samples were diluted to 30 mL with MQ water. An aliquot
of the digested sample was transferred to measuring glass vials, and
neutralised with 0.7 mL of 13 M KOH and the pH was adjusted to 4.6
with the addition of 1 mL of citrate buffer. Then, 50 pL of ethylating
reagent (1% NaBEt, in 1% KOH) (Liang et al., 1994) was added to the
measuring vials. The vials were capped and placed into the Tekran
2700 automated system with an auto sampler. Ethylated MeHg as
ethylmethylmercury was purged onto a Tenax trap and thermally des-
orbed (180 °C) onto an isothermal gas chromatography (GC) column.
Hg species were converted to Hg” by pyrolysis at 600 °C and measured
by cold vapour atomic fluorescence detector (CVAFS, Tekran Instru-
ments Corporation, Canada). To check the accuracy of MeHg mea-
surements, we analysed lyophilised whole human blood PT-WB1 ob-
tained from a non-exposed population as a reference material. MeHg in
PT-WB1 was determined in the PHIME project through interlaboratory
comparisons. The assigned value (5.8 = 0.5pg/kg) was in good
agreement with the determined value (5.76 * 0.25pg/kg, k = 2;
n=12).

Total Hg and MeHg concentrations were determined on a wet
weight basis because we observed some MeHg degradation during
lyophilisation. The average H,O content calculated on a subsample
(N = 10) was 75.8 + 2%. Inorganic mercury levels (presumably the
majority was in the form of Hg(Il)) were calculated by subtracting
MeHg from THg.

The estimated measured uncertainty for Hg determination in me-
conium was 9.8% (k = 2) for THg measurements, 11.4% (k = 2) for
MeHg measurements, and 15.0% (k = 2) for Hg(II) levels. The limits of
detection (LODs) calculated as three times the standard deviation of the
blank sample were 0.11ng/g for THg and 0.02ng/g for MeHg mea-
surements. The limits of quantifications (LOQs) calculated as ten times
the standard deviation of the blank sample were 0.36 ng/g for THg and
0.05 ng/g for MeHg.

p-value
0.000"

477

30.4 (19-45), N = 468
47,N = 220

39.4 (28-42), N = 378
3.5(2.0-4.8), N = 404

23.7 (18.8-44.5), N
52/48

All (N = 488)
0.37 (0-4.5), N = 408

38, N =183

200

30.0 (19-43), N = 190
44, N = 88

39.3 (34-41), N = 154
3.5(2.4-4.8), N = 180

0.44 (0-2.21), N = 183
50/50

Croatia (N = 201)
22.9 (16.8-40.7), N

42, N = 85

=212
=277

30.6 (20-45), N = 278
49, N = 132

39.5 (28-42), N = 224
3.4 (2.0-4.8), N = 224

24.3 (17.1-44.5), N
53/47

Slovenia (N = 287)
0.30 (0-4.5), N = 225
7/34/40/19, N

35, N =98

2.4. Statistical analysis

=10 +

Principal component analysis (PCA) was performed to summarise
the main patterns of variations between Hg in meconium, seafood in-
take, and ber of dental Ig as active variables and personal
characteristics and habits as supplementary variables (Spearman rank
9 correlation with Varimax rotation; N = 100). PCA was performed using
the XLSTAT statistical package.

Further statistical analysis were performed using STATA 12 soft-
ware. The distribution of measured Hg species in samples was checked
using the Shapiro-Wilk test. Hg concentrations in all measured samples
were not normally distributed. Therefore, median values were used to
describe the original data. For comparison between populations, we
used the Mann Whitney U; chi-square (%%); ANOVA; and Kruskal-Wallis
tests, depending on the variable used.

In the next step, Spearman correlations between meconium Hg
species and Hg in MB was performed only for Croatian population,
while other correlations (meconium Hg levels and MH Hg, dental
amalgams, seafood intake, BMI, age, gestational age, birth weight) in-
cluded both populations. To confirm observed Spearman'’s correlations
we performed multiple linear regression on Slovenian population, as
they had complete information on dental amalgams and seafood intake.
Before performing multiple linear regression analysis, the Hg

35

(%of <3
Ever smoking (% of smokers)
Pre-pregnancy BMI (kg/m?)
Maternal age (years)

2

x-
4 ANOVA.

Participant's characteristics
Seafood intake (meals per day)
Child's sex (% of boys/girls)
Gestational age (weeks)

Parity (% of nulliparous)
Birth weight (kg)

“ Mann Whitney U.

b Kruskal-Wallis.

Dental
c

Basic demographic characteristics of studied population.

Table 1



40

A. Trdin, et al

Table 2
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Results of total Hg (THg), methyl-Hg (MeHg as Hg), and inorganic Hg (Hg(II)) in ng/g wet weight; and percentage of Hg(II) (%) in the samples of meconium from our
study; and Hg concentrations in meconium as reported in the selected literature. Median values, range, and number observed are shown below.

Our study Literature
Meconium Hg Slovenia Croatia All Philippines, Manila" USA” Austria” Philippines, Tagum’ Taiwan® Turkey'
THg [ng/g) Median  11.5 10.1 1.1 317 3.9 4.0 48.6 82.6 9.4 (ug/g)
Range 0.41-375.2 1.18-359.8 0.41-375.2 0.43-71.6 0.64-11.0 0.4-128 20-200 0-66.5
N 287 201 488 426 14 36 36 545 143
CV (%) 170 165 169
MeHg Median  0.07 0.19 0.10 0.0078
[ng/g] Range 0.005-1.39 0.005-3.13 0.005-3.13 < MDL-0.078
N 204 145 349 17
CV (%) 139 124 147
Hg(n) Median 10.6 9.98 10.4 3.9
[ng/g] Range 0.40-375.2 1.63-359.7 0.40-375.2 0.64-11.0
N 204 145 349 14
CV (%) 195 179 189
%Hg(II) Median 99.2 98.1 98.8 100
%] Range 81.9-100 88.2-100 81.9-100 99-100
N 204 145 349 14
CV (%) 22 1.9 21

All-combined Slovenian and Croatian population; CV-coefficient of variation.
® Ostrea et al., 2002, in ng/ml.

Rothenberg et al. (2019).

¢ Gundacker et al. (2010).

4 Ramirez et al. (2000).

¢ Jiang et al. (2014).

f Unuvar et al. (2007), in pg/g.

-

concentrations in meconium were log-transformed. Models were de-
signed to study associations between meconium Hg species and possible
covariates. Models were adjusted for selected personal characteristics
and habits (seafood intake, ber of dental 1 fillings, smoking
status, pre-pregnancy body mass index (BMI), maternal age, parity,
gestational age, child’s sex, and birth weight) and were included to
provide the highest R%. They were designed to cover and include all
possible variables that could have an impact on meconium Hg levels.
The level of significance (p) was set at 0.05.

3. Results and discussion

Our studied population included pregnant women and their new-
borns from central Slovenia (N = 287 pairs) and coastal Croatia
(N = 201 pairs). The average age of mothers at delivery was 30.4 years,
their pre-pregnancy BMI was 23.7 kg/m?, and for 47% of them having
their first pregnancy. Approximately 3% of women self-reported never
eating any kind of seafood. We identified 38% of women as ‘ever-
smokers’. New-borns’ average gestational age was 39 weeks and their
average birth weight was 3.5kg, and 52% of them were boys. Table 1
lists all collected demographic data, including p value to determine the
difference between both populations.

In this issue we have presented the Hg speciation results in MB and
cord blood from the same population (Trdin et al., 2019). Table 2 lists
the results of Hg measurements in meconium. Median THg concentra-
tions in meconium (reported in wet weight) are on average higher than
those reported previously in MB and cord blood of the same partici-
pants, namely 2.04 and 1.84 ng/g, respectively (Miklav¢ic et al., 2013).
Median THg concentrations measured in meconium from our study are
higher compared to those found in Manila, the Philippines, USA, and
Austria, and lower than those reported in Tagum, the Philippines,
Taiwan, and Turkey (Table 2). The study from Tagum, Philippines
(Ramirez et al., 2000) reported much higher levels of meconium Hg in
comparison with study from Manila, Philippines (Ostrea et al., 2002). It
could be that results differ because the Tagum study included partici-
pants from artisanal gold mining and processing community. In con-
trast, study from Manila included randomly selected newborns from
different hospitals, which were included to present socioeconomic

cross-section of hospitals in Manila.

On the other hand, our data showed wider range of exposure with
higher maximum values (Table 2). Only one study from Istanbul re-
ported much higher Hg levels with average value of 9.4 ug/g (Unuvar
et al., 2007). We did not observe a statistically significant difference
between Slovenian and Croatian population in meconium THg levels
(p = 0.601) or Hg(Il) levels (p = 0.437), however, there was a statis-
tically significant difference between populations in meconium MeHg
(p < 0.001) and % Hg(I) (p < 0.001) levels. The MeHg level in the
Croatian population is higher because pregnant women from Croatia
ate seafood more frequently than did Slovenian women (Table 1). Le-
vels of meconium THg were significantly correlated with meconium
MeHg (R, = 0.345, p < 0.001) and Hg(I) (R; = 0.999, p < 0.001),
and also correlation between meconium MeHg and Hg(Il) was sig-
nificant (R; = 0.329, p < 0.001).

As observed from Table 2, Hg(Il) presented the majority
(82%-100%) of measured THg in meconium. To the best of our
knowledge, this is the first study to perform Hg speciation in meconium
with such a large sample size. Median values of meconium Hg are ~2-
fold higher compared to study from USA. Additionally, our results
showed wider range of exposure to all Hg species (Table 2). The latter is
presumably related to the fact that they performed Hg speciation on a
very limited sample size (N = 14) and median THg concentrations
found in blood of participating women were also lower, compared with
ours (0.48 vs. 2.04 ng/g) (Rothenberg et al., 2019; Trdin et al., 2019).

Intestinal MeHg demethylation and biotransformation to inorganic
Hg are clearly important steps in MeHg excretion from the adult body
(Caito et al., 2018; Rowland et al., 1977), but in some cases higher
proportions of MeHg in faeces indicated that MeHg can also be trapped
in faeces until defecation (Rand et al., 2016). In comparison with
MeHg, Hg(I) in faeces has lower (re)absorption capacity (~95% vs.
~7%) and the major part of excreted Hg(Il) is retained in faeces until
defecation (Horvat et al., 2012). According to literature data, we hy-
pothesised that MeHg demethylation makes the highest contribution to
Hg(II) content not only in faeces (Ou et al., 2014) but also in meconium
(Rothenberg et al., 2019), although intestinal demethylation mechan-
isms are not fully characterised (Rothenberg et al., 2017). For com-
parison, Hg(II) content in human stool samples varies from 68% to >



3.2 Mercury Speciation in Meconium and Associated Factors

41







































































































































































































































