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Abstract

The thewse Staisgaotcesat i drhse bdtowdheerk dr § Pb)(aerdposur
mercury ( Hgpp!l iwshaelmrl eegenet i d nivaulngrable popllations

including pregnant women andtheir newborns from Italy, Slovenia, and Croatia, as well

as Slovenianmen of reproductive age. The researchitilizes data fromthe Pu bl i ¢ Heal t |
| mpact -oér mplndgwevl Mi xed EIl ement Exposure in Su
(PHIME) project and the Slovenian Human Biomonitoring (HBM) project, both
characterized by | owot@nmbdkEk Iest steofkbe vaerind nt g
expowiutaldequaekebkeafent nal and Wee leexmimionwe @y enet i ¢
factors infl uenceesio$ dteppeniecbd eerirttle( a nedx Hg9 u r e
withceher al f e¢ mg | en npkoel YyenootrifpdieN B sns A b A n)-

ami nol eavcuild ndeh WwdmRav iatsa&mi,n D rAePcCelpa pal)i, p eamrdot e
E) gémeso.ci ati ons were estimated and tested wus
with the adjustwmant afbdm ndelresct ed
I n both popul ati onAsL,ADa h k e passessnecd cadt @aife mti héh o o d
Pb concentrati &d&MINFJAL Aug T S EoM3MEDdwazxs) shown t o i myp
bl ood Pb Il evels in varying walysodepe®lihagemgi am t
men | iving in hiséeonvicahmgptPbl ptodd ne®d@ri r onme
resudltssoonfirnmtth@BadtADSNRm amel vy r,s186433805%313 a
rslilimeaéd8 wdlglni ficantly iMmddiuteinocreal Rby , | ecvoerbsi .r
ALABNPS, were found to account for a substanti
Pb I evels compared to individual SNPs al one,
mul tiple genegerthigfarpioasnstisbl e .bi ases are neglig
The rbBsabdso addr esVsDeRENPiB® btrooxliec ogkfi hehdiceg noc
C

significamtel eSNBdt oof their hapl otypes on bl
popul ati on. This |l ack of association may ste
vitamin iBul pralry i n pregnant wo men, wher e C
i ndependently of sun exp9dYBRrod yoror dihd tsamrsy airret &«
influence the€abfimrdmantgi ojmr oafei ns and affect bot
interacticmd chetrwee Plpcarmiii meng h atmlde pol ymor phi
of YbRgemend t-becwemrence of polymomagti bmgeia o
compl ekatycomoribadmesi att smt tthiendiings at ur e.

I mhe investigafeprpgmamat evdmMmP®IELal | el e carri
exhibitedcduxildploalr Pbanlde vieHgod g v élug onl vy when
f efrueswbwane f emal e. QAPOvd abkkeelye whe | inked to
Pb regardl @abaex dffdtstei s ap o g ati Had cerhy tE&heats t he
the | east protective ef,whctchomomaidnt amifhiurrgcleo

changes duri nwhi pe@&igathadneclye, demonstrates ant agc¢
providing prtod eduiveg beeapfoducti ve years but
effects | ater in |ife.

Ani nsi ght from thitst hree siemaprocrht amicgeh |dfgdhednsi d
di fferences i rPbf uatniroed gsctokA lineest,i come. have shown t
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should be taken into considerations in these typg
more pronowihiciepa maens

The observed associations i ndi AdtAd NtPlse opmos si bl
Pb aAPdOBENPs on Pboagknidnodetgiecns at | ow ,e xwhiBRer e | evel
SNPasppeadadre tower whel med by other factors at these
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Povzetek

Di sertacijaaopi aalfipemairekdegrojst avl j e notsekij esrvijnec u
prirmmeo, tudi Zivempensvaki ap@Hahnbsii vi h popul aci
So nosecnice in njihovi novorojencki iz |Italdi
reproduktivnem obdobju. Razi s kPaubd itcelnfegpalctt hn a
of .toenrgm, -I d\oevl Mi xed EIl ement Exposure @ n Sus
(PHI ME)h »Humani bi omonitoring« (HBM), Ki vkilij
zmernimi poagnmi alengpa h e k ssgBoviianlcnra i n  Zi vega s
ustrezni mi kesepamda@ibwkiag ammi sel ena. Namen di ser
kalkd jucéni polimorfizmi posamAizADamahwmlbl ecvuil daov
acid dehwdrRaeviasamin D ARQGEapoli)popvrpotoeviang E)

Cutljivost oziroma dovzetnost na nizke in zn
srebru). Povezave so bile odcemjmnd iinreatret irrea

del i .

Pri obeh populacijah smoAlpA®zrndiizluij,e dkao npcreins a
svinca v krvi. Opazili smo tudiALADISi1t8Dr0a4t3br i
(ALADDY Rl iva na raven svinca v krvi glede na s
na slovenskih mos ki h,poisramezztiehl bijgso ¢ prgiodevji a\s &
onesnazenih s svincem, inNasistibbondbhapiopepaze:
| ahko tudi idrdubghdi SINRiscle88rQi5 81  0i 5n3s1131 ¥ 4588 vaj o
na ravhniPocav dmkougotovili,e @GaRk A@bipmgaisnj uj ej
bi stveno vecjo variabilnost rfjaivnikawvimpewadar ka
hkratnega preucjeegwantjea pwreeddyd& NBwa Mmoo zZne pristr
zana&mjive
Preucil: s MWD RSINdpi e vv | vi gt&oi knseit i K i svi mas, i vend
omembnega uc¢inkaviabiranjhh8NXNPh haplotipov na
[ popkovni krvi, in sicer Vv nobeni od popu
oska vl oga voistea€mmiincaa hD, kZleastniajprbii mse p
e oblike vitamina D) odvijala neodvi s
kemu vnosu prekurzorjev kal cVDRi ol a.
ko vpliviagov ,nakit vwe bej oprilaleci j , i n na
ije med kal cit s lod pan, kapoljemr fimo sn
evajo k dodatni kompl eksnosti, kar poc
roi

= — 0

— < —TQT ™ "D T
y — o < =

Pri preuc¢ewdARjOl @empatliag i j is Mmoo suegCoitho vzielnis,k da
osi |l kkeP@H2elva sje vrednost. svinca in Zivega s
oseCe z deklico. Povisane vrednosti svinca sc¢
a | APMBEBM al el povezan z nizjimi vrednostmi sv
e ugotovitve bi ol attaoi fadrpajentantjeozdgci tnega
hranjanju Kkastmie Imalslkqg vplivalo na spremembe
oselnmesdtfeom kb lkheé antagonisticni pl eiotrop

S 04T 5 S



Xii Povzetek

ml adosti ter reproduktivnem obdobju, vendar | ahk
letih Z2ivljenja.

Pomembna ugotovitev dizertacije je tudi pomen U
studijah o toksikokinetiKki svinca in Zivega Sr ¢
novorojencke. Poleg tega smo pokazalii ,stoeavijleo s mi
predhodni h nosec¢nosti, saj so bili genetski vpli

Ugotovl jene poveZAd\AWd NPaik alzail) lkeg ov phdikv anjed i tka t ok
svi ACODBNR i pa kokiimledk ssvinca in Zivega srebra, t
izpostavljenosti, meé d hkaj edl PysBaRp ez d i stteodpan j a h
i zpostavl jenosti zasencCijo drugi dejavni ki
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Chapter 1

Introduction

1.1 Human Biomonitoring Related to Metal and M etalloid
Exposure

Human Biomonitoring (HBM) represents an effic

to chemicals arising from the environment, ocC
induce adverse heal th ef fects. Thi s scientif
met abolites, or reaction products in human f|

their effects and the consideration pdnsedi vi
(CcbcCc, .200n5i)ti ally employed in occupational s et

tool for monitoring exposures of the gener al
as potentialelsysehbikakt hobace el emémt sgr olmiad p Ikt e
hydrocarbons (PAHs) , perfluorinated al kyl sub
vulnerab{(WHQ@r o2p%5)

I n Sl oveni a, first nati onal HBM program st
popul at i ofnese dpibnrgmia pnortohuesr s and t hei-lfe grairntgnea ge
(18 yeanwd )so far their exposure to metals,
phthallafzyeslohexane di carboxy,l i PARM, damd i penaoi
organic pol l@uXakdgis¢ (PtOPasl). , 2022; Runkel et a
al , . 280®)l arly, in Italy, the uisneidt ioanl an atuil mrea

group, targeting adolescentexagnédetd3tthei 5 ex®:
met al waandniti dtPéchoi mt2@WBer @®g,Tihfiei Crsdatmniada i on
HBM program starteadanoacOAd®dti camallludi emxgposed a
aged3 R 8y,earrshwleixposure to cadmium (Cd), PAHs a
(Gilles et Hawkrgef@)ie®,) Croatia had actively par
HBM pr ajnedtishiend®ubl i ¢ He al-tt éir m ripdavcevix eod Hloenmge n t
Exposure in Suscept ( PHeé&)VpE oop (leRcaiBLloIn)T ISt s apaoj e «

i ncluded Il talian, Croati an, Sl oveni an, and G
(Mi klavci € et al ., .20TLlh3e rVeasl eeanrtc he tp raels.e n t2e0dl 3i)r
sampl Brom the PHI MEopliyvjpapéygt ICnoltd@argard palnd\s
as well as Slovenia'sonlm@glse HBrM isdiuggntisn.cl udi
Exposur e to environment al poll utants occur
i nhal ati onand ndyersmalonabsorpti on. The body bu
depends on factors such as pollutant concent
|l enghtd fr @eduexpysure, andnfihdembédngti bactabso
di str ineutaibord,i sm, andfexbeeWHGh s2B0alrbe)ls.es col | ec
from wvarious human tissues and fluids can s
bi omonitoring, such as blood, uri ne, hair, br
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adi pose ti ssueverstehneelne,sset ct.heN predomi nant choi ce
include uri h®&amtnadn eballo.,0,dw2 @ h5)cord bl ood also bei
includepdrenat al g Spnod wWreag sstewudiads , 2009)

Centr al to HBM is the wutilization of bi omar ker

exposure in biological systent$O) Tdeef iWoad db iHemd rt khe
in 1993 within the context of ri sk assessment,
i nteractions between biologiagglhesny staé ms paryd i emy i
bi ol

t r
ol dgNHg | 19DPBHNee cl asswesr eofi diawHafr ikRedl 5 )
0

- Biomarkers of exposure measure chemical resic¢
its interaction with target mol ecul e (or ce
Selection of appropriate amatlkeéers, cwintsh deirfsf ¢
matrices reflecting exposure over varying tir

- Biomarkers of effect signify quantifiable cl
behavioral or other parameters resulting fro
from biemoilecuissues or fluids to physiologic
assessment of early reversible changes in or ¢

- Biomarkers of susceptibility reflect inhereni
organism more or | essemusakbpekpbsesute. a speci f

Bi omarkers of exposure are the most widely ac
context of humaOnltyi eamoniimiotreidngnumber of effect b

val i aamtdé d mar kers of susceptibilityrbavienaotusbekn
met al toxi cdqlSaqmyt onkeus eftvaeraml .t ,h o2@h5t)a nnmeme dc a rhcee p

®expowemerged already in 2005. The exposome i s &
totality of environment al exposures throughout

factors such as poll vdadannemi cl iidmedsit ygypcdiedl et |, S
factoTfTlse exposome appr oacehn wiercoongme metkasp ;ohicdtlo gen et
factasres i nterconnected, and their interplay can i
By constidegda nbaovteo s, resermaxcédlertshai eno mpl aixx mec h
underlying the development of diseases and iden-

preventionstOdeesfi nhh&uropexpbomamprodtsolwewas hehe
aHeal t h and -Whder cAsnseoncti at iloanrsg eb apsoepdu | @b i o n Sur vy

(HEALS) (®Peadgt al ., 2017)

One of the objbeacteidv esst udfi eMBMs i dentifying vul
and ensure their inclusion in future HBM resea
children, pregnanmemwomenrephaedaeadidevdyadgs, with pr
existing health conditions, have distinct physi.
increase their ocas(tWwHO,i b2i0IRiIGteyy ntacmtt awoimen and t hei
are particularly at ri skt hespltaoxdrrct aslu blsd rarniceers, ¢
affecting fetal devel opment . Exposur e t o speci
polychlorinated biphenyls, arsenic, etc.) during
injury at much | ower gloaeées!| tt hhhngdgiGhaBepedimfe®tin

Lanidgan,. 2Dl0éjdfeoces of the ps eogremygtnad tanwdodnieans
t hefiert meenb/oa n swerhd n aisn repr,@adudc ttihved rageposur e tc

essential toxic trace el leena@d tHoPvbewiardhu sai Mm@ i 10 leenlpyh
on vulnerable popul ations |imits the generalizab
those with occupational exposures or | ower susce

| oewvx posure populations andxposurdeswbntih magnaps]l
cumul ative risks.



1.2 Trace Elements 3

1.2 Trace Elements

Trace el egne radrizee nfiTcEa | el ements present i n minu
systems but are essenti al f Tohr &WH @dr e foilimeeassp hy si ol
"el ement s eqluatr ear én small amounts (less than
mai nt ai ni 6 9HO® e alHobwe)v e r this definimeonl mas
2022 articl e, Wol fgang Mar et argues that def i
i ntake i s insufficient. He emphasi zes t he n
bi oel ements, focusing on their unooggiucea lp rsoypsetretn
to fully understaMdrehei 2082Yynificance

Trace elaemantusal ly and widely distributed in
continuous human exposur e. Human activities s

agricohatsirgni ficantly elevate their environme.]
l eading to increa(sPerdashthiamanrh ,dbop ahdder,g 2¢€l.5 al . |,
Trace 6l wmert studi ed easrsck nrta adgrejpdodide maso ai €y

or #Homic. General fact or spoitnefluixeanlccii thygl osisdieett a |
are: dose, exposubelcoydianidoo®harbdcmeivg pde aN cersd &
2016)According(WHOt hortMsitOal s consi dered essent |

include chromium (Cr), cobalt (Co), copper (C
(Se), zince (IZoat)er aamdiditthi onAgfemanghnaekhede  BBAY &
intake of these essential trace el ements thr

states. However, excesskiVeéeEwergeasturegNoady.b,é e2g0dl 5t
& Noerdd, ).20her ef ofree,s ptomes ed ¢ £dsahtaipoends, h iwi tihs [ w
high doses having (avitbvferested lhdefa latlh ,e f2f ect s

For some assismdd atbmei r status tiheyqgunée gthit o rbee
essential f Crdnh cigdd (m Addenh omCum, (whil e for
(ar seMA3, me(cwHgy PtbHheir function atswvblty bsowll e
known, but mighfuthaed®trwdihmsattthe ®d fadr ,i ROrlé&dg
exposure tbeéehemsdbascsi ated with variead thdver
including an increased rneslkatefd dieuagaoadeogyi salk
cardiovascul ar di seases, i ver and kidney dy
exposur(ordbhesg etThalUS ARAdDErcy for Dosieas®Bubs
Registry (ATSDR) ranks in its 2022 Priority L
first, second, thirdABRSDR,s)eZ@RAthablrye,spesdevteil
can, through various metabolinoaeasansemticali omlsem
and vec@ardberg & NQ9Q.rkdnboewng ,f o0 1t6hei r protect
essenti al elZename d tcEen| iMk ¢ | $Yeo)iiech dnedcead t oxi ci ty,

means to reduce théRahmhnt et.hdlthaery ef®@a&®E),h when

expase to potentially toxic metalloids by mea
i mportant to follow essenti al el ements as wel
thecalbl-esdposure to other-epestahtabhltpapeexit €me]
i n the catseersmlode wlonggN\Npa dbreg g et al ., 2014)

1.3 Lead

Lead a nat ur adelnys eo,c csuorfrti nagn,d ducti |l e met al an (
is very |l ong. For centuries it has been an ec
the first reports of its use dating all the we
moment uenh wihas cemented its role way into the

Empire, with the mining and smelting of Pb an



4 Chapter 1. Introd uction

syst®msh the start of the industrial revol ution
produandoemi ssion, whic®@(qQpBeakddhar &uPpétet®v0ng, 2
To dat e, t he Ihlaeixnp ossauurec ehsa-b@efs bk epail mtadi n ol d h

|l eaded gasoduoed (i nAcon3d2ad)n,i nlgegpd pes and sol der |
within the plumbing -gplfazoelddefroobduidantnaisnerliseadcer
cigarette smoke (includi ng Psbe coomd aam dthlattremda tl e hanc
and ariget(sand attic dust) near the sites of hist
smelters and near t hekreod&dBermdmhl t, h PRddkpowtratigec (
of Pb toxicity continues to increase aad i mprov
within materials utili ZeManiin edv earAynd a iplaidf) @ nwe rsd e
in reducing Pb exposure was a phdasienloduda@nof | ead
and is nearly complgeselworl dwaisdeanbeaded Sl oveni
Sl oveni a, 2012) OEIC®D: | 1 & laggnyd, ni 2D 0@r20, & Zimaaaient 2006
al ., .RoOvéyer , usage of Pb is stildl in place due
I nterestingly, Pb consumption reached 12 million
ZOQIBergdahI & Bk eTdddyynpr, it ROrPyp( 8B®)e iod in batterie
rticularly for vehicles, as wel|l as for backu
ditionally, Pb %Wy seaddammbophk grimeqe 81 &1 popul at
e main sourcesnoffuPbpeespeei @dlrlinking water an
getables and cereals wusually have the highest
sult of depg®Beirtgidarm|f r&o B kaeirf vi ng, 202

Despite efforts to reduce eppDSs ugsleoebhatl Fhbe atlotxhi ¢
i ssudcicrog dt o r eRcbe nd x pdoastuar e conti nues to pose sSi
wor |l dwinbbest l-gndnmi adloene cAumdcerets.review paper (E
al ., 2021), which anal yzheed hd agthae sa o Iploeoclteedd naefatne rt
|l eseiPB) were recorsmeddulnt Pakp s &th) omn@l Ja3nob g
children in HRdlLeést Hoeve(v@Bh Oldeavteal soni sB unavail abl e
count(rBErescson et lanl .1, t a2 0y2 1S)ICa wertiiaa, maeaanrd Pb | evel
substantially | ower . In Iltaly, daPla d¢e ometar isd¢ udy
mean oRg/LP6EMo et. alln,Cr®ddt7ri)a, findi-sgmekfngm post
women indicated demedd/afGrBz.ulhov Letini ¢l net al .,
Sl oveni a, data fromnahudadidud twpmnemul abdomen, s mo k
smokeheswed a -PedlieawmeR/ofStlixg.ll c .et al ., 2024)

- < ~* >0
O ® > QD

1.3.1 Lead health effects atlow -level o f non -occupational exposure

For genecalupaoctmonal l y ewgmnows eRlgammacleBotdrfan i on
10”Rg/ L have been established as t2h0esd @@ lewof conc
| atrervi sed to a BERHELEBbadowe rwseael theeadft h ef fects have
at -PB | evel s Rg9d (IAGWBD&Rs FO@2 )h.i |l dren andheregnant
thredhroaled owasohoet heBRylhbwewhed et dt Ryllmafims at 5
no-pregnan{ Radkhts$ ptCBhC,., 22@0221

When studying the toxic effects of Pb, most at
systldoowevert,oxPhhi tymwpatbe renal, cardiovascul ar,
i mmunol ogi cal , and(Mepradet¢t ATSDRB&ZGDS ;i ng
Berdahl , Y0Hé& Pb exposure | evels associated with a
depending on the sfpsommaci b dlt hnEhgpodevel oped
nooaccupaexposalbre | evels havd nsirgyeeamitcaanndt | tyh edye c r

rarel s hreexzamtefenentAngabodsegoedn)ahe Irevelis ed
to cause health eAsecatoer e AFSDODRoN2A20)o0or exampl e |
aiming to estabidmd Itdbopraatpoirliyzt ireerf erence interv
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medi aPrb B evelRg/adfadlnd.tl popul ation. Clinical Pb g

associated with occupational exposur e, partic
mi nes, smel ters, battery manuf aoce(Skreirnfg/,i ngnd
Berdghl , RONevest heplregnant women and their fet.:
and chridnaittnpotential risk, as eovwlmdulsew aldesvealss

health( ATEPR{.s 2iDE2s0O )why t he B-Bbtohmmneesnhdoeldd f or pr
women i s | oweprr etghnaann {f Pbard knbotns e tuDailn. g, p2r0e2glnja nc y
readily passes threadgmge h@t pll aeemode@me af f ect
tcameé postnat al growth (ATSDR,tgpi20all Prasacd
asuring Pb | evePls) Benr gdbahdl b& &pkdearfdGBitelige r 2 DR e
|l ue used foenebabkl pbhovadtasstsdia@tt (CDC, 2022). M
al sPhbt pastshei r infants eamdoungihl kb maaetr haé¢d
centrations dAdShRUaROPAIedst Aand children'
el oping organs are particultarrdly rmernsdus vey .
t hebrbaionodbarrier is more permeabbendemsren.
, . 2009)

Speci al attenad owelsleoultd elppead wdt irve age, a .
gested Pb negatively impacts mal el irnekprtood uc
lines in various aspects of semen quality,
uctural alionnggriwiteayheasedgimadphalbamor mal it i e
deoxyri bonu®INéidca ma gidc i mpact of Pb exposur e
pronouncPebd laesvelB Fhiesereddects becom@bmdreeeprsor
rise, with har mful i mpact Rg/olbbsewdE SDRy e 020 ; |
Kumar , 2018) .

n
n
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-«—Encephalopathy
--—Nephropathy
~-—Frank anemia

-—Colic

-s—Decreased hemoglobin synthesis

-=—|ncreased vitamin D metabolism
Increased risk of hypertension in adulthood

—-=—|ncreased nerve conduction velocity

-=—|ncreased level of erythrocyte protoporphyrin
-«—Decreased vitamin D metabolism
—*+—Decreased calcium homeostasis

-«—Developmental toxicity
Decreased 1Q level
Decreased hearing
Decreased growth
Impaired peripheral nerve function
Transplacental transfer

Fi gdatPb exposure has been |inkedhato ispepacf i ma,]j
organ systems anhBeltlhiemgerdf u&acBelolnisnger, 2006)
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1.3.2 Leadtoxi cokinetics

The Pb toxicokineticl i bperroacteisosn, i nacblsuodrepst i on,

accumul ation/retentienewi ahdnfonal by &brmsmi hasi on
body. Pb absorption differs between individuals
route of exposur e, particle size, et c. ( Mus hak,

respiratory aald wgratctroandesnl gy sm&Kkkerporbhgon th

Ber gahl , Y2015

I nhaled Pb de sition depends on tBewmparticle
deposited in th upper part of respiratory tract
burden | oad to the gaSkeoi&nBeedplt i,ngl0 1dbmsharl pptdi o n

particles ?2?measettdapoi 6ed within athsorad eec od fatrert r

p o
e

extracellular dissolution or ingestion by phagoc
rate of gastrointestinal absorption of ingested
fasting state, rCiata n idFtei opnrad gealaaceyl,s tdnfe physi coch
properties of the medium ingested (particle si:
i

ngested dose of Pb (ATSDR, 2020).
Absorbed Pb i s first di stributed to bl ood and

(ATSDR, 2020) .y A¥®roofxi Bt evli t hi n t he bl ood i s
erythrocytes. The reason | i A& Apm otf reanhieqtz yanfef i ni
fouinad all cell s, especWwabfybbeoptdhiPbcytsed.i nRreldy w
(Bergdahl & BJkeHdwe ndrpl e2We2] B e x Ee/eldh eagp UO®Hma
fraction( Bemrcg kalslesetPlt.yr MmdWe/r) in plasma is rapi
be distrmpluasemda ftroo soft and mi leondl absosbed Mbr e
i ncorporated i nuteos,t hbeo ncealacébcfoitiendt kteifsbsot 84 Pb body
of adul t%s odnd he3 body b8kdef&Bendght hi PAABIDR,

2020) . Based on calcification rates the majorit
trabecul ar bwhthowtdi hecumubdti on will occur in b
bone. tBpeBomd contain inert and | abile pools of
pool s store Pb over l onger perPowist, h | kalbodaek po
(Rabinowij$ker fRBenldghl , R O01TShere is a constant tur
skel eton -ceavlelnedi nhusnban physi ol ogi cal base | ine. )
from the skel et on oarsd Prbe &bhosfeiBeerdgghin d 0)g.@ hbo

il lustratesulkmdogtesmmtusofexposur e, bone remodel in
abou232 f trabeéulodr comdi T@l KbvamaesanROoabhmnme
circumstances such as pregnancy, |l actation, me
guantities of Pb can be triggrartdi ¢ wl drel y eil re atstee
mal nut(Sker 6&Bermdgghl , 5201Pb | evel seiwi bbnagei ATEBR,
2020) and there are assocHbhtli eShesl rsheBiernggné n bone Pb
2015

The highest concentrations of Pb in soft tissue
Rel atively small vol ume nofcoflpairs sfoounad iln vtelre obr
is of a high interest, palrg dcdauwml!| gralsy -litrhae dndv eoloap i

barrier to some extent and becomes unevenly dist
concentrations i ndaHiap paoncda mph S kod adisy Benldghlx u s  (

2015

Lead is eliminated from the body mostly via ur
extant i s excreted in saliva and sweat and is pr
mi ] kand(Skerg&Bendahl , Y2Dé&é&d toxicokinetics in hum
summari zed in Fig. 1.2
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EXPOSURE

TRABECULAR BONE BLOOD CELLS
/ \ SOFT TISSUES

URINE
CORTICAL BONE FECES

EXCRETION

Fi gule Lead toxMicsokalnepriesent ati dnaddff i Rld dir®tn
Bergdahl & Skerfving, 2020).

1321 Leadtoxicokinetics during pregnancy and lactation

During p,r etblrecamasbyem exposed to Pb released from
ort hrougdr eneast eedgraasit r oi Pbaelsd o mpatieon o prelgataend y
met abol i c c¢hanlgaftse.t allhiPsb neexapnoss ir ent gnfremsmut he

current exposure to external Pb during pregnar
Pb that the mother accumul a(B8dl behgee, aB@08ur
Dietary Pb and previously stored maternal b«
Ca in a competitive manner du@EGulosont setafdli.n,i
Tél-Rezo et .dlhe, f2@&4) onal absorption of Ca i
increasael wsd'weeheabh?d continues until the end
intestinal absorption is the primary maternal
growing fetus. By the middle of pregnawey, th
Ca bal(RymcnKokv acs KoZ@z®;, . ERODH)Ca is initially
maternal skeleton until fetal demand rises, I
bonesthe second part of pregnancy. Mat er nal b

as approxtomat et gaB80Ca is accret éosdacsAg20Dhd)
study of 105 healthwi wb malndBibad Meaxihdcab&icet7v Y e d
thatPbB |l evel s fsclalpeewedpaa t eér n ,duwiitnlgi dpetwednsd nyc
decrejfdsikmd vy due to hfeamtddrlsut saoh asgan gr owt
gl omerul ar filtrati(oBelrla2tOe®ammndd fPnbe neefarsoen g2dn
weeks of ges(RoOibenbuowgrdBhias .indO®d3e conti ni
(Kovacs, THG s6hma tbteeemrsi st entl y obser(vBedl liinn graurl,t
2005)al so in studi b wietvle |l so MpgRpad b mabeael gt 2 8|
2003; PHerctiott o e¢eto adlur, s2@@g) popul ati ons frot
Sl oveni a.

Researchers are particularlyiontefeldedriom i
tores during the s&8taddepameab birspontgogpeen arbaytei o ¢
regnant women and cord bIl% ood Ptbidnweef sthalwnc o ha t |
riginates from fatEDRMal@ubi2edger wttoQadsson2 @16l
9

S
Y
0
l19@7Tdemonst hategdgredominant mecH®é&ni aml st tnem
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i s not gasteaseptest,bonbl mabsorpkéebn redbdheption of
BPb | evels were generally Rdudo weivtehr jas giemmpnert tra rct
to note the smal/l sahMpk2) si Fat hinent ha slehsao fudB
dowing | ate pregnancy was more pronounced in old
hi story of Pb exposure and presumabllATSHhDR,her | ev
2020) Women who experienced significant Pb ex
codeired at ((hhBealhleirngaersk 2005)

1.3.3 Lead biomarkers atlow level of exposure
1331 Biomarkersof Pb exposure

13311  Peripheral venous whole blood Pb levels

Leane asurmedar iipnpher whovenbusod i s themawvolkdr cofmmon |
recent Pb exposure and Pb bbdymbexpgesur eAddahni d
determi ned using the meanA odi gnarfiiaclanbl pod t Pbn
understanding oBuhemandPbtexpssoci ateBbheal th e
measur e meCmoinss e qtPebntrleysul B s can be correlated wi!f
toxicol ogigcidsFbndgat mmaj or adv aPbb & g ena 0 Yperrosvoi tdhi enrg

a more comprehémesisoer aed ofBeelringhdo&rhnsakteir@dmnw i ng, 202

The relation®hi p evet weamdBPb exposur e, i nt ake,
but curvilinear :PbAti nlcowarselsewdleadi By with highe
el evated | evel s, t he curateurfataitdoriemaf n @b &iet s dium
erythrocytes. For biological moni toring of Pb e
particularly effective for( BlertgedcahlIng& | kwe rafnudi nngo,c
which are typical in the subjects included in th

Pb in blood exists in at | eabtféwofcampartmemo:t

fl ecantngexpeacsur e, and aamd htsateotrhek at dvd tf tto ab dimé f

anning year s to decades as |l ead i¥®bgraduall

ncentration is an indicator of both recent e

storismale d yep@Besr gaallr )& Bk eEviivd enrgc,e 2f02r t he ex

Pb between bone and soft tissue stores comes f
bone and blood (ATSDR, 20209i.g natsuruasy fcoumpd rtil
e Pb stores contri-B® ed ttc ea @Phbr dxni nba toeoldy. 4NOo t
l uded environmentally exposed population witt
e patients. TheRl Igewarleg2nGgé&}3 mebanhcbfi B i mporta
acknowl edge, as phar macoki negtSintst hd eep.e mmd . h e awi9
i ng @y.,.gafaomr ementi oned, the mobilization of b
SDR, 2020). Among individuals, blood composi't
vary slightly wi t h age, sex, BMI |, di et | a
physi odtogtiesaa,l suchwlen pplegsamacwol ume c%m i ncrease
or in cases of wvarious di s(eBaesregsd a(he. g& ,% kheyrpfevritnegn,
Kovacs, 30m6¢ Pb is primari-PpP beuprptisteheuvuVytdhi dey
nor malized by hemogl obiint coalceettratd owmno wnmt hfeomatiol
variability in cell/ plasma proportion. Unfortune
overl ooked in HBM studies (Santonen et al . | 2015
Whil e the invasive nature of bl oadke,s amml ibreg, t
seen as a drawback, it does offer the advantage
only the ar m, needl e, andMdadwer inregg dPh ol éwe lkse pitn c

oO~g~T—"—0C 0 ITO0®n =
®»YPC O TSSO HTOTO
< 0>

5 - -
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is highly accurate, thanks topadcapeedeanal gtr
(Bergdahl & SkeTrhfevimogs,t 2c0008jonly used are anod
at omibsorption spectrometry and inductively <co
MS)YX Ber gdahl & Sk ewiftvh ntghe 2l102tlt)er being the me
Pb |l evels in peripheral venous whole bl ood in

1.33.1.2 Mixed cord blood Pb levels

When studying,aidenthfrcetdoas a type of | ongi
perinat al exposure and follows up with the <ch
later in |ife, a very wuseful bi omarker in th
bi omar k esr brodafhl e¢chte exposure history of the mot
newborn infant. Cord blood offers the additio
sever adefwealeld and documented standard operat:i
peri pheomal WHowever, the volume of cord bl ood
collection often faces the significant <challe
during delivery, the -lpegiimargf ftoltasmo telgem hemhe «
coll ectiof Smmpdesisbldeo weh.enr n20MOY9d )bi rt h cohort
when collection is possible, mi xed cord bl ooc¢
bl ood, as obtaining the |l atter is extremely cl
that wusing mixed cmdambid otoidos esful arist emi ala and
samples coll ected fRHoorm ndetfaflesr elnitk en eRabb,0 rwhsi.c h @
in erythrocytes, this wvariation introduces ¢
concentrati on-acouilmetriyntgh reolceerheent s ( Trdin et al
201 RNepverthel ess,scCkR dinsomaarkead fPhe x poemrae awhi c
happens as Pb can rCeoardd |kgloopaads st rpd taicoemst aar e a
represent atscounr rachrptan® ¢ heX AGSDORe. 2020)

St ucixeasmitniengr ati o of matermhlalc ol oorde teah icon
acorrnealnaEsti mates otf & & tihedl o oncirt atbina,l bCaB® & d on
measurements at del i veviyne arna mpd-Rilrreaneddsgd ntgo 1
from 10 tATSDRup2@2Q is i mportant to note, tha
normalized by blood hemoglobin or hematocrit
relevant ratios. | AMS hweasserde $ oent end ats-Ble €limewnd IGH .0 f

13313  Urine Pblevels
I n bi omoni torriinnge sitsudit Be, maost frequently us

environment al or occupational exposure to pol
bi ol ogHciavle shladIldtts omoland afnradey,siandarlearrgeskvol u
obtained per individual . Spot collection is
particul arly for surveys requiring | arge s a
Further more, siarnepcl telsy ccaonl Ilbeectded by the .donor s
However, we have to be aware that due to unco

It can intradcceet@Vidi®nteBall5) .

Urine has been used to somePbxtamptohsluniesdh i a m¢
associat-e, wbuh Bhe wvariati onPbi sf rtBdo Wed ri gaeb | tyc
(Bergdahl & Bké&nmakwaing_20d02

Uri nBbyconcentrations respond more rapidly t
t hsoe i n Thhleoocedh.ocerding to WHOMa2m1lYy) refl ect s
absorption but may not ser vieerans eax proesluiraeb.l eN ebvi e
forPbU i s suggested to mostly reflect the filte
of -dawy vari @thi areenirnedluced by pooling repeate
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, FRORPher mor e, recent studsineoski hgvol vin
Il s reporte®bt-RWNt adjostaedi foopncteaBi nin
SG) appbeiaarmsartkoe rb ef oar uesxepfouslur e assessmen
as inddédlcagedcdryr dlhéeSabnhtsrtae e f. Elthceiaé n t 20
'ty -Pm for-emiidst ipnagr tBl'y due to challenges ir
ne, which in thetpasthewadReudundlelny depree disy
i ntake and muscle mass, s0o makes compariso
ful. Specific gravity is |less affected by d
t ment , t her efboer e moriet saupipteaabrise taol t ernati ve
onment aHoetx pesurad . |, 2016.,; Ishnajhke eheasils,
t ment was -Pdbp pcloinecde nttar atthegnd-Bleasured usin

T C O O O
c —Tco—“+tTcCc HhPo < T

O >Soo0omMm T~ = 5 X
cC o
nw - un -

DO OoOgZIoana Wy
— —

13.3.2 Biomarkers of effect at low level of exposure

A biomarker of ef fect is any biological cha
predict health i mpairment or the potential f
to a partincW@WNRQ, 91lwWb8Itnaer st anding the relationsh
of a substance and the resul tienfgf ebcitolroegliactail o nesfhfie
crucial for monit ovoifnfgethtj oePto gaRlr al | ef f et sag¢e of
t hfeirst critical tissues or organs to exhibit ef
peripheral nervous systems, kidneys, and I|liver.
the cardiovascular and reproductivehed sdfefmsct( AT
of Pb exposure is its impact on bone marrow wlt
i sruptions i n heme metabol i sm, including red
oncentrations of [ Btelr yadya h | n t&e r keedA fravtiensge,v a2 @ 2
rythrocyte protoporphyrin (EP) | evel is one of
mpaired heme biosynthesis. Ho vBePwe rl , ewEeHes de vel s ¢
5 /.ISi mil arly, ngémi maltd wd lthyndaodo gaéchi AdBeed e(y me
a been usedPbtapdsteemiame absorption, but t o
i mar-Rer¢coBcentrations mgdtL H & TISiDdRhcecrd0t2iignng 2 1 0
o a recent study, t-lhke fpors shobdai friedcrt e SALLAAIDd accft i B i
®g/ L (Huang ¢etbh alos,e 2®ZE®).s that cause measurab
forementioned critical ti ssues aaodc wpagtainen alr e
opulsat ieameci ally in (Ber geatell o e ddk®wbif ¥d ng, 2 (
bservation also appl
Numer osutsudi es showing
bld Gdlel ectively, the
children pr en a0l
e f
al

ies to the populations incl
decrements in neurologica
se studies support the conc«
YLexpioskrddites PpBoviding evi

ef f e dBOqug /alf.h @ & fects include reld@guced coghn
i ng, memory), tered mood and behavior (¢
ivity), and neuromotor -motdorsensbeyr acthiaonng
ity, hearing). Some studies al seo tsauggest
neur obehavior al and neuroanatomical cha
can i ntroduce bi as i n-Pbstlienwaelisn g and s ¢
avior al out comes, potentially weakening
ly when exposure | evels are | ow. Neur o

i nfl u es that may also correlate with Pb expc
(SES) -quHhilghty studies typically controaalndf or conf
I Q, SES, and parent al care (HOME score), while
abumaeternal stress conpdrietnaotnasl (aclocrahiocslo | e xl peovsed rse),,
tobacco smokeALAQEemiot iypr, ( AABEDX>R,de2sq 2rp)o.r t ant t o

- — 0 — — = =35

CcC O Wnw XT O —

S i
ri
ng
rs
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i al
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note that blood |l ead | evels do not directly ¢
nor with the biologically active forms of Pb

1333 Biomarkers of susceptibility atlow level of exposure

't i seataeldsheerimdi vi dual dipvoetresnttiyallEdny steoxsi
iI's sigminfdi cgeemte,t i adi (f ebepémay) an I mpGenamitc r ol
vari addmnlsead to didtf eeaemd Irewglonesdfsfeexptoisrug eb
t oxi ciokd nend toxxifcotdegs@ot ve&d,wamwtlalryi at iaofnfse entay

t he u,pdtiaskter i but i on,r eda e catnidodnsae: i atoexdi ¢ oeff fRIEt s
(Sker fa&vBerngghl , 52Mdr e povterer f act arcg,uiirredl dalscrigr s
nutrition, medi cat welpdhyamsaol oigsleiap eecghnaanngcayn

al so ismpaetp( B5hkai.t y2000)

Genetic susceasptbti biftieny stadiT Ednathuroaulglhy taohcec ur
DNA sequence varwhecomdihapleipoahati cen®, hauomamnr i b
variability. When a genetic varm aotri ombaroecc ur s
popul at aobj tiemmyed a podtymemrwihs & ma SAmountga tviaorni o u
types of polymorphisms, osachdaplicopyi aonmpbeantd

most common is the single nucleotide polymorp
single nucleotide that occurs approxBrmaherlg e
& Pawl &s, The2efor e, genest caar ixorss Kmowln fds
allele that appears most frequently in the po
while its alternate form is termed the minor o
alleles, known fase qtuheen cnyi (oMAFal,| eclaen vary signi
popul dtRietdsmmbar do & Pet eStsuedny,-e n2glilgle)n me nt i nter .
is challenging due to the diffkzesltyJywbdbnkept ai
to consider are the prevalence of the SNPs in
modi fication. SNPs with high MAF are |l ess |ik

more statistical power (dkueel adoa tehteiarl .h,i ghCelOr3 )f r
SNPs can have odi vgeernsee feufnfcetcitoshe ppenrdd i pnhge noort ytph

|l ocation wiHblwiewea,geméy a small panti ehfett SN
the phenotypes, while the m3jhemi tilyoclaaed | int tc
regions, they may alter aminoodtcthd sequensesa

promoter(gaeanti wixtpy § adit@em nlag v mies s dger nrgi, bonucl
(mMRNRAconf or nsattaibpinldatd trans!| dRdoeratl & cPG®RIVE etyi er
Kel ada et. aMa.ny PYehIFEt)s contain multiple SNPs, w

and inherited together ¢é&an kpewnhnfas hapl ebypd
phenomenon <called |Iinkage diseqgquainldiobnrilumk@ig®p)
genetic variants that arn&Relambartded&tBgeéhsen
Therefor e, the association of a single SNP wi
causation, as it could be |inked to another v

causativerobetor et). all. nveOildating hdpt et ype:
gemgenes chosen for study due to their known ¢
pat hway ocadi ekftaer provide more insight than
(Kelada etBeadides2008pl otypes derived from an
valuabl e t«aé¢i@dmhibn enna lwiocnhs talgesod sesnt i al combined

of different SNPs regampalres < ud fadrsliepesiiemt dldiGsn eH o v

approach can someti mes identify <connections
relevance. I f these combinations are further
coincidental findings, they ktoudfd ses veptaisb imlo

exposure than single SNPs al one.
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Numer ous SNPs may alter AdAdacnedp tV iHDi d méteye pttaorPb w
(VDR SNPs beimrexttemesiwvad te d. Less dathersSBHRsajl ab
such as Atphoopsreoti®® @QE,E n(et al | ot,hd mancehH rno ngaetnoessi s g e n e
Dopamine recept ort rDadn,s fGlruatsaet hmuo nle Gy d ptcihd e mer an s p
P4t @ATSDR, MNaORi0O;et .al ., 2019)

13331 ALAD

ALAWas one of the firstr oglesnwesso @ ptviebsitliigtayt etdo fRx p
and remai nsst utdhiee dnotst Pbl akpoeure. The initial di s
i n-PB | evel s rAellAag emrdottyopet hwveas made (nZeiaernisye ndb5etyear

al . ,) AbBB s a gene tWMatAR@edem,t hwhi ch iis also Kk

porphobilinogen synthase (PBGS), a multimer met a

bi osynt het i avZmpbditrhdvanyg si t es es qeamtfif elWhf2ddr20i)t s ac

Pb binds to the enzyme it inhibits it by displ

S i ificantly thhigheenaymeée ni PASLA AN ,i mpaokrit nagn t Pb

bi ing enzyme and primary binding |igand in ery
Psf AlbhADene can influence the BLADIrng affin

i

I r ts expression,B-Pbhaongesent nba tolmevnasa mamd te dfb
i in tmay bobpeseul mast studied variant is the L
r 8000435), with tael ADNO hal LgbesgfarAhehigedntdo
sn variraenstul tANADLIAL ADRRean AL AB2genot Xbebough
husubstitution does nmeetrh eocltZecmud i nagn yswihtee e wher e P
resumably binds, it effects ,enlziyknetlhya bdiigehi ty al
tructursal nSchahge is a nedtkw$ iami posiatcidelay ch:
ubstitution results in a more electronegative
ALADmay bind the positively chAbADedpoPlnmoalkl y i
i mmobiltzimgapthavascullairmi g aaeid itflicayb dti Besmues
(Broberg &2Pawlas, 202

Findingbon eBel sALPADtammedeinADcarri ers ar e Somewtl
i nconsistent, dependiAtg hang htehre eexxppoossuurree |leevved Iss .r
coherent withALVADI i aktedatl lkPeblhel gghveprb siBnidbilcyat i ng a
protectbyel irmiomiinmg effects(BarpddheBEkaen Bsiureg, 202
Broberg & PBawledesa,d2aA2, ATSDR), ROROVETr, at | ower e X
l evel s, results havei test Udiiad yr éd marotnisn gtremtef f
| oweRb Bl ¢ wel ADc ar r(iSetrasj nko et al ., 2,6ke@er fvVasmi n e
& Berdgghl , 5201

The vast maj ority of studi esurtenaandcayves demptkieldi
bi omar ker s haAleABNBear hlmevek v er mostsobhy hem foc
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Chapter 2

Aims and Hypotheses

2.1 Specific Aims
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Chapter 3

Publications
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3.1 Article 1. ALAD and APOE Polymorphisms are
Associated with Lead and Mercury Levels in ltalian
Pregnant Women and Their Newborns with A dequate
N utritional Status of Zincand Selenium

The paper is authored by NezZza Palir, Anj a Stajn
Al enka Sesek Brigki gl AtenkWal Enanoa Rosol en, Mar
Giordani , Fabi o Barbone, Mi |l ena Horvat, l ngrid F
Environment al Research.
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though mostly at high exposure |l ekheVve. bdén | owe
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mat er nal and corcad mplao @dc drgr, inedomep losh ¢ i ve associ at.
of t he 6Ratl éweint@BPb | evel s i rncomepvalrcerdo at goi Anédens
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ARTICLE INFO ABSTRACT

Keywards: The impacts of single-nucleotide polymorphisms (SNPs) in ALAD and VDR genes on Pb health effects and/or

Lead kinetics are inconclusive at low exposure levels, while studies including APOE SNPs are rare. In this study, we

ALAD) examined the associations of ALAD, VDR and APOE SNPs with exposure biomarkers of Pb and other trace ele-

%gE ments (TEs) in Italian pregnant women (N = 873, aged 18-44 years) and their newboms (N = 619) with low-

G ‘o level mixed-element exposure through diet, the environment or endogenously. DNA from maternal peripheral
ene polymorphism i = -

Pregnancy venous blood (mB), sampled during the second and third trimesters, was genotyped for ALAD (rs1800435,

151805313, 151139488, 1s818708), VDR (152228570, 151544410, 157975232, 1s731236) and APOE (15429358,
1s7421) using TagMan SNP assays. Personal and lifestyle data and TE levels (mB, maternal plasma, hair and
mixed umbilical cord blood [CB]) from the PHIME project were used. Multiple linear regression models, con-
trolling for confounding variables, were performed to test the associations between SNPs and TEs. The geometric
means of mB-Pb, mB-Hg, mB-As and mB-Cd (11.0 ng/g, 2.16 ng/g, 1.38 ng/g and 0.31 ng/g respectively)
indicated low exposure levels, whereas maternal plasma Zn and Se (0.72 pg/mL and 78.6 ng/g, respectively)
indicated adequate micronutritional status. Variant alleles of ALAD rs1800435 and 151805313 were negatively
associated with mB-Pb levels, whereas a positive association was observed for rs1139488. None of the VDR SNPs
or their haplotypes had any association with Pb levels. Regarding APOE, the ¢4 allele was associated with lower
mB-Hg and CB-Hg, while a positive association was found with the €2 allele and CB-Pb when the model included
only newborn girls. The observed associations indicate possible modification effects of ALAD and APOE SNPs on
Pb or Hg kinetics in women and their newborns with low exposure to non-essential TEs, as well as an adequate
nutritional status of Zn and Se.

1. Introduction

It is well known that genetic variability within or between pop-
ulations may play a role in susceptibility and adaptability to metal(loid)
toxicity, as genetic background can influence the uptake, accumulation,
distribution and retention of a toxicant within the body, as well as any
potential toxic effects (Skerfving and Bergdahl, 2015). These gene-
—environment interactions are especially important for vulnerable

* Corresponding author.
E-mail address: ingrid. falnoga@ijs.si (1. Falnoga).

https://doi.org/10.1016/j.envres.2023.115226

populations, including pregnant women, because metal(loid)s, such as
lead (Pb), mercury (Hg), arsenic (As) and cadmium (Cd), can be
particularly damaging they can affect not only the mother but also her
unborn child. For pregnant women, Pb is especially challenging, as
studies suggest that a lifelong accumulation of Pb in the bones can be
triggered to release in blood during pregnancy (particularly during the
second half of gestation) and passed through the placenta, which may
result in cumulative prenatal Pb exposure (Skeifving and Bergdahl,
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2015; ATSDR, 2020). Genetic variability in the aminolevulinate dehy-
dratase (ALAD), vitamin D receptor (VDR) and apolipoprotein E (APOE)
genes has been previously reported to affect Pb toxic effects and/or ki-
netics (Broberg et al, 2015; Ding et al, 2016; Mani et al, 2019).
Furthermore, ALAD and VDR single-nucleotide polymorphisms (SNPs)
are both well-established susceptibility biomarkers for Pb toxicity at
higher levels of exposure yet with controversial results when exposure
levels are low (Broberg et al, 2015; Mani et al., 2019; ATSDR, 2020).
Moreover, studies conducted on pregnant populations subjected to low
environmental exposure are very scarce.

ALAD is a gene that codes the ALAD enzyme. The latter is also known
as porphobilinogen synthase (PBGS), a multimer metalloenzyme that is
involved in the haem biosynthetic pathway and contains zinc (Zn)-
binding sites essential for its activity (Jaffe, 2020). Compared to Zn, Pb
has a significantly higher affinity for this enzyme, making ALAD an
important Pb-binding enzyme; when Pb binds to the enzyme, it inhibits
it by displacing Zn from its active site (Sketfving and Bergdahl, 2015;
ATSDR, 2020). As polymorphisms of the ALAD gene can influence the
binding affinity of Pb towards ALAD or alter its expression, changes in
the amount of bioavailable Pb within the body, as well as the severity of
its effects, may result. Several studies have been carried out to assess the
influence of ALAD polymorphisms on blood Pb levels, but the majority
have been conducted on only one, namely, rs1800435 (also known as
ALAD1 for the common allele and ALAD2 for the variant). At higher
exposure levels the variant allele ALAD2 is associated with higher blood
and bone Pb levels representing protective role against toxic effects in
other tissues (Kelada et al.,, 2001; Broberg et al, 2015; Skerfving and
Bergdahl, 2015; ATSDR, 2020), however at low exposure levels ALAD2
was as well found associated with lower blood Pb levels (Tasmin et al,,
2015; Stajnko et al, 2020). Recently, other characterised SNPs that
could potentially influence Pb concentrations have been identified,
including rs1805313, rs1139488 and rs818708 (Szymaiiska-Chabowska
et al, 2015; Warrington et al., 2015; Li et al,, 2017; Stajnko etal., 2020).
However, their functional significance is less clear at lower as well as at
higher Pb exposure levels. The variant alleles of rs1805313 and
rs818708 may lower ALAD expression levels, the first in blood and liver
cells (Warrington et al., 2015) and the second through miRNA (Li et al.,
2.017). Moreover, variant allele of 1s1805313 was associated with lower
blood Pb levels in general populations (Warrington et al, 2015; Stajnko
et al, 2020). It should also be noted that Pb is not the only element that
can substitute Zn within the binding site of the ALAD enzyme. Hg, Cd,
As, tin (Sn) and selenium (Se) show similar characteristics, although
they have lower affinities and various effects (Bernard and Lauwerys,
1987; Rocha et al., 2012; Braga et al., 2012). Therefore, at low exposure
levels, assessing the associations of ALAD polymorphisms with a wider
set of trace elements (TEs) is important (Baierle et al, 2014).

Vitamin D is a crucial compound in the human body, as itis involved
in various biological processes. One notable interaction includes its
binding to VDR, which then promotes the expression of various calcium
(Ca)-binding proteins. Consequently, VDR plays a significant role in
maintaining Ca homeostasis (O nalaja and Claudio, 2000; da Silva Lopes
and Abe, 2021). As Pb has similar physico-chemical properties as Ca, it
has the ability to bind to the same binding proteins. This results in high
Pb concentrations within calcifying tissues, particularly in cases with
high Pb exposure and/or nutritional Ca deficiency (Mani et al., 2019).
Furthermore, when Ca resources are scarce, the synthesis of Ca-binding
proteins is increased, which can modify Pbkinetics (Broberg et al, 2015;
Onalajaand Claudio, 2000). Therefore, besides vitamin D and Ca dietary
intake, the genetic differences influencing Ca absorption and excretion
(da Silva Lopes and Abe, 202.1), such as VDR polymorphisms, may affect
Pb levels. Concerning the VDR gene, multiple SNPs have been identified,
such as FokI (rs2228570), BsmlI (rs1544410), Apal (rs7975232) and Tagl
(rs731236). Some studies have demonstrated the influence of the Fokl
and Bsml variant alleles on lower VDR expression and consequently on
diminished Ca absorption, bone mineral density and blood Pb levels
(ATSDR 2020; Broberg et al, 2015; Mani et al.,, 2019). However, the
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effects of Bsml, Apal and Tagl polymorphisms on the toxicokinetics of Pb
studied at lower exposure levels gave inconsistent results (Broberg et al,
2015).

ApoE is a multifunctional glycosylated lipid-binding protein that
plays a crucial role in lipid metabolism and as a signalling molecule
(Getz and Reardon, 2009), depending on the location of apoE protein
synthesis. It occurs in three distinct protein isoforms (apoE2, apoE3 and
apoE4) encoded by alleles ¢2, ¢3 and ¢4, respectively. Protein isoforms
differ from one another by single Cys-Arg interchanges at residues 112
and 158, with E2 harbouring Cys at both sites, E3 having Cys-112 and
Arg-158, and E4 having Arg at both sites. These structural differences
are related to presumably different impacts on lipid-binding, recep-
tor-binding, antioxidative and metal-binding characteristics (Lgert
et al,, 2012; Kara et al, 2017; Mahley, 1988; Miyata and Smith, 1996;
Tudorache et al., 2017; Baietle et al, 2014). Consequently, these poly-
morphisms can have varying influences on human health across
different life stages and conditions, making apoE4 an example of
antagonistic pleiotropy in Westemn-style living populations. For apoE4,
itis believed to be associated with better innate immune function (Vitek
et al., 2009), higher levels of vitamin D (Huebbe et al, 2011; Soares
et al, 2021) and Ca (Huebbe et al,, 2011), higher progesterone levels
and higher fertility in women of childbearing age (Jasienska et al,
2015). However, among the elderly population, carriers of ¢4 alleles
were associated with a higher risk of developing cardiovascular events
and neurodegenerative diseases, such as late-onset sporadic Alzheimer’s
disease (Egert et al., 2012; Kara et al, 2017; Tudorache et al., 2017).
ApoE2 was suggested to be a protective factor for these diseases, a risk
factor for type III hyperlipoproteinemia and also as potential risk factor
for a high bone turnover (Tudorache et al,, 2017; Dieckmann et al,
2013). The potential direct or indirect influence of ApoE isoforms on TE
kinetics, sometimes in combination with specific health endpoints, has
been observed in various vulnerable population groups, including
pregnant women (Tidin et al, 2020), their newborns (Wright et al,
2003; Ng et al,, 2013, 2015; Snoj Tratnik et al., 2017; Trdin et al., 2020)
and cardiovascular patients (Ding et al., 2016).

In the present study, our main aim was to assess the influence of four
ALAD, four VDR and two APOE SNPs on the biomarkers of Pb exposure
in Italian pregnant women and their newborns (from the coastal prov-
ince of Trieste) who participated in the Public Health Impact of Long-
Term, Low-Level Mixed Element Exposure in Susceptibility Population
Strata (PHIME) study (Valent et al.,, 2013a). Possible associations with
other TEs, particularly Hg because of expected seafood consumption,
were also tested. The research is an extension of our previous work
(Trdin et al., 2020), where the influence of APOE polymorphisms on TEs
was tested on a much smaller population (Croatian PHIME cohort) with
the different microelement nutritional status compared to present Ital-
ian population.

2. Material and methods
2.1. Study population and sampling

During the period 2006-2009, pregnant women were recruited in
Italy, Slovenia, Croatia and Greece as part of the PHIME project, which
was originally designed to assess exposure to various metals, with a
primary interest in seafood consumption and potential Hg exposure. In
Italy, the project was approved by the Ethics Committees of the Uni-
versity of Udine and the Institute for Maternal and Child Health, IRCCS
Burlo Garofolo in Treste (CE/V-70-05/02/2007; CE/V-109-12/04/
2010) and conducted in accordance with the Declaration of Helsinki.
Signed informed consent was obtained from each participant. For the
present study, archived maternal peripheral venous blood (mB) samples
(N = 873) recruited in the province of Trieste, Italy, between April 2007
and March 2009 were utilised for DNA isolations and genotyping.
Additionally, we used questionnaire data and TE concentrations for
samples of mB, maternal plasma (mP), maternal hair (mH) and mixed
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umbilical cord blood (CB) of their newbomns (N = 619). The PHIME
project has been described in detail elsewhere, including the recruit-
ment process, exclusion criteria and detailed protocol (Valent et al,
2013a, 2013b; Miklaveic et al., 2013). In brief, pregnant women were
enrolled in the study during their second trimester at the Institute for
Maternal and Child Health, IRCCS ‘Burlo Garofolo’. During recruitment,
they gave their informed consent, filled out a short questionnaire and
donated a hair sample cut close to the scalp. A blood sample was
collected during weeks 20-22, whenever possible. Because of time
constraints or other personal reasons, the final time sampling window
was wider. The majority (78%) of the pregnant women were sampled for
peripheral venous blood during their second trimester (75% between 20
and 21 weeks of gestation, 1% between 18 and 19 weeks, and 2% be-
tween 22 and 26 weeks), while 22% gave blood during their third
trimester (19% between 31 and 32 weeks of gestation, 2% between 27
and 30 weeks, and 1% between 33 and 36 weeks). Trained research
personnel collected mixed CB during delivery. Both were collected in
Vacutainer Blue Cup NaH tubes, which were specific for the determi-
nation of TEs.

Questionnaires were designed to collect personal details. A brief
questionnaire was first completed during pregnancy at enrolment, and
then along questionnaire was given to the participants to be completed
independently during the first few weeks following birth. Parity was
characterised as the number of pregnancies the women had prior to the
current pregnancy, which had surpassed 24 weeks of gestation. Esti-
mation gestation week (EGW) at blood sampling and estimation gesta-
tion age (EGA) at delivery were estimated by menstrual history. The
frequency of daily seafood intake was estimated from questions deter-
mining how often the participants consumed 150 g of different seafood
(never, <1 x /month, 1-3 x /month, 1 x /week, 2-4 x /week, 5-6 x
/week, 1 x /day, 2-3 x /day or > 3 x /day) (Miklavcic et al., 2013;
Valent et al,, 2013a).

2.2. Determination of trace elements

TE measurements in mB, CB and mH were performed at the Jozef
Stefan Institute, Ljubljana, Slovenia, and in mP at the University Medical
Centre Ljubljana, Institute of Clinical Chemistry and Biochemistry,
Ljubljana, Slovenia.

Hg levels in mH (N = 867), mB (N = 872) and CB (N = 616), were
determined with atomic absorption spectrometry using a direct mercury
analyser (Milestone, USA) following thermal combustion (650 °C) and
amalgamation (Miklavcic et al, 2013). The limit of detection (LOD),
calculated at three times the standard deviation (SD) of blank samples,
was determined as 0.02 ng/g when measuring Hg in blood and 0.2 ng/g
when measuring Hg in hair.

To determine Pb, Cd, As, Se, Zn, Cu and Mn concentrations in mB (N
= 824) and CB (N = 577), the biological samples were prepared ac-
cording to the method described by Barany et al. (1997) and Jagodic
et al. (2017). Briefly, the samples were diluted 10 times with alkaline
solution containing Triton X-100 and disodium ethylenediaminetetra-
acetic acid (EDTA) and then analysed with inductively coupled plasma
mass spectrometry (ICP MS) (7500ce, Agilent, Tokyo, Japan), equipped
with an octopole reaction system (ORS). The LODs were 1.30, 0.12,
0.13, 5.00, 20.0, 11.0 and 2.00 ng/g for Pb, Cd, As, Se, Zn, Cu and Mn,
respectively, in mB and CB.

Zeeman electrothermal atomic absorption spectroscopy (ET-AAS)
(Varian SpektrAA-800 ETAA spectrometer) was used to measure Se
concentration in mP (N = 841) (Kobal et al., 2004), while flame AAS
(Varian SpekrtAA-250 Plus FAAS) was used to measure Zn concentration
in mP (N = 838) (Tsalov and Zaprianov, 1983).

For all measurements, strict quality control procedures were fol-
lowed. On a daily basis, blank samples, control samples and reference
materials were measured together with the samples.
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2.3. SNP genotyping for ALAD, VDR and APOE

Following the manufacturer’s instructions, DNA was extracted from
0.5 mL of mB (N = 873) using the FlexiGene® DNA kit (Qiagen, Hilden,
Germany). The quantity and quality of the isolated DNA were deter-
mined with an ultraviolet-visible (UV-VIS) spectrophotometer Nano-
Drop 2000c¢ (Thermo Fisher Scientific, USA). Until genotyping, genomic
DNA was stored at —80 °C.

SNP genotyping for ALAD (rs1800435, rs1805313, rs1139488 and
rs818708), VDR (152228570, 151544410, 15795232 and 1s731236) and
APOE (157412 and rs429358) was performed using pre-designed Taq-
Man SNP Genotyping Assays (Applied Biosystems, USA). Polymerase
chain reaction (PCR) was performed in reaction volumes of 5 pL, which
contained 2.5 pL of FastStart Essential DNA Probes Master (Roche,
Germany), 1.875 pL of ultrapure nuclease-free water (Life Technologies,
USA), 0.125 pL of 44X TagMan probe/primer mix and 0.5 pL of genomic
DNA. The PCR thermal cycling conditions were as follows: one cycle of
pre-PCR (50 °C, 2 min), one cycle of activation step (95 °C, 10 min), 50
cycles of annealing and amplification (95 °C, 15 s following 61 °C, 1
min) and one cycle of post-PCR (40 °C, 30 s). For amplification and
fluorescence detection, LightCycler® 480 Instrument II and Light-
Cycler480® version 1.5.1 (Roche, Germany) were used. Approximately
10% of the randomly selected samples were repeated as controls within
each SNP genotyping. Basic SNP characteristics are given in Table 1.

2.4. Statistics

2.4.1. Population data

Descriptive statistics were used to assess the study cohort’s charac-
teristics obtained from the questionnaires (mothers’ age, pre-pregnancy
body mass index [BMI], parity, education, daily seafood intake, smoking
habits, EGW at venous blood sampling, country of birth, employment,
marital status, home size, alcohol consumption, intake of supplements,
number of amalgam fillings, number of miscarriages, newborn EGA at
delivery, newborn sex, length, and weight, and type of delivery) and
were expressed in terms of arithmetic means (AM), along with standard
deviation (SD) and minimum and maximum values for continuous var-
iables, and in terms of frequency and percentage distribution for cate-
gorical variables. The distribution of TEs in different samples was
presented with box plots including the median, 25th and 75th percen-
tiles, and outliers, as well as in a table with the AM, SD, range, geometric
mean (GM) and 95% confidence interval (CI). When the determined TE
values were under the LOD, they were substituted with LOD/2.

2.4.2. Gene SNPs

The frequency of each genotype was presented in the form of a
number and a percentage, and it was tested with Pearson’s chi squared
test for deviation from the Hardy-Weinberg equilibrium (HWE) (p >
0.05). Linkage disequilibrium (LD) and the construction of haplotypes
between four ALAD SNPs and between four VDR SNPs were analysed
using Haploview (version 4.2, Day Lab at the Broad Institute, Cam-
bridge, USA) (Broad Institute 2018, Accessed January 25, 2022).

2.4.3. Comparisons between TEs and gene SNPs

A comparison of TE levels between carriers and non-carriers of SNP
variant alleles, their combination and haplotypes was performed using
the Mann-Whitney U test and between genotypes using the Kruskal-
Wallis test.

2.4.4. Multiple linear regression models

The associations between TE concentrations and gene SNPs were
estimated using multiple linear regression models, adjusting for
different explanatory variables; all applicable TEs (Pb, Hg, Zn, Se, Cu
and Mn for mB; Zn and Se for mP; Hg for mH; Pb, Hg, Zn and Mn for CB)
were tested for ALAD and APOE SNPs, and only Pb in the case of VDR
SNPs. Several available variables were preliminarily added to the
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Table 1
The SNPs studied and their basic characteristics.
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GENE SNP ID Alternative Name Chr/Location Nucleotide Change Amino Acid Change TagMan Assay ID
ALAD 151800435" ALAD1/2, Mspl 9/exon C>G Lys > Asn C_11495146_10
151805313 9/intron A>G C_11495186_1_
151139488 Rsal 9/exon A>G Tyr > Ter €_3045785.10
1818708 9/intron G=>A C_163215520
VDR 152228570 (aka 1s10735810) Fokl 12/exon A > G (F>f) Thr > Met C_12060045_20
151544410 Bsml 12/intron C>T(B>b) C_871606220
157975232 Apal 12/intron C>A(A>a) C_28977635_10
15731236 Tagl 12/exon A > G(T>t) e > Hle €C_240400810
APOE 157412 19/exon C>T Arg > Cys C€_904973_10
15429358 19/exon T>C Cys > Arg C_308479320

Chr — chromosome.

# In the literature the variant allele (ALAD2) is commonly refeired as C allele. However, SNP alleles could be reported regarding the choice of DNA strand (Nelson

etal, 2012). In the present study, ALAD2 is given as G allele accordingly to dbSNP, NCBI (NCBI, 2022).

models, including adjustment for accompanying essential and co-
exposure TEs. The final selected variables were chosen based on the
obtained preliminary modelling results, data quality, known physio-
logical processes during pregnancy, literature data (Bocea et al, 2020;
Liang et al., 2019; Liang et al., 2019) and avoidance of possible collin-
earity. The mB-Zn or CB-Zn level was included in the model as a rough
substitution for missing haemoglobin and iron values (Gibson et al,
2008; Houghton et al., 2016). All TEs were log (In) transformed to
approximate a normal distribution.

The associations between each gene SNP and the concentration of
each applicable TE in maternal blood were tested in separate models,
adjusted for the mother's age, pre-pregnancy BMI, parity (parous/
nulliparous), education (high school or lower/university or higher),
EGW, seafood frequency intake, smoking (yes/no), mB-Zn levels and
newborn sex (gitls/boys) (Model 1a). To exclude the influence of sam-
pling during two time points in pregnancy (second and third trimesters),
which can have a significant impact on TE levels because of physio-
logical changes in the progression of pregnancy (llertz Picciotto et al,
2.000; ATSDR, 2020), similar multiple linear regressions were performed
by including only pregnant women sampled during their second
trimester (Model 1b).

The effect of each gene SNP on the concentration of each applicable
TE in CB was investigated after controlling for the mother’s age, pre-
pregnancy BMI, parity (parous/nulliparous), education (high school or
lower/university or higher), seafood frequency intake, smoking (yes/
no), mixed CB-Zn levels and newborn sex (girl/boy), length, weight and
EGA (Model 2a). To exclude the possible influence of sex, the associa-
tions were tested separately for boys (Models 2b) and girls (Model 2c).

Multiple regression models were performed for allele and genotype
categorisations (stratifications) for all ALAD, VDR and APOE SNPs,
except for the ALAD rs1800435 polymorphism, in which only allele
categories were applied because of an insufficient number of partici-
pants with the ALAD2/2 genotype. For APOE categories, the genotype
€2/¢4 was excluded, as its function can resemble that of ¢3/¢3. Because
of the low number, the homozygous ¢2 and ¢4 genotypes were combined
with the heterozygous ¢2/¢3 and ¢3/c4 genotypes, respectively.

In cases in which only the dependent/response variable (TE) was log
transformed, the confounding variables’ estimation coefficients (b) were
exponentiated (exp(b)) for easier interpretation. The subtraction of exp
(b) from 1 and its multiplication with 100 result in a percentage change
in the TE level for a one-unit change in the independent/explanatory
variable. When both the dependent and explanatory variables were log
transformed, the estimation coefficient (b) displayed can be interpreted
as the percentage of change in the dependent variable for every 1%
increase in the independent variable (Kelada et al., 2019). The possible
multicollinearity of the independent variables was tested using the
variance inflation factor.

Models 1a and 1b were also performed on the concentrations of TEs
measured in maternal hair and plasma.

All statistical analyses were performed using STATA12/SE (and/or
R) statistical software, while OriginPro®version 2020b software (Ori-
ginLab Corporation, USA) was used for visualising the results. The level
of statistical significance (p-value) was set to < 0.05, and the level of
marginal significance was set to > 0.05and < 0.1.

3. Results
3.1. Study population

All the general characteristics of the study population are presented
in Table 2. The average age of the women at recruitment was 32.7 years,
and the majority of them were born in Italy (92.6%). The majority did
not smoke during pregnancy (88.9%), and, on average, they consumed
0.35 portions of seafood per day. The majority were employed (84.6%)
and were married or living together with a partner (90.0%). 57.7% were
nulliparous, which meant that their current pregnancy was their first
beyond 24 weeks of gestation. 33.8% were primiparous, and the
remainder were multiparous. None of the women were grand multipara (n
> 5) with increased risks of any obstetric complication, neonatal
morbidity or perinatal death. On average, the women gave birth on
week 39.4 + 1.4 of their pregnancy (N = 743), with 2.56% of the births
being pre-term, 97.3% being full term and no pregnancies being
overdue.

3.2. TE levels

Fig. 1 presents the distribution of TEs (Pb, Hg, Cd, As, Se, Zn, Cu and
Mn) in the samples of mB, mP, mH and CB in the form of box plots; a
table including AMs, SDs, ranges, GMs and 95% Cls and number of
samples can be found in the supplementary data (Table A1). Table Ala
presents the data for all maternal samples, stratified by sampling time
(second vs third trimesters), while Table A1b presents the CB data for all
newbormns, stratified by gender. In general, the concentrations of
potentially toxic non-essential TEs (Pb, Hg, Cd and As) were low.

The GMs (95% CI) for Pb in mB and CB were 11.0 ng/g (10.7-11.3
ng/g) and 10.4 ng/g (10.0-10.9 ng/g), respectively. Only two women
exceeded the recommended mB-Pb value for pregnant women, which
was set at 50 ng/mL (CDCCenters for Disease Control and Prevention,
2010; Tayloret al,, 2014), while 8% had a value greater than 20 ng/mL,
which was recently discussed as a possible new recommendation value
(ATSDR, 2020) because of the unknown threshold of subclinical toxicity
for Pb.

The GMs (95% CI) for Hg in mB and CB were 2.16 ng/g (2.04-2.30
ng/g) and 3.88 ng/g (3.62-4.16 ng/g), respectively. Ten percent of the
women exceeded the EPA’s recommended mB-Hg level for the
maximum oral reference dose (0.1 pg/kg per day), which is at 5.8 ng/mL
(Taylor et al,, 2014). Hg was mostly present in the form of methyl Hg
(MeHg), as reported by Millavcic et al. (2013), according to a speciation
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Table 2
General characteristics of the participants.
Participants AM =+ SD % N
(min-max)
MOTHERS (m) 873
mAge (years) 327 +4.6 873
(18-44)
mPre-pregnancy BMI (kg/m?) 225+0.1 100 873
(15.6-46.7)
Underweight (<18.5) 7.67 67
Normal (18.5 - < 25) 723 631
Overweigh (25 - < 30) 14.5 127
Obesity (30 - < 40) 5.27 46
Severe obesity (>40) 0.2 2
mParity 100 872
0 577 503
1 338 295
2 6.77 59
3 1.15 10
4 0.34 3
mEducation 100 764
Elem. or high school/University or higher 65.7/34.3 502/262
mYears of education 100 873
<5 0 0
5 0.23 2
6-8 7.90 69
9-13 468 409
14-19 38.3 334
20+ 6.76 59
mSeafood intake (150 g portion/day) 0.35 +£0.25 762
(0-1.57)
mSmoking during pregnancy 100 873
Yes/No 11.1/88.9 97/776
mNumber of cig: /day during preg y 100 873
0-<5 922 805
5-<10 4.81 42
10-20 2.98 26
mEGW (weeks) 100 871
2nd trimester (14-26)/3rd trimester (27-40) 20.6 +0.6 /31 + 1.1 78.0/22.0 679/192
(18-26)/(27-36)
mCountry of birth 100 869
Ttaly/Other 92.6/7.36 805/64
mEmployment 100 733
Yes/No 84.6/15.4 620/113
mMarital status 100 737
Married or living together/Single or separated 90.0/10.0 663/74
mHome size 100 735
<50 m* 6.94 51
50-100 m” 68.6 504
> 100 m* 245 180
mAlcohol consumption during pregnancy (drinks per week) 100 870
<4/>4 96.0/4.02 835/35
mSupplements intake 100 873
Yes/No 70.3/29.7 614/259
mNumber of amalgam fillings 100 582
-3 205 119
3-5 32.0 186
6-9 325 189
>9 151 88
mNumber of miscarriages 100 873
0 809 706
1 156 136
2 2.63 23
3+ 0.92 8
NEWBORNS (c) 619
cEGA (weeks) 395+14 100 557
(30-42)
Pre-term (<37) 1.97 11
Boys/Gitls 1.26/0.72 7/4
Full term (37-42) 98.0 546
Boys/Gitls 51.5/46.5 287/259
Post-term (> 42) 0 0
cSex 100 571
Boys/Girls 52.3/47.6 299/272
cLength (cm) 50.1 +2.1 567
(30-42)
Boys 50.4 £2.2 296

(continued on next page)
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Table 2 (continued)
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Participants AM =+ SD % N
(min-max)
(30-42)
Girls 49.7 £2.1 271
(42-54)
cWeight (g) 3403 + 469 570
(1.450-5140)
Boys 3462 + 456 299
(1.980-4930)
Girls 3339 + 476 271
(1450-5140)
cType of delivery 100 564
Vaginal 809 456
Boys/Girls 41.3/39.5 233/233
Caesarean 19.1 108
Boys/Girls 11.0/8.16 62/46

AM - arithmetic mean; SD — standard deviation; min — minimuny max — maximum; EGW — estimated gestation week of pregnancy at maternal blood sampling; EGA -
estimated gestational age at delivery; Elem. - elementary; cLength — newbomn length at birth; cWeight — newborn weight at birth.
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Fig. 1. (continued).

analysis performed in a subset of samples. The reported MeHg per-
centages in the samples of maternal blood, newborns’ mixed umbilical
CB and maternal hair were 91% (N = 223), 99% (N = 330) and 100% (N
= 323), respectively.

Cd concentrations in mB and mixed CB were even below the LOD in
some cases. The GM (95% CI) for mB-Cd was 0.31 ng/g (0.29-0.32 ng/
g), and that for CB-Cd was 0.11 ng/g (0.10-0.11 ng/g). Four percent of
the mB-Cd samples and 62% of the CB-Cd samples were under the LOD.
Both means were well below the blood reference value for non-smoking
adults, which is 1 ng/g (Taylor et al., 2014).

The GM (95% CI) of mB-As was 1.38 ng/g (1.29-1.47 ng/g), and that
of mixed CB-As was 1.28 ng/g (1.18-1.39 ng/g). Because of the fast
clearance of As in blood, blood levels are not reliable indicators of
chronic exposure to low levels of As (ATSDR, 2007). The only credible
indicator is As species measured in urine which was not performed for
the Italian PHIME study population. Data exists for 136 Croatian PHIME
study participants living in the region of Rijeka, geographically close to

the region of Trieste, who had similar access to seafood from the North
Adriatic Sea, similar daily seafood intake frequency (GM 0.31, range
0-2.21; number of 150 g servings per day) and slightly higher mB-As
during the third trimester (GM 2.59, 95% CI: 2.12-3.15 ng/g)
(Stajnko et al, 2019). The majority of As in urine was present in the form
of non-toxic, biologically inactive arsenobetaine, the major form of As in
seafood (Fowler et al, 2015). Evidently, the exposure to toxic inorganic
As was negligible in the case of the Croatian and, in all likelihood also,
the Italian PHIME study populations.

Regarding essential TEs, Zn and Se were of particular importance,
primarily because of their close connection with ALAD and secondarily
because of their known protective (mutually antagonistic) interactions
with several non-essential TEs, including Pb (Skerfving and Bergdahl,
2015; Bietal, 2019). Both are also constituents of several enzymes that
regulate cellular redox status and take part in cellular antioxidative
processes. The GM (95% CI) for mB-Se was 120 ng/g (118-122 ng/g),
that for mP-Se was 78.6 ng/g (77.7-79.5 ng/mL) ng/mL, and that for
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Table 3
Maternal genotype and minor allele frequencies (MAFs) of the studied SNPs compared with the MAFs reported for populations with European ancestry.

Gene SNP ID Genotype N (%) MAF MAF EU HWE p-value
% Y%
ALAD 151800435 872 (100) 10 8 0.531
cC 703 (80.6)
CG 158 (18.1)
GG 11 (1.26)
151805313 871 (100) 35 31 0.580
AA 367 (42.1)
AG 391 (44.9)
GG 113 (13.0)
151139488 870 (100) 35 37 0.638
AA 369 (42.4)
AG 400 (46.0)
GG 101 (11.6)
1s818708 872 (100) 48 45 0.146
GG 245(28.1)
GA 414 (47.5)
AA 213 (24.4)
VDR 12228570 (FokI) 867 (100) 35 38 0.875
GG 366 (42.2)
GA 393 (45.3)
AA 108 (12.5)
151544410 (BsmI) 867 (100) 39 40 0.543
cc 324 (37.4)
cr 405 (46.7)
S 138 (15.9)
157975232 (Apal) 863 (100) 47 40 0.315
AA 252 (29.2)
AC 415 (48.1)
cc 196 (22.7)
15731236 (Tagl) 867 (100) 38 40 0.413
AA 342 (39.5)
AG 396 (45.7)
GG 129 (14.9)
APOE 157412 863 (100) 6 6 0.394
cc 758 (87.8)
CcT 100(11.6)
T 5(0.58)
1$429358 870 (100) 8 10* 0.772
TT 735 (84.5)
TC 130 (14.9)
cc 5(0.57)

MAF — minor allele frequency for the studied population; MAF EU — minor allele frequency in populations with European ancestry from the 1000 Genome Project (SNP
Database, NCBI, 2021) for ALAD and VDR; *given the high variation in the geographic distribution of APOE, mostly as a result of APOE rs429358 SNP variation
(Graeser et al,, 2012), we obtained this SNP MAF for Italian population from Tuscany included in the HapMap project (HapMap, CEU, TSI) (NCBINational Center for
Biotechnology Information, 2022); HWE - p-values for the Hardy-Weinberg equilibrium for the studied population; N — number of observations.

Table 4
Maternal genotype and allele frequencies of APOE in the studied population and
comparable literature values from the Italian population.

APOE  Genotype or Frequencies of Frequencies of Comparable

Allele Studied Population Ttalian Population (Simonelli
N (%) et al, 2001)

N (%)

Genotype 863 (100) 1235 (100)

€2/€2 5 (0.6) (1.0)

€2/€3 92 (10.7) (8.8)

€2/€d 8 (0.9 (1.4)

€3/€3 632 (73.2) (69.8)

€3/e4 121 (14.0) (18.4)

€d4/ed 5 (0.6) (0.6)

Allele* 1726 (100) 2470 (100)

€2 (157412-T, 110(6.4) 6.1)

15429358-T)

€3 (157412-C, 1477 (85.6) (83.4)

15429358-T)

€4 (157412-C, 139(8.1) (10.5)

15429359-C)

N — number of observations; * - so-called ¢ alleles are in fact haplotypes which
are in literature almost regularly presented as alleles.

CB-Se was 118 ng/g (117-120 ng/g). The mP-Se GMs (95% CI) were
within the European mean levels for pregnant women, and they excee-
ded the level believed to be sufficient for normal plasma glutathione
peroxidase (GPx3) activity (2/3 of maximal activity, 62 ng/mL)
(Thomson, 2004). According to Thomson (2004), the observed Se GMs
could be sufficient for the normal functioning of several blood GPxs
(GPx1, GPx3 and GPx4), selenoprotein P and probably other seleno-
proteins as well. The GM (95% CI) for mB-Zn was 5.23 pg/g (5.17-5.29
ug/g), and that for P-Zn was 0.72 pg/mL (0.72-0.73 pg/mL), which
indicate a good micronutrient status, as not even one woman had plasma
levels below the normal reference range reported by Abbassi-Ghanavati
et al. (2009) for pregnant women: 0.51-0.80 and 0.50-0.77 pg/mL for
the second and third trimesters of pregnancy, respectively. In our pop-
ulation, the GM (95% CI) for mP-Zn was 0.72 pg/mL (0.72-0.73 pg/mL)
in the second trimester and 0.71 pg/mL (0.70-0.72 pg/mL) in the third
trimester.

3.3. Maternal genotype and allele frequencies of selected SNPs for ALAD,
VDR and APOE

Maternal blood DNA was genotyped for the selected SNPs in three
different genes: ALAD, VDR and APOE. For all the selected SNPs, the
distribution of genotypes was consistent with the HWE and can be found
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Table 5
ALAD combinations.
ALAD combination ALAD 151800435 ALAD 151805313 ALAD rs1139488 N (%) mB-Pb GM (ng/g)
ALADcomb0 cc AA AG, GG 181 (79.6) 1.8
ALADcomb1 CG, GG AG, GG AA 47 (20.6) 9.4

N — number of observations; mB — maternal venous whole blood.

in Table 3, together with the variant allele frequencies (MAFs) of the
studied population and, for comparison, the existing values for the
populations with European ancestry (NCBINational Center for Biotech
nology Information, 2022).

We found no LD between the analysed ALAD SNPs (Figure Ala).
However, we could construct four VDR haplotypes (VDR-H1, VDR-H2,
VDR-H3 and VDR-H4), including three SNPs out of four (Tagl, Apal
and Bsml, Figure Alb). VDR haplotypes frequencies are given in
Table A2, In the TEs statistical analysis, the homozygous carriers of the
common allele for Tagl, Apal and BsmI (VDR-H1) were compared to the
homozygous carriers of the variant allele, which is actually exactly the
same sequence as in the second formed haplotype (VDR-H2).

Two different SNPs located within the APOE gene form six genotypes
(€2/¢2, €2/e3, ¢2/¢4, ¢3/¢3, €3/¢4 and ¢4/¢4), and their frequencies (%)
and for comparison the existing values for Italian population (Simonelli
et al., 2001) are listed in Table 4.

3.4. ALAD, VDR and APOE SNPs and TE levels

3.4.1. Comparison of TE levels according to maternal alleles and/or
genotypes (bivariate analysis)

A simple comparison of all measured TE levels (GM, 95%CI, AM, SD,
P50, min-max) between the carriers and non-carriers of variant alleles
and/or between the genotypes for each specific SNP was conducted,
except As as an appropriate indicator of inorganic As exposure. The
results are presented as supplements in Tables ASa (maternal samples)
and A3b (CB samples). Statistically significant differences in TE distri-
bution among gene alleles and/or genotypes were observed between
ALAD 151800435 SNP and mB-Pb (p 0.048), ALAD rs818708 and mB-Cu
(p 0.023), and APOE SNPs and Hg in mB and CB (p 0.011 and p 0.02,
respectively). By contrast, no such statistically significant differences
were observed for almost any of the TEs in terms of the four VDR SNP
alleles and two haplotypes analysed (VDR-H1 and VDR-H2), except for
CB-Se and Bsml, CB-Hg and Apal, and CB-Se and Tagl. Nevertheless, in
all cases, the GM differences were very small and, therefore, unreliable
without evaluation using multiple linear regression models.

No statistically significant difference in mB-Pb levels was observed
for ALAD SNPs rs1805313, rs1139488 and rs818708. Nevertheless, a
lower mB-Pb was observed for the variant carriers of 1s1800435 and
rs1805313 and for the homozygous common allele carriers of
rs113988b (Table A3a). Basing on these results, we formed ALAD
combination groups. ALAD alleles associated with lower Pb levels were
assigned to group ALADcomb1: carriers of the ALAD2 allele, variant
allele for ALAD rs1805313 and homozygous carriers of the common
allele ALAD rs1139488. ALAD alleles associated with higher Pb levels
were assigned to group ALADcomb0: homozygous for ALAD1, homo-
zygous common for ALAD rs1805313 and variant allele ALAD
151139488 carriers. The ALADcomb]l group had significantly lower mB-
Pb concentrations (GM: 9.4 ng/g) than the ALADcombO group (GM:
11.8 ng/g) (Table 5 and A3a).

3.4.2. Multiple linear regression models

To determine the associations between the selected SNPs and
measured TE levels, multiple linear regression models were conducted
for Pb, Hg, Se, Zn, Cu and Mn measured in mB, Zn and Se in mP, Hg in
mH and Pb, Hg, Zn and Mn in mixed CB. Cd was excluded due to low
concentrations (97% of the women had mB-Cd under 1 ng/g and 62% of
the newborns had mixed CB-Cd under the LOD) and As because of the

aforementioned reasons. Additionally, we excluded Cu and Se measured
in mixed CB. Their proportion in plasma is substantial and potential
arterial-venous concentration differences cannot be ignored. Significant
associations between the selected SNPs (alleles and/or genotypes) and
TE concentrations were observed in case of ALAD and APOE and are
presented in Tables 6-8. Specifically, Table 6 shows the summary of
results for mB, while Tables 7 and 8 present the results for all newborns’
umbilical CB (Model 2a) and for boys (Model 2b) and girls (Model 2¢)
separately. The models explained 12%-31% of the variation (R?) in TE
levels. In their full form, including all explanatory variables, are added
in the supplements (Tables A4, A5 and A6).

TEs in maternal blood samples (Table 6)

The models presented in Table 6 confirmed the associations between
three ALAD SNPs (or their combinations) and mB-Pb. Carriers of the
ALAD?2 allele were associated with 8% (95% CI 15-1%) or 9% (95% CI
16-1%) lower mean concentrations of mB-Pb (Model 1a or Model 1b,
respectively). ALAD SNP rs1805313 homozygous variant allele carriers
showed an 11 (95% CI 20-1%) decrease in mean mB-Pb levels compared
to homozygous carriers of the common allele when Model 1b was
applied. A positive association between ALAD SNP 151139488 and mB-
Pb levels was confirmed with both types of Model 1 when the homo-
zygous variant group was compared to the homozygous common, which
was at 11% (95% CI 1-23%) and 13% (95% CI 1-25%), respectively,
and only with Model 1b when variant carriers were compared to non-
carriers, which was at 7% (95% CI 0-15%). As expected, the strongest
association was identified between the ALAD combination and mB-Pb
concentrations. ALADcomb1 showed a 21% (95% CI 32-8%) decrease
in mean mB-Pb levels compared with ALADcomb0 when Model 1a was
applied, and 25% (95% CI 35-12%) when tested with Model 1b.

Regarding APOE SNPs, the associations were confirmed for mB-Hg
(Models 1a and 1b). A marginally significant difference in mB-Hg
levels was observed between carriers of the APOE ¢4 allele and non-
carriers and between APOE genotypes when the €3/¢3 group was
compared to APOE ¢4 allele carriers (genotypes ¢3/¢4 and ¢4/c4) when
Model 1a was applied. Statistically significant differences were
confirmed with Model 1b. Carriers of ¢4 showed 20% (95% CI 35-1%)
lower levels of mean mB-Hg when compared to all noncarriers or only to
noncarriers with the genotype ¢3/¢3.

As mentioned above, Model 1b includes only women sampled during
their second trimester to achieve a genetically clearer or genetically high-
lighted situation by minimising the influence of progressing pregnancy
on TE levels, as well as to have a relatively high number of observations.
To obtain an even clearer situation, which can help emphasise the in-
fluence of SNPs on TE levels, we have also tested influence of the APOE
genotype on mB-Hg levels including only nulliparous women sampled
during their second trimester (N = 322) (supplements, Table A7, Model
1c). In this situation, presented in details in supplements, the ¢3/¢4 and
c4c4 genotypes had 33 (95% CI 50, 10) % lower mean mB-Hg levels
compared to the €3/¢3 genotype, whereas a model including all women
sampled during their second trimester had only 20% (95% CI 35-1%)
lower mB-Hg levels (Table 6, Model 1b). Obviously, the protective effect
of ¢4 against Hg levels was more evident in the nulliparous group. The
women in this group were more vulnerable due to less effective
placental detoxification function related to first pregnancy and conse-
quently had higher Hg levels as a group. Furthermore, from Model 1b, it
was also evident that parity was associated with lower Hg (Table A4).

A model including only women sampled during their third trimester
(N = 130) was without statistically significant changes, possibly because
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Table 7
Multiple linear regression models with statistically significant associations between maternal APOE SNPs (genotypes and alleles) and Hg in mixed umbilical CB,

including Hg (GM) group comparison.

TE (ng/g) Model 2a

Boys + Gitls Boys + Gitls
APOE GM (95% CI) N P Exp(b) (95%CD) P R? N

rs7412, rs429358

CB-Hg CB-Hg
e4- 3.88 (3.55, 4.24) 418 1.00
&4+ 3.35(2.83, 3.96) 75 0.052 0.84(0.69, 1.02) 0.086 024 494
€3/e3 3.92 (3.56, 4.32) 363 1.00
£2/¢2, £2/e3 3.64 (2.99, 4.43) 56 0.091 0.89(0.71, 1.11) 0.304 025 494
e3/e4, ed4/e4 3.35(2.83, 3.96) 75 0.83(0.68, 1.01) 0.064

CB —umbilical cord blood; exp(b) —exponentiation of the coefficient (b); conc. — concentration; TE - trace element; GM — geometric mean; N— number of observations; p
— statistical significance; R? - percentage of variability of TE level explained by the model. Models were adjusted for age, pre-pregnancy BM], patity, education, seafood
frequency intake, smoking, CB-Zn levels and newborn sex, length, weight and EGA at delivery, Significant results (p < 0.05) are in bold, and marginally significant

results (p > 0.5 and <0.1) are in bold italics.

of a much smaller number of observations.

TEs in mixed CB samples (Tables 4 and 5)

When analysing maternal APOE genotypes in relation to CB-TEs, we
observed that maternal genotype influenced CB-Hg levels (Table 7). The
presence of the maternal ¢4 allele was associated with 16% (95% CI 31-
minus 2%) reduced mean CB-Hg levels compared to non-presence,
although this had marginal statistical significance only (p 0.086). This
difference was similar when analysing the APOE genotypes. The ¢3/c4
and ¢4/e4 groups showed 17% (95% CI 29- minus1%) lower mean CB-
Hg levels compared with the ¢3/¢3 group (p 0.064).

Because of the observed statistically significant influence of child sex
on mB-Hg levels in Hg-APOE Model 1b (Table A4), APOE models for CB

Table 8

were re-run for gitls and boys separately for all TEs. The results for Hg
and Pb are presented in Table 8, regardless of the APOE genotype sig-
nificance on their concentrations. By sex stratification, the marginally
statistically significant CB-Hg associations observed for all newborns
(Table 7) were lost for the boys (Table 8, Model 2b) but became statis-
tically significant for the girls (Table 8, Model 2c). For gitls the presence
of maternal ¢4 allele was associated with 26% (95% CI 44-3%) reduced
mean CB-Hg level and with 27% (95% CI 45-4%) if we compared ge-
notypes (€3 /¢4, ¢4/¢4 vs €3/¢3).

The results in Table 8 also showed that girls whose mothers were
carrying the ¢2 allele had 26% (95% CI 5-53%) higher levels of mean
CB-Pb compared to €3/¢3 carriers and 27% (95% CI 6-53%) compared

Multiple linear regression models with associations between maternal APOE SNPs (genotypes and alleles) and Pb and Hg in mixed umbilical CB, including TEs (GMs)

group comparison, conducted separately for boys and girls.

TE (ng/g) Model 2b TE (ng/g) Model 2¢
Boys Boys Girls Gitls

APOE GM N p Exp(b) p N GM N p Exp(b) p R? N

rs7412, (95% CI) (95% CI) (95% CI) (95% CI)
rs429358

CB-Pb CB-Pb

e4- 10.0(9.5, 224 1.00 10.9 (102, 198 1.00
10.6) 11.6)

ed+ 10.6 (9.5, 38 0.267 1.04 (0.91, 0.526 0.15 262 10.1 (8.6, 37 0.222 0.92 (079, 0.341 0.14 235
11.9) 120) 11.7) 1.09)

€3/e3 10.1 (9.5, 194 1.00 10.5 (9.8, 172 1.00
10.8) 11.3)

€2/€2, €2/e3 92 (8.1, 10.5) 30 0.203 0.89(0.77, 0.133 0.16 262 139 (121, 26 0.002 1.26 (1.05, 0.015 0.17 235

1.04) 15.9) 1.53)

€3/e4, c4/ed 10.6 (9.5, 38 1.03 (0.90, 0.681 10.1 (8.6, 37 0.95 (081, 0.530
11.9) 1.18) 11.7) 1.12)
CB-Hg CB-Hg

e4- 3.79(3.34, 221 1.00 3.98 (3.53, 198 1.00
4.31) 4.49)

ed+ 3.52 (2.90, 38 0.294  0.92(0.69, 0.557 026 259 3.18 (2.39, 37 0.089 0.74(0.56, 0.028 0.26 235
427) 122) 4.23) 0.97)

€3/e3 3.83(3.32, 191 1.00 4.02 (3.53, 172 1.00
4.42) 4.58)

€2/€2, €2/e3 3.57 (2.78, 30 0.661 0.86 (0.62, 0.356 0.26 259 3.72 (2.68, 26 0.339 0.91 (0.66, 0.568 0.26 235
4.60) 1.18) 5.15) 1.26)

€3/e4, c4/ed 3.52 (2.90, 38 0.90 (0.68, 0.474 3.18 (2.39, 37 0.73 (0.55, 0.025
427) 1.20) 4.23) 0.96)

CB —umbilical cord blood; exp(b) — exponentiation of the coefficient (b); conc. — concentration; TE — trace element; GM — geometric mean; N — number of observations;
p — statistical significance; R? - percentage of variability of TE level explained by the model. Models were adjusted for age, pre-pregnancy BMI, parity, education,
seafood frequency intake, smoking, CB-Zn levels and newborn length, weight and EGA at delivery, Significant results (p < 0.05) are presented in bold, and marginally

significant results (p > 0.5 and <0.1) are presented in bold italic.
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to all ¢2 non-carriers (Table A8, Model 2¢).

Observed associations indicate the potential protective role of the
maternal ¢4 allele against Hg levels, as well as the protective role of the
maternal ¢3 and ¢4 alleles against Pb levels.

4. Discussion

In this study, our aim was to assess the associations between Pb
biomarkers of exposure and the gene variants of ALAD, VDR and APOE
in a population of pregnant women and their newborns with long-term
low-level mixed exposure living in the province of Trieste, Italy (PHIME
study participants). Because of possible mixed effects, some other TEs
were also followed (Fig. 1, Table Al; Table A3). The GMs (95% CI) in
ng/g for non-essential mB-Pb, mB-Hg, mB-Cd and mB-As in our study
population were observed at 11.0 (10.7-11.3), 2.16 (2.04-2.30), 0.31
(0.29-0.32) and 1.38 (1.20-1.47), respectively, indicating a low expo-
sure level. Their levels in CB were even lower, except for Hg. Never-
theless, a few statistically significant associations between SNPs and Pb
or Hg levels were identified in the multivariate linear regression
analyses.

4.1. ALAD polymorphisms

The first three of the four studied ALAD SNPs (rs1800435,
rs1805313, 151139488 and rs818708) showed statistically significant
associations with mB-Pb by linear regression analyses, particularly in
samples obtained in second trimester (Table 6). A negative association
was observed for the variant allele of SNPs rs1800435, variant allele
151805313 and common allele of rs1139488. No associations between
any of four ALAD polymorphisms and mixed CB-Pb levels were found.

4.1.1. ALAD rs1800435

In agreement with the proposed hypothesis, the majority of studies
conducted on individuals with high Pb exposure displayed associations
between the ALAD2 allele and elevated blood Pb levels. However, the
results are fairly inconclusive at low levels of exposure (Broberg et al.,
2015; Skerfving and Bergdahl, 2015; ATSDR, 2020). Moreover, some
studies have revealed an inverse association between the ALAD SNPs
rs1800435 and blood Pb, suggesting that the ALAD2 allele is associated
with lower blood Pb in populations with low exposure to Pb (Hu et al,
2001; Krieg et al., 2010; Stajnko et al., 2020). The same was observed in
our population of pregnant women (Table 6). This could be attributed to
differences in Pb distribution at various exposure levels. At lower levels,
the majority of Pb that binds to ALAD2 may occur in other tissues, such
as those in the liver, kidneys and placenta, in which ALAD is also highly
expressed (Kelada etal, 2001). Although it has been shown that during
pregnancy, the release of Pb from the maternal bone can be triggered,
although mostly during the third trimester and particularly with
simultaneous Ca deficiency (Skerfving and Bergdahl, 2015 ATSDR,
2020), we presume that the majority of Pb in maternal blood in our
population came from current exposure, entering the body via ingestion
and passing through the liver, part of which can bind to ALAD before
entering the central bloodstream. The majority of the women were
sampled during the first half of pregnancy (around 20th EGW) and had
presumably good nutritional status, which can protect or delay the
mobilisation of maternal bone Pb (ATSDR, 2020). Furthermore, as they
lived in a sun-rich environment, we predict that they had a sufficient
vitamin D status by endogenous synthesis of vitamin D using UV light.
Ca was not measured in maternal blood, but other TEs measured (Se, Zn,
Cu and Mn) indicated adequate micronutritional status. Release from
the bone should increase during the third trimester (ATSDR, 2020), but
we did not observe any increase when comparing GM (95% CI) for
mB-Pb concentrations between women sampled in the middle of the
second trimester or at the beginning/middle of the third trimester: 11.1
ng/g (10.7-11.5 ng/g) (N = 651) and 10.8 ng/g (10.1-11.5 ng/g) (N =
173), respectively (Table Ala).
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In the literature, only a few studies have investigated the relationship
between ALAD1/2 polymorphisms and Pb levels in pregnant women,
and all included women with higher Pb exposure levels compared to our
study. Akyuzlu et al. (2014) reported higher median maternal blood Pb
and cord blood Pb levels for carriers of the ALAD2 allele, and a similar
finding was reported by Yun et al. (2015), in which pregnant women
carrying at least one ALAD2 allele had higher concentrations of blood
Pb. In both studies, they reported an inverse association with that found
in our study. However, the concentrations of blood Pb and cord blood Pb
in their research significantly surpassed ours, with a maternal blood Pb
arithmetic mean of 72 ng/mL (N = 198) in Yun et al. (2015) and
approximately 38 ng/mL (N = 97) in Akyuzlu et al. (2014). Further-
more, Akyuzlu et al. (2014) and Yun et al. (2015) did not use statistical
models to account for possible confounding factors, making a direct
comparison of results less certain.

4.1.2. ALAD rs1805313

Only a handful of studies have investigated the influence of the three
remaining ALAD SNPs (151805313, rs1139488 and 1s818708) on Pb
levels, and none of these include pregnant women. In our study
(Table 6), we confirmed previously reported negative associations be-
tween the ALAD rs1805313 variant allele and blood Pb levels found in
the general population using a genome-wide association study (Wai-
rington et al., 2015) or multivariant regression analyses (Stajnko et al,
2020). According to cellular experimental studies, it is presumed that
ALAD rs1805313 has an effect on ALAD expression in blood cells
(Warrington et al., 2015).

4.1.3. ALAD rs1139488

When investigating ALAD rs1139488 SNPs, we observed an associ-
ation between carriers of at least one variant allele and higher mB-Pb
concentrations. When homozygous variants were compared to com-
mon homozygous individuals, the observed statistically significant as-
sociation became even stronger. Our results are also consistent with
published research on active occupationally exposed individuals (Szy-
manska-Chabowska et al, 2015), in which significantly higher levels of
blood Pb were associated with the presence of at least one variant allele.
Furthermore, other studies observed a similar trend when analysing Pb
levels in children (GM of blood Pb: 39.1 mg/L) or occupationally
exposed adults, although the difference in blood Pb levels between
ALAD 151139488 SNPs genotypes was not statistically significant
(Pawlas et al,, 2012; Shaik et al., 2018).

4.1.4. ALAD combination

Throughout the present research, the differences in Pb GMs between
alleles and genotypes were extremely small, except for ALAD combina-
tion (GM: 11.8 ng/g and 9.4 ng/g for ALADcomb0 and ALADcomb1,
respectively, Table 5). Furthermore, the best R? of any linear regression
models was achieved when analysing ALAD combination (R*:
0.24-0.31, Table 6). This points to the importance of researching hap-
lotypes or combinations at low exposure levels, which allow us to better
see the effects of genetics.

4.2. VDR polymorphisms

The individual VDR SNPs and/or their haplotypes have been exten-
sively studied with regard to different diseases, including osteoporosis,
cancers, neurodegenerative diseases, Ca absorption and Pb toxicity
(Broberg et al,, 2015; Kostner et al, 2009; Thakkinstian et al., 2004).
However, none of our four studied VDR SNPs (FokI, Bsml, Apal and Taql)
or their haplotypes appeared to have any influence on Pb concentrations
in mB or in CB when tested with models (data not shown). This could be
due to particularly low Pb levels or/and to the above-mentioned
assumption that the mothers had good micronutritional status. In such
cases, genetic variability is less expressed on the phenotype level.
Anyway, the absence of haemoglobin or haematocrit, Ca, Fe and vitamin
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D measurements could have also resulted in residual confounding.
4.3. APOE polymorphisms

SNPs within the APOE gene appear to have associations with vitamin
D levels (Huebbe et al., 2011; Soares et al., 2021), bone Ca metabolism
(Huebbe et al,, 2011) and Se levels (Trdin et al, 2020). Huebbe et al.
(2011) found evidence that APOE ¢4 is linked to higher Ca and vitamin D
levels in targeted replacement mice and in humans. They demonstrated
that APOE ¢4 has higher intestinal absorption and renal retention of
vitamin D, resulting in more efficient intestinal Ca absorption, which is
known to be vitamin D dependent. For instance, in APOE ¢4 mice, they
observed a higher expression of genes responsible for renal vitamin D
binding and for transport and uptake from primary urine (endocytic
receptor megalin, Lrp2). Lip2 is a multi-ligand receptor that is also
responsible for selenoprotein P renal uptake. This APOE link with
multi-ligand Lrp2 and with common multi-ligand APOE receptor-2 (Lrp
8) was source of explanation when higher plasma Se levels were asso-
ciated with the ¢4 allele in Croatian pregnant women (PHIME study
subgroup) (Trdin et al., 2020). Selenoprotein P is a major plasma sele-
noprotein responsible for Se storage and distribution to tissues, but it
also functions as an antioxidant in blood vessels and as a metal-binding
protein (detoxification) (Baclaocas and Mackrill, 2020). Experimentally
or in vivo, it was found to bind metals, such as Ag, Cd, (Me)Hg and Pb
(Sasakura and Suzuki, 1998; Chen et al., 2006; Bi etal,, 2019; Baclaocas
and Mackiill, 2020). Additionally, further experimental data on APOE
interaction with selenoprotein P (Jin et al,, 2020) and low-molecular
metal-binding protective proteins, metallothioneins (Augsten et al,
2011; Graeser etal.,, 2012), suggest its wider direct or indirect impact on
TE metabolism. Our research supports the beneficial effects of APOE ¢4,
as the sampled pregnant women carrying this allele had lower levels of
mB-Hg and CB-Hg compared with non-carriers (Tables 6-8), which was
most evident in mB sampled during the second trimester (Table 6, Model
1b), particularly in nulliparous women (Table A7, Model 1c¢), and in
newborn girls’ umbilical CB (Table A8, model 2¢). When the associa-
tions between the maternal APOE genotype and CB-Pb were tested
separately for gitls and boys, a clear positive association was found for
¢2 allele carriers when the models included only gitls (Table 8, Model
2¢ Table A8, Model 2¢). However, at very low Pb exposure levels and
loosely defined Pb sources (internal bone sources due to past exposures
and external sources from current exposure), the observed differences
between newborn gitls and boys could also be triggered by other factors
and should therefore be interpreted with caution. Nevertheless, there
are studies that, although inconsistently, point to sex-related differences
in Pb toxicokinetics or effects (ATSDR, 202.0).

These findings suggest that maternal ¢4 may have the highest pro-
tective function during pregnancy, whereas ¢2 which was reported to be
associated with a higher bone turnover (Dieckmann et al 2013) shows
the opposite. The modifying interactions of different apoE isoforms with
various metals have rarely been studied, although they can be impor-
tant, particularly regarding the observed interactions of apoE protein
with metal-binding metallothioneins (Augsten et al, 2011; Graeser
et al., 2012) and/or selenoprotein P (Jin et al,, 2020) in experimental
studies. Furthermore, research involving pregnant women, their APOE
polymorphisms, and blood and cord blood TE levels is limited. Trdin
et al. (2020) reported statistically significant higher plasma Se levels in
Croatian pregnant women (PHIME participants) carrying at least one ¢4
allele compared with non-carriers. This finding supports the antago-
nistic pleiotropy theory and the proposed beneficial effects of APOE ¢4
during early life, in contrast to age-related disadvantages during elderly
stages in certain populations (Han and Tuminello, 2011; Smith et al,,
2019). In our study, we could not observe any difference in the Se levels
of mB and mP between carriers and non-carriers of APOE ¢4. This is
presumably because of the much higher levels of Se in our study pop-
ulation, with a GM (95% CI) of P-Se 78.6 ng/g (77.7-79.5 ng/) in
contrast to a GM of 55 ng/g in the Croatian population. In differently
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focused studies, Wright et al. (2003), Ng et al. (2013, 2015) and Snoj
Tratnik et al. (2017) have attempted to link the association between Pb
or Hg prenatal exposure and child APOE genotype to neurodevelopment,
but some shortcomings are involved. The absence of maternal genotype,
measured metal concentrations in mixed umbilical cord blood instead of
arterial or venous cord blood, and the absence of measured metal con-
centrations in the blood of children at the time of neurodevelopment
testing make the results less reliable, particularly at low levels of
exposure.

4.4. Study limitations

The main limitations of our study are as follows: possible biases
because of missing information on possible maternal stress during
pregnancy (Tamayo et al, 2017); self-reported data with questionable
self-recall; uncertainty of smoking or drinking frequencies because these
could be stigmatising questions during pregnancy; lack of measurements
of some variables with possible influences on Pb kinetics, such as hae-
moglobin or haematocrit, vitamin D, Ca and iron or ferritin; and sam-
pling of mixed CB instead of arterial or venous CB. As obtaining arterial
or venous CB is extremely difficult, mixed CB was used with the prop-
osition that it could be accepted as an approximation, particularly for
TEs that mostly accumulate within the red blood cells (e.g. Pb, Hg, Cd
and, conditionally, Zn). The missing adjustment for haemoglobin or
haematocrit levels was partially corrected in the statistical models by
incorporating mB-Zn and CB-Zn concentrations. Although the Ca and
vitamin D concentrations are likely to be a key confounding variable in
relation to VDR and APOE SNPs, we presumed that in the study popu-
lation, who seemed to be nutritionally uncompromised and lived in a
sunny area, they should not have had a major impact.

Although maternal genotype is believed to have a leading role in
foetal development during a healthy pregnancy, the results for CB
should be complemented by newborns’ genotype in the next step.

It is also important to stress that in the literature, we can observe
contradictory results for ALAD or VDR SNPs and blood Pb levels, espe-
cially at low exposure levels. There might be several reasons for this,
including the polymorphisms of other genes. Therefore, we must
consider that the mB-Pb and CB-Pb levels in our population might also
be affected by other polymorphisms, such as a polymorphic variation in
the SLC4A7 gene (Whitfield et al., 2007). The latter is an ion transporter
gene that is highly expressed in erythrocytes, whose product could affect
Pb transport into the cell (Whitfield et al., 2007). At low Pb exposure
levels, various transporter proteins might play important roles, but they
often remain underestimated. Furthermore, how the new data on the
dynamic coexistence of octamer and hexamer ALAD forms (Jaffe et al,
202.0) affect ALAD affinity towards different metals in vivo remains
unknown, which, again, might influence Pblevels (Jaffe Eileen, personal
communication 2022), especially when the exposure levels are low.

5. Conclusions

1. Three ALAD SNPs (rs1800435 variant allele aka ALAD2, rs1805313
variant allele and rs1139488 common allele) and their combination
were negatively associated with mB-Pb levels in Italian pregnant
women. Results for each individual variant allele are confirming
observations of Stajnko et al (2020), Warrington et al (2015) and
Tasmin et al (2015). They might represent alleles that could be
protective against Pb effects at low exposure levels; particularly
variant allele rs1800435. Nevertheless, the observed individual Pb
levels in our population were mostly too low to inhibit ALAD cata-
lytic activity; according to a recent study the possible threshold of
B-Pb for affecting ALAD was 50 ng/mL (Huang et al 2020).

2. The estimated absence of associations between mB-Pb or CB-Pb level
and the four analysed VDR SNPs or their haplotypes was of limited
value because we were unable to perform the adjustment by
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