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Streszczenie
Analiza zaleznoS$ci miedzy wielko$cig spozycia wybranych skladnikow
pokarmowych a profilem metabolicznym osob dorostych srodowiskowo
narazonych na arsen

Duza liczba os6b narazonych na arsen oraz negatywny wplyw na zdrowie
tego pierwiastka, sktaniaja do glebokiej analizy mechanizmoéw jego toksyczno$ci
oraz do poszukiwania sposobu zmniejszenia niekorzystnego wplywu arsenu na organizm
cztowieka. Badania w tym zakresie koncentrujg si¢ m.in. na sktadnikach pokarmowych
zaangazowanych w metabolizm arsenu. Sg to metionina i foliany (jako donory grup
metylowych w metabolizmie arsenu) oraz witaminy Bz, Be, Bi2 1 cynk (jako kofaktory
reakcji metabolizmu arsenu), ktére moga mie¢ modulujacy wptyw na efektywno$¢
metylacji arsenu 1 zmniejszanie jego toksycznego dzialania.

W zwigzku z powyzszym celem pracy byla analiza dostepnych wynikéw badan
w obszarze wptywu skladnikow pokarmowych na zmniejszanie toksycznosci i poprawe
efektywnosci metylacji arsenu oraz analiza zalezno$ci migdzy wielko$cig spozycia
wybranych sktadnikéw pokarmowych a nasileniem zmian w profilu metabolicznym
u 0s6b dorostych srodowiskowo narazonych na arsen. Zakres pracy obejmowal przeglad
wynikow badan z zakresu wplywu skladnikéw pokarmowych zaangazowanych
w metabolizm arsenu na efektywno$¢ jego metylacji oraz nasilenie niekorzystnych zmian
zwigzanych z narazeniem na ten pierwiastek w badaniach na modelach zwierzgcych
1 przeprowadzonych z udziatem ludzi. Nastepnie dokonano iloSciowej analizy spozycia
sktadnikoéw pokarmowych zaangazowanych w metabolizm arsenu oraz przeprowadzono
badania z zakresu metabolomiki niecelowanej w grupie m¢zczyzn narazonych na arsen.
Uzyskane dane wykorzystano do okreslenia zalezno$ci miedzy wielko$cia spozycia
sktadnikow pokarmowych zaangazowanych w metabolizm arsenu a profilem
metabolicznym os6b dorostych §rodowiskowo narazonych na arsen. Sformutowano
hipotez¢ gtowna, ktora zakladata, Ze istnieje zalezno$¢ miedzy nasileniem zmian
w profilu metabolicznym os6b srodowiskowo narazonych na arsen a wielkos$cig spozycia
sktadnikow pokarmowych, ktore sg zaangazowane w metabolizm arsenu. Przedstawiono
hipotezy szczegdtowe, wedtug, ktorych narazenie na arsen indukuje zmiany w profilu
metabolicznym, a takze, ze istnieje zalezno$¢ miedzy wielkoScig spozycia metioniny,
folianow, witamin Bz, Bg, Bi2 1 cynku a nasileniem zmian w profilu metabolicznym
me¢zczyzn narazonych na arsen.

W niniejszej rozprawie podsumowano wyniki badan modelowych na zwierzetach
(publikacja 1) 1 przeprowadzonych z udziatem ludzi (publikacja 2). W wigkszosci badan
na modelach zwierzgcych narazonych na arsen nieorganiczny suplementacja niektorych
sktadnikow pokarmowych (w szczegdlnosci kwasu foliowego 1 cynku) zwigkszata
efektywno$¢ metylacji 1 zmniejszala szereg niekorzystnych zmian w wielu
uktadach: pokarmowym, moczowym, limfatycznym, krwiono$nym, nerwowym
1 rozrodczym. Mimo, ze badania te wskazywaly potencjalnie korzystny wpltyw
sktadnikow pokarmowych, wiele aspektéw ograniczalo poroéwnanie wynikow
1 sformutowanie jednoznacznych wnioskéw. Ponadto, badania przeprowadzone
na modelach zwierzecych nie sg rownowazne badaniom przeprowadzonym z udziatem
ludzi, ale wskazaly kierunek i1 byly przyczynkiem do dalszych rozwazah. Biorac
pod uwage obiecujace wyniki badan na modelach zwierzecych in vivo 1 in vitro,
przeanalizowano rowniez wptyw tych sktadnikéw pokarmowych na efektywnos¢ procesu
metylacji arsenu, a takze na zmniejszenie nasilenia catego spektrum zaburzen zwigzanych
Z narazeniem na arsen w populacji narazonej na ten pierwiastek. Podobne korzystne
wyniki zaobserwowano w badaniach przeprowadzonych z udziatem ludzi srodowiskowo



narazonych na arsen. Badania wykazaty, ze wielko$¢ spozycia i stezenie niektdrych
sktadnikow pokarmowych we krwi (metioniny, choliny, folianow, witamin Ba, Bs, Bia,
cynku) moze mie¢ korzystny wptyw na popraw¢ metylacji arsenu i na zmniejszenie
nasilenia niekorzystnych skutkéw zdrowotnych. Jednak w tych badaniach analizowano
jedynie zalezno$ci miedzy spozyciem, suplementacjg lub st¢zeniem we krwi sktadnikow
pokarmowych a stezeniem metabolitdéw arsenu w moczu oraz ryzykiem rozwoju chorob.
Ponadto, dotychczasowe badania przeprowadzone z udziatem ludzi s3 niejednoznaczne,
wiele zmiennych determinowato uzyskane wyniki. Przeglad badan wskazal potrzebe
dalszych analiz, aby okresli¢ rolg tych sktadnikoéw pokarmowych jako kofaktorow reakcji
1 donoréw grup metylowych, a takze aby przeanalizowa¢ szczegotowe zmiany
w metabolizmie wynikajace z narazenia na arsen oraz ich powigzania ze spozyciem
sktadnikow pokarmowych zaangazowanych w metabolizm arsenu.

W odpowiedzi na te potrzeby zrealizowano badania, ktérych celem byla analiza
zalezno$ci miedzy intensywnosciag sygnatu metabolitow a wielkoScia spozycia
sktadnikéw pokarmowych zaangazowanych w metabolizm arsenu (metioniny, folianow,
witamin B, Bs, B2, cynku) u oséb dorostych $rodowiskowo narazonych na arsen.
W ramach publikacji 3 zrealizowano badania w grupie pracownikow: grupe WN (n = 75)
stanowili pracownicy ze st¢zeniem arsenu catkowitego (tAs) w granicach wartos$ci
dopuszczalnych, grupe WH (n = 41) stanowili pracownicy ze stezeniem tAs powyzej
warto$ci dopuszczalnych. Analizy z zakresu metabolomiki niecelowanej wykonano przy
uzyciu systemu  ultraefektywne;j chromatografii cieczowej sprzezonej
z wysokorozdzielczym spektrometrem mas (LC/HRMS). Wielko$¢ spozycia wybranych
sktadnikéw pokarmowych zaangazowanych w metabolizm arsenu oceniono na podstawie
danych z kwestionariusza 3-dniowego biezacego notowania spozywanych produktow,
potraw 1 napojow. W grupie WH mezczyzn odnotowano wyzszg intensywno$¢ sygnatu
pochodzaca od dwudziestu pigciu metabolitow. Potencjalnie zidentyfikowane metabolity
nalezaly do glownych $ciezek przemian metabolizmu aminokwasow, weglowodanow,
lipidéw, glikanow, witamin 1 nukleotydow. U megzczyzn w  grupie
WN  wielkos¢  spozycia  skladnikow  pokarmowych  (metioniny, witamin
B2, Bs 1 B12, folianéw 1 cynku) wykazala ujemne zalezno$ci z szeScioma metabolitami
(cytozyng, kwasem  D-glukuronowym,  N-acetylo-D-glukozaming,  kwasem
piroglutaminowym, urydyna i kwasem urokanowym), w grupie WH z pigcioma
metabolitami (kwasem D-glukuronowym, kwasem L-glutaminowym,
N-acetylo-D-glukozaming, kwasem N-acetyloneuraminowym i urydyna). Ponadto,
w grupie WH zaobserwowano dodatnie zaleznosci miedzy wielkos$cig spozycia
metioniny, foliandw i cynku a intensywnoscig sygnatu kwasu bursztynowego 1 kwasu
3-merkaptomlekowego.

Wyniki przedstawione w opublikowanych pracach przegladowych oraz wyniki
z badan eksperymentalnych wskazaty na kluczowa role skladnikéw pokarmowych
(metioniny, folianéw, witamin B», Bes, Bi2, cynku) w zmniejszaniu niekorzystnych
skutkow zwigzanych z naraZeniem na arsen. Badania wlasne wykazaly, ze narazenie
na arsen indukuje zmiany w profilu metabolicznym, manifestujgce si¢ wyzsza
intensywnos$cia sygnatu pochodzaca od metabolitow nalezacych do wielu S$ciezek
przemian m.in.  weglowodanéw,  aminokwasow,  lipidow,  nukleotydow.
W grupach pracownikdéw narazonych na arsen zaobserwowano wystepowanie zalezno$ci
miedzy wielkoscig spozycia sktadnikow pokarmowych zaangazowanych w metabolizm
arsenu a nasileniem zmian w profilu metabolicznym. Biorac pod uwage ujemne
zalezno$ci migdzy spozyciem metioniny i1 folianow (donoréw grup metylowych
w metabolizmie arsenu) oraz witamin Bz, Bs, Bi2 1 cynku (kofaktoréw reakcji
metabolizmu arsenu) a intensywnoscig sygnatu metabolitow, wydaje sie, ze wyzsze



spozycie sktadnikow pokarmowych moze zmniejszy¢ nasilenie niekorzystnych zmian
zwigzanych z narazeniem na arsen. Podkres$la to potrzebe edukacji ukierunkowane;j
na odpowiednie, adekwatne do norm spozycie sktadnikow pokarmowych
zaangazowanych w metabolizm arsenu, w szczegolno$ci w populacjach srodowiskowo
narazonych na arsen. Uzyskane wyniki moga przyczyni¢ si¢ do dalszych rozwazan
podczas opracowywania zalecen dietetycznych dla 0s6b narazonych na arsen.

Stowa Kkluczowe: arsen, arsen nieorganiczny, metabolizm arsenu, narazenie,
metabolomika niecelowana, sktadniki pokarmowe






Summary
Analysis of the relationship between the intake of selected nutrients and the metabolic
profile of adults environmentally exposed to arsenic

The large number of people exposed to arsenic and the adverse effects of this element
on health have prompted an in-depth analysis of the mechanisms of its toxicity and the search
for ways to reduce the adverse effects of arsenic on the human body. Research in this area
focuses, among others, on nutrients involved in arsenic metabolism. These include methionine
and folate (as donors of methyl groups in arsenic metabolism) and vitamins B>, Be, Bio,
and zinc (as cofactors of arsenic metabolism reactions), which may have a modulating effect
on the efficiency of arsenic methylation and the reduction of its toxic effects.

Accordingly, the aim of this study was to review the available results of research
in the field of the effect of nutrients on reducing toxicity and improving the efficiency of arsenic
methylation, and to analyze the relationship between the amount of intake of selected nutrients
and the severity of changes in the metabolic profile of adults environmentally exposed
to arsenic. The aim of the study was to provide an overview of the research findings
on the effects of nutrients involved in arsenic metabolism on the efficiency of arsenic
methylation and the severity of adverse changes associated with exposure to this element
in animal models and human studies. This was followed by a quantitative analysis of the intake
of nutrients involved in arsenic metabolism and a non-targeted metabolomics study in a group
of men exposed to arsenic. The data obtained were used to determine the relationship between
nutrient intake involved in arsenic metabolism and the metabolic profile of adults
environmentally exposed to arsenic. The main hypothesis was formulated, which was that there
is a relationship between the severity of changes in the metabolic profile of people
environmentally exposed to arsenic and the amount of intake of nutrients that are involved in
arsenic metabolism. Specific hypotheses were presented, according to which arsenic exposure
induces alterations in the metabolic profile and that there is a relationship between the intake
of methionine, folate, vitamin B, Bs, B12, and zinc and the severity of these changes in the
metabolic profile of men exposed to arsenic.

This dissertation summarizes the results of animal model studies (publication 1)
and those conducted with humans (publication 2). In most studies on animal models exposed
to inorganic arsenic, supplementation with certain nutrients (particularly folic acid and zinc)
increased methylation efficiency and reduced various adverse changes in a number
of systems: gastrointestinal, urinary, lymphatic, circulatory, nervous, and reproductive.
Although these studies indicated a potentially beneficial effect of nutrients, many aspects
limited the comparison of results and the formulation of clear conclusions. In addition, studies
conducted on animal models are not equivalent to those conducted with humans, but they
guided further research and contributed to further considerations. Considering the promising
results of studies on animal models in vivo and in vitro, the effects of these nutrients
the efficiency of arsenic methylation and reduction of severity of the entire spectrum
of disorders associated with arsenic exposure in arsenic-exposed population were
also analyzed. Similarly, favorable results have been observed in studies conducted on humans
environmentally exposed to arsenic. Studies have shown that the amount of intake and blood
concentrations of certain nutrients (methionine, choline, folate, vitamins B2, Bs, B12, and zinc)
can have a beneficial effect on improving arsenic methylation and reducing the severity
of adverse health effects. However, these studies only analyzed the relationships between
dietary intake, supplementation, or blood concentrations of nutrients, and urinary arsenic
metabolite concentrations and the risk of disease development. In addition, previous studies
conducted on humans are inconclusive, with numerous variables influencing the outcomes.
A review of the studies indicated the need for further analysis to determine the role of these
nutrients as reaction cofactors in biochemical reactions and as methyl group donors,



as well as to analyze the specific metabolic changes resulting from arsenic exposure and their
relationship to the intake of nutrients involved in arsenic metabolism.

In response to these needs, a study was conducted to analyze the relationship between
the intensity of the metabolite signal and the intake of nutrients involved in arsenic metabolism
(methionine, folate, vitamins Bz, Bs, Bi2, and zinc) in adults environmentally exposed
to arsenic. In publication 3, the study was performed on a group of workers: the WN group
(n = 75) consisted of workers with total arsenic (tAs) concentrations within the limits,
the WH group (n = 41) consisted of workers with tAs concentrations above the limits.
Untargeted metabolomics analyses were performed using an ultraperformance liquid
chromatography system coupled to a high-resolution mass spectrometer (LC/HRMS).
The amount of intake of selected nutrients involved in arsenic metabolism was assessed using
data from 3-day dietary records. In both studies, groups with higher urinary tAs concentrations
had higher signal intensities from twenty-five metabolites in WH men and from eighteen
metabolites in WH women. The potentially identified metabolites belonged to the main
metabolism pathways of amino acids, carbohydrates, lipids, glycans, vitamins, and nucleotides.
In men in the WN group, the amount of nutrient intake (methionine, vitamins B2, Be, and Bia,
folate, and zinc) showed negative relationships with six metabolites (cytosine, D-glucuronic
acid, N-acetyl-D-glucosamine, pyroglutamic acid, uridine, and urocanic acid), in the WH group
with five metabolites (D-glucuronic acid, L-glutamic acid, N-acetyl-D-glucosamine,
N-acetylneuraminic acid, and uridine). Moreover, in the WH group, positive correlations were
observed between the amount of methionine, folate, and zinc intake and the signal intensity
of succinic acid and 3-mercaptolactic acid.

The results presented in review papers and results from our experimental studies
indicated the crucial role of nutrients (methionine, folate, vitamin Bz, Bs, Bi2, zinc)
in reducing adverse effects associated with arsenic exposure. Our study demonstrated that
arsenic exposure induces changes in the metabolic profile, manifested by increased signal
intensity from metabolites involved in various metabolic pathways, including carbohydrates,
amino acids, lipids, and nucleotides. In groups of man exposed to arsenic, correlations were
observed between the amount of intake of nutrients involved in arsenic metabolism
and the severity of changes in the metabolic profile. Notably, the negative correlations between
the intake of methionine and folate (methyl group donors in arsenic metabolism) and vitamins
B>, Bs, Bi2, and zinc (cofactors of the arsenic metabolism reaction) and the intensity
of the metabolite signals suggest that a higher nutrient intake may alleviate the severity
of adverse changes associated with arsenic exposure. This underscores the need for education
aimed at adequate, standards-appropriate intake of nutrients involved in arsenic metabolism,
particularly in populations environmentally exposed to arsenic. The results may contribute
to further considerations when developing dietary recommendations for arsenic-exposed
individuals.

Keywords: arsenic, inorganic arsenic, arsenic metabolism, exposure, non-target metabolomics,
nutrients
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1. Uzasadnienie podjecia tematu

Szacuje si¢, ze od 94 do 220 milionéw ludzi na catym $wiecie jest narazonych na arsen,
ktory jest obecny w wodzie pitnej, a zanieczyszczenie arsenem wod gruntowych moze
wystepowa¢ az w 107 krajach, w tym 31 w Europie (Podgorski i Berg, 2020,
Shaji 1 wsp., 2021). Problem ten dotyczy ludnosci wielu regionéw $wiata m.in. Chile,
Argentyny, Bangladeszu, Meksyku, rowniez w Europie istnieja obszary zagrozone
tym problemem np. Wegry, Serbia, Rumunia, Chorwacja, Czechy, Polska, Grecja, Finlandia
i Turcja (Medunic i wsp., 2020). Doktadna liczba 0s6b narazonych na arsen moze by¢ wyzsza,
poniewaz woda pitna nie jest jego jedynym zrddlem. Inne Zrddta narazenia srodowiskowego
oraz zawodowego na rozne formy chemiczne arsenu (Baker i wsp., 2018, EFSA, 2021)

przedstawiono na Rycinie 1 1 2.

Zrodla Srodowiskowego
narazenia na arsen

Zanieczyszczenie
srodowiska
spowodowane
dziatalnoscia cztowieka

Zanieczyszczenie
srodowiska ze zrodet
naturalnych

Leki i inne srodki

skaly i gleby: i
rozpuszczanie elektrownie melarsoprol,

arsenu weglowe trojtlenek arsenu

w wodach

gruntowych, kurz S—
gornictwo, ‘ medycyna
wytapianie, péod.ukty.na ludowa
: 3 azie ryzu . -
spﬁi;l)tgﬁlgill]lw Iy ajurwedyjska
e

zboza i produkty
na bazie zb6z
(bez ryzu)

suplementy
z wodorostow

pozostatosci
pestycydow
w glebie
i wodach
gruntowych woda pitna

leki
homeopatyczne

stosowanie
nawozow

glebowych,

biosolidow

woda
do nawadniania,
wody gruntowe

Rycina 1. Potencjalne zrodta srodowiskowego narazenia na arsen.
Zrodto: opracowano na podstawie Baker i wsp., 2018, EFSA 2021.
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Zrodia zawodowego
narazenia na arsen

Przemyst elektroniczny,
Produkcja Przemyst energetyczny lotniczy,
telekomunikacyjny

Rolnictwo
1 ogrodnictwo

pestycydy amunicja elektrownie
weglowe
(produkt
uboczny,
narazenie zalezy
od poziomu
arsenu w weglu)

impregnanty plytka

mmm Szk1o 1 ceramika
drukowana

do drewna

akumulatory
kwasowo-
otowiowe, gornictwo
stopy metali
(np. otow,
mosiadz, braz)

arsenowodor,
tributyloarsyna

przemyst

optyczny
mmm (diody elektro-
luminescencyjne

laserowe)

fajerwerki

metalurgia

Rycina 2. Potencjalne zrodta zawodowego narazenia na arsen.
Zrbdto: opracowano na podstawie Baker i wsp., 2018.

Arsen moze wystepowaé na roznych stopniach utlenienia: As®, As’, As’*, As’".
Najbardziej toksyczne formy arsenu wyst¢puja na trzecim 1 pigtym stopniu utlenienia.
Arsen moze tworzy¢ polacznia ze zwigzkami nieorganicznymi (iAs) 1 organicznymi. Sposrod
tych zwiazkow, to potaczenia arsenu ze zwigzkami nieorganicznymi sg bardziej toksyczne
1 s3 to m.in. trdjtlenek arsenu, pieciotlenek arsenu, kwas arsenowy(Ill), kwas arsenowy(V),
arsenian sodu. Z kolei w grupie zwigzkow organicznych wyréznia si¢ np. kwas
monometyloarsenowy (MMA), kwas dimetyloarsenowy (DMA), arsenocholing, asrenolipidy,
arsenocukry (Styblo i wsp., 2000, Vahter, 2002).
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Narazenie na arsen wigze si¢ z wieloma negatywnymi skutkami zdrowotnymi.
Toksyczno$¢ arsenu jest zalezna w duzej mierze od formy jego wystepowania.
Miedzynarodowa Agencja Badan nad Rakiem uznata arsen za kancerogen i sklasyfikowata jego

zwiazki do poszczegdlnych grup (IARC, 2012), (Tabela 1).

Tabela 1. Klasyfikacja arsenu i jego zwiazkéw wedtug Miedzynarodowej Agencji Badan nad Rakiem.

Grupa Zwiazki arsenu

arsen (metaliczny),

Grupa 1 — czynniki rakotwoércze dla ludzi . . Do
nieorganiczne zwigzki arsenu

Grupa 2B — czynniki przypuszczalnie rakotworcze kwas dimetyloarsynowy,
dla Iudzi kwas monometyloarsonowy
arsenobetaina,

Grupa 3 — czynniki nie podlegaja klasyfikacji

. . py . inne organiczne zwiazki arsenu
ze wzgledu na ich rakotworczos¢ dla ludzi & 4 ’

ktore nie sg metabolizowane u ludzi

Zrédto: opracowano na podstawie IARC, 2012.

Narazenie na iAs moze prowadzi¢ do rozwoju nowotwordw ptuc, pecherza moczowego
1 skory, a ponadto zaobserwowano zalezno$¢ miedzy narazeniem a wystgpowaniem innych
nowotworow narzadow: nerek, watroby, prostaty (IRAC 2012). Dlugotrwale narazenie na arsen
zwigksza ryzyko zachorowania mi¢dzy innymi na choroby uktadu krazenia, a w tym na chorobe
niedokrwienng serca (Chowdhury 1 wsp., 2018), chorob¢ naczyn obwodowych
(Tseng i wsp., 2005) oraz na cukrzyce typu 2 (Rahimi i wsp., 2023), przewlekta chorobe nerek
(Jalili 1 wsp., 2021), choroby neurodegeneracyjne (Escudero-Lourdes, 2016), zespot
policystycznych jajnikow (Liang 1 wsp., 2022) oraz choroby tarczycy (Kim 1 wsp., 2022).
Ponadto, narazenie na arsen u kobiet w cigzy wiaze si¢ z niekorzystnymi wynikami
porodowymi u dziecka m.in. nizszg masa urodzeniowa (Liu i wsp., 2018), a w pdzniejszym
okresie negatywnie wpltywa na zdolno$ci poznawcze oraz moze indukowaé zaburzenia
neurologiczne u dzieci (Tyler i Allan, 2014).

Metabolizm 1As w organizmie czlowieka jest ztozony i moze obejmowac rézne $ciezki.
Najbardziej poznany mechanizm metabolizmu iAs stanowig etapy przeksztatcen chemicznych,
obejmujgce naprzemienne reakcje utleniania oraz redukcji do MMA 1 DMA. Utlenianie
wraz z metylacjg 1As do form MMA 1 DMA, katalizuje enzym — metylotransferaza arsenu
(AS3MT) przy uzyciu S-adenozylometiony (SAM) jako donora grup metylowych.
SAM syntetyzowana jest w szlaku jednoweglowym, w ktéorym zaangazowane sg niektore
sktadniki pokarmowe. Sg to donory grup metylowych (metionina, cholina, betaina, foliany)

1 kofaktory reakcji (witaminy B, Be, Bi2 1 cynk). Z kolei reakcja redukcji katalizowana
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jest przez S-transferaz¢ glutationowa omega 1 (GSTO;) z wykorzystaniem glutationu
jako $rodka redukujacego (Challenger, 1945, Thomas i wsp., 2007). W alternatywnych
sciezkach metabolizmu, 1As laczy si¢ z biatkami lub glutationem. W kazdej z tych $ciezek
jest zaangazowany enzym AS3MT (Hayakawa i wsp., 2005, Naranmandura i wsp., 2006,
El-Ghiaty 1 El-Kadi, 2023). Mimo, iz metabolizm iAs jest przedmiotem dyskusji i nadal
jest poznawany, to produkty metabolizmu sg dobrze opisane; iAs jest wydalany z moczem,
W postaci niezmienionej stanowi 10-30%, w formie MMA 10-20%, a jako DMA 60-80%
(Vahter, 2002).

Duza liczba osdb narazonych na arsen oraz negatywny wplyw tego pierwiastka
na  zdrowie, sklaniaja do  glebokiej analizy = mechanizméw  toksycznoS$ci
oraz do poszukiwania sposobu zmniejszenia niekorzystnego wpltywu arsenu na organizm
cztowieka. Badania w tym zakresie koncentruja si¢ miedzy innymi na skladnikach
pokarmowych zaangazowanych w metabolizm arsenu, ktére moga mie¢ modulujacy wptyw
na efektywno$¢ metylacji arsenu i zmniejszanie jego toksycznego dzialania. W literaturze
dostepnych jest wiele badan, w ktérych analizowano korzystny wpltyw tych skladnikow
pokarmowych. W niniejszej rozprawie dokonano podsumowania dost¢gpnych wynikéw badan
modelowych na zwierzetach i przeprowadzonych z udziatem ludzi. W badaniach na modelach
zwierzecych narazonych na 1As suplementacja niektorych skladnikow pokarmowych
zwigkszyla efektywno$¢ metylacji 1 zmniejszyla szereg niekorzystnych skutkéw zdrowotnych.
Podobne korzystne wyniki zaobserwowano w badaniach przeprowadzonych z udziatem ludzi
srodowiskowo narazonych na arsen. Jednak w tych badaniach analizowano jedynie zaleznosci
migdzy spozyciem, suplementacja lub stezeniem we krwi skladnikéw pokarmowych
a stezeniem metabolitéw arsenu w moczu oraz ryzykiem rozwoju choréb. Nalezy podkreslic,
ze wyniki badah na modelach zwierzgcych nie s3 rdwnowazne badaniom przeprowadzonym
z udziatem ludzi, a w tych z kolei wyniki byty niejednoznaczne. Dlatego potrzebne sg dalsze
badania w tym zakresie, aby okresli¢ role tych skladnikéw pokarmowych jako kofaktorow
reakcji i donorow grup metylowych. Ponadto w przeprowadzonych badaniach nie wykonywano
analizy szczegdtowych zmian zachodzacych w metabolizmie pod wptywem narazenia na arsen
1 powigzania tych zmian ze spozyciem skladnikow pokarmowych zaangazowanych

w metabolizm arsenu, co uzasadnia konieczno$¢ przeprowadzenia takich badan.

20



2. Cel, zakres badan, hipotezy badawcze

Cel badan:

Przeglad wynikéw badan w obszarze wptywu sktadnikoéw pokarmowych na zmniejszanie
toksyczno$ci 1 poprawe efektywnos$ci metylacji arsenu oraz analiza zalezno$ci miedzy
wielkos$cig spozycia wybranych sktadnikow pokarmowych a nasileniem zmian w profilu

metabolicznym u 0s6b dorostych srodowiskowo narazonych na arsen.

Zakres badan:

1. Przeglad wynikéw badan z zakresu wptywu skladnikow pokarmowych zaangazowanych
w metabolizm arsenu na efektywno$¢ jego metylacji oraz na nasilenie niekorzystnych zmian
zwigzanych z narazeniem na ten pierwiastek w badaniach na modelach zwierzgcych
1 przeprowadzonych z udziatem ludzi.

2. lloSciowa analiza wielko$ci spozycia skladnikéw pokarmowych zaangazowanych
w metabolizm arsenu w grupie me¢zczyzn narazonych na arsen.

3. Przeprowadzenie badan z zakresu metabolomiki niecelowanej w grupie megzczyzn
narazonych na arsen.

4. Analiza zalezno$ci migdzy wielkoscig spozycia sktadnikow pokarmowych zaangazowanych

w metabolizm arsenu a profilem metabolicznym mezczyzn narazonych na arsen.

Hipoteza glowna:
Istnieje zalezno$¢ miedzy nasileniem zmian w profilu metabolicznym osob Srodowiskowo
narazonych na arsen a wielkoscia spozycia sktadnikow pokarmowych, ktore sa zaangazowane

w metabolizm arsenu.

Hipotezy szczegolowe:

HI1. Narazenie na arsen indukuje zmiany w profilu metabolicznym me¢zczyzn narazonych
na arsen.

H2. Istnieje zalezno$¢ migdzy wielkoscig spozycia metioniny i foliandw (jako donorow
grup metylowych w metabolizmie arsenu) a nasileniem zmian w profilu metabolicznym
me¢zczyzn narazonych na arsen.

H3. Istnieje zalezno$¢ migdzy wielkoscia spozycia witamin Bz, Bs, B2 1 cynku
(jako kofaktoréw reakcji metabolizmu arsenu) a nasileniem zmian w profilu metabolicznym

mezczyzn narazonych na arsen.
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3. Material i metody badawcze

3.1. Prace przegladowe

W pracach tych wykonano analiz¢ dostgpnych wynikow badan z zakresu wptywu
donorow grup metylowych (metioniny, choliny, betainy, kwasu foliowego) i kofaktorow
reakcji (witamin B2, Be, Bi2 1 cynku) na efektywnos$¢ procesu metylacji arsenu, a takze
na zmniejszenie nasilenia catego spektrum zaburzen zwigzanych 2z narazeniem
na arsen: wykonanych na modelach zwierzecych (publikacja 1), przeprowadzonych z udzialem
ludzi (publikacja 2). W obu pracach wykorzystano elektroniczng baz¢ danych PubMed
(https://pubmed.ncbi.nlm.nih.gov). Do wyszukiwania artykuléw uzyto nastgpujacych stow
kluczowych: ,arsen” oraz ,metionina”, ,betaina”, ,cholina”, ,kwas foliowy”, ,foliany”,
»cynk”, . witamina B”, ,witamina B>”, ,witamina B¢”, ,,witamina B>”, ,ryboflawina”,
,»pirydoksyna”, ,kobalamina”. Uwzgledniono oryginalne, recenzowane artykuly w jezyku
angielskim opublikowane w latach 1980-2020. Majac na uwadze wyzej wymienione kryteria
analizie poddano 58 badan wykonanych na modelach zwierzgcych in vivo oraz in vitro
(publikacja 1) oraz 62 badania przeprowadzone z udzialem ludzi, w tym 4 badania in vitro

(publikacja 2).

3.2. Badana grupa mezczyzn

Badania przeprowadzono w grupie pracownikow huty miedzi, polozonej
w poludniowo-zachodnim regionie Polski. Do kryteriow wlaczenia nalezaly: narazenie
zawodowe na arsen, wiek powyzej 18 lat oraz obecnos¢ w  pracy
w trakcie badania. Do analizy wlaczono uczestnikow, od ktorych uzyskano kompletne
dane: kwestionariusz 3-dniowego biezacego notowania spozywanych produktow, potraw
1 napojow, ankiete (zawierajacg dane dotyczace wieku, wzrostu, masy ciata i ogolnej
charakterystyki osoby badanej) oraz probke moczu. Ostatecznie z grupy 119 pracownikow,
do badan zakwalifikowano 116, wylaczono dwie osoby ze wzgledu na brak kwestionariusza
3-dniowego biezacego notowania spozywanych produktow, potraw i napojow, jedng osobg
z powodu braku danych na temat specjacji arsenu. Uczestnikéw podzielono na dwie grupy
na podstawie st¢zenia arsenu catkowitego w moczu (tAs), zgodnie z zalecanymi biologicznymi
warto§ciami dopuszczalnymi dla narazenia zawodowego wynoszacymi 35 pg/l moczu
(American Conference of Governmental Industrial Hygienists, 2014). Grupe WN (n = 75)

stanowili pracownicy ze stezeniem tAs w granicach wartosci dopuszczalnych to znaczy
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do 35 pg/l moczu, natomiast grupe WH (n = 41) stanowili pracownicy ze st¢zeniem

tAs powyzej warto$ci dopuszczalnych.

3.3. Ocena wielkosci spozycia skladnikéw pokarmowych zaangazowanych w metabolizm
arsenu

Ocene wielkosci spozycia wybranych sktadnikéw pokarmowych zaangazowanych
w metabolizm arsenu przeprowadzono na podstawie danych z kwestionariusza 3-dniowego
biezagcego notowania spozywanych produktow, potraw 1 napojow. Uczestnicy zostali
poinstruowani w jaki sposéb wypetnia¢ kwestionariusz (otrzymali standardowy wzor, ktory
zawieral poprawnie zapisane przyktady uwzgledniajace: czas i miejsce spozycia positku, nazwe
positku, sktadniki, ilo§¢ lub miary domowe). Poproszono o doktadne zapisywanie wszystkich
produktéw spozywczych, potraw i1 napojow, sposobu przygotowania potraw i wielkos$ci porcji
(okreslonej za pomoca wagi kuchennej lub typowych miar domowych). Wielko$¢ spozycia
sktadnikéw pokarmowych zaangazowanych w metabolizm arsenu (metioniny, folianow,
witamin B, Be, Bi2, cynku) wyliczono przy pomocy programu komputerowego Dieta 6.0.
Do precyzyjnego okreslenia wielkosci porcji wykorzystano ,,Album fotografii produktow
1 potraw” (Szponar i wsp., 2000). Spozycie wybranych sktadnikow pokarmowych
przedstawiono jako $rednig lub mediang spozycia z trzech dni oraz w przeliczeniu na dzien
1 kilogram masy ciata. Wielko$¢ spozycia sktadnikow pokarmowych zaangazowanych
w metabolizm arsenu (metioniny, folianéw, witamin B, Bs, B12, cynku) porownano z normami

(Jarosz 1 wsp., 2020) na poziomie szacowanego $redniego zapotrzebowania (EAR).

3.4. Oznaczenia st¢zenia arsenu calkowitego oraz jego form specjacyjnych

Do analizy stgzenia arsenu catkowitego w moczu wykorzystano spektrometr
mas z plazmg indukcyjnie sprzezong i wyposazony w dynamiczng komore reakcyjng (Perkin
Elmer, SCIEX, USA). Analizy stezen iAs 1 arsenobetainy wykonano przy pomocy
spektrometru mas z plazma indukcyjnie sprzezona w polaczeniu z wysokosprawng

chromatografig cieczowg (Perkin Elmer, SCIEX, USA).

3.5. Metodyka badan z zakresu metabolomiki niecelowanej

Badania z zakresu metabolomiki niecelowanej obejmowaly cztery etapy,

ktére przedstawia Rycina 3.
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Ekstrakcja Analizy Analizy danych Potencjalna

probek moczu LC/HRMS metabolomicznych identyfikacja

Rycina 3. Etapy badan z zakresu metabolomiki niecelowane;.
LC/HRMS - chromatografia cieczowa z wysokorozdzielczg spektrometrig mas.

Przygotowanie probek moczu

W pierwszym etapie analiz przygotowano probki moczu zgodnie z protokotem

Southam 1 wsp. (2020). Procedurg przygotowania probek przedstawiono na Rycinie 4.

1. Do 100 pl moczu (rozmrozonego w temperaturze 4°C) dodano 300 pl roztworu do ekstrakcji:

- woda 1 metanol w stosunku 50:50 z wzorcami wewnetrznymi benzoyl-D5 and L-phenylalanine 3,3-D2
(do rozdziatu metabolitow niepolarnych i semipolarnych)

- acetonitryl i metanol 50:50 z tymi samymi wzorcami wewngtrznymi (do rozdzialu metabolitow polarnych).

2. Worteksowanie przez 2 minuty.

3. Wirowanie — 20 879 obr./min przez 20 minut w temperaturze 4°C.

4. Supernatant (200 pl) przeniesiono do szklanych wialek.

Rycina 4. Schemat ekstrakcji probek moczu do analiz z zakresu metabolomiki niecelowane;.

Probki randomizowano i podzielono na partie. Kazda partia sktadata si¢ z nastepujacych
probek: 10 probek do rownowazenia systemu, 7 probek kontrolnych (QC), 2 probki blank
(ultraczysta woda), 58-60 analizowanych probek moczu. Probki QC przygotowano mieszajac
rowne objetosci (100 pl) moczu od wszystkich os6b z danej grupy. Probke QC stosowano

do monitorowania stabilnosci systemu oraz sprawdzania poprawnosci wykonywanych analiz.

Analizy LC/HRMS

Analizy wykonywano przy uzyciu systemu ultraefektywnej chromatografii cieczowej
(Waters Acquity™ Ultra Performance LC system — Waters Corp., Milford, USA) sprz¢zone;j
z wysokorozdzielczym spektrometrem mas (HRMS), (Synapt G2Si Q-TOF — Waters
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MS Technologies, Manchester, UK) ze zrédlem jonizacji typu elektrosprej
(ESI source — Waters, Manchester, UK). Rozdziat chromatograficzny przeprowadzano
na dwoéch kolumnach:
e ACQUITY UPLC HSS T3 — do rozdziatu metabolitow niepolarnych i semipolarnych
e ACQUITY UPLC BEH Amide — do rozdzialu metabolitow polarnych.

W Tabeli 2 scharakteryzowano podstawowe parametry przeprowadzonych analiz.

Tabela 2. Charakterystyka rozdziatu chromatograficznego metabolitow.

Metabolity niepolarne

Parametry T e Metabolity polarne
Kolumna ACQUITY UPLC HSS T3 ACQUITY UPLC BEH Amide
4 (1.8 pm, 2.1 x 100 mm) (1.7 pm, 2.1 x 100 mm)
Prekolumna ACQUITY UPLC HSS T3 ACQUITY UPLC BEH Amide
4 (1.8 um, 2.1 x 5 mm) (1.7 um, 2.1 x 5 mm)
Objetos¢ nastrzyku 4.0 ul 2.5 ul

A —95% acetonitryl,
5% ultraczysta woda,

A —ultraczysta woda, 10 mmol mréwczan amonu,
Fazy ruchome 0.1% kwas mrowkowy 0.1% kwas mrowkowy
B — acetonitryl, B — 50% acetonitryl,
0.1% kwas mrowkowy 50% ultraczysta woda,

10 mmol mréwczan amonu,
0.1% kwas mréwkowy

Wszystkie analizy byly wykonywane w trybie jonizacji dodatnim i1 ujemnym.
Czas analizy jednej probki w danym trybie jonizacji wynosit 15 minut. Zastosowane odczynniki
chemiczne, doktadny przeptyw faz chromatograficznych oraz parametry pracy spektrometru

opisano w publikacji 3.

Analizy danych metabolomicznych

Rycina 5 przedstawia etapy przetwarzania danych metabolomicznych obejmujace
procesowanie, czyszczenie, normalizacj¢ oraz analiz¢ istotnych szlakéw i1 metabolitow.

Szczegotowy opis przetwarzania danych zawarto w publikacji 3 wchodzacej w sktad rozprawy.
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Pliki danych wprowadzono do programu Progenesis QI v3.0
Procesowanie w celu wykrycia cech, korekcji czasu retencji, wyrownania
1 wstepnej identyfikacji zwigzkow.

Czyszczenie Macierze danych z intensywno$cig sygnatu zwigzkéw poddano
danych czyszczeniu.

Normalizacj¢ danych przeprowadzono na platformie internetowej
MetaboGroupS. Najodpowiedniejsza metoda normalizacji byta
EigenMS.

Analiza Przeprowadzono na platformie internetowej MetaboAnalyst.

istotnych Szlaki metaboliczne i nalezace do nich metabolity, ktore ulegly

szlakow istotnym zmianom okre§lono w module Functional Analysis
i metabolitow (publikacja 3).

Rycina 5. Etapy przetwarzania danych metabolomicznych.

Potencjalna identyfikacja metabolitow

W celu potencjalnej identyfikacji, metabolity, ktorych intensywnos$¢ sygnatu byla
istotnie statystycznie rozna miedzy porownywanymi grupami, poddano fragmentacji metoda
Fast Data Dependent Acquisition z zastosowaniem S$redniej energii kolizyjnej 25 V.
Do fragmentacji zwigzkéw stosowano probke QC, a parametry chromatograficzne i pracy
spektrometru byly takie same jak przy analizie prob w poszczeg6lnych grupach badanych osob.
Otrzymane widma fragmentacyjne zwigzkéw poréwnywano z widmami w bazie danych
HMDB (The Human Metabolome Database), (Wishart i wsp., 2022).

3.6. Analizy statystyczne

Analizy statystyczne przeprowadzono przy uzyciu oprogramowania Statistica
w wersji 13.0 (StatSoft, Tulsa, OK, USA). Warto$¢ przyjetego poziomu istotnos$ci statystycznej
wynosita p < 0.05. Normalno$¢ rozktadu danych oceniano za pomocg testu Shapiro—Wilka
1 wyrazano jako $rednia = odchylenie standardowe (SD) dla danych o rozktadzie normalnym
lub mediana oraz minimum—maksimum dla danych odbiegajacych od rozktadu normalnego.
Do poréwnania zmiennych mi¢dzy dwiema grupami wykorzystano test t-Studenta (dla danych
o rozktadzie normalnym) 1 test U Manna—Whitneya (dla danych odbiegajacych od rozktadu
normalnego). Analizy zalezno$ci migdzy spozyciem skladnikow pokarmowych
zaangazowanych w metabolizm arsenu 1 potencjalnie zidentyfikowanymi metabolitami
przeprowadzono przy uzyciu wspotczynnika korelacji Pearsona lub wspoétczynnika korelacji

rang Spearmana.
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4. Najwazniejsze wyniki

4.1. Publikacja przegladowa: Influence of Dietary Compounds on Arsenic Metabolism
and Toxicity. Part I — Animal Model Studies

W wielu badaniach na modelach zwierzecych in vitro oraz in vivo analizowano wptyw
sktadnikow pokarmowych — metioniny, choliny, kwasu foliowego, witaminy B, witaminy B2,
1 cynku, zaangazowanych w metabolizm arsenu na efektywno$¢ jego metylacji i zmniejszanie

toksycznego dziatania. W Tabeli 3 przedstawiono gtowne wyniki tych badan.

Tabela 3a. Podsumowanie wynikow badan modelowych na zwierzetach in vivo i in vitro dotyczacych wptywu

sktadnikéw pokarmowych na metabolizm i toksyczno$¢ arsenu.

Parametry Glowne wyniki Podsumowanie wynikow
Suplementacja metioniny
e zmniejszenie stezenia tAs, iAs, MMA we krwi, zwigkszata efektywnos¢
watrobie, mozgu metabolizmu iAs
(3 badania in vivo).
. . L . Dieta o niskiej zawartosci
e zmiany w stgzeniach réoznych form arsenu w watrobie, - -
) . . . metioniny zmniejszata
nerkach, a takze zmniejszenie st¢zenia w moczu 2 . .
. o efektywno$¢ metabolizmu iAs
tAs, DMA, zwigkszenie iAs S
(2 badania in vivo).
. e zmniejszenie nasilenia peroksydacji lipidow w nerkach . .
Metionina . . - . L Suplementacja metioniny
1 watrobie (zmniejszenie st¢zenia MDA) . .
.. . o . wykazywata dzialanie
e zmniejszenie nasilenia stresu oksydacyjnego .
. . L . . hepatoprotekcyijne,
(zwigkszenie aktywnosci CAT) w nerkach i watrobie . .
R . . nefroprotekcyjne oraz korzystnie
e obnizenie st¢zenia glukozy we krwi oraz kwasu .
. . wplywata na metabolizm
pirogronowego w watrobie, wolnego azotu . .
. S glukozy, a takze ztagodzenie
aminokwasowego w watrobie i nerkach .
b . L negatywnych skutkow
oraz aktywnosci transaminazy glutaminianowo- o .
. . . toksycznosci iAs w mozgu
pirogronianowej w nerkach L
. . L. , (3 badania in vivo).
o zwickszenie stezenia tlenku azotu w mozgu
Dieta o niskiej zawartosci
e zmniejszenie stezenia tAs i DMA w moczu, choliny zmniejszata efektywno$é
zwigkszenie stezenia tAs w narzadach metabolizmu iAs
(2 badania in vivo).
e zmniejszenie wydtuzenia odstgpu QT w sercu (in vivo),
zmniejszenie wydtuzenia czasu trwania potencjatu
czynno$ciowego i pradéw wapniowych typu L
w miocytach (in vitro) Suplementacja choliny
Cholina o zwigkszenie wskaznika przezycia wykazywala efekt
e zmniejszenie wystepowania wad zamknigcia cewy kardioprotekcyjny

nerwowej

e zmniejszenie metylacji DNA w rdzeniu kregowym
(zwigkszenie ekspresji DNMT1 i DNMT3a)

e zmniejszenie nasilenia apoptozy w rdzeniu krggowym
(zwigkszenie ekspresji Bcl-2, zmniejszenie
ekspresji Bax)

1 neuroprotekcyjny
(2 badania in vitro, 1 in vivo).

e zmniejszenie migracji DNA w komorkach skory
i uszkodzen chromosomalnych w szpiku kostny

Dieta o niskiej zawartosci choliny
zwigkszata uszkodzenia DNA
(1 badanie in vivo).
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Tabela 3b. Podsumowanie wynikow badan modelowych na zwierzetach in vivo i in vitro dotyczacych wptywu
sktadnikéw pokarmowych na metabolizm i toksyczno$¢ arsenu.

Parametry

Gléwne wyniki

Podsumowanie wynikow

Suplementacja witaming B,

Witamina B,
(z selenem)

e zmniejszenie stgzenia tAs w watrobie, skrzelach,
mobzgu, nerkach i mi¢$niach

zmniejszata bioakumulacje tAs
w narzadach (2 badania in vivo).

e zmniejszenie nasilenia stresu oksydacyjnego
(zmniejszenie podwyzszonej aktywnosci SOD, CAT,
GST, GPx w watrobie, skrzelach, m6zgu, nerkach,
zmniejszenie st¢zenia kortyzolu we krwi, HSP 70
w skrzelach 1 watrobie, zwigkszenie aktywno$ci
AChE w mozgu i watrobie)

e zmniejszenie nasilenia peroksydacji lipidow
w watrobie, skrzelach, mozgu, nerkach
(zmniejszenie stezenia TBARS)

¢ zwigkszenie odpornosci (zwickszenie stgzenia
catkowitej immunoglobuliny, mieloperoksydazy,
zmniejszenie stosunku albumina:globulina we krwi)

Suplementacja witaming B>
zmniejszata nasilenie stresu
oksydacyjnego w uktadzie
pokarmowym, nerwowym,
oddechowym, moczowym
i zwickszata odpornos¢ ryb
(2 badania in vivo).

Witamina B,

e zwickszenie stezenia tAs w moczu, zmniejszenie
stezenia tAs we krwi 1 watrobie

Suplementacja zwigkszala
efektywnos¢ metabolizmu iAs
(1 badanie in vivo).

. zmniegjszenie nasilenia peroksydacji lipidow
w watrobie, jelitach, ptucach (zmniejszenie stezenia
TBARS, OH", CD)

. obnizenie stezen enzymoéw ALT, AST we krwi

. zmniegjszenie nasilenia apoptozy w watrobie (m.in.
zmniejszenie aktywnosci kaspazy 3, Ca?*-ATPazy)

. zmniejszenie uszkodzen DNA w watrobie

. zmniejszenie nasilenia zmian zwyrodnieniowych
w nerkach i watrobie

. zmniejszenie stgzenia metalotioneiny w watrobie

Suplementacja zmniejszata
niekorzystne zmiany w uktadzie
pokarmowym, moczowym
i oddechowym
(3 badania in vivo).

Kwas foliowy

e zwickszenie stezenia tAs w moczu, zmniejszenie
stezenia tAs we krwi, kale, watrobie

e zmniejszenie stezenia w moczu iAs i zwigkszenie
DMA (efekt przy zastosowaniu kwasu foliowego
z dietg o niskiej zawartosci thuszczu,
z dietg wysokotluszczowa przeciwny efekt)

e zmniejszenie stezenia iAs w watrobie

Suplementacja kwasu foliowego
zwigkszata efektywnos¢
metabolizmu iAs
(5 badan in vivo).

e zmniejszenie stezenia tAs w moczu

Dieta o niskiej zawartosci kwasu
foliowego zmniejszata
efektywno$¢ metabolizmu iAs
(2 badania in vivo).

e zmniejszenie nasilenia stresu oksydacyjnego
(zwigkszenie aktywnosci SOD, CAT, GSH we krwi,
watrobie, trzustce)

e zmniejszenie nasilenia peroksydacji lipidow
(zmniejszenie stezenia TBARS, OH" we krwi, watrobie,
trzustce)

e zmniegjszenie nasilenia apoptozy (zmniejszenie
aktywnosci kaspazy 3, Ca?'-ATPazy w watrobie)

e obnizenie stezen enzymow ALT, AST, ACP we krwi

¢ zmniejszenie uszkodzen watroby (wyniki badan
histopatologicznych)

¢ zmniejszenie uszkodzen DNA w watrobie, trzustce,
limfocytach (zmniejszenie rozmazania pasma DNA)

¢ poprawa funkcji nerek (zmniejszenie st¢zenia mocznika
we krwi)

Suplementacja zmniejszata
nasilenie niekorzystnych zmian
w uktadzie pokarmowym,
moczowym i krwiono$nym
(8 badan in vivo), a takze
wykazywata dziatanie
kardioprotekcyjne,
neuroprotekcyjne
1 antycytotoksyczne
(3 badania in vitro).
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Tabela 3c. Podsumowanie wynikéw badan modelowych na zwierzgtach in vivo i in vitro dotyczacych wplywu
sktadnikéw pokarmowych na metabolizm i toksyczno$¢ arsenu.

Parametry

Gléwne wyniki

e zmniejszenie uszkodzen chromosomoéw (zmniejszenie
liczby mikrojader w erytrocytach)

e poprawa wzrostu i rozwoju embrionalnego,
zmniejszenie embrionalnych wad serca

o zwickszenie przezywalnosci komorek

Podsumowanie wynikow

e zmniejszenie liczby bakterii w kale

e nasilenie zaburzen w metylacji DNA (zmiana metylacji
wysp CpG, w tym gendéw zwigzanych z nowotworami
i rozwojem plodowym, zmiany metylacji genow
w szlaku sygnalizacyjnym Wnt)

e wzrost $miertelno$ci zarodkéw i matek

Suplementacja wykazywala
niekorzystny wptyw na flore
jelitowa, metylacje DNA,
przezywalno$¢ ptodu i matki
(3 badania in vivo).

o zwickszenie stezenia insuliny na czczo we krwi
i wskaznika HOMA-IR

e wzrost wystgpowania okreslonych wad cewy nerwowe;j

e zmniejszenie ekspresji gendw zwiazanych z rozwojem
i roznicowaniem komorek skory, zwigkszenie ekspresji
gendéw zwigzanych z ruchem komorki

e zmniejszony transport neurofilamentéw

Dieta o niskiej zawartosci kwasu
foliowego nasilata zaburzenia
homeostazy glukozy, rozwoju,

proliferacji skory
(3 badania in vivo)
oraz neurotoksyczno$¢
(1 badanie in vitro).

Witamina B,

o zwigkszenie stgzenia tAs w moczu, a zmniejszenie
we krwi 1 watrobie

o zwigkszenie stezenia MMA i DMA w moczu
(przy niskiej dawce iAs)

Suplementacja zwigkszala
efektywnos¢ metabolizmu iAs
(3 badania in vivo).

e zmniejszenie nasilenia stresu oksydacyjnego
w watrobie i trzustce (zwigkszenie aktywnosci SOD,
CAT, GSH)

e zmniejszenie nasilenie peroksydacji lipidow w watrobie
1 trzustce (zmniejszenie stezenia MDA)

i kwas e zmniejszenie nasilenia apoptozy w watrobie Supl taci eiszal
foliowy (zmniejszenie aktywnosci kaspazy 3, Ca*'-ATPazy) upiementacja zmniejszata
.. . , . uszkodzenia w uktadzie
e zmniejszenie uszkodzen DNA w watrobie, trzustce, .
. ; L . . pokarmowym i moczowym
nerkach (zmniejszenie peknig¢ DNA i rozmazania L
(6 badan in vivo).
pasma DNA)
e obnizenie stgzen enzymow ALT, AST, ACP we krwi
e zmniejszenie uszkodzen watroby i nerek (wyniki badan
histologicznych)
e zmniejszenie stezenia insuliny we krwi na czczo
oraz wskaznika HOMA-IR
Suplementacja zmniejszata
e zmniejszenie st¢zenia tAs m.in. w watrobie, nerkach, akumulacje arsenu w wielu
$ledzionie, jelicie cienkim, mézgu, sercu narzadach (6 badan in vivo)
i komoérkach (1 badanie in vitro).
e zmniejszenie uszkodzen w jelitach, nerkach (wyniki
badan histopatologicznych)
e zmniejszenie ekspresji markerow stanu zapalnego
Cynk w jelitach i nerkach (IL-1p, IL-6, IL-10, TNF-o)

o zwigkszenie poziomow mRNA bialek polaczen
scistych w jelitach i nerkach (okludyny, klaudyny
i zonuliny)

e poprawa funkcji watroby (korzystne zmiany stgzen
ALT, AST, ALP we krwi, w watrobie)

e zmniejszenie nasilenia stresu oksydacyjnego w
nerkach, sercu, mozgu (zwigkszenie aktywnosci CAT,
SOD, GSH, zmniejszenie generacji ROS)
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Tabela 3d. Podsumowanie wynikow badan modelowych na zwierzetach in vivo i in vitro dotyczacych wptywu
sktadnikéw pokarmowych na metabolizm i toksyczno$¢ arsenu.

Parametry

Gléwne wyniki

Podsumowanie wynikow

zmniejszenie nasilenia autofagii w nerkach, $ledzionie,
sercu (zwigkszenie ekspresji biatka p62, p-AKT,
p-mTOR, Bekliny-1, zmniejszenie ekspresji LC3,
LC3-II, ATG-5)

zmniejszenie nasilenia stanu zapalnego w nerkach

(zmniejszenie ekspresji nNF-kB, zwigkszenie ekspresji

cNF-xB)

zmniejszenie nasilenia stresu retikulum
endoplazmatycznego w nerkach i $ledzionie
(zmniejszenie ekspresji GRP78, GRP94, PERK,
CHOP)

zmniejszenie nasilenia zaburzen homeostazy biatek
w nerkach (zmniejszenie ekspresji biatek HSP60,
HSP70, HSP90, zmniejszenie stezenia PC)
zmniejszenie nasilenia peroksydacji lipidow

w watrobie, nerkach, sercu, mézgu (zmniejszenie
stezenia MDA)

zwigkszenie ekspresji metalotioneiny w watrobie,
nerkach

zmniejszenie nasilenia apoptozy w watrobie, nerkach,
$ledzionie, sercu, moézgu (zmniejszenie ekspresji
kaspazy-3, kaspazy-8, kaspazy-9, Bax, a zwickszenie
Bcl-2)

zmniejszenie uszkodzen DNA w nerkach (zmniejszenie

stezenia 8-OGdG)

zmniejszanie nasilenia zaburzen behawioralnych
U SZCZurow

zmniejszenie nasilenia zaburzen w uktadzie
cholinergicznym (zwigkszenie aktywnoS$ci
acetylocholiny i zmniejszenie st¢zenia acetylocholiny
w mézgu)

zmniejszenie nasilenia zaburzen w seminogramie
(zwigkszenie proporcji prawidlowych plemnikow,
zmniejszenie wystepowania nieprawidtowosci

w plemnikach)

Suplementacja zmniejszata
uszkodzenia w uktadach:
pokarmowym, moczowym,
limfatycznym, krwiono$nym,
nerwowym i rozrodczym
(17 badan in vivo),

a takze wykazywatla dziatanie
antyapoptotyczne
(1 badanie in vitro).

e zmniejszony wzrost zwierzat, podwyzszony hematokryt

zwigkszenie nasilenia stanu zapalnego w watrobie
(zwigkszenie ekspresji HO-1, IL-6, Ccl2, ICAM1)
nasilenie apoptozy w linii komorkowej INS-1
(zwigkszenie ekspresji przecigtego PARP)
zwigkszenie uszkodzen DNA w linii komorkowe;j
INS-1 (zwigkszenie ekspresji y-H2AX)

obnizenie zywotnosci komodrek (zwickszenie procentu
zywych komorek, zmniejszenie liczby zywych
komorek)

zwigkszenie zaburzen funkcji nerek (zwigkszenie
stezenia kwasu moczowego i mocznika we krwi,
zwigkszenie aktywnosci arginazy w nerkach)

nasilenie stresu oksydacyjnego (zmniejszenie ekspres;ji
nrf2a, nrf2b, oggl) i zaburzen zwigzanych z produkcja
insuliny (zmniejszenie ekspresji insa) w zarodkach

i aktywno$¢ fosfatazy zasadowej we krwi

Dieta o niskiej zawartosci
cynku nasilala niekorzystne
zmiany m.in. poprzez nasilenie
stanu zapalnego w watrobie,
nasilenie zaburzen w ukladzie
moczowym, zmniejszenie
wzrostu i wptyw na ekspresje
gendw odpowiedzialnych
za nasilenie stresu
oksydacyjnego
i syntezg¢ insuliny
(4 badania in vivo), nasilala
apoptoze i uszkodzenia DNA
oraz zmniejszata Zywotnosc¢
komorek (1 badanie in vitro).

8-O0GdG - 8-hydroksy-deoksyguanozyna; AChE - acetylocholinoesteraza; ACP — fosfataza kwasna;
ALP — fosfataza alkaliczna; ALT — aminotransferaza alaninowa; AST — aminotransferaza asparaginianowa;
ATG-5 — gen zwigzany z autofagia 5; Bax — biatko X zwiazane z Bcl-2; Bcl-2 — rodzina endogennych biatkowych
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regulatorow apoptozy; Ca2+-ATPaza — adenozynotrifosfataza wapniowa; CAT — katalaza; Ccl2 — ligand
2 chemokiny o motywie CC; CD — sprze¢zone dieny; CHOP — biatko homologiczne do C/EBP; cNF-«kB — jadrowy
czynnik transkrypcyjny NF kappa B w cytoplazmie; DMA — kwas dimetyloarsenowy; DNA — kwas
deoksyrybonukleinowy; DNMTI1 — metylotransferaza DNA 1; DNMT3a — metylotransferaza DNA 3A;
v-H2AX — fosforylowana forma histonu H2AX w pozycji serynyl139; GPx — peroksydaza glutationowa;
GRP78 — biatko regulowane glukoza o masie 78 kDa; GRP94 — biatko regulowane glukoza o masie 94 kDa;
GSH — glutation; GST — S-transferaza glutationowa; HO-1 — oksygenaza hemowa 1; HOMA-IR — wskaznik oceny
modelu homeostatycznego insulinoopornosci; HSP 60 — l})llaika szoku termicznego o masie 60 kDa;
HSP 70 — biatka szoku termicznego o masie 70 kDa; HSP 90 — biatka szoku termicznego o masie 60 kDa;
iAs — arsen nieorganiczny; ICAMI1 — czasteczka adhezji migdzykomorkowej 1; IL-1B — interleukina 1;
IL-10 — interleukina 10; IL-6 — interleukina 6; insa — insulina-a; LC3 — lekki tancuch 3 bialek zwigzanych
z mikrotubulami  1A/1B; MDA - dialdehyd malonowy; MMA - kwas monometyloarsenowy;
nNF—k::lip}faB —jadrowy czynnik transkrm;()cyjny NF kappa B; nrf2 — jadrowy czynnik transkrypcyjny pochodzenia
erytroidalnego typu 2; oggl— ikozylaza DNA 8-oksoguaniny; 8H' — rodnik  hydroksylowy;
p-AKT — fosforylowana kinaza biatkowa B; p-mTOR - fosforylowany ssaczy cel rapamycyny;
PARP — polimeraza poli(ADP)rybozy; PC — biatka karbonylowane; PERK — kinaza biatkowa retikulum
endoplazmatzcznego; ROS — reaktywne formy tlenu; SOD — dysmutaza ponadtlenkowa; tAs — arsen catkowity;
TBARS — substancje reagujace z kwasem tiobarbiturowym; TNF-o — czynnik martwicy nowotworow alfa.

W wigkszo$ci badan przeprowadzonych na modelach zwierzecych wykazano,
ze sktadniki pokarmowe zaangazowane w metabolizm arsenu moga zwickszy¢ efektywnos¢
metylacji arsenu, jak réwniez zmniejsza¢ nasilenie catego spektrum zaburzen zwigzanych
z narazeniem na ten pierwiastek. Kwas foliowy i1 cynk to sktadniki pokarmowe, ktére byty
analizowane w najwiekszej liczbie badan (19 kwas foliowy, 25 cynk), co pozwolito
na pehliejsze okreslnie ich wplywu na metabolizm 1 toksyczno$¢ arsenu.
Wykazano, ze suplementacja tych skladnikow pokarmowych zwickszala efektywnos¢
metylacji arsenu oraz zmniejszata niekorzystne zmiany w wielu uktadach: pokarmowym,
moczowym, limfatycznym, krwionosnym, nerwowym 1 rozrodczym. Liczba badan
dotyczacych wptywu metioniny, choliny, witamin B> 1 B2, kwasu foliowego w potaczeniu
z witaming B2, byla ograniczona, acznie 21 badan. Te nieliczne badania wskazywaly
na ich potencjalnie korzystny wptyw. Jednak wiele aspektéw tych badan uniemozliwia
poréwnanie otrzymanych wynikdw 1 sformulowanie jednoznacznych wnioskow.
W protokotach badan wykorzystywano rdzne linie komorkowe 1 modele zwierzece,
ktore roznily takie czynniki jak ple¢, wiek, roznice w metabolizmie arsenu mi¢dzy gatunkami.
Ponadto, wystepowato duze zrdznicowanie dotyczace narazenia na arsen (forma, dawka,
czas trwania narazenia, sposob podawania), jak rowniez zwigzane ze skladnikami
pokarmowymi (dawka, sposdb i czas podania; przed, jednocze$nie lub po narazeniu
na iAs, poczatkowe stezenia sktadnikéw pokarmowych w organizmie).

Badania przeprowadzone na liniach komodrkowych 1 modelach zwierzecych
nie s rdwnowazne badaniom przeprowadzonym z udziatem ludzi, ale wskazaty kierunek i byty
przyczynkiem do dalszych rozwazan. Bioragc pod uwage obiecujace wyniki badan na modelach
zwierzecych in vivo 1 in vitro, przeanalizowano rowniez wpltyw tych sktadnikow pokarmowych
na efektywno$¢ procesu metylacji arsenu, a takze na zmniejszenie nasilenia catego spektrum

zaburzen zwigzanych z narazeniem na arsen w populacjach narazonych na ten pierwiastek.
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4.2. Publikacja przegladowa: Influence of Dietary Compounds on Arsenic Metabolism
and Toxicity. Part II —- Human Studies

W badaniach in vitro na ludzkich liniach komodrkowych (4 badania)
oraz przeprowadzonych z udzialem ludzi narazonych na arsen analizowano zalezno$ci miedzy
spozyciem (22 badania), suplementacja (kwasu foliowego, cynku; 9 badan) lub stgzeniem
sktadnikow pokarmowych we krwi (29 badan) a metabolizmem arsenu oraz zaburzeniami

Zwigzanymi z tym narazeniem.

4.2.1. Badania in vitro — kwas foliowy i cynk a metabolizm i toksyczno$¢ arsenu

W 4 badaniach na ludzkich liniach komérkowych analizowano ochronne dziatanie
kwasu foliowego i1 cynku przy ekspozycji na iAs.
W jednym z badan kwas foliowy nie mial wplywu na metabolizm arsenu.
Z kolei w 3 badaniach, kwas foliowy i cynk zmniejszaly nasilenie procesu apoptozy, stresu
oksydacyjnego oraz uszkodzen DNA. W badaniach tych uzyskano korzystne wyniki pomimo
duzego zréznicowania metodycznego (rézne linie komdrkowe, rozne dawki kwasu foliowego,
cynku 1 1As).
W warunkach niedoboru kwasu foliowego zaobserwowano zmniejszenie efektywnosci procesu
metylacji arsenu (1 badanie). W 2 badaniach niedobory kwasu foliowego i1 cynku nasilaty
apoptoze 1 prowadzity do wzrostu stezenia markerdw stresu oksydacyjnego 1 stanu zapalnego.
W tych badaniach zaréwno krotki okres niedoboru kwasu foliowego, jak i dluzszy

okres niedoboru cynku prowadzity do niekorzystnych zmian.

4.2.2. Wielkos¢ spozycia i suplementacji skladnikow pokarmowych a metabolizm

i toksycznos¢ arsenu

Zaleznos¢ miedzy wielko$cig spozycia sktadnikéw pokarmowych a metabolizmem
arsenu analizowano w 4 badaniach przeprowadzonych w grupie dzieci oraz w 10 badaniach
w grupie osob dorostych.

W 3 badaniach przeprowadzonych z udziatem dzieci zaobserwowano ujemne zaleznos$ci
migdzy wielko$cig spozycia witaminy Bs, folianow a %MMA w moczu oraz dodatnie
zaleznosci migdzy wielkos$cig spozycia folianow 1 %DMA. Zaleznosci z pozostatymi
sktadnikami pokarmowymi a stezeniem metabolitow arsenu w moczu byly nieistotne

statystycznie.

32



W czesci badan z udzialem oso6b dorostych wykazano, ze wielko$¢ spozycia sktadnikoéw
pokarmowych (metioniny, choliny, witamin B2, Be, B12, folianéw i cynku) byta skorelowana
ze stezeniem metabolitow arsenu w moczu (glownie ujemnie z MMA 1 iAs oraz dodatnio
z DMA). Wyniki te sg niejednoznaczne, poniewaz w wickszosci analizowanych badan byty
to jedynie pojedyncze zalezno$ci, ktoérych nie stwierdzono w pozostalych badaniach.
Ilosciowe podsumowanie opisywanych zalezno$ci przedstawiono w Tabeli 4.

Tabela 4. Podsumowanie wynikow badan dotyczacych zaleznosci migdzy wielkoscig spozycia skladnikow

pokarmowych zaangazowanych w metabolizm arsenu a st¢zeniem metabolitow arsenu w moczu w badaniach
przeprowadzonych w grupie oséb dorostych.

Parametry Metionina Betaina Cholina Witamina B, Witamina B¢ Witamina B, Foliany = Cynk

Liczba

badah 3 2 2 7 7 6 8 2
YMMA  (); (1) NS - (+-);: (2) )M () (1) ;M ;@)
%DMA - (+); (1) NS () (D) () (1) () (1) NS (9):(2)

YoiAs -: 2 NS (s (D) M) 12 12 M () (D)

W nawiasie podano liczbe badan, w ktorych wynik byl statystycznie istotny. (+) — zalezno$¢ dodatnia;
(=) - zalezno$¢ ujemna; DMA - kwas dimetyloarsenowy;, 1iAs — arsen nieorganiczny;
MMA — kwas monometyloarsenowy; NS — nieistotne statystycznie.

W kilku badaniach analizowano zalezno$ci miedzy wielkoscig spozycia sktadnikow
pokarmowych a niekorzystnymi skutkami zdrowotnymi. Zaobserwowano zalezno$ci miedzy
wysokim spozyciem witamin z grupy B i foliandw a zmniejszeniem niekorzystnych zmian
zwigzanych z narazeniem na arsen (mi¢dzy innymi zmniejszenie stresu oksydacyjnego,
zmniejszenie ryzyka zmian skornych u 0s6b dorostych oraz zwigkszeniem ogdlnych zdolnosci
poznawczych u dzieci). Tylko w jednym badaniu wysokie spozycie witaminy Bs wigzato
si¢ ze zwigkszonym ryzykiem rozwoju cukrzycy i zespolu metabolicznego, dlatego aspekt
ten wymaga dalszych badan. Z kolei niskie spozycie (choliny, witamin z grupy B, folianow
1 cynku) zwiekszalo ryzyko wysokiego ci$nienia tetna oraz ryzyko wystgpienia zmian
skornych. Jednak w kilku badaniach uzyskano sprzeczne wyniki. Ponadto, nie wykazano
jednoznacznych zalezno$ci miedzy wielkoscia spozycia witamin z grupy B 1 folianow
a ryzykiem wystgpienia zmian skornych, rozwoju cukrzycy i raka pecherza moczowego,
a takze poziomem roznych umiejetnosci szkolnych u dzieci. Autorzy badan sugerowali,

ze brak lub niejasny efekt moze wynika¢ z malej zmiennosci spozycia tych witamin lub tego,
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ze u wigkszosci uczestnikow wielkos$¢ spozycia byta wyzsza od zalecanych norm. Dodatkowo
uzyskane wyniki mogly by¢ determinowane zmienno$cig genetyczng lub réznicami
w metabolizmie wynikajacymi z wplywu takich czynnikow jak pte¢, wiek, stan zdrowia.
Przeprowadzono niewiele badan, w ktérych analizowano wplyw suplementacji
sktadnikéw pokarmowych na metabolizm arsenu i skutki zdrowotne zwigzane z narazeniem
na ten pierwiastek. W 4 badaniach suplementacja kwasem foliowym zwigkszata efektywnos¢
metylacji arsenu u oséb dorostych (gltéwnie poprzez zwigkszenie stezenia DMA w moczu
1 zmniejszenie stezenia tAs w moczu 1 krwi). Z kolei suplementacja cynku u dzieci
spowodowata odmienny efekt (zmniejszenia stezenia DMA w moczu, brak wplywu na stezenie
pozostalych metabolitow arsenu). W odniesieniu do skutkéw zdrowotnych w 2 badaniach
suplementacja kwasem foliowym zmniejszata niekorzystne objawy zwigzane z zatruciem
arsenem, podczas gdy w 1 badaniu suplementacja kwasem foliowym nie miala wptywu
na regulacj¢ epigenetyczng. Krotki okres suplementacji, zastosowanie niskiej dawki kwasu
foliowego lub zastosowanie filtréw do usuwania arsenu z wody to czynniki, ktére wedtug

autoréw badan mogty wptywac na uzyskane wyniki.

4.2.3. Stezenie skladnikow pokarmowych a metabolizm i toksycznos$¢ arsenu

Zalezno$¢ miedzy stezeniem sktadnikow pokarmowych we krwi a metabolizmem
arsenu analizowano w 8 badaniach przeprowadzonych z udziatem dzieci oraz w 12 badaniach
z udzialem 0s6b dorostych.

W badaniach z udzialem dzieci tylko st¢zenie witaminy Bi> 1 folianow we krwi
korelowalo dodatnio z %DMA 1 ujemnie %MMA oraz z %iAs. Podobne wyniki
zaobserwowano u 0sob dorostych, u ktorych w 5 badaniach wykazano wystgpowanie istotnych
zaleznos$ci migdzy stezeniem witaminy Bz, foliandéw we krwi a stezeniem metabolitow arsenu
w moczu (ujemne z %MMA 1 %iAs oraz dodatnie z %DMA). W kilku badaniach
przeprowadzonych z udzialem kobiet w cigzy nie wykazano zalezno$ci miedzy stezeniem
witaminy Bi2, folianéw a st¢zeniem metabolitow arsenu w moczu, a jedynie ze stezeniem
roznych form arsenu we krwi 1 we krwi pepowinowe;.

W czesci badan wykazano, ze stezenie witaminy Biz 1 folianow moze mie¢ wpltyw
na efektywnos$¢ metylacji arsenu. Jednak w innych badaniach zalezno$ci miedzy st¢zeniem
sktadnikéw pokarmowych we krwi (witamin B, B12, folianéw i1 cynku) a stezeniem réznych

form arsenu w moczu nie byty istotne statystycznie.
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Analizowano réwniez zaleznosci mi¢dzy stezeniem sktadnikow pokarmowych we krwi
a nasileniem réznych zaburzen zwigzanych z narazeniem na arsen. W 3 badaniach wykazano,
ze wyzsze ste¢zenia we krwi choliny, witaminy B1», folianéw byly powigzane ze zmniejszeniem
zaburzen metylacji DNA, modyfikacji histondw, z wyzszym poziomem umiej¢tnosci
naukowych u dzieci. W kilku badaniach zaobserwowano takze zalezno$¢ migdzy stezeniem
sktadnikoéw pokarmowych we krwi (foliany — niskie 1 wyzsze stezenia, witamina B> — niskie
stezenie) a zwigkszonym ryzykiem rozwoju chordb i niekorzystnych zmian w organizmie
zwigzanych z narazeniem na arsen (zwigkszona metylacja DNA, zwigkszone ryzyko rozwoju
cukrzycy typu 1, raka urotelialnego, zmian skérnych u oséb dorostych i opéznionego rozwoju
u dzieci). W 4 badaniach nie wykazano =zalezno$ci miedzy stezeniem metioniny,
witamin B¢, Bz, folianow we krwi a metylacja DNA, ryzykiem rozwoju cukrzycy
typu 2 i zmianami skérnymi. Ponadto, zaobserwowano obnizone st¢zenie cynku w moczu,
krwi i wtosach u 0s6b narazonych na arsen (kobiety w cigzy, pacjenci z choroba czarnej stopy,
pracownicy huty i recyklingu metali). Wyniki tych badan wskazuja, ze odpowiedni stan
odzywienia w odniesieniu do tych witamin, moze tagodzi¢ niekorzystne skutki zdrowotne
zwigzane z narazeniem na arsen. Z kolei st¢zenie sktadnikéw pokarmowych we krwi
w zakresach powyzej 1 ponizej norm moze by¢ zwigzane z nasileniem tych niekorzystnych
skutkow zdrowotnych.

Podsumowujac badania przeprowadzone z udziatem ludzi wykazaly, ze wielko$¢
spozycia 1 stgezenie niektorych sktadnikow pokarmowych we krwi (metioniny, choliny,
folianow, witamin B, Bs, Bi2, cynku) moze mie¢ korzystny wpltyw na poprawe metylacji
arsenu 1 na zmniejszenie nasilenia  niekorzystnych  skutkéw  zdrowotnych.
Podobnie jak w badaniach na modelach zwierzecych wielko§¢ spozycia sktadnikow
pokarmowych, jak i ich stgZzenie we krwi mialo istotny wplyw na obserwowane efekty.
Jednakze, dotychczasowe badania przeprowadzone z udziatem ludzi s3 niejednoznaczne
(wiele zmiennych determinowato uzyskane wyniki). W wiekszo$ci badan wykazano jedynie
pojedyncze =zalezno$ci migdzy wielkoScig spozycia lub stezeniem danego sktadnika
pokarmowego a stezeniem metabolitow arsenu w moczu czy tez skutkami zdrowotnymi.
Przeglad badan przeprowadzonych z udzialem ludzi narazonych na arsen wskazuje
na konieczno$¢ dokladniejszej analizy zalezno$ci miedzy wielkoscig spozycia sktadnikow
pokarmowych zaangazowanych w metabolizm arsenu a zmianami w organizmie jakie zachodzg

pod wplywem narazenia na ten pierwiastek.
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4.3. Publikacja: Metabolic Changes and Their Associations with Selected Nutrients
Intake in the Group of Workers Exposed to Arsenic
4.3.1. Ogolna charakterystyka badanej grupy mezczyzn i wielko$¢ spozycia wybranych

skladnikéw pokarmowych zaangazowanych w metabolizm arsenu

Grupe¢ badang stanowili pracownicy zawodowo narazeni na arsen (pracownicy huty
miedzi). Charakterystyke grupy badanej przedstawiono w Tabeli 5. Nie wykazano réznié¢
w zakresie wieku, wzrostu oraz okresu narazenia mi¢dzy grupg WN i WH. Odnotowano istotnie

wyzsze wartosci masy ciala i wskaznika masy ciata w grupie WH w poréwnaniu do grupy WN.

Tabela 5. Ogolna charakterystyka grupy mezezyzn.

Parametry O(l:lie;glrllg;y
Wiek (lata) 43.5 (21.0-62.0) 42.1+£10.0 44.0 (23.0-56.0) 0.4772
Wzrost (cm) 177.0 (165.0-198.0)  176.5 (165.0-198.0) 178.3 £ 6.1 0.9673
Masa ciala (kg) 89.4+14.8 86.7+14.0 94.0 £ 15.1 0.0109
BMI (kg/m?) 28.1+4.3 27.2+4.1 29.5+4.2 0.0047

Okres narazenia na iAs
(lata)

Wartosci przedstawiono jako $rednig + odchylenie standardowe dla rozktadu normalnego lub jako mediane
z warto$ciami minimalnymi i maksymalnymi dla zmiennych odbiegajacych od rozkladu normalnego
(zweryfikowano testem Shapiro—Wilka). * — do poréwnania zmiennych pomiedzy dwiema grupami wykorzystano
test t-Studenta dla danych o rozkladzie parametrycznym Iub test U Manna—Whitneya dla danych
o rozktadzie nieparametrycznym; BMI — wskaznik masy ciala; iAs — arsen nieorganiczny; p — poziom istotnosci;
WN — grupa pracownikdw ze stezeniem arsenu catkowitego w moczu w granicach normy;
WH — grupa pracownikow ze stgzeniem arsenu catkowitego w moczu powyzej normy.

17.5 (1.0-44.0) 17.0 (1.0-44.0) 18.5 (2.0-38.0) 0.7867

Stezenie tAs w moczu roznito si¢ istotnie miedzy poréwnywanymi grupami, w grupie
WN wynosito 20.6 pg/l (zakres 1.5-33.9 pg/l), a w grupie WH 54.7 pg/l (zakres
35.9-498.1 ng/l). Wielkos¢ spozycia wybranych sktadnikow pokarmowych zaangazowanych
w metabolizm arsenu (metioniny, folianéw, witamin B, Bs, Bi2, cynku)
w przeliczeniu na dzien jak i w przeliczeniu na dzien i kilogram masy ciata przedstawiono

odpowiednio w Tabeli 61 7.
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Tabela 6. Spozycie wybranych sktadnikow pokarmowych zaangazowanych w metabolizm arsenu
w grupie me¢zczyzn w odniesieniu do norm na poziomie EAR.

Obie grupy WN

Parametry (n=116) (n =75)

2205.3 2184.8 2411.2

Metioni ien - 0.5103
ctionina (mg/dziet) )31 49550)  (843.1-4502.8)  (1267.1-4955.0)

Witamina B, (mg/dzier) 1.6 (0.5-3.8) 1.6 (0.5-3.8) 1.6+ 0.4 1.1 0.8989

. . 1.1 (19-50 lat)

_ + _
Witamina Be (mg/dzien) 2.0 (0.7-4.3) 2.0£0.6 1.9 (1.1-3.8) 1.4 (>50 lat) 0.6235
Witamina By (ug/dzien) 3.1 (0.6-16.9) 3.0 (0.6-16.9) 3.3 (1.3-8.0) 2.0 0.5328
. . 250.3 255.6
8+ 73. . .

Foliany (ng/dzien) (94.9-700.8) (107.1-700.8) 257.8+73.1 320.0 0.7816
Cynk (mg/dzien) 10.8 (3.5-20.2)  10.5(3.5-19.2) 115432 9.4 0.4956

Wartosci przedstawiono jako $rednig + odchylenie standardowe dla rozkladu normalnego lub jako mediang
z wartoSciami minimalnymi i maksymalnymi dla zmiennych odbiegajacych od rozkladu normalnego
(zweryfikowano testem Shapiro—Wilka). * — do poroéwnania zmiennych migdzy dwiema grupami wykorzystano
test U Manna—Whitneya; EAR — poziom S$redniego zapotrzebowania; p — poziom istotnosci; WN — grupa
pracownikow ze stezeniem arsenu catkowitego w moczu w granicach normy; WH — grupa pracownikow
ze stezeniem arsenu catkowitego w moczu powyzej normy.

Tabela 7. Spozycie wybranych sktadnikéw pokarmowych w przeliczeniu na kilogram masy ciata zaangazowanych
w metabolizm arsenu w grupie mezczyzn.

Obie grupy
(n=116)

Parametry

Metionina (mg/kg m.c.)  25.05(8.43-70.48)  25.23 (8.43-70.48)  23.75 (14.69-54.47) 0.5220

Witamina B, (mg/kg m.c.)  0.02 (0.00-0.04) 0.02 (0.00-0.04) 0.02 +0.01 0.3554
Witamina Bs (mg/kg m.c.)  0.02 (0.01-0.06) 0.02 (0.01-0.06) 0.02 +0.01 0.1506
Witamina Bi (ug/kg m.c.)  0.04 (0.01-0.20) 0.03 (0.01-0.20) 0.04 4 0.01 0.8515
Foliany (ug/kg m.c.) 2.94 (1.03-8.98) 3.04 (1.13-8.98) 2.78 4 0.80 0.1819
Cynk (mg/kg m.c.) 0.12 (0.03-0.30) 0.12 (0.03-0.30) 0.12 + 0.04 0.5418

Warto$ci przedstawiono jako $rednig + odchylenie standardowe dla rozkladu normalnego lub jako mediang
z warto$ciami minimalnymi i maksymalnymi dla zmiennych odbiegajacych od rozkltadu normalnego
(zweryfikowano testem Shapiro—Wilka). * — do poréwnania zmiennych miedzy dwiema grupami wykorzystano
test U Manna—Whitneya; m.c. — masa ciata; p — poziom istotno$ci; WN — grupa pracownikow ze stezeniem arsenu
catkowitego w moczu w granicach normy; WH — grupa pracownikoéw ze st¢zeniem arsenu catkowitego w moczu
powyzej normy.
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Wielkosé spozycia  skladnikow  pokarmowych: metioniny, foliandw,
witamin B2, Be, B12, cynku w przeliczeniu na jeden dzien i jak i w przeliczeniu na dzien
1 kilogram masy ciata nie réznita si¢ istotnie migdzy poréwnywanymi grupami WN 1 WH.
Srednie spozycie lub mediana spozycia wszystkich sktadnikow pokarmowych byly powyzej
poziomu EAR, z wyjatkiem foliandw, ktorych spozycie ksztattowato si¢ ponizej normy
EAR w obu grupach. W grupie WN odsetek ten wynosit 78.7%, a w grupie WH — 80.5%.
Szczegdlnie w grupie WN, a co za tym idzie rowniez w obu grupach wielko$¢ spozycia byta
bardzo zréznicowana i u znaczacego odsetka 0sob spozycie byto nizsze od normy na poziomie
EAR.W grupie WN spozycie witaminy B> ponizej normy odnotowano u 14.7% mezczyzn,
witaminy Bg u 6.7%, witaminy B2 u 16.0%, cynku u 28.0%. Natomiast w grupie WH odsetek
MmeZCzyzn Z niZSzym hiZ norma spozyciem witaminy Bz wynosit 9.8%, witaminy Bes — 4.9%,

witaminy B12—9.8%, cynku — 19.5%.
4.3.2. Wybrane wyniki

W grupie WH w poréwnaniu do grupy WN wykazano istotnie wyzsza intensywnos$¢
sygnatu pochodzaca od 25 metabolitéw nalezacych do pieciu glownych $ciezek przemian:
aminokwasow, weglowodandéw, glikanow, witamin 1 nukleotydow. Rycina 6 przedstawia

$ciezki przemian oraz liczbe metabolitoéw nalezacych do danej Sciezki.
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METABOLIZM metabolizm asparaginianu i asparaginy
AMINOKWASOW

metabolizm histydyny
metabolizm metioniny i cysteiny

metabolizm butanianu

METABOLIZM glikoliza i glukoneogeneza
WEGLOWODAN(')W konwersje pentozy i glukuronianu

metabolizm propanianu

BIOSYNTEZA 1 degradacja siarczanu heparanu
METABOLIZM adacja siarczanu keratanu
GLIKANOW metabolizm hialuronianu

METABOLIZM metabolizm witaminy B2
metabolizm witaminy B6
WITAMIN

metabolizm witaminy B9

METABOLIZM
NUKLEOTYDOW

metabolizm pirymidyny

metabolizm spartanianu i asparaginy, metabolizm histydyny,
metabolizm metioniny i cysteiny, metabolizm butanianu,
4 glikoliza i glukone: konwersje pentozy i glukuronianu,
WIELE SZLAKOW lizm propanis
lizm hialuronianu, degradacja siarczanu keratanu,

metabolizm witaminy B2, metabolizm witaminy B9,

metabolizm pirymidyny

Rycina 6. Gtowne $ciezki przemian oraz liczba metabolitow ze statystycznie istotng réznica w intensywnosci
sygnatu WN vs WH.

WN - grupa pracownikdw ze stgzeniem arsenu catkowitego w moczu w granicach normy;
WH — grupa pracownikdéw ze stezeniem arsenu catkowitego w moczu powyzej normy.

Analizowano zalezno$ci miedzy wielkoscig spozycia wybranych sktadnikow
pokarmowych zaangazowanych w metabolizm arsenu a intensywnos$cia sygnatu potencjalnie
zidentyfikowanych metabolitow. Analiz¢ zalezno$ci przeprowadzono w catej grupie badanych
mezczyzn oraz oddzielnie w grupach WN 1 WH. Wykazano kilka zalezno$ci migdzy wielkoscia
spozycia sktadnikow pokarmowych a intensywnos$cia sygnatu pochodzaca od 11 metabolitow

(Tabela 8).
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Tabela 8a. Zalezno$ci migdzy wielko$cia spozycia sktadnikow pokarmowych zaangazowanych w metabolizm
arsenu a intensywnoscia sygnatu potencjalnie zidentyfikowanych metabolitow.

Parametry Obie grupy
witamina B, & cytozyna -0.1886*  0.0464 -0.2554**  0.0316 NS
witamina B & cytozyna -0.2175*%  0.0213  -0.2346**  0.0489 NS
witamina B, & kwas D-glukuronowy NS NS -0.3956*  0.0100
witamina B¢ & kwas D-glukuronowy NS NS -0.3646*  0.0190
witamina B, & NS NS -0.3479*  0.0260
kwas D-glukuronowy
foliany & kwas D-glukuronowy -0.1996*  0.0349  -0.2603*  0.0283 NS
metionina & -0.2163*  0.0220 NS NS
kwas hydroksypropionowy
witamina By, & -0.2017*  0.0330 NS NS
kwas hydroksypropionowy
witamina B, & kwas L-glutaminowy NS NS -0.4211**  0.0061
witamina Bs & kwas L-glutaminowy NS NS -0.3653**  0.0188
foliany & kwas L-glutaminowy NS NS -0.3794**  0.0144
metionina & -0.1954*  0.0390 -0.2728*  0.0214 NS
N-acetylo-D-glukozamina
witamina B> & -0.2504*  0.0077  -0.3150*  0.0075  -0.3253*  0.0380
N-acetylo-D-glukozamina
witamina Bs & -0.2374*  0.0117 NS NS
N-acetylo-D-glukozamina
witamina B> & -0.1871*  0.0482  -0.3261*  0.0055 NS
N-acetylo-D-glukozamina
cynk & N-acetylo-D-glukozamina -0.1917*  0.0429  -0.2710*  0.0223 NS
witamina B> & -0.1915*%  0.0431 NS NS

kwas N-acetyloneuraminowy
witamina Bs & -0.2246*  0.0173 NS NS
kwas N-acetyloneuraminowy
witamina B, & NS NS -0.3171*%  0.0430
kwas N-acetyloneuraminowy
witamina B> & NS -0.2832*%  0.0167 NS
kwas piroglutaminowy
witamina Bs & NS -0.2430*  0.0412 NS
kwas piroglutaminowy
witamina By, & NS -0.2667*  0.0246 NS
kwas piroglutaminowy

foliany & kwas piroglutaminowy -0.1894*  0.0454 NS NS
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Tabela 8b. Zalezno$ci migdzy wielko$cia spozycia sktadnikow pokarmowych zaangazowanych w metabolizm
arsenu a intensywnoscia sygnatu potencjalnie zidentyfikowanych metabolitow.

Obie grupy

Parametry 5 »
cynk & kwas piroglutaminowy NS -0.2548*  0.0320 NS
witamina B, & urydyna -0.1944*  0.0400 NS NS
witamina Bs & urydyna -0.1955*  0.0388 NS NS
witamina B, & urydyna NS -0.2559*  0.0313  -0.3308*  0.0350
metionina & kwas urokanowy NS -0.2569*  0.0305 NS
witamina B¢ & kwas urokanowy NS -0.2457*  0.0389 NS
foliany & kwas urokanowy -0.2067*  0.0288  -0.2665*  0.0247 NS
cynk & kwas urokanowego NS -0.2722*  0.0217 NS
foliany & kwas 3-merkaptomlekowy NS NS 0.3337*  0.0330
cynk & kwas 3-merkaptomlekowy NS NS 0.3658*  0.0190
metionina & kwas bursztynowy NS NS 0.3284**  0.0361
foliany & kwas bursztynowy NS NS 0.3359*  0.0320
cynk & kwas bursztynowy NS NS 0.3498*  0.0250

Wielko§¢ spozycia skladnikow pokarmowych uwzgledniono w przeliczeniu na kilogram masy ciata.
* — wspolczynnik korelacji Pearsona; ** — wspolczynnik korelacji rang Spearmana; R — wspolczynnik korelacji;
p — poziom istotnos$ci; WN — grupa pracownikow ze stezeniem arsenu catkowitego w moczu w zakresie normy;
WH — grupa pracownikdéw ze stezeniem arsenu catkowitego w moczu powyzej normy.

W catej grupie wykazano tylko ujemne zalezno$ci miedzy intensywnoscig sygnatu
pochodzaca od o$miu metabolitow (cytozyny, kwasu D-glukuronowego, kwasu
hydroksypropionowego, N-acetylo-D-glukozaminy, kwasu N-acetyloneuraminowego, kwasu
piroglutaminowego, urydyny i kwasu urokanowego) a wielkoscig spozycia sktadnikow
pokarmowych takich jak metionina, foliany, witaminy B2, B¢, B12 oraz cynk.

Ujemne zalezno$ci miedzy intensywnoscig sygnatu pochodzaca od szesciu metabolitow
(cytozyny, kwasu D-glukuronowego, N-acetylo-D-glukozaminy, kwasu piroglutaminowego,
urydyny i kwasu urokanowego) a wielkoscia spozycia wszystkich analizowanych sktadnikow
pokarmowych zaobserwowano w grupie WN.

Z kolei w grupie WH intensywno$¢ sygnalu pochodzaca od pigciu metabolitow (kwasu
D-glukuronowego,  kwasu  L-glutaminowego,  N-acetylo-D-glukozaminy,  kwasu
N-acetyloneuraminowego, urydyny) byla ujemnie skorelowana z wielko$cia spozycia prawie
wszystkich  analizowanych  skladnikéw  pokarmowych (z  wyjatkiem  cynku).
Ponadto w tej grupie mezczyzn zaobserwowano dodatnie zalezno$ci migedzy intensywnoscig
sygnatu  pochodzaca od dwoch metabolitow: kwasu bursztynowego 1 kwasu

3-merkaptomlekowego a wielkoscia spozycia metioniny, folianéw i cynku.
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Intensywno$¢  sygnalu  trzech  metabolitow  (kwasu  D-glukuronowego,
N-acetylo-D-glukozaminy i urydyny) byla ujemnie skorelowana z wielkos$cig spozycia
sktadnikow pokarmowych w obu grupach WN 1 WH. W grupie WN zaobserwowano istotne
korelacje z intensywnos$cia sygnatu trzech metabolitow (cytozyny, kwasu piroglutaminowego
i kwasu urokanowego), ktore nie byly istotne w grupie WH. Natomiast w grupie WH istotne
korelacje wystepowaly z intensywnoscia sygnatu dwoch metabolitow
(kwasu L-glutaminowego i kwasu N-acetyloneuraminowego), ktore w grupie WN nie byty

istotne statystycznie.
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5. Podsumowanie wynikow badan eksperymentalnych i dyskusja

5.1. Wyniki analiz z zakresu metabolomiki niecelowanej

Potencjalnie  zidentyfikowane metabolity w  grupie me¢zczyzn  nalezaly
do gltownych S$ciezek przemian: aminokwasow, weglowodandéw, lipidow i nukleotydow.
Wyniki tych badan sa zgodne z wczes$niejszymi analizami metabolomicznymi wykonanymi
w probkach moczu, ktoére wykazaty, ze ekspozycja na arsen wigze si¢ z licznymi zmianami
w metabolizmie u o0s6b dorostych (Zhang 1 wsp., 2014, Wu i wsp., 2018,
Koztowska i wsp., 2019). W badaniu Zhang i wsp. (2014), przeprowadzonym w grupie
me¢zezyzn, odnotowano zmiany w intensywnosci sygnatow metabolitow nalezacych
do metabolizmu aminokwasoéw (seryny, hipuranu, acetylo-N-formylo-5-metoksy
kynurenaminy), lipidow (testosteronu), nukleotydow (guaniny). W grupie kobiet i megzczyzn
z Bangladeszu rOwniez zaobserwowano zmiany w metabolizmie aminokwasow (m.in. glicyny,
L-treoniny, seryny, kwasu piroglutaminowego), weglowodanow (m.in. kwasu bursztynowego,
kwasu fosforowego, kwasu cytrynowego), nukleotydow (uracylu, kwasu moczowego),
(Wu 1 wsp., 2018). Podobnie w badaniu przeprowadzonym w grupie kobiet 1 mgzczyzn
srodowiskowo narazonych na arsen zidentyfikowano wiele metabolitow zwigzanych
z metabolizmem aminokwas6w (m.in. kwasu wanilinowego, kwasu argininobursztynowego,
ketoleucyny), weglowodanow (siarczanu, L-threo-2-pentulozy, kwasu D-mlekowego), lipidow
(m.in. pregnenolonu, dihydrotestosteronu, dehydroepiandrosteronu, 4-hydroksynonenalu)
i nukleotydow (adeniny, adenozyno-5'-monofosforanu).

W ramach kazdej z gléwnych S$ciezek przemian wyrdznia si¢ liczne podsciezki.
Poréwnujac zmiany w podsciezkach z danymi innych badan metabolomicznych rowniez
zauwazono zblizone wyniki. W badanej grupie mezczyzn potencjalnie zidentyfikowano kwas
piroglutaminowy, zwigzany z metabolizmem glutationu, ktérego obecno$¢ stwierdzono
réwniez w moczu kobiet i mezczyzn w badaniu Wu i wsp. (2018). Ponadto, w naszym badaniu,
podobnie jak w badaniu Wu 1 wsp. (2018), potencjalnie zidentyfikowano kwas bursztynowy,
zaangazowany w liczne podsciezki, w tym m.in. metabolizm tyrozyny oraz cykl kwasow
trikarboksylowych. W podsciezce metabolizmu pirymidyn, w badanej grupie mezczyzn
odnotowano urydyne, tyminge podczas gdy w badaniach innych autorow wykryto guaning
(Zhang 1 wsp., 2014) 1 adenin¢ (Koztowska 1 wsp., 2019) nalezagce do metabolizmu puryn.

Mimo zaobserwowanych podobienstw, w naszych oraz wczesniejszych badaniach
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zaobserwowano zmiany w wielu innych réznych podsciezkach m.in. w metabolizmie
metioniny, cysteiny, tryptofanu, tyrozyny, histydyny, witamin.

Uzyskane wyniki moga by¢ efektem r6znic w zrédtach i poziomie narazenia na arsen,
a takze roznic metabolicznych zwigzanych z plcig oraz innymi czynnikami wplywajacymi

na metabolizm arsenu (Tseng, 2009).

5.2. Zaleznosci miedzy wielkoscia spozycia wybranych skladnikow pokarmowych
a intensywnoscia sygnalu metabolitow w grupie mezczyzn

Wedlug naszej najlepszej wiedzy, sa to pierwsze tego typu badania, w ktorych
polaczono wyniki badan metabolomicznych z wielko$cia spozycia wybranych sktadnikow
pokarmowych w grupach osdb narazonych na arsen. Wyniki przeprowadzonych badan
wykazaty istotne ujemne zaleznos$ci miedzy wielkoscig spozycia sktadnikéw pokarmowych
zaangazowanych w metabolizm iAs (metioniny, folianéw, witamin Bz, B¢ 1 Bi2 1 cynku)
a 11 potencjalnie zidentyfikowanymi metabolitami w grupie mezczyzn. Metionina, witaminy
B>, Bs 1 Bi2, foliany i cynk sg kofaktorami i donorami grup metylowych w procesach przemiany
iAs do MMA i DMA. Wiele badan wykazatlo korelacje miedzy wydajnoscia
metylacji 1As a spektrum niekorzystnych zmian wynikajacych z ekspozycji na ten pierwiastek,
co zostalo szczegétowo omodwione w publikacjach przegladowych. Z tego wzgledu
zaobserwowane zalezno$ci miedzy spozyciem wybranych skladnikow pokarmowych
a intensywnoscig sygnatu metabolitdw moga rowniez posrednio odzwierciedla¢ efektywnos¢
procesu metylacji iAs, a tym samym nasilenie negatywnych skutkow zdrowotnych zwigzanych
z ekspozycja na arsen. Ze wzgledu na brak podobnych badan dotyczacych korelacji migdzy
wielkoscig spozycia skladnikow pokarmowych a zmianami w profilu metabolicznym osob
narazonych na arsen, dyskusja zawarta w artykutach koncentrowala si¢ na analizie skutkow
podwyzszonych stezen potencjalnie zidentyfikowanych metabolitow. Ponadto, omawiane byty
potencjalne korzys$ci wynikajacych ze zwigkszonego spozycia donorow grup metylowych
1 kofaktoréw uczestniczacych w metabolizmie 1As. Zaleznos$ci miedzy wielkoscig spozycia
wybranych sktadnikéw pokarmowych a intensywnoscig sygnatu metabolitow oraz potencjalne
niekorzystne skutki zdrowotne zwigzane z tymi zmianami w profilu metabolicznym me¢zczyzn

przedstawiono odpowiednio na Rycinie 8.
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metionina, wit. B, Bg, B;,, cynk & N-acetylo-D-glukozamina uszkodzenia DNA

wit. B,, Bg, B,, cynk & kwas piroglutaminowy stres oksydacyjny

wit. B,, Bg, foliany & kwas L-glutaminowy cukrzyca

metionina, foliany, cynk & kwas bursztynowy metabolizm energetyczny,

ujemne stany zapalne, onkometabolit

zaleznoSci
migdzy ‘ wit. B,, Bg, By,, foliany & kwas D-glukuronowy glukuronidacja, wiele choréb
spozyciem
sktadnikow
pokarmowych wit. B, Bg, By, & urydyna uszkodzenia DNA

vs. intensywnosc |\
sygnatu 11
metabolitow |\ wit. B, Bs & cytozyna uszkodzenia DNA
i potencjalne
skutki zdrowotne
metionina, wit. B;, & kwas hydroksypropionowy nowotwory

foliany, cynk & kwas 3-merkaptomlekowy metabolizm iAs

wit. B,, Bg, B, & kwas N-acetylo-neuraminowy wiele chorob

metionina, wit. Bg, foliany, cynk & kwas urokanowy zmiany skérne, nowotwory

Rycina 8. Statystycznie istotne ujemne zaleznosci migdzy wielko$cia spozycia sktadnikow pokarmowych
zaangazowanych w metabolizm arsenu a intensywno$cia sygnatu metabolitow oraz potencjalne niekorzystne
skutki zdrowotne zwiazane z tymi zmianami w grupie pracownikow.

DNA - kwas deoksyrybonukleinowy, iAs — arsen nieorganiczny; wit. — witamina.

W badaniach innych autorow wyzsza intensywno$¢ sygnatu lub stezenie we krwi
lub moczu potencjalnie zidentyfikowanych metabolitow, ktére wykazaty zaleznosci
z analizowanymi sktadnikami pokarmowymi, byta zwigzana z r6Znymi zmianami i1 skutkami
zdrowotnymi. Najczesdciej obserwowane efekty obejmowaty uszkodzenia DNA, nasilenie
stresu oksydacyjnego, nasilenie stanéw zapalnych oraz zaburzenia w szlakach
(m.in. glukuronidacji, metabolizmu energetycznego). Ponadto, zaobserwowano zmiany
skorne, cukrzyce, przewlekla chorobe nerek, a takze nowotwory réznych narzadéw
(pluc, zotadka, watroby, jelita grubego, pecherza moczowego). Nasilenie powyzszych,
niekorzystnych zmian i skutkéw zdrowotnych zwigzanych z potencjalnie zidentyfikowanymi
metabolitami moze by¢ zmniejszone poprzez wyzsze spozycie sktadnikow pokarmowych,
z ktorymi wykazano zalezno$ci (metioniny, witamin Bz, Be 1 B2, folianow i cynku).

Wykazane zalezno$ci miedzy spozyciem sktadnikow pokarmowych a zmianami
w metabolizmie mogg stanowi¢ podstawe do opracowania skutecznych strategii
profilaktycznych i interwencyjnych, ukierunkowanych na zmniejszenie negatywnych skutkow
zdrowotnych wynikajacych z narazenia na arsen. Nasze badania wskazaty na kluczowg role

metioniny, foliandw, witamin z grupy B (B2, B¢, B12) oraz cynku jako kofaktoréw i donoréw
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grup metylowych w procesie przemian arsenu. Spozycie tych sktadnikow pokarmowych moze
potencjalnie zwiekszy¢ wydajnos¢ metylacji iAs, co jest kluczowe dla jego eliminacji
z organizmu w formie mniej toksycznych metabolitow. Poprawa wydajnosci metylacji
iAs poprzez odpowiednie interwencje dietetyczne moze potencjalnie przyczynié
si¢ do zmniejszenia nasilenia niekorzystnych zmian oraz ryzyka rozwoju choréb przewlektych
zwigzanych z narazeniem na arsen, takich jak choroby sercowo-naczyniowe, cukrzyca
typu 2, oraz réznego rodzaju nowotwory. Na podstawie wynikéw badah mozna rozwazy¢
wdrozenie programow edukacyjnych, ktéore promowatyby spozycie produktow bogatych
w metionine, foliany, witaminy B>, Bs 1 B2 oraz cynk. Takie interwencje sa szczegdlnie
potrzebne w populacjach o zwigkszonym ryzyku narazenia na arsen, takich jak pracownicy
czy mieszkancy obszarow przemystowych. Wiaczenie edukacji zywieniowej do programéw
zdrowia publicznego w regionach wysokiego ryzyka, mogloby tym samym stanowi¢ istotny
krok w kierunku poprawy ogolnego stanu zdrowia populacji.

Podsumowujac, wyniki badan moga stanowi¢ podstaw¢ do opracowania skutecznych
strategii prewencyjnych i interwencyjnych, ktére moga ztagodzi¢ negatywne skutki zdrowotne
zwigzane z narazeniem na arsen, poprzez optymalizacje diety i monitorowanie biomarkeréw

narazenia.
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6. Mocne strony oraz ograniczenia przeprowadzonych badan

Przeprowadzone badania eksperymentalne sg pierwszymi, w ktorych potaczono dane
o wielkosci spozycia sktadnikow pokarmowych z wynikami z zakresu metabolomiki
niecelowanej. W badaniach wykorzystano wyniki ste¢zen tAs w moczu, oceniono spozycie
wybranych sktadnikow pokarmowych zaangazowanych w metabolizm arsenu, zastosowano
jedna z najnowoczesniejszych technik analitycznych w celu kompleksowej analizy profilu
metabolicznego. Pomimo staran, badania majg kilka ograniczen.

Badania przeprowadzono jedynie u oséb dorostych narazonych na arsen. Doskonatym
uzupetnieniem bylyby badania przeprowadzone w grupach dzieci. Takie analizy zostaly
wykonane w grupach dzieci §rodowiskowo narazonych na arsen, jednak mata liczebnos$¢ grup
spowodowata, ze nie mozna bylo sformutowa¢ z tych badan rzetelnych wnioskow.
W  opublikowanych badaniach skupiono uwage¢ wylacznie na narazenie na arsen,
bez uwzglednienia innych czynnikow, ktore mogly mie¢ wplyw na uzyskane wyniki.
Kolejnym ograniczeniem bylo wykorzystanie kwestionariusza 3-dniowego biezacego
notowania spozywanych produktow, potraw i napojow, ktory podobnie jak inne metody oceny
sposobu zywienia oprocz zalet (m.in. tatwo$¢ wykonania, niskie koszty, nie wymaga
odtwarzania sposobu zywienia z pamigci) ma réwniez wady. Uczestnicy zostali poinstruowani
1 poproszeni o staranny zapis, mimo to mogly wystapi¢ bledy w zapisie wynikajace
np. ze zmian sposobu zywienia zwigzanych z koniecznoscig notowania lub nieprecyzyjnego
szacowania wielkosci porcji. Od uczestnikow badania zebrano tylko jedng probke moczu,
co moze stanowi¢ kolejne ograniczenie. Zebranie kilku probek w réznych odstgpach czasu
uwzgledniloby narazenie dlugotrwate. Nie uwzgledniono rowniez analizy st¢zen form
specjacyjnych arsenu w moczu we wszystkich analizowanych probkach.

WyzZej wymienione ograniczenia, mogly mie¢ wplyw na uzyskane wyniki.
Przeprowadzone badania pozwolily jednak na glebsze zrozumienie zmian w metabolizmie
pod wplywem narazenia na arsen oraz uwypuklily role wielkosci spozycia sktadnikow
pokarmowych w prewencji tych zmian. Badania te stanowig punkt wyjscia do przysztych
badan analizujacych zalezno$¢ miedzy sposobem zywienia a profilem metabolicznym o0sob

srodowiskowo narazonych, a takze do celowanych analiz metabolomicznych.
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7. Whnioski

Na podstawie przeprowadzonego przegladu piSmiennictwa oraz uzyskanych wynikéw

z przeprowadzonych badan eksperymentalnych pozytywnie zweryfikowano hipoteze gidwna

oraz hipotezy szczegotowe, co pozwolito na sformutowanie ponizszych wnioskow.
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Wyniki przedstawione w opublikowanych pracach przegladowych oraz wyniki
wlasnych badan eksperymentalnych wskazuja na kluczowa role sktadnikow
pokarmowych zaangazowanych w metabolizm arsenu (metioniny, foliandw, witamin
B2, Be, B2, cynku) w zmniejszaniu niekorzystnych zmian w metabolizmie zwigzanych
z mnarazeniem na arsen. Podkre§la to znaczenie odpowiedniego spozycia
tych sktadnikow pokarmowych, szczegolnie w populacjach srodowiskowo narazonych

na arsen.

Badania wlasne wykazaly, ze narazenie na arsen indukuje zmiany w profilu
metabolicznym. W grupie os6b §rodowiskowo narazonych na arsen vs. grupa kontrolna
wykazano wyzsza intensywno$¢ sygnatu pochodzaca od metabolitow nalezacych
do wielu S$ciezek przemian m.in. weglowodandéw, aminokwaséw, lipidow,

nukleotydow.

W grupach me¢zczyzn narazonych na arsen zaobserwowano wystepowanie zalezno$ci
miedzy wielkoscia  spozycia  sktadnikow  pokarmowych  zaangazowanych
w metabolizm arsenu a nasileniem zmian w profilu metabolicznym. Biorgc pod uwage
ujemne zalezno$ci migedzy spozyciem metioniny 1 folianoéw (donoréw grup metylowych
w metabolizmie arsenu) oraz witamin Bz, Bs, Bi2 1 cynku (kofaktorow reakcji
metabolizmu arsenu) a intensywnoscig sygnatu metabolitow, wydaje si¢, ze wyzsze
spozycie sktadnikow pokarmowych moze zmniejszy¢ nasilenie niekorzystnych zmian
zwigzanych z narazeniem na arsen. Z kolei dodatnie zaleznos$ci migdzy spozyciem tych
sktadnikéw pokarmowych a intensywnoscia sygnatu metabolitéw wymagaja dalszych
wyjasnien.

Istnieje potrzeba edukacji ukierunkowanej na odpowiednie, adekwatne do norm
spozycie sktadnikow pokarmowych zaangazowanych w metabolizm arsenu,
w szczegOlnosci w populacjach narazonych na arsen. Uzyskane wyniki moga
przyczyni¢ si¢ do dalszych rozwazan podczas opracowywania zalecen dietetycznych

dla os6b narazonych na arsen.
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Abstract: Population and laboratory studies indicate that exposure to various forms of arsenic (As)
is associated with many adverse health effects; therefore, methods are being sought out to reduce
them. Numerous studies focus on the effects of nutrients on inorganic As (iAs) metabolism and
toxicity, mainly in animal models. Therefore, the aim of this review was to analyze the influence
of methionine, betaine, choline, folic acid, vitamin By, Bg, Bj» and zinc on the efficiency of iAs
metabolism and the reduction of the severity of the whole spectrum of disorders related to iAs
exposure. In this review, which includes 58 (in vivo and in vitro studies) original papers, we present
the current knowledge in the area. In vitro and in vivo animal studies showed that methionine,
choline, folic acid, vitamin By, By and zinc reduced the adverse effects of exposure to iAs in the
gastrointestinal, urinary, lymphatic, circulatory, nervous, and reproductive systems. On the other
hand, it was observed that these compounds (methionine, choline, folic acid, vitamin B;, Bj, and
zinc) may increase iAs metabolism and reduce toxicity, whereas their deficiency or excess may impair
iAs metabolism and increase iAs toxicity. Promising results of in vivo and in vitro on animal model

studies show the possibility of using these nutrients in populations particularly exposed to As.

Keywords: vitamins; minerals; inorganic arsenic; exposure; detoxification; metal toxicity; methylation

1. Introduction

The metabolism of inorganic arsenic (iAs) was mainly analyzed in animal model
studies, in vivo and in vitro. The iAs metabolism may vary considerably depending on
the animal species [1]. Most mammals have the metabolism ability of iAs, and a limited
metabolism ability has been observed in chimpanzees and marmoset monkeys [1,2]. The
iAs metabolism in mice is much higher than in rats; this may be due to the fact that a large
amount of DMA (dimethylarsinic acid) is accumulated in the red blood cells of rats [3].
The iAs metabolism involves alternate reactions of methylation and reduction to MMA
(monomethylarsonic acid), DMA, and then these forms it are excreted by the kidneys. In
most animal species, the major form of iAs excretion is DMA, and in humanes, it can be
excreted unchanged and as MMA and DMA [4-6]. The methylation reactions of iAs are
catalyzed by an enzyme—arsenic (+3 oxidation state) methyltransferase [7]. S-adenosyl-
methionine, which is the donor of methyl groups, is important in the methylation process.
S-adenosyl-methionine is synthesized in the one-carbon-metabolism (OCM) pathway.
Various dietary compounds are involved in the OCM, mainly as methyl group donors:
methionine, choline, betaine, folic acid, and moreover, cofactors of the reaction—e.g.,
vitamin By, Bg, B12 and zinc (Figure 1) [8].
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Figure 1. Arsenic metabolism and one carbon metabolism. AS3MT—arsenic (+3 oxidation state)
methyltransferase; SAM—S-adenosylmethionine.

The many negative health effects caused by exposure to iAs lean, among others, to a
deep analysis of the spectrum of health effects associated with As exposure and a search for
ways that could reduce them on the effect of key dietary compounds on iAs metabolism
and on reduction the adverse effects caused by iAs exposure. Therefore, the aim of this
paper was to review and analyze the results of in vivo and in vitro studies on animal model
on the influence of donors of methyl groups (methionine, choline, betaine, folic acid) and
cofactors of reaction (vitamins By, B¢, B1» and zinc) on the efficiency of the metabolism
process, as well as the reduction of the severity of the whole spectrum of disorders related
to iAs exposure.

2. Methods

In this review, the electronic database PubMed was used. The following keywords
were used to search for articles: arsenic and: methionine, betaine, choline, folic acid, folate,
zine, vitamin B, vitamin By, vitamin Bg, vitamin B, riboflavin, pyridoxine, cobalamin. The
review was based on: The PRISMA statement for reporting systematic reviews and meta-
analyses of studies that evaluate health care interventions: explanation and elaboration [9].
The search results in 2434 articles, excluding those unrelated to the topic of the study and
those that examined the effects of complex plant extracts. Overall, 58 (in vitro and in vivo
studies on animal models) original peer-reviewed articles in English were included in the
analysis, which studied the effects of: methionine, betaine, choline, folic acid, vitamin By,
Bg, B12, zinc on iAs metabolism and As-induced toxicity. Articles published between 1980
and 2020 were used, of which 87.9% were published after 2000.

3. Results
3.1. Methionine

Six studies were conducted to examine the influence of methionine on iAs metabolism
and decrease of iAs-induced toxicity using animal models. The experimental protocol
included supplementation with different doses of methionine and administering a low-
methionine diet with exposure to iAs for different time periods. Table 1 presents the results
of these studies.
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Table 1. Results of in vivo studies with iAs exposure and methionine treatment.
Reference Research Model Study Description Main Results
CG (n = 8)—sodium arsenite through drinking water 50 mg/L (orally, for 5 weeks) Glvs. CG
. . . G1 (n = 8)—sodium arsenite through drinking water 50 mg/L (orally, for 4 weeks) . o)
Jin etal,, 2010 [10] Mice, Albino, adult, female and after that methionine 200 mg/kg bw/day (IP injection, for 7 days) and sodium blood: Dlli\il,gf’sﬁﬁsi’ PMIT
arsenite through drinking water 50 mg/L (orally, for 7 days) ’
CG (n = 8)—sodium arsenite through drinking water 50 mg/L (orally, for 4 weeks) G1, G2, G3 vs. CG
G1 (n = 8)—methionine 100 mg/kg bw/day (IP injection, for 4 weeks) and sodium blo%d: 1A%MI\2MA€X tAs]
arsenite through drinking water 50 mg/L (orally, for 4 weeks) ram: 1 ths|
Zhao et al., 2011 [11 Mice, Albino, adult, female G2 (n = 8)—methionine 200 mg/kg bw/day (IP injection, for 4 weeks) and sodium ) G2, G3 vs. CG
- arsenite through drinking water 50 mg/L (orally, for 4 weeks) liver: DMAT, %iAs], %DMAT, %PMR?
G3 (n = 8)—methionine 400 mg/kg bw/day (IP injection, for 4 weeks) and sodium G3vs. CG
arsenite through drinking water 50 mg/L (orally, for 4 weeks) brain NOt
Glvs. GC
CG (n = 6)—sodium m-arsenite (III) 10 ppm in drinking water (orally, for 12 weeks) blood: tAs|

Nandi et al., 2005 [12]

Rats, Wistar albino, adult, male

G1 (n = 6)—sodium m-arsenite (III) 10 ppm in drinking water (orally, for 12 weeks)
and methionine solved in distilled water 25 mg/kg bw/day (orally, for 12 weeks)

erythrocytes: LPO<, SOD<4, CAT+
liver: tAs], LPOJ, SOD<, CAT?
kidney: tAs], LPOJ, SOD+, CAT?

Vahter and Marafante 1987 [13]

Rabbits, Swedish loop, adult, male

CG (n = 4)—standard diet (orally, for 6 weeks) and after that [ As] arsenite 0.4
mg/kg bw (IV injection, single dose) and sacrificed after 72 h
G1 (n = 4)—low methionine diet 1.3 mg/kg (orally, for 6 weeks) and after that
[76 As] arsenite 0.4 mg/kg bw (IV injection, single dose) and sacrificed after 72 h

Glvs. CG
liver and microsomes: 7®Ast
urine: tAs, iAsT, DMA|

Canet et al., 2012 [14]

Mice, C57BL/6, adult, male

CG (n = 3)—control diet (orally, for 8 weeks) and after that arsenic trioxide 0.2
mg/kg (orally, single dose) and sacrificed after 24 h
G1 (n = 5)—methionine-and choline deficient diet (orally, for 8 weeks) and after
that arsenic trioxide 0.2 mg/kg (orally, single dose) and sacrificed after 24 h

Glvs. CG
liver: %MMAT, %DMA/, %pentavalent iAsT,
expression of Mrp1 proteint
kidney: % iAst, %DMA|
urine: %tAsT, %iAs], %trivalent iAsT

CG (n = 3)—control diet (orally, for 8 weeks) and after that sodium arsenate
0.75 mg/kg (orally, single dose) and sacrificed after 24 h
G1 (n = 5)—methionine-choline deficient diet (orally, for 8 weeks) and after that
sodium arsenate 0.75 mg/kg (orally, single dose) and sacrificed after 24 h

G2vs. CG
liver: %MMAT, %DMA/, %pentavalent iAsT,
expression of Mrp1 proteint
kidney: %iAst, %DMA]
urine: %tAs<>, %iAs<>, %trivalent iAs«+>

Pal and Chatterjee 2004 [15]

Rats, Wistar, adult, male

CG (n = 6)—sodium arsenite 5.55 mg/kg bw/day (IP injection, for 21 days)
G1 (n = 6)—sodium arsenite 5.55 mg/kg bw/day (IP injection, for 21 days) and
after that 18% protein diet supplemented with 0.8% methionine (orally, for 5 days
prior to sacrifice)

Glvs. CG
blood: glucoset
liver: free amino acid nitrogen|, pyruvic acidt
kidney: free amino acid nitrogen?t, GPT?

T—significant increase; |—significant decrease; <»—no significant changes; ALT—alanine aminotransferase; CAT—catalase; CG—control group; DMA—dimethylarsinic acid; G1—Group 1; G2—group 2;
G3—group 3; GPT—glutamate-pyruvate transaminase; iAs—inorganic arsenic; IP—intraperitoneally; IV-intravenous; LPO—lipid peroxidation; MMA—monomethylarsonic acid; Mrpl—multidrug resistance-
associated protein 1; NO—mnitric oxide; PMI—primary methylation index; PMR—primary methylation ratio; SMI—secondary methylation index; SOD—superoxide dismutase; tAs—total arsenic species.
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3.1.1. Methionine—iAs Metabolism

The effects of supplementation and deficiency of methionine on iAs metabolism were
evaluated by conducting five studies. In three studies, the metabolism iAs was altered
by supplementation with methionine. The results showed a decrease in the levels of
total arsenic (tAs), iAs, MMA in the blood, levels of tAs and %iAs in the liver, as well as
levels of DMA and tAs in the brain. This study also revealed increased levels of DMA,
primary methylation index in the blood, as well as enhanced levels of %DMA, primary
methylation ratio, and secondary methylation index in the liver [10-12]. Two studies
analyzed the influence of a low-methionine diet on iAs metabolism. This diet showed
a negative effect which can be attributed to the disposition of iAs species in the tissues,
resulting in increased concentration of iAs, %monomethyl-As, and pentavalent iAs, but
decreased levels of dimethyl-As in the liver, and increased %iAs and decreased dimethyl-
As in the kidney [13,14]. These studies also showed differences in the concentrations of As
species in the urine sample. In the study by Vahter and Marafante [13], decreased levels
of tAs, DMA and increased levels of iAs were observed. Furthermore, the urine sample
of mice exposed to arsenic trioxide (accounting for clinical exposure) exhibited increased
excretion of tAs and trivalent iAs species, but no statistically significant differences in
arsenic excretion were observed in mice exposed to sodium arsenate (accounting for
environmental exposure). These two groups of mice also revealed the increased expression
of multidrug resistance-associated protein 1 (arsenic species transporter) [14].

3.1.2. Methionine—Toxicity of iAs

The protective effect of methionine on the toxicity of iAs was analyzed in three studies.
In a study using an animal model, exposure to iAs and supplementation with methionine
showed hepatoprotective and renoprotective effects (decreased lipid peroxidation, and
increased activity of antioxidant enzymes in kidney and liver) [12]. Methionine supplemen-
tation also had a beneficial effect on glucose homeostasis (restored normal blood glucose
level, liver pyruvic acid level, free amino acid nitrogen concentration in the liver and
kidney, glutamate-pyruvate transaminase activity in the kidney) in the group of rats fed
with a methionine-rich diet and exposed to iAs [15].

In a study by Zhao et al. [11], it was shown that administration of methionine alleviated
the negative effects of iAs exposure associated with elevated levels of nitric oxide in
the brain.

3.1.3. Methionine—Summary

In summary, the in vivo studies in an animal model exposed to iAs showed that
methionine supplementation had hepatoprotective, renoprotective, neuroprotective, and
antidiabetic effects, and potentially may also increase iAs metabolism. The beneficial effect
was observed regardless of the method of administration, time of administration and dose
of both methionine (intraperitoneally or orally for 5 days or 1, 4, 12 weeks; in different
doses in range 25-400 mg/kg bw day and 0.8% of diet), as well as iAs (intraperitoneally or
orally; for 21 days or 4, 12 weeks; in different doses: 50 mg/L, 10 ppm in drinking water,
5 mg/kg bw/day).

In turn, in two studies, the use of low-methionine diet for a long period of time
(orally for 6 or 8 weeks) showed a negative effect on iAs metabolism (after just one dose of
iAs—orally or intravenously in range 0.2-0.75 mg/kg bw).

3.2. Choline

The effect of choline on metabolism and on the reduction of iAs-induced toxicity was
analyzed in four studies (two in vivo using animal models and two in vitro). The results
are summarized in Table 2.
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Table 2. Results of in vivo and in vitro studies with iAs exposure and choline treatment.

Reference Research Model Study Description Main Results
CG (n = 4)—standard diet (orally, for 6 weeks) and after that [7®As]
arsenite 0.4 mg/kg bw (IV injection, single dose) and sacrificed after Glvs. CG
Vahter and Rabbits, Swedish loop, adult, 72 h Vvs.

Marafante 1987 [13]

male

G1 (n = 4)—choline deprived diet 1.3 mg/kg (orally, for 6 weeks) and
after that [ As] arsenite 0.4 mg/kg bw (IV injection, single dose) and
sacrificed after 72 h

liver, lung, microsomes: 76AsT
urine: tAs], iAs<», MMAT, DMA|

Tice et al., 1997 [16]

Mice, B6C3F], adult, male

G1 (n = 4)—choline-sufficient diet (orally, for 1 week) after that
choline-sufficient diet (orally, for 2 weeks) and sodium arsenite 2.5 or 5
or 10 mg/kg (orally, single dose)

G2 (n = 4)—choline-sufficient diet (orally, for 1 week) and after that
choline-deficient diet (orally, for 2 weeks) and sodium arsenite 2.5 or 5
or 10 mg/kg (orally, single dose)

in G1
bone marrow: MN-PCE<», %PCE<«>
liver parenchymal cells: DNA migration
bladder cells: DNA migration|
lung cells: DNA migration<>
skin cells: DNA migration<>
bone marrow: MN-PCE<, %PCE|

in G2
urine: tAs), DMA|
liver parenchymal cells: DNA migration<>
bladder cells: DNA migration<>
lung cells: DNA migration<>
skin cells: DNA migration,
bone marrow: MN-PCE<, %PCE<«>

G1 (n = 4)—choline-sufficient diet (orally, for 1 week) after that
choline-sufficient diet (orally, for 2 weeks) and sodium arsenite 2.5 or 5
or 10 mg/kg/day (orally, for 4 days)

G2 (n = 4)—choline-sufficient diet (orally, for 1 week) and after that
choline-deficient diet (orally, for 2 weeks) and sodium arsenite 2.5 or 5
or 10 mg/kg/day (orally, for 4 days)

in G1
liver parenchymal cells: DNA migration|
bladder cells: DNA migration|
lung cells: DNA migration<>
skin cells: DNA migration<>
bone marrow: MN-PCE?, %PCE|

in G2
liver parenchymal cells: DNA migration<>
bladder cells: DNA migration<>
lung cells: DNA migration<+
skin cells: DNA migration,
bone marrow: MN-PCE?, PCE+>
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Table 2. Cont.

Reference Research Model Study Description Main Results

CG (n = 8)—arsenic trioxide 1.6 mg/kg (IV injection, single dose)
G1 (n = 7)—choline 8 mg/kg (single dose) and after that arsenic
trioxide 1.6 mg/kg (IV injection, single dose)

CG (n = 8)—arsenic trioxide 50 uM (single dose)

Glvs. CG
in vivo: after 120 min—QTc prolongation]

cardiomiocyte (Guinea Pig, _ . . . Glvs. CG
Sun et al., 2006 [17] adult, female and male) G1 (n = 8)—choline 1 ml\/; O(S:LI;%l(es icrllogsii) é'icr)ls(i )after that arsenic trioxide in vitro: APD prolongationl, Icar |
CG (n = 8)—arsenic trioxide 50 uM (single dose) Glvs. CG
G1 (n = 8)—choline 1 mM (single dose) and arsenic trioxide 50 uM o : 241,
(single dose) and KC1 60 mM (single dose) in vitro: changes of [Ca™];}
Glvs. CG

survival ratet, body weightf, relative extraembryonic vascular
area?, neural tube closure defects]

whole embryo, brain, spine: fluorescence signals of Nanog/,

fluorescence intensity of SCP1/, fluorescence signals of Tuj-17,
fluorescence intensity of 5-mec?
spinal cord: positive signal of Nanog/, positive signal of
SCP1J, positive signal of 5-mect, % of survival cells?
expression of: DNMT3af, DNMT11, Bcl-21, Bax/, caspase-31
protein level of: DNMT3at, DNMT11

CG (n = 8)—sodium arsenite 100 nM (injected into the center of the
egg yolk, incubation for 3 days)
G1 (n = 6)—choline 25 ug/uL (injected into the center of the egg yolk,
. . incubation for 3 days) and sodium arsenite 100 nM (injected into the
Song et al., 2012 [18]  Chick embryos, White Leghorn center of the egg yolk, incubation for 3 days)

G2 (n = 6)—choline 50 pg/uL (injected into the center of the egg yolk, . G2vs. CG )
incubation for 3 days) and sodium arsenite 100 nM (injected into the survival rate<>, body weight<, relative extraembryonic
center of the egg yolk, incubation for 3 days) vascular area<>, neural tube closure defects«>

whole embryo, brain, spine: fluorescence signals of Nanog<+,
fluorescence intensity of SCP1<+, fluorescence signals of
Tuj-14+, fluorescence intensity of 5-mec<+, % of MOD <+
spinal cord: positive signal of Nanog+«, positive signal of
SCP1+<, positive signal of 5-mec<+, % of survival cells<»
expression of: DNMT3a<, DNMT1+4, Bcl-24+, Bax++,
caspase-3<+
protein level of: DNMT3a<+, DNMT1+

1—significant increase; | —significant decrease; +3—no significant changes; [Ca?* Ji—intracellular calcium; 5-mec—anti-5-methylcytidine; APD—action potential duration; Bax—BCL2-associated X protein;
Bcl-2—B-cell lymphoma protein 2 alpha; CG—control group; DMA—dimethylarsinic acid; DNA—deoxyribonucleic acid; DNMT1—DNA methyltransferase 1, DNMT3a—DNA methyltransferases 3A; G1—group
1; G2—group 2; iAs—inorganic arsenic; ICa-L—L type calcium currents; [V—intravenous; MMA—monomethylarsonic acid; MN-PCE—micronuclei in polychromatic erythrocytes; MOD—mean optical densities;
PCE—polychromatic erythrocyte; QTc—corrected QT interval; SCP1—Small C-terminal domain phosphatase 1; tAs—total arsenic species; Tuj-1—33 Tubulin.
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3.2.1. Choline—iAs Metabolism

The association between choline-deficient diet and iAs metabolism was analyzed in
two studies. Overall, treatment with a choline-deficient diet resulted in adverse effects, like
decreased urinary excretion of tAs and DMA in the urine [13,16]. In addition, Vahter and
Marafante [13] observed higher levels of MMA in urine, but increased tAs concentration in
the liver, microsomes, and lungs.

3.2.2. Choline—Toxicity of iAs

An in vitro study with guinea pig cardiomyocytes revealed the cardioprotective effect
of choline (decreased QT prolongation, L-type calcium currents, and intracellular calcium
concentration, which were enhanced by iAs) [17].

In chick embryos, neuroprotective effects of different doses of choline (25 pg/uL and
50 pg/pL) on halting the development of a neural tube defect were analyzed [18]. Only
lower doses of choline were found to be effective in reducing the negative effects of iAs (in-
creasing the survival rate and relative extra-embryonic vascular area, and reducing neural
tube closure defects). In addition, it has been shown to alleviate the adverse effects of iAs
exposure, such as the inhibition of differentiation of neural stem cells into neurons (which
decreased the fluorescence signals of nanog and small C-terminal domain phosphatase
1, but increased the fluorescence signals of 33-Tubulin), decreased hypomethylation in
the nervous system and spinal cord (which resulted, among other effects, in increased
fluorescence intensity of anti-5-methylcytidine, and enhanced expression of DNA (de-
oxyribonucleic acid) methyltransferase 3A and DNA methyltransferase 1), and decreased
apoptosis in chick embryos (which resulted in decreased expression of BCL2-associated X
protein and increased expression of B-cell lymphoma protein 2 alpha).

Tice et al. [16] analyzed the influence of choline-deficient diet on iAs-induced toxicity.
In the group of rats fed a choline-deficient diet and exposed to iAs (once or four times), DNA
damage, particularly in skin cells (decreased DNA migration) and chromosomal damage
in bone marrow (increased frequency of micronucleated polychromatic erythrocytes),
was observed.

3.2.3. Choline—Summary

Both in vitro and in vivo studies have shown that choline supplementation can reduce
the adverse changes induced by iAs in the cardiovascular and nervous systems. In vivo and
in vitro studies showed the cardioprotective effect, which was noticeable after a single dose
of choline (8 mg/kg or 1 mM before, simultaneously with the exposure to iAs—1.6 mg/kg
or 50 uM). In turn, neuroprotective effect was depended on the dose of choline (25 or
50 ug/uL), and was only observed at the lower dose.

Moreover, choline deficient diet (for a long period of time—2 or 6 weeks) and exposure
to one dose of iAs (orally or intravenously in range 0.4-10 mg/kg) was found to increase
DNA damage and decrease iAs excretion.

In these studies, not only deficiency, but also the dose of choline, appears to have a
significant effect on the obtained results. High doses increased adverse effects.

3.3. Vitamin B, with Selenium

Two studies evaluated the protective effect of riboflavin (and selenium nanoparticles)
on reducing the adverse effects of iAs in Pangasianodon hypophthalmus reared in the presence
of iAs and high temperature [19,20] (Table 3).
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Table 3. Results of in vivo studies with iAs exposure and vitamin B, treatment.

Reference

Research Model Study Description

Main Results

Kumar et al., 2019 [19]

CG (n = 6)—control diet (orally, for 95 days) and sodium arsenite in
experimental water at 1/10th of LCsg (2.8 mg/L), (orally, added at 96 h) and
temperature 34 °C (for 95 days)

G1 (n = 6)—Se-NPs 0.5 mg/kg diet and vitamin B, 5 mg/kg diet (orally, for

95 days) and sodium arsenite in experimental water at 1/10th of LCsg

. (2.8 mg/L), (orally, added at 96 h) and temperature 34 °C (for 95 days)
Pangasianodon hypophthalms G2 (n =g6)—Se-NPsy 0.5 mg/kg diet and VitarII)ﬁn By 10 mg/kg diet (or};lly,
for 95 days) and sodium arsenite in experimental water at 1/10th of LCsq

(2.8 mg/L), (orally, added at 96 h) and temperature 34 °C (for 95 days)
G3 (n = 6)—Se-NPs 0.5 mg/kg diet and vitamin B, 15 mg/kg diet (orally,
for 95 days) and sodium arsenite in experimental water at 1/10th of LCsq

(2.8 mg/L), (orally, added at 96 h) and temperature 34 °C (for 95 days)

Gl1,2,3vs. CG
tAs: muscle]

CTMinJ, LTMin/, CTMaxt, LTMax?
liver, gill, brain, kidney: CAT|(during LTMin
and LTMax)
liver, gill, kidney: SOD| (during LTMin)
brain: SOD< (during LTMin)
liver: SOD| (during LTMax)
gill, brain, kidney: SOD< (during LTMax)
liver, gill, brain, kidney: GST/, GPx/. (during
LTMin and LTMax)
brain: AChE?T

Kumar et al., 2020 [20]

CG (n = 6)—control diet (orally, for 90 days) and sodium arsenite in
experimental water at 1/10th of LCsg (2.68 mg/L), (orally, added at 96 h)
and temperature 34 °C (for 90 days)
G1 (n = 6)—Se-NPs 0.5 mg/kg diet and vitamin B, 5 mg/kg diet (orally, for
90 days) and sodium arsenite in experimental water at 1/10th of LCsg
. (2.68 mg/L), (orally, added at 96 h) and temperature 34 °C (for 90 days)
Pangasianodon hypophthalmus G2(n= g)—Se-NPs}E).S mg/kg diet and Vitarrl::in B, 10 mg/kg diet (ore};lly,
for 90 days) and sodium arsenite in experimental water at 1/10th of LCsq
(2.68 mg/L), (orally, added at 96 h) and temperature 34 °C (for 90 days)
G3 (n = 6)—Se-NPs 0.5 mg/kg diet and vitamin B, 15 mg/kg diet (orally,
for 90 days) and sodium arsenite in experimental water at 1/10th of LCsq
(2.68 mg/L), (orally, added at 96 h) and temperature 34 °C (for 90 days)

Gl1,2,3vs. CG
tAs: muscle<, gill|, kidney/, brain/
serum: cortisol|, HSP 70/, TP1, albumin/,
globulin?, A:G ratio], NBTT, total
immunoglobulinf, myeloperoxidase
blood: glucose]
liver, gill, brain, kidney: CAT], GSTJ{, GPx/,
LPOJ
liver, gill: SODJ,
brain, kidney: SOD+<+
brain, muscle: AChE?, vitamin C1
FWG%T, FERT, PERT, SGRT, relative
survivalf, cumulative mortality |

T—significant increase; |—significant decrease; <>—no significant changes; A:G ratio—albumin globulin ratio; AChE—acetylcholine esterase; CAT—catalase; CG—control group; CTMax—critical thermal
maximum; CTMin—critical thermal minimum; FER—feed efficiency ratio; FWG—final weight gain; G1—group 1; G2—group 2; G3—group 3; GPx—glutathione peroxidase; GST—glutathione-s-transferase; HSP
70—heat shock proteins 70; LCsp—Ilethal concentration; LPO—lipid peroxidation; LTMax—Ilethal thermal maximum; LTMin—lethal thermal minimum; NBT—nitroblue tetrazolium; PER—protein efficiency ratio;

Se-NPs—selenium nanoparticles; SGR—specific growth rate; SOD—superoxide dismutase; tAs—total arsenic species; TP—total protein.
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3.3.1. Vitamin B, with Selenium—iAs Metabolism

In the studies involving Pangasianodon, only tAs bioaccumulation in various organs
was analyzed. Vitamin B, supplementation caused a reduction in tAs concentration in the
liver, gills, brain, kidneys, and muscles [19,20].

3.3.2. Vitamin B, with Selenium—Toxicity of iAs

Supplementation with these ingredients reduced oxidative stress, increased the levels
of acetylcholine in the brain, and enhanced thermal tolerance, growth performance, and
immunity [19,20].

3.3.3. Vitamin B, with Selenium—Summary

To sum up, the two in vivo studies show that vitamin B, (with selenium) has a ben-
eficial effect associated with the reduction of tAs bioaccumulation and with reduction
of adverse iAs effect in digestive, nervous, respiratory, immune, and urinary systems.
These two studies were carried out in the same animal model and used the same vitamin
B, and iAs doses, as well as exposure time. Three doses of vitamin B, were used (5, 10,
15 mg/kg diet) and the beneficial effect was already demonstrated at the lowest dose. The
favorable results could also be influenced by the long duration of the vitamin administra-
tion, the study lasted up to 96 days. It is not known whether supplementation with this
vitamin would be equally effective in studies in other animal models and under different
experimental protocols.

3.4. Vitamin By

In the three studies performed using animal models exposed to iAs, protective effects
of vitamin Bj, such as enhanced metabolism and reduced toxicity, are analyzed (Table 4).

3.4.1. Vitamin B1,—iAs Metabolism

In one study, the association between vitamin By, and iAs metabolism was examined.
In this study conducted in a rat model, supplementation with vitamin By, increased the
excretion of tAs in the urine, which subsequently resulted in reduced tAs levels in the
blood and liver [21].

3.4.2. Vitamin Bp—Toxicity of iAs

The protective action of vitamin B, on the changes induced by iAs in the digestive
system has been studied. In a study carried out in an animal model exposed to iAs, vitamin
By, was shown to have a hepatoprotective effect. In the liver of rats, increased activity
of antioxidant markers, decreased activity of pro-oxidative markers and liver enzymes,
beneficial effect on apoptotic changes, and decreased histopathological damage were
observed [21]. In a rat model, Chen and Whanger [22] analyzed, inter alia, the relationship
between vitamin Bj, intake and levels of metallothionein. In the group that received
vitamin B, and was exposed to iAs, reduced levels of metallothionein in the liver were
observed compared to the group that did not receive vitamin B,.

Acharyya et al. [23] showed that vitamin By, supplementation caused a slight decrease
in adverse effect of iAs not only in the digestive, but also urinary, and respiratory systems.
The following changes were observed in the liver: decreased lipid peroxidation, decrease
in the levels of liver function markers, DNA breakage, extensive damage to the histoarchi-
tecture, and increased activity of antioxidants enzymes. In the kidney, improved levels of
function marker and decreased tissue degeneration were noticed. In addition, decreased
concentration of free radical products and increased activity of antioxidants were observed
in the intestine and lungs.
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Table 4. Results of in vivo studies with iAs exposure and vitamin By, treatment.

Reference

Research Model

Study Description

Main Results

Majumdar et al., 2010 [21]

Rats, Albino, adult, male

CG (n = 6)—arsenic trioxide 3 mg/kg bw/day (orally,
for 30 days)
G1 (n = 6)—vitamin By, 0.63 pg/kg bw/day (orally,
for 30 days) and arsenic trioxide 3 mg/kg bw/day
(orally, for 30 days)

Glvs. CG
urine: tAst
blood, liver: tAs]
hepatic mitochondria: NOJ, TBARS|, OH™ |, SOD+,
CAT<+, GSHT
damaging changes in liver histology]
liver: ALT], AST|, ACPJ, iNOS«+
Mitochondrial Swelling, Mitochondrial Cytochrome c
oxidaseT,
Mitochondrial Calcium?, Mitochondrial Ca?*-ATPase
activity?, Mitochondrial Caspase 3 activity
hepatic cell DNA smearing].

Chen and Whanger 1994 [22]

Rats, Weanling and Sprague-Dawley,
adult, male

CG (n = 5)—arsenite 0-150 pg/g (orally, for 8 weeks)
G1 (n = 5)—vitamin By, sufficient diet 100 pg/kg
(orally, for 8 weeks) and arsenite 0-150 pg/g (orally,
for 8 weeks)

G1lvs. CG
liver: levels of MT|

Acharyya et al., 2015 [23]

Rats, Albino, adult, female

CG (n = 6)—drinking water (orally, for 28 days)
G1 (n = 6)—vitamin By, 0.07 pg/100 g bw/day
dissolved in water 200 uL/day (orally, for 28 days)
and sodium arsenite 0.6 ppm/100 g bw/day (orally,
for 28 days)

Glvs. CG
serum: ALP<«, AST<«, LDH<», uric acid<>
hepato-somatic index<, reno-somatic indext
liver: MDA <, XO<«, CAT«+
lung: CD<+, NPSH<+»
intestine: MDA <+, CD+<>, CAT«+»

T—significant increase; |—significant decrease; +>—no significant changes; ACP—acid phosphatase; ALP—alkaline phosphatase; ALT—alanine aminotransferase; AST—aspartate amino transferase; Ca*-
ATPase—calcium adenosine triphosphatase; CAT—catalase; CD—conjugated diene; CG—control group; DNA—deoxyribonucleic acid; G1—group 1; GSH—glutathione; iNOS—inducible nitric oxide synthase;

LDH—]lactate dehydrogenase; MDA—malondialdehyde; MT—metallothionein; NO—nitric oxide; NPSH—nonprotein-soluble thiol; OH—hydroxide; tAs—total arsenic species; TBARS—thiobarbituric acid
reactive substances; XO—xanthine oxidase.
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3.4.3. Vitamin Bj—Summary

The aforementioned in vivo studies provide evidence for the beneficial effects of vita-
min By, supplementation on iAs metabolism and reduction of unfavorable changes in the
digestive as well as, to a lesser extent, in the urinary and respiratory systems. The beneficial
effect in the study on the rat model was observed regardless of the experimental protocol—
the same method of vitamin By, and iAs administration (orally), duration (for 28, 30 days
or 8 weeks), but different doses of vitamin By, administration (0.07 ug/100 g bw/day, 63 ng
bw/day, 100 ug/kg diet) and iAs (3 mg/kg bw/day, 150 ug/g, 0.6 ppm/100 g bw/day).

3.5. Folic Acid

The influence of folic acid on metabolism and reduction of iAs-induced toxicity was
investigated in 15 animal model studies and in 4 in vitro studies (Table 5).

3.5.1. Folic Acid—iAs Metabolism

The studies performed on rats exposed to iAs proved the beneficial effect of folic acid
supplementation, which was associated with increased tAs content in the urine samples
and decreased levels in the blood, liver, and stool samples [21,24,25]. A similar effect was
observed in a study conducted by Huang et al. [26] in mice (wild type and As3mt knockout)
fed a low or high fat diet with supplementation with folic acid and exposed to iAs. This out-
come was evident only in wild-type female mice exposed to iAs and higher dose of folic acid.
A low-fat diet supplemented with folic acid increased iAs metabolism (decreased %iAs
and increased %dimethyl As in urine), whereas a high-fat diet decreased its metabolism
(decreased tAs, %iAs and increased %monomethyl and %dimethyl As in the liver). The
group of mice (As3mt knockout) which have a limited metabolism capacity of iAs exhibited
no significant differences in the levels of As species in the urine and liver. However, in
another study, supplementation with folic acid increased iAs metabolism in the maternal
livers, resulting in a reduced concentration of iAs and increased methylation ratios, but no
influence on plasma concentrations of S-adenosylmethionine and S-adenosylhomocysteine
was noticed. In the fetal livers, the beneficial effect of folic acid on iAs metabolism was not
observed, and increased concentration of only S-adenosylhomocysteine was detected [27].

The adverse effects of folic acid deficiency were observed in two studies carried out
in mice exposed to iAs. A folate-deficient diet decreased the urinary excretion of As
in the wild-type mice (decreased %tAs in the urine) [28,29]. Moreover, folate-binding
protein-1 (Folbp1) mice showed less efficient iAs metabolism—which was evidenced by the
decreased percentage of arsenate and increased %DMA in the urine, but did not affect the
plasma concentrations of S-adenosylmethionine and S-adenosylhomocysteine compared to
wild-type mice [28]. However, no significant changes were observed in the group of Folbp2
mice, which showed no differences in the excretion of As, but revealed altered plasma
concentrations of S-adenosylmethionine and S-adenosylhomocysteine [29].

3.5.2. Folic Acid—Toxicity of iAs

The protective effect of folic acid following exposure to iAs has been analyzed with
respect to a reduction in the damage caused to the digestive system. The two animal model
studies demonstrated that folic acid exhibits hepatoprotective effect in rats exposed to iAs
by decreasing the oxidative stress levels, lipid peroxidation, apoptosis, elevated serum
levels of liver function markers, and tissue damage [21,23].
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In the two studies conducted in rats exposed to iAs, the protective effect of folic
acid was associated with a reduction in oxidative stress and lipid peroxidation in the
pancreatic tissue [24,30]. One of the studies demonstrated a decrease in DNA damage,
which was evident by reduced DNA smearing in pancreatic islet cell mitochondria and
lymphocytes [24].

In one study, the supplementation of folic acid in rats exposed to iAs showed an
adverse effect on gut flora, as it resulted in a decreased bacterial count in the stool [25]. In
wild-type mice exposed to iAs and fed a high-fat diet with low folate dose, adverse effects
on glucose homeostasis (marginal increase in fasting plasma insulin levels and homeostasis
model assessment of insulin resistance) were observed [26].

A study by Tsang et al. [27] showed that supplementation with a high dose of folic acid
may exert an adverse effect on the mouse fetal liver exposed to iAs, which is manifested
through changes in DNA methylation and genes associated with cancer and development.

Supplementation with folic acid alleviated the adverse effect of iAs in the urinary
system by improving the reno-somatic index values and decreasing the biochemical marker
of kidney function (serum urea level) in the rat kidney [23].

Three studies performed on animal models exposed to iAs demonstrated a cardiopro-
tective effect of folic acid. Folate-sufficient diet decreased genotoxicity in mice exposed to
iAs (decreased chromosomal damage by reducing the incidence of micronuclei formation
in polychromatic erythrocytes and normochromatic erythrocytes) in comparison to mice
fed with a folate-deficient diet and exposed to iAs [31]. Two studies conducted in female
rats exposed to iAs showed that folic acid supplementation exerted a protective effect on
embryonic cardiac defects. This outcome was more prominent when supplemented with
higher doses of folic acid (5.3 and 10.6 mg/kg bw/day) [32,33]. Supplementation with
this vitamin has been shown to increase embryonic growth and development [32,33], via
upregulating the gene expression of cardiac transcription factors [32], downregulating the
expression of genes involved in cardiac development, and decreasing the incidence of
protein acetylation and cardiac malformation [33].

The influence of folic acid on the changes induced by iAs in the nervous system
has also been studied. Supplementation with folic acid in three mice strains exposed to
iAs exhibited no protective effect on reducing the frequency of neural tube defects in
embryos but rather was found to increase embryo/fetal lethality; on the other hand, folate
supplementation caused increased maternal lethality [34]. The study on female mice with
genotypes Folbp2* /* and Folbp2~/~ showed an increase in the incidence of exencephaly,
and elevated growth was noticeable in Folbp2~/~ mice and in the group of mice fed
with a folate-deficient diet [35]. In an in vitro study performed on zebrafish embryos, folic
acid showed a protective effect against adverse effects of iAs. In the embryo, a beneficial
effect was associated with increased survival and maintenance of normal development, via
decreasing the defects in cardiac and nervous systems and upregulating the expression
of decapentaplegic and Vg-related-1 protein [36]. In addition, folic acid deficiency caused
an increase in the iAs-induced neurotoxicity in NB2a/dl cells by inducing changes in the
neurofilament dynamics, thus resulting in decreased neurofilament transport and increased
immunoreactivity of perikaryal RT97 and perikaryal phospho-NF [37].

The protective action of folic acid on the adverse effects of iAs was also analyzed in
skin cells. In the one study on mice exposed to iAs, a folic acid-deficient diet negatively
affected the skin cell proliferation and differentiation by decreasing the expression of key
genes involved in this process (including those involved in epidermal development and
differentiation) and increasing the expression of cancer-related genes (cellular movement
genes) [38].

A reduction in iAs-induced toxicity was observed in SWV /Fnn embryo fibroblasts
following folic acid treatment, but the effect was found to be dose-dependent. A significant
reduction in cytotoxicity, resulting in the increased viability of cells, was noted at a folic
acid concentration of 270 uM in the media, containing a constant concentration of As or
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DMA. Furthermore, when cells were treated with higher doses of iAs or DMA, folic acid
supplementation did not affect the viability of cells. Moreover, the treatment of cells with
iAs and 90 uM concentration of folic acid caused an increase in the number of cells in the
media at 7 days, but not at 6 days of treatment [39]. Exposure of Folbp2 null fibroblasts to
iAs and supplementation with folic acid did not show any protective effect on survival, but
exposure to this element certainly decreased the uptake of folic acid. In contrast, exposure
of Folbp2 wild-type fibroblasts to folic acid increased the survival rate, but did not affect
the folic acid uptake [40].

3.5.3. Folic Acid—Summary

The studies performed in vivo on animal models exposed to iAs have shown not
only alleviating effects of folic acid on digestive, urinary, and circulatory systems, but also
potentially can increase iAs metabolism. These beneficial effects were observed during oral
administration with different time and doses of folic acid (for 28, 30 days; 6, 7 weeks; 5.3,
10.6 or 36 ug/kg bw/day; 5 or 10 mg/kg diet; 4 ug/100g bw/day), as well as iAs (for 4, 28,
30 days; 6 weeks; 2.5, 3, 5, 10 mg/kg bw/day; 100 ppb in drinking water; 0.6 ppb/100 g
bw/day; 75 mg/L).

However, the negative effects were also observed. In the four in vivo studies, the
supplementation of folic acid had an adverse effect on metabolism iAs, gut flora, DNA
methylation, neural development and viability. Various modes of administration, expo-
sure time, and dose of folic acid (orally or intraperitoneally; for 2, 13 days or 2, 8 weeks;
200 ug/day; 10, 11 mg/kg/diet; 2 or 25 mg/kg bw/day) and iAs (orally or intraperi-
toneally; for 2, 10 days; 2, 13 weeks; 1 mg/L; 85 ppm in drinking water; 40 mg/kg bw/day;
100 ppb in drinking water) were used in these studies. In the case of an unfavorable effect of
supplementation with folic acid on iAs metabolism, the effect may result from the different
diets (the combination of a high-fat diet and folic acid supplementation decreased the iAs
metabolism, as opposed to a low-fat diet). The results were also influenced by species
differences and different models of animals (wild-type mice and mice with limited capacity
to methylation), as well as the stage of development, were also important (beneficial effect
in maternal, but not in the fetal). In the remaining studies, an adverse effect may result
from the use of high doses of folic acid.

The five studies carried out in mice exposure to iAs and fed with a folate-deficient diet
showed adverse effects related to iAs metabolism, glucose homeostasis, development, and
skin proliferation. In three studies, iAs was administered intraperitoneally (a single dose—
10 uL/g bw; twice at dose—40 mg/kg), and in the two other studies, it was administered
orally for 30 days or 13 weeks at a dose of 1 ppm; 100 ppb in drinking water. Despite
differences in study protocols, folic acid deficiency exacerbated the adverse effects of iAs.
The results could also be influenced by animal species differences (the studies were carried
out in wild-type and mice Folbpl~/~ and 27/~ mice), as well as by diet (a high-fat diet
had adverse effects).

In the in vitro studies (iAs exposure ranged from 0.3-100 uM and 2-10 mM of iAs;
duration of exposure 24 h), folic acid showed cardioprotective, neuroprotective and anti-
cytotoxic effects. One study showed a beneficial effect with two (50 and 100 uM) doses of
folic acid, with the higher dose showing a more pronounced beneficial effect. In the second of
these studies, the constant concentration of folic acid brought the expected positive results,
and in the third study, the beneficial effect may be due to the length of treatment with folic
acid (up to 1 week). In one in vitro study, folic acid, did not increase survival, but the result
was influenced by the type of cells used (cells lacking Folbp 2). In one in vitro study, it was
found that folate deficiency enhanced the neurotoxicity of iAs at dose 0.07 pm for 24 h.

3.6. Vitamin By, and Folic Acid

Five studies have been conducted to study the modulating effect of simultaneous
supplementation with vitamin By, and folic acid on iAs metabolism and toxicity in animal
models (Table 6).
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3.6.1. Vitamin By, and Folic Acid—iAs Metabolism

The study performed on rats exposed to iAs demonstrated that the beneficial effect of
supplementation with vitamin By, and folic acid was associated with the more efficient
excretion of tAs, which was evident by increased concentration of tAs in urine and de-
creased levels in blood and liver [21,24]. However, in another study, no significant changes
in tAs excretion were observed in the female adult mice that were supplemented with these
vitamins. In the group which received supplementation and was exposed to low doses of
iAs, only an increase in the concentrations of monomethylarsenic and dimethylarsenic in
the urine was shown [41].

3.6.2. Vitamin By, and Folic Acid—Toxicity of iAs

Five studies using animal models aimed to determine the influence of the simultaneous
application of vitamin By, and folic acid on the adverse effects of iAs in the digestive system.
These vitamins demonstrated hepatoprotective effects in mice, which were associated with
a reduction in oxidative stress levels, lipid peroxidation, DNA fragmentation, damage
to the histoarchitecture of the liver, as well as restored the serum level of liver function
markers [21,42]. Moreover, they improved the lipid profile [42] and decreased hepatic
mitochondrial apoptotic changes [21].

Two studies analyzed the protective effect of vitamin By, and folic acid in reducing the
damage to pancreatic islet cells of rats exposed to iAs. Supplementation with these vitamins
decreased the production of reactive oxidants, reduced lipid peroxidation, increased the
activity of antioxidative enzymes [24,30], decreased DNA damage [24], decreased the levels
of inflammatory markers, and increased islet cell counts [30].

In another study, the protective effect of simultaneous application of vitamin By,
and folic acid on disorders associated with glucose metabolism was investigated in the
offspring of mice prenatally exposed to iAs. Glucose metabolism disorders were mainly
reported in male offspring, but prenatal vitamin By, and folic acid supplementation reduced
hyperglycemia and insulin resistance in the mice exposed to lower and higher doses of
iAs, resulting in a marginal decrease in the fasting plasma insulin levels and Homeostasis
Model Assessment of Insulin Resistance. Moreover, in the group including male offspring
mice exposed to 1000 ppm of iAs, supplementation with these vitamins increased global
DNA methylation in the liver [41].

The study by Acharyya et al. [23] investigated the influence of cotreatment of vitamin
B1, with folic acid on the adverse effect of iAs, and found to be highly effective in restoring
the damage to the digestive system. The vitamins restored normal levels of liver and renal
function markers, decreased oxidative stress and lipid peroxidation in the liver, intestine,
kidney, and lungs, as well as repaired DNA damage in the liver and kidney. Additionally,
supplementation with these vitamins prevented hepatic and renal tissue degeneration.

3.6.3. Vitamin By, and Folic Acid—Summary

The in vivo studies in animal models revealed that simultaneous supplementation
with vitamin Bj, and folic acid exerted a positive effect on iAs metabolism and alleviated
adverse effects, not only in the digestive system, but also in the urinary and respiratory
systems. In one of these studies, the supplementation of these vitamins had a positive effect
on iAs metabolism only at a lower exposure dose, which may indicate that the beneficial
properties of these vitamins did not exceed the negative effects of a higher dose of iAs,
or showed a synergistic effect with this element. In the remaining studies on rat models,
different doses of vitamins (vitamin B1,: 0.63 pg/kg bw/day; 0.07 pg/0.1 mL water/100 g
bw/day; 0.07 ng/100 g bw/day and folic acid: 3 mg/kg bw/day; 36 ug/kg bw/day; 4
ng/100 g bw/day; 4 pg/0.1 mL water/100 g bw) and iAs (3 mg/kg bw/day; 0.4 or 0.6
ppm/100 g bw/day; 100, 1000 ppb in drinking water) and similar exposure times (24, 28,
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30 days) were used, however, using each of these protocols, beneficial effects in reducing
the adverse effects of iAs were obtained.

3.7. Zinc

The protective effect of zinc has been analyzed by performing studies in 21 animal
models and 6 cell lines that were exposed to iAs. The results of these experiments are
summarized in Table 7.

3.7.1. Zinc—iAs Metabolism

Zinc supplementation in the animal models exposed to iAs decreased tAs levels in
liver [43], kidney [44], spleen [45], and brain [46,47], but it had no effect on tAs concentration
in the blood, liver, and kidney in two studies [48,49]. Pretreatment with zinc enhanced
the elimination of As, which was evidenced by a reduced concentration of As-73 in the
blood, skin, muscle, and organs such as heart, lung, kidney, and small intestine, but
similar effects were not observed in the liver, brain, and large intestine [50]. In one in vitro
study conducted in SA7 cells exposed to iAs, zinc pretreatment resulted in decreased tAs
accumulation and increased excretion [51].

3.7.2. Zinc—Toxicity of iAs

Many studies analyzed the protective effect of zinc on the digestive system. In a
study conducted in common carp exposed to iAs, the anterior and mid-intestines showed
increased activity of superoxide dismutase and tight junction proteins (inter alia, mRNA
levels of occludin, claudin, and zonula occludens), as well as decreased levels of inflamma-
tory markers (mRNA levels of interleukins [1f3, 6], phosphorylation of inhibitor of nuclear
factor kappa B, and nuclear factor kappa B nuclear translocation) and histological changes
in intestines [52].

In three studies, zinc has been shown to exhibit a hepatoprotective effect, which
is accompanied by a reduction in oxidative stress [48,53,54], lipid peroxidation [48,54],
apoptosis [53], and damage of the liver structure [53,54], as well as with the elevation of
blood levels of alanine and aspartate transaminases [48], metallothionein expression [54],
and activity of d-aminolevulinic acid dehydratase [48].

In one study, zinc supplementation after exposure of male mice to iAs did not reduce
the adverse effects (oxidative stress, lipid peroxidation in the liver), while simultaneous
administration showed a partial mitigating effect, mediated by increased $-aminolevulinic
acid dehydratase activity in blood, and decreased lipid peroxidation and oxidized glu-
tathione in liver [49].

Zinc supplementation in the group of rats exposed to iAs showed an attenuating effect
in regulating the biokinetics of ®*Zn, which was impaired in the group of rats exposed to
iAs, but not treated with zinc. It was observed that zinc decreased the fast component in
the liver and decreased the uptake of ®®Zn in the brain and liver [43].

Furthermore, the in vivo (rat liver) study carried out in the presence of iAs demon-
strated that zinc deficiency increased inflammatory response (inter alia through increased
production of inflammatory markers) [55].

An in vitro study showed that zinc deficiency and iAs exposure adversely affected
pancreatic beta cells. In cells, deficiency resulted in, inter alia, increased apoptosis (in-
creased poly(ADP) polymerase), DNA damage (increased the levels of a marker of DNA
breaks), and decreased proliferation (decreased viable cells) were observed [56].



Jozew 191em uo
SjuLwWISSasse Teroraeyaq ‘| yyduans dus ‘| 1o1aeyaq A103es0dXxa
‘| £31A1)00 10j0WI0D0] T30} ‘] SySe} [eIoTARYaq P[oy uado
1aYDV Jo Lrande “1ayOVv
JO [9A9] “4sy3 :snduwredoddry “winj[egqeIad ‘x93100 [eIGIID
DD SATD

(oM 1

105 “ATTe10) Aep /mq 83 /Sw (T 9j1uasie wnipos pue (oom | 10y ‘A[[e1o)
I9JeM PazZIUTodp SujuLIp YSnoiys o,z0 () P02 dUIz—(9 = u) 19
(39am T 105 “AreI0) Aep /mq 33 /3w (T ajruasIe WNIpos—(9 = u) HD)

areur
‘pro ympe ‘Suno£ ‘Te)sipg ‘syey

[97]
L10C Appay
@Em HMESM

1 (e8ewrep
wmnpnonar drwsedopus ‘sisoydode) sonsst usards ur seSueyd
TrurPeg
‘Lzod A d-d “toggre-d “tg-asedsed :jo sfaasf ursjord
MI-€DT 4 1-€071 129d “T6-OLY “TTuidag ‘| z-12d “Txed “T¢
asedsed ‘1 asedsed “1g asedsed “seq T dOHD ““+94LV ‘< TNl
07419 “DIH “TF6dAD T8LIAD “}oSed 1V-178IN-178D
"}9sedIV-, 2/ +BN IO dLV :JO S[9AS] VW “Torjer
[-€D71/11-€D71 ‘Toner ¢-g /xeq “Te “Isyy :sonssy usads
DD 'SATD

/8w g8z druasie pue /3w | dUrz—io)
/8w g drudsIe—0)

ordres snurrd£H

[¢¥] T20T
“Te 30 Suepm

101d1Z
18d17 ‘L2d1Z “Is1uz “L11uZ ‘LI “TdOHD TR “19-1LV
TLAAD "> GT uIpne)) ‘<> urpne[) ‘| / urpner) ‘| urpner)
‘Je urpner) ‘|z-0Z ‘L 1-OZ ‘LuIpnipdQ :Jo s[4 VNW
ojw-d
LIIv-d“&yerd «seggre-d “Priad-d <844 ‘cod
“4eD1 4 1-urdag “106dSH “T0LISH “T09JSH :JO S[2Ad] urjord
LIvD ‘>uz “tsyy :haupny
0D SA 1D

(qyuou 1 x0§ “A[reso) /3w ¢8°¢ IPIXOLL}
dIUdsIE pue (Yjuow T 10§ ‘A[[eI0) pue /8w T apLIopyd durz—(O¢ = 1) 19
(qyuouwu T 103 “A[[e10) T/3W €87 9PIXOLL} dIUdsIE—(O¢ = 1) DD

ordred snurrd£H

[7¥] 0coe
“Te 30 Suep

TISAT] UT UZ ¢, JO Jusuoduion sey saa1[-jley [ed130[01q
+Apoq
3[0YM UT UZ 4 JO JuaU0dWOd Jse) pUe MOIS SIAT]-J[eY [ed130[01q
+»s3uny “<>uasrds
“4>aunsaul ‘4> Aupry ‘“TIDAI] “furelq Uz, Jo senfea axeydn o,
Juz sy} w1eal]
DD 'sA 1D

(sypuow ¢
105 “ATTe10) Sunjurrp ur widd Q1 9)TUSsIE WNIPOS pue (SYUOW ¢
10 “A[rero) 1oyem SUnjuLIp Ul /3w /g 93eJNSs dUIiz—(g = u) 19
(squowr ¢
105 “ATTeI10) 19yem Sunjurip ur wdd (o1 9jTUssIe WNTpos—(§ = 1) D)

dTew ‘JInpe ‘IeISIM ‘siey

[ev] TT0C
“Te 19 Tewny|

S)[NSaY UTeJAl

uondunsag Apmg

[SPOIA Yd1easay

ERLEREIEN |

“JUDUI}EDI) DUIZ PUe dINSOdXa SYT Y}IM SSIPNJS OI)IA UL PUR OATA UI JO S}NSY *Z d[qeL.

8€309¢

8GT ‘6 “1TOT S91x0],



<»DTUSIE JO SIOAJJD [eId]
oy jsuree uordsjoid pue uondNpUr A U99MI9] UOTJR[OII0D

DD sA 1D

(esop suo
‘Durz 1933k | 9¢ “Pajdalur 0s) mq 3y /[owrt ¢ 9}TUISIE WNIPOS pue
(asop auo “pajoafur os) mq 3y /Towrr OO d3eIsde dUIZ—(0F—0Z = U) IO
(9sop auo ‘1a33e Y HZ ‘paroafur os) mq 3> /[own o1 9jrusse
WINIpos ey Iajje pue (Isop auo ‘pajdafur ds) surpes—(0F—0g = 1) DD

lrealas g gg je
DD SA LD

(9s0p auo DuIZ 1833k Y 96 OS) Mq S /Towr OgT IUISIE WNIPOS
pue (asop auo “pajosfur 2s) mq 3y /Towr OO de1Pde duIz—(GT = U) 19
(9sop auo ‘payoafur 0s) mq 3y /[owr (¢ SruLsIE WNIPOS—(GT = U) DD

1IN 03 punoq ¢/-oruasie
(214D “JoTIN “JATA “4>0onu) dumsajul [Tews
(234D "N AL o) Asupny ‘(134D TN A
450NU) JOAT] :¢/-dTuasTe—m( 3y /Town ¢ yirm dnoid ayp ur
1[OSNUI - aUr}Sajur
a3xe[ “faunsajur [fews ‘4 8uny ‘+sureiq ‘131eay ‘unys
“tAaupny “poolq
4+ IOAT] :g/-dTuRsIe—mq 3y /[owrr 61T 9sop m dnoid sy ur

(9sop auo
‘oulz 19)je Y § “pajoalur os) mq 3y /jowrr 68 10 G £/-93}TUISIE Jey) Iajje
pue (asop auo “pajdafur os) mq 3 /[owrr 0pQT 93eIade dUIZ—(9 = 1) 19
(9sop suo “1a35e Y F¢ ‘paoslur os) mq Sy /[owr 68 10
G1T §/-9)TUasIe Jel]} Iajje pue (Isop auo ‘pajdafur ds) aures—(9 = u) HD)

arew 4npe ‘19D ‘1N

[0s] 7661 TR 3
eddeny

SSAVAL rDS8D rHSD ‘Uz “4rsyy iAeupny
CSAVAL DSSD “HHSD 4 UZ “>SV3 HRAY
ddZ “<*HSD AV1V Uz <»sV3 1poo[q
DD SA 1D

(sAep ¢ 105 ‘AfTe10) Aep /Mq S5 /3w 0T 9)e)ae duIz
yeyy 1ayye (sAep g 10y J1) Aep/mq 3 /3w g a)1ussie wnipos—(g = u) 1)
(sAep ¢ 105 ‘A[Te10) SUITES
yeyy e (shep G 10§ 1) Aep/mq 3y /3w g arussie wnipos—(g = 1) D)

TSAVAL DSSD “+HSD “4>UZ “+>sy} :Aupn|
TSAVAL “TDSSD 4+ HSD ‘+>UZ ‘4+SV} DAL
< ddZ HSD ‘lav1V Uz 48y ipoolq

9D SA 1D

(sAep G 103 ‘1) Aep/mq 33/ 3w g 931ussIe wnipos pue (sep g
10§ dTUdsIe I9)je | g ‘A[[e1o) Aep/mq 3y /8w o1 ayejaoe durz—(G = u) 19
(sep g 105 1) Aep/mq 83 /3w g ajrusste wntpos—(g = 1) DD

oTewr ‘Jinpe ‘ssimg ‘90T

[6%] S00¢
““Te 39 IPON

S IVD “SIVAL ‘4 HSD ‘U7 ‘4+3SY) (Aaupny
< dDV LdTV “TIVD “TSUVAL ‘*HSD U7 ‘4 Sy} (19AT]
ISV ‘TITV ‘wmniss
1avv ‘«ruz +»syi :poo[q
DD SA 1D

(syyeam ¢ 105 “A[eI10) Aep /mq 33 /3w g 9jruasie WNipos
pue (sxeam ¢ 105 ‘ATre10) Aep /mq 3 /3w G ayeyns ourz—(9 = u) 19
(s3yeam ¢ 103 “A[er0) Aep/mq 3y /3w g syruasie wnipos—(9 = u) O

d[ew ‘J[npe ‘IeISIA ‘Siey]

[87] 9002
“Te 39 IPOIN

16 osedsed “I¢ asedsed :jo uorssardxa
VNJW “TVAN “TLSD LD “IXdD “LIvD “1dOos-uz/nD

(£ep Teyewmsod 1z 03 9 Aep uoneisad woy ‘A[eIo) Iayem pa[[ISIp
aruxays ur wdd o1 93ruasie wnipos pue (Aep [eyewysod 1 03 9 Aep

sAep Teyewysod gz

[z¥] cT0T “TR 30

, i ) ) y uone)sad woiy ‘A[[ero) 1ayem pafusip aals ur wdd o1 ouriz—(9 = u) 19 , , ,
1AOS-uN “1sva .m:mEmuomﬁMm WNJ[2qa1D “X3}I0D [eIqaID (Kep reyewsod 1z 03 9 Aep uonE;seS woxy pue 17 ‘PIO SYIUOW ¢ “TeISIAA “Sey] eredapey
20 9 ‘A[Te10) 193eM PI[USIp o11d3s ur widd QT syruasie wnipos—(9 = u) HD)
S)[NSaY UTeJAl uondunsag Apmg [PPOIA Yo1easay] ERIEREIEN |
Ju0D "L d1qEL
8GT ‘6 '120T sorxaL

8€J0 L¢



JUAVDI 42D 1911 “}1-OH o souepunge jdLiosuer) :1aA1]
tuy ewserd

DD SA LD

(s3y99m 9 105 “A[eI0) 193em Junyurip ur qdd gpg 10 (g 9jruasIe wnipos
pue (sxeam 9 105 ‘A[TeI10) 312Tp /3% / SWI 9 djeUOqIed dUIZ—(/ = U) T
(s3y99Mm 9 105 “ATTR10) 193 M SunyuLIp ur qdd gpg 10 OG SjrUssIE WNIPOS
pue (sy9am 9 105 ‘AT[e10) 391p /3% /3w (¢ deuoqred dSurz—(/, = u) D))

(aTewdy 4mpe ‘9/19/6D ‘21N

[ccl 6102
“Te 30 3uop

+(suorsuedxa [eprosnurs
‘uoryezrjondea drwse[dojAd) seduep reordojoyredolsry
lmyms ‘| surtofyd “fumnissejod
‘Jugz ‘| uorr ‘| T-T A Jo uorssardxe yYNRW ‘J. LA Jo uorssardxa
ujord ‘| TV A0S 4+ LvD “VHIAVN "LHSD “TVAN AT
DD SA 1D

(Kep 1 105 “pagoalfur os) B /jowrt ¢g1

ayej[ns ouiz ey 1e3je (Aep 1 10y ‘pajosfur os) 3y /[owrl Gz ajTuasie
wmnrpos pue (Aep 1 10§ ‘pajoafur os) S /jown ¢GT ayeyns ourz—(9 = u) 19

(Aep T 105 ‘poyoalur os) 3y /Towr G/ 9TUISIE WNIPOS—(9 = U) DD

arewt ‘ynpe ‘Aayme(] anderdg ‘syey

[vel 910C
“Te 3o 193uen)

JRLIPUOYDO0}IW pUe SNI[oNU Ul adeuwrep

tseq “Mo-ANLL 1 2-1od “Txeq g asedseo ‘¢ aseded ‘| Y IIXD (yruowr 10§ ‘A[rero) 7T/3uwr €8¢ [c5] 610
JO s[eAs] VAW pue urjoxd ‘| v IJAD Jo Ayanoe t 1V )TV~ 9PIXOLI} dDIUdsIie pue (Yjuow | J0j ‘A[[eIo) pue /8w | ourz—(o¢ = U) 19 ordreo snurrdA) e 1o OW ¢
LISV }aSed LV~ 178N~ 178D “19sed LV~ / BN “TSOY HoAT| (qauowr [ 10§ ‘A[[er0) 7T/3wr ¢8°g dpIXOLY drussIe—(0¢ = 1) DD ! 1z
DD sA 1D
le0z
“11-0Z “lST wrpnepD “L 11 upne[d ‘| £ utpneq) <>y urpne)
45€ uTpne) ‘4> UrpniodQ) :JO SPAS] VNRIW :SUTISaIUT prux
le0oz
}1-0Z "IST urpnerd “L LT uIpnep) “J.£ utpnepd “Jy uipnerd (yyuou 1 105 ‘A[re10) 7/3w €87 [25] 6102
‘}¢ urpnerD “LurpnodQ :Jo S[PAS] YNYUWI :SOUNSIIUL IOLIdJUE  IPIXOLI) dIUdSIe pue (puow | 10y ‘A[[eIo) pue /3w 1 durz—(Qg = 1) 19 ordxes snunrdA) o 15 OF
fsaursajur ut saduep [eor3o[oisny (qauowu T 105 ‘A[e10) T/3W €87 SPIXOLL dIUdsIE—((E = 1) DD A4
tuonedosuern
Tedonu gy-IN “10-g1 Jo uonejAroydsoyd “«<+g-11
“TO-T1 T T-TI O S[PAS] VNRIW ‘[ (QOS :SPUNSHUT pIut “I0LISjIe
DD SA 1D
(umu o1
Juonoanxs :sy3 J10J) WNIPIW [BULIOU UI Pajeqndul jey) Iajje pue (urur (¢ 10J) N1 002
0D 'SA 1D 9)TUSSIE WNTPOS ey} I9)Je pue (Y §g I0J) AT 007 91eJ[ns durz—io) (el
urw ()¢ 103) M 00T SHUSSIE WNIPOS— Lal €66l
(urux o¢ 103) N 00T A1 Ipos—9)D S[190 NIZV'S 5] pue Sues
uoneUMIE sv3 (urwr 0T 103) INM 00T
A 15 9)TUSSIE WNTPOS Jely} I9)Je pue (Y §g 10J) AT 007 91eJ[ns durz—io)
99 (utwr oz T 10§) N 00T dIruLsIe WNnIipos—o)
S}[NSIY UTeA] uondisaq Apmg [PPOIA Yd1easay dURIAJY
‘Ju0D "L 91qeL
8GT ‘6 “TT0T s91x0]

8€J0 8¢



Joseur3re :Loupny
leam ‘| poe oumn ewserd

(sAep gg 105 “ATre10) 3 /31 7 93USSIE WINIPOSIP pue (A[[eI0) SAep 6T
105 8 /31 o1 yeys 1033e Aep ¢ 105 391p /3 /31 G'g 93e1adEe DUIZ—(ST = 1) IO
(sAep gz 105 ‘ATTe10) 8 /81 7 93RUBSIE WINIPOSIP

D0 SATO pue (sAep gg 105 “ATTe10) 301p /3 /31 67 91e1908 dUIZ—(GT = U) DD , , [6¢]
[9193[203 JUEID) USP[OD) ‘SO G861 USS[IIN
JoseurSe :Koupry (sAep wm\ 105 ‘A[rero) 8 /31 g ayeussre wnrposip pue snyin

Leain ‘| proe on sewsed pue (sfep g 103 “A[[e10) 3o1p/8/31 ¢'7 de3ode dutz—(g1 = 1) 1D

U.U on o (sAep gz 105 “ATTe10) 3 /31 7 93RULSIE WNIPOSIP

pue (sfep gg 105 ‘ATTe10) 391p /3 /311 67 91e1aoe ourz—(GT = U) DD
tsaguepd [eordoroyredossty
“adeurep remqny ‘SO VAN :sdnd woy Asupny (shep g 105 “ATre10) Aep /Mq 3> /3w G 9)TUSSIE-L}OW WNIPOS [8<] 2102

1pesp juejur ‘| soquunu pue (sAep g 105 ‘A[[e1o) pue Aep /mq 3y /3w (g ayeyns ourz—(9 = u) 19 S[ewdy ‘yNpe “ILISIA ‘Siey] “Te 32 99eqeyD)

YMI1q T30} ‘|3 STom anss Juejut ‘| yStom [e10) Juejur
9D 'SA D

(shep g 105 ‘A[Te10) Aep /mq 8 /3w G ajTuasIE-Ljow WNIPos—(9 = u) HD)

urirey AnseN

—TOIN[-d = DINL-d “Tged-d ‘> a-d | @T-AN?
“TO-ANU “L0-gdT “19-11 “TOT-11 “T0-ANL “TSONTI ‘“T1-OH
“TTODN ‘110D “TZRIN ‘T VINNJ “Te5d “16 asedse) “1g asedse)

(yuow T 10§ ‘A[[e10) /3W £8°C SPIXOLL)

¢ asedse)) “Ixeq ‘|.z-1og :JO S[oAd] urajoid pue yNRW JIUdSIE pue (Yjuow T 10§ ‘A[[eI0) pue /3w T apLopyd durz—(O¢ = u) 19 ordren snurrd£H JWM mwww\»
JHSD “1d0s “TOPHO-8 “TDd “TVAN “TSOY “Tsyesiq (qruowr T 10 ‘A[[er0) 7T/Swr ¢8°g dpIXOLY drudsIe—(0¢ = 1) DD
VN “Tse8ueyp reordojoyredoysty “tourunesd ‘NNg Aoupny
DD SA LD
g7 ‘> 1poImaN
“IXPd ‘< TSUL XV TH-A “»DPHO-8 “4+e5d <+ 1830 “11-OH (4 ¥¢ 103) wdd 005
“SUN TN P9/ XV LIV paaes :JO [9A3] YN YW SJTUSSIE WINIPOS Jey) I9)je pue (sAep ¢ I0j) AT ( 93eJNs durz—1o)
<>UInSUT “ | S[[90 PedP 9, “PS[[20 A[qera (4 ¥ 103) wdd oog
45 WNISAUZeW “4-5UOII ‘4 WNIud[as ‘<+I1addod “<swmifed “fuy 9)TUSSIE WNTPOS Jely} I9)e pue (sAep ¢ 10y) NH § areyns ourz—o))
D0 F D (1190 B399 [9c]
QU7 ‘45 TPOINBN] oneadued ewournsur jer) -GN 610 “Te 3@ 0eD
“TIXPd L ISUT ‘X VTH-A “+DPHO-8 ‘¢>¢5d 4+ 1380 “»1-OH (4 ¥ 103) wdd og
SN TN 2129/ XV ‘= IV PRAeS :JO [9A3] YN YW SJIUSSIE WINTPOS Jey) I9)je pue (SAep ¢ I0j) AT ( 93eJNs durz—1o)
$UINSUT “45S[[20 PLIP 9, “'S[[20 A[qeTA (4 ¥ 103) wdd 0g
45 WNISAUZeW “4-5UOII ‘4 WNIud[as ‘<+I1addod “<swmifed “fuyz 9)TUSSIE WNTPOS Jeiy} I9je pue (sAep ¢ 10§) NH § areyns ourz—o))
DD 'SA LD
S)NSAY UTCTAl uondisaq Apmg [OPOIA Y21easay dURIAJY
Ju0D L d1qEL
8¢ 3O 6¢ 8GC '6 “120T $21xq],



+ Aytanoe asedsed-(q AT

AT 0 @pIXOLI) dTUdsIE pue AT Gg 91eJ[Ns dUIZ—I15)

9D SATD M 07 dprXoLy drussIE—o)
T Ayanoe asedsed-qATA AT 07 2pIXOLI} d1uasIe pue A (G a1ej[ns durz—io) (U] [[90 [PUOINAU) S[[PD (IE'T [£9] ¥00¢
DD SA 1D INM 07 9prXoLn} dTussIeE—N) ’ “Te 32 UOHIN
t41anoe asedses-qAdq AT 0Z 9PIXOLI} DIUDsSIE pue AT G/ 93ej[ns duIz—io)
DD 'sA 1D INT (T dpIxory S1uesIe—07)
JHSD TSdvdL T1LOO rwniss
J(uonemp (ST Aep Terewsod [mun
JUSWIDAOW ‘SILAI ‘SIBdI [[eM ‘PIssoId sarenbs jo oquumu) pue AoueuSard Surnp ‘AfTero) 1eyem Sunjurp ur Aep/mq 3y /3w oF
2010 (2 Ao o) BupdoUDSIOPE e s wnipes put (61 p s e UMDt g sy s o,
ueawr “Pxapyar SunySu uesw “txapger Sunejor uesw “3uruado (51 Aep 1eyewsod mun pue Loueudard Surmp ‘A[Te1o)
aka “taouereadde ey Apoq ‘| mq :1g sAep 1erewysod uo sdnd 197eMm Sunjurrp ur Aep/mq 33 /3w o 91eussIe wnipos—(Q1 = 1) DD
DD 'SATD
amﬁmwwﬁwww wM xwvﬁm mﬁ&w%o&&oﬁ (spom 71
3419 Jo A3ojoydiowr % g g
1L ‘s sydousos 10§ “A[[e10) 19yem SUD[ULIp UI 7T/SW 0] }USSIE WNIPOS pue (SY9oMm ¢ [19]
+eyopho0uou /| STrydonno ‘s unos spkroydwiA] 10§ “A[re10) /3w /g 1oyem SUIULIp Ul 9)ej[ns durz—(9 = u) 19 S[ewW ‘JNpe “IeISIM ‘Siey 6107 uemeyq

‘118D VAW ‘L1vD ‘Jeuonpen(d peonpar ‘¢ qH ‘Uz 1wmnios
DD SATD

(sSpoom T
10§ ‘A[[e10) 19)em SunjULIp Ul T/3u QT 9)TUSSIe WNIPOs—i(9 = 1) D)D)

pue [empreyg

T (awosoZeydojne pue errpuoypoiru
paSeurep ‘unewonyd pajeunn(38e) swoydwds Lmfur
TINL/MIN[-d

(ypuow 1 1oy ‘A[pexo) /3w ¢8¢

A/ a-d “1ged/ge-d ‘L gorw/JoLw-d ‘| INV/IMv-d  sprxom dmeste pue (uou T 10§ ‘A[rero) pue /3w 1 durz—(0g = 1) 1D ordres snupxd4) WNW w%wN
“Ierd “Jzod “11eD1/11€D1 “T¢ asedse) ‘16 asedse) “|¢-10g (qruowr [ 10 ‘A[[er0) 7T/Swr ¢8°g dpIXOLY drudsIe—(0¢ = 1) DD
“Ixeg 3o [aad] ujord Ty AN “LdOs LIV “TSOY ey
DD 'SATD
S}[NSIY UTeA uondunsag Apmg [PPOIAl YdIeasay DU

Juo) *L3IqeL

8€J0 0

8GT ‘6 “1TOT S91x0],



+1xpd “tesur <1330 ‘<IN
4> qZIIU “TeZIIU JO S[PAJ] VYW :uoneziniey 3sod 4 0z e
+resut 1330 N
“IAZJIU ‘45 BZJIU :JO S[PA] VN W :UOTIeZI[[}10F 350d | gF 1e
Tpxed :uonezimiay 3sod | §¢ e
“tsofiquie
oy} jo Aj1Anioe ‘+suonyewIojyew [eyuswrdoPAdp ‘< AjTerrow
> /3uz ‘<»gdiz ‘< 1d1z :Jo S[PAd] VNRIW “Tuz
DD sATD

(uonezimay 3sod y o1
03 4 § 3&) qdd (g s3russie wnipos 03 pasodxa sem soAIquID Jey) Ie3je pue
(sx99Mm g 105 “A[TeI10) 391p JO 3 /3N GF*FT dulz poy Ysy synpe [eyuared—ion
(uonezmaay 3s0d y oz1
03 4 § 3&) qdd (g s3russie wnipos 03 pasodxa sem sOAIquID Jey) Ie3je pue
(s)y9oMm § 10 “A[[e10) 391p Jo 8 /31 18°¢¢ duIZ Pay ysy synpe reyuared—oD)

[¢9] 2102

SoA1quua ‘o4 o1up(] “YSyeIqez [e 1 1oALAg

+K3oroydiowsAp
[eounouod 3aedy ‘< A3ofoydiowsAp yore [eadudreyd
“4+S309Jop 9INSO[D AN} [LINAU ‘< ATeyla] ‘< A3ojoydiowsAp
DD 'SATD

(A1snosueynuurs
10 DUIZ I9)je Y 9) AT G 931UdsIe wnIpos pue AN )0G SPLIOTYd dUIz—I19)
JAM G 9jIussIe WNIpos—o7)

armymd oA1quud “T-(1D) DTN

Jsorrewroue Te39[93s 9BIQIIDA ‘45> UOTJRWLIOJ e [e1[XS

puE [eI190SIA “TeuId)xa ‘13ydrom [ejusderd ‘< uonednysso

pakerap jo suSis ‘«<+jySrom Tejey ‘fured ySom [eursjewt
DD SATO

| sar[ewioue [e33[9)S 9vIGRMDA ‘4 UOHRWLIOJ[RW [RII[ONS

pue [RISDSIA ‘[RUISIXD ‘41 ySTom [eyusoe]d ‘<5 UonedyIsso

paLerap jo sudis ‘< ySom [e3ey “<sured ySrom [eursyewr
DD 'sATD

(Aep uornyeysad y3g uo asop o3urs (1) mq 33 /Sw Gf djeussIe wnIpos
pue (Lep uorye)sad yig uo ‘A[jero) mq 8 /3w o1 ayeyns ourz—(Q[ = 1) 7O
(Aep uonyeysald Y18 uo asop o[3urs 1) mq 3 /3w G djeussIe WNIpos
pue (Lep uoneisad 38 uo ‘A[[ero) mq 3 /3w g ayeyns ourz—(QT = U) 19
(£ep uomyeysad
38 U0 9s0p J[3UISs ‘1) Mq 33 /3w 6§ aeudsie wnipos—(OT = U) DD

d[ewa) ‘Jnpe ‘sSImg ‘TN
[¥9] 00T
“Te 3o 1[ourdseq

JsarTewoue 1e39103s 9LIRIIAA ‘4 UOT}EULIOJTEW [RJ[S
PUe [eI9DSIA ‘TeUId)X? ‘<> Som Tejuaderd ‘<> uoneoyrsso
pakeap jo sudis ‘«+ySrom [e3ey ‘<sured y3om [eursjewr

DD 'SATD

JsorTewroue Te19[93s 9BIQIIDA ‘45> UOTJRWLIOJTeW [e1d[oXS

pUE [BI9ISIA ‘TRUIIXD ‘4 1YS1om [eyuadeld ‘<-+UoresjIsso

pakerap jo suSis ‘«<+jySrom Tejey ‘fured ySom [eursjewt
DD sA 1D

(£ep uonyeysad

38 U0 9S0Pp [3UIS J]) Mq 3 /3w Gf 9yeuasIe WNIpos jely I9)je pue (Aep

uone)sad yig pue yi/ uo ‘A[[ero) mq 33 /3w of ageyns ourz—(Q[ = u) g0
(£ep uomyeysad

38 U0 9S0Pp [3UIS J]) Mq 3 /3w Gf 9yeussIe WNIpos jeiy} I9)je pue (Aep

uone)sad yig pue yi/ uo ‘A[[ero) mq 33 /3w g areyns ourz—(Q[ = u) 1D
(Kep uomyeysad

38 U0 9s0p J[3UIS ‘]) Mq 33 /3w 6§ aeuaste wnipos—(OT = U) DD

dTewIdy ‘JInpe “SSImg ‘OdTN

S)[NSaY UTeJAl

uondunsag Apmg

[PPOIA Yo1easay] ERIEREIEN |

Juo) *L3IqeL

8€JO I¢

8GT ‘6 “1TOT S91x0],



‘urifydiodojord ourz—J 7 ‘Z-SUspnido00 e[nuoz—zg-07Z {I-SuUapn[ddo enuoz—Ii-OZ ‘g oyodsuer) ourz—gjuy ¢/ 19310dxe durz—/juz ‘1ayrodsuen) ouiz—juy Ouiz—uy
xayroduur ourz—gdiz /1 1ayroduur surz— [diz “0-10)0€§ SISOIIU TOWN}—0-N I, ‘FUN0d 9400313 [BJ0}—) ] [, ‘SOURISANS DALORI PIDE DLIMIIGIRGOIYI—SY VE ], ‘So1ads druasie [ejo3—sy3 ‘asenwsip aprxoradns—qOs
‘snoauendqns—os ‘saads ua8Axo aanoear—gOy ‘srsordode jo rojempowr parenSardn ¢gd—y AN @seuny YT M- -oydsoyJ—nRIdd-d ‘g oseuny reuruniay-N un(-d pajejdioydsoyd— z-N(-d {1 aseuny
reurura)-N unf-> pajedroydsoyd—riyN(-d ‘eseuny-g-joyisourjApneydsoyd—y¢crd ‘oseuny wnnonax oI J—RIAJ ‘@seury] pae[n3ay-reusdis renyaoenxy parejdroydsoy—pIa-d ‘eydre g 1030ey uonenrur
onoArexna-oydsoyj—egre-d 1 xoqoawoy [eusponp pue dneanued—ixpd uoneifuogred ursjord—)HJ ‘Fxoq pamred—iypxed ‘eserowdjod (JQV)A0d—IAVd (T dwosoysanbas—yg9J ‘1 9se[AsodA 8-V N
auruen3oxo-g—7330 “ePnu—ony ‘g 9I-(ZPIALIDP-PIONYIAI18) 10} IE[dNU—C JIU ‘] dseuadorpAyap auoumb H(J)AVN—TOON S[[20 g pareAnde jo reoueyua-ureyd-jydi-eddes 103oej reapnu—gs-JNu ‘g-eddey
1030€] TePNU—EX-IN {[-UonenuaIafjIp druadomau—ipornaN ‘reydsoyd apnoapnurp surtuape aprureunodri—HJIQVN ‘seyeydsoydin sursouspe wnissejod-wmipos—aseJ1v-, 3/ BN ‘uAureder jo jo31e)
UeTeuew— YO [ W ‘7 UISUOTYIO[[EIW—T73A] ‘T UISUOTYIO[[LIdW—TIA] ‘UISUOT}O[eIdW—] JA] ‘dseynuwisIp aprxoradns sseueduewi—OS-UA] {LLIPUOYI0IW—IIA] ‘SOWOSOIIW—IIIA ‘OPAYSp[erpuo[ew—y ([N
‘¢ ureyd 311 1 urajord pajenosse-sngnionIu—¢)T {1 dwdzus Surnbai-[oysour—71 gy {[-urnsur—{suy ‘e-urnsut—esut ‘A[eauojrrodenur— ] ‘9SeYUAS SPIXO0 LU [qENPUI—GON ‘g UD[NI[IJU[—8-]
19 UD[NOLIIU[—9-T] ‘g T UD[NS[IoIU[—¢ [~ ‘0T UDNS[Iu—01-[[ ‘g eddey 10308y 123[0NU JO I0IIYUI—0-g] T S[NIS[OW UOISAPE Ie[N[[2DIIUT—T AV DI ‘06 dsuodsar 3ooys 1eay—6dSH ‘0 dsuodsar yooys
yeaU—(0/JdSH ‘09 suodsaz Yooys yeay—09JSH *[-25vuaSAxo aumay—7-OH ‘UIqo[Soway—qL] ‘9se1ajsuer) s aUOIyjen[S—I1go) ‘duonyein(s pazipxo—ogso) ‘Quonyeini3—iiso e urejoid pajea1-as0on[S—ype IO
‘g7, urajo1d paje[ar-as0on[S—g/ N ‘gz urezord Sunem3ar-asoon[8—g/ O ‘eseionpar suoneinS—y o) aseprxorad suonpenS—xJo) esersysuer [AureinS-A—r1 o) esediy suryshd sjewren[S—dHo) ‘g dnoi8—go
‘T dnox8—io) {1 ualnue srsoydode—seJ g 1030€] UOTIENIUT dOATENNS—WV T3 ‘PIOk JIBPNUOGLIAX0IP—YN(] ‘S[0S0IA0—1LD) ‘Y T-J SWOIP0IA—Y [ JAD ‘@semnuwsip apxoradns surz eddoo—gOg-uz /n) ‘spreo
g pajreande jo seoueyu-urey-jydi-eddey 1030ey reapnu snuse[doyfo—gy-IND ‘urerord snodojowoy Jqq,/D—JOH) ‘dnoid [oruoo—o)) ‘g puedy sunjowayp jpow D-D—PD) serereo—Iy)) ‘esereydsoydin
SUISOUSPE WNISSUSEW-WNID[BI—3SJ LV -, 73N /478D ‘Wnided—e) JSom Apog—mq us3oniu eam poo[q—NNg ‘¢ ewoydwA] [[92-g—7z-10g ‘urejord X pajenosse-z-[og—xeg ‘G payear ASeydome—g-o1v ‘9
1030¢§ uonydrosuen Suneande—og.1V ‘seseurwesuer) ajeyredse—1 gy ‘saseururesuer) aurue[e— Ty ‘osejeydsoyd surpee— TV ‘@sejerpAyep poe durmadjoure-g— IV ‘g aseuny ujord—I1 Yy ‘esejeydsoyd
pe—JDV ‘QuIoyoo[4}ade—aPy ‘ursouen3Ax0ap-AX0IpAY-g—oOPHO-S X Pqudw A[rurej suoisny ygH-ewwued—xygH-A ‘sadueyd juedyrudis ou—:<- (9searddp juedyrudis—7 aseanur juedyudis—,|

T(speay omj “[re} [euriou pue peay snoydrowre “urrads (skep (9 10 ‘A][e10) Mq B /S G HHULSTE WNTPOS

apIoJ ‘sxyooY pafdue-3uoim) ezojeurrads ur sepIjeULIOUqE
PoPI0F "S00Y J\mwo o &OEVEBM@ PULIOU H q pue (sAep (9 105 ‘A[e10) Kep /mq 33 /3w (g SPLIOLYD duIz—(9 = u) 19 aTew “yInpe ‘TeISIA ‘S1ey B WN_W mem«
o4 o '8 15 I (s&ep 9 103 ‘A[re10) Aep /mq 33 /3w ¢ aTUdsIE WNTPOs—(9 = U) HD) I I
) (sAep g 1053 “A[Te10) S /81 ¢
L1y ewserd djeussie wnIpos pue (sfep ¢g 105 ‘A[rero) 3a1p /8 /31 G ayejade ourz—i1o) [99] 0861

TyIMOIS3 ‘| J1100)eWaY ‘4-+01jel 3m APOoq/IM ISAT] “TMmq
DD 'sA 1D

(sAep ¢ 103 “ATTe10) 3 /31 7 plo-Aep ‘SpPIyD

djeuRsIE WNIPOS pue (sAep gg 103 ‘A[reIo) 3orp /8 /31 of ayejaoe ourz—o))

““Te 19 Uas[_eIN

<+ 1xpd “¢resut 1330 ‘N
4+ qZJIU ‘43 BZJIU O S[PA] YNW ‘UonezinIey 3sod Y 0z1 1e
wvesut ‘11830 N
“IAZHIU 45 BZHIU 1JO S[9A] VN W :UOTIeZI[1310§ 3s0d | gf je
+¥xed :uonezimiay 3sod Y §g 1e
Tsof1quid
oy} jo £j1anpoe ‘<suonjewIojyew [eyuawrdo@PAdp ‘< A}iferow
1z “++8d1z ‘<5 1d1z :Jo sppAs] VNRIW ‘“Tuz
DD SATD

S)[NSaY UTeJAl uondunsag Apmg [PPOIA Yo1easay] ERIEREIEN |

(uonezinaay 3sod Y og1 03
4 ¥ 3e) qdd opg a3tussie wnipos 03 pasodxs sem soA1quus jey) 19)je pue
(s39oMm g 10§ “A[[e10) 391p JO 8 /81 GFHT ourz pay ysy synpe [eyuared—rio
(uonezimaay 3sod Y o1 03
4 ¥ 3e) qdd opg a3tussie wnipos 03 pasodxs sem soA1quus jey) 19)je pue
(s>[9am g 105 “AT[e10) 301P JO 3 /81 [8°¢¢ duIzZ paj ysy synpe [ejudred—o)

[s9] £10T
“Te 3o IoAeOg

Juo) *L3IqeL

8€JO ¢€ 8SC ‘6 ‘1T0T somxay,



Toxics 2021, 9, 258

33 of 38

Six studies analyzed the potential role of zinc in the reduction of iAs-induced toxicity
in the urinary system. The renoprotective effect of zinc was observed in three studies carried
out in animal models exposed to iAs [44,57,58]. The protective effect of zinc on the kidneys
was not only by reducing oxidative stress, but also by reducing tight junction damage,
mitigating disturbances in protein homeostasis, and reducing autophagy [44]. In the second
study, zinc also reduced oxidative stress, lipid peroxidation, protein and DNA damage,
apoptosis, inflammation, and kidney histopathological changes [57]. Supplementation
with zinc during gestation and lactation in female rats also reduced the adverse effect of
iAs in the offspring (by reducing lipid peroxidation and changes in the structure of the
kidney) [58]. In two studies, zinc did not exhibit renoprotective effects [48,49].

In turn, zinc deficiency in chickens exposed to iAs increased plasma levels of uric acid
and urea and enhanced arginase activity in the kidney [59].

Zinc showed a protective effect on the lymphatic system of carps exposed to iAs by
decreasing the toxicity-related changes in the spleen, inter alia, by decreasing harmful
changes in spleen tissue, the expression of genes related to endoplasmic reticulum stress
(glucose-related protein 78 and 94, PKR-like reticulum kinase, C/EBP homologous protein),
apoptosis (apoptosis antigen 1, caspases 3, 8, 9, Bcl-2-associated X protein), and autophagy
(Beclin-1, autophagy-related 5, microtubule-associated protein 1 light chain 3) [45].

The protective effect of zinc on the circulatory system has also been demonstrated.
The heart tissue of common carp exposed to iAs revealed reduced oxidative stress (through
decreased production of reactive oxygen species and increased activity of antioxidant
enzymes), lipid peroxidation (through decreased content of malondialdehyde), apoptosis
(through increased expression of Bcl-2 and decreased expression of Bax and caspases),
autophagy (by decreasing the level of proteins involved in the previously mentioned
pathways), and injury symptoms [60]. In rats exposed to iAs, zinc supplementation
reduced the damage to erythrocytes, mediated through the increased activity of antioxidant
enzymes, decreased lipid peroxidation in the serum, and decreased morphological changes
in red blood cells [61].

Three studies conducted in animal models exposed to iAs have also shown that zinc
has a protective effect on the nervous system. Zinc decreased neurotoxicity in the rats
belonging to three age groups (young, adult, and old) by lowering behavioral perturbations
and alleviating perturbations in the cholinergic system (through increased activity of
acetylcholine and decreased amount of acetylcholine in the brain) [46]. The protective
effect of zinc was also observed in a study performed in groups of rats belonging to
different age groups (21 and 28 postnatal days and 3 months old). In all age groups, zinc
reduced oxidative stress (by increasing the activity of antioxidant enzymes), decreased lipid
peroxidation (by reducing malondialdehyde concentration), and also decreased apoptosis
(by decreasing mRNA expression of caspase) [47]. In another study, zinc also reduced
adverse effect of iAs in the offspring mice (through increased morphological development,
decreased early development of sensory—motor reflexes, increased motor behavior, and
decreased oxidative stress in the serum) [62]. In an in vitro study, higher doses of zinc (50
and 75 uM) reduced apoptosis in a neuronal cell line (by reducing DEVD-caspase activity),
but such an effect was not observed at lower doses of Zn (25 uM) [63].

A study carried out by Kreppel et al. [50] in an animal model revealed that zinc
pretreatment reduced As-induced lethality, but no significant correlation between met-
alothionein induction in the liver and protection against the lethal effect of As by zinc was
noted. In another study, both pretreatment with zinc and simultaneous administration
did not reduce teratogenicity in mice and embryos exposed to iAs, which was evident
by no significant changes in maternal, placental, and fetal weight, and no reduction of
malformation in the fetuses and morphological development in the embryo [64].

Zinc deficiency in the embryos of zebrafish exposed to iAs did not affect mortality and
development, but an adverse effect was observed with regard to the reduction of activity of
the embryos and genes associated with oxidative stress and insulin production (decreased
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mRNA levels of 8-oxoguanine DNA glycosylase, nuclear factor (erythroid-derived 2)-like
2, and paired box 4) [65]. In the chickens that were fed a zinc-deficient diet and exposed to
iAs, slower growth and increased hematocrit and activity of plasma alkaline phosphatase
in the plasma were observed [66].

One of the studies showed that zinc reduced damage to the reproductive system
of rats exposed to iAs, mainly through increasing the proportion of normal sperm and
decreasing the abnormalities in spermatozoa [67].

3.7.3. Zinc—Summary

In vivo studies have been shown that zinc reduced adverse changes induced by iAs
in many systems, including digestive, urinary, lymphatic, cardiovascular, nervous, and
reproductive, and can reduce the bioaccumulation of tAs in the many organs. The same
methods of administration and exposure time (orally or subcutaneously; one dose or for
5,15, 42, 60 days; 1, 3, 12 weeks; 1, 3 months), but different doses of zinc (1, 227 mg/L;
0.02% or 10 ppm in drinking water; 5, 10, 20 mg/kg bw/day; 153, 1000 pmol/kg bw) and
iAs (10, 100 ppm in drinking water; 2.83, 100 mg/L; 2, 5, 10, 40 mg/kg bw/day; 75, 85,
115 pmol/kg bw), were used in the experimental protocols, although beneficial effects
were obtained.

However, in four in vivo studies, zinc did not decrease: oxidative stress, teratogencity
and tAs accumulation in the blood, liver, kidney, brain, large intestine. In these studies,
the ingredients were administered for different periods of time and doses—zinc (for 1, 2,
5 days or 3 weeks; 5, 10, 20, 40 mg/kg bw/day) and iAs (for 1, 5 days; 3 weeks; 2, 45 mg/kg
bw/day). The reason for the lack of beneficial effects in these 4 studies in comparison to
the studies where the zinc effect was satisfactory may be the method of iAs administration.
When iAs was administered orally for 3 weeks (1 study), a beneficial effect was seen only
in the liver, but not in the kidneys (which may indicate differences in iAs metabolism in
these organs). In the other studies, where iAs was administered intraperitoneally and
subcutaneously (only one dose or one dose per day for 5 days), no beneficial effect of
zinc was observed. Perhaps when iAs was taken orally, its absorption was limited, and
therefore, in the case of direct administration (intraperitoneally and subcutaneously), the
oral administration of zinc cannot reduce its negative effects.

In the four in vivo studies, zinc deficiency intensified the adverse effect of exposure to
iAs (inflammation in the liver, disturbance in the urinary system, decreased growth and
influence on expression of genes responsible to oxidative stress and insulin production).
These adverse effects were observed in different experimental protocols. In three studies,
zinc and iAs were administered orally, the time of exposure was the same (for 28, 32 days;
6, 8 weeks), but doses of zinc (6 mg/kg/diet; 2.5, 5, 14.45 pg/g/diet,) and iAs (50, 500 ppb
in drinking water; 2ug/g) were different. The results of these studies may have been
influenced by long exposure to iAs and a long period of zinc deficiency. Moreover, in one
of these in vivo studies, the protocol of the experiment could have had a major impact on
the results, zinc deficiency was applied to parental fish, and then embryos were exposed
toiAs.

Furthermore, in two in vitro studies, zinc increased the excretion of tAs, as well as
showed antiapoptotic effects. In one of these studies, the time of administration could
be crucial—zinc was given before exposure to iAs. In the second study, the zinc dose
appeared to be the outcome determinant. Antiapoptotic effects were shown with higher
doses (50 uM or 70 uM), but a lower dose (25 uM) did not have much of an effect.

In one in vitro study after 5 days of zinc deficiency and after 24 h of exposure to iAs,
intensified apoptosis and DNA damage, as well as decreased proliferation, were observed.

4. Conclusions

The results of the in vitro and in vivo animal model studies indicate that dietary
compounds involved in iAs metabolism may have beneficial effects in reducing the severity
of the entire spectrum of disorders associated with exposure to iAs. Numerous studies
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where the effects of folic acid and zinc have been analyzed allow one to draw some
conclusions in terms of the role of these nutrients in iAs metabolism and the adverse effect
reduction. Folic acid and zinc supplementation improved iAs metabolism and reduced
adverse changes induced by iAs in many systems: digestive, urinary, cardiovascular,
lymphatic, nervous and reproductive. Adverse effects of folic acid supplementation were
also observed, and were mainly connected with reduction iAs metabolism, intensification
of oxidative stress, and disturbances in: DNA methylation, gut flora composition, neural
development, and viability. These adverse effects were determined by such factors as: type
of diet (high-fat diet), type of animal model (mice with limited capacity to methylation),
animal species (wild-type mice) and folic acid dose (high dose). Moreover, folate and
zinc deficiency intensified the adverse effect of iAs exposure. The folate-deficient diet
induced adverse effects related to iAs methylation, glucose homeostasis, development,
and skin proliferation. Meanwhile, zinc deficiency intensified such adverse effects as:
inflammation in the liver, disturbance in the urinary system, decreased growth, expression
of genes responsible to oxidative stress and insulin production. The amount of research
on the role of methionine, choline, vitamin B,, B, and a combination of vitamin By, and
folic acid, zinc is very limited, and therefore, no meaningful conclusions can be drawn.
Nevertheless, these few studies provide evidence for beneficial effects of methionine,
choline, vitamin By, B1p, combination of vitamin By, and folic acid on iAs metabolism and
reduction unfavorable changes in digestive, urinary, nervous, cardiovascular, respiratory;,
immune systems. Among these ingredients, it has been shown that higher doses of choline
are not effective in the reduction of adverse effects of iAs, and the deficiency of methionine
and choline may impair iAs metabolism and contribute to DNA damages. In the case
of these compounds, further studies are needed to fully determine their role in terms of
iAs metabolism and reduction of the adverse health effects. Nevertheless, taking into
consideration the promising results of in vivo and in vitro animal model studies, it seems
reasonable to analyze the effect of these dietary components in populations exposed to As.
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Abstract: Exposure to various forms of arsenic (As), the source of which may be environmental as
well as occupational exposure, is associated with many adverse health effects. Therefore, methods
to reduce the adverse effects of As on the human body are being sought. Research in this area
focuses, among other topics, on the dietary compounds that are involved in the metabolism of this
element. Therefore, the aim of this review was to analyze the influence of methionine, betaine,
choline, folic acid, vitamin By, Bg, B2 and zinc on the efficiency of inorganic As (iAs) metabolism and
the reduction in the severity of the whole spectrum of disorders related to As exposure. In this review,
which included 62 original papers (human studies) we present the current knowledge in the area. In
human studies, these compounds (methionine, choline, folic acid, vitamin By, Bg, By and zinc) may
increase iAs metabolism and reduce toxicity, whereas their deficiency may impair iAs metabolism
and increase As toxicity. Taking into account the results of studies conducted in populations exposed
to As, it is reasonable to carry out prophylactic activities. In particular nutritional education seems to
be important and should be focused on informing people that an adequate intake of those dietary
compounds potentially has a modulating effect on iAs metabolism, thus, reducing its adverse effects
on the body.

Keywords: vitamins; minerals; inorganic arsenic; exposure; detoxification; metal toxicity; methylation

1. Introduction

Exposure to arsenic (As) affects people living in many regions of the world. This
problem occurs not only in less affluent areas (such as Chile, Argentina, Bangladesh, and
Mexico), but also in several hotspot regions of Europe (Poland, Hungary, Serbia, Romania,
Czech Republic, Croatia, Finland, Greece, and Italy) [1]. The source of exposure to different
chemical forms of As can be both environmental and occupational. Environmental pollu-
tion can be of natural origin (rocks, soils, and volcanoes, among others) and can be caused
by human activities (e.g., mining, burning fossil fuels, residues of agricultural chemicals
in the soil and groundwater) [2,3]. Environmental sources also include water and food
contamination. The As content in food products varies and depends on the type of product
and its origin. Foods that contribute most to general population exposure to inorganic
arsenic (iAs) include rice and rice-based products, grains and grain-based processed prod-
ucts, and drinking water [4]. The second source of As exposure is occupational exposure.
As is used in many industries (agriculture; horticulture; mining; wood preservation; and
production of, e.g., ammunition, glass, semiconductors, dyes) [2,3].

Both environmental and occupational exposures include exposure to inorganic as
well as organic forms. Inorganic forms (such as As trioxide, As pentoxide, arsenous acid,
and arsenic acid) are more toxic than organic forms (monomethylarsonic acid (MMA) and
dimethylarsinic acid (DMA), arsenobetaine). Among iAs, As on the third and fifth oxidation
state is the most toxic, with forms of the third oxidation state being more toxic [5-7].
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Exposure to As can cause many adverse health effects. iAs has been classified as
a carcinogenic compound [8]. Epidemiological studies in individuals exposed to As
have shown an increased incidence of cancers including lung, kidney, liver, bladder,
and skin cancers [9,10]. Long-term exposure to As in adults increased the risk of type
2 diabetes [11,12] and the risk of developing peripheral vascular disease [13], increased
the incidence of skin lesions [14], and impaired lung function [15]. Furthermore, As
exposure in children had a negative impact on cognitive abilities and induced neurological
disorders [16,17].

The large number of people exposed to As and the many negative health effects caused
by this exposure warrant, among other investigations, a deep analysis of the spectrum
of health effects associated with As exposure and a search for ways that could reduce
these adverse effects on the human body. Research in this area has focused, among other
topics, on dietary compounds. There is no systematic summary of the results of human
studies that have analyzed the effects of key dietary compounds on iAs metabolism and
reduction in adverse effects caused by As exposure. Therefore, in this paper, we analyzed
the results of studies in which the influence of methionine, choline, betaine, folic acid as
donors of methyl groups and vitamins B;, Bg, Bj2 and zinc as reaction cofactors in the
aspect of efficiency of the metabolism process as well as reduction in the severity of the
whole spectrum of disorders related to As exposure.

2. Methods

In this review, the electronic database PubMed was used. The following keywords
were used to search for articles: arsenic and: methionine, betaine, choline, folic acid, folate,
zine, vitamin B, vitamin B;, vitamin Bg, vitamin B, riboflavin, pyridoxine, cobalamin. The
review was based on the PRISMA statement for reporting systematic reviews and meta-
analyses of studies that evaluate health care interventions: explanation and elaboration [18].
The search resulted in 2434 articles, excluding those unrelated to the topic of the study and
those that examined the effects of complex plant extracts. Sixty-two (4 in vitro studies and
58 human studies) original peer-reviewed articles in English were included in the analysis,
which studied the effects of methionine, betaine, choline, folic acid, vitamin B,, Bg, B1y,
zinc on iAs metabolism and As-induced toxicity. Articles published between 1980 and 2020
were used, 95.2% of which were published after 2000.

3. Results
3.1. Folic Acid and Zinc as Modulators of iAs Metabolism and Toxicity—In Vitro Studies

The protective effect of folic acid (two studies) and zinc (two studies) has been ana-
lyzed in four studies on cell lines that were exposed to iAs. The results are summarized in
Table 1.

3.1.1. Folic Acid—iAs Metabolism

The association between folic acid and iAs metabolism was analyzed only in one
in vitro study. In a study performed in Chang human hepatocytes, folate deficiency
decreased the levels of methylated arsenicals, and supplementation with folic acid showing
no effects on iAs metabolism [19].

3.1.2. Folic Acid and Zinc—Toxicity of iAs

In one of the in vitro studies in Chang human hepatocyte folate supplementation
decreased apoptosis, lipid peroxidation, and oxidative stress. Furthermore, folate deficiency
enhanced the adverse effect of iAs, resulting in, inter alia, increased apoptosis, lipid
peroxidation, and oxidative stress [19].
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In the in vitro study performed on human embryonic kidney 293 cells, folic acid
showed a protective effect against adverse effect of iAs by increasing the viability of cells
and decrease the oxidative stress levels through decreasing the levels of reactive oxygen
species and p66Shc expression [20].

Furthermore, a study with a human monocyte cell line, carried out in the presence of
iAs, demonstrated that zinc deficiency increased oxidative stress (increased reactive oxygen
species production) and inflammatory response (inter alia, through increased production
of inflammatory markers) [21].

In the human keratinocyte cell lines exposed to iAs, zinc reduced DNA damage by
affecting the production of poly(ADP-ribose) polymerase-1 (increased content zinc in this
protein and its activity; decreased As binding with this protein) [22].

3.1.3. Folic Acid and Zinc—Summary

In vitro studies have shown that folic acid deficiency decreased iAs metabolism and
supplementation had no influence. Folic acid deficiency (1 h) could exacerbate the adverse
effect of exposure to iAs in a short period of time, and the addition of folic acid (also only
for 1 h) did not improve iAs metabolism; in both cases, a long exposure time to iAs (24 h)
was used.

However, these compounds reduced the adverse changes induced by iAs in three
cell lines, mainly through decreased apoptosis, oxidative stress and DNA damage. Al-
though the studies were carried out on different cell lines and different doses of folic acid
(10, 100 uM) zinc (2 pM) and iAs (2, 20 uM; 5 mM) with the same exposure times iAs (24 h),
favorable results were obtained.

In two in vitro studies with iAs exposure (for 4 or 24 h), folic acid and zinc deficiency
intensified oxidative stress, apoptosis and inflammation. In these cases, both short folic
acid deficiency (1 h) and long zinc deficiency (4 weeks) had an adverse effect.

3.2. Relationship between Dietary Intake of Selected Compounds and iAs Metabolism and Toxicity

Twenty-two studies in subjects exposed to iAs (mainly in drinking water) analyzed
the relationships between the intake of a whole range of nutrients and iAs metabolism as
well as toxicity (Table 2).

3.2.1. Nutrient Intake—iAs Metabolism

The main results of studies that analyzed the relationships between intakes of methio-
nine, betaine, choline, vitamins By, Bg, By5, folate, zinc and biomarkers of iAs metabolism
in children and then in adults are presented below.

The relationship between nutrient intake and iAs metabolism was reported in four
studies conducted with children.

In the case of vitamin By, no significant relationship was observed between its intake
and the urinary excretion of As metabolites (%MMA, %DMA, and %iAs) [23]. A negative
association between vitamin By intake and %MMA in urine was observed only in one study
involving children, and there were no significant relationships between vitamin Bg intake
and the percentage of DMA and iAs in the urine [23]. In contrast, in the study by Kurzius-
Spencer et al. [24], no significant association was observed between vitamin By intake and
the urinary excretion of iAs metabolites. Three studies showed no relationship between
vitamin Bj; intake and iAs metabolism in children [23-25]. Folate intake was negatively
associated with urinary %MMA [25,26] and, additionally, in one of these studies, a positive
association with urinary %DMA was observed [26]. In these studies, no association was
observed between intake of folic acid and %iAs, tAs in the urine [25,26] and urinary
excretion of iAs metabolites [24].

The relationship between nutrient intake and iAs metabolism was also analyzed in
the adult population (10 studies).

In the study by Heck et al. [27], methionine intake (in groups of men and women) was
positively associated with urinary %MMA, whereas no such relationship was observed in
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another study involving women [28]. In the study by Heck et al. [28], methionine intake
also was positively associated with urinary %DMA [28], but in a subsequent study by
these authors, this relationship was not significant [27]. Additionally, these two studies
showed a negative association between methionine intake and %iAs in the urine [27,28].
Moreover, in the study by Heck et al. [29], a higher methionine intake was associated with
an increased excretion of tAs in the urine. Another analyzed ingredient was betaine; there
was no relationship between betaine intake and iAs metabolism [27,28].

Regarding choline, two studies showed intake of this compound was not associated
with urinary %MMA, but a positive association was observed with the DMA/MMA ra-
tio [27,28]. In contrast, one study demonstrated associations with the other iAs metabolites
in urine (positive association of choline intake with %DMA and negative association with
%iAs) [28].

The relationships between vitamin B; intake and iAs metabolism have been analyzed
in several studies. One study showed a positive association between vitamin B, intake
and urinary %MMA [27], while another study showed a negative association with this
form [30]. Additionally, in several studies, there were no relationships [28,31-33]. In the
study by Spratlen et al. [30], vitamin B, intake was positively related with urinary %DMA,
while no such relationship was shown in other studies [27,28,31-33]. In contrast, a negative
association with %iAs was shown in the study by Spratlen et al. [30], while no such rela-
tionship was observed in other studies [27,28,31-33]. There was no significant relationship
between vitamin B, intake and urinary excretion of tAs [34]. One study revealed a positive
association between vitamin By intake and first methylation step (MMA /iAs), and negative
with the second methylation step (DMA/MMA) [27].

The relationship between vitamin By intake and iAs metabolism was analyzed in seven
studies. In the study by Spratlen et al. [30], vitamin By intake was negatively associated with
urinary %MMA and positively with %DMA. In the study by Kurzius-Spencer et al. [24],
these relationships were not significant. Both studies showed a negative association with
urinary %iAs [24,30], while the study by Argos et al. [34] showed a positive association
with tAs in the urine. On the other hand, in several studies, there was no relationship
between vitamin Bg intake and urinary %iAs metabolite excretion [27,28,31,33].

Vitamin By, intake correlated positively with urinary %MMA in the study by Heck et al. [27];
other studies did not show such a relationship [24,28,30,32]. The study by Lopez-Carillo et al. [28]
also showed a positive association with urinary %DMA, which was not observed in the studies of
other authors [27,30,32]. Only in two studies, the intake of this vitamin was negatively associated
with %iAs in the urine [27,28]. This relationship was not confirmed in other studies [24,30,32].
Positive associations with ratios of various forms of As in the urine were also observed in studies
by Heck et al. [27] and Lopez-Carillo et al. [28]. However, the intake of this vitamin did not affect
the urinary excretion of tAs [34].

None of the studies observed a relationship between folic acid intake and urinary
%MMA and %DMA [27,28,30-33]. In contrast, the study by Howe et al. [35] showed
that intake of sum of vitamins B;, B¢, B1» and folate had a negative association with the
proportion of monomethyl arsenic species. In turn, folate intake was negatively associated
with urinary %iAs in one study [28], which was not shown in other studies [27,30-33].
Folate intake was positively associated with ratio DMA /iAs [28]. No relationship between
folate intake and tAs in the urine was reported in the study by Argos et al. [34].

Associations between zinc intake and iAs metabolism were demonstrated in two
studies. They included one negative association with urinary %MMA and a positive
association with urinary %DMA [28,33]. Moreover, the study by Lopez Carillo et al. [28]
demonstrated a negative association with urinary %iAs and a positive association with
ratios DMA /MMA and DMA /iAs.
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3.2.2. Nutrient Intake—Toxicity of As

Several studies have analyzed the relationship between nutrient intake and the severity
of adverse changes in the body and the risk of developing diseases associated with exposure
to As.

In one study involving adults and children, an adverse effect of high vitamin Bg
intake was observed; it was associated with an increased risk of diabetes and metabolic
syndrome [31]. On the other hand, in another study, a low intake of vitamin B,, Bg,
Bi, and folic acid in subjects exposed to iAs with drinking water was associated with
worse cardiovascular outcomes (through increased pulse pressure and marginally systolic
hypertension) [36]. A protective effect of nutrients was demonstrated in one study, in
which a reduction in the severity of oxidative stress (reduced urinary 15-Fy-isoprostane)
was observed in adults who had a higher intake of B vitamins [35].

However, no consistent effect was observed between folic acid intake and bladder
cancer risk in adults [37]. Three studies demonstrated an increased risk of skin lesions in
individuals who had low intakes of choline, vitamin B,, folate and zinc [38—40]. In turn,
a reduced risk of As-related skin lesions was observed in adults who consumed higher
amounts of vitamin B,, B¢ and folic acid [41].

Low folic acid intake was not associated with cognitive performance in children, but
higher intake was positively associated with cognitive abilities. In this study, moreover,
several relationships were observed between tAs in the urine and cognitive performance
depending on the level of folic acid intake, but it was an inconsistent effect [42]. In another
study by the same author, there was no relationship between urinary tAs and achievement
(broad math and reading scores) among children and B vitamin intake [43].

In turn, negative associations between vitamin By, intake and tAs concentrations in
toenails were observed in the study by Gruber et al. [44].

3.2.3. Nutrient Intake—Summary

The results of human studies on the relationship between nutrient intake and iAs
metabolism are inconclusive. They indicate that some nutrient intake may contribute to iAs
elimination from the body. In several studies, the intake of such nutrients as methionine,
choline, vitamin B,, vitamin Bg, B1,, folate, zinc was observed to be correlated with iAs
metabolism. However, some of the correlations between nutrient intakes (betaine, choline,
vitamin By, vitamin Bg, vitamin By, and folate) and the urinary content of various forms of
iAs suggest that these nutrients may or may not impair iAs metabolism.

The authors also observed a relationship between a high intake of B vitamins and folic
acid and a reduction in the adverse changes associated with exposure to iAs (decreased
oxidative stress, reduced risk of As-related skin lesions, and increased cognitive abilities).
In turn, low intake (choline, B vitamins, folic acid, and zinc) was associated with the deteri-
oration of cardiovascular outcomes and an increased risk of skin lesions. The differences in
these results may be due to the levels of nutrient intake (higher intake was connected with
a reduction in the negative effects associated with iAs exposure, while a low intake may
exacerbate these effects).

However, in several studies, there are conflicting data that require clarification. No
consistent effect was observed between B vitamins and folic acid intake, and risk of diabetes
and bladder cancer, as well as cognitive performance and achievements in children. In
these studies, the author suggested that the lack of, or unclear, effect may be due to
the low variability in vitamin intake, or that intake was above a sufficient level in the
majority of participants. Additionally, the results could also be influenced by additional
metabolic differences (e.g., genetic variation or differences in iAs metabolism—the study
was conducted on children, adults and patients with bladder cancer). In one of these
studies, a high intake of vitamin B¢ was associated with diabetes-related outcomes, but this
effect was unclear because, in most studies, low consumption contributed to the severity of
the negative effects and, therefore, this aspect requires further analysis.
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3.3. Folic Acid and Zinc Supplementation

Table 3 includes results from studies in which folic acid (eight studies) and zinc (one
study) were supplemented in a population exposed to As.

3.3.1. Folic Acid and Zinc Supplementation—iAs Metabolism

Five studies analyzed the protective effect of folic acid and zinc supplementation on
iAs metabolism. Changes in iAs metabolite concentrations (inter alia, decreased concen-
trations of MMA in the blood and increased urinary excretion of DMA) were observed
in people taking folic acid supplementation [45]. In a study by Bozack et al. [46], folic
acid supplementation in subjects with low and normal blood concentrations of this com-
pound also altered iAs metabolism profile (by increased percentage dimethyl-arsenical
species and decreased %iAs and monmethylarsenical species in the urine). In the study
by Peters et al. [47] conducted on a Bangladeshi population, folic acid supplementation
at a higher dose (800 pg/db) reduced the concentration of tAs in the blood. This effect
persisted even after 12 weeks from the end of supplementation, but no such effect was
observed with a lower dose of this vitamin (400 pg/db). Folic acid supplementation in
participants with betaine concentrations below the median affected iAs metabolism (inter
alia, through an increased percentage of dimethyl-arsenical species and decreased percent-
age of monomethyl arsenical species in the urine) [48]. In contrast, in a group of children,
zinc supplementation decreased urinary %DMA, but did not affect the concentration of
other As biomarkers in the urine [49]. In a group of Bangladeshi residents exposed to iAs
in drinking water supplementation with folic acid, there was an influence on parameters
related to iAs metabolism through increased plasma choline and betaine concentration
and a percentage decrease in dimethylglycine in the plasma. There were no significant
differences between groups receiving lower (400 ug/day) and higher (800 png/day) doses
of folic acid [50].

3.3.2. Folic Acid Supplementation—Toxicity of As

In one study, symptoms of chronic arsenic intoxication were analyzed in an adolescent
girl who was taking globules (containing iAs). Treatment with thiamine and folic acid,
among others, reduced the adverse symptoms and the concentration of iAs in urine
and hair [51]. In contrast, folic acid supplementation did not alter post-translational
histone modifications in peripheral blood mononuclear cells from Bangladeshi adults [52].
Ghose et al. [53] showed that folic acid supplementation reduced adverse symptoms in
patients with chronic As toxicity.

3.3.3. Folic Acid and Zinc Supplementation—Summary

In four studies, folic acid supplementation (in doses 400 and 800 ng/day for 12 or
24 weeks) improved iAs metabolism in adults (mainly through increased urinary DMA
concentration and decreased tAs concentration in the urine and the blood). In one of these
studies, only a higher dose of folic acid improved iAs metabolism. In turn, zinc supple-
mentation (30 mg/day for 6 months) in children resulted in a different effect (decreased
urinary DMA concentration).

In two studies, folic acid supplementation (5 mg/day) reduced the adverse symptoms
associated with As poisoning, while in one study, folic acid supplementation with a small
dose (400 ng/day) had no effect on epigenetic regulation. A short period of supplementa-
tion (12 weeks) with folic acid or using a low dose of folic acid (400 mg/day) could make
this effect invisible. The authors also indicate that the As-removing water filter was used
during the study, which could counteract the effects caused by folic acid supplementation.
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3.4. Blood and Tissues Nutrients Concentration

Table 4 presents a summary of the results of 29 human studies in which the relationship
between the concentrations of dietary compounds (in blood and other tissue) and As
metabolism was analyzed, as well as severity of adverse health effects associated with
As exposure.

3.4.1. Blood Nutrient Concentration—iAs Metabolism

Eight studies analyzed the relationship between blood micronutrient concentrations
and urinary As metabolites in children. No relationship was observed between plasma
vitamin Bg levels and urinary excretion of As metabolites (%o MMA, %DMA, and %iAs) [24].
The results of three studies [24,25,54] did not demonstrate the relationship between vitamin
By concentration in the plasma/serum and As metabolites in the urine. In turn, the results
of two studies demonstrated an increase in the %DMA and a decrease in the %MMA, %iAs
in the urine of the group of children with high concentrations of vitamin By, and folate in
their plasma [55] in the second study showed a positive association between serum vitamin
B2 concentration and urinary concentrations of DMA [56]. Additionally, results of three
studies showed no relationship between the concentration of plasma/serum folate and
urinary %MMA [24,54,57]. Plasma/serum folate concentration was positively associated
with the percentage and concentration of DMA in the urine [56-58] and negatively with
urinary %iAs [54,57]. In contrast, in the study by Kurzius-Spencer et al. [24], folate concen-
tration in the serum had no relationship with urinary %DMA and %iAs, and in the study
by Desai et al. [25], no relationship was observed with any urinary iAs metabolites.

Family iAs metabolism was only analyzed in one study. A strong pattern of metabolism
was shown between siblings. Additionally, in siblings, positive correlations between uri-
nary iAs/methylated As, monomethylarsonate/dimethylarsinate a methionine, vitamin
Bg, By folate in the blood were observed. These correlations between parents and children
were much lower [59].

The relationship between nutritional status and iAs metabolism has also been analyzed
in the adult population (12 studies).

One study found that plasma vitamin Bg concentration was not associated with the
urinary excretion of As metabolites (%MMA, %DMA, and %iAs) [24].

A lower %MMA and higher %DMA in the urine were observed in adults with a
low concentration of vitamin Bj, in the plasma compared to individuals with a higher
concentration of this vitamin. The study also noted that the concentration of vitamin B1; in
the plasma was positively associated with urinary %MMA, but inversely associated with
urinary %iAs. Such a relationship was stronger in the group of subjects with an adequate
folate concentration in the plasma [60]. The study by Zhu et al. [56] demonstrated that
serum vitamin By, concentration was positively associated with urinary concentrations of
DMA. However, the results of other studies showed no relationship between plasma and
serum vitamin B, concentration and urinary As metabolites [24,61].

In contrast, three studies found no relationship between plasma/serum vitamin By
concentrations and urinary excretion of As metabolites (%°MMA, %DMA, and %iAs) in
pregnant women [62-64]. Only the study by Laine et al. [62] demonstrated a negative
correlation between maternal serum vitamin B, with tAs in the urine. Moreover, in women,
the concentration of vitamin By, in the plasma was inversely associated with arsenate [65]
and positively associated with %iAs [62] in cord blood.

In one study, serum/plasma folate concentration was positively associated with uri-
nary %MMA [58], while in the study by Gamble et al. [61], it was negatively associated
with urinary %MMA. Two studies demonstrated a positive association between folate con-
centration in the serum/plasma and urinary %DMA [56,61]. In turn, the results of another
study did not report such a relationship [58]. Moreover, in the study by Gamble et al. [61]
plasma folate concentration was negatively associated with urinary %iAs. In turn, in the
study by Kurzius-Spencer et al. [24] no relationship was shown between serum folate levels
and urinary iAs metabolites.
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In a Bangladeshi population, individuals with low plasma folate concentrations
showed a correlation between decreased ratio of glutathione-to-glutathione disulfide and
higher blood levels of tAs, as well as having increased %MMA and decreased %DMA in
the urine [66].

The study by Chung et al. [67] analyzed the relationship between gene polymor-
phisms, iAs metabolism and plasma folate. Abnormal iAs metabolism and decreased
plasma folate levels were observed in patients with urothelial carcinoma. Subjects with
the 5,10-methylenetetrahydrofolate reductase CT or TT genotype had lower percentage
dimethylarsenic acid in the urine and a lower folate concentration in the plasma than those
with the CC genotype. A positive correlation was also observed between plasma folate
concentration and percentage urinary dimethylarsenic acid in the control group.

In Bangladeshi women, folate concentration in the plasma/serum was inversely
associated with arsenate in the maternal blood [65], and in pregnant women negatively
correlated with percentage monomethyl arsenicals in the cord serum [62]. In contrast,
three studies did not demonstrate significant correlations between plasma folate levels
and urinary As metabolites in pregnant women [62-64]. Only in women with both higher
As exposure level and plasma folate concentration was a reduced iAs level in the urine
noted [63].

Two studies reported no significant relationship between plasma zinc concentrations
and urinary As metabolites in pregnant women [62,64]. Only in subjects with the highest
exposure level were higher plasma zinc concentrations associated with increased %MMA
and %iAs, and decreased %DMA [63].

3.4.2. Blood and Tissue Nutrient Concentration—Toxicity of As

Many studies have focused on analyzing the relationship between nutritional status
and As concentrations in various tissues and adverse health effects in individuals exposed
to As.

The relationship between As exposure, nutritional status, and DNA methylation
was analyzed in three studies. In elderly men, no association was observed between
the plasma concentrations of vitamin By and Bj; and DNA methylation. However, in
men with a low concentration of folate in the plasma, a positive association with one
repetitive element (increased Alu DNA methylation) was observed, whereas in men with
a higher concentration of plasma folate, the effect was the opposite [68]. Similarly, the
study in Bangladeshi adults with high plasma folate concentration (above 9 nmol/L)
showed negative correlation between urinary or plasma tAs and methylation of peripheral
blood leukocyte DNA (lower [3H]-methyl incorporation) [69]. In turn, in women with
folate deficiency in the plasma, an inversely association was observed between the tAs
concentration in toenail and total histone 3 levels in the plasma [70].

Howe et al. [52] demonstrated positive associations between the plasma concen-
tration of vitamin By, (among women) and choline (among men) and global levels of
post-translational histone modifications.

Several studies have reported the relationship between blood concentrations of nutri-
ents and the risk of disease development or the severity of adverse body changes associated
with an exposure to As.

A higher odds ratio of type 1 diabetes by the percentage of monomethylates As was
observed in individuals with a higher concentration of plasma folate (stronger relationship
between percentage monomethylated As and type 1 diabetes). No significant relationship
was shown for type 2 diabetes between percentage monomethylates As and plasma folate
or vitamin B, concentration [71]. It was observed in the study by Chung et al. [72] that
low a concentration of folate in the plasma, global 5-methyl-2’-deoxycytidine levels, and a
high concentration of total urinary As levels was related to an increased risk of urothelial
carcinoma. The study conducted in a West Bengal population, did not demonstrate any
relationship between the concentration of folate, methionine, vitamin Bg, vitamin By, in
the blood and the susceptibility to develop skin lesions [73]. Subjects with low plasma
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folate concentrations had an increased risk of skin lesions, whereas no such relationship
was observed in subjects with lower vitamin By, concentrations [74].

Low concentrations of folate and vitamin By, in the plasma were indirectly (through as-
sociation with decreased iAs metabolism) related to an increased childhood developmental
delay (increase in odds ratio of developmental delay) [55]. In the study by Desali et al. [43],
higher broad math scores were observed in subjects with higher vitamin By, in the serum
and tAs concentration in the urine.

In subjects exposed to As, zinc and tAs concentrations in different tissues were ana-
lyzed. In pregnant women living in Wuhan (the largest industrial city), a positive correla-
tion between tAs and zinc concentration in blood was observed [75]. On the other hand,
in patients with blackfoot disease, decreased zinc concentration in the hair, urine, blood
as well as increased tAs concentration in hair and urine were observed [76-78]. On the
other hand, in groups of workers, a higher concentration of tAs in the lung tissue and
in the blood was observed, but no decreased concentration of zinc in these tissues was
shown [79,80]. Moreover, in the study by Tutkun et al. [80], the correlation between Zn
and tAs was negative and in the workers group higher levels of inflammatory markers
(interleukins 6, 10 and tumor necrosis factor-o) was also observed, but no correlation was
observed between these cytokines and Zn.

3.4.3. Concentration of Nutrients in Blood and Other Tissues—Summary

The results of human studies on the relationship between the blood concentrations
of dietary compounds and iAs metabolism are also inconclusive. They indicate that the
concentration of dietary compounds in the blood may be related to iAs metabolism and
contribute to its elimination from the body. This is indicated by several studies in which it
was observed that the blood concentration of vitamin By, and folate correlated with iAs
metabolism. However, some of the correlations between the blood concentration of these
nutrients (folate, B¢, B12, and zinc) and the urinary content of various forms of iAs suggest
that these nutrients may or may not impair iAs methylation.

Three studies showed that nutritional status (choline, vitamin By, folate—higher
plasma/serum concentrations) may be related to a decrease in adverse health effects
(affected methylation DNA, histone modification, and children achievement) in individuals
exposed to As. The results of this study are in line with expectations, since the appropriate
status of these nutrients can alleviate the adverse health effects associated with exposure to
As. Numerous studies also observed a relationship between concentration of these nutrients
(folate—low and higher plasma concentration; vitamin Bj;—low plasma concentration)
and increased risk of disease and adverse body changes associated with an exposure to As
(increased DNA methylation, risk of type 1 diabetes and urothelial carcinoma, skin lesions,
and developmental delay). Folate deficiency (five studies) and vitamin B12 deficiency
(one study) enhanced adverse effects of iAs exposure, and only in one study higher
concentration of folate exacerbated them. These results indicate that both a deficiency
and an excess of these compounds may contribute to enhancing the toxicity of As. The
level of exposure to iAs does not appear to be a differentiating factor, as the adverse
effects associated with folic acid deficiency occurred in populations with low (including
elderly men, preschool children, and women) and high exposure (cases with skin lesions
and urothelial carcinoma). In several studies, no relationships (or the relationship was
unclear) between blood /plasma concentration of methionine, vitamins Bg, By, folate a
DNA methylation, risk of type 2 diabetes and skin lesions were found. Moreover, in
pregnant women, patients with blackfoot disease and workers exposed to As, elevated tAs
concentrations in many tissues were connected with disturbances in zinc concentrations.
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4. Conclusions

Many studies have also focused on analyzing the relationship between dietary com-
pounds (intake, supplementation mainly folic acid, and blood concentrations), and iAs
metabolism, as well as exposure-related disorders. The intake and blood concentrations
of certain dietary compounds (methionine, choline, vitamin By, Bg, B1y, folic acid, and
zinc) showed a relationship with an improvement in iAs metabolism and were associated
with reduction in adverse health effects. It was also shown that not only the deficiency
(folate), but also the excess of some dietary compounds (vitamin By, folic acid, zinc) may
impair iAs metabolism and may increase adverse health effects. Human studies, to date,
are inconclusive, because many factors influenced the results. This signals the need for a
more detailed analysis of the relationship between the nutrient intake of involved in iAs
metabolism, nutritional status as well as the severity and source of iAs exposure. Con-
sidering the promising results of the studies conducted so far, it seems reasonable that
individuals exposed to iAs should consume natural products rich in methionine, choline,
folic acid, B vitamins (B, Bg, B12) and zinc. Products rich in methionine (meat: turkey, beef,
pork and milk, tofu, and Brazil nuts), choline (eggs, beans, and broccoli; meat: chicken,
pork, and beef), folic acid (green leafy vegetables), B-group vitamins (meat, eggs, dairy
product, leafy greens, and legumes), and zinc (meat, nuts, and cereal products). Nutrition
education focusing on an adequate dietary intake of methionine, choline, zinc, folic acid,
and B vitamins (By, Bg, and Byy)—nutrients which potentially have modulating effects in
iAs metabolism and toxicity—should be used in prevention efforts for populations exposed
toiAs.
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Abstract: Arsenic (As) exposure causes numerous adverse health effects, which can be reduced by
the nutrients involved in the metabolism of iAs (inorganic As). This study was carried out on two
groups of copper-smelting workers: WN, workers with a urinary total arsenic (tAs) concentration
within the norm (n = 75), and WH, workers with a urinary tAs concentration above the norm (1 = 41).
This study aimed to analyze the association between the intake level of the nutrients involved in
iAs metabolism and the signal intensity of the metabolites that were affected by iAs exposure. An
untargeted metabolomics analysis was carried out on urine samples using liquid chromatography—
mass spectrometry, and the intake of the nutrients was analyzed based on 3-day dietary records.
Compared with the WN group, five pathways (the metabolism of amino acids, carbohydrates,
glycans, vitamins, and nucleotides) with twenty-five putatively annotated metabolites were found to
be increased in the WH group. In the WN group, the intake of nutrients (methionine; vitamins B2, B6,
and B12; folate; and zinc) was negatively associated with six metabolites (cytosine, D-glucuronic acid,
N-acetyl-D-glucosamine, pyroglutamic acid, uridine, and urocanic acid), whereas in the WH group,
it was associated with five metabolites (D-glucuronic acid, L-glutamic acid, N-acetyl-D-glucosamine,
N-acetylneuraminic acid, and uridine). Furthermore, in the WH group, positive associations between
methionine, folate, and zinc intake and the signal intensity of succinic acid and 3-mercaptolactic acid
were observed. These results highlight the need to educate the participants about the intake level of
the nutrients involved in iAs metabolism and may contribute to further considerations with respect
to the formulation of dietary recommendations for people exposed to iAs.

Keywords: inorganic arsenic; metabolic pathways; diet; untargeted metabolomic

1. Introduction

There are two major sources of As (arsenic) exposure: environmental and occupational.
Occupationally exposed people are also subject to environmental exposure as they are also
part of the general population (whose exposure occurs through environmental pollution,
anthropogenic sources, and diet). As is used in numerous industries; hence, many pro-
fessional groups are exposed to As, including steelworkers, miners, farmers, gardeners,
workers involved in the production of glass or ammunition, and e-waste-recycling work-
ers. Inhalation and dermal contact are the primary routes of occupational exposure [1-3].
During the mining and smelting of ore, dusts containing As are emitted. Increased concen-
trations of total As (tAs) in the urine were observed among copper-smelting workers [4,5].

As occurs in organic and iAs (inorganic As) forms, of which the latter is the more toxic
form; hence, it is the primary focus of research [6,7]. The harmful effects of iAs on the human
body are well documented and are associated with various diseases, including diabetes
and heart, kidney, and neurodegenerative diseases, and may cause neurodevelopmental
problems in children [8-12]. The latest research also pointed to the possibility of the
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accumulation of tAs in semen and blood serum in a group of men working in highly
polluted areas, which is related to a decline in semen quality and, consequently, to male
reproductive disorders [13]. Furthermore, iAs exposure is associated with lung, skin,
bladder, and other cancers, and the carcinogenicity of iAs has been confirmed by the
International Agency for Research Cancer (IARC) [14].

Many studies have investigated the influence of iAs on the human body with the
aim of identifying methods for reducing its negative effects. One such approach is dietary
modification, an area that is constantly being researched. Particular attention has been
paid to the dietary compounds of methyl donors (methionine, betaine, choline, and folic
acid) and cofactors of reactions (vitamins B2, B6, B12, and zinc), which are involved in
carbon metabolism (OCM). S-adenosyl-methionine is synthesized via OCM - is used as
a methyl group donor in iAs metabolism. In this process, iAs is converted to MMA
(monomethylarsonic acid) and DMA (dimethylarsinic acid). iAs, MMA, and DMA may
be the end products of these process and excreted in urine. The proportions of these
metabolites reflect the efficiency of iAs metabolism. DMA is rapidly excreted in the
urine compared to iAs and MMA; as such, its higher concentration in urine indicates
more efficient metabolism [15,16]. Low iAs metabolism efficiency (higher urinary MMA
concentrations) is associated with an increased risk of As-associated carotid atherosclerosis,
urothelial carcinoma, and skin lesions, among other ailments [17-19]. Many studies, both
on animal models and human populations exposed to iAs primarily via drinking water,
have focused on the relationship between the intake of nutrients and the concentration of
As metabolites in the urine. Some studies have shown that these nutrients can improve the
efficiency of iAs metabolism (observed as decreased concentrations of iAs and MMA and
an increased urinary DMA concentration) and reduce adverse health effects, but not all
studies have provided conclusive results [20,21].

In addition, to the best of our knowledge, studies analyzing the association between
nutrient intake and the severity of metabolic changes in copper-smelting workers are not
available in the literature. Therefore, this study aimed to analyze the association between
the intake level of the nutrients involved in iAs metabolism and the signal intensity of the
metabolites in this group of workers.

2. Materials and Methods
2.1. Study Participants and Design

This study was conducted on a group of copper-smelting workers from the south-
western region of Poland. The following inclusion criteria were enforced: occupationally
exposed to iAs, male, age above 18, and presence at work during the study. Eligible workers
from whom the following data were obtained were included in the analysis: 3-day dietary
records of food and beverages consumed, questionnaire (with data on the subject’s age,
height, body mass, and general characteristics), and urine samples. A total of 116 workers
were included (3 participants were excluded from the analysis—2 of which were excluded
due to missing information on dietary intake and 1 due to the lack of data on As speciation).
Inhalation and dermal contact were determined to be the primary routes of occupational
exposure. Then, the participants were divided into two groups (WN and WH) based
on the concentration of tAs, according to the recommended Biological Limit Values for
occupational exposure of 35 ug/L of urine [22]. The WN group consisted of workers with
tAs concentrations <35 pg/L (n = 75), whereas the WH group consisted of workers with
tAs concentrations >35 pg/L (n = 41). The study design is presented in Figure 1. All
participants gave their informed consent for the study. Ethical approval was obtained from
the Ethics Committee of the Nofer Institute of Occupational Medicine in Lodz, Poland (NR
08/2020).
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Workers
n=119 ‘
Missing data:
- three-day dietary
records (n =2)
- arsenic urine species (from
WH) (n=1
Workers \ )@=1)
n=116
WN WH
workers < 35 pg/L tAs workers > 35 ug/L tAs
n="75 n=41
-three-day dietary records
-three-day dietary records - tAs
- tAs - 1As
- AsB

Figure 1. Study design. Abbreviations: AsB—arsenobetaine; iAs—inorganic arsenic; tAs—total
arsenic; WN—the group of workers with urinary tAs concentration within the norm; WH—the group

of workers with urinary tAs concentration above the norm.

2.2. Urine Collection and As Analysis

Urine samples were collected from workers after a shift at work. The samples were
collected from May 2021 to June 2021 and were stored at —80 °C until As determination
and untargeted analysis. In all urine samples, the concentrations of tAs and creatinine
were determined. The concentrations of urinary tAs and As species were normalized to
creatinine. In the WH group, speciation studies of two As forms—iAs and arsenobetaine
(AsB)—were additionally performed. The concentration of urinary tAs was determined
using an ELAN DRC-e ICP-MS with a Dynamic Reaction Cell (Perkin Elmer, SCIEX,
Waltham, MA, USA), and the concentration of As species—iAs and AsB—were determined
using the instrument Series 200 HPLC (Perkin Elmer, SCIEX, Waltham, MA, USA). Further
description of As determination in the urine was provided in the study by Janasik et al. [23].

2.3. Diet Assessment

Dietary intake of the selected nutrients was analyzed based on 3-day dietary records
of food and beverages consumed. The participants were instructed on how to fill in
the dietary record (they received a standard template, which included time and place
of consumption, name of the meal, ingredients, amount, or home measures) and were
asked to accurately record all food products and beverages and report food’s preparation
and portion sizes (using kitchen scales or typical household measures). For quantitative
analysis, data from 3-day dietary records of consumed food and beverages were entered
into the Dieta 6.0 (Warsaw, Poland) computer program, as recommended by the National
Centre of Nutritional Education. In accordance with the international methodology of
dietary research, the portion size was determined based on photographs of products and
dishes included in the “Album of photos of products and dishes” [24]. Mean daily values
were calculated from the data obtained from 3-day dietary records. The intake level of
the nutrients involved in As metabolism, calculated using the Dieta 6.0 program, was
compared with the nutrition standards for the Polish population using EAR [25]. The
intake of nutrients was calculated per kg of body mass.
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2.4. Sample Preparations for Untargeted Metabolomics

Urine samples from the WH and WN groups were randomized and divided into two
batches. Samples for metabolomics analysis were prepared using the latest protocol [26].
Two assays were used: one for the extraction of nonpolar and semipolar metabolites (as-
say 1) and the other for the extraction of polar metabolites (assay 2). The procedure for
assay 1 was as follows: 300 pL solvent (ice-cold water and methanol at a 50:50 ratio with
internal standards benzoyl-D5 and L-phenylalanine 3,3-D2) was added to 100 pL of urine
(thawed at 4°C), vortexed for 2 min, and centrifuged at 20,879 rpm for 20 min at 4 °C. The
same steps were followed for assay 2, except that a different solvent was used, acetonitrile
and methanol (50:50), with the same internal standards. After centrifugation, the super-
natants (200 pL) were aliquoted into vials. Quality control (QC) samples were prepared
from all samples, and equal amounts of aliquots (100 pL) of each urine sample were mixed;
this mixture was used to monitor system stability (injected every 10 experimental samples).
Each batch comprised the following: samples for the equilibration system (10), analyzed
samples (59, 58), QC samples (8), and blanks (2). More detailed information on sample
preparation and analysis is available in our previous study [27].

2.5. Metabolomics Analysis

The equipment used in the study comprised a Waters ACQUITY™ Ultra Performance
LC system (Waters Corp., Milford, MA, USA) connected to a Synapt G25i Q-TOF mass
spectrometer (Waters MS Technologies, Manchester, UK) with an electrospray (ESI) source
(Waters, Manchester, UK). Analyses were performed in positive and negative ionization
modes on two columns: an ACQUITY UPLC HSS T3 and an ACQUITY UPLC BEH Amide.
The chemical reagent, metabolomics analysis parameters, and the fast data-dependent
acquisition method were used as described in a study by Koztowska et al. [27]. Compared
with this study, only the gradient in the ACQUITY UPLC BEH Amide column for ESI was
changed in the present study with respect to ESI+: t = 0.0-2.0 min, 1% B; t = 2.0-3.0 min,
from 1% to 12% B; t = 3.0-6.0 min, from 12% to 50% B; t = 6.0-8.0 min, from 50% to 95%
B; t = 8.0-8.5 min, from 95% to 99% B; t = 8.5-10.5 min, 99% B; t = 10.5-11 min, from 99%
to 1% B; t = 11.0-14.0 min, 1% B. Gradient for ESI-: t = 0.0-2.0 min, 1% B; t = 2.0-3.2 min,
from 1% to 6% B; t = 3.2-5.0 min, from 6% to 60% B; t = 5.0-5.5 min, from 60% to 95% B;
t = 5.5-6.0 min, from 95% to 99% B; t = 6.0-9.5 min, 99% B; t = 9.5-10.5 min, from 99% to 1%
B; t =10.5-13.0 min, 1% B.

2.6. Bioinformatics and Statistical Analysis

For feature detection, retention time correction, alignment, and putative annotation
of compound classes, files were loaded into the Progenesis software. The default param-
eters set for UPLC-High Res (Waters, Milford, MA, USA) were used. Then, the dataset
was filtered; accordingly, metabolite features with a blank contribution >5%, QC relative
standard deviation >25%, and QC count and sample count <60% were removed. Unwanted
variations (signal drift and batch effects) were nullified by normalization performed on the
web platform MetaboGroupS (https://www.omicsolution.com/wukong/MetaboGroupS/
accessed on 11 May 2022) [28]. Among the seven methods of normalization using the
k-nearest neighbor algorithm (which imputes missing values) and log2 transformation
(which removes data skewness), the most effective was the Eigen MS method.

Significant pathways were analyzed using the Functional Analysis module in MetaboAn-
alyst 5.0 platform (https:/ /www.metaboanalyst.ca/home.xhtml accessed on 20 June 2022) [29].
A peak list with the retention time and p values was used, and the following parameters
were used in each mode: mass tolerance 5 ppm, mummichog algorithms, adducts for
positive and negative modes, and pathways/metabolite sets containing at least two entries.
Compounds belonging to significantly changed pathways were fragmented. For putative
annotation of compounds (level 2), the obtained fragmentation spectra of the compounds
were compared with the spectra available in the Human Metabolome Database [30].
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Statistica software, version 13.0 (StatSoft Inc., Tulsa, OK, USA), was used for statis-
tical analyses. Normality of distribution was assessed using the Shapiro-Wilk test and
expressed as means =+ standard deviations for parametric distribution or medians and
min-max for nonparametric distribution. Student’s ¢-test for parametric distributions and
Mann-Whitney U test for nonparametric distributions were used to compare variables
between two groups. The Pearson correlation coefficient and the Spearman rank correla-
tion coefficient were used to analyze the correlation between the intake of the nutrients
involved in As metabolism and putatively annotated metabolites. Differences at p < 0.05
were considered significant.

3. Results
3.1. General Characteristic of the Workers

The overall characteristics of the participants are presented in Table 1. In brief, all the
study participants (116) were male and worked in a copper-smelting plant. The participants
were divided into two groups: WN, comprising workers with a urinary tAs concentration
below 35 pg/L (n = 75), and WH, comprising workers with a urinary tAs concentration
above 35 pg/L (n = 41). Between these groups, there were no significant differences in
age, height, and period of iAs exposure; however, significant differences were observed
concerning body mass and body mass index, with higher values in the WH group.

Table 1. General characteristics of the workers exposed to iAs.

Both Group WN WH
Parameter * p Value **
n=116 n="175 n=41

Age (years) 435 (21.0-62.0) 42.1 4100 44.0 (23.0-56.0) 0.4772
Height ((m) 1770 (165.0-198.0)  176.5 (165.0-198.0) 178.3 + 6.1 0.9673
Body mass (kg) 89.4 + 14.8 86.7 & 14.0 94.0 + 15.1 0.0109
BMI (kg/m?) 28.1 443 272441 295442 0.0047
Period of iAs 17.5 (1.0-44.0) 17.0 (1.0-44.0) 18.5 (2.0-38.0) 0.7867

exposure (years)

Abbreviations: *—Results are presented as means =+ standard deviations for parametric distribution, or medians
and min—-max for nonparametric distribution (verified using Shapiro-Wilk test p < 0.05); **—Differences in
parameters of groups WN and WH were assessed using Student’s t-test for parametric distribution and Mann—
Whitney U test for nonparametric distribution; BMI—Body Mass Index; iAs—inorganic arsenic; WN—the group
of workers with urinary tAs concentration within the norm; WH—the group of workers with urinary tAs
concentration above the norm.

The concentrations of tAs and its species in the urine are presented in Table 2. Signifi-
cant differences were observed in the urinary tAs between the WN and WH groups. The
same results were obtained while using creatinine-adjusted urinary tAs concentrations. The
WH group showed significantly higher concentrations of urinary tAs, both when adjusted
and not for urinary creatinine, in which p = 0.0000 in both cases. The concentration of iAs
in the urine was determined only in the WH group, which was almost twofold higher than
the determined urinary concentration of AsB. When adjusted for urinary creatinine, the
urinary concentration of iAs was nearly 2.5 times higher than that of AsB.

The daily intake of selected nutrients (mg/kg bm or ug/kg bm) involved in iAs
metabolism, such as methionine; vitamins B2, B6, and B12; folate; and zinc, did not differ
between the two groups (Table 3). Only the mean dietary folate intake was lower than
the estimated average requirement (EAR). The intake of the remaining analyzed nutrients
was above the EAR norms. The average daily intake of nutrients as per the EAR norms is
presented in the Supplementary Materials (Table S1).
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Table 2. Between-group comparison of the urinary tAs and As metabolite concentrations.
Both Group WN WH
Parameter * p Value **
n=116 n=75 n=41
tAs (ug/L) 27.3 (1.5-498.1) 20.6 (1.5-33.9) 54.7 (35.9-498.1) 0.0000
iAs (ug/L) - - 39.2 (10.0-87.8) -
AsB (ug/L) - - 20.2 (2.5-433.0) -
tAs (ug/g creat.) 19.0 (3.3-203.7) 14.6 (3.3-60.1) 30.4 (8.0-203.7) 0.0000
iAs (ug/g creat.) - - 20.1 (6.5-55.8) -
AsB (ug/g creat.) - - 8.5 (0.8-170.8) -

Abbreviations: *—Results are presented as medians and min-max for nonparametric distribution (verified using
Shapiro-Wilk test p < 0.05); **—Differences in parameters of groups WN and WH were assessed using Student’s
t-test for parametric distribution and Mann-Whitney U test for nonparametric distribution; AsB—arsenobetaine;
creat.—creatinine; iAs—inorganic arsenic; tAs—total arsenic; WN—the group of workers with urinary tAs

concentration within the norm; WH—the group of workers with urinary tAs concentration above the norm.

Table 3. Dietary intake of selected nutrients involved in iAs metabolism.

Both Groups WN WH
Dietary Intake * p Value **
n=116 n=75 n=41
Methionine 25.05 25.23 23.75 0.5220
(mg/kg bm) (8.43-70.48) (8.43-70.48) (14.69-54.47) ’
Vitamin B,
0.02 (0.00-0.04 0.02 (0.00-0.04 0.02 £+ 0.01 0.3554
Vitamin Bg
0.02 (0.01-0.06 0.02 (0.01-0.06 0.02 £+ 0.01 0.1506
(mg/kg bm) ( ) ( )
Vitamin By,
0.04 (0.01-0.20 0.03 (0.01-0.20 0.04 £+ 0.01 0.8515
(ng/kg bm) ‘ : ( :
Folate (ug/kgbm)  2.94 (1.03-8.98) 3.04 (1.13-8.98) 2.78 +0.80 0.1819
Zinc (mg/kg bm) 0.12 (0.03-0.30) 0.12 (0.03-0.30) 0.12 + 0.04 0.5418

Abbreviations: *—Results are presented as means + standard deviations for parametric distribution or medians
and min-max for nonparametric distribution (verified using Shapiro-Wilk test p < 0.05); **—Differences in
parameters of groups WN and WH were assessed using Student’s t-test for parametric distribution and Mann—
Whitney U test for nonparametric distribution; bm—body mass; WN—the group of workers with urinary tAs
concentration within the norm; WH—the group of workers with urinary tAs concentration above the norm.

3.2. Differences in Metabolic Profile beetwen WN and WH

Compared with the WN group, a higher signal intensity was observed for the metabo-
lites belonging to the five pathways in the WH group: amino acid metabolism, carbohydrate
metabolism, glycan biosynthesis and metabolism, vitamin metabolism, and nucleotide
metabolism (Table 4).

In the amino acid metabolism pathway, significant changes were noted in the follow-
ing sub-pathways: aspartate and asparagine metabolism (p = 0.0168), histidine metabolism
(p = 0.0168), and methionine and cysteine metabolism (p = 0.0176). In the carbohydrate
metabolism pathway, the following sub-pathways showed significant changes: butanoate
metabolism (p = 0.0135), glycolysis and gluconeogenesis (p = 0.0039), pentose and glu-
curonate interconversions (p = 0.0427), and propanoate metabolism (p = 0.0463/0.0003). The
following significant changes were noted in the sub-pathways of the following pathways,
in which the sub-pathways are presented after each pathway: in the glycan biosynthesis
and metabolism pathway—heparan sulfate degradation (p = 0.0082), keratan sulfate degra-
dation (p = 0.0313), and hyaluronan metabolism (p = 0.0063); in the metabolism of vitamin
pathways—vitamin B2 metabolism (p = 0.0399), vitamin B6 metabolism (p = 0.0496), and vi-
tamin B9 metabolism (p = 0.0047); and in the nucleotide metabolism pathway—pyrimidine
metabolism (p = 0.0195 in negative mode; 0.0312 in positive mode).
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Table 4. Putatively annotated metabolites belonging to significantly changed pathways in analyses
of differences between WN and WH.

Annotat?;iDCizlmlf&lglgf Names (Wﬁ%;h::/H) Pathway Name Sub-Pathway Name
gamma-glutamylcysteine "
(HMDB0001049) 00000
pyroglutamic acid (HMDB0000267) 0.0000 ** Aspartate and asparagine metabolism
D-2-hyd lutaric acid
(Hylvi]?))gz)go(l)log(r)%c) adt 0.0000 * Amino acid metabolism
4-acetamidobutanoic acid "
(HMDBO0003681) 00000
urocanic acid (HMDB0000301) 0.0000 * Histidine metabolism
; L "
3 merﬁlz;‘;i?;:i ;&%}(ﬁ)ﬁg?ggﬁﬂy) 8833‘3 . Methionine and cysteine metabolism
succinic acid (HMDB0000254) 0.0020 * Butanoate metabolism
D-glucose (HMDB0000122) 0.0286 ** Glycolysis and Gluconeogenesis
D-xylulose (HMDBO0001644) 0.0000 * Carbohydrate metabolism Pentose and Glucuronate
Y ’ Interconversions
2-ketobutyric acid (HMDB0000005) 0.0000 * boli
hydroxypropionic acid Propanoate metabolism
y 0.0000 **
(HMDB0000700)
iduronic acid (HMDB0002704) 0.0000 ** Glycan biosynthesis and Heparan sulfate degradation
N—ac(thi/l[rlseélég(r)r(l)ggg)amd 0.0000 * metabolism Keratan sulfate degradation
riboflavin (HMDB0000244) 0.0000 ** Metaboli ¢ vitami Vitamin B2 metabolism
pyridoxine (HMDB0000239) 0.0000 * etabolism of vitamins Vitamin B6 metabolism
thymine (HMDB0000262) 0.0000 *
idine (HMDB0000296 0.0000 ** Lo .
cl;rtlos]il;ee ((HMD80000630)) 0.0000 * Nucleotide metabolism Pyrimidine metabolism
cytidine (HMDB0000089) 0.0000 *
Aspartate and asparagine metabolism,
Histidine metabolism, Methionine
adenosine monophosphate and cysteine metabolism, Butanoate
0.0000 * metabolism, Glycolysis and
(HMDB0000045) Gluconeogenesis,
Many pathways Propanoate metabolism, Vitamin B2
metabolism, Pyrimidine metabolism
Aspartate and asparagine metabolism,
L-glutamic acid (HMDB0000148) 0.0000 * Histidine metabolism, Butanoate
metabolism, Vitamin B9 metabolism
2-hydroxybutyric acid 0.0000 * Butanoate metabolism, Propanoate
(HMDB0000008) ’ metabolism
Pentose and Glucuronate
D-glucuronic acid (HMDB0000127) 0.0000 * Interconversions, Heparan sulfate
degradation, Hyaluronan metabolism
N-acetvl-D-gl min Heparan sulfate degradation, Keratan
acey 8 Ucosatine 0.0000 ** sulfate degradation, Hyaluronan

(HMDB0000215)

metabolism

Abbreviations: *—Student’s t-test; **—Mann-Whitney U test; HMDB—Human Metabolome Database; WN—the
group of workers with urinary tAs concentration within the norm; WH—the group of workers with urinary tAs

concentration above the norm.

3.3. Relationship between Dietary Nutrients Intake Involved in iAs Metabolism and Signal
Intensity of Putatively Anotated Metabolites

The associations between the intake of dietary nutrients involved in iAs metabolism

and the putatively annotated metabolites belonging to significantly changed pathways in
the analyses of the differences between WN and WH groups were analyzed. A correlation
analysis was conducted on the whole group as well as separately in the WH and WN
groups. Several dependencies between the analyzed nutrients and 11 metabolites were
observed (Table 5).
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Table 5. Relationship between the intake of dietary nutrients involved in iAs metabolism and puta-
tively annotated metabolites belonging to significantly changed pathways in analyses of differences

between WN and WH.
Correlation between Nutrient Both Group WN WH
Intake *** and Metabolite R p R p R p
vitamin B2 with cytosine —0.1886 * 0.0464 —0.2554 0.0316 NS
vitamin B6 with cytosine —0.2175* 0.0213 —0.2346 0.0489 NS
vitamin B2 with D-glucuronic acid NS NS —0.3956 * 0.0100
vitamin B6 with D-glucuronic acid NS NS —0.3646 * 0.0190
vitamin B12 v;flcti}éD-glucuromc NS NS 03479 % 0.0260
folate with D-glucuronic acid —0.1996 * 0.0349 —0.2603* 0.0283 NS
methionine with —02163 % 0.0220 NS NS
hydroxypropionic acid
vitamin BI2 with ~02017 % 0.0330 NS NS
hydroxypropionic acid
vitamin B2 with L-glutamic acid NS NS —0.4211 ** 0.0061
vitamin B6 with L-glutamic acid NS NS —0.3653 ** 0.0188
folate with L-glutamic acid NS NS —0.3794 ** 0.0144
methionine with 01954 % 0.0390 ~02728* 0.0214 NS
N-acetyl-D-glucosamine
vitamin B2 with ~0.2504 * 0.0077 ~0.3150 * 0.0075 ~0.3253* 0.0380
N-acetyl-D-glucosamine
vitamin B6 with —02374* 0.0117 NS NS
N-acetyl-D-glucosamine
vitamin BI2 with. ~0.1871* 0.0482 ~0.3261* 0.0055 NS
N-acetyl-D-glucosamine
zinc with N-acetyl-D-glucosamine —0.1917 * 0.0429 —0.2710* 0.0223 NS
vitamin B2 with .
N-acetylneuraminic acid —0.1915 0.0431 NS NS
vitamin B6 with 02246 % 00173 NS NS
N-acetylneuraminic acid
vitamin B12 with NS NS ~03171* 0.0430
N-acetylneuraminic acid
vitamin B2 with pyroglutamic acid NS —0.2832 * 0.0167 NS
vitamin B6 with pyroglutamic acid NS —0.2430 * 0.0412 NS
vitamin B12 V\;lctilzipyroglutamlc NS 02667 * 0.0246 NS
folate with pyroglutamic acid —0.1894 * 0.0454 NS NS
zinc with pyroglutamic acid NS —0.2548 * 0.0320 NS
vitamin B2 with uridine —0.1944 * 0.0400 NS NS
vitamin B6 with uridine —0.1955 * 0.0388 NS NS
vitamin B12 with uridine NS —0.2559 * 0.0313 —0.3308 * 0.0350
methionine with urocanic acid NS —0.2569 * 0.0305 NS
vitamin B6 with urocanic acid NS —0.2457 * 0.0389 NS
folate with urocanic acid —0.2067 * 0.0288 —0.2665 * 0.0247 NS
zinc with urocanic acid NS —0.2722* 0.0217 NS
folate with 3-mercaptolactic acid NS NS 0.3337 * 0.0330
zinc with 3-mercaptolactic acid NS NS 0.3658 * 0.0190
methionine with succinic acid NS NS 0.3284 ** 0.0361
folate with succinic acid NS NS 0.3359 * 0.0320
zinc with succinic acid NS NS 0.3498 * 0.0250

Abbreviations: *—Pearson correlation coefficient; **—Spearman rank correlation coefficient; ***—intake of
nutrients calculated per kg of body weight; NS-not statistically significant; R—correlation coefficient; p—p value;
WN—the group of workers with urinary tAs concentration within the norm; WH—the group of workers with
urinary tAs concentration above the norm.
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Overall, in both groups, the intake of all the analyzed nutrients (methionine, vita-
min B2, B6 and B12, folate, and zinc) was negatively associated with the following eight
metabolites: cytosine, D-glucuronic acid, hydroxypropionic acid, N-acetyl-D-glucosamine,
N-acetylneuraminic acid, pyroglutamic acid, uridine, and urocanic acid.

In the WN group, negative correlations were observed between the intake of all
the analyzed nutrients and the following six metabolites: cytosine, D-glucuronic acid,
N-acetyl-D-glucosamine, pyroglutamic acid, uridine, and urocanic acid.

In the WH group, the intake of nearly all the analyzed nutrients (except zinc) was
negatively correlated with the following five metabolites: D-glucuronic acid, L-glutamic
acid, N-acetyl-D-glucosamine, N-acetylneuraminic acid, and uridine. Moreover, in this
group, positive correlations were observed between methionine, folate, and zinc intake,
and the signal intensity of succinic acid and 3-mercaptolactic acid.

In both the WN and WH groups, the intake of the analyzed nutrients was negatively
associated with the signal intensity of the following three metabolites: D-glucuronic acid,
N-acetyl-D-glucosamine, and uridine. In contrast, the intake of the nutrients was negatively
associated with the signal intensity of the following three metabolites: cytosine, pyroglu-
tamic acid, and urocanic acid in the WN group, with no significant relationships in the WH
group. However, negative correlations were observed in the WH group between the intake
of the analyzed nutrients and the signal intensity of two metabolites, namely, L-glutamic
acid and N-acetylneuraminic acid, which were not statistically significant in the WN group.

4. Discussion

To the best of our knowledge, this is the first metabolomics study on copper-smelting
workers. Moreover, this is also the first study in which the association between the intake
of the nutrients involved in iAs metabolism and changes in metabolic profile has been ana-
lyzed. Significant changes in metabolism were observed in the group of workers exposed
toiAs. A total of 25 putatively annotated metabolites belonging to significantly changed
pathways were detected in the analysis of differences between the WN and WH groups.
In addition, associations between the intake of the nutrients involved in iAs metabolism
and 11 putatively annotated metabolites were observed. To clearly understand the findings
of this study, this article’s discussion was divided into two parts. First, alterations in the
metabolism under exposure to iAs were discussed, and secondly, associations between the
intake of the nutrients and putatively annotated metabolites were discussed.

4.1. Urinary Metabolomics

The findings of this study are consistent with those of previous urinary metabolomics
studies [31-33], which showed that As exposure is associated with numerous changes in
metabolism in adults. In the present study, a higher signal intensity was observed in the
WH group with respect to several metabolites belonging to the amino acid, carbohydrate,
glycan, vitamin, and nucleotide pathways compared with the WN group. These results
seem to be consistent with those obtained by Zhang et al. [32], who reported changes in
nucleotide (guanine) and amino acid (serine, hippurate, and acetyl-N-formyl-5-methoxy
kynurenamine) metabolism. Wu et al. [33] also found alterations in amino acid metabolism
(glycine, L-threonine, and serine) and identified changes in the signal intensity of suc-
cinic acid and pyroglutamic acid; these findings are consistent with the results of the
present study. Kozltowska et al. [31] reported that the signal intensity of several metabo-
lites is higher in men and women with higher urinary tAs concentrations and that these
metabolites are also associated with amino acid, vitamin, and nucleotide metabolism. In
these three metabolomics studies, changes were also observed in other pathways, which
were dependent on the differences in the source and level of As exposure. In a study
by Zhang et al. [32], the median tAs concentration was 40.03 ug/g of creatinine in men
with environmental exposure. However, in a study by Wu et al. [33] on men and women
exposed to As via drinking water (<50 pg/L), higher baseline tAs concentrations were
observed (194.30 pg/g of creatinine in the male group and 206.70 ug/g of creatinine in the
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female group). Kozlowska et al. [31] conducted a study on a group of adults and children
environmentally exposed to As and reported urinary tAs concentrations in a wide range,
namely, 16.40-170.13 pg/g. Other factors such as the concentration of iAs in the urine,
the duration of exposure to iAs, and the age and gender of the participants, as well as the
use of different analytical techniques (HPLC-MS, UPLC-MS, and GC-MS), might have
influenced the differences in the obtained results.

4.2. Association between Intake of Nutrients Involved in iAs Metabolism and Putatively
Annotated Metabolites

The major finding of this study was the relationship between the intake level of the
nutrients involved in iAs metabolism (methionine; vitamins B2, B6, and B12; folate; and
zinc) and 11 putatively annotated metabolites belonging to significantly changed pathways
in the analyses of differences between the WN and WH groups. Methionine; vitamins B2,
B6, and B12; folate; and zinc are cofactors and donors of methyl groups in the metabolic
changes of iAs to MMA and DMA. Many studies have reported correlations between the
efficiency of iAs methylation and the spectrum of adverse changes associated with iAs
exposure [21]. Thus, the relationships observed between dietary intake and the signal
intensity of the metabolites may also indirectly reflect the efficiency of methylation and
thus the severity of the adverse changes associated with iAs exposure. Due to the lack of
findings regarding correlations between the intake of the aforementioned nutrients and
changes in the metabolic profiles of the individuals exposed to iAs, this discussion was
focused on analyzing the effects of increased concentrations of these metabolites and the
benefits of increasing the intake of methyl group donors and cofactors of iAs metabolism.

The signal intensity of N-acetyl-D-glucosamine correlated negatively with the intake of
methionine; vitamins B2, B6, and B12; and zinc. In vitro and in vivo studies have reported
that As exposure increases the concentration of this metabolite. In a group of rats exposed
to outdoor air pollution (containing, inter alia, As), a higher concentration of N-acetyl-D-
glucosamine in the serum was also observed than in the control group. Moreover, this
metabolite was positively related to the phosphorylation of H2AX at Ser 139 (y-H2AX) in
the lungs, which is one of the biomarkers of deoxyribonucleic acid (DNA) damage [34].
Interestingly, the oral administration of N-acetyl-D-glucosamine in mice increased DNA
damage in the pancreas, brain, kidney, liver, lungs, and colon. In addition, in various
nontumorigenic cell lines, treatment with N-acetyl-D-glucosamine for 3 days resulted in
genome instability [35]. In a study by Ni et al. [36] on a group of workers exposed to
iAs, DNA damage to the P21 gene fragments was observed, which was associated with
the reduced methylation of iAs (positively associated with the percentage of MMA and
negatively with the percentage of DMA in the urine). The results of the aforementioned
study indicated that iAs exposure is associated with an increase in N-acetyl-D-glucosamine
signal intensity. In accordance with this finding, based on the correlations observed in
the present study between nutrient intake, N-acetyl-D-glucosamine, and DNA damage, it
seems that a higher intake of these nutrients may be related to a reduction in the severity of
these processes.

In this study, the intake of vitamins B2, B6, and B12 as well as zinc was negatively
correlated with the signal intensity of pyroglutamic acid. This signal intensity was higher
in the WH group than in the WN group. In metabolomics studies on populations exposed
to various chemical compounds, differences in the signal intensity of this metabolite were
observed between exposed groups and reference groups. A lower signal intensity of py-
roglutamic acid in the urine was observed in Bangladeshi adults chronically exposed to
As. Moreover, the signal intensity of this metabolite was inversely associated with the As
concentration in the urine and drinking water [33]. In addition, in a urinary metabolomics
study by Zeng et al. [37], pyroglutamic acid was downregulated in a group of women
exposed to cadmium, which was negatively correlated with urinary cadmium concentra-
tions. A serum metabolomics analysis also showed the downregulation of pyroglutamic
acid in children and adolescents exposed to multiple carcinogens (including As). In ad-
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dition, this metabolite was associated with biomarkers of early health effects (inversely
with oxidative stress biomarkers, namely, 8-hydroxy-2'-deoxyguanosine and 4-hydroxy-2-
nonenal-mercapturic acid, and inversely and positively with three acylcarnitines) [38]. The
findings of the present study are consistent with those of a metabolomics study on women
with higher cadmium concentrations, wherein a higher signal intensity of pyroglutamic
acid was observed [39]. Similarly, in a study on rats exposed to iAs, an increased signal
intensity of this metabolite was observed in the serum [40]. An in vitro study on rat brains
showed that pyroglutamic acid may cause oxidative stress by reducing nonenzymatic an-
tioxidant capacity, thus causing oxidative damage to proteins and increased reactive species
in rat brain [41]. Another study reported oxidative stress in a group of workers exposed to
As, which was related to decreased total and native thiol concentrations and an increased
disulfide concentration in the serum [42]. The present findings suggest that As exposure is
associated with a change in pyroglutamic acid signal intensity, which may also be related
to the severity of oxidative stress. Based on these results and the negative correlations
observed between the nutrient intake and the signal intensity of this metabolite, it seems
that the higher intake may be related to a reduction in the severity of oxidative stress.

Negative relationships were observed between the intake of vitamin B2, vitamin B6,
and folate and the signal intensity of L-glutamic acid. L-glutamic acid and pyroglutamic
acid are related metabolites. Pyroglutamic acid can be produced by L-glutamic acid in
the presence of enzymes, and the reaction can also proceed in the reverse direction, i.e.,
enzyme 5-oxoprolinase hydrolyzes pyroglutamic acid to yield L-glutamic acid [43]. In the
present study, a higher L-glutamic acid signal intensity was observed in the WH group
compared with the WN group, which is consistent with other studies. In murine models
orally administered iAs, an increased signal intensity of L-glutamic acid was observed in
the liver [44] as well as in the plasma [45]. In addition, in men and women exposed to
cadmium, L-glutamic acid in the urine was upregulated and correlated with an increase in
cadmium concentrations [37]. In a targeted metabolomics study in which dependencies
between As metabolism and diabetes were analyzed, positive associations between the
homeostasis model assessment index (HOMAZ2-IR), waist circumference, and the plasma
level of L-glutamic acid were observed [46]. The relationship between diabetes and L-
glutamic acid was confirmed in several studies [47—49]. Furthermore, two meta-analyses
showed the association between iAs exposure and increased diabetes mellitus risk [8,50].
However, in a study by Spratlen et al. [46], L-glutamic acid was associated with more
efficient As metabolism (through increased %DMA, decreased %MMA, and %iAs in the
urine). Based on these findings, exposure to iAs is related to an increased signal intensity
of L-glutamic acid. Considering the correlations observed in our study and the findings of
other studies regarding the association between L-glutamic acid and diabetes, it seems that
a higher intake of vitamins B2 and B6 and folate may be an important modulator of the
development of the aforementioned disorders.

This study showed positive associations between the intake of methionine, folate, and
zinc and the signal intensity of succinic acid, in which the signal intensity of this metabolite
was higher in the WH group than in the WN group. Another urinary metabolomics study
performed on a group of adults exposed to As reported that the signal intensity of succinic
acid was inversely associated with As concentrations in urine and water, with a higher
urinary tAs concentration (194.3 pg/g of creatinine in men and 206.7 pg/g of creatinine in
women), which may affect the differences in the obtained results [33]. However, in another
untargeted metabolomics study on an As-exposed population, an increased signal intensity
of succinic acid and argininosuccinic acid was observed in boys and men with higher tAs
concentrations, respectively [31]. In studies on animal models, increased concentrations of
this metabolite in the urine were observed in diabetic mice [51], as well as in the plasma in an
animal model of hypertension and metabolic disease, but such increases were not observed
in hypertensive nor in diabetic human participants [52]. Under normal conditions, succinic
acid undergoes various reactions. Apart from being involved in butanoate metabolism, it
is involved in the tricarboxylic acid cycle (TCA cycle). In the TCA cycle, acetyl coenzyme
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A is oxidized, which causes the release of energy in the form of adenosine triphosphate.
On the other hand, succinic acid is converted into fumaric acid by the enzyme succinate
dehydrogenase, and in case of a dysfunction of this step, succinic acid is accumulated and
can act as an oncometabolite [53-55]. This metabolite may also contribute to inflammation
(acting as immune signaling), which has been observed in mouse macrophages [56].

In the present study, a negative relationship was observed between the intake of
vitamins B2, B6, and B12 and folate and the signal intensity of D-glucuronic acid. Disorders
in the glucuronate degradation sub-pathway were also reported in another metabolomics
study on a population exposed to As, in which a higher signal intensity of L-threo-2-
pentulose belonging to this sub-pathway was observed in men, women, and boys with
high As concentrations [31]. The signal intensity of D-glucuronic acid in the serum was
associated with mortality in patients with cirrhosis [57]. Furthermore, in patients with
diabetes mellitus, hepatocellular carcinoma, and liver cirrhosis, an increased level of
glucuronic acid was observed in the serum [58,59]. In a study by Ho et al. [60], the level of
glucuronic acid increased with age, and circulating glucuronic acid was considered to be
a biomarker of biological aging and a predictor of all-cause mortality and health-related
outcomes. Studies have shown that the microbiome can also affect the rapid cleavage
of glucuronide conjugates by increasing the concentration of D-glucuronic acid and thus
disrupting glucuronidation [60,61]. Considering the results of these studies, the higher
signal intensity of D-glucuronic acid observed in the WH group in the present study may
be associated with impaired glucuronidation and the risk of developing several diseases.
The negative correlation of the consumption of cofactors of iAs metabolism and donors of
methyl groups with this metabolite emphasizes the need for studies aimed at an in-depth
understanding of these processes.

This study showed negative relationship between the intake of vitamins B2, B6, and
B12 and the signal intensity of cytosine and uridine. The signal intensity of these metabolites
was higher in the WH group than in the WN group. These findings are consistent with
those of other studies, as shown by a study in which cytosine was upregulated in the urine
of adults with high exposure to heavy metals (As, among others) and polycyclic aromatic
hydrocarbons [62]. In men environmentally exposed to As, a positive correlation was
reported between the concentration of As, male infertility, and uridine in the urine [63].
Cytosine, thymine, adenine, guanine, and uracil are the nitrogenous bases that build DNA
and ribonucleic acid (RNA). Uracil, one of the nitrogenous bases of RNA, forms uridine
when combined with ribose. A study by Zhang et al. [32] reported an increased signal
intensity of one of the purine bases, guanine. These authors suggested that this change
may indirectly indicate an increase in oxidative stress, which can lead to DNA damage.
One marker of this damage is 8-oxoguanine, which is formed by the oxidation of guanine.
Guanine combines by hydrogen bonding with cytosine, both of which are complementary
nitrogenous bases, whereas 8-oxoguanine can combine with adenine, which leads to a
point mutation [64]. Guanine-related disorders are an example of changes that can arise
due to other nitrogenous bases that build DNA or RNA. Depending on the correlations
between vitamin intake and the intensity of cytosine and uridine signaling observed in the
present study, and the findings regarding guanine and DNA damage, it seems that a higher
intake of these vitamins may have an indirect effect on reducing oxidative stress.

In the present study, negative relationships were observed between the intake of me-
thionine and vitamin B12 and the signal intensity of hydroxypropionic acid. In metabolomics
studies related to exposure to various compounds, no changes in the signal intensity of this
metabolite were observed, but such changes have been reported in people with various
types of cancer. A high urinary concentration of hydroxypropionic acid is a diagnostic
biomarker of bladder and colorectal cancer [65,66]. In a study by Ikeda et al. [67], the signal
intensity of hydroxypropionic acid in the serum was higher in gastric cancer patients com-
pared with the control group. The IARC has classified iAs as carcinogens and indicated that
iAs exposure can lead to lung, urinary bladder, and skin cancers [14]. In addition, studies
have reported that long-term iAs exposure is associated with an increased risk of illness
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or increased mortality from gastric and colorectal cancers, especially in high-exposure
regions [68,69]. Therefore, hydroxypropionic acid may be one of the potential biomarkers
of cancers, whose risk of development is increased in people exposed to iAs. These findings,
as well as the negative correlations between iAs intake and this metabolite observed in the
present study, suggest the need for further research.

In the present study, a positive relationship between folate and zinc intake and the
signal intensity of 3-mercaptolactic acid was observed. This metabolite is involved in the
cysteine metabolism pathway, and its high signal intensity may suggest the intensification
of changes in this pathway. Only a few studies have been conducted on this metabolite, but
it seems that cysteine is involved in the metabolism of As, as suggested by the results of a
study by Garcia-Sevillano et al. [44]. In this study, using an animal model exposed to iAs,
an increased signal intensity of cysteine was observed in the liver [44]. Spratlen et al. [46]
reported a positive association of cysteine with the percentage of DMA and a negative
association with the percentages of MMA and iAs, as well as with diabetes-related adverse
outcomes. However, a regression analysis did not confirm these associations. These authors
suggested that as cysteine is part of glutathione, its increased intensity may reflect the
need for increased glutathione synthesis. Other studies showed that a higher cysteine
intake is associated with increased urinary tAs excretion [70] and with lower percentages of
urinary iAs and a higher quantity of first methylation steps (MMA:iAs) [71]. The positive
relationship between folate and zinc intake and the signal intensity of 3-mercaptolactic
acid, with an indirect relationship with cysteine, may suggest that their higher intake may
be a modulator of iAs metabolism.

Negative relationships were observed between the intake of vitamins B2, B6, and
B12 and the signal intensity of N-acetylneuraminic acid. In another study, both the signal
intensity and concentration of N-acetylneuraminic acid were higher in the plasma of
coronary artery disease patients, and the authors indicated this metabolite as a possible
marker of this disease’s progression [72]. Lee et al. [73] conducted a meta-analysis revealing
that urinary N-acetylneuraminic acid was associated with a higher risk of lung cancer;
hence, these authors also indicated this metabolite as a potential biomarker of this disease.
In addition, an increased concentration of N-acetylneuraminic acid in the urine has been
observed in patients with diabetic nephropathy [74] and renal diseases [75]. These findings
indicate that the upregulation of N-acetylneuraminic acid is related to coronary artery
diseases, diabetic nephropathy, renal diseases, and lung cancer. These diseases can also
develop as a result of exposure to iAs [8,9,14,76]. Given the results of these studies, in which
a relationship between N-acetylneuraminic acid, the occurrence of the aforementioned
disease, and iAs exposure was observed, it seems that vitamins B2, B6, and B12, being
cofactors of many processes, can modulate the rate of many changes in their development.

In the present study, negative relationships were observed between the intake of
methionine, vitamin B6, folate, and zinc and the signal intensity of urocanic acid. A higher
signal intensity of this metabolite was observed in the WH group than in the WN group.
In the metabolomics studies available in the literature, different results were reported:
a lower signal intensity of urocanic acid in the urine was observed in psoriasis patients
and atopic asthmatic children [77,78], whereas a higher signal intensity was observed in
patients with endometrial carcinoma [79]. Urocanic acid is found in the skin, and it can be
converted from the trans form to the cis form under the influence of ultraviolet radiation. It
can have both beneficial and adverse effects on the body, for example, cis-urocanic acid
can reduce cell-mediated immunity, leading to the development of skin cancer. However,
due to urocanic acid’s acidifying properties towards the cytosol of cancer cells, it can be
used to treat some cancers [80]. In studies on human participants, keratinocytes led to
cis-induced reactive oxygen species generation, lipid oxidation, increased cytokine protein
production, and the upregulation of genes associated with apoptosis, cell growth arrest,
cytokine synthesis, and oxidative stress [81,82]. Exposure to iAs (through drinking water)
increases the risk of skin lesions [83,84], and many studies have focused on a deeper
understanding of the mechanisms of As-induced skin lesions and cancers [85,86]. The
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findings of studies on human keratinocytes, the relationship between iAs exposure and
skin lesions, and the relationship between the intake of methionine, vitamin B6, folate, and
zinc and the signal intensity of urocanic acid observed in the present study indicate the
need for further research in this area.

Considering the observed negative correlations, it can be presumed that higher intakes
of methionine; vitamins B2, B6, and B12; folate; and zinc, through their influence on the
metabolism of iAs, may also have an indirectly beneficial effect by reducing the severity
of the adverse effects of iAs exposure. Figure 2 summarizes the observed relationships
between nutrient intake and potential adverse health effects associated with the putatively
annotated metabolites.

oxidative
stress

diabetes
mellitus
DNA 4
damage 2
o
5 s
2 K
L E<
% S = ¥
%%, 8z S
LN £ o &
LS00 5w T
o % S S
"/o\t& g- : o > energy
skin lesions 0,4‘ % H Ky £ metabolism,
and cancers <3 % s = inflammation,
<. %, oncometabolite
. v
e{/,,ohln % & *
2j e, |
"€ Wiy, . 8 a8

association between
nutrients intake

vs. signal intensity
: vit. B2, B6, B12, folate lucuronidation,
of 11 metabolites with D-glucuronic acid i Qmanu diseases

and potential
health effects

many vit. B2, B6, B12
diseases € ith N-acetyl-neuraminic acid

7,

¢ ¢ 8
\Q?‘i"\& h’,”' j %, &
& e‘ﬁ § < "'27/ 2
RS N Lol e
~
™ SF £
& §.L @
< & ) :
Y £5 % a
L8 % DNA
g g: ‘% damage
metabolism = %
iAs § <
v ]
cancers NS
damage

Figure 2. Association between intake of nutrients involved in iAs metabolism vs. putatively annotated
metabolites and related potential negative health effects. Abbreviations: DNA—deoxyribonucleic

acid; iAs—inorganic arsenic; vit.—vitamin.

4.3. Strengths and Limitations
The strengths and limitations of this study should be considered while interpreting its
results, which are listed below.
Strengths:
The determination of urinary tAs concentration using well-developed methods;
The analysis of several nutrients involved in As metabolism;
Comprehensive analysis of the metabolic profile of workers exposed to iAs (not only
urinary As metabolites), which allows for a deeper understanding of the mechanisms
that occur during exposure;
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e  First study to combine the amount of nutrient intake and metabolomics data, which
may fill the research gap and provide a direction for further research.

Limitations:

o  This study only included men; thus, the results cannot be generalized to the entire
population;

e  The analysis solely concerned exposure to iAs, without considering the exposure to
other compounds that could have influenced the results;

e The disadvantages related to 3-day dietary records hampered the acquirement of
certain findings, and include: an underestimation of intake; the failure to account for
the seasonality of intake; possible differences between the 3-day records and typical
consumption; the fact that the analysis of the consumption of nutrients was based
solely on diet, not including dietary supplements (48.3% of the respondents declared
their use); and the consumption of rice, seafood, and fish, which may have interfered
with the results due to their high As content (however, only 22.4% declared consuming
fish in the last 48 h);

e  Only one urine sample was taken from each participant (no multiple measurements/serial
exposure data);

e  Urinary concentrations of DMA and MMA were not determined.

Some of these limitations might have led to the underestimation of the relationship
between the intake of nutrients and the putatively annotated metabolites. This research is a
starting point and can serve as a groundwork for future studies.

5. Conclusions

Between the two groups of copper-smelting workers, namely, WN and WH, differences
in their metabolic profiles were observed. Compared with the WN group, five pathways
(the metabolism of amino acids, carbohydrates, glycans, vitamins, and nucleotides) with
twenty-five putatively annotated metabolites were found to be increased in the WH group.
In both study groups, negative correlations were observed between the intake of methionine;
vitamins B2, B6, and B12; folate; and zinc and the signal intensity of the putatively annotated
metabolites. Considering these correlations, it seems that a higher nutrient intake may
reduce the severity of the adverse processes and disorders associated with iAs exposure.
The findings of the present study indicate the need to educate the participants about the
intake level of nutrients involved in the metabolism of iAs. These findings may contribute
to further considerations during the development of dietary recommendations for people
exposed to iAs. If the results of these analyses are confirmed in further studies, changes in
diet could be the basis for reducing the adverse effects of exposure to iAs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /metabo13010070/s1, Table S1: Dietary intake of selected nutrients
involved in iAs metabolism regarding to the EAR norm.
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nie otrzymano zwrotu dokumentu. Zgodnie ze stanem mojej wiedzy w tym zakresie
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oznaczania stgzenia arsenu w moczu i wykonanie oznaczefi, pozyskanie materialu
biologicznego, akceptacje merytoryczng artykutu.
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uzyskanych wynikéw, wspotudziale w tworzeniu baz danych oraz na wspéludziale w
redagowaniu manuskryptu.
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