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2. Streszczenie

Wstep

Reaktywne formy tlenu (RFT) i wolne rodniki uczestnicza w wielu procesach
metabolicznych. W warunkach fizjologicznych utrzymuje si¢ réwnowaga pomiedzy
wytwarzaniem a neutralizowaniem RFT. Jednakze zaburzenie tej rownowagi moze
powodowac niepozgdane dla organizmu skutki.

Gruczot tarczowy jest narzadem, w ktorym procesy oksydacyjne odgrywaja wazna
role i sg niezbedne m.in. do syntezy hormonéw tarczycy. Z tego wzgledu gruczot tarczowy
charakteryzuje si¢ stalym wysokim poziomem stresu oksydacyjnego, ktory moze by¢
dodatkowo zwigkszany w odpowiedzi na rozne egzo- i endogenne substancje (prooksydanty) i
przyczynia¢ si¢ wowczas do roznych stanéw chorobowych, na przyktad raka tarczycy.

Jod jest pierwiastkiem niezbednym do prawidlowego funkcjonowania organizmu.
Jego kluczowg rolg jest udziat w syntezie hormonoéw tarczycy. Oszacowano fizjologiczne
stezenie jodu w gruczole tarczowym, ktére w warunkach odpowiedniej podazy wynosi ok.
9 mM. Niedoboér jodu moze powodowac powazne skutki zdrowotne, m.in. powstanie wola lub
niedoczynnos$¢ tarczycy, a jesli jest stwierdzany u ci¢zarnych — takze zaburzenia rozwoju
ptodu. Dlatego tak wazna jest odpowiednia suplementacja jodu, ktéra zapewnia odpowiednia
syntez¢ hormondéw tarczycy, zmniejsza czgsto$¢ wystepowania wola i1 zmienia dystrybucje
poszczegoblnych postaci raka tarczycy z obnizeniem odsetka postaci o gorszym rokowaniu.

Jodowanie soli kuchennej jest w wielu krajach najpopularniejszag metoda profilaktyki
niedoboru jodu. Swiatowe programy suplementacji jodu polegaja na dodawaniu do soli
kuchennej jodku potasu (KI) albo jodanu potasu (KIOs3). Zwiazki te charakteryzujg si¢
roznymi wiasciwosciami oksydacyjnymi — Kl jest mniej reaktywny, podczas gdy KlOs
wykazuje silniejsze wilasciwosci prooksydacyjne. Mimo to KIOs uzyskat status ,,GRAS”
(generally recognized as safe — generalnie uznany za bezpieczny), nadawany przez FDA
(Food and Drug Administration). Jednakze w pewnych eksperymentalnych warunkach in
vitro KIlOs wykazywat zdolno$¢ do oksydacyjnych uszkodzen makroczasteczek
biologicznych.

Zwiazki indolowe, z ich glownym reprezentantem melatoning (5-metoksy-N-
acetyltryptaming), sa efektywnymi antyoksydantami i zmiataczami wolnych rodnikéw. Kwas

indolo-3-propionowy (IPA) jest substancja indolowa, podobng do melatoniny pod wzglgdem



struktury chemicznej i wiasciwo$ci biochemicznych. Oba te zwigzki sg uznawane za
bezpieczne i nie wykazuja istotnych dziatan ubocznych.

W licznych badaniach udowodniono, ze melatonina wykazuje dzialanie ochronne
wobec eksperymentalnie wyindukowanych oksydacyjnych uszkodzen lipidow bton
komorkowych w réznych tkankach, ze szczegolnym uwzglednieniem gruczotu tarczowego.
Melatonina wptywa réwniez hamujaco na wzrost i czynnos$¢ tarczycy. Z tego powodu moze
by¢ uznawana jako potencjalny czynnik ochronny przed ro6znymi chorobami tarczycy,

wlacznie z nowotworami tego gruczotu.

Cel pracy

Pierwszym celem pracy byla ocena potencjalnego dziatania ochronnego melatoniny
przed oksydacyjnymi uszkodzeniami lipidow blon komdrkowych (czyli peroksydacja lipidow
— LPO) indukowanymi przez Kl oraz KIOs w homogenatach tarczycy wieprzowej (praca
oryginalna 1: Iwan P, Stepniak J, Karbownik-Lewinska M. Melatonin reduces high levels
of lipid peroxidation induced by potassium iodate in porcine thyroid. Int J Vitam Nutr
Res. 2021;91:271-277).

Nastgpnym celem pracy bylo zbadanie ochronnego efektu kwasu indolo-3-
propionowego (IPA) oraz efektow tacznego zastosowania melatoniny i IPA (w najwyzszych,
mozliwych do uzyskania w warunkach in vitro, stezeniach, wynikajacych z ich ograniczonej
rozpuszczalno$ci) przed peroksydacja lipidow wyindukowang przez KIO3z w homogenatach

tarczycy wieprzowej (praca oryginalna 2: Ilwan P, Stepniak J, Karbownik-Lewinska M.

Cumulative Protective Effect of Melatonin and Indole-3-Propionic Acid against KI1Os-
Induced Lipid Peroxidation in Porcine Thyroid. Toxics. 2021;9:89).

W ostatniej czgsci pracy poréwnywano ochronne dziatanie melatoniny przed
wyindukowanymi przez KIOz oksydacyjnymi uszkodzeniami lipidow bton komorkowych w
tkance tarczycy 1 w innych tkankach zwierzecych (tj. jajnik, §ledziona, watroba, mozg, jelito

cienkie i nerka) (praca oryginalna 3: Iwan P, Stepniak J, Karbownik-Lewinska M. Pro-

Oxidative Effect of KIOs and Protective Effect of Melatonin in the Thyroid-Comparison
to Other Tissues. Life (Basel). 2021;11:592. Erratum in: Life (Basel). 2022 Jul 07;12(7)).

Materialy i metody
Badania zostaly przeprowadzone w warunkach in vitro, z uzyciem homogenatow

tkanek wieprzowych (tarczyca (we wszystkich pracach oryginalnych: 1, 2, 3) oraz

dodatkowo: jajnik, sledziona, watroba, mdzg, jelito cienkie i nerka (praca oryginalna 3)).




Uzyte stezenia KI (500; 250; 100; 50 mM), KlOz (200; 100; 50; 25; 20; 18.75; 17.5;
16.25; 15; 13.75; 12.5; 11.25; 10; 8.75; 7.5; 5.0; 2.5; 1.25 mM), melatoniny (5.0; 2.5; 1.25;
1.0; 0.625 mM), 17B-estradiolu (1.0 mM) oraz IPA (10; 7.5; 5.0; 2.5; 1.25; 0.625 mM) zostaly
wybrane na podstawie wynikOw wczesniej opublikowanych badan naszego zaktadu
(Karbownik et al., J Cell Biochem 2003, 90, 806-811; Karbownik et al., J Cell Biochem
2005, 95, 131-138; Milczarek et al., Thyroid Res 2013, 6, 10; Karbownik-Lewinska et al.,
Eur J Nutr 2015, 54, 319-323; Stepniak et al., Syst Biol Repred Med 2016, 62, 17-21).

Stezenie  dialdehydu malonowego+4-hydroksyalkenali (MDA+4-HDA), jako
wskaznika peroksydacji lipidow, zmierzono spektrofotometrycznie z uzyciem ALDetect Lipid
Peroxidation Assay Kit.

Wyniki poddano analizie statystycznej, uzywajac metody jednoczynnikowej analizy
wariancji (ANOVA), a nastepnie testu Neuman-Keulsa, lub uzywajac t-testu dla dwadch prob
niezaleznych. Istotno$¢ statystyczng okreslano na poziomie p<0.05. Wyniki przedstawiono

jako $rednie + SE.

Wyniki

Praca oryginalna 1

Jodek potasu (KI), we wszystkich uzytych stg¢zeniach (tj. 500; 250; 100; 50 mM) i w
stopniu zaleznym od stezenia, spowodowatl wzrost poziomu peroksydacji lipidéw. Takze
jodan potasu (K103) podwyzszyt poziom peroksydacji lipidow we wszystkich zastosowanych
stezeniach (tj. 200; 100; 50; 25; 10; 5.0; 2.5 mM), przy czym najsilniejszy efekt uszkadzajacy
zaobserwowano przy stezeniach 10 mM i 25 mM. Po inkubacji homogenatow tarczycy z
KIO3 lub KI tgcznie z melatoning (5.0 mM), istotne obnizenie poziomu peroksydacji lipidow
bylo zauwazalne jedynie w przypadku KIOs uzytego w stezeniu 10 mM.

Poniewaz w powyzszym modelu nie odnotowano ochronnego dziatania melatoniny
przed peroksydacja lipidow wyindukowang przez KI, w kolejnych etapach doswiadczenia
wykorzystywano jedynie KIO:s.

W dalszej czgséci do§wiadczenia zastosowano dodatkowe stezenia KIO3 (tj. 20; 15; 7.5;
1.25 mM) aby wyjasni¢ niespodziewane wyniki uzyskane w pierwszym etapie badania. Po
uzyciu dodatkowych stezen KIOgz, najsilniejszy efekt uszkadzajacy lipidy bton komérkowych
obserwowano przy stezeniach KIOs zblizonych do 15 mM, z najwyzszym poziomem LPO
potwierdzonym dla stezen 15 mM i 20 mM.

Melatonina, w stopniu zaleznym od stezenia, zredukowata wyindukowana przez KiOs

peroksydacje lipidow, ale tylko wowczas, gdy ten prooksydant byt zastosowany w stezeniach



10 mM (melatonina uzyta w stezeniach: 5.0 mM i 2.5 mM dziatata ochronnie) i 7.5 mM
(melatonina uzyta w stezeniach: 5.0; 2.5; 1.25 i 1.0 mM dziatata ochronnie). Nalezy
podkresli¢, ze powyzsze stezenia KIO3 (tj. 10 mM i 7.5 mM) odpowiadaja fizjologicznemu
stezeniu jodu w tarczycy (wyliczonemu na ok. 9 mM).

Inkubacja homogenatow tarczycy wieprzowej jedynie z melatoning zastosowang w
stezeniach 5.0; 2.5; 1.25; 1.0; 0.625 mM nie zmienita podstawowej peroksydacji lipidow.

W dalszej czgsci badania zdecydowalismy si¢ poréwnaé efekt ochronny melatoniny z
potencjalnym dziataniem ochronnym innej znanej substancji antyoksydacyjnej — 17B-
estradiolu. 17B-estradiol, uzyty w stezeniu 1.0 mM bedacym najwyzszym st¢zeniem
mozliwym do uzyskania w warunkach in vitro, nie wykazywal korzystnych efektow wobec
indukowanej przez K10z peroksydacji lipidéw, podczas gdy melatonina, zastosowana w tym
samym st¢zeniu (tj. 1.0 mM), istotnie obnizyta poziom peroksydacji lipidow wyindukowanej
przez KIOz (7.5 mM).

Praca oryginalna 2

W Eksperymencie I, IPA (10 mM) i melatonina (5.0 mM) uzyte osobno, obnizyty
poziom peroksydacji lipidow wyindukowanej przez KIOs w stezeniach 10 mM, 7.5 mM i
5.0 mM. Jednakze w Eksperymencie II, po zastosowaniu dodatkowych stezen KIO3
wykazano, ze IPA wywotuje efekt ochronny przy wyzszych stezeniach jodanu potasu
(16.25 mM) w poréwnaniu z efektem ochronnym melatoniny (istotne obnizenie LPO przy
stezeniu KIO3 15 mM).

Dodatkowo, efekt ochronny wywolany przez IPA byt silniejszy w porownaniu z
dziataniem wywotanym przez melatoning przy st¢zeniach KIO3z 13.75 mM i nizszych.

Jednak najwazniejsza obserwacja bylo, ze melatonina uzyta tacznie z IPA wykazywata
silniejsze dzialanie niz kazdy z antyoksydantow zastosowany osobno. Efekt ten byl widoczny
przy ste¢zeniach KIO3 15 mM i 10 mM (w Eksperymencie I), a po uzyciu dodatkowych stezen
w Eksperymencie Il w zakresie stgzen od 18.75 mM do 8.75 mM. Ten kumulacyjny efekt
ochronny melatoniny+IPA byt szczeg0lnie zauwazalny przy wyzszych stgzeniach KIOs, tj.
przy 18.75mM i 17.5mM, przy ktérych ani melatonina, ani IPA uzyte osobno nie
wykazywaty dziatania protekcyjnego.

Podobnie jak wykazano w pracy oryginalnej 1, takze w omawianym badaniu
potwierdzono, ze melatonina nie zmienia podstawowej peroksydacji lipidéw, podczas gdy

zarowno IPA, jak i melatonina+IPA obnizyly podstawowg peroksydacje lipidow.



Praca oryginalna 3

Poziom podstawowej peroksydacji lipidow byt nizszy w tkance jajnika niz w
pozostaltych badanych tkankach, co potwierdzono statystycznie w odniesieniu do tkanki
tarczycy, $ledziony, watroby i nerki. Z kolei poziom podstawowej peroksydacji lipidow byt
wyzszy w $ledzionie niz w innych tkankach (istotno$¢ statystyczna w poréwnaniu z tkankg
tarczycy, jajnika i nerki). Inkubacja w obecno$ci melatoniny obnizyta poziom podstawowej
peroksydacji lipidow jedynie w tkance jajnika.

Porownujgc efekt dziatania KIOs na homogenaty tkanek wieprzowych
zaobserwowano, ze KIOs zwigksza poziom peroksydacji lipidow we wszystkich badanych
tkankach (tj. tarczycy, jajniku, Sledzionie, watrobie, mézgu, jelicie cienkim, nerce), Z
najsilniejszym efektem uszkadzajacym stwierdzanym przy stezeniach KIO3 20 mM, 15 mM i
10 mM. Nalezy jednak podkresli¢, ze w tkance tarczycy nie stwierdzono efektu
uszkadzajacego przy najnizszym stezeniu KIO3 — 5.0 mM. Ponadto poziom LPO indukowany
przez KIOs w stezeniach 10 mM i 7.5 mM byl istotnie nizszy w tarczycy niz W innych
badanych tkankach (wytaczajac tkankeg nerki).

Melatonina (w stezeniu 5.0 mM) obnizyta indukowang przez KIOz (10 mM, 7.5 mM i
5.0 mM) peroksydacje lipidow we wszystkich badanych tkankach. Wazng obserwacjg jest to,
ze w gruczole tarczowym melatonina wykazywata dziatanie ochronne takze przy wyzszym
stezeniu KlOgz, tj. 15 mM. Poziom LPO po inkubacji w obecnos$ci KIOs+melatonina byt
istotnie nizszy w gruczole tarczowym niz w innych badanych tkankach. Dwie ostatnie

obserwacje sugeruja, ze ochronny efekt melatoniny byt najsilniejszy w tkance tarczycy.



WNIOSKI

1. Melatonina i kwas indolo-3-propionowy bardzo wyraznie obnizaja poziom
oksydacyjnych uszkodzen lipidow blon komérkowych spowodowanych
dzialaniem jodanu potasu (KIO3) uzytego w stezeniach odpowiadajacych

fizjologicznym stezeniom jodu w tarczycy.

2. Melatonina i kwas indolo-3-propionowy wywieraja kumulacyjny efekt ochronny
przed oksydacyjnymi uszkodzeniami lipidow blon komoérkowych tkanki tarczycy
wywolanymi przez KIO3 uzyty w stezeniach odpowiadajacych fizjologicznym
stezeniom jodu w tarczycy; sugeruje to, Ze te dwie substancje indolowe powinny
by¢ stosowane jednoczesnie w celu uzyskania lepszego efektu ochronnego przed

stresem oksydacyjnym.

3. W poréwnaniu z innymi tkankami, gruczol tarczowy jest mniej wrazliwy na
prooksydacyjne dzialanie KIO3. Z drugiej strony, najsilniejsze dzialanie
ochronne melatoniny wykazano wlasnie w tkance tarczycy, co sugeruje, ze

gruczol ten skuteczniej odpowiada na antyoksydacyjne dzialanie melatoniny.

WNIOSEK OGOLNY

Melatonina i kwas indolo-3-propionowy, w szczeg6lnosci przyjmowane jednoczes$nie,
powinny byé rozwazane w celu zapobiegania mozliwym uszkodzeniom oksydacyjnym
w gruczole tarczowym (a takze w innych tkankach) wywolanym przez zwiazki jodu

stosowane w profilaktyce jodowej.
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4. Streszczenie w jezyku angielskim — Summary

Introduction

Reactive oxygen species (ROS) and free radicals participate in metabolic processes.
Under physiological conditions, there is a balance between production and detoxification of
ROS. Any imbalance between these processes may result in different pathological conditions.

The thyroid gland is an organ of “oxidative nature”, in which oxidative processes are
necessary for example for thyroid hormone biosynthesis. For this reason, the thyroid gland is
characterized by high level of oxidative stress, which — in response to additional oxidative
abuse caused by exogenous or endogenous pro-oxidants — may lead to different thyroid
diseases, including thyroid cancer.

lodine is a micronutrient playing an essential role in thyroid hormone synthesis. Under
normal iodine supply, calculated physiological iodine concentration in the thyroid is approx.
9 mM. Its deficiency may lead to goiter formation and — in case of severe iodine deficiency —
to hypothyroidism, and in pregnant patients — to impaired infant neurobehavioral
development. Correction of iodine deficiency may ensure adequate thyroid hormone
synthesis, decrease the prevalence of goiter and shift thyroid cancer subtypes towards a less
malignant form.

To eliminate iodine deficiency, iodized salt is used in most countries in iodine
prophylaxis. Programs of salt iodization are based on the use of either potassium iodide (KI)
or potassium iodate (KIOz). These two main iodine compounds have different pro- and
antioxidative properties. Kl is less reactive whereas KIOs reveals stronger oxidizing
properties. Despite this, KIO3 has GRAS (“generally recognized as safe”) status given by
Food and Drug Administration (FDA). However, KIOs was found to reveal oxidative damage
to macromolecules under certain experimental in vitro conditions.

Indole substances, with their main representative melatonin (5-methoxy-N-
acetyltryptamine), are very effective antioxidants and free radical scavengers. Indole-3-
propionic acid (IPA) is another indole substance, similar in structure and biochemical
properties to melatonin. Both are safe and it is generally accepted that they do not reveal side
effects.

Melatonin has been shown to prevent experimentally-induced oxidative damage to
macromolecules in different tissues, among others in the thyroid gland. This substance also
inhibits thyroid growth processes. For this reason it should be considered as a potential

protective agent against thyroid diseases, thyroid cancer included.
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Aims of the study
The first aim of the study was to evaluate potential protective effects of melatonin
against oxidative damage to membrane lipids (lipid peroxidation) induced by either KIOz or

KI in porcine thyroid homogenates (original paper 1: Iwan P, Stepniak J, Karbownik-

Lewinska M. Melatonin reduces high levels of lipid peroxidation induced by potassium
iodate in porcine thyroid. Int J Vitam Nutr Res. 2021 Jun;91(3-4):271-277).

The subsequent aim was to analyze the protective effect of indole-3-propionic acid
(IPA) and the cumulative effect of melatonin+IPA (in their highest achievable in vitro
concentrations resulting from their limited solubility) against lipid peroxidation caused by
KIOs in porcine thyroid homogenates (original paper 2: lwan P, Stepniak J, Karbownik-

Lewinska M. Cumulative Protective Effect of Melatonin and Indole-3-Propionic Acid
against KlOs-Induced Lipid Peroxidation in Porcine Thyroid. Toxics. 2021 Apr
21;9(5):89).

At the last step protective effects of melatonin against KIOs-induced oxidative damage
to membrane lipids in the thyroid were compared to those ones found in various other porcine
tissues, such as the ovary, the spleen, the liver, the brain, the small intestine, and the kidney

(original paper 3: Iwan P, Stepniak J, Karbownik-Lewinska M. Pro-Oxidative Effect of

K103 and Protective Effect of Melatonin in the Thyroid-Comparison to Other Tissues.
Life (Basel). 2021 Jun 21;11(6):592. Erratum in: Life (Basel). 2022 Jul 07;12(7)).

Materials and methods
The studies were performed in in vitro conditions using homogenates of porcine

tissues (the thyroid gland (in all original papers: 1, 2 and 3), and additionally the ovary, the

spleen, the liver, the brain, the small intestine, and the kidney (original paper 3)).

The concentrations of KI (500; 250; 100; 50 mM), KIO3 (200; 100; 50; 25; 20; 18.75;
17.5; 16.25; 15; 13.75; 12.5; 11.25; 10; 8.75; 7.5; 5.0; 2.5; 1.25 mM), melatonin (5.0; 2.5;
1.25; 1.0; 0.625 mM), 17R-estradiol (1.0 mM) and IPA (10; 7.5; 5.0; 2.5; 1.25; 0.625 mM)
were chosen on the basis of the results of previous studies (Karbownik et al., J Cell Biochem
2003, 90, 806-811; Karbownik et al., J Cell Biochem 2005, 95, 131-138; Milczarek et al.,
Thyroid Res 2013, 6, 10; Karbownik-Lewinska et al., Eur J Nutr 2015, 54, 319-323; Stepniak
et al., Syst Biol Reprod Med 2016, 62, 17-21).
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The concentrations of malondialdehyde+4-hydroxyalkenals (MDA+4-HDA), as an
index of lipid peroxidation, were measured in homogenates spectrophotometrically with the
use of ALDetect Lipid Peroxidation Assay Kit.

The data were statistically analyzed, using a one-way analysis of variance (ANOVA),
followed by the Student-Neuman-Keuls’ test, or using an unpaired t-test. Statistical

significance was determined at the level of p < 0.05. Results are presented as means + SE.

Results
Original paper 1

Potassium iodide (K1), in all used concentrations (i.e. 500; 250; 100; 50 mM), did
increase lipid peroxidation in concentration-dependent manner. Potassium iodate (K10O3) did

increase lipid peroxidation in all used concentrations (i.e. 200; 100; 50; 25; 10; 5.0; 2.5 mM)
with the strongest damaging effect to membrane lipids at concentrations of 10 mM and 25
mM. When thyroid homogenates were incubated in the presence of either Kl or KIO3 plus
melatonin (5.0 mM), significant reduction of lipid peroxidation was observed only when KIO3
was used at the concentration of 10 mM.

As in the above experiment melatonin did not protect against Kl-induced lipid
peroxidation, in next steps we used only KlOz.

In the subsequent experiment we decided to use additional concentrations of KI1O3 (i.e.
20; 15; 7.5; 1.25 mM) to clarify unexpected results obtained in the first step of experiments.
After using additional concentrations of KIOgz, the strongest damaging effect to membrane
lipids was observed for KIO3 concentration of around 15 mM with the highest LPO level
confirmed for concentrations of 15 mM and of 20 mM.

Melatonin reduced, in concentration-dependent manner, KlOs-induced lipid
peroxidation, but only when this pro-oxidant was used at concentrations of 10 mM (melatonin
was protective in concentrations of 5.0 mM and 2.5 mM) or of 7.5 mM (melatonin was
protective in concentrations of 5.0; 2.5; 1.25; 1.0 mM); it should be recalled that KIOs
concentrations of 10 mM and of 7.5 mM correspond to physiological iodine concentrations in
the thyroid (calculated as approx. 9 mM).

The incubation of porcine thyroid homogenates in the presence of melatonin only (in
concentrations of 5.0; 2.5; 1.25; 1.0; 0.625 mM) did not change the basal lipid peroxidation.

In the present study we decided to compare protective effects of melatonin with a
well-known endogenous antioxidant — 17R-estradiol. 17R-estradiol, used at the concentration

of 1.0 mM, being the highest possible concentration to be used in our model (due to its limited
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solubility), did not cause any protective effects against KlOs-induced lipid peroxidation,
whereas melatonin, used in the same concentration of 1.0 mM, reduced lipid peroxidation
induced by KIO3 (7.5 mM).

Original paper 2

In the Experiment I, IPA (10 mM) and melatonin (5.0 mM), applied separately,
reduced KIOs-induced lipid peroxidation when this pro-oxidant was used at concentrations of
10 mM, 7.5mM or 50 mM. However, in Experiment Il with the use of additional
concentrations of KIOs, IPA revealed protective effects against higher concentration of KIO3
(16.25 mM) than melatonin did (KI1Os in the concentration of 15 mM).

Additionally, protective effects of IPA were stronger than those of melatonin against
oxidative damage caused by KIOz at concentrations of 13.75 mM or lower.

The most important observation is that melatonin used together with IPA revealed
stronger protective effects than each of these antioxidants used separately, but only when lipid
peroxidation was induced by KIOz in concentrations of 15 mM and 10 mM (Experiment 1) or
in the range of concentrations from 18.75 mM to 8.75 mM (Experiment 11). These cumulative
protective effects of melatonin+IPA are especially evident at higher KIO3 concentrations, i.e.,
18.75 mM and 17.5 mM, against which no protection was seen when either melatonin or IPA
were used separately.

It has also been observed that melatonin did not change the basal lipid peroxidation,
whereas IPA or IPA+melatonin decreased the basal lipid peroxidation.

Original paper 3

The basal level of LPO was lower in the ovary than in all other tissues, which was
statistically confirmed for the thyroid, spleen, liver, and kidney. In turn, the basal level was
higher in the spleen than in other tissues, which was statistically confirmed for the thyroid,
ovary, and kidney. The incubation with melatonin decreased the basal level of lipid
peroxidation only in ovary tissue.

KIOs increased lipid peroxidation in all examined tissues (i.e., the thyroid, the ovary,
the spleen, the liver, the brain, the small intestine, and the kidney) with the strongest
damaging effect observed at concentrations of 20 mM, of 15 mM, and of 10 mM. It should be
stressed, however, that in thyroid tissue the damaging effect of KIO3z was not observed at its

lowest concentration of 5.0 mM. Additionally, lipid peroxidation induced by KIOs at

14



concentrations of 10 mM and 7.5 mM was significantly lower in the thyroid than in other

examined tissues (except the kidney).

Melatonin (5.0 mM) reduced KIOs-induced lipid peroxidation in all examined tissues

when this pro-oxidant was used at concentrations of 10 mM, 7.5 mM and 5.0 mM. An

important observation is that in the thyroid gland, melatonin revealed a protective effect also

against a higher concentration of KlOg, i.e., 15 mM. The lipid peroxidation level resulting

from KIOs+melatonin treatment was lower in the thyroid than in other tissues. The latter two

observations suggest that the protective effect of melatonin was the strongest in the thyroid.

1.

3.

CONCLUSIONS

Melatonin and IPA are able to reduce very strong oxidative damage to
membrane lipids caused by KIOs when this compound is used in concentrations
close to physiological iodine concentrations in the thyroid.

Melatonin and IPA exert cumulative protective effects against oxidative damage
in the thyroid caused by KlOs, when this pro-oxidant is used in concentrations
close to physiological iodine concentrations in the thyroid; this suggests that these

two indoles should be administered simultaneously for more effective protection.

Comparing to other tissues the thyroid gland is less sensitive to pro-oxidative
effects of KIOzs; on the other hand, the strongest protective effects of melatonin
against KlOs-induced oxidative damage was observed in the thyroid, which
suggests that this endocrine gland responds more effectively to antioxidative

action of melatonin.

GENERAL CONCLUSION

Melatonin and IPA, especially when applied simultaneously, should be

considered to be used to avoid the potential damaging effects in the thyroid (but also in

other tissues) caused by iodine compounds applied in iodine prophylaxis.
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Melatonin reduces high levels of
lipid peroxidation induced by
potassium iodate in porcine thyroid
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Department of Oncological Endocrinology, Medical University of Lodz, Lodz, Poland
Polish Mother's Memorial Hospital — Research Institute, Lodz, Poland

Abstract: lodine is essential for thyroid hormone synthesis. Under normal iodine supply, calculated physiological iodine concentration in the
thyroid is approx. 9 mM. Either potassium iodide (KI) or potassium iodate (KIO3) are used in iodine prophylaxis. Kl is confirmed as absolutely
safe. KIO; possesses chemical properties suggesting its potential toxicity. Melatonin (N-acetyl-5-methoxytryptamine) is an effective
antioxidant and free radical scavenger. Study aims: to evaluate potential protective effects of melatonin against oxidative damage to
membrane lipids (lipid peroxidation, LPO) induced by Kl or KIO; in porcine thyroid. Homogenates of twenty four (24) thyroids were incubated in
presence of either Kl or KIO; without/with melatonin{& mM). As melatonin was not effective against Kl-induced LPO, in the next step only KO3
was used. Homogenates were incubated in presence of KOz (200; 100; 50; 25; 20; 15; 10; 7.5; 5.0; 2.5; 1.25 mM) without/with melatonin or
178-estradiol. Five experiments were performed with different concentrations of melatonin (5.0; 2.5; 1.25; 1.0; 0.625 mM) and one with
1783-estradiol (1.0 mM). Malondialdehyde + 4-hydroxyalkenals (MDA + 4-HDA) concentration (LPO index) was measured spectrophotomet-
rically. KlOz increased LPO with the strongest damaging effect (MDA + 4-HDA level: ~1.28 nmol/mg protein, p < 0.05) revealed at
concentrations of around 15 mM, thus corresponding to physiological iodine concentrations in the thyroid. Melatonin reduced LPO (MDA +
4-HDA levels: from =0.97 to ~0,76 and from ~0,64 to ~0,49 nmol/mg protein, p < 0.05) induced by KIO5 at concentrations of 10 mM or 7.5 mM.
Conclusion: Melatonin can reduce very strong oxidative damage to membrane lipids caused by KlO; used in doses resulting in physiological

iodine concentrations in the thyroid.

Keywords: Melatonin, potassium iodate, lipid peroxidation, thyroid, antioxidant

Introduction

Reactive oxygen species (ROS) and free radicals participate
in metabolic processes [1]. Under physiological conditions,
there is a balance between the production and detoxifica-
tion of ROS. Thyroid gland is an organ of “oxidative nature”
[2], in which oxidative processes are necessary, e.g. for thy-
roid hormone biosynthesis. In turn, an enhanced oxidative
stress, defined as an imbalance between oxidants and
antioxidants, may result in different thyroid diseases [2-5].

Iodine is a micronutrient that s essential for the synthesis
of thyroid hormones [6]. The only natural source of iodine is
the diet. Salt iodization is one of the safest and most effec-
tive methods of achieving iodine sufficiency across a popu-
lation [6, 7]. Either potassium iodide (KI) or potassium
iodate (KIO3) are used for salt iodization [8].

It has been documented that two main iodine com-
pounds, i.e. KI and KIO3, have different chemical proper-
ties, resulting in different pro-/anti-oxidative properties
[9]. KI is less reactive whereas KIO;z reveals stronger

© 2019 Hogrefe

oxidizing properties. This difference may be associated
with main chemical properties of these two compounds,
namely KI is the reductant whereas KIOj3 is the oxidant
and, as one of halogenate salts, it may react very easily with
oxidisable substances. Before IO;™ can be effectively used
in human body it should be reduced to I" [10]. Potassium
iodide may prevent oxidative damage to membrane lipids
in the thyroid gland when used in doses recommended in
iodine prophylaxis, although in higher concentrations
(>50 mM) it increased lipid peroxidation [11]. Additionally,
in the process of inducing oxidative stress, KI stimulates
simultaneously a well-known antioxidative enzyme, i.e. it
increases peroxiredoxin 3 protein expression, in Fischer
rat thyroid cell line [12]. In contrast, KIO; increased lipid
peroxidation in concentrations > 2.5 mM with the strongest
damaging effect at the concentration of 10 mM [11], which
corresponds to the physiological concentration of iodine in
the thyroid.

As previously mentioned, thyroid gland has the “oxida-
tive nature”, therefore the antioxidative defence system

Int J Vitam Nutr Res (2021), 91 (3-4), 271-277
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should prevent the build-up of excessive ROS (2, 4]. Differ-
ent exogenous antioxidants were founded to prevent
experimentally-induced oxidative damage to macro-
molecules in the thyroid [2], with melatonin being the first
antioxidant tested [13]; it is worth mentioning others, e.g.
indole-3-propionic acid (IPA) [14, 15], propylthiouracil
[14, 16], estrogens [17].

Melatonin  (N-acetyl-5-methoxytryptamine) is an
indoleamine produced mainly, but not exclusively, in the
pineal gland and possesses excellent antioxidative proper-
ties [18-26]. Its protective effects against oxidative damage
tomacromolecules have been confirmed in numerous stud-
ies [13-15, 18-20, 27-29]. However, melatonin effects are
concentration dependent. As it was documented recently,
this indoleamine may also reveal at certain concentrations
some prooxidative effects; melatonin at concentrations
lower than 100 puM induced lipid peroxidation, Band 3
protein expression, and cell shape alterations in human
erythrocytes [29]. However, according to the point of view
of most experts working on melatonin, this indoleamine
reveals almost exclusively antioxidative effects, and single
observations, such as mentioned above [29], should not
confirm its prooxidative nature.

It is worth mentioning that melatonin has been docu-
mented to reveal inhibitory effects on thyroid growth and
function [30-32].

The aim of the study was to evaluate potential protective
effects of melatonin against oxidative damage to mem-
brane lipids (lipid peroxidation) induced by either KIO; or
KIin porcine thyroid homogenates.

Materials and methods

Chemicals

Potassium iodide (KI), potassium iodate (KIO3), melatonin
and 17f3-estradiol were purchased from Sigma (St. Louis,
MO, USA). The ALDetect Lipid Peroxidation Assay Kit
was obtained from Enzo Life Sciences, Inc. (Zandhoven,
Belgium). All the used chemicals were of analytical grade
and came from commercial sources.

Animals

Porcine thyroids were collected from twenty four (24)
animals at a slaughter-house, frozen on solid CO; and
stored at -80° until assay. Each experiment was repeated
three to four times. Therefore, three to four tissue pools
were prepared, with six (6) thyroid glands used for each
homogenate pool.

Int J Vitam Nutr Res (2021), 91 (3-4), 271-277

Assay of lipid peroxidation

Thyroid tissue was homogenized in ice cold 20 mM
Tris-HCI buffer (pH 7.4) (10%, w/v) and then incubated
for 30 min at 37° in the presence of either KI (500; 250;
100; 50 mM) or KIO; (200; 100; 50; 25; 10; 5.0; 2.5 mM)
without or with addition of melatonin (5 mM).

As melatonin did not reveal any protective effect against
KlI-induced lipid peroxidation, in the next step only KIO;
was used.

In the next step thyroid homogenates were incubated in
the presence of KIO3 (200; 100; 50; 25; 20; 15; 10; 7.5;
5.0; 2.5; 1.25 mM) without/with addition of melatonin or
17R-estradiol. Five experiments were performed with
different concentrations of melatonin, i.e. 5.0; 2.5; 1.25;
1.0; 0.625 mM and one experiment with 17{-estradiol in
concentration of 1.0 mM.

The concentrations of KIand K105 [11], 1788-estradiol [17]
and melatonin [14] were chosen on the basis of the results of
our previous studies.

The reactions were stopped by cooling the samples onice.
Each experiment was run in duplicate.

Measurement of lipid peroxidation
products

The concentrations of malondialdehyde + 4-hydroxyalke-
nals (MDA +4-HDA), as anindex of lipid peroxidation, were
measured in thyroid homogenates, with the ALDetect Lipid
Peroxidation Assay Kit. The homogenates were centrifuged
at 5,000 x g for 10 min at 4°. After obtaining supernatant,
each experiment was carried out in duplicate. The super-
natant (200 pl) was mixed with 650 pl of a methanol:
acetonitrile (1:3, v/v) solution, containing a chromogenic
reagent, N-methyl-2-phenylindole, and vortexed. Follow-
ing the addition of 150 pl of methanesulfonic acid
(15.4 M), the incubation was carried out at 45° for 40 min.
The reaction between MDA + 4-HDA and N-methyl-2-
phenylindole yields a chromophore, which is spectrophoto-
metrically measured at the absorbance of 586 nm, using a
solution of 10 mM 4-hydroxynonenal as the standard. The
level of lipid peroxidation is expressed as the amount of
MDA + 4-HDA (nmol) per mg protein. Protein was mea-
sured using Bradford’s method [33], with bovine albumin
as the standard.

Statistical analyses

Results are expressed as means + SE. The data were statis-
tically analyzed, using a one-way analysis of variance
(ANOVA) followed by the Tukey’s test or unpaired t-test.
Normality of distribution was confirmed by the use of

© 2019 Hogrefe
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Figure 1. Lipid peroxidation, measured as MDA + 4-HDA level, in
homogenates prepared from twenty four (24) porcine thyroids,
incubated for 30 min in the presence of either Kl (500; 250; 100; 50
mM) or KIO3 (200; 100; 50; 25; 10; 5.0; 2.5 mM) with (striped bars) or
without (black bars) melatonin (5.0 mM). The experiment was repeated
three to four times. Therefore, three to four tissue pools were
prepared, with six (6) thyroid glands used for each homogenate pool.
Data are expressed as nmol/mg protein. Values are expressed as
mean * SE (error bars). *p < 0.05 vs. KIOz in the samé concentration
without melatonin. ®p < 0.05 vs. respective control. °p < 0.05 vs. any
other Kl concentration. °p < 0.05 vs. KIO3; at the concentration of 25
mM. “p < 0.05 vs. KIO; at the concentration of 10 mM. C - control.

Shapiro-Wilk test, whereas the equality of variance was
confirmed by the use of Levene’s test. The level of
p < 0.05 was accepted as statistically significant.

Results

Inthe present study we have chosen those concentrations of
KI (500; 250; 100; 50 mM) or KIO; (200; 100; 50; 25; 10;
5.0; 2.5 mM) which revealed stimulatory effects on lipid
peroxidation in thyroid homogenates in our previous study
[11]. Similarly to results of this previous study [11],
potassium iodide, in all used concentrations, did increase
lipid peroxidation in concentration-dependent manner
(Figure 1). In turn, potassium iodate did increase lipid
peroxidation in all used concentrations with the strongest
damaging effect to membrane lipids at concentrations of
10 mM and 25 mM (Figure 1).

When thyroid homogenates were incubated in the
presence of either KI or KIO; plus melatonin (5.0 mM),
significant reduction of lipid peroxidation was observed
only when KIO; was used at the concentration of 10 mM
(Figure 1).

As in the above experiment melatonin did not protect
against KI-induced lipid peroxidation, in next steps we used
only KIO3.

© 2019 Hogrefe

In the subsequent experiment we decided to use addi-
tional concentrations of KIO;z (i.e. 20; 15; 7.5; 1.25 mM) to
clarify unexpected results obtained in the first step of exper-
iments and in our previous study [11].

After using additional concentrations of KIO;, the stron-
gest damaging effect to membrane lipids was observed for
KIOj; concentration of around 15 mM (Figures 2-4) with the
highest LPO level confirmed for concentrations of 15 mM
and 20 mM (Figures 3 and 4).

Melatonin reduced, in concentration-dependent
manner, KIOz-induced lipid peroxidation, but only when
this prooxidant was used at concentrations of 10 mM or of
7.5 mM. Namely, melatonin, at concentrations of 5.0 mM
or 2.5 mM, decreased lipid peroxidation induced by
KIO; in concentrations either of 10 mM or of 7.5 mM
(Figure 2).

Lower concentrations of melatonin, i.e. 1.25 mM and
1.0 mM, decreased KIO;-induced lipid peroxidation but
only when this prooxidant was used at the concentration
of 7.5 mM (Figure 3). The lowest concentration of melatonin
used in our study, i.e. 0.625 mM, was not protective in our
model (Figure 3).

The incubation of porcine thyroid homogenates in the
presence of melatonin only (in concentrations of 5.0; 2.5;
1.25;1.0;0.625 mM) did not change the basal lipid peroxida-
tion (Figures 1-3).

In the present study we decided to compare protective
effects of melatonin with a well-known endogenous antiox-
idant - 17f-estradiol. 17f8-estradiol, used at the concentra-
tion of 1.0 mM, being the highest possible concentration
to be used in our model (due to its limited solubility), did
not cause any protective effects against KIO;-induced lipid
peroxidation (Figure 4), whereas melatonin, used in the
same concentration of 1.0 mM, reduced lipid peroxidation
induced by KIO3 (7.5 mM) (Figure 3).

Discussion

On the basis of experimental findings the concentration of
inorganic iodine in human or rat thyroid was calculated to
be approx. 9 mM [34-36]. Due to similarity between human
and porcine thyroid (volume, hormone synthesis, etc.) [37],
it may be estimated that iodine concentration in porcine
thyroid is at similar level. Such relatively high level of iodine
in the thyroid is expected, especially that much lower iodine
levels have recently been found in human placenta, i.e. 1.38
ng/g equal to approx. 10 uM [38] or in human blood serum,
i.e.99.1 pg/L equal to almost 1 uM [39]. It is worth empha-
sizing that the highest lipid peroxidation caused by KIO;
was observed in the present study for the concentration of
around 15 mM, which is of the same order of magnitude
as physiological concentration of iodine in the thyroid.

Int J Vitam Nutr Res (2021), 91 (3-4), 271-277
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Figure 2. Lipid peroxidation, measured as MDA + 4-HDA level, in porcine thyroid homogenates, incubated in the presence of KOz (200; 100; 50;
25; 20; 15; 10; 7.5; 5.0; 2.5; 1.25 mM) with (striped bars) or without (black bars) melatonin (5.0 mM or 2.5 mM). The experiment was repeated three
to four times. Therefore, three to four tissue pools were prepared, with six (6) thyroid glands used for each homogenate pool. Data are expressed
as nmol/mg protein. Values are expressed as mean + SE (error bars). *p < 0.05 vs. KIO5 in the same concentration without melatonin. ®p < 0.05 vs.

respective control. "p < 0.05 vs. KIO; at the concentration of 15 mM.
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Figure 3. Lipid peroxidation, measured as MDA + 4-HDA level, in porcine thyroid homogenates, incubated in the presence of KlO; (200; 100; 50;
25; 20; 15; 10; 7.5; 5.0; 2.5; 1.25 mM) with (striped bars) or without (black bars) melatonin (1.256 mM, 1.0 mM or 0.625 mM). The experiment was
repeated three to four times. Therefore, three to four tissue pools were prepared, with six (6) thyroid glands used for each homogenate pool. Data
are expressed as nmol/mg protein. Values are expressed as mean + SE (error bars). *p < 0.05 vs. KlO; in the same concentration without
melatonin. ®p < 0.05 vs. respective control. °p < 0.05 vs. KIO5 at the concentration of 15 mM.

It should be stressed that at this concentration of iodine,
KI did not increase the level of lipid peroxidation in
porcine thyroid homogenates [11].

Because iodate is more stable thaniodide (iodide is easily
oxidized to I, and then lost by evaporation), some health
authorities preferentially recommend iodate as an additive
to salt for correcting iodine deficiency [9]. On the other
hand, the superiority of KI over KIO; may rely on its
stronger protective effects against oxidative damage to
mtDNA [40]. Although iodate has been conferred GRAS
(“generally recognized as safe”) status by the FDA [9],
available publications show “dual nature” of K103.

Considerations concerning potential
toxicity of KIO; are as follows

Iodic acid (HIO3;), together with chloric acid and bromic
acid, belongs to the class of oxohalogen acids. Halogenate

Int J Vitam Nutr Res (2021), 91 (3-4), 271-277

salts are stable under most conditions, but due to their
oxidative properties they may react rapidly with easily oxi-
disable substances. As previously mentioned, KIO; belongs
to the group of GRAS, but due to its similarity to KBrO;
(known potential carcinogen belonging to the group 2B
according to IARC [41] it is justified to check their muta-
genic and cancerogenic potential. On the other hand, iodate
has a lower oxidative potential than bromate has, and it did
not induce toxic effects under conditions in which bromate
did [9, 15].

It is probable that KIOjz-caused lipid peroxidation in
porcine thyroid results from direct oxidative effects of this
compound on cellular membranes. However, it should be
stressed that probably also other macromolecules in thyroid
cells can be directly affected by KIOs, as it has been
documented for nDNA and mtDNA in our earlier studies
[40]. Additionally, similar direct effects can be exerted by
KIO; in other tissues, but that should be experimentally
proven.

© 2019 Hogrefe
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Figure 4. Lipid peroxidation, measured as MDA + 4-HDA level, in
porcine thyroid homogenates, incubated in the presence of KIO3 (200;
100; 50; 25; 20; 15; 10; 7.5; 5.0; 2.5; 1.25 mM) with (striped bars) or
without (black bars) 178-estradiol (1.0 mM). The experiment was
repeated three to four times. Therefore, three to four tissue pools were
prepared, with six (6) thyroid glands used for each homogenate pool.
Data are expressed as nmol/mg protein. Values are expressed as
mean + SE (error bars). ®p < 0.05 vs. respective control. °p < 0.05 vs.
KlO; at the concentration of 15 mM.

Iodate was tested for its potential toxicity, but that was
not confirmed till now in humans.

However, taking into account chemical properties of
iodate and its prooxidative effects documented in our previ-
ous [11] and present studies, it cannot be excluded that this
compound is potentially dangerous.

For this reason it is advisable to search for new potential
protective tools against prooxidative nature of KIOs.

In the present study we have shown that melatonin, in
concentrations usually used in in vitro studies (1.0 mM-
5.0 mM), significantly reduced lipid peroxidation induced
by KIO3, when this compound was used at doses corre-
sponding to physiological concentrations of iodine in the
thyroid. The concentrations of melatonin used in the
current study should be treated as corresponding to
pharmacological doses, as they exceed even by three
orders of magnitude the highest physiological concentra-
tions of the indoleamine [42]. However, on the basis of
the present results it is still advisable to maintain high con-
centrations of melatonin to prevent oxidative damage in
the thyroid gland. It is suggested to avoid factors, which
decrease melatonin concentrations in organisms, such as
strong light at night [43, 44]. Furthermore, it may be
beneficial to use exogenous melatonin by elderly, because
physiological concentration of melatonin decreases with
age [45].

We chose melatonin for our research, because protective
effects of this compound against oxidative stress have been
known for a long time [18, 20-24, 46]. These effects were
observed in both in vivo and in vitro experiments. In the

©2019 Hogrefe

thyroid gland for example, melatonin reduced lipid peroxi-
dation caused by Fenton reaction substrates (Fe** + H,0,)
[13] and potassium bromate [14].

The mechanisms by which melatonin protects against
lipid peroxidation involve direct or indirect antioxidative
effects and free radical scavenging activities of this indolea-
mine [18, 21, 47, 48]. Melatonin, which is highly lipid
soluble, is believed to be widely distributed in cellular
membranes, where it may intercalate between the polar
heads of fatty acids - this property simplifies melatonin to
diminish prooxidative damage to lipids [21].

One of the most important issues is that melatonin, when
used in very high pharmacological doses to either humans
[49] or animals [19], has never revealed any undesirable
effects.

In the present study melatonin did not reduce KI-induced
lipid peroxidation. Although melatonin is usually highly
protective against a prooxidant-induced damage, that
indoleamine rarely does not prevent oxidative damage,
especially under in vitro conditions. At the same time the
lack of in vitro antioxidative effects caused by melatonin
does not exclude such protective effects in in vivo condi-
tions. However, taking into account that KI is absolutely
safe in living organisms, it is not necessary to look for any
protective action against this compound. It should be
stressed again, that at concentrations close to physiological
concentrations of iodine, KI did not induce lipid peroxida-
tion in thyroid homogenates [11].

The observation from the present study, which should be
discussed, is that melatonin was effective only when KIO;
was used at concentrations of 10 mM and 7.5 mM; these
concentrations correspond to physiological iodine concen-
tration in the thyroid. Although the iodine concentration
in the thyroid differs depending on the age, such differences
are presumably not huge; therefore it can be stated that
these two effective concentrations of KIO; correspond to
physiological iodine concentration in the thyroid at any
age. Prooxidative effects of KIO; were not reduced by
melatonin when the prooxidant was used either in higher
or in lower concentrations than 10 mM and 7.5 mM.
We are not able to present clear explanation of these rather
unexpected results. However, it can be hypothesized that
during phylogenetical development in mammals, protec-
tive mechanisms have been developed to protect against
well recognized toxic agents, to which organisms are poten-
tially exposed for a long period of time. That can be the
reason why melatonin reduced lipid peroxidation induced
by KIOj3 in concentrations corresponding to physiological
concentration of iodine in the thyroid. Although the thyroid
and the whole organism can be exposed to much higher
concentrations of iodine (e.g. resulting from pharmacolog-
ical treatment), thatis not acommon epidemiological or any
other individual situation. Thus it can be hypothesized that
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protective mechanisms have not been developed against
these rare conditions.

In the present study we compared potential protective
effects of 17f-estradiol used in the concentration of
1.0 mM (the highest achievable concentration) with protec-
tive effects of melatonin used in the same concentration.
We have found that 178-estradiol, well known endogenous
antioxidant, is not protective at all in our model. Thus, mela-
tonin appeared to be better potential protective agent.

As previously mentioned, salt iodization is one of the
most effective methods to achieve iodine sufficiency
across a population. However, KIO; frequently used for salt
iodization, reveals oxidizing properties.

Major strengths of our study are as follows. We
documented that KIO; causes oxidative damage to mem-
brane lipids, with strongest effects observed at KIO; con-
centrations, resulting in physiological concentration of
iodine in the thyroid. This finding is of great importance
as KIO;, frequently used for salt iodization, should be abso-
lutely safe. Additionally, we observed protective effects of
melatonin against prooxidative nature of KIO3. This finding
is again of great importance, as exogenous melatonin is
confirmed to be absolutely safe even in very high pharmaco-
logical doses, either in humans or in animals. The weakness
of our study is that we used only in vitro model; however,
this is always the first step of any study.

Conclusions

Melatonin is able to reduce very strong oxidative damage to
membrane lipids caused by potassium iodate when this
compound is used in doses resulting in physiological
concentrations of iodine in the thyroid. Our study is the first
one to show protective effects of melatonin against
prooxidative effects of iodates.
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Abstract: lodine deficiency is the main environmental factor leading to thyroid cancer. At the same
time iodine excess may also contribute to thyroid cancer. Potassium iodate (KIO3), which is broadly
used in salt iodization program, may increase oxidative damage to membrane lipids (lipid peroxida-
tion, LPO) under experimental conditions, with the strongest damaging effect at KIO3 concentration
of ~10 mM (corresponding to physiological iodine concentration in the thyroid). Melatonin and
indole-3-propionic acid (IPA) are effective antioxidative indoles, each of which protects against KIO3-
induced LPO in the thyroid. The study aims to check if melatonin used together with IPA (in their
highest achievable in vitro concentrations) reveals stronger protective effects against KIO3-induced
LPO in porcine thyroid homogenates than each of these antioxidants used separately. Homogenates
were incubated in the presence of KIO3 (200; 100; 50; 25; 20; 15; 10; 7.5; 5.0; 2.5; 1.25; 0.0 mM) with-
out/with melatonin (5 mM) or without/with IPA (10 mM) or without/with melatonin + IPA, and then,
to further clarify the narrow range of KIO3 concentrations, against which melatonin + IPA reveal
cumulative protective effects, the following KIO3 concentrations were used: 20; 18.75; 17.5; 16.25; 15;
13.75; 12.5; 11.25; 10; 8.75; 7.5; 0.0 mM. Malondialdehyde + 4-hydroxyalkenals (MDA + 4-HDA) con-
centration (LPO index) was measured spectrophotometrically. Protective effects of melatonin + IPA
were stronger than those revealed by each antioxidant used separately, but only when LPO was
induced by KIOj; in concentrations from 18.75 mM to 8.75 mM, corresponding to physiological
iodine concentration in the thyroid. In conclusion, melatonin and indole-3-propionic acid exert
cumulative protective effects against oxidative damage caused by KIO3, when this prooxidant is
used in concentrations close to physiological iodine concentrations in the thyroid. Therefore, the si-
multaneous administration of these two indoles should be considered to prevent more effectively
oxidative damage (and thereby thyroid cancer formation) caused by iodine compounds applied in
iodine prophylaxis.

Keywords: melatonin; indole-3-propionic acid; potassium iodate; KIO3; lipid peroxidation; thyroid
cancer; antioxidant; salt iodization

1. Introduction

Free radicals are highly reactive transient molecules, which have an odd number of
electrons and are generated in vivo as byproducts of normal metabolism [1,2]. Reactive
oxygen species (ROS) include both oxygen radicals (e.g., superoxide anion radical (O,*~),
hydroxyl radical (¢OH), and hydroperoxyl radical (¢OOH)) and certain nonradical oxidiz-
ing agents (i.e., hydrogen peroxide (H,0;), peroxynitrite anion (ONOO™), hypochlorous
acid (HOCI) and ozone (O3)) easily converted into radicals [1,2]. Under physiological con-
ditions, there is a balance between beneficial and harmful effects of free radicals, which is
essential for the survival of organisms and their health [1-3]. Any imbalance between

Toxics 2021, 9, 89. https:/ /doi.org/10.3390/toxics9050089
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these processes may result in different pathological conditions. However, modulation of
oxidative stress can serve as a strategy against diseases, cancer included [3].

Oxidative reactions occur practically in all tissues and organs, including thyroid gland,
in which ROS play a particular role. This is due to the fact that different factors, such as
H,0;, iron or iodine, are indispensable for thyroid hormone synthesis [4]. For this reason,
thyroid gland is characterized by high level of oxidative stress, which—in response to
additional oxidative abuse caused by exogenous or endogenous prooxidants—may lead to
different thyroid diseases, including cancer [5].

Numerous evidence suggest that environmental factors, including endocrine disrup-
tors, can contribute to thyroid cancer [6]. One of the major risk factors for goiter and,
consequently, for thyroid cancer, is iodine deficiency [7]. Moreover, correction of iodine
deficiency decreases the prevalence of goiter [8] and might shift thyroid cancer subtypes
toward less malignant forms [7]. On the other hand, iodine excess may lead to thyroiditis,
thyroid dysfunction, and also to papillary thyroid cancer [9].

To eliminate iodine deficiency, iodized salt is used in most countries in iodine prophy-
laxis. Programs of salt iodization are based on the use of either potassium iodide (KI) or
potassium iodate (KIO3) [10]. It is known that these two main iodine compounds have
different pro- and antioxidative properties. KIO3, in contrast to KI, is the oxidant and
thereby may react easily with oxidizable substances [11]. It has been documented recently
that KIO3 and KI reveal different in vitro effects on oxidative damage to macromolecules
in the thyroid [12-15]. In these studies, KIO; did not reveal any protective effects; instead,
it damaged by itself membrane lipids with the strongest damaging effect observed at
concentrations of 10 mM [12] or of 15 mM [14,15], which both correspond to physiological
iodine concentration in the thyroid [16-18]. However, KIO3 has still GRAS (“generally
recognized as safe”) status given by FDA [19].

The increased oxidative stress can be diminished by antioxidants. Indole substances
belong to very effective antioxidants. The most important representative of indole sub-
stances is melatonin (5-methoxy-N-acetyltryptamine). Melatonin is mainly produced by
the pineal gland; it is a tryptophan metabolite which is repeatedly documented to reduce
oxidative stress [20]. Melatonin effectively scavenges different free radicals and ROS; it is
one of the strongest scavengers of ¢OH [21]. Additionally, its metabolites (N1-acetyl-N2-
formyl-5-methoxykynuramine (AFMK), N-acetyl-5-methoxyknuramine (AMK), and cyclic-
3-hydroxymelatonin (c30HM)) have been also found to protect cells from ROS [22-24].
It has been demonstrated that one melatonin molecule has the capacity to scavenge up
to 10 molecules of ROS [22]. Numerous studies revealed protective effects of melatonin
against oxidative damage to macromolecules caused by potential carcinogens, as it has
been summarized by us previously [25,26].

The main physiological function of melatonin is to regulate circadian rhythm [27].
Melatonin also causes positive effects on other physiological processes, such as for example
bone formation, body mass regulation, reproduction, regulation of immune system and
cardiovascular system, as well as it serves as a pharmacological agent [28]. Doses between
1 mg and 6 mg appear to be effective for improving sleep in older adults [29]. In clinical
trials investigating anxiety, melatonin in doses varied from 3 to 10 mg probably reduced
preoperative anxiety in adults, which is potentially clinically relevant [30]. Available studies
show, that short-time use of melatonin, even in very high doses, is safe. Some randomized
clinical studies revealed only mild side effects during long-time administration of this drug,
comparable to placebo treatment, i.e., sleepiness, dizziness, headache or nausea [31].

Indole-3-propionic acid (IPA), an indole substance possessing a chemical structure
similar to that of melatonin, is another effective antioxidant. Similar to melatonin, it scav-
enges effectively eOH [32]. Indole-3-propionic acid has been documented to protect against
oxidative damage to membranes caused by such potential carcinogens as potassium bro-
mate, iron or chromium [33-36]. Its potential favorable properties in humans include,
among others, therapeutic strategy for Alzheimer disease [37].
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Melatonin has been shown to prevent experimentally-induced oxidative damage to
macromolecules in the thyroid gland [33,38,39]. This indole substance also inhibits thyroid
growth and thyroid function [40]. As melatonin is confirmed to prevent the increased
oxidative damage in the thyroid and to inhibit growth processes in this gland, it should be
considered as a potential protective agent against thyroid cancer.

In our previous studies we have observed that not only melatonin [14], but also
IPA [15] are able—in concentration-dependent manner—to reduce oxidative damage to
membrane lipids caused by KIO3, when this compound was used in doses close to phys-
iological iodine concentrations in the thyroid. In the present study we decided to check
if melatonin used together with IPA (in their highest achievable in vitro concentrations
resulting from their limited solubility) reveals stronger protective effects against KIO3-
induced oxidative damage to membrane lipids in porcine thyroid homogenates comparing
to protective effects of each antioxidant used separately.

2. Materials and Methods
2.1. Chemicals

Potassium iodate (KIO3), melatonin and indole-3-propionic acid (IPA) were purchased
from Sigma (St. Louis, MO, USA). The ALDetect Lipid Peroxidation Assay Kit was obtained
from Enzo Life Sciences, Inc. (Zandhoven, Belgium). All the used chemicals were of
analytical grade and came from commercial sources.

2.2. Animals

Porcine thyroids were collected from eighteen (18) animals at a slaughter-house, frozen
on solid CO, and stored at —80° until assay. Each experiment was repeated three times.
Therefore, three tissue pools were prepared, with six (6) thyroid glands used for each
homogenate pool.

2.3. Assay of Lipid Peroxidation

Thyroid tissue was homogenized in ice cold 20 mM Tris-HCl buffer (pH 7.4) (10%, w/v)
and then incubated for 30 min at 37° in the presence of examined substances.

In Experiment I thyroid homogenates were incubated in the presence of KIO3 (200;
100; 50; 25; 20; 15; 10; 7.5; 5.0; 2.5; 1.25; 0.0 mM) without any antioxidant or with addition of
either melatonin (5 mM) or IPA (10 mM) or both (melatonin 5 mM + IPA 10 mM).

In Experiment II, to further clarify the range of KIO3 concentrations, against which
melatonin + IPA reveal cumulative effects, the following KIO3 concentrations were used: 20;
18.75;17.5; 16.25; 15; 13.75; 12.5; 11.25; 10; 8.75; 7.5; 0.0 mM. Therefore, thyroid homogenates
were incubated in the presence of KIO; (in above concentrations) without any antioxidant
or with addition of either melatonin (5 mM) or IPA (10 mM) or both (melatonin 5 mM + IPA
10 mM).

The concentrations of KIO3 [12,14,15], of melatonin and of IPA [14,15,33,38] were cho-
sen on the basis of the results of our previous studies; the highest achievable concentrations
of melatonin and IPA resulting from their limited solubility were used.

The reactions were stopped by cooling the samples on ice.

2.4. Measurement of Lipid Peroxidation Products

The concentrations of malondialdehyde + 4-hydroxyalkenals (MDA + 4-HDA), as an
index of lipid peroxidation, were measured in thyroid homogenates, with the ALDetect
Lipid Peroxidation Assay Kit. The homogenates were centrifuged at 5000x g for 10 min
at 4°. After obtaining supernatant, each experiment was carried out in duplicate. The su-
pernatant (200 uL) was mixed with 650 uL of a methanol: acetonitrile (1:3, v/v) solution,
containing a chromogenic reagent, N-methyl-2-phenylindole, and vortexed. Following
the addition of 150 pL of methanesulfonic acid (15.4 M), the incubation was carried out
at 45° for 40 min. The reaction between MDA + 4-HDA and N-methyl-2-phenylindole
yields a chromophore, which is spectrophotometrically measured at the absorbance of
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586 nm, using a solution of 10 mM 4-hydroxynonenal as the standard. The level of lipid
peroxidation is expressed as the amount of MDA + 4-HDA (nmol) per mg protein. Protein
was measured using Bradford’s method, with bovine albumin as the standard [41].

2.5. Statistical Analyses

The data were statistically analyzed, using a one-way analysis of variance (ANOVA),
followed by the Student-Neuman-Keuls’ test, or using an unpaired t-test. Statistical
significance was determined at the level of p < 0.05. Results are presented as means + SE.

3. Results

In the Experiment I, IPA (10 mM) and melatonin (5 mM), applied separately, reduced
KIOz-induced lipid peroxidation when this prooxidant was used at concentrations of 10 mM,
7.5 mM or 5.0 mM (Figure 1), which is in line with the results of our previous studies [14,15].
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Figure 1. Lipid peroxidation, measured as MDA + 4-HDA level, in porcine thyroid homogenates, incubated in the presence
of KIO3 (200; 100; 50; 25; 20; 15; 10; 7.5; 5.0; 2.5; 1.25; 0.0 mM) (white bars), or KIO3 + melatonin [5 mM] (striped bars),
or KIO;3 + IPA [10 mM] (grey bars), or KIO3 + melatonin [5 mM] + IPA [10 mM] (striped grey bars). *—p < 0.05 vs. KIO;.
a—p < 0.05 vs. KIO3 [15 mM]. b—p < 0.05 vs. KIO3 [10 mM, 20 mM, and 25 mM]. z—p < 0.05 vs. respective control.
B—yp < 0.05 vs. KIOj3 in the same concentration + melatonin. A—p < 0.05 vs. KIOj3 in the same concentration + IPA.
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However, in Experiment II with the use of additional concentrations of KIO3, IPA re-
vealed protective effects against higher concentration of KIO3 (16.25 mM) than melatonin
did (KIOj in the concentration of 15 mM) (Figure 2). Additionally, protective effects of
IPA were stronger than those of melatonin against oxidative damage caused by KIOj3 at
concentrations of 13.75 mM or lower (Figure 2).
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Figure 2. Lipid peroxidation, measured as MDA + 4-HDA level, in porcine thyroid homogenates, incubated in the presence
of KIO; (20; 18.75; 17.5; 16.25; 15; 13.75; 12.5; 11.25; 10; 8.75; 7.5; 0.0 mM) (white bars), or KIO3 + melatonin [5 mM] (striped
bars), or KIO3 + IPA [10 mM] (grey bars), or KIO3 + melatonin [5 mM] + IPA [10 mM] (striped grey bars). *—p < 0.05
vs. KIO3. a—p < 0.05 vs. KIO3 [15 mM]. b—p < 0.05 vs. KIO3 [16.25 mM]. c—p < 0.05 vs. KIOj3 [13.75 mM]. z—p < 0.05
vs. respective control. M—p < 0.05 vs. KIOj in the same concentration + melatonin [5 mM]. A—p < 0.05 vs. KIOj in the
same concentration + IPA [10 mM].

The most important observation is that melatonin used together with IPA revealed
stronger protective effects than each of these antioxidants used separately, but only when
LPO was induced by KIO3 in concentrations of 15 mM and 10 mM (Experiment I, Figure 1)
or in the range of concentrations from 18.75 mM to 8.75 mM (Experiment II, Figure 2).
These cumulative protective effects of melatonin + IPA are especially evident at higher
KIOj3 concentrations, i.e., 18.75 mM and 17.5 mM, against which no protection was seen
when either melatonin or IPA were used separately.
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It has been also observed that melatonin did not change the basal LPO level, whereas
IPA or IPA + melatonin decreased the basal LPO level (Figures 1 and 2).

4. Discussion

This study is a continuation of our research on the antioxidative properties of mela-
tonin and other indole substances. Taking into account properties of these substances we
decided to use concomitantly two effective antioxidants—melatonin and IPA—in their
highest achievable in vitro concentrations, i.e., 5 mM for melatonin and 10 mM for IPA,
to evaluate their cumulative effect against oxidative damage caused by KIO;.

Because iodate has been conferred GRAS status by FDA [19,42] and due to its greater
chemical stability comparing to iodide, most health authorities recommend using preferen-
tially the former iodine compound as an additive to salt for correcting iodine deficiency [43].
lodate was tested for its potential toxicity, but it has not been confirmed till now in humans.
However, taking into account that iodic acid (HIO3) belongs to the class of oxohalogen
acids, has similar chemical structure to that one of KBrO3 (known potential carcinogen
belonging to the group 2B according to IARC [44]) and reveals prooxidative effects docu-
mented in our previous studies [12,14,15], it cannot be excluded that this compound may
be potentially dangerous.

Currently, despite the worldwide strategies for the prevention and control of iodine
deficiency, it is still a widespread public health issue, especially in pregnant women. Severe
iodine deficiency may be associated with many adverse effects, such as the increased risk
of pregnancy loss and infant mortality, neonatal hypothyroidism, cretinism and neuropsy-
chomotor retardation [45,46]. Moreover, as it was mentioned above, iodine deficiency
may lead to goiter—a risk factor for thyroid cancer [7]. As KIOj is broadly used for salt
iodization and as potential toxicity of KIO3 has been observed in experimental studies, it is
justified to look for safe factors, which can prevent any damage potentially caused by KIO3.
For this reason, we continue our research on the antioxidative properties of melatonin and
other indole substances with relation to protection against oxidative damage to membrane
lipids caused by KIOs.

In the present study either melatonin or IPA decreased lipid peroxidation induced by
KIO3, what is in agreement with our previous observations [14,15]. The most important
observation is, however, that melatonin used together with IPA revealed even stronger
protective effects than each of these antioxidants used separately. It should be stressed that
the protective effects of either melatonin or IPA [14,15] as well as of both indole substances
used simultaneously (the present study) were observed only when KIO; was applied in
concentrations (from 10 mM to 7.5 mM in [14,15]; from 18.75 mM to 8.75 mM in the present
study) corresponding to physiological iodine concentration in the thyroid, which obviously
result from recommended iodine supply. The physiological iodine concentration in rat and
human thyroid was calculated to be approx. 9.0 mM [16-18] (being in the range of KIO;
concentrations from 18.75 mM to 8.75 mM). Taking into account similarity between porcine
and human thyroid, it can be assumed that concentration of iodine in porcine thyroid
is similar.

Antioxidative effects of melatonin have been known for a long time [21,24,28]. These ef-
fects were observed not only in the thyroid gland [38], but also in other tissues, both in vivo
and in vitro experiments [47,48]. Mechanisms by which melatonin protects against LPO are
as follows: melatonin stimulates antioxidative enzymes, i.e., glutathione peroxidase, glu-
tathione reductase, superoxide dismutase and catalase, upregulates synthesis of glutathione
(another intracellular antioxidant) and cooperates with free radical scavengers [20,24].
Moreover, melatonin is able to detoxify practically all free radicals and reactive species,
such as ¢OH [21], nitric oxide and ONOO~, and to suppress nitric oxide synthase [20,24].
Furthermore, metabolites of melatonin (AMK, AFMK and ¢c30HM) can protect against
oxidative damage, as all three are highly effective scavengers of the devastatingly reactive
*OH, and c30HM is highly effective in scavenging the ¢OOH [22-24].
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Melatonin is regarded as the strongest known antioxidant, but there are available
studies, which showed superiority of IPA over melatonin [49]. IPA, similar to melatonin,
is an endogenous electron donor that detoxifies the ®«OH, quenches the O,* and acts
synergistically with glutathione [32]. Its side chain cannot be decarboxylated, and thus,
unlike other indoles, it cannot be converted to a reactive prooxidant intermediate [50].

Both substances, melatonin and IPA, are recognized as safe and do not reveal any
adverse effects [31,37].

We proved, that IPA and melatonin, used together in very high doses, intensified
antioxidative effect, at least under in vitro conditions. Therefore, they can be used together,
when stronger protective action is expected but none of them can be used separately in
higher dose due to their limited solubility.

As it was mentioned in the Introduction, exogenous melatonin is applied therapeu-
tically in doses between 2 and 10 mg. In available studies the highest dose of melatonin
used in clinical trials was 25 mg [51]. The intravenous administration of melatonin in
a dose of 25 mg resulted in blood concentration of ~7.52 x 10° pg/mL [51]. In another
study melatonin used in a dose of 10 mg intravenously resulted in blood concentration
of ~3.9 x 10° pg/mL and when used orally, in concentration of ~3.5 x 10° pg/mL [52].
Relating these concentrations to those used by us (5 mM of melatonin is equivalent to
~1.16 x 10° pg/mL) it can be concluded that the concentrations used in the present experi-
ment exceed the standard doses by several orders of magnitude. Unfortunately, similar
studies with IPA have not been performed. It should be stressed, that our results con-
cerning protective in vitro effects of melatonin used together with IPA cannot be directly
extrapolated into in vivo conditions.

In the context of our results, it is worth recalling that both melatonin and IPA are
regarded as interesting chemical compounds with potential properties for use in many
fields of medicine. Oncostatic effects of melatonin have been reported in breast can-
cer, ovarian and endometrial carcinoma, prostate cancer, intestinal tumors or melanoma;
melatonin may be used in psychiatric and neurodegenerative disorders (i.e., Alzheimer
disease, Parkinson disease, amyotrophic lateral sclerosis), diabetes and metabolic syn-
drome or sepsis [20,24,28,53,54]. The research currently under way evaluates potential
protective effects of melatonin against COVID-19 [55-58]. Concerning IPA, this indole
substance—as it was mentioned above—may be regarded as a potential treatment option
for Alzheimer’s disease [37].

The current study is the next one in which we observed antioxidative effects of mela-
tonin [14] and IPA [15] against oxidative damage caused by KIO; used at concentrations
close to physiological iodine concentration in the thyroid. However, the current study is
the first to document that protective effect of one indole substance can be enhanced by the
simultaneous use of another indole substance. The importance of the present finding relies
on the fact that due to limited solubility of indole substances it is possible to increase the
effectiveness of a chosen substance only by the use of another indole substance. The fu-
ture studies should focus on to check if the simultaneous use of more than two indole
substances can still increase protective effects against experimentally-induced oxidative
damage caused by different prooxidants.

The important limitation of our study is that the obtained results cannot be directly
extrapolated into in vivo conditions. It is worth mentioning, that in in vivo conditions
103~ should be reduced to I~ by nonenzymatic reactions before it can become available
to the body as iodide [43]. Recent studies showed that in rats even high doses of 103~
were completely reduced to I™ in vivo within 30 min [59]. The results suggest that 103~
may be reduced in the digestive tract before I enters the blood, but this mechanism is still
unexplained [59]. Similar effects were observed in rat homogenates—IO3~ was reduced
to I"— in vitro [11]. However, whereas KIO; decreased total antioxidative activity and
NADPH concentration in tissues in vitro [11], this effect of KIO3; has not been confirmed
in vivo, i.e., KIO3 did not affect the total antioxidative activity in blood serum and in other
tissues [59]. These differences between results obtained in vivo and in vitro require further
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research to better understand KIOj effects in various conditions. At this moment we can
state that presumably, except for the gastrointestinal mucosa, exposure of other tissues
(including the thyroid gland) to iodate (after its systemic administration) might be minimal.
At the same time, however, it is not excluded that even minimal exposure of prooxidative
agent can produce toxic effects.

In our previous studies [14,15] we tried to answer the question, why melatonin and
IPA were effective against these concentrations of KIO3 which correspond to physiological
iodine concentration in the thyroid. We proposed a hypothesis, that during phylogenetical
development in mammals, some protective mechanisms have been developed to protect
against well recognized toxic agents, to which organisms are potentially endangered for
years. However, much higher concentrations of iodine, resulting e.g., from pharmacological
treatment, are not a common and physiological state; that is why protective mechanisms
have not been developed against these rare conditions. The results of our current study
also seem to confirm this hypothesis.

5. Conclusions

Melatonin and indole-3-propionic acid exert cumulative protective effect against ox-
idative damage caused by KIO3, when this prooxidant is used in concentrations close to
physiological iodine concentrations in the thyroid. Therefore, the simultaneous adminis-
tration of these two indoles should be considered to prevent more effectively oxidative
damage (and thereby thyroid cancer formation) caused by iodine compounds applied in
iodine prophylaxis.
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Abstract: Not only iodine deficiency, but also its excess may contribute to thyroid cancer. Potassium
iodate (KIO3), which is broadly used in the salt iodization program, can increase oxidative damage
to membrane lipids (lipid peroxidation, LPO) under experimental conditions, with the strongest
damaging effect at KIO3 concentration of ~10 mM (corresponding to physiological iodine concen-
tration in the thyroid). Melatonin is an effective antioxidant, which protects against KIO3-induced
LPO in the thyroid. This study aimed to compare the protective effects of melatonin, used in the
highest achievable in vitro concentration, against KIO3-induced oxidative damage to membrane
lipids in various porcine tissues (thyroid, ovary, liver, kidney, brain, spleen, and small intestine).
Homogenates were incubated in the presence of KIO; (20; 15; 10; 7.5; 5.0; 0.0 mM) without/with
melatonin (5 mM). The malondialdehyde + 4-hydroxyalkenals (MDA + 4-HDA) concentration (LPO
index) was measured spectrophotometrically. KIO3 increased the LPO in all examined tissues; in the
thyroid, the damaging effect of KIO3 (10; and 7.5 mM) was lower than in other tissues and was not
observed for the lowest concentration of 5 mM. Melatonin reduced LPO induced by KIOj; (10, 7.5,
and 5 mM) in all tissues, and in the thyroid it was also protective against as high a concentration of
KIOj3 as 15 mM; the LPO level resulting from KIO3 + melatonin treatment was lower in the thyroid
than in other tissues. In conclusion, the thyroid is less sensitive tothe pro-oxidative effects of KIO;
compared to other tissues. The strongest protective effect of melatonin was observed in the thyroid,
but beneficial effects were significant also in other tissues. Melatonin should be considered to avoid
the potential damaging effects of iodine compounds applied in iodine prophylaxis.

Keywords: melatonin; potassium iodate; KIO3; lipid peroxidation; antioxidant; salt iodization;
thyroid

1. Introduction

Free radicals and reactive oxygen species (ROS) are highly reactive transient molecules
produced by almost all aerobic cells [1]. ROS include both oxygen radicals (e.g., superoxide
anion radical—O,*~, hydroxyl radical—*OH, and hydroperoxyl radical—*OOH) and cer-
tain nonradical oxidizing agents easily converted into radicals (e.g., 0zone—Oj3, hydrogen
peroxide—H;0,, hypochlorous acid—HOCI) [2,3]. There is a balance between production
and detoxification of ROS under physiological conditions in living organisms [1]. Any
imbalance between these processes may result in oxidative stress which, in turn, may
cause oxidative damage to membrane lipids, DNA and proteins [3,4]. The importance
of oxidative stress is commonly emphasized in the pathogenesis of various degenerative
diseases, such as cardiovascular and neurodegenerative diseases, kidney diseases, diabetes
or cancer [5].

Due to the high level of polyunsaturated fatty acids (PUFAs) in cellular and organelle
membranes, they are especially susceptible to lipid peroxidation (LPO), a process in which
free radicals remove electrons from lipids and subsequently produce reactive intermediates.
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LPO damages phospholipids directly—it can act as a cell death signal—and it is implicated
in various degenerative processes, including cancer [4,6].

Although oxidative reactions occur in-almost all tissues and organs, the thyroid gland
is the organ of “oxidative nature” [7]. ROS are essential for thyroxine (T;) synthesis since,
H,0,; produced in thyroid follicular cells is indispensable in attaching iodine atoms to
thyroglobulin [8]. Therefore, the thyroid gland is characterized by a high level of oxidative
stress, which—in response to additional oxidative abuse caused by various prooxidants—
may lead to different thyroid diseases, such as thyroid cancer [7]. Additionally, excess of
iodine, as an exogenous pro-oxidant, may induce apoptosis in thyroid follicular cells [9].

An important role in iodine homeostasis is played by the sodium/iodide symporter
(NIS). This protein is responsible for active transport of iodide (I™) into the thyroid gland
at the level of the basolateral membrane [10]. NIS was documented to mediate I" transport
not only in the thyroid gland, but also in other tissues, which are able to concentrate
radioiodine, such as lactating breast, salivary glands, stomach, and small intestine [11,12].
Thyrotropin (TSH) is the primary regulator of I~ uptake and NIS expression, but only in
thyroid follicular cells [11]. It is worth mentioning that NIS mRNA has also been found in
other tissues, such as colon, ovaries, uterus or spleen, but the role and significance of NIS
in these tissues is still unclear [10].

lodine is a micronutrient playing an essential role in metabolism. Its deficiency may
lead to goiter and hypothyroidism and in pregnant patients to impaired infant neurobehav-
ioral development [13-15]. Correction of iodine deficiency may decrease the prevalence
of goiter and shift thyroid cancer subtypes towards a less malignant form and ensure
adequate thyroid hormone synthesis [15]. However, not only iodine deficiency, but also its
excess may cause pathological phenomena such as thyroiditis, hypo- or hyperthyroidism,
and papillary thyroid cancer [13].

Universal salt iodization is widely recognized as the most cost-effective method to
reduce iodine deficiency [16]. Programs of salt iodization are based on the use of ei-
ther potassium iodide (KI) or potassium iodate (KIO3), with the latter—due to its higher
stability—being the most commonly used iodine compound for this process [16]. Both KI
and KIO; have different pro- and antioxidative properties; KI is the reductant, whereas
KIOj is the oxidant and may react with oxidizable substances [17]. The differences between
the oxidative properties of KI and KIO3 and their effects on oxidative damage to macro-
molecules in the thyroid gland were documented recently [18-20]. KI, used in the doses
recommended in iodine prophylaxis, may prevent oxidative damage to membrane lipids in
the thyroid [18]. In turn, KIO3 damages membrane lipids in the thyroid with the strongest
damaging effect observed at concentrations of around 10 mM [18] and 15 mM [20-22],
which correspond to the physiological iodine concentration in the thyroid [23-25].

The total body iodine content in humans was estimated to be 12-25 mg, of which
5-15 mg is stored in the thyroid [26], although data concerning this issue do vary. In another
study using pigs, the distribution of iodine in the organism was similar, i.e., the thyroid
contained about 80% of the total body iodine, internal organs and blood (14%), muscle and
fat (5%), and bones (1%) [27]. Compared to the thyroid gland, the extrathyroidal tissues
contain only traces of iodine. The ratio of the iodine concentration in kidney, liver, muscle
and skin to that in the thyroid gland was calculated as 1 to 100,000 [28]. However, even in
tissues with a low level of iodine concentrations such as the gastrointestinal tract, kidneys
or liver, high doses of KIO3 have shown potential toxicity [29].

Melatonin, N-acetyl-5-methoxytryptamine, being a tryptophan metabolite, mainly
produced by the pineal gland, is very strong and effective in reducing oxidative stress [30].
It is considered that melatonin exists possibly in all animal and plant species. Probably
melatonin appeared 3.0-2.5 billion years ago in photosynthetic cyanobacteria as an an-
tioxidant [31]. It is documented that melatonin reveals protective effects against oxidative
stress not only in the thyroid gland [20,22], but also, as was even earlier found, in many
other tissues and organs, among others in kidney [32], spleen [33], ovary [34], liver [35] or
erythrocytes [36].
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Although the antioxidant capacity of melatonin has been proven both in vitro and
in vivo conditions, there are few studies in which melatonin revealed pro-oxidative prop-
erties. It has been found, for example, that melatonin promotes the generation of ROS
when used in a certain range of concentrations (mainly from pM to mM) and, additionally,
depending on duration of the treatment under in vitro conditions [37]. What is of great
importance is that this pro-oxidative action of melatonin was observed mostly in cancer
cells and promoted inflammatory responses and apoptosis [37]. This observation has not
been confirmed until now under in vivo conditions, but the ability of melatonin to induce
apoptosis in tumor cells might have important therapeutic implications [37].

In our previous studies [20,22] we observed, that melatonin was able to reduce ox-
idative damage to membrane lipids caused by KIO3, when this prooxidant was used in
doses close to physiological concentrations of iodine in the thyroid. In the present study
we decided to compare the protective effects of melatonin against KIO3-induced oxidative
damage to membrane lipids in various porcine tissues, i.e., in the thyroid, the ovary, the
liver, the kidney, the brain, the spleen, and the small intestine. KIO3 was used in the range
of concentrations comprising those corresponding to physiological iodine concentration in
the thyroid, whereas melatonin was used in the highest achievable in vitro concentration
(i.e., 5 mM).

2. Materials and Methods
2.1. Chemicals

Potassium iodate (KIO3) and melatonin were purchased from Sigma (St. Louis, MO,
USA). The ALDetect Lipid Peroxidation Assay Kit was obtained from Enzo Life Sciences,
Inc. (Zandhoven, Belgium). All used chemicals were of analytical grade and came from
commercial sources.

2.2. Animals

Porcine tissues (i.e., thyroid, ovary, spleen, liver, brain, small intestine, and kidney)
were collected from fifteen (15) female animals at a slaughter-house, frozen on solid CO,
and stored at —80 °C until assayed. Each experiment was repeated three times.

2.3. Incubation of Tissue Homogenates

Porcine tissues (thyroid, ovary, spleen, liver, brain, small intestine, and kidney) were
homogenized in ice cold 20 mM Tris-HCI buffer (pH 7.4) (10%, w/v) and then incubated
for 30 min at 37 °C in the presence of KIO; (20; 15; 10; 7.5; 5.0, 0.0 mM) without or with
addition of melatonin in a concentration of 5 mM (the highest achievable concentration
resulting from its limited solubility).

The concentrations of KIO3 and melatonin were chosen on the basis of the results of
our previous studies [18-20,22].

The reactions were stopped by cooling the samples on ice.

2.4. Measurement of Lipid Peroxidation Products

The concentrations of malondialdehyde + 4-hydroxyalkenals (MDA + 4-HDA), as
an index of lipid peroxidation, were measured in homogenates with the ALDetect Lipid
Peroxidation Assay Kit. The homogenates were centrifuged at 5000 g for 10 min at 4 °C.
After obtaining supernatant, each experiment was carried out in duplicate. The supernatant
(200 pL) was mixed with 650 pL of a methanol:acetonitrile (1:3, v/v) solution, containing a
chromogenic reagent, N-methyl-2-phenylindole, and vortexed. Following the addition of
150 puL of methanesulfonic acid (15.4 M), the incubation was carried out at 45 °C for 40 min.
The reaction between MDA + 4-HDA and N-methyl-2-phenylindole yields a chromophore,
which is spectrophotometrically measurable at an absorbance of 586 nm, using a solution
of 10 mM 4-hydroxynonenal as the standard. The level of lipid peroxidation is expressed
as the amount of MDA + 4-HDA (nmol) per mg protein. Protein was measured using
Bradford’s method, with bovine albumin as the standard [38].



Life 2021, 11, 592

40f14

2.5. Statistical Analyses

The data were statistically analyzed, using a one-way analysis of variance (ANOVA),
followed by the Student-Neuman—Keuls’ test, or using an unpaired t-test. Statistical
significance was determined at the level of p < 0.05. Results are presented as means =+ SE.

3. Results

The basal level of LPO was lower in the ovary than in all other tissues, which was
statistically confirmed for the thyroid, spleen, liver, and kidney. In turn, the basal level was
higher in the spleen than in other tissues, which was significant and confirmed for thyroid,
ovary, and kidney. The incubation with melatonin decreased the basal level of LPO only in
ovary tissue (Figure 1).
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Figure 1. Lipid peroxidation, measured as MDA + 4-HDA level, in homogenates of porcine tissues
(thyroid, ovary, spleen, liver, brain, small intestine, kidney), incubated without any substance (control;
white bars), or with melatonin [5 mM] (grey bars). *—p < 0.05 vs. control (without melatonin) in
the same tissue; a—p < 0.05 vs. respective bar (control or melatonin) in the thyroid; b—p < 0.05
vs. respective bar (control or melatonin) in the spleen; c—p < 0.05 vs. respective bar (control or
melatonin) in the liver; d—p < 0.05 vs. respective bar (control or melatonin) in the kidney; e—p < 0.05
vs. respective bar (control or melatonin) in the brain; f—p < 0.05 vs. respective bar (control or
melatonin) in the intestine.

KIO3 increased the lipid peroxidation in all examined tissues (i.e., thyroid, ovary,
spleen, liver, brain, small intestine, and kidney) with the strongest damaging effect observed
at concentrations of of 20 mM (Figures 2 and 3), of 15 mM (Figures 2 and 4), and of 10 mM
(Figures 2 and 5) vs. 7.5 mM and 5.0 mM in all tissues, and at concentrations of 20 mM
(Figures 2 and 3), of 15 mM (Figures 2 and 4) vs. 10 mM in the thyroid and the liver. It
should be stressed, however, that in thyroid tissue the damaging effect of KIO3 was not
observed at its lowest concentration of 5 mM (Figure 2). Additionally, LPO induced by
KIOj; at concentrations of 10 mM and 7.5 mM was significantly lower in the thyroid than in
other examined tissues except the kidney (Figures 5-7).
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Figure 2. Lipid peroxidation, measured as MDA + 4-HDA level, in homogenates of porcine tissues (thyroid, ovary, spleen,
liver, brain, small intestine, kidney), incubated without any substance (control; white bars), or with melatonin (5 mM)
(grey bars), or with KIOj (20; 15; 10; 7.5; 5.0 mM) (black bars), or with KIO; (20; 15; 10; 7.5; 5.0 mM) + melatonin (5 mM)
(striped bars). e—p < 0.05 vs. respective control (either without any substance or with melatonin); *—p < 0.05 vs. KIOj3 in

the same concentration.
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Figure 3. Lipid peroxidation, measured as MDA + 4-HDA level, in homogenates of porcine tissues
(thyroid, ovary, spleen, liver, brain, small intestine, kidney), incubated without any substance (control;
white bars), or with melatonin (5 mM) (grey bars), or with KIO3 (20 mM) (black bars), or with KIO;
(20 mM) + melatonin (5 mM) (striped bars). g—p < 0.05 vs. KIO3 (20 mM) + melatonin (5 mM) in
kidney; h—p < 0.05 vs. KIO3 (20 mM) + melatonin (5 mM) in brain.
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Figure 4. Lipid peroxidation, measured as MDA + 4-HDA level, in homogenates of porcine tissues
(thyroid, ovary, spleen, liver, brain, small intestine, kidney), incubated without any substance (control;
white bars), or with melatonin (5 mM) (grey bars), or with KIO3 [15 mM] (black bars), or with KIO3
(15 mM) + melatonin (5 mM) (striped bars). *—p < 0.05 vs. KIOj3 in the same tissue.
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Figure 5. Lipid peroxidation, measured as MDA + 4-HDA level, in homogenates of porcine tissues
(thyroid, ovary, spleen, liver, brain, small intestine, kidney), incubated without any substance (control;
white bars), or with melatonin [5 mM] (grey bars), or with KIO3 [10 mM] (black bars), or with KIO3
[10 mM] + melatonin [5 mM] (striped bars). *—p < 0.05 vs. KIOj3 in the same tissue; i—p < 0.05 vs.
KIO3 [10 mM] in thyroid; j—p < 0.05 vs. KIO3 [10 mM] in kidney; g—p < 0.05 vs. KIO; [10 mM] +
melatonin [5 mM] in kidney; h—p < 0.05 vs. KIO3 [10 mM] + melatonin [5 mM] in brain; k—p < 0.05
vs. KIO3 [10 mM] + melatonin [5 mM] in thyroid; I—p < 0.05 vs. KIO3 [10 mM] + melatonin [5 mM]
in ovary; m—p < 0.05 vs. KIO3 [10 mM] + melatonin [5 mM] in liver; n—p < 0.05 vs. KIO; [10 mM] +
melatonin [5 mM] in intestine.
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Figure 6. Lipid peroxidation, measured as MDA + 4-HDA level, in homogenates of porcine tissues
(thyroid, ovary, spleen, liver, brain, small intestine, kidney), incubated without any substance (control;
white bars), or with melatonin [5 mM] (grey bars), or with KIO3 [7.5 mM] (black bars), or with KIO3
[7.5 mM] + melatonin [5 mM] (striped bars). *—p < 0.05 vs. KIOj3 in the same tissue; i—p < 0.05
vs. KIO; [10 mM] in thyroid; j—p < 0.05 vs. KIO3 [10 mM] in kidney; g—p < 0.05 vs. KIO3 [10
mM] + melatonin [5 mM] in kidney; k—p < 0.05 vs. KIO3 [10 mM] + melatonin [5 mM] in thyroid;
m—yp < 0.05 vs. KIO3 [10 mM] + melatonin [5 mM] in liver.
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Figure 7. Lipid peroxidation, measured as MDA + 4-HDA level, in homogenates of porcine tissues
(thyroid, ovary, spleen, liver, brain, small intestine, kidney), incubated without any substance (control;
white bars), or with melatonin [5 mM] (grey bars), or with KIO3 [5 mM] (black bars), or with KIO3
[5 mM] + melatonin [5 mM] (striped bars). *—p < 0.05 vs. KIOj3 in the same tissue; i—p < 0.05 vs.
KIO3 [10 mM] in thyroid; j—p < 0.05 vs. KIO3 [10 mM] in kidney; o—p < 0.05 vs. KIO3 [10 mM] in
liver; g—p < 0.05 vs. KIO3 [10 mM] + melatonin [5 mM] in kidney; h—p < 0.05 vs. KIO3 [10 mM] +
melatonin [5 mM] in brain; k—p < 0.05 vs. KIO3 [10 mM] + melatonin [5 mM] in thyroid; 1—p < 0.05
vs. KIO3 [10 mM] + melatonin [5 mM] in ovary; m—p < 0.05 vs. KIOj3 [10 mM] + melatonin [5 mM]
in liver.

Melatonin (5 mM) reduced KIO3-induced lipid peroxidation in all examined tissues
when this pro-oxidant was used at concentrations of 10 mM, 7.5 mM and 5 mM (Figure 2).
An important observation is that in the thyroid gland, melatonin revealed a protective effect
also against a higher concentration of KIO3, i.e., 15 mM (Figures 2 and 4). The LPO level
resulting from KIO3 + melatonin treatment was lower in the thyroid than in other tissues
(Figures 5-7). The latter two observations suggest that the protective effect of melatonin
was the strongest in the thyroid.

4, Discussion

This study is the next in line, in which we evaluated antioxidative properties of
melatonin against oxidative damage caused by KIO3, and presumably the first attempt
to compare the protective effects of melatonin in various porcine tissues. For the present
study we chose the concentrations of KIO; (i.e., 20; 15; 10; 7.5; 5.0 mM) which had revealed
the strongest damaging effect to membrane lipids in thyroid homogenates in our previous
studies [18-20,22]. Due to the similarity between human and porcine thyroid (hormone
synthesis, volume) [39] we decided to continue our experimental model also using other
porcine tissues.

Although concentrations of iodine in all other tissues are much lower than in the
thyroid gland [28], damaging effects of KIO; were observed in all tissues examined in
our study.

When we compared the damaging effect of KIO3 we observed that LPO induced by
this compound was significantly lower in the thyroid gland than in any other examined
porcine tissues (except kidney). This observation illustrates the fact that the thyroid gland
has adapted to maintain large concentrations of iodine. As the thyroid constitutes an organ,
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in which oxidative processes are indispensable for proper functioning and thyroid hormone
synthesis, some protective mechanisms have been developed to protect this gland against
the huge amount of iodine. One of the thyroidal adaptations to iodine excess is the Wolff-
Chaikoff effect. This effect, still not completely explained, was observed in rats exposed
to high amounts of iodide, which resulted in transient reduction in the thyroid hormone
synthesis; the block lasted approx. 24 h [40]. This adaptation is associated with a decrease
in expression of the sodium-iodide symporter (NIS), resulting in reduced intrathyroidal
iodine concentration; thus, this is the next mechanism contributing in maintaining proper
thyroid function. NIS is an intrinsic membrane protein, found mainly in the basolateral
membrane of thyroid follicular cells; its regulator is not only TSH, but also I itself [40-43].

The basal level of LPO was lower in the ovary than in the thyroid homogenates,
which was confirmed also in our previous studies [44]; and observations from two different
studies [45,46]. On the other hand, LPO induced by KIOj, similar to LPO induced by
Fenton reaction substrates [44], was higher in the ovary than in the thyroid homogenates.
This observation also confirms the hypothesis, that in physiological conditions oxidative
stress in the thyroid (resulting mostly from oxidative reactions indispensable for thyroid
hormone synthesis) is at a substantially higher level than in other tissues. At the same
time this physiologically high level of oxidative stress in the thyroid makes this organ less
vulnerable to pro-oxidative agents, such as iodate or iron (used in the Fenton reaction).

We also observed a significantly lower LPO level induced by KIO; in the kidney
compared to other tissues (Figures 5-7). This observation may be justified by the following
reason. Potassium bromate (KBrOz)—halogenate salt, belonging to the same class (oxohalo-
gen acids) together with chloric (HCIO3) and iodic (HIO3) acids, have been known to be
potential carcinogens, experimentally inducing renal tumors [47]. This compound has been
classified as possibly carcinogenic to humans (group 2B according to IARC) [48]. Although
KIO; has been conferred GRAS status by the FDA [29], it was not listed as a carcinogen
with IARC, ACGIH, NTP, or OSHA [49] and did not induce toxic effects under conditions
in which the bromate did [29], although similar to KBrOz—kidney tissue is presumably
more resistant to iodate than other tissues. However, separate studies should be performed
to clarify the mechanism of lower kidney sensitivity to iodate.

In the present study we showed that melatonin significantly reduced LPO induced by
KIO;, when this compound was used at doses corresponding to physiological concentra-
tions of iodine in the thyroid (approx. 9.0 mM) [23-25], which is in line with our previous
publications [20-22]. It should be stressed that the protective effects of melatonin were
observed in all examined tissues (when KIO3 was applied in concentrations of 10 mM,
7.5 mM and 5 mM), but the most important observation is that melatonin revealed the
strongest protective effect in the thyroid gland—it was the only tissue, in which beneficial
results of melatonin were observed against as high a KIO3 concentration as 15 mM. Addi-
tionally, LPO levels resulting from KIO3 + melatonin exposure were lower in the thyroid
compared to other tissues, but these differences may be due to a weaker damaging effect of
KIO; in the thyroid. Further studies are required to clarify the mechanisms responsible for
stronger effectiveness of melatonin against KIO3-induced damage observed in the thyroid
compared to other tissues.

The relationship between melatonin (or its main source, i.e., the pineal gland) and
the thyroid gland has been studied for many years. Large experimental evidence suggests
the inhibitory action of melatonin on thyroid growth and function [50,51]. These effects
were observed when using different experimental models, such as chronic and short-term
melatonin administration in vivo, light restriction, pinealectomy or exposure to melatonin
under in vitro conditions [50,51]. The inhibitory action of melatonin on the hypothalamic—
pituitary—thyroid axis occurs at all three levels, i.e., at the hypothalamic level (inhibition
of synthesis and release of thyrotropin releasing hormone (TRH)), at the pituitary level
(inhibition of thyrotropin (TSH) release), and directly at the thyroid level, resulting, among
other effects, in decreased blood concentrations of thyroid hormones [50,51].
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Melatonin is considered as one of the most effective known antioxidants. Mecha-
nisms by which melatonin protects against lipid peroxidation are as follows. Melatonin
acts directly by detoxification of reactive oxygen and nitrogen species, like *OH, O,*~,
H,0,, singlet oxygen (10,), HOCI, nitric oxide (NO®) or peroxynitrite (ONOO™). As
an indirect antioxidant, melatonin can stimulate antioxidative enzymes (glutathione per-
oxidases, glutathione reductase, superoxide dismutase, and catalase) while suppressing
the activity of prooxidant enzymes [30]. Furthermore, its metabolites (i.e., AMK—N1-
acetyl-5-methoxykynuramine, AFMK—NT1-acetyl-N2-formyl-5-methoxykynuramine, and
c30HM—cyclic-3-hydroxymelatonin) can protect against oxidative damage, as similar to
melatonin, they are scavengers of hydroxyl- (AMK, AFMK, c30HM) and hydroperoxyl-
(c30HM) radicals [52,53].

Except for antioxidative properties, melatonin is a regulator of the circadian rhythm
and immune system and is also involved in blood pressure and autonomic cardiovascular
regulation. Its therapeutic effects have been reported in certain tumors (e.g., breast cancer,
ovarian and endometrial carcinoma, prostate cancer, hepatoma and intestinal tumors),
cardiovascular diseases or psychiatric disorders [54].

It is worth emphasizing, that short-term use of melatonin, both in animals and hu-
mans, is safe, even in extreme doses. Only mild adverse effects (i.e., sleepiness, headache,
dizziness or nausea) have been reported [55].

In the current study melatonin was used at a concentration of 5 mM, which, due
to its limited solubility, is the highest achievable in vitro concentration and, after all, it
is commonly used in experimental studies. This concentration (i.e., 5 mM) is equivalent
to ~1.16 x 10° pg/mL. The physiological blood concentration of melatonin in humans is
0-20 pg/mL in the daytime and at night it reaches even 40-200 pg/mL and decreases with
age (e.g., [56]). Exogenous melatonin is applied therapeutically in doses between 2 and
10 mg, and the highest dose of melatonin used in clinical trials was 25 mg [57]. The intra-
venous administration of melatonin at a dose of 25 mg resulted in a blood concentration of
~7.52 x 10° pg/mL [57]. Relating the abovementioned melatonin concentrations to those
used by us it should be concluded that the concentrations used in the current experiment
exceed by several orders of magnitude the physiological melatonin concentrations and
even those resulting from standard doses of exogenous melatonin application; therefore
they should be treated as pharmacological.

The melatonin level declines gradually over the life-span, which may cause disorders
related to an altered circadian rhythm, such as sleeping disorders, delirium or disorders
of cognitive functioning, especially characteristic for the elderly [58]. Moreover, available
studies show that disruption of the circadian rhythm or clock gene expression may lead
to liver diseases, such as liver steatosis, inflammation or cancer development. These
facts may suggest, that supplementation of melatonin not only prevents oxidative stress-
induced liver damage (induced e.g., by alcohol drinking or excess fatty acid diet), but also
through restoring the circadian rhythm may be a promising therapeutic strategy for liver
diseases [59].

In addition, other tissues, examined in the present work, are susceptible to oxidative
stress. Especially the brain, with its high oxygen consumption and lipid-rich content can
be very prone to this kind of damage [60]. In the ovary, oxygen radicals play important
physiological roles, but its cyclic production over years may lead to an increased cumulative
risk of ovarian pathology [61]. The small intestine is the main organ involved in the
digestion and absorption of nutrients and is directly exposed to drugs and toxic food
contaminants [62].

In physiological conditions there is a balance between production of ROS and RNS
and their elimination by protective mechanisms, but with aging or under certain conditions,
defense mechanisms are not sufficient, which may result in numerous pathologies. For this
reason, it is advisable to look for new potential pharmacological agents against known pro-
oxidants. In our opinion melatonin—a safe and strong antioxidant—should be considered
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as a potential protective agent against oxidative damage to membrane lipids caused by
KIOj3 not only in the thyroid gland, but also in other tissues, especially in older people.

Concerning clinical conditions associated with the exposure to KIOj excess, the fol-
lowing should be taken into consideration. Uncontrolled supplementation of tablets or
drops containing microgram doses of KIO3 seems to be a very probable situation, especially
in the older population, while a variety of mineral waters, both with standardized and
unstandardized iodine concentration, when drunk in huge amounts may contribute to
iodine excess. Iodine contrast agents used in diagnostics and different medications, such
as eye drops or antiseptics, commonly used in the general population, contain a very high
amount of iodine compounds. Tablets with milligram doses of KIO3 used at the time of
nuclear emergency, although generally safe, may potentially cause some pro-oxidative
effects. Overconsumption of iodized salt does not seem to constitute a strong risk factor of
excessive exposure of an individual to iodine, however it should be also taken into account
at least at the population level. In such situations of increased exposure to iodine com-
pounds and other external factors with pro-oxidative properties, the potential beneficial
effects of antioxidants such as melatonin could be very important. However, it should not
be forgotten that our experiment was performed in in vitro conditions; therefore, it may
not be directly extrapolated into in vivo situations and, consequently, it may not have a
direct impact in clinical practice, at least at the current stage of research.

To our knowledge, our study is the first attempt to compare the protective effects of
melatonin against experimentally-induced oxidative damage in various porcine tissues.
The differences observed in this work should be confirmed by using other methods and
other markers of oxidative damage (not only to membrane lipids but also to DNA and
proteins) and, whenever possible, by using additional tissues. We intend to expand our
research in this area in the future.

5. Conclusions

The thyroid gland is less sensitive to pro-oxidative effects of KIO3 when compared to
other tissues. Melatonin reveals a strong protective effect against oxidative damage caused
by KIO3, when this pro-oxidant is used in doses resulting in physiological concentrations
of iodine in the thyroid. The strongest protective effect was observed in the thyroid gland
which suggests that this organ responds stronger to antioxidative effects of melatonin.
However, beneficial effects were significant also in other tissues. Melatonin, as a very safe
agent, should be considered to avoid the potential damaging effects of iodine compounds
applied in iodine prophylaxis.
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5. Komentarz do cyklu prac w jezyku polskim

Wstep

Reaktywne formy tlenu (RFT) i wolne rodniki uczestnicza w wielu procesach
metabolicznych. W warunkach fizjologicznych utrzymuje si¢ réwnowaga pomiedzy
wytwarzaniem a neutralizowaniem RFT. Jednakze zaburzenie tej rownowagi moze
powodowac niepozadane dla organizmu skutki [1].

Gruczot tarczowy jest narzadem, w ktorym procesy oksydacyjne odgrywaja wazna
role i s3 niezbedne m.in. do syntezy hormonéw tarczycy [2]. Z tego wzgledu gruczot
tarczowy charakteryzuje si¢ stalym wysokim poziomem stresu oksydacyjnego, ktory moze
by¢ dodatkowo zwigkszany w odpowiedzi na roézne egzo- i endogenne substancje
(prooksydanty) i przyczynia¢ si¢ wowczas do réznych stanéw chorobowych, na przyktad raka
tarczycy.

Jod jest pierwiastkiem niezb¢dnym do prawidlowego funkcjonowania organizmu.
Jego kluczowg rolg jest udziat w syntezie hormonéw tarczycy. Oszacowano fizjologiczne
stezenie jodu w gruczole tarczowym, ktére w warunkach odpowiedniej podazy wynosi ok.
9 mM [3-5]. Niedobodr jodu moze powodowaé powazne skutki zdrowotne, m.in. powstanie
wola lub niedoczynno$¢ tarczycy, a jesli jest stwierdzany u cigzarnych — takze zaburzenia
rozwoju ptodu [6]. Dlatego tak wazna jest odpowiednia suplementacja jodu, ktéra zapewnia
odpowiednig syntez¢ hormondw tarczycy, zmniejsza czgsto$¢ wystgpowania wola 1 zmienia
dystrybucj¢ poszczegdlnych postaci raka tarczycy z obnizeniem odsetka postaci o gorszym
rokowaniu.

Jodowanie soli kuchennej jest w wielu krajach najpopularniejsza metoda profilaktyki
niedoboru jodu [7]. Swiatowe programy suplementacji jodu polegaja na dodawaniu do soli
kuchennej jodku potasu (KI) albo jodanu potasu (KIO3) [7]. Zwiazki te charakteryzujg si¢
réznymi wiasciwo$ciami oksydacyjnymi — KI jest mniej reaktywny, podczas gdy KlOs
wykazuje silniejsze wilasciwosci prooksydacyjne. Mimo to KIOs3 uzyskat status ,,GRAS”
(generally recognized as safe — generalnie uznany za bezpieczny), nadawany przez FDA
(Food and Drug Administration) [8]. Jednakze w pewnych eksperymentalnych warunkach in
vitro KIO3 wykazywal zdolnos¢ do oksydacyjnych uszkodzen makroczasteczek
biologicznych.

Zwiazki indolowe, z ich glownym reprezentantem melatoning (5-metoksy-N-

acetyltryptaming), sg efektywnymi antyoksydantami i zmiataczami wolnych rodnikéw. Kwas

50



indolo-3-propionowy (IPA) jest substancjg indolowa, podobng do melatoniny pod wzgledem
struktury chemicznej i whasciwosci biochemicznych [9-13]. Oba te zwigzki s uznawane za
bezpieczne i nie wykazujg istotnych dziatan ubocznych [12,13].

W licznych badaniach udowodniono, ze melatonina wykazuje dzialanie ochronne
wobec eksperymentalnie wyindukowanych oksydacyjnych uszkodzen lipidow bton
komérkowych w réznych tkankach, ze szczegdlnym uwzglednieniem gruczotu tarczowego
[9]. Melatonina wptywa réwniez hamujaco na wzrost i czynno$¢ tarczycy. Z tego powodu
moze by¢ uznawana jako potencjalny czynnik ochronny przed ré6znymi chorobami tarczycy,

wlacznie z nowotworami tego gruczotu.

Cel pracy

Pierwszym celem pracy byla ocena potencjalnego dziatania ochronnego melatoniny
przed oksydacyjnymi uszkodzeniami lipidow blon komdrkowych (czyli peroksydacja lipidow
— LPO) indukowanymi przez Kl oraz KIO3 w homogenatach tarczycy wieprzowej (praca
oryginalna 1: Iwan P, Stepniak J, Karbownik-Lewinska M. Melatonin reduces high levels
of lipid peroxidation induced by potassium iodate in porcine thyroid. Int J Vitam Nutr
Res. 2021;91:271-277).

Nastepnym celem pracy bylo zbadanie ochronnego efektu kwasu indolo-3-
propionowego (IPA) oraz efektow tacznego zastosowania melatoniny 1 IPA (w najwyzszych,
mozliwych do uzyskania w warunkach in vitro, stezeniach, wynikajacych z ich ograniczonej

rozpuszczalno$ci) przed peroksydacja lipidow wyindukowang przez KIOz w homogenatach

tarczycy wieprzowej (praca oryginalna 2: Iwan P, Stepniak J, Karbownik-Lewinska M.
Cumulative Protective Effect of Melatonin and Indole-3-Propionic Acid against KI1Os-
Induced Lipid Peroxidation in Porcine Thyroid. Toxics. 2021;9:89).

W ostatniej czg$ci pracy poréwnywano ochronne dziatanie melatoniny przed
wyindukowanymi przez KIOsz oksydacyjnymi uszkodzeniami lipidow bton komoérkowych w
tkance tarczycy i w innych tkankach zwierzecych (tj. jajnik, sledziona, watroba, mozg, jelito

cienkie i nerka) (praca oryginalna 3: Iwan P, Stepniak J, Karbownik-Lewinska M. Pro-

Oxidative Effect of KIOs and Protective Effect of Melatonin in the Thyroid-Comparison
to Other Tissues. Life (Basel). 2021;11:592. Erratum in: Life (Basel). 2022 Jul 07;12(7)).
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Materialy i metody
Badania zostaty przeprowadzone w warunkach in vitro, z uzyciem homogenatow

tkanek wieprzowych (tarczyca (we wszystkich pracach oryginalnych: 1, 2, 3) oraz

dodatkowo: jajnik, §ledziona, watroba, mozg, jelito cienkie i nerka (praca oryginalna 3)).
Uzyte stezenia KI (500; 250; 100; 50 mM), KIOs (200; 100; 50; 25; 20; 18.75; 17.5;
16.25; 15; 13.75; 12.5; 11.25; 10; 8.75; 7.5; 5.0; 2.5; 1.25 mM), melatoniny (5.0; 2.5; 1.25;
1.0; 0.625 mM), 17B-estradiolu (1.0 mM) oraz IPA (10; 7.5; 5.0; 2.5; 1.25; 0.625 mM) zostaly
wybrane na podstawie wynikOw wczesniej opublikowanych badah naszego zaktadu
(Karbownik et al., J Cell Biochem 2003, 90, 806-811; Karbownik et al., J Cell Biochem
2005, 95, 131-138; Milczarek et al., Thyroid Res 2013, 6, 10; Karbownik-Lewinska et al.,
Eur J Nutr 2015, 54, 319-323; Stepniak et al., Syst Biol Repred Med 2016, 62, 17-21).
Stezenie  dialdehydu malonowego+4-hydroksyalkenali (MDA+4-HDA), jako

wskaznika peroksydacji lipidow, zmierzono spektrofotometrycznie z uzyciem ALDetect Lipid
Peroxidation Assay Kit.

Wyniki poddano analizie statystycznej, uzywajac metody jednoczynnikowej analizy
wariancji (ANOVA), a nastepnie testu Neuman-Keulsa, lub uzywajac t-testu dla dwadch prob
niezaleznych. Istotno$¢ statystyczng okreslano na poziomie p<0.05. Wyniki przedstawiono

jako $rednie + SE.

Wyniki

Praca oryginalna 1

Jodek potasu (KI), we wszystkich uzytych stezeniach (tj. 500; 250; 100; 50 mM) i w
stopniu zaleznym od stezenia, spowodowatl wzrost poziomu peroksydacji lipidéw. Takze
jodan potasu (K103) podwyzszyt poziom peroksydacji lipidow we wszystkich zastosowanych
stezeniach (tj. 200; 100; 50; 25; 10; 5.0; 2.5 mM), przy czym najsilniejszy efekt uszkadzajacy
zaobserwowano przy stezeniach 10 mM i 25 mM. Po inkubacji homogenatow tarczycy z
KIOs3 lub KI tgcznie z melatoning (5.0 mM), istotne obnizenie poziomu peroksydacji lipidow
byto zauwazalne jedynie w przypadku KIOsz uzytego w stezeniu 10 mM.

Poniewaz w powyzszym modelu nie odnotowano ochronnego dziatania melatoniny
przed peroksydacja lipidoéw wyindukowang przez KI, w kolejnych etapach do$wiadczenia
wykorzystywano jedynie KIO:s.

W dalszej czgséci doswiadczenia zastosowano dodatkowe st¢zenia KI1O3 (tj. 20; 15; 7.5;
1.25 mM) aby wyjasni¢ niespodziewane wyniki uzyskane w pierwszym etapie badania. Po

uzyciu dodatkowych stezen KIOgz, najsilniejszy efekt uszkadzajacy lipidy bton komérkowych
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obserwowano przy stezeniach KIOsz zblizonych do 15 mM, z najwyzszym poziomem LPO
potwierdzonym dla ste¢zen 15 mM i 20 mM.

Melatonina, w stopniu zaleznym od stezenia, zredukowata wyindukowana przez KiOs
peroksydacje lipidow, ale tylko wowczas, gdy ten prooksydant byt zastosowany w stezeniach
10 mM (melatonina uzyta w stezeniach: 5.0 mM i 2.5 mM dziatata ochronnie) i 7.5 mM
(melatonina uzyta w stezeniach: 5.0; 2.5; 1.25 i 1.0 mM dziatata ochronnie). Nalezy
podkresli¢, ze powyzsze stezenia KIO3 (tj. 10 mM i 7.5 mM) odpowiadaja fizjologicznemu
stezeniu jodu w tarczycy (wyliczonemu na ok. 9 mM).

Inkubacja homogenatéow tarczycy wieprzowej jedynie z melatoning zastosowang w
stezeniach 5.0; 2.5; 1.25; 1.0; 0.625 mM nie zmienita podstawowej peroksydacji lipidow.

W dalszej czesci badania zdecydowalismy si¢ poréwnaé efekt ochronny melatoniny z
potencjalnym dziataniem ochronnym innej znanej substancji antyoksydacyjnej — 17B-
estradiolu. 17B-estradiol, uzyty w stezeniu 1.0 mM begdacym najwyzszym stezeniem
mozliwym do uzyskania w warunkach in vitro, nie wykazywal korzystnych efektow wobec
indukowanej przez K10z peroksydacji lipidéw, podczas gdy melatonina, zastosowana w tym
samym st¢zeniu (tj. 1.0 mM), istotnie obnizyta poziom peroksydacji lipidow wyindukowanej
przez KIOz (7.5 mM).

Praca oryginalna 2

W Eksperymencie I, IPA (10 mM) i melatonina (5.0 mM) uzyte osobno, obnizyty
poziom peroksydacji lipidow wyindukowanej przez KIOs w stezeniach 10 mM, 7.5 mM i
5.0 mM. Jednakze w Eksperymencie II, po zastosowaniu dodatkowych stezen KIO3
wykazano, ze [IPA wywotuje efekt ochronny przy wyzszych stezeniach jodanu potasu
(16.25 mM) w pordéwnaniu z efektem ochronnym melatoniny (istotne obnizenie LPO przy
stezeniu KIO3 15 mM).

Dodatkowo, efekt ochronny wywolany przez IPA byt silniejszy w porownaniu z
dziataniem wywotanym przez melatoning przy st¢zeniach KIO3z 13.75 mM i nizszych.

Jednak najwazniejsza obserwacja byto, Ze melatonina uzyta tacznie z IPA wykazywata
silniejsze dzialanie niz kazdy z antyoksydantow zastosowany osobno. Efekt ten byl widoczny
przy stezeniach KIO3 15 mM i 10 mM (w Eksperymencie I), a po uzyciu dodatkowych stezen
w Eksperymencie Il w zakresie stgzen od 18.75 mM do 8.75 mM. Ten kumulacyjny efekt
ochronny melatoniny+IPA byt szczegllnie zauwazalny przy wyzszych stezeniach KIOs, tj.
przy 18.75mM i 17.5mM, przy ktérych ani melatonina, ani IPA uzyte osobno nie

wykazywaty dziatania protekcyjnego.
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Podobnie jak wykazano w pracy oryginalnej 1, takze w omawianym badaniu
potwierdzono, ze melatonina nie zmienia podstawowej peroksydacji lipidéw, podczas gdy

zaréwno IPA, jak i melatonina+IPA obnizyty podstawowg peroksydacje lipidow.

Praca oryginalna 3

Poziom podstawowej peroksydacji lipidow byl nizszy w tkance jajnika niz w
pozostaltych badanych tkankach, co potwierdzono statystycznie w odniesieniu do tkanki
tarczycy, $ledziony, watroby 1 nerki. Z kolei poziom podstawowej peroksydacji lipidow byt
wyzszy w $ledzionie niz w innych tkankach (istotno$¢ statystyczna w poréwnaniu z tkanka
tarczycy, jajnika i nerki). Inkubacja w obecno$ci melatoniny obnizyta poziom podstawowej
peroksydacji lipidéw jedynie w tkance jajnika.

Poréwnujac efekt dziatania KIOs na homogenaty tkanek wieprzowych
zaobserwowano, ze KIO3 zwigksza poziom peroksydacji lipidow we wszystkich badanych
tkankach (tj. tarczycy, jajniku, S$ledzionie, watrobie, mézgu, jelicie cienkim, nerce), Z
najsilniejszym efektem uszkadzajacym stwierdzanym przy stezeniach KIO3 20 mM, 15 mM i
10 mM. Nalezy jednak podkreslic, ze w tkance tarczycy nie stwierdzono efektu
uszkadzajacego przy najnizszym stezeniu KIO3 — 5.0 mM. Ponadto poziom LPO indukowany
przez KIOs w stezeniach 10 mM i 7.5 mM byl istotnie nizszy w tarczycy niz w innych
badanych tkankach (wytaczajac tkanke nerki).

Melatonina (w st¢zeniu 5.0 mM) obnizyta indukowang przez KIOz (10 mM, 7.5 mM i
5.0 mM) peroksydacje¢ lipidow we wszystkich badanych tkankach. Wazna obserwacjg jest to,
ze w gruczole tarczowym melatonina wykazywata dziatanie ochronne takze przy wyzszym
stezeniu KlOgz, tj. 15 mM. Poziom LPO po inkubacji w obecnos$ci KIOs+melatonina byt
istotnie nizszy w gruczole tarczowym niz w innych badanych tkankach. Dwie ostatnie

obserwacje sugeruja, ze ochronny efekt melatoniny byl najsilniejszy w tkance tarczycy.

Dyskusja

Calkowita zawarto$¢ jodu w organizmie ludzkim zostata oszacowana na ok. 12-25 mg,
z czego 5-15mg jest magazynowane w gruczole tarczowym [14]. Podczas gdy tarczyca
zawiera ok. 80% catkowitego jodu obecnego w organizmie, to narzady wewnetrzne i krew
zawieraja 14%, migsnie i tkanka thuszczowa — 5%, a kosci jedynie 1% [15]. W poréwnaniu z
tarczyca, w innych tkankach znajdujg si¢ jedynie sladowe ilosci jodu. Dla przyktadu, stosunek

stezenia jodu w nerkach, watrobie, mig¢$niach badz skorze do stezenia jodu w tarczycy
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wyliczono na 1:100,000. Jednak nawet w tkankach o matym stezeniu jodu, takich jak
przewod pokarmowy, nerki czy watroba, wysokie dawki KIO3 wykazywaly potencjalng
toksycznos¢.

Obliczono, ze stezenie jodu niecorganicznego w tarczycy ludzkiej i szczurzej wynosi
ok. 9 mM [3-5]. Ze wzgledu na podobienstwo migdzy tarczycg ludzka i wieprzowa (podobna
objetos¢ gruczotu i synteza hormonéw tarczycy) mozna oszacowaé, ze stezenie jodu w

tarczycy wieprzowej jest na zblizonym poziomie.

Obecnie, pomimo ogdlnoswiatowych strategii zapobiegania i kontroli niedoboru jodu,
jest to nadal powszechny problem w zakresie zdrowia publicznego, szczegolnie u cigzarnych.
Ciezki niedobdr jodu moze wigzac si¢ z wieloma powaznymi skutkami zdrowotnymi, takimi
jak zwigkszone ryzyko utraty cigzy i $miertelnosci niemowlat, niedoczynno$¢ tarczycy u
noworodkow, kretynizm badz opdznienie neuropsychoruchowe. Ponadto niedobor jodu moze
prowadzi¢ do powstania wola — czynnika ryzyka raka tarczycy [6].

Programy jodowania soli kuchennej oparte sa o dodawanie do soli jodku potasu (KI)
lub jodanu potasu (KIO3) [7]. Poniewaz jodan jest czasteczka bardziej stabilng niz jodek
(jodek tatwo utlenia si¢ do Iz, a nastgpnie jest tracony przez odparowanie), cze$¢ ekspertow
preferuje KlOs jako no$nik jodu dodawany do soli w celu uzupetienia niedoboru tego
pierwiastka. Z drugiej strony przewaga Kl nad KIOs moze polega¢ na jego silniejszym
dziataniu ochronnym przed oksydacyjnymi uszkodzeniami mtDNA. Chociaz FDA (Food and
Drug Administration) nadato KlOs status GRAS (,,generalnie uznany za bezpieczny”),
dostgpne publikacje wskazuja na ,,podwdjng naturg” KIOs.

Rozwazania dotyczace potencjalnej toksycznosci KIOs sg nastepujace: kwas jodowy
(HIOz) wraz z kwasem chlorowym (HCIOs3) i kwasem bromowym (HBrOs) naleza do klasy
kwaséw oksohalogenowych. Sole halogenowe w wigkszosci warunkow s3 zwigzkami
stabilnymi, ale ze wzgledu na swoje wtasciwosci utleniajgce moga gwaltownie reagowac z
substancjami tatwo utleniajgcymi sie. Jak wcze$niej wspomniano, KIO3 nalezy do grupy
GRAS, jednak ze wzgledu na swoje podobienstwo strukturalne do bromianu potasu (KBrOs)
— znanego potencjalnego kancerogenu, nalezacego do grupy 2B wedtug IARC (International
Agency for Research on Cancer — Migdzynarodowa Agencja Badan nad Rakiem),
uzasadniona jest ocena jego potencjatu mutagennego i kancerogennego. Z drugiej strony,
jodan ma nizszy potencjal utleniajacy niz bromian i w dotychczas przeprowadzonych
badaniach nie wywolywal efektéw toksycznych w warunkach, w ktérych bromian byl

szkodliwy [8].
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Warto podkresli¢, ze najsilniejszy efekt uszkadzajacy lipidy blon komodrkowych
obserwowano w obecnych badaniach przy stezeniach KIO3 zblizonych do stezenia 15 mM,
ktore jest podobne do fizjologicznego stezenia jodu w tarczycy (wyliczonemu na ok. 9 mM).
Nalezy podkresli¢, ze KI w stezeniu 15 mM nie powodowal wzrostu poziomu peroksydacji
lipidow w homogenatach tarczycy wieprzowej [16].

Chociaz stezenia jodu w innych tkankach sga znacznie nizsze niz w gruczole
tarczowym, w obecnych badaniach zaobserwowano uszkadzajacy efekt KIO3 we wszystkich
analizowanych tkankach (tj. w tarczycy, jajniku, $ledzionie, watrobie, mozgu, jelicie cienkim
I nerce).

Porownujac efekt dzialania KIOz na homogenaty roéznych tkanek wieprzowych
stwierdzono, ze peroksydacja lipidow indukowana przez KIOz byta istotnie nizsza w tkance
tarczycy niz w innych badanych tkankach (poza nerka). Obserwacja ta moze ilustrowac fakt,
ze gruczot tarczowy jest zaadaptowany do utrzymywania wysokich stezen jodu. Poniewaz
tarczyca jest narzadem, w ktorym procesy oksydacyjne sg niezbedne do wlasciwego
funkcjonowania i syntezy hormonéw tarczycy, w toku ewolucji rozwinely si¢ mechanizmy
chronigce ten gruczot przed nadmiarem jodu. Jednym z nich jest efekt Wolffa-Chaikoffa.
Efekt ten, wcigz nie do konca wyjasniony, obserwowano u szczuréw narazonych na bardzo
duze ilosci jodu, co powodowato przejsciowe zmniejszenie syntezy hormonow tarczycy; taki
blok trwat okoto 24 godziny. Ta adaptacja jest zwigzana ze zmniejszeniem ekspres;ji
symportera ~ sodowo-jodowego (NIS), czego  skutkiem  jest  zmniejszenie
wewnatrztarczycowego stezenia jodu; jest to wiec kolejny mechanizm przyczyniajacy si¢ do
utrzymania prawidtowej funkcji tarczycy. NIS jest biatkiem transbtonowym, wystepujacym
gtownie w blonie podstawnej komorek pecherzykowych tarczycy; jego regulatorem jest nie
tylko TSH, ale takze sam jod [17].

Zaobserwowano rowniez istotnie nizszy poziom LPO indukowany przez KIO3 w nerce
w poréwnaniu z pozostatymi badanymi tkankami. Ta obserwacja moze mie¢ nastepujace
uzasadnienie: jak wspomniano, K103 nalezy do soli oksohalogenowych, podobnie jak KBrOs
— zwiazek chemiczny, ktéry w warunkach doswiadczalnych indukowal powstawanie guzow
nerki i zostat sklasyfikowany jako potencjalnie kancerogenny dla ludzi (grupa 2B wedhug
IARC). Chociaz KIO3 ma status GRAS nadany przez FDA i nie zostal wymieniony jako
czynnik rakotworczy na listach TIARC, a takze nie wywolywal efektow toksycznych w

warunkach, w ktérych odnotowano uszkadzajace efekty bromianu, to tkanka nerki — w
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porownaniu z innymi tkankami — jest prawdopodobnie bardziej odporna na oksydacyjne

uszkodzenia wywotane przez jodan potasu.

Poziom podstawowej peroksydacji lipidow byt nizszy w homogenatach jajnika niz
tarczycy. Z drugiej strony, LPO indukowana przez KlOs, podobnie jak LPO indukowana
przez substraty reakcji Fentona [18], byta wyzsza w jajniku niz w homogenatach tarczycy. Ta
obserwacja potwierdza wiec hipoteze, ze w warunkach fizjologicznych poziom stresu
oksydacyjnego w tarczycy (wynikajacy glownie z reakcji oksydacyjnych niezbednych do
syntezy hormonow tarczycy) jest znacznie wyzszy niz w innych tkankach. Jednoczes$nie ten
fizjologicznie wysoki poziom stresu oksydacyjnego w tarczycy sprawia, ze gruczol tarczowy
jest mniej podatny na dziatanie prooksydantow, takich jak jodan lub zelazo (stosowane w

reakcji Fentona).

Prawdopodobne jest, ze wywotana przez KIO3 peroksydacja lipidow w homogenatach
tarczycy wieprzowej jest efektem bezposredniego dzialania oksydacyjnego tej substancji na
btony komodrkowe. Nalezy jednak podkresli¢, ze prawdopodobnie roéwniez inne
makroczasteczki w komorkach tarczycy moga podlega¢ bezposredniemu dziataniu KIOs, co
zostato potwierdzone dla nDNA i mtDNA [19].

Przeprowadzano badania majgce na celu sprawdzenie potencjalnej toksycznosci
jodanu, ale jego szkodliwo$¢ nie zostata do tej pory potwierdzona w badaniach u ludzi.
Jednak biorac pod uwage witasciwosci chemiczne jodanu i udowodnione w powyzszych
badaniach jego dzialanie prooksydacyjne, nie mozna wykluczy¢, ze zwigzek ten moze by¢
potencjalnie niebezpieczny. Z tego powodu wskazane jest poszukiwanie nowych substancji

potencjalnie chronigcych przed prooksydacyjnymi efektami KIOs.

W obecnym badaniu zaobserwowano, ze nie tylko melatonina, ale takze IPA obnizaja
poziom peroksydacji lipidow wyindukowany przez KlOs. Jednak najwazniejsza obserwacja
byto to, Ze melatonina uzyta lacznie z IPA wykazywata jeszcze silniejsze dzialanie niz kazdy
z antyoksydantéw zastosowany osobno. Nalezy podkresli¢, ze efekty ochronne zaréwno
melatoniny, jak i IPA oraz obu tych substancji stosowanych jednoczes$nie, wykazano jedynie
dla stgzen KIO3 odpowiadajacych fizjologicznemu stezeniu jodu w tarczycy (bedacego
skutkiem zalecanej podazy jodu).

Nalezy zaznaczy¢, ze ochronne dziatanie melatoniny zaobserwowano we wszystkich

badanych tkankach (przy zastosowaniu KIOs w stezeniach 10 mM, 7.5 mM i 5.0 mM), ale
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najwazniejszg obserwacja jest to, ze melatonina wykazywata najsilniejsze dziatanie ochronne
w gruczole tarczcowym — byta to jedyna tkanka, w ktorej zaobserwowano korzystne dziatanie
melatoniny przy wyzszym st¢zeniu KIOs, tj.15 mM. Dodatkowo poziom LPO po inkubacji w
obecnosci KIOz+melatonina byt istotnie nizszy w gruczole tarczowym niz w innych badanych

tkankach, ale rdznice te moga wynikac ze stabszego szkodliwego dziatania KIO3 na tarczyce.

W obecnych badaniach wykazano, ze melatonina uzyta w stezeniach zwykle
stosowanych w warunkach in vitro (tj. 1.0-5.0 mM) istotnie obnizata poziom peroksydacji
lipidow indukowany przez KlOs, gdy ten zwigzek zostal zastosowany w dawkach
odpowiadajacych fizjologicznym stezeniom jodu w tarczycy. Na podstawie obecnych
wynikow nalezy uznaé, ze wskazane jest utrzymywanie wysokiego stezenia melatoniny w
organizmie, aby zapobiec oksydacyjnym uszkodzeniom w gruczole tarczowym. Z tego
powodu sugeruje si¢ unikanie czynnikéw obnizajacych stezenie melatoniny, takich jak
korzystanie z silnego §wiatta w godzinach nocnych. Ponadto korzystne moze by¢ stosowanie
egzogennej melatoniny przez osoby starsze, poniewaz fizjologiczne stezenie melatoniny
obniza si¢ wraz z wiekiem.

Melatonina zostala wybrana do obecnych badan, poniewaz jej wilasciwosci
antyooksydacyjne sa znane od dawna [9,10]. Efekty te byly obserwowane zaréwno w
warunkach in vivo, jak i in vitro. Na przyktad w gruczole tarczowym melatonina obnizata
poziom LPO wywotany przez substraty reakcji Fentona (Fe?*+H202) lub KBrOs.
Mechanizmy, dzigki ktorym melatonina skutecznie chroni przed peroksydacja lipidow,
obejmuja bezposrednie 1 posrednie efekty antyoksydacyjne oraz dziatanie jako zmiatacza
wolnych rodnikéw [11]. Melatonina stymuluje enzymy antyoksydacyjne (tj. peroksydaze
glutationowa, reduktaze¢ glutationowa, dysmutaze ponadtlenkowg i katalaze), pobudza synteze
glutationu oraz wspoétdziata ze zmiataczami wolnych rodnikéw. Ponadto zaréwno melatonina,
jak i jej metabolity [(N1-acetylo-N2-formylo-5-metoksykynuramina (AFMK), N-acetylo-5-
metoksykynuramina (AMK) i cyklo-3-hydroksymelatonina (c30HM)] sa w stanie
neutralizowaé praktycznie wszystkie wolne rodniki. IPA, podobnie jak melatonina, jest
endogennym donorem elektronow, ktory neutralizuje RFT (takie jak "OH i O27) i dziata
synergistycznie z glutationem. Jego tancuch boczny nie ulega dekarboksylacji, a zatem, w
przeciwienstwie do innych substancji indolowych, nie jest przeksztalcany w reaktywne
zZwigzki posrednie o wlasciwosciach prooksydacyjnych.

Obie substancje, melatonina i IPA, s3 uznawane za bezpieczne i nie wykazuja

istotnych dziatan niepozadanych [12,13].
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Egzogenna melatonina jest podawana w celach terapeutycznych w dawkach 2-10 mg.
W dostepnej literaturze najwyzsza dawka melatoniny zastosowana w badaniach klinicznych
wynosita 25 mg [20]. W wyniku dozylnego podania melatoniny w dawce 25 mg odnotowano
jej stezenie we krwi ~7.52 x 10° pg/mL. W innym badaniu melatonina zastosowana w dawce
10 mg dozylnie pozwalala uzyska¢ stezenie we krwi ~3.9 x 10° pg/mL, a po podaniu
doustnym — stezenie ~3.5x 10° pg/mL [21]. Odnoszac te stezenia do stosowanych w
obecnym badaniu (5.0 mM melatoniny odpowiada ~1.16 x 10° pg/mL) nalezy zauwazy¢, ze
stezenia zastosowane w naszych eksperymentach przekraczaja dawki standardowe o kilka
rzedow wielkosci. Niestety nie przeprowadzono podobnych badan z IPA. Nalezy podkreslic,
7ze na podstawie otrzymanych przez nas wynikéw dotyczacych ochronnego dzialania
melatoniny stosowanej razem z IPA w warunkach in vitro nie mozna bezposrednio
wnioskowac o ewentualnych efektach w warunkach in vivo.

W odniesieniu do powyzszych wynikow warto przypomnie¢, ze zarowno melatonina,
jak 1 IPA sg zwigzkami o korzystnych wtasciwo$ciach, dzigki ktorym mozemy rozpatrywac
ich zastosowanie w wielu obszarach medycyny. Melatonina jest regulatorem rytmu
okotodobowego 1 uktadu odpornosciowego, a takze bierze udziat w regulacji ci$nienia krwi i
autonomicznej regulacji uktadu sercowo-naczyniowego. Jej dziatanie terapeutyczne
stwierdzono w badaniach dotyczacych niektorych nowotwordw (np. raka piersi, raka jajnika i
endometrium, raka prostaty, raka watroby czy guzéw jelita), chordb uktadu krazenia badz
zaburzen psychicznych [22]. Obecnie trwajg badania oceniajace zastosowanie melatoniny w
leczeniu COVID-19 [23]. Odnosnie IPA, substancje t¢ mozna uznaé za potencjalng opcje
terapeutyczng w chorobie Alzheimera [13].

W obecnej pracy porownywano potencjalne dziatanie ochronne 1783-estradiolu (znanej
endogennej substancji antyoksydacyjnej) stosowanego w stezeniu 1.0 mM (najwyzsze
stezenie mozliwe do uzyskania w warunkach in vitro) z ochronnym dziataniem melatoniny
zastosowane] w tym samym stezeniu. Poniewaz 17f-estradiol nie wykazat dzialania
protekcyjnego w tym modelu, mozna wnioskowaé, ze melatonina jest lepszym potencjalnym

czynnikiem ochronnym, przynajmniej przed prooksydacyjnym efektem Kl1Os.

Istotng obserwacja bylo réwniez to, Ze substancje indolowe wykazywaly efekt
ochronny jedynie przy stezeniach KIO3 10 mM i 7.5 mM (praca oryginalna 1) lub 18.75 mM
— 8.75mM (praca oryginalna 2), ktére odpowiadaja fizjologicznemu stezeniu jodu w
tarczycy. Chociaz st¢zenie jodu w gruczole tarczowym rdézni si¢ w zaleznosci od wieku,

roéznice te prawdopodobnie nie sg duze; mozna zatem stwierdzi¢, ze powyzsze stg¢zenia KIO3

59



odpowiadajg fizjologicznemu stezeniu jodu w tarczycy w kazdym wieku. Efekty
prooksydacyjne KlOz nie byty redukowane przez melatoning lub IPA, gdy ten prooksydant
byt stosowany w wyzszych lub nizszych st¢zeniach niz wymienione powyzej.

Trudno jednoznacznie uzasadni¢ te dos$¢ nieoczekiwane wyniki. Mozna postawié
hipoteze, ze podczas rozwoju filogenetycznego u ssakow wyksztalcity si¢ mechanizmy
obronne chronigce przed dobrze poznanymi czynnikami toksycznymi, na ktdre organizmy
mogly by¢ potencjalnie narazone przez dtugi czas. By¢ moze dlatego melatonina zmniejszata
peroksydacje lipidow indukowang przez KIOsz w stgezeniach odpowiadajacych
fizjologicznemu st¢zeniu jodu w tarczycy. Chociaz tarczyca (jak i caty organizm) moze by¢
narazona na znacznie wyzsze st¢zenia jodu (np. w wyniku leczenia farmakologicznego), nie
jest to powszechna sytuacja epidemiologiczna, lecz raczej rzadkie zdarzenie kliniczne. Mozna
wigc postawié hipoteze, ze w toku ewolucji nie powstaly mechanizmy ochronne przeciwko

takim rzadkim, niefizjologicznym warunkom.
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WNIOSKI

4. Melatonina i kwas indolo-3-propionowy bardzo wyraznie obnizaja poziom
oksydacyjnych uszkodzen lipidow blon komérkowych spowodowanych
dzialaniem jodanu potasu (KIO3) uzytego w stezeniach odpowiadajacych

fizjologicznym stezeniom jodu w tarczycy.

5. Melatonina i kwas indolo-3-propionowy wywieraja kumulacyjny efekt ochronny
przed oksydacyjnymi uszkodzeniami lipidow blon komoérkowych tkanki tarczycy
wywolanymi przez KIO3 uzyty w stezeniach odpowiadajacych fizjologicznym
stezeniom jodu w tarczycy; sugeruje to, Ze te dwie substancje indolowe powinny
by¢ stosowane jednoczesnie w celu uzyskania lepszego efektu ochronnego przed

stresem oksydacyjnym.

6. W pordéwnaniu z innymi tkankami, gruczol tarczowy jest mniej wrazliwy na
prooksydacyjne dzialanie KIO3. Z drugiej strony, najsilniejsze dzialanie
ochronne melatoniny wykazano wlasnie w tkance tarczycy, co sugeruje, ze

gruczol ten skuteczniej odpowiada na antyoksydacyjne dzialanie melatoniny.

WNIOSEK OGOLNY

Melatonina i kwas indolo-3-propionowy, w szczegélnoesci przyjmowane jednoczes$nie,
powinny byé rozwazane w celu zapobiegania mozliwym uszkodzeniom oksydacyjnym
w gruczole tarczcowym (a takze w innych tkankach) wywolanym przez zwiazki jodu

stosowane w profilaktyce jodowej.
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6. Komentarz do cyklu prac w jezyku angielskim — Commentary

Introduction

Reactive oxygen species (ROS) and free radicals participate in metabolic processes.
Under physiological conditions, there is a balance between production and detoxification of
ROS. Any imbalance between these processes may result in different pathological conditions
[1].

The thyroid gland is an organ of “oxidative nature”, in which oxidative processes are
necessary for example for thyroid hormone biosynthesis [2]. For this reason, the thyroid gland
is characterized by high level of oxidative stress, which — in response to additional oxidative
abuse caused by exogenous or endogenous pro-oxidants — may lead to different thyroid
diseases, including thyroid cancer.

lodine is a micronutrient playing an essential role in thyroid hormone synthesis. Under
normal iodine supply, calculated physiological iodine concentration in the thyroid is approx.
9mM [3-5]. Its deficiency may lead to goiter formation and — in case of severe iodine
deficiency — to hypothyroidism, and in pregnant patients — to impaired infant neurobehavioral
development [6]. Correction of iodine deficiency may ensure adequate thyroid hormone
synthesis, decrease the prevalence of goiter and shift thyroid cancer subtypes towards a less
malignant form.

To eliminate iodine deficiency, iodized salt is used in most countries in iodine
prophylaxis [7]. Programs of salt iodization are based on the use of either potassium iodide
(K1) or potassium iodate (KIOz) [7]. These two main iodine compounds have different pro-
and antioxidative properties. Kl is less reactive whereas KIO3z reveals stronger oxidizing
properties. Despite this, KIOz has GRAS (“generally recognized as safe”) status given by
Food and Drug Administration (FDA) [8]. However, KIOs was found to reveal oxidative
damage to macromolecules under certain experimental in vitro conditions.

Indole substances, with their main representative melatonin (5-methoxy-N-
acetyltryptamine), are very effective antioxidants and free radical scavengers. Indole-3-
propionic acid (IPA) is another indole substance, similar in structure and biochemical
properties to melatonin [9-13]. Both are safe and it is generally accepted that they do not
reveal side effects [12,13].

Melatonin has been shown to prevent experimentally-induced oxidative damage to
macromolecules in different tissues, among others in the thyroid gland [9]. This substance
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also inhibits thyroid growth processes. For this reason it should be considered as a potential

protective agent against thyroid diseases, thyroid cancer included.

Aims of the study
The first aim of the study was to evaluate potential protective effects of melatonin

against oxidative damage to membrane lipids (lipid peroxidation) induced by either KIOz or

KI in porcine thyroid homogenates (original paper 1: Iwan P, Stepniak J, Karbownik-
Lewinska M. Melatonin reduces high levels of lipid peroxidation induced by potassium
iodate in porcine thyroid. Int J Vitam Nutr Res. 2021 Jun;91(3-4):271-277).

The subsequent aim was to analyze the protective effect of indole-3-propionic acid
(IPA) and the cumulative effect of melatonin+IPA (in their highest achievable in vitro
concentrations resulting from their limited solubility) against lipid peroxidation caused by

KIOz in porcine thyroid homogenates (original paper 2: Iwan P, Stepniak J, Karbownik-

Lewinska M. Cumulative Protective Effect of Melatonin and Indole-3-Propionic Acid
against KlOs-Induced Lipid Peroxidation in Porcine Thyroid. Toxics. 2021 Apr
21;9(5):89).

At the last step protective effects of melatonin against KIOs-induced oxidative damage
to membrane lipids in the thyroid were compared to those ones found in various other porcine
tissues, such as the ovary, the spleen, the liver, the brain, the small intestine, and the kidney

(original paper 3: lwan P, Stepniak J, Karbownik-Lewinska M. Pro-Oxidative Effect of

K103 and Protective Effect of Melatonin in the Thyroid-Comparison to Other Tissues.
Life (Basel). 2021 Jun 21;11(6):592. Erratum in: Life (Basel). 2022 Jul 07;12(7)).

Materials and methods
The studies were performed in in vitro conditions using homogenates of porcine

tissues (the thyroid gland (in all original papers: 1, 2 and 3), and additionally the ovary, the

spleen, the liver, the brain, the small intestine, and the kidney (original paper 3)).

The concentrations of Kl (500; 250; 100; 50 mM), K103 (200; 100; 50; 25; 20; 18.75;
17.5; 16.25; 15; 13.75; 12.5; 11.25; 10; 8.75; 7.5; 5.0; 2.5; 1.25 mM), melatonin (5.0; 2.5;
1.25; 1.0; 0.625 mM), 17R-estradiol (1.0 mM) and IPA (10; 7.5; 5.0; 2.5; 1.25; 0.625 mM)
were chosen on the basis of the results of previous studies (Karbownik et al., J Cell Biochem
2003, 90, 806-811; Karbownik et al., J Cell Biochem 2005, 95, 131-138; Milczarek et al.,
Thyroid Res 2013, 6, 10; Karbownik-Lewinska et al., Eur J Nutr 2015, 54, 319-323; Stepniak
et al., Syst Biol Reprod Med 2016, 62, 17-21).
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The concentrations of malondialdehyde+4-hydroxyalkenals (MDA+4-HDA), as an
index of lipid peroxidation, were measured in homogenates spectrophotometrically with the
use of ALDetect Lipid Peroxidation Assay Kit.

The data were statistically analyzed, using a one-way analysis of variance (ANOVA),
followed by the Student-Neuman-Keuls’ test, or using an unpaired t-test. Statistical

significance was determined at the level of p < 0.05. Results are presented as means + SE.

Results
Original paper 1

Potassium iodide (K1), in all used concentrations (i.e. 500; 250; 100; 50 mM), did
increase lipid peroxidation in concentration-dependent manner. Potassium iodate (K103) did

increase lipid peroxidation in all used concentrations (i.e. 200; 100; 50; 25; 10; 5.0; 2.5 mM)
with the strongest damaging effect to membrane lipids at concentrations of 10 mM and 25
mM. When thyroid homogenates were incubated in the presence of either Kl or KIO3 plus
melatonin (5.0 mM), significant reduction of lipid peroxidation was observed only when KIlO3
was used at the concentration of 10 mM.

As in the above experiment melatonin did not protect against Kl-induced lipid
peroxidation, in next steps we used only KlOz.

In the subsequent experiment we decided to use additional concentrations of KIO3 (i.e.
20; 15; 7.5; 1.25 mM) to clarify unexpected results obtained in the first step of experiments.
After using additional concentrations of KIOgz, the strongest damaging effect to membrane
lipids was observed for KIOz concentration of around 15 mM with the highest LPO level
confirmed for concentrations of 15 mM and of 20 mM.

Melatonin reduced, in concentration-dependent manner, KlOs-induced lipid
peroxidation, but only when this pro-oxidant was used at concentrations of 10 mM (melatonin
was protective in concentrations of 5.0 mM and 2.5 mM) or of 7.5 mM (melatonin was
protective in concentrations of 5.0; 2.5; 1.25; 1.0 mM); it should be recalled that KIOs
concentrations of 10 mM and of 7.5 mM correspond to physiological iodine concentrations in
the thyroid (calculated as approx. 9 mM).

The incubation of porcine thyroid homogenates in the presence of melatonin only (in
concentrations of 5.0; 2.5; 1.25; 1.0; 0.625 mM) did not change the basal lipid peroxidation.

In the present study we decided to compare protective effects of melatonin with a
well-known endogenous antioxidant — 17R-estradiol. 17R-estradiol, used at the concentration

of 1.0 mM, being the highest possible concentration to be used in our model (due to its limited
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solubility), did not cause any protective effects against KlOs-induced lipid peroxidation,
whereas melatonin, used in the same concentration of 1.0 mM, reduced lipid peroxidation
induced by KIO3 (7.5 mM).

Original paper 2

In the Experiment I, IPA (10 mM) and melatonin (5.0 mM), applied separately,
reduced KIOs-induced lipid peroxidation when this pro-oxidant was used at concentrations of
10 mM, 7.5mM or 50 mM. However, in Experiment Il with the use of additional
concentrations of KIOs, IPA revealed protective effects against higher concentration of KIO3
(16.25 mM) than melatonin did (KI1Os in the concentration of 15 mM).

Additionally, protective effects of IPA were stronger than those of melatonin against
oxidative damage caused by KIOz at concentrations of 13.75 mM or lower.

The most important observation is that melatonin used together with IPA revealed
stronger protective effects than each of these antioxidants used separately, but only when lipid
peroxidation was induced by KIOz in concentrations of 15 mM and 10 mM (Experiment 1) or
in the range of concentrations from 18.75 mM to 8.75 mM (Experiment 11). These cumulative
protective effects of melatonin+IPA are especially evident at higher KIO3 concentrations, i.e.,
18.75 mM and 17.5 mM, against which no protection was seen when either melatonin or IPA
were used separately.

It has also been observed that melatonin did not change the basal lipid peroxidation,
whereas IPA or IPA+melatonin decreased the basal lipid peroxidation.

Original paper 3

The basal level of LPO was lower in the ovary than in all other tissues, which was
statistically confirmed for the thyroid, spleen, liver, and kidney. In turn, the basal level was
higher in the spleen than in other tissues, which was statistically confirmed for the thyroid,
ovary, and kidney. The incubation with melatonin decreased the basal level of lipid
peroxidation only in ovary tissue.

KIOs increased lipid peroxidation in all examined tissues (i.e., the thyroid, the ovary,
the spleen, the liver, the brain, the small intestine, and the kidney) with the strongest
damaging effect observed at concentrations of 20 mM, of 15 mM, and of 10 mM. It should be
stressed, however, that in thyroid tissue the damaging effect of KIO3z was not observed at its

lowest concentration of 5.0 mM. Additionally, lipid peroxidation induced by KIOs at
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concentrations of 10 mM and 7.5 mM was significantly lower in the thyroid than in other
examined tissues (except the kidney).

Melatonin (5.0 mM) reduced KIOs-induced lipid peroxidation in all examined tissues
when this pro-oxidant was used at concentrations of 10 mM, 7.5 mM and 5.0 mM. An
important observation is that in the thyroid gland, melatonin revealed a protective effect also
against a higher concentration of KlOg, i.e., 15 mM. The lipid peroxidation level resulting
from KIOs+melatonin treatment was lower in the thyroid than in other tissues. The latter two

observations suggest that the protective effect of melatonin was the strongest in the thyroid.

Discussion

The total body iodine content in humans was estimated to be 12-25 mg, of which 5-
15 mgq is stored in the thyroid [14]. Whereas the thyroid contains about 80% of the total body
iodine, internal organs and blood contain 14%, muscle and fat — 5%, and bones — 1% [15].
Compared to the thyroid gland, in some of extrathyroidal tissues only traces of iodine are
found. The ratio of the iodine concentration in kidney, liver, muscle and skin to that in the
thyroid gland was calculated as 1 to 100,000. However, even in tissues with a low level of
iodine concentrations such as the gastrointestinal tract, kidneys or liver, high doses of KIO3
have shown potential toxicity.

The concentration of inorganic iodine in human or rat thyroid was calculated to be
approx. 9 mM [3-5]. Due to similarity between human and porcine thyroid (volume, hormone

synthesis), it may be estimated that iodine concentration in porcine thyroid is at similar level.

Currently, despite the worldwide strategies for the prevention and control of iodine
deficiency, it is still a widespread public health issue, especially in pregnant women. Severe
iodine deficiency may be associated with many adverse effects, such as the increased risk of
pregnancy loss and infant mortality, neonatal hypothyroidism, cretinism and
neuropsychomotor retardation. Moreover iodine deficiency may lead to goiter — a risk factor
for thyroid cancer [6].

Programs of salt iodization are based on the use of either potassium iodide (KI) or
potassium iodate (KIOg3) [7]. Because iodate is more stable than iodide (iodide is easily
oxidized to I and then lost by evaporation), the former compound is preferentially
recommended by some health authorities as an additive to salt for correcting iodine
deficiency. On the other hand, the superiority of KI over KIO3z may rely on its stronger

protective effects against oxidative damage to mtDNA. Although iodate has been conferred
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GRAS (“generally recognized as safe”) status by the Food and Drug Administration, available
publications show “dual nature” of KIOs.

Considerations concerning potential toxicity of K10z are as follows: iodic acid (H103),
together with chloric acid (HCIO3) and bromic acid (HBrOz), belongs to the class of
oxohalogen acids. Halogenate salts are stable under most conditions, but due to their oxidative
properties they may react rapidly with easily oxidisable substances. As previously mentioned,
KIO3 belongs to the group of GRAS, but due to its similarity to KBrOs (known potential
carcinogen belonging to the group 2B according to IARC) it is justified to check their
mutagenic and carcinogenic potential. On the other hand, iodate has a lower oxidative
potential than bromate has, and it did not induce toxic effects under conditions in which
bromate did [8].

It is worth emphasizing that the highest lipid peroxidation caused by KIOz was
observed in present studies for the concentration of around 15 mM, which is of the same order
of magnitude as physiological concentration of iodine in the thyroid. It should be stressed that
at this concentration of iodine, KI did not increase the level of lipid peroxidation in porcine
thyroid homogenates[16].

Although concentrations of iodine in all other tissues are much lower than in the
thyroid gland, damaging effects of KIO3z were observed in all examined tissues (i.e., the
thyroid, the ovary, the spleen, the liver, the brain, the small intestine, and the kidney).

When compared the damaging effects of KIOz in different tissues, LPO induced by
this compound was significantly lower in the thyroid gland than in any other examined
porcine tissue (except kidney). This observation illustrates the fact that the thyroid gland has
adapted to maintain large concentrations of iodine. As the thyroid constitutes an organ, in
which oxidative processes are indispensable for proper functioning and thyroid hormone
synthesis, some protective mechanisms have been developed to protect this gland against the
huge amount of iodine. One of the thyroidal adaptations to iodine excess is the Wolff-
Chaikoff effect. This effect, still not completely explained, was observed in rats exposed to
high amounts of iodide, which resulted in transient reduction in the thyroid hormone
synthesis; the block lasted approx. 24h. This adaptation is associated with a decrease in
expression of the sodium-iodide symporter (NIS), resulting in reduced intrathyroidal iodine
concentration; thus, this is the next mechanism contributing to maintain proper thyroid
function. NIS is an intrinsic membrane protein, found mainly in the basolateral membrane of

thyroid follicular cells; its regulator is not only TSH, but also iodine itself [17].
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Also a significantly lower LPO level induced by K103 has been observed in the kidney
compared to other tissues. This observation may be justified by the following reason. As it
was mentioned above, KIO3 is one of halogenate salts, therefore it is similar to KBrOs. The
latter is used to experimentally induce renal tumors and it has been classified as possibly
carcinogenic to humans (group 2B according to IARC). Although KIO3z has been conferred
GRAS status by the FDA, it was not listed as a carcinogen with IARC, and it did not induce
toxic effects under conditions in which bromate did, kidney tissue is presumably more

resistant to iodate than other tissues.

The basal level of LPO was lower in the ovary than in the thyroid homogenates. On
the other hand, LPO induced by KOs, similarly to LPO induced by Fenton reaction substrates
[18], was higher in the ovary than in the thyroid homogenates. This observation also confirms
the hypothesis, that under physiological conditions oxidative stress in the thyroid (resulting
mostly from oxidative reactions indispensable for thyroid hormone synthesis) is at a
substantially higher level than in other tissues. At the same time this physiologically high
level of oxidative stress in the thyroid makes this organ less vulnerable to pro-oxidative

agents, such as iodate or iron (used in the Fenton reaction).

It is probable that K10s-caused lipid peroxidation in porcine thyroid results from direct
oxidative effects of this compound on cellular membranes. However, it should be stressed that
probably also other macromolecules in thyroid cells can be directly affected by KIOs, as it has
been documented for nDNA and mtDNA [19].

lodate was tested for its potential toxicity, but that was not confirmed till now in
humans. However, taking into account chemical properties of iodate and its prooxidative
effects documented in present studies, it cannot be excluded that this compound is potentially
dangerous. For this reason it is advisable to search for new potential protective tools against
pro-oxidative nature of KIOz.

In the present study it has been observed that not only melatonin but also IPA
decreased lipid peroxidation induced by KIOs. The most important observation is, however,
that melatonin used together with IPA revealed even stronger protective effects than each of
these antioxidants used separately. It should be stressed that the protective effects of either

melatonin or IPA as well as of both indole substances used simultaneously were observed
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only when KIOs was applied in concentrations corresponding to physiological iodine
concentration in the thyroid (which obviously result from recommended iodine supply).

It should be noted that protective effects of melatonin were observed in all examined
tissues (when KlOs was applied in concentrations of 10 mM, 7.5 mM and 5.0 mM), but the
most important observation is that melatonin revealed the strongest protective action in the
thyroid gland — it was the only tissue, in which beneficial effects of melatonin were observed
against as high KlOs concentration as 15 mM. Additionally, LPO levels resulting from
KIOz+melatonin exposure were lower in the thyroid compared to other tissues, but these

differences may be due to a weaker damaging effect of KIOs in the thyroid.

In the present studies we have shown that melatonin, in concentrations usually used in
in vitro experiments (1.0-5.0 mM), significantly reduced lipid peroxidation induced by KIOs,
when this compound was used at doses corresponding to physiological concentrations of
iodine in the thyroid. On the basis of the present results it is still advisable to maintain high
concentrations of melatonin to prevent oxidative damage in the thyroid gland. It is suggested
to avoid factors, which decrease melatonin concentrations in organisms, such as strong light at
night. Furthermore, it may be beneficial to use exogenous melatonin by elderly, because
physiological concentrations of melatonin decrease with age.

Melatonin was chosen for this research, because protective effects of this compound
against oxidative stress have been known for a long time [9,10]. These effects were observed
both in vivo and in vitro experiments. In the thyroid gland for example, melatonin reduced
lipid peroxidation caused by Fenton reaction substrates (Fe**+H.0,) and by KBrOs. The
mechanisms by which melatonin protects against lipid peroxidation involve direct or indirect
antioxidative effects and free radical scavenging activities of this indoleamine [11]. Melatonin
stimulates antioxidative enzymes (i.e. glutathione peroxidase, glutathione reductase,
superoxide dismutase and catalase), upregulates synthesis of glutathione and cooperates with
free radical scavengers. Moreover, melatonin and its metabolites (N1-acetyl-N2-formyl-5-
methoxykynuramine (AFMK), N-acetyl-5-methoxykynuramine (AMK), and cyclic-3-
hydroxymelatonin (c30OHM)) are able to detoxify practically all free radicals and reactive
species. IPA, similar to melatonin, is an endogenous electron donor that detoxifies ROS (such
as the "OH and the O2") and acts synergistically with glutathione. Its side chain cannot be
decarboxylated, and thus, unlike other indoles, it cannot be converted to a reactive prooxidant

intermediate.
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Both substances, melatonin and IPA, are recognized as safe and do not reveal any
adverse effects [12,13].

Exogenous melatonin is applied therapeutically in doses between 2 and 10 mg. In
available studies the highest dose of melatonin used in clinical trials was 25 mg [20]. The
intravenous administration of melatonin in a dose of 25 mg resulted in blood concentration of
~7.52 x 10° pg/mL. In another study melatonin used in a dose of 10 mg intravenously resulted
in blood concentration of ~3.9 x 10° pg/mL and when used orally — in concentration of
~3.5x 10% pg/mL [21]. Relating these concentrations to those used by us (5.0 mM of
melatonin is equivalent to ~1.16 x 10° pg/mL) it can be concluded that the concentrations
used in our experiments exceed the standard doses by several orders of magnitude.
Unfortunately, similar studies with IPA have not been performed. It should be stressed, that
these results concerning protective in vitro effects of melatonin used together with IPA cannot
be directly extrapolated into in vivo conditions.

In the context of our results, it is worth recalling that both melatonin and IPA are
regarded as interesting chemical compounds with potential properties for use in many fields
of medicine. Melatonin is a regulator of the circadian rhythm and immune system and is also
involved in blood pressure and autonomic cardiovascular regulation. Its therapeutic effects
have been reported in certain tumors (e.g. breast cancer, ovarian and endometrial carcinoma,
prostate cancer, hepatoma or intestinal tumors), cardiovascular diseases or psychiatric
disorders [22]. The research currently under way evaluates potential protective effects of
melatonin against COVID-19 [23]. Concerning IPA, this substance may be regarded as a
potential treatment option for Alzheimer’s disease [13].

In the present study we compared potential protective effects of 173-estradiol (a well
known endogenous antioxidant) used in the concentration of 1.0 mM (the highest achievable
concentration) with protective effects of melatonin used in the same concentration. Because
17B-estradiol was not protective at all in this model, it can be concluded that melatonin is a
better potential protective agent, at least against prooxidative effects of KIOs.

The observation, which should be also discussed, is that indole substances were
effective only when K103 was used at concentrations of 10 mM and 7.5 mM (original paper
1) or from 18.75 mM to 8.75 mM (original paper 2); these concentrations correspond to
physiological iodine concentration in the thyroid. Although the iodine concentration in the
thyroid differs depending on the age, such differences are presumably not huge; therefore it

can be stated that these effective concentrations of KIO3 correspond to physiological iodine
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concentration in the thyroid at any age. Pro-oxidative effects of KIOs were not reduced by
melatonin or IPA when this pro-oxidant was used either in higher or in lower concentrations
than mentioned above.

It is hard to present clear explanation of these rather unexpected results. However, it
can be hypothesized that during phylogenetical development in mammals, protective
mechanisms have been developed to protect against well recognized toxic agents, to which
organisms are potentially exposed for a long period of time. That can be the reason why
melatonin reduced lipid peroxidation induced by KIlOs in concentrations corresponding to
physiological concentration of iodine in the thyroid. Although the thyroid and the whole
organism can be exposed to much higher concentrations of iodine (e.g. resulting from
pharmacological treatment), that is not a common epidemiological or any other individual
situation. Thus it can be hypothesized that protective mechanisms have not been developed

against these rare conditions.
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CONCLUSIONS

1. Melatonin and IPA are able to reduce very strong oxidative damage to
membrane lipids caused by KIO3 when this compound is used in concentrations

close to physiological iodine concentrations in the thyroid.

2. Melatonin and IPA exert cumulative protective effects against oxidative damage
in the thyroid caused by KIOs, when this pro-oxidant is used in concentrations
close to physiological iodine concentrations in the thyroid; this suggests that these

two indoles should be administered simultaneously for more effective protection.

3. Comparing to other tissues the thyroid gland is less sensitive to pro-oxidative
effects of KIOs; on the other hand, the strongest protective effects of melatonin
against KlOs-induced oxidative damage was observed in the thyroid, which
suggests that this endocrine gland responds more effectively to antioxidative

action of melatonin.

GENERAL CONCLUSION
Melatonin and IPA, especially when applied simultaneously, should be

considered to be used to avoid the potential damaging effects in the thyroid (but also in

other tissues) caused by iodine compounds applied in iodine prophylaxis.
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