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Wprowadzenie

1. Charakterystyka pola elektromagnetycznego

W naukach biologicznych oraz medycznych od wielu lat bada sie wptyw obecnosci pola
elektromagnetycznego na organizmy zywe [1-5]. Pole elektromagnetyczne powstaje na skutek
natozenia na siebie dwoch pdl: pola elektrycznego oraz pola magnetycznego. Oba te pola sg
polami wektorowymi. Pole elektryczne wytwarzane jest przez tadunki elektryczne (dodatnie
lub ujemne) [6, 7]. Pole magnetyczne wytwarzane jest poprzez poruszajgce sie tadunki
elektryczne lub w magnesach trwatych. W szczegdlnoéci pole magnetyczne moze byé
wytwarzane poprzez prad ptyngcy w przewodniku, poniewaz prad elektryczny jest
uporzgdkowanym ruchem tadunkéw elektrycznych. JeSli natezenie pradu ptyngcego w
przewodniku bedzie state wytworzone zostanie state pole magnetyczne, natomiast zmieniajgc
natezenie ptyngcego pradu w przewodniku mozna zmienia¢ natezenie pola magnetycznego,
nawet otrzymujgc pole magnetyczne o wymaganej czestotliwosci [6, 7]. Pole magnetyczne
mozna opisac przy pomocy wektora indukcji magnetycznej: B wyrazonej w teslach [T] [8]. Jest
to catkowita miara linii pola przechodzgca przez dang powierzchnie.

Oba pola, elektryczne i magnetyczne mogg istnie¢ niezaleznie, jednakze w naukach
biologicznych w wigkszosci prac naukowych niezaleznie czy bada sie wplyw pola
elektrycznego czy magnetycznego czy obu na raz przyjeto sie stosowacC pojecie pola
elektromagnetycznego.W  przedstawionych  badaniach  weryfikowano wptyw pola
magnetycznego na ukfad nerwowy, jednak wedtug obowigzujgcej nomenklatury w
publikacjach naukowych stosowane bedzie pojecie pola elektromagnetycznego [9-11].

Pole elektromagnetyczne ekstremalnie niskiej czestotliwosci (ang. extremely low-
frequency electromagnetic field; EMF) jest generowane przez mi.in. urzgdzenia elektryczne
uzywane powszechnie w zyciu codziennym. Najczesciej wystepujgcg czestotliwoscig
omawianego przeze mnie EMF jest 50 Hz oraz 60 Hz (odpowiednio dla Europy/Azji oraz
Stanéw Zjednoczonych) [12]. Cigglty rozwdj nowoczesnych technologii, znajdujgcych
zastosowanie w wielu dziedzinach zycia sprawia, ze ludzie sg wystawieni na dziatanie EMF
niemal nieustannie. Do innych zrédet EMF pochodzenia antropogenicznego nalezg wszystkie
przewodniki pragdowe, np. linie wysokiego napiecia oraz przewody zasilajgce urzgdzenia
elektryczne. Wobec wzrastajgcej liczby zrédet EMF zasadnym staje sie pytanie o mozliwe

skutki oddziatywania tego rodzaju pola dla ludzkiego zdrowia i zycia.



2. Mechanizm oddzialywania pola elektromagnetycznego na organizm

Powszechnos¢ wystepowania zrédet EMF w Srodowisku skfania do poddania analizie jego
oddziatywania na organizmy. Dotychczas przeprowadzono szereg badan eksperymentalnych
dotyczgcych roznych efektéw biologicznych pola elektromagnetycznego w zakresie

najnizszych czestotliwosci (1-300 Hz).

W pracy przeglgdowej, wiaczonej do cyklu prac rozprawy doktorskiej (praca 1),
przedstawitam przeglad doniesien literaturowych (opublikowanych w latach 2010-2020) na
temat skutkéw biologicznych EMF na réznych poziomach organizacji organizmu (wymienione
w Tabeli 1, ktéra stanowi suplement do pracy przegladowej) oraz ich konsekwencji dla zdrowia

cztowieka.

Szczegdblng uwage przywigzuje sie do negatywnego oddziatywania zaréwno niskich, jak i
wysokich czestotliwosci pdl elektromagnetycznych ze wzgledu na liczne mozliwe efekty
patologiczne oraz liczne raporty dotyczgce kancerogennosci wywotanej przez EMF [13].
Udowodniono, ze EMF jest czynnikiem stresowym, co moze prowadzi¢ do morfologicznych i
fizjologicznych zmian w uktadach zwigzanych ze stresem [9]. Ekspozycja na EMF "wigcza"
rézne wewnatrzkomérkowe mechanizmy - kompensacyjne lub szkodliwe - oraz modyfikuje
funkcje zwigzane ze stresem uktadu nerwowego, hormonalnego i immunologicznego. Wsréd
zaobserwowanych reakcji na EMF odnotowano zmiany w poziomie hormonéw i
neuroprzekaznikéw oraz modyfikacje ekspresji ich receptorow, majgcych kluczowe znaczenie
dla odpowiedzi na stres [9, 10, 14-17]. Ekspozycja na EMF moze wywotywa¢ odpowiedzi
zarowno komorkowe jak i na poziomie catego organizmu, charakterystyczne dla ogolnej reakcji

stresowe;j.

Zintegrowana reakcja na bodZce stresowe jest kluczowym elementem proceséw
adaptacyjnych, niezbednych dla przezycia organizmu. Nieprawidtowy przebieg odpowiedzi na
stres jest uwazany za jedng z gtéwnych neuropatologicznych przyczyn zaburzen zwigzanych
ze stresem. Zdrowy organizm potrafi efektywnie aktywowac lub wygaszac¢ fizjologiczne i
psychologiczne odpowiedzi na bodzce, jednakze konsekwencjg nieadekwatnej reakciji
uktadow stresu — zbyt powolnej lub zbyt intensywnej — moze by¢ zwiekszona podatnos¢ na
choroby zwigzane ze stresem. Adaptacja do powtarzajgcego sie stresu zwigzana jest z
aktywacjg réznorodnych systemow molekularnych, neuronalnych i neurochemicznych,

odpowiadajgcych za zachowania i reakcje fizjologiczne [18].

Modyfikacje mechanizméw molekularnych pod wptywem EMF obejmujg: zmiany w
produkcji wolnych rodnikéw oraz ochronie antyoksydacyjnej [11, 19]; zmiany w homeostazie
wapnia [20, 21]; zmiany w poziomie ekspresji czynnikdw neurotroficznych, takich jak BDNF

(ang. brain-derivedneurotrophicfactor) [22, 23]; wptyw na poziom biatek zwigzanych z

10



plastycznoscig mézgowa, neurogenezg, proliferacja, réznicowaniem komérek, neuroprotekcjg
oraz prawidtowym funkcjonowaniem médzgu [24-29]. Wymienione mechanizmy majg swoje
nastepstwa w postaci zmienionych wzorcéw aktywnosci neuroprzekaznikow, wydzielania

hormondéw oraz metabolizmu mézgu.

3. Stres oksydacyjny — jako efekt odziatywania pola elektromagnetycznego

Waznym zjawiskiem zaobserwowanym jako odpowiedz organizmu na ekspozycje na
EMF sg wspomniane wczesniej zmiany w rownowadze oksydacyjno-antyoksydacyjne;.
Réwnowazenie puli reaktywnych form tlenu (ROS) przez antyoksydanty jest kluczowe dla
utrzymania homeostazy organizmu. ROS takie jak anionorodnik ponadtlenkowy (0O27),
nadtlenek wodoru (H20>), rodnik hyroksylowy (HO") czy tlen singletowy (*O2) odgrywajg wazne
role fizjologiczne m.in. podczas sygnalizacji komérkowej. Sg one produktami ubocznymi
metabolizmu organizmow zywych, jednak w pewnych sytuacjach nastepuje ich wzmozona
produkcja (narazenie na zanieczyszczenia, metale ciezkie, promienie UV lub promieniowanie
jonizujgce). Wsréd antyoksydantéw wyréznic mozna biatka wigzgce jony metali, np.
metalotioneiny, witaminy E i C, karotenoidy, polifenole oraz enzymy antyoksydacyjne. Do tych
ostatnich zalicza sie m.in. dysmutaze ponadtlenkowg (SOD), katalaze (CAT) czy peroksydaze
glutationowg (GPX) [30]. Jezeli system antyoksydacyjny nie jest wydajny na tyle, aby
zrownowazy¢ nadmiar ROS, organizm doswiadcza stresu oksydacyjnego. Nastepstwem jest
uszkodzenie komorek i tkanek, a w skrajnej postaci rozwdj niektérych choréb (cukrzyca i inne
zaburzenia metaboliczne, miazdzyca i choroby uktadu krgzenia, nowotwory, choroby
neurodegeneracyjne czy psychiczne) [31, 32]. Nalezy zauwazy¢, iz mdzg jest organem
niezwykle wrazliwym na stres oksydacyjny ze wzgledu na wysokg zawartos¢ nienasyconych
lipidébw, metabolizm neuroprzekaznikéw generujgcy nadtlenek wodoru (H20;), zdolnos¢
neuroprzekaznikbw do autooksydacji oraz zaangazowanie reaktywnych form tlenu w

sygnalizacje wapniowg [32].

Wyniki badah dotyczacych wptywu EMF (50/60 Hz) na stres oksydacyjny i obrone
antyoksydacyjng czesto sg sprzeczne lub niewystarczajgce do sformutowania definitywnych
wnioskow. Zatem ustalenie czy EMF ma szkodliwy, czy korzystny wptyw na organizm jest
kwestig wymagajacg pogtebionych badan oraz wieloaspektowego podejscia. Mozliwos¢
indukgji stresu oksydacyjnego jest gtownym negatywnym skutkiem narazenia na EMF [33-35].
W kilku badaniach u o0sob i zwierzat narazonych na EMF zaobserwowano wzrost stezenia
malondialdehydu (MDA) — jednego z najczesciej oznaczanych markeréw peroksydacii lipidow
[33, 34]. Ponadto indukowane przez EMF uszkodzenia oksydacyjne czesto sg zwigzane z

obnizeniem obrony antyoksydacyjnej [35-37]. Z drugiej strony istniejg doniesienia o
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przeciwstawnym dziataniu EMF, np. o aktywaciji systemoéw antyoksydacyjnych [11, 37, 38]. W
badaniach na liniach komorkowych i zwierzetach wykazano, ze EMF moze zwigkszac
ekspresje enzyméw antyoksydacyjnych, w tym peroksydazy glutationowej (GPX), S-
transferazy glutationowej (GST), katalazy (CAT), dysmutazy ponadtlenkowej (SOD) [37, 39,
40]. Ekspozycja na EMF moze rowniez wptyng¢ na redukcje ROS oraz markeréw stresu
oksydacyjnego [41, 42]. Te wiasciwosci protekcyjne EMF sg rowniez wykorzystywane w

medycynie, np. w leczeniu uszkodzen mézgu [11].

Wiele wskazuje na to, ze ostateczny efekt EMF w kierunku pobudzenia lub
zahamowania obrony antyoksydacyjnej zalezy od stanu w jakim znajduje sie
komérka/organizm (fizjologiczny/patologiczny) oraz od czynnikédw zewnetrznych (dodatek
réznych substancji chemicznych, np. lekéw). Istniejg dowody na to, ze prekondycjonowanie
komérek poprzez ekspozycje na EMF moze zabezpiecza¢ przed stresem oksydacyjnym
wywotanym przez czynnik prooksydacyjny, jakim jest H».O,. Komorki traktowane H;O» po
uprzedniej ekspozycji na EMF wykazywaty wiekszg przezywalno$¢ oraz brak znaczacego
wzrostu w poziomie ROS. Po inkubacji z H.0> w komérkach prekondycjonowanychEMF
nastgpit rowniez wzrost aktywnoséci dysmutazy ponadtlenkowej zaleznej od manganu -MnSOD
[43].

4. EMF jako czynnik stresowy

Ekspozycja na EMF moze by¢ traktowana jako sytuacja stresowa [9, 15-17], ktora jest w
stanie aktywowaC szerokie spektrum proceséw wewngtrzkomoérkowych, ktére z Kkolei
determinujg fizjologiczne i behawioralne odpowiedzi na stres. Jako tagodny stresor EMF staje
sie sygnatem, ktory aktywuje neurony podwzgdrza. Pierwszym etapem odpowiedzi organizmu
na stres jest pobudzenie uktadu sympatyczno-nadnerczowego (ang. sympatho-
adrenomedullary system; SAM). Mobilizacja uktadu autonomicznego skutkuje uwolnieniem
noradrenaliny oraz adrenaliny z komorek rdzenia nadnerczy do krwioobiegu. Hormony, ktére
docierajg w ten sposéb do narzadow obwodowych mogg w krotkim czasie regulowaé ich
funkcje [44]. Noradrenergiczna odpowiedZ na bodziec stresowy jest kontrolowana gtéwnie
przez neurony jagdra sinawego (ang. locus coeruelus; LC), ktére jest gtdwnym miejscem
syntezy noradrenaliny (NA). System noradrenergiczny miejsca sinawego (LC-NA) wywiera
szeroki wptyw na obwody neuronalne. Liczne projekcje wychodzace z LC unerwiajg rézne
struktury mézgowe m.in. hipokamp i podwzgérze. Dysregulacja systemu LC-NA moze byc¢
zwigzana z licznymi zaburzeniami poznawczymi i afektywnymi, w tym zaburzeniami
zwigzanymi ze stresem [45, 46]. Noradrenalina uwalniana w warunkach stresu dziata poprzez

specyficzne receptory adrenergiczne, prowadzac do zwiekszonego stanu pobudzenia, co jest
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kluczowe dla adaptacyjnych odpowiedzi na stres [47]. Gtdwnym metabolitem pochodzacym z
degradacji NA jest 3-metoksy-4-hydroksyfenyloglikol (MHPG). Indeks utylizacyjny
noradrenaliny (MHPG/NA) jest waznym markerem aktywnosci noradrenergicznej [48].

Po zainicjowaniu odpowiedzi stresowej, jako druga zostaje aktywowana o$ HPA.
Pobudzenie szlaku noradrenergicznego jest niezbedne do aktywacji osi HPA [49]. Dochodzi
wtedy do wydzielenia glikokortykoidoéw (GC) (kortykosteronu u szczuréw, CORT) z kory
nadnerczy [44]. Odpowiedz osi HPA jest zapoczgtkowana poprzez wydzielanie kortykoliberyny
(ang. corticotropin-releasing hormone; CRH) przez neurony jgdra przykomorowego (ang.
paraventricular nucleus; PVN) w podwzgorzu. CRH trafia poprzez przysadkowy splot krgzenia
wrotnego do przedniego pfata przysadki mézgowej [50]. W tej strukturze CRH wigze sie do
receptora CRH-R1 powodujgc produkcje i wydzielanie hormonu adrenokortykotropowego
(ang. adrenacorticotropic hormone; ACTH) [51]. ACTH z krwig trafia do kory nadnerczy, gdzie
dziata na receptor melanokortynowy 2 (MC2R) indukujac w ten sposéb synteze i wydzielanie
GC [50]. Uwolniony kortykosteron jest ligandem dla receptoréw mineralokortykoidowych (MR)
0 wysokim powinowactwie i glikokortykoidowych (GR) o niskim powinowactwie do hormonu.
Receptory te wystepujg w duzym stezeniu w hipokampie, dzieki czemu hipokamp ma duzy
wptyw na aktywnos$¢ osi HPA [52, 53]. O$ HPA dziata na zasadzie ujemnego sprzezenia
zwrotnego, gdzie GC wraz z receptorami MR i GR sg zaangazowane w regulacje odpowiedzi
na stres zaréwno na poziomie przysadki, podwzgorza jak i hipokampu. Rownowaga pomiedzy
aktywacjg obu typéw receptoréw MR/GR ma kluczowe znaczenie dla prawidtowego przebiegu
reakcji stresowej [54]. Chroniczny stres prowadzacy do utrzymywania sie wysokiego stezenia
GC we krwi zaburza funkcjonowanie komoérek, a nawet moze prowadzi¢ do rozwoju choréb, w
ktérych etiologii udowodniono udziat glikokortykoidow [55].

Wplyw EMF na aktywnosé¢ osi HPA i uktadu noradrenergicznego zostat potwierdzony
w wielu badaniach [9, 17, 56-58]. Stwierdzono, ze dlugotrwata ekspozycja na EMF (0,5 mT)
wywotuje pewne objawy stresu lub aktywacji osi HPA: podwyzszony poziom glukozy we krwi i
zwiekszenie poziomu mRNA proopiomelanokortyny — prekursora ACTH w przysadce
mdbzgowej, bez zmian w poziomie stezenia ACTH i kortykosteronu [9]. Badania Mahdavi’ego i
wsp. (2014) wykazaty, ze dtugotrwata ekspozycja na EMF (0,1 mT) podnosi poziom ACTH u
szczurdw przy jednoczesnym spadku wydzielania CORT. W innym badaniu zauwazono wzrost
stezenia ACTH i adrenaliny po rozpoczeciu ekspozycji na EMF, nastepnie nastgpito stopniowe
obnizenie poziomu hormondéw az do osiggniecia wartosci kontrolnej [17]. Badania na modelu
mysim wykazaty, ze stosunkowo niski poziom EMF (12 nT) moze prowadzi¢ do wzrostu
poziomu kortykosteronu [59]. Dowiedziono, ze ekspozycja na EMF (10 Hz; 1,8-3,8 mT) wigze
sie ze zmianami reaktywnosci receptoréw uktadow monoaminergicznych, a takze ma wptyw
na pewne zachowania, ktére znajdujg sie pod kontrolg tych uktadéw [14]. Ponadto, EMF (2

mT) powoduje spadek poziomu noradrenaliny w strukturach moézgu takich jak: prazkowie,
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wzgorze, mézdzek i hipokamp [60]. Istniejg rowniez badania wykazujgce brak jakichkolwiek

zmian w poziomach hormondw stresu u zwierzat i ludzi narazonych na EMF [61].

Zmiany poziomu hormonéw stresu indukujg okredlone zaburzenia behawioru. GC
wptywajgc na fizjologie synaps i regulujgc obwody neuronalne uktadow stresu mobilizujg
zasoby energetyczne, ktére majg zapewni¢ organizmowi adaptacje behawioralng do stresu.
Jednak, gdy mechanizmy adaptacyjne stajg sie niewydolne wzrasta ryzyko chordb zwigzanych
z podwyzszonym poziomem stresu i leku [62]. Istniejg badania wskazujgce na efekt
anksjogeniczny EMF oraz mozliwo$¢ pojawienia sie zachowan depresyjno-podobnych u
gryzoni, co skorelowane jest z wystgpieniem stresu oksydacyjnego lub podwyzszeniem stezen
hormondw stresu [9, 17, 63]. Na modelu zwierzecym wykazano, ze ekspozycja na EMF
spowodowata wzrost wydzielania kortykosteronu z jednoczesnym nasileniem zachowan
lekowych i depresyjnych [16, 64]. U o0s6b narazonych zawodowo na dziatanie EMF
zaobserwowano zmieniony wzorzec wydzielania kortyzolu oraz pogorszong jako$é snu i

zwiekszony poziom stresu i leku, a takze zaburzen depresyjnych [65, 66].

5. Wplyw pola elektromagnetycznego na plastycznosé mézgowa

Niektore badania sugerujg pozytywny wptyw EMF na funkcje poznawcze [26, 67]. W
przypadku zwierzecego modelu uszkodzenia mozgu obserwuje sie wzmocnienie procesow
uczenia sie i formowania pamieci przestrzennej [26]. Natomiast u pacjentéw po przebytym
udarze niedokrwiennym terapia z zastosowaniem EMF przyczynia sie do redukcji stresu
oksydacyjnego i réwnolegle do poprawy statusu mentalnego oraz ogélnego funkcjonowania
[11]. Podtozem korzystnego wplywu EMF na procesy poznawcze moze by¢ wzmacnianie
plastycznosci mozgowej. Jak wykazujg badania mechanizm odpowiedzialny za
neuroplastyczny efekt EMF moze obejmowac aktywacje receptorow w uktadach stresu:
mineralokortykoidowych, glikokortykoidowych oraz noradrenergicznych [44, 52]. Relacje
pomiedzy uktadami noradrenergicznym i kortykoidowym a plastycznoscig mdézgowg zostaty
potwierdzone w badaniach eksperymentalnych [68, 69]. Dlatego tez mozna przypuszczaé, ze
zmiany na ktorymkolwiek etapie reakcji stresowej mogg skutkowaé modyfikacjami
plastycznosci mézgowe;.

Stwierdzono, ze EMF wptywa szczegdlnie na funkcje hipokampu— obszaru moézgu, w
ktorym u dorostych osobnikow procesy plastycznosci mézgowej przebiegajg najintensywniej
[70, 71]. Kortykosteroidy oddziatujgc ze swoimi receptorami wptywajg na procesy
plastycznosci w hipokampie. Aktywacja poszczegodlnych typow receptorow, a co za tym idzie

rodzaj odpowiedzi organizmu, zalezy od poziomu GC. Wykazano, ze niskie poziomy
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kortykosteronu aktywujg receptory MR, natomiast do aktywacji GR konieczne sg ich wyzsze
stezenia [54]. W przypadku zwigzania sie GC z MR indukowane zostajg procesy
neuroadaptacyjne warunkujgce przezywalno$¢ neurondw, natomiast aktywacja GR prowadzi
do podniesienia wrazliwosci na ekscytotoksycznos¢, a w konsekwencji do neurodegeneradji
[52]. Kortykosteron wywiera wiec dwukierunkowy wptyw — zalezny od dawki - na funkcje

hipokampu. Taki efekt moze by¢ uznany za hormezopodobny [52, 54].

Noradrenalina moduluje procesy plastycznosci w hipokampie, dziatajac poprzez
receptory (2-adrenergiczne (B2-AR) [68, 69]. Stres stymuluje uwalnianie NA z LC, ktora
wywiera silny efekt na funkcje hipokampu i poprzez receptory B2-AR reguluje transkrypcje
gendéw zwigzanych z odpowiedzig na stres [68]. Dzieki temu mechanizmowi noradrenalina
wspiera procesy neuroplastycznosci w hipokampie [68]. Aktywacja neurondéw
noradrenergicznych przyczynia sie do aktywacji endogennej neurotrofiny BDNF i jej receptora
TrkB [69]. Uwalnianie noradrenaliny z miejsca sinawego uwrazliwia neurony hipokampu, a
stan ten moze utrzymywac sie 24 h, co sugeruje, ze NA uczestniczy w metaplastycznej
regulacji kodowania informacji w hipokampie [72]. Dynamika oddziatywania noradrenaliny z
receptorami 32-AR moze by¢ uznana za wyznacznik tego czy dane doswiadczenie bedzie
skutkowato uruchomieniem mechanizmow neuroplastycznych w hipokampie oraz decyduje o
kierunku zmian sity synaptycznej [73]. Udowodniono, ze receptory B2-AR biorg udziat w
nasilaniu ekspresji BDNF w hipokampie podczas terapii lekami antydepresyjnymi [74]. Te
odkrycia wskazujg, ze zwigkszona neurotransmisja noradrenaliny wywiera wptyw na synteze
BDNF [73].

Szereg badan potwierdza, Zze ekspozycia na EMF moze modulowaé procesy
plastycznosci synaptycznej, takie jak diugotrwate wzmocnienie synaptyczne (ang. long-term
potentiation; LTP) oraz diugotrwate ostabienie synaptyczne (ang. long-term depression; LTD)
[75]. Zjawiska te, cho¢ majg odmienny wptyw na aktywnos¢ synaps, sg kluczowe dla uczenia
sie oraz procesow pamieciowych. Wykazano réwniez, ze wptyw EMF na LTP jest zalezny od
dawki tego bodzca (czestotliwos$ci, wartosci indukcji magnetycznej oraz czasu ekspozycji) [76,
77].

Badano réwniez wptyw EMF na neurogeneze. W przypadku udaru niedokrwiennego
wykazano, ze ekspozycja na EMF (1 mT) powoduje wzrost liczby nowych neuronéw. Ponadto,
efekt ten byt skorelowany z nasileniem ekspresji biatek promujgcych proliferacje oraz
réznicowanie komorek macierzystych [25]. Stymulujgce wtasciwosci EMF sg takze coraz
czesciej wykorzystywane w medycynie, mi.in. u 0s6b z uszkodzeniami mézgu, u ktérych
pobudzenie proceséw neuroplastycznosci jest kluczowym elementem przywrdcenia
sprawnos$ci i poprawy jakosci zycia. Cichon i wsp. przeprowadzili serie eksperymentow w

grupie pacjentow po przebytym udarze [11, 23, 78]. W badaniach tych zaobserwowano, ze
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ekspozycja na EMF ma wptyw na wzrost stezenia czynnikdéw wzrostu, takich jak BDNF oraz
innych mediatorow regulujgcych procesy neuroplastycznosci. W badaniach na zwierzetach
rowniez wykazano podwyzszony poziom czynnikow wzrostu takich jak BDNF i GDNF (ang.
glial cell line-derived neurotrophic factor) w odpowiedzi na dziatanie EMF [42, 79].

6. Hipoteza o dwukierunkowym dziataniu EMF — efekt hormezy

Bazujgc na dotychczas opublikowanych wynikach badani dotyczgcych wptywu EMF na
organizmy zywe zatozono, ze oddziatywanie tego rodzaju bodzca fizycznego ma charakter
hormetyczny. Hormeza jest zjawiskiem dwukierunkowej reakcji organizmu polegajgcej na tym,
ze czynnik, ktéry w duzej dawce jest szkodliwy dla organizmu, w matej dawce dziata
stymulujgco wywotujgc odpowiedz adaptacyjng [80, 81]. W farmakologii oraz toksykologii
powszechnie obserwuje sie efekt zalezny od dawki substancji. W biologii i medycynie,
hormeza jest definiowana jako odpowiedz adaptacyjna komérek i organizmu na umiarkowany
(przerywany) stres [82]. Indukowane polem elektromagnetycznym zmiany reakcji stresowej na
skutek aktywacji odpowiednich receptorow zwrotnie modulujg aktywnosé uktadéw stresu —
ustalajg nowy stan réwnowagi, a zatem efekty kazdej nastepnej ekspozycji beda sie naktadaty
na zmiany wywotane podczas pierwszej ekspozycji. Ta teoria jest zgodna z zatozeniami

hormezy, ktéra zaktada kluczowe znaczenie komponenty czasowej w tym procesie.

Hormeza moze by¢ uznana za przystosowanie ewolucyjne, ktére definiuje granice
plastycznosci biologicznej w odpowiedzi na stres [80]. Tym samym stabe pole
elektromagnetyczne (o niskiej wartosci indukcji magnetycznej) mogtoby pobudzaé
mechanizmy antyoksydacyjne organizmu i indukowa¢ szlaki komérkowe zaangazowane w
neuroplastycznosc¢, co ma fundamentalne znaczenie dla zachowania homeostazy w trudnych
warunkach. Wymaga to ekspresji genéw zapewniajgcych komérkom odpornos¢ na stres i
syntezy biatek o funkcji ochronnej, do ktérych nalezg: biatka z rodziny HSP, chaperony i
enzymy antyoksydacyjne [83, 84]. Z drugiej strony silne pole (o wysokiej wartosci indukgji
magnetycznej)bedzie bodzcem przekraczajgcym limit plastycznosci biologicznej i

wywotujgcym uszkodzenia komaorek/tkanek przy braku wydajnych mechanizmdw ochronnych.

Wiele czynnikow Srodowiskowych oraz eksperymentalnych ma udokumentowany
wptyw na organizm [54, 72, 85]. Zmieniajg one fenotypowg odpowiedz organizmu, co sprawia,
ze punkt nastawczy aktywno$ci uktadéw stresu zmienia sie i organizm reaguje inaczej na
kolejne czynniki stresowe [52, 54, 72, 86]. Z badan, ktére zostaty opisane powyzej wynika, ze

EMF moze zmieniaC stezenia markeréw stresu. Mozna wiec przypuszczaé, ze zmiany te
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indukujg przesuniecie punktu nastawczego uktadow endokrynologicznych, co modyfikuje

odpowiedz na przyszte wydarzenia stresowe [15].

Tzw. ,two-hit model” jest ciekawym konceptem wyjasniajgcym etiologie wielu zaburzen
zwigzanych z uktadem nerwowym. Wedtug tego modelu czynniki srodowiskowe (,first hit”)
majg mozliwos¢ modulowania funkcji uktadu nerwowego w trwaty sposéb. W konsekwencji
nastepuje zmiana odpowiedzi na kolejny czynnik stresowy (,second hit”), co prowadzi¢ moze
do pogtebionych zaburzen homeostazy. Jest to stan prowadzacy czesto do rozwoju chordb
[87]. Ponadto, udokumentowana plastycznos¢ mozgowa pozwala przypuszczaé, ze moze
réwniez dochodzi¢ do uruchomienia mechanizméw kompensacyjnych w odpowiedzi na stres,

co sugerowatoby neuroadaptacje do ekspozycji na inne rodzaje stresu.

Indukowane matg dawkg zaburzenie réwnowagi wywotuje reakcje adaptacyjna, a
organizm mobilizuje swe sity obronne w pewnym nadmiarze, przygotowujac sie do kolejnego
zagrozenia, natomiast w przypadku duzych dawek zaburzenie homeostazy jest tak duze, ze

uruchomienie powyzszego mechanizmu jest niemozliwe.

7. Uzasadnienie podjecia badan

Przeglad literatury z zakresu dziatania EMF na uktad nerwowy pozwala zauwazy¢, ze
wyniki dotychczasowych badan sg bardzo zréznicowane. Badania wskazujg na dwie mozliwe
reakcje organizmu w odpowiedzi na ekspozycje na EMF: 1) negatywng — obejmujgca
zaktécenia w funkcjonowaniu organizmu oraz 2) pozytywng — poprawe réznych parametrow
fizjologicznych oraz ogdlnych czynnos$ci organizmu, co moze by¢ podstawg dla wykorzystania

EMF w terapii. Wielko$¢ wywotywanego efektu rowniez rozni sie w poszczegdlnych badaniach.

Rozbieznosci w wynikach badan nad wptywem EMF na zywe komoérki, zwierzeta i ludzi
mogg by¢ zwigzane z zastosowaniem pola o réznych czestotliwosciach, wartos$ciach indukcji
magnetycznej oraz odmiennego czasu ekspozycji. Warto réwniez zwréci¢ uwage na fakt, iz
ekspozycji poddawane sg komorki znajdujgce sie w réznych fazach cyklu komoérkowego, jak
réwniez rézne typy komorek: macierzyste czy nowotworowe. Doswiadczenia na zwierzetach
wykonywane sg na osobnikach zdrowych jak i na modelach choréb neurodegeneracyjnych. U
0s6b po przebytych urazach moézgu ekspozycja terapeutyczna przynosi rezultaty w postaci
poprawy funkcjonowania i przyspieszenia rekonwalescencji. Jednakze osoby pozostajace w
statym narazeniu na EMF ze wzgledu na miejsce zamieszkania lub wykonywany zawdd
wykazujg negatywne objawy powigzane z dziataniem tego czynnika, takie jak obnizenie
nastroju, zaburzenia snu czy depresja. Ze wzgledu na powszechnos¢ wystepowania zrodet
EMF w srodowisku, koniecznym jest ustalenie mozliwych efektow biologicznych pola oraz

poznanie doktadnego mechanizmu jego dziatania w organizmach zywych, a takze ustalenie
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bezpiecznych limitdow dotyczacych natezenia pola oraz czasu narazenia na ten czynnik.
Ponadto dalsze badania umozliwig petne poznanie wiasciwosci terapeutycznych EMF jako
alternatywy lub uzupetnienia dla dotychczas znanych metod leczenia, ktore nie zawsze

przynoszag oczekiwane rezultaty.

W wielu wypadkach negatywny efekt EMF jest skorelowany z zastosowaniem pola o
bardzo duzej indukcji magnetycznej, powyzej 7 mT [16, 64, 88, 89]. Natomiast pole o nizszych
wartosciach indukcji magnetycznej wywotuje stabszy efekt [9, 15, 17]. Co wiecej, w wielu
badaniach wykazano, ze pozytywne dziatanie EMF (np. wzrost przekaznictwa synaptycznego
w hipokampie dzieki wzmocnieniu LTP) wystepuje zwlaszcza w przypadku zastosowania

wartosci indukcji magnetycznej na poziomie 1 mT i nizszym [70, 71].

Wedtug dostepnej wiedzy, hormeza EMF (o czestotliwosci 50 Hz) zostata wykazana
tylko na modelu zwierzecym owada (Drosophilamelanogaster) [90]. Zatem przeprowadzone
badania majg charakter pionierski, poniewaz po raz pierwszy zaplanowano zweryfikowac
dwukierunkowy (hormetyczny) mechanizm dziatania EMF u zwierzgt kregowych (na modelu

szczura).

Cele i hipotezy

Aktualny stan wiedzy pozwolit na postawienie hipotezy, ze EMF wykazuje hormeze,
tzn. dwukierunkowe dziatanie uzaleznione od natezenia pola elektromagnetycznego (indukgji

magnetycznej).

Wedtug powyzszej hipotezy okresowa, powtarzana ekspozycja na EMF zmienia “punkt
nastawczy” (set-point) aktywnosci ukfadow stresu, a dynamika tego procesu oraz kierunek
zmian zalezg od sity tego pola (indukcji magnetycznej). A zatem EMF zmienia wrazliwos¢
organizmu na kolejne czynniki stresowe, a tym samym na choroby, szczegdlnie uktadu
nerwowego. Przedstawiona w pracy doktorskiej propozycja mechanizmu EMF obejmuje
zmiany w statusie oksydacyjno-antyoksydacyjnym moézgu oraz w funkcjonowaniu uktadow
stresu — osi podwzgorze-przysadka-nadnercza (HPA) i uktadu noradrenergicznego (LC-NA),
czego konsekwencjg bedg zmiany w poziomie hormonéw stresu i ich receptoréw. Wydzielane
w zmienionych stezeniach hormony stresu, gtdéwnie kortykosteron i noradrenalina, mogg
wplywac¢ na funkcjonowanie hipokampu i modulowaé procesy neuroplastycznosci w tej
strukturze [91, 92]. Procesy te odpowiadajg z kolei za indukowang przez EMF hormeze
komorkowg czyli przeciwstawng reakcje wewngtrzkomorkowych szlakéw sygnatowych w

zaleznosci od natezenia pola: 1) o charakterze kompensacyjnym, ktéra uruchamia
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mechanizmy adaptacyjne do kolejnych zdarzen stresowych lub 2) uwrazliwienie uktadéw
stresu na kolejne czynniki stresowe z powodu niezdolnosci do przywrécenia homeostazy

wewnagtrzkomorkowe;j.

W badaniach zweryfikowano cztery szczegétowe hipotezy robocze:

U podioza dwukierunkowego dziatania EMF lezg zmiany statusu oksydacyjno-
antyoksydacyjnego moézgowia (hipoteza 1)

EMF inicjuje zmiany w odpowiedzi stresowej, ktorych kierunek i nasilenie zalezg od natezenia
pola elektromagnetycznego (hipoteza Il)

EMF trwale modyfikuje status oksydacyjno-antyoksydacyjny i poziom aktywnosci uktadéw

stresu i tym samym zmienia odpowiedz na kolejne czynniki stresogenne (hipoteza lll)

. Zmiany w odpowiedzi stresowej indukowanej przez EMF modulujg plastycznos¢ mdzgowa

(hipoteza 1V)

Celem proponowanych badan byto 1) okreslenie czy pole elektromagnetyczne o niskiej
czestotliwosci (50 Hz) wykazuje hormeze, tzn. dwukierunkowe dziatanie uzaleznione od
natezenia tego pola (indukcji magnetycznej, wyrazanej w Teslach) i 2) wyjasnienie

mechanizmu tego zjawiska na modelu zwierzecym.

Cele szczegoétowe niniejszej pracy obejmowaty weryfikacje postawionych hipotez:

Okreslenie wielkosci i kierunku zmian w stezeniach markeréw stresu oksydacyjnego i poziomie
obrony antyoksydacyjnej w korze przedczotowej u szczuréw poddanych trzykrotnej ekspozycji
na zmienne EMF o czestotliwosci 50 Hz (w skrdocie: 50 Hz EMF) oraz o dwdch wartosciach

indukcji magnetycznej — 1 mT i 7 mT (Praca 2)

Okreslenie wielkosci i kierunku zmian w stezeniach hormondéw osi HPA i uktadu LC-NA oraz
ekspres;ji ich receptorowu szczuréw poddanych trzykrotnej ekspozycji na 50 Hz EMF o dwoch

wartosciach indukcji magnetycznej — 1mT i 7 mT (Prace 3; 4)

Okreslenie wptywu ekspozyciji na EMF o dwoch wartosciach indukcji magnetycznej — 1mT i 7
mT na wielkos¢ zmian w stezeniach hormondéw osi HPA i uktadu LC-NA i ekspresji ich
receptoréw oraz markerow stresu oksydacyjnego i obrony antyoksydacyjnej indukowanych

ekspozycjg na kolejny czynnik stresowy (Prace 2; 3; 4)
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4. Okreslenie poziomu ekspresji receptoréw mineralokortykoidowych (MR) a takze receptorow
adrenergicznych 2 (B2-AR) w hipokampie u szczuréw poddanych trzykrotnej ekspozycji na
50 Hz EMF o dwoch wartosciach indukcji magnetycznej — 1mTi 7 mT (Prace 3; 4)

Weryfikacja stawianych hipotez ma istotne znaczenie dla okreslenia wptywu pola
elektromagnetycznego na organizm. Poznanie i zrozumienie tego zjawiska pozwoli na
okreslenie ewentualnych zagrozen zwigzanych z ekspozycjg na EMF. Moze mieC rowniez
znaczenie aplikacyjne i postuzy¢ do rozwiniecia metod terapeutycznych w réznego typu

zaburzeniach funkgji uktadu nerwowego.

Metody badawcze

Na badania przeprowadzone w ramach niniejszej pracy uzyskano zgode Lokalnej

Komisji Etycznej w Bydgoszczy (nr zezwolenia 3/2018).

1. Zwierzeta doswiadczalne

Do badan zostaly wybrane doroste (trzymiesieczne) samce szczuréw rasy Wistar Han o
wadze pomiedzy 300 a 350 g. Jest to uniwersalny model zwierzecy wykorzystywany w
badaniach z zakresu fizjologii, w tym takze reakcji stresowej. Zatem gatunek ten jest dobrze
poznany pod wzgledem wszystkich elementow odpowiedzi na stres od poziomu
molekularnego, poprzez fizjologie, konczac na behawiorze. Catkowita liczba zwierzat

przeznaczonych do doswiadczen wynosita 180. Zwierzeta zostaty podzielone na 6 grup:
1) EMF/1 mT: zwierzeta poddane ekspozycji na EMF (50 Hz, 1 mT)

2) EMF/BT/1 mT: zwierzeta poddane ekspozycji na EMF (50 Hz, 1 mT), a nastepnie testom

behawioralnym - otwartego pola (OF) oraz podwyzszonego labiryntu krzyzowego (EPM)
3) EMF/7 mT: zwierzeta poddane ekspozycji na EMF (50 Hz, 7 mT)

4) EMF/BT/7 mT: zwierzeta poddane ekspozycji na EMF (50 Hz, 7 mT), a nastepnie testom

behawioralnym - otwartego pola (OF) oraz podwyzszonego labiryntu krzyzowego (EPM)
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5) C: zwierzeta kontrolne, poddawane tym samym procedurom co zwierzeta eksperymentalne

z grup 1i 3, z wyjatkiem ekspozycji na EMF

6) C/BT: zwierzeta kontrolne, poddawane tym samym procedurom co zwierzeta

eksperymentalne z grup 2 i 4, z wyjgtkiem ekspozycji na EMF

2. Aparatura

Pole elektromagnetyczne z przewagq sktadowej magnetycznej zostato wytworzone przy
uzyciu cewek o srednicy 20 cm (Elektronika i Elektromedycyna Sp. J., Otwock, Polska). Kazda
z cewek sktadata sie z 282 zwojow drutu miedzianego. Wytwarzane przez cewki i zasilacz
Variac pole elektromagnetyczne byto jednorodne i miato przebieg sinusoidalny naprzemienny
o czestotliwosci 50 Hz i zakresie indukcji magnetycznej 0,1 - 8 mT. Wykorzystane w
doswiadczeniach wartosci indukcji magnetycznej to 1 mT i 7 mT. Przed kazdg ekspozycja
dokonywano pomiaréw wartosci indukcji magnetycznej przy uzyciu miernika gaussa (model
GM2, AlphaLab, Inc, USA). Niejednorodnos$¢ pola elektromagnetycznego w obszarze, w
ktérym znajdowata sie klatka ze zwierzeciem wynosita 10%. Zwierzeta z grup kontrolnych
poddano tej samej procedurze eksperymentalnej (ekspozycja symulowana) bez udziatu pola
elektromagnetycznego (<10 uT). Temperatura w cewkach byta monitorowana w trakcie kazdej

ekspozycji za pomocg termopar.

W badaniach zdecydowano wykorzysta¢ pole elektromagnetyczne o dwoch
wartosciach indukcji magnetycznej: 1 mT i 7 mT. Wedtug dyrektywy unijnej 2013/35/EU [93]
wartosci pola od 1 mT — 6 mT wyznaczajg zakres wartosci pola elektromagnetycznego, w
ktérym stwierdza sie zmiany aktywnosci moézgu, jednak bez ryzyka trwatych zaburzen.
Niespecyficzne efekty pola magnetycznego w zywych tkankach sg mozliwe tylko przy
wartosciach powyzej 1 mT, ktora jest wartoscig progowg do wytwarzania prgdow
elektrycznych w ludzkim mozgu, natomiast 6 mT jest gérng wartosciag progowg dla
minimalnych przejSciowych zmian w niektorych funkcjach mézgu, a wartosci indukciji

magnetycznej ponizej tej wartosci uznawane sg za bezpieczne dla ludzi.

3. Procedura doswiadczalna

Tuz przed ekspozycjg na pole elektromagnetyczne lub warunki kontrolne szczury byty
umieszczane pojedynczo w plastikowych klatkach (12 cm x 20 cm x 14 cm) z otworami
zapewniajgcymi dostep powietrza. Nastepnie klatki wktadano do cewek. Ekspozycje (1h

ekspozycji dziennie przez 7 kolejnych dni) byty powtarzane 3-krotnie w 3-tygodniowych
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odstepach czasu. Po kazdym z 3 okresdéw ekspozycji czes¢ zwierzat z grup EMF/1mT i
EMF/7TmT byla dekapitowana i pobierano tkanki do oznaczeh. Czes¢ zwierzat z grup
EMF/BT/AmT i EMF/BT/7TmT po kazdej ekspozycji na pole elektromagnetyczne byta poddana
testom behawioralnym (otwarte pole i podwyzszony labirynt krzyzowy) i nastepnie
dekapitowana w celu pobrania tkanek do oznaczen. Szczury kontrolne byly poddawane
identycznym procedurom jak odpowiadajgce im zwierzeta z grup eksponowanych na EMF, z

wykluczeniem ekspozycji na EMF.

4. Przygotowanie préb

W celu wykonania oznaczen z mézgu wyizolowano hipokamp, podwzgérze, przysadke,
miejsce sinawe i kore przedczotowg. Pobrano takze nadnercza oraz krew z serca. Struktury
mozgowe | nadnercza zostalty zwazone, a nastepnie zanurzone w cieklym azocie i
przechowywane w temperaturze -80°C do chwili wykonania oznaczen. Krew pobrano do
probowek zawierajgcych roztwor soli disodowej kwasu etylenodiaminotetraoctowego
(Na2EDTA, Sigma-Aldrich) i odwirowano. Otrzymane osocze przechowywano w temperaturze
-20°C do chwili oznaczen. Przed wykonaniem oznaczen struktury mézgowe oraz nadnercza
zostaty zhomogenizowane odpowiednio w buforze PBS lub buforze fosforanowym, tak aby
otrzymac dziesieciokrotne rozcienczenie. Préby odwirowano i zebrano supernatant do

oznaczen.

5. Oznaczanie markeréw stresu oksydacyjnego (Praca 2)

Aby oznaczy¢ stezenie grup karbonylowych biatek (CP) uzyto kitu Protein Carbonyl
Content Assay Kit (Sigma-Aldrich, No MAKO094, USA). Zgodnie z instrukcjg producenta
przeprowadzono reakcje z 2,4-dinitrofenylohydrazyng (DNPH). Korcowy produkt tej reakgji to
addukty hydrazonudinitrofenylu (DNP) oznaczane spektrofotometrycznie przy dtugosci fali 375
nm. Ich stezenie jest proporcjonalne do stezenia CP. Otrzymane stezenia zostaty przeliczone

na 1 mg biatka.

Stezenie 8-izoprostanow (8-epi PGF2 a) — koncowego produktu utleniania kwasu
arachidonowego, okreslono przy pomocy testu kompetecyjnego ELISA (8-Isoprostane ELISA
Kit; CaymanChemical, No 516351, USA). Test opiera sie na konkurencji pomiedzy 8-
izoprostanem i koniugatem 8-izoprostanu-acetylocholinoesterazy (AChE) (znacznik 8-

prostanAChE) o miejsca wigzania przeciwciat kréliczych specyficznych dla 8-izoprostanu.
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Zgodnie z metodg stezenie znacznika 8-izoprostanu-AChE utrzymuje sie na statym poziomie,
natomiast stezenie 8-izoprostanu w prébach sie zmienia. Zatem ilo$¢ znacznika 8-izoprostanu-
AChE, ktora jest w stanie zwigzac sie z przeciwciatem kréliczym jest odwrotnie proporcjonalna
do stezenia 8-izoprostanu w probie. Nastepnie kompleks krodlicze przeciwciato-8-izoprostan
(wolny lub znacznikowy) wigze sie z kroliczym mysim przeciwciatem monoklonalnym 1gG.
Ostatecznie po dodaniu odczynnika Ellmana (zawierajgcego substrat do AChE) powstaje
produkt o zéttej barwie, ktorej intensywnos¢ odczytywana jest spektrofotometrycznie przy A =
412 nm. Stezenie wolnego 8-izoprostanu w probie jest odwrotnie proporcjonalne do

intensywnosci zabawienia. Stezenie 8-epi PGF2a wyrazono w pikogramach na mililitr probki.

6. Oznaczanie catkowitej pojemnosci antyoksydacyjnej (TAC) (Praca 2)

Catkowita pojemnos¢ antyoksydacyjna proby odnosi sie do ilosci antyoksydantéw
matoczgsteczkowych oraz biatkowych (z wylgczeniem ukladéw enzymatycznych) i
reprezentuje zdolnos¢ organizmu do przeciwdziatania uszkodzeniom powodowanym przez
wolne rodniki. Catkowita ilos¢ antyoksydantow nieenzymatycznych zostata okreslona przy
pomocy Total Antioxidant Capacity Assay Kit (Sigma-Aldrich, No MAK187, USA). Do
przeprowadzenia reakcji uzyto roztworu zawierajgcego jony Cu?*, ktore w obecnosci
antyoksydantéw sg redukowane do Cu* tworzgc chelaty. Absorbancje préb odczytano przy A
= 570 nm. Do stworzenia krzywej standardowej uzyto rozpuszczalnego w wodzie analogu

witaminy E (Trolox). Wyniki wyrazono w nanomolach na mililitr proby.

7. Oznaczanie stezen hormonéw osi HPA (CRH, ACTH, CORT) (Praca 3) oraz uktadu
noradrenergicznego (NA, MHPG) (Praca 4)

Do wykonania oznaczen stezern hormonow oraz metabolitu MHPG zastosowano test
ELISA. Uzyto przy tym komercyjnie dostepnych kitéw. Wszystkie procedury zostaty wykonane
zgodnie z instrukcjami dotgczonymi przez producentéw. Kazda z préb oznaczana byta w
dwdch powtdrzeniach. Do pomiaru zmian kolorymetrycznych uzyto wielotrybowego czytnika
mikroptytek Epoch 2 (BioTek Instruments, Inc., Winooski, UT, USA). Pomiaru absorbancji préb
dokonywano przy dtugosci fali 450 nm. Krzywe standardowe zostaty wygenerowane przy
uzyciu oprogramowania Gen5 Software stosujgc dopasowanie do czteroparametrowej krzywe;j

logistyczne;.
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8. Oznaczanie ekspresji receptoréow GR, MR, CRH-R1, MC2R, (Praca 3) oraz B2-AR
(Praca 4)

Aby oznaczy¢ ekspresje badanych receptorow wykorzystano metode RT-gPCR (ang.
guantitativereversetranscription PCR). Uzywajac kitow wyekstrahowano RNA (receptory
hormondéw osi HPA: HP RNA tissue kit RNA Roche Cat. No. 11828665001; B-AR: EXTRACT
ME RNA & DNA KIT CytogenCat. No. EM15). Nastepnie dokonano pomiaru stezeh (ng/ul)
przy uzyciu spektrofotometru NanoDrop One (Thermo Fisher Scientific). Przy pomocy
EvoScript Universal cDNA Master (Roche nr kat. 07 912 455 001)przeprowadzono odwrotng
transkrypcje wykorzystujac 1 ug RNA. Nastepnie uzyto po 10 ngcDNA, specyficzne primery
(Sigma-Aldrich) i SYBR Green PCR Master Mix (Roche nr kat. 12239264001) w systemie
LightCycler® 96 (Roche) do przeprowadzenia qPCR. ACT (B-aktyna) i GAPDH zostaty uzyte
jako geny referencyjne. Do obliczenia wzglednej ilosci transkryptu mRNA badanych genow
zastosowano metode zaproponowang przez Pfaffla i wsp. [94] z wykorzystaniem

oprogramowania REST.

9. Testy behawioralne (Prace 2; 3; 4)

Test otwartego pola (OF) jest standardowg procedurg pozwalajgcg na okreslenie stopnia
aktywnosci lokomotorycznej oraz eksploracyjnej gryzonia. Pozwala takze na analize
zachowan lekowych w nieznanym $rodowisku, takich jak tigmotaksja czy zmiana dynamiki
ruchu [95]. Do badan wykorzystano skrzynie o wymiarach 100 cm x 100 cm x 50 cm (wysokos$é
$cian). Nad skrzynig umieszczono zrédto Swiatta (zarbwka halogenowa o mocy 100 W) oraz
kamere. W obszarze skrzyni zostaty wyznaczone strefy: centrum (20 cm x 20 cm), strefa
wewnetrzna, strefa zewnetrzna wraz z naroznikami. Zwierzeta byty umieszczane w centrum,
zawsze skierowane w te samg strone. Czas testu wynosit 5 minut. W celu dezynfekcji skrzynia
byta przemywana preparatem Mediseptol H Neutral (Alpinus Chemia, Polska) kazdorazowo
po wyjeciu zwierzecia. Analizie poddano nastepujgce parametry: przebyty dystans (cm),
$rednia predkosc¢ (cm/s), czas spedzony w ruchu (s), czas do wykonania pierwszego ruchu
(s), czas spedzony w strefie zewnetrznej (s), czas spedzony w naroznikach (s), czas spedzony

w centrum (s) oraz liczba wej$¢ do centrum.

Podwyzszony labirynt krzyzowy (EPM) stuzy do obserwaciji zachowan lekowych u gryzoni.
Wykorzystuje sie w nim skfonnos¢ zwierzgt do unikania o$wietlonych i otwartych przestrzeni
oraz preferencji zamknietych i zacienionych obszaréw [96]. Labirynt w ksztaicie krzyza,
ktérego ramiona miaty dtugos¢ 40 cm i szerokos¢ 10 cm, zostat umieszczony 50 cm nad
podiozem. Dwa przeciwlegte ramiona byly ograniczone sciang o wysokosci 40 cm (ramiona

zamkniete), pozostate dwa ramiona zostaly zabudowane przezroczystg ptytg Plexiglas
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(ramiona otwarte), aby uniemozliwi¢ zwierzeciu zeskoczenie z platformy. Nad labiryntem
umieszczono zrédto swiatta. Czas testu wynosit 5 minut. Labirynt byt przemywany preparatem
Mediseptol H Neutral kazdorazowo po wyjeciu zwierzecia w celu dezynfekcji. Nastepujgce
parametry zostaty poddane analizie: przebyty dystans (cm), $rednia predkos¢ (cm/s), czas
spedzony w ruchu (s), czas spedzony w ramionach zamknietych (s), liczba wejs¢ w ramiona
otwarte. Behawior zwierzat byt analizowany przy uzyciu oprogramowania EthoVision 11

(Noldus, Wageningen, Holandia).

10. Analiza statystyczna

Do analizy uzyskanych danych zastosowano Ogdélny Model Liniowy (ang. general
linear model; GLM), ktéry pozwolit na okreslenie wptywu EMF o réznych wartosciach indukcji
magnetycznej oraz ilosci przeprowadzonych ekspozycji na rownowage oksydacyjno —
antyoksydacyjng mozgu oraz zmiany parametréw reakcji stresowej. Ocena zmian
behawioralnych byta przeprowadzona przy uzyciu wieloczynnikowej analizy wariancji
(MANOVA). Nastepnie wykonano testy post — hoc z poprawkg Bonferroniego. Dane, ktére nie
spetniaty kryteriow dla GLM oraz MANOVA zostaty poddane transformac;ji (logarytm naturalny,
logarytm dziesietny, pierwiastek kwadratowy). W przypadku, gdy transformacja danych nie
pozwolita na zastosowanie testow parametrycznych przeprowadzono analize
nieparametryczng (test Kruskala-Wallisa z poprawka Bonferroniego). Wszystkie analizy

statystyczne zostaty wykonane przy pomocy programu komputerowego SPSS 25.0 (IBM Inc.).

Oméwienie wynikéw

1. U podtoza dwukierunkowego dziatania EMF leza zmiany statusu oksydacyjno-

antyoksydacyjnego moézgowia (weryfikacja hipotezy 1, praca 2)

Wyniki tej czesci badan wykazaty, ze powtarzajgce sie narazenie na pole
elektromagnetyczne (EMF) o niskiej czestotliwosci (50 Hz) zmienia status oksydacyjno-
antyoksydacyjny kory przedczotowej szczurow w sposob zalezny od intensywnosci EMF i

liczby ekspozyciji.

Poziom wskaznikow stresu oksydacyjnego i antyoksydantéw u szczuréw narazonych

na EMF o indukcji 1 mT nie réznit sie znaczaco od wartosci kontrolnych. U szczurdw z tej grupy
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zaobserwowano istotny wzrost poziomu grup karbonylowych biatek (CP) dopiero po trzeciej
ekspozycji na EMF. Mechanizmy kompensacyjne uruchamiane w odpowiedzi na EMF 1 mT
sg w stanie utrzymac rownowage oksydacyjng nawet po dwéch ekspozycjach na EMF; dopiero
po trzeciej ekspozycji byt widoczny skumulowany efekt wszystkich ekspozycji w postaci
wzrostu poziomu CP. Ekspozycja na EMF 1 mT nie spowodowata istotnych zmian w poziomie
8-izoprostanéw (8-epi PGF2a), jednak zauwazono tendencje do zmniejszania sie ich poziomu
z kazdg kolejng ekspozycjg. Ponadto, w tej grupie nie stwierdzono wyraznych zmian w
poziomie catkowitego potencjatu antyoksydacyjnego (TAC). Poziom TAC byt nieznacznie

wyzszy niz w grupie kontrolnej po pierwszej i drugiej ekspozycji na EMF 1 mT.

Powtarzana ekspozycja na EMF 7 mT powoduje zaburzenie rownowagi oksydacyjnej
w kierunku wyzszego poziomu stresu oksydacyjnego. Stwierdzono wyrazny wzrost poziomu
CP w korze przedczotowej, widoczny wczesniej niz w grupie narazonej na EMF 1 mT - juz po
drugiej ekspozycji i pozostat wysoki rowniez po trzeciej ekspozycji. Ponadto zauwazono
tendencje do wzrostu poziomu 8-epi PGF2a z kazdg kolejng ekspozycja, a po ostatniej trzeciej
ekspozycji poziom 8-epi PGF2a byt istotnie statystycznie wyzszy niz w grupie kontrolnej. U
zwierzat eksponowanych na EMF 7 mT stwierdzono tendencje do obnizania sie poziomu TAC
po kazdej kolejnej ekspozycji. Uzyskane wyniki wskazujg, ze w tej grupie wzrost poziomu
stresu oksydacyjnego byt przynajmniej w pewnym zakresie skorelowany z obnizeniem
poziomu TAC.

Uzyskane wyniki pozwalajg stwierdzi¢, ze EMF o wartosci indukcji magnetycznej
rownej 1 mT jest czynnikiem, ktory nie zaburza znaczgco rownowagi oksydacyjno-
antyoksydacyjnej. Natomiast silniejsze pole (7 mT) indukuje uszkodzenia oksydacyjne biatek
oraz lipidéw, a takze ma potencjat do ostabiania obrony antyoksydacyjnej mézgu. Mozg, a
szczegolnie kora przedczotowa, jest szczegdlnie wrazliwy na dziatanie wolnych rodnikéw [97].
Udowodniono, ze doswiadczenie stresu Srodowiskowego jest skorelowane ze stanem stresu
oksydacyjnego w mézgu [98]. Ponadto, chroniczny stres uposledza funkcje kory
przedczotowej i tym samym przyczynia sie do rozwoju wielu zaburzen neuropsychiatrycznych
[99]. Warto rowniez dodagé, ze wolne rodniki mogg uszkadzac receptory glikokortykoidowe, co
prowadzi do wzmozonej sekrecji CRH i zaburzen w funkcjonowaniu osi HPA [63, 97]. Z drugigj
strony, podwyzszone stezenie kortykosteroidow przyczynia sie do zwiekszonej produkc;i

wolnych rodnikéw [100].
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2. EMF inicjuje zmiany w odpowiedzi stresowej, ktorych kierunek i nasilenie zalezg

od natezenia pola elektromagnetycznego (weryfikacja hipotezy 2, prace 3; 4)

Przeprowadzone badania wykazaty, ze wptyw powtarzanej ekspozycji na EMF na
aktywnos¢ uktadoéw stresu: osi HPA (praca 3) i uktadu LC-NA (praca 4) réwniez zalezy od
intensywnosci EMF i liczby ekspozycji. Dynamika odpowiedzi stresowej jest zalezna od
poziomu uwalniania hormondéw i poziomu neuroprzekaznikow, jak réwniez aktywnosci ich

receptoréw [52].

Uktady stresu odpowiadajg na kazdg ekspozycje na stres podczas powtarzajgcych sie
ekspozycji, co prowadzi do obserwowanego efektu kumulacyjnego [101]. Ekspozycja
szczuréw na EMF o niskiej lub wysokiej indukcji magnetycznej (1 mT lub 7 mT) w
prezentowanych badaniach powtarzana byta trzykrotnie, poniewaz zatozono, ze hormetyczna
zaleznos¢ dawka-odpowiedz moze wystgpi¢ po poczatkowym zaburzeniu homeostazy
podczas pierwszej ekspozycji. Nastepnie kierunek i dynamika zmian po kolejnych
ekspozycjach bedg konsekwencjg poprzednich. Dynamika zmian aktywnosci ukfadu LC-NA

indukowana ekspozycjg na EMF byta scisle skorelowana ze zmianami w odpowiedzi osi HPA.

Wzrost stezen hormondéw osi HPA u szczurow eksponowanych na EMF 1 mT byt
maksymalny po pierwszej ekspozycji na EMF, nastepnie wraz z kazdg kolejng ekspozycjg
obserwowano spadek ich poziomu. Poczatkowy wzrost CRH spowodowat zmniejszenie
ekspresji receptoréw CRH-R1 po kazdej kolejnej ekspozycji na EMF. Moze to odzwierciedlaé
proces adaptacyjny majgcy na celu zmniejszenie aktywnosci osi HPA w odpowiedzi na
umiarkowany stres [102]. Na kolejnym poziomie osi HPA w przysadce mézgowej, EMF o
wartosci 1 mT poczgtkowo spowodowato wzrost stezenia ACTH, jednak ilo$¢ tego hormonu
obnizyta sie po trzeciej ekspozycji. Wzrostowi wydzielania ACTH towarzyszyta redukcja
ekspresji MC2R tylko po pierwszej ekspozycji. Profil uwalniania kortykosteronu z nadnerczy u
zwierzat z grupy eksponowanej na EMF 1 mT byt sumarycznym efektem proceséow na
wyzszych poziomach osi HPA: stwierdzono poczatkowy wzrost, a nastepnie spadek stezenia
CORT po kolejnych ekspozycjach. Niemniej jednak nalezy podkresli¢, ze stezenia CORT w tej

grupie byty wyzsze niz u zwierzat kontrolnych po kazdej kolejnej ekspozycji.

Oprécz ujemnego sprzezenia zwrotnego miedzy strukturami osi HPA, istotng role w
regulacji jej aktywnosci odgrywajg receptory GR i MR w hipokampie. MR sg kluczowe dla
uruchomienia reakcji na stres [53], GR utrzymujg te zainicjowang reakcje stresowa, a
nastepnie ttumig pobudzenie neuronéw, normalizujgc aktywno$é mozgu [103]. Ekspozycja na
EMF 1 mT spowodowata przejsciowy wzrost w ekspresji MR w hipokampie (praca 3).

Aktywacja receptorow MR w hipokampie, ktéry petni wazng role w mechanizmie ujemnego
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sprzezenia zwrotnego osi HPA w trakcie stresu moze by¢ waznym mechanizmem, ktory
pomaga minimalizowaé ekspozycje tkanek docelowych na kortykosteroidy, zwitaszcza w
warunkach powtarzajgcego sie stresu [54, 101, 104]. Wzrost ekspresji MR moze wiec
prowadzi¢ do zahamowania aktywnosci osi HPA [105, 106], obserwowanej w omawianych

eksperymentach po kolejnych ekspozycjach na EMF 1 mT.

Stezenie noradrenaliny oraz poziomy MHPG i stosunek MHPG/NA u szczuréw po
ekspozycji na EMF o intensywnosci 1 mT nie réznity sie istotnie od wartosci kontrolnych (praca
4). Znaczgcy wzrost poziomu NA zaobserwowano tylko po pierwszej ekspozycji na EMF w
podwzgorzu - gtdwnej strukturze koordynujgcej reakcje na stres. W grupie EMF 1 mT redukcja

ekspresji B2-AR w hipokampie byta niewielka.

W grupie eksponowanej na EMF o wysokiej intensywnosci (7 mT), stezenia hormonow
osi HPA byly znaczaco wyzsze niz wartosci zarejestrowane zaréwno w grupie kontrolnej, jak i
w grupie eksponowanej na nizszg dawke EMF (1 mT). Nie stwierdzono réwniez habituacji do
powtarzanej ekspozycji na tego rodzaju bodziec. Badania wykazaty, ze znaczny wzrost
stezenia CRH $wiadczy o zwiekszonej reaktywnosci na stres [107], zjawisko to moze
wyjasdniaé wysokg aktywnos¢ osi HPA w grupie eksponowanej na EMF o wartosci indukgciji
magnetycznej 7 mT, gdzie stezenie CRH po kazdej ekspozycji na EMF jest wyzsze niz w
grupie kontrolnej. Brak regulacji w dét receptoréw CRH-R1 w tej grupie moze by¢ wynikiem
stymulujgcej roli znacznie wyzszego stezenia CORT u szczuréw eksponowanych na EMF 7
mT niz u tych eksponowanych na 1 mT, ktéry ma rowniez wptyw na ekspresje tych receptorow
[108]. Odnotowano 4-krotny wzrost stezenia ACTH w przysadce mdzgowej po pierwszej
ekspozycji na EMF 7 mT, a nastepnie coraz wyzszy poziom tego hormonu po kazdej kolejnej
ekspozycji. Podobne zmiany w profilu uwalniania ACTH stwierdzono w osoczu. W grupie
eksponowanej na EMF 7 mT wzrost stezenia ACTH byt znacznie bardziej wyrazny niz w grupie
EMF 1 mT. Chociaz zaobserwowano spadek ekspresji MC2R po pierwszej i drugiej ekspozycji
na EMF 7 mT, uwalnianie CORT w nadnerczach nie zostato zahamowane. Po kazdej kolejnej
ekspozycji poziom CORT byt coraz wyzszy. Podobny wzorzec zmian stezen kortykosteronu

byt widoczny w osoczu.

Ekspresja receptorow GR i MR w hipokampie obnizyta sie drastycznie po ekspozyciji
na EMF 7 mT. Jak wykazano obnizenie ekspresji MR i GR w tym obszarze moze byc¢
skorelowane z nadmiernym uwalnianiem CORT [109, 110]. A zatem wzrost poziomu CORT
po kazdej kolejnej ekspozycji na EMF 7 mT moze réwniez by¢ zwigzany z ostabieniem
hamujgcego wptywu hipokampu na aktywnos¢ osi HPA, wynikajgcym z obnizenia ekspres;ji
GR i jeszcze bardziej znaczgcego obnizenia poziomu MR. Zmiany w rownowadze miedzy

receptorami MR i GR zostaty rowniez stwierdzone u pacjentdéw z zaburzeniami psychicznymi
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[67]. Te wyniki sugerujg wzrost ryzyka zachorowania na tego typu choroby po ekspozycji na

wysokie dawki EMF.

W grupie eksponowanej na EMF 7 mT, stezenia NA byly coraz wyzsze po kazdej
kolejnej ekspozycji, analogicznie do wzorca uwalniania kortykosteronu, co sugeruje reakcje
uwrazliwienia na ten rodzaj homotypowego silnego czynnika stresogennego. Co istotne,
znaczgcy wzrost poziomu hormonu uwalniajgcego kortykotropine (CRH) w podwzgorzu w tej
grupie moze przyczyniaé sie do stymulacji aktywnosci miejsca sinawego w warunkach stresu
[45, 46]. W podwzgdrzu wystepuje stosunkowo geste unerwienie noradrenergiczne, a wiec LC
moze réwniez zwrotnie modyfikowaé stan aktywnosci neuronéw HPT [111, 112]. To moze z
kolei ttumaczy¢ najbardziej wyrazng odpowiedz noradrenergiczng na EMF 7 mT w
podwzgorzu. Spadek poziomu MHPG u szczuréw eksponowanych na EMF o wartosci 7 mT,
byt zdecydowanie bardziej widoczny niz w grupie EMF 1 mT. Adekwatnie do poziomu NA i
MHPG w LC i osoczu, poziom indeksu utylizacji noradrenaliny MHPG/NA w grupie 7 mT byt
nizszy niz w innych grupach bezposrednio po pierwszej ekspozycji, a kolejne ekspozycje
pogtebiaty ten efekt. Niski indeks MHPG/NA w grupie EMF 7 mT sugeruje zaburzong szybkos¢
przemiany NA. Istnieje wiele dowoddéw na to, ze poziom MHPG jest obnizony w depres;ji [113,
114] i chorobie Parkinsona [115]. Dane te wskazuja, ze niskie poziomy MHPG w grupie EMF

o wartosci 7 mT mogg stanowi¢ biomarker dysfunkcji uktadu nerwowego.

W grupie eksponowanej na EMF 7 mT zaobserwowano zdecydowany spadek ekspresji
B2-AR w hipokampie po kazdej kolejnej ekspozycji. Moze to odzwierciedla¢ dobrze znany
proces adaptacyjny majgcy na celu utrzymanie odpowiedniej aktywnosci uktadu
noradrenergicznego w odpowiedzi na umiarkowany stres [116]. Niemniej jednak, kiedy
organizm jest narazony na tak silny bodziec stresowy, ta fizjologiczna odpowiedz adaptacyjna
moze byC¢ niewystarczajgca, co prowadzi do coraz wyzszego poziomu uwalniania
noradrenaliny w odpowiedzi na kolejne homotypowe bodzce. To zjawisko moze ttumaczy¢
zaburzong odpowiedz adrenergiczng na ekspozycje na EMF o wartosci indukciji magnetycznej
7 mT.

Przedstawione wyniki sugerujg, ze nawet ekspozycja na EMF o niskiej intensywnosci (1
mT) stanowi wyzwanie dla organizmu i uruchamia reakcje stresowg, chociaz raczej niewielka
i tymczasowg. Oznacza to, ze stabe pole (1 mT), poprzez aktywacje uktadéw stresu jest
sygnatem pobudzajgcym mechanizmy kompensacyjne w organizmie, co skutkuje adaptacjg
do powtarzajgcych sie ekspozycji na ten sam rodzaj stresora. Badania eksperymentalne
wykazaty, ze powtarzajgca sie ekspozycja na pewne czynniki stresogenne ostabia

reaktywno$¢ uktadow stresu i tym samym uwalnianie kortykosteronu i noradrenaliny w
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odpowiedzi na ten sam (homotypowy) bodziec [117, 118]. Tym samym mozna uznag¢, ze EMF

o indukcji magnetycznej 1 mT jest wartoscig bezpieczng dla uktadu nerwowego.

EMF o wartosci 7 mT jest natomiast silnym stresorem, ktéry wywiera znaczny wptyw na
uktady stresu i zaburza ich funkcjonowanie. Zaobserwowano zwigkszong reaktywnosc¢
uktadow stresu po kazdej kolejnej ekspozycji na ten czynnik stresowy. Wydaje sie, ze w tak
silnej sytuacji stresowej, mechanizmy regulacyjne staty sie niewydolne i powtarzana
ekspozycja na silny stres doprowadzita do kumulacji efektéw poszczegdlnych ekspozyciji
widocznej jako wzmachianie reakcji stresowej po kazdej kolejnej ekspozyciji. A zatem wyniki
przeprowadzonych badan sugeruja, ze silne pole elektromagnetyczne (7 mT) moze zaburzac
homeostaze odpowiedzi stresowej i tym samym moze byé uznane za szkodliwe dla uktadu

nerwowego.

3. EMF trwale modyfikuje status oksydacyjno-antyoksydacyjny i poziom
aktywnosci ukladéw stresu i tym samym zmienia odpowiedz na kolejne czynniki

stresogenne (weryfikacja hipotezy 3, prace 2; 3; 4)

Uzyskane wyniki pozwolity nam stwierdzi¢, ze powtarzana ekspozycja na pole
elektromagnetyczne ma dwukierunkowy, zalezny od dawki wptyw na poziom stresu
oksydacyjnego i aktywnosc¢ uktadow stresu. W zwigzku z tym zasadne byto zweryfikowanie
czy ta zmiana punktu nastawczego aktywnosci uktadéw oksydacyjno-antyoksydacyjnych i
uktadoéw stresu moze wplywaé na reakcje na kolejny heterotypowy stres. Wiele badan
wskazuje, ze stres powoduje zakitdcenie homeostazy [119, 120], co prowokuje odpowiedz
kompensacyjng w celu przywrdcenia rownowagi. Ten proces moze prowadzi¢ do

ustanowienia nowego punktu nastawczego indukowania odpowiedzi na kolejne stresory.

Ekspozycja szczuréw na pole elektromagnetyczne o wartosci indukcji magnetycznej 1
mT miata wptyw na status oksydacyjno-antyoksydacyjny indukowany w odpowiedzi na
kolejny czynnik stresowy - test otwartego pola (OF). W grupie eksponowanej na EMF 1 mT
stwierdzono niewielkie zwiekszenie stezenia CP wywotane testem otwartego pola tylko po
pierwszej ekspozycji na EMF, po kazdej kolejnej ekspozycji indukowany stresem
otwartego pola poziom tego wskaznika ulegat obnizeniu. Poziom 8-izoprostanéw po OF
byt obnizony po dwoch pierwszych ekspozycjach na EMF, a po trzeciej ekspozycji powrdcit
do wartosci odnotowanej w tej grupie, ale nieeksponowanej na test OF. Wzmocnienie
obrony antyoksydacyjnej w odpowiedzi na nowy czynnik stresowy u szczuréw z grupy EMF
1 mT, bylo widoczne po pierwszej ekspozycji na EMF, a nastepnie zaobserwowano

adaptacje, tj. spadek poziomu TAC.
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Uzyskane wyniki pozwolity nam stwierdzi¢, ze subtelne zmiany w poziomie statusu
oksydacyjnego wywotane ekspozycjg na pole elektromagnetyczne o intensywnosci 1 mT
(pierwszy czynnik stresowy) byly wystarczajgce, zeby zmienié profil procesow
oksydacyjnych po ekspozycji na inny rodzaj czynnika stresowego — test otwartego pola.
Sugeruje to, ze moze to by¢ rodzaj habituacji, kiedy jeden czynnik stresowy zmniejsza

reakcje na drugi [10].

Charakterystyka zmian stezen hormonéw stresu indukowanych testem otwartego pola
lub ekspozycjg na podwyzszony labirynt krzyzowy oraz ekspresja receptoréw byta zblizona
do ich poziomu podstawowego w poszczegdlnych grupach, obserwowanych bezposrednio
po kolejnych ekspozycjach na pole elektromagnetyczne lub warunki kontrolne. Natomiast
analiza procentowych zmian w stezeniach hormonéw wykazata, ze u zwierzat
eksponowanych na EMF 1 mT odpowiedz uktaddéw stresu na kolejny czynnik stresowy byta
ostabiona, co sugeruje adaptacje do innych heterotypowych czynnikéw stresowych. Co
wazne bylto to skorelowane z przywrdéceniem kontrolnego poziomu ekspres;ji receptora GR,
ktéry byt obnizony po ekspozycji na EMF. Ponadto, indukowany OF wzrost ekspresji
receptora MR w hipokampie stwierdzono nie tylko po pierwszej ekspozycji na EMF, ale
nawet wyzszy jego poziom odnotowano rowniez po drugiej ekspozycji. U zwierzat
eksponowanych na EMF 1 mT test podwyzszonego labiryntu krzyzowego spowodowat
znaczgcy spadek stezenia NA i wzrost poziomu MHPG oraz wskaznika MHPG/NA tylko w
miejscu sinawym. Natomiast stwierdzono wzrost ekspresji receptorow (2-AR w
hipokampie, ale tylko po pierwszej ekspozycji na EMF 1 mT. Ten efekt wydaje sie byé¢
raczej konsekwencjg samej ekspozycji na kolejny czynnik stresowy, poniewaz analogiczne

zmiany zaobserwowano w grupie kontrolnej.

Przedstawione wyniki sugerujg, ze ekspozycja na pole elektromagnetyczne o wartosci
indukcji magnetycznej 1 mT dziata jako prekondycjonowanie, ktore utatwia adaptacyjna
odpowiedz na kolejne zdarzenia stresowe. Jest to zgodne z zatozeniami hormezy, ze
ekspozycja na niskie poziomy jednego rodzaju czynnika stresowego (pole
elektromagnetyczne) moze indukowaé szlaki wewnatrzkomérkowe, chronigce komorki

przed konsekwencjami kolejnego innego typu stresora [80, 121].

Analizie poddano réwniez behawior zwierzat w tescie otwartego pola i podwyzszonego
labiryntu krzyzowego, ktory czesciowo moze wynika¢ ze zmian aktywnosci uktadow stresu
[122]. Nie stwierdzono r6znic w zachowaniu u zwierzat wczesniej eksponowanych na EMF
1 mT ani w tescie otwartego pola, ani w tescie podwyzszonego labiryntu krzyzowego w

porownaniu do zwierzat kontrolnych. Sugeruje to, ze reakcja uktadow stresu wywotana
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niskg dawkg czynnika stresogennego - EMF 1 mT nie byla wystarczajgco silna, aby

zmieni¢ ich zachowanie.

Profil zmian indukowanych ekspozycjg na kolejny czynnik stresowy w grupie
eksponowanej na pole elektromagnetyczne o intensywnosci 7 mT byt odmienny.
Stwierdzono  zakiécenie réwnowagi  oksydacyjno-antyoksydacyjnej  indukowanej
ekspozycjg na kolejny czynnik stresowy. Wzorzec i wielkos¢ zmian poziomu 8-epi PGF2a
po kolejnych ekspozycjach na OF, u szczurdow wczes$niej narazonych na EMF 7 mT byly
zblizone do zmian w poziomie podstawowym w tej grupie, z kolei indukowany OF poziom
CP wzrastat z kazdg kolejng ekspozycjg na EMF. Natomiast, indukowany OF poziom TAC
po pierwszej ekspozycji na EMF 7 mT ulegt obnizeniu, a nastepnie wzrdst do wartosci nie

réznigcej sie od tej w grupie kontrolne;.

Wydaje sie zatem, ze ekspozycja na jeden silny czynnik stresowy (EMF 7mT) czyni
organizm bardziej wrazliwym na drugi czynnik stresowy (test otwartego pola), co prowadzi
do szybszego wystgpienia stresu oksydacyjnego i jego wyzszego poziomu u zwierzat
narazonych na tego rodzaju bodziec w poréwnaniu do warto$ci obserwowanych u
szczuréw z grupy EMF 1 mT. Uzyskane wyniki sugerujg, ze wysokie wartosci indukciji
magnetycznej (7 mT) pola elektromagnetycznego sg w stanie zaktdci¢ status oksydacyjno-
antyoksydacyjny moézgu, co skutkuje nasileniem proceséw oksydacyjnych w odpowiedzi

na kolejne zdarzenia stresowe.

W grupie narazonej na EMF 7 mT stezenia wszystkich hormonéw osi HPA indukowane
testem otwartego pola byty kilkukrotnie nizsze niz ich odpowiednie stezenia podstawowe.
Podobnie poziom NA po tescie w podwyzszonym labiryncie krzyzowym w grupie
eksponowanej EMF 7 mT byto nizsze w LC i osoczu, bez zmiany poziomu MHPG, co
skutkowato zwiekszeniem indeksu MPHG/NA. Nalezy zwréci¢ uwage, ze podstawowe
stezenia hormondéw stresu byly kilkukrotnie wyzsze niz warto$¢ obserwowana u zwierzat
kontrolnych. A zatem jest prawdopodobne, Zze nizszy poziom hormonow stresu po
ekspozycji na kolejny czynnik stresowy jest wynikiem tzw. "efektu sufitowego". To znaczy,
ze dalszy wzrost stezen kortykosteronu czy noradrenaliny juz kilkukrotnie podwyzszonych
po ekspozycji na EMF, w odpowiedzi na kolejny czynnik stresowy byt niemozliwy, z
powodu niewydolnosci procesow syntezy tych hormonéw. Co istotne, po narazeniu na
kolejny czynnik stresogenny poziom stezenia kortykosteronu i NA pomimo obnizenia w
stosunku do poziomu podstawowego w tej grupie, byt znaczgco wyzszy niz w grupach
kontrolnej i eksponowanej na EMF 1 mT. Ponadto u szczuréw narazonych na EMF 7 mT,
zaobserwowano znaczgce zmniejszenie poziomu ekspresji B2-AR w hipokampie. Oznacza

to, ze zmiany w aktywnosci osi HPA i ukfadu noradrenergicznego wywotane ekspozycjg
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na pole elektromagnetyczne determinujg endokrynologiczng odpowiedz organizmu na

kolejne czynniki stresowe.

Szczury eksponowane na EMF 7 mT w tescie otwartego pola wykazywaty mniej
zachowan zwigzanych z lekiem niz zwierzeta kontrolne i eksponowane na EMF 1 mT.
Odmienny profil zachowania zaobserwowano w tej grupie zwierzat w tescie
podwyzszonego labiryntu krzyzowego — niewielkie nasilenie zachowan lekowych. W
przeprowadzonej procedurze badawczej zastosowano rekomendacje wykonania testu
otwartego pola przed testem w podwyzszonym labiryncie krzyzowym w celu zwiekszenia
aktywnosci eksploracyjnej i uzyskaé bardziej zrdéznicowane wyniki w parametrach

zwigzanych z lekiem [96]. W naszych eksperymentach nie zaobserwowano takiego efektu.

Uzyskane wyniki nie daty jednoznacznej odpowiedzi na pytanie dotyczacej charakteru
zmian fenotypu behawioralnego zwierzat po ekspozycji na wysokie dawki EMF. Natomiast
zdecydowanie potwierdzity, ze zaréwno aktywnos¢ uktadow stresu jak i zachowanie w
odpowiedzi na stres sg zaburzone u zwierzgt eksponowanych na EMF o indukcji
magnetycznej 7 mT. A zatem ekspozycja na EMF o takiej wartosci uwrazliwia organizm na
kolejne stresory i w ten sposéb staje sie czynnikiem ryzyka rozwoju zaburzen uktadu

nerwowego [55].

4. Zmiany w odpowiedzi stresowej indukowanej przez EMF moduluja plastycznosé

moézgowg (weryfikacja hipotezy 4, prace 3; 4)

Efekty ekspozycji na EMF w hipokampie byly réwniez uzaleznione od natezenia pola
elektromagnetycznego. Szereg badan potwierdzito, ze zaréwno noradrenalina, jak rowniez
glikokortykoidy wptywajg na przezycie neuronow hipokampu i neuroplastycznos¢ poprzez
aktywacje odpowiednich receptorow: B-adrenergicznych (B2-AR) [
mineralokortykoidowych (MR) [44, 52, 73, 104, 123]. Odkrycie, ze EMF o indukc;ji
magnetycznej 1 mT specyficznie stymuluje ekspresje MR w hipokampie, jest zgodne z
wczesniejszymi ustaleniami, ze subtelne czynniki stresowe mogg zwiekszac ekspresje MR
w neuronach i stanowi¢ mechanizm kompensacyjny majgcy na celu indukcje plastycznosci
neuronalnej. A zatem, dwukierunkowy wptyw EMF o niskiej i wysokiej indukcji
magnetycznej moze by¢ zwigzany z rézng ekspresjg MR, poniewaz te receptory nie tylko
determinujg aktywnos¢ osi HPA, ale rowniez majg wartos¢ neuroprotekcyjng. Wyniki te
mogg stanowi¢ wyjasnienie efektu terapeutycznego EMF o niskiej intensywnosci,
potwierdzonego w wielu badaniach [11, 23, 25, 67, 78, 124].
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W hipokampie réwniez aktywnos$¢ ukfadu noradrenergicznego odgrywa wazng role w
indukowaniu proceséw plastycznosci mézgowej [125]. Spadek ekspresji receptorow (32-
AR w hipokampie wywotany przez EMF o indukcji 7 mT moze mie¢ gtebokie konsekwencje.
W warunkach, w ktérych nastepuje indukowany stresem wzrost uwalniania noradrenaliny
z LC dochodzi do pobudzenia aktywnosci neurondéw hipokampu poprzez aktywacje
receptoréw B2-AR. Jednym z efektdw tego procesu jest ekspresja genow zwigzanych z
plastycznoscia [68, 72]. Aktywacja receptoréw 2-AR moze by¢ zatem decydujgca dla sity
potgczen synaptycznych oraz trwato$ci plastycznos$ci synaptycznej [126, 127]. Istotna rola
B2-AR w procesach plastycznosci pozwala wnioskowaé, ze ekspozycja na EMF 7 mT,
ktéra znaczaco obniza ekspresje tych receptorow, moze silnie hamowaé procesy
neuroplastyczne w hipokampie, pomimo wysokiego stezenia noradrenaliny. Zaburzenia w
ekspresji B2-AR sg powigzane z wystgpieniem neuropatologii takich jak depresja [128]. A
zatem ekspozycja na EMF 7 mT ze wzgledu na indukowanie zaburzeh funkcji hipokampu

moze stanowic czynnik ryzyka dla tego typu choréb.

5. Podsumowanie

Przeprowadzone badania pozwalajg na stwierdzenie, ze natezenia pola
elektromagnetycznego o niskiej czestotliwosci (50 Hz) jest kluczowym czynnikiem
determinujgcym jego dwukierunkowy wplyw na mozg: pozytywny - promujgcy plastycznosé
mozgu, niwelujgcy zaburzenia rownowagi oksydacyjnej i poprawiajgcy neuroadaptacje do
kolejnych bodzcow stresowych; lub negatywny - odpowiedzialny za zaburzenie reakcji na
stres, ostabienie obrony antyoksydacyjnej oraz zwigkszenie wrazliwosci na kolejne

czynniki stresowe.

Powtarzana ekspozycja na EMF 1 mT wywotuje reakcje stresowg o niewielkiej
intensywnosci, jednak nawet subtelne zmiany przez nig wywotane mogg zmieniac
funkcjonowanie obwoddw neuronalnych. Uzyskane wyniki potwierdzity, ze ekspozycja na
EMF 1 mT zmienia ,punkt nastawczy” dla regulacji proceséw oksydacyjnych i aktywnosci
uktadow stresu i inicjuje adaptacje komorkowa do tego rodzaju stresu. W prezentowanych
badaniach po raz pierwszy wykazano rowniez indukcje ekspresji MR w neuronach
hipokampu w odpowiedzi na EMF o intensywnosci 1 mT. Chociaz konsekwencje
zwiekszonej ekspresji MR nie sg doktadnie poznane, to zjawisko moze stanowi¢

endogenng odpowiedz majgcg na celu ochrone mézgu przed kolejnymi uszkodzeniami.

Uzyskane wyniki wskazuja, ze w sytuacji narazenia na stresory o duzej intensywnosci,

jak powtarzana ekspozycja na EMF 7 mT, rownowaga zostaje zaburzona w kierunku
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zaréwno wyzszego poziomu stresu oksydacyjnego, jak réwniez nasilonej reakcji stresowe.
Sugeruje to ze odpowiedz organizmu na tak silny rodzaj stresu wymaga wiekszych
naktaddéw energetycznych, ktérym organizm moze nie sprostaé [10]. W rezultacie dochodzi
do kumulacji efektow powtarzanej ekspozycji na EMF 7 mT. Ten efekt moze by¢ trwaty i
mie¢ dtugoterminowy wplyw na funkcjonowanie organizmu - zmienia¢ podatnosé
organizmu na kolejne czynniki stresogenne i tym samym zwieksza¢ ryzyko wystgpienia

choréb uktadu nerwowego.

Uzyskane wyniki po raz pierwszy dokumentujg ,hormetyczny mechanizm dziatania”
EMF (50 Hz) u kregowcéw. Stwarzajg nowe perspektywy do wykorzystania EMF w celach
terapeutycznych, jak réwniez dostarczajg nowych danych do oceny ryzyka narazenia na
EMF.
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Powtarzana ekspozycja na EMF o niskiej czestotliwosci (50Hz) zmienia status
oksydacyjno-antyoksydacyjny i aktywnos¢ uktadow stresu w sposéb zalezny od

wartosci indukcji magnetycznej EMF i liczby ekspozyciji.

Ekspozycja na EMF o indukcji magnetycznej 1 mT jest czynnikiem, ktéry nie zaburza
znaczgco réwnowagi oksydacyjno-antyoksydacyjnej w korze przedczotowej szczura,
natomiast silniejsze EMF (7 mT) indukuje uszkodzenia oksydacyjne biatek oraz lipidow,

a takze ma potencjat do ostabiania obrony antyoksydacyjnej mozgu.

Ekspozycja na EMF o niskiej intensywnosci (1 mT) stanowi umiarkowane wyzwanie
dla organizmu i aktywacja uktadow stresu (o$ HPA i uktad LC-NA) w odpowiedzi na ten
bodziec jest niewielka i ma charakter przejsciowy. Oznacza to, EMF 1 mT jest
sygnatem pobudzajgcym mechanizmy kompensacyjne w organizmie, co skutkuje

adaptacjg do powtarzajgcych sie ekspozycji na ten sam rodzaj stresora.

EMF o wartosci 7 mT jest silnym stresorem i zwieksza reaktywnos¢ uktadow stresu po
kazdej kolejnej ekspozycji na ten czynnik stresowy. Sugeruje to niewydolnos¢
mechanizmow regulacyjnych, ktérych efektem jest kumulacja efektéw poszczegdlnych
ekspozycji widoczna jako wzmacnianie reakcji stresowej po kazdej kolejnej ekspozycji
na EMF.

EMF modyfikuje status oksydacyjno-antyoksydacyjny i zmienia punkt nastawczy dla
aktywnosci uktadéw odpowiedzi stresowej w sposéb trwaty, i tym samym modyfikuje

odpowiedz na kolejny czynnik stresowy.

Niewielkie zmiany w poziomie statusu oksydacyjnego i reakcji stresowej wywotane
ekspozycjg na pole elektromagnetyczne o indukcji 1 mT sg wystarczajgce aby wywotac
efekt prekondycjonowania, ktéry utatwia adaptacyjng odpowiedz na kolejne zdarzenia
stresowe, natomiast konsekwencjg narazenia na EMF 7 mT moze by¢ pogtebienie
zaburzen réwnowagi oksydacyjno-antyoksydacyjnej w mézgu szczura w odpowiedzi

na kolejne zdarzenia stresowe.

EMF o niskiej wartosci indukcji magnetycznej (1 mT) przesuwa aktywno$¢ osi HPA

oraz uktadu LC-NA w kierunku adaptacji do warunkoéw stresogennych, natomiast
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8)

9)

wysoka wartos¢ indukcji magnetycznej EMF (7 mT) uwrazliwia organizm na kolejne

zdarzenie stresowe.

Aktywacja uktadow stresu wywotana niskg dawkg czynnika stresogennego - EMF 1 mT
nie byta wystarczajgco silna, aby zmieni¢ ich zachowanie w odpowiedzi na kolejny
czynnik stresowy, natomiast ekspozycja na EMF o wartosci indukcji magnetycznej 7

mT powoduje zaburzenia behawioru.

EMF o indukcji magnetycznej 1 mT specyficznie wywotuje ekspresje receptoréw
mineralokortykoidowych w hipokampie, co sugeruje wptyw tego rodzaju stymulacji na
indukcje plastycznosci neuronalnej, z kolei EMF 7 mT, znaczgco obniza ekspresje
receptoréw [(-adrenergicznych i w ten sposéb moze hamowac¢ procesy

neuroplastyczne w hipokampie.

10) EMF jest czynnikiem, ktérego dziatania wykazuje efekt hormezy, poniewaz kierunek i

intensywno$¢ odpowiedzi organizmu na ten rodzaj stresu sg zalezne od jego sity, tzn.
wartosci natezenia pola magnetycznego: stabe EMF (1 mT) uruchamia w organizmie
mechanizmy kompensacyjne, ktére zapewniajg ochrone przed negatywnymi skutkami
narazenia na ten stres, natomiast silne EMF (7 mT) jest bodzcem przekraczajgcym
mozliwosci adaptacyjne organizmu, a w konsekwencji prowadzacym do zaburzen

homeostazy.

11) EMF o niskiej indukcji magnetycznej (1 mT) dzieki stymulacji mechanizmow

kompensacyjnych i plastyczno$ci mézgowej moze znalez¢ zastosowanie jako metoda

terapeutyczna w leczeniu niektorych schorzen.

12) EMF o wysokiej indukcji magnetycznej (7 mT), moze nasila¢ podatnos¢ organizmu na

kolejne czynniki stresogenne i tym samym zwiekszaé ryzyko wystgpienia choréb

uktadu nerwowego.
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Abstract: Biological effects of extremely low-frequency magnetic field (ELF-MF) and its consequences
on human health have become the subject of important and recurrent public debate. ELF-MF evokes
cell/organism responses that are characteristic to a general stress reaction, thus it can be regarded
as a stress factor. Exposure to ELF-MF “turns on” different intracellular mechanisms into both
directions: compensatory or deleterious ones. ELF-MF can provoke morphological and physiological
changes in stress-related systems, mainly nervous, hormonal, and immunological ones. This review
summarizes the ELF-MF-mediated changes at various levels of the organism organization. Special
attention is placed on the review of literature from the last decade. Most studies on ELF-MF effects
concentrate on its negative influence, e.g., impairment of behavior towards depressive and anxiety
disorders; however, in the last decade there was an increase in the number of research studies
showing stimulating impact of ELF-MF on neuroplasticity and neurorehabilitation. In the face of
numerous studies on the ELF-MF action, it is necessary to systematize the knowledge for a better
understanding of the phenomenon, in order to reduce the risk associated with the exposure to this
factor and to recognize the possibility of using it as a therapeutic agent.

Keywords: magnetic field; stress; HPA axis; catecholamines; cytokines; hormones; behavior; anxiety;
neuroplasticity; cell survival

1. Introduction

Many studies have suggested an association between extremely low-frequency mag-
netic field (ELF-MF) exposure and anxiety and/or depression. On the other hand, the ELF-
MF-induced improvement of brain function has also been found. The mechanism of
these effects is assumed to be a stress response induced by ELF-MF exposure. Extremely
low-frequency MF is natural physical phenomenon in our environment. The rapid de-
velopment of science and technology resulted in the introduction of many new devices
and technologies in industry, agriculture, and everyday life. We are continuously exposed
in our environment to ELF-MF (range of 0-300 Hz) [1]. MFs are either of natural ori-
gin (geomagnetic field, intense solar activity, thunderstorms) or human-made (factories,
transmission lines, electric appliances at work and home, magnetic resonance imaging,
medical treatment, etc.) [2]. Common used frequencies of electric and magnetic fields of
the electric power supply and of electric and magnetic fields generated by electricity power
lines and electric/electronic devices are 50 Hz in Europe and 60 Hz in North America [2].
Biological effects of ELF-MF and their consequences on human health have become the
subject of important and recurrent public debate. Until now the reported studies are
largely contradictory with regard to epidemiologic studies (some of the research studies
found a relationship with development of diseases while the others failed to find any [3-8]
(Table S1). Whether or not ELE-MF exposure is related to increased health risks, it has led
many scientists to examine the potential mechanisms by which ELF-MF might affect human
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health. Special attention is paid to the adverse impact of both low- and high-frequency
MF (radio waves) due to many possible pathological effects and numerous reports on MF-
induced carcinogenicity [9]. ELF-MF was proved to be a stress factor and as a consequence,
it can provoke morphological and physiological changes in stress-related systems [10].
Some authors argue that ELF-MF evokes cell/organism responses that are characteristic to
general stress reaction. ELF-MF exposure “turns on” different intracellular—compensatory
or deleterious—mechanisms and modifies stress-related function of nervous, hormonal
and immunological systems (Figure 1). ELF-MF influence on living matter can cause a detri-
mental increase in free radicals levels and radical-evoked damages in macromolecules [11].
Most studies on ELF-MF effects concentrate on its negative influence; however, in the last
decade there was an increase in the number of research studies showing stimulating impact
of ELF-MF on brain plasticity processes (the production of protective proteins (e.g., Hsp70
or BDNF) or an increase in the activity of antioxidant enzymes) [12]. Furthermore, long-
term exposure to ELF-MF can cause permanent changes in behavior (towards depressive
and anxiety disorders) that are related to exposure to chronic stress [10,13,14].

[T l proteins level ]

[ I level of BDNFJ [ 1 level of H5P70]
changes in calcium changes in lipid
homeostasis profile of the brain

[Tl oxidative stress ]

[T stress hormones ]

ELF-MF
[ t memory, learning ] chang.es in
neurotransmitters levels
[ sleep disorders ] [H pro-inflammatory cytokines ]

[Tl depression ] [Tlanxiety ]

Figure 1. Effects of extremely low-frequency magnetic field (ELF-MF) action in the organism.

In the face of numerous studies on the effects of the ELF-ME, it is necessary to system-
atize the knowledge for a better understanding of this phenomenon, in order to reduce the
risk associated with exposure to this factor, but also to recognize the possibility of using it
as a therapeutic agent.

2. Stress—A Factor Determining the Function of Organism at All Levels
of Organization

It is accepted that ELF-MF exposure may count as a mild stress situation [10,15-17]
and it could activate a wide spectrum of interacting neuronal, molecular, and neurochem-
ical systems that underpin behavioral and physiological responses. Chronic stress can
promote and exacerbate pathophysiology leading to allostatic overload in human body [18].
The brain developed some adaptive mechanisms in the face of changing environments and
stress factors imposed on the nervous system. Integrated response to stressful stimuli is
an essential component of adaptive processes critical for survival of the organism. Failure
of this stress adaptation is considered as one of the primary neuropathological causes of
stress-related disorders. A healthy organism is able to turn on or off effectively physiologi-
cal and psychological responses to stimuli; however, if the stress system response is not
adequate—too slow or too high, its mediators will enhance vulnerability to stress-related
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disease to which the individual is predisposed. Adaptation to repeated stress is associated
with a complex cascade of molecular and cellular events, ranging from regulation of gene
expression to release of neurotransmitters [19].

The definition of stress is not precise because the process is differently understood
by people representing various fields of science. Stress can be discussed in the context of
its influence on all levels of an organism’s organization: molecular, cellular, physiologi-
cal, and behavioral as well as psychological. The term “stress” was introduced by Hans
Selye [20] and described as a result of disturbed homeostasis in the organism. Seyle [21]
stated that stress is a “nonspecific response of the body to any demand”. McEwen de-
fined stress as “experiences that are challenging emotionally and physiologically” [18].
Other authors describe stress as a process involving perception, interpretation, response,
and adaptation to harmful, threatening, or challenging events [22]. The reaction to a stress
event is necessary for the organism to cope with danger [18]. Alarming signals include
an internal, psychological, or environmental stimulus—such as ELF-MFE. Some authors
postulate that the changes turned on under the influence of exposure to ELF-MF are similar
to those caused by other stress factors. The consequences of stress can be different and
are dependent mainly on the strength of the stimulus. A low dose of stress can drive
adaptive processes such as plasticity processes, e.g., the growth of postsynaptic (dendritic)
spines, production of stress-resistant proteins, e.g., BDNF (brain-derived neurotrophic
factor) and stimulation of neural stem cells to form new neurons that replace or cooperate
with the existing ones [23], whereas even one high dose of a given factor may be harmful
or even lethal [24].

In the neuroendocrine approach, stress is related to activation of the autonomic
nervous system (SAM) and hypothalamo-pituitary—adrenal (HPA) axis. First, the auto-
nomic nervous system is activated causing the release of noradrenaline and adrenaline
from the adrenal medulla into the circulation, which—being a hormone—can rapidly
regulate the function of peripheral organs [25] as well as the immunological response,
which is supposed to adapt the organism to new, stressful conditions [26]. Acute activation
of this system leads to release of noradrenaline from an extensive network of neurons
throughout the brain, producing an enhanced state of arousal, which is critical for adap-
tive responses to stress [27]. Somewhat later, the HPA axis is activated, which causes
the secretion of corticosteroid hormones from the adrenal cortex [25]. In response to a
stressor, corticotropin-releasing hormone (CRH) is secreted in the hypothalamus. CRH is
then driven with blood to anterior pituitary, where it causes adrenocorticotropic hormone
(ACTH) release. In the next stage, ACTH reaches the adrenal glands and as a consequence
glucocorticoids (cortisol and corticosterone) are secreted. The glucocorticoids cause in-
creased arousal that ensures the organism’s readiness for action. Thus, the HPA axis
system regulates the intensity, dynamics, and termination of the stress response [28,29].
Hippocampus, which role is the inhibition the HPA axis via the negative feedback, is of
crucial importance for the dynamic of stress response [30-32]. On the other hand, corti-
costeroids can also modulate hippocampal function in the opposite directions: causing
neuron’s dysfunction or plasticity and as a result, hippocampus-related behavioral changes
can be observed. The hypothalamic—pituitary—adrenal (HPA) axis is sensitive to a broad
spectrum of experimental and environmental events [30] that may result in physiological
and behavioral changes in both directions: detrimental and compensatory ones. Sometimes
these modifications are very subtle, but in some conditions they can even underlie the
stress-related disorders or mediate the reversion of brain damage.

3. Molecular Stress Response to ELF-MF

Many studies show that stress induces the disruption in homeostasis [23,33] and as
a consequence an overcompensation response is triggered to re-establish homeostasis.
It needs gene expression and protein synthesis that progresses over time and leads to
establish a new set-point for stress response systems. As ELF-MF is able to change the stress
parameters, it is suggested that it can shift the set-point of endocrinological regulations
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and determine the health status of the organism as a consequence [15]. The effects of
exposure to ELF-MF are particularly prevalent in the hippocampal area of the brain [34,35].
As mentioned, the hippocampus is involved in regulating the HPA axis activity, but on
the other hand, stress hormones (mainly corticosterone and noradrenaline) are known
to modulate hippocampal function and they may determine the plasticity processes in
this area; it means an adaptive response to ELF-MF’s exposure. Targets for ELF-MF at
molecular level include the cell membrane (e.g., its permeability, inorganic ion transport,
receptor function), second messengers synthesis, chromosome structural changes and chemical
changes in DNA structure, genes expression and protein synthesis (e.g., metabolism-related),
free radicals, and neurotrophic factors. Such profound modifications have to be reflected
in neurotransmitter activity, hormone release, and metabolism of the brain [36—44]. What is
important, the effect of ELF-MF on molecular and/or cellular mechanisms is not obvious—it
can be detrimental or protective. However, the research study on these mechanisms can
shed some light on the possible metabolic pathway being possibly influenced by ELF-
MF. ELE-MF-evoked cellular stress includes the modifications of key substances in cell
metabolism—proteins and lipids. The mentioned alternations are mainly related to ELF-
MF-induced oxidative stress. The consequence of these processes can be cell death such as
apoptosis, necrosis, or autophagy [42,45-48].

3.1. Proteins and Lipids

As shown in in vivo research, ELF-MF can affect levels and function of proteins—crucial
for maintenance of cell homeostasis, e.g., proteins anchored in lipid bilayer of the cell
membrane functioning as ion channels, enzymes, and receptors, as well as the other
proteins of key importance for the response to stress, regulation of apoptosis, and a number
of metabolic processes [37,45,47,49,50]. Total protein level as well as its activity (e.g., alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP),
albumin, bilirubin) was augmented in rats exposed to 1.5 mT ELF-MF [45]. Exposure to
both 0.5 and 1 mT ELF-MF altered protein pattern in rat’s hippocampus. Gene ontology
analysis showed that the most important function of the identified proteins altered after
ELF-MF exposure is to ensure the functioning of the brain. Exposure to ELF-MF caused
extreme downregulation of two proteins: Sptanl and Dpysl2. The first is responsible for
stabilization of cell membrane and organization of intracellular organelles. The second,
Dpysl2, plays a key role in neuronal development and polarity, and additionally in neuron
projection morphogenesis. Notably, the increased intensity of ELF-MF may be associated
with more alteration in cell protein expression, and subsequent cell morphology and
proliferation rate changes [47]. The chromogranin A (CgA) is another protein that should be
mentioned as important in stress response and as a new target for electromagnetic radiation.
It is a neuroendocrine secretory protein costored and coreleased with catecholamines
from adrenal medulla, adrenergic nerve endings, and neuroendocrine cells. CgA is also
a marker of sympathoadrenal activity, so its level gives information on the course of
stress response [51]. The protein is also involved in maintaining calcium homeostasis in
the cell [52]. What is important, its level increases during a depressive mood or stress
situation [52]. The serum level of CgA in volunteer subjects chronically exposed to ELF-MF
in the range 0.1-0.3 uT did not differ from the level in control group. However, a trend
toward lower concentrations of CgA was observed in the group exposed to higher level
of ELF-MF (>0.3 uT). Suppressive effects of ELF-MF on CgA level could be recognized as
having inhibitory effects on the activity of the sympathetic nervous system [53].

In addition to proteins, the brain lipid profile is also influenced by ELF-MF exposure
and taking into account multiple roles for lipids, they can be the medium for the ELF-MF
action in the cell. Lipids are structural components of the cell membrane and they are in-
volved in transfer of signals across membranes [17]. Apart from being structural elements,
they are also required for axonal elongation and act as precursors for various secondary
messengers, including arachidonic acid, docosahexaenoic acid, or 1,2-diacylglycerol [54].
Any changes in brain lipid metabolism lead to disturbances in homeostasis and are re-
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sponsible for altered functioning at the cell and tissue levels. It was shown that 60 Hz
2.4 mT ELF-MF induces changes in the brain lipid profile and in corticosterone concen-
tration. The level of these changes was similar to that in the positive control group of
rats exposed to stress-RS (movement restraint). After 21 days of exposure to ELF-MF or
RS or combined model (ELF-MF + RS), a general tendency to the decrease of total lipid
level in brain structures was observed in each experimental group. Total cholesterol level
was significantly increased in the cortex in the ELF-MF and RS + ELF-MF groups, and in
subcortical structures in the RS + ELF-MF group. Inversely, polar lipids level in ELF-MF
and RS + ELF-MF groups was decreased both in the cortex and in subcortical structures.
Nonesterified fatty acid levels were found to be slightly higher in subcortical structures of
the RS + ELF-MF group as compared to the control and RS groups. The analysis of fatty acid
methyl esters revealed that the level of polyunsaturated fatty acids in cerebellum of ELF-
ME-exposed rats was decreased, whereas their level in subcortical structures in the same
group was increased. In addition to the changes in the amount of different kinds of lipids,
the ELF-MF-induced lipid oxidative modifications were also noticed. The concentration of
thiobarbituric acid reactive substances (TBARS, byproduct of lipid peroxidation) in lipids
was higher, especially in the cortex and cerebellum of all treated groups [17]. Previous
research has shown that immediate changes in lipid profile and TBARS levels after 2 h of
singular exposure were visible only in the RS + ELF-MF group, whereas single exposure
to ELF-MF or RS alone did not cause any changes in reduced glutathione and nitric oxide
levels [55]. The increased level of lipid peroxidation was also noticed in rats exposed to
ELF-MF (100 pT and 500 uT) [56]. The interesting research on ELF-MF-induced (50 Hz,
3 mT) changes in lipid profile (proteomic and transcriptomic profiling) in Caenorhabditis
elegans was performed by Sun et al. [57]. In the glycerolipids (GLs) group, total triacyl-
glycerols (TGs) content was increased while diacylglycerols (DGs) level was decreased.
It should be also noted that among the most enriched proteins evaluated in this research,
there were ones involved in lipid transport [57]. These studies indicate that ELE-MF affects
the brain’s lipid balance in a similar way to physiological stressors.

3.2. Oxidative Stress and Antioxidant Status

Stress can be a factor causing an increase of the level of oxidative stress parameters in
the brain, including lipid peroxidation and on the other hand, it can activate antioxidant
response [58,59]. Oxidative stress is the result of an imbalance between reactive oxygen
species (ROS) and antioxidants [29]. Under normal conditions the synthesis of ROS is
usually balanced, but when the production of ROS increases they become harmful for
organism. The imbalance causes changes at the cellular level, which causes DNA, proteins,
and lipids damage. ROS are involved in physiological processes, for instance, in cell
signaling and respiratory chain and immune response, but some pathological factors can
contribute to their increased level [60]. Overproduction of ROS occurs, inter alia, in re-
sponse to stress (heat, anoxia, ultraviolet light, injury, environmental pollution, cigarette
smoke, psychological trauma, and many others) [61]. It has also been reported that ROS
levels increase after ELF-MF exposure and the reason for this phenomenon can be the
failure of antioxidant defense.

The disturbance of oxidative homeostasis was proved in in vitro research. Exposure
to ELF-MF of 1 mT resulted in free radical increase in mouse macrophages [62] and SH-
SY5Y neuroblastoma cells [39]. ELF-MF-induced increased ROS production was also
found in K562 human leukemia cell line (50 Hz, 0.025/0.05/0.1 mT) [63,64], and in human
osteoarthritic chondrocytes (100 Hz) [65]. The viability decrease and morphological changes
of rat hippocampal neurons concomitantly with the increase of MDA (malondialdehyde)
and ROS levels and reduction of superoxide dismutase activity were noticed after exposure
to ELF-MF (50 Hz, 8 mT) [42]. Similarly, exposure to ELF-MF (50 Hz, 25-200 puT) resulted
in increased ROS production and diminished activity of antioxidant enzymes (superoxide
dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase (GR)) in the human
keratinocyte cell line NCTC 2544 [66].
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In vitro results have been confirmed in in vivo research. The shift into oxidative
processes, presented as ROS-level elevation and significantly, the total antioxidative ca-
pacity (TAC) level decrease, were found in Caenorhabditis elegans exposed to ELF-MF
(50 Hz, 3 mT) [67]. These results, proving the ELF-MF-induced impairment of antioxi-
dant mechanisms in the organism, were also obtained from research using rodent models.
The toxic, increasing oxidative stress level effect of ELF-MF was found mainly in the brain.
Akdag et al. [68] demonstrated that the activity of antioxidant enzyme catalase (CAT) was
decreased in ELF-MF-exposed animals regardless of ELF-MF intensity (100 and 500 uT).
Moreover, in the group exposed to 500 pT, TAC was lower than in the 100 puT group. At the
same time, in the 500 uT group the levels of oxidative stress markers, MDA and MPO
(myeloperoxidase), and values of total oxidant status (TOS) and oxidative stress index
(OSI) were significantly higher. TBARS concentrations increasing concomitantly with
decreasing reduced glutathione (GSH), total free-SH group concentrations, and TAC levels
were found in rats exposed to ELF-MF (40 Hz, 7 mT and 50 Hz, 12 and 18 kV/m) [69].
The activities of antioxidant enzymes in brain homogenates were also decreased in rats
exposed to ELF-MF (50 Hz 10 kV/m, 4.3 pT) [70]. In addition, in mouse brain subjected to
ELF-MF (50 Hz, 8 mT), the levels of MDA, ROS, nitric oxide (NO), and nitric oxide synthase
(NOS) were increased, whereas activities of SOD, CAT, and GPx were decreased [71,72].
Free radical level (superoxide anion- Oye~ and NO; ™) was increased in the hypothalamus
of rats exposed to ELF-MF (50 Hz, 10 mT) [73]. Acute exposure to ELF-MF (60 Hz 2.4 mT)
resulted in the impairment of antioxidant mechanisms in the brain as well as in other
tissues: heart, kidney, and plasma (decrease in SOD activity and reduced glutathione
level) [55,74]. The disturbance of oxidative status was also found in testes of rats (diabetic
model) exposed to ELE-MF (50 Hz, 8.2 mT): the increase in MDA and NO level, and di-
minished GSH level [75]. Many studies on the effects of ELF-MF have been conducted on
people from risk groups, occupationally and residentially (living near high voltage lines)
exposed to ELF-MF. El-Helaly and Abu-Hashem [76] carried out their research on a group
of 50 electronic equipment installers and repairers. The serum malondialdehyde (MDA)
level in the ELF-MF-exposed group was significantly higher than in control, and concomi-
tantly the melatonin level (hormone supporting the antioxidant effect) in this group was
lower. Similarly, the increment of oxidative stress and oxidative damage to DNA was also
found in other research on power plant workers (occupational exposure, 110-420 kV and
4.09 V/m, 16.27 uT) [40,77,78]. The data suggest that exposure to ELF-MF could cause the
failure of the antioxidant response and the collapse of homeostatic capability of the cell,
leading to oxidative damage and functional impairment. However, the direct connection
to the risk of disease development has not been unequivocally proved.

Subsequent studies shed light on the effects of ELF-MF on the antioxidant mecha-
nisms that can underlie the protection against neurodegeneration. The ELF-MF-induced
improvement of antioxidant protection has been evaluated in both in vitro and in vivo
research. Exposure of C2C12 cells (myoblasts) to ELF-MF of 1 mT caused a drastic decrease
in ROS level while total antioxidant status (TAS) and the activities of CAT and GPx were
elevated [79]. Ehnert et al. [80] found ELF-MF-induced (16 Hz 6-282 uT) increase of SOD2,
CAT, GPX3, and glutathione-disulfide reductase (GSR) activity concomitant with the reduc-
tion of ROS levels in human osteoblasts. Similarly, in the myelogenous leukemia cell line
K562 exposed to ELF-MF (50 Hz, 1 mT) and in human blood platelets exposed to different
sources of electromagnetic radiation (1 kHz, 0.5 mT; 50 Hz, 10 mT; or 1 kHz 220 V/m) CAT
activity was increased [81,82]. Moreover, the exposure IMR-90 human lung fibroblasts
for a total of 168 h to 6 mT ELF-MF contributed to decreased ROS level [83]. Exposure
of human neuronal cell culture SH-SY5Y to 50 Hz ELF-MF with magnetic field intensity
1 mT resulted in elevated activity of NOS. This enzyme is controlled by proinflammatory
cytokines that also activate ROS. After 1, 3, 6, and 24 h of exposure to ELF-MF, the activity
of the enzyme was significantly increased. Moreover, the augmented production of O~
was also found. However, CAT activity increased as the exposure time increased, possibly
indicating a gradual adaptation of cells to the conditions of oxidative stress. On the other
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hand, these adaptive mechanisms turn out to be insufficient when ELF-MF exposure is
combined with additional administration of H,O,—the oxidative effect is then exacer-
bated. These data suggest that ELF-MF may to some extent have neuroprotective effect.
The combination of ELF-MF exposure and the stressor H,O, prevents cells from being
effectively defended against ROS [84]. However, when H,O;-treated cells were exposed
to a higher value of ELF-MF (75 Hz, 2 mT), ROS level decreased and MnSOD activity
increased [85]. It definitely suggests that the protective effect of ELF-MF depends on its
intensity. The results of this in vitro research points out the beneficial effect of ELF-MF as
an upregulation of antioxidant pathways, leading to protection against oxidative damage
has been noted, reflecting an attempt to stimulate cellular response to neuronal damage.

In addition, ELF-MF as a mild stress factor activates an adaptive response that ensures
the oxidative—antioxidant balance in rodent models as well as in humans. In a rat model
of Huntington’s disease, ELF-MF (60 Hz and 0.7 mT) was found to be able to reverse the
process of neuronal degeneration and oxidative stress; it enhanced the antioxidant glu-
tathione content and reduced the oxidative stress markers, 8-hydroxy-2'-deoxyguanosine
and oxidized glutathione levels, in the whole-brain tissue [12]. Recent research evaluat-
ing the redox state in post-stroke patients demonstrated the beneficial effect of ELF-MF
on oxidative status. High magnetic intensity, 5 or 7 mT of 40 Hz ELF-MF, significantly
increased enzymatic antioxidant activity as compared to results obtained before treat-
ment. The results were correlated with the improvement in functional and mental status
of post-stroke patients [86,87]. These data show that ELF-MF is a factor that may both
increase the production of ROS and activate organisms” antioxidant machinery in humans.
In consequence, the electromagnetic radiation may drive the mechanisms underlying cell
survival and plasticity.

3.3. Neuroprotective Proteins: Hsp70 and BDNF

Prosurvival responses include DNA repair processes and the increase in expression of
chaperone protein—70-kDa heat shock proteins (Hsp70) and neurotrophin—brain-derived
neurotrophic factor (BDNF) [88,89]. The expression of Hsp70 and BDNF appears to be
a part of the general stress response and thus it is speculated to be associated with hor-
monal response to stress [89]. The increase of expression of these proteins would indicate
the development of processes adapting neuronal networks in order to optimize circuits
responding to the external environment and to integrate the response to challenges [90].
It was shown that stress hormones (mainly corticosterone and noradrenaline) influence
via their receptors the plasticity processes in the hippocampus [31,91]. Noradrenaline can
even dictate the direction of synaptic strength change in the hippocampus [91]. Under the
influence of ELF-MF the expression of stress-response genes increases, resulting in higher
levels of molecular chaperones such as Hsp70 [92-94]. The role of Hsp proteins is to
stabilize polypeptide chains during their translocation across the cell membranes and to
prevent aggregation of proteins with abnormal structure. Moreover, the antiapoptotic
properties of Hsp70 and their role in appropriate folding and activation of proteins have
also been proved [89,95]. As there are many pathways that could be affected to upregulate
Hsp70 expression induced by stress, it is difficult to determine if any specific pathway
may be affected.

The protective value of ELE-MF mediated by its influence on Hsp70 level was proved
in in vitro research. Perez [96] showed that ELF-MF (50 MHZz) leads to higher levels of
Hsp70 in human T lymphocytes and fibroblast cell lines when subjected to stress, and that
this response was of protective value. It seems to precondition and to enhance the cellular
stress response when cells are provoked by toxic stimuli. Moreover, the cell protection was
proportional to the levels of Hsp70. Exposure of human leukemia cell line K562 to ELF-MF
(less than 0.1 and 1 mT) leads to increased Hsp70 levels [63,64]. More recent in vitro studies
on ELF-MF with a density over 1 mT have shown marked effects, including an increase in
Hsp?70 transcription that results in protection against chronic hypoxia-induced injury [50].
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Interesting data were also received in in vivo research on invertebrates. According to
Gutzeit [97] exposure to 50 Hz ELF-MF with magnetic flux densities 50-150 uT enhances
the response to thermal stress in C. elegans. ELF-MF-mediated specific genes activation
could enhance transcription of an already activated set of heat shock genes by costressor
(heat stress), thus providing an adequate and optimal defense response. Exposure to
60 Hz 8 uT ELF-MF caused regeneration of the heads and tails parts of the Planarian,
Dugesia dorotocethala. This effect was accompanied by an increase in the level of Hsp70,
which is triggered by extracellular signal-regulated kinase (ERK) cascade. It is known that
ERK is activated as reaction to injury to promote regeneration [98].

In this approach, ELF-MF appears to be a mild stressor mobilizing the organism to
cope with a dangerous situation [98]. The expression of the Hsp70 in response to stress
serves to protect against the negative impact of stress. Hsp70 induction and stress systems
function were shown to be two important inter-related mechanisms in maintaining the
homeostasis under stress conditions [89]. According to the juxtaposition presented, some of
beneficial effects of ELF-MF can be due to the protective role of Hsp70.

A substance of high importance for the nervous system is also brain-derived neu-
rotrophic factor (BDNF). This neurotrophin is responsible for differentiation and survival
of neurons during development, but it is also important for the adult brain, especially
when subjected to stress conditions [90]. In a mature brain, BDNF ensures excitatory
and inhibitory synaptic transmission and neuroplasticity [99]. The mechanism of neuro-
plasticity is crucial for learning and memory processes. It includes enhancement of the
long-term potentiation (LTP), and stimulating and controlling neural growth. BDNF has a
high affinity to full length tropomyosin receptor kinase B (TrkB) and its truncated isoform,
p75 NTR. Through the activation of TrkB, the neurotrophin starts the cascade of signaling
pathways, which results in neurogenesis, neuroplasticity, cell survival, and resistance to
stress [100]. In vitro research proved that the exposure to pulsed ELF-MF (50 Hz; 1 mT for
2 h) increased the BDNF mRNA expression in cultured dorsal root ganglion neurons [101].

BDNF expression can be modulated by external, physiological, and pathological
factors proven mainly in research on both rodents and humans. In the course of some
diseases, such as Alzheimer disease, and during aging process or chronic stress, the in-
hibition of BDNF expression is noted, while exercise, enriched environment, and taking
antidepressants are related to the intensified expression of BDNF [99]. ELF-MF is used
in physical therapy due to its ability to stimulate BDNF synthesis. Several studies fo-
cused on this particular effect of ELF-MF on diseases and pathologies, like Huntington
disease or stroke [12,102,103]. In post-stroke patients subjected to ten sessions of 15 min
ELE-MF therapy (40 Hz 5 mT), plasma BDNF level was about 200% higher than before the
treatment [102]. The study undertaken on a rat model of Huntington disease indicated
that exposure to ELF-MF (60 Hz 0.7 mT 2 h in the morning and 2 h in the afternoon for
21 days) significantly elevated BDNF level in the rats with induced Huntington disease.
Moreover, changes in the rats’ behavior related to Huntington disease were neutralized by
ELF-MF [12]. Urnukhsaikhan et al. [103] showed that expression of BDNF, TrkB, and phos-
phorylated protein kinase B was increased in ELF-MF-stimulated (60 Hz, 10 mT) ischemic
mice. In vitro research proved that the exposure to pulsed EMF (50 Hz; 1 mT for 2 h) in-
creased the BDNF mRNA expression in cultured dorsal root ganglion neurons [103]. Thus,
there is evidence suggesting that the neuroprotective effect of the exposure to extremely
low-frequency MFs may be due to, at least in part, the impact of the fields on neurotrophic
factors levels, leading to an increase of cell survival.

3.4. Plasticity, Neurogenesis, Proliferation, and Differentiation

The level of activity of voltage-gated Ca?* channels is an important factor determining
the synaptic transmission and leading to stimulation of short-term synaptic plasticity [104].
Calcium ions are involved in secretion of neurotransmitters. The influx of Ca®* through
presynaptic voltage-gated Ca?* (Cav) channels triggers the release of neurotransmitters
from presynaptic part of synapses. Measurements at a large glutamatergic synapse in
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the mammalian auditory brainstem—the calyx of Held—showed that vesicle endocytosis
and synaptic transmission were enhanced in mice (8-10 postnatal days old) kept from
birth under the influence of EMF (50 Hz EME, 1 mT). Moreover, in mice exposed to EMEF,
the increase in expression of calcium channels at the presynaptic nerve terminal facilitating
the influx of calcium was found. The observed mechanism is responsible for increasing
endocytosis and synaptic plasticity [105]. In vitro research also evidenced the ELF-MF-
induced increase in intracellular Ca?* concentration. This effect was found in C2C12 cells
(myoblasts) after 0.1 and 1 mT ELF-MF exposure [79], in human pluripotent stem cells
(iPSCs) after 1.5 mT ELF-MF exposure [105], in dorsal root ganglion neurons after 0.1, 1, 10,
and 100 mT ELF-MF application [101], and in rat hippocampal neurons exposed to 8§ mT
ELF-MF [42]. The influence of ELF-MF on proliferation and apoptosis and the participation
of Ca?* in these processes were also determined. In human neuroblastoma IMR32 and in
rat pituitary GH3-cultured cells, the exposure to 1 mT 50 Hz ELF-MF caused the increased
cell proliferation. At the same time, the increase of Ca®* current density and of voltage-
gated Ca" channel expression in the cell membrane was observed. In addition, blocking
of Ca?* channels by 15 uM Cd?* alleviated the proliferative effect of ELF-MF. Apoptosis,
induced by HyO, or puromycin in IMR32 cells, was decreased after 72 h exposure to
1 mT 50 Hz ELF-ME. Blocking of L-type calcium channels by nifedipine also caused
disappearance of the antiapoptotic effect of ELF-MF [106]. It has been also shown that
ELF-MF influences calcium homeostasis in cultural entorhinal cortex neurons via calcium
channel-independent mechanism. Twenty-four hour exposure to 1 or 3 mT ELF-MF does
not affect voltage-gated calcium current and activity of calcium channels, but regulates
intracellular calcium dynamics by decreasing the high-K*-evoked intracellular calcium
elevation [107]. In summary, this study suggests that the change in calcium currents
through voltage-gated calcium channels is the mechanism responsible for the proliferation
promotion and antiapoptotic effect of ELE-MEFE.

Measurements at a large glutamatergic synapse in the mammalian auditory brainstem—
the calyx of Held—showed that vesicle endocytosis and synaptic transmission was en-
hanced in mice (8-10 postnatal days old) kept from birth under the influence of ELF-MF
(50 Hz ELF-ME1 mT). Moreover, in mice exposed to ELE-MF, the increase in expression
of calcium channels at the presynaptic nerve terminal facilitating the influx of calcium
was found. The observed mechanism is responsible for increasing endocytosis and synap-
tic plasticity [108].

Throughout the life course, new neurons are continuously formed in the hippocampus,
which is therefore a major site of structural plasticity in the adult brain. The existence of
a causal link between ELF-MF-enhanced synaptic plasticity and neurogenesis has been
shown by a number of in vivo experimental studies. ELF-MF (60 Hz, 0.7 mT, applied over
21 days) improved neurological scores, enhanced neurotrophic factor levels, and reduced
neuronal loss in a rat model of Huntington’s disease [12]. In addition, prolonged exposure
to ELF-MF (50 Hz, 100 puT; for 90 consecutive days; 2 h/day) increased LTP induction in
rat’s hippocampus [35]. In vivo exposure of adult mice to ELF-MF (50 Hz, 1 mT) produced
a marked increase in the number of newly generated neurons in the granule cell layer of
the dentate gyrus [34]. Although the ELF-MF of 1 mT (for 21 days) caused the decrease
in the dendritic spine density of neurons in hippocampus after 7 and 10 days, the effects
disappeared after 14 days [109]. Studies on the rat traumatic brain injury model [110] and
on rat Alzheimer’s disease model [49] have shown that ELF-MF reversed pathological brain
damages and learning and memory abilities impairment. Similar effects were obtained
after exposure of neurotoxin-injected mice to ELE-MF (50 Hz, 1 mT); the deficits such
as neuronal maturation impairment, neurogenesis decrease, and memory disturbance
decreased [111]. Studies on the beneficial effects of ELF-MF might yield fruitful insights
related to clinical therapy of nervous-system-related diseases.

The cell differentiation at the expense of proliferation in different tissues and increased
cell viability as an effect of exposure to low-frequency ELF-MFs is well evidenced in the
literature. Collard et al. [112] reported an acceleration of proliferation and differentiation of
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human epidermis cells after exposure to low frequency (40 Hz) and demonstrated that the
processes were related to a significant modification of gene expression. Falone et al. [85]
found that ELF-MF (75 Hz, 2 mT) alone did not affect the viability of the human neu-
roblastoma SH-SY5Y cell line and that ELF-MF exposure prevented reduced cell viability
after H,O, application. Vannoni et al. [65] concluded that ELF-MF (100 Hz) stimulation
is a useful tool to induce more divisions and thus to enhance cell proliferation of human
osteoarthritic chondrocytes. The treatment of HeLa cells IMR-90 fibroblasts with ELF-MF
(60 Hz, 6 mT) increased cell viability and activated cell cycle progression. In addition,
ELF-MF mitigated the antiproliferative effect of GOx (agent stimulating H,O, produc-
tion) [83]. Di Loreto et al. [113] found that ELF-MF (50 Hz, 0.1-1 mT) had a positive effect
on cell viability in primary cultures of maturing rat cortical neurons. The research of
Ardeshirylajimi and Soleimani [105] on human pluripotent stem cells (iPSCs) suggested
that ELE-MF (50 Hz, 1.5 mT) increases cell viability, division, proliferation, and mineral-
ization of extracellular matrix. These results indicated that ELF-MF would improve the
viability, proliferation, and differentiation of cells, and may be beneficial for the develop-
ment of novel therapeutic approaches in regenerative medicine. The papers pointing to
detrimental effect of ELF-MF on viability, differentiation, and proliferation should also be
mentioned. It is, however, important that this effect is caused by high values of ELF-MF
induction. Yin et al. [42] showed that the number of rat hippocampal neurons in G0/G1
phase was decreased and cells in S phase were accumulated as the effect of exposure to
ELF-MF (50 Hz, 8 mT). The exposure of mesenchymal stem cells (bone marrow or adipose
tissue derived) to ELF-MF of 20 mT (50 Hz) resulted in decreased cell proliferation [44,114].
This effect appeared to be related to the diminished expression of genes responsible for
pluripotency and neuronal differentiation [44].

4. ELF-MF-Induced Changes in Levels of Neurotransmitters, Hormones,
and Cytokines

ELF-MF-induced molecular changes modify to a certain extent some crucial neuronal
processes. As it is commonly known, the communication between main groups of signaling
substances: neurotransmitters, cytokines, and hormones, is of high importance for the
maintenance of health status of an individual. We have a lot of data confirming the effect
of ELE-MF on functioning of nervous, immune, and endocrinological systems. However,
the mechanisms by which the magnetic stimulation modulates the activity of these systems
and the interplay between them are open to be identified. Up-to-date results concluded
that the exposure of rats to ELF-MF may be sufficient to induce significant changes in the
content of neurotransmitters. The levels of major inhibitory and excitatory amino acids and
neurotransmitters: glutamate (Glu), glutamine (Gln), glycine (Gly), tyrosine (Tyr), and y-
aminobutyric acid (GABA), were elevated in the thalamus after five days of exposure to
ELF-MF (60 Hz, 2 mT). In the striatum, higher levels of Gln, Gly and GABA were found as
well, whereas their concentrations were decreased in cortex, cerebellum, and hippocampus.
Dopamine level was increased in the thalamus [115]. Extremely low-frequency magnetic
field (10 Hz; 1.8-3.8 mT) exposure was found to alter turnover and receptor reactivity of
serotoninergic and dopaminergic systems and some behavioral disturbances induced by
these systems [116]. The rats receiving chronic (10 days) repetitive transcranial magnetic
stimulation (rTMS) treatment showed the symptoms of anxiety, and it was shown that
the rTMS-induced anxiety might involve the serotonergic system [117]. The continuous
exposure of rats to ELF-MF (50 Hz, 0.5 mT) affected cortical serotoninergic neurotrans-
mission, and intensity of these changes depended on ELF-MF exposure duration [118].
The data may indicate the ability of ELF-MF to modify the function of main neurotrans-
mitter systems and thus to modulation of some physiological processes, such as memory,
emotionality, mood changes, sleep, alertness, or stress response. The response of individual
brain tissues to exposure was varied; the level of one neurotransmitter increased in a
given tissue appeared to be decreased in another, suggesting that the radiation can induce
varying responses in the nervous system [115].
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As noted, the existing data indicate that the exposure to ELF-MF may count as a mild
stress situation and could be a factor in the development of disturbances of brain stress
systems: hypothalamo-pituitary—adrenal (HPA) axis and sympatho—adrenal-medullary
(SAM) system [10,16,115,119,120]. Although some findings indicate the deteriorating
effects of magnetic fields on hormonal stress response, others failed to exhibit any obvious
effects. Continuous long-term (4-6 week) ELF-MF (50 Hz, 0.5 mT) treatment induced
some signs of stress: HPA-axis activation (elevated blood glucose level, elevated POMC
(the precursor protein for ACTH) mRNA level, and enhanced depression-like behavior
in a forced swimming test), although other markers of stress (elevated basal ACTH and
corticosterone secretion, adrenal gland hypertrophy, thymus involution, loss of weight gain,
and anxiety-like behavior in elevated plus maze) were not observed. This confirms that
ELE-MF of the abovementioned intensity creates a weak stress response [10]. In addition,
50 Hz ELF-MF (0.207 puT) significantly raised ACTH, cortisol, and glucose levels in guinea
pigs [15]. The concentration of plasma corticosterone level was significantly higher and
remained at a similar level in groups of rats exposed to restraint stress (RS) or ELF-MF [17].
Research by Mahdavi et al. [121] showed that exposure to both 1 and 5 Hz ELF-MF of
0.1 mT intensity caused an elevation of ACTH level in rats’ plasma, whereas corticosterone
level was reduced in both cases. In the animals exposed to 1 Hz ELF-MF, the concentration
of adrenaline increased, but in rats exposed to 5 Hz, the level of adrenaline decreased.
In rabbits exposed to ELF-MF (10 Hz ELF-MF), the level of blood corticosterone was
increased in both the normal and high-cholesterol diet groups [122]. Chronic exposure
(1 month) to 50 Hz 100/500 uT ELF-MF significantly raised corticosterone levels in rats’
plasma [123]. In mice exposed to 10 uT ELF-MF (1, 4, or 24h/day for 1 week—short-
term exposure), no significant differences in CRH gene expression in hypothalamus were
observed, whereas ACTH plasma level was lower regardless of the daily exposure time (1, 4,
or 24h/day for 1 week). Moreover, the expression of pituitary level of POMC was lower in
an exposure time-dependent manner, and a statistically significant decrease appeared after
24 h/day exposure [124]. Mostafa et al. [125] showed that 2- and 4-week exposure of rats to
ELF-MF (2 G, equivalent to 0.2 mT) significantly increased their plasma corticosterone level.
Other studies on mouse model showed that even a relatively low level of EMF (12 nT) can
cause corticosterone increase [126]. On the other hand, Kitaoka [16] revealed that levels
of ACTH, the hormone that regulates corticosterone secretion, and hypothalamic CRH
and pituitary POMC were not changed by ELE-MF (70 Hz, 3 mT). Significant changes
were also found in the levels of noradrenaline in various parts of rats” brain: thalamus,
hypothalamus, cerebellum and striatum, after 2 and 5 days exposure to 2 mT ELF-MF [115].
In the group of volunteers exposed to ELF-MF (50 Hz, 62 uT, for 2 h/day for 2 days with a
6-day interval) the cortisol level was increased at the beginning of ELF-MF exposure but
later it diminished progressively [120]. The workers employed in the live-line procedures
(132 kV high-voltage) for more than two years were found to be vulnerable for EM stress
with altered adrenaline concentrations [40]. Moreover, exposure of turkey females to ELF-
MF (50 Hz, 10 uT) caused NE-activated 3-adrenoceptor function decrease, which is known
to be involved in the formation of emotional disinterest and depression [126]. The data
suggest that the exposure to ELF-MF can establish a new “set-point” for stress-system
activity and the direction and dynamics of this process depend on the strength of the
field and duration of exposure. The ELF-MF-induced changes in stress hormone levels
will initiate cellular adaptation or damage by activation of intrinsic signaling pathways.
Consequently, ELF-MF can change the vulnerability of the organism to subsequent stress
factors and thus to diseases, mainly related to the nervous system.

Stress is known to strongly affect the immune system. It has been suggested that the
potential contribution of ELF-MFs to anxiety or other stress associated disorders is also
related to changes in the functioning of the immune system. Moreover, the chronic exposure
to ELF-MF appears to also lead to immune system dysfunction, chronic allergic responses,
inflammatory responses, and ill health [36]. However, as in other aspects of ELF-MF impact
in organism, this factor can also be a double-edged sword and drive the survival-promoting
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processes. Importantly, the immune system and the stress systems—HPA axis and SAM—are
closely linked to each other. Glucocorticoids and catecholamines are known to modify the
secretion of cytokines: proteins that facilitate communication between the immune cells
and the cells of the central nervous and endocrine systems [127]. Cytokines have the ability
to modulate and activate the HPA axis. Proinflammatory cytokines: IL-1, IL-6, and TNF«,
induce corticotropin-releasing hormone (CRH) secretion and they are also involved at
every stage of stress reaction [128]. Changes in plasma proinflammatory cytokines were
observed after acute continuous exposure (24 h) to ELF-MF with magnetic intensity of
7 mT. The levels of IL-13, IL-6, and IL-2 were elevated. The number of white and red
blood cells and lymphocytes, and the hemoglobin concentration and hematocrit level were
increased. However, the repetitive exposure to ELF-MF (1 h/day for 7 days) did not alter
either cytokines levels or blood parameters [129]. The change in cytokine production was
also noticed in stroke patients treated with ELF-MF (40 Hz, 5 mT ELF-MF) [130]. Following
the exposure to ELF-MF, the plasma levels of IL-1f3 and IL-2 cytokines and the level of
IL-18 mRNA expression were increased. In addition, ELF-MF exposure increases the levels
of the anti-inflammatory transforming growth factor 3 (TGF-f) and interleukin-18-binding
protein [84]. Thus, the ELF-MF exposure can cause deregulation of the immune system,
thereby increasing vulnerability to infectious and autoimmune diseases. Interesting results
concerning the effect of ELF-MF on lymphocytes level were obtained by de Kleijn et al. [124].
In mice exposed to 10 uT ELF-MF (1, 4, or 24 h/day for 1 week—short-term exposure, or for
15-week long-term exposure) the increase in CD3+/CD4+ T-lymphocytes was observed
only after short-term exposure to ELF-MF. The data suggest that the ELF-MF effect on
immune and stress responses may be transient, because no changes in the number of
immune cells were observed after long-term exposure. Several authors reported that the
ELF-MF-evoked neuroplasticity can be mediated by the effect of magnetic radiation on
cytokine level. Cytokines are found to influence the expression of neurotrophins and
their receptors. This may indicate the role of inflammatory cytokines in the process of
neuroplasticity [130]. The latest reports showed that 1 and 100 uT 50 Hz ELF-MF not
only downregulates proinflammatory cytokines (IL-9 and TNF-«), but also activates an
inflammation-suppressing cytokine, IL-10. In this case, the most noticeable effect was
obtained at the highest value of magnetic induction [131]. The ELF-MF (60 Hz, 10 mT) also
mitigated the deficits in ischemic mice, among others in the context of immune function:
the levels of inflammatory mediators MMP9 and IL-13 were decreased [102]. The results
demonstrate the recovery-stimulating potential of ELF-MF.

5. Association between ELF-MF Exposure and Emotional Behavior and Wellbeing

An association between ELF-MF exposure and emotional behavior has been indi-
cated in many studies. The animal studies have shown that chronic exposure to ELF-MF
may induce an anxiogenic and/or a depression-like effect. Dysfunction of stress systems
can evoke negative emotional state and can potentiate fear- and anxiety-related behav-
iors [90,132]. Therefore, it is reasonable to speculate that elevation in ELF-MF-induced
anxiety level may be attributed to the effect of ELF-MF on glucocorticoid release follow-
ing activation of HPA axis and catecholaminergic sympathetic nervous system releasing
adrenaline and noradrenaline. These pathways are key biological factors that modulate
emotional behavior [90]. Liu et al. [133] reported that ELF-MF exposure (2 mT, 4 h/day
for 25 days) had an anxiogenic effect in rats, such as anxiety-like behaviors in open field
and elevated plus maze tests. Szemerszky et al. [10] demonstrated that ELF-MF exposure
(0.5 mT, 4 weeks) in rats increased their immobility time in a forced swim test. The chronic
exposure of mice to ELF-MF (3 mT, total exposure 200 h) induced the depression- and/or
anxiety-like behavior (increase in total immobility time in a forced swim test and in the
latency to enter the light box in a light-dark transition test). These behavioral disturbances
were correlated with high corticosterone secretion [16]. Mice prenatally exposed to ELF-MF
(50 Hz, 1 mT) lacked sociability and preference of social novelty, which can be a sign
of autism-relevant social abnormalities; however, they did not show anxiety-like behav-
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ior [134]. The continuous (21 days) exposure to extremely low-frequency magnetic field
(50 Hz, 10 mT) had no significant effect on activity and exploration activity but significantly
increased stress and anxiety-related behavior in rats [135]. Quite similar observations in
open field and elevated plus maze tests were described by Djordjevic et al. [73] after the
exposure to ELF-MF (50 Hz, 10 mT) significantly reduced activity was observed. The noted
effects of short-term ELF-MF exposure (50 Hz, 500 uT, 20 min) verified by behavioral
tests in rats (elevated plus maze, novel object exploration) appear to suggest that these
field parameters may cause some kind of discomfort, influence behavior, and increase
passivity and situational anxiety [136]. Increased level of anxiety has also been found in rats
exposed to ELE-MF of various flux density (50 Hz; 1, 100, 500, 2000 uT, and 2 mT) [56,137].
In accordance with this, Isogawa et al. [117] observed an anxiogenic effect of rTMS in rats
tested in the elevated plus maze. It has also been shown that in rat pups after 6 weeks of
exposure to ELF-MF (50 Hz, 3.5 mT, 1 h/day) behavior parameters, such as activity, motion,
and response to sound and light, were decreased during exposure, but after exposure they
settled back into normal control values [138]. However, the exposure of rats to ELF-MF
of lower flux density (100 pT, 50 Hz, for 24 weeks) did not evoke any behavioral changes.
The experimental group did not show any anxiety-like behaviors in open field or elevated
plus maze. Similarly, depression-like behavior was not detected during tail suspension
and forced swim tests [139]. Population studies paid attention to the role of ELF-MF in
the development of sleep disorders, anxiety, and depression. It was shown that residential
exposure to ELF-MF emitted by a radio—television broadcasting station could increase the
anxiety in women [140]. Similarly, power plant workers (chronically exposed to ELF-MF)
showed significantly poorer sleep quality than the unexposed group. Moreover, the level of
depression symptoms in the exposed group was also significantly higher [14]. Interestingly,
magnetic waves in the form of repetitive transcranial magnetic stimulation (rTMS) are
used in therapy of depression. Three weeks of daily treatment caused a remission in a
significant number of patients resistant to antidepressant treatment [13]. Similarly, 10-day
treatment (20 x 2 s trains of 20 Hz stimulation with 58 s intervals) administered to patients
with major depressive episodes significantly reduced scores in the Hamilton depression
rating scale [141]. Exposure of post-stroke patients to 40 Hz, 7 mT ELF-MF 15 min/day for
4 weeks improved significantly cognitive functions and decreased up to 60% of depression
syndromes [86]. As noted earlier, the possible explanation of beneficial effect of rTMS can
be the ELF-MF-induced increase of mediators of corticosterone action in the hippocampus,
i.e., neurotrophins, since these proteins appear to play a pivotal role in the structure and
function of hippocampal neurons.

Behavioral effects of the ELF-MF depend on the length, frequency, and intensity of
exposure, and on the initial balance of the brain transmitters [121,142]. Some authors noted
reduced activity of animals after ELF-MF exposure, what is known as anxiety-like behavior.
Others did not observe any changes following the exposure. Constant exposure to ELF-MF
may also cause burdensome symptoms in humans, e.g., sleep disorders or depression.
Notwithstanding, ELF-MF with high magnetic induction value (e.g., 7 mT—much higher
than average exposure on a daily basis) appears to be effective in depression therapy. ELF-
MF also improves cognitive functions in patients with a history of neurological injuries.
However, again it should be noted that a considerable variety in the values of magnetic
induction and exposure time were used in the research on ELF-MF effect.

6. Conclusions

Currently, people living in urbanized societies are exposed to the influence of various
environmental stressors, including ELF-MF. The level of exposure can be different for
individual groups and depends on the place of residence and occupation. The studies
presented in this article indicate the possibility of changes at various levels of the organism
organization as a result of exposure to ELF-MEF. Effect of the field is observed in molecular
and cellular responses, complex physiological processes such as activation of HPA axis and
sympathetic system, as well as in behavioral and mood changes. As a result of exposure to
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ELF-MF, the homeostasis is disturbed in a way that is similar to the effect of application
of any other stressor. The effects of ELF-MF are associated with the occurrence of various
ailments, such as anxiety and sleep or mood disorders, but this type of stimulation is
also successfully used in the therapy of depressive disorders as an alternative for drug-
resistant or post-stroke patients. There is considerable evidence that ELF-MF-induced
processes include interplay between the monoaminergic system, glucocorticoids, and neu-
rotrophins [143]. Therefore, it is conceivable that changes in any of these elements of stress
response may ultimately lead to changes in brain function and can be reflected in behavior.
The ELF-MF-evoked initial disruption in homeostasis triggers an overcompensation re-
sponse to re-establish homeostasis, which results in a bidirectional effects at the subsequent
stages of response. Recent findings have elucidated the cellular signaling pathways and
molecular mechanisms that mediate the character of response, which typically involve free
radicals, antioxidants, protein chaperones (e.g., Hsp70) and growth factors (e.g., BDNE),
hormones (mainly corticosterone and noradrenaline), cytokines, and neurotransmitters.
Despite many studies on bioeffects of ELF-MF exposure, the picture is still not clear and
unambiguous. However, we can try to make some general conclusions.

Summarizing the observations cited above, when the organism is subjected to the
influence of ELF-MF, typical reactions for stimulation with a stress factor can be observed;
however, the changes can evolve in both directions: detrimental or beneficial. It is possible
to hypothesize that, as in the case of other stressors, while the exposure to milder ELF-
MF (lower intensity and shorter duration) could promote neural plasticity, the chronic
stressful conditions (high intensity and long-term duration) could sensitize limbic circuits
resulting in greater susceptibility to damage. Some existing studies suggest that ELF-MF of
low density creates the weak stress response and improves the brain function [10,15,121],
but the effects of high density ELF-MF are definitely stronger as far as stress systems
activation and behavioral impairment are concerned [16,119,135]. According to Directive
2013/35/EU and ICNIRP, 2010, the ELF-MF of flux density below 1 mT does not cause
any changes in the organism, the field in the range of 1-6 mT may induce some temporary
changes in the functioning of the nervous system, but the consequence of higher values of
ELE-MF flux density can be permanent. However, other factors such as temporal features
of exposure or individual hypersensitivity [144] are also important and can determine the
consequences of this kind of stress on the organism. The review of literature concerning
the ELF-MF impact on the organism showed that biological effects are often discussed in
relation to intensity (T), frequency (Hz) of the field, and duration of exposure. However,
the quantification of the electromagnetic phenomena in the organism—dosimetry—is
of high importance for proper determining ELF-MF effects. Establishing reliable and
reproducible measurement procedures is required. Thus, experimental studies should
include the detailed characterization of internal electromagnetic fields in addition to other
parameters of ELF-MF exposure. Improvement in the process of validation of physical
aspects related to ELF-MF exposure is necessary to achieve the reliable answers to questions
concerning the effects of ELF-MF on organism.

Still, there is no answer to the question of where the threshold for ELF-MF exposure
lies, above which the adaptive possibilities of the organism are exceeded and when the
direction of ELF-MF-induced processes turn into pathology. A better understanding of
effects of ELF-MF at the cellular, molecular, physiological, and behavioral levels fills the
gap in our knowledge of ELF-MF effects on stress response of systems activity. It is
important to recognize the risk concerning the effects of magnetic flux density of ELF-MF
on development of stress-related and neurodegenerative disorders. Understanding the
fundamental mechanisms of these differential responses in neurons will lead to a new
approach in risk assessment of ELF-MF exposure. On the other hand, the property of
ELF-MF supporting rehabilitation will be successfully used in the development of novel
approaches for the prevention and treatment of many different diseases.
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Table S1. The influence of extremely low frequency magnetic field (ELF-MF) on different aspects of the organism function (papers are listed
according to year of publication).

In order to prepare the table the bibliography research in PubMed was performed using the following keywords in varied combinations:: “electromagnetic field”,
“stress”, “corticosterone®, “noradrenaline”, “HPA axis”, “oxidative stress”, “cellular damage”, “BDNF”, “HSP70”, “neurotransmitters”, “cytokines”, “plasticity”,
“viability”, “recovery”; “behavior”. We also used Boolean operator “and” to receive the most relevant search results. All articles written in English were manually
screened, and the appropriate were identified. The articles published from 2010 to 2020 were taken into consideration. The papers concerning the effects of
extremely low frequency magnetic field on a wide spectrum of molecular, neuronal, hormonal and behavioural stress responses were considered and only

information related to ELF-MF effects are included in the Table.

REEEnEEs) Model Efa;ir;()e;lejrrsé Procedure Effects
Area of interest to ELE-ME
';‘gfgg etal, rat rln.(ljre&tﬁswere exposed to ELF-MF 2 h/day for 10 eactive caspase-3 and MPO activity not changed
Oxidative (males, 4 5? /2501019 2.Parameters assessed: after the last exposure '8’2-:— _T_CO“;“KA% A only aft t0 500 uT
stress months old, H H -active caspase-3 - apoptotic index ; ’ ’ only after exposure to H
Cell death n=10) ?:AAD?;ECS oS!, MPO *TAC was lower only after exposure to 500 T |
1.Mice were exposed (1) 7 h/day for 4 days, (2) 1
h/day, 3 h/day, 7 h/day for 7 days, (3) 7 h/day for 7
Cuccurazzu et days. egene expression of Mashl, NeuroD2, Hesl and
al., 2010 C57BL/6 2.Parameters assessed: gene encoding Cav1 calcium channelst
Calcium, mouse 7h/day for 4 days: eprotein expression of NeuroD1, NeuroD2 and
Proliferation (males, adult -expression of pro-neuronal genes (Mashl, NeuroD2, | Cav1 1
Proteins exposmjre ' | 50 Hz, 1 mT | Hesl); Expression of gene encoding Cavl1- calcium eneurogenesis 1
Genes n= 38) channel subunits, Expression of proteins (NeuroD1, enewly generated immature neurons had
Neuroplasticity NeuroD2, Cavl channels) survived and became mature dentate gyrus
1 h/day, 3h /day, 7h /day for 7 days: granule cells
-Cell proliferation, Immune reactivity oL TP 1
7 hiday for 7 days:
-LTP
El-Helaly and human 1.Workers chronically exposed to ELF-MF (mean
Abu-Hashem, (mean age 50 Hz/60 Hz | employment duration 9-12 years) emelatonin |
2010 0.06 uT-0.86 | 2.Parameters assessed:
Oxidative 36.88 years T -sleep sufficienc *MDA 1
old M b y esleep insufficiency 1
stress n= ’50) -plasma melatonin level
Behaviour -MDA level




1.Cells were exposed to ELF-MF from 5 min to 24 h.
2.Parameters assessed:

Frahm et al., ; : : *sROS production 1
2010 mouse ;fgft;‘ffﬂgngsgsi‘?gc'es after 5, 15,30 and 45min | | thrin, adaptin, PI3K, PKB, PP2A |
St):gjsztlve gnacrophage 50 Hz, 1 mT | -regulatory pro'gein_s and proteins involved in the .ngtlcmigg:f?e?rsﬂgthtgg(iarfagsesr:aesv?l %fh)
Proteins from bone response to oxidative stress levels (gp91phox, gpsip P
clathrin and adaptin) after 15, 30, 45 minand 1, 2, 4
marrow
or 24 h of exposure
-the levels of PI3K, PKB and PP2A after 5, 10, 15,
30, 45 min and 1 or 24 h of exposure.
. K eELF-MF exposure alone | in number of
Sg‘lrg’ and Akan, 1.Experimental groups: . apoptotic cells. o
Oxidative -cells treated with H202to induce apoptosis ein H2O2 treated cejls ELF-MF significantly
stress K562 hl_Jman 50 Hz 1 mT -cells exposed to ELF-MF for 3 h en'ha.n'ced apoptosis level
Cell death Igukemla cell ' -cells H202treated and exposed to ELF-MF for 3 h oV|ab|I|t)_/ of ELF-MF exposed cells_ no_t_changed
Viability line 2. Parameters asse_ssed: eH202-induced decreased cells viability not
Proteins - number of apoptotic cells, altered by ELF-MF.
- ROS and Hsp70 *eROS level 1 in all ELF-MF exposed groups
elevel of Hsp70 1 in all ELF-MF exposed groups
depressive 10 Hz,
George et al patients 120% of 1.Patignts squected to 3-week treatment \{vith rTMS _ _
2010 " (mean age motor (40 min/day in a 5-day sequence- 15 sessions). eHamilton Scale for Depression score 1
Behaviour 47,7 years threshold 2.Par§1meters assessed: . ethe odds of attaining remission 1
old, 3000 stimuli | -Hamilton Scale for Depression score
n= 92) per session
Goraca et al 1..Rats were exposed to ELF-MF 30 min/day or 60 _
2010 " rat min/day for 14 days. oELF-MF exposure 30 m!n/day —no effect
Oxidative (males, 2-3 40Hz, 7mT | 2. Paramete_rs assessed (after the last exposure) eELF-MF exposure 60 mm/da_y:
stress months old, - TAC level in plasma -TBARS and H20: concentrations 1
n=7) - TBARS, H20o, total free sulphydryl groups and GSH | -GSH, total free -SH groups, TAC level |
concentrations in heart tissue.
Mannerling et 1.Cells were exposed to ELF-MF of 0.1 mT for 1 h or . .
al., 2010 50 Hz. 0.025 to heat shock (42°C) (positive control), then ;(;)/jemT ELF-MF no effect on proliferation or cell
Oxidative K562 human - incubated 24 h. .
stress leukaemia mT/0.05 mT/ Parameters assessed: -Hsp_7_0 expression after ELF-MF at several flux
Proliferation cell line 0.1 mT proliferation, viability and cell cycle distribution densmes' f .
Viability 2.Cells were exposed to ELF-MF of several flux «free radical release 1 at each flux density
Proteins densities




Parameter assessed:
-Hsp70 level and superoxide anion radical
immediately, 6, 12 and 24 h after exposure.

oCAT activity and TBARS levels not changed in
all groups

[\S.A:r:q“anr?c;t al 1.Rats (restrained and unrestrained) were exposed to | «SOD activity | in plasma unrestrained ELF-MF
2010 v rat 60 Hz, 2.4 ELF-MF for 2 h. exposed group and unchanged in the restrained
Oxidative (males, adult, | mT 2.Parameters assessed: o _ group exposed to ELF-MF
stress n=6) -GSH, CAT, SOD and TBARS in liver, heart, kidney | «GSH concentration |in unrestrained exposed
and plasma immediately after exposure group in heart, kidney and plasma and in
restrained group exposed to ELF-MF in heart
and liver
1.Cells were exposed to ELF-MF for 30 min. ¢0.1 mT ELF-MF no effect on ROS production
10. Morabito et al 2.Parameters assessed: o1l mT:
2010 ' —re_active oxygen speci_es (intracellular superoxide - superoxide anion level not changed; hydrogen
Oxidative C2C12 cells 50 Hz, 0,1 anion, hydrogen peroxide) peroxide and TAS 1
mT/1 mT -TAS, activity of antioxidant enzymes -MDA and protein carbonyl content not changed
stress (myoblasts) ; L
Calcium -cell damage markers (protein carbonyl content, -act!v!ty of GPx 1
MDA); -activity of CAT 1
-mitochondrial membrane potential ebasal intracellular Caz* after 0.1 and 1 mT
-Ca?* signaling exposure 1
1.Rats were subjected into short term (8 h/day for 5
11. days) exposure to ELF-MF.
Szemerszky et Parameters assessed:
al. 2010 y -elevated plus maze (48 h after exposure) _
S -ACTH, POMC and CORT (48 h after exposure and 2 | eelevated plus maze behaviour — not changed
Behaviour rat 50 Hz, 0.5 .
Stress (males, adult mT days later) . . ehelpless behaviour 1
hormones n= 8) ' ' 2.Rats were subjected into long term (24 h/day for 6 sPOMC 1 (long term exposure)
weeks) exposure to ELF-MF. ¢ACTH and CORT levels — not changed
Parameters assessed:
-forced swim test (in the 4t week)
-week elevated plus maze (in the 6! test)
-ACTH, POMC and CORT (in the 6" test)
Emre et al., 1 Hz/10 Hz/ 1.Rats were exposed to ELF-MF of frequencies 1 Hz, | eALT, AST and ALP activities as well as
12. 2011 rat 20 Hz/40 Hz, | 10 Hz, 20 Hz and 40 Hz in sequence with 4-min and | albumin, bilirubin and total protein levels
Oxidative (males, adult, | 1.5 mT 1-min intervals between each frequency 1 h/days MDA concentration and SOD activity were
stress n=10) pulsed ELF- | for 30 days. increased 1
Cell death MF 2.Parameters assessed (after the last exposure): enecrotic cell |




Proteins -ALT, AST,ALP activities, albumin, bilirubin and total | eapoptotic cells 1
protein levels in serum.
-MDA concentration and SOD activity in liver
-apoptotic and necrotic cells
4-weeks exposure to ELF-MF for 4 h/day:
13, e )
8 1.Rats were exposed to ELF-MF for 1 h or 4 h per sanxiety I'k? beh_awours 1 . .
elatency to find hidden platform in Morris water
He et al., 2011 rat day for 4 weeks.
. 50 Hz, 2 mT . maze |
Behaviour (males, adult, 2. Parameters assessed : o i £ 5 locati f olatf
n= 10) - behaviour in open field test, elevated plus maze and ong-term memory ot former location of piatiorm
Morris water maze after last exposure 1 .
eshort-term memory and locomotor activity — not
changed
Hosseini et al., bbi ith | and high-chol | di f f . .
14, 2011 rabbit I10de 1.Ra gs with normal ﬁ?d |? -C (;)estero iet were oQﬁRT, rele-Tg ﬁ_nc:] r(;e-IT4 in Ieg_posed rabbits
Oxidative (males, adult, pulsed ELF- | exposed to ELF-MF 2 h/day for 5 days. wit norma and high-c _o es_tero_ iet 1
_ MF 2.Parameters assessed (12 h after the last exposure) | eMDA in exposed rabbits with high-cholesterol
stress Stress n=8) -plasma levels of CORT, free-T3, free-T4 and MDA diet
hormones P ' ' let |
Juszczak et al., 50 Hz, 45 mT | 1.Urothelial cells were exposed to pulsating ELF-MF
15. 2012 rat urothelial | pulsed ELF- | three times for 4 h with 24-h intervals. eapoptosis 1
Cell death cultured cells | MF 2. Parameters assessed: eNecrosis |
-apoptotic and necrotic cells after exposure
Kirschenlohr et 1.Group of volunteers was exposed to ELF-MF for 2
16. al. 2012 h/ day for 2 days with 6 days interval.
Céll death human 2.Parameters assessed: «NO gene response
. . (males, 20- 50 Hz, 62 uT | -expression of genes related to stress response, cell o
g[roelggratlon 30 years old, proliferation, apoptotic genes and CORT ;C%ETrf\éeltIjj[:fnpsehg;gm?g ?;ESL.F(;:\AF
hormones n=17) concentration in plasma at the time points: 0 min, 5 xposure but dimini prog Ively
min, 10 min, 20 min, 40 min, 80 min and 120 min of
Genes :
experiment
Kitaoka et al 1.Mice were exposed to ELF-MF 8 h/day for 25 days. | *anxiety- like behaviours 1
17. K 2.Parameters assessed: ehelpless behaviour 1
é?alhzaviour mouse -behaviour in open field test, elevated plus maze, eACTH — unchanged
Stress (males, 4 60 Hz, 3 mT | light—dark transition test and forced swim test (after eCORT 1t
hormones weeks old, exposure) eglucose - unchanged
Genes n=5-10) -noradrenaline, ACTH and CORT, glucose, the e«CYP17A1 expression 1

expression of genes related to stress response (week
after behavioural tests)

enoradrenaline release and adrenal tyrosine
hydroxylase expression - unchanged




18.

Korpinar et al.,

rat

1.Rats were exposed to ELF-MF 24h/day for 21
days.

2012 (males, adult, S0 Hz, 10mT 2.Parameters assessed (after exposure) : :strte-s-f and danX|e|zty- tl.'ke behzivufafurst ! q
Behaviour n= 38) -behaviour in elevated plus-maze and hole-board aclivity and exploration — not affecte
tests
Martinez- 1.Rats (restrained (ELF-MF+RS) and unrestrained +SOD and CAT activities | in ELF-MF and ELF-
19. : MF+MR exposed rats
Samano et al., (ELF-MF)) were exposed to ELF-MF for 2 h. .
rat ¢GSH and NO levels | in ELF-MF+RS treated
2012 (males, 45 60 Hz, 2.4 2.Parameters assessed (after exposure) rou
Oxidative days ol,d n= mT -SOD and CAT activities, reduced GSH, NO, ?totarl)cholesterol and triacylglycerol levels not
stress Stress 8) Y T -total cholesterol, and triacylglycerol levels, TBARS affected yigly
hormones content in total lipids in brains TBARS in total livids 1 in ELE-MF+RS
Lipids -plasma CORT concentrations. ° In total lipids 1 In o group
oCORT level not changed in ELF-MF group
1.Rats (3-Nitropropionic acid administrated -3NP to
20. Tasset et al induce Huntington disease) were exposed to ELF-MF _
2012 K 2 h in the morning and 2 h in the afternoon for 21 ELF-MF effects in 3NP treated rats:
Oxidative rat days. eneutralization of behavioural disturbances
a 60 Hz, 0.7 2.Parameters assessed (after exposure) erecovery of dopamine levels
stress (males, 3 ) . ; .
. mT -behavioural changes in open field and forced swim eBDNF, GDNF 1
Neuroplasticity | months old, s
; _ tests ecell damage and oxidative stress markers |
Behaviour n=8) . ;
. -BDNF, GDNF and dopamine levels ereversed neurodegeneration
Neurotransmitt ) - o
ers -production od I|p|d peroxidation products 8-hydroxy-
2’-deoxyguanosine (8-OHdG) and GSH as well as
capsase-3 and LDH activities
1.Cultured cells were exposed 30 min/day for 15
21. days to ELF-MF or a system of Therapeutic ecell proliferation 1 both types of field
Application of Musically Modulated Electromagnetic eexpression of ERK1/2 proteins 1 in ELF-MF
Vannoni et al., 100 Hz ELF- | Fields (TAMMEF) of variable frequency and intensity. | exposed cells
2012 MF Parameters assessed: eapoptosis level and mitochondrial
Oxidative h or -cell survival and proliferation, expression of ERK1/2 | transmembrane potential unchanged by both
uman . : :
stress osteoarthritic Musically proteins 3, 7 and 15 days of exposure types of field
Proliferation chondrocytes Modulated -ROS and reduced GSH production during 15 days of | eat the beginning of the ELF-MF treatment, the
Viability Electromagn | exposure. levels of ROS and reduced GSH 1, but returned
etic Fields -Mitochondrial transmembrane potential to lower levels during consecutive days of

2.Cells were stimulated with IGF-1 or IL-13 (model of
osteoarthritis) and treated for 12 h ELF-MF or
TAMMEF.

Parameters assessed:

exposure
*eROS production not altered by ELF-MF in IGF-
1 and IL-1pB stimulated cells




-ROS and reduced GSH production,
-mitochondrial transmembrane potential

erestored mitochondrial transmembrane
potential and GSH 1 after both types of
exposure in IGF-1 and IL-18 induced cells

1. Rats (traumatic brain injury model) were exposed

22. vang et al ELF-MF for 30min, 1 h,6h,12h,18h,24h or_30 h.
2012 " 15 Hz From 30 min to 30 h after ELF-MF exposure animals | ememory 1
rat ! were injected with kainic acid to induce apoptosis. eapoptosis |
Cell death _ 0.1 mT/0.3 ) :
Proteins (males, n= mT/0.5 mT 2. Pafameters assessed: . o ebrain water content |
Behaviour 32) -Morris water maze - 24 h after kainic acid injection eblood-brain barrier damages |
-apoptosis level, brain water content and blood-brain | eHIF-1 protein expression |
barrier damages
-HIF-1 protein expression
Amaroli et al 1.D. discoideum cells were exposed to ELF-MF for ecell growth |
23. 2013 B 24 h. eactivity of pseudocholinesterase 1
Oxidative protozoan 50 Hz 300 2.Parameters assessed:_ N eHsp70-related molecules 1
stress D_|cty(_)stel|um uT -cell growth, pseudocholinesterase activity and oCAT and GPx activities unchanged
Viability discoideum Hsp70-related molecules and eeffect transient - all altered parameters
Proteins -CAT and GPx activities immediately after exposure returned to their control values 24-h after ELF-
and 24 h later MF exposure
1.Epidermis cultures were exposed to pulsed ELF-
24. Collard et al., 40 Hz MF 40 min/day for 11 days. sexpression of genes involved in proliferation
2013 human pulsed ELF- 2.Parameters assessed: diffel?rentiation ag optosis, cell mi rr)ation and ’
Cell death epidermis ME expression of genes involved in proliferation, stress res on,sep(DF:<K1 éPRRSgNDRG4
Proliferation cultures differentiation, apoptosis, cell migration and stress CHEK1) Tp ' ' '
Genes response 4 and 7 days of exposure and at the day
after the end of the exposure
ecell viability | in ELF-MF exposed cells
25. gglrgllo etal, 100 Hz ELF- | 1.Cultured cells were exposed 30 min/day for 14 _ gjlrg(tfr;g \%o;\;teedr |_Ir_1 Amﬁrg? Z;%rgsrjépgr?jes‘1 00-
Oxidative MF days_ to I_ELF—MF (1_00 Hz) or a system of Therapegnc A11 1 after ELF-MF exposure
stress human N or Appllcatlon of Musically Modulated Electromagnetic «cystatin-B proteinase inhibitor 1 both types of
Proteins Oﬁte%arth)r/lttlc MUzmlaltlyd glglds (TA;MMEF). . field
chondrocytes odulate .Parameters assessed:
:rgsrgggie El_ectr_omagn -cell viabi_Iity at days 2,7and 14 '.I'I\,grl\]/ISMOEEI): | after ELF-MF exposure and 1 after
Viability etic Fields proteomic analysis epattern of proteins associated with cell
metabolism - changed by both types of field
Duan et al., mouse 50 Hz, 8 mT | 1.Mice were exposed to ELF-MF (4 h/day for 28 elearning and memory abilities |
26. 2013 days). eMDA, ROS, NO and NOS 1




Oxidative (males, 3 2.Parameters assessed: eactivities of SOD, CAT and GPx |
stress weeks old, -learning and memory (Morris water maze) after
Behaviour n= 10) exposure then
-ROS, MDA and NO levels as well as NOS, SOD,
CAT and GPx activities
Drosophila
2r. :nelanogaste eshort-term exposure - affected genes involved
(males, after 1.Insects were treated with short- term (8 h/16 h/24 ?@Tﬁigggﬁ prrr?ifoetisc;sgzlincci/lteozl:gzlaer:i?ation cell
Lietal., 2013 ferglr?]sg)gngor 50 Hz, 3 mT 2!::)8026;2 h) and long- term (lifetime) ELF-MF death, protein modification and proteolysis.
Genes stage, n= 20- 2.Parameters assessed: in three-day old flies oIong-t_erm exposure - cha_nged expression of
pre- -transcriptomic analysis of genes genes involved in met_abth processes, -
screening, response to stress, mitotic spmdle_ organization,
60- further aging, cell death and cellular respiration.
analysis)
1.Pregnant females were exposed to ELF-MF in the
28. last week of gestation, their offspring was then esociability and preference of social novelty —
| . | Exphosed to the same field conditions 7 days after lacked
Alsaeed et al., irth. .
2014 moulse 50 Hz, 1 mT | 2.Parameters assessed (8-11 weeks of age): oloco_mou_on N unch_anged
Behaviour (Ta es, - sociability (Crawley’s test, preference for social eanxiety-like behav_lour ~ not showed
n=8) novelty test eexploratory behaviour |
- behaviour in open field test, elevated plus maze, eolfactory abilities and motor coordination -
hole-board unchanged
- olfactory abilities and motor coordination
1.Cell were pre-treated with H202 (300 yM, 1 h) and
29. Giorgi et al., human 50 Hz 1 mT then incubated under 1 mT pulsed ELF-MF 1, 24, 48
2014 neuroblasto pulsed ELE- and 72 h after H2O2treatment. *H>0:>- - induced DNA damages — not influenced
DNA damage ma BE(2)C ME 2.Parameters assessed: scytotoxic effect of H202.- not affected
cells -DNA damage
-cytotoxicity.
de Groot et al 1.Chemically stressed or untr_eated PC12 cells were o
30. 2014 B pheochromo 50 Hz, 1 uT- | exposed to ELF-MF for 30 min or 48 h. ebasal or depolarization-evoked [Ca2+]; -
S 1000 T 2.Parameters assessed: unchanged
Oxidative cytoma block-pulsed | -changes in [Ca2*]i ROS level I b i ity -
stress (PC12) cells p g i o o evel as well as membrane integrity
Calcium ELF-MF -ROS and membrane integrity (in cells exposed for unchanged

48 h)




1.Rats were exposed 2 h/day for 3 months.

31. Komaki et al rat 2.Parameters assessed (the day after the last eexcitatory postsynaptic potential slope 1
2014 i (males, adult, | 50 Hz, 100 | exposure) eCcOM our:/dpactio)rg gten’gal P
Neuroplasticit n= 10) uT -induction of LTP (excitatory postsynaptic potential, ) pd | np h U q
p y compound action potential) epaired-pulse ratio — not change
-paired-pulse ratio
1.Cells were exposed to ELF-MF 2 h/day for 1 or 3 egene expression of Bdnf 1 for 1-100 uT after 1
32. days. Cells were treated with calcium channel day and for 0,1-100 uT after 3 days
Li et al., 50 Hz blockers, calcium stores inhibitors, ERK inhibitor, esintracellular calcium concentration 1 for 1 mT
2014 01mTA ’mT/ phospholipase C inhibitors, calcium chelators, after 1 day
Neuroplasticity | dorsal root : calcium store releaser, IP3 blocker, D-AP5 and ecell viability — not changed
Calcium ganglion 10 mT/100 MK801 egene expression of Bdnf and intracellular
A mT . ) ger P ! )
Viability neurons pulsed ELF- 2.Parameters assessed: calcium concentration | after treatment with
ME -protein expression of BDNF calcium chelators and calcium channels blocker
-gene expression of Bdnf (1 mT, after 3 days)
-intracellular calcium concentration egene expression of Bdnf | after treatment with
-cell viability ERK inhibitor (1 mT, after 3 days)
1.Cells were exposed to ELF-MF for 24 h (5 min on swhole cell currents and high and low-voltage
> Luoetal., 2014 | entorhinal S0Hz 1 gngaigmngtnegf;ssessed' ?gg\;gfelgv(;?;cg;Thghczrl]giilri_cgr?ct:ec:t?;ltgi]c?: —not
Calcium cortex mT/3 mT ' S .
NELToNs -whole cell currents including high-voltage and low- changed
voltage activated calcium channels ecalcium concentration | in response to
-intracellular concentration of calcium potassium stimulus
34 Mahdavi et al., i'RgagS Vilirgrezxfgzeg to1or5Hz01mT ELF-MF for elocomotor activity, rearing and sniffing in open
' 2014 1o b YS. field for 1 Hz — not changed, for 5 Hz 1
Behaviour rat 1 Hz/ 5 Hz, 2.Parameters assessed (after the end of each «CORT |
_ 0.1mT exposure)
Stress (males, n=8) havi . fiel eACTH 1
hormones -behaviour in open field eadrenaline 1 for 1 Hz
-plasma levels of glucose, ACTH, CORT and
adrenaline eglucose | for 1 Hz, and 1 for 5 Hz
1.Pups were exposed to ELF-MF for 6 weeks (1h/day | eduring exposure:
35. rat for 6 days). _ . -_act|V|_ty, motion, response to sound_and light _l
Mattar et al., 2.Parameters assessed (during and after exposure): -inactivity, redness of limbs, protrusion of testis
(pups aged 50 Hz, 3.5 : o - X p
2014 > Aor6 mT -behaviour (activity, inactivity, motion, response to and penis 1
Behaviour vx;eeks = sound, response to light, eating eafter exposure:
20) ' -extended of hair -activity, motion, response to sound and light,

-redness of limbs
-protrusion of testis and penis

extended of hair (after some time return to
normal), redness of limbs (after some time
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return to normal), protrusion of testis and penis
(after some time return to normal) 1
-inactivity |

ecell morphology and viability — not affected

36. Reale et al., 1.Cell were exposed to ELF-MF for 1, 3, 6 or 24 h. «NOS and CAT activities 1
2014 Some cells were co-treated with H20x. L - -
Oxidative 2 Parameters assessed: ekinetic parameters charactenzmg.CAT activity-
stress human SH- _cell viability total velocity and rate of decrease in enzyme
S 50Hz, 1 mT ' - i . reaction 1
Viability SY5Y cells -NOS and CAT activities, Oz+ production «CYP-450 activity and O producti
Immune -enzymatic kinetic parameters related to CAT and i activity and L2+ proguction 1
response CYP-450 oTGF-B and IL-18BP expression 1
_expression of cyto/chemokines oCAT activity | and 1 O2z+ production in cells co-
treated with H202
1.Cells were exposed to ELF-MF 8 h/day for 1, 3, 5,
37. 7 or 14 days.
Ardeshirylajimi 2.Parameters assessed:
and Soleimani, 50 Hz, 1.5 -cell viability, cell division, cell proliferation and eproliferation 1
2015 human mT mineralization of extracellular matrix emineralization of the extracellular matrix 1
Calcium pluripotent ulsed ELE- -alkaline phosphatase activity intracellular calcium ecalci tent. alkali hosphat tivit
Proliferation stem cells P ME content (after 7 and 14 days of exposure). cha cium content, alka |?e phosphatase activity !
Genes (iPSCs) -Expressions of osteogenesis-related genes: collagen -tletgctlane expression of most osteogenesis-
Viability type 1, runt-related transcription factor 2 (Runx2), related genes 1
osteocalcin, osteonectin, alkaline phosphatase,
osteoprotegerin, matrix metalloproteinases 1 and 3
(after 7 and 14 days of exposure)
enoradrenaline and vanillylmandelic acid 1 in all
38. brain structures except of cortex
1.Rats were exposed to ELF-MF constantly for 2 or 5 | eserotonin 1 after 5 days in the striatum and
days. thalamus
Chung et al., 2.Parameters assessed in cerebellum, cortex, e5-hydroxyindoleacetic acid 1 in the striatum and
2015 rat hippocampus, thalamus and striatum: hippocampus after 5 days and in thalamus after
Neurotransmitt (males, n= 60 Hz, 2 mT | -noradrenaline, vanillyimandelic acid, serotonin, 2 and 5 days
ers 10) T 5-hydroxyindoleacetic acid, dopamine, 3,4- edopamine 1 in the thalamus after 5 days

dihydroxyphenylacetic acid, homovanillic acid
-aspartic acid, glutamate, glutamine, glycine, taurine,
tyrosine, gamma aminobutyric acid

-NO

easpartic acid | in the cortex after 5 days
eglutamate 1 in the thalamus after 5 days
eglutamine | in the cortex and cerebellum, and 1
in the striatum and thalamus after 5 days
eglycine | in the cortex and hippocampus, and 1
in the striatum and thalamus after 5 days




staurine | in the cortex and hippocampus
styrosine 1 in the thalamus after 5 days
egamma aminobutyric acid | in the cortex,
cerebellum and hippocampus, and 1 in the
striatum and thalamus

eNO 1 in the stratum after 2 and 5 days, and in
the thalamus and hippocampus after 5 days

1.Cells were exposed to 50 Hz ELF-MF of magnetic

39. Duan et al., mouse 50 Hz, 1 flux densities: 1, 2 and 3 mT for 24 h with
2015 spermatocyte | mT/2 mT/ 3 intermittency cycles of 5 min field on and 10 min field | ecell viability - not affected
DNA damage - derived GC- | mT off. eDNA strand breaks 1 (only 3 mT)
Viability 2 cell line 2.Parameters assessed:
-cell viability and DNA damages
1.First variant: Cells were exposed to 5, 300 or 500
40. MT for 30 min (short-term exposure) or subjected to
human 50 Hz, 5 real-time exposure during flow cytometry (50 Hz 2.5 | regardless of magnetic flux density value
Golbach et al., neutrophil- uT/300 mT). ecalcium mobilization — not altered
2015 like cell lines pT/500 uT Second variant cells were exposed to 300 uT or 500 | ecalcium signaling - unchanged
Calcium HL-60 and MT ELF-MF for 4-5 days. egene-expression patterns of calcium-signaling
PLB-985 or 50 Hz, 2.5 2_.Parameters as§essed: o related genes- not altered
mT -intracellular calcium mobilization ephenotypic changes — not found
-genes expression (calcium influx pathway genes).
-morphology of HL-60 cells after four-day exposure.
Lewicka et al., 1kHz, 0.5 1.Human blood platelets were gxpos.ed to differen_t
41. 2015 mT sources of electroma_gnetlc radlatlo_n. car electronics «CAT activity and MDA concentration 1
Oxidative human blood 50 Hz, 10 mT (1 kHz 0.5 mT), p_hysmtherapy equipment (50 HZ 10 (the most significant changes after exposure to
stress platelets 1 kHz, 220 mT) or LCD monitors (1 kHz 220 V/m) for 30 min. car electronics)
vim ' 2.Parameters assessed (before and after exposure)
CAT activity and MDA concentration
. human Occupational | 1.Workers occupationally exposed to ELF-MF were
42. Lietal., (males mean ;
2015 age 30.9, exposure included to research. o
Oxidative females 0.62 —30.19 | 2.Parameters assessed: eoXxidative stress parameters — not changed
uT (500 kV) -plasma levels of TAS and MDA as well as GPx and egenotoxicity — not induced
stress mean age L
298, 0.51-60.11 | SOD actl_w_tles
n= 310) MT (220 kV) -genotoxicity.
Liu et al., 2015 rat 50 Hz, 400 1.Rats - Alzheimer’s Disease Model exposed to ELF- | epathological damages of hippocampus |
43. Behaviour T MF 24 h/day for 60 days. espatial learning and memory disorder |
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Proteins

(males, 8
weeks old,
n= 16)

1. Parameters assessed:

-behaviour in Morris water maze- five consecutive
days after exposure

-brain damage (15 min/5 days after exposure)
-proteomic analysis (15 min after exposure)

echanges in the expression of proteins involved
in synaptic transmission (SNCG, SNAP-25b),
protein degradation (UCH-L1,UBE2N), oxidative
stress (CFL1, PRDX5, PRDX®6), energy
metabolism (DUSP3, DDT, PDHE1-B, ECH),
inflammation (FABP), Tau aggregation (Tpil,
EFHD2), and brain injury (MBP).

Patruno et al.,

1.Cells were exposed to ELF-MF for 1, 3, 6, 9, 12, 18

44, myelogenous or 24 h. o
é?(ligative [eukemia cell S0 Hz, ImT 2.Pw_a_meters a_sse_ssed: _ :ﬁ\j:g\gt'fs of CAT and CYP-450 1
stress line K562 -activities and kinetic parameters of CAT, iINOS and
CYP-450
Tiwari et al., . 1.Workers were exposed to ELF-MF for more than 2
45, 2015 h occupational .
T uman years of occupational exposure. .
Oxidative (males, 20- exposure to > Parameters assessed: eadrenaline 1
stress 58 yea,rs old 132 kV high- -Iévels of plasma adrenéline oxidative stress *DNA damages 1
Stress n=142) ' | voltage P q ' MDA and NO 1
hormones substations markers (MDA, NO) an
DNA damage -DNA damages
Yang and Ye, o
46. | 2015 2.Cells were exposed to 1 mT ELF-MF for 1, 2 or 3 h, | “Cehs viability |
S human i ecell growth |
Oxidative osteosarcom | 50 Hz. 1mT 3.Pa_rame_ters assessed: _ eapoptosis 1
stress 2 MG-63 ' -proliferation and apoptosis rate «ROS 1
Cell death cells -ROS level o . _ :
Proliferation _expression of p38MAPK oactlvatpn of p38MAPK (kinase implicated in
Viability pathological processes)
ICR mouse 1.Mice were exposed to ELF-MF of 1 mT for 12 eexposure to 1 mT ELF-MF for 7 days:
47, Zhao et al (females, 3 h/day for up to 21 days. -object recognition |
2015 " to 4 weel’<s 50 Hz, 1 mT 2.Paran_1t_aters assessed_:_ -locomotor activity not changed
Behaviour old -recognition memory ability eexposure to 1 mT ELF-MF for 7 or 10 days:
Neuroplasticity | n = at least -Iocom_o_tor ac_:tlwty N _ -Qendritic spine density of neurons in the
10) -dendritic spine densities of hippocampal CA1 hippocampus |
pyramidal cells
Falone et al., human 75 Hz 2 mT 1.Cells were exposed to ELF-MF 3 times during 5 osELF-MF alone (without H202) did not affect the
48. 2016 neuroblasto pulsed ELE- days (day 1, 3, 5). 24h after the last exposure cells oxidative status and viability of the cells
Oxidative ma SH-SY5Y | ME were treated with H202 for 10 or 30 min. ein H202 treated cells ELF-MF:
stress cell line 2.Parameters assessed: -cell viability 1
Viability -cell viability, -ROS level |
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-ROS level and MnSOD activity

-MnSOD activity 1

ecells in basal medium:

49. -mRNA level of genes related to angiogenesis 1
1.Cells were cultured in several types of medium: -the levels of HIF1A, VEGFA, VEGFB, VEGFC,
adipogenic, osteogenic, neural or glial differentiative | CDC42, RHO expression 1
medium and basal medium and then exposed to -expression of adipogenic, neuronal, glial and
100 Hz. less pulsed ELF-MF 24 min/day for 21 days. osteogenic - unchanged.
Ferroni et al., human ’ 2.Parameters assessed: ecells in adipogenic medium:
; than 40 uT . . . . : e . .
2016 Calcium mesenchyma -gene expression of adipogenic, neuronal, glial, and | -intracellular lipid content and adipogenic
pulsed ELF- X : o
Genes | stem cell ME osteogenic markers differentiation markers — not changed
(MSCs) -expression of angiogenic and mechano- ecells in neural/glial differentiative medium
transduction markers (HIF1A, VEGFA, VEGFB, -levels of genes involved in neuronal and glial
VEGFC, CDC42, RHO). commitment - not changed
-intracellular lipid content and ALP activity ecells in osteogenic medium
-presence of calcium depots and osteoids -osteogenic markers 1
-ALP activity 1
-accumulation of calcium depots 1
N signal 1.Mice were subjected into short term (1 week) and )
50. gglléleun etal, BalB/c mice contained long term (15 weeks) exposures for 1, 4 or 24 h/day. :effe%t onl¥|sh?(rt-term engi%e (1 week):
multiple 2.Parameters assessed (after exposure) number of leukocytes 1 ( ay)
(males, 6 ; -CRH - not affected
frequencies | -leukocyte numbers
Stress weeks old, X - -ACTH | (4 h/day)
hormones n= 6-20) 20 Hz-5000 | -hypothalamic CRH, plasma ACTH, pituitary POMC, _POMC | (24 h/day)
Hz, 10 uT expression of CYP11A1 in adrenal glands (short term ! Y,
-CYP11A1 expression — not altered
exposure)
1.Rats were exposed to ELF-MF 20 h/day for 24
51. Lai et al weeks.
v rat 50 Hz, 100 2. Parameters assessed: after exposure .
2016 | dul T behaviour i field . i ebehaviour - not affected
Behaviour (males, adult, g -behaviour in open field, Morris water maze, tail «brain morphology and histology - not affected
n=10) suspension test, elevated plus maze, forced swim
test, fear conditioning test
- brain morphology and histology.
Luo et al.. 2016 ICR mouse 1.Mice were exposed to ELF-MF 4 h/day for 28 days. eantioxidant enzvmes
52. Oxidativ.é (males, 3 50 Hz, 8 mT | 2.Parameters assessed (after the last exposure) MDA level y !
weeks old, -SOD, CAT, GPx, GR and GST activities and MDA | *MDA level T
stress .
n=12) level in blood and cerebral cortex
Nakavama et macrophage | 50 Hz, 0.5 1.Cells were exposed to ELF-MF for 24 h. ecell viability - not affected
53. al 28/16 RAW264 mT 2.Parameters assessed: *NO production — not affected
N cells -DNA damages eDNA damage — not found
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Oxidative
stress

DNA damage
Viability

-cell viability
-NO level

1.Young mice were exposed to ELF-MF from birth to

54. 8-10 postnatal days.
2.Parameters assessed (after exposure)
-protein and gene expression of calcium ion channels | ecalcium influx 1
Sun et al,, 2016 | C57 mouse (total, P/Q, N and R subtypes) eendocytosis 1
Calcium (males, 50 Hz. 1 mT -exocytosis eno effect on the size of the readily releasable
Neuroplasticity | females, ' -frequency and amplitude of excitatory postsynaptic pool or exocytosis
pups, currents epost-tetanic potentiation 1
n= 4-30) -size of the readily releasable pool eprotein and gene expression of P/Q and N
-slow and rapid endocytosis of synaptic vesicles subtypes of calcium channels 1
-endocytosis overshoot
-bulk endocytosis
-post-tetanic potentiation
1.Cells were exposed to ELF-MF for 30 min and :
55. incubated in hypoxic conditions for 12 h (ELF- ;gﬁgﬁ}ig,ELF MF on cells under hypoxic
MF+hypoxia), part of cells was pre-treated with - ytotoxicit. !
. Hsp70 inhibitor and exposed to the same conditions. ; y
Wei et al., ) -protein content |
. 2.Parameters assessed: X
2016 cardiomyocyt “Morpholo -expression of Bax and caspase-3 |
Cell death es isolated phology -expression of Bcl-2 1
. 15Hz, 2 mT | -protein content
Calcium from _cviotoxicit -hypertrophy |
Proteins neonatal rats n y : . -[Ca?*]i oscillation baseline |
-concentration of free intracellular calcium ; 2], il e
_expression of Hsp70 -amphtude of f[Ca ]i oscillation 1
-expression of pro-apoptotic proteins (Bax, capsase- -expression o Hsp70 1 :
3) oHsp?O |nh|b!tor suppresses ELF-MF induced-
-expression of anti-apoptotic protein Bcl-2 cardioprotection
Schistocerca 1.Insects were exposed to ELF-MF for 24 h.
56. Wyszkowska et | gregaria 50 Hz 1 2. Parameters assessed: emotor activity | (4 and 7 mT)
al., 2016 desert locust mT/4 rr{T/7 -walking behaviour and muscle force dynamics emuscle force |
Behaviour (males/femal mT -action potential and excitatory postsynaptic potential | elatency and duration of the FETi action
Proteins es, adult 4-9 (EPSP) properties of the fast extensor tibiae motor potential 1 (7 mT)
days post- neuron (FETI) eHsp70 1 (7 mT)
moult, n= 36) -Hsp70 level

13




1.Cells were exposed to ELF-MF for 90 min.

ocell viability |

S7. Yin et al., 2016 2.Parameters assessed: emorphologically - changed,
Oxidative -cell viability and morphology «SOD activity |
stress rat 50 Hz 8 mT -MDA level and SOD activity eMDA and ROS levels 1
Cell death hippocampal ' -intracellular Ca?* level eCa?* level

T
DNA damage neurons -mitochondrial membrane potential edepolarization of mitochondrial membrane
Viab!lity -intracellular ROS level potential 1
Calcium -D’\IIIA da}maggs o eapoptosis and DNA damages 1
-Cell cycle and apoptosis enumber of cells in GO/G1 phase |
Zhang et al., 1.Workers exposed to h!gh—voltage power lines.
58. 2.Parameters assessed:
2016 A o ;
Oxidative human ELF-MF of ox!dat!ve stress (8-isoprostane) «8-isoprostane and 8-OhdG levels 1
stress (n=190) 110-420 kV oxidative damage to DNA (8-hydroxy-2-deoxy-
DNA damage guanosine, 8-OHdG)
9 in urine
human lens 50 Hz. 0.4 1.Cells were exposed to ELF-MF for 2, 6, 12, 24 or

59. Zhu et al., 2016 o T 48 h. ¢DNA fragmentation — not found
DNA damage epithelial mT 2.Parameters assessed:

cells i '
-DNA damages

60. N 1.Cells were exposed to. ELF-MF for 1, 2 or 4 h. +ROS production (1 h, 50 and 100 uT) 1

Calcabrini et al., | human 2.Parameters assessed:
2017 Keratinocyte 50 Hz, 25 _ROS production eGSH content | (1 and 2 h of) 1 (4 h)
Oxidative cell line WT- 200 T -GSH content, lipid peroxidation and antioxidant éa£t|OX|dant enzymes activities (SOD, GPx,
stress NCTC 2544 defense activity (after 1, 2 and 4 h of exposure to 50 TB)AlRS level
and 100 uT) . evel 1
Cichon et al., ost stroke 1.Post stroke patients subjected to 15 min therapy
61. 2017 pos 40 Hz, 7 mT | 5 days/week for 4 weeks. —
o patients , . *CAT, SOD activities 1
Oxidative (mean age various pulse | 2.Parameters assessed: «TAS level - not chanaed
stress 68 earsgold shape -CAT, SOD activities functional and t? tat
Behaviour n= )ég ' guantities -plasma TAS efunctional and mental status 1
B -functional and mental status
S 1.Rats were exposed to ELF-MF 24 h/day for 7 days.
Djordjevic et al.,

62. rat 2. Parameters assessed (24 h after the last exposure T )
2017 eactivity in elevated plus maze and open field |
Oxidative (males, 3 50 Hz, 10 mT | ) . _ _ <Oz and NOz 1
stress months old, -behaviour in open field and elevated plus maze ONOO- i ch q
Behaviour n=5) -concentrations of Oz¢-, NO2- and ONOO:- in * - hot change

hypothalamic tissue
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1. Osteoblasts were exposed to pulsed ELF-MF for 7

63. Ehnert et al min (single or repetitive exposure 7 min/day for 5 esingle exposure:
2017 " 16 Hz, 6-282 | days (>3). -O2¢ and H202 1,
Oxidative human MT pulsed 2. Para.meters assessed: -HO+, ONOO- and GSH content — not affected
stress osteoblasts ELF-MF -formation of Oz+, H202, HO+, ONOO-, GSH content erepetitive exposure to ELF-MF:
-expression of SOD1, SOD2, CAT, GPX1, GPX3, -ROS production |
GPX4 and GSR -SOD2, CAT, GPX3, and GSR 1
-SOD2, CAT, GPXs and GSR proteins
Haghighat et al., | rat bone 1.Cells were exposed to ELF-MF for 1 week. ecell proliferation |
64. 2017 marrow 2.Parameters assessed: ecell length and multi-polarization of cells 1
: . 50 Hz, 20 mT . . . 4
Proliferation mesenchyma -expression of genes responsible for pluripotency and | (neurons’ morphology)
Proteins | stem cells neuronal differentiation as well as their proteins level | eexpression of genes responsible for
Genes (BMSC) -cell morphology pluripotency and neuronal differentiation |
1.Rats — diabetic model were exposed 20 min/day for
65. ggf?%itigg’“v . E&tales it rSnOTHZ’ 82 | 1 month for 5 days a week. MDA and NO level 1
stress n= 6) ' ' 2.Parameters assessed (after the last exposure) *GSH level |
-testicular tissue levels of MDA, total NO and GSH
1.Neurotoxin-injected mice were exposed to ELF-MF
66. Sakhaie et al., mouse 6h/day for 6 days. ELF-MF reversed:
2017 2.Parameters assessed: elearning and memory abilities impairment
_ (males, 6-7 50Hz, 1 mT . L2 .
Neuroplastlmty weeks old -neuronal maturation (24 h after the last exposure) eneuronal maturation impairment
Behaviour _ ' -neurogenesis (24 h after the last exposure) eneurogenesis decrease
n=14) \
-memory (Morris water maze test) (32 days after
exposure)
1.1schemic mice were exposed to ELF-MF 6 h/day for
67. . 14 days.
gtrgrkgg?";ha” 2.Parameters assessed: emotor abilities 1
Neu.r'oplasticity -motor abilities (rotarod tests, 3, 7, 11, and 14 days sexpression of BDNF, TrkB and phosphorylated
Cell death C57B6 mice | 60 Hz, 10 mT | after surgery) Afte.r 1,3or _14 days . PKB 1
Immune (males, 8 pulsed ELF- | -expression of anti-apoptotic Bcl-xL and pro-apoptotic | eexpression of pro-apoptotic Bad, Bax and
response weeks old, MF Bax and .Bad caspase 3 |
Behaviour n=18) -expression of Bad, phosphorylated Bad, Bax, eexpression of anti-apoptotic Bcl-xL 1
caspase 3, Bcl-xL, einflammatory mediators MMP9 and IL-1B |
-BDNF, TrkB, PKB, phosphorylated PKB
-inflammation related MMP9, IL-13 and IL-68 infarct
volume
Budziosz et al., rat 50 Hz, 10 1.Rats were exposed to ELF-MF 22 h/day for 28 eMDA level and TOS in central nervous system
68. 2018 kVim, 4.3 pT | days - not changed
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Oxidative (males, 10 2.Parameters assessed (24 h after the last exposure) | eactivities of antioxidant enzymes | (except for
stress weeks old, -TOS, MDA, SOD and its isoenzymes (CuZnSOD, frontal cortex CAT, GPx and hippocampal GR)
n=10) MnSOD), CAT, GPx, GR, GST and TAC enon-enzymatic antioxidants — not affected
(except the frontal cortex).
1.Mice were exposed to ELF-MF in 6 week period.
69. BALB/cAnNNC 2.Parameters assessed:
rl mouse -food and water uptake (every week)
Burman et al, C57BL/6NCrl -indirect behavioural and physical measures:
2018 mouse 5-100 Hz injury/wound scores [present/absent]; barbering eno effect found
Behaviour (females, score [present/absent]; whisker trimming score
juvenile 6-8 [present/absent], body weight (g) (every week)
weeks old, -position of mice within the cage (every week)
n=>5) -behaviour in open field test and novel-object
recognition test (after the end of the exposure)
human
70. Cichon et al., (males, 40 Hz, 5 mT | 1.Post-stroke patients were subjected to
2018 A females, various pulse | magnetotherapy (15 min x 20 treatments). ecarbonyl groups and MDA levels |
Oxidative mean age 68 | shape Parameters assessed: ethiol groups level 1
stress years old, n= | quantities -protein carbonyl groups, thiol groups, MDA level
23)
1.Post stroke patients subjected to 15 min therapy, elevel of BDNF 1
71. Cichon et al., 10 sessions with an interval of 14 days. eexpression of BDNF 1
2018 B poit s';roke 40 Hz, 5 mT | 2.Parameters assessed in plasma: elevel of VEGF 1
Neuroplasticity patients various pulse | -BDNF, Expression of BDNF, VEGF level eHGF and SCF levels 1
Immune grgi/aer;ggsld shape -cytokines: HGF, SCF, SDF-1a, B-NGF and LIF *SDF-1a level — not changed
response n= 25) " | quantities -neurologic deficits eneurologic deficits |
Behaviour -functional and cognitive status efunctional and cognitive status 1
-level of depression edepressive syndrome |
rat adipose 1.rADSCs were first cultured in adipogenic,
72. Fathi and tiss_ue— osteogenic, chondrogenic and_neurogenic mediums «cell proliferation |
Farahzadi. 2018 derived 50 Hz, 20 mT | and exposed to ELF-MF 30 min/day for 21 days. lation double time - prol d
) ! mesenchyma 2.Parameters assessed: *popufation doubie time - prolonge
Proliferation ) .
| stem cells -cell proliferation
(rADSCs) -population double time
73 Laszlo et al E]L‘jerﬁqegles 50 Hz, 10 uT | 1.Turkeys were exposed 20 min every 8 h for 3 eactivity |
' 2018 o adult, ' pulsed ELF- | weeks. eshemoglobin, SGOT, SGPT, AP, yGT and LDH
n=40) MF 2.Parameters assessed: — not changed
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Behaviour

-the behaviour (relaxation, play, competition,

enoradrenaline-activated [3-adrenoceptor

Stress aggression). function |
hormones -hemoglobin, SGOT, SGPT, AP, yGT, LDH (blood ,
every week)
-level of cAMP to detect noradrenaline-activated 3-
adrenoreceptor function (blood , every week)
oELF-MF group:
74. Martinez- 1.Rats (restrained (ELF-MF+RS) and unrestrained -total cholesterol and triacylglycerol levels not
Samano et al., (ELF-MF)) were exposed to ELF-MF for 2 h/day for affected
2018 21 days. -CORT level 1
Oxidative rat 2.Parameters assessed (after the last exposure) -total lipids in cerebellum and total cholesterol in
stress (males, 8 60 Hz, 2.4 -total cholesterol, and triacylglycerol levels, TBARS cortex 1
Stress weeks old, mT -plasma CORT concentrations, -polar lipids in cortex |
hormones n=6) -total free fatty acids and fatty acid methyl esters -polyunsaturated fatty acids in cerebellum | and
Lipids (FAMES) 1 in subcortical structures.
oTBARS in total lipids 1 in both groups
sconcentrations of non-esterified fatty acids in
subcortical structures (RS+ELF-MF) 1
0.5 mT:
75. -64 spots up-regulated
-40 spots down-regulated
el mT:
Rezaie-Tavirani 1.Rats were exposed to 0.5 mT or 1 mT 3 h/day for 2 gg zgg:: ggvxr/ﬁ?rl:algtflz:ted
et al, 2018 rat 50 Hz, 0.5 or 4 weeks. ) eexpression of Sptan1 and DpysI2 | by 0.5 mT
- (males, adult, 2.Parameters assessed: .
Proteins n= not mT/1mT _proteome profile eexpression of Dpys|2 1 by 1 mT after 2 weeks
provided) -protein-protein interaction oexpression of Tpil and Lap3 | through time
-molecular function eexpression Tppp | by 1 mT through time
egeneral protein expression | with increasing
ELF-MF intensity and time
sidentified proteins are related to apoptosis,
stress response and number of metabolic
processes.
Song et al., esingle exposure to 6 mT and repetitive
76. 2018 Hela cells 60 Hz, 3 mT/ | Variants of experiments: exposure to 3 or 6 mT:
Oxidative IMR-90 6mT 1.Cells were exposed to 6 mT ELF-MF for 30 or 60 -DNA damages and change of cell viability - not
stress fibroblasts min. found.

Proliferation

eexposure to 6 mT for total 168 h:
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DNA damage
Viability

2.Cells were exposed to 3 and 6 mT ELF-MF 30 min
every 24 h for 72 h or 30 min 8 times a day for 3
days.

3.Cells exposed to 6 mT for 72 h were additionally
exposed for subsequent 96 h.

Parameters assessed:

DNA damage, cell viability

cell cycle and ROS level (during continuous
exposure)

4.Cells were co-incubated with GOx, (to induce H20:
and reduce proliferation) and exposed to ELF-MF for
1,6,12and 24 h

Parameters assessed:

phosphorylation of PKB and Erk1/2

-cells viability and cell cycle progression 1
-ROS level |

ein GOXx — treated cells, ELF-MF:
-mitigated anti-proliferative effect
-phosphorylation of PKB and ERK1/2 1

1.Worms were exposed to ELF-MF from egg stage

oTCA cycle enzyme |

77. Sun et al., 2018 _ reaching the fourth Iarva. (L4) stage (about 48 h). earachidonic acid and PGE; 1
S Caenorhabdit 2.Parameters assessed: .
Oxidative . 50 Hz, 3 mT ; . . eexpression of PGE2z synthase 1
stress is elegans -expression of_ the genes involved in TCA cycle «ROS level 1
(n=90300) (associated with tumor growth). PGEz, ROS, TAC
level oTAC level |
-SOD and CAT activities #SOD and CAT activities — not changed
1.Rats were subjected to acute (24 h) or repetitive
78. exposure (1 h/day for 7 days). 24 h exposure:
Z\Ilyszzoklogv ska et rat 2.Parameters assessed (plasma): -IL-1B, IL-2, IL-6 1
Im.,mune (males 50 Hz, 7 mT | -cytokines: IL-1B, IL-2, IL-6, IL-10 -white blood cells, lymphocytes, red blood cells,
il e ,n: 6) -number of: total white blood cells, lymphocytes, hemoglobin and hematocrit 1
P ' monocytes, granulocytes red blood cells, platelets erepetitive exposure 1 h/day for 7 days — no
-hemoglobin effect
-Hematocrit
C t stroke . . .
Cichon et al., pos 1.Post stroke patients subjected to 15 min therapy,
79. 2019 patients 40 Hz, 5 mT 10 sessions with an interval of 14 days. slevel of I.L'1 B1
(mean age pulsed ELF- X eexpression level of IL-18 1
Immune 14,8 vears ME 2.Parameters assessed: level of IL-2
response 0 -Plasma levels of cytokines: IL-18, IL-2, IFN-y, TGF-8 slevel ot IL-2 1
old, _Expression of IL-18 ¢IFN-y and TGF-B levels — not changed
n= 25)
Hosseinabadi human Mean: 1.Power plant workers (occupational exposure) eoxidative stress
80. and Khanjani, (20-50 years 4,09 V/m, 2.Parameters assessed: 1
2019 old, n=152) 16.27 pT -serum TAC, MDA, SOD, CAT and GPx
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Oxidative
stress

Hosseinabadi et

1.Participants were exposed to ELF-MF (the 8-h

81. human . time-weighted average). esleep quality |
gléhzglligur (30-40 years Ocei(up%fﬁzal 2.Parameters assessed: estress, depression and anxiety 1 (linear relation
old, n=132) -sleep quality (trend) with increased exposure)
-depression, anxiety and stress levels
Karimi et al 1.Rats were exposed to ELF-MF 2 h/day for 60 days. | elipid peroxidation 1 (100 T and 500 uT)
82. 2019 N 2.Parameters assessed: oTAC 1 (1 uT and 500 uT)
Oxidative 50 Hz, —elevated_ plus maze (the day after the last exposure) | etotal thiol molecules 1 (all induction values)
stress rat 1 uT/100 and Morris water maze test (the day after elevated ¢TOS 1 (500 pT).
Behaviour (males, adult, MT/500 uT/ | plus mazg) _ _ ememory retention 1 (100 T and 2000 pT,
n=12) 2000 uT -the passive avoidance test (one week after Morris water maze)
water maze) ememory retention 1 (100 pT, 500 uT and 2000
-MDA, TAC, TOS and total thiol molecules (after uT, passive avoidance test)
behavioural tests) eanxiety 1 (all induction values)
Merla et al., 1.Cells were treated with DPI an inhibitor of the plasma
83. 2019 SH-SY5Y membrane enzyme NADPH oxidase (Nox) and then | eROS generation 1
Oxidative neuroblasto 50 Hz, 1 mT | exposed for ELF-MF for 24 h. eplasma membrane Nox is involved in redox
stress ma cells 1.Parameters assessed: imbalance elicited by ELF-MF
-source of ROS production
ein glycerolipids (GLs) category:
84. 1.Worms were placed under 3 mT ELF-MF till :fj?;ac:jg?;g;?g{ge(S)(IBSS()TlGS) 1
Sun et al., 2019 . reaching the L4 stage (48 h). X e .
Proteins gﬁgogzbd't 50 Hz, 3mT | 2.Parameters assessed: °0th?r identified Iflplr? categories showed no
Genes _ g -total triacylglycerols (TGs) level (proteomic and regular pattern of changes .
Lipids (n=40000) transcriptomic profiling) -stress response related genes expressions 1
-the most enriched protein functions were:
defense response, reproduction and lipid
transport
ebefore immunization:
85. Mahaki et al., rat 50 Hz, 1.Rats were exposed to ELF-MF 2h/day for 60 days -IL-9 | for 100 uT
2020 (males 1 uT/100 at two phases: at pre- and post-stimulation of the -TNF-a | for 100 uT-2000 puT
Immune adults ' pT/500 immune system. -IL-10 1 for 1 T and 100 pT
response n= 16), MT/2000 uT | 2.Parameters assessed: eafter immunization:

-serum levels of cytokines: IL-9, IL-10, TNF-a

-IL-9, TNF-a | for 1 uT and 100 puT
-no significant differences in IL-10 level
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epost-immunization levels compared to pre-
immunization:

-IL-9, TNF-a 1 for 100 uT-2000 uT

-IL-10 1 for 2000 uT

. human
Touitou et al. .
86. ' (males, 50 Hz, 1.Men chronically exposed to ELF-MF (1-20 years). . - .
Ii?cz)?eins mean 38 mean 0.9 uT | 2.Parameters assessed: I.ec\:/ge'lb\oll?;ilsols llJrr]epartlmpants exposed to highest
years old, n= -serum level of CgA P '
15)

Abbreviations: 8-OHdG- 8-hydroxy-2'-deoxyguanosine; [Ca]?*i — intracellular ionized calcium; ACTH - adrenocorticotropic hormone; ALP- alkaline
phosphatase; ALT- alanine transaminase; AP- alkaline phosphatase; AST- aspartate transaminase; Bad- Bcl-2-associated death promoter; Bax- Bcl-2-
associated X protein; Bcl-2- B cell leukemia/lymphoma-2; Bcl-xL- B-cell ymphoma-extra-large; BDNF- brain derived neurotrophic factor; cAMP- 3'5'-cyclic-
adenosine-monophosphate; CAT- catalase; CDC42- cell division control protein 42 homolog; CFL1- cofilin 1; CgA- chromogranin A; CHEK1- checkpoint
kinase 1 encoding gene; CORT- corticosterone/cortisol; CRH- corticotropin-releasing hormone; CuZnSOD (SOD3)- copper-zinc-superoxide dismutase;
CYP11A1- cytochrome P450 11A1; CYP17A1- cytochrome P450 17Al/steroid 17a-monooxygenase; CYP-450- cytochromes P450; D-AP5- 5-phosphono-D-
norvaline; DDT- D-dopachrome decarboxylase; DKK1- dickkopf-related protein 1 encoding gene; DPI- diphenyleneiodonium; Dpysl2- dihydropyrimidinase-
related protein 2; DUSP3- dual specificity phosphatase 3; ECH- 2-Enoyl-Coa Hydratase; EFHD2- EF-hand domain-containing protein D2; ERK- extracellular
signaling-regulated kinase; FABP- fatty acid-binding protein; free-T3- free triiodothyronine; free-T4- free thyroxine; GDNF- glial cell-derived neurotrophic
factor; GOx- glucose oxidase; GPx- glutathione peroxidase; GR- glutathione reductase; GSH- glutathione; GSR- glutathione-disulfide reductase; GST-
glutathione S-transferase; HGF- hepatocyte growth factor; HIF-1- hypoxia-inducible factor 1; HIF-1A- hypoxia-inducible factor 1-alpha; HOe - hydroxyl
radicals; Hsp70- heat shock protein 70; IFN-y- interferon-y; IGF-1- insulin-like growth factor 1; IL-10- interleukin 10; IL-18BP- interleukin-18-binding protein;
IL-1B- interleukin 1B; IL-2- interleukin 2; IL-6- interleukin 6; IL-6B- interleukin 6B; INOS- inducible nitric oxide synthase; IP3- inositol trisphosphate; Lap3-
cytosol aminopeptidase; LDH- lactate dehydrogenase; LIF- leukemia inhibitory factor; LTP- long-term potentiation; MBP- myelin basic protein; MDA-
malondialdehyde; MK801- dizocilpine; MMP9- matrix metallopeptidase 9; MnSOD (SOD2)- manganese-dependent superoxide dismutase; MPO-
myeloperoxidase; NDRG4- N-myc downregulated gene 4; NO- nitric oxide; NO;™ - nitrite; NOS- nitric oxide synthase; Oz -superoxide anion; ONOO" -
peroxynitrite; OSI- oxidative stress index; p38MAPK- p38 mitogen-activated protein kinase; PDHE1-B- pyruvate dehydrogenase E1; PGE; — prostaglandin
E2; PI3K- phosphoinositide 3-kinase; PKB- protein kinase B; POMC- pro-opiomelanocortin; PP2A- protein phosphatase 2; PRDX5- peroxiredoxin-5; PRDX6-
peroxiredoxin-6; RHO- ras homolog family; ROS- reactive oxygen species; rTMS- repetitive transcranial magnetic stimulation; S100-A10- S100 calcium-
binding protein A10; S100-A11- S100 calcium-binding protein A1l; SCF- stem cell factor; SDF-1a- stromal derived factor-1a; SGOT- serum glutamic-
oxaloacetic transaminase; SGPT- serum glutamic-pyruvic transaminase; SNAP-25b- synaptosomal-associated protein 25b; SNCG- synuclein gamma; SOD-
superoxide dismutase; SPRR3- small proline-rich protein 3 encoding gene; Sptanl- spectrin alpha chain; TAC- total antioxidant capacity; TAS- total
antioxidant status; TBARS- thiobarbituric acid reactive substances; TCA cycle- tricarboxylic acid cycle/ the Krebs cycle; TGF-B- transforming growth factor ;
TOS- total oxidant status; Tpil- triose phosphate isomerase; Tppp- tubulin polymerization-promoting protein; TrkB- tyrosine receptor kinase B; UBE2N-
ubiquitin-conjugating enzyme E2 N; UCH-L1- ubiquitin carboxy-terminal hydrolase L1; VEGF- vascular endothelial growth factor; VEP- visual evoked
potential; B-NGF- B nerve growth factor; yGT- gamma-glutamyl transpeptidase
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Studies reported evidence for opposite effects of extremely low-frequency electromagnetic field (EMF): harmful, including the oxidative
stress induction, and beneficial, such as the activation of antioxidant defense. People’s exposure to EMF is often repeated or prolonged,
and it is important to consider the cumulative effect of such kind of exposure on the organism. If changes evoked by repeated exposure
to EMF are permanent, responsiveness to other stress factors can be modified. The aims of our study were (1) to evaluate changes in the
levels of oxidative stress and antioxidant defense markers in the prefrontal cortex of adult rats after repeated exposure to 1 and 7mT
EMF and (2) to assess whether repeated EMF exposure can modify oxidative/antioxidative status in response to other stress factors.
Rats were exposed to EMF 1h/day for 7 days, one, twice, or three times. After each exposure, 8-isoprostanes, protein carbonyl
groups, and the total antioxidant capacity were assessed. Part of the animals, after EMF treatment, was exposed to another stress
factor—open field. Results showed that repeated exposure changed the oxidative/antioxidative status depending on the intensity of
the EMF and the number of exposures. 1 mT EMF created weak changes in the oxidative status in the brain; however, 7mT EMF
moved the balance to a clearly higher level. The changes in the oxidative status after 1 mT EMF were enough to reduce, and after
7mT EMEF to intensify oxidative processes in response to the next stress. We concluded that the organism might adapt to “weak”
EMF, while “strong” EMF exceeds the adaptive capacity of the organism and sensitizes it to subsequent stress, and thus may
modulate vulnerability to diseases. Our results also provide new insights into the possible therapeutic properties of the magnetic
field, as 1 mT EMF appears to have a potentially protective impact on the brain.

1. Introduction

The influence of the extremely low-frequency electromag-
netic field (EMF) on living organisms is still being widely
investigated. EMF includes frequencies in the range of
3-300Hz, which also correspond to physiological brain

oscillations [1]. The most common frequencies values in
our environment are 50 Hz and 60 Hz [2, 3]. Nowadays, peo-
ple are increasingly exposed to this type of electromagnetic
field due to the increasing number of electrical devices in
our urbanized environment. EMF exposure has been proved
to be an important risk factor in the development of diseases
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affecting the nervous system, such as anxiety or depression
[4]. The brain is an organ extremely sensitive to oxidative
stress because of the high amount of unsaturated lipids,
energetics dependent on mitochondria, neurotransmitters’
metabolism generating hydrogen peroxide (H,0O,), the abil-
ity of neurotransmitters to autooxidation, and engagement
of reactive oxygen species in Ca®" signaling [5]. Oxidative
stress underlies many neurodegenerative and neuropsychiat-
ric disorders [6].

The results of studies concerning the effect of EMF (50/
60 Hz) on oxidative stress and antioxidant defense are often
contradictory or insufficient. It means that the answer to the
question whether EMF has a beneficial or detrimental
impact on the organism is not obvious. Some authors
reported evidence for the harmful effects of EMF, including
oxidative stress induction [7-9]. The increased level of one
of the most common markers of lipid peroxidation, malon-
dialdehyde (MDA), was noticed in a several studies on
humans and animal models exposed to EMF [7, 8]. In addi-
tion, oxidative damages are often accompanied by a decrease
in antioxidant defense [8-10]. On the other hand, the
increase of reports on the benefits associated with exposure
to EMF such as activation of antioxidant systems is observed
[11-13]. These protective effects of EMF are also used in
medicine, e.g., for the treatment of brain damages [13]. It
is also important that EMF exposure experienced by people
is often repeated or prolonged, but most research evaluates
the effect of the single period of EMF exposure.

EMEF is recognized as a mild stress factor [2, 14], which
as other stress factors can result in different activations of
stress response systems; it means that exposure to EMF
can establish a new “set-point” for stress systems activity.
However, the course of this phenomenon (the direction
and dynamics) depends on the intensity of the electromag-
netic field. As a consequence, the EMF-induced changes in
stress hormones can boost “cellular hormesis” by activation
of signaling pathways including oxidative/antioxidative pro-
cesses in different ways [15].

Here, we propose the hypothesis that the impact of an
extremely low-frequency electromagnetic field on oxidant/
antioxidant balance is not definitely negative, and the direc-
tion and dynamics of EMF-induced changes depend on the
value of magnetic flux density as well as on the number of
exposures. During repeated exposure to some stress factor,
the organism responds to each individual stressor; however,
consequently, the cumulative effect of all exposures is
observed. As a result, temporary or permanent regulatory
changes can be evoked [16]. The first exposure to stress gener-
ates the stress-induced initial disruption in homeostasis. As
the response, the processes to reestablish the balance are trig-
gered and they require gene expression and protein synthesis
that progresses over time; thus, the temporal feature of the
response to repetitive stress is essential [17]. We assumed that
the first exposure to EMF changes the oxidative/antioxidative
status; thus, each next EMF exposure would overlap its level
established under the previous EMF exposure.

Therefore, the first aim of the study was to evaluate the
changes in the levels of oxidative stress as well as the antiox-
idant defense markers in the prefrontal cortex of adult rats
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after repeated exposure to EMF of two different values of
magnetic flux density (1 and 7mT). The prefrontal cortex
seems to be more sensitive to oxidative stress than other
brain structures and concerning its role in the development
of nervous system-related diseases; it appears to be relevant
for research of the impact of EMF on oxidative/antioxidative
status [18]. We have chosen to evaluate the effects of EMF of
1 and 7mT. According to European Union Directive 2013/
35/EU, the threshold value for magnetic flux density of the
minor transient changes in the brain is set to a value of
1 mT EMEF for 50Hz. On the other hand, the exposure of
workers to 50 Hz magnetic fields must be limited to the value
6mT [19]. It has been shown that exposure to EMF of inten-
sity higher than 6 mT causes measurable biological effects, e.g.,
increased lipid peroxidation [20, 21], DNA damage [22], and
neuronal networks synchrony firing generation [23].

Then, we assumed that if the changes evoked by repeated
exposure to EMF are permanent, the responsiveness to the
other kinds of stress can be modified. It means that EMF
can change the vulnerability of the organism to subsequent
stress factors and thus to diseases, mainly related to the
nervous system, in a two-way manner: compensatory or det-
rimental ones. Intriguingly, many nervous system-related
disorders may be accounted for by a ‘two-hit model’ in
which environmental stressors change the central nervous
system function in the permanent way leading to changes
in vulnerability to a “second hit,” in turn leading to the onset
of disease [24]. Thus, the second aim of the research was to
assess whether the consequence of repeated EMF exposure
can be the modification of the oxidative/antioxidative status
in response to subsequent, other stress factors.

2. Materials and Methods

2.1. Animals. A total of 175 male adults (3-month-old)
Wistar rats weighing 300-350 g were used throughout the
experimentation. The number of animals in the research was
planned in accordance with 3R principles (replacement,
reduction, and refinement; EU Directive 2010/63/EU) [25].
Rats were housed in plastic cages in a temperature/humidity/
light-controlled laboratory conditions (22 +2°C, humidity
55+10%, 12:12h light : dark cycle with lights on at
7:00a.m.). Rodent laboratory feed and drinking water were
provided ad libitum. All experimental procedures were
approved by the Local Committee for Ethics in Animal
Research in Bydgoszcz, Poland (decision number: 3/2018).

2.2. In Vivo Electromagnetic Field Exposure System. Animals
were exposed to 50 Hz sinusoidal electromagnetic field of
ImT and 7mT (root mean square (RMS)) flux density,
generated in a coil of 0.1 m in radius, designed by EiE
(Elektronika i Elektromedycyna Sp. J., Otwock, Poland).
This exposure system has been described in detail previously
[3, 26]. The EMF was regulated during exposure by input
current to the coil, and the magnetic flux density was
measured before each experiment with a Gauss meter
(Model GM2, AlphaLab, Inc., USA). The nonhomogeneity
of the EMF within the area containing the animal’s cage
was < 15% (Figure 1). The temperature during all
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FI1GURE 1: The plot of the mean value of magnetic flux density within the area of the animal’s cage in the coil. Abbreviations: B: magnetic flux
density vector, B/B0: normalized magnetic flux density relative to the value in the geometrical centre of the coil; z/I: normalized distance
from the coil centre along z-axis; x/2r: normalized distance from the solenoid centre along x-axis; I: coil length; r: coil radius

experiments was monitored using thermocouples mounted
in the animal cages, and it was set to 26 + 1°C.

2.3. Experimental Design. One week after habituation to the
laboratory environment, the rats in individual plastic cages
(I2cm x 20 cm x 14 cm, with a perforated plexiglass cover
and wood shavings bedding) were put into the centre of
the EMF coil. Exposure to “low” (1 mT) and “high” (7 mT)
EMF was performed for three periods described as E1, E2,
and E3. Each period included 7-day exposure, 1 h/1day. Rats
subjected to the same experimental procedure except elec-
tromagnetic field exposure were used as the control.

The experimental design included two sets of experi-
ments (Figure 2). During the first set of experiments, a part
of rats (n = 88) after each period of EMF or control exposure
(E1, E2, and E3) was decapitated to estimate the effect of
EMF on oxidant/antioxidant status (8-isoprostanes (8-epi
PGF2a), protein carbonyl (CP) groups, and level of total
antioxidant capacity (TAC)—described in this research as
“basal” (B) level) (Figure 2(a)). The remaining rats from
each group (n=87) were used during the second set of
experiments (Figure 2(b)). The experiments as previously
included one to three periods of EMF or control exposure
(E1, E2, or E3), and after each of them the part of animals
was exposed to another kind of stress factor—open field
(OF) (size of the box: 100 cm X 100 cm, duration of the test:
5min). It is a stress-induced procedure (exposure to a novel,
open, light environment), which was proved to evoke the
activation of brain stress systems. Then, the animals were
decapitated for assessment of stress-induced changes in oxi-
dant/antioxidant parameters as a consequence of previous
exposure to EMF. To avoid the influence of the circadian

rhythm on the results, decapitation was performed between
10:00 and 12:00 am.

The rats were divided into six groups: (1) EMF/B/1mT:
animals exposed to EMF (50 Hz, 1 mT), in which the basal
(B) level of markers was assessed; (2) EMF/OF/1mT: animals
exposed to EMF (50 Hz, 1 mT) and exposed to open field test
(OF); (3) EMF/B/7mT: animals exposed to EMF (50Hz,
7mT) in which the basal (B) level of markers was assessed;
(4) EMF/OF/7mT: animals exposed to EMF (50 Hz, 7mT)
and exposed to open field test (OF); (5) C/B: control animals
subjected to the same experimental procedure as the experi-
mental groups 1 and 3, except EMF exposure; (6) C/OF: con-
trol animals subjected to the same experimental procedure as
the experimental groups 2 and 4, except EMF exposure.

2.4. Sample Collection. After decapitation, the part of the
brain (prefrontal cortex) was quickly dissected. Each fragment
of tissue was weighed and immediately frozen in liquid nitro-
gen and stored at —80°C until further biochemical analysis. For
determination of oxidant/antioxidant status, brain samples
were homogenized on ice in phosphate buffer pH7.4. After
centrifugation for 10 minutes at 12000 x g, the supernatants
were collected in Eppendorf tubes and stored until they were
used for the assessment of the level of protein carbonyl (CP)
groups and 8-isoprostanes (8-epi PGF2«) as a result of pro-
teins and phospholipid peroxidation, respectively, as well as
the total nonenzymatic antioxidant capacity (TAC).

2.5. Determination of the Markers of Oxidant/Antioxidant
Status Level. Protein carbonyl (CP) groups and 8-isoprostanes
(8-epi PGF2a) as well as total nonenzymatic antioxidant capac-
ity (TAC) concentrations were determined with commercial
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F1GURE 2: Experimental design. (a) First set of experiments: assessment of basal level of oxidative stress markers and antioxidants. (b) Second
set of experiments: assessment of open field-induced level of oxidative stress markers and antioxidants.

kits according to the manufacturers’ instructions. Each sample
was assayed in triplicate. Colorimetric changes in the assay
were detected using a multimode microplate reader Epoch 2
(BioTek Instruments, Inc., Winooski, UT, USA).

2.5.1. Determination of Protein Peroxidation. The level of end
product of protein peroxidation-protein carbonyl (CP) groups
was assayed using a Protein Carbonyl Content Assay Kit
(Sigma-Aldrich, No MAK094, USA) based on their reaction
with 2,4-dinitrophenylohydrazine (DNPH). Finally, dinitro-
phenyl (DNP) hydrazone adducts were formed and then were
detected spectrophotometrically at 375 nm. The level of DNP
was proportional to the concentrations of CP. The amount
of carbonyl in the sample well was calculated per 1 mg of pro-
tein. Results were expressed as nanomoles per mg of protein.

2.5.2. Determination of Phospholipid Peroxidation. The level
of end product of phospholipid peroxidation-8-isoprostanes
(8-epi PGF2«r) was assayed using 8-isoprostane ELISA Kit
(Cayman Chemical, No 516351, USA). 8-Isoprostane has
been proposed as a marker of oxidative stress and antioxi-
dant deficiency. Isoprostanes are prostaglandin (PG) isomers
that are generated from polyunsaturated fatty acids, mainly
from arachidonic acid by a nonenzymatic process that
involves peroxidation of membrane phospholipids by free
radicals and reactive oxygen species. The absorbance of sam-
ples was measured at 406 nm. The concentration of 8-epi
PGF2a was expressed as picograms per milliliter of sample.

2.5.3. Determination of Total Antioxidant Capacity. TAC
was determined using a Total Antioxidant Capacity Assay
Kit (Sigma-Aldrich, No MAK187, USA) in which concentra-
tions of both small molecules and protein antioxidants were

determined. Determination of TAC is based on reduction
Cu** to Cu" by both small molecules and proteins but using
the Protein Mask prevents Cu”* reduction by proteins. Finally,
the amount of reduced Cu" ion enabling the analysis of small
molecule antioxidants. The reduced Cu” ions chelate with a
colorimetric probe. The absorbance (peak at 570 nm) is pro-
portional to the TAC level in Trolox equivalents (a water-
soluble vitamin E analogue used as an antioxidant standard).
Results were calculated as nanomoles per milliliter of sample.

2.6. Data Analysis. To analyze the effect of repeated exposure
to EMF on the markers of oxidative stress and total antiox-
idant capacity, we applied a general linear model (GLM)
allowing to determine the effect of a combination of two
fixed categorical factors: EMF intensity and number of
exposures (1 mT, 7mT vs. E1, E2, and E3). The levels of
the open field-induced oxidative stress and antioxidant
markers were compared to their basal levels for each group,
respectively: C/B vs. C/OF, EMF/B/1mT vs. EMF/OF/1mT,
and EMF/B/7mT vs. EMF/OF/7mT using GLM with open
field/basal level and number of exposures as fixed categorical
factors. If necessary the data were log-transformed after check-
ing for normality (Shapiro-Wilk test) and homoscedasticity
(Levene test). Differences between compared data were consid-
ered significant when P < 0.05. The analyses were carried out
using SPSS 25.0 package (IBM Inc.).

3. Results
3.1. The Basal Level of Oxidative Stress Markers

3.1.1. Protein Carbonyl (CP) Groups. The intensity of EMF,
as well as the number of exposures, had an influence on
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TaBLE 1: Results of statistical analysis of the oxidative markers concentrations in the prefrontal cortex.
Dependent variable Effect df F P
Intensity of the electromagnetic field (mT) 2 22133 <0.001
Number of exposures (E1-E3) 2 16.681 <0.001
a CP basal level
(mT) x (E1-E3) 4 9.851 <0.001
Error 68
Intensity of the electromagnetic field (mT) 2 15.231 <0.001
Number of exposures (E1-E3) 0.191 0.827
b 8-epi PGF2a basal level
(mT) x (E1-E3) 2343 0.063
Error 73
Intensity of the electromagnetic field (mT) 2 190.737 <0.001
Number of exposures (E1-E3) 19.793 <0.001
c Open field-induced CP level
(mT) x (E1-E3) 12.051 <0.001
Error 71
Intensity of the electromagnetic field (mT) 2 13.921 <0.001
Number of exposures (E1-E3) 2 0.657 0.522
d Open field-induced 8-epi PGF2« level
(mT) x (E1-E3) 4 7.753 <0.001
Error 66

F: GLM; statistically significant P value: indicated in italic; CP: protein carbonyl groups.

the basal level of CP groups in the prefrontal cortex. The CP
groups’ level increased with increasing EMF intensity, and
the subsequent exposures enhanced the effect. There was
also a significant interaction between these two factors
(Table 1(a), Figure 3(a)). After first (E1) and second expo-
sures (E2) to EMF of 1 mT the level of CP groups in the rat’s
brain did not differ from the control level; however, CP level
after E2 was significantly higher than that after E1 (P < 0.01).
After the third exposure (E3), CP level increased significantly
compared to the control group (P < 0.001) and was also signif-
icantly higher than that noticed after E1 (P <0.001) and E2
(P <0.01). In animals exposed to EMF of 7mT after E1, we
observed a slight elevation in the level of the CP groups in
comparison to control values, after E2 as well as after E3; how-
ever, the increase in CP level was significant (P < 0.001).
Moreover, the statistically significant increase in the CP level
after E2 was observed in comparison to that observed after E
1 (P <0.01), whereas after E3, the CP level was not signifi-
cantly different from the value determined after E2. In animals
exposed to EMF of 7mT, the level of CP was enhanced in
comparison to the value in the EMF/B/1mT group after E1
and E2 (P < 0.001) and the difference disappeared after E3.

3.1.2. 8-Isoprostanes (8-epi PGF2a). The level of 8-epi PGF2«
after exposure to EMF was dependent only on the strength of
the electromagnetic field (Table 1(b), Figure 3(b)). The expo-
sure to EMF of 1 mT did not significantly affect the level of
8-epi PGF2« regardless of the number of exposures. Also,
the analysis showed no clear differences between values of this
parameter observed after E1 to E3. However, the tendency to
decrease in the level of 8-epi PGF2a with each subsequent
exposure was observed (Figure 3(b)). Otherwise, in the EMF/
B/7mT group, the tendency to increase in the level of 8-epi

PGF2a with each next exposure was noticed (Figure 3(b)).
After E3, the level of 8-epi PGF2« was clearly higher in the
group exposed to EMF of 7mT compared to the control group
as well as to that in the EMF/B/1mT group (P < 0.001).

3.2. The Open Field-Induced Level of Oxidative
Stress Markers

3.2.1. Protein Carbonyl (CP) Groups. The direction of
changes in CP level in animals exposed to EMF of 1 mT and
7mT after exposure to subsequent stress factor—open field
test (EMF/OF/1mT and EMF/OF/7mT groups) coincided
with their basal level observed only after exposure to electro-
magnetic field (EMF/B/ImT and EMF/B/7mT groups). Both
intensity of the EMF and the number of exposures had an
effect on the open field-induced level of CP groups. The inter-
action of both factors was also significant (Table 1(c),
Figure 4(a)). There were no significant differences between
the EMF/OF/1mT and C/OF groups after E1 and E2, but after
E3 the level of CP in the group exposed to EMF of 1 mT was
even lower in comparison to the value in the respective control
group (C/OF) (P < 0.001). After a single exposure to EMF of
1 mT, the CP level was higher than that noticed after E2 and
E3 (P <0.001), while no significant difference was noticed
between values after E2 and E3. The lowest value of CP groups
in the EMF/OF/1mT group was observed after E3. The level of
CP in the EMF/OF/7mT group was significantly increased
compared to control animals after each exposure (P < 0.001)
and was the highest after E3. The value observed after E2
was lower compared to both E1 and E3 (P < 0.001). Regard-
less of the number of exposures, the level of CP was always
higher in the EMF/OF/7mT group in comparison to the values
observed in the EMF/OF/1mT group (P < 0.001).
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F1GURE 3: The basal level of oxidative stress markers: (a) CP groups and (b) 8-epi PGF2« in the prefrontal cortex of rat’s brain. Animals were
exposed once to three times (E1-E3) to EMF of 1 or 7mT or control conditions. Values are presented as mean + SEM. The lines show the
direction of changes in the level of stress markers in 1 mT (dotted line) and 7mT (solid line) groups after each subsequent exposure.
Statistically significant differences between animals from the same group are denoted P <0.01 and **P <0.001; and these between

experimental groups are denoted ***P < 0.001.

3.2.2. 8-Isoprostanes (8-epi PGF2x). The direction of OF-
induced changes in the 8-epi PGF2« level was similar to that
in the basal level of this marker. A significant impact of EMF
intensity and the combination of two factors (EMF intensity
x number of exposures) was noticed (Table 1(d); Figure 4(b)).
There was no significant difference in 8-epi PGF2wa level
between the control group (C/OF) and animals exposed to

EMEF of 1 mT after E1; however, the level of this parameter after
E2 was decreased compared to the control value (P < 0.05),
and after E3, it returned to the control value. The decrease in
8-epi PGF2« level was also observed after E2 relative to E1
(P <0.05). In the EMF/OF/7mT group, the clear increase of
8-epi PGF2a level compared to the control value was noticed
only after E3 (P < 0.001); however, the tendency to increase
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in the level of 8-epi PGF2«a was noticed with each subsequent
exposure. The level of 8-epi PGF2« after E3 was also signifi-
cantly higher compared to its value after E1 (P < 0.05). After
second and third exposures to EMF of 7mT, the significant
increase of 8-epi PGF2« level relative to 1 mT was noticed
(P <0.001).

3.3. Comparison between Basal Level and Open Field Test-
Induced Level of Oxidative Stress Markers. Table 2 presents
the results of analysis comparing the basal levels of oxidative
stress markers to their levels after the open field test for each
group, respectively: C/B vs .C/OF, EMF/B/1mT vs. EMF/OF/
ImT, and EMF/B/7mT vs. EMF/OF/7mT). The analysis
showed that both the open field test and the number of
exposures do not affect the CP level in the control group,
only interaction of both factors had a significant influence
on CP level in this group (Table 2(a)). In the group exposed
to EMF of 1mT, the CP level has been changed after open
field, and the interaction between the open field test and
the number of exposures also profoundly affected the CP
level (Table 2(b)). In the group exposed to EMF of 7mT,
we have found the significant influence of the open field test
on the increase in CP levels, and the number of exposures
has no effect; however, the interaction between these factors
was significant (Table 2(c)). The changes of 8-epi PGF2«
level in the control group were dependent only on the num-
ber of exposures (Table 2(d)). The clearest effect of both fac-
tors as well as the interaction between them was noticed in
rats exposed to EMF of 1 mT (Table 2(e)). In rats exposed
to EMF of 7mT, the 8-epi PGF2« level was not affected by
any factor (Table 2(f)).

Valuable results were received when we evaluated the
percentage changes in the level of stress markers in compar-
ison to their level in the control C/B group separately after
each exposure (set at 100%: reference value) (Figure 5).

CP level in the prefrontal cortex (Figure 5(a)) in group
C/OF increased clearly after E3 (by 64%) in comparison to
the C/B group. In the EMF/B/1 mT group, the level of CP
was higher by 117% than that in the control group (C/B)
after E3. Otherwise, after exposure to open field, the level
of CP in rats previously exposed to EMF of 1 mT in compar-
ison to the level in the EMF/B/1ImT group was increased
only after E1 (by 45%) and then was decreased even in com-
parison to both control groups (C/B and C/OF). In EMF/B/
7mT, the level of CP after each subsequent exposure was
higher in comparison to the value in the control group (C/B)
(by 50 51 and 79%, respectively) and the open field test
remarkably increased the level of the parameter after E1 (by
118%) and E3 (by 168%), except after E2 when the value of
CP was similar to its basal level.

A similar direction of changes as in the case of CP groups
level was observed in 8-epi PGF2a level in the control group as
well as in groups exposed to EMF of 1 and 7 mT (Figure 5(b)).
In the case of 8-epi PGF2« in animals exposed to EMF of
7 mT, the higher basal level of this marker should be noticed
after each exposure in comparison to the control level (C/B)
with its incredibly high level after E3 (267% of reference
value). After OF test, the level of 8-epi PGF2a decreased
slightly relative to its basal level in this group.

3.4. The Basal Level of Total Antioxidant Capacity (TAC).
The intensity of EMF, as well as EMF intensity x number
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TaBLE 2: Results of statistical analysis of effects of open field stress on oxidative stress markers level in relation to its basal level in each

experimental group.

Dependent variable/group Effect df F P

Open field effect 1 1.964 0.168

CP Number of exposures (E1-E3) 2 2.253 0.118

Control group Number of exposures x open field effect 2 32.078 <0.001
Error 42

Open field effect 52.023 <0.001

CP Number of exposures (E1-E3) 3.077 0.055

EMF/1mT Number of exposures x open field effect 66.370 <0.001
Error 49

Open field effect 47.966 <0.001

CP Number of exposures (E1-E3) 1.876 0.164

EMF/7mT Number of exposures x open field effect 12.193 <0.001
Error 48

Open field effect 2.995 0.091

8-epi PGF2a Number of exposures (E1-E3) 33.444 <0.001

Control group Number of exposures x open field effect 1.422 0.252
Error 44

Open field effect 14.228 <0.001

8-epi PGF2« Number of exposures (E1-E3) 15.181 <0.001

EMF/ImT Number of exposures x open field effect 6.000 0.005
Error 47

Open field effect 1 2.005 0.163

8-epi PGF2a Number of exposures (E1-E3) 2 2.649 0.081

EMF/7mT Number of exposures x open field effect 0.064 0.938
Error 48

F: GLM; statistically significantPvalue: indicated in italic; CP: protein carbonyl groups.

of exposures interaction, had a significant influence on TAC
level (Table 3(a), Figure 6(a)). The level of TAC in animals
exposed to EMF of both intensities was not significantly differ-
ent from that noticed in the C/B group. In the group exposed to
EMF of 1mT, only after E3 the tendency to decrease in the
TAC level in comparison to the control value was observed.
The only detectable decrease of TAC level in the EMF/B/ImT
group was observed after E3 relative to that after E2 (P < 0.05
)- The TAC level in animals exposed to EMF of 7 mT was lower
than that in the EMF/B/1mT group after E2 (P < 0.05). How-
ever, the tendency to decrease in the value of TAC level in ani-
mals exposed to EMF of 7mT was observed after each
subsequent exposure relative to its level in the C/B group.

3.5. The Open Field-Induced Level of Total Antioxidant
Capacity (TAC). The direction of changes in the open field
test-induced level of TAC in all groups was similar as in
the case of its basal level. The strength of the electromagnetic
field, as well as the number of exposures, significantly
influenced the changes of open field-induced TAC level.
The interaction between both factors was also notable
(Table 3(b), Figure 6(b)). After a single exposure to EMF
of 1 mT, the TAC level was higher compared to the value
in the respective control group (C/OF) (P < 0.05). After E2,

the value of TAC was comparable to the control level, and
only after E3, it dropped significantly compared to the value
in the control group (P < 0.05). In addition, in the EMF/OF/
ImT group, the TAC level after E1 and E2 was clearly higher
compared to that observed after E3 (P <0.001). After first
exposure to EMF of 7mT, the level of TAC was significantly
decreased compared to that in control animals exposed to
OF (C/OF) (P <0.01) as well as to its value in the EMF/OF/
ImT group (P<0.001). Moreover, in the EMF/OF/7mT
group, the level of TAC was significantly decreased after E1
and E3 compared to that noticed after E2 (P < 0.01).

3.6. Comparison between Basal Level and Open Field Test-
Induced Level of TAC. Any of the factors did not affect the
TAC level in the control group (Table 4(a)). In the group
exposed to EMF of 1 mT, the significant influence of the open
field test and the number of exposures as well as their interac-
tion on TAC level was found (Table 4(b)). In the 7mT group,
the number of exposures had a significant impact on TAC
level. Moreover, the interaction between the open field test
and the number of exposures was also significant (Table 4(c)).

The percentage changes in TAC level (Figure 7) in the
control group after the open field test was clear. The value
of antioxidant’s level marker was increased in comparison
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FIGURE 5: Percentage changes in the basal level as well as open field-induced level of oxidative stress markers: (a) CP groups and (b) 8-epi
PGF2« in each experimental group in relation to their level in the control C/B group set at 100% after each subsequent exposure (E1-E3).

TaBLE 3: Results of statistical analysis of the TAC level in the prefrontal cortex.

Dependent variable Effect df F P
Intensity of the electromagnetic field (mT) 2 5.088 0.008
Number of exposures (E1-E3) 2 2.209 0.117
a TAC basal level
(mT) x (E1-E3) 3.163 0.018
Error 79
Intensity of the electromagnetic field (mT) 2 11.803 <0.001
Number of E1-E3 2 27.075 <0.001
b Open field-induced TAC level umber of exposures ( )
(mT) x (E1-E3) 11.086 <0.001
Error 78

F: GLM; statistically significantPvalue: indicated in italic; TAC: total antioxidant capacity.

to its basal level after E1 by 17%. In the EMF/OF/ImT
group, the TAC amount was higher than that in the EMF/
B/1mT group after E1 (by 45%) and E2 (by 15%), while after
E3, the TAC level was close to its basal level. In rats from the
EME/B/7mT group after all exposures, the basal level of
TAC was lower than that in the C/B group (by 13, 20, 3%,
respectively). In the EMF/OF/7mT group, the noticed value
of TAC after E1 was similar to the basal control value; after
E2, the level of TAC was increased (by 24%); and then, after
E3, the OF-induced level of TAC was decreased by 15% in
comparison to values in EMF/B/7mT.

4. Discussion

Our experiments have shown that repeated exposure to the
extremely low-frequency electromagnetic field (EMF) pro-
foundly changes the oxidative/antioxidative status in the pre-
frontal cortex of rats in the EMF intensity- and number of
exposure-dependent manner. The level of oxidative stress
markers and antioxidants in rats exposed to EMF of 1 mT
was not very different from the control value. In rats exposed

to EMF of 1mT, a significantly increased protein carbonyl
groups level was noticed only after third exposure compared
to the control group. In the case of 8-isoprostanes, the expo-
sure to EMF of 1mT did not significantly affect their level;
however, the tendency to decrease with each following expo-
sure was noticed. Moreover, in the 1 mT EMF-exposed group,
the profound change in the basal TAC level was not found.
The level of TAC was a little, not significantly increased after
the first and second exposures.

Generally, most research confirmed the antioxidative
effects of EMF of < 1 mT. Patruno et al. [12] observed ele-
vated catalase (CAT) activity in cell culture (myelogenous
leukemia cells: K562) after exposure to 50Hz 1mT EMF
concomitantly with a decrease in the activity of inducible
nitric oxide synthase (iNOS). In an animal model of
Huntington’s disease EMF (60Hz and 0.7 mT), exposure
reduced levels of oxidative stress biomarkers [27]. In
C2C12 muscle cells, no change in reactive oxygen species
(ROS) production was observed after exposure to EMF of
1 mT [11]. The research indicating that even low levels (<
1 mT) of a single EMF exposure can cause an increase in
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FIGURE 6: The basal (a) and open field-induced level of TAC (b) in the prefrontal cortex of the rat’s brain. Animals were exposed once to
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changes in the level of TAC in 1 mT (dotted line) and 7mT (solid line) groups after each subsequent exposure. Statistically significant
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groups are denoted *P < 0.05, **P < 0.01, and ***P < 0.001.

TaBLE 4: Results of statistical analysis of effects of open field stress on TAC level in relation to its basal level in each experimental group.

Dependent variable/group Effect df F P

Open field effect 1.375 0.246

TAC Number of exposures (E1-E3) 2 0.568 0.570

a Control group Number of exposures x open field effect 2 0.905 0.411
Error 52

Open field effect 12.290 <0.001

TAC Number of exposures (E1-E3) 39.426 <0.001

b EMF/1mT Number of exposures x open field effect 12.297 <0.001
Error 52

Open field effect 2.301 0.135

TAC Number of exposures (E1-E3) 7.958 <0.001

¢ EMEF/7mT Number of exposures x open field effect 13.983 <0.001

Error 53

F: GLM,; statistically significantPvalue: indicated in italic; TAC: total antioxidant capacity.

oxidative stress [10, 28] can also be found. However, in the
mentioned in vitro studies, the cells were treated with EMF
continuously from 30 min to 24h, or in animals, the proce-
dure included the one, 21-day lasting period with EMF
exposure 4h/day. It is also important that the duration of
exposure also determines the effect of EMF. In Caco 2 cells
treated with 50 Hz EMF of 1 mT for 24h, 48h, or 72h, the
longer the exposure time, the greater level of oxidative stress
was found [29]. It has been also shown that the long-term
exposure to the extremely low-frequency magnetic field
(100 and 500 uT) 2h/day for 10 months caused a decrease

in the activity of the antioxidant enzyme catalase (CAT).
However, the TAC level was lower in the group exposed to
500 4T, and at the same time, in this group, the levels of oxi-
dative stress markers, MDA and MPO (myeloperoxidase), as
well as values of total oxidant status (TOS) and oxidative
stress index (OSI), were significantly higher [30]. Concern-
ing the risk of development of neurodegenerative disorders
after EMF exposure, it is also important that neither 100
nor 500 uT extremely low-frequency magnetic field altered
beta-amyloid protein level significantly [31]. It confirms
the dose-dependent action of EMF.
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Our results showed that EMF of 1 mT creates weak
changes in oxidative status in the rat’s brain. Many studies
showed that stress induces the disruption in homeostasis
[15, 32], and as a consequence, an overcompensation
response is triggered to reestablish homeostasis, and such
effect was seen in response to EMF of 1 mT after two first
exposures. The compensatory mechanisms driven during
first exposure to EMF seem to be able to maintain the oxida-
tive equilibrium even after the second exposure, only after
the third exposure the cumulative effect of all exposures as
an increase in oxidative stress simultaneously with a discrete
decrease of antioxidants was visible.

In animals exposed to EMF of 7mT, the characteristic of
changes in oxidative stress and antioxidative defence markers
was quite different. The clear increase of CP groups was visible
earlier than in the group exposed to EMF of 1 mT— already
after the second exposure and remained high after the third
exposure. Moreover, the tendency to increase in the level of
8-epi PGF2a with each subsequent exposure was noticed,
and eventually, after E3, the 8-epi PGF2« level was signifi-
cantly higher (more than 2.5 times) than that in the control
group. In animals exposed to EMF of 7 mT, the tendency to
decrease in the TAC level was observed after each subsequent
exposure relative to its level in the control group. The present
results indicate that the changes in TAC level were accompa-
nied by a parallel increase in oxidative stress markers. The
other research also showed that exposure to EMF (40-50 Hz)
of intensities close to this used in our research (> 6 mT) alters
oxidative stress and antioxidant defense parameters. In the
serum of ICR mice, the level of MDA was significantly higher
after exposure to EMF of 6, 8, and 10 mT, and simultaneously,
the level of antioxidant enzyme superoxide dismutase (SOD)
activity was decreased [8]. Similarly, in mouse brains subjected
to EMF (8 mT), the levels of MDA, ROS, nitrogen oxide (NO),
and nitric oxide synthase (NOS) were increased, whereas
activities of antioxidants enzymes: SOD, CAT, and glutathione

peroxidase (GPx), were decreased [33]. The disturbance of
oxidative status was also found in testes of rats (diabetic
model) exposed to EMF (8.2mT) in the form of elevated
MDA and NO levels and diminished glutathione (GSH) level
was found [34]. The measurements of oxidative stress markers
in the rat’s heart and plasma after exposure to EMF of 7mT
showed a significant increase in thiobarbituric acid reactive
substances (TBARS) and H,O, concentration and the dimin-
ished antioxidant defense decreased TAC, GSH, and total free
thiol groups level [20]. In vitro studies confirmed that after
exposure to electromagnetic field (8 mT), a decrease in the via-
bility and morphological changes of the rat hippocampal neu-
rons were observed with an increase in the level of MDA and
ROS and a decrease in the activity of SOD [22]. Otherwise,
opposite results have also been received, e.g., poststroke
patients after EMF therapy (7mT) showed improved enzy-
matic antioxidant activity [13]. As in the case of studies on
the effects of EMF of lower intensities < 1 mT, the abovemen-
tioned results are the consequence of continuous exposure for
14-28 days (day by day, 15min-4h/day) or as in the case of
in vitro studies— one 90-min lasting treatment. The present
results indicate that in such challenging stress situations as
repeated exposure to EMF of 7mT, the balance is disturbed
in the direction of a higher level of oxidative stress. It also sug-
gests that not all homotypic stressors cause response habitua-
tion. Responses to more "severe” stressors are maintained over
time, perhaps due to the higher costs required to adapt to the
particular situational demand [16]. Thus, the cumulative effect
of repeated exposure to EMF of high intensity resulted in
increased oxidative stress.

In our research, we identified the directions and dynam-
ics of some mechanisms that may be brought into play in
EMEF-provoked changes. Although moderate stimulation by
EMF (1mT) even repeated might be not demanding for
the organism, if strong (7mT), it can lead to deleterious
effects due to the increase in oxidative stress. The integrative
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processes between all “players” determining oxidative/anti-
oxidative balance appear to determine the final effect of
EMF [2, 15]. As a result, even subtle changes in the brain
can change the function of the neuronal circuits. An undis-
turbed oxidative/antioxidative balance is essential for the
normal function of the organism. Unbalanced concentra-
tions of oxidative processes products decrease the chance
of overcompensation and increase brain vulnerability to
other potentially dangerous events.

We have found that the exposure of rats to EMF of 1 mT
influenced the oxidative/antioxidative status evolved in
response to subsequent (heterogenous in relation to EMF)
stress factor—open field test. EMF of 1 mT diminished the
response to another stressor as the small elevation of open
field-induced CP concentration was visible only after the
first exposure to EMF, each next period of EMF-treatment
decreased the level of the marker. In the case of 8-isopros-
tanes, their level was diminished after two first exposures,
and after E3 received a similar value as in the respective
group not-exposed to OF. In 1 mT EMF-treated rats, the
augmented antioxidant defense in response to a new stress
factor was visible after first exposure; then, the adaptation
as the decrease in TAC level was observed. The changes in
the TAC level can partly explain the reduction in oxidative
stress in this group. Our results allowed us to conclude that
the subtle changes in the level of oxidative status in animals
repeatedly exposed to EMF of 1 mT were enough to change
the profile of oxidative processes after exposure to another
kind of stress factor— open field test. It suggests that it can
be a kind of habituation, when one stressor diminishes the
response to the second one [16].

The EMF of 7 mT disturbs the oxidative/antioxidative
balance as the changes in oxidative stress markers as well
as antioxidant capacity level were still clear after each subse-
quent exposure to the open field. The pattern and size of the
changes in 8-epi PGF2« level after subsequent exposures to
open field in rats previously exposed to EMF of 7mT were
close to the changes in basal level. The open field-induced
CP level in rats exposed to EMF of 7mT has been increasing
with each subsequent exposure and was definitely higher
than that in respective control as well as in the 1 mT EMF-
exposed group. The response to first contact with a new
stressor was also the significant decrease in TAC level, which
then increased to the value not different from that in the
respective control group. Thus, we suggest that the exposure
to one stressor (EMF) sensitizes the organism to a second
stressor (open field), resulting in a faster onset of oxidative
stress and its higher level in 7mT exposed animals in com-
parison to the values in 1 mT EMF-treated rats. Djordjevic
et al. [35] have also found that in rats exposed to open field
after EMF exposure (50 Hz, 10 mT, 24 h for 7 days) the levels
of superoxide anion and nitrites in the hypothalamus were
increased compared to the control group; however, the
observed changes are the synergic effect of both factors, as
the oxidative status of rats after EMF exposure was not eval-
uated in this research. Our results suggest that a high level of
magnetic flux density (7mT) of EMF is able to disturb the
brain oxidative/antioxidative status, and to shift its set-
point in the direction of increase of oxidative processes
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and as a consequence can augment the oxidative processes
in response to the next stress events.

5. Conclusions

Summarizing, as we hypothesized, the level of EMF appears
to be essential for direction and dynamics of the stress
response: changes in oxidative/antioxidative parameters
after exposure to 1 mT EMF were observed at a lower level
than these after exposure to 7mT EMF; moreover, the char-
acter of changes was also different. Our data confirmed that
the exposure to EMF of 1 mT can establish a new “set-point”
for cellular oxidative processes and may initiate cellular
adaptation by activation of intrinsic signaling pathways
directed into the decrease of oxidative stress, although the
cumulative effect of repeated exposure cannot be definitely
excluded. Otherwise, in the case of a stronger electromag-
netic field (7mT), the adaptive processes are not sufficient
to counteract its detrimental effects. Consequently, EMF
can change the vulnerability of the organism to subsequent
stress factors and thus to diseases, mainly related to the ner-
vous system. Our research for the first time showed the dif-
ferent “mode of action” of EMF in relation to oxidative/
antioxidative status in the brain dependently on its magnetic
flux density value. In addition, what is even more important,
we proved that the effects of EMF can be permanent and
influence the response of the organism to other stress events
and in this way modulate the vulnerability to the diseases.
We are convinced that the results of our research extended
the knowledge on mechanisms of EMF’s impact on human
health. Further, the elucidation of the EMF-induced changes
in the oxidative/antioxidative status is necessary to a reliable
assessment of the influence of EMF on the brain. The
obtained results can also provide a new view on possible
therapeutic properties of the magnetic field as well as a
new direction in the risk assessment of EMF exposure. As
the 1 mT seems to have a potentially protective impact on
the brain, the studies are worth continuing.
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Abstract

Introduction: Low-frequency electromagnetic field (50 Hz)
(EMF) can modify crucial neuronal processes. Existing data
indicate that exposure to EMF may represent a mild stressor
and contribute to disturbances of the hypothalamic-pitu-
itary-adrenal (HPA) axis. The important regulatory pathways
controlling HPA axis activity include two types of corticoste-
roid receptors: mineralocorticoid receptors (MRs) and gluco-
corticoid receptors. They are particularly abundant in the
hippocampus, a key locus of HPA axis feedback control. The
research aimed at determining whether (1) EMF exhibits hor-
mesis, it means bidirectional action depending on EMF in-
tensity (1 or 7 mT) and (2) repeated EMF exposure changes
stress response to subsequent stress factors. Methods: The
exposure (7 days, 1 h/day) of adult rats to EMF (1 mT and 7
mT) was repeated 3 times. HPA axis hormones and their re-
ceptors were analysed after each following exposure. More-
over, the impact of EMF exposure on hormonal and behav-

ioural responses to subsequent stress factor — open-field test
was evaluated. Results: Our data suggest that exposure to
EMF can establish a new “set-point” for HPA axis activity. The
direction and dynamics of this process depend on the inten-
sity of EMF and the number of exposures. EMF of 1 mT in-
duced an adaptive stress response, but 7 mT EMF caused
sensitization. Consequently, EMF changed the vulnerability
of the organism to a subsequent stress factor. We have also
shown the increase in MR mRNA abundance in the hippo-
campus of T mT EMF-exposed rats, which can represent the
possible neuroprotective response and suggest therapeutic

properties of EMFs. ©2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Exposure to electromagnetic field (EMF) has been
suggested to adversely impact mammalian biology. EMF
is pervasive in the contemporary environment, especially
at extremely low frequencies (30-300 Hz) such as those
emitted by electrical appliances and overhead power lines
[1]. There is considerable interest in the health effects of
EMF exposure (WHO 2007). Targets for EMF in the or-

Karger@karger.com © 2022 The Author(s).
www.karger.com/nen Published by S. Karger AG, Basel
\l This is an Open Access article licensed under the Creative Commons
K p— Attribution-NonCommercial-4.0 International License (CC BY-NC)
a rg ers (http://www.karger.com/Services/OpenAccessLicense), applicable to

the online version of the article only. Usage and distribution for com-

B OPEN ACCESS mercial purposes requires written permission.

Correspondence to:
Angelika Klimek, klimek @ doktorant.umk.pl
Justyna Rogalska, rogal @ umk.pl

202 YoIe g1 uo 3sanb Aq pd'8.8.25000/59.5S6€/ETY/VIE | L/Pd-djonJe/usu/Wwoo 1abIey//:dpy wouy papeojumoq



ganism include the cell membrane (e.g., its permeability,
inorganic ion transport, receptor function), second mes-
senger synthesis, chromosome structural changes and
chemical changes in DNA structure, gene expression, and
protein synthesis [2-10].

Although some findings indicate the deteriorating ef-
fects of EMFs on stress responses (a detrimental increase
in free radical levels and radical-evoked damages in mac-
romolecules) [11], others failed to detect any effects [1,
12-16]. Indeed, some reports have shown that EMF of
low intensity exerts a neuroprotective influence (the pro-
duction of protective proteins [e.g., Hsp70 or BDNF] or
an increase in the activity of antioxidant enzymes) [17-
21].

No explanations have addressed the potential mecha-
nisms for these contradictory results. We postulate that
the direction and nature of EMF-induced changes de-
pend on EMF intensity (magnetic flux density).

Many studies have suggested an association between
chronic EMF exposure and psychiatric disorders [22, 23].
Existing data indicate that exposure to EMF may count as
a mild stressor. This could lead to disturbances of neuro-
endocrine stress systems, notably of the hypothalamic-
pituitary-adrenal (HPA) axis [13, 14, 24-26]. The HPA
axis is regulated primarily through negative feedback
mechanisms. Stress induces the hypothalamus (HYP)
paraventricular nucleus to secrete corticotropin-releas-
ing hormone (CRH) which stimulates anterior pituitary
corticotrophs to secrete adrenocorticotrophic hormone
(ACTH) through activation of CRH type 1 receptors
(CRH-R1). Systemically released ACTH acts on the adre-
nal glands (AG, via melanocortin receptor 2 [MC2R]) to
release glucocorticoids (corticosterone in rats) [27, 28].
Corticosterone initiates physiological and behavioural
responses through widely expressed nuclear receptors of
two types: mineralocorticoid receptors (MRs) and gluco-
corticoid receptors (GRs). Both MRs and GRs are par-
ticularly abundant in the hippocampus (HIP), where they
underpin cognitive as well as neuroendocrine feedback
effects [28, 29].

In some cases, high doses of chemical or environmen-
tal factors are detrimental to biological systems, whereas
low doses induce endogenous survival systems, a phe-
nomenon known as hormesis [30-32]. The hormetic
dose-response relationship can occur after an initial ho-
moeostasis disruption, which must then be re-estab-
lished. It requires gene expression and protein synthesis
that progresses over time; thus, the temporal feature of
hormesis determines its final effect [30]. We hypothe-
sized that initial exposure to EMF moves up or down the
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set-point of stress system activity; thus, each next EMF
exposure would overlap the set-point status of stress re-
sponse system activity established under the previous
EMF exposure. Therefore, we explored whether the effect
of EMF is hormetic and results in different activation of
the stress system and the direction and dynamics of which
depend on the intensity of the field.

Consequently, EMF can change the vulnerability of
the organism to subsequent stress factors and thus to dis-
eases, mainly related to the nervous system, in a two-way
manner: compensatory or deleterious ones. The impor-
tant mediators of this phenomenon can be corticosterone
receptors, MRs and GRs, known to modulate the hippo-
campal function and determine the plasticity processes in
this area [29, 33-35].

To explore this hypothesis, we determined the direc-
tions and dynamics of EMF-induced changes in stress
system activity. Specifically, we examined (1) whether any
adaptation of the HPA system occurs after repeated EMF
applications, (2) if there is a relationship between these
processes and the intensity of the EMF, and (3) whether
EMEF exposure changes the HPA axis response to a sub-
sequent physiological stressor, and (4) what possible
mechanisms might account for the impacts of repeated
EMF exposure.

Materials and Methods

Animals

A total of 179 3-month-old male Wistar rats weighing 300-350
g were used. The number of animals was planned in accordance
with 3R principles (Replacement, Reduction, and Refinement; EU
Directive 2010/63/EU) [36]. Rats were housed in acrylic cages
lined with wood shavings and kept on a 12:12 h day-night schedule
(lights on at 7:00 a.m.) under standard laboratory conditions (tem-
perature: 22 + 2°C, humidity 55 + 10%). Standard laboratory chow
and water were available ad libitum. All procedures were approved
by the Local Committee for Ethics in Animal Research in Bydgo-
szcz, Poland (decision number: 3/2018).

Experimental Design

Experiments were conducted using the applicator (coil) used
in magnetotherapy as a source of EMF (Elektronika i Elektrome-
dycyna Sp. J., Otwock, Poland). The system for EMF exposure is
shown in Figure 1. An EMF with the domination of magnetic
component was generated by a 20-cm-diameter coil composed of
282 turns of copper wire. A detailed description of the apparatus
has been published elsewhere [37, 38]. The coil and variable auto-
transformer power supply produced homogeneous, sine-wave al-
ternating EMF at 50 Hz and with intensities 1 and 7 mT. The
magnetic flux density was measured before each experiment using
a Gauss metre (Model GM2; AlphaLab, Inc, USA). The non-ho-
mogeneity of the EMF within the area containing the animal’s
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b The scheme of the coil with the plastic box containing the rat; the
coordinates system; the distribution of the EMF along the main
axis of the coil within the area of the animal’s cage. B, magnetic flux

cage was approximately 10%. Control groups of animals were
handled in an identical manner (in the sham exposure system with
similar experimental procedures) to obtain the same experimental
conditions, except for the presence of EMF (<10 pT). The tem-
perature during experiments (for both control and EMF-exposed
groups) was monitored using thermocouples mounted under
each exposure system and was set to 26 + 1°C. Experiments were
conducted in an isolated room (with controlled light and tem-
perature T = 23 + 1°C). In our study, the EMF parameters were

Dose-Dependent Effect of Electromagnetic
Field on HPA Axis Activity

density vector; B/By,,y, normalized magnetic flux density relative
to the maximal value; z/1, normalized distance from the coil centre
along z-axis; x/r, normalized distance from the solenoid centre
along x-axis; 1, coil length; r, coil radius.

based on European Union Directive 2013/35/EU [39], which sug-
gests that the limitation of EMF (50 Hz) exposure to 1 mT reduc-
es the potential for damage, while exposure to EMF >6 mT causes
measurable biological effects, e.g., DNA damage [8] or the gen-
eration of neuronal networks synchrony firing [40]. Such EMF
parameters are commonly applied in magnetotherapy. Rats were
repeatedly exposed for 1 h/day for 7 days to an EMF (50 Hz, 1 mT,
or 7 mT) in a scheme corresponding to the extensive therapeutic
application (frequency lower than 100 Hz, a magnetic flux den-
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sity ranging from 0.1 mT to 20 mT, periods of exposure 30-60 min
for 1-2 weeks) [41].

After 7 days of habituation to the laboratory environment, each
rat was placed in an opaque plastic box (12 cm x 20 cm X 14 cm)
with a perforated plexiglass cover and with wood shaving bedding.
Randomly assigned boxes were put into the centre of the EMF coil
or sham exposure system (control). Animals were able to move
freely within their chambers. After exposure to EMF or control
conditions, the concentrations of HPA axis hormones and relative
mRNA transcript abundance of their receptors were assessed — de-
scribed in this research as “basal” (B) level. The second set of ex-
periments evaluated open-field (OF) stress-induced levels of these
parameters in animals previously exposed to EMF or control con-
ditions. All procedures were carried out between 09:00 and 12:00
to avoid circadian fluctuations.

The rats were divided into the following groups.

1. EMF/B/1mT - animals exposed to EMF (50 Hz, 1 mT),

2. EMF/OF/1mT - animals exposed to EMF (50 Hz, 1 mT) and
subsequently exposed to OF test,

3. EMF/B/7mT - animals exposed to EMF (50 Hz, 7 mT),
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4. EMF/OF/7mT - animals exposed to EMF (50 Hz, 7 mT) and
subsequently exposed to OF test,

5. C/B - control animals subjected to the same experimental pro-
cedure as the experimental groups 1, 3, without EMF exposure,

6. C/OF - control animals subjected to the same experimental
procedure as the experimental groups 2, 4, without EMF expo-
sure.

The experimental design is shown in Figure 2. Rats from groups
EMF/B/1mT, EMF/OF/1mT, EMF/B/7mT, and EMF/OF/7mT
were exposed for three periods (E1, E2, E3) of low (1 mT) or high
(7 mT) EMF level every 3 weeks. We have chosen such a schedule
as our previous experiments showed that the effect of a single ex-
posure to EMF was still observed 3 weeks later in the case of EMF
of 1 mT and even after 3 months from the end of the exposure to
7 mT [unpublished data].

Each period included 7-day exposure, 1 h a day. After each pe-
riod of exposure, a subset of rats from groups EMF/B/1mT and
EMF/B/7mT was killed by decapitation to assess the effects of sin-
gle or recurrent EMF exposure. Animals from groups EMF/
OF/1mT and EMF/OF/7mT were tested in an OF apparatus, after
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El, E2, or E3, and then decapitated to determine stress-induced
changes in parameters as a consequence of prior exposure to EMF.
Control rats (C/B and C/OF) were subjected to exactly the same
experimental procedure but without EMF exposure. Body weights
were monitored throughout the experimental period, but no
changes were found.

The influence of EMF on concentrations of HPA axis hor-
mones and receptors’ relative mRNA transcript abundance in rel-
evant brain structures, organs, and tissues was determined: CRH
in the HYP, CRH-RI and ACTH in the pituitary gland (PG),
MC2R and CORT in the AG, ACTH and CORT in plasma as well
as MRs and GRs in the HIP. To evaluate the direction and dynam-
ics of the changes in the level of stress markers, they were analysed
after each period (E1-E3) of 7-day exposure to control conditions
or to EMF (1 mT and 7 mT) (“basal” level of parameters) and in
animals from EMF-exposed groups and control group tested in OF
apparatus (OF-induced level of parameters).

Sample Collection

Following decapitation, blood samples were collected via car-
diac puncture in a solution of ethylenediaminetetraacetic acid di-
sodium salt (Na2EDTA; Sigma-Aldrich, Germany). After centrif-
ugation (20 min, 2,000 rpm), the resulting plasma was stored at
—20°C until future ELISA analysis.

The organs (brains and AG) were quickly removed. From the
brain, the following areas were dissected: the HYP, HIP, and PG.
Each of the collected structures was weighed and immediately fro-
zen in liquid nitrogen and stored at —80°C until further reverse
transcription-quantitative polymerase chain reaction (RT-qPCR)
and ELISA analyses.

Determination of HPA Axis Hormone Concentrations: CORT,

ACTH, CRH

Tissues were homogenized on ice in a pre-cooled PBS buffer
containing a proteinase inhibitor cocktail (Roche Cat. No.
11836145001) (100 mg of tissue per millilitre). Rat Corticoliberin,
Rat Corticotropin, and General Corticosterone ELISA kits were
used to determine the concentrations of the hormones (EIAab Cat.
No. E0835r, E0626r, E0540Ge, respectively). All procedures were
conducted according to standard guidelines provided by the man-
ufacturers. Each sample was measured in duplicate. Colourimetric
changes in the assay were detected using a multi-mode microplate
reader, Epoch 2 (BioTek Instruments, Inc., Winooski, UT, USA).
The optical density was measured at 450 nm, setting the optical
density of the blank well to zero. A standard curve was created by
reducing the data using Gen5 Software, generating a four-param-
eter logistic curve-fit.

Assay of mRNA Encoding Receptors: GRs, MRs, MC2R,

CRH-RI

RT-qPCR was performed to determine the relative mRNA
transcript abundance of GRs, MRs, MC2R, CRH-R1 in collected
organs. Total RNA was extracted using an HP RNA tissue kit RNA
(Roche Cat. No. 11828665001), and concentration was measured
by absorbance at 260 nm (A260/280) using a NanoDrop 2000
(Thermo Fisher). Approximately 1 pg of total RNA was used to
generate complementary DNA (cDNA) by reverse transcription
using EvoScript Universal cDNA Master (Roche Cat. No. 07 912
455 001) and random hexamer primers according to manufactur-
er’s instructions. Next, 10 ng of cDNA was used to amplify the

Dose-Dependent Effect of Electromagnetic
Field on HPA Axis Activity

target gene by real-time qPCR using 0.2 uM specific primers (Sig-
ma-Aldrich) and SYBR Green PCR Master Mix (Roche Cat. No.
12239264001) on LightCycler® 96 System (Roche) (online suppl.
Table S1; see www.karger.com/doi/10.1159/000527878 for all on-
line suppl. material). Initial denaturation was performed at 95°C
for 10 min, followed by 50 cycles of 95°C for 15 s primer annealing
(58-64°C). p-Actin and GAPDH were evaluated as housekeeping
genes using the BestKeeper approach to determine the stability of
gene transcript abundance under experimental conditions [42].
B-Actin was selected as the housekeeping gene for calculations
(stability coefficient was 0.963 for B-actin vs. 2.0 for GAPDH). To
determine the PCR efficiencies, standard curves for both target
and control genes were obtained using a series of cDNA dilutions
as a template. The relative gene transcript abundance was calcu-
lated according to the Pfaffl et al. [42] method using REST soft-
ware. Results were reported as the fold change in gene transcript
abundance.

OF Test

An OF test was used to evaluate the responsiveness of the ani-
mals to a stressful novel environment. The OF apparatus was a grey
square box (100 cm x 100 cm), enclosed by walls (50 cm height)
with a 100 W halogen bulb suspended 30 cm above the centre as the
only source of light. To measure the thigmotaxis; the behaviour of
locomotion close to the walls, avoiding the central area and the
non-thigmotactic behaviour; locomotion in the central exposed
area away from the walls, the arena for analysis was divided into
zones (online suppl. Fig. S1): the border zone including corners,
inner zone, and central zone. The following variables of behaviour
were analysed (1) in the whole arena: latency to first movement (s);
time of motor activity (s), distance moved (cm), and mean velocity
- the distance moved per unit of time (cm/s); (2) in the border zone:
total time spent in the zone (s), total time spent in corners (s); (3)
in the central zone: total time spent in the zone (s), number of en-
tries into the central zone. The OF apparatus was placed in a sound-
isolated room with lighting conditions and environmental cues
held constant throughout testing. Each trial lasted 5 min, and the
box was cleaned with Mediseptol H Neutral (Alpinus Chemia, Po-
land). All behavioural sessions were recorded and analysed with the
EthoVision 11 software (Noldus, Wageningen, The Netherlands).

Data Analysis

To analyse the effect of repeated exposure to EMF on stress re-
sponses, we applied 2-way general linear models (GLMs), sepa-
rately for each hormone. To test the impact of EMF on behavioural
stress responses, we used multivariate analysis of variance. The
data were transformed when necessary to meet the GLM and mul-
tivariate analysis of variance assumptions (normality was tested
with a Shapiro-Wilk test and homoscedasticity with a Levene test).
Significant terms were further explored using the Bonferroni-cor-
rected post hoc test adjusted to the design of particular experi-
ments. Part of the data did not meet the criteria for parametric
tests, even after transformations (natural logarithm, decimal loga-
rithm, square root). For such data, we used a non-parametric anal-
ysis of variance (Kruskal-Wallis test with Bonferroni correction).
Differences between compared data were considered significant
when p < 0.05. The analyses were carried out using SPSS 25.0 pack-
age (IBM Inc.). The figures in the Results section present only sig-
nificant effects of categorical factors displayed in the analysis (see
online suppl. Tables S2-S5).
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Fig. 3. “Basal” concentrations of HPA axis hormones: CORT in
plasma (n = 77; 8-10 in each group for each exposure) (a), CORT
in AG (n = 56; 5-7 in each group for each exposure) (b), ACTH in
plasma (n = 86; 8-10 in each group for each exposure) (c), ACTH
in PG (n = 45; 5 in each group for each exposure) (d), and CRH in
the HYP (n = 89; 9-10 in each group for each exposure) (e) in rats
exposed once to three times (E1-E3) to EMF of 1 or 7 mT or con-
trol conditions. Presented values are predicted by the GLM model
for a significant intensity of the EMF (mT) x number of exposures
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(E1-E3) interaction (a, b, d, e) or significant effect of intensity of
the EMF (mT) (c). Boxes indicate the lower quartile, median, and
upper quartile, and whiskers indicate the range of changes (mini-
mum to maximum). Statistically significant differences between
animals from the same group are denoted *p < 0.05, **p < 0.01, and
##p < 0.001 and these between experimental groups are denoted
*p <0.05,**p <0.01,and ***p < 0.001. Note different scales on each
plot.
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Fig. 4. Receptor genes’ “basal” relative mRNA transcript abun-
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Values are presented as mean + SEM. Statistically significant dif-

Results

EMF-Modified HPA Axis Hormone Concentrations

and Receptor mRNA Abundance (“Basal”)

Opverall, the data showed that EMF exposure activated
HPA axis variables in a dose-related manner.

Hormones

The profile of changes in “basal” plasma CORT con-
centrations (Fig. 3a) was similar to that of adrenal CORT
concentrations (Fig. 3b). Under control circumstances,
“basal” concentrations of corticosterone were low and
were unaltered by single or repeated exposure to the ap-
paratus, suggesting the set-up was not stressful per se.

Dose-Dependent Effect of Electromagnetic
Field on HPA Axis Activity

ferences between animals from the same group are denoted, *p <
0.05, *#p < 0.01, and **p < 0.001 and these between experimental
groups are denoted *p < 0.05, **p < 0.01, and ***p < 0.001 (n = 54;
6 in each group for each exposure). Note different scales on each
plot.

There was a significant effect of EMF dose, with the high-
er level of EMF producing greater elevation of CORT in
adrenals and plasma (p < 0.001, online suppl. Table S2a,
b). A single period (E1) of exposure to low 1 mT EMF
significantly increased adrenal and plasma CORT con-
centrations (p < 0.001, Fig. 3a, b). Although there was no
effect of the number of exposures (online suppl. Table
S2a, b), a trend for lesser responses to repeated EMF ex-
posure was found. Conversely, with the 7 mT EMF, there
was no decline in CORT with repeated exposure.

As expected, ACTH concentrations in the pituitary
and plasma parallelled the changes in CORT (online sup-
pl. Table S2¢, d). The higher EMF led to greater induction
of ACTH (Fig. 3¢, d). There was a significant effect of
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or 7 mT or control conditions. Presented values are predicted by
the GLM model for a significant intensity of the EMF (mT) x num-
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ber of exposures (E1-E3) interaction (a, d) or significant effect of
intensity of the EMF (mT) (b, c, e). Boxes indicate the lower quar-
tile, median, and upper quartile, and whiskers indicate the range
of changes (minimum to maximum). Statistically significant dif-
ferences between animals from the same group are denoted, *p <
0.01 and **p < 0.001 and these between experimental groups are
denoted **p < 0.01 and ***p < 0.001. Note different scales on each
plot.
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EMF intensity on ACTH concentration in plasma, with
the higher level of EMF causing a greater elevation of hor-
mone concentration (p < 0.001, Fig. 3c). In the EMF/
B/1mT group, the ACTH concentrations in the pituitary
(Fig. 3d) were significantly increased after E1 and E2.
However, after the third exposure, there was attenuation
of ACTH induction, and its concentration came back to
the control value. In rats exposed to EMF of 7 mT, the
concentration of ACTH in PG increased with each sub-
sequent exposure.

CRH concentrations in the HYP increased with great-
er intensity of EMF and were further augmented with
each subsequent exposure to EMF (online suppl. Table
S2e; Fig. 3e). Single exposure (E1) to EMF of 1 mT sig-
nificantly increased CRH compared to control (p <0.001).
After second exposure (E2), CRH was still elevated to re-
ceive the value not significantly different from control,
perhaps suggesting habituation after E3. In the EMF/
B/7mT group, a statistically significant increase in CRH
concentration relative to the control group was noted af-
ter each subsequent exposure.

Receptors

Figure 4 presents intergroup comparisons of the “bas-
al” relative mRNA transcript abundance of (“mRNA”)
encoding HPA axis receptors (expressed as fold change
froman unrelated reference gene). Overall, the GRmRNA
abundance in the HIP (Fig. 4a) of EMF-exposed groups
was lower than control values, with a dose-response ef-
fect. However, the significant decrease of GR mRNA in
the EME/B/1mT group was observed only after E2 rela-
tive to the control group, while in the EMF/B/7mT group,
GR mRNA was remarkably lower after all exposures to
EMF in comparison to both: control and EMF/B/1mT
groups. In animals from the EMF/B/1mT group, signifi-
cantly higher hippocampal MR mRNA (Fig. 4b) was ob-
served after E1; after E2, the receptor mRNA still tended
to be elevated to receive the level not clearly different
from the control value after E3. In rats exposed to EMF of
7 mT, the MR mRNA in the HIP was under the detectable
threshold.

The profile of changes of MC2R mRNA in AG (Fig. 4¢)
in EMF-exposed groups was different. In EMF/B/1mT,
the lower of MC2R mRNA relative to that in the control
group was noticed only after a single exposure (E1) to
EMEF (p < 0.001). The lower of MC2R mRNA was found
in the EMF/B/7mT group in comparison to C/B and
EME/B/1mT after E1 and E2, which normalized to con-
trol level after E3.

Dose-Dependent Effect of Electromagnetic
Field on HPA Axis Activity

Overall, CRH-R1 mRNA in the PG (Fig. 4d) in EMF/
B/1mT was lower after each exposure to EMF in com-
parison to both: control and EMF/B/7mT groups. In rats
exposed to EMF of 7 mT, the CRH-R1 mRNA was not
significantly different relative to control group.

OF-Modified HPA Axis Hormone Concentrations

and Their Receptors’ Relative mRNA Transcript

Abundance

Hormones

Generally, the direction of changes in hormone con-
centrations in animals exposed to EMF of 1 mT and 7
mT and then exposed to subsequent stress factor - OF
test (EMF/OF/1mT and EMF/OF/7mT groups) - coin-
cided with their “basal” concentrations observed only
after exposure to EMF (EMF/B/1mT and EMF/B/7mT
groups) (online suppl. Table S3; Fig. 5). CORT concen-
tration in plasma in animals exposed to OF test was in-
fluenced by EMF intensity as well as by the number of
exposures (online suppl. Table S3a; Fig. 5a). The con-
centration of CORT in EMF/OF/1mT was higher after
El relative to the control group to reach the value typi-
cal for control animals already after E2. In EMF/
OF/7mT, we observed a higher concentration of the
hormone after E1, which was maintained after E2, and
then after E3, a clear decrease in the CORT concentra-
tion was noticed. The adrenal concentration of CORT
was enhanced only in animals exposed to EMF of 7 mT
(Fig. 5b).

In animals exposed to OF test, ACTH concentration
in plasma and PG was influenced by EMF intensity (on-
line suppl. Table S3c, d). The pituitary concentration of
ACTH in EMF/OF/1mT did not differ from the value no-
ticed in the control group, while in animals exposed to
EMF of 7 mT, the concentration of ACTH was signifi-
cantly enhanced in comparison to both control and EMF/
OF/1mT groups at all steps of the experiment (Fig. 5d).
In plasma, the hormone concentration increased with
higher EMF intensity (Fig. 5c). CRH concentration in the
HYP (Fig. 5e) was higher in both groups of rats exposed
to EMF (1 and 7 mT) relative to control.

Receptors

The level and direction of changes in all receptors’ rel-
ative mRNA transcript abundance (GRs, MRs, MC2R,
and CRH-R1) in all groups after the OF test were not very
different from their “basal” level (Fig. 6). There was an
increase in MR mRNA in EMF/OF/1mT in comparison
to the C/OF group, detected not only after E1 but also af-
ter E2 (Fig. 6b). Similarly, as in the EMF/B/7mT group,
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Note different scales on each plot.

in the EMF/OF/7mT group, MR mRNA was not detect-
able.

Comparison between “Basal” and OF Test-Induced

Concentrations of HPA Axis Hormones and Their

Receptors’ Relative mRNA Transcript Abundance

Hormones

We compared the “basal” concentrations of HPA hor-
mones to the concentrations of these hormones after the
OF test for each group: C/B versus C/OF; EMF/B/1mT
versus EMF/OF/1mT; and EMF/B/7mT versus EMF/
OF/7mT (online suppl. Table S4). In the control group,
the increase in concentrations of CRH in the HYP, ACTH
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in the PG, and CORT in plasma after exposure to OF test
was significant, which confirmed the stressogenic effect
of this kind of stress. The exposure to subsequent stress
factor profoundly decreased the ACTH in PG and CORT
in AGin rats exposed to EMF of 1 mT. In animals exposed
to EMF of 7 mT, the analysis did not reveal a significant
effect of OF test on hormone concentrations.

Interesting results have been received when we evalu-
ated the percentage changes in the concentrations of hor-
mones in comparison to their concentrations in the con-
trol (C/B) group separately after each exposure (set at
100% - reference value) (Fig. 7).
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In the EMF/OF/1mT group, CORT concentrations in
plasma (Fig. 7a) were lower than in EMF/B/1mT group
after E1 and E2; however, after E3 when the “basal” con-
centration returned to a level close to the control one, we

Dose-Dependent Effect of Electromagnetic
Field on HPA Axis Activity

observed increased CORT concentrations after OF. In
rats exposed to EMF of 7 mT and then to OF after El,
CORT was similar to the respective “basal” change ~30%
of the reference value. Then after E2 and E3, when the
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“basal” value increased to 292 and 190%, respectively, the
OF-induced concentrations were decreased to 94 and
73% of C/B value, respectively. The “basal” concentration
of CORT in AG (Fig. 7b) of animals exposed to EMF of 7
mT after each subsequent exposure was incredibly high
(536, 585, 901%, respectively), while OF did not further

increase CORT concentrations. In EMF/OF/1mT, simi-
larly, the “basal” concentration of the hormone was high-
er than the reference value in the C/B group, (although
the increase is not as high as in the EMF/B/7mT group),
and again after OF test, the CORT concentration in AG
was not further elevated.
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Fig. 9. Behavioural changes in OF test: total distance moved (cm) (a), movement velocity (cm/s) (b), total move-

ment time (s) (c), latency (s) (d), time in border zone (s) (e), time in corners (s) (f), entrance to central zone (g),

time in central zone (s) (h) in rats exposed once to three times (E1-E3) to EMF of 1 or 7 mT or control condi-

tions. Presented values are predicted by the GLM model for a significant intensity of the EMF (mT) x number of
exposures (E1-E3) interaction (a-c, e, f) or significant effect of intensity of the EMF (mT) (d, g, h). Boxes indicate

the lower quartile, median, and upper quartile, and whiskers indicate the range of changes (minimum to maxi-

mum). Statistically significant differences between animals from the same group are denoted *p < 0.05, *p < 0.01,

and **p < 0.001 and these between experimental groups are denoted *p < 0.05, **p < 0.01, and ***p < 0.001 (n =
90; 10 in each group for each exposure). Note different scales on each plot.
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It should be noticed the c.a. triple increase of the “bas-
al” concentration of ACTH in plasma in EMF/B/7mT af-
ter each subsequent exposure in comparison to all other
groups and the strikingly reduced concentrations of the
hormone after OF test, which was similar to the control
level (Fig. 7c). In the pituitary, the OF-induced changes
in ACTH concentrations were similar (Fig. 7d). In both
groups exposed to EMF (1 mT and 7 mT), OF test did not
induce an increase in CRH concentrations (Fig. 7e).

Receptors

We evaluated the percentage changes in the relative
mRNA transcript abundance of receptors (GR, MR,
MC2R, and CRH-R1) after OF test in comparison to their
mRNA transcript abundance in the control C/B group
after each exposure (setat 100% — reference value) (Fig. 8).
After the OF test, the hormone receptor mRNA did not
differ from its “basal” abundance. The only important
change concerned the MR and GR mRNA in the HIP in
rats exposed to EMF of 1 mT. The OF-induced increase
of MR mRNA was visible not only after the first exposure
to EMF but also after the second one. We also noticed the
restoration of GRs to the control level in this group.

Behavioural Analysis

Opverall, the activity level in rats exposed to EMF of 7
mT was higher relative to both control and animals ex-
posed to EMF of 1 mT (online suppl. Table S5; Fig. 9).

Whole Arena

The distance moved (Fig. 9a) by control animals was
at a similar level after all exposures (E1-E3) with a slight
increase after the last exposure. In the EMF/OF/1mT
group, the distance moved during all subsequent tests did
not differ from values noticed in C/OF group. The longest
distance in OF was travelled by rats from EMF/OF/7mT
after the first exposure (E1) to the EMF. After subsequent
exposures to EMF (E2 and E3), the decrease in the value
of this parameter was observed.

In all groups, the profile of changes in movement ve-
locity (Fig. 9b) and total movement time (Fig. 9c) was
similar to that observed in the case of distance moved as
the parameters are related to each other. Rats exposed to
EMF of 7 mT showed significantly shorter latency to start
the movement after placement in OF than that noticed in
control and exposed to 1 mT EMF rats (Fig. 9d).

Border Zone
In the control group, the time spent in the border zone
(Fig. 9e) after E1 and E2 remained at a similar level and
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was significantly reduced after E3. In the EMF/OF/1mT
group, the significant reduction in time spent in the bor-
der was observed already after E2. Rats exposed to EMF
of 7 mT moved significantly less in the border zone al-
ready after E1; after E2, the value of the parameter was still
decreased to receive the control value after E3.

The time spent in corners (Fig. 9f) did not differ be-
tween control and EMF/OF/ImT groups. However, in
both groups, a significant gradual reduction in time spent
in the corners after subsequent exposures was observed.
Rats exposed to EMF of 7 mT spent significantly less time
in the corners relative to other groups.

Central Zone

Rats exposed to EMF of 7 mT made more entries to the
central zone (Fig. 9g) and spent a relatively greater pro-
portion of time in the central zone of OF (Fig. 9h) than
that noticed in control and exposed to 1 mT EMF rats.

Discussion

Our research has shown that the impact of repeated
exposure to EMF on the HPA axis activity depends on the
intensity of EMF. The increase of HPA axis hormone
concentrations in rats exposed to EMF of 1 mT was max-
imal after the first exposure to EMF and was attenuated
with each subsequent exposure. The initial increase in
CRH induced the compensatory reaction — the reduction
of relative mRNA transcript abundance of CRH-R1 re-
ceptors after each subsequent exposure to EMF. This may
reflect an adaptive process aiming at diminishing the
HPA axis activity in response to moderate stress [43]. The
EMF-induced increase of ACTH release was accompa-
nied by a parallel decline in MC2R mRNA transcript
abundance only after the first exposure. Data suggest neg-
ative feedback on MC2R expression imposed by both its
ligand (ACTH) and glucocorticoids [44]. The profile of
corticosterone release from AG in the 1 mT EMF group
appears to be a summated effect of several processes at
higher levels of the HPA axis: the initial increase and then
the decrease of hormone concentrations with each subse-
quent exposure. However, it should be stressed that the
CORT concentrations were higher than that in control
animals after each subsequent exposure. The results sug-
gest that even a low intensity of EMF (1 mT) is a chal-
lenge, causing an HPA axis stress response, if relatively
weak and temporary. Similarly, most other research also
indicated that a low level of EMF (<1 mT) causes an in-
crease of HPA axis hormone concentrations [12, 13, 15].
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In the group exposed to high EMF intensity (7 mT),
the concentrations of HPA axis hormones were signifi-
cantly higher than values recorded in both control and
low-dose EMF (1 mT), and there was no apparent habitu-
ation with repeated exposure. Up-regulation of CRH pre-
dicts an enhanced capacity for stress excitation and is
purported to reflect a “chronic stress-recruited” pathway
[45], a phenomenon that can explain the high activity of
the HPA axis in the 7 mT EMF-exposed group. The lack
of down-regulation of CRH-R1 in this group can be the
result of the stimulating role of a much higher concentra-
tion of CORT on the mRNA transcript abundance of the
receptors in rats exposed to 7 mT than in 1 mT exposed
ones. The ACTH concentration in the PG increased 4
times after first exposure and becomes even higher with
each next exposure. Although we observed a decrease in
relative MC2R mRNA transcript abundance after the 1st
and 2nd exposure to EMF of 7 mT, the CORT release was
not limited. The decrease in MC2R receptors may repre-
sent the adaptive response aimed to diminish the HPA
axis activity; however, in such challenging stress situa-
tion, it seems that the regulatory mechanisms became in-
sufficient or the HPA axis activity is regulated outside the
main short-loop feedback. As a consequence of the cu-
mulative effect of repeated severe stress, the glucocorti-
coid responses to a given stressor can be amplified [46].
A much stronger influence of the high-density EMF on
the activation of stress systems was also demonstrated in
other studies, e.g., increase in corticosterone secretion af-
ter chronic exposure to EMFs (3 mT) [14].

Apart from the negative feedback operating between
components of the HPA axis, the important role in the
regulation of HPA axis activity is played by GRs and MRs
in the HIP. MRs play a crucial role at the onset of the
stress reaction and increase neuronal excitability [35]. Fi-
nally, mineralocorticoid signalling is believed to play a
major role in inhibiting HPA axis tone. GRs maintain the
initiated stress response and then dampen neuron excita-
tion, normalizing brain activity and promoting recovery
[28].

MR-mediated corticosteroid negative feedback during
stress may be an important mechanism that helps mini-
mize the exposure of target tissue to corticosteroids, es-
pecially in the context of repeated stress [47-49]. Thus,
increased MR mRNA might culminate in decreased HPA
axis activity [50, 51] observed in our experiments with
each subsequent exposure to 1 mT EMF. In contrast, hip-
pocampal MR and GR down-regulation promotes CORT
hypersecretion. The degree of such down-regulation var-
ies with the nature and duration of the stressor applied,

Dose-Dependent Effect of Electromagnetic
Field on HPA Axis Activity

but in general, the stronger the stress, the more profound
the MR and GR down-regulation [52, 53]. The increase in
circulating CORT with each subsequent exposure to EMF
of 7mT may thus be related to loss of glucocorticoid feed-
back control of the HPA axis associated with decreased
GR mRNA transcript abundance and even more with
profound down-regulation of MR mRNA in the HIP.
This phenomenon is also observed with other kinds of
stress. In chronically stressed mice, the decrease in the
relative mRNA transcript abundance of hippocampal MR
and GR was accompanied with the increase of corticoste-
rone concentration [54]. Also, changes in MR/GR bal-
ances have been found in patients with psychiatric disor-
ders [55], emphasizing the importance of both CORT re-
ceptors, as particularly noted with high-intensity EMF
exposure. Any implications for psychopathology are now
important to determine.

Our results are consistent with the studies that con-
firmed the differences in the course of repeated exposure
to some kind of stressor depending on stressor stimulus
intensity [46, 56]. One weak/moderate challenge to the
organism results in the inhibition of the HPA axis activ-
ity to the next second stimulus, as a consequence of feed-
back inhibition, characterized by a decreasing glucocor-
ticoid response over time [57]. It was suggested that MR
blockade impairs the ability to habituate to stress [48].
Our results showed that repeated exposure to EMF of 1
mT engenders a weak and temporary stress response. The
decrease in CORT release with each exposure to 1 mT
EMF may be partly explained by increased MR expres-
sion in the HIP. However, if stress stimuli are sufficiently
intense, facilitation can override feedback inhibition, re-
sulting in higher peak glucocorticoid concentrations to
successive stimuli [56, 58]. The increasing activation of
the HPA axis with each subsequent exposure to 7 mT
EMF may reflect this phenomenon.

Our study is the first to show a hormetic, bidirectional
effect of EMF (50 Hz) in vertebrates in vivo: adaptation at
low EMF but sensitization at a higher magnetic flux den-
sity. A hormetic effect of radiofrequency EMF (1,800
MHz) on genomic DNA has been also reported in vitro
in mouse embryonic fibroblasts [59]. In case of low-fre-
quency EMF (50 Hz), the hormetic effect to our knowl-
edge, has only been shown till now in Drosophila melano-
gaster [60]. Our results allowed us to conclude that re-
peated exposure to EMF of 1 mT shifts the set-point of
stress systems activity, leading to adaptation to this kind
of stress. Conversely, in animals exposed to EMF of 7 mT,
the shift of the set-point of stress systems activity into
augmented vulnerability was noticed. In consequence,
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the shifted set-point of HPA axis can influence the re-
sponse to the subsequent heterotypic stress — the OF. It
has been found that the novel stress-induced activation of
the HPA axis after the repeated exposure to homotypic
stress may cause increased glucocorticoid release, the
shut-off of the stress response or in extreme cases hypo-
responsiveness driven by adrenal exhaustion [61]. E.g.,
the strong social stress in mice finally caused them to
cross the line from enhanced adrenal reactivity to adrenal
exhaustion, a condition which was associated with sub-
stantial physical morbidity [62].

The profile and dynamics of OF-induced changes in
hormone concentrations and their receptors’ mRNA
transcript abundance almost completely covered their
basal levels — observed just after subsequent exposures to
EMEF or control conditions. However, if we evaluated the
percentage changes in specific hormone concentrations,
it became clear that in groups exposed to EMF, the release
of hormones stimulated by another stress was dimin-
ished. This was most evident in the 7 mT EMF group,
where OF-induced concentrations of all hormones of the
HPA axis were severalfold lower than their respective
“basal” concentrations. This may express a “ceiling effect”
because “basal” CORT concentration was 5, 7,and 9 times
higher than the value in control animals. Thus, it is likely
that the further increase of CORT concentration in re-
sponse to the next stressor was limited which reflects the
adrenal exhaustion phenomenon. In animals exposed to
1 mT EMF, HPA hormonal responses to the OF challenge
were attenuated. As levels of stress hormones were lower
than after 7 mT EMF exposure, this is not likely to be ad-
renal exhaustion but is more probably an adaptation to
heterotypic stressors. Interestingly, this coincided with
the restoration of GR mRNA. Moreover, OF-induced in-
crease in hippocampal MR mRNA appeared not only af-
ter the first exposure to EMF but was even higher after the
second one. This suggests that previous EMF exposure
acts as preconditioning which facilitates an adaptive re-
sponse to subsequent stress events. A common observa-
tion in studies of hormesis is that exposure to low levels
of one type of hormetic agent induces pathways respon-
sible for brain plasticity to protect cells and organisms
against subsequent heterotypic stress [33].

An association between EMF exposure and emotional
behaviour has been indicated in many but not all studies.
Behavioural effects of the EMF depend on the length, fre-
quency, and intensity of exposure [15, 63]. Some reports
noted reduced activity of animals after EMF exposure,
and an anxiety-like behaviour, others observed anxiolytic
effect or did not observe any changes. It is reasonable to
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speculate that EMF-induced behavioural changes may be
attributed in part to the effect on HPA axis [33]. In our
study, rats exposed to EMF of 7 mT showed less anxiety-
related behaviour than that noticed in control and ex-
posed to 1 mT EMF rats. This anxiolytic behaviour in the
OF test may be due to substantive corticosterone release
reduction. Moreover, the lower MR mRNA in the HIP,
following 7 mT EMF exposure, could also underlie in-
creased activity in OF. Indeed, MR antagonism decreases
anxiety behaviour in rats [64].

We did not observe the difference in behaviour in OF
tests in animals previously experienced with 1 mT EMF
in comparison to control animals. We suggest that the
stress system reaction evoked by the low-stress factor — 1
mT EMF - was not strong enough to change their behav-
iour. Similarly, mice prenatally exposed to EMF (50 Hz,
1 mT) did not show changes in anxiety-like behaviour
[65].

The effects of exposure to EMF are particularly preva-
lent in the HIP [17, 19]. Corticosterone exerts a bidirec-
tional, dose-dependent effect on hippocampal function.
Whereas the highly elevated corticosterone concentra-
tions potentiate excitotoxicity and disturb HPA axis func-
tion, low concentrations of corticosterone protect against
excitotoxic neuronal damage and promote brain plasticity
(hormesis-like effect) [29, 47]. High-density (8 mT) EMF
causes memory impairment and cell death [8, 24]. On the
other hand, low EMF (1 mT or less) stimulates hippocam-
pal plasticity [17-20]. Glucocorticoids impact the survival
of hippocampal neurons and neuroplasticity via activa-
tion of MR [27, 29, 47]. The finding that EMF of 1 mT
specifically induces MR mRNA in the HIP is in line with
the previous findings that sub-lethal challenge can in-
crease neuronal MR expression and may serve as a com-
pensatory mechanism designed to induce neuronal plas-
ticity. To summarize, the bidirectional effects of low- and
high-density EMF exposure might be related to different
MR mRNA abundance as they influence the HPA axis ac-
tivity and also because of their neuroprotective value.

Conclusion

Our study suggests that the EMF intensity is the crucial
factor determining the bidirectional influence of low-fre-
quency EMF on the brain: positive — promoting brain
plasticity that improves the neuroadaptation to subse-
quent stress exposures or negative — responsible for the
disturbance of stress response and increasing sensitivity
to subsequent stressors and perhaps the risk of stress-in-
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duced disorders. Thus, the proposed study is a pioneer
because for the first time, we suggest such “hormetic
mode of action” of EMF (50 Hz) in vertebrates (verified
on rat model). The results can contribute to explaining
the fundamental mechanisms of the bidirectional re-
sponses to EMF and provide a new view on possible ther-
apeutic properties of the magnetic field as well as a new
direction in the risk assessment of EMF exposure. We
have shown for the first time the induction of hippocam-
pal neuronal MR mRNA in response to EMF of 1 mT in
rat brain. Although the consequences of increased MR
expression under these circumstances are not precisely
known, this phenomenon may represent an endogenous
response to protect the brain from subsequent injury. It
would be of interest to explore the long-lasting effects of
EMF-induced MR changes. As the consequences of per-
manent changes in the stress response can be multidi-
mensional, future research should further address the
EMF-induced mechanisms, mainly related to their thera-
peutic properties. We are also convinced that the results
of our research will help clarify the mechanisms of EMF
impact on health — which is very important for humanity
- living in more and more full of EMF environment.
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Fig. S1

Schematic representation of the open field (100x100x50cm) showing the areas in which the various
parameters of behaviour were recorded.



Supplement 2

Table S1 Primers for reverse transcription-quantitative polymerase chain reaction

Gene Forward primer Reverse primer Annealing

CRH-R1 | TTCTGAACAGTGAGGTCCGC AGGTGGGGATGGACATAGCT 60°C, 30 sec
MC2R ATCTGCAGTTTGGCCATTTC GCAATCACAGACAGGCTGAA 64°C, 30 sec
MR TGCATGATCTCGTGAGTGA AAGTTCTTCCTGGCCGGTAT 63°C, 20 sec
GR CACCCATGACCCTGTCAGTC AAAGCCTCCCTCTGCTAACC 60°C, 20 sec
GAPDH | TAAAGAACAGGCTCTTAGCACA AGTCTTGGAAATGGATTGTCTC  59°C, 15 sec
fS-actin CGTTGACATCCGTAAAGACCTC TAGGAGCCAGGGCAGTAATCT 58°C, 30 sec

CRH-R1, corticotropin releasing hormone receptor 1; MC2R, melanocortin receptor 2; MR, mineralocorticoid
receptor; GR, glucocorticoid receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase

Table S2 Results of statistical analysis of the ‘basal’ hormones concentrations in examined brain areas,
adrenal glands and plasma

Dependent
variable

Q.
=

Effect F P

26.711 (F)  <0.001
2.922 (F) 0.061
9.686 (F) <0.001

intensity of the electromagnetic field (mT)
number of exposures (E1-E3)
(mT) x (E1-E3)
Error
intensity of the electromagnetic field (mT)
CORT inadrenal  number of exposures (E1-E3)

gland (mT) x (E1-E3)
Error
intensity of the electromagnetic field (mT)
number of exposures (E1-E3)
(mT) x (E1-E3)
Error
intensity of the electromagnetic field (mT)
ACTH in pituitary  number of exposures (E1-E3)

a CORT in plasma

582.248 (F)  <0.001
0.217 (F) 0.806
17567 (F)  <0.001

327.958 (F)  <0.001
0.191 (F) 0.827

c ACTH in plasma 0.097 (F) 0.983

690.749 (F)  <0.001
0.832 (F) 0.443

ARoNZArONBSErNSAEONP AN

gland (mT) x (E1-E3) 12.135 (F) <0.001
Error
intensity of the electromagnetic field (mT) 50.460 (F) <0.001
e CRH in number of exposures (E1-E3) 18.540 (F) <0.001
hypothalamus (mT) x (E1-E3) 2.549 (F) 0.046
Error 80

F - ANOVA test, statistically significant P value - indicated in bold, CORT - corticosterone, ACTH -
adrenocorticotropic hormone, CRH - corticotropin-releasing hormone



Table S3 Results of statistical analysis of the OF-induced hormones concentrations in examined brain
areas, adrenal glands and plasma

Dependent

. Effect df F/H P
variable
intensity of the electromagnetic field (mT) 2 15613 (F) <0.001
. number of exposures (E1-E3) 2 4.239(F) 0.018
a | CORTinplasma v £1 g3) 4  862L(F) <0.001
Error 69
intensity of the electromagnetic field (mT) 2 359.091(F) <0.001
b CORT inadrenal  number of exposures (E1-E3) 2 0467 (F) 0.630
gland (mT) x (E1-E3) 4 2424 (F) 0.061
Error 48
. intensity of the electromagnetic field (mT) 2 67.874(H) <0.001
¢ ACTH in plasma number of exposures (E1-E3) 2 980 (H) 0.613
intensity of the electromagnetic field (mT) 2 381977(F) <0.001
d ACTH in pituitary  number of exposures (E1-E3) 2 2853 (F) 0.069
gland (mT) x (E1-E3) 4 4997 (F) 0.002
Error 42
o CRH in intensity of the electromagnetic field (mT) 2 19.883 (H) <0.001
hypothalamus number of exposures (E1-E3) 2 3.810(H) 0.145

F - ANOVA test, H - Kruskal-Wallis test, statistically significant P value - indicated in bold, CORT - corticosterone,
ACTH - adrenocorticotropic hormone, CRH - corticotropin-releasing hormone



Table S4 Results of statistical analysis of effects of open-field stress on hormones concentrations in
relation to their ‘basal’ concentrations in each experimental group

Dependent Effect df F P
variable/group
CORT in plasma open field effect 1 5.783 0.020
Control group number of exposures (E1-E3) 2 2.215 0.121
number of exposures x open field effect 1 1.199 0.311
Error 46
CORT in plasma open field effect 1 1.581 0.215
EMF/1 mT number of exposures (E1-E3) 2 20.034 <0.001
number of exposures x open field effect 1 0.841 0.438
Error 49
CORT in plasma open field effect 1 0.318 0.576
EMF/7 mT number of exposures (E1-E3) 2 13.978 <0.001
number of exposures x open field effect 1 4.246 0.021
Error 42
CORT in adrenal open field effect 1 0.383 0.542
gland number of exposures (E1-E3) 2 5.030 0.015
control group number of exposures x open field effect 2 0.318 0.578
Error 25
CORT in adrenal open field effect 1 87.208 <0.001
gland number of exposures (E1-E3) 2 12.840 <0.001
EMF/1 mT number of exposures x open field effect 2 10.580 <0.001
Error 30
CORT in adrenal open field effect 2 3.972 0.054
gland number of exposures (E1-E3) 1 11.238 <0.001
EMF/7 mT number of exposures x open field effect 1 0.354 0.704
Error 36
ACTH in plasma open field effect 1 1.678 0.201
control group number of exposures (E1-E3) 2 0.054 0.947
number of exposures x open field effect 1 0.230 0.796
Error 53
ACTH inplasma  open field effect 1 3.233 0.078
EMF/1 mT number of exposures (E1-E3) 2 0.713 0.495
number of exposures x open field effect 1 0.634 0.534
Error 54
ACTH in plasma open field effect 1 0.011 0.916
EMF/7 mT number of exposures (E1-E3) 2 1.591 0.213
number of exposures x open field effect 1 0.778 0.464
Error 54
ACTH in pituitary  open field effect 1 8.492 0.008
gland number of exposures (E1-E3) 2 0.925 0.410
control group number of exposures x open field effect 2 1.002 0.382
Error 24
ACTH in pituitary  open field effect 1 12.681 0.002
gland number of exposures (E1-E3) 2 3.596 0.043
EMF/1 mT number of exposures x open field effect 2 1.784 0.190
Error 24
ACTH in pituitary  open field effect 1 0.435 0.515
gland number of exposures (E1-E3) 2 6.820 0.004
EMF/7 mT number of exposures x open field effect 1 0.431 0.517
25

Error




m | CRH in open field effect 1 14.574 <0.001
hypothalamus number of exposures (E1-E3) 2 11.258 <0.001
control group number of exposures x open field effect 2 0.575 0.566

Error 52

n | CRH in open field effect 1 0.036 0.850
hypothalamus number of exposures (E1-E3) 2 8.430 <0.001
EMF/1 mT number of exposures x open field effect 2 4.238 0.020

Error 54

0 | CRHin open field effect 1 1.385 0.244
hypothalamus number of exposures (E1-E3) 2 1.213 0.305
EMF/7 mT number of exposures x open field effect 2 3.213 0.048

Error 54
F - ANOVA test, statistically significant P value - indicated in bold, CORT - corticosterone, ACTH -
adrenocorticotropic hormone, CRH - corticotropin-releasing hormone
Table S5 Results of statistical analysis of behavioural variables in open field test
Dependent Effect df F/H P
variable
Total distance intensity of the electromagnetic field (mT) 2 4545(F) 0.013
moved (cm) number of exposures (E1-E3) 2 1947 (F) 0.149
(mT) x (E1-E3) 4  5.013(F) 0.001
Error 81
Movement intensity of the electromagnetic field (mT) 2 4545 (F) 0.013
Velocity (cm/s) number of exposures (E1-E3) 2 1.909 (F) 0.155
(mT) x (E1-E3) 4 5141 (F) 0.001
Error 81
Total movement intensity of the electromagnetic field (mT) 2 3907 (F) 0.024
time (s) number of exposures (E1-E3) 2 0111 (F) 0.895
(mT) x (E1-E3) 4 5858 (F) <0.001
Error 81
Latency (s) intensity of the electromagnetic field (mT) 2 15355 (H) <0.001
number of exposures (E1-E3) 2 2590 (H) 0.274
Time in border intensity of the electromagnetic field (mT) 2 9.584(F) <0.001
zone (s) number of exposures (E1-E3) 2 4197 (F) 0.018
(mT) x (E1-E3) 4 2572 (F) 0.044
Error 81
Time in corners intensity of the electromagnetic field (mT) 2 5352 (F) 0.007
(s) number of exposures (E1-E3) 2 11.091 (F) <0.001
(mT) x (E1-E3) 4  4.415(F) 0.003
Error 81
Entrance to central intensity of the electromagnetic field (mT) 2 14.526 (H) 0.001
zone number of exposures (E1-E3) 2 2218(H) 0.330
Time in central intensity of the electromagnetic field (mT) 2 15.082 (H) 0.001
zone (s) number of exposures (E1-E3) 2 5.295(H) 0.071

F - ANOVA test, H - Kruskal-Wallis test, statistically significant P value - indicated in bold
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Abstract

Exposure of organisms to extremely low-frequency electromagnetic field (EMF; 50 Hz) has

been increasing in recent decades, which is connected with dynamic technological development. EMF
is considered as a stress factor and its effects on organisms are still being investigated. We aimed to
determine its impact on the locus coeruleus—noradrenergic (LC-NA) system enabling adaptation to
stressful conditions. For this purpose, we exposed rats to 50 Hz EMF of 1 and 7 mT, 1 h/day for 7 days.
The procedure was repeated three times to examine the organism's adaptive capabilities.
Subsequently, the concentration of adrenaline, noradrenaline and its metabolite MHPG as well as the
expression of the B2-adrenergic receptor were assessed. After the end of each exposure, part of the
animals were subjected to a behavioural test to assess the influence of repeated EMF exposure on
stress response to subsequent stress factors.
Our research proved that mechanisms underlying the effects of EMF on stress response include LC-NA
system. EMF of 1 mT induced adaptive changes in the NA-LC system. However, exposure to 7 mT
caused increased activity of stress system which resulted in sensitization to subsequent, heterotypic
stress factor. As EMF of 7 mT caused profound decrease in B2-AR would strongly inhibit the potential
for neuroplastic processes in the hippocampus. Moreover, rats exposed to EMF of 7 mT showed
moderately increased anxiety-related behavior.

Disturbances in NA-LC transmission may underlie the development of some
neurodegenerative and psychiatric diseases which indicates the possible involvement of EMF in the
pathogenesis of these disorders.

Highlights

1) The effect of the low-frequency electromagnetic field effect on LC-NA activity
is hormetic

2) High dose of ELF-EMF (7 mT) causes hyperreactivity of the adrenergic system

3) The repeated exposure to EMF change the response to another stress factor

4) Rats exposed to EMF of 7 mT showed disturbed anxiety-related behaviour

5) 7 mT EMF caused a decrease in B2-AR thus can inhibit the neuroplastic processes in the
hippocampus
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1. Introduction

Society is temporarily or in some cases permanently exposed to electromagnetic fields (EMF),
which as was proved have an impact on the function of the organism. The rapid development of
science and technology has resulted in the introduction of many new devices and technologies in
industry, agriculture, and everyday life (Touitou & Selmaoui 2012). Electrical appliances and overhead
power lines emit electromagnetic fields at extremely low frequencies (1-300 Hz) (Touitou and
Selmaoui, 2012). The important question which arises is whether our organism can adapt to this
environmental factor or whether its impact is permanent.

According to the Directive 2013/35/EU, the limitation of EMF (50 Hz) exposure level to the
value of 1 mT reduces the potential for damage. On the other hand, 50 Hz EMF of intensity higher than
6 mT causes clear biological effects, e.g. apoptosis, DNA damage or oxidative stress (Duan et al., 2013;
Yin et al., 2016; Klimek et. al., 2022).

It is accepted, that EMF exposure may count as a stress situation (Sedghi et al., 2005; Mahdavi
et al. 2014; Ebrahimzadeh Abarghoee et al., 2022; Huang et al., 2023; Klimek et al., 2023) and may
activate a wide spectrum of interacting neuronal, molecular and neurochemical systems that underpin
behavioural and physiological responses (Szemerszky et al., 2010; Kitaoka et al., 2013). Numerous
studies have suggested an association between chronic EMF exposure and psychiatric disorders
(Hosseinabadi et al., 2019; Klimek and Rogalska, 2021). The mechanisms underlying the purported
impact of EMF could involve disturbances in stress systems.

External and internal stimuli are channelled via the nervous system to the hypothalamus. Once
a stressor has been perceived, the sympatho-adrenal-medullary (SAM) axis becomes activated to help
the organism in adapting (Krugers et al. 2012). SAM is regulated primarily by neurons of the locus
coeruleus (LC), the main source of noradrenaline (NA) in the brain (Morris et al., 2020).

The locus coeruleus —noradrenergic system (LC-NA) exerts a widespread influence on neuronal
circuits. Dysregulation of the LC—NA system may be associated with numerous cognitive and affective
disorders including stress-related disorders (Berridge and Waterhouse, 2003; McCall et al., 2015). The
LC projects to various structures, including the hippocampus, and the hypothalamus. Stress-induced
noradrenaline release acting via specific adrenergic receptors leads to an enhanced state of arousal,
which is critical for adaptive responses to stress (Tafet and Bernardini 2003; Morris et al., 2020).
Noradrenaline (NA) can modify the neuronal plasticity in the hippocampus mainly via B2-
adrenoreceptors (B2-AR) (Bacon et al., 2020). NA acting on B2-AR is a key determinant of stress-related
gene expression (Aloyz et al. 1999; Roszkowski et al. 2016; Privitera et al., 2023) and underlies the
hippocampal synaptic plasticity (Marien et al. 2004; Maity et al., 2022).

Electromagnetic fields accompany the life of the organisms and probably, to a certain extent
modify some crucial neuronal processes (Touitou and Selmaoui, 2012), but we postulate that the
impact is not definitely negative, and the direction and dynamics of EMF-induced changes depend on
the EMF intensity (magnetic flux density). It is known that elevated doses of compounds or
environmental factors can be harmful to biological systems, whereas lower doses prompt the
activation of endogenous survival systems, a phenomenon called hormesis (Calabrese, 2001; Mushak,
2016; Calabrese and Mattson, 2017). The hormetic dose-response relationship may manifest following
an initial disturbance of homeostasis, necessitating subsequent re-establishment. It involves gene
expression and protein synthesis unfolding over time; hence, the temporal aspect of hormesis
determines its final impact (Calabrese, 2001).
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We suggest that the impact of electromagnetic fields (EMF) on the organism follows a hormetic
pattern, leading to activations of stress response systems involving the LC-NA system. This implies that
EMF exposure has the potential to establish a new "set-point" for stress system activity, with the
direction and dynamics of this process dependent on the field's intensity. The alterations induced by
EMF in NA and its receptor levels may trigger "cellular hormesis" through the activation of intrinsic
signalling pathways. The initial exposure to electromagnetic fields (EMF) may modulate the set-point
of stress system activity, whereby each subsequent EMF exposure would overlap the established set-
point status of stress response system activity during the preceding exposure. Consequently, EMF can
modify the organism's susceptibility to subsequent stress factors and, thereby, to diseases, particularly
those associated with the nervous system, in a bidirectional manner: either compensatory or
deleterious. Hence, the final effect of exposure to EMF can depend on the subtle interplay between all
components of stress response and subsequent cellular processes. Our previous research has
confirmed that the impact of the electromagnetic field on one of the key regulatory systems of the
stress response - the hypothalamic-pituitary-adrenal axis (HPA), aligns with the principles of hormesis.
The impact of repeated exposure to EMF on the HPA axis activity is bidirectional and depends on the
intensity of EMF (Klimek et al., 2023).

The aim of the research was the verification of the impact of EMF on LC-NA system activity.
Thus, we decided to test the hypotheses:

1. ELF-MF-induced changes in LC-NA system response and their direction and dynamics depend
on the strength of the field (hypothesis 1)

2. ELF-MF modifies the activity of LC-NA system in permanent way, and thus changes the stress
response to subsequent stress factors (hypothesis Il)

2. Materials and Methods

Animals

The experiments were performed on a total number of 180 3-month-old male Wistar rats
(weighing between 300 and 350 g). Animals were kept in acrylic cages lined with wood shavings in the
room with a 12h:12h day-night cycle (lights on at 7:00 a.m.). Standard conditions were ensured in the
room (temperature: 22 + 2°C, humidity 55£10 %). Rats received standard laboratory food and tap
water ad libitum.

All experiments were planned and carried out following 3R principles (Replacement, Reduction
and Refinement; EU Directive 2010/63/EU). Protocols of the experiments were approved by the Local
Committee for Ethics in Animal Research in Bydgoszcz, Poland (decision number: 3/2018).

Electromagnetic field exposure setup

20 cm diameter coils (Elektronika i Elektromedycyna Sp. J., Otwock, Poland) composed of 282
turns of copper wire were used to generate an electromagnetic field (EMF) with the predominance of
the magnetic component. The details of the exposure system have been described in previous
publications (Biernkowski and Wyszkowska, 2015; Trawinski et al., 2010). EMF produced by coil and
Variac power supply was homogeneous and sine-wave alternating at 50 Hz and the range of the
intensities 0.1 - 8 mT (Fig. S1). Two values of magnetic flux density were used in the experiments: 1
and 7 mT. Gauss meter (Model GM2, Alphalab, Inc, USA) was used to measure the magnetic flux
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density before each exposure. EMF within the area containing the animal’s cage was non-
homogeneous at the level of 10 %. Animals in control groups were subjected to the same experimental
procedure (sham exposure system) without the influence of EMF (<10 uT). During exposures, the
temperature in coils was monitored using thermocouples mounted under each exposure system.

Experimental design

Animals were habituated to laboratory conditions for 7 days. Afterwards, exposures were
performed. The rats were assigned to the following groups:
1) EMF/B/1mT — animals exposed to EMF (50 Hz, 1 mT),

2) EMF/PM/1mT — animals exposed to EMF (50 Hz, 1 mT), and subsequently exposed to plus maze test,
3) EMF/B/7mT — animals exposed to EMF (50 Hz, 7 mT),

4) EMF/PM/7mT — animals exposed to EMF (50 Hz, 7 mT), and subsequently exposed to plus maze test,
5) C/B — control animals subjected to the same experimental procedure as the experimental groups 1,
3; without EMF exposure,

6) C/PM — control animals subjected to the same experimental procedure as the experimental groups
2, and 4; without EMF exposure.

The experimental design is shown in Fig. 1. Each experimental group included 10 animals. The
series of 7-day exposures to EMF of 1 and 7 mT (1 h per day, exposures started at 9 am), as well as
sham exposures, were performed once (E1; n=10), two (E2; n=10) and three (E3; n=10) times with a
three-week break between consecutive series. Rats were put into plastic boxes (12 cm x 20 cm x 14
cm) with drilled holes ensuring air access. Boxes were placed in the centre of coils generating EMF
(exposed groups) or in sham coils (control groups). Animals were able to move freely inside the boxes.
The day after the end of the last exposure from the series, the part of animals was decapitated. The
brain and blood were collected for further analysis of the “basal level” (B) of parameters (EMF/B/1mT,
EMF/B/7mT). In the second variant of the experiment, the rats were exposed to EMF as previously
described and tested in an elevated plus maze (PM) the day after the end of the last exposure from
the series (EMF/PM/1mT, EMF/PM/7mT). The scheme of PM is shown in Fig. S2. Immediately after the
completion of the PM test rats were decapitated. The tissues were collected and stored to analyze the
“PM-induced level” of parameters. All procedures were carried out between 09:00 and 12:00 to avoid
circadian fluctuations.

A 1 week 2 weeks 3 weeks 4 weeks 5 weeks 6 weeks 7 weeks 8 weeks 9 weeks
control first period second period third period
1mT EMF of exposures of exposures of exposures
7 mT EMF (E1) (E2) (E3)
tissues collection tissues collection tissues collection
B 1 week 2 weeks 3 weeks 4 weeks 5 weeks 6 weeks 7 weeks 8 weeks 9 weeks
control first period second period third period
1mT EMF of exposures of exposures of exposures
7 mT EMF (E1) (E2) (E3)
PM test PM test PM test
and and and
tissues collection tissues collection tissues collection
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Fig. 1

Experimental design. A) First set of experiments: assessment of “basal” level of parameters. B) Second set of
experiments: assessment of “plus maze induced” level of parameters.

The influence of EMF on the concentrations of noradrenaline (NA) and its metabolite - 3-
methoxy-4-hydroxyphenylglycol (MHPG) was determined in brain structures: locus coeruleus (LC) and
hypothalamus (HPT) as well as in plasma. Moreover, the relative mRNA transcript abundance of p2-
adrenergic receptor (f2-AR) was measured in the hippocampus. The levels of parameters were
analyzed after each exposure period (E1-E3) in groups exposed to EMF of 1 and 7 mT as well as in
animals remaining in control conditions (“basal level” and “PM-induced level”) to evaluate the
direction and dynamics of the changes. Body weights were monitored throughout the experimental
period, but no changes were found.

Sample collection

Blood was collected via cardiac puncture in a solution of ethylenediaminetetraacetic acid
disodium salt (Na;EDTA, Sigma-Aldrich) directly after decapitation. Samples were then centrifuged
(2000 rpm, 20 min) and stored at -20°C until future ELISA analysis. The following brain structures were
collected: locus coeruleus (LC) hypothalamus (HPT) and hippocampus (HIP). Next, all structures were
weighed and immersed in liquid nitrogen until freeze. Samples were stored at -80°C until further ELISA
and RT-gPCR analyses.

Determination of concentrations of NA and MHPG

Tissues were homogenized on ice in a pre-cooled PBS buffer containing a proteinase inhibitor
cocktail (Roche Cat. No. 11836145001) (100 mg of tissue per millilitre). Noradrenaline Research ELISA
and MHPG (3-Methoxy-4-hydroxyphenylglycol) ELISA Kits were used to determine the concentrations
of NA and its metabolite (Demeditec Cat. No. DEE5200R, Wuhan Fine Biotech Cat. No. EU2593,
respectively). All procedures were conducted according to the manufacturer’s instructions. Each
sample was measured in duplicate. A multi-mode microplate reader Epoch 2 (BioTek Instruments, Inc.,
Winooski, UT, USA) was used to detect colourimetric changes in the assay. The optical density (OD)
was measured at 450 nm and the OD of the blank well was set to zero. A standard curve was created
using Gen5 Software generating a four-parameter logistic (4-PL) curve fit.

Assay of mRNA encoding 82-adrenergic receptors

The EXTRACT ME RNA & DNA KIT (Cytogen Cat. No. EM15) was used to extract total RNA from
tissue samples according to manufacturer instructions. RNA quantification quantity (ng/uL) and the
quality (260/280 ratio) were done using a NanoDrop One Spectrophotometer (Thermo Fisher
Scientific).

The relative levels of specific mRNAs were determined by reverse transcription (RT)—
guantitative PCR (gPCR) based on SybrGreen detection chemistry. The cDNA was synthesized from
equal amounts of RNA per sample, using the EvoScript Universal cDNA Master (Roche Cat. No.
07912455001) according to the manufacturer’s protocol.
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B-actin and GAPDH were evaluated as housekeeping genes using the BestKeeper approach to
determine the stability of gene transcript abundance under experimental conditions (Pfaffl, 2002).
Sequences of the primers used in gPCR were: [2-adrenergic receptor (B2-AR): 5'-
CTCCTTAACTGGTTGGGCTATG-3'(F); 5'-CCTGGAAGGCAATCCTGAAA-3' (R); B-actin (5’-
CGTTGACATCCGTAAAGACCTC-3" (F); 5'- TAGGAGCCAGGGCAGTAATCT-3" (R)) and GAPDH (5'-
TAAAGAACAGGCTCTTAGCACA-3’ (F); 5’- AGTCTTGGAAATGGATTGTCTC-3’ (R) (Table S1).

B2-AR and housekeeping genes PCRs were carried out in separate runs with 10 ng of cDNA per
reaction, 500 nM of each primer in a final volume of 10 pl containing 5 ul of SYBR Green PCR Master
Mix (Roche Cat. No. 04707516001). PCR conditions for the B2-AR primers were 10 min at 95 °C
followed by 40 cycles of 10 sec at 95 °C, 20 sec at 56 °C and 20 sec at 72 °C. For B-actin and GAPDH,
PCR conditions were 10 min at 95 °C followed by 40 cycles of 10 sec at 95 °C, 20 sec at 61 °C and 20 sec
at 72 °C. A final melting step was included in each run with the temperature ramping from 65 °C to
95 °Cin 1 °C steps to check for target specificity via unimodal melt dissociation peaks. A negative (no-
template) control was also included in each run. RT-gPCR was performed using LightCycler® 96 System
(Roche). To determine the PCR efficiencies, standard curves for both target and control genes were
obtained using a series of cDNA dilutions as a template. Relative mRNA expression was calculated
employing the AACt method using B-actin as the housekeeping gene (stability coefficient was 0.963 for
B-actin vs. 2.0 for GAPDH).

Elevated plus maze test

The elevated plus maze test (PM) was used to evaluate the level of anxiety in animals. The EPM
test arena was black painted and consisted of four 40-cm-long and 10-cm-wide cross-like arms—two
closed, surrounded by walls, and two open - limited only by transparent plexiglass (40 cm high). All
arms were extended from a central square, 10 x 10 cm. The maze was elevated 50 cm above the floor
surface.

A source of light was placed above the PM. The intensity of the lighting in the centre of the
maze was set at 60 lx, in closed arms- 40 Ix and in open arms- 100 Ix. Each animal was in the PM for 5
minutes. After each test, the area of the maze was disinfected with Mediseptol H Neutral (Alpinus
Chemia). Trials were recorded and analyzed using video tracking software EthoVision XT 11 by Noldus.
Detection of the centre-point of the animal was used to locate the rat's movement in the area of PM.
The analyzed parameters were: total distance moved (cm), movement velocity (cm/s), movement
duration (s), time spent in open arms (s), and number of entrances into open arms.

Data analysis

The combination of methods (biochemical and behavioural) used in the research confirming
and/or complementing each other was used as necessary for the reliable detection of the effects of
EMF on the stress response. 2-way General Linear Models (GLM) were used to analyze the effect of
EMF on hormones and receptor level of the locus coeruleus—noradrenergic system. Behavioural
response to stress factor- PM was investigated using multivariate analysis of variance (MANOVA).
When data did not meet the requirements for the GLM and MANOVA assumptions (normality was
tested with a Shapiro-Wilk test and homoscedasticity with a Levene test) they were transformed
(natural logarithm, decimal logarithm, square root). Post-hoc test with Bonferroni correction adjusted
to the design of particular experiments was used to assess significant terms. Some of the data did not
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show a normal distribution even after transformation. In such cases, we applied a non-parametric
analysis of variance (Kruskal-Wallis test with Bonferroni correction). The significance of differences
between the compared data was accepted when P<0.05. All analyses were carried out using the SPSS
25.0 package (IBM Inc.). The figures in the Results section present only significant effects of categorical
factors displayed in the analysis. To increase the clarity of the text, only a portion of the results of the
statistical analyses are in the text itself. The results of the entire statistical analysis can be found in the
Supplementary materials.

3. Results

EMF-modified noradrenaline and its metabolite (MHPG) concentrations and MHPG/NA ratio level
(‘basal’)

The profile of changes in ‘basal’ NA and its metabolite MHPG concentrations was similar in LC
(Fig. 2A, B), HPT (Fig. 2C, D), and plasma (Fig. 2E, F).

Noradrenaline (Fig.2 A,C,E, Tab. S2 A,D,G)

Under control circumstances, 'basal’ concentrations of NA in LC and HPT were unaltered with
each subsequent exposure to the sham apparatus (Fig.2A, C). Only in plasma (Fig.2E), a decrease in
the NA level after E2 and E3 was observed. The results suggest that the set-up was not stressful per se.

There was a significant effect of EMF dose, with the higher level of EMF producing greater
elevation of NA in LC, HPT and plasma (P<0.001, Tab. S2A, D and G). The interaction between EMF
intensity and the number of exposures was also significant (P<0.001, P=0.013, P=0.001; respectively).
A single period (E1) of exposure to low 1 mT EMF significantly increased NA concentration compared
to the control group only in HPT (Fig. 2C), then the decline with each subsequent exposure was found,
suggesting habituation. In LC in the EMF/B/1mT group NA level was not different from the control
value, however the tendency to attenuation with each next exposure was also observed (Fig. 2A).
Conversely, in the EMF/B/7mT group the NA level was significantly higher compared to the control and
1mT EMF groups starting from the first exposure (E1) in LC and HPT (Fig.2A, C) and from the second
one (E2) in plasma (Fig. 2E). There was also no decline in NA level with repeated exposures with the
highest level of NA observed after E3.

MHPG (Fig.2 B,D,F, Tab. S2 B,E,H)

The opposite direction in changes of MHPG concentrations was observed in both analysed
brain structures and plasma (Fig.2 B, D and F). MHPG levels were influenced by EMF intensity (P<0.001)
(Table S2 B, E, H). The interaction between EMF intensity and the number of exposures was also
significant in LC and plasma (P<0.001). In the EMF/B/1mT group, the MHPG concentrations were not
significantly different from the control ones.

The higher EMF intensity (7 mT) led to a significant decrease in MHPG level, just after the first
exposure (E1) in LC and after the second one (E2) in plasma; after subsequent exposures, the
attenuation of MHPG level was profound (Fig. 2B, F). In HPT (Fig. 2D) the effect of the number of
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exposures was not significant (Tab. S2E). In the EMF/B/7mT group, the hormone level was significantly
lower compared to other groups.
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“Basal” concentrations of NA and MHPG: A) NA in locus coeruleus (n= 72, 5-10 in each group for each exposure),
B) MHPG in locus coeruleus (n= 90, 10 in each group for each exposure), C) NA in hypothalamus (n= 74, 5-10 in
each group for each exposure), D) MHPG in hypothalamus (n= 90, 10 in each group for each exposure), E) NA in
plasma (n= 78, 8-10 in each group for each exposure), F) MHPG in plasma (n= 86, 8-10 in each group for each
exposure) in rats exposed once to three times (E1-E3) to EMF of 1 or 7 mT or control conditions. Presented values
are predicted by the GLM model for a significant intensity of the electromagnetic field (mT) x number of
exposures (E1-E3) interaction (Fig. 2A, B, C, E and F) or significant effect of intensity of the electromagnetic field
(mT) (Fig. 2D). Boxes indicate the lower quartile, median, and upper quartile, and whiskers indicate the range of
changes (minimum to maximum). Statistically significant differences between animals from the same group are
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denoted *p <0.05, **p < 0.01, and ***p < 0.001; and these between experimental groups are denoted #p < 0.05
and ###p < 0.001. Note different scales on each plot.

MHPG/NA ratio (Fig.4 A, B, C, Tab. S2C, F, )

MHPG/NA ratio level attenuated with greater intensity of EMF (P<0.001, Tab. S2 C, F, /) and
the effect was further augmented with each subsequent exposure to EMF in LC and plasma (P<0.001,
P=0.024, Tab. S2 C, I). MHPG/NA ratio level in LC (Fig. 4A) in the control and 1 mT group increased with
each exposure, however, the index value was not different between these groups.

In the EMF/B/7mT group, a statistically significant decrease in MHPG/NA level relative to both
the control and EMF/B/1mT group was noted after each subsequent exposure in LC (Fig. 4A). The clear
attenuation of the index in 7mT group was also found after E2 and E3 in comparison to its value after
E1 (Fig. 4A).

In plasma the index value in the 7 mT group after E1 was lower (Fig.4C) than that in the control
group, and then was further diminished (after E2 and E3) receiving the decreased value relative to both
control and 1 mT groups. In the HPT, the value of the index in the EMF/B/7mT group was significantly
lower than in the other groups, regardless of the number of exposures. (Fig. 4B).

Plus maze-modified noradrenaline, MHPG concentrations and MHPG/NA ratio

Generally, the direction of changes in NA, MHPG and MHPG/NA levels in rats exposed to
subsequent stress factor — plus maze test coincided with their ‘basal’ concentrations observed only
after exposure to electromagnetic field (Tab. S3, Fig.3 and 4 D, E, F).

Noradrenaline (Fig.3 A,C,E, Tab. S3 A,D,G)

NA concentration in LC, HPT and plasma in animals exposed to the plus maze test was
influenced only by EMF intensity (P<0.001, Tab. S3 A, D, G). In all cases, the NA level in the
EMF/PM/1mT group was not different from the control one and the concentration of NA in
EMF/PM/7mT was higher relative to the both control and 1 mT group (Fig.3 A, C, E).

MHPG (Fig.3 B,D,F, Tab. S3 B,E,H)

In animals exposed to plus maze test MHPG concentration in LC and HPT was affected only by
EMF intensity (P<0.001, Tab. S3 B, E). No difference was found between the control and 1 mT group,
while in the 7 mT group, the metabolite level was clearly lower in comparison to both other groups
(Fig.3 B, D). The plasma concentration of MHPG was changed with EMF intensity as well as with the
number of exposures; the interaction between the factors was also found (P<0.001, Tab. S3 H). In
EMF/PM/1mT MHPG did not differ from the value noticed in the control group, while in animals
exposed to EMF of 7 mT, the concentration of MHPG in comparison to both control and EMF/PM/1mT
groups was not different only after E1, but was significantly decreased after E2 and E3 suggesting
sensitization (Fig. 3F).
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Fig. 3

“Plus maze induced” concentrations of NA and MHPG: A) NA in locus coeruleus (n= 75, 5-10 in each group for
each exposure), B) MHPG in locus coeruleus (n= 90, 10 in each group for each exposure), C) NA in hypothalamus
(n= 75, 5-10 in each group for each exposure), D) MHPG in hypothalamus (n= 90, 10 in each group for each
exposure), E) NA in plasma (n= 79, 8-10 in each group for each exposure), F) MHPG in plasma (n= 88, 9-10 in each
group for each exposure) in rats exposed once to three times (E1-E3) to EMF of 1 or 7 mT or control conditions.
Presented values are predicted by the GLM model for a significant intensity of the electromagnetic field (mT) x
number of exposures (E1-E3) interaction (Fig. 3F) or significant effect of intensity of the electromagnetic field
(mT) (Fig. 2A, B, C, D and E). Boxes indicate the lower quartile, median, and upper quartile, and whiskers indicate
the range of changes (minimum to maximum). Statistically significant differences between animals from the
same group are denoted ***p < 0.001; and these between experimental groups are denoted ##p < 0.01 and ###p
< 0.001. Note different scales on each plot.

MHPG/NA ratio (Fig.4 D, E, F, Tab. S3 C, F, I)

143



Plus maze-induced direction of changes in the MHPG/NA ratio level almost completely covered
the characteristics of changes in the ‘basal’ level of the index (Fig. 4D, E, F). MHPG/NA ratio level
attenuated with greater intensity of EMF (P<0.001, Tab. S3 C, F, 1), the interaction between the EMF
intensity and number of exposures was observed only in LC and plasma (P<0.001, Tab. S3 C, I). The
number of exposures affected the index value in HPT (P=0.001, Tab. S3 F), but there was no interaction
between factors (P=0.167, Tab. S3 F). In LC the only difference between control and EMF/PM/1mT
groups was found after E2 (Fig. 4D). The exposure to EMF of 7 mT caused the attenuation in the index
value just after the first exposure (E1) in LC (Fig.4D) and after E2 in plasma (Fig.4F) in comparison to
both control and 1 mT groups. In HPT of rats exposed to EMF of 7 mT the MHPG/NA ratio level was

significantly lower than that in other groups (Fig.4E).
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Fig. 4

Utilization index of NA as a ratio of “basal” and “plus maze induced” concentrations of MHPG to NA: A) “basal”
MHPG/NA ratio in locus coeruleus (n= 72, 5-10 in each group for each exposure), B) “basal” MHPG/NA ratio in
hypothalamus (n= 74, 5-10 in each group for each exposure), C) “basal” MHPG/NA ratio in plasma (n= 78, 8-10
in each group for each exposure), D) “plus maze induced” MHPG/NA ratio in locus coeruleus (n= 75, 5-10 in each
group for each exposure), E) “plus maze induced” MHPG/NA ratio in hypothalamus (n= 75, 5-10 in each group
for each exposure), F) “plus maze induced” MHPG/NA ratio in plasma (n= 79, 8-10 in each group for each
exposure) in rats exposed once to three times (E1-E3) to EMF of 1 or 7 mT or control conditions. Presented values
are predicted by the GLM model for a significant intensity of the electromagnetic field (mT) x number of
exposures (E1-E3) interaction (Fig. 4A, C, D and F) or significant effect of intensity of the electromagnetic field
(mT) (Fig. 2B and E). Boxes indicate the lower quartile, median, and upper quartile, and whiskers indicate the
range of changes (minimum to maximum). Statistically significant differences between animals from the same
group are denoted *p < 0.05, **p < 0.01 and ***p < 0.001; and these between experimental groups are denoted
#p < 0.05, ##p < 0.01 and ##H#tp < 0.001. Note different scales on each plot.

Comparison between ‘basal’ and plus maze test-induced levels of NA, MHPG and MHPG/NA ratio

We compared the level of analysed parameters after the plus-maze test to their ‘basal’
concentrations for each group: C/PM vs C/B; EMF/PM/1mT vs EMF/B/1mT and EMF/PM/7mT vs
EMF/B/7mT in LC (Tab. S4) in HPT (Tab. S5) and plasma (Tab. S6).

In the control group, the increase in concentrations of NA after exposure to the plus maze was
significant in HPT (P<0.001) (Tab.S5 A) and the tendency to increase after PM was found in plasma
(P=0.077) (Tab.S6 A), which confirmed the stressogenic effect of this kind of stress.

The exposure to subsequent stress factor profoundly decreased the NA and increased MHPG and
MHPG/NA index in LC in rats exposed to EMF of 1 mT (Tab. S4 B, E, H).

In animals exposed to EMF of 7 mT, the analysis did not reveal a significant effect of the plus-
maze test on hormone concentrations in LC (Tab. S4 C). In HPT the values of hormones and their ratio
did not differ between the ‘basal’ and plus-maze-induced levels in both EMF-exposed groups (Tab. S5
B, C). However, in plasma, the exposure of the EMF/PM/7mT group to the other stress factor resulted
in a decrease in NA level, and an increase in MHPG/NA ratio (Tab. S6 C, 1).

We also evaluated the percentage changes in the values of parameters in each group in
comparison to their concentrations in the control group (C/B; set at 100 % - reference value) separately
after each exposure (Fig. S3 and S4). The analysis confirmed the profound effect of EMF of 7 mT on the
parameters level and characteristics of the changes, however, a clear effect of the plus-maze test was
not found. The NA levels (both basal and PM-induced) were increased c.a. 3,5 times in LC (e.g. 372%,
EMF/B/7mT, E3) and plasma (e.g. 346%, EMF/B/7mT, E3) and 2 times in HPT (e.g. 178%, EMF/B/7mT,
E3). The biggest decrease in MHPG level was observed in LC - c. a. 90% (e.g. 9%, EMF/B/7mT, E3), in
HPT the reduction of the hormone level was c. a. 70% (e.g. 34%, EMF/PM/7mT, E2) and in plasma c.a.
70% (e.g. 32%, EMF/B/7mT, E3). Analogously, the indexes of NA utilization (both basal and PM-
induced) were clearly lower in the 7 mT group (Fig. S4). It should be noticed the progressive character
of observed changes in parameters level with each subsequent exposure to EMF.
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EMF-modified B2-adrenergic receptors relative mRNA transcript abundance in the hippocampus

Fig. 5A presents intergroup comparisons of the ‘basal’ relative mRNA transcript abundance of
(‘mRNA’) encoding 32-AR (expressed as fold change (FC) from an unrelated reference gene). Both the
EMF intensity as well as the number of exposures influenced the 32-adrenergic receptors abundance.
However, no interaction between the factors was found (Tab. S7 A). The B2-AR abundance in the

hippocampus of the 7 mT EMF-exposed group was lower than in both: the control and EMF/B/1mT
groups.

The level and direction of changes of 32-AR relative mRNA transcript abundance in all groups
after the plus-maze test were not very different from their ‘basal’ level (Fig. 5B). f2-AR mRNA
attenuated with greater intensity of EMF and the effect was further augmented with each subsequent
exposure (P<0.001), the interaction between the factors was also significant (P=0.038) (Tab. S7 B). No
difference was found between the control and 1 mT group in the 32-AR mRNA. In EMF/PM/7mT group,
a statistically significant decrease in f2-AR mRNA relative to the control group was noted after each
subsequent exposure and in relative to EMF/PM/1mT after E2 and E3 (Fig. 5B).
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Relative receptor gene mRNA transcript abundance (fold change versus B-actin): A) “basal” B2-AR (n=45, 5 in
each group for each exposure), B) “plus maze induced” $2-AR (n= 45, 5 in each group for each exposure) in rats
exposed once to three times (E1-E3) to EMF of 1 or 7 mT or control conditions. Presented values are predicted
by the GLM model for a significant intensity of the electromagnetic field (mT) x number of exposures (E1-E3)
interaction (Fig. 5B) or significant effect of intensity of the electromagnetic field (mT) (Fig. 5A). Values are
presented as mean £SEM. Statistically significant differences between animals from the same group are denoted,
**p <0.01, and ***p < 0.001; and these between experimental groups are denoted #p < 0.05 and ###p < 0.001.
Note different scales on each plot.

Comparison between ‘basal’ and plus maze test-induced [32-adrenergic receptors relative mRNA
transcript abundance

The analysis did not reveal the effect of PM on 32-AR mRNA in each group (Tab. S8).
We evaluated the percentage changes in the relative 2-AR mRNA transcript abundance after the plus-
maze test compared to their mRNA transcript abundance in the control C/B group after each exposure
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(set at 100 % - reference value) (Fig. S5). After the plus-maze, an almost 2.5 times increase (257% after
E1) in B2-AR mRNA in the control group was found. In the EMF/B/1mT group the $2-AR mRNA was
slightly lower than in the C/B group, however after exposure to the second stress factor the mRNA
level was higher after E1 and E2 in comparison to the basal level in this group. It must be stressed the
profound decrease of both ‘basal’ and plus-maze-induced 2-AR mRNA in the hippocampus of rats
exposed to EMF of 7mT.

Behavioural analysis

Total distance moved (Fig. 6A, Tab. S9A), movement velocity (Fig. 6B, Tab. S9B) and movement
duration (Fig. 6C, Tab. S9C) in the plus maze were not affected by EMF intensity. Overall, the activity
level in all groups of rats was maintained at a similar level. However, the longer time spent in closed
arms (Fig. 6D, Tab. S9D) and decreased open arms frequency (Fig. 6E, Tab. S9E) in animals exposed to
EMF of 7 mT relative to the control group may suggest moderate anxiety level.
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Fig. 6

Behavioural changes in plus maze test: A) total distance moved (cm), B) movement velocity (cm/s), C) movement
duration (s), D) time spent in closed arms (s), E) number of the entrances into open arms (frequency) in rats
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exposed once to three times (E1-E3) to EMF of 1 or 7 mT or control conditions. Presented values are predicted
by the GLM model for a significant intensity of the electromagnetic field (mT) x number of exposures (E1-E3)
interaction (Fig. 6A, B and C) or significant effect of intensity of the electromagnetic field (mT) (Fig. 6D and E).
Boxes indicate the lower quartile, median, and upper quartile, and whiskers indicate the range of changes
(minimum to maximum). Statistically significant differences between animals from the same group are denoted
*p <0.05 and **p < 0.01; and these between experimental groups are denoted #p < 0.05, ##p < 0.01 (n =90; 10
in each group for each exposure). Note different scales on each plot. F) Heat maps representing time spent by
the animal in open and closed arms of plus maze after E1 from control, 1 mT EMF and 7 mT EMF groups.

4. Discussion

Our research has shown that the impact of repeated exposure to EMF on the LC-NA system
activity depends on its intensity. The LC-NA system responds to each exposure to stress during
repeated exposures, resulting in an observable cumulative effect (Ulrich-Lai et al., 2006). The exposure
of rats to EMF of low or high magnetic density (1 mT or 7 mT) in our study was repeated three times
based on the assumption that a hormetic dose-response relationship can occur after an initial
disruption in homeostasis. Then the direction and dynamics of the subsequent exposures are the
consequence of previous ones.

Noradrenaline concentration and MHPG and MHPG/NA ratio levels in rats exposed to EMF of
1 mT did not differ from the control value. The significant increase in NA level was observed only after
E1 in HPT — the main structure coordinating stress response. It suggests that even 1 mT EMF is a
stressful condition for organisms. However, then with each next exposure, a decrease in the hormone
level was observed, which may reflect the adaptation to this moderate stress.

In the group exposed to higher EMF intensity (7 mT), the concentrations of NA were
significantly higher than values recorded in both control or low-dose EMF (1 mT) groups and the rise
in the parameter value was observed with repeated exposures, which suggests the sensitisation to this
kind of homotypic stressor. The same pattern of corticosterone release (the main marker of HPA axis
function) in rats exposed to 7 mT EMF was observed in our previous research (Klimek et al., 2023).
Moreover, we have also found a significant increase in corticotropin releasing hormone (CRH) levels in
the hypothalamus (Klimek et al., 2023). CRH may contribute to stressor-induced activation of LC
(Berridge and Waterhouse, 2003; McCall et al., 2015) predicts an enhanced capacity for stress
excitation and is purported to reflect a ‘chronic stress-recruited’ pathway (Ochedalski et al., 1998). The
stress-induced upregulation of CRH in rats exposed to EMF of 7 mT to some extent can explain the high
level of NA in this group. However, since the noradrenergic fibers originating mainly in the locus
coeruleus (LC) project widely throughout the forebrain (O’Dell et al., 2015), other mechanisms
underlying this phenomenon cannot be excluded. The hypothalamus receives a relatively dense
noradrenergic innervation and thus LC could modify back the activity state of HPT (Giorgi et al., 2021;
Holland et al., 2021). It may elucidate the most clear noradrenergic response to EMF of 7 mT in HPT.
Other studies also highlight the effect of EMF exposure on NA levels. A significant increase in
noradrenaline levels was found in the developing chick embryo brain exposed continuously to 50 Hz
magnetic fields at varying intensities (5 and 50 uT) for up to 15 days, with a positive correlation to the
magnetic density values (Rajendra et al., 2004).

In rats exposed to EMF of 7 mT, the decrease in MHPG levels was obvious. Accordingly, to the
level of NA and MHPG in LC and plasma, the MHPG/NA ratio level in the 7 mT group was lower than in
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other groups just after E1, and the next exposures caused the subsequent decrease. The lowered level
of MHPG/NA ratio in the 7 mT group suggests a disturbed NA turnover rate, however, other steps in
the neurotransmission process (e.g. signal transduction mechanisms) as possible sites of NA
dysregulation cannot be excluded. There is a variety of evidence that MHPG is decreased in depression
(Garvey et al., 1996; Kurita et al., 2015) and Parkinson's disease (van der Zee et al., 2018). Moreover,
in Down syndrome subjects the reduced serum MHPG levels predicted the development of Alzheimer's
disease (Dekker et al., 2015). The results imply that low MHPG levels in the 7 mT EMF group can emerge
as a biomarker of possible nervous system dysfunction.

Our results suggest that even a low intensity of EMF (1 mT) is a stress factor causing an LC-NA
system activation if relatively weak and temporary, on the other hand, the impact of 7 mT EMF was
definitely stronger. The experimental studies have shown that repeated exposure to some stressors
attenuates LC neuronal responsivity and thus NA release to the same (homotypic) stressor
(Abercrombie and Jacobs, 1987; Nisenbaum et al., 1991). It means the tolerance of the LC activating
actions to those stressors. Instead, the enhanced responsivity of LC neurons to subsequent stressors
was also observed (Pavcovich et al., 1990), indicating that tolerance or sensitization to a given stressor
is not obligatory and depends on the character and intensity of stress. Similarly, the HPA axis activity
was moderately increased in animals exposed to EMF of 1 mT and significantly more robust elevation
was observed in rats exposed to EMF of 7 mT (Klimek et al., 2023).

Noradrenaline (NA) exerting its influence on B-adrenergic receptors (B-AR) determines
whether external stimuli lead to enduring synaptic plasticity within the hippocampus. In essence, it is
hypothesized that B-AR constitutes a fundamental molecular mechanism determining the nature and
longevity of synaptic information (O’Dell et al., 2015; Hagena et al., 2016). In the 1 mT group, the
decrease in relative mRNA transcript abundance of f2-AR level in the hippocampus was nonsignificant.
However, the profound downregulation of B2-AR levels in the hippocampus after each subsequent
exposure was found in the 7 mT group. This may reflect a well-known adaptive process aiming at
maintaining adequate noradrenergic system activity in response to moderate stress (Stone and Platt,
1982). Nevertheless, in such a challenging stress situation, this physiological adaptive response seems
to be insufficient resulting in a higher peak of noradrenaline concentrations in response to successive
homotypic stimuli. Consequently, the disturbed adrenergic response to a given stressor can be
amplified. An influence of the EMF on the B-adrenergic receptor function was also demonstrated in
other studies. The exposure of female turkeys to EMF (50 Hz, 10 uT) led to a decrease in NA-activated
B-adrenoceptor function, a phenomenon associated with the development of emotional disinterest
and depression (Laszlo et al., 2018).

Within the hippocampus, the activity of the noradrenergic system strongly modulates synaptic
strength and neural network physiology (Bacon et al., 2020). The 7 mT EMF-induced decrease in 2-
adrenergic receptors in the hippocampus can have profound consequences. The induction of plasticity-
related genes is dependent upon the activity of the locus coeruleus (Marien et al., 2004; Roszkowski
et al.,, 2016). Under conditions where an arousal change is triggered (by a novel event), the
noradrenaline release from the locus coeruleus acting by B2-AR changes excitability levels in the
hippocampus. Thus the receptor activation may be decisive in determining the synaptic strength as
well as the persistence of synaptic plasticity (Roozendaal et al., 2006; O’Dell et al., 2010) and could
increase dendritic branches and spine density accompanied by the upregulation of synaptic protein
levels (Chai et al., 2017). In addition, the effect of pharmacologically- or stressor-induced increases in
NA neurotransmission on neuroplasticity was diminished with pretreatment of B2-AR antagonists
(Bing et al., 1992; Stone et al., 1991). The significant role of B2-AR in plasticity processes underscores
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that exposure to an electromagnetic field (EMF) of 7 mT would strongly inhibit the potential for
neuroplastic processes in the hippocampus.

Multiple studies demonstrate that stress induces a disruption in homeostasis (Calabrese and
Mattson, 2011; Mushak, 2016), prompting an overcompensation response to restore equilibrium. This
process leads to the establishment of a new set-point for stress response systems. The EMF as a stress
factor can modify the endocrinological regulations in response to other kinds of stressors (Sedghi et
al., 2005; Klimek et al., 2023). The profile and dynamics of plus maze induced changes in noradrenergic
system activity almost completely covered their basal levels found in rats exposed only to EMF or
control conditions. The increase in concentrations of NA after exposure to the plus maze in the control
group, confirmed the stressogenic effect of this kind of stress. In the 1 mT EMF group, the plus maze
exposure caused the significant decrease of the NA and increase of MHPG and MHPG/NA index only
in LC. It suggests that in group exposed to EMF of lower intensity the characteristic of response to
heterotypic stressor was changed in direction to adaptation. A recurrent observation in hormesis
studies is that exposure to low levels of a specific hormetic agent triggers pathways associated with
brain plasticity, protecting cells and organisms against subsequent heterotypic stressors (Chauhan et
al., 2015; Calabrese and Mattson, 2017).

When we evaluated the percentage changes in NA concentrations it became clear that in group
exposed to EMF of 7 mT the change in hormones level evoked by plus maze test was lower in LC and
plasma, without the change in MHPG level which resulted in the increase of MPHG/NA ratio. This may
express a well-known “ceiling effect” because ‘basal’ NA concentration was 2-3 times higher than the
value in control animals. However, it must be stressed that still after the exposure to another stress
factor the level of NA concentration was significantly higher in this group than in control and 1mT EMF
groups. These results proved that the effect of EMF of 7 mT EMF is permanent. The similar effect we
observed concerning the change in activity of HPA axis in response to heterotypic stress in 7 mT EMF
group (Klimek et al., 2023).

The relative B2-AR mRNA transcript abundance in hippocampus after the plus maze test
increased after E1 in control and 1 mT exposed animals (by almost 2.5 and 0.5 times, respectively),
then the decrease was observed. This effect seems to be rather the consequence only the plus maze
test as it was observed in both groups exposed (1 mT group) and not exposed to EMF (control group).
It is crucial to emphasize that, in rats exposed to EMF of 7mT, after exposure to heterogeneous stress.
a significant reduction in B2-AR mRNA levels in the hippocampus comparable to the 'basal' level was
observed. This means that changes in the activity of the LC-NA system induced by exposure to
electromagnetic fields are maintained at a similar level after the exposure to another type of stress.

No discernible differences in behaviour were noted in plus maze test among animals previously
exposed to 1 mT EMF compared to control animals. This lack of variation suggests that the stress
system change triggered by the low-stress factor of 1 mT EMF was not potent enough to induce
alterations in rats behaviour. Similarly, mice that were prenatally exposed to EMF (50 Hz, 1 mT) did not
exhibit changes in anxiety-like behaviour (Alsaeed et al.,, 2014). Moreover, we have not found
differences in exploratory activity between all experimental groups. In our study rats exposed to EMF
of 7 mT showed moderately increased anxiety-related behaviour in comparison to that noticed in rats,
both control and exposed to 1 mT EMF. The results are opposite to those previously received in open-
field test in this group (Klimek et al., 2023). The recommendation to perform open-field test before
the plus maze aimed at increasing exploratory activity in the plus maze to receive more differentiated
results in anxiety parameters (Walf and Frye, 2007). It was not such effect in our experiments.
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An association between EMF exposure and emotional behaviour has been indicated in many
but not all studies. Behavioural effects of the EMF depend on the length, frequency, and intensity of
exposure (Mahdavi et al., 2014; Janac et al., 2012). Some reports noted reduced activity of animals
after EMF exposure, and anxiety-like behaviour, others observed anxiolytic effect or did not observe
any changes (Szemerszky et al., 2010; Alsaeed et al., 2014). The increased responsiveness of the LC—
NA to presentation of an another (heterotypic) stressor have been noted (Finlay et al.,, 1995). A
profound suppression of behavioral activity was also observed following beta receptor blockade,
suggesting the involvement of these receptors in the regulation of behavioral state (Stone and
Quartermain, 1999). Moreover, the alteration of behavioral patterns by a 3-wk-long 10 uT EMF
treatment was correlated with the decrease of NA-activated B-adrenoceptor function (Laszlo et al.,
2018). Thus the low level of B2-AR in 7 mT group might be one of the mechanisms explaining the higher
anxiety behavior in the plus maze. Existent observations suggest that even in the presence of a
significant effect of a noradrenergic lesion on behavioral or physiological processes, care should be
taken in the interpretation of these results (Cirulli and Alleva, 2009). In the majority of cases, there is
scant evidence establishing a direct, causal relationship between the noradrenergic neurotransmission
dysfunction and a specific behavioural disorder (Ressler and Nemeroff, 2000). It appears that
dysregulation of noradrenergic systems is not a primary etiological factor contributing to cognitive
and/or affective dysfunction commonly associated with psychiatric/behavioural disorders. Rather it
can be recognised as the element of the more sophisticated process including many brain structures
and other neurotransmitter systems, which as a whole determines the behavioural phenotype. What
is sure, in animals exposed to EMF of 7 mT both the LC-NA system activity and stress-induced behaviour
are disturbed.

Conclusion

Our research proved that mechanisms underlying the effects of EMF on the stress response include
LC-NA system. The exposure to EMF can establish a new "set-point" for stress-system activity, with the
direction and dynamics of this process contingent upon the strength of the field and the number of
exposures. The changes evoked by EMF of 1 mT in LC-NA system were weak. However, we can
conclude that repeated exposure to EMF of 1 mT induces some shift in the set-point of the LC-NA
system activity directed to adaptation to this particular type of stress. The same pattern of change in
HPA axis activity, however much clear, was observed in our previous study (Klimek et al., 2023). Thus
it suggest the generally positive impact of EMF of 1 mT intensity on stress systems directed into
activation of compensatory mechanisms. Conversely, in animals exposed to EMF of 7 mT, we observed
a shift in the set-point of stress system activity towards increased vulnerability. The effect of EMF of 7
mT on the LC-NA system is long-lasting and influence the responsiveness to other heterotypic stress
factors. Consequently, dysregulation of LC-NA neurotransmission has the potential to influence various
cognitive and affective processes. In line with this, several neurological or psychiatric disorders have
been suggested to involve a dysregulation of noradrenergic neurotransmission (Moret and Briley,
2011; Holland et al., 2021; Dahl et al., 2023; Krohn et al. 2023). It suggest that EMF of high intensity
can be recognized as the risk factor for development of diseases, particularly those associated with the
nervous system. Summarizing, the effect of EMF on LC-NA is still under-researched. Our study provides
new knowledge concerning this important issues, which should be continued concerning the proved
in this research EMF impact on noradrenergic system.
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Supplement 1

Distribution of the EMF in coil
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Fig. S1

The distribution of the EMF along the main axis of the coil within the area of the animal’s cage.
Abbreviations: B — magnetic flux density vector, B/Bmean: Normalized magnetic flux density relative to the
mean value; x/2r: normalized distance from the solenoid centre along the x-axis; z/I: normalized distance
from the coil centre along the z-axis; r: coil radius; I: coil length.



Supplement 2

The scheme of the plus maze
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Fig. S2

The figure shows a schematic representation of a plus maze (PM). The scheme includes open and closed
arms (40 cm in length) and the centre of the maze (10 cm x 10 cm). Arms are limited by 40 cm high dark
walls (closed arms) or plexiglass (open arms).



Supplement 3

Percentage changes in the values of hormones
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Fig. S3

Percentage changes in the values of hormones in each group compared to their concentrations in the
control group (C/B; set at 100 % - reference value) separately after each exposure.



Supplement 4

Percentage changes in the values of MHPG/NA ratio
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Fig. S4

Percentage changes in the values of MHPG/NA ratio in each group compared to their values in the control
group (C/B; set at 100 % - reference value) separately after each exposure.



Supplement 5

Percentage changes in the values of B2-AR mRNA relative expression
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Fig. S5

Percentage changes in the values of $2-AR mRNA relative expression in each group compared to their
expression in the control group (C/B; set at 100 % - reference value) separately after each exposure.

Supplement 6

Table S1 Primers for reverse transcription-quantitative polymerase chain reaction

Gene Forward primer Reverse primer Annealing

B2-AR CTCCTTAACTGGTTGGGCTATG CCTGGAAGGCAATCCTGAAA 56°C, 20 sec
B-actin CGTTGACATCCGTAAAGACCTC TAGGAGCCAGGGCAGTAATCT 61°C, 20 sec
GAPDH TAAAGAACAGGCTCTTAGCACA AGTCTTGGAAATGGATTGTCTC 61°C, 20 sec

B2-AR, B2-adrenergic receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase



Table S2 Results of statistical analysis of the ‘basal’ concentrations of NA, MHPG and MHPG/NA ratio in
examined brain areas and plasma

Dsgreigsleent Effect df F/H P
intensity of the electromagnetic field (mT) 2 261.053 (F) <0.001
NA in LC number of exposures (E1-E3) 2 1.076 (F) 0.347
(mT) x (E1-E3) 4  16.474(F) <0.001
Error 63
intensity of the electromagnetic field (mT) 2 581.570 (F) <0.001
. number of exposures (E1-E3) 2 45.377 (F) <0.001
MHPG in LC (mT) x (E1-E3) 4 74.472(F) <0.001
Error 81
intensity of the electromagnetic field (mT) 2 218.096 (F) <0.001
MHPG/NA ratio in  number of exposures (E1-E3) 2 3.028 (F) 0.055
LC (mT) x (E1-E3) 4 10.108 (F) <0.001
Error 63
intensity of the electromagnetic field (mT) 2 151.950 (F) <0.001
. number of exposures (E1-E3) 2 7.213 (F) 0.001
NAin HPT (mT) x (E1-E3) 4 3.463(F) 0.013
Error 65
MHPG in HPT intensity of the electromagnetic field (mT) 2 61.724 (H) <0.001
number of exposures (E1-E3) 2 1.967 (H) 0.374
intensity of the electromagnetic field (mT) 2 137.464 (F) <0.001
MHPG/NA ratio in  number of exposures (E1-E3) 2 2.898 (F) 0.062
HPT (mT) x (E1-E3) 4 1.248(F) 0.299
Error 65
intensity of the electromagnetic field (mT) 2 39.418 (F) <0.001
NA in plasma number of exposures (E1-E3) 2 8.207 (F) <0.001
(mT) x (E1-E3) 4  5.081(F) 0.001
Error 69
intensity of the electromagnetic field (mT) 2 40.056 (F) <0.001
. number of exposures (E1-E3) 2 5.386 (F) 0.006
MHPGinplasma & o\ (F1-E3) 4 6.766 (F) <0.001
Error 77
intensity of the electromagnetic field (mT) 2 28.957 (F) <0.001
MHPG/NA ratio in  number of exposures (E1-E3) 2 1.979 (F) 0.146
plasma (mT) x (E1-E3) 4 2.998 (F) 0.024
Error 67

F - ANOVA test, H- Kruskal-Wallis test, statistically significant P value - indicated in bold, NA - noradrenaline, MHPG
- 3-Methoxy-4-hydroxyphenylglycol



Table S3 Results of statistical analysis of the ‘plus maze-induced’ concentrations of NA, MHPG and
MHPG/NA ratio in examined brain areas and plasma

Dependent Effect df F/H p
variable
NA in LC intensity of the electromagnetic field (mT) 2 51.748 (H) <0.001
number of exposures (E1-E3) 2 3.711 (H) 0.156
MHPG in LC intensity of the electromagnetic field (mT) 2 59.529 (H) <0.001
number of exposures (E1-E3) 2 0.994 (H) 0.608
intensity of the electromagnetic field (mT) 2 147.663 (F) <0.001
MHPG/NA ratio in  number of exposures (E1-E3) 2 2.941 (F) 0.060
LC (mT) x (E1-E3) 4 7.170(F) <0.001
Error 66
NA in HPT intensity of the electromagnetic field (mT) 2 43.437 (H) <0.001
number of exposures (E1-E3) 2 6.078 (H) 0.048
MHPG in HPT intensity of the electromagnetic field (mT) 2 59.455 (H) <0.001
number of exposures (E1-E3) 2 4.773 (H) 0.092
intensity of the electromagnetic field (mT) 2 126.480 (F) <0.001
MHPG/NA ratioin  number of exposures (E1-E3) 2 7.244 (F) 0.001
HPT (mT) x (E1-E3) 4  1.672(F) 0.167
Error 66
. intensity of the electromagnetic field (mT) 2 14.662 (H) <0.001
NA in plasma
number of exposures (E1-E3) 2 6.450 (H) 0.040
intensity of the electromagnetic field (mT) 2 60.363 (F) <0.001
MHPG in plasma number of exposures (E1-E3) 2 20.613 (F) <0.001
(mT) x (E1-E3) 4 14.042 (F) <0.001
Error 79
intensity of the electromagnetic field (mT) 2 28.932 (F) <0.001
MHPG/NA ratio in  number of exposures (E1-E3) 2 2.147 (F) 0.125
plasma (mT) x (E1-E3) 4 7.582 (F) <0.001
Error 69

F - ANOVA test, H- Kruskal-Wallis test, statistically significant P value - indicated in bold, NA - noradrenaline, MHPG
- 3-Methoxy-4-hydroxyphenylglycol



Table S4 Results of statistical analysis of effects of plusmaze on concentrations of NA, MHPG and
MHPG/NA ratio in relation to their ‘basal’ levels in each experimental group in locus coeruleus

Dependent Effect df F/H P
variable/group
A NAin LC PM effect 1 0.368 (F) 0.547
control group number of exposures (E1-E3) 2 17.743 (F) <0.001
number of exposures x PM effect 2 0.623 (F) 0.541
Error 45
B | NAinLC PM effect 1 7.275 (F) 0.010
EMF/1 mT number of exposures (E1-E3) 2 14.232 (F) <0.001
number of exposures x PM effect 2 0.470 (F) 0.628
Error 43
C NAin LC PM effect 1 2.020 (F) 0.163
EMF/7 mT number of exposures (E1-E3) 2 20.611 (F) <0.001
number of exposures x PM effect 2 0.112 (F) 0.894
Error 41
D MHPG in LC PM effect 1 0.839 (F) 0.364
control group number of exposures (E1-E3) 2 2.732 (F) 0.074
number of exposures x PM effect 2 0.718 (F) 0.493
Error 54
E MHPG in LC PM effect 1 9.907 (F) 0.003
EMF/1 mT number of exposures (E1-E3) 2 3.272 (F) 0.046
number of exposures x PM effect 2 8.413 (F) <0.001
Error 54
F MHPG in LC PM effect 1 0.108 (F) 0.744
EMF/7 mT number of exposures (E1-E3) 2 338.428 (F)  <0.001
number of exposures x PM effect 2 0.364 (F) 0.697
Error 54
G | MHPG/NAratioin  PM effect 1 0.706 (F) 0.405
LC number of exposures (E1-E3) 2 3.984 (F) 0.026
control group number of exposures x PM effect 2 0.685 (F) 0.509
Error 45
H MHPG/NA ratioin  PM effect 1 15.884 (F) <0.001
LC number of exposures (E1-E3) 2 4.538 (F) 0.016
EMF/1 mT number of exposures x PM effect 2 7.594 (F) 0.001
Error 43
| MHPG/NA ratioin  PM effect 1 1.798 (H) 0.180
LC number of exposures (E1-E3) 2 31.501 (H) <0.001
EMF/7 mT

F - ANOVA test, H- Kruskal-Wallis test, statistically significant P value - indicated in bold, NA - noradrenaline, MHPG
- 3-methoxy-4-hydroxyphenylglycol



Table S5 Results of statistical analysis of effects of plus maze on concentrations of NA, MHPG and
MHPG/NA ratio in relation to their ‘basal’ levels in each experimental group in the hypothalamus

Dependent Effect df F/H P
variable/group

NA in HPT PM effect 1 15.197 (F) <0.001

control group number of exposures (E1-E3) 2 3.319 (F) 0.045
number of exposures x PM effect 2 1.760 (F) 0.183
Error 46

NA in HPT PM effect 1 0.068 (F) 0.795

EMF/1 mT number of exposures (E1-E3) 2 13.776 (F) <0.001
number of exposures x PM effect 2 1.114 (F) 0.337
Error 43

NA in HPT PM effect 1 1.219 (F) 0.276

EMF/7 mT number of exposures (E1-E3) 2 4.675 (F) 0.015
number of exposures x PM effect 2 0.400 (F) 0.673
Error 42

MHPG in HPT PM effect 1 1.674 (H) 0.195

control group number of exposures (E1-E3) 2 4.337 (H) 0.114

MHPG in HPT PM effect 1 0.167 (F) 0.685

EMF/1 mT number of exposures (E1-E3) 2 4.539 (F) 0.015
number of exposures x PM effect 2 1.773 (F) 0.180
Error 54

MHPG in HPT PM effect 1 0.210 (H) 0.647

EMF/7 mT number of exposures (E1-E3) 2 11.424 (H) 0.003

MHPG/NA ratioin  PM effect 1 1.153 (F) 0.288

HPT number of exposures (E1-E3) 2 2.742 (F) 0.075

control group number of exposures x PM effect 2 0.942 (F) 0.397
Error 46

MHPG/NA ratioin  PM effect 1 0.010 (F) 0.920

HPT number of exposures (E1-E3) 2 7.896 (F) 0.001

EMF/1 mT number of exposures x PM effect 2 0.049 (F) 0.952
Error 43

MHPG/NA ratioin  PM effect 1 0.100 (F) 0.753

HPT number of exposures (E1-E3) 2 10.376 (F) <0.001

EMF/7 mT number of exposures x PM effect 2 0.157 (F) 0.855
Error 42

F - ANOVA test, H- Kruskal-Wallis test, statistically significant P value - indicated in bold, NA - noradrenaline, MHPG

- 3-methoxy-4-hydroxyphenylglycol
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Table S6 Results of statistical analysis of effects of plus maze on concentrations of NA, MHPG and
MHPG/NA ratio in relation to their ‘basal’ levels in each experimental group in plasma

Dependent Effect df F P
variable/group

NA in plasma PM effect 1 3.249 0.077

control group number of exposures (E1-E3) 2 3.830 0.028
number of exposures x PM effect 2 3.158 0.051
Error 50

NA in plasma PM effect 1 1.447 0.235

EMF/1mT number of exposures (E1-E3) 2 8.263 <0.001
number of exposures x PM effect 2 3.443 0.040
Error 47

NA in plasma PM effect 1 7.128 0.011

EMF/7 mT number of exposures (E1-E3) 2 23.589 <0.001
number of exposures x PM effect 2 0.726 0.490
Error 42

MHPG in plasma PM effect 1 0.836 0.365

control group number of exposures (E1-E3) 2 0.412 0.665
number of exposures x PM effect 2 0.021 0.979
Error 51

MHPG in plasma PM effect 1 2.618 0.112

EMF/1mT number of exposures (E1-E3) 2 2.565 0.087
number of exposures x PM effect 2 1.717 0.190
Error 51

MHPG in plasma PM effect 1 0.496 0.484

EMF/7 mT number of exposures (E1-E3) 2 107.625 <0.001
number of exposures x PM effect 2 0.065 0.937
Error 54

MHPG/NA ratioin  PM effect 1 1.743 0.193

plasma number of exposures (E1-E3) 2 1.765 0.182

control group number of exposures x PM effect 2 2.503 0.093
Error 47

MHPG/NA ratioin  PM effect 1 1.715 0.197

plasma number of exposures (E1-E3) 2 12.200 <0.001

EMF/1 mT number of exposures x PM effect 2 2.958 0.062
Error 47

MHPG/NA ratioin  PM effect 1 6.779 0.013

plasma number of exposures (E1-E3) 2 64.205 <0.001

EMF/7 mT number of exposures x PM effect 2 0.177 0.839
Error 42

F - ANOVA test, statistically significant P value - indicated in bold, NA - noradrenaline, MHPG - 3-methoxy-4-
hydroxyphenylglycol
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Table S7 Results of statistical analysis of the ‘basal’ and ‘plus maze-induced’ hippocampal 32-AR mRNA

relative expression

Dependent Effect df F P
variable

intensity of the electromagnetic field (mT) 2 41.722 (F) <0.001

. , number of exposures (E1-E3) 2 3.862 (F) 0.030

A Basal' B2-AR 1) x (E1-€3) 4 2047(F)  0.108
Error 36

intensity of the electromagnetic field (mT) 2 32.857 (F) <0.001

B ‘PM-induced’ B2- number of exposures (E1-E3) 2 12.978 (F) <0.001

AR (mT) x (E1-E3) 4 2.837 (F) 0.038
Error 36

F - ANOVA test, statistically significant P value - indicated in bold, B2-AR —B2-adrenergic receptor

Table S8 Results of statistical analysis of effects of plus maze on hippocampal $2-AR mRNA relative
expression in relation to its ‘basal’ level in each experimental group

Dependent Effect df F P
variable/group

A B2-AR PM effect 1 0.548 0.466
control group number of exposures (E1-E3) 2 4.042 0.031
number of exposures x PM effect 2 1.890 0.173

Error 24
B B2-AR PM effect 0.852 0.365
EMF/1 mT number of exposures (E1-E3) 2 8.210 0.002
number of exposures x PM effect 2 0.715 0.499

Error 24
C B2-AR PM effect 1 0.088 0.770
EMF/7 mT number of exposures (E1-E3) 2 0.957 0.398
number of exposures x PM effect 2 3.951 0.033

Error 24

F - ANOVA test, statistically significant P value - indicated in bold, B2-AR —B2-adrenergic receptor
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Table S9 Results of statistical analysis of behavioural variables in a plus maze test

Dependent Effect df F P
variable

A | Total distance intensity of the electromagnetic field (mT) 2 0.982 0.379
moved (cm) number of exposures (E1-E3) 2 4,121 0.020
(mT) x (E1-E3) 4 2.646 0.039

Error 81
B | Movement intensity of the electromagnetic field (mT) 2 1.367 0.261
velocity (cm/s) number of exposures (E1-E3) 2 4.489 0.014
(mT) x (E1-E3) 4 2.629 0.040

Error 81
C | Movement intensity of the electromagnetic field (mT) 2 0.532 0.589
duration (s) number of exposures (E1-E3) 2 3.176 0.047
(mT) x (E1-E3) 4 2.610 0.041

Error 81
D | Time spentin intensity of the electromagnetic field (mT) 2 4.453 0.015
closed arms (s) number of exposures (E1-E3) 2 2.240 0.113
(mT) x (E1-E3) 4 0.843 0.502

Error 81
E | Openarms intensity of the electromagnetic field (mT) 2 3.602 0.032
frequency number of exposures (E1-E3) 2 4.875 0.010
(mT) x (E1-E3) 4 2.061 0.094

Error 81

F - ANOVA test, statistically significant P value - indicated in bold
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Streszczenie rozprawy doktorskiej w jezyku polskim

Wplyw pola elektromagnetycznego o niskiej czestotliwosci (50 Hz) na status
oksydacyjny i reakcje stresowe u szczura — efekt hormezy

Angelika Klimek

Pole elektromagnetyczne o skrajnie niskiej czestotliwosci (EMF) jest generowane przez
urzadzenia elektryczne oraz napowietrzne linie elektroenergetyczne. Wzrastajgca liczba
antropogenicznych zrédet EMF sktania naukowcéw do rozwazenia jego wplywu na organizmy
zywe, w tym na funkcjonowanie ukfadu nerwowego. Dla spoteczenstw zurbanizowanych
szczegolnie wazna jest identyfikacja potencjalnych zagrozen zwigzanych z EMF i ustalenie
bezpiecznych limitéw narazenia. Efekty dziatania EMF sg niejednoznaczne (pozytywne lub
negatywne), natomiast na pewno nie pozostajg obojetne, a analiza dostepnej literatury nie
daje odpowiedzi na pytania dotyczgce wszystkich potencjalnych skutkéw zdrowotnych
narazenia na ten czynnik srodowiskowy. Aktualny stan wiedzy pozwala na postawienie
hipotezy, ze EMF wykazuje hormeze, tzn. dwukierunkowe dziatanie uzaleznione od wartosci
indukcji magnetycznej. EMF indukuje wiele modyfikacji procesow wewngtrzkomorkowych,
ktérych konsekwencje mogg by¢ w znaczacy sposob zaburzaé funkcje organizmu. Szczegding
uwage zwraca sie na indukowane przez EMF zmiany w réwnowadze oksydacyjno-
antyoksydacyjnej. Ponadto, wiele badan wskazuje, ze EMF jest czynnikiem stresowym, ktéry
wywotuje reakcje komérek/organizméw charakterystyczne dla ogdlnych reakcji na stres.

Zatozono, ze proponowany efekt hormetyczny (dwukierunkowy) dziatania EMF jest
zwigzany z réznym poziomem stresu oksydacyjnego oraz zmianami w aktywacji uktadow
stresu, takich jak o$ podwzgorzowo-przysadkowo-nadnerczowa (HPA) i uktad nadnerczowy
(LC-NA). Hormony stresu, gtownie Kkortykosteron i noradrenalina, mogg modulowac
funkcjonowanie hipokampu i wptywa¢ na procesy plastycznosci w tym obszarze moézgu.
Przyjeto, ze powtarzana ekspozycja na pole elektromagnetyczne (EMF) prowadzi do ustalenia
nowego punktu nastawczego ,set-point” dla aktywnosci uktadéw oksydacyjno-
antyoksydacyjnych i uktadoéw stresu, przy czym kierunek i dynamika tych zmian zalezg od
wartoéci indukcji pola magnetycznego. W rezultacie EMF moze modyfikowaé reakcje
organizmu na kolejne czynniki stresogenne i zmienia¢ podatnos¢ na choroby, zwtaszcza te
dotyczgce uktadu nerwowego.

Celem badan byto 1) okreslenie czy EMF wykazuje hormeze, tzn. dwukierunkowe
dziatanie uzaleznione od wartosci indukcji magnetycznej i 2) wyjasnienie mechanizmu tego
Zjawiska na modelu zwierzecym.

W badaniach zweryfikowano cztery szczegétowe hipotezy robocze:
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U podioza dwukierunkowego dziatania EMF lezg zmiany statusu oksydacyjno-
antyoksydacyjnego moézgowia (hipoteza 1)

EMF inicjuje zmiany w odpowiedzi stresowej, ktorych kierunek i nasilenie zalezg od sity pola
elektromagnetycznego (hipoteza II)

EMF trwale modyfikuje status oksydacyjno-antyoksydacyjny i poziom aktywnosci uktadéw
stresu i tym samym zmienia odpowiedz na kolejne czynniki stresogenne (hipoteza Ill)

. Zmiany w odpowiedzi stresowej indukowanej przez EMF modulujg plastycznosé mdzgowa
(hipoteza 1V)

W celu weryfikacji hipotezy o hormetycznym dziataniu EMF doroste szczury rasy Wistar
byly poddane powtarzanej ekspozycji na EMF (50 Hz) o dwdch warto$ciach indukcji
magnetycznej (1 lub 7 mT). Ekspozycje (1h ekspozycji dziennie przez 7 kolejnych dni) byly
powtarzane 3-krotnie w 3-tygodniowych odstepach czasu. Oznaczono poziom markerow
stresu oksydacyjnego i antyoksydantow w korze przedczotowej, zmiany poziomu hormonow
stresu i ekspresji ich receptorow w strukturach i tkankach nalezgcych do osi HPA i uktadu LC-
NA i z nimi powigzanych: o$ HPA: podwzgorze, przysadka, nadnercza; uktad LC-NA: miejsce
sinawe, podwzgorze, i nadnercza; a takze w osoczu. W hipokampie oznaczono poziomy
receprorow glikokortykoidowych (GR) i mineralokortykoidowych (MR), a takze receptorow [32-
adrenergicznych (B2-AR), ktére odgrywajg wazng role w modulacji plastycznosci mézgowe;.
Ponadto zweryfikowano hormonalne i behawioralne zmiany u zwierzat eksponowanych na
EMF w odpowiedzi na kolejny czynnik stresowy — test otwartego pola i test podwyzszonego
labiryntu krzyzowego. Wszystkie parametry byty analizowane po kazdej z 3 powtarzanych
ekspozycji na EMF w celu oszacowania kierunku i dynamiki zmian ich poziomu.

Przeprowadzone eksperymenty wykazaty, ze powtarzana ekspozycja na EMF zmienia
status oksydacyjno-antyoksydacyjny w korze przedczotowej szczurow w sposéb zalezny od
wartosci indukcji magnetycznej EMF oraz liczby ekspozycji. Poziom markeréw stresu
oksydacyjnego i catkowitego potencjatu antyoksydacyjnego (ang. total antioxidant capacity,
TAC) u szczuréw eksponowanych na EMF o indukcji 1 mT nie roznit sie znaczgco od wartosci
kontrolnej. Natomiast ekspozycja na EMF o indukcji 7 mT spowodowata wzrost poziomu stresu
oksydacyjnego i ograniczenie obrony antyoksydacyjnej.

Zmiany poziomu hormonow osi HPA i uktadu LC-NA u szczurow eksponowanych na
EMF o indukcji 1 mT byly maksymalne po pierwszej ekspozycji na EMF i nastepnie po
kolejnych ekspozycjach obserwowano powrot ich poziomu do wartosci kontrolnych. Natomiast,
stwierdzono kumulacje efektéw poszczegodlnych ekspozycji na EMF o wartosci indukcji 7 mT,
z kazda kolejng ekspozycjg zmiana w poziomie badanych parametrow byta coraz bardziej
widoczna.

Powtarzana ekspozycja na EMF o indukcji 1 mT wywofata umiarkowang reakcje

stresowg, ktéra uruchamia mechanizmy kompensacyjne prowadzgc do adaptacji do tego
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rodzaju stresu. W przeciwiehstwie do tego, u zwierzagt eksponowanych na EMF o indukcji
magnetycznej 7 mT zauwazono przesuniecie punktu set-point aktywnosci uktadéw stresu w
kierunku zwiekszonej wrazliwosci na ten czynnik stresowy. W rezultacie, przesuniecie punktu
nastawczego regulacji endokrynologicznej zmienito odpowiedz na kolejne bodzce stresowe -
test otwartego pola i test podwyzszonego labiryntu.

Po raz pierwszy wykazano rowniez wzrost ekspresji MR mRNA w neuronach
hipokampu w odpowiedzi na EMF o indukcji 1 mT. Zjawisko to moze stanowi¢ endogenng
reakcje majgcg na celu ochrone mézgu przed potencjalnymi uszkodzeniami. W tej grupie
zwierzat stwierdzono rowniez nieistotne statystycznie obnizenie mRNA receptora 2-AR w
hipokampie. Jednakze w grupie eksponowanej na EMF 7 mT zaobserwowano zdecydowane
obnizenie poziomu B2-AR po kazdej kolejnej ekspozyciji. Kluczowa rola receptora 2-AR w
indukowaniu plastycznosci mézgowej wskazuje, ze ekspozycja na pole elektromagnetyczne o
indukcji 7 mT hamuje procesy neuroplastyczne w hipokampie.

Przeprowadzone badania wykazaty dwukierunkowy wplyw EMF zalezny od wartosci
indukcji magnetycznej w odniesieniu do statusu oksydacyjnego-antyoksydacyjnego,
odpowiedzi na stres, jak rowniez modulowania plastycznosci mézgowej. Ponadto stwierdzono,
ze skutki odziatywania EMF mogg by¢ trwate i wplywaé na reakcje organizmu na kolejne
wydarzenia stresowe. Z jednej strony, stabe EMF (1 mT) moze pozytywnie wptywaé na
wzmacnianie plastycznosci moézgu, co sprzyja neuroadaptacji do kolejnych czynnikéw
stresowych. Z drugiej strony, silne EMF (7 mT) moze prowadzi¢ do zaktécenia odpowiedzi na
stres, zwiekszajgc wrazliwo$¢ na kolejne stresujgce bodzce i potencjalnie zwiekszaé ryzyko
zaburzen zwigzanych ze stresem. Wyniki eksperymentow po raz pierwszy dokumentujg
istnienie "hormetycznego mechanizmu dziatania" EMF (50 Hz) u kregowcdéw, co zostato
zweryfikowane na modelu szczura. Wyniki te mogg przyczyni¢ sie do lepszego zrozumienia
fundamentalnych mechanizméw dwukierunkowej reakcji na EMF, dostarczajg nowych danych
dotyczgcych potencjalnych wiasciwosci terapeutycznych pola elektromagnetycznego, jak

réwniez otwierajg nowe perspektywy w ocenie ryzyka zwigzanego z ekspozycjg na EMF.
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Streszczenie rozprawy doktorskiej w jezyku angielskim

The influence of low-frequency electromagnetic field (50 hz) on oxidative status and
stress reactions in rats — hormetic effect

Angelika Klimek

The extremely low-frequency electromagnetic field (EMF) is generated by electrical
devices and overhead power lines. The increasing number of anthropogenic sources of EMF
prompts scientists to consider its impact on living organisms, including the functioning of the
nervous system. For urbanized societies, the identification of potential risks associated with
EMF and establishing safe exposure limits is particularly important. The effects of EMF are
ambiguous (positive or negative), but certainly not neutral, and the analysis of available
literature does not provide answers to questions regarding all potential health effects of
exposure to this environmental factor. The current state of knowledge allows for the hypothesis
that EMF exhibits hormesis, i.e., a two-way action dependent on the value of magnetic
induction. EMF induces many modifications in intracellular processes, the consequences of
which may significantly disrupt the functions of the organism. Special attention is paid to the
EMF-induced changes in the oxidative-antioxidative balance. Moreover, many studies indicate
that EMF is a stress factor that triggers cellular/organismal reactions characteristic of general
stress responses.

It is assumed that the proposed hormetic effect (bidirectional) of EMF action is
associated with different levels of oxidative stress and changes in the activation of stress
systems, such as the hypothalamic-pituitary-adrenal (HPA) axis and the noradrenergic system
(LC-NA). Stress hormones, mainly corticosterone and noradrenaline, can modulate
hippocampal function and influence plasticity processes in this brain region. It is hypothesized
that repeated exposure to electromagnetic fields (EMF) leads to the establishment of a new
set-point for the activity of oxidative-antioxidative processes and stress systems, with the
direction and dynamics of these changes depending on the value of magnetic field induction.
As a result, EMF may modify the organism's response to subsequent stressors and alter
susceptibility to diseases, especially those related to the nervous system.

The aim of the research was 1) to determine whether EMF exhibits hormesis, i.e., a
bidirectional effect dependent on the value of magnetic induction, and 2) to elucidate the
mechanism of this phenomenon using an animal model.

The research verified four detailed working hypotheses:
1. The bidirectional action of the EMF is based on changes in oxidative-antioxidative status in

the brain (Hypothesis I).
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2. EMF initiates changes in the stress response, the direction and intensity of which depend
on the magnetic induction of the field (Hypothesis II).

3. EMF permanently modifies the activity level of stress systems, thereby altering the stress
response to subsequent stressors (Hypothesis Ill).

4. Changes in the stress response induced by EMF modulate brain plasticity (Hypothesis 1V).

To verify the hypothesis of the hormetic action of EMF, adult Wistar rats were subjected
to repeated exposure to EMF (50 Hz) of two values of magnetic induction (1 or 7 mT).
Exposures (1 hour per day for 7 consecutive days) were repeated three times at 3-week
intervals. Levels of oxidative stress markers and antioxidants in the prefrontal cortex were
determined, as well as changes in the levels of stress hormones and the expression of their
receptors in structures and tissues belonging or related to the HPA axis and the LC-NA system:
HPA axis: hypothalamus, pituitary gland, adrenal glands; LC-NA system: locus coeruleus,
hypothalamus, and adrenal glands; as well as in serum. In the hippocampus, levels of
glucocorticoid receptors (GR) and mineralocorticoid receptors (MR) were measured, along
with B2-adrenergic receptors (B2-AR), which play an important role in modulating brain
plasticity. Additionally, hormonal and behavioural changes in animals exposed to EMF in
response to a subsequent stressor were verified using the open field test and elevated plus
maze test. All parameters were analyzed after each of the 3 repeated exposures to EMF to
assess the direction and dynamics of changes in their levels.

The conducted experiments revealed that repeated exposure to EMF alters the
oxidative-antioxidant status in the prefrontal cortex of rats in a manner dependent on the
magnetic induction value of EMF and the number of exposures. The level of oxidative stress
markers and total antioxidant capacity (TAC) in rats exposed to EMF of 1 mT did not
significantly differ from the control values. However, exposure to EMF of 7 mT resulted in an
increase in oxidative stress levels and a limitation of antioxidant defence.

Changes in the levels of hormones of the HPA axis and LC-NA system in rats exposed
to EMF of 1 mT were maximal after the first exposure, with subsequent exposures leading to
a return to baseline levels. Conversely, a cumulative effect of individual exposures to EMF of
7 mT was observed, with each successive exposure resulting in increasingly visible changes
in the levels of the verified parameters.

Repeated exposure to EMF of 1 mT induced a moderate stress response, activating
compensatory mechanisms leading to adaptation to this type of stress. In contrast, in animals
exposed to EMF of 7 mT, a shift in the set-point of stress system activity towards increased
sensitivity to this stressor was found. Consequently, the shift in the set-point of endocrinological
regulation altered the response to subsequent stressors - the open field test and elevated plus

maze test.
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For the first time, an increase in MR MRNA expression in hippocampal neurons in
response to EMF of 1 mT has been demonstrated. This phenomenon may represent an
endogenous response aimed at protecting the brain from potential damage. Conversely, a
statistically significant decrease in 2-AR receptor mRNA levels in the hippocampus was
observed in the group exposed to EMF of 7 mT after each successive exposure. The crucial
role of B2-AR receptors in inducing brain plasticity suggests that exposure to EMF at 7 mT
strongly inhibits neuroplastic processes in the hippocampus.

The performed studies demonstrated a bidirectional influence of EMF dependent on
the magnetic induction value regarding the oxidative-antioxidant status, stress response, as
well as modulation of brain plasticity. Additionally, it was found that the effects of EMF exposure
may be long-lasting and influence the organism's response to subsequent stressful events. On
one hand, weak EMF (1 mT) may positively impact brain plasticity reinforcement, facilitating
neuroadaptation to subsequent stressors. On the other hand, strong EMF (7 mT) may disrupt
stress response and in this way increase the sensitivity to subsequent stressful stimuli and
potentially increase the risk of stress-related disorders. The results of the experiments for the
first time document the existence of the "hormetic mechanism of action" of EMF (50 Hz) in
vertebrates, which has been verified in the rat model. These findings may contribute to a better
understanding of the fundamental mechanisms of bidirectional response to EMF, provide new
data on the potential therapeutic properties of electromagnetic fields, and open new

perspectives in the assessment of the risk associated with EMF exposure.
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