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SUPPLEMENTARY MATERIAL (updated 12-8-2019) of: 

Lai, H.  Exposure to static and extremely-low frequency electromagnetic fields 
and cellular free radicals. Electromagnetic Biology and Medicine 38:231-248, 
2019. 

 

Literature on free radical generation after expsore to static and extremely-low-frequency 
electromagnetic f ields (as of July 2019) 

Two types of free radicals can be generated: reactive oxygen species (ROS) ans reactive nitrogen species (RNS). 
Activity in the mitochondrial electron transport chain leads to the production of superoxide radical anion (O2

.-) which can 
be converted to hydrogen peroxide (H2O2) by various forms of superoxide dismutate (SOD). H2O2 can be degraded by 
catalase (CAT) into water and oxygen or converted by the iron-dependent Fenton reaction into the potent hydroxyl radical 
(OH.). In the cytoplasm, nitric oxide (NO.) is generated by various forms of nitric oxide synthase (NOS) by conversion of 
L-arginine to L-citrulline. NO. reacts with O2

.- to generate the potent oxidant peroxynitrite (ONOO-).  O2
.- can also be 

produced by NOS by transfer of electron from NADPH to O2. Other enzymatic processes, such as cytochrome P450, also 
generate ROS in normal cellular activities.  

 Major anti-oxidative processes in cells include catalase/peroxidase that converts O2
.- to H2O and O2. In the 

process, glutathione (GSH) is oxidized to glutathione disulfide (GSSG). GSSG is reduced back to GSH by the enzyme 
glutathione reductase with the conversion of NADPH to NADP. GSH and NADPH are the most common electron donors 
participated in cellular anti-oxidation processes.  ONOO- is decomposed by peroxiredoxin and glutathione peroxidase into 
less potent nitrogen free radicals (NO3

./NO2
.). 

 ROS react with cellular macromolecules, e.g., DNA, protein, and lipid. The most common form of DNA oxidative 
damage is the formation of hydroxylated bases.  8-hydroxy-2’-deoxyguanosine (8-OHdG) is generally used an index of 
oxidative DNA damage. ROS react with lipids to produce lipid peroxyl radicals and lipid hydroperoxides.  Lipid peroxyl can 
subsequently form malondialdehyde (MDA), which is commonly used as an index of oxidative lipid damage. Lipid radicals 
can diffuse through membrane leading to protein oxidation and formation of DNA-MDA adduct. Oxidative lipid damages 
affect the structure and function of cell membrane. ROS attack proteins directly and indirectly. Protein carbonyl is a form of 
protein oxidative damage.  Changes in protein structure lead to alteration in enzymatic activities, particularly, damage to 
membrane transport proteins leads to ionic imbalance such as intracellular concentrations of calcium and potassium.  
Oxidative stress could also cause changes in regulation of transcription factors in cells, e.g., the Nrf2 antioxidant pathway. 
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 More than 200 papers have been published on effects of in vitro and in vivo exposure to static and 
extremely–low frequency electromagnetic fields on various aspects of the free radical processes in living organisms.  
Table 1 is a summary of these papers (as of April 2019). (It is inevitable that some relevant studies were omitted in the 
following literature survey.) 

 

Table I.  Summary of  papers on t he ef fect s of  ELF-EMF on oxidat ive processes in cells and animals. (*  St udy report ed no signif icant  ef fect  on oxidat ive processes; � 
increase; � decrease; Ø no signif icant  ef fect ; MF= magnet ic f ield; EF = elect ric f ield; CAT= cat alase; GSH= glut at hione; GST = glut at hione S-t ransferase; GPx = 
glut at hione peroxidase; NOS= nit ric oxide synt hase; MPO= myeloperoxidase; ROS = react ive oxygen species; SOD= superoxide dismut ase)  In some st udies, t he t erm 
EMF (elect romagnet ic f ield)  was used. The aut hors may mean magnet ic f ield or a combinat ion of  magnet ic and elect ric f ields, since most  exposure syst ems emit  bot h 
f ields when not  properly shielded and grounded. On t he ot her hand, f ields labelled as magnet ic f ield in some st udies may cont ain also elect ric component .,  

   Oxidat ive damages (DNA, 
prot ein, lipid)  

ROS (O2
.- , OH, H2O2, NO) NOS Ant ioxidat ive processes 

(SOD, CAT/  peroxidase, 
GSH, GPx) 

Ef fect  of  
ant ioxidant s
/  
scavengers 

Remarks 

Akan et  
al. 
(2010)  

Act ivat ed 
THP-1 cells 
(human 
monocyt ic 
leukemia 
cells)  

50-Hz EMF, 1  
mT,  4 -6  h 

 �NO � iNOS   �cGMP 

Akdag 
et  al. 
(2007)  

Sprague-
Dawley rat  
serum in 
vivo 

50-Hz MF, 
0 .1  and 0 .5  
mT, 2  h/ day, 
10  mont hs 

 �NO     

Akdag 
et  al. 
(2010)  

Sprague-
Dawley rat  
brain in 
vivo 

50-Hz MF, 
0 .1  and 0 .5  
mT, 2  h/ day, 
10  mont hs 

� lipid peroxidat ion   � CAT  � t ot al 
oxidant  
st at us, � 
t ot al ant i- 
oxidat ive 
capacit y 

Akdag 
et  al. 
(2013a
) 

Sprague-
Dawley rat  
brain in 
vivo 

50-Hz MF, 
0 .1  and 0 .5  
mT, 2  h/ day, 
10  mont hs 

� prot ein carboxylat ion 
� lipid peroxidat ion 

     

*Akdag 
et  al. 
(2013b
) 

Sprague-
Dawley rat  
t est es in 
vivo 

50-Hz MF, 
0 .1  and 0 .5  
mT, 2  h/ day, 
10  mont hs 

Ø lipid peroxidat ion   Ø CAT 
 

 No change 
in 
t ot al 
oxidant  
st at us and 
t ot al ant i- 
oxidat ive 
capacit y 

Akpinar 
et  al. 

Wist er rat   
brain and 

50-Hz EF, 
12  and 18 

� lipid peroxidat ion     � t ot al 
oxidant  
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(2012)  ret ina in 
vivo 

kV/ m, 1  
h/ day, 14  
days 

st at us, � 
t ot al ant i- 
oxidat ive 
capacit y 

Akpinar 
et  al. 
(2016)  

Wist er rat  
brain in 
vivo 

50-Hz EF, 
12kV/ m, 1  
h/ day, 
prenat al (Pr) , 
post nat al 
(Po, 30  
days) , and 
prenat al +  
post nat al 
(PP) 

�lipid peroxidat ion in Po, 
�in PP (cf . Pr and Po) 
� prot ein carboxylat ion in 
PP 
 

     

Aksen 
et  al. 
(2006)  

Wist er rat  
ut erus and 
ovary in 
vivo 

50-Hz EMF, 1  
mT, 3  h/ day, 
50  or 100 
days 

� lipid peroxidat ion      

*Alcara
z et  al. 
(2014)  

Micronuclea
t ed cells 
induced by 
EMF in bone 
morrow of  
mouse 

50-Hz EMF, 
0 .2  mT,  for 
7 , 14 , 21 , or 
28  days 

    Ef fect  not  
blocked by 
4  t ypes of  
ant ioxidant  

 

Amara 
et  al. 
(2009)  

Male Wist ar 
rat , f ront al 
crt ex and 
hippocampu
s 

St at ic MF, 
128 mT, 1  
h/ day, 30  
days 

Ø DNA   � GPx, CuZn-SOD and CAT in 
f ront al cort ex ; � CuZn-SOD 
and Mn-SOD in hippocampus 

  

Amara 
et  al. 
(2011)  

Male Wist ar 
rat , f ront al 
crt ex 

St at ic MF, 
128 mT, 1  
h/ day, 30  
days and 
cadmium 
t reat ment  

Synergist ic wit h cadmium 
in  � lipid peroxidat ion  

  Synergist ic wit h cadmium in  
� SOD and glut at hione 

  

Ansari 
et  al. 
(2016)  

NMRI mice 50-Hz MF, 
0 .5  mT, 2  h 
or 2  h/ day 
for 2  weeks 

 � NO    Blocked 
ef fect  of  
L-NAME, a 
NOS 
inhibit or, 
long t er 
exposure 
reversed 
depressiv
e disorder 
in mice 

Asghar 
et  al. 
(2016)  

Soybean 
seeds and 
seedlings 

50-Hz MF, 
50, 75 , or 
100 mT for 

� lipid peroxidat ion at  50  
mT for 3  min (not  at  
ot her exposure 

�H2O2 at  50  and 100 mT 
for 3  min 

 � SOD at  75  mT for 3  and 5  
min; �CAT/ peroxidase at  50 , 
75  and 100 mT for 3  min;  

 � ascorbic 
acid 
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3 or 5  min condit ions)  
Ayşe et  
al. 
(2010)  

K562 cells, 
in vit ro 

50-Hz EMF, 5  
mT, 1  h or 1  
h/ day for 4  
days 

 � O2
.-     Ef fect  

disappear
ed at  2  h 
post -
exposure, 
no 
int eract io
n wit h 
hemin 

Bawin 
et  al. 
(1996)  

Elect rical 
act ivit y of  
rat  
hippocampa
l slices 

1-Hz MF, 
0 .56 and 
0 .056 mT, 
10 min 

  Ef fect  
blocked 
by NOS 
inhibit o
r 

  60-Hz MF 
has no 
signif icant  
ef fect  

Bediz et  
al. 
(2006)  

Sprague-
Dawley rat  
blood and 
brain in 
vivo 

50-Hz EMF, 
0 .005 mT, 5  
min every 
ot her day for 
6  mont hs 

� lipid peroxidat ion   �GSH  Ef fect  
at t enuat e
d by zinc 

Belova 
et  al. 
(2010)  

Act ivat ed 
mouse 
perit oneal 
neut rophils 

Combined 
magnet ic 
f ield (CMF) 
t uned t o 
calcium ion 
(DC 40.6  µT, 
AC 74.7  µT 
at  31  Hz) : 
pulsed MF 
(225 µs, 20  
pulses 
packet  at  15  
Hz, 1500 
µT); up t o 30 
min exposure 

 CMF � ROS, pulsed MF � 
ROS 

    

Benassi 
et  al. 
(2016)  

SH-SY5Y 
cells 
(human 
used t o 
st udy 
Parkinson’s 
disease)  

50-Hz MF, 1  
mT, 6-72 h 

� prot ein carboxylat ion      

Bert ea 
et  al. 
(2015)  

Arabidopsis 
thaliana 

Reversed 
geomagnet ic 
f ield, 10  
days during 
seed growt h 

     Ret arded 
rot  and 
leaf  
growt h, 
changes in 
expression 
of  5  gene 



 
 

5 
 

involved 
in 
oxidat ive 
st ress 

Buczyńsk
i et  al. 
(2005)  

Human 
blood 
plat elet s 

1  kHz MF, 
0 .5  mT, 30, 
60  or 90  min 

� lipid peroxidat ion     Ef fect  
observed 
only af t er 
30  and 90 
min 
exposure, 
not  at  60  
min 

Budziosz 
et  al. 
(2018)  

Male Wist ar 
rat s, f ront al 
cort ex, 
hippocamp
us, 
brainst em, 
hypot halam
us, 
st riat um, 
cerebellum 

50-HZ EMF, 
22 h/ day, 28  
days, 4 .4  pT 

Ø lipid peroxidat ion Ø t ot al oxidant  st at us  Changes (� and �)   in SOD, 
CAT and glut at hione-relat ed 
enzymes depended on barin 
region 

  

Buldak et  
al. 
(2012)  

AT478 
murine 
squamous 
carcinoma 
cells 

EMF 50-Hz, 1  
mT, 16 min 

� lipid peroxidat ion   �SOD 
�GPx 

 MF 
lessens 
oxidat ive 
ef fect s of  
cisplat in  

Calabro 
et  al. 
(2013)  

SH-SY5Y 
cells 

St at ic MF, 
2 .2  mT, 24 h 

 � ROS product ion     

Calcabrin
i et  al. 
(2017)  

Human 
kerat inocyt
e (NCTC 
2544) 

50 Hz MF, 
0 .025 – 0 .2  
mT, 1  h 

� lipid peroxidat ion at  
0 .05 and 0 .1  mT 

� ROS at  0 .05  and 0 .1  mT  � SOD and  �GSH at  0 .05  
and 0 .1  mT 

 � ROS 
blocked 
by t he 
iron 
chelat or 
o-
phenant hr
oline 

Calot a et  
al. 
(2006)  

Human 
blood 
serum 

50-Hz EF, 5 , 
7 .5  10, 15 , 
20  kV/ m, 1-
2  h 

 � ROS product ion     

Calot a et  
al. 
(2007)  

Human 
blood 
serum 

50-Hz MF, 
0 .357, 
0 .596, 
1 .788, 
2 .384 mT, 1-
2  h 

 � ROS product ion, 
enhanced by FeCl2 and 
H2O2 

    

Canseve Guinea pig, 50-Hz MF, 1 , � and � in lipid � and � in NO  MPO (� or �)  depending on   
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n et  al. 
(2008)  

liver and 
heart  
t issues 

2 , or 3  mT, 4  
or 8  h/ day 
for 5  days 

peroxidat ion 
 

 exposure condit ion (durat ion 
and int ensit y)  and t issue 
st udied; 
� and � in GSH 
 

Chen et  
al. 
(2014)  

Mouse 
embryonic 
f ibroblast  

50-Hz MF, 2  
mT, 0 .5 , 2 , 
6 , 12 , 24  h 

 � ROS     

Cheun et  
al. 
(2007)  

Canine 
kidney 
MDCK cells 

60-Hz MF, 
1 .4  mT, 
seconds 

 MF af fect ed ROS kinet ics 
when H2O2 was added t o 
cells. 

    

Chu et  
al. 
(2011)  

Mouse 
cerebellum 
in vit ro 

60-Hz MF, 
2 .3  mT, 3  h 

� lipid peroxidat ion �OH  �SOD 
Ø GPx 

  

Chung et  
al. 
(2015)  

Rat  brain in 
vivo 

60-Hz MF, 
2 .0  mT, 2  or 
5  days 

 �NO in st riat um, t halamus 
and hippocampus 

    

Cichon 
et  al. 
(2017a)  

Post -st roke 
pat ient s 

40-Hz, 7  mT 
for 15  
min/ day for 
4weeks (5  
days a week)  

   � SOD and CAT in 
hemolysat es 

 Ø t ot al 
ant ioxidant  
st at us in 
plasma; 
exposed 
pat ient s 
showed 
bet t er 
improveme
nt  in 
funct ional 
and ment al 
st at us 

Cichon 
et  al. 
(2017b)  

Post -st roke 
pat ient s 

40-Hz, 7  mT 
for 15  
min/ day for 
4weeks (5  
days a week)  

 � 3-nit rot yrosine 
� nit rat e/ nit rit e rat io 

   ELF-EMF 
promot es 
recovery of  
post -st roke 
pat ient s 

Cichon 
et  al. 
(2018a)  

Post -st roke 
pat ient s, 
blood 
mRNA 

Rect angular, 
bipolar 
waves, 5  mT, 
40 Hz, 15  
min/ session, 
10  sessions 
in 14 days,  

     � CAT, 
SOD1, 
SOD2, 
GPx1, GPx4 
mRNA 

Cichon 
et  al. 
(2018b)  

Post -st roke 
pat ient s, 
blood 

Rect angular, 
bipolar 
waves, 5  mT, 
40 Hz, 15  
min/ session, 
20  sessions 
in 20 days, 

� lipid peroxidat ion 
� prot ein carboxlat ion 

    Improved 
psychophy
sical 
abilit ies of  
pat ient s 
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Ciejka et  
al. 
(2009)  

Sprague-
Dawley rat s 
in vivo 
(plasma) 

40-Hz MF, 7  
mT, 30  or 60  
min per day 
for 14  days 

     Repeat ed 
30-min and 
60-min 
exposure 
increased 
and 
decreased 
plasma 
ant ioxidant  
act ivit y, 
respect ivel
y. 

Ciejka et  
al. 
(2010)  

Sprague-
Dawley rat s 
in vivo 
(muscle)  

40-Hz MF, 7  
mT, 30  or 60  
min per day 
for 14  days 

     Bot h 
exposures 
caused an 
increase in 
 -SH and 
decrease in 
prot eins in 
muscle  

Ciejka et  
al. 
(2011)  

Sprague-
Dawley rat s 
in vivo 
(brain)  

40-Hz MF, 7  
mT, 30  or 60  
min per day 
for 14  days 

� lipid peroxidat ion  
in brain of  30-min per 
day exposed rat s 

    Rat s 
exposed 
for 60  min 
per day, 14  
days 
showed 
increases in 
 -SH and 
prot eins in 
brain 
(adapt at ion
) . 

Ciejka et  
al. 
(2014)  

Sprague-
Dawley rat s 
in vivo 
(muscle)  

40-Hz MF, 7  
mT, 30  or 60  
min per day 
for 14  days 

   �GSH   

Coballase
-Urrut ia 
et  al. 
(2018)  

Rest raint  
Wist ar rat s 

St at ic MF, 
0 .8  mT, 30, 
60 , 240 
min/ day, 5  
days 

     At t enuat ed 
rest aint  
st ress-
induced 
increases in 
NO and MDA 
and 
decreases in 
SOD and 
GSH 

Consales 
et  al. 
(2018)  

SH-SY5Y 
human 
neuroblast o

50-Hz MF. 1  
mT, 24 , 48  
or 72  h 

� O2
.- , H2O2,     Some ROS 

produced by 
mit ochondri
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ma cells 
and mouse 
primary 
cort ical 
neurons 

a; af fect ed 
by 
microRNA 
(miR-34)  

*Consale
s et  al. 
(2019)  

SH-SY5Y 
human 
neuroblast o
ma cells 
(wild t ype 
and t wo 
mut ant s)  

50-Hz MF, 1  
mT, 24-72 h 

Ø O2
.- , H2O2,     � iron 

cot ent  and 
ron-gene 
expression 
in a mut ant  
cell-t ype; 
Ø viabilit y 
and 
proliferat ion 

Coskun 
et  al. 
(2009)  

Guinea pig 
in vivo- 
plasma, 
brain, and 
liver 

50-Hz MF, 
1 .5  mT, 
cont inuous 
(C) (4h/ day)  
or 
int ermit t ent  
( I)  (2  h on/ 2  
h of f / 2h on)  
for 4  days 

 Plasma: I � lipid 
peroxidat ion 

Brain: C, � lipid 
peroxidat ion 
Liver: C, I �lipid 
peroxidat ion 

Plasma: C, I  � NO 
 

 MPO: Plasma C �, Brain C, I  �, 
Liver C, I  � 
GSH: C � I  � in brain 
 
 

  
 

Cui et  al. 
(2012)  

C57BL/ 6  
mice in vivo, 
st riat um 
and 
hippocampu
s 

50-Hz MF, 1  
or 0 .1  mT, 
4h/ day, 12  
days 

� lipid peroxidat ion in 1  
mT group 

  � CAT and �GSH  in 1  mT 
group 

 �Tot al 
ant ioxidant  
capabilit y 
in 1  mT 
group 

*de 
Groot  
et  al. 
(2014)  

Normal and 
chemically-
st ressed 
PC12 cells 

50-Hz EMF, 30 
min or 48  h, 
up t o 1  mT 

 No ef fect  on ROS 
product ion as measured 
by H2-DCFDA 

    

*  De 
Mat t ei 
et  al. 
(2003)  

Bovine 
art icular 
cart ilage 
explant s 

75-Hz EMF 
1.3  ms 
pulses, 2 .3  
mT peak, 24  
h 

 Ø NO 
 

   Pulses 
enhanced 
Int erleukin-
1β−induced 
NO 
product ion 

De 
Nicola 
et  al. 
(2006)  

U937 cells St at ic MF, 6  
mT, 2  h; 50-
Hz MF, 0 .07-
0 .1  mT, 2  h 

 � ROS  �GSH  Decreased 
apopt osis 

Deng B. 
et  al. 
(2014)  

Rat  primary 
cerebral 
cort ical 
neurons 

Elect romagn
et ic pulses 
(peak 400 
KV/ m, widt h 
350 ns, 0 .5  
pps, I Hz)  

� lipid peroxidat ion   �SOD  Decreased 
cell viabilit y 
observed, 
ef fect s 
ant agonize
d by 
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sevof lurane 
Deng Y. 
et  al. 
(2013)  

SPF 
Kunming 
mouse in 
vivo, serum 
and brain 

50-Hz MF, 2  
mT, 4h/ day, 
8  weeks 

� lipid peroxidat ion   �SOD  No 
int eract ion 
wit h 
aluminum 

Di et  al. 
(2012)  

Human 
preost eocla
st  FLG29.1  
cells 

Large 
gradient  high 
magnet ic 
f ields (12  T,  
-1370 T2/ m; 
12  T, 1370 
T2/ m), 72  h 

 � NO     

*Di 
Loret o 
et  al. 
(2009)  

Rat  cort ical 
neurons 

50-Hz MF, 
0 .1  or 1  mT, 
7  days 

Ø lipid peroxidat ion Ø t ot al ROS  Ø GSH 
 

 � cell 
viabilit y, � 
apopt osis 

Dinčić 
et  al. 
(2018)  

Wist ae 
albino rat s 

St at ic 
magnet ic 
f ield, 1  mT, 
50 days 

� lipid peroxidat ion   � synapt osomal CAT 
depending on orit ent at ion of  
st at ic MF 
 

 � ATPase 
and AchE 
in 
synapt oso
mes 

Ding et  
al. 
(2004)  

Human 
leukemia 
HL-60 cells 

60-Hz MF, 5  
mT, 24  h 

     Enhanced 
apopt ot ic 
ef fect  of  
H2O2 

Djordje
vvic et  
al. 
(2017)  

Wist ar male 
rat s 

50-Hz MF, 
10 mT,  7  
days, 24  
h/ day 

 � O2
. -  and NO; Ø 

peroxynit rit e (ONOO-)  in 
hypot halamus 

    

Dornelle
s et  al. 
(2017)  

Human 
peripheral 
mononuclea
r cells wit h 
dif ferent  
polymorphi
sm at  
Vali1 la-
MnSOD 
gene 

St at ic 
magnet ic 
f ield, 5  mT; 
0 ,1 ,3 ,6  h 

� and Ø lipid 
peroxidat ion, � and � 
prot ein carboxylat ion 

�,  � and Ø ROS   �,  � and Ø in SOD1, SOD2, 
GPX, CAT 

 Response 
depended 
on genet ic 
makeup of  
t he cells 

Duan Y. 
et  al. 
(2013)  

ICR mouse, 
Serum and 
hippocamp
us 

50-Hz MF, 8  
mT, 4  h/ day, 
28  days 

� lipid peroxidat ion �NO �NOS �SOD 
� CAT 
�GPx 

 Ef fect s 
reversed 
by lot us 
seedpot  
procyanidin
s 

*Duan 
W. et  
al. 

Mouse 
spermat ocy
t e-devrived 

50-Hz EMF, 
1 , 2 , or 3  
mT, 5-min on 

Ø oxidat ive DNA base 
damage 
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(2015)  GC-2 cells 10-min of f , 
24  h 

Duong 
and Kim 
(2016)  

Human 
microglial 
HMO6 

50-Hz EMF, 1  
mT, 4  h 

     EMF 
exposure 
decreased 
ROS 
induced by 
oxygen-
glucose 
deprivat ion
. 

Ehnert  
et  al. 
(2017)  

Human 
ost eoblast s 

Pulsed EMF, 
16-Hz, 6-
282 µT; 7  
min or 
7min/ day 
(>3 days)  

 Single exposure � ROS; 
Repeat ed exposure � ROS; 
mainly O2

.-  and H2O2 

 �GPX3, SOD2, CAT, GSR Ef fect s of  
EMF blocked 
by  O2

.-  and 
H2O2 
scavengers 

EMF 
promot es  
ost eoblast  
dif ferent iat
ion via f ree 
radicals 

Emre et  
al. 
(2011)  

Wist ar rat  
in vivo, liver 

Pulsed EMF 
(0 .5  ms rise 
t ime, 9 .5  ms 
fall t ime) EF 
0 .6  V/ m, MF 
1 .5  mT, each 
f requency 
t rain of  1  Hz, 
10  Hz, 20  Hz 
and 40 Hz 
was given for 
4 -min and 
wit h 1-min 
int erval 
bet ween 
each 
f requency 
( t oget her 20 
min.) ; on 
each day, 
t hree 
exposure 
cycles 
performed (1  
h) , 1  h per 
day for 30  
days 

  
� lipid peroxidat ion 

  �SOD  No ef fect  
on 
apot osis, 
decreased 
necrosis. 

Erdal et  
al. 
(2008)  

Male and 
female 
Wist ar rat  
in vivo, liver 

50-Hz MF, 1  
mT, 4 / day, 
45  days 

Ø lipid peroxidat ion     Increased 3-
nit rot yrosine 
(oxidat ive/  
nit rosat ive 
st ress)  in 
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liver of  
female rat s. 

Errico 
Provenz
ano et  
al. 
(2018)  

NB4 cells 
(human 
acut e 
promyelocy
t ic 
leukemia)  

50   Hz MF, 2  
mT, 8 , 16 , 
24  h 

 �ROS     

Falone 
et  al. 
(2007)  

Human 
neuroblast o
ma cells 
SH-SY5Y 

59-Hz MF, 1  
mT, 96-192 
h 

 Ø ROS  Ø SOD, CAT 
� GST, GPx  
5x � reduced/ t ot al GSH rat io 

 Increased 
cell viabilit y; 
Ø cell circle, 
apopt osis 
and DNA 
damage, but  
enhanced 
t hese 
ef fect s 
induced by 
H2O2. 

Falone 
et  al. 
(2008)  

Female 
Sprague-
Dawley rat  
in vivo, 3 - 
and 19-
mont h old, 
brain cort ex 

50-Hz MF, 
0 .1  mT, 10 
days 

   �SOD2 in young rat s; � 
cat alase and GPx in old rat s 

 �Glut at hione 
reduct ase in 
old and 
young rat s, 
� 
glut at hione-
s-
t ransferase 
in old rat s: 
old and 
young rat s 
responded 
dif ferent ly. 

Falone 
et  al. 
(2016)  

Human 
drug- 
resist ant  
neuroblast o
ma SK-N-
BE(2)  cells 

72-Hz pulsed 
EMF, 1 .3  ms 
pulse 
durat ion, 2  
mT, 15  min, 
3  t imes over 
5  days 

     Pulsed EMF 
increased 
MnSOD-
based 
ant ioxidant  
prot ect ion 
and reduced 
ROS 
product ion 
induced by 
H2O2 . 

Falone 
et  al. 
(2017)  

SH-SY5Y 
human 
neuroblast o
ma cells 

50-Hz MF, 
0 .1  or 1  mT, 
5  and 10 
days 

� prot ein carboxylat ion 
and DNA oxidat ion 

  � GPx/ SOD and cat alase/ SOD 
rat ios, i.e., increase 
ant ioxidat ing defense; � GPx 
act ivit y 

 Prot ect s cell 
deat h by 
H2O2, � Nrf2  
act ivit y 

Feng et  
al. 

Human 
amniot ic 

50-HZ MF, 
0 .4  mT, 5 , 

 � ROS   MF-induced 
mit ochondri
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(2016a
) 

epit helial 
cells 

15 , 30  or 60  
min 

al 
permeabilit y 
t ransit ion 
blocked by 
NAC 

Feng et  
al. 
(2016b
) 

Human 
amniot ic 
epit helial 
cells 

50-HZ MF, 
0 .1 , 0 .2 , or 
0 .4  mT, 5 , 
15 , 30 , or 
60  min 

 � ROS    � t ot al ROS 
at  0 .2  mT 
and higher, 
�NADPH 
oxidase-
produced 
superoxide 

Feng et  
al. 
(2016c
)  

Human 
amniot ic 
epit helial 
cells 

50-Hz MF, 
0 .2-2  mT, 
30, 60 , 120 
min 

 � mit ochondrial ROS    � ROS led t o 
act ivat ion of  
Akt  and 
ant i-
apopt ot ic 
ef fect  

Fernie & 
Bird 
(2001)  

American 
kest rel 

60-Hz EMF, 
30  µT,10 
kV/ m, 91 
days, 23 .5  
h/ day 

     Decreased 
plasma 
carot enoid
s 

Fiorani 
et  al. 
(1997)  

Rabbit  red 
blood cells 

50-Hz MF, 
0 .2-0 .5  mT, 
90 min  in 
t he presence 
of  an 
oxygen-
generat ing 
syst em 
(Fe(II) / ascor
bat e)  

     Enhanced 
GSH 
reduct ion 
and 
hemoglobin 
oxidat ion 
caused by 
Fe( II) / ascor
bat e at  0 .5  
mT 

Fit zsim
mons et  
al. 
(2008)  

Human 
chondrocyt
e 

Pulsed 
elect ric f ield, 
EF in cult ure 
medium 0.2  
mV/ cm, 30 
min 

 �NO    �cGMP, 
calcium 
involved 

Frahm 
et  al. 
(2006)  

Mouse 
bone-
marrow 
derived  
macrophag
e 

50-Hz MF, 
0 .05, 0 .1 , 
0 .5 , 1 .0  mT, 
45 min 

 �ROS     

Frahm 
et  al. 
(2010)  

Mouse 
bone-
marrow 
derived  

50-Hz MF, 
1 .0  mT, 45 
min 

 �ROS  
 

   Act ivat ed 
enzymes 
(NAD(P)H 
oxidases)  
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macrophag
e 

and 
prot eins 
involved in 
redox 
homeost asi
s 

 Garip 
and 
Akan 
(2010)  

K562 
human 
leukemia 
cells, 
normal or 
t reat ed 
wit h H2O2 

50-Hz EMF 1 
mT, 3  h 

 �ROS    Decreased 
and 
increased 
apopt osis 
in 
unt reat ed 
and H2O2-
t reat ed 
cells, 
respect ivel
y.  

Ghodban
e et  al. 
(2011a)  

Wist ar male 
rat  in vivo, 
plasma 

St at ic MF, 
128 mT, 1  
h/ day, 5  
days 

Ø lipid peroxidat ion   � GPx  Decreased 
vit amin A 
and E 
levels, 
ef fect s 
blocked by 
selenium 

Ghodban
e et  al. 
(2011b)  

Wist ar male 
rat  in vivo, 
liver, 
kidney, 
muscle , 
brain 
 

St at ic MF, 
128 mT, 1  
h/ day, 5  
days  

   � SOD in liver, 
� GPx in kidney and muscle, 
� GSH in liver 

 Selenium 
reversed 
GPx ef fect  
in kidney 
and muscle 

Ghodban
e et  al. 
(2014)  

Wist ar male 
rat  in vivo, 
plasma 

St at ic MF, 
128 mT, 1  
h/ day, 5  
days 

    Vit amin E 
blocked 
st at ic MF 
ef fect s on 
blood 
glucose and 
liver 
glycogen 

 

Ghodban
e et  al. 
(2015a)  

Wist ar male 
rat  in vivo, 
brain and 
liver 

St at ic MF, 
128 mT, 1  
h/ day, 5  
days 

Ø lipid peroxidat ion in 
brain and liver 

  � CAT in liver selenium 
and vit amin 
E reversed 
liver 
cat alase 
ef fect . 

� apopt osis 
in liver 
t hrough a 
mit ochondr
ilal capase-
independen
t  pat hway 

Ghodbane 
et  al. 
(2015b)  

Wist ar male 
rat  in vivo, 
kidney and 

St at ic MF, 
128 mT, 1  
h/ day, 5  

� lipid peroxidat ion in 
kidney 

  � CAT in kidney vit amin E 
reversed 
lipid 

Selenium 
reversed � 
lipid 
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muscle days peroxidat ion 
ef fect . 

peroxidat io
nand CAT 
ef fect s  in 
kidney  

*Giorgi 
et  al. 
(2014)  

Human 
neuroblast o
ma BE(2)  
cells 

Bipolar 
pulsed  
square wave 
MF, 50  Hz, 1  
mT, up t o 72  
h 

MF did not  af fect  H2O2-
induced DNA double 
st rand break. 

     

Giorgi et  
al. 
(2017)  

Human 
neuroblast o
ma BE(2)  
cells 

Bipolar 
pulsed  
square wave 
MF, 50  Hz, 1  
mT, (average 
rat e of  
change in MF 
3 .3  T/ s)  24  
or 48  h 

MF �DNA met hylat ion 
wit h 24  h exposure (not  
wit h 48  h)  

    Oxidat ive 
st re  (300 
µM H2O2)  
decreased 
DNA 
met hylat io
n 
compared 
t o PMF 
alone 

Glinka 
et  al. 
(2013)  

Male 
Sprague-
Dawley rat  
in vivo, 
blood 
serum and 
liver 

40-Hz MF, 
10 mT, 30 
min / day for 
6 , 10 , or 14  
days 

� lipid peroxidat ion in 
liver of  6 -day exposure 

  �SOD-Mn in serum only in 6  day 
exposure, �SOD-Mn in liver in 
14-day exposure. No ef fect  on 
SOD-ZnCu 
� GPx in serum in 10- and 14-
day exposure 

 �glut at hion
e s-
t ransferase 
in liver of  
6 -day 
exposure 

Glinka 
et  al. 
(2018)  

Mouse 
f ibroblast s 

St at ic 
magnet ic 
f ield, 0 .1 -0 .7  
T, 72  h 

Ø lipid peroxidat ion   � SOD and GPx   

Gok et  
al 
(2016)  

Wist ar rat  
in vivo, 
brain and 
ret ina 

50-Hz EF, 12  
kV/ m, I 
h/ day during 
prenat al, 
post nat al, 
and prenat al 
+ post nat al 
period 

� lipid peroxidat ion in 
brain and ret ina of  
exposed animals 

    Prolonged 
visual 
evoked 
pot ent ials 
were 
observed in 
exposed 
animals. 

Goraca 
et  al. 
(2010)  

Male Wist ar 
rat  in vivo, 
heart  and 
plasma 

40-Hz MF, 
7  mT, 30 or 
60  min/ day, 
14  days 

 � lipid peroxidat ion in 
heart  in 30  and 60 
min/ day exposure 

� H2O2 in heart  in 30  and 
60 min/ day exposure 

 � GSH in heart  60min/ day  Tot al f ree –
SH 
decreased 
in heart  of  
60  
min/ day, 
decreased 
reducing 
capabilit y 
in plasma 
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of  60  
min/ day 

Güler et  
al 
(2008)  

Male guinea 
pig in vivo, 
liver 

50-Hz EF, 12  
kV/ m, 8  
h/ day, 7  
days 

  � lipid peroxidat ion �NO  �SOD 
� GPx 
� MPO 

Blocked by 
NAC 

 

*Güler et  
al 
(2009a)  

Male guinea 
pig in vivo, 
plasma  

50-Hz EF, 12  
kV/ m, 8  
h/ day, 7  
days 

Ø oxidat ive prot ein 
damage 

     

Güler et  
al 
(2009b)  

Male guinea 
pig in vivo, 
lung 

50-Hz EF, 12  
kV/ m, 8  
h/ day, 7  
days 

� prot ein carboxylat ion 
Ø lipid peroxidat ion 

 

Ø NO 
 

    

Hajipour 
Verdom 
et  al. 
(2018)  

Human 
MCF-7 
breast  
cancer cels 
and HFF 
normal 
f ibroblast s 

St at ic 
magnet ic 
f ield 10  mT, 
24 and 48 h 

 � ROS  � GSH in HFF cells  Decreased 
viabilit y 
and 
dif ferent iat
ion in bot h 
cell t ypes; 
Synergist ic 
wit h 
doxorubicin 

Hajnorou
zi et  al. 
(2011)  

Maize 
seedling 

Combinat ion 
of  
geomagnet ic 
f ield (47  µT) 
and 
perpendicular 
10-kHz MF 
(22 µT), 5  
h/ day for 4  
days 

   �SOD  �Tot al 
ant ioxidant  
capacit y, 
fast er 
growt h of  
seedlings, 
decrease 
iron 
increased 
growt h 

Hanini et  
al. 
(2017)  

Mut ant  
Pseudomon
as 
aeruginosa 
wit hout  Mn- 
and Fe-SOD 

St at ic 
magnet ic 
f ield, 200 
mT 

  � lipid peroxidat ion   � SOD, CAT, peroxidases  Wide t ype 
bact eria 
less 
responsive 
t o t he f ield 

*Haraka
wa et  al. 
(2005)  

Sprague-
Dawley rat  
in vivo, 
plasma 

50-Hz EF, 
17 .5  kV/ m, 
15 min/ day, 
7  days 

Ø lipid peroxidat ion (� in 
oxidat ively st ressed rat s)  

 

    No ef fect  
on t ot al 
ant ioxidant  
act ivit y 

Hashish 
et  al., 
(2008)  

Male Swiss 
(BALB/ c)  
mouse in 
vivo, liver 

St at ic MF 
(+/ - 2 .9  µT), 
or 50-Hz MF 
1 .4  mT, 30 
days 

 � lipid peroxidat ion   �GSH in ELF-MF exposure 
only 

 �glut at hion
e s-
t ransferase 

Henryko Human 50-Hz MF,  � lipid peroxidat ion � ROS  �SOD-1  Ef fect s not  
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wska et  
al. 
(2009)  

blood 
plat elet  

10  mT, 15 
min 
(sinusoidal, 
t riangular, or 
rect angular)  

 �cat alase wave-
shape 
dependent  

*Hong et  
al. 
(2012)  

Human 
breast  
epit helial 
cells 
(MCF10A) 

60-Hz MF, 1  
mT, 4  h 

 Ø ROS level 
 

 Ø SOD 
Ø GSH 
 

  

Hosseina
badi and 
Khanjani 
(2019)  

Power-plant  
workers, 
serum 

Chronic ELF-
EMF average 
elect ric and 
magnet ic 
f ield of  4 .09  
V/ m and 
16.27 µT 

     � SOD, 
CAT, GPx, 
and lipid 
peroxiat io
n on 
serum 
corealt ed 
wit h 
prevalenc
e of  
musculosk
elet al 
disorders 

Höyt ö et  
al. 
(2017)  

Human SH-
SY5Y 
neuroblast o
ma cells 

50-Hz MF, 
0 .1  mT, 24 h 

 � cyt osolic O2
.-  

product ion;  
� mit ochondrial O2

.-  
product ion 

    

Hu et  al., 
(2016)  

3xTG 
mouse. 
hippocampu
s 

50-Hz MF, 
0 .5  mT, 20 
h/ day for 
t hree mont hs 

 � ROS    Decreased 
cognit ive 
def icit s, 
decreaed 
apopt osis; 
decreased 
molecules 
involved 
in 
oxidat ive 
st ress 

Jajt e et  
al. 
(2001)  

Rat  
lymphocyt e 

50-Hz MF, 7  
mT, 3  h 

DNA st rand breaks    DNA st rand 
breaks 
induced by 
MF and FeCl2 
blocked by 
melat onin. 

 

Jajt e et  
al. 
(2002)  

Rat  
lymphocyt e 

St at ic MF, 7  
mT, 3  h 

  � lipid peroxidat ion  wit h 
MF + FeCl2 

     

Jajt e et  
al. 

Rat  
lymphocyt e 

St at ic MF, 7  
mT, 3  h 

  � lipid peroxidat ion  wit h 
MF + FeCl2 

   Ef fect  
blocked by 
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(2003)  melat onin 
and vit amin 
E 

Jelenkovi
ć et  al. 
(2006)  

Male Wist ar 
rat  in vivo, 
dif ferent  
brain 
regions 

50-Hz MF, 
0 .5  mT, 7  
days 

  � lipid peroxidat ion in 
basal forebrain only 

� O2
.-  

� NO 
 � SOD in basal forebrain only  Dif ferent  

brain 
regions 
responded 
dif ferent ly. 

Jeong et  
al. 
(2006)  

Male ICR 
mouse in 
vivo, brain 
and spinal 
cord 

60-Hz MF, 2  
mT,  48  h 

 �NO Ø 
nNOS, 
eNOS, 
iNOS 

  Hyperalgesia 
observed, 
blocked by 
Ca2+ channel 
blocker 

*Jin et  
al. 
(2015)  

Human lung 
epit helial 
L132 cell 

60-Hz MF, 1  
or 2  mT, 9  h 

     MF did not  
af fect  
H2O2-
induced 
G2/ M-
arrest ed or 
aneuploid 
cells. 

*Jin et  
al. 
(2012)  

Mouse 
embryonic 
f ibroblast  
NIH3T3 and 
human lung 
f ibroblast  
WI-38 cells 

60-Hz MF, I 
mT, 4  h 

     MF did not  
af fect  H2O2-
induced 
micronucleu
s format ion. 

*Jin et  
al. 
(2014)  

Mouse 
embryonic 
f ibroblast  
NIH3T3, 
human lung 
f ibroblast  
WI-38, 
human lung 
epit helial 
L132, and 
human 
mammary 
epit helial 
MCF10A 
cells 

60-Hz MF,1  
mT, 4  or 16  
h 

     MF did not  
af fect  
H2O2-
induced 
DNA st rand 
breaks. 

Jouni et  
al. 
(2012)  

Broad bean 
(Vicia faba 
L.)  

St at ic MF, 15  
mT, 8  h/ day, 
8  days 

  � lipid peroxidat ion   �SOD 
� CAT and peroxidase 

  

Kamalipo
oya et  al. 
(2017)  

Human 
cervicle 
cancer 

St at ic MF; 7 , 
10-16 mT, 
24 or 48  h 

  Synergist ic � lipid 
peroxidat ion in cisplat in-
t reat ed cancer cells 

Synergist ic � ROS in 
cisplat in-t reat ed cancer 
cells 

   Generally, 
no ef fect  
on normal 
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(HeLa) Cell, 
human 
f ibroblast s 

f ibroblast  
cells; 10  
mT caused 
highest  
ef fect s in 
cancer cells 

Kant ar 
Gok et  
al. 
(2014)  

Male Wist ar 
rat  in vivo, 
brain 

50-Hz EF, 12  
or 18  kV/ m 
for 2  or 4  
weeks, 1  
h/ day 

� prot ein carboxylat ion in 
18  kV/ m 2  wk and 12 
and 18 kV/ m 4  wk 
� lipid peroxidat ion in all 
exposed groups 

     

Karimi et  
al. 
(2019)  

Male Wist ar 
rat s 

50-Hz EMF, 
1 ,100. 500, 
2000 µT, 
2h/ day 60 
days 

� lipid peroxidat ion �t ot al t hio molecules, � 
t ot al oxidant  st aus 

 � t ot al ant ioxidant  act ivit y  Rat s 
showed 
improved 
memory 
ret ent ion. 

Kavaliers 
et  al. 
(1998)  

Land snail 
(Cepaea 
nemoralis)  
in vivo 

60-Hz MF, 
0 .141 mT, 
15 min 

 �NO 
(possible)  

   MF 
at t enuat ed 
opioid-
induced 
analgesia 
by 
increasing 
NO act ivit y 

*Kesari 
et  al. 
(2015)  

Human 
neuroblast o
ma SH-
SY5Y cells 

50-Hz MF, 
0 .1  mT, 24 h 

  Ø lipid peroxidat ion Ø ROS change at  15 , 30 , 
and 45 days af t er 
exposure 

    

Kesari et  
al. 
(2016)  

Human 
neuroblast o
ma SH-
SY5Y cells 
and rat  C6 
glioma 
cells, cells 
t reat ed 
wit h 
menadione 

50-Hz MF, 
10 or 30  µT, 
24 h 

 � O2
.-  cyt osolic and 

mit ochondrial in C6 cells 
   Increased 

micronucle
us in SH-
SY5Y cells 
at  30  µT 

Khadir et  
al. 
(1999)  

Human 
neut rophils 
simulat ed 
by phorbol 
12-
myrist at e1
3-acet at e 

60-Hz MF, 
22 mT, 10 
min 

 � O2
.-      

Kim et  
al. 
(2017)  

RAW 264.7  
macrophag
e 

60-Hz MF, 
0 .8  mT, up 
t o 20 h 

 �NO 
 

   Decreased 
ef fect ivene
ss of  
ant ioxidant
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; increased 
macrophag
e 
act ivat ion 

*Kimsa-
Dudek et  
al 
(2018)  

Human 
dermal 
f ibroblast  

St at ic 
magnet ic 
f ield,,0 .65T, 
24   h 

 Ø ROS    Changes in 
ant ioxidant  
defense 
syst em –
relat ed 
gene 
expression; 
At t enuat e 
f loride-
induced 
changes in  
ant ioxidant  
defense 
syst em 
gene 
expression 

Koh et  
al. 
(2008)  

Human 
prost at e 
cancer cells 
(DU145, 
PC3, and 
LNCaP) 

60-Hz MF, 1  
mT, 6 , 24 , 
48 , 72  h 

 � H2O2   Blocked by 
NAC 

Apopt osis 
and cell 
cycle 
arrest  
observed. 

Koyama 
et  al. 
(2004)  

pTN89 
plasmids 

60-Hz MF, 5  
mT, 4  h 

     MF 
pot ent iat e
d H2O2-
induced  
mut at ion 

Koyama 
et  al. 
(2008)  

Human 
glioblast om
a A172 cell 

60-Hz MF, 5  
mT, 2 , 4 , 8 , 
16 , or 24  h 

     MF 
pot ent iat e
d H2O2-
induced  
increase in 
apurinic/ ap
yrimidinic 
sit es (DNA 
lesion)  

Kt hiri et  
al. 
(2019)  

Saccharom
yces 
cerevisiae 
(yeast )  

St at ic 
magnet ic 
f ield, 250 
mT, 6  and 9  
h 

� lipid peroxidat ion and  
prot ein carboxylat ion 

  � SOD and CAT 
�GPX af t er 9  h exposure 

 Decrease in 
growt h 
af t er 6  h 
and an 
increase 
bet ween 
bet ween 6  
and 9  h 

Kunt  et  47  elect rical Mean      � oxidat ive 
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al. 
(2016)  

workers in 
power 
t ransmission 
facilit y, 
serum 

working 
period 15.9  
+ 6 .72 yrs 

st ress 
index 
( increased 
t ot al 
oxidant  
st at us, 
decreased 
ant ioxidant  
st at us)  

Kurzeja 
et  al. 
(2013)  

Mouse 
f ibroblast  

St at ic MF, 
0 .4 , 0 .6 , and 
0 .7  T, 4  days 

     St at ic MF 
reduced 
oxidat ive 
st ress 
induced by 
f luoride ion 
by 
normalizing 
ant ioxidant  
enzymes. 

Kuzay et  
al. 
(2017)  

Healt hy and 
diabet ic 
male Wist ar 
rat s, t est is 
t issue 

50-Hz MF, 
8 .2  mT, 20 
min/ day. 5  
days/ week. 1  
mont h 

 � lipid peroxidat ion �NO  �GSH   

Lai and 
Singh 
(1998)  

Sprague-
Dawley rat  
in vivo, 
brain 

60-Hz MF, 
0 .5  mT, 2  h 

DNA st rand breaks    DNA st rand 
breaks 
blocked by 
melat onin 
and a spin-
t rap 
compound. 

 

Lai and 
Singh 
(2004)  

Sprague-
Dawley rat  
in vivo, 
brain 

60-Hz MF, 
0 .01 mT, 24 
or 48  h 

DNA st rand breaks    DNA st rand 
breaks 
blocked by 
Trolox and a 
nit ric oxide 
synt hase 
inhibit or. 

Ef fect s 
blocked by 
t he iron 
chelat or 
deferiprone 

Lai et  al. 
(2016)  

Molt -4  
human 
leukemia 
cells 

0 .2  Hz 
pulses, 
carrier 
modulat ed 
134 KHz 
f ield f rom 
radiof requen
cy ID chip, 1  
h 

    Ef fect  
blocked by 
the spin-
trap 
compound 
N-tert-butyl-
alpha-
phenylnitron
e 

Cell deat h, 
ef fect  also 
bloked by 
the iron-
chelator 
deferoxami
ne 

Lee et  
al. 

Balb/ c 
mouse in 

60-Hz MF, 
1 .2  mT, 3  h 

  � lipid peroxidat ion Ø O2
.-   �SOD   
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(2004)  vivo, brain 
*Lee et  
al. 
(2012)  

Mouse 
f ibroblast  
NIH3T3 

60-Hz MF, 1  
mT, 4  h 

     MF did not  
af fect  H2O2-
induced 
cellular 
t ransformat i
on 

Lee et  
al. 
(2010)  

Human 
int ervert ebr
al disc cells 

60-Hz EMF, 
1 .8  mT, 72 h 

     EMF 
induced 
DNA 
synt hesis 
blocked by 
NMDA, a 
NO blocker 

Lewicka 
et  al. 
(2015)  

Human 
blood 
plat elet  

EMF (1  kHz, 
0 .5  mT; 50 
Hz, 10  mT, 1  
kHz, 220 
V/ m), 30  
min 

  � lipid peroxidat ion   � CAT   

*Li et  
al. 
(2015)  

Human 
workers 
performed 
inspect ion 
near 
t ransformer
s and 
power lines, 
plasma 

8-h t ime 
weighed 
average 
magnet ic f lux 
int ensit y 7 .3  
µT (1 .56-
26.33 µT), 
cont rols 
0 .07-0 .72 µT 

  Ø lipid peroxidat ion   ØSOD 
Ø GPx 

 Ø Tot al 
ant ioxidant  
capacit y, 
no change in 
micronucleu
s f requency 

Li et  al. 
(2013)  

Male 
Drosophila 
melanogast
er in vivo 

50-Hz EMF, 
72 h or long 
t erm  (312 
h) , 3  mT 

     Short  t erm 
exposure 
down-
regulat ed 
CAT gene 
(endogenou
s 
ant ioxidant  
enzymes), 
t rend of  
recovery 
wit h long 
t erm 
exposure 

Lian et  
al. 
(2018)  

Yeast  
(NT64C 
and SB34) 

So Hz-M, 6  
mT, 0 .5- 24  
h 

 � ROS at  0 .5 , 1   ad 2  h   � SOD at  1  h, � CAT at  0 .5  
and 2  h 

 � generat ion 
and 
propagat ion 
of  yeast  
prions; no 
ahnge in 
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molecular 
chaperones  
(several 
heat - shock 
prot eins)  

Liu et  
al. 
(2014)  

Sprague-
Dawley rat  
cerebellum 
neurons 

50-Hz MF, 1  
mT, 1  h 

    Melat onin 
(MT) 
blocked MF-
induced Nav 
current , MT2 
recept or 
involved 

 

Liu et  
al. 
(2002)  

Mouse in 
vivo, brain 
and liver 

50-Hz EMF, 
0 .2   or 6  mT,  
2  weeks 

  � lipid peroxidat ion, 
brain and liver 

  � GSH in liver  � 
decreased 
t ot al 
ant ioxidant  
capacit y in 
brain and 
liver, 
decreased 
cell 
membrane 
f luidit y, 
synergism 
wit h lead 

Luo et  
al. 
(2016)  

ICR mouse 
Blood and 
cerebral 
cort ex 

50-Hz, 2-10 
mT, 4  
h/ days. 28  
days 

  � lipid peroxidat ion in 
serum and cerebral cort ex 

  � SOD, � CAT, � glut at hione 
reduct ase, �GSH-Px, and 
glut at hione-s-t ransferase in 
serum and cerebral cort ex 

  

Luo et  
al. 
(2019)  

Sit obion 
avenae 
Fabricius (a 
herbivorous 
insect )   

High-volt age 
elect ric f ield 
(HVEF); 2 , 4 . 
or 6  kV/ cm; 
20, 40 , or 
60  min; 
assayed up 
t o 21 
generat ions 

   � SOD, � CAT, �peroxidase 
over mult iple gererat ions 

 Exposed 
insect s 
have higher 
Co2 
product ion 
rat e 

Lupke 
et  al. 
(2004)  

Human 
umbilical cord 
blood derived 
monocyt e 
and human 
mono Mac 6  
cells 

50-Hz MF, 1  
mT, 45  min 

 � t ot al ROS, � O2
.-     Mono Mac 

6  cells 
more 
sensit ive, 
act ivat ion 
of  NADPH 
oxidase not  
NADH 
oxidase. 

Luukkone
n et  al. 

Human SH-
SY5Y 

50-Hz MF, 
0 .1  mT, 24 h 

 � ROS, � H2O2 in 
mit ochondria 

   int eract s 
wit h 
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(2014)  neuroblast o
ma cell 

menadione; 
ef fect s 
observed 
days af t er 
exposure 

Malhmoudi
nasab et  
al. (2016)  

Human MCF-
7 cells 

50-Hz EMF, 
0 .25 and 0 .5  
mT; 5-min 
on/ 5-min of f ; 
15-min 
on/ 15-min-
of f , or 30  
min 
cont inuously; 
t ot al 
exposure 
t ime 30 min 

     Changes in 
mRNA 
levels of  7  
ant ioxidant  
genes 

Malhmoudi
nasab and 
Saadat  
(2018a)  

Human SH-
SY5Y and 
MCF-7 cells 

50-Hz EMF, 
0 .5  mT, 15 
min on/  15  
min of f  

     Up-
regulat ion 
of  
ant ioxidant  
genes and 
prot ect ion 
of  Cisplat in 
cyt ot oxicit
y in SH-
SY5Y cells, 
but  not  
MCF-7 cells 

Malhmoudi
nasab and 
Saadat  
(2018b)  

Human 
SHSY5Y 
cells 

50-Hz EMFm 
0.5  mT, 15 
min on/ 15 
min of f  or 30  
min 
cont inuously 

     Changes in 
ant ioxidant  
gene 
NQO1� and 
NQO2� 

Maliszews
ka et  al. 
(2018)  

American 
cockroach 
(Periplanet a 
Americana 
L)  

50-Hz EMF, 7  
mT, 24 , or 
72  h or 7  
days 

� lipid peroxidat ion   � GSH   

Manikonda 
et  al. 
(2014)  

Male Wist ar 
rat  in vivo, 
brain 
(hippocampu
s, cerebellum 
and cort ex)  

50-Hz MF, 
0 .05 and 0 .1  
mT, 90  days 

  � lipid peroxidat ion � ROS 
 

 �SOD 
� GSH/ GSSG rat io 

 Larger 
response 
at  0 .1  mT   

Mannerlin
g et  al. 
(2010)  

Human 
leukemia 
cell K562 

50-Hz MF,  
0 .025-0 .1  
mT, 1  h 

 � O2
.-    Melat onin 

blocked MF-
induced 
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HSP70 
*Markkane
n et  al. 
(2010)  

Murine 
L929 
f ibroblast  

50-Hz MF,  
0 .1-0 .3   mT, 
1  h 

     Did not  
af fect  ROS 
product ion 
induced by 
UV. 

Mart inez 
et  al. 
(2016)  

Human 
neuroblast om
a NB69 cells 

50-Hz MF, 
0 .1  mT, 3-h 
on/ 3-h of f  
for 24 , 42 , 
or 63  h, or 
cont inuously 
for 15-120 
min 

    MF-induced 
MAPK-p38 
and ERK1/ 2  
act ivat ion 
blocked by 
NAC 

 

Mart ine
z-
Samano 
et  al. 
(2010)  

Male Wist ar 
rat  in vivo, 
plasma , 
liver, kidney 
and heart  

60-Hz EMF, 
2 .4  mT, 2  h 

   Ø lipid peoxidat ion   � SOD in plasma of  MF and 
rest rained rat s 

Ø CAT 
� GSH in heart  

 Int eract s 
wit h 
rest raint  
st ress 

Mart ine
z-
Samano 
et  al. 
(2012)  

Male Wist ar 
rat  in vivo, 
brain 

60-Hz EMF, 
2 .4  mT, 2  h 

   �SOD 
� CAT 
Ø GSH 

 Int eract s 
wit h 
rest raint  
st ress 

Mart ine
z-
Samano 
et  al. 
(2018) 

Male Wist ar 
rat  in vivo, 
brain 

60-Hz EMF, 
2 .4  mT, 2  
h/ day, 
21days 

� lipid peroxidat ion in 
cort ex and cerebellum 

    � plasma 
cort icost er
one 

Mart ino 
(2011)  

Human 
umbilical 
vein 
endot helial 
cell 

St at ic MF, 
0 .12 and 
0 .03 mT 
(compared 
t o 0 .2-1  µT), 
2  days 

    Increased 
cell 
proliferat ion 
at t enuat ed 
by SOD 

 

Mart ino 
and 
Cast ello 
(2011)  

Human 
f ibrosarcom
a HT1080, 
pancreat ic 
AsPC-1 
cancer 
cells, and 
bovine 
pulmonary 
art ery 
endot helial 
cells 

St at ic MF, 
geomagnet ic 
f ield (45-60 
µT) or 
shielded f ield 
(0 .2-2  µT), 
24  h 

 � H2O2 in shielded samples 
compared t o geomagnet ic 
f ield 

  MnTBAP (a 
ROS 
scavenger)  
inhibit ed MF 
ef fect . 
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Medina-
Fernand
ez et  al. 
(2017)  

Ale Dark 
Agout i rat ; 
experiment
al model of  
mult iple 
sclerosis 
induced by 
myelin 
oligodendro
cyt e 
glycoprot ei
n (MOG), 
brain and 
spinal cord 

Transcranial 
magnet ic 
st imulat ion 
(TMS), 60-
Hz, 0 .7  mT, 
2  h/ day, 5  
days a week, 
3  weeks 

TMS reversed prot ein 
carboxylat ion and lipid 
peroxidat ion induced by 
MOG 

  � GSH  Decreased 
cell deat h 
and mot or 
def icit  
induced by 
MOG 

Medina-
Fernand
ez et  al. 
(2018)  

Ale Dark 
Agout i rat ; 
experiment
al 
aut oimmun
e 
encephalom
yelit is 
induced by 
myelin 
oligodendro
cyt e 
glycoprot ei
n (MOG), 
brain, spinal 
cord and 
blood 

Transcranial 
magnet ic 
st imulat ion 
(TMS), 60-
Hz, 0 .7  mT, 
2  h/ day, 5  
days a week, 
3  weeks 

TMS reversed prot ein 
carboxylat ion and lipid 
peroxidat ion induced by 
MOG 

  � GSH  TMS 
reversed 
t ail and 
limb 
paralysis 
induiced by 
MOG 

Merle et  
al. 
(2019)  

Human SH-
SY5Y 
neuroblast o
ma cells 

50-Hz MF, 1  
mT, 24  h 

 � O2
.-  and H2O2    Ef fect s 

involved 
NADPH-
oxidase on 
plasma 
membrane 



 
 

26 
 

Miao et  
al. 
(2017)  

Male 
BALB/ c 
mice, in 
vivo, 
t est icle 

Elect romagn
et ic pulse, 
200 kV/ m, 
pulse edge 
25nsm pukse 
widt h 15 ns, 
0 .1  Hz, 40  
pulses/ day, 
5  days/ week, 
4  weeks 

   � Test icular ant ioxidat ive 
capacit y at  28  and 60 days 
af t er exposure 

 � 
spermat oz
oa 
format ion 
 

Miliša et  
al. 
(2017)  

Euglena 
viridis and 
Paramecium 
caudat um 

50-Hz EF, 
2 .5 , 5 .0 , 9 .3  
and 13.6  
kV/ m, 24 h 

 � O2
.-  and H2O2,  �SOD 

 
  

*Missiha 
et  al. 
(2015)  

Flavin-
dependent  
redox 
enzymes 

St at ic MF, 
10-160 mT, 
seconds 

     MF did not  
change 
enzyme 
kinet ics. 
Radical pair 
not  a 
mechanism 
of  redox 
react ion 
wit h st at ic 
MF. 

Moham
madi et  
al. 
(2018)  

Tobacco 
cells 

St at ic 
Magnet ic 
f ield, 0 .2  mT, 
24  h 

 � H2O2 , � NO    Delayed 
G1-S 
t ransit ion, 
increased 
cyclic 
nucleot ides 

Morabit
o et  al. 
(2010a
) 

Rat  
pheochrom
ocyt oma 
PC-12 cell 

50-Hz MF. 
0 .1  or 1  mT, 
30 min or 7  
days 

 � ROS in 30  min exposure 
at  1  mT. 
 

 � CAT  in 0 .1  and 1  mT 30-
min exposure, � cat alase in 1  
mT 7- day exposure 

 All ef fect s 
were 
observed in 
undif ferent ia
t ed and not  
in 
dif ferent iat e
d cells. 
Calcium 
probably 
involved. 

Morabit
o et  al. 
(2010b
) 

Undif ferent i
at ed C2C12 
myoblast  

50-Hz MF. 
0 .1  or 1  mT, 
30 min 

 Ø O2
.-  

� H2O2 in 1  mT exposure 
 � CAT and GPx NAC 

at t enuat ed 
f ree radical 
increase by 
MF 

Calcium 
probably 
involved. 

Naarala Rat  glioma Nearly  � cyt osolic O2
.-  in vert ical    Cell 
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et  al. 
(2017)  

C6 cells vert ical 33  
µT st at ic MF 
plus a 
horizont al or 
a vert ical 50-
Hz 30 µT MF, 
2  h 

st at ic f ield plus horizont al 
50-Hz MF (but  not  vert ical 
50-Hz MF); Mt ochondrial 
O2

.-  not  af fect ed 

viabilit y 
not  
af fect ed. 

*Nakaya
ma et  al. 
(2016)  

Mouse 
macrophag
e (RAW 
264) wit h 
or wit hout  
LPS 
st imulat ion 

50-Hz MF, 
0 .5  mT, 24 h 

 Ø NO 
 

    

Noda et  
al. 
(2000)  

Rat  brain 
cerebellum 
t issues 

Pulsed DC 
MF, 0 .1  mT, 
1  h 

  �NOS   No ef fect  
f rom 
pulsed DC 
at  0 .3  and 
0 .6  mT, 60 
Hz (0 .1  
mT), and 
DC (3  or 
20  mT) MF, 
no ef fect  in 
hippocamp
us, cort ex, 
medulla 
oblongagt a
, 
hypot halam
us, 
st riat um, 
and 
midbrain. 

Osera et  
al. 
(2011)  

Human 
neuroblast o
ma SH-
SY5Y cells 

72-Hz pulsed 
EMF, 1 .3  ms 
pulse 
durat ion, 2  
mT, 72  h 

   �SOD-1  Increased 
quiescent  
cells 

Osera et  
al. 
(2015)  

Human 
neuroblast o
ma SH-
SY5Y cells 

72-Hz pulsed 
EMF, 1 .3  ms 
pulse 
durat ion, 2  
mT, 10, 15 , 
or 30  min for 
4  t imes over 
7  days, or 72  
h 

   �Mn-SOD  Int eract s 
wit h H2O2. 
Pulsed EMF 
prevent ed 
H2O2 –
induced 
decrease in 
cell number 
and prot ein 
expression 
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(HSP70). 
Pakhomo
va et  al. 
(2012)  

Jurket  cells Nanosecond 
pulsed 
elect ric f ield 
(300 ns, 1 -
12 kV/ cm) 

 �ROS proport ional t o pulse 
number 

   No ef fect  
on U937 
cells 

 Pandir 
and 
Sahingoz 
(2014)  

Mot h 
Ephest a 
kuehniella 
larvae 

St at ic MF, 
1 .4  T; 3 , 6 , 
12 , 24 , 48 , 
or 72  h 

     � lipid peroxidat ion   Exposure-t ime dependent   
� SOD, CAT, GPx and GST 

  

Park et  
al. 
(2013)  

Human 
bone 
marrow 
mesenchym
al st em 
cells 

50-Hz EMF, 1  
mT, 90  min 

 �ROS   Blocked by 
NAC 

 

Pat runo 
et  al. 
(2010)  

Human 
epidermal 
kerat inocyt
e cell 
HaCaT 

50-Hz MF, 1  
mT, 3 , 18 , 
48  h 

 � O2
.-  

�NO 
�iNOS 
and 
eNOS 

� CAT  Increased 
cell 
proliferat io
n. 

Pat runo 
et  al. 
(2011)  

Human 
epidermal 
kerat inocyt
e cell 
HaCaT and 
acut e 
myeloid 
leukemia 
THP-1 cell 

50-Hz MF, 1  
mT, 24  h 

  �iNOS 
act ivit y 

� CAT act ivit y   

Pat runo 
et  al. 
(2012)  

Human 
acut e 
myeloid 
leukemia 
THP-1 cell 

50-Hz MF, 1  
mT, 24  h 

 � O2
.-  �iNOS �SOD 

� CAT 
  

Pat runo 
et  al. 
(2015)  

Human 
eryt hro-
leukemic 
K562 cell 

50-Hz MF, 1  
mT, 24  h 

  � iNOS 
react io
n 
velocit y 

� CAT act ivit y   

Pilla 
(2012)  

Human 
dopaminerg
ic MN9D 
cells and 
f ibroblast s 

Pulsed 
radiof requency 
signal, 2  Hz, 
wit h 127.2  MHz 
carrier; 2 .5  µT, 
15 min 

 �NO    May involve 
act ivat ion 
of  
calcium/ cal
modulin 
nit ric oxide 
synt hase 
(cNOS) 

Polit anski 
et  al. 

C57BL/ g 
mouse in 

St at ic MF, 5  
mT, 2  h, 

   � lipid peroxidat ion in 
‘MF + noise’ 

  � SOD in MF, noise, and ‘MF + 
noise’, 

 MF 
int eract ed 
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(2010)  vivo, 
cochlear 

repeat ed 
over 14  days 
(also 
exposed t o 
noise once)  

� CAT act ivit y in MF, noise, 
and ‘MF + noise’ 

wit h noise 

Poniedzia
lek et  al. 
(2013a)  

Human 
neut rophil 

EMF t uned t o 
calcium ion 
cyclot ron 
resonance 
f requency 
(up t o 60 
µT) 

 � ROS in unst imulat ed 
cells, � in phorbol 12-
myrist at e 13-acet at e 
st imulat ed cells 

    

Poniedzia
lek et  al. 
(2013b)  

Human 
neut rophil 

Gradient  
st at ic MF, 
maximum 
value 60 mT, 
15, 30  or 45  
min 

 � ROS in 15-min exposure, 
� in 45-min exposure in 
bot h unst imulat ed and  
phorbol 12-myrist at e 13-
acet at e st imulat ed cells, 
ef fect  depended on 
whet her samples were 
placed close t o sout h or 
nort h pole of  magnet . 

    

 Pooam 
et  al. 
(2017)  

Human 
macrophag
e RAW264  

50  Hz MF, 
0 .1  or 0 .5  
mT, 1 , 17  or 
24  h 

 � O2
.-      

Pot enza 
et  al. 
(2010)  

Human 
umbilical 
vein 
endot helial 
cells 

St at ic MF, 
300 mT, 4 , 
24 , 48 ,and 
72 h 

 �ROS only at  4 -h exposure 
coincided wit h DNA 
damage 

    

Rageh et  
al. 
(2012)  

10  -day old 
rat  in vivo, 
brain 

50-Hz MF. 
0 .5  mT, 30 
days (24  
h/ day)  

  � lipid peroxidat ion   � SOD 
Ø GSH 

  

Raggi et  
al. 
(2008)  

Human 
blood 
sample 

Magnet ic 
t herapy 
device based 
on ion 
cyclot ron 
resonance 

  � lipid peroxidat ion 
immediat ely and one 
mont h af t er exposure 

     

Rajabbei
gi et  al. 
(2013)  

Parsley cell St at ic MF, 30  
mT, 6  or 12  
h 

   � CAT wit h MF 
� CAT  wit h ‘MF + iron’ 

 � ascorbat e 
peroxidase 

Rauš 
Balind et  
al. 
(2014)  

Gerbil 
subject ed 
t o 10-min 
global 
cerebral 
Ischemia in 

50-Hz MF, 
0 .5  mT, 7  
days 

     MF 
decreased 
oxidat ive 
st ress 
induced by 
ischemia 
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vivo, 
brain( forebr
ain, 
st riat um 
and 
hippocamp
us)  

(NO, SOD, 
MDA, O2

.- )  

Reale et  
al. 
(2006)  

Human 
blood 
monocyt es 

50-Hz EMF, 1  
mT, 
overnight  

  � iNOS    

Reale et  
al. 
(2014)  

Human 
neuroblast o
ma cell SH-
SY5Y 

50-Hz MF, 1  
mT, 1 , 3 , 6  
or 24  h 

 � O2
.-  

 
� NOS, 
peaked 
at  1  h 
 

� CAT   MF 
enhanced 
oxidat ive 
ef fect s of  
H2O2 
(�cat alase, 
� O2

.- ) .  
Regoli et  
al. 
(2005)  

Snail Helix 
aspersa in 
vivo, 
digest ive 
gland 

50-Hz MF, 
0 .5 , 2 .5 ,10 
and 50 µT, 
10 days in 
lab; 2 .88 and 
0 .75 µT for 
10 , 20 , 40 , 
60  days in 
f ield 

Lab: Ø lipid peroxidat ion 
Field: � in 2 .88 µT more 
t han 10 days and 0 .75 µT 
more t han 20 days 

  Lab:� CAT in 50 µT 10 days 
Field: � CAT in 2 .88 µT more 
t han 10 days and 0 .75 µT 
more t han 40 days 
Lab: Ø GSH, 
� Glut at hione reduct ase 
Field:  
� glut at hione reduct ase 
 

 Tot al oxyl-
radical 
scavenger 
capacit y: 
Lab: �OH 
and ROO; 
Field: �OH 
and �ROO 

Rollwit z 
et  al. 
(2004)  

Mouse bone 
marrow-
derived 
promonocyt e
s and 
macrophage 

50-Hz MF, 1  
mT, 45  min-
24 h 

 � ROS, � O2
.-     NADH-

oxidase 
(not  
NADPH 
pat hway) 
involved. 

*Romeo 
et  al. 
(2016)  

Human fet al 
lung 
f ibroblast s 
(MRC-5)  

St at ic MFm 
370 mT, 1  
h/ day for 4  
days 

 Ø ROS    Ø viabilit y, 
DNA st rand 
breaks, and 
apopt osis 

Roy et  
al. 
(1995)  

Phorbol 12-
myrist at e 
13- 
acet at e-
st imulat ed 
rat  
neut rophil 

60-Hz MF, 
0 .1  mT 

 � ROS     

Sadeghipo
ur et  al. 
(2012)  

Human 
breast  
carcinoma 
cell (T47D) 

100 and 217 
Hz pulsed 
EMF, 0 .1  mT, 
24-72 h 

 � ROS in 217 Hz 72-h, not  
in 100 Hz exposure 

    

Sahebjam
ei et  al. 

Cult ured 
t obacco 

St at ic MF, 10  
and 30 mT, 

� lipid peroxidat ion   �SOD 
� CAT and ascorbat e 
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(2007)  cell 5  h/ day, 5  
days 

peroxidase 

Salunke 
et  al. 
(2014)  

Swiss albino 
mouse in 
vivo, brain 

50-Hz MF, 1  
mT, 8  h/ day 
for 7 , 30 , 
60 , 90  and 
120 days 

 � NO in cort ex, 
hippocampus, and 
hypot halamus 

    

Seif  et  
al. 
(2018)  

Male Wist ar 
rat s, in vivo 
blood 

So-Hz EMF, 
0 .7  mT, 2  
h/ day. 1  
mont h 

� plasma prot ein 
carboxylat ion, 
met hemoglobin  and 
hemichrome 

  � plasma ant i-oxidat ion 
capacit y 

  

Seif irad 
et  al. 
(2014)  

Male Wist ar 
rat  in vivo, 
serum 

60-Hz MF, 
0 .5  mT, 4  h 
or 4  h/ day 
14 days 

�lipid peroxidat ion 
immediat ely af t er and at  
72  h af t er chronic 
exposure, Ø acut e 
exposure 

    Tot al 
ant ioxidant  
act ivit y: � 
immediat ely 
af t er acut e 
exposure 
(not  at  3  
days post -
exposure) , 
�immediat el
y and 3  
days af t er 
chronic 
exposure. 

Selaković 
et  al. 
(2013)  

Male gerbils 
3 - and 10- 
mont h old 
in vivo, 
Forebrain 
cort ex, 
st riat um 
hippocamp
us, and 
cerebellum 

50-Hz MF, 
0 .5 , 0 .25 
and 0 .1  mT, 
7  days 

  � lipid peroxidat ion � O2
.-  

�NO 
 �SOD  Dose-

response 
observed, 
ef fect s 
smaller and 
recovered 
fast er in 3 -
mont h t han 
in 10-
mont h old 
animals. 

Sharif ian 
et  al. 
(2009)  

Human 
welders 
occupat ion
al exposure, 
serum and 
red blood 
cells 

50-Hz EMF, 
8 .8-84  µT, 
20-133 V/ m, 
40 h/ week 
(6  days/  
week)  

   �SOD 
�GPX 

 Ø Tot al 
serum 
ant ioxidant  
st at us, a 
signif icant  
negat ive 
correlat ion 
bet ween 
SOD/ GPX 
and MF 
int ensit y 
was 
observed. 
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Sherrard 
et  al. 
(2018)  

Insect  sf21  
cells, 
human 
embroyonic 
kidney 
cells, 
mouse 
embryonic 
f ibroblast s 
 

Pulsed EMF. 
10 Hz, peak 
int ensit y 2  
mT, 15  min; 
wit h blue 
light  

 �ROS    Ef fect s 
involved 
crypt ochro
mes 

Shine et  
al 
(2012)  

Soybean 
seeds 

St at ic MF 
150 and 200 
mT, 1  h 

 � O2
.- ,  OH, H2O2,   �SOD & ascorbat e peroxidase 

 
  

Shokrola
hi et  al. 
(2018)  

Soybean 
plant s 

St at ic MF, 20  
and 30 mT, 
5  days, 5  
h/ day 

 At  20  mT, � H2O2,; at  30  
mT, � H2O2, 

 At  20  mT, � CAT,; at  30  mT, � 
CAT, 

 At  20  mT, 
� gene 
expression 
of  Fe 
t ransport er
, ferrous 
cont ent ,, 
and gene 
expression 
and 
cont ent  of  
ferrit in;,; 30  
mT 
produced 
t he 
opposit e 
ef fect s of  
t hese 
paramet ers 

Simko et  
al. 
(2001)  

Mouse bone 
marrow-
derived 
macrophag
e 

50-Hz MF, 
0 .5-1 .5  mT, 
45 min 

 � O2
.-     Increased 

phagocyt ic 
act ivit y. 

Sirmat el 
et  al. 
(2007a)  

Male human 
blood 

1 ,5  T st at ic 
MF f rom a 
MRI machne, 
30  min 

     � t ot al 
ant ioxidant  
capacit y; � 
t ot al 
oxidant  
st st us and 
oxidat ive 
st ress 
index 

Sirmat el 
et  al. 
(2007b)  

Male human 
blood 

1 ,5  T st at ic 
MF f rom a 
MRI machne, 

 � NO (based on nit rit e and 
nit rat e leveks)  
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30 min 
Solek et  
al. 
(2017)  

Mouse 
spermat oge
nic cell lines 

2 , 50 , 120 
Hz pulsed (1  
sec on/ 1  sec 
of f )  and 
cont inuous-
wave EMF, 
2 .5-8  mT, 2  
h 

 � O2
.-     

 

� NO  

   Cell cycle 
arrest  and 
apopt osis 
observed 

Song et  
al. 
(2018)  

Human 
cerical 
cancer cells 
(HeLa) and 
lung 
f ibroblast s 
( IMR-90)  

60-Hz EMF 
1-10 mT, up 
t o 72 h 

 �ROS    Increased 
cell 
proliferat io
n 

Sullivan 
et  al. 
(2011)  

Various 
human cell 
lines 

St at ic MF, 
35-120 mT 

 St at ic MF � ROS at  18  h 
(not  at  5  days)  of  
exposure in fet al lung 
(WI38)  cells. 

   Ef fect s 
observed in 
some cell 
t ypes and 
not  in 
ot hers. 

 Sun et  
al. 
(2015)  

Preost eocla
st  cell line 
RAW264.7  

Large 
gradient  high 
magnet ic 
f ields (12  T,  
-1370 T2/ m; 
12  T, 1370 
T2/ m), 48  h 

 � NO     

Sun L.et  
al. 
(2018)  

Human 
amnion 
epit helial 
cells 

50-Hz MF, 
0 .4  mT, 15 
min 

 � ROS   Inhibit ed by 
N-accet yl-l-
cyst eine and 
pyrrolidine 
dit hiocarba
mat e 

Increase in 
f ree 
radicals 
correlat ed 
t o 
clust ering 
of  cell 
surface 
epidermal 
growt h 
fact or 
recept or 

Sun Y. et  
al. 
(2018)  

Caenorhabd
itis elegans 

50-Hz EMF, 3  
mT. exposed 
f rom egg t o 
fout h larva 
st age 

 � ROS     

Tang et  
al. 
(2016)  

Human 
Jurket  cell 
and 

7 .5  Hz MF, 
0 .4  T, 2  h 

 � ROS  �Tot al ant i-oxidant  act ivit y, 
Ø SOD, Ø CAT 

 Disrupt ion 
of  
t ricarboxyli
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st imulat ed 
mouse 
primary T 
cell 

c acid 
cycle 
enzymes 
PGE2  and 
format ion 

Tasset  
et  al. 
(2012)  

Male Wist ar 
rat  in vivo, 
brain 

60-Hz MF, 
0 .7  mT, 2  h 
in t he 
morning and 
2  h in t he 
af t ernoon  
for 21  days 
(applied t o 
t he head)  

Ø DNA oxidat ive damage 
Ø lipid peroxidat ion 

  Ø GSH  
� GSSG 

 MF reversed 
3-
nit ropropioni
c acid 
induced 
oxidat ive 
st ress. 

Tayef i et  
al. 
(2010)  

Wist ar rat  
pup in vivo, 
myocardiu
m 

50-Hz MF, 3  
mT, 4 / h per 
day during 
gest at ion 
and t o 20 
day 
post nat al 

 � lipid peroxidat ion   � SOD   

 
Todorovi
c et  al. 
(2012)  

Eggs of  
Baculum 
ext radent at
um ( insert  
also known 
as 
Viet namese 
walking 
st ick)  

St at t ic MF, 
50  mT; 50-
Hz MF, 6  mT; 
exposed unt il 
complet ion 
og 
embryonic 
development  

   �SOD and CAT 
Ø GSH  
 

  

Todorovi
c et  al. 
(2019)  

One-mont h 
old Blapt ica 
dubia 
(cockroach)  
nymphs; 
gut  
assayed 

110 mT 
St at ic MF or 
10  mT 50-Hz 
MF, for 5  
mont hs 

   � SOD and CAT; Ø GSH; 
�GST and glut at hione 
reduct ase 
  
 

 MF 
exposure 
decreased 
gut  mass 
of  
developing 
cockcoach 

Túnez et  
al. 
(2006)  

Male Wist ar 
rat  in vivo, 
st riat um 

60-Hz MF, 
0 .7  mT, 2  h 
in t he 
morning and 
2  h in t he 
af t ernoon  
for 4  days 
(applied t o 
t he head)  

     MF it self  had 
no ef fect  on 
dif ferent  
oxidat ive 
paramet ers, 
but  reduced 
3-
nit ropropioni
c acid 
induced 
oxidat ive 
and 
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nit rosat ive 
st ress. 

*Türköze
r et  al. 
(2008)  

Guinea pig 
in vivo, 
brain 

50-Hz EF, 2 , 
2 .5 , 3 , 3 .5 , 
4 , 4 .5 , 5  
V/ m, 8  
h/ day, 3  
days 

 Ø lipid peroxidat ion   Ø SOD 
Ø CAT and GPx 

  

Van 
Huizen 
et  al. 
(2019)  

Schmidt ea 
medit errane
a 
(planarian) , 
regenerat io
n af t er 
amput at ion 

St at ic 
magnet ic 
f ield;100-
400 µT and 
500 µT; 12, 
24  or 48  h 

 � ROS af t er 100-400 µT 
and � ROS af t er 500 µT 
exposure 

   Reduced 
blast ema 
(regrowt h)  
size at  
100-400 
µT, 
increased 
at  500 µT; 
ROS 
alt ered 
st em cell 
proliferat io
n and 
dif ferent iat
ion 
depending 
on f ield 
int ensit y, 
inhibit ing 
SOD 
pharmacolo
gically 
reversed 
decreased 
regenerat io
n ef fect  of  
200 µT 

*Vannoni 
et  al. 
(2012)  

Human 
ost eoart hrit
ic 
chondrocyt
e 

100-Hz EMF 
and a f ield 
cont aining 
various 
f requencies 

 Ø ROS  Ø GSH   

Vignola 
et  al. 
(2012)  

Female 
Wist ar rat  
wit h drug-
induced 
myopat hy, 
in vivo, 
muscle 

Pulsed EMF, 
50-Hz carrier 
f requency, 
20  mT, 30 
min/ day, 8  
days, 
assayed 8  
days af t er 
exposure 

 �NO  �SOD  Pulsed EMF 
caused 
muscle 
recovery. 
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*Villarini 
et  al. 
(2017)  

SH-SY5Y5 
and SK-N-
BE-2 human 
neuroblast o
ma cells 

50-Hz MF; 
0 .01, 0 .1 , or 
1  mT; 1  h 
cont inuously 
or 5  h 
int ermit t ent l
y 

 Ø DNA damage   Ø GSH/ GSSG rat io   

Wang et  
al. 
(2019)  

11   cancer 
and normal 
cell lines 

St at ic 
magnet ic 
f ield and 50- 
and 120-Hz 
MF, 6  mT,, 2 , 
4 , or 6  h 

 ROS measured in 4  cell 
lines af t er 2  h exposure. � 
and  � ROS observed 
depeding on cell line and 
f ield 

   No change 
in ATP 
levels, � 
and  � in 
mit ochondr
ial 
membrane 
pot ent ial 
depending 
on cell 
t ype 

Wart enber
g et  al. 
(2008)  

Oral 
mucosa 
cancer cell 
(UM-SCC-
14-C) 

DC EF, 4  
V/ m, 24 h 

   � Cu/ Zn SOD 
Ø CAT 
�GSH 

Ef fect s 
blocked by 
NAC. 

Increased 
apopt osis 
and 
decreased 
cell 
proliferat io
n. 

Wolf  et  al. 
(2005)  

HL-60 
leukemia 
cells, Rat -1  
f ibroblast , 
WI-38 
diploid 
f ibroblast  

50-Hz EMF, 
0 .5-1  mT, 
24-72 h 

� DNA oxidat ive damage � ROS in Rat -1  f ibroblast  
 

  Ef fect  
blocked by 
alpha-
t ocopherol. 

Dose-
dependent  
increase in 
cell 
proliferat io
n 
observed. 
 

Wu et  al. 
(2016)  

Male mice, 
liver 

St at ic E-f ield, 
9 .2-21.85 
kV/ m, 2 .3-
15.4  kV/ m, 
and 0  kV/ m, 
35 days 

Ø lipid peroxidat ion   � SOD 
 

 No ef fect  
on 
glut at hione
-
t ransferase 
and 
glut at hione 
peroxidase 

Yang and 
Ye (2015) 

Human 
ost eosarco
ma MG-63  
cells 

50-Hz EMF; 1  
mT; 1 ,2  or 3  
h 

 � ROS   Blocked by 
N-
acet ylcyst ei
ne 

� viabilit y 
and cell 
growt h; � 
apopt osis 

Yang et  
al. (2016)  

Sprague-
Dawley rat s 
and 
isolat ed 

EMP, 200 
kV/ m, 200 
pulses; 
assayed at  1 , 

 � NO in cerebral cort ex of  
rat s and microglial cells, 
ef fect  ret urned t o normal 
at  24  h 
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microglial 
cells 

6 , 12  and 24 
h af t er 
exposure 

Yin et  al. 
(2016)  

Primary 
cult ured rat  
hippocampa
l neurons 

50-Hz MF, 8  
mT, 90  min 

� lipid peroxidat ion  � ROS   �SOD    

Yokus et  
al. (2005)  

Female 
Wist ar rat  
in vivo, 
leukocyt es 
and plasma 

50-Hz MF, 
0 .97 mT,  3  
h/ day for 50  
or 100 days 

� DNA oxidat ive damage 
�lipid peroxidat ion 

    Larger 
ef fect s 
wit h longer 
exposure. 

Yokus et  
al. (2008)  

Male 
Sprague-
Dawley rat  
in vivo, 
leukocyt es 

50-Hz MF, 
0 .1  and 0 .5  
mT, 2  h/ day 
for 10  
mont hs 

� dif ferent  forms of  
oxidat ive DNA damage in 
0 .1  mT group 

     

*Yoon et  
al. (2014)  

Human lung 
f ibroblast  
W138 and 
human lung 
epit helial 
L132 cells 

60-Hz MF, 1  
or 2  mT, 6  h 

     MF did not  
enhance 
H2O2-
induced 
double 
st rand DNA 
breaks.(MF 
pot ent iat e
d inf ra-red 
induced 
breaks) . 

*Yoshikaw
a et  al. 
(2000)  

Male 
BALB/ C 
mouse 
inject ed 
wit h 
lipopolysac
charide 
(LPS) in 
vivo, liver 

60-Hz MF, 0 .1  
mT,  5 .5  h 

     MF did not  
induce NO 
generat ion, 
but  
enhanced  
LPS-
induced NO 
generat ion. 

Zeng et  
al. (2011)  

Male 
Sprague-
Dawley rat s 

EMP, 100 
kV/ m, 50 pps 
2 .5-2 .8  ns 
widt h, t ot al 
pulses 4x 10 5 

� lipid peroxidat ion in 
t est es 

  �t ot al SOD and manganese-
SOD in t est es 

 Changes in 
ult rast ruct
ures of  
t est es 

Zeng et  
al. (2017)  

Hippocamp
al neurons 
f rom 
embryonic 
Sprague-
Dawley rat s 

50-Hz MF, 2  
mT; acut e; 30  
min, 8  h or 24  
h on DIV (days 
in vit ro)  7or 
14 ; repeat ed: 
30  min or 8  h 

 � ROS af t er repeat ed 
exposure 

   � cell 
viabilit y; � 
expression 
of  NADPH 
oxidase 
(subunit  
Nox2) , 
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DIV1-7  or DIV 
7-14 

respobsible 
for ROS 
product ion 

Zhang et  
al. (2016)   

Cant on 
Special and 
W1118 
f lies 

50-Hz MFn 30 
mT, 12  h 

     Act ed 
synergist ic
ally wit h 
heat  on 
oxidat ive 
st ress and 
induct ion 
of  heat  
shock 
prot eins, 
ef fect s 
depends on 
species and 
sex 

Zhang et  
al. (2017)  

Workers 
occupat ion
ally 
exposed t o 
EMFin a 
power plant  

>20 yrs � DNA oxidat ive damage 
(8-OHdG measured in 
plasma) 

 

   Ef fect s 
reversed by 
resverat rol 
(500 mg 
t wice daily, 
12  mont hs)  

Exposed 
subject s 
showed 
reduced 
inf lammat o
ry  
biomarkers 

Zhang et  
al. (2018)  

RAW 264.7  
bone 
monocyt es 

St at ic MF, 500 
nT, 0 .2  T, 16  
T; 12  h t o 4  
days 

 � NO (16 T)  
� NO (500 nT and 0 .2  T)  

� NOS 
(16 T)  

� NOS 
(500 
nT and 
0 .2  T)  

  NO 
mediat es 
SMF 
ef fect s on  
ost eoclast  
format ion; 
ef fect  
depends on 
int ensit y of  
MF 

Zhao et  
al. (2011)  

Human-
hamst er 
hybrid(A9L
)) , 
mit ochondri
a-def icient  
(p(0)A(L))  
cells, 
double-
st rand 
break 
repair- 
def icient  
(XRS-5)  
cells  

St at ic MF, 
8 .5  T, 3  h 

 � ROS     
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Zwirska-
Korczala 
et  al. 
(2004)  

Murine 
squamous 
carcinoma 
AT478 cell 

Mixt ure of  
f requencies 
up t o 400 
Hz, MF, 0 .11 
mT, 16  min, 
assayed 24 
and 72 h 
af t er 
exposure 

�lipid peroxidat ion   � MnSOD and Cu/ ZnSOD 
Ø GPx 

Ef fect s 
at t enuat ed 
by 
melat onin 

 

Zmylony 
et  al. 
(2004a)  

Rat  
lymphocyt e
s st imulat e 
by FeCl2 

50-HZ MF, 
20, 40 , or 
200 µT, 5  or 
60  min  

 � ROS in Fe and 40 µT MF 
exposed cells (AC MF has 
t o be direct ed along t he 
eart h’s st at ic MF). 

    

Zmylony 
et  al. 
(2004b)  

Rat  
lymphocyt e
s 

50-HZ MF, 
40 µT, 5  or 
60  min 

MF enhanced DNA damage 
caused by ult raviolet  
radiat ion (UVA). (UVA 
damages DNA via f ree 
radicals.)  
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