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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the progressive

loss of neurons leading to cognitive and memory decay. The main signs of AD include the irregular

extracellular accumulation of amyloid-beta (AB) protein in the brain and the hyper-phosphorylation of
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tau protein inside neurons. Changes in A expression or aggregation are considered key factors in the

pathophysiology of sporadic and early-onset AD and correlate with the cognitive decline seen in pa-

tients with AD. Despite decades of research, current approaches in the treatment of AD are only symp-
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tomatic in nature and are not effective in slowing or reversing the course of the disease. Encouragingly,
recent evidence revealed that exposure to electromagnetic fields (EMF) can delay the development of
AD and improve memory. This review paper discusses findings from in vitro and in vivo studies that

investigate the link between EMF and AD at the cellular and behavioural level, and highlights the po-

tential benefits of EMF as an innovative approach for the treatment of AD.

Keywords: Alzheimer’s disease, amyloid-beta, electromagnetic field, animal studies, human studies.

1. INTRODUCTION

Among the spectrum of dementia, Alzheimer’s disease
(AD) is the most prevalent type, accounting for approxi-
mately 60% of the cases [1]. Unlike any other diseases, it is
considered a major public health problem that afflicts the
aging population. It is estimated that by 2050, roughly 100
million individuals worldwide will experience symptoms
reminiscent of AD [2]. Clinical pathological features of AD
include the presence of cognitive impairments, the formation
of senile amyloid plaques (SPs), and the formation of neu-
rofibrillary tangles (NFTs) [1]. Patients with AD display
several symptoms such as progressive memory and orienta-
tion loss, along with other cognitive deficits such as impaired
judgment and decision making, apraxia and language distur-
bances [3]. AD is also frequently accompanied by a variety
of neuropsychiatric symptoms that range from depressed
mood, apathy, anxiety, agitation, to delusions and hallucina-
tions [3].

The pillar of AD treatment comprises of small groups of
medications that have demonstrated reliable, yet small and
variable, benefits in well-planned clinical trials. The main
currently endorsed medicines for AD by the experts of most
countries incorporate the cholinesterase inhibitors, donepezil,
rivastigmine, galantamine [4], and the NMDA receptor
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antagonist, memantine [5]. Cholinesterase inhibitors are effec-
tive in mild to moderate AD, where they have been shown to
exert a beneficial effect on comprehension, global outcome
and function [6-8], and to a lesser extent, in severe AD [9].
However, in moderate to severe AD cases, memantine has
been shown to improve cognitive functions, reasoning and
language in these patients [10, 11]. Other pharmacological
strategies used for the treatment of AD include non-steroidal
anti-inflammatory drugs (NSAIDs) [12], glucocorticoids [13],
antidepressants [14], and antipsychotics [15]. However, the
majority of these treatments are only symptomatic in nature
and are not effective in slowing down or reversing the course
of the disease. New therapeutic approaches in AD are there-
fore urgently needed.

Over the past few years, numerous studies have investi-
gated the effect of exposure to electromagnetic fields
(EMFs) on the underlying neuropathophysiology of AD,
leading to new insights into the mechanisms through which
EMF modulates AD-related symptoms (Fig. 1). Depending
on the frequency used, EMFs can be broadly categorized into
extremely low frequency (ELF; 3 Hz-3 kHz), power fre-
quency (PF; 50 Hz-1000 Hz), high frequency (HF; 300
MHz-3 GHz) and radiofrequency (RF; 3 kHz-300 GHz)
[16-18]. Electromagnetic pulses (EMP) is also another type
of EMF and can be distinguished by its unique properties,
including short high-voltage pulses, fast rise time, and a
spectral frequency ranging from 3 Hz to 1.5 GHz [19, 20].
Depending on the amplitude and frequency range, EMFs can
produce deleterious health effects within the human body,

© 2020 Bentham Science Publishers
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Fig. (1). Mechanisms through which EMF could modulate AD-related symptoms. (4 higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).

such as heating and electrical shock [21]. EMF has also been
linked with a wide range of biological and pathological proc-
esses [17], including changes in melatonin levels [22, 23],
changes in the expression and morphology of heat-shock
proteins [24, 25], expression of calcium channels [26, 27],
plant development [28], and brain tumors [29, 30].

There is also extensive evidence from preclinical re-
search that exposure to EMF ameliorates cognitive functions
by altering the expression of genes and the level of proteins
related to AD. For instance, in ABPPsw transgenic mice dis-
playing AD-like pathology, Arendash and colleagues (2010)
showed that long-term exposure to EMF at a frequency asso-
ciated with cell phone use (918 MHz) decreases the level of
AP plaques in both the hippocampus and entorhinal cortex
while protecting against and reversing cognitive impairment
[31]. In another study, Ji Jeong and colleagues (2015)
showed that radiofrequency EMF (RF-EMF) for 8 months
caused a marked decrease in the level of AP plaques,
amyloid precursor protein (APP), and carboxyl-terminal
fragments (CTFs) in the entire brain of transgenic AD mice,
including the hippocampus and entorhinal cortex [32]. RF-
EMF was also shown to reduce the mRNA level and protein
expression of key genes related to AP processing in-vitro
[33]. However, it is important to note that not all studies
showed beneficial effects of EMF on AD. For instance, stud-
ies by Jiang and colleagues showed that EMP increases Af
amyloid protein as well as the expression of AP oligomer
and APP in rats, and causes marked cognitive and memory
impairments [19, 20]. Clearly, more work is needed to better
understand the effect of EMF on AD.

The overarching goal of this review is to provide the
current state of knowledge on EMF in AD and to discuss
whether it could be used as a reliable therapeutic approach.
The paper starts by describing the clinical and pathological
features of AD and then provides a detailed overview of the
studies investigating the effect of EMF on AD pathophysiol-
ogy and symptoms, including memory and learning deficits.

2. ALZHEIMER’S DISEASE:
PATHOLOGICAL FEATURES

CLINICAL AND

Although there are numerous theories on the causes of
AD, the mainstream theoretical concept of the underlying
cause of this disease is explained by the “Amyloid Hypothe-
sis”. This hypothesis, which was formulated in 1992, states
that AD is primarily caused by the accumulation of A
plaques in the brain, which ultimately leads to the formation
of NFTs, cell loss, vascular damage, and dementia [34]. De-
veloped AP plaques are found between neurons and are
made of a focal amyloid core with encompassing deteriorat-
ing neurons resulting from the toxic impact of Af. This pep-
tide is comprised of two noteworthy structures, AB40 and
APB42 [3]. AP42 is the most soluble form and tends to aggre-
gate into fibrils that form the real composition of amyloid
plaques. It is the prevalent structure found in the brain paren-
chyma of patients with AD [3]. On the other hand, NFTs are
found inside neurons and are composed of two-fold helical
filaments of hyperphosphorylated tau protein [35]. It is hy-
pothesized that the loss of neuronal Ca®" ion homeostasis
activates tau's hyperphosphorylation, which in turn leads to
neuronal apoptosis [36].

As previously mentioned, cholinesterase inhibitors are
affirmed for use in mild to moderate AD [6-8]. However,
these drugs have several side effects, the most recognizable
ones being gastrointestinal dysfunction, anorexia, distur-
bance in sleep, bradycardia and syncope [37]. Interestingly,
changing the mode of administration of these medications
can help reduce their side effects. For example, rivastigmine
administered in a transdermal patch induced fewer side ef-
fects than when it was administered orally [38]. Naturally
occurring cholinesterase inhibitors, such as polyphenols,
may also be a better therapeutic option compared to synthetic
cholinesterase inhibitors because of their better side-effect
profile [39]. Memantime, a non-competitive NMDA receptor
antagonist, is also used in the treatment of AD owing to its
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ability to block glutamate-mediated excitotoxicity [10, 11].
Similar to cholinergic medications, one ought to expect ad-
justment of cognitive functions 6 months after memantine
treatment [37]. Memantime is normally very well tolerated;
dose-limiting side effects are uncommon and comprise of
tipsiness, head pain, sleepiness, and disarray [37]. Addition-
ally, there appear to be added advantages of combining a
cholinesterase inhibitor with memantine [40-42] though not
all studies support this claim [43].

Based on evidence showing that glia-mediated inflam-
mation is a major contributor to the neurodegenerative proc-
ess in AD [44], various studies have investigated the possi-
bility of using anti-inflammatory drugs for treating AD. Spe-
cifically, NSAIDs have proved to be efficient in diminishing
glial cell activation and restricting AD progression in animal
models of the disease [12, 45]. In spite of powerful preclini-
cal proof featuring the protective effects of NSAIDs in AD,
clinical studies conducted thus far have been disappointing
[46-48], mostly because of the fact that NSAIDs work dif-
ferentially on AD patients whether they are in their early or
late phases of the disease [12].

Glucocorticoids, a class of corticosteroids, have also
been explored for the treatment of AD because of their anti-
inflammatory and immunosuppressive properties. In-vitro
studies have demonstrated that glucocorticoids downregulate
the generation of nitric oxide (NO) from microglia, which in
turn, represses cortical astrocyte proliferation [49] and in-
duces neuroprotective effects against inflammation [50].
However, like NSAIDs, clinical studies have neglected to
observe outstanding contrasts in cognitive abilities between
glucocorticoid-treated and placebo-treated patients [13],
hence encouraging the requirement for better therapeutic
strategies.

Antipsychotic and antidepressant medications are also
commonly prescribed to manage the behavioral and psychi-
atric symptoms of AD [14, 15]. For the management of de-
pression-related symptoms that are mild and transient, spe-
cialists would advise adopting non-pharmacological ap-
proaches such as organized activities and daily exercise [51].
Bright light therapy has also been recommended for indi-
viduals with AD to dampen the mood and behavioral distur-
bances [52]. However, for the management of severe symp-
toms of depression in AD patients, most clinicians would
advise the use of antidepressant medications since their vi-
ability has been shown in numerous clinical trials [53]. Ser-
traline, a selective serotonin reuptake inhibitor (SSRI), is the
most reported medication for the management of depression-
related symptoms in AD, yet other SSRIs can be used insofar
side effects are considered [52, 54]. Finally, receptors for
nicotinic acetylcholine, NMDA, serotonin, adenosine and
histamine have been involved in the pathophysiology of AD,
and manipulations that target these receptors may prove ef-
fective in alleviating symptoms related to AD [55].

Overall, AD can be characterized as a neurodegenerative
disease that causes brain cells to degenerate, leading to a
progressive decline in memory function. There are several
therapeutic strategies used in the clinic for AD patients;
however, the majority of existing treatments are only symp-
tomatic in nature, and new therapeutic approaches are
needed. The following sections attempt to shed light on the
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potential use of EMF for the treatment of AD by discussing
findings from preclinical and clinical research.

3. EFFECT OF EMF ON SYMPTOMS RELATED TO
ALZHEIMER’S DISEASE: INSIGHTS FROM IN
VITRO STUDIES

Several attempts have been made to investigate the rela-
tionship between EMF and AD at the cellular level; these are
listed in Table 1. For instance, a study conducted by Rao and
colleagues (2002) has used the differentiating IMR-32 neu-
roblastoma cells to investigate the effect of extremely low-
frequency electromagnetic field (ELF-EMF) on AD-like
pathology [56]. In their study, IMR-32 cells were exposed to
ELF-EMF at intensities of 50, 100 and 200 uT and a fre-
quency of 60 Hz for a period of 4 h [56]. Their results show
no relationship between ELF-EMF exposure and AD mani-
festations at the cellular level [56]. In particular, the expres-
sion of APP695, an isoform of APP, was unchanged between
the three experimental groups (exposed, sham, and external
coil) and control conditions at the three different magnetic
field intensities, indicating that ELF-EMF fails to signifi-
cantly alter the underlying pathophysiology of AD [56]. In
another study, Antonini and colleagues (2006) used SH-
SYSY human neuroblastoma cells to assess whether ELF-
EMF may influence the expression of molecules associated
with the neurodegenerative processes in AD [57]. Their re-
sults show that the expression level of o3, a5 and a7 nico-
tinic acetylcholine receptors (nAChRs) subunits following
exposure to ELF-EMF was unchanged as assessed by north-
ern blot analysis, suggesting that EMF does not alter the cho-
linergic nicotinic system [57], a system previously reported
to be involved in the pathophysiology of AD [58]. Moreover,
ELF-EMF (50 Hz, 3.1 mT) was shown to induce a signifi-
cant increase in AP secretion, including the isoform AP 1-42
[59], while HF-EMF was shown to increase the production
of prostaglandin E2 (PGE2) and reduce phagocytosis of fi-
brillary AB 42 [60], thus adding more insights into the neu-
robiological mechanisms of EMF. Exposure to EMF was
also shown to activate important protein degradation path-
ways in vitro, such as the ubiquitin-proteasome pathway [61]
and the chaperone-mediated autophagy pathway [62]. Last
but not least, Park and colleagues (2018) showed that RF-
EMEF exposure for 2 h per day for 3 days led to a marked
decrease in the mRNA levels of genes involved in A proc-
essing, including APP, B-amyloid precursor protein cleaving
enzyme 1 (BACEL), disintegrin metalloproteinase 10
(ADAMI10) and Presenilin-1 (PSEN1) in HT22 mouse hip-
pocampal neuronal cells, suggesting that RF-EMF may re-
duce AD-related pathology [33].

Overall, studies investigating the effect of EMF in vitro
have shown mixed results regarding the expression of genes
or the level of proteins related to AD, with one study show-
ing decreased mRNA level of genes involved in AD [33],
two studies showing no relationship at all [56, 57], and two
other studies showing an increased level of proteins involved
in AD [59, 60]. Discrepancies in the results may be due to
differences in the frequency and exposure period of EMF
and may as well be attributed to differences in the animal
model used.
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Table 1.  Studies investigating the effect of EMF exposure on symptoms related to AD pathophysiology in cell lines.
T f F
ype o requency/ Duration Tissues Objective Main Findings References
EMF Level
thacte Tostudy the poss-
bility of an associa- . .
50.100. and three ages of IMR-32 neu- tion between th -No relationship was found between
ELF-EMF 200 ’ T t,6a(r)1H differentia- roblastoma ELIEHEI\G/:[F cen the ELF-EMF exposure and the expression [56]
a z -
" tion (2, 10, cells exposure of APP695, an isoform of APP
d 16 days) and AD at the cellu-
an as lar level
To study whether . .
Intermittent ELF-EMF mav in -No change in the expression of some
orncf):?iiuf(?us SH-SYS5Y fluence mo lec}lll les related components of the cholinergic
ELF-EMF 50 Hz human neuro- . . nicotinic framework, which is one of the [57]
exposure for associated with neu- . L.
blastoma cells . most influenced neurotransmission
16 hor48h rodegenerative proc- .
systems in AD
esses
3.1 mT (50-60 H4 To study the effect of Sienificant i £AB i
ELF-EMF 1 m - Overnight ‘ neuro- ELF-EMF on amy- - 1gn1 1ca‘n mcre‘ase o secretion, [59]
Hz) glioma cells . . including the isoform Ap 1-42
loidogenic processes
To explore the
High- PGE2-related signal- -Significant increase in the production
fi 2.45-GHz- i tem in th
requency : z ‘ Microglial N9 ‘ ing system in the of PGE2
electromag- pulsed micro- 20 min I immunomodulatory [60]
netic field waves cells phagocytosis of -Reduction in the phagocytosis of fibril-
(HF-EMF) EMF-stimulated N9 lary AB4, by N9 microglial cells
microglial cells
HT22 mouse To investigate the -Decreased mRNA levels of APP,
hippocampal | Clcct o RE-EME | BACE], ADAM10 and PSENI in HT22
Radiofre- 2 h per day neuronal cells €xposure on the‘ mouse hippocampal neuronal cells
quency (RF)- 1950 Hz mRNA and protein [33]
EMF for 3 days and SH-SY5Y expression of the key | -No change in the protein expression of
Eimian neurl(i- genes related to A- APP and BACE], as well as the secreted
astoma cells beta processing AP peptide in HT22 and SYSY cell lines

4. EFFECT OF EMF ON SYMPTOMS RELATED TO
AD: INSIGHTS FROM ANIMAL STUDIES

Several attempts have also been made to investigate the
relationship between EMF and AD in animal models; these
are listed in Table 2.

For instance, a study conducted by Arendash et al.
(2010) used transgenic mice to study the effect of EMF on
cognition, specifically high-frequency electromagnetic field
(HF-EMF) (918 MHz; 0.25 w/kg) for two 1-hour sessions.
Their study showed that HF-EMF exhibits cognitive-
protective and cognitive-enhancing effects, reduces AP
deposition in the brain, and increases brain temperature [31].
On the other hand, long-term exposure (6 months) of AD-
transgenic mice to HF-EMF (918 MHz; 0.25 w/kg) led to a
reversal of advanced brain AP aggregation and deposition,
an increase in general memory function, but no appreciable
increase in brain temperature [63]. In another study,
Dragicevic and colleagues (2011) investigated potential
mechanisms for EMF-induced cognitive benefits by looking
at brain mitochondrial function after subjecting AD trans-
genic mice to 918 MHz EMF frequency for 1 month [64].

Their results indicated enhanced brain mitochondrial func-
tion and a 5-10-fold increase in soluble AB1-40 following
EMF exposure, suggesting that brain mitochondrial en-
hancement may be a key mechanism through which EMF
exerts cognitive benefits [64].

In another set of studies, Jiang and colleagues investi-
gated the effect of EMP, a special type of EMF, on cognitive
and memory functions in rats [19, 20]. Exposure of Sprague
Dawley rats to EMP (50 kV/m, repetition rate 100 Hz) for
100, 1000, and 10,000 pulse exposures led to cognitive and
memory impairment, increased A level, increased expres-
sion of AP oligomer and APP, and increased expression of
microtubule-associated protein 1 light chain 3-I1I (LC3-1I),
suggesting that EMP can result in AD-like symptoms [20].
Also, Jiang and colleagues (2016) used EMP at a frequency
of 100 Hz to study its relationship with the occurrence of AD
in rats, concentrating on the role of oxidative stress [19].
Male Sprague Dawley rats subjected to EMP for 8 months
showed an increase in AP, BACEIl, and microtubule-
associated protein 1 light chain 3-II (LC3-II) in the hippo-
campus, and an increase in APP aberrant cleavage as well as
dysfunction of cognitive capacity [19].
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Table 2. Studies investigating the effect of EMF exposure on symptoms related to AD pathophysiology in animal models.

Frequency/ . . - o
Type of EMF Level Duration Animals Objective Main findings References
%
-Cognitive-protective and cognitive-
ABPP i
918 MHz; 0.25 | Two I-hour PPPsw Effect of EMF on enhancing effects
HF-EMF i transgenic » .. . » (31]
wikg periods ) cognition -Reduction in brain A deposition
mice
-Increased brain temperature
To study possible
mechanism(s) for
918 MHz fre- APPsw+PS1 EMF-induced cogni- | _gnpanced brain mitochondrial function
EMF 1-month transgenic tive benefits through ) ) [64]
quency mice investigating brain -5-10 fold increase in soluble AB1-40
mitochondrial func-
tion
-Reversal of advanced brain A aggre-
918 MHz APPsw and gation/deposition
’ 6+ months of APPsw+PS1 To test physiologic . .
EMF 0.25-1.05 . . L -Increase in general memory function [63]
daily transgenic and cognitive effects
Wikg . . . . .
mice -No appreciable increase in brain tem-
perature
-Cognitive and memory impairment
following EMP exposure
100, 1000, To study if exposure -Increased AP protein level
50 kV/m, repe- . .
EMP tition rate 100 and 10,000 Sprague could induce cogni- -Increased expressions of AP oligomer [20]
Hy pulse expo- Dawley rats tive and memory and APP
sure impairment
-Increased expression of microtubule-
associated protein 1 light chain 3-II
(LC3-1I)
-Significant reduction of AB plaques,
APP, and APP carboxyl-terminal frag-
ments (CTFs) in hippocampus and en-
torhinal cortex in Tg-5xFAD mice
SxFAD trans- -In‘hibition‘ of B-amyloid precursor pro-
1950 MHz, enic mice tein cleaving enzyme 1 (BACEL) and
specific ab- 2 hrs/day, 5 8 To test whether RF- neuroinflammation enzymes in Tg-
RF-EMF . ’ EMF can influence 5xFAD mi [32]
sorption rate days/week - X fmice
SW/K -Wild type AD pathology in vivo ) ) )
4 . -Rescued memory impairment in Tg-
(WT) mice .
5xFAD mice
-Significant alteration of 5 genes
(Tshz2, Gm12695, St3gall, Isx and
TII1) which are involved in AB in Tg-
5xFAD mice
To study the effects
50 Hz400 pT | 24 hour a day , of ELF-EMF expo- -Delay of weight gain
ELF-EMF Wistar rats [65]
60d for 60 days sure on AD devel- -Improvement in cognitive abilities
opment
To study the interac-
Sprague tion between ELF- -No effects on cognition and memory
ELF-EMF 100 uT/50 Hz 12 weeks EMF exposure and [66]
Dawley rats memory impairment -No significant change in AB
in rats

Table (2) contd....
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Frequency/ . . - o
Type of EMF Level Duration Animals Objective Main findings References
Vv
3 mor?ths To explore \‘Jvhether -No differences in spatial and non-spatial
(spec1f"1c RF-EMFs 1nduce‘ memory between experimental and con-
RE-EMF 1950 MHz absorption SXFA‘D tr.ans- molecular ?hanges in trol groups [70]
rate 5 W/kg, genic mice the processing of APP
2 h/day, 5 and AB- related mem- -No effect on APP an(‘i ‘CTFB levels or AB
days/week) ory impairments deposition
-Increased AP protein and its oligomers in
To study the relation the hippocampus of EMP-exposed rats
bet\‘veen EMP intro- -Increased B-amyloid precursor protein
Electromagnetic 100 Hz (100 Male Sprague | duction and thf: OCCUT- | ¢leaving enzyme 1 (BACET) and micro-
pulse (EMP) pulses per 8 months Dawley (SD) rence of AD inrats, | pule-associated protein 1 light chain 3-1I [19]
second) rats concentrating on the (LC3-TI) in the hippocampus
role of oxidative stress
(0S) -Increased APP aberrant cleavage
-Impairment in cognitive capacity
-Reduced hyperactivity-like and anx-
2 hd d To explore the impact iolytic symptoms
ay an
RE-EMF 1950 MHz 5 days?lweek SXFA‘D tr.ans- of long-ter‘m RF-EMF -Improvement in non-spatial working [71]
genic mice presentation on AD memory
for 8 months .
progression -Increased glucose metabolism in the
hippocampus and amygdala
Extremely low To study the impact of
frequency elec- ELF-EMF presentation . .
. Adult male . . -Improvement in learning and memory
tromagnetic 50 Hz, 10 mT 14 days on spatial learning and [67]
AD rats . performance
field (ELF- memory changes in
EMF) AD rats
To test iti ffect:
50 Hz and 400 | 60 continuous . 0 test posttive eHiects -Downregulation of Raf-1 kinase inhibitor
ELF-EMF Wistar rats of ELF-MF exposure . [68]
uT days protein (RKIP)
on AD
To test whether RF-
EMF introduction
) alters memory through -No alterations in memory performance
RE-EMF Between 3 kHz 1 month (5 Samaritan rat . q ) ) o 9
- to 300 GHz days/week) model of AD clortllcosterone an -Higher hippocampal oxidative stress and [69]
oxidative stress in the diminished corticosterone level
Samaritan rat model of
AD
To test the impacts of
cell phone radiofre-
qlllency EMF on rf%ac- -Declined AB42-prompted cell and mito-
{Ive 0Xygen Species | ;hondrial ROS in human and rats primary
(ROS) development, astrocytes
mitochondrial mem-
brane potential -Expansion of mitochondrial membrane
-Fetal brains (MMP), action of potential in rats primary astrocytes
Mobile phone . T
RF-EMF 918 MHz 60 min -Neonatal NADPH-oxidase, and | _gyppression of the initiation of NADPH [72]
Wistar rats phosphorylation of | (xidase induced by AB42 in rats primary
p38MAPK and

ERK1/2 kinases in
human and rats’ pri-
mary astrocytes in the
presence of AB42 and
hydrogen peroxide
(H,0,)

astrocytes

-Suppression of H,O,-induced phosphory-
lation of p38MAPK and ERK % in rats
primary astrocytes




Electromagnetic Field in Alzheimer's Disease

On the other hand, Liu and colleagues (2015) investi-
gated the effects of ELF-EMF exposure (50 Hz 400 uT for
60 days) on AD development in Wistar rats and showed that
ELF-EMF delayed the weight gain of rats and improved their
cognitive abilities [65]. In the same year, Zhang and col-
leagues published a study that investigated the effect of ELF-
EMF (100 pT/50 Hz) on memory impairment in Sprague
Dawley rats [66]. Exposure of rats to ELF-EMF for 12
weeks produced no effects on cognition and memory and no
significant changes in brain AP level [66]. More recently,
Akbarnejad and colleagues (2018) exposed AD rats to ELF-
EMEF (50 Hz, 10 mT) for 14 days to study its impact on spa-
tial learning and memory changes [67]. The outcome of their
study demonstrated that ELF-EMF possesses beneficial ef-
fects since it improved the learning and memory perform-
ance of AD rats [67]. Lastly, Zuo and colleagues (2018)
showed that ELF-EMF (50 Hz and 400 pT for 60 days) ex-
posure in Wistar rats downregulates Raf-1 kinase inhibitor
protein (RKIP), a member of the phosphatidylethanolamine-
binding protein family that regulates several signaling path-
ways and physiological functions [68].

In 2015, Jeong and colleagues conducted a study aimed
at testing whether RF-EMF could influence AD pathology in
vivo [32]. In their study, transgenic-5xFAD mice and wild
type (WT) mice were exposed to RF-EMF at a frequency of
1950 MHz and a specific absorption rate of 5SW/kg for 2
hrs/day and 5 days/week [32]. Results of their study showed
a significant reduction in AP plaques, APP, and CTFs in the
hippocampus and entorhinal cortex in transgenic-5xFAD
mice following RF-EMF exposure [32]. RF-EMF exposure
in transgenic-SXxFAD mice was also effective in inhibiting
BACE! and neuroinflammation-related enzymes, in rescuing
memory impairment, and in modifying the expression of 5
genes (Tshz2, Gm12695, St3gall, Isx and TII1) involved in
AP processing [32]. More recently, Bouji and colleagues
(2020) conducted a study to test whether RF-EMF exposure
alters memory through corticosterone and oxidative stress in
the Samaritan rat model of AD [69]. After exposing rats to
RF-EMF at frequencies ranging from 3 kHz to 300 GHz for
1 month (5 days/week), they showed that RF-EMF was inef-
ficient in altering memory performance in AD or control rats
[69]. However, unlike the control group, the AD group had
higher hippocampal oxidative stress and diminished corticos-
terone level in the brain [69]. Similarly, another study con-
ducted by Son and colleagues (2016) showed that RF-EMF
had no effect on memory performance, both spatially and
non-spatially, in transgenic AD mice [70].

Interestingly, in a study conducted by Son and col-
leagues in 2018, long-term exposure of 5xFAD transgenic
mice to RF-EMF was shown to reduce hyperactivity-like and
anxiolytic symptoms in open field tests while improving
non-spatial working memory and increasing brain glucose
metabolism [71]. In another study, cell phone RF-EMF led to
sharp declines in AP42-prompted cell and mitochondrial
ROS in human and rats’ primary astrocytes, indicating that
RF-EMF could potentially be used for the treatment of AD
[72]. Exposure to RF-EMF also led to an expansion in mito-
chondrial membrane potential in rats’ primary astrocytes,
suppression of initiation of NADPH oxidase induced by
AB42 in rats’ primary astrocytes, and suppression of H,O,-
induced phosphorylation of p38MAPK and ERK % in rats’
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primary astrocytes, providing insights into the cellular and
molecular mechanisms of RF-EMF [72].

5. EFFECT OF EMF ON SYMPTOMS RELATED TO
AD: INSIGHTS FROM HUMAN STUDIES

The relationship between EMF and AD has also been
investigated in humans; the results of the studies investigat-
ing this relationship are listed in Table 3.

In 2015, Guerriero and colleagues conducted a pilot
study on the patients with a cognitive disability to test the
viability of Emisymmetric bilateral stimulation (EBS) treat-
ment on global cognitive function, episodic memory, and
executive functions [73]. Patients with AD or mild cognitive
impairment were subjected to extremely weak EMF (powers
in range, 10-100 nW) for 5 weeks (3 stimulations per week,
approximately 20-25 minutes long) [73]. Results of the study
showed an improvement in both immediate and delayed re-
calls of episodic memories, significant changes in executive
functions, and significant improvements of cognitive func-
tions and behavior in the AD and mild cognitive impairment
groups [73]. Another study conducted by Andel and col-
leagues (2010) investigating the relationship between ELF-
EMF and the danger of developing AD or dementia has
evaluated the effect of 9,508 Swedish male twins subjected
to EMF between 1989 and 1991 at different frequency levels
depending on the workers’ position [74]. The study showed
that only high levels of EMF exposure were associated with
increased dementia risk in cases with onset by age of 75
years [74]. In another study, Seidler and colleagues (2007)
followed up with 195 individuals for 4 years to analyse the
relationship between ELF-EMF and dementia, but their re-
sults showed no significant association between the two [75].
Similarly, Feychting and colleagues (2003) followed up
4,812,646 individuals from 1981 through 1995 to study the
potential risk factor for neurodegenerative diseases after be-
ing subjected to ELF-EMF at 50 Hz, and showed that ELF-
EMF increased the risk of AD mortality [76]. In the follow-
ing year, Qui and colleagues (2004) published a study inves-
tigating the effect of exposure to ELF-EMF at 50 Hz on 931
individuals from 1987-1989 until 1994-1996 [77]. Results of
their study showed that ELF-EMF increases the risk of AD
and dementia in men [77]. Also worthy to mention are find-
ings showing that exposure to EMF of extremely low inten-
sity improves visual memory and visuo-perceptive functions
in AD patients [78]. Conversely, Li and colleagues (2002)
showed no link between cognitive function and exposure to
power-frequency electromagnetic fields (PF-EMF) after fol-
lowing 2198 individuals [79]. Finally, Sobel and colleagues
showed in 1996 that EMF exposure at an early age is etio-
logically associated with the occurrence of AD later in life
[80].

Altogether, results of the above-mentioned findings sug-
gest that EMF has mixed effects on symptoms related to AD
pathophysiology in humans, with 2 studies showing im-
provement in cognitive functions following EMF exposure
(Guerriero et al., 2015; Sandyk, 1994), 2 studies showing
little or no association with AD-like pathology (Li et al.,
2002; Seidler et al., 2007), and 3 studies showing an in-
creased risk of AD or dementia following EMF exposure
(Sobel et al., 1996; Andel et al., 2010; Feychting et al.,
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Table 3. Studies investigating the effect of EMF exposure on symptoms related to AD pathophysiology in humans.
Type of Frequency/ Duration Subjects Objective Main findings References
EMF Level
-Improvement in both immediate
To investigate in patients and delayed recalls of episodic
5 weeks (3 stimu- Patients with a‘ colg‘nmve dlSjclblllty memories
. . the viability of Emisym- .. . .
Extremely . lations per week, with AD or L. . . -Significant change in executive
Powers in range, 10— . . . metric bilateral stimulation )
weak approximately mild cogni- functions [73]
100 nW . . (EBS) treatment as for
EMF 20-25 minutes tive im- L. . - . .
1 . ‘ global cognitive function, -Significant improvement of cogni-
ong) patrien episodic memory, and tive functions and behavior in the
executive functions AD and mild cognitive impairment
groups
4.03 uT-1.12 pT-
0.76 pT- 0.45 pT-
0.34 uT- 031 uT-
K K 9,508 To study the relationship -Increased risk of dementia only in
0.31 uT-0.31 uT- Workday between . AP .
ELF-EMF Swedish between ELF-EMF and the | individuals exposed to high levels [74]
0.30 uT-0.28 uT- 1989 and 1991 ) d £AD and d i FEMF
025 uT-0.24 T males anger o and dementia 0
(differs between
workers position)
<0.1 uT,0.1-0.2 . .
.y To test the relationship - L
T,0.2-1 pT, 1-10 - - -
ELF-EMF uT, uT, 4 years 19‘5 indi between ELF-EMF and No significant association bf‘: [75]
uT, 10-100 uT and viduals . tween ELF-EMF and dementia
dementia
>100 pT
To study the potential risk
ELF-EMF 50 Hz From 1981 ,4’8,1,2’646 factor for neurodegenera- -Increased risk of AD mortality [76]
through 1995 individuals . .
tive diseases
To investigate lifetime
- i indi- tional ELF-MF - i -
ELF-EMF 50 Hz 1987-1989 until 93‘1 indi occupa llona ‘ Increased r1§k .Of AD and demen [77]
1994-1996 viduals exposure in relation to AD tia in men
and dementia
Power-
frequency To study the relationship
electro- 2,198 indi- between exposure to PF- -Little support for the link between [79]
magnetic viduals EMF and the risk of cogni- | PF-EMF and cognitive impairment
fields (PF- tive impairment
EMF)
326 indi- To study if EMF essentially - EMF introduction at youth ages
6 hours per work- . . . . .
EMF 2 and 10 mG d viduals increases the danger of increases of the risk of developing [80]
&y with AD getting diagnosed with AD AD
EMF of To investigate whether Significant improvement in visual
extremely SHz-8Hz 2 AD pa- EMF improves visual 8 P
low inten ; ) tient: memory and visuoperce memory and enhancement of [78]
. picotesla range tents ry . pereep visuoconstructive performance
sity tive functions

2003; Qiu et al., 2004). Although discrepancies in the results
are likely attributed to the frequency and exposure period of
EMF and the sample size and diagnostic criteria, clearly,
more work needs to be done to understand the relationship of
EMF and AD in humans.

6. EFFECT OF EMF ON INFLAMMATORY AND

IMMUNE MARKERS

Because of mounting evidence indicating that immune
and inflammatory responses play a major role in the patho-

physiology of AD [44, 81], EMF exposure is also likely to
have an effect on inflammatory markers. Indeed, a wide ar-
ray of studies have investigated the effect of EMF exposure
on changes in the level of inflammatory markers for the im-
mune response [82]. For instance, Kawczyk-Krupka and
colleagues (2002) showed that ELF-EMF at a high flux den-
sity (2.4 mT) decreased the viability of murine macrophages
in vitro and increased the level of the pro-inflammatory cy-
tokine, tumour necrosis alpha (TNF-a) [83]. In another in
vitro study, EMF exposure was associated with an increased
level of the intracellular second-messenger cyclic guanosine
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monophosphate (¢cGMP), which correlated with an increased
level of NO [84]. EMF exposure was also shown to produce
a significant uptake of carboxylated latex beads in mouse
macrophages, indicative of enhanced phagocytic activity
[85]. Therefore, EMF appears to be potentially useful in di-
minishing the level of bacteria and pathogens by enhancing
the phagocytic activity of macrophages. It has also been
shown that exposure to ELF-EMF elevates the expression of
NO synthase (NOS) in human SH-SYS5Y cells, suggesting a
link between EMF and oxidative stress [86]. Last but not
least, experiments conducted by Cossarizza and colleagues
have shown that EMF exposure increases the release of pro-
inflammatory cytokines IL-1, IL-2 and IL-6 in peritoneal
lymphocytes [87]. Conversely, other in vifro experiments
have shown that pulse EMF decreases the secretion of pro-
inflammatory cytokines IL-1p and TNF-a from human fi-
broblast-like cells [88] and that EMF exposure on peritoneal
blood cells has no effect on cytokine production [89], sug-
gesting some degree of complexity in the effect of EMF on
inflammatory cytokines.

Altogether, the aforementioned studies largely suggest
that EMF could exert either pro-inflammatory or anti-
inflammatory effects. Discrepancies among existing findings
are likely attributed to differences in the duration and inten-
sity of EMF exposure. A major gap in the literature is that
very few studies have investigated the relationship between
EMF, inflammation and immune response in the context of
AD. One study conducted by Tsoy and colleagues (2019)
showed recently that EMF is able to inhibit AB-induced oxi-
dative stress in rat primary astrocytes [72]. Although this
finding indicates an ability of EMF to modify the cellular
and molecular response of glial cells, clearly more work is
needed to understand the effect of EMF on inflammatory and
immune markers in AD.

CONCLUSION

In conclusion, the present work suggests that EMF could
be potentially used as a non-invasive treatment for AD and
as an alternative option for current pharmacological ap-
proaches; however, there are still missing gaps and discrep-
ancies in the literature that need to be addressed. In this re-
gard, future research is clearly warranted to better understand
the effect of EMF on AD pathophysiology, especially on A
aggregation and tau hyperphosphorylation in the brain. Con-
sidering the chronic human exposure to EMF emitted by
various sources, it is crucial that investigations on EMF and
AD continue to be conducted, as a better understanding of
the relationship between the two is urgently needed. A major
issue in the existing literature is that the vast majority of
studies investigating the link between EMF and AD signifi-
cantly vary in terms of their treatment design, sample size,
and diagnosis criteria, which often leads to large result vari-
ability. Meta-analyses that quantitatively analyze all existing
literature and data on the link between EMF and AD are
highly warranted. Also, a better interpretation of the results
of animal studies is required to study their application in the
context of human therapy. Although we are very far away
from having EMF as a reliable treatment for AD, these stud-
ies pave the way for numerous opportunities in terms of po-
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tential implications in the clinic, emanating hope for indi-
viduals with AD and their caregivers.
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