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Abstract
In a previous study, we reported the positive effects of extremely low frequency electromagnetic
field (ELF-MF) exposure on Alzheimer’s disease (AD) rats; however, the underlying mechanism
remains unclear. In addition, we found that Raf-1 kinase inhibitor protein (RKIP) was downregulated
by microwave exposure in the rat hippocampus. Our hypothesis was that RKIP-mediated NF-κB
pathway signaling is involved in the effect of ELF-MF on the AD rat. In this study, D-galactose
intraperitoneal (50 mg/kg/d for 42 d) and Aβ25-35 hippocampal (5 μL/unilateral, bilateral, single-dose)
injection were implemented to establish an AD rat model. Animals were exposed to 50 Hz and 400
µT ELF-MF for 60 continuous days. The spatial memory ability of the rat was then tested using the
Morris water maze. Protein expression and interaction were detected by western blotting and
co-immunoprecipitation for RKIP-mediated NF-κB pathway factors. The results showed that
ELF-MF exposure partially improved the cognitive disorder, upregulated the levels of RKIP, TAK1,
and the RKIP/TAK1 interaction, but downregulated p-IKK levels in AD rats. These results indicated
that RKIP-mediated NF-κB pathway signaling plays an important role in the ELF-MF
exposure-mediated improvements in the AD rat. Our study suggested that ELF-MF exposure might
have a potential therapeutic value for AD. Further in depth studies are required in the future.
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Introduction
Alzheimer's disease (AD) is an age-related
progressive neurodegenerative disease, characterized
by progressive memory loss and decline of cognitive
function [1]. In 2015, a report from Alzheimer's
Disease International (ADI) showed that over
46,000,000 people worldwide have suffered the
agonies of dementia, most of which suffered from AD,
and this number is likely to double roughly every
twenty years [2]. However, the etiology of AD is not
entirely clear and there is no effective therapy for AD.
Extremely low frequency electromagnetic field
(ELF-MF) is generated mostly by electric equipment,
such as high voltage transmission lines, transformer
substations, motors, and household appliances, with a

frequency of 50 Hz (China, Europe) or 60 Hz (USA)
[3]. The possible association between ELF-MF and
childhood leukemia was first reported by Wertheimer
and Leeper, in 1979 [4]. Thereafter, the effects of
ELF-MF on health were extensively studied.
Increasing evidence shows that different parameters
of ELF-MF may lead to different neurobiological
effects [5,6,7]. Generally, low-intensity and short-term
ELF-MF exposure has no significant influence on
brain structure and learning-memory ability;
however,
long-term,
especially
occupational,
exposure can cause some health problems [8,9].
Notably, various positive effects of ELF-MF exposure
on neural differentiation and rehabilitation have been
http://www.medsci.org

Int. J. Med. Sci. 2018, Vol. 15
reported in recent years [10,11,12].
Few studies have investigated the relationship
between ELF-MF exposure and AD development,
most of which were limited to epidemiological
investigations. It was reported that long-standing
occupational ELF-MF exposure might be a predictive
risk factor for increased AD development [13];
however, no correlation was found in other reports
[14,15]. For example, Zhang et al. found that ELF-MF
exposure (50 Hz, 100 µT, 12 w) had no effect on the
pathogenesis of AD in aluminum-overloaded rats [6].
Our previous study showed that ELF-MF exposure
(50 Hz, 100 µT, 60 d) partially improved the cognitive
and pathological symptoms of AD rats [16]; however,
the underlying mechanism remains unclear and no
reasonable explanation is available currently.
Raf-1 kinase inhibitor protein (RKIP) is a
member of the phosphatidylethanolamine-binding
protein family (PEBP), which are involved in many
neural physiological actions, such as proliferation and
apoptosis [17]. Studies have revealed that there is a
lower expression of RKIP in the brain of patients with
AD patients and AD rats [18,19]. In a previous study,
we found that downregulation of RKIP in rat
hippocampus after microwave radiation [20]. This
prompted us to investigate the mechanism of the
effect of ELF-MF exposure on AD.
RKIP can inhibit the nuclear factor kappa B
(NF-κB) signaling pathway [21]. NF-κB pathway
shows both inhibitory and promotional effects on AD
development [22]. On the one hand, moderate
activation of the NF-κB pathway can protect neurons
from apoptosis by increasing the expression of
anti-apoptotic factors [23]. On the other hand,
excessive and persistent activation of the NF-κB
pathway
can
aggravate
β-amyloid
protein
(Aβ)-induced neuronal injury by increasing the
expression of inflammatory factors [24].
We postulated that RKIP-mediated NF-κB
pathway signaling is involved in the effect of ELF-MF
on AD rats. Therefore, this study combined
behavioral and molecular detection to investigate the
role of RKIP-mediated NF-κB pathway signaling in
the effect of ELF-MF exposure on AD.
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grouping. The outliers were identified based on the
Grubbs criterion [25]. 24 corresponding rats were
eliminated. The remaining 96 rats were randomly
divided into the control group (Con), magnetic field
group (MF), Alzheimer’s disease group (AD), and
complex model group (AD+MF). Rats fed with food
and water ad libitum, under an environment of
constant temperature (23.0 ± 0.5 °C) and humidity
(65–75%) with a 12 h light/dark cycle (light on from
8:00–20:00). The animal experiment protocol was
approved by the Animal and Human Use in Research
Committee of the Academy of Military Medical
Science.

ELF-MF exposure

Material and Methods

The ELF-MF animal exposure system (Fig. 1, A)
was established by the Institute of Electrical
Engineering, Chinese Academy of Sciences, and
consisted of voltage-regulator and two parallel coaxial
circular coils (Fig. 1, a1) of 70 cm in height and 140 cm
in diameter. Two modular breeding devices were
used. Each one comprised four individual boxes (Fig.
1, a3) with a height of 20 cm and radius of 50 cm at the
quadrant bottom. Twelve rats were kept in each box.
The MF and AD+MF groups were placed in room 1,
which was installed with the ELF-MF exposure
system. When the input current (Fig. 1, a2) was 50 Hz
and 1.65 A, a Gauss Meter (EFA300, Narda Safety Test
Solutions, Pfullingen, Germany) (Fig. 1, a4) showed
that the interior ELF-MF intensity in the breeding
device was attenuated ringwise but was unchanged
longitudinally along the axis of the coils. The ELF-MF
was 50 Hz and about 420 μT at the vertex, 400 μT at 25
cm to the vertex, and 380 μT at the edge of the box.
Rats were continuously raised in the device, and
exposed to ELF-MF for 24 h/d for 60 d. The Con and
AD groups were placed in room 2, which was on the
same floor and with the same ventilation system as
room 1, but without the ELF-MF exposure system.
The humidity, light, temperature, and air quality of
the two rooms were the same. When the exposure
system started in room 1, the background magnetic
field of room 2 (involved ELF-MF created by electrical
appliances, such as electric light, air conditioning etc.)
was measured using a Gauss Meter and was
identified as below 400 nT.

Animal Grouping

Modeling

One hundred and twenty male Wistar rats aged
8 weeks (body weight 218.3 ± 11.5 g) were provided
by the Experimental Animal Center of the Academy
of Military Medical Science. The Morris water maze
(MWM) training session (refer to the section entitled
“Morris water maze”) was implemented to measure
the average escape latency (AEL) of each rat before

Based on our previous study [16], ELF-MF
exposure combined with D-galactose intraperitoneal
and Aβ25-35 hippocampal injection was implemented
in this study to establish a complex rat model. Briefly,
D-galactose (G0750, Sigma, St. Louis, MO, USA) and
Aβ25–35 (A4559, Sigma) were dissolved in 0.9% NaCl
saline to reach a concentration of 3 g/L and 1 μg/μL,
http://www.medsci.org
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respectively. Aβ25–35 was aggregated by in vitro
incubation at 37 °C for 7 d and then stored at 4 °C.
From the first day of ELF-MF exposure, rats of the AD
and AD+MF groups received D-galactose (50 mg/kg)
intraperitoneal injection once per day for 42 d. The
Con and MF groups were injected with the same
volume of saline. On the 43rd day, the rats were
anesthetized by intraperitoneal injection with 2%
pentobarbital sodium (60 mg/kg), and subsequently
received hippocampal injection (5 μL/unilateral,
bilateral) of Aβ25–35 (AD and AD+MF groups) or saline
(Con and MF groups), through a stereotaxic
apparatus (BW-SDA903, Bio-will, Shanghai, China)
and microinjection system (SYS-Micro4, WPI,
Sarasota, FL, USA). Hippocampal injection was
performed in the CA3 region (Fig. 1, B), and the
injection location was 3.5 mm behind the bregma, 3
mm beside the sagittal suture, and 3.5 mm under the
surface of skull. The injection speed was 1 µL/min.
After surgery, the rats were given intramuscular
injection of penicillin sodium (50,000 U) once per day
for 3 d, and then continue to be raised until ELF-MF
exposure termination.

Morris water maze
The Morris water maze (MWM) test is a
behavioral procedure widely used in behavioral
neuroscience to study spatial learning and memory
[26]. In this study, the MWM system (SLY-WMS,
Shuolinyuan, Beijing, China) comprised a circular
swimming pool of 180 cm in diameter and a
computerized tracking system. The pool was filled to
a depth of 30 cm with water and surrounded by a
blackout curtain; the water temperature was kept at
25.0 ± 0.5 °C. The water surface was divided into four
quadrants, and an escape platform of 8 cm in diameter
was placed at the center of quadrant I. The
computerized tracking system and software
(SLY-WMS, Shuolinyuan, Beijing, China) was used to
record the movements of the rats.
The MWM training session: This session was
performed once a day for three consecutive days
before ELF-MF exposure. In this session, rat was put
into the water facing the wall from quadrant I to IV, in
turn. Rat was allowed to swim to search for the
platform for 60 s. When they boarded the platform,
rats were kept on it for 20 s, and were then put into
next quadrant until they had finished training for all
four quadrants. Finally, the rats were dried with a
towel and returned to the breeding device. The time
take by a rat to find and board the platform was
recorded as the escape latency (EL). If the rat could
not find the platform in 60 s, the EL was recorded as
60 s, and the rat was put onto the platform for 20 s.
The average escape latency (AEL) of the four
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quadrants was calculated for animal screening by the
Grubbs test (refer to section “Animal Elimination and
Grouping”).
The MWM test session: This session was
performed at 6 h, 7 d, 14 d, and 28 d after ELF-MF
exposure. This session was similar to the training
session mentioned above, except that the rats did not
need to stay on the platform for 20 s. If the rat could
not find the platform in 60 s, the EL was recorded as
60 s, and the rat was allowed to continue to the next
quadrant test. The AEL of each rat was recorded for
statistical analysis.

Hippocampal protein extraction
Five rats from each group were decapitated after
deeply anesthesia using 2% pentobarbital sodium (60
mg/kg i.p.), at 6 h, 7 d, 14 d, and 28 d after the
termination of ELF-MF exposure. Hippocampi were
collected and placed immediately in 4 °C
Radioimmunoprecipitation assay buffer (RIPA buffer)
lysis solution (P0013B, Beyotime, Shanghai, China)
containing a protease inhibitor cocktail (04693159001,
Roche, Nutley, NJ, USA), homogenized using an
ultrasonic disruptor (20 kHz, 3 s×4) (BL99-IIDL,
Voshin Instruments, Wuxi, China), and incubated on
ice for 30 min. The homogenates (200 mg/mL) were
centrifuged at 5000 rpm (CR-22E, HITACHI, Tokyo,
Japan) for 15 min at 4 °C, and the supernatants were
collected as protein samples and stored at −80 °C until
use.
The protein concentration of each sample was
determined using a Micro BCA Protein Assay Kit
(P0012, Beyotime) with the following steps: albumin
standard samples with a gradient concentration (0–2
μg/μL) were prepared, and samples were diluted
10-fold. A BCA working reagent was prepared and 25
μL of each standard or sample was pipetted into a
well of a 96-well plate with replications. Two hundred
microliters of the working reagent was added to each
well and mixed thoroughly. The plate was incubated
at 37 °C for 30 min, cooled to room temperature, and
the absorbance at 562 nm was measured on a plate
reader (Model 550, BIO-RAD, Hercules, CA, USA).

Western blotting
Samples were diluted to 5 μg/μL with 4×
Loading Buffer (P0015, Beyotime), incubated at 95 °C
for 10 min, and then electrophoresed on 10%
SDS-PAGE
gels
(P0052,
Beyotime)
with
electrophoresis buffer (P0014, Beyotime) and
electrophoresis system (1658001, BIO-RAD). The
quantity of loaded protein was 50 μg. After
electrophoresis, gels were blotted onto polyvinylidene
difluoride membranes (E578, Amresco, Solon, OH,
USA) using electrophoretic transfer (1703930,
http://www.medsci.org
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Bio-Rad) for 4 h with 120 mA constant current and
transfer buffer (P0021, Beyotime). The membranes
were treated with TBS-T (pH 7.4) for 3 × 2 min, 5%
skimmed milk for 30 min at room temperature, and
incubated overnight at 4 °C with primary antibodies.
The anti-RKIP (P30086), p-IKK (BS4597), p-NFκB
(BS4737), and GAPDH (AP0063) primary antibodies
were bought from Bioworld Technology (St. Louis
Park, MN, USA). The anti-TAK1 (sc-7967) antibody
was bought from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The membranes were washed 3×15
min in TBS-T and incubated with secondary antibody
for 1 h at room temperature. The Goat anti-Rabbit
IgG-HRP (BS13278) and Goat anti-Mouse IgG-HRP
(BS12478) secondary antibodies were bought from
Bioworld Technology. After washing for 3×15 min in
TBS-T, the membranes were treated by ECL
chemiluminescent HRP substrate (BLH01S100,
Bioworld), and then scanned using an imaging system
(SCA/FluorCh, Alpha Innotech, San Francisco, CA,
USA). The integral optical density of each protein
band was quantified using the imaging system
software. Relative quantification was calculated based
on the expression of GAPDH as internal control.

Co-immunoprecipitation
Samples were diluted to 1 μg/μL with lysis
solution and incubated with the anti-RKIP antibody
for 1 h at room temperature, followed by incubation
overnight at 4 °C with Protein A+G Agarose Beads
(P2012, Beyotime) (500 μL of sample, 5 μL of antibody,
and 20 μL of agarose beads). The beads were then
washed with lysis solution three times, incubated at
95 °C for 5 min with loading buffer, and subjected to
western blotting analysis with the anti-TAK1
antibody.
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Statistical analysis
Data were expressed as the mean ± standard
deviation, and analyzed by the Statistical Package for
the Social Sciences (SPSS), Version 17.0 (SPSS Inc.,
Chicago, IL, USA). Repeated measure analysis of
variance (ANOVA) was used for the AEL data
analysis, with “time” as the within variable, and “MF”
and “AD” as the between variables. Three-factor
analysis of variance, with “MF”, “AD”, and “time” as
the factors, was used for the western blot and
co-immunoprecipitation data analysis. Within-group
variability was analyzed using Levene’s test for
homogeneity of variances. In all cases, P < 0.05 was
considered statistically significant.

Results
ELF-MF exposure improved the spatial
learning disorder of AD rats
For the MWM test, rats were trained to
remember the location of the platform, and the
repetitive training helped to establish spatial memory.
Usually, AEL tends to decrease with increased
training time. Thus, the AEL has been considered as
being prognostic with regard to spatial learning
disorders [26].
In this study, the MWM test results (Fig. 1, C)
showed that the AEL of the AD group was prolonged
significantly compared with the Con group, at 6 h–28
d (6 h P = 0.025, 7 d P = 0.005, 14 d P = 0.000, 28 d P =
0.000) after the termination of ELF-MF exposure.
Significantly prolonged AEL in the MF and AD+MF
groups was observed at 6 h (P = 0.014) / 14 d (P =
0.003) and 6 h (P = 0.007) / 7d (P = 0.046) respectively.
Meanwhile, the AEL of the AD group was prolonged
significantly compared with that of the AD+MF group
at 28 d (P = 0.038).

Figure 1. The ELF-MF exposure system, hippocampal microinjection, and changes in average escape latency in rats. A: Long-term ELF-MF
exposure system for rats. a1 Parallel coaxial circular coils, a2 Voltage-regulator, a3 Breeding device, a4 Dosimetry and calibration with Gauss Meter. B: Hippocampal
stereotactic Aβ25-35 injection. b1 Transection of rat brain (AP, -3.5 mm). b2 Hippocampal morphology showing the microinjection site (7 d after Aβ25-35
microinjection, hematoxylin and eosin staining; Scale bar = 100 μm, ●: injection site). C: Changes in the average escape latency (AEL) in rats after ELF-MF (50 Hz, 400
µT, 60 d) exposure (vs. Con, *P < 0.05; vs. AD, #P < 0.05).

http://www.medsci.org
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Figure 2. The changes of RKIP, p-IKK, TAK1, and p-NFκB levels and the RKIP/TAK1 interaction in rat hippocampus after ELF-MF (50 Hz, 400
µT, 60 d) exposure. A: The changes and quantification results of RKIP, p-IKK, TAK1, and p-NFκB levels. B: The changes and quantification result of RKIP/TAK1
interaction. (vs. Con, *P < 0.05; vs. AD, #P < 0.05.)

Moreover, repeated measure ANOVA showed a
significant interaction between ELF-MF exposure and
AD modeling (P = 0.002), which indicated that
ELF-MF exposure significantly improved the spatial
learning disorder of AD rats. In addition, there was a
significant interaction between ELF-MF and time (P =
0.028), suggesting that the effect of ELF-MF on the
AEL was recoverable within a certain time period. No

significant interaction was observed between AD
modeling and time (P = 0.606).

The effect of ELF-MF exposure on the levels of
RKIP, TAK1, p-IKK, and p-NFκB in
hippocampus of AD rats
The western blotting results (Fig. 2 A) showed
downregulation of RKIP in the MF group (P = 0.004)
http://www.medsci.org
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at 14 d after ELF-MF exposure, while AD modeling
induced the upregulation and downregulation of
RKIP in the AD group at 7 d (P = 0.049) and 14 d (P =
0.001). Moreover, the level of RKIP was significantly
increased in the AD+MF group (P = 0.017) compared
with the AD group at 14 d after ELF-MF exposure.
Meanwhile, downregulation of TAK1 was observed
in the MF group at 6 h (P = 0.033) and 14 d (P = 0.017),
and in both the AD group (P = 0.005) and the AD+MF
group (P = 0.010) at 14 d after ELF-MF exposure.
There was no significance between the AD and
AD+MF groups in terms of the TAK1 level.
In addition, the phosphorylation of IKK (p-IKK)
was upregulated in the MF group (P = 0.006) at 6 h,
and in both the AD group (P = 0.000) and the AD+MF
group (P = 0.003) at 14 d after ELF-MF exposure;
however, it was downregulated at 7 d in the AD+MF
group compared with both the Con group (P = 0.023)
and AD group (P = 0.004). Furthermore, the
phosphorylation of NF-κB (p-NFκB) was upregulated
by ELF-MF exposure (6 h P = 0.000, 7 d P = 0.012, 14 d
P = 0.003) and AD modeling (6 h P = 0.047, 14 d P =
0.002, 28 d P = 0.016), and significance was observed
between the AD and AD+MF groups at 7 d (P = 0.002)
and 14 d (P = 0.003).
Altogether, our results suggested that ELF-MF
exposure influenced the expression of RKIP, p-IKK,
and p-NFκB in the hippocampus of AD rats, but had
no effect on the expression of TAK1. RKIP-regulated
NF-κB pathway signaling may play an important role
in the effect of ELF-MF exposure on AD development.

ELF-MF exposure increased the interaction
between RKIP and TAK1 in the hippocampus
of AD rats
To investigate the regulation of the NF-κB
pathway by RKIP, the interaction between RKIP and
TAK1 was examined using co-immunoprecipitation.
The results (Fig. 2 B) showed that, for the MF group, a
significant difference was observed at 6 h (P = 0.000)
and 14 d (P = 0.000) after ELF-MF exposure, compared
with the Con group. The RKIP/TAK1 interaction in
the AD group decreased significantly compared with
the Con group at each time point in this study (6 h P =
0.000, 7 d P = 0.000, 14 d P = 0.000, 28 d P = 0.000).
These results confirmed the regulation of the NF-κB
pathway by RKIP via interaction with TAK1. Both
ELF-MF exposure and AD modeling induced RKIP
downregulation and a decrease in the RKIP/TAK1
interaction, resulting in increases in p-IKK and
p-NFκB levels. The RKIP/TAK1 interaction in the
AD+MF group was always significantly larger than
that in the AD group (6 h P = 0.000, 7 d P = 0.003, 14 d
P = 0.000, 28 d P = 0.008), but was still decreased
compared with the Con group, especially at 7 d (P =
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0.025) and 14 d (P = 0.003).
Moreover, three-factor analysis of variance also
showed that AD modeling (P = 0.000) could cause a
decrease in the RKIP/TAK1 interaction, and there
was a significant interaction between ELF-MF
exposure and AD modeling (P = 0.002). This result
further indicated the important role of NF-κB
pathway regulation by RKIP in the effect of ELF-MF
exposure on AD development.

Discussion
AD modeling
Alzheimer's disease (AD) is an age-related
progressive neurodegenerative disease characterized
by progressive memory loss and a decline in cognitive
function. The characteristic pathological changes of
AD include differing degrees of neuronal loss or
apoptosis, senile plaques (SP) formed by extracellular
deposits of amyloid-β (Aβ), and intracellular
neurofibrillary
tangles
(NFT)
comprising
hyperphosphorylated microtubule-associated protein
tau (Tau) in the brain [1].
Over the past few years, various AD animal
models have been established, based on the possible
mechanisms of AD. However, because of the long
duration and complex pathogenesis of AD, it is
difficult to construct an animal model that can
completely simulate the pathological, physiological,
and behavioral changes of AD [27,28]. The
intracerebral injection of Aβ25–35 peptide fragments
can induce AD-like clinicopathological features [29],
and the intraperitoneal injection of D-galactose can
cause premature aging and organ decline, and
learning- memory disorder [30]. In a previous study,
we found that the AD rat model established by
D-galactose peritoneal injection, combined with
Aβ25-35 hippocampus intracerebral injection, could
simulate both the learning-memory disorder and the
characteristic pathological changes of AD [16]. Using
the above AD animal model, we continued to
investigate the mechanisms of AD improvement by
ELF-MF exposure in the present study.

ELF-MF parameters
It has been reported that the biological effects of
ELF-MF is related to the frequency, flux density, and
exposure duration of the magnetic field. In China, the
power source of electric appliances is 220 V and 50 Hz
alternating current, so people are most frequently
exposed to 50 Hz ELF-MF during daily life. Exposure
to 100 μT and 50 Hz for 12 weeks had no effect on the
learning and memory ability of rats [6]. Moreover,
acute exposure to 0.5 mT and 50 Hz for 20 min
showed no effect on the social and fear behavior of
rats, but might have increased their passivity and
http://www.medsci.org
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situational anxiety [31]. Furthermore, depressive-like
behavior was found following 28–42 days of
continuous exposure [32]. In addition, 8 mT and 50 Hz
exposure for 20 min might impair the consolidation of
spatial memory in rats [5], and exposure for 90 min
[33] or 4 h [34] showed devastating effects on the
memory function of mice. According to the ICNIRP
guidelines (2010), the occupational and public
reference exposure threshold for 50 Hz ELF-MF is 1
mT and 200 µT [35]. In our preliminary experiment,
no obvious behavioral and pathological effect was
observed in rats after 200 μT and 50 Hz ELF-MF
exposure for 60 days. Previously, we reported the
positive effects of 400 μT and 50 Hz ELF-MF exposure
on AD rats [16]. Therefore, in this study, we continued
to combine 400 μT and 50 Hz ELF-MF exposure with
AD modeling, to explore the underlying molecular
mechanisms of the effects of ELF-MF exposure on AD.

The effects of ELF-MF exposure on AD rats
In vitro studies proved that ELF-MF exposure
could influence the physiological function of neural
cells, such as the induction of oxidative stress [36], the
activation of neuronal ion channels and membrane
receptors [37,38], the inhibition of proliferation, and
the promotion of apoptosis [39]. Epidemiological
investigations identified that ELF-MF exposure could
cause a total decline in sleep quality [40], and some
neurological symptoms, such as depression, anxiety,
fatigue, and memory decline [41]. Other studies have
suggested the potential association between ELF-MF
and AD development. Schulte et al. found that AD
occurs more frequently in some occupations than in
others [42]. Another study further indicated an
increased risk of AD among employees with
occupational exposure to ELF-MF [43]. Huss et al.
found that there was a dose-response relationship
with respect to years of residence in the immediate
vicinity of power lines and AD [13]. These results
suggested that ELF-MF exposure was involved in AD
development; however, the underlying mechanism
has not been determined.
With regard to the unclear etiology of AD,
ELF-MF exposure might serve as an important factor
for AD development. Nevertheless, the biological
effects of ELF-MF depend on the exposure parameters
and duration. Various positive effects of magnetic
field exposure have been reported in recent years. For
example, ELF-MF exposure (60 Hz, 0.7 mT, 21 d)
improved neurological scores, enhanced neurotrophic
factor levels, and reduced both oxidative damage and
neuronal loss in a Huntington's disease rat model [12].
2 mT, 50 Hz, 1 h/d exposure from postnatal day 23–35
improved the spatial learning acquisition and
memory retention of early adolescent male mice [44].
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ELF-MF exposure of 5 mT, 50 Hz, and 60 min/d for 12
d exposure facilitated bone marrow stroma stem cell
differentiation into neural cells [10]. Similarly,
exposure at 80–150 µT, 40 Hz, 20 min/day, 5 d/w, for
4 w had positive effects on peripheral nerve
regeneration [45]. In a previous study, we found that
ELF-MF exposure (400 µT, 50 Hz, 60 d) partially
improved the cognitive and clinicopathological
symptoms of AD rats [16].
However, it remains unknown how AD
develops, and how ELF-MF interacts with living
material. This study used a rat model to simulate AD
development after ELF-MF exposure, and revealed
that inhibition of RKIP-mediated NF-kB pathway
signaling by ELF-MF exposure is involved in the
pathophysiological development of AD, and that
ELF-MF exposure inhibits the development of AD
disease. This result indicated the potential value of
controlled ELF-MF exposure for AD therapy. Further
studies are needed to determine the details of the
interaction between ELF-MF and AD.

The role of RKIP mediated NF-κB pathway
signaling in the effects of ELF-MF exposure on
AD rats
NF-κB (nuclear factor κ-light-chain-enhancer of
activated B cells) is a transcription factor that
regulates many genes, and participates in cellular
proliferation, apoptosis, invasion, and differentiation.
Under normal physiological conditions, NF-κB is
complexed with an endogenous inhibitor, IκB
(inhibitor of NF-κB), and remains inactive. When cells
are stimulated by certain damage factors, the
NF-κB/IκB complex can be decomposed by IKK
(inhibitor of nuclear factor kappa-B kinase), and the
dissociated NF-κB enters nucleus where it exerts it
effects [22]. Many studies have suggested that the
NF-κB pathway participates in the occurrence and
development of neurodegenerative diseases. Recent
studies have shown that the NF-κB pathway has a
two-phase effect on AD: On the one hand, moderate
activation of the NF-κB pathway can inhibit neuronal
apoptosis that is induced by Aβ, through
upregulating anti-apoptosis genes [24]. On the other
hand, continuous and excessive activation of the
NF-κB pathway can increase the expression of
inflammatory factors, which aggravate the neuronal
injury of AD [46,47].
RKIP exists extensively within both eukaryotic
and prokaryotic cells, and plays an important role in
different signal pathways. Recent studies have found
that RKIP is mainly expressed around senile plaques,
which are formed by β-amyloid decomposition [19],
and the expression of RKIP mRNA and protein
decreased correspondingly in the hippocampus of AD
http://www.medsci.org
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patient [18] and an AD mouse [19]. Further study
found that RKIP was sensitive to hippocampal
damage induced by electromagnetic radiation [20]. In
addition, RKIP has also been recognized as an
inhibitor of the NF-κB pathway. When combined with
TAK1, RKIP can inhibit the phosphorylation of IKK,
which has a negative regulatory role in the
decomposition of the NF-κB/IκB complex [46].
In this study, we found that both ELF-MF
exposure (50 Hz, 400 μT, 60 d) and AD modeling
could result in the downregulation of RKIP, a
decrease in the RKIP/TAK1 interaction, and
upregulation of p-IKK and p-NF-κB. The above
changes showed a recoverable trend at 28 d after
exposure in the MF group. Correspondingly, the
learning and memory disfunction of the MF group
recovered to close to the control group at 28 d after
ELF-MF exposure. However, the above changes in
RKIP-mediated NF-κB pathway signaling were not
reversible in the AD group, especially the expression
of p-NFκB and the RKIP/TAK1 interaction.
Moreover, ELF-MF exposure significantly inhibited
RKIP-mediated NF-κB pathway signaling in the AD
rats. With regard to the improvement in spatial
learning induced by ELF-MF exposure in the AD rats,
RKIP-mediated NF-κB pathway signaling might play
an important role in this process.

Conclusion
Our findings indicated that certain conditions of
ELF-MF exposure (50 Hz, 400 μT, 60 d) could partially
improve the cognitive symptoms of AD in a rat
model. RKIP-mediated NF-κB pathway signaling is
involved in this process, and might play an important
role in the effect of ELF-MF exposure on AD. This
study also suggested the potential therapeutic value
of ELF-MF exposure for AD. Further studies are
required in the future.
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