Environmental Science and Pollution Research (2024) 31:35161-35172
https://doi.org/10.1007/511356-024-33447-y

RESEARCH ARTICLE q

Check for
updates

Multi-frequency electromagnetic radiation induces anxiety in mice
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Abstract

Modern life is filled with radiofrequency electromagnetic radiation (RF-EMR) in various frequency bands, while the health
risks are not clear. In this study, mice were whole-body exposed to 0.9/1.5/2.65 GHz radiofrequency radiation at 4 W/kg
for 2 h per day for 4 weeks to investigate the emotional effects. It was found that the mice showed anxiety but no severe
depression. The ELISA results showed a significant decrease in amino acid neurotransmitters (GABA, DA, 5-HT), although
acetylcholine (ACH) levels were not significantly altered. Furthermore, Western blot results showed that BDNF, TrkB, and
CREB levels were increased in the cerebral cortex, while NF-kB levels were decreased. In addition, pro-inflammatory fac-
tors (IL-6, IL-1B, TNF-a) were significantly elevated, and anti-inflammatory factors (IL-4, IL-10) tended to decrease. In
conclusion, multi-frequency electromagnetic radiation induces an inflammatory response through the CREB-BDNF-TrkB
and NF-xB pathways in the cerebral cortex and causes a decrease in excitatory neurotransmitters, which ultimately causes

anxiety in mice.
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Introduction

Modern life is inseparable from the electromagnetic environ-
ment, which is an important carrier of information. Some
studies have confirmed that radiofrequency electromag-
netic radiation (RF-EMR) at certain frequencies has certain
effects on the brain or central nervous system, such as dam-
aging the cerebral cortex (Saikhedkar et al.2014; Salford
et al. 2003) or altering the blood-brain barrier (Stam 2010;
Sirav and Seyhan 2009). Some researchers have also found
that RF-EMR has a clear effect on emotions, such as causing
anxiety and depression (Narayanan et al. 2013; Obajuluwa
et al. 2017; Zhang et al. 2017; Xia et al. 2022). However,
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few studies have investigated the effects of multi-frequency
RF-EMR on overall emotions in the body.

The cerebral cortex, as the supreme nerve hub, controls
most bodily functions and is also linked to learning, emotion,
memory, and other advanced cognitive activities. Although
most studies have focused on the hippocampus (Engin and
Treit 2007; Tu et al. 2014), the cerebral cortex has received
minimal attention. Recent studies have shown that the fron-
tal cortex plays a crucial role in emotion regulation (Hu and
Dolcos 2017; Jacobs and Moghaddam 2021; Maayan et al.
2006). Salford et al. (2003) found significant neuronal dam-
age in the cerebral cortex after a 2-h exposure to 900 MHz
electromagnetic fields. In addition, a report showed that
exposure to 1800 MHz can affect microglia and neuronal
activity in the primary auditory cortex (Occelli et al. 2018).

It is well known that neurotransmitters play a crucial role
in the regulation of emotions (Liu et al. 2020; Matiushenko
et al. 2020). When stimulated, the electrical signals are con-
verted into neurotransmitters in the presynaptic membrane,
released into the synaptic space, and once again converted
back into electrical signals in the postsynaptic membrane,
completing the transmission of information between neu-
rons. An imbalance in neurotransmitter metabolism can lead
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to the manifestation of negative emotions such as anxiety
and depression in the body (Clement and Chapouthier 1998).
In addition, research has shown that exposure to RF-EMR
can alter neurotransmitter levels in several brain regions
(Narayanan et al. 2019).

Brain-derived neurotrophic factor (BDNF) and its spe-
cific receptor tyrosine kinase B (TrkB) are widely distrib-
uted throughout the nervous system, with particularly high
concentrations in the cerebral cortex and hippocampus
(Lindholm and Castrén 2014; Musumeci and Minichiello
2011; Jin 2020). They play a critical role in neuronal growth,
development, information transmission, and repair. Recent
research has shown that when the body’s neurotransmitter
metabolism is disrupted, BDNF levels in the brain are sig-
nificantly reduced (Czira et al. 2012; Sleiman et al. 2016).
Cyclic adenosine monophosphate effector binding protein
(CREB) is a widely distributed protein in cells that regulates
gene transcription. Its primary function is to activate specific
genes, increase protein expression, and subsequently regu-
late bodily functions. In recent years, numerous studies have
shown a correlation between CREB and the activities of
higher order neurons, such as those associated with emotion
(Pandey 2003; Wallace et al. 2004). It has been reported that
the upregulation of neurotransmitters can lead to increases
in CREB and BDNF (Xhakaza et al. 2021). In certain neu-
rological disorders, such as Alzheimer’s disease and anxiety
disorder, the levels of CREB, BDNF, and other proteins have
been found to be reduced to varying degrees. The CREB-
BDNF-TrkB pathway is one of the most extensively studied
pathways in anxiety emotion research. Several studies have
shown a decrease in the protein levels of this pathway in
anxious individuals, suggesting that the body may regulate
emotions through this pathway (Jiang et al. 2022; Mtyniec
and Nowak 2015).

Inflammatory factors refer to various cytokines involved
in the inflammatory response, including tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), interleukin-8 (IL-
8), interleukin-1p (IL-1p), and others. Inflammation is the
body’s self-defense response to external stimuli. Some
studies have shown that the levels of several inflammatory
factors are increased to varying degrees in individuals with
anxiety (Shan et al. 2022; Song et al. 2020). Gene knockout
experiments have confirmed that the expression of inflam-
matory factors is indeed a factor contributing to anxiety
(Zhuang et al. 2022). Research indicates that BDNF may
inhibit inflammation, regulate anti-inflammatory factors,
and be involved in the brain’s immune response (Papatha-
nassoglou et al. 2015). While inflammation is the body’s
defense mechanism, excessive stimulation can lead to the
body’s “inflammatory storm” and cause damage to the body.
Increased levels of inflammatory factors in the cerebral
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cortex can damage surrounding neurons and cause anxiety,
depression, and other disorders.

Currently, few studies have investigated the effects of
exposure to multiple RF-EMRs on the body’s mood and the
relevant mechanisms in the cerebral cortex. In this study,
we investigated the emotional changes in mice exposed
to a complex RF-EMR environment of 0.9/1.5/2.65 GHz
and explored the molecular mechanism underlying these
changes. We also analyzed the expression of inflammatory
factors and measured neurotransmitter levels in the cerebral
cortex. Our results suggest that exposure to multi-frequency
RF-EMR environments can affect mood in mice, possibly
through mechanisms related to changes in inflammatory fac-
tor expression and neurotransmitter levels in the cerebral
cortex.

Results

Multi-frequency electromagnetic exposure induces
anxiety but not depression in mice

The anxious and depressive behavioral responses of the
two groups were analyzed using the open field test (OFT,
Fig. 1a): the elevated plus maze test (EPM, Fig. 1¢) and the
tail suspension test (TST, Fig. 1e) after mice were exposed
to 0.9/1.5/2.65 GHz RF-EMF at a SAR value of 4.0 W/kg
for 2 h per day, with 40 min of exposure per frequency per
day. The OFT results showed a significant reduction in both
the time spent in the center region and the distance travelled
within this region after 4 weeks of exposure (Fig. 1b). The
number of entries into the open arms and the time spent in
the open arms were also significantly reduced in the EPM
compared to the control group (Fig. 1d). The above results
indicate that the mice developed significant anxiety after
exposure. The TST is a classic experiment used to detect
depression in animals. The results showed that there was
no significant difference between the RF-EMR group and
the control group in terms of various indicators, including
exercise time and immobility time (Fig. 1f). This suggests
that the mice did not develop depression.

Amino acid neurotransmitters significantly reduced
after exposure

The behavioral changes in the mice led us to investigate
changes in neurotransmitters. Neurotransmitter levels in the
cerebral cortex were measured by enzyme-linked immu-
nosorbent assay (ELISA). Consistent with the behavioral
changes in the mice, we observed a significant reduction in
excitatory neurotransmission (Fig. 2). The results showed
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a significant decrease in the levels of gamma-aminobu-  Effects of multi-frequency electromagnetic

tyric acid (GABA Fig. 2a), dopamine (DA, Fig. 2b), and  exposure on the CREB-BDNF-TrkB and NF-kB
5-hydroxytryptamine (5-HT, Fig. 2¢) in the cerebral cortex  signalling pathways

of RF-EMR mice. Acetylcholine (ACH) levels tended to

decrease in the exposed group, although there was no sig-  To further investigate the molecular mechanism underlying
nificant difference between the two groups (Fig. 2d). the behavioral and neurotransmitter changes in mice exposed
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to multi-frequency RF-EMR, we conducted a more detailed
study focusing on CREB-BDNF-TrkB. Compared with the
control group, the levels of BDNF, TrkB, and CREB were
significantly decreased in the cerebral cortex as measured
by Western blot (Fig. 3a). The above results suggest that
radiofrequency electromagnetic irradiation causes dysregu-
lation of the BDNF/CREB signalling pathway in the cer-
ebral cortex and may lead to an inflammatory response in
mice. The expression and levels of genes associated with
inflammatory pathways were also analyzed by Western blot
and RT-PCR. The results showed a significant increase in
the level of NF-kB compared to the control group (Fig. 3b).
Akt gene expression was significantly upregulated in the
RF-EMR group using RT-PCR. There was a slight increase
and decrease in IGF-1 and PGC-1a expression between the
control and RF-EMR groups, but the difference was not sta-
tistically significant (Fig. 3c).

Effects of multi-frequency electromagnetic
exposure on inflammatory cells and inflammatory
factors

To investigate whether multi-frequency RF-EMR can cause
inflammation of the cerebral cortex, inflammatory cells
were first observed by hematoxylin—eosin staining, and the
expression of IL-6, IL-1p, IL-4, IL-10, and TNF-a was ana-
lyzed by RT-PCR. The results showed a significant increase
in the number of inflammatory cells in the cerebral cortex
(Fig. 4a). The expression of the pro-inflammatory factors
IL-6, IL-1B, and TNF-a was significantly upregulated. In
addition, the expression of the anti-inflammatory factor IL-4
was significantly downregulated, while there was a non-sig-
nificant decrease in IL-10 gene expression (Fig. 4b). To ver-
ify the reliability of the above results, the levels of inflamma-
tory factors were further determined by ELISA. The results
also showed that the levels of TNF-a and IL-1p were signifi-
cantly increased compared to the control group. IL-6 levels
were also elevated, although not statistically different. At the
same time, the expression of the anti-inflammatory factors
IL-4 and IL-10 was significantly downregulated (Fig. 4c).
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Fig.3 Effects on CREB-BDNF-TrkB and NF-«xB signalling path-
ways in mice after exposure to multi-frequency RF-EMR. a Western
blot showing the levels of TrkB, CREB, BDNF, and GAPDH in the
cerebral cortex. b The levels of NF-xkB were tested by Western blot.
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¢ Gene expressions of Akt, PGC-1a, and IGF-1 were tested by RT-
PCR. Histograms represent mean values+SEM (n=6). Unpaired
two-tailed Student’s 7-test was used for statistical analysis of all data,
*P<0.05, **P<0.01
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tex after exposure to multi-frequency RF-EMR. a The number of
inflammatory cells. b Gene expression of IL-6, IL-1p, TNF-a, IL-4,
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Discussion

There have been long-standing concerns about the adverse
health effects of various types of RF-EMR (Li and Wu
2023; Yang et al. 2019). Research has shown that RF-EMR
can accelerate glucose metabolism in the brain (Volkow
et al. 2011), weaken the blood-brain barrier (Tang et al.
2015), cause changes in the morphology and structure of
cells in the hippocampus and cerebral cortex, and subse-
quently damage the brain’s central nervous system, leading
to various neurological disorders such as anxiety and mem-
ory impairment (Aldad et al. 2012; Li et al. 2012; Ntzouni
et al. 2011; Sharma et al. 2017). Anxiety is a common emo-
tion in everyday life. Excessive anxiety can lead to irrita-
bility and impaired learning and memory. Saikhedkar et al.
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TNF-a, IL-6, IL-1p, IL-4, and IL-10 were tested by ELISA (n=6).
Histograms represent mean values + SEM. Unpaired two-tailed Stu-
dent’s t-test was used for statistical analysis of all data, bar=25 um,
*P<0.05, **P<0.01

found that rats exposed to mobile phone radiation for half a
month (4 h per day) showed increased anxiety in the EPM
experiment. Similarly, Sokolovic et al. observed anxiety-
related behavior in rats exposed to GSM mobile phone radia-
tion at 900 MHz for 4 h per day after 10 days of exposure
(Sokolovic et al. 2012). However, few studies have investi-
gated the effects of mixed multi-frequency radiation on the
general emotional state.

In a previous study, we have observed that multi-fre-
quency electromagnetic radiation was more likely to induce
anxiety than single-frequency electromagnetic radiation
in mice (data unpublished). Here, we employed three fre-
quencies commonly used in cellular phone communica-
tion—0.9 GHz, 1.5 GHz, and 2.65 GHz—to irradiate mice
for 40 min per day at each frequency with a SAR of 4 W/kg
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for 4 weeks. The complex electromagnetic environment of
modern life is more accurately reflected by multi-frequency
electromagnetic radiation. The aim was to investigate the
impacts on the mice’s mood and a feasible and stable path-
way mechanism. The interesting finding is that the mice
exposed to multi-frequency RF-EMR showed significant
anxious behavior in both the OFT and EMP experiments
compared to the control group. However, it should be noted
that the TST test did not show significant depression-like
behavior in mice after long-term exposure.
Neurotransmitter metabolism and inter-neuronal signal-
ling have been shown to be disturbed in patients with anxi-
ety disorders (Ding et al. 2021; Taylor et al. 2005). Neuro-
transmitters play a crucial role in neuronal signalling and
information transmission. These chemicals, such as amino
acids, monoamines, choline, and neuropeptides, have a
wide range of chemical properties (Borodinsky et al. 2014;
Teleanu et al. 2022). Noor et al. found that RF-EMR can
disrupt the balance of amino acid neurotransmitters in dif-
ferent regions of the brain in animals (Noor et al. 2011), and
this phenomenon has also been observed in humans (Ferreri
et al. 2006). It has now been reported that after long-term
exposure to RF-EMR, neurotransmitters such as GABA were
significantly decreased in the RF-EMR group (Zhang et al.
2017; Ahmed et al. 2007; Khadrawy et al. 2009). In this
study, after 4 weeks of exposure, DA, GABA, and 5-HT
were significantly decreased, while ACH did not change sig-
nificantly. Based on this, we speculate that multi-frequency
RF-EMR may reduce the levels of amino acid neurotransmit-
ters in the brain, making it a significant inducer of anxiety.
In recent years, the CREB-BDNF-TrkB signalling path-
way has been frequently implicated in studies exploring the
mechanisms underlying anxiety. Several studies have shown
that the levels of BDNF and its receptor TrkB are signifi-
cantly reduced in individuals experiencing anxiety (Loewen-
stern et al. 2019; Shen et al. 2019), while CREB has also
been observed to decrease during anxious states (Espasandin
et al. 2022). BDNF and its specific receptor TrkB help the
brain to make new nerve connections, increase the number
of synapses, repair aging brain cells, and protect healthy
neurons. CREB, a trans-acting factor found within neurons,
can bind to the cis-acting element of associated genes, acti-
vate the gene, initiate the transcription program, and produce
corresponding proteins, acting as a “relay station” in various
major signal pathways. Although Johansson’s study did not
find that 0.9 GHz RF-EMR at a SAR value of 1 W/kg could
cause atopic dermatitis, it unexpectedly found that serum
BDNF levels in the subjects were significantly reduced after
exposure (Johansson et al. 2008). Kim et al. also discovered
that the decrease in BDNF content occurred in the cortical
area 1 (CA1) and dentate gyrus (DG) regions of hippocam-
pal neurons (Kim et al. 2021). By measuring the protein
levels of CREB, BDNF, and TrkB in the cerebral cortex,
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this study showed that after long-term exposure to mixed
RF-EMR, the protein levels of the three (especially TrkB)
decreased significantly. Combined with previous behavio-
ral experiments, we speculated that mixed RF-EMR might
induce anxiety through the CREB-BDNF-TrkB signalling
pathway. This reduction in CREB levels subsequently leads
to a reduction in BDNF and TrkB levels in the cerebral cor-
tex, which impairs neuronal repair and synaptic regenera-
tion, ultimately leading to anxiety.

Inflammation is also closely linked to anxiety. NF-xB is
a key protein that regulates the transcription of inflamma-
tory factors. Its transcriptional regulatory site is located in
the promoter region of pro-inflammatory and immunoregu-
latory factors and plays a critical role in the induction of
immune responses in tissues and organs. Previous studies
have reported a significant elevation of NF-kB associated
with severe inflammatory responses in anxiety-like behav-
iors (Fan et al. 2016). Meanwhile, many researchers have
found that Akt can activate the transcription of inflamma-
tory factors and promote the occurrence of inflammatory
responses (He et al. 2020), while IGF-1 and PGC-1a play
a crucial role in inhibiting inflammatory responses (Chen
et al. 2020; Fu et al. 2021). Our results showed a significant
increase in NF-xB levels and Akt expression, a decrease in
IGF-1, and no apparent change in PGC-1a expression after
exposure. It is speculated that multi-frequency RF-EMR
may activate pro-inflammatory response-related pathways,
trigger inflammatory responses in the brain, and inhibit the
expression of anti-inflammatory response-related pathways
in the brain.

Inflammation is a defense mechanism of the body trig-
gered by stimuli. Inflammatory cytokines are a general
term for the mediators involved in this process. An exces-
sive inflammatory response can damage normal cells, tis-
sues, and organs, and even trigger cytokine storms that
can lead to death (Tang et al. 2021). There is increasing
evidence suggesting that negative emotions such as anxiety
and depression are associated with inflammatory responses,
and that BDNF can inhibit inflammation in the brain (Papa-
thanassoglou et al. 2015; Wang and Tian 2021; Won and
Kim 2020). Beumer et al. (2012) provided a detailed review
of the relationship between immune inflammation and psy-
chiatric disorders, suggesting that inflammation may be a
contributing factor to these disorders, with inflammatory
and anti-inflammatory factors playing either a positive or
negative role. Using gene knockout experiments, Zhuang
et al. demonstrated that IL-33 is a key player in the anxiety
circuit and can potentially cause anxiety by reducing the
expression of BDNF (Zhuang et al. 2022). Recent studies
have reported that RF-EMR can cause an increase in ILs and
IL-1p in the brain, and in behavioral experiments, the radia-
tion group displayed notable anxiety-like behaviors (Bouji
et al. 2012, 2016). Our results showed a significant increase
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in the inflammatory factors IL-6, IL-1p, and TNF-a, while
the expression of IL-4 and IL-10 decreased but not signifi-
cantly. Based on these findings, we speculate that RF-EMR
may induce mild inflammation in the cerebral cortex and
regulate BDNF levels through specific signalling pathways,
ultimately leading to anxiety in the body.

In conclusion, these findings suggest that multi-frequency
RF-EMR may induce anxiety by decreasing brain neuro-
transmitter levels and triggering inflammatory responses
via the CREB-BDNF-TrkB pathway (Fig. 5). Currently,
there are few studies on the relationship between multi-fre-
quency electromagnetic radiation and mood changes, and
this study provides some data support and a direction for
future research. However, further in-depth investigations
are needed to elucidate the specific mechanism of whether
multi-frequency RF-EMR can induce negative emotions.

Materials and methods
Animals

Eight-week-old male C57BL/6 J mice (average
weight + standard deviation: 20+ 0.9 g) were purchased
from SPF (Beijing) Biotechnology Co., Ltd. (Beijing,
China). Five mice were housed per cage and maintained in
a standard environment (room temperature, 22—-24 °C; 12-h
light/dark cycle, lights on from 09:00 to 21:00; relative
humidity, 50-60%). They were fed ad libitum with stand-
ard food (SPF (Beijing) Biotechnology Co., Ltd., Beijing,
China) and water. After 7 days of adaptive feeding, mice
were divided into two groups (n=20): the control (n=10)
and multi-frequency RF-EMR groups (z=10).

Multi-frequency
electromagnetic radiation
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Fig.5 Mechanistic diagram illustrating the anxiety induced by
multi-frequency RF-EMR. Multi-frequency RF-EMR inhibited the
transcription factor CREB, thereby reducing its levels. The reduced
CREB could inhibit the production of BDNF and brain neurotrans-
mitters (GABA, DA, 5-HT, et al.). BDNF consequently inhibited
the levels of inflammatory factors. With the reduction in the BDNF
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RF-EMR exposure

The experimental irradiation system includes an RF Sig-
nal Generator (RIGOL Technologies, Inc., China), a radi-
ofrequency power amplifier (Nanjing Nate Communication
Electronics Co., Ltd., China), an antenna selector, a control
computer, and an irradiation box (Fig. 6). The experimen-
tal irradiation system is capable of conducting whole-body
irradiation experiments on animals within the 0.8—4 GHz
frequency band. The shield walls are made of metallic
mesh allowing for ventilation and heat dissipation. And the
experimental irradiation system can be found in published
literature (Zheng et al. 2023). Six antennas were connected
to different positions of the signal converter (R16-SN12T18-
D-BP, China), and the microwave beam was sequentially
outputted from each antenna to the irradiation box. These
antennas could illuminate the irradiation box alternatively
and randomly, with a 1-s interval between each switch.
Mice were whole-body exposed to 0.9/1.5/2.65 GHz RF-
EMR with a SAR of 4.0 W/kg. Each frequency was irra-
diated for 40 min for a total of 2 h per day for 4 weeks.
Mice were placed in an acrylic box containing two rows
of 10 small compartments during RF-EMR exposure
(8.4%6.7x5.4 cm?). The control group was treated in the
same way but without exposure. After the 4-week exposure,
mice were subjected to 3-day behavioral experiments and
then sacrificed for morphological and biochemical studies.
In this study, the targeted dosimetric value was set at
4 W/kg (WBSAR). There were two kinds of simulation-
measurement methods used to obtain the necessary field
(Chakarothai et al. 2013; Gong et al. 2017). In brief, the
studies computed WBSAR in small animals using either
12 plane waves with specific configurations or random

IL-6. IL-1B. TNF-a etal.

+a o+

TRy ¢ < %
NE-xB L

t Anxiety

levels, multi-frequency RF-EMR could activate the transcription fac-
tor NF-xB. Eventually, it could increase the content of inflammatory
factors (IL-6, IL-1p, TNF-a, et al.), resulting inflammatory response.
Decreased neurotransmitters and increased inflammatory factors, ulti-
mately cause anxiety
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Fig.6 Schematic diagram of
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incident waves. The ratio between the averaged E-field
strength and WBSAR was therefore derived. By measure-
ment, once the realistic E-field strength in the experiment
was recorded, the realistic WBSAR could be obtained. We
used an EF0391 electric field probe (Narda, Germany) to
measure the field strength (V/m) during actual exposure
to ensure that the expected field strength for WBSAR was
achieved. In this exposure experiment, a field strength
of 316.23 V/m was sufficient to generate WBSAR as 4.0
W/kg with 20 mice weighing 20.0 g for 0.9 GHz, a field
strength of 182.12 V/m was sufficient to generate WBSAR
as 4.0 W/kg with 20 mice weighing 20.0 g for 1.5 GHz,
and a field strength of 161.00 V/m was sufficient to gener-
ate WBSAR as 4.0 W/kg with 20 mice weighing 20.0 g
for 2.65 GHz.

OFT

The apparatus consisted of a 40 x 40 cm? square arena with
40 cm high walls. Each mouse was tested for 5 min, and
the apparatus was wiped with 75% alcohol to remove any
odors after each test. Anxiety was assessed by analyzing
time spent in the center of the arena, average speed, total
distance, and distance in the central zone.

EPM

The EPM consists of two opposite open arms (length,
35 cm X width 5 cm), two opposite closed arms (length,
35 cm x width 5 cm X height 15 cm), and a central square
area (5 cm x5 cm). Mice were placed in the maze from the
central zone facing the closed arm. Each mouse was tested
for 5 min, and the testing equipment was wiped with 75%
alcohol to remove odors after each test. Open arm entry
times, open arm dwelling time, closed arm entry times,
closed arm dwelling time, and open arm distance were
statistically analyzed.
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TST

The TST is used to study depressive-like behavior in ani-
mals. Mice were suspended about 25 cm above the floor.
Each mouse was tested for 6 min. Exercise time, immobil-
ity, and exercise ratio (exercise time/total time) were also
recorded as indicators.

Hematoxylin-eosin staining

The whole brain tissue was fixed, dehydrated, and embed-
ded in paraffin. Then, it was cut into 4-um-thick sections,
stained with hematoxylin and eosin, and observed under a
400 X microscope (OLYMPUS BX41; Olympus Corpora-
tion, Japan). The tissue sections were analyzed with NIS-
Elements F 3.0 (Nikon Corporation, Japan) and Image J
software (National Institutes of Health, USA).

Western blot

The cerebral cortex was pestled in a grinder with ice-cold
RIPA lysis buffer containing NaCl 150 mM, Tris—-HCl
50 mM pH 7.4, EDTA 2 mM, 1% Triton X-100, 0.1% SDS,
1% sodium deoxycholate, 1 mM sodium orthovanadate, and
1 mM sodium fluoride (Beijing Biomed Genetic Technolo-
gies Limited, Beijing China), 1 X protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA). The samples were
then centrifuged at 12,000 g for 15 min, 4 °C. The superna-
tant was quantified for protein content by BCA protein assay
kit (Thermo Fisher Scientific Inc., USA). Equal amounts of
protein were diluted in RIPA lysis buffer and then boiled
with 1 xloading buffer. Samples were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to PVDF membranes after electro-
phoresis, and then sealed with 5% of skim milk for 1 h at
room temperature. The membranes were infiltrated with spe-
cific primary antibodies overnight at 4 °C, shaken for 1 h at
room temperature, and incubated with secondary antibody
for 1 h the next day. Specific protein bands were detected
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by ECL Plus (Beijing Lablead Biological Technology Co.,
Beijing China) and Fluor Chem R Western blot detection
system (Protein Simple, USA), and Image J software was
used to quantify the bands. Primary and secondary antibod-
ies for Western blot are listed in Table 1.

Real-time polymerase chain reaction (RT-PCR)

Total RNA for cerebral cortex was extracted using the Tis-
sue RNA Kit (Omega Bio-Tek, USA), and total RNA sam-
ples were equilibrated in concentration and transcripted into
cDNA using the RT System (T100TM Thermal Cycler, BIO-
RAD, USA) and PrimeScript TM RT Reagent Kit (Takara,
Japan). Real-time PCR reactions were performed using
CFX Opus 96 Real-Time PCR System (BIO-RAD, USA)
and SuperReal PreMix Plus-SYBR Green (TIANGEN Bio-
tech Co. Ltd., Beijing, China). The thermal cycling profile

included a pre-incubation step of 95 °C for 5 min, followed
by 55 cycles of denaturation (95 °C, 10 s), annealing (60 °C,
20 s), and extension (72 °C, 30 s). Table 2 lists the details of
the oligonucleotide sequences and their annealing tempera-
tures. Each sample was assayed in triplicate, and quantitative
analysis was performed using the target gene/GAPDH gene
mRNA expression method, then all data were standardized.

ELISA

According to the manufacturer’s instructions, acetylcholine
(ACH), dopamine (DA), 5-hydroxytryptamine (5-HT), and
gamma-aminobutyric acid (GABA) of the cerebral cortex
were detected by ELISA kit (Shanghai Meilian Biological
Technology Co. Ltd). Data were analyzed using a Spec-
traMax iD3 multifunctional microplate reader (Molecular
Devices, USA).

Table 1 Primary antibodies and

) Antibody name Manufacturer Dilution ratio  Molecular Antibody species

secondary antibodies used for weight (kD)

Western blot
BDNF Cell Signaling Technology  1:1000 14 Rabbit
TrkB Abcam 1:5000 75-85 Rabbit
CREB Cell Signaling Technology  1:1000 43 Rabbit
NF-xB p65 Santa Cruz Biotechnology  1:500 65 Mouse
GAPDH Beijing ZSGB-BIO 1:1000 38 Mouse
HRP-Goat Anti-Rabbit  Beijing ZSGB-BIO 1:2500
HRP-Goat Anti-Rabbit  Beijing ZSGB-BIO 1:2500

Tab|e2. Primer sequences and Primer Sequence (5'-3") Annealing

annealing temperature temperature

O

IL-6 Forward TCGTGGAAATGAGAAAAGAGTTGTG 57.21
IL-6 Reverse GAGCATTGGAAATTGGGGTAGGA 56.21
IL-10 Forward AATGCAGGACTTTAAGGGTTACT 55.63
IL-10 Reverse TTGTAGACACCTTGGTCTTGGA 55.82
IL-4Forward TCACAGCAACGAAGAACACCA 57.51
IL-4 Reverse CAGGCATCGAAAAGCCCGAA 59.68
TNFa Forward CCCAAAGGGATGAGAAGTTCC 55.47
TNFa Reverse GCTACAGGCTTGTCACTCGAA 58.88
IL-1p Forward TGCCACCTTTTGACAGTGATG 56.28
IL-1p Reverse GTGCTGCTGCGAGATTTGAA 58.65
AKT Forward CCGCCTGATCAAGTTCTCCT 57.45
AKT Reverse TTCAGATGATCCATGCGGGG 57.45
PGC-1a Forward GTCATTCGGGAGCTGGATGG 59.5
PGC-1a Reverse CAACCAGAGCAGCACACTCTA 57.57
IGF-1 Forward ATACCTGCCTGGGTGTCCA 57.32
IGF-1 Reverse AGGGACGGGGACTTCTGA 57.18
GAPDH Forward CTGACGTGCCGCCTGGAGAAAC 63.26
GAPDH Reverse CCCGGCATCGAAGGTGGAAGAGT 63.13
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Statistical analyses

All data in this study were analyzed using GraphPad
Prism 8.0 (GraphPad Software, La Jolla, CA, USA), and
the measurement data were expressed by mean + standard
deviation (SEM). Student’s z-test and one-way analysis
of variance (ANOVA) were used to compare between the
control and RF-EMR groups. A value of P <0.05 was con-
sidered statistically significant.

Conclusions

In this study, we first investigate the effects of mixed
multi-frequency RF-EMR on negative bodily emotions
in mice. Through behavioral experiments, we found that
after a long period of RF-EMR exposure, the RF-EMR
group showed obvious anxiety, but not depression. At the
same time, it was found that the levels of BDNF, TrkB,
and CREB in the cerebral cortex decreased, the expres-
sion of inflammatory factors increased, the expression of
anti-inflammatory factors decreased, and the contents of
amino acid neurotransmitters decreased. Taken together,
we speculate that multi-frequency RF-EMR may reduce
the levels of amino acid neurotransmitters (GABA, DA,
5-HT) through the CREB- BDNF-TrkB signalling pathway
and cause inflammation in the brain to cause anxiety.

Author contribution XJ and WC designed the experiments. LM, ZL,
WQ, WX, ZX, LZ, and DG performed the experiments. XJ analyzed
the data. XJ wrote the manuscript. XJ and WC edited the manuscript.
All authors read and approved the final manuscript.

Data availability Not applicable.

Declarations

Ethical approval All studies involved in this work were approved by the
Ethics Committee of National Beijing Center for Drug Safety Evalu-
ation and Research (no. JACUC-2023-001D). All procedures were
conducted on the National Institute of Health Guide for the Care and
Use of Laboratory Animals.

Consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Ahmed NA, AboulEzz HS, Khadrawy YA, Radwan NM (2007)
Changes of amino acid neurotransmitter concentrations in

@ Springer

striatum and thalamus induced by exposure of young and adult
rats to electromagnetic radiation. Med J Cairo Univ 75:73-84

Aldad TS, Gan G, Gao XB, Taylor HS (2012) Fetal radiofrequency
radiation exposure from 800—1900 mhz-rated cellular telephones
affects neurodevelopment and behavior in mice. Sci Rep 2:312

Beumer W, Gibney SM, Drexhage RC, Pont-Lezica L, Doorduin J,
Klein HC, Steiner J, Connor TJ, Harkin A, Versnel MA, Drexhage
HA (2012) The immune theory of psychiatric diseases: a key role
for activated microglia and circulating monocytes. J Leukoc Biol
92:959-975

Borodinsky LN, Belgacem YH, Swapna I, Sequerra EB (2014)
Dynamic regulation of neurotransmitter specification: relevance
to nervous system homeostasis. Neuropharmacology 78:75-80

Bouji M, Lecomte A, Hode Y, de Seze R, Villégier AS (2012) Effects
of 900 MHz radiofrequency on corticosterone, emotional mem-
ory and neuroinflammation in middle-aged rats. Exp Gerontol
47:444-451

Bouji M, Lecomte A, Gamez C, Blazy K, Villégier AS (2016) Neuro-
biological effects of repeated radiofrequency exposures in male
senescent rats. Biogerontology 17:841-857

Chakarothai J, Wang J, Fujiwara O, Wake K, Watanabe S (2013)
Dosimetry of a reverberation chamber for whole-body exposure
of small animals. IEEE Trans Microw Theory Tech 61:3435-3445

Chen RS, Zhang X, Zhu XT, Wang CS (2020) The crosstalk between
IGF-1R and ER-a in the proliferation and anti-inflamma-
tion of nucleus pulposus cells. Eur Rev Med Pharmacol Sci
24:5886-5894

Clement Y, Chapouthier G (1998) Biological bases of anxiety. Neurosci
Biobehav Rev 22:623-633

Czira ME, Wersching H, Baune BT, Berger K (2012) Brain-derived
neurotrophic factor gene polymorphisms, neurotransmitter levels,
and depressive symptoms in an elderly population. Age (dordr)
34:1529-1541

Ding X, Gao X, Wang Z, Jiang X, Lu S, Xu J, Qin G, Gu Z, Huang D
(2021) Preoperative chronic and acute pain affects postoperative
cognitive function mediated by neurotransmitters. J Mol Neurosci
71:515-526

Engin E, Treit D (2007) The role of hippocampus in anxiety: intracer-
ebral infusion studies. Behav Pharmacol 18:365-374

Espasandin C, Rivero S, Bengoa L, Cal K, Romanelli G, Benech
JC, Damién JP (2022) CaMKIV/CREB/BDNF signaling path-
way expression in prefrontal cortex, amygdala, hippocampus
and hypothalamus in streptozotocin-induced diabetic mice with
anxious-like behavior. Exp Brain Res. https://doi.org/10.1007/
500221-022-06446-z

Fan J, Fan X, Li Y, Guo J, Xia D, Ding L, Zheng Q, Wang W, Xue
F, Chen R, Liu S, Hu L, Gong Y (2016) Blunted inflammation
mediated by NF-kB activation in hippocampus alleviates chronic
normobaric hypoxia-induced anxiety-like behavior in rats. Brain
Res Bull 122:54-61

Ferreri F, Curcio G, Pasqualetti P, De Gennaro L, Fini R, Rossini PM
(2006) Mobile phone emissions and human brain excitability. Ann
Neurol 60:188—-196

Fu X, Jiao J, Qin T, Yu J, Fu Q, Deng X, Ma S, Ma Z (2021) A new
perspective on ameliorating depression-like behaviors: suppress-
ing neuroinflammation by upregulating PGC-1a. Neurotox Res
39:872-885

Gong Y, Capstick M, Kuehn S, Wilson P, Ladbury J, Koepke G,
McCormick DL, Melnick RL, Kuster N (2017) Life-time dosi-
metric assessment for mice and rats exposed in reverberation
chambers for the two-year NTP cancer bioassay study on cell
phone radiation. IEEE Trans Electromagn Compat 59:1798-1808

He R, Tang GL, Niu L, Ge C, Zhang XQ, Ji XF, Fang H, Luo ZL,
Chen M, Shang XF (2020) Quietness Circ 0000962 promoted
nerve cell inflammation through PIK3CA/Akt/NF-«B signaling
by miR-302b-3p in spinal cord injury. Ann Palliat Med 9:190-198


https://doi.org/10.1007/s00221-022-06446-z
https://doi.org/10.1007/s00221-022-06446-z

Environmental Science and Pollution Research (2024) 31:35161-35172

35171

Hu Y, Dolcos S (2017) Trait anxiety mediates the link between inferior
frontal cortex volume and negative affective bias in healthy adults.
Soc Cogn Affect Neurosci 12:775-782

Jacobs DS, Moghaddam B (2021) Medial prefrontal cortex encoding
of stress and anxiety. Int Rev Neurobiol 158:29-55

Jiang YL, Wang XS, Li XB, Liu A, Fan QY, Yang L, Feng B, Zhang
K, Lu L, QiJY, Yang F, Song DK, Wu YM, Zhao MG, Liu SB
(2022) Tanshinone ITA improves contextual fear- and anxiety-like
behaviors in mice via the CREB/BDNF/TrkB signaling pathway.
Phytother Res. https://doi.org/10.1002/ptr.7540

Jin W (2020) Regulation of BDNF-TrkB signaling and potential thera-
peutic strategies for Parkinson’s disease. J Clin Med 9:257

Johansson A, Forsgren S, Stenberg B, Wilén J, Kalezic N (2008) Sand-
strom M. No effect of mobile phone-like RF exposure on patients
with atopic dermatitis. Bioelectromagnetics 29:353-362

Khadrawy YA, Ahmed NA, AboulEzz HS, Radwan NM (2009) Effect
of electromagnetic radiation from mobile phone on the levels of
cortical amino acid neurotransmitters in adult and young rats.
Romanian J Biophs 19:295-305

Kim JH, Chung KH, Hwang YR, Park HR, Kim HJ, Kim HG, Kim
HR (2021) Exposure to RF-EMF alters postsynaptic structure and
hinders neurite outgrowth in developing hippocampal neurons of
early postnatal mice. Int J] Mol Sci 22:5340

Li CS, Wu TN (2023) Efficient evaluation of incident power density
by millimeter-wave MIMO user equipment using vectorized field
superposition and stochastic population optimizers. IEEE Trans
Electromagn Compat 65:1090-1097

LiY, Shi C, Lu G, Xu Q, Liu S (2012) Effects of electromagnetic radia-
tion on spatial memory and synapses in rat hippocampal CA1.
Neural Regen Res 7:1248-1255

Lindholm JS, Castrén E (2014) Mice with altered BDNF signaling
as models for mood disorders and antidepressant effects. Front
Behav Neurosci 8:143

Liu S, Yu M, Xie X, Ru Y, Ru S (2020) Carbofuran induces increased
anxiety-like behaviors in female zebrafish (Danio rerio) through
disturbing dopaminergic/norepinephrinergic system. Chemos-
phere 253:126635

Loewenstern J, You X, Merchant J, Gordon EM, Stollstorff M, Devaney
J, Vaidya CJ (2019) Interactive effect of 5-HTTLPR and BDNF
polymorphisms on amygdala intrinsic functional connectivity and
anxiety. Psychiatry Res Neuroimaging 285:1-8

Maayan R, Touati-Werner D, Ram E, Strous R, Keren O, Weizman
A (2006) The protective effect of frontal cortex dehydroepian-
drosterone in anxiety and depressive models in mice. Pharmacol
Biochem Behav 85:415-421

Matiushenko V, Kutasevych Y, Jafferany M (2020) Neurotransmitter
imbalance in serum of psoriatic patients in exacerbation stage with
comorbid psychoemotional disorders. Dermatol Ther 33:e13337

Mityniec K, Nowak G (2015) Up-regulation of the GPR39 Zn”*-sensing
receptor and CREB/BDNF/TrkB pathway after chronic but not
acute antidepressant treatment in the frontal cortex of zinc-defi-
cient mice. Pharmacol Rep 67:1135-1140

Musumeci G, Minichiello L (2011) BDNF-TrkB signalling in fear
learning: from genetics to neural networks. Rev Neurosci
22:303-315

Narayanan SN, Kumar RS, Paval J, Kedage V, Bhat MS, Nayak S,
Bhat PG (2013) Analysis of emotionality and locomotion in radi-
ofrequency electromagnetic radiation exposed rats. Neurol Sci
34:1117-1124

Narayanan SN, Jetti R, Kesari KK, Kumar RS, Nayak SB, Bhat PG
(2019) Radiofrequency electromagnetic radiation-induced behav-
ioral changes and their possible basis. Environ Sci Pollut Res Int
26:30693-30710

Noor NA, Mohammed HS, Ahmed NA, Radwan NM (2011) Variations
in amino acid neurotransmitters in some brain areas of adult and

young male albino rats due to exposure to mobile phone radiation.
Eur Rev Med Pharmacol Sci 15:729-742

Ntzouni MP, Stamatakis A, Stylianopoulou F, Margaritis LH (2011)
Short-term memory in mice is affected by mobile phone radiation.
Pathophysiology 18:193-199

Obajuluwa AO, Akinyemi AJ, Afolabi OB, Adekoya K, Sanya JO,
Ishola AO (2017) Exposure to radio-frequency electromagnetic
waves alters acetylcholinesterase gene expression, exploratory
and motor coordination-linked behaviour in male rats. Toxicol
Rep 4:530-534

Occelli F, Lameth J, Adenis V, Huetz C, Lévéque P, Jay TM, Edeline
M, Mallat M (2018) A single exposure to GSM-1800 MHz sig-
nals in the course of an acute Neuroinflammatory reaction can
alter neuronal responses and microglial morphology in the rat
primary auditory cortex. Neuroscience 385:11-24

Pandey SC (2003) Anxiety and alcohol abuse disorders: a common
role for CREB and its target, the neuropeptide Y gene. Trends
Pharmacol Sci 24:456-460

Papathanassoglou ED, Miltiadous P, Karanikola MN (2015) May
BDNF be implicated in the exercise-mediated regulation of
inflammation? Critical Review and Synthesis of Evidence. Biol
Res Nurs 17:521-539

Saikhedkar N, Bhatnagar M, Jain A, Sukhwal P, Sharma C, Jaiswal
N (2014) Effects of mobile phone radiation (900 MHz radi-
ofrequency) on structure and functions of rat brain. Neurol Res
36:1072-1079

Salford LG, Bru AE, Eberhardt JL., Malmgren L, Persson BR (2003)
Nerve cell damage in mammalian brain after exposure to micro-
waves from GSM mobile phones. Environ Health Perspect
111:881-883

Shan LL, Wang YL, Qiao TC, Bian YF, Huo YJ, Guo C, Liu QY, Yang
ZD, Li ZZ, Liu MY, Han Y (2022) Association of serum inter-
leukin-8 and serum amyloid A with anxiety symptoms in patients
with cerebral small vessel disease. Front Neurol 13:938655

Sharma A, Kesari KK, Saxena VK, Sisodia R (2017) The influence of
prenatal 10 GHz microwave radiation exposure on a developing
mice brain. Gen Physiol Biophys 36:41-51

Shen Z, Zhu J, Yuan Y, Ren L, Qian M, Lin M, Cai M, Zhang Z, Shen
X (2019) The roles of brain-derived neurotrophic factor (BDNF)
and glial cell line-derived neurotrophic factor (GDNF) in predict-
ing treatment remission in a Chinese Han population with general-
ized anxiety disorder. Psychiatry Res 271:319-324

Sirav B, Seyhan N (2009) Blood-brain barrier disruption by con-
tinuous wave radio frequency radiation. Electromagn Biol Med
28:215-222

Sleiman SF, Henry J, Al-Haddad R, El Hayek L, Abou Haidar E,
Stringer T, Ulja D, Karuppagounder SS, Holson EB, Ratan RR,
Ninan I, Chao MV (2016) Exercise promotes the expression of
brain derived neurotrophic factor (BDNF) through the action of
the ketone body p-hydroxybutyrate. Elife 5:15092

Sokolovic D, Djordjevic B, Kocic G, Babovic P, Ristic G, Stanojko-
vic Z, Sokolovic DM, Veljkovic A, Jankovic A, Radovanovic Z
(2012) The effect of melatonin on body mass and behaviour of rats
during an exposure to microwave radiation from mobile phone.
Bratisl Lek Listy 113:265-269

Song JH, Kim JW, Oh CH, Kim HJ, Lee CK, Kang WS (2020)
Depression, anxiety, related risk factors and cognitive distortion
in Korean patients with inflammatory bowel disease. Psychiatry
Investig 17:1126-1136

Stam R (2010) Electromagnetic fields and the blood—brain barrier.
Brain Res Rev 65:80-97

Tang J, Zhang Y, Yang L, Chen Q, Tan L, Zuo S, Feng H, Chen Z, Zhu
G (2015) Exposure to 900 MHz electromagnetic fields activates
the mkp-1/ERK pathway and causes blood-brain barrier damage
and cognitive impairment in rats. Brain Res 1601:92-101

@ Springer


https://doi.org/10.1002/ptr.7540

35172

Environmental Science and Pollution Research (2024) 31:35161-35172

Tang XD, Ji TT, Dong JR, Feng H, Chen FQ, Chen X, Zhao HY, Chen
DK, Ma WT (2021) Pathogenesis and treatment of cytokine storm
induced by infectious diseases. Int J Mol Sci 22:13009

Taylor C, Fricker AD, Devi LA, Gomes I (2005) Mechanisms of action
of antidepressants: from neurotransmitter systems to signaling
pathways. Cell Signal 17:549-557

Teleanu RI, Niculescu AG, Roza E, Vladacenco O, Grumezescu AM,
Teleanu DM (2022) Neurotransmitters-key factors in neurological
and neurodegenerative disorders of the central nervous system.
Int J Mol Sci 23:5954

Tu W, Cook A, Scholl JL, Mears M, Watt MJ, Renner KJ, Forster GL
(2014) Serotonin in the ventral hippocampus modulates anxiety-
like behavior during amphetamine withdrawal. Neuroscience
281:35-43

Volkow ND, Tomasi D, Wang GJ, Vaska P, Fowler JS, Telang F,
Alexoff D, Logan J, Wong C (2011) Effects of cell phone radi-
ofrequency signal exposure on brain glucose metabolism. JAMA
305:808-813

Wallace TL, Stellitano KE, Neve RL, Duman RS (2004) Effects of
cyclic adenosine monophosphate response element binding pro-
tein overexpression in the basolateral amygdala on behavioral
models of depression and anxiety. Biol Psychiatry 56:151-160

Wang N, Tian B (2021) Brain-derived neurotrophic factor in autoim-
mune inflammatory diseases (Review). Exp Ther Med 22:1292

Won E, Kim YK (2020) Neuroinflammation-associated alterations of
the brain as potential neural biomarkers in anxiety disorders. Int
J Mol Sci 21:6546

Xhakaza SP, Khoza LJ, Haripershad AM, Ghazi T, Dhani S, Mutsimhu
C, Molopa MJ, Madurai NP, Madurai L, Singh SD, Gopal ND,
Kruger HG, Govender T, Chuturgoon A, Naicker T, Baijnath S
(2021) Alterations in neurotransmitter levels and transcription fac-
tor expression following intranasal buprenorphine administration.
Biomed Pharmacother 138:111515

@ Springer

Xia D, Quan W, Wu T (2022) Optimizing functional near-infrared
spectroscopy (fNIRS) channels for schizophrenic identification
during a verbal fluency task using metaheuristic algorithms. Front
Psychiatry 13:939411

Yang L, Lu M, Lin J, Li C, Zhang C, Lai Z, Wu T (2019) Long-term
monitoring of extremely low frequency magnetic fields in electric
vehicles. Int J Environ Res Public Health 16:3765

Zhang JP, Zhang KY, Guo L, Che QL, Gao P, Wang T, Li J, Guo GZ,
Ding GR (2017) Effects of 1.8 GHz radiofrequency fields on the
emotional behavior and spatial memory of adolescent mice. Int J
Environ Res Public Health. 14:1344

Zheng R, Zhang X, Gao Y, Gao D, Gong W, Zhang C, Dong G, Li Z
(2023) Biological effects of exposure to 2650 MHz electromag-
netic radiation on the behavior, learning, and memory of mice.
Brain Behav 13:e3004

Zhuang X, Zhan B, Jia Y, Li C, Wu N, Zhao M, Chen N, Guo Y, Du
Y, Zhang Y, Cao B, Li Y, Zhu F, Guo C, Wang Q, Li Y, Zhang L
(2022) IL-33 in the basolateral amygdala integrates neuroinflam-
mation into anxiogenic circuits via modulating BDNF expression.
Brain Behav Immun 102:98-109

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	Multi-frequency electromagnetic radiation induces anxiety in mice via inflammation in the cerebral cortex
	Abstract
	Introduction
	Results
	Multi-frequency electromagnetic exposure induces anxiety but not depression in mice
	Amino acid neurotransmitters significantly reduced after exposure
	Effects of multi-frequency electromagnetic exposure on the CREB-BDNF-TrkB and NF-κB signalling pathways
	Effects of multi-frequency electromagnetic exposure on inflammatory cells and inflammatory factors

	Discussion
	Materials and methods
	Animals
	RF-EMR exposure
	OFT
	EPM
	TST
	Hematoxylin–eosin staining
	Western blot
	Real-time polymerase chain reaction (RT-PCR)
	ELISA
	Statistical analyses

	Conclusions
	References


