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I. INTRODUCTION 

Alzheimer’s disease (AD) is an irreversible, progressive neu-

rodegenerative brain disorder that slowly deteriorates memory 

and causes cognitive impairment. Although the cause of AD is 

not fully understood, several hypotheses have been proposed. 

The amyloid hypothesis is the most commonly accepted model, 

according to which the accumulation of amyloid β (βA) in the 

brain is one of the pathological markers of AD [1, 2]. The amy-

loid hypothesis, that the accumulation and deposition of oligo-

meric or fibrillar βA peptide is the primary cause of AD, has 

been the mainstream concept underlying AD research for over 
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The growing concerns regarding the adverse biological effects of radiofrequency electromagnetic fields (RF-EMFs), which are generated 

by common electronic devices, on the human brain led us to investigate their impact on Alzheimer’s disease (AD). We aimed to establish 
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the protein and mRNA levels, suggesting adverse effects in AD. IR induced cell death and reduced clonogenic survival in both cell lines. 

Although RF-EMF (high SAR level) influenced APP processing, it did not induce any deleterious change in either cell line. Thus, fur-
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20 years [3–6]. In the normal condition, βA is cleaved from 

amyloid precursor protein (APP) by β- and γ-secretase and re-

leased from the cell, where it is rapidly degraded or removed. 

However, in AD patients, the abnormally increased βA induces 

βA amyloid fibril formation and accumulation in the brain, 

leading to neuronal cell death and neurodegeneration [3].  

βA processing involves two pathways: the non-amyloidogenic 

pathway and the amyloidogenic pathway [7]. APP synthesized 

de novo in the endoplasmic reticulum is the basis for both path-

ways [8]. In the non-amyloidogenic pathway, α-secretases start 

a series of chemical reactions. ADAM10 is an α-secretase en-

zyme that belongs to the family of a disintegrin and metallopro-

teinase (ADAM). ADAM10 cleaves APP to generate sAPPα 

and P83. Then P83 is cleaved by γ-secretase into P3 and the 

APP intracellular domain [1, 9]. In contrast, in the amyloido-

genic pathway, APP is first cleaved by β-secretase (BACE1) to 

produce sAPPβ and C99. This pathway also releases the neuro-

toxic Aβ peptide, which forms oligomers that further aggregate 

into amyloid plaque deposits [8], which are found in the brains 

of AD patients. The abnormal accumulation of Aβ occurs in 

the early stages of the pathological phase, and this eventually 

leads to AD [10]. The correlation between memory deficits and 

amyloid plaque deposits in AD transgenic mice models supports 

this hypothesis. Compared to other hypotheses, the amyloid 

hypothesis remains the best-defined and most widely accepted 

theory on the pathogenesis of AD [2].  

Neurodegenerative diseases and the cognitive functions of the 

brain may be influenced by radiofrequency electromagnetic 

fields (RF-EMFs), to which we are continuously exposed. With 

the rapid increase in the use of mobile phones, the adverse ef-

fects of these radiations have been recognized as a matter of 

public concern. Many studies have been carried out to discern 

whether RF-EMF exposure affects the cognitive functions of 

the brain. The results have revealed that RF-EMF exposure can 

lead to positive beneficial effects [11–15], negative harmful ef-

fects [16, 17], or no effects [1, 18–20]. In AD transgenic animal 

models, positive beneficial effects after long-term RF-EMF 

exposure were usually observed [11–14]. Although the RF-

EMF exposure was for a relatively short period of time (2 

months), beneficial effects were observed in models with severe 

AD, such as 5xFAD and old APPsw mice models [14]. On the 

contrary, following exposure to RF-EMF, harmful effects were 

observed in non-AD transgenic mouse models, such as C57-  

BL/6 or CD-1 [16, 17]. In the case of in vitro experimentation, 

there have been very few studies on neurodegenerative diseases 

such as AD. In one study, possible therapeutic beneficial effects 

were observed on βA-induced oxidative stress when primary-

cultured rat astrocytes were exposed to RF-EMFs for 24 

hours [15]. However, some studies have also shown no changes 

in the neuronal cells after RF-EMF exposure [1, 21].  

Cognitive impairment is a major side effect of the brain’s ex-

posure to ionizing radiation (IR) [22]. It has been reported that 

a single dose of 10 Gy can cause memory impairment in animal 

models [23, 24]. Exposure to radiation may also lead to the loss 

of neural precursor cells and to impeded hippocampal neuro-

genesis [25, 26]. Moreover, the brain’s exposure to IR has been 

reported to promote the development of AD [27]. A case con-

trol study of brain radiotherapy suggested an increased risk of 

developing AD and radiotherapy (RT)-related cognitive defects 

after whole-brain irradiation [28]. Although cognitive impair-

ment has been observed in humans and animals following brain 

irradiation, the underlying mechanisms leading to brain dys-

function remain largely unknown.  

In this study, we performed in vitro experiments to elucidate 

whether long-term-evolution (LTE) RF-EMF or IR affect the 

expression of molecular markers of APP processing, cell death, 

and clonogenic survival in HT22 or the APP-overexpressing 

7w-PSML cells. The 7w-PSML is a stably transfected Chinese 

hamster ovary (CHO)-based cell line that expresses both the 

wild-type human APP and mutant presenilin-1 (M146L), and 

is an efficient model for the detection of APP [29]. Because the 

endogenous expression of APP in the neuronal cells is usually 

very low, it poses a technical barrier to studying APP processing 

and its mechanism [1]. Thus, 7w-PSML has been used as a 

cellular model system for studying APP processing in AD in 

vitro. 

II. MATERIALS AND METHODS 

1. Radio Frequency Exposure System 

The radial transmission line (RTL) exposure system [30–32] 

was used as an in vitro exposure system because it can simulta-

neously expose large numbers of culture flasks. The LTE signal 

(1.76 GHz) [33] was applied to the RTL exposure system (Fig. 

1(a)). The exposure level and schedule were controlled by a con-

trol unit, and the maximum input power was 60 W. The input 

signal was fed through a conical antenna. The conical antennas 

typically have broadband characteristics, and the return loss of 

the exposure system with an antenna was under –10 dB from 

800 MHz to 5 GHz. The external dimensions of the exposure 

system were 843 mm, 825 mm, and 315 mm (Fig. 1(b)). The 

exposure system was specifically designed for controlling the 

environmental conditions, including the ventilation, humidity, 

and temperature. To maintain the CO2 density and humidity 

inside the chamber, the gas from an incubator was circulated 

throughout the chamber. Additionally, a water pump that circu-

lated water throughout the bottom of the cavity was used to 

control the temperature; the pump was used to protect the cul-

ture medium from temperature rises during the exposure by 

circulating water throughout the cooling system. The SAR  



YOON et al.: EFFECTS OF RADIOFREQUENCY ELECTROMAGNETIC FIELDS AND IONIZING RADIATION ON AMYLOID PRECURSOR PROTEIN … 

309 

  
 

measurement was performed using a Luxtron 812 fiber-optic 

thermometer (Luxtron Corp., Santa Clara, CA, USA) with a  

thermal resolution of 0.1C. For the measurement, the probes 

were located at nine points inside a petri dish (Fig. 1(c)). Fig. 

1(d) shows the graphs of the temperature of the cell culture at 

the center of the inside of a petri dish for LTE 1.76 GHz. The 

SAR values were calculated from the temperature rise using  

Eq. (1). 
 

SAR 𝐶
∆

∆
𝐶 ,                   (1) 

 

where Cp, T, and t are the specific heat (J/kg ‧C), temperature 

rise by exposure (C), and exposure time (s), respectively. Three 

measurements were carried out at nine points, as shown in Fig. 

1(d). The mean value and standard deviation of the SAR meas-

urements in the entire sample were 0.155  0.004 W/kg, which 

were normalized to the input power at the feeding point. Pic-

tures of the exposure system are shown in Fig. 1(e). No signifi-

cant rise in temperature was noted as a result of the cooling sys-

tem during RF-EMF exposure (Fig. 1(f)). 

 

2. Radiation Exposure 

The cells in the 60 mm and 100 mm petri dishes were ex-

posed to radiation (0–10 Gy as a single dose) generated by a 
137Cs gamma ray source (Elan 3000; Atomic Energy of Canada, 

Mississauga, Canada) at a dose rate of 3.81 Gy/min. The radia-

tion workers received annual radiation safety management train-

 

(a) (b) 

 

(c) (d) 

(e) (f) 

Fig. 1. RF radiation exposure system for the in vitro study. (a) Block diagram of RTL exposure. (b) Cross-sectional view of the RTL expo-

sure chamber. (c) Measurement points in the culture plate. (d) Temperature and linear fitting for the center point at the LTE 1.76 

GHz frequency. The temperature was measured without circulating water during RF exposure. (e) External pictures of the exposure 

system: CO2 incubator, water pump, power supplier with computer (arrows, upper panels), and ferrite shielding system inside a CO2 

incubator (lower panels). (f) Maintenance of temperature in the exposure location during the exposure period. 
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ing from the Korea Foundation of Nuclear Safety (KoFONS). 
 

3. Cell Culture 

HT22 is an immortalized mouse hippocampal cell line. 

These cells have been used as established in vitro cellular models 

for AD, and have functional cholinergic properties related to the 

cognitive defects of AD. The 7w-PSML cells were provided by 

Dr. Inhee Mook (Seoul National University College of Medi-

cine, Seoul, Korea). The 7w-PSML is a CHO cell line that is 

stably transfected with both wild-type human APP and mutant 

presenilin-1 (M146L); thus, it is an effective model for the de-

tection of APP and its own metabolites [30]. This cell line was 

grown in high-glucose Dulbecco’s Modified Eagle Medium 

(DMEM) containing 10% fetal bovine serum and 1% penicil-

lin-streptomycin solution (100×). The exponentially growing 

cells were maintained at 37C in an incubator with a humidified 

atmosphere of 95% air and 5% CO2. HT22 cells were utilized 

to establish an HSP25-overexpressing cell model; transfection 

of the stable cell line was carried out using Lipofectamine 2000 

(Invitrogen). HSP25 was cloned into p3xFLAG-Myc-CMV 

containing an N-terminal Flag tag. After transfection, the cells 

were incubated for 24 hours. Next, geneticin disulfate (G418) 

was used to select the transfected cells. HT22 stable cells ex-

pressing HSP25 were cultured under the same conditions as 

with the HT22 control cells. 

 

4. Cell Viability Assay 

Cell viability against EMF exposure (SAR 8 W/kg) and γ-

ray irradiation was determined using 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Amersham 

Pharmacia Biotech, Buckinghamshire, UK). Briefly, the cells 

were seeded at a 1 × 104 cells/well density in 96-well plates and 

exposed to RF-EMF or γ-rays. After 24-hour incubation, the 

optical-density readings were recorded. 

 

5. Flow Cytometry Analysis  

The cells were washed once with phosphate-buffered saline 

(PBS), dissociated using Trypsin-EDTA, and centrifuged for 3 

minutes at 1,300 rpm and 4C. The pellet was washed with 1 

mL of PBS. Then PBS and 1 g/mL propidium iodide (1 mL 

each) were added to each polystyrene round-bottom tube. Fi-

nally, flow cytometric analysis was performed using a FACScan 

flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA). 

 

6. Quantitative Real-Time Polymerase Chain Reaction (qRT-

PCR) 

Total RNA was extracted using QIAzol (QIAGEN). The 

RNA purity and concentration were measured with a 

NanoDrop (ND-2000; Thermo Scientific, Waltham, MA, 

USA), and cDNA was synthesized using the ReverTra Ace 

RT-PCR kit (Toyobo Co. Ltd., Osaka, Japan). PCR was per-

formed to assess the expression of the candidate genes using 

primers designed for SYBR Green-based detection (BIO-

92020; Bioline Inc., Memphis, TN, USA). The APP, BACE1, 

ADAM10, and β-actin (internal control gene) were measured 

via qRT-PCR using the sequences provided in Table 1. 
 

7. Cycloheximide (CHX) Chase Assay 

HT22 and 7w-PSML cells were seeded (4 × 105 cells) and 

treated with 20 or 40 μg/mL CHX, respectively. Following 

CHX treatment, the cells were exposed to 5 or 10 Gy IR. 
 

8. Western Blotting 

Cells were lysed with immune precipitation buffer, and the 

protein concentration of each sample was determined through 

the Bradford method (Bio-Rad, Hercules, CA, USA). The 

samples were boiled for 5 minutes, and an equal amount of pro-

tein was analyzed with sodium dodecyl sulfate and polyacryla-

mide gel (6%–15%) under the standard conditions. The horse-

radish peroxidase activity was measured using enhanced chemi-

luminescence (EzWestLumi, Tokyo, Japan). The protein band 

intensity was visualized using ChemiDoc (Bio-Rad) and was 

quantified using ImageJ Software 1.45 (National Institutes of 

Health, Bethesda, MD, USA). 
 

9. Colony-Forming Assay (CFA) 

The colonies of HT22 or 7w-PSML cells that survived were 

Table 1. Primer sequences for qRT-PCR 

 Sequence (5’-3’) Species

APP Forward 5′-CATCTTCACTGGCACACCGT-3′ Human/mouse 

 Reverse 5′-CAAACTCTACCCCTCGGAAC-3′

ADAM10 Forward 5′-AATTCTGCTCCTCTCCTGGGC-3′ Human/mouse

 Reverse 5′-CCTCTTCATTCGTAGGTTGA-3′

BACE1 Forward 5′-TGTGGAGATGGTGGACAACCTG-3′ Human/mouse

 Reverse 5′-TGCCTCTGGTAGTAGCGATG-3′

β-actin Forward 5′-CGCCACCAGTTCGCCATGGA-3′ Human/mouse

 Reverse 5′-TACAGCCCGGGGAGCATCGT-3′
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determined after 9 days of IR or RF-EMF exposure. The cells 

were fixed by adding a fixation solution (methanol:acetate = 7:3, 

RT for 10 minutes), and the colonies were stained by adding 

500 mL PBS containing 0.4% trypan blue. The colonies con-

sisting of >50 cells were counted using a Fluorchem SP counter 

(Alpha Innotech, San Leandro, CA, USA). Each assay was 

performed in triplicate. 

 

10. Antibodies 

The following antibodies were used in this study: anti-APP 

(A8717; Sigma-Aldrich, St. Louis, MO, USA), purified-βA 

antibody (BioLegend Cat# 803001), APP/βA antibody (2450S; 

Cell Signaling Technology, Danvers, MA, USA), BACE1 an-

tibody (sc33711; Santa Cruz Biotechnology, Dallas, TX, USA), 

ADAM10 antibody (ab1997; Abcam, Cambridge, UK), 

cleaved caspase-3 antibody (9661S, Cell Signaling Technology), 

cleaved PARP1 (9451S, Cell Signaling Technology), and β-

actin antibody (sc47778, Santa Cruz Biotechnology). 

 

11. Statistics 

Values are displayed as mean  SEM (standard error of the 

mean). Student t-test was used for comparing two groups, and 

one-way ANOVA was applied for experiments with more than 

three subgroups, using the GraphPad Prism program (version 

8.0; GraphPad Software, San Diego, CA, USA). The results 

were considered statistically significant when the p-values were 

less than 0.05. 

III. RESULTS 

1. Effects of RF-EMF and IR on the Molecular Markers of APP 

Processing 

First, we compared the APP levels of the HT22 and 7w-

PSML cells using Western blotting and confirmed that APP 

was stably overexpressed in the 7w-PSML cells (Fig. 2(a)). Next, 

we quantified the mRNA levels of APP, BACE1, and AD-

AM10 (which are involved in APP processing) in the HT22 

and 7w-PSML cells using qRT-PCR. As expected, the 7w-

PSML cells showed higher mRNA levels of APP and BACE1, 

major factors contributing to A production. However, the 7w-

PSML cells also exhibited a high mRNA level of ADAM10 

(Fig. 2(b)). 

The expression levels of the APP processing proteins, APP, 

BACE1, ADAM10, and βA in the HT22 and 7w-PSML cells 

were examined 24 hours after their exposure to RF-EMF (8 

W/kg SAR). In the case of the 7w-PSML cells, βA could not 

be detected. The level of ADAM10 was increased by RF-EMF 

in the HT22 cells compared to that in the non-exposed cells. 

The 7w-PSML cells, on the other hand, exhibited slightly de-

creased APP levels following RF-EMF exposure, but the de-

crease was not statistically significant. The levels of BACE1 and 

ADAM10 were not altered in the 7w-PSML cells (Fig. 3(a)). 

To determine whether exposure to RF-EMF affects the 

mRNA levels, HT22 and 7w-PSML cells were harvested at 24 

hours after RF-EMF exposure, and qRT-PCR was performed. 

In contrast with the Western blotting results, the mRNA levels 

of APP, BACE1, and ADAM10 were not altered by RF-EMF 

exposure in the HT22 cells. Interestingly, downregulated APP 

mRNA was observed in the 7w-PSML cells due to RF-EMF 

(Fig. 3(b)). These data suggest that RF-EMF may influence 

APP processing in both the HT22 and 7w-PSML cells, alt-

hough their effects may not be sufficiently associated with A 

alteration. 

To clarify the effect of IR on APP processing in the neuronal 

cells, the levels of APP, BACE1, ADAM10, and Aβ were 

measured in both the HT22 and 7w-PSML cells 24 and 48 

hours after exposure to 10 Gy IR. The APP expression was de-

creased by IR in both cell lines, and these effects were more 

profound at 48 hours than at 24 hours. Notably, the expression 

level of BACE1 in the HT22 cells was significantly increased at 

24 and 48 hours after IR exposure. As for the 7w-PSML cells, 

the BACE1 expression was increased only at 48 hours. Only the 

expression level of ADAM10 at 48 hours was decreased by IR 

in both the HT22 and 7w-PSML cells. In the case of the amy- 
 

 

 

(a) (b) 

Fig. 2. Expression of the basal levels of molecular markers for APP processing in the HT22 and 7w-PSML cells. (a) Representative photo of 

the Western blots for APP; β-actin was used as a loading control. (b) qRT-PCR analysis of the APP, BACE1, and ADAM10 

mRNAs. The data are expressed as foldwise increases of the levels in the HT22 cells (*p < 0.05 and **p < 0.01 compared to the HT22 

cells, n = 3, mean ± SEM). 
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(a) 

(b) 

Fig. 3. Expression variations of molecular markers for APP pro-

cessing in the HT22 and 7w-PSML cells due to RF-EMF. 

The HT22 and 7w-PSML cells (5 × 105 cells) were seeded 

and irradiated with RF-EMF (8 W/kg) for 24 hours. The 

cells were harvested, and (a) Western blotting and (b) qRT-

PCR were performed. The qRT-PCR data were expressed 

as foldwise increases of the unexposed control, and β-actin 

was used as the loading control. The relative band density of 

Western blotting was also analyzed (*p < 0.05 and **p < 0.01 

compared to the corresponding unexposed control cells, 

mean ± SEM, n = 3). 

 

loidogenic APP processing product, βA could hardly be detect-

ed, but the expression levels were decreased 24 and 48 hours 

after IR in the HT22 cells, which may be due to the decreased 

expression of APP. Similar to RF-EMF exposure, βA expres-

sion in the 7w-PSML cells could not be detected at all (Fig. 

4(a)). To elucidate whether the altered expression of APP-

processing proteins by IR was regulated at the transcriptional 

level, qRT-PCR analysis was performed. The HT22 and 7w-

PSML cells were irradiated with 10 Gy IR to assess the mRNA 

expressions of APP, BACE1, and ADAM10 24 hours after  

irradiation. Only the mRNA expression of BACE1 was signifi-

cantly increased by IR exposure in both the HT22 and 7w-

PSML cells (Fig. 4(b)). Interestingly, IR influenced the APP 

levels, but not the mRNA levels. Further, the APP stability was 

examined using CHX treatment. In both the HT22 and 7w-

PSML cells, the expression level of APP decreased proportion-

ally with the time after CHX treatment. Moreover, IR de-

creased the APP stability in both the HT22 and 7w-PSML 

cells (Fig. 4(c)). 

 

2. Effect of RF-EMF and IR on Cell Death and Clonogenic 

Survival 

In this study, we applied LTE exposure with a relatively high 

SAR (8 W/kg) compared to the permissible limit 1.4 W/kg 

SAR for local exposure allowed by the International Commis-

sion on Non-Ionizing Radiation Protection (ICNIRP) guide-

line. We aimed to investigate the effects of RF-EMF on cell 

death or clonogenic survival in the HT22 and 7w-PSML cells 

24 hours after exposure to 8 W/kg SAR RF-EMF. Apoptotic 

markers, such as cleaved PARP1 and cleaved caspase-3, were 

detected via Western blotting, but RF-EMF exposure did not 

affect them in either the HT22 or 7w-PSML cells (Fig. 5(a)). 

Next, experiments were performed to measure the extent of cell 

death or growth inhibition resulting from RF-EMF exposure 

using flow cytometry, MTT assay, and CFA. No significant 

differences were observed between the RF-EMF-exposed cells 

and the non-exposed controls in either cell line (Fig. 5(b)–(d)). 

To determine the effect of IR on cell death, the cleaved PARP1 

and caspase-3 were quantified at 24 hours after IR exposure. 

The expressions of cleaved PARP1 and caspase-3 were in-

creased after exposure to 10 Gy IR in both the HT22 and 7w- 

PSML cells (Fig. 6(a)). The evaluation of cell death or growth 

inhibition through flow cytometry and MTT assay showed that 

the IR-induced cell death significantly increased and the cell 

proliferation of both cell lines was inhibited (Fig. 6(b) and (c), 

respectively). The clonogenic survival data also revealed that the 

colony number of the HT22 cells was significantly decreased by 

IR in a dose-dependent manner (p < 0.01). The colonies of the 

7w-PSML cells were also decreased by IR in a dose-dependent 

manner (p < 0.01). Notably, there was no statistical difference in 

the colony-forming ability against IR between the HT22 and 

7wPSML cells (p = 0.23, analyzed via two-way ANOVA) (Fig. 

6(d)). 

It was previously reported that HSP25 (or HSP27 for hu-

mans) protected neuronal cells from IR-induced cell dam-

age [34]. This drove us to examine whether HSP25 overexpres-

sion protected HT22 cells from IR-induced cell death. Notably, 

IR exposure reduced the cleaved PARP1 and caspase-3 expres-

sions when HSP25 was overexpressed (Fig. 7(a)). Moreover, 

HSP25 overexpression increased the APP level (Fig. 7(b)),  
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(a)

(b)

 
(c)

Fig. 4. Expression of molecular markers for APP processing by IR in the HT22 and 7w-PSML cells. The HT22 and 7w-PSML cells were 

seeded (3 × 105 cells) and exposed to 10 Gy IR. After 24 or 48 hours, the cells were harvested, and cell lysates were used to perform 

(a) Western blotting and (b) qRT-PCR. The qRT-PCR data were expressed as foldwise increases of the non-irradiated control, and 

β-actin was used as the loading control. (c) HT22 and 7w-PSML cells were treated with CHX at 40 g/mL and 20 g/mL, respec-

tively, with or without 10 Gy IR. At the indicated time points, the cells were harvested, and Western blotting was performed. -

actin was used as the loading control. The relative band density of Western blotting was also analyzed (*p < 0.05 and **p < 0.01 com-

pared to the corresponding non-irradiated cells, mean ± SEM).
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which was mediated by the increased stability of APP (Fig. 7(c)). 

These results suggest that IR-induced cell injury can modulate 

the APP levels and their stability. 
  

IV. DISCUSSION 

To investigate how RF-EMF affects neurodegenerative dis-

eases such as AD, we compared the effects of RF-EMF and IR 

on APP processing using in vitro AD models. In this study, we 

exposed the cells to 8 W/kg SAR, which is over fivefold higher 

than the permissible limit (1.4 W/kg SAR) according to the 

ICNIRP local-exposure guidelines. However, we did not detect 

any induction of cell death or inhibition of clonogenic survival. 

Lee et al. [21] also simultaneously exposed HT22 cells to two 

types of RF-EMF to evaluate their effects on cell death and 

beta amyloid treatment (4 W/kg SAR level; CDMA 2 W/kg + 

WCDMA 2 W/kg for 2 hours). Similarly, no effects were ob-

served on cell proliferation, cell cycle distribution, and cell death 

as a result of RF-EMF in the absence or presence of Aβ treat-

ment in the cells. Moreover, we found that RF-EMF induced  

 

(a) (b) 

 

(c) (d) 

Fig. 5. Effects of RF-EMF on cell death. HT22 and 7w-PSML cells were seeded (5 × 105 cells) and then exposed to RF-EMF (8 W/kg) 

for 24 hours. (a) The cells were harvested, and Western blotting was performed for cleaved PARP1 and cleaved caspase-3; -actin 

was used as the loading control. The relative expressions compared to those in the non-exposed control were quantified (n = 3). (b) 

The cell death and (c) the cell viability were analyzed using flow cytometry (n = 5) and MTT assay (n = 5), respectively. (d) Colo-

ny-forming assay (CFA) was performed for the HT22 and 7w-PSML cells, which were seeded at 1 × 103 cells/well. The cells were 

then exposed to RF-EMF (8 W/kg) for 24 hours and were incubated for another 9 days prior to CFA (n = 3). The data are repre-

sented as mean ± SEM. n.s.=no significance. 
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the upregulation of ADAM10 in the HT22 cells, a significant 

downregulation of APP at the transcriptional level, and a slight 

decrease in the APP level in the APP-overexpressing 7w-

PSML cells. These results suggest that RF-EMF may provide 

some beneficial effects on APP processing; however, we were 

not able to directly observe changes in βA. These results are 

consistent with those of our previous study, which showed the 

positive effects of RF-EMF, such as a reduction of APP and 

βA deposition in the brain and improvement in the behavioral 

disorders of 5xFAD mice after long-term WCDMA RF-EMF 

exposure (over 8 months) [11]. However, in contrast to our re-

sults, Park et al. [1] reported that the RF-EMF (WCDMA, 6 

W/kg SAR, 2 hours per day for 3 days) exposure of the HT22 

and 7w-PSML cell lines did not induce any change related to 

APP-processing proteins. Unlike Park et al. [1], we applied 

higher electromagnetic exposure levels and a longer exposure 

 

(a) (b) 

 

(c) (d) 

Fig. 6. Effects of IR on cell death. HT22 and 7w-PSML cells were seeded (5 × 105 cells) and exposed to 10 Gy IR for 24 hours. The cells 

were harvested, and (a) Western blotting, (b) flow cytometry analysis, and (c) MTT assay were performed on them. The relative 

band density of Western blotting was also analyzed and compared to that of the respective non-irradiated controls; -actin was used 

as the loading control. (d) Colony-forming assay (CFA) was performed after seeding HT22 and 7w-PSML cells at a density of 1 × 

103 cells/well and exposing them to IR at the indicated doses. After 9 days of IR exposure, CFA analysis was performed. The graph 

shows the related foldwise decreases compared to each non-exposed control. Each experiment was conducted in triplicate (*p < 0.05 

and **p < 0.01 compared to the corresponding non-irradiated cells, mean ± SEM). 
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time to the cells and found some significant changes in APP 

processing. Further studies are thus needed to investigate 

whether various experimental conditions, including extended 

exposure time (over 24 hours) and/or higher SAR levels, at 

more than 8 W/kg RF-EMF affect APP processing. 

Interestingly, in our experiment, IR significantly upregulated 

BACE1 at both the transcriptional and protein levels. However, 

βA was not increased despite the decrease in the APP levels of 

both the HT22 and 7w-PSML cells. Instead, the βA expression 

was decreased due to the decreased APP level. IR may affect the 

APP processing signaling cascade by influencing the APP sta-

bility. Moreover, HSP25, which was reported to inhibit IR-

induced brain damage [35], reduced the IR-mediated damages 

such as cell death indicated by cleaved PARP1 and cleaved 

caspase-3, and regulated the stability of APP. This finding is 

notable and implies that RT may have adverse effects on the 

brain of AD patients; however, the IR dose was too high to 

effectively investigate its effect on only APP processing without 

compromising or evaluating the survival of the cells. Therefore, 

further studies should be conducted at lower IR doses that will 

 

(a) (b) 

 

Fig. 7. HSP25 overexpression protects cells from IR and stabilizes 

APP. Control and Flag-tagged HSP25-overexpressing 

HT22 cells were seeded (8 × 105 cells). (a) Cell death 

markers were detected using Western blotting 48 hours af-

ter IR (5 and 10 Gy). (b) The expression of molecular 

markers for APP processing after IR was detected using 

Western blotting in the control HT22 and HSP25-

overexpressing HT22 cells. The graph shows the results ob-

tained by measuring the density of the band determined by 

Western blotting. (c) Cells were seeded at 2 × 105 and 

treated with CHX (100 μg/mL). At the indicated time 

points, the cells were harvested, and cell lysates were used to 

perform Western blotting; -actin was used as the loading 

control. *p < 0.05 and **p < 0.01 vs. the corresponding unex-

posed control HT22 cells; #p < 0.05 and ##p < 0.01 vs. the 

corresponding unexposed HSP25-overexpressing HT22 

cells, mean ± SEM, n = 3. (c) 
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not affect the cell fate. Additionally, more detailed experiments 

are needed to elucidate the APP stability during IR exposure in 

the context of HSP25 expression.  

V. CONCLUSION 

Our study demonstrated that RF-EMFs altered APP pro-

cessing, one of the main pathways in the pathogenesis of AD. 

RF-EMFs affected the level of ADAM10 and the transcription 

level of APP without any effect on cell death or clonogenic sur-

vival. These results suggest the potential of RF-EMFs to influ-

ence the pathogenesis of AD. Therefore, our finding can be used 

as evidence of the biological effect of RF-EMFs. Further studies 

should be conducted to clarify the effects of RF-EMF on AD 

using various cell organelles.  
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