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Introduction

Recently, with the rapid development of wireless communi-
cation technology and the widespread popularization of
mobile phone usage, the global number of Internet users has

Theaflavin-3,3'-digallate prevents radiofrequency
radiation-induced learning and memory
impairment in mice via regulating GSK-3a/GRo/
RORa/BMALL1 expression

Jing Fu,*+? Yuanchen Sun,1° Huining Jia,® Hongxia Yuan,® Xing Zhang,”
Wenchao Zhang,® Honglong Cao® and Fenju Qin () *°

Radiofrequency (RF) electromagnetic radiation is an environmental hazard that causes neurobehavioral
disorders and leads to learning and memory decline. In addition, theaflavin-3,3'-digallate (TFDG) is the
most effective antioxidant and bioactive compound among the theaflavins in black tea, and theaflavins
have been proven to provide protection against neuronal cell injury. Herein, we aimed to explore the salu-
tary effects and relevant molecular mechanisms of TFDG on RF radiation-induced learning and memory
damage in mice. Our results showed that oral administration of TFDG effectively relieved learning and
memory impairment in mice caused by RF radiation (1.8 GHz, 240 pW cm™2), including decreasing the
number of learning attempts and increasing the memory rate in a Y-maze test, and raising the novel
object recognition rate in a novel object recognition test. TFDG also reduced the pathological damage of
the hippocampal pyramidal and granular neurons in RF-radiated mice, for neurotransmitters in the hippo-
campus, decreased the levels of glutamate (GLU), nitric oxide (NO) and acetylcholinesterase (AchE)
activity and increased the acetylcholine (Ach), dopamine (DA) and dopamine transporter (DAT) levels. The
decrease in the antioxidant ability in the hippocampus of RF-radiated mice was reversed by TFDG treat-
ment by enhancing the levels of total antioxidant capacity (T-AOC), glutathione peroxidase (GSH-Px) and
superoxide dismutase (SOD) activities and lowering the malondialdehyde (MDA) content. Furthermore, RF
radiation induced the accumulation of glycogen synthase kinase-3a/glucocorticoid receptor alpha
(GSK-3a/GRa) proteins and mRNA expression in the hippocampus of mice and the downregulation of
retinoid-related orphan nuclear receptor alpha/brain and muscle ARNT-like 1/dopamine receptor D5
(RORa/BMAL1/DRD5) genes/protein expression. Conclusively, TFDG can improve RF radiation-induced
learning and memory impairment, which may be related to the reduction of RF radiation-induced hippo-
campal neuron injury, the regulation of neurotransmitter disorders and antioxidant capacity reduction via
the regulation of GSK-3a/GRa/RORa/BMALL pathway abnormalities.

added up to approximately 5.4 billion people (67 percent of
the world’s population) in 2023, which has induced a rapid
increase in background radiofrequency (RF) radiation in the
human environment." It is well known that the central nervous
system involved in many intricate electrical activities is one of
the most sensitive targets of RF radiation.”> When talking over
the phone, mobile phones are often held close to the brain,
which makes it vulnerable to RF radiation.® From the results
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of human epidemic statistics and animal experiments, a con-
siderable number of researchers have found that RF exposure
induces various adverse impacts such as headaches, sleep dis-
turbances and impairment of cognitive function, including
learning, memory and attention.®® It is necessary to develop
preventive and therapeutic strategies against learning and
memory impairment caused by RF radiation.
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The mechanism of learning and memory impairment is
complex and not completely clear at present. The hippocampal
tissue of the mammalian brain plays an important role in the
learning and memory function of animals, which can continu-
ously generate new functional neurons in adult animals, inte-
grate them into the existing neural circuits and participate in
the regulation of learning and memory.® The significant daily
circadian expression of clock genes such as brain and muscle
ARNT-like 1 (BMAL1), retinoid-related orphan nuclear receptor
alpha (RORa), periodl (PER1), reverse viral erythroblastosis
oncogene product (REVERB) and clock-controlled cognition-
related genes in the hippocampus is essential to achieve
normal daily learning and memory performance.”
Furthermore, rats exposed to glucocorticoids for a long time
exhibited a disrupted rhythm of hippocampal clock gene tran-
scription, accompanied by alterations in synaptic plasticity
and memory impairment.® Periodic oscillations of clock genes
are influenced by glucocorticoids, mainly through glucocorti-
coid receptor alpha (GRa).” The CA1 region of the hippo-
campus, which is known for integrating information as
memory, expresses an ~24 h oscillation in reduction-oxidation
that modulates membrane excitability in hippocampal CA1
neurons.'®

In our previous studies, RF radiation induced a decreased
expression of clock genes (clock, bmall and Rora) and
decreased antioxidant capacity.'* Some studies revealed that
an oxidative stress-mediated pathway was involved in the
decreased learning and memory functions following electro-
magnetic radiation.">'? Glycogen synthase kinase 3p (GSK-3p),
as an upstream regulator of GRa and RORa signaling, is
involved in hippocampal oxidative stress damage, whereas
grape seed proanthocyanidins, as potent antioxidants, could
promote GSK-3 phosphorylation (inactivation) and reduce
learning and memory impairments and mitochondrial oxi-
dative stress in the hippocampus of sporadic AD mice."*™°
Therefore, it is necessary to find safe and effective natural anti-
oxidant products for the prevention of RF radiation damage.

Theaflavin-3,3'-digallate (TFDG or TF-3), one of the theafla-
vins present in black tea, is well known to possess several
excellent bioactive properties, including antioxidant, anti-
cancer, anti-inflammation, antivirus, anti-obesity and preven-
tion of neurodegenerative diseases.'” The theaflavins of black
tea include theaflavin (TF-1), theaflavin-3-gallate (TF-2a), thea-
flavin-3'-gallate (TF-2b) and theaflavin-3,3"-digallate (TFDG or
TF-3)."®* Among these four monomers, the proportion of TF-3
components is the highest and has the greatest antioxidant
effect.’® Previous studies on tea polyphenols have focused on
the green tea extract epigallocatechin gallate (EGCG), which is
a powerful antioxidant. In the hypothalamus of diet-induced
obese (DIO) mouse models, EGCG treatment increased the
expression levels of key circadian clock genes Clock and
Bmal1.>° EGCG can serve as a natural circadian clock modu-
lator that protects cells against apoptosis and ECM degra-
dation under oxidative stress in a BMALl-dependent
manner.”’ However, there are researchers who reported that
the antioxidant order of theaflavins and catechins was TFDG >
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ECG > EGCG = TF-2b = TF-2a > TF-1 = EC > EGC using a con-
structed human low-density lipoprotein (LDL) oxidation
model.**** Therefore, TFDG, as a powerful antioxidant from
black tea, might be a natural circadian clock modulator by
scavenging free radicals or reactive oxygen species (ROS) and
improving health through entraining circadian rhythms.
Nevertheless, the functional role of TFDG in the regulation of
learning and memory impairment induced by RF radiation
remains unclear.

Therefore, in this study, we propose to find the preventive
effects of TFDGs on RF radiation-induced learning and
memory damage in mice using a Y-maze test. The regulatory
effects of TFDG on hippocampal histopathology, oxidative
stress and neurotransmitters were also evaluated.
Furthermore, their effects on the GSK-3a-mediated GRa and
clock gene pathways were analyzed to explore the possible
related mechanisms.

Materials and methods
Theaflavin-3,3'-digallate (TFDG) treatments

TFDG (catalog number: 30462-35-2; purity, HPLC > 98%) was
provided by Shaanxi Lebo Biochemical Technology Co., Ltd
(China), and was dissolved in 0.5% dimethyl sulfoxide (DMSO;
Sigma-Aldrich, USA).

Animal experimental procedure

C57BL/6] male mice (3 weeks old) were obtained from the
Laboratory Animal Center of Soochow University. All animal
experimental procedures in this study were carried out accord-
ing to the Guidelines for Experimental Animal Administration
published by the State Committee of Science and Technology
of the People’s Republic of China, and were approved by the
Academic Ethics Review Committee of Suzhou University of
Science and Technology (ethical code: 2022-086). The mice
were raised with a commercial diet and water ad libitum in an
environment with a 12 h/12 h light/dark cycle, 50%-60%
humidity, and a room temperature of 24 + 2 °C. After two
weeks of quarantine, first, according to the method of refer-
ence, the mice with too slow or very sensitive reactions towards
Y-maze electrical stimulation were eliminated.”* The selected
animals were randomly divided into seven groups: the normal
control group (NC), the vehicle control group (Vehicle), the RF
exposure group (RF), the TFDG 12.5 mg kg™' + RF exposure
group (TFDG 12.5 + RF), the TFDG 25 mg kg~ ' + RF exposure
group (TFDG 25 + RF), the TFDG 50 mg kg™' + RF exposure
group (TFDG 50 + RF), and the TFDG 100 mg kg™' + RF
exposure group (TFDG 100 + RF), each with nine mice. The
mice in these seven groups were treated with TFDG or RF radi-
ation as shown in Fig. 1. Mice were continuously given TFDG
by gastric gavage at doses mentioned in Fig. 1,>** along with
the same volume of distilled water or 0.5% DMSO solution for
28 days. RF radiation exposure for mice was initiated on the
15th day of the intragastric experiment. The animals in the RF
and TFDG + RF groups were exposed to RF radiation for 14

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic of the study procedure for assessing the effects of TFDG on learning and memory in the RF exposure model mice.

consecutive days, 2 h every day. After four weeks of interven-
tion of TFDG treatment or RF exposure, the learning and
memory ability of mice was measured using the Y-type maze
method and the novel object recognition (NOR) test. After the
behavioral experiment, the mice were killed by cervical dis-
location. The brains of three mice in each group were separ-
ated and embedded in paraffin for pathological examination,
immunohistochemistry and immunofluorescence detection.
Half of the brain tissue collected from the other six mice was
homogenized and used for the determination of biochemical
indexes, including antioxidant ability parameters (total anti-
oxidant capacity (T-AOC), glutathione peroxidase (GSH-Px),
superoxide dismutase (SOD), malondialdehyde (MDA)) and
neurotransmitter parameters (glutamic acid (GLU), nitric
oxide (NO), acetylcholine (Ach), acetylcholinesterase (AchE),
dopamine (DA) and dopamine transporter (DAT)). The remain-
ing brain tissue was kept frozen for real-time PCR or western
blot test.

RF exposure system and dosimetry

The RF exposure system consisted of a GTEM chamber, signal
generator and power amplifier as shown in the previous litera-
ture published by the author.?® A continuous wave 1800 MHz
RF signal was generated, amplified and transmitted into the
GTEM chamber through an antenna (Southeast University,
Nanjing, China). A PMM field strength meter (Cisano sul Neva,
Savona, Italy) was used to measure the 240 pW cm™> power
intensity in the GTEM chamber where the animals were kept
for RF exposure. A computer logging system ensured the uni-
formity of power density by controlling and monitoring the

This journal is © The Royal Society of Chemistry 2025

field strength data. The specific absorption rate (SAR) was cal-
culated using a 3-D male mouse model and SPEAG Sim4Life
V3.0 electromagnetic simulation software (IT’IS Foundation,
Zirich, Switzerland), whereas SAR is the mass-averaged SAR
calculated by simulations in Sim4Life. The approximate SAR
was 0.3575 W kg~ '. The mice in the sham exposure group were
also placed in the RF exposure equipment, but no RF signal
occurred.

Behavioral tests of learning and memory ability

After 28 days of continuous oral administration and 14 days of
RF radiation, the learning and memory ability of mice was
investigated by the Y-maze test and the NOR test.

Y-type maze test

The Y-maze consists of three interconnected arms (18 cm high
x 55 cm long x 15 cm wide) intersecting at 120°, as shown in
Fig. 2A. The determination method was as in the reference.**
The bottom surface is a copper grid that can be electrified,
and the surrounding wall is an insulating plastic board. When
the experiment is performed, the three arms take turns to be
the starting zone, the safety zone and the electrified zone. A
light is used as the conditional stimulus, and the uncondi-
tional stimulus is the plantar electric shock. At the beginning
of the test, the mice were put into the starting arm (A) and
adapted to the environment for 180 s. When the mouse
received the electric shock in the starting arm (A), it was
regarded as a correct response if it directly ran into the safety
arm (B) with a light shining at its top. Otherwise, it is the
wrong response if the mouse ran into the electrical arm (C).
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Fig. 2 TFDG alleviated RF-radiation-induced learning and memory impairment in mice. (A) Diagrammatic representation of the Y-maze test. (B and
C) The attempted learning times and the memory rate. (D) Diagrammatic representation of the novel object recognition test. (E) Exploration time for
two identical objects A and B during the familiarization phase. (F) Exploration time for the familiar and novel objects during the recognition/choice
phase. (G) Novel object recognition rate. Data are expressed as mean + SEM, n = 9. Significant difference, &/#p < 0.05, &&/##p < 0.01 by ANOVA; *p
< 0.05 and **p < 0.01 compared with the RF group by Dunnett’'s post hoc test.
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After three minutes, the safety arm for the next training
became the starting arm, and so on. When the mouse reached
9 correct times in 10 consecutive training attempts, the total
number of electric shocks received was considered the learn-
ing time the mouse needed to navigate the maze. After 24 h,
the learning ability was measured once again, and the memory
rate was determined. Memory rate was calculated as the per-
centage of the difference between the second attempted learn-
ing times after 24 h and the first attempted learning times as a
percentage of the first attempted learning times.

Novel object recognition (NOR) test

One day before the test, the mice were placed in the experi-
ment box (50 cm x 50 em x 50 cm) for habituation for 30 min,
as showed in Fig. 2D. During the familiarization trial, the
mouse was placed in the experiment box with its back facing
to two identical small green objects that were fixed at both
ends of the bottom diagonal, maintaining the same distance
between the tip of its nose and the two objects. The mouse
was allowed to explore freely for 5 min in this phase. Then, the
test chamber and objects were cleaned with 20% ethanol.
Thirty minutes later, one of the old objects (Familiar Object)
was changed into a new object with a different shape (Novel
Object) in the recognition trial, and the mice were put into the
test box again for free exploration for 5 min. A video camera
was used to monitor and record the movement path of the
mice, and the number and time of exploring new and old
objects during the recognition exploration was analyzed using
the Animal Behavior Analysis System (Stoelting). Exploration
time was calculated as the time spent within 2 cm of the
object by the mouse nose. The exploration time of the mice in
the two tests was measured, and the recognition ratio = new
object exploration time/(new object exploration time + old
object exploration time) x 100%.

Histopathology evaluation

Hematoxylin and eosin (Wuhan Servicebio Technology Co.,
Ltd, Wuhan, China) staining was used to investigate the histo-
pathologic change of hippocampal tissues.”” Brains randomly
chosen from three mice in every group were fixed with 4% par-
aformaldehyde and dehydrated with the ethanol gradient.
Then, they were embedded in paraffin and cut into 5 pm-thick
sections using a rotary microtome (Leica RM2155, Germany)
for HE staining. For every mouse, three sections were ran-
domly selected to observe the morphological architectures in
the hippocampal CA1, CA3 and DG regions, and photographed
using a fluorescence microscope (Zeiss, Germany). The cell
density in hippocampal subfields CA1, CA3 and DG was deter-
mined in every section according to Motaghinejad’s method.>®
The neurons’ damage was observed using the Image-Pro Plus
6.0 software (Media Cybernetics, USA).

Antioxidant parameters and examination of neurotransmitters

The half tissues were obtained from six brains in every group
for biochemical analysis. The brain tissue was weighed, hom-
ogenized and centrifuged at 10000g for 10 min at 4 °C.

This journal is © The Royal Society of Chemistry 2025
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Afterward, for each supernatant, the GSH-Px, SOD, T-AOC,
MDA, GLU, NO, Ach, AchE, DA and DAT were determined
using the corresponding kits (Suzhou Comin Biotechnology
Co., Ltd, Suzhou, China; Shanghai Enzyme-linked
Biotechnology Co., Ltd, Shanghai, China) according to the
manufacturer’s instructions using a multifunction microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA). Each
analysis was performed three times.

Immunohistochemistry

The 5 um sections from paraffin-embedded brain tissue were
deparaffinised and rehydrated. Antigen retrieval was carried
out in 10 mmol L™" trisodium citrate by RF at 700 W for
15 min. Then, the tissues were treated with 2% hydrogen per-
oxide and 50 pL blocking solution containing 3% normal goat
serum in order to block endogenous peroxidase activity and
nonspecific immunoglobulin binding sites. Subsequently,
each tissue was incubated overnight at 4 °C in a 1/100 dilution
of a rabbit polyclonal antibody recognizing GRa (NB300-633,
Novus Biologicals, CO, USA). After washing, the slides were
incubated with an HRP-conjugated goat anti-rabbit IgG sec-
ondary antibody (1:200, GB23303, Servicebio, Wuhan, China)
for 2 h, followed by colorimetric detection using DAB. Next,
the tissues were counterstained with hematoxylin, and photo-
graphs were taken using a fluorescence microscope (Zeiss
Germany, Oberkochen, Germany). For the five slides from each
animal, the optical density of stained cells to GRa antibody in
the hippocampus was
software.

examined using image analysis

Immunofluorescence

After antigen retrieval, the sections were blocked with 3%
bovine serum albumin in PBS for 30 min at room temperature,
followed by incubation with a rabbit polyclonal anti-GSK-3a-1
antibody (dilution 1:200, NB100-81943, Novus Biologicals) in
PBS at 4 °C overnight. Antigen detection was performed using
a Cy3-conjugated goat anti-rabbit IgG secondary antibody
(1:300, GB21303, Servicebio) and the nucleus was counter-
stained with DAPI (1:200, CAS 28718-90-3, Sigma-Aldrich).
After staining, the slides were photographed at 400x magnifi-
cation by confocal laser scanning microscopy (LSM800, Zeiss,
Germany). The fluorescence intensity of the positive cells with
GSK-3a immunofluorescence was determined using the Tissue
Studio 4.0 software (Definiens Imaging, Munich, Germany).

Quantitative real-time PCR

The differences in the expression levels of mRNA of Gsk-3a,
Gra, Drd5, RORa and Bmall in brains were examined using
quantitative real-time PCR (qRT-PCR). Total RNA isolation of
brain tissues of mice was performed using the RNA Extraction
Kit (DNase I) (Beijing Baiao Leibo Technology Co., Ltd) and
quantity and quality were measured using NanoDrop™ 2000
(Thermo Fisher Scientific). The RNA was reversely transcribed
into ¢cDNA and RT-PCR was performed according to the
instructions of the PrimeScript™ One Step RT-PCR kit. The
primer sequences used for real-time PCR are listed in Table 1.

Food Funct., 2025, 16, 7199-7216 | 7203
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Table 1 Primer sequences

Genes Forward primer Reverse primer

Gsk-3a 5'-AGGTTCTTCAGGACAAAAGGTTCAA-3' 5'-CACATACTCCAGCACCAGATTCAA-3'
Gra 5'“TACCCTGGTGTCACTGCTGGA-3' 5'-TCTGAATCCTGGTATCGCCTTT-3'
Rora 5'-GCTGTCAAGTTTGGTCGGATGT-3' 5-GCCCATTGGCTGAGATGTTGT-3'
Bmali 5'-GAAGGATCAAGAATGCAAGGGA-3' 5'-CCATCCTTAGCACGGTGAGTTT-3'
Drd5 5'-CATTCTGCGACATCTGGGTG-3' 5'-CGTAGCGGAAGGGTCTGGAA-3'
Gapdh 5'-CCTCGTCCCGTAGACAAAATG-3' 5" TGAGGTCAATGAAGGGGTCGT-3'

The mRNA expression levels of these five genes were calculated
using the 27(*2Y method with Gapdh as the internal
standard.

Western blot

Total protein from the brain of mice was extracted using an
ExKine™ Pro Total Protein Extraction Kit (Abbkine Scientific
Co., Ltd, Wuhan, China), and the quantification of protein was
performed using a BCA Protein Assay Kit (Servicebio). Equal
amounts of 30 pg of protein were used for western blot analysis
according to the previous operation steps.>* The bands
obtained were quantified by densitometry via ImageJ analysis
software (National Institutes of Health, Bethesda, MD, USA)
and normalized to the actin housekeeping gene. The primary
antibodies used and their dilutions were as follows: mouse
anti-dopamine DRD5 (1:500, sc-33661, Santa Cruz
Biotechnology, Dallas, TX, USA), rabbit anti-ROR alpha
(1:2000, NBP3-25112, Novus Biologicals), mouse anti-BMAL1
(1:1000, NB100-2288, Novus Biologicals), mouse anti-p-actin
(1:1000, NB600-501, Novus Biologicals) and the corresponding
HRP-conjugated antibodies, including goat anti-mouse IgG
and goat anti-rabbit IgG 1:5000 (Thermo Scientific, Rockford,
USA).

Statistical analysis

Statistical analysis was performed using SPSS-20 (IBM SPSS
Statistics Inc., Armonk, New York, USA) by ANOVA and
Dunnett’s post hoc test, and experimental data are expressed as
mean + SEM. Graphics were made using Origin 8.5 (OriginLab
Corporation, Northampton, MA, USA). A P < 0.05 was con-
sidered statistically significant.

Results

TFDG relieves the decrease in learning and memory ability
caused by radiofrequency radiation

In the Y-maze test, there is no statistical difference between
the learning and memory ability of the vehicle control group
and the blank group (P > 0.05). In the results of Fig. 2B, com-
pared with the vehicle control group, the attempted learning
times of the RF group significantly increased (P < 0.01).
Compared with the RF radiation model group, the animals
treated with TFDG, except for the 100 mg kg™ dose group, sig-
nificantly reduced initial attempted learning times and
second-session attempted times (P < 0.05 or P < 0.01, respect-

7204 | Food Funct, 2025, 16, 7199-7216

ively). Similarly, RF exposure lowered the memory rate of mice,
and the treatment of TFDG reversed the memory damage
induced by RF exposure in 25 mg kg™ and 50 mg kg™" doses
(Fig. 2C). These results demonstrated that the right dose of
TFDG addition reversed the learning and memory damage in
the Y-maze test in RF-exposed mice.

In accordance with these Y-maze test results, RF-exposed
mice also demonstrated memory damage in the NOR test
that was reversed by TFDG treatment (Fig. 2E-G). During
the familiarization phase, there was no significant differ-
ence in exploring time between two identical objects A and
B in every group of mice (P > 0.05) (Fig. 2E). During the
recognition phase, all group animals spent significantly
more time exploring the novel objects than the familiar
objects (P < 0.01) except for RF groups (P > 0.05), which
manifested damage in recognition memory induced by RF
(Fig. 2F). As is shown in Fig. 2G, there was no
significant difference in the recognition rates of the novel
objects between the NC group and the vehicle control group
(P > 0.05). RF exposure dramatically lowered the NOR
ratio compared with the vehicle control group mice (P <
0.05), whereas TFDG addition notably enhanced the
NOR ratio of RF-exposed mice (P < 0.05 or P < 0.01).
These results demonstrated that TFDG addition can reverse
the deleterious effects of RF radiation on learning and
memory.

TFDG relieves the damage to hippocampal neurons caused by
radiofrequency radiation

As shown in Fig. 3A, the hippocampal neurons in the NC and
Vehicle groups exhibited a regular arrangement, with distinct
edges, clear nucleus and nucleolus, and no significant necro-
sis of pyramidal neurons. The hippocampal neurons in the RF
group showed reduced density of pyramidal cells and granular
cells with edema and nucleus pyknosis; neurons were arranged
in a disorderly way and vacuolated, especially in the CA1l
region. TFDG treatment reduced the hippocampal cell damage
caused by RF, and the repair effect was most significant in the
50 mg kg™' dose group. Concretely, there was no significant
difference in the granular cells and pyramidal cells in hippo-
campal tissue between the NC group and the Vehicle group,
whereas the RF radiation group had a significant loss of the
granular cells in DG and pyramidal cells in the CA1 and CA3
regions, as shown in Fig. 3B-D (P < 0.05 or P < 0.01). By con-
trast, TFDG treatment dramatically improved the neuronal cell
density in the hippocampus (P < 0.05 or P < 0.01).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 TFDG alleviated RF-radiation-induced hippocampal neuron impair
campus (CAl, x400; CA3 and DG, x200). The blue arrow shows nuclear

ment in mice. (A) The morphology of neurons in subregions of the hippo-
pyknosis. The green arrow shows cell vacuoles. The red arrow shows an

unclear cell membrane boundary. The scale bar is 50 pm in CAL, 100 um in DG and CA3. (B and C) Number of pyramidal cells in the CA1/CA3 region.
(D) Number of granular cells in the DG region. (E-G) Cell damage percentage in the CA1/CA3/DG region. Data are expressed as mean + SEM, n = 3.
Significant difference, &/#p < 0.05, &&/##p < 0.01 by ANOVA; *p < 0.05 and **p < 0.01 compared with the RF group by Dunnett’s post hoc test.

Furthermore, there was a sharp increase in the percentage of
injured cells in the CA1, CA3 and DG regions of the RF radi-
ation group (P < 0.01) (Fig. 3E-G). Nevertheless, it is TFDG
addition through which reversion of cell injury can obviously
be produced (P < 0.05 or P < 0.01).

TFDG relieves the disorders of the neurotransmitters in the
hippocampus caused by radiofrequency radiation

As shown in Fig. 4, there is no statistical difference in neu-
rotransmitters between the NC group and the Vehicle group
(P > 0.05). Compared with the Vehicle group, the levels of

This journal is © The Royal Society of Chemistry 2025

GLU, NO and AchE activities in the RF groups increased,
and the content of Ach, DA and DAT decreased (P < 0.05 or
P < 0.01). Compared with the RF radiation model groups, 25
and 50 mg kg™' TFDG significantly decreased the levels of
GLU and NO (P < 0.05 or P < 0.01), while 12.5 and 100 mg
kg™ TFDG exhibited effects on any one index, GLU or NO.
The addition of TFDG raised the level of Ach significantly (P
< 0.01) but exhibited an opposite effect and reduced the
activity of AchE (P < 0.01). Moreover, TFDG treatment dis-
tinctly raised the DA and DAT levels except in the 12.5 mg
kg™" dose group (P < 0.01).
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Fig. 4 The effects of TFDG on the neurotransmitters of mice exposed to RF radiation. (A) Glutamic acid (GLU), (B) nitric oxide (NO), (C) acetylcholine
(Ach), (D) acetylcholinesterase (AchE), (E) dopamine (DA), and (F) dopamine transporter (DAT). Data are expressed as mean + SEM, n = 6. Significant
difference, &/#p < 0.05, 8&/##p < 0.01 by ANOVA; *p < 0.05 and **p < 0.01 compared with the RF group by Dunnett’s post hoc test.

TFDG ameliorates the decrease in antioxidant capacity of the
hippocampus tissue caused by radiofrequency radiation

As shown in Fig. 5, the antioxidant index between the NC
group and the Vehicle group did not show a statistical differ-
ence (P > 0.05). Compared with the Vehicle group, the T-AOC
level, GSH-Px and SOD activities of the RF group significantly
decreased, and the MDA content significantly increased (P <
0.05 or P < 0.01). Compared with the RF group, the four doses
of TFDG treatment all increased the GSH-Px and SOD activities
in RF-exposed mice, whereas the T-AOC level and the MDA
content went up except for 100 mg kg~ TFDG (P < 0.05 or P <
0.01).

TFDG ameliorates radiofrequency radiation-induced GSK-3a
and GRo accumulation in the hippocampus

The hippocampus is an important region that maintains the
continuous plasticity of neurons and performs learning and
memory functions; the CA1 region is more sensitive to RF as
seen in the above pathological HE staining results. GSK-3a and
glucocorticoid receptor alpha (GRa) protein staining appeared
red and brown, respectively, in the CA1 cell areas of the mouse

7206 | Food Funct., 2025, 16, 7199-7216

hippocampus tissue (Fig. 6A and 7A). As seen in Fig. 6B and
7B, for the mean intensity values of the positive staining, there
is no statistical difference between the NC group and the
Vehicle group (P > 0.05). Compared with the Vehicle group, the
positive staining intensity value of GSK-3a and GRa in the RF
group increased (P < 0.01). The four additional doses of TFDG
all lowered the mean intensity values of GRa positive staining
significantly in the CA1 region of the hippocampus of mice
exposed to RF (P < 0.05 or P < 0.01), and this phenomenon
occurs in the GSK-3a indicator except for the 100 mg kg™
TFDG treatment group. RF radiation dramatically upregulated
the mRNA expression of Gsk-3a and Gra genes, whereas TFDG
treatment showed markedly downregulated effects on the
expression of the two mRNAs (P < 0.05 or P < 0.01) (Fig. 6C
and 7C).

TFDG ameliorates the downregulation of ROR, BMAL1 and
DRD5 expression caused by radiofrequency radiation in the
hippocampus

As shown in Fig. 8, there is no statistical difference in protein
expression of RORa, BMAL1 and DRD5 in the hippocampus of
the brain between the NC group and the Vehicle group (P >

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The effects of TFDG on the antioxidant capacity of the hippocampus tissue of mice exposed to RF radiation. (A) Total antioxidant capacity
(T-AOC), (B) glutathione peroxidase (GSH-Px), (C) superoxide dismutase (SOD), and (D) malondialdehyde (MDA). Data are expressed as mean + SEM,
n = 6. Significant difference, &/#p < 0.05, &&/##p < 0.01 by ANOVA; *p < 0.05 and **p < 0.01 compared with the RF group by Dunnett’s post hoc

test.

0.05). Compared with the Vehicle group, the levels of RORa,
BMAL1 and DRD5 proteins in the RF group decreased (P < 0.05
or P < 0.01). Compared with the RF-exposed model group,
TFDG at 25 and 50 mg kg™ doses significantly increased the
levels of RORa (P < 0.05); all four doses of TFDG addition
exhibited upregulation effects for BMAL1 and DRD5 protein
expression (P < 0.01). For RF-exposed mice, the mRNA

This journal is © The Royal Society of Chemistry 2025

expression of Rora, Bmall and Drd5 genes showed similar upre-
gulation effects in the four TFDG dosage groups (P < 0.01).

Discussion

In this study, we investigated the preventive effects and mecha-
nisms of theaflavin monomers on learning and memory
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impairment induced in mice by RF electromagnetic radiation.
With the widespread use of wireless communication techno-
logies such as mobile phones, laptops, and wireless networks,
there is growing concern about the impact of RF electromag-
netic radiation on the neurotoxicity of the brain.* In learning
and memory function evaluation, the Y-maze test and the NOR
test are commonly used for experiments on animals. We found
that 1.8 GHz RF radiation (240 pW cm™>) damaged learning
and memory function in mice, including an increase in learn-
ing attempt times and a decrease in the memory rate and NOR
ratio. However, treatment with TFDG reversed the learning and
memory damage induced by RF exposure in the Y-maze test
and improved the NOR ratio in the NOR test. Theaflavins can
alleviate neurological dysfunction by reducing neuronal apop-
tosis and affecting blood-brain barrier permeability.>* Recent
research has reported that TFDG monomers at the nanoscale
may penetrate the blood-brain barrier and reach brain tissue
through gavage.®**® As a free-radical scavenger, theaflavin

7208 | Food Funct., 2025, 16, 7199-7216

monomer TFDG in DMSO solvent has shown therapeutic
benefits in many clinical studies and radiation-induced tissue
injury.>® In the present study, the vehicle control group mice
(0.5% DMSO) showed no statistical difference compared with
the NC group mice.

The hippocampal region plays a principal role in the learn-
ing and memory systems and is particularly sensitive to RF
electromagnetic radiation compared with other areas of the
brain.?**® Some research found that 2.45 GHz RF electromag-
netic radiation exposure injured neurons and cells in the
mouse hippocampus and induced learning and memory
impairment.’’° In our study, through histological examin-
ation, we found that the hippocampal neuronal cells and vesi-
cles in the NC group and the Vehicle group exhibited a normal
arrangement, with distinct edges and a clear nucleus and
nucleolus, whereas neurons in the RF electromagnetic radi-
ation group exhibited edema and irregular arrangement. In
contrast, the TFDG addition groups reversed and showed

This journal is © The Royal Society of Chemistry 2025
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therapeutic effects, which indicates that TF-3 can alleviate the
impairment of neurons and cells in the hippocampus caused
by RF electromagnetic radiation. Meanwhile, the learning and
memory function involves many different neurotransmitter
systems in different brain regions.’>*' As a major excitatory
transmitter in the CNS, glutamate constitutes 50%-60% of all
neurotransmitters in the brain and is intricately linked to
learning and memory, whereas excess accumulation of gluta-
mate in synapses can lead to aberrant synaptic signaling, exci-
totoxicity or cell death.*>*? Nitric oxide (NO) with multifunc-

This journal is © The Royal Society of Chemistry 2025

tional signals plays an important role in learning and memory
processes, and it regulates cell survival and differentiation,
neuronal proliferation and synaptic activity under physiologi-
cal conditions, whereas excess NO-mediated cysteine mercap-
tan (SNO) can cause nitrosation stress, leading to neuropathol-
ogy.** Hippocampal DA can boost novelty-induced memory
and is also required for hippocampal-dependent memory and
plasticity at the CA3-CA1 synapse.*> Ach enhances perception
and sustained attention while awake.*® AchE and DAT ensure

the normal physiological function of synapses by degrading
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Ach and taking DA into the presynaptic membrane, respect-
ively.”” In our study, 1.8 GHz RF radiation (240 pW cm™?)
induced the accumulation of GLU and NO levels, an increase
in AchE activities, and a decrease in Ach, DA and DAT levels,
consistent with previous studies.*®*> However, we observed
that TFDG repaired the decrease in Ach and DA levels and the
increase in GLU and NO levels caused by RF radiation
exposure. Taken together, our findings suggest that TFDG can
alleviate RF-induced learning and memory decline and neuro-
nal damage by regulating neurotransmitter levels.

Many epidemiological researchers and animal studies have
found that RF radiation of different frequencies and intensi-
ties has harmful effects on the nervous system through oxi-
dative stress injury pathways.”>”* Oxidative stress generally
results from an imbalance between the production and scaven-
ging of cellular oxidants (such as reactive oxygen species,
ROS).>®> Excessive ROS can advance lipid peroxidation and
result in the excessive production of malondialdehyde
(MDA).>® Oxidative stress damage can be countered by the anti-
oxidant defense system, including key antioxidant enzymes
such as SOD and GSH-Px. The overall resistance of the organ-
ism to ROS is reflected by the level of T-AOC.*>” Our study also
proves this fact: 1.8 GHz RF radiation (240 pyW cm™?) induced
a decrease in the T-AOC level, the downregulation of GSH-Px
and SOD activity and a significant increase in MDA content in
the hippocampus tissue. Theaflavins possess antioxidative
activity as radical scavengers and metal chelators, whereas the
phenolic hydroxyl groups and the gallic acid moiety are essen-
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tial for their antioxidative function.”® Among the four major
compounds of theaflavins, the activity hierarchy of antioxi-
dants is TFDG > TF-2A = TF-2B > TF-1.”° Further studies found
that TFDG could upregulate the expression of antioxidant
genes such as Nrf2, Prx2, Gsh-px1 and Sod1, enhance free-
radical scavenging ability and reduce the degree of lipid
peroxidation.”»®® Under oxidative stress, nuclear factor ery-
throid 2-related factor 2 (NRF2) translocates to the nucleus
and binds to antioxidant response elements (AREs) in the
genome, promoting transcription of antioxidant related genes,
including heme oxygenase-1, NAD(P)H dehydrogenase, c-gluta-
mylcysteine synthetase, glutathione S-transferase, glutathione
reductase, GSH-Px, and SOD.® In our study, TFDG can allevi-
ate RF-induced oxidation damage by improving the T-AOC
level and GSH-Px and SOD activities and lowering MDA
accumulation.

GSK-3p is a member of the Ser/Thr kinase family, an essen-
tial regulator of the oxidative stress response, and can regulate
cell division, differentiation, autophagy, apoptosis and neuro-
logical degeneration.®>®® In the context of neurodegenerative
disorders such as Alzheimer’s disease (AD), the upregulated
activity of GSK-3a is involved in the proteolytic processing of
the AP peptide precursor.®* Therefore, GSK-3a is related to
learning and memory. Our study showed that the expression of
GSK-3a significantly increased in the RF radiation group,
which came with learning and memory impairment. A
research group found that GSK-3-mediated glucocorticoid and
RORa pathways are involved in the regulation of autophagy

This journal is © The Royal Society of Chemistry 2025
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activation of hippocampal neurons under white LED
irradiation.* Hence, GSK-3 was identified as an upstream reg-
ulator of the GRa/RORa« signaling pathway. Excessive glucocor-
ticoid leads to hippocampal damage by regulating genes
involved in ROS production and apoptosis, which in turn leads
to impairment of learning and memory function.”® GRa is
highly expressed in the hippocampus to mediate the central
response to peripheral glucocorticoids under basal and stress-
ful conditions.®® In our study, 1.8 GHz RF radiation expression
of GRu significantly increased in hippocampal tissue, which is
consistent with the 2.45 GHz exposure results in previous
research.®” A recent study found that GR antagonist FX5 sig-
nificantly promotes the performance of learning and memory
function in diabetic mice, and learning and memory improve-
ment was observed following brain GR-specific knockdown by
injecting AAV-si-GR.®® Recent studies have proved that inhibi-
tors of GSK-3 have become new targets for treating traumatic
brain injury by promoting neuroprotective processes and inhi-
biting cell apoptosis.®® Isoorientin (a 6-C-glycosylflavone), as a
highly selective inhibitor of GSK-3p, has been found to rescue
synaptic dysfunction and improve spatial memory deficits.”
In our study, TFDG alleviated RF-induced accumulation of
GSK-3 and GRa in hippocampal tissue. The results indicated
that TFDG improves the ability of learning and memory in
mice exposed to RF, which is related to the decrease of hippo-
campus GSK-3 and GRa protein expression.

The primary function of GRa in the brain is to regulate the
expression of many components of the circadian oscillator
network and its major target genes.”! A range of physiological
functions is controlled by circadian cycles, including memory
processes. The molecular biological clock consists of four key
genes/gene families, Per, Clock, Cryptochrome and Bmall,
which cycle rhythmically in a continuous transcription-trans-
lation negative feedback loop that maintains a cycle of approxi-
mately 24 h within the cells of the brain and body. Recent
research has suggested that these clock genes may act locally
within brain regions associated with memory to regulate
memory in the day/night cycle.”> BMAL1 is an essential com-
ponent of the circadian pacemaker in mammals, and its dys-
function underlies a variety of neurodegenerative-like diseases
including learning and memory impairments.”> As a member
of the orphan nuclear receptor family, retinoic acid receptor-
associated orphan receptor-a (RORa) acts as a transcriptional
activator in response to circadian changes and regulates circa-
dian transcription of the core-clock Bmal1.”* Oxidative stress
turned out to be one of the common mechanisms by which
Bmall deficiency promotes AD and associated aging-related
diseases. Therefore, promising antioxidant therapeutic strat-
egies involved in the regulation of Bmall have been provided,
such as melatonin, natural compounds, and other interven-
tions.”” This present study showed that RF exposure downregu-
lated the genes and proteins of RORa and BMAL1, whereas
strong antioxidant TFDG from black tea reversed this change
induced by RF radiation in mouse hippocampus tissue.

Learning and memory performance in people varies accord-
ing to the time of day. The hippocampal clock is controlled by

This journal is © The Royal Society of Chemistry 2025
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the circadian-dependent transcription factor BMAL1.”®
Germline Bmall deletion causes brain oxidative stress and
synapse loss in mice, and it can exacerbate dopaminergic neu-
rodegeneration.”” Lowered recognition memory in mice with
inducible BMAL1 negative expression was accompanied by
decreased expression of dopamine receptor D5 (DRDS5) in the
hippocampus, whereas pharmacological activation of DRD5
salvages impaired memory.”® There is research that found that
a significantly reduced density of DRD5 receptors in the hippo-
campus may explain the learning difficulties observed in
ADHD patients.”® A study showed that a significant reduction
in the basal hippocampal Ach level was found in the DRD5
receptor knockout mouse model, which suggests that the
DRD5 receptor plays a tonic role in Ach release.®® Genetic
deficiency of DRD5 significantly impairs spatial memory and
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recognition memory performance and results in a strong and
selective reduction in the expression of the ionic glutamate
receptor NMDA subunit NR2B in the hippocampus, which
suggests a functional interaction of DRD5 with hippocampal
glutamatergic pathways.®* DRD5 knockdown in the prefrontal
cortex also induced learning and memory deficits, and these
changes were accompanied by an increase in the activity of the
prefrontal cortex GSK-3p.%? In our study, there was a significant
decrease in DRD5 expression in the RF-exposed mice, whereas
a DRD5 expression increase appeared in the TFDG addition
group animals. These results suggest that TFDG can improve
the learning and memory ability of mice exposed to RF by inhi-
biting GSK-3-mediated GRa expression and restoring ROR,
BMALL1 and DRDS5 expression.

Conclusion

Overall, the present study demonstrated that TFDG treatment
could dose-dependently reduce the learning and memory
impairment of mice exposed to 1.8 GHz RF electromagnetic
radiation. Mechanistically, TFDG supplementation activated
RORa/BMAL1/DRD5 pathways by inhibiting GSK-3a and GRa
expression to restore neurotransmitter release and boost the
learning and memory ability, which could be attributed to the
peptides possessing excellent hydroxyl radical-scavenging
ability (Fig. 9). Moreover, this finding might open a possibility
for the exploitation of TFDG as a novel preventive and thera-
peutic natural antioxidant ingredient for RF radiation damage.
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Ach Acetylcholine

AchE Acetylcholinesterase

BMAL1 Brain and muscle arnt-like1

CA1l Cornu ammonis 1

CA3 Cornu ammonis 3

DA Dopamine
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DRD5 Dopamine receptor D5

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
GLU Glutamic acid

GRa Glucocorticoid receptor alpha
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GSK-3a  Recombinant glycogen synthase kinase 3 alpha
MDA Malondialdehyde

NO Nitric oxide

RF Radiofrequency

ROR« Retinoic acid receptor-related orphan receptor-o
SOD Superoxide dismutase

T-AOC Total antioxidant capacity

TFDG Theaflavin-3,3'-digallate

REVERB Reverse viral erythroblastosis oncogene product
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