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ABSTRACT

Background: Wireless Fidelity (Wi-Fi) exposure might induce tissue damage through
non-thermal effects. Nonetheless, only a few studies have evaluated the non-thermal
effects on the testis undergoing reproductive development following Wi-Fi exposure.
This study aimed to assess the oxidative stress status in the testis and subsequent
sperm quality of growing rat pups that received edible bird nest (EBN)
supplementation simultaneously. Materials and Methods: Fourteen weeks of 2.
45GHz Wi-Fi exposure and simultaneous 250mg/kg EBN were supplemented to three-
week-old male Sprague—Dawley rats. Thirty animals were divided equally into control,
control EBN, Wi-Fi, sham Wi-Fi, and Wi-Fi+EBN. Results: Results showed an increase in
total oxidant status (TOS), a significant decrease in total antioxidant status (TAS), and a
significant increase in the expression of 8-hydroxy-2'-deoxyguanosine (8-OHdG) in the
testis of the Wi-Fi group. Sperm chromatin integrity, morphology, concentration, and
motility were among the parameters that significantly decreased. Supplementation of
250mg/kg EBN in the Wi-Fi+EBN group significantly reduced TOS and 8-OHdG
expression in the testis. EBN supplementation also significantly increased sperm
chromatin integrity, morphology, and concentration. Conclusion: Wi-Fi exposure
induces oxidative stress in the testis and affects important sperm parameters in rat
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mixed energy plans. pups. EBN supplementation quenched the oxidative stress activity due to Wi-Fi
exposure and improved sperm quality.
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Wireless Fidelity (Wi-Fi) has evolved into a
necessary element that seamlessly integrates into
modern living. This technology uses radiofrequency
radiation (RFR) to enable data transfer during
wireless communication while operating under an
unlicensed 2.45 GHz frequency band (). As a result of
its flexibility, Wi-Fi has been widely used to carry out
daily tasks and activities. Thus, excessive Wi-Fi
unintentionally adds to the surrounding electro-smog
or electro-pollution (2. Recently, this awareness has
started to cause public concern.

Wi-Fi exposure can lead to pathological issues
through both thermal and non-thermal effects (3). The
thermal effect causes localized tissue temperature to
rise. Given that the testis is one of the organs
susceptible to temperature changes, an increase in
testicular temperature would cause spermatogenesis
to be disrupted 4. In our previous report, we
demonstrated that Wi-Fi exposure causes a decrease
in spermatogonia mitotic activity when Sprague-
Dawley pups are exposed to Wi-Fi until adulthood ).

spermatogenesis is important in determining the
number of spermatozoa that will be produced (©.
Given that spermatogonia mitosis is impaired
following Wi-Fi exposure (5) and causes disruption of
spermatogenesis, subsequent sperm yields may
decrease. Thus, the purpose of this study was to
assess sperm quality including sperm concentration,
motility, viability, morphology, and chromatin
integrity after prolonged Wi-Fi exposure.

The participation of reactive oxygen species
(ROS), which contributes to oxidative stress, is
thought to be responsible for the non-thermal effect
(7). This hypothesis is supported by several scientific
papers that reported an increase in malondialdehyde
(MDA), total oxidant status (TOS) ®), and level of
serum and testicular 8-hydroxy-2'-deoxyguanosine
(8-OHAG) © following Wi-Fi exposure toward male
albino rats.

Interestingly, no available studies have reported
the oxidative stress status in the testis during
reproductive development. Therefore, this current
study aimed to evaluate the oxidative stress status in
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the testis of growing Sprague Dawley pups that
received long-term Wi-Fi exposure. We adopted
protocols of Wi-Fi exposure similar to those in our
previous report ). This approach was chosen to
emulate how children, who comprise a significant
portion of Wi-Fi users worldwide, are affected by
Wi-Fi exposure (19),

On the basis of the above discussion, Wi-Fi
exposure would likely disrupt the production of
sperm quality through the oxidative stress pathway.
Thus, mitigation by using an antioxidant supplement
would be necessary.

Edible bird’s nest (EBN) was chosen as it contains
antioxidative properties (1112), EBN is made from the
saliva of a male swiftlet (Aerodramus fuciphagus)
especially during the breeding season (13). Primarily
found in Southeast Asian countries (14), EBN has been
reported to have a positive proliferative effect
and contains reproductive hormone ). These
characteristics are crucial for improving the
reproductive system. We have already examined the
proliferative and hormonal effects of EBN, so this
study focuses on its antioxidant properties. Here, this
study postulated that EBN supplementation may offer
protection against oxidative stress following Wi-Fi
exposure and, therefore, improve sperm quality.

Hence, an additional goal of this study was to
evaluate EBN’s protective effect on testicular
oxidative stress status and sperm parameters that
may develop following Wi-Fi exposure in the testis of
growing rat pups. Exploration of EBN’s potential to
enhance male fertility status, especially in the young,
are imperative .

Similar studies that provide an antioxidant
approach to attenuate the Wi-Fi exposure effect have
been reported (15-17). However, EBN has more than an
antioxidant approach as its constituent can
potentially enhance spermatogenesis because of its
proliferative and hormonal activity. Yet, no study has
reported the potential of EBN to attenuate oxidative
stress particularly against Wi-Fi exposure in young
testis. Thus, this study adopted this approach with
further hopes that EBN supplementation may provide
an alternative option in treating males with fertility
issues, particularly in the era of wireless
communication.

MATERIALS AND METHODS

The Wi-Fi exposure and supplementation of EBN
methods used in this study were the same as those
used in our earlier report by Jaffar et al . 18). The
technique used is briefly outlined below.

Animals

Thirty (N=30) 3-week-old male Sprague-Dawley
rats weighed around 45 * 5 g were obtained from the
Laboratory Animal Research Unit National University

of Malaysia. All the rat pups were divided randomly
into five groups with six animals (n=6) in each group.
The details of each group are described in Table 1. All
animals were free to move individually inside a cage
(29 cm in height x 43 cm in length x 16 cm in width)
without any movement restriction (3.

Table 1. Description of the experimental group B

Group Description
No Wi-Fi exposure from a Wi-Fi router + normal
Control
food pellet
Control EBN No Wi-Fi exposure from a Wi-Fi router + 250 mg/

kg EBN—enriched food pellet
Wi-Fi exposure from an active Wi-Fi router +
normal food pellet
Exposure from an inactive Wi-Fi router + normal
food pellet
Wi-Fi exposure from an active Wi-Fi router + 250
mg/kg EBN—enriched food pellet

Wi-Fi

Sham Wi-Fi

Wi-Fi+EBN

All the animals were kept in a room with 12 h
light: dark cycle with the ambient temperature of 22 °
C £ 5 °C and provided with clean water ad libitum. All
animal procedures were ethically approved by the
National University of Malaysia Animal Ethical Com-
mittee (UKMAEC) on March 28, 2018. This study’s
animal ethical approval reference number was FISIO/
PP/2018/SITI FATIMAH/28-MAR./908-MAR.-2018-
DEC.-2020 6.

Wi-Fi exposure setting

A similar Wi-Fi exposure setting was applied as in
our previous report [5]. A TP-LINK AC750 Wireless
Dual Band Wi-Fi Router Archer C20 (Shenzhen,
China), which emits 2.45 GHz Wi-Fi frequency, was
placed at a 20 cm distance from the animal cages

(figure 1).
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Figure 1. Wi-Fi exposure setting where a Wi-Fi router was
placed 20 cm from the animal cages and a Raspberry Pi device
was placed 60 cm away from the router. All animals were
caged individually, were allowed to move freely within the
cage and received 24 h of Wi-Fi exposure for 14 consecutive
weeks.

Raspberry pi device

The Wi-Fi group was exposed to a router
maintained in an active state by constantly pinging a
Raspberry Pi device (Raspberry Pi Foundation, the
UK) at 10 pings/min through Bitvise SSH client
software version 8.18 (Bitvise Limited, USA). By
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contrast, the sham Wi-Fi group only received
exposure from the Wi-Fi router without the ping. This
simulated an inactive state. Exposure to Wi-Fi was
conducted 24 h daily for 14 consecutive weeks.

Supplementation of edible bird nest (EBN)

The source of EBN used in this study was similar
to that reported in our preliminary study (8. In short,
the raw EBN was harvested from the swiftlet’s house
in Bera, Pahang, Peninsular Malaysia, which was then
cleaned and extracted by freeze-dry method by
Glycofood Sdn. Bhd.

The dose of 250 mg/kg EBN applied in this study
was chosen because daily supplementation of 250
mg/kg EBN had shown a significant increase in
sperm concentration, percentage of sperm motility,
and follicle stimulating hormone (FSH) and
luteinizing hormone (LH) levels (18),

EBN supplementation was carried out via natural
feeding by enriching the food pellet with EBN extract
powder. Details of the calculation to provide the daily
EBN dosage were reported by Jaffar et al. (18).

Animal Euthanasia and Tissue Sampling

Following 14 weeks of Wi-Fi exposure and EBN
supplementation, each animal was euthanized with a
ketamine (Ilium, USA)-tiletamine (Ilium, USA)-
xylazine (Virbac, French) cocktail intraperitoneally.
The right testis was harvested and fixed in 10% buff-
ered neutral formalin (Merck, Germany), processed
with standard tissue preservation protocol, and
embedded in paraffin wax (Merck, Germany). This
right testis was used for immunofluorescence
staining to evaluate the expression of 8-OHdG. The
left testis was snap-frozen and stored at -80 °C until
analysis. A portion of this left testis was used to
create homogenate, which was then used to assess
the overall oxidative and antioxidant status of the
testis.

For the analysis of sperm parameter, epididymal
sperm were collected from the cauda epididymis. The
cauda epididymis was dissected, minced into small
pieces, and incubated at 37 °C for 40 min in 2 mL of
pre-warmed phosphate buffered saline (PBS)
(ThermoFisher Scientific, USA).

Total oxidant status (TOS) and total antioxidant
status (TAS) in testis homogenate

To measure TOS and TAS in the testis, 10 mg of
snap-frozen testicular tissue was homogenized using
1 mL of 0.2 mM (pH 7.4) Tris-HCI (Sigma Aldrich,
Germany) buffer at a cold temperature (19). TOS and
TAS were measured using the TOS assay kit and the
TAS assay kit (Diagnostic Assay Rail, Turkey),
respectively. Preparation of tissue homogenates and
TOS and TAS measurements were performed based
on the guidelines from the TOS and TAS assay Kits.

In this work, 10 pmol/L hydrogen peroxide (H202;
Diagnostic Assay Rail, Turkey) was provided as a

standard solution for the TOS assay. About 45 pL of
this standard solution or sample was added to a 96
well plate in duplicate, followed by adding 300 pL of
Reagent 1 containing 25 mM sulfuric acid (H2SOs, pH
of 1.75; Diagnostic Assay Rail, Turkey). The first
absorption (P1) was read using a SpectraMax Plus
384 Microplate spectrophotometer (Molecular
Devices, CA, USA) machine at 530 nm. Subsequently,
15 pL of Reagent 2 containing 25 mM H2SO4 (pH
1.75), 5 mM ferrous ions and 10 nM O-dianisidine
(Diagnostic Assay Rail, Turkey) was added to each
well. The second absorption (P2) was read after 10
min of incubation at room temperature. The
absorption of each sample was then calculated by
using formula 1. Subsequently, the TOS of each
sample was calculated according to formula 2 and
reported in pumol H202 equiv./L.

P2 - P1 =P for standard or sample (D
TOS = P sample 10 (; i f standard) 2
= P sandard © concentration of stan (2)

The standard solution for the TAS assay was 1
mmol/L Trolox. In TAS measurements, 18 pL of
standard solution, sample, or distilled water was
duplicated into a 96-well plate. Subsequently, 300 pL
of Reagent 1 containing 0.4 mol/L acetate buffer (pH
5.8; Diagnostic Assay Rail, Turkey) was added
to each well. After the mixture was mixed, P1
was read using a SpectraMax Plus 384 Microplate
spectrophotometer machine (Molecular Devices, CA,
USA) at a wavelength of 660 nm. About 45 pL of
Reagent 2  containing 30 mmol/L  2,2'-
azinobis (3-etilbenzo- tiyazolin-6-siilfonik acid)
prochromogen solution was added to each well. P2
was read after 10 min of incubation at room
temperature. Subsequently, the absorption of each
sample was calculated by using formula 3. TAS was
calculated according to formula 4 and reported in
mmol Trolox equiv./L.

P2 - P1 =P for standard, sample or distilled water (3)

__ P distillad water - P zampla
TAS = P distilad watar - P standard (4)
Evaluation of 8-OHdG status
immunofluorescence of the testis

Serial sections of paraffin-embedded right testis of
3-um thickness were prepared. The tissue sections
were then mounted on the poly-L-lysine slides
(Thermo Scientific, USA), dried, deparaffinized in
double series xylene (Epredia, USA), and rehydrated
in graded alcohols (Cancer Diagnostic, Inc., the UK).
This step was followed by heating the tissue sections
in a microwave oven in pre-heated 10mM sodium
citrate (Sigma Aldrich, Germany) buffer (pH 6.0) for 5
min  for  antigen  retrieval. Subsequently,
permeabilization was carried out using 0.1% Triton-x
100 (Scharlau, Barcelona) in PBS (ThermoFisher
Scientific, USA) for 30 min. The slides were washed

by direct
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three times with PBS before incubation in Blocking
One Solution (Nacalai Tesque, Kyoto, Japan) for 10
min. This was used to inhibit non-specific binding.
Before overnight incubation with mouse monoclonal
8-OHdG (E8) antibody conjugated with Alexa Flour
488 (1:100) (Santa Cruz Biotechnology, Texas, USA)
at 4 °C, the slides were rewashed with PBS
(ThermoFisher Scientific, USA) three times.

Following antibody binding, the slides were
washed three times with PBS (ThermoFisher
Scientific, USA). Subsequently, 10 pg/mL Hoechst
33342 (Sigma Aldrich, Germany) was used to
counterstain the DNA. The final 8-OHdG staining was
observed by using Nikon Eclipse Ni fluorescent
microscope (Nikon, Japan) under 400x magnification.
About 10 - 15 random fields were captured using
Nikon Y-T TV (Nikon, Japan). The intensity of the
staining from 20 random seminiferous tubules was
measured using Image ] software v1.52a (Rasband,
W.S., USA). Steps were repeated for rectum
adenocarcinoma tissue (20) as a staining positive
control.

Evaluation of sperm parameters
Sperm concentration

A 10 pL drop of sperm suspension was placed on
Makler Chamber (Sefi Medical Instruments Ltd. Haifa,
Israel). Sperm concentration was counted as an
average of five rows under 10x magnification of a
brightfield microscope (Olympus CH-2, Japan).

Sperm motility

Sperm motility was determined according to
the World Health Organization (WHO) (2D
recommendations. Sperm motility was categorized
into three categories: (A) progressive motile sperm,
(B) non-progressive motile sperm and, (C) immotile
sperm. A 10 pL drop of sperm suspension was placed
on a microscope slide and cover slipped. A total of
200 cells were counted in duplicate under a 40x
magnification bright-field microscope (Olympus
CH-2, Japan). Sperm motility was reported as
percentage of total motile sperm (A + B/total counted
sperm) x 100.

Sperm viability

Sperm viability was evaluated by using the
hypo-osmotic swelling test. The hypo-osmotic
swelling solution was prepared by adding 0.735 q
sodium citrate dehydrate (Sigma Aldrich, Germany)
and 1.351 g d-fructose (Sigma Aldrich, Germany) in
100 mL of distilled water.

The sperm suspension from the cauda epididymis
was mixed with a hypo-osmotic swelling solution in a
ratio of 1:10. The mixture was incubated at 37°C for
30 min. About 10 pL from the mixture was placed on
a microscope slide, smeared and left to dry at room
temperature.

To enhance the visibility of the sperm under
bright field microscope visualization, the smear was

stained with Diff Quick staining where the slides were
dipped in Diff Quick Fix, Diff Quick 1, and Diff Quick II
(Thermo Fisher Scientific, USA) for 5 min. Thereafter,
the slides were rinsed, and dried at room
temperature. The viable sperm were then counted
under 40x magnification out of 200 sperm cells.
Counting was carried out in duplicate.

Sperm morphology

About 50 pL of the sperm sample was mixed with
50 uL eosin-nigrosin (Sigma Aldrich, Germany)
staining solution and incubated for 30 s at room
temperature. Subsequently, 10 pL of the mixture was
placed on a glass slide and smeared. After the smear
was dry, the slide was observed under a light
microscope with 100x magnification. Sperm
morphology was assessed through the shape of the
head, midpiece, and sperm tail and the presence of
cytoplasmic debris. The percentage of sperm
morphology was determined by counting at least 200
sperm in duplicate for each slide.

Sperm chromatin integrity

The status of sperm chromatin integrity was
assessed by toluidine blue (TB) staining, a
cytochemical test that is sensitive for sperm
chromatin condensation and DNA integrity evaluation
(22), TB staining 0.05% (Sigma Aldrich, Germany) was
prepared in Mcllvain (pH 3.5) buffer. First, a 10 pL
drop of sperm sample was placed and smeared on a
slide. After the smear was dry, the slides were
transferred into a fixation solution of ethanol: acetone
96% (1:1; JT Baker, USA) at 4 °C for 30 min. The slides
were transferred into 0.1 N hydrochloric acid (Sigma
Aldrich, Germany) and incubated at 4 °C for another 5
min. Following the hydrolysis step, slides were
immersed for 2 min in distilled water, and this rinsing
step was performed three times.

TB staining was continued by transferring the
slide into a 0.05% TB (Sigma Aldrich, Germany)
staining solution for 10 min. The slides were then
rinsed with distilled water and allowed to dry before
observation under a light microscope (Olympus CH-2,
Japan) under 100x magnification. Score 0 was given
to sperm with light blue staining which indicates that
the sperm contain normal chromatin integrity and
denotes TB negative staining (TB-). Scores 1 and 2
refer to sperm with abnormal chromatin integrity,
which were stained as dark blue and violet,
respectively. Scores 1 and 2 were denoted as TB
positive (TB+) (22), At least 200 sperm were counted
to obtain the percentage of sperm DNA damage
status.

Statistical analysis

Statistical analysis was performed using SPSS
version 22.0 software (SPSS Inc., Chicago, IL, USA).
One-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc analysis. The Kruskal-Wallis H test
was used to evaluate immunofluorescence intensity
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due to the lack of normality in the data distribution. A
p-value of <0.05 was considered statistically
significant.

RESULT

TOS and TAS in the testis

Measurement of TOS in the testis homogenate
demonstrated that the Wi-Fi group exhibited a
significant increase in TOS (1606.06 pumol H:0:
equiv./L * 667.42) compared with the control (0.00
umol H202 equiv./L * 0.00, p<0.001), sham Wi-Fi
(440.00 umol H:02 equiv./L * 23.8, p<0.001) and
control EBN group (4.87 umol H:02 equiv./L + 5.4,
p<0.001). By contrast, supplementation of 250 mg/kg
EBN to the Wi-Fi+EBN group led to a significant
decrease in TOS (24.66 pmol H202 equiv./L * 16.85,
p<0.001) compared with the Wi-Fi group (figure 24).

The TOS increment findings in the testis were
consistent with the decrease in TAS following Wi-Fi
exposure. In these findings, the reduction in TAS in
the Wi-Fi group (0.13 mmol Trolox equiv./L * 0.08)
was significant compared with that in the control
(2.53 mmol Trolox equiv./L * 0.12, p<0.001) and
sham Wi-Fi groups (2.83 mmol Trolox equiv./L *
0.06, p<0.001). Supplementation of 250 mg/kg EBN
to the Wi-Fi+EBN group demonstrated no significant
changes in TAS (0.46 mmol Trolox equiv./L * 0.22,
p>0.05; figure 2B).
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Figure 2. (A) Total oxidant status (TOS) in the testis. Data were
reported as mean + SEM with n = 6 for each study group. a
showed a significant difference compared with the control
group, b showed a significant difference compared with the

EBN control group, d showed a significant difference
compared with the sham Wi-Fi group and e showed a
significant difference compared with the Wi-Fi + EBN group.
(B) Total antioxidant status (TAS) in the testis. Data were
reported as mean + SEM with n = 6 for each study group. a
showed a significant difference compared with the control
group, b showed a significant difference compared with the
EBN control group and c showed significant difference
compared with the sham Wi-Fi group.

The 8-OHdG expression in the testis

The expression of 8-hydroxy-2'-deoxyguanosine
(8-OHAQG) in the testis was evaluated to confirm the
presence of oxidative stress in the testis due to Wi-Fi
exposure. In the Wi-Fi group, immunofluorescence
staining revealed a significant increase in 8-OHdG
expression in the testis. However, in the Wi-Fi + EBN
group, supplementation with 250 mg/kg EBN
resulted in a substantial decrease in 8-OHdG
expression (figure 3).

Control

Sham Wi-Fi

Wi-Fi+EBN

-

Figure 3. Immunofluorescence staining on sections of the
testis for the expression of 8-OHdG by using Alexa Flour 488,
with excitation and emission wavelengths of 490 and 525 nm,
respectively. Positive staining is represented by green
fluorescence signal (arrow). (a) Control group (b) control EBN
group (c) Wi-Fi group (d) sham Wi-Fi group (e) Wi-Fi + EBN
group, and (f) staining positive control by using rectum
adenocarcinoma tissue section. For each section, Hoechst
33342 was used to counterstain the cell nuclei, as indicated by
the blue signal. All observations were conducted under 200x
magnification.

Kruskal-Wallis H analysis determined the
significant differences in green immunofluorescent
signal intensity measured by Image] software
between groups (chi-square = 43.53, p<0.001, df = 4).
In this analysis, the Wi-Fi group showed the highest
staining intensity among the tested group. At the
same time, the intensity of green staining in the other
groups remained low. Moreover, the administration
of EBN in the Wi-Fi+EBN group decreased the
expression of 8-OHdG in the testis (figure 4).

Evaluation of the Sperm Quality
Sperm concentration

Evaluation of the sperm concentration
demonstrated that the Wi-Fi group (59.1 x 10¢/mL *
3.77) showed a significant decrease in sperm
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concentration compared with the control group (94.4
x 106/mL * 7.28, p<0.001) and sham Wi-Fi groups
(84.4 x 106/mL * 2.02, p<0.05).

By contrast, the control EBN group (134.0 x 106/
mL * 6.77) showed a significant in-crease compared
with the control group (944 x 106/mL + 7.28,
p<0.001). Notably, EBN supplementation to the
Wi-Fi+EBN group (78.9 94.4 x 106/mL # 3.28) caused
a significant increase in sperm concentration
compared with the Wi-Fi group (59.12 x 106/mL *
3.77, p<0.001; figure 5A).
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Figure 4. Green immunofluorescence intensity measured by
Image J is presented as median + SEM (n = 6). The
Kruskal-Wallis H test showed significant differences * among
the groups (chi-square = 24.84, p = 0.000, df = 2).
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Figure 5. (A) Sperm concentration (10%/mL) for each group.
Data were reported as mean + SEM with n=6 for each group. a
showed a significant difference compared with the control
group, c showed a significant difference compared with the Wi
-Fi group, d showed a significant difference compared with the
sham Wi-Fi group, and e showed a significant difference
compared with the Wi-Fi+ EBN group. # indicates a significant
increase by T-test compared with the Wi-Fi group. (B)
Percentage of motile sperm for each group. Data were
reported as mean + SEM with n=6 for each group. a showed a
significant difference compared with the control group, and b
showed a significant difference compared with the EBN
control group, and d showed a significant difference compared

with the sham Wi-Fi group.

Sperm motility

A significant decrease also occurred in sperm
motility parameters in the Wi-Fi group (33.9% #
2.31) compared with the control group (47.7% =*
2.55, p<0.05). Moreover, we found no significant
increase in the percentage of motile sperm in the
Wi-Fi+EBN group (26.5% +* 2.66, p>0.05) compared
with the Wi-Fi group (33.9% * 2.31; figure 5B).

Sperm viability
Although the motility of the sperm was affected
by Wi-Fi exposure, we found no significant decrease
in the percentage of viable sperm in the Wi-Fi group
(22.3% = 1.11, p>0.05) compared with the control
group. Supplementation of EBN to the Wi-Fi+EBN
group (16.5% + 1.25, p>0.05) also showed no
significant increase compared with the Wi-Fi group.
Only the control EBN (30.6% #* 1.72) group
showed a significant increase compared to the
control (19.1% * 2.12, p<0.001), Wi-Fi (22.3% * 1.11,
p=0.005), sham Wi-Fi (17.7% % 0.96, p<0.001) and
Wi-Fi+EBN (16.5% + 1.25, p<0.001) groups (figure
6).
350

a,c,de

Sperm viability (%)

0.0

Control Control EBN Wi-Fi Sham Wi-Fi Wi-Fi+EBN
Figure 6. Percentage of viable sperm for each group. Data
were reported as mean + SEM with n=6 for each group. a
showed a significant difference compared with the control
group. ¢ showed a significant difference compared with the Wi
-Fi group. d showed a significant difference compared with the
sham Wi-Fi group. e showed a significant difference compared
to the Wi-Fi + EBN group.

Sperm morphology

Exposure to Wi-Fi also affected the development
of sperm morphology. Figure 7 shows that, the
percentage of sperm with normal morphology was
the lowest in the Wi-Fi group compared with the
other groups. The comparison within each group was
significant based on Kruskal-Wallis H analysis
(Chi-square = 15.90, p<0.01, df=4).

At the same time, the supplementation of EBN in
the Wi-Fi+EBN group restored the percentage of
sperm with normal morphology to a level equivalent
to the control group.

Sperm chromatin integrity

Besides affecting sperm morphology, long-term
Wi-Fi exposure from pre-pubertal to adult age also
caused a decrease in sperm chromatin integrity.
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Figure 8 shows that, Wi-Fi exposure caused a
reduction in the number of sperm with negative
toluidine blue (TB) staining but an increase in
positive TB staining. Negative TB staining represents
the percentage of sperm with normal chromatin
integrity, whereas TB positive represents sperm with
impaired chromatin integrity.

The Kruskal-Wallis H test revealed there was a
significant difference in negative TB (chi-square =
34.20, p<0.001, df=4) and positive TB staining
(chi-square = 34.01, p<0.001, df=4) in the Wi-Fi
group compared with the other groups.

100.00 B
4 =
_]_

*

+

8
g

g

8

96.00

Sperm with normal morphology (%)

95.00
Control Control EBN Wi-Fi Sham Wi-Fi ~ Wi-Fi+EBN

Figure 7. Percentage of sperm with normal morphology for
each group. Data were reported as median + SEM with n=6 for
each group. The Kruskal Wallis H test showed a significant
difference marked with * between the Wi-Fi group and the
other groups (chi square = 15.90, p<0.01, df=4).
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Figure 8. Percentage of sperm chromatin integrity for each

group. Data were reported as median + SEM with n=6 for each
group. The Kruskal-Wallis H test showed a significant

difference between the groups for TB negative * (chi square =

34.20, p<0.001, df=4) and TB positive ** (chi square = 34.01,

p<0.001, df=4).

DISCUSSION

In this study, three-week-old Sprague Dawley
male pups were continuously exposed to Wi-Fi for 14
weeks. As a result of this prolonged Wi-Fi exposure,
total oxidant status (TOS) significantly increased,
whereas total antioxidant (TAS) significantly
decreased. The imbalanced state between TOS and
TAS is defined as oxidative stress (23). Similar findings
of the imbalance between oxidant and antioxidant
following Wi-Fi exposure were reported previously
in which the reactive oxygen species (ROS) and
malondialdehyde (MDA) in the testis significantly

increased (7824, At the same time, the antioxidant
enzymes including superoxide dismutase (SOD) and
glutathione peroxidase (GPx) were found to be
reduced (72425, Although the current findings were
consistent with a previous report, the earlier
investigation used adult animals, whereas the
present study exposed the animals at a pre-pubertal
stage. These comparable findings implied that
excessive Wi-Fi use may result in the development of
oxidative stress in the testis regardless of age. Given
that young testis is still developing and may be
vulnerable to the radiofrequency radiation (RFR)
emitted by Wi-Fi devices, whether young testis is
prone to have higher oxidative stress status than
adults is unknown. Future research may compare
adolescent and adult models to fully comprehend this
knowledge gap.

How RFR as non-ionizing radiation can contribute
to the development of oxidative stress upon Wi-Fi
exposure remains unclear. Theoretically, the RFR
emitted from Wi-Fi exposure can be absorbed into
tissues. The absorption of RFR changes the dielectric
properties of water molecules (26), induces collision
and vibration, and generates heat (27). This generation
causes a thermal effect. However, continuous
absorption of this energy will further cause friction
between the moving clusters of water molecules. This
phenomenon causes the water to lose viscosity and
partially undergo irreversible decomposition (28), As a
result, the intracellular bond breakage will generate
various ROS, particularly hydroxyl radical (HOs) 27,
Hydroxyl radicals have been reported to be the most
aggressive form of ROS. The generation of ROS over
time under Wi-Fi exposure may have led to oxidative
stress in the testis of the exposed rat pups.

ROS such as HOe, hydrogen peroxide (H202), and
superoxide anions (027) has a very short half-life
(2930), Thus, ROS destruction in samples during
analysis is unavoidable during analysis. Despite
adopting TOS measurement kit recommendations to
minimize ROS destruction, uncontrolled ROS
destruction may still occur. This phenomenon
resulted in a diversity of values, which caused a
different average reading for each animal,
contributing to the high standard error of the mean
(SEM) value recorded in the Wi-Fi group.

The oxidative stress activity in the testis was
further validated by the significant increase of
8-hydroxy-2'-deoxyguanosine (8-OHdG) expression
in the Wi-Fi group. The obtained data were
consistent with a previous study, which also found a
rise in 8-OHdG expression in the serum and testis of
adult Wistar Albino rats following 20 weeks of Wi-Fi
exposure 9. As 8-OHdG is closely associated with
disruption of chromatin remodeling (132, the
increase in 8-OHdG expression in the testis of the
Wi-Fi group might explain the noticeably high
percentage of compromised chromatin integrity.
Given that sperm morphology and sperm chromatin
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integrity are closely connected to each other (3334,
impairment of sperm chromatin integrity may
explain the reduction in sperm with normal
morphology in the Wi-Fi group. Furthermore, the
current findings on the sperm chromatin integrity
may shed light on the considerable rise in sperm DNA
fragmentation after Wi-Fi exposure as frequently
reported in previous studies (3536). Thus, the harm
brought on by Wi-Fi exposure also resulted from non
-thermal effects involving ROS activity.

Other than sperm chromatin integrity and sperm
morphology changes, long-term Wi-Fi exposure from
pre-pubertal to adult age also caused a significant
decrease in sperm concentration and motility. Similar
effects of Wi-Fi on sperm concentration (3.7.2537-39)
and sperm motility (7.333940) were also reported in
previous research. Although the decrease in sperm
concentration was initially attributed to the thermal
effect, the occurrence of oxidative stress in the
testis also became a contributing factor. The
spermatogonia mitotic status decreased even though
the key protein regulators of spermatogonia mitosis,
c-Kit and stem cell factor, did not significantly change
following Wi-Fi exposure (). Thus, the occurrence of
oxidative stress in the testis may have changed both
protein structures rather than altering their
expression. This notion is postulated in light of
previous research that demonstrated elevated
TOS-induced oxidative stress can result in protein
degradation, lipid peroxidation, and DNA damage
(4142),  Occurrence of oxidative stress, which
subsequently disrupts the protein structure, may
eventually lead to a decrease in sperm concentration.

As for sperm motility, this sperm parameter is
dependent on the fluidity of the sperm membrane,
which in turn is dependent on the ratio of
polyunsaturated fatty acids (PUFAs) to protein 43). As
a result of the numerous double chains in the PUFAs,
the sperm membrane is more vulnerable to ROS
attack and ROS cascading effect. Oxidative stress in
the testis following Wi-Fi exposure may cause sperm
membranes to be strongly susceptible to oxidative
damage, thereby impairing sperm membrane fluidity
and causing the observed reduction of sperm motility
in the Wi-Fi group.

Previous studies demonstrated that administering
antioxidative supplements improves the oxidative
stress status in the liver (445 eye, testis, and
erythrocyte (46) after exposure to RFR. Thus, this
recent study adopted a similar approach by
implementing the supplementation of 250 mg/kg
EBN daily to the Wi-Fi + EBN group. Interestingly,
EBN supplementation significantly reduced TOS.
Despite the profound decrease in TOS, TAS did not
significantly increase with EBN supplementation.
This finding might be due to the antioxidants in EBN
being utilized to ameliorate the elevated TOS activity
by Wi-Fi exposure.

A decrease in 8-OHdG expression in the testis

after EBN supplementation in the Wi-Fi+EBN group
further validated the ability of EBN to improve
overall oxidative stress status. This result was due to
the ROS activity that typically causes changes in the
DNA bases, especially guanine, because it has the
lowest oxidation potential of the four bases.
Following the low oxidation potential of the guanine
base, ROS, especially HOe, will cause oxidation of the
guanine base. This oxidation will cause the formation
of C8-hydroxyguanine (8-OHGua) or deoxyguanosine
(8-hydroxy-2'-deoxyguanosine). With the rejection of
one electron, 8-OHdG is formed ©“7). Therefore, low
TOS activity indicated low ROS activity toward DNA
bases and led to the low 8-OHdG formation in the
Wi-Fi+EBN group. By significantly reducing 8-OHdG
expression, the sperm chromatin integrity and
sperm morphology in the Wi-Fi+EBN group, were
preserved. Restoring the sperm chromatin integrity
in an intact state may prevent aberrant genetic
transmission to the next generation.

Furthermore, alleviating the oxidative stress
status by supplementation of EBN to the Wi-Fi+EBN
group  significantly  increased the  sperm
concentration. The increase in the sperm
concentration was consistent with the increase in
spermatogonia mitosis status in the Wi-Fi+EBN
group documented previously ©). In our previous
report, the increase of the spermatogonia mitosis
status was thought to be due to the changes in serum
FSH level, but the results in this study suggested that
the restoration of oxidative stress also played an
additional factor in improving the overall mitosis
status. Unfortunately, supplementation of EBN to the
Wi-Fi+EBN group did not show any significant
changes in sperm motility and sperm viability
parameters compared with the Wi-Fi group.

Overall, these findings affirmed the antioxidative
effect of EBN on the testis. According to Ghassem
et al. 48), the protein hydrolysates in EBN are an
excellent source of natural antioxidants. Most of the
compounds discovered in the EBN employed in this
study were amino acids (). As amino acids are the
building blocks of protein, their presence could be
the source of EBN’s antioxidant capabilities. Previous
reports also described the presence of vitamins A, C,
and D (9. Although the role of vitamins A 69 and D
(51) as antioxidants remains controversial, vitamin C is
well-known for its anti-oxidative effects (52).

Vitamin C, which is naturally present in high
amounts in  Sertoli cells and pachytene
spermatocytes, helps maintain a-tocopherol in an
active state 53). As Sertoli cells play a vital role in
spermatogonia mitosis during spermatogenesis, the
presence of vitamin C in EBN might contribute to the
significant increase in sperm concentration in the
Wi-Fi+EBN group ).

Other than vitamin C, previous elemental analysis
of EBN demonstrated the presence of zinc 54, a core
constituent of a free radical scavenging enzyme SOD
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(53). By having such an essential antioxidant role, both
vitamin C and zinc have a profound effect on the level
of oxidative stress experienced by the testis,
particularly in preventing lipid peroxidation. Thus,
preservation of the lipid membrane, may ensure the
integrity of the chromatin status and contribute to
reducing 8-OHdG.

However, further research will be needed to
identify the precise mechanism through which EBN
enhances the antioxidant system in the testis after
exposure to Wi-Fi. As EBN is a natural product of
various complex compounds, more than one
substance might have worked synergistically to
produce the observed antioxidative effect. The
isolation of EBN's active antioxidant substance and
comparison to another known antioxidant could
reveal the mechanism by which EBN played its
antioxidative role.

CONCLUSIONS

In conclusion, the Ilong-term exposure of
developing rat pups to Wi-Fi throughout the
pre-pubertal age to adulthood caused oxidative
stress in the testis. EBN supplementation at a dose of
250 mg/kg per day in young rats that received Wi-Fi
exposure demonstrated a positive discovery in
reducing oxidative stress in the testis. Despite the
recommendation to minimize Wi-Fi exposure hours,
maintaining the antioxidant status quo as an
additional preventive measure is advisable. On the
basis of these findings, EBN supplementation
demonstrated high potential in combating the effect
of daily radiation coming from the current Wi-Fi
technology. Positive proliferative effects, hormonal
content, and antioxidant properties may help to
overcome male fertility problems that are often
multifaceted, especially in this digital era.
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