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Abstract

The brain and testes are connected via the hypothalamic–pituitary–gonadal (HPG) axis.
Both are vulnerable to radiofrequency electromagnetic radiation (RF-EMR). However, no
comprehensive study had evaluated the effects of RF-EMR on key hormones along this
axis. Hereby, this study evaluated the effect of RF-EMR on the hormonal changes along the
axis, including the neuropeptide kisspeptin. A total of 18 (N = 18) adult Sprague–Dawley
rats were divided into three groups (n = 6): Control, 4 h, and 24 h. The Control group
was sham-exposed to an inactive router. The exposed groups were subjected to 2.45 GHz
RF-EMR for 4 and 24 h daily, for 60 days at a 20 cm distance. The power density was
0.141 W/m2 with a whole-body specific absorption rate (SAR) of 0.41 W/kg. No significant
changes were observed in hypothalamic Kiss1 gene expression or serum kisspeptin levels.
GnRH levels increased significantly in both exposed groups, while FSH and LH remained
unchanged. Testicular testosterone was significantly reduced in the 24 h group, while serum
testosterone was elevated in the 24 h group compared to the 4 h group. In conclusion,
prolonged 2.45 GHz RF-EMR exposure caused selective changes in components of the HPG
axis, particularly involving GnRH and testosterone, suggesting potential endocrine effects
on male reproductive regulation.

Keywords: kisspeptin; GnRH; FSH; LH; RF-EMR; testosterone

1. Introduction
The impact of radiofrequency electromagnetic radiation (RF-EMR) from wireless

devices on the male reproductive system has been the subject of numerous studies. RF-
EMR emitted from wireless devices is one of the spectrums in the electromagnetic field
(EMF) and classified as non-ionizing radiation. It is well known that non-ionizing radiation
lacks the energy to break the chemical bond of a molecule [1]. Nevertheless, the fluid
nature [2] and the high-water composition of the testes [3] consequently allow for the
absorption of energy from the radiation, making it one of the most susceptible organs
towards RF-EMR exposure [4,5].
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One of the widely reported parameters that was affected by the RF-EMR exposure in
animal studies is the testicular structure, which showed various degenerative changes [6–8].
In addition, there is also an increase in evidence that shows the testicular internal niche
was in imbalance due to inflammation [9] and oxidative stress [6,10]. Consequently, the
disturbance of the testicular microenvironment was reflected in compromised sperm quality,
including reduced sperm concentration [11,12], motility and viability [13]. On the same note,
it was also reported that there was an increase in sperm DNA damage [14,15] following the
RF-EMR exposure.

Apart from the testes, the brain was another organ that was susceptible to RF-EMR
exposure [16–18], partly due to its similar characteristics with the testes on fluidity [19,20].
Interconnected through the hypothalamus–pituitary–gonadal (HPG) axis, the brain reg-
ulates spermatogenesis in the testis through a strict regulation of the male reproductive
hormones [21]. The hypothalamus initiates this regulatory process by the pulsatile release
of the gonadotropin-releasing hormones (GnRH) [22]. GnRH secretion is, in turn, regulated
by kisspeptin (Kp), a neuropeptide produced by Kiss1-expressing neurons [23] found in
the hypothalamic region of the brain [24]. It is the modulation of Kp that determines the
pulsatile release of GnRH [24,25].

Once released, the GnRH stimulates the anterior pituitary to secrete luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH) [26]. LH exerts its effect on Leydig cells
in the testes to induce secretion of testosterone, while FSH targets Sertoli cells to support
proper spermatogenesis [27]. Eventually, testosterone exerts negative feedback on the
hypothalamus and the anterior pituitary, which subsequently causes declining secretion of
the Kp, GnRH, FSH and LH [28].

Though the outcome of the RF-EMR exposure highlighted the damaging effect on
male reproductive organs and spermatogenesis outcome, the broader impact on hormonal
changes along the HPG axis remains underexplored. As both the brain and the testes are
susceptible organs to RF-EMR exposure, they are interlinked via hormonal communication,
and any hormonal disruptions could significantly affect male reproductive outcomes.

Since hormonal balance is crucial to maintain spermatogenic function properly, this
study aimed to evaluate the changes in key hormones of the HPG, including Kp, following
exposure. It is imperative to understand the potential consequences of RF-EMR from Wi-Fi
devices on male reproductive hormone holistically for developing strategies to mitigate
these effects while maintaining continuous Wi-Fi exposure.

2. Results
2.1. The Expression Level of Kiss1 mRNA

Kiss1 mRNA expression was normalized against the mRNA expression of β-actin
and glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Data were expressed as log2 fold
change relative to the Control group (Figure 1). No significant differences in Kiss1 mRNA
expression among the groups. The comparison between the Control and 4 h groups yielded
a 95% confidence interval of [−2.623, 5.470] (p = 0.6145). Similarly, no significant difference
was observed between the Control and 24 h groups, with a 95% confidence interval of
[−4.374, 4.157] (p = 0.9973).

2.2. The Kisspeptin Level in the Serum

Serum kisspeptin levels did not show any significant differences among the groups
exposed to different durations of 2.45 GHz RF-EMR (Figure 2).
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Figure 1. Log2 Fold Change in Kiss1 mRNA expression across experimental groups. Data were
expressed as relative fold change compared with the Control group (baseline = 0) and presented as
mean ± SEM (n = 6). No significant difference between the groups.
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Figure 2. Serum kisspeptin levels in each experimental group. Data were presented as mean ± SEM
(n = 6). No significant difference between the groups.

2.3. Gonadotropin-Releasing Hormone (GnRH) Level in the Serum

Although no significant changes were observed in serum Kp levels, a significant
increase in serum GnRH levels was recorded in the 4 h and 24 h exposed groups compared
to the Control group (Figure 3).

2.4. Follicle-Stimulating Hormone (FSH) and Luteinizing Hormone (LH) Level in the Serum

The results also demonstrated that there were no significant changes in serum FSH
and LH levels in both exposed groups compared to the Control group (Figures 4 and 5).
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Figure 3. Serum GnRH levels in each experimental group. Data was presented as mean ± SEM
(n = 6). a indicates a significant difference between the 4 h and 24 h groups compared with the Control
group (p < 0.05). No significant difference between other groups.
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Figure 4. Serum FSH levels. Data was presented as mean ± SEM (n = 6). No significant differences
between the group.

2.5. Testosterone Level in the Serum and Testicular Tissue

Significant changes in testosterone levels were recorded in both serum and testicular
tissue. Serum testosterone levels in the 24 h exposed group (3.14 ng/mL ± 0.3996) were
significantly higher than those in the 4 h exposed group (1.76 ng/mL ± 0.2955, p < 0.05)
(Figure 6). However, no significant differences were observed between either the exposed
group or the Control group.

In contrast, intratesticular testosterone levels in the 24 h exposure group (0.1664 ± 0.003 units)
were significantly lower than those in the Control group (0.1959 ± 0.0086 units, p < 0.05)
(Figure 7).
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Figure 5. Serum LH levels. Data was presented as mean ± SEM (n = 6). No significant differences
between the groups.
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Figure 6. Serum testosterone levels. Data was presented as mean ± SEM (n = 6). b indicates a
significant difference between the 24 h and 4 h groups (p < 0.05). No significant difference between
other groups.
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Figure 7. Testosterone levels in testicular tissue. Data was presented as mean± SEM (n = 6). a indicates
a significant difference between the 24 h group and the Control group (p < 0.05). No significant
difference between the other groups.
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3. Discussion
Testosterone [11,12,29,30], FSH and LH [31] are among the hormones previously inves-

tigated in several studies concerning the RF-EMR exposure from wireless devices. However,
the effect of RF-EMR on the full spectrum of hormones along the hypothalamic–pituitary–
gonadal (HPG) axis, including the key regulator kisspeptin (Kp), remains poorly under-
stood. To the best of our knowledge, few studies have simultaneously evaluated multiple
hormonal components across the HPG axis despite growing interest in RF-EMR exposure.

In this study, no significant changes were observed in Kiss1 mRNA levels in the hy-
pothalamic tissue of male rats exposed to 2.45 GHz RF-EMR. Consistently, no significant
changes were also recorded in serum Kp levels following exposure. Notably, the corre-
sponding wavelength at this frequency is approximately 12.2 cm [32], which is theoretically
sufficient to penetrate the rat skull [33] and reach the underlying brain tissue where it could
potentially influence Kiss1 mRNA and protein expression. Yet, the extent to which this
translates into biological effects on Kiss1 expression remains uncertain.

However, as the exposure was conducted at 20 cm, the effective energy delivered to
the brain may have been attenuated, potentially reducing the effective dose delivered to
hypothalamic regions. The exposure device was positioned 20 cm from the animal cages,
consistent with previous rodent studies [7,31,34] and aligned with international safety
guidelines from the Federal Communications Commission (FCC) and International Com-
mission on Non-Ionizing Radiation Protection [35,36], thereby ensuring far-field exposure
conditions that approximate realistic user–device separation.

Additionally, the animals were freely moving within the cage, leading to variable
orientation and inconsistent exposure of specific anatomical regions, particularly the head,
thereby introducing exposure heterogeneity across animals. Nevertheless, this setup was
applied to enable prolonged exposure, up to 24 h per day for two months, to imitate
real-life exposure. Therefore, the lack of observable changes in hypothalamic Kiss1 mRNA
expression and serum Kp levels may be attributed to insufficient or inconsistent exposure
of the target brain regions. Future studies may consider positioning the emitting device
in closer proximity to the animal’s head with controlled movement restriction to achieve
more localized and consistent RF-EMR exposure.

The lack of changes in serum Kp levels may also reflect the complex sources and
circulation of Kp. Centrally produced Kp is largely confined to the hypophyseal portal
circulation, with only a small fraction entering systemic circulation, and it generally cannot
cross the blood–brain barrier (BBB) [37–40]. The small amount of Kp detected in serum
may originate from peripheral tissues such as the liver, which also produces and secretes
Kp into the blood [41]. This variability may potentially confound systemic measurements.
To address these limitations, future studies could evaluate Kp levels directly in the hy-
pophyseal portal blood, which would provide a more accurate assessment of its central
regulation of GnRH secretion.

Regardless of the lack of changes in Kp levels, GnRH levels were significantly elevated
in both exposed groups. This may suggest that exposure to 2.45 GHz RF-EMR influences
GnRH secretion through mechanisms that are not solely dependent on Kp signaling.
However, this suggestion remains hypothetical as Kp was measured only in serum despite
its pulsatile release and confinement to the hypophyseal portal circulation. In this context,
it is postulated that RF-EMR from 2.45 GHz exposure can trigger significant non-thermal
effects on hypothalamic structures. One proposed non-thermal mechanism involves the
production of reactive oxygen species (ROS) and a reduction in antioxidant defenses, which
has been reported in previous studies to contribute to oxidative stress in neural tissues [42]
and subsequent disruption of neuroendocrine homeostasis [30]. However, this was not
directly measured in the present study.
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The downstream effect of GnRH is to stimulate the anterior pituitary for the release
of LH and FSH [21]. In the present study, no significant changes were recorded in the
serum LH and FSH levels despite the significant increase in GnRH in both exposed groups.
One possible explanation is that sustained elevation of GnRH may induce desensitization
of GnRH receptors on pituitary cells [22,43]. Physiologically, GnRH must be secreted
in a pulsatile manner to prevent receptor desensitization and to effectively stimulate
gonadotroph cells to release LH and FSH [22]. The elevated GnRH observed in both
exposed groups may therefore have exerted a tonic effect on pituitary gonadotrophs,
resulting in unchanged LH and FSH levels.

LH secretion is also regulated by testosterone-mediated negative feedback [44]. No-
tably, serum testosterone levels were significantly higher in the 24 h group compared to
the 4 h group. The increase in the testosterone level may have been sufficient to reduce LH
pulse amplitude and prevent excessive Leydig cell stimulation [43], thereby contributing to
the absence of significant LH changes in the 24 h group. Interestingly, testicular testosterone
levels were significantly reduced in the 24 h group compared to controls, which may reflect
a decline in Leydig cell steroidogenic capacity. Previous studies have also reported reduced
testosterone levels in Leydig cells after being exposed to RF-EMR [29]. This impairment
may be associated with changes in testicular histomorphometry following 2.45 GHz expo-
sure. Supporting findings from a parallel study demonstrated edema formation between
seminiferous tubules [8], potentially affecting Leydig cells located in the interstitial space.
Additionally, oxidative stress resulting from an imbalance between ROS production and an-
tioxidant capacity in testicular tissue [11,45,46] may contribute to disruption of testosterone
production, although this was not directly assessed in the present study.

The discrepancies between serum and testicular testosterone suggest that the elevated
serum testosterone after 24 h exposure does not necessarily indicate increased testicular
biosynthesis. It may instead result from delayed metabolic clearance or disrupted hormone
transport. RF-EMR exposure has been suggested to interfere with hepatic testosterone
metabolism [47]. Testosterone is metabolized by cytochrome P450 enzymes in the liver
into inactive metabolites such as androsterone and etiocholanolone [48]. RF-EMR has
been associated with mitochondrial dysfunction and increased oxidative stress in hepatic
and reproductive tissues [49,50], potentially impairing enzymatic activity and reducing
testosterone clearance, thereby increasing its serum circulating levels. However, enzymatic
or kinetic parameters were not evaluated in this study.

RF-EMR exposure may also influence serum testosterone through alterations in
hormone-binding dynamics. In circulation, testosterone exists bound strongly to sex
hormone-binding globulin (SHBG), loosely to albumin, or in a free biologically active
form [46]. Reduced SHBG levels could potentially disrupt the balance between bound and
free testosterone and impair hormonal clearance, contributing to prolonged elevation of
serum testosterone [46].

Taken together, the present findings suggest that prolonged exposure to 2.45 GHz
RF-EMR may influence selected components of the HPG axis through mechanisms partially
independent of Kp signaling, possibly involving non-thermal modulation of hypothalamic
GnRH regulation and downstream alterations in testosterone dynamics. However, these
mechanisms remain hypothetical due to several limitations. In particular, Kp levels were
measured only in serum rather than in the hypophyseal portal circulation, and oxidative
stress markers were not assessed. Furthermore, enzymatic activity and kinetic parameters
underlying hormonal metabolism were not evaluated, limiting mechanistic interpretation.
The use of whole-body exposure with freely moving animals may have resulted in variable
energy delivery to specific target tissues, particularly the brain. In addition, the relatively
small sample size may limit the statistical power to detect subtle biological effects, and
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the absence of blinding may introduce potential bias despite the use of standardized
procedures. Therefore, these findings should be interpreted with caution, and larger-
scale studies incorporating localized exposure assessment, mechanistic biomarkers, and
functional reproductive outcomes are warranted to validate and extend these observations.
Despite these limitations, this study provides a comprehensive evaluation of multiple HPG
axis components under realistic exposure conditions and adds important insight into the
endocrine effects of chronic 2.45 GHz RF-EMR exposure.

4. Materials and Methods
4.1. Animals

A total of 18 (N = 18) adult male Sprague–Dawley rats of 8-week-old were obtained
from the Laboratory Animal Resources Unit (LARU), Faculty of Medicine, Universiti
Kebangsaan Malaysia (UKM). The initial body weight of the rats was approximately
250 ± 50 g. During the selection process, the animals were screened to ensure the absence
of open wounds, abnormal growths, or deformities.

The rats were randomly and equally divided into three groups, with six rats (n = 6)
in each group. In the absence of specific standardized guidelines for RF-EMR exposure in
rodent models, the sample size was based on OECD Test Guideline 407, which recommends
five males and five females. Nevertheless, six male rats per group were employed in
accordance with institutional ethics committee approval and in alignment with the study’s
targeted evaluation of male reproductive outcomes while adhering to the principle of
reduction in animal use.

Each rat in each group was housed individually in a well-ventilated plastic cage
(43 cm length × 16 cm wide × 29 cm height) without any movement restriction. The
cages were placed in separate rooms within the animal house of the Faculty of Science and
Technology, UKM. The animals were supplied with food pellets, clean tap water ad libitum
and maintained in a controlled environment with an ambient temperature of 23 ± 5 ◦C and
a 12:12 h light–dark cycle.

Throughout the experiment, daily animal monitoring was conducted to ensure the
animals were not under any distress. Blinding was not feasible due to limited personnel
resources. However, standardized procedures were applied consistently across all groups
to minimize potential bias. Upon completion of the exposure, each animal was euthanized
with a Ketamine–Tiletamine–Xylazine (KTX) cocktail intraperitoneally. All animal proce-
dures were approved by the UKM Animal Ethical Committee (UKMAEC) with the approval
reference number FP/2023/FARAH HANAN/15-FEB./1305-FEB.-2023-SEPT.-2024.

4.2. Exposure Setting

This study employed a TP-LINK AC570 Wireless Dual Band Wi-Fi Router Archer C20
(Shenzhen, China), which was equipped with three omnidirectional antennas. Among
the three antennas, two generate a 2.45 GHz frequency, while one antenna generates a
5 GHz frequency. For this study, only the 2.45 GHz antennas were activated, whereas the
single 5 GHz antenna was deactivated. According to the Maximum Permissible Exposure
(MPE) report for this router, the power density of the antenna is 0.141 W/m2 for a 2.45 GHz
frequency emission at a distance of 20 cm with a constant antenna gain of 3 dBi.

The three experimental groups in this study consist of the Control, 4 h, and 24 h groups.
No movement restrictions were applied to the animals, as the exposure was conducted 24 h
per day over 60 consecutive days. All the animal cages were positioned 20 cm away from
the router. Through this setting, the animals in the exposed groups received a whole-body
exposure with a SAR estimation of 0.41 W/kg.
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The Control group served as sham exposed because the rats in this group were placed
and maintained under the same conditions as the exposed groups, except that the router
was turned off. In contrast, the 4 h and 24 h groups were exposed to an active Wi-Fi
router for 4 h and 24 h daily, respectively. For the group that received Wi-Fi exposure,
the Wi-Fi router was actively communicating with a Raspberry Pi computer (Cambridge
University, Cambridge, UK) using a ping protocol via Bitvise SSH client version 8.18
software (Slovenia, Hungary, and USA). A total of 10 pings were sent each minute, and
communication between the devices was done through the 802.11b/g/n standard.

To minimize the effects of external RF-EMR, aluminum foil was used to cover the walls
of the exposure room, creating a Faraday cage effect. This setup also prevented animals in
adjacent rooms from receiving signals from the exposure settings.

4.3. Serum, Testicular and Brain Tissue Sampling

Upon completion of the exposure, all the animals were euthanized, and the blood was
drawn immediately via cardiac puncture. The blood was collected in BD Vacutainer SST II
Advance Plus Blood Collection Tube (BD, Franklin Lakes, NJ, USA) and left undisturbed
for at least 30 min at room temperature. Subsequently, the collection tubes were centrifuged
at 1500× g for 10 min at 4 ◦C. The resulting serum was aliquoted and stored at −80 ◦C
until analysis.

For testicular tissue sampling, both testes were meticulously dissected and cleaned of
surrounding adipose tissue before being weighed and measured. One testis was preserved
in 10% buffered neutral formalin (Merck, Darmstadt, Germany), while the other was
snap-frozen in liquid nitrogen and stored at −80 ◦C for the subsequent hormonal analysis.

To collect the hypothalamus, the rat was further euthanized by decapitation by using
a guillotine. The skull was carefully opened, and the brain was removed. There are
two main populations of Kiss1-expressing cells, including the preoptic hypothalamic area
(POA) and the mediobasal area of the hypothalamus (MBH). In rodents, POA is located
within the rostral periventricular area of the third ventricle (RP3V), which includes the
anteroventral periventricular nucleus (AVPV) and the adjacent preoptic periventricular
nucleus. In contrast, the MBH population is found throughout the arcuate nucleus of
the hypothalamus (ARH) [24]. The hypothalamus was dissected from the ventral region
adjacent to the pituitary gland to ensure that all these regions were included. The harvested
hypothalamus tissues were then immediately preserved in RNAlater solution, followed
by a rapid snap-frozen procedure in liquid nitrogen. The hypothalamic samples were
subsequently stored at −80 ◦C until further analysis [51,52].

4.4. Evaluation of Kisspeptin mRNA Expression

Frozen hypothalamic samples were thawed and weighed to obtain 20 mg of tissue.
The hypothalamic tissue was homogenized in 350 µL of RNA Lysis Buffer Version 1 (RA)
(Macherey-Nagel, Düren, Germany) supplemented with 3.5 µL of 2-mercaptoethanol
using a syringe and needle [31]. Following this, the total RNA was extracted from the
homogenized samples using the NucleoSpin RNA Kit (Macherey-Nagel, Düren, Germany)
according to the manufacturer’s instructions. The extracted total RNA was eluted in
60 µL of RNase-free water (Macherey-Nagel, Düren, Germany). RNA concentration was
measured using a NanoDrop DS-11+ spectrophotometer (DeNovix, Wilmington, DE, USA),
and RNA concentration was reported in ng/µL [31].

The purity of the total RNA extract was assessed using the NanoDrop spectropho-
tometer based on the absorbance ratio at 260/280 nm (A260/280). RNA samples with
A260/280 ratios ranging between 1.9 and 2.1 were considered suitable for quantitative
polymerase chain reaction (qPCR) analysis.
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Subsequently, the extracted RNA was reverse-transcribed into single-stranded comple-
mentary DNA (cDNA) using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Carlsbad, CA, USA). Reverse transcription was performed by combining
RNA with a master mix containing reverse transcription buffer, 100 mM deoxynucleotide
triphosphates (dNTPs), random RT primers, and MultiScribe™ Reverse Transcriptase. The
reaction conditions were as follows: 10 min at 25 ◦C, 120 min at 37 ◦C, and 5 min at 85 ◦C.
The synthesized cDNA was stored at −20 ◦C until further use.

The qPCR analysis of the Kp mRNA expression was performed using PrecisionPLUS
qPCR Master Mix (Primer Design, Manchester, UK). Each qPCR reaction consisted of 1 µL
of cDNA template, 0.4 µL of primer, 5 µL of 2× qPCRBIO SyGreen Blue Mix Lo-ROX, and
3.6 µL of nuclease-free water (Primer Design, Manchester, UK). Reactions were performed
in triplicate for each sample, with a final reaction volume of 10 µL. The Kiss1 primers
(Integrated DNA Technologies, Coralville, IA, USA) were used as the target gene, whereas
β-actin and Gapdh primers (Integrated DNA Technologies, Coralville, IA, USA) were used
as housekeeping genes. The detailed sequence of each primer is listed in Table 1.

Table 1. Primer sequence for the target and housekeeping gene.

Gene Primer Sequence (5′–3′) NCBI Accession
Number Product Size (bp)

Kiss1
Forward CTGCTGCTTCTCCTCTGTGTG

NM_181692 117Reverse CCAGGCATTAACGAGTTCCT

Gapdh Forward TCTCTGCTCCTCCCTGTTC NM_017008
XM_216453 120Reverse GTAACCAGGCGTCCGATAC

β-actin Forward TCACTATCGGCAATGAGCG
NM_031144 143Reverse GGCATAGAGGTCTTTACGGATG

Source: Oligonucleotide specification sheet, Integrated DNA Technologies, Inc. (https://www.idtdna.com).

The analysis was carried out using a CFX96™ Real-Time PCR System connected to a
C1000 Thermal Cycler (Bio-Rad, Hercules, CA, USA) under the conditions stated in Table 2.

Table 2. qPCR Cycling Protocol.

Step Temperature Duration Cycle

Enzyme activation
95 ◦C

2 min -
Denaturation 10 s

40Annealing 60 ◦C 60 s
Melt Curve 65–95 ◦C 5 s -

Source: Life Technologies Corporation (2011) [53].

Cycle threshold (Ct) values obtained for each sample were used to determine mRNA
expression levels using the relative quantification and comparative Ct method. Ct values
of the target gene were normalized against housekeeping genes and compared with the
Control group. Validation of the Kiss1 qPCR product was performed using agarose gel
electrophoresis to verify the expected amplicon size. This step was undertaken to ensure
that the primers produced a single band of the correct size, thereby confirming the specificity
and effectiveness of the amplification reaction.

4.5. Determination of Serum Kisspeptin, GnRH, FSH and LH

Frozen serum was thawed at room temperature to determine the serum levels of Kp,
GnRH, FSH, LH, and testosterone by using enzyme-linked immunosorbent assay (ELISA).
ELISA kits for Kp, FSH and LH (Wuhan, China) were based on the sandwich-ELISA
method. The ELISA microplates were pre-coated with specific antibodies against Kp, FSH
and LH.
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A total of 100 µL serum samples and standard solutions were added in duplicate into
separate wells of the microplate and incubated at 37 ◦C for 90 min. This was followed by
the addition of 100 µL of biotinylated detection antibody and incubation for 1 h. Subse-
quently, 100 µL of horseradish peroxidase (HRP) conjugate solution was added and further
incubated for 30 min and followed by five washing steps.

Subsequently, a total of 90 µL of substrate reagent was added and incubated for another
15 min until a blue color developed. Stop solution was then added, and the optical density
(OD) was measured at 450 nm using a SpectraMax Plus 384 Microplate Reader (Molecular
Devices, LLC, Downingtown, PA, USA). The OD values were directly proportional to the
concentrations of FSH, LH, and kisspeptin. Standard curves for kisspeptin, FSH and LH
were generated using a four-parameter logistic (4PL) regression model. An acceptable
correlation coefficient of r ≥ 0.98 (R2 ≥ 0.98) was considered indicative of good assay
performance. To eliminate inter-assay variability, all samples were analyzed within a single
batch. The intra-assay coefficient of variation (CV) for these kits was maintained below
10%. The limits of detection (LOD) were 46.88 pg/mL for Kp, 1.88 ng/mL for FSH, and
0.94 mIU/mL for LH.

Determination of GnRH and testosterone levels was performed using ELISA kits
based on the competitive ELISA method. Serum samples were used for the determination
of GnRH levels, while both serum and testicular homogenate samples were used for
testosterone analysis.

A total of 50 µL serum samples or testicular homogenate was added in duplicate into
separate microplate wells. About 100 µL of biotinylated antibody was added immediately
to each well. The microplate was incubated for 45 min at 37 ◦C. After one washing step,
100 µL of HRP-conjugated solution was added and incubated for an additional 30 min.

Following five washing steps, 90 µL of substrate reagent was added and incubated
for 15 min until a blue color developed. Subsequently, 50 µL of stop solution was added.
The optical density (OD) was measured at 450 nm using a SpectraMax Plus 384 Microplate
Reader (Molecular Devices, LLC, Downingtown, PA, USA). The OD values were inversely
proportional to the concentrations of testosterone and GnRH. Standard curves for GnRH
and testosterone were generated using a four-parameter logistic (4PL) regression model
as well, and an acceptable correlation coefficient of r ≥ 0.98 (R2 ≥ 0.98) was considered
indicative of good assay performance.

Consistent with the sandwich assays, the competitive ELISAs were executed in a
single batch to prevent batch-to-batch variation. The assays demonstrated an intra-assay
CV of less than 10%, with LODs established at 9.38 pg/mL for GnRH and 0.17 ng/mL
for testosterone.

4.6. Statistical Analysis

Statistical analysis for this study was performed using GraphPad Prism version 10
(GraphPad Software Inc., San Diego, CA, USA). Prior to the analysis of variance (ANOVA),
the data normality and homogeneity across the group were verified using the Shapiro–Wilk
test and the Brown–Forsythe test. One-way Analysis of Variance (ANOVA) with post hoc
Tukey test was used to determine the effects of 2.45 GHz Wi-Fi exposure on kisspeptin levels,
GnRH, FSH, LH, and testosterone levels. A p-value of ≤0.05 was considered statistically
significant for all analyses.

5. Conclusions
This study shows that exposure to 2.45 GHz RF-EMR may influence certain hormone

in the HPG axis, even in the absence of overt changes in the Kp pathway. Although
serum Kp levels and hypothalamic Kiss1 mRNA expression were unchanged, GnRH lev-
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els increased significantly. This may suggest that hypothalamic activity may be altered
through kisspeptin-independent mechanisms. However, this remains hypothetical and
needs further validation in future studies. The lack of corresponding changes in LH and
FSH reflects the tightly regulated and compensatory nature of the HPG axis. Notably, most
endocrine effects appeared time-independent, except for testicular testosterone, which
showed time-dependent changes, pointing to possible progressive local disruption. To-
gether, the observed effects of hormonal changes are not widespread across the axis but
may indicate potential endocrine responses to RF-EMR exposure. However, the underlying
mechanisms remain unclear and were not directly assessed in this study. Therefore, these
findings should be interpreted with caution, and further studies incorporating functional
reproductive outcomes and mechanistic investigations are warranted to better understand
the biological significance of these effects.
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GnRH Gonadotropin-Releasing Hormone
HPG Hypothalamic–Pituitary–Gonadal
Kp Kisspeptin
KTX Ketamine–Xylazine
LH Luteinizing Hormone
MBH Medial Basal Hypothalamus
MPE Maximum Permissible Exposure
mRNA Messenger Ribonucleic Acid
OD Optical Density
POA Preoptic Area
qPCR Quantitative Polymerase Chain Reaction
RF-EMR Radiofrequency Electromagnetic Radiation
SAR Specific Absorption Rate
SHBG Sex Hormone-Binding Globulin
Wi-Fi Wireless Fidelity
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