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Abstract

In this study we observed the effect of Wi-Fi on various fibrous components that form the
wall of large blood vessels in the chorioallantoic membrane (CAM) of the chicken embryo.
Chicken embryos in the experimental groups (Wi-Fi) were continuously exposed (24 h per day)
to Wi-Fi radiation at a frequency of 2.4 GHz and an average power density of 300 uW/m? for
9 and 14 embryonic days (ED). Subsequently, the CAM samples from the control (CO) and
experimental (Wi-Fi) groups were histologically processed and evaluated. The samples stained
with haematoxylin and eosin did not reveal any notable differences in the structure of large blood
vessels between the CO and Wi-Fi groups. However, the use of special staining methods showed
adverse effect of Wi-Fi on the fibrous elements within the blood vessel wall. The optical density
(OD) of elastic fibres significantly decreased from 0.294 + 0.025 (CO 9) to 0.197 + 0.022 (Wi-Fi9)
at ED 9 and from 0.706 + 0.028 (CO 14) to 0.271 + 0.031 (Wi-Fi 14) at ED 14. On the other
hand, at ED 9, the OD of collagen fibres exhibited a notable increase from 0.178 + 0.023 (CO 9)
to 0.334 £ 0.020 (Wi-Fi 9). However, at ED 14, there was a significant decline of collagen fibres
from 0.418 + 0.033 (CO 14) to 0.327 + 0.031 (Wi-Fi 14). Our results support the hypothesis
that Wi-Fi could affect the fibrous elements of the large vessel wall and may play a role in the
development of different cardiovascular disorders.

Cardiovascular system, non-ionising electromagnetic radiation

Non-ionising electromagnetic radiation (EMR) has the potential to affect the human body
at the biological level in a variety of ways (Dartnell 2011). Although EMR is part of nature
(the sun, the earth and the ionosphere), technological advances over the last century have
resulted in artificial sources becoming the main contributors to EMR in the environment
(Karipidis et al. 2021). Artificial sources of EMR include various electronic devices
such as printers, computers, hairdryers, refrigerators, televisions, mobile phones, satellite
transmissions, and Wi-F1i, in addition to numerous other wireless communications (Ebrahim
et al. 2016; Karipidis et al. 2021). These devices generate radiofrequency electromagnetic
fields that can potentially pose a risk to human health (Abdulameer and Alsahlany 2022).

The chicken chorioallantoic membrane (CAM) is widely used in in vivo models for
arange of research areas including angiogenesis, vascular disease, cancer therapies, wound
healing, tissue transplantation, biomaterial engineering, drug development, genomics and
more (Chen et al. 2021; Ribatti et al. 2021). Morphologically, the CAM is a highly
vascularised membrane consisting of three layers: the chorionic epithelium, the mesenchyme
and the allantoic epithelium. Each of these layers has a specific function (Makanya et al.
2016). The development of blood vessels in the CAM is a highly complex process. During
this process, the vasculature of the CAM is subjected to continuous remodelling in order to
meet the increasing metabolic demands of the chicken embryo. The mature CAM contains
arich vascular and lymphatic network, which is connected with the embryo by two allantoic
arteries and one vein (Ribatti 2016; Kundekova et al. 2021). This can be considered
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an analogy to the umbilical arteries and veins observed in mammals (Merckx et al. 2020). In
general, the mature vessel wall is organised into three basic layers which are known as the tunica
interna-intima, the tunica media, and the tunica externa-adventitia. The primary component
of the mature vessel wall is the extracellular matrix (ECM), which is composed of individual
molecules secreted by the cells that constitute the vascular wall. The ECM is constituted
of two principal molecular types: fibrous proteins and glycosaminoglycans (GAGs). The
fibrous proteins are composed of elastin, collagen, and laminin (Rhodes and Simons 2007).

Elastin represents the primary component of elastic fibres, which provide the elasticity
necessary for the proper functioning of large arteries. Elastin is synthesised by smooth
muscle cells in the tunica media (Hungerford et al. 1996), although it can also be produced
by endothelial cells in the tunica intima (Cantor et al. 1980; Cocciolone et al. 2018),
as well as fibroblasts in the tunica adventitia (Ruckman et al. 1994). In the tunica media
of large arteries, elastin is present in the form of elastic fibres or elastic lamellae (Wagenseil
and Mecham 2009; Fhayli et al. 2019). The number of concentric elastic lamellae
diminishes downstream of the vascular tree. It has been observed that the ascending aorta
of the rat contains 10—13 concentric lamellar units, 1-3 in the iliac femoral arteries and 0
in smaller arteries (Awal et al. 1995). It is established that elastic fibres are highly stable
over time, with a half-life of several decades (Sherratt 2009), and demonstrate particular
resilience to chemical and physical assaults (Lillie et al. 1994). However, they can be
degraded by elastin-degrading enzymes whose syntheses and activations are subject to
modulation by a number of intrinsic and extrinsic factors (Sherratt 2009; Fhayli et al.
2019). Subsequently, a deficiency of elastin or disorganisation, improper assembly, and
fragmentation of elastic fibres result in alterations to their function (Cocciolone etal. 2018).

Collagen is a highly rigid protein that constrains vessel distension (Kong et al. 2013; Xu
and Shi 2014). The most prevalent collagens in the vascular wall are types [ and III (Howard
and Macarak 1989). Type I collagen provides resistance to stretching, whereas type III
collagen forms a network that offers resilience and structural maintenance of the vessel wall
(Shabani et al. 2024). Moreover, collagens play a pivotal role in vascular cell physiology
and pathophysiology (Pozzi et al. 1998), as well as in the process of tissue remodelling,
and foetal development (Goldberg et al. 2007; Parkin et al. 2017). Conversely, an excess
of collagen in the vascular wall can result in the formation of fibrosis and an increased
stiffness of the vessel (Xu and Shi 2014). It is known that reticular fibres are of the type
III collagen family (Alvarenga and Marti 2014). It has been observed that they develop
as the first in each tissue containing these fibres. As the fibres mature, they are largely
replaced by stronger type I collagen fibres. Additionally, they facilitate the early synthesis
of the extracellular matrix during wound healing, scar tissue formation, and embryonic
development (Kuloglu 2022).

According to the available literature, this work is a pioneering study of the influence
of Wi-Fi on the fibrous components of the blood vessel wall in the CAM, and is therefore
highly original and valuable. Currently, there is a lack of data on the impact of Wi-Fi
on the fibrous components which play a key role in vascular function. It is known that
an imbalance of fibres in the blood vessel wall can precipitate the onset of a range
of cardiovascular diseases (Wagenseil and Mecham 2012; Heinz 2020). Therefore, the
present study examined the extent to which these fibres might be influenced by EMR,
the source of which is Wi-Fi. EMR is regarded as one of the most rapidly expanding
anthropogenic factors affecting the human body in various ways (Karipidis et al. 2021),
and therefore further research in this area is needed.

. Materials and Methods
Ethical statement

In accordance with Directive 2010/63/EU, the use of the chicken embryo as an animal model does not
necessitate ethical committee approval for animal experimentation (Directive 2010/63/EU).
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Experimental design

Fertilized chicken eggs (Gallus gallus domesticus, Lohmann Brown breed, n = 60) were purchased from the
chicken farm Parovské Haje, Nitra, Slovak Republic and delivered in a temperature-controlled manner to ensure
their viability and quality. The eggs were randomly divided into two control groups CO 9 (n = 15) and CO 14
(n = 15) and two Wi-Fi groups that were continuously exposed (24 h per day) to the radiation with a frequency
of 2.4 GHz and an average power density of 300 pW/m? during 9 (Wi-Fi 9, n = 15) and 14 (Wi-Fi 14, n = 15)
embryonic days (Wi-Fi exposure system, Almasiova et al. 2024). The eggs were incubated horizontally in
a forced-draft constant-humidity incubator at 37.5 + 0.5 °C and 60% relative humidity (ET 49, River Systems,
Campodarsego, Italy). On ED 9 and ED 14, samples of the chorioallantoic membranes of the controls and Wi-Fi
groups were collected and processed for light microscopy.

Histopathological analysis — light microscopy

The samples for light microscopy were fixed using Dent’s fixative (80% methanol, Mikrochem, Pezinok,
Slovak Republic; 20% DMSO, Honeywell, Charlotte, USA), dehydrated through a successive alcohol series,
and finally embedded in paraffin wax. Tissue sections (5-7 pm) were stained with haematoxylin and eosin for
observation of the general histological structure. Additionally, various fibre types in the CAM were quantified
using a commercially available kit, in accordance with the instructions provided by the manufacturer. Collagen
identification was achieved by the use of Picrosirius red (0.1% Picrosirius red in saturated aqueous picric acid;
Sigma-Aldrich, Saint Louis, USA), while the Weigert long method (Bio-Optica, Milano, Italy) was utilised for
the identification of elastic fibres. The confirmation of reticular fibres was achieved using the Gordon-Sweet
method (Bio-Optica). The sections were examined under a light microscope (Olympus CX43, Tokyo, Japan) and
documented with a camera (Promicra, Prague, Czech Republic).

Morphometric analysis - collagen, elastic fibres, and reticular fibres quantification

The optical density (OD) of collagen, elastic fibres, and reticular fibres in the walls of the large blood vessels
was calculated and compared between control groups and Wi-Fi groups. The images were generated and saved
in TIFF format to facilitate enhanced resolution. Subsequently, the images were converted to greyscale 8-bit
images using ImageJ 1.8.0_112 and analysed morphometrically as follows: the blood vessels in the CAM samples
(6 samples per group) were analysed under x 40 magnification. Furthermore, the results were averaged and
subjected to evaluation. The morphometric analysis of the randomised blood vessels (8—10 per sample) is based
on the quantification of 8—10 different areas within the blood vessel wall. The mean values were calculated from
all these measurements. A total of 120 measurements were taken for the evaluation of the OD of the blood vessel
wall. The measurements were taken using the multiple imaging software ImageJ (version 7.0, USA).

The elastin/collagen (ELN/COL) ratio was calculated by dividing the optical OD of elastin by the corresponding
data for collagen (Basu et al. 2010).

Statistical analysis

The statistical analysis was performed using one-way ANOVA with Sidak’s multiple comparisons test using
GraphPad Prism 10 software (Dotmatics, Boston, MA, USA). All measurements were reported as mean + standard
deviation (SD). The differences were considered significant at P value < 0.0001.

Results
Histopathological analysis — light microscopy
Control groups (CO 9, CO 14)

On ED 9, the CAM was comprised of three layers: the chorionic epithelium, the allantoic
epithelium, and the connective tissue layer (mesenchyme). The CAM exhibited a diversity
of blood vessels of varying calibre, distributed throughout the mesenchyme. The wall
of the large blood vessels was thin and consisted of an endothelial cells and inconspicuous
layer of mesenchyme (Plate VI, Fig. 1A). The identification of elastic, collagen, and
reticular fibres was achieved through the application of three special staining methods.

All types of fibres constituted a fine, weakly staining network throughout the CAM.
Elastic and collagen fibres were observed beneath the allantoic epithelium, while reticular
fibres were predominantly present in close contact with the chorionic epithelium.
Furthermore, all types of fibres were identified within the walls of the large blood vessels
(their OD is shown in Table 1). The elastic vascular components were the most prominent
and intensely stained, arranged into 1-2 thicker lamellae that were interconnected by
thinner elastic fibres. In contrast, the collagen and reticular fibres were weakly stained,
forming a supporting network for the vessel wall (Plate VII, Fig. 2A-C).



140

Table 1. Values of the optical density of elastic, collagen, and reticular fibres in the wall of large blood vessels
of the CAM.

Elastic fibres Collagen fibres Reticular fibres
mean £ SD mean = SD mean £ SD
ED9 ED 14 ED9 ED 14 ED9 ED 14

(6[0) 0.294+£0.025 0.706 =£0.028 0.178 +0.023 0.418+£0.033 0.199+0.028 0.468 +0.016
Wi-Fi  0.197+£0.022* 0.271 £0.031* 0.334+0.020*  0.327+0.031* 0.205+0.028 0.263 +£0.018*

Data were presented as means + standard deviation (SD); *P < 0.0001.
ED - embryonic day, CO - control group, Wi-Fi - group exposed to non-ionizing electromagnetic radiation.
Significant differences are marked with an asterisk.

On ED 14, both covering epithelia of the CAM were well developed. The wall of the large
blood vessels was observed to exhibit the typical appearance and to be composed of three
layers (tunica interna, tunica media, tunica adventitia). The tunica interna was composed of
endothelial cells with oval nuclei that protruded into the lumen and thin layer of subendothelial
connective tissue. The tunica media was thick and well developed, consisting of several
layers of smooth muscle cells surrounded by extracellular matrix. The tunica adventitia was
thin and exhibited a smooth transition into the surrounding mesenchyme (Plate VI, Fig. 1B).

In the entire connective tissue layer of the CAM and in the wall of large blood vessels,
all types of fibres were stained more intensely compared to ED 9 (Plate VII, Fig. 3A-C).
The tunica media was observed to contain three to four darkly stained, thick, circularly
arranged elastic lamellae, which exhibited no consistent thickness and were irregularly
arranged. The thin elastic fibres that were present among the elastic lamellae also extended
into the surrounding connective tissue of the CAM. The collagen fibres were arranged in
a circular pattern, forming thick, dark-staining lines. In addition, thinner collagen fibres
extended into the surrounding connective tissue of the CAM. The reticular fibres constituted
a fine supporting meshwork of the vessel wall that was very well developed. Furthermore,
a significant increase in the OD of all types of fibres in the blood vessel wall was noted
in comparison to ED 9 (Table 1). Specifically, the OD of collagen fibres increased by 34%,
elastic fibres increased by 40%, and reticular fibres increased by 35%.

Experimental groups (Wi-Fi 9, Wi-Fi 14)

No significant differences were observed in the histological structure of the covering
epithelium and connective tissue components of the CAM between the groups exposed
to wireless connections (Wi-Fi 9, Wi-Fi 14) and the respective control groups (CO 9,
CO 14). Furthermore, the morphology of the major blood vessels remained unchanged in
all examined groups (Plate VI, Fig. 1C-D). However, the special staining methods revealed
significant differences in the fibrous components of the vessel wall in the CAM between
the CO and Wi-Fi groups.

In the Wi-Fi 9 group, the elastic fibres in the vessel wall were not arranged into the thick
lamellae that were observed in the CO 9 group. The elastic fibres formed a delicate network
that extended into the surrounding connective tissue. The collagen component was intensely
stained in the vessel walls as well as in connective tissue close to the chorionic epithelium.
Thick collagen fibres were clearly visible in both mentioned areas. The arrangement and
staining intensity of reticular fibres were identical to those observed in the CO 9 group
(Plate VIIL, Fig. 2D-F). The OD of elastic fibres in the blood vessel walls exhibited
a notable decline (0.197 £ 0.022 in Wi-Fi 9 vs. 0.294 £ 0.025 in CO 9), whereas the OD
of collagen fibres demonstrated a marked increase (0.334 + 0.020 in Wi-Fi 9 vs. 0.178 + 0.023
in CO 9). No significant difference was observed in the OD of reticular fibres between
groups (0.205 £ 0.028 in Wi-Fi 9 vs. 0.199 + 0.028 in CO 9) (Table 1).
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In the Wi-Fi 14 group, all three types of fibres exhibited a reduction in staining intensity
as well as OD in comparison to the control groups (CO 14) (Plate VII, Fig. 3D-F, Table 1).
Marked changes were seen in the elastic lamellae, which exhibited a notable reduction
in thickness and were only slightly stained. The OD of elastic fibres (0.271 + 0.031
in Wi-Fi 14, vs. 0.706 + 0.028 in CO 14), collagen fibres (0.327 + 0.031 in Wi-Fi 14,
vs. 0.418 = 0.033 in CO 14), and reticular fibres (0.263 + 0.018 in Wi--Fi 14,
vs. 0.468 £ 0.016 in CO 14) in the large blood vessel wall significantly decreased
in Wi-Fi group in comparison to the CO 14 group.

In the control groups, the elastin/collagen ratio (ELN/COL) of the large vessel walls
was 1.651 in CO 9 and 1.684 in CO 14. A significant reduction in the ELN/COL ratio was
observed in both exposed groups, namely, 0.589 for the Wi-Fi 9 group and 0.828 for the
Wi-Fi 14 group.

Discussion

The mechanical properties of blood vessels are determined by the structural components
that form their walls (Fhayli et al. 2019). The principal structural characteristics associated
with the functionality of blood vessels are tensile stiffness, elasticity and compressibility.
The extracellular matrix that constitutes the blood vessel wall is primarily composed
of elastin, collagen (types I and III), some proteoglycans, and glycoproteins. Elastin is
responsible for the flexibility of the vessel wall, while collagen provides tensile strength
and resistance against rupture (Buttafoco et al. 2006).

Our results are in accordance with the above statements and also indicate that the
elastic fibres represent the most prominent fibrous component of the blood vessels. In the
control groups, the OD of elastic fibres in the vessels increased as the CAM matured, from
0.294 + 0.025 on ED 9 to 0.706 £+ 0.028 on ED 14. The elastic components were arranged
into one or two thicker lamellae, which were interconnected by thinner elastic fibres. The
collagen fibres and reticular fibres were less prominent but they constituted a supporting
network for the vessel wall. On ED 14, the blood vessel wall was much thicker and fully
developed. The quantity of all types of fibres exhibited a significant increase. In the tunica
media, thick elastic lamellae (3—4) and collagen and reticular fibres were clearly visible.
Under normal conditions, mature elastic fibres are capable of enduring throughout the
entirety of an organism’s lifespan. They are regarded as the most resilient component
of the ECM (Arribas etal. 2006; Xu and Shi 2014). However, our observations indicated
that exposure to Wi-Fi had a detrimental impact on elastic fibres and the other fibrous
components that constitute the blood vessel wall. The OD of elastic fibres in the vessel
wall was significantly decreased at ED 9 (Wi-Fi 9: 0.197 + 0.022) and ED 14 (Wi-Fi 14:
0.271 £ 0.031). The damage to elastic fibres in blood vessels, together with additional
biological processes, may be a contributory factor in the development of severe pathological
conditions, including cardiovascular diseases such as atherosclerosis (Maurice et al.
2013; Heinz 2020). The degradation products of fragmented elastic fibres have been
demonstrated to possess significant chemical signalling properties (Cocciolone et al.
2018). As elastic fibres are gradually damaged, their load-bearing function is presumably
taken over by collagen, which results in a reduction in vessel wall elasticity and an increase
in rigidity (Hodis and Zamir 2009). It has been documented that the production and
reorganization of collagens in blood vessels is frequently observed in response to defects
in or degradation of elastic fibres (Wan et al. 2010). Similar alterations in collagen fibres
were observed in our study in response to Wi-Fi exposure. The extent of these changes
depended onthe ED. On ED 9, the OD of'the collagen fibres exhibited a significant increase
from 0.178 £ 0.023 (CO 9) to 0.334 £ 0.020 (Wi-Fi 9). However, this subsequent increase
was followed by a significant decrease from 0.418 + 0.033 (CO 14) to 0.327 + 0.031
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on ED 14 (Wi-Fi 14). Furthermore, additional collagen deposition or a shift in the ratio
of different types of collagen in the wall may result in increased wall stiffness, which
could subsequently affect the function of the vessel wall (Wagenseil and Mecham
2012).

As previously stated, collagen and elastin are two essential components of blood vessels,
playing a pivotal role in their functionality (Basu et al. 2010). It has been observed that not
only the quantity of fibres but also the ELN/COL ratio represents an interesting indicator
of the quality of the blood vessel wall. However, the existing literature offers only limited
insight into the investigation of ELN/COL ratios in different blood vessels. Basu et al.
(2010) observed the ELN/COL ratio in different blood vessels of rats. The ELN/COL ratio
in the aorta was 1.18 + 0.02; in the carotid artery, the ratio was 1.03 + 0.4; in the femoral
artery and vena cava, the ratio was 0.61 = 0.1 and 0.57 £ 0.1, respectively. Blood vessels
with high blood flow always showed a higher ELN/COL ratio in comparison with blood
vessels with low blood flow. Additionally, it was observed that the quantity of fibres and
the ELN/COL ratio undergo changes throughout the lifespan. Some authors have observed
an increase in the ELN/COL ratio in the human aorta, from 0.51 at age 14 to 0.6 at age
40 and 0.71 at age 90 (Andreotti et al. 1985; Wittig and Szulcek 2021). In contrast,
a reduction in the ELN/COL ratio in ascending aortas was observed in another study, with
a ratio of 1.65 in individuals aged 0-20 and 1.15 in those aged 70-100 (Hosoda et al.
1984). Moreover, animal models have demonstrated a reduction in the ELN/COL ratio
in the context of pathological conditions such as hypertension (Arribas et al. 2006; Wittig
and Szulcek 2021). We also observed significant alterations in the ELN/COL ratio in
large vessel walls as a consequence of Wi-Fi exposure. In both experimental groups, there
was a notable decline in the ELN/COL ratio, from 0.1651 to 0.589 in Wi-Fi 9 and from
1.684 to 0.828 in Wi-Fi 14. It has been observed that alterations in the fibrous components
of the vessel wall may result in increased arterial stiffness and reduced arterial distensibility
(Greenwald 2007). Such alterations can subsequently cause serious chronic inflammation
and an increase in morbidity and mortality through the development and progression
of various cardiovascular diseases (Heinz 2020).

The originality of our results is evidenced by the rarity, or complete absence, of studies
with a similar focus. The objective of this study was to identify the various types of fibres
in the wall of large blood vessels in CAM by using special staining methods. Subsequently,
the fibres were quantified using the optical density method. Following a comparison of the
control and experimental groups revealed significant changes in fibre quantity and their
ratio (ELN/COL) due to Wi-Fi exposure.

In conclusion, this study is one of the first to suggest that Wi-Fi could possibly have an
impact on the structural and mechanical properties of blood vessels. Given the constant
exposure to non-ionising electromagnetic radiation, there is a potential risk of damage
to various tissues in the body. The present study was designed to examine the effect
of 2.4 GHz Wi-Fi radiation with an average power density of 300 uW/m? on the structure
of the large blood vessel wall in the CAM. It was observed that continuous exposure to
Wi-Fi had a detrimental effect on the fibrous components of the ECM. The amount and
ELN/COL ratio of elastic, collagen and reticular fibres were found to be significantly
altered, which may result in increased stiffness of the vessel wall. Based on our findings
and the existing literature, we can assume that Wi-Fi may ultimately contribute to the
pathogenesis of various cardiovascular diseases.

When interpreting our results, the limitations arising of the model used should also be
taken into account. Although the CAM is an excellent model, it does not permit long-
term monitoring. Other significant limitations include substantial differences in the
physiology of embryos and adults, and the evolutionary divergence between chickens
and humans.
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Plate VI
Holovska K. et al.: The effect of Wi-Fi... pp. 137-144

Fig. 1. Microphotographs representative of the chorioallantoic membrane on embryonic day 9 (A, C)
and on embryonic day 14 (B, D). CO9 - control group on embryonic day 9; CO14 - control group on embryonic
day 14; WiFi9 - group exposed to Wi-Fi on embryonic day 9; WiFil4 - group exposed to Wi-Fi on embryonic day
14; a - allantoic epithelium; b - blood vessel; ch - chorionic epithelium; m - mesenchyme. Sections were stained
with haematoxylin and eosin. Scale bar = 100 pm.



Plate VII
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Fig. 2. Microphotographs representative of the chorioallantoic membrane on the embryonic day 9 from control
(CO9: A, B, C) and Wi-Fi (WiFi9: D, E, F) groups. CO9 - control group on embryonic day 9; WiFi9 - group
exposed to Wi-Fi on embryonic day 9; a - allantoic epithelium; b - blood vessel; ch - chorionic epithelium;
m - mesenchyme. Sections were stained with Weigert (A, D), Picrosirius red (B, E), and Gordon-Sweet
(C, F) methods. Scale bar =20 pm.

Fig. 3. Microphotographs representative of the chorioallantoic membrane on the embryonic day 14 from control
(CO14: A, B, C) and Wi-Fi (WiFil4: D, E, F) groups. CO14 - control group on embryonic day 14; WiFil4 - group
exposed to Wi-Fi on embryonic day 14. High magnification of the main blood vessels: a - allantoic epithelium;
b - blood vessel; ch - chorionic epithelium; m - mesenchyme. Sections were stained with Weigert (A, D),
Picrosirius red (B, E), and Gordon-Sweet (C, F) methods. Scale bar =20 um.



