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In the  world,  there  is a near  ubiquitous  presence  of  a  low-intensity  radiofrequency  electromagnetic
field  (RF-EMF)  radiation,  due  to telecommunications  as mobile  phones.  However,  their  rapid  expansion
raises  concerns  about  possible  interaction  with  biological  mechanisms.  The RF-EMF  safety  guidelines
recommended  limits  to protect  against  the  thermal  heating,  the  most  recognized  effect  at  high  intensity
levels  with  a known  biophysical  mechanism.  Among  all  the effects  studied,  the  impact  of RF-EMF  exposure
on thermoregulation  is  one  of the  most  important  aspects  of  this  research.  This  review  aims  to present
the  complex  relationship  between  RF-EMF  exposure  and  thermoregulation,  at  intensity  levels  below  the
threshold  to  produce  thermal  effects.  In fact,  most  studies  showed  that RF-EMF  exposure  at  900  MHz

seems  to  elicit  physiological  and  biological  effects  similar  to responses  inducing  by  cold  environment  in
two  different  rodent  models.  In this  brief  review,  we  will  describe  the effects  and  underlying  mechanisms
induced  by  RF-EMF  exposure  at low  levels  and  discuss  the  potential  implications  for  environmental  health
and safety.

© 2025  Elsevier  Masson
SAS. All  rights  are  reserved,  including  those  for  text  and  data  mining,  AI  training,  and  similar  technologies.
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1. Introduction

Wireless technologies are in constant evolution to improve
telecommunications. Thus, the evolution from 1G to 5G has enabled
the digital transition from basic mobile phones using GSM networks
for basic text messaging, to modern smartphones using advanced
cellular networks (4G LTE, 5G) for high-speed internet access, video
streaming and storage services. This review will focus solely on
radiofrequency electromagnetic fields (RF-EMF) emitted by wire-
less communication systems such as mobile phones. The wireless
technology using RF-EMF has evolved over the past 20 years with
an increase in the frequency bands used. Thus, frequencies used in
earlier generations of mobile telecommunications, are conserved

for the new ones. For example, frequency bands around 900 MHz
which were initially deployed for 2G, are still used for 3G. With the
expansion of wireless communication systems, data usage is also
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ising, driving the need for advanced infrastructures like the fifth
eneration of cellular networks (5G). The 5G technology is the latest
urrent evolution with major advances such as an enhance of con-
ectivity, a decrease of latency and an increase of device density.
he introduction of the frequency bands around 3.5 GHz has signifi-
antly contributed to these technological advancements. Due  to the
xpansion of wireless technologies, human RF-EMF exposure has
ecome increasingly prevalent nowadays with the widespread use
f wireless technologies and the increasing number of smartphone
sers worldwide. However, this massive expansion has also raised
ajor public concerns about the potential health risks related to RF-

MF  exposure. For this reason, the investigation of the potential RF
ffects on health is a critical research field that is still relevant today.
hus, the European Union funded several projects (ETAIN, GOLIAT,
extGEM, SEAWave) and brought together multiple research teams
ith great expertise in RF, dedicated to the health-risk assessment

elated to 5G exposure [1].

This review aims to present the relationship between RF-EMF

xposure and thermoregulation by distinguishing thermal effects
rom non-thermal effects. By presenting results from the literature,
e seek to provide a comprehensive overview of the physiological

nd data mining, AI training, and similar technologies.

https://doi.org/10.1016/j.ando.2025.101782
http://www.sciencedirect.com/science/journal/00034266
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ando.2025.101782&domain=pdf
mailto:amandine.pelletier@u-picardie.fr
https://doi.org/10.1016/j.ando.2025.101782


C. Seewooruttun, T.C. Mai, A. Corona et al. Annales d’Endocrinologie 86 (2025) 101782

agne

e
a
b
r
r

2

t
B
p
(
a

d
u
i
c
a
c
i
d
i
a
r
[
i

3

e
i
c
r
o
f
e
c
I
(
(
e
a

t
[
a
p
S

Fig. 1. Electrom

and molecular mechanisms through which RF-EMF radiation may
influence the body’s thermoregulatory functions and the potential
implications for environmental health and safety. Before address-
ing these aspects, we will first present the physical properties of
radiofrequency electromagnetic waves and their interactions with
biological tissues.

2. What is radiofrequency electromagnetic fields?

Radiofrequency electromagnetic fields are electromagnetic
waves which result from a combination of electric and magnetic
fields perpendicular to each other and characterized by their wave-
length, frequency, amplitude and intensity. These invisible waves
carry energy and travel through space across various mediums,
such as air, water, solid objects and biological tissues. Electromag-
netic radiation is generally classified into two main categories as
shown in the electromagnetic spectrum: ionizing and non-ionizing
radiation (Fig. 1). Ionizing radiation carries sufficient energy to
break chemical bonds and remove electrons from atoms and
molecules creating ions. Highly energetic electromagnetic waves
such as X-rays and Gamma  rays are capable of ionisation. By con-
trast, non-ionizing radiation does not have enough energy to ionise
atoms and molecules. RF-EMF are part of this category includ-
ing radars for communication and security. These waves are also
utilised in radiofrequency ablation (RFA) for cancer treatment such
as liver, lung and kidney tumors [2]. RFA is a minimally invasive pro-
cedure which uses heat to destroy cancer cells, with few damages
to surrounding healthy tissues.

2.1. Interaction between RF exposure and biological tissues

To understand the effects of RF-EMF exposure, it is essential
to present the known interactions between RF-EMF and biological
tissues. When radiofrequency (RF) waves interact with a medium,
a portion of these incident waves will be reflected, some waves
will be absorbed and the others waves will be propagated through
tissues until they encounter an adjacent medium. In the case of
biological tissues, RF waves cause dielectric heating through two
main mechanisms: ionic polarisation and dipole rotation of water
molecules. RF waves are a radiation energy without heat energy.
However, upon interaction with biological tissues, a part of this
radiation energy is transferred to the tissues, which will be con-
verted into thermal energy by friction between rotating water
molecules and/or moving charged particles [3]. The quantity of
energy from absorbed RF radiation will depend on the physical
properties of RF waves and the dielectric properties of the exposed
tissues. The dielectric properties of target tissues depend on their
permittivity and their conductivity. Permittivity affects the reflec-
tion, the propagation and the attenuation of RF waves within the
biological material. The tissue’sconductivity influences the level of
radiation energy absorption and its efficient dissipation as heat.

Conductivity is primarily influenced by the tissue composition and
the distribution of water molecules and electrolytes. RF waves pen-
etrate deeper into bone tissues than in muscle tissues due to the
bone’s higher permittivity. During RF exposure, bone tissue experi-
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tic spectrum.

nces less heating than muscle tissue due to its lower water content
nd conductivity. Furthermore, RF waves penetrate deeper into
one than into muscle, as the bone’s lower dielectric properties
esult in reduced absorption and attenuation of the electromagnetic
adiation [4].

.2. Specific absorption rate

To quantify the absorption of RF radiation energy by the body,
he dosimetric parameter is the specific absorption rate (SAR).
y definition, the SAR represents the quantity of electromagnetic
ower absorbed, in watt, per unit mass of tissue, in kilogram,
W/kg). This value can be determined for the whole body or for

 specific region such as head or torso.
For many years, there was  an ongoing debate on whether chil-

ren absorb more RF radiation energy compared to adults when
sing wireless technologies. Despite the complexities in compar-

ng RF energy absorption in different head models [5], there is no
oncrete evidence supporting this claim. Furthermore, the avail-
ble dosimetry studies are quite heterogeneous and sometimes
ontradictive. Some studies showed that the head SAR is greater
n children than in adults [6,7], others either found no significant
ifference [8–10] or opposite effects [11,12]. In fact, SAR variation

s not age-dependent, but is attributed to the morphological and
natomical variations such as the thickness of the skull and sur-
ounding tissues as well as the dielectric properties of the head
11,13]. The SAR variation between younger and older individuals
s not massive [14].

. Thermal effect of radiofrequency exposure

As explained previously, RF-EMF exposure can induce thermal
ffects by the absorption of radiation energy and the dissipation
n heat through biological tissues. Thermal effects are defined as
hanges associated with heating of the whole body or an affected
egion sufficient to induce a biological effect. These effects are
bserved under specific conditions and are dependent on many
actors such as ambient temperature, specific absorption rate, and
xposure duration. The thermal effect is recognized by the scientific
ommittee and RF safety exposure guidelines established by the
nternational Commission on Non-Ionising Radiation Protection
ICNIRP) and the Institute of Electrical and Electronics Engineers
IEEE), propose exposure limits to protect against adverse health
ffects with a whole-body SAR of 0.08 W/kg for the general public
nd 0.4 W/kg for workers.

The threshold of thermal effect is 4 W/kg with a rise in core
emperature during whole-body exposure of approximately 1 ◦C
15,16]. This level was defined from studies conducted on rodents
nd non-human primates in laboratories. For example, core tem-
erature in rodents increased at 2.14 GHz RF-EMF exposure when
AR levels exceeded 4 W/kg. This was associated to stress responses

nd increased gene expression of some heat-shock proteins and
eat-shock transcription factors [17]. Similar core body tempera-
ure change was  observed in mice exposed to 1.95 GHz at SAR of

 W/kg in the early phase of RF exposure [18]. Comparable increases
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Fig. 2. Thermoregulation processes in cold environment: the cold sensation is de
sympathetic nervous system activates effectors such as vasoconstriction and behav
produce  heat.

in core body temperature were not easily produced in humans by
RF-EMF exposure due to a more efficient thermoregulatory system.
Eleanor Adair’s research showed that volunteers had minimal skin
temperature changes related to RF exposure at 100, 220, 450 and
2 450 MHz  with SAR levels up to 7.7 W/kg without core tempera-
ture changes [19–21]. Localized heating was detected at 2 450 MHz
when SAR reached 15.4 W/kg, leading to an increase in skin tem-
perature by 4 ◦C with a few increase of core temperature.

4. Effects of low intensity radiofrequency exposure on
thermoregulation

Previous studies for several decades were focused on carcino-
genic and physiological effects related to the central nervous
system, reproduction, immune system, endocrine system, cardio-
vascular system, . . ..  At low levels of RF-EMF exposure (SAR below
4 W/kg), the observed effects could be not due to an increase of
body temperature. To explain these possible effects, other biolog-
ical mechanisms have been considered: generation of free oxygen
radicals, oxidative stress, genotoxicity, etc but none of them has
been confirmed. In the current state of knowledge, the evidence
of biological effects of RF-EMF at low levels remains poorly repro-
ducible and controversial.

When exposed to cold or hot environment, the organism
activates molecular and cellular mechanisms and physiological
functions to regulate its internal temperature , such as sleep,
locomotor activity, food intake or hormonal secretion. All these
functions regulate energy inputs and outputs from the body to
ensure the maintenance of energy homeostasis. The stability of
internal temperature depends on thermolysis (heat loss) and
thermogenesis (heat production). In cold environment, the cold
sensation is detected by cold thermoreceptors which transmit
information to the hypothalamus, the integrating center of ther-
moregulation (Fig. 2). In response, via the sympathetic nervous
system, the hypothalamus activates effectors such as vasoconstric-
tion and behaviour to avoid a decrease of internal temperature, and
thermogenesis in adipose tissues to produce heat.

4.1. Physiological and behavioural thermoregulation
Over the past decade, several studies in rodents showed that
RF exposure at low levels did not induce heating but, paradox-
ically, induced physiological and behaviour responses similar to
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 by receptors which transmit information to the hypothalamus. In response, the
 avoid a decrease of internal temperature, and thermogenesis in adipose tissues to

esponses at cold exposure. Thus, after 5 weeks of 900 MHz expo-
ure at 0.1 mW/kg, 23 h/24, RF-EMF exposed male rats (8 wekks old)
ad a lower tail temperature compared to controls with an ambient
emperature of 31 ◦C [22]. There was no difference of core temper-
ture at 31◦C between RF-EMF-exposed and control groups. The
ifference of tail temperature was not observed at 24 ◦C, an ambi-
nt temperature currently used in laboratory (Fig. 3A). The injection
f prazosin, a post-synaptic antagonist of the �1-adrenergic recep-
or, induced vasodilatation in exposed animals indicating that the
F-EMF exposure maintained the vasoconstriction at 31 ◦C. This
ffect was not observed in non-exposed animals since the vasodi-
atation was  already activated by the released of adrenaline at
1 ◦C. This inappropriate vasomotor tone in RF-EMF exposed ani-
als was  associated with a higher food intake to produce heat by

hermogenesis [23,24]. The vasoconstriction allowed a conserva-
ion of heat and the food intake allowed a production of heat in
old environment, normally. A second study consisted in evalu-
ting the thermopreferendum, the comfort ambient temperature,
ith similar RF-EMF exposure parameters. For this, animals had the

hoice between three ambient temperatures: 24, 28 and 31 ◦C [25].
F-EMF exposed rats preferred an ambient temperature of 31 ◦C
hereas non-exposed rats preferred 28 ◦C (Fig. 3B). Moreover, RF-

MF  exposed rats maintained vasoconstriction at 31 ◦C (Fig. 3C).
hese results indicate that RF-EMF exposed rats felt cold (presence
f vasoconstriction) and preferred a higher ambient temperature to
arm up. These autonomic and behaviour responses avoid energy

osses.
These previous studies showed that RF-EMF exposure at low

evel could disturb the homeothermy with an imbalance between
eat loss and heat production/gain. Three mouse studies from two
ifferent laboratories , showed an increase of heat production dur-

ng sessions of RF-EMF exposure [26–28]. The most recent study
howed that the body temperature of mice exposed twice per day
uring one week at 900 MHz  with a SAR of 0.16 W/kg, increased
uring RF-EMF exposure sessions and also, one hour after exposure,
rom the fourth day of exposure [26]. The increase of the internal
emperature from the start of exposure and its decrease only at
he end of this exposure shows a close causal relationship between
xposure and thermal regulation (Fig. 3D). Moreover, the increase

f body temperature could not be due to a higher energy absorption
ince the exposure intensity was too low. The possible explana-
ion is an activation of thermogenesis, a process activated by the
utonomic system to produce heat. This hypothesis was confirmed
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Fig. 3. Most important effects of 900 MHz  exposure on: subcutaneous tail tempera
perature during light period (B) and cutaneous tail temperature measured by infrar
4  RF-EMF exposed days (D).

by the same authors in RF-EMF exposed male rats (4 weeks old)
which had higher plasmatic concentration of noradrenaline, a sym-
pathetic neurotransmitter responsible of cold responses, and fatty
acids, factors of lipolysis in thermogenesis after one week exposure
to 900 MHz, compared to coltrol rats [29].

4.2. Thermogenic mechanisms

4.2.1. Thermogenesis
Thermogenesis is a mechanism used to produce heat in organ-

isms. This thermoregulatory process occurs at environmental
temperatures below the thermoneutral range. The most important
mechanism is the non-shivering thermogenesis with the implica-
tion of the adipose tissue. There are three types of adipose tissues:
white adipose tissue (WAT), brown adipose tissue (BAT) and beige
adipose tissue. The brown adipose tissue is the main effector of the

non-shivering thermogenesis and it is stimulated by the sympa-
thetic activation of �3-adrenoceptor. This activation triggers the
activation of key thermogenic factors leading to heat production
through the activity of uncoupling protein 1 (UCP1) in the mito-
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Fig. 4. Histological pictures of adipocytes (x200) in brown adipose tissue (A) and white ad
temperature (cold) and mouse exposed to 900 MHz  during one week (exposed).

4

easured by inserted probes (A, Ta: ambient temperature), comfort ambient tem-
era (C) in rats after 5 RF-EMF exposed weeks and body temperature of mice after

hondria [30]. During cold exposure, the gene expression of UCP1,
eroxisome proliferator-activated receptor Gamma Coactivator 1-
lpha (PGC1-alpha), Peroxisome Proliferator-Activated Receptor
lpha (PPAR-alpha) and PPAR-gamma is upregulated [30–32]. In
egards to RF-EMF effects on BAT thermogenesis, few studies
ssessed cold-induced transcriptional changes. The only recent
tudy on that aspect observed a significant downregulation of UCP1
n mice exposed to 900 MHz  at SAR levels at 0.1 and 0.4 W/kg after

 days of exposure [33]. However, these effects were not observed
fter 7 days of RF-EMF exposure under the same experimental con-
itions.

.2.2. Hyperplasia of brown adipose tissue
Hyperplasia of BAT is a fundamental adaptive response to cold

xposure characterised by the proliferation and differentiation of
re-adipocytes into mature brown adipocytes [34]. PR domain

ontaining 16 (PRDM16) and other adipogenic markers such as
CAAT/enhancer-binding protein alpha (C/EBP-alpha) or C/EBP-
eta and PPAR-gamma are involved in this process [35–37]. Few
tudies have explored RF-EMF effects on these adipogenic markers.

ipose tissue (B) in non-exposed mouse (control), mouse exposed to 4 ◦C of ambient
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In our laboratory, a recent study has shown a significant downregu-
lation of PRDM16 and C/EBP-beta in 3.5 GHz exposed rats compared
to non-exposed animals [38]. Histological studies have also been
carried out to compare the number of brown adipocytes and their
individual size in BAT depots between non-exposed and RF-EMF
exposed animals. Studies have shown that individual BAT depots
can expand their mass in response to cold stress, either through the
recruitment and proliferation of brown adipocytes (hyperplasia)
or by adipocyte enlargement (hypertrophy). We  observed a slight
reduction in the mean size of brown adipocyte in both mice (Fig. 4A)
and rats exposed to 900 MHz  compared to non-exposed animals
(unpublished data). Currently, no histological studies have been
done to assess the effects of 5G radiofrequency effects (3.5 GHz) on
BAT hyperplasia or hypertrophy.

4.2.3. Browning of white adipose tissue
Browning of WAT  is a physiological phenomenon commonly

observed during cold exposure. It is characterised by the conver-
sion of white adipose tissue into beige adipose tissue, acquiring
certain functional traits and characteristics similar to brown adi-
pose tissue. UCP1 is expressed in beige adipose tissues as for other
thermogenic genes such as PRDM16 and PPAR-alpha which are
generally upregulated in beige tissues [39–42]. After 3 days of
exposure, Maalouf et al. observed a significant downregulation of
PPAR-alpha and an upregulation of PRDM16 in WAT  of 900 MHz
exposed mice at 0.1 W/kg [33]. After 1-week of exposure, PPAR-
alpha was still downregulated, while PRDM16 showed a decrease
in relative gene expression at the same SAR level [33]. Browning
characteristics can also be histologically detected in white adipose
tissue. They are characterised by an increase in UCP1 staining, mul-
tilocular small lipid droplets and mitochondrial biogenesis [42]. Our
previous work highlighted the morphological and immunohisto-
chemical evidence of WAT  browning after short-term exposure to
900 MHz. In fact, an increase in UCP1 staining and a reduced white
adipocyte size was detected in exposed mice compared to controls
(unpublished data, Fig. 4B). In addition, a lower adipocyte area was
observed even in rats after 900 MHz  exposure during one week
(unpublished data). The size of white adipocyte usually decreases
during lipolysis and during the breakdown of the large central vac-
uole into smaller multilocular lipid droplets. In the literature, there
are no studies addressing the effects of 5G exposure (3.5 GHz) on
WAT  browning.

5. Conclusion

In modern society, exposure to RF-EMF is very common and
nearly impossible to avoid. Despite its major impact in driving
technological advancements, it is important to address the grow-
ing public concern in regards to RF-EMF exposure. The thermal
effects of high-intensity RF-EMF exposure (SAR > 4 W/kg) are well
documented in the literature. However, there is now emerging evi-
dence that low-intensity RF-EMF exposure (SAR < 4 W/kg) can also
elicit thermoregulatory responses associated with a cold sensation.
The present review highlights the behavioural thermoregulation
associated with a cold sensation in rodents exposed to 900 MHz.
We also provide molecular insights on RF exposure effects on dif-
ferent thermogenic mechanisms. The first results suggest that RF
exposure primarily influences WAT  browning rather than BAT ther-
mogenesis, as reported by the up-regulation of UCP1 staining and
reduced adipocyte size in WAT  depots. In contrast, the cold-induced

transcriptional changes on BAT thermogenesis were not observed
after exposure to RF, although we detected increased plasma levels
of noradrenaline, fatty acids in exposed rats. At short term, these
adaptive responses do not seem to compromise homeostasis and

[

5

Annales d’Endocrinologie 86 (2025) 101782

herefore the health of organisms, but what about the long-term
onsequences?

With the introduction of 3.5 GHz for 5G and early use of wire-
ess technology by infants, further research is needed to determine
hese thermoregulatory effects. Investigating the peripheral tail
emperature and thermal preference of 5G-exposed rats at different
ges could provide valuable insights into their thermoregulatory
esponses. Additionally, the implication of the thyroid on these
esponses need to be more investigated. In fact, the hormones
ecreted by the thyroid regulate the basic metabolism and the
rocesses implicated in lipolysis in adipose tissues to increase
he production of energy in cells and heat by the thermogene-
is.
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