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Abstract: Genes are differentially expressed in cells in
response to changes in the internal or external environ-
ment. The response is generally an adaptive mechanism
to the environmental challenge to restore cell functions
to homeostasis. There are numerous studies reporting
changes in gene expression in cells exposed to radio-
frequency radiation (RFR), the type of energy emitted by
wireless communication devices. The major genes affected
are those involved in: repair of damaged proteins, response
to stress, oxidative changes, apoptosis, DNA damage
detection and repair, and changes in neural functions.
Gene expression data supports the notion that RFR is a
stressor that causes oxidative changes and DNA and protein
damage in cells under different exposure conditions, in
many biological systems. Changes in all these significant
gene expression effects are supported by results of other
biological studies of RFR exposure in the literature. They
should be considered in the setting of RFR-exposure
guidelines.

Keywords: gene expression; radiofrequency radiation;
stress; DNA damage; apoptosis; oxidative changes

Introduction

As of July 2025, there are more than 500 papers published on
genetic effects of radiofrequency radiation (RFR). Most of the
studies are on genotoxicity (e.g., DNA damage, chromatin
conformation changes, and micronucleus formation, among

others) and gene expression (see ‘RFR-genetic effects’ file in
references [1] and [2]).

Genetic effects of EMF can depend on various factors,
including field parameters and characteristics (such as
frequency, intensity, modulation, and orientation of the
field); cell type; and exposure duration. There are many
reports showing genetic effects in cells and animals after
exposure to RFR at intensities like those now found in
ambient, public, and occupational environments. Particu-
larly, there are many reports that showed genetic effects at
intensities below the SAR limits of <0.4 W/kg (the dose rate
considered to be safe by most international RFR exposure
guidelines) (see ‘RFR-low-intensity effects’ file in reference
[1, 3]).

As a singular entity, the mechanism by which RFR
causes genetic effects is not well understood but appears
due to multiple inter-dependent mechanisms. One
possible mechanism with ample research data involves
free radical formation. There are many reports of free
radicals and oxidative processes involvement with RFR-
exposure, including both reactive oxygen and reactive
nitrogen species (see ‘RFR oxidative effects’ file in refer-
ence [1, 4]). It is conceivable that increases in free radicals
in cells could cause macromolecular damage, including
that to DNA.

Effects of RFR on gene expression

Many studies have examined the effects of exposure to RFR
on gene expression in cells. Changes in gene expression are
a reflection on how cells “perceive” the disturbance of the
radiation and their response to retore normal functions.
These studies include in vitro, in vivo, and acute- and
chronic/repeated-exposure experiments. In most studies,
RFR radiation was generated by waveguides or antennas,
and in some studies, wireless devices such as cell phones
and Wi-Fi routers provided the radiation. In the latter
instance, the radiation is less uniform, and the specific
absorption rate (SAR) is generally not available. However,
these latter studies provide a more realistic exposure
situation.
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Changes in expression of genes of various biological
functions have been reported (Appendix 1 in Supplemen-
tary Material, literature can be retrieved from the
PubMed). This paper presents the findings of several major
gene-expression topics: 1. repair and removal of damaged
proteins; 2. DNA damage; 3. oxidative processes; 4. stress
responses; 5. apoptosis; and 6. brain functions. Themajority
of the studies included are on RFR between 800 and
2,500 MHz. SAR was provided in most studies and power
density in several studies. The SAR values varied from
several μW/kg to 20W/kg. However, power density pro-
vides little information on the amount of energy absorbed
in tissues, particularly when they are not given as incident
power densities.

Genes involved in repair and removal of
damaged proteins

Of all the genes that have been shown to be affected by RFR,
heat shock protein (Hsp) genes stand out as a major target.
Studies that showed effects of RFR exposure on Hsp are listed
in Table 1. (References of studies cited in the tables can be
found in the Appendix at the end of the text.) Up-regulation is
generally reported. Note that the effect has been observed in
different biological systems and exposure conditions. One
would argue that the responses are caused by the thermal
effect of RFR. However, in several instances, upregulation of
Hsp was observed at low-intensity RFR, defined as at a SAR of
< 0.4W/kg (see studies marked ‘LI’ in Table 1) when heating
was unlikely. In one study [5]; Hsp upregulation was observed
after exposure to a GSM-modulated field and not to a
continuous-wave field of the same SAR, which further argues
against a thermal effect. Results observed at low intensity are
more relevant to environmental RFR exposure from far-field
radiation emitted by transmitters (e.g., radar, radio, and TV)
and base stations, whereas higher intensity (thus, higher
localized SAR) studies are related to cell phone usewhere body
parts, particularly the brain, are exposed at a close distance.

In addition to heat stress, various forms of Hsp are
activated by different stressors such as cold, oxidative
stress, and tissue damage. The major function of Hsp is
to stabilize and repair denatured proteins. It also is
responsible for the removal of damaged protein via the
lysosome process when that protein is beyond repair.
This prevents damaged protein aggregation that can affect
cell functions and is a leading cause of certain neurode-
generative diseases such as Alzheimer’s disease. On the

other hand, Hsp has anti-apoptosis properties that, in
cancer cells, can play a role in the initiation and pro-
gression of cancer.

Previous reports have suggested that RFR could change
protein conformation [6–8] which can lead to the expres-
sion of Hsp genes that facilitate repair. But how does
RFR affect protein structure? RFR does not have enough
quantum energy to directly break covalent bonds. Can RFR
affect weak molecular interactions, e.g., London dispersion
forces?. Further research will be needed to understand the
mechanism.

Genes involved in DNA damage

Another important consideration is the expression of genes
related to DNA biology reported in the publications listed in
Table 2. Genes affected are mostly those in response to DNA
damage or related tomolecular mechanisms of DNA damage
repair. These data also indicate that RFR at low intensities
can damage DNA (see LI studies in Table 2). DNA damage
after exposure to RFR has been reported in numerous
studies [2].

Genes involved in oxidative processes

A consistently reported bioeffect of RFR is changes in
oxidative processes. More than 350 papers have been
published reporting effects (see ‘RFR oxidative effects’ file
in reference [1]). Numerous gene-expression studies have
shown up-regulation of oxidative process-related genes
(Table 3). That different related genes are expressed to
counteract oxidative stress (e.g., anti-oxidation enzymes)
after exposure to RFR support the notions that RFR affects
oxidative processes in cells. Hsp70 seems to play an
important role. It activates different biochemical antioxi-
dant mechanisms to bring the cells to normal homeostasis
[9]. Protein damage could also be caused by RFR-induced
free radicals leading to the expression of genes related to
repair or removal of the damaged proteins (as discussed
above).

Genes involved in stress response

It has been proposed by various researchers that RFR is a
stressor (e.g., references [3] and [10]) that causes “cellular
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stress response” and general systematic stress. In addition
to upregulation of genes of Hsp that regulate oxidative
and other stress, many other stress-related genes have
also been reported to be activated by RFR (Table 4).
This data supports the notion that RFR is a “stressor”.
Persistent stress can adversely affect biological functions
and health.

Genes involved in apoptosis

There aremany studies that indicated RFR exposure affected
genes involved in apoptosis (Table 5). Both pro- and anti-
apoptosis gene effects have been reported. It is not readily
knownwhat factors/conditions differentially trigger the pro-
apoptotic or anti-apoptotic effects. This may be due to the
unstable oscillation of the feedback control physiological
system involved. Understanding this could have important
implications in the application of low-intensity RFR for
cancer treatment. There are 11 studies on cancer cells listed
in Table 5. Up-regulation of pro-apoptotic genes or down
regulation of anti-apoptotic genes is reported in eight
studies: U118-MG human glioma cells [11]; SH SY-5Y human
neuroblastoma cells [12–15]; HL-60 human leukemia cells
[16, 17] and Rat PC- 12 pheochromocytoma cells [18]; and the
opposite effects (i.e., anti-apoptosis) in three studies: SK-Mel-
3 human melanoma cells [19]; rat PC-12 cells [5]; and human
T-lymphoblastoid leukemia cells [20]. Thus, conceivably, RFR
could impede or promote cancer growth depending on
exposure parameters. The frequency (800–2,450 MHz)
(except the Cheon et al. study [19] that used a pulsed 1.6-THz
field) and exposure duration (<48 h) are similar. The SARs of
these studies varied from 0.0035-10 W/kg. There is not
enough data to make any speculation regarding exposure
parameters and apoptosis outcomes.

Genes involved in brain functions

When using a cell phone, the brain is exposed to RFR at a
relatively constant spatial pattern [21]. How do genes in
brain cells respond to RFR? Table 6 lists some reports. RFR
generally affects genes involved in brain functions and
structure. Several papers reported changes in neurotrans-
mitter genes, including those of acetylcholine, N-methyl-D-
aspartate, serotonin, norepinephrine, and dopamine [22–25].
Changes in expression of these genes could lead to behav-
ioral changes and neurological/psychiatric disorders [26]. Of
note are the several studies byDasdag et al. [27–30] reporting
changes in expression of genes of miRNA involved in cancer
processes in brain cells. These effects could lead to tumorTa
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suppression or progression since these genes are involved
in cancer progression suppression, and angiogenesis.
There are other studies in the list reporting that RFR acti-
vates genes that promote apoptosis and autophagy (see the
section on ‘apoptosis’ above). This would suggest that RFR
could affect the risk of cancer development in the brain. For
cancer to develop, there must be some other processes
triggered by RFR that promote tumor initiation and growth.
With the interplay of activation of pro- and anti-apoptosis
genes in brain cells (see the section on ‘apoptosis’ above), it
is possible to observe either a decrease or an increase in
brain cancer risk after RFR exposure [31, 32]. On the other
hand, apoptotic cell death in the nervous system could lead
to neurodegenerative diseases, such as Alzheimer’s and
Parkinson diseases [3].

Discussion

Gene expression provides a strong argument that RFR
affects cellular functions. It is a direct response to the
exogenous disturbance and a homeostatic process to
restore normalcy. In addition to the genes of the different
functions described above, the effects of RFR on genes
regarding other biological functions (e.g., wound healing
and cellular structure) have also been reported (see
Appendix 1 in SupplementaryMaterial). It must be pointed
out that why specific genes were chosen for various
studies was not necessarily guided by a hypothesis or
speculation but rather by the expertise of the
investigators.

Gene expression indicates the type of effects that
RFR exerts on cells. For example, it is irrational to argue
that DNA damage-repair genes are turned on without
DNA damage in the cells that initiated the process to
begin with.

Gene expressions are under feedback control in
response to external challenges with numerous variables.
RFR has a complex interaction with living organisms
depending on various parameters of the field. With these
considerations in mind, response oscillation and non-linear
dose-response could occur. But gene expression is not ex-
pected under all exposure conditions and biological systems
studied. Thus, inevitably, in some studies, no significant ef-
fects would be expected. There are studies that reported no

significant effect of RFR on gene expression related to pro-
tein damage and removal, DNA, oxidative processes, stress,
and brain functions (Table 7).

Forty gene expression effects (marked as low intensity
(LI) in Tables 1–6) were observed at a SAR less than
0.4 W/kg. This is relevant to the effects of exposure to RFR in
the environment. 0.4 W/kg is the dose rate assumed to be
safe by international radiofrequency radiation guidelines
(e.g., the International Commission on Non-Ionizing Radi-
ation Protection (ICNIRP) and the International Electronics
and Electrical Engineers (IEEE)). This is important to un-
derstand regarding the validity of those organization’s
high-intensity standards-setting models. (For readers who
are interested in ‘low-intensity’ RFR effects, there are more
than 200 studies that reported biological effects at SAR
<0.4 W/kg [see the ‘RFR-low-intensity studies’ file in refer-
ence [1]]).

Lastly, one may wonder whether up-regulation of
gene expression would lead to translation into functional
proteins. Several RFR studies support increased trans-
lation (e.g., [33–36]). It is an important complement to the
gene-expression studies to look at translation levels of
proteins as these are the functional units that promote/
sustain both health and illness. Proteomic studies are an
attractive next step in understanding the biological effects
of RFR exposure. This was suggested more than a decade
ago [37]. Changes in transcription and protein functions
point to a need to investigate molecular signaling path-
ways after RFR exposure [38]. In addition, the data on
gene-expression suggests two areas of mechanism
research that are worth pursuing. The first area is the
involvement of stress in RFR-induced biological effects.
Involvements of ‘cellular stress responses’ and the hypo-
thalamic-pituitary-adrenal axis and, particularly, effects
on the limbic system should be further investigated [3].
The second area is the cellular oxidative processes.
Particularly, the mechanism of induction of free radicals
by RFR should be systematically studied. Present data in-
dicates that low-frequency modulations in RFR may play a
role [39]. It is, however, not known how much these low-
frequency components contribute to the overall effect.
Similar effects on gene expression have been reported
after exposure to extremely-low frequency electromag-
netic fields (see ‘static and ELF EMF genetic effects’ file in
reference [1]).
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