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Abstract: 
The fast global spread of wireless technologies, such as 5G networks and Internet-of-Things (IoT) devices, has 
raised concerns about the possible health risks from prolonged exposure to radiofrequency electromagnetic 

fields (RF-EMFs). Regulatory guidelines mainly focus on thermal effects, but new experimental and 
epidemiological evidence indicates that non-thermal biological responses—like oxidative stress, changes in 

neuronal excitability, disruption of the blood-brain barrier, and changes in the microbiome—might occur at 
typical exposure levels. This mini review summarizes recent findings from laboratory, animal, and human 

studies, stressing how RF-EMFs interact with biological systems. It also discusses their neurological and 
reproductive impacts, as well as systemic effects through the gut-brain axis. We address differing viewpoints in 

the literature, often due to variations in research methods and funding sources, and point out ongoing 

controversies and inconsistencies. Major research gaps include a lack of long-term exposure studies, insufficient 

focus on multi-frequency and cumulative exposures, and limited research on vulnerable groups, such as children 

and workers exposed to these fields. We suggest new research directions, like personalized susceptibility, multi-

omics approaches, wearable sensors for exposure assessment, and AI-driven epidemiological modeling. By 

placing these findings in a public health context, this review calls for a careful approach that supports continued 

technological innovation while protecting vulnerable populations. It highlights the necessity for 

interdisciplinary research and policy development grounded in evidence to responsibly advance wireless 

technology, aiming to minimize health risks. 
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1. Introduction: 
The last two decades have seen rapid growth in wireless communication technologies, including 2G to 5G 

cellular networks, Wi-Fi, Bluetooth, and IoT devices. These advancements have changed global 

communication, education, healthcare, and commerce. However, they have also increased human exposure to 

radiofrequency electromagnetic fields (RF-EMFs) at levels and frequencies not previously encountered. The 

rollout of 5G networks brings higher frequencies (24 to 100 GHz), wider bandwidths, and a dense network of 

small cells, raising concerns about the long-term biological effects on humans and the environment. 

 

Historically, scientific studies focused on RF-EMFs mainly addressed cancer risk. This came to a head with the 

International Agency for Research on Cancer's (IARC) 2011 classification of RF radiation as “possibly 

carcinogenic to humans” (Group 2B). While the link to cancer is still debated, research has expanded to 

neurological, reproductive, metabolic, immune, and systemic health impacts. At the same time, public concern 

has grown, especially among parents, healthcare workers, and employees exposed to these fields. Children may 
be more at risk because they absorb more radiation, have thinner skulls, and are still developing. 
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This mini review looks at current literature on RF-EMF exposure. It summarizes findings on the mechanisms 
involved, neurological and reproductive health effects, systemic impacts including microbiome changes, and 

public health considerations. We identify controversies, methodological issues, and gaps in research, while 
suggesting areas for future investigation to inform evidence-based policies and research strategies. Our aim is 

to provide a clear and current overview of the biological and public health consequences of exposure to wireless 
radiation. 

 

2. Mechanisms of RF Interaction with Biological Systems: 
RF-EMFs interact with biological systems mainly through energy absorption, which is measured as the specific 

absorption rate (SAR, W/kg). While high-intensity exposure can cause thermal effects, scientists are 

increasingly recognizing non-thermal interactions: 

 

Figure 1. Proposed mechanistic pathways of RF-EMF interaction with biological systems. Exposure can induce oxidative stress 

through excessive reactive oxygen species (ROS) generation, disrupt calcium channel signaling, increase blood-brain barrier (BBB) 
permeability, and alter epigenetic regulation of gene expression. These changes may affect neuronal excitability, reproductive 

health, and systemic processes via the gut-brain axis. 

2.1 Oxidative Stress and Mitochondrial Dysfunction: 
RF exposure leads to the production of reactive oxygen species (ROS), which can exceed the body's antioxidant 

defenses. Yakymenko et al. (2016) found increased ROS, lipid peroxidation, and lower superoxide dismutase 
activity in rodent brain tissue exposed to 900 MHz RF at SARs of 0.5 to 2 W/kg. Tripathi et al. (2022) reported 

similar oxidative damage in primary neuronal cultures exposed to 1800 MHz RF for two hours a day over 14 
days, which included increased DNA strand breaks and signs of apoptosis. Mitochondrial dysfunction, shown 

by decreased membrane potential and ATP production, may contribute to both neural and reproductive effects. 

 

2.2 Calcium Channel Modulation: 
Voltage-gated calcium channels (VGCCs) seem sensitive to RF-EMFs. Pall (2018) suggested that VGCC 
activation leads to downstream effects, such as increased intracellular calcium, ROS generation, and altered 

neurotransmitter release. These changes can affect synaptic function, neuronal excitability, and long-term gene 
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expression, creating a common mechanism for various RF-induced effects observed in laboratory and animal 
studies. 

 

2.3 Blood-Brain Barrier (BBB) Disruption: 
Some studies indicate RF exposure can temporarily increase BBB permeability. In vivo experiments with rats 

exposed to 1800 MHz and 5G mmWave frequencies showed increased BBB leakage and greater transport of 
larger molecules into the central nervous system. Although findings vary, increased permeability could allow 

harmful substances and inflammation to enter, contributing to long-term neural stress. 

 

2.4 Epigenetic and Transcriptomic Changes: 
RF-EMFs may cause epigenetic changes, including DNA methylation and histone acetylation, which can 
modify gene expression related to oxidative stress, inflammation, and brain development. Multi-omics research 

in this area is limited, but initial evidence suggests changes in gene expression occur with chronic exposure, 
indicating the need for the integration of genomics, proteomics, and metabolomics in future studies. 

 

3. Neurological and Cognitive Health: 

3.1 In Vitro Evidence: 
Neuronal cell cultures exposed to 1 to 5 GHz RF show increased ROS production, DNA damage, and reduced 

neurite growth. Researchers report SAR-dependent effects, where higher absorption correlates with stronger 

indicators of cellular stress. Many studies also demonstrate changes in calcium signaling, synaptic vesicle 

movement, and the release of neuroinflammatory cytokines. 

 

3.2 Animal Studies: 
Chronic exposure of rodents to 1800 to 2400 MHz RF (two hours a day for six to twelve months) leads to poor 

spatial memory, learning issues, and oxidative stress in the hippocampus. Behavioral changes include increased 

anxiety and altered social behavior. Researchers are starting to explore exposure to mmWave frequencies (26 

to 28 GHz), with early findings showing subtle changes in the electrical activity of neuronal cells. 

 

3.3 Human Studies: 
Findings from epidemiological studies are mixed. Some large cohort studies have found no statistically 

significant links between mobile phone use and glioma or cognitive deficits, while others suggest that extended 

exposure could subtly affect attention, memory, and reaction time. Differences in methodology—like self-

reported phone usage and inconsistent exposure measurements—make comparisons difficult. 

 

3.4 Controversies: 
Industry-funded studies often report minimal neurological effects, while independent research tends to find 

notable biological changes. These differences highlight the need for rigorous and transparent research protocols 

and funding disclosures in the study of RF effects. 
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4. Reproductive and Developmental Health 

4.1 Male Fertility: 
Meta-analyses show that RF exposure can reduce sperm motility, mitochondrial function, and DNA quality. 

Oxidative stress seems to mediate these effects, with ROS-induced lipid peroxidation damaging sperm 
membranes. Limited human studies back these results among workers who experience high exposure. 

 

4.2 Female Reproductive Health 
Animal studies show that chronic RF exposure can disrupt menstrual cycles, alter hormone levels, and damage 

ovarian tissue. These effects may lead to lower egg quality and problems with fertility. Evidence from human 
studies is limited but supports findings from animal research in occupational settings. 

 

4.3 Prenatal and Childhood Exposure 
Developing nervous systems are particularly vulnerable due to higher SAR absorption. Studies on rodents 

indicate that maternal RF exposure can affect fetal brain development, leading to suppressed neurogenesis and 
oxidative stress in the hippocampus. The long-term behavioral impacts of these changes still require more 

research. 

 

4.4 Vulnerable Populations 
Children, pregnant women, and those exposed in their jobs need targeted studies and precautionary efforts due 

to their increased vulnerability and cumulative exposure risks. 

5. Microbiome and Systemic Health 
New research connects RF exposure to changes in gut bacteria, affecting immune responses, metabolism, and 
neurological function: 

- Gut-brain axis: Changes in gut bacteria may impact neuroinflammation and behavior. 
- Immune modulation: Altered microbiome composition can affect systemic inflammation markers. 

- Environmental co-exposures: Combined exposure to RF and chemical pollutants may increase health risks. 

 

6. Occupational and Environmental Exposure Considerations 
Workers in telecommunications, military service, and labs face higher levels of RF exposure. 

Measuring real-world exposure is complex due to variability in fields, multiple sources, and overall exposure 
combining different factors. 

Protective strategies, such as shielding and reducing exposure, are not widely used. 
There is limited research on long-term exposure in occupational settings, creating a major gap in knowledge. 

 

7. Regulatory Standards and Public Health Guidelines 
ICNIRP and FCC regulations mainly address thermal effects and brief exposures. 

Non-thermal biological effects, long-term exposure, and at-risk populations are inadequately considered. 
Stricter limits may be beneficial for children and sensitive groups. 

Clear communication strategies are essential to prevent misinformation while promoting precautionary 
measures. 
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8. Controversies and Research Gaps 
- Study reproducibility: Variations in study design and measurements hinder comparisons. 

- Funding bias: Research funded by industry often reports fewer adverse effects. 

- A lack of long-term and multi-generational studies limits risk evaluation. 

- Consistent exposure reporting requires standardized dosimetry protocols. 

 

9. Future Directions 
- Personalized susceptibility: Genetic, epigenetic, and lifestyle factors may determine vulnerability. 

- Integrative multi-omics: Use genomics, proteomics, and metabolomics for a better understanding of systemic 
impact. 

- Wearable sensor technologies: Allow real-time monitoring of individual exposure. 
- AI-assisted epidemiology: Machine learning can analyze complex datasets on exposure and health outcomes. 

- Policy and societal strategies: Educate the public and workers while balancing technological growth with 
safety measures. 

- Cross-disciplinary research: Combine neuroscience, microbiology, environmental health, and engineering for 
a complete risk assessment. 

 

 

Figure 2. Summary of key literature on RF-EMF exposure and biological health outcomes. Tripathi et al. (2022) demonstrated 
memory impairment and oxidative stress in rats; Yakymenko et al. (2016) reviewed evidence for chronic oxidative stress and DNA 

damage; and Schuermann & Mevissen (2021) found inconsistent tumor associations but confirmed oxidative stress as a consistent 

outcome. 

10. Discussion 
 
The rapid growth of wireless technologies has led to unprecedented exposure to RF-EMFs, raising concerns 

about potential health effects. Studies suggest that non-thermal exposure can cause oxidative stress, alter 
calcium signaling, disrupt the blood-brain barrier, and affect the microbiome, all of which could impact 

neurological, reproductive, and overall health. 
 

Neurological studies consistently show in vitro and animal evidence of oxidative stress, impaired synapse 
function, and behavioral changes. Mixed results in human studies indicate some subtle cognitive effects with 

prolonged exposure, underscoring the need for standardized research methods and long-term monitoring. 

Similarly, reproductive and developmental research suggests that prenatal and occupational exposures may 

affect fertility and brain development, though more robust human data are necessary. 
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Emerging evidence linking microbiome changes to overall health highlights the complexity of RF-EMF effects 
beyond localized tissue responses. Occupational and environmental exposure, particularly for telecom workers 

and lab personnel, calls for specific research and protective standards. Current regulations focus on thermal 
effects and short-term exposure, which may leave gaps in protection for vulnerable groups like children and 

pregnant women. 
 

Future investigations should involve multi-omics, personalized susceptibility, and wearable sensors for precise 
exposure tracking and insights into mechanisms. Interdisciplinary studies that bring together neuroscience, 

environmental health, and epidemiology are essential for shaping informed policies and public health measures. 

A careful approach that enables technological progress while ensuring safety can help maximize societal 

benefits and protect public health. 
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