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ARTICLE INFO ABSTRACT

Edited by G Liu Radiofrequency electromagnetic radiation (RF-EMR) is ubiquitous in daily life, and the complexity of the elec-
tromagnetic environment continues to increase. Nevertheless, research on the biological effects of compound
radiofrequency radiation—particularly its influence on lipid metabolism under realistic exposure scenar-
ios—remains limited, and the underlying mechanisms are not yet fully elucidated. To investigate the impact of
compound radiofrequency radiation on lipid metabolism, multi-frequency radiation exposure model both normal
and obese mice were established. Our findings indicated that prolonged exposure to composite three-frequency
radiation led to a significant reduction in serum levels of TG and LDL, accompanied by an increase in HDL.
Concurrently, we observed upregulation of UCP1 expression and enhanced lipid metabolic activity in adipose
tissue. Furthermore, radiation exposure promoted the secretion of adiponectin and other adipokines from adi-
pose tissue. These adipokines subsequently activated the adiponectin signaling pathway in the liver, stimulated
fatty acid B-oxidation while suppressed lipogenesis. In the obesity model, long-term exposure to compound three-
frequency radiation similarly enhanced lipid metabolism in adipose tissue and stimulated adiponectin secretion.
This subsequently activated the adiponectin signaling pathway in the liver, led to improved hepatic lipid ho-
meostasis and a reduction in the severity of both hepatic steatosis and fibrosis. Taken together, these findings
demonstrated that compound radiofrequency radiation enhanced lipid metabolism in adipose tissue and liver
through adiponectin-mediated mechanisms, thereby promoted systemic metabolic regulation.
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1. Introduction

Radiofrequency electromagnetic radiation (RF-EMR) is the most
prevalent form of electromagnetic exposure in daily life, including high-
frequency electromagnetic fields and microwaves, which emitted by
communication devices and household appliances across various fre-
quency bands (Mortazavi et al., 2014; Koppel et al., 2022). In recent
years, growing concern has emerged among researchers regarding the
potential health implications of RF-EMR. Studies have reported associ-
ations between RF-EMR exposure and adverse health effects such as
dizziness, headache, anxiety, depression, heart palpitations, endocrine
disorders and reproductive disorders (Levitt and Lai, 2010; Hardell and
Koppel, 2022; Kiicer and Pamukcu, 2014; Men et al., 2023; Yu et al.,
2020). Many of these physiological alterations are closely linked to
metabolic disturbances. Consequently, we thought it is necessary to
study the mechanism of radiofrequency electromagnetic radiation
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affecting lipid metabolism.

Obesity has long been recognized as a major global health concern
associated with various physiological complications, including cardio-
vascular disease (Caballero, 2019). Adipose tissue and the liver play
central roles in lipid metabolism, which is related to obesity. Based on
cellular composition and function, adipose tissue is classified into two
main types: brown adipose tissue (BAT) and white adipose tissue (WAT).
Brown adipocytes are characterized by a high density of mitochondria,
which facilitate the conversion of energy stored in lipid droplets into
heat, thereby contributing to the maintenance of normal body temper-
ature (Liu et al., 2023; Ahmad et al., 2021). However, BAT undergoes
progressive degeneration with advancing age. Both the activity and
mass of BAT exhibit a negative correlation with obesity levels.
Enhancing BAT activity may therefore represent a promising therapeutic
strategy for mitigating obesity and reducing the risk of associated
metabolic disorders, such as cardiovascular diseases (Chand et al.,
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2024). Current research indicated that cold exposure (Xiao et al., 2023),
exercise (Chen et al., 2022), and dietary interventions (Xue et al., 2024)
can promote the browning of white adipose tissue (WAT), thereby
enhancing oxidative phosphorylation within WAT. Improving hepatic
metabolism has also been shown to ameliorate numerous obesity-related
pathologies (Karpale et al., 2023). However, there remains a scarcity of
in-depth studies investigating the physiological alterations and under-
lying mechanisms in both liver and adipose tissues following exposure to
radiofrequency radiation.

Lipid metabolism encompasses both the catabolism and anabolism of
lipids. Triglycerides constitute the most abundant lipid species within
adipocytes. During fasting states, triglycerides mobilized from adipose
tissue are transported to the liver via lipoproteins. In the liver, they
undergo f-oxidation to produce acetyl-CoA, which subsequently enters
the tricarboxylic acid (TCA) cycle to generate energy for the body
(Magkos, Mittendorfer, 2009). In addition to triglyceride synthesis, lipid
anabolism also contributes to the production of hormones and structural
lipids for cellular components. Studies have indicated that mobile phone
electromagnetic radiation accelerated glucose consumption and pro-
moted catabolic processes in the brain (Volkow et al., 2011). Further-
more, some researchers have reported that radiofrequency radiation
may enhanced fatty acid metabolism (Fragopoulou et al., 2018;
Furtado-Filho et al., 2014). However, while numerous studies have
described alterations in indicators of carbohydrate and lipid metabolism
following radiofrequency radiation exposure, the specific effects and
underlying mechanisms of such radiation on lipid metabolic pathways
remain poorly understood and insufficiently investigated.

Adiponectin, an endogenous bioactive peptide predominantly
secreted by adipocytes, exhibits multiple biological functions such as
anti-diabetic, anti-atherosclerotic, and anti-inflammatory activities
(Vaidya et al., 2013; Miyagishima et al., 2007; Choi et al., 2020). It
exerts these effects by binding to specific receptors, leading to the
modulation of key enzymes involved in metabolic pathways in terms of
their expression levels or catalytic activities (Kadowaki et al., 2006).
This process ultimately influences the concentration of metabolic
end-products, thereby regulating both lipid and carbohydrate meta-
bolism. The liver, a central organ in systemic metabolism, represents a
major target of adiponectin action. Upon transportation through the
bloodstream, adiponectin binds to hepatic adiponectin receptors, where
it enhances carbohydrate and lipid metabolism while simultaneously
suppressing fatty acid synthesis (Ghadge et al., 2018; Dyck et al., 2006).

In this study, we observed that compound radiofrequency electro-
magnetic radiation exposure reduced the rate of body weight gain in
mice. Further analysis suggested the potential involvement of the adi-
ponectin signaling pathway in the regulation of hepatic lipid meta-
bolism. Based on these findings, we extended our investigation to high-
fat diet mice subjected to compound radiofrequency radiation. The re-
sults demonstrated that radiation exposure also attenuated weight gain
in this model and indicated that adiponectin participates in the modu-
lation of lipid metabolism during radiation treatment. In conclusion, our
findings indicated that adiponectin pathways are involved in the regu-
lation of lipid metabolism in adipose tissue under compound radio-
frequency radiation exposure. This process promoted fatty acid
catabolism in the liver and enhanced triglyceride breakdown as well as
oxidative phosphorylation capacity in adipose tissue.

2. Materials and methods
2.1. Animals and treatments

Specific pathogen free (SPF) male C57BL/6 mice (5-8 weeks, SPF
(Beijing) Biotechnology Co., Ltd.) were housed in a standard environ-
ment with five animals per cage and provided ad libitum access to food
and water (room temperature: 22-24°C; 12-h light/dark cycle: lights on
from 09:00-21:00; relative humidity: 50-60 %). After a 7-day accli-
matization period, the mice were assigned to different experimental
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groups. In the first experiment(n = 20): Control(n = 10), RF-EMR
(n = 10). In the second experiment, new mice were divided into four
groups(n = 40): Control(n = 10), HFD(n = 10), RF-EMR (n = 10) and
RF-HFD (n = 10). The HFD group and RF-HFD group mice were fed high-
fat diet that contains 20 % kcal protein, 20 % kcal carbohydrates and
60 % kcal fat (H10060, Beijing HFK Bio-Technology. co., LTD China)
from 5 weeks of age for 3 months, Mice in the Control and RF-EMR
groups were maintained on a standard diet for the same period prior
to radiation exposure.

2.2. RF-EMR Exposure

In the first experiment, the RF-EMR group was exposed to multi-
frequency RF-EMR (0.9, 1.5 and 2.65 GHz) that each frequency was
irradiated for 40 min for total of 2 h per day with SAR of 4.0 W/kg. The
Control group was handled identically but without exposure. After 3
weeks of exposure, mice were euthanized for morphological and
biochemical analyses. The experimental irradiation system which is
capable of conducting whole-body irradiation experiments on animals
within the 0.8-4 GHz frequency band includes an RF Signal Generator
(RIGOL Technologies, Inc., China), a radiofrequency power amplifier
(Nanjing Nate Communication Electronics Co., Ltd., China), an antenna
selector, a control computer, and an irradiation box (Fig.S1B). The
shield walls are made of metallic mesh allowing for ventilation and heat
dissipation. During exposure, mice were housed individually in venti-
lated acrylic containers (8.4 x 6.7 x 5.4 cm®) that permitted free
movement. In the second experiment, both the RF-EMR and RF-HFD
groups underwent the same irradiation protocol as in the first experi-
ment (2 h/day, SAR = 4.0 W/kg, multi-frequency sequential exposure).
The Control and HFD groups were subjected to identical handling con-
ditions without exposure. After 4 weeks, all mice were sacrificed for
subsequent morphological and biochemical studies.

2.3. Body weight monitoring and serum lipid biochemistry

During the exposure period, the body weight of the mice in each
group was monitored on a weekly basis. Upon completion of the irra-
diation protocol, all animals were euthanized and serum levels of lipid
metabolism indicators—including high-density lipoprotein (HDL), low-
density lipoprotein (LDL), total cholesterol (TCHO), and triglycerides
(TG)—were quantified using an automated blood biochemistry
analyzer.

2.4. Western blotting

The adipose tissue and liver samples were homogenized in ice-cold
RIPA lysis buffer (Beijing Biomed Genetic Technologies Limited, Bei-
jing China) containing 50 mM pH 7.4 Tris-HCl, 2 mM EDTA, 1 % Triton
X-100, 0.1 % SDS, 1 % sodium deoxycholate, 1 mM sodium orthova-
nadate, 1 mM sodium fluoride, 150 mM and 1 xprotease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA). Then the homogenates
were centrifuged at 12000 g for 15 min in 4 oC. Protein concentration in
the supernatant was determined using a BCA assay kit (Thermo Fisher
Scientific Inc., USA). Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) via 10 % Separating
glue and transferred to PVDF membranes. The membranes were blocked
with 5 % skim milk for 2 h at room temperature and then incubated
overnight at 4 °C with specific primary antibodies diluted in 5 % skim
milk. The following day, membranes were washed and incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h
at room temperature. Protein bands were visualized using an ECL Plus
luminescent substrate (Beijing Lablead Biological Technology Co., Bei-
jing, China) and chemiluminescence imaging system (Sewell Biotech-
nology Co., Ltd, China). Band intensities were quantified using ImageJ
software. Details regarding the primary and secondary antibodies used
are provided in Table S1.
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2.5. Hematoxylin-Eosin staining (HE)

Fresh adipose tissue and liver tissues were fixed, dehydrated, and
embedded in paraffin. Subsequently, the embedded tissues were
sectioned at a thickness of 4 pm. Following routine deparaffinization and
rehydration, the paraffin sections were stained with hematoxylin and
eosin (H&E). The stained sections were examined under a light micro-
scope (OLYMPUS BX41; Olympus Corporation, Japan) at
400 x magnification, and images were captured using the NIS-Elements
F 3.0 imaging system (Nikon Corporation, Japan). Quantitative analysis
of the histological data was performed using ImageJ software (National
Institutes of Health, USA).

2.6. Masson three-color staining

Paraffin sections of adipose tissue and liver were stained using a
Masson staining kit (Shanghai Beibo Biotechnology Co., Ltd., China).
The staining procedure consisted of the following steps: deparaffiniza-
tion and hydration of sections, fixation with Bouin’s solution, staining
with Lapis Lazuli blue, hematoxylin counterstaining, differentiation
with acidic ethanol, Ponceau red staining, treatment with phosphomo-
lybdic acid, aniline blue staining, weak acid rinsing, followed by dehy-
dration and mounting. The stained sections were examined under a light
microscope (OLYMPUS BX41; Olympus Corporation, Japan) at
400 x magnification, and images were acquired using the NIS-Elements
F 3.0 software (Nikon Corporation, Japan). Quantitative analysis of
staining results was performed using ImageJ software (National In-
stitutes of Health, USA).

2.7. Enzyme linked immunosorbent assay (ELISA)

According to the manufacturer’s instructions, the levels of Acetyl-
CoA (ACA) and Malonyl-CoA (MCA), as well as the enzymatic activ-
ities of Acetyl-CoA Carboxylase (ACC) and Carnitine Palmitoyl trans-
ferase (CPT) in adipose and liver tissues, were quantified using
commercially available ELISA kits and enzyme activity assay Kkits
(Shanghai Meilian Biological Technology Co. Ltd., China). Absorbance
measurements were performed using a SpectraMax iD3 multifunctional
microplate reader (Molecular Devices, USA) for data acquisition.

2.8. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from adipose tissue and liver using the
TRIzol method. The procedure involved homogenizing the tissue to
disrupt cells, followed by RNA isolation with trichloromethane and
precipitation with isopropanol. Subsequently, mRNA concentrations
were normalized, and reverse transcription was performed to synthesize
cDNA using the PrimeScript™ RT Reagent Kit (TaKaRa, Japan) on a
T100™ Thermal Cycler (BIO-RAD, USA). Quantitative real-time PCR
(qRT-PCR) was carried out using the CFX Opus 96 Real-Time PCR Sys-
tem (BIO-RAD, USA) with SuperReal PreMix Plus SYBR Green (TIAN-
GEN Biotech Co., Ltd., Beijing, China). The thermal cycling conditions
consisted of an initial pre-incubation at 95 °C for 5 min, followed by 55
cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 20 s, and
extension at 72 °C for 30 s. The oligonucleotide sequences and their
corresponding annealing temperatures are provided in Table S2. Each
sample was analyzed in triplicate, and relative quantification was per-
formed using the 2"—AACt method (Livak method). All data were
normalized to appropriate reference genes for standardization.

2.9. Data analysis

All data in this study were analyzed using SPSS 22.0 and visualized
with GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA).
Measurement data are presented as mean + standard deviation (SD).
Normality was assessed using the Shapiro-Wilk test. For normally
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distributed data, differences between groups were evaluated by one-way
analysis of variance (ANOVA) and two-way ANOVA for multiple com-
parisons. Non-normally distributed data were analyzed using nonpara-
metric methods. A value of p < 0.05 was considered statistically
significant.

3. Results

3.1. Compound radiofrequency radiation promotes lipid metabolism
throughout the body

Utilizing a well-established electromagnetic reverberation chamber
platform, we conducted metabolic studies under multi-frequency com-
pound RF-EMR exposure environment. The irradiation protocol and
experimental grouping were shown in Fig. S1A. Throughout the expo-
sure period, weekly measurements of body weight, food intake, and
water consumption were recorded for all mice. Compared to the Control
group, the RF-EMR group exhibited a significant reduction in weight
gain (Fig. 1A), although no statistically significant differences were
observed in food or water intake between the two groups (Fig. S3).
Serum lipid metabolism analysis revealed a significant decrease in low-
density lipoprotein (LDL) and triglyceride (TG) levels, while high-
density lipoprotein (HDL) showed an increasing trend that did not
reach statistical significance (Fig. 1C). Additionally, malonyl-CoA
(MCA) levels were reduced, whereas total cholesterol (TC) remained
unchanged (Fig. 1B, C). Evaluation of serum adipokine profiles indicated
a significant increase in adiponectin concentration in the RF-EMR group.
Although leptin levels exhibited an upward trend, the difference was not
statistically significant (Fig. 1B). Collectively, these findings demon-
strate that composite radiofrequency radiation exposure effectively at-
tenuates the rate of body weight gain in mice without influencing total
nutrient intake.

3.2. Compound radiofrequency radiation activates UCP1 in adipose tissue
to promote lipid metabolism

To clarify the effects of compound radiofrequency radiation on adi-
pose tissue structure and function, we examined the morphological
characteristics of brown adipose tissue (BAT) and inguinal white adipose
tissue (WAT) in mice following exposure. Histopathological analysis
revealed that, compared to the Control group, the interscapular BAT in
the RF-EMR group displayed a significant decrease in adipocyte diam-
eter and an increase in adipocyte number per field of view (Fig. 1D).
Similarly, inguinal WAT also exhibited reduced adipocyte diameter and
increased cell density (Fig. S1D, E). Furthermore, both mRNA and pro-
tein expression of uncoupling protein 1 (UCP1) were significantly up-
regulated in BAT and WAT of the RF-EMR group, with a more sub-
stantial increase observed in BAT (Fig. 2 C, S1C). Additionally, adipo-
nectin levels in BAT were significantly elevated in the RF-EMR group
following radiation exposure, whereas leptin expression remained un-
changed. In contrast, both adiponectin and leptin were markedly
increased in inguinal WAT (Fig. 2B, S2A). MCA content in BAT of the RF-
EMR group was significantly reduced, accompanied by a pronounced
decrease in acetyl-CoA carboxylase (ACC) activity. Similarly, MCA
levels in inguinal WAT were also significantly lower after irradiation,
though ACC activity did not exhibit significant alteration (Fig. 2F, G).
These results indicated that compound radiofrequency radiation stim-
ulated adipokine secretion from adipose tissue and enhanced uncou-
pling protein 1 (UCP1) expression, thereby promoted metabolic activity
within adipose tissue.

3.3. The adiponectin signaling pathway is involved in the process of
hepatic lipid metabolism promoted by compound radiofrequency radiation

Based on the observed alterations in serum and adipose tissue adi-
pokine profiles, we proposed that adiponectin may play a mediating role
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in the regulation of lipid metabolism induced by compound radio-
frequency radiation in mice. Histological examination of liver
morphology revealed no significant structural changes in hepatocytes
following radiofrequency radiation exposure. Hepatocyte membranes
remained intact, and nuclear structures were clearly delineated without
evident abnormalities (Fig. 1D). Subsequently, we examined adipo-
nectin receptors in the liver and observed a significant upregulation
following radiation exposure (Fig. 2D). Concurrently, proteins involved
in the adiponectin signaling pathway—including APPL1, LKB1, AMPK,
PPARa, and CPT—exhibited significantly elevated expression levels
(Fig. 2E). Compared to the Control group, the RF-EMR group showed a
marked reduction in MCA content and ACC enzyme activity in the liver
(Fig. S2B, C). These results collectively suggested that compound radi-
ofrequency radiation enhanced hepatic lipid metabolism through acti-
vation of the adiponectin signaling pathway.

3.4. Compound radiofrequency radiation promotes lipid metabolism in
obese mice

Building upon previous findings demonstrated that triple-frequency
compound radiofrequency radiation reduced the rate of body weight
gain and enhanced lipid metabolism in both adipose tissue and liver in
normal mice, we further investigated whether such exposure could elicit
similar metabolic improvements in obese mice. The irradiation protocol
and experimental grouping are summarized in Fig. SIA. Body weight
monitoring results revealed that, compared to the HFD group, the RF-
HFD group exhibited a significant reduction in weight gain, with a
particularly pronounced decrease observed during the first week of
irradiation. Notably, age-matched normal mice subjected to the same
radiation protocol showed consistent changes in body weight (Fig. 3A).
Following irradiation, the RF-HFD group exhibited a significant reduc-
tion in both epididymal white adipose tissue (e-WAT) and inguinal white
adipose tissue (i-WAT) coefficients compared to the HFD group, whereas
the brown adipose tissue (BAT) coefficient was significantly increased.
The liver coefficient showed a decreasing trend, although this did not
reach statistical significance. Similarly, the Control group demonstrated
lower liver, e-WAT, and i-WAT coefficients relative to the HFD group,
along with a higher BAT coefficient (Fig. 3E).

Serum lipid metabolism analysis revealed that, compared to the HFD
group, the RF-HFD group exhibited a significant increase in high-density
lipoprotein (HDL) levels, along with marked reductions in low-density
lipoprotein (LDL), total cholesterol (TC), triglycerides (TG), and
acetyl-CoA (ACA) following radiation exposure (Fig. 3C, F). In com-
parison with the Control group, the HFD group showed decreased HDL
and elevated levels of LDL, TC, TG, malonyl-CoA (MCA), and ACA
(Fig. 3C-F). These alterations are consistent with characteristic blood
lipid changes associated with high-fat diet-induced hyperlipidemia mice
(Li et al., 2020). Simultaneously, compared to the Control group, the
RF-EMR group exhibited a significant increase in high-density lipopro-
tein (HDL) and reductions in total cholesterol (TC), triglycerides (TG),
and acetyl-CoA (ACA) levels (Fig. 3C, F). Furthermore, serum adipo-
nectin levels were elevated in the RF-HFD group relative to the HFD
group following radiation exposure (Fig. 3B). These results are consis-
tent with those observed in previous experiments, suggesting that the
lipid metabolism-enhancing effects of radiofrequency radiation may not
exhibit significant age-related variation.

3.5. Compound radiofrequency radiation increases lipid metabolism in
adipose tissue in obese mice

To investigate the effects of compound radiofrequency radiation on
various adipose tissues in obese mice, we examined brown adipose tis-
sue (BAT), epididymal white adipose tissue (e-WAT), and inguinal white
adipose tissue (i-WAT). Histological analysis via HE staining revealed
that, compared to the Control group, adipocytes in BAT, e-WAT, and i-
WAT of the RF-EMR group were more densely packed, whereas those in
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the HFD group displayed a looser arrangement. Additionally, the RF-
HFD group exhibited a higher adipocyte density and reduced cell
diameter relative to the HFD group (Fig. 4 A, S2F). Analysis of triglyc-
eride levels demonstrated that, compared to the Control group, the RF-
EMR group exhibited significantly reduced triglyceride content in BAT
and i-WAT, whereas the HFD group showed markedly elevated triglyc-
eride levels in BAT, e-WAT, and i-WAT. Relative to the HFD group, the
RF-HFD group displayed a significant decrease in triglyceride accumu-
lation in both BAT and i-WAT (Fig. 4B-D). Evaluation of adipokine
expression revealed that adiponectin levels were significantly higher in
BAT and i-WAT of the RF-EMR group compared to the Control group. In
contrast, the HFD group exhibited a substantial reduction in adiponectin
expression in i-WAT. Furthermore, the RF-HFD group showed a signif-
icant increase in adiponectin levels in BAT relative to the HFD group
(Fig. 5C).

Previous studies have indicated that compound radiofrequency ra-
diation enhanced lipid metabolism in adipocytes. Western blot analysis
of UCP1 expression revealed that, compared to the Control group, the
RF-EMR group exhibited significantly elevated UCP1 levels in BAT, e-
WAT, and i-WAT. the HFD group showed a marked reduction in UCP1
protein content in BAT and i-WAT. Relative to the HFD group, the RF-
HFD group demonstrated significantly increased UCP1 expression in
both BAT and i-WAT (Fig. 5A, B).

MCA and ACA are important intermediates in both the catabolic and
anabolic pathways of triglycerides, and serve as critical biomarkers for
assessing lipid metabolism. Additionally, the enzymatic activities of CPT
and ACC represent essential indicators for evaluating metabolic flux and
regulation. Compared to the Control group, the RF-EMR group displayed
significantly elevated CPT enzyme activity in BAT, reduced MCA con-
tent and ACC enzyme activity in i-WAT, and increased ACA content and
CPT enzyme activity in i-WAT, whereas no significant alterations were
detected in e-WAT. Relative to the HFD group, the RF-HFD group
exhibited markedly decreased MCA levels and ACC enzyme activity,
along with increased CPT enzyme activity in BAT; reduced MCA content
and ACC enzyme activity, and elevated ACA content and CPT enzyme
activity in i-WAT. In e-WAT, only MCA content and ACC enzyme activity
were significantly reduced (Fig. 5D-G). These findings indicated that
compound radiofrequency radiation promoted lipid metabolism within
adipose tissues and stimulated the release of adipokines, thereby
enhanced systemic lipid metabolism.

3.6. Compound radiofrequency radiation promotes liver lipid metabolism
via the adiponectin signaling pathway in obese mice

The aforementioned results suggested that compound radio-
frequency radiation exerted a comparable regulatory effect on lipid
metabolism in obese mice. Histological examination of liver tissue
revealed the presence of numerous lipid droplets in both the HFD and
RF-HFD groups. However, the RF-HFD group displayed less severe he-
patic steatosis, characterized by fewer and smaller lipid droplets relative
to the HFD group. Masson’s trichrome staining indicated notable fibrosis
in both HFD and RF-HFD groups, yet the RF-HFD group exhibited milder
fibrotic changes. In contrast, no pathological features of fatty liver dis-
ease were observed in the age-matched Control and RF-EMR groups
(Fig. 6 A, S2E). Following radiation exposure, the RF-EMR group
demonstrated significantly reduced triglyceride levels compared to the
Control group, while the RF-HFD group exhibited markedly lower tri-
glyceride levels relative to the HFD group (Fig. 6D). Analysis of adipo-
nectin signaling pathway proteins revealed that, compared to the
Control group, the RF-EMR group showed significantly elevated
expression levels of adiponectin, adiponectin receptor, APPL1, CPT,
LKB1, and AMPK. In comparison to the HFD group, the RF-HFD group
displayed significantly increased protein expression of adiponectin,
adiponectin receptor, APPL1, and CPT, along with an upward trend in
LKB1 and AMPK expression (Fig. 6B, E).

We further quantified hepatic levels of MCA and ACA, as well as the
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enzymatic activities of ACC and CPT. The results demonstrated that,
compared to the Control group, the RF-EMR group exhibited a signifi-
cant increase in CPT activity and ACA content, alongside a marked
reduction in ACC activity and MCA levels. In the RF-HFD group, ACC
activity and MCA content were significantly lower than those in the HFD

group, while CPT activity and ACA levels showed an increasing trend
that did not reach statistical significance (Fig. 6F, G). These findings
indicated that compound radiofrequency radiation also modulated he-
patic lipid metabolism in obese mice through the adiponectin signaling
pathway.
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4. Discussion

In recent years, the health effects of radiofrequency radiation have
garnered significant scholarly attention. A substantial body of literature
has demonstrated that radiofrequency radiation disrupted endocrine
function, induced central nervous system impairment, and caused
damage to other organs and tissues within homeostatic systems, thereby
exerted various adverse physiological effects (Xu et al., 2010; Eskandani,
Zibaii, 2024; Pardhiya et al., 2022; Hasan et al., 2021). However, most
existing studies have focused exclusively on single-frequency radio-
frequency radiation exposures, with limited investigation into the im-
pacts and underlying mechanisms of multi-frequency compound
radiofrequency radiation. Furthermore, while considerable research has
addressed the influence of radiofrequency radiation on emotional and
cognitive functions (Zhou et al., 2024; Narayanan et al., 2019; Zhang
et al, 2017), relatively few studies have explored its metabolic
effects—particularly regarding lipid metabolism. With the widespread
adoption of communication devices and continuous advancement of
communication technologies (Mortazavi et al., 2014), individuals are
increasingly subjected to prolonged exposure to compound radio-
frequency radiation environments, which poses potential health impli-
cations. Frequencies such as 0.9 GHz, 1.5 GHz, and 2.65 GHz represent
key bands extensively utilized in modern telecommunications, resulting
in frequent public exposure (Tan et al., 2021; Hao et al., 2023). This
study aims to enhance our understanding of the biological effects of
multi-frequency electromagnetic environments and to elucidate the
mechanisms through which long-term radiofrequency radiation in-
fluences lipid metabolism.

In this study, body weight monitoring of mice exposed to compound
radiofrequency radiation revealed a significant reduction in weight gain
during the first week post-exposure, with continued differences
observed in subsequent weeks, diminishing by the fourth week. Analysis
of serum lipid metabolism indicators showed decreased levels of tri-
glycerides (TG) and low-density lipoprotein (LDL), alongside increased
high-density lipoprotein (HDL), suggesting that compound radio-
frequency radiation modulated lipid metabolism. Furthermore, a sig-
nificant elevation in serum adiponectin levels was observed following
radiation, accompanied by an increase in leptin. Previous studies have
established that serum adiponectin levels are positively correlated with
HDL and inversely correlated with LDL and TG, which is consistent with
the present findings (Tsubakio-Yamamoto et al., 2012; Ng et al., 2007).
To further verify the impact of compound radiofrequency radiation on
lipid metabolism, we subjected it to the same multi-frequency radiation
exposure in obese mice. The results demonstrated that the RF-HFD
group exhibited a significant reduction in body weight during the first
week of irradiation. Following radiation exposure, the RF-HFD group
displayed decreased organ indices for e-WAT and i-WAT, along with an
increased index for BAT, compared to the HFD group. Serological
analysis indicated that, relative to the HFD group, the RF-HFD group
showed significantly lower serum levels of TG, TC, LDL, and ACA, while
HDL and adiponectin levels were elevated. Similarly, compared to the
Control group, the RF-EMR group exhibited decreased TG, TC, and ACA,
along with increased HDL and adiponectin. The above results indicated
that compound radiofrequency radiation reduced serum lipid metabolic
indices and enhanced systemic lipid metabolism levels through adipo-
nectin and other adipokines, ultimately led to attenuated weight gain in
mice following radiation exposure.

Most studies on radiofrequency radiation have focused on oxidative
stress across various tissues and organs. Meanwhile, adipocytes char-
acterized by abundant lipid droplets and relatively low protein content
pose technical challenges for protein extraction. Thus, research con-
cerning adipose tissue and its implications for lipid metabolism remains
limited. This study is the first to specifically investigated adipose tissue
under compound radiofrequency radiation, demonstrated that com-
pound radiofrequency radiation exposure increased serum levels of
adipokines, including adiponectin. Adiponectin, a peptide hormone
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secreted by adipose tissue, exhibited anti-diabetic, anti-atherosclerotic,
and anti-inflammatory properties. It also plays a beneficial role in
regulating hepatic glucose and lipid metabolism. In previous studies, we
observed an increase in cell number and a decrease in cell diameter
within irradiated adipose tissue. Based on these morphological changes,
it was hypothesized that compound radiofrequency radiation may
enhance lipid metabolism and reduce lipid droplet accumulation in
adipocytes. Furthermore, measurements of UCP1 expression revealed
significant elevations in both mRNA and protein levels in BAT and WAT.
Additionally, we observed a reduction in MCA and the activity of ACC in
BAT, as well as decreased MCA in WAT. These findings suggested that
compound radiofrequency radiation inhibited the synthesis of fatty
acids and triglycerides in adipocytes. Upon irradiation, the levels of
adiponectin in BAT increased, along with elevations in both adiponectin
and leptin contents in WAT. In subsequent obesity model studies, we
observed increased cellular compactness in BAT, e-WAT, and i-WAT in
the RF-HFD group post-irradiation, which was consistent with our
earlier experimental findings. A similar trend was shown in irradiated
mice of the same age (not fed a high-fat diet). Compared to the HFD
group, the RF-HFD group exhibited significantly reduced triglycerides in
BAT and i-WAT, accompanied by a marked increase in UCP1 protein
expression. Additionally, the activities of MCA and ACC were decreased
in BAT, e-WAT, and i-WAT. In i-WAT, ACA was elevated, while CPT
activity was enhanced in both BAT and i-WAT. Notably, in the RF-HFD
group, only the adiponectin in BAT was significantly increased. These
results suggested that compound radiofrequency radiation promoted
fatty acid catabolism in adipose tissue, reduced triglyceride in adipo-
cytes, and stimulated the release of adiponectin and other adipokines,
thereby contributing to the regulation of systemic lipid metabolism.
Furthermore, we observed that BAT and i-WAT, which are located closer
to the body surface, were more significantly affected by compound
radiofrequency radiation compared to e-WAT, which is situated deeper
within the body. Whether this differential effect is associated with the
selected frequency band, radiation dosage, or potential absorption of
radiofrequency energy by the murine surface fur, among other factors,
remains to be further investigated.

The findings of this study demonstrated that compound radio-
frequency radiation stimulated the release of adiponectin from adipose
tissue, thereby modulated systemic lipid metabolism. Previous studies
have indicated that adiponectin binds to its receptors (adiponectin re-
ceptor 1, adiponectin receptor 2, and T-cadherin) and activated down-
stream signaling proteins, ultimately influencing the expression and
activity of key metabolic enzymes. The liver, as a central organ for both
the synthesis and breakdown of triglycerides, represented a major target
of adiponectin action. Given the focus of this research on lipid meta-
bolism, the liver was selected as the primary target organ for investi-
gating the effects of adiponectin. We observed that compound
radiofrequency radiation did not induce any structural alterations in the
liver. Hepatic cells maintained regular arrangement, intact membranes,
and clear nuclei following irradiation. Furthermore, the expression of
key proteins involved in the adiponectin signaling pathway—including
adiponectin receptor, APPL1, LKB1, AMPK, and PPAR-o—was signifi-
cantly upregulated in the liver after radiation exposure. Concurrently,
the protein level of CPT, a critical enzyme in fatty acid p-oxidation, was
markedly elevated. In contrast, the intermediate metabolite MCA and
the activity of ACC were significantly reduced. In the obesity model
study, steatosis and hepatocyte ballooning were observed in both the
HFD group and the RF-HFD group. The HFD group exhibited a signifi-
cant increase in hepatic triglyceride levels. However, the severity of
fatty lesions and the concentration of triglycerides in the liver were
markedly lower in the irradiated RF-HFD group compared to the HFD
group. Liver fibrosis, which is a key indicator of fatty liver disease
progression, was also evident in high-fat-fed mice. Notably, the extent of
fibrosis was significantly reduced in the RF-HFD group relative to the
HFD group, suggested that compound radiofrequency radiation atten-
uated fatty liver-associated fibrosis. At the same time, we also observed
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that the adiponectin signaling pathway was activated in the RF-HFD
group, which enhanced the ACA level and CPT enzyme activity
related to hepatic triglyceride decomposition, and decreased the MCA
level and ACC enzyme activity related to hepatic triglyceride synthesis.
These results indicated that compound radiofrequency radiation
enhanced triglyceride catabolism and suppressed anabolic processes in
the liver through the adiponectin signaling pathway, thereby amelio-
rated hepatic steatosis in obese mice and promoted systemic lipid
metabolism.

In conclusion, our findings suggested that compound radiofrequency
radiation induced the secretion of adiponectin and other adipokines
from adipose tissue. These adipokines, particularly adiponectin, were
subsequently transported to the liver via the circulatory system.
Through the adiponectin signaling pathway, this process promoted tri-
glyceride catabolism while simultaneously suppressing triglyceride
anabolism in hepatic tissues. This mechanism contributes to systemic
lipid metabolism regulation, ultimately manifesting as attenuated
weight gain in murine models. The observed metabolic effects poten-
tially extend to obese individuals, indicating a broader applicability of
this phenomenon.

However, this study had several limitations. Firstly, we observed that
the effects of compound radiofrequency radiation varied across different
adipose tissues, which may be related to the specific frequency bands
and dosages used. Further experiments are required to confirm this
hypothesis. Secondly, although the mice used in the two experiments
were of different ages, the results were consistent, suggesting that the
effects of compound radiofrequency radiation are not age-dependent.
Nevertheless, the lack of experiments involving aged mice represents a
limitation of this study, which we plan to address in future research.
Thirdly, while we demonstrated that compound radiofrequency radia-
tion modulates hepatic lipid metabolism via the adiponectin signaling
pathway, we didn’t establish a definitive causal relationship between
the radiation and adiponectin pathway. Future studies will employ more
advanced techniques, such as gene knockout models, to validate this
mechanism. Fourthly, the radiation dose applied in this study corre-
sponds to the highest permissible environmental safety threshold as
defined by the International Commission on Non-Ionizing Radiation
Protection (ICNIRP). This level exceeds both the daily public and
occupational exposure limits and was selected strictly as an experi-
mental safety reference. In subsequent investigations, we intend to
conduct systematic studies involving lower doses to further expand and
diversify the current body of research. Finally, this study didn’t inves-
tigate female mice or perform interventions targeting the adiponectin
pathway. We intend to conduct additional experiments to address these
gaps and expand potential applications.

5. Conclusions

In summary, our study demonstrated that long-term compound
radiofrequency radiation upregulated the expression of UCP1 in adipose
tissue, enhanced lipid metabolism within adipocytes, and stimulated the
secretion of adiponectin and other adipokines. Subsequently, these
adipokines activated the adiponectin signaling pathway in the liver, led
to improved hepatic lipid metabolism. Ultimately, this systemic modu-
lation ameliorated overall lipid homeostasis and attenuated the rate of
weight gain. These effects were also observed in obese mice, wherein
long-term compound radiofrequency radiation significantly alleviated
the severity of hepatic steatosis and reduced liver fibrosis. These findings
provided novel insights into the potential application of non-invasive
strategies for the management of obesity.
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