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Abstract
Man-made static magnetic fields (SMFs) widely exist in human life as a physical environmental factor. However, the biological 
responses to moderate SMFs exposure and their underlying mechanisms are largely unknown. The present study was focused 
on exploring the nervous responses to moderate-intensity SMFs at 0.5 T and 1 T in Caenorhabditis elegans (C. elegans). 
We found that SMFs at either 0.5 T or 1 T had no statistically significant effects on the locomotor behaviors, while the 1 T 
magnetic field increased pharyngeal pumping. The avoidance behavior of the pathogenic Pseudomonas aeruginosa was 
greatly decreased in either 0.5 T or 1 T SMFs exposed nematodes, and the learning index was reducede from 0.52 ± 0.11 to 
0.23 ± 0.17 and 0.16 ± 0.11, respectively. The total serotonin level was increased by 17.08% and 16.45% with the treatment of 
0.5 T and 1 T SMF, compared to the control group; however, there were minimal effects of SMFs on other three neurotrans-
mitters including choline, γ-aminobutyric acid (GABA), dopamine. RT-qPCR was used to further investigate the expression 
of serotonin-related genes, including rate-limiting enzymes, transcription factors and transport receptors. The expression 
levels of tph-1 and unc-86 genes were increased by SMF exposure, while those of ocr-2, osm-9, ser-1 and mod-1 genes were 
decreased. With the staining of lipid in either wild-type N2 or tph-1 mutants, we found that 0.5 T and 1 T SMFs decreased fat 
storage in C. elegans via serotonin pathway. Our study demonstrated that moderate-intensity SMFs induced neurobehavioral 
disorder and the reduction of fat storage by disturbing the secretion of serotonin in C. elegans, which provided new insights 
into elucidating nervous responses of C. elegans to moderate-intensity SMFs.
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Introduction

Since life on Earth originated and evolved in the presence 
of the geomagnetic field (25–65 μT) (Van Huizen et al. 
2019), many animals perform orientation and migration 
rely on the geomagnetic field (Clites &Pierce 2017, Wu 
&Dickman 2012). With the development and application 

of superconducting magnetic technology, the intensity of 
static magnetic fields (SMFs) to which living organisms are 
exposed is constantly increasing. Long-term or short-term 
exposure to SMFs whose intensity is much higher than the 
Earth’s magnetic field may result in various disorders in 
neurobehavioral and homeostasis. SMFs were classified into 
weak (< 1 mT), moderate (1 mT to 1 T), strong (1–5 T) and 
ultra-strong (> 5 T) types according to the field intensities 
(Dini and Abbro 2005). The human-made SMF is usually 
presented in specific industrial processes, magnetic health 
products from commercially available and medical diagno-
sis. In particular, the intensity of SMFs provided by the core 
components of most MRI machines is between 0.5 T and 
3 T. Considering that there are varying degrees of health 
risk for clinical magnetic therapy exposure, occupational 
exposure and daily magnetic field exposure, more exten-
sive researches are needed on the health effects associated 
with occupational and non-occupational group exposure to 
moderate-intensity SMFs.
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Accumulating evidence has indicated that moderate-inten-
sity SMFs are capable of affecting several biological systems, 
especially the nervous system that has a pretty-close contact 
with the properties of membrane channels and internal electro-
physiological activities (Rosen 2003; Shen et al. 2007; Todor-
ovic et al. 2020). A survey of MRI (1.0 and 1.5 T) subjects 
found significant occurrences of vertigo, dizziness and nau-
sea, while these occurrences gradually restored after a period 
of exposure (de Vocht et al. 2006), which was in consistence 
with the observations in various model organisms. Short-term 
(30 min) exposure to SMFs above 7 T elicited head tilt, loco-
motor circling, conditioned taste aversion and suppression of 
hind leg upright behavior in rats and mice (Houpt et al. 2011, 
2012; Lockwood et al. 2003). Intermittent exposure to the 
1.7 T SMF induced a pronounced but transient derangement 
in locomotor behavior of Caenorhabditis elegans (C. elegans) 
(BESSHO et al. 1995). The associated mechanisms of these 
effects are still lacking. The electric currents induced in the 
body by movement through the magnetic field are also one of 
the factors that should be considered. In addition to the per-
spective of potential hazards, moderate SMFs also exhibit a 
possible positive influence on the nervous system in vivo. Elec-
troencephalogram analysis revealed that 0.5 T SMF reduced 
epileptiform activity in anesthetized rats and monkeys (Riva-
dulla et al. 2018). Exposure to the SMF of 0.15 T for 30 min 
significantly increased response latency of snail Helix pomatia 
and produced analgesia by affecting the serotonergic and the 
opioid system (Hernadi and Laszlo 2014). In general, the neu-
robehavioral effects of moderate-intensity SMFs are milder, 
but controversial compared to strong magnetic fields.

Although the effects of moderate-intensity SMFs on the 
physiological and biochemical basis of the nervous system have 
been extensively investigated for decades, the inconsistency of 
biological system or magnetic field parameters between differ-
ent studies significantly compromised risk assessment of SMFs 
exposure. Osuga reported that the neuroconduction in damaged 
nerves is not affected by the 1.5 T SMF used in MRI (Osuga 
and Tatsuoka 1999). In contrast, exposure to 0.7 T SMF signifi-
cantly increased the conduction velocity of action potentials in 
the C fibers of the frog sciatic nerve (Okano et al. 2012), while 
the compound action potential of guinea pigs was decreased 
after 0.5 T SMF treatment (Coots et al. 2004). Disturbances in 
the level of the neurotransmitters and their receptors are also 
the potential reasons for abnormal neurobehavior induced by 
SMFs. A previous study has reported that exposure to SMF 
enhanced the blockage of N-Methyl D-aspartate (NMDA) 
receptor blockers (Goraghani et al. 2019). Previous studies 
have also shown that moderate-intensity SMFs in different ori-
entations increased the activities of triphosphatases and acetyl-
cholinesterase in rat synaptosomes (Dincic et al. 2018), which 
revealed the regulatory of moderate SMFs on neurotransmitter 
levels. However, systematic research on the integrity and func-
tion of the neurotransmitter system is relatively lacking, which 

is insufficient to fully illustrate the mechanisms of moderate-
intensity SMFs exposure on the nervous system.

C. elegans as a well-established in vivo model organism 
has a simple structure of its nervous system The neuron loca-
tion and connection are known, and almost every neuron with 
precise specificity has a fluorescent reporter gene. Since the 
main neurotransmitter types and their metabolism, vesicle 
circulation and synaptic transmission are highly homologous 
with higher animals, C. elegans is widely used in neurological 
research (Corsi et al. 2015). More importantly, previous studies 
have reported that C. elegans senses the magnetic field through 
AFD neurons and performs geomagnetic orientation and ver-
tical migration (Vidal-Gadea et al. 2015). However, there is 
a lack of evidence from the effects of SMFs on the develop-
ment and functions of nervous system. This study focused 
on the effects of moderate-intensity SMFs on neurobehavior, 
neurotransmitter levels and functions in C. elegans. First, we 
evaluated locomotor and learning behavior to elucidate behav-
ioral changes mediated by moderate-intensity SMFs. Then, 
we assessed the neuronal integrity and neurotransmitter secre-
tion levels of the four neurotransmitter systems including cho-
line, γ-aminobutyric acid (GABA), dopamine, and serotonin 
(5-hydroxytryptamine, 5-HT) by using transgenic strains. A 
statistically significant increase in serotonin level was found 
in worms exposed to 0.5 T and 1 T SMF, while there are no 
statistically significant effects on the other three neurotransmit-
ter systems. Furthermore, we detected serotonin-related gene 
expression by using RT-qPCR, as well as the effect of sero-
tonin disorder mediated by moderate-intensity SMFs on fat 
metabolism. This study sought to reveal the impact of moder-
ate-intensity SMFs on the nervous system and provided a new 
insight for exploring the potential therapeutic value.

Materials and methods

Worm and bacterial strains and cultivation

C. elegans were cultured on nematode growth medium 
(NGM) plates seeded with Escherichia coli (E. coli) OP50 
at 20 °C, according to standard protocols (BRENNER 1974). 
The strains used in this study, such as GR1366 (mgIs42 [tph-
1::GFP + rol-6(su1006)]), BZ555 (egIs1 [dat-1p::GFP]), 
LX929 (vsIs48 [unc-17::GFP]), EG1285 (oxIs12 [unc-
47p::GFP + lin-15( +)]), LIU1 (ldrIs1 [dhs-3p::dhs-
3::GFP + unc-76( +)]), MT15434 tph-1(mg280), wild-type 
strain N2 and E. coli OP50, were obtained from the Caeno-
rhabditis Genetics Center (CGC, University of Minnesota, 
USA). Pathogenic Pseudomonas aeruginosa (P. aeruginosa) 
PA14 was obtained from the Institute of Microbiology, Chi-
nese Academy of Sciences. The worms were maintained in 
the same stage via the synchronization procedure for further 
experiments.
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Magnetic field intensity detection and exposure

The 0.5 T and 1 T permanent magnets were bought from 
Jiangsu Zhongxin magnetoelectricity, and the intensity and 
polarity of permanent magnets were detected by FE-2100RD 
magnet analyzer (HuNan Forever Elegance Technology Co., 
Ltd., CN). The magnet analyzer scans a plane three millim-
eters high from the surface of the permanent magnet, so the 
magnetic field intensity of the permanent magnets of 0.5 T and 
1 T was, respectively, displayed as 4000 Gs and 8000 Gs, N 
pole showed red, and S pole showed blue (Fig. 1b and c). The 
permanent magnets have a homogeneous distribution of mag-
netic field in a wide range of 15 mm (0.5 T permanent magnets) 
and 20 mm (1 T permanent magnets) of the central area on the 
top. After synchronization, nematodes in L1 stage were trans-
ferred into 18 mm NGM plates and E. coli OP50 was added as 
food source, which was placed right on top of the magnets and 
exposed for either 48 h or 72 h. To ensure the proper nematodes 
culturing conditions, the permanent magnets were placed in the 
20 °C incubator. The control groups were in the same incubator, 
around 30–40 cm away from the magnets. The geomagnetic 
field in our laboratory was 50.101 ± 0.145 μT by using the link: 
https://​www.​ngdc.​noaa.​gov/​geomag/​magfi​eld.​shtml.

Locomotor behavior assay

The endpoints of head thrash, body bend and pharynx pump 
were used to evaluate locomotion behaviors of C. elegans. 
After exposure, nematodes were washed with fresh M9 buffer 
and placed on individual non-seeded NGM plates to roam 
freely for one minute. The frequency of body bend and head 
thrash assay was followed the protocol outlined in previous 
studies (Tsalik and Hobert 2003, Wu et al. 2015). Pharyn-
geal pumping was scored as the number of contractions and 
relaxations of the pharynx that occur in 30 s. Each endpoint 
was recorded for at least 30 nematodes per group, and four 
replicates were performed.

Learning behavior Assay

The behavioral avoidance was examined as a learning 
and memory behavior model and performed as previously 
described (Lee and Mylonakis 2017, Meisel and Kim 2014). 
E. coil OP50 and P. aeruginosa PA14 were grown in Luria 
broth until optical density 600 (OD600) reached 1.0. Then, 
10 μL of each bacteria was spotted on assay plates at the 
same distance from the center. We spread 200 μL bacterial 
OP50 for naive growth plate, and 200 μL bacterial PA14 
for training growth plate to train nematodes to avoid the 
pathogenic PA14. All plates were used after incubation for 
24 h at 37 °C. After exposure, nematodes were washed with 
fresh M9 buffer and incubated on naive and training growth 
plates for 4 h. Then, nematodes were washed 3 times and 
placed in the center of the assay plates. After moving freely 
for 1 h, the number of nematodes on bacteria spots after 
paralyzing with 1 mM NaN3 was counted. Six assay plates 
were used in each naive or training group, with at least 
100 nematodes per assay plate. The learning index was 
calculated as follows:

The choice index greater than 0 indicates the preference for 
OP50 of C. elegans, and vice versa for PA14, which means that 
the lower the learning index, the lower the avoidance behavior 
of C. elegans. In naive conditions, it learns to avoid PA14 after 
exposure to training growth plate compared with nematodes in 
naive growth plates without PA14 training.

Imaging and neuronal morphology analysis

The most common neurotransmitters in C. elegans include choline, 
GABA, dopamine and serotonin (Hobert 2013). To investigate 

ChoiceIndex =
#ofwormsonOP50#ofwormsonPA14

Total#ofworms

������������� = ������������������(��14) − ����������������(
�50)

Fig. 1   The schematic diagram 
of SMF device and exposure 
methods. (a) C. elegans in a cell 
culture plate. (b) The magnetic 
induction intensity and direction 
of 0.5 T permanent magnet sur-
face. (c) The magnetic induction 
intensity and direction of 1 T 
permanent magnet surface
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the effects of SMF on neurotransmitter systems, we used GFP-
labeled transgenic nematodes to examine the changes in the above 
four neurotransmitter systems in C. elegans after 0.5 T and 1 T 
SMFs exposure, including the level of neurotransmitter secre-
tion, neuron cell body and nerve wire integrity. Nematodes were 
exposed to 0.5 and 1 T for 48 h from hatching. For each group 
at least 30 nematodes were performed neuron structure modeling 
under Leica DM4B fluorescence microscope (Leica, Germany) 
state evaluation. In cholinergic neurons and GABAergic neurons, 
nerve damage was examined according to whether the overall 
structures of the neurons were broken or missing (Ijomone et al. 
2020; Liang et al. 2020). In dopaminergic neurons, damage was 
examined according to whether the two pairs of CEP neurons and 
a pair of ADE neurons in the head were broken or notched (Nass 
et al. 2002). In serotoninergic neurons, nerve changes were exam-
ined based on whether the NSM and ADF neurons were damaged, 
missing and weakened (Donohoe et al. 2008; Tatum et al. 2015). 
Mean fluorescence intensity in neuron cell bodies that secrete the 
corresponding neurotransmitter was quantified with Image J soft-
ware to indicate the level of neurotransmitter.

Quantitative Real‑Time PCR

Total RNA from nematodes were isolated using TRIzol, and 
cDNA was synthesized by a reverse transcriptase kit (transgen, 
China). The qRT-PCR was performed on a Step One real-time 
cycler (Roche, Shanghai, China), using a SYBR Green qPCR 
Mix (transgen, China). The final results were expressed as the 
relative expression ratio between the targeted gene and the 
reference (act-1) gene. The primer sequence is presented in 
Table 1. Three independent replicates were performed.

Determination of serotonin levels

After exposure to SMF, all nematodes of each group were washed 
three times and fully suspended in 1 mL M9 buffer. Then, 10 µl of 
suspension was pipetted on slides and counted the exact number 
of nematodes, repeating 3 times independently to get the average 
value to reduce the error. According to the density method above, 

3000 nematodes were obtained. The nematodes were homogenized 
in pre-chilled 1 mL PBS liquid and centrifuged at 3000 rpm for 
20 min to obtain the supernatant for detection. The concentration 
of serotonin was performed using a 5-hydroxytryptamine enzyme-
linked immunosorbent assay kit (J&L Biological Company, China) 
as described (Cao et al. 2019).

Quantitative analysis of lipid droplets using 
DHS‑3::GFP worms

All nematodes were anesthetized in a droplet of 20 mM NaN3 
and mounted on slides before imaging. For each group at 
least 30 nematodes were scored. The fluorescence intensity 
of DHS-3::GFP was measured by Image-Pro Plus Version 6.0, 
and three independent experiments were repeated.

Oil Red O staining and quantitation

The Oil Red O staining was performed based on a previously 
described with minor modification. 0.5% Oil Red O solution 
was dissolved in 1,2-propa-nediol and filtered through 
a 0.22  μm syringe filter before staining. The exposed 
nematodes were washed 3 times with M9, then added 
1000μL M9 buffer and 50μL 10% paraformaldehyde, frozen 
and thawed three cycles repeatedly at -80 °C. After thawing 
completely, nematodes were washed with pre-chilled M9 and 
dehydrated in 1,2-propanediol for 5 min and stained with Oil 
Red O for 5 h at room temperature. After staining, nematodes 
were washed with 85% 1,2-propanediol and PBS for image. 
2000 nematodes were obtained according to the above 
density method, and the stained lipids of the nematodes 
were extracted with 200μL of ethanol and quantified at OD 
510 nm.

Statistical analysis

All presented values were expressed as mean ± standard devia-
tion (SD) based on data from at least three replicates. Statistical 

Table 1   Primers used for the amplification of the cDNA of serotonin-related genes

Gene (Wormbase accession No) Encoding Primer sequence

Actin-1(T04C12.6) actin 5'AGA​AGA​GCA​CCC​AGT​CCT​CC3'
5'GAA​GCG​TAG​AGG​GAG​AGG​AC3'

tph-1(ZK1290.2) tryptophan hydroxylase 5'CTG​CCG​ATT​CTC​CAG​TAA​AA3′ 5'ACT​ACC​CTC​AAC​GGC​ATG​TT3'
unc-86(C30A5.7) POU-domain transcription factor 5'ACC​AAG​ACC​ATC​TGG​AGA​ACG3'

5'CTT​GCA​CGG​AAT​TGG​GAA​CG3
osm-9(B0212.5) transient receptor potential V 

(TRPV) ion channel
5'GGT​AAC​ACG​TAC​ACG​ACG​GT3′ 5'TGA​GCC​TTC​CTG​ATC​CAA​CC3'

ocr-2(T09A12.3) 5'CTG​CAT​TCA​CAT​TGA​GGC​CA3′ 5'AGG​TTC​CGA​CCA​TTC​AAC​CA3'
ser-1(F59C12.2) metabotropic serotonin receptor 5′GCT​CTC​TTC​AGA​CCG​CAA​CT3′ 5′ACA​CGT​ATC​CGA​GCC​AAA​GG′
mod-1(K06C4.6) serotonin transporter 5'ATT​ATT​CAA​GCC​TAT​GTT​CCAA3′ 5′GAG​ATG​AGA​TTC​CGA​CAG​T3′
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analysis was performed by the Mann–Whitney test using software 
Origin 2020. P < 0.05 was considered statistically significant. The 
relative fluorescence intensity from the fluorescence images was 
determined metrically using Image-Pro Plus, version 6.0.

Results and discussion

Effects of moderate SMFs on locomotor behavior

Locomotion behavior is a sensitive endpoint of neural 
responses in C. elegans. In our study, the body bends, head 
thrashes and pharynx pumps were tested to elucidate the effects 
of moderate SMF on locomotor behaviors of C. elegans. As 
shown in Fig. 2a and b, moderate intensities of SMF had no 
statistically significant difference of body bends and head 
thrashes in C elegans exposed to either 0.5 T and 1 T SMFs 
compared to controls. In contrast, a statistically significant 
increase in pharynx pumps was observed in worms exposed 
to 1 T SMF at either 48 h or 72 h. These results indicated that 
moderate SMFs did not induce the abnormal movement of C. 
elegans, while feeding behavior was disturbed by 1 T SMF.

However, LEE et.al reported that body movement of C. ele-
gans was decreased by chronic-term treatment (exposure for 2 
to 8 days) of SMF with magnetic field intensity at 0.2 T (LEE 
et al. 2012). This inconsistency was partially attributed to the 

shorter exposure time of magnetic fields. Considering that the 
C. elegans laid eggs after being exposed for 3 days from L1 
stage, we did not expose them for more than 3 days as reported. 
Interestingly, we found pharynx pumping increased statistically 
significantly by 1 T SMF-treatment, unveiling that SMF may 
affect the normal diet of C. elegans. At the cellular level, it has 
been reported that 0.5 T SMF did not affect ATP levels, while 
1 T SMF could increase ATP levels of multiple cell types (Wang 
et al. 2018). Consistent changes in pharynx pumping and ATP 
levels revealed the potential impact of moderate-intensity SMFs 
on energy metabolism. In general, our data showed that moder-
ate-intensity SMFs treatment for 48 or 72 h had no statistically 
significant effects on locomotor behavior of C. elegans, except 
for increases in pharynx pumping mediated by 1 T SMF.

Effects of moderate SMF on learning behavior

E. coli OP50 is the main food source for C. elegans under labo-
ratory condition. However, worms often exhibit an initial pref-
erence for pathogenic P. aeruginosa PA14, whereas avoidance 
behavior was observed after hours of exposure to the pathogen 
(Meisel &Kim 2014). Since behavioral avoidance is controlled 
by the nervous system, we examined this avoidance behavior to 
evaluate the effect of moderate SMFs on the learning behavior 
of worms (Fig. 3a). As shown in Fig. 3b, the moderate-inten-
sity SMFs did not affect initial preference for P. aeruginosa 

Fig. 2   Effects of 0.5 T and 1 T 
SMFs exposure for 48 h and 
72 h on locomotion behaviors 
in C. elegans. (a) Body bends 
(n ≥ 30 nematodes/group). 
(b) Head thrashes (n ≥ 30 
nematodes/group). (c) Pharynx 
pump s(n ≥ 30 nematodes/
group). Data are means ± SD 
of four independent experi-
ments (n = 4). *P < 0.05, ns., not 
significant, compared with the 
control groups
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PA14 of naive nematodes, while the behavioral avoidance of P. 
aeruginosa PA14 in the trained nematodes treated with 0.5 T 
and 1 T SMF was reduced. The learning index was decreased 
from 0.52 ± 0.11 to 0.23 ± 0.17 and 0.16 ± 0.11 in wild-type 
worms exposed to 0.5 T and 1 T SMFs for 48 h, respectively 
(Fig. 3c). These results indicated that exposure to 0.5 T and 1 T 
SMFs for 48 h attenuated the learning ability of C. elegans to 
avoid pathogenic bacteria.

There is evidence that short-term SMF exposure can alter 
the vestibular system of individual organisms including 
zebrafish, rats and mice, which may further affect their devel-
opment and learning behavior (Houpt et al. 2012; Pais-Roldan 

et al. 2016; Ward et al. 2014). In this study, we found that 
exposure to 0.5 T and 1 T SMFs for 48 h reduced the aversive 
olfactory learning behavior of C. elegans. This may be the 
initial manifestation of nervous system damage (Tkac et al. 
2021). However, it has also been reported that the decrease in 
learning behavior may be caused by the increased tolerance of 
organisms to pathogenic bacteria (Meisel and Kim 2014). The 
stability of the structure and number of synapses is the key to 
balance the excitation and inhibition of the nervous system, as 
well as the basis of neurotransmitter transmissions (Barbagallo 
et al. 2017). In light of the observation that SMF had mini-
mal effects on locomotor behaviors of worms, we postulated 
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Fig. 3   Effects of 0.5 T and 1 T SMFs exposure for 48 h and 72 h on 
learning behaviors in C. elegans. (a) Animated pathogenic avoidance 
behavior assay protocol. (b) Choice index. (c) Learning index. Data 

are means ± SD of four independent experiments (n = 4). *p < 0.05, 
compared with the control groups
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that the decline of learning behavior of worms was probably 
derived from the neurotransmitter systems abnormalities 
induced by SMF.

Effects of moderate SMF on neurons 
and neurotransmitters

Neurobehavioral alteration is usually associated with the 
change of neuronal integrity and neurotransmitter secretion 

level (Jha et al. 2017). Therefore, we analyzed whether 0.5 
and 1 T SMFs exposure for 48 h had any influence on vari-
ous neurotransmitter systems including choline, GABA, 
dopamine and serotonin by using transgenic strains. As 
shown in Fig. 4a, the overall structure of the four neuro-
transmitter systems was intact after SMFs exposure, with-
out neuronal loss and nerve line breakage; however, a slight 
elevation of serotonin localized outside the NSM neuron 
cell body was observed in C. elegans exposed to SMFs for 

Fig. 4   Effects of 0.5 T and 1 T 
SMFs exposure for 48 h on 
neurons and neurotransmitters 
of C. elegans. (a) Fluorescence 
imaging of each neurotrans-
mitter neurons; from top to 
bottom are cholinergic neurons, 
GABAergic neurons, dopa-
minergic neurons and seroton-
ergic neurons. (b) Analysis of 
fluorescence intensity of four 
neurotransmitter systems (n ≥ 30 
nematodes/group). (c) Serotonin 
concentrations after long-term 
exposure to SMF. The data in 
(b) and (c) are presented as 
mean ± SD of three independent 
experiments (n = 3). *p < 0.05, 
**p < 0.01, compared with the 
control groups
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48 h. Then, we set out to determine the levels of neuro-
transmitter by quantifying the fluorescence intensity of four 
neurotransmitter systems. As shown in Fig. 4b, 0.5 T and 
1 T SMF had no statistically significant effects on fluores-
cence intensity of cholinergic neurons, GABAergic neurons 
or dopaminergic neurons. On the other hand, a statistically 
significant increase on fluorescence intensity of serotoner-
gic neurons was found in worms exposed to 0.5 T and 1 T 
SMFs. Moreover, using Elisa Kit to examine the concentra-
tions of serotonin on wild-type N2 worms, serotonin con-
centrations of nematodes treated with 0.5 T and 1 T SMFs 
were 7.23 ± 0.63 ng mL−1 and 7.19 ± 0.29 ng mL−1, which 
were 17.08% and 16.45% higher than 6.18 ± 0.26 ng mL−1 
of the control group, respectively (Fig. 4c).

The present study performed a comprehensive analysis of 
choline, GABA, dopamine and serotonin synthesis in worms 
exposed to moderate SMFs. Among the above neurotransmit-
ters, serotonin could be considered as an indicator that was 
affected by either 0.5 T or 1 T SMFs. Serotonin has shown 
to modulate foraging, mating, egg laying, metabolism, aver-
sive olfactory learning and feeding behaviors in C. elegans 
(Flavell et al. 2013; Ishita et al. 2020; Srinivasan et al. 2008). 
There are five classes of the neurons that accumulate sero-
tonin, including ADF, NSM, AIM and RIH neurons shortly 
after hatching, and in the HSN neurons at the end of the fourth 
larval stage (Sze et al. 2000). A previous study reported that 
pregnant rats exposed to extremely low-frequency magnetic 
fields led to a significant increase in serotonin level on the 
brain cortex of offspring rats at birth, 15 days and 21 days 
(Cañedo et al. 2003). However, it has also been reported that 
the level of pontine medullary serotonin did not significantly 
change in rats exposed to 0.08 T SMF for 12 h to 8 days 
(Kroeker et al. 1996). Our data showed that compared with 
the control group, the serotonin levels of nematodes exposed 
to 0.5 T and 1 T SMFs for 48 h from the L1 stage were sta-
tistically significantly increased, which might be associated 
with the deficit in learning behavior caused by chronic-term 
SMF exposure. The change of serotonin level could be due 
to an alteration of gene expression, properties of membrane 
channels, ATPases and neurotransmitter enzyme activities 
(Cañedo et al. 2003; Dincic et al. 2018; Rosen 2003). As the 
genome of C. elegans is highly homologous to mammals, and 
the metabolic pathway is similar as well (Corsi et al. 2015), 
it is essential to explore the expression of serotonin-related 
gene and associated mechanisms of serotonin changes after 
SMF exposure, including gene transcription of rate-limiting 
enzyme and receptors.

Effects of moderate SMF on serotonin‑related gene 
expressions

Serotonin-related genes included tryptophan hydroxylase 
tph-1, which is the rate-limiting enzyme in the first step 

of serotonin biosynthesis. Gene unc-86 regulates seroto-
nin biosynthesis and neurodevelopment in four classes of 
serotonergic neurons (NSM, AIM, AIH, HSN) (Sze et al. 
2002), while the biosynthesis of serotonin in ADF neurons 
is regulated by complex encoded by osm-9 and ocr-2 that 
is independent of unc-86 (Zhang et al. 2004). Metabo-
tropic G protein-coupled receptors (GPCRs), SER-1 and 
serotonin-gated chloride channel, MOD-1, also play cru-
cial roles in the functions of serotonin (Anderson et al. 
2013; Ranganathan et al. 2000). By using qRT-PCR, we 
found that the mRNA levels of unc-86 and tph-1 were 
increased in nematodes exposed to 0.5 T and 1 T SMFs 
for 48 h, while ocr-2, osm-9, ser-1 and mod-1 were signifi-
cantly decreased (Fig. 5).

The low expression of ocr-2 and osm-9 mRNA levels 
indicated that the secretion of serotonin in ADF neurons was 
reduced, whereas the high expression of unc-86 increased the 
secretion of serotonin in other types of serotonergic neurons, 
resulting in up-regulation of total serotonin level. Among the 
serotonergic neurons of C. elegans, only ADF neurons are 
involved in aversive olfactory learning behavior (Shao et al. 
2019). The statistically significant decrease in the aversion 
of olfactory learning behavior of C. elegans may be caused 
by the decline of ADF neuron function. Furthermore, the 
reduced expression of receptor genes ser-1 and mod-1 also 
leads to impaired serotonin function. On the other hand, 
downregulation of receptor gene expression may provided a 
negative feedback to the total serotonin level. Based on the 
critical role of serotonin in energy homeostasis and fat 
metabolism (Zheng and Greenway 2012), we hypothesized 
that chronic-term exposure to moderate-intensity SMFs 
altered fat metabolism through central serotonin pathway.
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Fig. 5   Effects of 0.5 T and 1 T SMFs exposure for 48 h on serotonin-
related gene expressions. Data are means ± SD of three independent 
experiments (n = 3). *p < 0.05,**p < 0.01 compared with the control 
groups
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Effects of moderate SMF on fat storage

Given the modulating effect of moderate intensities of SMF 
at 0.5 T and 1 T on serotonin level, we asked whether the 
increased serotonin influenced fat storage of worms. DHS-3 
localized on lipid droplets of C. elegans, which is used as a 
lipid droplets marker protein (Zhang et al. 2012). Utilizing 
DHS-3::GFP nematodes, the fat storage in 0.5 T and 1 T mag-
netic field exposure groups decreased by 13.08% and 10.20% 
compared with the control group, respectively, as shown in 
Fig. 6a and c, which was confirmed by Oil Red O staining for 

lipid droplets. Furthermore, tph-1 mutants showed increased 
fat storage than wild-type N2 nematodes, whereas both 0.5 T 
and 1 T SMF did not elicit any statistically significant change 
on the fat storage in this strain (Fig. 6b and d). The results indi-
cated that long-term treatment of 0.5 T and 1 T SMF induced 
fat loss on wild-type N2 worms by increasing serotonin levels.

The fat storage of C. elegans is regulated by hundreds 
of genes, which functions in food sensation, neuroendocrine 
signaling, lipolysis and synthesis (Lin et al. 2019). Consider-
ing the effect of SMFs on lipid peroxidation (Vergallo et al. 
2020; WATANABE et al. 1997), the underlying mechanisms 

Fig. 6   Effects of 0.5 T and 1 T 
SMFs exposure for 48 h on fat 
storage in N2 and tph-1(mg280) 
worms. (a) The representative 
images of green fluorescence 
in DHS-3::GFP worms. (b) 
The representative images 
of Oil Red O staining in N2 
and tph-1(mg280) worms. 
(c) Quantification of DHS-
3::GFP fluorescence intensity 
(n ≥ 30 nematodes/group). (d) 
Quantification of Oil Red O 
staining N2 and tph-1(mg280) 
worms. The data in (c) and (d) 
are presented as mean ± SD of 
three independent experiments 
(n = 3). *p < 0.05
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of fat reduction by SMFs are yet to be further studied in C. 
elegans. In addition, lipid metabolism disorders and diabetes 
are highly correlated (Thongnak et al. 2020). Many previ-
ous studies reported the therapeutic effect of moderate SMF 
on type 2 diabetes, diabetic wounds healing and anti-throm-
bosis (Carter et al. 2020; Jing et al. 2010; Li et al. 2020), 
which provided theoretical evidence into safe application 
of moderate SMF to cure related diseases in the presence 
or absence of drugs. Given that the changes of serotonergic 
system alone cannot account for serotonin-mediated altera-
tions in the fat storage in mammals, the mechanism merits 
direct exploring in higher animals. Our results provided clear 
evidence that the moderate SMF reduced the fat storage of 
wild-type worms by regulating the level of serotonin. How-
ever, to determine whether the moderate SMF is effective for 
fat accumulation caused by diet or disease requires further 
systematic investigations.

Conclusion

Our results showed that exposure to 0.5 and 1 T SMFs 
had no effect on the movement behavior, but significantly 
reduced the aversion learning behavior in C. elegans. 1 T 
magnetic field increased pharyngeal pumping. Further, 
long-term exposure to 0.5 and 1 T SMFs had differential 
effects on the expressions of tph-1 in ADF and NSM neu-
rons. Specifically, the moderate-intensity SMFs decreased 
the secretion of serotonin in ADF neurons, while increas-
ing the secretion of serotonin in NSM neurons, resulting 
in an increased in the total level of serotonin in C. elegans. 
Moreover, wild-type nematodes exposed to moderate-inten-
sity SMFs exhibited the phenotype of decreased fat storage 
caused by increased serotonin level. Our study provided new 
insights into elucidating nervous responses of C. elegans to 
moderate-intensity SMFs.
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