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  Extremely low frequency magnetic fields (ELF-MF) have the ability to produce a variety of behavioral 
and physiological changes in animals. The stomach, as the most sensitive part of the neuroendocrine 
organ of the gastrointestinal tract, is crucial for the initiation of a full stress response against all 
harmful stress. Thus, the purpose of this study was to examine whether ELF-MF stimuli induce 
changes in the activity of neuroendocrine cells, considering their involvement in endocrine or paracrine 
effect on surrounding cells. The exposure to ELF-MF (durations of 24 h and 1 or 2 weeks, 60 Hz fre-
quency, 0.1 mT intensity) altered the distribution and occurrence of gastrin, ghrelin and somatostatin- 
positive endocrine cells in the stomach of rats. The change, however, in the secretion of those hormones 
into blood from endocrine cells did not appear significantly with ELF-MF exposure. Comparing with 
sham control, ELF-MF exposure for 1 and 2 week induced an increase in BaSO4 suspension propelling 
ratio of gastrointestinal tract, indicating that ELF-MF affects gastrointestinal motility. Our study 
revealed that ELF-MF exposure might influence the activity of endocrine cells, an important element 
of the intrinsic regulatory system in the digestive tract. The pathophysiological character of these 
changes and the mechanism responsible for neuroendocrine cell are still unclear and require further 
studies.
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INTRODUCTION

  The question of whether extremely low frequency mag-
netic fields (ELF-MF) can affect biological systems has at-
tracted attention for decades. Many field and laboratory in-
vestigators have reported that ELF-MF originating from 
residentially proximate power line, household electrical 
wiring, medical devices, cellular phone and wireless com-
munication, produce a variety of behavioral and physio-
logical changes in animals [1,2]. Furthermore, fundamental 
research for ELF-MF suggested that changes by ELF-MF 
of neurotransmitter concentration, activity stimulation of 
numerous enzymes and hormones, stimulation of oxida-
tion-reduction processes and cellular synthesis resulted in 
the biological effect of ELF-MF [3-6]. 
  Although the data on the effects of EMF on human endo-
crine system are scarce, experimental animal studies in-
dicate that EMF may influence secretion of some hormones. 
Most of the results concentrate on influence of EMF on se-

cretion of hormone in brain. It is well known that exposure 
to ELF-MF may suppress the synthesis of the indoleamine 
hormone melatonin in the pineal gland of some species 
[7-9]. This effect of ELF-MF on pineal function is similar 
to that of light, which is the main environmental cue media-
ting the response to photoperiod in mammals and birds. 
Moreover, the possible hormonal effects of ELF-MF on re-
production and development, including gametogenesis, fer-
tilization, implantation, embryogensis and endocrine sys-
tem, have been studied [10-15]. In one previous study, 
ELF-MF exposure affected the level of thyroid hormone thy-
roid [16,17]. Other study group reported that exposure to 
ELFMF induces a significant increase in the level of cortico-
sterone in blood plasma and lead to impairment in discrim-
ination between familiar and novel objects [18]. These re-
sults might suggest that ELF-MF exposure may be an envi-
ronmental stress factor by changing hormonal response. 
The behavioral consequence caused by the exposure to 
ELF-MF resembles the symptoms seen in biological re-
sponse to exposure to uncontrolled stress. 
  Stomach is specialized organ for food digestion by chem-
ical secretion and physical motility. All these processes are 
regulated by the intrinsic neuroendocrine system, a group 
of cells dispersed among non-endocrine epithelial cells that 
specialized in the secretion of a variety of bioactive peptides 
to the blood or towards the neighboring cells. In various 
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pathological states the number of neuroendocrine cells in 
the gastrointestinal (GI) tract undergoes some changes. The 
stomach, affected by broad stressful stimuli, might initiate 
a counter-response. One investigation suggests that the 
stomach, as the most sensitive part of the gastrointestinal 
tract and the largest neuroendocrine organ in the body, is 
crucial for the initiation of a full stress response against 
all harmful stress [19]. Some paper reported that MF might 
alter transcription and translation, including hsp70 and im-
mediate early response genes myc, jun and fos [20-23]. The 
increased expression of stress expression in the presence 
of MF suggests that the stress-sensitive gastrointestinal 
tract may response to MF as an environmental stress.
  It is not yet clear, however, whether stress response by 
ELF-MF develop in gastric mucosa and how the length of 
ELF-EMF exposure affects stress adaptation in gastro-
intestinal tract. The aim of our present work was, therefore, 
to study the consequences of the exposure to ELF-EMF 
(durations of 24 h and 1 or 2 weeks, 60 Hz frequency, 0.1 
mT intensity) on gastric morphology and function in rats 
in connection with the development of chronic stress state. 
We examined the hormone changes associated with stom-
ach function including ghrelin, somatostatin and gastrin. 
In order to assess ELF-MF stress-related endocrine changes 
in stomach, we counted the endocrine cell in stomach and 
measured the level of the respective hormone in blood.

METHODS

Animals

  Male Sprague-Dawley rats (Samtaco Korea), 5∼6 weeks 
of age and weighing 200 g, were used in this study. The 
rat were housed for 1 week adaptation in a temperature- 
controlled room on a 12-h light/dark cycle and fed on a 
standard Purina rat chow diet before the experiment. Rats 
were continuously exposed to 60 Hz magnetic field for 7 
days. This project was approved by the Institutional Animal 
Care and Use Committee of the Chung-Ang Medical Uni-
versity.

Magnetic field exposure system

  The 60 Hz magnetic field was produced by 1m-square 
Helmholz coil with widening embedded in an open woden 
rectangular frame. Each coil has 200 turns and was con-
nected in a series connection to 220 V AC power supply 
via variable transformer. Each winding was split allowing 
the current to flow in the same sense through each half 
of the winding (Field aiding). We can modulate the in-
tensity of magnetic field by the transformer. The magnetic 
field at the center of exposure system was measured by 
Gaussmeter (Lake shore Model 410), and we choose 0.1 mT 
for exposing intensity. The set of coils stood on the platform. 
We put the animal cage without material at the center. 

Immunohistochemical staining

  Expression of gastrin, ghrelin, and somatostain positive 
cell in gastric tissue were detected with the avidin-bio-
tinylated horseradish peroxidase complex (DAKO LSAB, 
Los Angels, CA) according to the kit's instruction. Primary 
antibodies used were anti-gastrin (1：100; RB-1459, Fre-
mont, CA), anti-ghrelin (1：200; SC10368, Santacruz, CA), 

and anti-somatostatin (1：50; GTX71935, Parkway Irivine, 
CA). In short, paraffin-embedded gastric tissue specimes 
were consecutively sectioned into 4 μm thick slices. After 
deparaffinization in xyline and rehydration through de-
creasing concentrations of ethanol, slides were immersed 
in citrate buffer (pH 6.0). After antigen retrieval using a 
microwave oven at 98oC for 15 min. The slides were in-
cubated in 0.3% hydrogen peroxide for 30 min to block the 
endogeneous peroxidase activity. Then the sections were in-
cubated with the primary antibody at room temperature 
for 30 min. The negative control staining slides were in-
cubated in the absence of the primary antibody. The slides 
were washed and the chromogen was developed for 5 min 
with using liquid 3,3'-diaminobenzidine; the slides was then 
counter-stained with Mayer's hematoxylin, dehydrated, and 
mounted with Canada balsam for examination. 

Counts of neuroendocrine cells (gastrin, ghrelin and 
somatostatin)

  Cells with ghrelin, gastrin, and somatostatin expression 
searched and their topography was observed. The number 
of individual cells was determined per unit area (1 mm2) 
of each part of gastric mucosa (corpus and pyloric antrum). 
For the immunoreactive cell counts, all available slides 
were examined at a magnification of ×40 in the longitudinal 
sections of stomach. At least five sections were counted at 
a magnification of ×200 (Olympus BX51, 0.949 mm2). The 
cell count was expressed as the mean number of cells per 
visual field. 

Determination of serum levels of gastrin, ghrelin, and 
somatostatin

  The enzyme immunoassay kits for rat ghrelin and soma-
tostatin were purchased from Phenix Pharmaceuticals 
(Burlingame, CA). The rat gastrin enzyme immunoassay 
kit was purchased from Assay Designs (Ann Arbor, MI). 
Procedures for the measurement of these peptides were per-
formed in accordance with the manufacturer’s instructions.

Propelling test of gastrointestinal tract

  For propelling test of gastrointestinal tract, 30 min after 
MF exposure, 0.5 mL of 25% BaSO4 suspended liquid was 
orally administered to the animals. All animals were sacri-
ficed 20 min after the administration of 25% BaSO4, and 
the entire small intestine was removed. The small intestine 
from pylorus to the boundary of ileum and cecum was iso-
lated and its length was "total length of small intestine". 
The length from pylorus to the foreland of 25% BaSO4 sus-
pension was "BaSO4 suspension propelling length".

  BaSO4 suspension propelling ratio=[BaSO4 suspension 
propelling length (cm)/total length of small intestine (cm)] 
×100%

Statistical analysis

  All data were presented as mean±standard deviation 
(SD). For endocrine cell densities, statistical comparisions 
for independent populations between the three groups were 
made and compared with one-way analysis of varience 
(ANOVA) and Student's t-test. Differences in values were 
considered significant if p＜0.05.
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Fig. 4. Changes in the number of gastrin-positive neuroendocrine 
cells in rat stomach. Data represent mean±SD, n=7. *p＜.05 versus 
sham.

Fig. 3. Somatostatin-positive cells mainly in the basal portion of 
the antral mucosa. (A) Sham control, (B) ELF-MF (durations of 24 
h and 2 weeks, 60 Hz frequency, 0.1 mT intensity) exposure, ×200.

Fig. 1. Gastrin-positive cells mainly in the basal portion of the 
antral mucosa. (A) Sham control, (B) ELF-MF (durations of 24 h 
and 2 weeks, 60 Hz frequency, 0.1 mT intensity) exposure, ×200.

Fig. 2. Ghrelin-positive cells mainly in the basal portion of the 
antral mucosa. (A) Sham control, (B) ELF-MF (durations of 24 h 
and 2 weeks, 60 Hz frequency, 0.1 mT intensity) exposure, ×200.

Fig. 5. Changes in the number of ghrelin-positive neuroendocrine 
cells in rat stomach. Data represent mean±SD, n=7. *p＜.05 versus 
sham.

RESULTS

Immunohistochemical study for gastrin, ghrelin and 
somatostatin 

  The immunohistochemical study indicated that gastrin- 
positive cells were detected throughout entire pyloric an-
trum, but not found in the corpus of gastric mucosa (Fig. 1). 
The cells were round in shape, and were ranged irregularly. 
Ghrelin and somatostatin-positive cells were localized in 
the corpus and pyloric antrum as well (Fig. 2, 3). The cells 
were distributed from the neck to the fundus where they 
showed cytoplasmic and granular immunostaining. 

  The exposure to ELF-MF induced strong staining intensity 
for gastrin and significant increase in the number of gas-
trin-positive cells at 1 and 2 weeks (p＜0.05, respectively) 
in comparison to sham control (Fig. 4). Ghrelin- positive 
cells were significantly reduced throughout the gastric cor-
pus mucosa in ELFR-MF exposure groups compared with 
sham controls (Fig. 5, in sham control; 1 and 2 week 
ELF-MF exposure groups, the values were 62.5±6.0, 45.6± 
5.6, and 51.3±7.4 cells/mm2, respectively. p＜0.05). No sig-
nificant difference, however, between exposure and sham 
control was noted in the number of ghrelin-positive cells 
at antral mucosa (Fig. 5). Similar to the observations with 
regard to ghrelin-positive cells in the corpus mucosa, antral 
somatostatin-positive cells also significantly decreased in 
the cell number at 1 week exposure group compared with 
controls (Fig. 3, p＜0.01). This decrease in the somatosta-
tin-positive cell number was slightly more pronounced at 
2 week exposure groups. In contrast, no significant differ-
ence of somatostatin-positive cells between the exposure 
and sham control was noted in the corpus of gastric mucosa 
at any groups (Fig. 6). 
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Fig. 6. Changes in the number of somatostatin-positive neuro-
endocrine cells in rat stomach. Data represent mean±SD, n=7.
*p＜.05 versus sham.

Fig. 7. Effect of ELF-MF on BaSO4 suspension propelling ratio of 
gastrointestinal tract. Comparing with sham control, ELF-MF 
induced an obvious increase in the propelling ratio. Data represent 
mean±SD, n=5∼8. *p＜.05 versus sham. 

Table 1. Changes in the blood level (pg/ml) of gastrin, ghrelin 
and somatostatin

Gastrin Ghrelin Somatostatin

Sham
ELF-MF (1 week)
ELF-MF (2 week)

141.2 (3.9)
146.1 (7.0)
144.4 (7.0)

130.7 (5.8)
127.6 (8.3)
127.6 (9.5)

81.8 (9.6)
89.9 (9.0)
88.1 (4.7)

Average (SD).

Serum levels of gastrin, ghrelin, and somatostatin in 
plasma

  We measured the level of gastrin, ghrelin, and somatosta-
tin in serum to evaluate the effect of ELF-MF on endocrine 
function in stomach. The assessed plasma level of gastrin, 
ghrelin and somatostatin in sham control was 141.2±3.9, 
130.7±5.8 and 81.8±9.6 pg/ml, respectively. The expected 
changes in the plasma level of each hormone after ELF-MF 
exposure for 1 and 2 weeks was not observed (Table 1). 

Effect of ELF-MF on BaSO4 suspension propelling 
ratio of gastrointestinal tract 

  In order to evaluate the effect of ELF-MF on gastro-
intestinal motility, we measured BaSO4 suspension propel-
ling ratio. The BaSO4 suspension propelling ratio in sham 
control was 29.1±3.55%. Comparing with sham control, ELF- 
MF exposure for 1 and 2 week induced an increase in 
BaSO4 suspension propelling ratio of gastrointestinal tract, 
and reached 42.2±2.6% and 37.3±5.1 respectively (Fig. 7). 

DISCUSSION

  The results of this experiment suggest that changes of 
the hormonal function of the stomach can occur in rats sub-
jected to the exposure to ELF-MF. The exposure to ELF-MF 
altered the distribution and occurrence of gastrin, ghrelin 
and somatostatin-positive endocrine cells in the stomach of 
rats. The change, however, in the secretion of those hor-

mones into blood from endocrine cells did not appear sig-
nificantly with ELF-MF exposure. Our study revealed that 
ELF-MF exposure might influence the activity of endocrine 
cells, an important element of the intrinsic regulatory sys-
tem in the digestive tract.
  A fundamental role in digestive tract is played by the 
intrinsic diffuse gastrointestinal neuroendocrine system, a 
group of cells dispersed among non-endocrine epithelial 
cells that specialize in the secretion of a variety of bioactive 
substances to the blood or towards the neighboring cells. 
The interplay between the hormonal products of gastric 
neuroendocrine cells and local trophic factors, nerve regu-
lation or feed-back functional modulation is important in 
regulating physiologic, pharmacologic or pathologic con-
ditions and still deserves further investigations [24]. Since 
evidence of the actual behavior neuroendocrine cells in the 
stomach of rats exposed to ELF-MF was rather scarce and 
the physiological and pathological consequence in the diges-
tive tract in ELF-MF conditions was not reported, it seemed 
interesting to study the distribution and occurrence of gas-
tric neuroendocrine cells in ELF-MF exposed rats.
  Changes occurring in gastrointestinal neuroendocrine 
system are among the earliest responses of the body to gas-
trointestinal stimuli such as food ingestion [25]. Gastroin-
testinal neuroendocrine cells are, in fact, able to monitor 
the change of local conditions, and respond with the release 
of peptides. Working together with the nervous system, 
they allow rapid and efficient adaptation to changing ex-
ternal and internal conditions [26]. Among the secreted 
peptides, gastrin, ghrelin and somatostatin were well char-
acterized in the gastrointestinal tract. Gastrin was the first 
peptide hormone to be detected in epithelial cells of the gas-
tric mucosa [27]. The epithelial cells corresponded to the 
‘G’ cells, a type of ultrastructurally characterized cell shown 
to be characteristic of pyloric glands in all species [28]. Cells 
differing from gastrin-producing G cells while resembling 
pancreatic D cells were also found to exist in the pyloric 
mucosa, which were later shown to store somatostatin 
[15,16]. Somatostatin is homologous with cortistatin and 
suppresses the release of gastrointestinal hormones includ-
ing gastrin and motilin. Ghrelin is a hormone produced 
mainly by P/D1 cells lining the fundus of the human stom-
ach and epsilon cells of the pancreas that stimulates hunger 
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[29].
  We found that ELF-MF induced a significant alteration 
in the number of endocrine cells in stomach, an increase 
in the number of G cells and interestingly, a decrease in 
D and P/D1 cells. A concomitant changes by ELF-MF in 
gastrin, somatostatin and ghrelin-positive cells in the an-
tral mucosa (gastrin and somatostatin) or the corpus 
(ghrelin) of stomach may indicate that ELF-MF confer a 
stressful stimuli to the stomach. The previous studies of 
other investigators observed that ELF-MF was able to lead 
to a reversible change of ultrastructure of cells in the pan-
creas [30]. The change was characterized by expansion of 
the Golgi apparatus, extension of rough endoplasmatic re-
ticulum, mitochondrial swelling, expansion of b-granules 
and increase in number of empty vesicles in beta cells, oc-
curred during the exposure [30]. The structure and function 
of pancreas is associated with a reciprocal relationship be-
tween the activities of the gastric neuroendocrine cells. In 
addition, other studies evaluated the relationship between 
changes in proteolytic activity of pepsin and morphological 
characteristics of the gastric mucosa produced by non-
thermal MF with the plane of polarization rotating in either 
right-handed or left-handed sense. The MF induced mor-
phological changes in the gastric mucosa and gradual in-
crease in the count of goblet cells resulted in mucoid trans-
formation of glands. The surface epithelium underwent ex-
foliation and secretary activity of glands was suppressed 
[31,32]. ELF-MF, a frequency of 50 Hz with a flux-density 
range of 0.3∼1.6 mT, was tested with regard to their influ-
ence on cell proliferation, cyclic AMP-levels, and gap-junc-
tion-mediated intercellular signalling and was found to in-
duce periodic variations in cell-proliferation [33]. The re-
sults of these studies are in accordance with the present 
data that ELF-MF may act as a stressful factor to alter 
the cell structure and function in digestive system. 
Although the mechanism of action of ELF-MF with bio-
logical structures is up to now largely unknown, it has been 
proposed that the cell membrane must be the main target 
for interaction [34]. 
  The present study has shown that the alteration of the 
number of endocrine cells by ELF-MF did not result in the 
change in the secretion of gastrin, somatostatin and ghrelin 
into blood. The data suggest that ELF-MF stimuli have a 
role in modulating paracrine effect in stomach rather than 
endocrine effect. Neuroendocrine cells transport their syn-
thesized product through their long cytoplasmic processes 
and exert in this way paracrine effects [35]. It is also well 
known that neurohormone released from the neuroendo-
crine cells in stomach may reach the connective tissue space 
of the lamina propia and exert paracrine effects also on oth-
er endocrine cells to regulate acid secretion and gastro-
intestinal motility [36,37]. One report proposes that long 
exposure of MF probably modulates the local release of en-
dothelial neurohumoral and paracrine factors that act di-
rectly on the tissue of the vascular wall, presumably by af-
fecting ion channels or second messenger systems [38].
  Although the mechanisms of action of ELF-MF on the 
proliferation or activation of gastric neuroendocrine cells re-
mains further study, there is an increasing amount of in-
formation pointing to a link between cell proliferation and 
ELF-MF exposure. The fact that EMF is capable of altering 
a gastric hormone-positive neuroendocrine cell might be of 
particular interest. Even if the influence of EMF on the se-
cretion of the hormones into blood was found to be weak, 
EMF might serve as an stressful factor in stomach, which 

generally lead to the paracrine effect on cells surrounding 
neuroendocrine cells. The pathophysiological character of 
these changes and the mechanism responsible for neuro-
endocrine cell are still unclear and require further studies.
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