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Abstract

We evaluated the effects of extremely low frequency magnetic field (ELFMF) on glucose-stimulated insulin secretion from HIT-
T15 cells and investigated the mechanisms of these effects. We demonstrated that exposure to ELFMF at 5 mT decreased glucose-
stimulated insulin secretion by preventing the increases in cellular adenosine 5 0-triphosphate/adenosine 5 0-diphosphate, membrane
depolarization, and cytosolic free calcium ion concentration. The glucose-induced upregulation of insulin mRNA expression was
also attenuated by exposure to ELFMF, although cell viability was not affected. These findings demonstrate the potential of expo-
sure to ELFMF for clinical use as a novel inhibitory method of insulin secretion.
� 2005 Elsevier Inc. All rights reserved.
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An extremely low frequency magnetic field (ELFMF)
is defined as an alternating magnetic field at a frequency
lower than 300 Hz. The various types of ELFMF (from
the perspectives of frequency, intensity, and waveform)
have been investigated in the treatment of osteoporosis
[1], osteoarthritic knees [2], and Parkinson�s disease [3]
over the past two decades, and numerous studies have
demonstrated their clinical efficacy. The advantages of
clinical use of ELFMF are that it is painless, leaving
no injury and no fatigue, the avoidance of hospitaliza-
tion and side effects, and the potential for long term
and local treatment.

Recently, we demonstrated that exposure to ELFMF
decreased insulin secretion from RIN-m cells [4,5]. Insu-
lin plays a vital role in regulating blood glucose levels,
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and insufficient release of insulin is the basis of various
forms of diabetes. Although the incidence of diabetes
mellitus has increased progressively, there have been
few studies that have utilized advantages of ELFMF
clinically in the treatment of diabetes.

In this study, we investigated the effects of ELFMF
on glucose-induced insulin secretion from HIT-T15 cells
that have reported to be responsive to glucose stimula-
tion [6], to evaluate the potential of the use of ELFMF
for the treatment of diabetes.
Materials and methods

ELFMF exposure unit. ELFMF exposure unit (at a frequency of
60 Hz) used in this study has been described previously [7]. The dis-
tribution of the magnetic flux density was measured using a Gauss
Meter (Model 3251; Yokogawa Electrical, Tokyo, Japan).

Cell culture. HIT-T15 cells (Dainippon Pharmaceutical, Osaka,
Japan) were cultured in RPMI-1640 containing 10% fetal bovine
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serum, penicillin (100 U/mL), streptomycin (100 lg/mL), amphoteri-
cin B (0.25 lg/mL, antibiotic–antimycotic; Invitrogen, Carlsbad, CA),
and low concentration of glucose (1 g/L) to avoid reduction of the
insulin content and glucose responsiveness of the HIT-T15 cells [8].
Cells were used from passage numbers 81 to 86.

Insulin secretion tests. To evaluate the effects of ELFMF on insulin
secretion, insulin secretion tests were performed as follows: cells were
plated on 24-well culture plates at a density of 1.21 · 105 cells/cm2,
grown to 80–90% confluence, and preincubated in 10 mM 2-[4-(2-
hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (Hepes)-buffered
Krebs–Ringer balanced buffer (KRBB; 119 mM NaCl, 4.74 mM KCl,
2.54 mM CaCl2, 1.19 mM MgSO4, 1.19 mM KH2PO4, and 25 mM
NaHCO3, pH 7.4) containing 0.2% bovine serum albumin (BSA,
Nacalai Tesque, Kyoto, Japan) without glucose [KRBB (0)] for
30 min. After the preincubation, cells were divided into two groups:
one was cultured under exposure to ELFMF during the stimulation
period following the preincubation period, and the other was cultured
under sham exposure conditions. During the stimulation period, cells
were incubated in 0.4 mL KRBB (0) or Hepes-buffered KRBB con-
taining 0.2% BSA and 200 mg/dL glucose for 2 h. The insulin con-
centration of the supernatant was measured by enzyme-linked
immunosorbent assay (ELISA) kit (Sibayagi, Gunma, Japan) with rat
insulin as a standard. Insulin secretion from the HIT-T15 cells was
standardized to the cell number, which was counted by a cell and
particle counter (COULTER Z1; Beckman Coulter, Fullerton, CA).

Measurement of adenosine 5 0-triphosphate and adenosine 5 0-diphos-

phate.After the insulin secretion tests were performedwith a stimulation
period of 15 min, cellular adenosine 5 0-triphosphate (ATP) and
adenosine 5 0-diphosphate (ADP) content were measured, using CellT-
iter-Glo (Promega, Madison, WI) and luminometer (Lumi-Connter
2500; Microtech Nition; Chiba, Japan) as described previously [9].

Flow cytometric analysis. For membrane potential analysis, cells
were suspended in KRBB (0) at a concentration of 1.5 · 106 cells/mL.
After loading with propidium iodide (PI, 5 lg/mL final concentration;
Nacalai Tesque), and 3,3 0-dipentyloxacarbocyanine iodide [DiOC5(3),
20 nM final concentration; Molecular Probes, Eugene, OR; dissolved
in dimethyl sulfoxide (DMSO)], by incubation at 37 �C for 5 min in
the dark, flow cytometric analysis was carried out using FACSCalibur
(Becton–Dickinson, Franklin Lakes, NJ), to record an initial intensity
of DiC5(3) fluorescence (F0). Immediately after flow cytometric
analysis, an aliquot of cell suspension was collected, and glucose
dissolved in KRBB (200 mg/dL final concentration) was added to the
aliquot. After the aliquot was incubated at 37 �C for 10 min under
ELFMF exposure or sham exposure conditions, flow cytometric
analysis was again performed to record alterations of fluorescence
intensity (F).

For analysis of cytosolic free calcium ion concentration ([Ca2+]i),
cells were suspended in KRBB (0) at a concentration of 2.7 · 106 cells/
mL. After loading with 1-[2-amino-5-(2,7-dichloro-6-hydroxy-3-oxo-9-
xanthenyl)phenoxy]-2-(2-amino-5-methylphenoxy)ethane-N,N,N 0,N 0-
tetraacetic acid, pentaacetoxymethyl ester (Fluo-3 AM, 5 lg/mL final
concentration; Dojindo, Kumamoto, Japan; in DMSO) by incubation
at 37 �C for 30 min in the dark, excess Fluo-3 was removed by
centrifugation, and the resulting cell pellets were gently resuspended in
KRBB (0). After loading with PI (5 lg/mL final concentration), flow
cytometric analysis was conducted to record the initial Fluo-3
fluorescence intensity (F0) and alterations of Fluo-3 fluorescence
intensity (F), as described in the membrane potential analysis. The data
were analyzed using CellQuest software version 3.3.

Total RNA extraction and RT-PCR. After insulin secretion tests
were performed, the cells were scraped and total RNA was isolated
using ISOGEN (Nippon Gene, Toyama, Japan) according to the
manufacturer�s instructions. cDNA synthesis was performed using the
Thermoscript RT-PCR system (Invitrogen) according to the manu-
facturer�s instructions. PCRs were performed using Ex Taq polymerase
(Takara Bio, Shiga, Japan) according to the manufacturer�s instruc-
tions. The primers were as follows: insulin: forward 5 0-CCTGCC
CAGGCTTTTGTCA-30, reverse 5 0-GGTGCAGCACTGATCCAC
AATG-30 [8], b-actin: forward 5 0-ATGGTGGGTATGGGTCAGA
AGG-3 0, reverse 5 0-ACGCACGATTTCCCTCTCAGCT-30. The PCR
mixture was incubated in a thermal cycler (Program Temp control
system PC-818A-02; Astec, Fukuoka, Japan) at 95 �C for 45 s, 58 �C
for 45 s, and 72 �C for 90 s. b-Actin expression was used to standardize
the input template cDNA in a semi-quantitative PCR. Serial half-di-
lution of cDNA was amplified to ensure analysis of products in the
linear range of amplification. Each PCR product was analyzed on a
1.8% agarose gel with 0.1 lg/mL ethidium bromide, and quantification
of the PCR products was performed by densitometry of the band
intensity using a lumino capture system (AE-6950; Atto, Tokyo,
Japan) and CS analyzer software version 1.0 (Atto).

Measurement of total protein content and insulin content. After
insulin secretion tests were performed, cells were collected by tryp-
sinization and centrifugation. Total protein was extracted using Cel-
Lytic-M (Sigma, St. Louis, MO) according to the manufacturer�s
instructions. The extracted total protein concentration was measured
using a BCA protein assay kit (Pierse, Rockford, IL). Cellular insulin
was extracted using acidic aqueous ethanol, and the extracted insulin
concentrations were measured by ELISA kit (Sibayagi).

WST-1 assay. After insulin secretion tests were performed, 40 lL
of premix WST-1 (TaKaRa Bio) was added to each well, and all test
plates were incubated for an additional 4 h, under non-ELFMF ex-
posed conditions. The optical density of the supernatant was measured
by a microplate reader (Ultrospec Visible Plate Reader II, Amersham
Biosciences, Piscataway, NJ), at 450 nm wavelength using 96-well
plates in duplicate.

Statistical analysis. Statistical comparisons were performed by
Student�s t tests or Welch�s t tests according to the results of the F tests.
Results

The effects of ELFMF on insulin secretion from HIT-T15

cells

The HIT-T15 cells used in this experiment exhibit a
relatively high responsiveness to glucose. The stimula-
tion index, calculated by dividing the insulin secretion
under the stimulation conditions (200 mg/dL glucose)
by the insulin secretion without glucose stimulation,
was 5.9 ± 0.7 (mean ± SE, n = 3). This relatively high
responsiveness to glucose stimulation supports our use
of the cells for evaluating the effects of ELFMF on insu-
lin secreting cells in this experiment.

Fig. 1 represents the effects ofELFMFon insulin secre-
tion at different magnetic flux densities (0.4, 1, and 5 mT)
in the presence and absence of glucose stimulation
(200 mg/dL glucose). A significant decrease in insulin
secretion was observed following exposure to ELFMF
at 5 mT under stimulation conditions (89.0 ± 1.5% of
sham exposure, mean ± SE, n = 3, p = 0.018). In the
absence of glucose stimulation or under exposure to
ELFMF at a lower magnetic density (1 or 0.4 mT), no
significant differences were observed between insulin
secretion under exposure toELFMFand that under sham
exposure conditions. The stimulation index was also
attenuated by exposure to ELFMF at 5 mT (89.1 ±
0.7% of sham exposure, mean ± SE, n = 3, p = 0.004),
consistent with a reduction of the glucose-stimulated



Fig. 1. The effects of ELFMF on insulin secretion at different magnetic
flux densities (0.4, 1, and 5 mT) in the presence or absence of glucose
stimulation (200 mg/dL glucose). The ratio of insulin secretion under
ELFMF to that under sham exposure is shown. Data represent
means ± SE (n = 3), and each experiment was performed in duplicate.
SI, stimulation index, *p < 0.05, **p < 0.01.

Fig. 2. The effects of ELFMF on alterations (|DF|/F0) of membrane
potential (A) and [Ca2+]i (B). The ratio of |DF|/F0 under ELFMF to
under sham exposure is shown. Data represent means ± SE (n = 3–6).
*p < 0.05.
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insulin secretion and no change of basal insulin secretion
following exposure to ELFMF.

Mechanistic analysis of the effects of ELFMF on insulin

secretion

To evaluate the mechanisms of the attenuation of
glucose-stimulated insulin secretion by exposure to
ELFMF at 5 mT, we evaluated alterations in cellular
ATP/ADP (Table 1), membrane potential, and [Ca2+]i
(Fig. 2).

The ATP/ADP levels were significantly increased by
glucose stimulation under both ELFMF and sham
exposure conditions (p = 0.034 and p = 0.016, respec-
tively). Under both conditions, the increase of ATP/
ADP by glucose stimulation was due to a significant de-
crease of ADP concentration (p = 0.030 and p = 0.014,
respectively). Following exposure to ELFMF, the in-
crease of ATP/ADP was significantly attenuated
(p = 0.046).

The effects of ELFMF on the alterations of membrane
potential were measured using the fluorescent dye,
DiOC5(3), and flow cytometry (Fig. 2A). The mean fluo-
Table 1
Alterations of ATP, ADP content, and ATP/ADP in the presence of
glucose stimulation, compared with those in the absence of glucose
stimulation

% of without glucose stimulation

Sham ELFMF

ATP 97.9 ± 8.9 82.8 ± 4.9
ADP 65.0 ± 4.1* 66.4 ± 5.9*

ATP/ADP 146.9 ± 5.9*,** 125.2 ± 4.7*

Data represent means ± SE (n = 3), and each experiment was per-
formed in duplicate.
* p < 0.05 to the response without glucose stimulation.

** p < 0.05 to exposure to ELFMF.
rescence intensity of DiOC5(3) was decreased by glucose
stimulation ((F � F0)/F0 = �0.27 ± 0.04, mean ± SE,
n = 4). The value of decrease in mean fluorescence inten-
sity (|(F � F0)/F0| = |DF|/F0) was attenuated by exposure
to ELFMF under glucose stimulation (88.7 ± 1.3% of
sham exposure, mean ± SE, n = 3, p = 0.014); although
it was not attenuated in the absence of glucose stimulation
(101.3 ± 15.3% of sham exposure, mean ± SE, n = 3,
p = 0.94). Since the DiOC5(3) fluorescence intensity de-
creased as the membrane depolarized, the results demon-
strated that the degree of depolarization was attenuated
by exposure to ELFMF.

Alterations of [Ca2+]i were evaluated, relatively, using
the Ca2+-sensitive fluorescence dye, Fluo-3 AM, and
flow cytometry (Fig. 2B). The mean fluorescence inten-
sity of Fluo-3 increased following glucose stimulation
((F � F0)/F0 = 0.14 ± 0.03, mean ± SE, n = 6). The in-
crease of fluorescence intensity of Fluo-3 decreased fol-
lowing exposure to ELFMF under glucose stimulation
(65.2 ± 6.8% of sham exposure, mean ± SE, n = 6,
p = 0.018); although it was not altered in the absence
of glucose stimulation (100.0 ± 8.5% of sham exposure,
mean ± SE, n = 3, p = 1.00). Since the Fluo-3 fluores-
cence intensity increased in proportion to [Ca2+]i, these
results demonstrated that the increase of [Ca2+]i was
attenuated by exposure to ELFMF.

The effects of ELFMF on insulin mRNA expression

The alterations of insulin mRNA expression were
evaluated by semi-quantitative RT-PCR (Table 2). The
Table 2
Insulin mRNA expression

Without exposure to ELFMF
(insulin mRNA/b-actin mRNA)

% of sham
exposure

0 mg/dL glucose 0.35 ± 0.13 105.6 ± 11.1
200 mg/dL glucose 0.55 ± 0.05 86.2 ± 9.5*

Data represent means ± SE (n = 3).
* p < 0.05.



Table 3
Cell viability analysis

% of sham exposure

Cell number 110.3 ± 5.6 (n = 3, p = 0.21)
Total protein content 98.1 ± 1.3 (n = 3, p = 0.28)
Cellular insulin content 103.0 ± 7.2 (n = 4, p = 0.71)
WST-1 cell viability assay 94.6 ± 6.2 (n = 3, p = 0.48)

Data represent means ± SE. Each experiment was performed in
duplicate or triplicate.
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fragments amplified for insulin and b-actin had the ex-
pected sizes (230 and 501 base pairs, respectively), and
PCR products were undetectable when reverse tran-
scription was performed without reverse transcriptase.
Semi-quantitative RT-PCR was performed under condi-
tions where the amplification reaction for the PCR
products was within the linear range. Insulin gene
expression was increased 1.6-fold by glucose stimula-
tion. Under glucose stimulation, insulin gene expression
was decreased by exposure to ELFMF (p = 0.049).

The effects of ELFMF on cell viability

To evaluate the effects of ELFMF on cell viability, we
compared the cell counts, total protein content, insulin
content, and WST-1 assay under exposure to ELFMF
to those under sham exposure conditions in the presence
of 200 mg/dL glucose (Table 3).

All of these parameters of cell viability under expo-
sure to ELFMF were not significantly different from
those under sham exposure conditions.
Discussion

In this study, we demonstrated that glucose-stimu-
lated insulin secretion was decreased by exposure to
ELFMF at 60 Hz and 5 mT. In the absence of glucose
stimulation, or under exposure to lower magnetic flux
density (less than 1 mT), insulin secretion was not al-
tered by exposure to ELFMF (Fig. 1). These glucose
dependences of ELFMF effects on insulin secretion are
consistent with Hayek�s report, although they used a sta-
tic magnetic field [10]. The results that the effects of
ELFMF were dependent on a magnetic flux density
are similar to our previous investigations, using other
cell lines [11–13].

The mechanisms of glucose-stimulated insulin secre-
tion are as follows: enhanced glucose metabolism in-
creases intracellular ATP/ADP and closes ATP-
dependent potassium (KATP) channels. Simultaneously,
membrane depolarization occurs, which induces opening
of voltage-dependent calcium channels to increase [Ca2+]i
and stimulates insulin secretion (KATP-dependent path-
way). Although the existence of another glucose signaling
pathway (KATP-independent pathway) has been reported
[14], HIT-T15 cells do not express the KATP-independent
pathway [15]. Therefore, we evaluated the effects of
ELFMF on the KATP-dependent pathway to clarify the
mechanisms of attenuation of insulin secretion.

The time course of the increase in ATP/ADP [16,17],
membrane potential [18], and [Ca2+]i [16] has been re-
ported previously. In these reports, ATP/ADP increased
rapidly (within 20 s after glucose stimulation), and the
increase continued for at least 15 min. The increase in
[Ca2+]i was slow (114 s after glucose stimulation) and
continued for at least 10 min. The previous report dem-
onstrated that glucose-stimulated insulin secretion from
HIT-T15 cells reached a maximum after 6 min of stimu-
lation, and that more than 60% of total insulin secretion
was secreted during the first 20 min after stimulation
[15]. From these observations, we evaluated the altera-
tions of ATP/ADP, membrane potential, and [Ca2+]i
5–15 min after stimulation.

In the presence of glucose stimulation and under
exposure to ELFMF at 5 mT, we observed attenuation
of the increase of ATP/ADP, membrane depolarization,
and [Ca2+]i (Table 1 and Fig. 2). Recently, we reported
that exposure to ELFMF attenuated KCl-stimulated
insulin secretion, but did not affect Bay K8644-induced
insulin secretion [5]. KCl stimulation bypassed the
KATP channels, and Bay K8644 induced the increase
of [Ca2+]i. From these observations, we contend that
ELFMF influenced the increase in ATP/ADP and
membrane depolarization, and that the observed attenu-
ation of the increase of [Ca2+]i was due to a decrease in
the degree of depolarization.

Although the increase of cellular ATP/ADP was due
to a decrease in ADP (Table 1), which is consistent with
a previous report [17], the ELFMF-induced decrease in
ATP/ADP was caused mainly by a decrease in the cellu-
lar ATP content (88.4 ± 2.3% of sham exposure,
mean ± SE, n = 3, p = 0.037). The decrease in ATP pro-
duction by exposure to ELFMF has been reported pre-
viously using bovine retina [19], which supports the
current findings. It is considered likely that the cellular
membrane or ion channels could be influenced by
ELFMF via the magnetically induced currents and elec-
tric field [20,21]. Since the induced electric field is greater
in proportion to the magnetic flux density [21], it was
reasonable that we could detect the effects of ELFMF
at only 5 mT. Inhibition of the increase in [Ca2+]i by
ELFMF, and its relation with signal transduction or
stimulus-secretion coupling has also been reported
[22], which is consistent with our findings.

The effects of ELFMF have also been detected at the
level of mRNA expression. The expression of insulin
mRNA was increased by glucose stimulation (Table
2), consistent with a previous report [23]. The increase
in insulin mRNA expression was decreased by ELFMF
at 5 mT in the presence of glucose stimulation (Table 2).
It has also been reported that glucose metabolism and
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the increase of [Ca2+]i were considered to be involved in
the glucose-dependent transcriptional control of the
insulin gene [23]. These findings suggested that the ob-
served attenuation of insulin mRNA expression exhib-
ited a close relation to attenuation of the increase of
ATP/ADP, [Ca2+]i, rather than a direct effect of
ELFMF.

While glucose-stimulated insulin secretion and insulin
mRNA were decreased, cell viability was not affected by
exposure to ELFMF for 2 h. These results showed that
exposure to ELFMF at strong magnetic flux density had
the potential for clinical use as a novel inhibitory meth-
od against insulin secretion.

In conclusion, we investigated the effects of exposure
to ELFMF on insulin secretion from HIT-T15 cells.
Insulin secretion was decreased by exposure to ELFMF
at 60 Hz and 5 mT under glucose stimulation. Cellular
mechanistic analysis revealed that exposure to ELFMF
prevented the increases of ATP/ADP, membrane depo-
larization, and [Ca2+]i. The glucose-induced upregula-
tion of insulin mRNA expression was also attenuated,
but cell viability was not affected. These findings demon-
strate the potential of exposure to ELFMF at strong
magnetic flux density for clinical use. Exposure to
ELFMF might to be useful for treatment of type 2 dia-
betes with excessive insulin secretion.
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