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Whole body exposure to low frequency magnetic
field: No provable effects on the cellular
energetics of rat skeletal muscle
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Abstract

On the basis of previous experience with biological effects of electromagnetic fields a potential effect of homogeneous sinusoidal
magnetic field (50 Hz, 10 mT) on energy state of rat skeletal muscle was investigated. Two different total body exposures to
magnetic field were selected: (1) repeated 1 hour exposure, 2 times a week for 3 months, and (2) acute 1.5 hour exposure (and the
appropriate control groups). Important energy metabolites (adenosine triphosphate – ATP, creatine phosphate, creatine, lactate,
pyruvate and inorganic phosphate) were analysed by enzymatic and spectroscopic methods in musculus gracilis cranialis. On
the basis of the concentration of important energy metabolites the apparent Gibbs free energy of ATP hydrolysis and creatine
charge was calculated. Our results demonstrate no influence of this low frequency magnetic field on the level of important energy
metabolites in rat skeletal muscle. The conclusion of this study is that neither repeated exposure nor the acute exposure of rats
to the sinusoidal magnetic field of given parameters has any important influence on the energy state of the skeletal muscle. (Mol
Cell Biochem 284: 111–115, 2006)
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Introduction

Electromagnetic fields (EMF) are one of the most common
environmental factors that can influence living systems. With
the progressive development of emerging technologies, the
systems that generate EMF are rapidly increasing and po-
tentially influencing humans and animals. The research of
biomedical effects of EMF is therefore also in progress as
there are many examples documenting either positive or
negative influences of EMF on health. At present, the re-
search involving the effects of EMF on biological systems
is often orientated towards the influence of high frequency
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EMF produced by mobile phones on the central nervous
system or the auditory system but the experimental find-
ings are not unambiguous. Some reported effects are small
as long as the radiation intensity remains in the nonther-
mal range [1–3], other works refer nerve cell damage in
mammalian brain after exposure to microwaves from mobile
phone [4].

In some cases exposures to extremely low frequency mag-
netic fields often show provable physiological effects, e.g.
changes in the production of some hormones (for example
melatonin), modification of cellular signalling processes,
help in delayed fracture healing, etc. [5, 6].
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Therapeutic applications of electromagnetic fields (in-
volving bone repair, reduction of pain, improvement of hip
movements, etc.) usually involve exposing patients to rela-
tively high flow density levels with low frequency or static
fields. Pulsed fields, based on signals with low frequency and
low energy (non-thermal) are also effectively therapeutically
used [7].

Our interest in this issue was orientated to total body ir-
radiation of laboratory rats by magnetic fields (MF) of low
sinusoidal frequency (50 Hz) under well-defined conditions
of exposure. One of the aspects connected with the motivation
of this work were positive effects of EMF on the transport of
the manganese in the brain of rats [8, 9].

Possible health risks of exposure to EMF can be evaluated
in many ways but we preferred to concentrate on important
aspects of energy metabolism. Some in vitro studies revealed
important influences of EMF on the function of enzymes of
the mitochondrial respiratory chain, e.g. cytochrome oxidase
[10]. But cellular or whole body energetic aspects after ex-
posure to MF have not been frequently studied so far, despite
the fact that the energy status of the cell is very important for
its survival and proper function.

In our study, we therefore decided to test the possible in-
fluence of the total body exposure to the low frequency si-
nusoidal magnetic field on the energy metabolism of skeletal
muscle.

Materials and methods

Male Wistar rats (body weight 350–450 g) were maintained at
a temperature of 20–22 ◦C with a 12 h light – 12 h dark cycle.
Food and water were provided ad libitum. All handling of
rats was carried out in full compliance with the guidelines
on the care and management of animals established by the
European Community and the experiments were approved
by the Committee of the Ministry of Education of the Czech
Republic.

The exposure level of MF to rats was derived from the
literature [11] so that the actual exposure (magnetic field in-
duction) was higher than hygienic limits. A homogeneous
magnetic field (MF) was produced by the solenoid ( f =
50 Hz, the magnetic induction B = 10 mT) (Fig. 1). The
two groups of rats were exposed inside the solenoid for the
defined period of time in diverse periods. Two different expo-
sures were selected: group R (14 animals) – repeated 1 hour
exposure, twice a week for 3 months (with the control group
– 11 animals kept under the same conditions but without any
exposure to artificial MF) and group A (7 animals) – acute
1.5 hour exposure (and the appropriate control group of 5
animals).

The muscles (musculus gracilis cranialis) from the ani-
mals with repeated exposure (and corresponding controls)

Fig. 1. A scheme of solenoid used for rat exposure to sinusoidal magnetic

field (50 Hz, 10 mT).

were fixed several hours after the last exposure to MF with
the Wolenberger tongs cooled in liquid nitrogen under deep
anaesthesia (Thiopental i.p.). The muscles from the animals
with acute exposure were removed immediately after the end
of the exposure (also under deep anaesthesia induced after
the end of the exposure) by the same technique. The muscles
after fixation were stored at −80 ◦C until analysis.

Energy metabolites (adenosine triphosphate – ATP, crea-
tine phosphate – PCr, creatine – Cr, lactate – Lac, pyruvate –
Pyr, inorganic phosphate – Pi) were analysed by enzymatic
and spectrophotometric methods to evaluate the potential ef-
fect of two different exposures to extremely low frequency
magnetic fields on the cellular level of these metabolites in
muscle (the details of analysis of muscular metabolites are
described in [12]).

In addition, we evaluated the energy status of skeletal mus-
cle fibres and its possible changes after MF exposure. This
parameter, which can be most easily expressed by a “Crea-
tine charge” (Cr-charge; Cr-charge = [PCr]/([PCr] + [Cr]))
provides the possibility of describing, in a simple manner,
the actual energy reserves of the cell that are necessary for
the proper functioning of living tissue [13].

Another possibility is the calculation of the apparent Gibbs
free energy of ATP hydrolysis (�G′

ATP): this calculation is de-
pendent on the knowledge of the free adenosine diphosphate
(ADP) concentration in the cell; it is not possible to measure
free ADP level, but it can be calculated from other analysed
substrates.

The tissue levels of free adenosine 5′-diphosphate (ADP)
were calculated from the equilibrium of the creatine
kinase (CPK) reaction catalyzed by ATP: creatine N -
phosphotransferase (EC 2.7.3.2) on the supposition of equi-
librium of this reaction. The apparent equilibrium constant is
given by Lawson and Veech [14]: apparent K ′

38◦C = 166 for
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CPK reaction. Free ADP was calculated from the formula:

[ADP] = [ATP][Cr]/(K ′[PCr]).

The expressions in square brackets are concentrations given
in μmol g−1 wet weight of tissue.

The apparent change of Gibbs free energy of ATP hydrol-
ysis was then calculated according to the equation:

�G ′
ATP = �G0

ATP + RT ln([ADP][Pi]/[ATP])

where T is the absolute temperature in Kelvin, R the gas
constant (8.314 J K−1 mol−1) and �G0

ATP is the standard
apparent Gibbs free energy change of the reaction ATP +
H2O → ADP + Pi. The value �G0

ATP = −31.9 kJ mol−1

(Lawson and Veech [14]) was used assuming pH 7, [Mg2+]
= 10−3 M, and ionic strength 0.25 M.

The results are expressed as means ± standard errors of the
mean (S.E.M.). Differences among groups were compared by
the analysis of variance (ANOVA) after confirmation of the
normal distribution of a variable (χ2-test). In a case in which
the normal distribution was not confirmed, a non-parametric
Kruskal-Wallis test was used instead.

Results

Direct effects of high energy magnetic fields on biological
systems are often mixed with the effect of increasing temper-
ature linked with the device in which the objects are exposed.
We performed a control test in the solenoid which was used.
The changes in air temperature and water temperature (in wa-
ter volume 250 mL) measured in the centre of the solenoid
during active 50 Hz sinusoidal magnetic field with density
flow 10 mT are shown in Fig. 2. There is a considerable in-
crease in air as well as water temperature in the active solenoid
in comparison with the surrounding laboratory temperature.
This indicates that long exposure of animals to MF could
have a dominant effect on physiological functions due to ex-
tremely high thermal stress. Therefore we used only short
time exposures of rats – 1 hour in repeated exposures and 1.5
hour in acute exposure. For possible suppression of the ac-
tion of increasing temperature, the control animals of group
A were placed in the metabolic chamber with the temperature
comparable to the air temperature in the active solenoid for
the same time as animals exposed to MF. In experiments with
repeated exposures for 3 months the metabolite analysis was
made several hours after the last exposure to MF, so at that
time the exposed animals and the controls were also localized
in the same (laboratory) temperature. We can therefore sug-
gest that the eventual different findings between exposed rats
and controls could, in actuality, be explained by the influence

Fig. 2. Temperature changes in air and water (250 ml) localized in solenoid

producing sinusoidal magnetic field (50 Hz, 10 mT) in comparison with sur-

rounding laboratory air temperature.

Fig. 3. Cellular levels of metabolites of rat skeletal muscle after acute 1.5 h

exposure of rats (group A) to magnetic field (50 Hz, 10 mT) and in control

animals localized for the same time in similar surrounding temperature. ATP,

adenosine-5′-triphosphate; PCr, phosphocreatine; Cr, creatine; Pi, inorganic

phosphate; LAC, lactate; PYR, pyruvate. Means ± SEM in [μmol g −1 wet

weight tissue] (exposure: n = 7, controls: n = 5); ANOVA or Kruskal-

Wallis non-parametric test did not prove any significant difference between

exposed animals and controls for all analysed metabolites.

of the magnetic field and not by the effect of temperature
changes.

Nevertheless, the levels of important energy metabolites in
the skeletal muscle of both experimental groups are demon-
strated in Figs. 3 and 4 and we cannot prove any substantial
change in the concentrations of analysed cellular substrates.
Evaluation of results (comparing exposed animals with their
appropriate controls) did not show any significant differences
in the tissue concentrations of all analysed metabolites be-
tween exposed animals and controls. Neither did the com-
parison of both experimental groups show any significant
difference in the concentrations of cellular metabolites with
the exception of lactate. The lactate levels were significantly
higher in group A than in group R (P < 0.05). One pos-
sible explanation of this lactate difference between group 1
and group 2 is the placement of rats in different temperatures



114

Fig. 4. Cellular levels of metabolites of rat skeletal muscle after repeated

1 hr exposure of rats twice per week for three months (group R) to mag-

netic field (50 Hz, 10 mT) and adequate control animals. ATP, adenosine-5′-
triphosphate; PCr, phosphocreatine; Cr, creatine; Pi, inorganic phosphate;

LAC, lactate; PYR, pyruvate. Means ± SEM in [μmol g −1 wet weight

tissue] (exposure: n = 14, controls: n = 11); ANOVA or Kruskal-Wallis

non-parametric test did not prove any significant difference between exposed

animals and controls for all analysed metabolites.

Fig. 5. Evaluation of possible energy state of skeletal muscle of rats group
A and group R after exposure to sinusoidal magnetic field (50 Hz, 10 mT)

and their relevant controls (means ± SEM). �G ′
ATP is calculated free Gibbs

energy of ATP hydrolysis in units [kJ mol−1] – see Methods for details; Cr-

charge is a relative number (a ratio of creatine phosphate to the total creatine

concentration). Statistical analysis did not prove any significant difference

between exposed rats and controls in both quantities.

immediately before removing the muscle; but the MF expo-
sure (repeated as well as acute) had no influence on the lactate
concentration.

We used creatine charge (Cr-charge) and apparent Gibbs
free energy of ATP hydrolysis (�G ′

ATP) for the evaluation of
the energy state of the skeletal muscle; the results in Fig. 5
document that exposure of rats to MF has no effect on the
energy state of the muscle. Statistical evaluation of Cr-charge
and �G ′

ATP proves that there is also no significant difference
in the energy state of musculus gracilis cranialis between
rats subjected to MF and controls in group A as well as in
group R.

Discussion

Works studying regulation of cellular respiration distinguish
the ‘first mechanism of respiratory control’ that is connected
with the proton gradient of the inner mitochondrial mem-
brane from another ‘second mechanism of respiratory con-
trol’ which is independent of the proton motive force [15].
A ’second mechanism of respiratory control’ has been dis-
covered based on allosteric ATP-inhibition of cytochrome c
oxidase at high intramitochondrial ATP/ADP ratios [15–17].
ATP or ADP binds to the same site at subunit IV. The al-
losteric ATP-inhibition of cytochrome c oxidase is reversibly
turned on by cAMP-dependent phosphorylation and turned
off by Ca2+-activated dephosphorylation [18, 19]. These de-
scribed facts indicate that any possible change in these im-
portant cellular molecules that might be induced by extremly
low frequency magnetic fields could alter the metabolic reg-
ulation and ultimately the energy state of skeletal muscle.
The evaluation of the potential influence of low frequency
magnetic fields on skeletal muscle energetics is therefore of
interest from this point of view.

The effects of low frequency magnetic fields on cell bioen-
ergetics have been shown in some studies describing increase
of cellular respiration [20, 21] or activation of cytochrome-
c oxidase [22]. On the other hand, the work studying cy-
tochrome oxidase activity in extremely low magnetic fields
has shown that ELF stimulatory effect depends on the basal
enzymatic action; with normal enzymatic activity the effect
of the magnetic field is lower [10]. Study of biochemical
parameters of human erythrocytes (glycolytic enzymes, gly-
colytic metabolic pathways, energy and oxido-reduced po-
tentials) did not find significant changes between exposed
and non-exposed erythrocytes to 50 Hz electromagnetic field
[23]. These differences show that it is difficult to predict about
the potential effects of low frequency magnetic fields upon
some physiological functions (as, for example, the energy
status of skeletal muscle) without appropriate experimental
analysis.

Possible effects of magnetic fields to biological functions
are studied under broad conditions, involving the frequency
of changes, the extent of induction of MF and the total ex-
position time. Primarily the frequency and induction values
are considered as the dominant, because many papers doc-
ument important therapeutic effect under exposition to low
frequency or static magnetic field (see in [7, 24]). The com-
parison of influence of total time exposition to MF is diffi-
cult. Some in vitro studies [10, 22] used only a single short
exposure time (in minutes) to MF and documented its in-
fluence to the enzyme activity. Many other studies (see [24])
demonstrated different biological effects of the low frequency
magnetic fields during different exposure times. It shows that
comparison and forecast any possible effect of MF requires
specification of the exposure data (induction, frequency, and
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exposure time). In our work we aim our effort to compare
the possible effects of MF after acute one-shot exposure and
sparsely repeating several months continuing exposure with
non exposed animals. This repeated exposure scheme was in-
duced by important effect of the same magnetic field (50 Hz,
10 mT) on the increasing the manganese content in the brains
of rats after intratracheal giving of the manganese sulphate
in saline [8].

Our research evaluated the potential effect on the skele-
tal muscle bioenergetics in rats which were exposed in toto
to sinusoidal low frequency (50 Hz, 10 mT) magnetic field.
But as shown in Results, the levels of important metabolites
reflecting muscle energy state were not changed after actual
exposure as well as after repeating exposure of rats to low
frequency magnetic fields. It indicates that the repeated ex-
posure for three months (1 hour/day, 2 days/week) as well as
the actual exposure (1.5 hour) of rats to the low frequency si-
nusoidal homogeneous magnetic field ( f = 50 Hz, the mag-
netic induction B = 10 mT) has no influence on the energy
metabolism of skeletal muscle.
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