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Abstract
Background/Aims: Semicircular lipoatrophy (SL) is an idiopathic condition characterized by 
atrophy of subcutaneous fatty tissue. Although several studies have suggested a possible 
association between SL and occupational exposure to power frequency magnetic fields 
(MF), no mechanism has been proposed so far that explains an influence of these fields on 
adipogenesis. Methods: The study investigates the effects of a 50 Hz, 100 µT MF on the 
adipogenesis of stem cells isolated from human adipose tissue (ADSC). Cells were plated 
in Petri dishes and either exposed intermittently to the field for 42 hours or sham-exposed. 
Results: Field exposure significantly reduced lipid accumulation within the cells, revealed in 
Oil Red O stained samples by spectrophotometry and colorimetry. Early cell passages were 
particularly sensitive to the effect: 30.40 ± 5.77% and 47.96 ± 12.47% below controls in the 
spectrophotometric and colorimetric assays, respectively. Such antiadipogenic effect was 
accompanied by significant changes in the expression of key effectors/regulators of early 
adipogenesis: PPARγ, p-ERK1/2 and Sox9, indicating that at least the ERK/PPARγ signaling 
pathway could be involved in the effect. Conclusions: These results constitute an experimental 
support to the hypothesis that power frequency MF can be one of the factors involved in the 
etiology of SL.

Introduction

Lipodystrophies constitute a heterogeneous group of adipose tissue disorders which 
are characterized by partial or generalized body fat deficits. Semicircular lipoatrophy 
(lipoatrophia semicircularis, LS) is an idiopathic lesion characterized by horizontal 
depression of the subcutaneous fatty tissue, which does not affect the overlying skin or the 
underlying muscles [1]. In most cases, LS appears at the anterior or antero-lateral portions 

D
ow

nloaded from
 http://karger.com

/cpb/article-pdf/37/6/2297/2435808/000438585.pdf by guest on 23 April 2024



Cell Physiol Biochem 2015;37:2297-2310
DOI: 10.1159/000438585
Published online: December 02, 2015 2298
Martinez et al.: Antiadipogenic Effect of Weak 50 Hz MF

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2015 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

of the thighs and usually, but not always, affects both limbs quasi-symmetrically [2, 3]. LS is 
not systematically linked to other symptoms, though individual cases have been described 
of multiple LS lesions, accompanied or not by distress, cramps and muscle soreness [4]. The 
first cases of LS were reported by Gschwandtner and Münzberger [5] and the incidence of 
this condition has increased significantly over the past decades among office workers of a 
number of countries including Belgium, France, Germany, Italy, Japan, the Netherlands, Spain 
and the United Kingdom. Since the prevalence of LS among women is six times higher than 
in men, it has been speculated that such difference could be due to gender dissimilarities in 
the subcutaneous fat thickness or in other characteristics of the adipose tissue [1, 6]. Also, 
stronger aesthetic concerns on the part of women that might result in early detection and 
declaration of the anatomical lesion, have been proposed as potential contributors to such 
imbalance [7].

Though the causal factors of LS are not well established yet, several hypotheses have 
been proposed. Microtraumatisms due to continuous or frequent pressure appear to be a 
sine qua non factor in the aetiology of LS. In office workers, such microtraumas are produced 
by repeated friction against the edge of the desks [4, 7, 8], by pressure exerted by the edge or 
arms of the chairs [9] or because of the use of tight clothes [6, 10, 11]. However, it becomes 
evident that friction is a necessary but not sufficient factor.

Thermal energy loss by continuous contact of the legs with a desktop metal frame or 
cable duct has also been proposed as a possible cofactor [12]. Other hypotheses point to 
electrostatic discharges or other electrically-related phenomena, including electromagnetic 
fields generated by computers and electric equipment or wiring, as factors involved in LS 
aetiology [1, 12, 13]. These hypotheses would receive partial support from preliminary 
experimental work showing that exposure to sine wave, 50 Hz magnetic fields (MF) can 
influence adipogenic processes in adipose tissue-derived stem cells (ADSC) obtained from a 
human donor [14].

The precursor ADSC are mesenchymal fibroblasts derived from multipotent adipose 
stem cells that exhibit preadipocytic characteristics [15]. And since ADSC can be isolated, 
propagated in vitro and induced to differentiate into adipocytes, they represent an ideal 
model for studying cellular and molecular processes involved in adipogenic differentiation. 
Such differentiation is controlled by a tightly regulated transcriptional cascade in which the 
peroxisome proliferator-activated receptor gamma (PPARγ) and members of the CCAAT/
enhancer-binding protein family (C/EBP) have key roles [16]. In particular, PPARγ is a 
transcriptional regulator crucial to the process of adipocyte differentiation, both in vitro and 
in vivo (see [17, 18] for reviews) and various types of lipodystrophy have been associated 
with a decrease or deficiency in the activity of factor PPARγ [19, 20]. There is a number of 
different isoforms of PPARγ that are transcribed from the same gene and generate through 
alternative splicing [21]. The most common of these isoforms are: PPARγ1, which has been 
reported to express in various tissues, including adipose, skeletal muscle, cardiac or hepatic, 
and PPARγ2, which is present almost exclusively in adipose tissue and is specific of mature 
adipocytes [22].

In turn, the mitogen-activated protein kinases (MAPK) have been proposed as key 
molecules in the adipogenic differentiation, even if the knowledge on their involvement 
in such process remains sparse [23, 24]. As for the extracellular-signal-regulated kinase 1 
and 2 (ERK1/2), it is a member of the MAPK family and plays a pivotal role in numerous 
physiological and cellular processes (see [25] for a review). The involvement of the MAPK/
ERK1/2 signaling pathway in adipocyte differentiation has been demonstrated both in vitro, 
by treating murine cells with MEK1 inhibitors [26] and in vivo, through gene-knockout assays 
in mice [23, 27]. The overall evidence from studies in mouse embryonic fibroblasts 3T3-
L1 reveals that depending on the chronology of its activation, the MAPK/ERK1/2 pathway 
can up or down regulate adipogenesis. Indeed, whereas ERK1/2 activation promotes 
differentiation in 3T3-L1 cultures exposed to adipogenic stimulation, delayed activation of 
ERK1/2 causes inhibition of adipogenesis in that cell line [26]. Actually, recent results on 
mouse embryo fibroblasts and mesenchymal cells from human omental fat indicate that 
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activation of ERK is necessary to initiate the preadipocyte differentiation and, afterwards, 
this signaling pathway must shut down in order that differentiation can proceed [28, 29]. 
However, at present it is not yet clear whether a similar ERK1/2 regulation intervenes in the 
adipogenic differentiation of human ADSC.

New intracellular signaling pathways involved in adipogenesis continue to be found, 
and the understanding of the involvement of known regulators is constantly refined. For 
instance, Wang et al. [30] reported that Sex determining Region Y-box 9 (Sox9) is present in 
mesenchymal cells and in preadipocytes, and that suppression of Sox9 is necessary before 
preadipocytes can undertake differentiation into adipocytes. Also, it has been reported that 
the Preadipocyte factor 1 (Pref-1) prevents down-regulation of Sox9 by activating MAPK/
ERK, which results in inhibition of adipogenesis [31, 32].

On another vein, extremely low frequency magnetic fields are known to influence the in 
vitro behavior of numerous cell types (see [33] for a review). These changes in normal cell 
function lead to a variety of effects, depending on different variables (cell type, exposure 
cycle, specific physical parameters like the signal waveform, etc.) Indeed, electric and 
magnetic fields at different frequency ranges have been applied successfully in human 
tissue repair. For instance, electrical stimulation through capacitive coupling, direct current 
or pulsed magnetic fields, among others, have been used in repair/regeneration of injured 
tissues [34, 35, 36]. Also, sine wave electromagnetic fields have been shown capable of 
influencing chondrogenic differentiation [37, 38] or promoting osteoblast differentiation 
and mineralization [39]. Although the basic mechanisms responsible for these effects remain 
to be identified, it has been reported that exposure to one millitesla (1 mT), sine wave, 
extremely low frequency (ELF) MF at 15 Hz, used in therapies for prevention or treatment of 
osteoporosis, stimulates osteocyte differentiation in bone marrow mesenchymal cells, while 
inhibits adipogenesis and expression of PPARγ2 [40].

On the basis of the above, and taking into account preliminary results by our group, 
the present study is aimed to assess whether intermittent exposure to MF parameters that 
have been shown to affect proliferation in human cancer cell lines [41, 42], can influence 
adipogenic processes in human ADSC. The selected magnetic flux density of 100 µT falls 
within the category of "weak field", as it is well below the Action Levels (AL) established by 
European Directive 2013/35/EU on occupational exposure to electromagnetic fields [43]. 
Detection of an antiadipogenic response to weak MF could constitute plausible evidence 
that power-frequency fields characteristic of some occupational environments could act as 
physical cofactors in the etiology of LS. Additionally, this study investigates the possibility 
that the potential antiadipogenic response of ADSC to 50 Hz MF would occur through 
changes in the expression of early inductors and/or markers of adipogenesis that could 
affect the adipogenic differentiation, as well as the synthesis and/or storage of lipids, in 
these precursor cells.

Materials and Methods

Isolation and culture of adipose tissue-derived stromal cells
The project and procedures were evaluated and approved by the Clinical Research Ethics Committee of 

the University Hospital Ramón y Cajal. The stromal-vascular fraction of adipose tissue is the source of both, 
new adipocytes in vivo [44] and mesenchymal cells in vitro, known as adipose-derived stromal stem cells 
or ADSC [45, 46]. ADSC were isolated from the stromal-vascular fraction of disaggregated subcutaneous 
adipose tissue obtained, as spared tissue during general surgery procedures, from two, non-obese donors 
(man and woman, aged 65 and 69, respectively) who were free of systemic pathologies and had provided 
written informed consent. Pieces of about 1 cm3 of fat tissue, freed of surrounding fasciae and visible blood 
vessels, were collected from each of the two donors. The pieces were minced with scalpels and digested 
for 40 min at 37°C in collagenase A (Roche Applied Science, San Cugat del Vallés, Barcelona), 1 mg/ml 
in alpha-MEM/20% foetal bovine serum (FBS, Gibco, Paisley, Scotland, UK). To prevent cell clumping due 
to DNA released from dead cells, DNAse I (Roche Applied Science) was added at 20 μg/ml and the tissue 
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was dispersed by repeated passage with a P1000 automatic pipette through filtered sterile tips. Larger, 
undispersed clumps of tissue were cleaned off by filtering the suspension through 100 μm mesh cell 
strainers (BD Biosciences, San Agustin de Guadalix, Madrid, Spain). After centrifugation at 400 g for 3 min, 
the floating adipose cells, as well as the rest of the supernatant, were discarded. The pellet was resuspended 
in 1 ml of MesenPro (Gibco, Invitrogen, Barcelona, Spain) and seeded on a T75 flask with the same medium. 
The next day, single cells as well as small pieces of capillaries had attached to the plastic surface of the 
flask. The medium was withdrawn and the flask rinsed twice with Hank’s Balanced Salt Solution (HBSS, 
Sigma-Aldrich, Madrid, Spain), to discard debris and non-attached cells, and the culture was fed again with 
MesenPro. In approximately one week the culture was confluent. The cells were then detached by mild 
orbital shaking for 10 min at 37°C in Ca2+- and Mg2+-free HBSS (Sigma-Aldrich) containing 0.05% Trypsin/
EDTA (Sigma-Aldrich.) Part of the obtained cells were subcultured at a density of 666 cells/cm2 in new 
flasks (passage 0), being the media renewed on day 4 after seeding. The remaining cells were pelleted, 
resuspended in FBS (Gibco) in 10% DMSO (Sigma-Aldrich), aliquoted in vials and frozen for further use. 
The cultures at passage 0 became confluent on day 7th, at which time they were passaged (passage 1.) The 
proliferation rate of the cultures remained unchanged for about 6 passages, after which they started to show 
signs of cellular senescence and were categorized as “late passages” (7th to 9th).

Adipogenic differentiation of ADSC
Using the appropriate factors, ADSC readily differentiate into adipocytes. The cells were seeded in 

MesenPro at 2000 cells/cm2, directly on 60 mm diameter Petri dishes or on 12 mm circular coverslips inside 
24-well microplates. At day 5 post-plating (time t = 0 for adipogenesis), the cells reached confluence and 
the medium was replaced by the adipogenic induction medium: Dulbecco's minimum essential medium 
(DMEM, Biowhittaker, Lonza, Verviers, Belgium), supplemented with 10% FBS, 1% antibiotic–antimycotic, 
1% glutamine (all from Gibco, Invitrogen), and a cocktail of 10 µg/ml insulin, 1 µM dexamethasone, 200 µM 
indomethacin (all from Sigma) and 0.25 mM 3-isobutyl-1-metylxanthine (IBMX, Gibco, Invitrogen). During 
adipogenic differentiation, the medium was renewed every 4 days. Some of the samples were cultured in 
DMEM (Biowhittaker), supplemented with 10% FBS, 1% antibiotic–antimycotic and 1% glutamine, but 
without the cocktail; these samples were considered as undifferentiated controls.

Magnetic field exposure
ADSC cultures were exposed to a 50 Hz, sine wave, linearly polarized magnetic field, at 100 μT. The 

exposure set-up was based on that described previously by Trillo et al. [41]. Two identical sets of Helmholtz 
coil pairs were used, in alternate experimental runs, for MF- or sham-exposure. Each set consisted of two 
1000-turn, 20-cm diameter coils made of enamelled copper wire, aligned coaxially 10 cm apart and oriented 
to produce vertically polarized MF. The coils were connected to a Newtronic (Model 200MSTPC, Madrid, 
Spain) wave generator having a 3.53 mA DC offset (BDC = 15 µT rms). Once the desired field parameters were 
set and adjusted using fluxgate magnetometers (Mag-03 Bartington, GMW Assoc, Witney, UK and EFA-3 
BN 2245/90.20, Wandel and Goltermann, S.A, Eningen Germany), and during the experiments the MF was 
constantly monitored using a multimeter (Hewlett Packart, model 974A, Loveland, CO). The two Helmholthz 
coil sets were placed inside two identical, magnetically shielded chambers (Amuneal Corp., Philadelphia, 
PA, USA) made of co-netic alloy. The chambers were located inside two identical CO2 incubators (Thermo 
Scientific, Waltham, MA, USA) with a 5% CO2, 37°C, 90% humidity atmosphere. The background magnetic 
field inside the shielded chambers was BAC: 0.06 ± 0.03 μT (rms); BDC: 0.04 ± 0.03 μT (rms). For MF- or sham-
exposure, cell culture dishes or 24-well microplates were stacked in the central space of the coil sets, where 
the MF uniformity was maximal (B = 100 ± 0.1 μT). MF exposure was administered cyclically, at a 3 h On/3h 
Off intermittency, which has been shown to elicit a number of in vitro cellular responses [42, 47, 48]. All 
procedures were conducted blindly for experimental conditions.

Experimental treatments
The cellular response to 42 h of intermittent exposure to the MF was studied at two differentiation 

times (Fig. 1). In the one case, the treatment was initiated at t = 14 days, i.e., when, after two weeks of 
adipogenic differentiation, the cells had developed large cytoplasmic lipid droplets (Fig. 1A). In another 
set of experiments the MF- or sham exposure was initiated at differentiation time t = 0 (day 5 post-plating) 
and the analysis was conducted at the end of the 42 h of MF exposure and/or incubation in adipogenic 
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medium (Fig. 1B). For immunocytochemical and Western blotting tests, a 30–minute lapse of MF exposure, 
or sham exposure, was added at the end of the last 3 h Off interval (Fig. 1C). This extended the total time of 
intermittent MF- or sham exposure to 42 h and 30 min (42.5 h).

Oil Red O staining
Assessment of adipogenic differentiation was conducted through quantification of Oil Red O (Sigma-

Aldrich) staining of cytoplasmic lipid droplets. ADSC were plated on coverslips inside 24-well plates and 
induced to differentiate in the presence or absence of MF. In each of 6 independent replicates or runs of 
the experiment, 3 MF-exposed coverslips and 3 sham-exposed controls were analyzed. Cells were fixed 
for 20 min in 4% neutral buffered paraformaldehyde, washed in distilled water, and stained for 30 min 
with 0.3% filtered Oil Red O solution in 60% isopropanol. The cells were then washed twice with distilled 
water. Analysis of lipid content was performed in captured images of Oil Red O-stained samples, using a 
20X objective of a Nikon Eclipse TE300 microscope (Melville, USA). Unbiased sampling was achieved by 
selecting a 5 x 4 grid of fields, 1.4 mm apart, starting from a random position. The total stained area was 
determined through computer-assisted image-analysis (AnalySIS software: Soft-Imaging Systems GmbH, 
Münster, Germany).

Additional quantification of lipid content was performed in parallel by spectrophotometry of Oil Red O 
stained samples in the 24-well plates. To extract the dye from the cells, the samples were shaken for 15 min 
in absolute isopropanol at room temperature. A total of 6 experimental runs were conducted with cultures 
in passage 5 or earlier, whereas 4 runs were conducted for passage 6 or later. In each experimental run 5 MF-
exposed and 5 sham-exposed samples were processed. In each run the absorbance of the extracted dye was 
measured in duplicate at 510 nm in a CE 2021 spectrophotometer (Cecil-Scharlab, Sentmenat, Barcelona, 
Spain).

Indirect immunofluorescence
Cells on coverslips were fixed with 4% paraformaldehyde, permeabilized with, ethanol/acetic acid 

(95/5, v/v) for 10 min at -20°C, rinsed 3 times with PBS and blocked with a 10% normal goat serum in PBS. 
The samples were incubated overnight at 4°C with the corresponding primary antibodies diluted in blocking 
solution plus 0.05% Triton X-100. Antibodies to PPARγ from mouse (1:50, Santa Cruz Biotechnology, 

Fig. 1. Experimental protocol: ADSC were seeded and maintained in growth medium for 5 days. At that 
point, designated as t = 0, the growth medium was discarded and the cultures received adipocyte differentia-
tion medium. (A) After 2 weeks in differentiation medium, the cultures were submitted for 42 h to 3 h On/3 
h Off cycles (black/dotted sectors, respectively, in the time bars) of MF- or sham exposure. (B) The 42 h of 
intermittent exposure started at day 5. As in procedure A, the samples were analyzed at the end of the 42 h 
MF- or sham exposure. (C) Same procedure as in B, except that the samples were processed for immunocy-
tochemistry or Western blotting after an additional exposure cycle of 30 min.
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Quimigen, Madrid, Spain) phospho-ERK1/2 from rabbit (1:100, BioSource, LabClinics, Barcelona, Spain) 
and Sox9 from mouse (1:100, Abnova, Tebu-Bio, Barcelona, Spain) were used. After 3 rinses in PBS, the 
cells were incubated with anti-mouse-IgG conjugated to AlexaFluor® 546 or anti-rabbit IgG conjugated to 
AlexaFluor® 488 (Molecular Probes, Invitrogen, Prat de Llobregat, Spain). Mounting medium containing 
antifading solution and 3 x 10-5 M bis-benzimide (Hoechst 33342, Sigma-Aldrich) was used as counterstain 
for nuclei. The samples were evaluated by photomicroscope (Nikon Eclipse TE300) and computer-assisted 
image-analysis (AnalySIS software). For each of a total of 4 experimental runs per marker, 3 MF-exposed 
and 3 sham coverslips were analyzed using the same unbiased sampling strategy as that described above 
for Oil Red O staining.

Western blotting
Whole cell proteins were prepared by lysing the cells in extraction buffer containing 10 mM Tris 

HCL (pH 7.6), 100 mM KCL, 1 mM EDTA, 1mM Ditiotreitol, 1 mM phenylmethylsulfonyl fluoride, 10 µgr/
ml Leupeptin, 5 µgr/ml Pepstatin A, 100 mM NaF, 20 mM β –glycerolphosphate, 20 mM sodium Molibdate, 
0.5% Tritón X-100 and 0.1% SDS. Protein concentration was determined using the Bradford's colorimetric 
method Bradford [49]. Samples of 30 μg of protein were run on 10% SDS-PAGE and then electrotransferred 
to nitrocellulose membranes (GE Healthcare, Little Chalfont, Buckinghamshire, UK) with a semi dry system 
(Bio-Rad, Madrid, Spain). Membranes were blocked with a solution of 0.1% Tween 20/TBS containing 5% 
non-fat milk, for 1 h at room temperature and then incubated overnight at 4°C with appropriate primary 
antibodies. The membranes were reacted with mouse anti-PPARγ (1:500, Santa Cruz Biotechnology), 
rabbit anti-phospho-ERK1/2 (1:1,000; BioSource), mouse anti-Sox9 (1:500, Abnova), or mouse anti-β-actin 
(1:5,000; Sigma). Horseradish peroxidase-conjugated anti-rabbit IgG (1:3,000) and anti-mouse IgG (1:2,000) 
(GE Healthcare) were used as secondary antibodies. Immunoreactive bands were detected by ECL Advance 
Western Blotting Detection Kit (GE Healthcare). The blots were revealed by ECL-chemiluminescence and 
the obtained bands were evaluated by densitometry (PDI Quantity One 4.5.2 software, BioRad). In each of 
18 experimental runs (PPARγ, n = 6; p-ERK, n = 5; Sox9, n = 7), 5 MF-exposed samples and 5 sham-exposed 
controls were studied.

Statistical analysis
All procedures were conducted in the blind for comparative analysis of the MF-exposed samples vs. 

sham-exposed samples (differentiating controls), and of the sham-exposed samples vs. undifferentiated 
controls. Data were normalized and expressed as means ± standard error (SEM) of at least four independent 
runs of each experiment, using GraphPad Prism software (Graphpad Software, San Diego, CA, USA). 
Student's t test was used to compare the data of the mentioned groups. For analysis of protein expression, 
as measured by immunocytochemistry and Western blotting, multifactorial one-way analysis of variance, 
ANOVA, followed by the post hoc Bonferroni test was used to assess differences between undifferentiated 
controls, sham- and MF-exposed groups. The limit of statistical significance was set at p < 0.05.

Results

Magnetic field effect on lipid accumulation during early adipogenesis
No significant differences existed between the cultures obtained from the two donors in 

what concerns the respective cell responses to MF exposure (data not shown). Consequently, 
cells from both donors were used indistinctly in all experiments and the corresponding 
results were grouped together and analyzed as a whole. When intermittent exposure to 
MF started after 14 days of incubation in adipogenic medium (t = 14) the cell lipid content 
was not significantly different from that in sham-exposed controls (mean of 4 experimental 
runs = 2.6 ± 9.7% below controls). By contrast, the MF did affect those samples exposed 
from day 5 post-plating (t = 0), in the presence of adipogenic medium (Fig. 2). Indeed, the 
data show that the field exposure significantly reduced the amount of lipids stored in the 
cytoplasm of treated cells (24.19 ± 7.45% below their respective sham-exposed samples, 
also grown in adipogenic medium, p < 0.01, n = 10 experimental runs). Such reduction 
was particularly consistent in early passage cultures (30.40 ± 5.77% below sham-exposed 
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controls, p < 0.001, n = 6 experimental runs). This effect revealed by spectrophotometric 
analysis was confirmed and reinforced by the histochemical study and computer-assisted 
analysis of micrographic images of the Oil Red O stained areas in the cultures. Indeed, the 
quantification of the percentage of stained surface per microscope field (Fig. 3) revealed a 
significant reduction in the lipid content of the MF exposed samples (47.96 ± 12.47% below 
controls, in early passage cultures; p < 0.01, n = 6 experimental runs). From these results, it 
was decided to deepen the study of the response of ADSC submitted from day 5 post-plating 
to simultaneous treatment with adipogenic medium plus intermittent MF.

Effects of the adipogenic treatment on the expression of PPARγ, p-ERK1/2 and Sox9
The expression or activation of PPARγ, ERK1/2, and Sox9, was analyzed in ADSC 

cultures treated with adipogenic medium during 42.5 h, as in procedure C of Fig. 1, but in the 
absence of MF stimulation. The results summarized in Fig. 4A show a significant increase in 
PPARγ expression (191.8 ± 39.41%; p < 0.05; n = 6 experimental runs) in differentiated ADSC 
when compared to their control samples cultured in the absence of adipogenic cocktail. The 
adipogenic treatment also induced significant decreases in ERK1/2 activation, as assessed 
by quantification of the expression of p-ERK1/2 (44.44 ± 7.4% of controls; p < 0.001; n = 5 
experimental runs), as well as in Sox9 expression (19.70 ± 6.6% of controls; 0.01 < p < 0.05; 

Fig. 2. Magnetic field effects on lipid 
accumulation. Spectrophotometric 
quantification of Oil Red O-stained 
vacuolar lipids. Early passages (n = 6 
experimental runs) and passages 6 or 
later (late, n = 4 runs) were incubated 
in adipogenic medium for 42 h and si-
multaneously exposed to MF (Fig. 1B). 
In each experimental run, 5 control 
samples and 5 MF exposed samples 
were processed. Mean ± SEM, normal-
ized with respect to sham-exposed 
controls incubated in adipogenic me-
dium. **: 0.001 ≤ p < 0.01; ***: p < 
0.001 (Student’s t test).

Fig. 3. Microscope analysis for quantification of Oil 
Red O stained areas at early passages. (A) Represen-
tative phase contrast micrographs showing reduced 
area of Oil Red O-stained lipid droplets in a MF-ex-
posed sample when compared to the sham-exposed 
controls. (B) Quantification by computer-assisted 
image analysis of Oil Red O-stained surface in the 
cultures. In each experimental run 3 coverslips were 
analyzed per experimental condition. Means ± SEM 
from data of 6 experimental runs. **: 0.001 ≤ p < 0.01 
(Student’s t test).
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n = 7 experimental runs). Such changes in the expression of these proteins, being consistent 
with those observed in different cell types undergoing adipocyte differentiation in vitro 
[31, 50, 51], indicate that the selected markers may be suitable to the study of the potential 
influence of the MF on the adipogenesis of ADSC.

Effect of the MF exposure on the expression of PPARγ, p-ERK1/2 and Sox9 
The expression of PPARγ, p-ERK1/2 and Sox9 in cultures exposed or not to intermittent 

MF for 42.5 h (procedure C, Fig. 1) was analyzed. As illustrated in Fig. 4B, MF exposure 
significantly reduced PPARγ expression by 21.98 ± 3.39% below unexposed, differentiating 
controls (p < 0.001; n = 4 experimental runs). As for phospho-ERK1/2 and Sox9 expressions, 
they increased significantly in MF-exposed cultures when compared to that in sham-exposed 
controls incubated in adipogenic medium (38.74 ± 9.35% over controls, n = 7 runs, and 15.56 
± 6.51% over controls, n = 7 runs, respectively). Now, it should be noted that, as revealed by 
the data summarized in Fig. 4A, the expressions of p-ERK1/2 and Sox9 in the presence of 
adipogenic medium decrease significantly with respect to the background in control samples 
cultured in the absence of adipogenic supplement. Therefore, the MF-induced increase in the 
expression of these two markers results in attenuation of the subexpression of both proteins 
induced by the adipogenic treatment. Figure 5 summarizes the immunocytochemical data 
on the effects of the 42.5 hour exposure to the MF on PPARγ, p-ERK1/2 and Sox9 expression. 
The magnetic stimulation significantly decreased the percent of PPARγ positive cells (27.9 
± 7.16% below sham-exposed controls incubated in differentiating medium; p < 0.05; n = 4 
experimental runs) and increased the percents of p-ERK1/2 positive cells (37.25 ± 2.71% 
over that in differentiating controls; p < 0.001; n = 4 runs) and of Sox9 positive cells (30.04 
± 4.48% over differentiating controls; p < 0.001; n = 4 experimental runs). These results 
confirm and support the above described Western blotting data.

Fig. 4. Western blotting quantification of the expression of PPARγ, p-ERK1/2 and Sox9 in ADSC cultured 
for 42.5 h in basal or adipogenic medium while exposed or sham-exposed to intermittent MF. (A) Expres-
sion of PPARγ, p-ERK1/2 and Sox9 in ADSC cultured for 42.5 h in adipogenic medium; data normalized 
over those of controls incubated in basal medium. (B) Densitometric analysis of immunoblots for PPARγ, 
p-ERK1/2 and Sox9 expression in ADSC cultured for 42.5 h in adipogenic medium while exposed to the MF. 
Mean ± SEM values, normalized over sham exposed controls, of band intensity for each protein/β-Actin. (C) 
Representative blots of the proteins in sham exposed control cultures incubated in the presence or absence 
of adipogenic medium, and of samples treated simultaneously with adipogenic medium and MF. β-Actin 
served as loading control. *: 0.01 ≤ p < 0.05; **: 0.001 ≤ p < 0.01; ***: p<0.001 (Student’s t test).
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Discussion

This study confirms and reinforces preliminary data showing that exposure to weak, 
power-frequency magnetic fields, can adversely affect the lipogenic process in stem 
cells derived from human adipose tissue [14]. The present results reveal that a 42-hour 
intermittent exposure to a 50 Hz magnetic field of 100 µT significantly reduced lipid content 
in the cytoplasm of ADSC surgically obtained from adipose tissue of two healthy donors. 
Such effect would be exerted at an early commitment stage, since significant reduction 
in fatty acid content was obtained in cultures exposed to the MF during the first 42 h of 
chemically-induced adipogenesis, but not in samples exposed after 14 days of adipogenic 
differentiation.

In addition to the adipogenic phase, other biological parameters such as the culture 
passage would be also relevant factors in the response to the magnetic field, as only samples 
in passage 5 or earlier responded to MF exposure with significant changes in fatty acid 
content. This is coherent with the fact that the immunophenotype of the adipose-derived 
cells changes progressively with adherence and passage [52] and these changes could 
determine a differential sensitivity to the field, depending on the biological characteristics 
of the culture.

On the basis of the observed anti-adipogenic effect, we investigated the field effect on 
the induction of the transcription factor PPARγ, which besides being a central coordinator 

Fig. 5. Immunocytochemical analysis of the MF effects on the expression of PPARγ, ERK1/2 and Sox9. (A) 
Rate of cells expressing PPARγ, p-ERK1/2 and Sox9 in samples incubated in adipogenic medium for 42.5 h 
while exposed to the MF. Values are means ± SEM normalized over those of sham exposed controls. **: 0.001 
≤ p < 0.01; ***: p < 0.001 (Student’s t test). (B, C, D) Representative micrographs of PPARγ+ (red) p-ERK1/2+ 
(green) and Sox 9+ (red) immunostained cells, respectively, after 42.5 h of MF exposure or sham-exposure 
(controls). The nuclei of the entire cellular population were Hoechst blue stained, (scale bar = 100 µm).
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of the adipogenic program, acts as a direct activator of most adipocyte-specific genes, and 
is responsible for differentiation and lipid storage in adipocytes [53, 54, 55]. In agreement 
with observations by other authors [56, 57], the herein reported results show that PPARγ, 
p-ERK1/2 and Sox9 are present in ADSC maintained under standard culture conditions, i.e., 
in the absence of adipogenic medium. However, as predictable, Oil Red O staining did not 
reveal traces of fatty acids in the cytoplasm in these undifferentiated cells (data not shown). 
Equally predictable was the result that when grown for 42 - 42.5 h in proadipogenic culture 
medium, adipocyte differentiation took place in the form of cytoplasmic accumulation of 
lipids (Fig. 3), increased expression of the adipogenic transcription factor PPARγ and 
significant decreases in ERK1/2 activation and in Sox9 expression (Fig. 4A). As for MAPK-
ERK1/2, Prusty et al. [58] provided evidence for a role of this signaling pathway in regulating 
adipogenesis in 3T3-L1 cells, showing that MEK/ERK can either promote or attenuate 
adipogenesis, depending on its specific activation time during the differentiation process. 
Now, in contrast to the negligible basal levels of phosphorylated ERK1/2 found in 3T3-L1 
cells by Prusty and co-workers, the present results revealed substantial content of p-ERK1/2 
in undifferentiated human ADSC. Concerning its expression during adipogenesis, the 
activated ERK signal transduction pathway intervenes in the very initial proliferative step of 
preadipocytic differentiation in 3T3-L1 cells from mouse fibroblast. Subsequently, the ERK 
pathway has to be shut-off before adipocyte maturation can proceed in 3T3-L1 cells and in 
preadypose cells from human omental fat [27, 29]. The possibility that the chronological 
regulation of the role of ERK in the adipogenesis of these cells is similar to that in human 
ADSC remains to be investigated. Nevertheless, the herein reported data show that a 42.5-
hour period of adipogenic induction resulted in significant increases in PPARγ expression 
and in lipid content, associated with significant downregulation of the ERK pathway. 
Furthermore, after 42.5 h of adipogenic induction, significant decrease in Sox9 expression 
was observed in our ADSC cultures. This is coherent with results reported by Wang and Sul 
[31] showing that Sox9 downregulation is necessary for adipocyte differentiation, and that 
preadipocite factor 1, an EGF repeat-containing transmembrane protein, inhibits adipocyte 
differentiation through upregulation of Sox9 expression mediated by ERK1/2 activation. 
Thus, it is thinkable that the herein described inactivation of ERK1/2 is also related to the 
observed downregulation of Sox9 and adipogenic stimulation.

As for the field effects on adipogenesis, after 42 h of intermittent exposure, the cells 
grown in adipogenic medium showed significant reduction in lipid content, associated with 
significant underexpression of PPARγ and reduced rate of cells expressing PPARγ, together 
with overexpression of p-ERK1/2 and Sox9 and increased percent of cells expressing 
p-ERK1/2 and Sox9. Thus, the cell response elicited by the adipogenic medium, involving 
changes in the three above proteins, was partially inhibited or reverted by the MF exposure. 
In this line, it has been reported that a 15 Hz, 1 mT sine wave magnetic field inhibits adipocyte 
differentiation, accelerates proliferation and inhibits dexamethasone-modulated adipogenic 
differentiation in rat bone marrow mesenchymal cells BMSC, being these effects mediated by 
MEK/ERK [40, 59]. Our results reinforce the evidence on the relevance of MAPK-ERK in the 
ELF MF effects on adipogenesis, and show that the MF induces ERK activation during a stage 
of the adipogenic program of ADSC at which a decline of ERK activity occurs in the control 
samples. Such a MF effect would result in deregulation of the differentiation process of 
progenitor ADSC into adipocytes. The possibility that pathways other than those described 
here are involved in the response to the magnetic field would be worth of being investigated 
[60-63]. On the other hand, MF are known to activate mitogenic and stress responses in a 
variety of cell types, and there is evidence that power frequency fields can alter MAPK-ERK1/2 
activation in cells from different origins [42, 64, 65]. Furthermore, mitogenic stimulation is 
known to attenuate PPARγ activity through phosphorylation of its Ser84 site by ERKs [66, 
67]. Therefore, MF-induced activation of ERK could lead to decreased activity of PPARγ, 
which would result in adipogenic differentiation delay or blocking. This provides additional 
support to the hypothesis that MF could act as co-factors in the development of semicircular 
lipoatrophy, through at least one mechanism involving the ERK/PPARγ signaling pathway.
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In sum, the present study describes the anti-adipogenic response of human ADSC to 
two days of intermittent exposure to a 50 Hz, 100 µT MF. A 100 µT magnetic flux density 
is considered a "weak" field strength according the Action Levels (AL) established by the 
applicable European Directive [43]. This Directive is meant for protection against immediate 
harmful effects of occupational exposure to electromagnetic fields, and is based on the 
recommendations of the International Commission on Non-Ionizing Radiation Protection 
(ICNIRP) [68]. In fact, the field strength of 100 µT corresponds to 10% and 1.6% of the 
High and Low AL, respectively, for whole body exposure to 50 Hz fields, and to 0.55% of 
the AL for limb exposure. Under the chosen experimental conditions, this weak, power 
frequency field has proved capable of causing disturbances in early stages of the adipocyte 
differentiation in human ADSC obtained from adipose tissue of healthy donors. Indeed, the 
MF caused reduction of fatty acid content in the cytoplasm of ADSC, together with alterations 
in the expression/activation of various factors intervening in the induction/regulation of 
the adipogenic differentiation program (MAPK-ERK1/2, PPARγ and Sox9). Taken together, 
these findings support the hypothesis that occupational exposure to weak, power-frequency 
magnetic fields could act as a co-factor in the etiology of semicircular lipoatrophy.
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