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Abstract
Purpose Formany years, our laboratory has been investigating
different biological substrates for the effects of electromagnetic
stimulation proposed in orthopaedic treatments. The results
show an acceleration of differentiation at the expense of
proliferation. This study using microarray analysis is focused
on the cellular mechanisms involved.
Methods A microarray analysis (Affymetrix) allowing the
screening of the expression of 38,500 genes was used on
epidermal cells sampled from three different human donors
and distributed within each donor in seven groups of 12
explants, stimulated at different times, to compare control.
Modifications of the expression of BMP-2, 4 and 7 were
studied at days four, seven and 12.
Results The expression of BMP-2 was significantly increased
at day 12 on the stimulated samples. J4 and J7 did not show
any significant difference nor did the expression of BMP-4
and 7 at the different times.
Conclusion The results obtained in previous experiments on
cellular substrates, bone embryonic tissue and clinical series
were all consistent with the increase of BMP-2. Other
publications have confirmed an increase of BMP-2 under
electric or electromagnetic stimulation. The increase of BMP-2
appears as an effect of the electromagnetic field stimulations
applied in orthopaedics. This observation contributes towards
possible indications and a better understanding of the cellular
mechanism.

Introduction

During the 1980s, the stimulation of bone healing by
electromagnetic fields [1] or electric fields [8] gained a
significant interest in the orthopaedic community. Too
many indications and sometimes empirical applications
led to confusing clinical results. In our clinical studies a few
observations encouraged us to explore more fundamental
aspects of this stimulation on in vitro and in vivo
embryonic bone tissue and on animal models of fresh
fracture [19, 20].

The results using low frequency and low amplitude
electromagnetic fields with a carrier frequency of 4 KHz
(pulse train) modulated by a fundamental frequency of
15 Hz shows:

& In limb buds of mice embryos exposed in vitro, an
increased concentration of acid glycosaminoglycans in
the cartilaginous matrix of bones [14, 19, 28] (Fig 1);

& In chicken embryos exposed in vivo, a relative
acceleration in the ossification at the primary ossifica-
tion point [17, 19, 29];

& In quail embryos, a relation between the ossification
rate and the amplitude of local electric fields [18, 19].

These results and the observations of clinical studies
suggest an acceleration of the maturation of the cartilagi-
nous matrix preceding the ossification. This explains the
good results obtained by the stimulation of hypertrophic
non union of the tibia with a pre-existing fibrocartilage and
the weak results obtained on fresh fractures [13, 15, 16].

In parallel to these earlier studies on bone tissue, a
cytofluorometry analysis after cell exposure shows an
increase in RNA production and modification of the DNA
configuration [9, 10, 12].
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To analyse further the effect on cell differentiation during
the healing process, we used a more simple protocol using in
vitro culture of human epidermal cells exposed to a low
frequency electric field. The results showed a decrease in the
growth area surrounding the explant, a better stratification of
the keratinocyte and a decreased percentage of cells marked
with H3-thymidin. These observations confirmed the same
effect observed previously on bone tissue: an acceleration of
the maturation at the expense of proliferation [21]. A recent
study on the same biological substrate using microarray, the
analysis of the mRNA expression of 38,500 genes confirms
the activation of cellular pathway involved in differentiation
[11]. In this paper, we investigated the effect on BMP-2, 4
and 7 using the same protocol.

Materials and methods

The biological model, the stimulation device and the
experimental protocol were exhaustively described in
previous publications [11, 21]. Human epidermal cells from
three different subjects were cultured in vitro on dermal
support close to physiologic conditions. Eighty-four
explants from each subject were divided into control and
exposed groups and distributed in 14 Petri dishes. Sam-
plings for microarray analysis were done at days 1, 4, 7 and
12. After sampling, the total RNA was extracted from a
pool of 12 explants in each sampling condition.

Stimulation is realised with a generator producing a
biphasic, asymmetric, charge-balanced signal with a carrier
frequency of 40 Hz and a peak current amplitude of 20 mA.

The stimulus is repeated every four seconds followed by a
four second break for 40 minutes per day for 11 days.

Microarray experiments and part of the data analysis were
performed by PartnerChip (Evry, France) following the
procedure recommended by Affymetrix (Santa Clara, CA).
The gene expressions are analysed using Affymetrix micro-
array U133 Plus 2.0 chips. Quality control was assessed based
on 3′/5′ ratios of glyceraldehyde 3-phosphate dehydrogenase
and b-actin control probe sets.

Normalisation and statistical analysis of microarray data
were performed for variance analysis (ANOVA) and k-means
analysis. ANOVA analyses were conducted on the results of
control samples (J1control, J4control, J7control, J12control) and on
the results of stimulated samples (J1control, J4stim, J7stim,
J12stim). Probe sets were defined as differentially expressed
for one of the J(1, 4, 7, or 12)stim versus J1control or J(1, 4, 7, or 12)
stim versus J(1, 4, 7, or 12)control time points, if the fold change
(FC) was ≥2 or ≤−2 and the P-value was ≤0.05 after
unpaired t-test.

Real-time rtPCR was used to validate microarray data on
TXNRD1, ATF3, MME, DKK1, and MACF1 genes. They
showed a good correlation with microarray results [11]. All
these genes play roles in the proliferation or differentiation
mechanism.

Results

In agreement with our previous observations, the global
analysis shows an increased activity of some cellular
pathways involved in cell differentiation [11]:

Fig. 1 Mice embryos,
distal epiphysis of the forearm,
carpal and metacarpal bones
in control (a) and exposed to
electromagnetic field (b). More
pronounced blue coloration
represents a higher concentra-
tion of acid glycosaminoglycans
(Hale’s method: colloidal iron)
[19, 28]
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& The analysis of gene expression at the three stimulated
times compared with their three respective controls shows
three genes (TXNRD1, ATF3,MME) up-regulated during
the entire stimulation time. All are involved in cell
proliferation and differentiation.

& Dickkopf Homolog 1 (DKK1) plays a role in the
negative regulation of Wnt receptor signalling pathway.
The effect of the Wnt down-regulation was a reduction
of cell proliferation and an induction of terminal cell
differentiation.

& Microtubule-actin cross-linking factor 1 (MACF1)
plays the role of a positive downstream regulator in
the Wnt/b-catenin signalling pathway. Down-regulation
of MACF1 has the same effect as the action of DKK1
on the Wnt molecule: an inactivation of the Wnt
pathway and a decrease in b-catenin concentration.

Regarding BMP-2, there was no difference at days four and
seven when comparing the control and stimulated explants, but
a significant difference appeared at day 12. At that time, we
observed a significant upregulation of the RNAm responsible
for the BMP-2 production (fold change J4stim/J4control=2.82
and P=0.038) (Fig 2).

Comparing control and stimulated explants for BMP-4 and
7, there was no significant difference at any time (days four,
seven or 12).

Discussion

The role of BMPs and, in particular BMP-2 in osteogenesis
and fracture healing has already been recognised [2, 4, 25–27].

After 12 days’ exposure to time varying electric field, our
microarray analysis showed a significant increase of BMP-2
mRNA in human epidermal cells. The known effects of
BMP-2 on these cells were previously observed on the same
biological model [21]. Stelnicki et al. [32] showed an
identical effect produced by BMP-2 alone with a marked
epidermal thickening and keratinisation also representing an
effect on the cell maturation.

Our previous studies on embryonic bone, exposure to time
varying electromagnetic fields (EMF) showed an acceleration
of the maturation of the cartilage, which immediately precedes,
in the normal physiological sequence, the enchondral ossifica-
tion [14, 19, 28] and an acceleration of membranous
ossification, which are known effects of BMP-2 [17, 19, 29].

This observation was confirmed by Jansen et al. [23]
who showed, using a pulsed electromagnetic field, an
enhanced mineralisation on bone marrow derived stromal
cells in parallel with the increase of the mRNA levels of
BMP-2 measured by real time rtPCR. They also concluded
that there was an induction of differentiation at the expense
of proliferation.

Upregulation of BMP-2 mRNAwas reported with biphasic
electrical current on mesenchymal straumal cells [24], pulsed
electromagnetic field on a rat osteoblast [3] and capacitive
coupling on murine bone cells [33]. Synergic effects
between BMP-2 and pulsed electromagnetic fields were
reported on rat osteoblastic cells [31] and mesenchymal stem
cells [30].

Our previous animal models and clinical studies on fresh
fractures exposed to EMF showed early rigidity of the callus
with less periosteal callus formation [13, 15, 19] suggesting
an acceleration of the early membranous ossification

Fig. 2 Ratio after logarithm normalisation of the concentration of the
BMPs mRNA between stimulated and control at days four, seven and
12. For BMP-2 at day 12, the fold change was 2.82 (log 1.49). The
concentration was increased 2.82 times in the stimulated samples
compared to the control. For BMP-2 at days four and seven and BMP-
4 and BMP-7, at any time, the mRNA did not show significant
differences between stimulated and control
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compatible with the effects of an increase in BMP-2
observed in the literature [5, 22].

A clinical analysis of the results of 308 cases of non unions
showed that hypertrophic non unions have a significantly
better prognosis of healing under ELF (87.8%) in comparison
to the others. Again, an acceleration of the maturation of the
pre-existing fibrocartilagemay explain this result and suggests
an increased production of BMP-2 [6, 7, 16].

Conclusion

The microarray analysis of human epidermal cells exposed
to time varying low frequency electric fields shows an
upregulation of the BMP-2 mRNA at day 12.

In our experience, the effects observed for more than
30 years on cells, embryonic bone tissue, animal models of
fresh fracture and clinical studies of fresh fracture and non
union can all be explained by the increase of BMP-2.

This observation sheds light on the effects of ELF
electromagnetic stimulation on osteogenesis and bone healing,
focussing our attention on the effect on BMP-2 pathway. A
better definition of the indications may be expected together
with a better understanding of the involved cellular mechanisms.
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