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Abstract

Purpose Chronic tendinopathy is a degenerative process
causing pain and disability. Current treatments include
biophysical therapies, such as pulsed electromagnetic fields
(PEMF). The aim of this study was to compare, for the first
time, the functional in vitro response of human tendon cells
to different dosages of PEMF, varying in field intensity and
duration and number of exposures.

Methods Tendon cells, isolated from human semitendino-
sus and gracilis tendons (hTCs; n = 6), were exposed to
different PEMF treatments (1.5 or 3 mT for 8 or 12 h, single
or repeated treatments). Scleraxis (SCX), COL1A1, COL3A1
and vascular endothelial growth factor-A (VEGF-A)
expression and cytokine production were assessed.

Results None of the different dosages provoked apoptotic
events. Proliferation of hTCs was enhanced by all treat-
ments, whereas only 3 mT-PEMF treatment increased cell
viability. However, the single 1.5 mT-PEMF treatment
elicited the highest up-regulation of SCX, VEGF-A and
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COL1AL1 expression, and it significantly reduced COL3A1
expression with respect to untreated cells. The treated hTCs
showed a significantly higher release of IL-1f, IL-6, IL-10
and TGF-B. Interestingly, the repeated 1.5 mT-PEMF sig-
nificantly further increased IL-10 production.

Conclusions 1.5 mT-PEMF treatment was able to give
the best results in in vitro healthy human tendon cell cul-
ture. Although the clinical relevance is not direct, this
investigation should be considered an attempt to clarify the
effect of different PEMF protocols on tendon cells, in
particular focusing on the potential applicability of this cell
source for regenerative medicine purpose, both in surgical
and in conservative treatment for tendon disorders.
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Introduction

Tendon disorders are a class of pathology which includes
traumatic injuries as well as chronic diseases, such as
tendinopathy. The recovery from these tendon pathologies
can be long and is often not successful. In particular, the
mechanisms underlying tendinopathy, whether chronic or
acute, are still partially unclear. In fact, the debate about
the possible role of inflammation in this pathology still
divides clinicians and researchers. Recently, new findings
have demonstrated the presence of inflammatory elements
in chronic tendon disease, such as the infiltration of lym-
phocytes and macrophages in the peritenon, the activation
of matrix metalloproteinases, and the involvement of
mediators such as substance P, vascular endothelial growth
factor (VEGF) and cycloxigenase type II (COX2) [26].
Pulsed electromagnetic fields (PEMF) could be an inno-
vative approach in the management of tendon disorders [9].
In the last few years, PEMF have been demonstrated to be
effective also in the treatment of several different pathol-
ogies, such as bone delayed union or nonunion and artic-
ular cartilage disease, including early osteoarthritis [1, 12,
15, 20, 34]. In vitro studies have shown that PEMF can
limit the catabolic effects of pro-inflammatory cytokines on
articular cartilage and promote anabolic activity of the
chondrocytes [6, 25], thus suggesting that they may be used
to control articular tissue inflammation and to stimulate
anabolic pathways, eventually resulting in tissue repair [2,
36]. It has also been showed that PEMF are able to increase
A, and Aj adenosine receptor density and functionality in
different cell lines, human neutrophils, chondrocytes and
synoviocytes, resulting in the decrease of pro-inflammatory
cytokines, such as IL-6 and IL-8, and on the inhibition of
prostaglandin E2 (PGE,) [23, 38, 40], and of NFxB and
FGF-2 release [24, 30]. Moreover, the existence of elec-
tromagnetic-responsive DNA sequences, at least in the
Hsp70 promoter, suggests that PEMF could directly mod-
ulate expression of specific proteins [29]. At cellular level,
PEMF have been proved to be effective in the modulation
of cell proliferation, gene expression and cytokine pro-
duction also in human tendon cells (hTCs) [4, 10, 35].
However, in order to propose the optimum PEMF treat-
ment protocol for each pathology, the conditions that
obtain the most efficient dose-response effect must be
defined. In vitro, physical-dynamic studies would allow
researchers to find not only the best cell response, but also
the minimal effective dose both in terms of daily exposure
and of field intensity that could be predictive of the in vivo
situation [4].

It is noteworthy that no previous in vitro studies on
tendon cells have taken into account the possible different
biological effects exerted by different PEMF intensity and

@ Springer

different length of exposure. For this reason, the aim of this
study was to evaluate for the first time the relationship
between PEMF dosage and in vitro response of hTCs,
comparing the effects of a low-intensity PEMF exposure
(1.5 mT-PEMF) against double intensity (3 mT-PEMF),
and with a repetition of the same treatment (R-1.5 mT-
PEMF), using two different lengths of exposure (8 and
12 h). The results of this study could contribute to com-
prehend the effect of PEMF on tendon cells and thus on
tendon disorders.

Materials and methods
hTC isolation

Tendon cells were isolated from the discarded portion of
healthy semitendinosus and gracilis tendons of six donors
(mean age 35 £ 12 years) after anterior cruciate ligament
reconstruction by hamstring technique at Galeazzi Ortho-
paedic Institute under written consent. The tendon portions
were minced and enzymatically digested overnight at
37 °C with 0.3 % collagenase type I (Worthington, Lake-
wood, NJ, USA) in DMEM (Sigma-Aldrich, St. Louis,
MO, USA) (modified from [31]). The resulting nucleated
cells were plated 5 x 10° cells/cm?, in complete medium
composed of DMEM, 10 % foetal bovine serum (FBS,
Sigma-Aldrich), 50 U/mL penicillin, 50 U/mL streptomy-
cin, 2 mM L-glutamine (Sigma-Aldrich) and supplemented
with 5 ng/mL basic human fibroblast growth factor (bFGF;
Peprotech, Rocky Hill, NJ, USA) for the cell expansion
phase only and maintained in culture. When cells reached
80-90 % confluence, they were detached by trypsin—EDTA
(0.05 % trypsin/0.02 % EDTA; Sigma-Aldrich) and cul-
tured at a density of 3 x 10? cells/cm®. The cells were
used for experiments at passage 4.

PEMF stimulation

PEMF were generated using a pair of rectangular hori-
zontal coils as previously described [19]. The peak inten-
sity of the magnetic field between coils was 1.5 or
3 + 0.2 mT, measured using the Hall probe (HTDG61-
0608-05-T, F.W. Bell, Sypris Solutions, Louisville, KY,
USA) of a gaussmeter (DG500, Laboratorio Elettrofisico,
Milan, Italy) with a reading sensitivity of 0.2 %. Cells were
plated the day before stimulation and exposed to a single
PEMF treatment at 1.5 and 3 mT field intensity (1.5, 3 mT-
PEMF) or for three 1.5 mT-PEMF (R-1.5 mT-PEMF)
treatments with an interval of 48 h between the start of
each exposure. For all the conditions, both 8 and 12 h of
exposure were tested (Table 1).
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Table 1 Experimental scheme of hTCs PEMF treatments

Treatment Field intensity Length of No. of
(mT) exposure (h) exposures
1.5 mT-PEMF 1.5 8 1
12
R-1.5 mT-PEMF 1.5 8 3
12
3 mT-PEMF 3 8 1
12

Live and dead assay

Untreated and treated cells were analysed by live/dead
assay. Cells were seeded at a density of 10° cells/cm?.
Immediately after the end of treatment, the culture medium
was removed and the cells were incubated with a solution of
2 UM calcein and 4 pM ethidium homodimer-1 (Invitrogen
Ltd., Paisley, UK). The samples were observed by fluores-
cence microscope (OLYMPUS IX71). The percentage of
live and dead cells was defined as PLive = NLive/(NLi-
ve + NDead), where NLive is the number of live cells and
NDead is the number of dead cells in the same image. For
each population, three different randomly selected fields of
two replicate samples were analysed.

Viability and proliferation assays

Passage 4 hTCs were plated at a density of 1.5x10* cells/
cm? in 96-well plates and exposed to PEMF as previously
described. Measures of cell viability were performed at 0
and 2 days after the end of treatments, adding a final
concentration of 0.5 mg/mL MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide, Sigma-Aldrich) to
the culture medium and incubating for 4 h at 37 °C. After
medium removal, 100 % DMSO was then added to each
well. Absorbance of this solution was read at 570 nm
(VictorX3, Perkin Elmer microplate, Waltham, MA, USA)
[17]. DNA content analysis was performed on cells plated
in 24-well plates at a density of 5x10° per cm?®, at 0 and
2 days after the end of treatment using CyQUANT® Cell
Proliferation Assay Kit (Invitrogen Ltd.); fluorescence was
read at 520 nm (excitation A = 480 nm) (VictorX3, Perkin
Elmer microplate).

Gene expression analysis

RNA from each sample was obtained using RNeasy Mini kit
(Qiagen, Dusseldorf, Germany) and quantified spectropho-
tometrically (Nanodrop, Thermo Scientifc, Rockford, IL,
USA). RNA (120 ng) was reverse-transcripted to cDNA
with iScript cDNA Synthesis Kit (Bio-Rad Laboratories,

Benicia, CA, USA) in a final volume of 20 pL, with reaction
mix containing random hexamer primers, oligo(dT), and
reverse transcriptase preblended with RNase inhibitor. The
reaction mix was incubated at 25 °C for 5 min, at 42 °C for
30 min and at 85 °C for 5 min. Real-time PCR mixture was
made by 10 ng cDNA template, TagMan Universal PCR
Master Mix and Assays-on-Demand Gene expression probes
(Life Technologies, Grand Island, NY, USA). The reaction
was performed with Applied Biosystems Step One Plus (Life
Technologies) in a final volume of 20 pL. The following
cycle conditions were used to perform amplification and
real-time data acquisition: 50 °C for 2 min, 95 °C for
10 min, 40 cycles at 95 °C for 15 s and 60 °C for 1 min.
Glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
(Hs99999905_m1), scleraxis (SCX) (Hs03054634_gl),
collagen type I (COL1A1) (Hs01076777_m1), collagen type
IIT (COL3A1) (Hs00943809_m1) and VEGF-A (VEGF-A)
(Hs00900055_m1) genes were analysed. The fold change in
expression of analysed genes in treated and untreated sam-
ples was normalized on expression of the GAPDH house-
keeping gene. Data are expressed as fold increase on the
respective controls for each gene and sample.

Cytokine and growth factor determination

The cumulative amount of soluble IL-1f, IL-6, IL-10,
TNF-a, TGF-B2 released by cells in the culture medium
was determined at 0, 24 and 48 h after the end of PEMF
treatment by commercially available ELISA assays,
according to the manufacturers’ instructions (R&D System,
Minneapolis, USA). For the IL-1f detection assay, the
sensitivity of the test was <1 pg/mL and intra- and inter-
assay coefficients of variation were 2.8 and 4.1 %,
respectively. For the IL-6 detection assay, the sensitivity of
the test was 2 pg/mL and intra- and inter-assay coefficients
of variation were 5.8 and 3.1 %, respectively. For the IL-10
detection assay, the sensitivity of the test was <0.5 pg/mL
and intra- and inter-assay coefficients of variation were 6.6
and 8.1 %, respectively. For the TNF-o detection assay, the
sensitivity of the test was 1.6 pg/mL and intra- and inter-
assay coefficients of variation were 5.0 and 7.3 %,
respectively. For the TGF-B2 detection assay, the sensi-
tivity of the test was 2 pg/mL and intra- and inter-assay
coefficients of variation were 2.7 and 4.3 %, respectively.

The study was approved by the Institutional Review
Board of the Galeazzi Orthopaedic Institute (Ref. Number
10G-2.47).

Statistical analysis
Statistical analysis was performed by GraphPad Prism

v5.0 software (GraphPad Software Inc., La Jolla, CA,
USA). All values are expressed as the mean = SD. Normal
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Fig. 1 Live and dead staining
of untreated and PEMF treated
cells for 8 and 12 h (green
viable cells, red dead cells).
Percentages of viable cells
(expressed as mean £ SD) are

reported for each group Untreated

(fluorescence microscopy, scale

bar 200 pm, merged images)
1.5mT-PEMF
R-1.5mT-PEMF
3mT-PEMF

distribution of values was assayed by Kolmogorov—Smir-
nov normality test, while one-way analysis of variance
(ANOVA) for repeated measures, with Bonferroni’s cor-
rection, was used to compare data over time. Paired or
unpaired comparisons were performed by two-tailed t test.
In the case of not normally distributed values, repeated
measures were compared with the Mann—Whitney test.
p values <0.05 were considered statistically significant.

Results

hTCs treated with 1.5- and 3 mT-PEMF showed
a similar cell viability and DNA content

As shown by live and dead assay, no combination of

treatment provoked any cell death event, as in all cases,
more than 98 % of cells were viable, without any

@ Springer

12h

differences between untreated and treated hTCs (Fig. 1).
The viability of hTCs exposed to PEMF treatments was
also confirmed by MTT assay; the only decrease was
observed in 8 h R-1.5 mT-PEMF treated cells at 2 days
with respect to untreated cells (—19 %, p < 0.05) (Fig. 2a).
On the other hand, all the samples treated for a longer time
period (12 h) showed an increase of hTC viability with
respect to untreated cells at day 2, with statistically sig-
nificant increases for the 1.5- and 3 mT-PEMF treatments
(+17 %, p <0.05 and +13 %, p < 0.01, respectively)
(Fig. 2a). Indeed, immediately after 8 h treatment (0 day),
1.5 mT-PEMF treated cells, as well as R-1.5 mT-PEMF
and 3 mT-PEMF hTCs, showed an increase in DNA con-
tent of 25, 24 and 14 % with respect to untreated cells,
although only the first one was significant (p < 0.05;
Fig. 2b). At day 2, all treated cells showed a DNA content
comparable to that of the untreated ones. A divergent
behaviour was observed when cells were exposed to the
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Fig. 2 Cell viability (a) and
DNA content (b) measured at 0
and 2 days after 8 and 12 h of
PEMF treatments (n = 6),
assessed by MTT and
CyQUANT® Cell Proliferation

Y

1.5 q

assays, respectively. Data are
expressed as average fold
increase £ SD respect to
untreated cell (fixed line set at
1). Levels of significance:

0.5 1

Fold increase vs Untreated

*p < 0.05; **p < 0.01 versus

0.0 T

. $
untreated cells; *p < 0.05 od

versus 3 mT-PEMF

8 hours exposure

1.5 1

2T

1.0

0.5 1

Fold increase vs Untreated T

0.0 T

0od

8 hours exposure

3 1.5mT-PEMF

different PEMF treatments for 12 h: at day 0, the DNA
content of hTCs was not affected by the stimulation,
whereas after 2 days both 1.5- and 3 mT-PEMF induced an
increase with respect to the untreated cells, although it was
not significant. Conversely, the repeated stimulation
(R-1.5 mT-PEMF) induced, at day 2, a significant decrease
of DNA content with respect to untreated cells (—25 %,
p < 0.05).

hTCs treated with a single 1.5 mT-PEMF treatment
showed higher VEGF-A, SCX, COL1A1
and COL1A1/COL3AL1 ratio transcript levels

SCX expression seemed to be positively influenced in a
dose-dependent manner by the length of exposure for all
types of treatments, in particular for the 1.5 mT-PEMF
treatment (8 h, +54 %, p <0.05; 12h +79 %, n.s.)
(Fig. 3a). Nonsignificant slight increases were observed for
R-1.5 mT- and 3 mT-PEMF treatments after 12 h of
exposure at day 0 (+12 and +10 %, respectively). Com-
paring the three groups of treatment, hTCs treated for 8 h
with R-1.5 mT-PEMF and assessed at day O showed a
significantly lower SCX expression in comparison with
that observed in 1.5 mT-PEMF treated cells (—46 %,
p < 0.05).
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1.5 mT-PEMF treatment was able to significantly up-
regulate VEGF-A expression at day 0 (8 h, +100 %,
p <0.05; 12 h: +75 %, p < 0.05), while other PEMF
treatments did not significantly affect it. Cell treated for 8
and 12 h showed a similar trend, with just slightly higher
increases of VEGF-A expression at day O after 12 h
compared to 8 h (Fig. 3b).

Among the different PEMF treatments, only 1.5 mT-
PEMF was able to up-regulate COL1A1 expression with
respect to untreated cells at least at day 0, both after 8 h
(+140 %) and 12 h (+133 %), although, due to the high
inter-donor variability, this increase was not statistically
significant (Fig. 4a). hTCs exposed to R-1.5 mT-PEMF for
8 h showed a significantly lower COL1A1 expression in
comparison with 1.5 mT- and 3 mT-PEMF treated ones
(=34 and —42 %, respectively, both p < 0.05). The hTCs
exposed to 3 mT-PEMF treatment behaved differently,
since a slight up-regulation of COL1A1 expression with
respect to untreated cells (+46 and +22 % for 8 and
12 h, respectively, n.s.) was observed only 2 days after
treatment.

Interestingly, PEMF treatments did not significantly
affect the hTC COL3A1 expression, with the exception of
those exposed for 8 h to a single 1.5 mT-PEMF treatment;
indeed, at day 0, a significant reduction of collagen type III
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Fig. 3 Gene expression of SCX (a) and VEGF-A (b) at 0 and 2 days
after 8 and 12 h of PEMF treatments (n = 6), assessed by real-time
PCR. Data are expressed as average fold increase £+ SD respect to

expression with respect to untreated cells was observed
(=50 %, p <0.05; Fig. 4b). In general, the resulting
COL1A1/COL3A1 expression ratio was higher in all the
PEMF treated cells compared to untreated ones, with the
exception of those exposed to R-1.5 mT-PEMF. In par-
ticular, it was much higher in the single 1.5 mT-PEMF
treated cells for both 8 h (4218 %, n.s. and +47 %,
p < 0.05 at 0 and 2 days, respectively) and 12 h (4181 and
4143 % at 0 and 2 days, respectively, both n.s.) with
respect to untreated cells (data not shown).

R-1.5 mT-PEMF treatment induced a higher IL-10
release

All the PEMF treatments were able to increase the pro-
duction of IL-1B in hTCs at each time point in a field
intensity-dependent manner (Fig. 5a). However, at day O,
the increase of IL-1, both after 8 and 12 h of exposure to
1.5 mT-PEMF single treatment, was not significant in
comparison with untreated cells. In general, when the cells
were treated for 8 h, the maximum levels of IL-1 were
observed 1 day after the exposure and then reduced over
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untreated samples (fixed line set at 1), normalized on GAPDH
expression. Levels of significance: *p < 0.05 versus untreated cells;
£p < 0.05 versus 1.5 mT-PEMF

time. Conversely, when cells were treated for a longer
time, 12 h, the IL-1pB release was significantly higher in
comparison with the amount released by untreated cells,
starting immediately at the end of the treatment up to
2 days.

TNF-a release was only slightly modulated by all the
PEMF treatments, with the exception of 3 mT-PEMF and
of R-1.5 mT-PEMF treatments, which were able to sig-
nificantly up-regulate its release after 8 h of exposure at
2 days (+17 %, p < 0.05) and after 12 h at day 1 (+30 %,
p < 0.05), respectively (Fig. 5b).

The release of IL-6 by hTCs was significantly up-reg-
ulated by all the PEMF treatments and at each time point
(Fig. 5¢). Very similar levels, as well as temporal trends,
were observed after 8 and 12 h of exposure; indeed, in both
cases, IL-6 was immediately released by the cells (0 day)
and then reached the maximum and stable levels 1 day
after treatment. R-1.5 mT-PEMF treated cells seemed to be
less affected by the treatment in terms of IL-6 production,
in particular at 2 days after 12 h of exposure, although their
amount of IL-6 production was always significantly higher
than the controls.
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Fig. 4 Gene expression of a COL1A1
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A similar scenario was observed for IL-10: also, in this
case, all the PEMF treatments were able to increase the
production of this cytokine by hTCs, with increases rang-
ing from 435 to 4300 % in comparison with untreated
cells, and no significant differences were found between
cells treated for 8 and 12 h (Fig. 6a). However, diverging
from our observations for IL-6, hTCs treated with
R-1.5 mT-PEMF showed the highest increase in terms of
IL-10 release in comparison with the other treated cells,
particularly at day O, both after 8 and 12 h of exposure
(+70 and 80 % vs. 1.5 mT-PEMF for 8 and 12 h,
respectively, p < 0.01 and +68 and +83 % vs. 3 mT-
PEMF for 8 and 12 h, respectively, p < 0.05).

Also, TGF-f levels were found to be significantly higher
in all groups at all time points, with fold increases ranging
from 6 to 11 with respect to untreated ones (Fig. 6b) and
with the highest release of this growth factor was observed
in cells exposed to a single 1.5 mT-PEMF treatment; this
effect was particularly evident after 12 h of exposure,
when, at both 1 and 2 days after treatment, 1.5 mT-PEMF
treated cells showed a significantly higher amount of TGF-
B with respect to both 12 h R-1.5 mT- (1 day, +27 %,
p < 0.001; 2 days, +25 %, p < 0.05) and 3 mT-PEMF
(1 day, +43 %, p < 0.01 and 2 days, +39 %, p < 0.05,
respectively).

Discussion

The most important finding of the present study is that the
length of exposure, the field intensity and the number of
PEMF treatments differently affect tendon cell prolifera-
tion, gene expression and release of pro- and anti-inflam-
matory cytokines. Our results could improve knowledge
about the role of PEMF in the treatment of tendon
pathologies. Indeed, to date, only a few studies on the
clinical effect of PEMF on tendon or ligament repair have
been reported [9] and these are sometimes conflicting,
probably due to the different PEMF dosages used. More-
over, from the basic science point of view, the mechanism
and effects of PEMF are far from being clearly defined,
even if the cell membrane is often considered to be their
main target [21], as they could affect membrane-mediated
signal transduction processes, modulating cell prolifera-
tion, gene expression, and activity of cytokines and growth
factors involved in the inflammatory response and in tissue
repair, such as FGF-2, VEGF, NFkB and IL-1p [3, 30, 39—
41, 43]. Recently, it has been observed that a single
exposure to PEMF positively influences gene expression of
tendon-specific markers and the release of anti-inflamma-
tory cytokines and growth factors of hTCs [4, 8]. The main
aim of this study was to evaluate the different response of
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Fig. 5 IL-1P (a), TNF-a a IL-1B8
(b) and IL-6 (c¢) production in 2.5 1 2.5 - .
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tendon cells to different PEMF treatments and to eventu-
ally identify the more performing one, in order to translate
these findings into the clinical practice. Indeed, in our
opinion, these in vitro “physical-dynamic” studies should
allow to establish the best cell response together with the
minimal effective PEMF dose both in terms of daily
exposure and field intensity. We previously reported that a
short length of exposure (4 h) was not sufficient to trigger a
functional hTC response and that the greater PEMF effects
were associated with longer exposure time such as 8 and
12 h [4]. For this reason, using these durations of exposure,
in this study, we compared the effects of different field
intensities and length and number of exposures.

@ Springer

No apoptotic or necrotic events were observed after any
treatment, demonstrating that PEMF are not toxic at a
cellular level. hTC viability and proliferation were slightly
enhanced by both 1.5 mT-PEMF (single or repeated) and
3 mT-PEMF treatments but with different Kkinetics,
although a decrease was observed in R-1.5 mT-PEMF.
However, this may be explained by a bias due to the longer
culture time of these samples. As revealed by the gene
expression analysis, only the 1.5 mT-PEMF single treat-
ment was able to positively influence both the tendon-
specific markers and VEGF which are known to participate
in the regenerative processes of tendons; in particular, an
increase of collagen type I/type III ratio was observed,
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suggesting a pro-healing effect of PEMF treatment as this
ratio has been reported to be in favour of collagen type III
in tendinopathy, together with other changes in total col-
lagen composition [5, 7, 16, 18, 19, 28]. In agreement with
our results, other authors have already observed that,
within a range of magnetic field intensity of 0.1-3.5 mT
(75 Hz frequency), 1.5 mT gave the best results in terms of
proteoglycans synthesis in cartilage explants compared to
other field intensities [32].

It has been recently reported that tendon disorders, in
particular in chronic tendinopathies, are characterized by
an inflammatory state which involves COX2, substance P,
MMPs and the infiltration of immune cells in the peritenon
[26]. However, in the physiologic tendon healing process,
the inflammatory response also plays an important role, and
it is orchestrated in different consequential phases. In the
first phase, the increase of the pro-inflammatory cytokine
IL-1B induces the immunoregulatory cytokine IL-6 acti-
vation in tendons, triggering the inflammatory reaction.
Once IL-1f and IL-6 have reached the peak of production,
they are themselves promoters of the production of an anti-
inflammatory cytokine, IL-10, which counteracts the
inflammatory reaction, thereby concluding the inflamma-
tion process [11, 32]. This effect is particularly evident in
our study comparing the single 1.5 mT-PEMF treatment

with the repeated treatment. The early increase of IL-1f, in
particular after 8 h exposure, indicates that 1.5 mT-PEMF
treatment was able to boost the early inflammatory phase
responsible for the healing process. A similar effect was
observed for IL-6, which lies under the direct regulatory
control of IL-1B [37]; in fact, lower levels of IL-6 in
R-1.5 mT-PEMF treated cells were found compared to
1.5 mT-PEMF ones, indicating that the timing of the
response to the repeated treatment exceeded the initial
inflammatory phase and entered the second, anti-inflam-
matory phase. A similar response has been reported in a
study by Gomez-Ochoa, where a decrease of IL-1p and
IL-6 and an increase of IL-10 at late time points after
PEMF treatment were observed [13]. This is clearly con-
firmed in our study by the increase of IL-10, the recognized
anti-inflammatory mediator, in parallel with the decrease of
IL-1B and IL-6 at 1 and 2 days after exposure. IL-10 does
not only control the “self-regulating” anti-inflammatory
loop of the final phases of the inflammatory response, but is
also reported to be closely connected with the tendon
healing process [27] and to affect the proliferation of
connective tissue cells [33]; moreover, an up-regulation of
IL-10 correlates with a superior healing process compared
to controls in a murine model of patellar tendon lesion [32].
Therefore, the further increase of IL-10 in the repeated
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treatment indicates that the repetition of 1.5 mT-PEMF
treatment represents an additional potential advance in the
healing and remodelling process. The positive effect of the
1.5 mT-PEMF treatment, both as single exposure and
repeated, is also confirmed by the significant increase of
TGF-p, which is known to be strongly related to the tendon
healing process by stimulating the production of fibronec-
tin by tendon cells [42]. Conversely, by increasing the field
intensity, no further advantages were observed on these
parameters, but rather it provoked a slightly significant
increase of TNF-o, an inflammatory cytokine involved in
tendon degeneration [14].

The main limitation of this study is the lack of daily
observations of the parameters during the R-1.5 mT-
PEMF treatment. This could probably explain why we did
not observe a specific gene expression up-regulation in
cells exposed to repeated PEMF treatments as compared to
those just treated once. It has to be considered, however,
that the cumulative effect exerted by repetitive exposure to
electromagnetic fields is hardly detectable in gene
expression since it is a short-term event and is often
characterized by a negative feedback mechanism. The
same could be said for the cytokine release analyses,
where we decided to observe the cumulative effect in
cytokine production rather than the daily release. In this
case, this choice allowed us to clearly identify the stronger
anti-inflammatory action of the repetition of PEMF treat-
ment, as a net effect of a higher IL-10 production, con-
firming the beneficial effects of similar protocols already
used in clinical practice [2, 20, 22, 44]. Furthermore, our
study was performed starting from healthy tissues, while
cells isolated from pathological tissues could better rep-
resent the in vivo condition for which PEMF treatment is
used, helping clarify the kinetics of inflammatory and anti-
inflammatory cytokine production involved in tendon
repair.

Conclusion

1.5 mT-PEMF treatment was able to give the best results in
in vitro healthy human tendon cell culture in term of cell
proliferation, up-regulation of tendon-specific gene
expression and release of anti-inflammatory cytokines and
growth factors. In addition, the repetition of this low-
intensity treatment leads hTCs to significantly increase
their IL-10 production, which is closely involved in the
anti-inflammatory pathways. These “physical-dynamic”
findings could be used to define the minimal effective dose
both in terms of daily exposure and field intensity to be
applied in preclinical and clinical studies. Although the
clinical relevance is not direct, this investigation should be
considered as the first attempt to clarify the effect of

@ Springer

different PEMF protocols on tendon cells, in particular
focusing on the potential applicability of this cell source for
regenerative medicine purpose, both in surgical and in
conservative treatment for tendon disorders.
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