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This study investigated the effects of pulsed electromagnetic ﬁelds (PEMFs) on proteoglycan
(PG) metabolism of human articular cartilage explants from patients with osteoarthritis (OA).
Human cartilage explants, recovered from lateral and medial femoral condyles, were classiﬁed
according to the International Cartilage Repair Society (ICRS) and graded based on Outerbridge
scores. Explants cultured in the absence and presence of IL-1b were treated with PEMF (1.5 mT,
75 Hz) or IGF-I alone or in combination for 1 and 7 days. PG synthesis and release were determined. Results showed that explants derived from lateral and medial condyles scored OA grades I
and III, respectively. In OA grade I explants, after 7 days exposure, PEMF and IGF-I signiﬁcantly
increased 35S-sulfate incorporation 49% and 53%, respectively, compared to control, and counteracted the inhibitory effect of IL-1b (0.01 ng/ml). The combined exposure to PEMF and IGF-I
was additive in all conditions. Similar results were obtained in OA grade III cartilage explants. In
conclusion, PEMF and IGF-I augment cartilage explant anabolic activities, increase PG synthesis,
and counteract the catabolic activity of IL-1b in OA grades I and III. We hypothesize that both
IGF-I and PEMF have chondroprotective effects on human articular cartilage, particularly in early
stages of OA. Bioelectromagnetics 32:543–551, 2011. ß 2011 Wiley-Liss, Inc.
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INTRODUCTION
Articular cartilage performs mechanical functions absorbing the different loads applied to a joint
[Ulrich-Vinther et al., 2003]. In pathological conditions such as osteoarthritis (OA), alterations in the
normal functional activities of chondrocytes contribute to the disruption of the balance between anabolic
and catabolic processes of the cartilage. These
processes are inﬂuenced by mechanical forces as
well as abnormalities in autocrine, paracrine, and
endocrine regulation at a cellular level, leading to
alterations of the physiological tissue turnover within
the joint. Further, alterations in genes encoding
for extracellular matrix (ECM) components, inﬂammatory molecules, or matrix proteases and aging are
involved in the molecular pathophysiological events
leading to OA development [Herrero-Beaumont
et al., 2009]. Interleukin-1b (IL-1b), the main catabolic cytokine in OA, exerts its activity by stimulating
the increase of matrix metalloproteinase gene expression and by suppressing the synthesis of type II
ß 2011Wiley-Liss,Inc.

insulin-like

growth

factor-I;

collagen and proteoglycans (PGs) [Daheshia and
Yao, 2008], the main components of the articular cartilage ECM. On the other hand, the insulin-like
growth factor I (IGF-I) plays an anabolic role in
chondrocyte metabolism by stimulating chondrocyte
proliferation and the synthesis of type II collagen
and PGs [Bonassar et al., 2001].
Articular chondrocyte activities are also affected
by physical forces, including mechanical stress and
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strain [Bonassar et al., 2001], low-intensity ultrasounds [Parvizi et al., 2002], and low-frequency, lowenergy pulsed electromagnetic ﬁelds (PEMFs). In vitro
studies have shown that PEMFs can stimulate human
articular chondrocyte proliferation and increase the
amount of cartilage ECM components in bovine articular explants and in pig chondrocytes cultured in
collagen constructs [Pezzetti et al., 1999; De Mattei
et al., 2001, 2003, 2004, 2007; Chang et al., 2010].
Furthermore, in vivo studies it has been reported that
PEMFs stimulate PG synthesis in rats during endochondral ossiﬁcation [Ciombor et al., 2002], and preserve the morphology of articular cartilage reducing
lesion progression in the knee of OA guinea pigs
[Ciombor et al., 2003; Fini et al., 2005b, 2008]. All of
these data suggest that the exposure to PEMFs might
be useful to preserve cartilage integrity and function.
However, only a few studies investigated the effect of
PEMFs on human cartilage cells [Pezzetti et al., 1999;
De Mattei et al., 2001; Nicolin et al., 2007; SchmidtRohlﬁng et al., 2008]. PEMFs were able to increase
cell proliferation, survival and the presence of collagen type II in human chondrocytes. In a study performed on human chondrocytes harvested from OA
knee joints, PEMF exposure induced a slight, but not
statistically signiﬁcant enhancement of collagen II
expression [Schmidt-Rohlﬁng et al., 2008]. Moreover,
capacitively coupled electrical signals resulted in the
upregulation of cartilage matrix protein expression
and production, and the reduction of metalloproteinase
expression in human OA cartilage explants [Brighton
et al., 2008].
To our knowledge, there are no reports in the
literature on the effect of PEMFs on cultured human
articular cartilage explants. In this study, we investigated the effects of PEMF exposure on PG metabolism of human cartilage explants recovered from
both femoral condyles of OA patients with cartilage
degeneration more advanced in the medial condyle.
The effect of PEMFs was also evaluated when IGF-I
and IL-1b were added to the culture medium because
they have profound effects on cartilage metabolism.
MATERIALS AND METHODS
Patients
Human cartilage samples from the femoral
condyles were obtained from patients with various
knee joint OA, undergoing total knee replacement
(n ¼ 13, 6 male and 7 female; mean  SD age:
69  3 years). The patients provided written
informed consent to their participation in the study.
OA severity was scored according to the criteria of
Bioelectromagnetics

the American College of Rheumatology Diagnostic
Subcommittee on Osteoarthritis. Cartilage samples
were recovered from the lateral condyle of all
patients, while the severe cartilage degeneration of
the medial condyle recovered enough cartilage for
the experiments from four patients only. By gross
examination, in agreement with other authors
[Acebes et al., 2009], we have not included samples
from peripheral regions of cartilage because osteophytes may be present in these areas as a result of
the remodeling process. Areas where subchondral
bone was visible (International Cartilage Repair
Society (ICRS) Grade 4) were not considered. Cartilage explants from individual patients were subdivided into two groups; one group was used for the
histological analysis and the second group for
cultures and exposure to PEMF. Cartilage was scored
according to the ICRS grading based on the
Outerbridge score [Kleemann et al., 2005], ranging
from healthy cartilage (ICRS Grade 0) to the absence
of cartilage with exposed subchondral bone (ICRS
Grade 4).
Cartilage Explant Cultures and Treatment
Conditions
After surgery, cartilage was placed in Dulbecco’s modiﬁed Eagle/Ham’s F12 (DMEM/F12)
medium (1:1) and antibiotics (penicillin 100 units/ml,
streptomycin 0.1 mg/ml; Life Technologies, Paisley,
UK). Full-thickness cartilage explants were obtained
from the articular surface using a 4 mm dermal
punch (Stiefel Laboratories, Milan, Italy) and
cultured in multiwells (Nunc, Roskilde, Denmark;
6.6  6.6 cm2, 1.6 cm diameter). Among the collected explants, we randomly subdivided them into
two groups: untreated control group and treated
group. Control explants were cultured in the base
medium consisting of DMEM/F12 supplemented
with 10% fetal bovine serum (FBS) and antibiotics
(penicillin 100 units/ml, streptomycin 0.1 mg/ml), in
the absence of PEMF, IGF-I and IL-1b. Treated
explants were cultured in base medium in the presence of IGF-I (50 ng/ml) or increasing doses (0.01,
0.1, 1, 10, and 50 ng/ml) of IL-1b. Parallel cultures
were exposed to the PEMF (75 Hz, 1.5 mT) during
the entire culture period (1 or 7 day). Medium was
changed at the beginning of the exposure (time 0)
and at the third day. PEMF unexposed cultures were
placed inside the same incubator at a distance where
no difference from background magnetic ﬁeld was
observed when the PEMF generator was turned on.
In each experiment, controls and treatments were
performed with triplicate wells, each well containing
three explants.
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Characteristics of PEMF and Exposure Conditions
The PEMF generator system was the same one
used in previous studies [De Mattei et al., 2001,
2003, 2004, 2009; Varani et al., 2008]. It consisted of
a pair of circular Helmoltz coils of copper wire,
placed opposite to each other and in a signal generator (IGEA, Carpi, Italy). The multiwell plates were
placed between this pair of Helmoltz coils so that the
plane of the coils was perpendicular to the multiwell
plates. The power generator produced a pulsed signal
with the following parameters: pulse duration of
1.3 ms and frequency of 75 Hz, yielding a duty cycle
of 0.10.
The intensity peak of the magnetic ﬁeld was
1.5 mT and it was detected between two coils from
one side to the other using the Hall probe (HTD610608-05-T, F.W. Bell, Sypris Solutions, Louisville,
KY) of the gaussmeter (DG500, Laboratorio Elettroﬁsico, Milan, Italy), with a reading sensitivity of
0.2%. The induced electric ﬁeld, as detected with
a standard coil probe (50 turns, 0.5 cm internal
diameter of the coil probe, 0.2 mm copper diameter),
was 0.051 mV/cm. The shape of the induced electric
ﬁeld and its impulse length were kept constant. The
intensity peak of the magnetic and induced electric
ﬁeld measured between the two coils had a maximum variation of 1% in the whole area in which the
multiwell plate was placed. The speciﬁc PEMF
characteristics were previously obtained from a
dosimetry study [De Mattei et al., 2007].
Control cultures were maintained in the same
incubator, placed at a distance from the coils where
no difference from background magnetic ﬁeld was
observed when the PEMF generator was turned on.
As in previous in vitro studies, we observed maximal
PEMF effects at 24 h of stimulation [De Mattei
et al., 2007]; cartilage explants were exposed to
continuous PEMF for 1 or 7 days.
Quantification of PG Synthesis and Release
Proteoglycan synthesis was determined by
radioactive sulfate incorporation into glycosaminoglycans (GAGs), which are biochemical components
of PGs, during 1 or 7 days of culture, as previously
reported [De Mattei et al., 2004]. Brieﬂy, 5 mCi/ml
of Na2–35SO4 (2.2 mCi/ml; Amersham Pharmacia
Biotech, Buckinghamshire, England) was added to
the culture media of both unexposed and exposed
explants at time 0 and when the medium was
replaced (3rd day). After the radiolabeling, explants
were rinsed and digested in 20 mM phosphate buffer
(pH 6.8) containing 4 mg/ml papain (Sigma–Aldrich,
Milan, Italy) at 60 8C for 12 h. The content of 35S-
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labeled newly synthesized PGs (35S-PGs) was
measured following precipitation of the 35S-PGs with
cetylpyridinium chloride (Sigma–Aldrich) and ﬁltration onto glass ﬁber ﬁlters (Whatman GF/C, Whatman International, Maidstone England). Filters were
dried and radioactivity was quantitated by liquid
scintillation counting.
Proteoglycan release into culture media was
determined as total sulfated GAGs using the dimethylmethylene blue (DMMB) assay, with shark chondroitin sulfate (CS) as the standard [De Mattei et al.,
2004]. Values obtained in media collected at the 3rd
and 7th day were added. PG synthesis and PG release
data were normalized to the explant DNA content,
measured ﬂuorometrically by binding to Hoescht
33258 dye [Kim et al., 1988].
Assay for Lactate
Lactate concentration, a marker of the general
metabolic activity of chondrocytes [De Mattei et al.,
2003], was measured in the culture media of human
cartilage explants. Lactate production was determined by the lactate oxidase/peroxidase method
using a kit supplied by Catachem (Bridgeport, CT).
Histological Analysis
Cartilage explants were ﬁxed in a neutral buffered, isotonic formaline solution at 4 8C overnight,
embedded into parafﬁn, and sliced in 5 mm serial
slices using a hard-cutting microtome (RM2025,
Leica Instruments, Nussloch, Germany). Slices were
stained with haematoxylin and eosin for morphological observations and with Alcian blue (0.025 M
MgCl2) to assess for GAG content [Calvo et al.,
2004].
Statistical Analysis
Analysis of data was done with Student’s t-test
because data was found to be parametric in conﬁguration. When multiple comparisons were considered,
Bonferroni correction was applied to determine
statistical signiﬁcance. Differences were considered
signiﬁcant at a value of P  0.05. All data are
reported as mean  SD of at least three independent
experiments.
RESULTS
Gross Examination and Histological Analysis of
Cartilage
Cartilage degeneration and abrasion were
evident in the specimens. In the lateral femoral
condyles, cartilage degeneration was moderate, while
Bioelectromagnetics
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in the medial femoral condyles the cartilage degeneration was extremely severe. In relation to ICRS grading based on the Outerbridge score, cartilage from
medial condyle was scored grade III, and cartilage
from lateral condyle was scored grade I. Accordingly,
the histological analysis showed that specimens from
the lateral femoral condyle had discrete superﬁcial
irregularities and mild cracks (Fig. 1A). Specimens
from the medial femoral condyle had deep cracks
penetrating to the middle zone with evident vertical
ﬁssures, and small pieces of matrix were free from
the surface (Fig. 1B). Cell density was reduced and
isolated clones were localized in the superﬁcial
and deep zones of the tissue and sometimes were
demarcated by vertical and horizontal clefts in the
matrix. Finally, progressive reduction in matrix
Alcian blue staining correlated with the severity of
OA (Fig. 1C,D).
Effects of PEMF and IGF-I on PG Synthesis in
Lateral Condyle Explants
The effects of PEMF exposure and IGF-I treatment alone or combined on PG synthesis, monitored
as 35S-sulfate incorporation, were evaluated at 1 and

7 days of culture (Fig. 2). At day 1, PEMF and IGF-I
alone did not signiﬁcantly modify 35S-sulfate incorporation. When PEMF and IGF-I were used in
combination, 35S-sulfate incorporation signiﬁcantly
increased 38% compared to control (Fig. 2A). At 7
days, both PEMF exposure and IGF-I treatment alone
signiﬁcantly increased 35S-sulfate incorporation by
49% and 53% over control, respectively. The
increase in 35S-sulfate incorporation induced by
PEMF in combination with IGF-I was 94% with
respect to control, suggesting an addictive effect of
the two treatments (Fig. 2B). Because PEMF and
IGF-I alone induced signiﬁcant effects only after
7 days of culture, this experimental time was selected
for all subsequent experiments.
Effects of PEMF and IGF-I on PG Synthesis in
Lateral Condyle Explants Cultured in the
Presence of IL-1b
Preliminary experiments were performed to
investigate the effects of increasing doses of IL-1b
(from 0.01 to 50 ng/ml) on PG synthesis. IL-1b signiﬁcantly reduced PG synthesis in a dose-dependent
manner, as shown in Figure 3. A plateau effect was

Fig. 1. Photomicrographs of human articular cartilage stained with hematoxylin and eosin (A,B)
and Alcian blue (C,D). Cartilage from lateral condyle OA grade I shows moderate surface irregularities (A,C). Cartilage from medial condyle OA grade III includes deep cracks with vertical fissures
and surface disorganization (B,D). Progressive reduction of matrix staining intensity was found in
OA grade III (D) compared to grade I cartilage (C). Original magnification  100. [The color figure
for this article is available online at wileyonlinelibrary.com.]
Bioelectromagnetics

PEMF Effects on Human Cartilage Explants

547

Fig. 3. Effect of increasing doses of IL-1b on PG synthesis in
explants recovered from lateral condyles. IL-1b induces a doseresponse reduction on PG synthesis after 7 days treatment. Each
point was obtained from three independent experiments, each
performed in triplicate. All data are expressed as means  SD.

Statistically significant versus 0 ng/ml IL-1b dose; 8statistically
significant versusthe previous IL-1bdose.

Fig. 2. Effects of PEMF and IGF-I on PG synthesis. Explants
recovered from lateral condyles were treated for 1 (A) and 7 days
(B). Each point was obtained from six independent experiments,
each performed in triplicate. All data are expressed as
means  SD. Statistically significant versus control; 8statistically significant versus PEMF; #statistically significant versus
IGF-I.

reached at the higher doses. Ten and ﬁfty nanograms
per milliliters of IL-1b reduced PG synthesis 87%
and 83%, respectively. The analysis of lactate production in the culture media of explants at all IL-1b
doses did not show any signiﬁcant difference with
respect to control (control lactate production ¼
303.64 mg lactate/mg DNA), suggesting that cells
were metabolically active after IL-1b treatment
(data not shown). In the subsequent experiments,
two IL-1b concentrations were selected: the least
(0.01 ng/ml) and most (10 ng/ml) efﬁcient ones.
Figure 4 shows the effect of PEMF and IGF-I on PG
synthesis in explants cultured for 7 days in the presence of 0.01 or 10 ng/ml IL-1b. 0.01 ng/ml IL-1b
reduced 35S-sulfate incorporation 52% with respect
to control explants. PEMF and IGF-I signiﬁcantly
limited the catabolic effect of 0.01 ng/ml IL-1b by
increasing 35S-sulfate incorporation 26% and 24%,
respectively. The contemporary exposure to PEMF
and IGF-I enhanced 35S-sulfate incorporation 67%
with respect to 0.01 ng/ml IL-1b treated cultures; in
these experimental conditions, 35S-sulfate incorporation was 80% of control cultures in which IL-1b was

not added. When a concentration of 10 ng/ml IL-1b
was used, no signiﬁcant effect on 35S-sulfate incorporation was induced by PEMF exposure or IGF-I
treatment alone or in combination.
Effects of PEMF and IGF-I on PG Synthesis in
Medial Condyle Explants
Explants could only be recovered from medial
condyles in 4 of 13 patients. Because of the reduced
amount of cartilage in these severely impaired
cartilage explants, we limited our investigation to the
effects of PEMF and IGF-I in basal conditions and

Fig. 4. Effects of PEMF and IGF-I on PG synthesis in explants
recovered from lateral condyles treated with 0.01(gray) and 10
(black) ng/ml IL-1b in comparison to the control explants cultured
in the absence of IL-1b (base medium; white). Each point was
obtained from four independent experiments, each performed in
triplicate. All data are expressed as means  SD. Statistically
significant versus control; 8statistically significant versus 0.01 ng/
ml IL-1b; þstatistically significant versus 0.01 ng/ml IL-1b in the
presence of PEMF exposure; #statistically significant versus
0.01 ng/ml IL-1bin the presence of IGF-I.
Bioelectromagnetics
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Fig. 6. Effects of PEMF and IGF-I on PG release. Explants recovered from lateral condyles were treated with 0 (white), 0.01(gray)
and 10 (black) ng/ml IL-1b. Each point was obtained from three
independent experiments, each performed in triplicate. All data
are expressed as means  SD. Statistically significant versus
control; 8statistically significant versus 0.01 ng/ml IL-1b.

Fig. 5. Effects of PEMF and IGF-I on PG synthesis in explants
recovered from medial condyles treated for 7 days.The cartilage
explants were cultured in the absence (A) or presence (B) of
0.01 ng/ml IL-1b. Each point was obtained from four independent
experiments, each performed in triplicate. All data are expressed
as means  SD. Statistically significant versus control; 8statistically significant versus 0.01 ng/ml IL-1b; þstatistically significant
versus PEMF; #statistically significant versus IGF-I.

in the presence of 0.01 ng/ml IL-1b (Fig. 5). Basal
35
S-sulfate incorporation was 28% lower than in
lateral condyle explants. PEMF exposure and IGF-I
treatment increased 35S-sulfate incorporation 56%
and 47%, respectively, compared to control. The
increase in 35S-sulfate incorporation was 86% when
the two stimuli were used in combination (Fig. 5A).
IL-1b at 0.01 ng/ml concentration induced a 53%
reduction in 35S-sulfate incorporation with respect to
explants cultured in the absence of IL-1b (Fig. 5B);
this reduction was comparable to that observed in lateral condyle explants. PEMF and IGF-I limited the
catabolic effect of IL-1b, increasing 35S-sulfate
incorporation by 35% and 25%, respectively. Also, in
the presence of IL-1b when PEMF and IGF-I were
used in combination, an addictive effect on 35Ssulfate incorporation was observed, yielding a 68%
increase with respect to 0.01 ng/ml IL-1b treated
explants.
Bioelectromagnetics

Effects of PEMF and IGF-I on Medium PG
Release
Basal medium PG release in medial and lateral
condyle cultures was not modiﬁed by PEMF and
IGF-I alone or in combination. IL-1b induced a
dose-dependent increase in PG release of 27% and
85% compared to control at 0.01 and 10 ng/ml IL1b, respectively. In the presence of IL-1b, PEMF,
and IGF-I alone or combined did not signiﬁcantly
modify PG release with respect to IL-1b. Figure 6
shows the data on PG release observed in lateral
condyle cultures.

DISCUSSION
Preclinical research studies have shown that
PEMFs favor the anabolic activity of chondrocytes
and exert a signiﬁcant chondroprotective effect on
articular cartilage in animal models of spontaneous
OA [Trock et al., 1994; Pezzetti et al., 1999; De
Mattei et al., 2001, 2003, 2004, 2007; Jacobson
et al., 2001; Ciombor et al., 2003; Fini et al., 2005b;
Nicolin et al., 2007; Fini et al., 2005, 2008; Varani
et al., 2008; Benazzo et al., 2008a]. In particular, in
our previous studies performed on cartilage explants
obtained from bovine joints, we showed that PEMF
exposure inﬂuences the cartilage ECM metabolism
by increasing PG synthesis [De Mattei et al., 2003,
2004]. Furthermore, we identiﬁed the optimal PEMF
exposure conditions (exposure length, magnetic ﬁeld
amplitude, and pulse frequency) that could elicit the
highest PG synthesis [De Mattei et al., 2007].
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In the present study we investigated, for the ﬁrst
time, the effects of PEMF (1.5 mT, 75 Hz) on PG
metabolism of human cartilage explants recovered
from both femoral condyles of patients affected with
knee OA, also in the presence of the anabolic growth
factor IGF-I and the catabolic cytokine IL-1b. Cartilage explants with different OA severity were used,
however, no difference in the response to PEMF and
IGF-I stimulation was observed among explants when
the PG synthesis and the catabolic effects of IL-1b
were evaluated. PEMF signiﬁcantly increased PG synthesis after 7 days treatment, while after 1 day of
stimulation, no statistically signiﬁcant effect was
observed. Notably, the PEMF-induced increase in PG
synthesis was similar to that induced by IGF-I, indicating that PEMF exposure has an effect of the same
magnitude of that induced by the main cartilage anabolic factor [Bonassar et al., 2001]. Furthermore,
when we analyzed the response to PEMF and IGF-I
used in combination, we observed that their anabolic
effects were additive, suggesting that PEMF can act in
concert with IGF-I. PEMF and IGF-I could also limit
the catabolic effect, evaluated as inhibition of PG synthesis induced by 0.01 ng/ml IL-1b. This effect was
more evident when PEMF and IGF-I were used in
combination, yielding a 67% increase in PG synthesis
compared to IL-1b treated explants. At 10 ng/ml IL1b, PEMF, and IGF-I alone or combined could not
limit the decrease in PG synthesis induced by the
cytokine, suggesting that this dosage is already too
high, at least in our model, to observe effects. This is
in agreement with previous studies showing a dosedependent response of cartilage, evaluated as concentration of nitric oxide and prostaglandin E2 compared
to the concentrations of both IL-1b and IGF-I [Peng
et al., 2008]. Furthermore, the lack of an effect of
IGF-I in the presence of 10 ng/ml IL-1b might be due
to IGF-I desensitization, which is induced by high
doses of IL-1b [Smeets et al., 2006]. Indeed, the dose
of IL-1b (0.01 ng/ml) at which we found a signiﬁcant
effect of PEMF and IGF-I is in the range of IL-1b
levels evaluated in the synovial ﬂuid of OA patients
[Hussein et al., 2008]. Finally, these observations
suggest that the ability of PEMF to limit the catabolic
effect of IL-1b on articular cartilage may be relevant,
particularly in the early stages of OA, to prevent or
delay cartilage degeneration.
Some studies address the possible connection
between pro-inﬂammatory cytokines and apoptosis in
OA cartilage [Kim et al., 2009; Weng et al., 2009].
Although we did not aim to evaluate chondrocyte
apoptosis speciﬁcally in our study, we found that
lactate production, a marker of the general metabolic
activity of chondrocytes, was not modiﬁed at the
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higher IL-1b doses (10 and 50 ng/ml) in comparison
to control, suggesting that at these IL-1b doses, cells
were still metabolically active and viable, in accordance with the report by Kim et al. [2009] in both
normal and OA chondrocytes.
Overall, data of this study indicate that PEMFs
stimulate anabolic activity of human cartilage
explants. Nevertheless, the exposure length required
to stimulate OA explants is signiﬁcantly longer than
that used in bovine explants [De Mattei et al., 2003,
2004]. This difference can be ascribed to differences
in the cellularity and metabolism in OA cartilage.
In cartilage explants treated with PEMF and/or
IGF-I, we also measured that the release of PG into
the medium did not differ from control cartilage
explants, both in OA grades I and III. Further, in the
presence of 0.01 and 10 ng/ml IL-1b, PEMF, and
IGF-I alone or in combination did not signiﬁcantly
modify the PG release induced by the cytokine. Our
results conﬁrm that both PEMF exposure and IGF-I
treatment do not induce PG loss and/or the activation
of catabolic events in human cartilage.
Previous studies concerning the mechanisms by
which PEMF exposure can modulate cellular behavior suggest that the PEMF effects we have observed
in chondrocytes may be mediated by an upregulation
of the gene expression of members of the TGF-b
superfamily [Fini et al., 2005a] or genes of the ECM
components [Fassina et al., 2006; Sollazzo et al.,
2010], and/or the increase in speciﬁc cell membrane
receptors, such as adenosine receptors, previously
involved in GAG metabolism [Varani et al., 2008].
Further, recent evidence shows that the signal
transduction networks induced by PEMF include
phosphorilation of the insulin receptor substrate-1
(IRS-1), which mediates IGF signaling [Schnoke and
Midura, 2007]. In this light, a potential mechanism
to explain our results concerning the analogous effect
of PEMF and IGF-I on PG synthesis might include
the IRS-1 phosphorylation.
To our knowledge, this is the ﬁrst study that
analyses the effect of PEMF exposure in human
cartilage explants showing that human chondrocytes
are biologically responsive to PEMF action. Furthermore, the observation that PEMFs inﬂuence the
chondrocyte activity in different OA grades suggests
that human chondrocytes maintain susceptibility to
PEMF during OA progression. To date, there are
limited clinical studies examining the effects of
PEMFs in humans, especially in patients affected
by OA. However, the use of PEMFs after surgical
procedures of the knee has been shown to shorten
the recovery time, reduce the use of non-steroidal
anti-inﬂammatory drugs and limit joint inﬂammatory
Bioelectromagnetics
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reaction, ﬁnally protecting cartilage from the
catabolic effect of joint inﬂammation [Zorzi et al.,
2007; Benazzo et al., 2008b]. The anti-inﬂammatory
effect of PEMF through the activity of the A2A
adenosine receptor agonist has been advocated to
explain the chondroprotection observed in animal
models of OA [Varani et al., 2008; De Mattei et al.,
2009]. In conclusion, although the results of this
study should be conﬁrmed in a larger number of
samples, we have shown that chondrocytes in human
cartilage explants are sensitive to PEMF stimulation
by increasing PG synthesis and limiting the catabolic
effect of IL-1b. These results provide the scientiﬁc
rationale to investigate whether PEMFs may play a
role in preventing the progression of OA in patients,
ﬁnally resulting in a chondroprotective activity.
ACKNOWLEDGMENTS
The authors would like to thank Dr Daniela
Nardo and Dr Eros Magri of the Department of
Experimental and Diagnostic Medicine, University of
Ferrara, Italy, for the technical assistance.
REFERENCES
Acebes C, Roman-Blas JA, Delgado-Baeza E, Palacios I, Herrero-Beaumont G. 2009. Correlation between arthroscopic
and histopathological grading systems of articular cartilage
lesions in knee osteoarthritis. Osteoarthritis Cartilage 17:
205–212.
Benazzo F, Cadossi M, Cavani F, Fini M, Giavaresi G, Setti S,
Cadossi R, Giardino R. 2008a. Cartilage repair with osteochondral autografts in sheep: Effect of biophysical stimulation with pulsed electromagnetic ﬁelds. J Orthop Res
26:631–642.
Benazzo F, Zanon G, Pederzini L, Modonesi F, Cardile C, Falez
F, Ciolli L, La Cava F, Giannini S, Buda R, Setti S,
Caruso G, Massari L. 2008b. Effects of biophysical stimulation in patients undergoing arthroscopic reconstruction
of anterior cruciate ligament: Prospective, randomized and
double blind study. Knee Surg Sports Traumatol Arthrosc
16:595–601.
Bonassar LJ, Grodzinsky AJ, Frank EH, Davila SG, Bhaktav
NR, Trippel SB. 2001. The effect of dynamic compression
on the response of articular cartilage to insulin-like growth
factor-I. J Orthop Res 19:11–17.
Brighton CT, Wang W, Clark CC. 2008. The effect of electrical
ﬁelds on gene and protein expression in human osteoarthritic cartilage explants. J Bone Joint Surg 90:833–
848.
Calvo E, Palacios I, Delgado E, Sanchez-Pernaute O, Largo R,
Egido J, Herrero-Beaumont G. 2004. Histopathological
correlation of cartilage swelling detected by magnetic
resonance imaging in early experimental osteoarthritis.
Osteoarthritis Cartilage 12:878–886.
Chang CH, Loo ST, Liu HL, Fang HW, Lin HY. 2010. Can
low frequency electromagnetic ﬁeld help cartilage tissue
engineering? J Biomed Mater Res A 92:843–851.
Bioelectromagnetics

Ciombor DM, Lester G, Aaron RK, Neame P, Caterson B. 2002.
Low frequency EMF regulates chondrocyte differentiation
and expression of matrix proteins. J Orthop Res 20:40–50.
Ciombor DM, Aaron RK, Wang S, Simon B. 2003. Modiﬁcation
of osteoarthritis by pulsed electromagnetic ﬁeld–a
morphological study. Osteoarthritis Cartilage 11:455–462.
Daheshia M, Yao JQ. 2008. The interleukin 1 beta pathway in
the pathogenesis of osteoarthritis. J Rheumatol 35:2306–
2312.
De Mattei M, Caruso A, Pezzetti F, Pellati A, Stabellini G, Sollazzo V, Traina GC. 2001. Effects of pulsed electromagnetic ﬁelds on human articular chondrocyte proliferation.
Connect Tissue Res 42:269–279.
De Mattei M, Pasello M, Pellati A, Stabellini G, Massari L,
Gemmati D, Caruso A. 2003. Effects of electromagnetic
ﬁelds on proteoglycan metabolism of bovine articular
cartilage explants. Connect Tissue Res 44:154–159.
De Mattei M, Pellati A, Pasello M, Ongaro A, Setti S, Massari
L, Gemmati D, Caruso A. 2004. Effects of physical stimulation with electromagnetic ﬁeld and insulin growth factor-I treatment on proteoglycan synthesis of bovine
articular cartilage. Osteoarthritis Cartilage 12:793–800.
De Mattei M, Fini M, Setti S, Ongaro A, Gemmati D, Stabellini
G, Pellati A, Caruso A. 2007. Proteoglycan synthesis in
bovine articular cartilage explants exposed to different
low-frequency low-energy pulsed electromagnetic ﬁelds.
Osteoarthritis Cartilage 15:163–168.
De Mattei M, Varani K, Masieri FF, Pellati A, Ongaro A, Fini
M, Cadossi R, Vincenzi F, Borea PA, Caruso A. 2009.
Adenosine analogs and electromagnetic ﬁelds inhibit prostaglandin E2 release in bovine synovial ﬁbroblasts. Osteoarthritis Cartilage 17:252–262.
Fassina L, Visai L, Benazzo F, Benedetti L, Calligaro A,
De Angelis MG, Farina A, Maliardi V, Magenes G. 2006.
Effects of electromagnetic stimulation on calciﬁed matrix
production by SAOS-2 cells over a polyurethane porous
scaffold. Tissue Eng 12:1985–1999.
Fini M, Giavaresi G, Carpi A, Nicolini A, Setti S, Giardino R.
2005a. Effects of pulsed electromagnetic ﬁelds on articular
hyaline cartilage: Review of experimental and clinical
studies. Biomed Pharmacother 59:388–394.
Fini M, Giavaresi G, Torricelli P, Cavani F, Setti S, Cane V,
Giardino R. 2005b. Pulsed electromagnetic ﬁelds reduce
knee osteoarthritic lesion progression in the aged Dunkin
Hartley guinea pig. J Orthop Res 23:899–908.
Fini M, Torricelli P, Giavaresi G, Aldini NN, Cavani F, Setti S,
Nicolini A, Carpi A, Giardino R. 2008. Effect of pulsed
electromagnetic ﬁeld stimulation on knee cartilage, subchondral and epyphiseal trabecular bone of aged Dunkin
Hartley guinea pigs. Biomed Pharmacother 62:709–715.
Herrero-Beaumont G, Roman-Blas JA, Castaneda S, Jimenez
SA. 2009. Primary osteoarthritis no longer primary: Three
subsets with distinct etiological, clinical, and therapeutic
characteristics. Semin Arthritis Rheum 39:71–80.
Hussein MR, Fathi NA, El-Din AM, Hassan HI, Abdullah F, AlHakeem E, Backer EA. 2008. Alterations of the CD4þ,
CD8þ T cell subsets, interleukins-1 beta, IL-10, IL-17,
tumor necrosis factor-alpha and soluble intercellular
adhesion molecule-1 in rheumatoid arthritis and osteoarthritis: Preliminary observations. Pathol Oncol Res 14:
321–328.
Jacobson JI, Gorman R, Yamanashi WS, Saxena BB, Clayton L.
2001. Low-amplitude, extremely low frequency magnetic
ﬁelds for the treatment of osteoarthritic knees: A double-

PEMF Effects on Human Cartilage Explants
blind clinical study. Altern Ther Health Med 7:54–64,
66–69.
Kim YJ, Sah RL, Doong JY, Grodzinsky AJ. 1988. Fluorometric
assay of DNA in cartilage explants using Hoechst 33258.
Anal Biochem 174:168–176.
Kim HA, Yeo Y, Kim WU, Kim S. 2009. Phase 2 enzyme
inducer sulphoraphane blocks matrix metalloproteinase
production in articular chondrocytes. Rheumatology
(Oxford) 48:932–938.
Kleemann RU, Krocker D, Cedraro A, Tuischer J, Duda GN.
2005. Altered cartilage mechanics and histology in knee
osteoarthritis: Relation to clinical assessment (ICRS
Grade). Osteoarthritis Cartilage 13:958–963.
Nicolin V, Ponti C, Baldini G, Gibellini D, Bortul R, Zweyer M,
Martinelli B, Narducci P. 2007. In vitro exposure of
human chondrocytes to pulsed electromagnetic ﬁelds. Eur
J Histochem 51:203–212.
Parvizi J, Parpura V, Greenleaf JF, Bolander ME. 2002. Calcium
signaling is required for ultrasound-stimulated aggrecan
synthesis by rat chondrocytes. J Orthop Res 20:51–57.
Peng C, Xiao T, Luo YM, Liu XJ, Lin MH, Hu JX. 2008. Effect
of IGF-1 on NO and PGE2 in rabbit articular chondrocytes
induced by IL-1. Zhong Nan Da Xue Xue Bao Yi Xue
Ban 33:197–203.
Pezzetti F, De Mattei M, Caruso A, Cadossi R, Zucchini P, Carinci F, Traina GC, Sollazzo V. 1999. Effects of pulsed
electromagnetic ﬁelds on human chondrocytes: An in vitro
study. Calcif Tissue Int 65:396–401.
Schmidt-Rohlﬁng B, Silny J, Woodruff S, Gavenis K. 2008.
Effects of pulsed and sinusoid electromagnetic ﬁelds on
human chondrocytes cultivated in a collagen matrix.
Rheumatol Int 28:971–977.
Schnoke M, Midura RJ. 2007. Pulsed electromagnetic ﬁelds rapidly modulate intracellular signaling events in osteoblastic

551

cells: Comparison to parathyroid hormone and insulin.
J Orthop Res 25:933–940.
Smeets RL, Veenbergen S, Arntz OJ, Bennink MB, Joosten LA,
van den Berg WB, van de Loo FA. 2006. A novel role
for suppressor of cytokine signaling 3 in cartilage destruction via induction of chondrocyte desensitization toward
insulin-like growth factor. Arthritis Rheum 54:1518–1528.
Sollazzo V, Palmieri A, Pezzetti F, Massari L, Carinci F. 2010.
Effects of pulsed electromagnetic ﬁelds on human osteoblastlike cells (MG-63): A pilot study. Clin Orthop Relat
Res 468:2260–2277.
Trock DH, Bollet AJ, Markoll R. 1994. The effect of pulsed
electromagnetic ﬁelds in the treatment of osteoarthritis of
the knee and cervical spine. Report of randomized, double
blind, placebo controlled trials. J Rheumatol 21:1903–
1911.
Ulrich-Vinther M, Maloney MD, Schwarz EM, Rosier R,
O’Keefe RJ. 2003. Articular cartilage biology. J Am Acad
Orthop Surg 11:421–430.
Varani K, De Mattei M, Vincenzi F, Gessi S, Merighi S, Pellati
A, Ongaro A, Caruso A, Cadossi R, Borea PA. 2008.
Characterization of adenosine receptors in bovine chondrocytes and ﬁbroblast-like synoviocytes exposed to low
frequency low energy pulsed electromagnetic ﬁelds.
Osteoarthritis Cartilage 16:292–304.
Weng LH, Wang CJ, Ko JY, Sun YC, Su YS, Wang FS. 2009.
Inﬂammation induction of Dickkopf-1 mediates chondrocyte apoptosis in osteoarthritic joint. Osteoarthritis
Cartilage 17:933–943.
Zorzi C, Dall’Oca C, Cadossi R, Setti S. 2007. Effects of
pulsed electromagnetic ﬁelds on patients’ recovery after
arthroscopic surgery: Prospective, randomized and doubleblind study. Knee Surg Sports Traumatol Arthrosc 15:830–
834.

Bioelectromagnetics

