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BACKGROUND/AIMS
Tissue engineering approaches have provided treatment options for patients with limited cartilage repair capacity. Most of these 
approaches rely on isolating and expanding chondrocytes in vitro. Mechanical stress, ultrasound, and electric and electromagnetic fields 
(EMFs) can be used to stimulate cartilage repair. EMF has been used in the management of conditions such as arthritis and fractures. 
Most of the previous studies have focused on low-frequency pulsed EMF (PEMF). The aim of the present study was to investigate the 
effects of low-frequency continuous (sinusoidal) EMF (CEMF) versus PEMF on chondrocytes.

MATERIAL and METHODS
Chondrocytes from bovine nasal cartilage were exposed to low-frequency CEMF versus PEMF, and the proliferation and differentiation 
capacities of these chondrocytes were determined. The effects of EMFs on retinoic acid receptor beta and transforming growth factor 
beta (TGF-β) expressions were investigated using quantitative reverse transcription polymerase chain reaction.

RESULTS
Our observations suggested that there was no difference between the effects of PEMF and CEMF exposure on the proliferation and 
differentiation capacities of chondrocytes.

CONCLUSION
EMF-mediated proliferation of chondrocytes requires the presence of growth factors, especially insulin-like growth factor, in the 
environment to maintain the chondrogenic phenotype; furthermore, the EMF effect on chondrocytes is independent of TGF-β.
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INTRODUCTION
Mechanical stress, ultrasound, and electric and electromagnetic fields (EMFs) can be used to stimulate cartilage repair by 
increasing cell proliferation and matrix synthesis. In the last few decades, numerous in vitro and in vivo studies have been con-
ducted on pulsed EMF (PEMF) applied to cells from different species (1-3). Variable responses of chondrocytes to PEMF have 
been reported, as the studies have used diverse techniques (4, 5). However, the biological effects of PEMF and the underlying 
mechanisms of these effects are ill-defined. Because most of the exposure of humans in the natural environment is to low fre-
quencies (20–120 Hz) of continuous (sinusoidal) EMF (CEMF), a study that investigates the effects of CEMF and PEMF on human 
cells is required. To our knowledge, there are few studies comparing the effects of different types of EMF (CEMF vs. PEMF).

Articular cartilage is composed of chondrocytes embedded in an extracellular matrix (ECM) of principally type II collagen 
and proteoglycan aggrecan molecules. On the other hand, collagen type I is often considered an indicator of fibrocartilage 
and dedifferentiation of chondrocytes to fibroblast-like cells (6). Chondrocytes can easily proliferate and produce ECM 
in a growth factor-supplemented medium. Several growth factors such as fibroblast growth factor-2 (FGF-2), insulin-like 
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growth factor I (IGF-I), transforming growth factor beta (TGF-β), 
and retinoic acid (RA) have been shown to be essential for the 
expansion of chondrocytes and the maintenance of their chon-
drogenic capacity (7-9). Endogenously produced growth fac-
tors, such as TGF-β and IGF-I, increase cartilage-specific gene 
expression in chondrocytes (7, 8). FGF-2 has been shown to en-
hance the proliferative and redifferentiation capacity of mature 
chondrocytes and the chondrogenic capacity of human mesen-
chymal stem cells (10, 11). RA, an active vitamin A metabolite, acts 
through its receptors (retinoic acid receptors, RARs). RARs act 
as ligand-activated transcription factors and participate in the 
growth and differentiation of several tissues including cartilage 
(2_ENREF_5, 12-14). RA and TGF-β signaling have been shown to 
interact during chondrogenesis in several systems (12, 14). Kafien-
ah et al. (15) have highlighted the importance of these receptors 
in chondrogenesis by using antagonists against the receptors. Li 
et al. (16) have reported a decrease in TGF-β protein levels with 
the addition of a retinoic acid receptor beta (RARβ) inhibitor, sug-
gesting a synergistic interaction between TGF-β and RA in chon-
drogenesis. However, limited data are available on the interac-
tion of other growth factors with RA receptors.

In the present study, the effects of low-frequency CEMF versus 
PEMF on chondrocyte proliferation and differentiation capaci-
ties in vitro were investigated and the question whether the ef-
fects of EMFs occur through RARβ and TGF-β or not was asked.

MATERIALS and METHODS

Isolation of Chondrocytes from Cartilage
Full-thickness bovine nasal cartilage obtained from a local abat-
toir was harvested aseptically from adult animals (n=5; age, 16–20 
months). Ethics committee approval was received for this study 
from the Adnan Menderes University Animal Ethics Committee 
(Approval Date: 24.06.2005, Approval Number: 010-017) and the 
abattoir gave permission for the use of cartilage tissue. Freshly 
dissected cartilage from individual animals was cut into slices of 
5 cm×1.5 cm×2 mm using a scalpel. The slices were washed once 
with sterile phosphate-buffered saline (Sigma, Darmstadt, Ger-
many) for 20 min. Chondrocytes were isolated from the cartilage 
through sequential digestion at 37°C for 15 min with 1 mg/mL of 

testicular hyaluronidase (Sigma), 0.25% w/v trypsin (Sigma) for 
30 min, and 1.5 mg/mL of clostridial collagenase (Sigma) in an ex-
pansion medium comprising Dulbecco’s Modified Eagle’s Medi-
um (DMEM; Sigma) containing 10% (v/v) fetal calf serum overnight 
on an orbital shaker. Isolated chondrocytes were centrifuged and 
resuspended in an expansion medium containing 100 U/mL pen-
icillin and 100 μg/mL streptomycin (Sigma). Cells were counted 
using a hemocytometer, plated in 24-well plates (Nunc, Denmark) 
in monolayer (1×105 cells/cm2), and cultured to equilibrate for 48 h 
at 37°C in a humidified atmosphere of 5% CO2/95% air.

Culture of Chondrocytes and Exposure to EMF
Chondrocytes were cultured to reach confluence for 48 h and then 
exposed to EMF and growth factors for 7 days. During EMF treat-
ment experiments, cells were cultured with DMEM, 100 U/mL pen-
icillin, 100 μg/mL streptomycin, and 2 mM glutamine without fetal 
bovine serum. Growth factors were added as 10 ng/mL IGF (Sig-
ma) and 50 ng/mL FGF-2 (Sigma). Growth factor concentrations 
used in the study were determined as described in the literature 
(17). Cells were exposed to either CEMF or PEMF in the absence 
or presence of growth factors for 30 min/day for 7 days at room 
temperature and then replaced back into the incubator. Non-EMF 
exposed cells were also treated the same way, except EMF appli-
cation. Before EMF application, optimal EMF dose that can drive 
maximum cell proliferation was determined by searching the liter-
ature (3, 18, 19). It is difficult to characterize the specific beneficial 
EMF dose due to the broad range of intensity reported in the litera-
ture and the external condition effects. EMFs ranging from 1 to 3 mT 
appear to generate positive results on the cartilage.

During cell cultures, chondrocytes were exposed to CEMF or 
PEMF in the north–south direction. Three study groups were 
defined: (1) CEMF group, (2) PEMF group, and (3) control group. 
Chondrocytes cultured in the absence of growth factors and 
EMF were used as the negative control group. The control 
group was maintained at identical conditions, except for CEMF 
or PEMF exposure. The reason for applying 30 min exposure 
to EMF was to determine whether a short-term treatment 
with the growth factors has transient or persistent influence 
on chondrocytes. Figures 1a and b show the CEMF and PEMF 
exposure setup, respectively. After 7 days in culture, the pro-
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Figure 1. a, b. Photographs of CEMF (a) and PEMF (b) bioreactors and the experimental design used in our study. Chondrocytes were exposed to 
2 mT and 50 Hz (30 min/day) for CEMF exposure (a) and 75 Hz and 2.3 mT (30 min/day) for PEMF exposure for 7 days 
CEMF: continuous electromagnetic field; PEMF: pulsed electromagnetic field

a b



liferation capacity of cells was determined by counting them 
using a hemocytometer. Cell samples were also collected and 
stored in RNAlater solution (Ambion; Thermo Fisher Scientif-
ic, Inc, Waltham, MA, USA) accordingly for further molecular 
analyses.

CEMF Exposure Conditions
Cultures were exposed to 50 Hz CEMFs in the north–south di-
rection. CEMF was generated by a pair of Helmholtz coils, each 
having 154 turns and carrying a maximum of 5 A, with a resis-
tance of 2.1 Ω. The coils were separated by a distance of 40 cm, 
equal to the radius of the coil, with a maximum flux density for 
I=5 A in a Helmholtz array of 3.5 mT (Phywe, Germany). Chon-
drocytes were exposed to 50 Hz and 2 mT EMF (30 min/day) for 
7 days. Intensities of CEMF between the two circular coils were 
monitored during the experiments using a digital gaussmeter/
teslameter (Model 7030, F.W. Bell, Syprus, Orlando, FL, USA). 
Multiwell plates were placed in the mid-plane between the two 
coils at a point where theoretical calculations showed a uniform 
magnetic field (Figure 1a). 

PEMF Exposure Conditions
Pulsed EMF exposure apparatus consisted of a pair of Helm-
holtz coils placed opposite to each other and in a signal gener-
ator (IGEA, Carpi, Italy) (Figure 1b). Multiwell plates were placed 
between Helmholtz coils so that the plane of the coils was per-
pendicular to the plates. The pulsed signal parameters were as 
follows: pulse duration, 1.3 ms; magnetic field intensity, 2.3 mT; in-
duced electric field, 2 mV; frequency, 75 Hz; and yielding duty of 
cycle, 1/10. Chondrocytes were exposed to PEMF (30 min/day) 
for 7 days. Intensities of magnetic fields were measured using a 
digital gaussmeter/teslameter (Model 7030, F.W. BELL, Syprus). 
The magnetic field was uniform and focused on the plates 
placed between the two coils. 

RNA Isolation and Reverse Transcription
Total RNA was prepared from chondrocytes (obtained from 
5 animals, each analyzed individually) using the RNeasy Mini 
Kit (Qiagen, Hilden, Germany). RNA quality at OD260/280 of the 
samples was checked using Qubit fluorometer (Thermo Fish-
er Scientific). Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) was used to quantify mRNA levels 
for collagen type I (dedifferentiation marker), collagen II and 
aggrecan (chondrogenic markers), and TGF-β and RARβ in 
cultured chondrocytes (13, 15). Briefly, cDNA was generated 
using reverse transcriptase (Promega, UK). PCRs were per-
formed using SYBR® Premix Ex Taq™ (Takara, Gennevilliers, 
France) and monitored using Rotor-Gene 6000 Real-Time 
PCR system. Primer sequences for TGF-β were as follows: for-
ward 5′-CTGCTGAGGCTCAAGTTAAAAGTG-3′ and reverse 
5′-CAGCCGGTTGCTGAGGTAG-3′. The cycle conditions for 
PCR and sequences of the primers for type I and II collagens, 
aggrecan, and RARβ were as previously described (13, 15). The 
expression levels for the genes of interest were normalized to 
β-actin.

Statistical Analysis
Statistical analyses were performed using analysis of variance. 
Data were expressed as mean ± SEM. A p value of <0.05 was 
considered as statistically significant.

RESULTS

Effects of EMF Exposure and/or Growth Factors on Chondrocyte 
Proliferation Rate 
The effects of EMF exposure and growth factor treatment on 
chondrocyte proliferation are summarized in Figure 2. On day 
0, equal numbers of cells were placed in wells (5×105/well). In 
the control group, an increase (×2.6) in the chondrocyte num-
ber was observed in the absence of EMF or growth factors 
on day 7. Applied on its own, EMF’s effect on cell proliferation 
was negligible compared with that in the control group. Both 
growth factors, especially FGF-2 (p=0.038), stimulated chon-
drocyte proliferation significantly. Additionally, IGF and FGF-2 
led to a 4–6 times increase in the cell number. The combination 
of EMF (whether continuous or pulsating) and growth factors 
led to a significant increase in the proliferation rate of the cells 
(Figure 2). This effect was most pronounced in the presence of 
FGF-2 (p=0.005).

Effects of EMF Exposure and/or Growth Factors on the Synthe-
sis of Cartilage Proteins
The effects of EMF exposure and/or growth factor treatment on 
cartilage protein syntheses are summarized in Figure 3. mRNAs 
were isolated from the chondrocytes cultured in monolayers for 
7 days and analyzed using qRT-PCR for collagens type I (Fig-
ure 3a) and type II (Figure 3b) and aggrecan (Figure 3c). Type 
II collagen expression was lower in cells treated with IGF-I (10 
ng/mL) or FGF-2 (50 ng/ml) than in controls. Both PEMF and 
CEMF caused an increase in type I collagen expression. IGF-I 
reversed PEMF’s stimulatory effects on type I collagen expres-
sion, whereas FGF-2 exerted effects similar to those of CEMF. 
Aggrecan expression was also differentially affected by PEMF 
in the presence or absence of the growth factors FGF-2 or IGF-I 
(Figure 3c).
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Figure 2. Effects of EMF and growth factors on chondrocyte prolif-
eration in monolayer cell cultures. The fold change in cell number 
in each plate on day 7 was compared with the cell number seeded 
on plates on day 0. Results are expressed as mean ± SEM (n=5). A p 
value of <0.05 was accepted as significant using ANOVA
EMF: electromagnetic field; SEM: standart error of mean; NT: untreated; 
CEMF: continuous electromagnetic field; PEMF: pulsed electromagnetic field;
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Effects of EMF and/or Growth Factors on TGF-β and RARβ Ex-
pressions
TGF-β plays a critical role in chondrogenesis. Therefore, we 
questioned whether exposure to EMF induces a change in en-
dogenous TGF-β expression. IGF and FGF-2 have been reported 
to crosstalk with TGF-β (20). CEMF and PEMF were applied in 
the absence or presence of IGF and FGF. As shown in Figure 4, 
a significant increase in TGF-β expression was observed when 
growth factors were used in combination with EMF applica-
tions. Interestingly, the effects of EMF on TGF-β expressions 
were growth factor and/or EMF type dependent. While the 
combination of CEMF with IGF-I has a maximum stimulatory ef-
fect on TGF-β expression, this effect was reversed when CEMF 
was combined with FGF-2. On the other hand, the combination 
of FGF-2 with PEMF caused a significant increase in TGF-β ex-
pression (Figure 4).

In cultures, RARβ expression was differentially affected by 
growth factors and/or EMF exposures (Figure 5). RARβ expres-
sion decreased when chondrocytes were treated with EMF, ap-

plied alone. IGF-I also caused a decrease in RARβ expression on 
its own. On the other hand, FGF-2 caused a significant increase 
in RARβ expression, with the increase being most prominent in 
combination with PEMF (Figure 5).

DISCUSSION
Recent interest in the use of mechanical stimulation such as EMF 
application has made it necessary to understand how these 
agents regulate gene expression in connective tissue cells. 

EMF is one of the most treated therapeutic alternatives on 
tissue repair. It exerts positive effects on tissue metabolism 
through hyperemization (21). The piezoelectric structure of the 
ECM of hyaline cartilage allows the conversion of electromag-
netic oscillations to mechanical vibrations and vice versa (22). 
Reportedly, EMF treatment improves suboptimal or degenerate 
cellular conditions in chondrocytes (23). Furthermore, we are 
constantly exposed to low-frequency CEMF at home as well as 
at work by technological processes. In clinical practice, due to 
their positive effects, EMFs are used in various instruments.

204

Figure 4. Quantitative mRNA analysis of TGF-β in monolayer bovine 
nasal chondrocyte cultures. Chondrocytes in monolayer were 
incubated with/without 10 ng/mL IGF, 50 ng/mL FGF-2, and/or 
PEMF and CEMF for 7 days. Total RNA was harvested at the end of 
the culture period and analyzed using qRT-PCR for mRNA of TGF-β. 
mRNA expression is shown as the relative change over untreated 
chondrocyte controls. Results are expressed as mean ± SEM (n=5). 
A p value of <0.05 was accepted as significant using ANOVA. 
Detailed methodology has been presented in the materials and 
methods section
CEMF: continuous electromagnetic field; PEMF: pulsed electromagnetic field; 
NT: untreated; SEM: standart error of mean; IGF: insulin-like growth factor; 
FGF: fibroblast growth factor

Figure 5. Quantitative mRNA analysis of RARβ in monolayer bovine 
nasal chondrocyte cultures. Chondrocytes in monolayer were 
incubated with/without 10 ng/mL IGF, 50 ng/mL FGF-2, and/or 
PEMF and CEMF for 7 days. Total RNA was harvested at the end of 
the culture period and analyzed using qRT-PCR for mRNA of RARβ. 
mRNA expression is shown as the relative change over untreated 
chondrocyte controls. Results are expressed as mean ± SEM (n=5). 
A p value of <0.05 was accepted as significant using ANOVA. 
Detailed methodology has been presented in the Materials and 
Methods section
CEMF: continuous electromagnetic field; PEMF: pulsed electromagnetic field; 
NT: untreated; IGF: insulin-like growth factor; FGF: fibroblast growth factor; 
RARβ: retinoic acid receptor beta 

Figure 3. a-c. Quantitative mRNA analysis of cartilage matrix proteins in bovine nasal chondrocyte cultures. Chondrocytes in monolayer were incu-
bated with/without 10 ng/mL IGF, 50 ng/mL FGF-2, and/or PEMF and CEMF for 7 days. Total RNA was harvested at the end of the culture period and 
analyzed using qRT-PCR for mRNA of type I collagen (a), type II collagen (b), and aggrecan (c). mRNA expression is shown as the relative change over 
untreated chondrocyte controls. Results are expressed as mean ± SEM (n=5). A p value of <0.05 was accepted as significant using ANOVA. Detailed 
methodology has been presented in the materials and methods section
CEMF: continuous electromagnetic field; PEMF: pulsed electromagnetic field; SEM: standart error of mean; NT: untreated; IGF: insulin-like growth factor; FGF: fibroblast growth factor

a b c



In the present study, data on the effects of low-frequency CEMF 
and PEMF on bovine nasal cartilage chondrocytes in the ab-
sence or presence of either FGF-2 or IGF-I in short-term mono-
layer cultures were presented. CEMF was applied as 50 Hz and 
2 mT EMF, whereas for PEMF, pulse duration of the signal, repe-
tition rate, and intensity of magnetic field were 1.3 ms, 75 Hz, and 
2.3 mT, respectively. Both FGF-2 and IGF-I are commonly used in 
tissue engineering techniques to maintain chondrogenic differ-
entiation.

In the present study, first, the proliferation capacity of chondro-
cytes was monitored. Nasal chondrocytes isolated from the na-
sal septum have been reported to be a promising alternative 
cell source for cartilage tissue engineering (24). Their ECM com-
ponents are similar to those of articular chondrocytes (25). Fur-
thermore, they have been shown to respond to biomechanical 
stimulation like articular chondrocytes (26). Our results showed 
that EMF alone did not increase the proliferation capacity of 
chondrocytes in monolayer chondrocyte cultures. Previous 
studies have reported that 50 Hz EMF can enhance cell pro-
liferation of various cell types, such as human epidermal stem 
cells and keratinocytes in vitro (27, 28). However, our findings 
are in agreement with those of Schmidt-Rohlfing et al. (1) who 
reported that 14 days of exposure to 50 Hz CEMF with a flux 
density up to 2 mT has no effect on human adult osteoarthritic 
chondrocytes. Interestingly, in our study, EMF intensified the pro-
liferative effects of growth factors (IGF-I and FGF-2) on bovine 
nasal chondrocytes. EMF effect with FGF-2 was more potent 
than that with IGF-I (Figure 2). Thus far, we cannot say wheth-
er this effect observed with FGF-2 and EMF was an additive or 
a synergistic effect. On the other hand, Vincent et al. (29) have 
shown that PEMF increases endogenous FGF-2 release from 
endothelial cells in diabetic mice. This suggests a synergistic ef-
fect for EMF. Another explanation for the improved FGF-2 effect 
may be the induction of its receptor by EMF. Such an effect has 
been reported by Fitzsimmons et al. (30) showing that combined 
magnetic fields induce the release of IGF-II and IGF-II receptors 
in human osteosarcoma cell line (TE85).

Second, the effects of EMFs on mRNA expressions of type I 
and II collagens and aggrecan in the presence or absence of 
growth factors (IGF-I and FGF-2) were examined. Both growth 
factors have been reported to influence matrix production and 
deposition in cartilage. IGF-I reportedly promotes proteoglycan 
production in a dose-dependent manner (31). FGF-2 has been 
shown to increase not only the proliferation capacity of bovine 
articular chondrocytes but also the synthesis of glycosamino-
glycans (20). We observed a decrease in type I and II collagen 
expressions with FGF-2 treatment, whereas no change was ob-
served in aggrecan expression (Figure 3). There was no major 
difference in type I and II collagen expression levels between 
chondrocytes exposed to PEMF and CEMF alone. Howev-
er, EMF in combination with growth factors (FGF-2 and IGF-I) 
caused changes in the collagen production in bovine nasal 
chondrocytes. PEMF in combination with FGF-2 reversed the in-
hibitory effects of the growth factor on collagen synthesis and 
slightly increased type II collagen expression (Figure 3a, b). Fur-
thermore, PEMF intensified the stimulatory effects of IGF-I on 
aggrecan synthesis. However, it significantly inhibited aggrecan 
expression in combination with FGF-2 (Figure 3c). The stimula-
tory effect of combined PEMF and IGF-I applications on aggre-

can synthesis observed in this study is in agreement with the 
results of previous studies (2, 32). Our findings regarding com-
bined FGF-2 and EMF applications are in agreement with those 
of Chang et al. (4) who suggested that chondrocytes somehow 
terminate the synthesis and deposition of ECM proteins while 
proliferating.

The EMF effect on RARβ and TGF-β expressions was further ex-
plored. RARs have been shown to act as transcription factors 
and play important roles in chondrogenesis by several groups 
(12, 13, 16). Kafienah et al. (15) have highlighted the importance 
of these receptors in chondrogenesis using antagonists against 
these receptors. They have reported that RA receptors are ex-
pressed differentially during chondrocyte maturation and that 
RARβ is downregulated during chondrogenesis induced by 
TGF-β (13). Furthermore, they have reported that RARβ expres-
sion is negatively correlated with COL2, aggrecan, and SOX9 
productions in TGF-β-treated 3D chondrocyte cultures (13). On 
the other hand, Diederich et al. (12) have reported that RARβ 
expression is induced by TGF-β in human chondrogenic stem 
cell pellet cultures, suggesting RARβ to be a good target in stud-
ies related to chondrogenesis. However, Zhang et al. (14) have 
explored the interactions of RA and TGF-β signaling during 
chondrogenesis and reported a negative functional interplay 
between RA and TGF-β during chondrogenesis in mouse em-
bryonic palate mesenchymal cells, which in agreement with the 
findings of Kafienah et al. (15). These discrepancies in the effects 
of TGF-β on RARβ expressions reported by different research 
groups are possibly related to the chosen culture conditions, 
namely 2D (monolayer) or 3D (pellet- or scaffold-based) sys-
tems. To test whether EMF has any effect on RARβ and TGF-β 
expressions, the mRNA levels of RARβ and TGF-β in our culture 
conditions were measured. We hypothesized that RARβ expres-
sion need not be changed or downregulated if the chondro-
cytes maintain their chondrogenic phenotype with EMF treat-
ment. Both CEMF and PEMF treatments alone or in combination 
with IGF, but not with FGF-2, downregulated RARβ expression 
in chondrocytes. CEMF upregulated RARβ expression in combi-
nation with FGF-2 (Figure 4). No significant changes were ob-
served in TGF-β expression levels in comparison with the con-
trols. In cell cultures where RARβ expression was upregulated, 
in agreement with the findings of Kafienah et al. (15), down-reg-
ulation was observed in type II collagen and aggrecan expres-
sion levels of chondrocytes (Figure 3b, c). Both PEMF and CEMF 
alone downregulated RARβ expression and caused a slight in-
crease in type II collagen expression (Figure 3b). In our study, in-
duced chondrocyte proliferation with combined EMF and FGF-2 
application and increased RARβ expression may be due to the 
dedifferentiation of rapidly proliferating chondrocytes. RARα 
expression was not affected by any treatment (data not shown).

Only few studies in the literature have discussed the effects of 
both PEMF and CEMF on various cells (21, 33). Stolfa et al. (21) 
have reported that a static magnetic field is more appropriate 
than PEMF for the stimulation of the metabolic activity of chon-
drocytes, but in our study, we did not find any difference between 
the effects of CEMF and PEMF exposure to chondrocytes. Fur-
thermore, it has been suggested that CEMF exposure may induce 
adaptive mechanisms in cells, protecting the genome from harm-
ful influences, whereas PEMF exposure results in the formation of 
DNA breaks (34). However, another study has shown completely 
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diverse effects (35). These differences may be directly related to 
the methodologies, exposure time, frequency, magnetic field in-
tensity, and cell type used in the studies.

Our study has few limitations. Instead of using 3D cultures (pel-
let- or scaffold-based), we used monolayer primary chondro-
cytes that may limit the adaptation and evaluation of the effects 
of PEMF and CEMF in vitro systems with 3D environments. We 
aimed to overcome this limitation by culturing primary bovine 
nasal chondrocytes only up to 7 days and analyzing growth fac-
tor and matrix protein expressions at this time point.

To our knowledge, this is the first study to analyze CEMF effects 
on chondrocytes in the presence or absence of growth factors 
(IGF-I and FGF-2) by means of ECM protein (TGF-β and RARβ) 
expression. Data reported in the present study, together with 
previous reports, suggest that EMF exposure may be of inter-
est in cartilage tissue engineering due to its ability to stimulate 
chondrocyte proliferation and differentiation. Our observations 
suggest that EMF-mediated chondrocyte proliferation requires 
the presence of growth factors, especially IGF, in the environ-
ment to maintain the chondrogenic phenotype and that EMF 
effects on chondrocytes are independent of TGF-β and there is 
no correlation between TGF-β and RARβ expressions.  
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