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Stimulation of Chondrogenic Differentiation
of Adult Human Bone Marrow-Derived Stromal Cells
by a Moderate-Strength Static Magnetic Field
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Molly M. Stevens, PhD,"? Darryl R. Overby, PhD,' and C. Ross Ethier, PhD'*®

Tissue-engineering strategies for the treatment of osteoarthritis would benefit from the ability to induce
chondrogenesis in precursor cells. One such cell source is bone marrow-derived stromal cells (BMSCs). Here,
we examined the effects of moderate-strength static magnetic fields (SMFs) on chondrogenic differentiation in
human BMSCs in vitro. Cells were cultured in pellet form and exposed to several strengths of SMFs for various
durations. mRNA transcript levels of the early chondrogenic transcription factor SOX9 and the late marker
genes ACAN and COL2A1 were determined by reverse transcription—polymerase chain reaction, and production
of the cartilage-specific macromolecules sGAG, collage type 2 (Col2), and proteoglycans was determined both
biochemically and histologically. The role of the transforming growth factor (TGF)-f signaling pathway was
also examined. Results showed that a 0.4 T magnetic field applied for 14 days elicited a strong chondrogenic
differentiation response in cultured BMSCs, so long as TGF-B3 was also present, that is, a synergistic response
of a SMF and TGF-3 on BMSC chondrogenic differentiation was observed. Further, SMF alone caused TGF-f3
secretion in culture, and the effects of SMF could be abrogated by the TGF-B receptor blocker SB-431542.
These data show that moderate-strength magnetic fields can induce chondrogenesis in BMSCs through a TGF-
B-dependent pathway. This finding has potentially important applications in cartilage tissue-engineering

strategies.

Introduction

STEOARTHRITIS (OA) Is A common joint disease.'
Symptoms include joint pain, stiffness, tenderness, im-
paired mobility, and local inflammations of variable severi-
ty.>* OA affects 9.6% of men and 18% of women aged >60
years, making it a major cause of disability in elderly people
and causing significant utilization of healthcare resources.*’
The incidence of OA and the associated socioeconomic bur-
den is predicted to increase due to greater obesity and an aging
population.*® The central hallmarks of OA are degradation of
articular cartilage, remodeling of subchondral bone, and for-
mation of osteophytes.”® The primary changes observed in
cartilage degeneration include progressive loss of proteogly-
cans and mineralization of the extracellular matrix (ECM)."”*
These events are poorly characterized and result from an in-
tricate interplay of a wide range of signaling events."~"!
Current treatments for OA aim at reducing pain and
consequent immobility, and therapeutic strategies vary

depending on the degree of severity.>* Nonpharmacological
management, which includes regular exercise, weight loss, and
lifestyle changes, is considered for patients in early stages of
OA.* Analgesics, for example, nonsteroidal anti-inflammatory
drugs and intra-articular knee injections of corticosteroid and
hyaluronic acid, are provided in more advanced cases.* When
these treatments are insufficient, surgical interventions, for
example, arthroscopic debridement, microfracture, mosaic-
plasty, and autologous chondrocyte implantation, are the pri-
mary therapeutic options that are used to regenerate damaged
cartilage.**'>!3 However, current therapeutic strategies are
unable to counteract the development of OA and achieve
cartilage regeneration.'>

In recent years, mesenchymal stromal cells (MSCs) from
bone marrow, synovium, adipose tissue, and periosteumm_16
with chondrogenic potential have been considered as com-
ponents of a treatment strategy for cartilage defects. How-
ever, existing cell therapy approaches have not been
reported to provide a long-term clinical benefit.'” This may,
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in part, be due to the intra-articular inflammation that is
observed in OA, which may limit terminal chondrogenic
differentiation to regenerate cartilage tissue. Thus, tissue-
engineering strategies involving in vitro stimulation (e.g.,
biochemical and biophysical) to induce cell differentiation,
followed by implantation of terminally differentiated cells to
repair damaged tissues, have recently gained attention.

Biophysical forces such as electromagnetic fields (EMFs)
and static magnetic field (SMF) have attracted interest for
their effects on bone remodeling'®'® and wound healing,>*%
and have been used as adjuvant treatments for cartilage re-
generation.>" For example, EMFs apparently stimulated
chondrocyte proliferation and proteoglycan synthesis in bo-
vine and human cartilage cells.”****” In human chondrocytes,
pulsed EMFs stimulated cell proliferation.”®>%>! A moderate-
intensity (40 mT) SMF led to a histological improvement in
ECM of cartilage in rabbits.?° Further, 72 h of exposure to a
0.6 T SMF also caused significant stimulation of human
chondrocyte cell growth in vitro.>*' These reports suggest
that an SMF might be useful in stimulating chondrogenic
differentiation of adult human precursor cells; however, more
detailed studies are lacking. Here, we examine the effect of
SMFs on adult human bone marrow-derived stromal cell
(BMSC) chondrogenic differentiation in vitro, including ex-
amining a possible molecular mechanism involved in SMF-
mediated chondrogenic differentiation of BMSCs.

Materials and Methods
Reagents and culture media compositions

The present study used commercially available BD mosaic
serum-free growth media (GM; BD biosciences) to scale up
BMSCs. Chondrogenic media (CM), containing DMEM-high
glucose, 40 pg/mL L-proline, 50 pg/mL ascorbate-2-phosphate,
100 nM dexamethasone, insulin, transferrin, selenium, and
1% penicillin/streptomycin (p/s) (all from Sigma), were
used in combination with 10 ng/mL TGFB3 (Peprotech) as
selective culture media to promote BMSC chondrogenic
differentiation.

Cell culture

Adult primary human BMSCs from three healthy male
donors (aged 30-45 years, purchased at passage 1 from
Lonza) were used in the present study to examine the effects
of SMF on chondrogenic differentiation in vitro. BMSCs
were cultured in GM supplemented with 1% p/s at 37°C in a
humidified atmosphere of 5% CO, in air, as previously
described.’*? Cells were used between passages 2 and 5.

Effects of SMF on BMSC chondrogenic differentiation

Effects of various SMF intensities (0.1-0.6 T) on sGAG
production of BMSCs. Previous studies have suggested that
moderate-strength  SMFs (0.1-1 T) may influence the
chondrogenic differentiation of chondrocytes.>2**! We,
thus, examined the effects of 0.1, 0.2, 0.4, and 0.6 T SMF on
terminal chondrogenic differentiation of BMSCs cultured as
pellets, as previously described.>? Briefly, cells were scaled
up in GM, trypsinized, and cultured (0.5 x 10° cells/pellet in
15mL conical polypropylene Falcon tubes with caps loos-
ened to enable gas exchange [Nunc]) in GM overnight to
obtain cell pellets. Culture media were then replaced by
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fresh GM or CM + TGF-P3, as previously described.*? Pel-
lets were then cultured for 3 weeks in the presence or ab-
sence of 20 mm diameter neodymium (NdFeB) magnets (E-
Magnets). Magnets were of field strengths 0.1, 0.2, 0.4, or
0.6 T and were fixed beneath the Falcon tubes at a distance
of 3mm from the cell pellets. After 3 weeks, terminal
chondrogenic differentiation was evaluated by quantifying
the sulphated glycosaminoglycan (sGAG) content in pellets
using the commercially available Blyscan kit (Biocolor).
Total DNA content was quantified using the PicoGreen®
double-stranded DNA assay (Invitrogen). All sGAG
amounts were normalized by the DNA content. sSGAG and
DNA quantification assays were carried out as per the
manufacturer’s instructions.

The experiments cited earlier showed that the optimal
SMF intensity was 0.4 T. A time course study was then
performed in which BMSCs were exposed to 0.4 T SMF for
1, 2, or 3 weeks. At the end of each time period, cell pellets
were harvested and sGAG levels were measured as de-
scribed earlier.

Histological and immunocytochemical evidence of BMSC
chondrogenic differentiation. BMSC pellets were cultured
in GM, CM+TGF-3, or CM+TGF-f3+0.4 T SMF, as
described earlier. After 3 weeks, Alcian blue staining for
proteoglycans and glycosaminoglycans was carried out to
assess terminal chondrogenic differentiation. Briefly, cell
pellets were fixed in 4% paraformaldehyde at 4°C for 24 h,
dehydrated in an ascending series of ethanols (40%, 70%,
90%, and 100% ethanol; 20 min/step), and embedded in
paraffin, as previously described.’® Three micrometer sec-
tions were cut and stained with 1% Alcian blue (pH 2.5;
Sigma) for Smin to enable proteoglycans and glycosami-
noglycans to be visualized. Nuclei were counterstained us-
ing Harris hematoxylin.

Paraffin sections were also immunolabeled for collage
type 2 (Col2), as previously described.**** Briefly, tissue in
sections was treated with 1 mg/mL pepsin (in 10 mM Tris-
HCI, pH 2.0; Sigma) for 15 min at room temperature (RT) to
retrieve antigen sites and then permeabilized using 0.1%
Triton X (Sigma) for 15min at RT, followed by 1h incu-
bation at RT with a blocking solution containing 10% nor-
mal goat serum (NGS; Life Technologies) in phosphate-
buffered saline (PBS). Sections were then incubated for 2 h
at RT with primary mouse monoclonal anti-Col2 (Abcam)
diluted at 1:100 in PBS containing 1% NGS. Incubation was
then carried out with goat anti-mouse Alexa Fluor secondary
antibody (Life Technologies) diluted at 1:200 in PBS con-
taining 1% NGS for 1h at RT. Col2-positive cells were
visualized by their green fluorescent cytoplasmic and ECM
staining. Nuclei were counterstained using Hoechst dye
(Life Technologies).

Gene expression evidence of BMSC chondrogenic differ-
entiation. Total RNA was extracted from replicate pellet
cultures (cultured in GM, CM+TGF-3, or CM + TGF-
3+ SMF) for conventional reverse transcription—polymerase
chain reaction (RT-PCR) analysis of the early chondrogenic
transcription factor SOX9 (measured after 1 week of cul-
ture) and the late marker genes COL2A1 and ACAN
(measured after 2 weeks of culture), as previously de-
scribed.”? Since mRNA transcripts are expressed much
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earlier than the corresponding proteins, the COL2A1 gene
was measured at week 2, and immunostaining of Col2
protein was carried out at week 3 (as described earlier).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a
housekeeping gene, was used as an endogenous control to
ensure the quality and the quantity of amplified cDNA and
to enable comparisons between control and test conditions.
The sequences of the forward and reverse primers (from
Sigma) were as follows: SOX9 forward: ATCTGAAGAA
GGAGAGCGAG, reverse: TCAGAAGTCTCCAGAGCTTG;
COL2A1 forward: TTTCCCAGGTCAAGATGGTC, reverse:
CTTCAGCACCTGTC CACCA; ACAN forward: TGAGGA
GGGCTGGAACAAGTACGC, reverse: GGAGGTGGTAATT
GCAGGGAACA; GAPDH forward: CCACCCATGGCAAA
TTCCCATGGCA, reverse: CTGGACGGCAGGTCAGGTCC
ACC. SOX9, COL2A1, and ACAN primers were used at an-
nealing temperatures of 58°C, 58°C, and 54°C, respectively,
for 35, 35, and 30 cycles, respectively, and GAPDH primers
were used at an annealing temperature of 55°C for 25 cycles.
To obtain a semi-quantitative estimate of the relative level of
mRNA transcript in cells, the cDNA intensity of the band
corresponding to each PCR product was measured by densi-
tometry using ImageJ (NIH software) and normalized to that of
the GAPDH internal control.

Effects of SMF on TGF-$3 pathway during
chondrogenic differentiation of BMSCs

To determine whether SMF and TGF-33 act synergistically
on BMSC chondrogenic differentiation, we examined the
effect of a 0.4 T SMF on sGAG production by BMSCs cul-
tured in media with or without exogenous TGF-f33. Cells were
cultured in pellet form for 3 weeks under one of the following
conditions: GM, GM + SMF, CM, CM + SMF, CM + TGF-f33,
or CM+TGF-B3+SMF. At the end of the experiment, the
sGAG content was quantified as described earlier.

Further, to examine the effects of a 0.4 T SMF on TGF-f33
production by BMSCs cultured in the absence of exogenous
TGF-B3, we measured total TGF- 5B3 (latent+active) by
ELISA, as previously described.**** Briefly, BMSCs were
cultured in pellet form in GM, CM, or CM +SMF and su-
pernatant from cells exposed to SMF at =0 was collected at
t=06, 24, and 48 h. TGF-PB3 levels were measured using the
DuoSet® ELISA kit (R & D) following the manufacturer’s
instructions. In order to activate the latent form of TGF-3,
cell supernatants were acidified in 1 N HCI for 15 min fol-
lowed by a neutralization step (incubation with 1N NaOH),
as previously described.’* The present study determined
total TGF-B3 levels (latent + active form).

To determine whether SMF-induced chondrogenesis in-
volves a TGF-B-dependent pathway, the effect of SB-431542,
a TGF-P3 antagonist,*® was determined using BMSCs. Briefly,
BMSC pellets were cultured in GM, GM + SB-431542, CM,
CM +SB-431542, CM + SMF, CM + SMF + SB-431542, CM +
TGF-3, CM+TGF-f3+SB-431542, CM+TGF-3+SMF,
and CM + TGF-B3 + SMF+ SB-431542. After 2 weeks, sGAG
levels were quantified as described earlier.

Effects of various lengths of SMF exposure time
on BMSC chondrogenic differentiation

In order to evaluate the duration of SMF exposure re-
quired for terminal chondrogenic differentiation, BMSCs
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were cultured in GM, CM+TGF-B3, and CM +TGF-
B3 +0.4 T SMF. For test conditions, the SMF was applied at
time zero and removed after 4, 7, 10, or 14 days. Cells were
then further cultured so that the total culture duration for all
samples was 21 days. Pellets were then harvested, and
SGAG and DNA contents were quantified, as described
earlier.

Statistical analysis

The sGAG quantification and semi-quantitative PCR data
are presented as the mean * standard error (based on a total
of three measurements from three patients [one measure-
ment/patient]) after normalization of data to readouts from
control conditions, defined as 1.0, unless otherwise stated.
Multi-way ANOVA was carried out along with Bonferroni
corrections for multiple comparisons (SPSS 18.0 software).

Results

Effects of increasing intensities of SMF (0.1-0.6 T)
on BMSC sGAG production

SMFs stimulated the production of SGAG by BMSCs, a
key indicator of terminal chondrogenic differentiation
in vitro (Fig. 1). This effect was ‘“‘dose-dependent’: spe-
cifically, 0.4 and 0.6 T SMF increased sGAG levels by
590% and 507%, respectively, compared with control con-
ditions of cell culture in GM (p<0.05). Results showed
maximum/optimal response at 0.4 T. These data demon-
strate that SMFs promote terminal chondrogenic differen-
tiation of BMSCs in vitro. Since 0.4 T SMF had the most
pronounced effect on BMSC chondrogenic differentiation,
this field strength was used for experiments reported next.

Effects of increasing SMF strengths on
BMSC sGAG production
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FIG. 1. Effects of increasing SMF intensity on sGAG
amounts in human BMSC cultures. BMSCs obtained from
three healthy donors were cultured in pellets in GM, CM +
TGF-B3, or CM +TGF-3+SMF (0.1, 0.2, 0.4, or 0.6 T) for
3 weeks. The amounts of SGAG in pellets were quantified and
divided by DNA content in order to examine the extent of
terminal chondrogenic differentiation of BMSCs under the
culture conditions mentioned earlier. The plotted quantities
are the relative sSGAG/DNA ratios normalized to values from
cells %rown in GM, defined as 1.0. *p <0.05 compared with

p<0.05 compared with CM +TGF-3. BMSCs, bone
marrow derived stromal cells; CM, chondrogenic media;
GM, growth media; sGAG, sulphated glycosaminoglycan;
SMF, static magnetic field; TGF, transforming growth factor.
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FIG. 2. Effects of a 04 T SMF on sGAG amounts in
BMSC cultures after 1, 2, or 3 weeks. BMSCs were cultured
in pellet form in GM, CM + TGF-B3, or CM+TGF-$3+04 T
SMF for approximately 3 weeks. The amounts of sGAG
in pellets after weeks 1, 2, and 3 were quantified and divided
by DNA content. The plotted quantities are the sSGAG/DNA
(ng/pg) ratio. *p<0.05 compared with GM; 'p<0.05 com-
pared with CM + TGF-f33.

A time course study showed that 0.4 T SMF had no
marked stimulatory effect on BMSC sGAG production after
1 week of culture (Fig. 2). However, after 2 weeks, a sig-
nificant increase (p<0.05) in sGAG levels compared with
CM +TGF-33 was observed, an effect that was more pro-
nounced at 3 weeks (p<0.05).

Histological sections (Fig. 3) showed strong Alcian blue
staining of the ECM in pellets cultured in the presence of 0.4
T SMF for 3 weeks, as compared with weak staining in
control cultures grown in GM and CM + TGF-B3. Similarly,
strong Col2 staining in the ECM of BMSC pellets was ob-
served when cells were cultured in CM+TGF-3+0.4 T
SMF, compared with relatively low levels of Col2 staining
observed in cultures grown with CM +TGF-3 and little, if
any, staining observed in cultures from nonselective growth
conditions. These data are consistent with 0.4 T SMF
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stimulating terminal chondrogenic differentiation of BMSCs
as measured by sGAG synthesis.

Effects of SMF on the expression of chondrogenic
marker genes in BMSCs

RT-PCR studies (Fig. 4) show that BMSCs cultured in
CM+TGF-B3 and CM+TGF-B3+SMF expressed higher
levels of the early chondrogenic transcription factor SOX9
(1.1- and 3.2-fold higher, respectively; p <0.05 for a compar-
ison with cultures in GM) and the late genes ACAN (2.8- and
8.3-fold higher, respectively; p <0.05) and COL2A1 (3.0- and
9.5-fold higher, respectively; p<0.05), compared with pellet
cultures in GM. Notably, cultures in CM + TGF-33 + SMF had
significantly higher mRNA levels of SOX9 (2.0-fold), ACAN
(2.4-fold), and COL2A1 (2.6-fold) transcripts, compared with
cells cultured in CM +TGF-33 (p <0.05).

Effects of SMF on TGF-$3 pathway during
chondrogenic differentiation of BMSCs

A 0.4 T SMF stimulated BMSC sGAG production even in
the absence of the potent chondrogenic growth factor TGF-B3
(Fig. 5). BMSCs cultured in CM (without TGF-B3) in the
presence of SMF exhibited elevated sGAG levels compared
with cells cultured without SMF (167% increase; p <0.05).
Moreover, the effects of TGF-B3 and SMF were synergistic,
with cells cultured with both stimuli present showing a 206%
increase in SGAG levels, compared with TGF-B3 alone
(p<0.05) (Fig. 5). Notably, no significant change in sGAG
levels was observed when BMSCs were cultured in nonselec-
tive growth condition with SMF (GM + SMF) compared with
GM. Thus, these data suggest a possible synergistic effect of
TGF-B3 and SMF on chondrogenic differentiation of BMSCs.

In view of these results, we examined the effects of SMF
on TGF-f3 production by BMSCs grown in otherwise TGF-
B3-free conditions. TGF-3 ELISA results showed that SMF
markedly stimulated BMSC TGF-B3 production. More
specifically, BMSCs cultured in the presence of 0.4 T SMF

Alcian blue

Collagenll

FIG. 3. Histological and immunocytochemical assessment of the effects of a 0.4 T SMF on chondrogenic differentia-
tion. Alcian blue and Col2 immunostaining of paraffin sections of BMSC pellets maintained for 3 weeks in GM, CM + TGF-
B3, or CM+TGF-B3+0.4 T SMF was carried out. Sections stained with Alcian blue were counter-stained with Harris
Hematoxylin (purple nuclei). Sections stained with Col2 were counter-stained with Hoechst dye (blue nuclei). Inset shows

cross-section of entire pellets. Col2, collage type 2.
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FIG. 4. Effect of a 0.4 T SMF on chondrogenic gene message levels in BMSCs. (1) A representative RT-PCR gel showing
the expression of the early chondrogenic gene SOX9 and the late genes ACAN and COL2AI from BMSCs cultured for
approximately 2 weeks in GM, CM + TGF-f3, or CM + TGF-3+0.4 T SMF. (2) PCR product band intensity, relative to
GAPDH, from cells cultured in the presence of CM+ TGF-3 and CM +TGF-f3+ SMF. The plotted values have been
normalized to levels from cells cultures in GM, defined as 1.0. The values are the means + SE of triplicate measurements, as
described in the text. *p <0.05 compared with GM; 'p<0.05 compared with CM +TGF-3. GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; RT-PCR, reverse transcription—polymerase chain reaction.

(CM + SMF) for 6, 24, and 48 h showed significantly higher
levels of total TGF-B3 (4335, 4681, and 4864 pg/mL, re-
spectively; p<0.05) in culture media, compared with cells
cultured in control conditions of GM (1499, 868, and
1619 pg/mL, respectively) and CM (2816, 3154, and
3111 pg/mL, respectively) (Fig. 6).

We also examined the functional consequences of a TGF-
B pathway inhibitor, SB-431542, on SMF-mediated BMSC
chondrogenic differentiation (Fig. 7). Notably, SB-431542
completely ablated SMF-induced BMSC sGAG production.

Effects of a 0.4T SMF on BMSCs cultured in CM£TGF-B3
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FIG. 5. Assessment of the SMF-mediated chondrogenic
differentiation of BMSCs in the presence and absence of
TGEF-B3. BMSCs were cultured in pellet form in GM, CM,
CM +SMF, CM +TGF-f3, or CM+TGF-3+0.4 T SMF
for 3 weeks. The amounts of sSGAG in pellets after 3 weeks
were quantified and divided by DNA content. The plotted
quantities are the sGAG/DNA ratios, normalized to values
for cells cultured in GM, defined as 1.0. *p <0.05 compared
with GM; §p <0.05 compared with CM; Tp <0.05 compared
with CM + TGF-p3.

Specifically, when BMSCs were cultured in CM + SMF with
added SB-431542 (Fig. 7, bar F), there was a marked 56%
reduction (p<0.05) in sSGAG levels, compared with cells
cultured in CM +SMF (bar E). Similarly, for cells cultured
in CM+TGEF-B3 (bar G), the addition of SB-431542 (bar H)
led to a 54% reduction in sGAG levels (p<0.05). These re-
sults were consistent with observations of cells cultured with

GM
ELISA for total TGF-B3 " eMm
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FIG. 6. Quantitative assessment of TGF-33 secretion by
BMSCs in the presence of a 0.4 T SMF. TGF-B3 levels in
the supernatant from BMSCs cultured in GM, CM, or
CM +SMF were examined using ELISA for TGF-B3. Su-
pernatants were acidified (see text) to activate any TGF-3
in latent form. The plotted quantities are TGF-B3 levels in
culture media harvested from cells minus TGF-33 levels in
culture media without cells (background readings). *p <0.05
compared with GM; 'p<0.05 compared with CM.
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Effects of a 0.4T SMF on BMSCs cultured
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FIG. 7. Effects of a TGF-B inhibitor SB-431542 on 0.4 T
SMF-mediated chondrogenic differentiation of BMSCs.
SGAG levels in BMSC pellets cultured in GM = SB-431542
or CM+TGF-B3+£SB-431542+0.4 T SMF for 2 weeks
were examined. The plotted quantities are the sSGAG/DNA
ratios, normalized to values observed from cells cultured in
GM, defined as 1.0. *p <0.05 compared with GM; 'p <0.05
between conditions with and without SB-431542.

CM + TGF-B3 + SMF (bar I), where the addition of SB-431542
(bar J) caused a 58% reduction in sGAG levels (p<0.05). In
contrast, little, if any, change in sGAG levels was observed
when BMSCs were cultured in GM+SB-431542 (bar B),
compared with GM (bar A). Similarly, no marked difference in
SGAG levels was seen when BMSCs were cultured in CM +
SB-431542 (bar D), compared with CM (bar C). These results
suggest that SMF-induced up-regulation of TGF-B3 production
plays a role in SMF-induced chondrogenic differentiation.

Effects of various SMF exposure time lengths
on BMSC chondrogenic differentiation

Application of a 0.4 T SMF for 4, 7, or 10 days, followed
by further culture in CM + TGF-f33 for the remaining culture
period (total of 21 days), did not appear to cause any change
in SGAG levels, compared with cells cultured for 21 days in
control condition of CM +TGF-3. In contrast, when SMF
was applied for 14 days followed by a further 7 days of
culture in CM+TGF-f3, sGAG levels of BMSCs were
significantly higher (251% increase; p<0.05) compared
with CM + TGE-f3 (Fig. 8). Similarly, when BMSCs were
exposed to 0.4 T SMF for the full period of 21 days, a
271% increase in SGAG levels was observed compared
with CM +TGF-3 (p<0.05). Notably, no marked differ-
ence was observed between cultures exposed to SMF for
14 and 21 days, suggesting that the SMF up-regulates
chondrogenic differentiation of BMSCs within the first 14
days of exposure, after which further SMF exposure may
not be required.

Discussion

Our results show that a moderate-strength SMF promotes
chondrogenic differentiation of MSCs. This result is sup-
ported by data gathered from several outcome measures:
increased mRNA transcript levels of the early chondrogenic
transcription factor SOX9 and the late marker genes ACAN
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FIG. 8. Effects of various 0.4 T SMF exposure durations
on BMSC chondrogenic differentiation. BMSC pellets were
cultured for 21 days in GM, CM + TGF-f3, or CM + TGF-
3+ SMF. For cells exposed to SMF, the exposure duration
was 4, 7, 10, or 14 days, starting at day zero. The amounts of
SGAG in pellets were quantified and divided by DNA
quantity in order to examine the extent of terminal chon-
drogenic differentiation of BMSCs. The plotted quantities
are the sSGAG/DNA ratios normalized by the value for cells
cultured in GM, defined as 1.0. *p<0.05 compared with
GM; "p<0.05 compared with CM + TGE-p3.

and COL2AI; production of the cartilage-specific macro-
molecules sGAG, COL2, and proteoglycans. SOX9 up-
regulation is one of the pivotal up-stream chondrogenic
events that are responsible for the up-regulation of COL2,
ACANI/proteoglycans, and sGAG production,>’ while se-
cretion of such matrix molecules is one of the hallmarks of
terminally differentiated/mature chondrocytes.”**” The
present study, therefore, suggests that SMF-mediated in-
duction of BMSC chondrogenic differentiation is SOX9
dependent. The gene expression study cited earlier was
carried out using a conventional semi-quantitative RT-PCR
(as described in Materials and methods); thus, the quanti-
tative gene expression method (quantitative real-time PCR)
would be more useful in future studies.

This effect appears to be dose dependent, with maximal
response observed in the presence of a 0.4 T SMF and no
further increase in SGAG levels in the presence of 0.6 T
SMEF. Although >0.6 T SMF intensities were not tested here,
a study by Hsieh et al. showed that 3.0 T SMF abrogated
chondrocyte proliferation and induced p53-, p21-, and p27-
mediated apoptosis, suggesting that higher SMF intensities
could have deleterious effects on human chondrocytes.*®
Jaberi et al. reported a histological improvement in the rate
of matrix formation in rabbit hyaline cartilage treated with a
40 mT SMF.?® This is a lower field strength than we found
to be effective, which may reflect differences in experi-
mental design, that is, production of mature cartilage vs.
chondrogenic differentiation of MSCs.

A time course study showed that the most profound effect
of SMF on BSMCs occurred after 14 days of magnetic field
exposure. Notably, SMF exposure periods of 10 or fewer
days did not induce BMSC chondrogenic differentiation to a
greater extent than CM conditions alone. These results,
therefore, suggest that SMF is required throughout the early,
intermediate, and late phases of BMSC chondrogenic
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differentiation to achieve highest chondrogenic induction,
after which further SMF exposure may not be required.
Further, the outcomes of terminal differentiation assays
(using BMSCs between passage 2 and 5) discussed earlier
were internally consistent. This suggests that regardless of
BMSC passage number (within passages 2 and 5), the ex-
posure of a 0.4 T SMF consistently stimulates BMSCs to
undergo chondrogenic differentiation, showing the efficacy
of SMF to promote chondrogenic differentiation of BMSC.
Thus, as per the earlier studies, two parameters appear to
be crucial in SMF-mediated terminal chondrogenic differ-
entiation: (1) the SMF exposure period for BMSCs—a
minimum of 10 days is needed; and (2) the SMF field
strength experienced by the cells—in our studies, a 0.4 T
magnet positioned 3 mm from the cells was optimal.

Role of TGF-f

The pro-chondrogenic effects of a 0.4 T SMF were ob-
served when cells were cultured in CM +TGF-3 (an en-
vironment facilitating chondrogenic differentiation), but
not in nonselective growth conditions. This suggests that
an environment favoring chondrogenesis, for example, one
in which TGF-B3 is present, may be essential for SMF-
induced chondrogenic differentiation. We, therefore, con-
sidered whether up-regulation of BMSC chondrogenic
differentiation by SMF is, at least, partly due to a syner-
gistic interaction between TGF-B3 and SMF. Our results
showed for the first time that a biochemical cue (TGF-
B3)+a biophysical cue (0.4 T SMF) elicited the highest
BMSC chondrogenic differentiation, compared with the
biochemical cue alone or the biophysical cue alone, sug-
gesting that SMF and TGF-B3 synergistically promote
BMSC chondrogenesis.

Generally speaking, the molecular mechanisms involved in
biophysical stimuli-mediated cell functions are unclear. For
purposes of this work, we studied the possible involvement of
the TGF-B3 pathway by examining (1) TGF-B3 production
by BMSCs in the presence of a 0.4 T SMF, and (2) functional
consequences of the TGF-B antagonist SB-431542. Our
results clearly show that SMF has the ability to stimulate
TGF-B3 production by BMSCs cultured in the absence of
exogenous TGF-B3. Since our TGF-B3 ELISA used acidified
supernatants, we measured total TGF-B3 levels (latent+ac-
tive forms). Therefore, further studies are required to deter-
mine (1) levels of latent and active forms of TGF-B3 peptides
in the supernatant of BMSCs treated with SMF, and (2) the
effects of SMF on TGF-B3 peptide activation mechanisms
(including oV integrin-dependent and integrin-independent).

Moreover, when TGF-3 receptors were blocked by SB-
431542, the chondrogenic effects of SMF on BMSCs
cultured in CM were completely abrogated. Similar obser-
vations were noted when BMSCs were cultured in full
chondrogenic conditions (+TGF-f3). In passing, we note
that BMSCs cultured in CM £ TGF-B3 + SMF + SB-431542
exhibited SGAG levels which were lower than those found
in cultures in GM, although these reductions in sSGAG levels
were not statistically significant, compared with cultures in
GM. The reason for this effect is not yet clear, and may
warrant further investigation. Nonetheless, these observa-
tions together suggest that stimulation of TGF-B3 secretion
by a 0.4 T SMF is an important mechanism by which an
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SMF affects the complex cellular process of BMSC chon-
drogenic differentiation.

Aaron et al. showed that pulsed EMF led to increased
levels of TGF-B1 mRNA transcript and protein in ossicles of
rats which were injected with decalcified bone matrix (to
induce endochondral ossification).*® Although the present
study did not study the effects of SMF on BMSC TGF-f1
levels, the work of Aaron et al. motivates further investi-
gations to determine whether TGF-B1 increases are observed
in SMF-mediated chondrogenic differentiation of BMSCs.

Implications

Regenerative medicine-based OA solutions that rely on
the in situ differentiation of adult human precursor cells
(i.e., cartilage cells, MSCs) are attractive. However, intra-
articular inflammation is observed in OA or mechanical
trauma, and in such an environment, there may be limited
success in eliciting terminal chondrogenic differentiation to
regenerate cartilage tissue. Strategies involving in vitro
stimulation of chondrogenic differentiation and production
of cartilage-specific ECM of human precursor cells, fol-
lowed by implantation of preconditioned cells to repair
damaged cartilage, are thus appealing. Tissue engineering-
based solutions involving transplantation of preconditioned
terminally differentiated chondrocytes require large number
of precursor cells with the ability to undergo chondrogenic
differentiation. Notably, articular chondrocytes have limited
ability to proliferate and have been shown to undergo cell
senescence/de-differentiation after ~ 15 population dou-
blings,® making large scale-up of chondrocytes a technically
difficult task. Alternatively, BMSCs have been shown to
have extensive proliferation capacity and the potential to
differentiate into multiple lineages. Moreover, BMSCs have
been studied extensively for their stem cell-like character-
istics,‘m’41 and research tools are abundantly available that
scale up such a cell population to either carry out large ex-
periments or use them for cartilage regeneration after chon-
drogenic preconditioning. Although the present study suggests
that SMF could be a valuable chondrogenic differentiation
stimulus for such approaches, whether terminally differenti-
ated chondrocytes de-differentiate in the absence of SMF has
not been determined here. Thus, further studies are warranted
to (1) examine whether terminally differentiated chondro-
cytes de-differentiate in the absence of SMF; and (2) dissect
SMF-mediated molecular mechanisms up-stream of TGF-33
signaling to better understand the mode of action of this
biophysical cue in chondrogenesis.

Future applications

An SMF-mediated BMSC chondrogenic preconditioning
method could also be used with appropriate biodegradable
polymer scaffolds providing a three-dimensional environ-
ment/meshwork that mimics cartilage tissue. Such an ap-
proach would be consistent with the tissue-engineering
paradigm, namely a suitable cell source, scaffold, and dif-
ferentiation signals. This approach can be combined with a
novel bioreactor developed by our group, capable of ap-
plying multiple biophysical (SMF and mechanical) cues, to
further investigate and engineer functional replacement tis-
sue for the treatment of OA.*



STATIC MAGNETIC FIELD-INDUCED CHONDROGENIC STIMULATION OF ADULT STEM CELLS

Acknowledgments

Financial support was provided by the Medical En-

gineering Solutions in the Osteoarthritis Centre of Ex-
cellence funded by the Wellcome Trust and the EPSRC
(088844/7/09/Z). C. Ross Ethier is a recipient of the Royal
Society Wolfson Research Merit Award.

Disclosure Statement

No competing financial interests exist.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Dreier, R. Hypertrophic differentiation of chondrocytes in
osteoarthritis: the developmental aspect of degenerative
joint disorders. Arthritis Res Ther 12, 216, 2010.

. Goldring, M.B., and Goldring, S.R. Articular cartilage and

subchondral bone in the pathogenesis of osteoarthritis. Ann
N'Y Acad Sci 1192, 230, 2010.

. Woolf, A.D., and Pfleger, B. Burden of major musculo-

skeletal conditions. Bull World Health Organ 81, 646,
2003.

. Hunter, D.J., and Felson, D.T. Osteoarthritis. BMJ 332,

639, 2006.

. Leardini, G., Salaffi, F., Caporali, R., Canesi, B., Rovati, L.,

and Montanelli, R. Direct and indirect costs of osteoar-
thritis of the knee. Clin Exp Rheumatol 22, 699, 2004.

. Martin, J.A., and Buckwalter, J.A. Aging, articular cartilage

chondrocyte senescence and osteoarthritis. Biogerontology
3, 257, 2002.

. Buckwalter, J.A., Mankin, H.J., and Grodzinsky, A.J. Ar-

ticular cartilage and osteoarthritis. Instr Course Lect 54,
465, 2005.

. Suri, S., and Walsh, D.A. Osteochondral alterations in os-

teoarthritis. Bone 51, 204, 2012.

. Bertrand, J., Cromme, C., Umlauf, D., Frank, S., and Pap,

T. Molecular mechanisms of cartilage remodelling in os-
teoarthritis. Int J Biochem Cell Biol 42, 1594, 2010.
Felson, D.T. Osteoarthritis of the knee. N Engl J] Med 354,
841, 2006.

Tchetina, E.V. Developmental mechanisms in articular car-
tilage degradation in osteoarthritis. Arthritis 2011, 1, 2011.
Getgood, A., Bhullar, T., and Rushton, N. Current concepts
in articular cartilage repair. Orthop Trauma 23, 189, 2009.
Bartha, L., Vajda, A., Duska, Z., Rahmeh, H., and Hang-
ody, L. Autologous osteochondral mosaicplasty grafting. J
Orthop Sports Phys Ther 36, 739, 2006.

De Bari, C., Dell’ Accio, F., Tylzanowski, P., and Luyten,
F.P. Multipotent mesenchymal stem cells from adult human
synovial membrane. Arthritis Rheum 44, 1928, 2001.
Guilak, F., Awad, H.A., Fermor, B., Leddy, H.A., and
Gimble, J.M. Adipose-derived adult stem cells for cartilage
tissue engineering. Biorheology 41, 389, 2004.

Tuli, R., Nandi, S., Li, W.J., Tuli, S., Huang, X., Manner,
P.A., Laquerriere, P., Noth, U., Hall, D.J., and Tuan, R.S.
Human mesenchymal progenitor cell-based tissue engi-
neering of a single-unit osteochondral construct. Tissue
Eng 10, 1169, 2004.

Richter, W. Mesenchymal stem cells and cartilage in situ
regeneration. J Intern Med 266, 390, 2009.

Chiu, K.H., Ou, K.L., Lee, S.Y., Lin, C.T., Chang, W.J.,
Chen, C.C., and Huang, H.M. Static magnetic fields pro-
mote osteoblast-like cells differentiation via increasing the
membrane rigidity. Ann Biomed Eng 35, 1932, 2007.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

1619

Huang, HM., Lee, S.Y., Yao, W.C., Lin, C.T., and Yeh,
C.Y. Static magnetic fields up-regulate osteoblast maturity
by affecting local differentiation factors. Clin Orthop Relat
Res 447, 201, 2006.

Jing, D., Shen, G., Cai, J., Li, F., Huang, J., Wang, Y., Xu,
Q., Tang, C., and Luo, E. Effects of 180 mT static magnetic
fields on diabetic wound healing in rats. Bioelec-
tromagnetics 31, 640, 2010.

Yuan, Y., Wei, L., Li, F., Guo, W., Li, W., Luan, R., Lv,
A., Wang, H. Pulsed magnetic field induces angiogenesis
and improves cardiac function of surgically induced in-
farcted myocardium in Sprague-Dawley rats. Cardiology
117, 57, 2010.

Man, D., Man, B., and Plosker, H. The influence of per-
manent magnetic field therapy on wound healing in suction.
Plast Reconstr Surg 104, 2261, 1999.

De Mattei, M., Fini, M., Setti, S., Ongaro, A., Gemmati, D.,
Stabellini, G., Pellati, A., and Caruso, A. Proteoglycan
synthesis in bovine articular cartilage explants exposed to
different low-frequency low-energy pulsed electromagnetic
fields. Osteoarthritis Cartilage 15, 163, 2007.

De Mattei, M., Pasello, M., Pellati, A., Stabellini, G., Massari,
L., Gemmati, D., and Caruso, A. Effects of electromagnetic
fields on proteoglycan metabolism of bovine articular cartilage
explants. Connect Tissue Res 44, 154, 2003.

Hinman, M.R., Ford, J., and Heyl, H. Effects of static
magnets on chronic knee pain and physical function: a
double-blind study. Altern Ther Health Med 8, 50, 2002.
Jaberi, F.M., Keshtgar, S., Tavakkoli, A., Pishva, E., Ger-
amizadeh, B., Tanideh, N., and Jaberi, M.M. A moderate-
intensity static magnetic field enhances repair of cartilage
damage in rabbits. Arch Med Res 42, 268, 2011.
Ciombor, D.M., Lester, G., Aaron, R.K., Neame, P., and
Caterson, B. Low frequency EMF regulates chondrocyte
differentiation and expression of matrix proteins. J Orthop
Res 20, 40, 2002.

Mattei, M.D., Caruso, A., Pezzetti, F., Pellati, A., Sta-
bellini, G., Sollazzo, V., and Traina, G.C. Effects of pulsed
electromagnetic fields on human articular chondrocyte
proliferation. Connect Tissue Res 42, 269, 2001.
Mayer-Wagner, S., Passberger, A., Sievers, B., Aigner, J.,
Summer, B., Schiergens, T.S., Jansson, V., and Muller, P.E.
Effects of low frequency electromagnetic fields on the
chondrogenic differentiation of human mesenchymal stem
cells. Bioelectromagnetics 32, 283, 2011.

Nicolin, V., Ponti, C., Baldini, G., Gibellini, D., Bortul, R.,
Zweyer, M., Martinelli, B., and Narducci, P. In vitro ex-
posure of human chondrocytes to pulsed electromagnetic
fields. Eur J Histochem 51, 203, 2009.

Stolfa, S., Skorvanek, M., Stolfa, P., Rosocha, J., Vasko,
G., and Sabo, J. Effects of static magnetic field and pulsed
electromagnetic field on viability of human chondrocytes
in vitro. Physiol Res 56, S45, 2007.

Amin, H.D., Olsen, 1., Knowles, J.C., and Donos, N. A pro-
cedure for identifying stem cell compartments with multi-
lineage differentiation potential. Analyst 136, 1440, 2011.
Amin, H.D., Olsen, I., Knowles, J.C., and Donos, N. Dif-
ferential effect of amelogenin peptides on osteogenic dif-
ferentiation in vitro: identification of possible new drugs for
bone repair and regeneration. Tissue Eng Part A 18, 1193,
2012.

Koli, K., Saharinen, J., Hyytiainen, M., Penttinen, C., and
Keski-Oja, J. Latency, activation, and binding proteins of
TGF-beta. Microsc Res Tech 52, 354, 2001.



1620

35.

36.

37.

38.

39.

40.

Khan, M.R., Donos, N., Salih, V., Brett, P.M. The enhanced
modulation of key bone matrix components by modified
Titanium implant surfaces. Bone 50, 1, 2012.

Laping, N.J., Grygielko, E., Mathur, A., Butter, S., Bom-
berger, J., Tweed, C., Martin, W., Fornwald, J., Lehr, R.,
Harling, J., Gaster, L., Callahan, J.F., and Olson, B.A. In-
hibition of transforming growth factor (TGF)-f1-induced
extracellular matrix with a novel inhibitor of the TGF-f
type I receptor kinase activity: SB-431542. Mol Pharmacol
62, 58, 2002.

Bi, W., Deng, J.M., Zhang, Z., Behringer, R.R., and de
Crombrugghe, B. Sox9 is required for cartilage formation.
Nat Genet 22, 85, 1999.

Hsieh, C.H., Lee, M.C., Tsai-Wu, J.J., Chen, M.H., Lee,
H.S., Chiang, H., Herbert Wu, C.H., and Jiang, C.C. De-
leterious effects of MRI on chondrocytes. Osteoarthritis
Cartilage 16, 343, 2008.

Aaron, R.K., Wang, S., and Ciombor, D.M. Upregulation of
basal TGFf1 levels by EMF coincident with chondrogen-
esis—implications for skeletal repair and tissue engineering.
J Orthop Res 20, 233, 2002.

Caplan, A.I. Adult mesenchymal stem cells for tissue en-
gineering versus regenerative medicine. J Cell Physiol 213,
341, 2007.

(0 @

AMIN ET AL.

41. Tuan, R.S., Boland, G., and Tuli, R. Adult mesenchymal
stem cells and cell-based tissue engineering. Arthritis Res
Ther 5§, 32, 2003.

42. Brady, M.A., Vaze, R., Amin, H.D., Overby, D.R., and
Ethier, C.R. A new method for articular cartilage-specific
bioreactors: the design and development of a high-
throughput magneto-mechanostimulation device. Tissue
Eng Part C 2013 [Epub ahead of print]; DOI:10.1089/
ten.tec.2013.0225.

Address correspondence to:

C. Ross Ethier, PhD

Wallace H. Coulter Department

of Biomedical Engineering

Georgia Institute of Technology
Emory University School of Medicine
Atlanta, GA 30332

E-mail: ross.ethier@bme.gatech.edu

Received: May 22, 2013
Accepted: December 12, 2013
Online Publication Date: February 4, 2014

This work is licensed under a Creative Commons Attribution 3.0 United States License. You are free to copy,
distribute, transmit and adapt this work, but you must attribute this work as “Tissue Engineering, Part A.
Copyright 2014 Mary Ann Liebert, Inc. http://liebertpub.com/tea, used under a Creative Commons Attribution
License: http://creativecommons.org/licenses/by/3.0/us/”



