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Abstract Objective Our goal was to evaluate the modulation of the synovial fluid cells (SFC)
from patients with and without osteoarthritis (OA) by bone morphogenetic protein 4
(BMP-4), Smad-3 and transforming growth factor beta (TGF-β).
Methods Synovial fluid was collected from patients submitted to knee arthroscopy or
replacement and were centrifuged to isolate cells from the fluid. Cells were cultured for
21 days and characterized as mesenchymal stem cells (MSCs) according to the criteria
of the International Society of Cell Therapy. Then, we performed an [3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (MTT) assay after exposing cells with
and without OA to TGF-β, Smad3 and BMP-4 pathway inhibitors and to different
concentrations of BMP4.
Results Exposure to the TGF-β, Smad3 and BMP-4 inhibitors modifies the mitochon-
drial activity of the SFCs. The activity of the SFCs is modified by influences of increasing
concentrations of BMP4, but there is no difference in cellular activity between patients
with and without OA.
Conclusion TGF-β, Smad3 and BMP-4modulate the activity of SFCs from patients with
and without knee OA.

Resumo Objetivo Nosso objetivo foi avaliar a modulação das células do líquido sinovial (SFCs,
na sigla em inglês) de pacientes com e sem osteoartrite (OA) por proteína morfoge-
nética óssea 4 (BMP-4), Smad3 e transformador do fator de crescimento β (TGF-β).

� Work developed at the Divisão de Ensino e Pesquisa, Instituto
Nacional de Ortopedia e Traumatologia Jamil Haddad, Rio de
Janeiro, RJ, Brazil.
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Introduction

Cellular therapy has been studied due to its potential appli-
cation for the treatment of articular cartilage lesions and
osteoarthritis (OA).1–4 In this context, mesenchymal stem
cells (MSCs) have been proven useful in tissue regeneration
and treatment of many diseases.3 Synovial fluid also holds a
resident MSC population, which is increased in patients with
OA.5Moreover, it was demonstrated that the number of cells
was proportional to the severity of knee OA.6

Transforming growth factor beta (TGF-β) seems to have
central role in OA development, whether as a protective
factor initially or taking part in the pathogenesis of the
disease.7 The TGF-β superfamily is a group of secreted
polypeptides, including TGF-β1, 2, 3, activins, inhibin, bone
morphogenetic proteins (BMPs), and growth and differenti-
ation factors.8,9 It acts in all steps of chondrogenesis and is
the main trigger through mesenchymal precursors.10–12 In
the first stages of chondrocytes differentiation, TGF-β seems
to have a stimulatory role. However, in the final stages, its
action inhibits chondrocyte terminal differentiation.12,13

Bone morphogenetic proteins are involved in all steps of
chondrogenesis and are essential to endochondral ossifica-
tion. Besides, many BMPs have been detected both in normal
and osteoarthritic cartilage.9

Senescence has impacts in both TGF-β and BPM pathways
due to a decrease in receptors expression, and to a reduction in
Smad3 activation. This could explain the close relationship
between senescence and OA development.14 Osteoarthritis
patients have elevated levels of BMP-215 and BMP-716 in
plasma and synovial fluid compared with healthy individuals.
Besides, BMP-7 levels are correlated to OA radiographic pro-
gression magnitude.17 However, the expression of BMP-4,
which stimulates the synthesis of extracellular matrix in
chondrocytes, is decreased in OA and rheumatoid arthritis
(RA) synovial tissues, indicating an imbalance of joint homeo-
stasis in joint disease.18 The goal of the present study was to
evaluate the role of BMP-4, Smad3 and TGF-β on synovialfluid
cells (SFCs) viability from patients with and without OA.

Methods

Population and Collection of Synovial Fluid
The population of the present studywas composed of patients
submitted to knee surgical treatment in our Institute. Eligible
patients from both genders were divided in two groups:
patients without knee OA (W/O OA), Kellgren-Lawrence¼0,
and patients with knee OA (W/OA), Kellgren-Lawrence>2.
Patientswith knee infection, autoimmune diseases or submit-
ted to prior surgery on the knee were excluded. Knee OAwas
graded according to the Kellgren and Lawrence classification
using standard standing radiographs.19 Onemilliliter of syno-
vial fluidwas collected from the knee joint from patientsW/O
OA at the beginning of the arthroscopy by syringe aspiration,
just after the confection of theportals, and twomilliliters from
the knee joint of patients W/OA by syringe aspiration after
arthrotomy. The present study was performed in linewith the
principles of the Declaration of Helsinki, and approval was
granted by the Institutional Ethics Board (CAAE
08663912.3.0000.5273).

Isolation and Culture of Synovial Fluid Cells
Synovial fluid specimenswerefirstly centrifuged at 16,6 g for
5minutes at room temperature, and then centrifuged at
1,600 g for 5minutes at 4°C. The supernatant was stored in
1mL aliquots at - 80°C for further analysis. The pellet from
the first centrifugation was suspended in Iscove’s Modified
Dulbecco’s Medium (IMDM, Sigma, Saint Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco,
Thermo Fisher,Waltham, MA, USA). Cells were seeded at 5
to 7�105 cells per T-75 cm2 culture flasks. After 24 hours,
the cells werewashed oncewith serum-freemedium and the
mediumwas changed. Cell cultures were maintained at 37°C
in a humidified atmosphere containing 5% CO2. The medium
was changed every 2 days. Cells were harvested and replated
for expansion at 80% of confluence until the 3rd passage. The
identity SFCs was evaluated according to the protocol de-
fined by the International Society of Cell Therapy20 and was
described in a previous study.21

Métodos O líquido sinovial foi coletado de pacientes submetidos a artroscopia ou
artroplastia do joelho, e centrifugados para isolar as células do líquido sinovial. As
células foram cultivadas por 21 dias e caracterizadas como células-tronco mesenqui-
mais (MSCs, na sigla em inglês) de acordo com os critérios da International Society of Cell
Therapy. Em seguida, realizamos um ensaio de brometo de 3-4,5-dimetil-tiazol-2-il-2,5-
difeniltetrazólio (MTT) depois de expor células com e sem OA para TGF-β, inibidores de
via Smad3 e BMP-4 e para diferentes concentrações de BMP-4.
Resultados A exposição aos inibidores TGF-β, Smad3 e BMP-4 modifica a atividade
mitocondrial das SFCs. A atividade das SFCs é modificada por influências sobre o
aumento das concentrações de BMP-4, mas não há diferença na atividade celular entre
pacientes com e sem OA.
Conclusão TGF-β, Smad3 e BMP-4 modulam a atividade das SFCs de pacientes com e
sem OA do joelho.

Palavras-chave

► células-tronco
mesenquimais

► osteoartrite
► células de fluido

sinovial
► caminho TGF-β
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SFC Mitochondrial Activity by MTT
To evaluate themitochondrial activity of the SFCs exposed to
different BMP-4 concentrations, an essay of mitochondrial
activity by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) was performed. In a 96-well plate,
5�103 of SFCs from patients W/O OA (n¼3) and W/OA
(n¼3)were seeded in 200 μL ofmedium/well and exposed to
progressive concentrations of BMP-4 (0.1 nM, 0.5 nM, 2nM
and 10nM), and were maintained at 37°C in a humidified
atmosphere containing 5% CO2.

The control of mitochondrial activity of the SFCs from
patients W/O OA (n¼3) and W/OA (n ¼3) was evaluated by
the blockade of BMP-4, TGFβ and Smad3 pathways. As such,
the SFCs were cultivated in the presence of the specific
inhibitors of the targets Smad3 (Smad3 SiS3 566405, Milli-
pore, Burlington,Massachusetts, EUA), BMP-4 (BMP inhibitor
II DMH1 203646, Merckmillipore, Burlington, Massachu-
setts, EUA) and TGFβ (TGF-β1 R1 kinase 616451, Merckmil-
lipore, Burlington, Massachusetts, EUA) at 10 nM.

After cell adherence, the culture mediumwas substituted
by Iscove’s medium (Sigma-Aldrich, San Luis, Missouri, EUA)
supplemented with 1% fetal bovine serum (Sigma-Aldrich,
San Luis, Missouri, EUA) containing the specific inhibitors for
each treatment. The SFCs were treated with 100 µL of the
respective control and experimental solutions at 37°C in a
humidified atmosphere containing 5% CO2 for 24, 48 and
72hours. Then, the SFCs were washed twice with 200 µL PBS
1x sterile at 37°C, and 100 µL of theMTTsolution (0,5mg/mL)
was added to eachwell. The platewasmaintained at 37°C in a
humidified atmosphere containing 5% CO2 for 4hours.

After this period, theMTTsolutionwas removed and100µL
Dimethyl sulfoxide (DMSO)was added. The platewas agitated
for 20minutes before spectrophotometric analysis at 570nM
wavelength using the Glomaxmulti detection system (Glo-
maxmulti, detection System, Promega, Madison, Wisconsin,
EUA). Analysis of the mitochondrial activity of the SFCs was
measuredafter24, 48and72hoursofexposure to eachspecific
inhibitor and control. Control of mitochondrial activity was
determined by MTT both by a well containing only medium
with BMP-4 without cells (control/factor), and by wells con-
taining only medium and cells, but without BMP-4.

Statistical Analysis
The MTT data were exported from the Glomaxmulti detec-
tion system (Glomaxmulti, detection System, Promega,Mad-
ison, Wisconsin, EUA) to a Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA) spreadsheet, analyzed in
GraphPad Prism forWindows 6.0 (San Diego, California, EUA)
and presented as average� standard deviation (SD). To com-
pare groups, two-wayanalysis of variance (ANOVA)was used,
followed by one-tail unpaired Student t-test. Data were
considered significant when p<0.05.

Results

BMP-4 Modulates SFCs Viability
Mitochondrial activity by MTT did not evidence any differ-
ences between the samples of patients with and without

knee OA when analyzed in each experimental situation,
independent of BMP-4 concentration (p>0.05). When the
datawere analyzed in relation to the rising concentrations of
BMP-4, we verified that the mitochondrial activity of the
SFCs from patients with OA increased progressively accord-
ing to the exposition to higher concentrations of BMP-4
(0.1 nM 264.4�11,94 versus 0.5 nM 562.8�26.17,
p<0.0001; 0.5 nM 562.8�26.17 versus 2 nM 1157�40.45,
p<0.0001), decreasing at the exposure to the concentration
of 10 nM (2 nM 1157�40.45 versus 10 nM 124,9�14.62,
p<0.0001), showing toxicity. The samewas observed for the
mitochondrial activity of the SFCs from patients without OA
(0.1 nM 141.7�20.83 versus 0.5 nM 496.3�62.44,
p<0.0001; 0.5 nM 496.3�62.44 versus 2 nM 1134�69.22,
p<0.0001; 2 nM 1134�69.22 versus 10 nM 168.2�20.33,
p<0.0001) (►Figure 1).

TGF-β, Smad3 and BMP-4 Inhibitors Control SFC
Mitochondrial Activity
In the next step, we measured the mitochondrial activity of
the SFCs after exposure to TGF-β, Smad3 and BMP-4 inhib-
itors by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide) assay. The SFCs from patients with and
without knee OA were exposed to TGF-β (TGF-β1 R1 kinase
616451), Smad3 (Smad3 SiS3 566405) and BMP-4 (BMP
inhibitor II DMH1 203646) inhibitors at the concentration
of 10nM. Then, mitochondrial activity was measured after
24, 48 and 72hours.

The analysis (►Figure 2) evidenced a decrease of SFCs
without OA activity after 24hours in the presence of the TGF-
β inhibitor (W/O OA 202.1�6.09 versus W/O OAþTGF-β
inhibitor 175.7�9.56; n¼3/group; p¼0.016) and an

Fig. 1 Evaluation of mitochondrial activity of SFCs exposed to
different concentrations of BMP-4. Comparison of the cellular via-
bility of SFCs from patients with (W/OA) and without OA (W/O OA)
exposed to different concentrations of BMP-4 did not show statisti-
cally significant differences between the groups (p> 0.05), although
mitochondrial activity has increased up to 2nM (p< 0.001) and
decreased at 10 nM (p< 0.001) in both groups. Control/Cells: Well
containing only cells without BMP-4; Control/Factor: Wells containing
medium with BMP-4 without cells; �p< 0.001.
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increase of SFCs activity after 48hours (W/O OA 190�6.5
versus W/O OAþTGF-β inhibitor 242�2.5; n¼3/group;
p<0.0001). No differences were found after 72hours (W/O
OA 134.3�5.1 versus W/O OAþTGF-β inhibitor 135�3.01;
n¼3/group; p>0.05). Regarding the SFCs frompatientswith
OA, the analysis showed an increase of the SFC activity only
after 48hours in the presence of the TGF-β inhibitor (W/OA
215�2.14 versus W/OAþTGF-β inhibitor 229.3�4.16;
n¼3/group; p¼0.0046). No differences were found after
24 hours (W/OA 175.2�17.72 versus W/OAþTGF-β inhibi-
tor 173.9�10.34; n¼3/group; p>0.05) and 72hours (W/OA
140.7�3.2 versus W/OAþTGF-β inhibitor 144�3.6; n¼3/
group; p>0.05).

The SFCswithout OA activity reduced after 24 hours in the
presence of the Smad3 inhibitor (W/OOA 202.1�6.09 versus
W/O OAþ Smad3 inhibitor 189.7�3.39; n¼3/group;

p¼0.046), but it increased after 48hours (W/O OA
190�6.5 versus W/O OAþ Smad3 inhibitor 224�4.04;
n¼3/group; p¼0.0002) and 72hours (W/O OA
134.3�5.17 versus W/O OAþ Smad3 inhibitor 158�6.5;
n¼3/group; p¼0.006) in the presence of the Smad3 inhibi-
tor. In relation to the SFCs frompatientswith OA, the analysis
evidenced reduction of the activity only after 72 hours in the
presence of the Smad3 inhibitor (W/OA 162�3.7 versus
W/OAþ Smad3 inhibitor 151�2; n¼3/group; p¼0.0102),
No differences were found after 24hours (W/OA 180�7.4
versus W/OAþ Smad3 inhibitor 318.2�5.99; n¼3/group;
p>0.05) and 48hours (W/OA 212.3�6.5 versus
W/OAþ Smad3 inhibitor 206.7�5.8; n¼3/group; p>0.05)
(►Figure 3).

The SFCs without OA activity increased after 48hours
(W/O OA 134.3�5.17 versus W/OþBMP-4 inhibitor

Fig. 2 Mitochondrial activity of SFCs after TGF-β inhibitor treatment. A reduction of mitochondrial activity was observed in SFCs of W/O OA
subjects after TGF-β inhibitor treatment for 24 hours (p¼ 0.016) and an increase after 48 hours (p< 0.0001), while no differences were found
after 72 hours (p> 0.05). On the other hand, the SFCs of W/OA subjects showed an increase in activity only after 48 hours in the presence of the
inhibitor (p¼ 0.0046), but no differences were observed after 24 hours and 72 hours (p> 0.05).

Fig. 3 Mitochondrial activity of SFCs after Smad3 inhibitor treatment. The activity of the SFCs of W/O OA subjects reduced after 24 hours of
treatment using Smad3 inhibitor (p¼ 0.046) but increased after 48 hours (p¼ 0.0002) and 72 hours (p¼ 0.006). On the other hand, the SFCs of
W/OA subjects showed a reduction in activity only after 72 hours in the presence of the Smad3 inhibitor (p¼ 0.0102), but no differences were
found after 24 and 48 hours (p> 0.05).
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177.3�14.45; n¼3/group; p¼0.0064) and 72hours (W/O
173.3�1.83 versus W/OþBMP-4 inhibitor 243.7�13.15;
n¼3/group; p<0.0001) in the presence of the BMP-4 inhib-
itor. The SFCs with OA activity also increased after 48hours
(W/OA 159�3.21 versus W/OAþBMP-4 inhibitor
218�8.94; n¼3/group; p<0.0001) and 72hours (W/OA
158�2.29 versus. BMP-4 inhibitor 240.3�0.83; n¼3/
group; p<0.0001) in the presence of the BMP-4 inhibitor.
There were no differences in the activity of the SFCs without
OA (W/O 179.9�16.27 versus W/OþBMP-4 inhibitor
156.8�16.27; n¼3/group; p>0.05) and with OA (W/OA
140.1�14.59 versus BMP-4 inhibitor 172.9�21.15; n¼3/
group; p>0.05) after 24 hours) in the presence of the BMP-4
inhibitor (►Figure 4).

Discussion

We have previously documented that osteoarthritic synovial
fluid modulates SFC viability in vitro.21Hence, we decided to
investigate if the metabolic activity of SFCs could be modu-
lated by BMP-4, Smad3 and TGF-β, due to the importance of
these pathways in chondrogenesis.

Bone morphogenetic protein 4 stimulates aggrecan and
collagen type II synthesis and suppresses chondrogenic
hypertrophy, suggesting that it may be promising agent for
cartilage repair induction. Bone morphogenetic protein
modulation can be useful in chronic joint diseases since it
can help the equilibrium between joint destruction and
repair.22 To elucidate how SFCs behave in the presence of
exogenous BMP-4, in the present study, we showed that the
metabolic activity of SFCs increases after exposure to pro-
gressive BMP-4 concentrations from 0.1 to 2 nM, suggesting
that the SFCs are responding to BMP-4 induction in order to
promote repair, maybe by stimulation of chondrogenic com-
mitment, decreasing at 10nM, which seems to be a concen-
tration at which the system is already saturated, no longer
influencing the fate of the SFCs. Moreover, there were no

differences in this activity when comparing SFCs from
patients with and without OA, indicating that, despite the
inflammatory influence of OA on SFCs, they still maintain the
ability to respond to BMP-4 signaling.

On the other hand, we also observed that mitochondrial
activity raised after 48 and 72hours in the presence of the
BMP-4 inhibitor. It is widely known that BMP-4 modulates
chondrogenesis and endochondral ossification,23 and also
participates in signaling for chondrocyte proliferation and
hypertrophy to apoptosis and angiogenesis, which allows
osteoblasts migration and ossification. Bone morphogenetic
protein 4 receptor blockade led to decreased expression of
BMP-4 signaling, and raised the metabolic activity of SFCs,
suggesting that the chondrogenic step of SFC differentiation
remained in the proliferative stage, which could explain the
increased metabolic activity of SFCs. Despite the importance
of BMP-4, we did not find studies regarding its influence on
the behavior of SFCs . Other studies, however, verified that
pretreatment of SFCs with TNF-α24 and IL-1β25 promoted
their proliferation. Our results indicated that SFCs treatment
both with BMP-4 or BMP-4 inhibitor may influence SFCs
proliferation, depending on the magnitude of the stimuli.

The presence of TGF-β in the synovial fluid of patients
with OA has an important role in the recruitment of MSC.
Besides, synovial fluid from patients with OA can stimulate
the expansion of MSC in culture of synovium cells of patients
with OA, through stimulation of cell migration.26 Another
study showed that the continuous expression of TGF-β1 over
synovium MSC stimulated their proliferation and chondro-
genic potential.27

During chondrogenesis, TGF-β is important for chondro-
cyte differentiation at the early stages and, ultimately, in
chondrogenic induction, it inhibits terminal chondrocyte
differentiation.12 Moreover, TGF-β promotes growth, main-
tenance and articular cartilage repair through a fine regula-
tion of its signaling pathway, which targets a set of
transcription and growth factors.28 Regulated cell

Fig. 4 Mitochondrial activity of SFCs after BMP4 inhibitor treatment. The activity of the SFCs of W/O OA subjects increased after 48 hours
(p¼ 0.0064) and 72 hours (p< 0.0001) of treatment with the BMP-4 inhibitor. The activity of the SFCs of W/OA subjects also increased after
48 hours (p< 0.0001) and 72 hours in the presence of the BMP-4 inhibitor (p< 0.0001). There were no differences in activity neither between the
SFCs of W/O OA nor W/OA subjects after treatment with BMP-4 inhibitor after 24 hours (p> 0.05).
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phenomena include proliferation, migration, inflammation,
carcinogenesis, extracellular matrix expression, protein syn-
thesis and degradation, up to immune system functions.
Therefore, many authors have affirmed that TGF-β pathway
signaling has a central role in the development of OA.7,12,14,29

As we observed in the present study, TGF-β blockade pro-
moted a dynamic change in mitochondrial activity. In the
first 24 hours, a reduction was observed in patients without
OA in the presence of the TGF-β inhibitor. Smad3 receptor
inhibition decreased activity only in the SFCs from patients
without OA. Surprisingly, after 48 hours of inhibition, activi-
ty increased in the SFCs frompatientswith andwithout OA in
the presence of the TGF-β inhibitor. Smad3 inhibition pro-
moted an increase in the activity of SFCs only from patients
without OA in this same period. After 72 hours of exposure to
the TGF-β inhibitor, activity was similar in both group of
SFCs, but it was increased in the presence of the Smad3
inhibitor in the case of SFCs from patients without OA and
decreased in the ones with OA.

Conclusion

In conclusion, there are no differences in the mitochondrial
activity of SFCs from patients with and without OA, inde-
pendent of the BMP-4 concentration towhich they have been
exposed. Moreover, the activity of SFCs from patients with
and without OA is modulated by TGF-β, Smad 3 and BMP-4
inhibitors.
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