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Osteoartritic Conditions Influence on Chondrogeneic Cells

Introduction

Articular cartilage is a tissue that is nourished by synovial 
fluid (SF), resistant to mechanical stress but undergoes atro-
phy with loading deprivation1,2 and whose remodeling is 
slower and decreases with aging. SF has been implicated in 
the maintenance and health of the articular cartilage in vivo. 
It has been shown that SF derived from healthy joints could 
induce glycosaminoglycan synthesis through release of 
insulin-like growth factor (IGF-I) and chondrocyte differ-
entiation from fibrocytes derived from the perichondrium.3,4 
However, the biological effect of SF in vivo on chondro-
genic processes of hyaline cartilage is still unclear. 
Physiologically, cartilage development is regulated by an 
array of growth factors, especially IGF-1, transforming 
growth factor-β1 (TGF-β1), basic fibroblast growth factor, 
Sonic Hedgehog, and Indian Hedgehog,5-7 and it has been 
reported that these growth factors when added exogenously 
to chondrocytes encapsulated in hydrogels in vitro also 

improve the quality of engineered cartilage.8 Throughout 
the inflammatory process, the SF molecular and cellular 
composition changes drastically and shows high levels of 
inflammatory cytokines as TGF-β1, tumor necrosis factor-
α, interleukin-18 (IL-18), and metalloproteases (MMPs), 
which are related to cartilage degeneration.9-14 IL-18 has 
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Abstract
Objective. Synovial fluid (SF) plays an important role in the maintenance of articular cartilage. SF is a dynamic reservoir of 
proteins derived from cartilage and synovial tissue; thus, its composition may serve as a biomarker that reflects the health 
and pathophysiological condition of the joint. The purpose of the current study was to evaluate the osteoarthritic synovial 
fluid (OASF) and transforming growth factor-β1 (TGF-β1) activity in articular chondrocytes catabolic and inflammatory 
responses. Design. Chondrocytes were seeded at passage 2 and cultured for 72 hours under different conditions. Human 
chondrocytes were subjected to OASF while rat chondrocytes were subjected to either healthy synovial fluid (rSF) 
or TGF-β1 and then assigned for cell viability analysis. In addition, the effects of OASF and TGF-β1 on chondrocytes 
metalloprotease (MMP)-3 and MMP-13 and interleukin-18 (IL-18) expression were evaluated by immunocytochemistry, 
ELISA, and reverse transcriptase-polymerase chain reaction. Results. SF from osteoarthritic patients significantly induced 
MMP-3, MMP-13, and IL-18 receptor expression in chondrocytes. To put in evidence the inflammatory activity of OASF, 
healthy chondrocytes from rat were cultured with TGF-β1. In the presence of TGF-β1 these cells started to express 
MMP-3, MMP-13, and IL-18 genes and attached to each other forming a chondrocyte aggregated structure. Healthy SF was 
able to maintain a typical monolayer of rounded chondrocytes with no inflammatory response. Conclusion. In summary, 
these observations demonstrated that TGF-β1, one of the components of OASF, has a dual effect, acting in chondrocyte 
maintenance and also inducing inflammatory and catabolic properties of these cells.
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been involved in osteoarthritis development such as rheu-
matoid arthritis.15-17 Moreover, in vitro, IL-18 was able to 
induce inflammatory responses in synoviocyte and chon-
drocyte primary cultures18 and also was produced by chon-
drocytes when treated with IL-1β.

In contrast to in vivo conditions, there is extensive in vitro 
data regarding the chondrogenic effect of SF on cultures of 
chondrocytes. Chondrocyte cultures supplemented with 
20% to 100% of healthy SF for 21 days induced the synthe-
sis of glycosaminoglycan and hyaluronic acid, as well as 
Collagen II and Sox9 expression.19-21 Furthermore, SF and 
hyaluronic acid were able to induce chondrocyte differentia-
tion from equine mesenchymal stem cells.22 Different chon-
drocytes culture systems, such as 3D micromass cultures, 
and chondrogenic media supplemented with TGF-β1 have 
also been developed, inducing the differentiation of mesen-
chymal stem cells into chondrocytes.23-25 However, recently 
it has been demonstrated that high concentrations of TGF-
β1 has been involved in osteoarthritis development, whereas 
inhibition of TGF-β1 attenuates cartilage degeneration in 
mice.26 This suggested that TGF-β1 could have a paradoxi-
cal effect, due to its ability to stimulate chondrocyte growth 
and chondrogenic differentiation in vitro, while in vivo it is 
involved in the cartilage degeneration process.

This study investigated the direct role of SF derived 
from osteoarthritis patients (osteoarthritic synovial fluid 
[OASF]) as well as SF derived from healthy rat knee joints 
(rSF) compared with established chondrogenic media sup-
plemented with TGF-β1 in articular chondrocytes cultures. 
Here, chondrocytes at the second passage were able to 
retain their chondrogenic characteristics through Sox9, 
Aggrecan, and CollagenII expression when cultured in all 
conditions. However, in the presence of TGF-β1 or OASF 
these cells tend to aggregate and express pro-inflammatory 
IL-18 or IL-18 receptor, respectively. Therefore, our data 
showed the inflammatory properties of TGF-β1 and OASF 
on primary cultures of chondrocytes, even though all condi-
tions were able to maintain chondrocyte cultures in vitro.

Methods

This study was approved by the institutional review board 
(IRB #: DIMED 030/2011) at Hospital São Vicente de 
Paulo and our Institutional Animal Care and Use Committee 
(IACUC #: DAHEICB075) at Federal University of Rio de 
Janeiro.

Human Samples

Patients under total knee arthroplasty (n = 4) had their car-
tilage damage identified by direct surgical observation, and 
the compartment considered “relatively normal” or non-
fibrillated were harvested. Prior to the surgical procedure 
SF samples were aspirated. Cartilage and SF were taken to 

the laboratory without breaking sterility. Fresh SF samples 
were then filtered through a 70-µm nylon filter (Becton 
Dickinson, Franklin Lakes, NJ) to remove debris, centri-
fuged at 400 × g for 10 minutes, and the supernatant was 
stored at −80°C until use. For all experiments, SF superna-
tants were diluted in complete media with a final protein 
concentration of 3 µg/µL.

Human Chondrocyte Isolation and Primary 
Culture

Cartilage was sliced in small pieces and human primary chon-
drocytes were isolated by overnight digestion in 0.5% collage-
nase II (Gibco, Carlsbad, CA) at 37°C in a shaker. The primary 
chondrocytes were seeded at 50 × 103 cells/cm2 and cultured 
in a complete media containing Dulbecco’s Modified Eagle’s 
Medium (DMEM-F12) supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin (100 U mL−1) and streptomycin 
(U mL−1) (P/S) at 37°C in a humid atmosphere with 5% CO

2
. 

The medium was renewed every 2 days, cells were kept in 
monolayer, and used for experiments at passage 2.

Rat Samples

Knee SF, as well as fragments of cartilage from the femoral 
head, were obtained from male Wistar rats, 4 months of age 
and weighing approximately 300 to 330 g. The rats were 
euthanized by anesthesia (Ketamine 2 mL/kg and 0.5 mL/
kg Xylazine—both were from König, MG, Brazil) and the 
SF was harvested through 2 washes (200 µL each) of com-
plete media into the knee joint cavity using a tuberculin 
syringe. The final volume average harvested from both 
knees was 500 µL, the rat synovial fluid (rSF) was centri-
fuged at 12,000 × g for 1 minute, and the supernatant was 
stored at −80°C until use.

Rat Chondrocyte Isolation and Primary Culture

Cartilage of the femoral head was dissected, minced into 
small fragments, and digested overnight in 0.5% collagenase 
II (Gibco, Carlsbad, CA) at 37°C in a shaker, following the 
method adapted by Khatib et al.27 Rat primary chondrocytes 
were seeded at 1.2 × 104 cells/cm2 and cultured in a com-
plete media: DMEM-F12 supplemented with 10% FBS and 
1% penicillin (100 U mL−1) and streptomycin (U mL−1) (P/S) 
at 37°C in a humid atmosphere with 5% CO

2
. The medium 

was renewed every 2 days until the cell monolayer was 
nearly confluent and used for experiments at passage 2.

Chondrocyte Culture Conditions

Chondrocytes were seeded at passage 2 and 24 hours after 
the medium was removed and the cells were subjected to 
different culture conditions for 72 hours as follow:
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Human: Two different culture conditions: (1) Control—
complete media; (2) OASF.
Rat: Three different culture conditions: (1) Control—
complete media; (2) rSF; (3) complete media supple-
mented with 10−6 M insulin (Sigma Aldrich, St. Louis, 
MO), 8 × 10−8 M apo-transferrin (Gibco, New Zealand), 
2.5 × 10−4 M ascorbic acid (Sigma Aldrich, St. Louis, 
MO) and 10 ng mL−1 TGF-β1.25

Cell Viability

The viabilities of human and rat primary chondrocytes were 
assessed by using MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide). Briefly, cells were 
adhered to 96-well plates and exposed to their respective 
culture conditions described above for 72 hours. Viability 
was assessed by MTT and cells were disrupted by DMSO 
(dimethylsulfoxide; Sigma, St. Louis, MO). DMSO light 
absorption was evaluated at 595 nm.

Immunocytochemistry

Chondrocytes were fixed in 4% paraformaldehyde (PFA) 
for 3 minutes, blocked with 5% PBS/BSA (phosphate buff-
ered saline/bovine serum albumin) at room temperature, 
and incubated overnight at 4°C with primary antibodies, as 
follows: for rat chondrocytes, rabbit anti-rat collagen II 
(1:200 U mL−1; Abcam, Cambridge, MA), and mouse anti-
rat tenascin (1:200; Sigma Aldrich, St. Louis, MO); for 
human chondrocytes, rabbit anti-human collagen II (1:20, 
Millipore, Burlington, MA) and mouse anti-human IL-18R, 
MMP-3, and MMP-13 (all three 1:50, R&D Systems, 
Minneapolis, MN). After rinsing with PBS, the samples 
were incubated with secondary antibodies: Alexa fluor 488 
conjugated anti-mouse IgG and Alexa fluor 546 conjugate 
anti-rabbit IgG (both 1:200 U mL−1, Invitrogen, Carlsbad, 
CA) for 1 hour at room temperature. Nuclei were stained 
with DAPI (4,6-diamidino-2-phenylindole; Sigma, St. 
Louis, MA). Negative control sections were prepared by 
omitting the primary antibody.28 The samples were exam-
ined under a confocal fluorescence microscope (Leica TCS 
SP5, Wetzlar, Germany).

ELISA Assay

Human chondrocytes were cultivated into 96-well plate for 72 
hours as described above. Cells were fixed with PFA 4% for 3 
minutes following 3 washes with PBS/Tween 0.05%. 
Nonspecific sites were blocked with 0.1% BSA for 2 hours and 
then incubated for 2 hours at room temperature (RT) with spe-
cific primary antibodies diluted in PBS/Tween 0.05%: Mouse 
anti-human antibodies IL-18R, MMP-3, and MMP-13 (all 
1:100, R&D Systems). After washes with 0.1% BSA/PBS/
Tween 0.05%, peroxidase-conjugated secondary antibody 

diluted in the same buffer was incubated for 1 hour at RT. 
Colorimetric reaction was determined by citrate buffer 0.1 M 
pH 4.5 containing OPD 1 mg/mL and 0.01% H

2
O

2
, and was 

stopped with H
2
SO

4
 3 M. Absorbance was measured at 490 

nm in an ELISA microplate automatic reader (BioRad, 
Hercules, CA).29

Transforming Growth Factor-β1

The concentration of TGF-β1 on the OASF (n = 12) was 
measured in triplicate using a commercially available 
ELISA kit (Biomatik Corporation, Ontario, Canada) in 
appropriately diluted SFs. OASF aliquots were thawed and 
subsequently subjected to an acid activation treatment con-
sisting of acidification for 10 minutes (1 M HCl) followed 
by neutralization with an equal volume of 1.2 M NaOH/0.5 
M HEPES, and samples were assay immediately. Samples 
and controls of known concentration (standards) were 
added in wells and incubated for 1 hour at 37°C, and addi-
tional Reagents A and B as well as TMB substrate and stop 
solution were added and incubated following the manufac-
turer's instructions. Absorbance was measured at 450 nm in 
an ELISA microplate automatic reader (Tecan Infinite 
M200 PRO).

Reverse Transcriptase-Polymerase Chain 
Reaction (RT-PCR) Analysis

Cells were homogenized in TRIZOL reagent (Invitrogen 
Life Technologies, Carlsbad, CA) and RNA was extracted 
according to the manufacturer’s instructions. cDNA was 
synthesized as described previously.30 Briefly, 5 µg RNA 
was reacted with 1 µL of oligo(dT) primer and 1 µL of 
SuperScript RNase H-reverse transcriptase for 60 minutes 
at 37°C. For the PCR, 5 µL cDNA was incubated with 13.65 
µL nuclease-free water, 0.5 µL 10 mM dNTP, 2.5 µL 10× 
PCR buffer, 0.75 µL 25 mM MgCl

2
, 0.1 µL (5 U) Taq poly-

merase, and 2.5 µL of each primer pair. Reaction settings 
had an initial denaturation step of 10 minutes at 94°C, fol-
lowed by 40 cycles of 45 seconds at 94°C, 45 seconds at 
annealing temperature for each primer used and with beta-
actin as internal control (Table 1), and 1 minute 45 seconds 
at 72°C. Finally, samples were maintained for 7 minutes at 
72°C. Reaction products were resolved by electrophoresis 
on 1.5% agarose gel and incubated with GelRed (Biotium, 
Fremont, CA) for visualization under UV light.

Statistical Analysis

We analyzed at least 4 independent experiments, performed 
in triplicate for each assay. For all statistical analysis, t tests 
were used to compare mean ± SD. Statistical analyses were 
performed using GraphPad Prism 5, (GraphPad Software, La 
Jolla, CA), and significance level was defined as P ⩽ 0.05.
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Results

Human Chondrocyte Morphology and Viability 
under OASF Culture

Human chondrocytes harvested from a considered “rela-
tively normal” cartilage compartment were able to keep 
their rounded morphology in vitro at passage 0, and Alcian 
blue staining confirmed the presence of sulfated GAGs in 
the extracellular matrix (ECM) up to second passage (Fig. 
1A). After 72 hours in culture with 2 different conditions, 
we observed that chondrocytes kept their morphology as a 
monolayer when cultured in the presence of complete 
media (Ctrl), while in the presence of OASF they seem to 
attach to each other, forming micromass structures (Fig. 
1B). We also demonstrate that OASF has the ability to sig-
nificantly increase the viability of these cells (P < 0.01) 
(Fig. 1C).

The Effect of OASF on Chondrocytes IL-18R 
Expression

After 72 hours in both culture conditions (Ctrl and OASF), 
human chondrocytes were able to retain their ECM up to 
second passage as demonstrated by collagen II staining 
(Fig. 2A). We also demonstrated by immunostaining the 
ability of OASF to induce the expression of proteinases 
MMP-3 and MMP-13 and inflammatory interleukin recep-
tor, IL-18R, and which we were able to confirm by ELISA 
showing that they were significantly expressed in the pres-
ence of OASF (Fig. 2B).

Rat Chondrocyte Morphology and Viability under 
rSF and TGF-β1 Culture

Numerous chondrocytes with their typical rounded morphol-
ogy were seen by day 7 in culture (Fig. 3A). From the first 

Table 1. R at Oligonucleotides Used in Reverse Transcriptase-Polymerase Chain Reaction.

Gene Forward Reverse °C bp

ADAMTS-4 CCCGCACTGTGCCTTTCTCT CGGTTGCTGGCAGGACTCTT 65 499
ADAMTS-5 CCTGCTGACCCTGGCCTCTA CGTGGCTGAAGTGCATTTGG 65 502
Aggrecan CAACTGGCAGTGGGGAAACC TGGCAAAAGGCACACCTGAA 65 504
IL-10 CAGCAAAGGCCATTCCATCC TCCAGTAGATGCCGGGTGGT 69 504
IL-13 ATGGCACTCTGGGTGACTGC GAGATGTCCAGGGCCGGTCT 69 420
IL-17A CTGATCAGGACGAGCGACCA GACGCATGGCGGACAATAGA 69 492
IL-18 GAAACCCGCCTGTGTTCGAG CATGCGGCCTCAGGTATTTTG 65 501
MMP-3 CCCATTGCATGGCAGTGAAG GGGCATAGGCATGAGCCAAG 65 500
MMP-13 CGGTCTGGACCACTCCAAGG AGGGTCTTCCCCGTGTCCTC 65 501
Sox 9 GTTTGGAGCGGGCAACTGAG TGTTCTTGCTGGAGCCGTTG 65 498
β-Actin TGGATCGGTGGCTCCATCCTGG GCAGCTCAGTAACAGTCCGCCTAGA 68 130

Figure 1.  Morphology and viability of human chondrocytes after treatment with OASF. Chondrocytes from “relatively normal” 
cartilage compartment were able to keep their rounded morphology and Alcian blue staining confirmed the presence of sulfated 
GAGs in the ECM up to second passage (A). Chondrocytes after 72 hours in the presence of complete media (Ctrl) or osteoarthritic 
synovial fluid (OASF) (B). Significant differences were found between Ctrl and OASF (C). Data were reported as means ± SEM   of 4 
independent experiments performed in triplicate. Statistical significance indicated by **P < 0.01. Scale bar: 100 µm (For interpretation 
of the references to colours in this figure legend, refer to the online version of this article).
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passage to the second passage (Fig. 3B), these chondrocytes 
became elongated, fibroblastoid, or polygonal and reached 
their confluence of approximately 90% after 28 days in cul-
ture. Alcian blue staining showed that the chondrocytes were 
capable of maintaining the expression of sulfated glycosami-
noglycans in their ECM until the second passage (Fig. 3C).

Chondrocytes at passage 2 were cultured for 72 hours 
under 3 different conditions: (1) complete media (Ctrl), (2) 
normal synovial fluid (rSF), or (3) media with TGF-β1 
(Fig. 4). In the presence of rSF, chondrocytes with a fibro-
blast-like morphology were able to resume a rounded mor-
phology characteristic of their original chondrogenic 

Figure 2. I mmunocytological analysis of human chondrocytes after OASF treatment. In both culture conditions, chondrocytes after 
72 hours were able to retain their ECM as demonstrated by collagen II staining (A). The expression of proteinases MMP-3 and MMP-
13 and inflammatory interleukin receptor, IL-18, were significant expressed in the presence of OASF (A and B). In A, the nuclei were 
stained with DAPI. Data were reported as means ± SEM   of 4 independent experiments performed in triplicate. Statistical significance 
indicated by *P < 0.05. Scale bar: 100 µm.

Figure 3.  Characterization of rat primary chondrocytes cultured in vitro. (A) After 7 days in culture chondrocytes were able to 
keep their rounded morphology. (B) From the first passage to the second passage, after 21 days in culture, chondrocytes were more 
elongated and fibroblastoid. (C) In the second passage, Alcian blue staining confirmed the presence of sulfated GAGs in the ECM. 
Scale bar: 100 µm (For interpretation of the references to colours in this figure legend, refer to the online version of this article).
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phenotype (Fig. 4B); and interestingly in the presence of 
TGF-β1, in addition to increased proliferation, chondro-
cytes attached to each other forming a micromass structure 
(Fig. 4C). Cell viability was assess by MTT where signifi-
cant differences were found only between TGF-β1 and the 
rSF conditions, showing the ability of TGF-β1 to augment 
the viability of these cells (P < 0.01) (Fig. 4D).

Furthermore, we investigated for 72 hours whether the 
specific chondrocyte micromass formation was due to the 
chondrogenic media factors (insulin, apo-transferrin, and 
ascorbic acid) or due to the presence or absence of TGF-β1. 
Regardless the other factors presenting in the chondrogenic 
media, chondrocytes aggregated only when exposed to 
TGF-β1 (Fig. 5A), but not in its absence (Fig. 5B).

TGF-β1 Induced Chondrocytes to Express IL-18

Although morphological differences were observed, immu-
nocytological analyses verified the chondrocytes phenotype 
by tenascin and collagen II staining (Fig. 6), showing that 
they were capable of synthesizing an ECM similar to hya-
line articular cartilage. Both markers were maintained in the 
3 conditions.

RT-PCR also confirmed the maintenance of the chondro-
cyte phenotype in the presence of the 3 different culture 
conditions through the expression of the master chondro-
genic gene, Sox9, and its predominant proteoglycan, aggre-
can (Fig. 6E). We also evaluated the expression of the 
proteinases responsible for collagen cleavage and proteo-
glycans degradation (MMP-3 and MMP-13 and ADAMTS-5) 
and an inflammatory interleukin (IL-18). ADAMTS-4 and 
IL-10, IL-13, and IL-17 were not expressed in any of culture 
conditions (data not shown). The expression of MMP-13 

seems to be stronger and IL-18 was found only in the pres-
ence of TGF-β1. Beta-actin was used as the internal 
control.

OASF and TGF-β1 induced IL-18 expression in human 
and rat chondrocytes, respectively. To elucidate the inflam-
matory activity of OASF, TGF-β1 was quantified in 12 SF 
obtained from osteoarthritic patients, and in all SF analyzed 
TGF-β1 was detected at a mean concentration of 31.7 ± 
47.4 pg/mL (Table 2).

Discussion

Fifty years have passed since the first demonstration that 
human articular chondrocytes can be cultured in vitro.31 In 
the present study, we demonstrated that chondrocytes up to 
the second passage could maintain their chondrogenic char-
acteristics when cultured with complete media (Ctrl), nor-
mal rSF, chondrogenic medium with TGF-β1, and OASF. 
However, in the presence of OASF or TGF-β1 these cells 
were induced to express the inflammatory cytokine IL-18. 
Interestingly, in the presence of normal rSF these cells also 
showed an ability to return to their original chondrogenic 
phenotype observed in the primary culture without inflam-
matory properties.

The isolated chondrocytes from rats healthy cartilage 
were able to grow in vitro as previously described,27 at pas-
sage zero these cells showed their characteristic rounded 
morphology, and changes in cell behavior was followed by 
the acquisition of a fibroblast phenotype, in agreement with 
a previous report where most of monolayer cells tended to 
dedifferentiate, adopting a fibroblastoid phenotype after the 
third passage.32 We could also confirm by Alcian blue stain-
ing that these cells were capable of secreting an ECM rich 

Figure 4.  Morphology and viability of rat chondrocytes under 3 different culture conditions. Chondrocytes were cultured for 
72 hours in the presence of compete media (Ctrl), normal synovial fluid (rSF), and media with TGF-β1. In the presence of rSF, 
chondrocytes resumed the rounded shape characteristic of their original chondrogenic phenotype (B); and in the presence of TGF-
β1, in addition to increased proliferation, chondrocytes formed an aggregate structure (C). Significant differences were found only 
between the TGF-β1 and the SF conditions (D). Data were reported as means ± SEM   of 3 independent experiments performed in 
triplicate. Statistical significance indicated by **P < 0.01. Scale bar: 100 µm.
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Figure 5.  Morphology of rat chondrocytes in the presence of TGF-β1. Independently of the other factors presenting in the 
chondrogenic media, chondrocytes in the second passage tended to aggregate just in the presence of TGF-β1 (A), but not in its 
absence (B). Scale bar: 100 µm.

Figure 6. R at chondrocytes ECM markers and gene expression in 3 different conditions. In all 3 culture conditions, chondrocytes 
were able to retain the ECM as demonstrated by tenascin (B) and collagen II staining (C). In A, the nuclei were stained with DAPI. D 
is an overlap of images A, B, and C. Chondrocytes also maintained their chondrogenic characteristics, as confirmed by the expression 
of Sox9 and aggrecan. Proteinases MMP-3, MMP-13, and ADAMTS-5 were expressed in all 3 conditions. The inflammatory interleukin 
observed, IL-18, was positive only in the presence of TGF-β1. Amplification of the beta-actin gene was used as the internal control (E). 
Scale bar: 30 µm.
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in sulfated glycosaminoglycans (Fig. 3C). Moreover, these 
cells maintained their chondrogenic characteristics, as con-
firmed by the expression of Sox 9, Aggrecan, and Collagen 
II expression.

In an attempt to simulate the microenvironment of the 
joint, different culture systems have been tested,33,34 with 
the aim of assessing the ability of these cells to maintain 
their phenotype and to determine their viability rates. We 
analyzed human and rat chondrocytes at the second passage 
for 72 hours, in the presence of 2 different conditions 
(Control and OASF) or 3 different culture conditions 
(Control, TGF-β1, and rSF), respectively. We observed a 
statistically significant difference on cell viability between 
OASF and Ctrl as well as TGF-β1 and rSF conditions.

We also observed morphological changes in our cultures. 
Human and rat chondrocytes in the second passage had 
nearly dedifferentiated and adopted a fibroblast phenotype, 
but in the presence of rSF the rat chondrocytes demon-
strated an ability to regain their original (chondrogenic) 
phenotype. This differs from their behavior in either TGF-
β1 or OASF culture, where they showed increased prolif-
eration, as expected,33 and a tendency to form micromasses. 
For a better evaluation of these cell aggregates in the healthy 
rat chondrocytes, we analyzed the chondrogenic medium 
culture with and without TGF-β1, and we were able to con-
firm that, independently of chondrogenic media factors, the 
rat chondrocytes were able to aggregate only in the pres-
ence of TGF-β1.

The presence of Coll2 indicates a commitment to chon-
drogenic characteristics. These chondrogenic characteris-
tics of rat chondrocytes were confirmed by RT-PCR using 
the expression of the chondrogenic gene Sox9 and its pre-
dominant proteoglycan, aggrecan, as well as the expression 
of proteinases, aggrecanases, and interleukins. The chon-
drocytes maintained their chondrocyte phenotype in all dif-
ferent culture conditions, as confirmed by the expression of 
Sox9 and aggrecan. The proteinases MMP-3, MMP-13, and 
ADAMTS-5 were expressed in all 3 conditions. Of the 
observed interleukins, only IL-18 was positive in the pres-
ence of TGF-β1 medium, showing that TGF-β1 induced an 
inflammatory response in the cultures of chondrocytes.35

IL-18 is present in damaged joints, such as in cases of 
osteoarthritis and rheumatoid arthritis.17,36 This interleukin 
has a potential to induce an inflammatory response and con-
tribute to the degradation of cartilage extracellular matrix, 
mainly through IL-1β,37 identifying IL-18 as a cytokine that 
regulates chondrocyte responses and contributes to cartilage 

degradation.12,18 Moreover, it has been demonstrated that 
IL-18 is capable of inducing angiogenesis in rheumatoid 
arthritis, the process favoring cartilage degradation.38 
Conversely, inhibition of IL-18 ameliorates collagen-
induced arthritis in mice.39 These data put in evidence the 
role of IL-18 in the process of developing arthritis.

The chondrogenic capacity of TGF-β1 is not surpris-
ing, since in embryonic cartilage TGF-β1 is expressed 
abundantly and may be involved in the chondrogenic 
transformation of primitive mesenchymal condensations. 
Recently, it has been demonstrated that TGF-β1 was 
capable of inducing Indian Hedgehog expression in chon-
drocyte cultures derived from human bone marrow stro-
mal cells.40 Despite the fact that TGF-β1 could induce 
chondrocyte growth, it was also implicated in the patho-
logical changes of osteoarthritis, and reduction of TGF-
β1 could attenuate this process.26 Moreover, it has been 
shown that the effect of TGF-β on chondrogenesis varies 
according to cell type, whereas mesenchymal stromal cell 
culture in the presence of TGF-β differentiate into endo-
chondral chondrocytes, and cultures of human chondro-
cyte maintain their chondral phenotype.41 These aspects 
are important because they demonstrate the ability of 
TGF-β1 to induce different responses within the chondro-
genic process, suggesting a dual role of TGF-β1 on carti-
lage health and disease. This study’s data point out the 
need to identify and further understand the entire biologi-
cal activity of TGF-β1 and how its controls the fate of 
chondrogenesis in vitro and in vivo during osteoarthritis 
development.

An important limitation of this study is the small amount 
of SF harvested from the rat knee joint, which would have 
precluded any comparison between the groups, but never-
theless, we were able to have a significant amount to per-
form the experiments proposed, analyze, and report an 
interesting preliminary finding. Although the human articu-
lar chondrocytes were harvested from a “healthy” area from 
an osteoarthritis cartilage and we had a robust immunocyto-
logical results with all markers’ activity analysis, we under-
stand the entire osteoarthritic biological environment of 
what this cartilage has been previously exposed to and the 
need to evaluate a healthy articular cartilage sample from a 
donor. Last, we were not able to compare the effects of 
healthy human SF and rat OASF due to the challenge and 
difficulty in having a healthy SF donor sample and harvest 
SF from rat osteoarthritic knee.

In this study, we sought to improve the understanding of 
SF chondrogenic properties inducing or not inducing chon-
drocytes inflammatory response. Our results provide pre-
liminary data for the exploration of the roles of OASF and 
TGF-β1 in joint homeostasis and possible investigations of 
its potential therapeutic characteristics, in order to develop 
strategies for maintenance of cartilage homeostasis and ulti-
mately for cartilage regeneration.

Table 2.  Concentration of TGF-β1 in Osteoarthritic Synovial 
Fluid (OASF).

OASF Mean ± SD

TGF-β1 (pg/mL) 31.7 ± 47.4
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