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Inflammatory conditions partly impair the
mechanically mediated activation of
Smad2/3 signaling in articular cartilage
Wojciech Madej1,2, Pieter Buma1 and Peter van der Kraan2*

Abstract

Background: Joint trauma, which is frequently related with mechanical overloading of articular cartilage, is a
well-established risk for osteoarthritis (OA) development. Additionally, reports show that trauma leads to synovial
joint inflammation. In consequence, after joint trauma, cartilage is influenced by deleterious excessive loading
combined with the catabolic activity of proinflammatory mediators. Since the activation of TGF-β signaling by
loading is considered to be a key regulatory pathway for maintaining cartilage homeostasis, we tested the effect
of proinflammatory conditions on mechanically mediated activation of TGF-β/Smad2/3P signaling in cartilage.

Methods: Cartilage explants were subjected to dynamic mechanical compression in the presence of interleukin-1
beta (IL-1β) or osteoarthritic synovium-conditioned medium (OAS-CM). Subsequently, the activation of the
Smad2/3P pathway was monitored with QPCR analysis of reporter genes and additionally the expression of
receptors activating the Smad2/3P pathway was analyzed. Finally, the ability for mechanically mediated activation
of Smad2/3P was tested in human OA cartilage.

Results: IL-1β presence during compression did not impair the upregulation of Smad2/3P reporter genes,
however the results were affected by IL-1β-mediated upregulations in unloaded controls. OAS-CM significantly
impaired the compression-mediated upregulation of bSmad7 and Tgbfb1. IL-1β suppressed the compression-mediated
bAlk5 upregulation where 12 MPa compression applied in the presence of OAS-CM downregulated the bTgfbr2.
Mechanically driven upregulation of Smad2/3P reporter genes was present in OA cartilage.

Conclusions: Proinflammatory conditions partly impair the mechanically mediated activation of the protective
TGF-β/Smad2/3P pathway. Additionally, the excessive mechanical compression, applied in the presence of
proinflammatory conditions diminishes the expression of the type II TGF-β receptor, a receptor critical for maintenance
of articular cartilage.
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Background
Mechanical signals have been shown to play a pivotal
role in articular cartilage development, tissue mainten-
ance, but also tissue degradation. The mechanical
microenvironment acts as a regulator of stem cell fate
and leads the chondrogenesis in early embryonic

development [1]. Later on, during normal daily activ-
ity, cartilage experiences loading within the physio-
logical range of forces [2]. This has been shown to
play an essential role in cartilage preservation and in
the anabolic production of cartilage matrix molecules
[3, 4]. On the other hand, abnormal or excessive cartil-
age loading, often related with joint trauma and local
cartilage mechanical overloading, e.g., as a result of
meniscus resection [5], not only leads to direct cartil-
age damage but can drive the activation of catabolic
processes in chondrocytes and cell apoptosis, which
leads to further tissue damage [6, 7].
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Furthermore, trauma-related damage of articular car-
tilage and other joint tissues, like meniscus or ligaments,
cause the release of tissue debris into joint space con-
tributing to synovial inflammation [8]. Subsequently,
inflamed synovium will secrete a number of soluble
inflammatory mediators into the joint space, including
cytokines and chemokines [9]. Mostly studied are
interleukin-1 beta (IL-1β) and tumor necrosis factor
alpha (TNF-α), which have both been shown to suppress
matrix synthesis and to promote catabolic processes in
cartilage [10]. However, also other proinflammatory me-
diators, like interleukin-6 (IL-6) and interleukin-8 (IL-8),
have been identified in synovial fluid of injured joints
[9]. In consequence, joint trauma leads to a condition in
which articular cartilage is influenced by deleterious ex-
cessive loading combined with a catabolic action of pro-
inflammatory mediators.
Transforming growth factor beta (TGF-β)-induced

SMAD family member protein (Smad)2/3P signaling
has been shown as a crucial signaling in cartilage, since
it prevents the deleterious terminal differentiation of
cartilage cells [11]. Recently, we have shown that dy-
namic mechanical compression of healthy articular car-
tilage is a potent inducer of Smad2/3P signaling in
chondrocytes [12]. Nevertheless, data indicate that the
effects of cartilage excessive compression with a com-
bination of catabolic action of proinflammatory media-
tors play a role in development of degenerative joint
disease like osteoarthritis (OA) [13, 14]. That is because
joint injury is a well-established risk factor for OA [15],
and inflammation has been shown to play a key role in
OA development in posttraumatic joints [14].
Here, we hypothesized that compression in combin-

ation with proinflammatory conditions will be less ef-
fective in the induction of Smad2/3P signaling in
articular cartilage. Subsequently, a lack of mechanically
mediated Smad2/3P would disrupt cartilage mainten-
ance and lead to tissue loss. To test this hypothesis, we
investigated the influence of proinflammatory mediators,
IL-1β or osteoarthritis-conditioned medium, (OAS-CM)
on 3 MPa (physiological) and 12 MPa (excessive) com-
pression-mediated activation of Smad2/3P signaling in
healthy bovine articular cartilage. Additionally, we
tested if this combination of mechanical and biological
factors affects the expression levels of the key TGF-β
receptors. Finally, we tested if human osteoarthritic car-
tilage shows mechanically mediated activation of TGF-
β/Smad2/3P.

Methods
Articular cartilage explants culture
Metacarpophalangeal joints (MCP) of skeletally mature
cows (age range 3–6 years old), obtained from the local
abattoir, were processed within 3 hours post-mortem to

isolate full-thickness articular cartilage explants. Ex-
plants were isolated with use of a 4-mm biopsy punch
(Kai-medical, Tokyo, Japan). After isolation, all explants
were cultured in Dulbecco’s modified Eagle’s medium: nu-
trient mixture F-12 (DMEM/F-12) (Gibco®, Paisley, UK)
containing Antibiotic-Antimycotic (containing 10,000
units/mL of penicillin, 10,000 μg/mL of streptomycin, and
25 μg/mL of Fungizone®) (Gibco®, Carlsbad, CA, USA).
Cartilage explant culture was carried out without serum.
Afterward, explants were left for equilibration for 24 hours
in standard culture conditions (37 °C, 5 % CO2 and 95 %
humidity). The same protocol was used for human OA
cartilage explants isolation and culture. Human OA cartil-
age was obtained from anonymized patients who under-
went total knee joint replacement surgery. Explants were
isolated from adjacent areas with intact tissue structure
(macroscopically inspected).
The study protocol for experiments with animal ma-

terial obtained from abattoir material did not need
animal ethics committee approval.
No consent from patients whose human material was

used in this study was needed, because material was
obtained from anonymized patients and no personal
data was available and needed for our study. Therefore,
the study protocol for the experiments with anon-
ymized human material did not need the ethics com-
mittee approval.

Dynamic mechanical compression of articular cartilage
explants in the presence of proinflammatory conditions
After 24 hours after isolation, explants were stimulated
with hrIL-β1 (1 ng/ml) (R&D Systems, Minneapolis,
MN, USA) or with osteoarthritic synovium-conditioned
medium OAS-CM 10 % (v/v) [16]). Following 24 hours
of culture in proinflammatory conditions (48 hours after
explant isolation), explants were randomly assigned to
compression groups with corresponding unloaded con-
trols. Compression groups were: 3 MPa compression
(physiological stress) and 12 MPa compression (exces-
sive stress). Chosen pressure levels were based on previ-
ous evaluations, calculations and published data [12].
Explants from stimulation groups were subjected to force-
controlled, sinusoidal, unconfined, dynamic mechanical
compression with 3 or 12 MPa pressure and frequency of
1 Hz for 30 minutes (1800 cycles), following the previ-
ously published protocol [12]. HrIL β1 (1 ng/ml) or
OAS-CM 10 % (v/v) were present in the medium dur-
ing the compression procedure. After the compression,
the loaded articular cartilage and the unloaded control
samples were placed back into medium with refreshed
hrIL β1 (1 ng/ml) or OAS-CM 10 % (v/v) and back into
the culture incubator. At 2 hours after compression,
samples were frozen in liquid nitrogen and stored at
-80 °C. Additionally, in parallel to the compression
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experiment, cartilage explants from another group were
stimulated with TGF-β1 (10 ng/ml) (Biolegend, San
Diego, CA, USA) in combination with hrIL-β1 (1 ng/
ml) or OAS-CM 10 % (v/v) for 6 hours (these samples
were also pre-incubated with proinflammatory media-
tors starting at 24 hours before compression).

Total mRNA isolation and quantitative RT-PCR (QPCR)
A micro-dismembrator (B. Braun Biotech International,
Melsungen, Germany) was used to homogenize deep-
frozen articular cartilage samples with 1500 RPM for
1 minute. Afterward, using the RNeasy Mini Kit (Qiagen
Inc., Valencia, CA, USA) according to the manufacturer’s
protocol, total RNA was isolated from homogenate. Iso-
lated RNA was used in reverse transcription reaction to
produce complementary DNA (cDNA). Obtained cDNA
was used in the QPCR reaction which was carried out
with the StepOnePlus Real-Time PCR System (Applied
Biosystems, Darmstadt, Germany) according to the man-
ufacturer’s protocol. Primers used are listed in Table 1.
Ct values for genes of interest were corrected for the
average Ct values of bovine glyceraldehyde 3-phosphate
dehydrogenase (bGapdh) and bovine ribosomal protein
S14 (bRps14) to obtain dCt values (in case of bovine ma-
terial) or they were corrected for the average Ct values
of human GAPDH and human ribosomal protein S27
(human RPS27) (in the case of human material).

Statistical analysis
All quantitative data were expressed as a grouped col-
umn scatter of multiple repeats with displayed mean. All
experiments were repeated four times using cartilage
isolated from different animals, N = 4 (one cartilage ex-
plant sample per condition in the experiment). Because
of high variation between patients, in Fig. 1, data of all
repeats (individual patients), were presented separately
(not pooled).
One-way analysis of variance (ANOVA) with Tukey’s

posttest was used to estimate the effect of treatment on
gene expression. The univariate ANOVA (with patient
as a random factor) was used to test the overall effect of
the compression on the gene expression in OA cartilage.
The p values less than or equal to 0.05 were considered
as significant. The statistical analysis was performed with
the statistical software package: IBM SPSS 20.0 (IBM
Corp., Armonk, NY, USA).

Results
The effect of IL-1β on mechanically mediated activation
of TGF-β/Smad3P-responsive genes
Previously, we have shown that dynamic mechanical
compression can potently induce Smad2/3P signaling
activation and TGF-beta1 gene upregulation in articu-
lar cartilage [12]. Here, we examined if IL-1β can

Table 1 Primers used for QPCR

Gene Full gene name Ref seq Product
length

Forward 5′– > 3′ Reverse 5′– > 3′

bAlk5 bovine transforming growth factor,
beta receptor 1

NM_174621.2 75 CAGGACCACTGCAATAAAA
TAGAACTT

TGCCAGTTCAACAGGACCAA

bGapdh bovine glyceraldehyde 3-phosphate
dehydrogenase

NM_001034034.2 90 CACCCACGGCAAGTTCAAC TCTCGCTCCTGGAAGATGGT

bJunB bovine jun B proto-oncogene NM_001075656.1 139 CCTTCTACCACGACGACTCA CCGGGTGCTTTGAGATTTCG

bRps14 bovine ribosomal protein S14 NM_001077830.2 125 CATCACTGCCCTCCACATCA TTCCAATCCGCCCAATCTTCA

bSerpine1 bovine plasminogen activator
inhibitor type 1

NM_174137.2 55 CGAGCCAGGCGGACTTC TGCGACACGTACAGAAACTCTTGA

bSmad7 bovine SMAD family member 7 NM_001192865.1 72 GGGCTTTCAGATTCCCAACTT CTCCCAGTATGCCACCACG

bTgfb1 bovine transforming growth factor,
beta 1

NM_001166068.1 80 GGTGGAATACGGCAACAAAATCT GCTCGGACGTGTTGAAGAAC

bTgfbr2 bovine transforming growth factor
beta receptor II

NM_001159566.1 141 GGCTGTCTGGAGGAAGAATGA GTCTCTCCGGACCCCTTTCT

hALK5 human transforming growth factor,
beta receptor 1

NM_001306210.1 65 CGACGGCGTTACAGTGTTTCT CCCATCTGTCACACAAGTAAA

hGAPDH human glyceraldehyde 3-phosphate
dehydrogenase

NM_001289745.1 143 ATCTTCTTTTGCGTCGCCAG TTCCCCATGGTGTCTGAGC

hRPS27 human ribosomal protein S27 NM_001177413.1 90 TGGCTGTCCTGAAATATTATAAGGT CCCCAGCACCACATTCATCA

hSERPINE1 human plasminogen activator
inhibitor type 1

NM_000602.4 213 GTCTGCTGTGCACCATCCCCCATC TTGTCATCAATCTTGAATCCCATA

hSMAD7 human SMAD family member 7 NM_001190821.1 131 CCTTAGCCGACTCTGCGAACTA CCAGATAATTCGTTCCCCCTGT

hTGFB1 human transforming growth factor,
beta 1

NM_000660.5 59 GAGGTCACCCGCGTGCTA TGCTTGAACTTGTCATAGATTTCGTT
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affect mechanically mediated upregulation of Smad3P-
responsive genes (e.g., Serpine1, Smad7, and JunB)
and bTgfb1.
A significant induction of bSerpine1 was observed in

both compression groups when compared to unloaded
controls (13.7-fold (23.8Ct), p < 0.0001 for 3 MPa and
38.2 25.3Ct, p < 0.0001 for 12 MPa) (Fig. 2a). In the pres-
ence of IL-1β (1 ng/ml), a significant bSerpine1 upregu-
lation was still noticed in both compressed groups.
Compression with 3 MPa induced upregulation of bSer-
pine1 by 5.3-fold (22.4Ct) (p = 0.03) and compression
with 12 MPa induced 13-fold upregulation (23.7Ct) (p <
0.0001) when compared to unloaded controls treated
with IL-1β (Fig. 2a). Comparable level of upregulation was
noticed in cartilage explants stimulated with 10 ng/ml of
exogenous rTGF-β1 in a presence of IL-1β (7.7-fold,
22.9Ct) (p = 0.005) (Fig. 2a). Analysis of bSmad7 expression
showed a potent and significant upregulation of Smad7
in both compression groups (17.5-fold, 24.1Ct, p <
0.0001 for 3 MPa and 35.1-fold, 25.1Ct, p < 0.0001 for
12 MPa) (Fig. 2b). Remarkably, IL-1β treatment stimu-
lated significant upregulation of bSmad7 in unloaded

controls (p = 0.044), regardless of loading treatment.
Nevertheless, in the presence of IL-1β, the
compression-mediated upregulation of Smad7 was still
present when compared to unloaded controls treated
with IL-1β (Fig. 2b). 3 MPa compression upregulated
bSmad7 by 6.8-fold (22.8Ct, p < 0.0001) whereas 12 MPa
compression upregulated it by 17.6-fold (24.1Ct, p <
0.0001). The upregulation of Smad7 caused by com-
pression was similar to the one present in explants
stimulated with 10 ng/ml of rTGF-β1 in the presence
of IL-1β (10.4-fold, 23.4Ct) (p < 0.0001) (Fig. 2b). Further,
analysis confirmed that bJunB was also potently and
significantly upregulated by cartilage compression
(Fig. 2c). 3 MPa compression induced a 14.6-fold up-
regulation of bJunB (23.9Ct) (p < 0.0001) and the 12 MPa
compression caused a 25.8-fold upregulation of this
gene (24.7Ct) (p < 0.0001). However, a very significant
upregulation of bJunB (p < 0.0001) was also noticed in
unloaded controls treated with IL-1β, regardless of
loading treatment (Fig. 2c). Because of that, in the pres-
ence of IL-1β, a significant bJunB upregulation was ob-
served only in 12 MPa compressed cartilage, 4.8-fold,

Fig. 1 The effect of dynamic mechanical compression of human OA cartilage on the expression of Smad3P-responsive genes. Statistical analysis
showed that overall effect of the compression with 3 MPa as well as with 12 MPa of human OA cartilage explants was the induction of
the upregulation of bSerpine1(a), bSmad7 (b), bTgfb1 (c), and bAlk5 (d) in all four different donors. Data are expressed as a grouped col-
umn scatter of multiple repeats with displayed mean (each point represents individual experimental repeat of different human OA cartil-
age explant). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. CTR control, GAPDH glyceraldehyde 3-phosphate dehydrogenase
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22.2Ct) (p < 0.0001) (Fig. 2c). The level of this upregula-
tion was comparable to the one detected in explants
stimulated with 10 ng/ml of rTGF-β1 in the presence
of IL-1β (Fig. 2c).
Analysis of the expression of bTgfb1 demonstrated a

significant upregulation of this gene by both levels of
compression when compared to the unloaded controls
(Fig. 2d). 3 MPa compression induced the expression of
bTgfb1 by 4.2-fold (22.1Ct, p < 0.0001) and 12 MPa
induced it by 6.9-fold (22.8Ct, p < 0.0001) (Fig. 2d). In
the presence of IL-1β, a significant induction of bTgfb1
expression by the compression was also observed
(Fig. 2d). 3 MPa compression induced a 2-fold upregula-
tion of bTgfb1 (21.0Ct) (p = 0.033) and 12 MPa induced a
4.2-fold upregulation of this gene (22.1Ct) (p < 0.0001) when

compared to unloaded controls treated with IL-1β (Fig. 2d).
This effect was comparable to the effect of exogenous
10 ng/ml rTGF-β1 stimulation in the presence of IL-1β.
Overall, fold induction by compression in the presence

of IL-1β was lower, although not significant, than an ab-
sence of IL-1β, but this appears mainly to be caused by
elevated basal expression of responsive genes in the
presence of IL-1β.

The effect of OAS-CM on mechanically mediated
activation of TGF-β/Smad3P-responsive genes
Subsequently, the effect of 10 % OAS-CM on the
loading-mediated regulation of the Smad3P-responsive
genes and bTgfb1 was analyzed.

Fig. 2 The effect of IL-1β on mechanically mediated activation of Smad3P-responsive genes in bovine articular cartilage. The influence of 3 and
12 MPa dynamic mechanical compression, carried out in absence (dots), and presence (squares) of IL-1β on relative expression of bSerpine1
(a), bSmad7 (b), bJunb (c), and bTgfb1 (d). Dynamic mechanical compression with 3 as well as with 12 MPa potently upregulated bSerpine1,
bSmad7, bJunb, and bTgfb1 in conditions without IL-1β. In the presence of IL-1β, mechanically mediated upregulation of Smad3P-responsive genes
was also observed. The effect of compression was comparable to the effect of exogenous TGF-β1 stimulation. Data are expressed as a
grouped column scatter of multiple repeats with displayed mean (each point represents individual experimental repeat on material isolated
from a different animal, N = 4). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. CTR control, GAPDH glyceraldehyde 3-phosphate dehydrogenase, IL-1β
interleukin-1 beta, TGF-β transforming growth factor beta
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As before, mechanical compression with 3 MPa, as
well as with 12 MPa, induced significant and potent up-
regulation of bSerpine1 (p < 0.0001 in both cases; Fig. 3a).
Remarkably, addition of 10 % OAS-CM inducted a
potent upregulation of bSerpine1 in unloaded controls,
regardless of compression treatment (12.8-fold, 23.7Ct,
p < 0.0001) (Fig. 3a). Because of these, high levels of
bSerpine1 in unloaded controls, no significant induc-
tion of bSerpine1 was observed in 3 MPa compressed
cartilage in the presence of 10 % OAS-CM, however it
was observed in 12 MPa compressed cartilage (12.6-
fold, 23.7Ct, p < 0.0001) (Fig. 3a). Comparable level of

bSerpine1 upregulation was noticed in cartilage stimu-
lated with exogenous rTGF-β1 in the presence of 10 %
OAS-CM (Fig. 3a). Analysis of bSmad7 expression
showed potent and significant upregulation in 3 MPa
and 12 MPa compressed cartilage (p < 0.0001 in both
conditions) (Fig. 3b). In the presence of 10 % OAS-CM,
a significant upregulation of bSmad7 was noticed in
unloaded controls (p = 0.014, 2.0-fold, 21.0Ct) (Fig. 3b).
Nevertheless, in the presence of 10 % OAS-CM, the upreg-
ulation of bSmad7 induced by 3 MPa compression was still
noticeable. Remarkably, the level of this upregulation was
significantly lower (5.5-fold, 22.5Ct, p = 0.009) compared to

Fig. 3 The effect of OAS-CM on mechanically mediated activation of Smad3P-responsive genes in bovine articular cartilage. The influence of 3
and 12 MPa dynamic mechanical compression, carried out with OAS-CM (squares) or without (dots), on relative expression of bSerpine1 (a),
bSmad7 (b), bJunb (c), and bTgfb1 (d). Dynamic mechanical compression with 3 as well as with 12 MPa potently upregulated bSerpine1, bSmad7,
bJunb, and bTgfb1 in conditions without OAS-CM. In unloaded controls treated with OAS-CM, a significant bSerpine1, bSmad7, and bJunb upregu-
lation was observed. Regardless of this issue, in the presence of OAS-CM a mechanically mediated upregulation of bSerpine1, Smad7, JunB, and
bTgfb1 was noticed. Nevertheless, in the presence of OAS-CM, the 3 MPa compression-mediated upregulation of bSmad7 and bTgfb1 was
significantly lower than the effect of 3 MPa in conditions without OAS-CM. The effect of compression in the presence of OAS-CM was comparable
to the effect of exogenous TGF-β1 stimulation in the presence of OAS-CM. Data are expressed as a grouped column scatter of multiple repeats
with displayed mean (each point represents individual experimental repeat on material isolated from a different animal, N = 4). *p≤ 0.05; **p≤
0.01; ***p≤ 0.001. CTR control, GAPDH glyceraldehyde 3-phosphate dehydrogenase, OAS-CM osteoarthritic synovium-conditioned medium, TGF-β
transforming growth factor beta
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the one in 3 MPa compressed cartilage without OAS-
CM (Fig. 3b). In cartilage compressed with 12 MPa in
the presence of 10 % OAS-CM the upregulation of
bSmad7 (p < 0.0001, 14.1-fold, 23.8Ct) was as potent as
the one induced by the 12 MPa compression in the
condition without 10 % OAS-CM (Fig. 3b). Comparable
levels of bSmad7 upregulation were noticed in cartilage
stimulated with exogenous rTGF-β1 in the presence of
10 % OAS-CM. Analysis of bJunB showed analogous
results as in the case of bSerpine1. Mechanical com-
pression with 3 MPa, as well as with 12 MPa, induced
significant and potent upregulation of bSerpine1 (p <
0.0001 in both cases) (Fig. 3c). Also a significant induc-
tion of bJunB was observed in unloaded controls stimu-
lated with 10 % OAS-CM (5.3-fold, 22.4Ct, p < 0.0001)
(Fig. 3c). Regardless of this effect, in the presence of
10 % OAS-CM in both compression groups a signifi-
cant upregulation of bJunB was observed (3.6-fold,
21.8Ct, for 3 MPa and 6.3-fold, 22.6Ct, for 12 MPa, p <
0.0001 in both cases), and this upregulation was similar
to the one present in cartilage stimulated with exogen-
ous 10 ng/ml rTGF-β1 (Fig. 3c).
In conditions without 10 % OAS-CM, in both com-

pression groups, a significant upregulation of bTgfb1
was found (p < 0.0001 in both cases) (Fig. 3d). In the
presence of 10 % OAS-CM, 3 MPa also induced bTgfb1
upregulation (2-fold, 21.0Ct, p = 0.040), however this
induction was significantly lower (2.5-fold, 21.3Ct, p =
0.049) than without OAS-CM (Fig. 3d). In 12 MPa
compression groups this difference was not noticeable,
as in presence of OAS-CM, the 12 MPa-induced bTgfb1
upregulation was as potent as the one observed in
12 MPa compressed cartilage without OAS-CM (Fig. 3d).
The effect of compression in the presence of 10 % OAS-
CM was comparable to the effect of exogenous 10 ng/ml
rTGF-β1 stimulation in the same conditions.
Overall, the effect of the OAS-CM on the loading-

mediated upregulation of bSerpine1 and bJunB has been
disrupted by the strong effect of the OAS-CM on the in-
duction of these genes in unloaded controls. However,
when this effect was not observed, a significantly lower
loading-induced upregulation of bSmad7 and bTgfb1
was noticed in the presence of OAS-CM.

The effect of inflammatory conditions and mechanical
compression on the expression of TGF-β receptors
Response of chondrocytes to TGF-β is determined by
the balance of specific receptors for this growth factor
(transforming growth factor, beta receptor I [TGFBR1
(ALK-5)] and transforming growth factor, beta receptor
II [TGFBR2]). Here we analyzed whether inflammatory
conditions are able to influence the loading-regulated
expression of TGF-β receptors.

Analysis of bAlk5 expression showed that mechanical
compression with 3 MPa as well as with 12 MPa could
significantly induce expression of this receptor (p = 0.018
in both cases; Fig. 4a). Remarkably, IL-1β was able to
completely inhibit the mechanically mediated upregula-
tion of bAlk5 expression induced by 3 MPa as well as by
12 MPa compression (Fig. 4a). This was in contrast with
the effect of exogenous TGF-β (10 ng/ml), which even in
the presence of IL-1β was able to significantly upregulate
bAlk5 expression (4.7-fold, 24.7Ct, p = 0.003). In the pres-
ence of 10 % OAS-CM, 3 MPa mechanical compression
was still able to upregulate bAlk5 when compared to
unloaded controls (2.58-fold, 21.37Ct, p = 0.029). However,
in the same conditions, 12 MPa was not able to upregu-
late bAlk5 (Fig. 4a). Nevertheless, the upregulation of
bAlk5 induced by exogenous TGF-β was still observed
in OAS-CM conditions also (3.4-fold, 21.78Ct, p = 0.004).
When bTgfbr2 expression was analyzed, no effect of

compression with 3 MPa as well as with 12 MPa was
noticed (Fig. 4b) in the absence of proinflammatory
conditions. Also in the presence of IL-1β, no effect of
compression was observed. Further, in the presence of
10 % OAS-CM no effect of 3 MPa on bTgfbr2 was ob-
served. Remarkably, in the presence of OAS-CM, 12 MPa
mechanical compression even induced a downregulation
of bTgfbr2 (2.25-fold, 21.16Ct, p = 0.010), (Fig. 4b).

Mechanically mediated activation of TGF-β/Smad3P-
responsive genes in human OA cartilage
Analysis of bSerpine1 expression showed that both
mechanical compression levels caused an upregulation
of this gene in OA cartilage of all four patients. Statis-
tical analysis showed that, overall the effect of 3 MPa
compression was a significant bSerpine1 upregulation of
6.8-fold (mean upregulation) (22.76Ct, p < 0.0001) in all
patients and the overall effect of 12 MPa was a signifi-
cant upregulation of 8.1-fold (23.03Ct, p < 0.0001). Subse-
quent examination of bSmad7 expression confirmed
these results of bSerpine1 analysis. In OA cartilage of all
four patients, an upregulation caused by both mechan-
ical compression regimes was noticed. Statistical analysis
showed that the overall effect of 3 MPa compression in
all patients was a significant bSmad7 upregulation for
5.8-fold (mean upregulation) (22.52Ct, p < 0.0001) and the
effect of 12 MPa was a significant upregulation of 5.4-
fold (22.44Ct, p < 0.0001). In all four patients an upregula-
tion of bTgfb1 was also noticed. Statistical analysis
showed that the overall effect of 3 MPa compression
was a significant upregulation of bTgfb1 for 2.2-fold
(21.14Ct, p < 0.0001) whereas in the case of 12 MPa com-
pression, the overall effect was a significant upregulation
of this gene of 2.9-fold (21.53Ct, p < 0.0001). Analysis of
bAlk5 demonstrated more variation in the effect of the
compression. Statistical analysis showed that the overall
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effect of 3 MPa compression was a significant upregula-
tion of bAlk5 of 2.5-fold (21.36Ct, p < 0.0001) whereas in
the case of 12 MPa compression, the overall effect was a
significant upregulation of this gene of 2.5-fold (21.36Ct,
p < 0.0001). Generally, both levels of the compression
were able to induce the upregulation of all investigated
Smad3P-responsive genes in human OA cartilage.

Discussion
Previously, we have shown that excessive dynamic
mechanical compression alone was not able to induce
deleterious alterations of TGF-β signaling in articular
cartilage [12]. Of note, we observed that even excessive
compression induced a pathway that has been shown to
be crucial for cartilage maintenance Smad2/3P signal-
ing [11]. These results were not fully in line with previ-
ous observations, which suggested that overloaded
cartilage has increased chondrocytes catabolic activity
and matrix degradation [6, 17, 18]. However, as we dis-
cussed in our previous manuscript, additional proin-
flammatory conditions present during mechanical
compression could alter or impair the mechanically
mediated activation of TGF-β signaling in articular car-
tilage. The rationale for this statement might lay in the
data which shows that overloading of the cartilage, that
leads to tissue degeneration and OA development, in
vivo takes place predominantly after joint trauma [15],
where inflammation of the joint is a common fact [9,
19]. That is why, as a follow-up, here we tested if proin-
flammatory conditions in combination with compres-
sion can impair the mechanically mediated activation of
TGF-β/Smad2/3P signaling in articular cartilage.
Interplay between proinflammatory mediators and

TGF-β signaling has been shown already. van Beuningen
et al. showed that TGF-β is able to suppress IL-1β-
induced proteoglycan degradation in vivo [20, 21]. Fur-
thermore, TGF-β has been shown to counteract IL-1β
effect on several levels, not only by downregulation of its
receptor but also by upregulation of the IL-1 antagonist
IL-1Ra [22, 23]. Separately, compression of articular car-
tilage has been shown to counteract the IL-1β-induced
catabolic activity in chondrocytes [24], which might be
associated with mechanically mediated TGF-β action
[12, 25]. On the other hand, our analysis showed that
IL-1β in the concentration of 1 ng/ml has no significant
effect on mechanically mediated activation of Smad2/3P
signaling response genes like Serpine1, Smad 7, or JunB
in articular cartilage. This showed that IL-1β alone and/
or IL-1β-induced signaling in cartilage are not able to
interfere with activation of Smad2/3 signaling by com-
pressive load in intact articular cartilage. We observed
however, that IL-1β was able to block the mechanically
mediated upregulation of Smad2/3P activation receptor
(Alk5). Considering the fact that mechanically mediated

Fig. 4 The effect of mechanical compression carried out in
presence of inflammatory conditions on the expression of TGF-β
receptors. The influence of 3 and 12 MPa dynamic mechanical
compression, carried out with IL-1β (squares) or with OAS-CM (tri-
angles) or without inflammatory conditions (dots), on the relative
expression of bAlk5 (a) and bTgfbr2 (b). Dynamic mechanical com-
pression with 3 MPa as well as with 12 MPa potently upregulated
bAlk5 in conditions without inflammatory conditions. However, in
the presence of IL-1β, 3 MPa as well as 12 MPa mechanical com-
pression had no influence on bAlk5 expression. In the presence
of OAS-CM, only 3 MPa compression upregulated bAlk5. Dynamic
mechanical compression had no influence on bTgfbr2 expression in
conditions without inflammatory conditions. It had also no influence
on bTgfbr2 expression in the presence of IL-1β. However, in the
presence of OAS-CM, 12 MPa compression induced a downregula-
tion of bTGfbr2. Data are expressed as a grouped column scatter of
multiple repeats with displayed mean (each point represents individ-
ual experimental repeat on material isolated from a different ani-
mal, N = 4). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. CTR control, GAPDH
glyceraldehyde 3-phosphate dehydrogenase, IL-1β interleukin-1
beta, OAS-CM osteoarthritic synovium-conditioned medium, TGF-β
transforming growth factor beta
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upregulation of Alk5 is actually depending on the ALK5
receptor [12] and no reduction of ALK5 receptor caused
by IL-1β treatment only was observed, it can be con-
cluded that inhibition of mechanically mediated bAlk5
upregulation by IL-1β is regulated by modulation of
intracellular pathways.
The canonical intracellular TGF-β signaling pathway

involves phosphorylation of Smad2/3 followed by sub-
sequent formation of a complex with Smad4, the
common-Smad. Subsequently, this complex translo-
cates to the nucleus where it binds DNA and regulates
gene transcription [26]. On the other hand, in chon-
drocytes IL-1β signals mainly by activation of nuclear
factor kappa B (NF-kB) signaling, a well-validated
major catabolic pathway in cartilage degradation [27,
28]. In fact, intracellular interaction of TGF-β-induced
Smad signaling and IL-1β-induced signaling has
already been shown [29]. Roman-Blas et al. showed
that IL-1β-induced NF-kB signaling is able to reduce
DNA-binding activity of Smad3/4- the main TGF-β
signaling-induced gene-regulating complex in adult
chondrocytes [30]. However, the lack of significant in-
fluence of IL-1β on mechanically mediated induction
of Serpine1, Smad 7, or JunB, the Smad3P reporter
genes that should also be regulated by Smad3/4 com-
plex [31–33], appears in contrast with the results of
Roman-Blas et al. Nevertheless, in results published by
Roman-Blas et al., the most prominent effects of IL-1β
on DNA-binding activity of Smad3/4 were observed in
human OA chondrocytes and not in healthy bovine
cartilage cells [29]. Moreover, results published by
Roman-Blas et al. were observed in the isolated monolayer
cells but not in the intact cartilage explants like we used.
As it has been shown, chondrocyte isolation for later
monolayer culture has an effect on catabolic intracellular
signaling pathways [34], including NF-kB signaling [35],
which might explain the differences in observations.
Nevertheless, inflamed synovium produces more pro-

inflammatory cytokines than only IL-1β and, as shown
by Heldens et al., the catabolic effects of mediators pro-
duced by inflamed synovium extend beyond the effect of
IL-1β only [36]. Because of that, we tested if OA
synovium-conditioned medium, containing multiple pro-
inflammatory mediators [9] can have an impact on the
mechanically mediated activation of the Smad2/3P path-
way in cartilage. Our data showed that physiological as
well as excessive mechanical compression is able to in-
duce the upregulation of Smad3P-responsive genes
(bSerpine1, bJunB) also when applied in the presence of
OAS-CM. Nevertheless, we also noticed a very promin-
ent effect of OAS-CM in unloaded cartilage, which up-
regulated the expression of Serpine1 and JunB regardless
of the loading treatment, which was most likely caused
by soluble factors contained in OAS-CM [37].

This effect was not observed in case of Smad7 and
Tgfb1 expression. Stable expression levels of Smad7
and Tgfb1 allowed us to notice that inflammatory medi-
ators contained in OAS-CM significantly impaired the
activation of these genes by physiological compression.
One of the possible explanations for this particular
response might be explained by the action of TGF-β-
activated kinase 1 (TAK1). TAK1 has been identified as
a TGF-β/BMP activated intracellular component of
mitogen-activated protein kinases (MAPK) pathways
[38]. However, TAK1 has been also shown to be a cen-
tral intracellular kinase for a number of important in-
flammatory cytokines [39]. Hoffmann et al. has shown
that TAK1 plays an essential role in Smad2/3P signaling
modulation. They demonstrated that overexpression of
TAK1 or activation of TAK1 leads to accumulation of
all activated Smad2/3 in the cell cytoplasm with their
parallel depletion from the nucleus [40], which would
impair gene regulation by Smad3 and stay in line with
our results. These results might explain why in the pres-
ence of inflammatory mediators present in OAS-CM, the
loading-mediated upregulation of TGF-β-responsive genes
are impaired.
Analysis of the expression levels of the TGF-β/Smad2/

3P-responsive genes did not fully confirm our hypothesis
that combination of proinflammatory conditions with
excessive loading could alter the TGF-β signaling in car-
tilage. All analyzed TGF-β-responsive genes were upreg-
ulated by excessive mechanical compression applied in
the presence of either IL-1β or OAS-CM, however some
to a significantly lesser extent, demonstrating the inhibi-
tory effect of the proinflammatory conditions on the
effect of the physiological compression. Moreover, hu-
man OA cartilage, which is known to be exposed to pro-
inflammatory conditions for a prolonged period [41],
still demonstrated induction of Smad2/3 genes. How-
ever, we cannot conclude anything about the induction
level since healthy human cartilage was not available for
comparison.
Nevertheless, most importantly, the analysis of the

bTgfbr2 expression revealed a prominent downregula-
tion of the bTgfbr2 by excessive compression only when
applied in the presence of OAS-CM. TGF-β type II re-
ceptor (TGFBR2) is the receptor that directly binds
TGF-β ligand, which induces the recruitment and sub-
sequent phosphorylation of the type I receptor, there-
after followed by further Smad signaling. It has been
shown that TGFBR2 is absolutely critical for maintenance
of articular cartilage and loss of this receptor results in
total loss of responsiveness to TGF-β, which drives chon-
drocyte terminal differentiation and development of OA
[42]. Baugé et al. showed that proinflammatory mediators
like IL-1β can reduce Tgfbr2 expression in OA monolayer
chondrocytes [43]. We did not observe a similar effect of
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proinflammatory conditions alone, but this might be due
to the different sensitivity of OA monolayer chondrocytes
(used by Baugé et al.) for the used cytokines than healthy
cartilage explants [44]. Here we observed the downregula-
tion of Tgfbr2 at 2 hours after the compression. This time
point is too early to see the functional consequences of
Tgfbr2 gene downregulation on TGF-β-responsive gene
expression. In the future, it is important to check if the
downregulation of the Tgfbr2 caused by excessive mech-
anical compression applied in the presence of inflamma-
tory conditions will result in reduced protein expression,
if this loss of TGFBR2 is temporary or permanent, and
most importantly, if and what are the physiological conse-
quences of this loss.
The major limitation of our study is fact that our

conclusions were based only on gene expression data.
However, this was mainly driven by the fact that our
experiments were performed on the model of intact ar-
ticular cartilage explants, where cellular proteins are
only 0.01 to 0.1 % of the entire tissue volume. High
amounts of big ECM protein make the detection of
specific membrane or phosphorylated proteins ex-
tremely difficult and reproducibility of the result at the
protein level is poor.

Conclusions
Joint trauma is a well-established risk for the develop-
ment of OA and this is often attributed to the fact that
after joint injury the cartilage is overloaded in the pres-
ence of inflammatory mediators. However, in this
manuscript we point out that excessive mechanical
compression with a combination of proinflammatory
conditions partly suppresses the mechanically mediated
TGF-β/Smad3/2P signaling. Our observations suggest
that in the presence of inflammatory conditions, com-
pression is less able to effectively induce the TGF-β/
Smad3/2P signaling. Moreover, in our view the most
important observation of this study is that excessive
compression applied in the presence of inflammatory
factors causes a downregulation of the crucial TGF-β
receptor TGFBR2. We hypothesize that the loss of
TGFBR2 might explain how overloading will induce
cartilage damage that transcends its purely mechanical
effects. Additionally, this may also indicate why the surgi-
cal restabilization of the joint does not reduce the risk of
progressive joint degeneration after joint trauma [45].
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