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Impact statement
The lack of an effective treatment for

osteoarthritis (OA) reflects the great need

for alternative therapies and drug discov-

ery. Disease models can be used for early-

stage compound screening and disease

studies. Chondrocytes are solely respon-

sible for the maintenance of the articular

cartilage extracellular matrix. Our strategy

involved the generation of a cell-based

model of OA, a more readily studied dis-

ease. Instead of using animal cartilage

explants, we incorporated isolated porcine

chondrocytes with hydrogel to form three-

dimensional assemblies. We could identify

the specific magnitude-dependent meta-

bolic responses of chondrocytes by

applying a series of static and cyclic

compression, and therefore successfully

generated a novel OA-like cell-based

model for drug screening.

Abstract
Mechanical stress damage and insufficient self-repair can contribute to osteoarthritis (OA) in

the affected joint. As the effects of stress on chondrocyte metabolism can regulate cartilage

homeostasis, the specific stress–response condition is therefore a key to the generation of

an OA disease model. We aimed to produce a specific stress- and cell-based OA model

after evaluating the metabolic responses of chondrocytes in response to a series of static

and cyclic compression stressors. A static load exceeding 40 psi initiated extracellular

matrix (ECM) degradation through a decrease in the sulphated-glycosaminoglycan (GAG)

content, upregulation of catabolic matrix metalloproteinase (MMP)-13 encoding gene

expression, and downregulation of the ECM-related aggrecan and type II collagen encoding

genes within 24 h. Indicators of pro-inflammatory events and oxidative stress were found to

correlate with increased IL-6 expression and reactive oxygen species (ROS) production,

respectively. However, chondrocytes stimulated by moderate cyclic loading (30–40 psi)

exhibited increased ECM-related gene expression without significant changes in catabolic

and pro-inflammatory gene expression. BMP-7 expression increased at cyclic loading levels

above 30–60 psi. These results demonstrated that static compression exceeding 60 psi is

sufficient to produce OA-like chondrocytes that exhibit signs of ECM degradation and inflammation. These OA-like chondrocytes

could therefore be used as a novel cell-based drug screening system.
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Introduction

Osteoarthritis (OA) is a degenerative joint disease
associated with defects in the integrity of the articular
cartilage and related changes to the subchondral bone, liga-
ments, periarticular muscles, and synovium.1 OA is the
most common form of arthritis and a leading cause of
disability in people older than 65 years.2 Alterations in
local mechanical factors, such as traumatic injury, bone
malalignment, ligament instability, or excessive weight
bearing, have been associated with OA.3

During the progression of OA, joint damage from mech-
anical stress combined with insufficient self-repair can con-
tribute to the disease; specifically, a shift in the chondrocyte

phenotype in response to an altered load yields an extracel-
lular matrix (ECM) that cannot support normal joint func-
tion.4–6 Here, the levels of type I collagen and denatured
type II collagen increase in the ECM, whereas the levels of
glycosaminoglycans (GAGs) decrease consequent to the
activation of matrix-degrading enzymes. This process dis-
rupts the balance between anabolic and catabolic metabol-
ism in the ECM.7,8 In addition, excessive mechanical stress
was shown to increase the production of reactive oxygen
species (ROS), which can lead to the hyaluronic acid depoly-
merization or even chondrocyte death that are apparent in
OA cartilage.9–12 Currently, OA therapy involves primarily
conservative treatments, including muscle-strengthening
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exercises and analgesics; if ineffective, these may be fol-
lowed by osteotomy or joint replacement.6,13 These surgical
interventions, however, cannot totally restore or repair the
biomechanical functions of the degenerative cartilage.14 The
lack of an effective treatment for OA has placed a heavy
economic burden on healthcare systems and reflects the
great need for alternative therapies and drug discovery.
In vitro cell-based systems are therefore emerging as
useful disease models for the early-stage screening of
potential compounds.15

Cell-based OA systems can be classified by induction
method, examples of which include mechanically induced
cartilage trauma, enzymatically induced ECM damage, and
chondrocyte metabolism dysregulation induced by sub-
stances such as mono-iodoacetate, collagenase, IL-1b, and
papain.16–20 Because articular cartilage is a weight-bearing
tissue in many joints, we believe that mechanical stress-
induced OA systems represent the factors that contribute
to OA in weight-bearing joints.

Mechanical loading can be classified as static and
cyclic, depending on frequency.21 Many studies of
cartilage tissue explants have demonstrated that the
responses of developing tissues depend on the loading
profile (e.g. static vs. cyclic).22 Although the mechanisms
by which mechanical stresses affect chondrocytes are not
fully understood, the loading magnitude and type may
be key influences on OA induction. Therefore, this study
aimed to evaluate the metabolic responses of chondro-
cytes and thus produce an OA-like chondrocyte-based
system using a specific loading condition. We applied
mechanical compressive stress to primary porcine
articular chondrocytes using a series of cyclic and static
compression loading magnitudes. We analyzed the
expression of selected ECM-related (type I collagen,
type II collagen, and aggrecan) catabolic (MMP-13),
anti-catabolic (TIMP-1), pro-inflammatory (IL-6), and
anabolic (TGF-b1) genes to examine the effects of
compressive stress on chondrocyte gene expression.
Further, we evaluated BMP-7 protein expression, ROS
production, and sulphated GAG levels to assess the
impact of compressive stress on stimulated chondrocytes.

Materials and methods
Chondrocyte isolation

Porcine chondrocytes were isolated from the macroscop-
ically normal cartilage of pig femoral condyles.23 Finely
diced cartilage pieces were incubated in phosphate-buf-
fered saline (PBS) containing a 10% antibiotic solution
(15240-062; Gibco, Gaithersburg, MD, USA) at 37�C for
10 min and resuspended in Dulbecco’s modified Eagle’s
medium (DMEM, D5648; Sigma, St. Louis, MO, USA)
containing 10% fetal bovine serum (12003C; SAFC,
Sigma), 1% penicillin, 0.05% L-ascorbic acid (A5960;
Sigma), and 0.2% collagenase (C0130, Sigma) at 37�C
for 18 h. Chondrocytes were subsequently collected and
cultured in DMEM.

Preparation of a thermosensitive chitosan/gelatin/b-GP
(C/G/GP) hydrogel cell carrier

C/G/GP hydrogel was previously used as a cell carrier for
the nucleus pulposus and was shown to provide a uniform
three-dimensional (3D) structure for cell proliferation.24

This hydrogel was generated by dissolving 2.5% chitosan
(448877, Sigma) and 1% gelatin (G2625, Sigma) in 0.1 M
acetic acid (242853, Sigma), followed by autoclave steriliza-
tion. Next, a 44.4% glycerol 2-phosphate disodium salt
hydrate (b-GP, G6251, Sigma) solution was filter-sterilized
using a 0.22-mm filter (Millex-GV; Merck Millipore, Billerica,
MA, USA) and added to the chitosan/gelatin solution drop-
wise while stirring.

Preparation of the polydimethylsiloxane membrane

The polydimethylsiloxane (PDMS) membrane was pre-
pared using a silicone elastomer kit (Sylgard 184; Dow
Corning, Midland, MI, USA). The pre-polymer and curing
agent were mixed at the recommended ratio of 10:1 to yield
a total weight of 5.5 g. The mixture was poured into 100 mm
petri dishes (639160, Greiner Bio-One, Monroe, NC, USA),
which served as molds, degassed under a vacuum for
10 min, and cured at 65�C for 2 h. The membranes were
then removed from the dishes, cut into 8� 8� 0.1 cm
pieces and stored in petri dishes until further use. All mem-
branes were sterilized with 75% alcohol for 30 min before
further use.

Compression device

The compression device comprised a DC-12V-6A power
supply (MRL, Taiwan), programmable controller (FBs-
PLC; Fatek, New Taipei City, Taiwan), pinch valves
(T237574; Emerson, St. Louis, MO, USA), and a compres-
sion unit (Figure 1(a)). From the base, the compression
unit comprised the bottom parts (Figure 1(b)), a PDMS
membrane, and 12 apical parts (Figure 1(c)) that provided
external compression via nitrogen gas from a gas cylinder
with a mounted gas flow meter and manometer. Every
apical part contained eight chambers arranged in a row;
each chamber was connected to the next with Teflon tubes
(Figure 1(d)), and the first chamber was connected to the
nitrogen gas cylinder. The bottom parts featured wells in
a 12� 8 grid, similar to a 96-well plate. Chondrocytes
cultured within C/G/GP hydrogel were seeded in the
bottom part wells and covered with the PDMS membrane,
after which the apical parts were mounted on the PDMS
membrane using locking screws. To generate compressive
stress, the nitrogen gas cylinder was turned on at a set gas
pressure and flow rate, thus allowing gas to flow into the
apical parts and pressed on the underlying PDMS mem-
brane. The resulting PDMS membrane deformation dir-
ectly compressed the C/G/GP-embedded chondrocytes
to provide compressive stress. Pressure was relieved as
the gas traveled from one chamber to the subsequent
chamber; this increased the gas volume but decreased
the gas pressure in the subsequent chamber, allowing us
to examine different magnitudes of compression in a
single experiment. The pinch valves were controlled by
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a programmable controller and were connected to the gas
line (Figure 1(a)), thus allowing us to release or stop the
nitrogen gas flow into the compression unit and generate
cyclic or static loading on chondrocytes in the bottom
part wells.

Induction of compressive stress

C/G/GP hydrogel was added to the bottom part wells
(200 mL/well). Chondrocytes (2� 105 cells/well) were then
added to these wells and cultured at 37�C. After 24 h of
incubation, the wells were covered with a PDMS membrane
and then mounted under the apical parts. Compressive
stress was generated using nitrogen gas at pressures of
120, 60, 40, 30, 24, 20, and 17 psi, according to the pressure
drop pattern. The pressure in each chamber was estimated
using equation (1)

Pchamber ¼
Pgas input � Vgas input

VchamberðsÞ
ð1Þ

Chondrocytes treated with constant compression for 24 h
were used as the static loading group. Chondrocytes com-
pressed at a frequency of 0.33 Hz for 24 h were designated
the cyclic loading group. Chondrocytes seeded in hydrogel
and placed in the compression device without treatment
were used as the control group.

Chondrocyte RNA extraction and gene expression
analysis

Total RNA was extracted from chondrocytes using the
RNeasy Protect Mini kit (74104; QIAGEN, Hilden,
Germany). First-strand complementary DNA (cDNA) was
synthesized from RNA using the SuperScriptTM III First-
Strand Synthesis System (18080-051; Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions. Each single PCR was performed in a
20mL volume containing 1mL of primer solution, 9mL of
cDNA, and 10mL of 2� TaqMan Universal PCR Master
Mix (4304437; Thermo Fisher Scientific). The genes targeted
by quantitative reverse transcription PCR (RT-qPCR) are
summarized in Table 1. All PCRs were performed on an
ABI PRISM 7900HT Sequence Detection System with
Sequence Detection Software 2.2.2 (Applied Biosystems,
Inc., Foster City, CA, USA). Target gene expression values
were normalized to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) expression values. The relative mRNA
expression of each target gene was determined using the
��Ct method.

BMP-7 protein concentration analysis

After compression, BMP-7 protein was detected in chondro-
cytes using the Porcine BMP-7 ELISA kit (106211; Genorise
Scientific, Berwyn, PA, USA) per the manufacturer’s
protocol.

Figure 1 Compression device. (a) Device components. (b) Bottom parts of the compression unit. (c) Apical parts of the compression unit. (d) Mechanism of the

compression unit. (A color version of this figure is available in the online journal.)
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Analysis of sulphated glycosaminoglycan content

Sulphated glycosaminoglycan (GAG) production was eval-
uated using a dimethylmethylene blue (DMMB, 341088;
Sigma) assay, as previously described.18 After the 24-h com-
pression period, cells were reseeded into 6-well cell culture
plates and incubated for three days. Culture medium was
collected from each sample, and 40 mL aliquots were trans-
ferred to a 96-well microplate; subsequently, 250 mL of
DMMB solution was added to each well. DMMB-sulphated
GAG complexes were examined using an ELISA reader at a
wavelength of 595 nm. The sulphated GAG content of each
sample was determined using a chondroitin-6-sulphate
(C4384; Sigma) calibration curve. The sulphated GAG pro-
duction was normalized according to cell numbers using a
total DNA assay (sulphated GAG to DNA ratio).

Alcian blue staining

After a 24-h compression, cells were reseeded into 4-well
chamber-slides and cultured for three days. Chondrocytes
were washed twice with PBS, fixed in 10% neutral buffered
formalin (H121-08; Mallinckrodt Pharmaceuticals, St. Louis,
MO, USA) for 30 min, and washed twice with PBS. Alcian
blue (pH 1.0; Muto Pure Chemicals, Tokyo, Japan) was
added to the wells for 30 min, after which cells were then
washed under running water for 1 min. Nuclear fast red
(1001210500; Merck, Kenilworth, NJ, USA) was added to
the wells for 5 min, followed by a 1-min wash in running
water. The cells were dehydrated via incubation in two
changes of 95% alcohol and absolute alcohol (459844;
Sigma) for 1 min each.

Analysis of ROS production

ROS production was evaluated using the Total ROS/
Superoxide Detection Kit (ENZ-51010; Enzo Life Sciences,
Farmingdale, NY, USA). After a 24-h compression, chon-
drocytes were collected, washed twice with PBS, and
stained with 500 mL of ROS/Superoxide detection mix for
30 min in the dark. Stained samples were analyzed by flow
cytometry (FC500; Beckman Coulter, Brea, CA, USA).

Statistical analysis

All data were assessed via a normality test and an equal
variance test prior to the statistical analysis. Statistically sig-
nificant differences between groups were determined using
a one-way repeated measures analysis of variance (ANOVA).

Results are expressed as means� standard deviations of the
means (SDs), and differences were considered significant
at P< 0.05. SigmaPlot version 12.3 software (Systat
Software Inc., San Jose, CA, USA) was used for all statistical
analyses.

Results
Expression of ECM-related genes in response to static
or cyclic loading

As described in the Methods section, chondrocytes were
designated into static and cyclic groups depending on
whether they were subjected to static or cyclic loading,
respectively. Normalized fold-changes in gene expression
were compared to the expression levels in fresh chondro-
cytes (control group), which were set to 1.

As shown in Figure 2(a), type I collagen gene expression
in the static group increased significantly as pressure
increased from 20 to 60 psi, and peaked at 24 psi with a
3.43-fold change relative to the control (20 psi, P¼ 0.003;
24–60 psi, P< 0.001). Type II collagen gene expression
decreased significantly from 40 to 120 psi relative to the
control (40–120 psi, P< 0.001). Aggrecan expression
decreased markedly from 17 to 120 psi relative to the
control (17 psi, P¼ 0.048; 20 psi, P¼ 0.029; 24 psi,
P¼ 0.010; 30–120 psi, P< 0.001). As shown in Figure 2(b),
type I collagen expression was significantly upregulated in
the cyclic group from 30 to 120 psi, peaking at 30 psi with a
1.45-fold difference relative to the control (30 psi, P¼ 0.002;
40 psi, P¼ 0.020; 60 psi, P¼ 0.013; 120 psi, P¼ 0.007). Type II
collagen expression increased significantly from 30 to 60 psi
and peaked at 30 psi, with a 1.49-fold difference relative to
the control (30 psi, P¼ 0.003; 40 psi, P¼ 0.007; 60 psi,
P¼ 0.044). Aggrecan expression increased markedly from
24 to 60 psi and reached a peak at 40 psi, with a 2.04-fold
difference relative to the control (24 psi, P¼ 0.047; 30 psi
and 40 psi, P< 0.001; 60 psi, P¼ 0.017).

MMP-13 and TIMP-1 expression following static
or cyclic loading

As shown in Figure 3(a), MMP-13 expression was upregu-
lated in the static group after compression at pressures of
40–60 psi and peaked at 60 psi, with a 2.13-fold difference
relative to the control (40 psi, P¼ 0.006; 60 psi, P< 0.001).
TIMP-1 expression increased significantly from 40 to 120 psi
and peaked at 120 psi, with a 2.70-fold difference relative to
the control (40–120 psi, P< 0.001). As shown in Figure 3(b),
no significant differences in MMP-13 and TIMP-1 expres-
sion were observed in the cyclic group relative to the control
group at any compression pressure.

IL-6 expression with static or cyclic loading

As shown in Figure 4, IL-6 expression in the static group
increased from 30 to 120 psi and peaked at 120 psi, with a
2.50-fold difference relative to the control (30–120 psi,
P< 0.001). In the cyclic group, no significant differences
were observed in IL-6 expression relative to the control
group except at a compression pressure of 120 psi
(P¼ 0.002).

Table 1 Primers of real-time PCR

Target gene Assay ID

GeneBank accession

number

GAPDH Ss03375435_u1 AF141959.1

COLLAGEN I Ss03375690_u1 AJ289757.1

COLLAGEN II Ss03373344_g1 AF201724.1

AGGRECAN Ss03374824_g1 X60107.1

MMP-13 Ss03373279_m1 AF069643.1

TIMP-1 Ss03381944_u1 S96211.1

IL-6 Ss03384604_ul AB194100.1
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TGF-b1 expression and BMP-7 protein expression with
static or cyclic loading

As shown in Figure 5(a), TGF-b1 gene expression in the
static group increased from 24 to 120 psi and peaked at
120 psi, with a 1.81-fold difference relative to the control
(24 psi, P¼ 0.035; 30 psi, P¼ 0.048; 40 psi, P¼ 0.018; 60 psi
and 120 psi, P< 0.001). In the cyclic group, no significant
differences in TGF-b1 expression were observed relative to
the control group at any pressure. As shown in Figure 5(b),
no significant differences in BMP-7 production were
observed in the static group relative to the control group.
However, the BMP-7 protein concentration in the cyclic
group significantly increased from 30 to 60 psi and
peaked at 40 psi after cyclic loading (30 psi, P¼ 0.032; 40
psi, P¼ 0.010; 60 psi, P¼ 0.047).

Sulphated GAG production and alcian blue staining with
static or cyclic loading

As shown in Figure 6(a), the sulphated GAG to DNA ratio
in the static group gradually and significantly decreased
from 24 to 120 psi relative to the control group (24–120
psi, P< 0.001). However, in the cyclic group, the ratio
increased significantly from 20 to 40 psi (20 psi, P¼ 0.041;
24 psi, P¼ 0.006; 30 psi, P¼ 0.010; 40 psi, P< 0.001) but
decreased at 120 psi relative to the control (120 psi,
P¼ 0.004). As shown in Figure 6(b) and (c), positive alcian
blue staining was observed in the control and cyclic groups,
especially at approximate pressures of 24–40 psi (P< 0.001).
Conversely, the static group exhibited markedly few blue-
stained areas from 30 to 120 psi in comparison with the
control group (30 psi, P¼ 0.024; 40 psi, P¼ 0.001; 60 psi

Figure 3 Expression of catabolic and anti-catabolic genes in chondrocytes. Expression levels of the genes encoding MMP-13 and TIMP-1 are shown. Chondrocytes

were stimulated with (a) static loading or (b) cyclic loading ranging from 17 to 120 psi for 24 h (n¼5; five independent experiments were conducted in triplicate). The

results are expressed as mRNA fold-increases relative to normal chondrocytes. Each target gene was normalized to GAPDH mRNA. *P< 0.05, compared with the

control

Figure 2 Expression of extracellular matrix (ECM)-related genes in chondrocytes. The expression levels of genes encoding type I collagen, type II collagen, and

aggrecan are shown. Chondrocytes were stimulated with (a) static loading or (b) cyclic loading ranging from 17 to 120 psi for 24 h (n¼5; five independent experiments

were conducted in triplicate). Results are expressed as mRNA fold-increases relative to expression levels in normal chondrocytes. Expression of each target gene was

normalized to GAPDH mRNA. *P<0.05, compared with the control
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and 120 psi, P< 0.001). These results indicated increased
production of sulphated GAGs in the ECM of the cyclic
and control groups.

ROS production with static or cyclic loading

ROS production was analyzed using flow cytometry. The
490/525 nm filter set was used to detect ROS, including
hydrogen peroxide (H2O2), peroxynitrite (ONOO�), hydro-
xyl radicals (HO�), nitric oxide (NO), and the peroxy radical
(ROO�) (Figure 7(a) and (b), FL 1, quadrants 2þ 4). The
550/620 nm filter set was used to detect superoxide
(O2��) (Figure 7(a) and (b), FL 3, quadrants 1þ 2). Total
ROS production was evaluated by combining the frequen-
cies of FL1- and FL3-positive cells (quadrant 1 þ 2 þ 3). In
response to an increase in compressive pressure from 24 to
120 psi, total ROS production increased significantly in the
static group relative to the control group, whereas the cyclic

group exhibited similar results as the control until the pres-
sure exceeded 40 psi (Figure 7(c)).

Discussion

A moderate level of cyclic mechanical stimulus increases
the production of cartilage ECM components and promotes
cartilage thickening,25,26 whereas high levels of mechanical
loading induce inflammatory responses, accelerate cartilage
degradation, and eventually lead to OA.27–29 In this study,
expression of the genes encoding aggrecan and type I and
type II collagens were upregulated at cyclic loads of 30–40
psi, but downregulated at 60 and 120 psi (Figure 2(a) and
(b)). This might indicate that although frequent dynamic
loading appears to promote ECM synthesis, this phenom-
enon is based on the premise that loading is within a mod-
erate range (i.e. below 60 psi). In addition, type I collagen is
a major component of fibrocartilage, which lacks the bio-
mechanical characteristics to withstand compressive stres-
ses distributed across the knee; furthermore, elevated levels
of type I collagen mRNA have been observed in osteoarth-
ritic human cartilage.30,31 Therefore, apart from the trend of
ECM synthesis, the increased levels of type I collagen
mRNA implicated that sturdy ECM anabolism could only
partially benefit from cyclic loading at a moderate magni-
tude. In contrast, we observed no significant decreases in
aggrecan and type II collagen gene expression, even at the
highest cyclic loading values (120 psi) (Figure 2(b)).
However, aggrecan and type II collagen gene expression
were significantly downregulated type I collagen gene
expression was upregulated in the static group at loads
exceeding 40 psi (Figure 2(a)); this is an early sign of
reduced ECM synthesis, a primary event in chondrocyte
degeneration.24

Expression of the pro-inflammatory cytokine IL-6, which
is strongly elevated in OA cartilage, inhibits synthesis of the
desired matrix.32 IL-6 can contribute directly to the inhibi-
tory effect of aggrecan via the Notch receptor and thus acti-
vate matrix metallopeptidase-13 (MMP-13), a catabolic
factor for proteoglycans and type II collagen

Figure 5 Expression of anabolic genes and proteins in chondrocytes. (a) TGF-b1 gene and (b) BMP-7 protein expression are shown. Chondrocytes were stimulated

with static loading or cyclic loading ranging from 17 to 120 psi for 24 h (n¼5 for TGF-b1 and n¼4 for BMP-7; independent experiments were conducted in triplicate).

Target gene expression was normalized to GAPDH mRNA. *P<0.05, compared with the control

Figure 4 Expression of proinflammatory genes in chondrocytes. Expression of

the gene encoding IL-6 is shown. Chondrocytes were stimulated with static

loading or cyclic loading ranging from 17 to 120 psi for 24 h (n¼5; five inde-

pendent experiments were conducted in triplicate). Results are expressed as

mRNA fold-increases relative to normal chondrocytes. The target gene was

normalized to GAPDH mRNA. *P< 0.05, compared with the control
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degradation.33–36 In contrast to MMP-13, the tissue metallo-
peptidase inhibitor-1 (TIMP-1) is an endogenous inhibitor
of bone matrix degradation that binds tightly to active
MMP-13 and thereby downregulates its activity.37 In this
study, MMP-13, TIMP-1, and IL-6 gene expression were
largely unaffected (the latter was only upregulated at 120
psi of cyclic loading) (Figures 3(b) and (4)), indicating no
obvious ECM degradation or inflammation at cyclic load-
ing <120 psi and suggesting that cyclic compression has a
lesser effect on OA stimulation, as demonstrated by the
qPCR and GAG analysis results (Figures 2(b) and 6). In
contrast, when chondrocytes were stimulated under static
loading up to 40 psi, the gene expression of both IL-6 and
MMP-13 was elevated in a loading-dependent manner

along with reduced GAG levels (Figures 3(a), 4, and 6).
Together, these features suggest the accelerated ECM catab-
olism observed in early OA.24,38 Concomitant upregulation
of the TIMP-1 gene confirms the induction of MMP-13
expression after static loading, and the subsequent induc-
tion of TIMP-1 expression to counteract MMP-13
(Figure 3(a)).

TGF-b1 and BMP-7 are known anabolic factors that have
been shown to increase chondrocyte proliferation and cartil-
age ECM production and to play critical roles in the main-
tenance of articular cartilage homeostasis.39,40 Strong TGF-b1

expression reflects the chondrocytic attempt to repair
degraded ECM.41 Additional reports indicate that ROS can
stimulate TGF-b1 expression in different types of cells,

Figure 6 Sulphated-glycosaminoglycan (GAG) production after compression. (a) The ratio of sulphated GAGs to DNA in chondrocytes after static or cyclic loading

(17–120 psi) for 24 h (n¼5; five independent experiments were conducted in triplicate). (b) Areas of alcian blue-positive extracellular matrix (ECM) after static or cyclic

loading (17–120 psi) for 24 h (n¼5 experiments per group). (c) Alcian blue and nuclear fast red staining of static and cyclic groups under control conditions and at 17, 20,

24, 30, 40, 60, and 120 psi. Scale bar¼100mm. *P< 0.05, compared with the control. (A color version of this figure is available in the online journal.)
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including chondrocytes, via the activation of MMPs.42–45

Similar results were also observed in the present study.
Concomitant increases in TGF-b1 and MMP-13 gene expres-
sion and ROS production were observed after static loading
at levels above 40 psi (Figures 3(a), 5(a), and 7), indicating
ECM catabolism and chondrocyte deterioration after static
loading. BMP-7 has been shown to enhance the chondro-
genic differentiation of progenitor cells and cartilage-specific
matrix production.46 Significantly upregulated BMP-7 gene
expression has been observed in cartilage constructs exposed

to dynamic biomechanical stimulation.47 In the present
study, increased BMP-7 production was observed in chon-
drocytes after cyclic loading (Figure 5(b)), suggesting that
this type of loading may induce BMP-7 expression and fur-
ther promote ECM production.

ROS were found to affect cytokine-induced MMP-13
gene expression in human articular chondrocytes.48 In
chondrocyte-related pathologies, excess ROS can damage
not only the cellular membrane and nucleic acids, but also
the associated extracellular matrix, resulting in cell death

Figure 7 Reactive oxygen species (ROS) production after compression. Hydrogen peroxide, peroxynitrite, hydroxyl radicals, nitric oxide, peroxy radical (FL1), and

superoxide (FL3) production were evaluated after treatment in the (a) static group and (b) cyclic group under control conditions and at 17, 20, 24, 30, 40, 60, and 120 psi.

(c) Percentages of total ROS were evaluated by combining the percentages of FL1 and FL3-positive cells (quadrant 1þ2þ3). *P<0.05, compared with the control

(n¼5 experiments per group). (A color version of this figure is available in the online journal.)
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and cartilage degradation.44 In our study, ROS were ele-
vated after static and cyclic loading, especially at high com-
pression magnitude (Figure 7, 60–120 psi), indicating a
direct correlation of ROS production with compressive
stress. High compression stress renders chondrocytes at
risk of increased oxidative stress.

In the normal chondrocyte, proteoglycans and type II
collagen help to provide mechanical support to the cartil-
age. Proteoglycans comprise core proteins with attached
GAGs, such as chondroitin sulphate and keratin sulphate.5,6

In the degenerated cartilage, a decrease in chondroitin sul-
phate results in a decrease in water, thus attenuating the
ability of cartilage to sustain external stresses.8 In this
study, the sulphated GAG to DNA ratio decreased signifi-
cantly in response to static loading (Figure 6(a)). However,
moderate (30–40 psi) cyclic loading significantly increased
the production of ECM components. Positive alcian blue
staining demonstrated the presence of sulphated GAGs in
the cyclic group (Figure 6(c)). The results reaffirm that mod-
erate and cyclic compression stress can contribute to chon-
drocyte ECM synthesis, whereas heavy compression will
reduce ECM production.

Conclusion

In conclusion, this study demonstrated that in chondro-
cytes, moderate cyclic compression can promote ECM syn-
thesis and increased GAG production. In contrast,
chondrocytes subjected to static loading exceeding 40 psi
for 24 h exhibited signs of decreased ECM anabolism,
increased ECM degradation, and increased oxidative
stress, which are the primary signs of OA. Therefore,
static loading is considered more likely than cyclic loading
to promote the induction of OA-like chondrocytes. For
induction, 60 psi of static loading is sufficient to induce
porcine chondrocytes to exhibit signs of OA, and this load
will be used to generate an OA-like disease model for future
compound screening studies. We suggest that this cell-
based OA-like system could be generated using specific
magnitudes of static loading and exhibits potential as a dis-
ease model for early-stage screening.
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