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The effects of interleukin-1b in modulating
osteoclast-conditioned medium’s influence on
gelatinases in chondrocytes through mitogen-activated
protein kinases

Jing Xie, Na Fu, Lin-Yi Cai, Tao Gong, Guo Li, Qiang Peng and Xiao-Xiao Cai

Osteoarthritis is recognised to be an interactive pathological process involving the cartilage, subchondral bone and synovium. The

signals from the synovium play an important role in cartilage metabolism, but little is known regarding the influence of the signalling

from bone. Additionally, the collagenases and stromelysin-1 are involved in cartilage catabolism through mitogen-activated protein

kinase (MAPK) signalling, but the role of the gelatinases has not been elucidated. Here, we studied the influence of osteoclastic signals

on chondrocytes by characterising the expression of interleukin-1b (IL-1b)-induced gelatinases through MAPK signalling. We found

that osteoclast-conditioned media attenuated the gelatinase activity in chondrocytes. However, IL-1b induced increased levels of

gelatinase activity in the conditioned media group relative to the mono-cultured chondrocyte group. More specifically, IL-1b restored

high levels of gelatinase activity in c-Jun N-terminal kinase inhibitor-pretreated chondrocytes in the conditioned media group and led to

lower levels of gelatinase activity in extracellular signal-regulated kinase or p38 inhibitor-pretreated chondrocytes. Gene expression

generally correlated with protein expression. Taken together, these results show for the first time that signals from osteoclasts can

influence gelatinase activity in chondrocytes. Furthermore, these data show that IL-1b restores gelatinase activity through MAPK

inhibitors; this information can help to increase the understanding of the gelatinase modulation in articular cartilage.
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INTRODUCTION

Osteoarthritis (OA), a chronic and degenerative joint disease, has the

highest prevalence among the arthritic maladies.1 Although cartilage

degradation is its main feature, the disease is now considered to be an

irreversibly destructive cascade of the entire joint involving the syno-

vium, subchondral bone and cartilage.2 During the pathological pro-

cess, different cell types from these tissues interact and influence each

other as an integrated network.3 Previous studies have identified that

chondrocytes and synovial cells can communicate either by direct

contact4 or indirectly by synovial cell release of molecular agents.5 It

has also been demonstrated that macrophages from the synovium can

influence the chondrocytes.6 However, little is known about the

potential soluble factors from osteoclasts in the subchondral bone to

the influence on chondrocytes.

Several cytokines are known to be potent mediators of cartilage

metabolism.7 Of these, interleukin-1b (IL-1b) is one of the most

important factors in OA, and it can potently induce cartilage catabolic

agents and suppress proteoglycan and collagen synthesis.8 It is known

that an enhanced catabolism disrupts the balance between matrix

synthesis and degradation in the pathogenesis and progression of

OA.9–10 The metalloproteinases (MMPs), which are promoted by

IL-1b, contribute to this process.7 The collagenases (MMP-1, -8 and

-13) play a vital role in the irreversible breakdown of cartilage matrix

via the direct digestion of type II collagen and the consequent release of

matrix proteoglycan from the cartilage.11 Moreover, they can denature

the fibrillar collagens (i.e., type I, II and III).9 The stromelysins (MMP-

3, -10 and -11) are able to degrade the collagens (e.g., type II, III, IX and

XI) and proteoglycans and participate in the activation of other

pro-MMPs (e.g., pro-collagenases).10 The gelatinases (gelatinase A,

MMP-2, 68 kDa type IV collagenase and gelatinase B, MMP-9, 87 kDa

type IV collagenase), which are the second step for the extracellular

matrix (ECM) degradation followed by the direct collagenases, can fur-

ther degrade the collagenase-denatured collagens (gelatin). The gelati-

nases can also activate other MMPs, such as the collagenases.12

IL-1b-induced MMPs are mainly involved in the activation of

the mitogen-activated protein kinase (MAPK) family, which relays

extracellular stimuli into intracellular signals.13 The MAPK family

can be divided into three major cytoplasmic pathways: the extracellular
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signal-regulated kinase (ERK1/2), p38 and c-Jun N-terminal kinase

(JNK). These three MAPK conduits rank among the most extensively

studied signal transduction networks and have been demonstrated to

contribute to a diverse function in cells.14 In articular chondrocytes,

previous data have shown that IL-1b-mediated MMP-1 (collagenase-1)

expression requires the activation of ERK and/or p38.15 Thus, the spe-

cific inhibitors of ERK (PD98059) and/or p38 (SB203580) can diminish

the effect of IL-1b on MMP-1 expression.15 IL-1b-enhanced MMP-13

(collagenase-3) expression not only requires the activation of p38

kinase 16 but also relies on JNK activity.17 Thus, inhibition of JNK with

SP600125 can inhibit MMP-13 expression.16,18 As the main stromely-

sin expressed in chondrocytes, MMP-3 (stromelysin-1) is upregulated

by IL-1b through the activation of the MAPKs.16,19 Again, the specific

inhibitors of the MAPKs can also reduce the expression of MMP-3.20

The gelatinases, which are predominantly expressed in the deep zone of

cartilage, play critical roles in the homeostatic balance of ECM in the

hinge region between the cartilage and bone.21 However, the regulatory

mechanisms of IL-1b-induced gelatinases in articular chondrocytes

involving MAPK signalling pathway are not well understood.

Spontaneous OA animal models and patients show that increased

bone resorption occurs at an early stage in the development of OA, and

blocking bone-resorbing factors prevents cartilage damage.22–23 Based

on this evidence, we hypothesised the following: (1) the gelatinases

produced by chondrocytes could be modulated through secreted fac-

tors from osteoclasts; and (2) IL-1b-induced gelatinases are regulated

by MAPK signalling pathways. To test our hypotheses, we collected

conditioned media from osteoclasts to study how the activity of gela-

tinases in chondrocytes was influenced by secreted factors from osteo-

clasts. IL-1b was then added to the media to induced gelatinase

expression. Finally, we examined the gene expression of the gelatinases

and tissue inhibitors of metalloproteinases (TIMPs) in chondrocytes

treated with or without MAPK inhibitors.

METHODS AND MATERIALS

Chondrocyte culture

The animal materials used for this study were obtained according to

ethical principles and the protocol was reviewed and approved by our

Institutional Review Board. Chondrocytes were isolated from the knee

joint of a 1-day-old mouse. Briefly, the mouse was killed and sterilised,

and then the knee joint was collected with ophthalmic scissors. The

epidermis of the knee joint was stripped. The collected knee joint was

cut into small pieces and trypsinised (0.25%) for 30 min. The trypsin-

contained supernatant was then removed and replaced with 0.5%

collagenase type II for 3 h. The collagenase type II-treated solution

(chondrocyte suspension) was collected and mixed 1:1 (V/V) with

fresh 10% heat-activated foetal bovine serum (FBS), Dulbecco’s modi-

fied Eagle’s medium (DMEM) (high-glucose DMEM, 0.1 mmol?L21

non-essential amino acids, 4 mmol?L21 L-glutamine, 1% penicillin–

streptomycin solution). The mixed suspension was centrifuged at

1 000 r?min21 for 5 min. After removing the supernatant, the 10%

FBS DMEM was added into centrifuge tube to resuspend the chon-

drocytes. Then, the suspended chondrocytes were seeded into plates or

flasks at 37 6C in a humidified atmosphere of 5% CO2 till usage.

Collection of osteoclast conditioned media

Multinucleated osteoclasts (mouse source) were induced as previously

described.24 Briefly, we adopted the conditioned media from MC3T3-

E1 osteoblasts to induce the fusion of RAW264.7 monocytes, through

which multinucleate osteoclasts have been demonstrated to form.

RAW264.7 cells were seeded at a density of 2 3 104 cells per cm2 on

plastic coverslips. After 24 h, the media were replaced with a 1:1 (V/V)

mixture of the conditioned media and the growth media of DMEM

supplemented with 10% heat-inactivated FBS, 3.5 mmol?L21 L-glu-

tamine and 1% penicillin–streptomycin solution. The time point prior

to the induction was described as ‘0 day’. The induction media con-

taining the conditioned medium was changed every other day. The

multinucleated osteoclasts with more than two nuclei were visible after

2 days induction. The induction maintained and equilibrated for next

24 h, and then we reduced FBS concentration to 2% for 16 h star-

vation. After starvation, the media were changed to fresh 1% FBS

DMEM. The osteoclast-conditioned media were collected in 1%

FBS DMEM for 72 h.

Chondrocytes were seeded onto six-well plates with 10% heat-acti-

vated FBS DMEM. After equilibration for 24 h, the culture medium

was replaced with 2% FBS DMEM for a 16 h starvation. Then, the

chondrocyte culture medium was replaced with a 1:1 (V/V) mixed

media of collected conditioned medium and 1% FBS DMEM. At 12,

24, 48 and 72 h after incubation, 300 mL of media samples were col-

lected for zymography. Cell lysate samples (1 000 mL) were collected at

2 h for semi-quantitative polymerase chain reaction (PCR).

IL-1b treatment

Chondrocytes were seeded onto six-well plates at 5 3 105 cells per well

(85%–95% confluence). Chondrocytes were allowed to equilibrate for

24 h. The culture media were then replaced with 2% FBS DMEM for a

16 h starvation. Then, chondrocytes were split into two groups. In the

mono-culture group, the media were replaced with fresh 1% FBS

DMEM containing different concentrations (1, 5, 10 and 20 ng?mL21)

of IL-1b (Peprotech, Rocky Hill, NJ, USA). In the co-culture group, IL-

1b was added into the 1:1 (V/V)-mixed media (osteoclast-conditioned

media and 1% FBS DMEM) for chondrocytes culture. Media samples

(300 mL) were collected at 12, 24, 48 and 72 h for zymography. At the

gene level, 1 000 mL cell lysate samples were collected at 2 h in the mono-

culture and co-culture group after treatments with IL-1b at different

concentrations; these lysates were used for semi-quantitative PCR.

Inhibitor treatment

The pretreatments of chondrocytes before starvation were the same as

described above. After a 16-h starvation, the culture medium was

replaced with fresh 1% FBS DMEM in the mono-culture group or into

the 1:1 (V/V) mixed media (osteoclast-conditioned media and 1% FBS

DMEM) in the co-cultured group. The specific inhibitors of MAPKs

(ERK: PD98059 50 mmol?L21, p38: SB203580 20 mmol?L21 and JNK:

SP600125 20 mmol?L21, purchased from Sigma, St. Louis, MO, USA)

and nuclear factor-kB (NF-kB; Bay11-7082, 20 mmol?L21, from Sigma,

St. Louis, MO, USA) were then immediately added into the mono-

culture and co-culture groups, respectively. Media samples (300 mL)

were collected at 12, 24, 48 and 72 h for zymography. Samples of

1 000 mL cell lysate were collected at 2 h for semi-quantitative PCR.

To study the role of IL-1b in inhibitor-pretreated chondrocytes, IL-1b

was added into the mono-culture and co-culture chondrocytes after

30 min of incubation with inhibitor.

Cell viability assay

The chondrocytes that were seeded on the six-well plates with different

concentrations of IL-1b and MAPKs and NF-kB inhibitors were tryp-

sinised and added to the 96-well plate (Corning, Corning, NY, USA)

with resazurin at the concentration of 90 mg?mL21 to 150 mg?mL21

(according to the manufacturer’s protocol; TOX8-1KT; Sigma, St.

Louis, MO, USA). Resazurin solutions (10 mL) were added into
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100 mL cell suspensions for sample detection, and 10 mL of resazurin

added into 100 mL of fresh culture media served as the control. The

media mixtures were incubated for 2 h at room temperature (RT)

before detecting the absorbance at 570 and 600 nm using a BioTek

ELx800 (BioTek, Winooski, VT, USA). The samples included both the

control group and IL-1b- and inhibitor-treated groups; all treated

groups were normalised to the control group.

Semi-quantitative PCR

Chondrocyte RNA samples were isolated using the RNeasy Plus Mini

Kit (Qiagen, Valencia, CA, USA) with a genomic DNA eliminator.

Isolated RNA was dissolved in RNase-free water and quantified by

measuring the absorbance at 260 nm with a spectrophotometer. The

RNA samples were then treated with DNase I (Thermo Fisher

Scientific, Waltham, MA, USA), and cDNA was prepared from each

sample, using 0.5 mg of total RNA and the cDNA synthesis kit (Thermo

Fisher Scientific, Waltham, MA, USA) in a final volume of 20 mL.

To evaluate the expression levels of gelatinases in different treated

groups as normalised to the glyceraldehyde-3-phosphate dehydroge-

nase (GAPDH) and b-actin, semi-quantitative PCR was performed

with a PCR kit (Thermo Fisher Scientific, Waltham, MA, USA), using

a thermo-cycler (Bio-Rad, Hercules, CA, USA). The selected sets of

primers are shown in Table 1. Basic local alignment search tool

(BLAST) was used to search for all primer sequences to ensure gene

specificity. Semi-quantitative PCRs were performed in a 25 mL volume

containing a 1 mL cDNA sample. The PCR programme consisted of a

30-s denaturisation cycle at 94 6C, a 30 s annealing cycle at 55–65 and

72 6C, a 30 s elongation cycle, 25–28 amplification cycles. The products

were resolved by 2% agarose gel electrophoresis in trisborate/ethyle-

nediaminetetraacetic acid buffer and visualised by staining with ethi-

dium bromide.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed with a QuantiTect

SYBR Green PCR Kit (Qiagen, Frankfurt, German) using iCycler

(Bio-Rad, Hercules, CA, USA) according to operation procedure.

qPCR reactions were performed at 0.5 mmol?L21 for each primer in

a 25 mL volume containing 1 mL cDNA sample. The reaction was

initiated by activating the polymerase with a 5-min pre-incubation

at 95 6C. Amplification was achieved with 45 cycles of 15 s denaturation

at 94 6C, 15 s annealing at 64 6C and 15 s elongation at 72 6C. The

programme was concluded by the melting curve analysis. All experi-

ments were performed in triplicates. The copy numbers of each gene

were determined by cycle threshold (DCt) methods. Means of the copy

numbers of GAPDH were used as internal controls to normalise the

data. The standards for establishing standard curves of all primers

were prepared from total normal RNA, amplified by qPCR and cloned

by TOPO II TA cloning kit (Invitrogen, Carlsbad, CA, USA), accord-

ing to the manufacturer’s recommendations.

Zymography

The activities chondrocyte-secreted MMP-2 and -9 were assayed from

culture media samples using 0.05% gelatin zymography. Briefly, the

protein concentrations were determined using the BCA kit (Kegen,

Nanjing, China); the same quantities of different samples were mixed

with an equal amount of laemmli sample buffer (62.5 mmol?L21

tris(hydroxymethyl)aminomethane (Tris)-HCl, pH 6.8, 25% glycerol,

2% sodium dodecyl sulphate (SDS), 0.01% bromophenol blue, no

b-mercaptoethanol) and separated on a 10% SDS-polyacrylamide gel

electrophoresis (PAGE) gel that was co-polymerised with 0.05% gelatin.

To regain enzyme activity by removing the SDS, gels were washed three

times for 1.5 h in 2.5% Triton X-100 at RT after electrophoresis. Washed

gels were then bathed in proteolysis buffer (50 mmol?L21 CaCl2,

0.5 mol?L21 NaCl, 50 mmol?L21 Tris, pH 7.8) and incubated at 37 6C

for 12–16 h. Following this incubation, the gels were rinsed in a 2.5%

Triton X-100 solution and stained at RT with Coomassie blue (45%

methanol, 44.75% H2O, 10% acetic acid, 0.25% Coomassie blue R-250)

for 1 h on a rotator. De-staining was performed (40% methanol, 7.5%

acetic acid, 52.5% H2O) until white bands appeared clearly from the

Coomassie blue background. Bands were scanned using a densitometer

(Bio-Rad, Hercules, CA, USA) and quantified using Quantity One 4.6.3

software (Bio-Rad, Hercules, CA, USA). In addition, as the 87 kDa pro-

MMP-9 and 68 kDa pro-MMP-2 had only approximately 10% of the

activity of the 83 kDa MMP-9 and 65 kDa active-MMP-2, respectively,

the bands for the 83 kDa active form MMP-9 and 65 kDa active

form MMP-2 was calculated at 10 times the density of the 87 kDa

pro-MMP-9 and 68 kDa pro-MMP-2 bands as described previously.25

Enzyme-linked immunosorbent assay

The culture media from monolayer and cultured chondrocytes were

collected and the protein amounts of each component in the culture

medium were determined. We used the enzyme linked immunosorbent

assay (ELISA) kit from Abcam (MMP-2 Mouse ELISA Kit, ab100730

and MMP-9 Mouse ELISA Kit, ab100732; Cambridge, UK). The quant-

itative measurements were strictly followed by the protocols provided

by the manufacturer. Quadruplicate assays were performed on each

sample and the absorbance at 450 nm was recorded. Additionally,

before the sample loading the culture media were diluted 10-folds in

sample preparation.

Statistical analysis

Statistical analysis was performed by one-way analysis of variance to

determine whether differences existed among groups. Post-hoc ana-

lysis utilised Fisher’s protected least significant differences. In each

analysis, the critical significance level was set to be P , 0.05.

Table 1 Primers for housekeeping genes (GAPDH and b-actin),

MMPs and TIMPs for semi-quantitative PCR

mRNA Primer pairs

GAPDH (233 bp) Forward: GGTGAAGGTCGGTGTGAACG

Reverse: CTCGCTCCTGGAAGATGGTG

b-actin (266 bp) Forward: GTCCCTCACCCTCCCAAAAG

Reverse: GCTGCCTCAACACCTCAACCC

MMP-1 (106 bp) Forward: TCATACTACCATCCTGCGACTC

Reverse: TCACCTCTAAGCCAAAGAAAGA

MMP-2 (110 bp) Forward: ATGTGTCTTCCCCTTCACTTTC

Reverse: GGTCATCATCGTAGTTGGTTGT

MMP-3 (113 bp) Forward: AAGGTCTGGGAGGAGGTGAC

Reverse: CCATCAAAAGGGACAAAGTCTC

MMP-9 (111 bp) Forward: CTTCCCCAAAGACCTGAAAAC

Reverse: ACTGCTTCTCTCCCATCATCT

TIMP-1 (145 bp) Forward: CTGGCATCCTCTTGTTGCTATC

Reverse: AAGGTGGTCTCGTTGATTTCTG

TIMP-2 (101 bp) Forward: TCTGAAGTCTGGTAGCCTGTGA

Reverse: ACCGTTTCTTTGGGGTTTCT

TIMP-3 (104 bp) Forward: CAGGGGAGTGTGAGTGTTAGGT

Reverse: TGGGGAAGAAGTGTATGCTGTC

TIMP-4 (109 bp) Forward: CTTGCGATGTGTGCTATGGTAG

Reverse: TTGAGACAGTGGGAGTAGGAGAT

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MMP, metalloproteinase;

PCR, polymerase chain reaction; TIMP, tissue inhibitors of metalloproteinase.
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RESULTS

Conditioned media of osteoclasts attenuate the activity of

gelatinases secreted by chondrocytes

We first examined the viability of chondrocytes in response to IL-1b (1–

20 ng?mL21), PD98059 (ERK inhibitor, 20–60 mmol?L21), SB203580

(p38 inhibitor, 10–30 mmol?L21), SP600125 (JNK inhibitor, 10–

30 mmol?L21) and Bay11-7082 (NF-kB, 5–30 mmol?L21). The cell

viabilities showed no differences between the control group and treated

groups. The concentration ranges were reported in our previous data.25

We then studied the influence of secreted factors from osteoclasts on

chondrocytes by culturing chondrocytes with osteoclast-conditioned

media. The activity of the ECM-degrading enzyme gelatinases was mea-

sured (Figure 1). After conditioned medium co-culture, we found that

the MMP-2 secreted by chondrocytes was reduced compared to secre-

tion from mono-culture chondrocytes. Moreover, the active form

(65 kDa) of MMP-2 was only present at very low levels (Figure 1b).

Time-accumulated quantification of MMP-2 production demonstrated

that MMP-2 activity was lower in the co-culture group than the mono-

culture group (Figure 1c). At 72 h after co-culture, total MMP-2 activity

was reduced to 79% of the activity in the mono-culture group. In con-

trast, normal chondrocytes had low levels of MMP-9 secretion

(left lane in Figure 1b), while osteoclasts expressed significant levels of

pro- and active-MMP-9 (right lane in Figure 1a, the culture media

samples from osteoclasts were diluted to 50% for zymography compared

with other groups). After co-culture, MMP-9 from osteoclasts was

detected in the media at 12 and 24 h (bottom right lane in Figure 1b),

but the expression was reduced after 48 h. ELISA also confirmed the

significant reduction of MMP-2 and -9 after 72 h treatment (Figure 1d).

IL-1b induces a dose-dependent increase of the gelatinases secreted

by mono-culture and co-culture chondrocytes

Next, the activity of the gelatinases was examined after induction by

exogenous IL-1b, which is commonly present in vivo in the micro-

environment in the cartilage layer of inflamed OA. In the mono-culture
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group, IL-1b enhanced MMP-2 and -9 expressions in a time- and dose-

dependent manner (Figure 2a). The total activity of MMP-2 and -9 in-

creased 454% and 602%, respectively, after treatment with 10 ng?mL21

(Figure 2b). In the co-culture group, the total MMP-2 activity was higher

than in the mono-culture group (as high as 670% after treatment with

10 ng?mL21 IL-1b, Figure 2b). Additionally, not only were the levels of

pro-form of MMP-9 increased, but the active form was also prominent

(as high as 1 030% after treatment with 10 ng?mL21 IL-1b, Figure 2b),

which was significantly different from the mono-cultured chondrocytes.

We further examined the expressions of MMP-2 and -9 by ELISA and

confirmed the IL-1b-induced MMP-2 and -9 in mono-cultured and co-

cultured chondrocyte groups (Figure 2c).
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IL-1b restores the activity of gelatinases in MAPK inhibitor-

pretreated chondrocytes, especially in osteoclast-conditioned

media group

External antagonists have been shown to be effective on MMPs (e.g.,

MMP-1, -3 and -13) in vitro, but not in vivo.10 This issue can be

studied by examining the intrinsic gelatinase modulation, which

has been defined as the second step for collagen degradation (dena-

tured collagen or gelatin). Here, we found that IL-1b treatment

led to the retained activity of MMP-2 and -9 in specific MAPK

inhibitor-pretreated chondrocytes in both mono-cultured and co-

cultured chondrocytes. Inhibitor-pretreated chondrocytes had

reduced gelatinase levels in all MAPK pathways, but the addition

of IL-1b in inhibitor-pretreated chondrocytes restored the gelati-

nase activities (Figure 3a). Gelatinase restoration in the ERK and

p38 pathways was weaker compared to IL-1b-induced control

(ERK: The pro and active forms of MMP-2 were restored 35%

and 85%, respectively, and the pro and active forms of MMP-9 were

restored 86% and 10%, respectively; p38: the pro and active forms

of MMP-2 were restored 33% and 93%, respctively, and the pro and

active forms of MMP-9 were restored 53% and 56%, respectively, in

the mono-culture group) (Figure 3b, left lane). In co-culture group,

gelatinase restoration in ERK and p38 was lower in the co-culture

group compared with the mono-culture group except for the active

forms of MMP-9 in ERK and p38 (up to 4.87-fold and 1.48-fold,

respectively, relative to those in the mono-culture group). In the

JNK pathway, IL-1b not only totally restored MMP-2 and -9

expression, but also promoted higher expression in both mono-

culture and co-culture groups (in mono-culture: 126% and 146%

in the pro and active forms, respectively, of MMP-2; 160% and

118% in the pro and active forms, respectively, of MMP-9; in co-

culture: 161% and 155% in the pro and active forms, respectively, of

MMP-2; 195% and 133% in the pro and active forms, respectively,

of MMP-9). We then calculated the total activities of the gelatinases

among different IL-1b-treated groups. We found that IL-1b-restored

gelatinase activity in ERK and p38 was generally lower compared with

that in JNK, but still higher than that in normal chondrocytes in both

the mono-culture and co-culture groups. In order to further confirm

the IL-1b-induced gelatinases in the presence of JNK pathway inhib-

itor, we additionally used ELISA kit to explore the gelatinase expres-

sions (Figure 3c).
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Figure 3 IL-1b restores the high activities of gelatinases in MAPK-specific inhibitor-pretreated mono-cultured and co-cultured chondrocytes. (a) Zymography

demonstrating that IL-1b (10 ng?mL21) can restore the activities of gelatinases through ERK (in the presence of PD58059), p38 (in the presence of SB203580) and

especially JNK (in the presence of SP600125). The gels shown are representative of three different experiments (n 5 3). (b) The activities of pro- and active-MMP-2/9

in mono-cultured and co-cultured chondrocytes were quantified by the optical densities methods (Quantity One 4.6.3 software). The indicated quantitative data refer

to 72 h time-points. The data are the mean of three different experiments (n 5 3). *Significant difference with respect to IL-1b-induced control (P , 0.05); #Significant

difference with respect to other two inhibitor-treated groups (P , 0.05). (c) IL-1b restored the total activities of gelatinases in MAPK inhibitor-pretreated chondrocytes

(mean 6 standard deviation) (n 5 3). Scale bars, standard deviation. *P , 0.05, compared with control. (d) Due to high restored gelatinases in JNK inhibitor group,

ELISA was done to explore the gelatinase secretion in both mono-culture and co-culture groups (mean 6 standard deviation) (n 5 4). *P , 0.05, **P , 0.025,

compared with controls. ELISA, enzyme linked immunosorbent assay; ERK, extracellular signal-regulated kinase; IL, interleukin; JNK, c-Jun N-terminal kinase; MMP,

metalloproteinase.
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We next examined the role of the NF-kB pathway by using Bay11-

7082, the specific inhibitor of NF-kB p65 (Supplementary Figure S1).

We found that Bay11-7082 significantly reduced the gelatinase

expression. Furthermore, IL-1b could not restore gelatinase expres-

sion in Bay11-7082 pretreated mono-culture and co-culture chondro-

cytes, and the reduced gelatinases were present at similar levels to those

in normal chondrocytes.

IL-1b modulates the transcription of MMPs and TIMPs through

MAPKs in mono-cultured and co-cultured chondrocytes

After the detection of post-transcriptional regulation of gelatinases,

we examined the gene expression levels of IL-1b-induced gelatinases

and TIMPs in specific inhibitor-pretreated mono-cultured and co-

cultured chondrocytes (Figure 4). IL-1b increased the gene expression

of MMP-2 and -9 in a dose-dependent manner in the both mono-

cultured and co-cultured groups; TIMPs, especially TIMP-2, also

increased in a dose-dependent manner (Figure 4a). Quantification by

the optical density (OD) method showed higher ratios of MMP-2/

TIMP-2 and MMP-9/TIMP-1 in the co-culture group compared with

those in the mono-culture group (the former was as high as 2.28-fold,

the latter was as high as 5.63-fold at 20 ng?mL21) (Figure 4b).

Next, we found that IL-1b enhanced the gene expression of MMP-2

and -9 especially in SP600125 (JNK inhibitor)-pretreated mono-cul-

tured and co-cultured chondrocytes. In the SB203580 (p38 MAPK

inhibitor)-pretreated group, MMP-2 and -9 gene expression decreased,

but in the PD98059 (ERK inhibitor)-pretreated group, MMP-9 was

enhanced in the co-cultured chondrocytes (Figure 4c). Quantification

by the OD method showed that the ratios of IL-1b-induced MMP-2/

TIMP-2 in the SP600125-pretreated group were all higher compared to

the other two pretreated groups (1.61-fold and 2.20-fold in mono-

cultured and co-cultured chondrocytes, respectively, compared to

the normal ratio, Figure 4d, left lane). The ratios of IL-1b-induced

MMP-9/TIMP-1 in PD98059- and SP600125-pretreated chondrocytes

were all higher than their normal ratios (ERK: 1.22-fold and 1.73-fold;

JNK: 1.34-fold and 1.62-fold in mono-cultured and co-cultured chon-

drocytes, respectively, Figure 4d, right lane).

We then used qPCR to confirm the fold changes in the presence of JNK

pathway inhibitor in which the gelatinase activity restored most. The

results showed were in accordance with that of semi-quantitative PCR.

We also demonstrated that IL-1b enhanced both MMP-1 and -3 in

the mono-cultured and co-cultured chondrocytes (Supplementary

Figure S2).
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Figure 4 IL-1b induced gene expression of gelatinases and TIMPs in MAPK-specific inhibitor-pretreated mono-cultured and co-cultured chondrocytes. (a) IL-1b

at different concentrations induces gene expression of gelatinases and TIMPs in mono-cultured and co-cultured chondrocytes.1, 5, 10 and 20 5 1, 5, 10 and

20 ng?mL21. GAPDH and b-actin were used as the reference genes. The product sizes are indicated in the left lane. The gels shown are representative of three

independent experiments (n 5 3). (b) High ratios of MMP-2/TIMP-2 and MMP-9/TIMP-1 induced by different concentrations of IL-1b in inhibitor-pretreated mono-

culture and co-culture chondrocytes. The data were the mean of three different experiments (n 5 3). *Significant difference with respect to the normal ratios

(P , 0.05). (c) The gene profiles of the gelatinases and TIMPs induced by IL-1b and/or specific inhibitors in mono-cultured and co-cultured chondrocytes. GAPDH and

b-actin were used as internal controls. The product sizes are indicated in the left lane. The gels shown are representative of three independent experiments (n 5 3). (d)

Different ratios of MMP-2/TIMP-2 and MMP-9/TIMP-1 inhibitor-pretreated mono-cultured and media co-cultured chondrocytes. The data are the mean of three

different experiments (n 5 3). *Significant difference with respect to control ratios (P , 0.05). (e) qPCR was done to confirm the gene expressions of gelatinases

induced by IL-1b in mono-culture and co-culture group. *Significant difference with respect to monolayer chondrocytes (P , 0.05). GAPDH, glyceraldehyde-3-

phosphate dehydrogenase; IL, interleukin; MMP, metalloproteinase; TIMP, tissue inhibitors of metalloproteinase.
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DISCUSSION

By characterising the IL-1b-restored activities of the gelatinases

between the inhibitor-pretreated mono-cultured and co-cultured

chondrocytes, we provided novel insights into the influence of osteo-

clast signals on chondrocytes by indicating the conditioned medium

derived from osteoclasts affected on chondrocytes. In this study, we

found the following: (1) secreted factors from osteoclasts attenuated

the activities of gelatinases; (2) IL-1b-induced activities of gelatinases

in co-cultured chondrocytes were significantly higher than in mono-

cultured chondrocytes; (3) IL-1b restored gelatinase activities in the

MAPK inhibitor-pretreated chondrocytes; (4) IL-1b restored high

gelatinase levels in co-cultured chondrocytes at the transcriptional

level.

OA can be defined as a complex or interactive degradative and

repair process involving the cartilage, subchondral bone and synovial

membrane.2,26 Previous studies evaluated the expression levels of col-

lagenases, cytokines and growth factors in experimental animal mod-

els of OA, which mimic the disease in humans.27–28 However, those

studies were primarily restricted to examine molecular changes in the

cartilage layer without integrating information from the surrounding

synovial membrane or subchondral bone in response to the disease. In

more recent studies, researchers have studied the crosstalk between

articular cartilage and synovial membrane. D’Andrea P et al. found

direct crosstalk between chondrocytes and synovial cells through

enhanced intercellular calcium signalling.4 Dingle et al. found that

factors released from synovium could enhance the catabolic metabol-

ism of chondrocytes.5 In an in vitro model, the co-culture of injured

cartilage with joint capsule explants enhanced the deleterious effects of

injury on catabolic gene expression in cartilage and resulted in a

reduction of cartilage aggrecan content.29 Macrophages from the

inflamed synovium also showed direct communication with chondro-

cytes through proteases. 6 In our study, we found a crosstalk mech-

anism between chondrocytes and osteoclasts; this crosstalk modulated

gelatinase activity.

Based on clinical evidence, cartilage damage is often accompan-

ied by bone lesions.6,30In vivo data show that increased bone resorp-

tion occurs at an early stage in the development of OA and that

blocking bone-resorbing cytokines prevents cartilage damage;2,31

these data infer the bone factors may play an important role in

cartilage behaviour. We found that secreted factors from osteoclasts

modulated the gelatinase activity in chondrocytes. Chondrocytes

with osteoclast-conditioned medium secreted less gelatinase com-

pared with mono-cultured chondrocytes in vitro. This may be a

useful method to study the influence of factors from subchondral

bone on cartilage.

The MMPs are a large group of enzymes that, due to their ability to

degrade a wide variety of ECM components, play a crucial role in the

destruction of cartilage and bone in an arthritic joint.8 The MMP

family members produced by chondrocytes mainly consist of collage-

nases (MMP-1 and -13), stromelysin-1 (MMP-3) and gelatinases

(MMP-2 and -9).32 MMP-1 is the most abundant member of the

MMP family, and plays an important role in breaking cartilage-

specific type II collagen.10 MMP-13 is another major enzyme that

cleaves and denatures type II collagen in OA cartilage 5–10 times more

effectively than MMP-1.33 MMP-3 can cleave proteoglycan and

type IX collagen as well as type II collagen.11 As the degradation of

type II collagen by MMP-2 and -9 is weaker (MMP-13 . MMP-1 .

MMP-3 .. MMP-2 and -9),34 there are few reports that study its

contribution to degradation. However, gelatinases effectively degrade

denatured collagen (gelatins) caused by collagenases, which could

induce further cartilage destruction.12 We found that IL-1b enhanced

the activities of gelatinases in a dose-dependent manner in mono-

cultured chondrocytes, which was in agreement with the activities of

other MMPs in chondrocytes.35 In osteoclast-medium cultured chon-

drocytes, the enhanced activities of gelatinases by IL-1b were far

higher, especially the active form of MMP-9, than those in mono-

cultured chondrocytes.

For the past three decades, over 56 matrix metalloproteinase

(MMP) inhibitors have been discovered as clinical candidates in

various therapeutic areas including arthritis.10 Three of the specific

inhibitors of MAPKs were used as therapeutic treatment for OA.14–15

Unfortunately, they failed to show benefit in clinical trials for various

reasons including in vivo inefficacy and side effects such as arthralgia,

myalgia and tendonitis.36 In the early stage of OA, the inhibition of

p38 by SB203580 in bovine cartilage explants blocked IL-1-mediated

collagen breakdown, while proteoglycan degradation was un-

affected.16 PD98059 (an ERK inhibitor) can reduce IL-1b-induced

MMP-1 mRNA expression in chondrocytes.15 An ERK pathway

inhibitor (U0126), but not SB203580 (a p38-specific inhibitor) or

SP600125 (a JNK-specific inhibitor), also selectively inhibited IL-1b-

induced MMP-13 production in HAC.37 We found that IL-1b can

restore the activity of gelatinases through MAPK inhibitors (espe-

cially SP600125), although this restoration can be eliminated by Bay

11-7082, a specific inhibitor of NF-kB. On the one hand, IL-1b-

restored gelatinases that are restored through MAPKs could directly

participate in chondrocyte damage through the degradation of ECM

proteins (e.g., elastin, vitronectin and aggrecan) and non-ECM pro-

teins (e.g., chemokines, myelin basic protein, amyloid beta peptide

and substance P) in addition to denatured collagen (gelatin) and

intact collagen type IV.38 On the other hand, highly expressed gela-

tinases activate other MMPs, especially MMP-1 and -13.12 This cas-

cade recovers MMP networks, which shows the importance of

gelatinases in ECM modulation in chondrocytes in the presence of

the current therapeutic candidates.

The gelatinases differ from most other MMPs in that they have

a collagen-binding domain (CBD) within the catalytic domain

(Supplementary Figure S3). The CBD is composed of three fibronectin

type II repeats and is involved in the binding of collagenous substrates,

elastin, fatty acids and thrombospondins.8 MMP-2 expression is con-

stitutive and most pro-inflammatory stimuli fail to increase its

expression levels. In contrast to MMP-9, MMP-2 lacks binding

sites for pro-inflammatory transcription factors such as activator

protein-1.25 Meanwhile, MMP-2 knockout mice exhibit a normal

phenotype under physiological conditions which indicate that

MMP-2’s function may be interchangeable with that of MMP-9.39

This hypothesis is supported by the observation that the expression

of MMP-9 is greatly increased in MMP-2 null mice.40 We could infer

that this interchangeable role of MMP-2 and -9 in the IL-1b-activated

microenvironment might magnify both the collagen degradation and

collagenase activation. This might be another piece of evidence sup-

porting the role of gelatinases in recovering MMP networks and lead-

ing to the ECM imbalance in cartilage.

In addition to regulation at the protein level, the expression of

gelatinases is also modulated at the transcriptional level via many

factors such as the Raf/ERK pathway, MAPK/ERK/JNK pathway,

Ras/MAPK pathway, NF-kB and activator protein-1.41 We examined

the gene expression levels of gelatinases and their endogenous inhibi-

tors, the TIMPs. In co-cultured chondrocytes, we found that IL-1b-

regulated MMPs and TIMPs at the transcriptional level (Figure 4).
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As pro forms of MMP-2 and -9 are mainly inhibited by TIMP-2 and

TIMP-1, respectively,42 we then examined the ratios of MMP-2/

TIMP-2 and MMP-9/TIMP-1, which could indirectly reflect the tran-

scriptional levels of gelatinases. IL-1b (10 ng?mL21) induced high

ratios (MMP-2/TIMP-2: 1.91-fold; MMP-9/TIMP-1: 4.22-fold).

Moreover, IL-1b induced higher ratios in inhibitor-pretreated co-cul-

tured chondrocytes through JNK (MMP-2/TIMP-2: 2.2-fold; MMP-

9/TIMP-1: 1.48-fold compared with 10 ng?mL21 IL-1b ratios). In

addition, IL-1b also enhanced the expressions of other MMPs and

TIMPs in inhibitor-pretreated mono-cultured and co-cultured chon-

drocytes (Figure 4c and Supplementary Figure S2).

There are limitations in this study. First, this is an in vitro model

mimicking the chondrocyte microenvironment in vivo with secreted

factors produced by osteoclasts. Other factors from bone tissue

(osteoblasts and osteocyte) and factors from synovium and other

joint tissues were not taken into account in this study, even though

these factors together can modulate the networks of MMPs released

from chondrocytes. This should be considered when we compare the

MMPs data with the clinical results. Second, the chondrocytes are

from 1-day-old mouse. Primary cultured chondrocytes might be a

better model than chondrocyte cell lines such as Hum-Cell-0096 and

HC-a 4650 (ScienCell, San Diego, CA, USA). However, this system

does not exactly represent the chondrocytes as they exist in patho-

logical condition. The further experiments using OA chondrocytes

against various stimuli should be explored. Third, although this

study elucidated the importance of gelatinases in chondrocytes with

osteoclasts-conditioned medium in vitro, ex vivo and in vivo studies

should be further confirmed.
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