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Background: Bovine lactoferricin (LfcinB) promotes anti-catabolism and anti-inflammation in articular cartilage.
Results: LfcinB induces IL-11 via AP-1, which in turn induces TIMP-1 via STAT3.
Conclusion: LfcinB sequentially regulates IL-11 and TIMP-1 expression through distinct mechanisms in articular
chondrocytes.
Significance: These findings further suggest the potential of LfcinB as a novel therapeutic agent in osteoarthritis.

Bovine lactoferricin (LfcinB), a multifunctional peptide, was
recently demonstrated to be anti-catabolic and anti-inflamma-
tory in human articular cartilage. LfcinB blocks IL-1-mediated
proteoglycan depletion, matrix-degrading enzyme expression,
and pro-inflammatory mediator induction. LfcinB selectively
activates ERK1/2, p38 (but not JNK), and Akt signaling. How-
ever, the relationship between these pathways and LfcinB target
genes has never been explored. In this study, we uncovered the
remarkable ability of LfcinB in the induction of an anti-inflam-
matory cytokine, IL-11. LfcinB binds to cell surface heparan sul-
fate to initiate ERK1/2 signaling and activate AP-1 complexes
composed of c-Fos and JunD, which transactivate the IL-11
gene. The induced IL-11 functions as an anti-inflammatory and
chondroprotective cytokine in articular chondrocytes. Our data
show that IL-11 directly attenuates IL-1-mediated catabolic and
inflammatory processes ex vivo and in vitro. Moreover, IL-11
activates STAT3 signaling pathway to critically up-regulate
TIMP-1 expression, as a consecutive secondary cellular re-
sponse after IL-11 induction by LfcinB-ERK-AP-1 axis in
humanadult articular chondrocytes.Thepathological relevance
of IL-11 signaling to osteoarthritis is evidenced by significant
down-regulation of its cognate receptor expression in osteoar-
thritic chondrocytes. Together, our results suggest a two-step
mechanism, whereby LfcinB induces TIMP-1 through an IL-11-
dependent pathway involving transcription factor AP-1 and
STAT3.

Homeostatic chondrocytes maintain a delicate balance
between catabolic and anabolic processes, which is character-
ized by dynamic and steady turnover of molecules in its extra-
cellular matrix (ECM).2 Such a balance, however, is susceptible

to disruption by various noxious stimuli, such as pro-inflamma-
tory cytokines. In particular, IL-1 is considered as a prominent
cytokine that perturbs cartilage homeostasis and results in
ECMdegradation. IL-1 has been shown to inhibit ECM synthe-
sis (1), induce cartilage-degrading proteases and inflammatory
mediators (2), and enhance chondrocyte apoptosis (3). Patho-
logical ramifications from aberrant IL-1 signaling include
amplification of inflammatory responses in chondrocytes by
supernormally induced pro-inflammatory mediators, such as
IL-6, IL-8, and Toll-like receptor 2 (TLR2) (2, 4). ECM frag-
ments as the result of protease-mediated degeneration also pro-
mote catabolic effects through TLR2/TLR4 (5), thus helping
perpetuate cartilage degradation. Pro-inflammatory mediators
including IL-1 have been implicated in several degenerative
joint diseases, such as osteoarthritis (OA). Pharmaceutical tar-
geting of these inflammatory mediators is being actively
explored in OA therapy, and the anti-IL-1 strategy using IL-1
receptor antagonist serves as a typical example.
Anti-inflammatory cytokines have been demonstrated to

attenuate inflammatory responses and thus joint damage inOA
and rheumatoid arthritis conditions. IL-1 receptor antagonist
represents the best understood cytokine in this category in car-
tilage biology. IL-1 receptor antagonist directly dampens IL-1
signaling, thus protecting chondrocytes from excessive cata-
bolic and inflammatory activities. In experimental models, IL-1
receptor antagonist effectively inhibits IL-1-mediated cartilage
destruction (6). The other proposed anti-inflammatory cyto-
kines, by contrast, are inadequately characterized in the context
of OA pathogenesis. IL-4 and IL-10 appear to be chondropro-
tective in vivo, and a negative correlation between their expres-
sion and that of TNF has been reported in OA cartilage (7).
IL-11 generated by chondrocytes stimulates the expression of
tissue inhibitor of metalloproteinase 1 (TIMP-1), an endoge-
nous inhibitor ofmatrixmetalloproteinase (MMP) (8). In rheu-
matoid arthritis synovium, IL-11 directly inhibits MMP-1 and
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MMP-3 production, up-regulates TIMP-1, and inhibits TNF-�
production in the presence of soluble IL-11 receptor (9).
Another cytokine IL-13 also blocks collagenolysis in the pres-
ence of IL-1 and increases TIMP activity (10). Despite a lack of
in vivo assessments, these findings suggest that these anti-in-
flammatory cytokines could be candidates for effective OA
therapy.
Previously we characterized bovine lactoferricin (LfcinB), a

25-amino acid peptide derived from the glycoprotein bovine
lactoferrin, in human cartilage and synovium. LfcinB blocks
IL-1-mediated catabolic and inflammatory processes in vitro
and ex vivo, possibly through a heparan sulfate-dependent
mechanism (11). In nucleus pulposus cells, LfcinB inhibits the
detrimental activities of IL-1 and LPS and synergizes with bone
morphogenetic protein-7 in promoting anabolic processes (12,
13). Gene expression analyses indicated that LfcinB down-reg-
ulates several MMPs, aggrecanases, and pro-inflammatory
mediators (11). LfcinB also up-regulates two anti-inflammatory
cytokines, IL-4 and IL-10, as well as TIMP-3 (11, 14). LfcinB
specifically triggers ERK1/2, p38, and Akt signaling, with the
ERK1/2 response being the most robust (11, 14). However, it
still remained undefined how these pathways regulate LfcinB
target genes. In this current study, we aimed to (i) further define
the anti-inflammatory property of LfcinB and (ii) provide a link
between LfcinB-specific signaling pathways and its chondro-
protective activity.

EXPERIMENTAL PROCEDURES

Materials—Anti-MMP-1 and anti-MMP-13 antibodies were
sent from Dr. Gillian Murphy’s laboratory. Phospho-STAT3
(Tyr705) and STAT3 antibodies were purchased from Cell Sig-
naling Technology (Danvers, MA); TIMP-1 and GAPDH anti-
bodies were purchased from Abcam (Cambridge, MA). Anti-
IL-11, anti-c-Fos, anti-c-Jun, and anti-JunD antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
IL-11R� (interleukin 11 receptor � subunit) antibody was pur-
chased from R&D Systems (Minneapolis, MN). PD98059,
SB203580, LY294002, and Akt inhibitor IV were purchased
from EMD Chemicals (Gibbstown, NJ). Recombinant human
IL-1� and IL-11 were purchased from PeproTech (Rocky Hill,
NJ). LfcinB was purchased from BioSynthesis (Lewisville, TX).
Heparin, heparan sulfate, and heparinase III were purchased
from Sigma. siRNA targeting IL11, FOS, and STAT3 were
acquired from Invitrogen.
TissueAcquisition andChondrocyte Isolation—Post-mortem

human femoral cartilage (age ranging from 40 to 70) was
obtained through the Gift of Hope Organ and Tissue Donor
Network (Elmhurst, IL) within 72 h. Prior approval by the local
ethics committee and consent from donor families were
acquired. Before processing, each specimen was graded follow-
ing a 5-point scale modified from that of Collins (15). Cartilage
for this study was graded 0 or 1, unless otherwise specified.
Osteoarthritic femoral and tibial cartilage was obtained from
patients (age ranging from 40 to 70) through the Orthopedic
Tissue and Implant Repository Study (Chicago, IL) with prior
consent from the patients. Human tissues were handled based
on the guidelines of the Human Investigation Committee of
Rush University Medical Center. After aseptic dissection, car-

tilage was digested in DMEM/Ham’s F-12 (1:1) medium with
0.2% Pronase for 1 h, followed by overnight digestion with
0.025% Collagenase P supplemented with 5% FBS in a humidi-
fied atmosphere with 5% CO2 and continuous agitation. Chon-
drocytes released from enzymatic digestion were resuspended
to a density of 3 � 106 cells/ml in DMEM/Ham’s F-12 medium
(1:1) supplemented with 10% FBS (complete medium). For
short term monolayer culture, the cells were then plated onto
6-well (2 ml/well), 12-well (1 ml/well), or 24-well (0.5 ml/well)
plates. After 3-day culture, the media were replaced with
serum-free DMEM/Ham F-12 medium (1:1). After another
24 h, culture media were replaced with fresh serum-free
medium again, 2 h prior to treatments. LfcinB concentrations
used in monolayer culture were 50 and 100 �g/ml. FGF-2 (100
ng/ml) or IL-1� (5 ng/ml) was also applied wherever appropri-
ate. The cells were harvested after 24-h stimulation and sub-
jected to downstream analyses as detailed below.
Immunoblotting—Cell lysates were prepared using a modi-

fied radioimmune precipitation buffer (16). Total protein con-
centrations were determined by a BCA protein assay (Pierce).
Equal amounts of proteinwere resolved by 10% SDS-PAGE and
transferred to nitrocellulose membrane for immunoblotting.
Immunoreactivity was visualized using the ECL system (Amer-
sham Biosciences) and the Signal Visual Enhancer system
(Pierce) to magnify the signal.
Reverse Transcription and Real Time Polymerase Chain

Reaction—Total RNA from normal and osteoarthritic articular
chondrocytes was isolated using TRIzol reagent (Invitrogen)
according to the instructions provided by themanufacturer. RT
was carried out with 1 �g of total RNA using ThermoScriptTM
RT-PCR system (Invitrogen) for first strand cDNA synthesis.
For real time PCR, cDNAwas amplified using aMyiQ real time
PCR detection system (Bio-Rad). Relative gene expression was
determined using the ��CT method, as detailed by manufac-
turer guidelines (Bio-Rad). 18 S rRNA and GAPDH were used
as internal controls in the reactions for normalization. The
standard deviations in samples represent at least five different
donors from independent experiments. The primer sequences
used in this study are listed in Table 1.
IL-8 ELISA—The IL-8 ELISA kit used in this study has a sen-

sitivity of �2 pg/ml and an assay range of 25.6–1000 pg/ml,
according to the manufacturer’s descriptions (Thermo Fisher
Scientific). This assay does not cross-react with other interleu-
kins. After adding standards and samples in duplicates, multi-
well plates were covered and incubated at room temperature
for 1 h. Then wells were washed three times, followed by the
addition of 50 �l of biotinylated antibody reagent into each
well. The plates were incubated for another hour at room tem-
perature. After washing the wells three times, 100 �l of strepta-
vidin-HRPworking solution was added into eachwell, followed
by 30-min incubation at room temperature. Plates were then
washed three times, and 100 �l of TMB substrate was added to
eachwell. The reactionswere allowed to proceed in the dark for
30 min at room temperature before stop solution was added.
Absorbance of each well was measured at 450 and 550 nm.
Preparation of Nuclear Extract—A nuclear extraction kit

(Affymetrix, Santa Clara, CA) was used based on the manufac-
turer’s instructions.Upon the completion of stimulation,media
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were removed, and washed cells were lysed in 1 ml of buffer A.
After incubation on ice for 10 min, lysates were centrifuged at
14,000 � g at 4 °C for 3 min. Supernatants were discarded, and
cell pellets were resuspended in 40�l of buffer B. Then samples
were incubated on ice for 1 h before centrifugation at 14,000 �
g, 4 °C for 5min. The supernatants were aliquoted and stored at
�80 °C. Total protein concentration in each sample was deter-
mined by BCA assay (Pierce) right before EMSA.
EMSA—The nuclear extracts were prepared after stimula-

tion as described above. The EMSA kit (Affymetrix) was used
according to the manufacturer’s instructions. EMSA was per-
formed by incubating labeled biotin-conjugated probes with 5
�g of nuclear extract. Samples were resolved in 6% nondena-
turing polyacrylamide gels. Then proteins were transferred to
Pall Biodyne B membrane. The membrane was blocked with
1� blocking buffer and then incubated with streptavidin-HRP
conjugate. After properwashing, the signalswere visualized in a
chemiluminescence imaging system. In each experiment, a sep-
arate reaction using unlabeled double-stranded DNA (cold
probe) was set up to demonstrate binding specificity.
Transfection of siRNA—Nucleofection was optimized for

human articular chondrocytes based on the manual of the

NucleofectorTM kit (Lonza, Walkersville, MD) as described
previously (16, 17). Chondrocytes were cultivated for 3 days
before transfection. For knockdown experiments, siRNA at a
concentration of 200 nM (20 pmol/sample) was used for trans-
fection. After 48 h, cell lysates were subjected to quantitative
PCR (qPCR) and immunoblotting for validation of successful
knockdown. In parallel, stimulations were performed 48 h after
transfection. Cell lysates, total RNA, and conditioned media
were collected for downstream analyses.
Cartilage Explant Culture—Full-thickness explants of 4-mm

diameters were prepared from freshly isolated, healthy femoral
cartilage strips. Explants then recovered in DMEM/F-12 (1:1,
supplemented with 10% FBS) for 48 h. Culture media were
changed to DMEM/F-12 (1:1) supplemented with 1% mini-
ITS� premix (BD Biosciences, San Jose, CA) 48 h before treat-
ments started. The explants were treated with FGF-2 (100
ng/ml) or IL-1� (5 ng/ml), in the presence or absence of LfcinB
(50 and 100 �g/ml).
Histology—After dissection, human articular cartilage explants

were fixed in 4%paraformaldehyde.After embedding the explants
in paraffin, serial sections of 8-�m thickness were prepared and
placed onto slides. Then sections were deparaffinized in xylene,
followed by stepwise rehydration in ethanol and distilled water.
For Safranin-O Fast Green staining, sections were immersed in
0.1% Fast Green for 3min, followed by 1% Safranin-O for 15min.
Statistical Analyses—All experiments were performed with

3–5 biological replicates, without pooling samples from differ-
ent donors. Statistical significancewas determined by Student’s
t test or one-way repeated measures analysis of variance fol-
lowed by Sidak post hoc test, using the SPSS 17 software (IBM
Corporation, Somers, NY). p values lower than 0.05 were con-
sidered to be statistically significant in each test. Each value in
the figures is presented as the mean � standard deviation.

RESULTS

LfcinB Potently Induces IL-11, an Anti-inflammatory Cyto-
kine, in Human Articular Chondrocytes—Our previous studies
revealed that LfcinB represses the expression of cartilage-
degrading proteases (e.g., MMP-13 and ADAMTS-5) and
pro-inflammatory mediators (e.g., IL-1�, IL-8, and TLR2).
Simultaneously, LfcinB significantly induces multiple anti-
inflammatory cytokines (IL-4 and IL-10), providing a molec-
ular basis on which LfcinB counteracts the catabolic and
inflammatory activities promoted by IL-1� and FGF-2 in
articular cartilage (11). Our previous promising results moti-
vated us to further investigate LfcinB-controlled signaling
pathways and its downstream target genes that maymediate its
chondroprotective effects in human primary chondrocytes.
When surveying the mRNA expression of other potential anti-
inflammatory targets, we observed a striking 40- and 120-fold
induction of IL-11 upon stimulationwith two different concen-
trations of LfcinB (50 and 100�g/ml, respectively) (Fig. 1A; p�
0.01 andp� 0.001, respectively). This findingwas confirmedby
concurrent increases in IL-11 protein production in both intra-
cellular and extracellular compartments (Fig. 1B). In both com-
partments, the molecular weight of IL-11 is �19 kDa, corre-
sponding to the mature form of IL-11 with its signal peptide
removed. To determine whether such an induction is tempo-

TABLE 1
Primers used in real time PCR analyses

Gene
Primer sequence

(5�3 3�)
NCBI reference

no.

GAPDH NM_002046.4
Forward: TCGACAGTCAGCCGCATCTTCTTT
Reverse: GCCCAATACGACCAAATCCGTTGA

18 S rRNA NR_003286.2
Forward: CGGCTACCACATCCAAGGAA
Reverse: GCTGGAATTACCGCGGCT

ACAN NM_001135.3
Forward: TCTTGGAGAAGGGAGTCCAACTCT
Reverse: ACAGCTGCAGTGATGACCCTCAGA

MMP1 NM_002421.3
Forward: AGTGACTGGGAAACCAGATGCTGA
Reverse: GCTCTTGGCAAATCTGGCGTGTAA

MMP13 NM_002427.3
Forward: ACCCTGGAGCACTCATGTTTCCTA
Reverse: TGGCATCAAGGGATAAGGAAGGGT

IL1B NM_000576.2
Forward: ATGACCTGAGCACCTTCTTTCCCT
Reverse: GCATCGTGCACATAAGCCTCGTTA

IL6 NM_000600.3
Forward: AAGCCAGAGCTGTGCAGATGAGTA
Reverse: TTCGTCAGCAGGCTGGCATTTGT

IL8 NM_000584.3
Forward: TCTTGGCAGCCTTCCTGATTTCTG
Reverse: GGGTGGAAAGGTTTGGAGTATGTC

IL11 NM_000641.3
Forward: TACCCGTATGGGACAAAGCTGCAA
Reverse: TGCACCATGTTGCTTAACCCTCAC

TIMP1 NM_003254.2
Forward: CATCCTGTTGTTGCTGTGGCTGAT
Reverse: AAGGTGGTCTGGTTGACTTCTGGT

IL11RA NM_001142784.2
Forward: CTCAAGTTCCGTTTGCAGTACCGT
Reverse: TCCAGGTGCCAGCATCTAGAAAGT

FOS NM_005252.3
Forward: AGATTGCCAACCTGCTGAAGGAGA
Reverse: AAGCCACAGACATCTCTTCTGGGA

STAT3 NM_139276.2
Forward: ATGGAAGAATCCAACAACGGCAGC
Reverse: TCCTCAGTCACAATCAGGGAAGCA
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rally robust, we stimulated chondrocytes with LfcinB (100
�g/ml) for different durations (24, 48, and 72 h). Our data show
that IL-11 induction by LfcinB peaked at the 24-h time point
and was sustained over 72 h (Fig. 1C; p � 0.001 and p � 0.01).
IL-11 Antagonizes IL-1�-induced Proteoglycan Depletion in

Human Articular Cartilage ex Vivo Organ Culture—IL-11 was
previously shown to be an anti-inflammatory cytokine and
chondroprotective (18). Nevertheless, its biological roles in
joint homeostasis had never been examined in detail. We first
determined the potency of IL-11 using an ex vivo culturemodel,
in which full thickness human articular cartilage explants were
incubated with IL-1� (5 ng/ml) in the presence or absence of
IL-11 (100 and 200 ng/ml) for 11 days. Our histological analyses
revealed that IL-1�-elicited proteoglycan (PG) depletion was
dose-dependently counteracted by IL-11, as indicated by the
PG retention in the presence of IL-1� challenge (Fig. 2A, panel
b versus panels c and d). This finding suggests that LfcinB-me-
diated anti-inflammatory action is, at least in part, achieved
through the induction of IL-11 in human articular cartilage.
Spurred by this finding, we next characterized whether such

PG preservation by IL-11 is due to its biological effects on
aggrecan gene expression. Consistent with our previous obser-
vation, IL-1� caused marked suppression of aggrecan gene
expression (Fig. 2B; p � 0.01). This effect, however, was signif-
icantly attenuated by IL-11 co-treatment at the concentration
of 100 ng/ml (Fig. 2B; p � 0.05). IL-11 alone did not enhance

aggrecan expression, suggesting chondroprotection exerted by
IL-11 is mainly via anti-inflammatory, but not pro-anabolic
action. In addition, IL-11 did not elicit cytotoxicity in chondro-
cytes (data not shown).
IL-11 Acts as a Chondroprotective Cytokine Antagonizing

Autocrine and Paracrine Catabolic Action of IL-1� in Human
Articular Chondrocytes—IL-1� acts in autocrine and paracrine
manners by inducing IL-1� itself aswell asmultiple pro-inflam-
matory cytokines and chemokines (e.g., IL-6 and IL-8) in many
cell types, including human articular chondrocytes (19). We
next determined whether IL-11 also attenuates IL-1�-stimu-
lated pro-inflammatory cytokine expression in human primary
articular chondrocytes. Our results revealed that IL-1�-medi-
ated up-regulation of IL-1�, IL-6, and IL-8 was significantly
compromised by IL-11 co-treatment (100 ng/ml) on mRNA
levels (Fig. 3, A and B; p � 0.05). Consequently, the highly
induced IL-8 level in conditioned medium was significantly
down-regulated by co-treatment with IL-11, as assessed by
ELISA (Fig. 3C; p � 0.001).

IL-1� significantly induces cartilage-degrading enzymes
such as MMP-1 and MMP-13 in human adult articular chon-
drocytes. Thus, we tested whether IL-11 also mitigates IL-1�-
induced ECM protease expression. The presence of IL-11 at
100 ng/ml effectively attenuated IL-1�-stimulated collagenase
expression at mRNA level (Fig. 3D; p � 0.05). Correspondingly
at the protein levels, the enhanced expression of MMP-1 and

FIGURE 1. LfcinB induces IL-11 expression in human articular chondrocytes. A, chondrocytes were incubated with LfcinB (50 and 100 �g/ml) for 24 h.
Transcripts of IL-11 were quantified by qPCR. B, the abundance of intracellular and extracellular IL-11 was analyzed by immunoblotting using cell lysates and
conditioned media, respectively. C, chondrocytes were stimulated with LfcinB (100 �g/ml) for 24, 48, and 72 h. IL-11 mRNA expression was measured by qPCR.
**, p � 0.01; ***, p � 0.001.
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MMP-13 by IL-1� was notably reversed by co-incubation with
IL-11 in a concentration-dependent manner (Fig. 3E).
LfcinB-induced Anti-inflammatory Effects Are Mediated,

in Part, via Up-regulation of IL-11 in Human Articular
Chondrocytes—Because LfcinB markedly up-regulates IL-11
and IL-11 antagonizes IL-1�-induced catabolism, we then
hypothesized that the induction of IL-11 by LfcinBmay at least
partially account for LfcinB-induced anti-inflammation. To
directly evaluate the link between the biological impact of
LfcinB and IL-11, we knocked down IL-11 gene by siRNA fol-
lowed by stimulation with IL-1� (5 ng/ml) in the presence or
absence of LfcinB (50 �g/ml) for 24 h. We were able to achieve
efficient knockdown of IL-11, as reflected by the levels of IL-11
in untreated and LfcinB-stimulated cells (Fig. 4A; p � 0.01).
Importantly, the antagonistic effects of LfcinB on IL-1�-in-
duced targets (i.e., MMP-1 and MMP-13) were diminished by
IL-11 knockdown on both mRNA (Fig. 4B; p � 0.05) and pro-
tein levels (Fig. 4C). These data provide direct evidence that
LfcinB-induced anti-inflammatory effects are mediated, in
part, via up-regulation of IL-11 in human primary articular
chondrocytes.
Based on our previous studies, LfcinB can directly antagonize

IL-1 within 24 h (11), possibly independent of secondary IL-11
actions. To further examine how LfcinB exerts anti-inflamma-
tory effects in chondrocytes, we primed cells with LfcinB (100
�g/ml, 24 h) or IL-1� (5 ng/ml, 48 h). We then stimulated
LfcinB-primed cells with IL-1� (5 ng/ml), or IL-1�-primed cells
with LfcinB (100 �g/ml), for 24 h. Strikingly, IL-1�-mediated

induction ofMMP-1,MMP-13, and IL-1�was essentially abro-
gated in LfcinB-primed chondrocytes (Fig. 4,D andE;p� 0.01).
In IL-1�-primed cells, LfcinB was still able to significantly
down-regulate MMP-13 (Fig. 4F; p � 0.01) and IL-1� (Fig. 4G;
p � 0.05). These data further confirm that LfcinB promotes
anti-inflammatory processes through primary and secondary
mechanisms in chondrocytes.
LfcinB-mediated IL-11 Induction Is Heparan Sulfate-dependent—

LfcinB contains a heparan sulfate (HS)-bindingmotif, and it has
been demonstrated that this motif mediates some of its biolog-
ical effects (20). Recently, we showed that LfcinB is capable of
antagonizing twoHS-dependent factors, FGF-2 and IL-1� (11),
suggesting that LfcinB-mediated antagonism against catabolic
cytokines is possibly through competitive bindings to HS on
cell surface.Hence, we hypothesized that LfcinB requiresHSon
the plasma membrane of chondrocytes to elicit downstream
responses. To test this hypothesis, chondrocytes were pre-
treated with heparinase, which removed cell surface HS, before
they were stimulated with LfcinB (50 �g/ml) for 24 h. Hepari-
nase pretreatment resulted in significant attenuation of LfcinB-
mediated effects, such as IL-11 induction (Fig. 5, A and B; p �
0.01) andMMPrepression (Fig. 5,C andD; p� 0.05), onmRNA
and protein levels. To determine whether LfcinB requires cell-
bound HS to exert its functions, LfcinB was preincubated with
exogenous heparin or HS before it was applied onto chondro-
cytes. Exogenous heparin and HS not only dramatically atten-
uated LfcinB-mediated ERK1/2, p38 andAkt signaling (Fig. 5E),
but also abolished LfcinB-mediated IL-11 induction and MMP

FIGURE 2. IL-11 counteracts IL-1�-induced PG depletion. A, full thickness cartilage explants were maintained in DMEM/F-12 medium supplemented with 1%
mini-ITS� premix and stimulated with IL-1� (5 ng/ml) in the presence or absence of IL-11 (100 and 200 ng/ml). After 11 days, sections from each group were
stained with Safranin-O Fast Green dyes to reveal gross PG content. B, chondrocytes in monolayer were stimulated with IL-1� (5 ng/ml) in the presence or
absence of IL-11 (50 and 100 ng/ml) or IL-11 alone (50 and 100 ng/ml). Aggrecan (ACAN) transcripts were quantified by qPCR. *, p � 0.05; **, p � 0.01. Ctrl,
control.

LfcinB-induced IL-11-STAT3 Axis Exerts Anti-inflammation

NOVEMBER 1, 2013 • VOLUME 288 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 31659



repression onmRNA and protein levels (Fig. 5, F–I), suggesting
that LfcinB forms a complex withmembrane-boundHS to trig-
ger cellular responses. Together, these findings strongly suggest
that LfcinB critically depends on cell surface HS to exert its
bioactivities.
LfcinB Induces IL-11 via the ERK1/2-c-Fos/JunD Axis—Pre-

viously, we reported robust activation of ERK1/2 and Akt by
LfcinB, which sustains for �60 min in human articular chon-
drocytes (11). Unlike ERK1/2 andAkt, LfcinB induced p38 acti-
vation only in a transient manner (less than 60 min; data not
shown). In addition, we did not observe activation of JNK,
NF�B, SMAD1/5/8, SMAD2/3, or STAT3 pathway within 2 h
after LfcinB stimulation (data not shown). Our results
suggest that the major signaling pathways induced by LfcinB
are ERK1/2, Akt, and potentially p38 in human articular
chondrocytes.
Because the IL-11 induction is the most dramatic and robust

cellular response elicited by LfcinB in articular chondrocytes
(maximal 120-fold), we wished to determine the responsible
signaling pathway. Human articular chondrocytes were prein-

cubatedwith individual pathway inhibitors of ERK1/2, p38, and
Akt, followed by LfcinB stimulation for 24 h. Our qPCR results
demonstrate that only ERK1/2 inhibition led to a prominent
reversal of the IL-11 expression (Fig. 6A; p � 0.01), suggesting
ERK1/2 is the key regulatory pathway. ERK1/2 is an upstream
regulatory kinase of AP-1. Two functional proximal activator
protein 1 (AP-1) elements residing side by side within the �82
to �92 region of IL-11 promoter had been reported in human
IL-11 transcription (Fig. 6B) (21). To directly examine AP-1
activation status, we analyzed AP-1 protein-DNA interaction
by EMSA using nuclear extracts from chondrocytes stimulated
with LfcinB (1 h) in the presence or absence of individual path-
way inhibitors. We observed enhanced binding of AP-1 to its
consensus DNA sequence after stimulation, indicating that
LfcinB effectively activatesAP-1 (Fig. 6C, lane 2). The enhanced
AP-1 binding was specifically abolished upon ERK1/2 inhibi-
tion (Fig. 6C, lane 3) but not by inhibitors of p38 (lane 4) or Akt
(lane 5). Our data suggest that the ERK1/2 signaling pathway
plays a primary role in regulating AP-1 activity after LfcinB
stimulation.

FIGURE 3. IL-11 moderately antagonizes IL-1�-mediated inflammatory and catabolic effects. A, chondrocytes in monolayer were stimulated with IL-1� (5
ng/ml) in the presence or absence of IL-11 (50 and 100 ng/ml) or IL-11 alone (50 and 100 ng/ml). IL-1� and IL-6 transcripts were quantified by qPCR. B,
chondrocytes were stimulated with IL-1� (1 ng/ml) in the presence or absence of IL-11 (50 and 100 ng/ml) or IL-11 alone (50 and 100 ng/ml). IL-8 transcripts
were measured by qPCR. C, in parallel, IL-8 concentrations in the conditioned media were determined by ELISA. Samples were properly diluted to fit the assay
range. Dilution factors were used to calculate the original concentrations. D, chondrocytes treated as described above were subjected to qPCR quantification
of MMP-1 and MMP-13 transcripts. E, conditioned media were collected from chondrocytes treated as described above. Secreted MMP-1 and MMP-13 were
assessed by immunoblotting. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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FIGURE 4. IL-11 acts as a secondary molecule in LfcinB-mediated responses. A, chondrocytes transfected with siRNA targeting IL-11 were cultured in the
presence or absence of LfcinB (50 �g/ml). IL-11 transcripts were quantified by qPCR to reveal knockdown efficiency. B, chondrocytes transfected with IL-11
siRNA were incubated with IL-1� (5 ng/ml) and LfcinB (50 �g/ml) for 24 h. MMP-1 and MMP-13 transcripts were measured by qPCR. C, in parallel, secreted
MMP-1 and MMP-13 were analyzed using conditioned media by immunoblotting. D, chondrocytes were first incubated with LfcinB (100 �g/ml) for 24 h and
then stimulated with IL-1� (5 ng/ml) for another 24 h. MMP-1 and MMP-13 transcripts were quantified by qPCR. E, IL-1� mRNA level was quantified by qPCR.
F, chondrocytes were primed with IL-1� (5 ng/ml) for 48 h before LfcinB (100 �g/ml) stimulation for 24 h. MMP-1 and MMP-13 mRNA levels were quantified by
qPCR. G, likewise, IL-1� transcript was quantified by qPCR. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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The AP-1 complex can be either a homo- or a heterodimer,
depending on stimuli and cellular context (22). Thus, next we
further defined the components of LfcinB-induced AP-1 com-
plex. Human primary chondrocytes were incubated with
LfcinB for 1 h, and supershift assays were performed using
nuclear extracts that were sequentially incubated with AP-1
probes and individual antibodies against potential AP-1 com-
ponents (i.e., c-Fos, c-Jun, and JunD).Our results demonstrated
that only antibodies against c-Fos and JunD specifically caused
supershift of the protein-DNA complexes, suggesting that
LfcinB-induced AP-1 heterodimer primarily consists of c-Fos
and JunD (Fig. 6D, lanes 3 and 4).

It has been reported that elevated c-fos expression can lead to
augmented AP-1 transcriptional activity (23). Therefore, we
also determined whether LfcinB regulates the expression of
AP-1 component c-fos, which may influence gross AP-1 activ-
ity. Cells were cultured with LfcinB (50 and 100 �g/ml) for 24 h
followed by quantification of c-fos transcripts. Our qPCR data
revealed that c-fos mRNA level was increased by 3-fold in the
presence of LfcinB (Fig. 6E; p � 0.01). Correspondingly, c-Fos
protein level was notably augmented upon LfcinB stimulation
in a concentration-dependent manner (Fig. 6F). LfcinB-medi-
ated induction of AP-1 components appeared to be limited to
c-Fos, because we did not observe similar stimulation of JunD,
the other component ofAP-1 heterodimers, by LfcinB (data not
shown).
Because c-fos expression was specifically up-regulated by

LfcinB, we further determined the role of c-fos in LfcinB-medi-
ated IL-11 expression. Nucleofection of siRNA successfully
knocked down c-fos at both mRNA (data not shown) and pro-
tein levels, in contrast with scrambled siRNA (Fig. 6G). Our
data show that reduced c-fos by siRNA significantly impaired
the extent of IL-11 induction by LfcinB onmRNA level (Fig. 6H;
p � 0.01). Correspondingly, intra- and extracellular levels of
IL-11 protein were also reversed upon c-fos knockdown (Fig.
6I). Collectively, our results evidence that LfcinB-induced c-Fos
plays a critical role in the transcriptional regulation of IL-11
expression.
LfcinB Up-regulates TIMP-1 via IL-11/STAT3-dependent

Manner as a Secondary Stimulatory Event—TIMP family
members (TIMP-1–4) are the key natural chondroprotective
inhibitors of cartilage-degrading enzyme activities (i.e., MMPs
and ADAMTS). Although stimulation with IL-11 significantly
up-regulates TIMP-1 at both mRNA and protein levels within
24 h (Fig. 7, A and B; p � 0.01), in our initial experiments we
were unable to detect significant TIMP-1 induction by LfcinB
during the same time frame in human articular chondrocytes.
This apparent discrepancy led us to conjecture that LfcinB
stimulates TIMP-1 through IL-11 production as a secondary
event only when extracellular IL-11 concentration reaches a

critical level capable of triggering notable TIMP-1 expression at
a later time point. To test this notion, articular chondrocytes
were treated with LfcinB for different durations (24, 48, and
72 h), followed by qPCR analyses of TIMP-1 expression.
Indeed, we observed significant TIMP-1 induction at the 48-h
point, and the induced TIMP-1 mRNA and protein levels were
sustained until 72 h after LfcinB stimulation (Fig. 7, C and D;
p � 0.05). Our finding suggests that LfcinB-mediated TIMP-1
expression is a secondary stimulatory event and is highly likely
to be mediated by the induced IL-11.
We next sought to determine the contribution of induced

IL-11 in such delayed TIMP-1 up-regulation by LfcinB. Chon-
drocytes were incubatedwith LfcinB in the presence or absence
of IL-11 neutralization antibody for 48 h, followed by analyses
of expression levels of TIMP-1.Our qPCR and immunoblotting
results indicate that blockage of IL-11 action essentially abol-
ished TIMP-1 induction at the mRNA and protein levels after
LfcinB stimulation (Fig. 7, E and F; p� 0.05). This finding high-
lights the importance of induced IL-11 in mediating secondary
cellular responses to LfcinB in chondrocytes.
Activation of STAT3 has been demonstrated to transactivate

TIMP-1 (24, 25). In our initial experiments, treatment of artic-
ular chondrocytes with LfcinB showed no activation of STAT3
within 2 h. Cells stimulated with IL-11, however, rapidly acti-
vate STAT3 signaling, as represented by the phosphorylation of
Tyr705within 30min, and the activation sustained for 24 h (Fig.
7G, upper panel). Although we did not observe immediate
STAT3 activation upon LfcinB stimulation, it remained possi-
ble that STAT3 can be activated after a sufficient amount of
IL-11 is produced. To test this notion, chondrocytes were incu-
bated with LfcinB for different time periods (24, 48, and 72 h),
and STAT3 phosphorylation was analyzed by immunoblotting.
To our surprise, STAT3 was markedly phosphorylated after
24 h, and the activation sustained till �72 h after LfcinB stim-
ulation (Fig. 7G, lower panel). Such kinetics clearly demon-
strates sequential activation profile of STAT3 in which LfcinB
activates STAT3 via IL-11 stimulation as a secondary signaling
event.
To directly ascertain the participation of STAT3 in TIMP-1

regulation, STAT3was knocked down in human primary chon-
drocytes by nucleofection using siRNA targeting STAT3, and
then the cells were stimulated with LfcinB for 24 and 48 h.
Analyses were conducted with qPCR for mRNA level and
immunoblotting for protein level of TIMP-1. Knockdown of
STAT3 significantly impaired TIMP-1 induction by LfcinB at the
48-h time point (Fig. 7, H and I; p � 0.01). By contrast, LfcinB-
mediated IL-11 inductionwas not affected by STAT3 knockdown
at the 24-h time point (Fig. 7, J and K), suggesting that STAT3
specificallymediates TIMP-1 expression in response to LfcinB via
induced IL-11. Thus, our data together demonstrate that LfcinB

FIGURE 5. Heparan sulfate is required for LfcinB signaling and downstream effects. A, chondrocytes were incubated with heparinase III (1 Sigma unit/ml)
in serum-free DMEM overnight. Then chondrocytes were stimulated with LfcinB (50 �g/ml) in the presence of heparinase III (1 Sigma unit/ml) in serum-free
DMEM for 24 h. IL-11 transcripts were quantified by qPCR. B, IL-11 in conditioned media and whole cell lysates were examined by immunoblotting. C, transcripts
of MMP-1, MMP-3, and MMP-13 were quantified by qPCR. D, MMP-1, MMP-3, and MMP-13 in the conditioned media were analyzed by immunoblotting. E,
LfcinB (50 �g/ml) was preincubated with heparin (50 �g/ml) or HS (50 �g/ml) for 40 min and then used to stimulate chondrocytes for 30 min and 60 min. The
levels of activated and total ERK1/2, p38, and Akt were analyzed by immunoblotting. F, LfcinB (50 �g/ml) was preincubated with heparin (50 �g/ml) or HS (50
�g/ml) for 40 min and then used to stimulate chondrocytes for 24 h. IL-11 transcripts were quantified by qPCR. G, IL-11 in conditioned media, and whole cell
lysates were examined by immunoblotting. H, transcripts of MMP-1, MMP-3, and MMP-13 were quantified by qPCR. I, MMP-1, MMP-3, and MMP-13 in the
conditioned media were analyzed by immunoblotting. Hep, heparin. *, p � 0.05; **, p � 0.01.
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primarily utilizes the ERK1/2-AP-1 axis to potently induce IL-11
expression, which in turn subsequently up-regulates TIMP-1
expression through the STAT3 signaling pathway in articular
chondrocytes (summarized in Fig. 9).

IL-11 and Its Cognate Receptor IL-11R� Are Dysregulated in
HumanOAChondrocytes—Our observations that LfcinB strik-
ingly induces IL-11 inspired the question of whether suchmod-
ulated genetic responses in fact bring benefits to OA therapy.
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Using total RNA and cell lysates prepared from age- and grade-
matched healthy (grades 0 and 1) and OA chondrocytes, we
observed statistically significant up-regulation of IL-11 tran-
scripts in OA cells (Fig. 8A; p � 0.05). This change may repre-
sent a reparative effort in OA chondrocytes to curb inflamma-
tory processes. Nonetheless, when we analyzed the level of
IL-11R� (a specific cognate receptor of IL-11), we foundmark-
edly reduced IL-11R� in OA chondrocytes compared with
healthy donor samples at both mRNA (Fig. 8B; p � 0.01) and
protein levels (Fig. 8C), suggesting that IL-11 and IL-11R� dys-
regulation in chondrocytes are associated with OA.

DISCUSSION

As previously shown, LfcinB bears potential as a therapeutic
peptide for OA intervention. In human articular cartilage and
synovium, LfcinB effectively antagonized IL-1 and FGF-2, thus
conferring chondroprotection (11). Here, we uncovered
another important mechanism indicating that LfcinB-medi-
ated anti-catabolic and chondroprotective actions are in part
through IL-11 induction. LfcinB robustly activates ERK1/2,
which in turn dramatically elevates IL-11 expression (�100-
fold induction by 100�g/ml LfcinB; p� 0.001) in a c-Fos/JunD-
dependent manner. Induced IL-11 serves as a secondary anti-
inflammatory mediator in chondrocytes that are stimulated
with LfcinB. IL-11 also promotes anti-catabolism via induction
of TIMP-1, hence contributing to protection of cartilage from
degradation. Although STAT3 signaling is not required for
LfcinB-mediated IL-11 expression, it is essential to IL-11-me-
diated TIMP-1 expression. Moreover, we show that IL-11 sig-
naling may be suppressed as a result of IL-11R� down-regula-
tion in OA chondrocytes. Evidence from a handful of studies
suggests the utility of IL-11 as a means of reducing arthritis
inflammation or diseases with an arthritic component (9, 26).
The beneficial bioactivities of IL-11 observed in these studies
may be linked to its modulatory function in macrophage (27,
28), which represent one of the predominant cell populations in
synovium in the pathological joint condition. Our findings not
only corroborate the protective role of IL-11 in synovial joint
but also unveiled cartilage as a target tissue of this anti-inflam-
matory cytokine. IL-11 exhibits moderate yet significant antag-
onism against IL-1 in PG metabolism, collagenase expression,
and inflammatory mediator expression. It is worth noting that
our findings from in vitro experiments are not in perfect
accordance with results acquired from ex vivo experiments
using cartilage explants, where striking chondroprotection was
achieved with IL-11. Such an apparent discrepancy may arise
from at least two sources. First, prolonged treatmentwith IL-11

in ex vivo culture may allow for delayed cellular responses,
which could not be assessed in the monolayer short term cul-
ture model. The delayed responses possibly cooperate with the
immediate transcriptional events to promote stronger protec-
tive activities. Second, chondrocytes reside in very different
microenvironments between monolayer culture and ex vivo
culture. In monolayer, chondrocytes synthesize their ECM de
novo, whereas in cartilage explants, chondrocytes are sur-
rounded by preformed intact ECM. We conjecture that there
may be components inside the native ECM that can potentiate
IL-11-mediated responses. It is alsoworthmentioning that data
from two studies do not support the anti-inflammatory role of
IL-11 in synovial joint (29, 30). However, caveats exist in these
studies. The randomized trial of recombinant human IL-11 in
rheumatoid arthritis treatment suffered from considerable pla-
cebo effects, which confounded the possible therapeutic benefit
of IL-11 (29). The other study, which utilized an acute arthritic
model, adopted an experimental scheme with frequent intra-
articular injections of supranormal amounts of IL-11 (30). Such
an ultra high dose of IL-11 may not generate a translatable
outcome. Therefore, further in vivo studies using arthritic ani-
mal models are warranted to elucidate the beneficial effects
mediated by IL-11.
The HS binding affinity of LfcinB allows it to interact with

chondrocytes via cell surface heparan sulfate proteoglycans
(HSPGs). Here, we directly demonstrate that cell surface HS is
critical to LfcinB-mediated biological effects in human primary
chondrocytes. The binding of LfcinB to HS appears to be the
furthest upstream event, because disruption of this interaction
profoundly inhibits LfcinB-mediated intracellular signaling
and target gene regulation. Togetherwith our previous findings
(11, 14), we propose that the interactions between LfcinB and
cell-bound HSPGs are essential to its antagonism against
FGF-2 and IL-1�, as well as its self-contained activities.
Although challenging, it is of great interest to identify which
HSPGs specifically bind to LfcinB in chondrocytes. Among
knownHSPGs, perhaps syndecans are the most probable bind-
ing partners of LfcinB, because their expression has been
reported in chondrocytes (31) and involved inOApathogenesis
(32). LfcinB binding to syndecans may generate a chondropro-
tective effect (e.g., induction of TIMPs and IL-11) while mini-
mizing FGF-2 and IL-1� binding opportunity leading to reduc-
tion of catabolism. Future studies are warranted to elucidate
this aspect of LfcinB biology.
Our results indicate that IL-11 induction takes place during

the first phase after LfcinB stimulation, and then an elevation of

FIGURE 6. LfcinB potently induces IL-11 expression via the ERK1/2-c-Fos/JunD axis. A, chondrocytes in monolayer were preincubated with individual
pharmacological inhibitors for 1 h, before stimulation with LfcinB (50 �g/ml) for 24 h. IL-11 transcripts were quantified by qPCR. B, structure of IL-11 promoter.
Two adjacent AP-1 elements are present between �80 and �100. C, chondrocytes were preincubated with individual pharmacological inhibitors for 1 h before
LfcinB (50 �g/ml) stimulation for another hour. A binding reaction using unlabeled (cold) AP-1 probe was set up for each EMSA assay to demonstrate binding
specificity. The AP-1-DNA complex was visualized using a chemiluminescence imaging system. D, nuclear extracts from articular chondrocytes were sequen-
tially incubated with AP-1 probe and individual antibodies against c-Fos, JunD, and c-Jun. A control reaction using IgG was set up to demonstrate antibody
specificity. Another binding reaction using unlabeled (cold) AP-1 probe was also performed to demonstrate probe binding specificity. E, chondrocytes were
incubated with LfcinB (50 and 100 �g/ml) for 24 h. Fos transcripts and protein expression were assessed by qPCR. F, in parallel, conditioned media were
analyzed by immunoblotting for IL-11 expression. G, chondrocytes were transfected with siRNA targeting fos. Fos protein expression was then examined by
immunoblotting to validate knockdown efficiency. Chondrocytes were also transfected with siRNA with scrambled sequences as a control. H, chondrocytes
transfected with fos siRNA were stimulated with LfcinB (50 �g/ml) for 24 h. IL-11 transcripts were measured by qPCR. I, after treating chondrocytes as described
above, IL-11 protein expression was examined using cell lysates. GAPDH was used as loading control. Scr, scrambled. **, p � 0.01.
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extracellular IL-11 level will trigger secondary responses to sus-
tain chondroprotection. IL-11 induction represents the most
dramatic response triggered by LfcinB. The robustness of

ERK1/2 activation by LfcinB can explain why IL-11 is up-regu-
lated to this magnitude. The transcriptional cascade governing
IL-11 induction and subsequent TIMP-1 expression represents
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an interesting model of LfcinB action. The immediate IL-11
induction by LfcinB is achieved via the ERK1/2-AP-1 axis. Our
EMSAdata unequivocally indicate that ERK1/2, not p38 orAkt,
determines AP-1 activity. A givenAP-1 heterodimer consists of
components from Fos, Jun, activating transcription factor, or
Jun dimerization protein families (33). Our supershift data
revealed that c-Fos and JunD, but not c-Jun, comprise the AP-1
complex upon LfcinB stimulation. This finding recapitulates
the specificity ofMAP kinases in AP-1 activation. From a struc-
tural standpoint, c-Jun only possesses a D domain necessary for
JNK targeting, whereas JunD contains a D domain and a DEF
motif, rendering itself a favored substrate for both JNK and
ERK. Fos is also a phosphorylation substrate of ERK (34). The
fact that LfcinB activates ERK1/2 but not JNK corresponds to
the finding that JunD rather than c-Jun is incorporated into the
AP-1 dimer. The c-Fos/JunD model in LfcinB-mediated IL-11
induction is also supported by twomore documented phenom-
ena: (i) JunD occupies IL-11 promoter, although not exclusively
(21), and (ii) c-Fos/JunD dimer is able to result in strong trans-
activation (35). The recruitment of JunD instead of c-Jun may
impart transcriptional specificity to LfcinB-induced AP-1,
hence not producing the same detrimental effects as c-Fos/c-
Jun complex does in chondrocytes (36–39).
The induced IL-11 initiates STAT3 pathway to up-regulate

TIMP-1. Prominent STAT3 activation was noted 24 h after
LfcinB stimulation, yet the increase in TIMP-1 expression
could not be detected until 24 h later. Such a delay suggests that
persistent STAT3 signaling is required for TIMP-1 induction
by IL-11. Active STAT3 may not solely account for TIMP-1
induction, but it appears to be essential. Knockdown of STAT3
results in complete reversal of TIMP-1 levels, suggesting

STAT3 does not act as a transcription co-factor in this context.
Thus, our data provide a mechanistic explanation for IL-11-
mediated TIMP-1 expression in chondrocytes.
Recently, we reported that LfcinB stimulates other anti-in-

flammatory cytokines such as IL-4 and IL-10 (11). In addition,
we also found that LfcinB markedly up-regulates TIMP-3
expression during the first phase of cellular response in chon-
drocytes via activation of Sp1 (14). Combinedwith our previous
findings (11), we propose that LfcinB promotes anti-catabolic
and anti-inflammatory activities via three routes: (i) competi-
tive binding to heparan sulfate PGs on chondrocyte plasma
membrane, thus blocking IL-1 and FGF-2 actions; (ii) immedi-
ate induction of multiple anti-inflammatory cytokines, includ-
ing IL-11, which directly antagonizes IL-1-mediated inflamma-
tion and up-regulates TIMP-1; and (iii) early induction of
TIMP-3 to further limit endogenous protease activities. A pro-
posed model is illustrated in Fig. 9 to summarize the mode of
action of LfcinB in human articular chondrocytes. In keeping
with this hypothesis, our experiments using LfcinB-pretreated
chondrocytes show that when LfcinB-triggered primary and
secondarymechanisms are fully operating, IL-1� fails to launch
characteristic catabolic and inflammatory programs in these
cells. By contrast, 24-h administration of LfcinB partially inhib-
its IL-1� effects in IL-1�-primed chondrocytes, suggesting that
secondary actions of LfcinB-induced targets are indeed impor-
tant. Interestingly, LfcinB-mediated genetic responses appear
to compensate for some deficiencies in OA chondrocytes. The
dedicated receptor of IL-11, IL-11R�, is significantly down-reg-
ulated in OA chondrocytes, which probably leads to partial loss
of IL-11 anti-inflammatory signaling. The down-regulation of
IL-11R�, however, does not alter the response of OA chondro-

FIGURE 7. LfcinB up-regulates IL-11, which in turn induces TIMP-1 expression via STAT3 signaling pathway. A, chondrocytes in monolayer were incu-
bated with IL-11 (50 ng/ml) for 24 h. TIMP-1 transcripts were quantified by qPCR. B, extracellular and intracellular TIMP-1 protein was analyzed by immuno-
blotting. C, chondrocytes were incubated with LfcinB (100 �g/ml) for different durations (24, 48, and 72 h). TIMP-1 transcripts were quantified by qPCR. D,
chondrocytes were treated as described above. TIMP-1 protein expression in both intracellular and extracellular fractions was examined by immunoblotting.
E, chondrocytes in monolayer were treated with LfcinB (100 �g/ml) in the presence or absence of IL-11 neutralization antibody (10 �g/ml). TIMP-1 mRNA
expression was examined by qPCR. F, TIMP-1 protein expression was examined by immunoblotting. G, chondrocytes were treated with either IL-11 (50 ng/ml)
or LfcinB (50 �g/ml) for various durations (0.5, 1, 24, 48, and 72 h). STAT3 activation was examined by immunoblotting using an anti-phospho-STAT3 antibody.
Total STAT3 levels were used as loading controls. H, naive chondrocytes and chondrocytes transfected with STAT3 siRNA were incubated with LfcinB (100
�g/ml) for 24 h. TIMP-1 mRNA levels were measured by qPCR. I, extracellular and intracellular TIMP-1 protein levels were analyzed by immunoblotting. J and
K, IL-11 mRNA (J) and protein levels (K) were assessed by qPCR and immunoblotting using the same set of samples as described above. Scr, scrambled. *, p �
0.05; **, p � 0.01; ***, p � 0.001.

FIGURE 8. IL-11 signaling is disrupted in OA chondrocytes. A, IL-11 transcripts were quantified using age-matched (40 –70 years old) normal femoral and OA
femoral/tibial chondrocytes (n 	 7). B, likewise, IL-11R� transcripts were quantified by qPCR. C, IL-11R� protein expression in these individuals was analyzed by
immunoblotting. GAPDH was used as a loading control. * p � 0.05; ** p � 0.01.
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cytes to exogenous IL-11, because we observed that OA chon-
drocytes highly up-regulate TIMP-1 expression upon IL-11
stimulation (data not shown). Importantly, OA chondrocytes
remain sensitive to LfcinB stimulation in terms of IL-11 induc-
tion (data not shown), suggesting that both primary and sec-
ondary mechanisms utilized by LfcinB still produce beneficial
biological effects in OA chondrocytes. We also observed
repression of TIMP-3 expression in OA, suggesting a lack of
control of proteolytic activities in this disease state (14). There-
fore, LfcinB conduces to the restoration of chondrocyte home-
ostasis through replenishing IL-11R� signaling and TIMP-3.
Taken altogether, our findings again demonstrate the potential
of LfcinB as a chondroprotective molecule, and our current
understanding of its mode of action provides a mechanistic
basis for future in vivo investigations.
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