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Abstract
Obesity is one of the primary risk factors for osteoarthritis. Increased adiposity is associated not
only with alterations in joint loading, but also with increased systemic and joint concentrations of
adipose tissue-derived cytokines, or “adipokines,” that promote a state of chronic, low-grade
inflammation that may act in concert with other cytokines in the joint to increase joint
degeneration. However, the direct effect of adipokines, such as leptin, visfatin, and interleukin-6
(IL-6), on joint tissues, such as articular cartilage and meniscus, are not fully understood. In this
study, we examined the hypothesis that these adipokines act synergistically with interleukin-1
(IL-1) to increase catabolism and the production of pro-inflammatory mediators in cartilage and
meniscus. Explants of porcine cartilage and meniscus were treated with physiologically relevant
concentrations of leptin, IL-6, or visfatin, alone or in combination with IL-1. Visfatin and IL-1
promoted the catabolic degradation of both cartilage and meniscus, as evidenced by increased
metalloproteinase activity, nitric oxide production, and proteoglycan release. However, leptin or
IL-6 at physiologic concentrations had no effect on the breakdown of these tissues. These findings
suggest that the effects of obesity-induced osteoarthritis may not be through a direct effect of
leptin or IL-6 on cartilaginous tissues, but support a potential role for increased visfatin levels in
this regard. These data provide an important first step in understanding the role of adipokines in
regulating cartilage and meniscus metabolism; however, these adipokines may have different
effects in the context of the whole joint and must be evaluated further.
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INTRODUCTION
Osteoarthritis (OA) is the most common form of arthritis and is characterized by an
imbalance in the degradation and synthesis of articular cartilage, as well as remodeling of
the subchondral bone [1, 2]. The primary risk factors for OA are age, joint injury, and
obesity [3]. Obesity is the primary avoidable risk factor for the development of OA, not only
in weight-bearing joints, such as the knee and hip, but also in non-weight bearing joints in
the hand [4, 5], suggesting that systemic metabolic factors, as well as biomechanical
loading, may be contributing to obesity-induced OA. Furthermore, obesity has been strongly
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associated with increased incidence of tears in the medial meniscus [6]. Such joint injuries
result in alterations in the biomechanical and inflammatory environments in the joint,
ultimately progressing to OA [7–12].

In particular, recent studies have revealed the critical role played by adipose tissue, in
metabolic homeostasis, by secreting a number of cytokines, termed “adipokines,” that act
through autocrine, paracrine, and endocrine signaling [13]. Obesity is associated with a
chronic, low-grade, systemic, pro-inflammatory state, attributed to the actions of adipokines,
such as leptin, resistin, adiponectin, and visfatin. The serum levels of the adipokines
positively correlate with changes in body mass index (BMI) [13]. Additionally, plasma
levels of leptin, adiponectin, and visfatin are elevated in patients with rheumatoid arthritis
(RA) but there is no change in resistin concentrations, as compared to non-arthritic controls
[14]. Leptin is a hormone with a well-established role in mediating food intake and energy
expenditure. Leptin also seems to play a role in joint homeostasis, as it has been related to
cartilage volume loss with obesity in females [15]. Synovial fluid leptin concentrations have
also been correlated with the severity of knee OA [16]. Healthy chondrocytes generally do
not produce leptin, but the expression of both leptin [17] and the signaling leptin receptor
Ob-Rb are increased in advanced OA cartilage [18]. Mice fed a high-fat diet show increased
OA severity that is highly correlated with serum leptin levels, whereas mice deficient in
leptin or leptin receptor exhibit morbid obesity but no signs of OA, suggesting that leptin
itself may play a role in joint degeneration [19, 20]. However, the direct effects of leptin on
cartilage metabolism are not fully understood and appear to depend on various factors, such
as concentration and the presence of serum. Similarly, the increased concentrations of leptin
(and other adipokines) in the synovial fluid may influence the physiology of other joint
tissues such as the meniscus; however, no studies thus far have examined the effects of
leptin on meniscus tissue.

In addition to mediators that are produced by the adipocytes, adipose tissue macrophages are
a major source of the pro-inflammatory cytokines interleukin-1 (IL-1) and IL-6 [13], which
have been implicated as important mediators of cartilage degeneration [21, 22] through their
anti-anabolic and pro-catabolic activities in cartilage and meniscus. IL-1β upregulation in
RA and OA patients [23, 24] induces many degradative processes in the joint [21, 22, 25,
26]. IL-1 enhances the production of the inflammatory mediators prostaglandin E2 (PGE2)
and nitric oxide (NO), upregulates matrix metalloproteinases (MMPs), enhances
proteoglycan release, and alters collagen synthesis in both cartilage [25, 27–29] and
meniscus [30, 31]. In addition, the inflammatory cytokine IL-1β causes increased IL-6
production by chondrocytes [32, 33]. High serum levels of IL-6 and high BMI are predictors
of radiographic knee OA [34], suggesting an important role for IL-6 in the development of
OA. IL-6 binds to the IL-6 receptor (IL-6R), which is either membrane bound or soluble
(sIL-6R), and this complex then binds to the cell surface glycoprotein 130 (gp130), which
signals intracellularly [35]. Chondrocytes express the gp130 receptor on the cell surface
[36], and thus can signal upon binding by IL-6 and the sIL-6R from the synovial fluid.
Unlike chondrocytes and synoviocytes [37], the infrapatellar fat pad [38] and inflammatory
cells secrete sIL-6R [37]. As sIL-6R and IL-6 are both present in the synovial fluid, their
catabolic effects may contribute to degenerative changes, and potential failure, of the
meniscus. However, no studies to date have analyzed the effects of IL-6 signaling in the
presence or absence of IL-1 on cartilage MMP activity and on the catabolism of meniscal
tissue.

Although there appears to be significant cross-regulation of pro-inflammatory cytokines and
adipokines, the interactive effects of adipokines and IL-1 on joint tissues are complex and
not fully understood [39]. For example, leptin increases the production of IL-6 in human OA
cartilage explants [40]. Additionally, IL-6 and IL-1 regulate leptin mRNA expression and
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IL-1β stimulates the short term release of leptin [41]. Furthermore, IL-6 may have either
pro- or anti-inflammatory effects, depending on interactions with other cytokines, such as
IL-1 [21]. Some studies have shown IL-6 and sIL-6R decrease IL-1 mediated catabolism
[42], while other studies have observed synergism, resulting in increased matrix degradation
[36, 43]. IL-6 and sIL-6 receptor signaling upregulates visfatin in RA synovial fibroblasts
[44].

Visfatin, also known as pre-B cell colony-enhancing factor (PBEF), was originally identified
as a secreted growth factor for lymphocytes but has a variety of functions [45]. Visfatin is
involved in the synthesis of nicotinamide adenine dinucleotide (NAD), an essential cofactor
in cell metabolism [45], can act as an insulin mimetic by binding to the insulin receptor, and
has anti-apoptotic actions [14]. Additionally, in RA patients visfatin serum concentrations
are associated with radiographic joint damage [46] and serum and synovial fluid levels
correlate with inflammation and disease activity [47]. The infrapatellar fat pad [48], human
OA chondrocytes [49], and RA synovial fibroblasts [47] produce visfatin, and synthesis of
this cytokine is increased by IL-1β [49]. Thus far, no studies have evaluated the effects of
visfatin or the synergism of visfatin with IL-1 on cartilage or meniscus MMP activity,
proteoglycan breakdown, or NO production.

The goal of this study was to assess the effects of these adipokines in the presence or
absence of the cytokine IL-1 on cartilage and meniscus catabolism. We hypothesized that
physiologic concentrations of adipokines would enhance the catabolism of cartilage and
meniscus and would synergize with IL-1 to further promote the pro-inflammatory
breakdown of these tissues. We used porcine cartilage and meniscus explants to examine the
effects of leptin, IL-6, and visfatin either with or without IL-1. Explants were cultured for 72
hours and the media was assessed for MMP activity, sulfated glycosaminoglycan (S-GAG)
release, and NO production.

MATERIALS AND METHODS
Explant Culture

Femoral condyles and medial menisci were isolated from 2–3 year old skeletally mature
female pig knees obtained from a local abattoir. Explants were harvested from the femoral
surface of the medial meniscus, using a 5 mm biopsy punch (Miltex, Inc, York, PA) oriented
perpendicular to the meniscal surface. Full thickness cartilage explants (5 mm diameter)
were harvested from the opposing medial femoral condyle in the region that articulates with
the meniscus. Samples were incubated in Dulbecco’s Modified Eagle’s Medium (DMEM;
Invitrogen, Carlsbad, CA), containing 1000 U/mL penicillin/streptomycin (Invitrogen) for 1
hour at 37°C. This medium was removed, and explants were cultured in DMEM containing
10% heat inactivated FBS (HyClone, Logan, UT), 0.1 mM non-essential amino acids
(Invitrogen), 10 mM HEPES buffer solution (Invitrogen), 100 U/mL penicillin/
streptomycin, and 37.5 µg/mL L-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, MO)
for 3 days to allow the tissue to equilibrate at 37°C and 5% CO2. Explants were then
cultured for 3 days with the following adipokines at concentrations of 1 ng/mL, 10 ng/mL,
or 100 ng/mL: recombinant porcine leptin (RayBiotech, Inc., Norcross, GA); recombinant
porcine IL-6 (R & D Systems, Minneapolis, MN); or recombinant human visfatin
(RayBiotech, Inc.). These concentrations were chosen to cover the range of concentrations
that have previously been measured in the synovial fluid of patients with arthritis or joint
injury (Table 1). In experiments testing the effects of IL-6, 100 ng/mL recombinant human
IL-6Rα (R & D Systems) was also included. In order to test the synergism between
inflammation and adipokines, explants were also cultured with 1 ng/mL recombinant
porcine IL-1β (R & D Systems). Media was collected on day 3 and measured for MMP
activity, S-GAG release, and NO production.
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MMP Activity Assay
In order to activate latent MMPs, a stock solution of 10mM p-aminophenylmercuric acetate
(APMA; Sigma, St. Louis, MO) was prepared in 0.1 M NaOH. Media samples (90µl) were
incubated with 10µl of 2.5 mM APMA pH 7.0 – 7.5 in assay buffer (200 mM NaCl, 50 mM
Tris, 5 mM CaCl2, 10 µM ZnSO4, 0.01% Brij 35, pH 7.5) or 10µl assay buffer alone for 5
hours at 37°C. Total specific MMP activity was then measured using the quenched
fluorogenic substrate Dab-Gly-Pro-Leu-Gly-Met-Arg-Gly-Lys-Flu (New England Peptide;
Gardner, MA) as described previously [50–53].

S-GAG Release
Total S-GAG release was measured using the 1,9-dimethylmethylene blue (DMB) assay
[54]. For this assay, standards ranging from 0 – 100 µg/mL bovine trachea chondroitin-4-
sulfate type A (Sigma, St. Louis, MO) were prepared in control media. Standards and
samples (20µl) were added to a 96 well plate in duplicate and 125 µl/well of DMB reagent
was also added to each well. Absorbance was read at 540 nm within 5 min of DMB addition
and the total µg of S-GAG released from each sample was corrected for the wet weight of
the tissue.

NO Production
Total NO production was assessed by measuring the concentration of total nitrate and nitrite,
as detailed previously [55, 56]. All media samples and standards (0 – 320 µM NaNO3 in
culture media) were filtered through Micron Ultracel YM-10 10,000 molecular weight cut-
off filters (Millipore, Bedford, MA) and diluted 1:2 in dH2O. Nitrate was then converted to
nitrite, using nitrate reductase (Roche Diagnostics; Mannheim, Germany), and total nitrite
concentrations were determined using the Greiss reagent. Absorbance was read at 540 nm,
and total µmol NO were normalized to the wet weight of the tissue.

Statistical Analyses
Statistical analyses were performed using Statistica 7.0 (StatSoft Inc., Tulsa, OK). A one-
way ANOVA and the Fisher LSD post hoc test were performed to determine significant
differences (α=0.05) between treatment groups.

RESULTS
Effects of Leptin and IL-1 on Cartilage Explants

Total MMP activity (Figure 1A), S-GAG release (Figure 1B), and NO release (Figure 1C)
into the media of cartilage explants was not altered by increasing concentrations of leptin. In
both the presence and absence of leptin, IL-1 treatment resulted in an approximately 4-fold
increase in total MMP activity, S-GAG release, and NO release (p < 0.0001) in cartilage
explants.

Effects of Leptin and IL-1 on Meniscal Explants
The addition of leptin to meniscal explants did not change the total MMP activity (Figure
2A), S-GAG release (Figure 2B), and NO release (Figure 2C) in the media. However, IL-1
treatment of meniscal explants increased MMP activity and S-GAG release 2-fold and NO
release (p < 0.05) nearly 7-fold independent of leptin.

Effects of IL-6, sIL-6R, and IL-1 on Cartilage Explants
Total MMP activity, S-GAG release, and NO release from cartilage explants were not
altered by IL-6 at any concentration tested (1 ng/mL, 10 ng/mL, and 100 ng/mL), as
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compared to control explants (data not shown). IL-6, sIL-6R, and the combination of IL-6
and sIL-6R failed to alter the MMP activity (Figure 3A), S-GAG release (Figure 3B), and
NO release (Figure 3C) in the media of cartilage explants. The addition of IL-1 independent
of IL-6, sIL-6R, or both, upregulated MMP activity, S-GAG release, and NO release (p <
0.001). The addition of the sIL-6R in combination with IL-1 caused a further increase in
MMP activity and NO release, as compared to IL-1 alone (p < 0.05). On the other hand, both
IL-6 and sIL-6R in the presence of IL-1 decreased S-GAG release, as compared to IL-1
alone (p < 0.05), but the combination of IL-6, sIL-6R, and IL-1 did not change S-GAG
release, as compared to IL-1 treated cartilage.

Effects of IL-6, sIL-6R, and IL-1 on Meniscal Explants
Total MMP activity, S-GAG release, and NO release from meniscal explants were not
affected by IL-6 at any concentration (1 ng/mL, 10 ng/mL, and 100 ng/mL), as compared to
control explants (data not shown). MMP activity (Figure 4A), S-GAG release (Figure 4B),
and NO release (Figure 4C) were not altered by IL-6, sIL-6R, and the combination of IL-6
and sIL-6R. The addition of IL-1 independent of IL-6, sIL-6R, or both, increased MMP
activity and NO release (p < 0.01) in meniscal explants. Treatment of meniscal explants with
IL-1 alone, IL-6 and IL-1, or sIL-6R and IL-1 resulted in the upregulation of S-GAG
release, as compared to control explants (p < 0.05). However, the combination of IL-6,
sIL-6R, and IL-1 suppressed the IL-1 mediated release of S-GAGs into the meniscal media
(p < 0.05).

Effects of Visfatin and IL-1 on Cartilage Explants
MMP activity by cartilage explants was unchanged by the addition of increasing
concentrations of visfatin (Figure 5A). Independent of visfatin, IL-1 upregulated MMP
activity in the media of cartilage explants (p < 0.01). The 100 ng/mL concentration of
visfatin increased S-GAG release into the media, as compared to control (Figure 5B, p <
0.05). In both the presence and absence of visfatin, IL-1 promoted the release of S-GAG
from cartilage explants (p < 0.01). Additionally, IL-1 and 10 ng/mL visfatin synergized to
enhance S-GAG release, as compared to IL-1 and 100 ng/mL visfatin (p < 0.05). NO release
by cartilage explants was also enhanced by 100 ng/mL visfatin (Figure 5C, p < 0.01). IL-1
treatment of cartilage explants increased NO release (p < 0.01), however there was no
synergism between IL-1 and 100 ng/mL visfatin.

Effects of Visfatin and IL-1 on Meniscal Explants
MMP activity (Figure 6A, p < 0.05) and NO release (Figure 6C, p < 0.05) from meniscal
explants were enhanced by addition of 100 ng/mL visfatin. Treatment of meniscal explants
with IL-1 resulted in upregulation of MMP activity and NO release (p < 0.05). IL-1
mediated MMP activity was suppressed by 10 ng/mL visfatin (p < 0.05). Visfatin did not
alter S-GAG release from meniscal explants (Figure 6B). S-GAG release was upregulated
by IL-1 alone, IL-1 and 10 ng/mL visfatin, and IL-1 and 100 ng/mL visfatin, as compared to
control (p < 0.05).

DISCUSSION
Our results demonstrated that visfatin and IL-1 promoted the catabolism of cartilage and
meniscus, whereas physiologic concentrations of leptin or IL-6 did not alter MMP activity,
S-GAG release, or NO production in either cartilage or meniscus explants. Consistent with
previous studies, IL-1 upregulated MMP activity, S-GAG release, and NO production in
cartilage and meniscus. A novel result of the present study was that physiologic
concentrations of visfatin increased cartilage S-GAG release and NO production and
enhanced MMP activity and NO release from the meniscus. Visfatin synergized with IL-1 to
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upregulate cartilage S-GAG release but suppressed the IL-1 mediated MMP activity in
meniscus. Furthermore in cartilage, sIL-6R synergized with IL-1 to enhance MMP activity
and NO production, but suppressed the IL-1 mediated S-GAG release. IL-6 alone also
suppressed the IL-1 mediated cartilage S-GAG release and IL-6 and sIL-6R decreased the
IL-1 effects on meniscus S-GAG release. Our findings support the hypothesis that specific
adipokines (i.e., visfatin) can induce catabolism of cartilage and meniscus, exhibiting
synergistic catabolic effects with IL-1. However, the findings that leptin or IL-6, alone or in
combination with IL-1, do not have direct acute effects on the catabolism of these tissues
suggests that cartilage and meniscus tissue degradation associated with obesity is not from a
direct effect of these adipokines.

The current study did not include two other major adipokines, adiponectin and resistin,
which future studies may wish to address. Adiponectin synovial fluid concentrations are
decreased with increasing severity of OA, suggesting a possible protective role of
adiponectin against OA [57]. In addition, adiponectin is negatively associated with knee OA
scores in a mouse model of diet induced obesity [19]. Therefore, it is unlikely that
adiponectin exerts catabolic effects on cartilage and meniscus that may contribute to obesity
induced OA. On the other hand, while resistin levels have been shown to be unchanged in
plasma samples from RA patients as compared to non-arthritic patients [14], they are
elevated in synovial fluid from RA patients [58–60]. RA serum and synovial fluid resistin
concentrations are significantly higher than in OA patients. Additionally, resistin levels in
OA patients are significantly lower in the synovial fluid than in paired serum samples [59].
These data suggest a possible role for resistin in the systemic inflammatory disease of RA
but a less likely role for resistin in joint tissue degradation.

Previous studies have shown varying effects of leptin or IL-6 on chondrocytes. Many of the
differences between the various studies may be attributable to the inherent differences in the
response of chondrocytes that have been enzymatically isolated versus chondrocytes that are
cultured in the context of the cartilage extracellular matrix, as well as the arthritic state of
the tissue. In addition, some experiments have included serum in the culture media, whereas
other experiments have been performed in serum-free conditions. Furthermore, the inherent
differences between species used in different studies may also explain some of the
conflicting results in the literature. In our studies, we utilized non-arthritic porcine cartilage
and meniscus explants to better maintain the chondrocytes and meniscal cells in the native
environment of the extracellular matrix.

In this study, we observed no effect of leptin on cartilage and meniscus catabolism, as
measured by MMP activity or S-GAG release. Porcine chondrocytes express the Ob-Rb
leptin receptor [61], and therefore should be able to activate signaling cascades in response
to leptin treatment. In previous studies, leptin has been shown to decrease chondrocyte
proliferation, increase the release of IL-1β, and increase MMP-9 and MMP-13 protein
expression after 5 – 7 days in serum free culture of freshly-isolated chondrocytes [18]. In
contrast, in the present study our results showed no increase in MMP activity after 72 hours,
which may be due to the presence of serum, the use of cartilage explants, lower leptin
concentrations, and/or the shorter time in culture. Cartilage from OA patients produces
increased MMP-1 and MMP-3 levels that correlate with synovial fluid leptin concentrations
[62], suggesting a catabolic role for leptin in OA tissues. Similar to our results, primary
human chondrocytes cultured in serum-free conditions with leptin alone did not modulate
NO; however IL-1 and 12,800 ng/mL leptin (as compared to a maximum of 100 ng/mL in
the present study) synergized to increase NO release [63]. Furthermore, intra-articular
injection of 2 mg/mL leptin (approximately 100,000 times the physiological levels) into the
rat knee increases MMP expression and production and decreases proteoglycan staining
[64]. These observed effects of leptin likely reflect the tremendously high concentrations
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tested, as compared to the present study. Human OA cartilage shows elevated expression of
the leptin receptor Ob-Rb [18], therefore it is not surprising that studies using human OA
cartilage explants have shown that 100 ng/mL leptin increases NO release [40], whereas we
did not observe a change in non-arthritic explants. In addition, consistent with our lack of
catabolic response in the presence of leptin, Simopoulou and coworkers have shown that
100 ng/mL leptin decreases the expression of the leptin Ob-Rb receptor in normal cartilage
[18]. The supra-physiologic concentration of 10,000 ng/mL leptin was required to increase
inducible nitric oxide synthase (iNOS) mRNA and NO release and synergize with IL-1β to
further upregulate these pro-inflammatory factors [40]. A recent study by Pallu and
coworkers shows a positive association between chondrocyte responsiveness and BMI in
primary OA chondrocytes treated with 500 ng/mL leptin but a negative association when
treated with 100 ng/mL leptin [65].

There is little or no previous data on the effects of leptin on meniscus, and our results
suggest that, similar to cartilage, physiologic concentrations of leptin do not have direct
catabolic effects on meniscus. Leptin signaling may be necessary for the development of OA
in obese individuals, since leptin knockout mice and leptin receptor deficient mice do not
develop OA, despite extreme obesity [20]. However, the role of leptin in OA may not
involve direct effects on cartilage or meniscus catabolism at physiologic concentrations.
Nonetheless, the significant association of OA with leptin or IL-6 [17, 66–68], suggests that
the effects of these adipokines on joint degeneration may be regulated through their effects
on other tissues, such as bone [69].

IL-6, sIL-6R, and the combination of IL-6 and sIL-6R did not alter cartilage or meniscus
breakdown in this study. Consistent with our results, other studies have demonstrated that
IL-6 alone does not alter collagenase production [70] and the combination of IL-6 and
sIL-6R has no effect on S-GAG release [43, 71]. In addition, IL-6 and sIL-6R have been
shown to increase TIMP-1 expression [42] and production and increase MMP-3, resulting in
no change in the ratio of MMP-3/TIMP-1 [32] and thus likely no net change in MMP
activity. In serum-starved isolated bovine chondrocytes, IL-6 and IL-6R have been shown to
increase the mRNA expression of MMP-1, MMP-3, MMP-13, ADAMTS-4, and
ADAMTS-5 [72]; however, synthesis and activity of these enzymes was not assessed. The
total MMP activity in these experiments was a measure of the activity of both the pro-MMPs
and active MMPs secreted into the media. On average, the active MMPs accounted for 10 –
20% of the total MMP activity (data not shown), therefore the majority of the MMPs were in
the pro-enzyme form. Thus, longer time in culture and/or increased expression of MMP
activators [73], such as plasmin and membrane type MMPs (MT-MMPs), likely would
contribute to an increase in the active fraction of MMPs.

The combination of sIL-6R and IL-1 resulted in an additional increase in MMP activity and
NO release, as compared to IL-1 alone in cartilage explants. IL-1 may be inducing an
increase in endogenous IL-6, which in the presence of the sIL-6R is able to promote these
changes, similar to previous observations [36]. However, upon addition of exogenous IL-6
this increase was no longer observed. The mechanism for this phenomenon is not known,
but may be due to exogenous IL-6 failing to activate these signaling cascades and
downregulating the endogenous IL-6, as has been shown previously in an ischemia/
reperfusion injury model where exogenous IL-6 administration decreased serum
concentrations of IL-6 [74]. Additionally, previous studies have also shown that IL-6 may
have anti-inflammatory effects and promotes the production of IL-1 receptor antagonist
(IL-1ra) [75, 76]. On the other hand, we found that the combination of IL-6 and sIL-6R in
the presence of IL-1 decreased S-GAG release, compared to IL-1 treated cartilage,
suggesting that the breakdown of the S-GAGs in this case is mediated by proteolytic
enzymes other than MMPs. In serum-free bovine cartilage explants, IL-6 and sIL-6R in

McNulty et al. Page 7

Connect Tissue Res. Author manuscript; available in PMC 2013 April 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



combination with IL-1 synergizes to increase GAG release that is mediated by
aggrecanase-2 and not MMPs [43], suggesting that other degradative enzymes could be
mediating S-GAG release.

In meniscal explants, the combination of IL-6, sIL-6R, and IL-1 suppressed the IL-1
mediated release of S-GAGs into the media, suggesting that the effects of IL-6 on cartilage
and meniscus are slightly different. While the effects of IL-6 on the meniscus have not been
previously reported, these findings may reflect the relatively low concentration of
proteoglycans in native meniscus, as compared to articular cartilage. In IL-6 knockout mice,
old males but not females develop more advanced OA [77], highlighting the importance of
sex on the activity of IL-6. Other studies have shown a species-specificity to IL-6 effects,
since IL-6 and sIL-6R treatment did not change the biosynthesis of proteoglycans and
collagens in bovine cartilage but decreased synthesis in human cartilage [71]. Cross-species
homologies for IL-6 are only approximately 50% [36] so there may be low species cross-
reactivity of human sIL-6R and porcine IL-6. IL-6 and sIL-6R and IL-1β treatment of
human OA chondrocytes in alginate synergized to decrease MMP-3 after day 3 in culture
[32], suggesting that the time course of these events may be critical. Consistent with our
results, IL-6 has been shown to be an unnecessary cofactor in IL-1 induced proteoglycan
synthesis suppression and NO release [78]. However, tocilizumab, a humanized anti-IL-6R
monoclonal antibody has proven to be an effective treatment to reduce the severity of RA
[35] and serum IL-6 levels are associated with radiographic knee OA and cartilage loss over
three years [66], suggesting that in vivo IL-6 signaling is important during arthritis disease
progression.

Our results show that visfatin enhances cartilage and meniscus catabolism. Cartilage MMP
activity trended towards an increase with increasing concentrations of visfatin. A previous
study that used supraphysiologic concentrations of visfatin in immature mouse chondrocytes
reported that visfatin increased MMP-3 and MMP-13 synthesis and release [49].
Interestingly, the 10 ng/mL dose of visfatin synergized with IL-1 to increase S-GAG release
from cartilage, while this same combination suppressed MMP activity in meniscus. Previous
studies in chondrocytes point to the ability of visfatin to synergize with IL-1β, resulting in
an increase in PGE2 production [49]. Therefore, visfatin has slightly different signaling
pathways in cartilage and meniscus. Our study provides the first analysis of the effects of
visfatin on meniscus. Interestingly, in a collagen-induced arthritis mouse model, visfatin
expression was increased in both the serum and arthritic paw [79]. Inhibition of visfatin with
APO866, a competitive inhibitor of visfatin enzymatic function, in this animal model
decreased arthritis severity and also IL-1β and IL-6 production. Furthermore, there is a
positive correlation between synovial fluid visfatin concentrations and cartilage matrix
degradation [80], suggesting the importance of visfatin in arthritis progression.

CONCLUSIONS
In conclusion, we have shown that visfatin and IL-1 promoted the catabolic degradation of
both cartilage and meniscus, as evidenced by increased MMP activity, NO production, and
proteoglycan release. However, leptin or IL-6 at physiologic concentrations had no effect on
the breakdown of these tissues. These findings suggest that the effects of obesity-induced
OA may not be through a direct effect of leptin or IL-6 on cartilage or meniscus, but support
a potential role for increased visfatin levels in this regard. These data provide an important
first step in understanding the potential role of adipokines in regulating cartilage and
meniscus metabolism; however, these adipokines may have different effects in the context
of the whole joint and must be evaluated further.
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FIG. 1.
Effects of leptin and IL-1 on cartilage explants. MMP activity (A), S-GAG release (B), and
NO production (C) were measured in the media of cartilage explants that were exposed to 0
– 100 ng/mL leptin in the presence or absence of 1 ng/mL IL-1 (n = 12 per treatment group).
(A) The MMP activity is expressed as fluorescence units (FU)/µg wet weight + standard
error. (B) The S-GAG release is expressed as µg S-GAG/mg wet weight + standard error.
(C) The NO release is expressed as µmol/g wet weight + standard error. *: p < 0.0001
compared to control, 1 ng/mL leptin, 10 ng/mL leptin, and 100 ng/mL leptin.
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FIG. 2.
Effects of leptin and IL-1 on meniscal explants. MMP activity (A), S-GAG release (B), and
NO production (C) were measured in the media of meniscal explants that were exposed to 0
– 100 ng/mL leptin in the presence or absence of 1 ng/mL IL-1 (n = 12 per treatment group).
(A) The MMP activity is expressed as fluorescence units (FU)/µg wet weight + standard
error. (B) The S-GAG release is expressed as µg S-GAG/mg wet weight + standard error.
(C) The NO release is expressed as µmol/g wet weight + standard error. *: p < 0.05
compared to control, 1 ng/mL leptin, 10 ng/mL leptin, and 100 ng/mL leptin.
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FIG. 3.
Effects of IL-6, sIL-6R, and IL-1 on cartilage explants. MMP activity (A), S-GAG release
(B), and NO production (C) were measured in the media of cartilage explants that were
exposed to control media, 100 ng/mL IL-6, and 100 ng/mL sIL-6R in the presence or
absence of 1 ng/mL IL-1 (n = 6 per treatment group). (A) The MMP activity is expressed as
fluorescence units (FU)/µg wet weight + standard error. (B) The S-GAG release is expressed
as µg S-GAG/mg wet weight + standard error. (C) The NO release is expressed as µmol/g
wet weight + standard error. *: p < 0.001 compared to control, 100 ng/mL IL-6, 100 ng/mL
sIL-6R, 100 ng/mL IL-6 + sIL-6R. #: p < 0.05 compared to IL-1 treated explants.
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FIG. 4.
Effects of IL-6, sIL-6R, and IL-1 on meniscal explants. MMP activity (A), S-GAG release
(B), and NO production (C) were measured in the media of meniscal explants that were
exposed to control media, 100 ng/mL IL-6, and 100 ng/mL sIL-6R in the presence or
absence of 1 ng/mL IL-1 (n ≥ 9 per treatment group). (A) The MMP activity is expressed as
fluorescence units (FU)/µg wet weight + standard error. (B) The S-GAG release is expressed
as µg S-GAG/mg wet weight + standard error. (C) The NO release is expressed as µmol/g
wet weight + standard error. *: p < 0.01 compared to control, 100 ng/mL IL-6, 100 ng/mL
sIL-6R, 100 ng/mL IL-6 + sIL-6R. #: p < 0.05 compared to IL-1 treated explants. +: p <
0.05 compared to control.
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FIG. 5.
Effects of visfatin and IL-1 on cartilage explants. MMP activity (A), S-GAG release (B),
and NO production (C) were measured in the media of cartilage explants that were exposed
to 0 – 100 ng/mL visfatin in the presence or absence of 1 ng/mL IL-1 (n ≥ 9 per treatment
group). (A) The MMP activity is expressed as fluorescence units (FU)/µg wet weight +
standard error. (B) The S-GAG release is expressed as µg S-GAG/mg wet weight + standard
error. (C) The NO release is expressed as µmol/g wet weight + standard error. *: p < 0.01
compared to control, 1 ng/mL visfatin, 10 ng/mL visfatin, and 100 ng/mL visfatin. #: p <
0.05 compared to control and 1 ng/mL visfatin. +: p < 0.05 compared to IL-1 + 100 ng/mL
visfatin. ^: p < 0.01 compared to control, 1 ng/mL visfatin, and 10 ng/mL visfatin.
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FIG. 6.
Effects of visfatin and IL-1 on meniscal explants. MMP activity (A), S-GAG release (B),
and NO production (C) were measured in the media of meniscal explants that were exposed
to 0 – 100 ng/mL visfatin in the presence or absence of 1 ng/mL IL-1 (n ≥ 9 per treatment
group). (A) The MMP activity is expressed as fluorescence units (FU)/µg wet weight +
standard error. (B) The S-GAG release is expressed as µg S-GAG/mg wet weight + standard
error. (C) The NO release is expressed as µmol/g wet weight + standard error. *: p < 0.05
compared to control, 1 ng/mL visfatin, 10 ng/mL visfatin, and 100 ng/mL visfatin. #: p <
0.05 compared to all other treatment groups. +: p < 0.05 compared to IL-1 treated explants.
^: p < 0.05 compared to control and 1 ng/mL visfatin.
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Table 1

Physiologic Concentrations of Adipokines Measured in Synovial Fluid from Patients with Arthritis and Joint
Injury

Concentrations in Synovial Fluid

Leptin 1 – 20 ng/mL in OAa

IL-6 0.01 – 20 ng/mL in OAb

22 ng/mL day 1 after ACL injury; decreases to 1 – 2 ng/mL days 7 – 21c

Levels are 2× higher with ACL injury + meniscal tear than ACL injury aloned

IL-6R 10 – 50 ng/mL in OAe

25 – 140 ng/mL in RAe

Visfatin 10 – 50 ng/mL in OAf

100 – 125 ng/mL in RAf

a
: [16, 81];

b
: [82];

c
: [83];

d
: [84];

e
: [37, 85];

f
: [44, 47]
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