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Abstract
Injury or loss of the knee meniscus is associated with altered joint stresses that lead to progressive
joint degeneration. The goal of this study was to determine if dynamic mechanical compression
influences the production of inflammatory mediators by meniscal cells. Dynamic compression
increased prostaglandin E2 (PGE2) and nitric oxide (NO) production over a range of stress
magnitudes (0.0125-0.5 MPa) in a manner that depended on stress magnitude and zone of tissue
origin. Inner zone explants showed greater increases in PGE2 and NO production as compared to
outer zone explants. Meniscal tissue expressed NOS2 and NOS3 protein, but not NOS1.
Mechanically-induced NO production was blocked by NOS inhibitors, and the non-selective NOS
inhibitor L-NMMA augmented PGE2 production in the outer zone only. These findings suggest that
the meniscus may serve as an intra-articular source of pro-inflammatory mediators, and that
alterations in the magnitude or distribution of joint loading could significantly influence the
production of these mediators in vivo.
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Introduction
The meniscus is an intra-articular fibrocartilaginous structure that is essential for load
transmission, shock absorption, stability, and lubrication of the knee joint [1]. Injury or loss of
the meniscus significantly changes the magnitude and distribution of stress in the knee and is
associated with inflammatory and degenerative changes of the joint [1-5]. However, the
underlying mechanisms by which meniscal injury leads to osteoarthritis are not fully
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understood and may involve interrelated biochemical and biomechanical responses to an
altered joint environment.

Osteoarthritis is characterized with the increased production of pro-inflammatory mediators
such as prostaglandin E2 (PGE2) and nitric oxide (NO) in joint tissues [6], including the
meniscus [7,8]. Similar to synovium or articular cartilage, meniscal cells can produce
significant levels of NO [7-9] that can be significantly enhanced by cytokines or mechanical
stress [10-15]. However, the relationship between stress magnitude and NO production is not
fully understood. Meniscal cells also increase the production of PGE2 in response to cytokines
such as tumor necrosis factor alpha (TNF-α), interleukin 1 (IL-1), or IL-17 [9,11,13].
Furthermore, cytokines may alter the response of meniscal cells to mechanical stimulation
[14,16,17].

The meniscus is a highly inhomogeneous tissue, exhibiting regional differences in composition,
structure, and cell phenotype [18]. Cells of the inner radial two-thirds of the meniscus (inner
zone) express high mRNA levels for chondrocytic markers including type II collagen and
aggrecan [18-20]. In contrast, cells of the outer one-third of the meniscus (outer zone) express
high collagen type I mRNA and protein, characteristics of a more fibroblastic phenotype
[20-22]. The mechanical properties of the meniscus also differ with site and are associated with
a spatially heterogeneous mechanical environment in the tissue, including differing magnitudes
of pressure, compression, and tension [23].

The goal of this study was to examine the hypothesis that dynamic mechanical compression
induces a pro-inflammatory response in the meniscus in a manner that depends on the
magnitude of stress as well as the site of origin of the tissue (inner versus outer zone). Explants
from the inner or outer zone of porcine medial meniscus were subjected to defined loading
regimens, and the production of PGE2 and NO was determined. We also examined interactions
between the NOS2/NO and COX2/PGE2 systems to determine whether the biomechanical
stimulation of one pathway has significant influences on the other, as has been shown in other
system [13,24-27].

Materials and Methods
Meniscus samples

Cylindrical explants (5 mm diameter, 2 mm thick) were harvested from the outer one-third of
the femoral surface (outer zone) or the inner two-thirds of the medial meniscus (inner zone)
from the knee joints of 2-3 year-old female pigs, as described previously [12,14]. Test
(compressed) and control (uncompressed) explants were paired from adjacent sites. Only
menisci without visible degenerative changes or tears were used. Samples were incubated in
Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY) with 10% heat-
inactivated fetal bovine serum (HyClone, Logan, UT), 0.1 mM non-essential amino acids
(Gibco), 10 mM HEPES Buffer solution (Gibco), and 100 U/ml penicillin-streptomycin
(Gibco) at 37°C, 5% CO2 for 72 hours, at which time the rates of metabolism in culture had
equilibrated [12].

Meniscal explant compression
Dynamic compression was applied to the explants (Biopress™, Flexcell International,
Hillsborough, NC), as described previously [12,28] at a frequency of 0.5 Hz at stresses (σ) of
0.0125, 0.025, 0.05, 0.1, 0.2 or 0.5 MPa for 24 hours in an unconfined state. In separate
experiments, meniscal explants were tested under the same conditions using a materials testing
system (ELF 3200, Enduratec, Minnetonka MN) and the peak strains during the final
compression cycles (εmax) was measured to range from 0.06 to 0.41, described by the equation:
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εmax=0.23 log (σ) + 0.47 (R2=0.98). Cell viability was examined using a fluorescent live/dead
assay (Invitrogen, Eugene OR) in specimens compressed for 24 hours at 0.5 MPa, and no
change in cell viability was observed under any of the loading conditions.

In a second set of experiments, explants from either the inner or outer zones were compressed
at 0.1 MPa, 0.5 Hz for 24 hrs and the effects of a selective COX2 inhibitor (100 μM NS398),
a non-selective NOS inhibitor (2 mM L-NMMA), and a selective NOS2 inhibitor (2 mM
1400W) (Cayman Chemical, Ann Arbor, MI, USA) were tested.

Quantification of PGE2 and NO synthesis
PGE2 concentrations were measured in the media by ELISA (PGE2 Immunoassay, R&D
Systems) and normalized to the wet weight of each explant. Nitric oxide production was
measured as the total concentration of nitrate and nitrite (termed “NOx”) in the media [29] and
normalized to the wet weight of each explant.

Immunoblots
Immunoblots were performed using highly isoform-specific monoclonal antibodies: anti-
COX2 (1:250 dilution, BD Biosciences, San Jose, CA); or anti-NOS1 (1:500 dilution, BD
Biosciences and 1:200 Santa Cruz Biotechnology, CA); anti-NOS2 (1:50 dilution, BD
Biosciences); or anti-NOS3 (1:2000, R & D Systems). Immunoblots were detected using the
Supersignal West Femto Maximum sensitivity substrate (Pierce). Positive controls for COX2
and NOS2 were mouse macrophages treated with LPS and interferon, or pig meniscus treated
with 10 ng/ml IL-1 for 24 hrs. Positive control for NOS1 was pig brain lysate, and for NOS3
was pig lung lysate. Since NOS2 and NOS3 are similar sizes, a further negative control was
run to rule out cross-reaction of the anti-NOS3 antibody with NOS2 by testing the anti-NOS3
antibody on protein extract from pig articular cartilage incubated with IL-1 for 24 hrs, since
this tissue only expresses NOS2 [6].

Statistical analysis
A two-factor ANOVA with repeated measures and Newman-Keuls post hoc test was used to
compare the effects of compression (control versus pair compressed specimens at 0.0125-0.5
MPa) and zone of origin (inner and outer zones). In the second set of experiments, two-factor
ANOVA with repeated measures and Newman-Keuls post hoc test was used to compare the
effects of compression (control versus 0.1 MPa) and the various COX/NOS inhibitors.

Results
Effect of compression on PGE2 synthesis

Dynamic compression significantly increased PGE2 production with increasing compression
at most magnitudes of stress for the inner zone (Figure 1a) and all magnitudes of stress for the
outer zone (Figure 1b). Significantly greater PGE2 production was observed in the inner as
compared to the outer zone at 0.2 MPa only (p<0.001). There was no difference in baseline
PGE2 production between the zones. Mechanical compression induced expression of COX2
protein (Figure 2).

Effect of compression on NOx synthesis
In both zones of the meniscus, NOx production increased significantly in a stress-dependent
manner. Inner zone explants showed maximum NOx production at 0.1 MPa (Figure 1c). Outer
zone explants demonstrated a slightly greater increase in NOx synthesis, although there were
similar levels of significance at all magnitudes of stress (p<0.001) with maximum stimulation
at 0.05 MPa (Figure 1d). A significant difference (p<0.05) in NOx production was observed
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between inner and outer zone at 0.05 and 0.1 MPa. There was no difference in baseline
production of NOx in between zones.

NOS1 protein was not detected in control or compressed samples from either zone (Figure 2).
NOS2 and NOS3 were constitutively expressed in both zones, but were increased by
mechanical compression in the inner zone only.

Effect of NOS and COX inhibitors on mechanically induced PGE2 production
The inhibition of NOS2 by 1400W resulted in a trend towards a further increase in PGE2
production, particularly in the inner zone (Figure 3a), but had no effect on PGE2 production
in the outer zone (Figure 3b). Compression in the presence of the non-selective NOS inhibitor
L-NMMA inhibited PGE2 production in the inner zone (Figure 3c) but induced a significant
further increase in mechanically induced PGE2 production in the outer zone (Figure 3d). In
both zones, inhibition of COX2 by NS398 abolished the stimulatory effect of compression on
PGE2 synthesis (Figures 3e, 3f).

Effect of NOS and COX inhibitors on mechanically induced NO production
In the explants from zones, inhibition of NOS2 with 1400W significantly decreased NO
production compared to the explants compressed without 1400W, although NO production
was still greater than uncompressed controls, which was statistically significant only for the
outer zone (Figures 4a and 4b). In the presence of L-NMMA, compression did not increase
NO production in explants from either the outer or inner zones (Figures 4c and 4d). Inhibition
of COX2 with NS398 had no effects on mechanically-induced NO synthesis in either zone
(Figure 4e and 4f).

Discussion
The findings of this study show that dynamic compression significantly increases the
production of PGE2 and NO by meniscal cells. This response was related to the magnitude of
applied stress as well as the zone of origin of the tissue. These findings confirm the ability of
meniscal cells to respond biologically to different mechanical stimuli [12,14,15,19,30], and
further suggest that the meniscus could serve as a significant source of pro-inflammatory
mediators in the joint and synovial fluid. In this respect, alterations in the magnitude or
distribution of stress on the meniscus (e.g., due to injury) may influence the production of these
mediators in vivo.

The meniscus experiences compression during normal activity due to contact with the tibia
and femoral articular surfaces, although joint loading also induces spatially and time-varying
stresses at tissue level, including tension, compression, shear, and hydrostatic pressure [31,
32] that engender a complex mechanical environment at the cellular level [23,33]. Nominal
compressive strains (ε) in situ have been estimated to range from ε=0.1−0.15 under physiologic
conditions [32], suggesting that the stresses applied in this study induced a range of physiologic
and hyperphysiologic conditions predicted to exist within the meniscus. While significant
production of NO and PGE2 was stimulated at strains in the “physiologic” range (ε=0.1-0.15),
the production of pro-inflammatory mediators was maximal at stress magnitudes (i.e., 0.2 MPa)
that induced “hyperphysiologic” strains of 0.25-0.3. Both NO and PGE2 may have varied
effects on matrix biosynthesis and degradation, depending on concentration and duration of
exposure, and thus further studies are necessary to determine the overall influence of these
mediators on various joint tissues.

Our study showed significant quantitative differences in the magnitude of mechanically
induced PGE2 and NO production between the inner and outer zones of the meniscus, although
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similar trends were observed qualitatively. Inner zone explants produced greater relative
increases in PGE2 and NO in response to compression than those from the outer zone. These
differences likely reflect intrinsic phenotypic differences in the cells populating these different
regions, with evidence for fibroblastic phenotype of the outer zone cells compared with the
more chondrocytic phenotype of the inner zone cells [15,20,34], which are responsive to
dynamic compression [27].

Previous studies have shown that mechanical compression of meniscus tissue increased NO
production via NOS2 induction [12,14], although these studies did not distinguish between the
inner and outer zones. In the present study, selective NOS2 inhibition did not completely block
the mechanical induction of NO in outer zone explants, suggesting the activity of other NOS
enzymes. Similarly, other studies have shown similar findings in response to biaxial stretch of
isolated meniscal cells [11]. Although there are no selective NOS3 inhibitors available at this
time, the non-selective NOS inhibitor L-NMMA inhibited mechanically-induced NO in the
outer zone, and NOS3 protein was more abundant in the outer zone. Together, these results
provide new evidence for the presence and activity of both NOS2 and NOS3 in the outer zone
of the meniscus, and their regulation by mechanical stress. Previous studies have shown
constitutive NOS2 mRNA expression in the inner, but not the outer zone of the meniscus
[15], consistent with the overall phenotypic differences of these cells. Furthermore, in
experimental osteoarthritis induced in rabbits, increased nitrites have been found in the central
meniscus compared with the peripheral zone of the meniscus [8]. In contrast, similar studies
on articular cartilage explants showed no difference in the effects of 1400W and L-NMMA on
mechanically induced NO, as well as the absence of any NOS3 expression [28]. These
differences in inflammatory mediator production between zones may partially contribute to
the differences in the repair capacity of tears located in the inner zone of the meniscus [35],
due to the potential inhibitory effects of NO on meniscus matrix synthesis [9].

In a number of cell types such as articular cartilage, meniscus, or macrophages, NO appears
to suppress PGE2 production, and inhibition of NO can lead to further increases in PGE2
production [13,24-26]. In the present study, the inhibition of NO with L-NMMA enhanced
PGE2 production in response to mechanical stress in the outer zone. These findings are
consistent with studies showing similar effects of interleukin-1-stimulated osteoarthritic
human meniscus, which showed significant further increases in PGE2 production with L-
NMMA or 1400W [13]. These results have potential implications with respect to the potential
clinical use of NOS inhibitors for the treatment of joint disease [36], and suggest that the
inhibition of NOS could potentially influence the inflammatory response of different joint
tissues due to a “superinduction” of PGE2 [25]. It is hypothesized that the inhibition of
PGE2 by NO is due to the nitration of the tyrosine residue (Tyr385) leading to decreased COX2
activity [37].

COX2 inhibition by NS398 abolished the mechanical induction of PGE2, but did not affect
NO production. These findings are in contrast to the effects of the COX2 inhibitor on
mechanically induced NO production from articular cartilage explants [27], in which NS398
partially inhibited NO production. In other studies, NOS inhibitors have also been shown to
decrease PGE2 production [38], or to have no effect on the COX pathway [39] in cartilaginous
tissues. Differences in concentration, timing and source (endogenous versus exogenous) of NO
can also lead to different results in vitro. Our findings indicate that dynamic loading of the
meniscus significantly increases PGE2 and NO production in a stress-dependent manner. A
better understanding of such interactions between the NOS and COX pathways may provide
important insights into the potential therapeutic use of NOS inhibitors in arthritis.
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Figure 1.
PGE2 production from (a) inner and (b) outer zone meniscal explants and NO production from
(c) inner and (d) outer zone meniscal explants subjected to 24 hours of dynamic compression
at magnitudes from 0.0125–0.5 MPa and a frequency of 0.5 Hz (mean±SEM, expressed as
percent of control from the same zone, *p<0.05, **p<0.01, ***p<0.001 vs. control samples,
n=16 for inner zone, n=24 for outer zone per level of compression).
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Figure 2.
Immunoblot analysis for meniscal explants from the inner and outer zones following 24 hours
of dynamic compression at 0.5 Hz and 0.1 MPa. (0=uncompressed control, 0.1=compressed
at 0.1 MPa). Antibodies to NOS1, NOS2, NOS3 and COX2 were used. A positive control is
also shown for each antibody used.
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Figure 3.
PGE2 production from the inner (a,c,e) and outer (b,d,f) zone meniscal explants subjected to
24 hours of dynamic compression at 0.1 MPa and a frequency of 0.5 Hz in the absence or
presence of (a,b) 2 mM 1400W, a NOS2 selective inhibitor, (c,d) 2mM L-NMMA a non-
selective NOS inhibitor, and (e,f) 100 μM NS398, a COX2 selective inhibitor (mean±SEM,
expressed as percent of control, *p<0.05, ** p<0.01 and ***p<0.001, n=12 per group).
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Figure 4.
NO production from the inner (a,c,e) and outer (b,d,f) zone meniscal explants subjected to 24
hours of dynamic compression at 0.1 MPa and a frequency of 0.5 Hz in the absence or presence
of (a,b) a NOS2 selective inhibitor 2 mM 1400W, (c,d) a non-selective NOS inhibitor 2 mM
L-NMMA, or (e,f) a selective COX2 inhibitor 100 μM NS398 (mean±SEM, expressed as
percent of control, *p<0.05, **p<0.01 and ***p<0.001, n=12 per group).
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