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Abstract
An interplay of mechanical and chemical factors is integral to cartilage maintenance and/or
degeneration. Interleukin-1 (IL-1) is a pro-inflammatory cytokine that is present at elevated
concentrations in osteoarthritic joints and initiates the rapid degradation of cartilage when cultured
in vitro. Several short-term studies have suggested that applied dynamic deformational loading may
have a protective effect against the catabolic actions of IL-1. In the current study we examine whether
the long-term (42 days) application of dynamic deformational loading on chondrocyte-seeded
agarose constructs can mitigate these catabolic effects. Three studies were carried out using two IL-1
isoforms (IL-1α and IL-1β) in chemically defined medium supplemented with a broad range of
cytokine concentrations and durations. Physiologic loading was unable to counteract the long-term
catabolic effects of IL-1 under any of the conditions tested, and in some cases led to further
degeneration over unloaded controls.
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Introduction
Articular cartilage is a specialized connective tissue that bears load and reduces friction across
moving joints. It is composed of an extracellular matrix that contains no nerves or blood vessels
and relatively few cells. Articular cartilage does not heal well, but instead often degenerates
further, leading to pain and loss of function (Hangody and Modis 2006). Tissue-engineering
offers great hope for expanding the range of treatment options by generating healthy
replacement cartilage from a combination of isolated, living cells embedded in a scaffold carrier
(Cima et al. 1991; Capito and Spector 2003; Hung et al. 2004; Giannoudis and Pountos
2005; Giannoni and Cancedda 2006; Habibovic et al. 2006; Raghunath et al. 2007; Schulz and
Bader 2007).

In order to function within a defect site an engineered implant must have both the mechanical
competency and the chemical fortitude to survive and flourish within an environment that is
likely to contain potent catabolic mediators stemming from chronic inflammation (van den
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Berg and Bresnihan 1999; Schiff 2000; Lotz 2001; Smeets et al. 2003). Interleukin-1 (IL-1) is
a pro-inflammatory cytokine that has been shown to be elevated in osteoarthritis (Towle et al.
1997) and leads to cartilage degradation in in vitro tests (Ratcliffe et al. 1986; Morales and
Hascall 1989; Temple et al. 2006). The catabolic effects of IL-1 may be especially pronounced
in underdeveloped engineered cartilage (Xu et al. 1996; Cook et al. 2000; Rotter et al. 2005;
Lima et al. 2008) whose chondrocytes are not yet fully embedded in a dense chondroprotective
cartilaginous extracellular matrix (Li et al. 2003).

As the interplay of mechanical and chemical factors is integral to cartilage maintenance and/
or degeneration, it motivates researchers to examine the combined effects of chemical and
mechanical stimuli (Mauck et al. 2003). The chondrocyte-seeded agarose system has clear
basic science and tissue-engineering applications in which both chemical and mechanical
stimuli can be carefully controlled. Several short-term studies using an agarose culture model
have suggested that applied loading may have a protective effect against the catabolic actions
of IL-1 (Gassner et al. 1999; Honda et al. 2000; Xu et al. 2000; Agarwal et al. 2001; Chowdhury
et al. 2001)

Chowdury et al. have shown that dynamic loading counteracts IL-1-induced increase of nitric
oxide (NO) and PGE2 in chondrocyte-seeded agarose constructs (Chowdhury et al. 2001;
Chowdhury et al. 2003). Mio and co-workers have reported that RNA expression of anabolic
factors (aggrecan and type II collagen) in chondrocyte-seeded agarose constructs increases
with application of dynamic loading for 24 hours

Long-term culture of chondrocytes in agarose results in the formation of a functional matrix
(Buschmann et al. 1992; Buschmann et al. 1995) and applied deformational loading can
enhance development of tissue properties (Mauck et al. 2000; Mauck et al. 2003; Lima et al.
2007). The culture system preserves the chondrocyte phenotype by maintaining a physiologic
three-dimensional environment and produces extracellular matrix components with a
proteoglycan composition and corresponding Young’s modulus similar to that of native
cartilage (Mouw et al. 2005)

In the current in vitro study we examine the effects of IL-1 on the mechanical and biochemical
properties of engineered tissue and explore whether the long-term application of physiological
levels of dynamic deformational loading on chondrocyte-seeded agarose constructs can
mitigate these effects.

Materials and Methods
A. Experimental Design

Three studies were carried out in this set of experiments. In Study 1 (n=5–7/group) we establish
a broad range of response by culturing constructs for 28 days with or without dynamic
deformational loading in a chemically-defined medium with one of two IL-1 isoforms
(IL-1α and IL-1β, 10 ng/mL). Based on these results, we selected the most potent isoform
(IL-1α) for the remaining two studies. In Study 2 (n=6–9/group) we examine the dependence
on cytokine concentration by testing a logarithmic range from 0.01 to 10 ng/mL over 42 days
in culture. In Study 3 (n=8/group) we repeat the logarithmic range of concentrations, however
we restrict IL-1 exposure to periods of deformational loading only. Thus in Study 3 IL-1 is
present for 3 hours/day (for both loaded and unloaded groups) while in Studies 1 and 2 IL-1
is present 24 hours/day. The timelines of the studies are detailed in Figure 1. Each study was
performed independently, using individual cell isolations pooled from different animals, and
repeated twice. Values reported were averaged across repeat studies
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B. Cell Isolation
Articular cartilage was harvested from bovine carpo-metacarpal (CMC) joints of freshly
slaughtered 1–3 month old calves. The cartilage tissue was digested in high-glucose Dulbecco's
Modified Eagle's Medium (hgDMEM, 7.5 ml/g) with collagenase type IV (390 activity units/
ml, Sigma Chemicals, St. Louis, MO) for 11 hours at 37°C with stirring. The resulting cell
suspension was filtered, combined, and cast into slabs with a final cell concentration of 30 ×
106 in 2% agarose (Type VII, Sigma). The slabs were cored to final construct dimensions
(Ø0.4cm × 0.23 cm) and maintained in culture in one of two medium formulations (described
below) for up to 42 days depending on the study (Figure 1).

C. Growth medium
Chemically-defined (CD) medium consisted of hgDMEM supplemented with lx PSF, 0.1 µM
dexamethasone, 50 µg/mL ascorbate 2-phosphate, 40 µg/mL L-proline, 100 µg/mL sodium
pyruvate, and 1X ITS+ premix (insulin, human transferrin, and selenous acid, Becton
Dickinson, Franklin Lakes, NJ). CD medium was further supplemented with 10 ng/mL of TGF-
β3 (R&D Systems, Minneapolis, MN) for the first 14 days of culture. All culture media was
changed every other day. This protocol has been shown to promote significant matrix
elaboration that results in engineered tissue with native equilibrium modulus and proteoglycan
content (Lima et al. 2007) . The final mechanical and biochemical properties attained within
the culture period can vary depending on the cell isolation, as is typical of the native tissue.

D. Interleukin Supplementation
In Study 1, cell-seeded agarose constructs were cultured for 14 days in CD medium without
IL-1. For the subsequent 14 days constructs were exposed to either IL-1α or IL-1β at 10 ng/
mL and either dynamic loaded 3 hrs/day (DL) or maintained in free-swelling (FS). Mechanical
testing and biochemical analysis was carried out as described below on day 0, day 14, and day
28.

In Studies 2 and 3, constructs were cultured for 14 days in CD medium without IL-1 as above.
In Study 2, for the subsequent 28 days the culture medium was supplemented with to 0.01, 0.1,
1, or 10 ng/mL IL-1α and constructs were loaded or remained in free swelling. In Study 3, for
the subsequent 28 days the constructs were exposed to 0.1, 1, or 10 ng/mL IL-1α during loading
times only (both FS and DL constructs were transferred to Petri dishes with new IL-1α
supplemented medium). For concentrations and time-courses see Figure 1.

E. Loading Protocol
Dynamic sinusoidal strain was applied at 1 Hz, with a nominal amplitude of 5% (10% peak-
to-peak deformation) above a 10% tare strain, in unconfined compression with impermeable
platens. Loading was applied continuously for 3 hrs/day, 5 days/week, beginning on day 14
(previously found to be optimal CD medium formulations (Lima et al. 2007)). Built-in
compliance in the loading devices compensated for increasing stiffness in developing
constructs, altering the load and displacement profiles and circumventing platen lift-off through
the entire culture period as described previously (Lima et al. 2007).

F. Material Testing
Cylindrical constructs were tested in unconfined compression using a custom computer-
controlled testing system (Soltz and Ateshian 1998). Samples were loaded to 10% strain at a
strain rate of 0.05% strain/sec, after an initial 0.02 N tare load. After achieving stress-relaxation
equilibrium, the unconfined compression dynamic modulus G* was measured by
superimposing 2% peak to peak sinusoidal strain at 1 Hz.
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G. Biochemical Content
The biochemical content of each sample was assessed according to wet weight. Samples were
digested in proteinase-K overnight at 56°C and analyzed for either glycosaminoglycan (GAG)
content using the 1,9-dimethylmethylene blue dye-binding assay (Farndale et al. 1982) or
ortho-hydroxyproline (OHP) content via a colorimetric assay by reaction with chloramine T
and dimethylaminobenzaldehyde (Stegemann and Stalder 1967), as described previously
(Kelly et al. 2005). Cell viability (not shown) was measured via Live/Dead assay (Molecular
Probes).

H. Histological Analysis
Samples were fixed in acid formalin ethanol (Lin et al. 1997), paraffin embedded, sectioned
(8 µm thick), and stained with Safranin 0 (1% in dH2O, pH 6.7) to view proteoglycan
distribution. To ensure consistency, all time points and experimental groups were stained at
the same time in a single batch, with native explant groups serving as controls. Distribution of
intensity across a section was quantified using ImageJ (NIH). Grey scale intensity was
normalized to mean intensity at center of histological section for the ordinate and percentage
across the cross section for the abscissa and averaged for all samples in each group.

I. Statistics
Statistics were performed with the Statistica (Statsoft, Tulsa, OK) software package. Groups
were examined for significant differences by two-way analysis of variance (α = 0.05) using
Tukey’s Honest Significant Difference Test (HSD) with EY, G*, GAG, or OHP as the
dependent variable, and time in culture and loading condition as the independent variables.

Results
Study 1 (Testing Medium and IL-1 isoform dependency)

All experimental groups cultured in CD medium without the addition of IL-1 grew in culture,
developing significant differences in EY, G*, and GAG by day 28 when compared to day 14
(Figure 2A, 2B, 2C).

The application of dynamic loading resulted in significantly increased mechanical properties
(Figures 2A and 2B) by day 28 compared to FS controls, but with no significant differences
in GAG (Figures 2C) or collagen (not shown).

The presence of interleukin resulted in lower EY, G*, and GAG when compared to IL-1 free
controls, regardless of the isoform used (Figures 2A and 2B). The application of dynamic
loading did not mitigate this effect; both the DL+IL-1α and the DL+IL-1β groups developed
no significant mechanical or biochemical differences compared to the FS+IL-1α or the FS
+IL-1β groups.

Between the two isoforms, IL-1α was the more potent; both FS+IL-1α and DL+IL-1α were
significantly lower in EY, G*, and GAG compared to FS+IL-1β and DL+IL-1β, but there were
no significant differences in collagen values between the two groups (not 4 shown).

Safranin-O staining indicated clear differences between the control groups and the cytokine-
treated groups: whereas both FS and DL control groups had a largely uniform distribution of
staining across their cross-sections, constructs that had been treated with IL-1α or IL-1β had
an uneven distribution of staining, with the majority of GAG loss occurring at the periphery
(Figure 3).
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Study 2 (Testing the effect of IL-1α concentration)
All experimental groups cultured in CD medium without the addition of IL-1 grew in culture,
developing significant differences in EY, G*, and GAG at each time point tested (Figure 4A,
4B, 4C).

The application of dynamic loading resulted in significantly increased mechanical properties
(Figures 4A and 4B) compared to FS controls by day 28. There continued to be a significant
increase in EY for the DL control by day 42, but with no further significant changes in G*,
GAG (Figures 4B, 4C). Collagen values were unaffected by supplementation with IL-1α (not
shown).

Exposure to the cytokine seemed to have an all-or nothing effect. At concentrations above 0.01
ng/mL constructs did not develop mechanical or biochemical properties above their day 14
values, with no significant differences between the treated groups. This result was true
regardless of whether constructs were maintained in DL or FS culture. Exposure at the lowest
dosage tested (0.01 ng/mL) did not inhibit development, with no significant differences from
untreated controls on day 28 or day 42 (Figure 4). There were no detrimental effects on cell
viability (not shown) with any of the concentrations tested.

Study 3 (IL-I added only during loading)
Similarly to Study 2, all experimental groups grew and developed significant higher EY, 12
G*, and GAG at each time point tested during the 42 day culture period and the application of
dynamic loading significantly increased EY and G* compared to FS controls by day 42 (not
shown). The 3 hour daily exposure to IL-1α at 0.1 and 1 ng/mL, however, did not result in
significant mechanical or biochemical differences from controls regardless of the dosage. At
the highest concentration (10 ng/mL) IL-1α did result in significantly lower GAG and this was
not counteracted by the application of dynamic loading.

Discussion
The findings of the current set of studies suggest that physiologic loading is unable to counteract
the long-term catabolic effects of IL-1 in chondrocyte-seeded agarose constructs. Under the
conditions of this study, interleukin-induced tissue degradation was apparent from the
decreased material and biochemical properties (but with no loss of cell-viability) after tissue
treatment irrespective of the application of loading. Conversely, the stimulatory effects of
mechanical loading, in the absence of IL-1, was noted by the significantly increased stiffness
of dynamically-loaded constructs compared to free-swelling constructs.

It was our goal to establish a controlled, long-term in vitro model that approximates both the
chemical and mechanical environment within the joint. In Study 1 we attempted to establish a
broad foundation for this model by examining the effect of dynamic deformational loading on
constructs cultured in a chemically defined medium formulation and exposed to one of two
cytokine conditions.

We adopted a dynamic deformational loading tissue culture protocol that we have demonstrated
to foster development of functional tissue engineered cartilage (Lima et al. 2007). This protocol
is based on the sequential application of growth factor (TGF-β3) followed by physiologic
deformational loading (i.e. loading is introduced starting at day 14 in culture when TGF-β3 is
discontinued). As such, we chose to introduce interleukin treatment coincident with applied
loading, either during the 3 hour loading period (Study 3) or continuously in culture (Study 1,
2).
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Similarly, both IL-1α and IL-1β iso-forms have been widely used as inducers of inflammation
and degradation in experimental models of osteoarthritis (Smith et al. 1991; Pattoli et al.
2005). We found that IL-1α induced a stronger response than IL-1β in our bovine chondrocytes-
seeded agarose constructs; however the application of dynamic deformational loading did not
ameliorate these catabolic effects over the long-term with either iso-form.

Interestingly, the decrease in GAG content seemed greatest at the periphery of the dynamically
loaded and interleukin (DL+IL-1α) group, indicating that dynamic loading may not only fail
to protect against degenerative effects, but increase the rate of matrix loss. There are a number
of experimental parameters to consider that together will modulate the degree of cellular
exposure to the inflammatory cytokine. These include the concentration of IL-1, the day in
culture that IL-1 was first introduced, the total number of days of IL-1 treatment, and the amount
of time per day of IL-1 treatment. The application of dynamic deformational loading may be
yet another way to modulate the degree of cellular exposure to the cytokine.

Theoretical analysis of dynamic deformational loading of neutrally charged gels (such as
agarose) predict that loading can lead to enhanced transport of solutes such as growth factors
and cytokines (Mauck et al. 2003; Mauck et al. 2003; Chahine et al. 2005). The transient
concentration of these solutes within the gel during loading can even be enhanced to values
many times above the surrounding bathing solution. Thus, although the application of dynamic
deformational loading has clearly been shown to reduce the catabolic response of chondrocytes
in the short term –reducing or abolishing IL-1β induced release of NO and PGE2 (Chowdhury
et al. 2001; Chowdhury et al. 2006), we speculated that long-term development may be
inhibited by higher concentrations of the cytokine within the gel.

We indirectly examined this possibility in Studies 2 and 3 by modulating the dosage and
exposure time of IL-1α. We anticipated that the application of dynamic deformational loading
at lower concentrations would result in increased degradation of the dynamically loaded group
over the free swelling group, as these DL constructs would be exposed to transitory spikes in
the concentration of IL-1 above that of free-swelling. This was not the case. In Study 2,
modulating the concentration of IL-1 did not result in a gradient of mechanical and biochemical
properties, but instead had an equal degradative effect at 0.1, 1, and 10 ng/mL and no effect at
a 0.01 ng/mL concentration. Thus, exposure to the cytokine seemed to have an all-or nothing
effect once the cytokine dosage was above an activation threshold.

We were interested to see if there was evidence in the literature of an activation threshold
beyond which further increases in IL-1 concentration would not lead to further degradative
response. In a study by Kuroki et al (Kuroki et al. 2005), canine chondrocytes were cultured
in agarose for 9 days in a serum-free medium with a gradient of IL-1α and IL-1β concentrations
(20, 50, 100 ng/mL). They found all concentrations were equally inhibitory as measured by
RNA expression. Chowdhury et al also examined short-term IL-1β response in both bovine
(Chowdhury et al. 2001) and human (Chowdhury et al. 2006) chondrocytes in agarose with a
range (0.1–100 ng/mL) of concentrations. They found that nitrite and PGE2 production by
bovine chondrocytes increased in a step-like manner with increasing IL-1β concentrations, but
that the human response increased rapidly at 0.1 ng/mL with no further significant increases
at higher concentrations of cytokine. Thus although the evidence in the literature is somewhat
mixed, the results of the current investigation lead us to believe that transient increases in
IL-1α concentration due to loading are not in themselves responsible for further cell-mediated
catabolic degradation.

The transient concentration of cytokine may also be critical in interpreting the results of Study
3 where IL-1α was included for 3 hours/day. In this study there was little or no effect of the
cytokine regardless of the bathing concentration. Since the solutes take time to diffuse through
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the scaffold, it is likely that the actual cellular exposure to IL-1α was at a significantly lower
concentration than the bathing medium due to the relatively short treatment duration (3 hours).
This limited concentration and transient exposure to the cytokine could account for the lack of
cytokine-induced tissue degradation. In an arthritic patient exposure to pro-inflammatory
IL-1α within the joint is likely to be of a near constant duration (as in Study 2) rather than
transitory in nature (as in Study 3) and at average concentration of 0.17 ng/mL (Marks and
Donaldson 2005; Pattoli et al. 2005)

It is important to note that results of the current experiments differ from those in the literature
that have reported protective effects of applied loading on IL-1 treated chondrocyte constructs
(Chowdhury et al. 2001). In these earlier studies, experiments were performed on agarose
encapsulated chondrocytes before significant matrix was elaborated and for short culture
durations, whereas our study examined cultures grown as long as 42 days with concomitant
matrix elaboration and a much longer duration of interleukin exposure. Differences in matrix
composition between engineered constructs can lead to disparities in the manner by which
IL-1, physical stimuli, or the combination of both is presented to chondrocytes. At early time
points in culture, chondrocyte deformation is similar to that which is applied to the agarose
matrix, but in as little as six days cells can elaborate a pericellular matrix that is stiffer than the
surrounding hydrogel matrix, shielding the chondrocytes from full deformation (Lee and Bader
1995). At later culture times, coalescence of elaborated matrix re-establishes loading-induced
cell deformation in the culture system (Guilak et al. 1995; Chahine et al. 2007). The results of
the current study suggest the application of dynamic deformational loading is insufficient to
protect against degradation over the long term.

A greater understanding of the potential interplay between mechanical stimuli and cytokines
may help to elucidate mechanisms that underlie cartilage degeneration in OA, including the
effects of load, proinflammatory cytokines, and their combination on both intact articular
cartilage and on developing engineered tissue. The findings of this study reject the hypothesis
that physiologic loading counteracts the catabolic effects of IL-1 in chondrocyte-seeded
agarose constructs.
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Figure 1.
Study 1: (Testing IL-1 isoform Dependence) Tissue engineered constructs were cultured for
14 days in a chemically-defined medium (CD) supplemented with TGF-β3. For the subsequent
14 days constructs were exposed to either IL-1α or IL-1β and either dynamic loaded 3 hrs/day
(DL) or maintained in free-swelling (FS) without TGF-β3. Study 2: (Testing IL-1
concentration): Constructs were cultured for 14 days in CD medium with TGF-β3 and for the
next 28 days were exposed to IL-1α in a logarithmic range of concentrations (0, 0.01, 0.1, 1,
or 10 ng/mL) with or without loading. Study 3: (Testing IL-1 exposure time): Constructs were
cultured as in Study 2 with the exception that IL-1α was added only during loading periods
(3hrs/day).
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Figure 2.
A) Equilibrium Young’s modulus, B) Dynamic modulus at 0.1 Hz, and C) GAG (% wet weight)
for tissue-engineered constructs (TE) cultured first in free-swelling (FS) culture (14 days) and
then an additional 14 days in either FS or dynamic loading (DL) culture in chemically-defined
(CD) medium with IL-1α or IL-1β. Dotted line indicates day 14 time point. Horizontal shaded
bar indicates standard deviation. ‡p<0.05 vs. day 14, *p<0.01 vs. FS or DL control, +p<0.03
for DL Control vs. FS control, ◊p < 0.01 vs. IL-1β.
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Figure 3.
Safranin O staining for GAG comparing free-swelling (FS) and dynamically-loaded (DL)
constructs with IL-1α, IL-1β, or as untreated control (Study 1, day 35, chemically-defined
medium). Graph indicates grey scale intensity normalized to mean intensity at center of
histological section for the ordinate and percentage across the cross section for the abscissa
(each data point represents 1% across). Boxes indicate region used for quantification. Graphs
represent the average of four samples within each group.
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Figure 4.
A) Equilibrium Young’s modulus, B) Dynamic modulus at 0.1 Hz, and C) GAG (% wet weight)
for constructs cultured first for 14 days in free-swelling (FS) culture and then an additional 14
days in either FS or dynamic loading (DL) culture in chemically-defined medium. DL groups
were additionally exposed to IL-1α in a logarithmic range of concentrations (0, 0.01, 0.1, 1, or
10 ng/mL). *p<0.01 for vs. FS 0 and FS 0.01 on same day. †p<0.05 for FS on day 28 vs. DL
on day 42. §p<0.05 for day 42 groups vs. same groups on day 28.
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