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ABSTRACT: A recent study by our laboratory showed that 14 days of low intensity, intermittent cyclic preloading of chondral explants
elevated the concentration of proteoglycans (PGs) to cause a mechanical stiffening of the explants prior to an acute overload and limit the
extent of tissue damage. Longer term loading to 21 days resulted in tissue degradation prior to the acute traumatic event and excessive
damage from an acute overload. Previous studies by others showed that bathing chondral explants in a supplement of glucosamine–
chondroitin sulfate (glcN-CS) upregulated the synthesis of tissue PGs, particularly in stressed tissue, and the supplement served as an anti-
inflammatory agent. Our current hypothesis was that the supplementation of culture media with a high concentration of glcN-CS would
upregulate the production of tissue PG and limit or mitigate long-term degradation of chondral explants under cyclic preloading and limit
tissue damage in an acute overload. We showed that, in the presence of supplement, cyclic preloading significantly increased tissue PG
content and matrix modulus by about 65 and 300%, respectively, at 21 days, resulting in a reduction of matrix damage and cell death following
an acute overload. These data show a biological action of high concentrations of this supplement and its effect on the mechanical properties in
this in vitro model. � 2008 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 27:353–359, 2009
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In vitro studies of impact loading1,2 on cartilage show
cell death and matrix damage. In contrast, in vitro and
in vivo studies showed positive aspects of low intensity,
intermittent compressive loading, such as increased
biosynthesis of proteoglycans (PGs).3–5 Changes in PG
and collagen contents of cartilage significantly alter
the mechanical properties of this tissue.6 Thus, it is
reasonable to assume that cyclic preloading of cartilage
can alter its mechanical properties and help determine
the extent of matrix damage and cell death that will
occur due to the blunt force overloading of a joint, such
as during an acute knee ligament rupture.7

Recent studies in our laboratory show that low
intensity, intermittent cyclic preloading of chondral
explants prior to an acute overload yields an increase
in the synthesis of tissue PGs, resulting in a less severe
traumatic insult for an acute overload.8 Between 14 and
21 days of cyclic preloading, the explants experience
a significant PG loss that leads to a dramatic loss
in mechanical properties. Acute overloading of the
explanted tissue then yields matrix damage and cell
death significantly greater than nonpreloaded controls.
A recent study by others shows a significant loss of tissue
PG and cell death with production of matrix metal-
loproteinase (MMP-3) adjacent to damaged collagen
fibers under cyclic compression at 0.5 Hz for intensities
of 1 and 5 MPa over 24 h.9 Similarly, under 0.5 MPa of
1 Hz cyclic loading, a significant increase in the MMP-2
and -9 synthesis was found after 3 h.10

The combination of glucosamine–chondroitin sulfate
(glcN-CS) was shown in in vitro studies to function as
a ‘‘biological response modifier’’ that could boost the
natural protective responses of tissue under adverse

environmental conditions, such as mechanical compres-
sion.11 Using human osteoarthritis (OA) articular carti-
lage, treatments with glcN sulfate increase aggrecan
mRNA levels and decrease MMP-3 activity.12 Other
in vitro studies show that incubation of chondral
explants in glcN after exposure of the tissue to the
proinflammatory cytokine interleukin-1 prevents the
increase in PG release and MMP activity.13 Thus,
the hypotheses of the current study were that: during
low intensity, intermittent cyclic loading, a high concen-
tration of glcN-CS would upregulate the production of
PGs to reduce the extent of matrix damage and cell death
following an acute overload; and supplementation of
the culture media would limit, or even mitigate, the
degeneration effect noted to occur between 14 and
21 days in this model. These would suggest that athletes
could take this nutraceutical prophylactically prior to
and during intense practice and competition to protect
their joint cartilage in case of excessive overload, such as
during rupture of a ligament. The anti-inflammatory
response of this nutraceutical may help limit or mitigate
any potential overuse injury that may be encountered.

MATERIALS AND METHODS
Bovine forelegs from mature animals (18–24 months of age)
were obtained from a local abattoir within 2 h of slaughter.
Biopsy punches were used to make 6-mm diameter chondral
explants from the lower metacarpal surface of the limbs. All
specimens were washed three times in DMEM: F12 (Gibco,
Gaithersburg, MD), and placed in the media added with 10%
fetal bovine serum, additional amino acids and antibiotics
(penicillin 100 U/mL, streptomycin 1 mg/mL, amphotericin B
0.25 mg/mL) in 24-well plates. In a pilot study using 24 explants
(four controls and four treated with glcN-CS at each time
point), the effect of glcN-CS on unstressed explants was
investigated. In the current study, 108 explants were ran-
domly assigned to three groups: control (n¼ 36), cyclic loading
(n¼ 36), and cyclic loading with supplement (n¼ 36). Each
group had explants subjected to the above condition for 7, 14,
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or 21 days (Fig. 1). The concentration of supplement in the
media was 500 mg/mL glcN (FCHG491) and 250 mg/mL CS
(TRH1221) in an attempt to maximize the hypothesized effect,
based on previous studies.14 Media was replaced every 2 days
and harvested and stored at� 808C. A device described below
was used to load the explants cyclically inside of a humidity-
controlled incubator (378C, 5% CO2, 95% humidity).

Prior to and after cyclic loading, each explant was subjected
to mechanical characterization using an indentation stress
relaxation test (Fig. 1), followed by an equilibration of 30 min in
the media. Cartilage explant thickness was measured twice and
averaged from perpendicular orientations across the center of
the explant using a digital vernier caliper.15 A magnet with a
4.3 mm-diameter hole was placed on top of the explant to secure
the edges and help resist curling. The explant and fixture were
then submerged into a room-temperature phosphate-buffered
solution (pH 7.2). A 2.39 mm-diameter spherical, nonporous
probe was lowered onto the cartilage until a preload of 0.03 N
was attained and held for 60 s. The indenter was then pressed
into the cartilage 25% of the total thickness in 2 s and
maintained for 600 s while resistive loads of relaxation were
recorded. The resulting stress relaxation curves were fit with a
fibril-reinforced biphasic computational cartilage model16 for
an assumed Poisson’s ratio of 0.25 and voids ratio of 5.67. The
model was modified for finite deformation and implemented in a
commercial finite element analysis package (ABAQUS v.6.3,
Hibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI). Cartilage
matrix modulus (Em), fiber modulus (Ef), and tissue perme-
ability (k) were evaluated with a custom-written Gauss-Newton
constrained nonlinear least-square minimization procedure.

All explants were maintained continuously for 7, 14, or
21 days in a 24-well culture plate, except for approximately
20 min every 2 days to change culture media. The mechanical

loading device (‘‘cartilage exerciser’’) was designed to hold the
culture plate, so that 12 cartilage samples would be loaded and
12 unloaded control explants would be subjected to an identical
culture environment. Pneumatic cylinders forced the pistons
downward to apply a compressive load through 14.6-mm
diameter nonporous Teflon1 platens. Intermittently applied,
unconfined cyclic loading was introduced by using a 0.2 Hz
sinusoidal waveform with a peak stress of 0.5 MPa. The cyclic
loads were applied for 10 cycles followed by a load-free period
lasting 3600 s, in which the platens were lifted off the test
explants.

After cyclic loading, each explant was subjected to the
indentation test again to obtain the mechanical properties. All
explants (including the controls) were then taken to 707 N (�25
MPa), following a 5 N preload, in unconfined compression
between two polished stainless steel plates for an acute
overloading test. A 0.5 Hz (1 s time to peak) haversine acute
loading protocol was programmed for application onto the
explants in a servo-controlled hydraulic testing machine
(Instron, model 1331, Canton, MA). Immediately after this
acute loading, the explants were returned to culture for 24 h
before cell viability tests were performed.

For matrix damage analysis, the surfaces of all impacted
explants were wiped with India ink and immediately photo-
graphed at 25�under a dissection microscope (Wild M5A, Wild
Heerbrugg Ltd, Switzerland) to determine the total length of
explant surface fissures.17 The total fissure length was
measured with digital imaging software (Sigma Scan, SPSS
Inc., Chicago, IL). One observer (F.W.) digitally recorded the
length of the surface fissures in each photograph.

Next, all explants were washed three times in DMEM:F12
and used to determine cell viability. Each explant was cut
through its entire thickness with a specialized cutting tool with

Figure 1. Explants in the control group underwent the environmental conditions in media for 7, 14, or 21 days, but were not cyclically
loaded. Prior to and after cyclic loading, each explant was subjected to an indentation test to obtain mechanical properties. After the second
indentation test, each explant was exposed to a 25 MPa unconfined compression overload. Matrix damage measurements, cell viability
analyses, and biochemical assays were then performed.
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parallel blades spaced 0.5 mm.17 These thin slices were then
stained with calcein AM and ethidium homodimer (EthD-1),
according to the manufacturer’s specifications (Live/Dead
Cytotoxicity Kit, Molecular Probes, Eugene, OR). Three slices
were viewed across approximately 2 mm near the center of each
explant in a fluorescence microscope (Leica DM LB, Leica
Mikroskopie und Systeme GmgH, Wetlzar, Germany) and
photographed using a digital camera (Spot Digital Camera,
Diagnostic Instruments Inc., Sterling Heights, MI). An average
percent live cell count was performed based on the images from
each explant, using image analysis software (Sigma Scan).
Explant maximum strains from the unconfined compression
tests were used to calculate the percentage of cell death per unit
strain.

Fifty-four cartilage explants (18 control, 18 cyclic loading,
and 18 cyclic loading with supplement) were weighed and
digested overnight at 608C with papain digestion solution at
a pH of 6.0. Papain-digested explants and culture media
were independently DMB assayed for sulfated PGs.
The other 54 explants were used for hydroxyproline (HYP)
measurement.18

Data obtained from postcyclic loaded explants were norma-
lized by the precyclic loaded values and subsequently analyzed
with two-way repeated measures ANOVA and Student-
Neuman-Keuls post hoc tests to determine differences between
groups (SigmaStat v.2.0, SPSS Inc., Chicago, IL). PG and HYP
content was normalized by tissue wet weight and reported in mg
PG and mg HYP per mg wet weight, respectively. Significance
was indicated for p< 0.05. All experimental data are reported
as mean� standard deviation.

RESULTS
In the pilot study for the effect of glcN-CS on unstressed
explants, no significant differences were observed
between treated and control at any time point in
indentation properties (matrix modulus, fiber modulus,
and permeability), cell death, and matrix damage (data
not shown).

Cyclic loading with the supplement significantly
increased the tissue matrix modulus by approximately
300% up to 21 days (260.2� 47.0%, 300.9� 80.3% and
307.9� 40.6% higher after 7, 14, and 21 days of cyclic
loading, respectively, than before). Cyclic loading with-
out supplement was also different than control; however,
the matrix modulus was decreased by 58.4� 19.4% after
21 days (Fig. 2A). Cyclic loading with and without
supplement significantly decreased the tissue fiber
modulus by about 40 and 60%, respectively, at all time
points. The fiber modulus was significantly higher with
versus without the supplement (Fig. 2B). The perme-
ability of the explants without supplement significantly
decreased with up to 14 days of cyclic loading
(71.1�8.5% and 31.0�7.7% of before cyclic loading in
the 7- and 14-day groups, respectively), and then
increased dramatically at 21 days (143.0�9.9% relative
to before cyclic loading). In contrast, cyclic loading with
supplement decreased the permeability significantly at
all times (46.7� 17.4%, 34.9� 16.4% and 35.4� 5.2% of
before cyclic loading in the 7-, 14-, and 21-day groups,
respectively) (Fig. 2C). For all three parameters, the
controls (noncyclic loaded) remained at the same level
(approximately 100%) for all time points (Table 1).

In the presence of supplement, cyclic loading of the
explants significantly stimulated tissue PG synthesis,
resulting in an increase of tissue PGs by about 65% of
control (from about 30 mg PG/mg tissue wet weight to
about 50 mg PG/mg tissue wet weight). Cyclic loading
without supplement also increased PG content up to the
supplemented level by 14 days; however, a significant
loss (about 30%) in PGs was noted after 21 days (from
35.5�5.3 to 24.3� 6.0 mg PG/mg tissue wet weight)
(Fig. 3A). Cyclic loading without supplement also
resulted in a decrease of about 20% in tissue HYP

Figure 2. Cyclic loading with the supplement strengthened the
cartilage matrix modulus by about three times versus controls (A)
and helped inhibit degradation at 21 days (A, C). Fiber modulus,
however, decreased about 40 and 60% following cyclic loading with
and without the supplement, respectively (B). [Significant differ-
ences versus control ({) and cyclic loading alone (§).]
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content (from 25 to 20 mg HYP/mg tissue wet weight). In
the presence of supplement, however, cyclic loading at 14
and 21 days decreased the tissue HYP content by only
about 10% (Fig. 3B). The tissue content of HYP with
supplement was significantly higher than without media
supplementation.

Cyclic loading decreased explant surface fissure
length induced by the 25-MPa overload by about 40%
(from 95.3� 25.1 mm to 56.8� 18.9 mm) up to 14 days
(Fig. 4A) and saved nearly 22% more cartilage cells from
death than control up to 14 days (Fig. 4B). In contrast,
with a longer duration of cyclic loading (21 days) super-
ficial fissures and associated cell death (Fig. 5C–D)
increased significantly compared with controls (fissure
length increased by 32% and percentage of live cells
decreased by 15%) (Fig. 4A–B). In the presence of

Table 1. Indentation Properties of Explants before Cyclic Loading (at Day 0)

Indentation Properties
Control (n¼ 36) Mean

(�SD)
Cyc. Loading (n¼ 36)

Mean (�SD)
Cyc. Loading w/Suppl.
(n¼ 36) Mean (�SD)

Matrix modulus Em (MPa) 0.54 (0.12) 0.49 (0.07) 0.50 (0.20)
Fiber modulus Ef (MPa) 161.39 (42.22) 151.80 (74.80) 184.19 (98.31)
Permeability k (m4/Ns) 1.81E-15 (9.58E-16) 2.62E-15 (8.03E-16) 1.70E-15 (1.12E-15)

Figure 3. Tissue PG content was increased in the presence of
supplement at all times, while without the supplement, PG content
decreased at 21 days (A). The tissue collagen content (HYP)
decreased about 10 and 20% following cyclic loading with and
without the supplement, respectively (B). [Significant differences
versus control ({) and cyclic loading alone (§).]

Figure 4. Cyclic loading decreased the length of surface fissures
produced by a 25-MPa overload and saved about 20% more cartilage
cells than controls for up to 14 days. At 21 days of cyclic loading,
superficial fissures and associated cell death increased significantly
versus controls (A, B). In the presence of supplement, however,
cyclic loading inhibited matrix damage and cell death at 21 days (A,
B), and significantly decreased cell death per unit strain at all times
(C). [Significant differences versus control ({) and cyclic loading
alone (§).]
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supplement, however, cyclic loading resulted in a
significant decrease in fissure length and more live cells
after overloading than controls at all times (Fig. 4A–B
and Fig. 5E–F). Cell death per unit strain was also
significantly decreased versus controls up to 14 days of
cyclic loading (decreasing by about 30% and 65% at day 7
and 14, respectively). In contrast, after 21 days of cyclic
loading the cell death per unit strain was not different
from control. In the presence of supplement, however,
cyclic loading significantly decreased the cell death per
unit strain at all times (decreasing by about 72, 71, and
73% for 7, 14 and 21 days of cyclic loading, respectively)
(Fig. 4C).

DISCUSSION
Aspects of our study parallel findings of other in vitro
investigations on the biological and mechanical
response modifications documented with the supple-
mentation of culture media with glcN or glcN-CS. Most
notably our study supports an investigation suggesting
that these compounds function as biological response
modifiers (BRMs), which can boost responses of carti-

lage to environmental stresses, such as mechanical
compression.11 This study showed a significant increase
in tissue glycosaminoglycans (GAGs) with supple-
mented (250 mg/mL Cosamin1 DS) media versus with-
out, following 24 h of unconfined compression at 0.5
MPa using aged bovine cartilage. The notion was
presented that stressed chondrocytes utilize the com-
pounds more efficiently than nonstressed cells. This
effect was supported in our pilot study, which indicated
that without cyclic preload the glcN-CS did not affect
the response of articular cartilage explants to an
excessive level of unconfined compression. Additionally,
our current study showed a significant increase in the
production of tissue PGs at 7 days in supplemented
versus nonsupplemented, cyclically loaded explants
(Fig. 3A).

A possible limitation of the current study, however,
was that the increase of PG content in the supplemented
group may be partly due to free chondroitin sulfate in the
tissue directly from the media. Additionally, these data
were not normalized per viable chondrocyte. However,
data from our laboratory indicated that 21 days of cyclic

Figure 5. Typical images of cartilage
explants stained for cell viability. Live
cells stained green; dead cells stained
red. A special filter was used to count
the dead cells (B, D, F). The cracks on
the surface were due to a 25 MPa
unconfined compression applied to the
explants after low level cyclic preloads.
All images are from explants at 21 days
and after the acute compression. [A, B—
control, C, D—cyclic loaded, and E, F—
cyclic loaded with supplement.]
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loading does not significantly alter the percentage of live
cells (�92%) in the explants compared to unstressed
controls.8 Additionally, cyclic compression did not stat-
istically alter the specimen thickness, suggesting no
change in tissue volume over time.8 As proposed earlier
by Torzilli et al.,19 cartilage cell membrane damage may
directly relate to the amount of matrix compression. In
our current study the percentage of cell damage per unit
compressive strain was significantly decreased in the
cyclic preloaded explants cultured in the supplement
(Fig. 4C). This fact may relate to an increase in PGs
surrounding individual cells in the pericellular matrix as
a result of cyclic preloading.20 This effect may have been
enhanced by the media supplementation with glcN-CS in
the current study.

Previous studies established direct and indirect
correlations between PG content in cartilage and its
matrix modulus and permeability, respectively.6 This
may help explain our data that showed a higher PG
content and matrix modulus at 7 and 14 days for
supplemented versus nonsupplemented and control
specimens. Additionally, our study indicated a dramatic
drop in fiber modulus versus unstressed controls at
7 days that persisted at 14 and 21 days. Increased
collagen content parallels increased cartilage stiffness.21

Korhonen et al.6 show that removal of collagen from
cartilage lowers the fiber modulus. This effect paralleled
with a decreased content of explant collagen versus
unstressed controls at all times in our study. Addition-
ally, at 14 and 21 days, the collagen content of
supplemented explants significantly exceeded that of
the nonsupplemented, cyclic-loaded group. In our study,
although a statistical reduction in fiber modulus versus
controls was also documented for supplemented
explants, the modulus was generally higher than non-
supplemented, cyclic-loaded explants. The effect, how-
ever small, may be due to an increase in collagen
production by chondrocytes in the supplemented
groups.22 Tiku et al.23 showed that treatment of
chondrocytes with a similar concentration of glucos-
amine prevents in vitro collagen degradation over time.
More likely, the higher collagen content may reflect
the fact that the supplemented group was stiffened
because of a rise in PG content and yielded less matrix
damage.

The most dramatic effect of media supplementation in
our current study was the reduction in matrix damage
and cell death that occurred between 14 and 21 days with
supplementation. The hypothesis of a previous study8

was that the degenerative effect in mechanical proper-
ties was likely due to the production of MMPs (possibly
MMP-3) as a result of intermittent cyclic compression at
0.5 MPa.9 The hypothesis of our current study was that
media supplementation would limit or mitigate the
effect. Our study showed not only a significant increase
in explant PG content with supplementation, but also
more collagen in the explants. Again, we hypothesized
that the increase in tissue collagen was the result of less
damage to this structure during cyclic loading due to a

stiffened matrix, rather than a significant increase in the
biosynthesis of new, functional collagen. However, the
mechanism by which supplementation of the culture
media with glcN-CS retained more collagen and PG
than cyclic loaded specimens without supplement is yet
unknown and will require further study. Also, as
suggested in studies by others that examined effects of
selective and nonselective metalloproteinase inhibitors
on interleukin-1-induced cartilage degradation, the
effects of media supplementation on altering the carti-
lage material properties may only be delayed in time.24

Future studies should determine if the same effects are
seen with an extended duration of cyclic loading of the
supplemented explants.

The current in vitro study does not answer the
question of whether this supplement will mitigate long-
term joint disease, such as posttraumatic osteoarthritis
(OA), resulting from an acute traumatic overload, such
as during rupture of a knee ligament.7 The major
problems with extending these results to a clinical
setting are the short duration of the studies and the
elevated concentration of the supplement. The dose of
supplement (500 mg/mL glcN and 250 mg/mL CS) was
significantly higher than clinical levels. The concentra-
tions of glcN in serum after oral and intravenous
administration range from 1 to 20 mg/mL, while CS
concentrations are in the 5–200 mg/mL range.25–27 Yet,
ongoing studies from our laboratory do show some
reductions in the cyclic load-induced degradation of a
chondral explant for even a reduced (by 50%) concen-
tration of supplement, and yet, it seems inviting to
propose in vivo studies at clinical concentrations to
see if this supplement may have incremental, positive
effects on the already documented effects of physiological
levels of cyclic loading on changes in the mechanical
properties of joint cartilage.5 Another potential utility for
these types of in vitro studies may be in the area of tissue-
engineered cartilage. Although recent studies show the
utility of cyclic mechanical loading on engineered
cartilage stiffness, supplementation of the culture media
with high concentrations of glcN-CS may show utility
in producing better products.28 As our study implies,
however, the duration of intermittent cyclic loading may
be important in the response of engineered tissues to
media supplementation.
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