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Background: Chondrocyte death has been linked to injury-induced oxidative damage, suggesting that antioxidants
could substantially improve viability. However, since reactive oxygen species play roles in normal physiology, there are
concerns that antioxidants may have deleterious side effects. To address these issues, we studied the effects of N-
acetylcysteine, a potent free radical scavenger, on chondrocyte viability and cartilage proteoglycan content in an in vitro
cartilage injury model. We hypothesized that treatment with N-acetylcysteine soon after an impact injury would have
significant chondrocyte-sparing effects and would prevent injury-induced proteoglycan losses.

Methods: Bovine osteochondral explants were subjected to a single impact load with use of a drop-tower device.
Chondrocyte viability was measured at multiple time points post-impact with use of fluorescent probes and confocal
microscopy. Forty-eight hours after impact, the effects on viability of immediate post-impact treatment with N-
acetylcysteine were compared with the effects of the caspase inhibitor N-CBZ-Val-Ala-Asp(O-Me) fluoromethyl ketone
and those of the cell-membrane-stabilizing surfactant poloxamer 188. The effect of N-acetylcysteine on proteoglycan
content was determined at seven and fourteen days post-impact.

Results: Chondrocyte viability declined sharply within an hour and reached a steady state within six to twelve hours
after impact. Immediate treatment with N-acetylcysteine doubled the number of viable chondrocytes assayed forty-eight
hours after impact, and this effect was significantly greater than that of N-CBZ-Val-Ala-Asp(O-Me) fluoromethyl ketone.
Even when N-acetylcysteine treatment was delayed for up to four hours after injury, it still had significant positive effects
on cell viability at forty-eight hours. Moreover, N-acetylcysteine treatment significantly improved proteoglycan content at
the impact sites at both seven and fourteen days after injury.

Conclusions: Treatment with N-acetylcysteine soon after a blunt impact injury can reduce chondrocyte death and
proteoglycan loss measured seven to fourteen days after injury.

Clinical Relevance: These findings suggest that antioxidant protection in the early aftermath of joint injury may help to
reduce chondrocyte death and stabilize the articular cartilage.

A
rticular fractures necessarily subject articular cartilage
to high-energy impact loading. Cartilage damage caused
by a single impact is thought to be a major risk factor

for posttraumatic osteoarthritis1. One pathoetiologic compo-
nent of impact injury is chondrocyte death1. At the high
loading rates characteristic of impact injuries, local strains in
the superficial zone can exceed 40%. There, matrix fissuring
and chondrocyte death are evident post-impact1-5. Several

studies have shown that chondrocytes begin to die within
moments after impact and continue to die for up to several
days6-10. Studies involving use of the cell-membrane-stabilizing
surfactant poloxamer 188, a necrosis inhibitor, have indicated
that up to 15% of chondrocytes at impact sites succumb to
necrosis soon after injury6,7,11. However, chondrocyte apoptosis
is the predominant mode of death in the hours and days after
impact injury12.
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Chondrocyte death in injured cartilage can be dramat-
ically reduced by apoptosis inhibitors9,13. Treatment of injured
cartilage with N-CBZ-Val-Ala-Asp(O-Me) fluoromethyl ke-
tone (z-VAD-fmk), a pan-caspase inhibitor, improves cell
viability, inhibits proteoglycan loss, and ameliorates the
progression of osteoarthritis in animal models14. These
findings associating chondrocyte death with cartilage de-
generation suggest that there is a window of opportunity
to prevent chondrocyte depletion in the early aftermath of
injury.

Previous work in our laboratory revealed that a variety of
antioxidants including N-acetylcysteine, superoxide dismutase,
and vitamin E can prevent up to 80% of chondrocyte death
associated with injurious cyclic compression15. In addition,
superoxide dismutase has been shown to block chondrocyte
death induced by impact loading16. These studies indicate a
role for reactive oxygen species in impact-associated chon-
drocyte apoptosis.

Previous studies have suggested that superoxide radicals
released by mitochondria cause oxidative damage and apo-
ptosis of cells exposed to a variety of stresses9,17-19. Superoxide
may be released from the NADH (nicotinamide adenine

dinucleotide)-coenzyme Q1 reductase in complex I of the
mitochondrial electron transport chain20-23. This subunit is
specifically inhibited by rotenone, which has been shown to
reduce superoxide release after an insult such as serum dep-
rivation20,24-26. Rotenone blocked mitogen-activated kinase
activation and catabolic gene induction in chondrocytes stim-
ulated with fibronectin fragments27. Moreover, production of
oligomycin-sensitive reactive oxygen species in chondrocytes
plated on polylysine is suppressed by intact fibronectin28. These
two related studies suggest that disruption of integrin-matrix
interactions induces production of mitochondrial reactive oxy-
gen species.

N-acetylcysteine is a powerful scavenger of highly dam-
aging hydroxyl and hypochlorous radicals, which are formed
in cells following exposure to superoxide29. Its efficient free
radical scavenging activity and well-characterized biocom-
patibility make N-acetylcysteine an attractive candidate for
cytotherapy following joint injury. We hypothesized that
treatment with N-acetylcysteine soon after an impact injury
would have significant chondrocyte-sparing effects and would
prevent injury-induced proteoglycan loss. To test this, we eval-
uated the effects of N-acetylcysteine on chondrocyte viability
and proteoglycan content after a blunt impact injury in a bo-
vine osteochondral explant model. The time course of impact-
induced chondrocyte death and the effects of delaying the
initiation of the N-acetylcysteine treatment were investigated
to determine the window of opportunity for preserving chon-
drocyte viability.

Materials and Methods
Specimen Preparation

Mature bovine stifle joints were obtained immediately af-
ter slaughter from a local abattoir. Osteochondral ex-

plants were prepared by manually sawing a 25 by 25-mm square
from the lateral tibial plateau, which included the central
loaded area of the articular surface that was not covered by
menisci. Subchondral bone was cut from the underside of each
specimen to a thickness of 4 to 8 mm. One explant was cut
from one stifle joint, and each joint was obtained from a dif-
ferent animal. The explants were placed immediately in culture
medium containing 45% Dulbecco modified Eagle medium,
45% Ham F-12, and 10% fetal bovine serum (Invitrogen,
Carlsbad, California) and incubated at 37�C in an atmo-
sphere of 5% CO2 in air.

Impact Loading
The osteochondral explants were secured into custom testing
fixtures for impact loading and were kept submerged in cul-
ture medium at all times. A drop tower was used to impart
loads to an indenter resting on the explant surface. The in-
denter was a flat-faced 5.0-mm-diameter brass rod with
rounded edges (radius = 1 mm). Impact energy was modu-
lated by dropping a 2-kg mass from a height of 14 or 7 cm,
which resulted in impact energy densities of 14 J/cm2 and 7 J/
cm2. The mass was removed from the indenter immediately
after impact.

TABLE I Experimental Design

Time
Post-Impact

Impact
Energy
(J/cm2) Treatment

No. of
Specimens

Test 1 48

1 hr 7/14 None 3/3

2 hr 7/14 None 3/3

4 hr 7/14 None 3/3

6 hr 7/14 None 3/3

12 hr 7/14 None 3/3

24 hr 7/14 None 3/3

48 hr 7/14 None 3/3

72 hr 7/14 None 3/3

Test 2 24

48 hr 7 Control 6

48 hr 7 N-acetylcysteine 6

48 hr 7 Tocopherol 6

48 hr 7 Poloxamer-188 6

Test 3 30

48 hr 7 N-acetylcysteine, 1-hr delay 6

48 hr 7 N-acetylcysteine, 2-hr delay 6

48 hr 7 N-acetylcysteine, 3-hr delay 6

48 hr 7 N-acetylcysteine, 4-hr delay 6

48 hr 7 N-acetylcysteine, 12-hr delay 6

Test 4 24

7 days 7 N-acetylcysteine 6

7 days 7 Control 6

14 days 7 N-acetylcysteine 6

14 days 7 Control 6
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Viability Analysis
Explants were stained in culture medium for one hour
with calcein acetoxymethylester (calcein AM) and ethidium
homodimer-2 (Invitrogen), at a concentration of 1.0 mM each.
Calcein AM is metabolized in living cells to form a bright
green fluorescent product that accumulates in the cytosol.

Ethidium homodimer is a red fluorophore that stains the
DNA of nonviable cells but cannot penetrate living cells with
intact plasma membranes. The staining medium was aspi-
rated, and new medium was added to wash off any residual
stain on the explant surface before fluorescent illumination.
Confocal microscopy was performed on a BioRad 1024 con-
focal microscope equipped with a krypton-argon laser (BioRad,
Hercules, California). Explants were scanned at wavelengths of
568 and 488 nm with use of a 10· objective with a field size of
;1.0 mm2. More than 2400 cells were counted in each explant.
Z-axis projections were assembled from images made from the
cartilage surface to a depth of 200 mm at 40-mm intervals.
Three different projections were recorded within each impact
or nonimpact control site. The three ;1.0-mm2 sites imaged
for each specimen represented 15% of the ;20 mm2 area of the
impact sites. ImageJ software (National Institutes of Health,
Bethesda, Maryland) was used for automated counting of red
and green-stained chondrocytes in each projection and the
percentage of viable cells was calculated (green-stained chon-
drocytes/[red 1 green-stained chondrocytes] · 100). At least
800 cells were counted in each z-axis projection; thus, counts
for each explant totaled more than 2400 cells. The percentage
of viable cells for each specimen was calculated by averag-
ing the values for the three different projections, each com-
posed of six planes. Thus, each viability determination is based
on eighteen images. The average group viabilities for the time-
course studies are based on three explants multiplied by
eighteen images per explant, for a total of fifty-four images,
whereas the average group viabilities in the drug comparison
studies are based on six explants multiplied by eighteen images,
for a total of 108 images.

Proteoglycan Content
Cartilage proteoglycan content was measured by glycos-
aminoglycan assay with use of dimethyl methylene blue
(Sigma-Aldrich, St. Louis, Missouri) essentially as previously
described30. The assay was performed on papain digests of full-
thickness cartilage samples with use of shark chondroitin
sulfate (Sigma-Aldrich) as a standard. Samples were dissected

Fig. 1

Structural damage from impact injuries.

Micrographs show sections from a non-

impacted control cartilage explant (A),

a 7-J/cm2-impact site (B), and a 14-J/

cm2-impact site (C) (safranin-O and fast

green). The bar in A is 0.5 mm long.

Fig. 2

Laser confocal imaging of viability stains. A nonimpacted control cartilage explant (A), an explant subjected to a 7-J/cm2 impact

(B), and an explant subjected to a 7-J/cm2 impact and treated immediately with N-acetylcysteine were stained with calcein AM

(green) and ethidium homodimer (red) to label live and dead cells, respectively. The micrographs are z-axis reconstructions of

images made at the surface and to 200 mm beneath the surface at intervals of 40 mm The bar in C represents 200 mm.
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from explant surfaces with use of a 4-mm-diameter dermal
punch and an osteotome. On the basis of pilot studies indi-
cating substantial interexplant variability in glycosamino-
glycan content, glycosaminoglycan concentration (mg of
glycosaminoglycan/mg wet weight) at impact sites was nor-
malized to the concentration at nearby, nonimpacted (con-
trol) sites in the same explant and reported in terms of the
percentage of the control value (glycosaminoglycanimpact/
glycosaminoglycancontrol · 100). Six explants were assayed for
each treatment group.

Testing Protocols
The details for each of the tests described below are presented
in Table I.

Test 1: Effect of Impact Energy on Severity and Timing
of Chondrocyte Death
The first test was designed to determine how the amount of
impact energy affected the severity and time course of chon-
drocyte death following an impact injury. Specimens were
impacted with 7 or 14 J/cm2, and chondrocyte viability was
determined as detailed above. After being placed in medium,
three nonimpacted specimens were analyzed at one, twelve,
and seventy-two hours, for a total of nine nonimpacted spec-
imens. Three impacted specimens were analyzed after impact
at each impact energy level, for a total of forty-eight specimens.

Test 2: Effect of Treatment of Impacted Specimens with
N-Acetylcysteine, Poloxamer 188, a and g Tocopherol, and z-VAD-fmk
On the basis of the results from test 1, the 7-J/cm2 energy level
was selected for subsequent testing. Both impact energy levels

resulted in chondrocyte death, but the specimens impacted at
the 14-J/cm2 level had greater surface damage and irregularity,
making assessment with confocal microscopy more difficult.

In test 2, specimens were treated with drugs at concen-
trations previously shown to inhibit mechanically induced
chondrocyte death. N-acetylcysteine (Sigma-Aldrich) was used
at a concentration of 2.0 mM15, a and g tocopherol (Sigma-
Aldrich) were mixed for use at concentrations of 25 mM each31,
poloxamer 188 (Sigma-Aldrich) was used at a concentration of
8 mg/mL7, and z-VAD-fmk (Calbiochem, San Diego, Cal-
ifornia) was used at a concentration of 100 mM32. Impacted
specimens were treated within five minutes post-impact (im-
mediate treatment) and incubated for forty-eight hours before
the viability analysis. Six specimens were tested for each ther-
apeutic intervention, for a total of twenty-four specimens.

Test 3: Effect of Timing of N-Acetylcysteine Treatment on
Chondrocyte Viability
In this test, the effect of the timing of the treatment with N-
acetylcysteine was determined in specimens subjected to an
impact of 7 J/cm2. N-acetylcysteine (2.0 mM) was applied to
specimens at one, two, three, four, and twelve hours after
impact. Viability was determined forty-eight hours after im-
pact. Six specimens were tested at each interval, for a total of
thirty specimens.

Test 4: Effect of N-Acetylcysteine on Proteoglycan Content
Explants subjected to an impact of 7 J/cm2 were treated im-
mediately after the impact with 2 mM N-acetylcysteine (six
specimens) or were left untreated (six specimens). After

Fig. 3

Time course of chondrocyte death after impact injury. Cell viability was

evaluated in nonimpacted control explants (open triangles) and explants

subjected to an impact of 7 J/cm2 (open circles) or 14 J/cm2 (filled

squares). Each symbol represents the average of the results for three

explants. The error bars indicate standard deviations.

Fig. 4

Effects of drug treatment on post-impact chondrocyte viability. Cell vi-

ability was evaluated in nonimpacted control explants (Con), explants

subjected to an impact of 7 J/cm2 without drug treatment (No Tx), and

explants subjected to an impact of 7 J/cm2 and treated immediately with

N-acetylcysteine (NAC), tocopherol (Toc), poloxamer 188 (P188), or

z-VAD-fmk (Z-Vad). Columns and error bars represent the means and

standard deviations based on six explants.
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twenty-four hours of incubation, the medium was replaced
with fresh standard medium not containing N-acetylcysteine.
Cartilage was harvested from the impact and control sites
seven or fourteen days post-impact and was digested in papain.
The glycosaminoglycan concentration in papain digests of each
explant was assayed in triplicate.

Data Analysis
The significance of treatment-related differences in viability
was assessed with one-way analysis of variance with the Tukey
test for multiple comparisons. With the assumption of a mini-
mum difference between group means of 0.15, a population
standard deviation of 0.10, and alpha = 0.05, the power of the
tests performed was >0.8.

Source of Funding
This work was supported by the National Institutes of Health/
National Institute of Arthritis and Musculoskeletal and Skin
Diseases Grant 1 P50 AR055533.

Results

Structural damage to the cartilage extracellular matrix was
evident immediately after impact at both impact-energy

levels (7 and 14-J/cm2) (Fig. 1). Disruption of the superficial
zone in the form of delamination and cracks extending from
the surface toward the transitional zone were observed in both
groups. However, the damage from the 14-J/cm2 impacts
tended to be more severe, with greater disruption of the su-
perficial zone than was seen in the 7-J/cm2 group.

Figure 2 shows typical z-axis reconstructions of images
made with confocal microscopic imaging at impacted and

nonimpacted sites after use of calcein AM and ethidium ho-
modimer stains as live and dead-cell probes, respectively. Al-
though cell viability in nonimpacted controls remained stable,
at nearly 90%, after seventy-two hours in culture, there were
dramatic time-dependent increases in cell death in the im-
pacted cartilage (Fig. 3). The viability in the 7 and 14-J/cm2

groups decreased to 45% and 35%, respectively. Greater than
85% of the chondrocyte death occurred within the first six to
twelve hours after impact loading, with little additional accu-
mulation of dead cells for up to seventy-two hours. In the 14-J/
cm2 group, the number of dead chondrocytes was nearly
maximal after only six hours. In contrast, the number of dead
cells in the 7-J/cm2 group did not reach a maximum until
twelve hours post-impact. Thus, both the magnitude and the
kinetics of cell death varied with impact energy.

Treatment with N-acetylcysteine immediately after im-
pact improved viability at forty-eight hours, a time when death
had reached a steady state. The improvement was from 35%
(without treatment) to 64% (with N-acetylcysteine treatment)
after a 14-J/cm2 injury and from 40% to 72% after a 7-J/cm2

injury (Fig. 4). These effects were significant (p = 0.001). Be-
cause similar N-acetylcysteine effects were observed in the 7
and 14-J/cm2 groups and because the highly irregular surfaces
produced by the 14-J/cm2 injuries were difficult to image with
confocal microscopy, we chose the 7-J/cm2 group for further
study. Although significant numbers of chondrocytes were
spared when N-acetylcysteine was used, treatment with to-
copherol had no significant effect (p = 0.169). The anti-necrosis
agent poloxamer 188 also did not result in sparing of signifi-

Fig. 5

Effect of delaying N-acetylcysteine treatment. Explants were subjected to

an impact of 7 J/cm2 and were left untreated (No Tx) or were treated with

N-acetylcysteine immediately (0) or after a delay of one, two, three, four,

or twelve hours. Columns and error bars indicate means and standard

deviations based on three explants.

Fig. 6

Effects of N-acetylcysteine on glycosaminoglycan (GAG) content seven

and fourteen days after injury. Glycosaminoglycan content within each

impact site was normalized to the glycosaminoglycan content of an ad-

jacent, nonimpacted control site (percent of the control value). Results

are shown for explants that were treated with N-acetylcysteine (NAC) and

for untreated controls (Con). The columns and error bars indicate means

and standard deviations based on six explants. The numbers above the

bars are p values, which indicate significant differences between the

N-acetylcysteine-treated and untreated specimens.
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cant numbers of chondrocytes (p = 0.9). The caspase inhibitor
and anti-apoptosis agent z-VAD-fmk improved viability to
59%, which was a significant improvement compared with that
in the untreated impacted controls (p < 0.001). However, vi-
ability in the z-VAD-fmk group was significantly lower than
that in the N-acetylcysteine group (p < 0.001).

Analyses performed forty-eight hours after a 7-J/cm2

impact revealed that 74% ± 7% of the cells (mean and standard
deviation) were viable after N-acetylcysteine treatment that
had been delayed for one hour after impact; 68% ± 5% of the
cells remained viable with a two-hour delay; 67% ± 8%, with a
three-hour delay; and 59% ± 6%, with a four-hour delay (Fig.
5). These values were all significantly greater than those for the
untreated controls (p < 0.05). However, when the delay was
increased to twelve hours, viability fell to 39% ± 6%, which
was not significantly higher than the viability in the untreated
group (p = 0.107).

At seven days after the impact injury, the glycosamino-
glycan content at the impact site, calculated as the percentage of
the value at the adjacent control site, averaged 81% ± 9% in the
untreated explants and 103% ± 10% in the N-acetylcysteine-
treated explants, a highly significant difference (p = 0.005)
(Fig. 6). At fourteen days, the values at the impacted sites
averaged 88% ± 10% in the untreated explants and 104% ±
10% in the N-acetylcysteine-treated explants; this difference
was also significant (p = 0.001).

Discussion

Our results strongly support the hypothesis that N-
acetylcysteine can help preserve chondrocytes following

impact injury to articular cartilage. Moreover, we found that
treatment with N-acetylcysteine significantly inhibited matrix
glycosaminoglycan loss at impact sites for up to fourteen days
following injury, an indication that this agent may have long-
term beneficial effects beyond acute preservation of viability.

The effects of N-acetylcysteine were compared with those
of z-VAD-fmk, which had been previously shown to decrease
chondrocyte death induced by mechanical injury. We found a
reduction in death from 60% (no treatment) to 41% in z-VAD-
fmk-treated explants, which was a somewhat smaller effect than
that shown by D’Lima et al., who observed that z-VAD-fmk
reduced apoptosis from 65% to 31% in bovine explants at forty-
eight hours post-impact (the same time point that we used)32.
This difference might be attributable to the different methods
used to measure cell death (superficial viability stains versus full-
depth TUNEL [terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling] staining) or to differences in the me-
chanical injuries produced in the two studies. Drop towers such
as the one used in our experiments load explants at rates of
>1000 MPa/sec, whereas the injury described by D’Lima et al.
was delivered at a much lower rate of 46 MPa/sec. These dif-
ferences would be expected to lead to differences in the kinetics
of accumulation or distribution of dead cells that could result in
differences in the apparent magnitude of z-VAD-fmk effects.

The effects of N-acetylcysteine were also compared with
those of poloxamer 188, which has been shown to reduce

chondrocyte death by 10% to 15% in explants subjected to
mechanical injury11. However, in that study, poloxamer 188
was effective as a post-impact treatment only if explants were
manually ‘‘pumped’’ by gentle cyclic compression. We did not
perform this step since it seemed impractical in a clinical
context. Thus, the fact that we saw little effect of poloxamer 188
on death rates in our system was actually consistent with the
previous study showing no effect without cyclic compression.

The N-acetylcysteine had to have been administered
within four hours after the impact to significantly decrease
impact-associated chondrocyte death. Our experiment showed
that the impact energy had a modest effect on both the
quantity and the timing of injury-related chondrocyte death.
As expected, higher-energy impacts caused a greater quantity
of chondrocyte death, with 35% viability in the 14-J/cm2-
impact specimens compared with 45% viability in the 7-J/cm2-
impact specimens. The results also showed that steady-state
cell death occurred after six hours in the specimens subjected
to the higher-energy impact compared with twelve hours in
those subjected to the lower-energy impact.

Drop-tower devices reliably achieve stress rates (>1000
MPa/sec) comparable with the high-energy impacts sustained
in automobile accidents that may result in joint fractures33,34.
The injuries that we studied in this experiment were selected
on the basis of pilot studies of matrix damage and chondrocyte
death after impacts with energy densities ranging from 1.0 to
20 J/cm2. We found that 7 and 14-J/cm2 impacts caused su-
perficial zone chondrocyte death rates and structural damage
consistent with those thought to occur in severe joint injuries35.

Although bovine cartilage is used frequently as a surro-
gate for human cartilage in in vitro impact experiments, a
direct comparison between bovine and human hip cartilage
explants showed that impact-induced structural damage was
more severe in the former than in the latter5. Thus, results
from bovine models may overestimate damage from impact
injury in humans and should be interpreted with caution.

Mechanical injury to cartilage may cause either acute
chondrocyte death (within one hour after injury), due to ne-
crosis, or subacute chondrocyte death (one to seventy-two
hours after impact), presumably due to apoptosis. The balance
of these modes of death may be determined by the mechanical
characteristics of the injury, particularly with regard to the
loading rate. Specimens subjected to injurious stresses at
subimpact rates (<1000 MPa/sec) have consistently demon-
strated cell death occurring over days by apoptosis. For ex-
ample, human chondral explants subjected to 14-MPa loads at
140 MPa/sec demonstrated minimal increases in apoptotic
chondrocytes within the first twenty-four hours after loading
but had a 13% to 19% apoptosis rate forty-eight hours after
loading. By ninety-six hours, approximately 25% of the cells
were positive on TUNEL assay10. In another experiment, ca-
nine explants repeatedly loaded to 5 MPa at 60 MPa/sec for two
hours had a 5.4% rate of apoptosis four hours after loading,
which increased to 73% TUNEL-positive chondrocytes forty-
eight hours after loading36. In bovine chondral explants sub-
jected to a 25-MPa load at 25 MPa/sec, only 3% of cells were
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TUNEL positive one hour after loading6. This increased to 18%
being TUNEL positive at ninety-six hours post-loading and
28% being TUNEL positive at 168 hours after loading.

In comparison with specimens subjected to subimpact
loading, those subjected to a true impact injury (>1000 MPa/
sec) show a much earlier wave of cell death, which occurs mainly
in the superficial layer of cartilage or along impact-induced
matrix cracks. Bush et al. subjected bovine chondral explants to
a drop-tower impact and found that 28% of the cells were dead
at three minutes post-impact; this increased to 40% at five
minutes, 50% at twelve minutes, and 55% at twenty minutes8. In
a study of a live rabbit model in which an impact was applied to
the patellofemoral joint with a drop tower, there was a 45% rate
of chondrocyte death in the superficial zone of cartilage and a
29% rate in the deeper cartilage on the day of impact7. The
values were similar at four days post-impact (43% and 23%,
respectively). In our study, we found that 28% to 36% of
chondrocytes could not be rescued by immediate post-impact
treatment with N-acetylcysteine. These data suggest that the
experimental injuries caused by our drop-tower device caused
acute necrosis at rates characteristic of true impact injury.
However, these injuries also appeared to cause subacute apo-
ptosis, indicating that both modes of death contributed to the
overall depletion of viable chondrocytes. The pathophysiologic
cascade(s) that lead to either of these forms of cell death are
poorly understood. However, understanding the cellular events
that lead to chondrocyte death, whether it is acute or subacute,
will be paramount for the development of therapeutic inter-
ventions aimed to prevent impact-associated cell death.

Possible sources of excess impact-induced reactive oxygen
species include mitochondria, which release superoxide radicals
as a byproduct of respiration and in response to oxidative
damage17. Chondrocytes also express inducible nitric oxide
synthase (iNOS) and NADPH (nicotinamide adenine dinucle-
otide phosphate) oxidase (NOX), which generate nitric oxide
and superoxide, respectively37,38. At low concentrations, reactive
oxygen species downregulate chondrocyte responses to pro-
inflammatory cytokines39. However, at higher concentrations,
reactive oxygen species directly damage the cartilage extracellular
matrix, activate matrix metalloproteinases, suppress extracellu-
lar matrix synthesis, and induce matrix metalloproteinase ex-
pression through activation of the transcription factors activator
protein 1 and nuclear factor kappaB37,40,41. In addition, con-
comitant exposure to nitric oxide and to the superoxide radical
contributes to chondrocyte apoptosis18,37. Reactive oxygen spe-
cies have been shown to activate mitogen-activated protein ki-
nases such as p38 and ERK, pathways known to be involved in
apoptosis signaling13,37. Antioxidants have been shown to block
activation of mitogen-activated protein kinases induced by re-
active oxygen species and cytokines, which may explain their
anti-apoptotic activities at impact sites.

Although group sizes were small in this experiment
(three independent specimens were tested at each time point),
eighteen separate samplings were taken from each specimen
from the surface to a depth of 200 mm. The three ;1.0-mm2

sites imaged for each specimen represented 15% of the impact
site area. More than 2400 cells were counted in each explant.
Thus, chondrocyte viabilities measured with this approach are
likely to be representative of events throughout impact sites, at
least to a depth of 200 mm. Pilot experiments indicated that
>80% of the chondrocyte death associated with 7-J/cm2 im-
pacts occurred within 200 mm of the cartilage surface.
Therefore, our confocal analysis concentrating on the super-
ficial zone of cartilage should have captured the majority of the
viability changes induced by impact. While it is possible that
there was significant death in the deeper zones, previous im-
pact experiments have consistently shown that, at impact-
loading levels, the majority of cell death is superficial or along
matrix cracks3,4,10.

The data from our experiments demonstrate that
chondrocyte death and subsequent proteoglycan loss can be
significantly reduced by timely exposure of the impacted car-
tilage to N-acetylcysteine. Treatment with N-acetylcysteine
within hours after injury essentially doubled chondrocyte vi-
ability compared with that in untreated specimens. This in-
dicates that the primary pathophysiologic events attributable
to reactive oxygen species occur very early after impact. It
should be noted that N-acetylcysteine was withdrawn from the
culture medium within twenty-four hours after the impact in
our experiments. This short-term exposure was sufficient to
improve viability for up to seventy-two hours post-impact and
decrease proteoglycan loss for up to two weeks post-impact.
However, considering that posttraumatic osteoarthritis may
develop over months or years, two weeks in culture is a rela-
tively brief interval. Thus, the efficacy of N-acetylcysteine
in terms of halting the progression of posttraumatic osteoar-
thritis is still speculative. Testing in an animal model of joint
injury will help to better elucidate the long-term effects of
N-acetylcysteine on the stability of the cartilage extracellular
matrix. n
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