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Studies have shown that joint bleeding leads to cartilage
degradation independent of concurrent synovitis. We
hypothesized that the blood-induced cartilage damage is
because of increased chondrocyte apoptosis after short-
term exposure of whole blood or isolated mononuclear
cells plus red blood cells to cartilage. Human cartilage
tissue samples were co-cultured for 4 days with whole
blood (50% v/v) or with mononuclear cells plus red
blood cells (50% v/v equivalents). Cartilage matrix pro-
teoglycan synthesis (35SO4

2� incorporation) was deter-
mined after 4 days as well as at day 16 (after a 12-day
recovery period in the absence of any additions). To test
the involvement of apoptosis a specific caspase-3 inhib-
itor (acDEVDcho, 0 to 500 �mol/L) as well as a pan-
caspase inhibitor (zVADfmk, 0 to 500 �mol/L) were
added. Chondrocyte apoptosis was evaluated by immu-
nohistochemical staining of single-strand DNA and by
terminal dUTP nick-end labeling. Cartilage co-cultured
with whole blood as well as mononuclear cells plus red
blood cells induced a long-term inhibition of proteogly-
can synthesis (74% and 78% inhibition on day 16, re-
spectively). Immunohistochemistry showed a threefold
increase in apoptotic chondrocytes in cultures with
50% whole blood as well as with mononuclear cells plus
red blood cells. Both the specific caspase-3 inhibitor and
the pan-caspase inhibitor partially restored proteogly-
can synthesis in the cartilage after blood exposure. This
effect was accompanied by a decrease in the number of
apoptotic chondrocytes. These data suggest that a single
joint hemorrhage (a 4-day exposure of cartilage to 50%
v/v blood) results in induction of chondrocyte apopto-
sis, responsible for the observed inability of the chon-
drocytes to restore the proteoglycan synthesis during
recovery from a short-term exposure to blood. This
reduced restoration could eventually lead to cartilage
degeneration and ultimately joint destruction. (Am J
Pathol 2003, 162:943–951)

Recurrent joint hemorrhages often occur in hemophilia
despite prophylactic treatment with clotting factors and

result in irreparable joint damage, primarily by destruc-
tion of articular cartilage followed by synovial inflamma-
tion.1,2 In vitro and animal in vivo studies provide evidence
that not only repeated but also a relative short exposure
of cartilage to blood results in long-lasting changes in
chondrocyte metabolism that eventually may lead to car-
tilage destruction.3,4 Such a short bleeding episode may
be the first in a series in hemophiliacs but may also
contribute to cartilage damage as the result of a sports
injury or a single trauma, eg, ligament rupture.5 After the
initiation phase progression of joint damage in humans is
slow. Therefore the causality between a joint bleeding
and final joint damage remains difficult to prove.

Currently little is known about the pathogenesis of this
blood-induced cartilage damage, although several mecha-
nisms have been proposed. It has been suggested that
accumulation of iron from red blood cells (RBCs), ie, hemo-
siderine, in synovial tissue results in the production of pro-
teolytic enzymes. Also the production of proinflammatory
cytokines released by synoviocytes and recruited phago-
cytes are thought to be primarily responsible for cartilage
damage and joint destruction.6,7 However, it became clear
that, although these processes do contribute significantly to
joint damage after repeated bleeding as in hemophilia, they
are not the first to occur.2–4

We showed that a short intra-articular bleeding episode
in vivo or a short exposure of cartilage to blood in vitro
induces lasting degenerative changes in cartilage indepen-
dent of synovial inflammation and proinflammatory cytokine
production.4,8 Synthesis and release of matrix components
such as proteoglycans are inhibited by blood in a concen-
tration-dependent manner. It seems that these changes are
the result of the combined presence of mononuclear cells
(MNCs) and RBCs, whereas both cell types individually do
not result in lasting changes.3,8 The changes in cartilage
after a relatively short exposure to blood were degenerative
in nature and showed similarities to osteoarthritis, ie, a cen-
trifugal pattern of cartilage damage, loss of cartilage matrix
components, as well as chondrocyte clustering.2 Although
primarily degenerative in nature, the exact mechanisms
behind the induction of these long-lasting alterations in
chondrocyte activity and cartilage damage are not yet un-
derstood.
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Apoptosis in chondrocytes has been shown to ad-
versely affect cartilage matrix turnover and chondrocyte
apoptosis is associated with osteoarthritis.9–11 Similar
adverse degenerative changes in cartilage matrix turn-
over are also observed after blood exposure. This sug-
gests chondrocyte apoptosis might be involved in the
prolonged disturbed cartilage matrix turnover after joint
hemorrhage.

Therefore we evaluated the hypothesis that exposure
of cartilage to blood results within days in chondrocyte
apoptosis, without the interference of synovial inflamma-
tion. We tested this in an in vitro co-culture system of
human cartilage with blood.

Materials and Methods

Cartilage Culture Technique

Healthy full-thickness articular cartilage tissue was ob-
tained postmortem from human humoral heads within 24
hours after death of the donor. The donors (n � 18; mean
age, 69.8 � 14.3 years; 12 males and 6 females) had no
known history of joint disorders. Macroscopic analysis
revealed completely intact articular cartilage that previ-
ously has been shown to represent healthy cartilage.12

When histology was performed in our experiments (see
below), data corroborated that the cartilage used was
intact and healthy. Slices of cartilage were cut aseptically
from the articular surface, excluding the underlying bone,
and kept in phosphate-buffered saline (PBS, pH 7.4).
Cartilage was treated and handled as described.12

Briefly, within 1 hour of dissection the slices were cut into
square pieces and weighed aseptically (range, 5.0 to
15.0 mg) and each sample was individually put into cul-
ture in 96-well round-bottom microtiter plates (200 �l of
culture medium, 5% CO2 in air, 37°C, pH 7.4). The culture
medium consisted of Dulbecco’s modified Eagle’s me-
dium supplemented with glutamine (2 mmol/L), penicillin
(100 IU/ml), streptomycin sulfate (100 �g/ml), ascorbic
acid (85 �mol/L), and 10% heat-inactivated pooled hu-
man male AB� serum.

Preparation of Blood (Components)

For each individual experiment fresh blood from healthy
donors (n � 12; mean age, 30.0 � 7.1 years; six males
and six females) was collected into heparinized vacu-
tainer tubes (143 USP Li-heparin/10 ml, Becton Dickin-
son). To obtain a concentration of 50% v/v whole blood
was diluted in culture medium.

MNCs were isolated by density centrifugation, using Fi-
coll-Paque (Pharmacia, Uppsala, Sweden), and washed
twice in ice-cold Dulbecco’s modified Eagle’s medium.
RBCs of the same donor were isolated by filtration (PALL,
The Netherlands). MNCs and RBCs were redistributed in
culture medium to their original cell number before isola-
tion, based on cell counts before and after isolation
(Coulter Counter). The amounts of cells used are equiv-
alent to a concentration of 50% v/v whole blood, which

previously has been proven to evoke the same lasting
changes in cartilage matrix turnover.3

Experimental Design

Cartilage samples were cultured, without a preculture
period, for 4 days in the presence of whole blood or
MNCs plus RBCs, with or without additions. Inhibition of
proteoglycan synthesis was determined as a measure of
inhibition of cartilage matrix synthesis. To measure the
reversibility of the inhibition, after a 4-day exposure, the
cartilage was washed twice (200 �l of culture medium, 45
minutes, under culture conditions) and cultured for an
additional 12 days (referred to as recovery period) in the
absence of blood cells. The culture medium was
changed every 4 days. On both days, day 4 and 16,
proteoglycan synthesis was measured. In addition, car-
tilage samples after 4 and 16 days of culture were fixed in
methanol/PBS (6:1) and used for immunohistochemical
detection of apoptosis. For each experiment a separate
cartilage donor and blood donor was used, the n values
represent the number of these experiments.

Proteoglycan Synthesis Inhibition

Proteoglycan synthesis was measured as the rate of sul-
fate incorporation during the last 4 hours of the 4- and
16-day culture period. At the end of both time points
Na2

35SO4 (37 MBq/ml, NEX-041-H, carrier-free; DuPont,
The Netherlands) was used as a tracer and added in
10-�l aliquots (�74 kBq) to the 200 �l of culture medium.
In the case of the 4-day culture, cartilage samples were
placed in fresh medium before addition of 35SO4

2� with-
out blood or isolated cells (to prevent interference of the
blood cells with the incorporation rate). Procedures were
followed as described previously.13 In short, after 4
hours, the tissue samples were rinsed twice in ice-cold
PBS, digested with 2% papain (Sigma, The Netherlands),
and the glycosaminoglycans were precipitated with
cetylpyridinium chloride (Sigma). The amount of 35SO4

2�

incorporated was analyzed by liquid scintillation analysis.
The 35SO4

2� incorporation rate was normalized to the
specific activity of the medium and is expressed as nmol
of sulfate incorporated per hour per gram wet weight of
cartilage tissue.

Interleukin (IL)-1� and Tumor Necrosis Factor
(TNF)-� Production

Supernatants from control cartilage and cartilage co-
cultured with whole blood or MNCs plus RBCs were
harvested and rendered cell-free by centrifugation
(500 � g, 10 minutes). Concentrations of IL-1� and TNF-�
were measured by using an enzyme-linked immunosor-
bent assay according to the manufacturer’s instructions
(Medgenix, The Netherlands). Detection limits were 20
pg/ml for both IL-1� and TNF-�.
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Apoptosis Induction

The role of chondrocyte apoptosis during co-culture of
cartilage with whole blood or MNCs plus RBCs was in-
vestigated by addition of caspase inhibitors. acDEVDcho
(0 to 500 �mol/L; BioSource), a caspase-3-specific inhib-
itor, and zVADfmk (0 to 500 �mol/L; Enzyme Systems
Products), a pan-caspase inhibitor, were added during
the first 4 days of culture when whole blood or MNCs plus
RBCs were present. As a positive control, and to com-
pare the effects of apoptosis on the proteoglycan synthe-
sis, cartilage samples were incubated during the first 4
days of culture with the apoptogen staurosporine (10
�mol/L; BioMol).14

For immunohistochemical detection of apoptotic chon-
drocytes, human cartilage samples harvested after 4 and
16 days of (co)culture, were fixed in methanol/PBS (6:1)
for 3 days at �20°C. Fixed samples were dehydrated
with absolute methanol, prepared with xylene, and em-
bedded in paraffin. Sections (4 �m) were cut and depar-
affinized. Apoptotic chondrocytes were either detected with
anti-single-strand DNA monoclonal antibody (clone F7–26/
apostain; Alexis Corporation, The Netherlands) or by termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL; Roche, Germany). Both techniques had
hematoxylin counterstaining to detect total DNA content at
the chondrocyte locations. The amount of red-positive cells
was calculated as a percentage of the total amount of
chondrocytes per slice, excluding empty lacunae.

The histological sections used for ssDNA staining were
prepared as described before.15 Briefly, cartilage sec-
tions were rehydrated in PBS, followed by incubation with
PBS (with 5 mmol/L of MgCl2) containing 0.2% Triton
X-100 for 5 minutes. After transfer of the slides in plastic
tubes containing PBS supplemented with 5 mmol/L of
MgCl2, the slides were heated in a water bath at 99°C for
7 minutes to denature unstable DNA. Immediately after
heating, the sections were placed in tubes containing
ice-cold PBS. The sections were incubated with the anti-
ssDNA monoclonal antibody and stained with alkaline
phosphatase conversion.

For the TUNEL assay slices were rehydrated in PBS
and slides were placed in 200 ml of 0.1 mol/L citrate
buffer (pH 6), heated in a microwave oven (750 W, 1
minute) and rapidly cooled by immediately adding 80 ml
of distilled water (room temperature). Slides were trans-
ferred in PBS and preincubated with 3% bovine serum
albumin/Tris-HCl (pH 7.5) and normal bovine serum (20%
v/v). Then slides were rinsed with PBS at room tempera-
ture and TUNEL mixture was applied during 1 hour, sub-
sequently sheep anti-fluorescein isothiocyanate-alkaline
phosphatase antibody was added, which converted al-
kaline phosphatase-substrate into red detectable spots.

Chondrocyte Apoptosis and Inhibition of
Proteoglycan Synthesis

In a separate set of experiments the effect of both
caspase inhibitors was tested on cartilage explants ex-
posed to blood and MNCs plus RBCs, quantifying in the

same experiment apoptosis and inhibition of proteogly-
can synthesis. Conditions and techniques were identical
as described above. The concentrations of acDEVDcho
and zVADfmk were 500 �mol/L.

Calculations and Statistical Analyses

Each experiment in which proteoglycan synthesis was
measured was performed with cartilage of a single donor
with at least 10 tissue samples for each culture condition,
each taken at random and handled individually. The
mean value of the 10 explants was taken as representa-
tive for that condition per experiment. For the co-cultures
of cartilage with MNCs plus RBCs repeated experiments
were performed with cartilage and blood cells of three
different donors of which mean values (�SEM) are given.
Previous experiments have shown that the effects of
these MNCs plus RBCs are similar to that of whole blood.
Nevertheless, co-cultures of cartilage with whole blood
were performed to verify the effects of the isolated MNCs
plus RBCs. For these cultures averages of the 10 carti-
lage samples of a single experiment with intra-assay
variation (�SEM) are given.

For histological examinations, four slices of eight con-
secutive slices, taken at approximately a quarter of the
edge of each tissue sample, were scored by two inde-
pendent observers blind to the culture condition of the
cartilage. Of each culture condition from each cartilage
donor the average values were considered representa-
tive for that experiment and used for statistical calcula-
tion. Experiments were performed with cartilage and
blood cells of three separate donors. Mean values of
these three experiments (�SEM) are given.

For the combination experiments (the effects of
caspase inhibitors on proteoglycan synthesis and num-
ber of apoptotic cells) identical procedures and calcula-
tions were used. Mean values (�SEM) for four analyses
using cartilage of two different donors are given.

Differences between treatments were statistically ana-
lyzed using a nonparametric test for independent sam-
ples (Mann-Whitney), using SPSS v9.0 software. P values
�0.05 were considered statistically significant.

Results

Inhibition of Proteoglycan Synthesis and
Reversibility of This Effect

Proteoglycan synthesis was almost completely inhibited
after a 4-day in vitro exposure of cartilage to 50% v/v
whole blood or equal amounts of isolated MNCs plus
RBCs (Figure 1). This inhibition of proteoglycan synthesis
was still evident (�78% inhibition) after 12 days of recov-
ery (day 16). No significant differences were found be-
tween the effects of whole blood and the addition of
MNCs plus RBCs added in equivalent amounts as
present in whole blood (Figure 1). Previous experiments
have shown that the addition of the plasma (equivalents
of 50% whole blood) or up to 50% serum, did not influ-
ence cartilage matrix turnover in any way.3
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The Role of IL-1� and TNF-�

IL-1� and TNF-� are the most important inflammatory
mediators in cartilage destruction. The levels of these
cytokines, to establish their role in the induction of pro-
longed inhibition of proteoglycan synthesis after blood
exposure, were measured in supernatants of the co-
cultures. Slightly enhanced levels of both proinflamma-
tory cytokines were found at day 4 (Table 1). After wash-
ing and subsequent culture in the absence of additions,
cytokine levels at day 16 were below detection levels.
The levels observed after 4 days are known to reduce
proteoglycan synthesis. However, these levels have been
reported not to be able to induce prolonged irreversible
inhibition of proteoglycan synthesis.8,16,17 Addition of
similar amounts of IL-1� and TNF-� as measured on

blood cell addition results in comparable inhibition of
proteoglycan synthesis. Refreshment of medium, and
thus removing the cytokines, results in complete normal-
ization of proteoglycan synthesis (data not shown).

Prevention of Apoptosis Prevents Inhibition of
Proteoglycan Synthesis

Cartilage cultured in the presence of the apoptogen stau-
rosporine during the first 4 days showed a concentration-
dependent inhibition of proteoglycan synthesis (data not
shown). At a concentration of 10 �mol/L, staurosporine
could inhibit proteoglycan synthesis equal to 4 days of
co-culture with whole blood or MNCs plus RBCs. A
subsequent culture of 12 days without staurosporine
demonstrated lasting inhibition of proteoglycan synthesis
(Figure 2).

The inhibition of proteoglycan synthesis seen after 4
days of culture with MNCs plus RBCs was not signifi-
cantly influenced by the addition of the caspase-3 inhib-
itor acDEVDcho (Figure 3A). Addition of acDEVDcho dur-
ing the first 4 days, however, reversed the inhibition of
proteoglycan synthesis statistically significantly in the
highest concentration, as measured after 12 days of re-
covery (at 500 �mol/L, �39% of control cultures; *, P �
0.05). Almost identical results were found when this
caspase inhibitor was added to cartilage cultured with
whole blood (Figure 3B). At 500 �mol/L a significant
although not complete recovery of proteoglycan synthe-
sis was observed (�51% of control cultures; *, P � 0.02).
Values with acDEVDcho in the highest concentration in
the absence of blood or MNCs plus RBCs had no signif-

Figure 1. Inhibition of proteoglycan synthesis by whole blood or the
combination of MNCs plus RBCs. Sulfate incorporation was used as a mea-
sure of proteoglycan synthesis in cartilage. Mean values � SEM (n � 3
experiments, P � 0.05). Open bars represent the proteoglycan synthesis
after 4 days of either controls, co-cultures with 50% whole blood, or MNCs
plus RBCs. The figure shows that there is 92% inhibition of proteoglycan
synthesis compared to the control synthesis (*, P � 0.05). Shaded bars
represent the proteoglycan synthesis after 12 days of additional culture
without additions to determine recovery of synthesis by chondrocytes. Pro-
teoglycan synthesis was for both the 50% whole blood and MNC plus RBC
co-cultures significantly inhibited (up to 78%; *, P � 0.05). No significant
differences in proteoglycan synthesis were found between co-cultures with
50% whole blood and MNCs and RBCs on both days 4 and day 16 (n.s.).

Figure 2. Inhibition of proteoglycan synthesis after induction of apoptosis
through addition of staurosporine (STS). Sulfate incorporation was used as a
measure of proteoglycan synthesis in cartilage. The open bars represent the
synthesis after 4 days of cartilage culture, in the absence or presence of
staurosporine (STS, 10 �mol/L). Shaded bars represent the proteoglycan
synthesis in cartilage cultured for an additional 12 days without additions to
determine the recovery of synthesis by chondrocytes. Cartilage cultured with
STS showed an irreversible 92% inhibition of proteoglycan synthesis through
induction of apoptosis (n � 3 experiments; *, P � 0.05).

Table 1. Levels of Proinflammatory Cytokines IL-1� and
TNF-� in Supernatant of Co-Cultures of MNCs Plus
RBCs or 50% Whole Blood with Human Cartilage

Control
50% Whole

blood
MNCs plus

RBCs

IL-1� (pg/ml) �20 234 � 97 757 � 267
TNF-� (pg/ml) �20 245 � 155 619 � 287

Proinflammatory cytokine production, ie., IL-1� and TNF-�, during
the first 4 days of co-culture of human cartilage with either 50% whole
blood or MNCs plus RBCs. Both IL-1� and TNF-� were elevated after 4
days of co-culture. The levels are all significantly increased compared
to control cartilage culture (n � 4, both cartilage and blood donors;
P � 0.05), but only to levels that are known to inhibit proteoglycan
synthesis in a reversible manner.
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icant effect on proteoglycan synthesis and were used as
control values, put on 100%.

Addition of the pan-caspase inhibitor zVADfmk to the
cartilage MNC plus RBC co-cultures was more effective

in this respect. At 500 �mol/L resulting in �78% synthesis
of control cultures (Figure 4A; *, P � 0.01). The recovery
of proteoglycan synthesis by adding zVADfmk was con-
centration-dependent (Figure 4A). When added to the
cartilage whole blood co-cultures effects were similar; at

Figure 4. A: Reversibility of the proteoglycan synthesis by preventing apo-
ptosis with zVADfmk, a pan-caspase inhibitor. The relative sulfate incorpo-
ration compared to control cultures (percent of control synthesis � SEM) is
shown. Cartilage samples were co-cultured in the presence of MNCs plus
RBCs and zVADfmk (0 to 500 �mol/L). Open bars show the absence of an
effect of zVADfmk on day 4. Hatched bars show the statistically significant
recovery of proteoglycan synthesis on day 16 with increasing concentrations
of zVADfmk (up to 78% of control synthesis, n � 3 experiments; *, P � 0.05).
B: Reversibility of the proteoglycan synthesis in cartilage after exposure to
50% whole blood by preventing chondrocyte apoptosis with zVADfmk, a
pan-caspase inhibitor. The relative sulfate incorporation compared to control
culture (percent of control synthesis � SEM) is shown. Cartilage samples
were co-cultured in the presence of 50% whole blood and zVADfmk (500
�mol/L). The open bars show the absence of an effect of zVADfmk on day
4. Hatched bars show the statistically significant recovery of proteoglycan
synthesis on day 16 (up to 83% of control synthesis; *, P � 0.05).

Figure 3. A: Reversibility of the proteoglycan synthesis by preventing apo-
ptosis with acDEVDcho, a caspase-3 inhibitor. The relative sulfate incorpo-
ration compared to control cultures (percent of control synthesis � SEM) is
shown. Cartilage samples were co-cultured in the presence of MNCs plus
RBCs and acDEVDcho (0 to 500 �mol/L). Open bars show the absence of
an effect of acDEVDcho on day 4. Hatched bars show the statistically
significant recovery of proteoglycan synthesis on day 16 with increasing
concentrations of acDEVDcho (up to 39% of control synthesis, n � 3
experiments; *, P � 0.05). B: Reversibility of the proteoglycan synthesis in
cartilage after exposure to 50% whole blood by preventing chondrocyte
apoptosis with acDEVDcho, a caspase-3 inhibitor. The relative sulfate incor-
poration compared to control culture (percent of control synthesis � SEM) is
shown. Cartilage samples were co-cultured in the presence of 50% whole
blood and acDEVDcho (500 �mol/L). The open bars show the absence of
an effect of acDEVDcho on day 4. Hatched bars show the statistically
significant recovery of proteoglycan synthesis on day 16 (up to 51% of
control synthesis; *, P � 0.05).
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500 �mol/L a recovery up to �83% synthesis of control
culture was reached (Figure 4B; *, P � 0.01), a synthesis
rate not significantly different from control (�100%) any-
more. For the control zVADfmk was used in the highest
concentration in the absence of blood or MNCs plus
RBCs, which had no significant effect on proteoglycan
synthesis.

Interestingly, the use of both caspase inhibitors had no
effect on the inhibition of proteoglycan synthesis ob-
tained directly after exposure to blood or blood compo-
nents (namely at day 4); only recovery from the exposure
to blood during the following 12 days in culture without
blood was found.

Blood Exposure Induced Chondrocyte
Apoptosis

Immunohistochemical staining of cartilage after a 4-day
exposure to MNCs plus RBCs or whole blood with the
anti-ssDNA monoclonal antibody as an early marker of
apoptosis revealed a significant increase of apoptotic
chondrocytes after 4 days of co-culture (Table 2). Apo-
ptosis was equally distributed throughout the entire car-
tilage sample. After 12 days of recovery, the number of
ssDNA-positive cells observed were not statistically sig-
nificantly different between the control cultures and the
blood-exposed cartilage anymore. As shown in Figure
5A, slices of control cartilage from a 4-day culture period
showed hematoxylin staining and very little staining of
ssDNA. When cartilage was co-cultured during 4 days in
the presence of 50% v/v whole blood or MNCs plus RBCs
(50% equivalents of whole blood) the cartilage slices
showed a twofold to threefold increase in apoptotic
ssDNA-positive cells (Table 2; both P � 0.05 and illus-
trated by Figure 5, B and C, respectively).

The TUNEL staining method reflects a more advanced
stage apoptosis. After 12 days of recovery, on day 16 the
increase in apoptotic chondrocytes was still evident (Ta-
ble 2). By using this staining an increase of apoptotic
chondrocytes could also be found at day 4, for both the
whole blood as well as the MNC plus RBC co-cultured

cartilage samples (both P � 0.05). As shown in Figure
5D, slices of control cartilage from a 16-day culture pe-
riod showed hematoxylin staining and little TUNEL stain-
ing. When cartilage was co-cultured during 4 days in the
presence of 50% v/v whole blood or MNCs plus RBCs
and an additional 12-day recovery was allowed, the car-
tilage slices showed a significant increase in TUNEL-
positive cells (Figure 5, E and F). Quantification of apo-
ptosis revealed that there was an increase from 14%
(control cartilage) up to 36% for both whole blood co-
cultures as well as MNC plus RBC co-cultures, respec-
tively (Table 2; both P � 0.05).

Chondrocyte Apoptosis Inhibits Proteoglycan
Synthesis

When in the same experiment proteoglycan synthesis
and chondrocyte apoptosis were measured, similar re-
sults as for the separated experiments were observed
(Table 3). A strong inhibition in proteoglycan synthesis
induced by MNCs plus RBCs or by blood (Table 3, left
column) was accompanied by a significant increase in
the percentage of apoptotic cells as measured by ssDNA
and TUNEL staining at day 4. After a 12-day recovery
period proteoglycan synthesis was still significantly inhib-
ited and chondrocyte apoptosis still evident as measured
by TUNEL staining. However, the number of ssDNA-
stained cells observed was not statistically significant
different from controls anymore (Table 3, ssDNA, day 16;
see also Table 2). When the caspase inhibitors (DEVD or
zVAD) were added during exposure to blood or MNCs
plus RBCs, proteoglycan synthesis could partly be re-
stored during the successive 12-day recovery period.
Because inhibition of proteoglycan synthesis by cyto-
kines is present during the first 4 days of culture no
significant effects of the caspase inhibitors on day 4 were
observed. However, the ability to regain matrix synthesis
was accompanied by a significantly lower percentage of
ssDNA- or TUNEL-positive chondrocytes at day 4 and
still evident at day 16 when measured by TUNEL staining
(Table 3, right column). Effects in this respect were not

Figure 5. Representative micrographs of immunohistologically stained human cartilage tissue (original magnifications, �200). The left panels show represen-
tatives of cartilage stained for ssDNA after 4 days of co-culture, the right panels are stained with TUNEL after 12 days of recovery period without any additions
to the culture medium. A: Control cartilage after 4 days of culture without blood or isolated blood cells. B: Increased staining for ssDNA directly after co-culture
of human cartilage with 50% whole blood (day 4). C: Increased staining for ssDNA directly after co-culture of human cartilage with MNCs plus RBCs (day 4). D:
Control cartilage stained by TUNEL after a 12-day recovery period showing no apoptotic chondrocytes. E: Increased staining by TUNEL after 12 days of recovery
of human cartilage that was co-cultured for 4 days with 50% whole blood. F: Increased staining by TUNEL after 12 days of recovery of human cartilage that was
co-cultured for 4 days with MNCs plus RBCs. For average values of several experiments see Table 2.

Table 2. Quantification of Anti-ssDNA and TUNEL Staining in Apoptotic Chondrocytes in Healthy Control Cartilage and Healthy
Cartilage Incubated with 50% Whole Blood or Isolated Mononuclear Cells Plus Red Blood Cells

ssDNA TUNEL

Day 4 Day 16 Day 4 Day 16

Control 3 � 1% 7 � 1% 18 � 5% 14 � 4%
MNCs plus RBCs 7 � 2%* 7 � 1% 30 � 5%* 36 � 6%*
50% Whole blood 8 � 2%* 9 � 2% 33 � 2%* 35 � 5%*

*A statistically significant increase in number of apoptotic chondrocytes in cartilage that has been exposed to either 50% whole blood or MNCs
plus RBCs during 4 days and after a 12-day recovery period (P � 0.05). Cartilage tissue (n � 5 donors) was scored by two independent observers,
blind to the culture condition of cartilage. At day 16, no significant effect of blood or MNCs plus RBCs was found on ssDNA staining.
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different between MNC plus RBC-exposed cartilage or
whole blood-exposed cartilage.

Discussion

Several bleeding episodes as in hemophilia result in per-
manent joint damage. Furthermore, we also know that a
single bleeding episode as a result of sports injury or
after trauma, or the first bleeding during hemophilia,
might induce long-lasting changes in cartilage matrix
turnover. Throughout the years such changes are ex-
pected to lead to clinically diagnosable joint damage.3,4

Unfortunately, little is known about the mechanisms that
are responsible for these blood-induced adverse alter-
ations in cartilage matrix turnover. Knowledge about
these mechanisms is of importance in view of treatment
of joint hemorrhages.

It has previously been shown that the combination of
MNCs plus RBCs, as present in whole blood, is respon-
sible for the effect as observed for whole blood.3 The
present results confirm these findings. By what mecha-
nism these two cell populations influence chondrocyte
activity, however, is unknown and is subject of this study.

It was hypothesized that the permanent loss of chon-
drocyte activity as a result of blood or MNC plus RBC
exposure is the result of chondrocyte apoptosis. When
chondrocytes enter apoptosis, cartilage matrix turnover
and possible repair activity on damage is impaired. This
will inevitably lead to a disturbed integrity of the cartilage
matrix and ultimately results in degradation of cartilage
as seen in osteoarthritis.2,11,14

Our in vitro results show that when cartilage is co-
cultured with whole blood or isolated MNCs plus RBCs
proteoglycan synthesis is inhibited. Similar inhibition is
found when cartilage is incubated with staurosporine,
which is a direct stimulus to the induction of chondrocyte
apoptosis.18,19 Staurosporine is a protein kinase inhibitor
that which ultimately prevents the action of topoisomer-
ase II and hence induces permanent DNA defects.20

When the specific caspase-3 inhibitory peptide, ac-
DEVDcho, was added during a 4-day co-culture of cartilage
tissue with whole blood or MNCs plus RBCs, the cartilage
proteoglycan synthesis as measured after 12 days of re-

covery, could partially be restored. This effect was even
more pronounced when the nonselective caspase inhibitor
zVADfmk was used, suggesting a protective effect on
chondrocytes by preventing apoptosis and with that in-
creased survival rate of chondrocytes. The fact that
zVADfmk is more effective than the specific caspase-3
inhibitory peptide acDEVDcho may be because of the
fact that zVADfmk acts more upstream in the caspase
cascade (ie, caspase-8 and -9), thereby preventing
broad activation of the caspase cascade. By preventing
the activation of upstream caspases, zVADfmk also pre-
vents the activation of procaspase-3 into caspase-3.21

These biochemical data suggest chondrocyte apopto-
sis after blood exposure, which is confirmed by immuno-
histochemical staining with ssDNA monoclonal antibody
and TUNEL staining. Single-strand DNA staining, namely
DNA instability, was found shortly after blood exposure (day
4). At day 16 the effect of blood exposure was not repre-
sented by an increase in number of ssDNA-positive cells
anymore. There was only a culture-induced increase in
early apoptotic cells as observed in the control samples.
The TUNEL assay on the other hand was able to detect
DNA damage, namely DNA strand breaks, after 12 days of
recovery (day 16), and was significantly enhanced in the
blood and MNC plus RBC-exposed samples.

Interestingly, at day 4, adding caspase inhibitors could
not prevent proteoglycan synthesis inhibition. At day 4
the apoptosis was already evident as observed by immu-
nohistochemical staining. This suggests an additional
pathway involved in the primary inhibition of proteoglycan
synthesis after blood exposure, as observed at day 4.
Despite prevention of apoptosis by caspase inhibitors,
there are still increased levels of proinflammatory cyto-
kines, ie, IL-1� and TNF-�, produced in the culture sys-
tem during the first 4 days of co-culture. It is known that
IL-1� and TNF-� can inhibit cartilage matrix synthesis at
very low concentrations (�100 pg/ml).22,23 However, it is
described that the levels of IL-1� and TNF-� as mea-
sured in our co-culture system do not lead to lasting
adverse changes, ie, permanent inhibition of cartilage
matrix synthesis during 4 days of culture.8,16,17,24 This
implicates that production of both cytokines, to concen-
trations reached in our co-culture system, does not lead

Table 3. Inhibition of Proteoglycan Synthesis and Percentage of Apoptotic Cells under the Influence of MNCs plus RBCs and
Whole Blood with or without Caspase Inhibitors

PG synthesis ssDNA TUNEL

Day 4 Day 16 Day 4 Day 16 Day 4 Day 16

Control 15.5 � 5.0 14.1 � 6.0 3 � 1 5 � 2 12 � 2 16 � 1
MNC � RBC 1.2 � 0.1* 4.5 � 2.4* 8 � 2* 5 � 2 33 � 1* 28 � 3*

�DEVD 1.0 � 0.5 8.9 � 4.6† 4 � 1† 1 � 1 20 � 3† 18 � 1†

�zVAD 1.4 � 0.6 10.4 � 6.7† 4 � 1† 2 � 1 16 � 3† 18 � 1†

Whole blood 0.8 � 0.1* 3.5 � 1.7* 8 � 2* 11 � 4 38 � 2* 26 � 3*
�DEVD 0.8 � 0.2 6.1 � 2.8† 5 � 1† 3 � 1 26 � 4† 21 � 2†

�zVAD 0.7 � 0.2 6.3 � 2.8† 4 � 1† 3 � 1 25 � 3† 26 � 3†

Cartilage tissue of two donors was scored each by two independent observers, blind to the culture condition of cartilage.
*A statistically significant decrease in proteoglycan synthesis and a significant increase in number of apoptotic chondrocytes in cartilage that has

been exposed for 4 days to either 50% whole blood or MNCs plus RBCs, at day 4 and after a 12-day recovery period (P � 0.05). Note that at day 16,
no significant effect of blood or MNCs plus RBCs was found on ssDNA staining.

†A statistically significant recovery of proteoglycan synthesis (increase) and percentage of apoptotic chondrocyte (decrease).
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to apoptosis of chondrocytes, which is consistent with
other studies.25 It does not rule out the possibility that
IL-1� and TNF-� lead to breakdown of cartilage matrix,
but it shows that these cytokines do not induce perma-
nent loss of chondrocyte activity as observed after a
12-day recovery period on a 4-day exposure to blood.
The fact that addition of caspase inhibitors prevents the
increase in numbers of apoptotic chondrocytes, accom-
panied by a recovery of proteoglycan synthesis inhibi-
tion, strongly suggests the association between apopto-
sis and persisting inhibition of cartilage matrix synthesis.

These data do suggest that apoptosis plays an impor-
tant role in the pathophysiology of blood-induced carti-
lage damage, however, the follow-up is only 16 days. But
because of the observed apoptosis and the low or absent
proliferation of chondrocytes in adult articular cartilage, it
is to be expected that the inhibition of proteoglycan syn-
thesis is long-lasting.26 In time, it could be that the re-
maining chondrocytes take over the synthetic activity of
the lost chondrocytes. If so, this could result in normal-
ization of proteoglycan synthesis. But even then the po-
tency of cartilage repair will remain impaired, unless
chondrocyte proliferation takes place.

Reconsideration of therapeutic interventions for intra-
articular bleeding in hemophiliacs may be indicated.27,28

The present data suggest that new treatment strategies to
prevent joint destruction may be directed toward prevention
of apoptosis. The use of nonselective caspase inhibitors
might be an approach in this respect. In an in vivo experi-
mental animal model for myocardial infarct such a strategy,
ie, the use of nonselective caspase inhibitors, has been
demonstrated to reduce the infarct size.29 This finding
might initiate studies to the effectiveness of treatment strat-
egies with caspase inhibitors, treating blood-induced joint
damage in an in vivo experimental setting as well.

In conclusion, apoptosis occurs in chondrocytes in
vitro after a 4-day exposure to 50% whole blood or an
equivalent amount of MNCs plus RBCs. This would imply
that the induction of apoptosis in vivo after a single bleed-
ing episode impairs cartilage repair activity and thus will
contribute to cartilage damage in time.
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