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Abstract
Objective
The primary objective of this study was to evaluate the ex vivo therapeutic efficacy of diacerein and its active
metabolite, rhein, on osteoarthritic (OA) cartilage chondrocyte DNA fragmentation and death in the experimental
canine model of OA. The study also aimed to explore the effect of the drug on the level of important factors involved
in this phenomenon, i.e., caspase-3 and inducible nitric oxide synthase (iNOS).
M ethods
OA knee cartilage was obtained from dogs that had received surgical sectioning of the anterior cruciate ligament
(ACL) and were sacrificed 12 weeks after surgery. Cartilage explants were cultured in the presence or absence of
therapeutic concentrations of diacerein (20 wg/ml) or rhein (20 ug/ml). Cartilage specimens were stained for
TUNEL reaction and immunostained using specific antibodies for active caspase-3 and iNOS. Morphometric analy-
ses were also performed.

Results
In OA cartilage specimens, a large number of chondrocytes in the superficial layers stained positive for TUNEL
reaction. Treatment with therapeutic concentrations of diacerein (20 ug/ml) or rhein (20 ug/ml) significantly
reduced the level of chondrocyte DNA fragmentation to about the same extent in both treatment groups (P< 0.006,
P<0.002, respectively). The levels of caspase-3 and iNOS in cartilage explants were also significantly decreased
(caspase-3, diacerein P< 0.04; caspase-3, rhein P< 0.0003; and iNOS, rhein P< 0.009, respectively) when
compared to the control group.

Conclusions
This study shows that diacerein/rhein can effectively reduce the level of OA chondrocyte DNA fragmentation and

death under the present experimental conditions. This effect is mediated by a decrease in the level of caspase-3
expression, which could possibly be related in part to the reduced level of INOS and secondarily to NO production.
These findings provide additional new information about the mechanisms of action of diacerein on the progression
of OA.
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Introduction

The morphological changes observed
in the cartilage lesions of osteoarthritis
(OA) include the gradual depletion of
the extracellular matrix macro-
molecules and a decreased number of
chondrocytes — the only cell type exist-
ing in cartilage (1-3). The loss of chon-
drocytes in OA is a complex process
likely related, a least in part, to both
necrosis and apoptosis (4-6). A number
of studies have explored the mecha
nisms possibly involved in the induc-
tion of OA chondrocyte death/apopto-
sis.

Recent studies point to the very signifi-
cant role of the excess production of
nitric oxide (NO) and reactive oxygen
species in OA cartilage chondrocyte
and synoviocyte death/apoptosis (7-
10). A number of studies have demon-
strated the essential roles played by NO
in OA chondrocyte death invivo (4, 9,
11). This phenomenon seems related to
the upregulation of inducible nitric
oxide synthase (iNOS) gene expression
by inflammatory mediators such as pro-
inflammatory cytokines. Treatment with
a selective and potent inhibitor of
iNOS, N-iminoethyl-1-lysine (L-NIL),
was demonstrated to reduce the level of
chondrocyte death in vivo in the exper-
imental dog model of OA (9). More-
over, this study aso demonstrated a pos-
itive correlation between the level of
active caspase-3 and cell death, which
provided an additional proof for the
role of apoptosis in OA chondrocyte
death. In addition to this finding, are-
cent invitro study using dog OA carti-
lage explants also strongly supports the
activation of the caspase cascade, name-
ly caspase-9 and -3, as being linked to
chondrocyte death/apoptosis (12).
Diacerein has been demonstrated to ef-
fectively reduce both the progression of
cartilage degradation in experimental
OA and joint space narrowing in human
hip OA patients (13-15). A number of
in vitro studies using human OA chon-
drocytes have demonstrated that the
effect of diacerein/rhein could be medi-
ated by the inhibition of a number of
catabolic factors, including the synthe-
sis of interleukin-1 (IL-1), metallopro-
teases and NO (16-18). Based on these
findings, thereisavery strong rationale
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for the effect of these drugs to be possi-
bly mediated by the inhibition of chon-
drocyte death/apoptosis, a phenomenon
that is now believed to be involvedin
the progressive loss of cartilagein OA.
Moreover, the fact that diacerein/rhein
has been shown to be a potent inhibitor
of NO synthesis (17) makes this hypo-
thesis even more attractive. Thus, there
are a number of very strong arguments
favoring the further exploration of the
effect of diacerein/rhein on the patho-
physiology of OA by examining the mo-
dulation of chondrocyte apoptosis by
this drug.

The aims of this study were first to ex-
plore ex vivo the effect of theragpeutic
concentrations of diacerein/rhein on
chondrocyte death by apoptosis in ex-
perimental dog OA cartilage, and sec-
ondly to explore the effect of the drug
and its active metabolite on the level of
iNOS and caspase-3.

Materials and methods

Experimental group

Nine adult crossbred dogs (2-3 years
old), each weighing 20-25 kg, were
used. Surgical sectioning of the anteri-
or cruciate ligament (ACL) of the right
knee through a stab wound was per-
formed as described (19). Before sur-
gery, the animals were anesthetized
intravenoudly with pentobarbital sodi-
um (25 mg/kg) and intubated. After
surgery, the dogs were sent to ahousing
farm where they were free to exercise
in a large pen. The dogs received no
treatment and were sacrificed 12 weeks
after surgery.

Cartilage explant sampling and
culture

Immediately after the dogs werekilled,
the right knees were dissected asepti-
cally. Each knee was examined for
gross morphologic changes. A tota of
13 cartilage specimens were obtained
by aseptically dissecting full thickness
strips of cartilage across the margin of
the lesioned areas of articular cartilage
from femora condyles and tibid pla-
teaus, which were processed for culture.
Each cartilage specimen was cut into 3
explants (roughly 150 mg each), rinsed
several times in Dulbecco’s modified
Eagle's medium (DMEM; Gibco-BRL



Life Technologies, Burlington, ON,
Canada), and incubated for 48 hours at
37°C in ahumidified atmosphere of 5%
CO,/95% air in a medium containing
DMEM, 10% heat inactivated fetal calf
serum (FCS; HyClone Laboratories,
Logan, UT, USA), and antibiotics (100
units/ml penicillin, 100 mg/ml strepto-
mycin) under the following experimen
tal conditions: (1) absence of the drug;
(2) in the presence of therapeutic con-
centrations (Cmax) of diacerein (20
ng/ml); or (3) rhein (20 ng/ml) (Labo-
ratoires Negma-L erads, Toussus-Le-
Noble, France).

In situ detection of DNA fragment-
ation (TUNEL)

Cartilage explants were fixed in Tissu-
fix #2 (Laboratoire Gilles Chaput Inc.,
Montreal, PQ, Canada) for 24 hours
and embedded in paraffin. Sections (5
nm) of paraffin-embedded explants
were placed on Superfrost Plus dides
(Fisher Scientific, Nepean, ON, Cana
da), deparaffinized in toluene, hydrated
in a graded series of ethanol, and pre-
incubated with chondroitinase ABC
(0.25 unitsml; Sigma-Aldrich Canada,
Oakville, ON, Canada) in phosphate
buffered saline, pH 8.0, for 60 minutes
at 37°C. Slides were further incubated
with 0.3% Triton X-100 (30 minutes)
followed by a digestion with proteinase
K (20 mg/ml; Sigma-Aldrich, Canada)
for 15 minutes at room temperature.
The sections were washed in phospate-
buffered saline (PBS) containing 2%
H,0, for 5 minutes to inactivate endo-
genous peroxidase.

In situ analysis of apoptosis was per-
formed using the Apoptag kit (Intergen
Company, Purchase, NY, USA). After
washesin PBS, sections were left for 5
minutes in an equilibration buffer. The
sections were then incubated at 37°C
for 1 hour with TdT in reaction buffer
(ratio of 70% reaction buffer to 30%
TdT enzyme). Slides were washed for
10 minutes in stop-wash solution and
then incubated for 30 minutes at room
temperature with anti-digoxigenin per-
oxidase conjugate. The detection was
performed using diaminobenzidine
(Vector Laboratories, Burlingame, CA,
USA), and the sections were counter-
stained with eosin.
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Immunohistochemical studies
Cartilage explants were processed for
immunohistochemical analysis as des-
cribed (20). Briefly, sections (5 mm) of
paraffin embedded explants were placed
on Superfrost Plus dides, deparaffin-
ized in toluene, rehydrated in a series
of graded dilutions of ethanol, and pre-
incubated with chondroitinase ABC
(0.25 units/ml) in PBS, pH 8.0, for 60
minutes a 37°C. For caspase-3, sections
were incubated in citrate buffer, pH 6.0
at 65°C for 20 minutes. The sections
were washed in PBS, then in 2% hy-
drogen peroxide/PBS for 30 minutes.
Sections were further incubated with
universal blocking solution (DAKO
Diagnostics, Mississauga, ON, Cana
da) for 30 minutes at room tempera-
ture, then blotted and overlaid for 18
hours at 4°C in a humidified chamber
with: (1) a rabbit polyclona antibody
(1gG) against iINOS (200 ng/ml, dilu-
tion 1:100, Santa Cruz Biotechnology,
Santa Cruz, CA, USA); or (2) arabbit
polyclonal antibody (1gG) anti-cas-
pase-3 (100 nmg/ml, dilution 1:200, R&
D Systems, Minneapolis, MN, USA),
which recognized only the mature form
(p20 subunit) of the enzyme.

Each dlide was washed three times in
PBS pH 7.4 and stained using the avi-
din-biotin complex method (Vectastain
ABC kit; Vector Laboratories). This
method entails incubations in the pres-
ence of the biotin conjugated second-
ary antibody for 45 minutes at room
temperature followed by the addition of
the avidin-biotin-peroxidase complex
for 45 minutes. All incubations were
carried out in a humidified chamber,
and color was developed with 3,3’ -di-
aminobenzidine (Vector Laboratories)
containing hydrogen peroxide. The
dlides were counterstained with eosin.
To determine the specificity of staining,
three control procedures were used, ac-
cording to the same experimental pro-
tocol: (1) use of adsorbed immune ser-
um (2 hours at 37°C) with a 50-fold
molar excess of recombinant or puri-
fied antigen; (2) omission of the prima
ry antibody; and (3) substitution of the
primary antibody with an autologous
preimmune rabbit 1gG immunoglobu-
lin. The purified antigens used in our
study were iNOS blocking peptide
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(Santa Cruz Biotechnology) and rhcas-
pase-3 (Upstate Biotechnology, Lake
Placid, NY, USA). The primary antibo-
diesused in this study have been shown
in previous studies to be immunospe-
cificindogs (9, 21).

Several sections were made from each
block of cartilage, and dlides from each
explant were processed for immuno-
chistochemical analysis. Each section
was examined under alight microscope
(Leitz Orthoplan) and photographed
with Kodak Ektachrome 64 ASA film.

Morphometric analysis

Three sections from each explant were
examined using a Leitz Diaplan micro-
scope (x40), and each section was
scored separately. These data were then
integrated as a mean for each explant.
The number of chondrocytes staining
positivein the superficial zone (superfi-
cial and upper intermediate layers) of
cartilage for TUNEL reaction, iNOS,
or caspase-3 was estimated as describ-
ed (9, 20). Briefly, each section was
divided into three different areas at the
superficial zone of cartilage. For each
explant, it was ensured before the eval-
uation that an intact cartilage surface
could be detected for use asamarker to
validate the morphometric analysis.
The total number of chondrocytes stain-
ing positive were quantified separately.
The final results were expressed as the
percentage of positive chondrocytes
(mean+ SEM). The maximum score for
each cartilage explant was 100%. Each
slide was evaluated by two independent
observers under blinded conditions;
variations between the observers' find-
ings were < 5%.

Satistical analysis

All data were expressed as mean +
SEM and analyzed with Mann-Whit-
ney U test when appropriate. Pvalues <
0.05 were considered significant.

Results

TUNEL reaction (Figs. 1 and 2)

In OA (control) cartilage explants, a
large number of chondrocytes showed
apositive reaction for TUNEL, particu-
larly in the superficial layers, and to a
lesser extent also in the deep layers of
OA cartilage. These results are similar
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Fig. 1. Effect of diacerein/rhein on the level of
chondrocyte DNA fragmentation (TUNEL reac-
tion) in OA dog cartilage explants. Each speci-
men (n=13) was divided into 3 explants and in-
cubated in the absence (OA) or presence of the
drugs at the indicated concentrations. The level
of TUNEL positive cells was determined as
described in Materials and Methods. Bars show
the mean + SEM percentage of positive chon-
drocytes. P values indicate the difference versus
OA control (Mann-Whitney U test).
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Fig. 2. Representative sections of OA cartilage
explants showing in situ detection of chondro-
cyte death by TUNEL reaction. Explants were
incubated in the absence (OA) or presence of di-
acerein (20 ng/ml) or rhein (20 nmg/ml) (original
meagnification X 100).
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Fig. 3. Effect of diacerein and rhein on the level
of active caspase-3in OA dog cartilage explants.
Each cartilage specimen (n=13) was divided
into 3 explants and incubated in the absence
(OA) or presence of the drugs at the indicated
concentrations as described in Materials and
Methods. The level of caspase-3 was determined
as described in Materials and Methods. Values
are mean = SEM percentage of caspase-3 posi-
tive chondrocytes. P values indicate difference
versus OA control (Mann-Whitney U test).
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Fig. 4. Representative sections of OA cartilage
explants showing in situ detection of chondro-
cyte death by active caspase-3. Explants were
incubated in the absence (OA) or presence of di-
acerein (20 mg/ml) or rhein (20 mg/ml) (original
magnification X 100).
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Fig. 5. Effect of diacerein and rhein on the level
of chondrocyte iNOS in OA dog cartilage ex-
plants. Cartilage specimens (n=13) were divided
into three explants and incubated in the absence
(OA) or presence of the drugs at the indicated
concentrations. The level of INOS apoptosis was
determined as described in Materials and Meth-
ods. P values indicate the difference versus OA
control (Mann-Whitney U-test).
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Fig. 6. Representative sections of OA cartilage
explants showing in situ detection of chondro-
cyte death by iNOS. Explants were incubated in
the absence (OA) or presence of diacerein (20
ng/ml) or rhein (20 mg/ml) (origina magnifica-
tion X 100).

to those obtained in our previous stud-
ies (9,12). Moreover, we previously
demonstrated that in experimental dog
OA cartilage, a much higher level of
TUNEL positive cells is found in OA
compared to normal cartilage (9). Our
present experiments demonstrated that
the level of chondrocytes staining posi-
tivefor TUNEL reaction in the explants
was significantly reduced by treatment
with either diacerein (p<0.006) or
rhein (p<0.002). However, the extent
of inhibition was somewhat more pro-
nounced for those explants incubated
with rhein.

Level of active caspase-3

(Figs. 3and 4)

A large number of cells staining posi-
tive for caspase-3 were found in the
superficial layers of the untreated OA
(control) explants. The level was found
to be similar to the one previously re-
ported under in vivo and ex vivo condi-
tionsin the experimental dog model (9,
12). Treatment with either diacerein or

rhein reduced the level of active cas-
pase-3 found in the explants (p< 0.04,
p < 0.0003, respectively).

Levels of INOS (Figs. 5 and 6)
Thelevel of iINOS positive cells in the
untreated OA (control) explants was
estimated at 40%. Again, this level is
very similar to the one reported in pre-
vious studies in dog OA cartilage and
higher than the level found in normal
cartilage (9,12). Rhein, but not diacer-
ein, markedly and significantly reduced
the level of INOS positive cells in the
explants (p < 0.009).

Discussion

This study provides new and interest-
ing data about the effect of diacerein/
rhein on OA cartilage metabolism. It
shows that the drug has the potential to
reduce the level of programmed cell
death in OA chondrocytes by reducing
the level of INOS and active caspase-3.
The finding, in addition to the results of
previous studies exploring the effect of
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diacerein/rhein on the catabolic path-
ways of OA, provides interesting and
insightful information about the mech-
anisms by which this drug could exert
its effects on the OA disease process.
The structural changes taking place
during the evolution of OA are multiple
and affect all tissues within the joint
structure (1). Nevertheless,the progres-
sive degradation of the articular carti-
lage isone of the most significant chan-
ges responsible for not only many of
the symptoms of the disease but are
aso likely intimately involved in the
perpetuation of the disease process (1,
2). One of the important reasons ex-
plaining the interest in studying the
effects of diacerein on the major OA
pathophysiological pathways can be
found in the recently published three-
year study by Dougados et al. (13)
showing that this drug could reduce the
progression of joint space narrowing in
hip OA patients.

The degradation of OA cartilage is re-
lated to multiple factors. The positive
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effects of diacerein/rhein on this pro-
cess have many potential explanations.
A number of studies have been under-
taken to explore the effects of thisdrug
on OA pathophysiological pathways.
These effects include, among others,
the induction of synovia inflammation
and the stimulation of proinflammatory
cytokine synthesis, the activation of
matrix metalloproteases (MMP), and a
reduction in the synthesis of major car-
tilage matrix macromolecules (1). The
proteolysis of the extra-cellular MMP
by a number of proteases, including
MMP, has been extensively document-
ed (2). To that effect, diacerein/rhein
has been demonstrated in vitro to be
able to effectively reduce the synthesis
of MMP by chondrocytes (16). Diac-
erein/rhein has been demonstrated to
effectively downregulate the synthesis
of the proinflammatory cytokine, IL-1,
by human OA synovium, and it can
also reduce the production of active IL-
1R by reducing the level of interleukin-
1 converting enzyme (ICE) in OA
chondrocytes (22).

In addition, the excess production of
NO in OA cartilage is also believed to
contribute to the catabolism of OA car-
tilage through a number of mechanisms
(23). The increased level of NO and
ROS are likely to contribute, although
not as a sole factor (10,24),to the death
(apoptosis) of chondrocytes. Diacerein/
rhein has been demonstrated to reduce
in vitro, in acell culture system, the IL-
1-induced iNOS synthesis level and
activity in OA chondrocytes (17). If pre-
sent in vivo, this effect contributes to
decreasing the excess production of
NO in OA cartilage.

The role of chondrocyte death by ne-
crosis and/or apoptosis in cartilage de-
gradation has been the subject of a
number of interesting publications. The
reduction in the number of living cells,
particularly in fibrillated areas of carti-
lage, is likely to be an important local
factor contributing to theloss of matrix.
The exact importance of programmed
cell death in the whole OA process is,
however, still a subject of debate (6).

In studies done using OA cartilage spe-
cimens, this phenomenon seems to be
more significant in areas with more
severe lesions, and more specificaly, in

the superficial layers of cartilage (5, 8,
9). Based on severa recent studies,
there seemsto be ahigher level of chon-
drocyte apoptosis/death in experimen-
tal OA when compared to human OA
(9,11). The likelihood, for instance, that
in experimental dog OA, apoptosis was
the predominant mechanism by which
the chondrocytes died instead of necro-
siswas strongly suggested by the close
correlation between the level of cell
death (TUNEL reaction) and the level
of active caspase-3 in these cells (9).
This could possibly mean that this phe-
nomenon has a higher contribution to
cartilage damage in experimental OA.
The exact reasons for this finding
remain unknown but could possibly be
related to the nature of the process it-
self, which is obviously a more acute
and accelerated phenomenon.

The implication of the caspase cascade
in cell death by apoptosisis well docu-
mented (25). The cytosolic aspartate-
specific protease caspases involve a
family of enzymes responsible for the
“ordered” disassembly of cells (25).
Caspase-8, -9, and -3 are the primary
enzymes involved in cell apoptosis.
These enzymes induce cell death by a
number of mechanisms, including DNA
fragmentation and inactivation of the
proteins that protect cells against apop-
tosis (25,26). They are present in the
cytoplasm as proenzymes and can un-
dergo self-activation or can be activated
in a cascade-like manner by enzymes
with similar specificity. Cagpase-9 is
activated in response to agents or in-
sults that induce the release of cyto-
chrome c from the inner mitochondrial
(27). Caspase-8 is activated by the cy-
toplasmic death domains of the recep-
tors. Caspase-8 and -9 can activate cas-
pase-3, which could amplify the cas-
pase-8 and -9 signals. Upon activation,
caspase-3 cleaves vitdl intracellular pro-
teins and additional caspases.

The findings in the present study con-
cerning the level of chondrocyte death/
apoptosisin dog OA explantsarewell in
line with our previous report (12). Both
diacerein and rhein were capable of
reducing the level of cell death/ gpopto-
sis, and quite interestingly, the effect of
rhein, the active metabolite of diacerein,
was more pronounced. This effect was
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also very well correlated with the capac-
ity of these drugs to reduce the level of
active caspase-3. This finding is a very
strong argument supporting the effect of
diacerein/rhein on the level of chondro-
cyte death being mainly related to a
reduction in the level of programmed
cell death (apoptoss).

Treatment with rhein was found to also
significantly reduce the level of iINOS
and therefore should have a so reduced
the production of NO. In fact, a previ-
ous report has demonstrated the ability
of diacerein/rhein to reduce IL-1-
induced NO production (18, 21). The
finding of the present study showing
that diacerein could reduce the level of
chondrocyte apoptosis even in the
absence of reduction in the INOS level
by the drug may indicate that under the
present experimental conditions, diac-
erein has a preferential effect at the
post-translationa level. These findings
provide additional support for the hy-
pothesis that the reduction in NO pro-
duction by diacerein/rhein could be
one of the mechanisms by which this
drug reduces chondrocyte apoptosis.
Reports indicate that NO could induce
cell death through a number of mecha
nisms that include direct DNA dam-
age, generation of peroxynitrite, and
the inactivation of antioxidant
enzymes (28-31). Moreover, and nice-
ly related to our previous finding on
active caspase-3, NO might induce
apoptosis via mitochondria damage
and cytochrome c release, leading to
the activation of the caspase cascade
enzymes (32). The reduction in the
level of chondrocyte death/apoptosis
by diacerein in the absence of areduc-
tioninthelevel of INOS may very well
indicate that, as reported, NO is proba-
bly not the sole factor involved ininiti-
ating chondrocyte apoptosis (7, 10,
24).

In summary, this study demonstrated
that under the present ex vivo experi-
mental conditions, diacerein/rhein can
reduce the death/apoptosis of chondro-
cytes in OA cartilage, which is likely
related to the inhibition of iINOS and
NO production and secondarily, the
activation of the caspase cascade. This
phenomenon could be related in part,
but not solely, to areduction in the level



of iINOS. These findings provide inter-
esting new information about potential
mechanisms of action of diacerein/
rhein on the progression of OA.
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