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Abstract. Oxidative stress has been implicated in the patho-
genesis of various diseases affecting chondrogenesis or the
function of articular cartilage. DNA damage caused by
oxidative stress may trigger the activation of the nuclear
enzyme, poly(ADP-ribose) polymerase-1 (PARP-1) which
may contribute to tissue injury. We aimed at investigating the
effects of peroxynitrite (100-600 M) and hydrogen peroxide
(0.1-4 mM) on PARP activation and extracellular matrix
production of high density micromass cultures (HDC)
prepared from chick limb bud mesenchymal cells. We found
that both oxidative species strongly inhibited matrix formation
of HDCs treated on day 2 but not on day 5. The PARP
inhibitor 3-aminobenzamide (3-AB) stimulated matrix
production in non-stressed cells and prevented suppressed
matrix production in oxidatively stressed cells. Both hydrogen
peroxide and peroxynitrite induced PARP activation and
poly(ADP-ribose) accumulation. Decreased proliferation,
viability and NAD* content were not or only slightly improved
by 3-AB, indicating that 3-AB directly affects matrix
formation. In conclusion, oxidative stress stimulates
poly(ADP-ribose) metabolism and inhibits extracellular
matrix production of HDCs in a PARP-dependent manner.
Our findings may have implications for potential therapeutic
approaches aimed at restoring the matrix production capacity
of chondrogenic cells.
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Introduction

During embryonic development or during growth of tubular
bones, chondrogenic mesenchymal cells and chondrocytes
undergo proliferation followed by initiation of a tightly
controlled developmental program leading to terminal differ-
entiation (1-3). This process is accompanied by characteristic
changes in phenotype including a switch from the expression
of type I to type II collagen, appearance of type X collagen,
release and mineralization of matrix vesicles, increase in
alkaline phosphatase activity and expression of vitamin D
receptors.

Primary cell culture established from chondrogenic
mesenchymal cells isolated from chick limb buds is a well-
known and widely used experimental model for investigation
of cartilage differentiation. Chondrogenic cells must be
inoculated in a very high density (15-20 million cells per
milliliter) to gain appropriate cartilage formation. In such
high-density micromass cell cultures of chondroprogenitor
mesenchymal cells, a spontaneous cartilage formation occurs
within 6 days (4,5). The differentiation process starts with
condensation of chondrogenic cells and is followed by
development of precartilage nodules. The cells of these
nodules establish cell-to-cell contacts, and differentiate into
mature chondrocytes under the control of paracrine and
endocrine signals (1,6). In micromass cultures, the major
steps of cartilage differentiation occur on days 2 and 3 when
young cartilage cells start to secrete a specific extracellular
matrix rich in type II collagen and aggrecan (2,3).

Differentiation, survival and maintenance of the chondro-
cyte phenotype are regulated by various physical and soluble
factors (2). Among these factors, oxidative stress agents
including reactive oxygen- and nitrogen-containing inter-
mediates (ROI and RNI, respectively) have also been shown
to affect development and homeostasis of the cartilage.
Chondrocytes produce superoxide, hydrogen peroxide and
hydroxyl radicals (ROI species) under resting condition or
after immune stimulation (7-10). Moreover, nitric oxide (the
primary RNI species) has also been shown to be produced
during chondrogenesis and in osteoarthritis (11-13). Increased
production of reactive species has been proposed to contribute
to the pathology observed in inflammatory joint diseases
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(14-17). The deleterious effects of reactive species in the
cartilage range from inhibition of proliferation, suppression of
synthesis and induction of degradation of matrix components
to triggering cell death. Peroxynitrite, a highly reactive inter-
mediate formed in the diffusion-limited reaction of nitric
oxide and superoxide (18) has also been implicated in the
dysfunction and cell death of chondrocytes (19). Peroxy-
nitrite can damage cells by a complex mechanism including
protein oxidation and nitration, lipid peroxidation and DNA
damage (20,21). In addition to the direct damaging effects,
peroxynitrite-induced DNA damage is known to trigger
intense enzymatic poly(ADP-ribose) synthesis from NAD*
(20). Depletion of NAD* and consequently ATP by
poly(ADP-ribose) polymerase-1 (PARP-1), a DNA nick
sensor enzyme, has been shown to cause cell dysfunction,
apoptotic or necrotic cell death (22). Although sporadic data
indicate that poly(ADP-ribosyl)ation may regulate chondro-
cyte development and function (23-26), oxidative stress-
induced poly(ADP-ribosyl)ation has not yet been investigated
in chondrogenic cells and chondrocytes.

Therefore, the aim of this study was to investigate the role
of poly(ADP-ribosyl)ation in oxidative stress-induced
dysfunction and cytotoxicity of chondrogenic cells. We
chose hydrogen peroxide and peroxynitrite as two patho-
physiologically relevant oxidative stress species to induce
poly(ADP-ribosyl)ation. Here we provided evidence for the
activation of PARP-1 in oxidatively stressed chondrocytes.
Moreover, we demonstrated that increased PARP activity
plays a role in the inhibition of cartilage formation of
oxidatively stressed HDCs.

Materials and methods

Cell culture. Distal parts of the limb buds of Ross hybrid
chicken embryos of Hamburger-Hamilton stages 22-24 were
removed and primary micromass cultures of chondrifying
mesenchymal cells were established from cell suspensions
with a density of 15x10° cells/ml (4,5,27). Droplets of the
suspension (30-30 ul) were inoculated onto glass coverslips
(Menzel-Glaser, Menzel GmbH, Braunschweig, Germany)
and placed into the wells of 24-well cell culture plates (Nunc,
Roskilde, Denmark). Colonies were nourished with Ham's F12
medium (Sigma-Aldrich, Budapest, Hungary), supplemented
with 10% fetal calf serum (Gibco, Gaithersburg, MD, USA)
and kept at 37°C in the presence of 5% CO, and 95% humidity
in a CO, incubator. The medium was changed every second
day or after the hydrogen peroxide or peroxynitrite treatments.

For the generation of oxidative stress, 2-day-old high-
density cell cultures were treated with variable concentrations
of H,0, (0.1, 1.0 or 4.0 mM) or peroxynitrite (100, 300 or
600 xM) for 30 min. H,0, was diluted with sterile distilled
water from a 9 M stock solution (Sigma-Aldrich). Peroxy-
nitrite solution was purchased from Calbiochem (San Diego,
CA) and was kept at -80°C. Peroxynitrite was diluted in
alkaline (pH 12.0) saline solution and was added to micro-
mass cultures in 50 ul volume. Decomposed peroxynitrite
(incubated for 30 min at pH 7.0) served as a control.

In order to inhibit PARP activity, 5 mM 3-amino-
benzamide (3-AB) (Sigma-Aldrich) was added to the culture
medium 30 min prior to the oxidative stress.
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Light microscopic analysis of cartilage formation in high-
density cultures. Relative efficiency of the cartilage formation
was estimated by the analysis of metachromasia based on the
dimethylmethylene blue staining of glycosaminoglycan
(GAG) components of the proteoglycan molecules of cartilage
matrix (28). High-density cultures of different experimental
groups were fixed in a 4:1 mixture of absolute ethanol and
40% formaldehyde on day 6 of culturing. Cultures were
stained with 0.1% dimethylmethylene blue (DMMB, Sigma-
Aldrich) dissolved in 3% acetic acid, washed in acetic acid and
mounted in gum arabic (28). Under these conditions, only the
sulphated GAG components of the cartilage matrix stained
to yield a purple color. The size of the metachromatic cartila-
ginous areas was measured in 5 cultures of each experimental
group in 4 independent experiments by computer-assisted
image analysis as described previously (29).

Measurement of cell proliferation. Cell proliferation was
determined by [*H]thymidine incorporation as described
(29). Droplets of cell suspension (15 ul) were inoculated into
the wells of 96-well microtiter plates, and the cells were
treated similarly to those cultured in the 24-well plates.
Medium containing 1 pCi/ml [*H]thymidine (diluted from
methyl-[3H]thymidine solution; Amersham Pharmacia
Biotech., UK) was added to the wells and cultures were
incubated for 16 h. After washing with PBS, proteins were
precipitated with ice-cold 5% trichloroacetic acid, washed
with PBS again, digested with 0.25% trypsin dissolved in
calcium magnesium-free phosphate-buffered saline and
harvested with a semiautomatic cell-harvester (Skatron,
Norway). Harvested colonies were dried on scintillation filter
paper, and the radioactivity was measured with a B-counter
(Pharmacia, Sweden). Measurements were carried out in 10
samples of each experimental group in 4 independent
experiments.

Determination of cellular viability in HDCs. Viability of cells
was tested with MTT assay (30). Droplets of cell suspension
(15 ul) were inoculated into wells of 96-well microtiter
plates, and the cells were treated similarly to those cultured
in the 24-well plates. Following treatments with H,0O, or
peroxynitrite, cells were washed twice with PBS, and 10 ul
of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium
bromide (MTT reagent, final concentration of 0.5 mg/ml)
was pipetted into each well, and the cells were incubated
for 2 h in a CO, incubator. After incubation, 100-600 ul of
MTT-solubilizing solution (10% Triton X-100 and 0.1 M
HCl dissolved in isopropanol) was added to each well. After
gentle shaking, the absorbance was determined by a
Multiskan MS plate reader (Labsystem, Vantaa, Finland) at
540 nm.

Immunocytochemical detection of poly(ADP-ribose).
Poly(ADP-ribose) was detected by immunocytochemistry, as
described by Biirkle et al (31) with slight modifications as
follows. Cells were fixed in ice-cold 10% trichloroacetic acid
for 3 min at -20°C and for an additional 1 h in St. Mary
solution (96% ethanol:100% acetic acid, 99:1) at 4°C. After
rehydration in PBS (5 min at room temperature) coverslips
were blocked in 5% horse serum (Vector Laboratories,
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at 4°C with monoclonal anti-poly(ADP-ribose) antibody
diluted 1:300. After five 5-min washes in PBS, coverslips
were incubated with biotinylated horse anti-mouse immuno-
globulin G (Vector Laboratories) diluted 1:300 for 45 min at
room temperature. Excess antibody was removed by five
5-min washes in PBS-Triton X-100, and the bound antibody
was visualized by streptavidin-AlexaFluor-546 (Molecular
Probes, Eugene, OR, USA) diluted 1:100 in PBS-Triton X-100
(30 min at room temperature). Nuclei were stained by DAPI
(1 pg/ml PBS-Triton X-100 for 30 min at room temperature).
Coverslips were washed 4 times (5 min each time) with PBS-
Triton X-100, mounted in anti-fade medium and viewed with
a Zeiss Axiolab microscope. Pictures were taken with a Zeiss
Axiocam digital camera. Images of immunofluorescence and
DAPI staining were overlaid using Adobe® Photoshop
software.

In situ detection of PARP activity. PARP activity was detected
by an in situ enzyme cytofluorescent method as previously
published (32). The culture medium was replaced with PARP
reaction buffer [S6 mM HEPES, 28 mM KClI, 28 mM NaCl,
2 mM MgCl,, pH 8.0 complemented with 0.01% digitonin,
and 12.5 uM biotinylated NAD* (R&D Systems, Minneapolis,
MN, USA)]. After a 60-min incubation at 37°C, the cells
were fixed in 95% ethanol (10 min at -20°C) followed by
incubation in ice-cold 10% trichloroacetic acid for 10 min.
Cells were dehydrated by successive 5-min washes in 70%,
90%, and 100% ethanol at -20°C. After three 5-min rinses
with PBS, coverslips were blocked in 1% bovine serum
albumin (BSA) in PBS for 30 min followed by two rinses in
PBS-Triton X-100 (0.1%). Incorporated biotin was detected
by streptavidin-AlexaFluor-546 diluted 1:100 in PBS-Triton
X-100 (30 min at room temperature). Nuclear staining and
further steps were carried out as described above.

Measurement of cellular NAD* content. The cellular NAD*
content was determined with the recycling assay as previously
described (33) with minor modifications. Cells were
extracted in 0.5 N HCIO,, neutralized with 3 M KOH/125 mM
Gly-Gly buffer (pH 7.4), and centrifuged at 10000 x g for
5 min. Supernatants were mixed with a reaction medium
containing 0.1 mM MTT, 0.9 mM phenazine methosulfate,
13 U/ml alcohol dehydrogenase, 100 mM nicotinamide, and
5.7% ethanol in 61 mM Gly-Gly buffer (pH 7.4). The Ay,
was determined immediately and after 10 min. NAD* levels
were calculated from a standard curve generated with known
concentrations of NAD*,

Results

Oxidative stress-induced PARP activation contributes to
suppression of matrix production. Effect of oxidative stress
on cartilage formation and matrix production was visualized
by DMMB staining of 6-day HDCs which were exposed to
the oxidants on days 2 and 5 of culture. In HDCs treated on
day 2, peroxynitrite or hydrogen peroxide inhibited the
formation of cartilage in a concentration-dependent manner
(Figs. 1 and 2). At a 4-mM concentration, H,0, almost totally
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blocked chondrogenesis, since the average of the DMMB-
positive matrix areas was only 4% of the untreated controls
(Fig. 1). Similar results were obtained with peroxynitrite
(Fig. 2). In order to determine whether poly(ADP-ribosyl)ation
played a role in the suppression of matrix production, we
used 3-aminobenzamide (3-AB) an inhibitor of PARP
enzymes. 3-AB was administered to the cells either as a short
pretreatment (starting 30 min prior to and then washed out
immediately before oxidant exposure) or as a continuous
treatment (also starting 30 min prior to administration of the
oxidant but not washed out). Short pretreatment with 3-AB
provided considerable protection against peroxynitrite- or
hydrogen peroxide-induced inhibition of matrix formation
(Figs. 1 and 2). Under conditions when 3-AB was present in
the culture medium from day 2 until the end of culture (day 6)
a substantial increase in matrix formation was observed both
with and without oxidative stress treatment (not shown).
These data indicate that poly(ADP-ribosyl)ation is a negative
regulator of matrix synthesis under resting condition and that
oxidative stress-induced poly(ADP-ribosyl)ation may also
contribute to the suppression of matrix synthesis. Older
(5-day-old) cultures proved less sensitive against oxidative
stress and responded to peroxynitrite and hydrogen peroxide
with slightly reduced or unchanged matrix production (Figs. 1
and 2).

Effect of oxidative stress on the proliferation and viability of
HDC cells. In order to learn whether the oxidative stress-
induced inhibition on matrix mass in HDCs results from
slower proliferation or from cell death we measured these
parameters in oxidatively stressed HDCs (Fig. 3). Both
peroxynitrite and hydrogen peroxide caused a concentration-
dependent inhibition of cell proliferation, as measured by
tritiated thymidine incorporation. Pretreatment of the cultures
with 3-AB had no major effect on proliferation although the
inhibitory effect of 600 uM of peroxynitrite was slightly but
significantly prevented by 3-AB (Fig. 3A and B). We also
determined the viability of the cells by MTT reduction. We
observed that, as compared to proliferation assays, higher
concentrations of the oxidants were required to cause
decreased viability (Fig. 3C and D). PARP inhibition by 3-AB
provided significant protection against peroxynitrite. Slight
but statistically significant protection by 3-AB was observed
in HDCs exposed to hydrogen peroxide. These data indicate
that whereas a low degree of oxidative stress inhibits cell
proliferation by a poly(ADP-ribosyl)ation-independent
mechanism, intense oxidative stress, especially peroxynitrite
causes cytotoxicity mediated, at least in part, by poly(ADP-
ribosyl)ation. As PARP-mediated cell death is often
accompanied by depletion of NAD* the substrate of PARPs,
we determined cellular NAD* levels in oxidatively stressed
HDCs (Fig. 3E and F). Surprisingly, only the highest
concentration (600 xM) of peroxynitrite resulted in notable
NAD* depletion which could not be significantly inhibited by
3-AB. Hydrogen peroxide, on the other hand, caused only a
marginal depletion of cellular NAD* content which was
partially preventable by 3-AB.

Oxidative stress-induced PARP activation in HDC cells. As
both peroxynitrite and hydrogen peroxide are known to cause
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Treated on Day 2 Treated on Day 5§
+H,0, + H,0,+ 5 mM 3AB

Figure 1. Effect of hydrogen peroxide on the formation of metachromatic cartilage areas. HDCs were treated with the indicated concentrations of H,0, either
on day 2 or 5 of culture, with or without 3-amino-benzamide (3-AB) pretreatment. On day 6, the size of the metachromatic cartilaginous areas was determined
by DMMB staining and was quantified by computer-assisted image analysis (5 cultures from each experimental group in 4 independent experiments).
Representative pictures of one experiment are shown. Numbers indicate relative size of cartilage areas (average values of each experimental group of 20
-measurements from 4 independent experiments).

Treated on Day 2 Treated on Day 5
+ peroxynitrite
+ peroxynitrite + 5 mM 3AB

+ 5 mM 3AB (145%) 600 uM (5%) 600 M (31%) 600 pM (59%)

Figure 2. Effect of peroxynitrite on the formation of metachromatic cartilage areas. HDCs were treated with the indicated concentrations of peroxynitrite
either on day 2 or 5 of culturing, with or without 3-amino-benzamide (3-AB) pretreatment. On day 6, the size of the metachromatic cartilaginous areas was
determined by DMMB staining and was quantified by computer-assisted image analysis (5 cultures from each experimental group in 4 independent
experiments). Representative pictures of one experiment are shown. Numbers indicate relative size of cartilage areas (average values of each experimental
group of 20 measurements from 4 independent experiments).
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Figure 3. Effect of oxidative stress on proliferation, viability and NAD* level of HDCs. HDCs were exposed to the indicated concentrations of peroxynitrite
(A, C, E) or hydrogen peroxide (B, D, F) with or without pretreatment [5 mM 3-aminobenzamide (3-AB), 30 min]. Proliferation (A, B) and cytotoxicity (C, D)
were assessed after 4 h by [*H]-thymidine incorporation and MTT assay, respectively. Data represent mean :+ standard error of the mean of three independent
experiments. The effect of oxidative stress on the intracellular NAD* levels was also determined 90 min following oxidant treatments (E, F). Data represent
mean =+ standard error of the mean of three independent experiments. Asterisks indicate significant ("P<0.05; **P<0.01) decrease in proliferation, viability or
NAD* content as compared to control. The statistical significance of the protective effect of 3-AB as compared to the oxidatively stressed HDCs are indicated

("P<0.05; #P<0.01).

DNA damage and to induce PARP activation (34), we
detected PARP activation in oxidatively stressed HDCs.
PARP activity was detected by an in situ enzyme activity
assay based on the incorporation of biotin from biotinylated
NAD* into the cellular protein of unfixed permeabilized
cells. With this technique we detected no PARP activity in
resting HDC:s (Fig. 4). However, both peroxynitrite and, to a
lesser extent, hydrogen peroxide stimulated nuclear biotin
incorporation in HDCs. Pretreatment of HDCs with 3-AB
abolished biotin incorporation from NAD* indicating that
PARP was indeed responsible for the biotin incorporating
activity. Moreover, we also detected poly(ADP-ribose)
(PAR), the polymer product of the PARP-catalyzed reaction
(Fig. 5). With a monoclonal anti-poly(ADP-ribose) antibody
we found poly(ADP-ribose) in the nucleoli of untreated HDC
cells, as indicated by two immunopositive spots seen in most
of the nuclei. Both reactive species induced polymer
accumulation in the HDCs. The PAR signal appeared rather
homogeneously throughout the nuclei of peroxynitrite-treated

cells (Fig. 5B and E). However, the staining pattern was
slightly different in the hydrogen peroxide-treated cells.
Hydrogen peroxide induced an increased nucleolar signal in
the densely populated areas (Fig. 5C) and a homogeneous
polymer accumulation in the loosely populated peripheral
areas (Fig. 5F). Inhibition of PARP activity by 3-AB fully
prevented PAR accumulation without affecting the basal
nucleolar signal (Fig. 5H and I).

Discussion

During differentiation or in the postmitotic phase, chondro-
cytes may be exposed to various degrees of oxidative stress.
ROI and RNI are produced by chondrocytes as well as by
infiltrating cells. Oxidative stress as defined by an imbalance
of ROI/RNI production and antioxidant defense may cause
cellular dysfunction or cell death and has been implicated in
various pathological conditions such as chondrocyte
senescence, osteoarthritis and mucopolysaccharidosis
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CONTROL 600M ONOO- 4mM H,0,

SmM 3-AB SmM 3-AB + 600uM ONOO™ 5mM 3-AB +4mM H,0,

Figure 4. Oxidative stress stimulates PARP activity in HDCs. HDCs were exposed to the indicated concentrations of peroxynitrite or hydrogen peroxide.
Some cultures were pretreated with 3-AB. Twenty min after oxidant exposure, PARP activity was detected by biotinyl-NAD* incorporation. Nuclei were
stained with 1 ug/ml DAPIL Pictures were taken with a Zeiss Axiolab microscope equipped with a Zeiss Axiocam digital camera. Exposure times were
identical for all images. Images of PARP activity and DAPI were overlaid in Adobe Photoshop. Pre-treatment (30 min) with the PARP inhibitor 3-AB
blocked PARP activity in peroxynitrite- (E) or hydrogen peroxide-treated (F) (20 min) HDCs. Bar, 30 gm.

CONTROL 600uM ONOG- .l 4mM H,0,

ﬁﬂﬂ'y.xl ()N‘O()' (marginal zone) dan V1 ”E_Lwl:u‘_uinnl z@nc)

S5mM 3-AB SmM 3-AB+600uM ONOO™ SmM 3-AB+4mM H,0,

Figure 5. Oxidative stress-induced poly(ADP-ribose) accumulation in chondrocytes. HDCs were exposed to the indicated concentrations of peroxynitrite or
hydrogen peroxide. Some cultures were pretreated with 3-AB. Twenty min after oxidant exposure, poly(ADP-ribose) accumulation was detected by
immunocytochemistry. Nuclei were stained with 1 pg/ml DAPI. Pictures were taken with a Zeiss Axiolab microscope equipped with a Zeiss Axiocam digital
camera. Exposure times were identical for all images. Images of PARP activity and DAPI were overlaid in Adobe Photoshop. Panel D is an enlarged area of
panel A. Panels E and F show cells of the marginal area displaying strong immunopositivity for poly(ADP-ribose). Bar, 30 ym.
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. FEREICATCES species (e.g. hydrogen peroxide, peroxynitrite)
inhibit proteoglycan synthesis and induce matrix degradation
in cartilage (19,36-38). In line with these reports, we
demonstrated that hydrogen peroxide exerted a concentration-
dependent suppression on matrix formation in HDCs.
Similarly, peroxynitrite, one of the most reactive RNI species
also inhibited matrix formation. The protective effect of the
PARP inhibitor 3-AB implies that PARP activation may play
a role in the oxidative stress-induced suppression of matrix
formation. Indeed, we found that PARP activity was
increased and poly(ADP-ribose) was accumulated in
oxidatively stressed HDCs. These data suggest that hydrogen
peroxide and peroxynitrite activate the ‘DNA damage -
PARP activation - cell dysfunction’ pathway.

With regard to the mechanism underlying the negative
effect of oxidative stress and the beneficial effect of PARP
inhibition, several possibilities should be considered. The
‘PARP-mediated suicide hypothesis’ first described by
Berger et al proposed that oxidative stress induces DNA
breakage leading to PARP activation (39). Excessive PARP
activity depletes the substrate of the enzyme NAD* leading to
a shutdown of cellular energy metabolism and eventually
to cell dysfunction or cell death. Recently, alternative
mechanisms have also been put forward to explain the role
of PARP activation and cell death. Dawson's group has
demonstrated that PARP activation can trigger the release of
apoptosis-inducing factor (AIF) from the mitochondria to the
nucleus thus leading to caspase-independent cell death (40).
In our experiments, chondrogenic mesenchymal cells
responded to hydrogen peroxide and peroxynitrite by a
concentration-dependent inhibition of proliferation.
Inhibition of proliferation appeared to be mediated by a
PARP-independent mechanism, as indicated by the lack of
effect of 3-AB. At higher concentrations of the oxidative
stress agents, cell viability also decreased. PARP activation
may be involved in oxidative stress-induced cell death of
mesenchymal chondrogenic cells as 3-AB provided
significant protection. These findings are in accord with our
previous observations demonstrating a PARP-independent
inhibition of proliferation and a partially PARP-dependent
cytotoxicity in oxidatively stressed HaCaT cells (41).
Nonetheless, PARP-independent mechanisms also appear to
play a clear role in the anti-proliferative and cytotoxic effect
of hydrogen peroxide and peroxynitrite. Both oxidative
species are known to cause direct damage in macromolecules
in the form of protein oxidation, lipid peroxidation or nucleic
acid modifications. Furthermore, ROI/RNI are capable of
triggering signal transduction cascades (e.g. the MAP kinase
pathway) mediating cell death (42,43). These direct effects
are likely to be involved in the deleterious effects of the
reactive species. As for the PARP-dependent pathway, it did
not display the characteristics of the classical Berger model as
we observed no dramatically decreased cellular NAD* levels
in oxidatively stressed HDCs. Although the highest
concentrations of peroxynitrite and hydrogen peroxide caused
NAD* depletion, this effect was only partially prevented by
3-AB. Therefore, PARP activation may contribute to
chondrogenic cell dysfunction by triggering alternative
mechanisms such as the MAP kinase route or the AIF-

investigation is clearly needed to clarify the exact mechanism
of oxidative stress-induced, PARP-independent cytotoxicity
in this model. Nonetheless, our data indicate that cytotoxic
mechanisms are not likely to be involved in the negative
effect of oxidative stress on matrix production.

One notable novel finding was the presence of poly(ADP-
ribose) in the nucleoli of unstimulated chick chondrogenic
mesenchymal cells. Pretreatment of cells with 3-AB had no
effect on the nucleolar signal, indicating that these polymers
were not synthesized during the 50-min duration of the
experiment and that the turnover of these polymers is much
slower compared to the polymers synthesized in response to
DNA damage which have a half-life shorter than 1 min. The
presence of nucleolar poly(ADP-ribose) is consistent with the
finding of Kasashima and Izawa (44) demonstrating
poly(ADP-ribose) synthetic activity in isolated nucleoli from
rapidly growing mouse ascite tumor cells. The specific
activity of the synthesis in the nucleoli was significantly
higher than that in the chromatin. The optimum magnesium
and NAD* concentrations, and the effect of RNase treatment
on the reaction in the nucleoli were also distinctly different
from those in the chromatin. Our data also suggest a unique,
nucleolar not yet fully characterized poly(ADP-ribose) signal
present in HDCs. Interestingly, our in situ PARP activity
assay did not detect ADP-ribose synthesizing activity in the
nucleoli. This may either indicate that the nucleolar polymer
is produced in a slow continuous synthetic process or may be
due to the absence of nucleolar polymer degrading (PARG)
activity. To note, 80-90% of cellular PARG activity is cyto-
plasmic in human cells (45). However, data on chicken cells
with special regard to subnuclear distribution are not
available.

The oxidative stress-induced PARP activation and
poly(ADP-ribose) accumulation displayed a more homo-
geneous nuclear pattern with scattered cells in the periphery
of the cultures showing stronger signals and cells in the
central dense areas showing weaker activity. This observation
is consistent with our previous findings demonstrating cell
contact-mediated inhibition of oxidative stress-induced
PARP-activation, caspase activation and cell death in HaCaT
cells (46). Zaniolo et al (47) have also shown that the
expression of PARP-1 is downregulated in dense cell cultures,
a finding that may explain the low degree of polymer
accumulation in such areas.

The most prominent finding of our current study is the
role of poly(ADP-ribosyl)ation in the regulation of matrix
production of HDCs. Previously published data were
disparate with regard to the exact effect of poly(ADP-
ribosyl)ation in the production of chondrogenic matrix.
Midura et al reported reduced chondrogenesis in HDCs
treated with the PARP inhibitors benzamide and nicotinamide
(48). On the other hand, using benzamide as a PARP
inhibitor, Nakanishi and Uyeki (26) found opposite effects in
the same model. In our model, both hydrogen peroxide and
peroxynitrite suppressed matrix formation in a 3-AB
inhibitable manner. The beneficial effect of PARP inhibition
may result from the improved cell viability of HDCs.
However, the marked stimulatory effect of 3-AB on the
matrix formation of non-stressed cells indicates that
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poly(ADP-ribosyl)ation may play a more direct role in the
synthesis of matrix components. PARP-1 has recently
emerged as a transcriptional regulator involved in NFxB-,
YY1-, Oct-1-, and p53-mediated transcription (22,49,50).
PARP-1 has also been implicated in nuclear receptor
signaling (51). Moreover, expression of the Reg gene, the
product of which is the key stimulator of pancreatic 8 cell
regeneration, has also been shown to be negatively regulated
by auto-poly(ADP-ribosyl)ation of PARP-1 (52). Therefore,
it appears likely that PARP activity suppresses the effect of
key transcription factor(s) controlling the expression of
matrix components. However, the exact nature of the role of
poly(ADP-ribosyl)ation in the regulation of matrix production
needs to be further investigated.

In summary, we demonstrated that oxidative stress
stimulates poly(ADP-ribose) metabolism and inhibits extra-
cellular matrix production of HDCs in a PARP-dependent
manner. Furthermore, basal matrix production was found to
be under the negative control of poly(ADP-ribosyl)ation. Our
findings have implications for potential therapeutic
approaches aimed at restoring the matrix production capacity
of chondrogenic cells.
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