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Abstract

Previous reports indicated that non-steroidal anti-inflammatory drugs (NSAIDs) suppress bone repair. Our previous study fur-
ther found that ketorolac delayed the endochondral bone formation, and the critical effective timing was at the early stage of
repair. Furthermore, we found that NSAIDs suppressed proliferation and induced cell death of cultured osteoblasts. In this study, we
hypothesized that chondrocytic proliferation and death, which plays an important role at the early stage of endochondral bone forma-
tion, might be affected by NSAIDs. Non-selective NSAIDs, indomethacin, ketorolac, diclofenac and piroxicam; cyclooxygenase-2
(COX-2) selective NSAIDs, celecoxib and DFU (an analog of rofecoxib); prostaglandins (PGs), PGE1, PGE2 and PGF2«; and
each NSAID plus each PG were tested. The effects of NSAIDs on proliferation, cell cycle kinetics, cytotoxicity and cell death of
epiphyseal-articular chondrocytes of fetal rats were examined. The results showed that all the tested NSAIDs, except DFU, inhibited
thymidine incorporation of chondrocytes at a concentration range (108 to 10~* M) covering the theoretic therapeutic concentra-
tions. Cell cycle was arrested by NSAIDs at the Go/G; phase. Upon a 24 h treatment, LDH leakage and cell death (both apoptosis
and necrosis) were significantly induced by the four non-selective NSAIDs in chondrocyte cultures. However, COX-2 inhibitors
revealed non-significant effects on cytotoxicity of chondrocytes except higher concentration of celecoxib (10~* M). Replenishments
of PGE1, PGE2 or PGF2a could not reverse the effects of NSAIDs on chondrocytic proliferation and cytotoxicity. In this study,
we found that therapeutic concentrations of non-selective NSAIDs caused proliferation suppression and cell death of chondrocytes,
suggesting these adverse effects may be one of the reasons that NSAIDs delay the endochondral ossification during bone repair found
in previous studies. Furthermore, these effects of NSAIDs may act via PG-independent mechanisms. COX-2 selective NSAIDs
showed less deleterious effects on chondrocytic proliferation and death.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are
commonly used for anti-inflammation and analgesia
postoperatively in orthopaedic patients. However, sev-
eral studies demonstrated that anti-inflammatory drugs
suppressed bone growth, remodeling and repair (Allen et
al., 1980; Ho et al., 1995; Keller et al., 1987; Nilsson et
al., 1986; Tornkvistetal., 1985; Tornkvist and Lindholm,
1980). Our previous results indicated that ketorolac, one
of the most commonly used NSAIDs prescribed postop-
eratively (Di Massa et al., 2000), inhibited bone repair
in fractured bones and bone remodeling in intact bones
(Ho et al., 1995). It was also indicated that the critical
effective timing of ketorolac was at the early stage of
the bone repair process (Ho et al., 1998). However, the
cellular and molecular mechanisms of NSAID effects on
bone repair are not well defined.

Fracture healing involves sequential tissue morpho-
genesis and a cascade of highly coordinated cellular
events. Mesenchymal stem cells aggregate to form the
initial template of the skeleton which subsequently chon-
drify and finally ossify (Caplan, 1994; Ferguson et al.,
1999; Vortkamp et al., 1998). This endochondral bone
formation during fracture healing is generally divided
into four temporal stages: inflammation, callus differen-
tiation, ossification and remodeling. Chondrocytes play
an important role in the stage of callus differentiation,
as do osteoblasts in stages of ossification and remod-
eling. Our previous studies demonstrated that NSAIDs
inhibited proliferation and induced cell death in cultured
osteoblasts, suggesting these effects might contribute to
the suppressive effect of NSAIDs on bone repair (Chang
et al., 2005; Ho et al., 1999). However, the influence of
NSAIDs on chondrocytic function during bone repair
was rarely investigated.

In this study, we hypothesized that NSAIDs might
also suppress proliferation and/or induce cell death of
chondrocytes that undergo endochondral bone forma-
tion, and thus contribute to the suppressive effects on
bone repair. Accordingly, we investigated the effects of
four non-selective NSAIDs and two cyclooxygenase-2
(COX-2) selective inhibitors on cell proliferation, cell
cycle, cytotoxicity and cell death in cultured chondro-
cytes obtained from fetal epiphyseal-articular cartilage
of knees in rats.

2. Materials and methods
2.1. Chondrocyte cultures

Chondrocytes were isolated from epiphyseal-articular car-
tilage obtained from knees of fetal Sprague-Dawley rats at

the 21st day of gestation (Chang et al., 2002). At this stage
of bone development, the secondary ossification centers of
the epiphyses of femora and tibiae have not developed. The
hyaloid epiphyseal-articular cartilages of the knees were sepa-
rated from ossified metaphyses. Chondrocytes were released
from cartilage by a 2h collagenase digestion (Worthington
Corp., Freehold, NJ) at 37 °C. Cells were cultivated in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
fetal calf serum (FCS), 0.01% ascorbic acid, nonessential
amino acids and 100 U/ml penicillin/streptomycin (Gibco-
BRL, Grand Island, NY). Chondrocytes were cultured in a
flask coated with 0.5% agar to avoid attaching onto the soft
agar surface, and thus remain suspended. Maintenance of cells
in suspension was for removing the contaminated fibroblasts
or osteoblasts, which do not survive in suspension for more
than 2 or 3 days. Previous reports indicated that chondro-
cytes remained viable in suspended culture for at least 7 days
(Deshmukh and Sawyer, 1977; Horwitz and Dorfman, 1970;
Nevo et al., 1972). After a 5-day suspended culture, chondro-
cytes were collected and grown in monolayer onto a regular
25 cm? flask. Cultures were maintained in a humidified atmo-
sphere of 5% CO, at 37 °C. Medium was changed every 48 h.
Cells within four doublings were used in the experiments.
These cells were demonstrated to preserve chondrocytic prop-
erties (Chang et al., 2002).

2.2. Drug preparation and treatment

Non-selective and cyclooxygenase-2 (COX-2) selec-
tive NSAIDs were tested at a concentration range of
10~® to 10*M. Prostaglandins (PGs), PGE1, PGE2 and
PGF2o (Sigma, St. Louis, MO), were also tested at a
concentration range of 107'° to 10~7M. Non-selective
NSAIDs were indomethacin, diclofenac, piroxicam (Sigma,
St. Louis, MO) and ketorolac (Syntex, Palo Alto, CA).
COX-2 selective NSAIDs were celecoxib (Pfizer, New
York, NY) and DFU [5,5-dimethyl-3-(3-flurophyenyl)-4-
(4-methylsulphonyl)phenyl-2(5H)-furanone], an analogue of
rofecoxib (Meck Sharp and Dohne Corp., Rahway, NJ). The
theoretic therapeutic concentrations of non-selective and COX-
2 selective NSAIDs are approximately 10~ and 107°M,
respectively (Blocka et al., 1988; Buckley and Brogden, 1990;
Clemett and Goa, 2000; Depre et al., 2000; Oberbauer et
al., 1993; Todd and Sorkin, 1988). All the NSAIDs except
ketorolac, and PGs were firstly dissolved in DMSO (dimethyl
sulfoxide) as stock solutions. The stock solution of ketorolac
was a 3% sterile solution. All the agents were diluted with 2%
FCS contained medium right before treatment so that the final
concentration of DMSO was diluted to 0.1% or less. The 2%
FCS contained medium supplemented with 0.1% DMSO was
tested in chondrocytes as vehicle controls, revealing no signif-
icant different effects on thymidine incorporation and lactate
dehydrogenase leakage assay in comparison with those cul-
tured in 2% FCS contained medium only. Accordingly, 2%
FCS contained medium (control medium) was used for control
cultures. Conditioned media were 2% FCS contained media
supplemented with various concentrations of NSAIDs and/or
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PGs, which were diluted from the stock solutions as described
above. Cells were grown to subconfluence and then changed
into the control medium for 24 h. Cultures were then main-
tained in the conditioned media (the drug-treated cultures) or
control medium (the control cultures) for 17 or 24 h prior to
the various examinations.

2.3. Cell proliferation assay

2.3.1. [PH]-thymidine incorporation

Cells (2000 cells/well) cultured in 96-well plates were
treated with different drugs for 17 or 24 h, and 2 pCi/well
of [3H]—thymidine (Amersham, Buckinghamshire, UK) was
pulsed 4h before harvest. Incubations were terminated by
washing with phosphate buffered solution (PBS). Cells were
detached by using 1% trypsin/EDTA, and collected in a 96-
well UniFilter (Packard, Meriden, CT) by using a Filter-
Mate Harvester (Packard, Meriden, CT). The UniFilter was
dried by 95% ethanol for 30 min. After being sealed with
the adhesive backing tape (Packard, Meriden, CT), liquid
scintillatant was added into the sealed UniFilter. The top
of the UniFilter was then sealed with TopSeal-A (Packard,
Meriden, CT), and counted in a TopCount Microplate Scin-
tillation and Luminescence Counters (Packard, Meriden,
CT).

2.3.2. Cell cycle kinetics detected by flow cytometry

After 24 h treatments of drugs, cells were detached and
flushed with Hank’s buffered solution to prevent any aggrega-
tion. After centrifugation, cells were fixed with ice-cold 70%
alcohol and incubated at 4 °C for a minimum of 30 min. Cell
membranes were permeated with 0.1% TritonX-100, and RNA
was digested with 20 wg/ml RNAase at 37 °C for 1h. Cells
were then stained with 50 pg/ml propidium iodide (Sigma, St.
Louis, MO) in the dark, and then filtered with a filter with
pore size of 41 wm right before analysis. DNA content of an
individual cell was measured by using a laser flow cytometer
(EPICS Elite, Coulter Hialeah, FL). The cell cycle distribu-
tion was analyzed by Wincycle software (EPICS Elite, Coulter
Hialeah, FL).

2.4. Cytotoxicity assayed by lactate dehydrogenase
(LDH) leakage

Lactate dehydrogenase (LDH) leakage from cells was mea-
sured to quantify the cytotoxicity by using the Cytotoxicity
Detection kit (Roche, Germany) (Crowston et al., 1998; Mesner
and Kaufmann, 1997). Chondrocytes were previously seeded
into 24-well plates (5 x 10* cells/well). After drug treatment,
the supernatants and cell layers of the cultures were collected
for assay. According to the manufacturer’s guidelines for the
detection kit, cell layers were lysed with 1% TritonX-100, and
cell lysates and supernatants were assayed in a 96-well plate,
respectively. Briefly, 100 wl of catalyst solution was added in
each assay well for 20 min. Absorbance was measured with an
ELISA reader with a 490 nm filter. LDH leakage from chon-

drocytes was calculated as the following formula:

supernatant
LDH leakage = ———
supernatant + cell

2.5. Cell death analysis

All the cells growing in monolayer and floating in the cul-
ture medium were harvested to analyze the cell death pattern
by using the following methods.

2.5.1. TUNEL stain (terminal deoxy-nucleotidyl
transferase mediated dUTP nick end labeling stain)
Fragmented DNA of an apoptotic cell was stained by
TUNEL (terminal deoxy-nucleotidyl transferase mediated
dUTP nick end labeling) staining by using the In Situ Cell
Death Detection Kit, TMR red (Roche, Germany). According
to the manufacturer’s guidelines, cells were fixed with 4% of
paraformaldehyde in PBS at a cell density of 1 x 10°ml™!,
and incubated at room temperature for 10 min. After cen-
trifugation, cells were fixed in 80% ethanol, and then set-
tled on a slide by centrifugation at a speed of 2000 rpm for
5 min by using a cytospin (Cytospin 3; Shandon, UK). Slides
were rinsed twice with PBS, and cells were permeabilized by
incubating in permeabilisation solution (0.1% Triton X-100
and 0.1% sodium citrate in PBS) for 2min on ice. TUNEL
reaction mixture, containing terminal deoxy-nucleotidyl trans-
ferase and rhodamine (the labeling dye), was added to slides
and incubated for 60 min at 37 °C in humidified chamber in
the dark. The reaction was stopped by blocking buffer (0.1%
TritonX-100 and 0.5% BSA in PBS). Slides were observed on
a fluorescence microscope with the excitation wave length of
580 nm. The images of the stained cells were recorded by a
digital camera connected to a computer. Apoptotic cells were
stained red by rhodamine. Stained cells were counted in five
microscopic fields for each slide. Data were analyzed by using
Image-Pro® Plus analysis software (Media Cybernetics, Sliver
Spring, MD).

2.5.2. Caspase 3 activity assay

Caspase 3 is the ultimate endonuclease to degrade chro-
matin into DNA fragments during apoptosis process. Cas-
pase 3 activities of chondrocytes were detected by using the
Caspase Substract Reagent kit (Oncolmmunin, Gaithersburg,
MD). Cells were collected from the cell layer and supernatant
24h after drug treatments. According to the manufacturer’s
guidelines, cells (1 x 10° cell/ml) were suspended in 50 wl of
the Phiphilux-G1D2 substrate solution supplemented with 5%
fetal calf serum. Cells were incubated in a 5% CO, incuba-
tor at 37°C for 1h in the dark. The subtract solution was
removed, and cells were washed twice and re-suspended in
500 w1 of Phiphilux dilution buffer. The fluorescence emission
was immediately determined on a flow cytometer (EPICS Elite,
Coulter Hialeah, FL) and cells with caspase 3 activities within
10000 cells were counted. Data were analyzed by Winmidi
software (EPICS Elite, Coulter Hialeah, FL).



114 J.-K. Chang et al. / Toxicology 228 (2006) 111-123

2.6. Annexin V-FITC and propidium iodide
double-stained flow cytometry

Cells were double-stained with 10 wg/ml of Annexin V-
FITC (Roche, Germany) and propidium iodide for 20 min
at room temperature in the dark immediately before analy-
sis. Cells were then filtered followed by fixation with 4%
paraformaldehyde. Cells undergoing apoptosis or necrosis
within 10000 cells were enumerated by flow cytometry. Data
were analyzed by Winmidi software (EPICS Elite, Coulter
Hialeah, FL).

2.7. Statistic analysis

Data was shown in mean £ S.E.M. from 3 to 8 cultures
in each group. All experiments were performed at least three
times, and revealed similar results. Statistical significance was
evaluated by one-way ANOVA, and multiple comparisons were
performed by Scheffe’s method. Statistical difference between
two groups was evaluated by Student’s 7-test. P <0.05 was con-
sidered significant difference.

3. Results

3.1. Cell proliferation

The [*H]-thymidine incorporation of the control
cultures (1183 4225 cpm/well) showed no significant
differences among the indomethacin-, diclofenac-,
ketorolac-, piroxicam-, celecoxib- and DFU-treated
groups, revealing each group was at the same baseline
condition. In comparison to non-drug-treated control
cultures, the [*H]-thymidine incorporation of chondro-
cytes was significantly decreased after 24 h treatment
of four non-selective NSAIDs (indomethacin: 10~% to
10~* M caused a 20-42% decrease, p<0.01; diclofenac:
1078 to 1077 M caused a 13-15% decrease, p<0.05,
107° to 107*M caused a 16-63% decrease, p<0.01;
ketorolac and piroxicam: 107® to 1079 M caused a
12-20% decrease, p <0.05, 1074 M caused a 19-28%
decrease, p<0.01) (Fig. 1A). The results from COX-2
selective inhibitors (1078 to 10~* M) showed that a 24 h
treatment of celecoxib decreased the [3H]-thymidine
incorporation of chondrocytes at a concentration range
of 1078 to 107*M (1078 M caused an 11% decrease,
p<0.05; 1077 to 1074 M caused a 23-63% decrease,
p<0.01), while DFU had no significant effect on
[*H]-thymidine incorporation (Fig. 1B). The results
from PG-treated cultures showed that PGE1 decreased
the [*H]-thymidine incorporation of chondrocytes at
concentrations of 1078 M (a 15% decrease, p<0.05)
and 1077 M (a 50% decrease, p<0.01), while 10710
to 107°M of PGEI and 107!° to 10~7M of PGE2
and PGF2a showed no significant effects (Fig. 2A).
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Fig. 1. Concentration—response effects of NSAIDs on thymidine incor-
poration of chondrocytes. Cultures were treated with non-selective
NSAIDs, indomethacin, diclofenac, ketorolac and piroxicam (A),
and COX-2 selective NSAIDs, celecoxib and DFU (B), at a con-
centration range of 1078 to 10™*M for 24 h. Each bar represents
the mean = S.E.M. of eight replicated cultures. Data were evaluated
by one-way ANOVA, and multiple comparisons were performed by
Scheffe’s method. Experiments were repeated at least three times and
revealed similar results. “p <0.05, *"p<0.01, in comparison with the
control culture.

Furthermore, replenishing either PGE2 or PGF2«a
(108 M) in ketorolac (10~° to 1073 M) treated cultures
did not reverse the inhibitory effect of ketorolac on
[*H]-thymidine incorporation (Fig. 2B).

3.2. Cell cycle kinetics

In comparison to the non-drug-treated control cells,
a 24 h treatment of ketorolac (10’5 M, p<0.05; 10~* to
1073 M, p<0.01) and indomethacin (1073 to 1073 M,
p<0.01) significantly increased the cell distribution in
the Go/G1 phase (Fig. 3). The result revealed that the cell
cycle of chondrocytes was arrested at the Go/G| phase
by these NSAIDs.

3.3. Cytotoxicity

In comparison to non-drug-treated control cells, the
LDH leakage of chondrocytes with a 17 h treatment of
indomethacin, diclofenac or ketorolac significantly ele-
vated by 15-62%, 18-45% or 8—15%, respectively (10~°
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Fig. 2. Effects of prostaglandins on thymidine incorporation of chon-
drocytes. Cultures were treated with prostaglandins, PGE1, PGE2 and
PGF2aq, at a concentration range of 10710 to 1077 M for 24 h (A). The
thymidine incorporation of cultures treated with ketorolac only and
ketorolac plus PGF2a or PGE2 ( 1078 M) were compared (B). Data
shown in mean =+ S.E.M. of eight replicated cultures were evaluated by
one-way ANOVA and Scheffe’s method (A). Comparisons of the data
from cultures treated with ketorolac only and ketorolac plus PG were
evaluated by Student’s ¢-test, and no significant differences were found
(B). Experiments were repeated at least three times and revealed similar
results. “p <0.05, **p <0.01, in comparison with the control culture.

to 107> M, p<0.05; 10~*M, p <0.01), while piroxicam
showed no significant cytotoxic effect on chondrocytes
(Fig. 4A). However, upon 24 h treatments of these four
NSAIDs, the LDH leakage of chondrocytes was signif-
icantly increased at a concentration range of 107% to
107*M (indomethacin, a 31-69% increase; diclofenac,
a 15-44% increase; ketorolac, a 22-28% increase; pirox-
icam, a 17-35% increase; p<0.01) (Fig. 4B). There
was a significant difference between the LDH leakage
of the 17 and 24 h drug-treated cultures for each indi-
vidual drug (indomethacin, 107° to 107*M, p<0.01;
diclofenac, ketorolac, and piroxicam, 10=% to 1074 M,
p<0.05). This result revealed that the cytotoxic effects
of these four NSAIDs were in a time-dependent man-
ner. The results from a 24 h treatment of COX-2 selec-
tive inhibitors showed that only higher concentration of
10~* M of celecoxib increased the LDH leakage of chon-
drocytes (p <0.01), while 1070 to 10~> M of celecoxib
and DFU (107° to 10~* M) had no significant cytotoxic
effect on chondrocytes (Fig. 4C). The LDH leakage of
chondrocytes was not significantly changed upon 24 h
treatments of PGE;, PGE,; and PGF,a (Fig. 5A). A
replenishment of PGE;, PGE,, or PGF,a (10_8 M) in
each NSAID-treated culture (107° to 10~* M) also did

not significantly change the LDH leakage of chondro-
cytes (Fig. 5B).

3.4. Cell death analysis

The tested four non-selective NSAIDs showed signif-
icant cytotoxic effects at the concentration range cover-
ing the theoretic therapeutic concentration (107> M) so
that their effects on cell death were further tested. On
the other hand, COX-2 inhibitors showed no significant
cytotoxicity except 10~* M of celecoxib, which is well
over the theoretic therapeutic concentration (10_6 M),
so that their effects on cell death were not further
tested.

3.4.1. TUNEL stain

The total cell number (1500-1600) of each sam-
ple was counted from five microscopic fields randomly.
The apoptotic rate was the percentage of apoptotic cells
(fluorescence stained) to total counted cells (Fig. 6C).
The result showed that upon a 17 h treatment of these
NSAIDs, only 10~#M of indomethacin and diclofenac
significantly increased the apoptotic rate of chondrocytes
in comparison to the non-drug-treated control cultures
(p<0.01) (Fig. 6A). However, upon 24 h treatments of
these four NSAIDs, the apoptotic rate of all drug-treated
cultures was significantly increased (indomethacin and
diclofenac, 10~ to 10~* M caused an 11-14% increase,
p<0.01; ketorolac and piroxicam, 1075M caused a
6.6-6.8% increase, p <0.05, 10~4 M caused a 7.9-8.4%
increase, p <0.01) (Fig. 6B).

3.5. Caspase 3 activity

The caspase 3 activity was measured for further con-
firming the apoptosis induced by NSAIDs. In each sam-
ple, 10000 cells were analyzed by flow cytomery. The
integration of fluorescence intensity was defined cas-
pase 3 activity of each culture (Fig. 7B). The geometric
mean of the fluorescence intensity from control and drug-
treated cultures were compared (Fig. 7A). The result
showed 24 h treatments of the four tested NSAIDs sig-
nificantly increased the caspase 3 activity of chondro-
cytes (indomethacin, diclofenac and ketorolac, 1075 to
10~* M caused a 24-94% increase, p<0.01; piroxicam,
1073 M caused a 12% increase, p<0.05, 10~* M caused
a 57% increase, p <0.01) (Fig. 7A).

3.6. Flow cytometry

The percentage of cells undergoing apoptosis or
necrosis was obtained by flow cytometry followed by
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Fig. 3. Effects of NSAIDs on cell cycle kinetics of chondrocytes. Cultures were treated with NSAIDs at a concentration range of 10> to 103 M for
24 h. Data shown in mean &= S.E.M. of triplicate cultures were evaluated by one-way ANOVA and Scheffe’s method. Go/Gj, S, or G2/M represents
the percentage of cells distributing in the Go/Gy, S, or G2/M phase, respectively (A). The representative profiles of the cell cycle distribution that
were measured from flow cytometry after a 24 h treatment of indomethacin are shown (B). Experiments were repeated at least three times and
revealed similar results. *p <0.05, **p <0.01, in comparison with the control culture.

double staining of Annexin V-FITC and propidium
iodide. The Annexin-FITC stained cells were defined
apoptotic, while the double-stained cells were necrotic
(Fig. 8). The results showed that a 24h treatment
of indomethacin, diclofenac, ketorolac, and piroxi-
cam (107> and 10~*M) significantly induced apop-
tosis (indomethacin, ketorolac and piroxicam, 107°M

p<0.05, 1074 M, p<0.01; diclofenac, 107> to 107* M,
p<0.01) in a concentration dependent manner. Simul-
taneously, chondrocytic necrosis was also signifi-
cantly induced by the treatments of the four NSAIDs
(indomethacin, diclofenac, and ketorolac, 1075 M,
p<0.05, 107*M, p<0.01; piroxicam, 107> to 10™* M,
p<0.05) (Fig. 8).
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Fig. 4. Concentration—response effects of NSAIDs on cytotoxicity of
chondrocytes. Cultures were treated with indomethacin, diclofenac,
ketorolac and piroxicam at 107 to 10~*M for 17h (A) or 24h (B);
and celecoxib and DFU were treated for 24 h (C). LDH leakage was
tested in each culture and calculated as described in Section 2. Each
bar represents mean & S.E.M. of five replicate cultures. Experiments
were repeated at least three times and revealed similar results. Data
were evaluated by one-way ANOVA and multiple comparisons were
performed by Scheffe’s methods. “p <0.05, **p <0.01 in comparison
with the control culture.

4. Discussion

It is well known that non-selective NSAIDs suppress
bone repair and bone remodeling of normal bones
(Allen et al., 1980; Ho et al., 1995; Keller et al., 1987,
Nilsson et al., 1986; Tornkvist et al., 1985; Tornkvist and
Lindholm, 1980). It has been indicated that COX-2 selec-
tive NSAIDs have less gastrointestinal complications,
and were suggested for chronic treatment. However, it
was reported that COX-2 selective NSAIDs also sup-
press fracture repair (Brown et al., 2004; Einhorn, 2003).
Nevertheless, the mechanisms involved in the NSAID
influence on fracture repair are not clearly defined. A
previous report indicated that ketorolac, an NSAID,
delayed the endochondral ossification during fracture

repair (Ho et al., 1998). One of the important events
in the processing of endochondral ossification is the
coordination of the participated cells, such as stem cells,
chondrocytes, osteoblasts and osteoclasts. Accordingly,
we investigated the effects of NSAIDs on osteoblastic
functions, and found that NSAIDs suppressed prolif-
eration and induced cell death in cultured osteoblasts
(Changetal., 2003, 2005). In this study, we further found
that four non-selective NSAIDs and a COX-2 inhibitor,
celecoxib, suppressed the proliferation of chondrocytes
at a wide concentration range (108 to 10~* M) covering
the theoretic therapeutic concentrations. The theoretic
therapeutic concentrations of non-selective NSAIDs
and COX-2 inhibitors are approximately 10~ and
107°M, respectively (Blocka et al., 1988; Buckley and
Brogden, 1990; Clemett and Goa, 2000; Depre et al.,
2000; Oberbauer et al., 1993; Todd and Sorkin, 1988).
Among the four non-selective NSAIDs, indomethacin
and diclofenac suppressed chondrocytic proliferation by
13-63% at concentration starting from 1078 t0 1074 M,
revealing the stronger suppressive effects than the
other two NSAIDs (a 12-28% decrease). Furthermore,
indomethacin and ketorolac were found to arrest chon-
drocytic cell cycle at the Go/G; phase. Interestingly,
DFU, a highly selective COX-2 inhibitor (Brideau et al.,
2001), had no significant effect on chondrocytic pro-
liferation at concentration range of 1078 to 107* M. It
implied that the celecoxib caused proliferation inhibition
on chondrocytes might not relate to COX-2 inhibition.
In this study, we further found that the four tested
non-selective NSAIDs caused significant cytotoxicity on
chondrocytes at a concentration range (107 to 10™* M)
covering the theoretic therapeutic dose (107> M). These
effects of indomethacin, diclofenac and ketorolac could
be detected 17 h after drug treatment, and became more
severe 24 h after treatment. However, COX-2 selective
NSAIDs revealed less cytotoxic on chondrocytes, where
celecoxib showed cytotoxic only at 10~*M and DFU
showed non-significantly cytotoxic at 107° to 10™* M.
Therefore, the effects of COX-2 selective inhibitors on
chondrocyte death were not further investigated. We fur-
ther found that a 24 h treatment of these non-selective
NSAIDs induced cell death of chondrocytes, where
almost equal severity of apoptosis and necrosis were
detected by flow cytometry. Our results from TUNEL
staining revealed that the apoptotic rate of chondrocytes
induced by NSAIDs was consistent with the finding
from flow cytometry. The specificity of TUNEL stain-
ing for detecting apoptotic cells has been doubted since
some of the necrotic cells might have been enumerated
in this measurement. On the other hand, caspase 3 is
the final executive endonuclease to degrade chromatin
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Fig. 5. Effects of prostaglandins on cytotoxicity of chondrocytes. Cultures were treated with PGE;, PGE,, or PGF,a, at 1078 M for 24 h (A).
LDH leakage was tested in each culture and calculated as described in Section 2. The LDH leakage of cultures treated with NSAID (indomethacin,
diclofenac, ketorolac or piroxicam; 1076 to 10~* M) only and NSAID plus PGE1, PGE2 or PGF2a (10~8 M) were also compared (B). Data shown
in mean £ S.E.M. of six replicated cultures were evaluated by one-way ANOVA, and no significant difference among PG-treated and the non-treated
control cultures (A). Comparisons of the data from cultures treated with NSAID only and NSAID plus PG were evaluated by Student’s #-test, and no
significant differences were found in each concentration of individual NSAID. Experiments were repeated at least three times and revealed similar

results.

into DNA fragments during apoptosis process, reveal-
ing a highly specific marker to indicate cell apoptosis.
Accordingly, caspase 3 activity was detected in this study
to further confirm these NSAID effects on chondro-
cytic apoptosis. The results showed that the significance

and trend of NSAID effects on chondrocytic apoptosis
detected by TUNEL stain and caspase 3 activity from
flow cytometry were consistent, but the value detected
from the latter was rather low. The different results from
both detections could be due to the different sensitivi-
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Fig. 6. Effects of NSAIDs on chondrocytic apoptosis measured by
TUNEL stain. Representative microphotographs (x100) of TUNEL
stained chondrocyte cultures are shown (C). The apoptotic cells were
TUNEL stained positive (red fluorescence). Cultures were treated with
indomethacin, diclofenac, ketorolac and piroxicam at 10~5and 1074 M
for 17h (A) or 24 h (B). The apoptotic rate was the percentage of apop-
totic cells to total counted cells. Each bar represents mean &= S.E.M.
of four replicate cultures. Experiments were repeated at least three
times and revealed similar results. Data were evaluated by one-way
ANOVA and multiple comparisons were performed by Scheffe’s meth-
ods. *p<0.05, ““p<0.01 in comparison with the control culture. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

ties of both detections and/or recognizing the caspase
3 active cells as apoptotic cells revealing higher speci-
ficity. Taken together, the results of LDH leakage and
cell death from this study indicated that a therapeutic
concentration range (10_6 to 107* M) of these tested
non-selective NSAIDs might cause cytotoxic effects on
epiphyseal-articular chondrocytes through both induc-
ing necrosis and apoptosis.

For the purpose of observing drug effects on cell
proliferation and death, especially the drugs that have
suppressive effects on bone repair, the stimulatory fac-

tors, such as growth factors, existing in serum was a
concern. Accordingly, in this study we used 2% FCS
instead of 10% FCS in culture medium prior to test-
ing drug effects on cell cultures. LDH leakage and cell
cycle kinetics of chondrocytes cultured in 10 and 2%
FCS contained media were compared prior to the drug
effect experiments, and no significant differences were
found. Therefore, the drug effects on cell cycle kinetics
and cell death found in this study were not a consequence
of decreasing FCS in medium.

The results of this study indicated that non-selective
NSAIDs had more deteriorative effects on proliferation
and cell death in fetal rat epiphyseal-articular chondro-
cytes than COX-2 selective NSAIDs did. It has been
reported that the selectivity ratio for COX-2 inhibition
(IC50 value of COX-1/COX-2) by rofecoxib in human
whole blood assay was 35, while celecoxib was 7.6
(Riendeau et al., 2001). DFU has also been reported
to possess high COX-2 selectivity in equine, canine
and feline blood (COX-1/COX-2 ratio: 775, 75 and 69,
respectively) (Brideau et al., 2001). The selectivity of
DFU on COX-2 inhibition is much higher than that of
celecoxib, while the proliferation inhibition and cyto-
toxicity could be induced by celecoxib but not DFU. It
seems to imply that these negative effects of NSAIDs
on chondrocytic functions are due to the COX-1 inhibi-
tion and thus decreasing PG synthesis. Previous reports
demonstrated that PG stimulates bone formation in vivo
(Furuta and Jee, 1986; Jee et al., 1985, 1987; Kawaguchi
etal., 1995; Mori et al., 1990; Shih and Norrdin, 1986a,b,
1987; Ueno et al., 1985), suggesting the PG inhibition
by NSAIDs might be the reason that NSAIDs suppress
bone repair (Norrdin et al., 1990). On the other hand,
previous in vitro studies indicated that PGEs inhibited,
but not stimulated, osteoblastic proliferation (Centrella
etal., 1994; Hoetal., 1999; Yamaguchi et al., 1989). Our
previous studies further demonstrated that non-selective
NSAIDs inhibit proliferation and induce apoptosis of
osteoblasts through pathways not related to PGs (Chang
et al., 2005; Ho et al., 1999). Several studies from dif-
ferent sources of cells, such as colon cancer cells, vas-
cular smooth muscle cells, tendon cells, etc., indicated
that NSAIDs suppress proliferation and induce apoptosis
through affecting the expressions of cell cycle regulators
and/or proapoptotic proteins, but not PG related mecha-
nisms (Hanif et al., 1996; Kazanov et al., 2004; Kucab
et al., 2005; Marra et al., 2000; Tsai et al., 2004). In this
study, our results showed that both 6 and 24 h treatments
of PGE2 and PGF2a had no significant effects at a con-
centration range of 10710 to 10~7 M, but a 24 h treatment
of PGE1 (1073 to 1077 M) had inhibitory effects. These
results revealed that PGE1 has either no effect (10719 to
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Fig. 7. Effects of NSAIDs on caspase 3 activity of chondrocytes measured by flow cytometry. Cultures were treated with indomethacin, diclofenac,
ketorolac and piroxicam at concentrations of 10=> and 10~* M for 24 h. Caspase 3 activity was measured by flow cytometry. Each bar represents
mean £ S.E.M. of three replicate cultures (A). Data were evaluated by one-way ANOVA and multiple comparisons were performed by Scheffe’s
methods. The representative flow cytometry profiles that were measured after a 24 h treatment of indomethacin are shown (B). Experiments were
repeated at least three times and revealed similar results. “p <0.05, **p <0.01 in comparison with the control culture.

10~2 M) or inhibitory effects (1078 to 10~ M) on chon-
drocytic proliferation, suggesting NSAIDs might not
suppress chondrocytic proliferation by blocking PGE1
synthesis. Excluding PGE2 and PGF2a may play a
physiologic role in maintaining chondrocytic prolifer-
ation, we further replenished PGE2 or PGF2a (10~8 M)
in ketorolac treated cultures. The results showed that
neither PGE2 nor PGF2a could reverse the suppres-
sive effects of ketorolac. Furthermore, we found that
PGEI, PGE2 and PGF2a (1078 M) had no significant
effect on chondrocytic cytotoxicity. Replenishments of
each PG in the NSAID-treated cultures also could not
reverse the NSAID effects on LDH leakage. There-
fore, we suggest that the inhibitory effects of NSAIDs
on chondrocytic proliferation and cytotoxicity found in

this study may be through pathways not related to PG
synthesis.

Together with our previous finding of non-selective
NSAID effects on osteoblasts and those on chondrocyts
found in this study, we suggest that the NSAIDs caused
proliferation inhibition and cell death of osteoblasts and
chondrocytes may be the important factors contributing
to the non-selective NSAID effects on delaying the frac-
ture repair found in previous studies. In addition, this
finding also implies that these NSAIDs are also possibly
affect normal endochondral ossification in epiphyseal
growth plate and/or the homeostatic functions of articu-
lar chondrocytes. On the other hand, although previous
reports indicated that both celecoxib and rofecoxib sup-
pressed bone repair in animal studies, our results showed
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Fig. 8. Effects of NSAIDs on cell death (apoptosis and necrosis) of chondrocytes measured by double-stained flow cytometry. Cultures were treated
with indomethacin diclofenac, ketorolac and piroxicam at concentrations of 10~ and 10~* M for 24 h. Cell apoptosis and necrosis were measured
by Annexin V-FITC and PI double-stained flow cytometry. The annexin V-FITC stained cells were defined apoptotic, while the double-stained cells
were necrotic (A). The representative flow cytometry profiles that were measured after a 24 h treatment of indomethacin are shown (A). Percentages
of apoptotic and necrotic chondrocytes to total counted chondrocytes from the control and drug-treated cultures are shown (B). Data are shown
in mean = S.E.M. of four replicate cultures. Experiments were repeated at least three times and revealed similar results. “p <0.05, “*p<0.01 in

comparison with the control culture.

that only celecoxib suppressed chondrocytic prolifera-
tion, but not DFU. Interestingly, our recent unpublished
data showed that both COX-2 inhibitors showed very
strong suppressive effects on proliferation of osteoblasts
and stem cells. We suggest that the adverse effects
of these drugs on the functions of the different cells
involved in bone repair may result in impairing the pro-
cess. The molecular mechanisms of the COX-2 selective
and/or non-selective NSAIDs that affect the regulation
of cell cycle and death in different bone cells may be
complicated and need to be further investigated.
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