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A B S T R A C T

Reactive oxygen species (ROS) and nitric oxide (NO) have been implicated in chondrocyte senescence and
cartilage aging, pathogenesis of osteoarthritis (OA), and rheumatoid arthritis. Naturally occurring polyphenolic
compounds (PPCs), such as curcumin (turmeric), resveratrol (grape), and epigallocatechin-3-gallate (EGCG)
(green tea), have been known for their anti-inflammatory and chondroprotective effects. However, the potential
protective effects of these PPCs against oxidative stress in chondrocytes are unclear. To investigate this, bovine
articular chondrocytes and human osteoarthritic chondrocytes were pre-treated with PPCs at varying concen-
trations, and then exposed to hydrogen peroxide (H2O2) as an ROS inducer or S-nitroso-N-acetylpenicillamine
(SNAP) as a NO donor. Alternatively, chondrocytes were co-treated with polyphenols and H2O2. Intracellular
ROS/NO were measured using a fluorescent dye technique (H2DCF-DA for ROS; DAF-FM for NO). Our findings
showed that PPC pre-/co-treatment inhibited both H2O2-induced ROS and SNAP-induced NO at different con-
centrations in both bovine chondrocytes and human osteoarthritic chondrocytes. Curcumin also increased
glutathione peroxidase activity in the presence of H2O2 in bovine chondrocytes. Taken together, these findings
indicate that PPCs are capable of suppressing oxidative stress- induced responses in chondrocytes, which may
have potential therapeutic value for OA clinical application.
1. Introduction

Osteoarthritis (OA) is a progressive disease caused by destruction of
articular cartilage and proliferative remodeling of subchondral bone. OA
is the most common form of arthritis, affecting an estimated 12% of
adults of ages 25–74 in the U.S [1]. The clinical management of OA
continues to be a challenge. The conventional treatment for OA is the
administration of analgesic nonsteroidal anti-inflammatory drugs, which
have well known, severe side effects and are only temporarily and
marginally effective for reducing symptoms, such as pain and inflam-
mation, or for maintaining joint mobility, and/or limiting the loss of
function. Therefore, novel, safe, and more efficacious agents are needed
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for OA treatment. The search for candidate disease modifying osteoar-
thritis drugs (DMOADs) is one of the major goals of current OA research.

The balance between reactive oxygen species (ROS) production and
antioxidant defense determines the extent of cellular oxidative stress. It is
widely accepted, but not conclusively proven, that the level of oxidative
stress increases with aging and leads to the damage of cellular macro-
molecules such as DNA. In cartilage, the extracellular matrix (ECM)
proteins are also likely to be key targets of ROS [2,3]. Chondrocytes are
capable of producing hydroxyl radical [4], hydrogen peroxide [5], and
superoxide species [6]. While there is growing support that ROS may
contribute to vital cell signaling mechanisms [7–9], a large body of evi-
dence has demonstrated the detrimental effects of these highly reactive
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and labile molecules in cartilage. For example, ROS lead to inhibition of
proteoglycan synthesis [10,11] and have been implicated in the degen-
eration of the ECM through lipid peroxidation and formation of malon-
dialdehyde and hydroxynonenal adducts [2]. There is accumulating
evidence to suggest that excessive levels of ROS are cytotoxic to chon-
drocytes [12–14]. To prevent an accumulation of ROS-mediated dam-
ages, chondrocytes possess a well-coordinated enzymatic antioxidant
system formed principally by catalase, glutathione peroxidase (GPx), and
superoxide dismutase (SOD) [15]. In addition, nitric oxide (NO) and its
redox derivatives appear to have a number of different functions in both
normal and pathophysiological joint conditions [16]. NO is produced in
osteoarthritic cartilage. Inducible nitric oxide synthase (iNOS) enzyme is
also upregulated in osteoarthritic chondrocytes, resulting in an excess of
NO and perpetuating the release of inflammatory cytokines and other
catabolic processes. NO inhibits both proteoglycan and collagen syn-
thesis, activates matrix metalloproteinases (MMPs), mediates chon-
drocyte apoptosis, and promotes chondrocyte inflammatory responses
[16]. All of these activities contribute to the catabolic consequences of
NO in cartilage.

Natural plant products have been used throughout human history for
various purposes. Experimental studies on animals as well as cultured
human cell lines suggest the potential of the natural products, poly-
phenolic compounds (PPCs, see Fig. 1) in the treatment of a number of
diseases, such as cardiovascular diseases, cancers, neurodegenerative
diseases, diabetes, osteoporosis, and OA [17]. PPCs exhibit a range of
biological activities, including anti-inflammatory, anti-carcinogenic, and
estrogenic activities as well as cardiovascular protection, free-radical
scavenging, inhibition/induction of apoptosis, and inhibition of platelet
aggregation [17–19,52,53]. Thus, PPCs, which are mostly derived from
edible plants or plant products, most likely act on pathways common to a
variety of cellular/biochemical activities. PPCs show many beneficial
effects; however, over-consumption may cause adverse effects [19].
Fig. 1. Chemical structures of EGCG, curcumin and resveratrol.
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More experimental and clinical trials with PPCs, either alone or in
combination with existing pharmacotherapeutics, are clearly needed to
fully evaluate their potential. Their safety, combined with low cost and
generic systemic beneficial effects, make nutraceutical PPCs attractive
and promising agents to be explored for prevention and treatment of
diseases.

In the context of cartilage degeneration, PPCs have been shown to
exhibit potent inflammation modulatory activities. For example, curcu-
min (turmeric) (1) inhibits the action of inflammatory and catabolic
mediators, such as PGE2, COX-2 and, interleukin (IL)-6 in human chon-
drocytes [18], and (2) promotes chondrogenesis of mesenchymal stem
cells by suppression of nuclear factor (NF)-κB [20]. Also,
curcumin-phosphatidylcholine complex (Meriva®) decreased joint pain
and improved joint function in OA patients [21]. A recent study showed
that short-term supplementation with curcuminoids attenuated systemic
oxidative stress in patients with osteoarthritis [22]. Another PPC,
resveratrol (grape) also displays anti-inflammatory and chon-
droprotective activities [23]. Intra-articular resveratrol treatment
reduced cartilage loss in a rabbit model [24]. EGCG (green tea) showed
multiple anti-arthritic effects, such as reducing levels of MMPs [25],
COX-2 [26], nitric oxide [26] and prostaglandin E2 [26], and suppressing
mitogen activated protein (MAP) kinases [27], activator protein (AP)-1
[27], expression of growth factors [28], angiogenic factors [28], and
cytokines and chemokines [28] in IL-1β-stimulated human osteoarthritic
chondrocytes. Recent publications showed that pomegranate juice
(containing punicalagin and ellagic acid) reduced MMP-13 and increased
glutathione peroxidase (GPx) in patients with knee OA [29]. Other
studies have shown reduced ROS and NO production and
pro-inflammatory cytokines by ginsenoside Rb1 in young rat chon-
drocytes [30], and the synergistic effect of resveratrol and curcumin on
inhibiting IL-1β induced inflammation and apoptosis [31].

Some studies have also shown conflicting results for the effect of
curcumin and resveratrol on articular chondrocytes, depending on the
model system used [18,30,32]. Therefore, in this study, we aimed to
investigate the effect of multiple PPCs on chondrocyte oxidative stress, by
using cells from healthy adult bovine chondrocytes, as well as chon-
drocytes from adult patients with OA as models of cartilage oxidative
stress injury initiation and progression, respectively. In this investigation,
we report that PPC treatment is capable of suppressing oxidative
stress-induced responses in both human osteoarthritic and bovine
healthy chondrocytes, which may have potential therapeutic value for
clinical applications of PPC for OA treatment.

2. Materials and methods

2.1. Chemicals

Epigallocathechin-3-gallate (EGCG), resveratrol and curcumin were
purchased from LKT laboratories, Inc (St. Paul, MN) (Fig. 1). Hydrogen
peroxide (H2O2) was obtained from Sigma-Aldrich (St. Louis, MO).
Dulbecco's Modified Eagle's Medium (DMEM), F12 medium, antibiotic-
antimycotic (Anti-anti), ethylenediaminetetraacetic acid (EDTA),
trypsin-EDTA (Invitrogen), penicillin-streptomycin (Pen Strep), fetal
bovine serum (FBS), phosphate-buffered saline (PBS), 20,70-dichlor-
odihydrofluorescein diacetate (H2DCF-DA), 4-amino-5-methylamino-
20,70-difluorofluorescein diacetate (DAF-FM diacetate), Amplex Red
Catalase activity assay kit, Nω-nitro-L-arginine methyl ester hydrochlo-
ride (L-NAME) as a NO inhibitor, and S-nitroso-N-acetylpenicillamine
(SNAP) were purchased from Invitrogen (Carlsbad, CA). Collagenase
type 2 was purchased from Worthington Biochemical Corporation
(Lakewood, NJ). Bradford protein assay reagent was purchased from
BioRad (Hercules, CA). Stock solutions of 100 mM EGCG, 100 mM cur-
cumin, 1 M NAC, 1 M L-NAME were prepared in DMSO and stored at
�20 �C until use. 10 mM H2DCF-DA and 5 mM DCF-DA-diacetate were
prepared as stock solutions in DMSO, stored at �20 �C, and diluted in
PBS to 20 μM and 10 μ M, respectively, prior to use.
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2.2. Cell culture

Samples of human osteoarthritic articular cartilage (3 Female pa-
tients, age 54, 54, 55 (average age: 54) were obtained as total joint
arthroplasty surgical waste according to approved IRB protocol (Uni-
versity of Pittsburgh, PA, USA and University of Washington, Seattle,
WA, USA). Joint surface regions without macroscopic signs of degener-
ation but adjacent to lesion sites were individually harvested, to repre-
sent cartilage tissues exposed to an inflammatory environment and likely
primed for degeneration. Chondrocytes were enzymatically isolated from
the articular cartilage using a standard protocol in the laboratory [33,
34].

Bovine articular cartilage was harvested from the patello-femoral
groove of the hind-leg stifle of 2–3 year old cows within 24 h of
slaughter (JW Trueth and Sons, Baltimore, MD) [35]. Bovine chon-
drocytes were isolated enzymatically using a standard protocol [33].
Both human and bovine chondrocytes were used at relatively low pas-
sage number (Passage 2) in order to maintain the chondrogenic pheno-
type while using a sufficient number of chondrocytes for our
experiments. Both human and bovine chondrocytes at passage 1 were
seeded into 150 cm2 tissue culture flasks at a density of ~40,
000 cells/cm2 in DMEM/F12 with 10% FBS and antibiotic-antimycotic.
After culturing at 37 �C for 2 days when ~80% confluence was
reached, cells were detached with 0.25% trypsin-EDTA and further
cultured at a density of ~40,000 cells/cm2 in DMEM/F12 with 10% FBS
for 1 day, and then serum starved, in DMEM/F12 with 1% FBS overnight,
followed by treatments with PPC and either H2O2 or SNAP treatment.

2.3. Detection of reactive oxygen species (ROS) and NO production in
chondrocytes

Production of cellular ROS was evaluated by analyzing changes in
fluorescence intensity resulting from the oxidation of the intracellular
fluoroprobe H2DCF-DA [36]. H2DCF-DA enters cells passively and is
de-acetylated by cytoplasmic esterase to the non-fluorescent dichlor-
o-dihydrofluorescein (DCFH). DCFH reacts with ROS to form dichloro-
fluorescein (DCF), a fluorescent product. Briefly, for ROS detection,
bovine chondrocytes and human osteoarthritic chondrocytes
(1� 104 cells/well) were plated into 96-well plates. After 24 h, cells were
pre-labeled with 10 μM H2DCF-DA for 15 min, and then co-treated with
100 μM H2O2 and with or without EGCG (10–50 μM), curcumin
(10–50 μM), or resveratrol (10–50 μM), for 30 min.

Production of cellular NO was evaluated by analyzing changes in
fluorescence intensity resulting from the oxidation of the intracellular
fluoroprobe DCF-DA-diacetate [36]. DCF-DA-diacetate enters cells
passively and is de-acetylated by cytoplasmic esterase to the weakly
fluorescent DCF-DA. DCF-DA reacts with NO to form benzotriazole de-
rivative, a fluorescent product. For NO detection, bovine chondrocytes
and human osteoarthritic chondrocytes (1 � 104 cells/well) were plated
into 96-well plates. After 24 h, cells were pre-labeled with 10 μMDCF-FM
for 15 min, and then co-treated with 500 μM SNAP (Sigma) and with or
without EGCG (10–50 μM), curcumin (10–50 μM), or resveratrol
(10–50 μM), for 30 min. Fluorescence signals were recorded at excita-
tion/emission of 485 nm/528 nm (BioTek, Winooski, VT).

2.4. Catalase and GPx assays

Chondrocytes (4 � 105/well) were seeded on 6-well plates. After
24 h, cells were co-incubated with 100 μM H2O2 and curcumin for
30 min. Cells were lysed with 0.5% Triton X-100 solution in PBS for
20 min at room temperature (for catalase assay) or with GPx assay buffer
(for GPx assay), and the supernatant after centrifugation at 10,000g� for
10 min at 4 �C was used for enzyme assay. (1) Catalase -The Amplex Red
Catalase Assay Kit (Invitrogen, Carlsbad, CA) was used according to the
manufacturer's protocol [36]. In brief, reaction mixtures containing 50 μl
of 100 μM Amplex Red containing 0.4 U/mL HRP, 25 μL of 40 μM H2O2,
3

0.2 units/mL horseradish peroxidase, and 25 μL of cell lysate were
incubated at 37 �C for 30 min. Catalase activity was determined spec-
trophotometrically based on A570 and normalized with respect to protein
concentration of each sample. (2) GPX – The GPx assay Kit (BioVision,
Milpitas, CA) was used according to the manufacturer's protocol [36],
and enzyme activity was determined spectrophotometrically based on
A340 and normalized with respect to protein concentration of each
sample.

2.5. Statistical analysis

Significant differences were assessed with two-tailed Student's t-test
for two-group comparisons, and denoted as p < 0.05 (*) and p < 0.0 1
(**).

3. Results

3.1. PPCs suppress inducible ROS/NO levels in bovine chondrocytes

A number of studies have demonstrated that oxidative damage due to
over-production of NO and other ROS may be involved in the patho-
genesis of OA [37–40]. Our initial experiment thus aimed to explore
whether PPC treatment of chondrocytes protected them against insults of
ROS and NO. To investigate this hypothesis, we first used chondrocytes
isolated from healthy bovine articular cartilage and challenged them
with H2O2 as an ROS inducer or SNAP as an NO donor to simulate the
conditions of elevated cellular ROS/RNS, with or without PPC treatment.

To investigate whether EGCG, curcumin and resveratrol could inhibit
intracellular ROS production, bovine articular chondrocytes were co-
treated with the PPCs at varying concentrations, and H2O2. Our results
indicated that treatment with any of the three PPCs rapidly and sub-
stantially reduced H2O2-induced ROS productions (Fig. 2). We previously
showed that PPCs did not directly affect H2O2 in the absence of cells [36].
We next investigated whether these three PPCs could inhibit cellular NO
accumulation. Bovine chondrocytes were co-treated with PPCs at varying
concentrations, and then exposed to SNAP as an NO donor. As shown in
Fig. 3, EGCG treatment resulted in a reduction in SNAP-induced NO
levels, while no statistical significant difference was seen upon treatment
with the other two PPCs.

It should be noted that we had initially tested a number of treatment
periods for both co-treatment with PPC and H2O2 (Supplemental
Figure 1) and pre-treatment with PPC, followed by treatment with H2O2
(Supplemental Fig. 2). With co-treatment, the PPC effect was attenuated
with longer incubation times (Supplemental Figure 1). We also observed
that longer PPC pre-incubation time (>3 h) resulted in increased ROS
production in the absence of H2O2; in particular, EGCG, when adminis-
tered alone, showed significant pro-oxidative effects (3.6-fold versus
untreated control), while curcumin (1.4-fold) and resveratrol (1.3-fold)
showed lower effects (Supplemental Fig. 2). On the other hand, a 3-h pre-
treatment with PPCs followed by treatment with H2O2 did result in a
reduction of H2O2 induced ROS at 30 min, but the effect was lost after
24 h (Supplemental Fig. 2).

Because of the possible pro-oxidant effect of longer time exposure to
PPCs, a short interval of simultaneous PPC co-treatment with H2O2 or
SNAP was therefore used for all subsequent experiments. It is noteworthy
that, among the PPCs tested for a longer time (23 h) treatment, curcumin
appeared to have an overall more robust effect on reducing
H2O2–induced ROS (Supplemental Figure 1), which could translate into a
more sustained in vivo antioxidant effect in OA. We therefore next aimed
to investigate the mechanism of action of curcumin on cellular ROS and
NO metabolism.

3.2. Curcumin increases GPx activity in the presence of H2O2

Alterations in intracellular ROS levels could also result from changes
in cellular antioxidant defense systems. Specifically, the antioxidant



Fig. 2. PPCs suppress inducible ROS levels in bovine chondrocytes. Bovine
chondrocytes pre-labeled with 10 μM H2DCF-DA were exposed to 100 μM H2O2

for 30 min, with or without PPC co-treatment at various concentrations: (A)
curcumin, (B) resveratrol, and (C) EGCG. Fluorescence signals corresponding to
ROS levels were recorded at excitation/emission of 485 nm/528 nm. Results are
expressed as mean � SD (N ¼ 3). Difference relative to untreated controls: *,
p < 0.05; **, p < 0.01.

Fig. 3. PPCs suppress inducible NO levels in bovine chondrocytes. Bovine
chondrocytes pre–labeled with 10 μM DCF-FM were exposed to 500 μM SNAP
(Sigma) for 30 min, with or without PPC co-treatment at various concentrations:
(A) curcumin, (B) resveratrol, and (C) EGCG. Fluorescence signals correspond-
ing to NO levels were recorded at excitation/emission of 485 nm/528 nm. Re-
sults are expressed as mean � SD (N ¼ 3). Difference relative to untreated
controls: *, p < 0.05; **, p < 0.01.
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enzymes, SOD, catalase and GPx, play significant roles in protecting cells
against radicals-mediated damage. We therefore exposed bovine chon-
drocytes to 100 μM H2O2 for 30 min, with or without co-treatment with
curcumin, and measured the activity of the anti-oxidant enzymes, cata-
lase and GPx, which have been shown to be responsive to ROS [36].

The cytosolic levels of catalase activity were not significantly altered
by H2O2, and therefore the effect of curcumin on H2O2-induced chon-
drocyte oxidative stress could not be evaluated (Fig. 4A) [41]. We
4

noticed a similar lack of effect of H2O2 on GPx activity; however, upon
co-treatment with curcumin and H2O2, an increased in GPx activity was
observed compared to treatment with H2O2 alone (Fig. 4B).
3.3. Curcumin suppresses ROS/NO production in human osteoarthritic
chondrocytes

We next investigated whether PPC treatment was also effective in



Fig. 4. Curcumin effects on ROS-induced enzyme changes in bovine
chondrocytes. Bovine chondrocytes co-treated with 100 μM H2O2 and curcu-
min for 30 min were lysed and assayed for (A) catalase and (B) GPx activities.
Results are expressed as mean � SD (N ¼ 3). Difference relative to untreated
controls (VC, vehicle control): *, p < 0.05; **, p < 0.01.

Fig. 5. Curcumin suppresses inducible ROS/NO levels in human osteoar-
thritic chondrocytes. (A) ROS. Human osteoarthritic chondrocytes pre-labeled
with 10 μM H2DCF-DA were exposed to 100 μM H2O2 for 30 min, with or
without curcumin co-treatment for 30 min. (B) NO. Human osteoarthritic
chondrocytes pre-labeled with 10 μM DAF-FM were co-exposed to 500 μM SNAP
for 30 min, with or without co-treatment with curcumin. Fluorescence signals
were recorded at excitation/emission of 485 nm/528 nm. Results are expressed
as mean � SD (N ¼ 3). Difference relative to untreated controls: *, p < 0.05;
**, p < 0.01.
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human cells, particularly chondrocytes derived from osteoarthritic
articular cartilage. Human osteoarthritic chondrocytes were treated with
H2O2 and SNAP to simulate the oxidative stress environment observed
during OA progression. As shown in Fig. 5, treatment with 100 μM H2O2
or 500 μM SNAP significantly induced ROS and NO, respectively, in
human osteoarthritic chondrocytes. Co-treatment with curcumin effec-
tively reduced the elevation of ROS and NO levels in osteoarthritic
chondrocytes (Fig. 5).

4. Discussion

In this investigation, we have induced elevated ROS/NO levels in
cultured chondrocytes to mimic the oxidative stress conditions during
OA pathogenesis. Our findings showed that treatment of bovine chon-
drocytes with the three PPCs inhibited H2O2-induced-intracellular ROS.
EGCG was the only treatment that showed a reduction in NO in bovine
chondrocytes exposed to SNAP. Curcumin also blocked H2O2/SNAP
5

induced-intracellular ROS/NO in human osteoarthritic chondrocytes. In
addition, curcumin increased GPx activity in the presence of H2O2;
however, catalase activity was not significantly changed either by H2O2
or curcumin treatment. This observation could be because our catalase
assay was not sufficiently sensitive to detect the changes at the H2O2
concentrations used. While both higher doses and longer treatment with
H2O2 could be employed to elicit measurable effects on antioxidant
enzyme activities in cultured cells [42], we intentionally kept H2O2
concentration at the low end of the spectrum to minimize non-specific
cytotoxicity [43]. On the other hand, PPCs showed rapid inhibition of
elevated ROS/NO, being effective when co-introduced with ROS/NO
inducing agents for 30 min (Figs. 2 and 3) or even shorter time (data not
shown).

From our pilot study (Supplemental Figs. 1 and 2), pre-incubation
with PPCs before exposure to H2O2 did not provide additional benefi-
cial effects compared to co-treatment, and the longer H2O2 exposure
minimized the PPC effect, with the exception of curcumin, which
appeared to maintain the ROS reduction effect even at 24 h. This feature
suggests that PPCsmay have a more beneficial effect when provided in an
acute process, such as injury to cartilage in post-traumatic OA, either
locally or by intra-articular injection, to reduce the local, injury-induced
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ROS production. Animal studies have shown a beneficial effect of intra-
articular injection of PPC (EGCG and tannic acid) in a model of
collagen induced arthritis [44], and a reduction in disease progression by
curcumin when applied topically in a model of post-traumatic OA [45].

In our previous report, we observed that treatment with PPCs showed
similar rapid action in human bone marrow-derived mesenchymal stem
cells [36]. The PPCs used here are known as typical amphipathic drugs
that are able to bind to cell membranes [46,47]. Previous studies have
shown rapid incorporation of PPCs into cells and binding of PPCs to cell
membrane with concomitant anti-oxidative effects [46,48,49]. It is thus
likely that the effects of PPCs on chondrocytes are mediated by PPC first
binding to and diffusing across the cell membrane, followed by entry into
the cytoplasm, to result in effective reduction of ROS/NO in the cytosol as
well as the nucleus.

A number of PPCs are well known for their antioxidant and anti-
inflammatory activities, and are consumed as micronutrients in the
human diet, with an average consumption of 1 g/day [44,50,51]. PPCs
taken orally are extensively metabolized in the intestinal and hepatic
systems, with the resultant metabolites present in the plasma exhibiting
different biological activities [44,51]. PPCs have been reported to exhibit
a range of biological activities, including anti-inflammatory, anti-carci-
nogenic, and estrogenic activities, as well as cardiovascular protection,
free-radical scavenging, inhibition/induction of apoptosis, and inhibition
of platelet aggregation [31,52,53]. However, their therapeutic value has
been limited because of their light sensitivity, low water solubility, and
poor oral bioavailability [54]. Interestingly, a recent study showed that
curcumin encapsulated in nanoparticle-sized liposomes for improved
drug bioavailability may slow osteoarthritis progression [54]. Also,
Theracumin® (Theravalues, Tokyo, Japan), a surface-controlled water--
dispersible form of curcumin, showed effectiveness in a double-blind
study in osteoarthritis [55]. The bioavailability of Theracumin® in
humans, estimated as the area under the blood concentration–time curve
after administration, was 27-fold higher than that of curcumin powder,
suggesting that this formulation may represent a major breakthrough in
the clinical use of this natural PPC product.

Surprisingly, we also observed pro-oxidant effects for all three PPCs
after 3 h of incubation, when introduced alone to the cells, without
addition of H2O2 (Supplemental Fig. 2). It has been shown previously
that PPCs can be oxidized in culture medium, thus interfering with
assessment of their antioxidative capabilities [56], and while addition of
10% FBS and pyruvate to medium should ameliorate this effect, our
serum starving conditions might have contributed to this increase in
oxidation. However, when H2O2 was added with the PPC, this
pro-oxidant effect was lost, and the introduction of PPC actually
decreased the ROS increase induced by H2O2. This feature might also
explain why co-incubation of cells with PPC and H2O2 can reduce
H2O2-induced ROS levels even after 24 h, while pre-incubation of cells
with PPC for 3 h before addition of H2O2 fails to have the same beneficial
effect observed at 24 h.

The pro-oxidant effect of PPC observed in vitro could have been only
an artifact of culture conditions, as some animal studies mentioned above
[24–28] have reported beneficial effect of PPC treatments. However, the
effect of PPCs on ROS should be carefully monitored in models of OA to
avoid increasing even slightly the oxidative stress, especially if applied
prophylactically when oxidative stress has not been induced yet.

In this study we have shown the beneficial effect of three selected
PPCs, that actually exhibited slight differences in the reduction of ROS
and NO radicals in chondrocytes. For example, while all three PPCs were
capable of reducing H2O2–induced ROS, only EGCG reduced NO pro-
duction induced by SNAP in healthy bovine chondrocytes, and curcumin
was capable of decreasing NO in human osteoarthritic chondrocytes. The
beneficial effect of PPCs in reducing ROS was observed in both normal
bovine chondrocytes treated with H2O2 as a model of acute injury and
immediate treatment, and in human osteoarthritic chondrocytes, as a
model of reducing degenerative disease progression. In addition, we have
shown possible pro-oxidant effects of the PPC when added in the absence
6

of oxidative stress, and while this could be a culture artifact, additional
studies should be done to investigate if prophylactic use of PPCs might
increase oxidative stress in healthy cartilage in vivo.

Taken together, the findings reported here suggest that selected PPCs
are capable of suppressing oxidative stress-induced responses in chon-
drocytes. While further studies are needed to exclude potential adverse
effects and to address the optimal timing and duration of their action,
PPC treatments have promising potential therapeutic value as DMOADs
for OA clinical applications.
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