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Carnosol ameliorates monosodium iodoacetate-
induced osteoarthritis by targeting NF-kB and Nrf-2
in primary rat chondrocytes
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a b s t r a c t

Oxidative stress and NF-kB signaling plays a major role in pathogenesis of osteoarthritis. In

the present study, we analyzed the potent role of carnosol against osteoarthritis in cells

treated using monosodium iodoacetate (MIA) model through in vitro studies. MIA caused

dose-dependent cell death and induced programmed cell death by increasing subG1 accu-

mulation and caspase-3 expressions. MIA caused oxidative stress by increasing reactive

oxygen species, lipid peroxidation and further induced NF-kB expression and down regu-

lated Nrf-2 levels. Pre-treatment with carnosol significantly protected the cells by reducing

the oxidative stress markers and improved the cell viability up to 98%. Further, carnosol

down regulated NF-kB nuclear expression with a concomitant increase in Nrf-2 nuclear

localization and up regulated the nuclear Nrf-2 levels. Carnosol also inhibited MIA-induced

subG1 accumulation and caspase-3 activation. This study demonstrates that, carnosol

might act as potent antioxidant and regulate MIA-induced oxidative stress, NF-kB signaling

and programmed cell death by up regulating the Nrf-2 levels.
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Introduction

Articular cartilage constitutes chondrocytes, proteoglycans,
collagen along with various non-collagen proteins. The
chondrocytes play an important role in the maintenance
of extracellular matrix through renewal of matrix proteins.
However, several etiologies related to shift in equilibrium
and functional changes includes obesity, trauma, mechani-
cal injury, and other systemic diseases (Goldring and
Goldring, 2007). Oxidative stress is one of the central
regulators in the development of osteoarthritis. Immune
activation and release of inflammatory cytokines contributes
to the pathogenesis of osteoarthritis (Henrotin et al., 2003; Li
et al., 2012). Monosodium iodoacetate (MIA) model mediates
apoptotic cell death in chondrocytes and induces degrada-
tion in cartilage tissues in vitro and in vivo (Grossin et al., 2006;
Ivanavicius et al., 2007). Chondrocyte function and viability is
closely related in the development and progression of
osteoarthritis. NF-kB and MAPK-Erk mediated molecular
signaling in chondrocytes inhibit collagen synthesis and
involve in cartilage damage and destruction. Pro-inflamma-
tory cytokines IL-1b and TNF-a also activates NF-kB and
further potentiates the cartilage loss (Dossumbekova et al.,
2007; Loeser et al., 2003; Ronzière et al., 2005). Chondrocyte
stress response and chronic inflammation are linked to
hypertrophy and apoptosis (Aigner et al., 2004; Clegg and
Mobasheri, 2003; Healy et al., 2005).

Development of chondrocyte dysfunction is mediated
through redox signaling, thus significant protection strategy
could be mediated through antioxidant treatment. In the
present study, we aimed at testing carnosol against MIA-
induced redox regulation in rat chondrocytes. Carnosol, ortho-
diphenolic diterpene, polyphenol found in rosemary and Sage
with higher antioxidant and anti-inflammatory property
(Aruoma et al., 1992; Lo et al., 2002). Reports also suggest
the anti-cancer potential of carnosol against prostrate, breast,
skin cancers (Huang et al., 1994; Johnson et al., 2008; Singletary
et al., 1996; Vergara et al., 2014; Valdés et al., 2014). However, its
effect on osteoarthritis has not been explored. In this study,we
have analyzed the cytotoxic potential of MIA and protective
effect offered by carnosol against these effects. Further,
mechanism involved in protection offered by carnosol on
MIA-induced oxidative stress, inflammation and programmed
cell death were studied.

Materials and methods

Primary cell culture and treatment

Theprimary rat chondrocyte isolation and culturing procedure
was followed as previously reported with minor modifications
(Jiang et al., 2013). Five-weeks-old Sprague-Dawley rats were
used for the present study. The articular cartilages from
femoral heads were isolated and digested in trypsin–EDTA for
30 min and then treated with collagenase (0.2%) solution for
3 h. The chondrocytes isolated were cultured in Minimal
Essential Eagel's Medium supplemented with 10% FCS and 1%
pencillin and streptomycin (5% CO2, 37 8C). MIA and carnosol

were dissolved in sterile distilledwater andDMSO respectively
and stock solutions were prepared at 1 M concentration.

Cell viability

MIA-induced cell death in rat chondrocytes were tested at
different concentrations using MTT assay (Mosmann, 1983).
For this, cells (1 � 105[7_TD$DIFF]) were seeded in 96 well plates and
allowed for 1 h attachment. In the preliminary study we have
performed MIA-induced cell death at 2, 6, 12 and 24 h and
carnosol pre-treatment for 12 and 24 h. However, only 24 h
treatment at different concentration of MIA showed dose
dependent cell death during MIA treatment. Further, carnosol
treatment at 12 h did not show cytoprotection (data not
shown). So further studies were continued at 24 h time point.
Further, maximum volume of vehicle used in the study was
tested for the cellular toxicity. The results showed that vehicle
by itself did not induce any cell death. The cells were treated
with different concentration of MIA from 2 to 12 mM
concentration for 24 h. For cytoprotection studies, carnosol
(2–10 mM) was treated for 24 h, followed by MIA. The medium
was removed after treatments and MTT (Cat. M5655, Sigma)
was added and incubated for another 5 h, followed which
dissolved inDMSO (472301, Sigma) and absorbancewas read in
spectrophotometer at 570 nm. All the groups were performed
in triplicates under 3 independent experiments and the results
were expressed as percentage cell viability compared to the
control.

Reactive oxygen species

Cellular reactive oxygen species were determined using
DCFDA – Cellular Reactive Oxygen Species Detection Assay
Kit (ab113851). For this, cells (1 � 106) were plated in 6 well
plate and incubated with 10 mM MIA for 24 h. For identifying
the protective role of carnosol; 10 mM carnosol was treated for
24 h. DCFDA solution was incubated for 45 min. Followed by
which the cells were treated with MIA for 24 h. Carnosol
treatment and control was also kept as separate group. The
reading was taken in fluorometer (Ultrospec 3000, Pharmacia
Biotech,Milan) and changes influorescence intensity at Ex: 485
and Em: 535 were recorded.

Lipid peroxide content

The cells (1 � 106) were treated with 10 mM carnosol for 24 h
followed by 10 mM MIA for 24 h. Separate groups of carnosol,
MIA and control were maintained. The lipid peroxide content
was determined as described in Lipid Peroxidation (MDA)
Assay Kit (ab118970).

Western blot analysis

The cells (1 � 106) were treated with 10 mM carnosol for 24 h
followed by 10 mM MIA for 24 h. For carnosol alone or MIA
alone treatment, cells were treated with respective com-
pounds for 24 h. The protein expressions were determined
through western blot. Cytosolic and nuclear extracts were
isolated using Nuclear/Cytosolic Fractionation Kit (Cellbiolabs,
Inc.) from different groups after treatment schedule. The 50 mg
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of isolated protein were separated in 12% SDS-PAGE and
transferred into nitrocellulose membrane. The blots were
blocked with 5% skimmed milk for 1 h and probed with
primary antibodies against (NF-kB, Abcam, 1:1000) and (Nrf-2,
Abcam, 1:1000) for overnight. After which, the blots were
washed with TBST thrice and anti-mouse secondary anti-
bodies (Abcam, 1:10,000) were added for 1 h. The blots were
washed with TBST thrice and developed with enhanced
chemiluminescence system and analyzed using ImageJ
software (Rasband, http://imagej.nih.gov/ij/, 1997–2015). b-
Actin and GAPDH was used as internal control.

Nuclear localization study

The Nrf-2 nuclear localization in carnosol and MIA treated rat
chondrocytes were determined through immunofluorescence.
Fluorescent labeled antibodieswere used to detect the location
of proteins either in cytoplasm or nucleus; while the nucleus

was counter stained with DAPI (D9542, Sigma). The cells
(5 � 105) were grown in cover slips and treated with 10 mM
carnosol for 24 h followed by 10 mM MIA for 24 h. For carnosol
alone or MIA alone treatment, cells were treated with
respective compounds for 24 h. After treatment schedule,
the cells were treated with primary antibody and FITC
conjugated secondary antibody. The nucleus was stained
with DAPI for 5 min. The images were ImageJ software.

Cell cycle analysis

The cells (1 � 106) were treated with 10 mM carnosol for 24 h
followed by 10 mM MIA for 24 h. For carnosol alone or MIA
alone treatment, cells were treated with respective com-
pounds for 24 h. After the treatment schedule, the cells were
washed with PBS twice and stained with 1 mg of propidium
iodide (P4170, Sigma) stain for 30 min and apoptotic induction
(subG1 accumulation) was analyzed for using BD FACSVerse
and the data was processed with ModFit LT – premiere DNA
cell-cycle analysis software.

Caspase-3 activity

The cells (1 � 106) were treated with 10 mM carnosol for 24 h
followed by 10 mM MIA for 24 h. For carnosol alone or MIA
alone treatment, cells were treated with respective com-
pounds for 24 h. The cells after respective treatments were

[(Fig._1)TD$FIG]

Fig. 1 – Carnosol increases cell viability against MIA-
induced chondrocyte cell death. Cell viability was
measured by MTT assay. (A) MIA-induced dose-dependent
chondrocyte cell death. (B) Cytoprotective effect of carnosol
against MIA-induced cell death. Expressed in percentage
compared to control (100%). Data are represented in
meanW SEM. (a) Statistically significant; NS, non-
significant when compared to control group. (b) Statistically
significant; NS, non-significant when compared to MIA
group (one way ANOVA followed by Tukey's multiple
comparison).

[(Fig._2)TD$FIG]

Fig. 2 – Carnosol inhibits MIA-mediated ROS and LPO levels.
(A) ROS expressed as % Fluorescence compared to control.
(B) Lipid peroxide expressed as TBARS/mg of protein (nM).
Data are represented in meanW SEM. (a) Statistically
significant; NS, non-significant when compared to control
group. (b) Statistically significant; NS, non-significant when
compared to MIA group (one way ANOVA followed by
Tukey's multiple comparison).
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analyzed for caspase-3 activity using Caspase 3 Assay Kit,
Fluorimetric (Sigma). The results were expressed in relative
density/mg of protein.

Statistical analysis

All the experiments were performed as 3 independent
experiments in triplicates. The data were represented as
mean � SE. Statistical analysis was performed with one way
ANOVA – followed by two Tukey'smultiple comparison test, at
the significance level[1_TD$DIFF] alpha = 0.05.

Results

Carnosol protects against MIA-induced cell death in rat
chondrocytes

Results from the cell viability assay shows that, MIA caused
dose dependent cell death and IC50 concentration was found
to be 10 mM (Fig. 1A). Further, cytoprotective concentration of
carnosol was performed by pre-treatment studies. The cells
were treated with different concentration of carnosol for
24 h followed by MIA treatment. Concentration at 10 mM
showed highest cytoprotection against MIA-induced cell
death compared to that of MIA treated cells. The cell viability
was found to around 98%. So, we selected this particular
dose to understand the detailed molecular mechanism
(Fig. 1B).

Carnosol prevents MIA-induced ROS and LPO levels

In order to understand the role of carnosol on oxidative stress,
reactive oxygen species and LPO levels were estimated (Fig. 2).
MIA (10 mM) caused a significant increase in oxidativemarkers
compared to control cells. However, pre-treatment with
carnosol (10 mM) followed by MIA treatment showed signifi-
cant decline in the levels compared to that MIA treated cells.

Carnosol prevents NF-kB expression and induces Nrf-2 levels

We next analyzed the expressions of cytosolic and nuclear
levels of redox transcription factors during MIA and carnosol
treatment. MIA treatment up regulated the nuclear levels of
NF-kB with concomitant down expression in cytosol levels.
Further, the regulatory protein of antioxidant defense system
Nrf-2 levels was significantly down regulated in the nucleus by
MIA treatment. Pre-treatment with carnosol followed by MIA
treatment down regulated the nuclear NF-kb levels with
induction of Nrf-2 expression compared to MIA treatment
(Fig. 3).

Carnosol induces Nrf-2 nuclear localization

Nrf-2 levels in the nucleus under different treatment sche-
dules were analyzed by immunofluorescence technique. Fig. 4
shows that carnosol treatment and pre-treatment with
carnosol followed by MIA treatment showed Nrf-2 nuclear
localization. While MIA treatment alone did not induce Nrf-2

[(Fig._3)TD$FIG]

Fig. 3 – Carnosol induces Nrf-2 and down regulates NF-kB expressions. Effect of carnosol and MIA treatment on. (A). NF-kb
and Nrf-2 nuclear expression. (B) NF-kb and Nrf-2 cytosolic expression. The blots are quantified using ImageJ software and
relative levels were expressed compared to internal control b-actin or GAPDH. Data are represented in meanW SEM. (a)
Statistically significant; NS, non-significant when compared to control group. (b) Statistically significant; NS, non-significant
when compared to MIA group (one way ANOVA followed by Tukey's multiple comparison).
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nuclear localization. These results show that carnosol treat-
ment activates Nrf-2 levels in the nucleus and protects the
cells against toxic insults.

Carnosol prevents programmed cell death in rat chondrocytes

Fig. 5 shows that MIA treatment induced subG1 accumulation
with up regulated levels of caspase-3 compared to that of
control cells. Pre-treatment with carnosol and then treated
with MIA prevented MIA induced programmed cell death by
reducing the subG1 accumulation and caspase-3 activity.

Discussion

Chondrocytes regulate articular cartilage homeostasis; how-
ever deregulated homeostasis with activation of redox
signaling and chronic inflammation leads to development of
osteoarthritis (Goldring andMarcu, 2009). In the present study,
we sought to identify whether antioxidant carnosol might
protect against osteoarthritis in vitro by regulating redox
signaling.

Oxidative stress is an important contributing factor
in pathogenesis of osteoarthritis. Reactive oxygen species

promote cartilage destruction in osteoarthritis and induces
chronic inflammation. Under oxidative stress, cartilage tissues
shows elevated levels of proteolytic enzymes leading to an
equilibrium shift to catabolic processes with the destruction of
cartilage (Goldring and Marcu, 2009; Canter et al., 2007). In the
present study, we found MIA-induced cell death in chondro-
cytes in a dose dependent manner. MIA also caused severe
oxidative stress by increasing reactive oxygen species levels
and lipid peroxidation. Carnosol pre-treatment significantly
reduced the MIA-induced oxidative stress and improved the
cell viability, thus preventing MIA-induced cellular stress.
Previous studies have been demonstrated on antioxidant
property of carnosol through inhibition of LDL oxidation and
lipid free radicals (Aruoma et al., 1992; Zeng et al., 2001).

NF-kB signaling is linked to pathogenesis of osteoarthritis.
Transcription factor, NF-kB once activated under redox
signaling translocates into the nucleus and regulates target
gene inflammatory gene transcription. NF-kB mediated in-
flammation in chondrocytes induces damage to the extracel-
lular matrix, leading to cartilage destruction and apoptosis.
TNF-a induces ICAM-1, collagenase and downstream cytokine
expressions and further potentiates NF-kB mediated
responses in osteoarthritis (Largo et al., 2003; Lianxu et al.,
2006; Aupperle et al., 2001; Roman-Blas and Jimenez, 2006).

[(Fig._4)TD$FIG]

Fig. 4 – Carnosol induces Nrf-2 nuclear localization. Immunofluorescence of Nrf-2 was analyzed in MIA and carnosol treated
cells. Nrf-2 was detected using FITC conjugated secondary antibody and nucleus was stained with DAPI.
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Significant up regulation of nuclear NF-kB expressions with
concomitant down regulation of cytoplasmic levels of NF-KB
was observed during MIA treatment. On pre-treatment with
antioxidant carnosol, the nuclear NF-kB levels were down
regulated. Lian et al. (2010) reported protective role of carnosol
against TNF-a induced endothelial cells through inhibition of
NF-kB and up regulation HO-1 expression. Anti-inflammatory
effect of carnosol has been reported through inhibition of LPS-
induced NO and NF-kB in mousemacrophages (Lo et al., 2002).
Carnosol mediated anti-inflammation through down regula-
tion of inflammatory cytokines in human polymorphonuclear
leukocytes and amelioration of leukocyte infiltration in TPA-
induced mouse ear edema (Mengoni et al., 2011; Poeckel et al.,
2008).

Nrf-2 is another nuclear transcription factor responds
under oxidative stress conditions and ameliorates redox
signaling by regulating antioxidant balance inside the cells.
Keap1 (Kelch-like ECH-associated protein 1) is associated with

Nrf-2 in the cytoplasm and regulates its ubiquitination. During
oxidative stress, covalent modification of Keap-1-SH groups
results in Nrf-2 release andmigration into nucleus (Kobayashi
et al., 2006). Belonging to ‘‘cap 'n' collar’’ family of basic leucine
zipper transcription factors, activated Nrf-2 translocates into
the nucleus and regulates the expression of 250 genes among
them antioxidant enzymes, including, NAD (P) H quinine
oxidoreductase 1, glutathione-S-transferases, heme oxyge-
nase 1 (HO-1) (Li et al., 2008; Wakabayashi et al., 2010). In our
study, we found that, MIA treatment lead to decline in Nrf-2
levels while pre-treatment with carnosol increased the Nrf-2
expressions showing cytoprotective role against osteoarthri-
tis. In addition, carnosol inducednuclear translocation ofNrf-2
while MIA treatment retained the Nrf-2 in the cytoplasm. The
results show evidence that carnosol regulates oxidative
imbalance by Nrf-2 activation and expression against MIA-
induced response. These observations are consistent with
previous studies where, decline in Nrf-2 responses occurs

[(Fig._5)TD$FIG]

Fig. 5 – MIA-induced programmed cell death was prevented by carnosol. (A) FACS analysis of SubG1 accumulation. (B)
Casapase-3 expressions were analyzed by ELISA. Data are represented in meanW SEM. (a) Statistically significant; NS, non-
significant when compared to control group. (b) Statistically significant; NS, non-significant when compared to MIA group
(one way ANOVA followed by Tukey's multiple comparison).
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during deregulated oxidative stress conditions (Ungvari et al.,
2011; Tomobe et al., 2012). The protective role of carnosol
by enhancing Nrf-2 and antioxidant enzymes have been
demonstrated in earlier studies (Martin et al., 2004; Chen et al.,
2011).

Cartilage degradation in osteoarthritis is associated with
chondrocyte cell death. Pathogenesis and disease severity is
associated with a decline in chondrocyte number, possibly
through oxidative stress, decline in growth factors, proteogly-
cans depletion (Thomas et al., 2007; Hashimoto et al., 1998).
Chondrocyte apoptosis during osteoarthritis is well studied
(Sharif et al., 2004; Almonte-Becerril et al., 2010; Taniguchi
et al., 2012). Sub-G1 accumulation by FACS analysis and
significant up-regulation of caspase-3 expressions show that
MIA-induced programmed cell death in chondrocytes. We
identified that carnosol significantly reduced MIA-induced
programmed cell death by decreasing caspase-3 expressions
and sub-G1accumulation. Protective role of carnosol against
rotenone-induced neurotoxicity was mediated through down
regulation of caspase-3 levels (Kim et al., 2006). Carnosol
induced cytoprotection against SNP-mediated cell death was
mediated through modulation of antioxidant HO-1 levels and
apoptotic events (Kim et al., 2010).

Our findings show that carnosol as protective antioxidant
against MIA-induced oxidative stress and programmed cell
death by suppressing NF-kB and activating Nrf-2 transcription
factor.
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