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β-caryophyllene (BCP) is a cannabinoid receptor 2 (CB2) agonist that tempers inﬂammation. An
interaction between the CB2 receptor and peroxisome proliferator-activated receptor gamma
(PPAR-γ) has been suggested and PPAR-γ activation exerts anti-arthritic eﬀects. The aim of this
study was to characterize the therapeutic activity of BCP and to investigate PPAR-γ involvement in
a collagen antibody induced arthritis (CAIA) experimental model. CAIA was induced through
intraperitoneal injection of a monoclonal antibody cocktail and lipopolysaccharide (LPS; 50 µg/100
µL/ip). CAIA animals were then randomized to orally receive either BCP (10 mg/kg/100 µL) or its
vehicle (100 µL of corn oil). BCP signiﬁcantly hampered the severity of the disease, reduced
relevant pro-inﬂammatory cytokines, and increased the anti-inﬂammatory cytokine IL-13. BCP also
decreased joint expression of matrix metalloproteinases 3 and 9. Arthritic joints showed increased
COX2 and NF-kB mRNA expression and reduced expression of the PPARγ coactivator-1 alpha, PGC1α, and PPAR-γ. These conditions were reverted following BCP treatment. Finally, BCP reduced NFkB activation and increased PGC-1α and PPAR-γ expression in human articular chondrocytes
stimulated with LPS. These eﬀects were reverted by AM630, a CB2 receptor antagonist. These
results suggest that BCP ameliorates arthritis through a cross-talk between CB2 and PPAR-γ.
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1. Introduction
Rheumatoid arthritis (RA) aﬀects 0.5â1.0% of the adult population worldwide and represents one of
the main causes of disability and productive loss in countries with elevated income [1]. Autoimmunity
and inﬂammation play key roles in the progression of the disease; moreover, synovia hypertrophy
together with inﬂammation and tenderness of small joints represent the characteristic and relevant
hallmarks of arthritis

[2].

As far as the pathophysiology of this condition is concerned, it has been proposed that a genetic
background together with an âenvironmental preconditionâ triggers an exaggerated immune reaction
that induces the production of autoantibodies, including the rheumatoid factor and antibodies to
citrullinated peptides

[3][4].

This altered immune response boosts the activation and proliferation of

inﬂammatory cells that inﬁltrate the tissues causing edema, cartilage damage, and granulation tissue
production. This cascade of pathological events leads, at a later stage, to ankylosis and joint
deformities.
The progression of the disease is characterized by a priming of inﬂammatory cells that release a
plethora of pro-inﬂammatory cytokines, such as tumor necrosis factor (TNF-Î±), interleukin 1 beta (IL1Î²), and IL-6

[5]

. The acquisition of the inﬂammatory phenotype is induced by nuclear factor Ä¸B (NF-

Ä¸Î), a transcription factor that translocates upon activation to the nucleus and engages genes that
codify for inﬂammatory proteins. In addition, several matrix metalloproteinases (MMPs) are released,
concurring to empower an inﬂammatory reaction that causes joint destruction

[6].

Several treatments have been proposed for RA including non-steroidal anti-inﬂammatory agents,
disease-modifying medicines, and biological drugs to counteract the immune and inﬂammatory
pathological cascade. All these therapeutic approaches have been shown to be eﬀective in the
management of rheumatoid arthritis, even if they are expensive and their chronic use in clinical
[7][8][9][10]

practice is hampered by the occurrence of mild-to-moderate side eﬀects

[7][8][9][10]

.

Beta-caryophyllene (Î²-caryophyllene, BCP) is a biciclic sesquiterpene extracted from copaiba
(Copaifera spp) and marijuana/hemp (Cannabis spp) that has received approval by the Food Drug
Adminstration (FDA) because of its intriguing therapeutic potential. This plant-derived product has
been used in traditional medicine because of its anti-inﬂammatory and analgesic eﬀects [11]. Î²caryophyllene binds the cannabinoid CB2 receptors which are primarily expressed in the immune and
immune-derived cells

[12].

Type 1 and type 2 cannabinoid receptors (CB1R and CB2R, respectively) are

two subtypes of G-protein coupled receptors of the endocannabinoid system. CB2R is involved in the
modulation of inﬂammatory response not only at the immune system level; in fact, it has been
demonstrated that CB2Rs are also expressed in other areas such as in brain regions

[13].

Moreover,

the corticolimbic endocannabinoid signaling is involved in osteoarthritis and its modulation might be
eﬀective in the management of osteoarthritis

[14].

BCP shows analgesic activity

interestingly, showed anti-inﬂammatory and anti-oxidant activity in arthritic rats

[15]

[16].

and, most

However, the

exact mechanism of this eﬀect has not been yet fully elucidated.
An interaction between the CB2 receptor and peroxisome proliferator-activated receptor gamma
(PPAR-Î³) has been shown and suggested as explanation for its curative eﬀects, at least in diet induced
neurobehavioral change, dyslipidemia, and vascular inﬂammation; in particular, BCP showed
anxiolytic, anti-oxidant, and anti-inﬂammatory eﬀects mediated by both PPAR-Î³ and CB2R [17][18].
Once CB2R is stimulated by BCP, other pathways are activated such as SIRT-1/PGC-1Î± and
AMPK/CREB

[19]

, therefore BCP may exert its anti-inﬂammatory activity thanks to PPAR-Î³ activation

following CB2R stimulation. Interestingly, PPAR-Î³ also exerts an important role in rheumatoid arthritis
[20][21][22]

.

However, its involvement in BCP anti-arthritic eﬀects has not yet been investigated. The aim of this
study was to better characterize the therapeutic activity of BCP and to get insights into PPAR-Î³
involvement in the protective eﬀects of BCP in a collagen antibody induced arthritis (CAIA)
experimental model.
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2. Results
2.1. BCP Treatment Reduces the Severity of Arthritis
The ﬁrst manifestations of arthritis were erythema and swelling of 1 or more ankle joints. In the CAIA
group, 100% of mice developed arthritis at day 7. Oral administration of 10 mg/kg of BCP signiﬁcantly
reduced the development of arthritis compared to CAIA mice that did not receive BCP at day 14
(Figure 1AâE), and no adverse events were observed throughout the experiment. The progression and
the severity of the disease were evaluated using an arthritis index. The disease was always
progressive. The arthritis score obtained from Sham and Sham + BCP group was 0 at all time points,
whereas the score was signiﬁcantly increased in the CAIA group compared to Sham groups; BCP
treatment signiﬁcantly reduced the arthritis score at the end of the experiment (Figure 1E). However,
BCP treated animals showed a higher disease score than sham mice. This suggests that BCP
attenuates but does not fully revert the severity of arthritis.

Figure 1
Macroscopic evaluation of arthritis in Sham (A), Sham + BCP (B), CAIA (C), and CAIA + BCP (D) mice.
Evaluation was performed at the end of the experiment. The graph (E) represents arthritis score in
Sham, Sham + BCP, CAIA, and CAIA + BCP mice monitored during the experiment. The score obtained
from the Sham and Sham + BCP group was 0 at all time points, thus should be assumed as coincident
with the X-axis of the graph. Data are expressed as means Â± SD. *** p < 0.0001 vs. Sham and Sham
+ BCP;

###

p < 0.0001 vs. CAIA.

2.2. BCP Preserves Articular Cartilage
Joints from CAIA mice showed severe arthritis with complete ulceration and hyaline cartilage matrix
loss exposing the subchondral bone to the intra-articular space. In the adjacent areas, severe cartilage
ﬁbrillation and moderate inﬂammatory granulocytes inﬁltration extended to the subchondral bone
were observed. Chondroid metaplasia of the synovial stroma and synovial hyperplasia were also
detected. A ﬁbrovascular granulation tissue ﬁlling bone marrow spaces in close proximity to the
exposed subchondral bone surface was noted. (Figure 2B). Histological alterations of joints were
signiﬁcantly reduced in BCP-treated mice. In particular, inﬂammatory inﬁltrate was decreased and
cartilage was preserved (Figure 2C). There were no signs of pathology in Sham mice (Figure 2A) and in
the Sham + BCP group (data not shown).

Figure 2
Representative H&E and Safranin O staining of joints from mice: Sham (A,D), CAIA (B,E) and CAIA +
BCP (C,F). The graph (G) represents the histological score. Data are expressed as means Â± SD.
*** p < 0.0001 vs. Sham;

##

p < 0.001 vs. CAIA.

Normal appearance of both extracellular matrix deposition and collagen ﬁber organization were
observed in the joints of Sham mice following Safranin OâFast Green staining (Figure 2D). Severe
arthritis ﬁbrocartilaginous separation with edema, mucoid degeneration, and unorganized collagen
ﬁbers were revealed in CAIA joints (Figure 2E). Joints of BCP-treated animals showed lower bands of
degenerated extracellular matrix (Figure 2F).

2.3. BCP Exerts Anti-Inﬂammatory Activity by Reducing Pro-Inﬂammatory
Cytokines Levels and Expression
CAIA mice showed increased circulating levels of TNFÎ±, IL-6, IL-1Î² and decreased IL-13 levels, as antiinﬂammatory cytokine, compared to Sham animals. BCP oral administration caused a signiﬁcant
reduction of all circulating pro-inﬂammatory cytokines. In contrast, IL-13 was signiﬁcantly increased
following BCP treatment (Figure 3AâD). TNFÎ±, IL-6, and IL-1Î² were also increased in joints of CAIA
animals, as demonstrated by mRNA expression results in Figure 4. mRNA expression of proinﬂammatory cytokines was signiﬁcantly reduced in BCP-treated mice compared to the CAIA group
(Figure 4AâC). IL-13 mRNA expression was decreased in joints of CAIA mice, whereas treatment with
BCP signiﬁcantly increased mRNA expression compared to the CAIA group, conﬁrming the results
obtained for circulating IL-13 levels (Figure 4D).

Figure 3
The graphs represent the levels of TNF-Î± (A), IL-6 (B), IL-1Î² (C), and IL-13 (D) in serum collected from
each group at day 15. Levels of cytokines were studied by enzyme linked immunosorbent assay
(ELISA). Values shown are expressed as the means Â± SD. *** p < 0.0001 vs. Sham and Sham +
BCP;

###

p < 0.0001 and

#

p < 0.05 vs. CAIA.

Figure 4
The graphs represent qPCR results of IL-1Î² (A), IL-6 (B), TNF-Î± (C), and IL-13 (D) mRNA expression
from joints. Data are expressed as means Â± SD. *** p < 0.0001 vs. Sham and Sham + BCP;

###

p<

0.0001 vs. CAIA.

2.4. BCP Protects Articular Cartilage by Modulating Metalloproteinases 3 and 9
Expression
The joints of CAIA mice showed an increased mRNA expression of both MMP3 and MMP9 compared to
Sham animals, thus conﬁrming their active role in cartilage destruction. BCP treatment modulated
MMPs expression, thus signiﬁcantly reducing MMP3 and MMP9 mRNA expression compared to CAIA
animals (Figure 5A,B).

Figure 5
The graphs represent qPCR results of MMP3 (A) and MMP-9 (B) mRNA expression from joints. Data are
expressed as means Â± SD. *** p < 0.0001 vs. Sham and Sham + BCP;

##

p < 0.001 and

#

p < 0.05

vs. CAIA.

2.5. BCP Acts Through NF-Ä¸B and PPARÎ³ Modulation
Arthritis caused an increased expression of NF-Ä¸B and COX-2 in joints of mice. BCP administration
caused a signiﬁcant reduction of the transcription factor NF-Ä¸B and COX-2, thus conﬁrming that the
anti-inﬂammatory eﬀect of BCP is also mediated by NF-Ä¸B and COX-2 inhibition (Figure 6A,B
and Figure 7A). Moreover, BCP anti-arthritic and anti-inﬂammatory eﬀects were elicited through PPARÎ³ activation, as shown in Figure 6C and Figure 7B. A signiﬁcant reduction of PPAR-Î³ expression and of
its co-activator PGC-1Î± was observed in joints of arthritic mice. BCP treatment caused a signiﬁcant
increase of both PPAR-Î³ and PGC-1Î± expression compared to CAIA mice (Figure 6C,D and Figure 7B).

Figure 6
The graphs represent qPCR results of NF-Ä¸B (A), COX-2 (B), PPARÎ³ (C), and PGC-1Î± (D) mRNA
expression from joints. Data are expressed as means Â± SD. *** p < 0.0001 vs. Sham and Sham +
BCP;

###

p < 0.0001,

##

p < 0.001 vs. CAIA.

Figure 7
The graphs represent Western blot results of NF-Ä¸B (A) and PPARÎ³ (B) protein expression from joints.
Data are expressed as means Â± SD. *** p < 0.0001 vs. Sham and Sham + BCP; ## p < 0.001 vs.
CAIA.

2.6. BCP Anti-Arthritic Eﬀect Occurs Through PPAR-Î³ and PGC-1Î± Activation
An in vitro experiment on human chondrocytes was performed to demonstrate BCP mechanism of
action. This experimental paradigm conﬁrmed in vivo results and showed that BCP caused a marked
reduction of NF-Ä¸B mRNA expression compared to LPS-stimulated chondrocytes (Figure 8A), once
again demonstrating a BCP anti-inﬂammatory eﬀect. In addition, BCP caused a signiﬁcant increase of
PPAR-Î³ and PGC-1Î± mRNA expression compared to cells incubated with LPS alone (Figure 8B,C).
AM630, a CB2 receptor antagonist, abrogated BCP eﬀects in all targets (Figure 8AâC).

Figure 8
The graphs show qPCR results of (A) NF-Ä¸B, (B) PPARÎ³, and (C) PGC-1Î± mRNA expression from
human chondrocytes. Data are expressed as means Â± SD. *** p < 0.0001 vs. Control (CTR); ### p <
0.0001 vs. LPS.
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3. Discussion
Chronic inﬂammation together with erosion and destruction of joints characterize rheumatoid arthritis.
Nowadays, the available therapeutic approaches allow satisfactory management of RA with patients
achieving remission or having minimal disease activity. However, a huge amount of RA patients do not
respond to these diﬀerent and often expensive classes of anti-rheumatic agents and, in addition, they
complain of severe adverse eﬀects

[23].

Therefore, it is not surprising that the interest of scientists has

been caught by complementary and diﬀerent therapeutic strategies, speciﬁcally compounds of natural
origin and nutraceuticals, which have gained interest in the management of RA, especially in elderly
patients

[24][25][26]

. In fact, a growing number of patients seek remedy in natural compounds, because

they believe that they are eﬀective and safe

[27][28].

BCP is a natural compound that has been shown to act as an analgesic, antioxidant, anti-microbial,
anti-inﬂammatory, and antifungal agent

[19].

BCP binds the type 2 cannabinoid receptor which is

associated with an intracellular signaling cascade triggered by G-protein activation

[29]

. CB2 receptor

expression has been demonstrated in cells of the peripheral immune system, and this sub-type of
cannabinoid receptor has been linked to a modulation of the inﬂammatory and immune reaction. More
recent investigation has pointed out the presence of CB2 receptors in discrete central nervous system
regions [29]. In agreement with these ﬁndings, a neuroprotective eﬀect of BCP has also been reported
[11]

[11]

.

As far as the anti-arthritic eﬀects of BCP are concerned, a previous study has suggested that this
phytocannabinoid tempers the inﬂammatory cascade in arthritic rats, but the precise mechanism of
action underlying this eﬀect has not been fully elucidated

[16]

. Indeed, this previous report was

primarily aimed at assessing the eﬀects of BCP treatment on systemic inﬂammation and oxidative
stress and to evaluate the hepatic safety of the treatment [16]. More speciﬁcally, the study did not
deeply analyze the âclinicalâ beneﬁts of the phytocannabinoid and did not investigate the several
inﬂammatory endpoints, including pro-inﬂammatory cytokines and metalloproteinases. Our study, for
the ﬁrst time, clearly shows that BCP ameliorates the clinical signs of arthritis. This beneﬁcial eﬀect
was associated with a marked reduction in several inﬂammatory biomarkers and with a clear-cut
reduction in histological joint damage. Indeed, the clinical symptoms of arthritis are mainly due to a
plethora of lipid and protein inﬂammatory mediators that are produced in response to immune
reaction boosting, whereas the available treatments dampen the circulating levels of these circulating
inﬂammatory markers. Therefore, it is required that the newly proposed therapeutic approach has to
be accurately evaluated in appropriate and pertinent animal models.
Indeed, from a translational point view, the use of an experimental model characterized by
reproducible and clinically relevant biomarkers and readouts that allow a close monitoring and followup of the disease progression is of paramount importance. In the present study, a collagen antibody
induced arthritis (CAIA) experimental model was used in mice. This experimental paradigm eﬃciently
reﬂects the human pathology and possesses a high translational potential

[30]

. In fact, this model

oﬀers a valuable scenario for evaluating a treatment that can be proposed as an appropriate
candidate for the management of rheumatoid arthritis.
BCP administration signiﬁcantly ameliorated the signs and the clinical symptoms associated with the
development of arthritis. The severity of the disease, analyzed by the means of the clinical and
histological scores, was markedly reduced by the treatment with the natural CB2 agonist. This ﬁnding
represents the ﬁrst clear-cut experimental evidence in support of an anti-arthritic eﬀect of BCP.
A vast array of pro-inﬂammatory factors is produced either locally in the aﬀected joints and then
released in the bloodstream by the primed inﬂammatory cells; furthermore, they may be used as
clinically relevant biomarkers. Interestingly, the cannabinoid receptor agonist reduced proinﬂammatory cytokines such as TNF-Î±, IL-6, Il-1Î² and increased the anti-inﬂammatory cytokine IL-13.
BCP also suppressed joint expression of TNF-Î±, IL-6, Il-1Î² and of MMP 3 and MMP9.
COX2 and NF-Ä¸B expression was studied to characterize the precise mechanism underlying the
curative eﬀect of BCP in RA. Joints of arthritic animals administered with vehicle showed an enhanced
expression of COX2 and NF-Ä¸B. BCP administration dampened the augmented activity of both
inﬂammatory molecules. This eﬀect is the consequence of the intracellular signaling cascade initiated
by the BCP-induced triggering of the CB2 receptors, which leads to a blunting of NF-Ä¸B activation.
However, the hypothesis that BCP-induced NF-Ä¸B inhibition might exert beneﬁcial eﬀects in arthritis
by negatively modulating other inﬂammatory signaling, such as Wnt5a

[31],

cannot at this moment

ruled out
Interestingly, arthritic joints also had a signiﬁcantly reduced expression of the peroxisome
proliferator-activator receptor Î³ coactivator-1Î± (PGC-1Î±) and PPAR-Î³ compared to sham animals. All
these changes induced by the induction of arthritis were cured by BCP treatment.
In recent years, it has become evident that endocannabinoids trigger the activation of a speciﬁc
nuclear receptor family, the PPARs (peroxisome proliferator-activated receptors) [32][33]. These
receptors are classically divided into Î±, Î², Î´, and Î³, and they are involved in cellular homeostasis and
diﬀerentiation as well as in the regulation of lipid and glucose metabolism. Furthermore, PPAR-Î³
modulates inﬂammation and ischemia and may be pharmacologically activated to exert anti-

inﬂammatory and anti-ischemic eﬀects. PPAR activation by cannabinoid agonists may occur via two
distinct mechanisms: a direct engagement of the nuclear receptor or alternatively a cannabinoid
receptor boosting of intracellular events leading to PPAR stimulation (the so-called ligand independent
activation). The ﬁrst hypothesis has been ruled out, while the second one has been suggested by
several experimental ﬁndings [33]. In this last scenario, PGC-1Î± plays a key role: in fact, following its
expression, it engages and triggers PPAR-Î³ acting in a ligand-independent manner.
As previous underlined, CAIA-induced arthritis caused a downregulation of both PPAR-Î³ and its main
regulatory coactivator PGC-1Î± in arthritic joints. It may be speculated that this phenomenon concurs
to amplify inﬂammation, creating a negative loop. BCP reverted the impairment in the ligandindependent PPAR-Î³ signaling, leading us to hypothesize that this mechanism may explain, at least in
part, the anti-arthritic eﬀect of BCP. In addition, an in vitro experiment was performed to conﬁrm this
mechanistic hypothesis using human articular chondrocytes stimulated with LPS. BCP decreased the
enhanced NF-Ä¸B activation and increased the reduced expression of PGC-1Î± and PPAR-Î³. These
eﬀects were abolished by AM630, an antagonist of the CB2 receptor, while bisphenol-A-dyglycidyl
ether (BADGE) did not modify PGC-1Î± expression (unpublished data). Therefore, in agreement with
previous studies [17][18], an involvement of both CB2 and PPAR-Î³ was demonstrated in the antiarthritic eﬀect of BCP, and the eﬀect induced by the phytocannabinoid on the peroxisome proliferatoractivator receptor Î³ coactivator-1Î± (PGC-1Î±) is entirely dependent by the CB2 receptor.
In conclusion, the obtained results suggest that BCP ameliorates arthritis through a cross-talk
between CB2 and PPAR-Î³. In addition, this study underlines the translational potential of BCP that
deserves to be deeply investigated in randomized clinical trials.
Go to:

4. Materials and Methods
4.1. CAIA Induction and Treatment
Forty balb/c mice (25â30 g; Charles River, Calco, Italy) were housed in the Animal Facility of the
Department of Clinical and Experimental Medicine under controlled environmental conditions (12 h
lightâdark cycle, 24 Â°C). Mice were provided with standard food and water ad libitum and all the
experiments were performed in compliance with the standards for care and use of animals as stated
in the Directive 2010/63/EU, and the ARRIVE guidelines

[34];

all experimental procedures were

evaluated and approved by the Ethics Committee of the University of Messina and by the Italian
Ministry of Health (#756/2016-PR).
Collagen type II antibody-induced arthritis (CAIA) was induced in 20 balb/c mice as follows: on day 0,
animals were intraperitoneally (ip) injected with 1.5 mg of 5-clone monoclonal antibody cocktail
(Chondrex); on day 3, mice received LPS (50 Î¼g/100 Î¼L/ip)

[35].

At day 3, after the completion of the

protocol induction, CAIA animals were daily treated by oral gavage with BCP (10 mg/kg/100 Î¼L, CAIA
+ BCP) or its vehicle (100 Î¼L of corn oil) until the end of the experiment (14th day). The dose was
chosen in agreement with previous pilot experiments in our laboratory (data not shown). Sham
animals (n = 20) received 100 Î¼L of corn oil (n = 10, Sham) or BCP (n = 10, Sham + BCP). Animals
were killed on day 15 and both blood and hind limbs were collected for further analysis.

4.2. Evaluation of Arthritis
Evaluation of arthritis was performed throughout the study. Development of arthritis was monitored at
the beginning of the experiment (after the antibody cocktail injection), at day 3 (following LPS
injection), at day 7, and at the end of the experiment to appreciate alterations throughout the study.
The severity of arthritis was blindly evaluated in each limb with a scale of 0â4, where 0 = no
macroscopic signs of arthritis, 1 = swelling of 1 group of joints (i.e., wrist or ankle joints), 2 = 2

groups of swollen joints, 3 = 3 groups of swollen joints, and 4 = swelling of the entire limb. The
maximum score for each animal was 16.

4.3. Cell Cultures and Treatments
Human articular chondrocytes (ScienCell, CA, USA) were cultured in a chondrocyte medium (Cat.
#4651, ScienCell, CA, USA) in addition to antibiotic mixture (1%) and incubated at 37 Â°C with 5%
CO2. Chondrocytes were cultured in six well culture plates at a density of 2.5 Ã 105 cells/well and
were stimulated with LPS (2 Î¼g/mL; Escherichia coli serotype 055:B5; Sigma-Aldrich, Saint Louis, MO,
USA) alone or in combination with BCP (Sanherb Biotech inc., China) at the dose of 10 Î¼g/mL.
Moreover, a group of LPS-stimulated chondrocytes were treated with both BCP and AM630, a CB2
receptor antagonist, at the dose of 100 nM (Tocris Bioscience); AM630 was added 2 hours before BCP
treatment. Cells were collected following 4 h of incubation with all treatments.

4.4. Histological Analysis
Joints were removed from the hind limbs of all groups of animals at the end of the experiment and
ﬁxed in 10% formalin. Joints were decalciﬁed in 10% EDTA for 2â3 weeks and embedded in paraﬃn.
Paraﬃn-embedded sections were cut and stained with hematoxylin and eosin and with Safranin O for
histologic assessment. Arthritis severity in histologic samples was determined by cumulative
assessment of synovial inﬂammation. Samples were scored for synovial inﬂammation on a scale of
0â5: 0 = normal, 1 = minimal, 2 = mild, 3 = moderate, 4 = marked, and 5 = severe.

4.5. Quantiﬁcation of Pro- and Anti-Inﬂammatory Cytokines by Enzyme-Linked
Immunosorbent Assay (ELISA)
TNF-Î±, IL-6, IL-1Î², and IL-13 levels were evaluated in the serum of the animals at the end of the
experiment. All cytokines were measured using ELISA kits (Invitrogen, Carlsbad, CA, USA) according to
the recommendations of the manufacturer. Samples were run in duplicate and the obtained results
were interpolated with the respective standard curves. For each sample, the mean of the duplicates
was used and expressed in pg/mL.

4.6. Real Time (RT) PCR Assay
Total RNA was extracted from the joints of mice and from cultured chondrocytes at the end of the
experimental procedures using Trizol LS reagent (Invitrogen, Carlsbad, CA, USA). 2 Î¼g of RNA was
reverse transcribed in a ﬁnal volume of 20 Î¼L using a Superscript VILO kit (Invitrogen), following RNA
quantiﬁcation with a spectrophotometer (NanoDrop Lite, Thermo Fisher). cDNA (1 Î¼L) was added to
the EvaGreen qPCR Master Mix (Biotium Inc., Fremont, CA, USA) (20 Î¼L per well). Samples were run
in duplicate and GADPH was used as the housekeeping gene; the reaction was performed using the 2step thermal protocol recommended by the manufacturer. The ﬁnal primer concentration selected to
perform the analysis was 10 Î¼M. Target genes were IL-1Î², IL-6, TNF-Î±, IL-13, MMP-3, MMP-9, NF-Ä¸B,
COX-2, PPARÎ³, and PGC-1Î±.
Primers used for targets and reference genes are listed below:
GADPH
Fw:5â²GTCAAGGCTGAGAATGGGAA3â²
Rv:5â²ATACTCAGCACCAGCATCAC3â²;
IL-1Î²
Fw:5â²GCCCATCCTCTGTGACTCAT3â²
Rv:5â²AGGCCACAGGTATTTTGTCG3â²;

IL-6
Fw:5â²AGTTGCCTTCTTGGGACTGA3â²
Rv:5â²TCCACGATTTCCCAGAGAAC3â²;
TNF-Î±
Fw:5â²AGCCCCCAGTCTGTATCCTT3â²
Rv:5â²CTCCCTTTGCAGAACTCAGG3â²;
IL-13
Fw:5â²CAGCTCCCTGGTTCTCTCAC3â²
Rv:5â²CCACACTCCATACCATGCTGâ²;
MMP-3
Fw:5â²CAGACTTGTCCCGTTTCCAT 3â²
Rv:5â²GGTGCTGACTGCATCAAAGA3â²;
MMP-9
Fw:5â²CGTCGTGATCCCCACTTACT3â²
Rv:5â²AACACACAGGGTTTGCCTTC3â²;
NF-Ä¸B
Fw:5â²GCCAGAAGAGGGTGTCAGAG3â²
Rv:5â² TCGAAATCCCCTCTGTTTTG â²;
COX-2
Fw:5â²CCCCCACAGTCAAAGACACT3â²
Rv:5â²CTCATCACCCCACTCAGGAT3â²;
PPARÎ³
Fw:5â²CCAACTTCGGAATCAGCTCT 3â²
Rv:5â²CAACCATTGGGTCAGCTCTT3â²;
PGC-1Î±
Fw:5â²ATGTGTCGCCTTCTTGCTCT 3â²
Rv:5â²ATCTACTGCCTGGGGACCTT3â²;
Primers used for targets and reference genes for samples collected from human cells are listed below:
NF-Ä¸B
Fw:5â²CTGGAAGCACGAATGACAGA3â²
Rv:5â² TGAGGTCCATCTCCTTGGTC3â²;

PPARÎ³
Fw:5â² GGAGCAAACGACACCAGATT3â²
Rv:5â² TCAAAGGAGTGGGAGTGGTC3â²;
PGC-1Î±
Fw:5â²AGGCAGAAGGCAATTGAAGA3â²
Rv:5â² TTTCAAGAGCAGCAAAAGCA3â²;
Results were calculated using the 2âÎÎCt method and expressed as n-fold increase in gene expression
using the Sham group as calibrator.

4.7. Western Blot
Protein extraction was performed in joints for Western Blot analysis, as previously described [36].
About 30 Âµg of proteins were loaded and speciﬁc antibodies were used to evaluate phospho NF-Ä¸B
(Cell Signaling, #3033, Beverly, MA, USA) and PPARÎ³ (Cell Signaling, #2443, Beverly, MA, USA); Î²actin (Cell Signaling, #4967, Beverly, MA, USA) was used as loading control. The images were
obtained using speciﬁc software (DiGit Blot Scanner with Image Studio 4.0 software, LI-Cor, Lincoln,
NE, USA), and densitometric data were expressed as integrated intensity.

4.8. Statistical Analysis
All data are expressed as means Â± S.D. Diﬀerent groups were compared and analyzed using oneway ANOVA with Tukey post-test for intergroup comparisons. p values less than 0.05 were considered
signiﬁcant. Graphs were drawn using GraphPad Prism (version 5.0 for Windows).
https://doi.org/10.3390/biom9080326
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