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Abstract

Introduction. Osteoarthritis (OA) is the most common degenerative disease in middle-aged and elderly individ-
uals that causes joint deformity and limb disability. Accumulating evidence has suggested that the pathogenesis
of OA has been related to various mechanisms such as apoptosis, inflammation, oxidative stress and metabolic
disorders. The aim of this study is to clarify the role of Foxo3a in the progress of OA in an in vitro model.
Materials and methods. The chondrocytes were derived from rabbit, and treated with IL-13, which was used as
an in vitro OA model. The over-expression and down-regulation of Foxo3a were achieved by transfection with
overexpression vector or shRNA, respectively. The mRNA level of iNOS in chondrocytes was quantified by
qPCR. Tenascin-c (Tnc) production was measured by ELISA and apoptosis-associated proteins were analyzed
by Western blotting. The MTT assay was used to assess the viability of chondrocytes.

Results. Foxo3a and iNOS expression were upregulated in IL-18-treated chondrocytes. Foxo3a silencing de-
creased iINOS expression, and inhibited apoptosis of IL-15-treated chondrocytes. The production of Tnc was
significantly increased in IL-153-treated chondrocytes and was positively regulated by Foxo3. Importantly, extra-
cellular addition of Tnc abrogated the protective effects of Foxo3a knockdown on IL-13 — treated chondrocytes.
Conclusion. The present study indicated that down-regulation of Foxo3a protected IL-15-treated chondrocytes
by decreasing iNOS expression and suppressing chondrocytes’ apoptosis via modulating tenascin-c, which could
be regarded as a potent therapeutic target for the treatment of OA. (Folia Histochemica et Cytobiologica 2020,
Vol. 58, No. 1, 1-8)

Key words: chondrocytes; IL-13; osteoarthritis in vitro; Foxo3a; iNOS; tenascin-c; apoptosis; ShRNA

Introduction the most common diseases in middle-aged and elderly
individuals. In particular, the incidence of OA is more
Osteoarthritis (OA) is known as a degenerative dis- than 60% among people over 65 years of age [2]. Once
ease that gradually causes joint deformity and limb the disease occurs, a balance of extracellular matrix
disability, which further causes a reduction in the (ECM)synthesis/degradation is broken and ultimately
quality of life and increases mortality [1]. OAisone of ~leads to the destruction of joint tissue [3]. Accumu-
lating evidence suggests that the pathogenesis of OA
is linked with various mechanisms. At the cellular
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chondrocytes, as well as mitochondrial dysfunction,
metabolic disorders and other abnormal molecular
signals are involved in the massive loss of cartilage,
which are characteristics of OA [5]. Non-steroidal an-
ti-inflammatory drugs (NSAIDs), the most common
clinical treatment for OA, cause several serious side
effects like peptic ulcer, nervous system dysfunction
and bleeding after long-term use [6].

Tenascin-c (Tnc) is a member of the growing fam-
ily of ECM proteins, and is expressed in normal adult
tissues [7]. However, it is re-expressed during healing
wounds, inflammatory responses and tumorigenesis
[8, 9]. For instance, a high level of Tnc was found in
cartilage, synovial tissue and synovial fluid [10]. It was
also reported that Tnc promotes the proliferation
and migration of cells during both OA and rheuma-
toid arthritis [11]. Midwood et al., found that Tnc is
involved in maintaining inflammation under arthritic
joint disease [12].

Foxo3a, a Forkhead transcription factor of Fork-
head box, class O (Foxo) subfamily, has been recently
studied extensively as a critical protein that involved
in the regulation of inflammation [13]. In arthritis, an
increase in the expression as well as phosphorylation
of Foxo3a in the blood of patients with rheumatoid
arthritis was reported [14]. However, the exact role of
Foxo3a in the pathogenesis of OA remains unclear.
Therefore, understanding underlying mechanism of
OA is helpful to explore effective molecular targets
of this disease. Hence, the aim of this study was to
clarify the role of Foxo3a in the progress of OA in an
in vitro model of this disease.

Materials and methods

Animals and chondrocytes isolation. The one-year old New
Zealand white rabbits were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd (Shanghai, China). All proce-
dures were approved by the Medical Ethics Committee of
the First Affiliated Hospital of Huzhou Normal University
(Approval no. 2019008). The rabbits were housed at room
temperature (23-27°C) with a 12 h light: 12 h dark cycle,
and the food and water were provided ad libitum. Prior
to the animal experiment, rabbits were anesthetized with
isoflurane, and then the articular cartilage was carefully
harvested from knee joints by sterile dissection. Cartilage
was cut into pieces as thin as possible (approximately
1 mm?®) using SLICE!T® (Dr. Khan’s Creation, Mahar-
ashtra, India), followed by digesting with enriched DMEM
medium containing collagenase type II (Sigma-Aldrich
Chemical Co, St. Louis, MO, USA) at the concentration of
2 mg/mL for 24 h at 37°C.

Primary chondrocytes’ culture and treatment. After colla-
genase digestion, isolated chondrocytes were washed with
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Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco) and 1% penicillin/streptomycin
(0.1 mg/mL and 100 Units/mL (P/S, Gibco) and cultured in
5% CO, humidified incubator at 37°C. The chondrocytes were
cultured until the 3rd passage and were used for the induction
of OA in vitro model by adding to the isolated chondrocytes
recombinant IL-15 (Sigma-Aldrich) at the concentration of
100 ng/mL for 48 h (based on a review by Johnson et al. [15]).

Plasmid construction. The lentiviral short hairpin RNA
(shRNA) expression constructs to silence Foxo3a (Fox-
03a-shRNA) were designed using the program published
online by Invitrogen (Thermo Fisher Scientific, Waltham,
MA, USA). The designed Foxo3a-siRNA-expressed vector
was generated by Shanghai Genechem Co., Ltd (Shanghai,
China). The shRNA strands were: sense 5-AUCUAA-
CUCAUCUGCAAGUUU-3’; anti-sense: 5’-ACUUG-
CAGAUGAGUUAGAUUU-3'. As the negative control
for shFoxo3a, shNC was constructed. HA-Foxo3a WT was
a gift from Michael Greenberg (Addgene plasmid #1787;
http://m2t.net/addgene:1787; RRID: Addgene_1787). The
plasmid was amplified by EcoRI-Xbal into Flag tagged pcD-
NA3.1 retroviral backbone to develop pcDNA3.1-Foxo3a.
pcDNA3. 1-NC was generated as a control.

Transfection. The chondrocytes were plated in 96-well plates
at 10* cells per well overnight, followed by transfection with
either shRNA-Foxo3a or Foxo3a overexpression vector
using Lipofectamine 2000 (Invitrogen, Thermo Fisher
Scientific) according to the manufacturer’s instructions. The
recombinant Tnc (1 uM) (Sigma-Aldrich) was added to the
medium when chondrocytes were transfected.

RNA isolation, cDNA synthesis and quantitative PCR
(qPCR). Total RNA from chondrocytes was extracted
by TRIzol reagent (Invitrogen) following the instruction
provided by the manufacturer. The RNA was reversely
transcribed into complementary DNAs (cDNAs) using
SuperScript IV First-Strand Synthesis System (Invitrogen)
according to the manufacturer’s instruction. The reverse
transcription was carried out at 50°C for 1 h, and then 1 unit
of RNase H (Takara, Dalian, China) was treated at 37°C
for 15 min. The amplification conditions include a total of
30 cycles of pre-denaturation for 3 min at 94°C, followed by
denaturation for 30 sec at 94°C, annealing at 58°C for 30 sec
and extension for 60 sec at 72°C. The expression of inducible
nitric oxide synthase (iNOS) was measured by SYBR-Green
Master Mix (Applied Biosystems, Waltham, MA, USA) on
ABIViiA7 Real-Time PCR System (Applied Biosystems).
GAPDH was used as internal control for gene analysis.
The primer sequences were as follow: iNOS: 5°-CTGT-
GACGTCCAGCGCTACA-3’, 5-GCACGGCGA-
TGTTGATCTCTCGCCT-3; GAPDH: 5-GGAGAAA-
GCTGCTAA -3, 5-ACGACCTGGTCCTCGGTGTA-3".
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Figure 1. Foxo3a and iNOS were upregulated in IL-13-treated chondrocytes. The chondrocytes derived from rabbit knee joints
were stimulated with IL-18 (100 ng/mL) for 48 h. The protein level of Foxo3a and mRNA level of iNOS were determined by
western blotting (A) and qPCR (B), respectively. The data are presented as mean = SD (n = 3). Symbols: ‘ctr]’ — untreated,
control chondrocytes, ‘OA’ — IL-15-treated chondrocytes. **p < 0.01, OA vs. control.

Western blotting. The proteins from chondrocytes were lysed
by radioimmunoprecipitation assay (RIPA) buffer. Protein
assay was then used to quantify the concentration using a BCA
Protein Assay Kit (Thermo Fisher Scientific). Fifty micrograms
of protein were subjected to SDS-PAGE electrophoresis, and
separated proteins were transferred to polyvinylidene diflu-
oride (PVDF) membrane (Immobilon-P; EMD Millipore,
Darmstadt, Germany). After that, the membrane was blocked
with 5% of skill milk in TBS-T for 1 h and then incubated
with 1000 time-diluted primary antibodies against Foxo3a
(ARP38041-P050, Aviva Systems Biology, San Diego, CA,
USA), Bax (OAED00050, Aviva Systems Biology), Bcl-2 (LS-
C465574-100, LifeSpan BioSciences, Inc, Seattle, WA, USA)
and cleaved Caspase-3 (NB600-1235, Novus Biologicals, LCC
Centennial, CO, USA) overnight at 4°C. After washing three
times in TBS-T, the membrane was incubated with secondary
antibody for 1 h at room temperature. The GAPDH, as an
internal control, was measured by anti-GAPDH (GTX100118,
GENETEZX, Inc) and its secondary antibody. Protein expres-
sion was detected using Luminata Forte Western HRP Sub-
strate (Millipore) with a Bio-Rad ChemiDox XRS+ imaging
system (Bio-Rad Laboratories, Hercules, CA, USA).

Cell viability. The viability of chondrocytes was detected
using 3-(4,5)-dimethylthiahiazo(-z-yl)-3,5-di-phe-nytera-
zolium-bromide (MTT) (Gibco) assay based on mitochon-
drial reduction of MTT to formazan. Chondrocytes were
pre-seeded in 96-well plate at a density of 10* cells/well.
Next day, the chondrocytes were transfected with or without
shRNA or vectors in the presence of recombinant human
IL-18 (100 ng/mL). After incubation for 48 h, the medium
was replaced with 200 uL of fresh medium. Then, 3 mg/mL
of MTT in PBS was added into each well (20 uL/well). After
incubation for 1.5 h, 150 uL of culture supernatant was re-
moved from each well and the formazan crystal were lysed by
100 uL of MTT stop solution (0.4% HCI, 10% Triton X-100
in isopropanol). After incubation for 12 h, the absorbance
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was measured at 570 nm with 655 nm as reference wavelength
on a microplate reader (Bio-Rad).

Measurement of Tnc level. Tnc production was measured by
rabbit ELISA kit (MyBioSource, Inc, San Diego, CA, USA)
according to the manufacturer’s instruction. Briefly, diluted
samples or standard recombinant tenascin were added into
96-well plates coated with anti-Tnc antibody for 2 h at room
temperature. After washing, the detection antibody reacted
at room temperature for 2 h, followed by addition of an avi-
din-horseradish peroxidase conjugates to bind captured anti-
gen. The reaction was measured by the absorbance at 490 nm.

Statistical analysis. All data were expressed as means +
standard deviation (SD). Data for each experiment were
acquired from at least three independent experiments.
Statistical analyses were performed by using Student’s
t-test via GraphPad Prism 7 (GraphPad Software, Inc.,
San Diego, CA, USA), with the level of significance set
atp < 0.05.

Results

Foxo3a and iNOS were upregulated in IL-1{-treated
chondrocytes

As shown in Figure 1A, Foxo3a protein expression
in IL-13-treated chondrocytes was significantly
increased compared with control chondrocytes. Im-
portantly, the mRNA expression of inducible nitric
oxide synthase (iNOS), a biomarker of severe cellular
stress, in IL-15-treated chondrocytes was also higher
than that in control chondrocytes (Fig. 1B).

Foxo3a knockdown inhibited IL-1[5-treated
apoptosis of chondrocytes

To further investigate the mechanism underlying the
role of Foxo3a in the development of OA in our in
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Figure 2. Foxo3a knockdown inhibited IL-13-treated apoptosis of chondrocytes. The chondrocytes derived from rabbit were
stimulated with IL-13 (100 ng/mL), followed by treatment with shNC or shFoxo3a for 48 h. The protein level of Foxo3a and
mRNA level of INOS were determined by western blotting (A) and qPCR (B), respectively. The expression of apoptosis-as-
sociated proteins including bcl-2, bax and caspase-3 were analyzed by western blotting (C). The cell viability was measured
by MTT assay (D). The data are presented as mean = SD (n = 3). Symbols as in the description of Figure 1. **p < 0.01,
OA vs. control; ©@p < 0.01, OA + Sh-Foxo3avs. OA + Sh-NC.

vitro model, we knocked-down Foxo3a expression
in IL-15-treated chondrocytes by shRNA transfec-
tion. It was found that shRNA treatment strongly
reduced Foxo3a protein expression in IL-15-treated
chondrocytes (Fig. 2A). qPCR assay revealed that
Foxo3a knockdown significantly decreased IL-13-
-treated iNOS expression (Fig. 2B). The reduction of
anti-apoptotic protein Bcl-2 and enhanced levels of
pro-apoptotic proteins, i.e. cleaved caspase-3 and Bax,
were observed in IL-18-treated chondrocytes (Fig. 2C).
Interestingly, Foxo3a knockdown up-regulated Bcl-2
expression and decreased the proteins levels of Bax
and cleaved caspase-3 in IL-13-treated chondrocytes
as compared with cells transfected with shRNA
(Fig. 2C). MTT assay analysis showed that Foxo3a
knockdown prompted the decreased viability caused
by IL-18 in chondrocytes (Fig. 2D). Thus, these data
suggested that Foxo3a knockdown promotes IL-1-
-induced apoptosis of chondrocytes.

Foxo3a positively regulates Tnc expression
The level of Tnc was upregulated in IL-15-treated
chondrocytes as compared to the control (Fig. 3A). As
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shown in Figure 3B, the level of Tnc in IL-15-treated
chondrocytes was dramatically decreased after shR-
NA-Foxo3a transfection (Fig. 3B). In contrast, the level
of Tnc was significantly enhanced when Foxo3a was
overexpressed in IL-153-treated chondrocytes (Fig. 3B).

The protective effects of Foxo3a knockdown
on IL-1-treated chondrocytes were reversed
by extracellular Tnc

To further evaluate whether Tnc was involved
in the protective effects of Foxo3a knockdown in
IL-1B-treated chondrocytes, Tnc was added extracel-
lularly to the cultures of IL-1j3-treated chondrocytes.
It was found that the level of Tnc was appreciably
increased in the presence of extracellular Tnc in
IL-1p-treated chondrocytes that were transfected
with Foxo3a shRNA (Fig. 4A). The decreased ex-
pression levels of INOS, Bax and cleaved caspase-3
caused by Foxo3a knockdown were rescued by the
treatment with extracellular Tnc (Figs. 4B and 4C).
In contrast, shFoxo3a-enhanced Bcl-2 expression was
significantly declined in the presence of extracellular
Tncin IL-18-treated chondrocytes (Fig. 4C). It should
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Figure 3. The expression of tenascin-c was positively regulated by Foxo3a. The chondrocytes were treated by IL-143 (100 ng/
/mL) for 48 h. The level of tenascin-c in culture medium was quantified by ELISA (A). The IL-15-treated chondrocytes were
transfected with shRNAs or vectors for 48 h. The release of tenascin-c was measured by ELISA (B). The data were repre-
sented as mean * SD (n = 3). Symbols as in the description of Figure 1. **p < 0.01, OA + shNC vs. control; ®@p < 0.01,
OA + shFoxo3a vs. OA + shNC; ##p < 0.01, OA + pcDNA3.1-NC vs. control; ¥p < 0.01, OA + pcDNA3.1-Foxo3a vs.
Foxo3a OA + pcDNA3.1-NC.

A *3k @@
Q B 90 T
g 2] ‘
S 5o
=8 2 830 i i
2 e =g [
5 0 D O
= ~ 1
[}
~ 0
C ctrl + - - -
0OA - + + +
shNC - + - -
shFoxo3a - - + +
Tenascin-C - - - +
g
Bax s s e S
Q w)
Z &
Caspase-3 =%
N " [5)
GAPDH [ | ' A
Bcl-2 Bax Cleaved
D 215 Caspase-3
2
5 1.0
5 H ctrl
° o
g 0.5 OA+shNC
= [l OA-+shFoxo3a
7 0 B OA+shFoxo3a + Tenascin-C

Figure 4. Extracellular tenascin-c abrogated the protective effect of down-regulated Foxo3a on IL-15-treated chondrocytes.
The chondrocytes were stimulated with IL-14 (100 ng/mL), followed by treatment of shFoxo3a in the absence or presence
of tenascin-c (1 uM). The level of tenascin-c in medium and mRNA level of iNOS were determined by ELISA (A) and
gPCR (B), respectively. The expression of apoptosis-associated proteins was analyzed by western blotting (C), and the cell
viability was measured by MTT assay (D). The data were represented as mean + SD (n = 3). Symbols as in the description
of Figure 1. **p < 0.01, OA + shNCvs. control; ®@p < 0.01, OA + shFoxo3avs. OA + shNC; #*#p < 0.01, OA + shFoxo3a
+ tenascin-c vs. OA + shFoxo3a.
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be noted that Tnc treatment effectively inhibited
the increased cell viability caused by shFoxo3a in
IL-1B-treated chondrocytes (Fig. 4D). The evidence
suggested that Foxo3a, as a positive regulator of
Tnc, contributed to the apoptosis of IL-15-treated
chondrocytes.

Discussion

Currently, the treatment strategies for OA mainly in-
volve relieving the symptoms such as joints’ pain, swell-
ing, and muscle tension to improve the quality of life.
NSAIDs, prescribed for a long-term use, are currently
the primary pharmacological OA treatment. However,
some dangerous side effects are associated with such
atreatment [16]. Therefore, safe and effective therapy
for OA isurgently needed to be developed. It has been
reported that Foxo3a expression is altered in various
types of inflammatory diseases [17]. To our knowledge,
our current study is the first to demonstrate that Foxo3a
is highly expressed in IL-13-treated chondrocytes com-
pared with control chondrocytes, suggesting the Foxo3a
might be a potential biomarker for OA.

Inducible NOS expression is induced by various
factors such as inflammatory cytokines (IL-14, IL-17,
TNF-a and IFN-y) [18], bacterial infection [19]
and degradation of extracellular matrix [20]. The
upstream targets of iNOS expression are associ-
ated with three main regulators including NF-«B,
STAT-1 and MAPKSs signaling pathways [21]. More
specifically, IL-18-induced OA is mainly associated
with translocation of NF-xB into nucleus, where it
binds to the promotor region of iNOS [22]. Subse-
quently, iNOS efficiently catalyzes the production
of nitric oxide (NO) which plays a critical role in the
pathogenesis of OA [23]. It has been reported that
iNOS-mediated NO production in OA chondrocytes
is the leading cause of cartilage destruction, and de-
pletion of iNOS in mice inhibited the development
of OA [24]. Consistently, we found in our study that
iNOS expression was significantly increased in IL-13-
-treated chondrocytes as compared to the control cells.
It was demonstrated that NO synthesis was actively
progressed in OA chondrocytes [25]. In other words,
OA chondrocytes might undergo some cellular events
like inflammatory response, apoptosis or oxidative
stress [26]. Moreover, increased expression of iNOS
and NO have been found in vivo in inflammatory, sep-
tic arthritis and in patients with rheumatoid arthritis
[27]. Meanwhile, our data showed that enhancement
of iNOS expression was suppressed by down-regula-
tion of Foxo3a what suggests that Foxo3a could be
a new clinical target for OA treatment and also for
other iNOS-related inflammatory diseases.
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Chondrocytes apoptosis is also regarded as the key
factor in OA progression. Nitric oxide generation is
known as the primary executioner of chondrocytes
apoptosis through regulating caspase-3-dependent
signaling [28]. Mechanically, NO-induced chondro-
cytes apoptosis is associated with mitochondrial dys-
function, DNA damage and iNOS signaling [29]. In
this study, we provided evidence that down-regulated
Foxo3a inhibited chondrocytes apoptosis through
regulating caspase-3-dependent signaling, indicating
that inhibition of Foxo3a expression offers a clini-
cally-relevant perspective for the treatment of OA
by regulating chondrocytes’ apoptosis. However, the
detailed mechanism of this phenomenon should be
clarified in future study. Recently, many researchers
point out that oxidative stress is a critical risk factor
for the onset of OA [30]. ROS, as the mediators of
oxidative stress, not only participate in the process
of cell matrix degradation but also control chondro-
cytes’ life cycle during OA [30]. On the other hand,
Foxo transcription factors have been implicated in
various ROS-related processes including cellular ag-
ing, proliferation, senescence or apoptosis [31]. For
instance, mammalian Sterile 20-like kinase 1 (MST-1)
mediates ROS-induced neuronal apoptosis via Fox-
03a phosphorylation [32]. Foxo3a also suppressed
ROS-induced apoptosis in differentiated 3T3-L1
adipocytes [33]. Hence, the mechanism underlying
the protective effect of down-regulated Foxo3a on
chondrocytes’ apoptosis might be also associated with
ROS-mediated signaling.

Tenascin-c is ECM glycoprotein which increased
levels were found in the synovial fluid in OA patients
[34]. Production of Tnc can also induce inflammatory
mediators and promote matrix degradation in OA,
and its levels could serve as a biomarker of joint
damage and a trigger of further joint degradation [35,
36]. In our in vitro system, the level of Tnc was signifi-
cantly increased in OA chondrocytes compared with
control chondrocytes, which was related to Foxo3a
expression. Therefore, these results suggest that
Foxo3a is critically involved in the production of Tnc
during OA. In other words, Foxo3a may regulate the
OA-mediated inflammation via modulating Tnc. Fur-
thermore, extracellular addition of Tnc abrogated the
effects of Foxo3a knockdown on apoptosis and iNOS
expression in IL-13-treated chondrocytes, suggesting
that Tnc promoted apoptosis in IL-15-mediated OA
chondrocytes. On the contrary, the protective effect
of Tnc on human OA cartilage was observed in an
in vitro system [37]. It was shown in Tnc”- mice that
cartilage repair was significantly slower than that
in wild type mice, and cartilage degeneration was
enhanced by deficiency of Tnc [38]. Furthermore,
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Matsui’s group reported that deficiency of Tnc de-
layed articular cartilage repair in vivo and treatment
of full-thickness osteochondral defects by filling the
defect with exogenous Tnc results in the inhibition of
cartilage degeneration [39]. These different results
may be affected by experimental model, experimental
object or experimental conditions. In spite of this, the
exact mechanisms of how Tnc plays dual roles in OA
remain unclear, and needs further research.

In the present study, we provided evidence that
down-regulated Foxo3a protects in vitro against IL-15-
-mediated inflammation and IL-13-induced chon-
drocytes’ apoptosis. These results also revealed that
those protective effects of down-regulated Foxo3a
on OA were blocked by extracellular addition of Tnc,
indicating that down-regulation of Foxo3a exhibited
the potent cytoprotective activity in the in vitro OA
model via modulating Tnc. Our study suggests potential
usefulness of targeting Foxo3a as a candidate for the
development of a novel and effective treatment for OA.
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