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Senescent RAW264.7 cells exhibit increased production of nitric
oxide and release inducible nitric oxide synthase in exosomes
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Abstract. Aging cells not only cease growing, but also
secrete various proteins such as inflammatory cytokines. This
secretory phenomenon is known as the senescence-associated
secretory phenotype (SASP). The aim of the present study
was to elucidate the effects of senescence on the differen-
tiation of osteoclast precursors (OCPs) and corresponding
SASP. RAW264.7 cells were used as OCPs and were cultured
to passage (P)5, P10 and P20. Cell proliferation assays,
senescence-associated 3-galactosidase staining and telomere
length quantification were subsequently performed, and it
was revealed that replicative senescence was induced at P20.
In addition, the level of tartrate-resistant acid phosphatase
activity in P20 cells treated with receptor activator of nuclear
factor-kB ligand was significantly lower than that in P5 and
P10 cells. The SASP factors interleukin-6, tumour necrosis
factor-a and nitric oxide were significantly increased in
P20 culture supernatants compared with those in P5 and
P10 supernatants. Furthermore, the number of exosomes at
P20 was increased compared with that at P5 and P10, and
inducible nitric oxide synthase (iNOS) was expressed in
exosomes at P20, but not in exosomes at P5. In conclusion, the
present study revealed that senescent RAW264.7 cells exhibit
increased expression of SASP factors and release iNOS in
exosomes.

Introduction

Senescence is defined as the decline of physiological func-
tions with aging and affects most living organisms (1).
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Adverse changes at cellular and molecular levels caused by
senescence lead to increased risks of several diseases, such
as cancer, cardiovascular diseases, diabetes, osteopenia and
osteoporosis (2).

Bone is constantly remodelled throughout life by the
balanced activity of osteoblastic bone formation and osteo-
clastic bone resorption; however, the balance between bone
resorption and formation is lost due to aging, which results in
age-related bone loss, including osteoporosis, and an increased
risk of fracture (3). Some aging mechanisms are related to
changes in the expression and signalling of local factors in
the bone microenvironment (4). There are three important
cell types for bone remodelling: Osteoblasts, osteocytes and
osteoclasts (OCs) (5). Osteocyte and osteoblast senescence
in the bone microenvironment has been investigated (6),
whereas OC and OC precursor (OCP) senescence in the bone
microenvironment has not been analysed in detail. OCs differ-
entiate from OCPs, which are precursor cells derived from
the monocyte/macrophage lineage (7). OCPs are recruited
from the bloodstream into bone by various factors released
at sites undergoing resorption in the bone microenviron-
ment, and OCPs are subsequently differentiated into OCs
responsible for bone resorption (7). Cao et al (8) revealed
that aging is accompanied by increased receptor activator of
nuclear factor (NF)-«B ligand (RANKL) and macrophage
colony-stimulating factor expression, which can increase
stromal/osteoblastic cell-induced osteoclastogenesis and
expansion of the OCP pool. If the number of OCPs that cannot
differentiate increases, the number of aging OCPs increases.
Along with stem cell aging, their ability to differentiate into
various cell types is also altered (9).

Senescence is an unexplained phenomenon, which occurs
in the microenvironment where bone remodelling occurs. In
recent years, it has become clear that senescent cells do not
simply cease growing but also secrete various proteins, such as
inflammatory cytokines and chemokines (10). This secretory
phenomenon is known as the senescence-associated secretory
phenotype (SASP). SASP is predominantly exhibited by senes-
cent osteoprogenitors, myeloid cells and osteocytes (11,12).
Farr er al (12) suggested that senescent osteocytes and their
SASP contribute to age-related bone loss by assessing the
critical roles of osteocytes in orchestrating bone remodelling.
However, additional senescent cell types in the bone microen-
vironment and their corresponding SASP may be uncovered.
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The aim of the present study was to elucidate senescent OCPs
and their corresponding SASP.

Materials and methods

Cell culture. RAW264.7 cells for use as OCPs were
obtained from the RIKEN BioResource Center. Cells
were cultured in a-minimum essential medium (a-MEM;
Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% foetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.), 100 U/ml penicillin and 100 pg/ml strep-
tomycin at 37°C in a humidified atmosphere containing
5% CO, and were passaged every 3-4 days. RAW264.7
cell-derived OCs appear to form better in response to
RANKL stimulation after passage (P)4, but cannot form
after P18-20 (13). Therefore, it was assumed that cells at
P20 would be replicative senescent cells, and RAW264.7
cells were grown until P5, P10 and P20.

Cell proliferation assay. RAW264.7 cells (P5, P10, and P20)
were seeded on 96-well culture plates at 5x10° cells/well and
were cultured for 1-4 days. Subsequently, the WST-8 reagent
in a Cell Counting Kit-8 (Dojindo Molecular Technologies,
Inc.) was added to the cells (10 pl/well), followed by incuba-
tion for 2 h at 37°C. The cell proliferation was determined by
measuring the absorbance at 450 nm using a microplate reader
(Benchmark Plus™ Microplate Spectrophotometer; Bio-Rad
Laboratories, Inc.) (14).

Senescence-associated f-galactosidase (SA-f-gal) staining
and flow cytometric analysis. SA-f-gal staining was performed
using a Cellular Senescence Detection Kit-SPiDER-fgal
(Dojindo Molecular Technologies, Inc.) in accordance with
the manufacturer's instructions. RAW264.7 cells (P5, P10
and P20) were seeded in a 35-mm culture dish at a density
of 5x10* cells/dish and incubated overnight. The cells were
washed with 2 ml Hank's balanced salt solution (HBSS) and
bafilomycin A1 working solution (1 ml) was added to the culture
dish for 1 h. SPiDER-fgal working solution (I ml) and 1 mg/ml
Hoechst 33342 (1 ul; Dojindo Molecular Technologies, Inc.)
were then added to the culture and the cells were incubated
for 30 min. After the supernatant was removed, the cells were
washed twice with HBSS (2 ml) and HBSS (2 ml) was added
to the culture dish. All images were obtained under a fluores-
cence microscope (Ti-E; Nikon Corporation). The percentage
of positive cells was manually computed in five random fields
per section at x400 magnification (15).

Flow cytometry was performed using a protocol similar to
SA-B-gal staining. RAW264.7 cells (P5, P10, and P20) were
seeded in a 35-mm culture dish at a density of 1x10° cells/dish.
Cells were treated in the same manner as for SA-[3-gal staining;
however, they were not treated with Hoechst 33342. Flow cyto-
metric analysis was performed using a BD FACSCalibur and
BD FACSDiva (v8.0.1; BD Biosciences).

Quantification of telomere length. Genomic DNA was
isolated from RAW264.7 cells (P5, P10, and P20) by the
phenol-chloroform extraction method using phenol/chloro-
form/isoamyl alcohol (25:24:1; cat. no. 311-90151, Nippon
Gene Co., Ltd.). Total telomere length was determined by a

telomere hybridization protection assay using 0.2 yg denatured
genomic DNA as described previously (16).

Tartrate-resistant acid phosphatase (TRAP) staining.
RAW264.7 cells (PS5, P10, and P20) were seeded on 12-well
culture plates at 2.5x10° cells/well. The cells were treated
with RANKL (50 ng/ml; Oriental Yeast Co. Ltd.) for 7 days
at 37°C. The culture medium supplemented with RANKL was
replaced every 3 days. Subsequently, the cells were stained
using a TRAP staining kit (Cosmo Bio Co., Ltd.) in accor-
dance with the manufacturer's instructions. TRAP-positive
multinucleated cells were identified as OCs under the light
microscope (Ti-E; Nikon Corporation) (14).

TRAP activity assay. RAW264.7 cells (P5, P10, and P20)
were seeded on 96-well culture plates at 2x10° cells/well. The
cells were treated with RANKL (50 ng/ml) for 4 days at 37°C.
The cells were then fixed with ethanol/acetone as described
previously (17) and evaluated for TRAP activity using a TRAP
solution kit (Oriental Yeast Co. Ltd.) in accordance with the
manufacturer's instructions. Briefly, 150 I 50 mM citrate
buffer (pH 4.5) containing 5.5 mM p-nitrophenol phosphate
and 10 mM sodium tartrate was added to each well. After
incubation for 60 min at room temperature, 50 x1 0.1 N NaOH
was added and the absorbance at 405 nm was determined
using a microplate reader (14).

Measurement of interleukin (IL)-6, tumour necrosis factor
(TNF)-a and nitric oxide (NO) production. RAW264.7 cells
(P5, P10 and P20) at 1x10° cells/well in 24-well culture plates
were cultured for 24 h in serum-free medium. The culture
supernatants were centrifuged at 4°C for 10 min at 1,000 x g,
harvested and used immediately. IL-6 was measured via a
quantitative sandwich enzyme immunoassay method using
a Mouse IL-6 Assay Kit (cat. no. 27768; Immuno-Biological
Laboratories Co., Ltd.) in accordance with the manufacturer's
instructions. Optical density (OD) values at 450 nm were
measured using a microplate reader. The levels of TNF-a in
culture supernatants were measured using a TNF-a Mouse
ELISA kit Quantikine (cat. no. MTAOOB; R&D Systems, Inc.)
in accordance with manufacturer's instructions. OD values
at 450 nm were measured using a microplate reader. The levels
of NO,/NOj in culture supernatants were measured using
an NO,/NO;" Assay Kit-C II consisting of Griess reagents
(cat. no. NKO5; Dojindo Molecular Technologies, Inc.)
according to the manufacturer's instructions. Samples were
reacted with Griess reagent and absorbance was measured
at 540 nm using a microplate reader. It is common practice
to quantitate total NO,/NO;™ as a measure of NO levels (18).

Isolation and quantification of exosomes. Exosome
isolation using an ExoQuick exosome precipitation kit
(System Biosciences) was performed in accordance with
the manufacturer's instructions. Briefly, 1x10° RAW264.7
cells (P5, P10 and P20) were cultured for 48 h in a-MEM
containing 10% exosome-depleted FBS (System Biosciences).
The culture supernatant was collected and centrifuged
at 3,000 x g for 15 min at 4°C to remove intact cells and cell
debris. ExoQuick exosome precipitation solution (2 ml) was
added to 10-ml culture supernatant. The resulting solution was
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mixed by inverting the tube and then incubated for 12 h at 4°C.
This mixture was then centrifuged at 1,500 x g for 30 min
at room temperature. The supernatant was discarded and the
precipitate consisted of exosomes (19). Exosome quantifica-
tion and western blot analysis of exosomes were performed
using the exosome pellets. For exosome quantification, the
exosome pellets were resuspended in Exosome Binding Buffer
(a component of the CD63 ExoELISA kit). The total number
of exosomes was determined using a CD63 ExoELISA kit
(cat. no. EXOEL-CD63A-1, System Bioscience) following
the manufacturers' instructions; this kit detects the general
exosome marker CD63 by ELISA (20). For western blot
analysis of exosomes, the exosome pellets were resuspended
in radioimmunoprecipitation buffer (RIPA; cat. no. sc-24948;
Santa Cruz Biotechnology, Inc.). Western blot analysis
of exosomes was performed using the resulting solution.
Exosomes prepared from RAW264.7 cells at PS5, P10 and P20
were termed Exo-P5, Exo-P10 and Exo-P20, respectively.

Nanosight particle tracking analysis. The isolated exosome
pellets were diluted at 1:5,000 with PBS and injected into the
Nanosight LM10 system (Malvern Panalytical Ltd.). Capture
and analysis settings were manually set in accordance with
the manufacturer's instructions. Particles were visualised by
laser light scattering and their Brownian motion was captured
on digital video. Five separate runs were conducted for each
sample. The recorded videos were analysed using Nanoparticle
Tracking Analysis 2.3 software (Malvern Panalytical Ltd.) and
the size distribution of particles was determined (21).

Western blot analysis. RAW264.7 cells (PS5, P10 and P20)
were seeded in 60-mm culture plates and lysed using RIPA
buffer (cat. no. sc-24948; Santa Cruz Biotechnology, Inc.).
The lysates and exosomal proteins were analysed by western
blotting as described previously (22). The following primary
antibodies were used: Rabbit polyclonal antibodies against p53
(1:200; cat. no. sc-6243; Santa Cruz Biotechnology, Inc.), trans-
forming growth factor f1 (TGF-f31; 1:1,000; cat. no. 3711; Cell
Signaling Technology, Inc.), histone H2A.X (H2A.X; 1:1,000;
cat. no. 2595; Cell Signaling Technology, Inc.), inducible nitric
oxide synthase (iNOS; 1:2,000; cat. no. ab3523; Abcam),
NF-«xB (1:1,000; cat. no. GTX102090; GeneTex, Inc.), CD63
(1:1,000; cat. no. EXOAB-CDG63A-1; System Biosciences)
and mammalian target of rapamycin (mTOR; 1:1,000;
cat. no. 2972; Cell Signaling Technology, Inc.), rabbit
monoclonal antibodies against tumour susceptibility gene
101 (TSG101; 1:1,000; cat. no. ab125011; Abcam) and
phosphorylated (p)-H2A.X (Ser139) (1:1,000; cat. no. 2577,
Cell Signaling Technology, Inc.), mouse monoclonal anti-
bodies against receptor activator of NF-xB (RANK; 1:500;
cat. no. ab13918; Abcam), hypoxia-inducible factor (HIF)-1a
(1:1,000; cat. no. NB100-131; Novus Biologicals LLC) and
nuclear factor of activated T cells cytoplasmic 1 (NFATcl;
1:200; cat. no. sc-7294; Santa Cruz Biotechnology, Inc,),
and a goat polyclonal antibody against f-actin (1:1,000;
cat. no. sc-1616; Santa Cruz Biotechnology, Inc.). The
secondary antibodies used were HRP-conjugated anti-goat
IgG (1:2,000; cat. no. P0449; Dako; Agilent Technologies,
Inc.), HRP-conjugated anti-mouse IgG (1:1,000; cat. no. 7076;
Cell Signaling Technology, Inc.) and HRP-conjugated
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Figure 1. Cell proliferation assay. RAW264.7 cells at 5x10° cells/well were
cultured for 1, 2 or 3 days and then proliferation was assessed using the
WST-8 reagent in the Cell Counting Kit-8. “P<0.05 (one-way ANOVA and
Tukey-Kramer test). P, passage.

anti-rabbit IgG (1:10,000; cat. no. 458; MBL International Co.).
Signals were detected by chemiluminescence using a Pierce
SuperSignal Western Blotting Kit (Pierce; Thermo Fisher
Scientific, Inc.). f-actin was evaluated as an internal control to
confirm equal amounts of total protein.

Statistical analysis. All data are expressed as the
mean =+ standard deviation of three independent experiments.
Statistical analyses were performed using one-way ANOVA
and Tukey-Kramer test for intergroup comparisons in each
experiment. P<0.05 was considered to indicate a statistically
significant difference.

Results

Serial passaging leads to replicative senescence. A decrease
in cell proliferation was detected during the progression of
replicative senescence. The proliferation of cells at P20 was
significantly lower than that of cells at P5 and P10 (Fig. 1).
In addition, the protein expression levels of mTOR in cells
at P20 were decreased compared with those at PS5 and P10
(Fig. 2A). The protein expression levels of p-H2A.X in cells
at P20 were increased compared with those at P5 and P10
(Fig. 2A). Telomere length at P20 was decreased compared
with that at PS5 and P10 (Fig. 2B). The protein expression levels
of p53 in cells at P10 was increased compared with those at
P5; however, when cells reached P20 and exhibited reduced
proliferation, the protein expression levels of p5S3 were lower
than those at P10 (Fig. 2A).

RAW264.7 cells at P5, P10 and P20 were subjected
to SA-pB-gal staining (Fig. 2C). The senescent status of
the cell cultures was measured by SA-B-gal quantitation.
SA-B-gal-positive cells at P20 were significantly increased
(63.2%) compared with those at P5 (4.5%) and P10 (23.2%)
(Fig. 2D). Furthermore, using flow cytometry, the fluorescence
intensity of SA-f-gal staining was analysed (Fig. 2E). The
fluorescence intensity of cells at P20 was increased compared
with that at P5 and P10. Thus, it was confirmed that cells at
P20 were replicative senescent cells.

Differentiation of RAW264.7 cells. To investigate the effect
of replicative senescence on OC differentiation, TRAP
staining was performed to determine TRAP enzymatic
activity. The level of TRAP enzymatic activity in cultured
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Figure 2. Induction of replicative senescence by serial passaging of RAW264.7 cells. (A) Measurement of protein expression levels of mTOR, p-H2A X,
H2A.X and p53 by western blot analysis. (B) Telomere length. (C) SA-f-gal staining. SA-B-gal was labelled with green fluorescence and nuclei were stained
with Hoechst 33342. Scale bars=10 pgm. (D) Percentage of cells positive for SA-B-gal staining. "P<0.05 (one-way ANOVA and Tukey-Kramer test). (E) Flow
cytometric analysis of replicative senescence, as determined by SA-f-gal staining. H2A X, histone H2A .X; mTOR, mammalian target of rapamycin;
p-, phosphorylated; RLU, relative light units; SA-f3-gal, senescence-associated 3-galactosidase.

cell lysates has been reported to be correlated with the rela-
tive number of OCs observed by TRAP staining (23). On
day 7, RANKL induced the formation of large multinucleated
(=5 nuclei) OC-like cells at P5 and P10; however, there were no
TRAP-positive multinucleated cells detected at P20 (Fig. 3A).
To confirm the potential effect of replicative senescence on
RANKL-induced OC differentiation, TRAP enzymatic
activity was determined. The level of TRAP activity in cells
treated with RANKL at P20 was significantly lower than that
at P5 and P10 (Fig. 3B). Furthermore, the protein expression
levels of RANK and NFATcl were increased in cells treated
with RANKL (50 ng/ml) at P5 and P10 compared with those
at P20 (Fig. 3C). These results suggested that RAW264.7 cells
cannot differentiate into OC-like cells while aging.

Effect of senescence in RAW264.7 cells on SASP factors. The
expression levels of SASP factors TGF-f1, iNOS and NF-xB
in cells at P20 were increased compared with those at P5 and
P10. In addition, HIF-1a protein expression was increased
in cells at P20 compared with that at PS5 and P10 (Fig. 4A).
Furthermore, the present study detected secretion of SASP

factors IL-6, TNF-a and NO from RAW?264.7 cells. The levels
of IL-6, TNF-a and NO in the culture supernatants at P20
were significantly increased compared with those at P5 and
P10 (Fig. 4B).

Effect of senescence in RAW264.7 cells on isolation of
exosomes. To characterise vesicles released from RAW264.7
cells, size detection was performed by Nanosight particle
tracking analysis (Fig. SA). Vesicle size peaks at P5, P10 and
P20 were 128, 100 and 133 nm, respectively. Exosomes are
vesicles derived from the endosomal membrane with diameters
40-150 nm (24,25). Subsequently, the expression of exosome
markers (CD63 and TSG101) were detected by western blot-
ting to confirm the identity of exosomes (Fig. 5B). The results
indicated successful isolation of exosomes from RAW?264.7
cells. Expression of tetraspanin protein CD63 was detected by
ELISA to determine the concentration of exosomes (Fig. 5C).
The number of exosomes at P20 was increased compared with
that at P5 and P10. In addition, iNOS was detected in exosomes
at P10 and P20, but not at P5; however, TGF-f1 and HIF-1a
were not detected in exosomes at P5, P10 and P20 (Fig. 5B). In
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Figure 3. Effect of senescence on RAW264.7 cell differentiation. (A) TRAP staining. Arrows indicated large multinucleated (=5 nuclei) OC-like cells. Scale
bars, 100 ym. (B) TRAP activity. ““P<0.001 (one-way ANOVA and Tukey-Kramer test). (C) Measurement of protein expression levels of RANK and NFATcl
by western blot analysis. NFATc1, nuclear factor of activated T cells cytoplasmic 1; P, passage; P5 R, P5 + RANKL; P10 R, P10 + RANKL; P20 R, P20 +
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Figure 4. Effect of senescence on senescence-associated secretory phenotype factors in RAW264.7 cells. (A) Measurement of protein expression levels of
TGF-f1, HIF-1a, iNOS and NF-kB, as determined by western blot analysis. (B) ELISA was used to determine NO,/NO;", IL-6 and TNF-a levels in the culture
medium. Data are presented as the mean + standard deviation. "P<0.05 (one-way ANOVA and Tukey-Kramer test). HIF-1a, hypoxia-inducible factor-1a; IL-6,
interleukin 6; iNOS, inducible nitric oxide synthase; NF-kB, nuclear factor-kB; NO, nitric oxide; P, passage; TGF-f1, transforming growth factor $1; TNF-a,

tumour necrosis factor-a.

these SASP factors, it was suggested that only iNOS may be
contained in exosomes and specifically released.

Discussion

Cellular senescence was initially described as the finite
proliferative capacity of cultured normal human fibroblasts
by Hayflick and Moorhead in 1961 (26). After its discovery,
cellular senescence was defined as a status characterised by
irreversible arrest of cell proliferation (27). Growing evidence
has suggested that replicative senescence can be used as

an in vitro surrogate for aging (6,28-30). The present study
established replicative senescent cells by serial passaging of
RAW264.7 cells. RAW264.7 cells are widely known as OCPs
and serve an important role in in vitro studies (13,31,32).
Cellular senescence is defined by irreversible arrest of the cell
cycle, changes in cell morphology (large and flattened cells)
and expression of specific biomarkers (33). Among the specific
biomarkers of senescent cells, the lysosomal enzyme SA-f-gal
is widely used (34,35). Induction of replicative senescence in
RAW264.7 cells at P20 was confirmed by SA-f-gal staining.
In addition, induction of p53 causes cellular senescence by
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gene 101.

reversible cell cycle arrest (36-38). It is known that p53 can
inhibit the mTOR pathway (39,40); mTOR signalling regulates
cell growth and metabolism (41). In the present study, the
protein expression levels of p53 in cells at P10 were increased
compared with those at P5; however, the protein expression
levels of p53 in cells at P20 were comparatively lower than
those at P10. p53 functions decline with senescence and SASP
is more intense when cells lose the functions of p53 (10,42).
The growth curve of replicative senescent cells at P20 was
almost flat and mTOR protein expression in cells at P20 was
decreased compared with that at P5. Conversely, the protein
expression levels of p-H2A.X in cells at P20 were increased
compared with those at P5. Telomere length at P20 was also
decreased compared with that at P5. Therefore, the present
study confirmed that cells at P20 were replicative senescent
cells.

The present study observed differences in the ability of
RAW264.7 cells to differentiate into OCs, which depended on
passage number. A previous study reported that RAW264.7
cells do not differentiate into OCs in response to RANKL
stimulation at P18-20 (13). The present results demonstrated
that the level of TR AP activity in cells treated with RANKL at
P20 was significantly lower than that at P5 and P10. Moreover,
cellular senescence reduced RANKL-induced osteoclastic
differentiation of RAW?264.7 cells by inhibiting RANK expres-
sion. Cellular senescence also attenuated RANKL-induced
TRAP activity and the protein expression levels of NFATcl.
These results suggested that OCPs may gradually lose their
self-renewal and regenerative potentials, and cannot differen-
tiate into OCs while aging. As a result, the number of senescent
OCPs in the bone microenvironment may continue to increase
because numerous OCPs are unable to differentiate into OCs.

SASP is a phenomenon in which senescent cells secrete
proinflammatory cytokines, chemokines, growth factors
and proteases (43). A beneficial function of SASP may be
promotion of immune cell migration through secretion of
proinflammatory cytokines (44). SASP is characterised by
high level secretion of the cytokine IL-6, which is a crucial
mediator of inflammation (45). Circulation of proinflammatory
cytokines, such as IL-6, can induce not only cancer, but also
various chronic inflammatory diseases (46). There are >60
known SASP factors, including ILs, chemokines and inflam-
matory molecules, such as TGF-$1, IL-6, TNF-o and NO (47).
Accumulation of senescent cells can lead to tissue damage by
increased signalling of proinflammatory cytokines caused by
propagation of oxidative stress due to mitochondrial dysfunc-
tion in neighbouring cells (48). Farr et al (12,49) reported
that multiple senescent cell types, such as osteoprogenitors,
myeloid cells, B cells, T cells and osteocytes, accumulated in
the bone microenvironment with aging in vivo and suggested
that senescent osteocytes may be linked to aging-associated
bone loss. The present study focused on OCPs as senescent
cells that affect the bone microenvironment. The results of
the present study detected increases in the protein expression
levels of TGF-p1, NF-xB and iNOS in senescent RAW264.7
cells, and increases in SASP factors, such as IL-6, TNF-a
and NO, in the culture supernatant of senescent RAW264.7
cells. These results suggested high amounts of SASP factors
(e.g., IL-6, TNF-a and NO) in the bone microenvironment.

TNF-a is a proinflammatory cytokine and potent inducer
of bone resorption, which serves major roles in bone metabo-
lism and inflammatory bone diseases (50). TNF-a directly
induces the formation of TR AP-positive multinucleated OCs
from OCPs in the absence of RANKL-mediated activation
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of NF-«B signalling (51). In addition, TNF-a can induce
RANK expression in OCPs (52). However, in the present
study, RAW264.7 cells exhibited inhibition of osteoclasto-
genesis after senescence, which were unaffected by TNF-a.
Although TNF-a expression was increased in P20 cells, it did
not induce RANK expression and formation of TR AP-positive
multinucleated cells.

IL-6 is believed to indirectly induce production of
RANKL by osteoblastic/stromal cells, which in turn stimu-
lates OC activity and the commitment of OCPs into mature
OCs (53). In addition, IL-6 has a direct effect on OC activity
via differential regulation of RANKL-induced OC formation
by specifically modulating phosphorylation of NF-kB, extra-
cellular signal-regulated kinase and c-Jun N-terminal kinase
in a RANKL concentration-dependent manner; a stimulatory
effect is observed under the condition of low RANKL, whereas
an inhibitory effect is observed when the level of RANKL is
markedly enhanced (54). Yokota et al (55) reported that the
combination of TNF-a and IL-6 differentiated TR AP-positive
multinucleated cells that resemble OCs, which had in vitro
and in vivo bone resorption activities. Although TNF-a and
IL-6 drive osteoclastogenesis, the present study revealed
that RAW264.7 cells had inhibited osteoclastogenesis after
senescence and that inhibition of osteoclastogenesis by NO
exceeded acceleration of osteoclastogenesis by TNF-a and
IL-6 in senescent OCPs.

OC formation and bone resorption are inhibited by
elevated levels of the multifunctional signal molecule NO
in vivo and in vitro (56-58). NO is a multifunctional gaseous
molecule produced by NOS using L-arginine and molecular
oxygen as substrates. It is known that NOS has three major
isoforms: Neuronal NOS and endothelial NOS, which are
constitutively expressed in cells, and iNOS, the expression
of which is induced by inflammatory cytokines, endotoxins,
hypoxia and oxidative stress (59,60). iNOS continuously
produces a high concentration of NO (61). Zheng et al (62)
reported that RANKL may induce iNOS expression in OCPs
and revealed that high NO concentrations produced by iNOS
inhibited OC differentiation. NO inhibited differentiation of
OCPs after senescence in the bone microenvironment, which
increased senescent OCPs. The present results demonstrated
that the protein expression levels of HIF-1a and iNOS at P20
were increased compared with those at PS5 and P10. HIF-1a
induces NO production by induction of iNOS in mouse
macrophages (63). HIF signalling is both necessary and
sufficient to inhibit osteoclastogenesis through modulation of
osteoprotegerin (64). From this viewpoint of SASP factors, the
present results indicated that inhibition of osteoclastogenesis
by NO exceeded acceleration of osteoclastogenesis by TNF-a
and IL-6 in senescent OCPs.

Exosomes are vesicles derived from the endosomal
membrane with diameters between 40 and 150 nm (24,25).
Pools of exosomes are packed in multivesicular endosomes
(MVESs) and released into the extracellular space after fusion
of MVEs with the plasma membrane (24,65). Various proteins,
lipids and nucleic acids in exosomes cause functional and
physiological changes via transmission to other cells, and
exosomes have important roles in intercellular communica-
tion (66,67). The results of the present study demonstrated that
the number of exosomes at P20 was significantly higher than

that at P5 and P10. In addition to secretory proteins, senescent
cells may exhibit increased secretion of exosomes (68). In the
present study, SASP factors in exosomes were analysed by
western blotting. The protein expression of iNOS was detected
in exosomes at P20 and P10, but not at P5. Exosomes transmit
carried signals to distant tissues and cells by circulating in body
fluids, the contents of exosomes can reflect the physiological
and pathological processes in cells (69). The present results
suggested that iNOS-containing senescent OCP-derived
exosomes may affect cellular communication not only locally
in neighbouring cells, but also distally and systemically.
iNOS-containing exosomes may be involved in inflammatory
processes that serve pivotal roles in a large number of patho-
logical states, including bone-destructive diseases, rheumatoid
arthritis, inflammatory diseases and cancer.

In conclusion, cellular senescence reduced RANKL-
induced osteoclastic differentiation of RAW264.7 cells
by inhibiting RANK expression. In addition, senescent
RAW264.7 cells exhibited increased production of SASP
factors (IL-6, TNF-a and NO) and increased release of iNOS
in exosomes. It is possible that clarification of the association
between cellular senescence and SASP in OCPs may improve
understanding of age-related bone changes and bone disorders,
and further studies are required in vivo.
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