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IL-3, a haematopoiesis regulatory factor, has previously been shown to inhibit both mouse and human
osteoclast differentiation and bone resorption. Here, the role of rat IL-3 on rat osteoclast differentiation was
evaluated to address whether the inhibitory action of IL-3 on osteoclastogenesis is conserved in various
species. It was observed that IL-3 inhibited rat osteoclast differentiation induced by both TNF-a and receptor
activator of NF-jB ligand (RANKL). TNF-a is known to induce bone loss in postmenopausal osteoporotic
women and it also synergise with many pro-osteoclastogenic cytokines to cause huge pathological bone loss.
Importantly, it was found that rat IL-3 inhibits the synergistic action of TNF-a with RANKL and IL-1b, TGF-
b1 and TGF-b3. IL-3 downregulates the TNF-a-induced nuclear translocation of NF-jB-p65 and c-fos without
affecting c-jun. Interestingly, we observed that IL-3 also inhibits osteoclast differentiation in vivo in rats
induced by TNF-a. All these results suggest that inhibitory action of IL-3 on osteoclastogenesis is conserved in
various species including mice, rats and humans. Thus, our results clearly indicate that IL-3 has therapeutic
potential to treat pathological bone loss in important skeletal diseases.
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Abbreviations: RANKL, Receptor activator of NF-jB ligand; MSCs, Mesenchymal stem cells; M-CSF,
Macrophage colony-stimulating factor; a-MEM, Minimal essential medium-alpha modification; TRAP,
Tartrate-resistant acid phosphatase; MNCs, Multinuclear cells; CTR, Calcitonin receptor.

1. Introduction

Osteoclasts are multinuclear cells which differentiate
from haematopoietic precursors of mono-
cyte/macrophage lineage (Akagawa et al. 1996). Bone
loss by increased osteoclast activity is a key pathological
feature in important skeletal diseases including osteo-
porosis and rheumatoid arthritis (Abu-Amer 2009).
Osteoclastogenesis is induced by receptor activator of
NF-jB ligand (RANKL) secreted by osteoblasts
(Weitzmann and Pacifici 2006). Osteoclastogenesis and
bone homeostasis is also regulated by immune cell-
derived cytokines including IL-1, IL-6, TNF-a andTGF-
b (Roggia et al. 2001; Ritchlin et al. 2003; Braun and
Zuerina 2011; Walsh et al. 2018). TNF-a plays an
important role in inducing osteoclastogenesis in osteo-
porosis and rheumatoid arthritis (Pfeilschifter et al.

2002). Both RANKL and TNF-a independently or
synergistically show a profound effect on pathological
bone resorption (Lam et al. 2000).
IL-3 is a pleiotropic cytokine secreted by the cells of

haematopoietic origin and it is also required for their sur-
vival, proliferation and differentiation (Saeland et al. 1988;
Sonada et al. 1988; Lantz et al. 1998). The role of IL-3 in
bone homeostasis has recently been investigated. We have
earlier documented that IL-3 inhibits RANKL-induced
osteoclast differentiation by downregulating NF-jB
(Khapli et al. 2003) and inhibits TNF-a-induced osteoclast
differentiation by downregulating TNF-receptors 1 and 2
(Yogesha et al. 2005). IL-3 also inhibits RANKL-induced
humanosteoclast differentiation in humanperipheral blood
monocytes (Gupta et al. 2010).Recently, othergroups have
also documented the anti-osteoclastic action of IL-3 (Hong
et al. 2013; Hirose et al. 2014; Lee et al. 2016).
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Cytokines function differently on bone cells
depending on the species used for the study. IL-7 have
anti-osteoclastic activity in mouse cells (Lee et al.
2003), however, it is pro-osteoclastogenic in human
cells (Weitzmann et al. 2000). Similarly, TNF-a inhi-
bits osteoblast differentiation of mouse mesenchymal
stem cells (MSCs), while it enhances osteoblast dif-
ferentiation of human MSCs (Osta et al. 2014). Dif-
ferent species metabolise a given drug differently and
exhibit variation in their responses (Martignoni et al.
2006). The extrapolation of animal data to the human
application is possible if a drug is tested for its activity
in different species. Consequently, a conserved action
of a drug in different species makes it more suitable for
human clinical trials. Since IL-3 showed anti-osteo-
clastic role in mouse and human cells, it is necessary to
test the anti-osteoclastic potential of IL-3 in different
species. Ovariectomy-induced pathological bone loss
in rats is closer to human postmenopausal osteoporosis
(Turner 2001). Therefore, in the present study we
evaluated whether the anti-osteoclastic action of rat IL-
3 is conserved in rats.
The effect of rat IL-3 on rat osteoclast differentiation

and function was evaluated with emphasis mainly on
TNF-a-induced osteoclast differentiation, which is the
key factor in inducing pathological bone loss in vivo.We
observed that IL-3 inhibits both TNF-a and RANKL-
induced osteoclast differentiation and also their syner-
gistic action with other pro-osteoclastogenic cytokines.
IL-3 inhibits rat osteoclast differentiation by inhibiting
NF-jB and AP-1 pathways. Moreover, IL-3 inhibits
TNF-a-induced osteoclastogenesis in vivo. Thus, we
show for the first time that the anti-osteoclastic action of
IL-3 is conserved in mice, rats and humans.

2. Materials and methods

2.1 Animals

Wistar rats of 3 months old obtained from National
Centre for Cell Science, Pune, India were used for
isolation of osteoclast precursors and in vivo studies.
All animal experiments were approved by Institutional
Animal Ethics Committee (IAEC/2016/B-277).

2.2 Reagents

Recombinant rat TNF-a, IL-1b, TGF-b1, TGF-b3 and
anti-IL-3 neutralizing antibody were purchased from R

& D Systems. Recombinant murine macrophage col-
ony-stimulating factor (M-CSF), RANKL, and rat IL-3
were purchased from Peprotech Asia. Anti-p-NF-jB-
p65 antibody was obtained from Santa Cruz Biotech-
nology. Polyclonal antibodies for c-fos and c-jun were
obtained from Cell Signalling Technology. Secondary
FITC labelled antibody was obtained from Bangalore
Genei. TRIzol reagent, cDNA synthesis kit and SYBR
Green were purchased from Invitrogen. Minimal
essential medium-alpha modification (a-MEM) and
para-nitrophenyl phosphate were obtained from Sigma-
Aldrich.

2.3 Osteoclast differentiation

Osteoclast precursors were isolated from rats by
method as described earlier for mice (Yogesha et al.
2005). Briefly, femora and tibiae were harvested and
bone ends were cut to flush the marrow cavity using a-
MEM. A single-cell suspension was made by vigor-
ously agitating bone marrow suspension. Cells were
washed, resuspended at 39105 cells/ml in a-MEM
containing 10% FBS and M-CSF (10 ng/ml). After 24
h, non-adherent cells were collected, washed and
resuspended in a-MEM and layered on Ficoll-Hy-
paque. The cells were centrifuged and buffy coat
formed at the interface of the gradient was collected
and 59104 cells/well were plated in 96-well culture
plate. Cells were incubated with M-CSF (30 ng/ml) and
RANKL (30 ng/ml) or TNF-a (40 ng/ml) with various
concentrations of rat IL-3. Anti-IL-3 neutralising anti-
body was also used according to the experimental
strategy. To study the synergistic action of TNF-a with
other pro-osteoclastogenic cytokines, cells were incu-
bated with M-CSF and TNF-a in presence of either IL-
1b or TGF-b1 or TGF-b3 (5 ng/ml each) and rat IL-3.
On day 3 cultures were half fed by replacing 100 ll of
culture medium with fresh medium. After 4 days cells
were fixed with formalin and stained for tartrate-resis-
tant acid phosphatase (TRAP). TRAP? multinuclear
cells (MNCs) were counted.

2.4 Quantitative TRAP assay

Cells were fixed with 10% formalin, washed and dried.
The cells were then treated with 100 ll of 5 mM para-
nitrophenyl phosphate in 50 mM citrate buffer for 1 h
at 37�C. The reaction was terminated by adding 100 ll
of 1N NaOH and absorbance was read at 415 nm.
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2.5 Bone resorption assay

Bone slices were bleached in 4% sodium hypochlorite
for 15 minutes, washed, dried and mounted onto glass
slides, and then sputter coated with gold (K550X
Sputter Coater). Bone slices were observed under
reflected light microscopy and percent bone resorption
was quantitated.

2.6 RNA Isolation, RT-PCR and qPCR

RNAwas isolated using TRIzol method and cDNAwas
synthesized using Thermoscript RT. RT-PCR was per-
formed for 30 cycles and each cycle consists of 30 s of
denaturation at 94�C, 30 s of annealing at 58�C, and 30
s of extension at 72�C followed by final extension for 2
min. qPCR was set up with reaction mixture containing
SYBR green and 10 pmol of each primer (IDT) and
analysed using StepOnePlus system (Applied Biosys-
tems). Reaction was performed for 40 cycles with each
cycle of 30 s of denaturation at 94�C, 30 s of annealing
at 58�C and 30 s of extension at 72�C, followed by
melt curve at the end. GAPDH was used as endoge-
nous control.
Primer sequences used were: TRAP, 50- ACC

TTGGCAATGTCTCGGCACAAA-30 (sense), 50-AAT
TGCCACACAGCATCACGGT-30(antisense); cathepsin
K, 50-TGACGAAAACTGCGACCGTGAT-30(sense),
50-TTTGTTTCCCCAGCTTTCTCCCCA-30(antisense);
integrin b3, 50-ACTTGGCAAAAACGCGGTGAACT-30

(sense), 50-AGAGTAGCAAGGCCAATGAGCAGA-
30(antisense); CTR, 50-TGCTCTGATTGCTTCCA
TGGGGAT-30(sense), 50-TGCAACTTATAGGATC
CCGTCGCA-30 (antisense); GAPDH, 50-TGATG
GGTGTGAACCACGAG-30(sense), 50-CCCTTCCAC
GATGCCAAAGT-30(antisense). Real-time analysis was
done by comparative CT method and fold change was
calculated by 2-DDCT method.

2.7 Immunofluorescence microscopy

Cells were fixed with 3.7% paraformaldehyde for 10
min and permeabilised using Triton X-100 (0.1%) for 5
min. Cells were incubated with primary antibody
against p-NF-jB-p65 or c-fos or c-jun for 2 h, washed
and treated with FITC-conjugated secondary antibody
and 4’,6-diamidino-2-phenylindole (1 lg/ml) for 1 h.
Cells were washed, mounted on slides using FragEL
mounting medium (Oncogene) and images were

acquired at 639magnification using Zeiss LSM 510
Confocal microscope.

2.8 In vivo studies

To evaluate the anti-osteoclastic potential of rat IL-3
in vivo, Wistar rats were randomly divided into four
groups and injected subcutaneously over the calvaria
with PBS or TNF-a (1 lg/day) or TNF-a ? IL-3 (1
lg/day) or IL-3 alone for 5 consecutive days. All
the rats were sacrificed 4 days after the last injection
and calvariae were dissected free of soft tissues.
Total RNA was isolated from each calvarium and
mature osteoclasts markers were analysed by real-
time PCR.

2.9 Statistical analysis

The results are presented as mean ± SEM. Statistical
significance was calculated using one way ANOVA
followed by Bonferroni’s correction for multiple com-
parisons. p\0.05 was taken as statistically significant
value.

3. Results

3.1 IL-3 inhibits TNF-a-induced rat
osteoclastogenesis

TNF-a is known to induce osteoclast differentiation
independent of RANKL (Zhao et al. 2012). Its level
also increases in postmenopausal osteoporosis and
inflammatory arthritis (Osta et al. 2014). Therefore, to
evaluate the effect of rat IL-3 on TNF-a-induced rat
osteoclastogenesis we incubated bone marrow-
derived osteoclast precursors in 96-well plate (59104

cells/well) with M-CSF (30 ng/ml) and TNF-a (40 ng/
ml) with various concentrations of IL-3. After 4 days
TRAP? MNCs were counted. We observed that IL-3
significantly inhibited rat osteoclast differentiation in
a dose-dependent manner (figure 1A). Photomicro-
graphs in figure 1B show the inhibitory action of IL-3
on osteoclasts. To confirm the anti-osteoclastic effect
of IL-3, cells were incubated with M-CSF, TNF-a, IL-
3 (1 ng/ml) and anti-IL-3 neutralizing antibody (1 lg/
ml). Addition of anti-IL-3 antibody restored the
number of osteoclasts (figure 1C) and TRAP activity
(figure 1D) inhibited by IL-3. IL-3 also downregu-
lated the mRNA expression of osteoclast genes such
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Figure 1. IL-3 inhibits TNF-a-induced rat osteoclast differentiation. (A) M-CSF-dependent osteoclast precursors were
plated in 96-well plate (59104 cells/well) and incubated with M-CSF (30 ng/ml), TNF-a (40 ng/ml) and different
concentrations of IL-3. After 4 days, cells were stained for TRAP and the number of TRAP? MNCs was counted.
(B) Representative images of osteoclasts in the presence of IL-3 (1 ng/ml) (Magnification, 10X). (C) Osteoclast precursors
were incubated for 4 days with M-CSF, TNF-a and IL-3 (1 ng/ml) with or without anti-IL-3 neutralizing antibody (1 lg/ml).
The number of TRAP? MNCs was counted. (D) TRAP activity was measured colorimetrically at 415 nm. Osteoclast markers
like TRAP (E), integrin b3 (F), cathepsin K (G) and CTR (H) were analysed by real-time PCR. Data in A, C and D is
presented as the mean ± SEM of six replicates per group and is a representative of three independent experiments. Data in E,
F and H is representative of two independent experiments and (G) representative of three independent experiments. M,
M-CSF; MT, M-CSF and TNF-a. #p\0.05; ##p\0.01; ####p\0.0001 vs. M; *p\0.05; **p\0.01; ****p\0.0001 vs.
MT; $p\ 0.05; $$$$p\ 0.0001 vs. MT?IL-3.
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as TRAP, integrin b3, cathepsin K, and calcitonin
receptor (CTR) (figure 1E to H) which were restored
by anti-IL-3 antibody. Since RANKL is a physio-
logical differentiation factor for osteoclasts we further
evaluated the effect of IL-3 on RANKL-induced
osteoclastogenesis by incubating osteoclast precursors
with M-CSF and RANKL and different concentra-
tions of rat IL-3. TRAP staining revealed that IL-3
dose-dependently inhibited osteoclast formation
(figure 2A and B) and TRAP activity (figure 2C). The
expression of osteoclast genes was also downregu-
lated by IL-3 (figure 2D). These results indicate that
IL-3 inhibits rat osteoclastogenesis induced by both
TNF-a and RANKL.

3.2 IL-3 inhibits the synergistic effect of TNF-a
and RANKL on osteoclastogenesis

TNF-a synergise with RANKL and enhances osteo-
clastogenesis in vivo in disorders associated with bone
loss (Lam et al. 2000). To evaluate the role of rat IL-3
on the synergistic action of TNF-a and RANKL on rat
osteoclast differentiation, cells were incubated with
M-CSF and sub-optimal concentrations of TNF-a (10
ng/ml) and RANKL (5 ng/ml) in presence of IL-3 (1
ng/ml). It was observed that the sub-optimal concen-
trations of TNF-a and RANKL alone were inefficient
in inducing osteoclast formation, however, both
cytokines together showed strong synergism and
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Figure 2. Effect of IL-3 on RANKL-induced rat osteoclast differentiation in vitro. (A) Bone marrow derived M-CSF-
dependent osteoclast precursors were plated at a density of 59104 cells/well in 96-well plate and incubated with M-CSF (30
ng/ml) and RANKL (30 ng/ml) in the absence or presence of different concentrations of IL-3 for 4 days . Cells were fixed and
stained for TRAP and the number of TRAP? MNCs was counted. (B) Representative microscopic images of TRAP? cells in
the presence of IL-3 (1 ng/ml) (Magnification, 10 X). (C) TRAP activity was measured colorimetrically at 415 nm. (D) RT-
PCR shows the expression of osteoclast specific markers such as TRAP, cathepsin K and integrin b3. IL-3 used was 1 ng/ml.
NTC, No Template Control. Data (A and C) are represented as the mean ± SEM of six replicates per group. M, M-CSF; R,
RANKL. Similar results were observed in two independent experiments. ####p\ 0.0001 vs. M-CSF; **p\ 0.01; ***p\
0.001; ****p\ 0.0001 vs. M-CSF and RANKL.
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Figure 3. IL-3 inhibits the synergistic action of TNF-a and RANKL on rat osteoclast differentiation and bone resorption.
(A) Osteoclast precursors were plated in 96-well plate (59104 cells/well) and incubated with M-CSF and TNF-a (10 ng/ml)
or RANKL (5 ng/ml) or both with or without IL-3 (1 ng/ml). Cells were stained for TRAP and the number of TRAP? MNCs
was counted. Osteoclast markers such as TRAP, (B) integrin b3 (C), cathepsin K (D), and CTR (E) were analysed by real-
time PCR. (F) Osteoclast precursors (59104 cells/well) were cultured on bone slices for 12 days with M-CSF and TNF-a or
RANKL or both with IL-3 (10 ng/ml). The bone slices were washed, bleached and sputter coated with gold and percent bone
resorption was calculated. (G) Microscopic images of bone resorption (Magnification, 10X). Data are presented as mean ±

SEM of three (A and F), four (B) and two (C, D and E) experiments. M, M-CSF; MT, M-CSF and TNF-a; MR, M-CSF and
RANKL; MTR, M-CSF, TNF-a and RANKL. #p\0.05; ##p\0.01; ###p\0.001; ####p\0.0001 vs. MT or MR; *p\0.05;
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augmented mature osteoclast formation. Interestingly,
IL-3 inhibited the synergistic effect of TNF-a and
RANKL on osteoclastogenesis (figure 3A). The
expression level of osteoclast genes were also down-
regulated by IL-3 (figure 3B to 3E). These results

indicate that IL-3 has potent inhibitory action on rat
osteoclastogenesis.
In many bone disorders, not only osteoclast differenti-

ation but activity of mature osteoclast is increased.
Therefore, the role of rat IL-3 was assessed on bone
resorption by osteoclasts. Cells were cultured on bone
slices with M-CSF and sub-optimal concentrations of
TNF-a andRANKLas described above in presence of IL-
3 for 12 days. The bone slices were processed for evalu-
ation of resorption pits. TNF-a and RANKL indepen-
dently do not resorb bone at sub-optimal concentrations,
however, together synergise to induce bone resorption.
Interestingly, IL-3 inhibited bone resorption induced by
synergistic action of TNF-a and RANKL (figure 3F).
Photomicrographs in figure 3G show significant inhibi-
tion of bone resorption by IL-3. These results indicate that
IL-3 inhibits synergistic action of TNF-a and RANKL on
both osteoclastogenesis and bone resorption.

3.3 IL-3 inhibits osteoclastogenesis induced
by synergistic action of TNF-a with different
cytokines

Under normal physiological conditions RANKL is needed
for osteoclastogenesis but in pathological conditions other
cytokines play an important role in enhancing osteoclas-
togenesis and bone resorption. These cytokines include IL-
1, IL-6 and TGFswhich synergise with RANKLor TNF-a
and augment osteoclastogenesis (Pfeilschifter et al. 2002).
Therefore, we further evaluated the effect of IL-3 on rat
osteoclastogenesis induced by synergistic action of TNF-a
and IL-1b or TGF-b1 or TGF-b3. Cells were incubated
with M-CSF and TNF-a (10 ng/ml) with or without IL-1b
or TGF-b1 or TGF-b3 (5 ng/ml each) in presence of IL-3
(10 ng/ml) with or without anti-IL-3 antibody (1 lg/ml).
We observed that these cytokines synergise with TNF-a to
induce osteoclast differentiation. The synergistic action of
these cytokines was inhibited by IL-3 and anti-IL-3 anti-
body restored both osteoclasts and TRAP activity (fig-
ure 4A and 4B). All these results indicate that rat IL-3 is a
potent anti-osteoclastic molecule and inhibit osteoclasto-
genesis even in the presence of several pro-osteoclasto-
genic cytokines.

3.4 IL-3 inhibits TNF-a-induced phosphorylation
and nuclear translocation of p-NF-jB p65

TNF-a induce osteoclast formation by activation of
NF-jB and AP-1 transcription factors (Wang et al.
1992; Wagner and Eferl 2005; Boyce et al. 2015). To
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Figure 4. Effect of IL-3 on TNF-a-induced osteoclast
differentiation in presence of pro-osteoclastogenic cytokines.
(A) Osteoclast precursors were plated at a density of 59104

cells/well in 96-well plate and incubated with M-CSF (30
ng/ml) and TNF-a (10 ng/ml) in the absence or presence IL-
1b (5 ng/ml) or TGF-b1 (5 ng/ml) or TGF-b3 (5 ng/ml)
without or with IL-3 (1 ng/ml) for 4 days. Anti-IL-3 Ab (1
lg/ml) was also added. Cells were fixed, stained for TRAP
and the number of TRAP? MNCs was counted. (B) TRAP
activity was measured colorimetrically at 415 nm. Data is
represented as the mean ± SEM of three to six cultures per
group. Data (A) and (B) are representative of three and two
independent experiments respectively. ###p\0.001; ####p\
0.0001 vs. M-CSF and TNF-a; ***p \ 0.001; ****p \
0.0001 vs. M-CSF, TNF-a and IL-1b/TGF-b1/TGF-b3;

$p\
0.05; $$p\ 0.001; $$$$p\ 0.0001 vs. IL-3.
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understand the molecular mechanism(s) for inhibitory
action of rat IL-3 on TNF-a-induced osteoclastogene-
sis, cells were cultured with M-CSF and IL-3 (1 ng/ml),
and TNF-a (10 ng/ml) was added on day 3 and cells
were further incubated for 30 min. We found that IL-3
inhibited TNF-a-induced phosphorylation and nuclear
translocation of p-NF-jB p65 (figure 5A). The nuclear
translocation of c-fos but not c-jun was also inhibited
by IL-3 (figure 5B). These observations indicated that
IL-3 downregulates TNF-a-induced activation of p-65
and c-fos to inhibit osteoclast differentiation.

3.5 IL-3 inhibits TNF-a-induced
osteoclastogenesis in vivo

TNF-a is known to induce osteoclast differentiation
in vivo (Yoshimatsu et al. 2009; Morita et al. 2010). To
validate our in vitro observations, investigational ani-
mal model was exploited for studying the role of rat IL-
3 on osteoclastogenesis in vivo. Wistar rats were
injected subcutaneously over calvaria with TNF-a (1
lg/day) or IL-3 (1 lg/day) alone or in combination for
5 consecutive days. Rats were sacrificed 4 days after
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Figure 5. Effect of IL-3 on nuclear translocation of NF-jB p65 and c-fos. Osteoclast precursors were plated on glass
coverslips in 24-well plate (4 9 104 cells/well) and incubated with M-CSF and IL-3 (10 ng/ml). On day 3, TNF-a (40 ng/ml)
was added to the cultures and cells were further incubated for 30 min. Cells were fixed, permeabilized, and nuclear
translocation of p-NF-jB p65 (A), c-fos and c-jun (B) were examined by immunofluorescence (Magnification, 63X). Data are
representative of two independent experiments.
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the last injection and calvariae were excised for RNA
isolation and analysis of mature osteoclasts genes. It
was observed that TNF-a increases the expression of
TRAP, integrin b3, cathepsin K and CTR (figure 6A-
6D). Interestingly, the expression levels of these genes
were significantly decreased by IL-3. IL-3 alone had no
effect on the osteoclastogenesis in vivo. Thus, our
results indicate that rat IL-3 inhibits TNF-a-induced
osteoclastogenesis under both in vitro and in vivo
conditions in rats.

4. Discussion

Osteoclasts are bone resorbing cells which helps in
maintaining bone homeostasis. Increased differentia-
tion and activity of osteoclasts are main causes of
pathological bone loss in skeletal diseases including
osteoporosis, arthritis and bone metastases (Eriksen

et al. 1990; Hirayama 2002; Raisz 2005; Guise
2009; Nakajima et al. 2016). Therefore, the inhibi-
tion of osteoclastogenesis and bone resorption is
necessary to control pathological bone loss. IL-3 has
long been known to play an important role in hae-
matopoiesis. We have documented that IL-3 has an
important role in regulation of pathophysiology of
bone and cartilage remodeling. IL-3 inhibits RANKL
and TNF-a-induced osteoclastogenesis and diverts
the cells toward macrophages and dendritic cells in
mice and humans respectively (Khapli et al. 2003;
Yogesha et al. 2005; Gupta et al. 2010). IL-3 also
prevents bone loss in mouse inflammatory arthritis
(Yogesha et al. 2009) and protects degeneration of
both cartilage and subchondral bone in mouse
osteoarthritis (Kour et al. 2016). These studies indi-
cate that IL-3 has a crucial role in prevention of
pathological bone and cartilage loss in important
skeletal disorders.
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Figure 6. Effect of IL-3 on osteoclast differentiation in vivo in rats. Wistar rats were divided into four groups and injected
subcutaneously over the calvariae with the PBS or TNF-a (1.0 lg/day) or IL-3 (1 lg/day) alone or TNF-a and IL-3 together
for five days. The rats were sacrificed four days after the last injection (day 9) and calvariae were harvested and analysed for
the expression of TRAP (A), integrin b3 (B), cathepsin K (C), and CTR (D) by real-time PCR. Results are represented as
mean ± SEM with n = 5-9 rats in each group. #p\ 0.05; ##p\ 0.01 vs. PBS; *p\ 0.05; **p\ 0.01 vs. TNF-a.
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The differentiation of osteoclasts and osteoblasts is
regulated by various cytokines and their inhibitory or
stimulatory effects depend on the species. IL-7 is
reported as anti-osteoclastic in mice and pro-osteo-
clastic in humans (Weitzmann et al. 2000; Lee et al.
2003). TNF-a inhibits osteoblast differentiation of
mouse MSCs and enhances osteoblast differentiation of
human MSCs. The action of TNF-a on osteogenesis is
dependent not only on species, but also on its con-
centration. Since IL-3 showed potent inhibitory action
on both mouse and human osteoclastogenesis, we
further investigated whether the anti-osteoclastic action
of rat IL-3 is conserved in rat. We chose rat model
because ovariectomy-induced pathological bone loss in
rats is closer to bone loss in human postmenopausal
osteoporosis (Turner 2001). Moreover, both rat and
human bones not only show similar responses to
estrogen deficiency but they are also resistant to ana-
bolic actions of estrogen on bone formation (Abe et al.
1993).
We observed that rat IL-3 inhibits both RANKL- and

TNF-a-induced rat osteoclast differentiations and 0.001
ng/ml of IL-3 was sufficient for significant inhibition of
osteoclast differentiation. The inhibitory effect of IL-3
was neutralized by anti-IL-3 antibody which clearly
indicate the IL-3 specific action. The expression of
osteoclast genes such as TRAP, cathpesin K and inte-
grin b3 was downregulated by IL-3. These results are
consistent with our and others previous findings of
inhibitory role of IL-3 on mouse and human osteoclast
differentiation (Khapli et al. 2003; Yogesha et al. 2005;
Hirose et al. 2014; Lee et al. 2016).
IL-3 inhibits RANKL-induced osteoclastogenesis by

inhibiting NF-jB pathway and inhibits TNF-a-induced
osteoclastogenesis by downregulation of both the TNF
receptors (TNFR1 and TNFR2) and inhibition of
nuclear translocation of c-fos (Yogesha et al. 2009; Lee
et al. 2016). Notably, TNF-a-induced NF-jB pathway
in mouse osteoclasts was not affected by IL-3 (Yogesha
et al. 2009). In the present study rat IL-3 inhibited
TNF-a-induced nuclear translocation of both NF-jB
p65 and c-fos. In skeletal diseases bone loss is a result
of synergistic action of TNF-a and RANKL on
osteoclast differentiation and bone resorption (Azuma
et al. 2000). IL-3 inhibited rat osteoclast differentiation
induced by the synergism of TNF-a with RANKL. In
addition to RANKL, other cytokines like IL-1b, TGF-
b1, and TGF-b3 have also been reported to synergise
with TNF-a and enhance osteoclastogenesis (Pfeil-
schifter et al. 2002). IL-3 was able to abrogate the
synergistic action of all these cytokines with TNF-a on
osteoclastogenesis.

TNF-a also induces osteoclast differentiation in vivo
(Yoshimatsu et al. 2009; Morita et al. 2010). To further
evaluate the in vivo role of IL-3 on TNF-a-induced
osteoclast differentiation, rat IL-3 was injected subcu-
taneously over calvariae of rats. TNF-a up-regulated
the expression of osteoclast specific genes which were
significantly downregulated by IL-3. This indicated
that IL-3 also inhibits TNF-a-induced osteoclast dif-
ferentiation in vivo.
Thus, our study is the first of its kind where we have

shown that IL-3 is a potent inhibitor of osteoclast dif-
ferentiation and that the inhibitory action is conserved
across the three species mouse, rat and human. Rat IL-3
inhibits both RANKL- and TNF-a-induced rat osteo-
clast differentiation and bone resorption in presence of
several pro-osteoclastogenic cytokines. Interestingly,
IL-3 also inhibits osteoclast differentiation in vivo in
rats. Thus, our study suggests the potential of IL-3 for
prevention of pathological bone loss in important
skeletal diseases. We are further investing the role of
IL-3 on bone loss in ovariectomized mice and our
preliminary results are encouraging, which also suggest
the potential of IL-3 in prevention of pathological bone
loss (unpublished data).
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