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Fig. 3. Effects of RvE1 on RANKL-in-
duced NFATc1 and c-fos mRNA 
expression, and NFATc1 translocation 
in RAW264.7 cells. RAW264.7 cells 
were pretreated with RvE1 and then 
stimulated with 100 ng/mL RANKL 
for 24 or 48 h, and the expression lev-
els of NFATc1 and c-fos mRNA were 
determined by real-time PCR (A and 
B). The expression levels of mPGES-1 
and COX-2 mRNA in the presence or 
absence of 100 ng/mL RANKL and/or 
100 nM RvE1 at 48 h were determined 
by real-time PCR (C and D). Data are 
expressed as the mean ± SD (n = 3). 
**P < 0.01, ***P < 0.001 versus 0 h (A 
and B). *P < 0.05 versus RANKL (C 
and D). RAW264.7 cells were exposed 
to 50 or 100 ng/mL RANKL with or 
without 100 nM RvE1 for 48 h. The 
location of NFATc1 (green) was iden-
tified with an immunofluorescence 
assay. 4’,6-diamidino-2-phenylindole 
(DAPI) was used to label the nuclei 
(blue). Scale bar = 20 µm (E). DAPI, 
4’,6-diamidino-2-phenylindole; GAP-
DH, glyceraldehyde-3-phosphate dehy-
drogenase; NFATc1, nuclear factor of 
activated T cells c1; RANKL, receptor 
activator of nuclear factor-κB ligand; 
RvE1, resolvin E1.

�������.���<��

�����������:�� �������
�� ����$������

���"�!�&�$�"����

�������������>�9���!���/� ����

�������������>�9���!���/� ����
�C�����*���:���:�9�9���!���

�4���5��
(E)



14

Y. Funaki et al.
Fig.	  4	

1500	

500	

0	

Fo
ld
	  c
ha
ng
e	  

(M
M
P9
/G
AP
DH
)	

1000	

**	

(A)	  

**	

0	 24	 48	

	  RANKL	  (100	  ng/mL)	

Time	  (h)	 72	

Fig.	  4	
(B)	

150	

50	

0	

Fo
ld
	  c
ha
ng
e	  

(C
at
he
ps
in
	  K
/G
AP
DH
)	

100	

**	

*	

0	 24	 48	

	  RANKL	  (100	  ng/mL)	

Time	  (h)	 72	

Fig.	  4	

**	

0	

100	

200	

300	

400	

Fo
ld
	  c
ha
ng
e	  

(M
M
P9
/G
AP
DH
)	

RANKL	  
(100	  ng/mL)	

50	

**	

(C)	

*	

RvE1	  
(nM)	

–	 +	 +	 +	 +	

100	 200	0	0	

Fig.	  5	
(A)	

Fo
ld
	  c
ha
ng
e	  

(R
AN
KL
/G
AP
DH
)	

0	

1	

2	

3	

4	

***	*	

*	

1	 10	 50	IL-‐17	  
(ng/mL)	

0	

Fig.	  4	
(D)	

*	

0	

5	

10	

15	

Fo
ld
	  c
ha
ng
e	  

(C
at
he
ps
in
	  K
/G
AP
DH
)	

**	

RANKL	  
(100	  ng/mL)	

50	RvE1	  
(nM)	

–	 +	 +	 +	 +	

100	 200	0	0	

Fig.	  5	
(B)	

Fo
ld
	  c
ha
ng
e	  

(R
AN
KL
/G
AP
DH
)	

0.0	

0.5	

1.0	

1.5	

*	

IL-‐17	  
(50	  ng/mL)	
RvE1	  
(nM)	

–	 +	 +	 +	

100	 200	0	0	

(A)

(C)

(A)

(B)

(D)

(B)

Fig. 4. Effects of RvE1 on RANKL-induced MMP-9 and cathepsin K mRNA expression in RAW264.7 cells.RAW264.7 cells were pre-
treated with RvE1 and then stimulated with 100 ng/mL RANKL for 24 or 48 h, and the mRNA expression levels of MMP-9 and cathep-
sin K were determined by real-time PCR (A and B). The mRNA expression levels of MMP-9 and cathepsin K in the presence or absence 
of 100 ng/mL RANKL and/or 100 nM RvE1 at 48 h were determined by real-time PCR (C and D). Data are expressed as the mean ± SD (n 
= 3), *P < 0.05, **P < 0.01 versus 0 h (A and B). *P < 0.05, **P < 0.01 versus RANKL (C and D). GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; MMP-9, matrix metalloproteinase-9; RANKL, receptor activator of nuclear factor-κB ligand; RvE1, resolvin E1.

Fig. 5. Effect of RvE1 on IL-17-induced RANKL mRNA expression in MC3T3-E1 cells. MC3T3-E1 cells were cultured in the presence 
of 1, 10 and 50 ng/mL IL-17, and the mRNA expression level of RANKL was determined by real-time PCR (A). The cells were also 
cultured with 50, 100 and 200 nM RvE1 in the presence of 50 ng/mL IL-17. The expression levels of RANKL mRNA in the presence or 
absence of 50 ng/mL IL-17 and/or 100 nM RvE1 at 24 h were determined by real-time PCR. The value of the fold change in mRNA lev-
els of IL-17 alone was normalized as 1. (B). Data are expressed as the mean ± SD (n = 3), *P < 0.05, ***P < 0.01 versus control (A). *P < 
0.05 versus IL-17 alone (B). GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL, interleukin; RANKL, receptor activator of nuclear 
factor-κB ligand; RvE1, resolvin E1.



15

RvE1 inhibits osteoclastogenesis and bone resorption

nifi cantly increased compared to that of the control in 
a RANKL concentration-dependent manner (Fig. 2B). 
However, co-treatment with 100 nM RvE1 decreased 
the area of the resorption Pits (Fig. 2A) and signifi cantly 
reduced the fl uorescent intensity compared to that of the 
vehicle control (Fig. 2C). 

RvE1 suppressed RANKL-induced NFATc1 and 
c-fos mRNA expression and NFATc1 nuclear trans-
location in RAW264.7 cells
The NFATc1 and c-fos mRNA levels of RAW264.7 cells 
treated with 100 ng/mL RANKL increased in a time-de-
pendent manner with a signifi cant increase at 48 h, and 
at both 24 and 48 h, respectively, compared to 0 h (Figs. 
3A and B). However, co-treatment with 100 nM RvE1 
signifi cantly reduced the RANKL-induced NFATc1 and 
c-fos mRNA expression levels compared to those of the 
vehicle control (Figs. 3C and D). The immunofluores-
cence assay showed that NFATc1 was mainly localized 
in the cytoplasm in the control cells, but was distinctly 
translocated to the nucleus after treatment with 50 ng/
mL RANKL for 48 h; however, the nuclear immunos-
taining intensity was reduced in the presence of 100 nM 
RvE1 (Fig. 3E). 

RvE1 reduced RANKL-induced MMP-9 and 
cathepsin K mRNA expression in RAW264.7 cells
The mRNA expression levels of MMP-9 and cathepsin 
K signifi cantly increased at 48 and 72 h in RAW264.7 
cells treated with 100 ng/mL RANKL compared 
to 0 h (Figs. 4A and B). RvE1 significantly reduced 
RANKL-induced MMP-9 and cathepsin K mRNA ex-
pression in a dose-dependent manner compared to the 
vehicle control (Figs. 4C and D). 

RvE1 reduced IL-17-induced RANKL mRNA ex-
pression in MC3T3-E1 cells
After culturing the cells with IL-17 (1, 10 or 50 ng/mL) 
for 24 h, the RANKL mRNA level was significantly 
increased in a dose-dependent manner (Fig. 5A). Pre-
treatment with RvE1 (100 or 200 nM) for 24 h tended 
to reduce the IL-17-induced RANKL mRNA level in a 
dose-dependent manner with signifi cant downregulation 
observed following treatment with 200 nM RvE1 (Fig. 
5B). Similarly, the OPG mRNA level was decreased 
after IL-17 treatment in a dose-dependent manner, and 
OPG expression was upregulated with RvE1 pretreat-
ment (data not shown). Therefore, RvE1 improved the 
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Fig. 6. Effects of RvE1 on IL-17-induced PGE2 production and 
mRNA expression of COX-2 and mPGES-1 in MC3T3-E1 
cells.MC3T3-E1 cells were cultured with 30 ng/mL IL-17 for 
24 h after pretreatment with 100 nM RvE1 and the PGE2 pro-
duction level was determined by ELISA. Data are expressed as 
the mean ± SD (n = 2 for control, n = 3 for 10 ng/mL IL-17 and 
IL-17 + 100 nM RvE1); P = 0.075 versus IL-17 (A). MC3T3-E1 
cells were cultured with or without 100 nM RvE1 in the pres-
ence of 30 ng/mL IL-17 for 24 h, and the mRNA expression 
levels of COX-2 (B) and mPGES-1 (C) were determined by 
real-time PCR. Data are expressed as the mean ± SD (n = 3 for 
COX-2, n = 5 for mPGES-1). *P < 0.05 versus IL-17. COX-2, 
cyclooxygenase-2; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; IL, interleukin; mPGES-1, microsomal prostaglan-
din E synthase-1; PGE2, prostaglandin E2; RvE1, resolvin E1.
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imbalance in the RANKL/OPG ratio, which is likely to 
induce an inhibitory effect on bone resorption.

RvE1 reduced IL-17-induced PGE2 production and 
the mRNA expression levels of COX-2 and mPG-
ES-1 in MC3T3-E1 cells
The ELISA results showed that pretreatment of 
MC3T3-E1 cells with RvE1 inhibited the stimulatory 
effect of IL-17 on PGE2 production; the PGE2 produc-
tion levels in the presence of 100 nM RvE1 tended to 
be reduced compared to those of cells treated with the 
vehicle control (Fig. 6A). RvE1 treatment also signifi-
cantly reduced the IL-17-induced expression of COX-2 
and mPGES-1 mRNA compared to the vehicle control 
group (Figs. 6B and C).

DISCUSSION
RvE1 is a member of the E series of resolvins that are 
biosynthesized from EPA.11 Recent reports identified an-
other member of the E series of resolvins, called resolvin 
E2 (RvE2) and resolvin E3 (RvE3).26, 27 Although Barden 
and colleagues28 showed that synovial fluid RvE2 was 
negatively associated with pain score in humans, the 
effects of RvE2 and RvE3 on osteoclasts and osteoblasts 
were not fully understood. Thus, we investigated RvE1 
as a therapeutic agent for RA. With respect to bone me-
tabolism, RvE1 was shown to inhibit osteoclast growth 
and bone resorption.16 Gao and colleagues29 reported that 
RvE1 has a direct bone-preserving function via chemo-
kine-like receptor 1, which mediates bone preservation 
in osteoblasts. Moreover, a recent study indicated that 
RvE1 influenced pain, a major symptom of RA, showing 
simultaneous anti-inflammatory and analgesic properties 
in experimental models closely related to translational 
sites in humans.30 These studies have demonstrated the 
good therapeutic potential of RvE1 in many chronic in-
flammatory diseases. Indeed, RvE1 (Rx-10001) and its 
synthetic analog (Rx-10045) are currently under clinical 
trials for the relief of chronic dry eyes.31 The aim of our 
study was to clarify the effect of RvE1 on osteoclasto-
genesis and determine its feasibility in the development 
of a new therapeutic approach to RA.
 We showed that RvE1 reduced the number of 
TRAP-positive osteoclast-like cells, which is consistent 
with a previous report indicating that RvE1 markedly 
decreased the number of differentiated osteoclasts in-
duced by macrophage colony-stimulating factor and 
RANKL in primary osteoclast cultures.16

 Recently, a new assay method of evaluating the 
bone resorption activity in RAW264.7 cells was reported 
based on the measurement of pit formation using calci-
um phosphate labeled with fluorescent polyanionic mole-

cules.25 With this method, we found that RvE1 decreased 
the bone resorption activity in RAW264.7 cells, in line 
with a previous report showing that RvE1 diminished 
dentin resorption in vitro.16 These results in RAW264.7 
cells suggest that RvE1 could inhibit RANKL-induced 
osteoclastogenesis and bone resorption.
 We further found that RvE1 significantly inhibited 
RANKL-induced NFATc1 and c-fos mRNA expres-
sion and the nuclear translocation of NFATc1 from the 
cytoplasm in RAW264.7 cells, providing a potential 
mechanism underlying this inhibitory effect of RvE1 on 
osteoclastogenesis. A previous study showed that RvE1 
attenuated the RANKL-induced nuclear translocation 
of the p50 subunit of NF-κB.16 Zhu and colleagues32 
reported another mechanism of RvE1 in osteoclasts in 
bone marrow cells of C57BL/6 mice, in which RvE1 
inhibits osteoclast fusion through binding NFATc1 to the 
pivotal fusion protein DC-STAMP, thereby suppressing 
RANKL-induced NFATc1 nuclear translocation. Anoth-
er report showed that Bioaggregate, a laboratory-synthe-
sized and calcium silicate-based nanoparticulate cement, 
also inhibited the translocation of NFATc1 and c-fos 
from the cytoplasm to the nucleus in osteoclast precursor 
cells, which was determined with immunofluorescence 
analysis.33

 Our data indicated that RvE1 inhibited RANKL-in-
duced osteoclastogenesis through suppressing the 
mRNA expression of NFATc1 and c-fos. NFATc1 is 
known as a master transcription factor that plays a 
key role in regulating the expression of several osteo-
clast-specific genes such as TRAP, cathepsin K and 
MMP-9, which are involved in regulating osteoclast 
differentiation.18 Our results suggested that RvE1 sig-
nificantly inhibited RANKL-induced cathepsin K and 
MMP-9 mRNA expression by decreasing the transloca-
tion of NFATc1 from the cytoplasm to the nucleus.
 We further showed that RvE1 might correct the im-
balance of RANKL and OPG expression in osteoblasts 
induced by IL-17 using MC3T3-E1 cells.
 PGE2 is well known to be the key mediator of in-
flammation, pain and joint destruction in RA, and its 
production is an important target of anti-inflammatory 
drugs. PGE2 is produced by the conversion of arachi-
donic acid to prostaglandin H2 by COX-1/COX-2, with 
the subsequent conversion of prostaglandin H2 to PGE2 
by mPGES-1, which is the terminal enzyme in the PGE2 
production process at the sites of inflammation, and has 
an important role in the pathogenesis of RA.34, 35 PGE2 
has several pro-inflammatory effects, including increas-
ing vascular permeability, vasodilation, blood flow and 
local pyrexia, along with potentiation of pain caused by 
other agents. Previous studies showed that PGE2 stim-
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ulates osteoclast differentiation through the prostanoid 
receptors EP4 and EP2 by inducing RANKL production 
and inhibiting OPG expression.36–38 OPG is a soluble de-
coy receptor for RANKL that prevents it from binding 
to RANK. RANKL interacts with its receptor, which 
is expressed on osteoclast precursors, to induce the 
differentiation and activation of osteoclasts.21 A recent 
study showed that EPA and DHA inhibit PGE2-induced 
RANKL expression in MC3T3-E1 cells.39 Similarly, we 
showed that RvE1 inhibits the IL-17-induced COX-2 and 
mPGES-1 mRNA expression followed by PGE2 produc-
tion in MC3T3-E1 cells. These results might indicate 
that RvE1 indirectly inhibits osteoclastogenesis by re-
ducing IL-17-induced COX-2 and mPGES-1 expression 
in osteoblasts, suggesting that RvE1, like EPA and DHA, 
has an anti-inflammatory effect in RA.
 We did not examine the effects of RvE1 on the ex-
pression of PGE2 receptors in osteoblasts, such as EP4 
receptor. However, recent reports showed that PGE2 en-
hanced osteoclast formation through EP4 receptor acti-
vation on osteoblasts.40, 41 In addition, the effects of RvE1 
on the leukotriene B4 receptor subtype 1 (BLT1) ex-
pressed on osteoclasts, identified as receptors for RvE1,42 
should be further investigated, as a previous study 
showed that BLT1 mediates the actions of RvE1 on os-
teoclasts.16 Although the major effect of PGE2 on bone 
resorption is generally considered to occur indirectly 
via upregulation of RANKL and inhibition of OPG ex-
pression in osteoblastic cells,43 further study is needed 
to determine whether the EP4 receptor and BLT1 are 
therapeutic targets of RvE1. The mechanisms of inflam-
mation in RA are complex. In RA, many pro-inflamma-
tory cytokines including TNF-α, IL-1β, IL-6, and IL-
17 increase RANKL expression, leading to an increased 
osteoclast differentiation and subsequent bone erosions. 
Several of these cytokines also act synergistically with 
RANKL in promoting osteoclast differentiation.44 Fur-
ther studies are needed to assess the anti-inflammatory 
effect of RvE1 in RA.
 In conclusion, our results suggest that RvE1 inhibits 
osteoclastogenesis and bone resorption by suppressing 
RANKL-induced osteoclast differentiation. The mecha-
nism of action was determined to occur by the downreg-
ulation of NFATc1 and c-fos in osteoclasts and suppres-
sion of IL-17-induced RANKL expression through the 
autocrine action of PGE2 in osteoblasts. These findings 
suggest the potential of RvE1 as a new therapeutic ap-
proach to RA, providing the foundation for further pre-
clinical and clinical investigations.
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