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Abstract Remifentanil is commonly used in operating rooms and intensive care units for the purpose of anesthesia and
sedation or analgesia. Although remifentanil may significantly affect the bone regeneration process in patients, there have
been few studies to date on the effects of remifentanil on bone physiology. The purpose of this study was to investigate the
effects of remifentanil on osteoclast differentiation and bone resorption. Bone marrow-derived macrophages (BMMs) were
cultured for 4 days in remifentanil concentrations ranging from 0 to 100 ng/ml, macrophage colony-stimulating factor (M-
CSF) alone, or in osteoclastogenic medium to induce the production of mature osteoclasts. To determine the degree of
osteoclast maturity, tartrate-resistant acid phosphatase (TRAP) staining was performed. RT-PCR and western blotting
analyses were used to determine the effect of remifentanil on the signaling pathways involved in osteoclast differentiation
and maturation. Bone resorption and migration of BMMs were analyzed to determine the osteoclastic activity.
Remifentanil reduced the number and size of osteoclasts and the formation of TRAP-positive multinuclear osteoclasts in a
dose-dependent manner. Expression of c-Fos and NFATC1 was most strongly decreased in the presence of RANKL and
remifentanil, and the activity of ERK was also inhibited by remifentanil. In the bone resorption assay, remifentanil reduced
bone resorption and did not significantly affect cell migration. This study shows that remifentanil inhibits the differenti-
ation and maturation of osteoclasts and reduces bone resorption.
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Bone is a dynamic tissue that consists several cell types.
Bone remodeling, occurring throughout the entire life in
the adult skeleton, is the most important function of bone
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trauma or as a result of various pathologic conditions, such
as bone cancer, metastatic cancer, or osteoporosis [6]. The
process of fracture healing is entirely carried out by
osteoclasts, osteoblasts, and osteocytes. The goal of bone
fracture healing is to reconstruct the structural unity and
biomechanical strength of the bone [7]. Bone regeneration
consists of a complex process involving inflammation, soft
callus, hard callus, and remodeling. Osteoblasts and
osteoclasts play an important role during the hard callus
phase and the remodeling process [8].

Osteoclasts, derived from monocyte/macrophage lin-
eage precursors, are mainly responsible for bone resorp-
tion. Osteoblasts, stromal cells, and lymphocytes provide
the two crucial osteoclastogenic factors: macrophage col-
ony-stimulating factor (M-CSF) and receptor activator of
nuclear factor kB ligand (RANKL) [3, 9]. M-CSF is
responsible for the survival of osteoclast precursor cells,
and RANKL essentially regulates the osteoclastogenic
differentiation of precursor cells [3, 10].

According to recent studies, opioids may have a direct
detrimental effect on bone healing. Morphine accelerates
sarcoma-induced bone destruction and increases the inci-
dence of spontaneous fractures in mice [11]. However, it is
still unknown whether the findings in this model of oste-
olytic sarcoma can be generalized to other types of frac-
tures or other opioids. Tramadol does not significantly
affect human osteoblast activity in vitro [12]. Further, the
effects of opioids on osteoclastogenesis are yet to be fully
studied.

In this study, we investigated the effect of remifentanil
on osteoclastogenesis and bone resorption, as well as sig-
naling pathway of osteoclastogenic gene expression using
the RANKL-induced osteoclast differentiation from bone
marrow-derived macrophages (BMMs).

2 Materials and methods
2.1 Reagents

M-CSF and recombinant RANKL were purchased from
PeproTech (Rocky Hill, NJ, USA). Antibodies against
phosphorylated extracellular signal-regulated kinase (p-
ERK), ERK, phosphorylated Jun N-terminal kinase (p-
JNK), JNK, phosphor-p38, and p38 were obtained from
Cell Signaling Technology (Danvers, MA, USA). Anti-
bodies against c-Fos and nuclear factor of activated T cell
cytoplasmic 1 (NFATc1) were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). The Leuko-
cyte Acid Phosphatase (TRAP) kit and anti-B-actin anti-
body were obtained from Sigma-Aldrich (St. Louis, MO,
USA).
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2.2 Cytotoxicity measurement and cell proliferation
assay

The stock of remifentanil (Ultiva; Glaxo Smith Kline
Pharmaceuticals, UK) was kept frozen at — 20 °C until use
and diluted to their concentration with DMEM, when
needed. The effects of remifentanil on both cell viability
and proliferation were examined by a well-established
colorimetric assay using 3-(4,5-dimethylthiazol)-2,5-
diphenyltetrazolium bromide (MTT, Sigma-Aldrich).
Briefly, BMMs were seeded in 96-well plates with various
concentrations of remifentanil for up to 3 days. At the end
of culture, cells were further incubated with MTT solution
(medium containing 0.5 mg/ml MTT) for more 4 h. Then,
the formation of the blue formazan product was measured
with a microplate reader at a wavelength of 570 nm.

2.3 Isolation of macrophages from mouse bone
marrow and in vitro osteoclast differentiation

Mouse whole bone marrow cells were collected from
femora and tibiae of 5-week-old ICR mice and cultured
overnight on 100-mm dishes in o-modified Eagle Medium
(«-MEM; WelGENE Inc., Republic of Korea) supple-
mented with 10% fetal bovine serum (FBS). After dis-
carding adherent stromal cells, the floating cells were
further cultured in the presence of M-CSF (30 ng/ml) on
Petri dishes. Cells became adherent after 3—4 days culture
and were used as BMMs, the osteoclast precursor cells.
Animal experiments were approved by the Committees on
the Care and Use of Animals in Research at Pusan National
University Dental Hospital (IACUC no. PNUDH-2016-
032). To induce osteoclast differentiation, BMMs
(4 x 10* cells/48-well plates) were cultured with osteo-
clastogenic medium (30 ng/ml M-CSF + 100 ng/ml
RANKL) for 4 days. After culturing, cells were stained for
TRAP activity and the TRAP-positive multinucleated cells
with > 3 nuclei were counted as osteoclasts.

2.4 Reverse transcriptase polymerase-chain
reaction (RT-PCR) analysis

For RT-PCR analysis, total RNAs were isolated using
TRIzol reagent (Invitrogen, CA, USA) and 1.5 pg of RNAs
were reverse-transcribed with Superscript II (Invitrogen)
according to the manufacturer’s protocol. The primer sets
used in PCR were as follows: tartrate-resistant acid phos-
phatase (TRAP), 5'-ACT TCC CCA GCC CTT ACT ACC
G-3' (forward) and 5-TCA GCA CAT AGC CCA CAC
CG-3' (reverse); NFATcl, 5-TGC TCC TCCTCC TGC
TGC TC-3' (forward) and 5-CGT CTT CCA CCT CCA
CGT CG-3' (reverse); c-Fos, 5'-ATG GGC TCT CCT GTC
AAC AC-3' (forward) and 5'-GGC TGC CAA AAT AAA
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CTC CA-3' (reverse); calcitonin receptor (CTR), 5'-TGC
ATT CCC GGG ATA CAC AG-3' (forward) and 5'-AGG
AAC GCA GAC TTC ACT GG-3' (reverse); cathepsin K
(CTK), 5'-AGG CGG CTA TAT GAC CAC TG-3' (for-
ward) and 5-CCG AGC CAA GAG AGC ATA TC-3’
(reverse); Actin, 5'-CGA TGC CCT GAG GCT CTT TT-3'
(forward) and 5-GGG CCG GAC TCA TCG TAC TC-3'
(reverse).

2.5 Western blotting analysis

Western blotting was conducted by following a standard
procedure. Briefly, BMMs were lysed in RIPA lysis buffer
(50 mM Tris; pH 8.0, 150 mM NaCl, 0.5% sodium
deoxycholate, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton
X-100, 10 mMNaF and complete protease inhibitor cock-
tail). The protein concentrations of cell lysates were
determined using detergent-compatible protein assay kit
(Bio-Rad Laboratories, CA, USA) and 3045 pg of cell
lysates were resolved by 8-10% SDS—polyacrylamide gel
electrophoresis. Separated proteins were transferred onto
nitrocellulose membranes and membranes were blocked
with 5% skim milk for 1 h. After incubation with appro-
priate primary/secondary antibodies, membrane
immunoreactivity was detected with chemiluminescence
reagents (Pierce, Rockford, IL, USA).

2.6 Bone resorption experiments

Mature BMMs were cultured on 5-mm-diameter thick
dentine prepared using osteocyte dentine discs (ids com-
pany, RIA, UK) in the presence or absence of remifentanil
and subjected to hematoxylin staining. Histomorphometric
analyses for the number of osteoclasts per bone perimeter
and eroded surface per bone surface were performed using
Image J software.

2.7 Boyden chamber migration assay

Transwells with 8 um porosity polycarbonate membrane
inserts were used. BMM cell were suspended in o-MEM
media at 1 x 105 cells/100 pL, and were added on the
upper chamber remifentanil (10 ng/ml and 50 ng/ml) in o-
MEM media was added into the lower chamber. BMMs
that migrated through the filter and appeared on the lower
side were fixed by carefully immersing the filter into
methanol for 1 min, followed by H&E staining and
counting three random fields per well. Each experiment
was performed in duplicate and three separate experiments
were performed in each group.

2.8 Statistics

Data were obtained from at least three independent
experiments. The Student’s  test was used to determine the
significance of differences between two groups. Multiple
groups were compared using one-way analysis of variance
(ANOVA) followed by a post hoc Tukey test. Differences
with p < 0.05 were regarded as significant and denoted
with an asterisk (*p < 0.05; **p < 0.01; ***p < 0.001).

3 Results

3.1 Effect of remifentanil treatment on cell viability
and proliferation

To verify the effect of remifentanil on BMM cell viability
and proliferation, we performed an MTT assay. In the MTT
assay, the cell viability of BMMs was not affected by
treatment with various concentrations of remifentanil
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Fig. 1 Effect of remifentanil treatment on cell viability and prolif-
eration. Remifentanil did not affect cell proliferation and did not have
cytotoxic effects on osteoclast precursor cells. A BMMs were
cultured in a medium containing the indicated concentrations of
remifentanil (0—100 ng/ml) for 24 h. Cell viability was evaluated by
an MTT assay. B BMMs were cultured in osteoclastogenic medium
for 3 days together with remifentanil (0-100 ng/ml). Cell prolifera-
tion was measured by MTT assay. BMMs bone marrow-derived
macrophages
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(0-100 ng/ml) (Fig. 1A). BMMs were cultured in osteo-
clastogenic medium with remifentanil for 3 days. There
was no significant difference among the different concen-
trations of remifentanil (Fig. 1B).

3.2 Effects of remifentanil treatment
on osteoclastogenesis

BMMs were cultured with M-CSF alone or osteoclasto-
genic medium in the presence of remifentanil for 3 days to
investigate the formation of mature osteoclasts, which were
identified by TRAP staining. Remifentanil decreased the
formation of TRAP-positive multinucleated osteoclasts in a
dose-dependent manner (Fig. 2A). Adding remifentanil to
the BMMs cultured with RANKL decreased the number
and size of osteoclasts in a dose-dependent manner
(Fig. 2B).

3.3 Effects of remifentanil treatment
on osteoclastogenic transcription factors

RT-PCR analysis showed that the mRNA expression of
c-Fos, NFATcl, TRAP, CTR, and CTK was increased by
RANKL (100 ng/ml). Remifentanil reduced the mRNA
expression of c-Fos, NFATcl, TRAP, CTR, and CTK at
day 2 and 4 (Fig. 3A). The protein expressions of c-Fos and

Fig. 2 Effects of remifentanil A
treatment on osteoclastogenesis.
A BMMs were cultured with
M-CSF alone or with M-CSF
plus RANKL (osteoclastogenic
medium) and remifentanil for
4 days. The number of TRAP-
positive multinucleated
osteoclasts was determined in
each group. B Treating BMMs
which were cultured with
RANKL with remifentanil
decreased the number and size
of osteoclasts (*p < 0.05;

**p < 0.01; ***p < 0.001).
BMM:s bone marrow-derived
macrophages, M-CSF
macrophage-colony stimulating
factor, RANKL receptor
activator of nuclear factor kappa
B ligand, TRAP tartrate-
resistant acid phosphatase

Remifentanil (ng/ml)
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Remifentanil (ng/ml)

NFATcl, main osteoclastogenic transcription factors,
decreased with increasing doses of remifentanil as deter-
mined by western blotting (Fig. 3B-D).

3.4 Effects of remifentanil treatment on mitogen-
activated protein kinases pathways

We examined the activation of mitogen-activated protein
kinases (MAPKSs) which are essential in osteoclastogenesis
by western blotting analysis. Remifentanil reduced p-ERK/
ERK protein level ratio at 5, 15 and 30 min (Fig. 4A, B).
Remifentanil did not have a statistically significant effect
on the phosphorylation of JNK and p38 (Fig. 4C, D).

3.5 Effects of remifentanil treatment on bone
resorption and the migration of BMMs

To evaluate the role of remifentanil in the bone resorption
activity of osteoclasts, mature osteoclasts were cultured on
dentin discs for 5 days in the presence of various concen-
trations of remifentanil (0, 1, 10 ng/ml). Bone resorption
assays showed that remifentanil decreased the number of
resorption pits on dentin discs (Fig. 5A, B).

We evaluated the effect of remifentanil on BMM
migration. There was no significant difference among the
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Fig. 3 Effects of remifentanil treatment on osteoclastogenic tran-
scription factors. A As determined by RT-PCR, remifentanil reduced
the mRNA expression of NFATcl, c-Fos TRAP, CTR, and CTK at
day 2 and 4. B The protein expressions of NFATc1 and c-Fos, main
osteoclastogenic transcription factors, decreased with increasing
doses of remifentanil as determined by western blotting. C Effect

concentrations of remifentanil (0, 10, 50 ng/ml) (Fig. 6A,
B). Therefore, remifentanil did not affect BMM migration.

4 Discussion

The object of the current study was to determine the effect
of remifentanil on RANKL-induced osteoclast differentia-
tion, bone resorption, and BMM migration. This study
provides three principal findings. First, we showed that
remifentanil treatment did not affect cell viability or the
proliferation of BMMs.

Second, remifentanil treatment decreased osteoclasto-
genesis in this study. We showed that remifentanil reduced

M-CSF M-CSF+RANKL

of remifentanil on the expression of NFATcl. D Effect of remifen-
tanil on the expression of c-Fos (*p <0.05; **p <0.01;
**%p < 0.001). NFATcI nuclear factor of activated T cell cytoplas-
mic 1, TRAP tartrate-resistant acid phosphatase, CTR calcitonin
receptor, CTK cathepsin K, M-CSF macrophage-colony stimulating
factor, RANKL receptor activator of nuclear factor kappa B ligand

the formation of mature osteoclasts during in vitro osteo-
clast differentiation with RANKL. Using RT-PCR and
western blotting analysis, we also demonstrated that
remifentanil decreased the expression of NFATcl, c-Fos,
TRAP, CTR, CTK, and p-ERK, which are associated with
osteoclastogenesis.

RANKL plays important roles in osteoclastogenesis.
RANKL binds to the RANK receptor which is expressed
on osteoclast precursors and mediates osteoclast activation
and also guarantees survival in mature osteoclasts [13].
NFATCc] is potently induced by RANKL and this process is
essential for successful osteoclast differentiation. It is
known that the induction of NFATcl by RANKL is regu-
lated by intracellular calcium oscillation and c-Fos, another
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Fig. 5 Effects of remifentanil A CON M-CSF+RANKL
treatment on bone resorption.
The resorption pits were Remifentanil (ng/ml) 0 0 1 10

visualized and quantified by a
laser scanning of cell-removed
dentin discs. A Bone resorption
assay showed that remifentanil
decreased resorption pits on
dentin discs. B Effect of
remifentanil on bone resorbed
area (*p < 0.05; **p < 0.01;
*#*%p < (0.001). CON control,
M-CSF macrophage-colony
stimulating factor, RANKL
receptor activator of nuclear
factor kappa B ligand

transcription factor [14, 15]. As a main transcription factor
of osteoclastogenesis, NFATcl regulates various osteo-
clastogenesis-related genes such as TRAP, CTR, and CTK
[9, 16, 17]. MAPK (ERK, JNK, and p38) pathways also are
activated by RANKL in osteoclasts and osteoclast precur-
sors [18]. These MAPK signaling pathways have critical
functions in osteoclastogenesis because they induce c-Fos
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and NFATcl which are key transcription factors for
osteoclast differentiation [19, 20].

Third, remifentanil treatment reduced bone resorption
activity of osteoclasts but did not affect the migration of
BMMs. The size of osteoclasts is increased by cell—cell
fusion-mediated multi-nucleation during osteoclastogene-
sis, and the fusion of pre-osteoclasts allows the formation
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Fig. 6 Effects of remifentanil A
treatment on the migration of
BMMs. A Boyden chamber
migration assay results showed
that remifentanil treatment did
not affect the migration of
BMMs. B Effect of remifentanil
on migrated cell nembers.
BMMSs bone marrow-derived
macrophages

Remifentanil (ng/ml)

of mature osteoclasts. Mature osteoclasts perform the
resorption of bone tissue [21]. Therefore, osteoclast mat-
uration is indispensable in bone resorption. Our third
finding implies that remifentanil decreases bone resorption
as well as osteoclast maturation.

Several studies in animal and human cells show that
opioids can reduce bone mineral density by directly inter-
fering with osteoblast activity [22—24]. Opioid receptors in
osteoblasts and proenkephalin-derived peptides may inhibit
the activity of alkaline phosphatase in rat osteosarcoma-
derived cell lines [23]. Similarly, in humans, it is thought
that opioids reduce the growth of osteoblasts since they
decrease the levels of serum osteocalcin, which is a main
marker of mature osteoblasts [24]. Unlike previous studies,
our recent study revealed that remifentanil pretreatment
increases the proliferation and differentiation of osteoblasts
in hypoxia-reoxygenation injury [25] and the current study
showed the negative effects of remifentanil treatment on
osteoclastogenesis. Therefore, we can suggest that
remifentanil has positive effects on bone-forming osteo-
blasts and negative effects on bone-resorbing osteoclasts
during the bone healing process.

In this study, we documented that remifentanil treatment
negatively regulates RANKL-induced osteoclast differen-
tiation and bone resorption by inhibiting c-Fos/NFATcl
expression. No functional studies were performed to
investigate the effects of remifentanil on osteoclastogene-
sis. Therefore, although the findings of this study are lim-
ited to an in vitro interpretation, we suggest that
remifentanil may have a beneficial effect in bone healing.
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