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Abstract

Bone remodeling plays an important role in the bone healing process; for example, following
fracture. The relative ratio of the receptor activator of nuclear factor kappa B ligand (RANKL)/
osteoprotegerin (OPG) controls osteoclast differentiation, thereby playing a pivotal role in the
regulation of bone remodeling. Propofol, a widely used anesthetic agent in orthopedic procedures,
is considered to possess potential antioxidant properties owing to its structural similarity to
a-tocopherol. Antioxidants are known to enhance bone healing. Accordingly, in the present study,
we aimed to investigate osteoblastic differentiation and RANKL/OPG expression following propofol
administration, in order to assess the potentially beneficial effects of this drug on the bone
remodeling process, using calvarial primary osteoblasts from newborn mice. Calvarial
pre-osteoblast cells were cultured in media containing clinically relevant concentrations of propofol,
and cytotoxicity, effects on cell proliferation, osteogenic activity, and osteoclastogenesis were
examined. The present findings indicated that propofol did not exert cytotoxic effects or alter cell
proliferation in primary calvarial osteoblasts. Further, propofol did not affect osteoblast
differentiation. The RANKL/OPG ratio was found to be decreased following propofol
administration, and osteoclastogenesis was significantly reduced, indicating that propofol attenuated
the osteoclastogenesis-supporting activity of osteoblasts. The results demonstrate that propofol, at
clinically relevant concentrations, exerts beneficial effects on bone remodeling by attenuating
osteoclastogenesis via suppression of the RANKL/OPG expression axis.
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Introduction
Bone homeostasis is maintained by a balance The prerequisite osteoclastogenic cytokine,
between bone remodeling, osteoblastic bone RANKL, is synthesized and secreted by osteoblasts.

formation, and osteoclastic bone resorption [1-5]. In
the context of the bone healing process, bone
remodeling has been intensively studied and various
cytokines, proteases, and morphogens have been
reported to play important roles [6,7]. Among these
bone biochemical markers, the receptor activator of
nuclear factor kappa B ligand (RANKL), receptor
activator of nuclear factor kappa B (RANK), and
osteoprotegerin (OPG) molecular axis reflects the
metabolic states of osteoblasts and osteoclasts [8,9].

More recently, a large number of studies have
underlined the osteocyte as a major source of RANKL
for regulating bone remodeling of postnatal bones
[10-12]. The binding of RANKL to its membrane
receptor RANK is pivotal to both initiation of
osteoclast differentiation and osteoclast-mediated
bone resorption [13,14]. OPG, a glycoprotein mainly
synthesized by osteoblasts, acts as a circulating decoy
receptor of RANKL [15]. In general, OPG binds to
RANKL and blocks its activity, which results in the

http://www.medsci.org



Int. J. Med. Sci. 2018, Vol. 15

724

inhibition of osteoclast differentiation and subsequent
bone resorption [16-18]. The relative ratio of
RANKL/OPG controls the differentiation and
function of osteoclasts and determines the bone
remodeling status [19,20].

Propofol is an intravenous anesthetic agent used
for general anesthesia as well as for sedation in
intensive care units. It is widely used for orthopedic
surgery owing to the advantages of rapid onset, a
short duration of action, and rapid elimination [21,22].
In addition to its sedative-hypnotic activity, propofol
has anti-inflammatory and antioxidative effects
[23,24]. Numerous previous studies have shown the
beneficial effects of antioxidants in bone remodeling
[25,26]. Therefore, it was presumed that the propofol
treatment may enhance the bone remodeling process.
Although several studies of the effects of various
drugs on bone loss and fracture outcome have been
reported [27,28], the effect of propofol on bone
remodeling process has not been clearly investigated.

In the present study, we aimed to examine the
effect of propofol on osteoblastic differentiation and
the expression of RANKL/OPG, using the calvarial
primary osteoblast culture system, to elucidate the
potential effect of propofol administration on the bone
remodeling process.

Materials and Methods

Reagents

Propofol was obtained from Fresenius Kabi
Austria GmbH (Hafnerstrabe, Austria). Leukocyte
Alkaline Phosphatase Kit (for ALP staining),
Leukocyte Acid Phosphatase Kit (for TRAP staining),
B-glycerophosphate, and L-ascorbic acid were
purchased from Sigma-Aldrich (St. Louis, MO). ALP
enzyme activity was measured using the ALP Assay
Kit from TAKARA BIO, Inc (Shiga, Japan). Soluble
RANKL and M-CSF were purchased from PeproTech
(Rocky Hill, NJ). All other chemicals and reagents
were purchased from Sigma-Aldrich.

Cytotoxicity and cell proliferation
measurement

The effects of propofol on cell viability and
proliferation were measured by a colorimetric method
utilizing the 3-(4,5-dimethylthiazol)-2,5-diphenyltet-
razolium bromide (MTT, Sigma-Aldrich) assay. In
brief, calvarial pre-osteoblast cells were plated in
96-well plates and treated with the indicated doses of
propofol (0, 5, 10, 20, 50, 100 uM) for up to 3 days. At
the end of the culture period, cells were incubated
with fresh medium containing 0.5 mg/ml MTT
solution for over 4 hours. After incubation, blue
formazan product formation was measured using a

microplate reader at a wavelength of 570 nm.

Calvarial osteoblast preparation and
osteogenic differentiation

Primary calvarial osteoblasts from 1-day-old ICR
mice were purified. The dissected calvaria were
enzyme-digested in serum-free a-MEM (WELGENE,
Daegu, Korea) containing 0.1% collagenase and 0.2%
dispase for 15 min at 37°C with vigorous shaking. The
digestion procedure was repeated five times. Purified
calvarial pre-osteoblasts were seeded onto a 48-well
plate and osteogenic differentiation was induced by
culturing in a-MEM media supplemented with 10
mM B-glycerophosphate and 100 uM L-ascorbic acid
(osteogenic media, OM). Osteogenic differentiation
was evaluated by ALP staining or ALP enzyme
activity assay according to the manufacturer’s
instructions.

Bone marrow-derived macrophage (BMM)
preparation and osteoclastogenic
differentiation

Five-week-old female ICR mice were sacrificed
for femur and tibial extraction. Whole bone marrow
cells were flushed out from tibiae and femurs of mice
with serum-free a-MEM, and flushed cells were
cultured in a 100-mm culture dish for 24 hours. After
discarding adherent cells, the non-adherent cells were
collected and further cultured in the presence of
M-CSF (30 ng/ml) for 3 days. The bone
marrow-derived macrophages (BMMs) obtained were
used as osteoclast precursor cells for in vitro osteo-
clast differentiation studies. Osteoclast differentiation
was induced by culturing BMMs in osteoclastogenic
medium (a-MEM containing 30 ng/ml M-CSF and
100 ng/ml RANKL) for 4 days. At the end of the
culture period, mature osteoclasts were visualized by
TRAP staining and TRAP-positive multinucleated (>4
nuclei) cells were counted as osteoclasts.

Conditioned media (C.M.) collection from
osteoblast culture

Calvarial osteoblasts (2 X 10¢) were seeded on
100-mm culture dishes and cultured for 7 days in
osteogenic media (OM, 10 mM B-glycerophosphate +
100 pM L-ascorbic acid) with propofol (0, 20, 50 uM).
On day 7, culture media were replaced by fresh
a-MEM (without propofol). On the next day,
conditioned media, (C.M.) were obtained. Collected
C.M. were briefly centrifuged to eliminate cell debris
and filtered using a 0.2-um pore-sized syringe filter
before use.

Osteoclastogenic activity assay using
conditioned media

In order to evaluate the osteoclastogenic activity
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of CM. from osteoblasts, pre-osteoclast (pre-OC)
differentiation was induced by culturing BMMs with
M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 2
days. The pre-OCs were treated with C.M. mixture (60
% CM. + 40 % fresh a-MEM without M-CSF &
RANKL) and further cultured for up to 3 days (5 days
in total). After the 5-day (in total) culture period, cells
were stained for detection of TRAP activity and
TRAP-positive multinucleated (>4 nuclei) cells were
counted as mature osteoclasts.

Real-time PCR and RT-PCR

Quantification of mRNA expression by PCR
analysis was performed following a standard
procedure. Total RNAs were purified with TRIzol
reagent (Invitrogen), and 2 mg of RNAs were
reverse-transcribed with Superscript II (Invitrogen)
according to the manufacturer’ s instructions. For
real-time PCR analysis, cDNAs were amplified with
SYBR green PCR master mix (Applied Biosystems) for
40 cycles of 15 seconds, denaturation at 95° C, and 1
minute of amplification at 60° C using an AB7500
instrument (Applied Biosystems). The expression of
RANKL and OPG mRNA levels were normalized
against HPRT mRNA levels. The primer sequences
used for PCR analysis were as follows: ALP, 5-AC
FTFFCTAAFAATFTCATC-3 (forward) and 5-CTFFT
AFFCFATFTCCTTA-3" (reverse); OCN, 5-CATGAG
AGCCCTCACA-3’ (forward) and 5-AGAGCGACAC
CCTAGAC-3 (reverse); OPN, 5-CCAAGTAAGTCC
AACGAAAG-3 (forward) and 5-GGTGATGTCCTC
GTCTGT-3" (reverse); RANKL, 5-CCAGCATCAAA
ATCCCAAGT-3 (forward) and 5-CCCCTTCAGATG
ATCCTTC-3’ (reverse); OPG, 5-TGCAGTACGTCAA
GCAGGAG-3’ (forward) and 5-TGACCTCTGTGAA
AACAGC-3 (reverse); HPRT, 5'-CCTAAGATGATCG
CAAGTTG-3 (forward) and 5-CCACAGGGACTAG
AACACCTGCTAA-3 (reverse).

Statistical analysis

Data are presented as the mean + SD of results
from three independent experiments. The Student’s
t-test was used to determine the significance of
differences between two groups. Differences with p <
0.05 were regarded as significant and denoted using
an asterisk.

Results

Propofol did not exert cytotoxic effects or
alter cell proliferation in primary calvarial
osteoblasts

The effect of propofol on the cell viability of
calvarial osteoblasts was examined using MTT assay.
As shown in Fig. 1A, MTT assay results indicated that

cell viability of calvarial osteoblasts was not affected
by propofol administration. As shown in Fig. 1B, cell
proliferation of calvarial osteoblasts increased with
time, and the propofol concentration had no
significant effect on this cell proliferation.
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Figure 1. Propofol does not exert cytotoxic effects or alter cell proliferation in
primary calvarial osteoblasts. (A) Calvarial osteoblasts were incubated in
medium containing indicated concentrations of propofol (0-100 uM) for 24
hours. Cell viability was evaluated by MTT assay. (B) Calvarial osteoblasts were
cultured in osteogenic media (OM, 10 mM B-glycerophosphate + 100 pM
L-ascorbic acid) for 3 days in the presence of indicated doses of propofol (0-100
UM). Cell proliferation was measured at daily intervals by MTT assay.

Propofol did not affect osteoblast
differentiation

The effect of propofol on osteogenic
differentiation of calvarial pre-osteoblast cells was
evaluated by ALP staining and ALP enzyme activity
assay. ALP staining, results indicated that osteoblast
differentiation of calvarial pre-osteoblast cells was not
affected by propofol administration (Fig. 2A).
Calvarial pre-osteoblast cells were differentiated into
osteoblasts in OM containing indicated concentrations
of propofol (0, 5, 20, 50 uM). At days 0, 4, and 8, the
quantitative ALP enzyme activity assay was
performed. As shown in Fig. 2B, there was no
significant difference in osteoblast differentiation
according to the concentration of propofol.
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The RANKL/OPG ratio was decreased
following propofol administration

The effects of propofol on OPG and RANKL
expression in calvarial pre-osteoblast cells were
examined. Calvarial pre-osteoblast cells were cultured
in OM for 8 days in the presence of indicated doses of
propofol (0, 20, 50 1 M). At the end of the culture
period, the mRNA levels of osteoblast markers (ALP,
OCN, and OPN) and osteoclastogenic cytokines
(RANKL and OPG) were examined by RT-PCR. While
propofol induced little change of ALP, OCN, and
OPN mRNA expression, a concentration-dependent
decrease in RANKL mRNA expression and increase
in OPG mRNA expression were evident (Fig. 3A). In
addition, the expression levels of RANKL and OPG
mRNA were assessed by quantitative real-time PCR
analyses. As shown in Fig. 3B, propofol
administration, at the concentration of 50 u M,

A

Control Osteogenic media (OM)

significantly decreased RANKL expression 0.21-fold
and increased OPF expression 3.90-fold compared
with non-administration of propofol.

Propofol lowered the osteoclastogenesis-
supporting activity of osteoblasts

The effect of propofol on the osteoclastogenesis-
supporting activity of osteoblasts was examined. A
schematic diagram for C.M preparation is shown at
the top of Fig. 4A. Then, osteoclast differentiation was
induced from BMMs with M-CSF (30 ng/ml) and
RANKL (100 ng/ml) for 2 days. At the pre-osteoclast
stage (pre-OC), the culture media were replaced with
C.M. (without M-CSF & RANKL) and pre-OCs were
allowed to differentiate into osteoclasts for 3
additional days. A schematic diagram showing osteo-
clast differentiation experiment is provided at the
bottom of Fig. 4A. After 5 days of culture, TRAP
staining was performed and the number of mature

osteoclasts was counted to assess the effect
of propofol on osteoclastogenesis. As
shown in Fig. 4B, propofol administration
at a concentration of 50 uM significantly
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Figure 2. Propofol does not affect osteoblast differentiation. (A) Calvarial pre-osteoblast cells
isolated from newborn mice were cultured in osteogenic media (OM, 10 mM B-glycerophosphate
+ 100 UM L-ascorbic acid) for the indicated number of days. At day 4 and day 8, osteoblast
differentiation was examined by ALP staining. (B) Calvarial pre-osteoblast cells were differentiated
into osteoblast in OM. At days 0, 4, and 8, quantitative ALP enzyme activity assay was performed.
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Propofol is widely used for induction
and maintenance of general anesthesia in
various clinical situations [21,22]. In the
present study, we aimed to investigate
osteoblastic differentiation and RANKL/
OPG expression in the presence of
propofol in order to assess the potentially
beneficial effects of this drug on the bone
remodeling process.

The first finding of this study was
that propofol does not exert cytotoxic
effects on, or affect the differentiation and
proliferation of, osteoblasts. In the MTT
assay, which was performed to evaluate
the effect of propofol on osteoblast
viability, the concentration of propofol
used was as high as 100 pM. Further, the
ALP enzyme activity assay for the
evaluation of osteogenic differentiation,
the concentration of propofol used was as
high as 50 uM. Several previous studies
reported that clinically relevant conce-
ntrations of propofol (approximately 17-62
uM) had no harmful effect on osteoblasts
and macrophages [29,30]. In accordance
with previous reports, this study focused
on propofol concentrations of 20 uM and
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50 uM, which lie within the range of clinically relevant
concentrations. The present results were consistent
with those of previous studies.
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Figure 3. The RANKL/OPG ratio was decreased following propofol
administration. (A) The mRNA expression levels of osteoblast markers (ALP,
OCN, and OPN) and osteoclastogenic cytokines (RANKL and OPG) were
examined by RT-PCR. (B) The expression levels of RANKL and OPG mRNA
were assessed by quantitative real-time PCR analyses. Quantitative data are
means % SD of results for three independent experiments (¥, p < 0.05).

The second finding of this study was that the
RANKL/OPG ratio was significantly decreased in the
50-uM propofol-treated group, and OPG expression
was increased in a propofol concentration-dependent
manner. The synthesis and secretion of RANKL and
OPG by osteoblasts plays a pivotal role in is bone
remodeling [31]. The binding of RANKL to its
receptor RANK, a member of the tumor necrosis
factor receptor superfamily, triggers osteoclast
differentiation [14,32]. Further, OPG, a member of the
tumor necrosis factor receptor superfamily, functions
as a decoy receptor for RANKL, thus inhibiting the
interaction between RANKL and RANK by binding
RANKL [13,14]. Interestingly, it has been shown that
high serum RANKL levels are associated with
fracture susceptibility, and high OPG levels are
correlated with low risk of fracture [19,33]. Previous
studies have reported that OPG deficiency causes
bone loss, and OPG administration is effective in
preventing bone resorption [34,35]. Recently, in
addition to the individual effects of RANKL and OPG,

the ratio of RANKL/OPG was suggested as an
important determinant of bone remodeling during
fracture healing [36]. As the RANKL/OPG ratio is
relevant  to  osteoclast  activity, increased
RANKL/OPG ratio immediately after fracture is
considered to affect bone resorption status in bone
remodeling. Accordingly, strategies aimed at
decreasing the RANKL/OPG ratio may be effective in
enhancing the healing process of post-fracture
[14,37,38]. It was hypothesized that propofol may
reduce the RANKL/OPG ratio and affect osteoclast
activity during bone remodeling. The results of the
present study confirmed the efficacy of propofol, at a
clinically relevant concentration (50 uM), in reducing
the RANKL/OPG ratio by decreasing RANKL
expression and increasing OPG expression.

Further, the present study demonstrates that
propofol administration at a clinically relevant
concentration (50 pM) significantly reduced osteo-
clastogenesis. Osteoclastogenesis comprised the
following consecutive steps: differentiation of
hematopoietic monocyte/ macrophage lineage prec-
ursors to preosteoclasts, formation of osteoclasts, and
bone resorption [39]. Critical molecules involved in
osteoclastogenesis are RANK, RANKL, and
macrophage-colony stimulating factor (M-CSF); the
latter is additionally secreted by osteoblasts and
stimulates RANK expression by binding to the M-CSF
receptor [13,14]. The results of the present study
showed that C.M from propofol-treated osteoblasts
inhibited the fusion of mononucleated preosteoclasts
to multinucleated osteoclasts. These findings suggest
that propofol exerts anabolic effects on bone by
inhibiting osteoclastogenesis.

However, several points must be addressed to
maximize the beneficial effect of propofol on the bone
remodeling process in clinical practice: importantly,
propofol has no analgesic effect. Therefore, additional
analgesia is essential when using propofol, as almost
all orthopedic procedures are painful. Although the
advantages of propofol in bone remodeling have been
demonstrated, the maximum beneficial effect cannot
be achieved when inappropriate analgesics are used
together: this would result in the opposite effect,
similar to that observed with non-steroidal anti-
inflammatory drugs [27]. Further studies must be
performed to examine the effects of various kinds of
analgesics on the bone remodeling process.

In conclusion, this study shows that propofol
attenuates RANKL expression in osteoblasts without
altering cell viability, indicating that propofol
administration affects the bone remodeling process.
As one of the most commonly used drugs in ortho-
pedic procedures, propofol may be of utility owing to
its observed beneficial effects on bone remodeling.
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Figure 4. Propofol attenuates the osteoclastogenesis-supporting activity of osteoblasts. (A) The schematic diagram depicting the experiment (B) The
osteoclastogenic activity of conditioned medium (C.M.) from propofol-treated osteoblasts was evaluated using an in-vitro osteoclast differentiation system. At the
end of the culture period, cells were stained for TRAP activity and the numbers of osteoclasts/well were counted (¥, p < 0.05).
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