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Attenuation of hind-limb suspension-induced bone loss
by curcumin is associated with reduced oxidative stress
and increased vitamin D receptor expression
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Abstract
Summary Treatment with curcumin attenuated modeled
microgravity-induced bone loss, possibly through abating ox-
idative stress and activating vitamin D receptor. Curcumin
might be an effective countermeasure for microgravity-
induced bone loss but remains to be tested in humans.
Introduction Bone loss is one of the most important compli-
cations for human crewmembers who are exposed to long-
term microgravity in space and also for bedridden people.
The aim of the current study was to elucidate whether treat-
ment with curcumin attenuated bone loss induced by
microgravity.
Methods We used hind-limb suspension (HLS) and rotary
wall vessel bioreactor (RWVB) to model microgravity
in vivo and in vitro, respectively. We investigated the effects
of curcumin consumption (40 mg kg−1 body weight day−1, via
daily oral gavages) on Sprague–Dawley (SD) rats exposed to
HLS for 6 weeks. Then, we investigated the effects of

incubation with curcumin (4 μM) on MC3T3-E1 and
RAW264.7 cells cultured in RWVB.
Results Curcumin alleviated HLS-induced reduction of bone
mineral density in tibiae and preserved bone structure in tibiae
and mechanical strength in femurs. Curcumin alleviated HLS-
induced oxidative stress marked by reduced malondialdehyde
content and increased total sulfhydryl content in femurs. In
cultured MC3T3-E1 cells, curcumin inhibited modeled
microgravity-induced reactive oxygen species (ROS) forma-
tion and enhanced osteoblastic differentiation. In cultured
RAW264.7 cells, curcumin reduced modeled microgravity-
induced ROS formation and attenuated osteoclastogenesis.
In addition, curcumin upregulated vitamin D receptor (VDR)
expression in femurs of rats exposed to HLS and MC3T3-E1
cells exposed to modeled microgravity.
Conclusion Curcumin alleviated HLS-induced bone loss in
rats, possibly via suppressing oxidative stress and upregulat-
ing VDR expression.

Keywords Microgravity . Orally . Rats . Reactive oxygen
species . Rotary wall vessel bioreactor

Introduction

The microgravity environment experienced by human
crewmembers during space flight or patients during long-
term bed rest has an immediate impact on many of the body’s
biological systems. One of the most significant effects as a
result of exposure to microgravity is bone loss, which leads
to an increase in fracture risk [1]. Long-term exposure to a
microgravity environment leads to enhanced bone resorption
in the early phase and then a sustained reduction in bone
formation for the duration of weightlessness [2]. Knowledge
of microgravity-induced bone loss and the development of
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anti-catabolic strategies that retard bone loss are important and
challenging for the care of the geriatric population and
astronauts.

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione) is a phenolic natural product isolated
from the rhizome of Curcuma longa (turmeric). It has been
widely used in Eastern populations, particularly as a tradition-
al medicine in India and China, for the treatment of many
diseases, including diabetes and diseases of the hepato-biliary,
skin, rheumatoid, and gastrointestinal system [3, 4]. Recently,
curcumin has caught scientific attention as a potential thera-
peutic agent in ovariectomized mature rodent model of post-
menopausal osteoporosis [5, 6] and experimental periodontitis
bone loss model [7]. In addition, treatment with curcumin
improved bone microarchitecture and enhanced mineral den-
sity in APP/PS1 transgenic mice, a model of Alzheimer’s
disease [8]. Furthermore, it has been reported that curcumin
is a bifunctional antioxidant [9] because of its ability to react
directly with reactive species and to induce an upregulation of
various cytoprotective and antioxidant proteins. In addition,
curcumin is able to bind vitamin D receptor (VDR), induce
recruitment of its co-receptor retinoid X receptor, co-activator
steroid receptor co-activator-1, and activate transcription of a
VDR-target gene [10].

In the present study, we explored whether long-term treat-
ment with curcumin had beneficial effect in rats exposed to
hind-limb suspension (HLS) in vivo and its underlying mech-
anism. In addition, we explored the effect of incubation with
curcumin on osteoblastic and osteoclastic function inMC3T3-
E1 cells and RAW264.7 cells cultured in rotary wall vessel
bioreactor.

Materials and methods

Animals

Sprague–Dawley (SD;male, 8 weeks old) rats were purchased
from the Vital-Aiver Animal Ltd (Beijing, China). All the rats
were fed under controlled temperature (23±2 °C), 12-h light
and 12-h dark cycles (light, 08:00–20:00 hours; darkness,
20:00–08:00 hours) and had free access to food and tap water.
All the animals used in this work received humane care in
compliance with institutional animal care guidelines. All the
surgical and experimental procedures were in accordance with
institutional animal care guidelines and were approved by the
Local Institutional Committee. Chemicals, drugs, and re-
agents were obtained from Sigma Chemical (St. Louis, MO,
USA) unless otherwise stated. Cell culture supplies were ob-
tained from Invitrogen except where indicated.

SD rats were divided into 4 groups of 12 animals each and
treated for 6 weeks as follows: (1) control rats treated with
vehicle (Con); (2) HLS rats treated with vehicle; (3) control

rats treated with curcumin (Con+CUR); (4) hind-limb-
suspended rats treated with curcumin (HLS+CUR). Six
weeks later, the extent of bone loss and oxidative stress-
related markers were measured. Palm oil (Merck, Germany)
was used as vehicle. The 40-mg/kg dose of curcumin was
freshly prepared in 1.0 ml of palm oil [6]. The treatments were
given via daily oral gavages for 6 weeks. The dose of
curcumin was chosen according to previous positive results
in ovariectomized rats. The 110-mg/kg dose of curcumin was
used in rats orally, and no significant side effect was reported
[6]. In addition, oral administration is convenient for long-
term treatment. Daily food consumption was estimated twice
1 week before the experiment and controlled during the
treatment.

Cell culture

MC3T3-E1 cells were placed in osteogenic media (DMEM
with 10 % FBS, 1 % penicillin-streptomycin, 10 mmol/l β-
glycerophosphate, and 50 μg/ml ascorbic acid) to induce cell
differentiation.

The MC3T3-E1 cells were exposed to modeled micrograv-
ity and treated with curcumin (4 μM) for 96 h. The intracel-
lular reactive oxygen species (ROS), osteoprotegerin (OPG),
and receptor activator of NFκB ligand (RANKL) content in
supernatant and the messenger RNA (mRNA) levels of VDR
were determined.

The MC3T3-E1 cells were exposed to modeled micrograv-
i ty and t rea ted wi th curcumin (4 μM) or 1,25-
dihydroxyvitamin D (1,25D; 10 nM) or curcumin+1,25D.
The intracellular ROS, OPG, and RANKL content in super-
natant were determined.

The RAW264.7 cells were exposed to modeled micrograv-
ity and treated with curcumin (4 μM) for 96 h. RANKL was
used to stimulate osteoclastogenesis. ROS formation, CathK
and TRAP mRNA expression, and osteoclastogenesis were
determined.

Hind-limb suspension

Briefly, an orthopedic adhesive tape was applied along the
proximal one third of the tail and placed through a metal ring,
which attached to a metal bar on the top of a hind-limb sus-
pension cage. This allowed the forelimbs to have contact with
the grid bottom of the cage such that the animals could move
and access food and water freely. The suspension height was
adjusted to maintain a suspension angle of 30° and to ensure
that the hind-limbs were unable to touch any supporting sur-
face. The animals were suspended for a total of 6 weeks.
During the tail-suspension period, rats were carefully moni-
tored several times a day to prevent restriction of tail growth
and circulation and ensure adequate food and water intake,
grooming behavior, urination, and defecation. Control rats
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were housed individually in the same size cage as HLS rats.
They have tail harnesses on but not suspended. They were
allowed to move unconstrained around the cages. All animals
of HLS group completed the full 6 weeks.

In vitro-simulated microgravity

The rotary wall vessel bioreactor (RWVB; Synthecon,
Houston, TX, USA) was used to model microgravity in vitro
according to the method previously described [11]. Briefly,
cultured cells (1×106/ml) transferred to the bioreactor and
incubated in a 37 °C, 5 % CO2 incubator without rotation
for 1 h to allow cells to attach to the microcarrier beads
(Cytodex-3 porous collagen-I-coated microcarrier beads,
Sigma). Then, they were rotated about a horizontal axis per-
pendicular to the gravitational vector to randomize gravita-
tional vectors across the surface of the platelets and generate
microgravity of 10−2 G. Cells were rotated about a vertical
axis parallel to the gravitational vector to experience normal
gravitational forces (1 G) and serve as control.

Sample preparation and biochemical analysis

At the end of the experimental period, all rats were fasted for
12 h and anesthetized with ketamine (150 mg/kg)/xylazine
(18 mg/kg) mixture, after which whole blood sample was
collected from their abdominal aorta. The blood samples were
centrifuged at 4000×g for 10 min, and serum was collected
and stored at −20 °C until use. 1, 25-(OH)2D3 levels were
measured from serum by enzyme immunoassay according
the manufacturer’s protocol (ImmunoDiagnostic Systems
Ltd, Boldon, UK).

Measurement of deoxypyridinoline

Urinary deoxypyridinoline (DPD; the breakdown product of
collagen during bone resorption) is a bone resorption marker.
DPD excretion was quantified by using an EIA kit (Wuhan
Xinqidi Biological Technology, Hubei, China), and the data
were corrected for the urinary creatinine levels. Creatinine
(CRE) levels were determined with QuantiChrom Creatinine
Assay Kits (Shanghai Westtang Bio-Tech, Shanghai, China).

Bone homogenates and measurement of malondialdehyde
levels

After the rats were killed, the femurs were excised from each
rat and cleaned soft tissue, including cartilage, tendon, and
ligament. The femurs were stored in liquid nitrogen at first
and then stored at −80 °C until use. The frozen distal femurs
were put in a mortar and pestle which contained liquid nitro-
gen and ground to a fine powder immersed in liquid nitrogen.
The frozen powder was transferred into a tube containing 1×

RIPA buffer (50 mM Tris–HCl, pH=8, with 150 mM NaCl,
1.0 % NP-40, 0.5 % sodium deoxycholate, 0.1 % SDS;
Beyotime, Jiangsu, China) supplemented with 1 mM
phenylmethylsulphonyl fluoride and protease inhibitor cock-
tail. The protein concentration was determined with bovine
serum albumin as a standard by a Bradford assay.

Malondialdehyde (MDA) is a presumptive marker of
oxidant-mediated lipid peroxidation. Bone homogenates and
plasmawere used for the determination ofMDA by using a kit
(Cayman, Ann Arbor, MI, USA). MDA levels of bone ho-
mogenates were normalized to their protein concentration.

Western blotting analysis

Proteins (30 μg/lane) were separated by SDS-PAGE (10 %
gel). The gels were electroblotted onto polyvinylidene fluo-
ride membranes (Hybond-P, Amersham International, Little
Chalfont, Buckinghamshire, UK) for 1 h at 100 V. The effi-
ciency of the transfer was evaluated using Ponceau red stain-
ing according to the manufacturer’s conditions. The mem-
branes were incubated with primary antibodies against VDR
(Santa Cruz, CA, USA). After washing, the membranes were
incubated with HRP-conjugated secondary antibody. After
thorough washing, immunocomplexes were detected using
an enhanced horseradish peroxidase/luminal chemilumines-
cence system (ECL Plus, Amersham International, Little
Chalfont, UK). Signals on the immunoblot were quantified
with the NIH Image V1.56 computer program. Each mem-
brane was reprobed to determine GAPDH expression using
a mouse monoclonal antibody (1:8000, Abcam Cambridge,
MA, USA).

Measurement of total sulfhydryl levels

Bone homogenates was used for the determination of total
sulfhydryl (t-SH) with Glutathione Assay Kits (Cayman,
Ann Arbor, MI, USA). t-SH levels of bone homogenates were
normalized to their protein concentration.

Bone mineral density measurement

Bone mineral density (BMD) were measured ex vivo with a
dual-energy X-ray absorptiometry NORLAND XR-46
(Norland Co. Fort Atkinson, WI, USA) using the small-
animal program set to a high-resolution mode. Samples were
placed on an acrylic platform of uniform 38.1-mm thickness.
The BMD of whole tibiae was obtained. The coefficient of
variation (CV) was 1 % for BMD.

Bone histomorphometry

The proximal tibiae were incubated with the Villanueva bone
stain for 7 days, dehydrated in graded ethanol and xylene, and
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embedded undecalcified in methyl methacrylate. Frontal sec-
tions (4 μm thick) were cut with vertical bed microtomes
(Leica, Rockleigh, NJ, USA) and affixed to slides precoated
with a 1 % gelatin solution. Then they were stained according
to the Von Kossa method with a tetrachrome counterstain
(Polysciences, Warrington, PA, USA). Measurements were
performed at the metaphyseal region, which was located 1–
4 mm from the lowest point of the growth plate and 1 mm
from the lateral cortex, excluding the endocortical region. The
selected region is known as the secondary spongiosa area,
which is rich in trabecular bone. The selected region is
squared, and the area of the squared region is about 9 mm2

(3×3 mm). Histomorphometric data were collected with the
Bioquant Bone Morphometry System (R&M Biometrics
Corp., Nashville, TN, USA). Osteoclast surface and osteoblast
surface were obtained. Eight bone sections were analyzed per
animal.

Micro-CT

Trabecular bone morphometry within the metaphyseal re-
gion of proximal tibiae was quantified using micro-CT
(μCT40, Scanco Medical AG, 10.5 μm voxel size, 55
kVp, 145 μA) with a threshold value of 240 as the meth-
od described previously [12]. The proximal tibial
metaphysis was scanned in 250 slices (thickness,
13 μm) in the dorsoventral direction. Three-dimensional
reconstruction of the bone was performed using the trian-
gulation algorithm. Trabecular morphometry was charac-
terized by measuring trabecular bone volume fraction
(BV/TV), trabecular thickness (Tb.Th), trabecular separa-
tion (Tb.Sp), and trabecular number (Tb.N).

Measurement of mechanical properties

Using a mechanical strength analyzer (CSS-4420 material
testing machine, Changchun Research Institute for Testing
Machines Co. Ltd., China), the mechanical strength of the left
femur was measured.

For the quasi-static 3-point bending test, the left femur
was placed on a special holding device with supports lo-
cated 12 mm apart. Afterwards, the load was applied to
the middle part of the diaphysis, thus a three-point bend-
ing test was created. A bending force was applied at a
speed of 1 mm/min, until a fracture occurred. From the
load–displacement curve, the ultimate compressive load
(N), the stiffness (N/mm), and the energy absorption
(mJ) were obtained from the femoral diaphysis via keep-
ing record of the load and displacement until the specimen
was broken. The ultimate load (N) was defined as the
maximum load sustained by the specimen, the stiffness
(N/mm) was defined as the slope of the linear portion of

the curve, and the energy to ultimate load (mJ) was deter-
mined as the area under the curve to ultimate load.

Quantitative real-time PCR analysis

After the rats were killed, the femurs were excised from
each rat and cleaned soft tissue including cartilage, ten-
don, and ligament. The femurs were stored in liquid ni-
trogen at first and then stored at −80 °C until use. The
frozen distal femurs were put in an RNase-free mortar and
pestle which contained liquid nitrogen and ground to a
fine powder immersed in liquid nitrogen. The frozen pow-
der was transferred into a tube containing Trizol (Life
Technologies Inc. Gaithersburg, USA), and total RNA
was isolated, according to the manufacturer’s protocol.
The RNA purity and concentration were examined on
the wavelength (A256 nm/A280 nm) more than 1.8; 1 μg
of total RNA was treated with DNase I (Invitrogen) in a
total volume of 10 and 5 μl (500 ng) of this batch was
reverse transcribed with 200 U SuperScript II (Invitrogen)
using 500 ng oligo-dT and 250 ng random hexamers. RT-
PCR analysis was performed with a QuantiTectTM
SYBR® Green PCR (Tiangen, Shanghai, China) accord-
ing to the manufacturer’s instructions. The RT-PCR data
was based on SYBR green amplification. The sequences
of primers are listed in Table 1S (Supplementary data).
PCR amplification was performed in 96-well optical reac-
tion plates for 40 cycles, with each cycle at 94 °C for
30 s, 58–63 °C for 30 s, and 72 °C for 60 s. Each sample
was run and analyzed in duplicate. Target mRNA levels
were adjusted as the values relative to 18S, which was
used as the endogenous control to ensure equal starting
amounts of cDNA. The fold-change relative to values of
control group were obtained and used to express the ex-
perimental change in gene expression. Inter-assay varia-
tion was less than 10 % coefficient of variation for all
quantitative real-time PCR assays.

Reactive oxygen species production

Before incubation in RWVB and treatment with curcumin, the
culture medium was replaced with phenol-red-free DMEM
containing 2′,7′-dichlorodihydrofluorescein diacetate
(10μM, this probe is widely used tomonitor the cellular redox
processes) for 30 min. Then, remove the dye working solu-
tion; wash with pre-warmed medium, and add pre-warmed
medium. The ROS production was measured with a fluores-
cence reader.

Alkaline phosphatase activity assay

The induction of alkaline phosphatase (ALP) is an unequivo-
cal marker for bone cell differentiation. After incubation in
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RWVB and treatment with curcumin or 1,25D for 7 days, the
medium was removed and the cell monolayer was gently
washed twice with PBS. Cells were then lysed with cell lysis
buffer and centrifuged at 12,000×g for 10 min. The superna-
tant was collected and used for the measurement of ALP ac-
tivity with an ALP activity assay kit (Cell Biolabs, San Diego,
CA, USA). ALP activities were normalized to their protein
concentration.

Measurement of OPG and receptor activator of NFκB
ligand

After incubation in RWVB and treatment with curcumin
for 96 h, the concentrations of OPG and RANKL pro-
teins in the supernatant of cultured MC3T3-E1 cells were
measured using their kits (R&D Systems, San Diego,
CA, USA). Finally, the ratio of OPG/RANKL was
calculated.

Measurement of osteoclastogenesis

RAW264.7 cells at 2.5×105 were cultured in RWVB and
stimulated with RANKL (20 ng/ml) and treated with
curcumin for 4 days. Then, the cells were tartrate-resistant acid
phosphatase (TRAP) stained according to the method de-
scribed previously [13]. For quantification, multinucleated
TRAP-positive cells with different number of nuclei were
counted in two different categories: 3 to 30 nuclei and those
with greater than 30 nuclei.

Statistical analysis

Our results were expressed as mean±SD. The coefficient of
variation for all assays except RT-PCR experiment was not
more than 1 %. One-way ANOVA with Bonferroni’s correc-
tion for multiple comparisons were applied, and statistical
difference was considered with p values <0.05. Statistical
analysis was performed using SPSS 14.0.0 software (SPSS
Inc. Chicago, IL, USA).

Results

Effects of treatment with curcumin on general data in rats
exposed to HLS

SD rats were exposed to HLS for 6 weeks and treated
with or without curcumin. As shown in Table 2S
(Supplementary data), the soleus muscle-to-body mass ra-
tios were significantly lower (p<0.001) in rats exposed to
HLS, which confirmed the efficacy of simulated micro-
gravity in this set of experiments. HLS led to a significant

reduction in body weight (p<0.001) and food intake (p=
0.010), and curcumin treatment had no significant effect
on body weight and food intake.

Effects of treatment with curcumin on bone geometric
and microstructural parameters of rats exposed to HLS

When compared with the control rats, BMD of the whole
tibia (Fig. 1a, p=0.011), Ob.S/BS (Fig. 1b, p<0.001),
Tb.Th (Fig. 1d, p=0.002), Tb.N (Fig. 1f, p<0.001), and
BV/TV (Fig. 1g, p<0.001) of proximal tibiae and ulti-
mate load (Fig. 1 h, p= 0.007), stiffness (Fig. 1i,
p<0.001), and energy (Fig. 1j, p=0.004) of femoral di-
aphysis were lower, and Tb.Sp (Fig. 1e, p<0.001) and
Oc.S/BS (Fig. 1c, p<0.001) of proximal tibiae were
higher in HLS rats.

When compared with HLS rats, BMD of the whole tibia
(Fig. 1a, p=0.032), Ob.S/BS (Fig. 1b, p<0.001), Tb.Th
(Fig. 1d, p=0.013), Tb.N (Fig. 1f, p=0.018), and BV/TV
(Fig. 1g, p=0.008) of the proximal tibiae and ultimate load
(Fig. 1h, p=0.027), stiffness (Fig. 1i, p=0.015), and energy
(Fig. 1j, p=0.021) of femoral diaphysis were higher, and
Tb.Sp (Fig. 1e, p<0.001) and Oc.S/BS (Fig. 1c, p<0.001) of
the proximal tibiae were lower in HLS rats treated with
curcumin.

Treatment of control rats with curcumin had no
significant effect on these parameters.

As shown in the Supplementary data (Fig. S1), the beneficial
effect of curcumin on bone geometric and microstructural pa-
rameters of rats exposed to HLS was in a dose-dependent
manner.

Effects of treatment with curcumin on the biomarkers
of osteoblastogenesis and osteoclastogenesis in femurs
of rats exposed to HLS

Compared with the control rats, mRNA levels of TRAP
(Fig. 2a, p<0.001) and mRNA ratio of RANKL-to-OPG
(Fig. 2c, p<0.001) of distal femurs and urinary DPD excretion
(Fig. 2d, p<0.001) were higher in HLS rats, and mRNA levels
of osteocalcin (Fig. 2b, p<0.001) of distal femurs was lower
in HLS rats.

In HLS+curcumin group, mRNA levels of TRAP
(p<0.001) and mRNA ratio of RANKL-to-OPG of dis-
tal femurs (p<0.001) and urinary DPD excretion (p=
0.003) were lower, and mRNA levels of osteocalcin of
distal femurs (p<0.001) was higher than that in the
HLS group.
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Effect of treatment with curcumin on oxidative stress
in femurs of rats exposed to HLS

Compared with the control rats, MDA levels of plasma
(Fig. 3a, p=0.003) and distal femurs (Fig. 3b, p=0.006)
were higher, and t-SH levels (Fig. 3c, p=0.002) of distal
femurs were lower in the HLS group. Treatment with
curcumin reduced the levels of MDA in plasma (p=

0.011) and distal femurs (p=0.017) and enhanced the
levels of t-SH in distal femurs (p<0.001).

Effects of incubation with curcumin on osteoblast cell
line-MC3T3-E1 cultured in RWVB

MC3T3-E1 cells cultured in RWVB showed increased ROS
formation (Fig. 4a, p=0.002) and reduced osteoblastic

Fig. 1 Curcumin treatment during 6 weeks of HLS mitigates deleterious
changes in bone geometry andmicroarchitecture. SD rats were exposed to
HLS and treated with or without curcumin (40 mg/kg body weight) for
6 weeks. Tibiae were removed for the determination of BMD (a),
osteoblast (b), and osteoclast (c) surfaces and trabecular morphometry
including Tb. Th (d), Tb.Sp (e), Tb.N (f), and bone volume fraction

(BV/TV) (g). Femurs were removed for determination of mechanical
properties including ultimate load (h), stiffness (i), and energy (j). n=12
in each group. CUR curcumin, HLS hind-limb suspension, BMD bone
mineral density, Tb.Th trabecular thickness, Tb.Sp trabecular separation,
Tb.N trabecular number; *p<0.05 versus control group; #p<0.05 versus
HLS group
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differentiation marked by decreased ALP activity (Fig. 4b, p=
0.005). Incubation with curcumin suppressed ROS formation
(p=0.014) and enhanced osteoblastic differentiation (p=
0.020).

Exposure to modeled microgravity of MC3T3-E1 cells led
to an augmentation of ratio of RANKL/OPG (Fig. 4c,
p<0.001), which was decreased by treatment with curcumin
(p<0.001).

Effects of incubation with curcumin on preosteoclast cell
line-RAW264.7 cultured in RWVB

RAW254.7 cells cultured in RWVB showed increased ROS
formation (Fig. 5a, p<0.001) and enhanced osteoclastic dif-
ferentiation marked by increased CathK (Fig. 5b, p<0.001)
mRNA levels, and increased osteoclastogenesis marked by
increased TRAP mRNA levels (Fig. 5c, p<0.001) and
TRAP-positive multinucleated osteoclasts (Fig. 5d, 3<nu-
clei≤30, p<0.001; nuclei>30, p<0.001).

Treatment with curcumin reduced ROS levels and sup-
pressed osteoclastic differentiation and osteoclastogenesis
marked by reduced mRNA levels of CathK (p<0.001) and
TRAP (p<0.001) and TRAP-positive multinucleated osteo-
clasts (3<nuclei≤30, p=0.001; nuclei>30, p<0.001).

Effects of treatment with curcumin on VDR expression

Exposure to HLS led to reduction in both serum levels of 1,
25-(OH)2D3 (Fig. 6a, p<0.001) and mRNA levels (Fig. 6b,
p<0.001) and protein expression (Fig. 6d) of VDR in femurs.
Treatment with curcumin did not affect serum levels of 1,
25-(OH)2D3, but enhanced VDR mRNA levels (p<0.001)
and upregulated VDR protein expression (p<0.001) in rats
exposed to HLS.

MC3T3-E1 cells cultured in RWVB showed reduced
mRNA levels (Fig. 6c, p<0.001) and protein expression
(Fig. 6d) of VDR. Treatment with curcumin enhanced VDR
mRNA levels (p<0.001) and upregulated VDR protein ex-
pression (p<0.001) in MC3T3-E1 cells cultured in RWVB.

As shown in the Supplementary data (Fig. S2), treatment
with 1,25D had no significant effect on ROS formation but
suppressed ROS formation and enhanced osteoblastic differ-
entiation marked by increased ALP activity (p=0.028) and
ratio of RANKL/OPG (p<0.001).

Discussion

Microgravity exposure to animals or humans led to oxidative
stress not only in circulating system [14]. Sun et al. reported that

Fig. 2 Curcumin treatment during 6 weeks of HLS enhances
osteoblastogenesis and suppresses osteoclastogenesis. SD rats were
exposed to HLS and treated with or without curcumin (40 mg/kg body
weight) for 6 weeks. Femurs were removed for the determination of
mRNA levels of TRAP (a) and OCN (b) and mRNA ratio of RANKL/
OPG (c). Urine was collected for determination of DPD excretion

(biomarker of bone resorption, d). n=12 in each group. CUR curcumin,
HLS hind-limb suspension, OCN osteocalcin, RANKL receptor activator
of NF-κB ligand, OPG osteoprotegerin, CRE creatinine, TRAP tartrate-
resistant acid phosphatase, CRE creatinine, DPD deoxypyridinoline;
*p<0.05 versus control group; #p<0.05 versus the HLS group
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oxidative stress occurred in the femur and lumbar vertebra of
rats exposed to modeled microgravity [15], which was con-
firmed in the current study. In addition, it was found that
modeled microgravity exposure induced oxidative stress in

cultured osteoblasts and osteoclasts. Oxidative stress, resulting
from excessive formation of ROS or dysfunction of antioxidant
defense system, represents a major cause of age-associated
pathological conditions including aging [16] and postmeno-
pausal bone loss [17]. Sun et al. found that HLS-induced bone
loss was attenuated by treatment with hydrogen gas, a novel
antioxidant [15], which indicated that oxidative stress also
played an important role in the progression of microgravity-
induced bone loss. The protective features of curcumin, first
and foremost its antioxidant effect, have been shown in exper-
imental studies [18, 19]. In this study, treatment with curcumin
alleviated HLS-induced oxidative stress in femurs and incuba-
tion with curcumin reduced ROS formation in cultured osteo-
blasts and osteoclasts exposed to modeled microgravity.

Fig. 3 Curcumin treatment during 6 weeks of HLS abates oxidative
stress. SD rats were exposed to HLS and treated with or without
curcumin (40 mg/kg body weight) for 6 weeks. Plasma was collected
for determination of MDA content (a); femurs were removed for the
determination of MDA (b), and t-SH (c). n=12 in each group. CUR
curcumin, HLS hind-limb suspension, MDA malondialdehyde, t-SH
total sulfhydryl; *p<0.05 versus control group; #p<0.05 versus the
HLS group

Fig. 4 Treatment with curcumin enhances osteoblast differentiation of
MC3T3-E1 cells exposed to modeled microgravity. MC3T3-E1 cells
were incubated in rotary wall vessel bioreactor and treated with
curcumin (4 μM). The intracellular ROS content (a), ALP activity (b),
and ratio of RANKL/OPG (c), were determined. CUR curcumin, OPG
osteoprotegerin, RANKL receptor activator of NFκB ligand, ROS reactive
oxygen species, ALP alkaline phosphatase, MG modeled microgravity,
AFU arbitrary fluorescence units; *p <0.05 versus control group; #p<0.05
versus MG group

2672 Osteoporos Int (2015) 26:2665–2676



Treatment with curcumin enhanced osteocalcin expression
in bone and decreased urinary DPD excretion, indicating that
curcumin had beneficial effect on both bone formation and
bone resorption when exposed to microgravity. Then, the pro-
tective effect of curcumin on osteoblast cell line MC3T3-E1
and preosteoclast cell line RAW264.7 was investigated.

In the current study, microgravity modeled by rotating wall
vessel bioreactor suppressed differentiation of MC3T3-E1
cells marked by decreased ALP activity. Some reports have
reported that curcumin at high concentration (>10 μM) mark-
edly inhibited the proliferation of rat calvarial osteoblastic
cells and induced the death of human osteoblasts [20–22].
Gu et al. demonstrated that curcumin (10 μM) promoted rat
mesenchymal stem cell osteoblast differentiation by upregu-
lation of HO-1 [23]. In this study, incubation with curcumin
increased osteoblastic differentiation of MC3T3-E1 cells ex-
posed to modeled microgravity and had no significant effect
on MC3T3-E1 cells under control condition, which might be
contributed to the low dose of curcumin we chose in this
study.

Curcumin also acts as an inhibitor of RANKL-induced
NFATc1 which is a downstream event of NF-κB signal path-
way through suppressing of ROS generation [24], leading to
suppressed proliferation, induced chemosensitization, and
suppressed osteoclastogenesis [25–27]. Osteoclasts are acti-
vated by binding of the RANKL [28] to its cognate receptor,
RANK, whereas OPG, a soluble member of the tumor necro-
sis receptor super-family, acts as a naturally occurring decoy

receptor that competes with RANK for binding of RANKL
[29]. The balance of these two molecules plays a critical role
in the control of osteoclastogenesis. In the present study, it was
found that modeled microgravity increased the ratio of RANK
L/OPG. Therefore, modeled microgravity might exacerbate
the osteoclastogenesis through paracrine regulation of the re-
lease of OPG and RANKL from osteoblasts. Curcumin treat-
ment reduced the formation of ROS and the ratio of RANKL/
OPG, which might explain its suppressive effect on osteoclas-
togenesis induced by modeled microgravity.

Microgravity exposure has been associated with changes in
the vitamin D endocrine system. Serum levels of vitamin D
hormone were decreased after long-term bed rest [30, 31], and
after long-term space flight [32, 33]. The preponderance of
evidence indicates that 1,25-(OH)2D3 enhances bone mineral-
ization through its effects to promote calcium and phosphate
absorption [34]. VDR is a nuclear transcription factor, which
mediates the action of 1,25-(OH)2D3, thus affecting calcium
absorption, bone remodeling, and mineralization rate [35].
Narayanan et al. first reported that modeled microgravity re-
duced VDR expression in cultured MG-63 cells [36]. Our
results revealed that HLS led to downregulation of VDR ex-
pression in femur and modeled microgravity reduced VDR
mRNA levels in cultured osteoblasts. As another potential
ligand for the VDR, curcumin upregulated VDR expression
and activated VDR target genes in osteosarcoma and Caco-2
cells [10]. In this work, although curcumin treatment had no
significant effect on serum 1,25-(OH)2D3 levels, it

Fig. 5 Treatment with curcumin reduces osteoclast differentiation of
RAW264.7 cells exposed to modeled microgravity. RAW264.7 cells
were incubated in rotary wall vessel bioreactor and treated with
curcumin (4 μM). Osteoclast differentiation and osteoclastogenesis
were induced by incubation with RANKL (20 ng/ml). The intracellular
ROS content (a), CathK (b), and TRAP mRNA expression (c), and

multinucleated TRAP-positive cells (d) were determined. CUR
curcumin, RANKL receptor activator of NFκB ligand, MG modeled
microgravity, CathK cathepsin K, TRAP tartrate-resistant acid
phosphatase, AFU arbitrary fluorescence units; *p<0.05 versus the
control group; #p<0.05 versus the MG group
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upregulated VDR expression in femurs and osteoblasts, which
might contribute to the beneficial effect of curcumin against
bone loss induced by microgravity.

Another important issue of curcumin treatment is its dos-
age, duration, and mode of administration. Curcumin was
found to induce bone changes after ovariectomy in a dose-
dependent manner [5]. The dose used was claimed to be safe
as there have been no reports of significant adverse effects
with the consumption of 500 to 8000 mg turmeric powder/
day in humans [37, 38]. The 110-mg/kg dose of curcumin was
used in rats orally and no significant side effect was reported
[6]. Curcumin treatment (40 mg/kg) for 6 weeks itself had no
significant effect on bone geometric and microstructural

parameters of control rats in this work. Long-term studies
have shown that curcumin applied in the diet is fully safe
and can possess protective activity. Even very high doses of
curcumin (8 g/day) did not cause side effects [38]. Even
though there is little information about the negative effects
of curcumin provided in diet, in vitro curcumin can induce
apoptosis of both normal and cancer cells [39]. At high con-
centration, curcumin induced detrimental effects, including
cell senescence, even cell death, which was found in cancer
MCF7, HCT116, and U2OS cells [40] and cancer-associated
fibroblasts [41]. It is not difficult to imagine that acceleration
of senescence of normal cells could be detrimental. It was
reported that curcumin induced senescence of primary human

Fig. 6 Treatment with curcumin has no significant effect on serum
vitamin D but upregulates VDR expression. SD rats were exposed to
HLS and treated with or without curcumin (40 mg/kg body weight) for
6 weeks. Serumwas collected for determination of 1,25-(OH)2D3 content
(a); femurs were removed for the determination of VDR mRNA
expression (b). n=12 in each group. *p<0.05 versus the control group;
#p<0.05 versus the HLS group. MC3T3-E1 cells were incubated in

RWVB and treated with curcumin (4 μM). The mRNA levels of VDR
(c) were determined. Western blotting results (d) and responding
quantification (e, f) of VDR in femurs of rats exposed to HLS or in
MC3T3-E1 cells incubated in RWVB were shown. *p<0.05 versus the
control group; #p<0.05 versus the MG group. CUR curcumin, RWVB
rotary wall vessel bioreactor, HLS hind-limb suspension, MG modeled
microgravity; VDR vitamin D receptor
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cells building the vasculature in a DNA damage and ataxia-
telangiectasia mutated-independent manner [42]. Therefore,
further investigation was required and an increase in the bio-
availability of curcumin should be introduced very carefully
considering senescence induction as a side effect.

In conclusion, treatment with curcumin attenuated
microgravity-induced bone loss, possibly through abating ox-
idative stress and activating vitamin D recepor. Curcumin
might be an effective countermeasure for microgravity-
induced bone loss but further studies are required to identify
this issue before clinical application becomes possible.
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