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Postmenopausal osteoporosis severely jeopardizes human
health. Seeking for therapeutic drugs without side effects is
of great necessity. Our study was designed to investigate
whether resveratrol, an agonist of SIRT1, could have favor-
able effect on osteoporosis and to explore the underlying
mechanisms. Rat osteoporosis model (ovariectomy group,
OVX) was established by bilateral ovariectomy. Three dif-
ferent doses of resveratrol were used: 5 mg/kg/d (low-
dosed, RESLD), 25 mg/kg/d (medium-dosed, RESMD), and
45 mg/kg/d (high-dosed, RESHD). Results showed that
RESLD did not show any significant effect on OVX altera-
tions, while RESMD and RESHD significantly elevated the
decreased bone mineral density induced by osteoporosis
(RESMD 0.205+++++0.023, RESHD 0.214+++++0.053 vs. OVX
0.165+++++ 0.050 g/cm2 respectively; P < 0.05). Serum
markers alkaline phosphatase (ALP) and osteocalcin were
moderately restored by resveratrol. Moreover, resveratrol
improved bone structure in OVX rats, demonstrated by
hematoxylin-eosin staining and micro-computed tomo-
graphic results. In vitro results revealed that resveratrol
promoted osteoblast differentiation of bone marrow mesen-
chymal stromal cells, evidenced by the increase of ALP
generation and mRNA expression of collagen 1 (P < 0.05;
RESMD, RESHD vs. control group). SIRT1 gene silencing
by siRNA transfection blocked these beneficial effects of
resveratrol (P < 0.05; RES 1 SIRT1KD vs. RESHD).
Western blot results showed that resveratrol activated
SIRT1 and subsequently suppressed the activity of NF-kB
with decreased expression level of p-IkBa and NF-kB p65
(P < 0.05). Our findings verified the effects of specific
dosed resveratrol on postmenopausal osteoporosis through
osteoblast differentiation via SIRT1-NF-kB signaling
pathway. This study suggested the therapeutic potential of
resveratrol against osteoporosis and stressed the import-
ance of effective doses.
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Introduction

Postmenopausal osteoporosis, characterized by low bone
mineral density (BMD) and microarchitectural deterioration
of bone tissue, is a major concern for public health [1].
Decrease of BMD in osteoporosis increases the risk of bone
fractures [2]. Consequent osteoporotic fractures impact nega-
tively on quality of life and increase the morbidity and mor-
tality in post-menopausal women [3,4].

Estrogen deficiency is a predominant cause for postmeno-
pausal osteoporosis, which contributes to the increase of
bone turnover, and subsequently lowering bone mineral
content and bone structure destruction [5]. Though estrogen
replacement therapies have shown therapeutic effects on
osteoporosis treatment, their benefits are compromised by
serious side effects, such as increased risk of breast and
uterine cancers, as well as high cost [6]. Therefore, seeking
for drugs to reverse the tendency of bone loss with the least
side effect is of great necessity. Recently, metabolism-related
drugs have emerged as potential drugs for osteoporosis
because of their bone formation effects.

Sirtuins (SIRT1–7), a class of NADþ-dependent deacety-
lases, could exert beneficial effects in many diseases due to
their critical role in metabolism [7]. SIRT1 is the most
widely studied molecule in sirtuin family. The activation
of SIRT1 could affect various physiological and pathologic-
al processes, such as cell proliferation and differentiation,
inflammation, anti-oxidative response, and osteoporosis pro-
cess [8,9]. Resveratrol, a specific agonist of SIRT1, has
been shown to play a positive role in neural, cardiovascular,
and orthopedic diseases [10]. Furthermore, several studies
reported the potential therapeutic role of resveratrol in osteo-
porosis, whereas the specific dose of resveratrol was inclu-
sive. Previous reports found that resveratrol could exert
osteogenic effects in vitro, which may further alleviate the
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extent of osteoporosis [11–13]. Moreover, the underlying
mechanisms of resveratrol on osteoporosis are unclear and
the dose of resveratrol in osteoporotic model in vivo is still
controversial. Therefore, we aimed to combine both in vivo
and in vitro studies to explore the protective effects of resver-
atrol and to find out the downstream molecules.

Our present study was designed to investigate the protect-
ive role of resveratrol on osteoporosis both in vivo and
in vitro, and more importantly, to explore the underlying
molecular mechanisms.

Materials and Methods

Rat model of postmenopausal osteoporosis
All animal procedures were conducted according to the pro-
tocols approved by the Institutional Animal Care and Use
Committee of Xijing Hospital, Fourth Military Medical
University. All animal experiments were performed in ac-
cordance with the National Institutes of Health Guidelines
for the Use of Laboratory Animals. Female Sprague-Dawley
(SD) rats (3-month old, weighing 280–350 g) were pur-
chased from the Animal Center of Fourth Military Medical
University. Animals were kept at 26–288C with free access
to water and chow. Rats were randomized into the following
groups: control group (Con) (n ¼ 8), ovariectomy group
(OVX) (n ¼ 8), and ovariectomy þ resveratrol group (RES)
(n ¼ 24). RES group was further divided into three groups:
low-dose group (RESLD), middle-dose group (RESMD), and
high-dose group (RESHD). Bilateral ovariectomy was con-
ducted under anesthesia by persistent 2% isoflurane in-
halation after laparotomy. The criteria for successful
anesthesia were regularly respiratory rhythm and absence
of retraction reflex in hind-legs after mechanical stimulation.
In the control group, rats underwent laparotomy without
ovariectomy. Rats were injected with penicillin for three
consecutive days after operation to prevent infection. In RES
group, resveratrol (Sigma, St Louis, USA) was orally admi-
nistrated at the dosage of 5, 25, and 45 mg/kg/d (RESLD

group, RESMD group, and RESHD group), respectively, 7 days
after operation for 8 weeks.

Isolation and culture of bone marrow mesenchymal
stromal cells
In the in vitro study, rats were divided into control, RESLD,
RESMD, RESHD, and RES þ SIRT1KD groups. Bone
marrow tissues of SD rats (2–3 weeks old) were washed
with phosphate buffered saline (PBS) containing 1% anti-
biotic/antimycin to prevent bacterial contamination. The sus-
pension was collected, centrifuged at 200 g for 10 min and
put into the cell culture flask. The cells were maintained in
Dulbecco’s modified Eagle’s medium/F-12 (DMEM/F-12;
Hyclone, Logan, USA) with 10% (v/v) fetal bovine serum
(FBS; Hyclone) for 72 h at 378C with 5% CO2. Adherent

cells were digested and transferred into a new cell culture
flask. Bone marrow mesenchymal stromal cells (BMSCs)
were cultured with DMEM/F-12/10% FBS with 2 ng/ml
basic fibroblast growth factor (Peprotech, Rocky Hill, USA)
and 1% antibiotic/antimycin. The medium was refreshed
every two days. Then a trypsin solution (0.05% trypsin þ
0.02% ethylenediaminetetraacetic acid; Invitrogen, Carlsbad,
USA) was used for cell passages. Resveratrol was dissolved
with DMSO at the concentration of 100 mM. After cell at-
tachment, in resveratrol treated groups (RESLD, RESMD, and
RESHD), cells were subject to 24 h of resveratrol treatment at
final concentrations of 20, 25, and 30 mM, respectively;
while in control group, cells were treated with same-volume
DMSO. To silence SIRT1 gene expression, small interfering
RNA (siRNA) of SIRT1 was synthesized as the following
sequences according to published article: sense strand
50-GCGAUGUUAUAAUUAAUGAtt-30 and the antisense
strand 50-UCAUUAAUUAUAACAUCGCag-30 [14]. The
knockdown efficiency of siRNA was preliminarily analyzed
by real-time polymerase chain reaction (PCR) and western
blot analysis (Supplementary Fig. S1). Lipofectamine 2000
(Invitrogen) was added during siRNA transfection. In
RESþ SIRT1KD group, after cell attachment, cells were con-
tinuously cultured with the medium containing resveratrol at
the concentration of 30 mM. Additionally, 100 nM siRNA
was added to the medium and cells were incubated with
siRNA for 48 h and then collected.

Bone mineral density measurement
BMD was measured with dual-emission X-ray absorptiometry
(DEXA) method using a dual energy X-ray absorptiometry
(Lunar, Madison, USA) and relevant assessment software.
Vertebra of lumbar spine (L3) and right femur bone of each rat
were placed in the imaging positioning tray and scanned. All
specimens were placed in a similar orientation. BMD was
evaluated by inclusion of the whole specimen in the region of
interest. The measurement was performed in a blind manner.

Histological staining
The left femoral condyle of each rat was obtained and fixed
in 4% paraformaldehyde for 24 h and then decalcified for 2
weeks in 10% EDTA buffer (pH 7.0). The samples were
dehydrated, embedded in paraffin and cut into slices (about
4 mm thick). Slices were stained with hematoxylin-eosin
(HE). The sections were visualized by using an optical
microscope (Leica, Wetzlar, Germany) and photographed.

Micro-computed tomography
Micro-computed tomography (CT) technique was used to
evaluate bone structural and mineral changes in rats. Briefly,
vertebras of lumbar spine (L4) were isolated from rats after
sacrifice. Muscles and ligaments were carefully excised.
Then the vertebral specimens (n ¼ 8) from each group were
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placed in a similar orientation and micro-CT scanned
(eXplore Locus SP micro-CT; GE Healthcare, Wisconsin,
USA). The X-ray source voltage was set at 80 kV and beam
current at 200 mA using filtered Bremsstrahlung radiation.
To determine the 3D micro-architectural properties, speci-
mens were evaluated with analysis software (Microview; GE
Healthcare). All scans and calculations were performed by
the same investigator in the blind manner.

ELISA assay
At the end of the experimental period, the blood sample
(2 ml) was collected from the right common carotid artery
and placed into Eppendorf tubes. Samples were placed at
room temperature for 4 h, followed by a centrifugation for
20 min (3000 g at 48C). Aliquots of the supernatant were
removed and stored at 2808C before assay. According to
the manufacturer’s instruction, serum levels of alkaline
phosphatase (ALP) and osteocalcin (OC) were measured by
colorimetric analysis using a spectrophotometer at a wave-
length of 450 nm with the detection kit (BIKW, Beijing,
China).

Western blot assay
Samples were extracted from cultured BMSCs. For whole
cell extracts, the collected cells were then lysed in an
ice-cold RIPA buffer containing 1% protease inhibitor cock-
tail (Sigma). The sample was centrifuged at 12,000 g for
20 min at 48C. The supernatant was collected, aliquoted and
stored at 2808C. For nuclear extracts of BMSCs, cells were
trypsinized and washed twice with cold PBS. Cells were
resuspended in hypotonic lysis buffer containing protease in-
hibitor for 15 min. A total of 12.5 ml of 10% Nonidet P-40
was added and mixed for 15 s. The extracts were centrifuged
for 1.5 min. The supernatants (cytoplasmic extracts) were
removed. About 25 ml of ice-cold nuclear extraction buffer
was added to the pellets and incubated for 30 min. Extracts
were centrifuged, and the supernatant (nuclear extracts) was
stored at 2808C. The protein concentration was measured
by the modified Bradford assay (Bio-Rad, Hercules, USA),
then the proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred to nitrocellu-
lose membranes and probed with primary antibodies against
SIRT1 (dilution 1 : 8000; Abcam, Cambridge, USA); p-IkBa
(dilution 1 : 1000; Bioworld, Beijing, China); NF-kB p65
(dilution 1 : 1000; Santa Cruz, Santa Cruz, USA) or histone
H3 (dilution 1 : 1000; Abcam) overnight at 48C followed by
the incubation with the corresponding horseradish
peroxidase-conjugated secondary antibodies at room tempera-
ture for 1 h. The signal was detected using an enhanced
chemiluminescence reagent kit (Millipore, Billerica, USA).
The western blot bands were visualized with UVP
Bio-Imaging Systems (UVP, Upland, USA). The densities

were analyzed with Vision Works LS Acquisition and
Analysis Software (UVP).

In vitro differentiation of osteoblasts
In vitro osteoblastogenesis was carried out using BMSCs.
To induce osteoblast differentiation, cells were cultured by
medium supplemented with 50 mg/l L-ascorbic acid, 10 nM
dexamethasone and 10 mM Naþ-glycerophosphate. ALP
staining was performed on culture day 14 and ALP activity
was measured according to standard protocols.

Real-time PCR
Total RNA was isolated from BMSCs. The cDNA was
synthesized using the commercial RT-PCR kit (PrimeScriptw

RT Master Mix Perfect Real Time; TaKaRa, Dalian, China).
Real-time PCR was performed using the real-time PCR com-
mercial kit (SYBRw Premix Ex TaqTM II; TaKaRa). Data
were normalized to house-keeping gene GAPDH. Primers
were designed according to the sequence in previous report
[15] and synthesized by TaKaRa. The primer sequences are
shown as the follows: SIRT1 forward 50-ACAACCTCCTGTT
GGCTGATG-30 and reverse 50-GCTTGCGTGTGATGCT
CTGT-30; collagen 1 forward 50-TCTCCACTCTTCTAGTT
CCT-30 and reverse 50-TTGGGTCATTTCCACATGC-30;
osteopontin forward 50-CTACAGTCGATGTCCCCAAC-30

and reverse 50-GACTCCTTAGACTCACCGCT-30; and
GAPDH forward 50-GGCACAGTCAAGGCTGAGAATG-30

and reverse 50-ATGTGGTGAAGACGCCAGTA-30.

Statistical analysis
All statistical analyses were performed by SPSS software
(version 15.0; SPSS Inc., Chicago, USA). All data are
expressed as the mean+ standard deviation. Statistical dif-
ferences between different groups were analyzed using
one-way analysis of variance and Newman–Keuls post test.
Statistical significance was set at P , 0.05.

Results

Resveratrol treatment restored BMD in ovariectomized
rat
As shown in Table 1 and Fig. 1, there was no statistically
significant difference among groups at base line. In OVX
group, BMD was significantly decreased compared with
control group (0.165+0.050 vs. 0.249+0.029 g/cm2; P ,

0.05). BMD was moderately elevated in RESLD group com-
pared with OVX group (0.173+0.041 vs. 0.165+0.050 g/
cm2; P . 0.05). And this elevation was of statistical signifi-
cance in RESMD and RESHD groups (RESMD: 0.205+0.023
vs. 0.165+0.050; RESHD: 0.214+0.053 vs. 0.165+
0.050 g/cm2; P , 0.05).
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The levels of ALP and OC were increased
in ovariectomized rat
ELISA assay was performed to measure serum biochemical
markers ALP and OC. Results were summarized in Table 2
and Fig. 1. Both ALP and OC were increased in OVX group
compared with control group (ALP: 237.1+39.2 vs.
122.5+31.1 U/l; OC: 49.7+9.1 vs. 23.7+8.5 ng/cm;
P , 0.05). Both ALP and OC were moderately decreased
after low, medium, and high dose of resveratrol treatment
compared with OVX group (for ALP, RESLD: 194.3+
42.60, RESMD: 171.8+47.44, RESHD: 160.8+39.63 U/l;
P . 0.05; for OC, RESLD: 45.00+10.80, RESMD:
40.50+16.36, RESHD: 37.00+10.98 ng/cm; P . 0.05),
but this decrease was of no significant difference.

Resveratrol treatment improved morphological changes
in osteoporosis rat model
Osteoporotic changes in the bones of osteoporotic rats were
histologically confirmed by HE staining (Fig. 2). Thinning
of bone trabeculae, and increase of intertrabecular space and
microfractures of bone trabeculae ( judged by the generation
of connective tissue in the border zone of fractured trabecu-
lae) were observed in OVX rats. In the section of the rats
receiving resveratrol administration, improved bone trabecu-
lae and intertrabecular space and fewer microfractures of bone

trabeculae were found. Furthermore, these protective effects
against OVX changes were in a dose-dependent manner.

The change of parameters of micro-CT
The indicators of micro-CT include bone volume/total
volume (BV/TV), bone surface/bone volume (BS/BV),
trabecular thickness (Tb. Th), trabecular number (Tb. N),
trabecular separation (Tb. Sp), and BMD. As shown in
Table 3, in OVX group, BS/BV and Tb. Sp were increased
while BV/TV, Tb. Th, Tb. N, and BMD were decreased, in-
dicating the formation of osteoporosis in OVX rats (P ,

0.05). The increase of BS/BV and Tb. Sp were diminished
in RES groups, and the resveratrol treatment significantly
restored the reduction of BV/TV, Tb. Th, Tb. N and BMD,
suggesting the improvement of osteoporosis. Parameters of
micro-CT were significantly improved in medium and high
doses resveratrol treatment groups (P , 0.05) but not in low
dose group. The 3D reconstructed images of vertebras of
lumbar spine were shown in Fig. 3.

Resveratrol increased osteoblast differentiation
and activity in vitro
ALP staining and activity analysis were performed to reflect
the level of osteoblast differentiation. As shown in Fig. 4A,B,
ALP staining and activity were significantly increased in
RESMD and RESHD groups compared with control group,
indicating enhanced osteoblast differentiation (RESMD:
0.2250+0.0420 vs. 0.1175+0.0171; RESHD: 0.2375+
0.0479 vs. 0.1175+0.0171 nmol/mg protein/min; P ,

0.05). While in RES þ SIRT1KD group, ALP staining and
activity were significantly decreased (0.0700+0.0258 vs.
0.1175+0.0171 nmol/mg protein/min; P , 0.05), in-
dicating that the effect of resveratrol was blocked by
siRNA-SIRT1.

Moreover, real-time PCR analysis revealed that the
expression levels of osteoblast-specific genes, such as type I
collagen and osteopontin, were significantly elevated in

Table 1. Effects of resveratrol administration on BMD (g/cm2)

Group Baseline After the experiment

Control 0.245+0.038 0.249+0.029

OVX 0.243+0.031 0.165+0.050#

RESLD 0.242+0.043 0.173+0.041

RESMD 0.241+0.029 0.205+0.023*

RESHD 0.243+0.052 0.214+0.053*

BMD, bone mineral density.
#P , 0.05 vs. control group; *P , 0.05 vs. OVX group.

Figure 1. Bone mineral density (BMD) and serum bio-marker [alkaline phosphatase (ALP) and osteocalcin (OC)] changes in ovariectomy (OVX)
and resveratrol treated groups (A) Resveratrol treatment restored BMD reduction in OVX rats. (B) ALP changes in control, OVX and resveratrol treated

groups. (C) OC changes in control, OVX and resveratrol treated groups. #P , 0.05 vs. control group; *P , 0.05 vs. OVX group. bl: baseline; pt:

post-treatment.
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medium and high doses resveratrol treatment groups com-
pared with control group (for type I collagen, RESMD:
1.340+0.133; RESHD: 1.405+0.187; P , 0.05; for osteo-
pontin, RESMD: 1.293+0.086; RESHD: 1.358+0.103;
P , 0.05). On the contrary, in RES þ SIRT1KD group,
SIRT1 gene silencing by siRNA decreased the mRNA ex-
pression of both type I collagen and osteopontin (for type
I collagen: 0.6875+ 0.0943; for osteopontin: 0.6650+
0.1139; P , 0.05), counteracting the beneficial effects of
resveratrol. Taken together, these results suggested a posi-
tive correlation of osteoblast differentiation with SIRT1
protein expression (Fig. 4C). Furthermore, low dose of
resveratrol in vitro did not cause significant alterations in
osteoblast-specific genes expression.

Resveratrol-induced SIRT1 activation and subsequent
NF-kB suppression
As revealed by the western blot results (Fig. 5), resveratrol
treatment significantly elevated the expression of SIRT1 in
BMSCs and this beneficial effect was dose dependent (P ,

0.05). In RESþ SIRT1KD group, SIRT1 knockdown by
siRNA interference effectively decreased the elevated
protein level of SIRT1 induced by resveratrol. At the same
time, the nuclear expression levels of NF-kB p65 and
p-IkBa (normalized to reference protein b-actin) were
decreased in resveratrol treatment groups compared with
control group, indicating suppressed NF-kB activity. On the
contrary, NF-kB p65 and p-IkBa were down-regulated after
SIRT1 gene silencing in RES þ SIRT1KD group.

Discussion

In this study, we verified that resveratrol treatment with
doses of 25 and 45 mg/kg/d could restore osteoporosis-
induced BMD reduction and microarchitectural deterioration
in ovariectomized rat model. Furthermore, resveratrol treat-
ment promoted osteoblast differentiation and activity of
BMSCs. More importantly, it was found that resveratrol-
mediated SIRT1 activation inhibited the phosphorylation
and activity of NF-kB p-IkBa and NF-kB p65 and siRNA-
SIRT1 blocked the beneficial effects of resveratrol, demon-
strating that the protective function of resveratrol was via the
SIRT1-NF-kB signaling pathway.

Table 2. Effects of resveratrol treatment on serum bio-markers (ALP
and OC)

Group ALP (U/l) OC (ng/ml)

Control 122.5+ 31.1 23.7+8.5

OVX 237.1+ 39.2# 49.7+9.1#

RESLD 194.3+ 42.6 45.5+10.8

RESMD 171.8+ 47.4 40.5+16.4

RESHD 160.8+ 39.6 37.1+10.9

#P , 0.05 vs. control group.

ALP, alkaline phosphatase; OC, osteocalcin.

Figure 2. Morphological picture of proximal metaphysis of femoral bone (A) Control rats. (B) The rat after ovariectomy. (C) The rat after ovariectomy

treated with low-dose resveratrol. (D) The rat after ovariectomy treated with medium-dose resveratrol. (E) The rat after ovariectomy treated with high-dose

resveratrol.
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Postmenopausal osteoporosis is a common disease of the
elderly women, characterized by low bone mass, microarchi-
tectural deterioration and subsequent higher fracture occur-
rence [16,17]. World Health Organization defines osteoporosis
as BMD is at least 2.5 standard deviations below the mean

peak bone mass of young, healthy adults measured by
DEXA [18].

OVX rat is a widely used model for the study of postme-
nopausal osteoporosis [19]. These alterations of bone are
associated with estrogen deficiency, leading to imbalance

Table 3. Parameters of micro-CT

Group BMD (mg/cm3) BV/TV (%) BS/BV (1/mm) Tb.Th (mm) Tb.N (1/mm) Tb.Sp (mm)

Control 414+ 52 45+5 20+4 101+20 4.5+0.5 0.12+0.03#

OVX 152+ 42# 10+3# 40+5# 47+11# 1.8+0.6# 0.49+0.07#

RESLD 201+ 32 15+3 33+5 61+10 2.5+0.5* 0.44+0.04

RESMD 330+ 52* 28+3* 26+3 83+9* 3.3+0.5* 0.28+0.08*

RESHD 358+ 40* 33+4* 24+5* 86+12* 3.8+0.6* 0.25+0.06*

#P , 0.05 vs. control group; *P , 0.05 vs. OVX group.

BMD, bone mineral density; BV/TV, bone volume/total volume; BS/BV, bone surface/bone volume; Tb. Th, trabecular thickness; Tb. N, trabecular

number; Tb. Sp, trabecular separation.

Figure 3. The change of parameters of micro-computed tomographic (CT) (A) Three dimensional reconstruction images of micro-CT. (a–e) Control

group, ovariectomy (OVX) group, RESLD group, RESMD group, and RESHD group, respectively. (B–G) Resveratrol treatment improved parameters of

micro-CT in OVX rats [(B) bone mineral density (BMD); (C) BV/TV; (D) BS/BV; (E) Tb. Th; (F) Tb. N; (G) Tb.Sp]. #P , 0.05 vs. control group; *P ,

0.05 vs. OVX group. BV/TV, bone volume/total volume; BS/BV, bone surface/bone volume; Tb. Th, trabecular thickness; Tb. N, trabecular number; Tb. Sp,

trabecular separation.
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Figure 4. Resveratrol promoted osteoblast differentiation of BMSCs and this effect was blocked by siRNA-SIRT1 (A) Representative images of

ALP staining of BMSCs on day 14. (B) Analysis of ALP activity. (C) Osteoblast specific genes (type 1 collagen and osteopontin) mRNA expression

determined by real-time Polymerase chain reaction. #P , 0.05 vs. control group; *P , 0.05 vs. RESHD group. BMSCs, bone marrow mesenchymal stromal

cells; ALP, alkaline phosphatase.

Figure 5. Resveratrol increased SIRT1 expression and suppressed NF-kB activity (A) Representative western blot bands of SIRT1, NF-kB proteins

(p-IkBa and NF-kB p65) and b-actin. (B–D) Qualification analysis of SIRT1, NF-kB proteins (p-IkBa and NF-kB p65) expression (normalized to

b-actin). #P , 0.05 vs. control group; *P , 0.05 vs. RESHD group.

Effects of resveratrol on postmenopausal osteoporosis

Acta Biochim Biophys Sin (2014) | Volume 46 | Issue 12 | Page 1030

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/46/12/1024/1371 by guest on 23 April 2024



between osteoblasts and osteoclasts. In this study, ovariec-
tomy in rats was done to mimic osteoporosis status in vivo.
A significant reduction of BMD in OVX rats was observed,
suggesting a successful osteoporosis model. Microarchitectural
deterioration is another important index for osteoporosis. The
micro-CT and HE staining results both revealed that ovariec-
tomy induced bone microarchitectural deterioration, character-
ized by thinning of bone trabeculae, increase of intertrabecular
space and decease of BMD.

Several previous studies have reported the beneficial
effects of resveratrol against OVX in rat models but the spe-
cific dose is uncertain. Mizutani et al. [20] reported that
resveratrol at the dose of as low as 5 mg/kg/d was capable of
preventing ovariectomy-induced decreases in bone strength.
Controversially, in the study by Lin et al. [21], they applied
resveratrol at the dose of 5, 15, and 45 mg/kg/d in OVX rats.
Though BMD was increased in all of the three resveratrol
treated groups, significant increase of BMD was only found
in 45 mg/kg/d group. A limitation of their study was that
they did not observe other parameters for osteoporosis
except for BMD. Based on these previous studies, we
applied three different doses of resveratrol: 5, 25, and 45 mg/
kg/d and examined the therapeutic effects in vivo. There
was a marked restoration of BMD in medium and high doses
resveratrol treatment groups (25 and 45 mg/kg/d). In add-
ition, medium and high doses of resveratrol treatment
restored the damaged microarchitecture of OVX rat bone,
evidenced by the improved bone trabeculae and intertrabecu-
lar space and fewer microfractures of bone trabeculae. But
the low dose group (5 mg/kg/d) did not show significant
changes. These findings were in accordance with our in vitro
results. In our in vitro experiment, low concentration of
resveratrol (20 mM) did not cause significant changes in
ALP activity, type 1 collagen, and osteopontin expression.
But 25 and 30 mM resveratrol led to statistically significant
alterations. This could be explained by the fact that low dose
of resveratrol (5 mg/kg/d or 20 mM) did not markedly
elevate the expression of SIRT1 protein and subsequent
NF-kB activities, as shown in western blot results. This indi-
cated that the beneficial function of resveratrol was via the
activation of SIRT1.

Another interesting finding in this study is the alterations
of serum osteoporosis markers ALP and OC expression.
ALP is an important enzyme in osteoid formation and min-
eralization. OC is a protein whose amount is in positive cor-
relation with bone formation rates [20]. Both ALP and OC
could be considered as marker proteins for bone turnover,
presenting the relations between bone re-sorption, bone for-
mation and bone mineralization. Increased ALP and OC
could be observed in osteoporosis condition [21]. ALP is a
serum marker for bone formation, and changes with the
balance between osteoblast and osteoclast activity. As
shown in our in vivo data, ALP level was elevated in OVX

rats but decreased in resveratrol treated group compared with
OVX group, indicating the possibility that resveratrol
prevent bone loss through decreased bone turnover. This
could be explained because evidence has shown that resvera-
trol was capable of inhibiting osteoclast activity. Previous
reports demonstrated that resveratrol inhibited osteoclast dif-
ferentiation and decreased bone loss [12,13]. The inhibitory
effect of resveratrol on osteoclast differentiation explained
the decreased ALP level in vivo in resveratrol treated rats
compared with OVX rats. The decreased serum ALP verified
that resveratrol alleviated OVX induced osteoporosis in vivo.
On the other hand, our in vitro data showed that resveratrol
promoted osteoblast differentiation and increased bone for-
mation, which was the reason why ALP was elevated in
resveratrol treated cells in vitro. Our present results, com-
bined with previous studies, demonstrated that resveratrol is
capable of both promoting osteoblast differentiation and
inhibiting osteoclastogenesis.

Interestingly, based on the structural similarity between
resveratrol and estrogen, researchers hypothesized that
resveratrol may serve as an estrogen receptor agonist. Zhao
et al. [22] reported that long-term resveratrol treatment pre-
vents ovariectomy-induced osteopenia in rats, but the under-
lying mechanism is still unclear. Thus, we further did
in vitro study to explore the mechanisms of resveratrol treat-
ment. It is known that estrogenic activity is associated with
osteoporosis capacity and that bone formation function of
osteoblasts is the primary beneficial cell type in osteopor-
osis. Considering this, we hypothesized that resveratrol was
capable of promoting the amount and activity of osteoblasts,
which contributed to the alleviation of osteoporosis after
resveratrol treatment. To testify our hypothesis, we did
in vitro study with BMSCs, which were potential for osteo-
blast differentiation. Resveratrol has been reported to play a
positive role in osteoblast differentiation of BMSCs and
adipose derived stromal cells [11,23]. Our study further veri-
fied that resveratrol could promote osteoblast differentiation
of BMSCs. In our in vitro study, resveratrol treatment elevated
ALP amount and activity. We further analyzed osteoblast-
specific genes expression, such as type I collagen and osteo-
pontin. The up-regulation of these genes further confirmed
that resveratrol induced osteoblast differentiation of BMSCs.

The regulation of bone mineral formation and osteoblast
differentiation is complex. We further explored the molecu-
lar mechanism by which resveratrol exert these beneficial
effects. SIRT1 is a deacetylase involved in various physical
and pathological processes, such as mitochondrial biogen-
esis and function, cell differentiation, aging, and inflamma-
tion [24]. Many molecules are regulated by SIRT1 via
deacetylation effect, including NF-kB, AMPK, FoxO3a, and
PGC-1a. Among them, NF-kB is a well-known molecule
involved in various metastatic bone diseases [25]. It has been
reported that NF-kB signaling pathway is an important

Effects of resveratrol on postmenopausal osteoporosis

Acta Biochim Biophys Sin (2014) | Volume 46 | Issue 12 | Page 1031

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/46/12/1024/1371 by guest on 23 April 2024



mediator in osteoblast differentiation [26,27]. Previous
studies also reported that constitutive inhibition of NF-kB in
Saos2 cells could increase the expression of osteoblast spe-
cific matrix protein collagen I and promote osteoblast differ-
entiation [28,29]. Yeung et al. [30] found that SIRT1 protein
directly interacted with Rel/p65 subunit of NF-kB and sup-
pressed NF-kB transcriptional activity using resveratrol as
an agonist in non-small-cell lung cancer cell line. However,
no evidence has been shown for the molecular signaling of
resveratrol against osteoblast differentiation. Based on these
previous findings, we hypothesized that resveratrol-mediated
SIRT1 activation inhibited the NF-kB signaling, thus pro-
moted the osteoblast differentiation of BMSCs, which
further accounted for the beneficial effects of resveratrol
against osteoporosis in vivo. So we analyzed the expression
of predominant molecules of NF-kB p-IkBa and NF-kB
p65 by western blot analysis to reveal the activation of
NF-kB in BMSCs. As expected, western blot results
revealed that resveratrol activated SIRT1, and subsequently
decreased the expression of NF-kB p-IkBa and NF-kB p65
in nuclear. Moreover, the beneficial effects of resveratrol,
such as increase of osteoblast differentiation and inhibition
of NF-kB activity, were blocked by siRNA-SIRT1 in RESþ
SIRT1KD group compared with RESHD group, indicating that
the effects of resveratrol were mediated by SIRT1. Previous
studies reported that NF-kB was associated with osteoporosis
as for its predominant role in osteoclastogenesis [31–33].
Here, our results demonstrated that NF-kB acts as a negative
regulator in osteoblast differentiation, which also regulated
the process of osteoporosis. Furthermore, we showed the evi-
dence that resveratrol regulated SIRT1-NF-kB signaling
pathway, promoted osteoblast differentiation, and protected
against osteoporosis.

However, there is some limitation in this study. Osteoblasts
and osteoclasts are both important cells involved in the occur-
rence of osteoporosis. In this in vitro study, we only detected
the effects of resveratrol on osteoblasts. We did not investigate
whether the inhibition of osteoclast was also associated in the
beneficial effects of resveratrol. Further studies are still needed.

Taken together, our present study confirmed that resvera-
trol treatment could promote osteoblast differentiation of
BMSCs in vitro, and alleviate the BMD reduction and
microarchitectural deterioration induced by osteoporosis
in ovariectomized rats. One important finding is that the
beneficial effects of resveratrol against osteoporosis is dose
dependent, and low dose of 5 mg/kg/d was insufficient
whereas the dose of 25 and 45 mg/kg/d could cause signifi-
cant alterations in vivo. Furthermore, our results verified that
the protective role of resveratrol against osteoporosis was
mediated by SIRT1-NF-kB signaling pathway. Our findings
suggested the potential therapeutic role of resveratrol in
osteoporosis treatment and stressed the importance of effect-
ive doses when applied.
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