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Abstract. — OBJECTIVE: To investigate the
protective effect of Resveratrol (RES) on TNF-
a-induced inhibition of osteogenic differentia-
tion, thus alleviating the progression of osteo-
porosis (OP).

MATERIALS AND METHODS: OP model in
rats was first conducted by performing ovariec-
tomy (OVX). Rats were randomly divided into
sham group, OVX group, and RES+OVX group.
Body weight of each rat was regularly recorded
every week. Bone mineral density (BMD) of rat
femoral metaphysis was measured by micro-CT.
Changes in radial degrees and loads of rat fem-
ora were examined through three-point bending
experiments. Relative levels of OCN and Runx2
in each group were determined by quantitative
Real Time-Polymerase Chain Reaction (qRT-
PCR). Alkaline phosphatase (ALP) activity and
calcification ability were assessed through ALP
staining and alizarin red staining, respective-
ly. Bone mesenchymal stem cells (BMSCs) were
extracted from healthy rats and divided into
control group, Tumor necrosis factor-a (TNF-a)
group, RES group, and TNF-0+RES group based
on different treatments. Relative levels of OCN
and Runx2, ALP activity, and calcification abili-
ty in each group were detected in the same way.
Finally, protein levels of NF-kB and 3-catenin in
BMSCs were determined.

RESULTS: Rats in each group gained body
weight during the experimental period, espe-
cially those in OVX group and RES+0OVX group.
No significant difference in the body weight
was found between OVX group and RES+OVX
group. BMD in rat femora of RES+OVX group
was higher than in OVX group but lower than sh-
am group. Elastic/max radial degree and elastic/
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max load of femora were markedly reduced in
OVX group compared to RES+0OVX group. Rela-
tive levels of OCN and Runx2, ALP activity and
calcification ability decreased in OVX group rel-
ative to sham group, which were partially re-
versed by RES treatment. After osteogenic dif-
ferentiation in BMSCs induced with TNF-a, via-
bility and calcification ability were markedly re-
duced and were upregulated by RES treatment.
Moreover, RES treatment enhanced the down-
regulated levels of OCN and Runx2 in BMSCs
undergoing TNF-a induction. Upregulated pro-
tein levels of nuclear factor kappa-B (NF-kB) and
B-catenin in TNF-a-induced BMSCs were down-
regulated by RES treatment.

CONCLUSIONS: The inhibited osteogenic dif-
ferentiation of BMSCs undergoing TNF-a induc-
tion is improved by resveratrol treatment, which
contributes to alleviate the progression of oste-
oporosis.
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Introduction

Osteoporosis (OP) is a systemic bone disease
where decreased bone mass and degenerated bone
microstructure increase bone fragility and frac-
ture risk'. The incidence of OP increases with the
aging of the population and severely affects the
quality of life and physical health of the elderly.
Drug treatment is preferred for OP patients. Nev-
ertheless, these anti-OP drugs have many adverse
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events. For example, calcitonin clinically leads to
nausea and vomiting, loss of appetite, dizziness,
fatigue and flush fever. Withdrawal of bisphos-
phonate results in the elevation of bone degrada-
tion rate and loss of bone mass?. It is important
to develop effective drugs for the prevention and
treatment of OP.

Resveratrol (RES) is a natural plant antitox-
in found in a wide variety of plants, including
grapes, blueberries, cranberries, mulberry, nuts,
and chocolate. RES structurally consists of two
phenolic rings with cis-and trans-isomers. One of
the ortho-position is substituted by a dihydric hy-
droxyl group, and the other is substituted by a hy-
droxyl group**. RES has a protective effect on OP
through the promotion of bone formation*. Due
to a reduction of the ovarian function, postmeno-
pausal women present reduced estrogen secretion,
accelerated bone turnover, and imbalanced bone
metabolism. These populations are prone to suf-
fer from OP because of bone mass reduction and
bone fragility increase. RES has an estrogen-like
effect, which can enhance estrogen levels in post-
menopausal women, thereby maintaining the bal-
ance of bone formation and bone resorption”.

Tumor necrosis factor-a (TNF-0) is a cytokine
produced by the activation of macrophages and
monocytes. Its precursor is composed of 233 ami-
no acids and contains a signal peptide consisting
of 76 amino acid residues. The mature TNF-a is
formed after the excision of the signal peptide,
which consists of 157 amino acid residues with
a molecular weight of 17 kDa. TNF-a maps to
chromosome 6p21.3 and spans four exons and
three introns, which is closely linked to the tis-
sue-compatibility complex gene cluster®. It is re-
ported that TNF-a can affect the protein content
and amino acid transport in skeletal muscle cells,
and accelerate proliferation and differentiation of
multiple types of cells”8. The promotive or inhibi-
tory effect of TNF-a on osteogenic differentiation
of stem cells remains to be controversial’. In this
research, we aim to uncover the role of RES in
TNF-a-induced inhibition of osteogenic differen-
tiation. Our results may provide novel ideas for
clinical prevention and treatment of OP.

Materials and Methods

Animal Procedures

Rats were randomly divided into sham group,
OVX group, and OVX+RES group. OVX proce-
dures were performed as follows: rats were anes-

thetized by peritoneal administration of 3 mL/kg
of 10% chloral hydrate. After routine skin-dis-
infection, a longitudinal incision at 1.5 cm near
the spine was cut to expose the abdominal cavity.
Both sides of ovaries were resected and fallopi-
an tubes were ligated. The incision was sutured
and disinfected using 75% ethanol and 5% iodine
tincture. Rats in sham group were subjected to ab-
dominal cavity exposure and removal of some fat
tissues. Intramuscular injection of 40 KU/ (kg-d)
penicillin was performed for postoperative an-
ti-infection for three days. Body weight of each
rat was weekly measured and recorded. This in-
vestigation was approved by the Animal Ethics
Committee of Putian University Animal Center

RES Administration

Two weeks after OV X procedures, rats were in
active growth without any deaths. Rats in OVX
group and RES+OVX group were subjected to
intragastric administration of 0.2 uM RES once,
while those in sham group were administrated
with the same volume of saline.

BMSCs Extraction and Culture

Rats were sacrificed by cervical dislocation,
immersed in 75% ethanol for 5 min and isolated
for femora and humeri. Rat bones were washed
and the epiphysis of long bones was removed.
Marrow cavity was repeatedly washed with Dul-
becco’s Modified Eagle’s Medium (DMEM; Hy-
Clone, South Logan, UT, USA), and the fluids
were inoculated in a culture bottle. Half of the
medium was replaced at three days and complete-
ly replaced at five days. BMSCs were cultured in
DMEM containing 10% fetal bovine serum (FBS;
HyClone, South Logan, UT, USA).

In vitro Osteogenic Differentiation

BMSCs were cultured in a 25 mL culture bot-
tle at 1x107cells/L. Osteogenic induction medium
(DMEM containing 10% FBS, 10 nmol/L dexa-
methasone, 10 mmol/L B-glycerophosphate, 50
pg/ml ascorbic acid, 1% L-glucose and 1% pen-
icillin-streptomycin) was applied for inducing in
vitro osteogenic differentiation of BMSCs. Half
of the medium was replaced on the other day.
BMSCs were passaged every 7 days.

Micro-CT

Rat femoral metaphysis and attached surround-
ing soft tissues were removed, fixed in 4% para-
formaldehyde solution, and scanned with SCAN-
CO Medical micro-CT (SCANCO Medical AG,
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Zurich, Switzerland). Bone histomorphology in-
dicators were determined and analyzed using Im-
age Processing Language.

Biomechanical Examinations

A three-point bending experiment was con-
ducted to record elastic/max radial degree and
elastic/max load of rat femora. Briefly, right
femora were placed on the Instron Material Me-
chanics Testing Device. At the middle position
of femora, a persistent test velocity of 10 mm/
min was loaded until femoral fracture. Data
were recorded and finally analyzed to obtain the
max load.

Quantitative Real Time-Polymerase
Chain Reaction (gRT-PCR)

Total RNA in BMSCs was extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and subjected to reverse transcription. The extract-
ed complementary deoxyribonucleic acid (cD-
NA) was applied for PCR using the SYBR Green
method (TaKaRa, Otsu, Shiga, Japan). Primer
sequences were as follows: OCN forward, 5'-GC-
CCTGACTGCATTCTGCCTCT-3" and reverse,
5'"TCACCACCTTACTGCCCTCCTG-3; Runx2
forward, 5-GGACCGACACAGCCATATAAA-3'
and reverse, 5-GCCTCATTCCCTAACCT-
GAAA-3'; Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) forward, 5'-GCAAGGATACT-
GAGAGCAAGAG-3'" and reverse, 5-GGATG-
GAATTGTGAGGGAGATG-3".

Determination of ALP Activity

BMSCs were subjected to osteogenic differen-
tiation for 7 days. After cell lysis and centrifuga-
tion, the supernatant was harvested to determine
the absorbance at 520 nm. The relative ALP activ-
ity was calculated based on the protocols of ALP
determination kit (Beyotime, Shanghai, China).

Alizarin Red Staining

BMSCs were subjected to osteogenic differen-
tiation for 7 days. Cells were washed with phos-
phate-buffered saline (PBS) twice, fixed in 4%
paraformaldehyde (Beyotime, Shanghai, China)
for 10 min and stained with 0.1% alizarin red
staining (pH 4.1) for 10 min. Calcification nodules
were observed and captured using an inverted mi-
croscope (magnification 200x).

Cell Counting Kit-8 (CCK-8)

BMSCs were seeded in the 96-well plate with
3x10* cells per well. Absorbance (A) at 450 nm
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was recorded at the established time points using
the CCK-8 kit (Dojindo Laboratories, Kumamoto,
Japan) to depict the viability curve.

Western Blot

Total protein was extracted from BMSCs us-
ing radioimmunoprecipitation assay (RIPA) and
quantified by bicinchoninic acid (BCA) method
(Beyotime, Shanghai, China). The protein sample
was loaded for electrophoresis and transferred on
a polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). Membranes
were blocked in 5% skim milk for 2 h and subject-
ed to incubation with primary and secondary an-
tibodies. Bands were exposed by enhanced che-
miluminescence (ECL) and analyzed by Image
Software (Version X; Media Cybernetics, Silver
Springs, MD, USA).

Statistical Analysis

Statistical Product and Service Solutions
(SPSS) 20.0 (SPSS, Chicago, IL, USA) software
was used for data analyses. Data were expressed
as mean + SD. Intergroup differences were ana-
lyzed by the #-test. p<<0.05 was considered as sta-
tistically significant.

Results

RES Improved Body Weight, BMD, and
Bone Biomechanics

During the whole experimental period, rats
were regularly fattened in the three groups. Body
weight in RES+OV X and OVX group was grad-
ually elevated in the 8" week relative to that of
sham group. We failed to obtain a significant dif-
ference in the body weight between RES+OVX
and OVX group (Figure 1A). OVX procedures
in rats decreased the BMD (bone metabolism
index). Nevertheless, rat BMD was higher in
RES+OVX group than in of OVX group (Figure
1B). Biomechanical parameters of femoral radial
degrees and loads were examined. Elastic/max
radial degrees and elastic/max loads markedly
decreased after OVX procedures. RES treatment
helped to improve biomechanical parameters
(Figures 1C and 1D).

RES Improved the Osteogenic
Differentiation Ability of BMSCs

Relative levels of OCN and Runx2 were
downregulated in OVX group and RES+OVX
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Figure 1. RES improved body weight, BMD and bone biomechanics. A4, Weekly recorded body weight (g) in rats of sham
group, OVX group, and RES+OVX group recorded every week. B, BMD (g/cc) in rats of sham group, OVX group, and
RES+OVX group. C, Elastic/max radial degree (mm) in rats of sham group, OVX group, and RES+OVX group. D, Elastic/
max load (N) in rats of sham group, OVX group, and RES+OVX group.

group compared to sham group. RES treatment
could upregulate their levels but was still lower
than the baseline levels (Figures 2A and 2B).
ALP activity was markedly attenuated in rats
undergoing OV X but was enhanced to some ex-
tent by RES treatment (Figure 2C). A similar
trend was observed in assessing the calcifica-
tion ability as Alizarin red staining revealed
(Figure 2D). It is indicated that RES was capa-
ble of stimulating the osteogenic differentiation
in OVX rats.

RES Improved Viability and Calcification
Ability of BMSCs

Subsequently, we explored the in vitro role
of RES in osteogenic differentiation of BMSCs.
According to the different treatments, primary
BMSCs were assigned into control group, TNF-a
group, RES group, and TNF-a+RES group.
TNF-a induction suppressed the viability of BM-
SCs, which was enhanced after RES treatment
(Figure 3A). Both ALP and alizarin red staining
revealed the attenuated ALP activity and calcifi-
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Figure 2. RES improved the osteogenic differentiation ability of BMSCs. 4, The mRNA level of OCN in rats of sham group,
OVX group, and RES+OVX group. B, The mRNA level of Runx2 in rats of sham group, OVX group, and RES+OVX group. C,
Relative activity of ALP in rats of sham group, OVX group, and RES+OVX group. D, ALP staining and alizarin red staining
of rat femora in sham group, OVX group, and RES+OVX group.
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Figure 3. RES improved viability and calcification ability of BMSCs. 4, BMSCs viability in control group, TNF-a group,
RES group, and TNF-0+RES group. B, ALP staining and alizarin red staining of BMSCs in control group, TNF-a group, RES
group, and TNF-o+RES group.
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cation ability in BMSCs undergoing TNF-a in-
duction. RES treatment markedly protected TNF-
a-induced inhibition in ALP activity and calcifi-
cation ability (Figure 3B).

RES Mediated Osteogenesis-Related
Genes Through NF-«kB Pathway

QRT-PCR data showed that TNF-a induction
downregulated OCN and Runx2 in BMSCs,
which were partially reversed after RES treat-
ment (Figures 4A and 4B). In TNF-a group, the
protein level of NF-kB was upregulated but -cat-
enin was downregulated relative to control group.
RES treatment reversed protein level changes in
NF-kB and B-catenin (Figures 4C and 4D).

Discussion

OP leads to the reduction of bone mass, de-
struction of bone microstructure, bone fragility
increases, and fracture risks'®. There are typical-
ly no symptoms in the early-stage OP until fra-
gility fractures occur in the hip, spine, proximal
humerus, and distal forearms''?. The relative
number of osteoblasts greatly decreases due to
attenuated proliferative ability, inhibited differ-
entiation and calcification, and increased apop-
totic rate of osteoblasts”. These cellular chang-
es lead to bone loss and eventually turn out to
OP. The capacity to stimulate the osteogenic
differentiation of BMSCs is a major standard to
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Figure 4. RES mediated osteogenesis-related genes through NF-kB pathway. 4, The mRNA level of OCN in control group,
TNF-a group, RES group, and TNF-a+RES group. B, The mRNA level of Runx2 in control group, TNF-a group, RES group,
and TNF-0+RES group. C, Western blot analyses of NF-kB and p-catenin in control group, TNF-a group, RES group, and TNF-
o+RES group. D, Protein levels of NF-kB and (-catenin in control group, TNF-a group, RES group, and TNF-a+RES group.
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evaluate the efficacy of anti-OP drugs. RES has
been well concerned due to its diverse biological
functions, including anti-oxidation, anti-inflam-
mation, anti-cancer, and anti-aging. It effective-
ly inhibits NF-xB expression and inflammatory
factors, thus exerting its pharmacological roles
in functional disorder and tissue damage repair'.
RES is also beneficial to bone formation. It in-
hibits osteoclast activity, stimulates osteogenic
differentiation and bone loss in rats undergoing
OVX'>'. Consistently, this work also identified
the promotive role of RES in enhancing osteo-
genic differentiation of BMSCs.

TNF-a is a vital inflammatory factor involv-
ing in cell proliferation and differentiation’®. A
relevant study” showed upregulated TNF-a in
patients with OP and chronic inflammation, in-
dicating the involvement of TNF-a in bone me-
tabolism".

NF-«xB participates in the process of immune
response, cell proliferation and apoptosis. Extra-
cellular TNF-o and other inflammatory factors
can stimulate the phosphorylation of NF-xB in-
hibitory protein. The tripolymer formed by the
binding of NF-xB and inhibitory protein is de-
graded into a dipolymer through the activated
ubiquitination pathway, thus translocating into
the cell nucleus and mediating transcriptional
regulation?®. The bone morphogenetic protein
induces osteogenic differentiation by regulating
the Smad pathway and phosphorylation levels of
downstream effectors?'. Studies*?* have reported
that RES can downregulate NF-kB-dependent
pro-inflammatory factors, including iNOS, IL-6,
and TNF-a. In this paper, TNF-a induction mark-
edly suppressed the osteogenic differentiation of
BMSCs, which was reversed by RES treatment
through activation of the NF-kB pathway.

Conclusions

We found that the inhibited osteogenic differen-
tiation of BMSCs undergoing TNF-a induction is
improved by Resveratrol treatment, which contrib-
utes to alleviate the progression of osteoporosis.
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