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Purpose: Glucocorticoids are used for the treatment of inflammatory diseases, but gluco-
corticoid treatment is associated with bone damage. Resveratrol is a phytoalexin found in
many plants, and we investigated its protective role on dexamethasone-induced dysfunction
in MC3T3-E1 cells and primary osteoblasts.

Materials and Methods: MC3T3-El cells and primary osteoblasts were treated with dexa-
methasone in the presence/absence of different doses of resveratrol for 24 or 48 h. Then,
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium (MTT) and lactate dehydrogenase (LDH)
assays were used to evaluate cell viability. Apoptosis was analyzed by a flow cytometry. An
alkaline phosphatase (ALP) activity assay and Alizarin Red S staining were used to study
osteoblast differentiation. Expression of osteoblast-related genes was measured by real-time
reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The AMP-activated
protein kinase (AMPK) signaling pathway and mitochondrial expression of superoxide dismutase
were evaluated by Western blotting. Intracellular reactive oxygen species (ROS), adenosine
triphosphate (ATP) content, mitochondrial-complex activity, and mitochondrial DNA content
were measured to evaluate mitochondrial function.

Results: Resveratrol induced the proliferation and inhibited apoptosis of osteoblasts in
the presence of dexamethasone. Resveratrol increased the ALP activity and mineraliza-
tion of osteoblasts. Resveratrol also attenuated dexamethasone-induced inhibition of
mRNA expression of osteogenesis maker genes, including bone morphogenetic protein-
2, osteoprotegerin, runt-related transcription factor-2, and bone Gla protein. Resveratrol
alleviated dexamethasone-induced mitochondrial dysfunction. Resveratrol strongly stimu-
lated expression of peroxisome proliferator—activated receptor-y coactivator lo and sir-
tuin-3 genes, as well as their downstream target gene superoxide dismutase-2. Resveratrol
induced phosphorylation of AMPK and acetyl-CoA carboxylase (ACC). Blockade of
AMPK signaling using compound C reversed the protective effects of resveratrol against
dexamethasone.

Conclusion: Resveratrol showed protective effects against dexamethasone-induced dys-
function of osteoblasts by activating AMPK signaling.

Keywords: resveratrol, dexamethasone, osteoblasts, AMPK, mitochondrial function

Introduction

Bone is an important and dynamic tissue which has critical roles in maintaining structural
integrity, shape, and preserving skeletal size as well as mineral homeostasis. Bone
metabolism is controlled tightly, and is responsible for the growth and development of
bone under physiologic conditions, or bone remodeling under pathologic conditions.
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Homeostasis of bone mass during bone metabolism is regu-
lated mainly by bone formation and bone resorption.

Increasing evidence suggests that decreased bone forma-
tion and increased bone resorption results in systemic bone
loss in different pathologic conditions, such as chronic
inflammation, rheumatoid arthritis, osteonecrosis of the
femoral head, aging-related bone loss, sex corticosteroid
deficiency-associated bone loss, drug-induced bone loss,
and after ovariectomy. In particular, glucocorticoid-induced
disorders of bone metabolism have attracted much attention
recently, such as dexamethasone-induced osteoporosis.

Glucocorticoids are used widely for treatment of
inflammatory and autoimmune disorders, but long-term
or high-doses administration of glucocorticoids can cause
several severe adverse effects, including secondary osteo-
porosis and osteonecrosis.' Glucocorticoids inhibit bone
formation and promote bone resorption via different sig-
naling pathways, subsequently resulting in a negative bone
balance in osteoblasts, osteoclasts, and osteocytes. Among
these signaling pathways, the AMP-activated protein
kinase (AMPK) is one of the most important and fre-
quently studied metabolic effectors in bone homeostasis.

AMPK has emerged over recent decades and has been
shown to be an important energy sensor in the regulation
of cellular energy homeostasis. As a highly conserved
serine/threonine kinase, AMPK can sense the ATP/AMP
ratio and switch-on and switch-off catabolic or anabolic
pathways in cells. Recent studies have demonstrated that
AMPK has critical roles in osteoblastic and adipocytic
differentiation, as well as the convergence between bone
metabolism and fat metabolism.

Osteoprotegerin (OPG) inhibits osteoclast differentia-
tion and bone resorption by regulating the AMPK signal-
ing pathway.” Clg/tumor necrosis factor-related protein-3
acts as a negative regulator of osteoclastogenesis via
AMPK /c-Fos signaling.* Interestingly, it has been reported
that AMPK promotes osteogenesis directly and inhibits
an AMPK/osteopontin
AMPK activity regulates chondrogenic differentiation.®

adipogenesis through axis.
AMPK is involved in the hypoxia inducible factor
l-mediated post-implantation survival of bone cells.’
These data suggest that AMPK is very important in bone
metabolism-related pathogenesis, and indicate that AMPK
may be an important drug target for the treatment of bone-
related disorders.

Resveratrol is a naturally occurring polyphenol found
in red wine. Recent studies have demonstrated that resver-

atrol showed antioxidant, anti-inflammatory, and lifespan-

extending properties through diverse mechanisms.
Resveratrol can suppress alveolar bone loss by inhibiting
osteoclast differentiation.® Moreover, a double-blind, ran-
domized-controlled trial in patients with type-2 diabetes
mellitus indicated that supplementation with resveratrol
(500 mg) prevented loss of bone density.” Another recent
study showed that resveratrol could ameliorate bone loss
and promote osteogenesis in ovariectomized mice via acti-
vation of the sirtuin 1 (SIRT1) pathway.'® Resveratrol
treatment protects osteoblasts in osteoporosis rats via
SIRT! and PI3K/AKT/mTOR signaling pathway.'
Resveratrol also promotes differentiation of MC3T3-El
cells via potentiation of the calcineurin/NFATc! signaling
pathway.'? These results strongly suggest that resveratrol
may have protective roles in glucocorticoid-induced bone
loss.

In the present study, we investigated the protective
effects of resveratrol on dexamethasone-induced osteoblast
dysfunction and explored the potential mechanisms of

action.

Materials and Methods

Chemicals, Reagents and Antibodies
Resveratrol (purity >99%; catalog number: R5010) and
dexamethasone (>98%; D1756) were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Antibodies against
p-AMPK (1:1000 dilution; 50081), AMPK (1:1000; 5832),
p-ACC (1:1000; 11818), and ACC (1:1000; 3676) were
obtained from Cell Signaling Technology (Danvers, MA,
USA). Antibodies against B-Actin (1:1000; sc-47778),
SOD1 (1:1000; sc-271014), and SOD2 (1:1000; sc-
133134) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against PGC-la
(1:500; AB3242) were from Millipore (Burlington, MA,
USA). SIRT3 (1:1000; WL03840), Runx2 (1:1000;
WLO03358) and receptor activator of nuclear factor-xB
ligand (RANKL; 1:600; WL00285) were from Wanleibio
(Shenyang, China). MTT (ST1537) and Alizarin Red
S (ST1078) were purchased from Beyotime Institute of
Biotechnology (Shanghai, China). Minimum essential med-
ium-alpha modification (a-MEM; 32571101), Dulbecco’s
modified Eagle’s medium (DMEM; 10566016) and fetal
bovine serum (10270-106) were purchased from Gibco
(Carlsbad, CA, USA). TRIzol® Reagent (15596026) was
obtained from Thermo Fisher Scientific (Waltham,
MA, USA).
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Cell Culture

MC3T3-El cells were purchased from Procell Life Science
& Technology (Wuhan, China) and maintained in a-MEM
(Gibco) supplemented with 10% fetal bovine serum, penicil-
lin (100 U/mL), and streptomycin (100 ug/mL) at 37°C in
a humidified atmosphere of 5% CO,. For osteogenic differ-
entiation, cells were maintained in osteogenic-inducing med-
ium (MUXMT-90021; Cyagen Biosciences, Suzhou, China)
containing dexamethasone (100 nM), B-glycerophosphate
(10 mM), and ascorbic acid (50 mg/mL) for the indicated
days. For real-time reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) and mineralization assays,
cells were treated with dexamethasone or dexamethasone
with different concentrations of resveratrol in osteogenic-
inducing medium for 48 h and 21 days, respectively. For
protein-expression and alkaline-phosphatase assays, cells
were treated with dexamethasone or dexamethasone with
different concentrations of resveratrol in osteogenic-
inducing medium for 7 days.

For isolation and culture of primary osteoblasts, the
calvaria of C57BL/6 male mice was obtained 24 h after
birth. Osteoblasts were isolated by sequential digestions
for 30 min at 37°C in a mixture of collagenase I (0.1%)
and trypsin (0.25%). The study protocol was approved by
the Animal Experiments Committee of Shandong Medical
College (sdmc2018006) in Shandong, China. Experiments
were undertaken in accordance with the Guide for the Care
and Use of Laboratory Animals (National Institutes of
Health, Bethesda, MD, USA). Cells from the third and
subsequent digestions were collected and plated in
DMEM supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. Cells were incubated at 37°C
in an atmosphere of 5% CO, and 95% humidity. Cells
underwent subculture every 72 h and used from passages
3 to 5. The osteoblast phenotype was confirmed in cells by
characterizing expression of Runx2 and alkaline phospha-
tase (ALP).

Cell-Viability Assay

MC3T3-E1 cells were seeded in 96-well plates. After 24 h,
cells were treated with dexamethasone (200 pM) in the
presence/absence of resveratrol (0, 5, 10 uM) for
48 h. After treatment, 20 pL of MTT (5 mg/mL) was
added to each well and samples were incubated in the
dark for an additional 4 h at 37°C. The medium was
discarded and the precipitated formazan was dissolved in
150 pL of dimethyl sulfoxide. The absorbance of the

solution was measured using a microplate reader
(Envision 2105; PerkinElmer, Waltham, MA, USA) at
570 nm.

Assay to Measure Lactate Dehydrogenase
(LDH)

MC3T3-E1 cells were treated with dexamethasone (200 M)
in the presence/absence of resveratrol for 48 h. Then, LDH in
the medium was measured with an LDH assay kit (C0016;
Beyotime Institute of Biotechnology, Shanghai, China)
according to manufacturer instructions.

ALP Assay

MC3T3-E1 cells were seeded in 12-well plates in osteo-
genic-inducing medium and treated with dexamethasone
(200 pM) in the presence/absence of resveratrol for 7 days.
Then, cells were washed twice and lysed with assay lysis
buffer (100 pL). The ALP activity was measured with an
ALP reagent kit according to manufacturer instructions
(P0321S; Beyotime Institute of Biotechnology).

Quantification of the Mineralization Assay
MC3T3-E1 cells were seeded in six-well plates. After 24 h,
the medium was replaced with osteogenic-inducing medium
and cells were treated with dexamethasone (200 uM) in the
presence/absence of resveratrol for 21 days. Then, cells were
rinsed twice with phosphate-buffered saline (PBS) followed
by fixation with 4% paraformaldehyde for 30 min at room
temperature. Next, cells were stained with 2% Alizarin Red
S (pH 4.2) for 20 min at room temperature and rinsed
extensively with distilled water. Finally, the bound stain
was eluted with 10% cetylpyridinium chloride (H108696;
Aladdin, Shanghai, China,) and the absorbance of super-
natants was measured by a microplate reader (Envision
2105; PerkinElmer) at 570 nm.

Flow Cytometry Analysis of Osteoblast
Apoptosis

MC3T3-E1 cells were cultured in six-well plates and treated
with dexamethasone (200 uM) in the presence/absence of
resveratrol for 48 h. Then, cells were harvested and resus-
pended in binding buffer (300 pL) containing annexin
V-FITC (5 pL) and propidium iodide (5 pL), and then rinsed
with PBS. After washing twice with PBS, cells were placed
on ice for 30 min and analyzed using a flow cytometer
(FACSCelesta; BD Biosciences, Franklin Lakes, NJ, USA).
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Measurement of Intracellular Reactive
Oxygen Species (ROS)

A stock solution (10 mM) of 2',7'-dichlorodihydrofluores-
cein-diacetate (DCFH-DA; S0033S) was obtained from
Beyotime Institute of Biotechnology. In brief, MC3T3-E1l
cells were cultured and treated with dexamethasone (200
uM) in the presence/absence of resveratrol for 6 h. Then,
cells were incubated with DCFH-DA (10 uM) for 30 min.
The green fluorescence of DCF was recorded at an excita-
tion wavelengths of 485 nm and emission wavelength of 535
nm using a microplate reader (Envision 2105; PerkinElmer).

Determination of ATP Content

MC3T3-El cells were cultured in six-well plates in osteo-
genic-inducing medium and treated with dexamethasone
(200 uM) in the presence/absence of resveratrol for
48 h. ATP content in MC3T3-E1 cells was determined by
an Enhanced ATP assay kit (S0026; Beyotime Institute of
Biotechnology) according to manufacturer instructions.

Measurement of Mitochondrial DNA
Content

MC3T3-El cells were cultured in six-well plates in osteo-
genic-inducing medium and treated with dexamethasone
(200 uM) in the presence/absence of resveratrol for 7 days.
Then, total DNA was isolated using a DNA extraction kit
(51304; Qiagen, Hilden, Germany) according to manufac-
turer instructions. A serial-dilution standard curve was pre-
pared from a pool of all samples and RT-qPCR was carried
out. The number of mitochondrial DNA copies was calcu-

lated from the ratio of cyclo-oxygenase I (mitochondrial-

Table | Primer Sequences Used in RT-qPCR

encoded gene)/cyclophilin A (nuclear-encoded gene).
Primer sequences are shown in Table 1.

RT-qgPCR

Total RNA was isolated using TRIzol® Reagent
(15596026; Thermo Fisher Scientific) according to manu-
facturer instructions. Complementary DNA was generated
from RNA (2 pg) with a cDNA synthesis kit (1708841;
Bio-Rad Laboratories, Hercules, CA, USA).

RT-qPCR was carried out using SYBR Green (1725124;
Bio-Rad Laboratories) on aCFX Connect PCR system (Bio-
Rad Laboratories) with a time—temperature profile of: one
cycle of initial activation of 2 min at 95°C, followed by 40
cycles of 3 s at 95°C, and 30 s at 60°C. The profile of the
melting curve consisted of a 30-s hold on the first step and
then 5-s hold for every half degree from 65°C to 95°C. The
results were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) or cyclophilin A using the

2722 method. Primer sequences are shown in Table 1.

Western Blotting

Cells were lysed in 100 pL of lysis buffer (50 mM Tris, pH
7.4, 1 mM EDTA, 150 mM NacCl, 0.25% sodium deoxycho-
late, 1% NP40) containing protease inhibitors and phospha-
5892970001; PhosSTOP,
4906837001; Roche, Penzberg, Germany). Samples were
incubated at 4°C for 1 h and then centrifuged at 12000 %
g for 15 min, and the supernatant was collected for analyses.
Lysates were resolved by SDS-PAGE and then transferred to
polyvinylidene difluoride membranes. The latter were
blocked with 3% bovine serum albumin (for p-AMPK and
p-ACC), or 5% nonfat milk (for all other antibodies) pre-
pared in 1x TBST (10 mM Tris-HCI, 100 mM NacCl, 0.1%

tase inhibitors (cOmplete,

Gene Forward Primer (5'-3') Reverse Primer (5'-3')

BMP-2 CTGACCACCTGAACTCCAC CATCTAGGTACAACATGGAG

OPG TGGAGATCGAATTCTGCTTG TCAAGTGCTTGAGGGCATAC
Runx2 GAATGCACTACCCAGCCAC TGGCAGGTACGTGTGGTAG

BGP CCAAGCAGGAGGGCAATA AGGGCAGCACAGGTCCTAA
RANKL ACATCGGGAAGCGTACCTACA GCTCCCTCCTTTCATCAGGTT
NRF2 TCTTGGAGTAAGTCGAGAAGTGT GTTGAAACTGAGCGAAAAAGGC
Hol AAGCCGAGAATGCTGAGTTCA GCCGTGTAGATATGGTACAAGGA
soD! GGAAGCATGGCGATGAAAGC GCCTTCTGCTCGAAGTGGAT
SoD2 GCAGTGTGCGGCACCAGCAG TCCCTTGGCCAACGCCTCCT
GAPDH AGAACATCATCCCTGCATCC ACACATTGGGGGTAGGAACA
COX- ATTGCCCTCCCCTCTCTACGCA CGTAGCTTCAGTATCATTGGTGCCC
Cyclophilin A TTCCTCCTTTCACAGAATTATTCCA CCGCCAGTGCCATTATGG
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Tween 20, pH 7.5) for 1 h at room temperature, and then
incubated with specific antibodies against p-AMPK, AMPK,
p-ACC, ACC, SODI1, SOD2, PGC-la, SIRT3, Runx2,
RANKL, or B-Actin. Peroxidase-conjugated anti-mouse or
anti-rabbit immunoglobulin secondary antibody was used.
Proteins were visualized by enhanced chemiluminescence.

Determination of Activity of

Mitochondrial Complex

Mitochondria in cultured cells were isolated as described
previously.® Briefly, cells were collected and resuspended in
1.0 mL of hypotonic buffer (10 mM NacCl, 2.5 mM MgCl,, 10
mM Tris base, pH 7.5) and homogenized on ice with a glass
homogenizer. Then, homogenates were centrifuged at 1300 x
g for 5 min at 4°C. The supernatant was centrifuged at 17,000
x g for 15 min at 4°C, and the mitochondria pellet resus-
pended in 100 pL of isotonic buffer (210 mM mannitol, 70
mM sucrose, 5 mM Tris base, | mM EDTA, pH 7.5). Assays
to measure the activity of reduced nicotinamide adenine
dinucleotide-ubiquinone reductase (“complex I”’), succinate-
CoQ oxidoreductase (“complex II”’), cytochrome ¢ oxidase
(“complex IV”), and Mg*"-ATPase (“complex V”) were
undertaken according to methods described previously.'?

Statistical Analyses

Statistical analyses were undertaken using SPSS 19.0
(IBM, Armonk, NY, USA). Data are the mean + SD and
were compared by ANOVA followed by the Student’s
t-test. p < 0.05 was considered significant. All experiments
were repeated independently at least thrice.

Results

Protective Effects of Resveratrol on the
Viability of MC3T3-EIl Cells Exposed to

Dexamethasone

We wished to ascertain if resveratrol had protective effects
upon MC3T3-El cells treated with dexamethasone. An MTT
assay was employed and cellular viability was evaluated. An
obvious cytotoxic effect was not observed in MC3T3-El
cells treated with different concentrations of resveratrol,
whereas treatment with high-dose (30 pM) resveratrol pro-
moted significant proliferation of MC3T3-E1 cells (p < 0.05)
(Figure 1A). Dexamethasone (200 pM) treatment decreased
cell viability markedly (p < 0.05), whereas combined treat-
ment with resveratrol attenuated this effect notably (p < 0.05
or 0.01) (Figure 1B). The LDH-release assay also suggested
that resveratrol treatment attenuated dexamethasone-induced

cytotoxicity in MC3T3-E1l cells significantly (p < 0.05
or 0.01) (Figure 1C). Next, we undertook a fluorescence-
activated cell sorting (FACS) assay. Dexamethasone treat-
ment caused a noticeable increase in apoptosis of MC3T3-El
cells (p < 0.05) (Figure 1D and E), which was almost
reversed by resveratrol. Similar results were obtained in the
primary cultured of murine osteoblasts; resveratrol displayed
protective effects against the dexamethasone-induced reduc-
tion in viability and increase in LDH release (Figure 1F
and G). These data strongly suggested that resveratrol
attenuated dexamethasone-induced osteoblast damage

efficiently.

Protective Effects of Resveratrol on
Osteogenic Differentiation in
Dexamethasone-Treated MC3T3-El
Cells

ALP is considered to be a marker of osteoblast differentia-
tion. Next, we investigated if resveratrol could regulate
ALP activity in dexamethasone-treated MC3T3-E1 cells.
Dexamethasone exposure reduced ALP activity markedly
(p < 0.05) (Figure 2A), a finding that is consistent with
data from Wang and colleagues.'"* However, resveratrol
improved ALP activity against dexamethasone signifi-
cantly, suggesting that resveratrol could reverse the inhi-
bitory influence of dexamethasone on osteoblast
differentiation. Formation of mineralized bone nodules is
employed frequently to analyze osteoblastic maturation.
We studied the effects of resveratrol on matrix mineraliza-
tion in MC3T3-El1 cells exposed to dexamethasone.
Staining using Alizarin Red S indicated that dexametha-
sone treatment caused a significant decrease in formation
of calcified deposits from the mineralized extracellular
matrix in MC3T3-E1 cells, whereas resveratrol strongly
enhanced nodule formation against dexamethasone treat-
ment (p < 0.05) (Figure 2B and C).

RT-gPCR was done to study the way resveratrol pro-
motes osteoblast differentiation and nodule formation in
the presence of dexamethasone. mRNA expression of the
key osteogenic genes bone morphogenetic protein (BMP)-
2 (p <0.05), OPG, Runx2 (p < 0.05), and bone gla protein
(p < 0.05 or 0.01) was decreased in MC3T3-El cells
treated with dexamethasone (Figure 3A-D, respectively),
whereas further incubation with resveratrol rescued the
inhibitory effect of dexamethasone on expression of
these osteogenic markers. mRNA expression of RANKL

remained unchanged after dexamethasone treatment, but
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Figure | Effects of resveratrol on the dexamethasone-induced inhibition of viability of MC3T3-El cells and primary osteoblasts. MC3T3-El or primary osteoblasts were
cultured for indicated days and treated with dexamethasone in the presence/absence of resveratrol. Cell viability and apoptosis were analyzed by an MTT (A and B), LDH
(C) and FACS assay (D and E). Primary osteoblasts were treated as in (C), and the cell viability (F and G) was analyzed. Data are the mean * SD, *p<0.05, **p<0.01.

further treatment with resveratrol decreased its mRNA
expression significantly (p < 0.05) (Figure 3E). Similar
results were also observed regarding the protein expres-
sion of Runx2 and RANKL (Figure 3F).

Protective Effects of Resveratrol on
Mitochondrial Function and Oxidative

Stress in Dexamethasone-Treated
MC3T3-El Cells

To determine whether resveratrol had a protective effect
on dexamethasone-induced mitochondrial dysfunction,

ATP production and mitochondrial biogenesis were mea-
sured. The ATP content in MC3T3-E1 cells decreased (p <
0.05) after exposure to dexamethasone, but incubation
with resveratrol significantly prevented the reduction in
intracellular ATP caused by dexamethasone (p < 0.05)
(Figure 4A). Furthermore, dexamethasone exposure led
to a decrease in mitochondrial DNA content (p < 0.05),
whereas the intracellular mitochondrial DNA level was
recovered completely (p < 0.01) (Figure 4B). This finding
suggested that mitochondrial biogenesis might mediate the
protective effect of resveratrol on dexamethasone-induced
damage to MC3T3-E1 cells. Next, we measured the
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Figure 2 Effects of resveratrol on the dexamethasone-induced inhibition of osteo-
genic differentiation and mineralization. MC3T3-El cells were treated with dexa-
methasone in the presence/absence of resveratrol, then the alkaline phosphatase
(ALP) activity (A) and mineralized matrix (B and C) of MC3T3-El cells were
analyzed by a ALP assay kit and staining (Alizarin Red (S). Data are the mean *
SD, *p<0.05.

activity of mitochondrial complexes. The activity of com-
plex I and II was decreased (p < 0.05) after treatment with
dexamethasone, which was attenuated upon further treat-
ment with resveratrol (p < 0.05) (Figure 4C). Resveratrol
showed no effect on the activity of complex IV or V,
although their activities were inhibited significantly
(p < 0.05) by dexamethasone treatment (Figure 4C). We
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also found that resveratrol treatment induced protein
expression of peroxisome proliferator-activated receptor y
coactivator-la (PGC-1a) and SIRT3, two critical regula-
tors for mitochondrial biogenesis and ROS production, in
MC3T3-El cells (p < 0.05) (Figure 4D and E).

Recent studies have demonstrated that ROS production
and oxidative stress contribute to dexamethasone-induced
cell death.'” We revealed that resveratrol treatment decreased
dexamethasone-induced ROS  production significantly
(p <0.05) (Figure 5A). Interestingly, this effect of resveratrol
could be largely blocked by AMPK inhibition (data not
shown). The nuclear factor erythroid 2-related factor 2/heme
oxygenase-1 (NRF2/HO1) signaling pathway has critical roles
in regulating oxidative stress and maintaining normal mito-
chondrial functions. Therefore, we evaluated the role of
resveratrol in modulating expression of NRF2 and HO1 in
the presence of dexamethasone in MC3T3-El1 cells.
Resveratrol administration to MC3T3-El cells showed no
effect on mRNA expression of NRF2, but increased mRNA
expression of HO1 significantly (p < 0.05) after treatment with
dexamethasone, which was consistent with the result of the
ROS assay (Figure 5B and C). Although mRNA expression of
SOD1 remained unchanged, mRNA expression of SOD2 was
increased markedly (p < 0.05) after treatment with resveratrol
in the presence of dexamethasone (Figure 5D and E).
Consistently, protein expression of SOD1 was increased
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modestly (p = 0.06), whereas protein expression of SOD2 was
increased significantly (p < 0.05) (Figure 5F and G).

AMPK Mediates the Protective Effects of
Resveratrol Against the
Dexamethasone-Induced Cytotoxicity of

Osteoblasts

Recent studies have suggested that AMPK activation
regulates bone formation and bone mass.'® Next, we
examined if resveratrol could stimulate phosphorylation
of AMPK. Western blotting indicated that resveratrol
could promote activation of AMPK and its downstream
target ACC in a dose-dependent manner (Figure 6A) in
MC3T3-El cells. Similar results were observed in pri-
mary osteoblasts (Figure 6B), which suggested that the
AMPK/ACC axis was involved in the protective effects
of resveratrol on dexamethasone-induced osteoblast
damage. To further confirm that AMPK activation is
required for the resveratrol-mediated protective effects
against dexamethasone, we used compound C (which has
been demonstrated to inhibit phosphorylation of AMPK

specifically). Resveratrol-induced AMPK activation in
primary osteoblasts was prevented significantly by
using compound C (Figure 6C).

Finally, administration of compound C markedly inhibited
the resveratrol-mediated protective effects against dexametha-
sone-induced decrease in cell viability (p < 0.01) (Figure 7A)
and mineralization (p < 0.05) (Figure 7B), as well as antiox-
idant genes and osteogenesis marker genes (p < 0.05 or 0.01)
(Figure 7C—G). These data suggested that AMPK signaling
might have critical roles in resveratrol-induced protection in
MC3T3-El1 cells in the presence of dexamethasone.

Discussion
As a glucocorticoid, dexamethasone has been used widely

17.18 and has shown

to regulate the inflammatory response,
strong immunosuppressive effects.'”?® Recently, it was
that

improves the outcome in adults with acute bacterial

reported early treatment with dexamethasone
meningitis.”' Dexamethasone combined with carfilzomib
treatment has resulted in marked improvement in progres-

sion-free survival in patients with relapsed multiple
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myeloma.*? However, extensive clinical use of dexametha-
sone can cause severe side effects. High-dose dexametha-
sone treatment results in a high prevalence of severe side-
effects in patients with spinal-cord compression from epi-
dural metastases.”> Bordag and colleagues showed that
dexamethasone use could induce metabolome changes in
healthy males.* Early research on dexamethasone demon-
that it could induce  osteoblast

strated rapidly

differentiation of human bone marrow osteogenic stromal
cells and rat bone marrow stromal cells.>>2® However,
a high dose of dexamethasone suppresses the proliferation
of human osteoblast precursors.>” Numerous recent studies
have suggested that dexamethasone can induce osteoblast
cell death, bone loss, and os‘[eoporosis.zg’29 Some com-
pounds have been shown preventive effects against dex-

amethasone-induced bone damage.’*>*
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Murgia and colleagues reported that resveratrol may be
a promoter of osteoblast proliferation and antagonist of osteo-
clast differentiation.”> Moreover, it has been shown that
resveratrol supplementation protects bone in different animal
models.***> However, whether resveratrol has positive effects
on dexamethasone-induced osteoblasts is not known.

First, we investigated if resveratrol could reverse
the dexamethasone-induced death of MC3T3-El1 cells.
Resveratrol treatment ameliorated dexamethasone-induced
cytotoxicity significantly, which suggests that resveratrol
may have multiple protective effects on dexamethasone-
treated MC3T3-E1 cells. Matsuda and colleagues reported
that resveratrol can prevent inflammation and mechanical
stress-induced alveolar bone resorption and bone loss, but
they did not investigate the protective effects of resveratrol
on osteoblasts.® One clinical trial strongly suggested that
supplementation with resveratrol (500 mg) elicited beneficial
effects on bone density in patients with type-2 diabetes
mellitus, data that are consistent with our results.” Jiang and
coworkers demonstrated that resveratrol ameliorated bone
loss and promoted osteogenesis by decreasing oxidative
stress through SIRT1 in ovariectomized mice,'® but whether
SIRT3/SOD2 was also involved in this process was not
revealed.

Osteoblasts and osteoclasts have high energy demands,
and abundant mitochondria have been found during osteo-
blast differentiation.*® The biogenesis and respiration of
mitochondria have been shown to be associated with energy
production and osteoblast function.*® In addition, mitochon-
drial dysfunction induces macrophage activation and sys-
temic inflammation, subsequently leading to impaired
function of osteoblasts and osteoclasts and bone
resorption.’” A high dose of dexamethasone induces osteo-
blast dysfunction by interfering with mitochondrial
function.*® We found that resveratrol treatment reversed the
dexamethasone-induced decrease in mitochondrial biogen-
esis and ATP production markedly. These results strongly
suggest that mitochondria mediated dexamethasone-induced
osteoblast injury, and resveratrol mitigated dexamethasone-
induced mitochondrial dysfunction in MC3T3-El cells.

Studies have shown that increased levels of ROS and
oxidative stress in osteoblasts have critical roles in the

39,40

pathogenesis of bone-metabolism disorders, whereas
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mitochondria are the major source of ROS and ATP pro-
duction. We found that resveratrol protected against dex-
amethasone-induced ROS production in MC3T3-E1 cells.
Cao and colleagues demonstrated that Mn(II])tetrakis
(4-ben-zoic acid) porphyrin decreased bone loss in ovar-
iectomized rats by reducing mitochondrial oxidative stress
in osteoblasts, data that are in accordance with our
results.*' Numerous investigations have suggested that
NRF2 is an important transcription factor mediating pro-
tection against oxidants by stimulating transcription of
antioxidant genes.*> Mitochondrial ROS production can
be regulated through the NRF2 signaling pathway.*> As
its downstream target gene, HO-1 has been proposed to
mediate the effects of NRF2 on the oxidative stress
response stimulated by exogenous substances, including
dexamethasone.** Our results revealed that the NRF2/
HO-1 axis in MC3T3-E1l cells was impaired by dexa-
methasone treatment and that resveratrol administration
significantly induced activation of this pathway. Hence,
the NRF2/HO-1 pathway contributed to the protective
effects of resveratrol on osteoblasts.

PGC-1a has been shown to induce expression of most
mitochondrial proteins and to stimulate mitochondrial
biogenesis.*> However, PGC-1a can also induce expres-
sion of genes that decrease ROS formation, such as GPx1
and SOD2.*> Kong and collaborators demonstrated that
PGC-1la was a suppressor of ROS production through
induction of SIRT3 expression.*® Our data suggest that
resveratrol stimulated expression of PGC-1a and its down-
stream target genes, including SIRT3 and SOD2.

BMP and Runx2 signaling pathways have been shown to
regulate the proliferation and differentiation of osteoblasts,
and to have critical roles in regulating bone formation.*”**
Osteoblasts also modulate bone resorption through regulat-
ing OPG expression to maintain bone homeostasis.*’
Resveratrol administration attenuated the dexamethasone-
induced decrease in expression of BMP-2, Runx2, and
OPG, indicating that resveratrol attenuated alteration of
biomarkers specific for the formation and resorption of
bone. Although we revealed that AMPK was involved in
the protective effects of resveratrol on dexamethasone-
induced osteoblasts, we cannot exclude the possibility that
other signaling pathways upstream of BMP-2 and Runx2
may also have had important roles in this process.

Conclusions
In summary, our data using MC3T3-E1 and primary osteo-
blasts suggest that resveratrol has positive effects against

dexamethasone-induced inhibition of differentiation and
damage of osteoblasts. Our findings also suggest that
treatment with resveratrol protects osteoblasts by activat-
ing AMPK, stimulating SIRT3-PGC-1a-SOD2 axis, and
subsequently improving oxidative stress and mitochondrial
dysfunction. Further study is needed to determine if
resveratrol has protective role on differentiation and func-
tion of osteoclasts. Resveratrol may be a potential strategy
for treating dexamethasone-induced osteoblast injury.
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