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growth in mice through a sirtuin 1-bone
morphogenic protein 2 longevity axis
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BACKGROUND AND PURPOSE
The polyphenol resveratrol (RSV) exists in high quantities in certain foods (e.g. grapes and nuts). However, the capacity of RSV to
confer physiological health benefits and a biological mechanism through which this might occur remains unclear.

EXPERIMENTAL APPROACH
Aged, RSV-treated (300 mg·kg�1·day�1) and genetically modified [endothelial NOS (eNOS�/�)] female mice were assessed using
histomorphometric and μCT analysis. Alongside in vivo analysis, molecular siRNA knockdown and pharmacological manipulation
of eNOS, BMP2 and sirtuin 1 (SIRT1) and functional cellular assays in an osteoblast cell line panel, explored the mechanism
through which RSV might impact overall bone volume.

KEY RESULTS
RSV promoted osteoblast activity and bone growth in vivo. RSV dose-dependently and simultaneously increased alkaline phos-
phatase (ALP) and eNOS levels. Similarly, NO-donor treatment increased ALP, runt homology transcription factor 2, BMP2 and
stimulated bone formation, whilst eNOS-deficient mice displayed a bone loss phenotype. Moreover, RSV-induced increase in ALP
and BMP2 expression was blocked in eNOS�/� osteoblasts and by BMP-inhibitor noggin. The longevity-linked SIRT1 enzyme was
positively regulated by RSV and SIRT1 deletion reduced eNOS, BMP2 and ALP. Like eNOS deletion, loss of SIRT1 blocked RSV-
induced osteoblast activity; however, SIRT1 levels remained unchanged in eNOS�/� mice, indicating RSV activation of SIRT1
stimulates BMP2 release via eNOS. This signalling axis is supported by decreased SIRT1, eNOS and BMP2 confirmed in old versus
young bone.

CONCLUSIONS AND IMPLICATIONS
These findings suggest a new mechanism of action in bone remodelling and the ageing skeleton, where RSV positively impacts
bone homeostasis via SIRT1 activation of BMP2.

Abbreviations
ALP, alkaline phosphatase; BMD, bone mineral density; BMP2, bone morphogenic protein 2; eNOS, endothelial NOS;
HDAC, histone deacetylase; MEM, minimal essential media; NAD+, nicotinamide adenine dinucleotide; RSV, resveratrol;
Runx2, runt homology transcription factor 2; SIRT1, sirtuin 1
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Introduction
Diet impacts growth and ageing in all species, yet investiga-
tions exploring various dietary constituents as experimental
medicines are limited in mechanism and translational im-
pact, despite the potential for significant beneficial effects
matching those offered by current pharmaceuticals.

Resveratrol (RSV; 3,40,5-trihydroxy-transstilbene) is a
plant polyphenol found in foods such as nuts, grapes and
chocolate, and like other polyphenolic compounds (e.g. cate-
chins in green tea extract) demonstrates various beneficial ef-
fects in preclinical and clinical studies for disorders such as
cardiovascular disease (Smoliga et al., 2011; Sin et al.,
2015a), diabetes (Szkudelski and Szkudelska, 2015) and in-
flammation (Huang et al., 2014; Conte et al., 2015).

Within the skeleton, dietary components are particularly
important in regulating cellular metabolism and providing
crucial constituents within bone (Sahni et al., 2015) particu-
larly calcium. Bone is formed through the activities of osteo-
blasts. These mesenchymal-derived, matrix-producing cells
lay down unmineralized osteoid in a highly regulated pro-
cess, whilst simultaneously directing local mineralization
through the release of matrix-modifying enzymes, primarily
alkaline phosphatase (ALP; de Gorter and ten Dijke, 2013).

RSV promotes osteoblast differentiation from mesenchy-
mal stem cells in vitro (Zhou et al., 2009; Kupisiewicz et al.,
2010; Shakibaei et al., 2012), reduces the formation of bone-
resorbing osteoclasts (Shakibaei et al., 2011) and may be pro-
tective in an experimental model of accelerated bone disease
(Wang et al., 2017) suggesting that RSV supplementationmay
be beneficial for bone health to prevent the age-related de-
cline in functional integrity or as an experimental medicine
in disorders of excessive bone destruction. However, the in-
tracellular mechanisms activated by RSV stimulation remain
complex and convoluted.

RSV is a powerful activator of the longevity-linked sirtuin
1 (SIRT1) molecule (Howitz et al., 2003; Borra et al., 2005),
the predominant member of the mammalian sirtuin longev-
ity family of histone deacetylases (HDAC) (Michan and
Sinclair, 2007). SIRT1 is a class III nicotinamide adenine
dinucleotide (NAD+)-dependent HDAC which also
deacetylates non-histone cytoplasmic substrate proteins,
such as p53 and NF-κB, to fine tune normal cell biology
(Cheng et al., 2003; Salminen et al., 2008; Edwards et al.,
2013). Through these activities, SIRT1 regulates important
longevity-related processes including apoptosis, cell sur-
vival, DNA repair and energy expenditure.

The NO-generating enzyme endothelial NOS (eNOS) is
also identified as a SIRT1 substrate, and a downstreammedia-
tor of RSV action in endothelial cells (Ota et al., 2007). More-
over, the lifespan extension properties of caloric restriction
might be regulated by a SIRT1-eNOS axis (Nisoli et al.,
2005). Within bone, eNOS is the most widely expressed iso-
form of the NOS family (Helfrich et al., 1997; MacPherson
et al., 1999) where it is purported to mediate the anabolic ef-
fects of both oestrogen andmechanical strain on bone forma-
tion (Turner et al., 1996; Samuels et al., 2001), whilst our
recent studies and others have shown that SIRT1-deficiency
hinders skeletal development, reduces peak bone mass and
inhibits osteoblastic differentiation (Cohen-Kfir et al., 2011;
Edwards et al., 2013).

This translational study explores the in vivo mechanism
throughwhich RSV impacts bone formation, revealing an im-
portant stimulatory pathway in osteoblast formation and
activity.

Methods

In vivo studies
All applicable international, national and institutional guide-
lines for the care and use of animals were followed. Animal
studies are reported in compliance with the ARRIVE guide-
lines (Kilkenny et al., 2010) and were approved by the Insti-
tute of Animal Care and Use Committee office and
conducted in accordance with the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Ani-
mals. RSV (ethanol stock in saline vehicle) was administered
at 300 mg·kg�1·day�1 in the feeding chow, based upon our
previous work and others (Tome-Carneiro et al., 2013) aimed
at achieving physiologically relevant circulating RSV levels,
over a 10 week period to normal C57Bl/6 mice (female,
12 weeks old, 25–30 g avg. wt., n = 10) purchased from JAX
lab (Maine, USA). The global eNOS knockout mice were gen-
erated by targeted deletion of part of the exon 12 sequence
of the eNOS gene, as previously described (Aguirre et al.,
2001). eNOS knockout mice were maintained as homozy-
gotes on a C57BL6 background (female, n = 10). Normal
female C57BL6 mice (as above) were aged within our facility
and analysed at specific time points (3 months and
12 months, n = 10).

All mice were housed following standard LAR mouse
housing protocols, with 4–5 mice per stainless steel cage in
a room with a 12 h light/12 h dark cycle, kept at approx.
24°C with free access to food and water and killed by exsan-
guination and cervical dislocation. Randomization was used
to assign animals to different experimental groups and to col-
lect and process data, with analysis performed by investiga-
tors blinded to the treatment groups.

X-ray μ-computed tomography (μCT)
The left tibia and femur were dissected and fixed in 10%
phosphate-buffered formalin for 48 h at 4°C. The
microarchitecture of the proximal tibial and distal femoral
metaphyses, within an area starting approximately 0.6 mm
distal to the growth plate and extending 1.5 mm, was
scanned at an isotropic voxel size of 16 μm using a μCT40
(ScanCo Medical, Basel, Switzerland). Reconstructed three-
dimensional (3D) images were obtained by semi-manual
contouring ~1000 slices in this area. Trabecular bone volume,
trabecular number, trabecular thickness and trabecular sepa-
ration or bone mineral density (BMD) were analysed using
ScanCo μCT v.1.2 software.

Histology
Tibia and femur samples were fixed in 10% phosphate-
buffered formalin and decalcified with 14% EDTA for
3 weeks, followed by paraffin-embedding; 4 μm-thick bone
sections were stained with haematoxylin–eosin (H&E) to de-
termine cellular distribution using Osteomeasure software
(Osteometrics Atlanta, USA).
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Osteoblast culture
Primary bone marrow stromal cells were isolated from eNOS
knockoutmice andwild-type controlmice (female, 4months,
n = 5). The mice were killed by exsanguination and cervical
dislocation, and the tibia and femur were removed and bone
marrow cells were flushed out using an 18G syringe followed
by filtration through 70 μm cell strainer with α-minimal es-
sential media (MEM) supplemented with 10% FBS. The bone
marrow cells collected were cultured overnight to remove
non-adherent cells followed by a 5 day culture in osteogenic
media prior to analysis and knockdown confirmed by qPCR
(Figure S2A).

Mouse 2T3 (provided by Dr Stephen Harris, UTHSCSA,
USA) and MC3T3-E1 (ATCC, Teddington, UK) osteoblast cell
lines were cultured with α-MEM/FBSmedia. Inmineralization
studies, all cells were cultured in osteoblastogenic α-MEM/
FBS media containing 50 μg·mL�1 ascorbic acid, 8 mM
β-glycerol phosphate for 2–21 days, followed by von Kossa
staining.

siRNA knockdown
Osteoblasts (2T3 cells) were transiently transfected with
mouse SIRT1 siRNA (Life Technologies/Ambion, Carlsbad,
CA, USA, #s96766) or control, using Amine Transfection
Agent (Life Technologies/Ambion, #AM4502), as optimized
within our group; 24–48 h after siRNA transfection, signif-
icantly decreased SIRT1 expression levels were confirmed
by quantitative PCR (Figure S2C).

Alkaline phosphatase (ALP) activity
The 2T3, MC3T3-E1 cells and primary osteoblasts were cul-
tured in 48-well plates in osteoblastogenic media supple-
mented with 2.5% FBS; 24–48 h after various treatments,
cells were lysed with 0.05% Triton X-100 buffer. Cell lysates
were analysed for ALP activity in 96-well plates. Briefly,
10 μL lysate was incubated with 90 μL fresh AMP solution
containing p-nitrophenyl phosphate substrate at 37°C for
30–60 min, following which 100 μL 0.5 N NaOH was added
to stop the reaction. The plates were read spectrophotometri-
cally at 405 nm. ALP activity was determined using a
p-nitrophenol standard curve and normalized to total cellular
protein.

SIRT1 activity
An assessment of overall SIRT1 activity was performed using
the SIRT1 Fluorimetric Drug Discovery Kit (Enzo Life Sciences
Exeter, UK) and following the manufacturer’s instructions. In
brief, samples were incubated with peptide substrate, and
NAD+ in PBS 37°C, and the reaction was stopped with nico-
tinamide and the product visualized using a developing solu-
tion bound to the deacetylated lysine. Following 10 min
incubation, the fluorophore was detected using a plate-
reading fluorimeter (excitation 360 nm and emission
450 nm). SIRT1 activity levels were normalized to total pro-
tein concentration.

Calvarial organ culture
Parietal bone tissues were removed from the calvariae of 4- to
5-day-old male and female ICR Swiss mice bred within our fa-
cility, following cervical dislocation, and cultured on metal

grids in BGJ (Biggers, Gwatkins, Judah) media with
Fitton-Jackson modification in the presence of NO donors
or vehicle control for 4–7 days (n = 5). Following treatment,
calvariae were fixed for 24 h in 10% phosphate-buffered for-
malin and decalcified in 14% EDTA overnight. Calvariae were
embedded in paraffin, and 6 μm sections cut and stained with
haematoxylin and eosin. The culture media was collected to
measure ALP activity as described above.

Luciferase reporter assay
Primary osteoblasts null for eNOS were cultured in 24-well
plates and co-transfected with a bone morphogenic protein
(BMP2) promoter reporter construct, �2712/+165-Luc, and
a pRL-TK vector (Promega, Madison,WI, USA) using the Lipo-
fectamine™ LTX and Plus Reagent Transfection Reagent
(Invitrogen, Carlsbad, USA) according to the manufacturer’s
protocol. Cells were treated with resveratrol at 10 μM for
24–48 h. Luciferase activity in cell lysates was assessed using
the Dual-Luciferase® Reporter Assay System (Promega, #
E1910) and a luminometer according to the manufacturers’
protocols. The relative reporter firefly luciferase activity was
normalized to renilla luciferase activity of the control pRL-
TK vector.

Real time PCR
Total RNA was extracted from cells or grounded long bones
under liquid nitrogen with TRI Reagent® RNA Isolation Re-
agent. Total RNA was purified and reverse transcribed into
cDNA. Quantitative real time PCRs were performed through
Applied Biosystems’ TaqMan® Gene Expression Assays with
the cDNA templates and primers Mm011658521-A1,
Mm00435206-g1, Mm01962382_s1, Mm00501578_m1 and
Mm03413826_mH, specifically for mouse SIRT1, eNOS,
BMP2, runt homology transcription factor 2 (Runx2) and
osteocalcin mRNAs, on 7900 Real Time PCR System (Applied
Biosystems, Foster City, USA). Eukaryotic 18S rRNA was de-
tected using VIC/MGB Probe (4319413E); GAPDH served as
an endogenous control.

Nitrite and eNOS protein assay
The levels of nitrite in the osteoblast supernatant following
cell lysis and centrifugation were determined by a colorimet-
ric assay using a modified Griess Reagent. Briefly, 1× Griess
Reagent was mixed with equal volumes of sample. The
absorbance at 540 nm was read after 15 min. The nitrite con-
centrations were calculated using a standard curve. Similarly,
eNOS total protein and phosphorylated eNOS at a specific ser-
ine residue (phospho-Ser1176) were quantified in treated cell
lysates using an established ELISA Kit (Creative Diagnostics,
Shirley, USA) following the manufacturer’s instructions.

BMP2 ELISA
After treatment with NO donors for 24–48 h, the concentra-
tion of BMP2 within the media was determined using a
Quantikine BMP2 ELISA (R&D Systems, Minneapolis, USA).
Recombinant human BMP2 (hBMP2; R&D Systems Inc.) was
used as a standard.

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in
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pharmacology (Curtis et al., 2015). Data were analysed using
GraphPad Prism 5 and presented as mean ± SEM. In vitro
studies were performed on n = 5 independent cultures, un-
less otherwise stated. Sample size estimates for in vivo stud-
ies are based on a survey of data from published research
and preliminary studies. To detect a twofold change be-
tween experimental groups, power analysis using probabil-
ity of type I error α = 0.05; probability of type II error
β = 0.20, along with previous laboratory data, indicated that
n = 10 mice per group would be required in each experiment
to detect a significant change with an α error of 5% and a
power of 0.93. The Mann–Whitney U-test was used for com-
parisons made between two groups of data that are not nor-
mally distributed. Comparison between multiple groups was
made with the one-way ANOVA followed by Dunnett’s test.
For all one-way ANOVAs, post hoc tests were run only if F
achieved P < 0.05 and there was no significant variance in-
homogeneity. In all cases, P values < 0.05 were considered
significant.

Materials
Materials and reagents were purchased and used as indicated
above, from Sigma-Aldrich (Gillingham, UK), unless other-
wise stated, and including molecular Ambion reagents
(ThermoFisher Scientific, Hemel Hempstead, UK). The botan-
ical nutrient resveratrol (3,40,5-trihydroxy-transstilbene) was
purchased from Sigma-Aldrich and nitric oxide donors
NOC22 (Spermine NONOate, #567703) and SNP (sodium ni-
troprusside dihydrate, #567538) were purchased from
Millipore/Calbiochem (Watford, UK).

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2017/18 (Alexander et al., 2017).

Results

Resveratrol stimulates osteoblast differentiation
and increases bone mass in vivo
Treatment of established MC3T3 (Figure 1A) or 2T3 osteo-
blast cell lines (Figure 1B) with RSV dose-dependently
increased alkaline phosphatase, a clinical marker of bone-
forming activity, and stimulated mineralization in vitro
(Figure 1C). Moreover, normal C57Bl/6 female mice treated
with RSV (300 mg·kg�1·day�1) over 10 weeks (n = 10)
showed increased bone volume (Figure 1D,E) and trabecu-
lar parameters (Figure 1F,G) following analysis by μCT
scanning. Histomorphometric analysis of bone cell distri-
bution indicated that this was brought about by a signifi-
cant increase in osteoblast numbers in the RSV-treated
group, compared to control (Figure 1H) with no significant
change in osteoclast numbers (Figure 1I). These in vivo and
in vitro results demonstrate that the botanical nutrient res-
veratrol is an effective anabolic agent for bone mass and

it functions, at least in part, by promoting osteoblast
differentiation.

eNOS and NO-donors stimulate bone growth
RSV has been suggested to induce physiological effects such
as vasodilatation through an up-regulation of eNOS
(Wallerath et al., 2002; Breen et al., 2012). In MC3T3
(Figure 2A) and 2T3 (Figure 2B) osteoblast cell lines treated
with RSV, eNOS gene expression was dose-dependently up-
regulated, concomitantly with soluble levels of nitrite prod-
uct (Figure 2C) and total eNOS protein levels (Figure 2D).
However, no significant change in phosphorylation status
was induced by RSV treatment when compared to the overall
increase in total eNOS levels (expressed as phospho
eNOS/total eNOS, Figure S1).

In a similar manner to RSV treatment, the NO-donor com-
pound NOC22 increased alkaline phosphatase levels in pri-
mary osteoblasts in vitro (Figure 2E) and in an ex vivo bone
formation model (Figure 2F). Real time-PCR analysis indi-
cated NO-donor treatment of osteoblasts up-regulated osteo-
genic genes Runx2, OCN and BMP2 (Figure 2G) and increased
soluble BMP2 release (Figure 2H). Importantly, μCT analysis
of long bones from genetically modified mice deficient in
the eNOS gene (Figure S2A) demonstrated a significant de-
crease in overall bone volume (36%) (Figure 2I,J) and bone
mineral density (22%) (Figure 2K).

eNOS-SIRT1 axis is necessary for pro-osteogenic
effects of RSV
Given the positive effects of RSV treatment on eNOS and NO
expression, combined with our observations indicating loss
of eNOS reduced bone whilst NO generation stimulates oste-
oblast activity, we investigated whether eNOS deficiency im-
pairs RSV effects in bone-forming osteoblasts. As expected,
RSV treatment of primary osteoblasts isolated from normal
mice increased alkaline phosphatase levels. However, RSV
failed to increase alkaline phosphatase levels in osteoblasts
from eNOS-deficient mice (Figure 3A). Similarly, the RSV-
induced increase in BMP2 promoter activity and mRNA ex-
pression were ablated in the absence of eNOS (Figure 3B,C).
Interestingly, the RSV-induced increase in alkaline phospha-
tase was reduced by the endogenous BMP inhibitor noggin
(Figure 3D).

The ageing-related SIRT1 factor has been shown to regu-
late bone cell biology and may underlie age-related bone loss
(Cohen-Kfir et al., 2011; Edwards et al., 2013). As many effects
of RSV are thought to be mediated through SIRT1, we exam-
ined whether SIRT1 was altered in osteoblasts following RSV
treatment. An increase in SIRT1 expression was confirmed
by qPCR at 10 and 100 μM of RSV (Figure 3E) along with in-
creased SIRT1 activity (Figure S2B). However, knockdown of
SIRT1 using an established validated siRNA that reduced
SIRT1 expression and activity (Figure S2B,C) led to a reduc-
tion in eNOS and reduced the capacity of RSV (5 μM) to stim-
ulate eNOS (Figure 3F) or SIRT1 expression (Figure S2C).
Furthermore, SIRT1 knockdown also reduced BMP2 gene ex-
pression and inhibited both the RSV-induced (5 μM) increase
in BMP2 expression (Figure 3G) and alkaline phosphatase
(Figure 3H).
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Ageing decreases bone volume and eNOS-BMP2
expression
Age-related bone loss was confirmed in the long bones of
12-month-old female mice, compared to younger 3 month
animals, by μCT analysis, showing decreased bone volume
(Figure 4A,B) and BMD (Figure 4C). Previously, our studies
and others have shown that SIRT1 expression declines in age-
ing tissue, including bone (Edwards et al., 2013). In support of
an upstream role for SIRT1 in ageing bone, 12-month-old
mice also displayed a significant decrease in eNOS (Figure 4D)
and BMP2 expression (Figure 4E).

Discussion
These studies suggest that RSV exerts an anabolic effect within
the skeleton to stimulate osteoblast activity and promote
bone formation, brought about following activation of SIRT1,
triggering an up-regulation of eNOS and BMP2 (Figure 4F).

RSV is reported to activate SIRT1 in many species and cell
systems, including Caenorhabditis elegans, drosophila, yeasts
and human cells, and contributes to the beneficial life-
extending properties of RSV (Howitz et al., 2003; Borra et al.,
2005). A variety of potential pathways may be activated fol-
lowing RSV treatment and account for such effects, including
intracellular factors such as Ca2+ (Zhang et al., 2013), ERK1/2
(Bellaver et al., 2015) and FoxO proteins (Sin et al., 2015b). In
bone cells, elevated Ca2+ signalling is known to control oste-
oblast growth and differentiation (Zayzafoon, 2006) but also
lead to increased and sustained stimulation of the master
osteoclastogenic regulator NFATc1, to enhance bone resorp-
tion (Negishi-Koga and Takayanagi, 2009), a feature not ob-
served in our in vivo model suggesting RSV-stimulated Ca2+

signalling does not occur in this system.
Similarly, FoxO1 and FoxO3a can be activated by RSV-

SIRT1 and also regulate eNOS activity, where deletion of
FoxO1 and FoxO3a abolished the effect of RSV on eNOS ex-
pression in endothelial cells (Xia et al., 2013) and deletion

Figure 1
RSV stimulates osteoblasts in vitro and bone formation in vivo. ALP activity of MC3T3-E1 (A) and 2T3 (B) osteoblast cells treated with RSV
(1–10 μM) or vehicle for 2 days (n = 5); normalization to total cell protein. (C) Mineralized matrix formation rates of 2T3 osteoblasts cultured
in osteogenic media and RSV (1 μM, n = 5) or vehicle over 2 weeks (von Kossa staining). Normal C57Bl/6 mice (2 month) treated with resveratrol
(300 mg·kg�1·day�1) in prepared chow, versus control chow over 10 weeks (n = 10). Bone volume (BV/TV) and trabecular parameters assessed in
dissected tibia by μCT scanning (D–G), and cellular distribution by histomorphmetric analysis following H&E or TRAP staining (H–I) (*P < 0.05 vs.
vehicle).

Red wine products and bone health

British Journal of Pharmacology (2018) 175 4183–4192 4187



of FoxO1,-3 and -4 blocked the anti-resorptive effect of novel
SIRT1 activating compounds structurally distinct from RSV
(Bartell et al., 2014; Kim et al., 2015). As reported, osteoclast-
specific effects were not observed in our RSV-treated model
where positive changes in bone-forming osteoblasts appeared
to mediate the physiological response to RSV treatment, sug-
gesting different pharmacological activation of SIRT1 might
trigger alternate downstream effectors. However, osteoblasto-
genesis might also be altered by the SIRT1-FoxO axis (Iyer
et al., 2014) and where FoxO activation of BMP2 in
anti-cancer treatments (Su et al., 2007) might suggest an
overlapping role in RSV-SIRT1 induced BMP2 activation in
osteoblasts also. It is clear that additional factors may have
the potential to intersect and modulate the signalling axis
proposed, including the post-translational modification of
such proteins, to modify the effectiveness of RSV stimulation
of BMP2 via SIRT1-eNOS activation.

SIRT1 is an upstream activator of eNOS in other cell sys-
tems, particularly endothelial cells (Mattagajasingh et al.,
2007; Ota et al., 2007), and eNOS is highly expressed in oste-
oblasts (Helfrich et al., 1997; MacPherson et al., 1999). We
found that not only RSV but SIRT1 directly stimulated the

activity of eNOS, increasing NO in osteoblasts. The physio-
logical significance of this pathway is highlighted by the in-
creased bone volume stimulated by RSV treatment in vivo,
and the loss of bone volume observed in SIRT1-deficient
animals (Edwards et al., 2013) or following eNOS deletion.
This study also provides evidence that NO production is
up-regulated by RSV. Consistent with our findings that
NO-releasing compounds stimulate osteoblast differentiation
and bone formation, NO-donors also antagonize
ovariectomy- or corticosteroid-induced bone loss in rodents
(Wimalawansa et al., 1997; Hukkanen et al., 2003) and im-
prove fracture healing (Corbett et al., 1999; Diwan et al.,
2000). Similarly, recent work suggests RSV might also be pro-
tective in an experimental model of osteoporosis in rats
(Wang et al., 2017), supporting our hypothesis that RSV
might increase overall bone mass under normal conditions.
However, whether such findings are truly translatable to hu-
man physiology remain to be determined where for example
bioavailability of RSV and lifestyle factors may enhance or di-
minish the effects observed in rodentmodels (Tome-Carneiro
et al., 2013; Berman et al., 2017). It remains a misconception
that sufficient levels of RSV are achieved through a normal

Figure 2
eNOS and NO-donors stimulate bone growth. eNOS mRNA expression in MC3T3 (A) and 2T3 (B) cells treated with RSV (1–100 μM) or vehicle for
24 h (n = 5) determined by real time PCR. Nitrite (NO2

�) levels (C) or total eNOS protein (D) from 2T3 or MC3T3 cells treated with RSV (1–100 μM)
or vehicle (n = 5) for 48 h, determined by colorimetric assay. ALP levels from primary osteoblasts treated with NO-donor (NOC22, 0.1–10 μM) or
vehicle for 4 days (n = 5) normalized to total cell protein (E). Calvariae from newborn mice cultured with NO-donor (NOC22, 0.1–1 μM) or vehicle
control for 4 days (n = 5) processed for histology and H&E staining (F). mRNA expression of osteoblast marker genes Runx2, osteocalcin (OCN)
and BMP2 determined in 2T3 cells treated with NOC22 (1.0 μM) or vehicle for 24 h (n = 5) by real time PCR (G). BMP2 protein levels assessed in
conditionedmedia fromNO-donor-treated osteoblasts (NOC22 or SNP, 3–200 μM, 48 h, n = 5), by ELISA (with rhBMP2 as standard) (H). The μCT
analysis of dissected tibia from homozygous eNOS knockout (�/�) or wild-type (+/+) control mice (4 month, n = 10) (I) and trabecular bone volume
(J) and BMD (K) analysis (*P < 0.05 vs. vehicle; *P < 0.01 vs. wild-type control animals).

M Zhao et al.

4188 British Journal of Pharmacology (2018) 175 4183–4192



standard diet alone. Further controlled studies in human sub-
jects investigating alternate RSV preparations, strong supple-
mentation or managed dosing options for administration,
along with the extent and rate at which RSV is taken up by
the body in a physiologically active form, remain necessary.

Resveratrol is an established antioxidant and offers pro-
tection against the damaging cellular effects of ROS which
are known to accumulate in ageing tissues (Truong et al.,

2018) and shift the commitment of mesenchymal stem cells
towards an adipogenic phenotype at the expense of osteo-
blasts by decreasing SIRT1 function (Lin et al., 2018),
though conversely, ROS might also activate BMP2 and oste-
oblast differentiation (Mandal et al., 2011). We therefore
cannot exclude the possibility that altered ROS levels fol-
lowing RSV-treatment might lead to changes in BMP2 and
osteoblast formation. Interestingly, elevated BMP2 is itself

Figure 3
The eNOS-SIRT1 axis is necessary for the pro-osteogenic effects of RSV. Different effects on ALP levels (A) BMP2 gene expression (qPCR, B) and pro-
moter activity (C) in primary osteoblasts from eNOS knockout (�/�) or wild-type (+/+) control mice (n = 5) treated with RSV (5 μM) or vehicle (24 h).
RSV-induced ALP levels (5 μM) in the presence of the BMP inhibitor noggin (500 ng·mL�1, 48 h, n = 5), normalized to total protein (D). SIRT1 gene
expression in 2T3 osteoblasts following RSV (1–100 μM) treatment, quantified by real time PCR (E), along with eNOS (F) and BMP2 (G) mRNA levels
transfected with SIRT1 siRNA or scramble control (n = 5) with and without RSV treatment (5 μM). RSV-induced ALP levels (5 μM) in the presence
of SIRT1 (or scrambled control) siRNA (H) (n = 5) (*P < 0.05 vs. vehicle treated WT/scrambled ctrl; #P < 0.001 vs. RSV-treated WT/scrambled ctrl).

Red wine products and bone health

British Journal of Pharmacology (2018) 175 4183–4192 4189



associated with increased oxidative stress and pro-
inflammatory signals in other tissue types, which may
abrogate long-term effects of our final observation in vivo
(Csiszar et al., 2006; Chen et al., 2015).

Resveratrol has also been reported to regulate osteoclast ac-
tivity in vitro. However, the reported effects of resveratrol on os-
teoclast formation are not consistent, varying with different
cell sources (Boissy et al., 2005; Voronov et al., 2005). Work
from our group and others using SIRT1-conditional and -germ
line knockout mice supports the notion that SIRT1 is a genetic
determinant of bone mass and acts in a cell-autonomous man-
ner in both osteoblasts and osteoclasts (Cohen-Kfir et al., 2011;
Edwards et al., 2013). This suggests that RSVmay exert different
effects, through alternate pathways, in various cell types, and
that its primary mechanism of action within bone is via in-
creased osteoblast activation and enhanced bone formation,
as indicated by in vivo observations. However, whether this ap-
proach might prove effective in an ageing bone environment
remains to be determined. Osteoblasts in old bone are sug-
gested to be less numerous and less active than those in a ma-
ture skeleton, whilst other cell populations are increased in
number (e.g. adipocytes). The observed anabolic effects of RSV
in our studymight be altered by the changes in cellular compo-
sition and tissue structure of aged bone. The use of an
established experimental approach for the testing of bone
targeted therapies in this study, where skeletally mature ani-
mals are utilized as testmodels,might be complemented by fur-
ther in vivo testing in old mice if disease-free, aged mice of
similar size and bone density could be reliably sourced.

Despite the common worldwide use of various anti-
resorptive agents to prevent bone loss, the availability of an-
abolic agents capable of stimulating new bone growth within
the aged skeleton remains limited. The concept that low dose

dietary components might induce an accumulative beneficial
effect over time, to prevent the decrease in formation and ac-
tivity of osteoblasts seen in old bone, suggests a significant
additional approach through the prophylactic management
of bone loss.

These data provide evidence for the use of RSV, to protect
against bone loss by stimulating the pro-osteogenic factor
BMP2. Loss of SIRT1 levels with increasing age are implicated
in the progression of age-related disorders in many tissues.
Maintaining SIRT1 levels through the use of such naturally
occurring factors as RSV may slow the onset of ageing and in-
crease health span.

Acknowledgements

Weare grateful toDr StephenHarris, University of TexasHealth
Science Centre at San Antonio, USA, for use of the 2T3 osteo-
blast cell line, and funding support to J.R.E. from the ERCMarie
Sklodowska-Curie Scheme (Ageing Skeleton-Fellowship)
(http://ec.europa.eu/research/mariecurieactions/) and Arthritis
Research UK (20631) (http://www.arthritisresearchuk.org/) for
their support of this work.

Author contributions
M.Z., G.R.M., G.E.G. and J.R.E. planned the study. M.Z., S.Y.K.,
I.R.G. and J.R.E. performed in vitro and in vivo experimentation.
M.Z. and J.R.E. prepared the manuscript.

Conflict of interest
The authors declare no conflicts of interest.

Figure 4
Ageing decreases bone volume and eNOS-BMP2 expression. μCT analysis of tibia of young (3 month) or aged (12 month) mice (n = 10)
(A) determining BV/TV (B) and BMD (C). Gene expression changes (real time PCR) of eNOS (D), BMP2 (E) in ageing long bones (n = 10). Proposed
mechanism of RSV action within osteoblasts (F) (*P < 0.05).

M Zhao et al.

4190 British Journal of Pharmacology (2018) 175 4183–4192

http://ec.europa.eu/research/mariecurieactions/
http://www.arthritisresearchuk.org/


Declaration of transparency and
scientific rigour
This Declaration acknowledges that this paper adheres to the
principles for transparent reporting and scientific rigour of
preclinical research recommended by funding agencies, pub-
lishers and other organisations engaged with supporting
research.

References
Aguirre J, Buttery L, O’shaughnessy M, Afzal F, Fernandez De
Marticorena I et al. (2001). Endothelial nitric oxide synthase gene-
deficient mice demonstrate marked retardation in postnatal bone
formation, reduced bone volume, and defects in osteoblast
maturation and activity. Am J Pathol 158: 247–257.

Alexander SPH, Fabbro D, Kelly E, Marrion NV, Peters JA, Faccenda E
et al. (2017). The Concise Guide to PHARMACOLOGY 2017/18:
Enzymes. Br J Pharmacol 174: S272–S359.

Bartell SM, Kim HN, Ambrogini E, Han L, Iyer S, Serra Ucer S et al.
(2014). FoxO proteins restrain osteoclastogenesis and bone
resorption by attenuating H2O2 accumulation. Nat Commun 5:
3773.

Bellaver B, Souza DG, Bobermin LD, Souza DO, Goncalves CA,
Quincozes-Santos A (2015). Resveratrol protects hippocampal
astrocytes against LPS-induced neurotoxicity through HO-1, p38 and
ERK pathways. Neurochem Res 40: 1600–1608.

Berman AY, Motechin RA, Wiesenfeld MY, Holz MK (2017). The
therapeutic potential of resveratrol: a review of clinical trials. NPJ
Precis Oncol 1. https://doi.org/10.1038/s41698-017-0038-6.

Boissy P, Andersen TL, Abdallah BM, Kassem M, Plesner T, Delaisse
JM (2005). Resveratrol inhibits myeloma cell growth, prevents
osteoclast formation, and promotes osteoblast differentiation.
Cancer Res 65: 9943–9952.

Borra MT, Smith BC, Denu JM (2005). Mechanism of human SIRT1
activation by resveratrol. J Biol Chem 280: 17187–17195.

Breen DM, Dolinsky VW, Zhang H, Ghanim H, Guo J, Mroziewicz M
et al. (2012). Resveratrol inhibits neointimal formation after arterial
injury through an endothelial nitric oxide synthase-dependent
mechanism. Atherosclerosis 222: 375–381.

Chen MH, Chen HA, Chen WS, Chen MH, Tsai CY, Chou CT (2015).
Upregulation of BMP-2 expression in peripheral blood mononuclear
cells by proinflammatory cytokines and radiographic progression in
ankylosing spondylitis. Mod Rheumatol 25: 913–918.

Cheng HL, Mostoslavsky R, Saito S, Manis JP, Gu Y, Patel P et al.
(2003). Developmental defects and p53 hyperacetylation in Sir2
homolog (SIRT1)-deficient mice. Proc Natl Acad Sci U S A 100:
10794–10799.

Cohen-Kfir E, Artsi H, Levin A, Abramowitz E, Bajayo A, Gurt I et al.
(2011). Sirt1 is a regulator of bone mass and a repressor of Sost
encoding for sclerostin, a bone formation inhibitor. Endocrinology
152: 4514–4524.

Conte E, Fagone E, Fruciano M, Gili E, Iemmolo M, Vancheri C
(2015). Anti-inflammatory and antifibrotic effects of resveratrol in
the lung. Histol Histopathol 30: 523–529.

Corbett SA, HukkanenM, Batten J, McCarthy ID, Polak JM, Hughes SP
(1999). Nitric oxide in fracture repair. Differential localisation,

expression and activity of nitric oxide synthases. J Bone Joint Surg Br
81: 531–537.

Csiszar A, Ahmad M, Smith KE, Labinskyy N, Gao Q, Kaley G et al.
(2006). Bone morphogenetic protein-2 induces proinflammatory
endothelial phenotype. Am J Pathol 168: 629–638.

Curtis MJ, Bond RA, Spina D, Ahluwalia A, Alexander SP, Giembycz
MA et al. (2015). Experimental design and analysis and their
reporting: new guidance for publication in BJP. Br J Pharmacol 172:
3461–3471.

Diwan AD,WangMX, Jang D, ZhuW,Murrell GA (2000). Nitric oxide
modulates fracture healing. J Bone Miner Res 15: 342–351.

Edwards JR, Perrien DS, Fleming N, Nyman JS, Ono K, Connelly L
et al. (2013). Silent information regulator (Sir)T1 inhibits NF-kappaB
signaling to maintain normal skeletal remodeling. J Bone Miner Res
28: 960–969.

de Gorter DJJ, ten Dijke P (2013). Signal transduction cascades
controlling osteoblast differentiation. In: Rosen C (ed). Primer on the
Metabolic Bone Diseases and Disorders of Mineral Metabolism, 8th
edn. Wiley-Blackwell: Ames, Iowa, US.

Harding SD, Sharman JL, Faccenda E, Southan C, Pawson AJ, Ireland S
et al. (2018). The IUPHAR/BPS Guide to PHARMACOLOGY in 2018:
updates and expansion to encompass the new guide to
IMMUNOPHARMACOLOGY. Nucl Acids Res 46: D1091–D1106.

Helfrich MH, Evans DE, Grabowski PS, Pollock JS, Ohshima H,
Ralston SH (1997). Expression of nitric oxide synthase isoforms in
bone and bone cell cultures. J Bone Miner Res 12: 1108–1115.

Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu S, Wood J
et al. (2003). Small molecule activators of sirtuins extend
Saccharomyces cerevisiae lifespan. Nature 425: 191–196.

Huang TT, Lai HC, Chen YB, Chen LG,Wu YH, Ko YF et al. (2014). cis-
Resveratrol produces anti-inflammatory effects by inhibiting
canonical and non-canonical inflammasomes in macrophages.
Innate Immun 20: 735–750.

Hukkanen M, Platts LA, Lawes T, Girgis SI, Konttinen YT, Goodship
AE et al. (2003). Effect of nitric oxide donor nitroglycerin on bone
mineral density in a rat model of estrogen deficiency-induced
osteopenia. Bone 32: 142–149.

Iyer S, Han L, Bartell SM, Kim HN, Gubrij I, De Cabo R et al. (2014).
Sirtuin1 (Sirt1) promotes cortical bone formation by preventing beta-
catenin sequestration by FoxO transcription factors in osteoblast
progenitors. J Biol Chem 289: 24069–24078.

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG (2010).
Improving bioscience research reporting: the ARRIVE guidelines for
reporting animal research. PLoS Biol 8: e1000412.

Kim HN, Han L, Iyer S, De Cabo R, Zhao H, O’Brien CA et al. (2015).
Sirtuin1 suppresses osteoclastogenesis by deacetylating FoxOs. Mol
Endocrinol 29: 1498–1509.

Kupisiewicz K, Boissy P, Abdallah BM, Hansen FD, Erben RG,
Savouret JF et al. (2010). Potential of resveratrol analogues as
antagonists of osteoclasts and promoters of osteoblasts. Calcif Tissue
Int 87: 437–449.

Lin CH, Li NT, Cheng HS, Yen ML (2018). Oxidative stress induces
imbalance of adipogenic/osteoblastic lineage commitment in
mesenchymal stem cells through decreasing SIRT1 functions. J Cell
Mol Med 22: 786–796.

MacPherson H, Noble BS, Ralston SH (1999). Expression and
functional role of nitric oxide synthase isoforms in human
osteoblast-like cells. Bone 24: 179–185.

Red wine products and bone health

British Journal of Pharmacology (2018) 175 4183–4192 4191

http://onlinelibrary.wiley.com/doi/10.1111/bph.13405/abstract
 https://doi.org/10.1038/s41698-017-0038-6


Mandal CC, Ganapathy S, Gorin Y, Mahadev K, Block K, Abboud HE
et al. (2011). Reactive oxygen species derived from Nox4 mediate
BMP2 gene transcription and osteoblast differentiation. Biochem J
433: 393–402.

Mattagajasingh I, Kim CS, Naqvi A, Yamamori T, Hoffman TA, Jung
SB et al. (2007). SIRT1 promotes endothelium-dependent vascular
relaxation by activating endothelial nitric oxide synthase. Proc Natl
Acad Sci U S A 104: 14855–14860.

Michan S, Sinclair D (2007). Sirtuins in mammals: insights into their
biological function. Biochem J 404: 1–13.

Negishi-Koga T, Takayanagi H (2009). Ca2+-NFATc1 signaling is an
essential axis of osteoclast differentiation. Immunol Rev 231:
241–256.

Nisoli E, Tonello C, Cardile A, Cozzi V, Bracale R, Tedesco L et al.
(2005). Calorie restriction promotes mitochondrial biogenesis by
inducing the expression of eNOS. Science 310: 314–317.

Ota H, Akishita M, Eto M, Iijima K, Kaneki M, Ouchi Y (2007). Sirt1
modulates premature senescence-like phenotype in human
endothelial cells. J Mol Cell Cardiol 43: 571–579.

Sahni S, Mangano KM, Mclean RR, Hannan MT, Kiel DP (2015).
Dietary approaches for bone health: lessons from the Framingham
Osteoporosis Study. Curr Osteoporos Rep 13: 245–255.

Salminen A, Kauppinen A, Suuronen T, Kaarniranta K (2008). SIRT1
longevity factor suppresses NF-κB-driven immune responses:
regulation of aging via NF-κB acetylation? Bioessays 30: 939–942.

Samuels A, Perry MJ, Gibson RL, Colley S, Tobias JH (2001). Role of
endothelial nitric oxide synthase in estrogen-induced osteogenesis.
Bone 29: 24–29.

Shakibaei M, BuhrmannC,Mobasheri A (2011). Resveratrol-mediated
SIRT-1 interactions with p300 modulate receptor activator of NF-κB
ligand (RANKL) activation of NF-κB signaling and inhibit
osteoclastogenesis in bone-derived cells. J Biol Chem 286:
11492–11505.

Shakibaei M, Shayan P, Busch F, Aldinger C, Buhrmann C, Lueders C
et al. (2012). Resveratrol mediated modulation of Sirt-1/Runx2
promotes osteogenic differentiation of mesenchymal stem cells:
potential role of Runx2 deacetylation. PLoS One 7: e35712.

Sin TK, Tam BT, Yung BY, Yip SP, chan LW, Wong CS et al. (2015a).
Resveratrol protects against doxorubicin-induced cardiotoxicity in
aged hearts through the SIRT1-USP7 axis. J Physiol 593: 1887–1899.

Sin TK, Yung BY, Siu PM (2015b). Modulation of SIRT1-Foxo1
signaling axis by resveratrol: implications in skeletal muscle aging
and insulin resistance. Cell Physiol Biochem 35: 541–552.

Smoliga JM, Baur JA, Hausenblas HA (2011). Resveratrol and health –

a comprehensive review of human clinical trials. Mol Nutr Food Res
55: 1129–1141.

Su JL, Yang CY, Zhao M, Kuo ML, Yen ML (2007). Forkhead proteins
are critical for bone morphogenetic protein-2 regulation and anti-
tumor activity of resveratrol. J Biol Chem 282: 19385–19398.

Szkudelski T, Szkudelska K (2015). Resveratrol and diabetes: from
animal to human studies. Biochim Biophys Acta 1852: 1145–1154.

Tome-Carneiro J, Larrosa M, Gonzalez-Sarrias A, Tomas-Barberan FA,
Garcia-ConesaMT, Espin JC (2013). Resveratrol and clinical trials: the
crossroad from in vitro studies to human evidence. Curr Pharm Des
19: 6064–6093.

Truong VL, Jun M, Jeong WS (2018). Role of resveratrol in regulation
of cellular defense systems against oxidative stress. Biofactors 44:
36–49.

Turner CH, Takano Y, Owan I, Murrell GA (1996). Nitric oxide
inhibitor L-NAME suppresses mechanically induced bone formation
in rats. Am J Physiol 270: E634–E639.

Voronov I, Heersche JN, Casper RF, Tenenbaum HC, Manolson MF
(2005). Inhibition of osteoclast differentiation by polycyclic aryl
hydrocarbons is dependent on cell density and RANKL
concentration. Biochem Pharmacol 70: 300–307.

Wallerath T, Deckert G, Ternes T, Anderson H, Li H, Witte K et al.
(2002). Resveratrol, a polyphenolic phytoalexin present in red wine,
enhances expression and activity of endothelial nitric oxide
synthase. Circulation 106: 1652–1658.

Wang X, Chen L, Peng W (2017). Protective effects of resveratrol on
osteoporosis via activation of the SIRT1-NF-κB signaling pathway in
rats. Exp Ther Med 14: 5032–5038.

Wimalawansa SJ, Chapa MT, Yallampalli C, Zhang R, Simmons DJ
(1997). Prevention of corticosteroid-induced bone loss with nitric
oxide donor nitroglycerin in male rats. Bone 21: 275–280.

Xia N, Strand S, Schlufter F, Siuda D, Reifenberg G, Kleinert H et al.
(2013). Role of SIRT1 and FOXO factors in eNOS transcriptional
activation by resveratrol. Nitric Oxide 32: 29–35.

Zayzafoon M (2006). Calcium/calmodulin signaling controls
osteoblast growth and differentiation. J Cell Biochem 97: 56–70.

Zhang JQ, Wu PF, Long LH, Chen Y, Hu ZL, Ni L et al. (2013).
Resveratrol promotes cellular glucose utilization in primary cultured
cortical neurons via calcium-dependent signaling pathway. J Nutr
Biochem 24: 629–637.

Zhou H, Shang L, Li X, Zhang X, Gao G, Guo C et al. (2009).
Resveratrol augments the canonical Wnt signaling pathway in
promoting osteoblastic differentiation of multipotent mesenchymal
cells. Exp Cell Res 315: 2953–2962.

Supporting Information

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

https://doi.org/10.1111/bph.14477(

Figure S1 RSV treatment and eNOS protein levels. Protein
lysates from MC3T3 and 2 T3 osteoblast cells treated with
RSV showed increased phospho-eNOS (A) and no significant
change as compared to RSV effects on total eNOS levels (B)
by ELISA.
Figure S2 Gene knockdown and activity status. Knockdown
of eNOS in cells isolated from genetically modified and
control mice was confirmed by qPCR (A). Protein lysates from
RSV-treated (5 μM) 2 T3 cells showed increased activity
of SIRT1 enzyme while SIRT1 siRNA transfection decreased
SIRT1 activity (B). Furthermore, RSV-induced stimulation of
SIRT1 activity was reduced in SIRT1 siRNA transfected cells
only, with a non-significant change compared to vehicle
treatment (B). SIRT1 expression following siRNA or control
transfection confirmed by qPCR, with and without+/� RSV
treatment (5 μM)(C)(*P < 0.05 vs vehicle treated ctrl;
##P < 0.01 vs WT (+/+) cells; #P < 0.001 vs RSV-treated scram-
bled ctrl, ###P < 0.001 vs scrambled ctrl).
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