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Sirtl overexpression protects murine osteoblasts
against TNF-a-induced injury in vitro by suppressing
the NF-kB signaling pathway
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Aim: Sirtuin 1 (Sirtl) is the class Ill histone/protein deacetylase that interferes with the NF-kB signaling pathway, thereby has anti-
inflammatory function. This study was undertaken to investigate whether Sirt1 could protect osteoblasts against TNF-a-induced injury
in vitro.

Methods: Murine osteoblastic cell line, MC3T3-E1, was used. Overexpress of Sirtl protein in MC3T3-E1 cells was made by transfection
the cells with Sirt1-overexpressing adenovirus. The levels of MRNAs and proteins were determined with qRT-PCR and Western blotting,
respectively. The activity of NF-kB was examined using NF-«kB luciferase assay. The NO concentration was measured using the Griess
method.

Results: Treatment of MC3T3-E1 cells with TNF-a (2.5-10 ng/mL) suppressed Sirt1 protein expression in a concentration-dependent

manner. TNF-a (5 ng/mL) resulted in an increase in apoptosis and a reduction in ALP activity in the cells. Overexpression of Sirt1

in the cells significantly attenuated TNF-a-induced injury through suppressing apoptosis, increasing ALP activity, and increasing the
expression of Runx2 and osteocalcin mRNAs. Furthermore, overexpression of Sirtl in the cells significantly suppressed TNF-a-induced
NF-kB activation, followed by reducing the expression of iINOS and NO formation. Sirt1 activator resveratrol (10 pmol/L) mimicked

the protection of the cells by Sirtl overexpression against TNF-a-induced injury, which was reversed by the Sirt1 inhibitor EX-527 (5

pmol/L).

Conclusion: Overexpression of Sirtl protects MC3T3-E1 osteoblasts aganst TNF-a-induced cell injury in vitro, at least in part, via sup-
pressing NF-kB signaling. Sirtl may be a novel therapeutic target for treating rheumatoid arthritis-related bone loss.
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Introduction

Rheumatoid arthritis is characterized by chronic inflamma-
tion that results in excessive production of pro-inflammatory
cytokines within bone tissue'™. One such cytokine, tumor
necrosis factor-a (TNF-a), is overproduced within the syn-
ovium of rheumatoid arthritis lesions, contributing to both
systemic and local bone loss™ ®. The pathogenic significance
of TNF-a has been established by the clinical effectiveness of
blocking TNF-a in the treatment of active rheumatoid arthri-
tis” ¥. It has been demonstrated that TNF-a decreases osteo-
blastic bone formation through the suppression of osteoblast
proliferation, the induction of osteoblast apoptosis, the inhibi-
tion of osteoblast differentiation and the suppression of matrix
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proteins, such as osteocalcin, which is produced by mature
osteoblasts?™. Therefore, further in vitro studies are needed
to identify potential therapeutic targets that protect osteoblasts
from TNF-a-induced injury and to elucidate the underlying
mechanisms mediating this protection.

Sirtuin 1 (Sirt1), a member of the silent information regulator
2 family in mammals, has recently been found to be involved
in age-related diseases, such as cancer, metabolic diseases, car-
diovascular disease, neurodegenerative diseases, and osteo-
porosis. This involvement is primarily mediated through the
deacetylation of substrates, which include p53, forkhead box
class O, peroxisome proliferator activated receptor y (PPARY)
co-activator 1a, and nuclear factor-xB (NF-«B)"* . Activa-
tion of Sirtl in mesenchymal stem cells can decrease adipo-
cyte differentiation and increase osteoblast differentiation by
regulating p53 and PPARy"™. In addition, the Sirt1 activator,
resveratrol, can inhibit the receptor activator of NF-«B ligand



(RANKL)-induced osteoclastogenesis in bone-derived cells™.

Recently, the inhibition of osteoblast differentiation and
bone formation by cytokines, including TNF-a, was demon-
strated and correlated with activation of the NF-«xB signaling

5 Because NF-kB is a direct target of Sirt1", we

pathway
hypothesize that Sirtl will protect osteoblasts against TNF-a-
induced cytotoxicity by suppressing NF-kB activity. To test
this hypothesis, we characterized the in vitro protective effects
of Sirtl overexpression in TNF-a-treated osteoblasts.

In addition, iNOS, a downstream target of NF-xB, plays an
important role in the cell injury induced by TNF-a in osteo-
blasts"® . Therefore, we also tested the relationship between
Sirtl and iNOS expression in osteoblasts treated with TNF-a.

In this study, we used a murine calvarial osteoblastic cell
line (MC3T3-E1) as a model to test the molecular mechanisms
of Sirtl in the protection of osteoblasts against TNF-a-induced
cell injury.

Materials and methods

Cell culture

The murine osteoblastic cell line, MC3T3-E1, was cultured
at 37°C in 5% CO, and 90% humidity in a-MEM medium
(Invitrogen, Paisley, UK) supplemented with 10% fetal bovine
serum and 100 pg/mL gentamicin (Invitrogen, Life Technolo-
gies, Paisley, Scotland). Chemicals, drugs, and reagents were
obtained from Sigma Chemical (St Louis, MO, USA) unless
otherwise stated.

Experiment 1

MC3T3-E1 cells were seeded in culture dishes and treated with
TNF-a (0, 2.5, 5.0, and 10.0 ng/mL) for 24 h. Sirtl expression
was then assessed by Western blot analysis.

Experiment 2

MC3T3-E1 cells were transfected with Ad-Sirtl or Ad-lacZ
for 12 h. After transfection, the cells were washed with PBS
and then placed in fresh medium. After culture for 36 h, Sirtl
expression was the assessed by Western blot analysis, and
deacetylase activity of Sirtl was measured using a fluoro-
genic substrate. NF-xB activity was measured by a luciferase
reporter assay, and IkB-a expression was assessed by Western
blot analysis.

Both groups of cells (transfected with either Ad-Sirtl or Ad-
lacZ) were treated with TNF-a (50 ng/mL) for 4 h, after which
the rate of apoptosis was determined.

Both groups of cells were treated with TNF-a (5.0 ng/mL)
for 24 h, and the NOx (NO;+NO,") content in the supernatant
was then determined using the Griess method. Cellular iNOS
expression was determined by Western blot analysis.

Both groups of cells were treated with TNF-a (5.0 ng/mL)
for 5 d, after which ALP activity and levels of Runx2 and
osteocalcin mRNA were determined.

Experiment 3
MC3T3-E1 cells stimulated with TNF-a (5.0 ng/mL) were
treated with BAY-11-7082 (10 umol/L, an NF-xB inhibitor) or
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SP600125 (10 pmol/L, a JNK inhibitor) for 24 h. The expres-
sion of iNOS was then assayed by Western blot analysis.

Experiment 4

MC3T3-E1 cells were treated with a-MEM alone (control),
TNF-a (5.0 ng/mL), TNF-a with resveratrol (10 pmol/L,
a Sirtl activator), or TNF-a with resveratrol and EX-527 (5
pmol/L, a Sirtl inhibitor) for 1 h. NF-xB activity was then
analyzed by luciferase reporter assay.

Cells were treated as described above for 24 h, and the NOx
(NO;+NOy,") content of the supernatant was determined by
the Griess method.

Cells were treated as described above for 5 d, after which
ALP activity and levels of Runx2 and osteocalcin mRNA were
determined.

MC3T3-E1 cells were treated with a-MEM alone (control),
TNF-a (50 ng/mL), TNF-a with resveratrol (10 pmol/L, a Sirt1
activator), or TNF-a with resveratrol and EX-527 (5 pmol/L,
a Sirtl inhibitor) for 4 h, after which the rate of cell apoptosis
was measured.

Construction of recombinant adenoviruses

A Sirtl-overexpressing adenovirus was constructed according
to the method described by Lee et al'®. Briefly, mouse Sirt1
c¢DNA was cloned into Kpnl and Xhol sites of the pENTR 2B
vector (Invitrogen), and the Sirtl cDNA insert was then trans-
ferred to the pAd/CMV/V5-DEST vector (Invitrogen). The
plasmids were linearized with Pacl (Promega, Madison, WI)
and were transfected into 293A cells using Lipofectamine 2000.
As a control, the pAd/CMV/V5-GW/lacZ vector (Invitrogen)
was used to produce a lacZ-bearing adenovirus.

Sirtl deacetylase activity assay

Cells were homogenized in 100 puL of CytoBuster Protein
Extraction Buffer (Invitrogen). Enzyme activity was then mea-
sured using a fluorescence-based deacetylase activity kit (Mil-
lipore, Bedford, MA, USA).

Apoptosis assay

Cells were seeded into a 6-well plate and treated with the
indicated reagents for 4 h. After treatment, the cells were
washed with PBS and lysed for 30 min at 4°C with lysis buf-
fer. The expression levels of cleaved and total caspase-3 were
determined by Western blot analysis. The ratio of cleaved cas-
Ppase-3 to total caspase-3 was used as the marker of apoptosis.

Measurement of ALP activity

The induction of ALP is an unequivocal marker of bone cell
differentiation. To measure the ALP activity, the cells were
seeded into a 12-well plate and treated with the indicated
reagents for 5 d. After treatment, cultured osteoblasts were
washed with PBS and then lysed with buffer containing 0.9%
NaCl, 0.6% Tris, 1 mmol/L EGTA, 1% NP-40, and 0.25%
deoxycholate dissolved in RIPA buffer at 4 °C for 30 min.
Cell lysates were then sonicated in an ice bath, centrifuged
at 1500xg for 5 min, and mixed with buffer containing 0.1
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mol/L 2-amino-2-methyl-1-propanol, 1 mmol/L MgCl,, and 8
mmol/L p-nitrophenyl phosphate disodium. After incubation
at 37°C for 20 min, the reaction was halted with 0.1 mol/L
NaOH, and the absorbance was read at 405 nm. A standard
curve was prepared using p-nitrophenol. Data were normal-
ized to the concentration of total protein.

RNA purification and quantitative RT-PCR analysis

MC3T3-E1 cells were plated at 100000 cells per well in 6-well
plates and treated with the indicated reagents for 5 d. After
treatment, total RNA was isolated with the Rneasy RNA
purification kit (Qiagen, Solna, Stockholm, Sweden). A total
of 1 mg RNA was reverse transcribed to cDNA using Super-
script II (Invitrogen, Stockholm, Sweden) according to the
manufacturer’s protocol. Gene transcription levels of Runx2
(5"-GCCGGGAATGATGAGAACTA-3"; 5-GGTGAAACTCT-
TGCCTCGTC-3") and osteocalcin (5'-GCCATCACCCT-
GTCTCCTAA-3; 5-GCTGTGGAGAAGACACACGA-3) were
analyzed by quantitative PCR using gene-specific primers
and a SYBR Green Supermix (Bio-Rad, Hercules, CA). PCR
reactions were performed under the following conditions:
initial denaturation of one cycle at 95°C for 10 min, followed
by amplification at 95°C for 30 s, 55°C for 30 s, and 72°C for
30 s, for a total of 35 cycles. The housekeeping gene, -tubulin
(5"-CTGCTCATCAGCAAGATCAGAG-3'; 5-GCATTATAG-
GGCTCCACCACAG-3'), was used as an endogenous control.
Data analysis was performed using Ct values normalized to
B-tubulin expression.

Western blot analysis

Osteoblasts were seeded onto 6-well plates at a density of
1x10° cells/well. After incubation with a test reagent, the cells
were washed with PBS and lysed for 30 min at 4°C with lysis
buffer. Protein suspensions were loaded and resolved on a
10% SDS-PAGE and were then transferred to a polyvinylidene
difluoride (PVDF) membrane (Perkin-Elmer, Norwalk, CT,
USA). Sirtl, iNOS, eNOS, IxB-a, total caspase-3, and cleaved
caspase-3 were detected using specific antibodies from Santa
Cruz Biotechnology (Santa Cruz, CA; sc-74465, sc-650, sc-654,
sc-1643, sc-7148, and sc-22171, respectively). Detection of
GAPDH using an HRP-conjugated monoclonal antibody
(1:8000 , Sigma) served as a loading control. Reactivity was
visualized using Super Signal West Pico Chemiluminescent
Substrate (Pierce, Rockford, IL, USA).

Determination of nitrite and nitrate (NOx) concentrations

Cells were seeded onto a 12-well plate and treated with the
indicated reagents for 24 h. After treatment, the supernatants
were collected, and the levels of NOx, which are the stable end
products of NO, were measured using a Total Nitrite/Nitrate
Assay kit (Dojindo, Kumamoto, Japan), which employs the
Griess method.

NF-kB luciferase assay
NF-xB activity was measured using an NF-xB luciferase assay.
Cells were seeded onto 24-well culture plates at 2x10* cells/
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well. Cells were incubated for 1 h with plasmids (85 ng of
NF-kB-dependent luciferase reporter and 85 ng of pcDNA3-p-
gal), 1 pL of Tfx-50 reagent (Promega), and 200 pL of serum-
free RPMI-1640. After 1 h, 800 pL of RPMI-1640 contain-
ing FBS was added, and the cells were incubated for 24 h.
Cells were then treated with the indicated reagents for 1 h.
Luciferase activity was measured using a luciferase assay sys-
tem and normalized against 3-galactosidase activity.

MC3T3-E1 cells were transfected with Ad-Sirtl or Ad-lacZ
for 12 h. Cells were then treated as described above to assay
for NF-kB activity after treatment with TNF-a (5.0 ng/mL).

Statistical analysis

The in vitro experiments were performed at least three times,
and each experiment was performed with replicates. Data are
expressed as the mean+SD. The significance level was deter-
mined by the Student’s t-test. A difference was considered to
be statistically significant at P<0.05.

Results

Effect of TNF-a on Sirt1 expression in MC3T3-E1 cells

To investigate the involvement of Sirtl protein in TNF-a-
induced cytotoxicity in osteoblasts, we examined Sirtl
expression levels in response to TNF-a. Western blot analy-
sis showed that incubation with TNF-a (0, 2.5, 5.0, and 10.0
ng/mL) resulted in a reduction of Sirtl protein expression in
osteoblasts (Figure 1).
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Figure 1. The effect of TNF-a on Sirtl expression in MC3T3-E1 cells.
MC3T3-E1 cells were cultured with an increasing concentration of TNF-
(2.5, 5.0, and 10 ng/mL) for 24 h. Western blot results and responding
quantification of Sirt1 were displayed. GAPDH, glyceraldehyde phosphate
dehydrogenase. The group without stimulation of TNF-a served as control.
The ratio of Sirt1 to GAPDH of other groups was normalized to the control.
°P<0.05 vs control.

Overexpression of Sirtl protein in MC3T3-E1 cells

To gain insights into the function of Sirtl in osteoblasts, Sirtl
was overexpressed using a recombinant adenovirus. Trans-
fection of osteoblasts with Ad-Sirtl markedly increased Sirtl
protein levels (Figure 2A). Sirtl deacetylase activity was also
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A Ad-lacZ Ad-Sirtl Effect of Sirt1 overexpression on TNF-a-induced NF-kB activation
We investigated the effects of Sirtl overexpression on NF-xB
Sirt1 * signaling in MC3T3-E1 cells. Degradation of IxBa induced by

TNF-a (5.0 ng/mL) was partially blocked by Sirtl overexpres-
sion (Figure 4A). As demonstrated by the luciferase reporter
GAPDH NN — assay, TNF-a (5.0 ng/mL) increased the activity of NF-«xB
in MC3T3-E1 cells. This increase was also partially blocked
by Sirtl overexpression (Figure 4B). Without TNF-a treat-
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Figure 2. Sirt1 protein was overexpressed by transfecting MC3T3-E1 cells GAPDH b.”

with Ad-Sirtl adenovirus. MC3T3-E1 cells were transfected with Ad-Sirtl =
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Figure 3. The effect of Sirt1l overexpression on TNF-a-induced cell injury in MC3T3-E1 cells. After successfully transfected with Ad-Sirtl or Ad-lacz, two
groups of cells were stimulated with TNF-a, the apoptosis (Western blot results and responding quantification of cleaved caspase-3 and caspase-3, A),
ALP activity (B), and mRNA levels of Runx2 (C) and osteocalcin (D) were assessed. ALP, alkaline phosphatase; Runx2, runt-related transcription factor 2.
®P<0.05 vs Ad-lacZ cells. °P<0.05 vs TNF-o-treated Ad-lacZ cells.
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Effect of Sirtl overexpression on TNF-a-induced NO production
and iNOS protein expression

In this study, incubation of osteoblasts with TNF-a (5.0
ng/mL) led to an increase in iNOS expression. To define the
link between TNF-a and iNOS expression, we investigated
downstream signaling pathways of TNF-a, which primarily
activates the JNK and NF-xB pathways"”?. BAY-11-7082, an
NF-«B inhibitor, and SP600125, a JNK inhibitor, were used to
block activation of NF-xB and JNK, respectively. Data showed
that TNF-a-induced iNOS expression was inhibited by BAY-
11-7082 (10 pmol /L) and not by SP600125 (10 pmol/L) (Figure
5A), indicating that the TNF-a-induced increase in iNOS
expression was mediated by the NF-xB pathway and not the
JNK pathway. Because NF-xB activation induced by TNF-a
was inhibited by Sirt]l overexpression, we examined the effect
of Sirtl overexpression on TNF-a-induced iNOS expression.
We found that Sirtl overexpression suppressed the iNOS
induction by TNF-a (5.0 ng/mL) (Figure 5B). Furthermore,
NO production induced by TNF-a (5.0 ng/mL) was also
reduced by Sirtl overexpression (Figure 5C). In untreated
osteoblasts, Sirtl overexpression increased the formation
of NO. Because iNOS is expressed at low levels in a steady
state™, we examined the effect of Sirtl overexpression on the
expression of eNOS in basal conditions and found it to also be
enhanced by Sirt] overexpression (Figure 5D).

Activation of Sirtl by resveratrol attenuated TNF-a-induced cell
injury in MC3T3-E1 cells

Resveratrol (10 pmol/L), a Sirt1 activator, reversed the TNF-a-
induced inhibition of Sirt1 deacetylase activity (Figure 6A) and
activation of NF-kB activity (Figure 6B). We further assessed
the protective effects of resveratrol (10 pmol/L) against cell
injury induced by TNF-a in osteoblasts to complement the
results obtained by using the overexpression approach. Treat-
ment with resveratrol (10 pmol/L) decreased NO formation
(Figure 6C), restored ALP activity (Figure 6D), increased the
expression of both Runx2 (Figure 6E) and osteocalcin mRNA
(Figure 6F), and suppressed apoptosis (Figure 6G) after treat-
ment with TNF-a. Incubation of osteoblasts with EX-527 (5
pmol/L), a Sirtl inhibitor, reversed the effect of resveratrol
on TNF-a-induced cell injury, affirming the role of Sirtl in
TNF-a-induced cell injury.

Discussion
Sirtl, a class III histone/protein deacetylase, interferes with
the NF-xB signaling pathway and thereby has an anti-inflam-

21 Because of the central role of NF-xB in

matory function
cytokine-mediated injury in osteoblasts, we hypothesized
that Sirtl might play a role in osteoblast models of cytokine-
induced cell damage. Our data provide multiple lines of evi-
dence that Sirtl has a protective effect against TNF-a-induced
cell injury in osteoblast cells. First, treatment of osteoblast
cells with TNF-a decreased Sirtl protein levels. Second, Sirtl
overexpression attenuated TNF-a-induced cell injury in osteo-
blasts. Third, Sirtl overexpression suppressed the TNF-a-

induced NF-xB activation, reduced iNOS expression, and
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Figure 5. Effect of Sirt1 overexpression on TNF-a-induced NO production
and iNOS protein expression. Cells were treated with BAY-11-7082 (10
umol/L, an NF-kB inhibitor) or SP600125 (10 umol/L, a JNK inhibitor)
in the absence or presence of TNF-a (5.0 ng/mL) for 24 h. The iNOS
expression was assayed by Western blotting analysis (A). Control or
Sirt1-overexpressing osteoblastic cells were cultured in the absence or
presence of TNF-a (5.0 ng/mL) for 24 h. Then, the iINOS expression was
assayed by Western blotting analysis (B) and NO formation was detected
by the Griess method (C). Control or Sirt1-overexpressing osteoblastic
cells were cultured and eNOS expression was assayed by Western
blotting analysis (D). NOx, nitrite and nitrate; iNOS, inducible nitric oxide
synthase; eNOS, endothelial nitric oxide synthase; GAPDH, glyceraldehyde
phosphate dehydrogenase. °P<0.05 vs Ad-lacZ cells. °P<0.05 vs TNF-a-
treated Ad-lacZ cells.

reduced NO formation in the osteoblast cells. Fourth, the Sirtl
activator, resveratrol, mimicked the protective effects of Sirtl
overexpression against TNF-a-induced cell injury in osteo-
blasts. These data suggest that Sirtl plays a cytoprotective
role against TNF-a in osteoblast cells, at least in part, by sup-
pressing NF-xB activity.

We first showed that Sirtl protein levels were decreased in
osteoblast cells by treatment with TNF-a. A recent report by
Takayama et al™ showed that Sirt1 protein levels were down-
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Figure 6. The effect of resveratrol on TNF-a-induced cell injury in MC3T3-E1 cells. Cells were treated with a-MEM (control), TNF-a (5 ng/mL),
TNF-a+Resveratrol (10 pmol/L, a Sirt1 activator), TNF-a+Resveratrol+EX-527 (5 pymol/L, a Sirt1 inhibitor). Sirtl deacetylase activity (A), Luciferase
activity (B), supernatant NOx content (C), ALP activity (D), and expressions of Runx2 (E) and osteocalcin (F), apoptosis (Western blot results and
responding quantification of cleaved caspase-3 and caspase-3, G), were assessed. NOx, nitrite and nitrate; ALP, alkaline phosphatase; TNF-a, tumor
necrosis factor alpha; Res, Resveratrol. °P<0.05 vs control. °P<0.05 vs only TNF-a-treated cells. "P<0.05 vs TNF-a+Resveratrol-treated cells.

regulated by various stresses, including nutritional stress, cat-
abolic stress, and mechanical shear stress in human chondro-
cytes. Together with our findings, these data suggest that Sirt1
might be involved in the modulation of osteoporosis induced
by inflammation or other factors. However, TNF-a induced
elevated expression of Sirtl in vascular smooth muscle cells®.
Thus, the underlying mechanisms of these contradictory
observations in different cell types require further investiga-
tion.

Several cytokines can regulate inflammatory responses in
osteoblast cells by modulating the NF-«B signaling pathway.
TNF-a, a pro-inflammatory cytokine, has been implicated in
the early events related to osteoblast cell destruction. Suppres-
sion of TNF-a production or blockade of its interaction with
its cellular receptors significantly inhibits deleterious effects
in related osteoporotic diseases® %!, TNF-a activates several
intracellular signaling pathways, including the AP-1 pathway,
the MAPK pathway, and the J]NK pathway in osteoblastic
cells®*. However, to our knowledge, TNF-a exerts deleteri-
ous effects primarily through the NF-«B signaling pathway
in osteoblastic cells® . Because NF-kB is a molecular target
of Sirt1®* *!, we investigated the influence of the overexpres-
sion of Sirtl on NF-xB signaling pathways in TNF-a-treated
osteoblasts. As expected, Sirtl overexpression suppressed the

NF-xB activity induced by TNF-a. In addition, treatment with
resveratrol, a Sirtl activator, also attenuated TNF-a-induced
cell injury, which was, at least in part, due to activation of Sirtl
deacetylase and subsequent inhibition of NF-kB activity.

Sirtl overexpression also blocked the TNF-a-induced
expression of iNOS and formation of NO. Activation of the
iNOS system has been shown to partly mediate inflammation-
induced osteoporosis"®. High concentrations of NO, such
as those observed after stimulation with pro-inflammatory
cytokines, not only mediate cytokine-induced apoptosis”! but
also have potent inhibitory effects on osteoblast growth and
differentiation® * %!, Therefore, Sirtl exerted its protective
role against TNF-q, at least in part, through suppressing iNOS
protein expression downstream of NF-kB.

In conclusion, overexpression of Sirtl protects osteoblasts
against TNF-a-induced cell injury, at least in part, by repress-
ing NF-xB activity and genes downstream of NF-xB, including
iNOS. Our results suggest that Sirt1 is a novel therapeutic tar-
get for treating inflammation-related bone loss.
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