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Background: Sirt-1 has been linked to transcriptional silencing and appears to play a key role in inflammation.
Results: Transfection of tenocytes with antisense oligonucleotides against Sirt-1-induced inflammation and apoptosis.
Conclusion: Sirt-1 can regulate p53 and NF-�B activity via deacetylation.
Significance: Down-regulation of Sirt-1 by mRNA interference abrogated the effect of resveratrol on p53 and NF-�B
suppression.

Tendon overuse injuries and tendinitis are accompanied by
catabolic processes and apoptosis of tenocytes. However, the
precise molecular mechanisms of the destructive processes in
tendon are not fully understood. Sirt-1, a nicotinamide adenine
dinucleotide (NAD�)-dependent deacetylase, has been linked
to transcriptional silencing and appears to play a key role in
inflammation. The purpose of this study was to examine
whether down-regulation of Sirt-1 using antisense oligonucleo-
tides (ASO) affects inflammatory and apoptotic signaling in
tenocytes. Transient transfection of tenocytes with ASO against
Sirt-1 induced expression of Bax and other proteins involved in
apoptosis (cleaved caspase-3 and poly(ADP-ribose)poly-
merase), acetylation of tumor suppressor p53, and mitochon-
drial degradation. Interestingly, Sirt-1 was found to interact
directly with p53. In contrast, Sirt-1 activator resveratrol inhib-
ited interleukin-1� (IL-1�)- and nicotinamide-induced NF-�B
activation and p65 acetylation and suppressed the activation of
I�B-� kinase. Resveratrol also reversed the IL-1�- or nicotin-
amide-induced up-regulation of various gene products that
mediate inflammation (cyclooxygenase-2) and matrix degrada-
tion (matrix metalloproteinase-9) that are known to be regu-
lated by NF-�B. Knockdown of Sirt-1 by using ASO abolished
the inhibitory effects of resveratrol on inflammatory and apo-
ptotic signaling including Akt activation and SCAX suppres-
sion. Down-regulation of histone deacetylase Sirt-1 by mRNA
interference abrogated the effect of resveratrol on NF-�B sup-
pression, thus highlighting the crucial homeostatic role of this
enzyme. Overall, these results suggest for the first time that
Sirt-1 can regulate p53 and NF-�B signaling via deacetylation,
demonstrating a novel role for resveratrol in the treatment of
tendinitis/tendinopathy.

Tenocytes are specialized, fibroblast-like cells of mesenchy-
mal origin that constitute the cellular component of periartic-

ular tendons. They play an important role in producing extra-
cellular matrix and in initiating regenerative responses
following injury or degeneration. The poor vascularization of
tendon seems to be amajor reason for its limited healing capac-
ity (1). Overuse tendon injury and tendinopathies are a growing
problem in sportsmedicine and orthopedic practice that affects
a large proportion of the agingWestern population (2, 3). They
have a major influence on quality of life for the general popula-
tion and competitive athletes (4).
It has been reported that tenocytes undergo apoptosis in

response to hypoxia, oxidative stress, or excessive tensile load
(5). Moreover, it has been reported and shown that the genes
for the majority of the proinflammatory proteins are regulated
by the nuclear transcription factor NF-�B (6, 7). The overex-
pression of catabolic enzymes by proinflammatorymediators is
initiated by a set of proinflammatory signaling pathways.
Among them, the activation of NF-�B is critical in the patho-
physiology of tendinitis (8). Thus, agents that suppress the
expression of inflammatory mediators and the activation of
NF-�B have potential for the treatment of tendinopathy.
Treatment of tendon lesions, either primary traumatic or

degenerative tendinopathies, is often hampered by contradic-
tory descriptions of the underlying pathologic changes, with a
limited repertoire of successful and evidence-based treatments
(9). Most treatment strategies, such as the use of non-steroidal
anti-inflammatory agents (NSAID) are only able to improve the
symptoms. In contrast, other anti-inflammatory agents based
on naturally occurring substances, such as resveratrol or curcu-
min, might actually improve healing. Numerous agents derived
from plants can suppress inflammatory cell signaling interme-
diates (10–12). Furthermore, Aggarwal et al. (10) have shown
the inhibition of the NF-�B pathway by naturally occurring
anti-inflammatory agents, such as resveratrol or curcumin.
Interestingly, these two compounds proved to be the most
potent anti-inflammatory and anti-proliferative agents of all
agents tested in this study (10).
Resveratrol is a naturally occurring polyphenolic compound

that is highly enriched in grapes, red wine, peanuts, and a wide
variety of other food sources (10). It is known to have anti-
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inflammatory, anti-oxidant, anti-viral, and neuroprotective
properties (13) and acts as a cancer chemopreventive and che-
motherapeutic agent (14). Studies have shown that resveratrol
is implicated in the regulation of a variety of cellular responses
such as cell cycle arrest, differentiation, and apoptosis in vari-
ous cancer cell lines (11, 15). Furthermore, resveratrol was
identified as a potent activator of Sirtuin activity (16) and addi-
tionally as an inhibitor of NF-�B transcription (14, 17, 18).
Antisense oligonucleotides (ASO)2 can be used to selectively

down-regulate the translation of target genes (19). Several
ASO-based drugs have been developed as gene-silencing ther-
apeutic agents for use in clinical trials and the treatment of
diseases such as cancer (20, 21). Thus far there have been no in
vitro studies on the effects of ASO against Sirt-1 in the context
of tendon biology.
We hypothesize that transcriptional and pharmacological

modulation of Sirt-1 regulates inflammation in tendon. To test
this hypothesis, we exploited an in vitro model of tendinitis to
study the effects of targeting Sirt-1withASOonp53 andNF-�B
signaling pathways in human tenocytes.

EXPERIMENTAL PROCEDURES

Antibodies—Acetylated lysine (Ac-K-103) antibody was pur-
chased from Cell Signaling Technology (Danvers, MA). Anti-
bodies to MMP-9 and to anti-active caspase-3 were obtained
from R&D Systems, Inc. (Heidelberg, Germany). Monoclonal
anti-PARP (poly(ADP-ribose)polymerase) antibodies were
purchased from BD Biosciences. Cyclo-oxygenase-2 antibody
was obtained from Cayman Chemical (Ann Arbor, MI). Anti-
bodies to phospho-Akt were obtained from Biocarta (Ham-
burg, Germany). Antibodies to �-actin were from Sigma.
Antibodies to p53 and Bax were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Polyclonal anti-scleraxis (SCXA)
and polyclonal anti-Sirt-1 were obtained from Abcam PLC
(Cambridge, UK). Antibodies against phospho-specific I�B�
(Ser-32/36), p65, and phospho-specific p65 (Ser-536) were
obtained fromCell Technology (Beverly, MA). Anti-I�B kinase
(anti-IKK)-� and (anti-IKK)-� antibodies were obtained from
Imgenex (Hamburg, Germany). Secondary antibodies for
immunofluorescence were purchased from Dianova (Ham-
burg, Germany). Alkaline phosphatase-linked sheep anti-
mouse and sheep anti-rabbit secondary antibodies for immu-
noblotting were purchased from Millipore (Schwalbach,
Germany). All antibodies were used at concentrations and dilu-
tions recommended by the manufacturer (dilutions ranged
from 1:100 for immunomorphological experiments to 1:10,000
for Western blot analysis).
Growth Media, Chemicals, and Cytokines—Growth medium

(Ham’s F-12/Dulbecco’s modified Eagle’s medium (50:50) sup-
plementedwith 10% fetal calf serum, 25�g/ml ascorbic acid, 50
IU/ml streptomycin, 50 IU/ml penicillin, 2.5 �g/ml amphoter-
icin B, essential amino acids, and L-glutamine) was obtained

from Seromed (Munich, Germany). Trypsin/EDTA (EC
3.4.21.4) was purchased from Sigma. Epon was obtained from
Plano (Marburg, Germany). Nicotinamide, protein A/G-Sep-
harose beads, and resveratrol with purity greater than 98% was
purchased from Sigma. A 100 mM stock solution of resveratrol
(Mr 228.2) was prepared in ethanol and further diluted in cell
culture medium for working concentrations. The maximum
final concentration of ethanol in culture was less than 0.1% and
had no cytotoxic effects. IL-1� was obtained from Acris Anti-
bodies GmbH (Herold, Germany).
Antisense and Lipofectin-mediated Transfection—The Sirt-1

antisense sequences used in these experiments were designed
using a computational neural network mode (55). Tenocytes
were plated in 3-cm2 tissue culture dishes or in a 4-well glass
plate at a concentration of 2 � 105 cells/dish or 1 � 104 cells/
well and were grown to confluence. All transfection experi-
ments were carried out on 50% confluent monolayer cultures.
Phosphorothioate-specific oligonucleotides (21-mer) in anti-
sense (ASO) (sequence 5�-GTATTCCACATGAAACAGACA-
3�) corresponding to Sirt-1 mRNA and control 21-mer sense
oligonucleotides (SO) (sequence 5�-TGTCTGTTTCATGTG-
GAATAC-3�) were synthesized by eurofins (mwg/operon,
Ebersberg,Germany). All ASOand SOwere phosphorothioate-
modified to protect them from the cell nucleases. Subconfluent
tenocytes were transfectedwithASOor SOby use of Lipofectin
reagent (Invitrogen) according to the manufacturer’s instruc-
tions by using 0.2, 0.5, 1, 5, and 10 �M antisense or sense in
serum-starved medium for 24 h.
Electron Microscopy—Transmission electron microscopy

was performed as previously described (50). Briefly, tenocytes
cultures were fixed for 1 h in Karnovsky’s fixative and then
post-fixed in 1%OsO4 solution. After dehydration, pellets were
embedded in Epon, and ultrathin cutsweremade on aReichert-
Ultracut E. and contrasted with a mixture of 2% uranyl acetate/
lead citrate. A transmission electron microscope (Zeiss, Jena,
Germany) was used to examine the cultures. To quantify apo-
ptosis or cells with mitochondrial changes, the number of cells
exhibiting typical morphological features of apoptotic cell
death was determined by scoring 100 cells from 20 different
microscopic fields per culture, and the number of apoptotic
cells was expressed as an indicator of tenocyte culture
degradation.
ImmunofluorescenceAnalysis of Sirt-1—The effect of specific

Sirt-1 ASO or SO on the Sirt-1 expression was investigated by
an immunocytochemical method as previously described in
detail (51). Briefly, the tenocytes were cultured in 4-well glass
plates and incubated for 24 h. Serum-starved cells were treated
with 0.5 �M ASO or SO and 10 �l/ml Lipofectin for 24 h in
serum-starved medium. Glass plates were rinsed 3 times in
Hanks’ solution (PBS) before methanol fixation and permeabi-
lization of the cells for 1 h at ambient temperature (AT). Cells
were rinsed 3 times with a mixture of protease-free bovine
serum albumin (BSA) and PBS for 10 min at AT and then incu-
bated with primary antibodies (Sirt-1, 1:30 in PBS/BSA) in a
humid chamber overnight at 4 °C. They were gently washed
several times with PBS/BSA before incubation with rhoda-
mine-red conjugated secondary antibody for 1.5 h at AT and
finally washed again 3 times with aqua dest. Counter-staining

2 The abbreviations used are: ASO, antisense oligonucleotide; SO, sense oli-
gonucleotide; PARP, poly(ADP-ribose)polymerase; SCXA, scleraxis; AT,
ambient temperature; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide; IKK, I�B kinase; HDAC, histone deacetylase; NA,
nicotinamide; MC, mitochondrial changes.
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was performed with DAPI to visualize the cell nuclei. Samples
were evaluated under light microscope (Leica, Germany), and
photomicrographs were digitally stored.
Immunoprecipitation and Immunoblotting—A detailed

description of the technique used for the following experiments
has been previously published (52, 53). Briefly, tenocytesmono-
layer cultures were rinsed in PBS, and the proteins were
extracted with lysis buffer (50 mM Tris/HCl (pH 7.2), 150 mM

NaCl, l% (v/v) Triton X-100, 1 mM sodium orthovanadate, 50
mM sodium pyrophosphate, 100 mM sodium fluoride, 0.01%
(v/v) aprotinin, pepstatin A (4 �g/ml), leupeptin (10 �g/ml),
and 1mMphenylmethylsulfonyl fluoride (PMSF)) for 30min on
ice. After adjusting the total protein concentration, samples
were separated by SDS-PAGE (5, 7.5, or 12% gels) under reduc-
ing conditions. For immunoprecipitation, the extracts were
precleared by incubating them first with 25 �l of either normal
rabbit IgG serum or normal mouse IgG-serum and Staphylo-
coccus aureus cells, then with primary antibodies diluted in
wash buffer (0.1% Tween 20, 150 mM NaCl, 50 mM Tris-HCl
(pH 7.2), 1 mM CaCl2, 1 mM MgCl2 and 1 mM PMSF) for 2h at
4 °C, and finally with S. aureus cells for 1h at 4 °C. Control
immunoprecipitation experiments were performed by incubat-
ing the sampleswith non-immune rabbit anti-mouse IgG alone.
S. aureus cells were washed 5 times with wash buffer and once
with 50 mM Tris-HCl (pH 7.2) and then boiled in SDS-PAGE
sample buffer. Separated proteins were transferred to nitrocel-
lulose membranes and incubated in blocking buffer (5% (w/v)
skimmed milk powder in PBS, 0.1% Tween 20) for 1 h at AT.
Membranes were incubated overnight with the first antibody
diluted in blocking buffer at 4 °C on a shaker, washed 3 times
with blocking buffer, and then incubated with the secondary
antibody conjugated with alkaline phosphatase for 90 min at
AT. Membranes were rinsed with blocking buffer and then
washed 3 times in 0.1 M Tris (pH 9.5) containing 0.05 M MgCl2
and 0.1 MNaCl. Specific antigen-antibody complexes were ren-
dered visible using nitro blue tetrazolium and 5-bromo-4-
chloro-3-indoylphosphate (p-toluidine salt; Pierce) as the sub-
strates for alkaline phosphatase. Total protein concentration
was determined according to the bicinchoninic acid system
(Pierce) using bovine serum albumin as a standard. Specific
binding was quantified by densitometry using “quantity one”
(Bio-Rad).
Cell Viability Assay—Tenocytes were seeded in 96-well

plates, allowed to attach for 24 h, and transfected with various
concentrations of SOorASO for another 24 h. Cell viability was
determined by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT kit from Sigma) uptake
method as previously described (54). Briefly, for the cell viabil-
ity and proliferation assay, 5000 tenocytes were cultured for
24 h and then treated with 10 ng/ml IL-1�, 10�l/ml Lipofectin,
0.2, 0.5, 1, 5, and 10�MSOorASO for 24 h or left untreated and
evaluated after 24 h at 37 °C. Final samples were adjusted in a
final volume of 0.1 ml and incubated for 24 h at 37 °C, then
examined for cell number. One hundredmicroliters ofmedium
and 10�l ofMTT solution (5mg/ml PBS, sterile) were added to
each well and incubated for 4 h at 37 °C, 5%CO2. Subsequently,
100 �l of 10% SDS (w/v) in 0.01 M HCl was added, and the
samples were further incubated for 18 h. The absorbance was

measured at 570/630 nm with a 96-well plate reader (Bio-Rad).
Absorbance values were normalized to the values obtained
from untreated cells as a base-line value. The assay was per-
formed in triplicate, and the results are provided as the mean
values with S.D. from three independent experiments.
Apoptotic Assay—Serum-starved tenocytes were exposed to

10 ng/ml IL-1� alone, 10 �l/ml Lipofectin, 0.2, 0.5, 1, 5, and 10
�MSOorASO for 24 h or left untreated and evaluated after 24 h
at 37 °C. Ultrathin sections of the samples were prepared and
evaluated with an electron microscope (TEM 10, Zeiss, Jena,
Germany). For statistical analysis, the number of cells with
morphological features of apoptotic cell death was determined
by scoring 100 cells from 20 different microscopic fields.
Immune Complex Kinase Assay—To examine the effect of

resveratrol on IL-1�-, NA-, SO-, and ASO-induced IKK activa-
tion, immune complex kinase assays were performed as previ-
ously described (22). Briefly, the IKK complexwas immunopre-
cipitated from cell lysates with antibodies against IKK-� and
IKK-� and subsequently incubated with protein A/G-agarose
beads (Pierce). The beads were washed with lysis buffer and
resuspended in a kinase assay solution containing 50 mM

HEPES (pH 7.4), 20 mM MgCl2, 2 mM dithiothreitol, 10 �M

unlabeled ATP, and 2 mg of the IKK substrate GST-I�B�
(amino acids 1–54) and incubated at 30 °C for 30 min. Enzy-
matic activity of IKK was assessed by phosphorylation of GST-
I�B� using a specific antibody against phospho-specific I�B�.
To demonstrate the total amounts of IKK-� and IKK-� in each
sample, whole cell lysates were transferred to a nitrocellulose
membrane after SDS-PAGE. Detection of IKK-� and IKK-�
was performed by immunoblotting with either anti-IKK-� or
anti-IKK-� antibodies.
Statistical Analysis—Numerical data are expressed as the

mean values (�S.D.) for a representative experiment per-
formed in triplicate. Themeanswere compared using Student’s
t test assuming equal variances. Differences were considered to
be statistically significant if the p value was less than 0.05.

RESULTS

Specific ASO against Sirt-1 in Human Tenocytes Leads to
Decreased Sirt-1 Expression in Monolayer Culture as Revealed
by Immunofluorescence Microscopy

Human tenocytes either served as controls or were trans-
fected with 0.5 �M SO or ASO in the presence of Lipofectin for
24 h, and resistant colonies were collected. The collected teno-
cytes were subjected to immunolabeling with Sirt-1 antibodies
and rhodamine-coupled secondary antibodies. Counterstain-
ing was performed with DAPI to visualize the cell nuclei.
Immunofluorescence microscopy showed that treatment of
human tenocytes with Sirt-1 ASO (Fig. 1) but not with control
SO (Fig. 1) specifically knocked downSirt-1 protein levels in the
nuclei of the cells. Images shown are representative of three
independent experiments.

Inhibition of Sirt-1 by ASO Specifically Reduces Sirt-1 Protein
Levels in Human Tenocytes

Cells were treated with different concentrations of Sirt-1 SO
or ASO (0.2, 0.5, 1, 5, 10 �M) in the presence of Lipofectin for
24 h. Whole cell lysates (500 ng/lane) were fractionated and
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analyzed by immunoblotting using anti-Sirt-1 and anti-�-actin
antibodies (Fig. 2A). Sirt-1 control peptide (Co Pep) was used as
a control for antibody specificity. Relative density of Sirt-1 is
presented in Fig. 2B. Densitometric evaluation was performed
in triplicate, and the results are provided as the mean values
with S.D. from three independent experiments. As demon-
strated in bothWestern blot and densitometry, treatment with
ASO clearly down-regulated levels of Sirt-1 protein in a dose-
dependent manner. The dosage of 10 �M ASO almost com-
pletely eliminated Sirt-1 protein in the tenocytes. Contrarily,
Lipofectin and Sirt-1 SO treatment had no effect on Sirt-1 pro-
tein levels. They remained comparable with the untreated basal
control, thereby highlighting the specificity of ASO. Expression
of the housekeeping protein �-actin was unaffected.

Down-regulation of Sirt-1 with ASO Induces p53 Acetylation
and Bax Expression

Sirt-1 deacetylates and inactivates p53 protein and through
that inhibits p53-dependent apoptosis in response to stress (23,
24). Co-immunoprecipitation studieswere carried out to deter-
mine the relationship between Sirt-1 and p53 in tenocytes and
whether Sirt-1 may either promote or inhibit p53 by deacetyla-
tion in tenocytes.

We next examined whether specific antisense oligonucleo-
tides against Sirt-1 induced p53 acetylation, tenocytes were
transfected with SO or ASO (0.2, 0.5, 1, 5, 10 �M) derived from
the nucleotide sequence coding upstream part of the catalytic
domain of Sirt-1 protein in the presence of Lipofectin for 24 h.
Immunoprecipitation with anti-p53 antibody and subsequent
Western blotting with anti-acetyl lysine and anti-p53 antibod-
ies revealed that ASO induced p53 acetylation in a dose-depen-
dent manner with the strongest effect at 10 �M in the tenocytes
(Fig. 3A). In contrast, Lipofectin and Sirt-1 SO treatment had
no effect on p53 protein acetylation, suggesting the higher
acetylated content of p53 protein is related to down-regulated
Sirt-1 expression and p53 could be a substrate for Sirt-1
deacetylase in tenocytes.
To further examine the effect of down-regulation of Sirt-1 on

p53 downstream gene products, the expression of the pro-apo-
ptotic Bax protein was probed byWestern blot. Bax expression
was examined after treatment of the cells with different con-
centrations of Sirt-1 SO or ASO (0.2, 0.5, 1, 5, 10 �M) in the
presence of Lipofectin for 24 h. As shown in Fig. 3A, the level of
Bax increased steadily with increasing ASO concentration, but
no Bax was detected in Lipofectin- or SO-treated cells. Taken
together, these results suggest that down-regulation of Sirt-1 in
tenocytes can activate p53 and up-regulate the expression of
p53 downstream target genes. Furthermore, the increase in p53
acetylation levels in response to Sirt-1 knockdown may
enhance apoptosis in tenocytes.

Down-regulation of Sirt-1 with ASO Leads to Cleavage of
Caspase-3 and PARP

To examine whether the increase in acetylated p53 and
downstream pro-apoptotic protein Bax by down-regulation of
Sirt-1 with ASO leads to further apoptotic signaling via
caspase-3 and PARP cleavage, human tenocytes in monolayer
were treated with different concentration of SO or ASO (0.2,
0.5, 1, 5, 10 �M) as described above. The cells were lysed and
submitted to immunoblotting with antibodies against activated
caspase-3 and PARP as well as �-actin. Fig. 3B demonstrates
cleavage of caspase-3 and PARP in cells treatedwith Sirt-1ASO
at all concentrations, whereas there were no signs notable in
basal control, Lipofectin- and SO-treated cells. Expression of
the housekeeping protein �-actin remained unaffected. These
results indicate that Sirt-1 down-regulation by ASO in teno-
cytes induces apoptosis via caspase-3 and PARP activation.

Down-regulation of Sirt-1 with ASO Inhibits Sirt-1/p53
Interaction

Based on our results that down-regulation of Sirt-1withASO
led to increased acetylation of tumor suppressor protein p53,
we next wanted to prove if p53 is a direct substrate for Sirt-1
deacetylation in tenocytes. Monolayer cultures were treated
with different concentrations of SO or ASO (0.2, 0.5, 1, 5, 10
�M) in the presence of Lipofectin for 24 h. Whole cell lysates
were immunoprecipitated for Sirt-1 and then probed for p53 by
Western blotting or vice versa (Fig. 4). Interestingly, in samples
immunoprecipitated for Sirt-1, virtually no p53 could be
detected if cells had been treatedwithASO. In contrast, control
and Lipofectin- and SO-treated cells revealed considerable

FIGURE 1. Sirt-1 expression and localization in human tenocytes in mono-
layer culture after treatment with specific ASO against Sirt-1 examined
by immunofluorescence microscopy. Human tenocytes were either trans-
fected with 0.5 �M SO or ASO in the presence of transmembranous carrier
Lipofectin (10 �l/ml) for 24 h or were left untreated (Co-IF, without primary
antibody; Co, with primary antibody). For immunolabeling, cells were incu-
bated with antibodies against Sirt-1 followed by incubation with rhodamine-
coupled secondary antibodies and counterstaining with DAPI to visualize the
cell nuclei. Images shown are representative of three independent experi-
ments. a– h, �160. Co-IF, co-immunofluorescence.
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amounts of p53, suggesting that p53 is directly connected to
Sirt-1. Similarly, in samples immunoprecipitated for p53, Sirt-1
protein was strongly diminished if the tenocytes had been
treated with ASO compared with levels of Sirt-1 in control or
Lipofectin- or SO-treated cells. These results clearly demon-
strate that the two proteins directly interact with each other
and that p53 is a substrate for Sirt-1 deacetylation in tenocytes.

Down-regulation of Sirt-1 with ASO Induces Mitochondrial
Changes and Apoptosis in Human Tenocytes in Vitro
To see whether the down-regulation of Sirt-1 mRNA and

protein expression leads to increased cell damage and death of
tenocytes after ASO treatment, we examined cell morphology
by transmission electron microscopy for cell viability and apo-
ptosis. Untreated (Fig. 5Aa) or Lipofectin-treated (Fig. 5Ab)

FIGURE 2. Western blot analysis and densitometric evaluation of Sirt-1 expression in human tenocytes in monolayer culture after treatment with
different concentrations of specific ASO against Sirt-1. Human tenocytes were either transfected with different concentrations of SO or ASO (0.2, 0.5, 1, 5,
10 �M) in the presence of transmembranous carrier Lipofectin (10 �l/ml) for 24 h or left untreated as basal control (Basal co) or treated with Lipofectin (10 �l/ml)
alone. A, cells were lysed, and Western blot analysis was performed with antibodies against Sirt-1 protein and housekeeping protein �-actin. Sirt-1 control
peptide (Co Pep) served as a control for antibody specificity. B, densitometric evaluation of Sirt-1 expression as revealed by Western blot analysis was performed
in triplicate. The results are provided as mean values with S.D. from at least three independent experiments.

FIGURE 3. Effects of specific ASO against Sirt-1 on activation of tumor suppressor protein p53 and pro-apoptotic proteins Bax, caspase-3m and PARP
in human tenocytes in monolayer culture. Human tenocytes were either transfected with different concentrations of SO or ASO (0.2, 0.5, 1, 5, 10 �M) in the
presence of Lipofectin (10 �l/ml) for 24 h or left untreated as basal control (Basal co) or treated with Lipofectin (10 �l/ml) alone. Whole cell lysates were
immunoprecipitated (IP) for p53 and submitted to Western blot analysis (IB) for detection of acetyl-lysine and p53 or analyzed by Western blotting (IB) with
antibodies against Bax and �-actin (A) or caspase-3, PARP and �-actin (B).
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tenocytes in monolayer cultures showed a typically fibroblast-
like shape with small cytoplasmic processes, a large mostly
euchromatic nucleus with nucleoli and a well structured cyto-
plasm. Monolayer cultured tenocytes treated with SO in vari-
ous concentrations (0.2, 0.5, 1, 5, 10 �M) in the presence of
Lipofectin for 24 h equally exhibited a flattened shape with
numerous microvilli-like cytoplasmic processes and a well
organized cytoplasm comparable with control cells (Fig. 5A,
d–h). In contrast, treatment with the inflammatory cytokine
IL-1� as a positive control revealed substantial degenerative
changes in tenocyte morphology. The cell shapes became
rounded, typical microvilli-like processes disappeared, and
multiple vacuoles aswell as swollen and degenerated cell organ-
elles, especially mitochondria, could be observed. The cell
nuclei contained more condensed heterochromatin, and many
cells became apoptotic (Fig. 5Ac). To test whether the IL-1�-
induced cell degeneration, particularly mitochondrial changes
and apoptosis, is mediated via a Sirt-1-dependent pathway,
serum-starved tenocytes were transfected with ASO against
Sirt-1 in various concentrations (0.2, 0.5, 1, 5, 10 �M) in the
presence of Lipofectin for 24 h. The results clearly showed a
dose-dependent increase in morphological signs of degenera-
tion and degradation (Fig. 5A, i–m). Treatment with 1 �M AS
led to changes such as multiple vacuoles, swelling of rough
endoplasmic reticulum, and clustering of swollen mitochon-
dria as well as degeneration of other cell organelles (Fig. 5Ak).
These included areas of condensed heterochromatin in the cell
nuclei and multiple autophagic cytoplasmic vacuoles. Teno-
cytes exposed to 5 and 10 �M of ASO became more and more
rounded, lost their microvilli-like processes, and underwent
apoptosis (Fig. 5A, l–m).

To confirm the morphological findings and quantify them,
cells displaying severe mitochondrial changes or apoptosis
were counted among 100 cells from 20 microscopic fields. As
shown in (Fig. 5B), Sirt-1-specific ASO compounds effectively
induced cell death in a dose-dependent manner with 92% apo-
ptotic cells at 10 �M, 50% at 5 �M, and 12% at 1 �M ASO com-
pared with untreated cells. Numbers of apoptotic cells treated
with 5 and 10 �M ASO even exceeded those of the positive
control treated with IL-1� by 15 and 57%, respectively. Mito-
chondrial changes and apoptotic cells in control and Lipofec-
tin- and Sirt-1 SO-treated tenocytes as well as in cultures
treated with 0.2 and 0.5 �M of ASO did not change compared

with controls. These results indicate that the down-regulation
of Sirt-1 by ASO can induce severe mitochondrial damage and
apoptotic cell death in a dose-dependent manner.

Down-regulation of Sirt-1 with ASO Affects Cell Viability and
Proliferation of Human Tenocytes in Vitro

Given the specific activity of ASO on the level of Sirt-1
mRNA and protein, we next tested the effects of Sirt-1 down-
regulation on tenocyte viability by using theMTTmethod. The
absorbance was measured at 570/630 nm, and absorbance val-
ueswere normalized to the values obtained fromuntreated cells
as a base-line value. Fig. 5C demonstrates a severe decrease of
20, 50, and 80% in cell viability of tenocytes treated with 1, 5,
and 10 �M of ASO, respectively. Cell viability in IL-1�-treated
cells was decreased by 60%, whereas treatment with Lipofectin
alone or Sirt-1 SO, similar to treatment with ASO at concen-
trations of 0.2 and 0.5 �M, had no or only little effects on cell
viability of the tenocytes.

Knock-down of Sirt-1 with ASO Modulates NF-�B/Akt-
mediated Inflammation and Apoptosis in Human Tenocytes in
Vitro

Tenocytes in monolayer culture were either left untreated or
treated with resveratrol (5 �M), NA (10 mM), IL-1� (10 ng/ml),
or with Sirt-1 SO or ASO (0.5 �M) in the presence of Lipofectin
for 24 h, or cells were pretreated with resveratrol (5 �M) for 1 h
followed by co-treatment with NA (10 mM), IL-1� (10 ng/ml),
Sirt-1 SO, or ASO (0.5 �M) in the presence of Lipofectin for
24 h, or tenocyte cultures were pretreated with resveratrol (5
�M) for 1 h followed by a 1-h treatment with NA (10 mM) or
IL-1� (10 ng/ml) and then transfectedwith either SOorASO in
the presence of Lipofectin for 24 h.
Specific ASO against Sirt-1 Induces Phosphorylation and

Acetylation of NF-�B—Whole cell lysates were immunopre-
cipitated for the p65 subunit of NF-�B and subjected to West-
ern blotting with antibodies against p-p65, anti-acetyl-lysine,
and p65 (Fig. 6A). Although NF-�B subunit p65 was continu-
ously detected in all samples, thereby verifying successful
immunoprecipitation, phosphorylated and acetylated p65were
markedly up-regulated in tenocytes treated with IL-1�, NA, or
ASO alone. Interestingly, this activation of the NF-�B pathway
was of equal intensity regardless of which agent was applied.
This suggests that down-regulation of Sirt-1 on protein levels

FIGURE 4. Effects of specific ASO against Sirt-1 on direct interaction between Sirt-1 and p53. Monolayer cultures of human tenocytes were either
transfected with different concentrations of SO or ASO (0.2, 0.5, 1, 5, 10 �M) in the presence of Lipofectin (10 �l/ml) for 24 h or left untreated as basal control or
treated with Lipofectin (10 �l/ml) alone. Whole cell lysates were immunoprecipitated (IP) for Sirt-1 and subsequently analyzed by Western blotting (IB) with
antibodies against p53 or were immunoprecipitated for p53 and probed for Sirt-1. PARP was examined as a loading control.
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by Sirt-1 inhibitor NA or on mRNA levels by ASO leads to the
sameNF-�B activationmechanisms as pro-inflammatory cyto-
kine IL-1�. Co-treatment with Sirt-1 activator resveratrol
reduced NF-�B activation in IL-1�- and NA-, but not in ASO-
treated cells, indicating that Sirt-1 suppression onmRNA levels
is not reversible by resveratrol and highlighting the crucial role
of Sirt-1 in inhibiting NF-�B pathway.
Resveratrol Inhibits I�B-� Kinase Activity Induced by IL-1�

and NA but Not by ASO against Sirt-1—Whole cell extracts
were immunoprecipitated with an antibody against I�B kinase
(IKK) and then analyzed by an immune complex kinase assay as
described under “Experimental Procedures.” To examine the
level of activation of IKK proteins, whole-cell extracts were
fractionated on SDS-PAGE and examined by Western blot
analysis using anti-IKK-�, anti-IKK-�, and anti-phospho-spe-
cific I�B� antibodies. As shown in Fig. 6B, IKK-� and IKK-�
were equally detected in all samples, proving that immunopre-
cipitation was successful. Although in basal control and res-
veratrol- and Sirt-1 SO-treated tenocytes, practically no phos-
pho-specific I�B� was found, levels were clearly accelerated in
IL-1�-, NA-, and ASO-treated cells. Combined treatment with
resveratrol fully inhibited IL-1�- and NA-induced activation of
I�B� comparable with control levels but had no influence on
activation by ASO treatment. These results indicate that Sirt-1
inhibits I�B� phosphorylation and activation of IKK and that
resveratrol enhances this.
Resveratrol Inhibits Akt Phosphorylation Induced by IL-1�

and NA but Not by ASO against Sirt-1—Whole cell extracts
were immunoprecipitated with anti-IKK-� antibody followed
by Western blot analysis using anti-phospho-specific Akt and
anti-IKK-� antibodies. Fig. 6C clearly demonstrates a strong
up-regulation of phosphorylated Akt in IL-1�-, NA-, and ASO-
treated tenocytes compared with basal control, resveratrol, and
Sirt-1 SO treatment. In contrast, a combination of the agents
with resveratrol completely inhibited the effect of IL-1� and
NA treatment comparable with controls but did not abolish
Akt phosphorylation byASO treatment, suggesting an essential
role for Sirt-1 in inhibiting of upstream kinase Akt pathway.
Protein levels of IKK-� remained equal in all samples.
Resveratrol Inhibits NF-�B-dependent Proinflammatory and

Matrix DegradingGene Products in Tenocytes Induced by IL-1�
and NA but Not by ASO against Sirt-1—Equal amounts of total
proteins were separated by SDS-PAGE and analyzed by immu-
noblotting using antibodies raised against Cox-2, MMP-9, and
�-actin. The results shown in Fig. 6D are representative of three
independent experiments. Although housekeeping protein
�-actin stayed unaffected, there was a clear increase of Cox-2
and MMP-9 expression in tenocytes treated with IL-1�, NA,

and ASO, compared with basal control, resveratrol, and Sirt-1
SO treatment (Fig. 6D). Co-treatment with resveratrol down-
regulated NF-�B-dependent gene products to control levels in
all treatment groups, except in cells treated with Sirt-1 ASO.
These results demonstrate that down-regulation of Sirt-1 on
the protein level by Sirt-1 inhibitor NA and on the mRNA level
by ASO equally produces an inflammatory response as by stim-
ulation with proinflammatory cytokine IL-1� and that resvera-
trol can inhibit this inflammation signaling through activation
of Sirt-1 if down-regulation of Sirt-1 is induced at the protein
level and not at the gene level.
Resveratrol Inhibits Down-regulation of Tenocyte Transcrip-

tion Factor SCAX and Sirt-1 Protein in Tenocytes Induced by
IL-1� and NA but Not by ASO against Sirt-1—Whole cell
lysates were fractionated and analyzed by immunoblotting
using antibodies raised against SCAX, Sirt-1, and �-actin (Fig.
6E). Sirt-1 control peptide (Co Pep) was used as a control for
antibody specificity. Synthesis of the housekeeping protein
�-actin remained unaffected. Sirt-1 protein as well as tenocyte
transcription factor SCAX both were substantially down-regu-
lated by treatment with IL-1�, NA, and ASO, whereas in
cotreated tenocytes resveratrol reinforced Sirt-1 and SCAX
proteins up to control levels in all combinations of the agents,
except with Sirt-1 ASO. These findings strongly suggest that
there is a connection between Sirt-1 protein and tenocyte tran-
scription factor SCAX and that resveratrol is able to enhance
tenocyte differentiation and proliferation by up-regulating
SCAX via Sirt-1.

DISCUSSION

The goal of this study was to investigate the effect of ASO
against Sirt-1 on NF-�B and p53 signaling pathways and
NF-�B/p53-regulated gene products that modulate inflamma-
tion and apoptosis.
IL-1� is a proinflammatory cytokine that plays an important

role in various cellular responses such as inflammation, apopto-
sis, and proliferation. Many kinases such as MAPKs, Akt, and
Src can be activated by IL-1� (25). Acetylation of NF-�B lysine
residues is an important process that affects both the DNA
binding ability and transcriptional activity of the protein (26,
27). Sirt-1, a NAD-dependent deacetylase for a number of his-
tone and non-histone substrates, belongs to the class III histone
deacetylases (HDACs) (23, 28, 29). Members of the class I
HDACs regulate the transcriptional activity of NF-�B. HDACs
deacetylate NF-�B, resulting in increased I�B� association or
loss of transactivation potential of the protein (26, 30, 31).
Deacetylation of NF-�B subunit p65 leads to a decrease in

FIGURE 5. Dose-dependent effects of ASO against Sirt-1 on mitochondrial changes, apoptosis, and cell viability in human tenocytes in vitro. A, shown
is transmission electron microscopic evaluation of serum-starved human tenocytes in monolayer cultures treated with different concentrations (0.2, 0.5, 1, 5,
or 10 �M) of sirtuin SO (d– h) or ASO (i–m) and Lipofectin (10 �l/ml) as a transmembranous carrier for 24 h. Control cultures were left untreated (a) or treated with
10 �l/ml Lipofectin alone as a negative control (b) for 24 h. As a positive control, cells were stimulated with proinflammatory cytokine IL-1� (10 ng/ml) for 24 h
(c). a–m, �5000; bar � 1 �M. B, to quantify degenerative changes, tenocyte monolayer cultures of A were examined for apoptosis and mitochondrial changes
(MC) by counting 100 cells from 20 microscopic fields. The examination was performed in triplicate, and the results are provided as the mean values with S.D.
from three independent experiments. Values were compared with the control and statistically significant values with p � 0.05 were designated by an asterisk
(*). C, cell viability of monolayer-cultured human tenocytes treated as mentioned above were evaluated by using the MTT method, and the absorbance was
measured at 570/630 nm. Absorbance values were normalized to the values obtained from untreated cells as a baseline value. Statistically significant values
with p � 0.05 were designated by an asterisk (*). The assay was performed in triplicate, and the results are provided as mean values with S.D. from three
independent experiments.
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NF-�B transcription activity, thereby reducing production of
proinflammatory cytokines and anti-apoptotic genes (29).
Resveratrol is a phytoalexin stilbene produced naturally in

response to environmental stress in plants and has been
reported to have therapeutic potential for the treatment of
chronic diseases, such as cardiovascular and pulmonary dis-
eases, diabetes, autoimmune disease, osteoarthritis, and osteo-
porosis (32–34). Although themechanisms of resveratrol stim-

ulatory effects in cells are not fully understood, it is known to be
a potent activator of Sirt-1 deacetylase activity and modulates
Sirt-1 signaling (11, 16, 35).
In this study we found that ASO against Sirt-1, like NA or

IL-1�, down-regulated the expression and activation of Sirt-1
protein in human tenocytes. We observed that tenocytes
treated with ASO against Sirt-1 exhibited an increased activa-
tion and acetylation of the tumor suppressor p53 and high

FIGURE 6. Effects of resveratrol, IL-1�, NA, and ASO against Sirt-1 on NF-�B/Akt signaling pathway and tenocyte transcription factor SCAX in human
tenocytes. Serum-starved human tenocytes in monolayer culture (2 � 105 cells/dish) were either left untreated or treated with 5 �M resveratrol (Res), 10 mM

NA, 10 ng/ml IL-1�, or 0.5 �M Sirt-1 SO or ASO in the presence of Lipofectin (10 �l/ml) for 24 h or cells were pretreated with resveratrol (5 �M) for 1 h followed
by co-treatment with NA (10 mM), IL-1� (10 ng/ml), Sirt-1 SO, or ASO (0.5 �M) in the presence of Lipofectin (10 �l/ml) for 24 h. Other tenocyte cultures were
pretreated with resveratrol (5 �M) for 1 h followed by a 1-h treatment with NA (10 mM) or IL-1� (10 ng/ml) and were then transfected with either SO or ASO (0.5
�M) in the presence of Lipofectin (10 �l/ml) for 24 h. Cells were harvested, and whole cell lysates were immunoprecipitated for p65 subunit of NF-�B and then
subjected to Western blotting with antibodies against p-p65, acetyl-lysine, and p65 (A), or for IKK and analyzed by an immune complex kinase assay as
described under “Experimental Procedures” (B). The level of activation of IKK proteins was then determined by Western blotting using anti-IKK-�, anti-IKK-�,
and anti-phospho-specific I�B� antibodies. In another approach, cell lysates were immunoprecipitated for IKK-� and then examined by Western blot analysis
with antibodies against phosphorylated Akt (C) or were fractionated (500 ng of protein/lane) on SDS-PAGE and analyzed by Western blotting with antibodies
against MMP-9, Cox-2, and housekeeping protein �-actin (D). E, whole cell extracts were prepared, separated by SDS-PAGE, and subjected to Western blot
analysis using antibodies against tenocyte transcription factor SCAX, Sirt-1 protein, and housekeeping protein �-actin. Sirt-1 control peptide (Co Pep) was used
as a control for antibody specificity. The results shown are representative of three independent experiments.

Resveratrol Inhibits Inflammation in Tenocytes in Vitro

25778 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 31 • JULY 27, 2012



expression or cleavage of p53 downstream gene products Bax,
caspase-3, and PARP, suggesting that Sirt-1 must act at a com-
mon step to all of these signaling proteins. Tumor suppressor
p53 is stimulated by various stress signals and plays an impor-
tant role in modulating the cell cycle, apoptosis, and DNA
repair (36, 37). The activation of p53 occurs posttranslationally,
including phosphorylation and acetylation. Acetylation of the
lysine residues in p53 increases its DNAbinding activity, co-ac-
tivator recruitment, and cellular senescence (38). p53 has been
identified and characterized as one ofmany substrates for Sirt-1
including transcription factors for chromatin modification,
DNA repair, insulin signaling, NF-�B, MyoD, HMG I, E2F, and
FOXO (11, 26, 39–41). Consistent with these studies, we dem-
onstrated a direct interaction between Sirt-1 and p53 through
immunoprecipitation.
Based on the above data, we speculated that activation of p53

by ASO-induced down-regulation of Sirt-1 could increase pro-
tein expression and activity of Bax. The activation of pro-apo-
ptotic protein Bax initiates the release of cytochrome c from
mitochondrial membranes and thereby triggers apoptosis (42).
Bax can be activated directly by p53 during apoptotic signaling
pathway (43) and is also tightly associated with the DNA repair
factor ku70 (44). Sirt-1 can deacetylate ku70 and causes inhibi-
tion of Bax expression (45). Electron microscopy and Western
blot analysis confirmed that knockdown of Sirt-1 by ASO led to
an increase in apoptosis and of Bax protein, suggesting that
down-regulation of Sirt-1 is involved in Bax expression.
In addition, we showed that knockdown of Sirt-1 by ASO

caused NF-�B activation. This activation was mediated
through the stimulation of IKK, which led to up-regulated
phosphorylation of I�B�. It is known that phosphorylation and
degradation of I�B� leads to activation and release of NF-�B
(46). We also investigated how knockdown of Sirt-1 activates
IKK by examining its effects on kinases that function upstream
of IKK, such as Akt (47). The results showed that Akt-induced
NF-�B activation is at least in part activated by Sirt-1 ASO,
IL-1�, and NA. This suggests that Akt is one of the main
upstream stimulatory kinases that is modulated by Sirt-1. We
and other laboratories have shown thatAkt has been implicated
in the phosphorylation of the p65 subunit of NF-�B (22, 48).

Sirt-1 inhibition stimulated activation of IKK, phosphoryla-
tion of I�B-�, and p65 phosphorylation and acetylation. This
correlated with up-regulation of NF-�B-regulated gene prod-
ucts involved in cell proliferation, inflammation, and apoptosis.
Resveratrol reversed the IL-1� orNA-induced up-regulation of
various gene products that mediate inflammation, matrix deg-
radation, and apoptosis, all known to be regulated by NF-�B,
but not the effects of ASO against Sirt-1. These results suggest
that down-regulation of Sirt-1 by mRNA interference abro-
gates its suppressive effects on p53 and NF-�B, thus highlight-
ing the importance of Sirt-1 for cell survival. To our knowledge
this is the first investigation that describes the effects of ASO
against Sirt-1 on NF-�B activation in human tenocytes.
The tendon-specific transcription factor SCXA is required

for expression of tendon-specific ECM genes (49). We found
that ASO against Sirt-1, NA, and IL-1� down-regulated the
expression of SCXA in tenocytes, whereas resveratrol up-regu-
lated it. Thus, resveratrol stimulates tenocytes at least in part

through activation of the tenogenic transcription factor scler-
axis, enhancing transcription of tendon-associated genes in a
SCXA-dependent fashion.
In conclusion, we have shown that down-regulation of Sirt-1

by ASO leads to similar effects as caused by stimulation with
IL-1� orNA such as enhanced inflammatory signaling, reduced
cell survival, and activation of NF-�B in human tenocytes. In
contrast, Sirt-1 activation by resveratrol suppresses NA- and
IL-1�-induced inflammatory signaling and apoptosis through
deacetylation of NF-�B subunit p65 and tumor suppressor p53,
thereby inhibiting the activation pathway of NF-�B- and p53-
mediated apoptosis (Fig. 7). Furthermore, resveratrol did not
suppress the negative cellular effects of ASO against Sirt-1,
hereby highlighting the crucial role of this enzyme. Our results
suggest that up-regulation of Sirt-1 appears to be an important
consequence of resveratrol on tenocytes and may be useful in
the development of future therapies for the treatment of
tendinitis.
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