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Background: SirT1 regulates mitochondrial biogenesis in various tissues.
Results: Exercise combined with resveratrol has a SirT1-dependent synergistic effect on mitochondrial biogenesis, despite

individual treatments being SirT1-independent.

Conclusion: SirT1 is important for maintaining muscle mitochondrial content and function.
Significance: The dependence of muscle mitochondrial biogenesis on SirT1 depends on the metabolic state of the muscle.

The purpose of this study was to evaluate the role of sirtuin 1
(SirT1) in exercise- and resveratrol (RSV)-induced skeletal mus-
cle mitochondrial biogenesis. Using muscle-specific SirT1-defi-
cient (KO) mice and a cell culture model of differentiated myo-
tubes, we compared the treatment of resveratrol, an activator of
SirT1, with that of exercise in inducing mitochondrial biogene-
sis. These experiments demonstrated that SirT1 plays a modest
role in maintaining basal mitochondrial content and a larger
role in preserving mitochondrial function. Furthermore, volun-
tary exercise and RSV treatment induced mitochondrial biogen-
esis in a SirT1-independent manner. However, when RSV and
exercise were combined, a SirT1-dependent synergistic effect was
evident, leading to enhanced translocation of PGC-1aeand SirT1 to
the nucleus and stimulation of mitochondrial biogenesis. Thus, the
magnitude of the effect of RSV on muscle mitochondrial biogenesis
is reliant on SirT1, as well as the cellular environment, such as that
produced by repeated bouts of exercise.

As the largest organ in the body, skeletal muscle has demon-
strated great adaptive potential in response to physiological
stressors. The most potent example of muscle adaptation
occurs in mitochondria following exercise training. The bio-
genesis of new mitochondria, and the clearance of damaged
mitochondria, promotes healthy muscle. This turnover can
prevent imbalances in energy homeostasis that lead to obesity,
diabetes, cardiovascular disease, and aging (1, 2). Mitochon-
drial biogenesis in response to exercise is reliant, in part, on
adaptive changes in the expression of the transcriptional
coactivator PGC-1e, along with its phosphorylation by AMP
kinase (AMPK)® (3). In addition, the histone deacetylase
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enzyme SirT1 has been shown to activate PGC-1a (4—6). The
activity of SirT1 is reliant on the provision of NAD™, a neces-
sary coenzyme synthesized by the rate-limiting enzyme for
NAD™ biosynthesis, nicotinamide phosphoribosyltransferase
(Nampt) (7, 8). In turn, this protein is regulated by both AMPK
and SirT1 (9, 10). The integration of these reactions has been
shown to induce the metabolic adaptations that occur during
states of energy deprivation such as fasting or exercise (11). We
suspect that this Nampt-SirT1-AMPK metabolic sensing path-
way plays a dominant role in mitochondrial turnover by influ-
encing organelle biogenesis and autophagy following cellular
stress (12). During acute bouts of exercise, AMPK can be acti-
vated through the modulation of the AMP/ATP ratio, whereas
SirT1 has the potential to be activated via changes in NAD™"
levels within the cell (9). Therefore, the metabolic alterations
that occur with acute exercise activate these enzyme systems to
regulate the phosphorylation and deacetylation of PGC-1a, the
downstream autoregulatory loop controlling PGC-1a expres-
sion (13), and the subsequent mitochondrial biogenesis.

The natural polyphenolic compound resveratrol (RSV) is
well known for its phytoestrogenic and antioxidant properties
(14). RSV became widely researched following indications that
this compound could increase longevity in lower organisms and
increase the health and survival of mice (15-17). RSV has also
been described as an exercise mimetic through its activation of
SirT1 and AMPK (18). Mice treated with RSV demonstrate
elevations in AMPK activation and PGC-1« expression, along
with increases in mitochondria in animals fed a high fat diet
(19). PGC-1w acts as a transcriptional coactivator for nuclear
genes encoding mitochondrial proteins (20). As a result, RSV
treatment appears to induce a higher aerobic capacity in mice,
as shown by increased running time and oxygen consumption
in muscle fibers (21). Thus, these findings have generated inter-
est in the therapeutic potential of RSV, or of similar analogues,
for the treatment of type 2 diabetes and obesity (22, 23). How-
ever, there is still some controversy regarding how RSV acti-
vates mitochondrial biogenesis and the dependence of this

chronic contractile activity; CA, contractile activity; NAM, nicotinamide;
H,DCFDA, 2',7'-dichlorodihydrofluorescein diacetate; MTGFM, Mito-
Tracker Green FM.
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effect on SirT1 and AMPK. Studies have contended that RSV
may rely on pathways upstream of either calcium-calmodulin
kinase II (24) or LKB1 (25) to activate AMPK-dependent
increases in the NAD-to-NADH ratio for the induction of SirT1
activity. Because the effect of RSV on SirT1 activation is con-
troversial, we have examined the role of SirT1 from the view-
point that this protein may be required, in part, during muscle
mitochondrial biogenesis. We predicted that chronic treat-
ment with RSV may have both SirT1-dependent and -inde-
pendent effects on the induction of mitochondrial biogenesis
that are dependent on the metabolic status of the tissue.

To address how SirT1 is involved in muscle mitochondrial
function and biogenesis, we compared WT mice with those that
express a deacetylase-deficient SirT1 protein driven by a mus-
cle-specific MLCf1-Cre promoter. These mice were either
treated with a control or RSV-supplemented diet, while being
either maintained sedentary or subjected to exercise training
via voluntary wheel running. Similarly, we used chronic electri-
cal stimulation of C2C12 mouse muscle myotubes to examine
the differences in mitochondrial biogenesis when induced by
RSV, chronic stimulation, or the combination of these treat-
ments. Our study demonstrates that exercise, or chronic con-
tractile activity (CCA), has more robust effects on the induction
of mitochondrial biogenesis compared with RSV treatment in
either mice or in C2C12 myotubes. However, RSV was shown
to act synergistically with exercise to increase mitochondrial
content, an effect that was dependent on the presence of SirT1.

EXPERIMENTAL PROCEDURES

Cell Culture and CCA—Embryonic murine skeletal muscle
C2C12 myoblasts (ATCC) were differentiated into myotubes
and stimulated to induce CCA as described earlier (20). CCA
was performed using either one or four successive 3-h bouts (1-
and 4-day protocols) of electrical stimulation (5 Hz, 7 V) with
an intervening 21-h recovery period following each 3-h bout.
Myotubes were treated separately with CCA or in combination
with 100 uMm RSV, 50 um quercetin, or the SirT1 inhibitor nic-
otinamide (NAM; 5 mmM) during both the stimulation and
recovery periods.

Animal Models—SirT1'*/°*P mice (generated with heterozy-
gous B6;129-SirT1"™!¥8%/] mice; JAX Laboratory) have a loxP-
flanked neomycin cassette upstream of exon 4 and another loxP
site downstream of exon 4 that was inserted to create this tar-
geted mutant SirT1 allele. These mice were then bred with
MLC1f“" recombinase mice to create a Cre/loxP recombina-
tion. MLCI1f is a splice variant, along with MLC3f, of the My/1
gene expressed in fast skeletal muscle fibers. The resulting off-
spring have exon 4 of the SirT1 gene, encoding 51 amino acids
of the SirT1 catalytic domain, deleted in Cre-expressing tissues.
We describe our data by referring to the Cre™-SirT1'**/1ox?
animals as muscle-specific “SirT1-KO” mice. All experimental
mice were paired to the WT Cre-negative SirT1'*/'**" litter-
mates of the same age and used at ~2-3 months.

SirtT1 Activity—Muscle-specific SirT1-KO quadriceps
exhibited 50% lower SirT1 activity than WT mice. Residual
SirT1 activity was expected from any nonmuscular tissues and
muscle fibers not expressing MLCf1. It has been estimated that
45% of the nuclei within skeletal muscle tissue is within muscle

MARCH 8, 2013 «VOLUME 288+NUMBER 10

SirT1-mediated Effects on Mitochondrial Biogenesis

cells, whereas the remaining nuclei are composed of other tis-
sue types such as adipocytes, fibroblasts, and Schwann cells
(26). SirT1 activity was measured using an in vitro SirT1 fluo-
rometric assay (Biomol) as described by the manufacturer and
as done previously (27).

Acute in Situ Muscle Stimulation—The stimulation protocol
was performed as described previously (28). The sciatic nerve
from the gastrocnemius muscle of one leg was stimulated at 1
and 3 tetanic contractions/s for 2 min each, intensities that are
sufficient to cause moderate and more severe muscle fatigue,
respectively. Following the in situ stimulation protocol, the gas-
trocnemius muscles from the electrically stimulated leg and the
nonstimulated contralateral leg of the animal were excised and
weighed.

RSV Treatment and Voluntary Wheel Running—SirT1-KO
and WT mice were treated for 9 weeks with RSV. RSV was
reconstituted in mouse chow at a concentration of 1 g/kg in a
phytoestrogen-free control diet (29, 30). This treatment was
performed in conjunction with mice that were placed in cages
with voluntary running wheels and trained over a 9-week
period. Based on their food consumption and body weights, the
dose of RSV administered was ~100 mg of RSV/kg of body
mass/day. RSV-treated mice were compared with untrained or
trained mice fed control diets.

Histochemistry—COX and succinate dehydrogenase (SDH)
staining was performed on 10-um serial sections of gastrocne-
mius muscle. After drying for 5 min at room temperature, these
sections were immersed in either COX or SDH reaction solu-
tions for 30 min in the dark at 25 °C. COX reaction solution (pH
7.4) contained 16.75 mm sodium phosphate monobasic, 81 mm
sodium phosphate biphasic, 5 mMm 3,3’-Diaminobenzidine, 90
uM cytochrome ¢, and 6000 units catalase. The SDH reaction
solution (pH 7.6) consisted of 11.5 mM sodium phosphate
monobasic, 87 mm sodium phosphate biphasic, 50 mm succi-
nate, 200 um 1-Methoxy-5-methylphenazinium methosulfate,
1.5 mM nitro blue tetrazolium, and 1 mm sodium azide.

Muscle Isolation and Preparation—The tibialis anterior, tri-
ceps, and gastrocnemius muscles from both sides of the animal
were quickly harvested, weighed, and placed in ice-cold mito-
chondrial isolation buffer. The quadriceps muscles were sec-
tioned, freeze-clamped with aluminum tongs pre-cooled in lig-
uid nitrogen, and stored at —70°C for subsequent use in
cytochrome ¢ oxidase (COX) enzyme activity measurements
and Western blotting analyses.

Mitochondrial Respiration and Cytochrome ¢ Oxidase (COX)
Activity—Samples of isolated mitochondria were examined as
done previously (28). Briefly, respiration rates driven by com-
plex Iin the mitochondrial electron transport chain were eval-
uated in the presence of 10 mMm glutamate (state 4 respiration)
and glutamate with 0.44 mm ADP (state 3 respiration) using the
Mitocell S200 Micro Respirometry System (Strathkelvin
Instruments). The addition of NADH during state 3 measure-
ments had no substantial effect on the respiration rate, indicat-
ing good inner mitochondrial membrane integrity. In addition,
COX activity of the mixed powdered muscle from control and
muscle-specific SirT1-KO animals was evaluated as described
previously (20). Enzyme activity was determined by measuring
the maximal rate of oxidation of reduced cytochrome c using
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the change in absorbance at 550 nm on a Bio-Tek Synergy HT
microplate reader.

Mitochondrial ROS Production—ROS were measured as
described previously (31). Briefly, mitochondria from WT and
muscle-specific SirT1-KO animals were incubated with VO,
buffer in a 96-well plate. ROS production was assessed at 37 °C
for 30 min during state 4 and state 3 respiration by adding 10
mM glutamate or glutamate with 0.44 mm ADP, respectively,
immediately prior to the addition of 50 um 2',7'-dichlorodihy-
drofluorescein diacetate (H,DCFDA, Sigma). The fluorescence
emission between 480 and 520 nm, measured with a multide-
tection micro-plate reader, is directly related to ROS produc-
tion. ROS production measured in absolute fluorescence units
was linear over the entire measurement period. ROS levels were
expressed per nanoatom of O, consumed, measured during the
mitochondrial respiration assay.

Immunoblotting—Protein extractions from frozen quadri-
ceps sections were performed as described previously (32). Pro-
tein extracts of C2C12 myotubes or muscle homogenates were
separated via electrophoresis through SDS-polyacrylamide gels
and were then transferred to nitrocellulose membranes (Amer-
sham Biosciences). Membranes were incubated overnight with
antibodies against aciculin, a-tubulin (Calbiochem, CP06),
COX-1V (Invitrogen, A21348), phospho-AMP-activated pro-
tein kinase (pAMPK; Thr-172; Cell Signaling, 25315), total-
AMPKa (Cell Signaling, 2532), phospho-p38 (Thr-180/Thr-
182; Cell Signaling, 9211S), total p38 (Cell Signaling, 9212),
PGC-1a (Millipore, AB3242), cytochrome ¢, Nampt (Bethyl;
779A), and SirT1 (Upstate, 05-707). This was followed by a 2-h
incubation at room temperature with the appropriate second-
ary antibodies. Western blot signals are semiquantitative and
obtained within the linear range of the film. The specificity of
the PGC-1a antibody was previously established in our labora-
tory using siRNA and HA-tagged experiments (20).

Mitochondrial Mass and ROS—Mitochondrial mass was
examined using MTGFM. Cells were stained with 20 nm
MTGEFM for 45 min at 37 °C in differentiation media. ROS were
monitored using H,DCFDA. Cells were preincubated with 5
M of H,DCFDA for 45 min at 37 °C in differentiation media.
Staining for both of these fluorescent probes was performed in
6-well cell culture plates and then quantified using a Bio-Tek
Synergy HT microplate reader. Each well was then scraped for
protein and quantified using a Bradford assay. All fluorescent
values were expressed per microgram of protein.

Immunofluorescence—Cells were grown in a 6-well cell cul-
ture dish, fixed with 4% paraformaldehyde in PBS for 7 min at
room temperature, and permeabilized with a 0.1% solution of
Triton X-100 in PBS for 15 min at 4 °C. Cells were then incu-
bated overnight at 4 °C with SirT1 and PGC-1la antibodies.
Alexa Fluor 488 and Alexa Fluor 594 secondary antibodies
(Invitrogen) were coincubated for 1 h at room temperature. To
visualize the nuclei within the myotubes, DAPI was included
with the 1-h secondary antibody incubation at a dilution of 0.5
pg/ml. Images were taken using a Nikon Eclipse fluorescent
microscope.

Statistics—Comparisons between either control or CCA-
treated cells or WT and SirT1-KO animals were evaluated
using two-way analyses of variance on each of the treatment
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conditions. Bonferroni post-tests were performed when appli-
cable, and all error bars represent mean * S.E. Additionally, the
interaction term of a two-factor analysis of variance was used to
test for synergism when examining a combined treatment of
RSV and CCA or exercise, as described previously (33), with
significance defined as p < 0.05.

RESULTS

RSV Induces AMPK and p38 Activity in a Temporal Manner
That Is Distinct from That of Contractile Activity (CA) in C2C12
Mpyotubes—To document the effectiveness of RSV in differen-
tiated muscle cells, we examined the phosphorylation of AMPK
and p38 as early indicators of the onset of downstream meta-
bolic effects, as is seen with acute contractile activity (32). Follow-
ing short term RSV treatment (1 h), AMPK phosphorylation
increased by 1.7-fold (p < 0.05), although p38 phosphorylation
was not significantly increased (Fig. 1, A and B).

To examine the persistence of the RSV effect, and to compare
this with contractile activity, a model of exercise, we electrically
stimulated C2C12 myotubes for 3 h followed by 21 h of recovery
in the presence or absence of RSV for the full 24 h (1-day pro-
tocol). The acute RSV effect on AMPK phosphorylation
observed at 1 h (Fig. 1B) dissipated by 24 h (Fig. 1C). However,
CA followed by recovery had a pronounced 3-fold impact on
AMPK phosphorylation. These effects were not influenced by
RSV or by the SirT1 inhibitor NAM. In contrast, the phosphor-
ylation levels of p38 increased 6-fold with RSV treatment alone,
8-fold with CA alone, and 9.5-fold with the combined treat-
ment of RSV and CA (p < 0.05; Fig. 1D). The effects of RSV and
CA on p38 phosphorylation were SirT1-independent, as NAM
did not attenuate the RSV- or CA-induced effects. These data
indicate that the response to RSV is kinase-specific. RSV is
clearly effective in triggering several early signaling pathways
associated with mitochondrial biogenesis in C2C12 myotubes,
but it acts on these kinases in a temporally divergent manner.
Because the effects of RSV and CA on early signaling pathways
linked to mitochondrial biogenesis were distinct, we combined
these treatments in subsequent long term experiments (4-day
protocol) to see if they exhibited an additive effect on mito-
chondrial content and function.

RSV and CCA Elevate Both SirT1 and PGC-1a Protein and
Increase Nuclear Localization—It has been previously demon-
strated that the coordination between SirT1 and PGC-la
expression/activity is important for the induction of genes
related to mitochondrial biogenesis and fatty acid oxidation (6,
34). To investigate whether chronic treatment of RSV, or
chronic contractile activity (CCA), could induce this coordi-
nated response, C2C12 myotubes were treated with CCA and
RSV over a 4-day period. RSV treatment induced a 2-fold
increase in SirT1 protein expression (p < 0.05; Fig. 2, A and B).
In contrast, CCA resulted in no increase in SirT1 expression.
Alternatively, RSV did not alter PGC-1a protein levels, but
PGC-1a expression increased 1.6-fold following 4 days of CCA
(p <0.05; Fig. 2, A and C). The basis for increases in PGC-1 with
CCA may be related to the transient elevations in p38 and
AMPK phosphorylation, as shown in Fig. 1, as both kinases are
known to be important regulators of PGC-1 expression (35, 36).
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FIGURE 1. A and B, acute effect of RSV (1 h treatment) versus vehicle on P-p38
and P-AMPK protein expression. Cand D, longer term (total 24 h) effect of RSV
or NAM/RSV versus vehicle on AMPK and p38 (phospho/total) phosphoryla-
tion in quiescent or contracting (3 h followed by 21 h of recovery) myotubes
(n =9, arbitrary scanner units (A.U.) corrected for loading using GAPDH; *, p <
0.05, versus vehicle; $, p < 0.05, overall effect of treatment with no stimulation
(Stim) versus control (Con)).

However, this remains to be tested in this context. It is known
that the activation of these kinases can facilitate mitochondrial
biogenesis in mouse skeletal muscle (3, 37). Interestingly, the
combination of both RSV and CCA was the only treatment that
produced both an increase in SirT1 and PGC-la protein
expression, but no additional effect on PGC-1a expression was
observed in comparison with the CCA treatment.
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In addition to expression, we utilized immunofluorescent
measures to identify the subcellular location of PGC-1a and
SirT1 in response to RSV and CCA. In vehicle-treated myo-
tubes, both SirT1 and PGC-1la were found to be dispersed
evenly throughout the cell (Fig. 2D). With CCA, SirT1 and
PGC-1a appeared to translocate and colocalize to myotube
nuclei. This was not evident with RSV treatment. However, the
combined treatment of RSV and CCA resulted in the most
prominent translocation and colocalization of SirT1 and
PGC-1a to the nucleus. These data support a mechanism for
SirT1 to directly influence PGC-1a cotranscriptional activity
within the nucleus (34), an effect that may be mediated by ROS,
signaling molecules elevated during exercise (38).

Combined CCA and RSV Treatment Synergistically Increase
ROS Signaling and the Induction of Mitochondrial Content in
C2C12 Myotubes—ROS-mediated signaling has been shown to
be important for the induction of mitochondrial biogenesis (39,
40). As Irrcher et al. (40) revealed, ROS signaling can induce
PGC-1a transcription and a resulting increase in mitochon-
drial biogenesis. Here, we demonstrated that CCA and RSV
treatments produced 1.6- and 1.2-fold increases in ROS above
the vehicle-treated myotubes (p < 0.05; Fig. 3A4). The combined
treatments of RSV or quercetin, another polyphenolic com-
pound, with CCA resulted in 2.6- and 2.3-fold changes in ROS
production, respectively, compared with the vehicle-treated
control cells (p < 0.05). The effect of the RSV/CCA combina-
tion treatment on ROS generation appeared to be dependent on
SirT1 activity, as indicated by the reduced ROS production
when combined with NAM treatment in myotubes (p < 0.05).

With the complementary, yet asymmetrical, effects of RSV
and CCA on SirT1 and PGC-1a expression, respectively, we
hypothesized that there may be the potential for an additive or
synergistic effect on mitochondrial biogenesis with a combined
treatment. This hypothesis would also be supported by the
increase in nuclear localization of both PGC-1« and SirT1 fol-
lowing the combination of RSV and CCA. We assessed mito-
chondrial content in C2C12 myotubes using COX subunit IV
(COX-1V) protein expression, COX activity as a functional
measurement for complex IV (41), and MTGFM fluorescence
as an indicator of organelle mass. CCA resulted in a 1.4-fold
increase in COX-1IV protein, whereas RSV treatment alone also
induced a similar 1.5-fold increase (p < 0.05; Fig. 3B). In sup-
port of our hypothesis, when RSV and CCA were combined, an
additive 2.2-fold effect was observed on COX-IV protein levels.
COX activity was 3.1-fold higher following CCA (p < 0.05; Fig.
3C), whereas RSV treatment alone produced a smaller but sig-
nificant 1.6-fold increase in COX activity in comparison with
vehicle-treated myotubes. In addition, the higher cellular ROS
produced with CCA in comparison with RSV treatment not
only coordinates well with the increase in mitochondrial bio-
genesis but may also prove to be a major distinction for the
differences in the induction and translocation of PGC-1« and
the subsequent triggering of mitochondrial biogenesis between
these two treatments. The combination of RSV and CCA treat-
ment induced a synergistic 6.1-fold response (p < 0.05), which
matches the response seen with ROS generation. These data
were also largely corroborated by measures of mitochondrial
mass (Fig. 3, D and E). Treatment with NAM attenuated the
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combined treatment response, indicating that this synergistic
effect occurred in a SirT1-dependent manner. Interestingly,
treatment of the cells with quercetin did not increase COX
activity in the presence or absence of CCA, indicating that RSV
is a more potent inducer of mitochondrial biogenesis when
combined with CCA (Fig. 3, C and D). We attribute this poten-
tiation effect to the consequences of independent elevations in
the expression of PGC-1a via CCA and SirT1 via RSV treat-
ment. Along with enhanced nuclear localization, there is a
greater potential for PGC-1a to be deacetylated and to coacti-
vate the transcription of nuclear genes encoding mitochondrial
proteins. However, this effect relies on the deacetylase activity
of SirT1. Therefore, to directly examine the SirT1-dependent
effect on basal mitochondrial biogenesis under basal condi-
tions, and in response to exercise, we created a muscle-specific
SirT1-KO animal and examined the effect of RSV treatment in
vivo.

Muscle-specific SirT1-KO Animals Have Reduced Mitochon-
drial Content and Function—SirT1-KO mice demonstrated no
change in body, muscle, or heart weight, compared with control
WT mice, as seen in Table 1. In addition, SirT1-KO and WT
animals consumed the same amount of food. Muscle mito-
chondrial content was 23% lower in control SirT1-KO mice
compared with WT, as determined by COX activity measure-
ments (Table 1). In support of this finding, SirT1-KO animals
exhibited reduced COX and SDH staining of muscle fibers from
serial sections compared with WT animals (Fig. 44). These data
indicate that the basal mitochondrial content of muscle relies,

6972 JOURNAL OF BIOLOGICAL CHEMISTRY

in part, on SirT1 expression and/or activity. The absence of
SirT1 in muscle also had a pronounced effect on mitochondrial
function, as reflected by marked decrements in both state 3 and
4 respiration rates in SirT1-KO animals. Glutamate-stimulated
state 4 (basal) and 3 (active) mitochondrial oxygen consump-
tion (VO,) was 47 and 30% lower in the SirT1-KO animals
compared with the WT control animals, respectively (Table 1).
In addition, ROS production from isolated SirT1-KO mouse
mitochondria was 1.5- and 3.1-fold higher than the WT control
mice during both state 4 and 3 respiration, respectively (Table
1). These data demonstrate that SirT1 is important for main-
taining mitochondrial content and function in skeletal muscle.

SirT1-KO Mice Exhibit Greater in Situ Fatigue Rates and
Altered Glucose Homeostasis—To examine the physiological
consequence of reduced mitochondrial content and function in
SirT1-KO animals, we investigated muscle function during
acute contractile activity using an in situ hindlimb muscle
fatigue test. Maximal, indirect stimulation of the gastrocnemius
muscle via the sciatic nerve resulted in greater fatigability of
SirT1-KO animals compared with WT animals, during both
moderate and severe contraction intensities (Fig. 4B). This indi-
cates that the absence of SirT1 results in muscle metabolic
derangements, including decrements in mitochondrial func-
tion and content, leading to greater muscle fatigue. Interest-
ingly, SirT1-KO mice displayed a modest improvement in glu-
cose tolerance (Fig. 4C). Similar findings have previously been
observed with the muscle-specific ablation of proteins, leading
to oxidative phosphorylation defects (42). In comparison with
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$, p < 0.05, overall effect of treatment versus vehicle-treated control; T, p < 0.05, interaction of treatment versus vehicle-treated myotubes; €, p < 0.05, versus

myotubes treated with CCA/RSV).

PGC-1a, muscle-specific PGC-1a-KO mice developed the RSV Improves Voluntary Running Distance in Both WT and
opposite effect, which is impaired glucose tolerance (43), while  SirT1-KO Animals—To further examine the SirT1-dependent
overexpression of PGC-1a in muscle of exercising mice led to  effects of exercise or RSV on mitochondrial biogenesis, mice
improvements in glucose tolerance (44). Thus, the functions of =~ were trained for 9 weeks on a voluntary running wheel in the
SirT1 and PGC-1a are not inextricably tied to one another with  presence or absence of an RSV diet. It should be noted that
respect to glucose homeostasis. the submaximal performance of WT and muscle-specific
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TABLE 1

Physiological and mitochondrial measurements of WT and SirT1-KO mice

AFU indicates arbitrary fluorescence units.

wWT SirT1-KO

Physiological measurements

Body weight (g) 26.1 = 1.4 284 % 0.9

Combined muscle weight (tibialis anterior, gastrocnemius, 26.4 = 0.9 24.5 = 0.6

triceps in mg/g body weight)

Heart weight (mg/g body weight) 43=*0.1 44+02

Food intake (total no. of pellets) 44 * 0.4 46 = 1.4

COX activity (nmol/min/ug muscle protein) 6.7 = 0.3 5.1 *0.2°
Isolated mitochondrial measurements

State 3 respiration (no. of atoms O,/mg/min) 731+ 3.1 50.9 *+ 5.87

State 4 respiration (no. of atoms O,/mg/min) 15.0 £ 1.0 8.0 = 1.1¢

ROS production, state 3 (AFU/no. of atoms O, consumed) 116 = 11 61 * 62¢

ROS production, state 4 (AFU/no. of atoms O, consumed) 430 * 50 664 * 116“

“ p <0.05 SirT1-KO versus WT.
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stimulation of WT or SirT1-KO gastrocnemius muscle as a percent of initial twitch force. TPS, tetanic contraction/s. C, intraperitoneal glucose tolerance test was
performed on WT and SirT1-KO animals. Mice were given an intraperitoneal injection of b-glucose (2 g/kg of body weight) following 6 h of fasting. D, voluntary
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control.F, body weight of animals. G, total wet muscle weight (tibialis anterior, gastrocnemius, and triceps)/g of body weight (b.w.) for WT and SirT1-KO animals.
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SirT1-KO mice was similar over this treatment period (Fig. 4D).
These results suggest that the deficiencies brought about by
knock-out of SirT1 are not manifest during mild, voluntary
submaximal exercise conditions but are revealed during the
high energy demand of more severe contractile activity condi-
tions (Fig. 4B). Interestingly, animals fed an RSV-supplemented
diet exhibited a 30% higher (p < 0.05) average running distance
per week during weeks 3—6 for both WT and SirT1-KO ani-
mals. The quantity of food consumed increased with both RSV
treatment and voluntary running, and this was similar in both
the WT and SirT1-KO animals (Fig. 4E). Despite differences in
food consumption, all treatment groups had similar body
weights (Fig. 4F) suggesting concomitant elevations in energy
expenditure with either RSV treatment or training. RSV has
previously been shown to result in an elevation in basal meta-
bolic rate in both mice and primates (24, 45). There were no
differences in muscle mass with any treatment, although the
trained animals exhibited a modest cardiac hypertrophy (Fig. 4,
G and H), as expected with endurance training.

Synergy of Exercise and RSV on Mitochondrial Biogenesis Is
Lost in SirT1-KO Animals—We set out to determine the SirT1
dependency of the individual or combined effects of exercise
and RSV on mitochondrial biogenesis. Although WT animals
treated with RSV did not demonstrate a significant change in
COX activity, SirT1-KO animals fed an RSV diet had restored
COX activity values that approximated those of the WT con-
trol-fed animals (Fig. 54). Voluntary wheel training increased
COX activity by 1.4- and 1.8-fold in both the WT and SirT1-KO
mice, respectively, to similar absolute levels. Thus, the effects of
voluntary endurance exercise do not rely on SirT1 activity to
produce an increase in mitochondrial content. In addition, RSV
was effective in improving mitochondrial content in muscle
during conditions of organelle impairment, as seen in the
SirT1-KO animals. Measurements of cytochrome ¢ protein,
another mitochondrial marker, largely supported the changes
seen for each of the treatment groups evaluated (Fig. 5B). Sim-
ilar to C2C12 myotubes treated with the combination of CCA
and RSV (Fig. 3B), the most potent treatment response for COX
activity (2.1-fold) occurred when WT mice were both trained
and fed an RSV-supplemented diet. Strikingly, these synergistic
responses were not duplicated for the combined treatment in
SirT1-KO mice. Thus, mitochondrial biogenesis induced by
RSV or submaximal exercise does not require SirT1, but inter-
estingly, SirT1 is required for the synergistic enhancement of
mitochondrial content produced by both treatments.

SirT1-dependent Deficiencies in Mitochondrial Respiration
Are Improved with Exercise—We examined the influence of
exercise training or RSV on improving mitochondrial function
in SirT1-KO animals by measuring oxygen consumption using
isolated muscle mitochondrial fractions. However, it is impor-
tant to note that, with exercise training, mitochondrial respira-
tion is not usually altered despite elevations in cellular mito-
chondrial biogenesis (28). Similarly, mitochondria isolated
from WT animals exhibited no changes in state 3 and 4 respi-
ration rates for any of the treatment conditions (Fig. 5, Cand D).
In contrast, the impaired state 3 respiration evident in
SirT1-KO animals was restored to control levels with an RSV
diet, with exercise, and with the combination of these treat-
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ments (Fig. 5C). State 4 respiration was not altered with RSV
treatment alone, but did recover with training and the com-
bined treatment (Fig. 5D). Thus, improvements in mitochon-
drial respiratory function with either RSV or training are largely
independent of SirT1.

Exercise Combined with RSV Induced a SirT1-dependent Syn-
ergistic Elevation in Nampt but Not PGC-1a in WT Animals—
To examine the upstream events leading to the observed
changes in mitochondrial content and function, we measured
PGC-1a expression, a coactivator of genes that encode for
mitochondrial proteins as well as Nampt, an enzyme responsi-
ble for the generation of the SirT1 cofactor NAD". The
dependence of PGC-1a or Nampt expression on SirT1 activity
was first examined under basal conditions and then following
exercise and RSV treatment. Both PGC-1a and Nampt protein
expressions were not altered in SirT1-KO animals compared
with WT animals (Fig. 5, E and F). Each treatment resulted in a
significant increase in PGC-1a expression compared with sed-
entary control WT mice. However, Nampt protein was not
influenced by RSV treatment but increased in both the WT and
SirT1-KO animals following training (Fig. 5, E and G). Notably,
in WT animals, a synergistic increase in Nampt expression was
observed with both training and RSV treatment that was not
found in the SirT1-KO animals.

Elevated ROS Production Observed in the Absence of SirT1 Is
Improved with Exercise and RSV Treatment—In mitochondria,
ROS production is a metabolic by-product of respiration that
occurs at complex I and III of the electron transport chain (46).
During both state 3 and state 4 of respiration, ROS production
was higher in SirT1-KO mice (Fig. 6, A and B), which corre-
sponds to the decrements observed in mitochondrial function
(Fig. 5, Cand D). Defects in respiration are known to result in an
increase in ROS generation (47-49). Following RSV feeding or
training, ROS production was reduced in the SirT1-KO mice to
levels that were equal to those of the similarly treated W'T mice.
In contrast, there were no effects of training or RSV on ROS
production in WT animals in which respiratory function was
normal.

DISCUSSION

The goal of this study was to delineate the role of SirT1 on
mitochondrial function and biogenesis in both resting and
exercising muscle and the consequent effects of the lack of
SirT1 on muscle performance. This is particularly relevant
given the controversy surrounding the effects of exercise on
SirT1 protein and activity (12). Here, we examined the necessity
of SirT1 to maintain basal muscle mitochondrial content and
function and to induce mitochondrial biogenesis following vol-
untary endurance exercise or CCA. We also provide evidence
for a switch from the SirT1-independent to SirT1-dependent
effects of dietary RSV treatment on mitochondria in muscle
with an increase in cellular energy demand, as produced by
exercise.

The absence of SirT1 in muscle resulted in a reduction in
mitochondrial content as seen with decreased COX activity,
COX and SDH fiber staining, and cytochrome ¢ protein expres-
sion. These data indicate that the basal mitochondrial content
of muscle relies, in part, on SirT1 expression and/or activity.
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versus control;
RSV/Trained versus the trained mouse).

However, the absence of SirT1 had a more pronounced effect
on mitochondrial function, as reflected by marked reductions
in respiration rates. This SirT1-dependent reduction in muscle
mitochondrial function is supported by data demonstrating the
necessity of SirT1 for the maintenance of fatty acid oxidation in
C2C12 mouse muscle cells (34). Likewise, isolated liver mito-
chondria from SirT1-null mice also showed reduced mitochon-
drial function (50). Decreases in muscle mitochondrial function
are further affirmed by increases in ROS generation from
SirT1-KO-isolated mitochondria during respiration compared
with WT animals. Although ROS are important signaling mol-
ecules in the cell, in large concentrations they can cause oxida-
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¥, p < 0.05, versus control (Con) WT mice; 1, p < 0.05, interaction of each treatment under the line versus control; t1, p < 0.05, interaction of

tive damage to proteins, DNA, and other cellular macromole-
cules. SirT1 is therefore important for muscle oxidative stress
homeostasis, as well as basal mitochondrial function and con-
tent. These reductions in mitochondrial content and function
had no effect on the performance of the SirT1-KO animals dur-
ing voluntary wheel running. However, the physiological dec-
rements were quite apparent with both moderate and severe
contraction intensities, when the muscle was challenged more
strenuously in situ.

As the most well known inducer of muscle mitochondrial
biogenesis (51), exercise training was used as a treatment for
both WT and SirT1-KO mice. Voluntary wheel exercise pro-
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duced an equal and substantial elevation of mitochondrial con-
tent in both the SirT1-KO animals and WT animals. This illus-
trates that the effects of voluntary exercise training do not rely
on SirT1 activity to produce an increase in mitochondrial con-
tent, as was also demonstrated by Philp et al. (52). Similarly,
CCA-induced mitochondrial biogenesis in C2C12 myotubes
was not attenuated by the SirT1 inhibitor NAM when examin-
ing mitochondrial mass and enzyme activity. In addition, mito-
chondrial respiration in SirT1-KO mice following voluntary
exercise was restored to WT levels, and ROS production was
markedly reduced. Thus, exercise can serve to ameliorate mito-
chondrial content and function in a SirT1-independent
manner.

RSV acts in a manner distinct from that provided by exercise
or CCA. Unlike CCA of C2C12 myotubes, RSV treatment
resulted in an increase of SirT1 protein and no change in
PGC-1a expression using the 4-day protocol. Despite the lack
of change in PGC-1« expression, the increase in SirT1 protein
could contribute to an enhancement of PGC-1a coactivator
activity (5). Our results show that RSV can activate both AMPK
and p38 in temporally distinct stages, which could promote
post-translational changes in PGC-la, thereby altering its
activity (3). Whether these transient modifications of PGC-1«
have an impact on RSV-mediated mitochondrial biogenesis
remains to be determined. There is also considerable conten-
tion as to whether PGC-1a acts as a sole regulator of the induc-
tion of organelle synthesis in muscle, at least in response to
exercise (20, 53—55). Thus, this raises the possibility that RSV
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may act through other mediators of mitochondrial biogenesis
such as PGC-B or PGC-1a-related coactivator. Our data in
myotubes show that RSV can induce increases in COX activity,
either alone or in combination with CCA, and that this effect
was attenuated with the addition of NAM, suggesting the
involvement of a SirT1-mediated pathway. Because there has
been some contention as to whether RSV requires SirT1 for an
improvement in mitochondrial biogenesis (24, 25), we also
compared the effects of RSV on mitochondrial content in the
presence and absence of SirT1 in vivo. RSV had no effect on
mitochondrial content and function in WT animals. However,
this polyphenol was successful in both elevating mitochondrial
content and improving respiration in the direction of WT levels
in SirT1-KO mice. These SirT1-independent effects of RSV
support the idea that RSV can mediate its effects on mitochon-
drial biogenesis via other pathways (24), at least at the dose
employed in this study. It would be interesting to examine
whether some of these SirT1-independent effects are mediated
by reductions in the activity of GCN5 acetyltransferase activity
on PGC-1a (52, 56), which would normally serve to acetylate
and deactivate PGC-1a.

With the complementary, yet asymmetrical, effects of RSV
and CCA on PGC-1la and SirT1 expression using the 4-day
protocol in C2C12 myotubes, we hypothesized that there may
be the potential for an additive or synergistic effect with a com-
bined treatment. This combination induced a distinctly syner-
gistic effect on both COX activity and mitochondrial mass, as
indicated by statistical interactions. The synergistic response
was dependent on SirT1, because the effect on mitochondrial
biogenesis was attenuated with SirT1 inhibition in myotubes.
Congruent with these data, RSV treatment of mice resulted in a
significantly stronger influence on mitochondrial biogenesis
when the muscle was subjected to the repeated metabolic
demands of voluntary exercise training. This suggests that the
effect of exercise on mitochondrial biogenesis cannot be further
enhanced by RSV treatment without the presence of the SirT1
protein. Thus, the maximal effect of RSV requires both SirT1
and a condition of energy demand in muscle that would be high
in NAD™" and AMP, cofactors which activate SirT1 and AMPK,
respectively. These SirT1-dependent effects support the pro-
posal by Price et al. (25) that RSV requires SirT1 for mitochon-
drial biogenesis. However, we also propose that the maximal
effect of RSV may depend on the energy state of the muscle, as
altered by exercise, and the dose of RSV employed. An addi-
tional influence may be the presence or absence of SirT1 in
tissues other than muscle. In contrast to our work using mus-
cle-specific SirT1 ablation, Price et al. (25) employed a whole
body conditional knock-out of SirT1. Evidence brought forth
by Ramadori et al. (57) has demonstrated that even neuronal
SirT1 expression can influence muscle insulin sensitivity.

Our study demonstrates that SirT1 protein is responsible for
the partial maintenance of basal mitochondrial content and
function, in addition to lowering mitochondrial ROS genera-
tion and improving muscle fatigue rates in skeletal muscle.
These findings are somewhat discordant with those observed
by Philp et al. (52) that showed no change in basal mitochon-
drial biogenesis and fatigue rates of the extensor digitorum lon-
gus muscle of SirT1-KO mice. This may be a result of differ-
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ences in the efficacy and fiber type distribution of MCK-driven
(52) and our MLCIf (this study) promoter-driven Cre-LoxP
recombination of the SirT1 gene. Nonetheless, the SirT1-inde-
pendent increase in mitochondrial content with endurance
exercise as shown in our study was also demonstrated by Philp
etal. (52).

The lesser effect of dietary RSV on mitochondrial biogenesis
and function in comparison with exercise in WT animals is
likely a consequence of the lack of metabolic stress evoked by
RSV, elevations in NAD " and AMP, the metabolites necessary
for activating AMPK and SirT1, respectively. It may be for this
reason that SirT1-KO animals treated with RSV and subjected
to exercise do not induce a synergistic mitochondrial response
compared with WT animals. When RSV is combined with the
metabolic stress of CCA in myotubes, or exercise in vivo, there
is a synergistic response that relies on SirT1. In addition, eleva-
tions in SirT1 and PGC-1a nuclear localization following CCA
of myotubes in combination with RSV treatment, when com-
pared with RSV alone, may help to explain the synergistic
results of the combined treatments in vivo. Therefore, this
study reveals that RSV does not induce as robust an effect as
exercise training on mitochondrial biogenesis and function, but
when combined with training, RSV may induce a SirT1-depen-
dent synergistic response. These findings demonstrate the fol-
lowing: 1) exercise can induce mitochondrial biogenesis inde-
pendent of SirT1, and 2) the optimal therapeutic potential of
RSV for the induction of mitochondrial biogenesis and function
may rely on both the presence of SirT1 as well as a cellular
environment created by the repeated energy demands of
exercise.
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