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The pathophysiology underlying mitochondrial dysfunc-
tion in insulin-resistant skeletal muscle is incompletely char-
acterized. To further delineate this we investigated the inter-
action between insulin signaling, mitochondrial regulation,
and function in C2C12 myotubes and in skeletal muscle. In
myotubes elevated insulin and glucose disrupt insulin signal-
ing, mitochondrial biogenesis, and mitochondrial bioener-
getics. The insulin-sensitizing thiazolidinedione pioglita-
zone restores these perturbations in parallel with induction
of the mitochondrial biogenesis regulator PGC-1a. Overex-
pression of PGC-1a rescues insulin signaling and mitochon-
drial bioenergetics, and its silencing concordantly disrupts
insulin signaling and mitochondrial bioenergetics. In pri-
mary skeletal myoblasts pioglitazone also up-regulates
PGC-1a expression and restores the insulin-resistant mito-
chondrial bioenergetic profile. In parallel, pioglitazone up-
regulates PGC-1a in db/db mouse skeletal muscle. Interest-
ingly, the small interfering RNA knockdown of the insulin
receptor in C2C12 myotubes down-regulates PGC-1a and
attenuates mitochondrial bioenergetics. Concordantly, mito-
chondrial bioenergetics are blunted in insulin receptor
knock-out mouse-derived skeletal myoblasts. Taken together
these data demonstrate that elevated glucose and insulin
impairs and pioglitazone restores skeletal myotube insulin
signaling, mitochondrial regulation, and bioenergetics. Pio-
glitazone functions in part via the induction of PGC-la.
Moreover, PGC-1e is identified as a bidirectional regulatory
link integrating insulin-signaling and mitochondrial homeo-
stasis in skeletal muscle.

Understanding the pathophysiology initiating the develop-
ment of insulin resistance should augment our capacity to iden-
tify novel therapeutic targets for the prevention and treatment
of type 2 diabetes. This biology remains incompletely charac-
terized in part due to the complexity of the interaction of mul-
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tiple organ systems and the multiplicity of intracellular pertur-
bations within these organs governing the development of
insulin resistance. The major peripheral organ systems impli-
cated in insulin resistance include skeletal muscle, adipose tis-
sue, liver, and the immune system. The enhancement of our
understanding of this biology will require the combination of
reductionist and systems biological approaches.

The complexity of the effects of insulin resistance in a single
organ is exemplified in skeletal muscle where disruption in glu-
cose uptake (1), insulin signaling (2, 3), glycogen synthesis (4)
and in mitochondrial biology (5-7) are evident in insulin-resis-
tant subjects up to two decades before their developing diabe-
tes. A fundamental question arising is whether disruption of
skeletal muscle mitochondria is a primary component in this
disease pathophysiology or whether it is a consequence of
reduced aerobic activity in response to alternate metabolic per-
turbations associated with insulin resistance and diabetes (8).
Although this question has not been definitively answered,
increasing mitochondrial electron flux via skeletal muscle-re-
stricted overexpression of uncoupling protein homologues
blunts diet-induced insulin resistance (9) and reverses diabetes
(10). In skeletal myotubes this modest uncoupling has been
shown to augment mitochondrial fatty acid oxidation (11).
Taken together these data suggest that enhancing skeletal mus-
cle mitochondrial metabolic activity would be an attractive
strategy to prevent or reverse insulin resistance.

Interestingly, the thiazolidinedione class of insulin sensitiz-
ers do induce mitochondrial oxygen consumption and up-reg-
ulate the mitochondrial biogenesis program in adipose tissue
(12, 13). Whether these effects are operational in skeletal mus-
cle are less certain (13-15), and if present, whether these
changes are linked to insulin signaling is unknown. The objec-
tives of this study were to determine whether the thiazo-
lidinedione pioglitazone modulates the mitochondrial biogen-
esis program and mitochondrial respiration and to delineate
the link between insulin signaling and mitochondrial biology in
insulin-resistant skeletal muscle.

Insulin resistance was evoked by exposing murine C2C12
myotubes to high glucose and insulin levels. These cells showed
disruption in insulin-mediated signaling in the mitochondrial
regulatory programs and in mitochondrial bioenergetics. Pio-
glitazone restored insulin signaling and the mitochondrial reg-
ulatory and bioenergetic phenotype. Affymetrix gene array
analysis shows a disproportionate pioglitazone-mediated
induction of genes encoding for mitochondrion-functioning
proteins. Furthermore, the master regulator of mitochondrial
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biogenesis, peroxisome proliferator-activated receptor vy coac-
tivator 1a (PGC-1a)® was up-regulated by pioglitazone. We
explored the role of PGC-1a in the interaction between insulin
signaling and mitochondrial biology. PGC-1a overexpression
significantly augments insulin-mediated signaling in parallel
with rescuing mitochondrial biology in insulin-resistant myo-
tubes. Depletion of PGC-1« attenuates insulin signal transduc-
tion under control conditions. Moreover, the direct genetic dis-
ruption of the insulin receptor results in the down-regulation of
PGC-1a and reduced mitochondrial bioenergetics. These data
show that PGC-1a is required to maintain insulin-mediated
signal transduction in C2C12 myotubes and that its induction is
sufficient to restore the integrity of insulin-mediated signaling
and mitochondrial function under insulin-resistant conditions.
In primary myoblasts pioglitazone restores the insulin resis-
tance-mediated blunting of mitochondrial bioenergetics. Fur-
thermore, the integration of insulin signaling and mitochon-
drial functioning is further supported where insulin receptor
knock-out mouse primary skeletal myoblasts show diminished
mitochondrial bioenergetic capacity. Together, these data
show a direct link between insulin signaling and mitochondrial
integrity and implicate PGC-1a as a bidirectional regulator
coordinating signal transduction with organelle homeostasis in
the pathophysiology of insulin resistance. Pioglitazone func-
tions in part through the concordant restoration of insulin sig-
naling and of the associated mitochondrial deficits.

EXPERIMENTAL PROCEDURES

Cell Culture—C2C12 cells (ATCC, Manassas, VA) were dif-
ferentiated into myotubes by serum depletion. Insulin receptor
knock-out and wild type skeletal myoblasts were harvested
from 1-3-day-old neonatal pups using heterozygous B6:12954-
Insr™'P2¢/T mice from The Jackson Laboratory, Bar Harbor,
ME. The pups were phenotyped by measuring their glucose
levels and genotyped according to protocol (16). Primary neo-
natal muscle cells were harvested and cultured as previously
described (17). The insulin-resistant phenotype was evoked by
exposure to high levels of glucose (40 mm) and insulin (100 nm,
Sigma) for 2—-3 days. 50 uM Pioglitazone (Axxora, San Diego,
CA) or vehicle control was added 24 h before harvesting in
selected studies.

Mouse Studies—Seven-week-old male db/db mice (C57BL/6]
strain; The Jackson Laboratory) were treated with pioglitazone
(30 mg/kg body weight, once daily, n = 8) or 0.5% carboxym-
ethyl cellulose (0.1 ml/10 g body weight as vehicle, n = 8) by oral
gavage for 2 weeks. Blood glucose levels were measured after
overnight fasting before and at the end of the treatment period.
After 14 days of treatment mice were sacrificed, and skeletal
muscle was harvested from quadriceps muscle and snap-frozen
in liquid nitrogen. Protein was extracted using radioimmune
precipitation assay buffer, and Western blot analysis was per-
formed as described below using an anti-PGC-1« antibody (a

2The abbreviations used are: PGC-1a, peroxisome proliferator-activated
receptor y coactivator 1¢; siRNA, small interfering RNA; COX, cytochrome
oxidase; ERK, extracellular signal-regulated kinase; IR, insulin resistance;
IRS-1, insulin receptor substrate 1; InsRB, insulin receptor subunit 3; GFP,
green fluorescent protein.
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gift from D. Kelly, Washington University, St. Louis, MO). Age,
strain, and diet-matched C57BL/6] controls were euthanized at
the same time point for a comparison of skeletal muscle
PGC-1a levels. Animal and primary muscle culture experi-
ments were approved by the NHLBI Animal Care and Use
Committee.

Protein Analysis—Protein samples were analyzed by West-
ern blot analysis. Membranes were incubated with specific anti-
bodies directed against total protein or phosphorylated protein.
Proteins of interest included subunits I and III of cytochrome
oxidase (COX I, MitoSciences, Eugene, OR; COX III, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), ND6 (Mito-
Sciences), myogenin (BD Biosciences), cytochrome ¢, Akt, p44/
p42 mitogen-activated protein kinase (ERK), insulin receptor
substrate 1 (IRS-1; Cell Signaling, Danvers, MA), voltage-de-
pendent anion channel (Molecular Probes, Eugene, OR/In-
vitrogen), insulin receptor subunit 8 (InsRB), SIRT1 (Upstate/
Millipore, Charlottesville, VA), PGC-1« (a gift from D. Kelly),
and B-actin (Ambion, Austin, TX). Blots were developed using
SuperSignal West Chemiluminescence kit (Pierce).

Mitochondrial DNA Copy Measurement—Mitochondrial
DNA copy number was assessed as described previously (14). In
brief, DNA was collected from whole cell lysates. Real-time
PCR was performed for COX I and for the nuclear encoded 18
S. The ratio of COX I DNA copies to 18 S represents the relative
mitochondrial copy number.

Gene Expression Analysis— After isolation and quantification
of RNA from C2C12 myotubes and wild type primary skeletal
myoblasts, the reverse transcription reaction was performed
using SuperScript III reverse transcriptase kit (Invitrogen). Real
time quantitative-PCR was performed using SYBR green PCR
Master Mix (Applied Biosystems, Foster City, CA) and M]
Research DNA Engine Opticon 2 fluorescence detection sys-
tem (Bio-Rad). Sequences of specific primers are listed in sup-
plemental Table 1. The mRNA concentration was calculated
from the cycle threshold values using a standard curve and nor-
malized to the expression levels of 18 S ribosomal RNA.

Gene Array—After RNA isolation (RNeasy kit, Qiagen,
Valencia, CA), RNA amplification was performed using the
RiboAmp OA 1 Round kit (Arcturus, Sunnyvale, CA) followed
by in vitro transcription and transcript labeling (ENZO Bioar-
ray RNA transcript labeling kit, ENZO Life Sciences, Farming-
dale, NY). cRNA purification and fragmentation of the purified
cRNA were performed using GeneChip Sample Module (Qia-
gen). Microarray chips (MOE430A, Affymetrix, Santa Clara,
CA) were incubated with the fragmented RNA samples. Images
were processed using Micro Array Suite software (Affymetrix).
Data were analyzed using Ingenuity software.

Flow Cytometry—Mitochondrial size and inner mitochon-
drial membrane potential were determined using MitoTracker
green FM (100 nm) and the mitochondria specific dye tetram-
ethylrhodamine methyl ester (25 nm), respectively (Molecular
Probes). Briefly, C2C12 myotubes or primary myoblasts were
harvested and incubated with the dye for 30 min at 37 °C and
analyzed using the FACSCalibur (BD Biosciences) and
Cellquest Software (Becton Dickinson Immunocytometry
Systems).
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Oxygraphy—C2C12 myotubes were harvested and resus-
pended in complete medium. Whole cell respiration was meas-
ured using the BD Oxygen Biosensor System (BD Biosciences).
Total oxygen consumption was measured concurrently com-
paring the three groups, measured as relative change in fluores-
cence as described previously (12).

ATP Content—Cells were incubated in ice-cold lysis buffer
(20 mm Tris pH 7.0, 0.5% Nonidet P-40, 25 mm NaCl, 2.5 mm
EDTA). Cellular ATP content was measured spectrophoto-
metrically in cell lysates with a specific luminescence kit using
firefly luciferase and D-luciferin (Molecular Probes).

Adenoviral Transduction—Adenoviral vectors encoding for
full-length mouse PGC-1a Ad-Track-FLAG-HA-PGC-1a) and
SIRT1 (Ad-Track-FLAG-HA-SIRT1), respectively, were de-
scribed previously and kindly provided by P. Puigserver (Har-
vard Medical School, Boston, MA). Adeno-GFP that was
used as control for adenoviral infection experiments was
kindly provided by K. Walsh (Boston University School of
Medicine, Boston, MA).

SiRNA Transfection Experiments—C2C12 myotubes were
transfected with indicated amounts of SMARTpool® siRNA
targeting PGC-1a or InsRB (Dharmacon, Chicago, IL) using
Oligofectamine (Invitrogen) following the manufacturers’ pro-
tocol and harvested 3 days after transfection.

Acute Insulin Stimulation and Immunoprecipitation—Cells
were stimulated with 100 nm insulin for 5 or 10 min at 37 °C,
and protein was extracted using radioimmune precipitation
assay buffer containing protease inhibitor mix (Roche Diagnos-
tics) and NaF (1 mm), Na;VO, (0.1 mm), B-glycerophosphate
(100 umMm, Sigma). 500 ug of protein was incubated with 4 ul of
anti-IRS antibody (Cell signaling), and 1 mg of protein was
incubated with anti-InsRB antibody (H-70, Santa Cruz) in
radioimmune precipitation assay buffer overnight. 20 ul of pro-
tein A/G Plus Agarose (Santa Cruz Biotechnology) was added
for 2 h, and agarose beads were washed in radioimmune pre-
cipitation assay buffer and boiled in sample loading buffer. The
supernatant was used for electrophoresis and Western blot.
Phosphorylated IRS-1 and phosphorylated InsRf were
detected using an anti-phosphotyrosine antibody (Upstate/
Millipore) and horseradish peroxidase-conjugated secondary
anti-mouse antibody, and bands were visualized using Super-
Signal West chemiluminescence substrate kit (Pierce).

Promoter Analysis—The murine 2-kilobase PGC-la pro-
moter-luciferase reporter construct was purchased from Add-
gene (Cambridge, MA). C2C12 myoblasts were transfected
with PGC-la-promoter/reporter plasmids using FUuGENE 6
transfection reagent (Roche Diagnostics). pRL-SV40/control
plasmid (Promega, Madison, W1I) was co-transfected as a con-
trol for the transfection efficiency. Cells were incubated over-
night and were further incubated for 24 h with 50 um pioglita-
zone or vehicle. PGC-1la promoter activity was determined
using Dual Luciferase Reporter assay system (Promega) as rel-
ative firefly luciferase luminescence normalized to the renilla
luciferase luminescence according to the manufacturer’s
instruction.

Statistical Analysis—Differences between data groups were
evaluated for significance using Student ¢ test or one-way anal-
ysis of variance. p < 0.05 was considered statistically significant,
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and data are expressed as mean * S.E. The asterisk denotes p <
0.05 versus control. Gene array expression levels were analyzed
after segregation to exclude genes probesets employing a false
discovery rate of >10% and a -fold change <1.5. A Fisher’s
exact test was employed to evaluate whether significantly reg-
ulated genes encoding mitochondrial proteins are dispropor-
tionately represented relative to the total number of probesets
on the microarray chips. # = 4 repeated experiments were per-
formed in all studies.

RESULTS

C2C12 myotubes exposed to elevated glucose and insulin
were used to characterize the interaction between insulin-sig-
naling and mitochondrial regulation and function. To validate
insulin resistance, insulin-activated phosphorylation of the
InsRPB and of downstream kinases including tyrosine phospho-
rylation of IRS-1 and phosphorylation of Akt and of ERK iso-
forms were compared with non-insulin-stimulated controls.
The insulin receptor and the downstream kinases were induced
>4-fold in control cells, and this induction is significantly
blunted in the insulin resistance cells (Fig. 14). To delineate
whether elevated glucose and insulin perturb mitochondrial
regulation, we examined the mitochondrial biogenesis regu-
latory program. The transcriptional regulators of the
intergenomic control of mitochondrial biogenesis, including
nuclear respiratory factor 1 and transcription factor A of mito-
chondria, were down-regulated ~40% in insulin-resistant cells.
This was mirrored by the down-regulation of PGC-1« (Fig. 1B).
We measured the transcript and protein levels of SIRT1, the
NAD*-dependent deacetylase known to activate PGC-1a in
skeletal muscle (18). SIRT1 gene expression is unchanged, but
SIRT1 protein levels is reduced ~38% in insulin-resistant cells
(Fig. 1, Band C, respectively). In parallel, the steady-state levels
of mitochondrial electron transfer chain proteins including the
nuclear-encoded cytochrome ¢ and the mitochondrial-en-
coded cytochrome oxidase subunits I and III proteins are sig-
nificantly diminished in parallel with the reduction in PGC-1a
under insulin-resistant conditions (Fig. 1C). Interestingly, the
NADH dehydrogenase subunit 6 (ND6 mitochondrial-encoded
protein) is not modulated at the protein level in insulin-resis-
tant myotubes. The expression of the outer mitochondrial
membrane voltage-dependent anion channel is also signifi-
cantly reduced in insulin-resistant cells (Fig. 1C). To establish
whether this down-regulation is reflected at the mitochondrial
genomic level, we quantified the relative mitochondrial versus
genomic DNA copy number. In insulin-resistant myotubes the
relative mitochondrial DNA copy number is reduced ~24%
(Fig. 1D). These data are supported by the diminution in the
mitochondrial mass of ~29% (Fig. 2A4).

The thiazolidinedione class of anti-diabetic agents function
as peroxisome proliferator-activated receptor ligands and
improves overall systemic insulin sensitivity. We determined
whether pioglitazone would concurrently modulate insulin sig-
naling and the mitochondrial regulatory program. Pioglitazone
restores InsRpB, IRS-1, Akt, and ERK phosphorylation in the
insulin-resistant myotubes and increases InsRf3 levels (Fig. 1E).
In parallel, pioglitazone augments the expression levels of genes
encoding for mitochondrial biogenesis regulatory proteins (Fig.
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FIGURE 1. Insulin signaling and mitochondrial phenotype in response to insulin resistance and pioglita-
zone. Control myotubes were exposed to 25 mm glucose, and the insulin resistant myotubes were exposed to
40 mm glucose and 100 nm insulin for 48 h. A represents insulin-responsive signaling as shown by the repre-
sentative Western blots (pTyr, phosphotyrosine; cont, control; IR, insulin resistance). B, transcript levels,
expressed as % control, of genes encoding for mitochondrial regulatory proteins (PPARvy, peroxisome prolif-
erator-activated receptor y; NRF1, nuclear respiratory factor 1; Tfam, mitochondrial transcription factor A and
SIRT1. C, steady-state mitochondrial electron transfer chain protein levels (COX | and Ill, cytochrome ¢ oxidase
subunits I and IIl; Cyt ¢, cytochrome ¢; ND 6, NADH dehydrogenase, subunit 6; VDAC, voltage-dependent anion
channel) as well as levels of voltage-activated anion channel, SIRT1, and actin as a housekeeping protein; D,
relative mitochondrial genomic copy number (% control). E shows insulin-responsive signaling comparing
insulin-resistant to pioglitazone (Pio)-treated insulin-resistant myotubes. F, transcript levels, expressed as %
control, of genes encoding for mitochondrial regulatory proteins. G, steady-state mitochondrial electron trans-
fer chain protein levels comparing insulin-resistant to insulin-resistant myotubes exposed to pioglitazone. H,
relative mitochondrial genomic copy number (% control). The asterisk represents a p < 0.05 versus the respec-
tive control in this and all subsequent figures (unless otherwise stated).

these myotubes. Insulin-resistant
myotubes exhibit an ~26% reduc-
tion in the mitochondrial energetic
capacity as measured by the relative
mitochondrial membrane potential
(Fig. 2B), a ~28% reduction in total
cellular ATP content (Fig. 2C), and a
~33% reduction in the rate of cellu-
lar oxygen consumption (Fig. 2D)
compared with control myotubes.
Pioglitazone enhances the relative
mitochondrial membrane potential,
oxygen consumption, and ATP pro-
duction in insulin-resistant cells
(Figs. 2, F-H). Interestingly, the
induction of this mitochondrial reg-
ulatory program by pioglitazone is
not exclusively dependent on the
insulin-resistant milieu in that the
induction of the mitochondrial bio-
genesis program and its sequelae
was also seen, albeit to varying
degrees in the control cells (supple-
mental Fig. 1). Pioglitazone did not
enhance insulin-induced signaling
in the control cells (data not shown).

Murine skeletal myoblasts were
then employed to confirm whether
pioglitazone replicates this amelio-
rative mitochondrial profile in pri-
mary cells. Under basal conditions,
pioglitazone significantly up-regu-
lates PGC-1a gene expression (Fig.
3A) in parallel with the induction
seen in C2C12 myotubes. In
response to insulin resistance, the
mRNA expression of PGC-la is
modestly induced above base line in
response to pioglitazone (Fig. 3A).
The measurement of mitochondrial
mass and membrane potential
directly parallels the findings shown
in C2C12 myotubes with a diminu-
tion in response to insulin resist-
ance and complete restoration after
pioglitazone administration (Fig.
3B). The ability of pioglitazone to
induce PGC-1a in skeletal muscle
was additionally confirmed in db/db
mice. These mice are deficient in
the leptin receptor and develop pro-
gressive obesity and diabetes with

1F), the steady-state electron transfer chain protein levels (Fig.  the onset of elevated glucose levels at around 8 weeks of age.
1G), the mitochondrial genomic copy number (Fig. 1H), and Seven-week-old mice were treated with pioglitazone or vehicle
mitochondrial mass (Fig. 2E). control for 2 weeks and then sacrificed for skeletal muscle

To test the functional consequences of these regulatory extraction. The vehicle-treated mice showed a significant rise
events during insulin resistance and the following the adminis-  in blood glucose over this period. In contrast, the pioglitazone-
tration of pioglitazone, we measured the bioenergetic profilein  treated db/db mice maintained their base-line fasting blood
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sugar levels (Fig. 3C). In parallel, the steady-state PGC-1« pro-
tein levels is significantly elevated in the pioglitazone mice
compared with the vehicle-treated control mice (Fig. 3D). It is
of interest that the db/db mice developing hyperglycemia have
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IR+Pio

lower skeletal muscle PGC-1a levels
compared with strain-matched
C57BL/6] control mice.

To explore the regulatory role of
pioglitazone in modulating these
bioenergetic changes in insulin-re-
sistant C2C12 cells, we compared
the expression profiles of insulin-
resistant and pioglitazone-treated
insulin-resistant myotubes using
Affymetrix-gene array analysis.
Probeset expression of genes desig-
nated to have mitochondrial func-
tions, as defined by the terms mi-
tochondria, mitochondrion, or
mitochondrial in the gene ontology
data base of Entrez Gene elicited
921 mitochondrial functioning
probesets of a total of 22,689, with
253 probesets associated with mito-
chondrial biogenesis. Using a 10%
false discovery rate and a cutoff of
1.5-fold induction elucidated a total
of 436 pioglitazone regulated probe-
sets of which 50 were mitochondri-
al-related and 21 associated with
mitochondrial biogenesis. This
results in a highly significant and
disproportionate up-regulation of
genes supporting mitochondrial
function by pioglitazone. The piogli-
tazone-regulated genes are shown in
supplemental Table 2.

As PGC-1a was down-regulated
in insulin-resistant myotubes and
induced by pioglitazone, we de-
termined whether pioglitazone
directly transactivates PGC-la.
Using the mouse PGC-1a promot-
er-luciferase construct, we show
that pioglitazone significantly trans-
activates PGC-1a in C2CI12 cells
(Fig. 4A). To evaluate whether this
up-regulation of PGC-la could
modulate insulin signal transduc-
tion in parallel to the up-regulation
of the mitochondrial biogenesis
program, we employed an adenovi-
ral expression vector harboring the
murine PGC-1a cDNA. Infection
efficiency was in excess of 80%, and
the infection with the PGC-1« con-
struct resulted in a significant
induction of the PGC-la protein

levels (Fig. 4B). This augmentation resulted in an increase of
mitochondrial respiration in insulin-resistant myotubes in a
multiplicity of infection dose-dependent manner as shown by
oxygen consumption (Fig. 4C). To test the effect of this induc-
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lates the expression of the gene encoding for PGC-1a in primary myoblasts.
B, pioglitazone reverses the diminution in mitochondrial size and membrane
potential evoked by insulin resistance in primary skeletal myoblasts. C, piogli-
tazone prevents the development of fasting hyperglycemia in db/db mice.
D, pioglitazone up-regulates PGC-Ta steady-state protein levels in db/db
mice. The levels of PGC-1a were diminished in untreated db/db mice com-
pared with strain-matched C57BL/6J control mice.

tion on insulin signaling, the threonine phosphorylation of Akt
was measured in response to GFP versus PGC-1a infection.
GEFP vector infection had no restorative effect on Akt phospho-
rylation, but PGC-1la overexpression significantly increases
phosphorylation under insulin-resistant conditions (Figs. 4D)
and concomitantly restored the rate of oxygen consumption
(Fig. 4E). To test the converse effect of PGC-1a, we knocked
down PGC-la levels in the C2C12 cells using siRNA and
assessed the insulin responsiveness of Akt. PGC-1a knock-
down led to a significant reduction of the mRNA levels of mito-
chondrial-encoded cytochrome c oxidase subunit I levels and
lowered oxygen consumption rate (Fig. 4F). In addition, pro-
gressive PGC-1a knockdown resulted in the incremental dim-
inution of insulin-stimulated Akt phosphorylation (Fig. 4G).
Together these data support a role for PGC-1a in the integrated
regulation of both mitochondrial biogenesis and insulin signal
transduction that appears to be operational under basal and insu-
lin-resistant conditions. Interestingly, overexpression of SIRT1, a
known post-translational activator of PGC-1a, partially normal-
izes the blunted insulin response in insulin-resistant myotubes,
and this ameliorative effect is further enhanced with the concur-
rent transduction of PGC-1a (supplemental Fig. 2).

AUGUST 15, 2008 +VOLUME 283-NUMBER 33

To further analyze the specificity of PGC-1a in linking the
aberrations in insulin signaling and mitochondrial dysfunction,
we investigated PGC-1a and mitochondrial bioenergetics in
response to the knockdown of the insulin receptor. The siRNA
knockdown of InsR resulted in desensitization to insulin-me-
diated activation of Akt (Fig. 5A4). This blunting of insulin signal
transduction is associated with a significant reduction in the
steady-state protein levels of PGC-1a and of mitochondrial bioen-
ergetic function (Fig. 5, B—D). Finally, as the siRNA analysis in
C2C12 myotubes demonstrates a direct link between disruption in
insulin receptor signaling and mitochondrial function, we deter-
mined whether this mitochondrial bioenergetic profile is per-
turbed in skeletal myoblasts harvested from insulin receptor
knock-out mice. The lack of insulin receptor leads to neonatal
lethality in the first 5 days of life (16). To preempt this, neonatal
mice were sacrificed on day 2 to prepare primary skeletal myoblast
cultures. At the time of euthanasia the blood glucose levels aver-
aged 51 * 12 mg/dl in the wild type control pups and 469 * 38
mg/dl in the knock-out animals (p = 0.0005). As shown in Fig. 5E,
the mitochondrial mass and membrane potential in these insulin
receptor knock-out myoblasts are significantly reduced compared
with the wild type controls and show the same profile evident in
insulin-resistant C2C12 myotubes.

DISCUSSION

Pioglitazone and rosiglitazone, the two clinically used thia-
zolidinediones, activate mitochondrial biogenesis in adipocytes
(12,19). This is proposed to function, in part, through the direct
induction of PGC-1a via a peroxisome proliferator-activated
receptor <y response element within the PGC-1a promoter
region (20). In contrast, in skeletal muscle the capacity of ros-
iglitazone to restore insulin signaling and mitochondrial bio-
genesis has been questioned (14, 21). This may be due in part to
the inability of rosiglitazone to activate the PGC-1a promoter-
luciferase construct in skeletal myotubes (22). As pioglitazone
has distinct metabolic effects compared with rosiglitazone (23),
we investigated the role of this thiazolidinedione on skeletal
muscle mitochondrial biogenesis and on insulin sensitivity. We
show that pioglitazone activates the murine PGC-1a promoter-
reporter construct in C2C12 myotubes, up-regulates the gene
encoding for PGC-1a in C2C12 and in primary skeletal myo-
blasts, and increases PGC-1a protein levels in quadriceps mus-
cle of db/db mice. Furthermore, we demonstrate that the
administration of pioglitazone restores insulin signaling, aug-
ments the mitochondrial biogenesis program, and restores the
mitochondrial bioenergetic capacity in insulin-resistant myo-
tubes. In parallel with these changes, pioglitazone modulates
genes encoding for additional mitochondrial and cellular func-
tioning proteins in insulin-resistant myotubes.

We focused our further investigations on the role of PGC-1a
in integrating mitochondrial biology and insulin signaling. As
background, prior in vivo studies have been undertaken to
explore the role of PGC-1a in skeletal muscle. Skeletal muscle-
targeted deletion of PGC-1a results in fiber-type switching
with a reduction in slow-twitch oxidative fibers and in exercise
intolerance (24). In keeping with the dominant role of skeletal
muscle for glucose uptake, these mice exhibit impaired post-
prandial glucose uptake (25). Surprisingly, despite this tissue-
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FIGURE 4. PGC-1a modulates mitochondrial biology and insulin signaling. A shows murine PGC-1a promoter activation in response to pioglitazone (cont,
control; Pio, pioglitazone). B, infection of PGC-1« up-regulates PGC-1a and COX | protein levels. MOI, multiplicity of infection. C, augmentation of relative rate
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E, induction of oxygen consumption by PGC1a overexpression in, insulin resistance myotubes. F, effect of PGC-1« silencing on transcript levels and on oxygen
consumption (% si cont); G, the diminution of Akt threonine phosphorylation by insulin after partial silencing of PGC-1c.

targeted PGC-1a depletion, systemic consequences are mani-
fest in that peripheral insulin sensitivity was maintained and
this skeletal muscle perturbation initiated cross-talk with the
pancreatic 3-cells, resulting in the development of 3-cell hyper-
plasia (25). Conversely, short-term induction of PGC-1a in an
inducible system results in enhanced glucose uptake, glycogen
storage, and in the induction of genes encoding for mitochon-
drial oxidative phosphorylation (26). In contrast, chronic
robust skeletal muscle PGC-1a activation to prevent or reverse
insulin resistance is unlikely in that the skeletal muscle-specific
overexpression of PGC-1a resulted in impaired glucose toler-
ance and a reduction in skeletal muscle GLUT4 expression (27).
Collectively, these in vivo studies do establish a primary role of
PGC-1a in maintaining mitochondrial homeostasis and glu-
cose tolerance but also demonstrate that the robust activation
of this regulatory protein is unlikely to be an optimal therapeu-
tic strategy. Our data show that the pharmacologic and modest
induction of PGC-1a is feasible and concordantly restores insu-
lin-mediated signal transduction and mitochondrial regulatory
and bioenergetic function. Of note, the concept that modest
PGC-1a induction is beneficial has recently also been con-
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firmed where modest induction of PGC-1a (~25%) in an iso-
lated rat muscle enhanced both insulin sensitivity and palmitate
oxidation (28).

Of further interest in this study we find that PGC-1a func-
tions as a bidirectional regulatory link between insulin signaling
and mitochondrial homeostasis. We demonstrate that siRNA
knockdown of PGC-1a disrupts insulin-mediated signaling and
mitochondrial function and that the overexpression of this
transcriptional coactivator under insulin-resistant conditions
is sufficient to restore both mitochondrial respiratory function
and to partially rescue insulin-mediated signaling. The bidirec-
tional control of PGC-1a between insulin signaling and mito-
chondrial biology is further supported by the down-regulation
of PGC-1a protein and a diminution of mitochondrial bioener-
getics after siRNA knockdown of the insulin receptor 8 subunit.
This diminution in mitochondrial mass and membrane poten-
tial is also shown in primary skeletal myoblasts lacking the insu-
lin receptor. Together these data implicate a central role for
PGC-1la in integrating insulin-responsive signaling and mito-
chondrial homeostasis in skeletal muscle. Our data further sup-
port the strong association between the disruption in skeletal mus-
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cle mitochondrial dysfunction and the development of insulin
resistance (6, 29) and the association with concordant down-reg-
ulation of PGC-1a-responsive genes in type 2 diabetes (30) and of
PGC-1a itself in skeletal muscle from subjects with polycystic
ovary syndrome-associated insulin resistance (31).

As shown by the adverse phenotype following robust overex-
pression of PGC-1« in skeletal muscle (27), a modest induction
of this regulatory protein would be optimal for therapeutic effi-
cacy to enhance skeletal muscle insulin sensitivity. Although
pioglitazone does modestly induce PGC-1q, the long term clin-
ical use of the thiazolidinediones is questionable as their ther-
apeutic potential has recently been assuaged by evidence link-
ing these compounds to systemic adverse effects (32, 33). Our
study shows that pioglitazone activates SIRT1, and this func-
tions in concert with PGC-1a to restore mitochondrial biology
and insulin signaling. Hence, the activation or up-regulation of
SIRT1 may be a more amenable target for therapeutic manip-
ulation. The therapeutic potential for SIRT1 activation may
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soon be realized in that numerous
small molecule activators of SIRT1
have been identified, and these
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improve glucose tolerance in rodent
models of diabetes in parallel with
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rate synthase activity (34). Likewise,

Mito G

resveratrol, which activates SIRT1,
AMP kinase, and mitochondrial
biogenesis have been shown to
attenuate age and high fat diet-in-
duced insulin resistance (35, 36).
From a mechanistic perspective
SIRT1 has also been shown to
enhance insulin sensitivity in insu-
lin-resistant myotubes via repres-
sion of the protein-tyrosine phos-
phatase 1B (37). Recently, small
molecule activators of PGC-1a itself
has been described (38). These com-
pounds need to be explored as alter-
native agents to modify this pro-
gram in skeletal muscle and to
evaluate whether they too can
* restore insulin signaling.

The interrelationship between
perturbed insulin signaling and
mitochondrial dysfunction in skele-
tal muscle insulin resistance has
been shown in insulin-resistant off-
spring of diabetic parents (3). How-
ever, the regulatory link between
these two processes has not been
extensively explored. Our data sup-
port that PGC-1« functions to inte-
grate the insulin signaling pathway
and the regulation of mitochondrial
biology. The mechanism whereby the diminution in insulin sig-
naling down-regulates PGC-1a does not appear to have been
explored. In contrast, the mechanism whereby PGC-1« activa-
tion restores insulin signaling may speculatively result from the
induction in mitochondrial metabolism with a reduction in dia-
cylglycerol accumulation. Diacylglycerol has been shown to
inactivate Akt via diacylglycerol-activated protein kinase serine
phosphorylation of Akt (39). Insulin signaling is also perturbed
by excess reactive oxygen species (40). PGC-1a has been shown
to up-regulate anti-oxidant defense systems in skeletal myo-
tubes (41), and a second possible mechanism whereby the
reduction in PGC-1a may disrupt insulin signaling may be via
regulation of reactive oxygen species homeostasis. The investi-
gation of both of these mechanisms warrants investigation.

In summary, in this study we show that elevated insulin and
glucose levels in the absence of exogenous manipulation of free
fatty acid levels disrupts insulin signal transduction, the mito-
chondrial biogenesis regulatory program, and mitochondrial
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respiratory function. The thiazolidinedione pioglitazone can
restore these programs and is shown to directly transactivate
PGC-1a and increase the steady-state protein levels of SIRT1.
The necessity and requirement of PGC-1e to integrate insulin sig-
naling and mitochondrial biogenesis and function in skeletal myo-
tubes is evident whereby overexpression of PGC-1a can restore
insulin signaling and the mitochondrial bioenergetic phenotype,
and its genetic knockdown has the opposite phenotype. Further-
more, knockdown of the insulin receptor itself is sufficient to
down-regulate PGC-1a and disrupt mitochondrial bioenergetic
function. This study supports a central role of PGC-1a in the
pathophysiology of insulin resistance and suggests that this tran-
scriptional coactivator has a novel role in the bidirectional integra-
tion of insulin signaling and mitochondrial homeostasis.
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