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The transcriptional coactivator PPARγ coactivator 1α (PGC-1α) is a strong activator of mitochondrial biogenesis
and oxidative metabolism. While expression of PGC-1α and many of its mitochondrial target genes are decreased
in the skeletal muscle of patients with type 2 diabetes, no causal relationship between decreased PGC-1α expression and abnormal glucose metabolism has been established. To address this question, we generated skeletal
muscle–specific PGC-1α knockout mice (MKOs), which developed significantly impaired glucose tolerance but
showed normal peripheral insulin sensitivity. Surprisingly, MKOs had expanded pancreatic β cell mass, but
markedly reduced plasma insulin levels, in both fed and fasted conditions. Muscle tissue from MKOs showed
increased expression of several proinflammatory genes, and these mice also had elevated levels of the circulating
IL-6. We further demonstrated that IL-6 treatment of isolated mouse islets suppressed glucose-stimulated insulin
secretion. These data clearly illustrate a causal role for muscle PGC-1α in maintenance of glucose homeostasis
and highlight an unexpected cytokine-mediated crosstalk between skeletal muscle and pancreatic islets.
*OUSPEVDUJPO
PPARγ coactivator 1α (PGC-1α) is a coactivator protein that binds
to a number of transcription factors and augments their ability to
induce target gene expression (1, 2). A central feature of PGC-1α
is its potential to boost mitochondrial biogenesis and increase
oxidative metabolism (3). In addition, PGC-1α regulates certain
tissue-specific gene programs in vivo, such as increased myofibrillar gene expression associated with oxidative muscle fibers (4).
PGC-1α is regulated in many tissues under a variety of physiological stimuli, including cold, exercise, and fasting (1, 2). In addition,
dysregulation of PGC-1α mRNA expression has been observed in
many disease states (1, 2). For example, PGC-1α expression is
increased in the liver and islets of animal models of type 1 and
type 2 diabetes (5, 6). In contrast, mRNA levels of PGC-1α, PGC1β, and genes encoding for proteins involved in mitochondrial
oxidative phosphorylation (OXPHOS) are reduced in skeletal
muscle of human type 2 diabetics, at least in some populations
(7, 8). The OXPHOS genes that are dysregulated in type 2 diabetic
patients are under transcriptional control of PGC-1α, and signalNonstandard abbreviations used: Cox, cytochrome c oxidase; GABP, GA-binding
protein; MKO, skeletal muscle–specific PGC-1α knockout mouse; OXPHOS, oxidative phosphorylation; PGC-1α, PPARγ coactivator 1α; SDH, succinate dehydrogenase;
SKM-Het, skeletal muscle–specific PGC-1α heterozygous mouse.
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ing pathways by which PGC-1α controls OXPHOS gene expression in skeletal muscle have been elucidated (3, 7–13). Notably,
PGC-1α dysregulation is also observed in pre-diabetic individuals,
suggesting that reduction of PGC-1α levels is an early event in the
development of the disease (7, 8).
Mitochondrial dysfunction has been closely associated with skeletal muscle insulin resistance in several studies (14–16). Decreased
PGC-1α levels could theoretically trigger a pathway of pathology
starting with reduced OXPHOS gene expression, decreased fatty acid
oxidation, and subsequent lipid accumulation in skeletal muscle
and culminating in insulin resistance and type 2 diabetes (8, 15, 16).
However, the causality of PGC-1α dysregulation in skeletal muscle to the development of abnormalities in glucose homeostasis,
particularly insulin resistance and type 2 diabetes, has never to
our knowledge been directly tested in a loss-of-function model in
vivo. Mice lacking PGC-1α in all tissues have been made, but these
animals have many systemic abnormalities, including complete
resistance to diet-induced obesity and hyperactivity secondary to
central nervous system abnormalities (17, 18). This has made a
serious examination of the role of skeletal muscle PGC-1α in systemic glucose homeostasis impossible in these animals (17, 18).
These mice also have constitutively active AMP-activated protein
kinase in skeletal muscle, which might compensate for the loss of
PGC-1α in this tissue (17, 18). Therefore, to assess the importance
of PGC-1α in peripheral tissues, tissue-specific knockout animals
have to be generated. Proof of principle stems from liver-specific
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PGC-1α knockout mice, which, in contrast to whole-body knockout mice, show the expected reduction of gene expression involved
in gluconeogenesis and heme biosynthesis (19).
We thus generated skeletal muscle–specific PGC-1α knockout
mice (MKOs) and studied the impact of aberrant PGC-1α levels in
this tissue on glucose homeostasis and insulin sensitivity. Interestingly, while the loss of PGC-1α expression caused significant glucose intolerance, this intolerance was not associated with insulin
resistance in peripheral tissues per se. Rather, we found an unexpected link between absence or reduction of PGC-1α expression in
skeletal muscle and decreased insulin secretion in vivo. These data
suggest an important crosstalk between skeletal muscle and pancreatic islets, perhaps via secretion of proinflammatory cytokines
such as IL-6 by skeletal muscle.
3FTVMUT
Generation and characterization of MKOs. MKOs were generated by
breeding animals harboring a floxed PGC-1α allele (17) with mice
that transgenically express cre recombinase under the control of
the myogenin promoter and the MEF2C enhancer (20) (Figure 1A).
The transcript and protein levels of PGC-1α were subsequently
monitored by real-time PCR and Western blots, respectively. In gastrocnemius muscle, protein expression of PGC-1α was almost completely abolished (Figure 1B). Similarly, PGC-1α mRNA expression
was drastically reduced in gastrocnemius and soleus muscles of
MKOs (Figure 1C). Other known PGC-1α–expressing tissues such
as heart, liver, brown adipose tissue, and brain were examined, and
none of those had significantly altered PGC-1α transcript levels
(Figure 1C). Thus, the ablation of PGC-1α in MKOs was restricted
to skeletal muscle. Importantly, none of these tissues showed any


compensatory adaptations in PGC-1β levels (Figure 1C). In terms
of muscle function, MKOs has a lower expression of myosin heavy
chains normally expressed in oxidative fibers (type I and IIa) and
exhibits reduced voluntary physical activity (21).
Increase in mitochondrial function and oxidative metabolism are core
functions of PGC-1α. We first studied the expression of metabolic
genes and their corresponding transcription factors by real-time
PCR. Two of the early PGC-1α target genes, estrogen-related receptor α (ERRα) and GA-binding protein A (GABPA), the DNA-binding subunit of GABP, showed reduced expression in MKOs compared with control mice (Figure 2A). These transcription factors
are essential in controlling PGC-1α–induced OXPHOS expression
in skeletal muscle (9, 10). Transcript levels of the more downstream
transcription factors nuclear respiratory factor 1 and mitochondrial transcription factor A were unaltered in MKOs (Figure 2A).
Nevertheless, expression of a number of OXPHOS and other
mitochondrial genes was significantly reduced in MKOs, including the 1β subcomplex 5 and Fe-S protein 1 subunits of NADHubiquinone oxidoreductase, cytochrome c, cytochrome c oxidase
(Cox) subunit 5b, and ATP synthase o subunit. These genes have
been found to be directly regulated by ERRα, GABP, and PGC-1α
(9, 10). Other OXPHOS genes did not differ in their expression
between MKOs and controls, e.g., the NADH-ubiquinone oxidoreductase flavoprotein 2. Finally, non-OXPHOS mitochondrial
genes that are known to be regulated by PGC-1α (19) were reduced
in MKOs, for example the first enzyme in heme biosynthesis,
5-aminolevulinate synthase (Figure 2A). Notably, the reduction
of mitochondrial gene expression observed in skeletal muscle of
MKOs was equal to or even more dramatic than that previously
reported in skeletal muscle of PGC-1α whole-body knockout ani-
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mals (17). Finally, expression of the insulin-sensitive glucose transporter GLUT4 was likewise reduced in MKOs (Figure 2A). GLUT4
has previously been shown to be regulated by PGC-1α in skeletal
muscle in gain of function in vitro and in vivo (4, 22).
Mitochondrial function was assessed by measuring the enzymatic activities of Cox and succinate dehydrogenase (SDH). Critical
components of Cox are encoded by the mitochondrial genome,
in contrast to SDH, which is encoded in the nucleus. Thus, Cox
and SDH staining allows assessment of mitochondrial function
in terms of the mitochondrial genome as well as nuclear encoded
genes. Cox staining of gastrocnemius sections revealed a lower
number of Cox-positive muscle fibers and a decreased intensity
of Cox staining in MKOs (Figure 2B). SDH activity was likewise
decreased in MKOs, and fewer fibers positive for SDH were found
in gastrocnemius of MKOs (Figure 2C). Thus, skeletal muscle–specific ablation of PGC-1α reduced mitochondrial gene expression
and mitochondrial function in terms of both nuclear- and mitochondrial-encoded genes. Morphologically, no differences in mitochondrial structure were detected (data not shown).
In many reported cases, reduced oxidative capacity correlates
with decreased energy expenditure and increased body mass. Surprisingly, the body weight of PGC-1α MKOs fed either regular chow
or a high-fat diet was less than that of their control littermates
(Figure 3A). In terms of body composition, reduced fat mass and
body fat percentage was seen in MKOs (Figure 3, B and C). A significant difference was observed around 10 weeks of age, both in mice
fed high-fat diet (Figure 3D) and in mice fed regular chow diet (data
not shown). Reduced body weight in MKOs was predominantly
caused by a decreased rate of adipose tissue growth (Figure 3E).
MKOs were hypophagic (Figure 3F) and exhibited an elevated
basal metabolic rate, as suggested by increased heat production (Figure 3G) and elevated oxygen consumption (Figure 3H).
In addition, CO2 production was slightly, but significantly, elevated (Supplemental Figure 1A; supplemental material available
online with this article; doi:10.1172/JCI31785DS1). The resulting
decrease in the respiratory exchange ratio indicates a shift in substrate usage from glucose toward fat metabolism (Supplemental

Figure 1B). In the blood, no significant difference in nonesterified
fatty acids, total triglycerides, and glycerol was detected between
control mice and MKOs (Supplemental Figure 1, C–E). Similarly,
no difference in lipid accumulation in muscle tissue was detected
by oil red O staining between control and MKO animals (data
not shown). Decreased food intake and increased energy expenditure most likely explain the difference in body weight and fat
mass between control and MKO mice. The higher basal metabolic
rate in MKOs can potentially be explained by increased expression
of the uncoupling protein 1 in brown adipose tissue, resulting in
higher nonshivering thermogenesis (Supplemental Figure 2).
Abnormal glucose and insulin homeostasis in MKOs. To study the
effect of PGC-1α dysregulation on glucose homeostasis, control
animals and MKOs were fed either regular chow or a high-fat
diet, and blood glucose was measured. MKOs fed regular chow
had a significant elevation of blood glucose under fed conditions
(Figure 4A) compared with controls. Glucose levels in MKOs
and control mice were not different after an overnight fast
(Figure 4A). This hyperglycemia in the MKOs was exacerbated by
a high-fat diet, and glucose levels were higher in both fed and fasted MKOs, compared with their respective controls (Figure 4B).
Blood glucose levels are controlled by the counter-regulatory hormones insulin and glucagon. Whereas no difference in glucagon
levels was detected (data not shown), insulin was dramatically
decreased in MKOs fed with regular chow or high-fat diet (Figure 4C).
Depression of insulin levels in MKOs was likewise observed in
fasted animals (data not shown).
Glucose intolerance in PGC-1α MKOs. The ability of control mice
and MKOs to deal with an acute glucose load was assessed by glucose tolerance test. Both genotypes fed a regular chow diet had
similar glucose excursion curves (Figure 4D). A trend toward glucose intolerance was found in MKOs, although only 2 data points
reached a statistically significant difference. In contrast, MKOs fed
a high-fat diet were clearly less able to deal with a glucose bolus, as
indicated by the shift of the blood glucose curve (Figure 4E). Insulin tolerance tests were subsequently used to determine whether
this glucose intolerance was associated with systemic insulin
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resistance. In fact, the capacities of control animals and MKOs to
regulate blood glucose levels after a bolus of insulin were indistinguishable (Figure 4F). Similarly, no difference in the blood glucose
curves in insulin tolerance tests performed with regular chow–fed
animals was found (data not shown).
To further investigate the glucose intolerance with apparently
normal insulin sensitivity in the MKOs, we measured blood insulin and glucose simultaneously in a glucose tolerance test. Interestingly, in addition to the lower basal insulin, insulin levels following
glucose administration were lower in MKOs than in control mice
(Figure 4G). In parallel, blood glucose levels in MKOs exceeded
those found in control mice (Figure 4H). Thus, MKO animals have
aberrant glucose homeostasis that manifests in hyperglycemia
under different conditions. This elevation of blood glucose seems
more likely to be caused by the observed hypoinsulinemia than a
systemic insulin resistance.
Increased peripheral insulin–dependent glucose uptake in MKOs. We
tested this hypothesis by performing hyperinsulinemic, euglycemic
clamps, which allow very accurate determination of insulin-dependent glucose uptake in vivo. First we tested whether the hyperglycemia could be the result of elevated gluconeogenesis in the liver.
Hepatic glucose output was measured under basal and clamped
conditions; no difference was detected between MKOs and controls in either condition (Figure 5A). A second possible explana

tion for the hyperglycemia is decreased insulin-dependent glucose
uptake into skeletal muscle and fat. Surprisingly, MKOs were
found to take up significantly more glucose and channel this glucose into glycolysis under hyperinsulinemic conditions (Figure 5B).
Thus, as opposed to the hypothesis that PGC-1α dysregulation
causes insulin resistance, MKOs in fact have increased peripheral
insulin sensitivity. In parallel, the insulin signaling pathways in
skeletal muscle and liver were analyzed; in agreement with the
data obtained from the hyperinsulinemic, euglycemic clamps,
an increase in Akt activity in skeletal muscle was found while
IRS-1–PI3K activity remained unchanged (Supplemental Figure 3A).
In contrast, neither Akt nor IRS-2–PI3K activities were altered in
the livers of MKOs compared with control mice (Supplemental
Figure 3B), underlining the findings that hepatic insulin sensitivity is not affected by muscle-specific PGC-1α ablation.
Abnormal pancreatic islet morphology in MKOs. The combination
of the striking hypoinsulinemia and hyperglycemia and the data
showing normal hepatic glucose output and even increased peripheral glucose disposal under hyperinsulinemic conditions suggested
that the pancreatic β cells might be the culprits for the abnormal
glucose homeostasis in MKOs. Morphological analysis revealed
grossly enlarged islets in MKOs compared with controls (Figure 6A).
Morphometric analyses confirmed larger islet size in MKOs quantitatively (Figure 6B). Moreover, these studies showed that the
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individual β cells in MKO islets were smaller than those found in
islets from control animals (Figure 6, C and D). The smaller size
of β cells and the larger area covered by MKO islets imply a higher
number of pancreatic β cells in MKOs. Importantly, we did not
observe any significant differences in the size or number of pancreatic α and δ cells in MKO islets compared with that in control islets
(Figure 6B and data not shown). In addition, the overall architecture of the islets appeared normal. Finally, no sign of increased β
cell apoptosis was detected (data not shown). To rule out unexpected recombination of the PGC-1α gene in islets of the MKO mice,
we examined isolated islets for expression of PGC-1α, PGC-1β,
and several PGC-1α target genes. Furthermore, we measured cre
expression in isolated islets and genotyped islet genomic DNA for
recombination events in the PGC-1α allele. None of these data
indicated any gene deletion or change in expression of PGC-1α
in islets (Supplemental Figure 4). Furthermore, no alterations in
mitochondrial gene expression in isolated MKO islets compared
with control islets were found (Supplemental Figure 4).
Islets were subsequently isolated from control mice and MKOs
and cultured for 2 days; these islets were tested for their ability
to perform glucose-stimulated insulin secretion. First, we found

no difference in total insulin content between control and MKO
islets when normalized to DNA content (Figure 6E) Second, insulin secretion in low- and high-glucose conditions was comparable between islets from control animals and MKOs (Figure 6F).
Together, these data suggest that insulin secretion in isolated, cultured islets in MKOs is normal and is consistent with the idea that
an extrinsic factor, presumably arising directly or indirectly from
muscle of the MKOs, is having a negative action on islets in vivo.
MKOs have increased expression of several proinflammatory cytokines
and circulating IL-6 concentration. Factors released by white adipose tissue, adipokines, are well known to alter systemic glucose
homeostasis, insulin sensitivity, and insulin secretion (23–25).
Much less is known about factors produced and secreted by skeletal muscle in this context. Recently, certain proinflammatory
cytokines, myokines, have been recognized as circulating factors
that are able to modulate glucose and insulin homeostasis (26).
Moreover, low-grade inflammation is observed in skeletal muscle
tissue of obese and type 2 diabetic patients (27). We thus measured the expression of a broad range of genes encoding proteins
involved in inflammation in skeletal muscle. Interestingly, several of these genes were elevated in skeletal muscle of MKOs com-
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pared with control mice, including SOCS1, SOCS3, TNF-α, IL-6,
and CD68 (Figure 7A). Moreover, a marked elevation of serum
IL-6 was found in MKOs (Figure 7B). The elevation in MKOs
was similar to the increase of circulating IL-6 in mouse models with high-fat diet–induced obesity (28). In contrast, TNF-α
serum levels were similar in control mice and MKOs (data not
shown). It is unclear at present whether the observed increase
in inflammatory genes and circulating cytokines is mediated
by muscle fibers or by immune cell infiltration. However, we
observed regulation of IL-6, TNF-α, and SOCS3 in a PGC-1α–
dependent manner in isolated muscle cells in culture, on both
the mRNA and the protein level (Supplemental Figure 5),

which suggests that skeletal muscle contributes to the systemic
release of cytokines in MKOs. Accordingly, we could not find
any indication of increased infiltration of MKO muscle tissue
by mononuclear cells (Supplemental Figure 5D).
The effect of IL-6 on insulin secretion was tested in islets isolated from control and MKO mice. First, 24 h of IL-6 treatment
reduced glucose-stimulated insulin secretion under high-glucose
conditions in islets from both control mice and MKOs (Figure 7,
C and D). Interestingly, neither amino acid–mediated (10 mM
L -arginine) nor glucagon-like peptide–1–mediated (100 nM)
changes in insulin secretion were significantly altered by IL-6.
Importantly, no significant differences in the extent of insulin secretion under any of the conditions tested was observed
between islets isolated from control mice and MKOs (Figure 7,
C and D). These findings indicate that IL-6 only inhibits glucose-stimulated insulin secretion, and does not extend to other
secretagogues. Thus, the IL-6–mediated inhibition of insulin
secretion implies specific regulation of this pathway, instead of
general inflammation being the mediator of the observed effect.
In fact, no increase in inflammation or apoptosis was found in
the pancreata of MKOs (data not shown). Moreover, the absence
of significant differences in insulin secretion in isolated islets in
vitro is consistent with the notion that circulating factors, presumably secreted from skeletal muscle, are responsible for the
alterations in insulin levels in MKOs in vivo.
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Production of IL-6 mRNA in skeletal muscle can be stimulated
by ROS (29). PGC-1α is critically involved in the regulation of ROSdetoxifying genes in different tissues, and lack of PGC-1α results
in elevated levels of ROS (30). In accordance with previous results
from studies of ROS-detoxifying gene expression in the brains of
PGC-1α whole-body knockout animals (30), we found that expression of several of these detoxifying genes was reduced in skeletal
muscle of MKOs compared with control mice (Figure 7E). Interestingly, transcript levels for both mitochondrial and cytoplasmic
ROS-detoxifying genes were reduced, underlining the importance
of PGC-1α in this pathway. The decreased expression of these genes
and the expected increase in ROS in skeletal muscle are possible
reasons for the elevated transcription of IL-6 in MKOs.
Abnormal glucose homeostasis in skeletal muscle–specific PGC-1α
heterozygous animals. Humans with type 2 diabetes have a quantitative reduction but not an elimination of PGC-1α expression. To
examine the effects of a partial reduction in PGC-1α expression, we
also analyzed skeletal muscle–specific PGC-1α heterozygous mice
(SKM-Hets). These animals showed about 50% reduction in PGC-1α
mRNA and protein levels in skeletal muscle and had no change in
PGC-1α or PGC-1β expression in other tissues (Supplemental Figure 6). Accordingly, expression of mitochondrial genes in SKM-Hets
was more modestly reduced than that in MKOs, around 15%–20%
(data not shown). In terms of their glucose homeostasis, SKM-Hets

recapitulated the metabolic key findings of the MKOs. Like MKOs,
SKM-Hets fed either regular chow or high-fat diet were both more
glucose intolerant than control animals (Figure 8, A and B).
Systemic insulin sensitivity, as ascertained in insulin tolerance
tests, was unchanged in SKM-Hets fed either regular chow or highfat diet (Figure 8, C and D). Similarly, glucose uptake into peripheral tissues of SKM-Hets was not significantly different from the
uptake in control animals in hyperinsulinemic, euglycemic clamps
(data not shown). Although SKM-Hets did not show an overt hypoinsulinemia like MKOs, insulin release was significantly delayed
upon a bolus injection of glucose in vivo (Figure 8, E and F). Moreover, IL-6 mRNA expression and IL-6 serum concentrations were
increased in SKM-Hets compared with control animals (Figure 8,
G and H). Finally, the expression of several ROS-detoxifying genes
was reduced in SKM-Hets (Supplemental Figure 7). Thus, even a
50% reduction in skeletal muscle PGC-1α expression triggered this
organ crosstalk and altered insulin secretion from pancreatic β cells.
Importantly, this decrease of PGC-1α transcript levels in SKM-Hets
was equivalent to the PGC-1α mRNA dysregulation observed in
type 2 diabetic patients and individuals with an increased risk of
developing diabetes due to their family history (8). Importantly,
these findings were selective for skeletal muscle–specific heterozygosity of PGC-1α and were not observed in whole-body PGC-1α
heterozygous animals, which were used as controls here; the tissue-
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specific knockouts exhibited clear differences from the whole-body
PGC-1α heterozygous mice (Supplemental Figure 8).
Correlation between IL-6 and PGC-1α gene expression in skeletal muscle
of human type 2 diabetics. Our findings in mouse models suggest an
important regulatory role for PGC-1α in controlling expression of
IL-6 and other proinflammatory molecules in skeletal muscle. The
significance for humans of these results in rodents was tested by
further analysis of gene expression data from a set of 42 diabetic
and glucose-intolerant individuals who were subjected to muscle
biopsies previously (7). In this population, we found a highly significant correlation between mRNA expression of IL-6 and the PGC-1α
gene (PPARGC1A) in skeletal muscle (Figure 9A). Interestingly, other
clinical parameters, including body mass index (BMI), did not correlate with IL-6 gene expression (Figure 9B). Expression of another
inflammatory cytokine produced by skeletal muscle, TNF-α, also
correlated with PGC-1α transcript levels (Figure 9C). Again, BMI did
not correlate with TNF-α levels (Figure 9D). Thus, relative PGC-1α
mRNA expression was a strong predictor of gene expression of IL-6
and other inflammatory cytokines in skeletal muscle, independent
of other clinical variables assayed in these human subjects.
%JTDVTTJPO
PGC-1α is a key regulator of mitochondrial function and oxidative
metabolism in skeletal muscle. The loss of PGC-1α shown here via


tissue-specific ablation showed definitively that PGC-1α was necessary for normal regulation of mitochondrial gene expression in
this tissue. Reduced PGC-1α and OXPHOS levels have been associated with insulin resistance and type 2 diabetes in humans (7, 8)
and mice (31). We therefore focused our attention on glucose and
insulin homeostasis in MKOs and SKM-Hets. Our data show clearly
that a reduction of PGC-1α levels in skeletal muscle, and the subsequent reductions in OXPHOS gene expression, were not causally
linked to systemic insulin resistance, at least under the conditions
studied here. Of course, it cannot be ruled out that decreases of
PGC-1α and OXPHOS genes might contribute to insulin resistance
in muscle under other experimental conditions, such as in aging or
during prolonged periods of hyperglycemia. The data about insulin
sensitivity in MKOs are surprising in light of the reduced expression of GLUT4 and various mitochondrial genes in skeletal muscle
of the MKOs, suggesting that unidentified compensatory systems
might be operating in these mice. These data are also consistent
with results observed in mice containing a mutation in PGC-1β.
These animals have reduced mitochondrial gene expression in the
absence of hyperactivity, but show no evidence of insulin resistance
in skeletal muscle (32). It is possible that the reduced body fat mass
increases insulin sensitivity in MKOs above that of control mice. In
contrast, SKM-Hets exhibited body fat mass and insulin sensitivity
that was not significantly different from that observed in control
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animals (Supplemental Figure 9 and data not shown). Body weight,
fat mass, fat percentage, growth curves, and food intake were not
significantly altered in SKM-Hets (Supplemental Figure 9, A–E).
Accordingly, basal energy expenditure in SKM-Hets was not significantly different than that of control animals (Supplemental Figure
9, F and G). Finally, no shift in substrate usage or alteration in blood
lipid levels was detected in SKM-Hets (Supplemental Figure 10).
Importantly, glucose homeostasis is disturbed with loss of one
or both alleles of PGC-1α in skeletal muscle, and the homozygous
mutants are severely hypoinsulinemic. Muscle-specific heterozygotes showed a delay in insulin release during a glucose tolerance
test, possible because of impaired first-phase insulin secretion.
This might contribute to the impaired glucose tolerance observed
in these animals. Thus, a reduction of PGC-1α expression results
in a surprising crosstalk between muscle and pancreatic β cells. In
theory, this crosstalk could be mediated by a variety of molecules,
including circulating lipids or peptides, or could even involve CNS
signals to the islets. However, the most obvious candidates here are
the cytokines. IL-6 is one of the best-studied circulating factors
that is produced by skeletal muscle and other metabolic tissues
and has a wide range of effects on insulin sensitivity and insulin
secretion (33). In fact, IL-6 has been introduced as the first myokine, a cytokine that is produced and secreted by contracting muscle fibers and exerts effects on other organs (26). Although IL-6 has
been proposed to mediate antiinflammatory effects of exercise,
aberrant IL-6 levels have been shown to be proinflammatory in
other contexts, and its exact role remains controversial (33). Importantly, IL-6 has been shown to inhibit glucose-stimulated insulin
secretion in isolated murine islets without being cytotoxic (34, 35).
In contrast, an acute increase in IL-6 levels has no significant effect
on serum insulin concentration in either rodents or humans in
vivo (33). In fact, similar to our findings in the MKOs, short-term
infusion of IL-6 does not induce insulin resistance in rats in vivo
despite SOCS3 induction (36). Moreover, IL-6 knockout animals
have normal insulin levels, although they develop obesity at the

age of 6–7 months (33). To our knowledge, no experimental study
with chronically and specifically elevated IL-6 exists to date.
Elevation of other cytokines produced and released by skeletal
muscle has been implicated in altering systemic insulin sensitivity and insulin release; these cytokines include TNF-α, IL-1β, and
IL-15 (37–40). Thus, while IL-6 represents a convenient marker to
show elevated circulating cytokine levels in MKOs, it is likely that
other secreted factors also contribute to the observed phenotype.
In fact, several markers for inflammation are elevated in skeletal
muscle of MKOs (Figure 7A). Moreover, recent experiments have
shown that there is extensive crosstalk between different cytokines
in type 2 diabetes, for example, between IL-1 and IL-6 (41). A more
global study of the levels of secreted factors in the blood of MKOs
may untangle this web in the future. Nevertheless, in the present
study we showed evidence of an inhibitory action of IL-6 on glucose-stimulated insulin secretion in isolated islets (Figure 7, C and
D). Moreover, a contribution of IL-6 to the islet dysfunction was
implied by elevated SOCS3 and endogenous IL-6 mRNA levels in
the pancreata of MKOs (Supplemental Figure 11).
A likely explanation for the elevation of several proinflammatory genes in the muscle of MKOs is the stimulatory effect of
increased ROS levels secondary to reduced expression of ROSdetoxifying genes in MKOs. In skeletal muscle, IL-6 transcription
is stimulated by NF-κB, which in turn can be activated by ROS or
calcium signaling in this tissue (42). Alternatively, increased oxidative stress, low glucose availability, and low glycogen content
are capable of inducing heat shock proteins that in turn, via heat
shock factors 1 and 2, activate IL-6 synthesis in muscle (42). The
ability of PGC-1α to suppress ROS has been observed in multiple tissues (30, 43, 44). It is also conceivable that PGC-1α itself
could have more direct antiinflammatory effects in skeletal muscle, because it has previously been shown that the closely related
PGC-1β attenuates macrophage-mediated inflammation (45).
The organ crosstalk shown here suggests a potentially important
and novel mechanism contributing to the failure of pancreatic β
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cells to adequately secrete insulin in human type 2 diabetes. Most
current models of β cell desensitization and exhaustion imply that
hypoinsulinemia is a late event in type 2 diabetes caused by glucotoxicity and β cell apoptosis (46). However, β cell function and
mass decrease progressively, sometimes at very early stages of the
disease (47). Thus, reduction of PGC-1α levels in skeletal muscle
of some predisposed human populations might contribute to a
decrease in insulin secretion through the actions of myokines such
as IL-6 and others without causing β cell apoptosis. In fact, our
analysis showed that IL-6 and TNF-α mRNA levels in human skeletal muscle was strongly and negatively associated with PGC-1α
gene expression. Strikingly, BMI, fasting glucose and fasting insulin levels did not correlate with IL-6 and TNF-α levels (Figure 8
and Supplemental Table 1). Once insulin resistance is promoted
by factors other than PGC-1α dysregulation, β cell desensitization
and apoptosis might be stimulated by other factors, although
even here, myokines regulated by PGC-1α might contribute to
impaired function. It will be important to study the implication
of skeletal muscle–specific dysregulation of PGC-1α on amino
acid–induced insulin secretion in the future. PGC-1α is thought
to affect protein biosynthesis and degradation rates in skeletal
muscle (9, 48) and thereby could potentially alter the levels of
amino acids that change pancreatic insulin secretion. Experiments in isolated islets in vitro showed no inhibitory effect of IL-6
on L-arginine–mediated changes in insulin secretion (Figure 7,
C and D). In summary, our findings highlight the importance of
skeletal muscle PGC-1α as a regulator of the myokine expression
and suggest further studies of muscle-islet crosstalk in diabetes.
In addition, these results also suggest a plausible mechanism for
how muscle, particularly in the context of metabolic disease and/
or exercise, might talk to other organ and tissue systems, including blood vessels, heart, and brain.
.FUIPET
MKOs and heterozygous mice. The generation of mice with a floxed PGC-1α
allele has been described previously (17). To obtain muscle-specific knockout
animals, mice with a floxed PGC-1α allele were crossed with animals transgenically expressing cre recombinase under the control of the myogenin promoter and MEF2C enhancer (a generous gift from R. Bassel-Duby and E.N.
Olson, University of Texas Southwestern, Dallas, Texas, USA) (20). However,
male mice with the floxed PGC-1α allele are infertile because of the presence
of the neomycin cassette. Thus, muscle-specific knockout animals could only
be obtained in mice with 1 floxed and 1 knockout allele of PGC-1α (lox/–,
myogenin-cre). As control mice, we used a mixed population of different mice
heterozygous for PGC-1α (lox/–; +/–; and +/–, myogenin-cre). The different
genotypes used as controls were tested for blood glucose and IL-6 levels, and
no differences were found (Supplemental Figure 12, A and B). Moreover, no
difference in PGC-1α expression levels between wild-type and lox/+ mice was
detected in muscle, heart, brown adipose tissue, liver, and brain (Supplemental Figure 13). Specifically, the breeding strategy was to cross –/–, myogenincre males with lox/+ females. Thus, offspring was of the following genotypes:
lox/–; +/–; lox/–, myogenin-cre; and +/–, myogenin-cre. All these genotypes
were found in Mendelian ratio at the age of 21 days (Supplemental Table
2). SKM-Hets had 1 floxed and 1 wild-type PGC-1α allele together with cre
expression under the control of the myogenin promoter (lox/+, myogenin-cre).
For this group, we also used a mixed population of animals as controls (+/+;
+/+, myogenin-cre; and lox/+). No difference in blood glucose and IL-6 levels
were observed in control animals with these different genotypes (Supplemental Figure 12, C and D). In this case, the breeding was achieved by crossing +/+,
myogenin-cre males with lox/+ females. Accordingly, pups were of the follow

ing genotypes: +/+; lox/+; +/+, myogenin-cre; and lox/+, myogenin-cre. Again,
pups of the different genotypes were found in Mendelian ratio at the age of
21 days (see Supplemental Table 3). Since the mice have a mixed C57BL/6 and
129 background, littermates were used in all experiments. Groups of 8 male
mice were used in all experiments unless stated otherwise. Genotyping and
analysis of genomic DNA in isolated islets was performed using primers that
detect the wild-type allele, the knockout allele, one of the loxP sites, and cre
recombinase. Animals were fed a regular chow diet or a high-fat diet (58% kcal
from fat; Research Diets Inc.). All experiments and protocols were approved
by the Institutional Animal Care and Use Committees of the Dana-Farber
Cancer Institute, the Beth Israel Deaconess Medical Center, Yale University,
and the Joslin Diabetes Center.
Culture and treatment of C2C12 and primary muscle cells. C2C12 and primary mouse muscle cells were isolated and cultured as described previously (49). C2C12 cells were differentiated into myotubes and infected
with adenoviral-encoded GFP and PGC-1α. After 48 h, cells were harvested
and used for analysis. Primary muscle cells of control and global PGC-1α
knockout animals were differentiated into myotubes, and mRNA and
secreted IL-6 protein levels were measured after 6 days.
Protein isolation and Western blot. Muscle tissue was homogenized in
RIPA buffer and 150 µg of proteins separated by SDS-PAGE. PGC-1α
protein was detected using a custom antibody generated against the N
terminus of PGC-1α (50).
RNA isolation and quantification. TRIZOL reagent (Invitrogen) was used to
isolate total RNA from different tissues according to the manufacturer’s
instructions. After a DNase digest, 1 µg of total RNA was reversed transcribed. The resulting cDNA was subsequently analyzed on an Applied
Biosystems Real-Time PCR System 7300 using the ΔδCt threshold cycle
method. Relative gene expression was normalized to 18S rRNA levels.
Dual energy X-ray absorptiometry scan. Body fat content was determined
by dual energy X-ray absorptiometry on anesthetized mice (Piximus II;
Lunar Corp.).
Comprehensive laboratory animal monitoring system. Comprehensive laboratory animal monitoring system (CLAMS; Columbia Instruments) analysis was performed for 4 light and 3 dark periods after an acclimatization
of 2 days. Data about oxygen consumption, CO2 production, respiratory
exchange ratio, heat, and food intake were collected every 48 minutes on
16 mice simultaneously.
Analysis of blood lipids. Serum nonesterified fatty acids were determined
using the NEFA Determination Kit (Wako Chemicals). Serum triglycerides
and glycerol were measured with the Serum Triglyceride Determination
Kit (Sigma-Aldrich).
Glucose and insulin determination. Animals were fasted for 16 h overnight
before blood was obtained from the tail vein. Glucose levels were determined using a standard glucometer. Insulin levels were analyzed using an
insulin ELISA kit (Crystal Chem).
Glucose and insulin tolerance tests. Animals were fasted for 16 h and 6 h
before i.p. injection of 2 g/kg glucose and 0.8 U/kg insulin, respectively.
Blood was obtained at intervals of 15 minutes from the tail vein, and glucose and insulin levels were analyzed as described above.
Hyperinsulinemic, euglycemic clamps. Mice were kept on a high-fat diet
for 3 weeks. Six days before the experiment, an indwelling catheter was
implanted into the left jugular vein. After an overnight fast, 3-[3H]-glucose
(HPLC-purified; Perkin Elmer) was infused at a rate of 0.05 mCi/min for
2 h to assess the basal glucose turnover. Subsequently, hyperinsulinemic,
euglycemic clamps were performed for 120 min with a primed and continuous infusion of insulin (126 pmol/kg primed, 18 pmol/kg/min infusion),
and 20% dextrose was infused at variable rates to maintain plasma glucose
at basal concentration (around 6.7 mM). To estimate insulin-stimulated
whole-body fluxes, 3-[3H]-glucose was infused at a rate of 0.1 mCi/min
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throughout the clamps, and deoxy-D-[1-14C]-glucose (Perkin Elmer) was
injected as a bolus at minute 75 of the clamp to estimate the rate of insulinstimulated tissue glucose uptake as previously described (51).
Determination of PI3K and Akt activity. Tissue (50 mg) was homogenized
using a polytron at half-maximum speed for 1 min on ice in 500 µl buffer A
(20 mM Tris, pH 7.5; 5 mM EDTA; 10 mM Na4P2O7; 100 mM NaF; and 2 mM
Na3VO4) containing 1% NP-40, 1 mM PMSF, 10 µg/ml aprotinin, and
10 µg/ml leupeptin. Tissue lysates were solubilized by continuous stirring
for 1 h at 4°C and centrifuged for 10 min at 14,000 g. The supernatants were
stored at –80°C until analysis. Tissue lysates (500 µg protein) were subjected
to immunoprecipitation for 4 h at 4°C with 2 µg of a polyclonal IRS-1 antibody (Upstate Biotechnology), 2 µg of a polyclonal IRS-2 antibody (Upstate
Biotechnology), or 2 µg of Akt antibody that recognizes both Akt1 and Akt2
(Upstate Biotechnology), coupled to protein A–Sepharose (Sigma-Aldrich)
or protein G–Sepharose beads. The immune complex was washed, and PI3K
and Akt activity was determined as described previously (52).
Islet morphology and immunohistochemistry. The pancreas was removed, fixed
in 4% paraformaldehyde, and embedded in paraffin. Sections were stained
for insulin, glucagon, and somatostatin, whereby insulin was detected by
AMCA, glucagon by Texas red, and somatostatin by Cy2-conjugated secondary antibodies. The slides were mounted using antifade mounting media.
Evaluation of β cell and islet size. Pancreas sections from control mice or
MKOs (n = 3) were immunostained with immunofluorescent anti-insulin
and anti–β-catenin antibodies using standard protocols (53). The images
of at least 6 randomly chosen islets from each section were captured, and
the area of islets and β cells were measured using NIH ImageJ software
(http://rsb.info.nih.gov/nih-image/). The number of insulin-positive β
cells in each islet was identified by the nuclei stained with DAPI, and the
relative density of β cells in islets was calculated as the number of β cell cells
divided by islet size. The cellular area outlined by cell membrane stained
for β-catenin was measured as the size of individual cells. The size of β cells
was measured in at least 510 β cells from different islets in each mouse
(using at least 3 different mice per group), and the mean ± SEM was calculated for each group. Mass of β cells was assessed in sections stained with
a cocktail of antibodies against non–β cells (glucagon, somatostain, and
pancreatic polypeptide) and calculated as described previously (54).
Histology. Tissues were dissected, embedded in OCT compound (Sakura
Finetek), dehydrated, embedded in paraffin, and sectioned. The sections
were subsequently stained for Cox activity and for SDH activity. Mononuclear infiltrates were quantified in H&E-stained sections by comparing
the mean percent area occupied by mononucleated cells.
Islet isolation, DNA and insulin content determination, and glucose-stimulated insulin secretion. Islets were isolated by using collagenase digestion followed by
separation using a density gradient, as previously described in detail (55).
After isolation, the islets were handpicked and cultured overnight in RPMI
1640 containing 7 mM glucose and supplemented with 10% fetal bovine
serum. Total insulin and DNA content of the isolated islets was measured
after sonication of the islet sample in ddH2O. Each sample was split in equal
aliquots, and 1 aliquot per sample was stored at –20°C for analysis of DNA
content. Insulin content was determined in the remaining aliquot by extraction in acid ethanol overnight. Samples were diluted appropriately, and insulin content was measured by radioimmunoassay (Linco Research Inc.) with
rat insulin as standard. DNA was measured using the CyQuant cell proliferation assay kit (Invitrogen) and quantified by use of a spectrofluorometer.
Insulin release was studied in isolated islets after overnight culture. Briefly,
groups of 20 islets were placed in medium contain low glucose (3.3 mM) for
30 min at 37°C. After this preincubation, the medium was removed, and fresh
medium containing 3.3 mM glucose was added. The islets were incubated at
37°C for 60 min, and medium samples were stored at –20°C. Fresh medium
containing 16.7 mM glucose was added before additional incubation for 60 min

at 37°C. The medium was then removed, and insulin content in media samples was measure by radioimmunoassay. The remaining islets were collected,
washed in PBS, and used for RNA and genomic DNA isolation.
IL-6 treatment and hormone secretion analysis of islets. Islets were obtained by
collagenase digestion as previously described (53) and were maintained in
the RPMI 1640 media supplemented with 7 mM glucose. After incubating in the RPMI media overnight, the islets were treated with or without
400 pg/ml IL-6 for 24 h. Batches of 10 isolated islets were preincubated for
30 min at 37°C in 500 µl of 10 mM HEPES–balanced Krebs Ringer bicarbonate buffer (KRBB; 129 mM NaCl, 5 mM NaHCO3, 4.8 mM KCl, 1.2 mM
KH2PO4, 1.2 mM MgSO4, 10 mM HEPES, and 2.5 mM CaCl2 at pH 7.4)
supplemented with 3.3 mM glucose and 0.1 % BSA. Islets were centrifuged
briefly, and the supernatant was collected for basal insulin secretion. Islets
were then incubated for 1 h at 37°C in 500 µl KRBB with 0.1% BSA containing different glucose and/or additives as indicated. Islets were centrifuged
briefly, and the supernatant was collected for stimulated insulin secretion.
Then relative insulin secretion was calculated as the incubation/preincubation ratio. The insulin was measured by radioimmunoassay.
Serum IL-6 determination. IL-6 was determined from mouse serum or from
conditioned medium of muscle cells in culture using the Quantikine Mouse
IL-6 ELISA kit according to the manufacturer’s instructions (R&D Systems).
Linear regression analysis. Collection of gene expression data and clinical
variables from 42 human volunteers has been published previously, including 17 individuals with normal glucose tolerance (7). We used our previously published normalized gene expression data from human skeletal muscle
(7). Expression of PGC-1α (PPARGC1A) was deviated in one sample (identification no. 10519) compared with all others; hence, we excluded data
from this sample for further analysis. We performed multiple-regression
analysis to predict the variance in IL-6 or TNF-α expression, considered as
dependent variables, based on BMI, fasting glucose (log transformed), and
fasting insulin (log transformed), considered as independent variables.
Statistics. All statistical analyses were performed using Number Cruncher
Statistical Systems software (NCSS). All results are expressed as mean ±
SEM. Statistical significance was determined by 2-tailed Student’s t test. A
P value less than 0.05 was considered significant.
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