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Adaptive gene expression of alternative splicing
variants of PGC-1a regulates whole-body energy
metabolism
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ABSTRACT

The transcriptional coactivator PGC-1a has been implicated in the regulation of multiple metabolic processes. However, the previously reported
metabolic phenotypes of mice deficient in PGC-1a have been inconsistent. PGC-1a exists as multiple isoforms, including variants transcribed
from an alternative first exon. We show here that alternative PGC-1a variants are the main entity that increases PGC-1a during exercise. These
variants, unlike the canonical isoform of PGC-1a, are robustly upregulated in human skeletal muscle after exercise. Furthermore, the extent of this
upregulation correlates with oxygen consumption. Mice lacking these variants manifest impaired energy expenditure during exercise, leading to
the development of obesity and hyperinsulinemia. The alternative variants are also upregulated in brown adipose tissue in response to cold
exposure, and mice lacking these variants are intolerant of a cold environment. Our findings thus indicate that an increase in PGC-1a expression,
attributable mostly to upregulation of alternative variants, is pivotal for adaptive enhancement of energy expenditure and heat production and
thereby essential for the regulation of whole-body energy metabolism.
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1. INTRODUCTION

Peroxisome proliferator-activated receptor g (PPARg) coactivator-1a
(PGC-1a) is a transcriptional coactivator that regulates various meta-
bolic processes including mitochondrial biogenesis, maintenance of
energy homeostasis, and thermogenesis [1]. Mitochondrial dysfunction
as well as impaired energy metabolism and thermogenesis are often
observed in individuals with insulin resistance and obesity [2], and the
abundance of PGC-1a is reduced in skeletal muscle of animals and
humans with these conditions [3e6]. Impaired function of PGC-1a has
therefore been implicated in the pathogenesis of these global health
problems.
In spite of the large body of clinical and biochemical evidence supporting
such a role for PGC-1a [1,2], the phenotypes of mice in which the PGC-
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1a gene has beenmanipulated havemanifested seemingly inconsistent
phenotypes. Although some lines of transgenic mice overexpressing
PGC-1a exhibit phenotypes characterized by obesity resistance or in-
sulin sensitivity [7,8], others do not, with some manifesting insulin
resistance or glucose intolerance under certain conditions [9e11]. Mice
lacking the PGC-1a gene have also not clarified the contribution of this
protein to insulin resistance or obesity. Mice with whole-body PGC-1a
deficiency are paradoxically insulin sensitive rather than insulin resis-
tant, with a reduced body mass or a slightly increased bodymass only in
aged females [12,13]. Muscle-specific PGC-1a-deficient mice are also
insulin sensitive and have a normal body mass [14]. Although mice
lacking PGC-1a specifically in adipocytes manifest impaired insulin
sensitivity when fed a high-fat diet, their body mass does not differ from
that of control animals when fed either a high-fat or normal diet [15].
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We and others have identified two mouse and human PGC-1a
variants (designated PGC-1ab and PGC-1ac, with the canonical
form of PGC-1a designated PGC-1aa) that are produced by tran-
scription from an alternative first exon (alternative exon 1, or AE1)
[16e18] located upstream of the originally characterized exon 1
(exon 1a) (Figures 1A, S1A). The transcripts derived from the distal
alternative promoter encode two different NH2-terminal regions
(consisting of 12 and 3 amino acids, respectively) that are shorter
than that encoded by transcripts derived from the proximal promoter
(16 amino acids). These variants differ from canonical PGC-1aa with
regard to tissue distribution and mode of induction as a result of the
difference in the corresponding promoters [16e19]. Whereas PGC-
1ab and PGC-1ac derived from the alternative promoter manifest
robust upregulation in skeletal muscle in response to exercise, PGC-
1aa derived from the canonical promoter is induced by exercise to a
much lesser extent [16,17,19]. Although the functions of the variant
and canonical isoforms likely overlap in regulation of mitochondrial
biogenesis, the different isoforms are also thought to have specific
biological functions [20e23]. The precise differences in physiolog-
ical functions between canonical PGC-1a and the variants have
remained unclear, however. To provide insight into the role of the
alternative variants of PGC-1a, we have now generated mice that
specifically lack these variants by selectively disrupting AE1. We
show here that such mice are prone to develop obesity, hyper-
insulinemia, and cold intolerance as a result of a loss of the ability
to adapt to external stimuli.

2. MATERIALS AND METHODS

2.1. Human subjects
Ten men with NGT and 10 men with T2D, the clinical character-
istics of whom are presented in Table S1, were studied. The par-
ticipants performed an acute bout of exercise on a cycle ergometer.
The workload was set to 85% of their measured maximal heart
rate, which was maintained for 30 min. Three hours after the ex-
ercise bout, muscle biopsy samples (40e100 mg) were obtained
from the vastus lateralis with a Weil-Blakesley conchotome. The
specimens were frozen immediately and stored in liquid nitrogen
until analysis.

2.2. Mice
The PGC-1aAE1KO mice (Accession No. CDB0469K: https://large.
riken.jp/distribution/mutant-list.html) in which AE1 of the PGC-1a
gene was replaced with a floxed neo cassette (Figure S1, B and C)
were generated using TT2 embryonic stem cells [24]. These mice were
then bred with EIIa-Cre transgenic mice, which express Cre recom-
binase in germ cells, in order to delete AE1 throughout the entire body
of the resulting offspring. These latter mice were bred with C57BL/6J
mice, and resulting offspring that did not harbor the Cre transgene
were selected and then bred with C57BL/6J mice for six generations.
The resulting heterozygotes for AE1 deletion were bred to obtain ho-
mozygotes for the deletion (PGC-1aAE1KO mice), with the offspring of
such crosses being born at the expected Mendelian ratio. WT litter-
mates were studied as control mice. Although the expression pattern of
PGC-1a in male and female mice was similar, male mice were used
for all subsequent data acquisition. For analysis under the static
condition, mice at the indicated ages were killed in the randomly fed
state between 9:00 and 11:00 a.m., unless indicated otherwise. For
examination of the effects of acute exercise on gene expression, mice
were subjected to forced exercise on a mouse treadmill at a speed of
15 m/min for 120 min.
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2.3. GTT, food restriction, and assessment of skeletal muscle and
fat mass
An intraperitoneal GTT was performed by administration of glucose
(2 g/kg). Blood glucose levels were measured by glucose oxidase
method (Sanwa Kagaku Kenkyusho). Serum levels of insulin were
measured using insulin ELISA kit (Morinaga). For food restriction, PGC-
1aAE1KO mice at 14e16 weeks of age were fed for 8 weeks with
80% of their previous daily food intake, whereas WT mice were fed ad
libitum. The amounts of each type of fat tissue as well as skeletal
muscle and lean body mass were determined by CT (LaTheta LCT-
100M system, Aloka). CT scanning was performed at 0.6-mm in-
tervals from the diaphragm to the bottom of the abdominal cavity.

2.4. Gene expression, immunoblot, and mtDNA analyses
Total RNA was extracted with the use of an RNeasy Mini Kit (Qiagen).
The RNA was subjected to RT with the use of a high-capacity RT kit
(Applied Biosystems), and the resulting cDNA was subjected to qPCR
analysis with the use of SYBR Green PCR Master Mix and an ABI
StepOne Plus Real-Time PCR system (Applied Biosystems). PGC-1a
isoform mRNAs were subjected to quantification with the use of
standard curves determined with plasmids containing the corre-
sponding cDNAs so as to allow comparison of their amounts, and copy
number was determined by quantitative real-time qPCR. The relative
copy number of the transcripts was normalized to that of 36B4. The
sequences of qPCR primer pairs for the PGC-1a variants are shown in
Table S2. The expression of other genes was normalized by the
amount of 36B4 mRNA as an internal control. Stable reference genes
were identified using NormFinder software (https://www.moma.dk).
The sequences of qPCR primer pairs are available on request.
Immunoblot analysis was performed with antibodies to PGC-1a
(ST1202, Calbiochem), to mitochondrial complex II (459200, Invi-
trogen), and to mitochondrial complex III (459140, Invitrogen), as well
as with those to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as a loading control (M171-7, MBL). COS7 cells transfected with
pcDNA3.1-based expression vectors encoding mouse PGC-1a iso-
forms and mouse PPARa were subjected to immunoprecipitation with
antibodies to PGC-1a (ST1202, Calbiochem), and the resulting pre-
cipitates were subjected to immunoblot analysis with the same anti-
bodies to PGC-1a and with those to PPARa (H-08, Santa Cruz
Biotechnology). Mitochondrial DNA content was measured as the
amount of cytochrome b copy number normalized to 36B4 gene copy
number by qPCR.

2.5. Forced expression of PGC-1a in C2C12 myotubes by
adenovirus infection
C2C12 myotubes that had been induced to differentiate by a standard
protocol were infected for 48 h with recombinant adenoviruses
encoding mouse PGC-1a isoforms or b-galactosidase (control). The
cells were then subjected to RT-qPCR analysis, immunoblot analysis,
or mitochondrial respiratory assays. Recombinant adenoviruses
encoding PGC-1aa or b-galactosidase were described previously [25],
and those encoding PGC-1ab, PGC-1ac, PGC-1a2, PGC-1a3, or PGC-
1a4 were generated from the corresponding cDNAs (isolated by PCR
from a mouse cDNA library) with the use of an Adenovirus Expression
Vector Kit (Takara).

2.6. Assessment of mitochondrial function
The oxygen consumption rate of C2C12 myotubes or isolated mito-
chondria was measured with the use of an Oxygen Meter Model 781
and a Mitocell MT200 closed respiratory chamber (Strathkelvin In-
struments). For C2C12 myotubes, the rate was measured in the
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Molecular structures and functions of mouse PGC-1a isoforms. (A) Gene and predicted protein structures of PGC-1a isoforms. (B) C2C12 myotubes infected with
adenoviruses encoding individual PGC-1a isoforms or b-galactosidase (b-gal, control) were subjected to RT-qPCR analysis of carnitine palmitoyltransferase 1b (Cpt1b), PPARa
(Ppara), mitochondrial ATP synthase subunit b (Atp5b), glucose transporter 4 (Glut4), mitochondrial transcription factor A (Tfam), and cytochrome c oxidase subunit II (Mt-Co2)
mRNAs (n ¼ 8 independent experiments). The amount of each mRNA was normalized by that of 36B4 mRNA, and normalized values are expressed relative to the corresponding
value for myotubes expressing b-gal. (C) COS7 cells transfected with expression vectors encoding each PGC-1a isoform (or with the corresponding empty vector, Control) and with
an expression vector for mouse PPARa were subjected to immunoprecipitation (IP) with antibodies to PGC-1a, and the resulting precipitates were subjected to immunoblot analysis
with antibodies to PPARa (upper panel) or to PGC-1a (lower panel). (D) Luciferase reporter assay with the reporter plasmid 3x-PPRE-luc for the transcriptional coactivator activity of
PGC-1a isoforms expressed together with PPARa in C2C12 cells (n ¼ 4 independent experiments). (E, F) C2C12 myotubes infected with adenoviruses encoding PGC-1a isoforms
or b-gal (control) were subjected to immunoblot analysis of PGC-1a and GAPDH as a loading control (E) as well as assayed both for respiration rate under basal conditions and in
the presence of oligomycin or carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) and for mitochondrial proton leak (F) (n ¼ 8 independent experiments). (G) Effects of
clenbuterol on the promoter activity of PGC-1aa or PGC-1ab/c genes in C2C12 myoblasts. All quantitative data are means � s.e.m. *P < 0.05 versus the corresponding value for
b-gal (B) or for the indicated comparisons (D, F) by one-way (B, F) or two-way (D, G) ANOVA with Bonferroni’s post hoc test. NS, not significant.
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absence or presence of the ATP synthase inhibitor oligomycin (6 mg/
ml) or the uncoupling agent FCCP (5 mM). For mitochondria isolated
from gastrocnemius muscle, state 2 respiration was measured with
pyruvate and malate (each at 2.5 mM) as substrates, state 3 respi-
ration was measured after the addition of ADP (0.25 mM) to the assay
buffer, state 4 respiration was measured after the further addition of
oligomycin (4 mg/ml), and uncoupled respiration was measured in the
presence of FCCP (1 mM). The nonmitochondrial respiration rate
determined by measurement of oxygen consumption in the presence
of rotenone (1 mM) and myxothiazol (1 mM) was subtracted from each
measured value. Proton leak (expressed as a percentage) was
calculated by dividing the respiration rate in the presence of oligomycin
by the basal respiration rate.

2.7. Luciferase reporter assay
Promoter regions for mouse PGC-1aa (nucleotides �1 to �2611,
relative to the transcription start site) and PGC-1ab/c (�33 to �1969)
were generated by PCR. The PCR productss were subcloned into pGL3
(Promega, Madison, WI). C2C12 myoblasts were transfected with the
modified pGL3 vectors, as well as with an expression plasmid
encoding b-galactosidase as an internal control. The cells were then
incubated in the absence or presence of 1 mM clenbuterol (Sigma) for
4 h. C2C12 myoblasts were transfected with the reporter plasmid 3x-
PPRE-luc (Addgene), pcDNA3.1 containing mouse PPARa cDNA,
pcDNA3.1 containing mouse PGC-1a isoform cDNAs (or empty
pcDNA3.1), and an expression plasmid encoding b-galactosidase as
an internal control. Luciferase and b-galactosidase activities in cell
lysates were measured 48 h after the onset of transfection with the use
of a Luminescent b-Galactosidase Detection Kit II (Clontech). Lucif-
erase activity was normalized by that of b-galactosidase.

2.8. Tissue pathology
Frozen muscle was sectioned in 8-mm thickness using a cryostat
maintained. Serial sections were stained with hematoxylin and eosin
and for reduced nicotinamide adenine dinucleotide-tetrazolium
reductase (NADH-TR) to classify muscle fibers. The colorimetric in-
tensity of NADH-TR activity in the muscle sections was quantified. WAT
and BAT tissues were fixed in 10% neutral buffered formalin and
routinely embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin.

2.9. Determination of adipocyte size and number
Adipocyte size and number were measured after fixation of isolated
adipocytes with osmium tetroxide, as described previously [26].

2.10. Food intake, energy expenditure, oxygen consumption,
carbon dioxide production, and locomotor activity
The average daily food consumption of mice housed individually was
determined over 7 days. Oxygen consumption, carbon dioxide pro-
duction, and the respiratory quotient were determined with the use of
an O2/CO2 respirometer system (Oxymax, Columbus Instruments). For
determination of these parameters in the presence of a running wheel,
mice were housed in the presence of the wheel for 2 days to allow
acclimatization, and data obtained on the 3rd day were analyzed.
Locomotor activity in the absence of a running wheel was determined
with an infrared beam sensor, and that in the presence of a running
wheel was estimated from the frequency of wheel rotation. For anal-
ysis of metabolic parameters during acute exercise, mice were allowed
to acclimatize to the airtight treadmill chamber for 30 min and then
made to run at a speed of 25 m/min for 30 min. Carbohydrate and
lipids oxidation rates were calculated using the formulas: carbohydrate
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oxidation ¼ (4.55 � VCO2) � (3.21 � VO2), and lipid
oxidation ¼ 1.67 � (VO2 � VCO2) [27].

2.11. Measurement of motor performance
Motor performance of 3-month-old PGC-1aAE1KO and WT mice was
assessed with an exercise endurance test with stepwise increases in
treadmill rate. After acclimation (w20 min), the mice were forced to
run on a treadmill tilted at a 5� angle, starting at a speed of 10 m/min
for 4 min. Each subsequent minute, the speed was increased by 1 m/
min until the mice were exhausted. Exhaustion was defined as the
inability of the animal to remain on the treadmill despite mechanical
prodding. Running time and speed were measured, and the distance
was calculated.

2.12. Effects of exercise training
Mice at 3 months of age were housed in the absence or presence of a
running wheel for 6 weeks. They were then killed between 9:00 and
11:00 a.m., and isolated skeletal muscle was subjected to assays. For
analysis of angiogenesis, capillaries in EDL were detected by immu-
nostaining with antibodies to CD31 (550274, CiteAb) and the number
of capillaries was counted in four random fields.

2.13. Measurement of intramuscular temperature
Mice were anesthetized, the dorsal subcutaneous was carefully
dissected free, and the tip of the temperature probe was gently placed
between the iliacus muscle and psoas major muscle and secured with
two ligatures. The connector of the probe was tunneled subcutaneously
to the back of the neck and connected to a BAT-12 Microprobe Ther-
mometer (Physitemp, Clifton, NJ, USA). After the mice were allowed to
recover for 1 day, intramuscular temperature was measured during
exercise.

2.14. Statistics
Quantitative data were presented as means � s.e.m. unless indicated
otherwise and were analyzed by the two-tailed unpaired Student’s t
test, one-way or two-way analysis of variance (ANOVA) with Bonfer-
roni’s post hoc test, or Spearman’s rank correlation test. All statistical
analysis was performed with GraphPad Prism software version 9.0. A P
value of <0.05 was considered statistically significant.

2.15. Study approval
All animal experiments were approved by the animal experimentation
committee of Kobe University Graduate School of Medicine and the
Institutional Animal Care and Use Committee of RIKEN Kobe Branch,
and performed performed according to the guidelines of the each
animal ethics committee. All human experiments were performed
according to the Declaration of Helsinki and were approved by the
medical ethics committee of the Karolinska Institutet, and all subjects
provided written informed consent.

3. RESULTS

3.1. PGC-1ab and PGC-1ac have similar molecular functions to
canonical PGC-1aa
Reverse transcription (RT) and quantitative polymerase chain reaction
(qPCR) analysis revealed that PGC-1aa mRNA is relatively widely
distributed among mouse tissues, whereas PGC-1ab and PGC-1ac
mRNAs are largely restricted to brown adipose tissue (BAT), skeletal
muscle, and heart (Figure S2A). Other variants of PGC-1a transcribed
from AE1 have been identified and termed PGC-1a2, PGC-1a3, and
PGC-1a4 (Figures 1A, S1A) [18]. PGC-1a2 and PGC-1a4 possess the
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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same NH2-terminal sequence as does PGC-1ab, whereas PGC-1a3
possesses the same NH2-terminal sequence as PGC-1ac. However,
PGC-1a2 and PGC-1a3 lack exons 4 to 6 and 9 to 13, whereas PGC-
1a4 lacks exons 7 to 13, with the result that each of these variants is
much smaller than PGC-1aa, PGC-1ab, and PGC-1ac (Figures 1A,
S1A).
To investigate the molecular functions of these PGC-1a isoforms, we
examined the ability to induce gene expression in cultured cells.
Forced expression of mouse PGC-1ab or PGC-1ac in mouse C2C12
myotubes increased the expression of genes related to mitochondrial
function or to lipid or glucose metabolism to an extent similar to that
triggered by PGC-1aa, whereas PGC-1a2, PGC-1a3, or PGC-1a4 did
not activate the expression of these genes (Figure 1B). PGC-1aa, PGC-
1ab, and PGC-1ac, but not PGC-1a4, associated with PPARa
(Figure 1C) and increased the activity of this transcription factor
(Figure 1D) in cultured cells. Moreover, overexpression of PGC-1ab or
PGC-1ac in C2C12 myotubes increased respiratory capacity and
proton leak of mitochondria to similar extents as did that of PGC-1aa
(Figure 1E and F). b2-Adrenergic stimuli contribute to the expression of
PGC-1ab and PGC-1ac in skeletal muscle [16]. The b2-adrenergic
agonist clenbuterol stimulated the alternative promoter activities in
cultured cells, whereas PGC-1a promoter activity was not affected
(Figure 1G). These results collectively indicated that PGC-1aa, PGC-
1ab, and PGC-1ac have similar molecular functions and that the
functional differences between PGC-1aa and the alternative PGC-1ab/
c are due to differences in the regulation of gene expression. The short
isoforms PGC-1a2, PGC-1a3, and PGC-1a4, however, appear not to
possess metabolic functions common to the other three isoforms.

3.2. PGC-1ab and PGC-1ac account for exercise-induced
upregulation of PGC-1a in mouse and human skeletal muscle
Treadmill exercise resulted in marked increases in the abundance of
PGC-1ab and PGC-1ac mRNAs as well as in the total abundance of
PGC-1a mRNA, whereas the amount of PGC-1aa mRNA was not
significantly affected, in mouse skeletal muscle (Figure 2A). The
abundance of PGC-1a4 mRNA in mouse skeletal muscle was too low
for accurate quantitative analysis. The expression pattern of PGC-1a in
male and female mice was similar (Figures 2A and S2B). Exercise load
with an ergometer in human individuals with normal glucose tolerance
(NGT) or type 2 diabetes mellitus (T2D) resulted in significant increases
in the abundance of PGC-1ab and PGC-1ac mRNAs as well as total
PGC-1a mRNA, but not in that of PGC-1aa mRNA (Figure 2B). In-
dividuals with T2D showed a reduced level of PGC-1a gene expression
in skeletal muscle relative to those with NGT. The amount of PGC-1a4
mRNA in skeletal muscle of individuals with NGT or T2D was also
upregulated in response to exercise, but this increase was too small to
substantially affect the total abundance of PGC-1a mRNA (Figure 2B).
The total abundance of PGC-1a mRNA as well as the amounts of PGC-
1ab and PGC-1ac mRNAs were positively correlated with the maximal
rate of oxygen consumption (VO2 max) during ergometer exercise
(Figure 2C) and tended to be negatively correlated with percentage
body fat (Figure S3), whereas the amounts of PGC-1aa and PGC-1a4
mRNAs were not. Collectively, these results suggested that PGC-1ab
and PGC-1ac account for the exercise-induced upregulation of PGC-
1a expression in skeletal muscle and consequently contribute to ox-
ygen consumption during exercise in both mice and humans.

3.3. Mice lacking AE1 of the PGC-1a gene develop obesity and
hyperinsulinemia
To shed light on the physiological functions of PGC-1a isoforms
transcribed from AE1, we generated mice that lack this exon (PGC-
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1aAE1KO mice) (Figure S1, B and C). Transcripts encoding PGC-1ab,
PGC-1ac, or PGC-1a4 were not detected in these animals
(Figure S4A). The amounts of mRNAs for PGC-1aa and for PGC-1b, a
structural and functional homolog of PGC-1a encoded by a different
gene, were unaltered in various tissues of PGC-1aAE1KO mice
(Figure S4, B and C).
The body mass of PGC-1aAE1KO mice increased to a greater extent
with age compared with that of wild-type (WT) mice (Figure 3A). The
mass of isolated epididymal white adipose tissue (eWAT) (Figure 3B) as
well as total abdominal adipose tissue mass assessed by computed
tomography (CT) (Figure 3C) were also greater for PGC-1aAE1KO mice
than for WT mice. The mass of isolated gastrocnemius muscle and
lean body mass were similar between WT and PGC-1aAE1KO mice
(Figure 3B and D). The size of eWAT adipocytes (Figure 3EeG) was
increased and that of subcutaneous adipocytes tended to be increased
(Figure 3F and G) in the mutant mice compared with WT mice. Food
intake was similar in mice of both genotypes (Figure 3H), as were
blood glucose (Figure 3I) and plasma insulin (Figure 3J) concentrations
in the randomly fed state. A glucose tolerance test (GTT) revealed no
significant difference in blood glucose concentrations between PGC-
1aAE1KO and WT mice (Figure 3K), whereas plasma insulin levels
were higher in the mutant animals (Figure 3L), indicative of insulin
resistance. To examine whether hyperinsulinemia of PGC-1aAE1KO
mice is attributable to obesity, we subjected the animals to food re-
striction. PGC-1aAE1KO mice were thus fed for 8 weeks with w80%
of the amount of chow they had previously consumed, whereas WT
mice were fed ad libitum. After the period of food restriction, body
mass as well as blood glucose and plasma insulin levels during the
GTT for the PGC-1aAE1KO mice were similar to those for the WT mice
(Figure S5, AeC), suggesting that obesity may contribute the cause of
hyperinsulinemia in the mutant animals.
Under the static condition, the total abundance of PGC-1a mRNA in
skeletal muscle was only slightly (5e10%) smaller for PGC-1aAE1KO
mice than for WT mice (Figure 3M), likely because PGC-1aa is the
predominant PGC-1a isoform in skeletal muscle under this condition.
The amount of mitochondria, as assessed by measurement of mito-
chondrial DNA (mtDNA), was also reduced in extensor digitorum longus
(EDL) and gastrocnemius muscles of PGC-1aAE1KO mice to an extent
similar to that apparent for total PGC-1a mRNA (Figure 3N). Further-
more, respiration rate in state 4 and proton leak were reduced for
mitochondria isolated from skeletal muscle of PGC-1aAE1KO mice
(Figure 3O). However, the morphology of mitochondria and expression
of mitochondrial proteins in skeletal muscle appeared to be unaltered
in PGC-1aAE1KO mice (Figure S6, A and B). The fiber-type compo-
sition of skeletal muscle as assessed either by RT-qPCR analysis of
myosin heavy chain (MHC) gene expression (Figure S6C) or by reduced
nicotinamide adenine dinucleotide (NADH)edependent tetrazolium
reductase staining (Figure S6, D and E) also did not differ significantly
between the two mouse genotypes.

3.4. Upregulation of energy expenditure in the dark phase is
attenuated in PGC-1aAE1KO mice
The extent and circadian pattern of locomotor activity were unaltered in
PGC-1aAE1KO mice, with the amount of locomotor activity being
increased during the dark phase in mice of both genotypes compared
with that during the light phase (Figure 4A and F). The abundance of
PGC-1ab and PGC-1ac mRNAs, but not that of PGC-1aa and PGC-1a4
mRNAs, in skeletal muscle of WT mice was higher in the dark phase of
the circadian cycle than in the light phase (Figure 4B). Oxygen con-
sumption and heat production in the dark phase, but not those in the
light phase, were both attenuated in PGC-1aAE1KO mice compared
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 2: Effects of exercise on the abundance of PGC-1a isoform mRNAs in mice and humans. (A) RT-qPCR analysis of PGC-1a isoform mRNAs in skeletal muscle of male
C57BL/6J mice both under the static condition (Ex (�)) and after exercise on a treadmill at 15 m/min for 120 min (Ex (þ)) (n ¼ 8 mice per group). EDL, extensor digitorum longus.
(B) RT-qPCR analysis of PGC-1a isoform mRNAs in vastus lateralis skeletal muscle of human individuals with NGT (n ¼ 10) or T2D (n ¼ 10) both under the static condition (Ex (�))
and after ergometer exercise for 30 min (Ex (þ)). PGC-1a isoform mRNAs were subjected to quantification with the use of standard curves determined with plasmids containing the
corresponding cDNAs so as to allow comparison of their amounts, and copy number was determined by RT-qPCR. The relative copy number of the transcripts was normalized to
that of 36B4. Data in (A) and (B) are means � s.e.m. *P < 0.05, **P < 0.01, and NS by one-way ANOVA with Bonferroni’s post hoc test. (C) Correlation of log2[fold change] for
the exercise-induced increase in the abundance of PGC-1a isoform mRNAs in human skeletal muscle and VO2 max (NGT, n ¼ 10; T2D, n ¼ 10). Spearman correlation R2 values
and P values are indicated.
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Figure 3: Obesity and insulin resistance in PGC-1aAE1KO mice. (AeD) Body mass at the indicated ages (n ¼ 16) (A), tissue mass at 4 months of age (n ¼ 16) (B), as well as
abdominal images and adipose tissue mass (n ¼ 4) (C) and lean body mass (n ¼ 4) (D) obtained by CT at 4 months of age for WT and KO mice. (EeG) Hematoxylineeosin staining
of eWAT (E) as well as adipocyte diameter in epididymal or subcutaneous fat as determined either with a Coulter counter (F) or by histological analysis (G) for WT and KO mice at 3
months of age (n ¼ 4). (H) Food intake for 4-month-old WT and KO mice (n ¼ 10). (I, J) Violin plots for blood glucose (I) and plasma insulin (J) concentrations in the randomly fed
state and at the indicated ages (n ¼ 16). Plot center lines denote the median. (K, L) Blood glucose (K) and plasma insulin (L) levels during an intraperitoneal GTT (left panels) as
well as the corresponding area under the curve (AUC) values (right panels) for WT and KO mice at 7 months of age (n ¼ 11). (M, N) RT-qPCR analysis of total PGC-1a mRNA
(n ¼ 8) (M) and qPCR analysis of mtDNA content (n ¼ 6) (N) for the indicated skeletal muscles of WT and KO mice at 4 months of age. (O) Function of mitochondria isolated from
gastrocnemius muscle of WT and KO mice at 4 months of age (n ¼ 4). Quantitative data are means � s.e.m. for the indicated numbers (n) of mice in (AeD, G, HeO). *P < 0.05,
**P < 0.01, and NS versus the corresponding WT value or for the indicated comparisons by the two-tailed unpaired Student’s t test (BeD, HeJ; K,L (right panels)) or by one-way
(A; K, L (left panels); M-O) or two-way (G) ANOVA with Bonferroni’s post hoc test.
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Figure 4: Oxygen consumption, heat production, and locomotor activity during the light and dark phases for PGC-1aAE1KO mice. (A) The circadian pattern of locomotor
activity for WT and KO mice at 3 months of age was analyzed with an infrared sensor for 10 days (n ¼ 10). Locomotor activity is expressed as a percentage of the daily total:
100% � (activity counts for each hour/total activity counts for 24 h). Each point corresponds to an individual mouse. (B) RT-qPCR analysis of PGC-1a isoform mRNAs in skeletal
muscle of WT and KO mice during the light and dark phases in the absence or presence of a running wheel (n ¼ 4). (CeE, GeI) Circadian pattern of oxygen consumption (VO2) (C,
G) as well as the levels of oxygen consumption (D, H) and heat production (E, I) during the light and dark phases in the absence (WT, n ¼ 7; KO, n ¼ 9) (CeE) or presence (WT,
n ¼ 5; KO, n ¼ 7) (GeI) of a running wheel for 4-month-old WT and KO mice. (F, J) Locomotor activity for 4-month-old WT and KO mice during the light and dark phases was
analyzed for 4 days in the absence (WT, n ¼ 7; KO, n ¼ 9) (F) or presence (WT, n ¼ 5; KO, n ¼ 7) (J) of a running wheel. The center lines of the violin plots indicate the median.
Data are means � s.e.m. in (BeE, GeI), and n values indicate the numbers of mice. *P < 0.05, **P < 0.01, and NS by the two-tailed unpaired Student’s t test (DeF, HeJ) or
two-way ANOVA with Bonferroni’s post hoc test (B).

Original Article
with WT mice (Figure 4CeE). Housing of mice in the presence of a
running wheel increases voluntary activity and energy expenditure. In
the presence of a running wheel, the upregulation of PGC-1ab and
PGC-1ac mRNAs in skeletal muscle of WT mice apparent in the dark
phase was enhanced (Figure 4B). The differences in oxygen con-
sumption and heat production between WT and PGC-1aAE1KO mice
during the dark phase were also more prominent in the presence of a
running wheel (Figure 4, GeI). The frequency of wheel rotation was
similar for the two genotypes (Figure 4J). These results suggested that
the exercise-induced increase in energy expenditure is attenuated in
PGC-1aAE1KO mice, likely contributing to their obesity-prone
8 MOLECULAR METABOLISM 86 (2024) 101968 � 2024 The Authors. Published by Elsevier GmbH. T
phenotype. PGC-1aAE1KO mice housed with or without a running
wheel showed a respiratory quotient similar to that of WT mice
(Figure S7, A and B).

3.5. The exercise-induced increase in energy expenditure is
attenuated in PGC-1aAE1KO mice
To confirm that the exercise-induced increase in energy expenditure is
indeed attenuated in PGC-1aAE1KO mice, we investigated the effects
of forced treadmill exercise. We first examined the motor performance
of PGC-1aAE1KO mice. The reduced capacity of the mutant mice for
exercise was confirmed in a treadmill test with a load-increasing
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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protocol (Figure 5AeC). Whereas both WT and PGC-1aAE1KO mice
were able to complete treadmill exercise at a rate of 15 m/min for
120 min, the mutant animals were less able to withstand greater
exercise loads. We next measured oxygen consumption by PGC-
1aAE1KO mice during treadmill exercise at a rate of 25 m/min, an
exercise load that both WT and mutant mice were able to withstand.
PGC-1aAE1KO mice manifested reduced oxygen consumption during
the exercise load compared with WT animals (Figure 5D and E). PGC-
1aAE1KO mice subjected to treadmill exercise tended to have a slightly
increased respiratory quotient (Figure S7C), consistent with a shift
toward reduced use of fat relative to carbohydrate as a fuel (Figure 5F
and G). Consistent with the notion that PGC-1aAE1KO mice consume
less energy during exercise, the reductions in body mass and eWAT
mass induced by exercise load were smaller in the mutant mice than in
WT animals (Figure 5H and I). Moreover, the increase in intramuscular
temperature during treadmill exercise was attenuated in PGC-
1aAE1KO mice (Figure 5J), suggestive of impaired heat production by
skeletal muscle.
The amount of total PGC-1amRNA in skeletal muscle after exercise was
markedly smaller for PGC-1aAE1KOmice than for WTmice, with theWT
animals showing large exercise-induced increases in the abundance of
PGC-1ab and PGC-1ac mRNAs (Figure 5K). Immunoblot analysis
revealed that exercise increased the intensity of a band at w100 kDa
(corresponding to the molecular size of PGC-1aa, PGC-1ab, and PGC-
1ac) in skeletal muscle of WT mice, whereas this effect was greatly
attenuated in PGC-1aAE1KO mice (Figure 5L). Expression of the gene
for uncoupling protein 3 (Ucp3), a protein related to proton leak, was
also increased in skeletal muscle of WT mice in response to exercise,
whereas this increase was attenuated in the mutant mice (Figure 5M).
Furthermore, PGC-1aAE1KO mice showed impairment of exercise-
induced expression in skeletal muscle of genes related to lipid
metabolismdincluding those for PPARa (Ppara), PPARd (Ppard),
estrogen-related receptor a (Erra), acyl-CoA thioesterase 1 (Acot1), and
medium-chain acyl-CoA dehydrogenase (Mcad) (Figure 5M)dsup-
porting the notion that PGC-1a variants transcribed from AE1 contribute
to the adaptive response of energy metabolism in skeletal muscle to
exercise.
Exercise is also thought to induce beneficial changes in adipose tissue.
The amounts of total PGC-1a and PGC-1aa mRNAs (Figure S8, A and
B) as well as the expression of various genes related to lipid and energy
metabolism (Figure S8, C and D) in eWAT and subcutaneous fat of WT
mice were increased in response to exercise. These exercise-induced
changes in gene expression were not attenuated in PGC-1aAE1KO
mice, consistent with the observation that the abundance of PGC-1ab,
PGC-1ac, and PGC-1a4 mRNAs is small in these tissues. Exercise also
increases the expression of thermogenesis-related genes in white
adipocytes and stimulates browning of WAT [28], with these effects
being mediated in part by PGC-1a [29]. We found that the exercise-
induced expression of genes related to thermogenesis or the brown-
ing of WATdincluding those for Ucp1, Cidea, and Prdm16dwas
unaffected in PGC-1aAE1KO mice (Figure S8, C and D). We also
investigated the effect of acute exercise on PGC-1a gene expression in
BAT. The amounts of PGC-1ab and PGC-1ac mRNAs were increased,
whereas those of PGC-1aa and total PGC-1a mRNAs were decreased,
by exercise in BAT of WT mice (Figure S8E). The abundance of total
PGC-1a and PGC-1aa mRNAs in BAT of PGC-1aAE1KO mice was also
reduced after exercise. These results suggested that adipose tissue is
not responsible for the impaired energy expenditure of PGC-1aAE1KO
mice during exercise.
MOLECULAR METABOLISM 86 (2024) 101968 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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3.6. BAT function during cold exposure is impaired in PGC-
1aAE1KO mice
The mass and histology of, as well as total PGC-1a mRNA abundance
in, BAT were unaltered in PGC-1aAE1KO mice under basal conditions
(Figure 6AeC). Cold exposure increased the amounts of total PGC-1a
as well as PGC-1ab and PGC-1ac mRNAs, but not those of PGC-1aa
and PGC-1a4 mRNAs, in BAT of WT mice, whereas such induction of
total PGC-1a mRNA was impaired in PGC-1aAE1KO mice (Figure 6C).
Whereas the amount of Ucp1 mRNA in BAT was similar for WT and
PGC-1aAE1KO mice under basal conditions, it was significantly lower
in PGC-1aAE1KO mice than in WT mice after cold exposure
(Figure 6D). Moreover, PGC-1aAE1KO mice showed an exaggerated
drop in body temperature during cold exposure (Figure 6E). These
results suggested that PGC-1ab and PGC-1ac play an important role in
maintenance of body temperature during cold adaptation.
PGC-1a is induced in response to cold exposures also in eWAT [30].
The amounts of total PGC-1a and PGC-1aa mRNAs were thus
increased in eWAT of WT mice after cold exposure (Figure 6F). The
amounts of PGC-1ab, PGC-1ac, and PGC-1a4 mRNAs in this tissue
were small both before and after exposure to a cold environment. The
increases in the abundance of total PGC-1a and PGC1-aa mRNAs
induced by cold exposure were unaltered in PGC-1aAE1KO mice, as
was the expression of genes related to energy metabolism or browning
of WAT, including Ucp1, Ucp2, Ucp3, Prdm16, and Cidea (Figure 6G).
These findings suggested that the cold intolerance of PGC-1aAE1KO
mice is attributable to insufficient function of BAT, not to that of eWAT
or beige adipocytes.

3.7. Effect of exercise training on remodeling of skeletal muscle in
PGC-1aAE1KO mice
PGC-1a is thought to contribute to remodeling of skeletal muscle in
response to chronic exercise training [31]. We therefore investigated
the effects of exercise training in PGC-1aAE1KO mice. Housing of WT
mice in the presence of a running wheel for 6 weeks increased the
percentage of slow-twitch fibers (Figure 7A), the amount of mito-
chondria (Figure 7B), and vascular density (Figure 7C and D) in skeletal
muscle. PGC-1aAE1KO mice also manifested similar changes in
response to such exercise training (Figure 7AeD). Exercise training
upregulated PGC-1aa mRNA but not PGC-1ab and PGC-1ac mRNAs in
skeletal muscle of WT mice, with the total amount of PGC-1a mRNA
after training being similar in WT and PGC-1aAE1KO mice (Figure 7E).
These results suggested that upregulation of PGC-1aa compensated
for the lack of the novel variants during skeletal muscle remod-
elingdin terms of the increases in the percentage of slow-twitch fi-
bers, the amount of mitochondria, and vascular densitydinduced by
exercise training.

4. DISCUSSION

We have here shown that mice lacking AE1 of the PGC-1a gene (PGC-
1aAE1KO mice) are prone to the development of obesity and hyper-
insulinemia. Energy expenditure by these mice was attenuated both
during forced exercise as well as in the dark phase, when mice are
active. Moreover, the exercise-induced increase in the temperature of
skeletal muscle was smaller in the mutant mice than in WT mice.
These results suggest that the exercise-induced upregulation of the
PGC-1ab and PGC-1ac variant isoforms and consequent increase in
energy expenditure are essential for the regulation of whole-body
energy metabolism. This notion was also supported by our finding
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 5: Impaired motor performance as well as attenuated exercise-induced energy expenditure and gene expression in PGC-1aAE1KO mice. (AeC) Motor per-
formance of 3-month-old WT and KO mice (n ¼ 8) was assessed by an exercise endurance test with stepwise increases in treadmill rate (A). Exhaustion was defined as the
inability of the animal to remain on the treadmill despite mechanical prodding. The average time (B) and distance (C) of running until exhaustion were determined. (DeG) Time
course of oxygen consumption (n ¼ 8) (D), total oxygen consumption (n ¼ 8) (E), carbohydrate oxidation rate (n ¼ 6) (F), and lipid oxidation rate (n ¼ 6) (G) during the first 30 min
of forced treadmill exercise (Ex) at 25 m/min for 4-month-old WT and KO mice. (H, I) Percentage change in body mass (n ¼ 14) after (H), and epididymal fat mass (n ¼ 4) before
and after (I), forced treadmill exercise for 120 min at 15 m/min for 4-month-old WT and KO mice. (J) Intramuscular temperature of 4-month-old WT and KO mice during forced
treadmill exercise at 15 m/min (n ¼ 5). (K, L) RT-qPCR analysis of PGC-1a isoform mRNAs in gastrocnemius muscle (n ¼ 6) (K) and immunoblot analysis of PGC-1a in EDL (n ¼ 3)
(L) for 4-month-old WT and KO mice under the static condition (Ex (�)) or after forced treadmill exercise at 15 m/min for 120 min (Ex (þ)). (M) RT-qPCR analysis of mRNAs for the
indicated genes in gastrocnemius muscle of 4-month-old WT and KO mice under the static condition or after forced treadmill exercise at 15 m/min for 120 min (n ¼ 4). The
amount of each mRNA was normalized by that of 36B4 mRNA, and normalized values are expressed relative to the corresponding value for WT Ex (�). All quantitative data are
means � s.e.m. for the indicated numbers (n) or mice with the exception of those in (A) and (H), with the median being indicated in (H). *P < 0.05, **P < 0.01, and NS by the
two-tailed unpaired Student’s t test (B, C, H) or two-way ANOVA with Bonferroni’s post hoc test (EeG, I, K, M).
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Figure 6: Characterization of BAT and change in body temperature in response to cold exposure in PGC-1aAE1KO mice. (A, B) Hematoxylineeosin staining (A) and tissue
mass (n ¼ 16) (B) for interscapular BAT of WT and KO mice at 8 weeks of age. (C, D) RT-qPCR analysis of PGC-1a isoform mRNAs (n ¼ 4) (C) and of UCP1 mRNA (n ¼ 4) (D) in
BAT of 6-week-old WT and KO mice maintained either at 22 �C or for the indicated times (C) or 3 h (D) at 4 �C. The amount of UCP1 mRNA was normalized by that of 36B4 mRNA,
and normalized values are expressed relative to the value for WT at 22 �C. (E) Rectal temperature of 6-week-old WT and KO mice during exposure to 4 �C for the indicated times
(n ¼ 6). (F, G) RT-qPCR analysis of PGC-1a isoform mRNAs (F) and of expression of the indicated genes (G) in eWAT of 4-month-old WT and KO mice maintained at 22 �C or for
3 h at 4 �C (n ¼ 4). Gene expression in (G) was normalized by the amount of 36B4 mRNA, and normalized values are expressed relative to the value for WT at 22 �C. All
quantitative data are means � s.e.m. for the indicated numbers (n) or mice. *P < 0.05, **P < 0.01, and NS versus the corresponding value for KO mice (E) or for the indicated
comparisons (BeD, F, G) by the two-tailed unpaired Student’s t test (B) or two-way ANOVA with Bonferroni’s post hoc test (CeG).
that exercise-induced energy expenditure and the abundance of PGC-
1ab and PGC-1ac mRNAs in skeletal muscle are significantly corre-
lated in humans. When we searched the NCBI database, we found that
PGC-1a is conserved in organisms other than mammals, including
nematodes and fruit flies. However, PGC-1a variants with different N
termini have not been identified in non-mammalian species. This may
reflect evolutionary adaptations to external stimuli in different species.
Forced expression of PGC-1ab or PGC-1ac in C2C12 myotubes
increased mitochondrial proton leak, with such an effect likely
contributing to energy consumption and heat production in skeletal
muscle. The exercise-induced expression of the gene for UCP3, which
MOLECULAR METABOLISM 86 (2024) 101968 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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regulates respiratory uncoupling and proton leak [32], was attenuated
in skeletal muscle of PGC-1aAE1KO mice. Transgenic mice that
overexpress UCP3 in skeletal muscle are protected from obesity
[33,34], whereas mice lacking this protein manifest increased fat
storage after long-term feeding with a high-fat diet compared with WT
mice [35]. The impaired exercise-induced induction of Ucp3 may
therefore contribute, at least in part, to the development of obesity in
PGC-1aAE1KO mice. However, mice lacking UCP3 do not manifest
frank obesity during normal chow feeding [36,37], which may impli-
cate additional molecules or pathways in the obesity-prone phenotype
of PGC-1aAE1KO mice.
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Figure 7: Effects of exercise training on skeletal muscle remodeling in PGC-1aAE1KO mice. (A, B) RT-qPCR analysis of MHC mRNAs (n ¼ 6) (A) and qPCR analysis of
mtDNA (n ¼ 8) (B) in gastrocnemius of WT and KO mice maintained with or without exercise training for 6 weeks beginning at 3 months of age. The amount of each MHC mRNA
was normalized by that of 36B4 mRNA, and normalized values are expressed relative to the corresponding value for training (�). (C, D) Vascular density in EDL as determined by
immunohistochemical staining with antibodies to CD31 (C) and represented by the average number of CD31-positive capillaries per high-power field (HPF) among four such HPFs
(D) for WT and KO mice (n ¼ 4) maintained with or without exercise training for 6 weeks beginning at 3 months of age. Mice at 4 months of age subjected to forced treadmill
exercise at 15 m/min for 120 min were also analyzed for comparison (Ex (þ), n ¼ 4). (E) RT-qPCR analysis of PGC-1a isoform mRNAs in gastrocnemius of WT and KO mice as in
(A) (n ¼ 6). All quantitative data are means � s.e.m. for the indicated numbers (n) of mice. *P < 0.05, **P < 0.01, and NS by two-way ANOVA with Bonferroni’s post hoc test. (F)
Model for the roles of PGC-1a isoforms in skeletal muscle. Circle sizes indicate the relative abundance of PGC-1a isoforms.
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PGC-1a plays a key role in BAT thermogenesis [12,13,38]. We have
now shown that PGC-1ab and PGC-1ac are also the major isoforms of
PGC-1a induced in BAT by cold exposure. The upregulation of Ucp1 in
BAT and the maintenance of body temperature during cold exposure
were thus impaired in PGC-1aAE1KO mice. Given that thermogenesis
in BAT is coupled to the regulation of fat mass, it is possible that the
obesity-prone phenotype of PGC-1aAE1KO mice is attributable in part
to the impaired function of BAT.
Other than PGC-1ab and PGC-1ac, at least three other isoforms of
PGC-1a (PGC-1a2, PGC-1a3, and PGC-1a4) are transcribed from AE1
[18]. However, in contrast to PGC-1ab and PGC-1ac, forced expres-
sion of these short isoforms in cultured myotubes did not induce the
expression of genes related to energy metabolism, suggesting that loss
of these isoforms likely does not contribute to the metabolic pheno-
types of PGC-1aAE1KO mice. Transgenic overexpression of PGC-1a4
in skeletal muscle was previously shown to result in upregulation of
skeletal muscle mass, suggesting that this isoform contributes to
muscle hypertrophy [18]. In our study, PGC-1a4 also did not stimulate
the transactivation activity of PPARa, nor did it interact with this
transcription factor in cells. Moreover, PGC-1a4 did not affect mito-
chondrial respiratory function or proton leak, whereas the other three
isoforms (PGC-1aa, PGC-1ab, and PGC-1ac) similarly promoted both.
These observations are consistent with the findings of Ruas et al. They
also showed that transgenic mice overexpressing PGC-1a4 man-
ifested increased oxygen consumption and a reduced fat tissue mass.
Given that PGC-1a4 did not induce the expression of genes related to
mitochondrial function or energy metabolism, it suggested that the
increase in oxygen consumption and decrease in WAT mass in the
transgenic mice were not directly attributable to an ability of PGC-1a4
to regulate energy metabolism but rather than reflected secondary
changes induced by the increase in skeletal muscle [18]. We found that
skeletal muscle mass was unaltered in PGC-1aAE1KO mice (which
lack PGC-1a4). It is therefore possible that PGC-1a4 is not required for
the maintenance of skeletal muscle mass under the static condition,
whereas it may contribute to the regulation of such muscle mass under
other conditions.
PGC-1a has two different promoters that respond to two different
stimuli, The b2-adrenergic agonist stimulated PGC-1ab/c promoter
activity, whereas PGC-1aa promoter activity was not affected. The
functional differences between the canonical PGC-1a (PGC-1aa) and
the alternative PGC-1ab/c are due to differences in the regulation of
gene expression. In several experiments, we have shown in vitro that
the three PGC-1a isoforms (PGC-1aa, PGC-1ab, and PGC-1ac) have
similar molecular functions. In addition, analysis of PGC-1aAE1KO
mice showed that the adaptive induction of alternative variants of PGC-
1a is important for metabolic adaptation to external stimuli. Our results
provide insight into the differential physiological functions of PGC-1a
isoforms in skeletal muscle (Figure 7F). Under the static condition,
PGC-1a (predominantly PGC-1aa) plays an important role in skeletal
muscle development by maintaining fiber-type composition, vascu-
larity, and the amount of mitochondria [12e14,39]. In addition, PGC-
1aa appears to be the major contributor to muscle remodeling in
response to chronic exercise training. In contrast, PGC-1ab and PGC-
1ac are largely responsible for the rapid induction of PGC-1a in
skeletal muscle by acute exercise, with this effect being closely related
to metabolic adaptation of skeletal muscle. The differential effects of
exercise on the induction of PGC-1aa and PGC-1ab/c are, at least,
partly, attributable to the different response of their promoters to b2-
adrenergic stimuli. Moreover, PGC-1aAE1KO mice were unable to
tolerate a heavy exercise load, suggesting that metabolic adaptation
MOLECULAR METABOLISM 86 (2024) 101968 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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through exercise-induced PGC-1a expression is important for motor
performance. As the expression of PGC-1a is also abundant in the
heart, it is possible that reduced cardiac metabolism in PGC-1aAE1KO
mice may also contribute to the reduced energy expenditure during
exercise and exercise capacity.
PGC-1a is thought to be involved in the regulation of body mass and
insulin sensitivity, but the previously reported metabolic phenotypes of
PGC-1a-deficient mice have been inconsistent. Our findings suggest
that the induction of PGC-1a that adapts to external stimuli, rather than
its abundance under the static condition, plays an important role in the
control of energy expenditure and fat mass by providing insight into the
promoter of alternative variants of PGC-1a. Exercise mimetics are
potential pharmacological treatments for obesity and T2D. A drug that
can induce PGC-1ab/c independently of exercise, or one that can
further enhance the expression of PGC-1ab/c during exercise, may
potentially be developed as an exercise mimetic drug.
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