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A B S T R A C T

The ability of skeletal muscle to regenerate from injury is crucial for locomotion, metabolic health, and quality of
life. Peroxisome proliferator-activated receptor-γ coactivator-1α (PGC1A) is a transcriptional coactivator required
for mitochondrial biogenesis. Increased mitochondrial biogenesis is associated with improved muscle cell dif-
ferentiation, however PGC1A's role in skeletal muscle regeneration following damage requires further investi-
gation. The purpose of this study was to investigate the role of skeletal muscle-specific PGC1A overexpression
during regeneration following damage. 22 C57BL/6J (WT) and 26 PGC1A muscle transgenic (A1) mice were
injected with either phosphate-buffered saline (PBS, uninjured control) or Bupivacaine (MAR, injured) into their
tibialis anterior (TA) muscle to induce skeletal muscle damage. TA muscles were extracted 3- or 28-days post-
injury and analyzed for markers of regenerative myogenesis and protein turnover. Pgc1a mRNA was ~10–20
fold greater in A1 mice. Markers of protein synthesis, AKT and 4EBP1, displayed decreases in A1 mice compared
to WT at both timepoints indicating a decreased protein synthetic response. Myod mRNA was ~75% lower
compared to WT 3 days post-injection. WT mice exhibited decreased cross-sectional area of the TA muscle at 28
days post-injection with bupivacaine compared to all other groups. PGC1A overexpression modifies the myogenic
response during regeneration.
Introduction

Skeletal muscle comprises ~40% of total bodymass1 and is critical for
locomotion and skeletal muscle health.2 Skeletal muscle possesses an
innate ability to regenerate from damage.3 Skeletal muscle regeneration
is a tightly regulated process that involves the coordination of several
processes including degeneration/necrosis, inflammation, regeneration,
remodeling, and maturation. The initial degeneration/inflammatory
response—which occurs in the first 1–2 days following muscle dam-
age—results in neutrophil and macrophage infiltration to remove
damaged and necrotic tissue.4–6 Following this inflammatory response is
a period of accelerated activity for many cell types including satellite
cells and myoblasts.7,8 Muscle stem cells, also known as satellite cells,
begin the process of myogenic proliferation from their quiescent state,
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differentiate into myoblasts, and ultimately fuse with the damaged
myofibers. Myoblasts reach a peak in numbers approximately 2–3 days
post-injury7,8 which coincides with increased gene expression of the
myogenic regulatory factor Myod. Skeletal muscle regeneration is
resolved 3–4 weeks following damage. Improper regeneration of skeletal
muscle—such as in muscular dystrophy—leads to decreases in muscle
mass and quality and is associated with increased rates of morbidity and
mortality.9,10 Recapitulation of the myogenic program during skeletal
muscle regeneration requires the coordinated regulation of energy
metabolism. In fact, several genes related to energy production are
altered in myogenic precursor cells and during skeletal muscle regener-
ation.11–15 Proliferating cells' energy requirement increases must be met.
Due to the importance of skeletal muscle to overall health and activities
of daily living, understanding and evaluating potential biological
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avenues for improved regeneration and maintenance of skeletal muscle
have received significant interest in recent literature.16,17

Mitochondrial biogenesis is stimulated during skeletal muscle
regeneration and is associated with the differentiation of myoblasts into
myotubes.18 In fact, when mitochondrial protein synthesis is inhibited
during the regenerative response, skeletal muscle exhibits smaller muscle
fibers and increased connective tissue deposition indicating an improper
regenerative response.19 Peroxisome proliferator-activated receptor-γ
coactivator-1α (PGC1A) is a transcriptional coactivator and the master
regulator of mitochondrial biogenesis and results in marked improve-
ments in mitochondrial content and oxidative capacity of skeletal mus-
cle.20 PGC1A promotes increases in mitochondrial content, respiratory
capacity, oxidative phosphorylation, conversion of low oxidative fibers
to high oxidative fibers in mouse skeletal muscle, and induction of
mitochondrial quality control regulators.21 Genetic deletion of PGC1A
from skeletal muscle results in reduced oxidative capacity and decreased
mitochondrial content.22,23 Following treadmill running these mice
exhibited increased inflammation and increases incidence of damaged
muscle fibers suggesting that PGC1A plays a role in fiber integrity.24

Prior work from Dinulovic et al.25 suggests PGC1A overexpression may
accelerate the resolution of inflammation and necrosis following
cardiotoxin-induced injury. However, the role of PGC1A in modulating
protein turnover and myogenic responses of skeletal muscle during a
regenerative phase is incompletely understood.

Therefore, the purpose of this study was to investigate skeletal
muscle-specific overexpression of PGC1A on skeletal muscle regenera-
tion following damage. We hypothesized that PGC1A overexpression
would aid in the regeneration of skeletal muscle through a more favor-
able myogenic response. We demonstrate skeletal muscle-specific over-
expression of PGC1A alters myogenic regulatory factors (MRFs) and
exhibits a protective effect on skeletal muscle by preserving muscle fiber
cross-sectional area. These data suggest PGC1Amay play a pivotal role in
skeletal muscle regeneration, and further studies to evaluate the thera-
peutic potential of PGC1A on muscle mass maintenance are required.

Methods

Animals

Forty-eight female muscle-specific PGC1A transgenic (A1) mice (n ¼
26) and their WT litter mates (n ¼ 22) were used in this study. The A1
mice were bred from a C57BL/6 background and overexpressing the
pgc1a gene under the control of the muscle creatine kinase promoter
(MCK-PGC-1α), as we have previously utilized.26 Breeders were a
generous gift of Dr. Bruce Spiegelman. A1 and WT mice were randomly
assigned to either uninjured (UNINJ or PBS) or injured groups (INJ or
MAR). Animals were housed in the University of Arkansas Central Lab-
oratory Animal Facility. Animals were kept on a 12:12-h light-dark cycle
with ad libitum access to normal chow and water throughout the study.
All methods used in this study were approved by the University of
Arkansas Institutional Animal Care and Use Committee (IACUC),
Approval Form Reference #13020.

PBS and bupivacaine injection

At 12 weeks of age, mice were anesthetized with a cocktail of keta-
mine hydrochloride (45 mg/kg body weight), acepromazine (1 mg/kg
body weight) and xylazine (3 mg/kg body weight).27 Mice were then
injected with 0.03 mL of either phosphate buffered saline (UNINJ or PBS)
or 0.75% bupivacaine, also known as Marcaine (INJ or MAR), into the
left and right tibialis anterior (TA) muscle using a 25-gauge and 5/8
needle along the longitudinal axis of the muscle, as previously
described12 to induce muscle damage. This is a well-established and
extensively used model to induce skeletal muscle damage.7,12,25,28,29
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Tibialis anterior and tibia extraction

Either 3 days or 28 days post-injection, mice were anesthetized, and
the TA and tibias were extracted. This created four groups at both the 3
days and 28 days of damage-recovery time points for this study,
respectively: WT-PBS (n¼ 5; n¼ 5), WT-MAR (n¼ 8; n¼ 6), A1-PBS (n¼
7; n ¼ 7), and A1-MAR (n ¼ 6; n ¼ 6). The left TA muscle was frozen in
liquid nitrogen and stored at �80 �C for protein and mRNA abundance
analysis. The right TA muscle was submerged in optimum cutting tem-
perature compound (OCT) and then placed in liquid nitrogen cooled
isopentane. OCT mounted tissue was then stored at �80 �C for
morphological analysis. Following removal of the TA, tibias of both legs
were extracted and measured via caliper. Tibia measurements were used
to normalize muscle weights to estimate total body size.

RNA isolation, cDNA synthesis, and quantitative Real-Time PCR

RNA was extracted from the TA muscle using a Trizol reagent (Thermo
FisherScientific,Waltham,MA,USA)aspreviouslydescribed. 12TAmuscle
was submerged in Trizol and homogenized. RNAwas then isolated, treated
with DNase and the total RNA concentration was measured using 260/280
UV Spec ratio via Bio-Tek Power Wave XS plate reader (Winoski, VT) with
Take3 microvolume plate and Gen5 software. cDNA was reversed tran-
scribed from1 μg of total RNAusing the Superscript Vilo cDNA synthesis kit
(Thermo Fisher Scientific #11756050,Waltham,MA,USA). Real-time PCR
from cDNA was performed, and results were analyzed by StepOne Real-
Time PCR system (Life Technologies, Applied Biosystems, Grand Island,
NY). cDNAwas amplified in a 25 μL reaction containing desired probes and
Taqman Universal Mastermix (Applied Biosystems). Samples were incu-
bated at 95 �C for 4 min, followed by 40 cycles of denaturation, annealing
and extension at 95 �C, 55 �C and 72 �C, respectively. Fluorescence was
measured at the end of the extension step of each cycle. Fluorescent probes
for 18S (Mm03928990_g1), Pgc1a (Mm00447183_m1), Ldha
(Mm01612132_g1), Ldhb (Mm01267402_m1), Tnfa (Mm00443258_m1),
Cyclin D1 (Mm00432359_m1), Myod (Mm01203489_g1), Myogenin
(Mm00446194_m1), Atrogin1 (Mm00499523_m1), Murf1 (Mm01185
221_m1), Chop (Mm00492097_m1), and Trb3 (Mm00454879_m1) were
purchased from Applied Biosystems. RT-qPCR measured cycle threshold
(Ct) and theΔCt valuewas calculated as the difference between theCtvalue
and the 18s Ct value. Final quantification of mRNA abundance was calcu-
lated using the ΔΔCT method Ct¼ [ΔCt(calibrator) – ΔCt(sample)]. Rela-
tive quantifications were then calculated as 2�ΔΔCt, and 18S control genes
displayed no differences across all treatment groups.

Western blotting

The left TA muscle was homogenized as previously described,12,30,31

with subsequent protein concentration measured using the RC/DC assay
(500-0119, BioRad, Hercules, CA) and samples diluted to yield 40 μg
total protein. Homogenate was extracted and fractioned into 6%, 10%, or
a gradient gel of 6%, 10%, and 15% SDS-polyacrylamide gels. Equal
loading of the gels was verified by Ponceau staining on Polyvinylidene
fluoride (PVDF) membranes. Membranes were blocked using either 5%
dry milk or 5% BSA solution, depending on the antibody used, containing
Tris-buffered saline (TBS) with 0.1% Tween®20 (TBST) for 2 h. Primary
antibodies for p-p38 (Thr180/Tyr182) (#9211), p38 (pan) (#9212),
NFκB p65 (pan) (#8242), p-Akt (Ser473) (#9271), Akt (pan) (#4691),
p-4EBP-1 (Thr37/46) (#9459), and 4EBP-1 (pan) (#9644) were pur-
chased from Cell Signaling (MA, US) and were diluted 1:1 000 in 5%
milk, in TBST and incubated at 4 �C overnight. Anti-mouse or anti-rabbit
secondary antibody (Cell Signaling) was diluted 1:2 000 in 5% milk, in
TBST and incubated at room temperature for 1 h. Enhanced Chem-
iluminescence (ECL) was performed using Fluorchem M Imager (Protein
Simple, Santa Clara, California) to observe antibody-antigen interaction.
Quantification of blotting images was performed through densitometry
analysis using Alphaview software (Protein Simple). Ponceau stains were



Table 1
Bodyweight, tibialis anterior (TA) weight, tibia length, and tibialis anterior (TA)
weight normalized to tibia length 3 days and 28 days post-injection of phosphate
buffered saline (PBS) or Marcaine (MAR) in wildtype (WT) or muscle specific
PGC-1α transgenic (A1) mice. Values are means � SD. Statistical significance we
set at an alpha of p � 0.05.

Group Body
Weight (g)

Tibialis
Anterior (mg)

Tibia Length
(mm)

TA mass/TL
(mg�mm�1)

3 Day
WT
PBS 20.76 �

0.93
38.42 � 1.17 17.02 �

0.85
2.26 � 0.06

MAR 20.61 �
0.67

37.79 � 2.90 17.13 �
0.82

2.21 � 0.20

A1
PBS 20.96 �

0.72
40.34 � 1.20 17.14 �

0.55
2.37 � 0.11

MAR 20.28 �
1.18

36.73 � 2.21 15.87 �
0.22

2.32 � 0.13

28 Day
WT
PBS 21.42 �

0.73
40.72 � 0.75 16.32 �

0.55
2.53 � 0.04

MAR 22.02 �
1.61

42.34 � 3.52 16.94 �
0.51

2.51 � 0.42

A1
PBS 21.98 �

2.26
42.54 � 2.53 16.74 �

0.27
2.54 � 0.13

MAR 22.75 �
1.51

41.86 � 3.63 16.70 �
0.57

2.51 � 0.20
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digitally scanned, and 45 kDa actin bands were quantified by densi-
tometry to be used as a protein loading correction factor for each lane. To
account for differences across multiple gels, a sample was run on all gels
so that a correction factor could be made to account for gel to gel
differences.

Histology

The right TA muscle was sectioned at 10 μm thickness using a Leica
CM1859 clinical cryostat (Leica Biosystems, Buffalo Grove, IL). Each TA
section was stained with Hematoxylin and Eosin, imaged with a Nikon
camera (Sight DS-Vi1) mounted on an Olympus CKX41 inverted micro-
scope at 20�magnification (Olympus, Pennsylvania, USA), and analyzed
with Nikon NIS Elements BR software package (Nikon, Melville, NY).
Fiber distribution and cross-sectional area (CSA) were performed as
previously described.31 Each fiber was manually traced, and the number
of pixels was calibrated to obtain CSA of the muscle. Approximately 150
fibers were traced per sample.

Statistical analyses

All data were calculated using Statistical Package for the Social Sci-
ences (SPSS version 23.0, Armonk, NY). Results are reported as mean �
standard deviation (SD). Normality of data was established via a Shapiro
Wilk test prior to any parametric analysis. A two-way ANOVA with fac-
tors of genotype (WT vs. A1) and muscle damage (PBS vs. MAR) was
performed following data to analyze the main effects of genotype and
injury as well as any interactions within the 3 and 28 day timepoints.
Where significance was detected, Fisher's LSD post-hoc analysis was
conducted. Chi-squared analysis was used to determine frequency dif-
ferences between groups for cross-sectional areas. Statistical significance
was determined if p � 0.05.

Results

Animal weights

Descriptive measurements for body weight, tibialis anterior weight,
tibia length, and tibialis anterior weight normalized to tibia length are in
Table 1. For both time-points, there were no differences in body weight,
tibialis anterior wet weight, or tibialis anterior weight normalized to tibia
length among any of the measurements across genotype or injection
group.

PGC-1α and metabolic markers

There was a main effect for A1 mice to have ~7 to 18-fold higher
Pgc1a mRNA abundance compared to their WT counterpart (Fig. 1A &
1B) confirming overexpression of PGC1A. A1-INJ mice displayed a
~30%–35% lower Pgc1amRNA abundance compared to A1-UNINJ mice
(Fig. 1A, p� 0.05). There were no differences in Pgc1amRNA abundance
between UNINJ and INJ A1 mice at 28 days. There was a main effect of
genotype for Lactate Dehydrogenase A (Ldha) mRNA abundance to be
~50% lower in A1mice compared to WT (Fig. 1C and D, p� 0.05). There
were no differences in Ldha mRNA abundance in WT mice at either 3
days or 28 days post-injection. There was amain effect of genotype for A1
mice to exhibit ~4-fold and ~6-fold greater mRNA abundance of Lactate
Dehydrogenase B (Ldhb) at 3 and 28 days post-injection, respectively,
compared to their WT counterparts (Fig. 1E and F, p � 0.05). There were
no differences in Ldhb mRNA abundance in WT mice at 3- and 28-days
post-injection (Fig. 1E and F, p � 0.05). A1-UNINJ mice exhibited ~2-
fold greater LdhbmRNA abundance compared to their A1 mice compared
to their A1-INJ counterpart (Fig. 1F, p� 0.05). There was a main effect of
genotype for a 70%–90% lower ratio of Ldha:Ldhb at both 3 and 28 days
post-injection (Fig. 1G and H). There was a main effect of genotype for A1
mice to exhibit ~50% greater abundance of Cd147 mRNA compared to
200
WTmice at 3 days and 28 days post-injection, regardless of injection type
(Fig. 1I and J, p � 0.05).

p38 and inflammatory markers

At 3 days and 28 days, there was amain effect of genotype for A1mice
to display ~2-4-fold greater mRNA abundance of tumor necrosis factor-α
(Tnfa) regardless of injection type compared to their WT counterparts
(Fig. 2A & 2B, p � 0.05). There were no differences between any groups
for total nuclear factor kappa-β (NFκB) protein at 3 days post-injection
(Fig. 2C). At 28 days post-injection, there was a main effect of MAR in-
jection to have less total NFκB protein content by � 50% (Fig. 2D, p �
0.05). There was a significant interaction between genotype and injury
on relative p38 phosphorylation 3 days post-bupivacaine-injection
(Fig. 2E, p � 0.05). At 3 days post-injection, A1-UNINJ mice exhibited
~5-fold greater phosphorylation of p38 protein to total p38 protein than
WT-UNINJmice (Fig. 2E, p� 0.05). At 3 days post-injection, A1-INJmice
exhibited ~20-fold greater phosphorylation of p38 protein to total p38
protein than WT-UNINJ mice (Fig. 2E, p � 0.05). At 28 days post-
injection there was a main effect of genotype for A1 mice to have
~50% less phosphorylation of p38 to total p38 protein than their WT
counterparts (Fig. 2F, p � 0.05). There was no difference in interleukin-
1β (Il1b) mRNA abundance between any groups at both 3 day and 28
days post-injection (Fig. 2G and H).

Protein synthetic and atrophic markers

There were no differences in phosphorylated AKT to total AKT protein
content between WT and A1 mice (Fig. 3A & 3B). At 3 days post-
injection, phosphorylation of AKT protein to total AKT protein content
was ~3-fold greater in the WT-INJ mice compared to all other groups
(Fig. 3A, p � 0.05). There were no significant differences in phosphor-
ylation of AKT 28 days post-injection regardless of genotype or injury
(Fig. 3B). Phosphorylation of 4EBP1 protein to total 4EBP1 protein
content was ~50%–67% lower and in the A1-INJ group compared to
both WT injection groups, respectively, as well as ~50% lower than its
A1-UNINJ counterpart at 3 days post-injection (Fig. 3C, p � 0.05). At 28
days post-injection, there was a main effect of genotype for A1 mice to



Fig. 1. mRNA abundance of transgenic
identifier PGC-1α and associated pheno-
typic, metabolic markers at 3 days (left)
and 28 days (right) post-injection in
wildtype (WT) or muscle specific PGC-1α
transgenic (A1) mice. (A–B) PGC-1α
mRNA abundance. (C–D) LDHA mRNA
abundance. (E–F) LDHB mRNA abun-
dance. (G–H) LDHA:LDHB ratio. (I–J) CD-
147 mRNA abundance. The uninjured
phosphate buffered saline (PBS) group is
denoted UNINJ. The injured Marcaine
(MAR) group is denoted INJ. Main effects
(ME) of genotype and/or injury appear
on each graph when relevant, # signifies
difference from genetic counterpart, *
signifies difference between injections
within the same genotype following an
interaction. Values are means � SE. Sta-
tistical significance we set at an alpha of
p � 0.05.
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Fig. 2. mRNA abundance and protein content of
inflammatory signaling factors, TNF-α, NFκB,
p38 MAPK, and IL-1β at 3 days (left) and 28 days
(right) post-injection in wildtype (WT) or muscle
specific PGC-1α transgenic (A1) mice. (A–B)
TNF-α mRNA abundance. (C–D) NFκB protein
content. (E–F) p38 MAPK protein content. (G–H)
IL-1β mRNA abundance. The uninjured phos-
phate buffered saline (PBS) group is denoted
UNINJ. The injured Marcaine (MAR) group is
denoted INJ. Main effects (ME) of genotype and/
or injury appear on each graph when relevant, #
signifies difference from genetic counterpart, *
signifies difference between injections within
the same genotype following an interaction.
Values are means � SE. Statistical significance
we set at an alpha of p � 0.05.
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Fig. 3. mRNA abundance and protein content of
protein synthetic and catabolic factors, Akt, 4E-BP1,
and the E3 ligases Atrogin-1 and MuRF-1 at 3 days
(left) and 28 days (right) post-injection in wildtype
(WT) or muscle specific PGC-1α transgenic (A1)
mice. (A–B) Akt protein content. (C–D) 4E-BP1
protein content. (E–F) Atrogin-1 mRNA abun-
dance. (G–H) MuRF-1 mRNA abundance. The un-
injured phosphate buffered saline (PBS) group is
denoted UNINJ. The injured Marcaine (MAR) group
is denoted INJ. Main effects (ME) of genotype and/
or injury appear on each graph when relevant, #
signifies difference from genetic counterpart, *
signifies difference between injections within the
same genotype following an interaction. Values are
means � SE. Statistical significance we set at an
alpha of p � 0.05.
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have ~1-fold lowered phosphorylation of 4EBP1 protein to total 4EBP1
protein content than WT mice (Fig. 3D, p � 0.05). There were no dif-
ferences in mRNA abundance of Atrogin1 or Murf1 at either the 3-day or
28-day time point (Fig. 3E–H).
CSA, fiber size distribution, and myogenic markers

At 28 days post-injection, the WT-INJ group had a 20% lower muscle
fiber CSA compared to all other groups, who shared no differences
(Fig. 4A& 4B, p� 0.05). The lowered CSA observed in the WT-INJ group
was largely due to the higher volume of smaller muscle fibers highlighted
in the representative images provided (Fig. 4A and B). WT-UNINJ mice
displayed a higher frequency of larger fibers compared to the A1-UNINJ
group (Fig. 4C, p � 0.05). There were no differences in fiber size distri-
bution between A1-UNINJ and A1-INJ mice (Fig. 4F). Fiber size distri-
bution of muscle fibers reflected a higher frequency of small fibers (�
300 μm) and decreased frequency of larger fibers (� 900 μm) in the WT-
INJ mice compared to the WT-UNINJ and A1-INJ groups at 28 days post-
injection (Fig. 4D and E, p � 0.05). There was no difference in Cyclin D1
mRNA abundance between WT-UNINJ and A1-UNINJ mice (Fig. 4G and
Fig. 4. Cross-sectional area and muscle fiber size distribution at 28 days post-injectio
days (left) and 28 days (right) post-injection in wildtype (WT) or muscle specific P
images of H&E staining of tibialis anterior cross-sections 28 days post-injection. (C
comparison. (G–H) mRNA abundance of Cyclin D1. (I–J) mRNA abundance of MyoD.
(PBS) group is denoted UNINJ. The injured Marcaine (MAR) group is denoted INJ. Ma
signifies difference from genetic counterpart, * signifies difference between injectio
Statistical significance we set at an alpha of p � 0.05.
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H). There were no differences in mRNA abundance of Cyclin D1 between
any groups at 3 days post-injection (Fig. 4G). There was a main effect of
genotype in the A1 mice to have higher Cyclin D1 mRNA abundance ~2-
fold compared to WT mice at 28 days post-injection (Fig. 4H). There was
no difference inMyodmRNA abundance between the WT-UNINJ and A1-
UNINJ mice (Fig. 4I and J).MyodmRNA abundance was ~50% higher 3
days post MAR injection in WT mice, however A1 mice demonstrated
~75% less mRNA abundance compared to theWT and A1 uninjuredmice
(Fig. 4I and J, p � 0.05). There was no difference in Myogenin mRNA
abundance betweenWT-PBS and A1-PBS mice (Fig. 4K and L). There was
a main effect of injury following injection withMAR for Myogenin mRNA
abundance to be ~ 2-fold higher in both WT and A1 mice 3 days post-
injection (Fig. 4K, p � 0.05). There were no significant differences in
Myogenin mRNA abundance 28 days post-injection (Fig 4L). Finally,
there was a main effect of genotype for greater ChopmRNA in A1 mice at
28 d with no other significant effects on Chop or Trb3 (Fig. 5).

Discussion

The process of muscle regeneration is critical for skeletal muscle
n, followed by mRNA abundance of satellite cell dynamics-associated factors at 3
GC-1α transgenic (A1) mice. (A) Cross-sectional area (CSA). (B) Representative
–F) Relative frequency of the muscle fiber sizes across each possible pairwise
(K–L) mRNA abundance of Myogenin. The uninjured phosphate buffered saline
in effects (ME) of genotype and/or injury appear on each graph when relevant, #
ns within the same genotype following an interaction. Values are means � SE.
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maintenance and allows for proper recovery and adaptations following
damage. This regenerative capacity is largely controlled by a complex
genetic response, and the capacity of skeletal muscle to regenerate is a
critical homeostatic process.32 PGC1A has long been studied due to its
wide range of transcriptional and regulatory effects on muscle. A recent
observation of PGC1A altering muscle regeneration by Dinulovic et al.,25

revealed that muscles with higher levels of PGC1A exhibited faster res-
olution of inflammation and prevention of fibrosis following injury.
However, how PGC1A regulates molecular signaling events during
muscle regeneration such as regenerative myogenesis and mTOR
signaling remains unclear. Herein, we provide evidence for PGC1A
overexpression altering the myogenic response of damaged skeletal
muscle through myogenic regulatory factor Myod. The faster resolution
of damage observed in PGC1A transgenic mice noted by Dinulovic et al.25

combined with the altered Myod response observed in the current study
suggests a potentially advantageous environment for skeletal muscle
regeneration.

Successful muscle-specific overexpression of PGC1A in the A1 mice
was strongly supported by increased Pgc1amRNA abundance along with
increased LdhbmRNA abundance and decreased LdhamRNA abundance.
This increase in Pgc1a mRNA is consistent with prior work from our
group where a similar increase was matched by 2-fold increases in
PGC1A protein.26 Our observations are congruent with the findings of
Summermatter et al.,33 where PGC1A itself was found to fuel this isoform
switching through cooperation with estrogen-related receptor-α (ERRA)
increasing Ldhb mRNA abundance, while simultaneously inhibiting the
transcription of Ldha through inactivation of its transcription factor
myelocytomatosis oncogene (c-Myc). Functionally, a shift in LDH iso-
forms toward LDH-B is congruent with PGC1A's role in enhanced
oxidative metabolism.

Skeletal muscle regeneration is associated with alterations in the
metabolic profile of the muscle. It has been demonstrated by us and
others that 3 days post-injury, citrate synthase activity, mitochondrial
protein yield, and mitochondrial content are decreased.12,18,19 This
Fig. 5. mRNA abundance of CHOP and TRB3 at 3 days (left) and 28 days (right) post-
CHOP mRNA content. (C–D) TRB3 mRNA content. The uninjured phosphate buffere
denoted INJ. Values are means � SE. Statistical significance we set at an alpha of p
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would likely shift the muscle to a more glycolytic profile to deal with the
increased energy demands associated with the early stages of skeletal
muscle regeneration. Due to a decrease in mitochondrial function and
content it would be expected that during the early stages of skeletal
muscle regeneration mitochondrial biogenesis would be a priority for the
muscle. It has been well established that skeletal muscle regeneration is
associated with increased mitochondrial biogenesis.18,19 Interestingly,
PGC1A has been shown not to increase during skeletal muscle regener-
ation.18,19 This is consistent with our data. However, markers of mito-
chondrial protein synthesis, mitochondrial respiration, and other
markers of mitochondrial biogenesis are upregulated during skeletal
muscle regeneration implying that mitochondrial biogenesis is critical
during skeletal muscle regeneration.18,19 The decrease in Pgc1a mRNA
abundance in A1 mice at 3 days post-injection could directly contribute
to the observed downregulation of Ldhb mRNA abundance—through
Pgc1a and ERRα regulating Ldhb transcription—which may imply a more
glycolytic profile in the early regenerative phase in A1mice. A1 mice also
displayed higher mRNA abundance of Cd147, an extracellular matrix
metalloproteinase inducer used in skeletal muscle primarily for targeting
monocarboxylate transporters (MCT) 1 and 4 to the plasma membrane
during lactate shuttling.34 Where, upregulation of Cd147 mRNA abun-
dance could indicate preferential increases in lactate transport into the
muscle for further substrate utilization. The alterations in metabolic
markers shown here can be best described as a possible optimization of
metabolism for the oxidative environment created in skeletal muscle by
the chronic overexpression of PGC1A. However, as metabolism was not
directly measured further study is needed to validate this claim.

PGC-1A is activated by phosphorylation of its negative regulatory
domain via p38 MAPK, a known kinase activated by inflammatory cy-
tokines or other environmental stressors.35,36 Addition of TNFA, a major
inflammatory cytokine, to human mesenchymal stem cells and adipose
progenitor cells results in significant increases in VEGF, HGF, and IGF1
production via a p38 MAPK-dependent pathway.37 Furthermore, we
have recently demonstrated locally induced TNFA in atrophic oxidative
injection in wildtype (WT) or muscle specific PGC-1α transgenic (A1) mice. (A–B)
d saline (PBS) group is denoted UNINJ. The injured Marcaine (MAR) group is
� 0.05.
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muscles (soleus) further suggesting the interplay between the oxidative
muscle phenotype elicited by PGC1A and TNFA.38 TNFA has also been
shown to induce a greater abundance of Atrogin1 and Murf1 mRNA
through a p38-mediated pathway as well.39,40 This relationship between
TNFA, p38, and ubiquitin ligases Atrogin1 and Murf1 was not directly
reflected in the data presented here, with Atrogin1 and Murf1 exhibiting
no changes in mRNA abundance at the conclusion of regeneration with
altered phosphorylation of p38, even with the elevated Tnfa mRNA
abundance in A1 mice. This indicates PGC1A overexpression increases
basal levels of Tnfa transcription but does not result in an atrophic
phenotype, as further supported by the lack of change in NFκB protein
content in A1 mice.

The reduction in phosphorylation of the protein synthetic markers
AKT and 4EBP1 in mice overexpressing PGC1A presented here is also
indicative of a lowered protein synthetic response from injury induced by
bupivacaine. Activation of AKT via phosphorylation results in activation
of mTOR, where mTOR will then phosphorylate and inactivate the
downstream target 4EBP1, ultimately leading to an upregulation in
protein synthesis.41 The reduction in phosphorylation of AKT and 4EBP1
in A1 mice shown here suggests A1 mice did not induce classic protein
synthetic signaling via mTOR to undergo successful regeneration of
skeletal muscle at the measured timepoints. WT mice however, showed a
clear increase in phosphorylation of AKT at 3 days post-injection with
bupivacaine and a non-significant mean increase in phosphorylation of
4EBP1, indicating a present protein synthetic response in WT mice
following the injury that was not observed in the A1 mice. The lack of an
increase in markers of protein synthesis observed in the A1 mice could be
due to a lowered requirement for protein synthesis to accomplish proper
muscle regeneration. Where alterations to satellite cell dynamics could
be sufficient for healing of damaged muscle tissue. This observation is
speculative, however, due to a lack of a robust and direct measure of
protein synthesis beyond the protein content of these markers. These
interpretations, however, are limited by the measurement timeframe and
primary consideration of phosphorylation signaling.

As presented here, the mean cross-sectional area of wild-type mice
was lower 28 days following damage typically seen via bupivacaine in-
jection,42 but this reduction was not observed in A1 mice. In conjunction,
wild-type mice had a greater frequency of smaller muscle fibers
compared to the transgenic mice following damage. In this study, we
demonstrated a decrease inMyodmRNA abundance at 3 days post-injury
in A1 mice whereas wild-type mice exhibited classically elevated Myod.
This could be indicative of lowered myoblast proliferation. There was
also a trend for A1 mice to exhibit elevated Myogenin mRNA abundance
when compared to WT mice at 28 days post-injury. This, in conjunction
with loweredMyoDmRNA abundance, could indicate an earlier switch in
transcriptional signaling of satellite cells from proliferation to differen-
tiation following PGC1A overexpression. The trend towards a decrease in
Cyclin D1 in A1 mice at 28 days post-bupivacaine injection further
supports this finding. Where a decrease in Cyclin D1 could indicate cell
cycle exiting for the onset of myotube differentiation and preservation of
myofibers.43 Where MyoD has been shown to induce the termination of
the cell cycle through upregulation of p21 which has been shown to
inhibit Cyclin-dependent kinase activity during terminal myocyte dif-
ferentiation.44,45 p38 MAPK has been demonstrated to promote myoblast
differentiation while simultaneously restricting excess proliferation
during postnatal growth in mice.46 Myoblasts lacking the p38α MAPK
isoform have also been found unable to differentiate and form myo-
tubes.47 Therefore, it appears that increased phosphorylation of p38
MAPK in A1 mice may contribute to satellite cell differentiation over
proliferation, providing a differential effect on skeletal muscle following
the damage when compared to wild-type counterparts in the early stages
of regeneration.

Finally, considering our large induction of p38 phosphorylation in 3
days post-bupivacaine injected A1 mice, we considered further mecha-
nisms which may impact downstream signaling on repressed MyoD in
this timeframe. p38 MAPK is known to activate CHOP48 which in turn
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can repress MyoD49 and activate TRB350 where TRB3, in turn, inhibits
AKT.51 To provide evidence of whether such a mechanism may be in
effect in our A1 mice we assessed Chop and Trb3 mRNA contents iden-
tifying only elevated Chop mRNA in A1 mice regardless of injury. How-
ever, we should note p38 activation of CHOP occurs primarily through
direct phosphorylation and thus we may be missing the best opportunity
to assess this system. This CHOP/TRB3 axis deserves further scrutiny in
future studies of muscle regeneration especially considering TRB3 may
exert specific effects on muscle protein turnover.52

In conclusion, we provide evidence for skeletal muscle with chronic
overexpression of PGC1A to exhibit no morphological changes following
the damage via bupivacaine injection. Although it is important to note
that although there was an observed decrease in mean CSA of WT mice
following injection of bupivacaine, by day 28 muscle wet weight and
mean CSA had returned to control levels and thus damage was resolved
as reported in similar studies.53 The lack of morphological changes in A1
mice could most likely be a result of modulation of satellite cell pro-
liferation/differentiation dynamics, and of note, in the presence of
reduced markers of protein synthesis. However, these results could be
due to either a lesser extent of or the earlier resolution of damage in the
A1 mice. While both are possible, the distinction concerning which is the
greatest contributor to earlier resolution of damage in A1 mice cannot be
elucidated at this time. Overall, this study contributes to the continuously
growing repertoire of literature concerning the effects of muscle-specific
overexpression of PGC1A on conditions and pathologies of muscle
damage or wasting. This study adds to the evidence that conditions
which increase mitochondrial content (e.g., endurance training) could be
beneficial for the ability of the skeletal muscle to recover from injury.
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