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Abstract

Objectives: Exercise training induces several skeletal
muscle adaptations. Beta-guanidinopropionic acid (B-GPA)
is a creatine analog that simulates the effect of exercise to
induce mitochondrial biogenesis. However, the effects of
B-GPA on resistance training adaptation, such as muscle
hypertrophy and mitochondrial biogenesis, are unclear.
Therefore, using a resistance exercise model in rats, the
present study was designed to investigate the effects of
B-GPA administration on resistance training adaptations.
Methods: This study was approved by the Ethics Committee
for Animal Experiments at Ritsumeikan University (approval
number: BKC2022-009). Male Sprague Dawley rats were
randomly divided into placebo or B-GPA groups. B-GPA (1000
mg/kg) was orally administered once daily, starting seven
days before the initiation of electromyostimulation as a
model for resistance exercise, and continued throughout
the training period. Electromyostimulation was applied to
the right gastrocnemius muscle via electrical stimulation
every other day for a total of 12 sessions

Results: Peroxisome proliferators-activated receptor-y
co-activator-la, a regulator of mitochondrial biogenesis,
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was significantly increased by the combination of training
and B-GPA compared to the training leg (p<0.05). Protein
expression of Total OXPHOS, a marker of mitochondrial
content, was significantly increased by the combination of
training and B-GPA compared to the training leg (p<0.05).
B-GPA intake reduced muscle mass (main effect of B-GPA,
p<0.05) and was associated with muscle protein breakdown-
related Fbx32 and LC3-II protein expression levels but did
not counteract the increase in muscle mass caused by
resistance training.

Conclusions: Administration of exogenous B-GPA enhanced
resistance training-induced mitochondrial biogenesis. More-
over, B-GPA still permitted resistance electromyostimulation-
induced muscle mass gains, but that effect was attenuated as
compared to placebo.

Keywords: PGC-la; AMPK; OXPHOS; calcineurin; muscle
proteolysis

Introduction

Skeletal muscle is a massive, plastic tissue carrying 40 % of
body mass [1]. Inactivity associated with aging, injury, or
disease results in reduced skeletal muscle mass [2], reduced
oxidative capacity, mitochondrial function [3], and insulin
resistance [4], which can lead to multiple health problems.
Exercise is known to be an effective intervention and is
widely implemented to address these issues. Resistance and
endurance exercises induce several adaptations in skeletal
muscle, including muscle hypertrophy and mitochondrial
adaptation (e.g, mitochondrial biogenesis), which may
increase muscle strength and endurance performance. These
adaptations induced by different exercise modes vary widely,
with resistance exercise causing muscle hypertrophy [5] and
endurance exercise causing more pronounced mitochondrial
adaptations [6, 7]. From the point of view of mitochondria,
resistance training had no impact on mitochondrial fractional
synthesis rate and citrate synthase activity, while endurance
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training increased both parameters [8]. On the other hand,
some studies reported that resistance exercise and training
has been shown to enhance mitochondrial function, mito-
chondrial biogenesis, and mitochondrial fractional synthesis
rate [9, 10]. These findings indicate that resistance exercise
is a mode of exercise that induces significant muscle hyper-
trophy and a slight increase in mitochondrial biogenesis.
Creatine is a metabolite in energy supply, with 90-95 %
of body’s total creatine stored in skeletal muscle [11]. Creatine
and creatine phosphate also regulate the activity of intra-
cellular energy sensor AMP-activated protein kinase (AMPK)
[12]. AMPK is an upstream factor of peroxisome proliferators-
activated receptor-y co-activator-la (PGC-1a), a regulator of
mitochondrial biogenesis [13]; creatine depletion and the
consequent decrease in creatine phosphate may be one
trigger for mitochondrial biogenesis. Indeed, it has been
shown that mitochondrial enzyme activity and AMPK phos-
phorylation are promoted in skeletal muscle pharmacologi-
cally and genetically engineered for creatine depletion within
skeletal muscle [14, 15]. Beta-guanidinopropionic acid (B-GPA)
has a similar substance structure to creatine. Therefore,
B-GPA is thought to act by competitive inhibition against
creatine, which reduces creatine and creatine phosphate
in skeletal muscle by inhibiting creatine transport into the
cell [15, 16]. B-GPA is also an exercise mimetic that can achieve
the same muscle adaptations as endurance training. B-GPA
decreased creatine and creatine phosphate in skeletal muscle
and increased PGC-1a protein expression [13, 15]. B-GPA may,
therefore, trigger the activation of mitochondrial biogenesis
via inhibition of creatine transport into the cell and reduction
of intracellular creatine. On the other hand, p-GPA increases
muscle proteolysis, resulting in reduced muscle mass [17].
Thus, B-GPA induces various adaptations in skeletal muscle,
including mitochondrial biogenesis and muscle mass loss.
Considering these findings, resistance training with
B-GPA may gain both training adaptations in skeletal
muscle. However, the effects of B-GPA on resistance
training adaptations are unclear. Therefore, this study
sought to determine the effects of B-GPA on resistance
training adaptations, especially muscle hypertrophy and
mitochondrial biogenesis using electromyostimulation.
We hypothesized that administration of exogenous p-GPA
would increase mitochondrial biogenesis concomitant
with the electromyostimulation-induced muscle hyper-
trophy. The summary of this article is presented in Figure 1.

Methods
Animals and experimental design

This study was approved by Ethics Committee for Animal
Experiments at Ritsumeikan University (approval

DE GRUYTER

number: BKC2022-009) and conducted following the
Declaration of Helsinki. Ten seven-week-old male Sprague
Dawley rats were obtained from Shimizu Laboratory
Materials. All rats were maintained in an environment
of 23 + 1°C with a 12-hourly light/dark cycle (light:
8:00-20:00, dark: 20:00-8:00) and provided water and
food ad libitum. After a one-week acclimatization
period, rats were randomly assigned to the Control or
B-GPA groups. For one week before resistance exercise,
rats in the B-GPA group received B-GPA (1,000 mg/kg,
Combi-blocks, San Diego, CA, USA). From day 8, resistance
exercise was performed on each rat’s right leg every two
days for 12 sessions. During the training period, B-GPA or
placebo was continued to be administered once daily.
Forty-eight hours following the end of the last resistance
exercise, the rats’ right and left gastrocnemius muscles
were removed after a 12-h fasting. The muscles were
stored at —80 °C until they were analyzed. An overview
of the study is shown in Figure 2.

Administration of B-GPA

B-GPA (1,000 mg/kg) was dissolved in 1.5 mL distilled water,
and forced oral administration was performed using a
sonde. The administration was implemented after the
resistance exercise. In the Control group, an equivalent
volume of distilled water was administered.

Resistance exercise protocol

Resistance exercise by electromyostimulation was carried
out as described in a previous study [18, 19]. In brief, under
isoflurane inhalation anesthesia, the right leg was shaved,
and exposed skin was cleaned with ethanol. The rats were
then positioned supine, and the right leg was placed
on a footplate and secured at a 90° ankle joint angle.
The gastrocnemius muscle of the right leg was (the Trained
leg) stimulated percutaneously by electrodes (Vitrode V,
Ag/AgCl: Nihon Kohden, Tokyo, Japan) connected to an
electrical stimulator (SEN-0823: Nihon Kohden, Tokyo,
Japan) and an isolator (SS-104j; Nihon Kohden, Tokyo,
Japan). The electrodes were put over the triceps surae
muscle. The frequency during electrical stimulation was
set at 100 Hz, with the voltage (-30 V) adjusted to exert
maximum isometric contraction (pulse width: 4 ms, shape:
square wave). Five sets of electrical stimulation were
performed, each consisting of 10 cycles of 3 s electrical
stimulation with a seven-second interval between each
set. There was a three-minute rest between each set.
Resistance exercise was performed once every two days
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Exogenous Beta-guanidinopropionic acid
administration enhances electromyostimulation

induced mitochondrial biogenesis in rat skeletal
muscle

INTRODUCTION However, the effects of B-GPA on resistance

Both exercise training and beta- training adaptation, such as muscle hypertrophy — . @
guanidinopropionic acid (8-GPA) are known and mitochondrial biogenesis, are unclear. Objective: to determine Q
toinduce skeletal muscle adaptations. the effects of B"QFA on /
resistance training
adaptations, especially

muscle hypertrophy and
mitochondrial biogenesis.

METHODS RESULTS

ﬁ'GPA | 10 Sprague Dawleyr;ts I Placebo

The % change in muscle mass by electrical
stimulation was significantly lower in B-

‘\) GPA group than in the control group.
B-GPA administration increased the protein ™ .
expression of Fbx32 and LC3-Il, which may \\ = \Q
Ten rats were randomized into control (placebo) or B-GPA groups have hindered resistance training gains. \\ )

(1000mg/kg), both undergoing resistance training with gastrocnemius
muscle stimulation every other day for 12 sessions.

Electrical stimulation significantly
increased PGC-1a expression, with higher
levels in the trained leg and further
enhancement from B-GPA.

CONCLUSION

B-GPA enhanced electrical stimulation-induced mitochondrial
biogenesis. Moreover, B-GPA still permitted electrical stimulation-
induced muscle mass gains, but that effect was attenuated by B-GPA.

Wet muscle weight Western blottiﬁg

Muscle wet weight was measured to assess hypertrophy, and Western
blotting was used to analyze protein breakdown factors and
mitochondrial content markers.
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Figure 1: Graphical representation of the study. Key points: (1) The study found that combining 3-GPA with electromyostimulation significantly increased
mitochondrial biogenesis markers, such as PGC-1a and OXPHOS protein expression, in the trained muscle. (2) Despite promoting mitochondrial
adaptations, B-GPA intake resulted in a reduction in muscle mass, as indicated by increased protein breakdown markers like Fbx32 and LC3-IL. (3) While
B-GPA reduced muscle mass overall, it did not completely counteract the muscle mass gains induced by electromyostimulation. Figure created with
BioRender.

for 12 sessions. The left gastrocnemius was treated as \Western blotting

the Untrained leg. A previous study showed that 12

resistance exercise sessions using this protocol resulted Western blotting was conducted as previously described
in significant muscle hypertrophy in the gastrocnemius [18]. In short, frozen muscle samples were powdered and
muscle [19]. homogenized by RIPA buffer (Cell Signaling Technology,



298 —— Fukao et al.: Exogenous B-GPA administration enhances electromyostimulation

(Training period, Total 12 sessions)
I 1

1 2 3 12
o U T A=
[ & B-GPA administration (Once daily) | /7
e
1 r 11 T 1T T 1T 1T T I
12 3 456 7 8 9 101112 29 30 32 (Day)

I+ : Resistance exercise

/ : Tissue collection

Figure 2: An overview of the study.

Danvers, MA, USA) with cOmplete Mini protease inhibitor
cocktail (11836153001, Sigma-Aldrich, St. Louis, MO, USA) and
PhosSTOP phosphatase inhibitor cocktail (4906845001,
Sigma-Aldrich, St. Louis, MO, USA). After centrifugation of
the homogenate (10,000 g, 10 min, 4 °C), the protein concen-
tration of the collected supernatant was determined (Protein
Assay Rapid Kit Wako II 295-78401, FUJIFILM Wako Pure
Chemical, Osaka, Japan). Then, 3 x Blue Loading Buffer, DTT
(Blue Loading Buffer Pack, #7722 Cell Signaling Technology,
Danvers, MA, USA), supernatant, and distilled water were
mixed, and the mixture was then boiled at 95 °C for 5 min.
Only samples for OXPHOS were not boiled. The samples
were stored at —80 °C until they were processed for western
blotting. Each sample was separated by electrophoresis
(150 V, 80 min) on a 10 % TGX gel (#1610173, Bio-Rad, Hercu-
les, CA, USA) with 5 ug or 10 pg of protein and transferred
(30V, 90 min) onto PVDF membranes (#1620177, Bio-Rad,
Hercules, CA, USA). The membrane was washed with Tris-
Buffered saline containing 0.1 % Tween 20 (TBS-T) for 5 min
and blocked by TBS-T containing 5 % skim milk for 60 min at
room temperature. After blocking, the membrane was
washed three times for 5 min in TBS-T and incubated over-
night (4 °C) with primary antibody. The following antibodies
were used: PGC-la (#516-577, Millipore, CA, USA), Total
OXPHOS Rodent WB Antibody Cocktail (#ab110413, Abcam,
Cambridge, UK), total-p38 MAPK (#9212, Cell Signaling
Technology, Danvers, MA, USA), phospho-p38 MAPK
Thr180/Tyr182 (#9211, Cell Signaling Technology, Danvers,
MA, USA), total-AMPKa (#2532, Cell Signaling Technology,
Danvers, MA, USA), phospho-AMPKa Thr172 (#2531, Cell
Signaling Technology, Danvers, MA, USA), total-CaMKII
(#4436, Cell Signaling Technology, Danvers, MA, USA), total-
CaMKII (#4436, Cell Signaling Technology, Danvers, MA,
USA), phospho-CaMKII Thr286 (#12716, Cell Signaling Tech-
nology, Danvers, MA, USA), Calcineurin (#2614, Cell Signaling
Technology, Danvers, MA, USA), DSCR1 (#sc-377507, Santa
Cruz Biotechnology, Dallas, TX, USA), LC3B (#2775, Cell
Signaling Technology, Danvers, MA, USA), Fbhx32 (#168372
Abcam, Cambridge, UK), MuRF1 (#sc-398608 Santa Cruz
Biotechnology, Dallas, TX, USA). The following day, the
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membrane was washed by TBS-T for 5 min x three, and the
secondary antibody (Anti-rabbit IgG, HRP-linked Antibody,
#7074, Cell Signaling Technology, Danvers, MA, USA)
(Anti-mouse IgG, HRP-linked Antibody, #7076, Cell Signaling
Technology Danvers, MA, USA) was added to TBS-T and
incubated at room temperature for 1 h. The membrane was
rewashed in TBS-T for 5min X three, and the bands were
detected using Luminata Forte Western HRP Substrate
(WBLUF0500, Millipore, CA, USA) with FUSION Chem-
iluminescence Imaging System (M&S Instruments, Osaka,
Japan). Band intensities were calculated by standardizing
the quantified value of the amount of protein applied to each
lane by Ponceau S staining using Image ] software version
1.53 k (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis

All values were expressed as mean + SE. IBM SPSS Statistics
ver. 28 (SPSS Inc., Chicago, IL, USA) was used for statistical
analysis. Data were analyzed using a two-way analysis
of variance (resistance training x B-GPA), and multiple
comparisons by Bonferroni were performed only when a
significant interaction was found. The % change in muscle
mass was analyzed by unpaired t-test. The significance level
was set at p<0.05.

Results
Skeletal muscle mass
Muscle wet weight was calculated to assess the impact of

B-GPA on resistance training-induced muscle hypertrophy.
The results showed resistance training increased muscle

Gastrocnemius muscle

~
[3,]

O Untrained Leg
B Trained Leg

Training Effect: p < 0.01
B-GPA Effect: p < 0.001

o
=)

Wet Muscle Mass
(mg/g Body Weight)
N
n

o
o

Control B-GPA

Figure 3: Gastrocnemius muscle wet weight after chronic resistance
training and B-GPA ingestion in rat skeletal muscle (n=5 in each group).
Data was expressed as mean + SE.
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mass (training effect: p<0.01), but B-GPA decreased respec-
tively (B-GPA effect: p<0.001, Figure 3). The % change in
muscle mass by resistance training was significantly lower
in the B-GPA group than in the Control group (Control:
9.92 + 1.70 %, B-GPA: 3.92 + 1.63 %, p<0.05).

Muscle protein breakdown-related factors

The protein expression levels of muscle proteolysis are
shown in Figure 4. LC3B-I protein expression was increased
by resistance training and B-GPA respectively (training
effect: p<0.05, B-GPA effect: p<0.001, Figure 4A). A main effect
of B-GPA was confirmed in the protein expression levels of
LC3-II (B-GPA effect: p<0.05, Figure 4B), which is involved in
autophagosome formation. However, any interventions did
not change the LC3B-II/LC3B-I ratio (Figure 4C). A main effect
of B-GPA was also detected in the protein expression levels of
F-box protein 32 (Fbx32), a ubiquitin ligase (B-GPA effect:
p<0.001, Figure 4D). Despite that, the protein expression level
of MuRF1 was not changed by any interventions (Figure 4E).

Mitochondrial content markers

To estimate mitochondrial content, the protein expression
levels of Complex I, I1, III, IV, and V were evaluated (Figure 5).
There is a significant interaction in Complex I protein
expression levels (p<0.05, Partial n2 = 0.257, Figure 5A).
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Multiple comparisons showed that Complex I in the
Trained leg was significantly higher than in the Untrained
leg (p<0.05, Figure 5A). Protein expression of Complex I in
the B-GPA + Trained leg was also significantly higher
compared to the Trained leg and B-GPA leg (p<0.05,
Figure 5A). In addition, a main effect of B-GPA was observed
in the protein expression levels of Complex II (B-GPA effect:
p<0.005, Figure 5B), and a trend was observed in Complex
III and V (B-GPA effect: Complex III: p=0.059, B-GPA effect:
Complex V: p=0.051, Figure 5C-E), respectively. Further-
more, a significant interaction between resistance training
and B-GPA was observed for protein expression in Total
OXPHOS (p<0.05, Partial n2 = 0.246, Figure 5F). Multiple
comparisons showed that Total OXPHOS protein expres-
sion was significantly higher in the Trained leg than in the
Untrained leg (p<0.05, Figure 5F). The protein expression
level of Total OXPHOS was also significantly higher in the
B-GPA + Trained leg than in the B-GPA + Untrained leg
(p<0.05, Figure 5F). Furthermore, protein expression levels
of Total OXPHOS in the B-GPA + Trained leg were signifi-
cantly higher than in the Trained leg (p<0.05, Figure 5F).

PGC-1a and upstream proteins

Figure 6 shows the protein levels of PGC-1a, a central regu-
lator of mitochondrial biogenesis. The results showed
a significant interaction between resistance training
and B-GPA in PGC-la protein expression (p<0.05, Partial
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Figure 4: Muscle protein breakdown-related proteins were expressed after chronic resistance training and B-GPA ingestion in rat skeletal muscle (n=5in
each group). A: LC3B-I. B: LC3B-II. C: LC3B-II/LC3B-1. D: Fbx32. E: MuRF1. Data was expressed as mean + SE.
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n2 = 0.330, Figure 6). Multiple comparisons showed that
the Trained leg had significantly higher protein expression
of PGC-la than the Untrained leg (p<0.05, Figure 6).
B-GPA + Trained leg protein expression of PGC-la was
considerably higher than -GPA leg and Trained leg (p<0.05,
Figure 6). Protein expression and phosphorylation of factors
regulating PGC-1a are shown in Figures 7 and 8. Protein
expression of AMPKa was increased by (B-GPA effect:
p<0.05, Figure 7A). A training effect was observed in
the protein expression of MAPK (B-GPA effect: p<0.05
Figure 7C). On the other hand, AMPKa Thr172 phosphory-
lation was not changed by interventions (Figure 7B), and a
main effect of B-GPA was observed for p38 MAPK phos-
phorylation (B-GPA effect: p<0.01, Figure 7D). Ca**/calmo-
dulin-dependent protein kinase IT (CaMKII) and calcineurin
protein expression levels were increased by resistance
training (CaMKII: training effect: p<0.01, Calcineurin:
training effect: p<0.05, Figure 8A-C). A trend by B-GPA
(B-GPA effect: p=0.075) was observed for the phosphoryla-
tion of CaMKII (Figure 8B). A main effect of training and
B-GPA was also observed for protein expression levels of

Down Syndrome Critical Region 1 (DSCR1), an activation
marker of calcineurin (training effect: p<0.05, B-GPA effect:
p<0.05, Figure 8D).

Discussion

This study aimed to investigate the effects of -GPA admin-
istration on resistance training-induced mitochondrial
adaptation and muscle hypertrophic effects in rat skeletal
muscle. The study’s main findings were [1]: B-GPA increased
proteins involved in autophagy and the ubiquitin-
proteasome. Moreover, muscle mass was reduced with
B-GPA. Still, a significant main effect of resistance training
indicated that the training response was intact [2]; B-GPA
attenuated muscle mass gain through resistance training [3];
the integration of B-GPA with resistance training compared
to resistance training alone resulted in higher mitochondrial
protein content [4]; the integration of B-GPA with resistance
training induced significantly higher increase in PGC-la
protein expression compared to resistance training alone
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[5]; the integration of B-GPA with resistance training
additively increased protein expression of calcineurin
and DSCR1. These findings suggest that B-GPA enhances
mitochondrial biogenesis and still maintains the muscle
mass gain through resistance training in rat skeletal muscle,
but the training effect was significantly reduced compared
to placebo.

Acute resistance exercise stimulates muscle protein
synthesis, while long-term training leads to muscle hyper-
trophy [5, 20]. On the other hand, chronic B-GPA intake has
been reported to activate muscle proteolysis and cause
muscle atrophy [17, 21]. Similarly, in the results of the pre-
sent study, muscle mass was increased by resistance training
in both groups. The present study suggests for the first time
that the combination of B-GPA and resistance training does
not counteract the increase in muscle mass induced by
resistance training in rat skeletal muscle, but the muscle
hypertrophic response by resistance training was attenu-
ated in the B-GPA group. It is believed that skeletal muscle
mass is regulated by a net balance between muscle protein
synthesis and degradation [22]. The autophagy-lysosomal
and ubiquitin-proteasome systems are involved in muscle
protein degradation [22]. It has been suggested that the
enhancement of muscle proteolysis by B-GPA may be due to
signaling pathways independent of AMPK [17]. Previous
in vivo and in vitro studies reported that f-GPA promotes an
increase in the density of autophagosomes and protein
expression of Fbx32 [17, 23]. The current study showed that
administration of B-GPA also increased the protein expres-
sion of Fbx32 and LC3-IL. These findings suggest that B-GPA
administration may have reduced skeletal muscle mass and
attenuated muscle mass gain by resistance training due to
the activation of the autophagy-lysosome system and
ubiquitin-proteasome system in skeletal muscle. Chronic
resistance training in mice does not increase Fhx32 mRNA or
LC3-II protein expression [24]. Similarly, in the present
study, resistance training did not enhance the protein
expression levels of LC3-II and Fbx32. Our results indicated
that the administration of B-GPA during the resistance
training period did not induce protein degradation beyond
the effect of B-GPA alone. The present study only evaluated
marker proteins involved in muscle protein degradation, not
those involved in muscle protein synthesis. The resistance
exercise model used in the present research activates the
mammalian target of rapamycin complex 1 (mTORCI)
signaling involved in muscle protein synthesis immediately
after acute resistance exercise until 24h [25]. Since we
collected muscle tissue 48 h after the final exercise session, it
islikely that any transient activation of mTORC1 signaling as
well as muscle protein synthesis would have already
returned to baseline. Consequently, we did not include these
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markers in our current analysis. However, in the future,
the effects of B-GPA administration on the muscle protein
synthesis in response to acute resistance exercise should
also be explored to offer a comprehensive assessment of its
impact on muscle protein metabolism.

PGC-1a is a master regulator of mitochondrial biogen-
esis, and the activation of mitochondrial biogenesis
increases mitochondrial content [26, 27]. The protein
expression level of OXPHOS is also widely used to indicate
mitochondrial content [24, 28, 29]. In the present study,
B-GPA augmented the protein expression of Total OXPHOS
and PGC-la induced by resistance training. This suggests that
B-GPA augments resistance training-induced mitochondrial
biogenesis, resulting in a more significant increase in mito-
chondrial content. The expression of PGC-1a is regulated by
signaling proteins such as AMPK, p38 MAPK, CaMKII, and
calcineurin [27]. Acute resistance exercise phosphorylates
these proteins except for calcineurin [18, 30], and training
increases the protein expression of PGC-1a [20]. The creatine
analog B-GPA also decreases intracellular creatine and cre-
atine phosphate by inhibiting creatine transport into the
muscle cell [15]. B-GPA has been reported to phosphorylate
AMPK [15, 23] and subsequently promote mitochondrial
biogenesis [15]. In contrast, another study found that two
weeks of B-GPA intake did not promote AMPK phosphory-
lation [31]; therefore, it is unclear whether B-GPA activates
AMPK in skeletal muscle. Our result supported the report by
Nichenko [31]. In our experiment, oral administration of
B-GPA was also not performed 48 h before tissue collection,
which may have already eliminated B-GPA-induced AMPK
activation. p38 MAPK is considered one of the upstream
proteins of PGC-1a [32]. A previous study reported B-GPA
caused p38 MAPK phosphorylation in vivo [15]. However, we
did not observe p38 MAPK phosphorylation in the p-GPA
group. This result suggested p-GPA may not affect p38 MAPK
phosphorylation in rat skeletal muscle. Further research will
be required to confirm the impacts of B-GPA on p38 MAPK
and whether B-GPA induced-p38 MAPK activation is neces-
sary for mitochondrial biogenesis using a transgenic model.
In summary, in this study, AMPK and p38 MAPK may not be
engaged with enhanced PGC-la protein expression by
resistance training and B-GPA.

Calcineurin and CaMKII are activated by increased
intracellular Ca** concentrations [33, 34]. Intracellular Ca**
concentrations are thought to play an essential role in
mitochondrial biogenesis, regulating the expression level
and activation of PGC-1a [27, 33]. Protein expression levels of
calcineurin and DSCR1 used as an indicator of calcineurin
activity [34], were enhanced by resistance training and
B-GPA in the present study. These results suggested that
B-GPA intake, in combination with resistance training,
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additively enhanced calcineurin activation. Skeletal muscle
contraction may activate calcineurin because it transiently
increases intracellular Ca** concentrations in the skeletal
muscle [35]. In a previous study, DSCR1 mRNA levels were
increased by an eight-week resistance training in young men
[36]. B-GPA also increased protein expression levels of cal-
cineurin and DSCR1. Furthermore, B-GPA enhanced CaMKII
protein expression, and phosphorylation of CaMKII showed
an increasing trend by B-GPA. Therefore, we suggest that the
activation of resistance training-induced mitochondrial
biogenesis by B-GPA was partially due to the activation of
Ca**-related signaling in this study. To our knowledge, no
study reports the relationship between B-GPA and intracel-
lular Ca*". Although Gallo et al. implied that B-GPA might
affect intracellular Ca®* concentration because B-GPA led to
fiber type transition from fast type to slow type [37, 38], the
specific mechanism of how B-GPA activates calcineurin and
CaMKII was not investigated in this study, and further
investigations are required to address these questions.

Limitations

A limitation of this study is that mitochondrial content was
assessed solely on the expression levels of the mitochondrial
proteins Complex I through Complex V. The gold standard
for evaluating mitochondrial content is electron microscopy
[39]. Because mitochondrial content and function in skeletal
muscle are altered by resistance training and B-GPA [23, 40],
accurate assessments of mitochondrial content and function
can provide essential insights into quantitative and quali-
tative changes of mitochondria.

Conclusions

In conclusion, administration of B-GPA stimulated the
increase in PGC-1a induced by resistance training and acti-
vated mitochondrial biogenesis in rat skeletal muscle.
Moreover, B-GPA still permitted resistance training-induced
muscle mass gains, but that gain was attenuated compared
to untreated animals, supporting the role of B-GPA in
promoting proteolysis.
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