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Abstract: Creatine has been used to maximize resistance training effects on skeletal muscles, including
muscle hypertrophy and fiber type changes. This study aimed to evaluate the impact of creatine
supplementation on the myostatin pathway and myosin heavy chain (MyHC) isoforms in the slow-
and fast-twitch muscles of resistance-trained rats. Twenty-eight male Wistar rats were divided
into four groups: a sedentary control (Cc), sedentary creatine supplementation (Cr), resistance
training (Tc), and resistance training combined with creatine supplementation (Tcr). Cc and Tc
received standard commercial chow; Cr and Tcr received a 2% creatine-supplemented diet. Tc
and Tcr performed a resistance training protocol on a ladder for 12 weeks. Morphology, MyHC
isoforms, myostatin, follistatin, and ActRIIB protein expressions were analyzed in soleus and white
gastrocnemius portion samples. The results were analyzed using two-way ANOVA and Tukey’s test.
Tc and Tcr exhibited higher performance than their control counterparts. Resistance training increased
the ratio between muscle and body weight, the cross-sectional area, as well as the interstitial collagen
fraction. Resistance training alone increased MyHC IIx and follistatin while reducing myostatin
(p < 0.001) and ActRIIB (p = 0.040) expressions in the gastrocnemius. Resistance training induced
skeletal muscle hypertrophy and interstitial remodeling, which are more evident in the gastrocnemius
muscle. The effects were not impacted by creatine supplementation.

Keywords: strength training; myostatin; muscle anabolism; creatine; muscle fibers

1. Introduction

In the diverse world of commercial supplements, creatine monohydrate stands out as
being widely used by high-level athletes and physically active individuals [1–3]. Creatine
monohydrate consumption can impact skeletal muscle through multiple mechanisms
which sustain muscle remodeling [4]. Creatine supplementation is commonly used to
maximize the effects of resistance training, including neuromuscular recruitment, increased
protein synthesis, and muscle fiber type changes [5–9].
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Combinations between exercise training and creatine interventions resulted in greater
lean mass and lower muscle protein catabolism [10,11]. Another possible effect of cre-
atine supplementation is the adaptive modulation of myosin heavy chain (MyHC) iso-
forms in skeletal muscle fibers [12–16]. MyHC isoform profiles determine the muscle
fiber phenotype; in general, predominantly MyHC I fibers have greater slow twitch-
oxidative characteristics, while fibers containing more MyHC II mostly have a fast glycolytic
metabolism [17,18]. Skeletal muscles have a diverse proportion and distribution of highly
adaptable fiber types so that phenotypical aspects can be affected by several molecular
signaling pathways, which regulate protein synthesis and myogenic activity [19,20].

Myostatin, an extracellular myokine that is primarily expressed in skeletal muscle,
plays a crucial role in downregulating muscle mass and modulating fiber-type compo-
sition [21,22]. Its expression is inversely associated with the amount of fast glycolytic
fibers [23–26]. Myostatin signaling is complex and comprises the activation of several
downstream pathways. Mature myostatin binds to the Type IIB activin receptor (ActRIIB)
and initiates signaling cascades that upregulate the genes involved in atrophy and down-
regulate genes involved in myogenesis. Among potential myostatin inhibitors, follistatin
is an antagonist of transforming growth factor- β (TGF-β) family members, inhibiting the
link of myostatin to ActRIIB. In this context, follistatin overexpression can be associated
with skeletal muscle hypertrophy [21,27].

Resistance exercise training has been associated with reduced serum myostatin levels,
as well as follistatin modulation [28] and increased muscle mass; these effects were ampli-
fied in response to creatine supplementation [29]. In vitro studies have shown that creatine
prevents or reverses myostatin-induced muscle atrophy and increases the expression of
myostatin-negative regulatory genes [30]. In pigs and chickens, creatine supplementa-
tion increased myogenic factor expression and reduced myostatin mRNA levels [31,32].
However, the impact of a combination of resistance training and creatine supplementation
on morphology, MyHC isoform expression, and myostatin pathway signaling in skeletal
muscles has not been clarified.

The aim of this study was to evaluate the effects of creatine monohydrate supple-
mentation on morphology, MyHC isoform expression, and myostatin pathway signaling
in gastrocnemius (white portion) and the soleus muscles of rats submitted to resistance
training. Since the gastrocnemius muscle superficial area (white portion) is characterized
by the predominance of fast-twitch fibers, while the soleus is a classical slow-twitch muscle,
these muscles were used in this study. We hypothesized that a combination of creatine
monohydrate supplementation and resistance training could attenuate myostatin expres-
sion and modulate downstream targets, promoting more accentuated changes in white
gastrocnemius than in the soleus muscle.

2. Materials and Methods
2.1. Animal and Experimental Design

Male Wistar rats (60 days old) were assigned to four groups: a sedentary control (Cc,
n = 7), sedentary creatine supplementation (Cr, n = 7), resistance training (Tc, n = 7), and
resistance training combined with creatine supplementation (Tcr, n = 7). Cc and Tc groups
received a daily diet of commercial rodent chow (Nuvilab® CR1, Curitiba, PR, Brazil;
3.6 kcal/g); Cr and Tcr groups received the same standard daily diet but supplemented
with creatine monohydrate at a dosage of 2% daily diet weight (3.7 kcal/g) [33,34]. Tc
and Tcr groups were submitted to a ladder-climbing resistance training protocol [35]. All
animals received water ad libitum and were housed (three rats per cage) under controlled
temperature and humidity conditions with 12 h light/dark cycles. The experimental
protocol duration was 12 weeks.

All procedures and the experimental protocol were approved by our institution’s
Animal Ethics Committee (Protocol Number 873/2017) in accordance with the Brazilian
College of Animal Experimentation (COBEA) and the US National Institutes of Health
“Guide for the Care and Use of Laboratory Animals” (NIH, 2011).
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2.2. Climbing Exercise Familiarization

All trained rats were familiarized with the climbing exercise protocol for three days
with a 10% animal body weight load. A total of 8 to 12 climbing sets were considered a
complete session during familiarization [36,37].

2.3. Initial Maximal Carrying Capacity

All rats were submitted to incremental tests to determine their initial maximum
carrying capacity. The climbing test was performed against a 75% animal body weight
load. After a 120 s interval, a 30 g load was added to the resistance apparatus for a new
climb. The test was completed when the maximal load resulted in exhaustion or the
impossibility of additional climbing. The test was also stopped when eight exercise sets
were completed. The highest weight carried to the top of the ladder was considered the
maximal load [35–39].

2.4. Resistance Training Protocol

Resistance training groups performed resistance training three times per week during
the dark cycle for 12 weeks, resulting in a total of 36 sessions. Each session consisted
of four to nine climbs. The first four climbs were performed with 50%, 75%, 90%, and
100% of the maximal resistance load achieved during the incremental test. Then, 30 g loads
were progressively added to each subsequent climb up to the daily limit of 9 climbs [35].
Resistance loads consisted of lead weights placed in conical plastic flasks, which were
attached to the proximal part of the rat tail.

2.5. Final Maximal Carrying Capacity

The maximal carrying capacity test was repeated after 12 weeks to determine the final
maximal performance.

2.6. General Characteristics, Tissue Collection, and Serum Biochemical Analysis

Food consumption was measured daily, and body weight (BW) was evaluated weekly.
Calorie intake was calculated as follows: daily food consumption x diet energy density.
Feed efficiency (the ability to convert calorie intake into BW) was determined by dividing
BW gain (g) by the total calorie intake (Kcal) [40]. Ingested creatine was calculated from
2% of the total food intake. At the end of the experiment, the rats were submitted to 6–8 h
fasting, were anesthetized with thiopental (80 mg/kg), and euthanized by decapitation.
Blood was collected for biochemical analyses, and the serum was separated by centrifuga-
tion at 3000× g for 10 min and then stored at −80 ◦C for subsequent assessment. Glucose,
cholesterol, triglycerides, albumin, and total protein serum levels were determined by spec-
trophotometry using enzymatic kits [40,41]. The gastrocnemius and soleus muscles from
both pelvic limbs were quickly removed and weighed. After that, muscle samples were
immediately frozen in liquid nitrogen and stored at −80 ◦C until analysis. The right tibia
was dissected, measured using a pachymeter, and used to normalize muscle mass [41,42].

2.7. Skeletal Muscle Morphology

Total gastrocnemius and soleus muscle weights in both absolute values and respec-
tive ratios with body weight and tibia length were used to characterize the macroscopic
morphology. Soleus and white (superficial) portions of gastrocnemius muscles were used
to obtain cross-sectional histological sections (8-µm-thick) using a cryostat at −20 ◦C. The
slides were stained with hematoxylin-eosin (HE) to assess the cross-sectional area; at least
150 fibers were measured per animal. Other histological slides were submitted to Picrosirius
red (Sirius red F3BA) staining; at least 10 fields per animal were digitalized and used to
calculate the interstitial collagen fraction [41,43]. Histological analyzes were performed
at 400× magnification using a Leica DM5500B microscope (Wetzlar, Germany) coupled
to a digital image projection video camera equipped with Leica Application Suite version
4.0.0 (Heerbrugg, Switzerland). Cross-sectional fiber areas were measured using Image J
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software (Wayne Rasbandat NIH, Bethesda, MD, USA), and an interstitial collagen frac-
tion was quantified using Image Pro-plus Version 6.0.0.260 (Media Cybernetics, Rockville,
MD, USA).

2.8. Western Blotting

Protein levels were analyzed by Western blot according to previous studies [41–44].
Protein was extracted using a RIPA buffer (1 mL/100 mg tissue) containing protease and
phosphatase inhibitors. The supernatant protein content was quantified by the Bradford
assay [45]. Samples were separated into a polyacrylamide gel and then transferred to a
nitrocellulose membrane. After blockade with 5% skimmed milk in TBST for 1 h, the mem-
brane was incubated overnight at 4 ◦C with specific antibodies: anti-myostatin (GDF-8,
sc-6885-R)—dilution 1:200, anti-follistatin (sc-30194)—dilution 1:400, and anti-ActRIIB (sc-
376593)—dilution 1:200, Santa Cruz Biotechnology, Inc., Santa Cruz, Dallas, TX, USA).
The membrane was then washed with TBS and Tween 20 and incubated with a secondary
peroxidase-conjugated antibody (90 min at room temperature). Enhanced Chemio Lumi-
nescence (Luminata Crescendo® reagent, Merck Millipore; Darmstadt, Germany) was used
to detect bound antibodies [41]. The membrane was then incubated with a ReBlot Plus
Strong Antibody Stripping Solution, 10×—Millipore (Burlington, MA, USA), to remove
the antibodies attached to the membrane. The blockade process was repeated, and the
membrane was incubated overnight at 4 ◦C with glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH, sc-32233, Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The procedure
continued as described above until a signal was detected. Afterward, respective bands
were quantified by densitometry using a Gel-Pro Analyzer 3.1. The results obtained for
each protein were normalized to those obtained for GAPDH.

2.9. Myosin Heavy Chain Isoforms

MyHC isoforms were quantified after electrophoresis in a sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) [46,47]. Frozen samples were mechanically homogenized
in a protein extraction solution containing a 50 mM phosphate potassium lysis buffer
0.5 mL/50 mg tissue. The total protein quantification was performed in supernatant
aliquots by the Bradford method. Small volumes of the diluted extracts (10 µL) were loaded
onto a 7–10% SDS-PAGE separating gel with a 4% stacking gel, which was run overnight
(27 h) at 70 V and stained with Coomassie blue R (Sigma-Aldrich®, St. Louis, MO, USA).
MyHC isoforms were quantified by densitometry and identified based on predominant
fiber types in studied muscles samples, as reported previously [48–50]. MyHC I and MyHC
IIa isoforms were observed in the soleus muscle, and MyHC IIx and MyHC IIb isoforms
were found in the gastrocnemius white portion. The relative quantity was expressed as a
percentage of the total MyHC expression.

2.10. Statistical Analysis

The results were expressed as the mean ± standard deviations. The data distribution
was analyzed using the Kolmogorov–Smirnov test. Student’s t-test was used to compare
creatine intake between Cr and Tcr groups. Other variables were evaluated using a two-way
analysis of variance (Two-Way ANOVA). When significant differences were found (p < 0.05)
post hoc, Tukey’s multiple comparisons test was performed. The level of significance was 5%.

3. Results
3.1. Maximal Carrying Capacity

Before the training protocol, experimental groups exhibited similar performance dur-
ing the maximal carrying capacity test (Cc 228 ± 36; Cr 225 ± 33; Tc 236 ± 19; Tcr 242 ± 25 g;
p > 0.05). After training, Tc and Tcr presented a higher load-bearing capacity than their
respective controls (Cc 465 ± 38; Cr 434 ± 48; Tc 1284 ± 79; Tcr 1285 ± 127 g; Figure 1).
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Figure 1. Maximum carrying capacity in climbing test before (A) and after (B) the training protocol.
Cc (n = 7): sedentary control; Cr (n = 7): sedentary creatine supplementation; Tc (n = 7): resistance
training; Tcr (n = 7): resistance training combined with creatine supplementation. Two-way ANOVA
and Tukey test. ‡ p < 0.05, resistance training effect; * p < 0.05 vs. Cc; † p < 0.05 vs. Cr.

3.2. Nutritional and Serum Biochemical Data

The initial body weight was not different between the groups. At the end of the
experimental protocol, exercise training intervention resulted in a lower final body weight;
Tc exhibited reduced body weight when compared to the Cc and Tcr groups. The total
caloric intake did not differ between groups. Feed efficiency was lower in Tc and Tcr
than Cc and Cr, respectively, and was higher in Cr than Cc. Creatine intake did not differ
between Cr and Tcr groups (Table 1).

Table 1. Nutritional and serum biochemical data.

Variables
Groups Factors (p-Value)

Cc Cr Tc Tcr Training Creatine Interaction

N
ut

ri
ti

on
al

Initial body weight (g) 240 ± 22 242 ± 25 237 ± 20 251 ± 29 0.740 0.409 0.547
Final body weight (g) 392 ± 34 407 ± 34 350 ± 71 * 390 ± 72 # 0.044 ‡ 0.052 0.374
Food intake (g) 2132 ± 150 2016 ± 82 2022 ± 160 1983 ± 169 0.162 0.130 0.444
Creatine intake (g) - 40.33 ± 1.64 - 39.67 ± 2.32 0.551 - -
Calorie intake (Kcal) 7699 ± 544 7421 ± 302 7301 ± 578 7325 ± 444 0.186 0.489 0.414
Feed efficiency (mg/Kcal) 1.9 ± 0.1 2.2 ± 0.1 * 1.7 ± 0.2 * 1.9 ± 0.1 † <0.001 ‡ 0.007 § 0.437

Bi
oc

he
m

ic
al

Glucose (mg/dL) 134 ± 17 131 ± 24 133 ± 24 144 ± 21 0.492 0.629 0.410
Total cholesterol (mg/dL) 71.3 ± 9.1 77.8 ± 16.6 78.6 ± 9.3 76.5 ± 6.4 0.481 0.600 0.309
HDL cholesterol (mg/dL) 38.7 ± 6.2 45.1 ± 8.2 42.1 ± 4.3 42.4 ± 4.2 0.880 0.156 0.188
Non-HDL (mg/dL) 33.9 ± 5.4 32.8 ± 11.4 36.2 ± 8.5 34.1 ± 2.8 0.537 0.602 0.858
Triglycerides (mg/dL) 95.8 ± 7.7 98.9 ± 6.3 91.0 ± 3.4 94.2 ± 6.4 0.049 ‡ 0.190 0.983
Albumine (mg/dL) 2.30 ± 0.15 2.30 ± 0.12 2.27 ± 0.17 2.44 ± 0.11 0.291 0.119 0.119
Total protein (mg/dL) 5.16 ± 2.24 5.93 ± 0.41 6.13 ± 0.54 6.46 ± 0.35 0.107 0.231 0.625

HDL: high-density lipoprotein cholesterol; Cc: sedentary control; Cr: creatine supplementation; Tc: resistance
training; Tcr: resistance training and creatine supplementation. Mean ± SD. Two-way ANOVA and Tukey test.
‡ p < 0.05, resistance training effect; § p < 0.05, creatine effect; * p < 0.05 vs. Cc; # p < 0.05 vs. Tc; † p < 0.05 vs. Cr.
Creatine intake results analyzed by Student’s t-test (p > 0.05).

Relative to the serum biochemical data, although groups exhibited similar responses in
terms of glycemia, cholesterol, albumin, and protein values, exercise training intervention
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was independently associated with lower triglyceride serum levels (Sedentary groups,
97.4 ± 1.7; Trained groups, 92.6 ± 1.7 mg/dL; p < 0.05, Table 1).

3.3. Morphological Characterization

The total gastrocnemius mass, in absolute values or normalized by the tibia length,
did not differ between the groups. The gastrocnemius weight-to-body weight ratio was
increased by resistance exercise training; Tc showed a higher gastrocnemius weight-to-body
weight ratio than Cc. Soleus mass, in absolute values and in ratios with body weight and
tibia length, did not differ between the groups. (Table 2).

Table 2. Macroscopic muscle morphology.

Variables
Groups Factors (p-Value)

Cc Cr Tc Tcr Training Creatine Interaction

Gastrocnemius (mg) 2255 ± 172 2378 ± 106 2433 ± 572 2531 ± 463 0.262 0.451 0.931
Gastrocnemius/BW (mg/g) 5.76 ± 0.24 5.86 ± 0.34 6.92 ± 1.35 * 6.52 ± 1.30 0.020 ‡ 0.676 0.498
Gastrocnemius/tibia (mg/mm) 52.9 ± 3.8 56.6 ± 1.6 59.0 ± 13.0 59.7 ± 11.0 0.181 0.512 0.646
Soleus (mg) 141 ± 19 146 ± 20 125 ± 26 153 ± 30 0.633 0.095 0.241
Soleus/BW (mg/g) 0.36 ± 0.03 0.36 ± 0.03 0.35 ± 0.05 0.39 ± 0.05 0.463 0.359 0.307
Soleus/tibia (mg/mm) 3.33 ± 0.47 3.50 ± 0.46 3.05 ± 0.60 3.60 ± 0.62 0.677 0.097 0.362

Cc: sedentary control; Cr: creatine supplementation; Tc: resistance training; Tcr: resistance training and creatine
supplementation. Mean ± SD. Two-way ANOVA and Tukey test. ‡ p < 0.05, resistance training effect; * p < 0.05 vs. Cc.

Representative pictures of hematoxylin-eosin-stained muscle transverse sections are
shown in Figure 2. The cross-sectional area of fibers from the gastrocnemius white portion
was increased in response to resistance exercise training (Cc 3731 ± 415; Cr 3977 ± 422;
Tr 4813 ± 982; Tcr 4273 ± 305 µm2, Figure 2A). Tc exhibited a higher cross-sectional area
than the Cc group. On the other hand, soleus cross-sectional areas did not differ between
the groups (Cc 3997 ± 353; Cr 3910 ± 289; Tr 3642 ± 360; Tcr 4247 ± 736 µm2, Figure 2B).

Picrosirius red-stained muscle transverse sections are shown in Figure 3. Colla-
gen interstitial fraction was increased in response to resistance training in the soleus
(Cc 9.97 ± 1.25; Cr 10.55 ± 0.98; Tr 13.85 ± 1.04; Tcr 12.92 ± 2.07%) and gastrocnemius
white portion (Cc 4.50 ± 0.91; Cr 6.25 ± 0.86; Tr 9.05 ± 2.62; Tcr 10.18 ± 2.60%) muscles. Tr
and Tcr presented a higher collagen interstitial fraction than their respective controls.

3.4. Myosin Heavy Chain Isoforms Distribution

Figures 4 and 5 show MyHC isoform expressions in the gastrocnemius white portion
and soleus muscles, respectively. Gastrocnemius showed significant effects from exercise
training alone (p = 0.022); MyHC IIx expression increased in response to resistance training
(Cc 6.25 ± 2.68; Cr 8.88 ± 2.94; Tc 11.47 ± 3.73; Tcr 12.30 ± 6.58%). MyHC IIb expression
was lower in the trained groups than in the controls (Cc 93.75 ± 2.68; Cr 91.12 ± 2.94;
Tc 88,53 ± 3.73; Tcr 87.70 ± 6.58%).

The soleus muscle’s MyHC IIa isoform expression was similar between the groups
(Cc 9.43 ± 4.08; Cr 10.19 ± 4.43, Tc 7.87 ± 3.50, Tcr 8.92 ± 3.40%). Likewise, the MyHC I iso-
form was not affected by dietary intervention or resistance exercise training (Cc 90.57 ± 4.08;
Cr 89.81 ± 4.43, Tc 92.13 ± 3.50, Tcr 91.08 ± 3.40%; Figure 5).
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with hematoxylin-eosin. Cc (n = 7): sedentary control; Cr (n = 7): sedentary creatine supplementation; Tc (n = 7): resistance training; Tcr (n = 7): resistance training
combined with creatine supplementation. Two-way ANOVA and Tukey test. ‡ p < 0.05, resistance training effect; * p < 0.05 vs. Cc.
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Figure 3. Collagen interstitial fraction and representative transverse histological sections from gastrocnemius (A) and soleus (B) muscles (400-fold magnification) 
stained with Picrosirius red. Cc (n = 7): sedentary control; Cr (n = 7): sedentary creatine supplementation; Tc (n = 7): resistance training; Tcr (n = 7): resistance 
training combined with creatine supplementation. Two-way ANOVA and Tukey test. ‡ p < 0.05, resistance training effect; * p < 0.05 vs. Cc; † p < 0.05 vs. Cr.

Figure 3. Collagen interstitial fraction and representative transverse histological sections from gastrocnemius (A) and soleus (B) muscles (400-fold magnification)
stained with Picrosirius red. Cc (n = 7): sedentary control; Cr (n = 7): sedentary creatine supplementation; Tc (n = 7): resistance training; Tcr (n = 7): resistance
training combined with creatine supplementation. Two-way ANOVA and Tukey test. ‡ p < 0.05, resistance training effect; * p < 0.05 vs. Cc; † p < 0.05 vs. Cr.
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Figure 4. Representative bands of myosin heavy chain isoforms (MyHC IIx and MyHC IIb) (A);
relative proportions (%) of MyHC IIx (B), and MyHC IIb (C) isoforms, and MyHC IIx/MyHC IIb ratio
(D) in the gastrocnemius muscle. Isolated factors: Sedentary; Trained; Control; Creatine. Groups:
Cc (n = 6): sedentary control; Cr (n = 6): sedentary creatine supplementation; Tc (n = 6): resistance
training; Tcr (n = 6): resistance training combined with creatine supplementation. Two-way ANOVA
and Tukey test. ‡ p < 0.05, resistance training effect; * p < 0.05 vs. Cc.
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soleus muscle. Groups: Cc (n = 6): sedentary control; Cr (n = 6): sedentary creatine supplementation;
Tc (n = 6): resistance training; Tcr (n = 6): resistance training combined with creatine supplementation.
Two-way ANOVA (p > 0.05).

3.5. Protein Expression

Resistance exercise training increased follistatin expression in the gastrocnemius white
portion (Figure 6A) and soleus muscles (Figure 7A). Gastrocnemius follistatin expression
was higher in Tc than in the Cc and Tcr groups (Cc 0.45 ± 0.16; Cr 0.40 ± 0.17, Tc 0.82 ± 0.33,
Tcr 0.52 ± 0.27 arbitrary units; Figure 6A). Both trained groups presented lower gastroc-
nemius myostatin levels than their respective controls (Cc 1.27 ± 0.32; Cr 1.32 ± 0.17,
Tc 0.76 ± 0.22, Tcr 0.88 ± 0.13 arbitrary units; Figure 6B).
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Figure 6. Protein levels and representative Western blots of follistatin (A) and myostatin (B) expres-
sion in the gastrocnemius muscle. Protein levels were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Isolated factors: Sedentary; Trained; Control; Creatine. Groups: Cc (n = 7):
sedentary control; Cr (n = 7): sedentary creatine supplementation; Tc (n = 7): resistance training; Tcr
(n = 7): resistance training combined with creatine supplementation. Two-way ANOVA and Tukey
test. ‡ p < 0.05, resistance training effect; * p < 0.05 vs. Cc; † p < 0.05 vs. Cr; # p < 0.05 vs. Tc.

Soleus follistatin was higher in Tcr than Cr (Cc 0.23 ± 0.11; Cr 0.23 ± 0.04, Tc 0.34 ± 0.06,
Tcr 0.42 ± 0.12 arbitrary units; Figure 7A), and myostatin expression did not differ between
the groups (Cc 1.31 ± 0.27; Cr 0.96 ± 0.21, Tc 1.13 ± 0.38, Tcr 1.07 ± 0.17 arbitrary units;
Figure 7B).
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Figure 7. Protein levels and representative Western blots of follistatin (A) and myostatin (B) expression
in the soleus muscle. Protein levels were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Isolated factors: Sedentary; Trained; Control; Creatine. Groups: Cc (n = 7): sedentary
control; Cr (n = 7): sedentary creatine supplementation; Tc (n = 7): resistance training; Tcr (n = 7):
resistance training combined with creatine supplementation. Two-way ANOVA and Tukey test.
‡ p < 0.05, resistance training effect; † p < 0.05 vs. Cr.

Resistance training alone reduced ActRIIB expression in the gastrocnemius white
portion muscle (Cc 0.88 ± 0.17; Cr 0.74 ± 0.20, Tc 0.66 ± 0.17, Tcr 0.64 ± 0.14 arbitrary units;
Figure 8A). Soleus ActRIIB expression did not differ between the groups (Cc 0.66 ± 0.22;
Cr 0.62 ± 0.13, Tc 0.47 ± 0.21, Tcr 0.50 ± 0.29 arbitrary units; Figure 8B).
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Figure 8. Protein levels and representative Western blots of ActRIIB in (A) gastrocnemius and
(B) the soleus muscle. Protein levels were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Isolated factors: Sedentary; Trained; Control; Creatine. Groups: Cc (n = 7): sedentary
control; Cr (n = 7): sedentary creatine supplementation; Tc (n = 7): resistance training; Tcr (n = 7):
resistance training combined with creatine supplementation. Two-way ANOVA and Tukey test.
‡ p < 0.05, resistance training effect; * p < 0.05 vs. Cc.

4. Discussion

The current study aimed to evaluate the effects of creatine monohydrate supplementa-
tion when combined with resistance training on the soleus, a classic slow-twitch muscle,
and gastrocnemius white portion, an important fast-twitch muscle type. In contrast to our
hypothesis, creatine supplementation, both alone or combined with resistance training, had
little impact on morphological and molecular features in both skeletal muscle types. On
the other hand, the resistance exercise training intervention resulted in morphological and
molecular adaptive effects in both skeletal muscles; these effects were more accentuated in
the gastrocnemius than in the soleus muscle, partially confirming the primary hypothesis.

Indeed, resistance exercise training is a non-pharmacological intervention that, when
performed continuously and safely, can result in metabolic benefits and promote phys-
iological and structural adaptations that are associated with improved neuromuscular
function and motor performance [51–55]. In this study, resistance training was associated
with lower triglyceride serum levels and an increased maximal load-carrying capacity,
confirming the primary premise as well as findings derived from animal models [56,57].
Moreover, the 12 weeks resistance training protocol increased the mass, cross-sectional
area, collagen interstitial fraction, MyHC IIx proportion, and follistatin expression while
reducing myostatin and ActRIIB protein levels in the gastrocnemius white portion muscle.
Likewise, exercise training resulted in a greater collagen interstitial fraction in the soleus
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muscle. When combined with creatine supplementation, the ladder resistance training
protocol reduced the follistatin level expression in the gastrocnemius muscle (Figure 9).
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Figure 9. Differential effects of ladder resistance training and creatine monohydrate supplementation
on gastrocnemius (white portion) and soleus muscles. Resistance training-induced skeletal muscle
remodeling is greater in the fast-twitch than the slow-twitch muscle type.

Skeletal muscle is highly adaptable to increased muscle load, presenting compen-
satory hypertrophy with improved strength [51,58,59]. In accordance with our results,
Ribeiro et al. [60] observed that resistance training on a ladder (3×/week for 12 weeks)
induced hypertrophy that was restricted to the gastrocnemius muscle in three-month-old
rats; the cross-sectional area in the soleus muscle was unaffected by the intervention. Based
on a similar protocol, Deschenes et al. [61] failed to show a significant increase in the cross-
sectional area of soleus muscle fibers after resistance training for six weeks. By contrast,
rodents that submitted to an alternative training protocol (16 weeks; 5×/week) exhibited
a greater soleus cross-sectional area [62]. This is perhaps because soleus remodeling can
be associated with greater volume and duration protocols. It is noteworthy that resistance
training is predominantly associated with fast-twitch Type II fibers hypertrophy in the
skeletal muscle [51,63–65]. Type II muscle fibers respond preferentially to intense training
protocols, while Type I muscles are more susceptible to high-volume exercise [66]. Besides
these morphological effects, the muscle recruitment pattern in response to exercise training
may also be associated with different MyHC stimuli. Accordingly, resistance training
preferentially impacted the MyHC IIx proportion in gastrocnemius white portion muscles
with no changes in the soleus muscle composition (Figures 4 and 5).

Additionally, resistance training promoted extensive interstitial remodeling in both
skeletal muscle types. Recently, Braggion et al. [67] also observed that training performed
on a ladder (3×/week for 12 weeks) increased collagen fibers in the soleus skeletal muscle
of ovariectomized rats. The upregulation of collagen turnover due to prolonged training
could be caused by the increased activity of fibroblasts involved in muscle hypertrophy
and regeneration [67,68]. This change may provide mechanical support to muscle fibers,
as resistance training promotes a high contractile demand to multiple skeletal muscles,
despite different histological, biochemical, and metabolic properties [51].
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Considering these molecular mechanisms, resistance training reduced myostatin expres-
sion in the gastrocnemius white portion. Myostatin, also known as growth/differentiation
factor-8 (GDF-8), is a TGF-β family member [21]. While myostatin overexpression reduces
muscle mass, myostatin null animals have an increased muscle mass [69,70]. This effect has
been observed with natural myostatin mutations in animals and humans [71–74]. Support-
ing the findings of our study, myostatin mRNA expression decreased in elderly women
after resistance training [75]. Hayashi et al. [76] described how increased myostatin was
associated with the reduced expression of the fast MyHC IIx isoform in cattle. Likewise,
Ribeiro et al. [60] observed reduced myostatin levels in male rat gastrocnemius in response
to 12-week ladder resistance training. Relative to follistatin expression, the results of this
study confirm previous evidence [77,78]; resistance exercise training positively modulates
follistatin and negatively modulates myostatin and ActRIIB, which are associated with
gastrocnemius hypertrophy. In addition to inhibiting myostatin binding to its receptor,
follistatin may have anabolic activity, which depends on insulin-like growth factor-1 or
insulin [79]. In this context, creatine supplementation could improve the activity of com-
ponents in the insulin signaling pathway [80]. This possibility may have supported the
higher follistatin expression in the soleus skeletal muscle (Figure 7) of trained rats that were
creatine supplemented.

In general, exercise resistance training effects are frequently accentuated by creatine
supplementation [4]. In previous studies, creatine supplementation promoted an increase
in muscle mass during resistance training with a progressive overload increase [12,81].
However, Cooke et al. [82] observed that 12 weeks of creatine supplementation did not
modify the lean mass, muscle strength, total myofibrillar protein content, and/or muscle
fiber cross-sectional area in men undergoing resistance training. Similarly, creatine supple-
mentation did not promote any direct anabolic effect on the skeletal muscles of rats that
were submitted to 5 weeks of intense jumping resistance training [48]. The authors argued
for the possible benefits of creatine supplementation in terms of hypertrophic mechanisms
activation and additional muscle mass gain in trained rats, which was dependent on a
higher workload [48].

Based on the principle of specificity, physiological adaptations due to resistance ex-
ercise training are dependent on specific stress characteristics [83]. From this perspective,
potential effects depend on a combination of training variables and, generally, are associated
with metabolic stress due to glycolysis overload [52,84]. Although creatine monohydrate
supplementation could contribute to improvements in glycolysis, it is predominantly bene-
ficial to increase muscle mass through the creatine and phosphocreatine systems [83]. Thus,
any anabolic effect from creatine ingestion could be more pronounced when associated with
ladder resistance training protocols based on greater workloads resulting from increases
in rest periods as well as the number of sets within a session and/or frequency of work-
outs per week. Therefore, a mismatch between exercise training demand and nutritional
supplementation may not be discarded as a possible background for the little effect of
creatine consumption in this study. Further investigation is needed to clarify the potential
creatine-induced molecular mechanisms modulating the skeletal muscle phenotype.

Moreover, although lactate concentration is commonly used to determine resistance
training intensity, this variable was not evaluated to determine functional capacity, which
can be considered an additional limitation in this study.

5. Conclusions

Resistance exercise training induces skeletal muscle hypertrophy and interstitial re-
modeling in rats, which is more evident in the gastrocnemius muscle white portion than
in the soleus muscle. This adaptive response can be associated with the myostatin sig-
naling pathway modulation and increased MyHC IIx expression and is not affected by
creatine supplementation.
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