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Abstract: Background: Skeletal muscle adaptations are affected by resistance training (RT)-induced
acute and chronic transcriptional responses. An under-explored gene target involved in mechan-
otransduction is the expression of the G protein-coupled receptor 56 (GPR56). However, studies
investigating the acute and chronic effects of RT manipulations on GPR56 mRNA are scarce. Methods:
Twenty subjects had each leg randomly assigned to a standard ((CON) no specific manipulation) or a
variable RT (manipulations in load, volume, muscle action, and pause in a session-by-session fashion
(VAR)). GPR56 mRNA expression was assessed before and after 16 training sessions (chronic effect)
and 24 h after a 17th session (acute effect). Results: Acute GPR56 mRNA expression increased at 24 h
(p < 0.01) without differences between CON and VAR (p > 0.05). No differences were found in GPR56
mRNA expression when comparing each VAR condition (load vs. sets vs. eccentric actions vs. pause)
nor with CON at 24 h (p > 0.05). Chronic GPR56 mRNA expression increased at Post compared
with Pre (p < 0.02) for VAR only, with a tendency (p = 0.058) toward higher expression for VAR as
compared with CON. Conclusion: GPR56 mRNA expression is acutely and chronically modulated by
RT. Additionally, chronic GPR56 mRNA expression is modulated by RT variable manipulations.

Keywords: mechanotransduction; training variables; molecular mechanisms; skeletal muscle
responses; transcriptional responses

1. Introduction

Resistance training (RT) induces acute (after a single bout) and chronic (after several
bouts) transcriptional changes, which are suggested to affect skeletal muscle adaptations [1–4].
In recent years, several studies have explored novel transcriptional targets that could be
modulated by RT [5–8]. More recently, the mechanisms involved in mechanotransduction
have garnered interest in the field. In the mechanotransduction process, membrane proteins
translate RT-induced mechanical tension in the cell membrane into chemical signaling,
activating protein synthesis pathways [9,10]. Although the upstream regulators of mechan-
otransduction are currently unclear, the adhesion G protein-coupled receptor family (GPCR)
may be a candidate activator of anabolic signaling pathways [11,12]. The expression of the
G protein-coupled receptor 56 ((GPR56) a family member of the GPCR, characterized by a
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large extracellular N terminus) has been shown to be induced by chronic RT in animals and
humans [11,13]. GPR56 mRNA expression is controlled by the transcriptional coactivator
PGC-1α4 and seems to drive muscle hypertrophy downstream of a Gα12/13–Rho pathway,
leading to mTOR activation and an increase in protein synthesis [11]. In fact, the role of this
pathway in mediating overload-induced hypertrophy is supported by muscle hypertrophy
being blunted in GPR56 mRNA knockout mice and primary myotubes [11]. However,
evidence regarding both acute and chronic RT effects on GPR56 mRNA gene expression in
humans is scarce.

Exercise training mode (e.g., resistance vs. endurance) differentially affects the acute
and chronic expression of certain mRNA transcripts [14]. In this regard, GPR56 mRNA
expression is also differentially affected by specific exercise modes; more specifically, RT
stimulates mRNA expression more than endurance training [11]. Regarding RT in particular,
the transcriptional responses greatly vary between studies. The manipulation of one or
another RT variable (e.g., eccentric actions and load) may differentially modulate mRNA
expression compared to traditional RT protocols [15,16], although these results are not
universal [17]. However, no study has investigated how acute and chronic GPR56 mRNA
expression respond to the manipulations of RT variables.

Therefore, the present study compared a protocol that frequently manipulated the RT
variables (load, sets, eccentric actions, and pause in a session-by-session fashion (VAR))
with a standard progressive RT protocol (CON) and their effects on the acute and chronic
expression of skeletal muscle GPR56 mRNA using a within-subject design in humans. We
hypothesized that manipulations of RT variables would acutely and chronically induce
higher GPR56 mRNA expression levels compared to a traditional RT protocol.

2. Results
2.1. Acute GPR56 mRNA Expression

No significant differences in acute GPR56 mRNA expression were detected between
CON and VAR at baseline (0 h) (p > 0.05) (Figure 1). Both CON and VAR significantly
increased GPR56 mRNA expression (main time effect; p < 0.01) from 0 h to 24 h (Figure 2).
No significant differences were found between CON and VAR at 24 h for GPR56 mRNA
expression (p > 0.05) (Figure 2). No significant difference was observed when the four
VAR conditions were compared to each other at 24 h (p > 0.05) (Figure 2). No significant
difference was observed between each of the VAR conditions as compared with CON at
24 h (p > 0.05) (Figure 3A–D).
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Figure 1. Acute GPR56 mRNA expression at 0 h and 24 h after the acute CON and VAR protocols. 

N = 20 for each protocol and time point, except for VAR at 0 h (n = 19). * Significant difference from 

0 h (main time effect; p < 0.01). Values presented as mean and SD. 

 

Figure 2. Acute GPR56 mRNA expression at 24 h, separated by each VAR condition (load (n = 5), 

sets (n = 5), eccentric actions (n = 5), and rest (n = 5) (see Methods for details)). Values presented as 

mean and SD. 

Figure 1. Acute GPR56 mRNA expression at 0 h and 24 h after the acute CON and VAR protocols.
N = 20 for each protocol and time point, except for VAR at 0 h (n = 19). * Significant difference from
0 h (main time effect; p < 0.01). Values presented as mean and SD.
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Figure 2. Acute GPR56 mRNA expression at 24 h, separated by each VAR condition (load (n = 5), sets
(n = 5), eccentric actions (n = 5), and rest (n = 5) (see Methods for details)). Values presented as mean
and SD.
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Figure 3. Acute GPR56 mRNA expression at 24 h for CON (n = 5) compared to each VAR condition 

(n = 5) (load (A), sets (B), eccentric action (C), and rest (D) (see Methods for details)). Values 

presented as mean and SD. 

2.2. Chronic GPR56 mRNA Expression 

GPR56 mRNA expression was significantly greater for VAR at Post compared to Pre 

(p < 0.02). No difference was found from Pre to CON at Post (p > 0.05) (Figure 4). We found 

a tendency for a higher increase in GPR56 mRNA expression for VAR as compared with 

CON at Post (p = 0.058) (Figure 4). 

Figure 3. Acute GPR56 mRNA expression at 24 h for CON (n = 5) compared to each VAR condition
(n = 5) (load (A), sets (B), eccentric action (C), and rest (D) (see Methods for details)). Values presented
as mean and SD.

2.2. Chronic GPR56 mRNA Expression

GPR56 mRNA expression was significantly greater for VAR at Post compared to Pre
(p < 0.02). No difference was found from Pre to CON at Post (p > 0.05) (Figure 4). We found
a tendency for a higher increase in GPR56 mRNA expression for VAR as compared with
CON at Post (p = 0.058) (Figure 4).

2.3. Correlation Analysis

No correlation was found between changes in fCSA (fCSA data from Fox et al. [18])
and acute or chronic GPR56 mRNA expression for CON (n = 19 for both acute and chronic)
and VAR (n = 19 for acute and n = 18 for chronic) (p > 0.05).

As CON and VAR produced similar fCSA increases (see Fox et al. [18]), we collapsed
the protocols (CON + VAR) to further the correlation analysis. Results showed no cor-
relation between changes in fCSA and acute (n = 38) or chronic (n = 37) GPR56 mRNA
expression (p > 0.05).
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Figure 4. Chronic GPR56 mRNA expression at baseline (Pre (n = 18)) and after 8 training weeks for 
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Figure 4. Chronic GPR56 mRNA expression at baseline (Pre (n = 18)) and after 8 training weeks for
CON (n = 20) and VAR (n = 19) protocols. Values presented as mean and SD.

3. Discussion

This is the first study comparing the acute and chronic effects of manipulating RT
variables on GPR56 mRNA expression. Acutely, CON and VAR increased GPR56 mRNA
expression without differences between the protocols at 24 h. Additionally, no differences
were found when comparing each VAR condition to the other (i.e., load, sets, eccentric
action, and pause) or with CON at 24 h. Chronically, only VAR increased GPR56 mRNA
expression after 16 RT sessions (Post) as compared with baseline (Pre). Additionally, GPR56
mRNA expression tended to be higher at Post for VAR as compared with CON.

The transcriptional changes induced by an acute resistance exercise bout is the initial
physiological response to potential subsequent phenotypic adaptations. In this regard,
investigations on novel transcriptional targets responsive to RT contributes knowledge
to RT-induced phenotypic adaptations and provide future research directions. To the
authors’ knowledge, no study has investigated the acute exercise effects, especially when
utilizing RT, on GPR56 mRNA expression patterns in humans. We showed a significant
increase in GPR56 mRNA expression at 24 h; however, the acute GPR56 mRNA response
was not modulated by the frequent manipulation of several RT variables. Although some
studies suggest that specific RT variable manipulations (e.g., eccentric action) may modulate
acute transcriptional responses [15], these results are not universal [17]. Interestingly, no
differences were found in GPR56 mRNA expression levels when comparing the VAR
conditions to each other (i.e., load vs. sets vs. eccentric actions vs. pause), nor when
compared with CON at 24 h. These results are in agreement with a previous study that
showed similar acute transcriptional responses, regardless of the manipulation of training
variables [17]. It is possible that training to (or close to) concentric muscle failure may
maximally stimulate acute GPR56 mRNA expression, regardless of the manipulations of
one or several RT variables simultaneously.

Robust transcriptional changes are commonly observed in novice RT practitioners,
which result from the novelty of the training stimuli. However, chronic RT alters tran-
scriptional responses toward a more refined response [15]. Moreover, the transcriptional
response to one bout of exercise following chronic training alters genes involved in sev-
eral physiological processes (e.g., muscle hypertrophy, energetic efficiency, extracellular
matrix organization, as well as antioxidant and immune response) [15]. We sought to
investigate the longer-term effects of manipulating RT variables on GPR56 mRNA expres-
sion, given that this target has been implied to be involved in the mechanotransduction
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process. We found that only VAR produced an increase in GPR56 mRNA expression
after 16 RT sessions. Interestingly, there was a tendency (p = 0.058) for a higher GPR56
mRNA expression from VAR as compared with CON at Post. The only study that had
investigated the chronic effects of training on GPR56 mRNA expression in humans showed
that this gene is responsive to exercise and is specifically modulated by different exercise
training modes (i.e., endurance, resistance, or combined) [11]. Therefore, we expanded
the results from previous studies demonstrating that GPR56 mRNA expression may be
differently modulated by specific RT manipulations. Studies that investigated the effects of
RT manipulations in the chronic gene expression responses are scarce. Mallinson et al. [15]
compared the effects of different RT manipulations (i.e., maximal concentric vs. maximal
eccentric and concentric muscle actions) on chronic transcriptome responses in humans.
Although results showed a higher transcriptional response for the protocol that performed
both maximal contraction modes in the initial RT phase, these differences were attenuated
after 28 and 84 days. This suggests that differences in transcriptional responses, probably
induced by an “unaccustomed” stimulus from a specific RT protocol, are quickly redirected
toward those observed in a traditional RT protocol. More importantly, our subjects had
years of RT experience; therefore, it is unlikely that chronic increases in GPR56 mRNA
expression induced by VAR were due to an “unaccustomed” RT effect. Collectively, these
results allowed us to speculate that chronic GPR56 mRNA expression may be responsive
to frequent manipulations of several RT variables. However, caution should be exercised
when interpreting these results as no correlation was observed between fCSA changes
and chronic GPR56 mRNA expression, as well as with acute expression. This lack of
correlation may be due to: (i) subjects having different individual time-points to increase
gene expression [19], and (ii) although qRT-PCR produces repeatable measurements at the
group level, its sensitivity as a biomarker of adaptive potential and/or as an indicator of
responsiveness at the individual level is low [20].

Our study is not without limitation. Caution should be exercised when interpreting
results exclusively from qRT-PCR analyses, as the post-transcriptional responses may
not be aligned with those observed at the transcriptional level. In this regard, future
studies should investigate the GPR56 mRNA responses beyond gene expression (e.g., at
the protein and phenotypic level). Additionally, comparisons with each VAR condition
separately were performed with a sample size of n = 5. Future studies should investigate
the effects of RT variables separately with a bigger sample size. This study provides
important insights. To the authors’ knowledge, this is the first study demonstrating
that GPR56 mRNA expression is responsive to acute and chronic RT in resistance-trained
subjects. Additionally, we are the first to demonstrate that chronic GPR56 mRNA expression
seems to be differently modulated by specific RT manipulations. The findings showed
herein highlight the importance of investigating novel molecular targets responsive to
RT. Surprisingly, the area of RT-induced mechanotransduction is still obscure, and more
research needs to be conducted to address the following questions: (i) Which other targets
are involved in RT-induced mechanotransduction? (ii) Which other RT manipulations could
modulate GPR56 mRNA expression? (iii) Are the changes observed in chronic GPR56 mRNA
expression sustained in an RT program for more than 8 weeks? (iv) Is the stimulation of these
mechanisms accompanied by phenotypic muscle adaptations? Future studies that examine the
aforementioned phenomena will be critical in furthering our knowledge in these areas.

4. Materials and Methods
4.1. Participants

Subjects and muscle samples included in the present study were the same as those
from our previous study (n = 20, age: 26 ± 3 years, body mass index: 25.6 ± 2.1 kg/m2,
and RT experience: 2.5 ± 1.1 years) (Fox et al. [18]). To be included, subjects had to be free
from musculoskeletal disorders, had not taken anabolic steroids in the previous year, and
had to sign an informed consent form. Our resistance-trained subjects presented baseline
leg extension 1-RM values (58.6 kg) ~25% higher as compared with their untrained pairs
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from our laboratory (46.6 kg reported by Biazon et al. [21]). The study was conducted
according to the Declaration of Helsinki, and the Human Research Ethics Committee of the
local university approved the study (# 2.226.596).

4.2. Experimental Design

Participants had each leg assigned to a RT protocol that systematically manipulated
several RT variables (load, sets, eccentric contractions, pause (VAR)) or a standard RT
protocol (progressive traditional control (CON))–full descriptions of RT protocols below.
Each protocol was composed of 10 dominant and 10 non-dominant legs. After 72 h
without exercise, the baseline (Pre) vastus lateralis biopsy was performed unilaterally in a
randomized fashion. Then, subjects performed 2 RT sessions weekly over 8 weeks. Ninety-
six hours after the last RT session, bilateral vastus lateralis biopsies were performed (Post).
Thereafter, subjects performed a 17th RT session, and bilateral biopsies were performed
24 h thereafter. Chronic GPR56 mRNA expression was assessed by Pre and Post biopsies.
The acute effect of the 17th workout on GPR56 mRNA expression was assessed by Post
(named 0 h for these analyses) and 24 h biopsies. Chronic and acute experimental designs
are depicted in Figure 5. After each RT session (including the acute trial), participants
ingested 30 g of isolated whey protein provided by the P.I.
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Figure 5. Experimental design. Single arrow indicates unilateral biopsy, and double arrows indicate
bilateral muscle biopsies. RT: resistance training; CON: control RT; VAR: variable RT.

4.3. Muscle Biopsy

The Vastus Lateralis was locally anesthetized with 2–3 mL of 1% Xylocaine. Then,
muscle samples were harvested using percutaneous biopsy needles with a manual suction.
A portion of ~50 mg of muscle tissue was separated for gene expression analyses. All
samples were stored at −80 ◦C until analysis.

4.4. Resistance Training

Both RT protocols were performed to (or close to) concentric muscle failure using the
leg press (Nakagym, Diadema, São Paulo, Brazil) followed by leg extension (Nakagym,
Diadema, São Paulo, Brazil). CON performed 4 sets for each exercise, with 9–12 maximum
repetitions with a 2 min rest interval between sets and exercises. VAR performed one of the
following manipulations: (1) load: 4 sets for each exercise of 25–30 maximum repetitions,
with a 2 min rest interval; (2) sets: 6 sets for each exercise of 9–12 maximum repetitions, with
a 2 min rest interval; (3) muscle action: 4 sets for each exercise of 10 eccentric contractions
at 110% of the CON load, with a 2 min rest interval; (4) rest: 4 sets for each exercise, with
9–12 maximum repetitions and a 4 min rest interval. These manipulations of VAR were
repeated 4 times over the 8 weeks and performed in a randomized and balanced fashion
by each participant. In the acute (17th) RT session, the leg utilized in the CON program
performed the CON protocol (n = 20). The leg utilized in the VAR program was randomly
assigned to one of the four VAR conditions (n = 20; n = 5 per VAR condition).
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4.5. qRT-PCR

Approximately 15 mg of muscle tissue was incubated and homogenized in the Trizol
reagent (Invitrogen Corporation, California, USA) to isolate the RNA. RNA concentration
and purity were determined by absorbance (NanoDrop 2000) for each sample. RNA in-
tegrity was assessed by electrophoresis on 1% agarose gel for the detection of 28S and 18S
ribosomal RNA bands. All samples were treated with DNase I (Invitrogen Corporation
Carlsbad, California, USA), and 1 µg of treated RNA was reverse transcribed using Go-
Script™ Reverse Transcriptase (Promega Corporation, Madison, WI, USA). We utilized
20 ng of cDNA and 0.5 µM of forward and reverse primers in a 25 µL mix containing
SoFastTM Eva Green (BioRad, San Francisco, CA, USA) to perform real-time PCR (CFX
96 real-time PCR–Bio-Rad, San Francisco, CA, USA). Samples were analyzed in duplicate.
Settings for the reaction were as follows: (1) 95 ◦C for 10 min, (2) 40 cycles of 95 ◦C for
15 s, (3) 54.4–57.6 for 30 s, and (4) 72 ◦C for 30 s, respectively. A melt curve reaction was
completed after PCR to ensure that only one PCR product was amplified per reaction.
Relative gene expression was calculated using the delta–delta Ct method. We tested the
genes RPLP0, RPL13A, TFRC, and GAPDH as potential housekeeping genes, and used the
GAPDH to normalize Ct values (delta–Cts (∆Ct)) (Table 1). Then, the values were used to
normalize the ∆Ct values (delta–delta Cts (∆∆Ct)). The values were transformed out of the
logarithmic scale using the equation: fold change = 2−∆∆Ct [22].

Table 1. qRT-PCR primer sequences.

Gene Name Forward Sequence Reverse Sequence

RPLP0 CGGTTTCTGATTGGCTAC ACGATGTCACTTCCACG
RPL13A GTCTGAAGCCTACAAGAAAG TGTCAATTTTCTTCTCCACG

TFRC AAGATTCAGGTCAAAGACAG CTTACTATACGCCACATAACC
GAPDH GATGCTGGTGCTGAGTATGTCG GTGGTGCAGGATGCATTGCTGA
GPR-56 CTGTAATATGGAAACTGGGGAAA CCGTAGCTAAACTGAAAACCACC

RPLP0: Ribosomal protein lateral stalk subunit P0; RPL13A: Ribosomal protein L13a; TFRC: Transferrin receptor;
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; GPR-56: G protein-coupled receptor 56.

4.6. Statistical Analysis

To compare GPR56 mRNA expression between goups at 0 h a paired t test was used.
Acute changes (from 0 h to 24 h) in GPR56 mRNA expression were analyzed using several
mixed models, assuming time (0 h and 24 h) and protocol (CON and VAR) as fixed factors
and subjects as a random factor. In the case of significant F-values, Tukey’s post hoc test
was used for pairwise comparisons. We compared acute (from 0 h to 24 h) GPR56 mRNA
expression between the 4 VAR conditions using a one-way ANOVA. To compare the GPR56
mRNA response separated by each VAR condition with CON at 24 h, a paired t-test was
utilized. Chronic effects (from Pre to Post) of CON and VAR on GPR56 mRNA expression
were analyzed through two procedures. As Pre data analyses were performed based on
the muscle tissue harvested from just one leg, we used a one-way ANOVA and Dunnett
post hoc to determine if the GPR56 mRNA expression at Post were different from Pre.
Then, we compared the GPR56 mRNA expression between CON and VAR at Post using a
paired t-test. Using Pearson’s product moment correlation, a series of correlations were
determined between the acute and chronic GPR56 mRNA expression and the changes (∆%)
in muscle fiber cross-sectional (fCSA) area (data from Fox et al. [18]). Correlations were
performed for each condition separately (n = 19). Additionally, as both protocols produced
similar fCSA increases, we collapsed the protocols (CON + VAR) (n = 38) to produce further
correlations with acute and chronic GP56 mRNA expression. Significance level was set at
p ± 0.05.

5. Conclusions

We conclude that GPR56 mRNA expression is acutely increased by a RT bout regardless
of specific manipulations of one or several RT variables, at least when training to (or close
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to) concentric muscle failure. Chronically, GPR56 mRNA expression seems to be modulated
only when frequent manipulations of several RT variables are performed.
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