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Abstract

The purpose of this study was to determine the effects of ADRB2 genotypes on muscle function 

(absolute power and relative power) in healthy subjects. We performed genotyping of the ADRB2 

(amino acid 16) and high-intensity, steady-state exercise on 77 healthy subjects (AA = 18, AG = 

25, GG = 34). There were no differences between genotype groups in age, height, weight, or BMI 

(age = 28.9 ± 5.7yrs, 27.9 ± 5.7yrs, 29.2 ± 5.9yrs, height = 170.7 ± 8.6cm, 174.9 ± 8.7cm, 173.4 

± 9.6cm, weight = 68.5 ± 13.0kg, 75.0 ± 12.9kg, 74.4 ± 12.9kg, and BMI = 23.4 ± 3.9, 24.4 ± 2.9, 

24.7 ± 3.4, for AA, AG, and GG, respectively). The genotype groups differed significantly in 

watts, and watts/VO2 with heavy exercise (watts = 186.3± 54.6, 237.8 ± 54.4, 219.4 ± 79.5, 

watts/VO2 = 0.08 ± 0.006, 0.09 ± 0.005, 0.08 ± 0.006). There was a trend towards significance 

(p=0.058) for watts/kg (2.7 ± 0.4, 3.2 ± 0.5, 2.9 ± 0.8, for AA, AG, and GG, respectively). These 

data suggest that genetic variation of the ADRB2 may influence relative strength in healthy 

subjects and may become an important genetic determinant of muscular strength and functional 

capacity in patients with diseases that result in a loss of muscle strength.
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INTRODUCTION

Muscular strength and power are important aspects to athletic performance. β2 agonist 

supplementation has been shown to increase power and increases the rates of glycolysis and 

glycogenolysis during sprinting in men (16). Further, Kalsen et al (2015) also demonstrated 

increased mean and peak power during the sprint with increased anaerobic adenosine-

triphosphate (ATP) utilization following β-agonist administration. In this same study, β-

agonist administration preserved whole muscle ATP concentrations with no difference in 

phosphocreatine breakdown. These findings suggest the β2 adrenergic receptors (ADRB2) 

influence anaerobic power and capacity, possibly improving anaerobic performance in 

power athletes.
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The β2 adrenergic receptor plays a functional role in muscle size, strength and muscle 

regeneration (7, 30). Church et al, (2014) demonstrated reduced peak twitch force, rate of 

contraction, maximal force along with significantly reduced rates of regeneration in ADRB2 

receptor knockout mice compared to controls. Further, supplementation with β2 agonists has 

demonstrated enhanced sarcoplasmic reticulum calcium release rates, maximal voluntary 

contraction strength and peak Wingate power in trained human and rat models (5, 14, 25). 

Hodge et al, (2002), also demonstrated that denervation-induced atrophy was attenuated 

through β2 agonist treatment in rats. These data suggest the ADRB2 regulates muscular size, 

strength, contractility and protects against denervation-induced atrophy, suggesting ADRB2 

may play a functional role in reducing disuse atrophy associated with injury.

The mechanisms by which ADRB2 stimulation may increase muscle size, strength, and 

contractility are associated with its role in internal cell signalling. The activation of the 

ADRB2 results in the formation of adenosine 3′-5′ monophosphate (cAMP), a secondary 

messenger that plays many roles in the body. An increase in ADRB2 density has been 

correlated with increased cAMP accumulation in animal models (11, 30). Skeletal muscle 

cAMP signaling is shown to regulate contractility, sarcoplasmic calcium dynamics, and 

recovery from sustained contractile activity. The net result of cAMP activation is 

characterized by increased contractile force and rapid recovery of ion balance.

Further, in rodent DMD models, cAMP production was shown to slow degeneration as well 

as promote regeneration of skeletal muscles (2). This previous work suggests individuals 

with the more functional variant of the ADRB2 may have increased cAMP accumulation, 

resulting in improved skeletal muscle contractile activity and ability to recover as well as an 

attenuated degeneration of skeletal muscle. Multiple polymorphisms of the ADRB2 have 

been identified as including a glycine (Gly) for arginine (Arg) substitution at amino acid 16. 

The Gly16 polymorphism has been shown to have higher receptor density on lymphocytes, 

be more resistant to receptor down regulation, and functionally demonstrate higher cardiac 

output, stroke volume, left ventricular function, ejection fraction and vascular function when 

compare to the Arg16 genotype in humans (9, 13, 32, 34, 35).

Although not specifically studied previously, demographic data from previous studies 

demonstrate that subjects with the Gly16 polymorphism tend to have a greater body mass 

index, despite higher fitness levels, possibly suggesting greater muscle mass. Therefore, the 

Gly16 polymorphism may not only have a protective effect on the cardiac muscles, but may 

also attenuate skeletal muscle degeneration through other down stream mechanisms.

Although the clinical implications of ADRB2 genotypes on muscular development and 

strength are important, the influence of ADRB2 genotype on performance may identify 

novel supplementation for improvement of sports performance. Currently, little research has 

investigated the direct effect of ADRB2 genotype on skeletal muscle function. Therefore, the 

purpose of this study was to determine the effects of ADRB2 genotypes on muscle function 

(absolute power and relative power) in healthy subjects.
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METHODS

Experimental Approach to the Problem

This study used a one way ANOVA to compare genotype groups for indices of intensity, 

power (watts, watts/kg, and watts/kg), and perceived intensity (watts/hr) at high intensity 

cycling for healthy, untrained subjects. Peak measures were compared for genotype groups 

for dependent variable measures. Subjects attended three sessions of testing with 72 hours 

between sessions one and two on a controlled low-sodium diet and at least 24 hours between 

sessions two and three.

Subjects

Data analyzed for this manuscript were part of a larger study on ADRB2 genotypes and 

cardiopulmonary function at rest and during exercise but the data have not been assessed as 

presented in the present study (32, 33). This study received Institutional Board approval for 

the research and appropriate consent has been obtained pursuant to law and the subjects 

were informed of the benefits and risks of the investigation prior to signing an institutionally 

approved informed consent document to participate. Seventy-seven untrained subjects, ages 

20 to 40, agreed to participate and were genotyped for Arg16Gly polymorphisms of the 

ADRB2. Individuals who were homozygous for arginine (ArgArg, n = 18), glycine (GlyGly, 

n = 34) or heterozygous (ArgGly, n = 25) at codon 16 agreed to participate in the study. All 

subjects were healthy non-smokers and not on medication.

Procedures

Subjects underwent baseline screening tests including pulmonary function testing, an 

incremental cycle ergometry test to exhaustion on a lode cycle ergometer, a blood draw for a 

complete blood count (to rule out anemia) and, in women, a pregnancy test. The baseline 

exercise study served as an initial familiarization session, was used to determine work 

intensities for subsequent sessions, and acted as a screening study to rule out myocardial 

ischemia and abnormal arrhythmias. Following these initial tests, subjects met with the 

Clinical Research Center (CRC) nutritionist and were put on a controlled sodium diet (3450 

mg day–1) for 3 days with a 24-h urine collection to confirm sodium intake. This controlled 

sodium diet was used because previous studies have suggested that the ADRB2 may be 

sensitive to changes in dietary sodium (31, 18). Subjects subsequently returned to the CRC 

on two occasions for exercise testing while maintaining a salt neutral diet.

The next session consisted of a cycle ergometry test similar to the first visit but with the 

additional measurement of Q using a previously validated open-circuit acetylene uptake 

method (15). This session served as a further familiarization with the measurements to be 

made on the final study day and also allowed for confirmation of workloads for the final 

visit.

On the last study visit, resting measurements of Q, HR, SV and arterial BP were made. 

Subjects then exercised for 9 min at ~40% and 9 min at ~75% of their peak workload 

achieved during the initial exercise studies while measurements were repeated every 2–3 

min. Nine minutes of exercise was performed because pilot data suggested that this was an 
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adequate time frame to obtain three sets of measures and brought the subjects close to 

exhaustion with the higher workload. All visits were conducted in the morning to account 

for testing variability.

ADRB2 Genotyping

β2 adrenergic receptor genotyping was PCR-based according to methods of Bray et al 

(2000). Buffy coat, obtained from whole blood collected on EDTA, was extracted using the 

Gentra Puregene DNA Isolation Kit (Gentra Systems Inc., Minneapolis, MN, USA). The 

PCR reaction was conducted according to standard methods, using the following primer 

sequences (e.g. for Arg16Gly): (forward) 5′-AGC CAG TGC GCT TAC CTG CCA GAC-3′ 
(at −32) and (reverse) 3′-CA TGG GTA CGC GGC CTG GTG CTG CAG TGC-5′, 

resulting in a PCR product 107 base pairs in length. The reaction included 30 ng of DNA, 

1.5 mM magnesium chloride, 0.5 U taq polymerase (Invitrogen, Carlsbad, CA, USA), 8.5% 

DMSO and standard concentrations of nucleotides and buffer in a 20 μl reaction volume. 

After initial denaturation at 94°C for 4 min, the fragments were amplified by 35 cycles of 1 

min at 94°C, 1 min at 61°C, 1 min at 72°C, followed by 5 min at 72°C and 5 min at 98°C. 

The amplicons were then digested by exposure to 5 U of the restriction enzyme KpnI, 

followed by electrophoretic separation on 3% aragose gels, staining with ethidium bromide 

and visualization using UV light. The ArgArg homozygous genotype is represented by a 

single 107 bp band, the ArgGly group is represented by 25, 82 and 107 bp bands, and the 

GlyGly homozygous group by 82 and 25 bp bands.

Statistical Analyses

All statistical comparisons were made using a statistical software package (SPSS; SPSS Inc; 

Chicago, IL, version 19). Group demographics were compared with a one-way analysis of 

variance (ANOVA) using an α level of 0.05 to determine significance. Genotype differences 

in performance were compared with an ANOVA using a Tukey post hoc test to detect 

differences among the specific genotype groups. An α level of 0.05 was used for the 

ANOVA and post hoc analyses.

RESULTS

Subject Characteristics

There was no difference between genotype groups in age, weight, height, body mass index 

(BMI), or body surface area (BSA) (Table 1).

Power Measures

There were no differences in any of the power parameters (watts, watts/VO2, watts/kg) with 

light exercise. With heavy exercise, there were significant effects of genotype on power 

parameters (pANOVE<0.05) (Figure 1). Specifically, following post-hoc analysis, it was 

determined that the Arg/Gly group achieved significantly higher watts (p=0.04) than the 

Arg/Arg group (237.8 ± 54.4, 186.3 ± 54.6, for AG and AA respectively, SE=20.67, 95% CI 

(2.00, 100.82)). Additionally, the Arg/Gly group had significantly greater relative power as 

measured by watts/kg (p=0.046) than the Arg/Arg group (3.2 ± 0.5, 2.7 ± 0.4, for AG and 

AA respectively, SE=0.202, 95% CI (0.007, 0.97)). Further, the Arg/Gly group demonstrated 

Kelley et al. Page 4

J Strength Cond Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significantly greater watts/VO2 (p=0.034) than the Gly/Gly group (0.09 ± 0.005, 0.08 

± 0.006, for AG and GG respectively, SE=0.002, 95% CI (0.0003, 0.008)). There was no 

difference in watts/VO2 between the Arg/Gly and Arg/Arg groups, nor were there any 

differences in VO2 between genotype groups.

Intensity Measures

Similar to power indices, there were significant genotype differences in indices of relative 

and perceived intensity. The Arg/Gly group demonstrated significantly higher watts/hr 

(p=0.019) than the Arg/Arg group (1.3 ± 0.3, 0.99 ± 0.3, for AG and AA respectively, 

SE=0.119, 95% CI (0.046, 0.62)) (Table 2). This is likely due to the ability of the Arg/Gly 

group to exercise at a lower relative intensity (higher peak watts while maintaining lower 

heart rates) (p=0.038; 181 ± 9.7, 189 ± 9.9, for AG and AA respectively, SE-2.97, 95% CI 

(0.35, 14.57)). Further, the Arg/Gly group reported lower RPEs (p=0.032) than the Arg/Arg 

group (18.6 ± 0.51, 18.9 ± 0.24, for AG and AA respectively, SE=0.15, 95% CI (0.03, 0.74)) 

despite producing higher watts (Figure 2).

DISCUSSION

In the present study we demonstrate that genetic variations of the ADRB2 are associated 

with differences in muscular power, efficiency and intensity. Individuals with one arginine 

and one glycine allele (Arg/Gly) demonstrated significantly higher peak power (watts), 

relative power (watts/kg), muscular efficiency (watts/VO2) and exercise intensity (watts/hr) 

during heavy, steady-state exercise. Interestingly, despite producing higher peak watts, the 

Arg/Gly group also reported significantly lower rating of perceived exertion (RPE). Similar 

to previous observations, although not statistically significant, individuals with at least one 

glycine allele (Arg/Gly and Gly/Gly) were heavier than those homozygous for arginine (68.5 

± 13.1, 75.1 ± 12.9, 74.4 ± 12.9, for AA, AG and GG respectively). These findings may be 

due to the regulation of several downstream mechanisms by the ADRB2.

There are several pathways by where activation of the ADRB2 may regulate skeletal muscle 

size and strength. One such pathway is through phosphorylation by catecholamines. 

ADRB2s are g-coupled protein receptors where upon binding of a catecholamine to the 

receptor stimulates a dissociation of the guanine protein which phosphorylates adenylyl 

cyclase (AC). Adenylyl cyclase produces cAMP which phosphorylates protein kinase A 

(PKA) into its active form (2).

The first process whereby ADRB2 activation may increase muscular size and strength is 

binding of a catecholamine to the ADRB2 resulting in dissociation of the guanine-linked 

subunits. Further, previous work suggests the Gαi-linked Gβγ subunits activate the 

phosphoinositide 3-kinase-protein kinase-B (PI3K-AKT) signaling pathway (28). The PI3K-

AKT signaling pathway has been shown to regulate protein synthesis, gene transcription, 

cell proliferation, and cell survival (3, 12). Although there are three distinct isoforms of 

AKT, the predominant skeletal muscle isoform is AKT1. It has been demonstrated that 

AKT1 inhibits the forkhead box O transcription factors (FOXO) (36). This is significant 

because FOXO has been implicated in muscle atrophy (17). Thus, by phosphorylating and 

inactivating FOXO, AKT1 blocks the induction of FOXO-mediated atrophy signaling. 
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Additionally, ADRB2 activation has been found to reduce the expression of FOXO-mediated 

atrophy signaling in skeletal muscle from denervated and hindlimb-suspended rats (17). This 

suggests that the ADRB2 plays a functional role in attenuating skeletal muscle atrophy in 

addition to promoting skeletal muscle growth. Further study of the genotypes in disease 

models is certainly warranted.

Another process by which ADRB2 stimulation may increase muscular size and strength is 

by phosphorylation of PKA via cAMP. PKA phosphorylation into its active state results in 

dissociation of the PKA subunits. It has been demonstrated that the free C-subunits of PKA 

diffuse passively into the nucleus, where they have the capability for direct phosphorylation 

of multiple regulator genes of the cAMP response element binding protein (CREB) (6). 

CREB is a nuclear transcription factor that is universally expressed and has many processes, 

including cell proliferation, differentiation, adaptation, and survival (21). Current research 

suggests CREB plays a role in mediating the activity of the transcription factor myocyte 

enhancer factor-2 (MEF2), a family of transcription factors that play a key role in the 

differentiation of muscle cells (1). ADRB2 activation is also associated with an increased 

expression of neuron-derived orphan receptor-1 (NOR-1) (24). Pearen et al (2006) also 

demonstrated siRNA-mediated inhibition of NOR-1 expression was associated with a 

significant increase in the levels of myostatin mRNA. Myostatin is a member of the 

transforming growth factor-β superfamily and the primary negative regulator of muscle mass 

(24). This suggest the ADRB2 plays a functional role in the regulation of muscle mass 

through increased NOR-1 expression resulting in decreased myostatin levels promoting 

skeletal muscle growth. Collectively, these data suggest the ADRB2 plays multiple roles in 

regulating skeletal muscle growth through downstream signaling.

In addition to the mediation of internal cell signaling, stimulation of the ADRB2 can also 

regulate calcium-mediated proteolysis. Both cAMP and phosphorylated PKA can either 

directly or indirectly inhibit calpain activity. Calpains are calcium-mediated proteases 

degrade myofibrils and by inhibiting calpain activity, myofibril size and integrity are 

preserved. This would decrease muscle damage and loss due to increased calcium flux from 

exercise. Research has shown using a nonhydrolyzable cAMP analog and activation of 

ADRB2 to inhibit protein degradation in both rats and chicks, suggesting cAMP may 

directly phosphorylate calpains to inhibit activity (22, 23). Research also suggests PKA 

demonstrates the ability to phosphorylate calpains, which is important in the context of this 

study because increased ADRB2 activation attributed to the Gly16 genotype would result in 

increased PKA concentrations and decreased calpain activity and myofibril degradation. 

Studies in rat models have demonstrated a phosphorylation site at serine 369 which would 

restrict domain movement and keep m-calpain in an inactive state, suggesting direct 

phosphorylation of calpain by PKA to have a negative-control effect on calpain activation 

(27, 29). The ability of cAMP and PKA to modulate calpain concentrations and activity 

suggests a mechanism whereby the Gly16 genotype may influence muscular size and 

strength.

Furthermore, ADRB2 stimulation may also regulate calpastatin activity, a calpain-specific 

inhibitor, thereby decreasing calpain concentrations and activity. Recent research has 

demonstrated that the calpastatin promoter sequence between nt −1653 and +130 contains a 
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single cAMP binding site located at nt −76 (8). This suggests a direct pathway whereby 

cAMP signaling can lead to increased calpastatin gene transcription reducing calpain-

mediated protein degradation. Further, multiple phosphorylation sites have been identified 

on calpastatin, particularly those found in the L and XL domain coded by exon 6, suggesting 

cAMP to have the ability to directly phosphorylate calpastatin (37). In addition to its ability 

to phosphorylate calpains, research suggests the C-domain of PKA can also directly 

phosphorylate calpastatin (25). These data suggest another pathway whereby ADRB2 

stimulation may inhibit calpain activity and regulate muscle size and strength.

Hence, there are multiple pathways whereby ADRB2 activation may increase muscle size, 

strength, and contractility as well as protect against disuse atrophy. These implications 

suggest ADRB2 stimulation as a viable supplementation site, thus improving sport 

performance and attenuating muscular loss resulting from injury. In the current study, the 

Arg/Gly polymorphism demonstrated significantly higher power measures, muscular 

efficiency, and exercise intensity. This suggests the more functional polymorphism of the 

ADRB2 may have an effect on these measures and that ADRB2 stimulation may improve 

muscular size, strength, and contractility.

PRACTICAL APPLICATIONS

There are many pathways by which the ADRB2 can influence muscular development and 

strength. This study suggests that genetic variations of the ADRB2 are associated with 

muscular power and efficiency. We hypothesize the improved muscular function in the 

Arg/Gly group could be due to increased lymphocyte density and resistance to 

downregulation associated with the Gly16 polymorphism resulting in increased 

accumulation of downstream products which have been implicated in the regulation of 

muscle size and strength. These findings may imply a novel, safe approach to the attenuation 

of muscle degradation associated with disuse atrophy resulting from injury and to the 

improvement of muscular power and efficiency in athletes.

LIMITATIONS

There are inherent limitations regarding a genetics study including sample size and genotype 

distribution. Limited statistical power because of the modest sample size and different 

genotype distribution in the present study (N = 77) may have played a role in limiting the 

significance of some of the statistical comparisons conducted. A post hoc power analysis 

revealed the power to detect statistically significant differences between groups for watts, 

watts/kg, and watts/VO2 to be .84, .95, and 1.00 respectively at α = 0.05, suggesting 

sufficient sample size for the present study. Additionally, time of day and time of year for 

testing as well as training background were not controlled for in the present study, which 

may affect test-retest reliability. An intraclass correlation coefficient analysis revealed the 

test-retest reliability for watts, watts/kg, and watts/VO2 to be 0.52, 0.49, and 0.59 

respectively, suggesting fair test-retest reliability. Therefore, we cannot rule out the influence 

of uncontrolled for variables on these measures.
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Figure 1. 
Watts, watts/kg and watts/VO2: Arg/Arg vs Arg/Gly vs Gly/Gly during peak exercise

Panels depict the maximum values during peak exercise for A) Watts, B) Relative power 

(Watts/KG), and C) Muscular efficiency (Watts/VO2). The error bars represent the SE of the 

mean.

*p<0.05 for Arg/Arg vs Arg/Gly pairwise comparison.

**p<0.05 for Arg/Gly vs Gly/Gly pairwise comparison.
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Figure 2. 
Watts/hr: Arg/Arg vs Arg/Gly vs Gly/Gly during peak exercise

Depicts maximal watts corrected for heart rate at peak exercise. The error bars represent the 

SE of the mean.

*p<0.05 for Arg/Arg vs Arg/Gly pairwise comparison.
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Table 1

Subject characteristics (mean ± standard deviation, N or p-value)

Study Demographics

N Mean SD p-value

Age (years)

 Arg/Arg 18 28.9 5.67 0.708

 Arg/Gly 24 27.9 5.74

 Gly/Gly 34 29.2 5.94

 Total 76 28.7 5.76

Height (cm)

 Arg/Arg 18 170.8 8.61 0.341

 Arg/Gly 24 175 8.79

 Gly/Gly 34 173.5 9.67

 Total 76 173.3 9.17

Weight (kg)

 Arg/Arg 18 68.5 13.06 0.214

 Arg/Gly 24 75.1 12.96

 Gly/Gly 34 74.4 12.93

 Total 76 73.2 13.07

BMI (kg/m2)

 Arg/Arg 18 23.4 3.85 0.448

 Arg/Gly 24 24.4 2.91

 Gly/Gly 34 24.7 3.39

 Total 76 24.3 3.35

BSA (m2)

 Arg/Arg 18 1.79 0.19 0.189

 Arg/Gly 24 1.90 0.20

 Gly/Gly 34 1.88 0.19

 Total 76 1.87 0.20

VO2 (mL/min)

 Arg/Arg 18 2257.83 761.19 0.152

 Arg/Gly 24 2712.12 629.37

 Gly/Gly 34 2613.41 872.19

 Total 76 2562.34 784.55

VO2/KG

 Arg/Arg 18 32.35 5.98 0.200

 Arg/Gly 24 36.29 5.61

 Gly/Gly 34 35.11 8.50

 Total 76 34.85 7.18
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Arg/Arg = genotype (homozygous for ADRB2 resulting in arginine at amino acid 16), Arg/Gly = genotype (heterozygous for ADRB2 resulting in 
one arginine and one glycine at amino acid 16), and Gly/Gly = genotype (homozygous for ADRB2 resulting in glycine at amino acid 16). BMI = 
body mass index; BSA = body surface area; VO2 = maximal oxygen consumption; VO2/KG = maximal oxygen consumption corrected for 
kilogram. There were no statistically significant differences in demographic data.
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Table 2

Indices of intensity (mean ± standard deviation, N or p-value) during peak exercise

Indices of Intensity

N Mean SD p-value

HR (beats/min)

 Arg/Arg 18 188.5 9.89 0.024*

 Arg/Gly 24 181.0 9.68

 Gly/Gly 34 186.9 9.43

 Total 76 185.4 9.98

RPE

 Arg/Arg 18 18.94 0.24 0.039*

 Arg/Gly 24 18.56 0.51

 Gly/Gly 34 18.76 0.55

 Total 76 18.74 0.49

RER

 Arg/Arg 18 1.16 0.015 0.836

 Arg/Gly 24 1.15 0.010

 Gly/Gly 34 1.15 0.010

 Total 76 1.15 0.006

RR (breaths/min)

 Arg/Arg 18 43.17 2.10 0.295

 Arg/Gly 24 40.84 1.38

 Gly/Gly 34 39.74 1.21

 Total 76 40.90 0.86

HR = heart rate; RPE = rating of perceived exertion; RER = respiratory exchange ratio; RR = respiratory rate.

*
p< 0.05
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