
fphys-09-01373 October 5, 2018 Time: 14:6 # 1

ORIGINAL RESEARCH
published: 09 October 2018

doi: 10.3389/fphys.2018.01373

Edited by:
Hassane Zouhal,

University of Rennes 2 – Upper
Brittany, France

Reviewed by:
Keith Baar,

University of California, Davis,
United States

Paul Timothy Reidy,
University of Utah, United States

*Correspondence:
Stuart M. Phillips

phillis@mcmaster.ca

Specialty section:
This article was submitted to

Exercise Physiology,
a section of the journal
Frontiers in Physiology

Received: 21 May 2018
Accepted: 10 September 2018

Published: 09 October 2018

Citation:
Morton RW, Sato K, Gallaugher MPB,

Oikawa SY, McNicholas PD, Fujita S
and Phillips SM (2018) Muscle

Androgen Receptor Content but Not
Systemic Hormones Is Associated
With Resistance Training-Induced

Skeletal Muscle Hypertrophy
in Healthy, Young Men.
Front. Physiol. 9:1373.

doi: 10.3389/fphys.2018.01373

Muscle Androgen Receptor Content
but Not Systemic Hormones Is
Associated With Resistance
Training-Induced Skeletal Muscle
Hypertrophy in Healthy, Young Men
Robert W. Morton1, Koji Sato2, Michael P. B. Gallaugher3, Sara Y. Oikawa1,
Paul D. McNicholas3, Satoshi Fujita4 and Stuart M. Phillips1*

1 Department of Kinesiology, McMaster University, Hamilton, ON, Canada, 2 Graduate School of Human Development
and Environment, Kobe University, Kobe, Japan, 3 Department of Mathematics and Statistics, McMaster University,
Hamilton, ON, Canada, 4 College of Sport and Health Sciences, Ritsumeikan University, Shiga, Japan

The factors that underpin heterogeneity in muscle hypertrophy following resistance
exercise training (RET) remain largely unknown. We examined circulating hormones,
intramuscular hormones, and intramuscular hormone-related variables in resistance-
trained men before and after 12 weeks of RET. Backward elimination and principal
component regression evaluated the statistical significance of proposed circulating
anabolic hormones (e.g., testosterone, free testosterone, dehydroepiandrosterone,
dihydrotestosterone, insulin-like growth factor-1, free insulin-like growth factor-1,
luteinizing hormone, and growth hormone) and RET-induced changes in muscle mass
(n = 49). Immunoblots and immunoassays were used to evaluate intramuscular free
testosterone levels, dihydrotestosterone levels, 5α-reductase expression, and androgen
receptor content in the highest- (HIR; n = 10) and lowest- (LOR; n = 10) responders
to the 12 weeks of RET. No hormone measured before exercise, after exercise, pre-
intervention, or post-intervention was consistently significant or consistently selected
in the final model for the change in: type 1 cross sectional area (CSA), type 2 CSA,
or fat- and bone-free mass (LBM). Principal component analysis did not result in large
dimension reduction and principal component regression was no more effective than
unadjusted regression analyses. No hormone measured in the blood or muscle was
different between HIR and LOR. The steroidogenic enzyme 5α-reductase increased
following RET in the HIR (P < 0.01) but not the LOR (P = 0.32). Androgen receptor
content was unchanged with RET but was higher at all times in HIR. Unlike intramuscular
free testosterone, dihydrotestosterone, or 5α-reductase, there was a linear relationship
between androgen receptor content and change in LBM (P < 0.01), type 1 CSA
(P < 0.05), and type 2 CSA (P < 0.01) both pre- and post-intervention. These
results indicate that intramuscular androgen receptor content, but neither circulating
nor intramuscular hormones (or the enzymes regulating their intramuscular production),
influence skeletal muscle hypertrophy following RET in previously trained young men.
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INTRODUCTION

There is substantial individual variability in RET-induced skeletal
muscle hypertrophy (Hubal et al., 2005; Davidsen et al., 2011).
The post-exercise rise in circulating, presumably anabolic,
hormones (e.g., T, GH, and IGF-1) are believed to be causative in
determining RET-induced skeletal muscle hypertrophy (Kraemer
et al., 2017; Mangine et al., 2017). However, there is substantial
contrary evidence for a causal, or even related (i.e., sharing
common variance) role of such hormones in both RET-
induced increases in muscle protein synthesis (West et al.,
2009) and hypertrophy (West et al., 2010; West and Phillips,
2012; Mitchell et al., 2013; Morton et al., 2016; Mobley et al.,
2018).

It is plausible that, as opposed to systemic circulating
hormones, local intramuscular androgenesis could mediate
RET-induced muscle hypertrophy as has been proposed
for older men (Sato et al., 2014). In addition, the RET-
induced increase in intramuscular androgen receptor
content has been significantly correlated with RET-induced
muscle hypertrophy (Ahtiainen et al., 2011; Mitchell et al.,
2013). Thus, it may be that an increase in intramuscular
androgens and/or their receptors, via an autocrine
mechanism, are important in determining RET-induced
hypertrophy.

The purpose of this study was to determine if the
heterogeneity in RET-induced skeletal muscle hypertrophy,
measured using multiple indices, was associated with
circulating hormones, intramuscular hormones, intramuscular
steroidogenic enzyme content, or androgen receptor content. We
performed additional statistical and intramuscular analyses
on data from a previous study in healthy, resistance-
trained men (n = 49; Morton et al., 2016). To further
explore the relationship between systemic hormones and
hypertrophy we used backward elimination and principal
component regression on systemic hormone concentrations
both at rest and post-resistance exercise with indices
of hypertrophy as separate outcome variables in all
participants. To evaluate the significance of intramuscular
androgenesis we completed an analysis on only our highest-
(HIR – top quintile) and lowest- (LOR – bottom quintile)
responders that included evaluation of intramuscular T,
DHT, 5α-reductase expression, and androgen receptor
content. Consistent with our previous work (West et al.,
2010; West and Phillips, 2012; Mitchell et al., 2013;
Morton et al., 2016), we hypothesized that circulating
systemic hormones would not be related to any measure of
hypertrophy; however, we hypothesized, given previous findings
(Ahtiainen et al., 2011; Mitchell et al., 2013), that androgen
receptor content would be associated with RET-induced
hypertrophy.

Abbreviations: AUC, area under the curve; CSA, cross sectional area; DHEA,
dehydroepiandrosterone; DHT, dihydrotestosterone; fIGF-1, free insulin-like
growth factor 1; fT, free testosterone; GH, growth hormone; HIR, high responders;
HR, high repetition; IGF-1, insulin-like growth factor 1; LBM, lean body mass;
LH, luteinizing hormone; LOR, low responders; LR, low repetition; RET, resistance
exercise training; T, testosterone.

MATERIALS AND METHODS

Participants and Resistance Exercise
Training Intervention
Forty-nine resistance-trained (performing RET at least 2
days/week [range 3–6 days/week] for 4 ± 6 years) young
men volunteered for this study. Each participant was informed
of associated risks with the RET intervention and testing
and the study was carried out in accordance with the
recommendations of the most recent Tri-Council statement on
research in human participants1. The protocol was approved
by the Hamilton Integrated Research Ethics Board and all
subjects gave written informed consent in accordance with
the Declaration of Helsinki. The trial was registered at
https://clinicaltrials.gov/ as NCT02139865. An overview of
the RET intervention can be read in detail in the original
manuscript (Morton et al., 2016). Briefly, participants were
randomly allocated to either a high repetition (HR) or low
repetition (LR) group. The HR group performed all exercises
with relatively light resistance [∼30–50% of their repetition
maximum (RM)] until volitional failure (20–25 repetitions)
and the LR group performed all exercises with relatively
heavy resistance (∼75–90% RM), also until volitional failure
(8–12 repetitions). Each participant underwent a 12-week
RET intervention where they performed whole-body RET 4
days/week and received 30 g of whey protein isolate twice
per day (BioPRO; Davisco Foods International, Le Sueur, MN,
United States).

Blood Collection and Hormone Analysis
The pre- and post-intervention testing day was performed
after an overnight fast at the same time of day for each
participant. Each participant performed an acute bout of
resistance exercise within their designated group assignment
(HR or LR) and blood was drawn from an intravenous
catheter inserted in an antecubital vein. Two 4 mL vacutainer
tubes (Becton, Dickinson and Company, Franklin Lakes, NJ,
United States) were collected pre-exercise and 0-, 15-, 30-,
and 60-min post-exercise. One 4 mL tube was allowed to
clot for 30 min at room temperature to later isolate serum
and the other was heparinized to later isolate plasma. Blood
sample analysis was done blinded for: cortisol (nM), LH
(IU/L), lactate (mM), DHEA (ng/mL), T (ng/mL), free
T (fT; ng/dL; i.e., testosterone that is not bound to sex
hormone-binding globulin or albumin in the blood), DHT
(ng/mL), and GH (ng/mL) using solid-phase, two site
chemiluminescence immunometric assays (Immulite 2000
Immunoassay System; Siemens Healthineers, Erlangen,
Germany) and IGF-1 (µg/dL) and free IGF-1 (fIGF-1;
ng/mL) using radio-immunoassays (Diagnostics Products
Corporation, Los Angeles, CA, United States). The 60-min
post-resistance exercise AUC was calculated for each hormone,
using the trapezoidal rule, with time points at 0, 15, 30, and
60 min.

1http://www.pre.ethics.gc.ca/pdf/eng/tcps2/TCPS_2_FINAL_Web.pdf
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FIGURE 1 | The change in muscle mass in all participants (top) and HIR and LOR (bottom). Top panels: The change in (A) type 1 CSA, (B) type 2 CSA, and (C) LBM
from all 49 participants. Bottom panels: The change in (D) type 1 CSA, (E) type 2 CSA, and (F) LBM categorized into HIR and LOR. Values are presented as median
(lines) with interquartile range (boxes), range (minimum and maximum), and mean (cross). ∗Significant difference between high- and low-responders (P < 0.01).
Panels A–C adapted from Morton et al. (2016).

Stepwise Regressions
HR and LR data were collapsed due to a lack of difference
in both circulating hormones and outcomes between-groups
(Morton et al., 2016). The outcomes considered were type 1
fiber CSA, type 2 fiber CSA, and fat- and bone-free (lean) body
mass (LBM). Each outcome at each time of measurement (i.e.,
the change, absolute pre-, and absolute post-intervention values)
were regressed against hormones from each time point: pre-
intervention resting, pre-intervention post-exercise AUC, post-
intervention resting, and post-intervention post-exercise AUC.
Backward elimination, with the Akaike Information Criterion
(AIC) as the elimination criterion, was used to choose the final
model. The post-exercise AUC values used in the analysis did not
subtract out the resting concentrations. We did, however, run the
analysis with the resting concentrations subtracted from the AUC
raw values and there were no major differences in our results.

Immunoblot Analysis
As previously described (Aizawa et al., 2010), after
homogenization, the protein concentration of resulting
supernatant was determined by a Bradford protein assay,
and muscle proteins (both cytoplasmic and nuclear, 20 µg
protein) were separated on 10% SDS-polyacrylamide gels
and then transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, United States). The membranes were
blocked for 1 h with blocking buffer (5% skim milk in phosphate-
buffered saline with 0.1% Tween 20) and then incubated
for 12 h at 4◦C with primary antibodies against androgen
receptor (#3202, Cell Signaling Technology, Beverly, MA,
United States) and 5α-reductase (H00006715, Abnova, Taipei,

Taiwan) diluted to 1:1000 in blocking buffer. The membranes
were washed three times with PBST before being incubated
for 1 h with a horseradish peroxidase-conjugated secondary
antibody and anti-rabbit immunoglobulin (#7074, Cell Signaling
Technology, Beverly, MA, United States) diluted to 1:3000
in the blocking buffer. The membranes were then washed
with PBST three times. The proteins were detected using an
enhanced chemiluminescence plus system (GE Healthcare
Biosciences) and visualized on an LAS4000 imager (GE
Healthcare Biosciences). Band intensities were quantified using
ImageJ version 1.46 (National Institutes of Health, Bethesda,
MD, United States).

Enzyme Immunoassays for
Intramuscular Hormones
Muscle sample was homogenized using the same method as the
immunoblot analysis. The levels of T and DHT in skeletal muscle
were determined using an enzyme-linked immunosorbent assay
kit, after being diluted 200 times with each assay buffer as
previously described (Horii et al., 2016). The immobilized
polyclonal antibodies were raised against T (Cayman Chemical,
Ann Arbor, MI, United States) and DHT (IBL Hamburg,
Germany) before secondary horseradish peroxidase antibodies
were added. Optical density at 450 nm was qualified on a
microplate reader (BioLumin 960; Molecular Dynamics, Tokyo,
Japan) and were assayed in duplicate. The coefficient of
variation value was 3.0 and r2 = 0.974 in the present study.
The researchers that performed the intramuscular analyses
(KS and SF) were not blinded to which samples were HIR
and LOR.
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FIGURE 2 | Scree plots illustrating the proportion of variance in the original hormones explained by each principal component. The panels include the principal
components derived from systemic hormones measured: (A) pre-intervention post-exercise, (B) post-intervention post-exercise, (C) pre-intervention resting, and
(D) post-intervention resting. The dotted horizontal line indicates the cut-off point where the principal components above explained ≥80% variance between the
original data set of hormones.

Principal Component Analysis and
Regression
The data were centered and scaled before principal component
analysis (PCA) was performed on the hormones from each time
of measurement (pre-intervention resting, pre-intervention post-
exercise AUC, post-intervention resting, and post-intervention
post-exercise AUC). The purpose of PCA is to use orthogonal
transformation to create a set of new linear, uncorrelated
variables (principal components), a subset of which is taken
that effectively accounts for most of the variability seen in
the original data. Ultimately, these principal components are
linear combinations of the original variables (e.g., hormones)
that are later used as covariates in regression analyses herein.
We present the PCA here in scree plots. Backward elimination
was performed on the principal components (i.e., principal
component regression) using AIC as the model fit criterion. PCA
and principal component regression were performed in R (R Core
Team, 2017).

High- vs. Low-Responders
Skeletal muscle biopsies from each participant’s vastus lateralis
and DXA were used to assess the change in fiber CSA (both
type 1 and type 2) and LBM, respectively, as described in
detail elsewhere (Morton et al., 2016). The determination

of HIR and LOR was done by individually ranking (from
1 to 49) the change in each outcome for each participant
and then averaging each participant’s rank across all three
outcomes (type 1 CSA, type 2 CSA, and LBM). With a
probability of type II error (alpha) of 0.05, a type I error
probability (beta) of 0.20, and a relatively moderate expected
difference in RET-induced changes in muscle mass between
HIR and LOR (effect size, f = 0.60), a priori sample size
calculations required 18 participants (nine in each group).
Thus, the top quintile (n = 10) of ranked participants were
categorized as the HIR and the bottom quintile (n = 10) of
ranked participants were categorized as the LOR. Statistical
analyses between HIR and LOR was performed using SPSS
(version 22.0, Chicago, IL, United States). Type 1 CSA, type
2 CSA, LBM, and all intramuscular hormone-related data
were analyzed using a two-factor (group × time) repeated
measures analysis of variance (ANOVA) with group (HIR vs.
LOR) and time (pre- vs. post-intervention) as the experimental
variables. If indicated, independent two-tailed t-tests were run
to evaluate any differences between-groups at a specific time
point (e.g., pre-intervention intramuscular T). Correlations
between intramuscular outcomes and the change in type 1
CSA, type 2 CSA, and LBM were performed in SPSS (version
22.0, Chicago, IL, United States). Statistical significance was
accepted when P < 0.05. Data are presented as box and
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whisker plots (including the median [line], mean [cross],
interquartile range [box], and minimum and maximum values
[whiskers]) in Figures 1, 3 and mean ± SD in text and
tables.

RESULTS

Changes in Muscle Mass With
Resistance Exercise Training
Fifty-six participants were recruited and 49 participants
completed the whole intervention (HR: n = 24, LR: n = 25;
23 ± 2 years, 86 ± 5 kg, 181 ± 6 cm). Two individuals
dropped out from the LR group due to work relocation and a
non-intervention related injury and five individuals dropped
out of the HR group due to either a change in location or
a non-intervention related injury. Twelve weeks of RET
resulted in an increase in type 1 CSA (665 ± 149 µm2),
type 2 CSA (978 ± 189 µm2), and LBM (1.22 ± 1.37 kg,
P < 0.01; Figures 1A–C, respectively; Morton et al., 2016).
There were no differences between repetition groups
(HR versus LR – see Morton et al., 2016) for any of the
outcomes.

Stepwise Regressions
For each outcome (change in type 1 CSA, type 2 CSA,
and LBM) none of the post-exercise AUC (Table 1) or
the resting concentrations (Table 2) of any hormone
measured either pre- or post-intervention were consistently
significant (i.e., significant with multiple outcomes or at
more than one time of measurement) in the final models.
Furthermore, the coefficients of determination (i.e., R2)
values were low (<0.25) for all outcomes at each time of
measurement indicating that little of the variation seen in
the hypertrophic response can be explained by any model
fitted here. Similar results were found when evaluating the
pre- and post-intervention type 1 CSA, type 2 CSA, and LBM
against resting hormone concentrations (Supplementary
Table 1).

Principal Component Analysis
Principal component analysis was performed on centered and
scaled predictors and is presented here as scree plots for
the pre-intervention post-exercise AUC (Figure 2A), post-
intervention post-exercise AUC (Figure 2B), pre-intervention
resting concentrations (Figure 2C), and post-intervention resting
concentrations (Figure 2D). As illustrated by the shallow-sloped

FIGURE 3 | Intramuscular (A) free testosterone concentration, (B) dihydrotestosterone concentration, (C) 5α-reductase expression, and (D) androgen receptor
content presented pre- and post-intervention in both high- and low-responders. Representative immunoblots for 5α-reductase expression (C) and androgen
receptor content (D) are shown between HIR and LOR both pre- and post-intervention with their respective weights. Values are presented as median (lines) with
interquartile range (boxes), range (minimum and maximum), and mean (cross). †Significant difference between pre- and post-intervention (P < 0.01). ∗Significant
difference between high- and low-responders (P < 0.05).
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scree plots, no principal component was particularly effective at
explaining variance in the original data set.

We chose to keep the number of principal components that
explain ≥80% of the variance in the original predictors, which
resulted in seven principal components included in each of our
principal component stepwise regressions. Running principal
component stepwise regression (regardless of whether the
hormones were evaluated at rest, post-exercise, pre-intervention,
or post-intervention) revealed that no principal component
was consistently significant or consistently included in any of
the final models and that the final R2 never exceeded 0.25
and was as low as 0.05 (Supplementary Tables 2–4). These
results indicate that very little of the variation seen in the
hypertrophic response to RET can be explained by any of the
fitted models.

High- vs. Low-Responders
There was a significant difference between HIR and LOR
in the change in type 1 CSA (HIR: 2106 ± 412, LOR:
−520 ± 450 µm2), type 2 CSA (HIR: 2642 ± 756, LOR:
−373 ± 593 µm2), and LBM (HIR: 2.1 ± 0.8, LOR: 0.6 ± 0.8 kg,
P ≤ 0.001; Figures 1D–F). There was no difference in
the number of participants from each training group (HIR:
four and six and LOR: six and four from HR and LR,
respectively).

There was no difference in any resting hormone concentration
between HIR and LOR with the exception of the post-
intervention resting concentration of LH (HIR: 3.67± 0.63; LOR
4.59 ± 1.15 IU/L, P < 0.01) and lactate (HIR: 0.52 ± 0.05;
LOR: 0.55 ± 0.07 mM, P = 0.02), which were greater in the
LOR. There was no difference in the post-exercise AUC for any
hormone between HIR and LOR with the exception of pre-
intervention post-exercise cortisol, which was higher in the HIR
(HIR: 576± 100; LOR: 508± 199 nM; P < 0.001).

Intramuscular Hormones
There were no differences in the pre-intervention, post-
intervention, or change in intramuscular T or DHT between
HIR and LOR (Figures 3A,B, respectively). The change in
5α-reductase expression was significant in HIR (pre: 1457± 450,
post: 1957 ± 543 AU, P < 0.01) but not in LOR (pre:
1748 ± 559, post: 1994 ± 840 AU, P = 0.32; Figure 3C).
The pre-intervention (HIR: 10827 ± 2789, LOR: 7759 ± 1323
AU, P < 0.01) and post-intervention (HIR: 11406 ± 2789,
LOR: 7801 ± 1189 AU, P = 0.01; Figure 3D) intramuscular
androgen receptor content was significantly greater in HIR
versus LOR. There was no change in intramuscular androgen
receptor content pre- to post-intervention (1319 ± 1314
AU, P = 0.75) and there was a linear relationship between
the participants’ pre- and post-intervention androgen receptor
content (r = 0.92).

There were no significant correlations between the pre-
intervention, post-intervention, or change in intramuscular T,
DHT, or 5α-reductase with the change in type 1 CSA, type
2 CSA, or LBM (P > 0.05; Supplementary Table 5). In
contrast, pre-intervention, post-intervention, and the average
between pre- and post-intervention androgen receptor content
was significantly correlated with the change in LBM (pre: r = 0.76,
P < 0.01; post: r = 0.75, P < 0.01; average: r = 0.77, P < 0.01),
type 1 CSA (pre: r = 0.51, P = 0.03; post: r = 0.49, P = 0.04;
average: r = 0.51, P = 0.03), and type 2 CSA (pre: r = 0.61,
P < 0.01; post: r = 0.65, P < 0.01; average: r = 0.64, P < 0.01;
Supplementary Table 5 and Figure 4). One participant’s data
was removed from the regression analyses that included the
change in LBM because it was identified as a statistical outlier
via the robust regression and outlier removal method at a
coefficient of 1% (Motulsky and Brown, 2006). We have indicated
the location of this participant in Figure 4 for illustrative
purposes.

TABLE 1 | Backward elimination regression final output between post-exercise systemic hormone AUC and the change in type 1 CSA, type 2 CSA, and LBM.

Pre-intervention post-exercise AUC Post-intervention post-exercise AUC

Estimate SEM t-Value p-Value Estimate SEM t-Value p-Value

1 Type 1 CSA 1 Type 1 CSA

Intercept 636 160 4.0 0.01 Intercept 669 145 4.6 0.01

DHEA −230 162 −1.4 0.16 DHT −239 147 −1.6 0.11

fIGF-1 305 147 2.1 0.04

F = 2.03 df = 42 R2 = 0.05 pv = 0.16 F = 3.27 df = 45 R2 = 0.13 pv = 0.05

1 Type 2 CSA 1 Type 2 CSA

Intercept 949 184 5.2 0.01 Intercept 982 190 5.2 0.01

LH −508 197 −2.6 0.01 fT −337 200 −1.7 0.10

GH 371 199 1.9 0.07 DHEA −287 200 −1.4 0.16

DHEA −287 188 −1.5 0.14

F = 3.63 df = 40 R2 = 0.21 pv = 0.02 F = 1.93 df = 45 R2 = 0.08 pv = 0.16

1 LBM 1 LBM

Intercept 1.2 0.2 6.0 0.01 Intercept 1.2 0.2 6.3 0.01

fIGF-1 0.3 0.2 1.6 0.12 DHT −0.3 0.2 −1.4 0.17

Lactate −0.4 0.2 −2.0 0.05

F = 2.54 df = 42 R2 = 0.06 pv = 0.12 F = 2.67 df = 45 R2 = 0.11 pv = 0.08
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TABLE 2 | Backward elimination regression final output between resting hormones and the change in type 1 CSA, type 2 CSA, and LBM.

Pre-intervention resting Post-intervention resting

Estimate SEM t-Value p-Value Estimate SEM t-Value p-Value

1 Type 1 CSA 1 Type 1 CSA

Intercept 667 147 4.6 0.01 Intercept 667 140 4.8 0.01

IGF-1 232 148 1.6 0.12 T −207 143 −1.4 0.16

F = 2.45 df = 47 R2 = 0.03 pv = 0.12 LH −258 143 1.8 0.08

Cortisol −218 143 −1.5 0.13

F = 2.93 df = 45 R2 = 0.16 pv = 0.04

1 Type 2 CSA 1 Type 2 CSA

Intercept 978 182 5.4 0.01 Intercept 978 183 5.4 0.01

LH −403 186 −2.2 0.04 LH −327 185 −1.8 0.08

GH 293 186 1.6 0.12 Cortisol −283 185 −1.5 0.13

F = 3.10 df = 46 R2 = 0.12 pv = 0.06 F = 2.76 df = 46 R2 = 0.11 pv = 0.07

1 LBM 1 LBM

Intercept 1.2 0.2 6.8 0.01 Intercept 1.2 0.2 6.8 0.01

DHT −0.4 0.2 −2.2 0.03 fT 0.3 0.2 1.7 0.11

Lactate −0.3 0.2 −1.7 0.09 DHT −0.3 0.2 −1.8 0.09

Cortisol 0.4 0.2 2.0 0.06 GH 0.4 0.2 1.9 0.06

F = 3.84 df = 45 R2 = 0.20 pv = 0.02 F = 4.26 df = 45 R2 = 0.22 pv = 0.01

DISCUSSION

The main finding of the present study, consistent with
our previous work, was that no systemic hormone shared
significant variance with RET-induced changes in skeletal muscle
fiber CSA or skeletal muscle mass in resistance-trained men
(Tables 1, 2). We extend these findings to include local muscle-
measured hormonal concentrations, which also did not show
a significant association with any index of hypertrophy. We
found that HIR had increased 5α-reductase content following
12 weeks of RET and had significantly higher androgen
receptor content, which did not change with RET, than
LOR both prior to- and after-RET (Figure 3). We conclude
that neither systemic nor local muscular hormone availability
influence RET-induced skeletal muscle hypertrophy in healthy
young men. Consistent with previous work, we propose
instead that the magnitude of RET-induced skeletal muscle
hypertrophy is modulated in part by intramuscular androgen
receptor content (Figure 4) and likely other intramuscular
variables.

Circulating Hormones and Resistance
Exercise Training
Recent publications (Kraemer et al., 2017; Mangine et al., 2017)
and guidelines (Ratamess et al., 2009) claim that circulating
hormones are mechanistically and directly related to, and
predictive of, RET-induced changes in skeletal muscle mass
despite contrary evidence that they are not (West et al., 2010;
West and Phillips, 2012; Mitchell et al., 2013; Morton et al.,
2016; Mobley et al., 2018). In a previous study, we ran 120
correlations, each on 49 participants, between 10 different
hormones and various measures of changes in muscle mass
and strength. We found that only the post-exercise rise in

cortisol was correlated with changes in type 2 CSA (pre-
intervention: r = −0.34, P = 0.02; post-intervention: r = −0.31,
P = 0.04) (Morton et al., 2016). Others have found significant
correlations between the post-exercise rise in circulating GH
(McCall et al., 1999) and T (Ahtiainen et al., 2003; Brook
et al., 2016) with changes in muscle mass but those correlations
were run on samples consisting of less than 11 participants,
which could give rise to spurious correlations. Here, we ran
an additional 48 stepwise regressions from 49 participants, 10
hormones, and three separate hypertrophy-related outcomes
including muscle fiber size. We found that no hormone was
consistently significant, nor did any final model have a high
coefficient of determination, i.e., all R2 values were below
0.25. Moreover, PCA was not effective at reducing the total
variance amongst the original hormone data (Figure 2) and
there was no regression model with the principal components
used as covariates that explained a meaningful proportion of
the variability in any outcome (Supplementary Tables 2–4).
There is now substantial evidence to suggest that circulating
systemic hormones measured at rest (McCall et al., 1999;
Morton et al., 2016; Mobley et al., 2018) and/or post-exercise
(Ahtiainen et al., 2003; West et al., 2010; West and Phillips,
2012; Mitchell et al., 2013; Morton et al., 2016) share no
common variance and are thus neither related to nor predictive
of RET-induced changes in muscle mass in healthy young
participants.

A recent study (Mangine et al., 2017) used partial least
squares-structural equation modeling (PLS-SEM) and reported
that a model with composite hormonal scores (T, GH, IGF-1,
insulin, and cortisol) and a composite measure of hypertrophy
(muscle CSA and thickness from the vastus lateralis and rectus
femoris) resulted in a significant coefficient of determination
(R2 = 0.73). The interpretation of this finding was that the
composite hormonal score was related to a composite score of
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hypertrophy. What is troubling with this interpretation is that
the model without T (the model’s best hormonal predictor)
still had a substantial coefficient of determination (R2 = 0.43)
with the hypertrophy composite score and was statistically
significant. In fact, individual removal of the other hormones
(GH, IGF-1, insulin, and cortisol) showed negligible effect on
the shared variance of the model and yet the model without
its ‘best’ predictive hormone, T, accounted for almost 60% of
the variance seen with that hormone present in the model.
While the authors argued for unexplained interactions between
hormones as being a reason for the model variance without
T, we suggest it is more likely that PLS weights capitalize on
chance to exaggerate the correlations (Goodhue et al., 2012).
While we see value in PLS-SEM for examination of large datasets,
there are substantial limitations to interpretation when small
sample sizes (n = 26) are used (Goodhue et al., 2012). Defining
PLS as an appropriate SEM method has also been called into
question for estimation and inference (Rönkkö and Evermann,
2013) and the coefficient of determination (e.g., R2) is a poor
yardstick for assessing PLS-SEM model fit because inconsistent
estimators can produce models with high R2. Consequently,
not all well-fit models are predictive (Henseler et al., 2014)
and not all predictive models are well-fit (McIntosh et al.,
2014).

High- vs. Low-Responders to Resistance
Exercise Training
To investigate potential determinants of the heterogeneity in
RET-induced skeletal muscle hypertrophy (Hubal et al., 2005;
Davidsen et al., 2011; Morton et al., 2016), we stratified 49
participants into HIR (n = 10) and LOR (n = 10) based
on their change in three indicators of skeletal muscle mass
(type 1 CSA, type 2 CSA, and LBM; Figure 1). Despite
large between-group differences in each outcome there were
no meaningful differences in any circulating pre- or post-
exercise hormone measured either pre- or post-intervention.
Considering steroid hormones are lipid-soluble (e.g., they
diffuse across the sarcolemma according to their concentration
gradient) it is not surprising that intramuscular T and
DHT measured pre- and post-intervention were also not
different between HIR and LOR (Figure 3). The lack of
difference in circulating and intramuscular hormones between
HIR and LOR provides evidence that neither hormone
delivery to the muscle nor the transfer of steroid hormones
inside the muscle are rate-limiting steps in healthy, young
individuals.

Androgen receptor content was significantly higher both
pre- and post-intervention in the HIR compared to the LOR
(Figure 3) and was correlated with changes in muscle mass
(Figure 4). Though another group has found no difference
in androgen receptor content between HIR and LOR to
RET (Mobley et al., 2018), it is important to acknowledge
the differences in study design (e.g., untrained vs. trained
participants) and outcome measurements (i.e., cluster analysis
based on muscle thickness vs. an aggregate score of DXA and fiber
CSA) between them and our work, respectively. The function

FIGURE 4 | Correlations between the pre-intervention intramuscular androgen
receptor content and changes in muscle mass. Correlations are presented in
panels for: (A) type 1 CSA (r = 0.51, P = 0.03), (B) type 2 CSA (r = 0.61,
P < 0.01), and (C) LBM (r = 0.76, P < 0.01). In (C), the outlier that was
removed from the correlational analysis between pre-intervention androgen
receptor content and LBM is included on the figure as an ‘×.’

of an androgen receptor is, when bound with an androgen,
to translocate to the nucleus and modify expression of target
genes [reviewed elsewhere (Beato and Klug, 2000)], many of
which are known targets involved in skeletal muscle growth
and development (Wyce et al., 2010). Indeed, when androgen
receptors are knocked out in male mice there is a significant
reduction in muscle mass and strength (MacLean et al., 2008).
Importantly, most steroid hormones have a high affinity with
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their steroid receptors. For example, the dissociation constant of
the androgen receptor to T and DHT is only ∼0.2 to 0.5 nM
(Wilson and French, 1976). In the present study, at rest, the
molarity of serum T (HIR: 28 ± 7; LOR: 31 ± 7 nM), serum
fT (HIR: 0.5 ± 0.01; LOR: 0.5 ± 0.01 nM) and serum DHT
(HIR and LOR: 0.7 ± 0.2 nM) all exceeded 0.2–0.5 nM.
Given there was no difference in circulating or intramuscular
hormones between HIR and LOR, along with high androgen-
androgen receptor binding affinity, it seems likely that both
at rest and post-exercise existing androgen receptors would
have been saturated in skeletal muscle. We hypothesize that
though androgen delivery may be a rate-limiting step for RET-
induced muscle hypertrophy in hypogonadal men (Bhasin et al.,
1997; Kvorning et al., 2013), androgen receptor content is the
more important variable in RET-induced androgen-mediated
skeletal muscle protein accretion in healthy men (Diver et al.,
2003).

Limitations
We performed 120 correlations in a previous study (Morton
et al., 2016) and 48 stepwise regressions here (24 on original
data and 24 on the principal components). Applying multiple
analyses on the same data was intentional data mining to
demonstrate the lack of ability of resting or post-exercise
circulating and intramuscular hormones to predict baseline
or RET-induced changes in skeletal muscle mass. We could
have performed additional statistics to account for multiple
testing but this would be uninformative because none of our
models explained much variance (as assessed by R2 values,
which did not exceed 0.25). We also acknowledge that although
we included a large sample size (n = 49) for our systemic
hormone analysis we limited ourselves to a relatively smaller
sample size (n = 20) for our HIR and LOR comparison.
We fully admit that in the case of the androgen receptor
correlation what we present is an inflated estimate due to
the choice of measuring only higher and lower responders
to our training protocol. We did our analysis this way to
illustrate the difference in RET-induced muscle hypertrophy
and investigate the influence of circulating and intramuscular
hormone-variables on two distinct groups. Though we were
limited by the amount of tissue collected, it is a fair critique that
our correlational analysis would be more telling if we included
all participants and if we performed additional analyses [e.g.,
nuclear and cytoplasmic fractions of androgen receptor content
as well as multiple gene expressions (Cheung et al., 2017)].
Hence, there is an opportunity for future work to focus on the
specific biology that governs androgen receptor regulation and
function. Others have postulated that mass spectrometry analysis
(as opposed to immunoassays) is necessary to detect small,
intramuscular concentrations of steroid hormones (Handelsman
and Wartofsky, 2013); however, our intent was to analyze our
samples using methods similar to those that others have used
in exercise science, which may be dissimilar to those in clinical
endocrinology. We recognize that using DXA to measure changes
in LBM is not the gold standard, which is why we elected
to also include change in type 1 and type 2 fiber CSA to
determine our HIR and LOR (Buckinx et al., 2018). In regards

to our interpretation, it is naïve to suggest that androgen
signaling is exclusively operational via its tendency to bind to
an androgen receptor [reviewed elsewhere (Herbst and Bhasin,
2004; Dubois et al., 2012)]. Though transcriptional regulation
(e.g., androgen–androgen receptor signaling) is evidenced here
as a potent modulator of RET-induced changes in muscle mass,
it is also clear that post-transcriptional regulation is at least
equally as important for protein synthesis (Schwanhausser et al.,
2011) as has been highlighted by recent findings (Figueiredo
et al., 2015; Robinson et al., 2017; Mobley et al., 2018) and
reviews (Chaillou et al., 2014; McGlory et al., 2017). Lastly,
though there is genetic influence that underpins RET-induced
skeletal muscle hypertrophy, there are still many environmental
considerations, for example consuming adequate dietary protein
(Morton et al., 2017), that modulate RET-induced muscle
hypertrophy.

CONCLUSION

We performed backward elimination and principal component
regression on a relatively large cohort (n = 49) of resistance-
trained men and conclude that the post-exercise AUC (i.e.,
acute transient net hormonal exposure) and resting hormone
concentrations measured in the blood do not share common
variance with RET-induced changes in muscle mass. That
is, systemic hormone concentrations are not related to, or
in any way predictive of, RET-induced changes in muscle
mass. Performing subset analysis on the highest- and lowest-
responders revealed that androgen receptor content, not
intramuscular androgen levels, does not change with RET
in trained participants but is significantly higher in HIR
than LOR to RET. This study, in conjunction with others
(Bamman et al., 2007; Petrella et al., 2008; Davidsen et al.,
2011; Eynon et al., 2013), provides evidence that the relative
increase in skeletal muscle mass following RET is underpinned
by local intramuscular factors and not systemic hormonal
concentrations.

AUTHOR CONTRIBUTIONS

RM, SO, and SP conceived the research design and conducted
the study. RM and MG performed the statistical analyses. PM
and SP provided statistical advice. RM, KS, SF, and SP performed
data analysis. RM and SP drafted the manuscript. RM, KS, MG,
SO, PM, SF, and SP revised and approved the final draft of the
manuscript.

ACKNOWLEDGMENTS

RM thanks the Natural Science and Engineering Research
Council of Canada for their support during the completion of
this work. SP thanks the Canada Research Chairs, Canadian

Frontiers in Physiology | www.frontiersin.org 9 October 2018 | Volume 9 | Article 1373

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01373 October 5, 2018 Time: 14:6 # 10

Morton et al. Androgen Receptor and Muscle Hypertrophy

Institutes for Health Research, and the Natural Science and
Engineering Research Council of Canada for their support during
the completion of this work. The authors declare that the results
of the study above are presented clearly, honestly, and without
fabrication, falsification, or inappropriate data manipulation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2018.01373/full#supplementary-material

REFERENCES
Ahtiainen, J. P., Hulmi, J. J., Kraemer, W. J., Lehti, M., Nyman, K., Selanne, H.,

et al. (2011). Heavy resistance exercise training and skeletal muscle androgen
receptor expression in younger and older men. Steroids 76, 183–192. doi: 10.
1016/j.steroids.2010.10.012

Ahtiainen, J. P., Pakarinen, A., Alen, M., Kraemer, W. J., and Hakkinen, K. (2003).
Muscle hypertrophy, hormonal adaptations and strength development during
strength training in strength-trained and untrained men. Eur. J. Appl. Physiol.
89, 555–563. doi: 10.1007/s00421-003-0833-3

Aizawa, K., Iemitsu, M., Maeda, S., Otsuki, T., Sato, K., Ushida, T., et al. (2010).
Acute exercise activates local bioactive androgen metabolism in skeletal muscle.
Steroids 75, 219–223. doi: 10.1016/j.steroids.2009.12.002

Bamman, M. M., Petrella, J. K., Kim, J. S., Mayhew, D. L., and Cross, J. M.
(2007). Cluster analysis tests the importance of myogenic gene expression
during myofiber hypertrophy in humans. J. Appl. Physiol. 102, 2232–2239.
doi: 10.1152/japplphysiol.00024.2007

Beato, M., and Klug, J. (2000). Steroid hormone receptors: an update.Hum. Reprod.
Update 6, 225–236. doi: 10.1093/humupd/6.3.225

Bhasin, S., Storer, T. W., Berman, N., Yarasheski, K. E., Clevenger, B., Phillips, J.,
et al. (1997). Testosterone replacement increases fat-free mass and muscle size
in hypogonadal men. J. Clin. Endocrinol. Metab. 82, 407–413. doi: 10.1210/jc.
82.2.407

Brook, M. S., Wilkinson, D. J., Mitchell, W. K., Lund, J. N., Phillips, B. E., Szewczyk,
N. J., et al. (2016). Synchronous deficits in cumulative muscle protein synthesis
and ribosomal biogenesis underlie age-related anabolic resistance to exercise in
humans. J. Physiol. 594, 7399–7417. doi: 10.1113/JP272857

Buckinx, F., Landi, F., Cesari, M., Fielding, R. A., Visser, M., Engelke, K., et al.
(2018). Pitfalls in the measurement of muscle mass: a need for a reference
standard. J. Cachexia Sarcopenia Muscle 9, 269–278. doi: 10.1002/jcsm.12268

Chaillou, T., Kirby, T. J., and McCarthy, J. J. (2014). Ribosome biogenesis: emerging
evidence for a central role in the regulation of skeletal muscle mass. J. Cell.
Physiol. 229, 1584–1594. doi: 10.1002/jcp.24604

Cheung, A. S., de Rooy, C., Levinger, I., Rana, K., Clarke, M. V., How,
J. M., et al. (2017). Actin alpha cardiac muscle 1 gene expression is
upregulated in the skeletal muscle of men undergoing androgen deprivation
therapy for prostate cancer. J. Steroid Biochem. Mol. Biol. 174, 56–64.
doi: 10.1016/j.jsbmb.2017.07.029

R Core Team (2017). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Davidsen, P. K., Gallagher, I. J., Hartman, J. W., Tarnopolsky, M. A., Dela, F., Helge,
J. W., et al. (2011). High responders to resistance exercise training demonstrate
differential regulation of skeletal muscle microRNA expression. J. Appl. Physiol.
110, 309–317. doi: 10.1152/japplphysiol.00901.2010

Diver, M. J., Imtiaz, K. E., Ahmad, A. M., Vora, J. P., and Fraser, W. D. (2003).
Diurnal rhythms of serum total, free and bioavailable testosterone and of SHBG
in middle-aged men compared with those in young men. Clin. Endocrinol. 58,
710–717. doi: 10.1046/j.1365-2265.2003.01772.x

Dubois, V., Laurent, M., Boonen, S., Vanderschueren, D., and Claessens, F. (2012).
Androgens and skeletal muscle: cellular and molecular action mechanisms
underlying the anabolic actions. Cell Mol. Life Sci. 69, 1651–1667. doi: 10.1007/
s00018-011-0883-3

Eynon, N., Hanson, E. D., Lucia, A., Houweling, P. J., Garton, F., North, K. N.,
et al. (2013). Genes for elite power and sprint performance: ACTN3 leads the
way. Sports Med. 43, 803–817. doi: 10.1007/s40279-013-0059-4

Figueiredo, V. C., Caldow, M. K., Massie, V., Markworth, J. F., Cameron-
Smith, D., and Blazevich, A. J. (2015). Ribosome biogenesis adaptation
in resistance training-induced human skeletal muscle hypertrophy.
Am. J. Physiol. Endocrinol. Metab. 309, E72–E83. doi: 10.1152/ajpendo.
00050.2015

Goodhue, D. L., Lewis, W., and Thompson, R. (2012). Does PLS have advantages
for small sample size or non-normal data? Mis. Q. 36, 982–1002.

Handelsman, D. J., and Wartofsky, L. (2013). Requirement for mass
spectrometry sex steroid assays in the Journal of Clinical Endocrinology and
Metabolism. J. Clin. Endocrinol. Metab. 98, 3971–3973. doi: 10.1210/jc.2013-
3375

Henseler, J., Ringle, C. M., and Sarstedt, M. (2014). A new criterion for assessing
discriminant validity in variance-based structural equation modeling. J. Acad.
Mark. Sci. 43, 115–135. doi: 10.1007/s11747-014-0403-8

Herbst, K. L., and Bhasin, S. (2004). Testosterone action on skeletal muscle. Curr.
Opin. Clin. Nutr. Metab. Care 7, 271–277. doi: 10.1097/01.mco.0000126345.
96117.9c

Horii, N., Sato, K., Mesaki, N., and Iemitsu, M. (2016). Increased muscular 5alpha-
dihydrotestosterone in response to resistance training relates to skeletal muscle
mass and glucose metabolism in type 2 diabetic rats. PLoS One 11:e0165689.
doi: 10.1371/journal.pone.0165689

Hubal, M. J., Gordish-Dressman, H., Thompson, P. D., Price, T. B., Hoffman, E. P.,
Angelopoulos, T. J., et al. (2005). Variability in muscle size and strength gain
after unilateral resistance training. Med. Sci. Sports Exerc. 37, 964–972.

Kraemer, W. J., Ratamess, N. A., and Nindl, B. C. (2017). Recovery responses
of testosterone, growth hormone, and IGF-1 after resistance exercise. J. Appl.
Physiol. 122, 549–558. doi: 10.1152/japplphysiol.00599.2016

Kvorning, T., Christensen, L. L., Madsen, K., Nielsen, J. L., Gejl, K. D., Brixen, K.,
et al. (2013). Mechanical muscle function and lean body mass during
supervised strength training and testosterone therapy in aging men with low-
normal testosterone levels. J. Am. Geriatr. Soc. 61, 957–962. doi: 10.1111
/jgs.12279

MacLean, H. E., Chiu, W. S., Notini, A. J., Axell, A. M., Davey, R. A., McManus,
J. F., et al. (2008). Impaired skeletal muscle development and function in
male, but not female, genomic androgen receptor knockout mice. FASEB J. 22,
2676–2689. doi: 10.1096/fj.08-105726

Mangine, G. T., Hoffman, J. R., Gonzalez, A. M., Townsend, J. R., Wells,
A. J., Jajtner, A. R., et al. (2017). Exercise-induced hormone elevations are
related to muscle growth. J. Strength Cond. Res. 31, 45–53. doi: 10.1519/jsc.
0000000000001491

McCall, G. E., Byrnes, W. C., Fleck, S. J., Dickinson, A., and Kraemer, W. J.
(1999). Acute and chronic hormonal responses to resistance training designed
to promote muscle hypertrophy. Can. J. Appl. Physiol. 24, 96–107. doi: 10.1371/
journal.pone.0078636

McGlory, C., Devries, M. C., and Phillips, S. M. (2017). Skeletal muscle and
resistance exercise training; the role of protein synthesis in recovery and
remodeling. J. Appl. Physiol. 122, 541–548. doi: 10.1152/japplphysiol.00613.
2016

McIntosh, C. N., Edwards, J. R., and Antonakis, J. (2014). Reflections on partial
least squares path modeling. Organ. Res. Methods 17, 210–251. doi: 10.1177/
1094428114529165

Mitchell, C. J., Churchward-Venne, T. A., Bellamy, L., Parise, G., Baker, S. K., and
Phillips, S. M. (2013). Muscular and systemic correlates of resistance training-
induced muscle hypertrophy. PLoS One 8:e78636. doi: 10.1371/journal.pone.
0078636

Mobley, C. B., Haun, C. T., Roberson, P. A., Mumford, P. W., Kephart,
W. C., Romero, M. A., et al. (2018). Biomarkers associated with low,
moderate, and high vastus lateralis muscle hypertrophy following 12 weeks
of resistance training. PLoS One 13:e0195203. doi: 10.1371/journal.pone.019
5203

Morton, R. W., Murphy, K. T., McKellar, S. R., Schoenfeld, B. J., Henselmans, M.,
Helms, E., et al. (2017). A systematic review, meta-analysis and meta-regression
of the effect of protein supplementation on resistance training-induced gains
in muscle mass and strength in healthy adults. Br. J. Sports Med. 52, 376–384.
doi: 10.1136/bjsports-2017-097608

Frontiers in Physiology | www.frontiersin.org 10 October 2018 | Volume 9 | Article 1373

https://www.frontiersin.org/articles/10.3389/fphys.2018.01373/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2018.01373/full#supplementary-material
https://doi.org/10.1016/j.steroids.2010.10.012
https://doi.org/10.1016/j.steroids.2010.10.012
https://doi.org/10.1007/s00421-003-0833-3
https://doi.org/10.1016/j.steroids.2009.12.002
https://doi.org/10.1152/japplphysiol.00024.2007
https://doi.org/10.1093/humupd/6.3.225
https://doi.org/10.1210/jc.82.2.407
https://doi.org/10.1210/jc.82.2.407
https://doi.org/10.1113/JP272857
https://doi.org/10.1002/jcsm.12268
https://doi.org/10.1002/jcp.24604
https://doi.org/10.1016/j.jsbmb.2017.07.029
https://doi.org/10.1152/japplphysiol.00901.2010
https://doi.org/10.1046/j.1365-2265.2003.01772.x
https://doi.org/10.1007/s00018-011-0883-3
https://doi.org/10.1007/s00018-011-0883-3
https://doi.org/10.1007/s40279-013-0059-4
https://doi.org/10.1152/ajpendo.00050.2015
https://doi.org/10.1152/ajpendo.00050.2015
https://doi.org/10.1210/jc.2013-3375
https://doi.org/10.1210/jc.2013-3375
https://doi.org/10.1007/s11747-014-0403-8
https://doi.org/10.1097/01.mco.0000126345.96117.9c
https://doi.org/10.1097/01.mco.0000126345.96117.9c
https://doi.org/10.1371/journal.pone.0165689
https://doi.org/10.1152/japplphysiol.00599.2016
https://doi.org/10.1111/jgs.12279
https://doi.org/10.1111/jgs.12279
https://doi.org/10.1096/fj.08-105726
https://doi.org/10.1519/jsc.0000000000001491
https://doi.org/10.1519/jsc.0000000000001491
https://doi.org/10.1371/journal.pone.0078636
https://doi.org/10.1371/journal.pone.0078636
https://doi.org/10.1152/japplphysiol.00613.2016
https://doi.org/10.1152/japplphysiol.00613.2016
https://doi.org/10.1177/1094428114529165
https://doi.org/10.1177/1094428114529165
https://doi.org/10.1371/journal.pone.0078636
https://doi.org/10.1371/journal.pone.0078636
https://doi.org/10.1371/journal.pone.0195203
https://doi.org/10.1371/journal.pone.0195203
https://doi.org/10.1136/bjsports-2017-097608
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01373 October 5, 2018 Time: 14:6 # 11

Morton et al. Androgen Receptor and Muscle Hypertrophy

Morton, R. W., Oikawa, S. Y., Wavell, C. G., Mazara, N., McGlory, C.,
Quadrilatero, J., et al. (2016). Neither load nor systemic hormones determine
resistance training-mediated hypertrophy or strength gains in resistance-
trained young men. J. Appl. Physiol. 121, 129–138. doi: 10.1152/japplphysiol.
00154.2016

Motulsky, H. J., and Brown, R. E. (2006). Detecting outliers when fitting data
with nonlinear regression - a new method based on robust nonlinear
regression and the false discovery rate. BMC Bioinformatics 7:123.
doi: 10.1186/1471-2105-7-123

Petrella, J. K., Kim, J. S., Mayhew, D. L., Cross, J. M., and Bamman, M. M. (2008).
Potent myofiber hypertrophy during resistance training in humans is associated
with satellite cell-mediated myonuclear addition: a cluster analysis. J. Appl.
Physiol. 104, 1736–1742. doi: 10.1152/japplphysiol.01215.2007

Ratamess, N. A., Alvar, B. A., Evetoch, T. K., Housh, T. J., Kibler, W. B., Kraemer,
W. J., et al. (2009). American College of Sports Medicine position stand.
Progression models in resistance training for healthy adults. Med. Sci. Sports
Exerc. 41, 687–708. doi: 10.1249/MSS.0b013e3181915670

Robinson, M. M., Dasari, S., Konopka, A. R., Johnson, M. L., Manjunatha, S.,
Esponda, R. R., et al. (2017). Enhanced protein translation underlies
improved metabolic and physical adaptations to different exercise
training modes in young and old humans. Cell Metab. 25, 581–592.
doi: 10.1016/j.cmet.2017.02.009

Rönkkö, M., and Evermann, J. (2013). A critical examination of common beliefs
about partial least squares path modeling. Organ. Res. Methods 16, 425–448.
doi: 10.1177/1094428112474693

Sato, K., Iemitsu, M., Matsutani, K., Kurihara, T., Hamaoka, T., and
Fujita, S. (2014). Resistance training restores muscle sex steroid hormone
steroidogenesis in older men. FASEB J. 28, 1891–1897. doi: 10.1096/fj.
13-245480

Schwanhausser, B., Busse, D., Li, N., Dittmar, G., Schuchhardt, J., Wolf, J., et al.
(2011). Global quantification of mammalian gene expression control. Nature
473, 337–342. doi: 10.1038/nature10098

West, D. W., Burd, N. A., Tang, J. E., Moore, D. R., Staples, A. W., Holwerda,
A. M., et al. (2010). Elevations in ostensibly anabolic hormones with resistance
exercise enhance neither training-induced muscle hypertrophy nor strength of
the elbow flexors. J. Appl. Physiol. 108, 60–67. doi: 10.1152/japplphysiol.01147.
2009

West, D. W., Kujbida, G. W., Moore, D. R., Atherton, P., Burd, N. A., Padzik,
J. P., et al. (2009). Resistance exercise-induced increases in putative anabolic
hormones do not enhance muscle protein synthesis or intracellular signalling
in young men. J. Physiol. 587(Pt 21), 5239–5247. doi: 10.1113/jphysiol.2009.
177220

West, D. W., and Phillips, S. M. (2012). Associations of exercise-induced hormone
profiles and gains in strength and hypertrophy in a large cohort after weight
training. Eur. J. Appl. Physiol. 112, 2693–2702. doi: 10.1007/s00421-011-2246-z

Wilson, E. M., and French, F. S. (1976). Binding properties of androgen receptors.
Evidence for identical receptors in rat testis, epididymis, and prostate. J. Biol.
Chem. 251, 5620–5629.

Wyce, A., Bai, Y., Nagpal, S., and Thompson, C. C. (2010). Research resource: the
androgen receptor modulates expression of genes with critical roles in muscle
development and function. Mol. Endocrinol. 24, 1665–1674. doi: 10.1210/me.
2010-0138

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Morton, Sato, Gallaugher, Oikawa, McNicholas, Fujita and
Phillips. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 11 October 2018 | Volume 9 | Article 1373

https://doi.org/10.1152/japplphysiol.00154.2016
https://doi.org/10.1152/japplphysiol.00154.2016
https://doi.org/10.1186/1471-2105-7-123
https://doi.org/10.1152/japplphysiol.01215.2007
https://doi.org/10.1249/MSS.0b013e3181915670
https://doi.org/10.1016/j.cmet.2017.02.009
https://doi.org/10.1177/1094428112474693
https://doi.org/10.1096/fj.13-245480
https://doi.org/10.1096/fj.13-245480
https://doi.org/10.1038/nature10098
https://doi.org/10.1152/japplphysiol.01147.2009
https://doi.org/10.1152/japplphysiol.01147.2009
https://doi.org/10.1113/jphysiol.2009.177220
https://doi.org/10.1113/jphysiol.2009.177220
https://doi.org/10.1007/s00421-011-2246-z
https://doi.org/10.1210/me.2010-0138
https://doi.org/10.1210/me.2010-0138
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Muscle Androgen Receptor Content but Not Systemic Hormones Is Associated With Resistance Training-Induced Skeletal Muscle Hypertrophy in Healthy, Young Men
	Introduction
	Materials and Methods
	Participants and Resistance Exercise Training Intervention
	Blood Collection and Hormone Analysis
	Stepwise Regressions
	Immunoblot Analysis
	Enzyme Immunoassays for Intramuscular Hormones
	Principal Component Analysis and Regression
	High- vs. Low-Responders

	Results
	Changes in Muscle Mass With Resistance Exercise Training
	Stepwise Regressions
	Principal Component Analysis
	High- vs. Low-Responders
	Intramuscular Hormones

	Discussion
	Circulating Hormones and Resistance Exercise Training
	High- vs. Low-Responders to Resistance Exercise Training
	Limitations

	Conclusion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


