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gains in young men

Cameron J. Mitchell,1 Tyler A. Churchward-Venne,1 Daniel W. D. West,1 Nicholas A. Burd,1

Leigh Breen,1 Steven K. Baker,2 and Stuart M. Phillips1

1Exercise Metabolism Research Group, Department of Kinesiology; and 2Department of Neurology and Medicine, McMaster
University, Hamilton, Ontario, Canada

Submitted 18 April 2012; accepted in final form 18 April 2012

Mitchell CJ, Churchward-Venne TA, West DW, Burd NA,
Breen L, Baker SK, Phillips SM. Resistance exercise load does
not determine training-mediated hypertrophic gains in young men.
J Appl Physiol 113: 71–77, 2012. First published April 19, 2012;
doi:10.1152/japplphysiol.00307.2012.—We have reported that the
acute postexercise increases in muscle protein synthesis rates, with
differing nutritional support, are predictive of longer-term training-
induced muscle hypertrophy. Here, we aimed to test whether the same
was true with acute exercise-mediated changes in muscle protein
synthesis. Eighteen men (21 � 1 yr, 22.6 � 2.1 kg/m2; means � SE)
had their legs randomly assigned to two of three training conditions
that differed in contraction intensity [% of maximal strength (1
repetition maximum)] or contraction volume (1 or 3 sets of repeti-
tions): 30%-3, 80%-1, and 80%-3. Subjects trained each leg with their
assigned regime for a period of 10 wk, 3 times/wk. We made pre- and
posttraining measures of strength, muscle volume by magnetic reso-
nance (MR) scans, as well as pre- and posttraining biopsies of the
vastus lateralis, and a single postexercise (1 h) biopsy following the
first bout of exercise, to measure signaling proteins. Training-induced
increases in MR-measured muscle volume were significant (P �
0.01), with no difference between groups: 30%-3 � 6.8 � 1.8%,
80%-1 � 3.2 � 0.8%, and 80%-3� 7.2 � 1.9%, P � 0.18. Isotonic
maximal strength gains were not different between 80%-1 and 80%-3,
but were greater than 30%-3 (P � 0.04), whereas training-induced
isometric strength gains were significant but not different between
conditions (P � 0.92). Biopsies taken 1 h following the initial
resistance exercise bout showed increased phosphorylation (P � 0.05)
of p70S6K only in the 80%-1 and 80%-3 conditions. There was no
correlation between phosphorylation of any signaling protein and
hypertrophy. In accordance with our previous acute measurements of
muscle protein synthetic rates a lower load lifted to failure resulted in
similar hypertrophy as a heavy load lifted to failure.

skeletal muscle; protein synthesis; motor unit; loading

HEAVIER LOADING [usually expressed as percentage of a person’s
maximal strength or single repetition maximum (1RM)] is
often recommended as the optimal way to maximize muscle
hypertrophy with resistance training (1). However, there is
very little empirical evidence to support this supposition and it
is unclear as to the physiological mechanisms by which heavier
training loads would provide a signal for greater muscle hy-
pertrophy compared with, for example, a lighter load lifted to
the point of fatigue; both conditions would result in a large
amount of muscle fibers being recruited. As proof-of-principle,
we recently tested this idea and demonstrated (9) that a single
bout of resistance exercise performed at 30% of 1RM to the
point of momentary muscle fatigue (failure) was equally as

effective in stimulating myofibrillar protein synthesis rates
(MPS) as loads lifted at 90% of 1RM (also lifted to fatigue). In
addition, the 30%-1RM condition resulted in a more prolonged
muscle protein synthetic response with a greater elevation of
myofibrillar protein synthesis rates than the 90% of 1RM
condition at 24 h after exercise (9). We have proposed that the
acute exercise-induced increases in MPS that are further aug-
mented with protein ingestion summate and lead to muscular
hypertrophy (27). If such a thesis is valid then acute measures
of protein synthesis would be, at least qualitatively if not
quantitatively, predictive of long-term gains in muscle protein.
There is support for this concept as we have shown that
measures of acute postexercise MPS, with differing nutritional
support (44), are qualitatively predictive of the training-in-
duced phenotypic outcome (17) between young men consum-
ing milk or soy. Therefore our previous results (9) suggest
that resistance training performed at 30% of 1RM to fatigue
should result in muscle hypertrophy after chronic resistance
training that, based on its prolonged stimulation of myofi-
brillar protein synthesis, is at least equivalent or greater than
the degree of hypertrophy resulting from training with
heavy loads. Support for this thesis exists from previous
training studies and from a number of studies using low
loads with vascular occlusion showing equivalent hypertro-
phy as that with high loads (36 –38).

Other than relative training load, another resistance training
variable that is often considered important is the volume of
work performed (1, 7, 25). Since fatigue limits the number of
repetitions that can be completed in a set at a given load,
varying the number of sets is a common way to adjust training
volume. There is currently disagreement concerning the benefit
of additional sets for increases in muscle hypertrophy (11, 29,
34). We have generated acute protein synthesis data from
young men showing that 3 sets performed at 70% of 1RM to
failure resulted in a greater and more prolonged myofibrillar
protein synthetic rate compared with a single set condition (7).
We speculate that if the model of summative changes leading
to hypertrophy (27) is correct, then our data (7) would mean a
greater hypertrophic response with 3 sets vs. 1 set of resistance
exercise.

We also wished to test the thesis that early postexercise signal-
ing responses, in particular that of p70S6-kinase (p70S6K), would
be related to hypertrophy as has been shown in humans (39)
and rodents (4). This is of interest since if the phosphorylation
of one single protein is truly predictive of hypertrophy and
strength gains then it is certainly worthy of great attention as to
its exact mechanistic role in muscle hypertrophy. The overall
purpose of the present study was to test whether the acute
results we had observed previously (7, 9) would be reflected
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with longer-term resistance training adaptations. We employed
acute measurements of protein signaling to evaluate the rele-
vance of these variables in predicting phenotype.

METHODS

Subjects. Eighteen healthy young men (21 � 0.8 yr, 1.76 � 0.04 m,
73.3 � 1.4 kg; means � SE) volunteered to participate in the study
after being informed of the procedures and potential risks involved in
the investigation. Subjects were recreationally active with no formal
weightlifting experience or regular weightlifting activity over the last
year. The protocol was approved by the Research Ethics Board of
Hamilton Health Sciences and McMaster University and was written
in accordance with standards set by the Declaration of Helsinki.

Experimental design. Participants completed 10 wk of unilateral
knee extension resistance training. Each leg was randomly assigned in
counterbalanced fashion to one of three possible unilateral training
conditions: one set of knee extension performed to voluntary failure at
80% of 1RM (80%-1); three sets of knee extension performed to the
point of fatigue at 80% of 1RM (80%-3); or three sets performed to
the point of fatigue with 30% of 1RM (30%-3). Each participant
trained both legs and was therefore assigned to two of the three
possible training conditions. Immediately after each training session
subjects consumed a source of high-quality protein (PowerBar Protein
Plus, 360 kcal, 3.5 g leucine, 30 g protein, 33 g carbohydrate, 11 g fat;
Nestle Nutrition, Florham Park, NJ) in conjunction with �300 ml of
water to standardize the postexercise meal and maximize training
adaptations.

Before and after the training program, whole muscle volume was
measured using magnetic resonance imaging (described below) and
changes in muscle fiber area were determined by fiber planimetry with
myosin ATPase histochemistry (described below). Knee extension
performance was measured by 1RM, maximal voluntary isometric
contraction (MVC), rate of isometric force development (RFD), and
peak power (described below).

Prior to the first training session, participants fasted overnight and
consumed a standard liquid meal (480 kcal, 20 g protein, 82 g
carbohydrate, 8 g fat) 2 h prior to having resting bilateral muscle
biopsies taken from the vastus lateralis. Biopsies were performed with
a Bergström needle that was custom-modified for manual suction
under local anesthesia (2% xylocaine). Tissue from this biopsy (�80
mg) was used for myosin ATPase histochemistry and Western blot-
ting analysis. Following these initial biopsies, subjects completed
their prescribed training session for each leg and immediately con-
sumed a PowerBar Protein Plus bar (Nestle Nutrition, Florham Park,
NJ) and 300 ml of water. One hour following the completion of the
exercise, bilateral biopsies were taken from the vastus lateralis, for the
measurement of acute changes in anabolic signaling molecule phos-
phorylation status via Western blot. Following 10 wk of training a
third set of muscle biopsies was taken from each vastus lateralis
muscle and used for fiber area quantification.

Western blots. A piece of wet muscle (�20 mg) was homogenized
by hand on ice using a Teflon pestle in a standard Western blotting
homogenization buffer (10 �l/mg): 25 mM Tris (pH 7.2) buffer
containing 1 mM Na3VO4, 50 mM NaF, 40 mM �-glycerolphosphate,
20 mM sodium pyrophosphate, 0.5% vol/vol Triton X-100, and
Complete Protease Inhibitor Mini-Tabs (Roche, Indianapolis, IN) was
used. The samples were centrifuged at 1,500 g at 4°C for 10 min. The
resulting supernatant was removed and protein content was deter-
mined by the Bradford assay. Equal aliquots of protein were boiled in
Laemmli sample buffer (250 mM Tris·HCl, pH 6.8; 2% SDS; 10%
glycerol; 0.01% bromophenol blue; 5%�-mercaptoethanol) for 5 min.
Samples (20 �g of protein) were loaded onto 7.5–10% SDS-poly-
acrylamide gels and run for 1.5 h at 150 V. Gels were then transferred
to a PVDF membrane at 100 V for 1 h. Membranes were blocked with
5% skim milk powder (wt/vol) in Tris-buffered saline with 0.1%
Tween (vol/vol) (TBST). Membranes were then incubated overnight

in primary antibody at 4°C. The following phosphorylation sites were
determined: p70S6K-1Thr389 (Santa Cruz Biotechnology, Santa Cruz,
CA; no. 11759, 1:500 dilution in TBST), mTORSer2448 (Cell Signal-
ing Technology, no. 2971; 1:1,000 dilution in TBST), Akt Ser473 (Cell
Signaling Technology, no. 4056; 1:1,000 dilution in TBST). After
washing in TBST, membranes were incubated in horseradish perox-
idase-linked anti-rabbit IgG secondary antibody (GE Healthcare, Am-
ersham Biosciences, Piscataway, NJ; no. NA934VS, 1:15,000 dilution
in TBST), washed with TBST, and detected by chemiluminescence
(SuperSignalWest Dura Extended Duration Substrate, Thermo Scien-
tific, no. 34075). Images were developed using FluorChem SP Imag-
ing system and quantified by spot densitometry using ImageJ soft-
ware. All signaling protein phosphorylation responses were normal-
ized to their respective total protein.

Magnetic resonance imaging. Subjects rested in the supine position
for 1 h prior to scanning to prevent the influence of fluid shifts on
muscle volume. Also, no strenuous activity was allowed within 24 h
of the scanning. MR imaging was performed in a 3-T HD scanner
(Signa MRI System; GE Medical, Milwaukee, WI) at the Brain-Body
Institute, Imaging Research Centre, St. Joseph’s Healthcare (Hamil-
ton, Ontario). Image acquisition was carried out using T1 fluid
attenuation inversion recovery (FLAIR) in the axial plane with the
following parameters: repetition time/echo time � 2,574 ms/6.7 ms;
field of view � 25–30 cm; matrix size � range from 320/320 to
512/512 phase/frequency; inversion time � 958 ms; slice thickness �
5 mm. Thigh image acquisition utilized an eight-channel torso coil
with two excitations. There was a 10 mm gap between slices. Quad-
riceps volume was calculated by multiplying the slice area by the
distance between slices. Volume was measured from the first slice
where the rectus femoris was visible to the first slice where the gluteus
maximus was visible. ImageJ software (U. S. National Institutes of
Health, Bethesda, MD) was used to determine the area of each slice.
Pre- and postscans were performed at the same time of day and joint
angle and leg compression was controlled.

Muscle function. Subjects completed two testing sessions to assess
knee extensor function before and after the 10-wk training period. The
two sessions occurred in randomized order and were separated from
each other and the first training session by 3 days. Each session started
with two sets of submaximal dynamic knee extensions with a load
designed not to be fatiguing. Session one consisted of three 5-s
unilateral knee extension MVCs conducted on a Biodex dynamometer
(Shirley, NY) with 1 min of rest between contractions. A knee angle
of 90° was used. The highest recorded torque for each leg was taken
as the MVC. The analog torque signal for the Biodex was sampled at
2,000 Hz with PowerLab 3 data acquisition system (ADInstruments,
Bella Vista, Australia) and the RFD was calculated off-line by taking
the first derivative with respect to time. The dynamometer was then
set in isotonic mode and subjects were instructed to move the load as
quickly as possible. Three trials at 20, 30, 40, and 50% of MVC were
completed in a random order and the highest instantaneous power
achieved in any of the trials was recorded as peak power. Subjects
then completed a single set of knee extension to muscle fatigue for
each leg. The load used for this test was 30% of 1RM for legs assigned
to train with 80% of 1RM and 80% of 1RM for legs assigned to train
with 30% of 1RM (to assess the endurance of each subject at their
nontrained load). The second visit required subjects to complete a
single set to fatigue using the percentage of 1RM which they would
train with for the 10-wk study. Both the total number of repetitions
completed and the total work (the product of repetitions and load)
completed were recorded for each test.

Muscle fiber cross-sectional area (CSA). Muscle fibers were ori-
ented vertically by visual inspection and embedded in optimal cutting
temperature (OCT) medium. The mounted muscle was frozen in
isopentane cooled by liquid nitrogen and stored at �80°C until
processing for cross-sectional area analysis. Cross sections (10 �m
thick) were cut, mounted on glass slides, and stained using a myofi-
brillar ATPase histochemisty procedure that uses an acid preincuba-
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tion pH of 4.6 to distinguish type I and type II fibers as described
previously (24, 33). Pictures of the stained slides were taken using a
light microscope and NIS Elements 3.0 Imaging Software (Nikon,
NY). An average of 55 fibers of each type (type I and II) were outlined
using ImageJ software (U. S. National Institutes of Health, Bethesda,
MD) for each subject.

Statistics. Our mixed design did not permit us to make within-
subject comparisons; therefore, between-condition differences (mus-
cle hypertrophy, anabolic signaling, and performance) were tested
with a blocked two-factor (condition 	 time) analysis of variance
with repeated measures on time, where applicable. A Tukey’s post
hoc test was used to test for significant interactions. For all analyses
differences were considered significant at P � 0.05. All results are
presented as means � SE.

RESULTS

Muscle hypertrophy. Prior to training, quadriceps muscle
volume was 1,581 � 242, 1,602 � 215, and 1,529 � 207 cm3

in the 30%-3, 80%-1, and 80%-3 groups, respectively (no
differences between conditions at baseline). After 10 wk of
training, the quadriceps muscle volume increased significantly
in all groups (P � 0.001) to 1,676 � 198, 1,651 � 213, and
1,633 � 198 cm3 in the 30%-3, 80%-1, and 80%-3 groups,
respectively. Figure 1 depicts these data expressed as percent-
age change from baseline. Average type I and type II muscle
fiber area increased with training (both P � 0.05), irrespective
of training condition with no significant between-group differ-
ences (Table 1).

Western blots. Phosphorylation of Akt at Ser473 was not
elevated in any of the conditions. Phosphorylation of mTOR at
Ser2448 was elevated above rest at 1 h postexercise in all
conditions (P � 0.0002). p70S6K phosphorylation at Thr389
was elevated 1 h postexercise in the 80%-1 and 80%-3 groups,
but not 30%-3. There was no correlation between the degree of
p70S6K phosphorylation at Thr389 and changes in muscle
volume within any training condition (all P 
 0.3). Overall,
there was no correlation between the degree of p70S6K phos-
phorylation at Thr389 and the magnitude of quadriceps hyper-
trophy (r � �0.03, P � 0.88; Fig. 2D). There was also no
correlation between the degree of p70S6K phosphorylation at
Thr389 and the magnitude of fiber hypertrophy for either fiber
(data not shown).

Muscle function. Initial unilateral knee extension 1RM was
71 � 2 kg in the 30%-3 condition, 76 � 2 kg in the 80%-1

Fig. 1. Percentage change in quadriceps muscle volume following 10 wk of
resistance training. The 3 training condition groups differed in contraction
intensity [% of maximal strength (1 repetition maximum)] or contraction
volume (1 or 3 sets of repetitions): 30%-3, 80%-1, and 80%-3. There was a
significant main effect for time (increase in quadriceps volume pre- to post-
training, P � 0.0001). N � 12 legs in each condition. T
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condition, and 73 � 2 kg in the 80%-1 condition. After the
training period all conditions significantly increased in 1RM
strength. The increase in 1RM strength was greater in the
80%-1 and 80%-3 conditions compared with the 30%-3 con-
dition (P � 0.04; Fig. 3). MVC force, knee extension maximal
power output, and RFD increased in all conditions with no
between-condition differences (Table 1). The total work that
could be completed with 30% of the subject’s 1RM increased
with no between-condition differences (Fig. 4). The total work
that could be completed with 80% of the subject’s 1RM
increased in all groups. The magnitude of the increase was
significantly less in the 30%-3 condition compared with the
other conditions. The number of repetitions that could be
performed with 80% of their current 1RM increased in all
groups from 10 � 1 (30%-3), 10 � 1 (80%-1), and 11 � 1
(80%-3) pretraining to 12 � 1 (30%-3), 13 � 1 (80%-1), and
12 � 1 (80%-3) with no-between condition differences in the
magnitude of the increase. The number of repetitions that could
be performed with 30% of 1RM increased in the 30%-3
condition; the other conditions did not increase.

DISCUSSION

We have advocated a model of resistance exercise-induced
human skeletal muscle hypertrophy that, when supported by
adequate nutrition, arises over time due to summed incremental
acute increases in muscle protein synthesis that occur after
each training session (27, 28). Thus, as a proof-of-principle of
this model, we tested here whether the acute changes we
observed in two previous studies comparing different volumes
of work (1 set vs. 3 sets of exercise) (7) and divergent
intensities of work (high-load vs. low-load lifting) (9) would be
borne out in a long-term study. We discovered that there was
no difference in the magnitude of quadriceps muscle hypertro-

phy, as determined by both MRI and muscle fiber area, be-
tween legs that trained at 30% or 80% of 1RM after 10 wk of
knee-extensor exercise. Interestingly, there was no statistical
difference in the degree of quadriceps hypertrophy between the
80%-1 and 80%-3 conditions, despite a mean gain in quadri-
ceps volume of �7% in the 80%-3 condition and only �3% in
the 80%-1 condition (P � 0.18). However, the 80%-3 and
30%-3 showed more than double the average hypertrophy of
the 80%-1 condition. These results, while not quantitatively
congruent with our acute data (7, 9), are, we propose, broadly
supportive of the framework we have proposed of how muscle
hypertrophy arises (27, 28). Moreover, our results are actually
congruent with a number of other lines of evidence showing
that lifting lighter loads, so long as fatigue is induced, leads to
roughly equivalent hypertrophy and strength gains (23, 36–
38). There are of course a number of factors, beyond acute
changes in muscle protein synthesis, which contribute to hy-
pertrophy. In fact, when subjects are stratified as high and low
responders, 20–25% subjects exhibit a very limited hypertro-
phic response where as the top 20–25% show robust muscle
hypertrophy that is four to five times greater than that seen in
low responders (17, 26). To date, factors such as changes in
microRNA expression (12), satellite cell number (26), and
intramuscular anabolic signaling protein activation (39) have
been shown to be related to the variability in training response,
but systemic hormonal factors do not play a role (41–43).

Perhaps the most interesting finding from our work is that
hypertrophy in the 80%-3 and 30%-3 conditions was equiva-
lent, which is in contrast to the range of lifting intensities
usually prescribed to promote muscle hypertrophy (1, 10).
However, the current recommendations (1, 10) ignore a large
body of evidence showing that lower loads, when combined
with vascular occlusion, promote equivalent hypertrophy and

Fig. 2. Phosphorylated Akt, mammalian target
of rapamycin (mTOR), and P70S6K at rest and
1 h following resistance exercise. A: Akt phos-
phorylated at Ser 473 expressed relative to total
Akt. There are no significant differences be-
tween conditions. B: mTOR phosphorylated at
Ser 2448 relative to total mTOR. *Main effect
for greater phosphorylated mTOR 1 h follow-
ing resistance exercise (P � 0.05). C: p70S6K
phosphorylated at Thr 389 relative to total
p70S6K. *Significant increases in phosphory-
lated p70S6K 1 h after 1 or 3 sets at 80% of one
repetition maximum (1RM) but not 3 sets at
30% of 1RM (P � 0.05). D: correlation be-
tween p70S6K phosphorylation and muscle hy-
pertrophy, r � �0.03 (P � 0.88). N � 12 legs
in each condition.
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strength gains as that observed with conventional heavy train-
ing (36–38). These results indicate that at least in principle
lower load are effective at inducing muscle hypertrophy. More-
over, most work that has investigated different relative resis-
tance training loads has focused on muscle function measure-
ments such as 1RM and relative endurance (5, 6, 13, 35). In
one study by Campos and colleagues (10), 8 wk of training in

a 20- to 28-repetition range did not elicit hypertrophy despite
increases in 1RM strength and the number of repetitions that
could be completed with 60% of 1RM (10). However, in a
subsequent study in which the training methods employed
previously by Campos et al. (10) were replicated, equivalent
hypertrophy was found in high- and low-load training groups
(23). It is often claimed (1, 10) that high relative training loads
are necessary to induce hypertrophy as they are associated with
full muscle fiber recruitment and activation of the type II fibers
which are known to be more “responsive” to hypertrophy (40).
This statement is, however, only accurate during a single effort
(repetition) since Henneman’s size principle of motor unit
activation states that motor units are recruited in an orderly
fashion from smallest to largest with increasing requirement
for force generation (18, 19). Thus it is true that an isometric
contraction performed at 30% 1RM will recruit less muscle
than a contraction preformed at 80% of 1RM (2). In agreement,
it has also been shown that nonfatiguing acute resistance
exercise or chronic resistance training results in lower rates of
MPS (21) and hypertrophy (20) compared with heavier resis-
tance exercise loads, respectively. However, when a submaxi-
mal contraction is sustained, motor units that were initially
recruited will fatigue (produce less force) or cease firing
completely necessitating the recruitment of additional motor
units (15) to sustain force generation. In this way, as the
repetitions at lighter loads are repeated, the point of failure/
fatigue ultimately necessitates near maximal motor unit recruit-
ment to sustain muscle tension (16). Thus relatively lighter
loads lifted to the point of failure would result in a similar
amount of muscle fiber activation compared with heavier loads
lifted to failure (18, 31); however, we acknowledge it is
difficult to experimentally verify this motor unit recruitment
strategy during voluntary dynamic contractions in humans. In
the present study, the average area of both type I and II fibers
increased equally with heavy and light relative loads, which is
suggestive that both fiber types were recruited during training
and to a roughly equivalent extent, at least insofar as the
phenotypic hypertrophy response is an indication of this.

Fig. 3. Knee extension strength. A: the maximal load that could be lifted prior to
training and after 10 wk of training. *Significantly greater than prior to training
(P � 0.05). †Significantly greater than the 3-sets at 30% of 1RM condition.
B: single leg isometric knee extension torque before and after 10 wk of training.
*Significantly greater than prior to training (P � 0.05). N � 12 legs in each
condition.

Fig. 4. Maximal work and repetitions with 30 and
80% of 1RM before and after 10 wk of resistance
training. Load product (in arbitrary units) is the
product of load in kg and repetitions completed.
A: work completed at 80% of the subject’s 1RM
(determined within 1 wk of the test). *Significant
main effect for an increase in work performed
with 80% of 1RM pre- to posttraining (P � 0.05).
†Significantly less work at 80% 1RM after train-
ing in the 3-sets at 30% of 1RM condition than the
other two groups (P � 0.05). B: work completed
with 30% of the subject’s 1RM. *Significant main
effect for an increase in work performed with 30%
of 1RM pre- to posttraining (P � 0.05). C: max-
imal number of repetitions completed with 80% of
1RM (determined within 1 wk of the test). *Sig-
nificant main effect for an increase in the number
of repetitions performed with 80% of 1RM pre- to
posttraining (P � 0.05). D: maximal number of
repetitions completed with 30% of 1RM. *3-sets
at 30% of 1RM condition completed more repe-
titions after training than before (P � 0.05). †3-
sets at 30% of 1RM condition completed more
repetitions after training than either of the other
groups. N � 12 legs in each condition.
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The regulation of muscle mass is the result of small changes
in net muscle protein balance over time. MPS can be increased
by resistance exercise alone; however, adequate and properly
timed protein consumption is required for a positive net muscle
protein balance and thus muscle hypertrophy (8). It is not
completely clear how resistance exercise results in increases in
MPS as this process is multifaceted. One potentially important
step is the activation of p70S6K, which is a downstream
protein target of mTORC1 that when activated upregulates
initiation of mRNA translation and subsequently increases
muscle protein synthesis rates (14). It has been reported that
heavy resistance exercise results in an increase in p70S6K
phosphorylation (7, 9, 42); our data, at least in the 80%-1 and
80%-3 conditions, broadly agree with these findings. We did
not observe an increase in p70S6K phosphorylation in the
30%-3 condition at 1 h postexercise, but we have observed
elevated phosphorylation of p70S6K at 4 h after exercise when
subjects have completed the same protocol (9). Taken together
these results suggest that heavy and light relative loads lifted
until the point of failure may result in a different time course
of anabolic signaling, with p70S6K phosphorylation occurring
later after exercise with light compared with heavy relative
loads. Previously, a significant correlation between early (1 h
postexercise) phosphorylation of p70S6K and muscle hyper-
trophy was observed (39); our results, which include a larger
sample size than the previous investigation, failed to support a
similar relationship (Fig. 2D).

Although relative training load did not impact the magnitude
of the hypertrophic response, it did have a clear impact on
voluntary isotonic strength gains. Both the 80%-1 and 80%-3
conditions demonstrated a larger increase in 1RM strength
compared with the 30%-3 group. These results suggest that
practice with a heavy relative load is necessary to maximize
gains in 1RM strength of the trained movement. These obser-
vations are in line with previous work that has shown that
strength gains are specific to the movement that is trained (30)
and strength gains are due to a combination of muscle hyper-
trophy and neural adaptations (32). It should be noted, how-
ever, that similar gains in MVC strength, maximal instanta-
neous power output, and rate of force development were seen
across all three training conditions. These data show that
hypertrophy is generally beneficial to all strength and power
tests that engage the larger muscle. However, it appears that
neural adaptations are largely specific to the movement and
load used in training (32).

One potential limitation to the unilateral training model
employed in this study is the cross education effect where
resistance training of one muscle can lead to neurally mediated
strength gains in the untrained contralateral muscle (22). The
magnitude of the effect varies widely but averages �7% (22).
However, to the author’s knowledge there has been no attempt
to quantify this effect when both limbs are training with
different protocols. We found no correlation between isotonic
strength gains in the left and right legs (r � 0.33, NS),
suggesting that the cross education effect is minimal or non-
existent when both limbs are training with different protocols.

In summary, we report that similar resistance training-
induced muscle hypertrophy can result from lifting loads to
failure with higher (80% of 1RM) and lower (30% of 1RM)
loads than are currently recommended for novice lifters (1).
The results from our study also suggest that additional training

volume in the form of more sets may result in greater muscle
hypertrophy; however, due to the inherent variability in the
individual response to resistance training, it appears that lon-
ger-term training studies may be required to manifest these
differences more clearly. Importantly, these data support the
concept that acute increases in rates of MPS are reasonable
qualitative indexes of the amount of muscle protein gain with
similar training as they appear to be with nutrition. However,
these gains in muscle mass may be dependent in the adequate
provision of amino acids (3). Finally, despite that lack of
support for the idea of a hypertrophy-specific load and repeti-
tion range, these data confirm the specificity principle of
training with regard to muscle strength and endurance.
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