
Resistance exercise increases leg muscle protein synthesis

and mTOR signalling independent of sex

H. C. Dreyer,1,2 S. Fujita,2,3 E. L. Glynn,1,2 M. J. Drummond,1,3 E. Volpi2,3 and B. B. Rasmussen1,3

1 Division of Rehabilitation Sciences, Department of Physical Therapy, University of Texas Medical Branch, Galveston, TX, USA

2 Division of Rehabilitation Sciences, Department of Internal Medicine, University of Texas Medical Branch, Galveston, TX, USA

3 Sealy Center on Aging, University of Texas Medical Branch, Galveston, TX, USA

Received 15 April 2009,

revision requested 20 June 2009,

final revision received 27 October

2009,

accepted 29 December 2009

Correspondence: B. B. Rasmussen,

PhD, Division of Rehabilitation

Sciences, Department of Physical

Therapy, University of Texas

Medical Branch, 301 University

Blvd., Galveston, TX 77555 1144,

USA.

E-mail: blrasmus@utmb.edu

Abstract

Aim: Sex differences are evident in human skeletal muscle as the cross-sec-

tional area of individual muscle fibres is greater in men than in women. We

have recently shown that resistance exercise stimulates mammalian target of

rapamycin (mTOR) signalling and muscle protein synthesis in humans dur-

ing early post-exercise recovery. Therefore, the aim of this study was to

determine if sex influences the muscle protein synthesis response during

recovery from resistance exercise.

Methods: Seventeen subjects, nine male and eight female, were studied in the

fasted state before, during and for 2 h following a bout of high-intensity leg

resistance exercise. Mixed muscle protein fractional synthetic rate was

measured using stable isotope techniques and mTOR signalling was assessed

by immunoblotting from repeated vastus lateralis muscle biopsy samples.

Results: Post-exercise muscle protein synthesis increased by 52% in the men

and by 47% in the women (P < 0.05) and was not different between groups

(P > 0.05). Akt phosphorylation increased in both groups at 1 h post-exer-

cise (P < 0.05) and returned to baseline during 2 h post-exercise with no

differences between groups (P > 0.05). Phosphorylation of mTOR and its

downstream effector S6K1 increased significantly and similarly between

groups during post-exercise recovery (P < 0.05). eEF2 phosphorylation

decreased at 1- and 2 h post-exercise (P < 0.05) to a similar extent in both

groups.

Conclusion: The contraction-induced increase in early post-exercise mTOR

signalling and muscle protein synthesis is independent of sex and appears to

not play a role in the sexual dimorphism of leg skeletal muscle in young men

and women.

Keywords gender, mTORC1 signalling, muscle contraction, protein

metabolism.

On average, men have a larger skeletal muscle mass

than women. This difference has been attributed to

higher (�10 fold) levels of circulating testosterone in

males. The sexual dimorphism of skeletal muscle begins

during puberty when testosterone production increases

significantly and is sustained by the greater blood

concentrations that ensue. Testosterone has profound

effects on muscle cell size and protein synthesis (Urban

et al. 1995, Bhasin et al. 2001). Although circulating

concentrations of testosterone may maintain the larger

skeletal muscle mass in males, it is possible that

sex differences in muscle fibre size may be entirely
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attributed to changes that occur during puberty.

However, it is not known whether the protein anabolic

response to resistance exercise also contributes to the

sexual dimorphism of human skeletal muscle.

Skeletal muscle hypertrophy occurs when the rate of

muscle protein synthesis exceeds that of muscle protein

breakdown over time. High-intensity resistance exercise

stimulates both muscle protein synthesis and break-

down during the post-exercise recovery period;

however, the magnitude of the change in each is not

proportional with increases in synthesis exceeding that

of breakdown (Biolo et al. 1995). The increase in

muscle protein synthesis can be measured within hours

following a single bout of heavy resistance exercise

(Dreyer et al. 2006, 2008) and remains elevated for up

to 24 h in trained individuals (MacDougall et al. 1995)

and for up to 48 (Phillips et al. 1997) and 72 h in

untrained individuals (Miller et al. 2005).

The acute increase in muscle protein synthesis

appears to be mediated primarily through changes in

translation rather than changes in transcription. In

particular, the mammalian target of rapamycin (mTOR)

signalling pathway appears to be a major regulator of

overall muscle fibre size by controlling translation

initiation and elongation (Bodine et al. 2001). We have

shown that the activation of the mTOR signalling

pathway in human skeletal muscle is associated with an

increased rate of muscle protein synthesis during the

early recovery phase following a single bout of

resistance exercise (Dreyer et al. 2006, 2008). The

contraction-induced increase in muscle protein synthesis

appears to be dependent on mTOR activation as

we have recently shown that a specific mTOR

inhibitor, given prior to exercise, completely blocks

the post-exercise increase in muscle protein synthesis

(Drummond et al. 2009).

We have included both men and women in several

of our recent studies (Rasmussen et al. 2000, Dreyer

et al. 2006, 2008, Fujita et al. 2009) examining the

acute response of resistance exercise on muscle protein

metabolism. However, those studies were not designed

to test whether sex differences exist following an acute

bout of resistance exercise. Little is known about

sex-based differences in muscle protein synthesis;

however, previous work has shown that basal rates

of whole body protein synthesis (Volpi et al. 1998)

and muscle protein synthesis are similar in healthy

young men and women (Fujita et al. 2007, Smith et al.

2009) and that men and women have similar relative

gains in muscle hypertrophy following resistance exer-

cise training (Abe et al. 2000, Hubal et al. 2005,

Kosek et al. 2006). Therefore, we hypothesized that

the contraction-induced increase in post-exercise leg

muscle protein synthesis and mTOR signalling would

be similar in young men and women.

Materials and methods

Subjects

We studied 17 young healthy subjects (nine males and

eight females) who were physically active but were not

currently engaged in a resistance exercise training

programme. Physically active was defined as being

normally active (i.e. not sedentary) and also not involved

in aerobic/endurance training. All subjects gave in-

formed written consent before participating in the study,

which was approved by the Institutional Review Board

of the University of Texas Medical Branch (UTMB;

which is in compliance with the Declaration of Hel-

sinki). Screening of subjects was performed with clinical

history, physical examination and laboratory tests

including complete blood count with differential, liver

and kidney function tests, coagulation profile, fasting

blood glucose and oral glucose tolerance test (OGTT),

hepatitis B and C screening, HIV test, thyroid stimulat-

ing hormone (TSH), lipid profile, a pregnancy test for all

females, urinalysis, drug screening and ECG. All female

subjects were not taking oral contraceptives and were

studied during their follicular phase. Data from seven

male and four female subjects were included in a

previous publication (Dreyer et al. 2006). The subjects’

physical characteristics are summarized in Table 1.

Table 1 Subject characteristics and absolute and relative

exercise load

Male Female P-value

N 9 8

Age 27.1 � 2.1 26.0 � 3.4 0.901

Height (cm) 175.9 � 2.8 162.7 � 2.8 0.005

Body weight (kg) 77.9 � 4.5 62.8 � 2.7 0.014

Body mass index

(kg m)2)

25.2 � 1.4 23.8 � 1.1 0.453

Whole body lean

mass (kg)

60.6 � 3.1 43.0 � 1.3 0.001

Whole body fat

mass (kg)

15.7 � 2.6 17.7 � 2.1 0.580

% body fat 19.4 � 2.3 27.6 � 2.2 0.020

Leg volume (L) 11.4 � 0.7 10.6 � 0.6 0.400

Single leg lean

mass (kg)

10.4 � 0.8 7.3 � 0.3 0.002

% of total leg mass 77 � 3 63 � 2

Single leg fat

mass (kg)

2.7 � 0.4 4.0 � 0.4 0.050

% of total leg mass 20 � 2 34 � 2

Total weight

lifted (kg)

6421 � 535 5072 � 350 0.053

Total weight

lifted/bilateral

leg lean mass

303.4 � 14.5 353.6 � 18.9 0.053

Values are mean � SE.
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Study design

Details of this study design have been published

previously (Dreyer et al. 2006). Briefly, each subject’s

bilateral lower extremity 1 repetition maximum (1RM)

was determined on two separate occasions on a leg

extension machine (Cybex-VR2; Medway, MA, USA)

which was located within the General Clinical Research

Center’s (GCRC) Exercise Laboratory and used on the

day of the study. In addition to the 1RM determination

a dual-energy X-ray absorptiometry scan (Hologic

QDR 4500W; Bedford, MA, USA) was performed to

measure body composition and lean mass.

Each subject was admitted to the GCRC of the

UTMB the evening prior to the exercise study. All

subjects were instructed to refrain from physical exer-

cise for 24 h prior to arriving and to maintain their

regular diet prior to study participation. The subjects

were all fed a standardized meal (12 kcal kg)1 of body

weight; 60% carbohydrate, 20% fat and 20% protein)

prepared by the Bionutrition Division of the GCRC.

Each subject was also offered a snack at 22:00 hours

and did not eat again until the end of the study the

following day. The snack was provided at 22:00 hours

to avoid prolonged fasting during the study.

On the morning of the study, polyethylene catheters

were inserted into a forearm vein for tracer infusion, in

the contralateral hand vein which was heated for

arterialized blood sampling, and in the femoral artery

and vein (retrograde placement) of the leg for blood

sampling. The femoral lines were placed in the same leg

from which muscle biopsies were obtained. The arterial

catheter was also used for the infusion of indocyanine

green (ICG; Akorn, Inc., Buffalo Grove, IL, USA) to

determine blood flow.

After drawing a background blood sample, a primed

continuous infusion of l-[ring-2H5] phenylalanine

(Cambridge Isotope Laboratories, Andover, MA, USA)

was begun (time = 0) and maintained at a constant rate

until the end of the experiment. The priming dose for

the labelled phenylalanine was 2 lmol kg)1 and the

infusion rate was 0.05 lmol kg)1 min)1. All studies

were begun between 07:00 and 08:00 hours.

There were four main periods of the study design: a

baseline period (Baseline) which was the hour prior to

exercise, an exercise period (Exercise), and then the first

(1 h Post) and second (2 h Post) hours of post-exercise

recovery. For each period, except during exercise, all

subjects rested comfortably in the semi-recumbent

position. The entire study was conducted in the exercise

room at the GCRC.

Marking the beginning of the baseline period (Base-

line), and 2 h after starting the tracer infusion, the first

muscle biopsy was obtained from the lateral portion of

the vastus lateralis of the leg with the biopsy site

between 15 and 25 cm from the mid-patella. The biopsy

was performed using a 5 mm Bergström biopsy needle,

under sterile procedure and local anaesthesia (1%

lidocaine). Once harvested the muscle tissue was

immediately blotted and frozen in liquid nitrogen

(within seconds) and stored at )80 �C until analysis.

Immediately after the first biopsy, a continuous infusion

of ICG was started in the femoral artery (0.5 mg min)1)

and maintained for 50 min. Ten minutes after ICG

infusion was started, blood samples were drawn four

times, at 10 min intervals, from the femoral vein and

the arterialized hand vein to measure ICG concentra-

tion. In addition to the blood obtained for the ICG

measurement of blood flow, blood samples were also

taken from the femoral artery and vein and from the

arterialized hand vein to measure blood glucose, lactate,

pH and phenylalanine concentrations. At the end of

baseline, a second biopsy was obtained; however, the

biopsy needle was inclined at a different angle so that

the second biopsy was taken approx. 5 cm apart from

the first.

Following the second biopsy, the subjects were seated

in a Cybex leg extension machine to perform the

exercise portion of the study (Exercise). After a brief

warm up (22 kg · 10 reps), each subject performed 10

sets of 10 repetitions of bilateral leg extension exercise

starting at 70% of 1RM. Each set was separated by

3 min, except during blood collection (performed

following sets 3, 6, 8 and 10), which required additional

time. During the course of the resistance exercise session

the load was reduced as needed in order for each set of

10 to be completed. Ample verbal encouragement was

also used to help ensure set completion. In general,

subjects had difficulty with the last sets of exercise but

all subjects did complete 10 sets of 10 repetitions. As

during the baseline period, ICG was continually infused

into the femoral artery during exercise in order to

measure leg blood flow. Blood samples were again

drawn for blood glucose, lactate, pH and phenylalanine

concentrations. The third muscle biopsy was immedi-

ately preceded by 10 repetitions at 70% of the 1RM and

obtained with the subject seated in the Cybex leg

extension machine (i.e. within seconds of completing

the final muscle contraction) which marked the end of

the exercise period. As with the second biopsy, the

needle was inserted into the same incision as the first

two biopsies; however, the biopsy needle was inclined at

a different angle so that the third biopsy was taken

approx. 5 cm apart from the previous two biopsies.

During the third period (1 h Post), ICG was again

infused continuously (as during the first and second

periods) to measure leg blood flow and blood was

drawn for the measurement of blood pH, glucose,

lactate, and phenylalanine concentrations. Samples

were obtained every 10 min (as during the first and
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second periods). At the end of the first hour

post-exercise, a fourth muscle biopsy was obtained

through a new incision site approx. 5 cm proximal to

the first incision. The fourth and final period was

identical to the third period but captured the second

hour of post-exercise recovery (2 h Post). Blood samples

were collected in the same manner as during the

previous periods. At the end of that hour (2 h following

exercise), a final muscle biopsy was performed as

described above from the second incision; however,

the biopsy needle was again inclined at a different angle

so that the muscle sample was obtained from tissue

approx. 5 cm apart from the prior biopsy.

Femoral blood flow, pH, glucose and lactate

Serum ICG concentration for the determination of leg

blood flow was measured spectrophotometrically (Beck-

man Coulter, Fullerton, CA, USA) at k = 805 nm

(Jorfeldt & Wahren 1971). Blood pH was measured

at the UTMB core laboratory using standard

procedures. Plasma glucose and lactate concentration

was measured using an automated glucose and lactate

analyser (YSI, Yellow Springs, OH, USA) within

minutes after drawing the sample.

Muscle fractional synthetic rate

Vastus lateralis muscle tissue samples were ground,

and intracellular free phenylalanine and muscle pro-

teins were extracted as described previously (Wolfe

1992). Muscle intracellular free concentration and

enrichment of phenylalanine was determined by gas

chromatography-mass spectrometry (GCMS, 6890 Plus

GC, 5973N MSD, 7683 autosampler; Agilent Tech-

nologies, Palo Alto, CA, USA) using appropriate

internal standards (Wolfe 1992). Mixed leg muscle

protein-bound phenylalanine enrichment was analysed

by GCMS after protein hydrolysis and amino acid

extraction (Wolfe 1992), using the external standard

curve approach (Calder et al. 1992). We calculated the

fractional synthetic rate (FSR) of mixed muscle

proteins by measuring the incorporation rate of the

phenylalanine tracer into the proteins (DEp/t) and using

the precursor-product model to calculate the synthesis

rate:

FSR ¼ ðDEp=tÞ=½EMð1Þ þ EMð2Þ=2� � 60� 100

where DEp is the increment in protein-bound phenylal-

anine enrichment between two sequential biopsies, t is

the time between the two sequential biopsies, and

EM(1) + EM(2) are the phenylalanine enrichments in the

free intracellular pool in the two sequential biopsies.

Data are expressed as percent per hour.

SDS-PAGE and immunoblotting

Details of the immunoblotting procedures have been

published previously (Dreyer et al. 2006). Aliquots from

homogenates were loaded (equal amount of protein)

per lane in duplicate and separated by SDS-PAGE.

All proteins were run on 7.5% gels (Bio-Rad,

Hercules, CA, USA) for 60 min at 150 V except for

4E-BP1 which was run on 15% gels for the same

duration. A molecular weight ladder (Precision Plus

protein standard; Bio-Rad) and a rodent control, to

compare across different blots, were also included on

each gel. Following SDS-PAGE, proteins were trans-

ferred to polyvinylidene diflouride membranes (PVDF)

(Hybond-P; Amersham Biosciences, Piscataway, NJ,

USA) at 50 V for 1 h. We confirmed equal loading on

each gel and that an equivalent amount of protein

was transferred to the membrane by Coomassie and/

or Ponceau S staining. Blots were also incubated with

b-tubulin, which served as an internal loading control.

Once transferred, PVDF membranes were placed in

blocking buffer [5% non-fat dry milk (NFDM) in

TBST (Tris-buffered saline and 0.1% Tween-20)] for

1 h. Following serial washes the membranes were

incubated with primary antibody in 5% NFDM in

TBST overnight at 4 �C with constant agitation. The

next morning, the blots were washed in TBST twice

and incubated with secondary antibody for 1 h in 5%

NFDM in TBST at room temperature with constant

agitation. After serial washes the blots were then

incubated for 5 min with enhanced chemiluminescence

reagent (ECL plus Western Blotting Detection System;

Amersham Biosciences) to detect horseradish peroxi-

dase activity. Images were obtained with a ChemiDoc

XRS imaging system (Bio-Rad). Once the appropriate

image was captured, Densitometric analysis was

performed using Quantity One 1-D analysis Software

(Ver 4.5.2; Bio-Rad). Total protein was determined

for each blot and did not change over the course of

the experiment from baseline (data not shown).

Therefore, data are presented as phosphorylation

status relative to a standardized rodent control in

arbitrary units.

Antibodies

The primary antibodies used were all purchased from

Cell Signaling (Beverly, MA, USA): phospho-mTOR

(Ser2448; 1 : 1000); phospho-4E-BP1 (Thr37/46;

1 : 1000); phospho-Akt (Ser473; 1 : 1000); phospho-

p70 S6K1 (S6K1) (Thr389; 1 : 500); phospho-eEF2

(Thr56; 1 : 1000); b-tubulin (1 : 50 000). Anti-rabbit

IgG horseradish peroxidase-conjugated secondary

antibody was purchased from Amersham Biosciences

(1 : 2000).
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Statistical analysis

All values are expressed as mean � SE. All subjects were

treated identically throughout the study. For subject

characteristics and exercise load data an unpaired t-test

was performed to determine the differences between

men and women. For muscle protein synthesis a paired

t-test was performed on baseline FSR and compared

with the average of the 2 h of post-exercise recovery

FSR. Differences in baseline and post-exercise FSR

between groups were determined by an unpaired t-test.

Comparisons were made using two-way repeated-mea-

sures anova, the factors being group (Male, Female) and

time (baseline, exercise, 1 h post-exercise and 2 h post-

exercise) for the following variables: blood flow, blood

glucose concentration, blood lactate and pH, blood and

muscle phenylalanine concentrations and (baseline, 1 h

post-exercise and 2 h post-exercise) for the signalling

proteins. Post hoc analyses were conducted using

Bonferroni’s t-test for multiple comparisons vs. baseline

(Sigma Plot�; Systat Software Inc., San Jose, CA, USA).

Significance was set at P £ 0.05.

Results

Subject characteristics

Subject characteristics are provided in Table 1. Men

were significantly taller, heavier and had more whole

body lean mass and leg lean mass (P < 0.05). Percent

body fat and leg fat mass were greater in women

(P < 0.05).

Exercise load

Exercise load data are provided in Table 1. Men demon-

strated a trend (P = 0.083) towards a lower 1RM per

bilateral leg lean mass ratio than women. The actual load

lifted as a percent of their 1RM during the 10 sets of 10

repetitions was 67 � 0.02% for men and 66 � 0.01%

for women. During bilateral leg extension resistance

exercise there was a trend (P = 0.053) for men to lift more

total weight than women. However, the relative total

weight lifted (total weight per bilateral leg lean mass)

demonstrated a higher trend (P = 0.053) in women.

Femoral blood flow, pH, glucose and lactate

concentrations

Leg blood flow was not different between groups at

baseline (P > 0.05; Table 2) and increased to a similar

extent during exercise in both groups (P < 0.05). Leg

blood flow values returned to baseline values during

post-exercise recovery with no differences between

groups (P > 0.05).

Femoral arterial glucose concentration was not

different between groups at baseline (P > 0.05; Table 2)

and increased in both groups during exercise (P < 0.05);

however, men tended to have higher arterial glucose

concentration during exercise than women (P = 0.06).

Femoral arterial glucose concentration returned to

baseline during post-exercise recovery in both groups

(P > 0.05). Femoral vein glucose concentrations

followed a similar pattern (Table 2).

Femoral arterial lactate concentration was not dif-

ferent between groups at baseline (P > 0.05; Table 2)

and increased during exercise in both groups

(P < 0.05) with men tending to have higher lactate

concentrations than women (P = 0.07). Femoral arte-

rial lactate concentrations returned to baseline during

post-exercise recovery in both groups (P > 0.05).

Femoral vein lactate concentrations were not different

between groups at baseline (P > 0.05; Table 2) and

increased during exercise in both groups (P < 0.05).

However, men had significantly higher venous lactate

concentrations during exercise than women (P < 0.05).

During the first hour of post-exercise recovery, femoral

vein lactate concentration remained significantly

elevated for men (P < 0.05) and there was a trend

for venous lactate to remain elevated for women

(P = 0.07). Femoral vein lactate concentration returned

to baseline during the second hour of post-exercise

recovery in both groups (P > 0.05).

Femoral arterial blood pH was not different between

groups at baseline (P > 0.05; Table 2) and decreased

during exercise in both groups (P < 0.05). Femoral

arterial blood pH returned to baseline immediately

following exercise in both groups. Femoral vein blood

pH was also not different between groups at baseline

(P > 0.05; Table 2). During exercise, femoral vein pH

decreased significantly from baseline in both groups

(P < 0.05). However, the decrease in pH tended

(P = 0.06) to be greater in men than in women. Leg

vein pH returned to baseline immediately following

exercise in both groups (P > 0.05).

Blood and intracellular phenylalanine concentration

Femoral arterial and venous phenylalanine concentra-

tions at baseline, during exercise and for the 2 h of post-

exercise recovery were not different from baseline and

were not different between groups (P > 0.05; Table 2).

Muscle intracellular phenylalanine concentrations were

not different between groups at baseline (P > 0.05) and

increased (P < 0.05) during resistance exercise, and

then returned to baseline levels during the 2 h of

post-exercise recovery (P < 0.05). Changes in muscle

intracellular concentrations of phenylalanine were not

different between men and women at any time point

(P > 0.05; Table 2).
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Muscle protein synthesis

Mixed muscle (vastus lateralis) protein FSR was not

different between men and women at baseline

(P > 0.05). FSR increased during the 2 h of post-exercise

recovery in both groups (P < 0.05; Fig. 1). The increase

in FSR during post-exercise recovery was not different

between men and women (P > 0.05; Fig. 1).

Signalling

Representative blots for signalling proteins are shown in

Figure 2. Akt phosphorylation at Ser473 was not

different between men and women at baseline

(P > 0.05) and increased similarly in both men and

women at 1 h post-exercise (P < 0.05, Fig. 3). Akt

phosphorylation returned to baseline at 2 h post-exer-

cise (P > 0.05) in both groups.

mTOR phosphorylation at Ser2448 was not different

between men and women at baseline (P > 0.05) and

increased in both men and women during the 2 h of

post-exercise recovery (P < 0.05; Fig. 4). The change in

mTOR phosphorylation was not different between men

and women during post-exercise recovery (P > 0.05).

4E-BP1 phosphorylation at Thr37/46 was not different

between men and women at baseline or during post-

exercise recovery with exercise having no effect on

post-exercise recovery 4E-BP1 phosphorylation

(P > 0.05; data not shown).

S6K1phosphorylation at Thr389 was not different

between men and women at baseline (P > 0.05) and

increased significantly in both men and women during

Table 2 Blood metabolites and intracellular phenylalanine

Baseline Exercise 1 h Post 2 h Post

Male

Blood flow (mL min)1 per 100 mg

of leg lean mass)

4.40 � 0.1 17.17 � 2.1* 5.90 � 0.8 4.82 � 0.5

Glucose concentration (mg dL)1)

Femoral artery 94 � 2 107 � 5*§ 96 � 3 92 � 3

Femoral vein 93 � 2 104 � 5*§ 94 � 3 88 � 3

Lactate (mmol L)1)

Femoral artery 0.75 � 0.1 9.95 � 0.9*§ 2.12 � 0.3 0.86 � 0.1

Femoral vein 0.80 � 0.1 12.10 � 0.9*� 2.31 � 0.2* 1.00 � 0.1

Blood pH

Femoral artery 7.41 � 0.01 7.31 � 0.01* 7.40 � 0.01 7.41 � 0.01

Femoral vein 7.37 � 0.01 7.17 � 0.01*§ 7.36 � 0.01 7.37 � 0.01

Phenylalanine concentration (lmol L)1)

Femoral artery 54 � 2 56 � 2 54 � 2 54 � 1

Femoral vein 58 � 2 57 � 2 58 � 2 57 � 2

Muscle intracellular 78 � 5 86 � 6* 76 � 5 64 � 3

Female

Blood flow (mL min)1 per 100 mg of

leg lean mass)

5.10 � 0.8 18.34 � 3.5* 7.50 � 1.0 6.81 � 1.0

Glucose concentration (mg dL)1)

Femoral artery 88 � 2 98 � 3* 89 � 2 87 � 2

Femoral vein 86 � 2 95 � 3* 86 � 3 83 � 3

Lactate (mmol L)1)

Femoral artery 0.64 � 0.1 8.21 � 0.5* 1.94 � 0.2 0.7 � 0.1

Femoral vein 0.68 � 0.1 9.68 � 0.6* 2.21 � 0.2� 0.89 � 0.1

Blood pH

Femoral artery 7.41 � 0.01 7.32 � 0.01* 7.39 � 0.01 7.40 � 0.01

Femoral vein 7.37 � 0.01 7.20 � 0.01* 7.36 � 0.01 7.36 � 0.01

Phenylalanine concentration (lmol L)1)

Femoral artery 54 � 4 56 � 4 54 � 4 53 � 4

Femoral vein 59 � 4 58 � 5 58 � 6 57 � 4

Muscle intracellular 73 � 3 85 � 3* 68 � 2 63 � 4

*P < 0.05 vs. Baseline.

�P < 0.05 vs. Female.

�P < 0.1 vs. Baseline.

§P < 0.1 vs. Female.
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the 2 h of post-exercise recovery (P < 0.05; Fig. 5).

S6K1 phosphorylation was not different between

groups during post-exercise recovery (P > 0.05).

eEF2 phosphorylation at Thr56 was not different

between men and women at baseline (P > 0.05) and

was significantly reduced in both men and women

during the 2 h of post-exercise recovery (P < 0.05;

Fig. 6). eEF2 phosphorylation was not different

between men and women during post-exercise recovery

(P > 0.05).

Discussion

The primary and novel finding from our study is that the

resistance exercise induced increase in muscle protein

synthesis and mTOR signalling is independent of sex.

Specifically, leg muscle protein synthesis was signifi-

cantly increased by 52% in young men and by 47% in

young women during the first 2 h of post-exercise

Figure 2 Representative images of immunoblots. Male and

female representative leg muscle biopsy samples at Baseline,

and at the first and second hour of post-exercise recovery.
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Figure 3 Akt phosphorylation status at Ser473 during the first

and second hour of post-exercise recovery. No difference was

detected at baseline between men and women (data not

shown). Data are expressed as percent change from base-

line � SE (N = 9 men; N = 8 women); *P < 0.05 vs. Baseline.
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Figure 1 Muscle protein synthesis (FSR). Male (open bar) and

female (closed bar) fractional synthesis rates (FSR) following

an overnight fast (baseline) and the average FSR for the 2 h

following heavy resistance exercise (post-exercise recovery).

Each subject performed 10 sets of 10 repetitions of bilateral

knee extension in the seated position. Data are expressed as

mean � SE (N = 9 men; N = 8 women); *P < 0.05 vs.

Baseline.
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Figure 4 mTOR phosphorylation status at Ser2448 during the

first and second hour of post-exercise recovery. No difference

was detected at baseline between men and women (data not

shown). Data are expressed as percent change from base-

line � SE (N = 9 men; N = 8 women); *P < 0.05 vs. Baseline.
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Figure 5 S6K1 phosphorylation status at Thr389 during the

first and second hour of post-exercise recovery. No difference

was detected at baseline between men and women (data not

shown). Data are expressed as percent change from

baseline � SE (N = 6 men; N = 6 women); *P < 0.05 vs.

Baseline.
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recovery (Fig. 1). Our muscle protein synthesis data are

also supported by similar changes detected in the

phosphorylation status of several proteins associated

with the mTOR signalling pathway in both men and

women following exercise. For example, the phosphor-

ylation status of mTOR and S6K1 increased (Figs 4

and 5) and eEF2 phosphorylation decreased during

post-exercise recovery (Fig. 6) to a similar extent in

both men and women. Our data support the hypothesis

that the early muscle protein synthesis response during

post-exercise recovery is independent of sex and is

not a contributor to human skeletal muscle sexual

dimorphism as it pertains to the lower extremities.

The basal rate of mixed leg muscle protein synthesis

was not different between young men and women in the

current study. This is consistent with our previous

publication in which we reported no sex differences in

basal phenylalanine kinetics, muscle protein synthesis,

muscle protein breakdown, mixed-muscle FSR or

phenylalanine net balance across the leg (an indicator

of muscle anabolism) in resting young subjects (Fujita

et al. 2007). In our previous paper (Fujita et al. 2007)

we studied 10 men and eight women. As we used nearly

identical procedures and stable isotopic tracers in the

basal period for both the current study and the previous

study (Fujita et al. 2007) we combined all subjects to

determine if basal differences existed for mixed muscle

protein synthesis when data from a larger number of

subjects are analysed (i.e. N = 19 men and N = 16

women). Despite the increase in subject number we still

find no differences in basal mixed muscle protein

synthesis (men: 0.062 � 0.004% per hour vs. women:

0.064 � 0.004% per hour; P = 0.79). However, a

recent paper has identified that young women have

higher rates of basal mixed muscle protein synthesis

than men (Henderson et al. 2009). In that study the

authors measured basal FSR in 30 young men and 32

young women and found a significantly higher (�14%)

rate of protein synthesis in young women (Henderson

et al. 2009). Unfortunately, the authors used blood as

the precursor enrichment (rather than muscle tissue

enrichment to calculate FSR) and present raw data

values much lower than typically seen in the literature

making comparisons somewhat difficult. Moreover,

understanding why young women would have higher

rates of muscle protein synthesis when men have much

higher circulating concentrations of testosterone and

larger overall muscle mass further complicates issues

related to sex and basal muscle protein synthesis. The

authors suggest that women must have higher muscle

protein breakdown rates to offset the higher rate of

synthesis (i.e. women have higher muscle protein

turnover rates to replace damaged or old proteins) but

as breakdown was not measured no definitive conclu-

sion can be made in this regard. However, several

published reports do not support these conclusions and

indicate that sex does not affect basal rates of muscle

protein synthesis (Balagopal et al. 1997, Jahn et al.

1999, Yarasheski et al. 1999, Parise et al. 2001, Short

et al. 2004, Fujita et al. 2007, Smith et al. 2009),

muscle protein breakdown (Fujita et al. 2007) or whole

body protein breakdown (Volpi et al. 1998) in young

men and women. In any event, the potential influence of

sex on basal rates of leg muscle protein synthesis and

breakdown in young subjects warrants further

investigation.

The stimulation of muscle protein synthesis follow-

ing the acute bout of high-intensity resistance exercise

was also similar between young men and women

(Fig. 1) and would argue against a sexual dimorphism

in response to an acute anabolic stimulus. However,

our study focused on the early post-exercise recovery

period and as such we cannot rule out the possibility

that a longer time course post-exercise or resistance

exercise training may result in the emergence of sexual

dimorphism for rates of muscle protein synthesis or

that nutrient status (our subjects were fasting through-

out the study) may potentially influence the anabolic

response. However, our acute data support previous

reports showing that the relative increase in muscle

hypertrophy is similar between young men and women

following several weeks of resistance exercise training

(Abe et al. 2000, Hubal et al. 2005, Kosek et al. 2006)

and together appear to suggest that acute changes are

potentially predictive of the end result. On the other

hand, nutrition is also a potent stimulator of muscle

protein synthesis. However, Smith et al. (2009) have

recently provided evidence that the muscle protein

synthesis response to nutrition (amino acids and

insulin) is also similar in young men and women.

Therefore, it appears that anabolic stimuli such as

resistance exercise and nutrition produce similar
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Figure 6 eEF2 phosphorylation status at Thr56 during the first

and second hour of post-exercise recovery. No difference was

detected at baseline between men and women (data not

shown). Data are expressed as percent change from base-

line � SE (N = 9 men; N = 7 women); *P < 0.05 vs. Baseline.
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increases in muscle protein synthesis in young men and

women.

Our cell signalling data support the muscle protein

synthesis data (i.e. no sex differences at rest or during

early post-exercise recovery) and is in agreement with

our previous findings (Dreyer et al. 2006, 2008).

Resistance exercise stimulates muscle protein synthesis

during the post-exercise recovery period in association

with increased phosphorylation of mTOR (Fig. 4) and

its downstream effector S6K1 (Fig. 5) which is indica-

tive of enhanced translation initiation. In addition, eEF2

becomes dephosphorylated (Fig. 6) during post-exercise

recovery, which is indicative of enhanced translation

elongation. In contrast, we have consistently shown that

resistance exercise does not alter 4E-BP1 phosphoryla-

tion during early post-exercise recovery (Dreyer et al.

2006, 2008) and in the current study we found similar

results (data not shown). Our phosphorylation data are

also consistent with what others have shown following

resistance exercise although we report larger increases

in mTOR phosphorylation and eEF2 dephosphoryla-

tion. This is most likely due to differences in when the

biopsy was obtained in relation to exercise, exercise

volume and intensity, and nutritional status (Eliasson

et al. 2006, Deldique et al. 2008, Hulmi et al. 2009).

As mentioned previously, the activation of the mTOR

signalling pathway is a primary mechanism by which

resistance exercise stimulates translation initiation,

elongation and the rate of muscle protein synthesis in

humans as an mTOR inhibitor (rapamycin) given prior

to exercise can significantly blunt the contraction-

induced activation of key components of the mTOR

signalling pathway and muscle protein synthesis (Drum-

mond et al. 2009). The mechanism of how mTOR is

activated following resistance exercise is not known;

however, Akt is an upstream positive regulator of

mTOR. In the current study, the phosphorylation of

Akt transiently increased during the first hour of

recovery and then returned to baseline levels at 2 h

post-exercise (Fig. 3). Therefore, it is unlikely that Akt

phosphorylation is the primary regulator of enhanced

mTOR signalling following resistance exercise as the

time courses for Akt phosphorylation and mTOR/S6K1

phosphorylation are different. In fact, a recent paper

would support this notion as O’Neil et al. (2009) have

shown that muscle contraction can stimulate mTOR

signalling independent of Akt. The authors of that paper

provide evidence for a mechanical mechanism which

activates mTOR signalling and involves the release of

phosphatidic acid, an activator of mTOR (O’Neil et al.

2009).

In the current study, men had significantly greater leg

lean mass and significantly less leg fat mass than women

despite having similar total leg volume and whole body

fat mass (Table 1). To account for differences in leg

composition our protocol was standardized to help

ensure that each subject completed 10 sets of 10

repetitions beginning at 70% of their 1RM. We found

that the average load lifted, as a percentage of their

1RM, for the entire exercise session was 67% and 66%

for men and women respectively. The absolute total

weight lifted showed a greater trend in men than in

women (Table 1); however, the total load lifted relative

to total bilateral leg lean mass demonstrated a reverse

trend with relative load being slightly higher in women.

In any event, these findings are consistent with the

blood glucose, lactate and pH data shown in Table 2.

For example, femoral vein lactate concentrations

increased to a large extent in both groups during

exercise but more so in young men. Blood pH decreased

and glucose increased during exercise in both groups

but tended to decrease more in men. These slight

differences in blood metabolites can most likely be

attributed to the larger amount of working leg muscle

mass in men. However, it does appear that on a relative

scale the two groups were working at a similar exercise

intensity which is consistent with our leg muscle protein

synthesis and mTOR signalling data.

The data presented in the current paper support the

conclusion that sexual dimorphism of muscle protein

synthesis at rest or following an acute bout of resistance

exercise does not exist in young human subjects.

However, it should be acknowledged that two recent

papers have found differences in muscle protein syn-

thesis between older men and women (Smith et al.

2008, Henderson et al. 2009). Smith et al. (2008)

reported that baseline mixed leg muscle protein synthe-

sis in older (65–80 years of age) men (N = 13) and

women (N = 16) was 30% higher (P = 0.02) in the

older women. The authors also measured some signal-

ling proteins and found no baseline differences in the

phosphorylation status of Akt, S6K1, eIF4E or 4E-BP1.

However, they do report that the eEF2 phosphorylation

was 40% less in older women, indicating that transla-

tion elongation was more activated (Smith et al. 2008).

In addition, following feeding muscle protein synthesis

was only increased in older men and not in older

women (Smith et al. 2008). It is somewhat difficult to

compare this study to the data in the present paper as it

was conducted in older men and women who had body

mass indices (BMIs) of 36 � 1 and 38 � 2 respectively

(Smith et al. 2008). It is unknown whether obesity may

be a confounding variable. The second paper by

Henderson et al. (2009) expands the results of the

former paper to healthy older and younger men and

women. They also included data from 87 older men and

57 older women in the basal postprandial state after

3 days of a weight-maintaining diet. They reported that

whole body protein synthesis and muscle fractional

synthesis rates were lower in men than in women across
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the lifespan and this difference was independent of BMI

(Henderson et al. 2009). Therefore, although it appears

unlikely that sex differences exist for rates of muscle

protein synthesis in younger subjects (Fujita et al. 2007,

Smith et al. 2009), the data from these two papers

suggest that sexual dimorphism in muscle protein

synthesis may develop during ageing. Future studies

across the lifespan are needed to help clearly define

potential age-associated differences in muscle protein

metabolism and how factors such as sex, nutrient status

(i.e. pre and post-prandial) and exercise potentially

influence synthesis and breakdown rates and what

signalling pathways are involved.

In summary our study shows that muscle protein

synthesis and mTOR signalling is increased to a similar

extent in young men and women during early recovery

following a single bout of high-intensity resistance

exercise. We conclude that the resistance exercise-

induced increase in early post-exercise anabolic signal-

ling and leg muscle protein synthesis is independent of

sex and appears to not play a role in the sexual

dimorphism of young adult human skeletal muscle
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