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Fry CS, Glynn EL, Drummond MJ, Timmerman KL, Fujita S,
Abe T, Dhanani S, Volpi E, Rasmussen BB. Blood flow restriction
exercise stimulates mTORC1 signaling and muscle protein synthesis
in older men. J Appl Physiol 108: 1199-1209, 2010. First published
February 11, 2010; doi:10.1152/japplphysiol.01266.2009.—The loss
of skeletal muscle mass during aging, sarcopenia, increases the risk
for falls and dependence. Resistance exercise (RE) is an effective
rehabilitation technique that can improve muscle mass and strength;
however, older individuals are resistant to the stimulation of muscle
protein synthesis (MPS) with traditional high-intensity RE. Recently,
a novel rehabilitation exercise method, low-intensity RE, combined
with blood flow restriction (BFR), has been shown to stimulate
mammalian target of rapamycin complex 1 (mTORC1) signaling and
MPS in young men. We hypothesized that low-intensity RE with BFR
would be able to activate mTORCI1 signaling and stimulate MPS in
older men. We measured MPS and mTORCI-associated signaling
proteins in seven older men (age 70 = 2 yr) before and after exercise.
Subjects were studied identically on two occasions: during BFR
exercise [bilateral leg extension exercise at 20% of 1-repetition
maximum (1-RM) with pressure cuff placed proximally on both
thighs and inflated at 200 mmHg] and during exercise without the
pressure cuff (Ctrl). MPS and phosphorylation of signaling proteins
were determined on successive muscle biopsies by stable isotopic
techniques and immunoblotting, respectively. MPS increased 56%
from baseline after BFR exercise (P < 0.05), while no change was
observed in the Ctrl group (P > 0.05). Downstream of mTORCI,
ribosomal S6 kinase 1 (S6K1) phosphorylation and ribosomal protein
S6 (rpS6) phosphorylation increased only in the BFR group after
exercise (P < 0.05). We conclude that low-intensity RE in combina-
tion with BFR enhances mTORCI1 signaling and MPS in older men.
BFR exercise is a novel intervention that may enhance muscle
rehabilitation to counteract sarcopenia.

occlusion; S6 kinase 1; resistance exercise; aging; sarcopenia; skeletal
muscle

AS HUMANS AGE, there is a gradual loss of skeletal muscle mass,
strength, and fiber size, termed sarcopenia (2, 40). This loss of
muscle and increased frailty may begin as early as middle age,
but it is more pronounced in individuals over 65 years of age
(20, 27). It has been estimated that between one-quarter and
one-half of all individuals over age 65 are sarcopenic (6, 28),
which increases the risk of disability and loss of functional
capacity in the elderly (42). Given the rapidly aging popula-
tion, research that pursues potential interventions to attenuate
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or prevent the age-related loss of skeletal muscle is increas-
ingly important.

Resistance exercise training has been shown to be a benefi-
cial intervention to protect against the effects of sarcopenia,
with training studies showing increases in muscle protein
synthesis and mass in both the old and young (24, 33, 62, 63).
However, the training studies often show a more robust muscle
protein synthetic and strength response in the young than in the
elderly (33, 59). This may be due to an inability of older
individuals to lift an amount of weight sufficient to induce
hypertrophy or an inability of aging muscle to respond to
resistance exercise (34, 48). The mechanisms responsible for
how resistance exercise induces muscle hypertrophy are not
completely understood; however, it does appear that activation
of a key cell growth pathway, the mammalian target of rapa-
mycin (mTOR) complex 1 (mTORC1), is an important regu-
latory mechanism of muscle hypertrophy (7, 41). More re-
cently, we have shown (14) that mTORCI activation is nec-
essary for the resistance exercise-induced stimulation of
muscle protein synthesis since the administration of rapamycin
(a specific mTOR inhibitor) to humans before exercise pre-
vented the contraction-induced increase in muscle protein syn-
thesis.

On the other hand, a few studies have now shown that
low-intensity [20-50% 1-repetition maximum (1-RM)] resis-
tance exercise in combination with blood flow restriction
(BFR) to the working muscles produces increases in muscle
size and strength similar to those of traditional, high-intensity
resistance exercise (1,49-52). A recent study from our lab (21)
reported an increase in muscle protein synthesis and the phos-
phorylation of p70 ribosomal S6 kinase 1 (S6K1), a down-
stream target of mTORCI, after a single bout of low-intensity
resistance exercise with reduced muscle blood flow. With
recent studies demonstrating that traditional high-intensity re-
sistance exercise produces a smaller response or is incapable of
stimulating muscle protein synthesis in older humans (34, 37,
48), the use of a novel muscle rehabilitation intervention, such
as low-intensity resistance in combination with BFR, may
prove beneficial in stimulating mTORCI signaling and muscle
protein synthesis and eventually in improving or maintaining
muscle mass in older individuals.

Therefore, the primary aim of the present study was to
determine the effect of an acute bout of low-intensity resistance
exercise with BFR on mTORCT1 signaling and muscle protein
synthesis in older men. We hypothesized that a single bout of
low-intensity resistance exercise with reduced muscle blood
flow would enhance mTORC1 signaling and stimulate muscle
protein synthesis in older men. However, our secondary aim

1199

Downloaded from journals.physiology.org/journal/jappl (098.036.214.162) on October 17, 2021.



1200

was to assess a number of different regulators of translation
initiation and muscle protein synthesis (e.g., MAPK signaling
pathway and several stress/hypoxia-associated proteins) in an
effort to better elucidate the cellular mechanisms underlying
muscle growth following low-intensity resistance exercise
combined with BFR.

EXPERIMENTAL PROCEDURES
Subjects

We studied seven older male subjects on two separate
occasions. All subjects were healthy and physically active but
were not currently engaged in an exercise training program. All
subjects gave informed written consent before participating in
the study, which was approved by the Institutional Review
Board of the University of Texas Medical Branch. Screening of
subjects was performed with clinical history, physical exami-
nation, stress test, 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, human
immunodeficiency virus (HIV) test, thyroid-stimulating hor-
mone, lipid profile, urinalysis, drug screening, and ECG. On
two separate occasions (>5 days apart) and >5 days before the
study was conducted, each subject was tested for muscle
strength by measuring his 1-RM on a leg extension machine
(Cybex-VR2, Medway, MA) located within the Institute for
Translational Sciences-Clinical Research Center (ITS-CRC)
Exercise Laboratory. The higher of the two 1-RM values
obtained was used to determine the weight (20% of 1-RM) for
the resistance exercise portion of the study. The subjects had a
mean age of 70 = 2 yr, weight of 77 = 4 kg, height of 1.70 =
0.03 m, body mass index of 26.5 + 0.6 kg/m?, body fat of 23.6 *
1.2%, and a 1-RM of 79 * 4 kg.

Study Design

The subjects were initially randomized to an infusion study
in which they performed resistance exercise during BFR (BFR
group) or a control group in which the subjects performed
resistance exercise with no restriction of blood flow (Ctrl
group). After a minimum of three weeks following the first
visit, subjects assigned to the BFR group during infusion study
1 repeated the protocol without BFR (Ctrl). Subjects assigned
to the Ctrl group during infusion study I then completed the
blood flow-restricted exercise protocol (BFR).

Infusion study 1. Each subject was admitted to the ITS-CRC of
the University of Texas Medical Branch the day before the
exercise study, and a dual-energy X-ray absorptiometry (DEXA)
scan (Hologic QDR 4500W, Bedford, MA) was performed to
measure body composition and lean mass. The subjects were
then fed a standard dinner, and a snack was given at 2200. The
subjects were studied after an overnight fast under basal
conditions and refrained from exercise for 48 h before study
participation. All subjects were studied during the same time of
day (0600—1500). The morning of the infusion study, at 0600
an 18-gauge polyethylene catheter was inserted into an ante-
cubital vein for tracer infusion. Another 18-gauge polyethylene
catheter was inserted retrogradely in a hand vein of the oppo-
site arm, which was kept in a heated pad for arterialized blood
sampling. After a background blood sample was drawn, a
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primed continuous infusion of L-[ring-'3Cs]phenylalanine (Iso-
tec, Sigma-Aldrich, Miamisburg, OH) was begun and main-
tained at a constant rate until the end of the experiment (Fig. 1).
The priming dose for the labeled phenylalanine was 2 pmol/
kg, and the infusion rate was 0.05 pmol-kg~!min—!. Two and
a half hours after the initiation of 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 midpatella. The biopsy was performed with a
5-mm Bergstrom biopsy needle by sterile procedure under
local anesthesia (1% lidocaine). Muscle tissue was immedi-
ately blotted, frozen in liquid nitrogen, and stored at —80°C
until analysis. Two hours after the first biopsy, a second biopsy
was taken from the same incision. The biopsy needle was
inclined at a different angle so that the second biopsy was taken
~5 cm apart from the first. This method has been used
previously by us (13, 21) and others (34). Leg circumference
was measured at a point 20 cm from the midpatella before
exercise, immediately after exercise, and at half-hour incre-
ments after exercise for 2 h to track changes in leg circumfer-
ence. A pulse oximeter was placed on the toe of each subject
so that oxygen saturation could be monitored before, during,
and immediately after exercise. During this baseline period,
cell signaling data were obtained from the first biopsy and the
rate of muscle protein synthesis was calculated as the rate of
incorporation of the tracer between the two baseline biopsies
(see Muscle Fractional Synthetic Rate below).

BFR group. After the second biopsy was obtained, a lower
extremity pressure cuff (Kaatsu-Master Mini, Sato Sports Plaza,
Tokyo, Japan) was placed around the most proximal portion of
each leg. While the subject was seated on a chair, the pressure cuff
was increased to 120 mmHg for 30 s, and the air pressure was
released. The pressure cuff was then inflated four more times, with
each period being increased by 20 mmHg. Each period lasted 30
s, and then the cuff was released for 10 s between periods until a
final pressure of 200 mmHg was reached. With the pressure
maintained at 200 mmHg, the subjects then performed a set of 30
repetitions of bilateral leg extension exercise at 20% of 1-RM,
followed by a 30-s rest period. Subjects subsequently performed
three more sets of 15 repetitions with 30-s rest intervals for a total
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Fig. 1. Study design. Blood and muscle samples were taken at the times
indicated by the arrows. Ex, exercise. Exercise was performed immediately
after biopsy 2. Biopsy 3 was taken immediately after exercise with the blood
flow restriction (BFR) cuff still inflated.
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of four sets and 75 repetitions. Immediately after the fourth set, a
third muscle biopsy was taken, and then the pressure was released
from the cuff. Total time for the exercise period was ~4—5 min.
Blood was obtained at selected intervals over the next 3 h, and
muscle biopsies were obtained at 1 and 3 h after exercise.

Resistance exercise without blood flow restriction (Ctrl
group). The subjects in the Ctrl group performed an exercise
protocol identical to that in the BFR group except that the cuff
was not inflated and no pressure was applied to the legs. Blood
and muscle biopsy postexercise collection times were identical
to those described for the BFR group.

Infusion study 2. Three weeks after the first visit, subjects
assigned to the BFR group during infusion study I repeated the
protocol without BFR (Ctrl). Subjects assigned to the Ctrl
group during infusion study I then completed the blood flow-
restricted exercise protocol (BFR). Subjects were initially ran-
domized to either the Ctrl or the BFR group, and therefore
seven subjects were studied for both groups.

D-Dimer Blood Test

Blood was also sampled before exercise and at 15 min after
exercise to measure D-dimer, a fibrin degradation product.
D-dimer concentration can be used to diagnose thrombosis. A
negative result can almost rule out thrombosis, and its use in
this study was to exclude thrombosis in the present protocol
after release of the blood flow restriction cuff. D-dimer con-
centrations in the blood were analyzed with a latex agglutina-
tion assay according to the manufacturer’s instructions (Fisher
Diagnostics, Middletown, VA).

SDS PAGE and Western Blot Analysis

Details of the immunoblotting procedures have been pub-
lished previously (12). Briefly, ~30-50 mg of frozen tissue
was homogenized (1:9 wt/vol) and centrifuged for 10 min at
4°C, followed by the removal of the supernatant. Biopsy 1 was
used as the baseline measure for all subjects. Total protein
concentrations were determined by using the Bradford assay
(Bio-Rad, Hercules, CA, Smartspec Plus spectrophotometer).
The supernatant was diluted (1:1) in a sample buffer mixture
containing 125 mM Tris (pH 6.8), 25% glycerol, 2.5% SDS,
2.5% B-mercaptoethanol, and 0.002% bromphenol blue and
then boiled for 3 min at 100°C. Fifty micrograms of total
protein was loaded into each lane, and the samples were
separated by electrophoresis (150 V for 60 min) on a 7.5% or
15% polyacrylamide gel (Bio-Rad, Criterion). A molecular
weight ladder (Bio-Rad, Precision Plus protein standard) was
also included on each gel, as was a normalization control. After
electrophoresis, protein was transferred to a polyvinylidene
difluoride membrane (Bio-Rad) at 50 V for 60 min. Blots were
incubated in a single primary antibody overnight at 4°C (anti-
body concentrations are described below). The next morning,
blots were incubated in secondary antibody for 1 h at room
temperature. Chemiluminescent solution (ECL plus, Amer-
sham BioSciences, Piscataway, NJ) was applied to each blot.
After a 5-min incubation, optical density measurements were
obtained with a phosphoimager (Bio-Rad) and densitometric
analysis was performed with Quantity One software (Bio-Rad,
version 4.5.2). Data are expressed as the fold change from
baseline in phosphorylation divided by total protein content (in
arbitrary units) normalized to a rodent standard in Figs. 4 and
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5. Biopsy 1 serves as the baseline value for all proteins
measured. In Tables 2 and 3, data are expressed as either
phosphorylation divided by total protein content or total pro-
tein content (in arbitrary units) normalized to a rodent standard,
as indicated.

Antibodies

The following primary antibodies used were purchased from
Cell Signaling (Beverly, MA): phospho-mTOR (Ser2448), phos-
pho-p70 S6K1 (Thr389), phospho-ribosomal protein S6 (rpS6)
(Ser235/236), phospho-rpS6 (Ser240/244), phospho-eukaryotic
initiation factor 4E binding protein 1 (4E-BP1) (Thr37/46), phos-
pho-AMP-activated protein kinase o (AMPKa) (Thr172), phos-
pho-mitogen-activated protein kinase-interacting kinase 1 (Mnk1)
(Thr197/202), phospho-extracellular signal-regulated kinase 1/2
(ERK1/2) (Thr202/Tyr204), phospho-eukaryotic elongation fac-
tor 2 (eEF2) (Thr56), phospho-focal adhesion kinase (FAK)
(Tyr576/577), phospho-Akt (protein kinase B) (Thr308), phos-
pho-Forkhead Box O3a (FOXO3a) (Ser253), total mTOR, total
p70 S6KI1, total eEF2, total rpS6, total 4E-BP1, total AMPKa,
total Mnk1, total ERK1/2, total hypoxia-inducible factor o (HIF-
la), total eukaryotic initiation factor 2Be (eIF2B¢), total interleu-
kin (IL)-6, total heat shock protein 70 (HSP70), total Akt, total
FOXO3a, and total FAK. Total insulin-like growth factor I
(IGF-I) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA), phospho-elF2B¢ (Ser539) was purchased from Gene-
Tex (San Antonio, TX), and total regulated in development and
DNA damage responses 1 (REDD1) protein was purchased from
ProteinTech Group (Chicago, IL). All antibodies were used in a
dilution of 1:1,000 except for phospho-S6K1 (1:500). Anti-rabbit
IgG horseradish peroxidase-conjugated secondary antibody (1:
2,000) was purchased from Amersham BioSciences.

Gene Expression

Details of RNA isolation, cDNA synthesis and real-time
quantitative PCR (qPCR) have been described elsewhere (16).
Briefly, RNA concentration and integrity were determined with
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). The 28S-to-18S ratio was 1.24 = 0.02, and the
RNA integrity number (RIN) was 8.05 *= 0.09, which we
considered acceptable (1-10 scale: 10 best). Human REDDI,
REDD2, and GAPDH primer sets have been published previ-
ously (16). The mean cycle threshold (C;) from each sample
(run in duplicate) was normalized to the internal control,
GAPDH, after which relative fold changes were determined as
described by Livak and Schmittgen (36). The data are ex-
pressed as percent change from baseline.

Hormones and Glucose/Lactate

Serum concentrations of growth hormone (GH) and cortisol
were determined (Calbiotech, Spring Valley, CA) via ELISA at
select time points according to the manufacturer’s instructions.
Plasma glucose and lactate concentrations were measured with
an automated glucose and lactate analyzer (YSI, Yellow
Springs, OH). Four blood draws were taken before exercise,
and these samples were averaged and reported as the baseline
values. All subsequent blood draws were analyzed and re-
ported individually.
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Muscle Fractional Synthetic Rate

Muscle intracellular free amino acids and muscle proteins
were extracted as previously described (57, 58). Muscle intra-
cellular free concentration and enrichment of phenylalanine
was determined by gas chromatography-mass spectrometry
(GCMS; 6890 Plus GC, 5973N MSD, 7683 autosampler,
Agilent Technologies, Palo Alto, CA) using an appropriate
internal standard (L-[*N]phenylalanine) (57, 58). Mixed mus-
cle protein-bound phenylalanine enrichment was analyzed by
GCMS after protein hydrolysis and amino acid extraction (57,
58) with the external standard curve approach (11). We calcu-
lated the fractional synthetic rate of mixed muscle proteins
(FSR) by measuring the incorporation rate of the phenylalanine
tracer into the proteins (AEp/f) and using the precursor-product
model to calculate the synthesis rate: FSR = (AEp/t)/[(Em; +
En2)/2]-60-100, where AEp is the increment in protein-bound
phenylalanine enrichment between two sequential biopsies,  is
the time between the two sequential biopsies, and Eyy; and Enpz
are the phenylalanine enrichments in the free intracellular pool
in the two sequential biopsies; data are expressed as percentage
per hour. Baseline FSR is the increment in protein-bound
phenylalanine enrichment from biopsy 1 to biopsy 2, while the
postexercise FSR is the increment in protein-bound phenylal-
anine enrichment from biopsy 3 to biopsy 5, encompassing the
3-h postexercise period.

Statistical Analysis

All values are expressed as means = SE. Comparisons were
performed by ANOVA with repeated measures, the effects
being group (BFR, Ctrl) and time. Post hoc testing was per-
formed with Bonferroni when appropriate. Significance was set
at P = 0.05. All analyses were done with SigmaStat 11.0
(Systat Software, San Jose, CA).

RESULTS
Serum Hormones and Metabolites

There were no significant differences in plasma glucose or
lactate between groups at baseline (Table 1). Plasma lactate
increased significantly (P < 0.05, Table 1) in both groups
during the exercise bout (P < 0.05), remained elevated in the
BFR group for 45 min after exercise, and was also higher
compared with Ctrl for 30 min after exercise. Plasma lactate
values returned to baseline in the Ctrl group after exercise.
Plasma glucose increased significantly after exercise for 45
min in the BFR group compared with baseline and was higher
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than the Ctrl group (P < 0.05; Table 1), which did not change
after exercise.

Cortisol concentrations were elevated only in the BFR group
for 2 h after exercise from baseline values (P < 0.05; Fig. 2)
and then returned to near-resting values (P > 0.05). After
exercise, cortisol values were significantly higher than those in
the Ctrl group during the first 90 min after exercise in the BFR
group (P < 0.05). Serum cortisol concentrations did not
change during or after exercise in the Ctrl group (P > 0.05).

Serum GH concentrations increased significantly 15 min
after exercise and remained elevated for 30 min after exercise
in the BFR group compared with baseline (P < 0.05; Fig. 2).
Serum GH concentration in the BFR group was also higher
than the Ctrl group for 30 min after exercise (P < 0.05; Fig. 2).
GH concentration did not change after exercise in the Ctrl
group (P > 0.05).

D-Dimer Test for Thrombosis

Blood samples were taken from subjects during the basal
period and immediately after exercise to test for D-dimer, a
fibrin degradation product, to test for potential thrombosis in
subjects due to the application of the pressure cuff during
exercise in the BFR group. Subjects in the BFR group had a
mean D-dimer value of 0.37 = 0.09 wg/ml before exercise and
a value of 0.39 = 0.09 pg/ml immediately after exercise. There
was no significant difference between values obtained before
exercise and those taken after exercise (P > 0.05).

Leg Circumference

Leg circumference increased by an average of 2.5 = 0.6 cm
immediately after exercise and remained elevated for 30 min
after exercise in the BFR group (P < 0.05). Similarly, leg
circumference increased 1.3 = 0.3 cm immediately after ex-
ercise in the Ctrl group but was significantly lower than that in
the BFR group (P < 0.05).

Oxygen Saturation

Oxygen saturation, as measured by a pulse oximeter on the
large toe of each subject, was 98.1 = 0.9% in the Ctrl group
and 96.6 = 1.8% in the BFR group at baseline, with no
difference between groups (P > 0.05). During exercise, oxy-
gen saturation significantly dropped to 91.1 = 1.0% in the Ctrl
group (P < 0.05). Oxygen saturation also decreased to 74.5 *
4.8% during exercise in the BFR group, which was signifi-
cantly decreased from baseline and lower than the Ctrl group
(P < 0.05). Immediately after the completion of exercise, the

Table 1. Plasma lactate and glucose measurements before and after resistance exercise

Postexercise, Minutes

Baseline Exercise 15 30 45 60 120 180
Lactate, mmol/l
BFR 1.2 0.1 2.7 = 0.6* 3.3 = 0.4%F 2.4 = 0.4%F 1.8 = 0.3* 1.7+0.2 1.0 = 0.1 0.9 = 0.1
Ctrl 1.3 02 2.9 = 0.6 1702 1.3 02 1.2 *+0.1 1.1 £0.1 09 *+0.1 0.9 = 0.1
Glucose, mmol/l
BFR 53*+32 53=*32 6.0 = 3.6F 5.7 = 3.9} 5.6 = 3.7% 55*+32 52=*23 52*+24
Ctrl 53 *+38 53=*30 49+55 48 +59 51*x22 50x22 50=*22 49 +19

Values are means *= SE. BFR, resistance exercise with blood flow restriction; Ctrl, resistance exercise without blood flow restriction. *Significantly different
from baseline (P < 0.05); fsignificantly different from Ctrl at same time point (P < 0.05).
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oxygen saturation levels in both groups returned to baseline
values.

Muscle Protein Synthesis

Mixed muscle protein FSR was significantly increased at 3
h after exercise in the BFR group compared with baseline and
was higher than that in the Ctrl group (P < 0.05; Fig. 3). There
was no increase in FSR after exercise in the Ctrl group.

Protein Expression Immediately After Exercise

The muscle biopsy taken immediately after exercise was
obtained before release of the pressure cuff in order to assess
what effect the occlusion of blood flow during exercise may be
having on selected cellular growth and stress proteins. There-
fore, as shown in Table 2, we compared protein expression/
phosphorylation between groups at this individual time point.
There was no difference in the phosphorylation of mTOR
(Ser2448), Akt (Thr308), FOXO3a (Ser253), eEF2 (Thr56),
AMPKa (Thr172), ERK1/2 (Thr202/Tyr204), rpS6 (Ser240/
244), elF2Be (Ser539), or FAK (Tyr576/577) between groups
or from baseline (P > 0.05; Table 2) immediately after exer-
cise. There also was no difference in the total protein content
of IGF-I, REDDI1, HIF-1a, HSP70, or IL-6 (P > 0.05; Table
2). Phosphorylation of 4E-BP1 (Thr37/46) decreased from
baseline in the Ctrl group (P < 0.05). Phosphorylation of
S6K1 (Thr389) increased from baseline in the BFR group
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Fig. 3. Mixed muscle fractional synthetic rate (FSR): muscle protein
synthesis as expressed by the mixed muscle FSR in BFR and Ctrl subjects
before exercise and during 3 h of postexercise recovery. *Significantly
different from baseline (P < 0.05); #significantly different from Ctrl (P <
0.05).

Baseline

(P < 0.05; Table 2). The phosphorylation of Mnk1 (Thr197/
202) and rpS6 (Ser235/236) was increased from baseline in
the Ctrl group (P < 0.05; Table 2), and the phosphorylation
of Mnk1 was also significantly higher than in the BFR group
(P < 0.05; Table 2).

Fig. 2. Peripheral vein serum hormone concentrations.
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Table 2. Protein expression and phosphorylation immediately after exercise and before release of pressure cuff

FOXO3a

Akt
(Thr308) (Ser253)

ERK1/2 Mnk1

AMPKa  elF2Be FAK

pS6

S6K1 4E-BP1 eEF2 pS6

mTOR

IGF-1

REDDI!  HSP70 1L-6

443

HIF-1a

(Ser2448) (Thr389) (Thr37/46) (Thr56) (Ser235/236) (Ser240/244) (Thrl72) (Ser539) (Tyr576/577) (Thr202/Tyr204) (Thr197/202)

0.60 1.04 2.57 0.53 0.91
*0.10

+ 0.08

1.30

0.12
+ 0.02*

9.36

0.97
+ 0.09

0.12
+ 0.06

0.45

0.64

0.44

1.94
+ 0.44
1.22
+ 0.08

0.47
* 0.04*

0.49
+0.21

0.84

*0.16

Ctrl

+0.07
0.55

+ 0.89
243

*0.22
0.75

+0.44
3.27

+0.30

1.19

+387
4.49

+0.16
0.36

+0.35
0.53

+ 0.13*
0.89
+0.76

0.92
+ 0.08

0.78
+ 0.08

0.06
+ 0.017

1.27
+0.18

0.08
+0.02

0.63
*0.07

0.52 0.31
+ 0.10*

+ 0.09

BFR

*042 =0.06

+0.07

+0.36

+0.28

* 141

+0.05

+0.27
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Values are means * SE expressed in arbitrary units. mTOR, mammalian target of rapamycin; S6K1, S6 kinase 1; 4E-BP1, eukaryotic initiation factor 4E binding protein 1; eEF2, eukaryotic elongation

factor 2; rpS6, ribosomal protein S6; AMPKa, AMP-activated protein kinase «; e[F2Be, eukaryotic initiation factor 2Be; FAK, focal adhesion kinase; ERK1/2, extracellular signal-regulated kinase 1/2; Mnkl,

mitogen-activated protein kinase-interacting kinase 1; HIF-1a, hypoxia-inducible factor 1a; REDD1, regulated in development and DNA damage responses 1; HSP70, heat shock protein 70; IL-6, interleukin-6;

FOXO3a, Forkhead Box O3a; IGF-I, insulin-like growth factor I. Proteins with an indicated phosphorylation site are measured as a phospho-to-total ratio. Proteins without a regulatory phosphorylation site

are measured as total protein alone. *Significantly different from baseline (P < 0.05); fsignificantly different from Ctrl at same time point (P < 0.05).

mTORCI Signaling During Postexercise Recovery

Phosphorylation of mTOR at Ser2448 was higher at 1 h after
exercise in the BFR group compared with the Ctrl group (P <
0.05; Fig. 4A). Phosphorylation remained significantly elevated
from baseline at 3 h after exercise in the BFR group (P < 0.05;
Fig. 4A). The Ctrl group showed an increase in mTOR phos-
phorylation at 3 h after exercise (P < 0.05; Fig. 4A).

Phosphorylation of S6K1 at Thr389 was significantly in-
creased at 1 and 3 h after exercise in the BFR group (P < 0.05;
Fig. 4B). S6K1 phosphorylation status was unchanged after
exercise in the Ctrl group.

Phosphorylation of rpS6 at Ser235/236 increased ~10- and
18-fold from baseline at 1 and 3 h after exercise, respectively,
in the BFR group (P < 0.05; Fig. 4C). S6K1 phosphorylation
at Ser235/236 was increased from baseline at 3 h after exercise
in the Ctrl group but was significantly lower than the BFR
group (P < 0.05; Fig. 4C). Phosphorylation of rpS6 at Ser240/
244 increased significantly from baseline at 3 h after exercise
in the BFR group (P < 0.05; Fig. 4D) and was also higher than
the Ctrl group (P < 0.05; Fig. 4D). There were no statistical
differences in S6 phosphorylation at Ser240/244 at any time
point in the Ctrl group (P > 0.05; Fig. 4D).

There was no difference in the phosphorylation of 4E-BP1 at
Thr37/46 or eEF2 at Thr56 in either group at any time point
(P > 0.05; Table 3). The phosphorylation of eI[F2B¢ at Ser539
also did not change in either group (P > 0.05; Table 3).

Upstream Regulators of mTORCI During
Postexercise Recovery

REDDI gene expression decreased 46% from baseline in the
Ctrl group and 41% from baseline in the BFR group at 3 h after
exercise (P < 0.05), while REDD2 gene expression decreased
34% from baseline in the Ctrl group and 42% from baseline in
the BFR group 3 h after exercise (P < 0.05). However, there
was no difference in REDD1 total protein content at baseline or
after exercise in either the BFR or Ctrl group, nor were there
any group differences (P > 0.05; Table 3). HIF-la total
protein did not change with time or between groups (P > 0.05;
Table 3). The phosphorylation of AMPKa at Thr172 (a mea-
sure of both al and «2 catalytic subunit phosphorylation
status) was not different at any time point in either group (P >
0.05; Table 3).

Stress-Associated Proteins During Postexercise Recovery

There was no difference in HSP70 total protein content at
baseline or after exercise in either the BFR or Ctrl group (P >
0.05; Table 3). IL-6 total protein did not change with time or
between groups (P > 0.05; Table 3). The phosphorylation of FAK
at Tyr576/577 was not different at exercise or 1 or 3 h after
exercise in either group (P > 0.05; Table 3).

Insulin Signaling During Postexercise Recovery

There was no difference over time in the phosphorylation of
Akt at Thr308 in the Ctrl group after exercise (P > 0.05; Table 3),
but at 3 h after exercise there was an increase in Akt phosphor-
ylation in the BFR group compared with baseline (P < 0.05;
Table 3). There was no difference in the phosphorylation of
FOXO3a (Ser253) at baseline or after exercise in either the BFR
or the Ctrl group (P > 0.05; Table 3). IGF-I total protein did not
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Fig. 4. Mammalian target of rapamycin (mTOR), S6 kinase 1 (S6K1), and S6. Data represent phosphorylation/total fold change of mTOR at Ser2448 (A), S6K1
at Thr389 (B), S6 at Ser235/236 (C), and S6 at Ser240/244 (D) at baseline and 1 and 3 h after exercise. Representative immunoblot images are shown.
*Significantly different from baseline (P < 0.05); #significantly different from Ctrl subjects at corresponding time point (P < 0.05).

change with time in the BFR group (P > 0.05; Table 3), but at 3
h after exercise there was a decrease in total protein content of
IGF-I in the Ctrl group only (P < 0.05; Table 3).

MAPK Signaling During Postexercise Recovery

ERK1/2 phosphorylation at Thr202/Tyr204 increased four-
fold at 1 h after exercise in the BFR group and was statistically
higher than the Ctrl group at this point (P < 0.05; Fig. 5A).
There was no difference in ERK1/2 phosphorylation at any
time point in the Ctrl group (P > 0.05; Fig. 5A). Mnkl
phosphorylation at Thr197/202 was increased at 1 h after
exercise in the BFR group compared with baseline and was higher
than that in the Ctrl group (P < 0.05; Fig. 5B). Mnk1 was also
elevated at 3 h after exercise in the BFR group compared with the
Ctrl group (P < 0.05; Fig. 5B). The phosphorylation of Mnk1 did
not change in the Ctrl group (P > 0.05; Fig. 5B).

DISCUSSION

The primary and novel finding from our study was that skeletal
muscle protein synthesis was stimulated after an acute bout of
low-intensity (20% 1-RM) resistance exercise in combination

with BFR in older men. Specifically, muscle protein synthesis
increased by 56% (P < 0.05) in the BFR group 3 h after
performance of a bout of low-intensity resistance exercise with
BFR, while muscle protein synthesis did not increase in the Ctrl
group, who exercised without BFR. In the BFR group, there was
also a significant increase in the phosphorylation of S6K1 and
rpS6, suggesting enhanced mTORCT signaling following exercise
with BFR. The enhanced mTORCI signaling is indicative of
improved translation initiation, which likely explains the increase
in muscle protein synthesis with BFR. Our recent report (14) that
the contraction-induced increase in muscle protein synthesis is
dependent on the activation of mMTORC1 in human muscle would
support the findings from the present study that mTORC1 activa-
tion with BFR exercise is playing a key role in stimulating muscle
protein synthesis and likely muscle hypertrophy over time. The
activation of protein synthesis may also have been due to other
regulators of translation initiation, as we report concurrent activa-
tion of mTORC1 and MAPK signaling pathways with BFR
exercise.

It is well established that high-intensity resistance exercise is
a potent stimulus for muscle protein synthesis and hypertrophy
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Table 3. Protein expression and phosphorylation during
postexercise recovery

Baseline 1 h Post 3 h Post
Translation initiation/elongation
eEF2 (Thr56)
Ctrl 1.89 £0.48 1.59 £0.17 1.78 = 0.09
BFR 1.36 = 0.14 1.27 £ 0.11 1.43 £0.16
4E-BP1 (Thr37/46)
Ctrl 0.59 = 0.06 0.45 = 0.02 0.46 £ 0.05
BFR 0.61 = 0.08 0.53 = 0.04 0.54 = 0.04
elF2Be (Ser539)
Ctrl 0.08 = 0.05 0.05 = 0.02 0.07 = 0.02
BFR 0.08 = 0.02 0.08 = 0.01 0.07 £0.01
Upstream mTOR regulators
AMPKa« (Thr172)
Ctrl 0.36 = 0.09 0.31 = 0.08 0.30 = 0.06
BFR 0.30 = 0.02 0.31 = 0.04 0.37 =£0.07
HIF-1a
Crl 1.39 = 0.30 1.69 = 0.38 1.37 £ 0.37
BFR 1.41 +£0.33 1.30 = 0.27 1.37 £ 0.37
REDD1
Ctrl 2.92 +0.72 3.47 = 0.85 3.21 = 1.06
BFR 3.12 = 0.44 4.26 £ 0.89 3.74 = 0.87
Stress proteins
HSP70
Ctrl 0.78 £0.13 1.02 = 0.06 0.82 £0.11
BFR 0.85 £0.12 0.87 £0.09 0.78 = 0.07
1L-6
Ctrl 0.98 =£0.17 1.14 = 0.07 0.87 £ 0.10
BFR 0.80 £0.14 0.87 = 0.12 0.66 = 0.06
FAK (Tyr576/577)
Ctrl 0.89 £ 0.07 0.95 = 0.09 1.06 = 0.12
BFR 1.30 £ 0.23 1.23 = 0.23 1.17 £ 0.17
Insulin signaling
Akt (Thr308)
Ctrl 1.94 = 0.29 2.14 £0.36 2.61 = 0.42
BFR 1.93 +£0.33 2.75 £ 0.57 3.32 = 0.87*
FOXO03a (Ser253)
Ctrl 0.54 £ 0.04 0.61 = 0.08 0.53 =£0.07
BFR 0.61 = 0.04 0.59 = 0.08 0.52 + 0.06
IGF-1
Ctrl 1.00 £ 0.09 0.89 = 0.09 0.87 £ 0.08*
BFR 0.90 = 0.07 0.86 = 0.08 0.85 £ 0.07

Values are means * SE expressed in arbitrary units. Proteins with an
indicated phosphorylation site are reported as a phospho-to-total ratio. Proteins
without a regulatory phosphorylation site are reported as total protein content.
*Significantly different from baseline (P < 0.05).

(44, 48, 62, 63), and we have shown (12) that a single bout of
resistance exercise at an intensity of 70% 1-RM increased
muscle protein synthesis in addition to increasing phosphory-
lation of mTOR and S6K1 during postexercise recovery. An
acute bout of leg resistance exercise at 20% of 1-RM does not
stimulate muscle protein synthesis in young healthy men (21),
and it is clear that high-intensity (rather than low intensity)
resistance exercise is effective at increasing muscle hypertro-
phy with training, as confirmed by a direct correlation between
the phosphorylation of S6K1 in the first few hours following an
acute bout of high-intensity resistance exercise and the percent
change in muscle mass following several weeks of high-
intensity resistance exercise training in rodents (5) and humans
(53). Several studies have shown that the gradual activation of
mTORCI1 and its downstream effector S6K1 in the recovery

MUSCLE BLOOD FLOW RESTRICTION EXERCISE IN AGING

phase following high-intensity resistance exercise (9, 12, 32) is
associated with increases in protein synthesis (5, 7, 26, 46).

Interestingly, a few studies have now shown that low-
intensity (20-50% 1-RM) resistance exercise in combination
with a restriction in blood flow to the working muscles pro-
duces increases in muscle size and strength similar to those
from traditional, high-intensity resistance exercise (1, 49-52).
We recently demonstrated (21) that S6K1 phosphorylation and
muscle protein synthesis were increased in young men after a
bout of low-intensity (20% 1-RM) resistance exercise with
BFR. The present study used an identical study design and
found a similar increase in S6K1 phosphorylation and muscle
protein synthesis in the older men compared with the younger
men in our previous study (21). Therefore, the increase in
mTORCI signaling (e.g., increased phosphorylation of S6K1
and its downstream target S6) following BFR exercise strongly
suggests that improved translation initiation and ribosomal
biogenesis is responsible for the increase in the rate of muscle
protein synthesis we observed.
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Fig. 5. Extracellular signal-regulated kinase 1/2 (ERK1/2) and mitogen-
activated protein kinase-interacting kinase 1 (Mnk1). Data represent phosphor-
ylation/total fold change of ERKI1/2 at Thr202/Tyr204 (A) and Mnkl at
Thr197/202 (B) at baseline and 1 and 3 h after exercise. Representative
immunoblot images are shown. *Significantly different from baseline (P <
0.05); *#significantly different from Ctrl subjects at corresponding time point
(P < 0.05).
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Although mTORC1 signaling appears to be an important
regulator of translation initiation, other pathways are likely
involved (e.g., MAPK pathway). For example, ERK1/2 can
phosphorylate Mnkl1, which in turn can activate the elF4E
translation initiation factor (19, 60, 61). Two recent studies
have shown age-related differences at baseline and after exer-
cise in the MAPK-associated proteins (60, 61). In agreement
with those studies, we previously showed (13) that the phos-
phorylation of ERK1/2 and Mnk1 is blunted in the elderly after
a bout of high-intensity resistance exercise and essential amino
acid ingestion. In the present study, ERK1/2 and Mnkl phos-
phorylation increased in the BFR group, which indicates that a
concurrent activation of both the mTORC1 and MAPK signal-
ing pathways is likely needed to induce a maximal muscle
protein synthetic response after resistance exercise and that
BFR exercise is capable of activating both pathways in older
human skeletal muscle.

It has been suggested that increases in anabolic hormones
such as GH following resistance exercise are necessary for
muscle growth (22). In response to an acute bout of high-
intensity resistance exercise and/or low-intensity resistance
exercise with BFR, circulating GH concentration increases (13,
21, 52). In our study, peak GH concentrations after exercise
increased ninefold in the BFR group compared with the Ctrl
group; however, we cannot determine from our study design
whether the GH response following BFR exercise played a role
in activating mTORCI signaling. We suspect that this is not
the case, since muscle hypertrophy following resistance exer-
cise can occur in the absence of large changes in anabolic
hormones (59a). On the other hand, the increase in cortisol in
the present study likely indicates that BFR exercise produces a
similar stress response (compared with traditional high-inten-
sity exercise) in the contracting muscle.

Other mechanisms such as energetic and/or hypoxic stress
may also play a role in regulating the muscle growth response
following BFR exercise. This was based on data showing that
AMPK is activated during energetic stress and can inhibit
mTOR via phosphorylation, and activation, of tuberous scle-
rosis complex 2 (TSC2) (8, 29). For instance, our lab (12)
recently showed that “during” a bout of high-intensity resis-
tance exercise, AMPK activity increased and muscle protein
synthesis decreased, and AMPK may play a role in regulating
the different muscle protein synthesis response between young
and old rodents following overload-induced hypertrophy (55).
Furthermore, mTOR is regulated by upstream factors HIF-1a
and REDDI1 (3, 35). Increased expression of HIF-la and
REDDI during hypoxia inhibits the mTOR pathway (30, 31).
However, we found no changes in selected markers of ener-
getic (AMPK) or hypoxic (HIF-1a, REDD1/2) stress, which
suggests that energetic or hypoxic stress was not occurring to
a significant extent during BFR exercise.

Muscle protein accretion with chronic BFR exercise may
also be influenced by changes in protein breakdown. Akt, in its
active form, can phosphorylate members of the FOXO tran-
scription factors, which then modulates their cellular localiza-
tion to the cytosol, where they cannot act to alter gene expres-
sion (10, 47). FOXO3a can alter the expression of genes
controlling numerous cellular processes, including the ubig-
uitin proteasome pathway via Atrogin-1 (10, 47). In the present
study, we observed no influence of BFR exercise on the
phosphorylation of Akt or FOXO3a, which is consistent with
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our previous study in young subjects showing no change in
Atrogin-1 gene expression after BFR exercise (15). Therefore,
it does not appear that BFR exercise alters the Akt-FOXO3a-
ubiquitin proteasome pathway and that an increase in transla-
tion initiation may be the primary target of BFR exercise
(rather than modulating proteolysis) during early postexercise
recovery.

Resistance exercise has also been shown to increase the
expression of several heat shock proteins, including HSP70
(54) which may protect against the damage induced by a
second bout of exercise (38). Heat shock protein response to
exercise is also attenuated in older individuals (56). The
anti-inflammatory effect of exercise is also modulated through
the release of IL-6 by the muscle (25, 43). The infusion of IL-6
into human skeletal muscle results in a rapid and sustained
increase in heat shock protein mRNA (18). In our present
study, we did not observe any increase in either HSP70 or IL-6
protein expression after BFR exercise. This may be due to the
low intensity of the weight lifted, the relatively short duration
of the exercise protocol (~5 min), or the fact that both the heat
shock protein and anti-inflammatory responses to exercise are
blunted with aging (23, 56).

Another potential cellular mechanism that may explain the
increase in muscle protein synthesis following BFR exercise is
cell swelling-induced activation of mTORCI signaling. In our
study we found that leg circumference was increased to a much
larger extent in the BFR group. Obviously, leg circumference
is not a direct measure of cell swelling; however, it should be
noted that cell swelling is an anabolic proliferative signal in
which proteins associated with osmosensing are activated (i.e.,
FAK and ERK1/2) (4, 39). We did find a greater phosphory-
lation of ERK1/2 in the BFR subjects after exercise but found
no difference in FAK phosphorylation, which may have in-
creased before the time at which we collected the biopsy.
However, the present study design prevented us from verifying
this or verifying to what extent cell swelling may influence the
postexercise response. Finally, another possible mechanism for
mTORCI1 activation may have been an increase in reactive
hyperemia and hence nutritive flow to the muscle after the
release of the pressure cuff. Future studies need to explore this
possibility, because an increase in blood flow and amino acid
availability can directly stimulate mTORC1 and muscle protein
synthesis (45).

The BFR exercise in our study was well tolerated by all
participants. Subjects completed the BFR exercise with verbal
encouragement and were asked to report their rate of perceived
exertion (RPE) on a 0—10 scale. Most reported a score of 7—8
during the end of the exercise protocol, and the discomfort
observed was comparable to that experienced during high-
intensity resistance exercise. Subjects were monitored for risk
of potential deep vein thrombosis with D-dimer tests, none of
which returned with a positive result. Subjects did not report
any side effects immediately after exercise or 1 wk after the
infusion protocol.

In summary, we have shown that an acute bout of low-
intensity resistance exercise combined with BFR stimulates
muscle protein synthesis and enhances the phosphorylation of
proteins in both the mTORC1 and MAPK signaling pathways.
Neither signaling pathway or muscle protein synthesis changed
in the low-intensity exercise group without occlusion of blood
flow. Consequently, we conclude that the concurrent activation
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of the mTORC1 and MAPK signaling pathways appears to be
an important cellular mechanism responsible for the enhanced
muscle protein synthesis during low-intensity resistance exer-
cise with BFR. Therefore, BFR exercise is a well-tolerated and
novel intervention that may enhance muscle rehabilitation to
counteract sarcopenia.
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