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phosphorylation in association with enhanced leg glucose uptake during
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Dreyer HC, Drummond MJ, Glynn EL, Fujita S, Chinkes DL,
Volpi E, Rasmussen BB. Resistance exercise increases human skel-
etal muscle AS160/TBC1D4 phosphorylation in association with
enhanced leg glucose uptake during postexercise recovery. J Appl
Physiol 105: 1967–1974, 2008. First published October 9, 2008;
doi:10.1152/japplphysiol.90562.2008.—Akt substrate of 160 kDa
(AS160/TBC1D4) is associated with insulin and contraction-mediated
glucose uptake. Human skeletal muscle AS160 phosphorylation is
increased during aerobic exercise but not immediately following
resistance exercise. It is not known whether AS160 phosphorylation is
altered during recovery from resistance exercise. Therefore, we hy-
pothesized that muscle AS160/TBC1D4 phosphorylation and glucose
uptake across the leg would be increased during recovery following
resistance exercise. We studied 9 male subjects before, during, and for
2 h of postexercise recovery. We utilized femoral catheterizations and
muscle biopsies in combination with indirect calorimetry and immu-
noblotting to determine whole body glucose and fat oxidation, leg
glucose uptake, muscle AMPK�2 activity, and the phosphorylation of
muscle Akt and AS160/TBC1D4. Glucose oxidation was reduced
while fat oxidation increased (�35%) during postexercise recovery
(P � 0.05). Glucose uptake increased during exercise and postexer-
cise recovery (P � 0.05). Akt phosphorylation was increased at 1 h
and AMPK�2 activity increased at 2 h postexercise (P � 0.05).
Phospho(Ser/Thr)-Akt substrate (PAS) phosphorylation (often used as
a marker for AS160) was unchanged immediately postexercise and
increased at 1 h (P � 0.05) and 2 h postexercise (P � 0.07). The PAS
antibody is not always specific for AS160/TBC1D4 and can detect
proteins at a similar molecular weight. Therefore, we immunoprecipi-
tated AS160/TBC1D4 and then blotted with the PAS antibody, which
confirmed that PAS phosphorylation is occurring on AS160/TBC1D4.
There was also a positive correlation between PAS phosphorylation
and leg glucose uptake during recovery (P � 0.05). We conclude that
resistance exercise increases AS160/TBC1D4 phosphorylation in as-
sociation with an increase in leg glucose uptake during postexercise
recovery.

AMP-activated protein kinase; fat oxidation; GLUT4; Akt

AKT SUBSTRATE of 160 kDa (AS160/TBC1D4) is associated with
the regulation of glucose uptake in both adipocytes and skeletal
muscle (4, 16, 18, 27). It has been suggested that AS160 may
serve as a converging point for both insulin-dependent and
insulin-independent (muscle contraction) signaling pathways
on GLUT4 translocation and subsequent glucose uptake into
skeletal muscle (5). For example, insulin signaling has been

shown to lead to increased AS160 phosphorylation via the
phosphoinositide 3-kinase (PI3K)-Akt pathway in both rat (2,
4) and human skeletal muscle (6, 19). The phosphorylation of
AS160 by insulin appears to be mediated by Akt since incu-
bation of muscle with wortmannin, use of Akt2 null mice, or
suppression of IRS-1 or Akt2 prevents insulin’s ability to
phosphorylate AS160 (3, 4, 20). On the other hand, muscle
contraction-induced phosphorylation of AS160 in isolated rat
epitrochlearis muscle is inhibited by wortmannin (4), whereas
wortmannin only partially inhibits the contraction-induced in-
crease in AS160 phosphorylation in isolated mouse extensor
digitorum longus muscle (20). AMP-activated protein kinase
(AMPK), an important regulator of contraction-mediated
GLUT4 translocation (10, 33), was first suggested as the kinase
responsible for phosphorylating AS160 in skeletal muscle
when it was shown that both muscle contraction and AICAR
(an AMPK activator) incubation in isolated rat skeletal muscle
increased AS160 phosphorylation (4). Subsequent studies in-
hibited AMPK (via AMPK�2 knockout or �2-AMPK kinase
dead mice) and found that contraction-induced AS160 phos-
phorylation is significantly reduced; however, elimination of
AMPK activity does not completely abolish all AS160 phos-
phorylation following contraction (20). Interestingly, concur-
rent phosphorylation of Akt and AMPK activation induced an
additive increase in AS160 phosphorylation (31). Taken to-
gether the data suggest that Akt and AMPK participation in
AS160 phosphorylation may be dependent on the type of
exercise or muscle contraction stimulus and also that results
may be species specific.

Exercise in human subjects also increases muscle AS160
phosphorylation immediately following 60 or 90 min of mod-
erate-intensity cycling exercise (30) but not after 1, 10, or 30
min of moderate-intensity cycling exercise (30). Only a few
studies have looked at the effects of resistance exercise in
humans, and those studies found that AS160 phosphorylation
did not increase when measured immediately following exer-
cise (6, 14). Currently, it is not known whether AS160 phos-
phorylation is altered during recovery from resistance exercise
in human skeletal muscle. The previous resistance exercise
studies used the phospho(Ser/Thr)-Akt substrate (PAS) anti-
body as a marker of AS160/TBC1D4 phosphorylation. How-
ever, recently it has been shown that the PAS antibody also
interacts with a novel protein referred to as TBC1D1 (29).
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Therefore, it is also important to determine whether changes
detected using the PAS antibody reflect changes in AS160/
TBC1D4 phosphorylation in human skeletal muscle.

We have previously shown that AMPK activity is elevated
during postexercise recovery in rats concurrently with an
increase in fat oxidation (24). In addition to stimulating fat
oxidation, AMPK activation during postexercise recovery may
also play a role in restoring muscle glycogen levels by pro-
moting GLUT4 translocation (34). For example, glucose trans-
port and glycogen repletion in skeletal muscle are increased
during the recovery period following aerobic exercise in both
rodents and humans (1, 15, 21–23). Resistance exercise also
decreases glycogen stores in human muscle, which are gradu-
ally replenished during recovery (15, 21–23). AMPK may
facilitate muscle glycogen repletion by phosphorylating AS160
during recovery (increased glucose transport into muscle cells)
and by stimulating fat oxidation to provide the necessary
energy to sustain the ATP-consuming process of glycogen
synthesis. Therefore, we hypothesized that muscle AS160/
TBC1D4 phosphorylation, glucose uptake across the leg, and
fat oxidation would be elevated during recovery following a
bout of resistance exercise in young men.

MATERIALS AND METHODS

Subjects. We studied nine young men. 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 (which is in
compliance with the Declaration of Helsinki). Screening of subjects
was performed with clinical history, physical exam, 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-stimulating hormone (TSH), lipid profile, urinalysis, drug
screening, and ECG. Subject characteristics are summarized in Table 1.

Study design. Details of the study design have previously been
published (8). Seven of the nine subjects were included in a previous
publication that presented AMPK, Akt, and glucose uptake data (8).
On two separate occasions (�5 days apart) and more than 5 days
before conducting the study, each subject was tested for muscle
strength by measuring their 1 repetition maximum (1RM) on a leg
extension machine (Cybex-VR2, Medway, MA) located within the
General Clinical Research Center (GCRC) Exercise Laboratory. The higher
of the two 1RM values obtained was used to determine the starting
weight (70% of 1RM) for the resistance exercise portion of our study.
On the second visit a dual-energy X-ray absorptiometry (DEXA) scan
(Hologic QDR 4500W, Bedford, MA) was performed to measure
body composition and lean mass.

Each subject was admitted to the GCRC of the University of Texas
Medical Branch the day before the exercise study. The subjects were

then fed a standard dinner, and a snack was given at 2200. The
subjects were studied following an overnight fast under basal condi-
tions and refrained from exercise for 24 h before study participation.
The subjects were all fed a standardized meal (12 kcal/kg body wt;
60% carbohydrate, 20% fat, and 20% protein) prepared by the Bio-
nutrition Division of the GCRC. The morning of the study, polyeth-
ylene catheters were inserted into a forearm vein, 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, Buffalo Grove, IL) to
determine blood flow.

Subjects were studied during four time periods: first period (basal),
second period (exercise), third period (the first hour postexercise; 1 h
Post), and fourth period (the second hour postexercise; 2 h Post). The
second period was performed in the exercise lab within the GCRC,
and the first, third, and fourth periods were all conducted in the special
procedures room, also within the GCRC.

Marking the beginning of the basal period, and 2 h following study
initiation, 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 using a 5-mm
Bergström biopsy needle, under sterile procedure and local anesthesia
(1% lidocaine). The muscle sample was immediately blotted and
frozen in liquid nitrogen (within seconds) and stored at �80°C until
analysis. Immediately after the first biopsy, continuous breath analysis
(indirect calorimetry) was begun to measure inspired O2 and expired
CO2 for O2 uptake (V̇O2) and CO2 production (V̇CO2) determination.
At the same time a continuous infusion of indocyanine green (ICG)
was started in the femoral artery (0.5 mg/min) and maintained for 50
min for the purpose of measuring leg blood flow. Ten minutes after
ICG infusion was started, blood samples were drawn 4 times, at
10-min intervals, from the femoral vein and the arterialized hand vein
to measure ICG concentration (Fig. 1). In addition to the blood
obtained for ICG measurement, blood samples were also taken from
the femoral artery and vein and from the arterialized hand vein to
measure insulin and glucose concentrations. At the end of the basal
period, a second muscle biopsy was obtained; however, the biopsy
needle was inclined at a different angle so that the second biopsy was
taken �5 cm apart from the first. This second biopsy was used to
measure the basal rate of muscle protein synthesis from our previous
publication (8). In the present study, all baseline data reported in the
results section were obtained from the first basal muscle biopsy.

Following the second biopsy, the subject was transported to the
exercise lab within the GCRC for the entire second period. The
subjects performed 10 sets of 10 repetitions of leg extension exercises
on a Cybex leg extension machine (Cybex International, Medway,
MA) set to 70% of their 1RM. All subjects started out at 70% of 1RM;
however, for a few of the subjects the weight was slightly reduced
(60–65% of 1RM) to achieve 10 repetitions per set. The rest period
between sets was 3 min, except during blood collection, which
required a few more minutes. As during the basal period, indirect
calorimetry was performed and ICG was infused. Blood samples were
collected immediately after the third, sixth, eighth, and tenth sets.
Following the last blood collection, subjects performed one final set of
10 repetitions and a third muscle biopsy was obtained through the
same incision within seconds of completing the last muscle contrac-
tion. The subjects were then transported back to the special procedures
room of the GCRC for the duration of the study.

During the third period (the first hour postexercise), 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
insulin and glucose concentrations. Samples were obtained every 10
min (as during the first and second periods). At the end of the first
hour postexercise, a fourth muscle biopsy was obtained through a new
incision site �5 cm from the first incision.

Table 1. Physical characteristics of the subjects

Value

Age, yr 27�2
Height, cm 176�3
Weight, kg 78�5
Body mass index, kg/m2 25.2�1.4
Lean body mass, kg 61�3
Body fat, % 19�2
Leg lean mass, kg 10.4�0.7

Values are means � SE; n � 9.
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During the fourth period (second hour postexercise), blood samples
were collected in the same manner as during the previous periods. At
the end of the second hour postexercise, a final muscle biopsy was
collected as described above from the second incision; however, the
biopsy needle was inclined at a different angle again so that the biopsy
was taken �5 cm apart from the prior biopsy.

Indirect calorimetry. During each period of the study, V̇O2, V̇CO2,
and the respiratory quotient (RQ) were obtained by continuous breath
sample analysis with a metabolic cart (Sensor Medics, Yorba Linda,
CA). Whole body fat and carbohydrate oxidation were calculated
from these data using established equations (35).

Blood flow, serum lactate, glucose, glucose uptake across the leg,
and insulin. Serum ICG concentration for the determination of leg
blood flow was measured spectrophotometrically (Beckman Coulter,
Fullerton, CA) at � � 805 nm (17). Plasma lactate and glucose
concentration were measured using an automated glucose analyzer
(YSI, Yellow Springs, OH). Leg glucose utilization was calculated as
net glucose uptake across the leg:

leg glucose uptake � 	CA � CV
 �BF

where BF is blood flow and CA and CV are the blood glucose
concentrations in the femoral artery and vein, respectively, and glu-
cose utilization is expressed as micromoles of glucose utilized per
minute per kilogram of fat free mass (FFM) of the leg
(�mol �min�1 �kg leg FFM�1). Plasma insulin concentrations were
determined by ELISA (Linco Research, St. Charles, MO).

AMPK activity assay. Specific details of the AMPK�2 activity
assay have been previously described (8). Activity is expressed in
picomoles of phosphate incorporated per milligram of muscle protein
subjected to immunoprecipitation per minute (pmol �mg�1 �min�1).

SDS PAGE and immunoblotting. Specific details of the immuno-
blotting procedures have been previously described (7) with slight
modifications for the present paper. 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, Her-
cules, CA) for 60 min at 150 V. Following SDS-PAGE, proteins were
transferred to polyvinylidene diflouride membranes (PVDF) (Hy-
bond-P, Amersham Biosciences, Piscataway, NJ) 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 Pon-
ceau S staining. Once transferred, PVDF membranes were placed in
blocking buffer [5% nonfat dry milk (NFDM) in Tris-buffered saline-
0.1% Tween-20 (TBST)] for 1 h. Following serial washes the mem-
branes 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 Blot-
ting Detection System, Amersham Biosciences, Piscataway, NJ) to
detect horseradish peroxidase 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 (version 4.5.2) (Bio-Rad). All
data for each band minus a representative background sample from
the membrane were normalized to an internal loading control.

AS160 /TBC1D4 immunoprecipitation. To verify the specificity of
the PAS antibody, we performed the following immunoprecipitation
assay. Frozen muscle was homogenized in CHAPS buffer [40 mM
HEPES (pH 7.5), 120 mM �-glycerolphosphate, 40 mM NaF, 1.5 mM
sodium vanadate, 0.3% CHAPS, 0.1 mM PMSF, 1 mM benzamadine,
and 1 mM DTT], and the homogenate was rocked for 20 min at 4°C
and then centrifuged at 1,000 g for 3 min at 4°C. To an aliquot of
supernatant containing 300 �g of protein, we added 1 �l of AS160
(Rab GAP) antibody [gene symbol TBC1D4 (no. 07–741, Upstate
Cell Signaling Solutions, Charlottesville, VA)], and this protein-
antibody complex was mixed by rocking overnight at 4°C. The
protein-antibody complex was isolated by adding BioMag goat anti-
rabbit IgG (Qiagen) bead slurry and rocked for 1 h at 4°C. Just before
using the BioMag beads, they were washed twice with CHAPS buffer
without protease inhibitors, and one-half of the volume was resus-
pended in CHAPS buffer with 0.1% NFDM and rocked for 1 h at 4°C.
Following incubation the bead-antibody-protein complex was isolated
and collected by utilizing a magnetic stand (Qiagen) washed twice
with CHAPS buffer with protease inhibitors and once in CHAPS
buffer containing 150 mM of NaCl and 50 mM of HEPES. The
bead-antibody-protein complex was eluted with 2 sample buffer,
boiled for 5 min at 100°C, and separated with SDS PAGE using a
7.5% gel. Blots were probed using the PAS antibody to determine
whether the increase in PAS phosphorylation was occurring on
AS160/TBC1D4.

Antibodies. The following primary antibodies used were purchased
from Cell Signaling (Beverly, MA): phospho-Akt (Ser473; 1:500);
phospho-ACC (Ser79; 1:500; this antibody detects both the ACC1 and
ACC2 isoforms; however, ACC2 is primarily expressed in skeletal
muscle and the phospho-site in human muscle is Ser221, as shown in
Fig. 4); total Akt (1:1,000); total ACC (1:1,000); phospho-AMPK�
(Thr172; 1:1,000); and PAS antibody (1:1,000). Total AS160/TBC1D4
(1:1,000) antibody was purchased from Upstate Cell Signaling Solu-
tions (Lake Placid, NY). Anti-rabbit IgG horseradish peroxidase-
conjugated secondary antibody was purchased from Amersham Bio-
science (1:2,000).

Fig. 1. Study design and timeline in hours.
Schematic displaying the study design used to
measure the effect of resistance exercise on the
regulation of whole body fat and glucose oxida-
tion, glucose uptake, and cell signaling in male
subjects. The study design consisted of a base-
line, exercise, 1-h postexercise, and 2-h postex-
ercise period. Continuous breath sampling was
obtained with a Sensor Medics Vmax series
metabolic cart. Indocyanine green (ICG) was
infused to measure blood flow during each pe-
riod. Blood samples were collected to measure
plasma glucose and insulin and blood flow and
to calculate glucose uptake. Muscle biopsies
were used to measure muscle cell signaling,
specifically components upstream and partially
responsible for the activation of Akt substrate of
160 kDa (AS160).
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Statistical analysis. All values are expressed as means � SE.
Comparisons were performed using ANOVA with repeated measures,
the effects being subject and time (basal, exercise, 1 h postexercise,
and 2 h postexercise). The exercise data from indirect calorimetry
were not used because the RQ was consistently over 1, which
invalidates the substrate oxidation calculations during this time pe-
riod. Variables tended to have SDs that were proportional to the
means (which causes equality tests to fail), so we ran statistical tests
on the natural log of each outcome variable, which resulted in equality
tests passing for all outcome variables. Post hoc testing was performed
using Bonferroni’s test for multiple comparisons. Power calculations
were performed for variables with significance �0.20 and �0.05.
Pearson product-moment correlations were run on variables of interest
(glucose uptake and PAS phosphorylation). Significance was set at
P � 0.05.

RESULTS

Whole body RQ, glucose, and fat oxidation. Whole body
basal RQ was 0.84 � 0.01 and decreased during the 1 and 2 h
postexercise. Whole body glucose oxidation rates decreased
during the 1- to 2-h postexercise recovery period (P � 0.05 vs.
baseline; Fig. 2A). Fat oxidation increased during the 1–2 h of
postexercise recovery (P � 0.05 vs. baseline; Fig. 2B).

Blood flow, glucose uptake across the leg, glucose, and
insulin. Blood flow was significantly increased during exercise
(baseline, 3.81 � 0.41; exercise, 14.65 � 1.42 ml �min�1 �100
ml leg volume�1; P � 0.05 vs. baseline). Blood flow values
during the 1–2 h of postexercise recovery were not different
from basal values (1 h Post, 5.43 � 0.96; 2 h Post, 4.48 � 0.69

ml �min�1 �100 ml leg volume�1; P � 0.05 vs. baseline).
Glucose uptake increased during exercise and remained ele-
vated relative to baseline (baseline, 3.50 � 0.67; exercise,
23.75 � 4.08; 1 h Post, 9.93 � 2.38; 2 h Post, 9.46 � 2.42
�mol �min�1 �FFM�1; P � 0.05 vs. baseline;). Glucose uptake
remained elevated during the first hour (P � 0.05 vs. baseline)
and second hour (P � 0.057 vs. baseline) (power � 0.47) of
postexercise recovery. Serum glucose concentration increased
during exercise (P � 0.05 vs. baseline) and returned to baseline
values during postexercise recovery (P � 0.05 vs. baseline;
Fig. 3). Serum insulin concentration were not different during
exercise or the 1–2 h of postexercise recovery (P � 0.05 vs.
baseline; Fig. 3).

AMPK�2 activity and ACC phosphorylation. AMPK�2 ac-
tivity tended to increase immediately and at 1 h postexercise
(P � 0.16) (power � 0.26) but did not reach significance
(baseline, 1.70 � 0.40; exercise, 2.54 � 0.57; 1 h Post, 2.77 �
0.058 pmol �min�1 �mg protein�1; P � 0.05 vs. baseline).
However, AMPK�2 activity was significantly elevated at 2 h
postexercise (2 h Post, 2.60 � 0.43 pmol �min�1 �mg protein�1;
P � 0.05 vs. baseline). AMPK� phosphorylation (n � 6) was
not significantly elevated at any time point (baseline, 0.35 �
0.10; exercise, 0.29 � 0.06; 1 h Post, 0.46 � 0.11; 2 h Post,
0.37 � 0.10 AU; P � 0.05 vs. baseline) (power � 0.18). ACC2
Ser221 phosphorylation also tended to increase at 1–2 h pos-
texercise (P � 0.19 vs. baseline; Fig. 4) (power � 0.23).

Akt, PAS, and AS160/TBC1D4 phosphorylation. The phos-
phorylation of Akt at Ser473 was increased only at 1 h
postexercise (baseline, 30 � 8; 1 h Post, 68 � 19 AU; P �
0.05). PAS phosphorylation was unchanged during exercise
(P � 0.05 vs. baseline; Fig. 5A). However, PAS phosphoryla-
tion was increased at 1 and 2 h of postexercise recovery (P �
0.05 vs. baseline at 1 h Post and P � 0.07 vs. baseline at 2 h
Post; Fig. 5A) (power for 2 h Post � 0.43). The specificity of
the PAS antibody was verified by immunoprecipitating sam-
ples (n � 6) with anti-AS160/TBC1D4 using methods adopted
from Ref. 32. Following immunoprecipitation, membranes
were blotted with the PAS antibody to determine AS160/
TBC1D4 phosphorylation. AS160/TBC1D4 phosphorylation
increased during postexercise recovery (time effect P � 0.05;
Fig. 5B).

Correlation between glucose uptake across the leg and PAS
phosphorylation. PAS phosphorylation was positively corre-
lated with glucose uptake across the leg (R � 0.41; P � 0.05;
Fig. 6) during the 2 h of postexercise recovery. Data from
baseline and 1 and 2 h postexercise were included in the
analysis.

DISCUSSION

The primary and novel finding from this study is that a bout
of resistance exercise increased human skeletal muscle AS160/
TBC1D4 phosphorylation in association with an elevated glu-
cose uptake across the leg during postexercise recovery. In
addition, muscle AMPK�2 activity and whole body fat oxida-
tion also increased during postexercise recovery. We propose
that the increase in glucose uptake across the leg during
postexercise recovery may be due to AMPK�2 phosphoryla-
tion of AS160. Further, the stimulation of fat oxidation fol-
lowing resistance exercise may also be due to AMPK activa-
tion. However, Akt phosphorylation was also increased at 1 h

Fig. 2. Whole body glucose oxidation and postexercise fat oxidation. Breath
samples were continuously obtained with the Vmax series metabolic cart
during each period of the study. Whole body glucose and fat oxidation during
exercise are not reported due to a respiratory quotient (RQ) being greater than
1. A: whole body glucose oxidation. B: whole body fat oxidation. Data are
expressed as means � SE. 1 h Post, 1 h postexercise; 2 h Post, 2 h postexercise.
*P � 0.05 vs. baseline.
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postexercise, and thus we cannot exclude a role for Akt in
enhancing AS160/TBC1D4 phosphorylation during postexer-
cise recovery.

Several studies in human subjects (6, 13, 28) have demon-
strated that muscle AS160 phosphorylation is significantly
elevated immediately following a single 60-min bout of aero-
bic exercise, which may remain elevated for up to 15 h
following the last bout of endurance training exercise (9).
However, only two studies (6, 14) have measured muscle
AS160 phosphorylation following a bout of resistance exer-
cise. Of those studies, Deshmukh et al. (6) found no change in
AS160 phosphorylation immediately following a bout of re-
sistance exercise while Howlett et al. (14) showed a significant
decline. In the present study, we found that muscle PAS
phosphorylation tended to decrease immediately following
exercise and then increased during the first couple of hours of
recovery. A key difference between these two previous human
studies and the present study is that we examined AS160/
TBC1D4 phosphorylation during postexercise recovery. As

such, our results are unique in that they clearly show that PAS
(specific for AS160/TBC1D4) phosphorylation is elevated dur-
ing postexercise recovery.

In the present study we put forward the notion that glucose
uptake in the first few hours following a bout of resistance is
associated with an increase in AS160/TBC1D4 phosphoryla-
tion. However, our findings may also be relevant for enhanced
insulin-stimulated glucose transport that is commonly seen
following acute exercise bouts (2). Future work is needed to
determine whether enhanced insulin-stimulated glucose uptake
following resistance exercise is also associated with changes in
AS160/TBC1D4 phosphorylation.

Leg glucose uptake was significantly elevated during the
resistance exercise bout while PAS phosphorylation was unal-
tered at the end of exercise. This may appear to contradict our
conclusion suggesting that signaling via AS160/TBC1D4 is
responsible, in part, for the elevated glucose uptake during
recovery. However, the increase in glucose uptake during
exercise seems to be dependent on the large increase in blood
flow and muscle perfusion. We suspect that the large increase
in glucose delivery to the muscle cell likely led to an increase
in glucose uptake via a mass-action type effect; however, an

Fig. 3. Blood insulin and glucose concentrations. Blood samples were ob-
tained 4 times at regular intervals (approximately every 10 min.) during each
period of the study: baseline, exercise, 1 h postexercise, and 2 h postexercise.
Venous insulin and glucose concentrations. Data are expressed as means � SE.
*P � 0.05 vs. baseline.

Fig. 4. ACC phosphorylation. Data are from each biopsy taken at baseline,
immediately following resistance exercise (Exercise), 1 h following exercise,
and 2 h following resistance exercise. Data are expressed as means � SE.
*P � 0.05 vs. baseline (n � 7). Insets: representative blots for each time point:
baseline (B), exercise (Ex), 1 h postexercise (1 h), and 2 h postexercise (2 h).

Fig. 5. Phospho(Ser/Thr)-Akt substrate (PAS) phosphorylation (A) and immu-
noprecipitation of AS160/TBC1D4 (B). A: data are from each biopsy taken at
baseline, immediately following resistance exercise, 1 h following exercise,
and 2 h following resistance exercise for PAS160 phosphorylation. *P � 0.05
vs. baseline; n � 7. B: AS160/TBC1D4 was first immunoprecipitated and then
blotted with the PAS antibody. Data are expressed as means � SE. *P � 0.05
time effect; n � 6. Insets: representative blots for each time point [baseline (B),
exercise (Ex), 1 h postexercise (1 h), and 2 h postexercise (2 h)].
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increase in GLUT4 translocation may also be playing a role
“during” resistance exercise. During the postexercise recovery
period, however, blood flow was not different from baseline
values, and glucose uptake was increased in association with
increased PAS phosphorylation (see Fig. 6).

A portion of the data included in this manuscript has been
previously published (8), and findings from that study showed
that glucose uptake was not significantly elevated during post-
resistance exercise recovery. However, that study included four
female subjects who may have introduced bias with regard to
glucose uptake across the leg as recent findings suggest that
there may be a sex-based difference in glucose kinetics during
post-resistance exercise recovery (Dreyer and Rasmussen, un-
published observations). Furthermore, the post-resistance ex-
ercise recovery glucose uptake values from that study (8),
which included females, were elevated above baseline to sim-
ilar levels but did not reach statistical significance due to
greater variability.

AMPK activation is one potential mechanism responsible
for the increase in muscle AS160/TBC1D4 phosphorylation
during postexercise recovery. For example, it has previously
been shown that AS160/TBC1D4 phosphorylation is associ-
ated with AMPK activation (4, 20, 30) and translocation of
GLUT4 (26, 27). An increase in skeletal muscle AMPK activ-
ity is associated with an increase in GLUT4 translocation to the
sarcolemma and the subsequent uptake of glucose by muscle
(11, 12). Currently, it is not known how AMPK is activated
during postexercise recovery. It is unlikely that significant
changes occurred in AMP and ATP concentrations; however,
one possible explanation may be that glycogen depletion dur-
ing exercise may account for the modest increase in AMPK
activity (34). It should be noted that some of the AMPK
activity data used for comparisons in this study was included in
a previous publication (8). That study (8), however, included
11 subjects (7 male and 4 female), while this study utilized data
generated from males only, which may account for the slight
differences in the AMPK activation time course postexercise.
Thus the present study may have been underpowered to detect

significant changes in some variables of interest (e.g., AMPK
activity and ACC2). It is likely that future work with a larger
sample size (based on our power values, which are shown in
RESULTS) will provide additional support of our original hypoth-
esis.

As previously mentioned, insulin signaling has been shown
to lead to increased PAS phosphorylation in both rat (2, 4) and
human skeletal muscle (6, 19). In the present study, plasma
insulin concentration tended to increase during exercise and
then returned to baseline during the first hour of postexercise
recovery. The changes in circulating insulin levels measured
during exercise were most likely a response to the small
increase in blood glucose concentrations that were a conse-
quence of enhanced liver glycogenolysis during exercise.
Therefore, we cannot exclude the possibility that small changes
in circulating insulin levels during and immediately following
exercise may have played a role in activating Akt during the
first hour of postexercise recovery. However, the changes in
circulating insulin and glucose concentrations were short lived
and rapidly returned to basal values during the first hour of
recovery. Additionally, exercise may have increased the sen-
sitivity of muscle cells to insulin, which may also potentially
explain the phosphorylation of Akt at 1 h. On the other hand,
Akt phosphorylation was unaltered immediately following ex-
ercise, which may indicate that the small changes in plasma
insulin were insufficient to alter Akt phosphorylation since it
has previously been shown that Akt can be rapidly phosphor-
ylated by insulin (i.e., within minutes) (4). Alternatively,
changes in intracellular Ca2� may also have phosphorylated
Akt at Ser473, but why this occurred at 1 h postexercise as
opposed to immediately following exercise is unclear as work
in rat muscle has demonstrated that Akt at Ser473 can be rapidly
phosphorylated (25).

Another interesting finding from this study was the change
in whole body fuel selection during postexercise recovery.
Whole body glucose oxidation was significantly depressed
during the 1 and 2 h of postexercise recovery (�29 and �31%,
respectively). The change in glucose oxidation from baseline
was not a result of decreased availability of substrate as serum
glucose concentration following exercise was not different
from baseline. Moreover, glucose uptake across the leg (likely
indicating uptake into skeletal muscle during recovery) re-
mained elevated 177% (1 h postexercise) and 164% (2 h
postexercise) above basal values. AMPK is not only involved
in the regulation of glucose uptake but also in regulating fuel
selection in skeletal muscle (10, 33). Specifically, we have
previously shown that the exercise-induced activation of
AMPK is associated with the stimulation of fat oxidation
during postexercise recovery in rodents (24). These data sug-
gest that AMPK stimulation of fat oxidation may be playing a
role in partitioning glucose toward storage during recovery to
replenish diminished glycogen levels. For example, several
previous studies have shown that resistance exercise also
decreases glycogen stores in human muscle, which are gradu-
ally replenished during recovery (15, 21–23). We did not
measure muscle glycogen concentrations in the present study
due to tissue limitations; however, our data are consistent with
this hypothesis since we demonstrate that the increase in
glucose uptake across the leg during recovery is associated
with an �30% increase in fat oxidation during postexercise
recovery.

Fig. 6. Correlation of PAS phosphorylation and glucose uptake across the leg.
Data points from baseline and 1 h and 2 h post-resistance exercise are included
in the Pearson product-moment correlation (24 data points). PAS phosphory-
lation was positively correlated with glucose uptake across the leg (R � 0.41;
P � 0.05).
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Recently, it was reported that the PAS antibody may bind to
a newly discovered protein, TBC1D1, which is an AS160/
TBC1D4 paralog (29). The discovery of this protein, which is
potentially the major phospho-Akt-substrate detectable at a
molecular mass of �160 kDa in skeletal muscle, suggests that
our results must include the possibility that our PAS antibody
may detect AS160/TBC1D4 and other Akt substrates including
TBC1D1. Thus, any conclusions based on data using this
antibody must acknowledge this potential caveat. However,
when we first immunoprecipitated AS160/TBC1D4 and then
followed by blotting with the PAS antibody we show that PAS
phosphorylation during postexercise is occurring on AS160/
TBC1D4 (Fig. 5B). This does not exclude the possibility that
our PAS phosphorylation data in Fig. 5A included both phos-
phorylation of TBC1D1 and TBC1D4. Further research is
necessary to delineate the effects of resistance exercise on
potential changes in AS160/TBC1D4 and TBC1D1 phosphor-
ylation.

In summary, our data show that skeletal muscle AS160/
TBC1D4 phosphorylation and glucose uptake across the leg
increased during the postexercise recovery period following
heavy resistance exercise. These changes were concurrent with
an increase in muscle Akt phosphorylation (1 h postexercise),
AMPK�2 activation (2 h postexercise), and enhanced whole
body fat oxidation (1–2 h postexercise). We conclude that an
increase in skeletal muscle AMPK�2 activity, Akt phosphor-
ylation, and AS160/TBC1D4 phosphorylation following a bout
of resistance exercise are associated with an increase in leg
glucose uptake. AMPK activation during postexercise recovery
may promote skeletal muscle glycogen repletion by increasing
substrate (glucose uptake) and energy (ATP via fat oxidation)
availability.
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