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Rationale: Patientsonmechanical ventilationwhoexhibitdiaphragm
inactivity for a prolonged time (case subjects) develop decreases in
diaphragm force-generating capacity accompanied by diaphragm
myofiber atrophy.
Objectives: Our objectives were to test the hypotheses that increased
proteolysis by the ubiquitin-proteasome pathway, decreases in
myosin heavy chain (MyHC) levels, and atrophic AKT-FOXO signal-
ing play major roles in eliciting these pathological changes associ-
ated with diaphragm disuse.
Methods: Biopsy specimens were obtained from the costal dia-
phragms of 18 case subjects before harvest (cases) and compared
with intraoperative specimens from the diaphragms of 11 patients
undergoing surgery for benign lesions or localized lung cancer
(control subjects). Case subjects had diaphragm inactivity and
underwent mechanical ventilation for 18 to 72 hours, whereas this
state in controls was limited to 2 to 4 hours.
Measurements and Main Results: With respect to proteolysis in
cytoplasm fractions, case diaphragms exhibited greater levels of
ubiquitinated-protein conjugates, increased activity of the 26S
proteasome, and decreased levels of MyHCs and a-actin. With
respect to atrophic signaling in nuclear fractions, case diaphragms
exhibited decreases in phosphorylated AKT, phosphorylated FOXO1,
increased binding to consensus DNA sequence for Atrogin-1 and
MuRF-1, and increased supershift of DNA-FOXO1 complexes with
specific antibodies against FOXO1, as well as increased Atrogin-1 and
MuRF-1 transcripts in whole myofiber lysates.
Conclusions: Our findings suggest that increased activity of the
ubiquitin-proteasome pathway, marked decreases in MyHCs, and
atrophic AKT-FOXO signaling play important roles in eliciting the
myofiber atrophy and decreases in diaphragm force generation
associated with prolonged human diaphragm disuse.
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Mechanical ventilation is a critical component of modern
intensive care medicine, but the process of discontinuing it
can be difficult (1–8). Numerous animal studies have demon-
strated that prolonged diaphragm inactivity—such as occurs
with controlled mechanical ventilation (CMV)—elicits myofiber

atrophy and decreases in diaphragm force-generating capacity
(9–11). Numerous human clinical observations indicate that
several days of diaphragm inactivity elicits decreases in maxi-
mum diaphragm force generation (7, 12). Recently, we reported
that brain-dead human organ donors who exhibited diaphragm
inactivity for periods of time ranging from 18 to 72 hours
developed approximately 50% atrophy of both slow and fast
diaphragm myofibers (13). At the present time, the association
of diaphragm inactivity and weaning problems appears to be
generally accepted. However, the molecular mechanism(s) by
which diaphragm inactivity elicits myofiber atrophy and de-
creased diaphragm force generation in humans has not been
elucidated.

Importantly, some recent animal studies have indicated that an
up-regulation of proteolysis by the ubiquitin-proteasome pathway
(UPP) and increased atrophic protein kinase B–forkhead Box O
(AKT-FOXO) signaling play major roles in eliciting diaphragm
myofiber atrophy and decreased diaphragm force generation noted
in rats on CMV (11, 14–16). We hypothesized that these pathways
also played a major role in eliciting the diaphragm myofiber atrophy
in patients who manifest complete diaphragm inactivity.

To test these hypotheses, we obtained intraoperative biopsy
specimens from the costal diaphragms of 18 brain-dead organ
donors before harvest (case subjects) and compared them with
intraoperative biopsy specimens obtained from the diaphragms
of 11 patients who were undergoing surgery for either benign
lesions or stage 1 lung cancer (control subjects). Case subjects
with diaphragm inactivity underwent mechanical ventilation for
18 to 72 hours, whereas in control subjects, the combination of
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Scientific Knowledge on the Subject

Patients on mechanical ventilation who exhibit prolonged
diaphragm inactivity develop decreases in diaphragm
force-generating capacity and myofiber atrophy.

What This Study Adds to the Field

In this article, we demonstrate that up-regulation of the
ubiquitin-proteasome pathway, marked decreases in myo-
sin heavy chain levels, and increased AKT-FOXO atrophic
signaling play major roles in eliciting these pathological
changes of human diaphragm disuse. This new knowledge
of human diaphragm molecular mechanisms may provide
therapeutic targets for attenuation and/or prevention of
this diaphragm pathology.
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diaphragm inactivity and mechanical ventilation was limited to
2 to 3 hours.

METHODS

Subjects

Our protocol for case subjects was approved by the Gift of Life Donor
Program (http://www.donors1.org), and our protocol for control sub-
jects was approved by the University of Pennsylvania Institutional
Review Board. All biopsy specimens were obtained with appropriate
written informed consent. Our techniques for diaphragm and pectoralis
major muscle biopsies and specimen preparation are described in the
online supplement.

Measurements

We assessed proteolysis in myofibers by measuring the level of
ubiquitinated proteins and by using an activity assay to evaluate the
rate of proteolytic function of the 26S proteasome. We affinity-purified
the 26S proteasome (17), and we used chymotrypsin-like activity for
evaluation of the 20S component (18). In addition, we determined the
amount of ubiquitin-protein conjugates (Ub-PC) by immunoblot
analysis and we evaluated the same specimens for the level of
contractile proteins (both slow and fast MyHC) and a-actin by
immunoblot.

We assessed AKT and FOXO1 signaling by measuring the levels of
AKT, phosphorylated AKT (p-AKT), FOXO1, and phosphorylated
FOXO1 (p-FOXO1) by immunoblot analysis. Also, we evaluated DNA
binding to the promoters for Atrogin-1 and MuRF-1 using the biotinylated
sequence CTAGATGGTAAACAACTGTGACTAGTAGAACACGG
as our promoter consensus sequence; the FOXO-recognized element
(FRE) is underlined (19, 20). We used electrophoretic mobility shift
assay (EMSA), ELISA, and EMSA with supershift to evaluate the
binding of FOXO1 to this sequence (see online supplement for details).
Additionally, we measured messenger RNA (mRNA) transcripts of
Atrogin-1 and MuRF-1 by quantitative reverse transcriptase real-time
polymerase chain reactions (21).

Statistics

Because many of the data in this manuscript have not been demon-
strated to be normally distributed, we present our results in the text as
the median followed by the interquartile range (i.e., 25th and 75th
percentiles) in parentheses; for comparisons between case and control
measurements, Mann-Whitney test was used for continuous data,
Friedman test for repeated measures, and Fisher exact test for
categorical variables. Last, Spearman rho was used to characterize
the relationships between duration of mechanical ventilation and
outcome variables (i.e., biochemical and genetic measurements). We
used GraphPad Prism Software version 5.0 for these calculations
(www.graphpad.com). Differences were attributed to chance unless
P < 0.05.

We present statistical descriptions as well as comparisons of groups
in our figures by using box-and-whisker plots; the upper and lower lines
of each box represent the 25th and 75th percentiles, the horizontal lines
in each box represent the median value, and the upper and lower
horizontal ‘‘whiskers’’ represent the maximum and minimum value of
each data set. Group comparisons significant at the 0.05, 0.01, and 0.001
levels are indicated by one (*), two (**), and three (***) asterisks,
respectively. NS indicates that the comparison was not statistically
significant.

RESULTS

Characterization of Experimental Cohort

Case (n 5 18) and control (n 5 11) subjects did not differ with
respect to age. The case group consisted of 11 males and 7
females, whereas the control group consisted of 2 males and 9
females; this difference in sex proportions was statistically
significant (P 5 0.05). Additionally, case subjects exhibited

a greater body mass index (BMI) than control subjects: 28 (26,
34) versus 24 (20, 27; P 5 0.02).

The reasons for brain death in case subjects were: strokes,
eight; motor vehicle accidents, three; suicide, four; and cardiac
arrest, three. The reasons for surgery in the control group were:
stage 1 lung cancer, three; and benign lesions, eight. Detailed
information on each of the case and control subjects is
presented in Table E1 in the online supplement, whereas
ventilator settings, measurements of arterial blood gases, and
vital signs are summarized in Table E2.

After brain death, case subject diaphragms were inactive for
18 to 72 hours, whereas inactivity in control subjects was limited
to less than 3.5 hours. The median inactivity time for case
subject diaphragms was greater than 10 times that of controls:
26 (22, 45) versus 2.5 (2.0, 3.0; P , 0.001).

Ubiquitin-Proteasome Pathway

Ubiquitination. Figure 1A shows the results of immunoblotting
for Ub-PC in 7 control and 11 case specimens. The fact that the
control diaphragms show ubiquitination of many bands is
consistent with the concept that this is a normal process for
protein turnover. However, the case diaphragms demonstrated
approximately twice the amount of ubiquitinated proteins,
suggesting that case diaphragms are exhibiting an up-regulation
of ubiquitination (Figure 1B). Last, the fact that the superoxide
dismutase 1 loading control did not differ between lanes
indicates that differences in protein load cannot account for
the ubiquitin-protein differences between groups.

26S Proteasome activity. Figure 2 presents data relevant to
the 20S component of the 26S proteasome (n 5 5 for both cases
and controls); it shows that MG132—a specific inhibitor of 20S
proteolytic function—eliminated virtually all of the 7-amino-4-
methylcoumarin released by both case and control specimens in
the absence of inhibitor. Most importantly, Figure 2 shows that
the rate of release of 7-amino-4-methylcoumarin in case pro-
teasomal fraction was greater (P , 0.05) than that in the control
fraction. Because the substrate used in these experiments was
specific for chymotrypsin-like activity, these experiments in-
dicate that case specimens exhibited higher chymotrypsin-like
activity.

Levels of Contractile Proteins In Cytoplasmic Fractions

Figure 3A shows that the levels of slow MyHC, fast MyHC, and
a-actin in case diaphragms were appreciably lower than those
noted in control diaphragms. The lowest row in Figure 3
indicates that there was no difference among lanes in the level
of superoxide dismutase 1 (our loading control for cytoplasmic
fractions). Figure 3B shows that relative to controls, the median
value for slow MyHC in case diaphragms exhibited a 68% (P 5

0.001) decrease, whereas Figure 3C indicates that the median
level of fast MyHC decreased 63% (P 5 0.001) relative to
controls. Additionally, Figure 3D illustrates that relative to
control diaphragms, case diaphragms also exhibited a median
decrease of 63% (P 5 0.01) in a-actin.

AKT-FOXO Atrophic Pathway

Total AKT and p-AKT. Figure 4A presents immunoblots from
six case and six control specimens. These sequential bands from
the same gel indicate that relative to controls, cases showed
decreases in p-AKT (P 5 0.002) and p-AKT/total AKT ratio
(P 5 0.004), but cases and controls did not differ with respect to
total AKT.

However, we also performed these analyses on an additional
12 case and 5 control diaphragm specimens that were loaded on
gels other than those used for the representative immunoblot;
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we grouped our results together from all relevant gels for
statistical analyses that are shown in Figures 4B, 4C, and 4D.
As shown in these figures, relative to controls, case nuclear
fractions exhibited a 57% decrease in median p-AKT (Figure
4C), a 70% decrease in median ratio of p-AKT/total AKT
(Figure 4D), and no differences with respect to total AKT
(Figure 4B).

In addition to these nuclear fraction measurements, we
measured these AKT species in the cytoplasm of all subjects.
Figure E3 compares case (n 5 18) and control (n 5 11)
cytoplasm fractions; these representative data and statistical
comparisons indicate that the differences between groups in
AKT-related measurements in the cytoplasm were similar to
those noted in the nuclear fractions.

Total FOXO1 and p-FOXO1. Figure 5A presents immuno-
blots from six case and six control specimens. These sequential
bands from the same gel indicate that relative to controls, cases
showed decreases in p-FOXO1 (P 5 0.03) and p-FOXO1/total
FOXO1 ratio (P 5 0.009). Additionally, cases exhibited greater
expression than controls with respect to total FOXO1 (P 5

0.04).
However, we also performed these analyses on an additional

12 case and 5 control diaphragm specimens that were loaded on
gels other than those used for the representative immunoblot;

we grouped our results together from all relevant gels for
statistical analyses that are shown in Figures 5B, 5C, and 5D.
As shown in these figures, relative to controls, case nuclear
fractions exhibited a 78% decrease in median p-FOXO1
(Figure 5C), a 77% decrease in median ratio of p-FOXO1/total
FOXO1 (Figure 5D), and no differences with respect to total
FOXO1 (Figure 5B).

FOXO binding to nuclear DNA—EMSA. As shown in Figure
6A, a comparison of lanes 2 and 4 (controls) with lanes 6 and 8
(cases) indicates that case nuclear extracts exhibited greater
reactions with the biotinylated DNA than control nuclear
extracts; this is manifest by greater amounts of DNA/FOXO
complex in lanes 6 and 8 than in 2 and 4. Lanes 3, 5, 7, and 9
show that addition of an excess of unlabeled DNA to both case
and control lanes elicited competitive inhibition (i.e., no visible
DNA/FOXO complex). Finally, lane 1 shows that in the absence
of nuclear extract, no DNA/FOXO complex was formed. We
performed this type of experiment in three case and three control
diaphragms and obtained similar results to those shown in the
representative example.

EMSA with FOXO1 supershift. Figure 6B shows a supershift
of a portion of the DNA/FOXO complex elicited by addition of
anti-FOXO1 antibody to lanes exhibiting control and case
DNA/FOXO complexes (i.e., lanes 4 and 7). The supershifted
band in the case lane is appreciably denser than that in the
control lane. This suggests the presence of more FOXO1 in the
FOXO/DNA complex of cases in comparison to that of
controls.

ELISA. As shown in Figure 6C, in comparison to controls
(n 5 9), case (n 5 9) nuclear fractions exhibited a 32-fold
increase with respect to median absorbance at 450 nm (our
measure of FOXO1 binding to biotinylated immobilized DNA;
P 5 0.002). We corrected the values in the figure for compet-
itive inhibition by making these measurements in the presence
of 100-fold excess of DNA in the solution and subtracting these
values from the initial measurements.

Gene expression. Expression of b-actin was used to normal-
ize the number of mRNA transcripts of Atrogin-1 and MuRF-1
(the two ubiquitin ligases of interest), because b-actin expres-

Figure 1. Ubiquitin-protein conjugates in cytoplasm fractions mea-

sured by immunoblot. (A) Immunoblotting results for ubiquitin-protein
conjugates in 7 control and 11 case specimens. The fact that the

control diaphragms show ubiquitination of many bands is consistent

with the concept that ubiquitination is a normal process for protein
turnover. The superoxide dismutase (SOD) 1 protein loading control

did not differ between lanes. (B) Case diaphragms exhibited approx-

imately twice the amount of ubiquitinated proteins, suggesting that

case diaphragms are exhibiting an up-regulation of ubiquitination.
ADU 5 arbitrary density units. **P , 0.01.

Figure 2. Comparison of case and control diaphragms with respect to
measurements performed on isolated 26S proteasomes. Measurements

of chymotrypsin-like activity assessed by the rate of release of 7-amino-

4 methylcoumarin (AMC) per mg of 26S protein in five case and five

control proteasomal fractions. The plot shows the mean 6 SEM for the
following four groups: case, control, case1MG132, control1MG132

(n 5 5 for each groups). See text for statistical analysis.
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sion in case (n 5 18) and control (n 5 11) diaphragm biopsy
specimens did not differ (data not shown). Relative to controls,
case specimens showed 2.7-fold increases in median Atrogin-1
(P 5 0.03) and 4.3-fold increases in median MuRF-1 (P ,

0.001) expression.

Relationship of Diaphragm Outcome Measurements

(Biochemical and Genetic) To Duration of CMV

Table 1 indicates that positive statistically significant correla-
tions were noted between duration of CMV and (1) Ub-PC in
cytoplasm, (2) FOXO1-bound activity to DNA consensus
sequence for Atrogin-1 and MuRF-1, (3) MuRF-1 gene expres-
sion, and (4) Atrogin-1 gene expression.

Additionally, Table 1 shows that negative statistically signif-
icant correlations were noted between duration of CMV and (1)
slow MyHC in cytoplasm, (2) fast MyHC in cytoplasm, (3)
a-actin in cytoplasm, (4) p-AKT in nucleus, (5) p-AKT/total
AKT in nucleus, (6) p-FOXO1 in nucleus, and (g) p-FOXO1/
total FOXO1 in nucleus.

Pectoralis Major Measurements

Figures 7A and 7B compare pectoralis major biopsy speci-
mens from case (n 5 6) and control (n 5 6) subjects. The
immunoblots in Figure 7A suggest that case and control
nuclear fractions did not differ with respect to p-AKT and
total AKT, whereas those in Figure 7B imply that case and
control immunoblots did not differ with respect to p-FOXO1

Figure 3. (A) Comparison of seven case

and seven control cytoplasmic fractions

with respect to levels of contractile pro-
teins: slow myosin heavy chain (MyHC),

fast MyHC, and a-actin. Case levels of

all three contractile proteins were ap-

preciably lower than those noted in
controls. Superoxide dismutase (SOD)

1 represents our loading control; this

panel indicates approximately equal

protein in every lane. (B–D) Quantita-
tive comparisons between groups

with respect to levels of slow MyHC,

fast MyHC, and a-actin, respectively.
ADU 5 arbitrary density units. **P ,

0.01; ***P , 0.001.

Figure 4. Total AKT and phosphorylated

AKT (p-AKT) in nuclear fraction. (A)

Immunoblots for total AKT and p-AKT
from six control and six case diaphragms

as well as myosin 1b, our loading control

for nuclear fraction protein analyses.

These sequential bands from the same
gel indicate that relative to controls,

cases showed decreases in p-AKT (P 5

0.002) and p-AKT/total AKT ratio (P 5

0.004). We also performed these analy-
ses on nuclear fractions from an addi-

tional 5 control and 12 case diaphragms.

(B–D) Statistical calculations for the com-

bined AKT and p-AKT measurements
performed on control (n 5 11) and case

(n 5 18) nuclear fractions. ADU 5

arbitrary density units; NS 5 not signif-
icant. ***P , 0.001.
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and total FOXO1. Figure E4 presents descriptive statistics
for these data; additionally, the figures indicate that the case
and control pectoralis major nuclear fractions did not differ
with respect to the measurements shown in Figures 7A and
7B as well as with respect to p-AKT/total AKT and p-
FOXO1/total FOXO1. Importantly, the lowest line in each
panel demonstrates that our nuclear loading control (Myosin-

1b) did not differ among lanes in either Figure 7A or Figure
7B.

We interpret the results shown in Figures 7A and 7B as
indicating that changes in case diaphragms are not part of
a generalized myopathy. Rather, our results suggest that the
only muscle (that we studied) that manifest the case changes
shown in Figures 1–7 is the diaphragm.

Figure 5. Total FOXO1 and phosphory-

lated FOXO1 (p-FOXO1) in nuclear frac-

tion. (A) Immunoblots for total FOXO1
and p-FOXO1 from six control and six

case diaphragms as well as myosin 1b,

our loading control for nuclear fraction

protein analyses. These sequential bands
from the same gel indicate that relative

to controls, cases showed decreases in p-

FOXO1 (P 5 0.03) and p-FOXO1/total
FOXO1 ratio (P 5 0.009). Also, cases

exhibited greater expression than con-

trols with respect to total FOXO1 (P 5

0.04). We performed these FOXO mea-
surements on the same 5 additional

control and same 12 case diaphragms

as those used in our AKT analyses. (B–D)

Statistical calculations for the combined
total FOXO1 and p-FOXO1 measure-

ments performed on control (n 5 11)

and case (n 5 18) nuclear fractions.
ADU 5 arbitrary density units; NS 5

not significant. ***P , 0.001.
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Figure 6. Measurement of nuclear

FOXO1 binding with the consensus se-

quence of genes coding for Atrogin-1
and MuRF-1. (A, B) Electrophoretic mo-

bility shift assay (EMSA) measurements

to assess FOXO-DNA binding. We used

a biotinylated sequence as our DNA pro-
moter consensus sequence for Atrogin-1

and MuRF-1 (see METHODS). (B) Supershift

of the DNA/FOXO complex elicited by

addition of anti-FOXO1 antibody to
lanes exhibiting control and case DNA/

FOXO complexes (i.e., lanes 4 and 7 ).

The supershifted band in the case is
appreciably denser than that in the con-

trol diaphragm. (C ) Summary statistics

for the ELISA performed to quantify the

binding of case and control FOXO1 in
nuclear extracts to the consensus se-

quence. The antibody used in these

experiments is specific for FOXO1 and

the FOXO1-DNA complex is quantified
by absorbance changes at a wavelength

of 450 nm. The specific binding was

plotted with the net value obtained after
subtraction of the values acquired from

competitive inhibition in the presence of

100-fold excess of free DNA in solution.

In comparison to controls, case nuclear
protein extracts exhibited greater

FOXO1/DNA-binding. **P , 0.01.
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DISCUSSION

Major Findings

The new findings with respect to proteolysis are that case
diaphragms, which were inactive, exhibited increases in Ub-
PC in combination with increased chymotrypsin-like activity of
the 20S component of the 26S proteasome. Additionally, we
noted marked decreases in levels of slow and fast MyHC and
a-actin in case diaphragms. The new findings with respect to
atrophy signaling are that in comparison to controls, case
diaphragms exhibited decreases in p-AKT and p-AKT/total
AKT ratio as well as decreases in p-FOXO1 and p-FOXO1/
total FOXO1 ratio in the nuclear fractions, increased binding of
nuclear fractions to consensus DNA sequence for Atrogin-1 and
MuRF-1, increased supershift of DNA-FOXO complexes with
specific antibodies against FOXO1, and increased Atrogin-1
and MuRF-1 transcripts.

Critique

Different number of subjects used in different assays. A major
weakness of this study is that most variables were not measured
in all subjects because both our case and control specimens were
progressively depleted during the course of our sequential
analyses (Figure E1).

Characterization of subjects. Our control group contained
a greater proportion of females than our case group (P 5 0.05);
however, we noted no differences in diaphragm outcome
measurements in case subjects between males and females.
Additionally, case subjects had a greater BMI than controls (P 5

0.02); nonetheless, Spearman rho correlation test showed no
statistically significant relationships between BMI and dia-
phragm measurements in either cases or controls. Therefore,
we do not believe that any demographic differences between
case and control subjects accounted for the biochemical or
genetic differences presented in RESULTS.

Increased Proteolysis

We have previously demonstrated that 18 to 72 hours of human
diaphragm disuse results in approximately 50% atrophy of both
slow- and fast-twitch diaphragm myofibers (13). Due to the
rapid development of this atrophy coupled with marked in-
creases in mRNA coding for Atrogin-1 and MuRF-1, we hypoth-
esized that increased proteolysis via the UPP accounts for

a major portion of this atrophy (13). However, the UPP cannot
degrade myofibrillar proteins unless they are first released from
the myofibrillar lattice (22, 23). Previous workers have demon-
strated in animal models that either calpain and/or caspase-3 can
cause release of proteins from the myofibrillar lattice and render
them susceptible to degradation by the UPP into 8 to 11 amino
acid residues (16, 24, 25). Additionally, we have previously
demonstrated an increase in active caspase-3 and an increase in
calpain activity occurs in case diaphragms (13, 26). Therefore, in
the present study, we tested our hypothesis of increased UPP
activity by comparing case and control diaphragms with respect to
measurements of total Ub-PC and proteolytic activity of the 20S
proteasome component; we noted that case diaphragm values for
these measurements were greater than those of control di-
aphragms. We interpret all of these results as indicating that case
diaphragms exhibited an up-regulation of the UPP proteolysis
and we suggest that this increased activity of the UPP plays an
important role in eliciting the myofiber atrophy noted in both
slow and fast case diaphragm myofibers.

Decreases in Contractile Proteins

Equally important, our analyses of total protein concentration
in both cytoplasm and nuclear fractions showed that case
and control diaphragms did not differ with respect to these
measurements (data not shown). Therefore, the large decreases
(i.e., . 60%) in contractile protein concentration (expressed as
arbitrary density units/mg of cytoplasmic protein) in case di-
aphragms represented a preferential decrease in the concentra-
tion of these proteins (i.e., slow MyHC, fast MyHC, and a-actin;
see Figure 3) and should have resulted in a decreased specific
force (i.e., force/myofiber cross-sectional area). Therefore, we
suggest that the decreased case diaphragm total force in vivo is
due to a combination of myofiber atrophy and a decrease in
specific force per myofiber. We recognize that this latter
concept must be further tested by direct measurements of the
relationship between calcium concentration and specific force
in myosin and troponin characterized single fibers from case and
control diaphragms.

Last, the data in Table 1 indicate that increasing times of
diaphragm disuse exhibited highly statistically significant nega-

TABLE 1. NONPARAMETRIC CORRELATION COEFFICIENT
(SPEARMAN RHO) BETWEEN DURATION OF CONTROLLED
MECHANICAL VENTILATION AND EXPERIMENTAL MEASUREMENTS

Experimental Measurements Spearman rho P Value

Proteolytic pathway(s)

Ubiquitin protein conjugate in cytoplasm 0.62 0.006

MyHC slow in cytoplasm 20.81 ,0.001

MyHC fast in cytoplasm 20.76 0.002

a-Actin in cytoplasm 20.76 0.002

Atrophic signaling pathway

p-AKT in nucleus 20.68 0.025

p-AKT/total AKT ratio in nucleus 20.64 0.037

p-FOXO1 in nucleus 20.90 ,0.001

p-FOXO1/total FOXO1 ratio in nucleus 20.89 ,0.001

FOXO1 bound activity to DNA

consensus sequence for Atrogin-1 and MuRF-1

0.67 0.002

MuRF-1 gene expression relative to b-actin 0.72 ,0.001

Atrogin-1 gene expression relative to b-actin 0.47 0.011

Definition of abbreviations: MyHC 5 myosin heavy chain; p-AKT 5 phosphor-

ylated AKT; p-FOXO1 5 phosphorylated FOXO1.

Number of case and control specimens used for these computations are given

in Table E1 in the online supplement.

p-AKT

Total AKT

Myosin 1β

Control Case 

p-FOXO1A

Total FOXO1A

Myosin 1β
1    2    3    4   5   6    7   8    9  10  11 12

1   2    3    4    5   6    7    8    9  10  11 12

Control Case A

B

Figure 7. Comparison of case and control measurements performed on
the nuclear fractions of the pectoralis major muscle biopsies. The

sequential case (n 5 6) and control (n 5 6) immunoblots from the

same gel suggest that case and control biopsies did not differ with
respect to the concentrations of (A) phosphorylated AKT (p-AKT) and

total AKT or (B) phosphorylated FOXO1 (p-FOXO1) and total FOXO1.

Case and control biopsies did not differ with respect to the concentration

of our nuclear protein loading control (myosin 1b).
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tive correlation coefficients with cytoplasmic levels of the
contractile proteins (i.e., slow MyHC, fast MyHC, and a-actin).
These correlations suggest that increased degradation of these
proteins is a progressive process in case diaphragms.

Atrophic Signaling

Many animal experiments indicate that disuse atrophy of
myofibers is effected by a signaling pathway characterized by
decreases in p-AKT that elicit decreases in p-FOXO1, and this
results in increased binding of FOXO1 to the consensus
sequence for Atrogin-1 and MuRF-1 (27–30). This results in
increased transcription of Atrogin-1 and MuRF-1 mRNA, and
this is followed by increases in proteolysis via the UPP. In our
study, Figures 4 and 5 demonstrate the decreases in p-AKT and
p-FOXO1, and the EMSA, ELISA, and supershift experiments
in Figure 6 indicate increased binding of the DNA-FOXO1
complex to an antibody against FOXO1. Therefore, all of these
observations are consistent with our hypothesis regarding in-
creased atrophic signaling in case diaphragms.

Figure 6A shows a representative EMSA experiment in-
dicating that the nuclear extracts of case diaphragm elicited
appreciably greater DNA-FOXO complexes than nuclear ex-
tracts of control. These results suggest that case nuclear extracts
contained greater amounts of transcription factor(s) binding to
the FOXO responsive element (19, 20); however, this experiment
does not specify the particular FOXO transcription factor(s).
Figure 7B shows that an antibody against FOXO1 supershifts the
DNA-FOXO complex, indicating that FOXO1 is one transcrip-
tion factor present in the DNA-FOXO complex.

Figure 6C presents summary statistics for the ELISA per-
formed to quantify the binding of case and control FOXO1 in
nuclear extracts to the consensus sequence. The antibody used
in these experiments is specific for FOXO1 and the FOXO1-
DNA complex is quantified by absorbance changes at a wave-
length of 450 nm.

Additional comments about the FOXO transcription factors.
First, our observations with FOXO1 do not preclude a role for
other FOXO transcription factors in atrophic signaling pathways
as well as proteolysis. Second, with respect to FOXO1, there are
three phosphorylation sites on this molecule—Ser256, Ser319,
and Thr24—and all can be phosphorylated by AKT. However,
we investigated only the Ser256 phosphorylation because phos-
phorylated Ser256 is critical in promoting the release of bound
DNA from FOXO1, thereby blocking the transcription action of
FOXO1; additionally, phosphorylated Serine 256 facilitates the
subsequent phosphorylation of Thr24 and Ser319, thereby pro-
moting nuclear exclusion of FOXO1 (31).

Limitations to our findings on atrophic signaling. Much recent
work has demonstrated that in animal experiments, the fol-
lowing signaling pathways also elicit atrophy: inactivity (i.e.,
noncanonical) nuclear factor–kB (29, 32, 33); P-38 mitogen-
activated protein kinase (34, 35); myostatin (28, 35), other
members of the transforming growth factor–b family (28, 36,
37). Additionally, Bassel-Duby and Olson (38), Schiaffino and
colleagues (39), and Sandri (40) have suggested that signaling
pathways that control muscle fiber transformations may play an
important role in the genesis and treatment of some types of
atrophy. Last, since AKT is a member of the insulin-like growth
factor (IGF)-1–PI3 kinase–AKT pathway, the phosphorylation
status of these upstream molecules will influence the phosphor-
ylation state of AKT, and therefore influence the activity of the
AKT-FOXO pathway (30).

Conclusions

In summary, our findings suggest that increased activity of the
UPP, decreases in MyHC levels, and atrophic AKT-FOXO

signaling play important roles in eliciting the myofiber atrophy
and decreases in diaphragm force generation associated with
prolonged human diaphragm disuse. These findings may prove
useful in devising therapy to prevent/attenuate the pathological
changes associated with prolonged human diaphragm disuse.
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