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Endogenous glucocorticoids and impaired

iInsulin signaling are both required to stimulate

muscle wasting under pathophysiological
conditions in mice

Zhaoyong Hu, Huiling Wang, In Hee Lee, Jie Du, and William E. Mitch

Nephrology Division, Baylor College of Medicine, Houston, Texas, USA.

Muscle wasting is associated with a number of pathophysiologic conditions, including metabolic acidosis, dia-
betes, sepsis, and high angiotensin II levels. Under these conditions, activation of muscle protein degradation
requires endogenous glucocorticoids. As the mechanism(s) underlying this dependence on glucocorticoids
have not been identified, we analyzed the effects of glucocorticoids on muscle wasting in a mouse model of
acute diabetes. Adrenalectomized, acutely diabetic mice given a physiologic dose of glucocorticoids exhibited
decreased IRS-1-associated PI3K activity in muscle and progressive muscle atrophy. These responses were
related to increased association of PI3K with the glucocorticoid receptor (GR). In mice with muscle-specific GR
deletion (referred to as MGRKO mice), acute diabetes minimally suppressed IRS-1-associated PI3K activity
in muscle and did not cause muscle atrophy. However, when a physiologic dose of glucocorticoids was given
to mice with muscle-specific IR deletion, muscle protein degradation was accelerated. Fluorescence resonance
energy transfer and an in vitro competition assay revealed that activated GRs competed for PI3K, reducing its
association with IRS-1. Reexpression of WT GRs or those with a mutation in the nuclear localization signal
in the muscle of MGRKO mice indicated that competition for PI3K was a prominent mechanism underlying
reduced IRS-1-associated PI3K activity. This nongenomic influence of the GR contributes to activation of
muscle protein degradation. We therefore conclude that stimulation of muscle proteolysis requires 2 events,

increased glucocorticoid levels and impaired insulin signaling.

Introduction

It has been known for decades that endogenous glucocorticoids
are required for activation of muscle protein degradation in several
models of muscle atrophy (1-5). However, the mechanisms under-
lying the glucocorticoid requirement have not been identified. We
and others have found that stimuli activating muscle wasting are
linked to impaired IRS-1-associated PI3K/Akt activity (6-11). For
example, decreased IRS-1-associated PI3K/Akt activities can acti-
vate the forkhead transcription factor (FoxO) in muscle, leading to
transcription of the E3 ubiquitin ligase Atrogin-1/MAFbx (6, 11,
12). This is relevant because the expression of Atrogin-1/MAFbx is
directly related to protein degradation in muscle cells (13). On the
other hand, IGF-1 treatment of muscle cells suppresses Atrogin-1
expression and conditional activation of Akt in vivo causes mus-
cle hypertrophy, while overexpression of IGF-1 in muscle blocks
angiotensin II-induced muscle atrophy (5, 13, 14). Thus, changes
in IRS-1-associated PI3K in muscle directly influence p-Akt and,
ultimately, protein metabolism (15).

Decreased IRS-1-associated PI3K activity in muscle could
develop in many catabolic conditions causing accelerated muscle
atrophy, including uremia, acidosis, diabetes mellitus, sepsis, or
starvation because there also is impaired insulin/IGF-1 signaling
(2, 10, 16-20). Factors other than impaired insulin signaling must
be present, however, because mice lacking the insulin receptor in
muscle do not develop muscle atrophy (21). Another factor causing
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muscle atrophy could be endogenous glucocorticoids. For example,
muscle proteolysis in adrenalectomized rodents does not increase
even in response to acute diabetes or metabolic acidosis (1, 3). In
both models, however, it was demonstrated that a physiologic level
of glucocorticoids is required to stimulate muscle proteolysis. By
itself, however, the same level of glucocorticoids did not stimulate
muscle protein degradation. It also has been shown that endog-
enous glucocorticoids are required for the muscle proteolysis that
occurs in models of sepsis or angiotensin II infusion (4, 5).
Glucocorticoids have been shown to decrease protein synthesis
and stimulate protein degradation in muscle (22). In catabolic
conditions, however, the mechanism by which glucocorticoids con-
tribute to muscle wasting is unknown (23). Pharmacological doses
of glucocorticoids can cause insulin resistance in rats, leading to
decreased PI3K activity in muscle (24). This could occur through
genomic and/or nongenomic mechanisms. For example, chronic
treatment of cultured muscle cells with dexamethasone (Dex) was
shown to increase expression of the p85 subunit of PI3K, and Ueki
et al. reported that overexpression of the p85 subunit in mouse
fibroblast cells created an imbalance among p110, p85, and IRS-1,
leading to suppression of PI3K activity (25, 26). Moreover, Schak-
man et al. reported that expression of constitutively activated Ak,
a dominant negative GSK-3f, or a stable B-catenin can block the
muscle atrophy induced by Dex (27). Waddell et al. reported that
expression of the E3 ubiquitin ligase, MuRF1, is stimulated by
the glucocorticoid receptor (GR) (or FoxO1), leading to increased
muscle proteolysis by the ubiquitin-proteasome system (UPS) (28).
These reports emphasize the importance of genomic responses to
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Figure 1

Glucocorticoids are necessary for diabetes-induced activation of proteolytic pathways in muscle. (A) Muscles from control mice (C), diabetic
mice (CS), and 4 groups of adrenalectomized mice were examined: AS, diabetes; ASD, diabetes plus a pathophysiologic dose of Dex; AD, with
no diabetes but with the same dose of Dex; and A, ADX only (n = 6 in each group). Atrogin-1/MAFbx mRNA expression was highest in muscle
of CS or ASD mice; it was not increased in AD mice, but was minimally raised in AS mice. (B) In the same groups of mice, the pattern of muscle
p-Akt levels was reciprocal to that of Atrogin-1/MAFbx mRNA levels. (C) The pattern of p-FoxO1 levels in muscles was parallel to that of p-Akt
levels. (D) After immunoprecipitation with anti—-IRS-1 antibodies, IRS-1-associated PI3K activities in muscles of the different groups paralleled
the p-Akt pattern. (E) After immunoprecipitation with anti-GR antibodies, the pattern of GR-associated PI3K activities was reciprocal to that of
IRS-1-associated PI3K activities. (F) After immunoprecipitation with anti-IRS-1 or anti-GR antibodies, Western blot analyses of PI3K subunits

p110 and p85 revealed the same patterns as in D and E.

glucocorticoids. But pharmacologic doses of glucocorticoids can
also cause rapid, nongenomic responses that influence insulin sig-
naling via membrane-bound, GR-mediated, nongenomic responses
or cytosolic GR-mediated, nongenomic effects (29, 30). Moreover,
receptors of certain steroid hormones including the GR can inter-
act with PI3K to influence its activity (29, 31). Whether endogenous
glucocorticoids exert metabolic effects on muscle protein metabo-
lism via nongenomic actions has not been established.

We investigated whether a pathophysiologic level of glucocorti-
coids contributes to muscle atrophy in a catabolic condition, acute
diabetes. Using mice with muscle-specific deletion of the GR or
muscle-specific deletion of the insulin receptor, we determined
that activation of the GR results in an additional suppression of
IRS-1-associated PI3K and Akt activities, leading to muscle atro-
phy. The mechanisms underlying the GR and PI3K interaction
involved what we believe to be a new nongenomic action of the
activated GR resulting in competition between the GR and IRS-1
for PI3K. This leads to activation of proteolytic pathways and
accelerated muscle wasting.
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Results
Evidence that the GR directly interferes with IRS-1-associated PI3K activity
in muscle. Previously, we showed that glucocorticoids are required
for the increase in muscle protein degradation caused by acute dia-
betes (3, 19). To explore mechanisms by which endogenous gluco-
corticoids stimulate muscle protein degradation, we investigated
responses to acute, streptozotocin-induced (STZ-induced) diabe-
tes in adrenalectomized mice. First, we confirmed that adrenalec-
tomy (ADX) blocks the muscle atrophy induced by acute diabetes
(the leftward shift in the distribution of myofiber sizes in diabetic
mice was ameliorated by ADX; Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI38770DS1). However, when we treated adrenalectomized, dia-
betic mice with Dex at a dose calculated to mimic the endogenous
production of glucocorticoids (1), the leftward shift in myofi-
ber sizes was restored. Second, we evaluated the mRNA of Atro-
gin-1/MAFbx because there is evidence that it is directly related
to the rate of protein degradation in muscle cells (13). There was
increased expression of Atrogin-1/MAFbx mRNA (Figure 1A, lanes
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Figure 2

DM

Muscle-specific GR knockout (MGRKO) prevented the accelerated muscle proteolysis induced by diabetes. (A) Immunostaining of dystrophin
(red) and GR (green) and Western blotting revealed minimal expression of the GR in myofibers of MGRKO mice. Original magnification, x400.
(B and C) The distribution of muscle fiber sizes in control (lox/lox) or MGRKO mice with and without acute diabetes (DM) (n = 3 in both groups
and 300 myofibers examined) differed. The shift of muscle fiber sizes associated with diabetes in lox/lox mice was partially corrected in MGRKO
mice. Original magnification, x200. (D) Rates of protein synthesis and degradation in muscles of MGRKO and lox/lox mice demonstrated that
the absence of the GR prevented the increase in protein degradation induced by diabetes (n = 6 in each group). Diabetes depressed protein
synthesis in muscle of both MGRKO and /ox/lox mice. (E) The increased expression of Atrogin-1/MAFbx in muscle of diabetic /ox/lox mice was

eliminated in muscle of diabetic MGRKO mice (n = 6 in both groups).

C and CS), and ADX largely (but not completely) prevented this
response (Figure 1A, lane AS). When glucocorticoids were replaced
in the adrenalectomized, diabetic mice, Atrogin-1/MAFbx was
stimulated to the same extent as in muscle of acutely diabetic,
otherwise intact mice (Figure 1A, lane ASD vs. CS). Note that the
same dose of Dex did not stimulate Atrogin-1/MAFbx expression
in nondiabetic, adrenalectomized mice (Figure 1A, lane AD). Dex
treatment of diabetic, adrenalectomized mice also decreased lev-
els of p-Akt and p-FoxO1, the upstream regulators of Atrogin-1/
MAFbx gene expression (Figure 1, B and C).

Since PI3K activity can regulate muscle atrophy (6, 11, 12), we
measured it in muscle of the different groups of mice. IRS-1-
associated PI3K was decreased in muscle of diabetic mice or dia-
betic, adrenalectomized mice treated with Dex. PI3K was mini-
mally decreased in muscle of adrenalectomized diabetic mice
(Figure 1D, lane AS). These results suggest that glucocorticoids
are required for the downregulation of IRS-1-associated PI3K.
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Next, we immunoprecipitated the GR and measured GR-asso-
ciated PI3K activity. The decrease in IRS-1-associated PI3K in
muscle of diabetic, adrenalectomized mice treated with Dex was
accompanied by an increase in GR-associated PI3K activity (Fig-
ure 1E). The PI3K subunits p8S5 and p110 associated with IRS-1
were decreased in the same fashion as PI3K activity. There also
was a reciprocal increase in GR-associated p85 and p110 (Figure
1F). These results indicate that PI3K binding to IRS-1 is inversely
related to its binding to the GR.

Muscle-specific GR-knockout mice are resistant to diabetes-induced
downregulation of PI3K activity and muscle atrophy. Results from
adrenalectomized mice treated with or without Dex suggest that
glucocorticoids regulate insulin signaling in a reciprocal fashion.
Since ADX can cause stress responses, changes in catecholamine
and aldosterone, or secondary changes in pituitary hormones,
we investigated the metabolic consequences of endogenous glu-
cocorticoids on muscle wasting by creating muscle-specific GR-
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knockout mice (MGRKO mice). These mice grow normally and
have normal myofiber sizes, and using Western blot analysis and
immunostaining, we confirmed that the GR is markedly reduced
in muscle of MGRKO mice (Figure 2A). After 8 days of diabetes,
corticosterone production was significantly increased (42 + 6 ng/
kg/d diabetic, MGRKO vs. S + 3 ug/kg/d, nondiabetic, lox/lox). In
response to diabetes, there was a decrease in the cross-sectional
area of myofibers in muscle of control, lox/lox mice but not in
muscles of MGRKO mice (Figure 2, B and C).

To explore why muscle atrophy did not occur in diabetic MGRKO
mice, we measured protein synthesis and degradation in extensor
digitorum longus (EDL) muscles. Diabetes significantly decreased
protein synthesis in muscles of both lox/lox and MGRKO mice
(Figure 2D). Diabetes also stimulated protein degradation, but
only in muscles of lox/lox mice. In muscles of lox/lox mice, diabetes
also induced Atrogin-1/MAFbx expression (Figure 2E). Again, this
response was absent in muscle of MGRKO mice.

In muscles of acutely diabetic lox/lox mice (as in adrenalectomized
mice), IRS-1-associated PI3K activity and IRS-1-associated p85/
p110 levels were suppressed to a greater extent than those in muscles
of diabetic, MGRKO mice (Figure 3, A and B). Changes in p-Akt and
p-FoxO1 levels followed a similar pattern (Figure 3, C and D).

Eliminating the GR from muscle also benefited another condi-
tion associated with decreased IRS-1-associated PI3K activities in
muscle, namely, fasting. After 36 hours of food deprivation, plas-
ma corticosterone levels in the MGRKO and control lox/lox mice
were 4-fold higher than those in nonfasting mice (P < 0.01). Food
deprivation led to a leftward shift in the distribution of myofibers
in lox/lox mice and minimally in muscle of MGRKO mice (Supple-
mental Figure 2A). In muscle of lox/lox mice, there was an increase
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mice grow normally and have a normal muscle mass (21).

We found that MIRKO mice have normal corticosterone

production and confirmed that there is a marked reduc-
tion in insulin receptors in the muscles (Supplemental Figure 3).
To test for the absence of insulin receptors in muscle, we injected
MIRKO and lox/lox mice with insulin. As shown in Figure 4A, insu-
lin-stimulated, IRS-1-associated PI3K activity was markedly lower
in muscles of MIRKO versus lox/lox mice.

MIRKO and lox/lox mice were treated with the physiologic dose
of glucocorticoids, and 8 days later, we measured muscle pro-
tein synthesis and degradation. Dex administration did not sup-
press muscle protein synthesis in either mouse strain (Figure 4B).
However, it significantly increased muscle protein breakdown in
MIRKO but not in lox/lox, control mice (Figure 4C). Muscle atro-
phy in Dex-treated MIRKO mice was detected by the leftward shift
in the distribution of cross-sectional areas of myofibers (Figure 4,
D and E). There also was an increase in Atrogin-1/MAFbx expres-
sion (Figure 4F), along with a decrease in p-Akt and p-FoxO1 (Fig-
ure 5, A and B). Thus, a physiologic dose of glucocorticoids causes
muscle atrophy only when insulin signaling in muscle is defective
(i.e., muscles of MIRKO mice).

We measured IRS-1-associated PI3K activity in muscle of MIRKO
mice treated with Dex and found it was reduced (Figure 5C). In con-
trast, Dex did not suppress IRS-1-associated PI3K in muscle of con-
trol lox/lox mice. Next we examined whether glucocorticoids would
affect the distribution of PI3K between IRS-1 and GR in muscle of
MIRKO mice. As shown in Figure 5D, GR-associated PI3K increased
in muscle of Dex-treated MIRKO mice; this did not occur in mus-
cles of lox/lox mice. Dex also increased GR-associated p110 and p85
subunits of PI3K while decreasing IRS-1-associated p110 and p85
subunits in muscle of MIRKO mice (Figure S, E and F).

To test whether similar events occur with food deprivation, which
decreases insulin signaling, we measured plasma corticosterone in
October 2009

Volume 119 Number 10



research article

S5 9 x
A C X B
= & = o o 80 NS
- - + + |Insulin °<
£ D 60
- o . c O
' <PIP3 DR 40
oo
TE
o c
Q= 0
|+ --
MIRKO
- - - -
® ® # @ ~Orign
D MIRKO E
30
4]
()]
. o
PA ()\" S
MIRKO+Dex B

Figure 4

(o]
NS c 160 P<0.05 NS
— S _ 1
85 5
g2
2 80
T —
c g 40
D
2 c
o— O
+ -, Dex o + -, ot -.DeX
lox/lox MIRKO lox/lox
F MIRKO lox/lox
O lox/lox+Dex —— ——
+ -+ - Dex

Il MIRKO+Dex

Atrogin-1/GAPDH
5

+ - + -
MIRKO lox/lox

Dex

Both abnormal insulin signaling and increased glucocorticoid production are required to induce muscle atrophy. (A) Muscle-specific knockout of
the insulin receptor in mice (MIRKO) prevented the sharp increase in IRS-1-associated PI3K activity stimulated by insulin (representative blot
from 3 separate experiments). PIP3, phosphatidylinositol. (B and C) A high physiologic dose of glucocorticoids did not change protein synthesis
but stimulated protein degradation in muscle of MIRKO mice (n = 8 in each group). (D and E) MIRKO mice treated with Dex developed muscle
atrophy, as indicated by a shift to smaller sizes of myofibers. Scale bar: 50 um. (F) MIRKO mice treated with Dex exhibited increased expression

of Atrogin-1/MAFbx in muscle (n = 3 in each group).

lox/lox and MIRKO mice. After 36 hours of food deprivation, plas-
ma corticosterone was approximately 6-fold higher in MIRKO and
lox/lox mice compared with nonfasted mice (P <0.01). In Jox/lox and
MIRKO mice, food deprivation caused a marked leftward shift in
the distribution of cross-sectional areas of myofibers (Supplemen-
tal Figure 4A). In muscle of both groups of mice, there was a signifi-
cant (P <0.05) increase in Atrogin-1/MAFbx mRNA and a decrease
in p-Akt and p-FoxO1 (Supplemental Figure 4, B and C). Thus, the
2 events — the inability of muscles of MIRKO mice to respond to
insulin plus activation of the GR — result in muscle atrophy.
Identification that the GR-induced muscle atrophy involves a nongenomic
action of glucocorticoids. Glucocorticoids can induce transcriptional
and transactivation/repression responses as well as nongenomic
responses (30, 32-34). To determine whether GR-induced muscle
atrophy involves genomic responses, we mutated the nuclear loca-
tion signal sequence (NLSS) from Lys to Asn at site 515 (35). As
shown in Figure 6A, the mutated GR did not enter the nucleus of
COS1 cells when Dex was added. Next, we used electroporation to
transfer the wild-type or mutant GR into myofibers of MGRKO
mice; these mice were then treated to produce acute diabetes. In
muscles of acutely diabetic MGRKO mice, introduction of either
the wild-type or the mutant GR caused a decrease in the sizes of
myofibers compared with results from nondiabetic MGRKO mice
(Figure 6B). We note that the myofiber sizes of diabetic MGRKO
mice reexpressing the mutated GR were larger than myofibers
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expressing the wild-type GR. The expression of Atrogin-1/MAFbx
in muscles of nondiabetic, MGRKO mice was minimal (Figure 6C).
But in muscles of diabetic MGRKO mice, expression of Atrogin-1/
MAFbx increased more in muscles reexpressing the wild-type GR
compared with those reexpressing the mutant GR (Figure 6C).
Thus, the major influence of the activated GR on stimulating
muscle atrophy involves nongenomic mechanisms. Besides the
nongenomic effect of the GR, however, there may be a genomic
effect, because the expression of Atrogin-1/MAFbx was lower in
response to reexpression of the mutated GR.

Activated GR competes with IRS-1 for PI3K. Based on immuno-
precipitation experiments, the GR can physically associate with
PI3K. To analyze this association, we cotransfected COS1 cells
with both the GR-cyan fluorescent protein (GR-CFP) and the
p85-yellow fluorescent protein (p85-YFP) and measured fluores-
cence resonance energy transfer (FRET) (36). Treatment with 50
nM Dex produced a time-dependent energy transfer from CFP to
YFP within minutes, demonstrating the physical association of the
2 proteins (Figure 6A and Supplemental Figure 2C). Even though
Dex led to nuclear accumulation of the GR, a large fraction of GR
remained in the cytosol, accounting for the physical interaction
between GR and p85 in the cytosol (Figure 6B).

To demonstrate that the activated GR can compete with IRS-1 for
PI3K, we used an in vitro assay based on adding recombinant GR to
determine whether it would reduce the PI3K that is associated with
Number 10 3063
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IRS-1. As shown in Figure 6C, increasing the concentration of recom-
binant GR in cell lysates from insulin-treated C2C12 myotubes led
to a progressive decrease in IRS-1-associated PI3K activity when Dex
was present. Likewise, adding recombinant GR decreased the binding
of the PI3K subunit proteins p110 and p85 to IRS-1 (Figure 6C).

The decrease in IRS-1-associated PI3K activity in muscle of
MIRKO but not wild-type mice suggests that insulin might over-
come the influence of glucocorticoid-induced changes in IRS-1-
associated PI3K activity. To test this possibility, we treated C2C12
myotubes with Dex for 30 minutes and then added insulin. As
shown in Figure 7D, GR activation alone increased the PI3K activ-
ity associated with GR. GR activation also decreased IRS-1-associ-
ated PI3K activity (Figure 7D). These changes in PI3K activity were
closely linked to binding of the PI3K subunits (p110 and p85) to
either the GR or IRS-1 (Figure 7D). Notably, the glucocorticoid-
induced decrease in IRS-1-associated PI3K activity was eliminated
by addition of insulin. This result is consistent with our find-
ing that insulin rapidly blocks the excessive muscle proteolysis
induced by acute diabetes (3).

Discussion
There are differences in the responses to physiologic and pharma-
cologic doses of glucocorticoids in terms of stimulating muscle
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Figure 5

The increase in muscle proteolysis in MIRKO mice induced by a high
physiologic dose of glucocorticoids is due to suppression of IRS-1—
associated PI3K/Akt. (A) Dex suppressed p-Akt levels, but only in mus-
cle of MIRKO mice (n = 6 in each group of MIRKO and control mice).
(B) The increase in p-Akt was associated with a significant decrease
in p-FoxO1. (C and D) Dex decreased IRS-1-associated PI3K activity
in muscle of MIRKO mice and increased GR-associated PI3K activity.
(E and F) The changes in PI3K activity were paralleled by changes in
PI3K subunit proteins p110 and p85 associated with IRS-1 or the GR.

atrophy. Catabolic conditions such as diabetes, acidosis, sepsis,
uremia, fasting, and excess angiotensin II require physiologic lev-
els of glucocorticoids to activate muscle proteolysis in vivo. Our
results indicate that in such catabolic conditions, endogenous
glucocorticoids activate the GR, which competes with IRS-1 for
PI3K, further reducing IRS-1-associated PI3K activity. The lower
IRS-1-associated PI3K level reduces p-Akt, thus activating proteo-
lytic mechanisms producing muscle atrophy. Although pharma-
cologic doses of glucocorticoids are also associated with decreased
PI3K activity and activation of the UPS, it is unclear whether this
is the sole reason for their ability to stimulate muscle atrophy (23).
Other mechanisms induced by pharmacologic doses of glucocorti-
coids can involve nonphysiologic responses, such as stimulation of
membrane-bound or cytosolic, GR-mediated, nontranscriptional
responses (29, 30). The role of these pathways in activating muscle
protein metabolism is still controversial (23).

The present experiments were directed at determining how
endogenous glucocorticoids contribute to the muscle wasting
that occurs in catabolic conditions characterized by defects in
insulin signaling in muscle. Specifically, we uncovered metabolic
mechanisms by which endogenous glucocorticoids cause a further
reduction in IRS-1-associated PI3K and p-Akt activities. Evidence
for a required influence of both decreased IRS-1-associated PI3K
and increased glucocorticoid production was obtained in MIRKO
mice. Despite having impaired insulin signaling in muscle, these
mice do not have accelerated muscle proteolysis. But when they
are given a physiologic level of glucocorticoids equivalent to the
level induced in stressed rodents (1), muscle protein degradation
increased. Thus, in certain catabolic conditions, a 2-event process,
impaired insulin signaling and increased glucocorticoid produc-
tion, acts to downregulate IRS-1-associated PI3K activity further,
leading to an increase in muscle protein degradation.

The muscle loss in models of diabetes is blocked by ADX, sug-
gesting that glucocorticoids are necessary for stimulating muscle
proteolysis (3, 6, 19). But ADX or the presence of diabetes can
change adrenal hormone levels and activate secondary responses
(e.g., changes in growth hormone, glucagon, or cytokines) that can
change muscle protein metabolism. To avoid these problems, we
studied MGRKO (GR deficiency in muscle only) and MIRKO mice
(insulin deficiency in muscle only). Both strains of mice grow nor-
mally and have normal levels of PI3K in muscle and normal gluco-
corticoid production. But MGRKO mice are resistant to the accel-
erated muscle proteolysis induced by diabetes or fasting despite an
increase in glucocorticoids (Figure 2 and Supplemental Figure 2). In
contrast, when we treated MIRKO mice with a physiologic dose of
glucocorticoids, there was activation of muscle proteolysis (Figure
4, C and D). Likewise, fasted MIRKO mice had an increase in plas-
ma glucocorticoids and muscle wasting (Supplemental Figure 4).
These results demonstrate for the first time to our knowledge that
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Volume 119 October 2009



research article

A Dex
45 min
Muclear location signal 1
486 521
WT GR  KIRRKNCPACRYRKCLQAGMNLEARKTKKKIKGIQQ
Mt-GR  KIRRKNCPACRYRKCLQAGMNLEARKTNNNIKGIQQ
i
Q
=
B Sham DM
MGRKO/WT GFi__ MGRKO/WT GR MGRKO/Mt-GR
vin ; ' o 2500 P<0.01 P<0.05
=
= [
| -g £ 2000
1 ;‘é’ 1500
S 3 1000
© %
=
< E 5001
[&]
WT GR WT GR Mt-GR
C sham DM
VORKO!  MORKO!  MORKOY = os P<0.01 . P<0.05 Sham DM
WT GR WTGR  M-GR g "
L o8
. < o
BB W W Arogint @ 0a
E 0.2
SRR WE cAPDH B
< o
WT GR WT GR Mt-GR
Sham DM

Figure 6

Identification of a nongenomic effect of the GR on muscle atrophy induced by diabetes. (A) Left panel shows the location of the mutation that
blocks the NLS1 of the GR. The right panel shows that the mutated GR (Mt-GR) does not translocate to the nucleus after addition of Dex. Origi-
nal magnification, x200. (B) Blue-green indicates electroporation-induced expression of wild-type or mutated GR in myofibers of TA muscles
of MGRKO mice (n = 5 in each group). Compared with nondiabetic MGRKO mice (n = 3 mice), acute diabetes decreased the average size
(cross-sectional area [CSA]) of myofibers reexpressing the wild-type or mutant GR. The graph shows that the wild-type GR induced a more
severe atrophy compared with the mutated GR. Original magnification, x200. (C) Muscles from MGRKO mice treated as in B were examined for
Atrogin-1/MAFbx mRNA. The graph shows that reexpression of the wild-type GR raised mRNA levels more than the mutant GR.

a combination of deficient insulin signaling and activation of the
GR in muscle are required to decrease IRS-1-associated PI3K, lead-
ing to accelerated muscle protein loss (Figure 5). Consequently,
our investigations of MGRKO and MIRKO mice have provided
insights into the effects of the interaction between GR and insulin
signaling on muscle protein metabolism in vivo.

We found that when glucocorticoid production was eliminated by
ADX, diabetes minimally reduced IRS-1-associated PI3K (Figure 1).
But replacement with a physiologic dose of glucocorticoids sharply
decreased IRS-1-associated PI3K in muscle of these mice (Figure
1D). This response led to a decrease in myofiber sizes (Supplemental
Figure 1A), which was related to activation of proteolytic pathways
and an increase in protein degradation (Supplemental Figure 1).
Interestingly, ADX alone did not completely block the reduction in
fiber sizes, perhaps because the adrenalectomized mice still exhib-
ited a decrease in protein synthesis (Supplemental Figure 1B).
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How do impaired insulin action and glucocorticoids cause
muscle atrophy in catabolic conditions? A traditional explana-
tion is that impaired insulin signaling downregulates PI3K activ-
ity, triggering proteolytic pathways (15). But impaired insulin
signaling by itself does not cause muscle atrophy. We found that
the activated GR competes with IRS-1 for PI3K, leading to lower
p-Akt and stimulation of proteolytic pathways. Evidence for
this additional mechanism includes our FRET analysis, which
demonstrated an intracellular association between GR and p85
(Figure 7). The association was observed within minutes of add-
ing glucocorticoids, and it increased with time. Second, addition
of activated GR to immunoprecipitated IRS-1-associated PI3K
decreased the activity of IRS-1-associated PI3K and the bind-
ing of PI3K subunits to IRS-1 (Figure 7C). Since PI3K activation
of Akt occurs as a membrane-based event, GR activation could
sequester PI3K away from the membrane to decrease p-Akt (37).
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The activated GR competes with IRS-1 for PI3K. (A) Dex
treatment of COS1 cells transfected with GR-CFP (donor)
and p85-YFP (recipient) stimulated a time-dependent inter-
action between GR and p85, as assessed by FRET analysis
(n = 3 separate experiments). The box shows the area where
emission ratio was measured. (B) After addition of Dex, a
substantial portion of the GR was in the cytosol (Cyto) despite
accumulation of the GR in the nucleus (Nu). (C) In an in vitro
competition assay, addition of increasing amounts of recom-
binant GR led to a progressive decrease in the PI3K activity
and PI3K subunits associated with IRS-1 (n = 3). (D) C2C12
muscle cells were treated with insulin (INS), insulin plus Dex
(I+D), or Dex alone. Dex alone increased GR-associated
PI3K as well as PI3K subunit proteins. Cells treated with insu-
lin alone had increased IRS-1-associated PI3K activity and
minimal GR-associated PI3K activity. Treatment with insulin
largely overcame the Dex-induced depression of IRS-1-asso-
ciated PI3K activity.
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Indeed, the FRET results suggest that following activation of the
GR, there is relocation of PI3K away from the membrane (Figure
7A). Another potential explanation is that the activated GR binds
to and suppresses the kinase activity of PI3K, since the GR can
bind to JNK, decreasing its kinase activity (38). The consequence
of decreased PI3K activity is lower p-Akt, which stimulates Atro-
gin-1/MAFbx expression and muscle protein degradation (15).
Thus, the combination of GR activation and impaired insulin
signaling initiates muscle atrophy (Figure 1).

These glucocorticoid-induced changes suggest there is a nonge-
nomic response to the activated GR (30). We examined this pos-
sibility by mutating the GR to prevent it from translocating to the
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nucleus. In diabetic MGRKO mice, myofibers reexpressing
either the wild-type or mutated GR exhibited atrophy (Fig-
ure 6B). For 2 reasons, these results cannot exclude contri-
butions of genomic influences of GR on muscle atrophy
and Atrogin-1/MAFbx expression. First, the myofiber sizes
associated with introducing the wild-type GR in muscles
were smaller than those in muscles expressing the mutated
GR (Figure 6). This might represent a decrease in protein
synthesis (Figure 1D) or an unidentified genomic response.
Second, the Atrogin-1/MAFbx level was significantly great-
er in muscles expressing the wild-type GR compared with
muscle expressing the mutant GR and hence could reflect
transactivation of Atrogin-1/MAFbx expression because
the promoter region of Atrogin-1/MAFbx does not con-
tain a glucocorticoid response element (11, 23).

Regarding the specificity of the competition between
the GR and IRS-1 for PI3K, we found that giving Dex to
normal or adrenalectomized mice as well as treating cul-
tured myotubes with Dex did not increase IRS-1 Ser307
phosphorylation (data not shown), nor did Dex change
tyrosine phosphorylation of the insulin receptor or IRS-1
in muscle cells (Supplemental Figure 1C).

Why does a physiologic glucocorticoid dose by itself
fail to initiate protein degradation? When myotubes were
treated with Dex, addition of insulin sharply reduced the
increase in GR-associated PI3K activity; it also raised IRS-1-
associated PI3K activity (Figure 7D). This result is consis-
tent with a 2-event process in catabolic conditions (e.g., ure-
mia, metabolic acidosis, sepsis, and excess angiotensin II),

p110
p85

GR

p110
p85
IRS1

since these conditions not only impair insulin signaling and raise
glucocorticoid production, but they also cause muscle atrophy.
Moreover, when MIRKO mice were treated with Dex, there was
decreased IRS-1-associated PI3K and muscle atrophy. In contrast,
Dex administration to lox/lox mice with intact insulin signaling
in muscle had minimal changes in IRS-1-associated PI3K activity
(Figure 5). These results offer an explanation for why endogenous
glucocorticoids alone do not stimulate muscle protein degrada-
tion in vivo, because a rise in glucocorticoids will increase insulin
to overcome proteolytic responses to glucocorticoids. But with
fasting, we presume that suppression of insulin secretion persists
despite an increase in glucocorticoids, because p-Akt is reduced in
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Figure 8

Catabolic conditions not only impair insulin signaling in muscle (one
event) but also stimulate glucocorticoid production (second event),
leading to muscle atrophy. Glucocorticoids activate the GR in muscle,
leading to a competition with IRS-1 for association of PI3K subunits
p110 and p85. The association of these subunits with the GR reduces
IRS-1-associated PI3K activity and p-Akt. These changes stimulate
protein degradation pathways, leading to muscle atrophy.

muscle (Supplemental Figure 2C and Supplemental Figure 4C).
The decrease in p-Akt leads to muscle atrophy (15).

In summary, our results demonstrate that the activated GR com-
petes with IRS-1 for PI3K activity, as shown in Figure 8. We conclude
that 2 events, impaired insulin signaling accompanied by an increase
in endogenous glucocorticoids, combine to stimulate muscle wast-
ing in catabolic condition such as acute diabetes, type 2 diabetes,
metabolic acidosis, angiotensin I infusion, sepsis, or starvation.

Methods

Antibodies. Antibodies against phospho-Akt (Ser473), phospho-FoxO1
(Ser256), and PI3K (p110a) were purchased from Cell Signaling Technol-
ogy. Antibodies against Akt, FoxO1, and the GR were from Santa Cruz Bio-
technology Inc. Anti-IRS-1, anti-insulin receptor 3, and anti-Cre recombi-
nase antibodies were from Millipore.

Animal model. The experiments were approved by the Baylor College of
Medicine Animal Care Committee. Mice bearing MCK-Cre or with loxP
floxed insulin receptor were provided by C.R. Kahn (Joslin Diabetes Cen-
ter, Boston, Massachusetts, USA); they were used to generate MIRKO mice
(21). Mice with loxP floxed GR were provided by L. Muglia (Washington
University, St. Louis, Missouri, USA) and used to generate MGRKO mice.
For glucocorticoid responses, MIRKO and control (lox/lox) mice were
injected with Dex (20 ug/kg/d) for 8 days. This dose was calculated based
on the endogenous secretion rate present in stressed rodents as described
by Slusher and Roberts and does not cause muscle protein abnormalities
in adrenalectomized rodents (1, 39). Gastrocnemius muscles were removed
from anesthetized mice, immediately frozen in liquid nitrogen, and stored
at -80°C. Tibialis anterior (TA) muscle and bone were removed and fixed
in 10% formalin; the muscles were removed and imbedded in HistoPrep
medium (Fisher). Mixed fiber, plantaris muscles were used to measure pro-
tein synthesis and degradation as described (1).

To induce diabetes, we injected 12-week-old C57BL/6 mice (The Jackson
Laboratory) or MGRKO mice intraperitoneally with 2 doses of 150 mg/
kg/d STZ in 0.1 M citrate buffer (pH 4); controls received the citrate buffer
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alone. Mice were housed in individual cages and pair-fed for 8 days (19).
In other studies, CS7BL/6 mice were anesthetized and underwent bilateral
ADX (1, 3). ADX mice were given 0.45% NaCl and allowed to recover for
at least 7 days before being divided into 4 groups: (a) ADX mice treated
with STZ (AS); (b) ADX mice treated with STZ and 20 ug/kg/d Dex (ASD);
(c) ADX mice treated with the same dose of Dex (AD); and (d) untreated
ADX mice (A). Eight days after STZ, mice were anesthetized, arterial blood
was collected to measure blood glucose, and muscles were removed. To
study fasting, control lox/lox and MIRKO or MGRKO mice at 8 weeks of’
age were housed in individual cages and given free access to water. Food
was withdrawn for 36 hours, and at sacrifice, aortic blood was obtained to
measure corticosterone level (R&D Laboratories). In other experiments, we
measured corticosterone production by collecting urine over 24 hours in
mice housed in individual cages (1).

PI3K activity assay. Gastrocnemius muscles (~100 mg) were homogenized
for § minutes in 1 ml cold buffer A (137 mM NaCl, 20 mM Tris-HCI [pH
7.4]; 1 mM CaCly; 1 mM MgCly; 0.1 mM NazVOy, 2 ug/ml of both leu-
peptin and aprotinin, 1 mM PMSF and 1% Nonidet-P40). The mixture was
kept on ice for 60 minutes before centrifugation (16,000 g for 10 minutes).
The supernatant (~2 mg muscle proteins) was immunoprecipitated with
4 ug anti-IRS-1 or anti-GR antibody overnight at 4°C. Protein A/G (25 ul)
agarose beads (Santa Cruz Biotechnology Inc.) were added and incubated
for 2 hours at 4°C. The immunoprecipitates were washed 3 times with
buffer A and 3 times with TNE buffer (20 mM Tris-HCI [pH 7.4], 100 mM
NaCl, and 0.5 mM EGTA) before suspension in 50 ul of PI3K reaction buf-
fer containing 15 ug of phosphatidylinositol (Sigma-Aldrich). Reactions
were performed as described previously (6, 40).

Northern and Western blotting. Total RNA was isolated from the gastrocne-
mius muscles using Tri Reagent (Sigma-Aldrich), and Northern blot analy-
sis was performed as described previously (6, 40). For Western blots, gas-
trocnemius muscle (~100 mg) was homogenized for 5 minutes in 1 ml cold
RIPA buffer (50 mM Tris [pH 7.4]; 1% NP-40; 0.25% Na deoxycholate; 150
mM NaCl; 1 mM EDTA; 1 mM PMSF; 1 mM Na3;VO,; 1 mM NaF and 2 ug/
ml each of aprotinin, leupeptin, and pepstatin). The mixture was incubated
on ice for 60 minutes. Homogenates were centrifuged (14,000 g) at 4°C for
10 minutes, and the supernatants were assayed using immunoprecipitation
and antibodies. Proteins were separated by electrophoresis on 10% SDS-
polyacrylamide gels and blotted on PVDF membranes. After blocking with
5% dry milk/0.1% Tween-20, primary antibodies were added, and they were
detected using anti-rabbit or anti-mouse IgG conjugated with IRDye 700
or IRDye 800 (LI-COR) and analyzed as described previously (40).

Myofiber size. Sections (5 wm) of TA muscles were treated with DAKO
blocking solution before incubation with primary antibodies for 16 hours
at 4°C. After washing, slides were incubated for 30 minutes at room temper-
ature with Alexa Fluor 488 or 560 secondary antibodies (1:800; Invitrogen).
Muscle myofiber sizes were determined by Image-Pro software (40). Approx-
imately 300 myofibers from TA muscles of each mouse were measured, and
the pattern was confirmed in at least 3 mice with each condition.

Cell culture and transfection. The pECFP-GR-CFP vector was provided by M.
Nishi (Kyoto Prefectural University of Medicine, Kyoto, Japan). The pEX-
EF1-p85-YFP vector was generated by fusion of mouse p85a. cDNA and YFP.
The GR-CFP plasmid (0.1 png/dish) was transiently transfected into COS1
cells with or without cotransfection of p85-YFP (0.1 ug/dish) using Lipo-
fectamine (Invitrogen). Transfected cells were cultured in Delta T dishes
(Fisher) in DMEM containing 10% charcoal-stripped FBS; 16 hours after
transfection, cells were incubated in serum-free medium for S hours. Cells
were then treated with 50 ng/ml insulin and/or 100 nM Dex (Sigma-Aldrich).
Nuclear and cytosolic proteins were separated as described previously (41).

FRET analysis. To image the glucocorticoid-induced interaction between
the GR and p85, COS1 cells cotransfected with GR-CFP and p85-YFP
Volume 119 3067

Number 10 October 2009



research article

were kept at 37°C in a thermostatic chamber and examined with a Zeiss
LSMS510 confocal microscope. Cells exhibiting nearly the same fluores-
cence intensity as the GR-CFP (donor) and the p85-YFP (acceptor) were
selected and examined. CFP was excited with a 458-nm laser, and its emis-
sion was sampled between 480 and 520 nm. Emission-sensitized YFP fluo-
rescence was collected between 526 and 558 nm (42). CFP and YFP emis-
sions were acquired simultaneously with a Zeiss Plan-Apochromat 63x/1.4
oil objective. After subtracting the background measured in areas without
cells, the sensitized YFP emission was used to calculate the ratio of YFP/
CFP pixel by pixel using Metamorph software (Molecular Devices). Cells
were treated with 100 nM Dex, GR-CFP was excited, and the emission-sen-
sitized p85-YFP fluorescence was measured over 60 minutes. Because the
levels of protein expression of the donor, GR-CFP, and the acceptor, p85-
YFP, molecules in each cell were not exactly the same, we normalized the
fluorescence intensity in each cell by dividing the fluorescence intensity
after Dex treatment by that measured before treatment (36). The results are
representative images obtained from 3 independent experiments.

GR gene mutation and electroporation. The pECFP-GR-CFP plasmid was used
to mutate the GR receptor at site 515 using the Quickchange kit (Strata-
gene) to change Lys to Asn (35). TA muscles of anesthetized MGRKO mice
were injected with 50 ug DNA in 30 ul saline. Electric pulses were applied
by 2 stainless steel electrodes on each side of the leg (100 V/cm, 5 pulses of
10 ms at 200-ms intervals) (11). After 7 days, STZ was injected to induce
acute diabetes, and the muscles were studied 7 days later; there was no evi-
dence for necrosis or inflammation as a result of this procedure.

In vitro assay to detect competition between IRS-1 and GR for PI3K. C2C12 myo-
tubes were exposed to 5 ug/ml insulin for 10 minutes before being lysed in
cold buffer A. Two micrograms anti-IRS-1 antibodies were added to 500 ug
of cell lysate; anti-rabbit IgG agarose beads were added, and the mixture

was incubated for 16 hours. After washing 3 times with cold HEPES buffer
(10 mM HEPES, pH 7.4, 120 mM NacCl, 2 mM dithiothreitol), the agarose
beads were collected and mixed with the HEPES buffer that contained
different concentrations of human recombinant GR (MBL) plus 5 ul of
an ATP-regenerating system (50 mM ATP, 250 mM creatine phosphate,
20 mM Mg acetate, and 100 U/ml creatine phosphokinase). After incuba-
tion at 32°C for 20 minutes, the beads were washed with TNE buffer. The
beads were collected, and either PI3K activity was measured or they were
treated with loading buffer before being subjected to Western blotting.
Statistics. Values are presented as mean = SEM and results analyzed using
2-tailed Student’s ¢ test when results from 2 experimental groups were
compared or using ANOVA when data from 3 groups were studied. For
ANOVA analyses, pairwise comparisons were made by the Student-New-
man-Keuls test. P values less than 0.05 were considered significant.
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