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Conditions such as acidosis, uremia, and sepsis are charac-
terized by insulin resistance and muscle wasting, but whether
the insulin resistance associated with these disorders con-
tributes to muscle atrophy is unclear. We examined this ques-
tion in db/db mice with increased blood glucose despite high
levels of plasma insulin. Compared with control littermate
mice, the weights of different muscles in db/db mice and the
cross-sectional areas of muscles were smaller. In muscle of
db/db mice, protein degradation and activities of the major
proteolytic systems, caspase-3 and the proteasome, were in-
creased. We examined signals that could activate muscle pro-
teolysis and found low values of both phosphatidylinositol 3
kinase (PI3K) activity and phosphorylated Akt that were re-
lated to phosphorylation of serine 307 of insulin receptor sub-
strate-1. To assess how changes in circulating insulin and

glucose affect muscle protein, we treated db/db mice with
rosiglitazone. Rosiglitazone improved indices of insulin re-
sistance and abnormalities in PI3K/Akt signaling and de-
creased activities of caspase-3 and the proteasome in muscle
leading to suppression of proteolysis. Underlying mecha-
nisms of proteolysis include increased glucocorticoid produc-
tion, decreased circulating adiponectin, and phosphorylation
of the forkhead transcription factor associated with increased
expression of the E3 ubiquitin-conjugating enzymes atrogin-
1/MAFbx and MuRF1. These abnormalities were also cor-
rected by rosiglitazone. Thus, insulin resistance causes mus-
cle wasting by mechanisms that involve suppression of PI3K/
Akt signaling leading to activation of caspase-3 and the
ubiquitin-proteasome proteolytic pathway causing muscle
protein degradation. (Endocrinology 147: 4160–4168, 2006)

LOSS OF PROTEIN stores and a decline in lean body
mass are associated with morbidity and mortality,

making this a major clinical problem (1– 4). There is evi-
dence that loss of lean body mass is usually caused by
activation of the ubiquitin-proteasome proteolytic path-
way (UPP) in muscle (5), but the pathophysiological trig-
gers that accelerate protein degradation are controversial.
Inflammation is often suggested as a trigger because many
illnesses causing loss of lean body mass are associated
with increases in circulating cytokines (6 – 8). However,
inflammation can be linked to insulin resistance because
high levels of circulating TNF� and possibly other cyto-
kines can cause insulin resistance (9, 10). Another potential
proteolytic trigger of muscle protein breakdown is a de-
crease in the responses to insulin or IGF-I. For example,
there is evidence that insulin deficiency causes muscle
protein breakdown by activating the UPP in processes that
include transcription of genes encoding subunits of this
system (11, 12). This is relevant because catabolic condi-
tions that stimulate muscle protein degradation by the
UPP such as aging, acidosis, chronic kidney disease
(CKD), or acidosis are often associated with insulin resis-

tance (13–16). The presence of these complicating factors
raises the question of whether insulin resistance by itself
will stimulate protein metabolism and, if so, by what
mechanisms.

In a model of insulin deficiency, we showed that there
is accelerated muscle proteolysis and that this is caused by
a decrease in the activity of phosphatidylinositol 3-kinase
(PI3K) (17, 18). We found that a decrease in PI3K activity
reduces the level of phosphorylated Akt (pAkt), and a low
pAkt has been shown to relieve the inhibition of the ex-
pression of specific E3 ubiquitin-conjugating enzymes
atrogin-1/MAFbx and MuRF1 in muscle (17, 19, 20). This
is relevant because expression of these E3 enzymes occurs
in several conditions causing loss of lean body mass, sug-
gesting there is a complex genetic program associated with
activation of muscle protein degradation (21). Besides
stimulating activity of the UPP, we found that a decrease
in muscle PI3K activity also activates Bax, which stimu-
lates the activity of caspase-3 leading to muscle protein
loss by providing substrates for the UPP (17, 18).

In the present study, we explored the possibility that
insulin resistance would cause muscle atrophy and exam-
ined potential proteolytic pathways that could cause ac-
celerated loss of muscle protein. We took advantage of the
well-established characteristics of db/db mice to test this
possibility because kidney failure, systemic sepsis, etc. do
not complicate this genetic model of insulin resistance.
Thus, db/db mice provided us an opportunity to determine
whether insulin resistance alone can stimulate the UPP
and muscle protein degradation.
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Materials and Methods
Animals

We studied db/db mice (BKS.Cg-m �/�Lepr �db�; Jackson Labo-
ratories, Bar Harbor, ME), and wild-type (WT) (C57BLKS/J �m�/
m��) littermates were studied as controls. The experiments were ap-
proved by the institutional animal care and use committee of Emory
University. Four-week-old male db/db and control mice were housed in
the animal care facility in 12-h light, 12-h dark cycles and fed ad libitum.
In one experiment, mice were placed in metabolic cages to collect a 24-h
urine sample, and corticosterone excretion was measured (R&D Sys-
tems, Minneapolis, MN) to estimate glucocorticoid production (12). In
another experiment, mice were fed the standard or a diet supplemented
with rosiglitazone maleate (8 mg/kg�d; GlaxoSmithKline, Pittsburgh,
PA).

At the end of different experimental manipulations, db/db and control
mice were anesthetized with 12 mg/kg xylazine and 60 mg/kg ket-
amine, and the soleus, the extensor digitorum longus (EDL), and plan-
taris muscles were removed to measure protein degradation; gastroc-
nemius muscles were also removed, plunged into liquid nitrogen, and
stored at �80 C.

Plasma insulin was measured using 1–2-3 ultrasensitive mouse in-
sulin enzyme immunoassay (EIA) kit (American Lab Products,
Windham, NH) by the Biochemistry Core Laboratory of Emory Uni-
versity. Blood glucose concentration was measured by the Accu-CHEK
advantage blood glucose meter (Indianapolis, IN). Adiponectin concen-
tration in serum was measured using a mouse adiponectin ELISA kit
(American Lab Products).

Protein degradation

Protein degradation was measured as the rate of tyrosine release into
the media because muscle neither synthesizes nor degrades tyrosine and
it does not accumulate in the intracellular pool (22, 23). Soleus, EDL, and
plantaris muscles were pinned to plastic supports to maintain muscles
at resting length. They were incubated in standard Krebs-Henseleit
bicarbonate buffer containing 10 mm glucose and 0.5 mm cycloheximide
(to block tyrosine reuse), placed in individual flasks, and gassed with
95% O2/5% CO2 for 3 min. After an initial 30-min preincubation, each
muscle was transferred to a flask containing fresh media, regassed with
95% O2/5% CO2 for 3 min, and incubated at 37 C for 2 h. Tyrosine in
the media was measured (5, 22).

Immunoblotting

Gastrocnemius muscles were homogenized in RIPA buffer except
when we measured the 14-kDa actin fragment arising from the activity
of caspase-3 (18). To measure this actin fragment, muscles were har-
vested and homogenized in hypotonic buffer and protein concentration
was measured using a PC protein assay kit (Bio-Rad, Hercules, CA). The
levels of signaling proteins and the 14-kDa actin fragment were detected
by standard Western blotting (17, 18). We used the following primary
antibodies: an antiactin antibody (Sigma-Aldrich, St. Louis, MO), an
anti-IRS-1 antibody (Upstate, Lake Placid, NY), and Cell Signaling (Dan-
vers, MA) antibodies against phospho-Ser307 IRS-1, Akt, pAkt, and the
forkhead transcription factors, FoxO1 and pFoxO1.

Muscle histology

To assess differences in the cross-sectional area of the plantaris mus-
cle, we embedded them in TBS tissue freezing media (Fisher, Pittsburgh,
PA) in isopentane cooled in dry ice. Cross-sections (10 �m) on gelatin-
coated slides were treated with an anti-laminin antibody (Sigma-Al-
drich), and the area of at least 500 individual myofibers per muscle was
measured using the Micro-Suite Five Biological System (Olympus,
Melville, NY).

Proteasome activity

To measure proteasome chymotryptic-like peptidase activity in vitro,
gastrocnemius muscles were homogenized in a harvest buffer [50 �m
Tris-HCl (pH 7.4), 5 mm MgCl2, 250 mm sucrose, 2 mm ATP, and 1 mm
dithiothreitol]. The mixture was centrifuged (5 min at 400 � g) and

clarified by sequential centrifugations of 10,000 � g for 20 min before
centrifuging at 100,000 � g for 5 h to isolate the 20S and 26S proteasomes
(24). After resuspension, proteasome chymotryptic-like activity was de-
termined as the release of 7-amino-4-methylcoumarin (AMC) from the
fluorogenic peptide substrate LLVY-AMC (N-Suc-Leu-Leu-Val-Tyr-
AMC) using the Proteasome Activity Assay Kit (Chemicon Interna-
tional, Temecula, CA).

Cell culture and RT-PCR

Mouse 3T3-L1 preadipocytes, purchased from American Type Cul-
ture Collection (Manassas, VA) were studied between passages 3 and 10.
Initially, they were grown in standard media containing DMEM (In-
vitrogen, Carlsbad, CA) containing 10% bovine calf serum (HyClone,
Logan, UT), penicillin (200 U/ml), and streptomycin (200 �g/ml) in a
humidified atmosphere (95% O2/5% CO2). After 2 d, cells were switched
to differentiation media with 1 �m dexamethasone, 10 �g/ml insulin,
and 0.5 mm 3-methyl-1-isobutylxanthine (Sigma-Aldrich) for 2 d and
then grown in post-differentiation medium containing 10 �g/ml insulin
for 5 d. Before being studied, cells were shown to be maximally differ-
entiated morphologically (�90% of cells). The cells were then placed in
standard media for another 2 d. Subsequently, we determined the in-
fluence of exposing cells to 10 �m rosiglitazone (Cayman Chemical, Ann
Arbor, MI) for 16 h.

For measuring RT-PCR, we isolated total RNA from mouse muscles
and from differentiated 3T3-L1 cells using Trizol reagent (Invitrogen).
RT was performed using the GeneAmp RNA PCR Core kit (Applied
Biosystems, Foster City, CA) and 2 �g denatured RNA according to the
manufacturer’s instructions. Primers for specific genes were designed to
cross intron-exon boundaries and used to generate amplicons in their
linear ranges as follows: adiponectin (U37222; 532-bp product), forward,
5�-GATTCAACTTGCGCCTCATCTTAGGC-3�, and reverse, 5�-
CCGACGTTACTACAACTGAAGAGC-3�; TNF� (NM_11731; 212-bp
product), forward, 5�-TCTCATCAGTTCTATGGCCC-3�, and reverse,
5�-GGGAGTAGACAAGGTACAAC-3�; and IL-6 (NM_031168; 343-bp
product), forward, 5�-GCCAGAGTCCTTCAGAGAGATACAG-3�, and
reverse, 5�-CCCAACGATTCATATTGTCAG-3�. For each sample, 18S
rRNA was used as an internal control using QuantumRNA 18S primers
(Ambion, Austin, TX).

Real-time PCR

Total RNA was extracted using the Purelink RNA purification kit
(Invitrogen) and 2 �g RNA sample was used for RT by oligo 9-mer
primers and Superscript II (Invitrogen). Real-time PCR was performed
with SYBR Green PCR reagents (Bio-Rad, Hercules, CA) and the Opticon
DNA Engine (Bio-Rad) using the following cycle parameters: 94 C for
2 min and 40 cycles at 94 C for 15 sec, 55 C for 30 sec, and 72 C for 30
sec with a final extension at 72 C for 10 min. Primers used in this study
were mouse atrogin-1/MAFbx, forward, 5�-GCAGAGAGTCG-
GCAAGTC-3�, and reverse, 5�-CAGGTCGGTGAT CGTGAG-3�; mouse
MuRF-1, forward, 5�-CAACCTGTGCCGCAAGTG-3�, and reverse, 5�-
CAACCTCGT GCCTACAAGATG-3�; and mouse glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), forward, 5�-ACCCCCAATGTAT
CCGTTGT-3�, and reverse, 5�-TACTCCTTGGAGGCCATGTA-3�. The
threshold cycle (Ct) is defined as the number of cycles required for the
fluorescence signal to exceed the detection threshold. mRNA expression
was standardized to the GAPDH gene, and expression was calculated
as the difference between the threshold values of the two genes (2 �
�Ct). Melting curve analysis was always performed during real-time
quantitative PCR to analyze and verify the specificity of the reaction. The
values are given as the means � se of three independent experiments.

Statistical analysis

Results are presented as mean � se. Comparisons of results between
groups were by ANOVA using Systat Software ANOVA, and P � 0.05
was considered significant.

Wang et al. • Insulin Resistance and Muscle Proteolysis Endocrinology, September 2006, 147(9):4160–4168 4161

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/147/9/4160/2528321 by guest on 10 April 2024



Results
Muscle atrophy is accelerated in db/db, insulin-
resistant mice

The body weights of db/db mice were similar to those of
littermate WT control mice at 4 wk age (Table 1), but after 9
wk, their weight was 65% greater (n 	 12; P � 0.0001). At 9
wk of age, the blood sugar of db/db mice was 3.27-fold higher
and plasma insulin levels were 15.5-fold higher than values
in control mice (both n 	 12; P � 0.0001).

Even though body weight was greater, muscle mass in
db/db mice was reduced; the soleus (predominately oxida-
tive, red fibers), EDL (predominately glycolytic, white fi-
bers), and plantaris (mixed red and white fibers) muscles
weighed significantly less than these muscles in control mice
(�26, �28, and �21%, respectively; Table 1; n 	 9; P � 0.05).
Likewise, the ratio between the muscle weight and body
weight in db/db mice was 50% below that of control mice (P �
0.001). The lower muscle mass of db/db mice at 70 d is shown
in Fig. 1.

We also evaluated the cross-sectional area of gastrocne-
mius muscles containing both red and white fibers. As
shown in Fig. 1B, the cross-sectional area of muscle fibers in
db/db mice (1407.7 � 61.5 �m2) was significantly smaller than
that in WT mice (2194.8 � 106.3 �m2; P � 0.001; n 	 9).

Muscle atrophy in db/db mice is associated with increased
protein degradation

The rate of protein degradation in the soleus muscle of
db/db mice was 28.1% higher than the rate measured in
soleus muscles of control mice. Protein degradation in EDL
muscles of db/db mice was 43.5% higher and the rate in
plantaris muscles was 34.1% higher than that in muscle of
control mice (Fig. 2A; n 	 9; P � 0.05).

To determine whether the increase in muscle proteolysis
was related to activation of the UPP in db/db mice, we iso-
lated proteasomes from gastrocnemius muscles and mea-
sured their activity. The proteasome chymotryptic-like pep-
tidase activity was significantly increased (Fig. 2B; P � 0.05;
n 	 6).

Caspase-3 acts as an initial protease to cleave actomyosin/

myofibrils, forming substrates that are rapidly degraded by
the UPP (18). Activated caspase-3 in muscle also leaves a
characteristic 14-kDa actin fragment as a footprint. The den-
sity of the 14-kDa actin fragment in gastrocnemius muscles
of db/db mice was 2.1-fold higher, indicating that caspase-3
had cleaved actomyosin/myofibrils (Fig. 2C).

FIG. 1. Loss of muscle mass in db/db mice. A, Representative image
showing differences in body weight and leg muscles of obese, db/db
and littermate, WT control mice measured at d 63; B, cross-section of
plantaris muscle showing the difference in myofiber size between
obese db/db and control mice. The average size of myofibers from nine
db/db and nine control mice is shown graphically; *, P � 0.05 differ-
ence.

TABLE 1. Characteristics of db/db and control littermate mice

WT db/db P value

Body weight (g)
4 wk 20.1 � 1.9 20.8 � 1.8 NS
9 wk 24.9 � 1.9 41.2 � 4.1 �0.0001

Body length (cm) 8.83 � 0.17 8.33 � 0.17 NS
BMI (body weight/height2) 31.9 � 0.19 59.3 � 0.76 �0.01
Blood glucose (mg/dl) 124.8 � 4.8 408.0 � 20.6 �0.001
Plasma insulin (ng/ml) 1.31 � 0.20 19.97 � 3.46 �0.0001
Muscle weight (mg)

Soleus 8.9 � 1.1 6.6 � 0.5 �0.05
EDL 10.0 � 1.1 7.2 � 0.5 �0.05
Plantaris 11.5 � 0.8 9.1 � 0.96 �0.05
Heart 103 � 5 95 � 4 �0.05

Muscle weight/body weight (ratio)
Soleus 0.24 � 0.02 0.12 � 0.01 �0.001
EDL 0.32 � 0.01 0.16 � 0.01 �0.001
Plantaris 0.48 � 0.02 0.21 � 0.02 �0.001
Heart 5.15 � 0.1 2.78 � 0.1 �0.01

Average values of 12 db/db and 12 control mice are presented. NS, Not significant.
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PI3K/Akt cellular signaling is impaired in muscle of
db/db mice

IRS-1-associated PI3K activity was significantly depressed
in muscle of db/db mice (Fig. 3A). The decrease in PI3K
activity was accompanied by an increase in phosphorylation
of IRS-1 at serine 307 (Fig. 3B). This change in serine phos-
phorylation has been linked to decreased insulin responses
because of its interference with insulin receptor signaling (25,
26). The lower PI3K activity was also associated with a de-
crease in pAkt (Fig. 3B).

Improving insulin sensitivity blocks the loss of muscle mass
in db/db mice

Administration of high-affinity ligands for peroxisome
proliferator-activated receptors, the thiazolidinediones, to
obese animal models of insulin resistance can substantially
correct hyperglycemia and/or hyperinsulinemia (27). To de-
termine whether rosiglitazone would also prevent the in-

crease in muscle protein degradation in db/db mice, we
mixed rosiglitazone (8 mg/kg�d) into the food of control and
db/db mice and fed this mixture or the standard diet. After
35 d, hyperglycemia and hyperinsulinemia were corrected in
rosiglitazone-fed db/db mice, reaching levels found in WT
mice (Fig. 4). However, the weight gain was unaffected.

There was a 27.2% increase in the cross-sectional area of
muscle in db/db mice fed rosiglitazone compared with un-
treated db/db mice, but this increase was not statistically
significant (data not shown). The ratio of the muscle to body
weights was lower with rosiglitazone administration but not
statistically different. Rosiglitazone therapy improved intra-
cellular signaling processes in muscle of db/db mice; there
was an increase in PI3K activity, a decrease in phosphory-
lation of IRS-1 serine 307, and an increase in the amount of
the pAkt (Fig. 5). These improvements in the PI3K/Akt path-
way were associated with a decrease in the rate of protein
degradation measured in isolated muscles (Fig. 6A). There

FIG. 2. Protein degradation is acti-
vated in muscles of obese db/db and con-
trol mice. A, Rates of protein degrada-
tion in the oxidative red-fiber soleus,
the glycolytic white-fiber EDL, and the
mixed-fiber plantaris muscle are
shown. The rate was higher in all three
types of muscles in nine db/db com-
pared with nine control mice. B, Activ-
ities of the 20S and 26S proteasomes in
gastrocnemius muscles of db/db and
control mice; both activities are signif-
icantly increased in db/db mice. C, Den-
sity of the 14-kDa actin fragment in gas-
trocnemius muscles resulting from the
activation of caspase-3, corrected by di-
viding by the density of the fragment in
muscle of WT mice. The fragment level
in nine db/db mice was substantially
higher than levels in muscle of nine con-
trol mice.
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also was a decrease in the proteolytic activity of the protea-
some; the level in muscle of db/db mice was not significantly
different from that measured in proteasomes isolated from
control mice (Fig. 6B).

Rosiglitazone and potential processes that prevent muscle
protein loss

To identify changes in underlying mechanisms influenc-
ing activation of protein degradation after administration of

rosiglitazone, we studied changes in glucocorticoid produc-
tion and circulating adiponectin levels. In catabolic condi-
tions, we and others have found that glucocorticoids are
essential for the activation of the UPP and protein degrada-
tion in muscle (12, 28–31). There was a sharp increase in
glucocorticoid production in db/db mice, and this was elim-
inated when they were treated with rosiglitazone (Fig. 7A).

Adiponectin is produced in adipose cells and has been
shown to suppress production of inflammatory adipokines

FIG. 4. Rosiglitazone (Ros) treatment
improves insulin sensitivity but body
weight remains higher in six db/db mice
compared with values in six control
mice.

FIG. 3. The PI3K/Akt pathway is down-regulated in muscle
of db/db mice. A, Results of IRS-1-associated PI3K activity
in hind-limb muscles; it was lower in muscle of db/db mice.
B, Western blots of IRS-1 that is phosphorylated on serine
307 and Akt phosphorylated on serine 473; GAPDH was
used as a loading control. Serine 307 phosphorylation in
gastrocnemius muscles of three db/db mice was associated
with down-regulation of Akt activation compared with three
control mice. PIP, Phosphatidylinositol phosphate.
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(27). As expected, db/db mice had lower levels of adiponectin
(Fig. 7B). Administration of rosiglitazone for 35 d resulted in an
increase in plasma adiponectin levels in both db/db and control
mice. Because the balance between adiponectin and cytokines
is associated with insulin resistance (32), we treated differen-
tiated 3T3-L1 cells with rosiglitazone for 16 h and measured
mRNAs of adiponectin, TNF�, and IL-6. As shown in Fig. 8,
rosiglitazone increased adiponectin mRNA by 31% but de-
creased the mRNAs of the inflammatory cytokines TNF� and
IL-6 by 34 and 20%, respectively. The improvement in the high
rate of muscle proteolysis was accompanied by an increase in
the muscle content of pFoxO1, a decrease in FoxO1, and a
decrease in the expression of the E3 ubiquitin-conjugating en-
zymes atrogin-1/MAFbx and MuRF1 (Fig. 9).

Discussion

Alarming predictions that the worldwide prevalence of
diabetes mellitus will double in the next decade have em-
phasized that type 2 diabetes is associated with obesity and
insulin resistance (33). Patients with type 2 diabetes are at
increased risk for CKD and cardiovascular disease and po-
tentially other problems (33, 34). For example, CKD patients
with type 2 diabetes have evidence of accelerated loss of lean
body mass that is linked to increased protein breakdown in
muscle, but it is unclear whether type 2 diabetic patients
without CKD also have accelerated muscle loss (35–37). On
the other hand, there are reports indicating that whole-body
protein flux in type 2 diabetic patients who have plasma
insulin levels less than 120 pmol/liter is normal (38, 39).
Perhaps type 2 diabetic patients with more severe insulin
resistance or those with complicating disorders such as CKD

may have an increase in muscle protein degradation. For
example, CKD stimulates the loss of muscle protein in type
2 diabetic patients, and even mild degrees of CKD can cause
insulin resistance (14, 35, 36). Hence, the degree of insulin
resistance in type 2 diabetic patients could be aggravated by
CKD. The present results are consistent with our findings in
another model of insulin resistance, uremia (22, 40). In this
model as well, we find that PI3K activity in muscle is de-
pressed and protein degradation is accelerated. Thus, our
results indicate that insulin resistance alone can increase
muscle protein breakdown by suppressing PI3K activity.

The model of insulin resistance we studied, db/db mice,
did not have complicating illnesses or differences in the
duration of diabetes, exercise, etc., but their muscles weighed
less than those of the control mice and there was an increase
in protein degradation (Figs. 1 and 2). There also were ab-
normalities in the cellular signaling pathway that stimulates
muscle protein breakdown (17, 19, 20). Specifically, we found
an increase in phosphorylation of serine 307 of IRS-1, a de-
crease in the activity of PI3K, and a decrease in pAkt (Fig. 3).
These changes were associated with evidence of increased
proteolytic activities of both caspase-3 and the UPP (Figs. 2
and 9). Although these changes in PI3K/Akt signaling are
consistent with abnormalities we have found to cause accel-
erated muscle atrophy in streptozotocin-treated rats (17),
there are differences in the two models. First, the level of
phosphorylated serine 307 of IRS-1 was much higher in mus-
cle of db/db mice. Second, potential toxicity from streptozo-
tocin was not present in db/db mice (41). Because db/db mice
are routinely used as a model of type 2 diabetes, our results
seem physiologically relevant. Finally, our results indicate

FIG. 5. Rosiglitazone (Rosi) treatment
suppresses phosphorylation of serine
307 on IRS-1 and increases phosphor-
ylation of Akt in gastrocnemius muscle
of six db/db and six littermate control
mice. Representative Western blots are
shown with GAPDH used as a loading
control.
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there is a common set of abnormalities of the PI3K/Akt
pathway that leads to muscle wasting.

Our results demonstrate a cause-effect relationship be-
tween insulin resistance and the stimulation of muscle pro-
tein degradation. Specifically, we found that with rosiglita-
zone, blood glucose and plasma insulin levels fell sharply,
indicating an improvement in insulin resistance. Concomi-
tantly, the abnormalities in cellular signaling were corrected
and proteasome proteolytic activity decreased (Figs. 5 and 6).
However, there was only partial recovery of the cross-sec-
tional area and mass of muscle. Possibly, the recovery was
not complete because rosiglitazone did not stimulate protein
synthesis. Indeed, it has been reported that changes in pro-
tein synthesis and degradation in response to changes in
amino acids can differ even though both processes act
through a common cell signaling pathway (42).

Mechanisms that could cause the abnormalities in cellular
signaling leading to accelerated muscle protein degradation
include increased glucocorticoid production and a decrease
in the adiponectin level. An increase in glucocorticoids can
stimulate the expression of atrogin-1/MAFbx and MuRF1 by
increasing phosphorylation of the forkhead transcription fac-
tor (17, 19, 20). Moreover, we have shown that both a high
physiological amount of glucocorticoids and either insulin
deficiency or acidosis are required to activate the UPP and
protein degradation in muscle of adrenalectomized rats; the
same dose of glucocorticoids does not cause these abnor-

malities in rats without acidosis or insulin deficiency (12, 28).
In the present study, we found that glucocorticoid produc-
tion by db/db mice was high and that rosiglitazone elimi-
nated this response. In addition, rosiglitazone reduced the
activation of FoxO1 and the expression of atrogin-1/MAFbx
and MuRF1 (Fig. 9). These results are consistent with the
suppression of muscle protein degradation.

Regarding adiponectin, low levels have been shown to be
closely linked to the development of insulin resistance via a
mechanism involving enhanced cytokine production by adi-
pocytes (32). In the present study, we showed that rosigli-
tazone increased plasma adiponectin levels (Fig. 7B) and
decreased the expression of the mRNA levels of the inflam-
matory cytokines TNF� and IL-6 in adipocytes (Fig. 8). From
these results, we cannot determine the contribution of in-
flammatory cytokines to insulin resistance, but others have
shown that these cytokines are linked to the development of
insulin resistance via phosphorylation of serine 307 of IRS-1
(9, 10).

FIG. 7. Rosiglitazone (Rosi) treatment of four db/db and four control
mice reduces their production of corticosterone and increases their
circulating levels of adiponectin.

FIG. 8. Rosiglitazone treatment increases the mRNA level of adi-
ponectin but decreases the levels of TNF� and IL-6 mRNAs in cul-
tured, differentiated adipocytes. Representative image from RT-PCR
is shown with the 18S RNA used as an internal control. The exper-
iment was repeated three times.

FIG. 6. Rosiglitazone (Rosi) treatment decreases protein degradation
and proteasome activity in muscle of six db/db compared with six control
mice. A, Rates of protein degradation in the soleus, EDL, and plantaris
muscles are shown. The rate was lower in muscles of rosiglitazone-
treated db/db mice. B, Activities of the proteasome in hind-limb muscles
of db/db and control mice. The activity of the 26S proteasome was re-
duced by rosiglitazone treatment in muscles of db/db mice.
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FIG. 9. Rosiglitazone (Rosi) treatment increases
the activity of PI3K (A) and the phosphorylation of
the forkhead transcription factor FoxO1 (B) and
suppresses mRNA expression of the E3 ubiquitin-
conjugating enzymes atrogin-1/MAFbx (C) and
MuRF1 (D). The latter were measured by real-time
PCR and corrected for values of GAPDH mRNA.
Shown is the ratio of values of FoxO1 and pFoxO1
corrected for the ratio found in muscle of WT mice.
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In conclusion, we find that insulin resistance is associated
with accelerated muscle protein degradation in studies of a
model of insulin resistance that is uncomplicated by kidney
failure, sepsis, etc. The cellular signaling mechanism that links
insulin resistance directly to protein degradation in muscle is
also present in other conditions such as kidney failure. Conse-
quently, the increase in muscle wasting that occurs in condi-
tions associated with insulin resistance could arise in part from
defects in cellular signaling caused by insulin resistance.
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