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Development of Whole-Body and Skeletal Muscle Insulin Resistance
After One Day of Hindlimb Suspension

Matthew P. O’Keefe, Felipe R. Perez, Tyson R. Kinnick, Marc E. Tischler, and Erik J. Henriksen

indlimb suspension (HS) of rats is a model of simulated weightlessness and induces dynamic alterations in insulin action.

n the present study, the effect of acute (1-day) HS on whole-body glucose tolerance and insulin action on skeletal muscle

lucose transport was assessed in juvenile, female Sprague-Dawley rats. Compared to weight-bearing control rats, 1-day HS

nimals displayed significantly decreased glucose tolerance and diminished whole-body insulin sensitivity. Glucose transport

ctivity in the 1-day unweighted soleus muscle was significantly decreased (P < .05) compared to weight-bearing control

uscles both in the absence and presence of insulin (2 mU/mL). Insulin-mediated glucose transport activity in the extensor

igitorum longus (EDL) muscles also tended (P � .09) to be lower. There was no change in the protein expression of insulin

eceptor �-subunit (IR-�), insulin receptor substrate-1 (IRS-1), IRS-2, the p85 subunit of phosphatidylinositol-3 kinase (PI3-

inase), Akt, and glucose transporter protein 4 (GLUT-4). The activities of these proteins were also unchanged, as insulin-

timulated IR-� tyrosine phosphorylation, IRS-1 tyrosine phosphorylation, IRS-1-associated p85, and Akt serine phosphory-

ation were similar to controls. However, basal Akt phosphorylation was significantly depressed (P < .05) in the 1-day HS

oleus. In addition, the protein expression and basal phosphorylation of the stress-activated p38 mitogen-activated protein

inase (p38 MAPK) were significantly elevated (P < .05) in the 1-day unweighted soleus. These results indicate that the

evelopment of insulin resistance in the 1-day unweighted soleus is not due to impaired functionality of elements involved

n the IR/IRS-1/PI3-kinase/Akt signaling pathway. However, activation of p38 MAPK may play a role in this response.
2004 Elsevier Inc. All rights reserved.
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NWEIGHTING of the rat soleus muscle by hindlimb
suspension (HS) has been used as an earth-based model

f simulated weightlessness and induces numerous functional
nd metabolic adaptations.1,2 Unweighting results in rapid mus-
le atrophy.1 The development of significant muscle atrophy
nd growth failure with prolonged unweighting is accompanied
y an enhancement of insulin action on glucose transport
ctivity in the soleus.3-7

The metabolic consequences of acute (24 hours or less) HS
s less well characterized. One day of soleus unweighting
auses a decrease in both basal and insulin-stimulated glucose
ransport activity,8 with corresponding decreases in glycogen
ynthesis and glucose oxidation,8 indicating the development of
n insulin-resistant state. However, the potential underlying
ellular mechanism for this acute response to soleus unweight-
ng has not been elucidated. Moreover, no study to date has
valuated the whole-body response of insulin sensitivity and
lucose metabolism to an acute episode of HS.
Glucose transport activity in muscle is acutely regulated by

nsulin through the activation of a series of intracellular pro-
eins.9,10 Insulin binding enhances the tyrosine kinase activity
f the insulin receptor �-subunits, and the activated insulin
eceptor then phosphorylates insulin receptor substrates (pri-
arily IRS-1 in skeletal muscle) at conserved pYXXM se-

uences. Tyrosine-phosphorylated IRS-1 can then dock with
he SH2 domains of the p85 regulatory subunit of phosphoti-
ylinositol-3-kinase (PI3-kinase), thereby activating the p110
atalytic subunit of this enzyme. PI3-kinase catalyzes the pro-
uction of phosphoinositide moieties, which can subsequently
ctivate 3-phosphoinositide-dependent kinases (PDK). A
ownstream target of PDK is Akt, a serine/threonine kinase.
everal lines of investigation support a role of Akt in the
egulation of glucose transport,11-13 although other studies in-
icate that Akt is not involved in this process.14 The activation
f these steps ultimately results in the translocation of the
lucose transporter protein 4 (GLUT-4) isoform to the sar-
olemmal membrane, where glucose transport takes place via a

acilitative diffusion process. In addition, the stress-activated

etabolism, Vol 53, No 9 (September), 2004: pp 1215-1222
erine/threonine kinase, p38 mitogen-activated protein kinase
p38 MAPK) may negatively interact with upstream aspects of
he insulin signaling cascade, particularly IRS-1, inducing in-
ulin resistance.15 Whether the regulation of these insulin sig-
aling factors is affected by acute HS is currently not known.
In the context of the foregoing information, the purposes of

he present investigation were (1) to determine the whole-body
esponse of glucose tolerance and insulin sensitivity to 1 day of
S of juvenile, female Sprague-Dawley rats, and (2) to assess
hether the previously observed insulin resistance of the

cutely unweighted soleus8 from these animals is associated
ith an impairment of the protein expression and functionality
f specific insulin signaling factors, including the insulin re-
eptor, IRS-1, PI3-kinase, and Akt, or with activation of the
tress-activated p38 MAPK.

MATERIALS AND METHODS

nimals and Hindlimb Suspension

Female Sprague-Dawley rats (100 to 110 g; Harlan, Indianapolis,
N) were received shortly prior to use. Animals were lightly anesthe-
ized by a low-dose intraperitoneal injection of pentobarbitol sodium
Nembutal; 10 mg/100 g body weight), tail-casted, and suspended in a
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1216 O’KEEFE ET AL
0-degree head-down position so that their hindlimbs were elevated
bove the floor of the cage, while their forelimbs were available for
ocomotion and feeding.16 Tail casts consisted of Hexcelite orthopedic
ape (Kirschner Medical, Timonium, MD) and 6382 RTS elastomer
Factor II, Lakeside, AZ). Vaseline was smeared on the belly of the
nimals so that urine rolled off rather than saturating the underside hair.
ll animals were provided with rat chow and water ad libitum until 8

M of the evening before the experiments. All procedures were ap-
roved by the University of Arizona Animal Care and Use Committee.

ral Glucose Tolerance Tests

Following an overnight fast, at 8 AM, animals underwent an oral
lucose tolerance test (OGTT). An initial blood sample (0.25 mL) from
tail vein was obtained. A glucose load of 1 g/kg body weight was

dministered via gavage. Fifteen, 30, 60, and 90 minutes after glucose
dministration, blood samples were taken. Each blood sample was
eparated into 2 microcentrifuge tubes and centrifuged at 13,000 � g
ntil plasma separation. One plasma sample was used for determination
f glucose concentration using a Glucose Analyzer 2 (Beckman, Brea,
A). The second plasma sample was used for determination of insulin
sing a rat insulin radioimmunoassay (RIA) kit (Linco, St Charles,
O). Following the last blood draw, the animals received 1.25 mL of

.9% saline to compensate for plasma volume loss.

uscle Glucose Transport Activity

Following an overnight fast, at 8 AM, a separate group of animals was
eighed and deeply anesthetized with an intraperitoneal injection of
entobarbital sodium (50 mg/kg body weight). Soleus and extensor
igitorum longus (EDL) muscles were dissected and prepared into 2
trips (�25 to 30 mg) and incubated in the unmounted state. Each
uscle was initially incubated for 30 minutes at 37°C in 3 mL of

xygenated (95% O2–5% CO2) Krebs-Henseleit buffer (KHB) supple-
ented with 8 mmol/L glucose, 32 mmol/L mannitol, and 0.1% bocine

erum albumin (BSA; radioimmunoassay grade, Sigma Chemical, St
ouis, MO) in the presence or absence of a maximally effective
oncentration of insulin (2 mU/mL; Humulin R, Eli Lilly, Indianapolis,
N). Following the initial incubation period, the muscles were rinsed
or 10 minutes at 37°C in 3 mL oxygenated KHB containing 40
mol/L mannitol, 0.1% BSA, in the presence or absence of insulin.
hereafter, the muscles were transferred to 2 mL KHB, containing 1
mol/L 2-deoxy-[1,2-3H] glucose (2-DG; 300 mCi/mmol; Sigma), 39
mol/L [U-14C] mannitol (0.8 mCi/mmol; ICN Radiochemicals, Ir-

ine, CA), 0.1% BSA, in the presence or absence of insulin. At the end
f this final 20-minute incubation period at 37°C, the muscles were
emoved, trimmed of excess fat and connective tissue, quickly frozen
etween aluminum blocks cooled in liquid nitrogen, and weighed. The
rozen muscles were dissolved in 0.5 mL 0.5N NaOH. After the
uscles were completely solubilized, 5 mL of scintillation cocktail was

dded, and the specific intracellular accumulation of 2-DG was deter-
ined as described previously.17 This method for assessing glucose

ransport activity in isolated muscle has been validated.18

ssessment of Intramuscular Triglycerides, GLUT-4, and
lucose Enzymes

Clamp-frozen soleus and EDL muscles were pooled from each
nimal and a portion (�20 mg) was used for determination of intra-
uscular triglycerides (IMTG) using the chloroform-methanol extrac-

ion described by Folch et al.19 followed by the processing method of
rayn and Maycock,20 as modified by Denton and Randle.21 Glycerol
as ultimately assayed spectrophotometrically using a commercially

vailable kit (Sigma Chemical).
The remaining piece (�30 mg) of soleus and EDL muscle was
omogenized in 30 vol of ice-cold 20 mmol/L N-2-hydroxyeth- i
lpiperazine-N�-2-ethanesulfonic (HEPES) acid buffer (pH 7.4) con-
aining 1 mmol/L ethylenediaminetetraacetic acid (EDTA) and 250
mol/L sucrose. The homogenate was divided into aliquots for anal-

sis of total protein (bicinchoninic acid [BCA] assay, Sigma), GLUT-4
rotein,22 total hexokinase,23 and citrate synthase.24

xpression of Insulin Signaling Factors

Soleus muscle was homogenized in 8 vol of 50 mmol/L HEPES (pH
.5) containing 150 mmol/L NaCl, 20 mmol/L Na pyrophosphate, 20
mol/L �-glycerophosphate, 10 mmol/L NaF, 2 mmol/L Na3VO4, 2
mol/L EDTA (pH 8.0), 1% Triton X-100, 10% glycerol, 1 mmol/L
gCl2, 1 mmol/L CaCl2, 10 �g/mL aprotinin, 10 �g/mL leupeptin,

nd 2 mmol/L phenylmethylsulfonylfluoride (PMSF). Thereafter, ho-
ogenates underwent end-over-end rotation for 20 minutes at 4°C

ollowed by a 20-minute centrifugation at 13,000 � g. The homogenate
as then analyzed for total protein (BCA assay). Samples were then
iluted to equal protein concentrations and combined with sodium
odecyl sulfate (SDS) sample buffer (125 mmol/L Tris [pH 6.8], 4%
DS, 20% glycerol, 10% �-mercaptoethanol, and 0.0025% bromophe-
ol blue). This mixture was boiled for 5 minutes. Following boiling,
00 �g of protein was loaded on either 7.5% or 12% Tris-HCl Ready
els (Bio-Rad Laboratories, Hercules, CA) for SDS-polyacrylamide
el electrophoresis (SDS-PAGE). Following electrophoresis, samples
ere transferred to nitrocellulose paper for Western blotting.
For analysis of Akt expression, the nitrocellulose paper was blocked

n Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS/T) and
% nonfat dry milk for 1 hour at room temperature. It was then washed
times with TBS/T. The nitrocellulose was then incubated overnight at
°C at with anti-Akt antibody (Cell Signaling Technology, Beverly,
A) diluted 1:1,000 in TBS/T containing 5% BSA. Upon completion,

he nitrocellulose was washed 3 times with TBS/T and then incubated
or 1 hour with goat anti-rabbit IgG horseradish peroxidase conjugated
econdary antibody (HRP; Chemicon International, Temecula, CA)
iluted 1:1,000 in TBS/T containing 5% nonfat dry milk. The nitro-
ellulose was then washed 3 times with TBS/T.

For analysis of IRS-1, IRS-2, and the p85 subunit of PI3-kinase, the
itrocellulose paper was blocked for 1 hour at room temperature in
hosphate-buffered saline containing 3% nonfat dry milk (PBS-MLK).
he nitrocellulose was then incubated overnight at 4°C with either
nti–IRS-1, anti–IRS-2, or anti-p85 antibody (Upstate Biotechnology,
ake Placid, NY) diluted to 2 �g/mL in PBS-MLK. The nitrocellulose
as then washed 2 times with water. Thereafter, the nitrocellulose was

ncubated for 1.5 hours at room temperature with HRP diluted 1:1,000
n PBS-MLK. The nitrocellulose was then washed with water twice,
nce with PBS containing 0.05% Tween-20 for 5 minutes, and then 4
dditional times with water.

For analysis of IR-� and p38 MAPK, the nitrocellulose was blocked
or 1 hour at room temperature with TBS/T containing 5% nonfat dry
ilk (TBST-MLK). The nitrocellulose was then incubated overnight at

°C with 2 �g/mL of anti–IR-�-HRP or anti-p38 MAPK antibody
Santa Cruz Biotechnology, Santa Cruz, CA) diluted in TBST-MLK.
he nitrocellulose was washed 3 times with TBS/T. For analysis of p38
APK, the nitrocellulose was incubated at room temperature for 1

our in HRP diluted 1:1,000 in TBST-MLK. Following this the nitro-
ellulose was washed 3 times with TBS/T.

etermination of Activation State of Insulin Signaling
actors

Muscles were incubated for 30 minutes in 3 mL of oxygenated KHB
ontaining 8 mmol/L glucose, 32 mmol/L mannitol, and 0.1% BSA,
nd maintained at 37°C. One soleus strip from each animal was
ncubated in the absence of insulin, while a second soleus strip was
ncubated in the presence of a maximally effective concentration of

nsulin (5 mU/mL). Following incubation in insulin, the middle two
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1217ACUTE SOLEUS UNWEIGHTING AND INSULIN RESISTANCE
hirds of each soleus strip was excised, blotted, frozen using aluminum
lamps dipped in liquid nitrogen, and then weighed. Analysis of phos-
horylated Akt and p38 MAPK was conducted in an identical manner
escribed above for Akt expression analysis. Analysis of phosphory-
ated Akt used anti-phospho Akt (ser473) and anti-phospho p38 MAPK
thr180/tyr182) antibody (Cell Signaling Technology) for the primary
ntibody.

Measurement of tyrosine-phosphorylated IRS-1, IR-�, and IRS-1
ssociated with p85 was performed via immunoprecipitation. Each
oleus muscles was homogenized in 1 mL of 50 mmol/L HEPES (pH
.4) containing 150 mmol/L NaCl, 1% Triton X-100, 2 �g/mL apro-
inin, 0.2 mmol/L leupeptin, 2 mmol/L PMSF, 0.1 mmol/L antipain,
nd 0.5 U/mL �-macroglobulin. Thereafter, homogenates were incu-
ated for 20 minutes at 4°C followed by 20-minute centrifugation at
3,000 � g. The homogenate was then analyzed for total protein (BCA
ssay). Samples were then diluted to 1 mg/mL.

For analysis of phosphorylated IR-�, 0.5 mL of homogenate was
mmunoprecipitated with 10 �L of recombinant agarose-conjugated
nti-phosphotyrosine antibody (4G10, Upstate Biotechnology) and
ently rocked overnight at 4°C. The solution was then placed in a
icrocentrifuge for approximately 5 seconds. The supernatant was

emoved and the beads washed 3 times with PBS. The beads were then
xposed to SDS sample buffer and boiled for 5 minutes.

For analysis of phosphorylated IRS-1 and IRS-1 associated with p85,
mL of diluted homogenate was combined with 20 �L of agarose-

onjugated anti–IRS-1 antibody (Upstate Biotechnology) and gently
ocked overnight at 4°C. The solution was then placed in a microcen-
rifuge for approximately 5 seconds. The supernatant was removed and
he beads washed 3 times with PBS. The beads were then exposed to
DS-PAGE sample buffer and boiled for 5 minutes. Thereafter, 40 �L
f sample were loaded on a 7.5% Tris-HCl Ready Gels (Bio-Rad) for
DS-PAGE. Following electrophoresis, samples were transferred to
itrocellulose paper for Western blotting.
Analysis of phosphorylated IR-�–and IRS-1–associated p85 was

onducted as described above for detection of expression of IR-� and
85. For analysis of phosphorylated IRS-1, the nitrocellulose was
locked for 1 hour at room temperature with TBST-MLK. The nitro-
ellulose was then incubated overnight at 4°C with 2 �g/mL of anti-
hosphotyrosine antibody (PY99, Santa Cruz Biotechnology) diluted in
BST-MLK. The nitrocellulose was washed 3 times with TBS/T. The
itrocellulose was then incubated for 1 hour at room temperature in
oat anti-mouse IgG-HRP conjugated antibody (Santa Cruz Biotech-
ology) diluted 1:1,000 in TBST-MLK. Bands of interest were visu-
lized using enhanced chemiluminescence (Amersham Pharmacia Bio-
ech, Piscataway, NJ) and exposure to Kodak X-Omat AR Film
Eastman Kodak, Rochester, NY). Densitometric analysis was per-
ormed using a GS-800 Calibrated Densitometer (Bio-Rad).

tatistical Analysis

All data are presented as means � SE. Differences between 2 groups
ere determined by an unpaired Student’s t test. The significance of
ifferences between multiple groups was assessed by a factorial anal-
sis of variance (ANOVA) with a post hoc Fisher’s protected least
ignificant difference (PLSD) test (StatView version 5.0, SAS Institute,
ary, NC). A P value of less than .05 was considered to be statistically

ignificant.

RESULTS

nimal Weights, Muscle Weights, GLUT-4 Protein, and
lucose Enzymes

After 1 day of HS, there was no difference in body weight
etween the suspended animals (107 � 3 g; n � 20) and the

eight-bearing controls (106 � 4 g; n � 31). In addition, the u
elative muscle wet weights for the soleus (39.3 � 0.8 mg/100
body weight v 40.3 � 0.8) and EDL (43.2 � 0.8 v 42.7 � 0.7)
ere not different between the HS and control groups. Finally,
o differences between groups were found for total GLUT-4
rotein or for the activities of total hexokinase and citrate
ynthase (data not shown).

ral Glucose Tolerance and Whole-Body Insulin Sensitivity

The fasting plasma glucose concentration in the 1-day HS
nimals was 27% greater (P � .05) than that of the weight-
earing control animals (Fig 1). The plasma glucose concen-
ration continued to be significantly elevated in the 1-day HS
nimals at the 60- and 90-minute time points of the OGTT, and
he glucose area under the curve (AUC) was 13% greater in the
S group compared to the weight-bearing controls (Fig 2).
asting plasma insulin was elevated by 23% in the 1-day HS
nimals. Moreover, the insulin response during the OGTT was
ignificantly greater in the 1-day HS animals compared to the
ontrol animals at the 15-, 30-, and 90-minute time points, and
he insulin AUC was 35% greater in the HS group. The glu-
ose-insulin index, the product of the glucose AUC and the
nsulin AUC and inversely related to peripheral insulin sensi-
ivity,25 was 58% greater in the 1-day HS group compared to
he value in the corresponding weight-bearing animals, indi-
ating the development of whole-body insulin resistance due to
cute HS.

uscle Glucose Transport Activity

Glucose transport activity, as assessed by 2-deoxyglucose
2-DG) uptake, was determined in isolated soleus and EDL
uscles in the absence and presence of a maximally effective

nsulin concentration (2 mU/mL) (Fig 3). In the 1-day un-
eighted soleus, basal glucose transport was diminished by
0%, insulin-stimulated glucose transport was decreased by
9%, and the increase above basal due to insulin was 16% less
han in the weight-bearing control soleus. While basal and
nsulin-stimulated glucose transport activities was not signifi-
antly diminished in the EDL of the 1-day HS animals, there
as a tendency (P � .09) for the increase above basal due to

nsulin to be 18% less in EDL from the suspended animals
ompared to EDL from weight-bearing controls.

ntramuscular Triglycerides

Because of the well-established inverse relationship between
hole-body and skeletal muscle insulin action and the lipid

oncentration in human and rodent skeletal muscle,26-29 IMTG
evels were determined in soleus and EDL muscles (Fig 4). The
MTG level in the 1-day unweighted soleus was reduced to
5% (P � .05) of the weight-bearing control value, whereas no
ifference in IMTG concentration was observed in the EDL
etween HS and weight-bearing groups.

nsulin Signaling in Soleus Muscle

Because the insulin resistance of glucose transport was more
ronounced in the 1-day unweighted soleus, assessment of the
rotein expression and functionality of insulin signaling factors
Figs 5 and 6) was restricted to this muscle type. In the 1-day

nweighted soleus, neither the protein expression nor the ty-
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1218 O’KEEFE ET AL
osine phosphorylation status of IR-� was different from that of
he weight-bearing control soleus (Fig 5). However, there was

tendency for a 21% decrease (P � .1) in IRS-1 protein
xpression in the 1-day HS soleus (Fig 5). Despite this protein
eficit, insulin-stimulated tyrosine phosphorylation of IRS-1

Fig 1. Glucose and insulin responses during an OGTT in weight-b

ontrol animals and 12 suspended animals. *P < .05 v weight-bearin

Fig 2. Areas under the curves for glucose and insulin during the O
ata were calculated from Fig 1. *P < .05 v weight-bearing control group
as normal (98% of control) in the unweighted soleus com-
ared to weight-bearing control. IRS-2 protein expression was
ot affected in the 1-day HS soleus (data not shown). Likewise,
he protein expression of the p85 regulatory subunit of PI3-
inase and the insulin-stimulated association of IRS-1 with p85

g and 1-day HS rats. Values are means � SE for 10 weight-bearing

trol group.

and the glucose-insulin index in weight-bearing and 1-day HS rats.
earin
GTTs
.
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1219ACUTE SOLEUS UNWEIGHTING AND INSULIN RESISTANCE
ere not altered in the soleus muscle by 1 day of HS (Fig 5).
he protein expression of the downstream insulin signaling

actor Akt in soleus muscle was not different between 1-day HS
nd weight-bearing control groups (Fig 6). Interestingly, the
er473 phosphorylation of Akt in the absence of insulin was
educed by 27% (P � .05) in the 1-day HS soleus. Neverthe-

Fig 3. Effect of 1-day HS on glucose transport activity in rat skeleta

n the presence of insulin, and the increase above basal due to insu

eight-bearing control animals and 11 suspended animals. *P < .05

Fig 4. Effect of 1-day HS on intramuscular triglyceride concentra-

ion in soleus and EDL muscles. Values are means � SE for 5 weight-

earing control animals and 5 suspended animals. *P < .05 v weight-
fearing control group.
ess, in the presence of insulin, the phosphorylation state of Akt
as not different between HS and control groups.
The potential effect of acute unweighting on the stress-

ctivated serine/threonine kinase, p38 MAPK, was investigated
Fig 7). The protein expression of p38 MAPK was increased by
9% (P � .05) in the 1-day HS soleus. Moreover, the basal
hosphorylation state of the p38 MAPK was 81% greater (P �

05) in the 1-day unweighted soleus compared to the weight-
earing control muscle. While some investigators have reported
he effect of insulin to enhance p38 MAPK phosphorylation,30

n our hands the acute effect of insulin (5 to 30 minutes) on this
arameter in rat soleus muscle is quite small (maximal 10% to
0% increase) and inconsistent (V. Saengsirisuwan, M.P.
’Keefe, E.J. Henriksen, unpublished observation).

DISCUSSION

The results of the present investigation clearly indicate that
n acute (1 day) episode of simulated weightlessness using the
S model induces an insulin-resistant state in juvenile, female

ats, in both the whole animal and skeletal muscle. Insulin
esistance at the systemic level was evidenced by increases in
asting plasma glucose and insulin (Fig 1), by exaggerated
lucose and insulin responses to an oral glucose load (Figs 1
nd 2), and a marked increase in the glucose-insulin index
erived from the OGTT results (Fig 2). Insulin resistance at the
keletal muscle level was demonstrated in the type I soleus

cle. Bars represent the rates of 2-DG uptake in the absence of insulin,

) in isolated soleus and EDL muscles. Values are means � SE for 5

ght-bearing control group. (*)P < .1 v weight-bearing control group.
l mus

lin (�
rom HS animals (Fig 3), with decreases in both the basal rate
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1220 O’KEEFE ET AL
f glucose transport activity and in the ability of insulin to
ncrease glucose transport activity above basal. Although HS
id not affect basal glucose transport in type II EDL muscles,
here was a tendency for a reduction in insulin-mediated glu-
ose transport activity in this flexor muscle.

Taken together, these data support the concept that a systemic
actor could be responsible for the induction of impaired insulin
ction in skeletal muscle of the HS animals. One candidate for this
ystemic factor is the glucocorticoid hormone corticosterone.
lasma levels of corticosterone are elevated after just 1 day of HS

n juvenile, female rats,31 and chronic systemic exposure of skel-
tal muscle to glucocorticoid hormones induces impairments in
nsulin action on glucose transport activity,32,33 possibly due to
eductions in IRS-1 protein expression32,34 and GLUT-4 translo-
ation to the plasma membrane.33 Although the duration and
agnitude of the elevation of corticosterone in these 1-day HS

nimals31 was much less than in these other studies (5 days or
ore),32-34 we also observed a 21% decrease in IRS-1 protein in

he soleus muscle (Fig 5). It is clear that further investigation is
equired to delineate the potential role of glucocorticoids in the
nduction of whole-body and skeletal muscle insulin resistance of

Fig 5. Effect of 1-day HS on protein expression and insulin stim-

lation of IR-� and IRS-1 and on protein expression of the p85 regu-

atory subunit of PI3-kinase and insulin stimulation of IRS-1 associ-

ted with p85 in soleus muscle. Values are means � SE for 5 or 6

eight-bearing control animals and 8 suspended animals. Tyrosine

hosphorylation IR-� and IRS-1 and IRS-1 associated with p85 in the

bsence of insulin was undetectable.
he 1-day HS rats. a
The present data do not support alterations in insulin signal-
ng through IR, IRS-1, PI3-kinase, and Akt as the mechanism
nderlying the impaired insulin action on glucose transport
ctivity in the 1-day unweighted soleus muscle. The protein
xpression of IR-� and Akt was not changed by unweighting,
nd the reductions in IRS-1 (21%) and p85 (10%) protein levels
ere modest. Moreover, the functionality of all of these insulin

ignaling factors was normal. Only the 27% decrease in basal
kt phosphorylation (Fig 6) could be associated with the de-

rease in basal glucose transport activity in the 1-day HS soleus
Fig 3). These results indicate that the site of the impairment of
nsulin action in the 1-day HS soleus lies distal to the signaling
actors investigated in the present study.

As previously noted, there exists an inverse relationship

Fig 6. Effect of 1-day HS on Akt protein expression and insulin-

timulated Akt ser473 phosphorylation in soleus muscle. Values are

eans � SE for 7 weight-bearing control animals and 8 suspended

nimals. *P < .05 v weight-bearing control group.

Fig 7. Effect of 1-day HS on p38 MAPK protein expression and p38

APK thr180/tyr182 phosphorylation in soleus muscle. Values are

eans � SE for 5 weight-bearing control animals and 11 suspended
nimals. *P < .05 v weight-bearing control group.
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1221ACUTE SOLEUS UNWEIGHTING AND INSULIN RESISTANCE
etween insulin sensitivity and the myocellular lipid concen-
ration.26-30 As the IMTG concentration of the soleus was
ignificantly decreased and that of the EDL was unchanged
ollowing 1-day of HS (Fig 4), it is unlikely that these lipids or
heir degradation products caused the development of skeletal
uscle insulin resistance in these animals. While the elucida-

ion of the mechanism for the reduction in IMTG in the 1-day
S soleus was not a focus of the present study, one could

peculate that it resulted from both an enhanced rate of lipolysis
possibly due to increased levels of lipolytic hormones, such as
lucocorticoids, catecholamines, and growth hormone) and a
eduction in glucose transport activity (Fig 3), thereby limiting
lucose carbons available for incorporation into triglycerides.
An intriguing finding in this study was the increase in p38
APK protein expression and basal phosphorylation in the

-day HS soleus (Fig 7). The role of p38 MAPK in insulin
ignaling remains controversial. Some investigations support a
ole of this stress-activated serine/threonine protein kinase as a
egative modulator of insulin signaling and glucose transport in
keletal muscle.15,35,36 However, others provide evidence indi-
ating that activation of p38 MAPK by insulin is necessary for
timulation of GLUT-4 activity and therefore for full activation
f glucose transport.30 The findings of the present investigation
re consistent with the concept that p38 MAPK elicits a neg-
tive effect on insulin-stimulated glucose transport activity in
at skeletal muscle, as the elevation of p38 MAPK protein and
hosphorylation observed in the 1-day HS soleus (Fig 7) were
ssociated with a reduction in glucose transport activity (Fig 3).
oreover, insulin stimulation of unweighted soleus muscle

oes not cause an increase in p38 MAPK phosphorylation
M.P. O’Keefe, E.J. Henriksen, unpublished observation). In-
erestingly, a more prolonged period (7 days) of soleus un-
eighting is associated with both a reduction in p38 MAPK
rotein expression and activation and an enhancement of insu-
in signaling and insulin-stimulated glucose transport activity.37

The mechanism for the enhanced protein expression and

hosphorylation state of p38 MAPK in the 1-day unweighted l
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oleus remains unclear. A similar enhancement of p38 MAPK
rotein expression and phosphorylation was recently reported
n soleus muscle of chronically hindlimb-immobilized rats.38

he authors speculated that the substantial reduction in elec-
romyographic (EMG) activity (5% to 15% of control) in
mmobilized soleus39 may be linked to the activation of this
nzyme. In this context, it is noteworthy that 1-day of HS is
lso associated with a nearly complete absence of soleus EMG
ctivity.40 How this apparent link between muscle electrical
ctivity and p38 MAPK protein expression and functionality is
ediated at the cellular and molecular level should be ad-

ressed in future investigations.
It is important to note that the insulin-resistant state induced

y acute HS is only transient. With more prolonged periods of
S (3 days or longer), the systemic and skeletal muscle insulin

esistance disappears and a state of enhanced insulin sensitivity
ubsequently develops.3,4,37 Interestingly, despite a continued
ecrease in IRS-1 protein expression in 3-day and 7-day un-
eighted soleus, insulin signaling through PI3-kinase and in-

ulin stimulation of glucose transport activity are enhanced,37

ossibly due to recovery of EMG activity at these time points.40

he duration of HS is clearly an important factor in determin-
ng the metabolic response of the unweighted soleus muscle.

In summary, an acute (1 day) period of HS in juvenile,
emale rats induced insulin resistance at the systemic and
keletal muscle levels. The insulin resistance of glucose trans-
ort activity in the 1-day unweighted soleus was not due to
mpaired functionality of elements involved in the IR/IRS-1/
I3-kinase/Akt signaling pathway. However, p38 MAPK may
e an important factor in the development of this insulin-
esistant state, as both the protein expression and the phosphor-
lation state of this serine/threonine protein kinase were up-
egulated in the 1-day unweighted soleus.
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