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Introduction

To test the hypothesis that glucocorticoid-induced insulin resis-
tance might originate from abnormalities in insulin receptor
signaling, we investigated the effects of glucocorticoids on in
vivo tyrosine phosphorylation of the insulin receptor and the
insulin receptor substrate IRS-1 in rat skeletal muscle. Male
Sprague-Dawley rats were treated with cortisone (100 mg/kg
for 5 d) and compared to pair-fed controls. Cortisone treatment
of rats resulted in both hyperglycemia and hyperinsulinemia.
Anesthetized animals were injected with 10 U/kg insulin via
cardiac puncture and, after 2 min, hindlimb muscles were re-
moved, snap-frozen, and homogenized in SDS. Protein tyrosine
phosphorylation was studied by immunoblotting with phospho-
tyrosine antibody. Insulin receptors and substrate IRS-1 were
identified and quantified with specific antibodies. Cortisone
treatment increased the amount of insulin receptor protein by
36%, but decreased the total level of receptor tyrosine phos-
phorylation (69±4% of control, P < 0.05). The decreased level
of receptor phosphorylation was explained by a reduced num-
ber of receptors containing phosphorylated tyrosine residues
(64.6±5% of control, P< 0.05). Glucocorticoid excess de-
creased skeletal muscle IRS-1 content by 50%, but did not sig-
nificantly alter the total level of IRS-1 tyrosine phosphoryla-
tion. The apparent M, of IRS-1 was reduced by 10 kD.
Treatment with protein phosphatase-2A reduced IRS-1 Mr in
control but not in glucocorticoid-treated muscle indicating that
the lower M, likely results from lower phosphoserine and/or
phosphothreonine content. To investigate the role of hyperin-
sulinemia in the glucocorticoid response, rats were made insu-
lin-deficient with streptozotocin (100 mg/kg, i.p.). Subsequent
treatment with cortisone for 5 d had no effects on insulin levels,
tyrosine phosphorylation of insulin receptors or IRS-1, or the
Mr of IRS-1. In conclusion, glucocorticoid-treated skeletal
muscle is characterized by: (a) decreased total tyrosine phos-
phorylation of insulin receptors as a result of a reduction in the
pool of receptors undergoing tyrosine phosphorylation; (b) de-
creased IRS-1 content and reduced serine and/or threonine
phosphorylation of IRS-1. Glucocorticoid-induced hyperinsu-
linemia appears to be essential for the development of these
alterations. (J. Clin. Invest. 1993. 91:2020-2030.) Key words:
autophosphorylation - cortisone * insulin receptor substrate-i.
insulin resistance * tyrosine kinase activity
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An excess of glucocorticoid hormones, commonly observed in
patients treated with these steroids or affected by Cushing's
syndrome, leads to insulin resistance ( 1, 2). In humans and in
several experimental models, glucocorticoid excess has been
shown to antagonize insulin action by inhibiting insulin-me-
diated glucose uptake and utilization by insulin-sensitive tis-
sues (3, 4). In skeletal muscle, the major site of insulin-me-
diated glucose disposal, glucocorticoid treatment results in a
decreased ability of insulin to maximally stimulate glucose
transport (5, 6). Although glucocorticoid-induced insulin resis-
tance has been recognized for over three decades, the molecular
basis for the defect in insulin action has not yet been identified.

According to the current model of insulin transmembrane
signaling, insulin binding to a specific tetrameric receptor lo-
cated at the cell surface (7) results in receptor autophosphory-
lation and activates the tyrosine kinase intrinsic to the recep-
tor's ,3 subunit (8-10). This leads in turn to tyrosine phosphor-
ylation of intracellular substrate proteins ( 11-16) that may
function as messengers for various biological effects of insulin.
The most ubiquitous substrate for the insulin receptor kinase is
a cytoplasmic phosphoprotein with M, between 160,000 and
185,000. Tyrosine phosphorylation of this protein in response
to insulin stimulation is evident in the major insulin-sensitive
tissues, including liver, skeletal muscle, and fat cells ( 17-19).
Recently, a cDNAencoding a component of the Mr 160,000-
185,000 protein was sequenced, and the corresponding protein
was named "IRS-I" (insulin receptor substrate-l )' ( 18, 20).
The expression and tyrosine phosphorylation of IRS- 1 repre-
sent specific molecular events to investigate in the search for
abnormalities in the insulin signaling pathway that may lead to
insulin resistance.

The observed effects of glucocorticoids on insulin receptor
content and binding activity have varied, depending on the
specific glucocorticoid used, the cell type studied, and the em-
ployment of in vivo or in vitro experimental conditions (re-
viewed in reference 2). A lack of correlation between changes
in insulin binding activity and impairment in insulin action
has lead to the conclusion that a postbinding mechanism is
responsible for glucocorticoid-induced insulin resistance (21-
23). When insulin receptor tyrosine kinase activity was mea-
sured in the skeletal muscle and adipocytes of hypercortisole-
mic animals, no decrease in either receptor or substrate phos-

1. Abbreviations used in this paper: CHO, Chinese hamster ovary; IR,
insulin receptor; IRF1146, insulin receptor with phenylalanine substi-
tuted for tyrosine 1146; a-IRCt, anti-insulin receptor antibody; IRS- 1,
insulin receptor substrate- 1; a-IRS- 1, anti-IRS- I antibody; KLH, key-
hole limpet hemocyanin; PP-2AC, protein phosphatase-2AC; pp95,
tyrosine phosphoprotein with Mr of 95,000; pp 170, tyrosine phospho-
protein with Mr of 170,000; a-PY, anti-phosphotyrosine antibody;
STZ, streptozotocin.
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phorylation was found (24, 25). However, these prior studies
evaluated insulin receptor autophosphorylation in vitro using
detergent-extracted and partially purified receptors (24), and
tyrosine kinase activity was measured with exogenous or syn-
thetic substrates (24, 25). The effects of glucocorticoids on
tyrosine phosphorylation have not been studied in vivo, and
specific cellular proteins that are substrates for the insulin re-
ceptor kinase have not been investigated.

To study protein tyrosine phosphorylation in vivo, we have
recently used a method (26) that involves insulin injection in
intact animals, followed by rapid isolation of muscle tissue and
identification of tyrosine phosphoproteins with specific anti-
bodies. This experimental procedure makes it possible to assess
the phosphorylation reactions that occur in the intact animal in
response to circulating insulin and to study endogenous sub-
strate proteins. When in vivo protein tyrosine phosphorylation
was studied in streptozotocin-induced diabetic rats (26), a par-
adoxical increase in tyrosine phosphorylation of both the insu-
lin receptor and substrate IRS- I was found, in marked contrast
with other studies where tyrosine phosphorylation was evalu-
ated in vitro (27-29). With the assumption that this in vivo
approach could reveal defects in insulin signaling that are not
evident with in vitro techniques, we have investigated the ef-
fects of glucocorticoids on insulin-stimulated tyrosine phos-
phorylation in rat skeletal muscle. Our results indicate that
glucocorticoid excess results in decreased insulin receptor tyro-
sine phosphorylation and changes in both the expression and
the molecular structure of the substrate IRS- 1.

Methods

Materials
Human insulin (Humulin R) was purchased from Eli Lilly & Co. (In-
dianapolis, IN). Cortisone acetate (Cortone) was from Merck Sharp &
Dohme (West Point, PA). Streptozotocin (STZ), aprotinin, PMSF,
DTT, and f3-mercaptoethanol were from Sigma Chemical Co. (St.
Louis, MO). Sodium orthovanadate, ethylmorpholine, and ethanol-
amine hydrochloride were from Aldrich Chemical Co., Inc. (Milwau-
kee, WI). Keyhole limpet hemocyanin (KLH) was from Calbiochem-
Behring Corp. (La Jolla, CA). Freund's adjuvant was from Difco Labo-
ratories (Detroit, MI). Protein A-Sepharose was from Pierce Chemical
Co. (Rockford, IL). Affigel 15 and reagents for SDS-PAGEwere pur-
chased from Bio-Rad Laboratories (Richmond, CA). 251I-labeled pro-
tein A was from ICN Biomedical (Costa Mesa, CA). [IY-32PIATP was
from NewEngland Nuclear (Boston, MA). The synthetic peptide, Arg-
Thr-Tyr-Asp-Glu-His-Ile-Pro-Tyr-Thr-His, which contains the amino
acid sequence between residues 1328 and 1338 of the fi subunit of the
rat insulin receptor (30), was purchased from Dr. David Coy (Tulane
University, NewOrleans, LA).

Animals
Male Sprague-Dawley rats weighing - 200 g were purchased from Ta-
conic Farms (Germantown, NY). To induce a state of glucocorticoid
excess, rats were injected daily at 10:00 a.m. with cortisone acetate ( 100
mg/ kg body wt, s.c.) for 5 d. This protocol results in plasma glucocorti-
coid concentrations similar to those that occur in rats during a major
stress state (31 ). Glucocorticoid-treated animals were allowed free ac-
cess to standard rat laboratory diet plus water. Because glucocorticoid
treatment resulted in reduced food intake (- 60% of control), treated
animals were compared with pair-fed controls. The pair-fed group re-
ceived an amount of food equal to the previous day's consumption in
the glucocorticoid-treated group. For selected studies, rats were made
diabetic and insulin-deficient by i.p. injection of STZ in citrate buffer,
pH 4.5 ( 100 mg/kg body wt). Blood glucose was determined 3 d later

and animals were considered diabetic only if values were in excess of
300 mg%. Blood glucose levels were determined with an AccuCheck
meter (Boehringer Mannheim Corp., Indianapolis, IN) on tail vein
blood samples. This method has been shown to correlate with labora-
tory glucose measurements (32). Circulating insulin levels were mea-
sured as described by Soeldner and Sloane (33) using rat insulin stan-
dard. Quantitation of muscle DNAwas performed using the fluorimet-
ric method described by Labarca and Paigen (34).

Procedures
Preparation and purification of antibodies. Anti-phosphotyrosine anti-
body (a-PY) was prepared in rabbits by injection of phosphotyrosine
polymerized by l-ethyl-3(3-dimethyl-aminopropyl)carbodiimide
with alanine, threonine, and KLH as previously described (26). Non-
immunoglobulin proteins were extracted with 6%octanoic acid precipi-
tation. Then, a-PY was purified by affinity chromatography on a phos-
photyramine-Sepharose column, as previously described (35). The
final protein concentration of the antibody was 200-500 ,g/ml.

An anti-insulin receptor antibody (a-IRCt) against the synthetic
peptide, Arg-Thr-Tyr-Asp-Glu-His-Ile-Pro-Tyr-Thr-His, which con-
tains the carboxy-terminal amino acid sequence between residues
1328-1338 of the # subunit of the cloned rat insulin receptor (30), was
generated and purified by affinity chromatography on a peptide-cou-
pled Affigel 15 column as previously described (26, 35). The final
protein concentration was 200 ,g/ml.

Multiple antibodies to the cloned rat IRS-1 (20) were made avail-
able to us and utilized in these studies. An affinity-purified antipeptide
antibody specific to the last 14 amino acids in the carboxy-terminal
region of IRS-l was provided by Dr. G. E. Lienhard (Hanover, NH).
Antibodies specific to the whole protein produced in a baculovirus
system and the first 12 amino acids of IRS-l were provided by Drs.
C. R. Kahn and M. F. White (Boston, MA). All of these antibodies
proved to effectively react with IRS- I in rat skeletal muscle.

Preparation of samples for immunoprecipitation. Animals were

studied between 9:30 and 11:00 a.m. Rats were anesthetized by the
administration of sodium amobarbital ( 150 mg/kg body wt, i.p.) 10-
15 min before the experiment. Insulin (Humulin R) was injected via
transthoracic cardiac puncture, and after 2 min hindlimb skeletal mus-

cles were quickly removed and frozen in liquid N2. Muscle proteins
were extracted as previously described (26), with minor modifications.
Briefly, the frozen muscle (2-3 g) was powdered with a stainless steel
mortar and pestle and homogenized with a Polytron PTA 20S genera-
tor (Brinkmann Instruments, Inc., Westbury, NY) for 45 s in homoge-
nization buffer (50 mMHepes, pH 7.5, 150 mMNaCl, 1% SDS, 50
mMDTT, and 2 mMEDTA). A constant ratio ( 1:5, wt/vol) of muscle
tissue to homogenization buffer was used for all specimens. The sample
was heated at 100°C in a water bath during homogenization and subse-
quently stirred at 100°C for an additional 4 min. After centrifugation at
200,000 g for 1 h, protein and nucleic acids were precipitated by the
addition of 10% (final concn) TCA to the supernatant at 4°C. The
TCA-precipitated material was washed once with 10%TCA, then twice
with ethyl ether/ethanol ( 1:1, vol/vol) in order to extract the TCA,
and finally lyophilized. The final yield of dry precipitate was about
0.06-0.07 g/g of muscle and was not different for samples from gluco-
corticoid-treated animals compared to controls.

Immunoprecipitation and immunoblotting. Equivalent amounts
(100 mg) of lyophilized protein were dissolved in 4 ml 0.1 N NaOH,
the pH was adjusted to 7.8 by adding 1.5 vol of 0.2 MTris (pH 4.5),
and protease and phosphatase inhibitors were added (1 mMEDTA, 1
mMPMSF, 10 ,g/ml aprotinin, I mMsodium orthovanadate, and
0.01% sodium azide). The solution was cleared by centrifugation at

200,000 g for 1.5 h. Protein concentrations were determined with the
Bradford dye binding assay (36) using dye reagent and immunoglobu-
lin protein standards from Bio-Rad Laboratories. The solution was

adjusted to 8 mg/ ml with Tris buffer and 10 ml of solution were used
for immunoprecipitation.

To identify and quantify tyrosine phosphoproteins, affinity-puri-
fied a-PY antibody was added to a final concentration of 2 ,ug/ml, and
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the samples were incubated at 4VC overnight. a-PY antibody was then
adsorbed with protein A-agarose beads for 2 h at 4VC. The resulting
immunocomplexes were washed twice by resuspension and brief cen-
trifugation in 1 ml of 50 mMHepes buffer (pH 7.6) containing 1%
Triton X-l00, 0.1% SDS, 100 mMsodium fluoride, and 1 mMsodium
orthovanadate. The immunoprecipitated tyrosine phosphoproteins
were then boiled in Laemmli buffer with 100 mMDTT for 4 min and
separated on 7%polyacrylamide gels by electrophoresis.

Proteins resolved by SDS-PAGEwere transferred onto nitrocellu-
lose sheets (Schleicher & Schuell, Inc., Keene, NH) in transfer buffer
containing 10 mMTris, 192 mMglycine, 20% vol/vol methanol, and
0.02% SDSat 80 V for 2.5 h. To reduce nonspecific antibody binding,
the sheets were soaked in 5% BSA in rinse buffer containing 10 mM
Tris (pH 7.8), 0.9% NaCl and 0.0 1%sodium azide for 2 h at 370C. The
sheets were then incubated with 2,gg/ml a-PY in rinse buffer contain-
ing 5% BSA for 10-16 h at 4VC. After washing twice with rinse buffer
plus 0.05% Nonidet P40, and once with rinse buffer plus 0.1 %Tween-
20, the sheets were incubated with '25I-protein A (1 sCi/ml) for 1 h at
25°C, washed again with rinse buffer as described above, air-dried, and
subjected to autoradiography with X-Omat (Eastman Kodak Co.,
Rochester, NY) film in the presence of an intensifying screen at -80°C
for 6-48 h. Titers of muscle proteins immunoprecipitated and then
blotted with a-PY showed a linear relationship between the amount of
starting protein and the density of the autoradiographic images. More-
over, in control experiments, the a-PY antibody was found to immuno-
precipitate 90% and 80% of tyrosine phosphorylated insulin receptors
and IRS- 1, respectively. This was assessed by comparing the amount of
tyrosine phosphorylated insulin receptors and IRS- I (measured by im-
munoblotting an aliquot of the muscle protein extracts with a-PY anti-
body) before and after immunoprecipitation with a-PY antibody.

To specifically identify and quantify insulin receptors and substrate
IRS- 1 in muscle protein extracts, parallel experiments were performed
using an anti-insulin receptor antibody, a-IRCt, as previously de-
scribed (26), or one of several anti-IRS- I antibodies, a-IRS- 1. A linear
relationship between the amount of muscle protein and the density of
autoradiographic images was observed for samples immunoprecipi-
tated and then blotted with a-IRCt and a-IRS- 1, similar to a-PY. Auto-
radiographic images were quantified by densitometry, and data were
expressed using arbitrary units after normalizing to control values
within each gel.

Table I. General Characteristics of the Experimental Animals

Body wt

Rats Initial Final Blood glucose Plasma insulin

g mg% AU/mi

Group a
GTx 223±2 197±2* 248±16t 165±16*
Pair-fed C 222±1 230±2* 79±1 15±2

Group b
STZ + GTx 230±2 174±6* 388±21§ 11±3§
Pair-fed STZ 235±2 215±4* 391±27§ 25±13§
Normal controls 225±1 264±5* 88±2 75±10

Group a. Rats were treated with cortisone acetate for 5 d (G Tx) and
compared to pair-fed control rats (Pair-fed C).
Group b. Rats were injected with streptozotocin (see Methods) and
subsequently treated with cortisone for 5 d (STZ + GTx). Pair-fed
streptozotocin-injected rats (Pair-fed STZ) were used as controls. Data
on ad lib. fed normal control rats are also presented.
Blood glucose and plasma insulin concentrations were measured in
the nonfasted state at the time animals were killed.
* P < 0.05 vs. initial body weight; * P < 0.05 vs. pair-fed C; § P <
0.05 vs. normal controls.

Preparation of in vitro phosphorylated insulin receptors. Chinese
hamster ovary (CHO) cells expressing the wild-type insulin receptor
(CHO/IR cells) and the insulin receptor in which tyrosine-l 146 has
been replaced with phenylalanine (CHO/IRFI146 cells) (37) were
grown in F- 12 medium containing 10% fetal bovine serum. Confluent
monolayers of CHO/IR and CHO/IRFIl 46cells were harvested with
ice-cold phosphate-buffered saline containing 0.2% EDTAand 1 mM
PMSF. Cells were solubilized in 50 mMHepes buffer(pH 7.6) contain-
ing 120 mMNaCl, 2 mMEDTA, 1 mMPMSF, 10 ,g/ml aprotinin, I
mMsodium orthovanadate, and 1% Triton X-100 for 60 min at 4VC
with continuous shaking. The solubilized material was then centri-
fuged at 100,000 g for 60 min, and the supernatant applied to a 4-ml
wheat germ agglutinin agarose column preequilibrated with column
buffer containing 50 mMHepes (pH 7.6), 150 mMNaCl, 1 mM
PMSF, and 0.1% Triton X-100. Glycoproteins were eluted with the
same buffer containing 0.4 MN-acetyl-D-glucosamine. Insulin recep-
tors were incubated at 23°C for 60 min in 50 mMHepes buffer (pH
7.6) containing 10 mMMgCl2, 5 mMMnCl2, and 100 nM insulin.
Autophosphorylation was initiated by the 'addition of 10 uM [y-
32P]ATP (3 ,gCi/nmol). After 30 min, the reaction was terminated by
the addition of 50 mMHepes buffer (pH 7.6) containing 10 mMATP,
5 mMEDTA, 10 mMsodium pyrophosphate, 100 mMsodium fluo-
ride, 1 mMsodium orthovanadate, 1 mMPMSF, and 30 ,g/ml leu-
peptin. 32P-labeled insulin receptors from either CHO/IR or CHO/
IRFl 46 cells were then mixed with muscle protein extracts from the
experimental animals and subjected to immunoprecipitation with a-
PY antibody added to a final concentration of 2 ug/ml as described
above. Immunoprecipitated 32P-labeled receptors were quantified after
SDS-PAGEby autoradiography.

Dephosphorylation experiments. The serine- and threonine-specific
protein phosphatase-2AC (PP-2AC), purified according to Usui et al.
(38) by Dr. D. L. Brautigan (Providence, RI), was used to dephosphor-
ylate serine and threonine residues of IRS- 1 in vitro. Tyrosine phos-
phoproteins from both control and glucocorticoid-treated animals first
were immunoprecipitated with a-PY antibodies and protein A-agarose
beads, as described above. The immunoprecipitates were washed three
times in 50 mMHepes buffer (pH 7.6) containing 1% Triton X-100,
0.1% SDS, 100 mMsodium fluoride, and 1 mMsodium orthovana-
date, and five times in 50 mMTris buffer (pH 8.0) containing 150 mM
NaCl and 1 mMPMSF. Tyrosine phosphoproteins were eluted from
the beads with 100 mMHC1, neutralized to pH 7.8 and incubated with
0.007 U/,u PP-2AC in the presence of 1 mMMgCl2 and 30 mM,B-
mercaptoethanol for 1 h at 37°C. Then, the samples were boiled in
Laemmli buffer containing 100 mMDTT, subjected to SDS-PAGE
and immunoblotted with a-IRS- I antibody, as described above.

Statistical analysis
All data are presented as mean±SE. Statistical analyses were performed
by paired and unpaired Student's t tests.

Results

Experimental animals. Table I summarizes the body weights,
plasma glucose, and plasma insulin concentrations ofthe exper-
imental animals. As expected, the cortisone treatment regimen
induced a catabolic state. Rats treated with cortisone ( 100 mg/
kg, s.c.) for 5 d lost an average of 26±2 g in body weight over
the 5-d study period. The pair-fed controls gained 8±2 g over
the same study period and, thus, the enhanced catabolism in-
duced by glucocorticoid treatment and not the reduced food
intake was responsible for the loss in body weight. When
treated with glucocorticoids, STZ-treated animals showed a sig-
nificantly greater decrease in body weight (P < 0.05) compared
to pair-fed STZ-controls.

Plasma glucose concentrations in glucocorticoid-treated
animals measured between 9:30 and 11:00 a.m. in the non-
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fasted state were clearly elevated into the hyperglycemic range
(Table I, group a.). In these animals, the presence of insulin
resistance was confirmed by the simultaneous occurrence of
markedly elevated plasma insulin concentrations. Animals
treated with a single dose of STZ were also markedly hypergly-
cemic. Despite the presence of hyperglycemia, nonfasted
plasma insulin concentrations in these STZ-treated rats were
not elevated and were not changed significantly by 5 d of corti-
sone treatment (Table I, group b.).

Because glucocorticoid excess is known to induce a de-
crease in muscle protein, we measured muscle DNAcontent as
an index of muscle cell number. After 5 d of treatment with
cortisone, the mean hindlimb muscle DNA/protein ratio was
slightly higher but not significantly different from pair-fed con-
trols (7.9±0.7 vs. 6.7±0.7 ,gg/mg muscle protein, NS).

Insulin-stimulated tyrosinephosphorylation. To investigate
the effects of glucocorticoid excess on insulin-stimulated tyro-
sine phosphorylation, rats were studied after 5 d of cortisone
treatment and compared to pair-fed controls. To maximally
stimulate protein tyrosine phosphorylation in skeletal muscle,
insulin was injected via cardiac puncture at the dose of 10
U/kg body weight, and hindlimb muscles were rapidly har-
vested after 2 min and frozen in liquid N2. This dose of insulin
and the 2-min time point were chosen because a maximally
effective stimulation of both insulin receptor and substrate
phosphorylation is observed in control animals under these
experimental conditions (26). Muscle tissue was subsequently
homogenized under highly denaturing conditions ( 1% SDS
plus 50 mMDTT, at 100IC) to prevent the occurrence of
phosphatase-mediated dephosphorylation (18). Tyrosine
phosphoproteins were precipitated with a-PY antibody and
subsequently identified with a-PY antibody and 251I-protein A
on immunoblots. Equal amounts of muscle protein from con-
trol and glucocorticoid-treated animals were used for the im-
munoprecipitation experiments. The immunoprecipitation
step was necessary both to concentrate the proteins of interest
and to remove other more abundant muscle proteins (e.g.,
myosin) that may interfere with detection and quantitation of
specific bands on immunoblots.

Insulin injection resulted in the stimulation of tyrosine
phosphorylation of two major proteins with M, of 95,000
(pp95) and 170,000 (pp 170) in both control and glucocorti-
coid-treated animals. Fig. 1 is a representative autoradiograph
in which each lane was derived from the muscle of a single
animal. In the muscle protein from the glucocorticoid-treated
animal, a change in the electrophoretic migration of ppl70 is
evident, with the apparent M, reduced by 10 kD. This
change in the electrophoretic mobility of ppl 70 in glucocorti-
coid-treated animals was a consistent finding in all experi-
ments.

Based on their apparent M, the tyrosine phosphoproteins
pp95 and pp 170 observed in immunoblots with a-PY antibody
were hypothesized to represent the insulin receptor ,B subunit
and the insulin receptor substrate IRS- 1, respectively. To test
this hypothesis, specific antibodies to the carboxy-terminal re-
gion of the rat insulin receptor 3 subunit (a-IRCt) and the
carboxy-terminal region of rat IRS- 1 (a-IRS- 1) were used to
specifically identify the two proteins in a-PY precipitates. In
the experiment shown in Fig. 2, a-PY precipitates of muscle
proteins from both control and glucocorticoid-treated animals
were resolved on SDS-PAGE in triplicate and subsequently

C GTx Figure 1. Effects of in-
sulin stimulation on in

Mr (kO) vivo tyrosine phosphor-
200 - ylation of cellular pro-

teins from skeletal mus-
- pp770 cle of control (C) and

116- s U glucocorticoid-treated
(GTx) rats. GTx rats

116 - WF w _were treated with corti-
j __ sone for 5 d and com-

97*- pp95 pared with pair-fed con-
trols. Either saline or
a maximally effective
dose of insulin (10 U/

66 - kg body wt) was in-
H- jected via cardiac punc-

ture. After 2 min, hind-
Insulin - + + limb skeletal muscle was

removed, frozen, and
solubilized as described in Methods. Tyrosine phosphoproteins were
immunoprecipitated with a-PY antibody, separated by SDS-PAGE,
and identified by immunoblotting with a-PY antibody and '25I-pro-
tein A. Each lane in this autoradiograph contains a-PY precipitates
from an equal amount of muscle protein from an individual animal.
In each pair, the left lane represents a saline-injected and the right
lane an insulin-injected rat.

blotted with either a-PY, a-IRCt, or a-IRS- 1 antibodies in par-
allel. Of the muscle tyrosine phosphoproteins immunoprecipi-
tated by a-PY, a-IRCt identified a single sharp band that comi-
grated with pp95 in both control and glucocorticoid-treated
animals, indicating that the insulin-stimulated Mr 95,000 tyro-
sine phosphoprotein (pp95) is the / subunit of the insulin re-
ceptor. On the other hand, the antibody specific to the IRS- 1
protein, a-IRS- 1, reacted with a single species that had the
same molecular mass as pp 170. Noteworthy, in the glucocorti-
coid-treated animal, the a-IRS- 1-reactive protein showed in-

C GTx C GTx C GTx

Mr (kD )

200 -

116-

97- b* lSo

- IRS-

a- IR 5-subunit

66 -

Precipitating Ab a PY

Blotting Ab a PY

a PY

a IRCt

a PY

a IRS-1

Figure 2. Identity of insulin-stimulated tyrosine phosphoproteins in
the skeletal muscle of control (C) and glucocorticoid-treated (GTx)
rats. Solubilized muscle proteins from insulin-injected control and
cortisone-treated animals were immunoprecipitated with a-PY anti-
body, resolved by SDS-PAGEin triplicate, and then immunoblotted
with either a-PY, an antibody specific to the carboxy-terminal region
of the insulin receptor (IR) /3-subunit (a-IRCt), or an antibody spe-
cific to the carboxy-terminal region of rat IRS- I (a-IRS- I).
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creased elecrophoretic mobility, with its apparent M, reduced
by 8-10 kD, as noted above for pp 170. These findings indicate
that the recently cloned insulin receptor substrate IRS- 1 is a
component of the pp 170 band, and that IRS- 1 undergoes cova-
lent modifications during glucocorticoid treatment which re-
sult in a reduced apparent Mr on SDS-PAGE. The shift in the
electrophoretic mobility affecting simultaneously the ppl 70
recognized by the PY antibody and the protein recognized by
the IRS- 1 antibody strongly suggests that IRS- 1 is the domi-
nant or sole component of the pp 170 band in rat adult skeletal
muscle.

To quantitate the changes in insulin receptor and IRS- 1
tyrosine phosphorylation in glucocorticoid-treated animals, au-
toradiographs from multiple experiments were analyzed by
densitometry. As shown in Fig. 3, there was a significant de-
crease in the level of insulin-stimulated insulin receptor tyro-
sine phosphorylation (69±4% of controls, P < 0.05) in the
skeletal muscle of animals treated with cortisone for 5 d. The
level of tyrosine phosphorylation of IRS- I was not significantly
altered by the glucocorticoid-treatment (88±5% of controls,
NS). However, in a limited group of animals in which the
glucocorticoid treatment regimen was associated with a more
pronounced hyperinsulinemic response (insulin levels > 180
,uU/ml), IRS- I tyrosine phosphorylation was modestly but sig-
nificantly reduced (- 25%, P < 0.05, data not shown). As
shown in the inset of Fig. 3, quantitation of IRS- 1 phosphoryla-
tion relative to the degree of insulin receptor phosphorylation
did not show any significant difference between glucocorticoid-
treated and control animals.

Muscle content of insulin receptors and IRS-I and efficiency
of tyrosine phosphorylation. The decrease in the total level of
insulin receptor tyrosine phosphorylation in glucocorticoid-
treated skeletal muscle could reflect a reduced number of tyro-

Insulin
Receptor

5o 1.4

'a 1.2

0 1.0'
C ) 0.8
=

0.6
C_ D 0.4

IRS-1 Ius 0.2 U1120- ,I 01
.° C GTx

-Cl 100_

75 80.

= 60-

C GTx C GTx

Figure 3. Quantitation of insulin-stimulated protein tyrosine phos-
phorylation in skeletal muscle of control ( C) and cortisone-treated
(GTx) rats. Animals were injected with 10 U insulin/kg body wt and,
after 2 min hindlimb skeletal muscles were removed and frozen in
liquid N2. Tyrosine phosphoproteins were analyzed as described in
Methods. Autoradiographs of a-PY immunoblots from multiple ex-
periments were subjected to scanning densitometry, and the levels
of insulin receptor and IRS-l tyrosine phosphorylation quantified.
Each lane in the autoradiographs contained a-PY precipitates from
an equal amount of muscle protein from an individual animal. The
inset shows the ratio of IRS-l phosphorylation to insulin receptor
phosphorylation in the experimental groups. *J) < 0.05 vs. C, un-
paired t test.

sine residues phosphorylated in each individual receptor mole-
cule and/or a decrease in the population of receptors that un-
dergo tyrosine phosphorylation. These two possibilities were
investigated by measuring the total quantity of receptors as well
as the quantity of in vivo tyrosine phosphorylated receptors in
the skeletal muscle of hypercortisolemic animals compared to
controls.

In immunoprecipitation experiments using muscle protein
extracts from both control and glucocorticoid-treated animals,
the a-PY antibody was found to precipitate - 90%and 80%of
the tyrosine phosphorylated insulin receptors and IRS- 1 pres-
ent in the extracts, respectively (data not shown). To assess
whether the efficiency of precipitation by the a-PY antibody
was dependent on the extent of receptor phosphorylation, we
compared the ability of a-PY to immunoprecipitate partially
phosphorylated and fully phosphorylated insulin receptors that
were labeled with 32P and added to the muscle extracts. Insulin
receptors with phenylalanine replacing tyrosine-l 146, one of
the major tyrosine phosphorylation sites in the receptor # sub-
unit, were used as a source of partially phosphorylated insulin
receptors. These mutant receptors are characterized by a re-
duced stoichiometry of tyrosine autophosphorylation com-
pared to wild-type receptors (37). Mutant as well as wild-type
insulin receptors were partially purified, incubated with 100
nM insulin, and autophosphorylated in vitro in the presence of
[32P]ATP. Then, they were mixed with muscle protein extracts
from the experimental animals and subjected to immunopre-
cipitation with a-PY antibody. Greater than 95% of both the
wild-type and tyrosine-l 146 mutated receptors were precipi-
tated by the a-PY antibody. This was assessed by comparing
the amount of 32P-labeled receptors precipitated and remaining
in the supernatants after immunoprecipitation. The autoradio-
graph in Fig. 4 shows a representative experiment. Similar re-
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Figure 4. Effectiveness of immunoprecipitation of insulin receptors
with different degrees of tyrosine phosphorylation by the a-PY anti-
body. Wheat germ-purified insulin receptors from CHO/IR and
CHO/IRFI 46cells were adjusted to equal amounts of protein and in-
cubated for 60 min in the presence of 100 nM insulin. Autophos-
phorylation was initiated by adding 10 MM[y-32P] ATP for 30 min
at 23°C. Phosphorylated receptors were mixed with muscle protein
extracts as described in the Methods and analyzed by SDS-PAGE
under reducing conditions (7% resolving gel) and autoradiography.
IR, insulin receptors from CHO/IR cells; IRF 146, insulin receptors
from CHO/IRF 146 cells. Lanes A, nonimmunoprecipitated material;
lanes B, material immunoprecipitated with a-PY antibody; lanes C,
supernatant from a-PY antibody immunoprecipitates.
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sults were obtained with partially purified wild-type and mu-
tant insulin receptors not mixed with muscle extracts (data not
shown). These findings indicate that insulin receptors known
to have different degrees of phosphorylation are immunopre-
cipitated with equal and high efficiency from muscle protein
extracts by the a-PY antibody.

To estimate the total quantity of insulin receptors present
in the muscle protein extracts independent of phosphorylation
state, the anti-insulin receptor antibody a-IRCt, generated
against the carboxy-terminal amino acid sequence of the rat
insulin receptor, was used as previously described (26). Equal
amounts of solubilized muscle protein from the experimental
animals were subjected to immunoprecipitation with a-IRCt.
Subsequently, a-IRCt precipitates were resolved by SDS-
PAGEunder reducing conditions and then immunoblotted
with a-IRCt and '251-protein A. A representative autoradio-
graph of experiments performed according to this procedure is
shown in Fig. 5 A. The single sharp band at M, 95,000 repre-
sents the # subunit of the insulin receptor. Quantitative analy-
sis of multiple experiments, illustrated in Fig. 5 C, indicated
that the total levels of insulin receptor protein were increased
by 36% (P < 0.05) in the skeletal muscle of hypercortisolemic
animals compared to controls. To determine the number of
tyrosine phosphorylated receptors, experiments were con-
ducted in parallel using muscle protein extracts from the same
experimental animals. Receptors containing phosphorylated ty-
rosine residues were selectively immunoprecipitated with a-
PYantibody, and the amount of receptor protein in these a-PY
precipitates was then quantitated by immunoblotting with the
a-IRCt antibody. A representative experiment is presented in
Fig. 5 B, and the result of quantitative analysis of multiple
experiments in Fig. 5 D. The quantity of tyrosine phosphory-
lated receptors was significantly reduced in glucocorticoid-

treated animals compared to controls. Since the decrease in
tyrosine phosphorylated receptors (35%) is approximately
equal to the decrease in total insulin receptor tyrosine phos-
phorylation (36%, Fig. 3), we conclude that decreased insulin
receptor tyrosine phosphorylation in the glucocorticoid-treated
animals reflects a reduced number of receptors undergoing ty-
rosine phosphorylation rather than a reduced number of phos-
photyrosines per receptor molecule. To further investigate the
mean stoichiometry of insulin receptor phosphorylation in
vivo, we determined the ratio of tyrosine phosphorylated re-
ceptors to total receptors in each individual animal. As shown
in Fig. 5 E, the ratio was markedly decreased by glucocorticoid
treatment (56.7±4% of control, P < 0.05). These findings fur-
ther establish the existence of an increased population of un-
phosphorylated insulin receptors in the skeletal muscle of ani-
mals treated with glucocorticoids.

With a similar experimental approach, the amounts of total
as well as tyrosine phosphorylated substrate IRS- I were deter-
mined in the skeletal muscle of the experimental animals (Fig.
6). To measure the total amount of IRS- 1, solubilized muscle
proteins from glucocorticoid-treated and control animals were
subjected to sequential immunoprecipitation and immunoblot-
ting with antibody specific to rat IRS-1 (20). The antibody
preparation used for these experiments has been demonstrated
to react with IRS-I independent of the phosphorylation state of
the protein (data not shown). As evident from both the repre-
sentative autoradiograph presented in Fig. 6 A, and the corre-
sponding quantitative analysis of multiple experiments (Fig. 6
C), glucocorticoid excess resulted in a marked decrease in the
total amount of IRS- I protein in skeletal muscle (50.3±13% of
controls, P < 0.05). The amount of in vivo tyrosine phosphor-
ylated IRS- I was measured by immunoprecipitating with a-PY
antibody and then immunoblotting with a-IRS-I antibody. A
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Figure 5. Total insulin receptors and
tyrosine phosphorylated receptors
after maximal insulin stimulation in
control (C) and glucocorticoid-
treated (GTx) animals. To measure
the total quantity of insulin recep-
tors (IR) present in the muscle pro-
tein extracts, equal amounts of solu-
bilized muscle protein from the ex-
perimental animals were
immunoprecipitated with a-IRCt
antibody. Subsequently, a-IRCt
precipitates were resolved by SDS-
PAGEunder reducing conditions
and then immunoblotted with a-
IRCt and '25I-protein A (panel A).
To measure the quantity of tyrosine
phosphorylated receptors, aliquots
of the same muscle protein extracts
were subjected to immunoprecipita-
tion with a-PY antibody, and the
amount of receptor protein in these
precipitates was then quantitated by
immunoblotting with the a-IRCt
antibody (panel B). Results of
quantitative analysis of multiple ex-
periments performed according to

the two procedures are shown in Cand D, respectively. The graph in panel E illustrates the ratio between in vivo phosphorylated insulin receptors
and total receptors in the skeletal muscle from C and GTx rats. *P < 0.05 vs. C, paired t test.
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Figure 6. Total and in vivo tyro-
EN][l r | fsine phosphorylated IRS-I in

C GTx C GTx C control (C) and glucocorticoid-
treated (GTx) animals. To mea-
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l1 antibody. Subsequently, a-

8 0 L _ l L _ , IRS-1 precipitates were resolved
C GTx C GTx by SDS-PAGEunder reducing

116 - conditions and then immuno-
blotted with a-IRS- I and 1251197-97 protein A (panel A). To measure
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66- g 200 T phorylated protein, IRS-I con-
66-, 200 _taining phosphorylated tyrosine

Cj n residues from the same muscle
8 100- protein extracts was immuno-

10atprecipitated with the a-PY anti-

Precipitating Ab a IRS-1 c, PY body, and the amount of IRS-l
BlottingAbaIRS-iaIRS-i~. protein in these a-PY precipi-

Blotting Ab a IRS-1 a IRS-1 0 °0
M tates was then quantitated by
a. C GTx immunoblotting with the a-IRS-

1 antibody (panel B). Results of quantitative analysis of multiple experiments performed according to the two procedures are shown in Cand
D, respectively. The graph in E illustrates the ratio between in vivo phosphorylated IRS- I and total IRS- I in the skeletal muscle from C and Gtx
rats. *P < 0.05 vs. C, paired t test.

representative experiment is presented in Fig. 6 B, and the
quantitative analysis in Fig. 6 D. Despite the decreased total
muscle content of IRS-1, the amount of tyrosine phosphory-
lated IRS- I was unchanged by glucocorticoid treatment. This
is consistent with the lack of change in the total amount of
tyrosine phosphorylation of IRS-1, measured by a-PY anti-
body immunoprecipitation and blotting (Fig. 3). Taken to-
gether, these results indicate that the total amount of IRS-1
tyrosine phosphorylation and the total pool of IRS- I molecules
that undergo tyrosine phosphorylation in response to insulin
stimulation in vivo are unaltered by glucocorticoid treatment.
Since the total muscle content of IRS- 1 is decreased by gluco-
corticoid treatment, however, a greater fraction of IRS- I must
be tyrosine phosphorylated in glucocorticoid-treated animals.
This is illustrated in Fig. 6 E, where the ratio of tyrosine phos-
phorylated IRS- 1 to total IRS-I is illustrated. The ratio is in-
creased approximately twofold in the skeletal muscle of hyper-
cortisolemic animals.

Effects of glucocorticoids on protein tyrosine phosphoryla-
tion in insulin-deficient animals. To investigate the role of hy-
perinsulinemia in the glucocorticoid response, animals were
made insulin-deficient with STZ (100 mg/kg, i.p.) and subse-
quently treated with cortisone acetate (100 mg/kg, s.c.) for 5 d.
Pair-fed STZ-treated animals were used as controls. Cortisone
treatment of STZ-animals had no effect on insulin levels (Ta-
ble I) and did not significantly alter either insulin receptor or
IRS- 1 tyrosine phosphorylation (84.7±4% and 111.7±11% of
controls, respectively, NS) (Fig. 7, top panel). Also, no changes
in the molecular weight of IRS- 1 were observed with glucocor-
ticoid treatment of STZ-rats (data not shown). Cortisone treat-
ment of STZ-animals did not significantly alter the total quan-
tity of insulin receptors, but significantly increased the total
amount of IRS- I in skeletal muscle ( 179±14% of levels in STZ-

animals, P < 0.05) (Fig. 7, bottom panel). The increase in the
total amount of IRS- I protein after cortisone treatment of STZ
animals is in contrast with the effects of this steroid agent on
non-STZ rats (see above) and also differs from the effects of
STZ-diabetes per se (39), both of which result in a decreased
amount of IRS- 1 protein in skeletal muscle. These experiments
indicate that hyperinsulinemia is a necessary component for
the effects of glucocorticoids on both tyrosine phosphorylation
and protein levels of the insulin receptor and IRS- 1 in rat skele-
tal muscle.

Increased electrophoretic mobility of IRS-1. As noted
above in the comments relating to Fig. 1 and evident also in
Fig. 2, tyrosine phosphorylated IRS-1 from glucocorticoid-
treated skeletal muscle consistently migrated with increased
mobility on SDS-PAGEcompared to control (- 160 vs. 170
kD, respectively). The IRS- 1 protein from control and gluco-
corticoid-treated animals interacted on immunoblots with mul-
tiple antibodies directed against different domains of the mole-
cule. As shown in Fig. 8, these included antibody preparations
specific to the last 14 carboxy-terminal amino acids and the
first 12 amino-terminal amino acids. Tyrosine-phosphorylated
IRS- 1 from glucocorticoid-treated and control muscle reacted
equally well with antibodies to both of these domains, indicat-
ing that the carboxy- as well as the amino-terminal regions of
IRS- 1 are intact in glucocorticoid-treated and control muscle.

The altered electrophoretic mobility of IRS- 1 after gluco-
corticoid administration could result from a decrease in phos-
phorylation of the protein. The increased electrophoretic mo-
bility of IRS- 1 in glucocorticoid-treated animals was not asso-
ciated with a change in phosphotyrosine content of the protein,
but it could potentially be explained by reduced phosphoryla-
tion of serine and/or threonine residues. The published se-
quence of IRS- 1 contains 35 putative serine/threonine phos-
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Figure 7. Effects of glucocorticoid treatment on tyrosine phosphory-
lation (top panel) and total amounts (bottom panel) of insulin recep-

tors and IRS- 1 in insulin-deficient animals. Rats were made
insulin-deficient with STZ (100 mg/kg, i.p.) and subsequently treated
with cortisone acetate (100 mg/kg body wt, s.c.) for 5 d (STZ
+ GTx). Pair-fed STZ-treated animals were used as controls (STZ).
Anesthetized rats were injected with insulin ( 10 U/kg body wt) via
cardiac puncture. After 2 min, hindlimb muscle was harvested and
processed as described in Methods for identification of tyrosine phos-
phorylated proteins. Autoradiographs of a-PY immunoblots from
multiple experiments were subjected to scanning densitometry, and
the levels of insulin receptor and IRS-l tyrosine phosphorylation
quantified. The total amounts of insulin receptors and IRS- I were

quantitated with specific antibodies to these proteins as described in
the Methods. Data are expressed as a percentage of values in STZ
controls.

phorylation sites distributed throughout the protein (20), and
serine as well as threonine phosphorylation of IRS- 1 has been
shown to occur in intact cells (20). To investigate the effects of
serine/threonine dephosphorylation on the electrophoretic
mobility of IRS- 1, muscle protein extracts from insulin-stimu-
lated hypercortisolemic and control animals were subjected to
immunoprecipitation with a-PY antibody and then incubated
with protein phosphatase-2AC (PP-2AC), a specific serine/
threonine phosphatase (38). The protein products were re-

solved by SDS-PAGE, and IRS- I identified with a-IRS- I anti-
body on immunoblots. As shown in Fig. 9, treatment with

Figure 8. Comparative immunoreactivity of skeletal muscle IRS-I
with antibodies against distinct domains of the IRS-I protein. Solu-
bilized muscle proteins from insulin-injected control (C) and corti-
sone-treated (GTx) animals were immunoprecipitated with a-PY an-

tibody, resolved by SDS-PAGEin duplicate, and then immunoblot-
ted with either an antibody specific to the carboxy-terminal region of
rat IRS-I (a-IRS-I Ct), or an antibody specific to the amino-termi-
nal region of rat IRS- l (a-IRS-I Nt).

PP-2AC increased the electrophoretic mobility of IRS- 1 from
control muscle. After treatment with PP-2AC, the apparent M,
of IRS- 1 was similar to that in glucocorticoid-treated muscle.
By contrast, treatment with PP-2AC did not significantly affect
the mobility of the protein from glucocorticoid-treated muscle.
Treatment with PP-2AC did not alter the phosphotyrosine
content of IRS-1, as assessed by immunoblotting with a-PY
antibody in parallel (data not shown). These data indicate that
a reduction in the apparent M, of IRS- 1 on SDS-PAGEcan be
produced by specific serine and/or threonine dephosphoryla-
tion of the protein. The magnitude of the Mr shift with dephos-
phorylation is similar to the decrease in M, that occurs with
glucocorticoid treatment. Since PP-2AC does not alter the elec-
trophoretic mobility of IRS- 1 from muscle of glucocorticoid-
treated animals, we conclude that the phosphoserine and/or
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Figure 9. Dephosphory-
lation of IRS- l by PP-
2AC. Solubilized mus-

cle proteins from insu-
lin-injected control (C)
and cortisone-treated
(GTx) animals were

immunoprecipitated
with a-PY antibody,
and incubated in the
presence or absence of
0.007 U/Ml PP-2AC, as

described in Methods.
The protein products
were then resolved by
SDS-PAGEand immu-
noblotted with a-IRS- I
antibody.
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phosphothreonine content of IRS- I must be significantly lower
in glucocorticoid-treated animals compared to controls and
that this may explain the change in apparent Mr.

Discussion

Insulin resistance in hypercortisolemic states is characterized
by a defect in the ability of insulin to maximally stimulate
glucose uptake and clearance by skeletal muscle (2, 5, 6). The
defect in insulin action is thought to result from postbinding
steps in the insulin action pathway, since insulin binding in
skeletal muscle is not decreased in animals treated with gluco-
corticoids (24). The earliest postbinding events in insulin ac-
tion involve autophosphorylation of the insulin receptor A sub-
unit, activation of the receptor tyrosine kinase, and subsequent
phosphorylation of intracellular substrate proteins (7-11).
The objective of this study was to explore the effects of gluco-
corticoid excess on these initial postbinding events in insulin
signaling in rat skeletal muscle in vivo. By measuring in vivo
tyrosine phosphorylation of insulin receptors and the major
cellular substrate IRS- 1, we have been able to demonstrate that
glucocorticoid excess results in abnormalities in insulin signal-
ing at both receptor and postreceptor levels.

Administration of glucocorticoids resulted in a reduced
level of total tyrosine phosphorylation of the insulin receptor
( - 35% less than control) measured with phosphotyrosine an-
tibody after maximal insulin stimulation. In contrast, the insu-
lin receptor content in skeletal muscle, measured with insulin
receptor antibody, was moderately increased. Thus, there ap-
pears to be a defect in the ability of skeletal muscle receptors to
undergo insulin-stimulated tyrosine phosphorylation in vivo in
the presence of hypercortisolemia. In subsequent experiments,
the decrease in receptor phosphorylation was shown to be char-
acterized by a lower number of receptors undergoing tyrosine
phosphorylation rather than a reduced extent of tyrosine phos-
phorylation per receptor. Therefore, glucocorticoid treatment
results in an increased proportion of unphosphorylatable re-
ceptors in skeletal muscle, despite the fact that the total muscle
content of insulin receptors is increased.

Our results are in apparent contrast with a previous study
by Block and Buse (24) on insulin receptor tyrosine kinase
activity in skeletal muscle of hypercortisolemic animals that
showed normal receptor autophosphorylation and kinase activ-
ity. The differences between the two studies may be explained
by the distinct experimental methods used to assess insulin
receptor tyrosine kinase activity. Although insulin stimulation
was performed in vivo with an intravenous injection in the
study by Block and Buse (24), receptor phosphorylation was
studied in vitro in a cell-free system. In our experimental sys-
tem, insulin-stimulated receptor phosphorylation occurred en-
tirely in vivo, under conditions where the integration of recep-
tors into muscle tissue structure was preserved. It is conceiv-
able that the decreased fraction of tyrosine phosphorylated
receptors in muscle of glucocorticoid-treated animals reflects
their altered subcellular distribution and accessibility to insulin
binding. On solubilization, insulin may gain access to all recep-
tors, and the phosphorylation defect thus may no longer be
evident. Our study also differs from that of Block and Buse
(24) in that we used a pair-feeding protocol to assure equal
food intake in control and glucocorticoid-treated animals. A
decrease (- 40%) in food intake occurs when high doses of

glucocorticoids are administered, and this could influence pro-
tein tyrosine phosphorylation per se. It is important to consider
in this regard that fasting and feeding have been shown to regu-
late insulin receptor phosphorylation in rat liver and muscle
both in vitro (40) and in vivo (39). Moreover, the effects of
glucocorticoids on insulin receptor kinase activity have been
shown to be profoundly modulated by the dietary state of the
animal (41 ).

Wehave presented evidence that the population of skeletal
muscle insulin receptors capable of undergoing tyrosine phos-
phorylation in response to insulin stimulation in vivo is re-
duced following glucocorticoid treatment. These findings sug-
gest the existence of two distinct population of receptors, one
capable of undergoing tyrosine phosphorylation and one un-
able to autophosphorylate in response to insulin. The phos-
phorylatable pool appears to decrease and the unphosphorylat-
able pool to increase in association with glucocorticoid-in-
duced insulin resistance. The existence of a pool of
"kinase-silent" receptors has previously been demonstrated by
Pang et al. (42) in Fao cells, where this pool appears to repre-
sent > 50% of total cellular insulin receptors. In another study,
Brillon et al. (43) photoaffinity-labeled insulin receptors from
normal and non-insulin-dependent diabetic subjects and then
used a-PY and a-IRCt to discriminate between receptors capa-
ble of autophosphorylation in vitro and receptors that could
not be phosphorylated. These authors showed that the pool of
kinase-defective insulin receptors is increased in adipocytes
from insulin-resistant diabetic subjects and suggested that this
provides an explanation for the defect in insulin receptor ki-
nase activity observed in these patients. They concluded that
impaired tyrosine phosphorylation is an intrinsic biochemical
feature of the subpopulation of receptors and suggested that the
defect in receptor phosphorylation could derive from an in-
crease in the ATPK., resulting in less phosphate transferred to
the receptors, or from an increase in serine phosphorylation of
the insulin receptor, which has been shown to inhibit insulin-
stimulated tyrosine phosphorylation of the 3 subunit (44).

To explain the increase in the population of receptors that
do not undergo tyrosine phosphorylation in response to insulin
in our in vivo system, an additional mechanism can be hypoth-
esized. While it is unlikely that decreased receptor phosphory-
lation reflects differences in binding affinity for insulin, since
the insulin dose that we used to stimulate tyrosine phosphory-
lation was maximally effective for both control and hypercorti-
solemic animals, it is possible that a fraction of the insulin
receptors are not available for insulin binding and subsequent
activation because they are not at the cell surface. Animals
treated with glucocorticoids were markedly hyperinsulinemic,
and chronic hyperinsulinemia has been shown to induce
"down-regulation" and loss of cell-surface receptors (45). The
pattern of an increased total receptor content associated with a
decreased proportion of "functional" receptors in skeletal
muscle could reflect the product of the in vivo interplay be-
tween glucocorticoid excess and hyperinsulinemia, whereby
glucocorticoids act to increase insulin receptor expression (46)
and insulin opposes this phenomenon by promoting receptor
down-regulation. The importance of hyperinsulinemia for the
glucocorticoid response is supported by the observation that
insulin receptor phosphorylation was not decreased when the
glucocorticoid excess was created in animals made insulin-defi-
ciency by STZ administration.
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Glucocorticoid excess resulted in abnormalities in the insu-
lin signaling pathway involving post-receptor steps including
the expression and in vivo phosphorylation of the substrate
IRS-1. IRS-I is rapidly phosphorylated on tyrosine residues
after insulin stimulation in intact cells (20) and this is thought
to somehow lead to the next step(s) in insulin signaling. Site-
directed mutagenesis studies have demonstrated impaired in-
sulin signaling by insulin receptors that undergo autophos-
phorylation normally but are incapable of mediating IRS-I
tyrosine phosphorylation (47, 48). Although this suggests a
direct relationship between IRS-I tyrosine phosphorylation
and insulin action, we have recently demonstrated increased
tyrosine phosphorylation of IRS- 1 in the skeletal muscle of
animals madediabetic and insulin-resistant by STZadministra-
tion (26). Similar results have been obtained in studies on liver
tissue from STZ-diabetic animals (39). Therefore, the patho-
physiologic significance of the levels of tyrosine phosphoryla-
tion of IRS- I in insulin-sensitive tissues remains uncertain.

In glucocorticoid-treated, insulin-resistant animals, the skel-
etal muscle content of IRS-I was decreased by - 50%. This
response is similar to recently reported findings with 3T3-LI
adipocytes, in which dexamethasone down-regulated IRS- 1
content by 60% and concomitantly caused insulin resistance
(49). In spite of the decrease in IRS-I content in the current
study, neither the total level of tyrosine phosphorylation of
IRS-I nor the amount of tyrosine phosphorylated IRS-I was
significantly changed in glucocorticoid-treated animals. Thus,
there must have been an increase in the extent of tyrosine phos-
phorylation per mole of IRS- I in the presence of hypercortiso-
lemia. In agreement with this phenomenon, Saad et al. have
observed increased tyrosine phosphorylation of IRS- 1, but de-
creased levels of the protein in the skeletal muscle of both
fasted and STZ-diabetic animals (39). It can be concluded that
in vivo tyrosine phosphorylation of IRS- I is regulated indepen-
dent of changes in levels of the IRS- I protein.

The increase in phosphorylation per mole of IRS- I in glu-
cocorticoid-treated animals contrasts with the decrease in tyro-
sine phosphorylation per mole of insulin receptor. A similar
dissociation between changes in insulin receptor autophos-
phorylation and receptor kinase activity toward an artificial
exogenous substrate has been described in insulin-resistant rat
tissues (29, 40) and, in our recent work (26), a lack of correla-
tion between changes in tyrosine phosphorylation of insulin
receptors and IRS-I was observed in the skeletal muscle of
STZ-treated rats. It appears, therefore, that tyrosine phosphor-
ylation of the insulin receptor and cellular substrates for the
receptor can be independently regulated in vivo. These find-
ings could be explained as a consequence of altered activity of
specific phosphotyrosine phosphatases that, together with the
receptor kinase, determine the level of tyrosine phosphoryla-
tion of IRS- I in the muscle cell.

Glucocorticoid treatment of rats resulted in a decrease in
IRS- 1 apparent Mr by 8-10 kD on SDS-PAGE. This cannot be
attributed to proteolytic clipping, since the protein is recog-
nized by both carboxy-terminal and amino-terminal peptide
antibodies. It also is unlikely to result from a different extent of
glycosylation of the protein, since IRS- 1 is present in the cyto-
sol (20), and glycosylation of intracellular proteins has not
been reported. Dephosphorylation of IRS- I from control mus-
cle specifically at serine/threonine residues with PP-2AC re-

sulted in a similar increase in electrophoretic mobility, whereas
dephosphorylation had no effect on IRS- 1 from glucocorti-

coid-treated animals. Based on these findings, it appears that
the reduced M, of IRS-1 in the glucocorticoid-treated muscle
reflects reduced phosphoserine and/or phosphothreonine con-
tent of the protein. This conclusion is supported by the pre-
vious observation that changes in the phosphorylation state of
IRS- I can affect its electrophoretic mobility. After insulin stim-
ulation of CHOcells overexpressing insulin receptors, IRS-I
phosphorylation is enhanced due to an increase in both phos-
photyrosine and phosphoserine content, and this is associated
with slower migration of IRS- I on SDS-PAGE(20). At pres-
ent, the exact sites of phosphorylation of IRS-I in vivo and
their significance have not been determined. The association of
IRS- 1 with other intracellular proteins containing SH2 do-
mains, including phosphatidylinositol 3-kinase, appears to re-
quire tyrosine phosphorylation of the protein (20). Phosphor-
ylation of the insulin receptor on serine residues has been
shown to inhibit insulin-stimulated tyrosine phosphorylation
of the receptor : subunit (44, 50) and insulin responses in
intact cells (44). Although a role for seine and/or threonine
phosphorylation of IRS- I has not been established yet, it can be
hypothesized that reduced phosphoserine and/or phos-
phothreonine content of IRS- I may affect the function of this
protein. In support of this concept, we have recently observed
decreased insulin stimulation of IRS- 1-associated phosphati-
dylinositol 3-kinase activity in glucocorticoid-treated rat
skeletal muscle (F. Giorgino and R. J. Smith, unpublished ob-
servations). It will be important to investigate the pathophysio-
logical relevance of this finding in the setting of glucocorticoid-
induced insulin resistance.

In conclusion, the current study provides direct in vivo evi-
dence that glucocorticoid-induced insulin resistance results in
abnormalities in the intracellular signaling of insulin in skeletal
muscle. The alterations are apparent at both receptor and post-
receptor levels in the muscle cell. Insulin receptor tyrosine
phosphorylation is decreased as a consequence of a decrease in
the population of receptors capable of undergoing tyrosine
phosphorylation. In addition, the expression of the endoge-
nous insulin receptor substrate IRS- I is decreased and the lev-
els of seine and/or threonine phosphorylation of this protein
are reduced. In further studies, it will be important to investi-
gate the pathophysiological significance of these alterations
and, in particular, the impact of changes in the phosphoryla-
tion state of IRS-I on insulin action.
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