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ABSTRACT 

Insulin resistance resulting from prolonged exposure of 

intact animals or cultured cells to glucocorticoids is often 

attributed to post-receptor defects in the insulin signaling 

pathway. IRS-1 is a ubiquitously-expressed cytosolic protein 

which has been shown to be an essential element of at least 

one insulin signaling pathway. To better understand the 

specific effects of glucocorticoids on insulin signaling, this 

study has (1) determined the mechanism of glucocorticoid-

induced down-regulation of IRS-1 protein expression, and (2) 

determined the effect on IRS-1 expression of a drug which is 

known to relieve dexamethasone-induced insulin resistance. 

Addition of dexamethasone to 3T3-L1 adipocytes 

significantly down-regulated the steady-state levels of IRS-1 

protein and mRNA but did not increase the rate of degradation 

of either IRS-1 protein or IRS-1 mRNA. It is therefore 

probable that dexamethasone decreases expression of IRS-1 

protein by down-regulating the synthesis of IRS-1 mRNA, 

possibly by acting at a negative glucocorticoid response 

element within the regulatory region of the IRS-1 gene. 

Partial reversal of dexamethasone-induced insulin 

resistance has been observed in vitro and in vivo following the 

administration of thiazolidinediones. Like dexamethasone, 

these drugs appear to work at a post-receptor site. When the 

expression of IRS-1 in 3T3-L1 adipocytes was measured in the 

presence of dexamethasone and the thiazolidinedione 

derivative CP 92768, the drug significantly increased the 

expression of IRS-1 protein and mRNA, but did not return 

expression to pretreatment levels even at high concentrations. 

If the decreased expression of IRS-1 proves to be a critical 

element in producing dexamethasone-induced insulin 

resistance, this work shows that CP 92768 or a similar drug is 

likely to ameliorate the condition though partial restoration of 

the level of IRS-1 protein in adipocytes. 
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CHAPTER I 
INTRODUCTION 

The insulin receptor is a heterotetrameric 

transmembrane protein which is present on nearly all 

mammalian tissues. It is responsible for mediating both the 

growth and metabolic effects of insulin. Briefly, these include 

glucose uptake, glycogenosis, lipid storage, protein synthesis 

and cellular proliferation. 

Until 1985, the only clearly defined component of the 

Insulin signaling pathway was the insulin receptor itself. In 

that year. White et al. described a protein of Mr 185,000 which 

was tyrosine phosphorylated by the activated insulin receptor 

in FAO hepatoma cells. In the intervening years, the cDNA for 

what is now called the insulin receptor substrate-1 (IRS-1 "•) 

was cloned and sequenced from rat and human hepatocytes, 

mouse adipocytes and human skeletal muscle (Sun et al., 1991; 

Nishiyama and Wands, 1992; Keller et al., 1993, Araki et al., 

1993). Studies of IRS-1 have revealed that it is a cytosolic 

protein, is absent from the nucleus (Sun et al., 1992) and has 

limited association with cellular membranes (Kelly and 

Ruderman, 1993). Within two minutes of insulin stimulation, 

IRS-1 is maximally phosphorylated on tyrosine in skeletal 

muscle, hepatocytes and adipocytes (Madoff et al., 1988; Folli 

et al., 1992). 

IRS-1 Activation of PI 3-kinase 

The rat IRS-1 contains 21 potential tyrosine 

phosphorylation sites of which eight (residues 460, 608, 628, 

895, 979, 987, 1172 and 1222) are known to be phosphorylated 

in vitro by the purified insulin receptor (Sun et al., 1993). 

Nine of the potential phosphorylation sites contain YXXM or 

YMXM consensus sequences (Sun et al., 1991). These sequences 

are also found in the PDGF-p receptor, the polyoma middle T 

antigen, the CSF-1 receptor and c-kit (Songyang et al., 1993). 
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When these motifs become phosphorylated on tyrosine, they 

are bound by src homology-2 (SH2) domains of the p85a 

regulatory subunit of phosphatidyl inositol 3' kinase (PI 3-

kinase). SH2 domains are semi-conserved sequences of -100 

amino acids which characteristically fold independently of the 

protein in which they reside. The folded domain shows little 

affinity for unphosphorylated tyrosine residues, but 

noncovalently binds phosphorylated tyrosines in a particular 

amino acid context with high affinity (Songyang et al., 1993). 

In IRS-1, p85a binds preferentially to tryptic peptides 

containing Tyr(P)-608 and Tyr(P)-939 (Sun et al., 1993). The 

binding of p85a, in turn, results in activation of the 100 kDa 

catalytic subunit of PI 3-kinase. This protein is homologous 

to Vps34p, an enzyme which is required for protein sorting to 

the vacuole in S. cerevisiae (Schu et al., 1993). Activated PI 

3-kinase phosphorylates the D-3 position of phosphoinositides 

to produce phosphatidylinositol-3-phosphate (PI-3-P), PI-3,4-

P2 and PI-3,4,5-P3. These products do not appear to be 

cleaved by any of the known phospholipases C and may function 

as phospholipid second messengers in a signaling system 

which is still undefined (Kelly and Ruderman, 1993; Schu et 

al., 1993). 

The Bindinc of IRS-1 to Other Proteins 
Containing SH2 Domains 

IRS-1 does not contain consensus sequences for and has 

not been found to bind to the SH2 domains of either PLCy or 

ras-GAP (Myers et al., 1992; Myers et al., 1993A). However, it 

has recently been shown that tyrosine-phosphorylated IRS-1 

interacts with the broadly expressed protein-tyrosine 

phosphatase SHPTP2 (Syp), which contains two SH2 domains 

(Kuhne et al., 1993). Sun et al. (1993) have shown that the 

amino-terminal SH2 domain of SHPTP2 binds preferentially to 

Tyr(P)-1172. The association of SHPTP2 with IRS-1 may 

result in the enzymatic activation of the phosphatase. 



Tyr(P)-895 of IRS-1 is bound specifically by GRB-2/sem-5, a 

small cytosolic adaptor protein which may act as an upstream 

regulator of p2iras (Myers and White, 1993B; Sun et al., 1993). 

Nek, another small cytosolic adaptor protein, is also bound by 

tyrosine-phosphorylated IRS-1 (Li et al., 1994). 

IRS-1 as a Possible Cause of Insulin Resistance 

In view of its rapid tyrosine phosphorylation and 

subsequent interaction with PI 3-kinase, SHPTP2, GRB-2/sem-

5 and Nek, IRS-1 appears to be a pivotal player in signaling 

from the activated insulin receptor. Sun et al. (1993) have 

characterized it as a molecular adapter or docking protein 

which is an ideal substrate for the insulin receptor tyrosine 

kinase. When tyrosine-phosphorylated IRS-1 is noncovalently 

bound by various downstream regulatory proteins containing 

SH2 domains, it forms a signaling complex which branches to 

some or all of the insulin signaling pathways within the cell. 

Until recently, the importance of IRS-1 in insulin 

signaling could only be inferred. It had been known since 1988 

(White et al.) that a Tyr-960 to Phe-960 mutation of the 

insulin receptor in the juxtamembrane domain would not 

interfere with receptor autophosphorylation, but would 

prevent tyrosine phosphorylation of IRS-1. This mutation 

would also prevent insulin-stimulated glycogen synthesis, 

amino acid transport and thymidine uptake. However, it was 

not until 1993 that antisense IRS-1 RNA was successfully 

used to inhibit any specific aspects of insulin signaling. 

Waters et al. (1993) showed that, compared with parental cell 

lines, Chinese hamster ovary (CHO) cells which stably 

expressed antisense IRS-1 RNA had a more rounded shape, 

grew more slowly, and had both decreased PI 3-kinase 

activation as well as decreased thymidine uptake in response 

to insulin. This confirmed earlier studies which showed 

correlations between IRS-1 activity and thymidine uptake in 



CHO cells and in the 32D myeloid progenitor cell line (Sun et 

al., 1992; Wang et al., 1993). Other studies have implicated 

the requirement of IRS-1 for insulin-stimulated Xenopus 

oocyte maturation (Chuang et al., 1993) and for insulin-

stimulated glucose uptake as well (Kanai et al., 1993; Rice and 

Garner, 1994). 

As discussed above, IRS-1 plays an important role in 

several insulin signaling pathways. Thus it is possible that 

IRS-1 could be used as a regulatory element in up- and down-

modulation of signaling efficiency from the insulin receptor. 

Sun et al. (1992) have demonstrated that the ability of CHO 

cells to take up thymidine in response to insulin depends on 

the ratio of transfected insulin receptors to transfected IRS-

1. In this response, the stoichiometric relationship between 

insulin receptors and IRS-1 molecules is an important element 

in the regulation of mitogenic signaling efficiency. Rice and 

Garner (1994) have reported that five chronic drug treatments 

down-regulate IRS-1 in 3T3-L1 adipocytes while producing a 

simultaneous down-regulation in insulin-stimulated 2-

deoxyglucose (2-DOG) uptake. Within each type of treatment, 

the two phenomena were found to occur with similar time 

courses and at similar relative magnitudes. Additionally, 

reversal of IRS-1 down-regulation was observed to produce a 

similar reversal in 2-DOG uptake. From these data the authors 

suggest that down-regulation of IRS-1 expression produces 

resistance to insulin-stimulated glucose uptake in 3T3-L1 

adipocytes. 

Insulin resistance is broadly defined as a condition in 

which tissues such as liver, skeletal muscle, and adipose do 

not respond appropriately to normal levels of insulin 

(Lonnroth, 1991). In humans, insulin resistance is associated 

with many disease states including non-insulin dependent 

diabetes mellitus (NIDDM) and hypercorticism. The mechanism 

of insulin resistance is poorly understood. However, it has 



been reported that there is a reduced level of IRS-1 
phosphorylation in NIDDM patients (Thies et al., 1990) as well 
as in a rodent model of NIDDM (Saad et al., 1992). A recent 
report by Saad et al. (1993) showed that induction of 
hypercorticism in rats by chronic administration of 
dexamethasone resulted in elevated blood glucose and insulin 
levels and was accompanied by an approximately 60% decline 
in IRS-1 protein in skeletal muscle. When these data are taken 
together with the observations of Sun et al. (1992) regarding 
thymidine uptake and those of Rice and Garner (1994) 
regarding glucose uptake, it seems quite probable that a 
deficiency in expression of IRS-1 may be an important element 
in the development of insulin resistance. 

Down-regulation of IRS-1 by Dexamethasone 
Previous work with antisense oligonucleotides 

(Turnbow and Garner, unpublished data) showed that it is 
difficult to inhibit the expression of IRS-1 in 3T3-L1 
adipocytes, and thus to establish a cause and effect 
relationship between the level of IRS-1 and a particular 
insulin response such as glucose uptake. However, as 
described above, it has been shown that IRS-1 is essential for 
at least one insulin response (insulin-stimulated mitogenesis) 
and that a correlative relationship exists between the level of 
IRS-1 and other insulin responses. 

Although insulin resistance occurs spontaneously in 
both animals and humans, one inducible cause of insulin 
resistance is glucocorticoid excess. This phenomenon has been 
studied extensively and is thought to be attributable to one or 
more defects in insulin signaling distal to the receptor itself, 
i.e., a post-receptor defect (Grunfeld et al., 1981; Kreutter et 
al., 1990; Zarjevski et al., 1992). The mechanism of down-
regulation of several possible candidates for this defect have 
been studied, including the GLUT1 and GLUT4 glucose 



transporters, PI 3-kinase and glycerol-3-phosphate 

dehydrogenase. In 1992 it was reported by Rice et al. that 

expression of IRS-1 is also down-regulated by the 

administration of dexamethasone. In view of the important 

role of IRS-1 in insulin signaling, we chose to investigate the 

mechanism by which dexamethasone down-regulates IRS-1 

expression. 

As this work progressed, a survey of the literature 

revealed that the thiazolidinediones, a group of experimental 

anti-diabetic drugs, are able to relieve glucocorticoid-induced 

insulin resistance in cultured cells and whole animals in a 

unique manner (reviewed in Hofmann and Coica, 1992). 

Commonly used anti-diabetic drugs such as the sulfonylureas 

are able to relieve insulin resistance in animals and humans by 

increasing the secretion of insulin by the pancreas. However 

the thiazolidinediones appear to act through partial 

restoration of the expression of many of the insulin signaling 

proteins which are down-regulated as a result of 

glucocorticoid excess. Because of the apparent relationship 

between reduced IRS-1 expression and the development of 

insulin resistance, we chose to investigate whether a 

representative thiazolidinedione could restore IRS-1 

expression and if so, to determine the mechanism which was 

used. Consequently, the investigation described in this 

dissertation was designed with the following goals in mind: 

1. Determination of the mechanism of glucocorticoid-

induced down-regulation of IRS-1 protein expression. 

2. Determination of the mechanism by which one of the 

thiazolidinediones was partially able to protect IRS-1 

expression in the presence of dexamethasone. 

Because insulin resistance in vivo has been seen to 

develop in fat before it is observed in skeletal muscle 

(Kraegen et al., 1991), we chose to perform this study in 

cultured 3T3-L1 adipocytes. The adipoblast form of these 



cells has been established as an authentic adipocyte precursor 
by its injection into the peritoneum of nude mice and its 
subsequent development into well-vascularized and 
differentiated fat pads (Spiegelman et al., 1993). Fully 
differentiated 3T3-L1 adipocytes express high levels of IRS-1 
protein, are responsive to insulin, and demonstrate insulin 
resistance in the presence of dexamethasone. (Grunfeld, 1981; 
Kreutter et al., 1990; Keller et al., 1991). Thus these cells 
provided a logical system for our investigation of the 
mechanisms of dexamethasone-induced down-regulation and 
thiazolidinedione-induced protection of the expression of 
IRS-1. 



Notes 

"I The abbreviations used in this chapter are: CHO, 
Chinese hamster ovary; IRS-1, insulin receptor substrate-1; 
NIDDM, non-insulin dependent diabetes mellitus; 2-DOG, 2-
deoxyglucose. 
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CHAPTER II 
DEXAMETHASONE DOWN-REGULJ^TION 

OF INSULIN RECEPTOR SUBSTRATE-1 
IN 3T3-L1 ADIPOCYTES 

Abstract 

Insulin resistance resulting from prolonged exposure of 

intact animals or cultured cells to glucocorticoids is often 

attributed to post-receptor signaling defects. To better 

understand the specific effects of glucocorticoids on insulin 

signaling, we have characterized the effect of dexamethasone on 

the expression of an insulin signaling intermediate, the insulin 

receptor substrate-1 (IRS-1) in 3T3-L1 adipocytes. 

Addition of dexamethasone resulted in a 40-70% decline in 

steady-state IRS-1 protein over 24-48 h of treatment. 

Dexamethasone did not significantly change the degradation rate 

of IRS-1 protein, but decreased the net rate of amino acid 

incorporation into IRS-1 by 87%. Between 1 h and 2.5 h of 

treatment with dexamethasone, actinomycin D or both drugs given 

simultaneously, the concentration of IRS-1 mRNA declined with a 

half-life of 0.7 to 1.0 h. However, after 4 h of dexamethasone 

treatment, IRS-1 mRNA concentrations stabilized at -35% of the 

control level. The dexamethasone-induced decline in IRS-1 protein 

could be prevented by simultaneous administration of the 

glucocorticoid antagonist RU 486. These results suggest that in 

3T3-L1 adipocytes the loss of IRS-1 protein after dexamethasone 

treatment can be accounted for chiefly by inhibition of the 

synthesis of IRS-1 mRNA. 

Introduction 

In many mammalian tissues, activation of the insulin 

receptor is followed within seconds by the tyrosine 

phosphorylation of a Mr 160,000-180,000 cytosolic protein, 

the insulin receptor substrate-1 (IRS-1 )1 (White et al., 1985; 

Sun et al., 1991). Following tyrosine phosphorylation, one or 
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more of the YMXM/YXXM motifs of IRS-1 are bound by the src-

homology 2 (SH2) domains of phosphatidylinositol 3'-kinase, 

resulting in activation of the enzyme (Backer et al., 1992). 

In cultured adipocytes, intact animals and human 

subjects, glucocorticoid excess is associated with insulin 

resistance, a condition in which one or more of the normal 

cellular responses to insulin is reduced (Garvey et al., 1989; 

Grunfeld et al., 1981; Guillaume-Gentil et al., 1990; Van 

Putten et al., 1985, Wajngot et al., 1992). We have observed 

that dexamethasone treatment of 3T3-L1 adipocytes causes 

down-regulation of IRS-1 (Rice et al., 1992), suggesting that 

defective signal transduction through IRS-1 could contribute 

to the development of glucocorticoid-induced insulin 

resistance. We have begun an investigation of the role of IRS-

1 in this type of insulin resistance by studying IRS-1 

regulation in 3T3-L1 adipocytes following treatment with 

dexamethasone. 

Experimental Procedures 

Materials. Unless otherwise noted, all reagents were 

obtained from Sigma, St. Louis, MO. RU 486 was a gift from 

Roussel-Uclaf, Romainville, France. 

Cell Culture. 3T3-L1 fibroblasts (CL 173, American Type 

Culture Collection, Rockville, MD) were cultured in high-glucose 

Dulbecco's Modified Eagle's Medium (DMEM, Sigma #D5648) + 10 % 

calf serum in 6-cm for assays utilizing Western blotting, 10-cm 

dishes for RNA isolation or in T-25 flasks for 35s labeling 

(Sarstedt, Arlington, TX). One to two days after reaching 

confluence, cells were placed in DMEM + 10% fetal bovine serum 

(FBS) and subjected to a standard differentiation protocol which 

included two days of treatment with 1 jig/ml insulin, 0.5 mM 3-

isobutyl-1-methylxanthine and 0.25 |iM dexamethasone followed 

by two days of treatment with 1 |Lig/ml insulin alone, (Frost and 

Lane, 1985). At four days after the beginning of differentiation, 

cells were placed in DMEM + 10% FBS and were fed every other day 
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thereafter. IRS-1 protein levels remain low in 3T3-L1 cells until 

there have been two changes of medium following the combined 

administration of dexamethasone, 3-isobutyl-1 -methylxanthine 

and insulin (Rice et al., 1992). Adipocytes were used between 8 

and 11 days after the initiation of differentiation. The day before 

an experiment, cells were fed fresh DMEM plus 10% FBS. Drug 

dissolved in vehicle or vehicle alone was added 24 h later. 

RNA Isolation and RNase Protection Assay. Total RNA was 

isolated by the method of Chomczynski and Sacchi (1987) using 1.5 

ml of TRI Reagent™ (Molecular Research Center [MRC], Cincinnati, 

OH) according to the protocol supplied by MRC. Ribonuclease 

protection assays were performed on 15-20 |Lig of total cellular 

RNA using the RPA II™ kit (Ambion, Austin, TX) as previously 

described (Turnbow and Garner, 1993). Riboprobes were 

synthesized from the T3 promoter of a Bluescript™ SK1+ plasmid 

(Promega, Madison, Wl) containing a 1006 bp fragment of the cDNA 

coding region for mouse IRS-1 (Keller et al., 1993). Probes were 

made using the Ambion T3 MAXIscript™ in vitro Transcription Kit 

with reactions ~6 |iM in [a-32p]CTP (DuPont NEN, Boston, MA). 

After digestion with 1000 U/ml RNase Tl (Ambion), processed 

samples were run on 8 M urea (Bio-Rad, Richmond, CA) 5% Long 

Ranger™ acrylamide (AT Biochem, Malvern PA) minigels. Bands 

were detected by exposing gels to Kodak XRP-5 X-ray film. The 

integrated optical intensity of bands was quantitated using a 

Biolmage Visage 2000 (Biolmage, Ann Arbor, Ml) computer-

assisted image analyzing system. Total RNA was measured by 

absorption at 260 nm. Because 24 h of dexamethasone treatment 

does not change total RNA when compared with control (P>.1 by 

Student's t test; data not shown), integrated optical intensities 

were compared on a per-dish basis with the control values 

indicated within each experiment. Positions of bands were 

estimated by ethidium-bromide staining of a 0.16-1.77 kb RNA 

ladder (GIBCO BRL, Bethesda, MD) run in the same gel. Undigested 

probe and protected fragments migrated at 410 and 365 nt, 

respectively. The concentration of IRS-1 mRNA was determined to 
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be approximately 8 copies per control adipocyte following 

excision and scintillation counting of protected bands as described 

in the RPA II™ protocol. Hybridization was assumed to be 

complete following 64 h of incubation at 45° C. 

Preparation of Cellular Extracts. Extracts for 

immunoprecipitation and immunoblotting were prepared by placing 

dishes or flasks of cells on ice, removing medium and washing 

cells twice with 20 mM Tris, pH 7.4, plus 150 mM NaCl (TBS) at 4° 

C. Cells were lysed using 1.0 ml of pH 7.6 Lysis Buffer: 20 mM 

Tris, 50 mM NaCI, 5 mM EDTA, 30 mM sodium pyrophosphate, 50 mM 

NaF, 1 mM sodium vanadate, 1% Triton X-100 (Pierce, Rockford, IL) 

with 1 mM PMSF, 10 |iM E64 and 1 mM DFP added to the buffer 

immediately before use. Cells were broken by passage through a 

25 gauge needle and lysates were spun at 13,000 x g for 30 min. 

Supernatants were either used immediately or were stored at -70° 

G 
Antibodies. Polyclonal a-p3 antibodies were produced in 

rabbits against the murine IRS-1 peptide sequence 

CGANLGTSPALPGDEAAG (Keller et al., 1991). Polyclonal a-CT 

antibodies were produced in rabbits against the rat IRS-1 

carboxyl-terminal peptide CYASINFQKQPEDRQ (Sun et al., 1993). 

Antibodies were affinity purified by adsorption of the antiserum 

to the appropriate peptide-agarose column and elution at pH 2.5, 

followed by neutralization and dialysis (Rice et al., 1993). 

Western Blotting. Cell lysates were diluted with 0.33 

volume of 4x Sample Buffer (380 mM Tris, pH 6.8, 8% SDS, 40% 

glycerol, 4 mM EDTA, 0.016% bromphenol blue, 81 mM DTT and 0.4 

mM sodium vanadate), heated to 55° C for 10 minutes, and 

separated by SDS-PAGE on 6% gels. Proteins were transblotted 

overnight at 23 V to Immobilon P (Millipore, Bedford, MA) in 96 mM 

glycine, 12.5 mM Tris, 0.01% SDS and 10% methanol at 4° C. 

Filters were blocked 1 h in 3% instant nonfat dry milk (Carnation) 

in TBS, washed in TBS, exposed to 2 ^ig/ml affinity-purified a-CT 

in 1 % milk for 2 h, washed, and exposed to a 1:5000 dilution of 

HRP-conjugated donkey anti-rabbit IgG (Amersham, Arlington 
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Heights, IL) in 1 % milk for 30 min. After several more washes, 

bound antibodies were visualized by chemiluminescence using the 

ECL system (Amersham). Filters were exposed to Kodak XRP-5 

film for 30 s to 5 min. Signals were quantitated using the Visage 

2000 image-analyzing system. Total protein was measured using 

the reagents and protocol in the Pierce (Rockford, IL) BCA Protein 

Assay kit. Because 24 h of dexamethasone treatment did not 

change total protein when compared with control (P>.2 by 

Student's t test; data not shown), integrated optical intensities 

were compared on a per-dish basis with the control values 

indicated within each experiment. 

^S-Metabol ic Labeling. Immunoprecipitation. and 

Visual izat ion. For pulse-chase labeling, adipocytes in T-25 flasks 

(Sarstedt) were fed with 2.5 ml of DMEM containing 10% FBS and 

-200 |iCi EXPRE35S35S 35s-protein labeling mix (NEG-072, DuPont 

NEN). After 16 h, cells were washed three times with DMEM and 

were then fed with 5 ml unlabeled medium containing 10% FBS 

plus or minus 100 nM dexamethasone. Cells were washed and 

lysed as above after the indicated incubation times. For pulse 

labeling studies, cells in T-25 flasks were fed with 2.5 ml of 

DMEM containing 10% FBS and -200 |iCi 35s-protein labeling mix 

and were harvested at the indicated times. Immunoprecipitations 

were performed as follows: for each ml of lysate, 20 jig affinity-

purified a-p3 antibody was adsorbed to 30 |il (settled volume) 

protein A-agarose beads. Tubes were inverted 12 times/min for 1 

h at 4° C, beads were washed with TBS and resuspended to 60 |LII in 

TBS containing 1 mM PMSF, 10 |iM E64 and 1 mM DFP. Each ml of 

cell lysate was precleared by mixing at 12 rpm for 1 h at 4° C 

with 20 jil (settled volume) protein A agarose beads. One ml of 

precleared supernatant was added to 60 iiil of antibody-conjugated 

beads and was rotated at 12 rpm for 2 h at 4° C. Beads were then 

washed with one ml of TBS containing 1 mM PMSF, 10 )iM E64 and 

1 mM DFP. Liquid was removed, and 60 |il of Elution Buffer (500 

mM Tris, pH 6.8, 2 mM EDTA, 8 M urea, 100 mM DTT, 4% SDS and 

0.016% bromphenol blue) was added to each tube. Tubes were 
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heated to 55° C for 10 min. Eluted protein was separated from the 

agarose beads by piercing the bottom of the tube with a 25 gauge 

needle and centrifuging the liquid into another tube. Equal 

fractions of a dish were loaded and run on 6% SDS-polyacrylamide 

gels. Gels were prepared for fluorography using Resolution™ (E. M. 

Corporation, Chestnut Hill, MA), dried at 55° C under vacuum and 

exposed to Kodak XRP-5 film at -70° C. Relative integrated 

optical intensities were quantitated using the Visage 2000 image-

analyzing system, i^c-methylated proteins (Amersham) were 

included on each gel as molecular weight markers. 

Results 

Down-regulation of IRS-1 protein by dexamethasone 

and actinomycin D. Treatment of 3T3-L1 adipocytes with 100 

nM dexamethasone resulted in a decrease of IRS-1 protein to 

47% of its original level after 24 h and a further decline to 

27% after 48 h, as shown in Figure 2.1. In comparison, cells 

treated with 500 nM actinomycin D, an irreversible inhibitor 

of RNA synthesis, had 32% of IRS-1 remaining after 16 h. The 

rates of down-regulation were similar for the first 8 h. After 

this time, the rate of down-regulation in the presence of 

dexamethasone was much slower than in the presence of 

actinomycin D. In control cells the level of steady-state IRS-

1 protein did not change. 

Effect of dexamethasone on loss and accumulation of 

^ S label in IRS-1. We next examined the rate of degradation 

of IRS-1 protein by pulse-chase labeling using 35s-iabeled 

amino acids. Upon removal of 35S-labeled medium, the cells 

were treated with or without 100 nM dexamethasone and IRS-

1 was immunoprecipitated from cell lysates at the times 

indicated in Figure 2.2. The loss of 35S-labeled IRS-1 protein 

was monitored by fluorescence-enhanced autoradiography of 

protein. The large number of proteins which 

immunoprecipitate with IRS-1 may reflect the large number 

of proteins which have been observed to be associated with 
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IRS-1 (White and Kahn, 1994). The calculated half-lives of 

IRS-1 were 12.1 h in control and 10.2 h in dexamethasone-

treated cells. By analysis of covariance, the observed 

decrease in half-life with dexamethasone treatment was not 

significant (P>.2). The value we obtained for the half-life of 

IRS-1 protein in control adipocytes is less than the 25 h value 

reported earlier (Rice et al., 1993). Depending on the passage 

number and developmental age of the cells, we have observed 

control half-lives ranging from 12 to 25 h for IRS-1. 

Consequently, controls and treatments were performed on 

cells plated at the same time. 

We assessed net accumulation of label into IRS-1 

protein using medium containing 35s-iabeled amino acids plus 

or minus 100 nM dexamethasone. After an initial lag period, 

the amount of labeled IRS-1 increased linearly from 2-8 h 

(Figure 2.3). After 8 h of treatment, many of the nonspecific 

protein bands in the dexamethasone-treated sample (Figure 

2.3, Inset) were labeled as intensely as those in the control 

sample, suggesting that dexamethasone did not decrease 

accumulation of label into IRS-1 protein by decreasing the 

uptake of 35s-iabeled amino acids. The net rate of 

incorporation of 35s-iabeled amino acids into IRS-1 in 

dexamethasone-treated cells was 13% of that found in control 

cells. By analysis of covariance, the difference in the two 

rates was significant (P<.0001). 

Down-regulation of IRS-1 mRNA by dexamethasone and 

actinomycin D. During treatment with 500 nM actinomycin D 

and with 100 nM dexamethasone, IRS-1 mRNA levels declined 

rapidly to 30% of their initial value (Figures 2.4 and 2.5). 

However, between 4 and 48 h after the initiation of 

dexamethasone treatment, the steady-state concentration of 

the mRNA stabilized at -35% of the amount present in control 

ce l ls . 

The rate of loss of steady-state IRS-1 mRNA was 

compared using treatments of 100 nM dexamethasone alone, 
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500 nM actinomycin D alone and both drugs given 

simultaneously. The reason for the initial lag period is not 

known, but it was consistently observed after treatment with 

actinomycin D and, to a lesser extent, after treatment with 

dexamethasone. Because of this lag period, half-lives were 

calculated from data obtained between 1.0 and 2.5 h of 

treatment. t i / 2 was 0.74 h with dexamethasone and 0.71 h 

with actinomycin D. When both drugs were given 

simultaneously, t i / 2 was 1.01 h. By analysis of covariance, 

the slopes of the three lines were not different (P>.82). 

Reversal of the dexamethasone effect on IRS-1. While 

the effect of actinomycin D on RNA synthesis is irreversible. 

Figures 2.6 and 2.7 show that dexamethasone down-regulation 

of both IRS-1 mRNA and protein could be reversed by removal 

of dexamethasone. Cells were treated with 100 nM 

dexamethasone for 24 h, followed by removal of the drug and 

re-feeding with fresh medium. Within one day, both IRS-1 

mRNA and protein returned to levels found in cells treated 

with vehicle alone. As shown in Figure 2.8, the ED50 for 

down-regulation of IRS-1 expression over 24 h was 3 nM 

dexamethasone. The effect of dexamethasone was maximal at 

10 nM and above. Down-regulation in the presence of 100 nM 

dexamethasone was prevented by simultaneous treatment 

with the glucocorticoid antagonist RU 486 (ED50=160 nM RU 

486). 

Discussion 

Dexamethasone causes insulin resistance as measured 

by several markers, including a reduction in insulin-

stimulated glucose uptake (Grunfeld et al., 1981) and a 

decrease in glucose oxidation (Olefsky, 1975). While the 

precise cause or causes are not yet known, it is known that 

dexamethasone affects insulin signaling at several levels. 

Dexamethasone decreases insulin binding in 3T3-L1 

adipocytes (Grunfeld et al., 1981, van Putten et al., 1985), 
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decreases glucose transporter GLUT 1 and GLUT 4 steady-

state mRNA (Chu et al., 1990) and depletes cell-surface 

glucose transporters in rat adipocytes (Garvey et al., 1989). 

In view of these effects on signaling, we investigated the 

effect of dexamethasone on the expression of another element 

of insulin signaling in 3T3-L1 adipocytes, the insulin receptor 

substrate protein IRS-1. 

Steady-state amounts of IRS-1 protein declined by 40-

70% compared with control values after 24-48 h of 

dexamethasone treatment. The rate of degradation of IRS-1 

protein was not significantly different from the rate of 

degradation in control cells. This is in sharp contrast to the 

down-regulation caused by chronic insulin treatment, which 

produces a 5- to 10-fold increase in the rate of degradation of 

IRS-1 protein (Rice et al., 1993). However, we did see a 7-

fold decrease in the rate of accumulation of label in IRS-1 

protein in dexamethasone-treated cells, suggesting that 

inhibition of synthesis rather than acceleration of degradation 

is responsible for the dexamethasone-induced down-

regulation of IRS-1 protein. Two factors which influence the 

rate of IRS-1 protein synthesis are the rate of protein 

translation and the steady-state concentration of mRNA. 

Using ribonuclease protection to quantitate IRS-1 

mRNA, we determined that the steady state IRS-1 mRNA 

concentration decreased to 26-40% of its initial value after 4 

h of dexamethasone treatment and remained at this level over 

the course of the experiment. This decrease in mRNA is 

sufficient to account for most if not all of the decrease in 

IRS-1 protein. Increased degradation of mRNA could also 

contribute to a portion of the decline in steady-state protein 

in the presence of dexamethasone. Because of the low 

concentration of IRS-1 mRNA, we chose to evaluate its rate of 

degradation using ribonuclease protection. The measured 

half-life in the presence of dexamethasone or actinomycin D 

was 0.7 h. The half-life in the presence of both was 1.0 h, a 
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value that is not significantly different from the half-life in 

the presence of either dexamethasone or actinomycin D alone. 

The absence of an effect of dexamethasone on the rate of 

mRNA degradation in the presence of actinomycin D suggests 

that dexamethasone inhibits the synthesis of IRS-1 mRNA 

without significantly affecting mRNA stability. It is 

possible, however, that actinomycin D blocks the ability of 

dexamethasone to regulate mRNA stability. 

As shown in Figure 2.5, IRS-1 protein could be 

protected from dexamethasone-induced down-regulation by 

simultaneous treatment with the glucocorticoid antagonist RU 

486. This indicates that the dexamethasone effect on IRS-1 

is probably mediated through the glucocorticoid receptor. RU 

486 has an affinity for the GR which is similar to that of 

dexamethasone (Lazar and Agarwal, 1986). Our observed ED50 

for reversal of the effect of 100 nM dexamethasone was 160 

nM RU 486, a nearly equimolar concentration. If RU 486 acts 

as an antagonist in this system, it is probable that RU 486 

exerts its effect by competition with dexamethasone for 

binding to the GR. 

As shown in Figures 2.4, 2.5 and 3.7, the IRS-1 mRNA 

response to dexamethasone appears to be biphasic. We 

observed a time-dependent decline in steady-state 

concentration of IRS-1 mRNA to about 20% during the first 2.5 

h of dexamethasone treatment. Thereafter, IRS-1 mRNA 

restabilized at -35% of its initial concentration. The 

restabilization may be produced by dexamethasone-induced 

down-regulation of the glucocorticoid receptor (GR) itself, 

resulting in a partial relief of the transcriptional blockade. 

Hoeck et al. (1989) observed in NIH 3T3 cells that after 3 h of 

exposure to dexamethasone, the GR mRNA was down-regulated 

to a new steady state which was -25% of its previous 

concentration. The data in Figure 3.5 show that, in 3T3-L1 

adipocytes, a 24 h treatment with 100 nM dexamethasone 

down-regulates total steady-state GR to -50% of the control 
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value. Consequently the lack of complete down-regulation of 
the IRS-1 mRNA may be caused by the dexamethasone-induced 
down-regulation of the GR. 

In summary, dexamethasone, unlike insulin, does not 
exert a significant effect on the rate of degradation of IRS-1 
protein in 3T3-L1 adipocytes. Dexamethasone does produce a 
reversible decrease in the mRNA for IRS-1. Most of the 
decline in IRS-1 protein observed after 24 h of dexamethasone 
treatment is probably attributable to a reduction in 
transcription of IRS-1 mRNA. 
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Notes 

"•The abbreviations used in this chapter are: DFP, 
diisopropyl fluorophosphate; DMEM, high-glucose Dulbecco's 
Modified Eagle's Medium; DTT, dithiothreitol; E64, trans-
epoxy-succinyl-L-leucylamido-(4-guanidino)-butane; FBS, 
fetal bovine serum; GR, glucocorticoid receptor; IRS-1, insulin 
receptor substrate-1; kb, kilobases; nt, nucleotides; PAGE, 
polyacrylamide gel electrophoresis; PMSF, 
phenylmethanesulfonyl fluoride; RU 486, Mifepristone, 
RU38486; SEM, standard error of the mean; SDS, sodium 
dodecyl sulfate. 
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Figure 2.1 Down-regulation of steady-state IRS-1 protein. 
Adipocytes were treated with vehicle (control, open 
triangles), 100 nM dexamethasone (closed circles) or 500 nM 
actinomycin D (open circles). At the times indicated, cells 
were lysed and IRS-1 protein was detected by immunoblotting 
as described under Experimental Procedures. N > 3; error = 
SEM. When error bars are not visible, they are smaller than 
the plot symbol. The inset shows a typical immunoblot of 
IRS-1 from control (C) and dexamethasone-treated (D) 
adipocytes. 
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Figure 2.2 Degradation of 35s-|abeled IRS-1 protein. 
Adipocytes were pulse-chase labeled with 35s-amino acids 
as described under Experimental Procedures. After removal of 
labeled medium, cells were incubated with unlabeled medium 
without dexamethasone (Control) or with 100 nM 
dexamethasone (100 nM Dex) for the times indicated. IRS-1 
was isolated by immunoprecipitation, separated by SDS-PAGE 
and was visualized by fluorescence-enhanced autoradiography 
of the dried gels. By analysis of covariance, the slopes of the 
two lines were not different (P>.2). N > 3; error = SEM. When 
error bars are not visible, they are smaller than the plot 
symbol.The inset shows a typical autoradiogram of 35s-
labeled IRS-1 protein immunoprecipitated from control (C) 
and dexamethasone-treated (D) adipocytes. 
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Figure 2.3 Accumulation of ^^s-labeled amino acids into IRS-1 
protein. Adipocytes were placed in medium containing ^^S-
labeled amino acids, with no dexamethasone (Control) or 
containing 100 nM dexamethasone (100 nM Dex), as described 
under "Experimental Procedures." Cells were harvested at the 
times indicated. IRS-1 was isolated and detected as described 
in Figure 2.2. By analysis of covariance, the slopes of the two 
lines between 2 h and 8 h were significantly different 
(P<.0001). N > 3; error = SEM. When error bars are not visible, 
they are smaller than the plot symbol. The inset shows a 
typical autoradiogram of 35s-labeled IRS-1 protein 
immunoprecipitated from control (C) and dexamethasone-
treated (D) adipocytes at 8 h after addition of unlabeled 
medium. 
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Figure 2.4 Long-term down-regulation of IRS-1 mRNA. 
Adipocytes were treated with vehicle (control, open triangles), 
100 nM dexamethasone (closed circles), or 500 nM actinomycin D 
(open circles). At the times indicated, total RNA was isolated as 
described under "Experimental Procedures." IRS-1 mRNA was 
detected by ribonuclease protection assay performed with -20 
|Lig total RNA and a 365 nt 32p-|abeled riboprobe. Bands in 
undried gels were visualized by autoradiography. N > 3; error = 
SEM. When error bars are not visible, they are smaller than the 
plot symbol. The inset shows the 365 nt protected IRS-1 mRNA 
bands from ribonuclease protection assays performed on total 
RNA from dexamethasone-treated (D) and control (C) adipocytes. 
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Figure 2.5 Short-term down-regulation of IRS-1 mRNA. 
Adipocytes were treated with 500 nM actinomycin D (500 nM Act 
D), 100 nM dexamethasone (100 nM Dex), or 100 nM 
dexamethasone plus 500 nM actinomycin D (Dex + Act D). At the 
times indicated, total RNA was isolated as described under 
"Experimental Procedures." IRS-1 mRNA was detected by 
ribonuclease protection assay performed with -20 [ig total RNA 
and a 365 nt 32p.|abeled riboprobe. Bands in undried gels were 
visualized by autoradiography. IRS-1 mRNA half-life in the 
presence of actinomycin D = 0.71 h; in the presence of 
dexamethasone = 0.74 h; in the presence of actinomycin D and 
dexamethasone = 1.0 h. N > 3; error = SEM. When error bars are 
not visible, they are smaller than the plot symbol. By analysis of 
covariance, the slopes of the lines between 1 h and 2.5 h were 
not different (P>.82). 
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Figure 2.6 IRS-1 mRNA following removal of dexamethasone. 
Adipocytes were treated for 24 h with vehicle alone (Control) or 
with 100 nM dexamethasone (100 nM Dex). Cells were washed, 
refed fresh medium and harvested at the times indicated. 
Lysates were analyzed for lRS-1 mRNA by ribonuclease 
protection assay as described under "Experimental Procedures." 
N > 3; error = SEM. When error bars are not visible, they are 
smaller than the plot symbol. 
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Figure 2.7 IRS-1 protein following removal of dexamethasone. 
Adipocytes were treated for 24 h with vehicle alone (Control) or 
with 100 nM dexamethasone (100 nM Dex). Cells were washed, 
refed fresh medium and harvested at the times indicated. 
Lysates were analyzed for steady-state IRS-1 protein by 
immunoblotting as described under "Experimental Procedures." N 
> 3; error = SEM. When error bars are not visible, they are 
smaller than the plot symbol. 
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Figure 2.8 Dose-dependent down-regulation of IRS-1 protein by 
dexamethasone; protection by simultaneous administration of RU 
486. Adipocytes were treated with the indicated concentrations 
of dexamethasone (Dex Only) or with the indicated 
concentrations of RU 486 in the presence of 100 nM 
dexamethasone (RU 486 + 100 nM Dex). All cells in the Dex Only 
experiments,including controls, were given fresh medium on the 
day treatment was initiated. After 24 h of incubation, cells 
were lysed and IRS-1 protein was detected by immunoblotting as 
described under Experimental Procedures. N = 3; error = SEM. 
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CHAPTER III 
THE THIAZOLIDINEDIONE DERIVATIVE CP 92768 
PARTIALLY PROTECTS IRS-1 AND PEPCK FROM 

DEXAMETHASONE DOWN-REGUU\TION 
IN 3T3-L1 ADIPOCYTES 

Abstract 

The thiazolidinediones are a relatively new class of oral 

antidiabetic agents which are currently in clinical trials. Like the 

biguanides, these agents reduce hyperglycemia in insulin-

resistant patients without producing hypoglycemia and are thought 

to act by improving peripheral insulin responsiveness rather than 

by increasing pancreatic insulin secretion. 

This study has investigated the effect of the 

thiazolidinedione derivative CP 92768 on the expression of the 

insulin signaling intermediate IRS-1 in 3T3-L1 adipocytes. 

Administration of CP 92768 alone did not alter the expression of 

IRS-1 protein in these cells, but the drug was partially able to 

protect IRS-1 from down-regulation by dexamethasone. Treatment 

with 100 nM dexamethasone for 24 h produced a down-regulation 

of IRS-1 to -60% of control values. Simultaneous treatment with 

0.1-10 |iM CP 92768 increased the expression of IRS-1 to -75% of 

vehicle-treated controls (P<.01). The inability of CP 92768 to 

reverse the dexamethasone down-regulation completely, even at 

very high concentrations of CP 92768, suggests that the drug does 

not compete with dexamethasone for binding to the glucocorticoid 

receptor (GR). In addition, the drug did not affect the level of GR 

expression either in the absence or presence of dexamethasone. 

When the half-life of IRS-1 protein was examined, it was 

found to be unchanged in the presence of vehicle, dexamethasone, 

CP 92768, or both drugs given together. However, over 24-48 h of 

dexamethasone treatment, CP 92768 had increased IRS-1 mRNA 

from -45% to -70% of control values, suggesting that much of the 

CP 92768-mediated protection of IRS-1 can be accounted for by 

the increase in IRS-1 mRNA. 
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We also investigated the effect of CP 92768 on the 

expression of phosphoenolpyruvate carboxykinase, an insulin-

responsive enzyme whose expression is known to be down-

regulated by dexamethasone in 3T3-L1 adipocytes and up-

regulated by dexamethasone in KRC-7 hepatoma cells. CP 92768 

completely protected phosphoenolpyruvate carboxykinase from 

dexamethasone-induced down-regulation in 3T3-L1 adipocytes. In 

contrast, CP 92768 had no counterregulatory action to the 

stimulatory effects of dexamethasone on the expression of either 

IRS-1 or PEPCK in KRC-7 hepatoma cells. The ability of CP 92768 

to reverse certain negative effects of dexamethasone in 3T3-L1 

adipocytes while having no effect on the same proteins in KRC-7 

hepatoma cells suggests that a complex mechanism mediates the 

ability of the thiazolidinediones to relieve insulin resistance in 

whole animals. 

Introduction 

Type II diabetes is an adult-onset disease 

characterized by insulin resistance in insulin-responsive 

tissues such as liver, skeletal muscle and fat (Olefsky et al., 

1982). The most commonly prescribed oral treatments are the 

sulfonylureas, agents which enhance pancreatic insulin 

secretion. In severe cases of type II diabetes, injectable 

insulin is prescribed (Stinson, 1991). The major drawback of 

both the sulfonylureas and injected insulin is the risk of 

episodic hypoglycemia, a potentially life-threatening 

condit ion. 
To circumvent this side effect, investigative interest 

has focused on the biguanides and the thiazolidinediones, two 

classes of oral antidiabetic agents which are able to restore 

normoglycemia without producing hypoglycemia. It appears 

that both classes of drugs act to improve peripheral insulin 

responsiveness (Hofmann and CoIca, 1992; Stevenson et al., 

1991); however, the mechanism of action of both classes of 

compounds is unknown. The biguanides have been shown to 
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increase glucose uptake in rat adipocytes by potentiating the 
insulin-stimulated translocation of GLUT1 and GLUT4 glucose 
transporters into the plasma membrane (Kozka and Holman, 
1992; Matthaei et al., 1991). The biguanide metformin is in 
clinical use in Europe and Canada and is effective in some 
types of non-insulin-dependent diabetes mellitus (NIDDM"!). 

The second class of compounds, the thiazolidinediones, 
is currently in clinical trials. Two studies (Iwamoto et al., 
1991; Suter et al., 1992) have reported that oral 
administration of the thiazolidinedione CS-045 reduced 
insulinemia and fasting plasma glucose in NIDDM subjects. 
Concurrent studies in rodent models of insulin resistance have 
shown that the thiazolidinediones are able to increase insulin 
sensitivity, presumably by improving the efficiency of the 
insulin signaling pathway (Fujiwara et al., 1988; Gill and Yen, 
1991; Kobayashi et al., 1992; Shargill et al., 1986; Stevenson 
et al., 1990). Recently, Weinstein et al. (1993) have shown 
that thiazolidinediones are also able to attenuate the specific 
type of insulin resistance which is induced by dexamethasone 
in nondiabetic rats. 

In order to understand the mechanism of action of the 
thiazolidinediones, in vitro studies have been performed in 
cultured adipocyte cell lines (Kletzien et al., 1992; Kobayashi 
et al., 1992; Sandouk et al., 1993A and B). In one of these, 
Kreutter et al. (1990) reported that when 3T3-L1 adipocytes 
were rendered insulin-resistant by treatment with 100 nM 
dexamethasone, treatment with 10 |iM englitazone was 
partially able to restore insulin responsiveness. We had 
previously observed that treatment of 3T3-L1 adipocytes with 
100 nM dexamethasone significantly reduces the expression of 
the insulin-signaling intermediate IRS-1 (Rice et al., 1992, 
Turnbow et al., 1994). Therefore we have investigated 
whether a thiazolidinedione could prevent the down-
regulation of IRS-1 by dexamethasone. We found that when 
the thiazolidinedione derivative CP 92768 was administered 
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to 3T3-L1 adipocytes simultaneously with 100 nM 

dexamethasone, the drug provided partial protection of IRS-1 

and complete protection of PEPCK from dexamethasone down-

regulation, at a level comparable to that observed by Kreutter 

et al. (1990) for the partial reversal of dexamethasone-

induced insulin resistance by the thiazolidinedione 

englitazone. 

Experimental Procedures 

Materials. Unless otherwise noted, all reagents were 

obtained from Sigma, St. Louis, MO. RU 486 was a gift from 

Roussel-Uclaf, Romainville, France. CP 92768 and glipizide were 

gifts of Pfizer, Inc., Groton, CT. 

KRC-7 hepatoma cells are derived from H35 hepatoma cells 

and were obtained from J. W. Kounce (Koontz and Iwahashi, 1981). 

Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; 

Sigma #D5523) containing 1 g/liter glucose, 30 mg/liter L-

methionine, 62.57 mg/liter L-cysteine, 5% fetal bovine serum and 

5% horse serum. The medium also contained 60 mg/liter penicillin 

and 100 mg/liter streptomycin. Cells were fully confluent before 

the initiation of treatment. 3T3-L1 fibroblasts (CL 173, American 

Type Culture Collection, Rockville, MD) were cultured in high-

glucose DMEM (Sigma #D5648) containing penicillin and 

streptomycin -i- 10% calf serum in 6-well plates or in T-25 flasks 

(Sarstedt, Arlington, TX). One to two days after reaching 

confluence, cells were placed in high-glucose DMEM containing 

penicillin and streptomycin + 10% fetal bovine serum (FBS) and 

subjected to a standard differentiation protocol (Frost and Lane, 

1985). Adipocytes were used between 8 and 12 days after the 

initiation of differentiation. The day before each experiment, 

cells were fed DMEM + 10% FBS. Drug dissolved in vehicle or 

vehicle alone was added 24 h later. RU 486 and dexamethasone 

were dissolved in absolute ethanol, and CP 92768 was dissolved in 

dimethylsulfoxide. The final concentration of each vehicle was 

0.1%. 

37 



RNA Isolation and RNase Protection Assay. Total RNA was 

isolated as previously described (Turnbow et al., 1994) using TRI 

Reagent™ (Molecular Research Center [MRC], Cincinnati, OH). 

Ribonuclease protection assays were performed on 15-20 |ig of 

total cellular RNA using the RPA II™ kit (Ambion, Austin, TX) as 

previously described (Turnbow and Garner, 1993; Turnbow et al., 

1994). Briefly, samples were hybridized to [a32p]CTP-labeled 

antisense IRS-1 riboprobes and digested with RNase T l (Ambion). 

Samples were run on 8 M urea 5% acrylamide minigels. Bands 

were detected by exposing gels to Kodak XAR 5 X-ray film. The 

integrated optical density of bands was quantitated using a 

Biolmage Visage 2000 (Biolmage, Ann Arbor, Ml) computer-

assisted image analyzing system. Integrated optical densities 

were compared on a per-dish basis with the control values 

indicated within each experiment. Undigested IRS-1 probe and 

protected fragments migrated at 410 and 365 nt, respectively. 

Antisense PEPCK riboprobes were synthesized from a 345 nt 

fragment of mouse PEPCK cDNA which had been cloned into 

Bluescript™ (Promega, Madison, Wl) and linearized with Bglll. The 

cDNA was the gift of Dr. Elmus G. Beale. Undigested PEPCK probe 

and protected fragments migrated at 317 and 250 nt, respectively. 

Preparation of Cellular Extracts. Extracts for 

Immunoprecipitation and immunoblotting were prepared by placing 

dishes or flasks of cells on ice, removing medium and washing 

cells twice with 20 mM Tris, pH 7.4, plus 150 mM NaCl (TBS) at 4° 

C. Cells were lysed using 1.0 ml of pH 7.6 Lysis Buffer: 20 mM 

Tris, 50 mM NaCl, 5 mM EDTA, 30 mM sodium pyrophosphate, 50 mM 

NaF, 1 mM sodium vanadate, 1% Triton X-100 (Pierce, Rockford, IL). 

1 mM PMSF, 10 |LiM E64 and 1 mM DFP were added to the buffer 

immediately before use. Cells were broken by passage through a 

25 gauge needle, and lysates were spun at 13,000 x g for 15 min. 

Supernatants were either used immediately or were stored at -70° 

C. 
Ant ibodies. Affinity-purified rabbit polyclonal antibodies 

against IRS-1 (a-p3 and a-CT) were produced as previously 
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described (Turnbow et al., 1994). Polyclonal rabbit a-human GR 

(amino acids 346-367) antibody was purchased from Affinity 

Bioreagents (Neshanic Station, NJ). As characterized by the 

vendor, this antibody is able to detect GR in the transformed, 

untransformed and DNA-bound state. Polyclonal sheep a-PEPCK 

antibody was obtained from Dr. Elmus G. Beale (described in Beale 

et al., 1981). 

Western Blotting Cell lysates were diluted with 0.33 

volume of 4x Sample Buffer (380 mM Tris, pH 6.8, 8% SDS, 40% 

glycerol, 4 mM EDTA, 0.016% bromphenol blue, 81 mM DTT and 0.4 

mM sodium vanadate) and heated to 55° C for 10 minutes. Using a 

MiniProtean II™ apparatus (Bio-Rad, Richmond, CA) proteins were 

separated by SDS-PAGE using 6% or 10% gels. Proteins were 

transblotted using a MiniProtean II™ apparatus (Bio-Rad) for 45 

min at 150 V to Immobilon P (Millipore, Bedford, MA). Transfer 

buffer was maintained at 4° C and contained 96 mM glycine, 12.5 

mM Tris, 0.01% SDS and 10% methanol. Filters were blocked 30 

min in 3% instant nonfat dry milk (Carnation) in TBS, washed in 

TBS, exposed to 2 |Lig/ml of the appropriate first antibody in 1 % 

milk for 2 h, washed, and exposed to a 1:5000 dilution of HRP-

conjugated donkey anti-rabbit IgG (Amersham, Arlington Heights, 

IL) or to a 1:10,000 dilution of HRP-conjugated rabbit anti-sheep 

IgG (Cappel, West Chester, PA) in 1% milk for 30 min. After 

several more washes, bound antibodies were visualized by 

chemiluminescence using the ECL system (Amersham) or the 

Renaissance system (DuPont NEN, Boston, MA) and exposure to 

Kodak XAR 5 X-ray film. Signals were quantitated using the 

Visage 2000 image-analyzing system. Integrated optical 

densities were compared on a per-dish basis with the control 

values indicated within each experiment. 

35.S-Metabolic Labeling. Immunoprecipitation. and 

Visual izat ion. For pulse-chase labeling, adipocytes in T-25 flasks 

were labeled for 16 h using -200 jiiCi EXPRE35s35s 35s-protein 

labeling mix (NEG-072, DuPont NEN). Treatment and analysis were 

performed as previously described (Turnbow et al., 1994). Briefly, 
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labeled cells were washed three times with DMEM and were then 

fed unlabeled high-glucose DMEM + 10% FBS containing no 

treatment, 100 nM dexamethasone, 1 |iM CP 92768 or both drugs. 

Identical amounts of vehicle were present in all flasks. After 

incubation for 8 h and 24 h at 37° C, cells were washed, harvested 

with Lysis Buffer and immunoprecipitated with affinity-purified 

a-p3 antibody adsorbed to protein A-agarose beads. After mixing 

for 2 h at 4° C, beads were washed and bound proteins were eluted 

with by heating for 10 min at 55° C with 60 |il of Elution Buffer 

(500 mM Tris, pH 6.8, 2 mM EDTA, 8 M urea, 100 mM DTT, 4% SDS 

and 0.016% bromphenol blue). Proteins were separated by SDS-

PAGE on 6% gels. Gels were prepared for fluorography using 

Resolution™ (E. M. Corporation, Chestnut Hill, MA), dried at 55° C 

under vacuum and exposed to Kodak XAR 5 film at -70° C. Relative 

integrated optical densities were quantitated using the Visage 

2000 image-analyzing system, ""^Q.methylated proteins 

(Amersham) were included on each gel as molecular weight 

markers. 

Results 

Protection of IRS-1 protein from down-regulation by 

dexamethasone. As shown in Figure 3.1, when 3T3-L1 

adipocytes were treated for 24 h with 100 nM dexamethasone, 

the steady-state level of IRS-1 protein declined to -60% of 

that present in control adipocytes. IRS-1 expression was also 

tested following the administration of three antidiabetic 

agents in the absence and presence of dexamethasone. Neither 

glipizide (a sulfonylurea) nor metformin (a biguanide) were 

able protect IRS-1 from dexamethasone-induced down-

regulation at the concentrations used. However, the 

thiazolidinedione CP 92768 partially protected IRS-1 from 

dexamethasone down-regulation. RU 486 was able to 

completely prevent the down-regulation of IRS-1 induced by 

dexamethasone (Figure 3.2). The dose-dependent response to 

RU 486 illustrates the behavior expected for a competitive 
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inhibitor of glucocorticoid binding to the GR. Like RU 486, CP 

92768 alone did not change the expression of IRS-1 protein, 

but when it was added together with 100 nM dexamethasone, 

the expression of IRS-1 increased from 59% of control to 74% 

of control at 100 nM CP 92768. Further increases in the 

concentration of CP 92768 did not increase IRS-1 protein 

levels in the presence of dexamethasone. Treatment of the 

cells with the highest concentration of CP 92768 for an 

additional 24 h did not improve the degree of protection of 

IRS-1 protein from dexamethasone down-regulation (Figure 

3.3). 

Reversal of the dexamethasone down-regulation of 

IRS-1. To test the ability of both RU 486 and CP 92768 to 

reverse insulin resistance, we pre-treated 3T3-L1 adipocytes 

with 20 nM dexamethasone for 24 h. We then treated the cells 

with dexamethasone plus 1 |iM CP 92768 or dexamethasone 

plus 1 )LiM RU 486 for an additional 48 h. As shown in Figure 

3.4, down-regulation of IRS-1 protein expression became more 

severe as dexamethasone treatment continued. CP 92768 and, 

to a greater extent, RU 486 were partially able to reverse the 

down-regulat ion. 

Expression of GR in the presence of dexamethasone and 

CP 92768 in 3T3-L1 adipocvtes. It is possible that CP 92768 

protects IRS-1 mRNA and protein by decreasing the expression 

of the GR in 3T3-L1 adipocytes. Therefore, steady-state 

levels of GR were examined after 24 h in cells treated with 

vehicle, 100 nM dexamethasone, CP 92768 and both drugs 

(Figure 3.5). Following dexamethasone treatment, the amount 

of GR protein was found to be -50% of that in control cells. 

When cells were treated with both dexamethasone and 

increasing concentrations of CP 92768, the expression of GR 

was unchanged, indicating that CP 92768 does not affect IRS-

1 expression through modulation of GR expression. Treatment 

for 24 h with 10 |xM RU 486 down-regulated expression of the 
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GR to -70% of controls both in the absence and presence of 
dexamethasone. 

Effect of dexamethasone and CP 92768 on the 

degradation of IRS-1. We next examined the rate of 

degradation of IRS-1 protein by pulse-chase labeling using 

35S-labeled amino acids. Upon removal of 35s-iabeled 

medium, the cells were treated with vehicle, 100 nM 

dexamethasone, 1 |iM CP 92768 or both drugs simultaneously. 

After the indicated time of incubation, IRS-1 was 

immunoprecipitated from cell lysates and separated by SDS-

PAGE. The loss of 35s-|abeled IRS-1 protein was then 

monitored by fluorescence-enhanced autoradiography (Figure 

3.6). The calculated half-lives of IRS-1 were between 18.7 

and 23.5 h and were not significantly different. Depending on 

the passage number and developmental age of the 3T3-L1 

adipocytes, control half-lives of IRS-1 vary to some extent. 

Consequently, controls and treatments were performed on 

cells plated at the same time. 

Effect of CP 92768 on the down-regulation of IRS-1 

mRNA by dexamethasone. During the first 2.5 h of treatment 

with 100 nM dexamethasone, IRS-1 mRNA declined rapidly to 

values less than 25% of those observed at the beginning of 

treatment (Figure 3.7). The simultaneous administration of 

CP 92768 did not affect the rate of decline in steady-state 

IRS-1 mRNA. As we have seen previously (Turnbow et al., 

1994), by 8 h of dexamethasone treatment, steady-state IRS-

1 mRNA restabilized at approximately 40% of control values. 

In cells treated with dexamethasone plus CP 92768, 67% of 

IRS-1 mRNA was present at 24 h and 74% at 48 h, values 

which are significantly different (P<.01) from those seen in 

the presence of dexamethasone only. Thus, the administration 

of CP 92768 partially protected IRS-1 mRNA as well as IRS-1 

protein from down-regulation in the presence of 

dexamethasone. 
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Expression of PEPCK protein in the presence of 

dexamethasone and CP 92768 in 3T3-L1 adipocytes. In view 

of the fact that both IRS-1 and GR were down-regulated by 

dexamethasone, but only one of them was partially protected 

by simultaneous treatment with CP 92768, we tested the 

effect of the drug on dexamethasone-induced down-regulation 

of PEPCK. As shown in Figure 3.8, a 24 h treatment with 100 

nM dexamethasone down-regulated the expression of PEPCK to 

-50% of control values in 3T3-L1 adipocytes. Ten |LIM RU 486 

was able to completely protect PEPCK from dexamethasone 

down-regulation, but did not increase expression of PEPCK 

when given alone. By contrast, when 3T3-L1 adipocytes were 

treated with 1 |iM CP 92768 alone, expression of PEPCK 

protein was significantly higher than that found in control 

cells (P<.01). However, when cells were treated with 1 |LIM CP 

92768 plus dexamethasone, expression of PEPCK returned to a 

level indistinguishable from that in untreated cells. 

Expression of PEPCK mRNA in the presence of 

dexamethasone and CP 92768 in 3T3-L1 adipocytes. As shown 

in Figure 3.9, 24 h of dexamethasone treatment produced a 

decline in steady-state PEPCK mRNA to -20% of its 

pretreatment value. Treatment with 1 |iM CP 92768 plus 100 

nM dexamethasone increased steady-state mRNA to -200% of 

control levels after 24 h. In cells treated with CP 92768 

alone there was an approximately 800% increase in PEPCK 

mRNA. It appeared that for PEPCK, protein expression was not 

as tightly coupled to mRNA expression as it was for IRS-1. 

We did not investigate the effect of CP 92768 on the 

degradation of PEPCK protein or the rate of translation of 

PEPCK mRNA. However, although the responses of PEPCK 

mRNA and protein were not of the same magnitude, they were 

in the same direction following treatment with 

dexamethasone, CP 92768 and the combined administration of 

both drugs. 
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Expres'^i'^n of IRS-1. GR and PEPCK in the presence of 

dexameth^'=^nne and CP 92768 in KRC-7 hepatoma cells. 

Because CP 92768 showed different effects on three different 

glucocorticoid-responsive proteins in 3T3-L1 adipocytes, we 

examined the expression of IRS-1, GR and PEPCK in KRC-7 

hepatoma cells (Figure 3.10). Unlike adipocytes, hepatocytes 

do not respond to insulin by increasing glucose uptake, but do 

respond by suppression of gluconeogenesis. As was observed 

in 3T3-L1 adipocytes, the GR was down-regulated by 

dexamethasone, and as in 3T3-L1 adipocytes, this down-

regulation was unaffected by the addition of CP 92768 to the 

medium. However, in contrast to the down-regulation 

produced by dexamethasone in adipocytes, administration of 

dexamethasone to KRC-7 cells up-regulated expression of both 

IRS-1 and PEPCK, to 129% and 125% of control, respectively 

(P<.01). Simultaneous treatment with CP 92768 did not 

significantly affect the expression of either protein in these 

cells (P>.05). 

Discussion 

Glucocorticoid hormones, at physiologically relevant 

levels associated with stress, cause insulin resistance in man 

(Rizza et al., 1982), animal models (Caro and Amatruda, 1981) 

and cultured cells (Garvey et al., 1989). The insulin 

resistance cannot be adequately explained by changes in 

expression of either the insulin receptor or the glucose 

transporters (Grunfeld et al., 1981; Knutson, 1986; Weinstein 

et al., 1993). It is therefore possible that other components 

of the insulin signaling pathway are also affected by 

glucocorticoid hormones. 

In view of an established role of the insulin receptor 

substrate IRS-1 in insulin-mediated mitogenesis (Waters et 

al., 1993) and a possible role in glucose transport (Kanai et 

al., 1993), we have begun an investigation of the regulation of 

IRS-1 by the glucocorticoid hormone dexamethasone (Turnbow 
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et al., 1994). Our previous work has shown that in 3T3-L1 

adipocytes, dexamethasone down-regulates steady-state 

amounts of IRS-1 mRNA with no change in the rate of 

degradation of either the protein or the mRNA. Because the 

thiazolidinediones partially reverse dexamethasone-induced 

insulin resistance in 3T3-L1 adipocytes (Kreutter et al., 

1990), we investigated the effect of the thiazolidinedione 

derivative CP 92768 on IRS-1 expression in the absence and 

presence of dexamethasone. 

Over a 48 h period, CP 92768 partially blocked the 

dexamethasone down-regulation of IRS-1 when added at the 

same time as dexamethasone. The glucocorticoid antagonist 

RU 486 produced effects which were similar to, but of greater 

magnitude than, those of CP 92768. In contrast, the commonly 

used antidiabetic agents glipizide and metformin did not 

reverse the down-regulation of IRS-1 by dexamethasone, 

suggesting that these agents act on different aspects of the 

insulin signaling pathway than do the thiazolidinediones. 

Although CP 92768 and RU 486 both counteracted the 

dexamethasone-induced down-regulation of IRS-1, it is 

unlikely that CP 92768 competes directly with dexamethasone 

for binding to the GR. The full counterregulatory effect of CP 

92768 was apparent at 100 nM, and this level of protection 

was unchanged as drug concentration increased over three 

orders of magnitude. As expected, RU 486 showed a dose-

dependent protection of IRS-1 expression and was able to 

fully restore IRS-1 expression at a concentration of 10 |j.M. 

The observation that CP 92768 was able to counteract some 

but not all actions of dexamethasone also lends support to the 

hypothesis that the drug does not compete with 

dexamethasone for binding to the GR. 

We investigated several possible mechanisms of the CP 

92768 protection of IRS-1 down-regulation by dexamethasone. 

As has been seen in other cell lines, in 3T3-L1 adipocytes 

dexamethasone down-regulated the expression of the GR while 
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RU 486 acted as a partial glucocorticoid agonist with respect 

to GR down-regulation (Hoeck et al., 1989). We found that CP 

92768 did not modify basal expression of the GR in 3T3-L1 

adipocytes, and had no up- or down-regulatory effect on GR 

expression in the presence of dexamethasone. CP 92768 did 

not affect the rate of IRS-1 protein degradation either alone 

or in the presence of dexamethasone. When we examined 

steady-state levels of IRS-1 mRNA over 48 hours, we found a 

gradual increase in the expression of IRS-1 mRNA over time in 

control cells. This was not significantly affected by the 

administration of CP 92768 alone. However, by 24 h of 

treatment in the presence of dexamethasone, CP 92768 

consistently and significantly (P<.01) increased IRS-1 mRNA 

levels over those observed in the presence of dexamethasone 

alone. The magnitude of the response was similar to that seen 

for steady-state IRS-1 protein and suggests that the 

protection of IRS-1 from dexamethasone occurs primarily 

through the ability of CP 92768 to increase steady-state 

levels of IRS-1 mRNA. 

As has been reported elsewhere (Kletzien et al., 1992; 

Sandouk et al., 1993A and B), the thiazolidinediones are able 

to protect several important proteins from dexamethasone-

induced down-regulation. Beale and Tishler (1992) have 

recently shown that PEPCK protein expression is down-

regulated by dexamethasone in 3T3-L1 adipocytes. When we 

examined the effect of CP 92768 on PEPCK expression in the 

absence and presence of dexamethasone, we found that CP 

92768 also reversed the dexamethasone-induced down-

regulation of PEPCK. As it did for IRS-1, CP 92768 appeared 

to protect PEPCK protein expression primarily by increasing 

steady-state mRNA levels. 

In contrast to 3T3-L1 adipocytes, KRC-7 hepatoma 

cells showed an opposite effect on IRS-1 and PEPCK 

expression in response to dexamethasone. In these cells, 

although GR was again down-regulated by dexamethasone, the 
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drug up-regulated both IRS-1 and PEPCK protein. The 
glucocorticoid-induced up-regulation of PEPCK in liver is a 
well-known phenomenon and was expected in KRC-7 cells 
(Short et al., 1992). The up-regulation we observed for IRS-1 
confirms a recent report by Saad et al. (1993) that IRS-1 
protein levels increased 73% in the liver of dexamethasone-
treated rats. Thus, IRS-1 and PEPCK respond to 
dexamethasone in a tissue-specific manner. GREs frequently 
exist in a composite form and confer specificity through 
interaction with other transcription factors such as API 
(Pearce and Yamamoto, 1993) and accessory receptor factors 
(Imai et al., 1990). Thus, it is possible that the up-regulation 
of IRS-1 and PEPCK by dexamethasone in hepatocytes and the 
dexamethasone-induced down-regulation of both proteins in 
3T3-L1 adipocytes is controlled by tissue-specific factors 
which interact with the occupied GR at glucocorticoid 
response elements (GREs) to produce either positive or 
negative effects on transcription. 

If tissue-specific factors are responsible for net 
transcriptional up- or down-regulation of an mRNA in 
response to dexamethasone, it is also possible that the action 
of CP 92768 is dependent on the presence of tissue-specific 
factors. This would explain our observation that CP 92768 
counteracted the effect of dexamethasone on IRS-1 and PEPCK 
expression in 3T3-L1 adipocytes, but had no up- or down-
modulatory effect in dexamethasone-treated KRC-7 
hepatocytes. The slow onset of the effect of CP 92768 
suggests that it may act by increasing or decreasing the 
expression of a regulatory protein rather than by modification 
of a pre-existing factor. If this is the case, it is possible 
that this regulatory protein interacts with tissue-specific 
factors to modulate the transcription of several genes 
expressed in insulin-sensitive differentiated cells. We 

observed that CP 92768 alone was able to up-regulate PEPCK 
protein in 3T3-L1 adipocytes and down-regulate PEPCK 
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protein in KRC-7 hepatocytes. One could speculate that in the 

PEPCK promoter the CP 92768-induced regulatory protein does 

not require interaction with the occupied GR, but is able to 

interact independently with tissue-specific transcription 

factors to produce increased or decreased PEPCK 

transcription. By contrast, CP 92768 modulation of IRS-1 

transcription takes place only in 3T3-L1 adipocytes and only 

in the presence of dexamethasone. This suggests that, for 

IRS-1, regulation by CP 92768 also requires DNA binding of 

the occupied GR. 

Investigators in other laboratories have observed that 

the thiazolidinedione pioglitazone is able to regulate several 

proteins involved in insulin signaling in a direction opposite 

to that observed for dexamethasone. For example, in 3T3-L1 

adipocytes, treatment with dexamethasone down-regulates 

the mRNA levels of GLUT1, GLUT4 and adipsin (Chu et al., 

1990; de Herreros et al., 1989). Long-term glucocorticoid 

treatment renders 3T3-F442A cells unable to accumulate 

lipid, and differentiation is completely blocked (Samuelsson 

et al., 1991). However, pioglitazone treatment enhances 

differentiation of 3T3-F442A adipocytes, and produces an 

increase in transcripts for GLUT1, GLUT4, and adipsin 

(Sandouk et al., 1993A). All of this is consistent with our 

observations regarding the effects of dexamethasone and the 

thiazolidinedione derivative CP 92768 on IRS-1 and PEPCK in 

3T3-L1 adipocytes. 

The diversity observed in glucocorticoid-responsive 

promoter elements would explain why some are quite 

sensitive to administration of thiazolidinediones, while 

others demonstrate a rather small effect or no effect at all. 

The sum of effects of a changing complement of positive and 

negative binding proteins at a GRE would determine the net 

level of transcription from a particular promoter. Hence, if 

CP 92768 induced the expression of a transcription factor 

which could interact with one or more additional proteins 
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present at a GRE, the net effect would be a modulation but not 

necessarily a complete reversal of the previous rate of 

transcription. A fuller understanding of the regulation of IRS-

1 by glucocorticoids awaits the cloning of the upstream 

regulatory regions of the IRS-1 gene. 

Taken together, the observations presented in this 

study indicate that both IRS-1 and PEPCK respond to 

dexamethasone in a tissue-specific manner. These proteins 

also respond to counterregulation by CP 92768 in a tissue-

specific manner, with increased mRNA and protein expression 

in 3T3-L1 adipocytes, but no change in the dexamethasone-

induced up-regulation of protein expression in KRC-7 

hepatocytes. Investigators have shown empirically that the 

thiazolidinediones are effective in partially reversing 

dexamethasone-induced insulin resistance in Sprague-Dawley 

rats (Weinstein et al., 1993) as well as in 3T3-L1 adipocytes 

(Kreutter et al., 1990). However, the mechanism of action of 

the thiazolidinediones is still not clear. Further work will be 

necessary to determine whether these drugs act primarily by 

stabilizing existing mRNA transcripts, as suggested by 

Sandouk et al. (1993 A and B) or if they modulate the rate of 

transcription through changes in protein complexes at 

composite GREs. 

The thiazolidinediones are drugs with great clinical 

promise in the treatment of insulin-resistant states. 

Although their mechanism of action remains undefined, it is 

expected that ongoing investigation will eventually reveal 

how they exert their effects in insulin-responsive tissues. 

This, in turn, will permit further understanding of both the 

development and reversal of insulin resistance. 
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Notes 

lThe abbreviations used in this chapter are: DFP, 
diisopropyl fluorophosphate; DMEM, Dulbecco's Modified Eagle's 
Medium; DTT, dithiothreitol; E64, frans-epoxy-succinyl-L-
leucylamido-(4-guanidino)-butane; FBS, fetal bovine serum; 
GR, glucocorticoid receptor; GRE, glucocorticoid response 
element; IRS-1, insulin receptor substrate-1; kb, kilobases; 
NIDDM, noninsulin-dependent diabetes mellitus; nt, 
nucleotides; PAGE, polyacrylamide gel electrophoresis; PEPCK, 
phosphoenolpyruvate carboxykinase; PMSF, 
phenylmethanesulfonyl fluoride; RU 486, Mifepristone, 
RU38486; SEM, standard error of the mean; SDS, sodium 
dodecyl sulfate. 
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Figure 3.1 Protection of IRS-1 protein from dexamethasone 
down-regulation by three antidiabetic drugs. Fully-
differentiated 3T3-L1 adipocytes were treated for 24 h with 
vehicle (Control), 10 |iM glipizide, 10 |ig/ml metformin or 100 
nM CP 92768 (CP-92) or with the same treatments in the 
presence of 100 nM dexamethasone. After treatments were 
completed, cells were lysed and IRS-1 protein was detected 
by immunoblotting as described in Experimental Procedures. N 
> 3; error = SEM. By Duncan's new multiple range test, CP-92 + 
100 nM Dexamethasone(*) is different from Control + 100 nM 
Dexamethasone (P<.01). 
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Figure 3.2 Protection of IRS-1 protein from dexamethasone 
down-regulation by RU 486 and CP 92768. 3T3-L1 adipocytes 
were treated for 24 h with increasing concentrations of RU 
486 (RU 486 Only) or increasing concentrations of CP 92768 
(CP-92 Only). Treatments were also performed in the 
presence of 100 nM dexamethasone (RU 486 + 100 nM Dex, CP-
92 + 100 nM Dex). After treatments were completed, cells 
were lysed and IRS-1 protein was detected by immunoblotting 
as described in Experimental Procedures. N > 3; error = SEM. 
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Figure 3.3 Protection of IRS-1 protein from dexamethasone 
down-regulation by CP 92768. 3T3-L1 adipocytes in control 
groups were pretreated for 24 h with vehicle. All other 
groups were pre-treated for 24 h with 10 |LIM CP 92768. They 
were then treated for 24 and 48 h with vehicle (Control) CP 
92768 alone (10 |LIM CP-92), dexamethasone alone (100 nM 
Dex) or both drugs administered together CP-92 + Dex). 
Treatments were administered in fresh medium each day. 
After treatments were completed, cells were lysed and IRS-1 
protein was detected by immunoblotting as described in 
Experimental Procedures. N > 3; error = SEM. 
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Figure 3.4 Protection of IRS-1 protein following a pre
existing dexamethasone down-regulation. 3T3-L1 adipocytes 
were treated for 24 h with vehicle (Control) or with 20 nM 
dexamethasone . Dexamethasone-treated cells received 
additions of 1 |iM RU 486 (Dex + 1 |iM RU 486) or 1 )iM CP 
92768 (Dex + 1 |LIM CP-92), or no additional treatment (20 nM 
Dex). Treatments were administered in fresh medium each day. 
Cells from each group were harvested with Lysis Buffer at 24, 
48 and 72 h after the initiation of treatment with vehicle or 
dexamethasone. Gel separation, immunoblotting, and 
chemiluminescent analysis were performed as described in 
Experimental Procedures. N = 3; error = SEM. By Duncan's new 
multiple range test, at both 48 and 72 h, IRS-1 present in cells 
treated with dexamethasone plus CP 92768 or dexamethasone 
plus RU 486 was different from IRS-1 present in cells treated 
for the same length of time with dexamethasone alone (P<.01). 
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Figure 3.5 Expression of GR protein in 3T3-L1 adipocytes. 3T3-
L1 adipocytes were treated for 24 h with increasing 
concentrations of CP 92768 (CP-92 Only), CP 92768 in the 
presence of 100 nM dexamethasone (CP-92 + 100 nM Dex) or RU 
486 in the presence of 100 nM dexamethasone (RU 486 + 100 nM 
Dex). Lysates were processed and analyzed as described in 
Experimental Procedures, using polyclonal rabbit a- human GR 
(amino acids 346-367) as the first antibody. N > 3; error = SEM. 
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Figure 3.6 Effect of dexamethasone and CP 92768 on the 
degradation of IRS-1 protein. 3T3-L1 adipocytes were pulse-
chase labeled with 35s-amino acids as described under 
Experimental Procedures. After removal of labeled medium, 
cells were incubated with unlabeled medium containing 
vehicle (Control), 1 |LIM CP 92768 (1 |iM CP-92), 100 nM 
dexamethasone (100 nM Dex) or with both drugs 
simultaneously (CP-92 + Dex) for the times indicated. IRS-1 
was isolated by immunoprecipitation, separated by SDS-PAGE 
and was visualized by fluorescence-enhanced autoradiography 
of the dried gels. Integrated optical densities of bands at the 
position of IRS-1 were obtained as described in Experimental 
Procedures. N = 3; error = SEM. By analysis of covariance, the 
slopes of the lines were not different (P>0.9). 

60 



16 24 32 

Time, h 

Figure 3.7 Effect of CP 92768 on the down-regulation of IRS-
1 mRNA by dexamethasone. 3T3-L1 adipocytes were treated 
with vehicle (Control), 1 |iM CP 92768 (1 |iM CP-92), 100 nM 
dexamethasone (100 nM Dex), or both drugs given 
simultaneously (CP-92 + Dex). At the times indicated, total 
RNA was isolated and IRS-1 mRNA was detected by 
ribonuclease protection assay as described in Experimental 
Procedures. Bands in undried gels were visualized by 
autoradiography. N > 3; error = SEM. By Duncan's new multiple 
range test, the amount of IRS-1 mRNA after 24 h and 48 h of 
dexamethasone is different from the amount of IRS-1 mRNA 
after 24 h and 48 h of CP 92768 plus dexamethasone, 
respectively (P<.01). 
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Figure 3.8 Expression of PEPCK protein in 3T3-L1 adipocytes. 
3T3-L1 adipocytes were treated for 24 h with vehicle only 
(Control), 10 |iM RU 486 only (RU 486) or CP 92768 only (CP-92), 
or the same treatments in the presence of 100 nM 
dexamethasone. Lysates were processed and analyzed as 
described in Experimental Procedures, using polyclonal sheep a-
PEPCK as the first antibody. N > 3; error = SEM. By Duncan's new 
multiple range test, the amount of PEPCK protein in adipocytes 
treated with CP 92 768 (#) and CP 92768 + 100 nM 
dexamethasone (*) was different from the amount of PEPCK 
protein in control cells and cells treated with 100 nM 
dexamethasone, respectively (P<.01). 
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Figure 3.9 Effect of CP 92768 on the down-regulation of 
PEPCK mRNA by dexamethasone. 3T3-L1 adipocytes were 
treated with vehicle (Control), 1 |LIM CP 92768 (1 |LIM CP-92), 
100 nM dexamethasone (100 nM Dex), or both drugs given 
simultaneously (CP-92 + Dex). At the times indicated, total 
RNA was isolated and IRS-1 mRNA was detected by 
ribonuclease protection assay as described in Experimental 
Procedures. Bands in undried gels were visualized by 
autoradiography. N > 3; error = SEM. 
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Figure 3.10 Expression of IRS-1, GR and PEPCK in the 
presence of dexamethasone and CP 92768 in KRC-7 hepatoma 
cells. Fully-confluent KRC-7 hepatoma cells were treated for 
24 h with vehicle, 1 |iM CP 92768, 100 nM dexamethasone and 
both drugs given simultaneously. Cells were lysed and 
analyzed for expression of IRS-1, GR and PEPCK as described 
in Figures 3.1 and 3.8. N = 3; error = SEM. 
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CHAPTER IV 
CONCLUSIONS 

The two questions asked at the outset of this study 
were: 

1. How does dexamethasone produce down-regulation 

of IRS-1 protein expression in 3T3-L1 adipocytes? 

2. How does a drug which is known to counteract 

insulin resistance modulate IRS-1 protein expression in the 

presence of dexamethasone? 

The data presented in Chapter II indicated that 

dexamethasone affected the synthesis rate of IRS-1 protein 

rather than its degradation rate. When steady-state 

concentrations of IRS-1 mRNA and protein were compared, the 

time course and magnitude of the decline in steady-state IRS-

1 protein could be accounted for by the time course and 

magnitude of the decline in IRS-1 mRNA. This does not rule 

out the possibility that dexamethasone may also modulate 

translational initiation and the rate of transcription. In view 

of the long 5' untranslated region of the IRS-1 mRNA, it is 

possible that these are regulated steps in the expression of 

IRS-1 (Keller et al., 1993; Kozak, 1991; Sun et al., 1992). 

However, because dexamethasone is known to act through the 

glucocorticoid receptor to regulate transcriptional initiation, 

for the purposes of this study we assumed that the decline in 

steady-state mRNA was sufficient to account for the down-

regulation of IRS-1 protein. 

When the rate of IRS-1 mRNA degradation was 

measured by the administration of actinomycin D, 

dexamethasone, and both drugs given simultaneously, we 

observed that dexamethasone did not change the degradation 

rate of IRS-1 mRNA. It was therefore postulated that 

dexamethasone acted as a negative regulator of IRS-1 

transcription in 3T3-L1 adipocytes. In order to establish this 

conclusion, it will be necessary to isolate the regulatory 
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elements of the IRS-1 gene. If these are ligated to a reporter 

gene and transfected into 3T3-L1 cells, it should be possible 

to determine whether dexamethasone regulates IRS-1 

transcription through one or more glucocorticoid response 

elements (GREs^), through modulation of other transcription 

factors, or perhaps through destabilization of the mRNA in a 

manner which was not detectable using actinomycin D. 

Interestingly, we observed in studies in Chapter III 

that dexamethasone has a positive effect on expression of 

steady-state IRS-1 protein in KRC-7 hepatoma cells. This 

suggests that the IRS-1 gene may contain GREs which respond 

positively or negatively to glucocorticoids in a tissue-

specific manner. The direction of the response may depend 

upon the concentrations of tissue-specific accessory factors 

which bind to the occupied GR and/or the DNA sequence near 

the GRE. Adipocytes may contain accessory factors which 

enhance a transcriptional blockade at the GRE, while 

hepatocytes may contain factors which interact at the GRE to 

enhance transcription. It is also possible that ubiquitous 

regulatory factors such as c-fos and c-jun may interact 

either positively or negatively with the GRE depending upon 

their relative abundance in hepatocytes versus adipocytes 

(Miner and Yamamoto, 1991). 

The data presented in Chapter III indicated that two 

drugs commonly used to counteract insulin resistance, 

glipizide and metformin, did not affect the expression of IRS-

1 in 3T3-L1 adipocytes in the presence of dexamethasone. 

However, the thiazolidinedione derivative CP 92768 was 

partially able to protect IRS-1 from dexamethasone-induced 

down-regulation. Several experiments were performed to 

determine the mechanism of this down-regulation, but no 

clear-cut picture emerged. Dose-response studies indicated 

that CP 92768 did not act through competition with 

dexamethasone for binding to the glucocorticoid receptor. 

Pulse-chase labeling showed that the drug did not change the 
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degradation rate of IRS-1 protein in the presence or absence 

of dexamethasone. CP 92768 increased the steady-state 

concentration of IRS-1 mRNA in the presence of 

dexamethasone, but not in its absence. It had a slow onset of 

action, requiring 8-24 h for a significant increase in steady-

state IRS-1 mRNA. 

When CP 92768 was administered to a hepatoma cell 

line in which dexamethasone increased the expression of both 

IRS-1 and PEPCK proteins, the drug did not modulate the level 

of either protein in the presence of dexamethasone. This may 

indicate that the action of CP 92768 is specific only for 

negative glucocorticoid responses. 

Other investigators have reported that the 

thiazolidinediones are effective in partially reversing insulin 

resistance by improving basal and insulin-stimulated 2-

deoxyglucose uptake in dexamethasone-treated 3T3-L1 

adipocytes (Kreutter et al., 1990). Similarly, in 

dexamethasone-treated Sprague-Dawley rats, 

thiazolidinedione treatment decreased both fasting serum 

glucose and insulin levels, although it did not restore them to 

control values (Weinstein et al., 1993). When the results of 

those studies are compared with this one, there appears to be 

a correlation between the degree of dexamethasone down-

regulation of insulin responsiveness and the degree of down-

regulation of IRS-1 protein. There is a similar correlation 

between the partial restoration of IRS-1 protein expression 

and the degree of restoration of insulin responsiveness in 

response to thiazolidinedione treatment. These findings 

reinforce the observations of Sun et al. (1992) regarding 

insulin-stimulated thymidine uptake and those of Rice and 

Garner (1994) regarding insulin-stimulated glucose uptake, 

which suggest that a deficiency in expression of IRS-1 may be 

an important element in the development of insulin resistance 

When all of our observations are taken together, they 

are consistent with a model in which the IRS-1 gene contains 
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one or more GREs which are utilized in a tissue-specific 

manner. We have postulated that CP 92768 works through the 

mduction of a secondary transcription factor (labeled TF-X in 

Figures 4.1 and 4.2). This hypothesis receives some support 

from the observation by Kreutter et al. (1990) that 

cycloheximide partially blocked an insulinomimetic effect of 

englitazone in 3T3-L1 adipocytes. We propose that the CP 

92768-induced factor partially disrupts the interaction of a 

GRE binding complex in the upstream promoter region of the 

IRS-1 gene. Because it appears that IRS-1 is constitutively 

transcribed (Araki et al., 1993), the partial release of a 

transcriptional blockade at a GRE would result in a partial 

recovery of IRS-1 transcription. Assuming the rate of 

translation per mRNA was unchanged, the synthesis of IRS-1 

protein would be increased proportionately. We have observed 

that administration of CP 92768 in the presence of 

dexamethasone in KRC-7 hepatoma cells does not up-regulate 

or down-regulate the expression of either IRS-1 or PEPCK 

Illustrations of the proposed mechanisms are presented in 

Figures 4.1 and 4.2. 

The cause of glucocorticoid-induced insulin resistance 

remains to be established. Investigators have shown that 

glucocorticoid administration to 3T3-derived adipocyte cell 

cultures affects the mRNA levels of many insulin-regulated 

proteins including PEPCK, GLUT1, GLUT4, adipsin, lipoprotein 

lipase, and glycerol-3-phosphate dehydrogenase (Beale and 

Tishler, 1992; Chu et al., 1990; de Herreros et al., 1989; 

Samuelsson et al., 1991). It is therefore possible to 

speculate that dexamethasone causes a derangement in insulin 

signaling by a pleiotropic effect, altering the expression of 

several proteins involved in mediating insulin responses. 

Alternatively, as has been mentioned previously, the down-

regulation of IRS-1 alone may be all that is necessary to 

produce insulin resistance in response to glucocorticoids. For 

example. Waters et al. (1993) have recently shown that 
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antisense RNA inhibition of IRS-1 expression in Chinese 

hamster ovary fibroblasts is sufficient to prevent the cells 

from proliferating in response to insulin. 

If the concentration of IRS-1 is determined to be the 

primary determinant in the development of glucocorticoid-

induced insulin resistance, drugs or gene therapy to modulate 

the expression of IRS-1 will become an important part of the 

treatment of insulin resistance. Our work has made an 

important contribution to the study of insulin resistance by 

showing that glucocorticoids down-regulate IRS-1 expression 

in adipocytes primarily at the transcriptional level and that 

thiazolidinedione protection of IRS-1 is also accomplished 

primarily at the transcriptional level. 

In order to design better drugs and treatment 

strategies to counteract glucocorticoid-induced insulin 

resistance, it will be important to characterize the 

glucocorticoid response elements in the IRS-1 gene and its 

flanking regions. The findings presented in this study will 

provide a baseline for other workers to identify both DNA 

elements and corresponding binding proteins which are 

critical to the regulation of IRS-1 in response to 

glucocorticoids. It is our hope that better understanding and 

subsequent clinical control of glucocorticoid-induced insulin 

resistance will be achieved in the very near future. 
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Notes 

"•The abbreviations used in this chapter are: ASF, 
adipocyte-specific factor(s); GR, glucocorticoid receptor; 
GRE, glucocorticoid response element; HSF, hepatocyte-
specific factor(s); IRS-1, insulin receptor substrate-1; kb, 
kilobases; PEPCK, phosphoenolpyruvate carboxykinase. 
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Figure 4.1 Postulated mechanism of dexamethasone-induced 
down-regulation of IRS-1 and partial protection by CP 92768 
in 3T3-L1 adipocytes. The upstream regulatory region of the 
IRS-1 gene contains a putative glucocorticoid response 
element (GRE). When the cells are treated with 
dexamethasone (Dex), these are bound by activated 
glucocorticoid receptors (GR). Other factors postulated to 
contribute to site-specific binding are an adipocyte-specific 
factor (ASF) and a transcription factor which may be induced 
by CP 92768 (TF-X). The magnitudes of transcriptional down-
regulation and recovery (represented by the widths of the 
horizontal arrows) have been exaggerated for clanty. 
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Figure 4.2 Postulated mechanism of dexamethasone-induced 
up-regulation of IRS-1 and absence of an effect of CP 92768 
in KRC-7 hepatoma cells. The upstream regulatory region of 
the IRS-1 gene contains a putative glucocorticoid response 
element (GRE). When the cells are treated with 
dexamethasone (Dex), these are bound by activated 
glucocorticoid receptors (GR). Other factors postulated to 
contribute to site-specific binding are a hepatocyte-specific 
factor (HSF) and a transcription factor which may be induced 
by CP 92768 (TF-X). The magnitude of transcriptional up-
regulation (represented by the widths of the horizontal 
arrows) has been exaggerated for clarity. 
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