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ABSTRACT 

The study of insulin signaling is important because of its relevancy to the disease 

non-insuUn dependent diabetes meUitus (NIDDM). NIDDM is die most common 

endocrine and serious metabolic disorder in industrialized nations. The sequelae of the 

disease are serious multi-system disorders with high morbidity and mortality. The 

enormity of the disease has been the impetus fueling research of NIDDM for many years. 

Current understanding of the etiology of NIDDM implicates insulin resistance as the 

primary symptom responsible for causing the disease. Insulin resistance refers to the 

inability of insulin to signal intraceUular responses. In general, research data best 

support a hypothesis that insulin resistance is due to an unknown post-receptor defect in 

the insulin-signaling mechanism. My dissertation deals with the investigations how the 

protein IRS-1 (insulin receptor substrate), a putative second messenger in the 

phosphoprotein pathway a component of the insulin signaling pathway, is regulated and 

the relationship of IRS-1 regulation to insulin responsiveness. 

CeUular concentrations of IRS-1 in 3T3-L1 adipocytes were found to be up-

regulated in an insulin- and dexamethasone-dependent manner during the differentiation 

of these ceUs from fibroblasts. This result suggested that IRS-1 might also be regulated 

by these substances in the mature adipocytes. Subsequent research has revealed that IRS-

1 was down-regulated by these substances in the adipocytes. Elucidation of the insulin 

mechanism down-regulating IRS-1 can be explained by destabiUzation of the protein 

without contribution from IRS-1 mRNA regulation. The mechanism by which the 

degradation of IRS-1 is signaled has been determined to be dependent upon a 

phosphorylation event and intracellular calcium. 

Although the exact physiological function of IRS-1 is unknown, it has been 

ascertained that the development of insulin resistance, as measured by 2-deoxyglucose 

uptake, has similar kinetics as the down-regulation of IRS-1 induced by insulin. 

Removal of insulin and the subsequent recovery of insulin responsiveness and IRS-1 

concentrations have similar kinetics. The ED50 values for the down-regulation of both 

IRS-1 and 2-deoxyglucose uptake are approximately the same and occur at physiological 

levels. 

Results from these experiments provide support that insulin regulates IRS-1 by a 

mechanism involving the degradation of the protein and provides a working hypothesis 

on which to investigate the role of IRS-1 in the etiology of insulin resistance. 
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CHAPTER I 

INTRODUCTION 

Insulin signaling is important because of its relevancy to the disease non-insuUn 

dependent diabetes mellitus (NIDDM). ^ NIDDM is die most common endocrine disease 

and the most serious metabolic disorder in industrialized nations (1). Estimated 

prevalence is 5 to 6% (2). The sequelae of the disease are a serious multi-system 

disorder of high morbidity and mortaUty. It is the most common cause of blindness and 

seventh among the most common causes of death in the United States (2). The enormity 

of the disease has been the impetus for research into the etiology of NIDDM for many 

years. Current understanding of the etiology of NIDDM implicates insuUn resistance as 

the primary symptom but frank disease seems also to depend upon pancreatic islet 

deficiency (3). Insulin resistance refers to the inability of insulin to signal intraceUular 

responses. Insulin resistance could conceivably be the result of one or more defects at 

any point in the insulin signaling mechanism. Insulin treatments marginaUy ameliorate 

the disease and a more efficacious treatment wiU require a more thorough understanding 

of the insulin signaling pathway. 

The insulin signaling mechanism has been the subject of much research, 

however, the mechanism remains a conundrum. The focus of research has been mainly 

on the insuUn receptor and proteins at the terminal ends of the insulin signaling pathways 

that are responsible for effecting the plethora of individual insulin responses. The 

insulin receptor has been purified, sequenced and its function determined. Its pivotal role 

in signaling has prompted studies concerning the possibility that insulin receptor mutants 

are the cause of insulin resistance. Several investigators have discovered NIDDM 

patients with insulin receptor mutations that are responsible for their insulin resistance 

(4,5). However, receptor mutations appear to account for less than 10% of the insulin 

resistance population. Concomitant research investigating the role of terminal effector 

proteins, e.g., GluT4 (the insulin-sensitive glucose transporter), has yielded siimlar 

disappointing results as the insulin receptor. It has recentiy been shown that the cause of 

^Abbreviations used are: NIDDM, non-insulin dependent diabetes mellitus; 
GluT4, the insulin sensitive glucose transporter, IRS-1, insulin receptor substrate; 
MODY, maturity-onset diabetes of the young; IGF-1, insulin-like growth factor; PI3K, 
phosphatidyUnositol 3'-kinase; PDGF, Platelet-derived Growth Factor; SH2, Src 
Homology 2; Dex, dexamethasone; Mix, l-methyl-3-isobutylxanthine. 
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insulin resistance in sixteen French families widi "mamrity-onset diabetes of the young" 

(MODY) is a nonsense mutation in the gene for glucokinase on chromosome 7 (6). 

However, MODY accounts for approximately 1% of the NIDDM population. The 

general faUure of the insulin receptor or terminal response proteins being the culprit 

responsible for insulin resistance has lead to the concept diat insulin resistance must be 

the result of an unknown post-receptor defect in the signaling pathway. Further 

elucidation of the insulin signaling mechanism is required to identify the cause of insulin 

resistance. My dissertation deals widi die investigations of a protein, IRS-1, a putative 

second messenger in the insulin signaling pathway and its relationship to insulin 

responsiveness. 

The Phosphotvrosine Protein Pathwav 

It has been shown that the insulin receptor contains an intraceUular domain with 

the function of a tyrosine kinase (7,8). The insulin receptor tyrosine kinase is activated 

by insulin and results in autophosphorylation of the receptor. This phosphorylation 

serves to lock the kinase in the functional state prolonging signaling activity. The use of 

receptor mutants has shown this activity to be essential for insulin signaling (9-13). 

Distal to the receptor, several signaling mechanisms have been impHcated in the insulin 

signaling pathway. For example, various G proteins, of both the pertussis toxin-sensitive 

famUy and the Ras famUy (14-16), Protein Kinase C (17), intraceUular calcium (18,19) 

and glycoslated inositol phosphate compounds (20,21) have been impUcated in insulin 

signaUng. However, the link of these signaling systems to the insulin receptor has 

remained elusive. The only putative signal mechanism with apparent direct links to the 

insulin receptor has evolved from the observations that several endogenous proteins are 

apparentiy substrates for the insulin receptor tyrosine kinase. This signaling pathway is 

known as the phosphotyrosine protein pathway. 

The data linking these proteins to insulin signaling is circumstantial but 

convincing. Endogenous phosphotyrosine protein substrates are Tyr phosphorylated by 

the insulin receptor in equal molar amounts with the same kinetics as the 

autophosphorylation of the insulin receptor (22). Endogenous phosphotyrosine proteins 

are unique substrates for the insulin and IGF-1 receptors (23). Endogenous 

phosphotyrosine proteins are substrates for the insulin receptor in vitro (24). These 

proteins are present in important insulin-sensitive tissues (23,25-28). Increasing insulin 

receptors by transfection and overexpression leads to concomitant increase of tyrosine 

r ^.' f-Jm^BKM^fll'Sm^. 



phosphorylation of the protein substrates and a similar increase in insulin response (29). 

The transfection of mutant insulin receptors reduces phosphorylation of endogenous 

phosphotyrosine protein substrates widi similar loss of various insulin responses (30,31). 

The data are consistent with the phosphotyrosine protein pathway being a component of 

the insulin signaling mechanism. 

Although several of these endogenous substrate proteins have been identified 

(29), the most commonly observed are tiiose in die weight range of 160 - 185 kDa. 

Purification of these proteins has thwarted investigators for several years apparentiy 

because of the instabiUty of die phosphotyrosine, die only method of their detection. 

However, KeUer et al. (32) and Rodienburg et al. (33) have purified ppl60 from 3T3-L1 

adipocytes and rat Uver, respectively. Subsequent sequencing data of the rat (34) and 

human ppl85 (35) and mouse ppl60 (36) has shown that the proteins are essentiaUy the 

same. These proteins are now known coUectively as the "insulin receptor substrate" or 

IRS-1. The "-1" refers to first insuHn receptor substrate to be purified and aUudes to the 

general expectation that other insuUn receptor substrates wiU be purified. 

IRS-1 contains over 30 tyrosine residues. Fourteen of these tyrosines are found 

within the proper amino acid motif recognized by the insulin receptor kinase. It has been 

shown that peptides of 10-15 amino acids in length and representative of these fourteen 

tyrosine containing regions of IRS-1 are satisfactory substrates for the insulin receptor in 

vitro (37). However, the peptide motifs vary in affinity for the receptor and may weU 

indicate differences in potential to signal insulin responses. It remains to be shown 

which of the tyrosines are important as phosphorylation sites in the native protein. 

The Phvsiological Function of IRS-1 

Although there is a consensus that IRS-1 is involved in insulin signaUng, no 

physiological function for the protein has been demonstrated. Three observations from 

the sequencing data indicate that this protein has a very important and conserved 

physiological function: one, the three mammaUan proteins sequenced to date have >95% 

homology; two, sequence searches of Gene Bank have shown no existing homology with 

any known protein; three, the structural portion of the gene sequence contains no introns. 

These characteristics are unique to proteins which are critical for ceUular processes, e.g., 

histones. However, no enzymatic activity for IRS-1 has been detected. In the insulin 

stimulated state only, several labs have recentiy reported that the immunoprecipitation of 

either the insulin receptor or IRS-1, also co-immunoprecipitates die enzyme 
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phosphatidyUnositol 3'-kinase (PI3K) (38-40). Hence, impUcating PI3K as a component 

of the phosphotyrosine protein pathway. 

PI3K was first discovered during studies of the platelet-derived growth factor 

(PDGF) signaling padiway (41). Subsequentiy, PI3K has been impUcated in signaling 

padiways of several growth factors (39,42-44). This suggests a convergence point in die 

control of a pathway important as a terminal response common to several growth factors. 

This speculation remains to be shown, however. PI3K is a heterodimeric protein 

consisting of an 85 kDa regulatory subunit and a 110 kDa catalytic subunit. PI3K is 

activated by the binding of its Src Homology 2 (SH2) regions to phosphotyrosine 

residues found in respective proteins such as IRS-1 (40). 

The observation that IRS-1 and PI3K form sufficientiy tight complexes to be co-

immunoprecipitated impUes that the physiological function of IRS-1 may be that of a 

iiisnli5~TT 
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insulin responses 
Figure 1.1 A model of the insulin signaling pathway involving the phosphotyrosine 
protein pathway. Insulin is shown binding to the heterotetrameric insulin receptor (IR) 
resulting in activation of the intrinsic, intraceUular tyrosine kinase which 
autophosphorylates the receptor and locks the kinase in the functional state. AU P's 
represent tyrosine phosphorylation. IRS-1 is tyrosine phosphorylated by the IR. IRS-1 
phosphotyrosines are then bound by the PI3K regulatory 85 kDa subunit Src Homology 2 
regions. Subsequentiy, the PI3K catalytic 110 kDa subunit is activated by binding to the 
IRS-1/PI3K complex. The uncertainties of the subsequent steps are denoted by "?". 
GluTl is the insulin-independent glucose transporter. GluT4 is the insulin-responsive 
glucose transporter. 



"docking protein." IRS-1 may activate odier proteins Uke PI3K downstream of itself 

important for the activation of insulin responses. Such a model is represented in Figure 

1.1. Several hormonal transduction systems, e.g., the adrengeric system, exhibit 

amplification of die first messenger (die hormone) by activating proteins, e.g., adenylate 

cyclase, which then produce many times the fu-st messenger's molar concentration of the 

second messenger. The formation of a complex between IRS-1 and PI3K precludes 

enzymatic amplification typical of this type of a transduction signaling cascade. This 

observation suggests diat die ceUular concentration of eidier IRS-1 or PI3K might be 

indicative of the integrity of the insuUn signaling pathway, i.e., the abiUty of insulin to 

activate ceUular responses is directiy related to die concentration of either IRS-1 or PI3K. 

PI3K has been found to be important in the signaling of several growth factors, 

hence, regulation of PI3K would affect many signaling systems and make it an unlikely 

candidate for regulation. The role of PI3K is more likely that of a common link between 

substances regulating the same response. The proximal location of IRS-1 in the insulin 

signaling pathway leads me to speculate that it is the preferred site for regulation of 

insulin signaling. As a result, I have developed the foUowing hypothesis. IRS-1 is a 

pivotal component of the insulin signaling pathway and is subject to a variety of 

regulatory mechanisms and its regulation correlates with insulin responsiveness. This 

dissertation detaUs the investigations related to the testing of this hypothesis and has been 

divided into three specific aims. The aims are as foUows: 

(1) To determine the effects of the hormones regulating 
differentiation on IRS-1 concentration in 3T3-L1 ceUs; 

(2) To determine the correlation between insuUn 
sensitivity, insulin responsiveness and the expression of 
IRS-1 in 3T3-L1 adipocytes; 

(3) To determine die mechanism of regulation by which 
IRS-1 expression is controUed in adipocytes. 

Aim one has involved the study of IRS-1 ceUular expression during the 

differentiation of 3T3-L1 fibroblasts into adipocytes. The differentiation period is 

associated with variabUity of insulin sensitivity and responsiveness. My initial 

experiments dealt widi determining die relationship between the 15-20-fold increase of 

insulin sensitivity during differentiation of 3T3-L1 ceUs and the concomitant expression 

of IRS-1. Subsequentiy, it was determined which of the individual or what combination 

of insulin, dexamethasone (Dex) and l-methyl-3-isobutyl-xanthine (Mix) were required 

^ m i5-«s»3S*r^ 
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for the effect on the expression of IRS-1 during differentiation. SimUar experiments 

using individual and combinations of the above treatments were performed on the fully 

differentiated adipocytes to determined if the IRS-1 expression demonstrated a 

phenotype specificity. These experiments are detaUed in Chapter n. 

Aim two has involved the correlation of IRS-1 and other known or putative 

components of the insulin signaling pathway with the insulin response of glucose uptake. 

The proteins studied were IRS-1, GluT4, PI3K and die insuUn receptor. Several 

treatments were found which modulated the various proteins and insulin responsiveness. 

The treatments are insulin, Dex, Mix, actinomycin D (ActD) and cycloheximide. This 

work is covered in Chapter IE. 

Aim three involved investigations of the possible mechanisms responsible for the 

regulation of IRS-1. CeUular protein concentrations are the result of a balance between 

synthesis and degradation. These investigations have sought to determine how the IRS-1 

concentration is regulated, i.e., by regulation of synthesis or degradation. The insulin 

and Mix signaling event regulating the mechanism responsible for controlUng IRS-1 

concentration is also investigated. These experiments are detailed in Chapters IV and V. 

In summary, IRS-1 is a putative second messenger for insulin signaling. The 

novelty of a protein second messenger, in comparison to a substance such as cAMP, 

suggests a unique type of relationship between the regulation of the second messenger 

and the insulin responsiveness of the cell. The regulation of IRS-1 may suggest a 

possible etiology of the insulin resistance present in the disease NIDDM. The purpose of 

this dissertation has been to investigate and determine if IRS-1 expression under 

conditions of known variable insulin responsiveness is consistent with the expected 

behavior of a protein second messenger and to explore the mechanism of IRS-1 

regulation. 
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CHAPTER n 

REGULATION OF THE EXPRESSION OF IRS-1, 

A PUTATTVE INSULIN RECEPTOR SIGNAL 

PROTEIN, BY INSULIN, DEXAMETHASOME 

AND l-METHYL-3-ISOBUTYLXANTHINE 

IN 3T3-L1 ADIPOCYTES 

Abstract 

IRS-1, a cytosoUc protein widi Mj of approximately 160,000, is phosphorylated 

on tyrosine in response to insulin and is considered to be involved in signaling from the 

insulin receptor. The expression of IRS-1 during die differentiation of 3T3-L1 

fibroblasts to adipocytes and in adipocytes has been investigated using quantitative 

immunoblotting with antibodies against a peptide from IRS-1. Between day 6 and day 8 

of differentiation induced by insulin, dexamethasone (Dex)̂  and l-methyl-3-isobutyl 

xanthine (Mix), IRS-1 expression increased 10- to 20-fold over the amount present in 

confluent fibroblasts. Omission of either insuUn or Dex resulted in reduced expression of 

IRS-1 and in incomplete adipogenesis. Chronic treatment of fully differentiated 

adipocytes for 24 h with either insulin, Dex or Mix alone in the presence of serum 

resulted in a decrease in the expression of IRS-1 by 70 to 85%. Chronic exposure to 

insuUn caused a significant increase in the apparent size of IRS-1 to 172 kDa. AlkaUne 

phosphatase treatment lowered the Mj of IRS-1 from both insulin-treated and basal ceUs 

to 150,000. These results demonstrate that IRS-1 is expressed in 3T3-L1 adipocytes 

during the time when insulin receptors are expressed in large numbers and that the 

maintenance of IRS-1 concentrations in adipocytes can be regulated by insulin. Mix and 

Dex. The decreased expression of IRS-1 caused by these factors may be related to post-

receptor insulin resistance. 

Introduction 

The insuUn receptor is an insulin-stimulated tyrosine kinase (1-3). Among the 

substrates, the one that is best characterized is the receptor itself, with several tyrosines 

1 Abbreviations used: Dex, dexamethasone; Mix, l-methyl-3-isobutylxanthine; 
FBS, fetal bovine serum; E64, /rfl/w-epoxysuccinyl-L-leucylamido-(4-guanidino)-butane, 
PMSF, phenylmethanesulfonyl fluoride; DFP, dusopropyl fluorophosphate; PTyr, 
phosphotyrosine; Glut4, insulin-responsive glucose transporter; TBS, tris-buffered saline. 
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on the beta subunit being phosphorylated. Another protein, or group of proteins having 

Afj of 160,000 to 185,000 (4), is also phosphorylated on tyrosine, apparentiy by the 

insulin-activated receptor. The cDNA for one member of diis famUy, referred to as 

ppl85, has been cloned and sequenced from a rat Uver Ubrary (5). We have purified diis 

protein, which we refer to as IRS-1, from 3T3-L1 adipocytes (6) The peptides isolated 

and sequenced from IRS-1 from 3T3-L1 ceUs (6) are very simUar to die corresponding 

rat sequences, suggesting that these two proteins are closely related. It is not yet known 

if the proteins in this group are identical and differ only in the extent of phosphorylation 

or another post-translational modification, or are members of a famUy of related proteins. 

Detection of this protein untU recentiy has been by the use of antibodies against 

phosphotyrosine, and thus investigations of this protein in ceUs in the basal state have not 

been possible. However, with the development of antibodies against IRS-1, studies of 

the expression of IRS-1 have become possible (6,7). 

Considerable evidence suggests that IRS-1 is involved in insulin receptor 

signaling. First, it has been found in many ceU types to be the major protein 

phosphorylated on tyrosine in response to insulin, other than the receptor itself (8-15). 

Second, the phosphorylation of IRS-1 occurs in the same time frame and at the same 

insuUn concentration as the phosphorylation of the receptor (8,13,15-17). Third, when 

various mutants of the insulin receptor are transfected into ceU lines, there is a correlation 

between the loss of IRS-1 phosphorylation and the loss of insulin responses (14,18). 

Fourth, tyrosine-phosphorylated IRS-1 is found in 3T3-L1 adipocytes in approximately 

the same amounts as the insulin receptor (6). 

To determine the role of this protein in insulin receptor function, we have 

recentiy isolated this protein by affinity chromatography on a column of immobUized 

anti-PTyr foUowed by SDS-PAGE. Several tryptic peptides have been sequenced and 

anti-peptide antibodies have been prepared against synthetic peptides (6). 

Because of the potential for extending our knowledge of insulin receptor function 

and the possibiUty that IRS-1 may be involved in compUcations of diabetes and insulin 

resistance syndromes, we have begun a study of the regulation of expression of IRS-1. 

Using 3T3-L1 adipocytes as a model system, we have sought to determine if this protein 

is expressed specificaUy during adipogenesis and, if so, which adipogenic factors 

regulate its expression both during adipogenesis and in mature adipocytes. We show in 

this work that IRS-1 is expressed in 3T3-L1 ceUs in a manner that is consistent with a 

role in insulin receptor signaling. 
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Experimental Procedures 

M t̂griftl?). Goat anti-rabbit IgG conjugated to HRP, goat anti-biotin conjugated to 

HRP, insuUn, Dex, Mix, calf intestinal aUcaUne phosphatase, E-64, PMSF, DFP, FBS 

were obtained from Sigma Chemical Co., St. Louis, MO. Enhanced chemUuminescence 

(ECL) reagents were obtained from Amersham Corp., ArUngton Heights, IL. SDS-

PAGE biotinylated protein standards (high range) were from Bio-Rad Laboratories, 

Richmond, CA. Anti-PTyr antibodies were prepared in rabbits as described (19). Mouse 

monoclonal anti-PTyr antibody (4G10) was obtained from Upstate Biotechnology, Inc., 

Lake Placid, NY. 3T3-L1 ceUs were obtained from ATCC, CCL 92.1. 

Cell C!ulture. 3T3-L1 fibroblasts were cultured in either 6-cm or 10-cm dishes 

and induced to differentiate into adipocytes as described by Frost and Lane (20). Briefly, 

2-day postconfluent fibroblasts were treated widi 10% FBS, insuUn (1 l̂M), Dex (100 

nM), and Mix (0.5 mM) for die fu-st 2 days foUowed by 10% FBS and insulin (1 îM) for 

die next 2 days. CeUs were then treated with 10% FBS every odier day for up to 2 

weeks. Adipocytes were used normaUy between day 8 and day 12 after the beginning of 

the differentiation protocol, except as indicated in the text. 

Anti-peptide antibodies. Anti-peptide antibodies against IRS-1 were prepared by 

coupUng syndietic peptide 3, having die sequence CGANLGTSPALPGDEAAG (6), to 

KLH and injecting into rabbits as described (21). The Clys was added to the N-terminal 

end for use in coupling. Antibodies were affinity-purified at 4° C by absorption to the 

peptide-agarose column and elution with a 50:50 mixture of 0.1 M Gly buffer, pH 2.5, 

and ethylene glycol. Elution was foUowed by neutraUzation with 1.5 M Tris buffer, pH 

8.6, as soon as each fraction was coUected. Preparations were dialyzed against TBS (Tris 

HCl, 0.02 M at pH 7.6, and NaCl, 0.15 M) containing NaNg, 0.05%. Affmity purified 

antibodies were used for blotting in this study; however, the antiserum was used for 

immunoprecipitations. 

Preparation of extracts of 3T3-L1 ceUs. Extracts were prepared by scraping ceUs 

into a lysis medium consisting of TBS at pH 7.6 containing 1% SDS plus 1 mM 

vanadate, but without protease inhibitors, or a lysis medium consisting of TBS at pH 7.6 

containing 1% Triton X-100, 0.03 M sodium pyrophosphate, 1 mM vanadate, 10 nM E-

64, 1 mM PMSF, 1 mM DFP and 2 mM EDTA, as indicated in die text. Each 10-cm or 

6-cm dish each received 2 ml of this mixture. DNA released by the SDS lysis buffer was 

sheared by drawing the mixture into a syringe through a 26 G needle. Extracts prepared 

in Triton X-100 were centrifuged at 27,000 x g for 15 min and the infranatant solution 
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was fdtered through a MiUex AP20 syringe fUter (MiUipore) to remove the remaining 

Upid. Samples were stored at -70° C 

Determination of IRS-1 in extracts of 3T3-L1 ceUs bv protein immunoblotting. 

SDS-PAGE was carried out in 6% polyacrylamide mini-gels (BioRad Laboratories, 

Mini-protean II) according to instructions provided by the manufacturer using standard 

buffers (22). Polypeptides were electrophoreticaUy transferred to ImmobUon P 

(MiUipore Corp.) in 96 mM Gly and 12.5 mM Tris base in 10% medianol at 100 v for 2 

h with cooling with the Bio-Ice cooling unit suppUed by the manufacturer. Blots were 

blocked with 3% instant non-fat dry miUt (Carnation) in TBS for 30 min, and then 

treated with affinity-purified anti-peptide antibodies at 5 M-g/ml in 1% milk for 2 h. 

Lanes containing mol wt standards were cut off and reacted with rabbit anti-biotin at a 

dUution of 1:5000. Blots were washed twice for 5 min with TBS and were then reacted 

with goat anti-rabbit IgG coupled to horseradish peroxidase at a dUution of 1:5000 in 1% 

milk in TBS for 30 min. Blots were washed 3 x 10 min with TBS at room temperature 

and once at 4° C ovemight with TBS. IRS-1 and mot wt standards were visuaUzed by 

chemUuminescence using the ECL reagents (Amersham Corp.) as described by the 

manufacturer. Luminescent blots were recorded on Kodak XAR 5 film for 1-300 s as 

appropriate. Signals on the film were quantitated by using a Bio-Image Visage 2000 

(Biolmage, Ann Arbor, MI) computer image analysis system as described (23). Only 

those film exposures that gave a linear response of integrated intensity versus the amount 

of IRS-1 were used in quantitations. Appropriate corrections were made for 

backgrounds. AU quantitations were made relative to IRS-1 in a control lane on the same 

blot. Analysis for DNA as a measure of the potential loss of ceUs due to various treat

ments such as serum deprivation was made in each experiment (24). Only smaU losses 

were found and no corrections were made. None of the treatments described in this work 

caused the visible release of adipocytes from the dish. 

Fractionation of 3T3-L1 adipocvtes. Adipocytes at day 8 of the differentiation 

protocol were homogenized in a lysis medium at pH 7.6 widiout Triton X-100, but 

having 0.03 M sodium pyrophosphate, 1 mM vanadate, 10 îM E-64, 1 mM PMSF, 1 

mM DFP and 2 mM EDTA. CeUs were broken by homogenization with 25 strokes in a 

glass-Teflon homogenizer and centrifuged at 105,000 x g for 2 h. The cytosoUc fraction 

was obtained from the infranatant solution between the Upid layer and the peUet. The 

membranes were resuspended in a volume of TBS containing 0.05% NaN3 equal to the 

original volume of the lysis medium. 
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Immunoprecipitation of TRS-1. IRS-1 was immunoprecipitated from 1-ml ceU 

extracts prepared in Triton X-100 by die addition of eidier 5 \ig mouse monoclonal anti-

PTyr antibodies or 20 ^1 IRS-1 antiserum foUowed 30 min later by 40 \il (settied volume) 

of protein A-agarose beads (Sigma). The mixture was rotated at 4° C for 2 h. The beads 

were separated from die supematant solution by a 7-s centrifugation in a microcentrifuge 

and were then washed with lysis medium 3 times. IRS-1 was eluted from die beads by 

incubation widi 4-x SDS sample buffer, containing 4% SDS, at 55° C for 10 min. 

AUcaline phosphatase treatment of phosphoproteins in 3T3-L1 adipocvte extracts. 

Extracts were prepared by lysing ceUs in a buffer containing 50 mM Gly, pH 10.5, 1% 

Triton X-100, 1 mM PMSF, 1 mM DFP, 10 l̂M E64, 1 mM ZnClj and 1 mM MgCl2. 

Extracts were clarified by centrifugation at 27,000 x g for 15 min. Alkaline phosphatase 

(200 units/ml) was added, and die mixture incubated for 15 h at 37° C SDS sample 

buffer was then added to stop enzyme action and the samples were subjected to SDS-

PAGE. 

Protein assay. Protein was measured by the BCA Protein Assay Reagent of 

Pierce Chemical Co., foUowing the procedures that accompany the reagents. 

Statistics. Comparisons of pairs of means were made using the student's t-test. 

Comparisons of more than 2 means were made with the Neuman-Keuls' multiple-range 

test Means were considered significantiy different if P<0.05. 

Results and Discussion 

Characterization of anti-IRS-1 antibodies. Studies were conducted to determine 

if the antibodies against IRS-1 were suitable for use for quantitation of IRS-1 by protein 

immunoblotting. IRS-1 in 3T3-L1 adipocytes from insuUn-treated ceUs, homogenized in 

1% Triton X-100 with protease and phosphatase inhibitors, was immunoprecipitated with 

either anti-IRS-1 antisemm or with mouse anti-PTyr antibodies. Immune complexes 

were coUected on protein A-agarose. Proteins were eluted from the beads with SDS 

sample buffer and were electrophoresed by SDS-PAGE. Blots were decorated with anti-

IRS-1 antibodies or rabbit anti-PTyr. The anti-IRS-1 antisemm immunoprecipitated 

IRS-1, as was shown by blotting with either anti-IRS-1 or widi anti-PTyr. Likewise, the 

anti-PTyr antibodies immunoprecipitated IRS-1 as was shown by blotting with either 

anti-IRS-1 or with anti-PTyr. The anti-IRS-1 antisemm immunoprecipitated IRS-1 from 

basal as weU as from insulin-treated ceUs, whereas anti-PTyr immunoprecipitated IRS-1 

only from insulin-treated ceUs. 
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At the concentration of anti-PTyr antibodies used for immunoprecipitation, about 

50% of the PTyr form of IRS-1 was immunoprecipitated. This percentage was estimated 

by comparison of the PTyr signal given by the lysate before and after die 

immunoprecipitation as weU as by comparison of the PTyr signal given by the 

immunoprecipitate with that given by die lysate. Interestingly, when diese samples were 

immunoprecipitated widi anti-IRS-1 antibodies, it was found diat about 50% of die 

protein was also precipitated. Thus it appears diat most of the IRS-1 becomes 

phosphorylated on Tyr. Peptide 3 (die antigen used to generate the anti-IRS-1 

antibodies) at 100 |xg/ml and phenyl phosphate at 10 mM eliminated signals from anti-

IRS-1 and anti-PTyr blots, respectively. These data demonstrated the specificity of the 

anti-IRS-1 antibodies and their suitabiUty for detection of IRS-1. 

Subcellular distribution of IRS-1. 3T3-L1 fibroblasts were differentiated into 

adipocytes as described in the Experimental Procedures section. Day 8 control and 

insulin-treated adipocytes were homogenized in a buffer containing protease and 

phosphatase inhibitors but no detergent and centrifuged at 105,000 x g for 2 h to prepare 

a total membrane fraction and a soluble cytosoUc fraction from each group. Samples of 

each fraction were analyzed for IRS-1 by immunoblotting, shown in Figure 2.1. 

Approximately 80% of IRS-1 was found in the cytosol fractions. Insulin treatment had 

no effect on the distribution of IRS-1 between the cytosoUc and membrane fractions 

under the lysis conditions used. 
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Figure 2.1 The amount of ERS-l in day 8 3T3-L1 adipocytes in die homogenate, 
membrane fraction and in the cytosoUc fraction. The data are the mean ± SEM, n=4. 
The value for "Basal-Membranes" is not significantiy different from the value for 
"Insulin-Membranes" (P>0.05). The value for "Basal-C t̂osoUc" is not significantiy 
different from die value for "InsuUn-CytosoUc" (P>0.05) 
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Effect of Phosphorvlation on die Mj of IRS-1. The treatment of day 8 adipocytes 

with 1 jiM insulin for several h was shown to decrease IRS-1 amounts. The mobiUty of 

IRS-1 was decreased from an M^ of 160,000 to an M^ of about 172,000 at 1 h, usuaUy 

widi a sUght increase in the integrated intensity of die band. However, by 4 h the 

intensity was about 30% of die basal and the mobiUty was simUar to the original value. 

Thus die treatment of 3T3-L1 adipocytes widi insulin for 1 h causes most of die IRS-1 to 

be phosphorylated, although the distribution of phosphate groups between Tyr, Ser and 

Thr is not known. 

The decrease in mobiUty was due to increased phosphorylation. The decrease in 

band intensity is due either to a decrease in the amount of IRS-1 protein or to a decrease 

in blotting efficiency resulting from phosphorylation. To determine which of these 

possibiUties was correct, IRS-1 prepared from insulin-treated ceUs without phosphatase 

inhibitors was treated with alkaline phosphatase. These data show that the 15 h 

incubation at high pH without alkaline phosphatase resulted in a loss in band intensity in 

IRS-1 from basal and insulin-treated ceUs, presumably due to proteolysis. Phosphatase 

treatment resulted in no significant change in band intensity compared to incubation of 

15 h at pH 10.5, but did result in an increase in IRS-1 mobiUty, presumably as the result 

of dephosphorylation. Moreover, after phosphatase treatment, the intensity of IRS-1 in 

the sample from ceUs exposed to insulin for 24 h was only about 38% that of IRS-1 from 

basal ceUs. These data showed that the decrease in intensity was not due to 

phosphorylation, but rather to an actual decrease in the amount of IRS-1. 

When an identical blot was decorated with antibodies against PTyr, it was 

observed that phosphatase treatment aboUshed the signal, indicating that aU the PTyr 

groups had been removed. It was also observed that there was an increase in the PTyr 

signal between 1 min and 1 h, suggesting that the increase in apparent size of IRS-1 was 

partiy the result of phosphorylation of additional Tyr residues. Analysis of the amino 

acid sequence of rat Uver IRS-1 reveals about 35 potential sites for Ser and Thr 

phosphorylation and 10 potential sites for Tyr phosphorylation (5). The intensity of the 

IRS-1 band at 24 h when measured with anti-PTyr antibodies does not decrease to the 

same extent as does that when assessed with anti-IRS-1 antibodies. When the intensities 

of the PTyr signal from IRS-1 in lane 1 at 1 h and 24 h were normaUzed to the relative 

amount of IRS-1 remaining at diose times from die anti-IRS-1 immunoblot, there was a 

3-fold increase in the amount of PTyr in IRS-1 at 24 h compared to 1 h. The intensity of 
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the PTyr signal of IRS-1 thus does not accurately reflect the total amount of IRS-1 

present. Since IRS-1 probably possesses many sites for Tyr phosphorylation (5), the 

explanation may be hyperphosphorylation upon prolonged exposure to insulin. 

Expression of IRS-1 during differentiation to adipocvtes. 3T3-L1 ceUs 

differentiate from fibroblasts to adipocytes and in doing so express multiple enzymes in a 

manner consistent with their role in Upid synthesis and energy storage (25). Quantitative 

immunoblotting was used to determine the amount of IRS-1 during differentiation of 

3T3-L1 fibroblasts to adipocytes. As shown in Figure 2.2, at day 0, the beginning of the 

differentiation protocol, IRS-1 amounts were low and remained low untU day 6, two days 

after insulin was removed from the ceUs. On day 6 the amount of IRS-1 in ceUs 

undergoing the complete differentiation protocol increased and reached a maximum by 

day 8, an amount approximately 10- to 20-times that found in fibroblasts cultured in 

paraUel but not treated with the differentiation hormones. As can be seen, both protein 

and DNA in 3T3-L1 ceUs increased 2- to 3-fold during differentiation, consistent with a 

doubling in the ceU number (26-28). This increase in protein and DNA preceded the 

increase in IRS-1 by 2 days. These data demonstrate that IRS-1 was increased in amount 

in a specific manner, not merely reflecting hyperplasia of the ceUs. Over the same time 

frame 3T3-L1 fibroblasts differentiate into adipocytes. This process is characterized by a 

marked increase in the number of insuUn receptors (29-31), by the expression of the 

insulin-responsive glucose transporter, Glut4 (32) and by enhanced insuUn stimulation of 

p 160/adlpocy t*t 

Day of Treatment 
Figure 2.2 IRS-1 in differentiated (u) and undifferentiated (X) 3T3-L1 ceUs. Data are 
expressed as die percentage of the amount of IRS-1 present on day 8 in differentiated 
adipocytes. Total protein (n) and total DNA (q) are expressed as the percent of die 
amount of protein and DNA present in differentiated adipocytes on day 6. The data are 
die mean ± SEM, n=4. 
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glucose transport (32). Thus, IRS-1 appears to have some role in the adipocyte 

phenotype, which includes a greater insulin responsiveness. 

To determine which differentiation agent (insulin, Dex^ or Mix) was responsible 

for the induction of IRS-1, fibroblasts were treated with individual and pair mixtures of 

the agents as weU as the complete mixture during the first two days of the differentiation 

protocol, with other treatments unaltered. Insulin and Dex were required for induction of 

IRS-1 (Figure 2.3) and for fat accumulation (not shown). Other combinations faded to 

increase the levels of IRS-1 by day eight of differentiation. Omission of Mix did not 

decrease IRS-1 expression nor did it reduce fat accumulation. 

Regulation of expression of IRS-1 in adipocytes by differentiation hormones. 

Fully differentiated eight-day adipocytes were again treated with insulin, Dex and Mix 

individuaUy and in various combinations to determine if these hormones affected the 

amount of IRS-1. Insulin, Dex and Mix, alone and in aU combinations, significantiy 

decreased (P<.01) the amount of IRS-1 in adipocytes (Figure 2.4). These treatments 

were for 24 h and were in the presence of 10% fetal bovine semm. Also, treatment of 

adipocytes with medium without serum resulted in a decrease in the amount of IRS-1. 

The time-courses for this effect in adipocytes that were incubated with insulin, 

Dex or Mix for various times are shown in Figure 2.5. The half-time for the loss of IRS-

1 in the presence of insuUn or Mix was about 3-4 h. Dex and semm deprivation resulted 

in a slower rate of loss with 50% decrease in 8 h. 

-FBS No DIM Ins Dex Mix ID IM DM 
+CS 

Treatment 

Figure 2.3 The amount of IRS-1 on day 8 in 3T3-L1 ceUs after modified differentiation 
protocols. DIM is the standard protocol. -FBS -i-CS refers to ceUs kept in medium with 
calf semm. "No" represents ceUs that received no agent. Insulin was added during the 
next two days. The data are the mean ± SEM, n=4. The values for DIM and DI are 
significantiy greater (P<0.01). 
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-FBS No Ini Dex Mix ID IM DM DIM 

Treatment 
Figure 2.4 The amount of IRS-1 in day 8 3T3-L1 adipocytes after treatment with 
combinations of insulin, Dex and Mix. Day 8 adipocytes were treated with various 
combinations of insulin, Dex and Mix for 24 h. The data are the mean ± SEM, n=4. The 
value for "No" is significantiy greater (P<0.01). 

Time, hours 
Figure 2.5 The time course of the down-regulation of IRS-1 by semm deprivation (X), 1 
HM insulin (n), 100 nM Dex (s) and 0.5 mM Mix (q). The control (u) received no 
treatment. The data are die mean ± SEM, n=4. 

The concentration of insulin used for chronic exposure of 3T3-L1 adipocytes was 

1 nM, a concentration diat is considerably higher dian the concentration in semm of 

animals. At such a high concentration, it is possible that insulin could act through its 

interaction with the IGF-I receptor. It is known diat IGF-I causes the phosphorylation of 

IRS-1 in 3T3-L1 adipocytes (16). Adipocytes were treated with different concentrations 

of insulin for 24 h and the amount of IRS-1 was determined (Figure 2.6). The 

concentration of insulin that gave 50% of the maximal down-regulation of IRS-1 was 

350 pM. This value suggests that insulin acts through its own receptor since the 

dissociation constant for insulin binding to its receptor in 3T3-L1 adipocytes is about 3 

nM (30,31). The dissociation constant for insulin binding to the IGF-I receptor in 3T3-

Ll ceUs is about 100 times greater (33). 
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Figure 2.6 Concentration of insulin required for IRS-1 down-regulation. Day 8 
adipocytes were treated with different concentrations of insulin for 24 h and IRS-1 was 
measured by immunoblotting as described in the Experimental Procedures. The data are 
the mean ± SEM, n=4. The curve was generated assuming a simple interaction with a 
single class of insulin receptors. The lower amount of IRS-1 was calculated from the 
data to be 33% of the amount present in the control. The ED50 was calculated to be 350 
pM. 

These results are potentiaUy relevant to the phenomenon of insulin resistance. 

The amount of the insulin-responsive glucose transporter (Glut4) that translocates to the 

ceU surface of 3T3-L1 adipocytes in response to an acute chaUenge with insulin is 

markedly reduced when the ceUs have previously been exposed to insulin for 24 h. (34). 

This effect cannot be explained by a loss in either insulin receptors or Glut4 (34). 

Sirmlarly, when rat adipocj^s are exposed to insulin for 24 h, the rate of glucose 

transport upon subsequent acute exposure to insulin is substantiaUy reduced; moreover, a 

higher concentration of insulin is required to achieve the maximal stimulation (35). In 

this case, reductions in the amount of glucose transporter, in the amount of insulin 

receptor and in the amount of Tyr kinase activity of the receptor have been excluded as 

the basis of the effect (35-37). Thus, it is possible that IRS-1 participates in signaUng the 

translocation of Glut4 to the ceU surface, and that the decrease in IRS-1 upon prolonged 

exposure to insulin accounts for the effects. In this regard, the concentration of insulin 

during a 24-h exposure that causes the half-maximal reduction in glucose transport by rat 

adipocytes, about 500 pM (35), is simUar to that required for half-maximal reduction in 

IRS-1 (350 pM, Figure 2.6). Also, die time courses of the two effects are simUar (Figure 

1 of (38) and Figure 2.5 here). 
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CHAPTER ffl 

DECREASED AMOUNTS OF THE INSULIN RECEPTOR 

TYROSINE KINASE SUBSTRATE IRS-1: A POTENTIAL 

BASIS FOR INSULIN RESISTANCE IN 

3T3-L1 ADIPOCYTES 

Abstract 

IRS-ll is an insulin receptor substrate protein in 3T3-L1 adipocytes widi an M, of 

160,000 that is phosphorylated on tyrosine by the receptor in response to insulin. The 

hypothesis has been estabUshed that IRS-1 is an intermediate in insulin receptor 

signaling. As a test of this hypothesis, we have devised procedures for decreasing the 

amount of IRS-1 in 3T3-L1 adipocytes and have determined the correlation between the 

amounts of IRS-1, insuUn receptor, GluT4 (the insulin-responsive glucose transporter) 

and phosphatidyUnositol 3'-kinase regulatory subunit (PI3K) (presumed participants in 

insuUn signaling) with insulin responsiveness, i.e., the insulin stimulation of dGlc 

transport. Treatments used to down-regulate IRS-1 were chronic treatments with insuUn, 

dexamethasone, l-methyl-3-isobutylxanthine (an inhibitor of phosphodiesterase), 

cycloheximide or actinomycin D. Each of these treatments decreased IRS-1 and also 

decreased insulin responsiveness by a comparable amount. Insulin responsiveness did 

not correlate with either the receptor, GluT4 or PI3K. We also have shown that IRS-1 is 

expressed during differentiation simultaneously with the acquisition of insulin-responsive 

dGlc transport. Furthermore, removal of the insulin after a 24-h treatment with 1 jiM 

insulin resulted in a return of both insulin responsiveness and IRS-1. These data indicate 

that the down-regulation of IRS-1 is sufficient to cause insuUn resistance in 3T3-L1 

adipocytes. These data are also consistent with the notion that IRS-1 is an intermediate 

in signaling from the insulin receptor to the glucose transport system. 

1 Abbreviations used: IRS, insulin responsive substrate; Dex, dexamethasone; 
DFP, diisopropyl fluorophosphate; dGlc, 2-deoxyglucose; E64, /ra/w-epoxysuccinyl-L-
leucylamido-(4-guanidino)-butane; FBS, fetal bovine serum; GluT4, insulin-responsive 
glucose transporter; HRP, horseradish peroxidase; Mix, l-methyl-3-isobutylxanthine; 
PI3K, phosphatidyUnositol 3'-kinase pp85 regulatory subunit; PMSF, phenybnediane 
sulfonyl fluoride. 
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Introduction 

Insulin binding to its receptor causes die activation of the receptor tyrosine 

kinase, a prerequisite to insuUn action (1-4). The major non-receptor substrate of the 

kinase is a phosphoprotein having a size of 160 to 185 kDa (4-11), described herein as 

IRS-1. Once phosphorylated on Tyr, IRS-1 complexes widi die enzyme 

phosphatidyUnositol 3'-kinase (PI3K0 (12,13). This association correlates widi die 

increase in phosphatidyl inositol 3',4'-bisphosphate and 3',4',5'-trisphosphate diat occurs 

in response to insulin treatment of intact ceUs (14). These events are presumed to lead to 

the stimulation of glucose transport by causing the translocation of the transporter isotype 

GluT4 from its intraceUular location to die ceU surface (15). For insulin to stimulate 

transport, it is necessary that each component of the pathway, including the receptor and 

signaUng intermediates, be present in sufficient amounts to transduce the signal 

efficiently. To test this idea, we have devised procedures that decrease the amount of 

IRS-1 in 3T3-L1 adipocytes but do not decrease amounts of the receptor, the transporter 

or PI3K and have used these procedures to determined the correlation between IRS-1 and 

insulin responsiveness. We report that insuUn-stimulated dGlc transport correlates more 

closely with the amount of IRS-1 in the cell, but not with the amounts of the insulin 

receptor, GluT4 or PI3K. These data provide additional evidence that IRS-1 is an 

intermediate in insulin signaUng and suggest that insuUn resistance syndromes, such as 

observed in NIDDM, may involve decreased amounts or altered function of IRS-1. 

Experimental Procedures 

Materials. Insulin, Dex, Mix, E-64, PMSF, DFP, FBS were obtained from Sigma 

Chemical Co., St. Louis, MO. Enhanced chemUuminescence (ECL) reagents and donkey 

anti-rabbit IgG conjugated to HRP, were obtained from Amersham Corp., ArUngton 

Heights, IL. SDS-PAGE protein standards (high range) were from Bio-Rad Laborato

ries, Richmond, CA. Rabbit polyclonal antibodies against PI3K were obtained from 

Upstate Biotechnology, Inc., Lake Placid, NY. Rabbit anti-GluT4 was obtained from 

East Acres Biologicals, Southbridge, MA. Affmity purified rabbit antibodies against the 

C-terminal peptide of the insuUn receptor were generously provided by Dr. Victoria 

Knutsen, University of Texas Healdi Science Center, Houston, TX. 3T3-L1 ceUs were 

obtained from ATCC, CCL 92.1. [^H]2-deoxyglucose was obtained from Dupont NEN 

Research Products, Boston, MA. 
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Differentiation of 3T-L1 ceUs to adipocvtes. Fibroblasts were differentiated to 

adipocytes as described (16). Briefly, 2-day postconfluent fibroblasts in 6-cm dishes 

were treated widi 10% FBS, insuUn (1 |iM), Dex (100 nM), and Mix (0.5 mM) for die 

first 2 days foUowed by 10% FBS and insuUn (1 fiM) for die next 2 days. CeUs were 

then treated with 10% FBS every other day for up to 2 weeks. Adipocytes were used 

normaUy between day 8 and day 12 after die beginnmg of the differentiation protocol. 

Preparation of extracts of 3T3-L1 adipocytes. Extracts were prepared by scraping 

ceUs into 0.5 or 1.0 ml of a lysis medium consisting of TBS at pH 7.6 containing 1% 

Triton X-100, 0.03 M sodium pyrophosphate, 1 mM vanadate, 10 îM E-64, 1 mM 

PMSF, 1 mM DFP and 1 mM EDTA. Extracts were centrifuged at 27,000 x g for 15 

min and the infranatant solution was filtered through a MiUex AP20 syringe filter 

(MiUipore) to remove the remaining Upid. Samples were stored at -70° C 

Anti-peptide antibodies against IRS-1. Anti-peptide antibodies against IRS-1 

were prepared by coupling its carboxyl-terminal tetradecapeptide, having the sequence 

CYASINFQKQPEDRQ (12), to keyhole Umpet hemocyanin and injecting into rabbits as 

described (17). The Cys was added to the N-terminal end for use in coupling. 

Antibodies were affinity-purified at 4° C by absorption to the peptide-agarose column 

and elution with 0.1 M Gly buffer, pH 2.5. Elution was foUowed by neutraUzation with 

1.5 M Tris buffer, pH 8.6, as soon as each fraction was coUected. Preparations were dia

lyzed against TBS (Tris HCl, 0.02 M at pH 7.6, and NaCl, 0.15 M) containing NaNj, 

0.05%. 

Determination of IRS-1. PI3K. GluT4 and insulin receptors in extracts of 3T3-L1 

cells bv protein immunoblotting. SDS-PAGE was carried out in 6% polyacrylamide 

mini-gels (BioRad Laboratories, Mini-Protean II) according to instructions provided by 

the manufacturer using standard buffers (18). Polypeptides were electrophoreticaUy 

transferred to ImmobUon P (MiUipore Corp.) in 96 mM Gly and 12.5 mM Tris base in 

10% methanol at 100 v for 2 h with cooling with die Bio-Ice cooling unit suppUed by the 

manufacturer. Blots were blocked with 3% instant non-fat dry milk (Carnation) in TBS 

for 30 min, and then treated widi affmity-purified IRS-1 antibodies (2 M-g/ml), PI3K 

antisemm (1:500 dUution), affmity-purified GluT4 antibodies (2 ^g/ml) or insuUn 

receptor antibodies (3.5 îg/ml) in 1% milk for 1-2 h. Blots were washed twice for 5 min 

with TBS and were then reacted for 1 h with donkey anti-rabbit IgG coupled to 

horseradish peroxidase at a dilution of 1:5000 in 1% miUj: in TBS. Blots were washed 3 

x 10 min widi TBS at room temperature and once at 4° C ovemight widi TBS. Antigens 

25 

^ I^BBBSMMta » • * * ? « . » • » - - ^ J U V » .1X » » 



1 1 » w r i T H ^ 

were visuaUzed by chemUuminescence using the ECL reagents (Amersham Corp.) as 

described by the manufacturer. Luminescent blots were recorded on Kodak XAR 5 film 

for 1-300 s as appropriate. Signals on the film were quantitated by using a Bio-Image 

Visage 2000 (Biolmage, Ann Arbor, MI) computer image analysis system as described 

(19). Only those film exposures that gave a linear response of integrated intensity versus 

the amount of protein were used in quantitations. Faint signals produced with short 

exposures of the immunoblots to film often are recorded as zero. Short exposures were 

used to prevent saturation of the film when strong signals were detected somewhere on a 

blot. Appropriate corrections were made for backgrounds. AU quantitations were made 

relative to the appropriate antigen in a control lane on the same blot. Analysis for DNA 

as a measure of the potential loss of ceUs due to various treatments such as serum 

deprivation was made in each experiment (20). Only smaU losses were found and no 

corrections were made. None of the treatments described in this work caused the visible 

release of adipocytes from the dish. 

dGlc transport. dGlc transport was measured as previously described (21), 

Briefly, ceU monolayers were washed 3 times with Krebs-Ringer-Phosphate (KRP) and 

then incubated in the presence or absence of 1 ̂ lM insulin for 10 min at 37** C [̂ H]2-

deoxyglucose was added to this solution to a final concentration of 0.1 mM and 250 

nCi/ml, and the incubation was continued for 5 min at 37° C The ceUs were then 

washed 3 times with ice cold KRP and were solubiUzed in 0.5 ml 1% SDS. The 

radioactivity in 200 \il was determined in a scintiUation counter in 4.3 ml ScintiVerse 

cocktaU (Fisher Scientific Fair Lawn, NJ). Two hundred |il were used coUected for 

protein immunoblotting and the remaining 100 1̂ were coUected for protein assay. 

Insulin-stimulated transport is transport after a 10-min insulin treatment minus basal 

transport. 
Insulin dehinding protocol. Insulin must be removed from the receptors and 

recycled in order to restore insulin responsiveness. The debinding protocol is simUar to 

that used by Ronnett et al. (22). Briefly, ceU monolayers were washed twice with 

DMEM plus 10% FBS and then incubated for 20 mmutes at 37** C widi DMEM plus 10% 

FBS. This procedure was repeated diree times. 

Insulin binf̂ inp measurements. The binding of [î sij.iQdQinsulin to 3T3-L1 

adipocytes was determined as a measure of ceU surface insulin receptors by the 

procedure of de Herreros and Bimbaum (23). 
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Results 

Acquisition of insulin responsiveness during 3T3-L1 fibroblast differentiation and 

the expression of IRS-1. insulin binding and phosphatidyUnositol 3'-kinase rPI3K). We 

have determined the expression of IRS-1, PI3K, insulin binding (a measure of the 

number of insulin receptors) and insulin-stimulated dGlc transport (transport by insulin-

treated ceUs minus transport by basal ceUs) during differentiation of 3T3-L1 fibroblasts 

to adipocytes. AU 4 parameters increased markedly and reached a maximum by about 

day 4 (PI3K) or day 8 (insulin binding, dGlc transport and IRS-1) after initiation of 

differentiation (Figure 3.1). These data show that there is a close correlation between the 

acquisition of insulin-stimulated dGlc transport and the expression of the insulin receptor 

and IRS-1, but not PI3K. The increase in insulin binding, PI3K and IRS-1 suggests a 
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Figure 3.1 Expression of IRS-1 and PI3K and the acquisition of insulin binding and 
insuUn responsive dGlc transport. 3T3-L1 ceUs were differentiated to adipocytes as 
described in the Experimental Procedures section. CeUs were used on the days indicated 
and the amount of PI3K (m), IRS-1 (q), insuUn binding (1) and insuUn-stimulated dGlc 
transport (n) were measured as described in the Experimental Procedures. dGlc transport 
shown here is the difference between basal and insulin-stimulated dGlc transport. Data 
are expressed as die percentage of the amount on day 8 in differentiated adipocytes. 
CeUs were grown on 6-cm dishes, and the data for PI3K and IRS-1 are based upon 
immunoblotting a constant fraction of a dish (approximately 2%). The basal rate of dGlc 
transport on day 8 was approximately 10 nmol per 5 min per 10̂  ceUs. TypicaUy a 2- to 
4-fold stimulation in transport was observed after a 10-min stimulation with 1 nM 
insulin. The data are the mean ± SEM, n=4. Where error bars are not shown, the bars 
are smaUer than the symbol. 
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role in the adipocyte phenotype and is consistent with a role in signaling. The ceUs had 

also acquired large fat droplets characteristic of the adipocyte phenotype by day 8. Total 

ceUular protein and DNA extractable by triton X-100 increased about 2-3-fold during 

differentiation between day 0 and day 8 (16). 

Chronic treatment of 3T3-L1 adipocytes with insulin reduces the amount of IRS-1 

and insulin-stimulatable dGlc transport. Treatment of adipocytes with 1 jiM insuUn for 

24 h in the presence of FBS caused a nearly complete loss of both insulin-responsive 

dGlc transport and IRS-1 (Figure 3.2). The half-time for the two losses was 2-3 h. 

There was no visible change in the adipocytes during the treatment even when it was 

continued for a total of 48 h (not shown). The measurement of insulin-responsive dGlc 

transport was preceded by the removal of insulin from the ceUs by a procedure that has 

been shown to remove insulin from the receptors (22), foUowed by exposure to 1 ^M 

insulin for 10 min. During this procedure the glucose transport mechanism resets and the 

ceUs become responsive to insulin insofar as the signaUng mechanism remains intact. At 
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Figure 3.2 Effect of insulin treatment on the amount of IRS-1 (n) and on insulin-
responsive dGlc transport (q). Day-8 3T3-L1 adipocytes were treated widi insuUn (1 
HM) for the time indicated begining at time zero. At each indicated time up to and 
including 24 h, the insulin was removed by the insulin debinding procedure of Ronnett et 
al. (22). At 24 h, the insulin was removed from aU remaining dishes by the debinding 
procedure described in the Experimental Procedures section, and the incubation was 
continued as indicated. Insulin-stimulated transport was measured by treating ceUs with 
or with 1 ̂ lM insulin for 10 min after the debinding procedure. Glucose transport shown 
here is the difference between transport after insulin stimulation and basal transport. 
Odier procedures are the same as described in die legend to Figure 3.1 or in die 
Experimental Procedures section. 
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24 h, insulin was removed from aU remaining dishes and the incubation was continued 

for up to an additional 24 h. InsuUn-responsive dGlc transport and IRS-1 were dien 

measured at the times indicated. Removal of the insuUn from the adipocytes resulted in a 

simUar rate of increase in bodi IRS-1 and dGlc transport. 

Treatment nf 3T3-L1 adipocvtes with Dex. Mix, actinomvcin D or cvcloheximide 

also reduces die amount of TRS-1 and insulin-srimulatahle dGlc transport. We have 

previously shown the IRS-1 is down-regulated in day-8 adipocytes by insuUn, Dex or 

Mix (16). Therefore we wanted to know if treatment of day-8 adipocytes with diese 

substances would decrease insulin-stimulated dGlc transport as weU. Shown in Figure 3l3 

are the effects of these substances and inhibitors of mRNA and protein syndiesis 

(actinomycin D and cycloheximide, respectively) on IRS-1, insulin-responsive dGlc 

transport, GluT4, PI3K and the insuUn receptor. 

Insulin treatment for 8 h caused a nearly complete loss of insuUn-responsive dGlc 

transport and an identical loss of IRS-1, as seen in Figure 3.2. GluT4 amounts were 

sUghtiy decreased, but not enough to account for the loss in transport. PI3K was sUghtiy 

increased in amount, whUe the insulin receptor was down-regulated by about 30%. 

Dex treatment for 24 h also decreased dGlc transport by about 50% and IRS-1 by 

a simUar amount. GluT4 amounts were decreased about 25%, an amount not statisticaUy 

ppl60 D dGlc a GluT4 EL PI3K H IR 

o 

o o 

200 

150 

100-

50-

Insulin(8) Dex(24) Mix(4) ActD(24) Cyclo(24) 

Figure 3.3 Effects of insulin, Dex, Mix, actinomycin D (ActD) and cycloheximide 
(cyclo) on the amounts of IRS-1, insulin-stimulated dGlc transport, PI3K, GluT4 and 
insulin receptor. Day-8 adipocytes were treated with insulin (1 l̂M), Dex (100 nM), Mix 
(0.5 mM), actinomycin D ( 100 nM) or cycloheximide (500 fiM) for number of h 
indicated in parentheses. Other procedures are the same as described in the legend to 
Figure 3.1 and in the Experimental Procedures Section. IR (insulin receptor) was 
measured by protein immunoblotting. Values shown are the mean ± SEM, n = 3. 
Comparisons of means for IRS-1, PI3K and IR with those for dGlc were made with die 
Neuman-Keuls' multiple-range test. Means were considered significantiy different if 
P<0.05(#)orP<0.01(*). 
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different from the decrease in insulin-stimulated dGlc transport. PI3K and die insulin 
receptor were increased by 45%. 

Mix treatment for 4 h reduced IRS-1 and dGlc transport by 75%. GluT4 was 

only sUghtiy reduced, whUe PI3K and die insuUn receptor were reduced about 20%. 

dbcAMP had the same effects (data not shown), suggesting that the Mix was acting 

through an inhibition of phosphodiesterase, to cause an increase in die ceUular levels of 

cAMP. 

Inhibitors of mRNA synthesis and protein synthesis (actinomycin D and 

cycloheximide, respectively) also inhibited die insuUn stimulation of dGlc after a 24 h 

incubation. During this time IRS-1 decreased in amounts comparable to the decrease in 

transport. GluT4 and the insulin receptor were not decreased. This fact suggests that 

their degradation rates were substantiaUy slower than that for IRS-1. PI3K was 

decreased significantiy upon inhibition of the synthesis of mRNA and protein. 

In none of the treatments was the decrease in the relative amount of IRS-1 

significantiy different from the decrease in the relative amount of insuUn-stimulatable 

dGlc transport (P>.05). On the other hand, these treatments resulted in relative amounts 

of GluT4, PBK and insulin receptor that were aU significantiy higher that the relative 

amount of insulin-stimulatable dGlc transport (P<0.5), except for GluT4 after Dex 

treatment and PBK after actinomycin D treatment. 

None of these treatments affected the abiUty of insuUn to cause the receptor to 

phosphorylate IRS-1 on Tyr (data not shown). The decrease in phosphotyrosine content 

of IRS-1, as measured by immunoblotting, was accompanied by a corresponding 

decrease in the amount of IRS-1 protein. 

Discussion 

We have used several drug and hormone treatments that result in insulin 

resistance and have determined if the insuUn resistance correlates with the down-

regulation of any of the signaling components, namely, die insulin receptor, GluT4 and 

PBK. The success of this approach is due to the rapid rate of down-regulation of IRS-1 

compared to the odier proteins important to insulin action. 

When insulin resistance was generated by treatment with insulin, Dex, Mix, 

actinomycin D or cycloheximide, the only protein that correlated consistendy with the 

decrease in insulin stimulation of dGlc transport was IRS-1. These data suggest that 
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IRS-1 is involved in and required for insulin signaling of GluT4 translocation in 3T3-L1 

adipocytes. We conclude that die loss of IRS-1 is sufficient to cause insulin resistance. 

The role of the insulin receptor in this type of insulin resistance has been 

investigated by others with the fmding that the loss of the receptor or of its tyrosine 

kinase activity contribute to insulin resistance but often cannot adequately account for the 

loss of insulin action. Rubin et al. (24,25) found diat 3T3-L1 adipocytes were refractory 

to insulin after 16-48 h of insulin treatment; however, they found no decrease in insuUn 

binding. Ronnett et al. (22) found that insulin receptors were down-regulated by 50-60% 

with a half-time of 2-3 h by a simUar treatment of 3T3-L1 adipocytes. There was also a 

70% decrease in the maximum amount of insulin-responsive 2-dGlc transport. These 

investigators concluded that down-regulation of insuUn receptors was not sufficient to 

account for the insulin resistance and that some other defect in signal transduction was 

responsible. 

SimUar results and conclusions have been reported in rat adipocytes by Olefsky 

and coworkers (26,27). A change in the maximum responsiveness of adipocytes to 

insulin was attributed by these investigators to a change in the effector system distal to 

the receptor, i.e., a "post-receptor" mechanism. 

The treatment of 3T3-L1 adipocytes with insuUn caused a decrease in the amount 

of GluT4 (this work and [28]). However the amount of down-regulation was not enough 

to account for the insulin resistance, leading these authors to propose a signaling defect 

(28). 

Insulin-induced insuUn resistance is not limited to insulin stimulation of transport. 

Insulin treatment of H-35 human hepatoma ceUs results in the virtual loss of induction of 

tyrosine aminotransferase (TAT) by insuUn (29). This could not be explained by the 25-

30% loss of insulin binding. Nor could the loss of induction be explained as a loss in the 

TAT induction system, since Dex induction of TAT was not affected. These results are 

best explained by as defect in insulin signaling. 

The effect of chronic treatment with Dex on insulin responsiveness has also been 

investigated. In one study Dex caused a 3-5-fold increase in insulin receptors in 3T3-C2 

fibroblasts after 12 h exposure (30). This increase in receptor number was accompanied 

by a loss in dGlc transport by 24 h of Dex exposure. In another study in 3T3-L1 

adipocytes, a 21% decrease in receptor binding was observed along with a 40% decrease 

in insulin-stimulated dGlc transport during 3 days of treatment widi Dex (31). These 
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investigators proposed a non-receptor defect to account for the disparity between insulin 

receptor and insuUn responses. 

These observations lead us to propose that the signaling defect proposed by 

several investigators observed in examples of insulin resistance is the down-regulation of 

IRS-1. In this model, reduction of amounts of IRS-1 reduces the efficiency of insulin 

signaling. The reason for the great instabiUty of IRS-1 after insulin (and Mix) treatment 

is under investigation. 
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CHAPTER IV 

INSULIN AND l-METHYL-3-ISOBUTYLXANTHINE 

DOWN-REGULATE IRS-1 IN 3T3-L1 ADIPOCYTES 

BY STIMULATING FTS DEGRADATION 

Abstract 

The insulin receptor substrate, IRS-1, a protein with an apparent Mj- of 160-185 

kDa, has been impUcated in insulin-signaling. We have previously shown that IRS-1 in 

3T3-L1 adipocytes is down-regulated by treatment with insulin, dexamethasone or the 

cAMP phosphodiesterase inhibitor l-mediyl-3-isobutylxandiine (Mix)l (Rice, K.M., 

Lienhard, G.E. and Gamer, C.W. J. Biol. Chem. 267:10163-10167). We report here an 

investigation of the mechanism responsible for the down-regulation of IRS-1 in 3T3-L1 

adipocytes. Actinomycin D and cycloheximide did not inhibit either the insuUn or Mix 

down-regulation of IRS-1, suggesting that the down-regulation did not require synthesis 

of new proteins and that degradation is an important contributor to regulation. To verify 

this, we measured the half-life of IRS-1 in basal and insulin-treated adipocytes by 

P^SJMet pulse-chase labeling. The half-Uves in the basal state and during insulin 

treatment were 25 h and 2.5 h, respectively. Chloroquine failed to inhibit the insulin or 

Mix induced degradation of IRS-1 indicating the site of IRS-1 degradation is an extra-

lysosomal compartment. To determine the signal by which insulin or Mix triggers IRS-1 

degradation we have investigated both Tyr and Ser phosphorylation of IRS-1. The rate 

of IRS-1 Ser but not Tyr phosphorylation induced by insulin correlated with the rate of in 

vitro degradation of IRS-1. Okadaic acid, alone and with either insulin or Mix, increased 

the rate of ceUular IRS-1 degradation. The loss of IRS-1 was also associated with a loss 

of insulin-responsive dGlc uptake. H8, an inhibitor of protein kinases A and C, totaUy 

inhibited the Mix down-regulation of IRS-1, but had no effect on the insuUn-stimulated 

degradation. The PKA activators dbcAMP, forskolin and Ro 20-1724, a specific cAMP 

phosphodiesterase inhibitor, induced degradation of IRS-1, but to a lesser degree than 

Mix, suggesting that cAMP mediates down-regulation and that Mix may have effects on 

1 Abbreviations used: Dex, dexamethasone; Mix, l-methyl-3-isobutylxanthine; 
FBS, fetal bovine semm; E64, trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-butane, 
PMSF, phenylmethane sulfonyl fluoride; DFP, dusopropyl fluorophosphate; PSer, 
phosphoserine; PTyr, phosphotyrosine; PKA, protein kinase A; PKC, protein kinase C; 
dbcAMP, N6,2'-0-dibutyryl cAMP. 
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degradation in addition to diose through cAMP. 12-0-tetradecanoylphorbol 13-acetate, a 

PKC activator, stimulated IRS-1 Ser phosphorylation but did not stimulate degradation. 

These data suggest that the insulin- and Mix-induced down-regulation of IRS-1 is 

dependent upon a pre-existing, non-lysosomal proteolytic degradation mechanism, 

triggered by phosphorylation of specific IRS-1 Ser residues. 

Introduction 

The binding of insulin to its receptor activates the receptor Tyr kinase and affects 

the phosphorylation of a protein with a mol wt of 160-185 kDa, variously referred to as 

ppl60 or ppl85. This protein is described as the insulin receptor substrate (IRS-1) and is 

thought to be involved in insuUn receptor signaUng (1-7). After insulin stimulation of 

various cell types, IRS-1 can be co-immunoprecipitated with phosphatidyUnositol 3'-

kinase (8,9). This observation impUes that the role of IRS-1 in the propagation of insulin 

signaling may be that of a docking protein activating one or more downstream proteins 

by forming a stable complex. Any dismption in the formation of this complex would 

interfere with insulin receptor signaling. 

In support of this idea, we have shown that treatment of 3T3-L1 adipocytes with 

either Dex, Mix or insulin results in a down-regulation of IRS-1 (10) and a 

corresponding decrease in insulin-stimulated glucose transport. These results are 

consistent with a role of IRS-1 in insulin signaling and demonstrate that decreased 

amounts of IRS-1 are associated with insulin resistance in 3T3-L1 adipocytes. 

An understanding of the regulation of IRS-1 might therefore have important 

impUcations for the treatment of certain types of insulin resistance in human patients. 

Thus we have attempted to determine the role of protein degradation in IRS-1 down-

regulation during insuUn and Mix treatments of 3T3-L1 adipocytes. We report here that 

IRS-1 down-regulation induced by insuUn and Mix can be explained entirely as the result 

of an increase in the rate of specific degradation of the protein without the need to evoke 

any changes in the rate of synthesis of IRS-1. 

Experimental Procedures 

]S4aterials. Goat anti-avidin IgG conjugated to HRP, insulin, Dex, Mix, E-64, 

PMSF, DFP, FBS were obtained from Sigma Chemical Co., St. Louis, MO. Enhanced 

chemUuminescence (ECL) reagents and donkey anti-rabbit IgG conjugated to HRP, were 

obtained from Amersham Corp., Arlington Heights, EL, SDS-PAGE biotinylated protein 
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standards (high range) were from Bio-Rad Laboratories, Richmond, CA, 3T3-L1 ceUs 

were obtained from ATCC, CCL 92.1. [3H]2-deoxyglucose (8 Ci/mmol) and [̂ ŜJMet 

(680 Ci/mmol) were obtained from Dupont NEN Research Products, Boston, MA, Ro 

20-1724 was obtained from Biomol Research Laboratories, Inc, Plymouth Meeting, PA, 

Affinity-purified polyclonal rabbit anti-PTyr was purchased from Upstate Biotechnology, 

Inc., Lake Placid, NY. 

Differentiation of 3T3-L1 cells to adipocytes. Fibroblasts were differentiated to 

adipocytes as described (10). Briefly, 2-day postconfluent fibroblasts were treated with 

10% FBS, insuUn (1 nM), Dex (100 nM), and Mix (0.5 mM) for die fu-st 2 days foUowed 

by 10% FBS and insulin (1 \M) for die next 2 days. CeUs were dien fed 10% FBS every 

other day. Adipocytes were used between days 8 and 12 after the beginning of the 

differentiation protocol. 

Preparation of extracts of 3T3-L1 adipocvtes. Extracts were prepared by 
scrapping ceUs into a lysis medium consisting of 1% SDS, 50 mM Tris at pH 7.4, 1 mM 
vanadate, 10 \M E-64, 1 mM PMSF, 1 mM DFP and 1 mM EDTA. DNA was broken 

with a 25 G needle. Sample buffer (4X) was added to yield a fmal concentration of 

1.33% SDS and were dien heated at 55° C for 5 min. Samples were stored at -70° C 

Anti-peptide antibodies against IRS-1. Anti-peptide antibodies against IRS-1 

were prepared as reported previously (10). Antibodies were affinity-purified at 4° C by 

absorption to the peptide-agarose column and elution with 0.1 M Gly buffer, pH 2.5. 

Elution was foUowed by neutraUzation with 1.5 M Tris buffer, pH 8.6, as soon as each 

fraction was coUected. Preparations were dialyzed against TBS (Tris HCl, 0.02 M at pH 

7.6, and NaCl, 0.15 M) containing NaN3,0.05%. 

Determination of IRS-1 or IRS-1 PTyr in extracts of 3T3-L1 cells by protein 

immnnohlotting, SDS-PAGE was carried out in 6% polyacrylamide mini-gels (BioRad 

Laboratories, Mini-protean II) using standard buffers (11). Polypeptides were 

electrophoreticaUy transferred to ImmobUon P (MiUipore Corp.) in 96 mM Gly and 12.5 

mM Tris base in 10% methanol at 100 v for 2 h with cooling with the Bio-Ice cooling 

unit suppUed by the manufacturer. Blots were blocked with 3% instant non-fat dry milk 

(Carnation) in TBS for 30 min, and then treated either with affinity-purified IRS-1 

antibodies (2 M-g/ml) or anti-PTyr (2 M-g/ml) in 1% milk for 1 h. Blots were washed with 

TBS and then reacted with donkey anti-rabbit IgG coupled to HRP at a dUution of 

1:5000 in 1% miUc in TBS for 1 h. Blots were washed ovemight widi TBS at 4° C 

Bound antibodies were visuaUzed by chemUuminescence using the ECL reagents 
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(Amersham Corp.) as described by the manufacturer. Luminescent blots were recorded 

on Kodak XAR 5 film for 1-300 s as appropriate. Signals on the film were quantitated as 

previously described (10). 

MetaboUc labeling of IRS-1 with F^SIsulfur amino acids. Seven-day post-

differentiation 3T3-L1 ceUs in T-25 flasks were fed widi 2.5 ml of medium (DMEM plus 

10% FBS) to which was added 250 M,Ci [̂ ŜJMet and Cys mixture (NEN/Dupont). CeUs 

were maintained tightiy capped at 37° C for 16 h and dien washed 3 times widi medium 

and finaUy fed 5 ml of medium. C!eUs were then treated with or without insulin and 

incubated for the indicated time. 

Immunoprecipitation of metabolicaUy labeled IRS-1. The p5S]labeled 3T3-L1 

adipocytes in one T-25 flask were taken up in 1.2 ml of RIPA lysis buffer (1% 

deoxychoUc acid, 1% Triton X-100, 0.1% SDS, 50 mM Tris at pH 7.4, 150 mM sodium 

chloride, 1 mM sodium vanadate, 1 mM EDTA, 50 mM sodium fluoride, 10 nM E-64, 1 

mM DFP and 1 mM PMSF). Lysates were cleared by centrifugation at 20,000 x g for 15 

min. AUquots for protein determination were frozen at -70° C and the balance was pre-

cleared with 40 d̂ protein A-agarose 50/50 slurry (Sigma) for 1 h at 4° C The beads 

were settied by a 7-s centrifugation in a microcentrifuge and the entire supematant 

solution was removed. Antisemm prepared against IRS-1 C-terminal peptide, 20 pi, and 

Protein A-agarose beads, 40 \d, were then added to the supematant solution and the 

mixture was rotated at 4° C for 2 h. The beads were separated from the supematant 

solution by a 7-s centrifugation in a microcentrifuge and were then washed with RIPA 

lysis medium 3 times. IRS-1 was eluted from the beads by incubation widi 2x SDS 

sample buffer at 55° C for 5 min and 30 s in boiling water. The supematant solution was 

separated from the beads by centrifugation through a hole in the bottom of the 

microcentrifuge tube made with a 26 G syringe needle. Immunoprecipitations were 

performed on extracts adjusted to contain equal amounts of protein. IRS-1 was separated 

by SDS-PAGE. Gels were prepared for fluorography (12) using Resolution (E.M. 

Corporation, Chestnut HiU, MA), dried under moderate heat and vacuum and exposed to 

X-ray film at -80 ° C for die appropriate time. Radioactive proteins for mol wt standards 

were included in each experiment. 
jy^easurement of in vitro degradation of IRS-1, After treatment widi insulin (1 \i 

M) for 0 - 4 h, extracts were prepared widi RIPA lysis buffer (above, but without EDTA) 

and divided into two equal aUquots, To one, the control extract, was added 4X sample 

buffer, which was immediately heated for 5 min at 55° C and stored at -70° C The other 
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aUquot was incubated at 37° C for 4 h after which 4X sample buffer was added and 

treated as above. The protease inhibitors present inhibited general, non-specific 

proteolysis when incubated at 37° C for 15 h to less dian 10% of total protein as 

measured by both protein assay and band to band comparison of a coomassie blue stained 

gel of the above extracts (results not shown). 

dGlc transport. dGlc transport was measured as previously described (13). 

Briefly, ceU monolayers were washed 3 times widi Krebs-Ringer-Phosphate (KRP) and 

dien incubated in die presence or absence of 1 \M insuUn for 30 min at 37* C [^H\2-

deoxyglucose was added to this solution to a fmal concentration of 0.1 mM and 250 

nCi/ml, and the incubation was continued for 10 min at 37" C The ceUs were then 

washed 3 times widi ice cold KRP and were solubUized in 0.5 ml 1% SDS. The 

radioactivity in 200 pi was determined in a scintiUation counter in 4,3 ml Scinti Verse 

cocktaU (Fisher Scientific Fair Lawn, NJ), 

Insulin debinding protocol. Insulin must be removed from the receptors and the 

receptors recycled in order to restore insulin responsiveness. The debinding protocol is 

simUar to that used by Ronnett et al (14). Briefly, ceU monolayers were washed twice 

widi DMEM plus 10% FBS and dien incubated for 30 minutes at 37° C widi DMEM plus 

10% FBS. This procedure was repeated three times for a total of 4 times. 

Results 

Insulin and Mix stimulates the down-regulation of IRS-1 in the presence of 

transcription and translation inhibitors. Treatment of 3T3-L1 adipocytes with 1 pM 

insulin for up to 24 h resulted in a decrease in the amount of IRS-1 to a new steady state 

at about 10% of the control values (Figure 4,1 A), The half-time for the loss of IRS-1 

was about 2.5 h. The ceUular processes by which the new steady state is achieved 

include potential contributions from both a decrease in the rate of synthesis and an 

increase in the rate of degradation, therefore the same measurements were made in the 

presence of 0.5 pM actinomycin D to inhibit transcription of DNA or 100 |iM 

cycloheximide to inhibit translation of mRNA. This concentration of inhibitors gave 

about 80% inhibition of the synthesis of the insulin-responsive glucose transporter (not 

shown). Higher concentrations were visibly toxic to the adipocytes at 24 h of exposure. 

The half-times for the loss of IRS-1 measured in the presence of actinomycin D or 

cycloheximide but in the absence of insulin were about 10 h and 20 h, respectively. 

Neither actinomycin D nor cycloheximide blocked the down-regulation by insuUn. 
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SimUar experiments were done widi Mix widi or widiout cycloheximide, as shown in 

Figure 4. IB. The half-time for die Mix down-regulation of IRS-1 was also 2.5 h and was 

not affected by cycloheximide. 

Time, h 

8 12 16 

Time, h 

Figure 4.1. The effect of macromolecule synthesis inhibitors on die down-
regulation of IRS-1 by insulin and Mix. (A). Day 8 adipocytes, fed with medium 
(DMEM -I- 10% FBS) 24 h earUer, were incubated widi eidier insuUn (1 pM) (-1-), 
actinomycin D (500 nM) (-V-), or cycloheximide (500 \M) (-T-) alone or insulin + 
actinomycin D (-•-), or insulin + cycloheximide (-•-) or no addition (-A-) as 
indicated for up to 24 h. (B). Day 8 adipocytes were incubated with either Mix (0.5 
mM) (-•-)» or cycloheximide (500 \M) (-T-), alone or Mix + cycloheximide (-•-) 
for 24 h. IRS-1 was determined as described in die Methods section. Data are die 
percent IRS-1 in the control at zero h. Each point represents the mean ± S.E.M., n = 
4. 
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The half-life of IRS-1 by metabolic labeling is the same as bv protein 

immunoblotting. 3T3-L1 adipocytes were labeled with [̂ ŜJMet for 16 h and the amount 

of IRS-1 was then determined by immunoprecipitation and SDS-PAGE foUowed by 

autoradiography of the dried gel. Immunoblotting of a control extract was used for 

identification of the IRS-1 band. The decrease in mobiUty by about 10 kDa is due to 

phosphorylation (10). Alkaline phosphatase treatment of the extracts from insulin-

treated ceUs resulted in an increase in the mobiUty to that of comparably treated extracts 

from basal ceUs. The increase in phosphate content is due to both Tyr and Ser 

phosphorylation (3). The integrated intensities of die IRS-1 bands at different times of 

insulin treatment is shown in Figure 4.2A. The half-Ufe of IRS-1 from basal ceUs 

determined over 48 h was 25 h whereas die half-life of IRS-1 in the presence of 1 \iM 

insulin was 2.5 h. 

We also determined the half-time for the insulin-stimulated down-regulation by 

immunoblotting the same extracts labeled widi [̂ ŜlMet. These samples yielded a half-

Ufe of 2.1 h. When die amount of IRS-1 at different times obtained from die 

autoradiogram during insulin treatment was plotted against the amount of IRS-1 obtained 

from protein immunoblotting, a straight Une (r2 = .992) having a slope of 1.07 was 

woo 

r2 - .90221 

60 12C 40 60 60 100 
% of IRS-I Remaining; 

j l^^lfP by Metabolic Labeling 

Figure 4.2 The half-time of IRS-1 in die basal- and insuUn-treated state. 
Adipocytes were labeled widi [̂ ŜJ-Met as in die Mediods section. To aU flasks 
except die control and zero group, insuUn (1 nM) or Mix (0.5 mM) was added and 
the ceUs were incubated at 37° C until processed at die times shown. Each point 
represents die mean ± S.E.M., n = 3. (A) The integrated intensities of die IRS-1 
bands obtained from autoradiograms are plotted on a logaridmiic scale. The control 
(-•-) received no insuUn. The amount of IRS-1 was measured by immunoblotting 
of die processed samples (-T-) or by autoradiography (-A-) (B) The integrated 
intensities obtained from die autoradiogram are plotted against die integrated 
intensities obtained from immunoblots at each tinie point. The same samples were 
used for both autoradiograms and for immunoblotting. 
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obtained (Figure 4.2B). The 95% confidence interval includes a Une with a slope of 

1.00. A convex curve having significantiy higher values for IRS-1 by immunoblotting 

than by immunoprecipitation would be expected if synthesis were occurring at a 

significant rate in the presence of insulin. 

InsuUn and Mix down-regulation of IRS-1 occurs in die presence of chloroquine. 

To determine whedier IRS-1 degradation occurred m lysosomes, 3T3-L1 adipocytes 

were treated with chloroquine to inhibit degradation by aUj:alization of the lysosomal 

compartment but having no effect on cytosoUc mechanisms of protein degradation. 

Conditions were used which were shown to block the degradation of the insuUn receptor 

(15,16). The data shown in Figure 4.3 demonstrate that chloroquine did not inhibit the 

insulin or Mix degradation of IRS-1, suggesting that the insuUn-stimulated degradation 

does not occur in lysosomes. 

The rate of IRS-1 degradation correlates with the rate of IRS-1 Ser 

phosphorylation but not Tyr phosphorylation. IRS-1 is phosphorylated in response to 

insuUn on both Tyr and Ser residues (3). Presumably, it is the Tyr phosphorylation that 

is important for the propagation of the insuUn signal, but the signal for stimulating IRS-1 

degradation is unknown. 

Control Con+Chlor Insulin Ins-i-Chlor Mix MIx-t-Chior 

Treatment 

Figure 4.3 The effect of chloroquine on the inhibition of the insulin or Mix 
degradation of IRS-1. Adipocytes were treated widi 100 jiM chloroquine (Clq) for 
30 min before the addition of 1 jiM insulin (ins) or 0.5 mM Mix. The incubation 
with insulin or Mix was continued for 4 h at 37° C in the presence of chloroquine. 
Extracts were prepared as in Mediods and IRS-1 was determined by 
immunoblotting. Data are expressed as the percent of the control having received no 
treatment. Each bar represents the mean ± S.E.M., n = 3. 
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To test die possibUity diat Ser phosphorylation is die signal for IRS-1 

degradation, we have determined die rates of insuUn-induced IRS-1 phosphorylation bodi 

on Tyr and Ser residues and the fractional amount of IRS-1 committed to degradation 

during insulin treatment. 3T3-L1 adipocytes were incubated widi insuUn for die times 

indicated and ceU-free extracts were prepared as described. AUquots of each extract 

were then treated with concentrated sample buffer and stored at -70° C (Figure 4.4A, 

lanes 1,3, 5, 7 and 9) or were incubated in vitro for 4 h at 37° C Ganes 2, 4, 6, 8 and 10) 

and the amount of IRS-1 was then determined by immunoblotting. As seen in Figure 

4.4A, incubation of the ceUs with insulin caused an increased amount of IRS-1 to be 

committed to in vitro degradation. Integrated intensities were obtained and plotted in 

Figure 4.4B. A half-time of about 65 min for the insulin stimulation of degradation of 

IRS-1 was obtained. About 4% of the IRS-1 in die extracts from ceUs not treated with 

insulin was degraded during the 4-h incubation. The addition of okadaic acid did not 

affect the i^^ for degradation suggesting that the phosphatase inhibitors were effective in 

preventing phosphatase action in vitro. There was also no general proteolysis during the 

4-h incubation since coomassie blue-stained SDS gels of the treated and untreated 

extracts were identical. 

Tyr phosphorylation of IRS-1, measured in the same extracts used in Figure 4.4A 

by immunoblotting with antibodies against PTyr, increased during the incubation with 

insulin with a half-time of about 2.7 min. Tyr phosphorylation was maximal within 10 

min or less of insulin treatment (Figure 4.4B). Phosphorylation on Ser was measured 

indirectiy by measuring the rate of appearance of a lower mobiUty IRS-1 species at about 

170 kDa that we have previously shown to be the result of extensive phosphorylation on 

residues other than Tyr, presumably mainly on Ser residues (3,17). Since the lower 

mobiUty band is discrete from the IRS-1 band observed in the absence of insulin 

treatment, we have been able to quantitate the amount of IRS-1 in this band by the use of 

an integrating densitometer. This lower mobiUty band appeared with a half-time of 75 

min (Figure 4.4B). Thus, it can be seen that the insulin-induced degradation of IRS-1 

correlated with phosphorylation on non-Tyr residues (presumably Ser residues) that 

resulted from prolonged incubation with insulin, rather than with Tyr phosphorylation. 
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Figure 4.4 The rates of phosphorylation of IRS-1 on Tyr and Ser residues and the in 
vitro degradation of IRS-1 induced by insulin. Adipocytes were incubated with insuUn 
(1 jiM) at 37° C for the times shown. CeUs were then lysed with RIPA buffer without 
EDTA as described in Methods. Extracts were divided into two equal aUquots. One was 
treated with 4X sample buffer and stored at -70° C. The other aUquot was incubated at 
37° C for 4 h. The reaction was stopped by adding 4X sample buffer and heating at 55° 
C for 5 min. (A) A representative SDS-PAGE immunoblot is visuaUzed by the use of 
anti-IRS-1 antibodies. (B) The amount of PTyr in IRS-1 (-0-) was obtained by 
immunoblotting the samples using anti-PTyr as described in the Methods. The curve was 
generated by fitting the data to the equation describing a rectangular hyperbola having a 
1̂/2 - 2-^ " ^ ^ ^ ^ maximum at 100%. The amount of IRS-1 found in the lower 

mobiUty band, i.e., the insulin-induced PSer form of IRS-1 (-•-), is expressed as the 
percent of the total amount of IRS-1 in the non-incubated control. TTie curve was 
generated as above having a i^^ = 75 min and a maximum at 100%. The amount of IRS-
1 remaining after an incubation of extracts at 37° C in vitro (-•-) is shown as the percent 
of the total amount of IRS-1 in the non-incubated control. The curve was generated by 
fitting the data to the equation describing first-order decay having a tj« = 65 min and a 
minimum at 10%, the value of the new steady state amount of IRS-1 after 24 h of 
incubation with insulin. The data are expressed as a function of the length of time the 
adipocytes were incubated with insulin. Data are expressed as die mean ± S.E.M., n = 3. 
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Okadaic Acid increases the rate of insulin- and Mix-stimulated degradation of 

IRS-1. Insulin-induced degradation of IRS-1 appears to depend upon Ser 

phosphorylation rather than Tyr phosphorylation. To define more clearly the role of Ser 

phosphorylation as the trigger for IRS-1 degradation, we preserved IRS-1 PSer 

selectively in vivo by treating adipocytes with okadaic acid, a membrane-permeable 

inhibitor of PSer phosphatases 1 and 2A widiout PTyr phosphatase activity in die 

presence or absence of insulin or Mix. Treatment with okadaic acid (100 nM) for 4 h 

increased the basal phosphorylation of IRS-1 and decreased the basal half-life of IRS-1 

to 11.2 h as shown in Figure 4.5. Treatment with insulin in the absence or presence of 

okadaic acid decreased the IRS-1 half-life from 2.0 h to 1.2 h (Figure 4.5). Okadaic acid 

did not affect the amount of PTyr in IRS-1 after insulin treatment (not shown). Thus 

okadaic acid caused an increase in the rate of degradation of IRS-1 by its abiUty to 

inhibit dephosphorylation of PSer residues in IRS-1. Treatment of adipocytes with Mix 

in an analogous experiment without or with okadaic acid gave simUar results (not shown) 

and decreased die IRS-1 half-life from 3.9 h to 3.1 h (Figure 4.5). 

1000 

2 100 
o 
O 

10 

Time 
Figure 4.5 The effect of okadaic acid on die insulin-stimulated degradation of IRS-1. 
Adipocytes were treated widi okadaic acid (100 nM) for 15 minutes. Insulin (1 |iM) was 
added and the incubation was continued for an additional 4 h at 37° C. Extracts were 
then prepared with 1% SDS lysis buffer as detaUed in the Materials and Methods section 
and IRS-1 was determined by immunoblotting. Integrated intensities were measured and 
are expressed as the percent of the control having received no treatment. Each data point 
represents die mean ± S.E.M., n = 3. 
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Okadaic arid increases the rate of insulin- and Mix-stimulated acquisition of 

insuUn resistan^ .̂ We have previously shown diat diere is a correlation between die 

down-regulation of IRS-1 by treatment of adipocytes widi insuUn, Mix, Dex, 

actinomycin D or cycloheximide and the loss of insulin responsiveness as measured by 

insulin-stimulated dGlc uptake. We wished then to determine if die increased rate of 

degradation of IRS-1 induced by okadaic acid during insulin or Mix treatment would also 

be associated with an increased rate of loss of insulin responsiveness. As shown in 

Figure 4.6A, okadaic acid treatment alone caused an increased basal level of dGlc 

uptake. The stimulation of total transport by a short incubation with insulin was not 

significantiy affected by okadaic acid. Incubation of adipocytes with insulin for up to 4 h 

caused a loss of insulin responsiveness, seen as an increase in the basal level of uptake. 

The incubation with insulin for 2 or 4 h was foUowed by an insulin debinding treatment 

that removed the insulin from receptors, aUowing the glucose uptake system to reset, 

making the ceUs responsive to insulin in a subsequent short incubation. However after 2 

or 4 h of insulin treatment in the presence of okadaic acid, there was a significantiy 

greater degree of insulin resistance than with insulin or okadaic alone. SimUar results 

were obtained with Mix (Figure 4.6B). The loss of insulin responsiveness paraUeled the 

enhanced degradation of IRS-1 in the presence of okadaic acid (Figure 4.5). 
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Figure 4.6 The effect of okadaic acid on die insulin-stimulation of dGlc uptake. (A) 
3T3-L1 adipocytes were treated with insulin (1 jiM) and/or okadaic acid (100 nM) for 
the time indicated. At the end of die incubation, insulin was removed by the insuUn 
debinding procedure of Ronnett et al. (14). dGlc uptake was dien measured after a 30-
min incubation with (I) or without (B) 1 \M insulin to measure insulin responsiveness. 
(B) CeUs were treated widi Mix (0.5 mM) widi or widiout okadaic acid (100 nM) for 
the time indicated. Insulin-stimulated transport was dien measured as described in die 
Materials and Methods section. Data are expressed as die mean ± S.E.M., n = 3. 
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The Mix-stimulated down-regulation of IRS-1 occurs through a cycUc nucleotide 

dependent PKA As with insulin. Mix is also thought to signal the degradation of IRS-1 

through phosphorylation on Ser residues. Mix has multiple effects on cellular 

mechaiusms but is presumably working by inhibiting cAMP phosphodiesterase causing 

cAMP concentrations in the adipocytes to rise, stimulating a PKA phosphorylation 

cascade. We tested this assumption two ways: first, by determining if an inhibitor of 

cycUc nucleotide-dependent protein kinase could block the effects of Mix and second, by 

determining if other agents which cause an increase in ceUular cAMP concentrations also 

caused down-regulation of IRS-1. As shown in Figure 4.7, the compound H8 which is. 
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Figure 4.7 The effect of H8 on die Mix-stimulated degradation of IRS-1. Adipocytes 
were treated for 15 min at 37° C with 48 pM H8, a cycUc nucleotide-dependent protein 
kinase and PKC inhibitor. Mix (0.5 mM) was added and the ceUs were incubated for 4h 
at 37° C. Extracts were 1% SDS lysis buffer as in Methods and IRS-1 was determined 
by before. Data are expressed as the percent of the control having received no treatment. 
Each bar represents the mean ± S.E.M., n = 3. 
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N[2-(mediylamino)ediyl]-5-isoquinoUne sulfonamide, an inhibitor of PKA (K/ =1.2 îM) 

and PKC (K/ = 15 \iM) (18), blocked die Mix-induced down-regulation of IRS-1. H8 

had no effect on the insulin-stimulated degradation of IRS-1 (data not shown). In 

addition, treatment of adipocytes with 2 mM dbcAMP, 10 jiM forskolin, or 20 |iM Ro 

20-1724 for 4 h at 37°C also caused the down-regulation of IRS-1, although the amount 

of down-regulation was consistendy less than that with Mix alone (Figure 4.8). Ro 20-

1724 is a more specific cAMP phosphodiesterase inhibitor than Mix but is not a xanthine 

or purine analog (19). None of the treatments induced sufficient IRS-1 phosphorylation 

to be detectable as an decrease in mobiUty on SDS-PAGE (not shown) indicating that if 

IRS-1 phosphorylation was mediated through a protein kinase cascade, the degree of 

phosphorylation was smaU. Mix did not cause any detectable phosphorylation on Tyr, as 

determined by immunoblotting with anti-PTyr antibodies (not shown). 

Control Mix (Bu)cAMP Forsoklln Ro20 

Treatment 

Figure 4 8 The effect of various activators of PKA on IRS-1. Adipocytes were 
incubated widi eidier Mix (0.5 mM), dbcAMP (2 mM), forskoUn (10 îM), or Ro 20-
1724 (20 |iM) for 4 h at 37°C. Extracts were then prepared with 1% SDS lysis buffer as 
described in the Materials and Methods section and IRS-1 was determined by 
immunoblotting. Data are expressed as the percent of the control having received no 
treatment Bars marked with (*) are significantiy different from control (P<.01) by the 
Newman-Keuls test. Bars marked with (#) are significantiy different from other 
treatments (P<.01) by the Newman-Keuls test. Each bar represents the mean ± S.E.M., n 
= 12 for control and n = 6 for aU other treatments. 
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Phorbol esfer causes the Ser phosphorylation of IRS-1 but does not stimulate its 

down-regularinn Since H8 also inhibits PKC (18), the Mix stimulation of die 

degradation of IRS-1 may also depend upon activation of PKC. To determine whether 

PKC stimulates the Ser phosphorylation of IRS-1 and thereby regulates IRS-1 amounts, 

we treated ceUs widi 1.67 \iM 12-O-tetradecanoyl phorbol 13-acetate (TPA) for 24 h. In 

Figure 4.9 (inset), it can be seen that there was a decrease in mobUity of IRS-1 upon 

SDS-PAGE due to extensive phosphorylation, simUar to the changes seen with insulin. 

PTyr could not be detected by immunoblotting using anti-PTyr antibodies, suggesting 

that the phosphorylation was entirely on Ser or Thr (not shown). By 24 h, the mobiUty 

had returned to that of basal IRS-1, presumably due to a combination of the down-

regulation of PKC and phosphatase action upon IRS-1. Phosphorylation was maximal 

within 1 h. Over the 24-h treatment, none of the data points are statisticaUy different 

from the control (P > .05) (Figure 4.6). Insulin-stimulated glucose transport was also not 

affected by the TPA treatment (not shown). 
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Figure 4.9 Effect of TPA treattnent of 3T3-L1 adipocytes on the amount of IRS-1 and 
the mobiUty of IRS-1 on SDS-PAGE. Adipocytes were incubated with 1.67 l̂M TPA at 
37° C for the times indicated. Extracts were prepared as described in the Materials and 
Methods section and IRS-1 was determined by immunoblotting. The integrated 
intensities of the bands were measured and expressed as the percent of control. Data are 
represented as percent of the control. Each bar represents the mean ± S.E.M., n = 4. 
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Discussion 

Insulin and Mix stimulate the degradation of IRS-1. We have previously shown 

that msuUn and Mix ti-eatment of 3T3-L1 adipocytes causes a decrease in die total 

ceUular amount of IRS-1 (10). We report here diat die mechanism by which insuUn and 

Mix cause new steady state levels of IRS-1 is by an increase in die rate of IRS-1 

degradation. This conclusion is supported by die foUowing observations. The rapid 

down-regulation of IRS-1 in the presence of insulin or Mix, as compared to 

macromolecule synthesis inhibitors alone (actinomycin D or cycloheximide), indicates 

that inhibition of mRNA or protein synthesis is not sufficient to explain the degradation 

of IRS-1. The half-Ufe of IRS-1 as determined by P^Sj-Met pulse chase labeUng is 

decreased by treatment with insulin by 90%. This method measures only the changes in 

IRS-1 due to degradation with no contribution from synthesis, assuming that the 

degradation of labeled proteins did not introduce a significant amount of labeled amino 

acids into the ceUular pool during the chase period. The half-life determined by [̂ ^SJMet 

labeling was found to be indistinguishable from the value determined by immunoblotting 

the same samples. The data support the conclusion that insulin and Mix regulate the 

ceUular concentration of IRS-1 primarUy by degradation. 

The faUure of the synthesis inhibitors to inhibit the induction of degradation of 

IRS-1 by insulin and Mix indicates that the synthesis of new proteins is not required to 

implement the degradation of IRS-1. Hence, the mechanism by which degradation 

occurs is by an existing mechanism requiring only that it be activated by some signal 

controUed by insulin or Mix. 

The signal for degradation is a phosphorylation event. Insulin causes the 

phosphorylation of IRS-1 on Ser (3). The number of phosphorylations is not known but 

it is large enough to cause a decrease in the mobiUty on SDS-PAGE equivalent to about 

10 kDa (10). The identity of die Ser kinase is not known; however, it is not PKA or 

PKC since H8 inhibited neither the appearance of the lower mobiUty band for IRS-1 by 

insulin nor the insulin-stimulated degradation of IRS-1. On the other hand, stimulation 

of PKA by Mix, dbcAMP, forskolin or Ro 20-1724 did cause degradation. Degradation 

induced by Mix was blocked by H8. Since PKA did not cause a mobiUty shift in IRS-1, 

we assume diat the degree of phosphorylation was smaU or that the phosphorylation 

event occurred on a protease that is relatively specific for IRS-1. We do not beUeve that 

PKC is involved in IRS-1 degradation since phorbol ester did cause the phosphorylation 

of IRS-1 but did not cause its degradation. 
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Additional evidence for the role of phosphorylation in signaling the degradation 

of IRS-1 is found in the inhibition of phosphatases 1 and 2A by okadaic acid. Treatment 

of basal state adipocytes with okadaic acid caused an accumulation of 

hyperphosphorylated forms of IRS-1, visible by 4 h of incubation. There was a sUght 

decrease in IRS-1 amounts accompanying diis. When adipocytes were incubated widi a 

mixture of okadaic acid and insuUn, diere was a sharp increase in the rate of degradation 

over diat caused by insulin alone. IRS-1 in the lower mobiUty band appeared to be 

preferentiaUy degraded. We interpret this as an inhibition of die hydrolysis of specific 

PSer residues on IRS-1 diat signal degradation. Okadaic acid also caused an increase in 

the rate of degradation upon incubation of adipocytes with Mix. 

StiU further evidence that Ser phosphorylation signals the degradation of IRS-1 

was obtained from a determination of the rate at which IRS-1 was committed to 

degradation during an in vitro incubation of extracts of 3T3-L1 adipocytes. We selected 

conditions under which IRS-1 from basal ceUs was stable during extensive incubation in 

vitro at 37° C. The conditions required the presence of tryptic-Uke protease inhibitors, a 

thiol protease inhibitor and PSer and PTyr phosphatase inhibitors. Under these 

conditions, there was about a 4% loss in the amount of IRS-1 in the control extracts 

during the 4-h incubation at 37° C. When extracts containing IRS-1 were obtained from 

insulin-treated ceUs, there was a progressive increase in the commitment to degradation 

during the in vitro incubation that was proportional to the length of time of the insulin 

treatment. The half-time for the acquisition of the instabiUty was 65 min. The half-time 

for the appearance of the lower mobility band upon incubation with insulin was 

comparable with a value of 75 min. The formation of PTyr in IRS-1 was much faster 

with a half-time of about 2.7 min and was maximal by 10 min of incubation with insuUn. 

Thus we conclude that the commitment of IRS-1 to degradation in vitro corresponded to 

the formation of the hyperphosphorylated form if IRS-1. The hyperphosphorylated form 

results from the phosphorylation mainly of Ser residues. We assume that there is a 

protease that recognizes specific PSer residues in IRS-1. 

The in vitro degradation of IRS-1 and the in vivo degradation do not measure the 

same processes. The in vitro degradation measures the degradation of IRS-1 by 

proteolysis after the phosphorylation and dephosphorylation events are stopped. Whereas 

the in vivo degradation measures the sum of phosphorylation, dephosphorylation and 

proteolysis. Thus the rates of the two processes cannot be compared directiy. The data 

do indicate, however, that there is a ceUular IRS-1 Ser phosphatase with possible 
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physiological relevance in insulin signaUng, simUar to the many other phosphatases that 

are activated in response to insulin (20-24). 

The loss of IRS-1 for 3T3-L1 adipocytes occurs with a corresponding loss in 

insulin responsiveness. The down-regulation of IRS-1 is associated with a concomitant 

down-regulation of insulin-stimulated glucose transport. We have recentiy shown that 

the down-regulation of IRS-1 by insulin, dexamethasone. Mix, cycloheximide and 

actinomycin D correlated with a loss in insulin-stimulated glucose transport without a 

corresponding change in the amount of the insulin receptor, phosphatidyUnositol 3'-

kinase or the insulin-responsive glucose transporter.^ This correlation is further 

supported by the relationship of IRS-1 to insulin-stimulated dGlc uptake in the okadaic 

acid experiments. When okadaic acid accelerated the loss in IRS-1, there was also an 

acceleration in the loss of insuUn responsiveness. PKC activation by phorbol ester did 

not result in down-regulation of either IRS-1 or insulin-responsive glucose transport. 

The effect of TPA on insulin-stimulated dGlc uptake is consistent with die observations 

of odier investigators widi 3T3-L1 adipocytes (25), Swiss 3T3 fibroblasts (26) and 

BC3H-1 myocytes (27). These data support a role for IRS-1 in die insulin stimulation of 

glucose uptake in 3T3-L1 adipocytes. 

It is interesting to speculate on the physiological relevance of the rapid rate of 

IRS-1 Tyr phosphorylation and die much slower rate of IRS-1 Ser phosphorylation in 

response to insulin. The rapid Tyr phosphorylation aUows for a rapid ceUular response. 

Whereas, slower Ser phosphorylation diat signals die degradation of IRS-1 aUows die 

ceU to regulate its responsiveness to insuUn. Hence, die phosphorylation of two different 

amino residues and die subsequent response each signals allows for die closure of die 

classical loop of sensitivity and negative feedback regulating diat sensitivity. 

Summary. We have provided evidence that the insulin-and Mix-stimulated 

down-regulation of IRS-1 occurs dirough degradation of die protein widi Uttie if any 

contribution from changes in die rate of its syndiesis. The signal diat initiates die 

degradation appears to be a Ser phosphorylation event. The PSer important to 

degradation is apparentiy on IRS-1 itself; however, PSer may be on a specific protease 

also. The phosphorylation that signals degradation is limited to a few specific Ser 

residues, since neither the PSer present in basal IRS-1 nor the PSer resulting from PKC 

action resulted in degradation. Activation of PKA by several different treatments which 

2K.M. Rice and C.W. Gamer, unpubUshed result. 
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raise cAMP concentrations did stimulate degradation. The insulin-stimulated 

degradation was associated with the formation of new PSer residues in IRS-1 but not 

PTyr formation. The loss of IRS-1 by degradation was associated with a corresponding 

loss in insulin responsiveness. 

\x;; 
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CHAPTER V 

INTRACELLULAR CALCIUM IS NECESSARY 

FOR THE INSULIN-STIMULATED 

DEGRADATION OF IRS-1 IN 3T3-L1 ADIPOCYTES 

Abstract 

IRS-1 has been shown to be a substrate for the insulin receptor tyrosine kinase 

and impUcated as a component of die insulin signaling mechanism. I have determined 

diat ceUular amounts of IRS-1 are regulated by insuUn, l-mediyl-3-isobutylxandiine 

(Mix)i, and dexamediasone (Dex) (Rice, K.M., Lienhard, G.E. and Gamer, C.W. J. Biol. 

Chem. 267:10163-10167). I have previously shown that insulin down-regulates IRS-1 

by a mechanism which controls the stabiUty of the protein. Moreover, insulin stimulated 

degradation of IRS-1 is triggered by phosphorylation of IRS-1. I report here that the 

degradation rate of IRS-1 in vitro is directiy related to lengdi of time 3T3-L1 adipocytes 

are exposed to insulin. The in vitro degradation of insuUn-stimulated phosphorylated 

IRS-1 is not inhibited by die protease inhibitors, E-64 (10 \M), PMSF (1 mM) and DFP 

(1 mM). Addition of CaCl2 (1 mM) to the ceUular extracts from basal adipocytes 

stimulates the in vitro degradation of IRS-1. The treatment of 3T3-L1 adipocytes with 

the calcium ionophore, A23187 (30 \iM), stimulates the degradation of IRS-1 in vivo. 

Calcium ionophore-stimulated degradation of IRS-1 is inhibited by the addition of 

EGTA. The incubation of adipocytes with the intraceUular specific calcium chelator, 

Bapta-AM, partiaUy inhibits the in vivo insuUn-stimulated degradation of IRS-1. These 

data suggest that the insulin-stimulated degradation of IRS-1 in 3T3-L1 adipocytes 1) is 

by a calcium-dependent protease and 2) requires intracellular calcium. Insulin and Mix 

regulate IRS-1 by conti-oUing the rate of IRS-1 proteolysis. 

Intrdoduction 

Insulin binds to its receptor and stimulates a cascade of ceUular responses. 

InitiaUy, activation of the insulin receptor tyrosine kinase and subsequent receptor 

autophosphorylation occurs (1,2). Research with insulin receptor mutants have shown 

1 Abbreviations used: Dex, dexamethasone; Mix, l-methyl-3-isobutylxanthine; 
FBS, fetal bovine semm; E64, trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-butane, 
PMSF, phenylmethane sulfonyl fluoride; DFP, dusopropyl fluorophosphate. 
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that these responses are essential to insuUn action (3-5). The insuUn receptor tyrosine 

kinase, once activated by its Ugand, phosphorylates several endogenous proteins, i.e., the 

phosphotyrosine protein pathway (6,7). The most commonly observed endogenous 

substrates are those in the weight range of 160 - 185 kDa. The insulin receptor substrate 

in 3T3-L1 adipocytes is known as ppl60. The purification of ppl60 from 3T3-L1 

adipocytes has recentiy been reported. It is 98% identical widi ppl85 purified from rat 

Uver (8,9). The two proteins are now known as IRS-1 (insulin-receptor substrate 1). 

The mechanism by which insulin signals its responses remains undetermined. 

IRS-1 is an insulin receptor substrate but its physiological function remains unknown. 

Because IRS-1 may be important for insulin signaling and because dysfunction of 

intermediates in the insulin signaling may have a role in the etiology of insulin 

resistance, I have studied the regulation of IRS-1. I have reported that insulin. Mix and 

dexamethasone stimulate the degradation of IRS-1 (10). I have further determined that 

insulin and Mix regulate ceUular concentrations of IRS-1 by a mechanism controlling the 

StabiUty of the protein (11). The insulin signaling pathway activates a process which 

results in both Tyr and Ser phosphorylation of IRS-1 (6). It is not known which Tyr or 

Ser phosphorylation is responsible for the decrease in IRS-1 stabiUty. The kinetics of Ser 

phosphorylation is in closer agreement to the kinetics of the insulin-stimulated IRS-1 

degradation^. The protease responsible for IRS-1 proteolysis has not been identified but 

is referred to as "IRS-1 protease." It is not known if phosphorylation of the IRS-1 

protease may also be necessary for activation of IRS-1 degradation. 

I have continued to investigate the mechanism by which insuUn signals the 

degradation of IRS-1. In this chapter, I report evidence that the insuUn stimulated 

degradation of IRS-1 requires intraceUular calcium. 

Experimental Procedures 

Materials. Goat anti-biotin conjugated to HRP, insuUn, Dex, Mix, E-64, PMSF, 

DFP, FBS, EGTA, and calcium ionophore A23187 were obtained from Sigma Chemical 

Co., St. Louis, MO. Bapta-AM was obtained from Molecular Probes, Inc., Eugene, OR. 

Enhanced chemUuminescence (ECL) reagents and donkey anti-rabbit IgG conjugated to 

HRP, were obtained from Amersham Corp., ArUngton Heights, IL. SDS-PAGE 

K.M. Rice and C.W. Gamer, unpubUshed result 
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biotinylated protein standards were from Bio-Rad Laboratories, Richmond, CA. 3T3-L1 
ceUs were obtained from ATCC, CCL 92.1. 

Differentiation of 3T3-L1 cells to adipocytes. Fibroblasts were differentiated to 

adipocytes as described (10). Briefly, 2-day postconfluent fibroblasts were treated widi 

10% FBS, insuUn (1 .̂M), Dex (100 nM), and Mix (0.5 mM) for die fnst 2 days foUowed 

by 10% FBS and insulin (1 \JM) for die next 2 days. CeUs were dien fed 10% FBS every 

other day. Adipocytes were used between days 8 and 12 after die beginning of die 

differentiation protocol. 

Preparation of extracts of 3T3-L1 adipocvtes with SDS buffer. SDS extracts 

were prepared by scraping ceUs into a lysis medium consisting of TBS at pH 7.4, widi 

1% SDS, protease inhibitors (10 M-M E-64, 1 mM PMSF, 1 mM DFP). DNA released by 

the SDS lysis buffer was sheared by drawing the mixture into a syringe through a 26 G 

needle. Samples were heated at 55° C for 5 minutes and stored at -70° C. 

Preparation of extracts of 3T3-L1 adipocytes for in vitro degradation. Extracts 

for the in vitro incubation were prepared by adding 1.0 ml of RIPA lysis buffer (1% 

deoxychoUc acid, 1% Triton X-100, 0.1% SDS, 50 mM Tris at pH 7.4, 150 mM sodium 

chloride, 1 mM sodium vanadate, 50 mM sodium fluoride, 10 |xM E-64, 1 mM DFP and 

1 mM PMSF) and scraping into centrifuge tubes. Lysates were cleared by centrifugation 

at 20,000 X g for 15 min. AUquots for protein determination were frozen at -70° C. 

Anti-peptide antibodies against IRS-1. Anti-peptide antibodies against IRS-1 

were prepared as reported previously (10). 

Determination of IRS-1 in extracts of 3T3-L1 ceUs bv protein immunoblotting. 

SDS-PAGE was carried out in 6% polyacrylamide mini-gels (BioRad Laboratories, 

Mini-protean II) using standard buffers (12). Polypeptides were electtophoreticaUy 

transferred to ImmobUon P (MiUipore Corp.) using standard buffers at 100 v for 2 h with 

cooling in the Bio-Ice cooling unit supplied by the manufacturer. Blots were blocked 

with 3% instant non-fat dry miUs: (Carnation) in TBS for 30 min, and then tteated either 

with affinity-purified IRS-1 antibodies (2 îg/ml) in 1% miUc for 1 h. Blots were washed 

with TBS and then reacted with donkey anti-rabbit IgG coupled to HRP at a dUution of 

1:5000 in 1% mUk in TBS for 1 h. Blots were washed widi TBS at 4° C. Bound 

antibodies were visuaUzed by chemUuminescence using the ECL reagents (Amersham 

Corp.) as described by the manufacturer. Luminescent blots were recorded on Kodak 

XAR 5 film. Signals on the film were quantitated as previously described (10). 
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Results 

Protease inhibitors protect proteins in extracts from basal and insulin-treated 

adipocvtes from in vitro degradation. Exttacts were made from ceUs for in vitro 

degradation as described in Methods. These extracts were then spUt into three aUquots. 

One aUquot was stored at -70° C and the others were incubated at 37° C in a water bath 

for the either 2 or 15 hours. Samples from the three aUquots were separated by 

electrophoresis, and the gels were stained with coomaisse blue and quantitated as in 

Methods. Total protein in each lane was determined by summing the total integrated 

density in each lane. The results of protein degradation in vitro compared to conttol are 

shown in Figure 5.1. As can be seen, insuUn does not stimulate a general decrease of 

ceUular proteins as compared to the basal state. Further, the protease inhibitors used 

protect ceUular proteins from the effect of releasing lysosomal, cytosoUc and nuclear 

proteases into a homogenous mixture and incubation at 37° C. 
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Figure 5.1. The effect of protease inhibitors, E-64, PMSF and DFP, on basal and insuUn 
treated ceUular proteins. 3T3-L1 adipocytes were tteated widiout or widi insuUn (1 |iM) 
for 30 mins and exttacts were prepared using KRP buffer widi protease inhibitors as in 
Materials and Mediods. The exttacts were dien incubated at 37° C for die times shown. 
Gels were prepared by SDS-Page electtophoresis and dien stained with coomaisse blue. 
The total protein in each lane was calculated by using die Bio-Image Visage 2000. The 
values above represent the loss between total protein as compared to conttol exttacts 
which were stored at -70° C. The total amount of protein in aU exttacts were not 
significantiy different N=4. Error=SEM. 
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Insulin stimulates the in vitro time dependent degradation of IRS-1 in the 

presence of protease inhibitors. I have previously shown that in vivo insulin stimulates 

the degradation of IRS-1. Attempts to block this degradation by concomitant incubation 

of ceUs with the previously used protease inhibitors had no effect on the in vivo insulin-

stimulated degradation of IRS-1 (results not shown). Since this result could be explained 

by either the faUure to inhibit the "IRS-1 protease" or from the faUure of the protease 

inhibitors to enter the ceUs sufficientiy, I have repeated these experiments in vitro. I 

incubated adipocytes with insulin (1 |xM) for the times shown in Figure 5.2. I then 

prepared exttacts for in vitro incubation. These samples were incubated at 37° C for 4 

hours. Conttol samples from each time point were stored at -70° C. The differences in 

the amount of IRS-1 in conttols with or without incubation were determined and the 

results are shown in Figure 5.2. As can be seen in Figure 5.2, IRS-1 was not protected 

120 -I 

IRS-1 

No Basal IIIB(1) Ins(10)Ins(30)InB(60) 

Treatment(min) 

Figure 5.2. Protease Inhibitors do not inhibit die insulin-stimulated degradation of IRS-1 
in vitro. Exttacts were prepared as in Figure 5.1 from 3T3-L1 adipocytes tteated with 
and without insulin (1 |xM) for the times shown in parenthesis. The exttacts were then 
incubated at 37° C for 4 hr. IRS-1 was determined as in Methods and is expressed as the 
percentage of IRS-1 in exttacts which were not incubated but tteated for die same time 
with insulin and were stored at -70° C. "No" indicates that diese samples were not 
exposed to in vitro incubation. * denotes the means which are significantiy different 
from those widiout (p<.01). N=4. Error=SEM. 
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from insulin-stimulated degradation by the protease inhibitors. Further, the degradation 

of IRS-1 was time dependent with the exposure of the ceUs to insulin. This indicates that 

the "IRS-1 protease" is of a class not inhibited by the protease inhibitors used and the 

insulin-stimulated degradation of IRS-1 which occurs in vitro is time dependent. 

The "IRS-1 protease" responsible for the in vitro degradation of IRS-1 is calcium-

dependent. A class of proteases not inhibited by the protease inhibitors used in the 

exttacts are those proteases requiring divalent cations. To test the possibiUty that a 

divalent cation protease, or more specificaUy, a calcium protease is responsible for IRS-1 

degradation, I added either divalent chelators or calcium to the in vitro exttacts. CeUs 

were tteated with insulin (1 |iM) for 30 minutes and exttacts were prepared as above or 

widi die addition of eidier EDTA (1 mM), or EGTA (1 mM) or CaCl2 (5 mM) and 

incubated at 37° C for 4 hours. IRS-1 was then determined and compared to the amount 

of IRS-1 in die exttact maintained at -70° C. As shown in Figure 5.3, die addition of die 

EDTA and EGTA significantiy inhibited die degradation of lRS-1 by 55% and 88%, 

respectively. Conversely, die addition of calcium significantiy increased the degradation 

of IRS-1 to die extent I was unable to detect IRS-1 in any of die samples to which 

O 
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No EDTA EGTA CaCl 

Treatment 
Figure 5.3 The effect of chelation and addition of calcium on insuUn-stimulated 
degradation of IRS-1 in vitro. Adipocytes were tteated widi insuUn for 30 mins. An 
exttact was prepared as in Figure 3.1 and divided into four aUquots. Three aUquots had 
die foUowing added, EDTA (1 mM), EGTA (1 mM) or CaCl2 (5 mM) and dien were 
incubated at 37° C for 4 hr. IRS-1 was determined as before and is expressed as die 
percentage of conttol exttact which was stored at -70° C. IRS-1 in die CaCl2 tteattnent 
was below the detection level of the assay and is recorded as zero. * indicates the mean 
which is significantiy different from diose widiout (p < .01). N = 4. Error = SEM. 



calcium was added. The fact diat die divalent-cation chelators, EDTA and EGTA, 

uihibited IRS-1 degradation and that calcium stimulated degradation lead me to beUeve 

that the "IRS-1 protease" might be a calcium-dependent protease. 

Calcium Ionophore stimulates the degradation of IRS-1. To test the possibiUty 

that calcium is important in the degradation IRS-1, adipocytes were tteated with the 

calcium ionophore A23187 (30 îM), EGTA (3 mM) and insuUn (10 nM) or widi 

combinations of the tteatments for 4 hours. The DMEM medium in which the ceUs are 

incubated has a calcium concenttation of 2.3 mM and the calcium ionophore wiU aUow 

significant efflux of calcium into the cell. As shown in Figure 5.4, EGTA had no effect 

on IRS-1. However, calcium ionophore and insuUn down-regulated IRS-1 to a simUar 

extent of 42% and 36%, respectively. SimUarly, insulin plus ionophore down-regulated 

IRS-1 to a significantiy lower mean of 18%. Ionophore down-regulation of IRS-1 was 

prevented by the combined tteatment of EGTA and calcium ionophore which was not 

IRS-1 

Con O E I+E O+E I+O I+O+E 

Treatment 
Figure 5.4. The effect of calcium ionophore on IRS-1 in vivo. 3T3-L1 adipocytes were 
tteated widi combinations of die (^2+ ionophore, A23187, (30 îM), EGTA (3 mM) and 
insulin (10 nM) for 4 hr at 37° C as indicated. SDS exttacts were then prepared and IRS-
1 determined as detaUed in Methods. IRS-1 is expressed as the percentage of a conttol 
exttact from ceUs not treated with insulin. Con = conttol, I = insulin, O = ionophore and 
E = EGTA. * indicates mean(s) which are significantiy different from those without (p < 
05). N = 3. Error bars = SEM. 
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significantiy different from conttol. EGTA did not prevent the insulin down-regulation 

of IRS-1. The combination of EGTA, calcium ionophore and insuUn was not 

significantiy different from the tteatment with insulin. 

These results indicate that the entty of exttaceUular Câ "*" into the cytosol of 

adipocytes can mimic the insulin-stimulated degradation of IRS-1. However, chelation 

of exttaceUular calcium by EGTA does not block the insulin-stimulated degradation of 

IRS-1. This result suggests that the insulin-stimulated degradation of IRS-1 does not 

require exttaceUular calcium but inttaceUular calcium may be necessary for the 

degradation of IRS-1. 

Chelation of inttaceUular calcium partiaUv inhibits insulin degradation of IRS-1. 

To test the possibiUty that inttaceUular calcium is necessary for the insulin degradation of 

IRS-1, adipocytes were tteated with insulin (10 nM), with and without Bapta-AM (12.5 |J. 

M) for 4 hours. Bapta-AM is a calcium chelator which is made membrane permeable by 

the AM portion of the molecule and is subsequentiy ttapped in the ceU after hydrolysis of 

the AM portion of the molecule by non-specific ceUular esterases (13). As a result, 

Bapta, the calcium chelating portion of the molecule, becomes concenttated inside the 

ceU and chelates inttaceUular calcium inhibiting calcium dependent reactions. IRS-1 in 

the Bapta-AM tteated ceUs was not significantiy different from IRS-1 in the conttol 

adipocytes. However, the addition of Bapta-AM with insuUn significantiy inhibited the 

insulin-stimulated degradation of IRS-1, 17% versus 50% (Figure 5.5). The Bapta-AM 

plus insulin tteatment are significantiy less than the Bapta-AM tteatment indicating that 

Bapta-AM did not totaUy block the insulin effect on IRS-1 degradation. The addition of 

EGTA with insulin and Bapta-AM did not significantiy increase the Bapta-AM inhibition 

of the insulin-stimulated degradation of IRS-1. Tittation studies with Bapta-AM and 

insulin faded to show greater inhibition of insulin-stimulated degradation of IRS-1 with 

increased concenttations of Bapta-AM (data not shown). These results indicate that the 

effects of insulin on IRS-1 are at least partiy meditated by cytosoUc calcium. 

Discussion 

I have previously shown that insulin stimulates the down-regulation of IRS-1 by 

an increase in die rate of IRS-1 degradation and diat the insulin signal for IRS-1 

proteolysis is dependent upon phosphorylation of IRS-1. The goal of this research was to 

determine the role of inttaceUular calcium in the degradation of IRS-1. 
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Figure 5.5. The effect of chelating inttaceUular calcium on the insulin-stimulated 
degradation of IRS-1. 3T3-L1 adipocytes were tteated of with combinations of the 
inttaceUular Ca2+ chelator, Bapta-AM (50 |iM), EGTA (3 mM) and insulin (1 îM) for 4 
hr at 37° C. SDS exttacts were then prepared and IRS-1 determined as detaUed in 
Methods. IRS-1 is expressed as the percentage of a conttol exttact which received no 
tteatment and was stored at -70° C. Con = conttol, I = insulin, Ba = Bapta-AM and E = 
EGTA. * denotes means which are significantiy different (p<.01). N=4. Error bars = 
SEM. 

I have sought to inhibit the insulin-stimulated degradation of IRS-1 in an attempt 

to classify the group the "IRS-1 protease" might belong. The inabiUty of the proteases 

used in the in vitto experiments to prevent the insulin-stimulated degradation of IRS-1 

suggested that the protease was not a serine protease and therefore might be a cation-

dependent protease. Common cation-dependent proteases are those of the calcium-

dependent group. The abiUty to inhibit and promote insulin-stimulated degradation of 

IRS-1 by the chelation and addition of calcium, respectively, both in vitto and in vivo, is 

consistent with die hypothesis diat the "IRS-1 protease" is a calcium-dependent protease. 

The role of calcium in the regulation of inttaceUular metaboUsm is extensive. 

Calcium is important in the release of neurottansmitter from neurons, the interaction of 

actin and myosin which results in the conttaction of muscle fibers to name but a few 

calcium dependent reactions. The role of calcium in the mechanism of insulin-signaling 

is conttoversial. The data would support a role for calcium in insulin-signaling that is 

ceU and response specific. In rat adipocytes, chelation of inttaceUular calcium inhibits 
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msuUn-stimulated glucose uptake and other responses (14). It has also been shown that 

insuUn causes the efflux of exttaceUular and inttaceUular-stored calcium into the cytosol 

of rat adipocytes (15). However, KUp et al., showed diat in 3T3-L1 adipocytes chelation 

of cytosoUc calcium does not prevent insulin-stimulated glucose uptake nor does insulin 

raise inttaceUular calcium levels from either extta- or inttaceUular sources (13). It has 

therefore been generaUy inferred diat calcium is not required for insulin responses in 

3T3-L1 adipocytes. My experiments using calcium ionophore with exttaceUular chelators 

of EDTA and EGTA did not block insuUn-stimulated degradation of IRS-1 and would 

support the conclusion that exttaceUular calcium is not required for the insulin-stimulated 

degradation of IRS-1. The fact that calcium-ionophore alone stimulated the degradation 

could be explained by a conclusion that a non-specific stimulation of various proteases 

occurred and IRS-1 degradation resulted. However, the abiUty of Bapta-AM to inhibit 

the insulin-stimulated degradation of IRS-1 would indicate that inttaceUular calcium is 

necessary for at least this one insulin response in 3T3-L1 adipocytes. This conclusion 

then raises the question of what is the source of the inttaceUular calcium necessary for 

the insuUn-stimulated degradation of IRS-1. 

KUp et al., sought to measure insulin-induced changes of cytosoUc calcium in 

3T3-L1 adipocytes by using Quin2-AM (13). Quin2-AM is the same molecule as Bapta-

AM which was used in my experiments except there is a fluor attached. The fluor 

becomes fluorescent upon the binding of calcium which enables the measurement of 

changes in calcium concenttations. The assumption in die experiments by Klip et al. was 

that Quin2-AM would enter the ceUs by virtue of the AM portion of the molecule but 

upon entering the adipocj^s, the AM portion is cleaved in the cytosol ttapping and 

concenttating the fluor there and making it inaccessible to mitochondria and smooth 

endoplasmic reticulum pools of calcium. Hence, insulin-induced release of calcium from 

these pools would then be detached by changes in the cytosoUc Quin2 fluorescence. 

There were no changes in cytosoUc Quin2 fluorescence induced by insulin indicating that 

insulin did not stimulate the release of inttaceUular stored calcium. SimUarly, in my 

experiments using Bapta-AM membrane-bound inttaceUular stores of calcium are 

inaccessible to Bapta. However, my results widi Bapta-AM clearly indicate that 

inttaceUular calcium is required for insulin-stimulated degradation of IRS-1. 

There are two possible scenarios to explain these results. One, a pool of 

inttaceUular, non-cytosoUc calcium is conttoUed by insuUn but is not accessible to Bapta 

or Quin2 after its release. This can be conceptuaUzed by thinking that die calcium 
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storage site is in the immediate vicinity of where it is needed and hence upon it release is 

inaccessible to chelation by Bapta or Quin2. This idea has some support from recent 

results obtained in studies of calcium's role in the release of neurottansmitters from 

neurons (16). Two, a second possible explanation is that changes imposed on IRS-1 by 

insulin may increase its affinity for calcium to the point that it is competitive for 

cytosoUc calcium with Bapta and an increase of cytosoUc calcium is not required and 

hence would not be detected by Quin2. The answer to these questions wiU require more 

experimentation. 

One effect of calcium on insulin-signaling which is universaUy reported and is of 

specific interest is its relationship to insulin resistance. It has been reported that 

sustained levels of cytosoUc calcium causes insulin resistance (15,17,18). The 

mechanism of this calcium-induced insuUn resistance is unknown. However, the results 

of my experiments which show that increased cytosoUc calcium stimulates the 

degradation of IRS-1 and my prior results Unking IRS-1 to insulin-stimulated glucose 

uptake provides a possible mechanism explaining these observations. 

In summary, the results of my experiments provide support that insuUn regulates 

IRS-1 by a mechanism involving the degradation of the protein and inttaceUular calcium 

and provides a working hypothesis on which to investigate the role of IRS-1 in the 

etiology of insulin resistance. 
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CHAPTER VI 

SUMMARY 

One of the goals of my research was to estabUsh whether or not the ceUular 

concenttation of IRS-l^ (insulin receptor substtate 1), a putative signaling protein of the 

insulin signaling pathway, was regulated by physiological substances that are known to 

cause insulin resistance. I have estabUshed in my dissertation that IRS-1 in 3T3-L1 

adipocytes is subject to regulation by insuUn, dexamethasone (Dex) and l-methyl-3-

isobutyl xanthine (Mix). These substances are associated with diseases of which insulin 

resistance is a known symptom. InitiaUy, it was estabUshed that IRS-1 was up-regulated 

in a insulin and Dex dependent manner during differentiation of 3T3-L1 fibroblasts into 

adipocytes. This up-regulation of IRS-1 occurred concurrentiy with the increase of 

insulin-stimulated 2-deoxyglucose uptake. Conversely, in mature adipocytes, IRS-1 was 

down-regulated by insulin, Dex and Mix. The ED50 for the insulin-stimulated down-

regulation of IRS-1 was determined to be 350 pM which is similar to the value reported 

for the insulin-induced loss of insulin responsiveness seen in the same ceUs and is a 

physiological relevant value. The down-regulation of IRS-1 by insulin occurs in the 

cytosol as insuUn does not cause a ttanslocation of IRS-1 into the membrane pellet of 

fractionated 3T3-L1 adipocytes. 

The mechanism of IRS-1 regulation 

A second goal of my dissertation project was to try and elucidate the mechanism 

by which insulin-stimulates die down-regulation of IRS-1. The kinetics of die insulin-

stmiulated down-regulation of IRS-1 was much faster dian die down-regulation of IRS-1 

induced by both the ttanscription inhibitor actinomycin D and the ttanslation inhibitor 

cycloheximide. In die insuUn-stimulated state, die down-regulation of IRS-1 had a t\^ 

equal to 2.5 hr whereas in die presence of die syndiesis inhibitors die tŷ  was equal to 20 

hr. This led to die hypodiesis diat insulin caused die down-regulation of IRS-1 by a 

mechanism diat resulted in die destabUization of die IRS-1 protein. The conclusion was 

confirmed by using [^^sj.mediionine pulse chase labeling of IRS-1 in both the basal and 

insulin stimulated state. The tt^ of IRS-1 in die basal state was determined to be 25 hr. 

1 Abbreviations used: IRS-1, insuUn receptor substtate 1; Dex, dexamethasone; 
Mix, l-methyl-3-isobutylxandiine 
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and the tî ^ in insulin state was equal to 2.1 hr. Since this method only measures the part 

of IRS-1 down-regulation due to degradation of the protein, it is concluded that insuUn 

stimulates the down-regulation of IRS-1 by stimulating its degradation. It was further 

determined that this process occurs in a non-lysosomal compartment as chloroquine 

faded to inhibited insulin-stimulated IRS-1 degradation. 

The insulin signal responsible for IRS-1 degradation is unknown. It has been 

shown that IRS-1 is phosphorylated on both Tyr and Ser residues in response to insuUn 

(1). It has been shown that it is the Tyr phosphorylation that is required for the insulin 

signaling mechanism. It is unknown how IRS-1 becomes Ser phosphorylated but there is 

presumably an "IRS-1 serine kinase" which is activated by an unknown insulin signaling 

mechanism. It was hypothesized that an insulin-induced Ser phosphorylation event was 

the signal by which insulin-stimulated the degradation of IRS-1. It was found that 

Okadaic acid, an inhibitor of the Ser phosphatases 1 and 2A, accelerated the degradation 

of IRS-1 induced by insulin which is consistent with the hypodiesis that a Ser 

phosphorylation event necessary for the insulin-induced degradation of IRS-1. This 

hypothesis is further supported by the observation that the kinetics of IRS-1 Ser 

phosphorylation more closely correlated with insulin-induced degradation of IRS-1 than 

IRS-1 Tyr phosphorylation. Aldiough these results sttongly suggest that Ser 

phosphorylation of IRS-1 is required for the insulin-stimulated degradation it does not 

rule out die concomitant requirement diat die "IRS-1 protease" also requires 

phosphorylation to be activated. 

Attempts to classify die "IRS-1 protease" by using protease inhibitors resulted in 

die conclusion diat die "IRS-1 protease" must be a calcium-dependent protease. This 

conclusion was drawn from die results that calcium ionophore mimicked insulin-

degradation of IRS-1 and diat Bapta-AM inhibited die insulin-induced degradation of 

IRS-1. 
The insulin-induced mechanism by which IRS-1 concenttation is regulated is 

modeled in Figure 6.1. The essential feattires of die model are as foUows: (1) insuUn 

binds to its receptor, activating die insulin receptor Tyr kinase, (2) die "IRS-1 Ser kinase" 

is activated by an unknown mechanism, (3) Tyr and Ser phosphorylation of IRS-1 occurs 

as weU as die possible concomitant activation of die "IRS-1 protease," (4) inttaceUular 

calcium binds to the Ser phosphorylated sites of IRS-1, and (5) IRS-1 degradation 

occurs. 
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Figure 6.1 A model representing the insuUn signaling mechanism regulating IRS-1. This 
model reflects proposed steps in the insuUn-signaling mechanism that begins with the 
binding of insuUn to its receptor which then activates die insulin receptor tyrosine kinase. 
By an unknown mechanism the "IRS-1 Serine kinase" is also activated. The two kinase 
phosphorylate IRS-1 on Tyr and Ser residues respectively. The IRS-1 Ser phosphates 
bind inttaceUular cytosoUc calcium which then makes IRS-1 a substtate for the "IRS-1 
protease" resulting in IRS-1 degradation. 

The possible significance of the down-regulation of IRS-1 

The etiology of non-insulin dependent diabetes meUitus (NIDDM) is unknown. 

However, it is generaUy accepted that insulin resistance is the primary symptom resulting 

in the frank disease state (2). The cause of insulin resistance is generaUy unknown but is 

usuaUy attributed to a "post-receptor defect." This terminology refers to any part of the 

insulin regulatory or signaling mechanism. Causes of rare sub-sets of NIDDM are 

insulin receptor mutants, defects in the GluT4, the insulin-responsive glucose ttansporter, 

and glucokinase (2). None of these defects can explain the worsening of insulin 

resistance associated widi die tteattnent of NIDDM widi insulin, i.e., when NIDDM 

patients are tteated with insulin to lower their serum glucose levels the amount of insuUn 

needed to achieved the same amount of conttol increases over time. This observation is 

not due to down-regulation of the insulin receptor. Although the exact etiology of this 

increased insulin resistance is unknown, my results indicating that insulin results in the 

IRS-1 degradation offers a possible hypodiesis which explains this observation. The 

observations made by the groups, U.C. Medical Outer at San Diego and the Joslin 

Diabetes Center at Harvard, that IRS-1 concenttations are reduced in diabetic patients 

receiving insulin are consistent with such a hypothesis (3,4). SimUarly, insulin resistance 
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is a observed symptom in Cushing's Disease, pheochromocytoma and 

hyperparathyroidism which are associated with elevated semm levels of glucocorticoid, 

epinephrine and calcium. These are the same substances which I have found to result in 

decrease concenttations of IRS-1. My results showing that Dex, Mix and calcium results 

in the down-regulation of IRS-1 provides a basis for a hypothesis upon which to 

investigate the role of IRS-1 in the pathogenesis of insulin resistance in the above 

diseases. Clearly it is speculation at this point to impUcate that down-regulation of IRS-1 

is the causative factor in any of these disease states but it wiU be interesting to see what 

the future unfolds. 
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