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We investigated the cellular mechanism(s) of insulin resistance associated with non-insulin-dependent diabetes mellitus 
(NIDDM) using adipocytes isolated from non-obese, insulin-resistant type II diabetic Goto-Kakizaki (GK) rats, a well-known 
genetic rat model for type II diabetic humans. In adipocytes isolated from control rats, insulin (5 nmol/L) stimulated particulate 
serine/threonine protein phosphatase-1 (PP-1) activity (56% increase over the basal value after 5 minutes). In contrast, 
adipocytes from diabetic GK rats exhibited a 32% decrease in basal (P < .05) and a 65% decrease in insulin-stimulated PP-1 
activity compared with values in control Wistar rats. Conversely, cytosolic PP-2A activity was elevated in diabetic GK rats in the 
basal state (twofold increase v controls, P < .05). Insulin treatment resulted in a 50% to 60% inhibition in PP-2A activity in 
control rats, but failed to inhibit PP-2A activity in diabetic GK rat adipocytes. The defects in PP-1/PP-2A activation/inactivation 
were accompanied by inhibition of insulin's effect on mitogen-activated protein kinase (MAPK) activation. In addition, 
insulin-stimulated tyrosine phosphorylation of insulin receptor fiR) substrate-1 (IRS-1) was decreased more than 90% 
compared with control values, while a twofold increase in basal IRS-1 phosphorylation status was observed in diabetic GK 
rats. The abnormalities in IRS-1 phosphorylation were accompanied by a severe impairment of insulin-mediated targeting of 
the Grb2/Sos complex to the plasma membrane. We conclude that (1) a rapid activation of PP-1 along with concomitant 
inhibition of cytosolic PP-2A may be important in the mechanism of insulin action in a normal cell, and (2) the resistance to 
insulin in terms of glucose uptake and glycogen synthesis observed in diabetic GK rats is partly due to defective regulation of 
PP-1, PP-2A, and MAPK caused by multiple defects in the upstream insulin signaling components (IRS-1/phosphatidylinositol- 
3-kinase [PI3-kinase] and Grb2/Sos) that participate in insulin-mediated activation of PP-1 and inactivation of PP-2A. 
Copyright © 1998 by W.B. Saunders Company 

T HE MOLECULAR MECHANISMS of insulin associated 
with non-insulin-dependent diabetes mellitus (NIDDM) 

and obesity remain unclear. A major defect in insulin-stimulated 
glucose uptake and its intracellular metabolism appears to 
underlie the peripheral insulin resistance commonly observed in 
most NIDDM subjects. 1 Although the exact mechanism by 
which insulin regulates intracellular glucose metabolism is 
unclear, it is well established that insulin uses multiple, 
interrelated, cross-talk signaling pathways to control cellular 
metabolism and growth. 2 

The activation of most insulin signaling components and the 
downstream substrates of insulin action are controlled by 
covalent modification via phosphorylation and dephosphoryla- 
tion. 3 Insulin is known to increase tyrosine phosphorylation of 
the insulin receptor (IR) and its substrates, IR substrate-1 
(IRS-1), pp60, and Shc. 4 Phosphorylation of IRS-1 and Shc 

creates docking sites for several Src homology 2 (SH2) or Src 

homology 3 (SH3) domain-containing proteins, thereby linking 
tyrosine kinase activation of the IR to activation of at least two 
major pathways, one involving a ras/mitogen-activated protein 
kinase (MAPK) cascade and the other involving phosphatidyl- 
inositol-3-kinase (PI3-kinase). 2,5-6 

Activation of the ras /MAPK pathway is initiated by the 
interaction of growth factor receptor-bound protein 2 ([Grb2] a 
SH2 domain-containing protein) with tyrosine-phosphorylated 
IRS-1 or Shc, leading to activation and translocation of the 
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ras-GTP exchange factor, son of sevenless (Sos), to the plasma 
membrane. 7-8 In some cell types, the insulin-stimulated Grb2/ 
IRS-1 complex is not associated with Sos activity and does not 
subsequently lead to ras activation, T M  suggesting a direct role 
for Shc in insulin signaling of ras bypassing IRS-1. 

Tyrosine-phosphorylated IRS-1 also binds the p85 subunit of 
PI3-kinase, which activates the ll0-kd catalytic subunit of 
PI3-kinase. 2,12-13 Activation of PI3-kinase results in phosphory- 
lation and activation of its downstream target, protein kinase B 
(c-Akt/Rac), 14 leading to phosphorylation (inactivation) of 
glycogen synthase kinase-3 and phosphorylation (activation) of 
the 70-kd ribosomal $6 kinase, 15 as well as increased glucose 
transport. 16-17 

In addition to these signaling pathways, insulin also activates 
a phospholipid signaling system resulting in the activation of 
protein kinase C (PKC). 18-19 How these signaling systems 
operate and what processes they control are important questions 
to be answered to understand the control of normal metabolism, 
as well as the pathogenesis of insulin resistance associated with 
NIDDM. 

Non-obese, insulin-resistant Goto-Kakizaki (GK) rats are a 
highly inbred strain of Wistar rats that spontaneously developed 
type II diabetes, z° This genetic rat model is particularly relevant 
to understanding human type II diabetes, because defects in 
glucose-stimulated insulin secretion, peripheral insulin resis- 
tance, and hyperinsulinemia are seen as early as 2 to 4 weeks 
after birth. 21 Therefore, this model provides a valuable tool for 
dissecting the pathogenesis of insulin resistance and its cellular 
basis. Recent studies on this rat model have demonstrated 
defective insulin-stimulated intracellular glucose metabolism, 
especially glycogen synthesis in skeletal muscle? 2 These de- 
fects are accompanied by chronic activation of diacylglycerol- 
sensitive PKC. 23 

To gain insight into the mechanisms that underlie insulin 
resistance associated with NIDDM, we examined the effect of 
type II diabetes on insulin regulation of the serine/threonine 
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protein phosphatase-1 (PP-1) and protein phosphatase-2A (PP- 
2A), two major  enzymes  involved in the control  o f  cellular 
metabolism, M A P K ,  and some upstream insulin signaling 
components  (IRS-1 Sos/Grb2 association and its translocation 
to plasma membranes)  using adipocytes isolated f rom the 
epididymal fat pads of  non-obese,  insulin-resistant type II 

diabetic GK rats. 
The results o f  this study indicate that type II diabetes in GK 

rats results in opposing effects on adipocyte PP-1 and PP-2A 

activities. An elevation in basal cytosolic PP-2A activity and a 
lack of  insul in-mediated PP-2A inactivation are accompanied 

by marked reductions in basal and insulin-st imulated particulate 
PP-1 activity and attenuation of  M A P K  activation by insulin. 
The observed defects in the regulation of  these two phosphata-  
ses and M A P K  may be due to a desensit ization and repression 
of  the upstream insulin signaling components ,  as evidenced by 
decreases in the tyrosine phosphorylat ion of  IRS-1 Grb2/Sos 
and its association and translocation to the plasma membrane.  

MATERIALS AND METHODS 

Materials 

Type 1 collagenase was obtained from Worthington Biochemicals 
(Freehold, NJ). Bovine serum albumin (radioimmunoassay grade), 
dithiothreitol, phenylmethylsulfonyl fluoride, leupeptin, benzamidine, 
pepstatin A, antipain, aprotinin, trypsin inhibitor (STI), sodium fluoride, 
sucrose, sodium pyrophosphate, sodium orthovanadate, Triton X-100, 
sodium dodecyl sulfate (SDS), myelin basic protein (MBP), and protein 
A Sepharose CL-6B were purchased from Sigma Chemicals (St Louis, 
MO). [32p]orthophosphoric acid, ~r-[32p]adenosine triphosphate [ATP] 
(specific activity > 3,000 Ci/mmol), and [125I]-labeled protein A and 
protein G were purchased from New England Nuclear (Boston, MA). 
Phosphorylase b and phosphorylase kinase were from Life Technolo- 
gies (GIBCO/BRL, Grand Island, NY). Okadaic acid (OA) was 
obtained from Moana Bioproducts (Honolulu, HI). Reagents for 
SDS/polyacrylamide gel electrophoresis (PAGE) and immunoblotting 
were purchased from Bio-Rad (Richmond, CA). Polyclonal anti-IRS-1 
antibody was obtained from UBI (Lake Placid, NY). Antibodies against 
Grb2, Sos, and MAPK were purchased from Santa Cruz Biotechnolo- 
gies (Santa Cruz, CA). Polyclonal anti-rabbit Glut-4 antibody (R820) 
was purchased from East Acres Biologicals (Southridge, MA), and 
porcine insulin was a kind gift from Eli Lilly (Indianapolis, IN). 

Experimental Procedures 

Control Wistar male rats (body weight, 160 to 170 g) were obtained 
from Harlan Industries (Frederick, MD). A colony of type II diabetic 
GK rats (originally derived by repeated inbreeding of glucose-intolerant 
Wistar rats 2°) was established at Winthrop Hospital, with the animals 
kindly supplied by Dr Robert V. Farese (VA Hospital, Tampa, FL). 
Seven- to 8-week-old GK rats and control Wistar rats were used 
throughout the study. 

Isolated adipocytes were prepared from control and GK rats by 
collagenase digestion as detailed previously. 24 Aliquots of adipocytes 
(0.5 to 3 mL) were resuspended in 2 to 3 mL Krebs-HEPES buffer, pH 
7.4, containing 3% bovine serum albumin and 30 mg/dL glucose and 
incubated with insulin (5 to 10 nmol/L) for 0 to 5 minutes at 37°C. At 
the end of incubation, the medium was removed and cells were 
processed for (1) extraction and assay of PP-1 and PP-2A activities in 
the particulate and cytosolic fractions, (2) isolation of plasma mem- 
branes (PMs) and intracellular membranes (IMs), (3) immunoprecipita- 
tion of the IR and IRS-1 followed by Western blot analysis of the 
immunoprecipitates with antiphosphotyrosine antibody, and (4) immu- 

noprecipitation of MAPK and assay of in vitro kinase activity using 
"r-[32p]ATP and MBP as a substrate. 

Extraction and assay of PP-1 and PP-2A activities in the particulate 
and cytosolic fractions. Serine/threonine protein phosphatases were 
extracted from the adipocytes of control and GK rats before and after 
insulin treatment. The cell extracts were fractionated by ultracentrifuga- 
tion 25 and assayed as detailed in our recent report. 26 [32p]-labeled 
glycogen phosphorylase a was used as a substrate. OA at a concentra- 
tion of 2 nmol/L was used to discriminate activities due to PP-1 and 
PP-2A. 27 As indicated in our previous studies, 26,28 at this concentration 
OA inhibits PP-2A, and the remaining activity represents PP-1. 

Immunoprecipitation of PP-16 and assay of PP-1 catalytic activity in 
the immunopreeipitates. For measurement of PP- 1 enzyme activity in 
the immunoprecipitates of control and insulin-exposed cells, immuno- 
precipitations were performed on ice as described previously. 26 Briefly, 
the particulate fractions in lysis buffer (100 pg protein) were precleared 
by incubation with rat immunoglobulin G (5 pg/ml, coupled to 
protein-A Sepharose) at 4°C for 1 hour. The supernatants were 
immunoprecipitated with PP-lc  subunit antibody (10 lag/mL) for 1 
hour, followed by treatment with 50 gL protein A Sepharose CL6B 
(50% vol/vol) for 1 hour. In some experiments, the antibody was 
preincubated with the competing peptide before adding to the cell 
lysates. The immunocomplexes were washed four times with ice-cold 
wash buffer, resuspended in the same buffer containing 15 gg/mL site-1 
peptide (against which the antibody was raised), and incubated at 4°C 
for 1 hour to release the bound enzyme from the immunocomplex. An 
aliquot of the supernatant was assayed for PP-1 activity as already 
described. 

Analysis of Sos/Grb2 association and its translocation to plasma 
membranes. IMs and PMs were prepared according to the protocol 
described by Ramlal et al. 29 PMs were separated from mitochondria and 
low-density microsomes (LDMs) by sucrose density centrifugation as 
detailed in our previous report. 3° The membranes were solubilized in 
lysis buffer containing protease inhibitors and phosphatase inhibitors. 
Equal amounts of cell lysates (100 lag protein) in a final volume of 1 mL 
were incubated with 10 FL polyclnnal anti-Sos antibody for 3 hours at 
4°C with constant mixing, followed by addition of 25 pL protein A 
Sepharose (50% vol/vol). The incubation was continued for 2 hours. 
The immunoprecipitates were washed four times with 1 mL ice-cold 
lysis buffer and once with ice-cold PBS. The beads were boiled for 10 
minutes with 25 pL 3 × Laemmli sample buffer to release the bound 
antigen/antibody complex. The immunoprecipitates were separated on a 
10% SDS/polyacrylamide gel, followed by Western blotting with 
anti-Grb2 antibody 7-8 and detection with [125I]-protein A. 3~ Signal 
intensity was quantified by densitometric analysis of the bands. The 
blots were stripped and reprobed with a polyclonal anti-Sos antibody to 
assess the relative content of Sos in the immunoprecipitates. The 
percent association of Grb2 with Sos was calculated by dividing the 
values for Grb2 bands by those for Sos bands. 

Immunoprecipitation of the IR and IRS-1 from cell lysates and 
Western blot analysis. Adipocytes from control and insulin4reated 
cells were solubilized in buffer containing 1% SDS with protease and 
pbosphatase inhibitors. The lysates were centrifuged at 16,000 × g for 
10 minutes. Equal amounts of clear supernatants (500 pg protein) from 
control and diabetic rat adipocytes were incubated overnight at 4°C with 
a polyclonal anti-IR antibody (10 KL; Transduction Laboratories, 
Lexington, KY) or anti-IRS-1 antibody (2 gL; UBI). The next day, 50 
pL protein A Sepharose beads (50% vol/vol) were added and the 
incubation was continued for an additional 2 hours. The beads were 
washed with lysis buffer as already described, followed by separation of 
the immunoprecipitates by SDS/PAGE. The proteins were transferred to 
a polyvinylidenediflnoride (PVDF) membrane and probed with antiphos- 
photyrosine antibody (Zymed Laboratories, San. Francisco, CA), 
followed by detection with [125I]-protein A. Tyrosine phosphorylation 
of IRS-1 and the IR was quantified by measuring the intensity of the 
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bands by densitometric analysis of the autoradiograms, and corrected 
for variations in the content of IR or IRS-1 in the immunoprecipitates by 
dividing the values for tyrosine-phosphorylated bands by those for 
protein bands. 

In vivo phosphorylation and immunoprecipitation of lRS-1. Adipo- 
cytes (2 to 3 mL) were incubated with [32p]-orthophosphate (0.3 
mCi/mL) in Krebs-Ringer HEPES buffer for 2 hours, followed by 
insulin (10 nmol/L) for 1 to 5 minutes. The cells were rinsed four times 
with 1 mL ice-cold PBS containing phosphatase and protease inhibi- 
tors z6 and homogenized in buffer containing 20 mmol/L HEPES (pH 
7.4), 1 mmol/L EDTA, 2 mmol/L sodium vanadate, 100 mmol/L sodium 
pyrophosphate, 100 mmol/L sodium fluoride, 40 mmol/L [3-glycerophos- 
phate, 1 mmol/L benzamidine, 0.1 mmol/L phenylmethylsulfonyl 
fluoride, 10 ~tgJmL leupeptin, aprotinin, antipain, STI, and pepstatin A, 
100 mmol/L NaC1, and 1% Triton X-100. Equal amounts of lysates (500 
~tg protein) were precleared with rat IgG (5 pg/mL, coupled to protein A 
Sepharose) at 4°C for 1 hour. The supematants were immunoprecipi- 
tated overnight with a polyclonal anti-IRS-1 antibody (2 to 5 ~L). The 
next day, 100 I-tL protein A Sepharose beads (50% vol/vol) were added 
and the incubation was continued for an additional 2 hours with 
shaking. The beads were washed with lysis buffer as already described, 
followed by separation of the immunoprecipitates by SDS/PAGE. The 
proteins were transferred to a PVDF membrane, and the blots were 
subjected to autoradiography at -70°C. The content of IRS-1 protein in 
the immunoprecipitates was estimated by probing the blots with an 
anti-IRS-1 antibody followed by incubation with horseradish peroxi- 
dase-conjugated secondary antibodies and detection by enhanced 
chemiluminescence (ECL). 

Immunopreeipitation and assay of MAPK activity in vitro. Adipo- 
cytes were lysed with 1 mL ice-cold RIPA buffer containing 0.1% SDS, 
0.5% deoxycholate, 1% Triton X-100, and 1 mmol/L sodium orthovana- 
date. The lysates were centrifuged at 16,000 × g for 10 minutes, and 
equal amounts of clear supematants (100 pg protein) were immunopre- 
cipitated for 2 hours with 5 lag anti-MAPK antibody (Zymed; prebound 
to protein A Sepharose) at 4°C with constant shaking. The immunopre- 
cipitates were washed four times with ice-cold lysis buffer and once 
with kinase buffer. The beads were reconstituted with 25 gL kinase 
buffer and assayed for kinase activity 32 using MBP (final concentration, 
0.2 mg/mL) and 1 pL "r-[32p]ATP (specific activity, 3,000 Ci/mmol). 
After a 10-minute incubation at 30°C, the reaction was arrested by 
transferring half of the reaction mixture to peptide paper (phosphocellu- 
lose discs; GIBCO/BRL), which was then immersed in a dish contain- 
ing 180 mmol/L orthophosphoric acid. The peptide paper was washed 
five times for 5 minutes each in phosphoric acid and dried in acetone. 
The radioactivity bound to the paper was counted in a scintillation 
counter. 

Protein assay. Proteins in the cellular extracts and lysates were 
quantified using bicinchonic acid 33 or the Bradford technique. 34 

Statistics 

The results are presented as the mean _+ SEM of four to six individual 
experiments performed in duplicate. Student's t test or ANOVA was 
used to compare mean values among control and diabetic rats. 

RESULTS 

Characteristics of  Diabetic GK Rats 

As reported previously, 2°-21 the insulin resistance of diabetic 
GK rats was accompanied by a twofold increase in postprandial 
serum glucose when compared with Wistar controls (19.5 _+ 2.6 
v 8.9 _+ 2.8 mmol/L, blood samples collected at the time of 
death at 8 AM). In contrast, body weight was comparable 
between the age-matched Wistar control and GKrats  (193 + 13.7 

v 185 + 9.2 g). Plasma insulin levels were not measured in this 
study, but several other studies have reported twofold increases 
of plasma insulin in 8-week-old GK rats. 2~ 

Effect of  Diabetes on GK Rat Adipocyte PP-1 PP-2A Activities 

Our recent studies on cultured rat skeletal muscle cells and 
freshly isolated rat adipocytes indicated that insulin caused a 
rapid activation of membranous PP-1 and a concomitant 
inhibition of cytosolic PP-2A activities. 26,2s To understand the 
molecular basis of the recently reported inhibition of glycogen 
synthesis in GK rats, 22 we measured the activities of PP-1 and 
PP-2A in basal and insulin-stimulated rat adipocytes. Compared 
with normal controls, insulin resistance associated with the type 
II diabetes of GK rats was accompanied by a 32% decrease in 
basal PP-1 activity assayed in the particulate fraction (P < .05 v 
controls; Fig 1A). Exposure of adipocytes isolated from control 
rats to 5 nmol/L insulin for 5 minutes resulted in a rapid 
activation of particulate PP-1 activity (56% over basal value). In 
contrast, adipoeytes isolated from GK diabetic rats exhibited 
only a 19.5% increase in PP-1 activity over basal levels, which 
amounts to only one third of the insulin effect on PP-1 
activation when compared with normal controls (P < .001 v 
normal controls). Immunoprecipitation of the particulate frac- 
tion with an antibody directed against the glycogen-associated 
subunit of PP-1 (PP-lo) followed by assay of PP-1 catalytic 
activity in the immunoprecipitates revealed that the reductions 
observed in PP-1 activation of GK diabetic rat adipocytes were 
due to inhibition of the glycogen-bound form of PP-1 (Table 1) 
without alteration in the other forms of PP-1 that were present in 
the immunodepleted supernatants. In control rat adipocytes, 
insulin caused a 120% increase in glycogen-associated PP-1 
activity over basal values. In contrast, adipocytes from GK 
diabetic rats exhibited only a 40% increase in glycogen-bound 
phosphatase activity in response to insulin. In addition, diabetes 
caused a 36% decrease in the basal activity of glycogen-bound 
PP-1 when compared with controls (Table 1). The content of the 
PP-1 catalytic subunit or PP-1G subunit was not different 
between control and GK diabetic rat adipocytes (Fig 1B and C). 

In contrast to these reductions of basal and insulin-stimulated 
PP-1 activities, diabetic GK rats also exhibited a marked 
increase in basal PP-2A activity (73% increase over normal 
controls, P < .005) in the cytosolic fraction (Fig 2), while 
insulin did not decrease the elevated cytosolic PP-2A activity in 
GK rat adipocytes (2.3 + 0.22 v 2.0 + 0.15 nmol/mg/min; Fig 
2). In adipocytes isolated from control rats, insulin did cause a 
significant decrease in cytosolic PP-2A activity (47% v basal 
value, P < .05). 

Effect of GK Diabetes on Insulin-Stimulated M A P K  Activation 

The effect of diabetes on insulin stimulation of MAPK 
activation is shown in Fig 3. In adipocytes of control Wistar 
rats, insulin caused an approximate 100% increase in MAPK 
activity measured in the immunoprecipitates with MBP as the 
substrate. In contrast, adipocytes from diabetic GK rats exhib- 
ited only a 55% increase in MAPK activity in response to 
insulin. There was a small but significant decrease in basal 
MAPK activity in adipocytes of diabetic GK rats compared 
with control rats. 
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Fig 1, (A) Effect of diabetes in GK rats on basal and insulin- 
stimulated adipocyte PP-1 activity measured in the particulate frac- 
tions of control and insulin-treated rat adipocytes using P2p]-Iabeled 
phosphorylase a as substrate, Results are the mean -+ SEM of 5 to 6 
different experiments in triplicate. *P < ,05 v untreated control; 
* *P  < ,05 v untreated control and insulin-treated control, Protein 
contents of PP-1 catalytic subunit (B) and PP-1G subunit (C) in control 
and diabetic GK rat adipocytes. Plasma fractions (50 i~g protein) from 
control ( - )  and insulin-treated (+) rat adipocytes were separated by 
7.5% SDS/PAGE followed by Western blot analysis with anti-PP-1G or 
-PP-1C antibody and detection wi th  ECL, An autoradiogram from a 
representative experiment is shown, 

Effect of Diabetes on GK Rat Adipocyte Tyrosine 
Phosphorylation of the IR and IRS-1 

To examine whether the abnormal regulation of PP-1/PP-2A 
and MAPK in adipocytes of diabetic GK rats is due to defective 
insulin signaling through IRS-1, we measured the tyrosine 
phosphorylation status of IRS-1 in IRS-1 immunoprecipitates 
(performed on cell lysates with equal amounts of proteins) by 
Western blot analysis using polyclonal antiphosphotyrosine 
antibody. In adipocyte preparations from control rats, IRS-1 
tyrosine phosphorylation was barely detectable in the basal state 
(Fig 4A, lane 1). Insulin rapidly increased tyrosine phosphoryla- 
tion of IRS-1 within 1 minute, which was sustained during the 
second minute of incubation (Fig 4A, lanes 2 and 4) and 
returned to basal undetected levels within 5 minutes (Fig 4A, 
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TabLe 1. Analysis of Glycogen-Bound PP-1 Activity in 
Immunoprecipitates of Particulate Fractions Prepared From Control 

and Diabetic Rat Adipocytes 

Group Treatment PP-1 Activity % Insulin Effect 

Control None 1.08 -+ 0,150 

Insulin 2.38 -+ 0.320* 121 -+ 11 

Diabetic None 0.70 +- 0.100 

Insulin 1.00 _+ 0.1501 42 _+ 4 

NOTE. Particulate fractions with equal amounts of protein (100 pg) 

were constituted to I mL with lysis buffer and precleared with rat IgG 

coupled to protein A Sepharose at 4°C for 1 hour. The supernatants 

were incubated with PP-1G subunit antibody (10 pg/mL) for 1 hour, 
followed by treatment with 50 pL protein A Sepharose for 1 hour with 

constant shaking. The supernatants were saved and assayed for PP-1 
activity. The immune complexes were washed four times with lysis 

buffer, resuspended to the original volume with lysis buffer, and 

incubated with the antigenic peptide (15 IJg/mL) at 4°C for 1 hour to 

release the bound enzyme from the immunocomplex. An aliquot of 

the supernatant was assayed for PP-1 activity. Results are the mean -+ 

SEM of 4 experiments performed in duplicate. 

* P <  .05 vno treatment. 

t P >  .05 vinsulin-treated control. 

lanes 3 and 6). In contrast, IRS-1 immunoprecipitates from 
insulin-treated adipocytes isolated from diabetic GK rats exhib- 
ited a more than 90% decrease in tyrosine phosphorylation of 
IRS-1 (Fig 4A, lanes 8 and 10 v lanes 2 and 4). Diabetes did not 
significantly alter IRS-1 protein content (Fig 4B). Analysis of 
the tyrosine phosphorylation status of the IR in IR immunopre- 
cipitates also showed reductions in insulin-stimulated tyrosine 
phosphorylation of the IR in adipocytes isolated from GK rats 
(Fig 4C). However, these rats also exhibited marked decreases 
in IR protein in the immunoprecipitates (Fig 4D). Thus, when 
the tyrosine phosphorylation data were normalized for the 

E 

, 03 

ai- 

"6 
g 

' 1 - - t  Control 
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Fig 2. Diabetic GK rats exhibit elevations in basal PP-2A activity 
and insulin fails to suppress PP-2A, PP-2A activity was measured in 
the cytosolic fractions of control and insulin-treated rat adipocytes 
prepared from control and diabetic rats, Results are the mean -+ SEM 
of 5 to 6 separate experiments performed in triplicate, *P < ,05 v 
untreated control; * *P  < ,05 v untreated control and insulin-treated 
control, 
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Fig 3. Effect of diabetes on basal and insulin-stimulated MAPK 
activities in adipocytes. Control and insulin-treated adipocyte cyto- 
solic fractions were immunoprecipitated with MAPK antibody. MAPK 
activity was assayed in the immunoprecipitates using T-[32P]-Iabeled 
ATP and MBP as substrate. Radioactivity incorporated into MBP was 
determined by spotting an aliquot of the reaction mixture on peptide 
paper. Results are the mean -+ SEM of 4 to 5 independent experi- 
ments. *P  < .05 v untreated controls; * * P  < .05 v insulin-treated 
controls. 

reductions in IR protein, there was no difference in the extent of 
IR tyrosine phosphorylation between normal control and GK 
diabetic adipocytes (Fig 4E). Similar results were reported by 
Bisbis et a135 in GK diabetic rat liver. 

Immunoprecipitation of IRS-1 from [32P]-labeled cells fol- 
lowed by SDS/PAGE and autoradiography showed that IRS-1 
immunoprecipitated from diabetic GK rat adipocytes was 
phosphorylated in the basal state when compared with control 
cells (Fig 5, lanes 3 and 4 v lane 1). Insulin did not further 
increase the incorporation of [32p] into IRS-1 in GK rat 
adipocyte preparations (Fig 5, lanes 5 and 6). In contrast, insulin 
did increase the incorporation of [3217] into IRS-1 in adipocytes 
isolated from control rats (Fig 5, lane 2). The observed 
alterations in IRS-1 phosphorylation were not due to variations 
in the amount of IRS-1 protein immunoprecipitated from cell 
lysates. 

Effect of Diabetes on GK Rat Adipocyte Insulin-Mediated 
Grb2/Sos Association and Plasma Membrane Targeting 
of the Grb2/Sos Complex 

Recent studies indicate that IR signaling acutely stimulates 
GTP loading of p21 ras by mobilizing complexes of Grb2 and the 
guanylnucleotide-exchange factor, Sos, to associate with the 
tyrosine-phosphorylated proteins 1RS-1 and Shc in the plasma 
membrane. 7-8 To examine whether diabetes in GK rats is 
associated with alterations in the targeting of the Grb2/Sos 
complex, adipocyte plasma membranes (PMs) and intracellular 
membranes (IMs) (100 ~tg protein) were immnnoprecipitated 
with Sos antibody. The immunoprecipitates were separated by 
SDS/PAGE followed by Western blot analysis with anti-Grb2 
antibody. Figure 6A and C shows that in adipocytes isolated 
fi'om control rats, 5 nmolfL insulin treatment for 3 minutes 

resulted in a rapid translocation of Sos to the PM (45% increase 
in PM Grb2 associated with Sos over the basal value; Fig 6A, 
lane 4 v lane 3). In contrast, in GK diabetic rat adipocytes, 
insulin did not cause translocation of the Sos/Grb2 complex to 
the PM (Fig 5A, lane 8 v lane 7, and Fig 6C). The content of Sos 
in PM fractions was decreased by more than 50% in GK 
diabetic adipocytes compared with normal controls (Fig 6B, 
lanes 1 to 4 v lanes 5 to 8). The reduction in Sos content was 
accompanied by a decrease in the mobility of Sos in adipocyte 
preparations from GK diabetic rats (Fig 6B, lanes 5 to 8 v lanes 
1 to4). 

Quantitative analysis of the percent Grb2 associated with Sos 
in the 1M and PM is shown in Fig 6C, after correction for 
variations in Sos proteins in Fig 6B. Insulin signaling resulted in 
translocation of the Sos complex to the PM in control adipo- 
cytes, but not in adipocytes isolated from diabetic GK rats. 

Effect of Diabetes on Insulin-Stimulated Glut-4 Translocation 

To examine whether the insulin resistance associated with 
diabetic GK rats affected the cellular content of Glut-4 and its 
translocation to the PM in response to insulin, immunoblot 
analysis of Glut-4 was performed on low-density microsomes 
(LDMs) and PM isolated from adipocytes before and after 
insulin treatment. Glut-4 content in LDMs was comparable 
between control and diabetic rats in the basal state (Fig 7, lane 1 
v lane 3). Insulin did not increase the content of Glut-4 in the 
PM of adipocytes isolated from diabetic GK rats (lane 8 
v lane 7). 

DISCUSSION 

The results of this study indicate that the insulin resistance 
and hyperinsulinemia of diabetic GK rats are accompanied by 
marked alterations in upstream and downstream insulin signal- 
ing components that participate in insulin-stimulated glucose 
transport and its storage as glycogen. 

One of the dominant features of the insulin resistance 
associated with diabetic GK rat adipocytes is the impaired 
activation of PP-1 and inhibition of PP-2A by insulin. These 
observations, together with our recent findings that experimen- 
tal insulin resistance induced by incubation of skeletal muscle 
cells with cAMP agonists and tumor necrosis factor-c~ ([TNF-c~] 
a potential mediator of insulin resistance in obese/NIDDM rat 
models and human subjects) abrogated insulin-stimulated PP-1 
activation, increased PP-2A activity, and blocked insulin- 
stimulated activation of the MAPK pathway, 32,36-37 suggest that 
a rapid activation of a membranous PP-1 along with concomi- 
tant inhibition of cytosolic PP-2A may constitute integral parts 
of the mechanism of insulin action. The impairment in insulin- 
stimulated activation of PP-1 may be responsible for the 
previously reported inhibition of insulin-mediated glycogen 
synthase activation and glycogen synthesis in diabetic GK rats. 
The observed inhibition in basal and insulin-stimulated PP-1 
activities is not due to reductions in the content of the PP-1 
catalytic subunit, but rather to defects in the activation of PP-1 
via its regulatory subunit, PP-I~. An increase in insulin- 
stimulated phosphorylation of PP-lo in adipocytes and skeletal 
muscle preparations has recently been reported by this labora- 
tory.26, 28 

The observed elevations in basal PP-2A activity together with 
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the lack of an insulin effect on PP-2A inactivation in diabetic 
GK rats may be due to tyrosine dephosphorylation of the PP-2A 
catalytic subunit via an activated tyrosine phosphatase. In 
support of this observation, several recent studies indicate that 
PP-2A activity is also regulated by tyrosine and/or threonine 
phosphorylation of the catalytic snbunit. 38-4° We have also 
recently shown that insulin deactivates PP-2A in skeletal 
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Fig 5. Diabetes causes increased [32p] incorporation in IRS-1. Cell 
lysates from control and insulin-treated [32p]-Iabeled adipocytes were 
immunoprecipitated with IRS-1 antibody, and the immunoprecipi- 
tates were separated on SDS/PAGE followed by autoradiography. 
Lane 1, untreated control; lane 2, insulin-treated control; lanes 3 and 
4, untreated GK diabetic; lanes 5 and 6, insulin-treated (1 to 2 
minutes) GK diabetic. Similar results were obtained in 3 separate 
experiments. 

muscle cells by increasing tyrosine phosphorylation of the 
catalytic subunit, and cAMP agonists counterregulate insulin's 
inhibitory effects on PP-2A activity by decreasing tyrosine 
phosphorylation of PP-2A via an activated tyrosine phospha- 
tase. 37 

Accompanying the alterations in PP-1 and PP-2A activities, 

Fig 4. (A) Insulin resistance of diabetic GK rats results in de- 
creased IRS-1 tyrosine phosphorylation. Equal amounts of cell lysates 
(500 t~g protein) from control and diabetic GK adipocytes wi thout  and 
wi th insulin treatment (10 nmol/L x I to 2 minutes) were immunopre- 
cipitated with IRS-1 antibody. The immunoprecipitates were sepa- 
rated by SDS/PAGE fol lowed by Western blot analysis wi th phospho- 
tyrosine antibody. A representative autoradiogram is shown. Similar 
results were obtained in 3 separate experiments. Lanes 1, 3, and 5, 
untreated controls; lanes 2, 4, and 6, insulin-treated controls; lanes 7, 
9, and 11, untreated diabetic; and lanes 8, 10, and 12, insulin-treated 
diabetic. (B) Content of IRS-1 protein in the immunoprecipitates. Cell 
lysates were immunoprecipitated with anti-IRS-1 antibody, and the 
immunoprecipitates were separated by SDS/PAGE fol lowed by West- 
ern blot analysis wi th IRS-1 antibody. Lane order is similar to A except 
that 5-minute t ime points are not included. (C) Effect of diabetes on IR 
tyrosine phosphorylation. Equal amounts of cell lysate proteins were 
immunoprecipitated with anti-IR antibody fol lowed by Western blot 
analysis of the immunoprecipitates wi th antiphosphotyrosine anti- 
body. A representative autoradiogram is shown. (D) Effect of diabetes 
on IR content in the immunoprecipitates. The immunoprecipitated IR 
from control and diabetic adipocytes was subjected to Western blot 
analysis wi th antMR antibody and detection wi th [lZ~l]-protein A. The 
intensity of 95-kd bands was quantified by densitometric analysis of 
the autoradiograms. For comparison of results between groups, 
control IR protein content was assigned a value of 1 and the rest of 
the data were calculated relative to basal values of the control. 
Results are expressed as arbitrary densitometric units from 3 experi- 
ments. (E) Quantitation of IR tyrosine phosphorylation in control and 
diabetic GK rats by densitometric analysis. Autoradiograms of IR 
tyrosine phosphorylation and IR protein were scanned for optical 
density, and areas beneath the peaks were determined. The magni- 
tude of IR tyrosine phosphorylation was quantified by dividing the 
densitometric values for the antiphosphotyrosine blot by the values 
for the IR protein blot. IR tyrosine phosphorylation is expressed as 
ADU, To compare results from different experiments, basal IR tyro- 
sine phosphorylation in control cells was assigned a value of 1 and 
the rest of the data were calculated relative to the basal value in 
control cells. 
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Fig 6. GK diabetes results in a decreased association of Grb2/Sos 
and its translocation to PMs. PMs and IMs were prepared from 
control and insulin-treated adipocytes. Equal amounts of proteins 
were immunoprecipitated with Sos antibody. The immunoprecipi- 
tates were separated by SDS/PAGE followed by Western blot analy- 
sis with Grb2 antibody (A). Lanes 1 and 2, control IM; lanes 3 and 4, 
control PM; lanes 5 and 6, diabetic IM; lanes 7 and 8, diabetic PM. (B) 
Western blot analysis of Sos immunoprecipitates with anti-Sos 
antibody. The upper half of the blot in A was probed with anti-Sos 
antibody, and the content of Sos measured by densitometry. (C) 
Quantitative analysis of the amount of Grb2 associated with Sos. 
Percent Grb2 associated with Sos was calculated by dividing the 
Grb2 peaks in A by the Sos peaks in B. 

there is considerable inhibition (50% v controls) of insulin's 
effect on MAPK activation in diabetic GK rat adipocytes. This 
may be due to impaired ras-GTP loading because of reductions 
in PM targeting of the Grb2/Sos complex, and/or inactivation of 
MAPK and its upstream activator, MEK, by elevated PP-2A 
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Fig 7. Adipocytes from diabetic GK rats exhibit defective translo- 
cation of Glut-4 to the PM. Proteins (10 rig) from the adipocyte LDM 
and PM isolated from control and diabetic GK rats were subjected to 
Western blot analysis with anti-Glut-4 antibody followed by detec- 
tion with ECL. A representative autoradiogram is shown, 

activity, as we have reported in TNF-eL-induced insulin- 
resistant rat skeletal muscle cells. 32 However, the magnitude of 
inhibition of MAPK is less when compared with the alterations 

observed in upstream signaling components. This may be 
related to the fact that the MAPK pathway can be stimulated by 
other kinases bypassing the ras-GTP activation. For example, 

PKC can activate the MAPK pathway in skeletal muscle cells 

and in adipocytes via direct activation of Raf-1 kinase, the 

upstream activator of MEK. 41 Increased activation of diacylglyc- 

erol-sensitive PKC isoforms has been observed in skeletal 

muscle and adipocytes of diabetic GK rats. 23 We have also 

reported a blockade of PP-1 activation by insulin with chronic 
exposure of rat skeletal muscle cells to phorbol esters. 42 

The alterations in PP-1/PP-2A and MAPK regulation in 
diabetic GK rat adipocytes may be due to defective insulin 
signaling because of desensitization and/or downregulation of 
the upstream insulin signaling components. In support of this 

conclusion, we have shown that diabetes in GK rats is accompa- 
nied by a marked reduction in insulin-stimulated tyrosine 

phosphorylation of IRS-1, a marked reduction in IR protein 

content, a decreased association of Grb2 with Sos, and an 

attenuation of insulin-mediated targeting of the Grb2/Sos 

complex to the PM. 

The reduction seen in IRS-1 tyrosine phosphorylation in 
diabetic GK rats was not due to a generalized reduction in the 
phosphorylation status of 1RS-1 for the following reasons. 
Metabolic labeling of adipocytes with [32p]-orthophosphate 
showed increased incorporation of [32p] in IRS-1 in the basal 
state. Insulin did not cause a further increase in IRS-1 phosphor- 
ylation. In contrast, in control adipocytes, insulin treatment did 
result in a considerable increase in [32p] incorporation into 
IRS-1. The observed increase in basal IRS-1 phosphorylation in 

adipocytes isolated from diabetic GK rats may be due to an 
increase in serine phosphorylation of IRS-1, as reported by 

others in TNF-a-induced insulin resistance and insulin resis- 
tance associated with polycystic ovarian syndrome. 43-44 

Contrary to the reductions seen in IRS-1 tyrosine phosphory- 
lation, insulin-mediated tyrosine phosphorylation of Shc protein 
was unaltered in adipocytes of diabetic GK rats (results not 
shown). Thus, IRS-1 tyrosine phosphorylation appears to play a 
predominant role in adipocyte insulin signal transduction. A 
decrease in tyrosine phosphorylation of IRS-1 as seen in the 
present study may lead to an impairment in PI3-kinase activa- 
tion, thereby resulting in a decrease in PI3-kinase-generated 
signals that may mediate insulin-stimulated PP-1 activation, 

PP-2A inactivation, 37 and translocation of insulin-responsive 
glucose transporters to the PM. Future studies wilt examine the 
impact of diabetes in GK rats on the kinetics of insulin 
activation of PI3-kinase and its downstream target, c-Akt (also 
known as Rac or protein kinase B). 

The reduction in tyrosine phosphorylation of IRS-1 in 
adipocytes isolated from diabetic GK rats is accompanied by a 
marked inhibition of insulin-mediated targeting of the Grb2/Sos 
complex to the PM. This may be due to the phosphorylation of 
Sos causing a dissociation of the Grb2/Sos complex due to 
hyperinsulinemia. In support of this observation, recent studies 
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by several groups have shown that insulin i tself  causes desensi-  

tization of  Ras activation by a feedback phosphorylat ion (by 
M A P K )  and dissociat ion of  the Sos/Grb2 complex,  v,8 Further 

studies are needed  to examine in detail the kinetics of  Sos 

phosphorylat ion in diabetic GK rats and to identify the potential  

role of  Sos dephosphorylat ion by a phospbatase  in its associa- 

tion with Grb2 and PM targeting of  the Grb2/Sos complex.  

In summary, the results o f  the present  study indicate that 
alterations in the IR, IRS-1, and Grb2/Sos may account for the 

observed insulin signaling defects  in GK rats. 

REFERENCES 

1. Groop L, Bonadonna R, Delprato S, et al: Glucose and free fatty 
acid metabolism in non-insulin dependent diabetes mellitus: Evidence 
for multiple sites of insulin resistance. J Clin Invest 84:205-213, 1989 

2. Cheatham B, Kahn RC: Insulin action and the insulin signaling 
network. Endocr Rev 16:117-142, 1995 

3. Mandarino LJ, Wright KS, Vesity LS, et al: Effects of insulin 
infusion on human skeletal muscle pyruvate dehydrogenase, phospho- 
fructokinase and glycogen synthase. J Clin Invest 80:655-663, 1987 

4. White MF, Kahn CR: The insulin signaling system. J Biol Chem 
269:1-4, 1994 

5. Lavan BE, Leinhard GE: The insulin elicited 60 kDa phosphotyro- 
sine protein in rat adipocytes is associated with phosphatidylinositol 
kinase. J Biol Chem 268:5921-5929, 1993 

6. Folli F, Saad MJ, Backer MJ, et al: Insulin-stimulation of 
phosphatidyl inositol 3 kinase activity and association with insulin 
receptor substrate-1 in liver and muscle of intact rats. J Biol Chem 
267:22171-22177, 1992 

7. Cherniack AD, Klarlund JK, Conway BR, et al: Disassembly of 
son-of-sevenless proteins from Grb2 during p21 ras desensitization by 
insulin. J Biol Chem 270:1485-1488, 1995 

8. Chert D, Waters SB, Holt KH, et al: Sos phosphorylation and 
dissociation of the Grb2-Sos complex by the ERK and JNK signaling 
pathways. J Biol Chem 271:6328-6332, 1996 

9. Ohmichi M, Matuoka K, Takenawa T, et al: Growth factors 
differentially stimulate the phosphorylation of Shc proteins and their 
association with Grb2 in PC-12 pheochromocytoma cells. J Biol Chem 
269:1143-1148, 1994 

10. Pronk GJ, Vries-Smith AM, Buday L, et al: Involvement of Shc 
in insulin and EGF-induced activation of p21ras. Mol Cell Biol 
14:1575-1581, 1994 

11. Sasaoka T, Rose DW, Jhun BH, et al: Evidence for a functional 
role of Shc proteins in mitogenic signaling induced by insulin, insulin 
like growth factor-1 and epidermal growth factor. J Biol Chem 
269:13689-13694, 1994 

12. Backer JM, Myers MG Jr, Shoelson SE, et al: Phosphatidylinosi- 
tol 3' kinase is activated by association with IRS-1 during insulin 
stimulation. EMBO J 11:3469-3479, 1992 

13. Yeh JI, Gulve EA, Rameh L, et al: The effects of wortmannin on 
rat skeletal muscle. J Biol Chem 269:4634-4640, 1995 

14. Cross AE, Alessi DR, Cohen R et al: Inhibition of glycogen 
synthase-3 by insulin is mediated by protein kinase B. Nature 378:785- 
789, 1995 

15. Chuang J, Grammer TC, Lemon KP, et al: PDGF and insulin- 
dependent pp70 srK activation mediated by phosphatidyl-3-OH kinase. 
Nature 370:71-75, 1992 

16. Cheat/lamB, Vlahos CJ, Cheatham L, et al: Phosphatidylinositol 
3-kinase activation is required for insulin stimulation of pp70 $6 kinase, 
DNA synthesis, and glucose transporter translocation. Mol Cell Biol 
14:4902-4911, 1994 

17. Okada T, Kawano Y, Sakakibara T, et al: Essential role of 
phosphatidylinositol-3 kinase in insulin-induced glucose transport and 
antilipolysis in rat adipocytes. J Biol Chem 269:3568-3573, 1994 

18. Ishizuka T, Cooper DR, Farese RV: Insulin stimulates the 
translocation of protein kinase C in rat adipocytes. FEBS Lett 257:337- 
340, 1989 

19. Ishizuka T, Cooper DR, Hernandez H, et al: Effect of insulin on 

diacylglycerol-protein kinase C signaling in rat diaphragm and soleus 
muscles and relationship to glucose transport. Diabetes 39:181-190, 
1990 

20. Goto Y, Kakizaki M, Masaki N: Spontaneous diabetes produced 
by selective breeding of normal Wistar rats. Proc Jpn Acad 51:80-85, 
1975 

21. Portha B, Serradas R Bailbe D, et al: [3 Cell insensitivity in the 
GK rat, a spontaneous non-obese model for type II diabetes. Diabetes 
40:486-491, 1991 

22. Villar-Palasi C, Farese RV: Impaired skeletal muscle glycogen 
synthase activation by insulin in the Goto-Kakizaki (G/K) rat. Diabeto- 
logia 37:885-888, 1994 

23. Avignon A, Yamada K, Zhou X, et al: Chronic activation of 
protein kinase C in soleus muscles and other tissues of insulin-resistant 
type II diabetic Goto-Kakizaki (GK), obese/aged and obese/Zucker rats. 
A mechanism for inhibiting glycogen synthesis. Diabetes 45:1396- 
1404, 1996 

24. Rodbell M: Metabolism of isolated fat cells. J Biol Chem 
239:375-380, 1964 

25. King MJ, Sale GJ: Dephosphorylation of insulin receptor 
autophosphorylation sites by particulate and soluble phosphotyrosyl 
protein phosphatases. Biochem J 266:251-259, 1990 

26. Begum N: Stimulation of protein phosphatase-1 by insulin. 
Evaluation of the role of MAP kinase cascade. J Biol Chem 270:709- 
714, 1995 

27. Cohen R Klumpp S, Schelling DL: An improved procedure for 
identifying and quantitating protein phosphatases in mammalian tis- 
sues. FEBS Lett 250:596-600, 1991 

28. Srinivasan M, Begum N: Regulation of protein phosphatase-1 
and 2A activities by insulin during myogenesis in rat skeletal muscle 
cells in culture. J Biol Chem 269:12514-12520, 1994 

29. Ramlal T, Sarabia V, Bilan PJ, et al: Insulin mediated transloca- 
tion of glucose transporters from intracellular membranes to plasma 
membranes: Sole mechanism of stimulation of glucose transport in L6 
cells. Biochem Biophys Res Commun 157:1329-1335, 1988 

30. Begum N: Phenylarsine oxide inhibits insulin stimulated protein 
phosphatase 1 activity and Glut-4 translocation in rat adipocytes. Am J 
Physio1267:E14-E23, 1994 

31. Laemmti UK: Cleavage of structural proteins during the assem- 
bly of the head of bacteriophage T4. Nature 227:680-685, 1970 

32. Begum N, Ragolia L, Srinivasan M: Effect of tumor necrosis 
factor-co on insulin-stimulated mitogen-activated protein kinase cascade 
in rat skeletal muscle cells. Eur J Biochem 238:214-220, 1996 

33. Smith PK, Krohn RI, Hermanson GT, et al: Measurement of 
protein using bicinchoninic acid. Anal Biochem 150:76-85, 1985 

34. Bradford MM: A rapid and sensitive method for the quantitation 
of microgram quantities of proteins utilizing the principle of protein- 
dye binding. Anal Biochem 72:248-254, 1976 

35. Bisbis S, Bailbe D, Tormo MA, et al: Insulin resistance in the GK 
rat: Decreased receptor number but normal kinase activity in liver. Am J 
Physio1265:E807-E813, 1993 

36. Begum N, Ragolia L: Effect of tumor necrosis factor-e~ on insulin 
action in cultured rat skeletal muscle cells. Endocrinology 137:2441- 
2446, 1996 

37. Begum N, Ragolia L: cAMP counter-regulates insulin-mediated 



62 BEGUM AND RAGOLIA 

protein phosphatase-2A inactivation in rat skeletal muscle cells. J Biol 
Chem 271:31166-31171, 1996 

38. Chen J, Parsons S, Brautigan DL: Tyrosine phosphorylation of 
protein phosphatase 2A in response to growth stimulation and v - s r c  

transformation of fibroblasts. J Biol Chem 269:7957-7962, 1993 
39. Chen J, Martin BL, Brautigan DL: Regulation of protein 

serine-threonine phosphatase type 2A by tyrosine phosphorylation. 
Science 257:1261-1264, 1992 

40. Guo H, Damuni Z: Autophosphorylation-activated protein ki- 
nase phosphorylates and inactivates protein phosphatase-2A. Proc Natl 
Acad Sci USA 90:2500-2504, 1993 

41. Kovacina KS, Yonezawa K, Brantigan DL, et al: Insulin activates 

the kinase activity of the Raf-1 proto-oncogene by increasing its serine 
phosphorylation. J Biol Chem 265:12115-12118, 1990 

42. Srinivasan M, Begum N: Stimulation of protein phosphatase-1 
activity by phorbol esters: Evaluation of the regulatory role of protein 
kinase C in insulin action. J Biol Chem 269:16662-16667, 1994 

43. Feinstein R, Kanety H, Papa MZ, et al: Tumor necrosis factor-c~ 
suppresses insulin-induced tyrosine phosphorylation of insulin receptor 
and its substrates. J Biol Chem 268:26055-26058, 1993 

44. Dunaif A, Xia J, Book CB, et al: Excessive insulin receptor 
serine phosphorylation in cultured fibroblasts and skeletal muscle. A 
potential mechanism for insulin resistance in the polycystic ovary 
syndrome. J Clin Invest 96:801-810, 1995 


