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Abstract A novel pathway for physiological “cross-talk” between the insulin receptor and the regulatory 
GI-protein has been demonstrated. We tested the hypothesis that a coupling defect between GI and the insulin receptor 
is present in the liver of obese patients with and without type II diabetes. Insulin 1 x 1 0-9 M ( - ED5,,) and 1 x 1 O-’ M 
(Max) inhibited pertussis toxin-catalyzed ADP ribosylation of GI in human liver plasma membranes from lean and obese 
nondiabetic patients. However, 1 x lo-’ M insulin was without effect in membranes from patients with type I I  diabetes. 
This coupling defect was not intrinsic to GI, since Mg2+ and GTPyS inhibited pertussis toxin-catalyzed ADP ribosylation 
in both diabetic and nondiabetic patients. Binding of insulin of the a-subunit and activation of the tyrosine kinase 
intrinsic to the p-subunit of the insulin receptor are not responsible for the coupling defect. 1 2 5 1  insulin binding is the 
same in obese patients with or without diabetes. Tyrosine kinase of the insulin receptor is decreased in diabetes. 
However, a monoclonal antibody to the insulin receptor (MA-20) at equimolar concentrations with insulin equally 
inhibits pertussis toxin-catalyzed ADP ribosylation of GI without activating tyrosine kinase or insulin receptor 
autophosphorylation. lmmunodetection of G-proteins suggested that was normal in diabetes and G,1.2u was 
decreased by 40% in the diabetic group as compared to the obese nondiabetic group but was normal when compared to 
the lean non diabetic group. We conclude that the novel pathway of insulin signaling involving the regulatory G, proteins 
via biochemical mechanisms not directly involving the tyrosine kinase of the insulin receptor i s  altered in obese type I 1  
diabetes and offers a new target for the search of the mechanism(s) of insulin resistance. 
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INTRODUCTION Fronzo, 1988; Goldfine, 1987; Kaha and White, 

Many hormones and neurotransmitters use 
specific receptors that interact noncovalently 
with guanine nucleotide binding proteins (G- 
proteins) in the transmembrane signaling pro- 
cess [Casey and Gilman, 1988; Neer and 
Clapham, 1988; Spiegel, 1987; Stryer and 
Bourne, 19861. Despite many attempts to under- 
stand the mechanism of insulin action [De 

1988; Larner, 1988; Olefsky et al., 1988; Reaven, 
19881, the coupling of the insulin receptor with 
distinct G-proteins remains to be established. 
The recent demonstration that insulin inhibits 
pertussis toxin (PTX)-catalyzed ADP-ribosyla- 
tion of Gi in rat liver plasma membranes 
[Rothenberg and Kahn, 19881, however, sug- 
gests a functional “cross-talk” between the insu- 
lin receptor and the inhibitory guanine nucleo- 
tide-binding protein (GJ. In addition, a dramatic 
reduction of over 90% in Gi has been reported to 
occur in liver plasma membranes obtained from 
rats made diabetic by either alloxan or strepto- 

however, has not been confirmed in the liver of 
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zotocin fGawler et al., 19871- This reduction, 
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rats with streptozotocin-induced diabetes [Lynch 
et al., 19891. Only a modest decrease of PTX- 
catalyzed ADP ribosylation of Gi has been dem- 
onstrated in acute spontaneously diabetic (BBI 
WOR) rats [Lynch et al., 19891. 

Gi proteins comprise three distinct molecular 
species [Itoh, 19881, which are involved not only 
in regulation of adenylate cyclase [Katada et al., 
19871 but also in activation of phospholipases 
[Ohta et al., 19851, gating of potassium [Pfaffin- 
ger et al., 19851, calcium channels [Holz et al., 
19891 , and cells proliferation [Murayama and 
Ui, 19871. Thus, these proteins are particularly 
significant in diabetes because some of the meta- 
bolic pathways in which Gi is involved may be 
altered in this disease [Caro et al., 1989; Hous- 
lay et al., 1989; Thakkar et al., 19891. 

The purpose of this study is to investigate 
possible alterations in the immunodetection of 
G-proteins and in the functional “cross-talk” 
between the insulin receptor and Gi-proteins in 
liver plasma membranes from humans with and 
without type I1 dabetes. The hypothesis that a 
coupling defect between Gi and the insulin recep- 
tor present in the livers of obese patients with 
and without type I1 diabetes is tested. 

METHODS 
Patients 

The study group consisted of 8 morbidly obese 
patients with type I1 diabetes, 8 morbidly obese 
patients without diabetes admitted to the hospi- 
tal to undergo gastric bypass as treatment for 
morbid obesity, and 8 nonobese, nondiabetic 
patients admitted for elective cholecystectomy. 
Except for obesity and diabetes, none of the 
patients had other diseases or were taking medi- 
cations known to alter carbohydrate metabo- 
lism. Two diabetic patients were receiving sulfo- 
nylureas and two other diabetic patients were 
taking insulin, which were discontinued 2 weeks 
and 1 week before the day of surgery, respec- 
tively. All patients had maintained constant body 
weight during the months preceding hospital 
admission and received a weight-maintaining 
diet providing 50% of total calories as carbohy- 
drates, 30% as fat (polyunsaturated/saturated 
fat ratio of 0.4, cholesterol content of 100 mg), 
and 20% as protein for 1 week before surgery. 
Each morbidly obese patient without known 
diabetes mellitus had a 75-g oral glucose toler- 
ance test, as recommended by the National Dia- 
betes Data Group, in order to classify them as 
nondiabetics. Written consent was obtained from 
each patient after they were informed about the 

nature, potential benefit, and potential risk asso- 
ciated with the study. The patients underwent 
surgery after an overnight fast and only intrave- 
nous saline was given before the liver biopsy. 
After opening and exploring the abdomen, a 
1-2-g liver biopsy specimen was obtained from 
the left lobe of the liver in order to  prepare 
plasma membranes, cytosol, and solubilized in- 
sulin receptors. 

Preparation of Liver Plasma Membranes 

Plasma membranes from human liver were 
prepared, with minor modifications [Caro et al., 
1987b1, by the aqueous polymer method of Lesko 
et al. [Lesko et al., 19731. Liver tissue was minced 
into small pieces and suspended in homogeniza- 
tion buffer A consisting of 0.5 mM CaCl,, 1 mM 
NaHC03, pH 7.0, 1 mM sodium orthovanadate, 
4 mM EDTA, 1 mM phenylmethylsufonyl fluo- 
ride (PMSF), 1,000 U/ml aprotinin, 2 FM leupep- 
tin, 2 FM pepstatin, and 0.1 mg/ml bacitracin. 
The tissue was gently homogenized with 25 
strokes in a Dounce homogenizer, diluted 100- 
fold with buffer A, and centrifuged at 2,600g for 
30 min. The supernatant was discarded and the 
pellet washed several times with decreasing vol- 
umes of buffer A. The pellet was then gently 
mixed with 10 ml of dextran/polyethylene glycol 
polymers and centrifuged at 1 , l O O g  for 30 min. 
The membrane fraction at  the polymer inter- 
phase was collected and washed three times 
with buffer A. The membranes were then sus- 
pended in 50 mM Hepes, pH 7.5, which con- 
tained the protease inhibitors listed in buffer A 
at 10 mg/ml protein concentration in the same 
buffer, snap frozen, and stored at -70°C until 
used. The membranes used in these studies 
were 10-fold enriched in terms of Na+,K+- 
ATPase [Arner et al., 19871, as compared to the 
homogenate, and contained functional insulin 
receptors capable of promoting phosphorylation 
of its P-subunit and other endogenous mem- 
brane substrates, as demonstrated previously 
[Caro et al., 1987bl. 

Preparation of liver Cytosol 

After preparation, liver homogenate was cen- 
trifuged at 7,OOOg for 30 min. The resulting 
supernatant was centrifuged at 105,OOOg for 
120 min. The pellet was discarded and the super- 
natant was aliquoted, snap frozen, and stored at 
- 70°C until used. 
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Preparation of Solubilized Insulin Receptor 

Partial purification of the insulin receptor 
from human liver was performed according to 
the procedure described previously [Caro et al., 
19861. Frozen liver was powdered under liquid 
nitrogen, weighed, and homogenized as a frozen 
slurry in 50 mM Hepes, pH 7.4, containing 1% 
Triton X-100,2 kM pepstatin, 2 kM leupeptin, 1 
mM PMSF, 0.1 mg/ml bacitracin, 1,000 U/ml 
aprotinin, and 1 mM sodium orthovanadate. 
The homogenate was solubilized by stirring for 
60 min at 4°C. The mixture was then centri- 
fuged at 100,OOOg for 60 min, and the crude 
solubilized extract was partially purified by 
wheat germ agglutinin affinity chromatography. 
Recovery of 1251-insulin binding activity was over 
85% in a partially purified preparation [Caro et 
al., 19861. 

ADP-Ribosylation of C-Proteins by Pertussis 
Toxin and Cholera Toxin 

ADP-ribosylation of liver plasma membranes 
and cytosol fraction was performed as described 
by Ribeiro-Net0 et al. [19851, with the minor 
modifications described by Rothenberg and Kahn 
[19881. In a typical assay, 20 kl of liver plasma 
membrane, corresponding to 50 kg protein, was 
incubated at 30°C in a lOO-p,l final volume con- 
taining 10 mM arginine, 10 mM thymidine, 10 
mM NADP, 1 mM ATP, 0.1 mM GTP, 1 mM 
EDTA, 0.5 mM EGTA, 1 mM MgC12, 0.5 mM 
DTT, 10 mM Tris-HC1, 0.01 mM (a-32P) NAD 
(2-5 FCi), and 1 kg pre-activated PTX or 1 kg 
CTX (subunit A). Incubation times varied and 
the reaction terminated by the addition of 1 ml 
20% (w/v) trichloroacetic acid. After 20 min at 
4"C, the precipitates were pelleted in a mi- 
crofuge (10 min at 14,OOOg). The supernatants 
were discarded and the pellets washed twice 
with 1 ml of ethyl ether. The pellet was then 
dissolved in Laemmli buffer [Laemmli, 19701, 
heated in boiling water bath for 3 min, and then 
loaded onto a 10% polyacrylamide gel with 3.75% 
polyacrylamide stacking gel. After electrophore- 
sis, the gels were fixed for 4 h in 50% methanol 
and 7.5% acetic acid, followed by staining in 
0.2% (w/v) Coomassie Brilliant Blue R, 50% 
(v/v) methanol, and 10% (v/v) acetic acid for 10 
min. The gels were destained in 15% (v/v) metha- 
nol and 7.5% (viv) acetic acid until the back- 
ground was clear. The gels were dried and exam- 
ined by autoradiography for 70 h at -7O"C, 
using Kodak X-Omatic film in a Kodak X- 
Omatic cassette with intensifying screens. The 

autoradiographic plates were then scanned with 
an LKl3 ultroscan densitometer with Gelscan 
XL software. 

I mmu nodetection of C-Proteins 

Proteins from human liver plasma mem- 
branes (50 Fg) were resolved by 10% polyacryl- 
amide gel electrophoresis-sodium dodecyl sul- 
fate (PAGE-SDS) system on 5 cm x 5 cm slab 
gels for 2 h at 100 V. Proteins were transferred 
to  immobilon P nylon membranes using a Milli- 
pore Semidry blotting apparatus. The mem- 
branes were blocked for 2 h with 5% Blotto and 
then incubated overnight at 4°C with polyclonal 
antibodies raised in rabbits against synthetic 
C-terminal decapeptides of the a-subunit of Gil. 
2a, Gi.3a, and G, [Lynch et al., 19891. The antibod- 
ies were partially purified by affinity chromatog- 
raphy using immobilized protein A columns, 
and were used at a concentration of 2 pg/ml in 
5% Blotto. The blots were then washed with 
TBS buffer with and without Tween-20 and 
were probed with 1251-goat antirabbit IgG over- 
night. Autoradiography was carried out for 48 h 
at - 70°C, and the resulting autoradiograph was 
analyzed by densitomery. Detection of G-pro- 
teins was linear over a protein concentration 
range of 10-100 kg. 

lmmunoprecipitation of C-Proteins 

Following ADP-ribosylation in both the pres- 
ence and absence of insulin (1 x M), hu- 
man liver plasma membranes were solubilized 
for 1 h at 4°C in 50 mM Tris-C1 pH 7.5 with 1% 
Triton X-100 containing the protease inhibitors 
used for solubilization of insulin receptors. The 
solubilized proteins were diluted (1:4) with 50 
mM Tris-C1 pH 7.5 without Triton X-100 and 
centrifuged at 100,OOOg for 60 min. Polyclonal 
antibodies to Gil.2a and Gi301 2 kg/ml concentra- 
tions were added to the supernatants and incu- 
bated for 16 h at 4°C. A 10% (w/v) suspension of 
Pansorbin was added to the immunoprecipita- 
tion reaction mixture and the incubation was 
continued for an additional 1 h at 4°C. After 
completion, the Pansorbin was sedimented by 
centrifugation at 500g. The pellet was washed 
once with 50 mM Hepes buffer, pH 7.4, contain- 
ing 0.1% Triton X-100, washed again with 50 
mM Hepes buffer pH 7.4, containing 0.5 M 
NaC1, and finally washed with 50 mM Hepes 
buffer, pH 7.4, containing 0.01% SDS. The pellet 
was then suspended in Laemmli buffer 
[Laemmli, 19701 and boiled for 5 min. The 
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Pansorbin was sedimented by centrifugation and 
the supernatant subjected to SDS-PAGE. 

Insulin Receptor Tyrosine Kinase Activity 

Partially purified insulin receptors (20 bg pro- 
tein) were incubated both in the presence and 
absence of 1 x M insulin at 4°C for 16 h. 
Following incubation, tyrosine-specific protein 
kinase activity was determined at  room tempera- 
ture by the addition of [32PlATP (2 pCi, 100 pM) 
in the presence of 2.5 mglml, Glu4-Tyr1, 10 mM 
MgC12, and 0.5 mM MnC12 in 50 mM Hepes 
buffer, pH 7.4 as previously reported [6]. The 
reaction was stopped 30 min later with 10% 
TCA containing 10 mM pyrophosphate and 3 
mglml bovine serum albumin (BSA) and pro- 
cessed as previously described [Caro et al., 19861. 

Autophosphorylation of the insulin receptors 
was initiated by adding [32PlATP (20 pCi, 5 pM) 
in the presence of 5 mM MgClz and 10 mM 
MnClz in 50 mM Hepes buffer, pH 7.4, and 
continued for 60 min at 4°C for at least 120 min 
because the reaction was linear. The reaction 
was then stopped with 50 mM Hepes buffer 
containing 10 mM EDTA, 100 mM NaF, 20 mM 
pyrophosphate, and 4 mM ATP. This mixture 
was incubated with 1l200 dilutions of polyclonal 
insulin receptor antibodies raised in rabbits 
against rat liver insulin receptors. After incuba- 
tion at 4°C for 6-10 hs, the immunoprecipitates 
were separated using Pansorbin as previously 
described [Caro et al., 19861. 

RESULTS 

Table I lists the clinical characteristics of the 
three groups of patients who were all compa- 
rable as to age and gender. Patients with type I1 
diabetes and morbid obesity were compared to 
morbidly obese patients declared to be nondia- 
betic by a normal oral glucose tolerance test. A 
nonobese group of patients without diabetes 
was also studied in order to investigate any 

TABLE I. Clinical and Biochemical Data of 
Study Subjects* 

Type I1 
Lean Obese obese 

control control diabetes 

Age (yr) 3 4 2 3  3 6 t 4  4 0 2 6  
Gender 5F.3M 6F.2M 6F.2M 
Body mass index (kg/m2) 23 * 3 41 2 6 40 ? 4 
Plasma glucose (mg/dl) 78 2 8 88 ? 4 202 2 24 
Plasma insulin (pU/ml) 11 * 4 29 ? 8 35 ? 10 

*Numbers are mean +SEM. 

effect that obesity itself might have on the re- 
sults of the experiments. 

Initial experiments were performed to charac- 
terize the methods in human liver. Incubation 
of 100 pg of liver cytosol or plasma membranes 
with PTX or CTX in the presence of [CI-~~PINAD 
resulted in ADP ribosylation of different pro- 
teins. In plasma membranes 41-kD and 45-kD 
proteins were predominantly ADP-ribosylated 
by PTX and CTX, respectively, which have been 
demonstrated in other cell systems to corre- 
spond to &-subunits of Gi and G, [Casey and 
Gilman, 1988; Neer and Clapham, 1988; Spie- 
gel, 1987; Stryer and Bourne, 19861, respec- 
tively. In the cytosol fraction, these proteins 
were not ADP-ribosylated but other low molecu- 
lar weight proteins were found to be substrates 
for PTX-catalyzed ADP-ribosylation, whereas 
only a 25-kD protein was a substrate for CTX- 
catalyzed ADP-ribosylation. These low-molecu- 
lar-weight proteins were not investigated fur- 
ther and may belong to a newly discovered family 
of small G proteins [Burgoyne, 19891. 

Because Rothenberg and Kahn [19881 demon- 
strated that insulin inhibits PTX-catalyzed ADP- 
ribosylation of Gi in rat liver plasma mem- 
branes, we examined the behavior of Gi in human 
liver. PTX-catalyzed ADP-ribosylation was de- 
pendent on time and protein concentration. PTX- 
catalyzed ADP-ribosylation was also signifi- 
cantly reduced by the addition of Mg2+ in a 
dose-dependent manner. ADP ribosylation was 
inhibited > 50% by 10 mM Mg2+ and > 90% by 
50 mM Mg2+. GTPyS, a nonhydrolyzable analog 
of GTP, exhibited a similar effect on PTX- 
catalyzed ADP-ribosylation of Gi Mg2+ and 
GTPyS have both been shown to promote disso- 
ciation of Gi to a form that cannot support 
labeling by PTX [Casey and Gilman, 1988; Neer 
and Clapham, 1988; Spiegel, 1987; Stryer and 
Bourne, 19861. 

These experiments (data not shown) establish 
that some of the known regulators of PTX- 
catalyzed ADP-ribosylation of Gi are operative 
in human liver plasma membranes. We and 
others have demonstrated the structure and 
functional integrity of the insulin receptor in 
these plasma membranes, and the integrity of 
the coupling between phosphatidylinositol-4,5- 
bisphosphate specific phospholipase C and ad- 
enylate cyclase with hormone and metabolic 
regulators [Caro et al., 1987b; Livingston et al., 
1985; Thakkar et al., 19891. If a functional 
“cross-talk” exists between insulin receptors 
and Gi as previously demonstrated [Rothenberg 
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and Kahn, 19881, our experimental system 
should be appropriate to  study this phenom- 
enon in liver from patients with and without 
type I1 diabetes. Figure 1 demonstrates that the 
addition of insulin 1 x M to the reaction 
mixture results in a rapid decrease of PTX- 
catalyzed ADP-ribosylation of Gi. When the reac- 
tion was conducted at 3TC, it was noted that 
the inhibition of insulin was maximum at the 
earliest time studied (2.5 min), followed by pro- 
gressive disappearance of its effect. When the 
same experiments were conducted at 30"C, the 
insulin effect was linear and could be observed 
up to 1 h after incubation (Fig. 2). Subsequent 
experiments, then, were performed at 30°C for 
20 min. Figure 3 demonstrates that the insulin 
effect is dose dependent, with 50% inhibition at 
approximately 1 x M insulin and maximal 
inhibition at 1 x M insulin. This is consis- 
tent with the insulin dose-response curve of 
other biological functions in the human liver 
when these are studied in vitro [Caro et al., 
19861. 

An important consideration in these studies is 
that PTX-catalyzed ADP-ribosylation occurs in 
three distinct molecular species of Gi-protein 
a-subunit [Itoh et al., 19881. Other G-proteins 
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Fig. 1. Effects of insulin on pertussis toxin catalyzed ADP- 
ribosylation of G, in human liver plasma membranes at 37°C. 
Liver plasma membrane (50 p,g) was incubated with or without 
insulin (1  x 1 O-' M) in the presence of pertussis toxin at 37°C 
for the times indicated and ADP-ribosylation, SDS-PACE, and 
autoradiography were performed as described in Methods. The 
experiments are representative of three experiments from differ- 
ent liver membrane preparations. 

Time (min) 

Fig. 2. Effect of insulin on pertussis toxin catalyzed ADP- 
ribosylation of Gi in human liver plasma membrane at 30°C. The 
experiment was performed as described in legend of Figure 1 
but at 30°C. The experiment was reproduced one time using 
different liver plasma membranes. 

Mr x 

160- 
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46.5 - 
36.5 - 
26.6- 
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Fig. 3. Insulin dose response for inhibition of pertussis toxin 
catalyzed G,a ADP-ribosylation of C,. Pertussis toxin catalyzed 
ADP-ribosylation of C,a was studied in human liver plasma 
membrane (50 p,g) in the presence and absence of different 
insulin concentrations at 30°C for 20 min. left: Representative 
autoradiograph. Right: Quantification of the data by gel densi- 
tometer from three separate experiments (mean ? SEM). 

that are substrates for PTX, such as Go,, GTal, 
and GTDL2, are not present in liver [Casey and 
Gilman, 1988; Neer and Clapham, 1988; Spie- 
gel, 1987; Stryer and Bourne, 19861. It is pos- 
sible then, that the insulin inhibition of PTX- 
catalyzed ADP-ribosylation is specific to one or 
more of the Gi-proteins and that this subset of 
Gi-protein might be decreased in diabetes. To 
address this possibility, the plasma membranes 
were solubilized with Triton-X 100, followed by 
immunoprecipitation with specific antibodies 
against Gil.2a, and GiSa as described under Meth- 
ods. Figure 4 shows that antibodies against Giaa 
immunoprecipitated a 41-kD protein that is 
ADP-ribosylated by PTX and that this reaction 
is inhibited by insulin. Antibody Gil.2a also immu- 
noprecipitated a protein of identical molecular 
weight in which ADP-ribosylation is also inhib- 
ited by insulin. When both antibodies were used 
together, the radioactivity associated with the 
immunoprecipitated protein is similar to the 
sum recorded when the antibodies were used 
separately. The total amount of ADP-ribosylated 
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Fig. 4. Effect of insulin on pertussis toxin catalyzed ADP-ribosylation of c,,.~, and G,3a. ADP-ribosylation in the 
presence and absence of insulin (1 x 1 O-’ M) was performed as described in legend of Figure 1. Proteins were then 
solubilized and precipitated either with C,,.za or G,3u antibodies or with 10% trichloroacetic acid. The experiment was 
reproduced one time using different plasma membranes. 

proteins precipitated by 10% trichloracetic acid, 
however, was about 20% greater, which demon- 
strates either the efficiency of the antibodies or 
that other proteins besides Gil.Zol and Gil.3a are 
ADP-ribosylated in human liver plasma mem- 
branes. 

We studied the relative distribution of Gi- 
proteins in liver plasma membranes from pa- 
tients with and without type I1 diabetes by West- 
ern blot analysis. It should be noted that, like 
ADP-ribosylation, immunodetection is not a 
quantitative method because the former is the 
result of a complex enzymatic reaction and the 
latter is dependent on the antigenic properties 
of the protein. The immunodetection of Gi3a in 
our patients is shown in Figure 5. The left panel 
of Figure 5 shows a representative autoradiogra- 
phy with immunodetection of liver Gisa in a lean 
(L), obese (01, and obese diabetic patient (D). 
The right panel shows the quantification by gel 
densitometry of the experiments performed in 
six different patients in each group. Analysis of 
variance demonstrates no statistically signifi- 
cant differences in the data. It should be noted, 
however, there is modest obesity-related in- 
crease in Gi3u. Figure 6 shows the immunodetec- 
tion of liver Gila and Giza in the same lean, obese, 
and diabetic patients. Quantification of Gil.za by 
gel densitometry also shows an obesity-related 
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36.5- 
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L O D  L O D  

Fig. 5. lmmunodetection of liver C,3, in lean, obese, and 
diabetic patients. left: Western blot of human liver plasma 
membranes (50 +g protein), as described in Methods, using 
antibodies that recognize C,3a in a lean (L),  obese (O), and 
obese diabetic patient (D). Right: Mean -+ SEM of the data 
quantitated by gel densitometer from six different patients in 
each group. 

increase in Gi. These differences were more pro- 
nounced for Gil.Za and were statistically signifi- 
cant. Gil.za was higher in obese nondiabetic pa- 
tients as compared to lean nondiabetic patients 
( P  < 0.01) and obese diabetic patients 
(P < 0.05). No difference was noted between 
lean nondiabetic patients and obese diabetic pa- 
tients. 

An increase in G, has been demonstrated in 
liver plasma membranes from chemically in- 
duced diabetes and BB/WOR rats [Lynch et al., 
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Fig. 6. lmmunodetection of liver Gil.2, in lean, obese, and 
diabetic patients. Left: Western blot of human liver plasma 
membranes (50 kg protein) was performed as described in 
Methods, using antibodies that recognize G1.2u in a lean (L), 
obese (O) ,  and obese diabetic patient (D). Right: Mean 2 SEM 
quantitated by gel densitometer from six different patients in 
each group. 

19891. G, is also significantly increased 
(P < 0.01) in type I1 diabetic patients when 
compared to  obese and lean nondiabetic patients 
(Fig. 7). 

We believe that we have demonstrated a func- 
tional cross-talk between the insulin receptor 
and Gi-proteins in human liver, and only minor 
changes in the relative distribution of Gi immu- 
nodetection when diabetic and nondiabetic pa- 
tients are compared. The next question to ex- 
plore was whether the “cross-talk” between 
insulin receptors and Gi-proteins is altered by 
diabetes. The left panel of Figure 8 shows a 
representative autoradiograph of PTX-cata- 
lyzed ADP-ribosylation in the presence and ab- 
sence of insulin in lean and obese nondiabetic 
patients and in obese patients with NIDDM. 
The right panel shows the quantification by gel 
densitometry of experiments performed with six 
different patients in each group. In the absence 
of insulin, PTX-catalyzed ADP-ribosylation of 
Gi was higher in the obese nondiabetic patients 
but this difference was not statistically signifi- 
cant. Insulin at 1 x M concentrations, 
however, significantly inhibited PTX-catalyzed 
ADP-ribosylation in the lean nondiabetic pa- 
tient (P < 0.01) and in the obese nondiabetic 
patient (P < 0.05) but showed no appreciable 
effect in obese patients with type I1 diabetes. 
Insulin effect was seen in all individual assays 
from non diabetic patients. This effect was vari- 
able, with the minimum of 9% inhibition noted 
in an obese patient. These data demonstrate, for 
the first time, a functional abnormality in the 
“cross-talk” between the insulin receptor and 
Gi-protein in diabetes. 

Mg2+ and GTPyS are known to activate Gi 
[Casey and Gilman, 1988; Neer and Clapham, 
1988; Spiegel, 1987; Stryer and Bourne, 19861 

Mr x T 

L O  D L O D  

Fig. 7. lrnrnunodetection of liver C ,  in lean, obese, and dia- 
betic patients. left: Western blot of human liver plasma mem- 
branes (50 kg protein) as described in Methods, using antibod- 
ies that recognize C ,  of a lean (L), obese (O),  and obese diabetic 
patient (D). Right: Mean 2 SEM of the data quantitated by gel 
densitometer from six different patients in each group. 

by inducing the dissociation of the apy heterotri- 
mer and inhibiting the ability of PTX to ADP- 
ribosylate the a-subunit of Gi. It could be that a 
defect in this process occurs with diabetes, and 
the alteration observed with insulin is a reflec- 
tion of a generalized inability of Gi to  be acti- 
vated. However, different concentrations of Mg2+ 
and GTP yS inhibit PTX-catalyzed ADP-ribosyla- 
tion to the same degree in liver plasma mem- 
branes from diabetic and nondiabetic patients 
(Fig. 9). It is possible, therefore, that the altered 
“cross-talk” between the insulin receptor and 
Gi resides at the insulin receptor level. 

We [Caro et al., 19861 and others [Arner et al., 
19831 have demonstrated that lZ5I insulin bind- 
ing is decreased in liver plasma membranes from 
obese non diabetic patients, but no difference 
occurs in 1251 insulin binding between obese 
patients with or without type I1 diabetes [Caro 
et al., 19861. In our patients specific lZ5I insulin 
binding (lZ5I insulin 1 x 10-lo M in the presence 
and absence of unlabelled insulin 1 x M) 
was 0.21 .t 0.05, 0.10 2 0.02 and 0.12 * 0.03 
nglmg protein for the lean, obese, and diabetic 
patients, respectively. We have shown that the 
major difference between the insulin receptor of 
obese patients with type I1 diabetes and lean and 
obese nondiabetic patients is in the inability of 
insulin to stimulate the insulin receptor tyro- 
sine kinase activity [Caro et al., 1986, 1987bl. 
This knowledge is particularly relevant because 
it has been shown that the purified insulin recep- 
tor tyrosine kinase can phosphorylate Gi in cell 
free systems [O’Brien et al., 1987; Zick et al., 
19861. Rothenberg and Kahn [19881 and Pyne et 
al. [1989], however, have recently shown that 
Gi-protein is not a substrate of the insulin recep- 
tor tyrosine kinase. However, these studies [Pyne 
et al., 1989; Rothenberg and Kahn, 19881 do not 
exclude the possibility that activation of insulin 
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Fig. 8. Effect of insulin on pertussis toxin catalyzed ADP-ribosylation of Ci in lean, obese, and diabetic 
patients. Experiments were conducted as described in legend of Figure 1. Left: Representative autoradio- 
graph of pertussis catalyzed ADP-ribosylation of Ci in the presence and absence of insulin in lean controls, 
obese controls, and obese diabetic patients. Right: Mean t SEM of the data quantitated by gel 
densitometer from six different patients in each group. 

100 equimolar concentrations with insulin [141 does 
not stimulate insulin receptor @-subunit auto- 
phosphorylation (middle panel) or insulin recep- 
tor tyrosine kinase activity (lower panel) but 
inhibits PTX-catalyzed ADP-ribosylation of Gi 
to  the same degree that insulin does in human 
liver (upper panel). 
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mechanismb) of insulin resistance in the liver 

Fig. 9. Effect of Mg2+ and GTPyS on pertussis toxin catalyzed 
ADP-ribosylation of C,. Pertussis catalyzed ADP-ribosylation 
was performed as described in Methods in human liver plasma 
membrane from lean and obese nondiabetic patient and obese 
diabetic patients in the presence of increasing concentrations of 
Mg2+ (left) and CTPyS (right). The data represent the mean of 
two separate experiments. 

receptor tyrosine kinase induces conformational 
changes of the @-subunit of the insulin receptor, 
which might be a necessary step for the coupling 
between the insulin receptor and Gi. If true, the 
alterations of tyrosine kinase in type I1 diabetes 
could be the cause of the coupling defect be- 
tween the insulin receptor and Gi-proteins. This 
possibility is unlikely, however, because, as 
shown in Figure 10, an insulin receptor anti- 
body (MA-20) that stimulates insulin action at 

of obese patients with and without type I1 diabe- 
tes. This study was undertaken because accumu- 
lated evidence suggests that G-proteins might 
be involved in the pathway of insulin action. 
This evidence can be summarized as follows: (1) 
PTX, which ADP-ribosylated and inactivates G,, 
renders rat adipocytes [Elks et al., 1983; Goren 
et al., 19851, hepatocytes [Heyworth et al., 19861, 
BC3H-1 myocytes [Luttrell et al., 1988; Moises 
et al., 19901, and 3T3-Ll adipocytes [Burdett et 
al., 19901 resistant to certain responses to  insu- 
lin; (2) PTX inhibits the insulin-stimulated gen- 
eration of [3Hlmyristate-labeled diacylglycerol 
and hydrolysis of a membrane phosphatidylino- 
sitol glycan [Luttrell et al., 19881, which have 
been proposed to mediate some of insulin's bio- 
logical effects [Saltiel and Cuatrecasas, 19861; 
(3) Burdett et al. [Burdett et al., 19901 have 
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Fig. 10. Effect of insulin and monoclonal antibodies to the 
insulin receptor (MA-20) on pertussis toxin-catalyzed ADP- 
ribosylation of Ci (upper) insulin receptor P-subunit autophos- 
phorylation (middle) and tyrosine kinase activity (lower). Experi- 
ments were performed as described in Methods. Data in the 
upper panel were reproduced in three different experiments. 
The middle panel is from a single experiment and the lower 
panel is the mean of two separate experiments. 

demonstrated G-protein-mediated regulation of 
the insulin receptor kinase activity in permeabi- 
lized LC muscle cells; (4) O’Brien et al. [O’Brien 
et al., 19891 have shown that insulin increases 
the phosphorylation on tyrosine residues of a 
60-kDa protein that binds to GDP-agarose; (5) 
Schurmann et al. [Schurmann, 19891 have 
shown that GTP can inhibit the reconstitution 
of glucose transport activity in membranes from 
insulin treated adipocytes; and (6) Davis and 
McDonald [Davis and MacDonald, 19901 have 
shown, by using partially purified insulin recep- 
tor and isolated adipocytes plasma membranes, 
that GTP inhibits insulin receptor function but 
does so by a mechanism not requiring a conven- 
tional GTP-binding protein. Finally, the most 
direct evidence for a functional “cross-talk” be- 
tween the insulin receptor and Gi is the demon- 
stration that insulin inhibits PTX-catalyzed 
ADP-ribosylation of Gi in rat liver plasma mem- 
brane preparations [Rothenberg and Kahn, 
19881. 

The studies reported here demonstrate that 
this novel pathway of functional “cross-talk’’ 
between the insulin receptor and Gi is altered in 
the liver of patients with type I1 diabetes. As 
previously demonstrated in rat liver plasma 
membranes [Rothenberg and Kahn, 19881, insu- 
lin inhibits PTX-catalyzed ADP-ribosylation of 
Gi in liver plasma membranes from nondiabetic 
patients, but not in liver plasma membranes 
from diabetic patients. The abnormality in the 
“cross-talk” between the insulin receptor and 
Gi-proteins demonstrated in type I1 diabetes 
could be due to defectb) in the insulin receptor, 
Gi-proteins, or in other factors possibly involved 
in this process. While the defect of insulin- 
stimulated receptor kinase activation present in 
type I1 diabetes [Caro et al., 1986, 1987a, b; 
Comiet al., 1987; Freidenberget al., 1987; Ober- 
majer-Kusser, 1989; Sinha et  al., 1987; 
Takayama, 19881 is a likely candidate, it has 
been shown in isolated rat hepatocytes that Gi- 
protein is not a substrate of the insulin receptor 
tyrosine kinase [Lesko et al., 1973; Rothenberg 
and Kahn, 19881 and that a monoclonal anti- 
body to the insulin receptor (MA-20) inhibits 
PTX-catalyzed ADP-ribosylation of Gi without 
activating insulin receptor tyrosine kinase. Us- 
ing a system in which the insulin receptor is 
overexpressed and using a very sensitive assay, 
Steele-Perkins and Roth [Steele-Perkins and 
Roth, 19901, were able to demonstrate activa- 
tion of tyrosine kinase by MA-20. We have been 
unable to demonstrate stimulation of the insu- 
lin receptor kinase activity by MA-20 in the 
native receptor from human adipocytes [Forsay- 
eth et al., 19871 and hepatocytes, under condi- 
tions identical to those in which insulin stimu- 
lates insulin receptor tyrosine kinase activity. 
The study published by Luttrell et al. [19901 
clearly demonstrates that the insulin receptor 
tyrosine kinase has no role in the communica- 
tion between the insulin receptor and G-protein 
system, and provides substantial new evidence 
for a direct noncovalent interaction between the 
insulin receptor and the regulatory G-protein 
system. 

The second goal of our study was to attempt 
to  estimate the amount of Gi-protein and G,- 
protein in liver of obese patients with and with- 
out type I1 diabetes. With regard to  G,-protein, 
our data from the study of human liver demon- 
strate an increase in G, in diabetic patients 
similar to that noted in animal models of diabe- 
tes [Lynch et al., 19891. However, the available 
data on Gi-proteins in liver of animal models of 
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diabetes compared to human liver is more com- 
plex. Either >90% reduction in Gi [Gawler et 
al., 19871 or no reduction [Lynch et al., 19891 
has been found in streptozotocin-induced diabe- 
tes in rats. No decrease in Gi-protein was found 
in human liver from patients with type I1 diabe- 
tes compared to lean nondiabetic patients. When 
diabetic patients are compared with weight- 
matched controls, a modest but statistically sig- 
nificant decrease in Gil.zc, but not in Giaa is 
found. Our data suggest that obesity itself is 
associated with a 2.5-fold increase in Gil.za and a 
2-fold increase in the GiSa. Green and Johnson 
[Green and Johnson, 19891 have demonstrated 
a 3-fold increase in Gi in adipose tissue of obese 
Sprague-Dawley rats. The biological signifi- 
cance of increased Gi-protein in obesity remains 
to  be explained. 

We conclude that the novel pathway of insulin 
signaling involving the regulatory Gi-proteins 
via biochemical mechanisms not directly involv- 
ing the tyrosine kinase of the insulin receptor is 
altered in type I1 diabetes and offers a new 
target for the search of the mechanismb) of 
insulin resistance. 
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