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Summary Insulin-induced glucose transport stimula- 
tion, which results from the translocation of glucose 
transporter 4 (GLUT 4)-containing vesicles, is com- 
pletely blocked after prolonged insulin treatment of 
3T3-L1 adipocytes. Since GLUT 4 expression was re- 
duced by only 30 %, we looked at the insulin signal- 
ling pathway in this insulin-resistant model. Insulin- 
induced tyrosine phosphorylation of the major insu - 
lin receptor substrate IRS 1 was reduced by 
5 0 + 7 % ,  while its expression was decreased by 
70 + 4 %. When cells were treated with wortmannin 
(a PI3-kinase inhibitor) together with insulin, the ex- 
pression of IRS 1 diminished to a much lower extent. 
Associated with the decrease in IRS 1 expression 
and phosphorylation, the activation by insulin of anti- 

phosphotyrosine immunoprecipitable PI3-kinase ac- 
tivity and of p44 mapk and p42 mapk activities was al- 
tered. However, the expression of these proteins was 
normal and p44 mapk activity remained responsive to 
the tumour promoter TPA. Those results indicate 
that prolonged insulin treatment of 3T3-L1 adipo- 
cytes induces an insulin-resistant state with a re- 
duced ability of insulin to stimulate the PI3-kinase 
and the MAP-kinases and a blockade of glucose 
transporter translocation. [Diabetologia (1995) 38: 
1148-1156] 

Key words Insulin signalling, MAP-kinase, PI3-ki- 
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In adipose tissue and skeletal muscte, insulin stimula- 
tion of glucose transport results from the transloca- 
tion of vesicles containing the glucose transporters 
GLUT 4 from an intracellular compartment to the 
plasma membrane [1-3]. However, the molecular 
events between the activation of the insulin receptor 
tyrosine kinase and the translocation of GLUT 4 re- 
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main ill-defined. Some insight into the understand- 
ing of insulin signalling has been obtained with the 
cloning of the major insulin receptor substrate IRS 1 
(insulin receptor substrate 1) [4]. In most cells, this 
160-185 kDa protein is rapidly tyrosine-phosphoryla- 
ted after insulin exposure, and then docks several 
proteins containing src-homology 2 (SH2) domains 
such as the phosphotyrosine phosphatase Syp, Nck, 
the p85 subunit of the phosphatidylinositol 3'-kinase 
(PI3-kinase) and GRB 2 [5]. GRB 2 couples the Ras 
guanine-nucleotide releasing factor Sos to IRS 1 and 
then links the insulin receptor to the Ras/mitogen-ac- 
tivated protein kinases (MAPK) signalling pathway 
[6, 7]. Awhole  set of data suggests that IRS i is essen- 
tial for some, if not all, of insulin's biological re- 
sponses [5, 8]. Indeed, when IRS i levels are reduced 
by overexpression of an antisense eDNA, insulin mi- 
togenic response is blocked [9]. In a similar fashion, 
serine/threonine phosphorylation of IRS 1 induces a 
decrease in its insulin-induced tyrosine phosphoryla- 
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t ion and  a b l o c k a d e  in the s t imula t ion  of  glucose 
t r anspo r t  and  P I3 -k inase  act ivi ty [10]. H o w e v e r ,  the  
poss ib le  impl ica t ion  of  the  d i f ferent  molecu les  of  the  
cascade  fol lowing I R S  1 p h o s p h o r y l a t i o n  in the regu-  
la t ion  of  insul in- induced glucose  t r anspo r t  r ema ins  
unknown.  

Insul in  res is tance  for  g lucose  t r anspo r t  can  resul t  
f r o m  var ious  defects  including: 1) a l te ra t ions  in insu- 
lin r e cep to r  funct ioning,  2) dep le t ion  of the  G L U T  4 
t r a n s p o r t e r  poo l  and  3) a l te ra t ions  in the  pos t - r ecep-  
tor  signalling p a t h w a y  [11]. A n  insul in-resis tant  s tate  
due  to defects  in signal t ransmiss ion  has  b e e n  ob- 
t a ined  fol lowing a p r o l o n g e d  insulin t r e a t m e n t  of  
3T3-L1 ad ipocytes  [12]. Indeed ,  this t r e a t m e n t ,  
which did no t  m o d i f y  the insulin r e c e p t o r  and  the  
G L U T  4 amounts ,  to ta l ly  p r e v e n t e d  the  G L U T  4 
t rans loca t ion  in r e sponse  to acu te  insulin s t imula t ion  
[12], and  induced  a dec rease  in I R S  1 express ion  due  
to pro teo lys i s  [13, 14]. 

In  the  p r e sen t  work ,  we have  t a k e n  a d v a n t a g e  of  
this m o d e l  to inves t iga te  w h e t h e r  the  dec rease  in 
I R S  1 a m o u n t  was assoc ia ted  with defects  in PI3-ki-  
nase  and  M A P K  act ivat ion,  and  w h e t h e r  such a l tera-  
t ions could  be  co r re l a t ed  with  the  lack of  insulin-in- 
duced  G L U T  4 t rans locat ion .  

Materials and methods 

Antibodies. Antibodies to GLUT 4 and GLUT 1 were ob- 
tained from rabbits injected with peptides corresponding to 
the 12 or 14 amino acids of the C-terminus of GLUT 4 and 
GLUT 1, respectively [15], and were used at 1/500 and 1/200 
dilution for immunoblotting experiments. Antibodies to 
IRS 1, kindly provided by Dr. C.R.Kahn (Boston, Mass4 
USA) were raised in a rabbit using a synthetic peptide derived 
from the sequence 489-507 of IRS 1 [16]. Antibodies tO 
p44 mapk and p42 mapk were obtained by immunizing rabbits 
against a peptide corresponding to the C-terminus of each pro- 
tein [17]. Antibodies to p85 PI3-kinase and antibodies to pho- 
sphotyrosine were from UBI (Lake Placid, N.Y., USA) or ob- 
tained in our laboratory after injection of a rabbit with pho- 
sphotyrosine coupled to bovine immunoglobutins. 

Cell culture. The 3T3-L1 fibroblasts were cultured in Dul- 
becco's modified Eagle's medium (DMEM) 10 % fetal calf se- 
rum and induced to differentiate into adipocytes as described 
[18]. These 3T3-L1 adipocytes were used between 8 and 
12 days after initiation of differentiation, when more than 
95 % of the cells exhibited the adipocyte phenotype. Pro- 
longed insulin treatment of 3T3-L1 adipocytes was performed 
as described [12] with minor modifications. Cells were incu- 
bated for different periods of time in DMEM/10 % fetal calf 
serum with 100 nmol/1 insulin. Cells were then washed three 
times at 37~ with Krebs-Ringer-Mes buffer (in retool/l: 
136 NaC1, 4.7 KC1, 1.25 CaC12, 1.25 MgSO4, 10 Mes, pH 6.0). 
Cells were then incubated for i h in the same buffer supple- 
mented with 25 mmol/1 D-glucose and 0.2 % (w/v) bovine se- 
rum albumin (BSA) and washed three times with the same 
buffer, then three times with phosphate buffered saline 
(PBS)/BSA. Cells were incubated in PBS/BSA for 20-30 min 
before being stimulated. Control cells were submitted to the 
same washing protocol as the chronically insulin-treated cells. 
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Deoxyglucose uptake measurement. The 3T3-L1 adipocytes 
were incubated for 10 rain in PBS/BSA with or without 
100 nmol/1 insulin. Then, 2-deoxy-[1-3H] D-glucose (100 ~mol/ 
l, 0.1 ~Ci) was added for 5 min. Cells were washed twice with 
ice-cold PBS, solubilized in 0.1 normal NaOH and their associ- 
ated radioactivity was determined. 

Subcellular fractionation of 3T3-L1 adipocytes and GLUT4 
immunodetection. The 3T3-L1 adipocytes (cells from two 150- 
mm dishes) were incubated with or without 100 nmol/1 insulin 
for 15 rain at 37 ~ in 10 ml of PBS/BSA. Cells were washed 
twice with PBS, scraped in 10 ml of TES buffer (in mmol/l: 
20 Tris pH 7.4, 1 EDTA, 250 sucrose, pH 7.4, aprotinin 100 U/ 
ml and i mmol/1 PMSF) and homogenized with 15 strokes in 
a Thomas Potter (Type C Philadelphia, PA, USA). Homoge- 
nates were centrifuged at 16,000 g for 20 min. The supernatant 
was centrifuged for 90 min at 210,000 g to obtain a pellet re- 
ferred to as high-density/low-density microsomes (HDM/ 
LDM). In parallel, the 16,000 g pellet was rehomogenized in 
4 ml of TES buffer, overlaid on a sucrose cushion (38 % w/v, in 
Tris/EDTA buffer) and centrifuged for 60 rain at 100,000 g. 
The plasma membranes between the two layers were collected, 
diluted in Tris buffer, and pelleted by centrifugation for 75 min 
at 210,000 g. Pellets of each fraction were resuspended in 50-- 
100 ~tl TES and protein content determined by the Bio-Rad as- 
say (Richmond, CA, USA) with BSA as standard. 

Proteins from the different fractions (50-100 ~g) were sol- 
ubilized in Laemmli buffer (3 % SDS, 70 mmol/1 Tris, 11% 
glycerol) containing bromophenol blue (0.05 %) and 2-mer- 
captoethanol (700mmol/1) and separated by SDS/PAGE 
with a 10 % resolving gel [19]. Proteins were transferred to a 
polyvinyliden difluoride (PVDF) sheet. The efficiency of the 
transfer and the similarity in the protein amounts in the dif- 
ferent lanes were controlled by coloration with Ponceau 
Red. The sheet was incubated with blocking buffer (PBS/5 % 
fat skimmed dry milk) for 2 h at room temperature. The 
sheet was then incubated overnight at 4 ~ with the antibod- 
ies to GLUT 4. After three washes (10 rain each) in PBS con- 
taining 1% Nonidet P40 (Fluko, Bucks, Switzerland), the 
sheet was incubated for 1 h at room temperature with [125I] 
protein A (5 x 105 cpm/ml blocking buffer) and washed as 
above. Blots were submitted to autoradiography. Quantifica- 
tion was performed by counting the radioactivity associated 
with the bands and/or by scanning (Hoefer Scientific Instru- 
ment San Francisco, CA, USA). 

Immunodetection of phosphotyrosine-containing proteins and 
other proteins (IRS 1, p85 PI3-kinase, p44mapk). Following pro- 
longed treatment with insulin, 3T3-L1 adipocytes were stimu- 
lated for 7 rain with or without 100 nmol/1 insulin. Cells were 
then washed twice with PBS and solubilized for 40 rain at 4~ 
in i ml of buffer A (in mmol/l: 20 Tris pH 7.4, 137 NaC1, 
100 NaF, 10 EDTA, 2 Na3VO4, 10 pyrophosphate, 1 PMSF, 
1% Nonidet P40, 100 U/ml aprotinin). Then, cell lysates (50- 
100 ~g proteins) were treated with Laemmli buffer and sepa- 
rated on SDS/PAGE with a 7.5 % polyacrylamide resolving 
gel Proteins were transferred to PVDF membranes. Mem- 
branes were saturated with PBS/5 % BSA for 2 h at room tem- 
perature and incubated overnight with antibodies to phospho- 
tyrosine (1 pg/ml saturation buffer), IRS 1 (1/200 in saturation 
buffer), p44 mapk (1/100 in saturation buffer), p85 PI3-kinase 
(1/1000 in saturation buffer). Membranes were washed as de- 
scribed above. When antibodies to phosphotyrosine were 
used, a further incubation was performed for I h at room tem- 
perature with rabbit anti-mouse immunoglobulins. Finally, 
sheets were incubated with [125I] protein A and washed as de- 
scribed above. 
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Determination of PI3-kinase activity. Control or chronically in- 
sulin-treated 3T3-L1 adipocytes were stimulated or not with 
100 nmol/1 insulin and solubilized in i ml buffer A for 40 min 
at 4~ Lysates were centrifuged for 10 rain at 13,000 g. Super- 
natants were incubated for 90 rain at 4 ~ with antibodies to 
phosphotyrosine or to the PI3-kinase 85 kDa subunit coupled 
to protein A sepharose beads. Thereafter, immune pellets 
were washed twice with each of the three following buffers: 
(a) PBS containing 1% Nonidet p40 and 200 ~tmol/1 Na3VO4; 
(b) 100 mmol/1Tris pH 7.4, 0.5 mol/1 LiC1, 200 ~tmol/1 Na3VO4, 
and (c) 10 mmol/1 Tris pH 7.4, 100 mmol/1 NaC1, 1 mmol/1 
EDTA, 200 ~tmol/1 Na3VO 4. PI3-kinase activity was measured 
on the immune pellets as previously described [20, 21]. 

Measurement of p42 m~ and p44 mapk activities. Lysates ob- 
tained from ceils treated as described above were used to mea- 
sure MAPK activities. Phosphorylated p42 mapk was visualized 
by its characteristic retardation in electrophoretic mobility 
[22]. The p44 mapk activity was measured by incubating cell ly- 
sates with antibodies to p44 mapk coupled to protein A seph- 
arose beads for 90 rain at 4 ~ Immune pellets were washed 
three times with homogenization buffer and twice with HNT 
buffer (30 retool/1 Hepes pH 7.4, 30 mmol/1 NaC1, 0.1% Tri- 
ton X-100) containing 200 ~tmol/1 Na3gO 4. Pellets were resus- 
pended in 50 bl of HNT buffer and p44 mapk activity was mea- 
sured by addition of 10 V1 of a solution containing 30 mmol/1 
Hepes, 30 mmol/1 NaC1, 0.1% Triton X-100, 30 vmol/1 [y 32p] 
ATP (10 vCi), 6mmol/1 DTT, 60mmol/1 (CH3COO)2Mg , 
1 mg/ml myelin basic protein (MBP). After 15 min, samples 
were spotted on phosphocellulose paper and immersed in a 
bath of 1% orthophosphoric acid. Papers were washed three 
times for 10-15 min each and dried before quantification by 
Cerenkov counting [17]. 

Results 

Glucose transport and glucose transporter transloca- 
tion in chronically insulin-treated 3T3-L1 adipocytes. 
Previous  studies have shown that  p ro longed  insulin- 
t r e a t m e n t  of  3T3-L1 adipocytes  induces  an inabili ty 
of  the  cells to recrui t  G L U T  4 to  the cell surface fol- 
lowing an acute  insulin s t imulat ion [12]. Since in ou r  
3T3-L1 adipocytes,  the previous ly  publ i shed  condi-  
t ions [12] p ro found ly  dec reased  G L U T  4 expression,  
insulin t r e a t m e n t  was slightly modif ied.  We first veri-  
f ied that  the cells b e c a m e  insulin-resistant  for  glucose 
t ranspor t .  As  shown in Table 1, in cont ro l  cells, acute  
insulin t r e a t m e n t  increased  deoxyglucose  t ranspor t  
eightfold.  By contrast ,  af ter  10 h of  chronic- insul in 
t r ea tmen t ,  basal  t r anspor t  was five t imes h igher  than  
in con t ro l  cells bu t  did not  increase  fu r the r  upon  an 
acute  insulin st imulation.  

The  to ta l  a m o u n t  of  G L U T  1 a n d  G L U T  4 pro- 
teins in cell h o m o g e n a t e s  was quant i f ied  by immuno-  
blott ing. I t  should be  no t ed  that  insulin t r e a tmen t  did 
not  modi fy  the  to ta l  cel lular  p ro te in  con ten t  (data  no t  
shown)  and thus ident ical  p ro te in  amoun t s  were  anal- 
ysed,  which c o r r e s p o n d e d  to  ident ical  cell numbers .  
As shown in Table  1, G L U T  1 express ion  was in- 
c reased  by two fold while G L U T  4 a m o u n t  de- 
c reased  by  30 % following p ro longed  insulin t reat-  
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Table 1. Effect of prolonged insulin treatment on insulin-in- 
duced glucose transport and glucose transporter expression 

Control cells Treated cells 

Deoxyglucose uptake 
Basal 0.28 + 0.02 1.51 + 0.29 
Insulin 2.30 + 0.70 1.81 + 0.35 

Glucose transporters 
GLUT 1 100 190 + 28 
GLUT 4 100 67 _+ 7 

Control or chronically insulin-treated 3T3-L1 adipocytes, were 
stimulated or not for 15 min with 100 nmol/1 insulin before 
measuring 2-deoxyglucose (DOG) uptake (0.1 mmol/1, 
0.1 ~tCi/assay) during a 5-min period as described in Methods. 
Values are expressed as nmol of DOG incorporated/assay and 
are the means + SEM of three-four experiments. Glucose 
transporters were quantified as follows: cellular homogenates 
(100 vg of proteins) were subjected to SDS/PAGE; proteins 
were transferred to PVDF sheets and immunodetected with 
antibodies to GLUT 4 or GLUT 1 as described in Methods. 
Results are the means + SEM of three-four different experi- 
ments and are expressed as a percentage of the values ob- 
tained in control cells 

ment .  To invest igate  whe the r  the a l te ra t ion  in glu- 
cose t ranspor t  s t imulat ion was due  to an a l te ra t ion  
in G L U T  4 t ranslocat ion,  cont ro l  and chronical ly  in- 
sul in- t reated cells were  s t imulated or not  for  15 min 
with 100 nmol/1 insulin and submi t ted  to subcellular  
f ract ionat ion.  Fol lowing electrophoresis ,  prote ins  
were  t r ans fe r red  to P V D F  m e m b r a n e  and G L U T  4 
molecules  were  ident i f ied using specific ant ibodies  
and [nsI]- labelled p ro te in  A. A typical  au toradio-  
gram is shown in Figure  i and the quant i f ica t ion of  
th ree  exper iments  is p r e sen t ed  in Table 2. In cont ro l  
and t r ea t ed  cells, most  of the G L U T  4 t ranspor te rs  
were  loca ted  in H D M / L D M  in the absence  of  insu- 
lin. Af t e r  insulin s t imulat ion of cont ro l  cells, the  

Fig.1. Effect of prolonged insulin-treatment on insulin-in- 
duced GLUT 4 translocation. Control and chronically insulin- 
treated 3T3-L1 adipocytes were stimulated for 15 min with or 
without 100 nmol/1 insulin. Cells were fractionated in high den- 
sity/low density microsomes (HDM/LDM) and plasma mem- 
branes (PM) as described in Methods. Proteins from each frac- 
tion were separated by SDS-PAGE, transferred to PVDF 
sheets and incubated with antibody to GLUT 4 and [125I]-pro- 
tein A. Sheets were then submitted to autoradiography. A typ- 
ical autoradiogram is shown 
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Table 2. Effect of prolonged insulin treatment on insulin-in- 
duced GLUT 4 translocation 

Control ce l l s  Treated cells 

GLUT 4 in PM fraction 
Basal 1 0.68 + 0.15 
Insulin 2.39 + 0.49 a 0.98 + 0.17 
GLUT 4 in HDM/LDM fraction 
Basal 1 0.67 + 0.06 
Insulin 0.60 + 0.01 a 0.54 + 0.05 

Control or chronically insulin-treated 3T3-L1 adipocytes were 
stimulated or not for 15 min with 100 nmol/1 insulin before sub- 
cellular fractionation into plasma membranes (PM) and high/ 
low density microsomes (HDM/LDM) as described in Meth- 
ods. Glucose transporters were quantified in each fraction by 
immunodetection. Results are the means + SEM of three dif- 
ferent experiments. To allow comparison amongst experi- 
ments, the amounts of GLUT 4 were expressed relative to the 
amount of transporters present in control basal conditions. 
a Insulin effect was significant with p < 0.05 
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amount of G L U T  4 decreased by 40 % in the HDM/ 
LDM and increased 2.4-fold in plasma membranes. 
In contrast, no significant change in the subcellular 
distribution of GLUT 4 occurred in treated cells. 
Thus, as previously reported [12], after prolonged in- 
sulin treatment, 3T3-L1 adipocytes became insulin- 
resistant for glucose transport and GLUT 4 translo- 
cation indicating that the signalling mechanism lead- 
ing to translocation was altered. 

Insulin receptor autophosphorylation and IRS 1 phos- 
phorylation. To investigate which steps in insulin sig- 
nalling could be altered after prolonged exposure to 
the hormone, we looked for the ability of insulin to 
stimulate protein tyrosine phosphorylation. Control 
or insulin-treated 3T3-L1 adipocytes were acutely ex- 
posed or not to insulin, homogenized and cellular 
proteins were separated on SDS/PAGE, transferred 
to PVDF membranes and immunoblotted with anti- 
bodies to phosphotyrosine (Fig.2A) or IRS1 
(Fig. 2B). As shown in Figure 2A, in control cells, in- 
sulin stimulated the tyrosine phosphorylation of two 
proteins, one with a M r of 95 k corresponding to the 
insulin receptor/3-subunit,  and another one with a 
M r of 160 k, identified as IRS 1 with a specific anti- 
body (Fig.2B). In chronically insulin-treated cells, 
the phosphorylation of IRS 1 was decreased by 
50 + 7 % (mean + SEM of six experiments) in re- 
sponse to an acute insulin stimulation. IRS 1 express- 
ion, measured using an antibody to IRS 1, (Fig. 2 B), 
was decreased by 70 + 4 % (mean + SEM of six deter- 
minations) in chronically insulin-treated cells com- 
pared to control cells. 

Effect of  prolonged insulin treatment on PI3-kinase 
activity. Since activation of PI3-kinase results from 
its binding to phosphorylated IRS 1, we have investi- 
gated whether the decreased IRS 1 amount and phos- 

Fig.2 A, B. Effect of prolonged insulin-treatment on insulin- 
induced tyrosine phosphorylation of proteins. Control and 
chronically insulin-treated 3T3-L1 adipocytes were treated 
with or without 100 nmol/1 insulin for 7 rain. Proteins were sol- 
ubilized in buffer containing phosphatase inhibitors and sub- 
jected to SDS/PAGE. The proteins were transferred to PVDF 
sheets, then incubated with antibodies to phosphotyrosine 
(panel A) or to IRS 1 (panel B) as described in Methods. The 
sheets were then submitted to autoradiography. Typical auto- 
radiograms are presented. Quantification of five different ex- 
periments indicated that, after prolonged insulin treatment, in- 
sulin-induced tyrosine phosphorylation of its receptor and 
IRS 1 was decreased by 40 %, while the IRS 1 amount was re- 
duced by 70 + 5 %./3 refers to the insulin receptor beta-subunit 

phorylation modified PI3-kinase activation. Control 
and 3T3-L1 adipocytes treated with insulin for 10 h 
were acutely stimulated with insulin for different pe- 
riods of time before measuring PI3-kinase activity in 
immunoprecipitates obtained with antibodies to pho- 
sphotyrosine. As shown in Figure 3, in control cells, 
the insulin stimulation of PI3-kinase activity was ra- 
pid, with maximal effect (60-fold over basal) ob- 
tained after 2 min of stimulation, then this activity de- 
creased rapidly and reached a plateau within 15 min. 
In cells chronically treated with insulin for 10 h, ba- 
sal PI3-kinase activity was slightly increased (two 
fold over untreated cells) and the time course of PI3- 
kinase activation after an acute insulin stimulation 
was similar to control cells, but maximal activity was 
reduced by 70 %. This inhibition was not due to a 
change in the total amount of the enzyme detected 
by immunoblotting (Fig. 3, inset). 

Effect of  prolonged insulin treatment on p44 mapk and 
p42 mapk activities. Insulin-induced IRS 1-GRB2/Sos 
complex formation is thought to be partly involved 
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Fig. 3. Insulin stimulation of PI3-kinase activity in control and 
chronically insulin-treated 3T3-L1 adipocytes. Control cells 
( E::Z ) and chronically insulin-treated cells for 10 h ( 4, ) were 
incubated in absence or presence of 100 nmol/1 insulin for 2- 
30 min before homogenization and immunoprecipitation with 
antibodies to phosphotyrosine. PI3-kinase assay was per- 
formed on the immune pellet as described in Methods. Quanti- 
fication of the PI-3-P product was performed by scintillation 
counting. To allow for comparison amongst experiments, the 
activities were expressed relative to the activity measured in 
control cells incubated in the basal condition. In treated ceils, 
the basal activity was 1.98 + 0.45, mean + SEM of three experi- 
ments. In the inset is shown the immunodetection of p85 PI3- 
kinase subunit. Identical amounts of proteins from control 
and treated cells were analysed as described in Methods 

in coupling the insulin receptor kinase to the Ras sig- 
nalling pathway leading to the M A P K  activation. 
Thus, we have investigated whether changes in IRS 1 
phosphorylation and/or amount, induced by pro- 
longed insulin treatment,  could modify M A P K  acti- 
vation. Cells were stimulated with insulin and solubi- 
lized as described above. Following immunoprecipi- 
tation with a specific antibody, p44 mapk activity was 
determined with MBP as substrate. As shown in Fig- 
ure 4, in control cells, p44 mapk activity was increased 
by threefold within 7 min of insulin stimulation and 
returned to basal values within 30 min. After  10 h of 
chronic-insulin treatment, basal activity was un- 
changed but the insulin-induced p44 mapk activity was 
markedly blunted with only a slight stimulation re- 
maining within 7 min. This lack of activation was not 
due to a change in p44 mapk expression as determined 
by immunoblotting experiment (Fig.4, inset). Fur- 
ther, tumour promotor (TPA) (1 Fmol/1) was as effi- 
cient in activating p44 mapk activity in control cells 
(2,92 + 0.05-fold) as in chronically insulin-treated 
3T3-L1 adipocytes (2.57 + 0.22-fold). 

To detect activation of p42 mapk, a gel shift assay 
was used since the phosphorylated form of the ki- 
nase has a slower electrophoretic mobility than the 
non-phosphorylated form [22]. Cell lysates were sub- 
mitted to SDS/PAGE and p42 mapk detected by im- 
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Fig.4. Insulin stimulation of p44 mapk activity in control and 
chronically insulin-treated 3T3-L1 adipocytes. Control cells 
(:m) and chronically insulin-treated cells ( i l , )  were incu- 
bated for 10 h in absence or in presence of 100 nmol/1 insulin 
for 2-30 min before homogenization and immunoprecipita- 
tion with antibodies to p44 mapk. p44 mapk activity was measured 
by phosphorylation of MBP as described in Methods. To allow 
for comparison amongst experiments, the activities were ex- 
pressed relative to the activity measured in control cells incu- 
bated in the basal condition. In treated cells, the basal activity 
was 0.95 + 0.11, mean + SEM of three experiments. In the in- 
set is shown the immunodetection of p44 mapk. Identical 
amounts of proteins from control and treated cells were 
analysed as described in Methods 

munoblotting. Acute insulin stimulation induced a 
retardation in the electrophoretic mobility of the ki- 
nase due to its phosphorylation in control but not in 
chronically insulin-treated cells (Fig. 5). 

To determine whether the defect in the activation 
of PI3-kinase and p44 mapk occurred with a similar 
time course following insulin treatment, 3T3-L1 adi- 
pocytes were chronically treated or not with 
100 nmol/1 insulin for different periods of time. The 
cells were washed and PI3-kinase or p44 mapk activi- 
ties were measured after 2 or 7 min of insulin stimula- 
tion, the time corresponding to their respective peak 
activation. Both PI3-kinase and p44 mapk activities de- 
creased in parallel when the time of insulin treat- 
ment  increased from i h to 10 h (data not shown). 

Wortmannin inhibits the insulin-induced decrease in 
IRS 1 expression. To search for the mechanism of the 
decrease in IRS 1 expression induced during long- 
term insulin treatment, we studied the effect of the 
PI3-kinase inhibitor, wortmannin [23, 24]. In this se- 
ries of experiments a high concentration of insulin 
(500 nmol/1) was used to provoke a profound diminu- 
tion of IRS 1 and G L U T  4. Indeed, when cells were 
treated for 5 h with insulin (500 nmol/1) (Fig. 6), a 
marked degradation of IRS 1, accompanied by a 
shift in its molecular weight was observed while the 
decrease in G L U T  4 was observed only after 24 h. 
Wortmannin (1 ~tmol/1) prevented these insulin ef- 
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Fig.5. Effect of prolonged insulin-treatment o n  p42 mapk activ- 
ity. Cells were incubated with or without insulin (100 nmol/1) 
for 7 min and then solubilized. Proteins were separated by 
SDS-PAGE, transferred to PVDF membranes and immuno- 
blotted with antibody to p42 mapk and revealed with [i25I] pro- 
tein A. The positions of the phosphorylated form (p42-P) and 
the unphosphorylated form (p42) of the MAPK are indicated 

Fig.6. Wortmannin prevents the insulin-induced decrease in 
IRS 1 and GLUT 4 expression. 3T3-L1 adipocytes were trea- 
ted for 5 or 24 h in absence (O) or in presence of 500 nmol/1 in- 
sulin (I, WI) and 1 ~mol/1 wortmannin (WI) and then washed 
as described in Methods. Cellular proteins were separated by 
SDSfPAGE and immunoblotted with antibodies to IRS 1 (top 
panel) or to GLUT 4 (bottom panel). A typical autoradio- 
gram is shown 

fects on IRS 1 and G L U T  4 expression, suggesting 
that PI3-kinase was involved in these insulin effects. 

Discussion 

Previous studies have shown that prolonged treat- 
ment of 3T3-L1 adipocytes with insulin leads to an in- 
creased basal glucose transport [12, 25, 26] and to an 
insulin-resistant state for this transport [12, 26]. In 
the previously published studies [12, 25, 26], the total 
amount of G L U T 4  was not changed but the 
G L U T  4 translocation from the internal compart- 
ment to the cell surface in response to an acute insu- 
lin stimulation was completely blocked [12]. For un- 

k n o w n  reasons, the same experimental conditions, 
i.e. 500 nmol/1 insulin for 24 h, dramatically de- 
creased the total G L U T  4 amount in our 3T3-L1 cell 
line (Fig. 6) and in other studies [27, 28]. As previ- 
ously described [13], chronic insulin treatment also 
decreased the IRS i content, a decrease which was at- 
tributed to an enhancement of IRS 1 degradation 
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[14]. These effects of insulin on IRS 1 and GLUT 4 
expression were blocked by wortmannin, a Pl3-ki- 
nase inhibitor [23, 24], indicating that PI3-kinase is 
likely to play a role in this process. PI3-kinase is a 
dual specificity enzyme, with a lipid kinase activity 
and a serine kinase activity [29]. This serine kinase ac- 
tivity which is able to phosphorylate IRS 1 is also 
blocked by wortmannin [30, 31]. From our results it 
is not possible to decipher whether the insulin-in- 
duced downregulation of IRS 1 results from its ser- 
ine/threonine phosphorylation or from the increase 
in lipid kinase activity, but the blockade of IRS 1 and 
G L U T  4 downregulation by wortmannin indicates 
that PI3 kinase is involved in this long-term insulin ef- 
fect. 

In the following series of experiments, in which bi- 
ological insulin responses were measured, we re- 
duced both the length of insulin treatment to 10 h 
and the hormone concentration to 100 nmol/1, condi- 
tions which induced insulin resistance for glucose up- 
take and glucose transporter translocation with only a 
moderate  decrease in G L U T  4 expression (Fig.l). 
We then looked for the defects in the insulin signal- 
ling pathway leading to glucose transporter transloca- 
tion. The amount of IRS 1 was reduced by 40 %. It 
should be noted that chronic-insulin treatment af- 
fected protein expression differently, although total 
protein concentrations were similar in control and 
treated cells. While it markedly  depressed IRS 1 and 
moderately decreased G L U T  4, it increased 
G L U T  1 but did not change the two p42 and p44 mapk 
isoforms or PI3-kinase levels. Tyrosine phosphoryla- 
tion of the insulin receptor and IRS 1 was reduced 
by 50 % while the IRS 1 amount was decreased by 
70 % suggesting that tyrosine phosphorylation per 
IRS i molecule was increased in this insulin-resistant 
model. Tyrosine phosphorylated IRS 1 binds and ac- 
tivates PI3-kinase [32, 33] and also binds the GRB2-  
Sos complex which is involved in the activation of 
the Ras /MAPK pathways [5-7]. Thus, a reduction in 
the tyrosine phosphorylation of IRS 1 might result in 
alteration in the activation of PI3-kinase and 
MAPK.  Our results indicate that in chronically insu- 
lin-treated cells, the activation of both PI3-kinase 
and MAPKinases  was reduced by 70-80 % without a 
change in the expression of these enzymes. This re- 
duction in activity was more closely correlated to the 
decrease in IRS 1 amount (70 %) than to its tyrosine 
phosphorylation (50 %). This could be due to the 
fact that hyperphosphorylation of IRS 1 occurs on ty- 
rosine residues which are not in canonical sequences 
involved in the binding of PI3-kinase or GRB2-Sos 
complex. However,  the M A P K  cascade can also be 
initiated by the binding of the GRB2-Sos complex to 
Shc [34] and Shc has even been suggested to play a 
more important role than IRS-1 in insulin stimula- 
tion of p21raS-activation in cells overexpressing insu- 
lin receptors [35, 36]. A reduction in the tyrosine 
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phosphorylation and/or in the amount of Shc could 
also contribute to the defect in M A P K  activation. 

A key role of IRS 1 in the transmission of insulin 
effect on glucose transport is supported by a series 
of observations. First, the IRS 1 amount increases 
dramatically when 3T3-L1 fibroblasts differentiate 
into adipocytes. This enhancement in IRS 1 expres- 
sion parallels the increase in the amount  of insulin re- 
ceptors, the appearance of G L U T  4 expression and 
the occurrence of an insulin-induced glucose trans- 
port [13]. Second, following a t reatment of 3T3-L1 
adipocytes with okadaic acid, there was a close corre- 
lation between the reductions of IRS i tyrosine phos- 
phorylation and of the stimulation of glucose trans- 
port in response to insulin [10]. Third, in many phys- 
iopathologic states linked to insulin resistance, the ty- 
rosine phosphorylation of IRS i is reduced [37, 38]. If 
all those observations argue for a role of IRS i in the 
stimulation of glucose transport, the pathway down- 
stream of IRS 1 remains ill-defined. In this study, we 
have shown that both the activation of PI3-kinase 
and M A P K  was markedly altered. However, the po- 
tential role of these two enzymes in the stimulation 
of glucose transport is controversial. Indeed, okadaic 
acid and TPA, which activate M A P K  but not PI3-ki- 
nase induce glucose transporter translocation [39- 
42]. Further, the microinjection of a constitutively ac- 
tive form of Ras activates glucose transport in cardiac 
myocytes [43] and the overexpression of activated 
Ras mimicks insulin action in 3T3-L1 adipocytes 
[44]. By contrast, in another study, the same last ap- 
proach gave opposite results [45], and thrombin, epi- 
dermal growth factor and serum which also activate 
M A P K  do not stimulate glucose transport [46-48]. 
A role for PI3-kinase in glucose transport is also 
strongly supported by the use of inhibitors such as 
wortmannin [23, 24, 49] or LY294002 [50] which in- 
hibit insulin-induced glucose transport stimulation. 
However, wortmannin would not only inhibit PI3-ki- 
nase as claimed previously but also M A P K  [51, 52]. 
To add to the confusion, it has been recently demon- 
strated that Ras could also regulate the activity of 
PI3-kinase by interacting with the catalytic subunit 
of the enzyme [53]. Overexpression of active Ras 
could thus activate PI3-kinase as well as MAPK. Fi- 
nally, alterations in PI3-kinase activation and glu- 
cose transport stimulation have been observed in var- 
ious insulin-resistant states [20, 54, 55], but M A P K  
activation has not been measured in the same mod- 
els. Further, the reduction in PI3-kinase activation 
seems to be more profound [20] and appears earlier 
[37] than the defect in glucose transport in insulin- 
sensitive tissue of obese animals. 

In conclusion, it appears that insulin resistance in- 
duced by chronic insulin treatment of 3T3-L1 adipo- 
cytes is associated with multiple defects, at the level 
of IRS 1, PI3-kinase and MAPK, and G L U T  4 trans- 
location. Those defects are very similar to the altera- 
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tions observed in hyperinsulinaemic states found in 
obese humans or rodents. This model will thus be 
very useful for a better understanding of the mecha- 
nisms of the alterations in the pathways leading from 
insulin receptor to GLUT 4 translocation. 
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