
Diabetologia (1994) 37:401-407 Diabetologia 
�9 Springer-Verlag 1994 

Effect of insulin on GLUT-4 mRNA and protein concentrations 
in skeletal muscle of patients with NIDDM and their first-degree 
relatives 
C. Schalin-Jiintti 2, H. Yki-Jiirvinen 1, L. Koranyi 4, R. Bourey ~, J. Lindstr6m 1, P. Nikula-Ijiis 3, 
A. Franssila-Kallunki 2, L. C. Groop ~ 
1 Second Department of Medicine, Helsinki University, Helsinki, Finland 
2 Fourth Department of Medicine, Helsinki University, Helsinki, Finland 
3 Department of Biochemistry, Helsinki University, Helsinki, Finland 
4 Department of Metabolism, Hungarian Heart Center, Balatonftired, Hungary 
s Metabolism Division, Department of Internal Medicine, Washington University School of Medicine, St. Louis, Missouri, USA 
6 Department of Endocrinology, University of Lund, Maim6 General Hospital, Malm0, Sweden 

Summary We examined whether insulin resistance, i. e. 
impaired insulin stimulated glucose uptake in NIDDM 
patients and their first-degree relatives is associated 
with alterations in the effect of insulin on the expres- 
sion of the GLUT-4 gene in skeletal muscle in vivo. 
Levels of GLUT-4 m R N A  and protein were measured 
in muscle biopsies taken before and after a euglycaemic 
insulin clamp from 14 NIDDM patients, 13 of their 
first-degree relatives and 17 control subjects. Insulin 
stimulated glucose uptake was decreased in the 
diabetic subjects (19.8 + 3.0 btmol, kg LBM -1 .rain -1, 
both p<0.001) compared with control subjects 
(44.1+_2.5 btmol.kg LBM 1.rain 1) and relatives 
(39.9_+3.3Bmol-kg LBM-~.min-1). Basal GLUT-4 
m R N A  levels were significantly higher in diabetic sub- 
jects and relatives compared to control subjects (99 + 8 
and 108 + 9 Pg/Bg RNA vs 68 + 5 pg/gg RNA; both 
p < 0.01). Insulin increased GLUT-4 m R N A  levels in 
all control subjects (from 68 + 5 to 92 + 6 pg/gg RNA; 
p < 0.0001), but not in the diabetic patients (from 99 + 8 
to 90 _+ 8 pg/btg RNA, NS), or their relatives (from 
94 + 9 to 101 + 11 pg/gg RNA, NS). In the relatives, in- 
dividual basal GLUT-4 m R N A  concentrations varied 
between 55 and 137 pg/gg RNA. Insulin-resistant 

(n = 6, mean glucose uptake rate = 30.6 + 3.4 gmol- kg 
LBM -1. min -1) but not insulin-sensitive relatives (n = 7, 
mean glucose uptake rate = 47.4 + 3.2 gmol. kg LBM 1 
�9 min 1) had higher basal GLUT-4 mRNA concentra- 
tions compared to control subjects (108 + 9 vs 68 + 5 
pg/gg RNA, p < 0.01). GLUT-4 protein content in 
muscle did not differ between the groups in the basal 
state and remained unchanged in all groups after in- 
sulin infusion. Neither insulin-stimulated GLUT-4 
m R N A  nor protein concentrations correlated with in- 
sulin-stimulated glucose uptake in any of the groups 
studied. We conclude, that impaired glucose uptake in 
NIDDM is not related to insulin-stimulated GLUT-4 
mRNA or protein concentrations. Acute stimulation 
of GLUT-4 m R N A  by insulin is altered in skeletal 
muscle of NIDDM patients and their first-degree rela- 
tives. This might be a consequence of chronic hyperin- 
sulinaemia elevating basal GLUT-4 m R N A  concentra- 
tions rather than the cause of insulin resistance. [Dia- 
betologia (1994) 37: 401407] 
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Non-insulin-dependent diabetes mellitus (NIDDM) 
has a strong genetic component as evidenced by the 
high concordance rate in monozygous twins [1]. One 
major feature of the disease is insulin resistance, i. e. re- 
duced glucose disposal in skeletal muscle [2, 3]. It has 
been suggested that insulin resistance per se is in- 
herited, because it can be demonstrated in non- 
diabetic, first-degree relatives of NIDDM patients [4- 
6]. The exact molecular mechanisms underlying insulin 
resistance in NIDDM are unclear. One possibility is de- 
fective expression of the gene encoding for GLUT-4, 
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which facilitates insul in-st imulated glucose t r anspor t  in 
skeletal  muscle  [7]. D e c r e a s e d  G L U T - 4  m R N A  levels 
have been  r epo r t ed  in rats  with s t rep tozotoc in- induced  
diabetes  [8, 9]. A l though  decreased  glucose t r anspor t e r  
pro te in  concent ra t ions  have been  r epor t ed  in insulin- 
resistant  pat ients  [10], mos t  h u m a n  data  would argue 
against  a l tered expression of the G L U T - 4  gene in 
N I D D M  [11-14]. However ,  in these  studies G L U T - 4  
m R N A  and prote in  concent ra t ions  were  m easu red  
only in the basal  s tate  af ter  an overnight  fast. Since 
G L U T - 4  is expressed  only in insulin sensit ive tissues, 
al tered expression in the insulin-st imulated s tate  could 
contr ibute  to impa i red  insul in-st imulated glucose up- 
take  in N I D D M .  I f  only N I D D M  pat ients  are studied, 
it is difficult to distinguish be t ween  inher i ted and sec- 
ondary  causes of  insulin resistance.  To c i rcumvent  this 
p r o b l e m  we included a group  of normoglycaemic ,  first- 
degree  relat ives of  N I D D M  pat ients  in the study. I t  has 
been  es t imated,  that  43 9/0 of  f i rs t -degree relat ives of  
pat ients  with N I D D M  ul t imately  deve lop  the disease 
[15]. Thus,  to s tudy whe the r  impai red  express ion of the 
insulin regula table  glucose t r anspor t e r  G L U T - 4  con- 
t r ibutes  to impa i red  insulin-st imulated glucose up take  
in N I D D M ,  we m e a s u r e d  the effect  of  insulin on glu- 
cose uptake ,  G L U T - 4  m R N A  and pro te in  concentra-  
t ions in skeletal  muscle  in N I D D M  patients ,  their  first- 
degree  relat ives and hea l thy  control  subjects. 

Subjects, materials and methods 

Subjects 

Fourteen patients with NIDDM, 13 first-degree relatives of pa- 
tients with NIDDM and 17 control subjects with no family his- 
tory of diabetes participated in the study (Table 1). Prior to the 
study, the control subjects and relatives participated in an oral 
(75 g) glucose tolerance test. All control subjects and seven of 
the relatives had normal glucose tolerance, while six of the rela- 
tives had impaired glucose tolerance according to World Health 
Organization criteria. Two of the relatives with impaired glucose 
tolerance were classified as insulin resistant according to glucose 
uptake rates during the insulin clamp, while the other four were 
insulin sensitive. All subjects were of European descent, none of 
them had clinical evidence of cardiac, hepatic or renal disease or 
endocrine disease other than diabetes. Informed consent was 
obtained from all subjects, and the study protocol was approved 
by the ethical committee of the Helsinki University Hospital. 

Protocol 
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Table 1. Clinical characteristics of subjects 

Control Relatives NIDDM 
subjects of NIDDM patients 

patients 

Sex 
(female/male) 17 (2/15) 13 (6/7) 14 (4/10) 

Age 
(years) 53 + 3 49 _+ 3 58 + 2 ~ 

BMI 
(kg/m 2) 26.5 + 0.6 27.8 _+ 0.8 28.2 + 1.2 

Fasting plasma 
glucose (mmol/1) 5.3 + 0.1 5.4 _+ 0.1 10.9 + 0.9*** 

HbAlc 
(%) 5.1+0.1 5 . 2 _ + 0 . 1  8.5+0.4*** 

Fasting insulin 
(pmol/1) 48.7 + 5.8 67.7 _+ 10.6 95.2 _+ 16.9"* 

Cholesterol 
(mmol/1) 5.5 + 0.2 5.6 _+ 0.3 5.6 + 0.4 

Triglycerides 
(mmol/1) 1.5 + 0.2 1.5 _+ 0.2 2.2 _+ 0.3 a 

*p <0.05 vs relatives; **p <0.01 vs control subjects; 
*** p < 0.001 vs control subjects and relatives 

a constant plasma glucose concentration, the amount of glucose 
required to maintain euglycaemia equals the rate for whole body 
glucose metabolism. The steady-state plasma glucose and serum 
insulin concentrations achieved during the last 60 min of the 
clamp did not differ significantly between NIDDM patients, 
relatives and control subjects (6.1_+0.2, 5.4+0.1 and 
5.4 + 0.04 retool/1 and 596 + 54,583 _+ 42 and 580 -+ 49 pmol/1, re- 
spectively). The corresponding coefficients of variation were 4.9, 
5.4 and 5.2 % for glucose and 7, 7 and 6 % for insulin, respec- 
tively. 

Indirect calorimetry was employed during 60 rain in the basal 
state and during the last 60 min of the insulin clamp to estimate 
glucose and lipid oxidation rates [16]. A computerized, open-cir- 
cuit system was used to measure gas exchange through a trans- 
parent plastic canopy (Deltatrac; Datex, Helsinki, Finland). 
Flow was measured by the air-dilution method, the carbon diox- 
ide concentration by an infrared detector, and the oxygen con- 
centration by a differential paramagnetic sensor. The monitor 
has a precision of 2.5 % for oxygen consumption and of 1.0 % for 
carbon dioxide production. LBM was determined with bioelec- 
trical impedance [17]. 

Total-body glucose metabolism equals the mean rate of glu- 
cose infusion during the last 60 min of the clamp. Non-oxidative 
glucose metabolism i.e. glucose storage in skeletal muscle, was 
calculated as the difference between total-body glucose metabo- 
lism and glucose oxidation as determined by indirect calori- 
metry. Net glucose oxidation rates were calculated from indirect 
calorimetry measurements according to Ferrannini [16]. 

Insulin sensitivity was measured by a euglycaemic, hyperinsuli- 
naemic clamp in combination with indirect calorimetry. After 
three baseline samples had been taken for measurement of glu- 
cose and insulin concentrations, a primed constant infusion of 
short-acting human insulin (Actrapid; Novo-Nordisk, Copen- 
hagen, Denmark) was administered at a rate of 45 mU-m 2. 
min ~ (340 pmol. m -2. min 1) for 3 h. The plasma glucose concen- 
tration was determined at 5-min intervals, and 20 % glucose was 
infused to maintain a constant plasma glucose concentration. At 

Muscle biopsies 

A percutaneous muscle biopsy (20-40 rag) was taken in the basal 
state before starting the insulin infusion and at the end of the in- 
sulin clamp from the vastus lateralis muscle under local anaes- 
thesia (1% lidocaine) using a Bergstr0m needle. The muscle 
specimens were immediately placed into liquid nitrogen and 
kept frozen at -70 ~ until analysed. 
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Table 2. Characteristics of muscle biopsies 
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Control Relatives of NIDDM 
subjects NIDDM patients patients 

RNA/mg tissue (l_tg/mg) 
Basal state 0.924 + 0.132 0.869 + 0.195 0.961 • 0.218 

Insulin-stimulated state 0.946 • 0.092 1.136 + 0.247 0.952 _+ 0.214 

DNA/mg tissue (ltg/mg) 
Basal state 0.838 _+ 0.044 0.708 • 0.060 0.866 • 0.098 

Insulin-stimulated state 0.786 • 0.051 0.694 _+ 0.051 0.868 • 0.068 

Protein content (%) 
Basal state 11.6 + 0.7 12.9 • 1.1 11.8 + 0.8 

Insulin-stimulated state 10.8 + 0.6 11.5 • 0.6 11.4 + 1.0 

Assays 

Plasma glucose concentrations were measured by the glucose 
oxidase method using a Beckman glucose analyzer II (Beckman 
Instruments, Fullerton, Calif., USA). Blood glycohaemoglobin 
concentrations were measured by HPLC (reference range 4-  
6%). Serum free insulin concentrations were measured by a 
double-antibody RIA  (Pharmacia, Uppsala, Sweden). 

Quantitation of  GL UT-4 mRNA 

Total tissue RNA was extracted using a modified guanidine thio- 
cyanate (GuSCN) water saturated phenol extraction method 
[18]. Samples were homogenized in 4 mol/1 GuSCN containing 
octylphenolethylenoxid detergent (non-• P-40; Sigma 
Chemical Co., St. Louis, Mo., USA) and multiple phenol/chloro- 
form/isoamylalcohol extractions were applied. After determin- 
ing the absorbance at 260 and 280 nm, aliquots of RNA were run 
on minigels to verify the integrity of the RNA preparation. The 
A260/280 ratio and the 28 S/18 S RNA ratio (determined by densi- 
tometric analyses on ethidium bromide stained rain• were 
greater than 2 for all samples. Quantitation of GLUT-4 mRNA 
was performed by dot blot analysis utilizing a human GLUT-4 
cDNA probe. Human GLUT-4 cDNA was isolated from a 
jejunal cDNA library [19] using rat GLUT-4 as the probe [20]. 
Sequence analysis indicated that the 1.7 kilobase human cDNA 
insert was identical to the .% HJHT-3 clone previously described 
[21]. This clone contains a 260 base pair intron at the 3' end. The 
cDNA was subcloned into a Bluescript SK + plasmid (Strata- 
gene, La Jolla, Calif., USA). Transcription of synthetic mRNA 
standard and 32P-labelled cRNA with T3 or T7 RNA polymerase 
was performed according to the manufacturer's instructions. 
After hybridization of this probe to human muscle RNA, a single 
3.3 kilobase band was observed on the Northern blots. There 
were no differences in the size of this band if muscle samples 
were taken before or after insulin infusion. Aliquots of sample 
total RNA (0.5-10 gg), of transfer RNA (10 gg) and human liver 
RNA (10 gg) as controls and dilutions of synthetic mRNA (0.5- 
1000 pg) were used as standards and dissolved in 15 % formalde- 
hyde/10 x standard saline citrate (SSC) and blotted onto Nytran 
(Schleicher and Schuell Inc., Keene, NH, USA) membranes. 
The membranes were hybridized for 16-18 h at 60~ in a 50% 
formamide, 5x  SSPE (0.75mol/1 NaC1, 5mmol/1 EDTA, 
50 mmol/1 NaH2PO4, pHT.4), 5 x Denhardts', 0.1% SDS, 
200 gg/ml salmon sperm DNA and then washed at 65 ~ in 
0.1 x SSC, 0.1% SDS, according to the recommendations of the 

vendor. Blots were exposed to Kodak XAR5 film at-70 ~ using 
intensifying screens (Cronex Lightening Plus; E.I. Dupont de 
Nemours Co., Wilmington, Del., USA). The amount of mRNA 
present in each sample determined in duplicate, was measured 
by densitometric analysis, comparing the intensity of the sample 
dot with standard dots. Autoradiographs were developed for 
various periods of time so that intensity of the unknown samples 
was within linear range of standards. The coefficient of variation 
was 8.7 %. The DNA concentrations in homogenized tissue sam- 
ples were determined by fluorometer using the Hoechst 33 258 
dye, with a 9.2 % coefficient of variation. 

Irnmunoblotting 

Muscle samples were homogenized with a polytron homo- 
genizer (Brinkman, Westbury, NY, USA) on ice at high speed for 
45 s in HES buffer (20 mmol/1 Hepes, i mmol/1 EDTA, 
250 mmol/l sucrose, pH 7.4, 1:40 weight/volume). The protein 
concentration was determined by a method based on a bicin- 
choninic acid reaction (Pierce, Rockford, Ill., USA), 50 ~tg sam- 
ples of protein were subjected to SDS-PAGE by loading six 
paired and two standard samples per gel (Bio-Rad Mini Protean 
II, Richmond, Calif., USA). Protein was electrophoretically 
transferred (Polyblot; ABN, Hayward, Calif., USA) to nitrocel- 
lulose paper. Nitrocellulose sheets were incubated with phos- 
phate-buffered saline (pH 7.4) containing 50 mg/ml of pow- 
dered milk (Valio, Helsinki, Finland) for 60 min at 22 ~ C and 
thereafter with a polyclonal antibody specific for the 25 amino 
acid GLUT-4 carboxy-terminus peptide (F349). After washing, 
blots were incubated with 125I-labelled donkey anti-rabbit IgG 
(Amersham Inc., Amersham, Bucks., UK). Quantitation was 
performed by excising labelled bands and counting in a gamma 
counter (Wallac, Turku, Finland). Equal areas away from the 
band of interest were excised and analysed to establish back- 
ground. Inter- and intra-gel assay coefficients of variation were 
25 and 13 %, respectively. 

Statistical analysis 

All data are expressed as mean • SEM. All statistical analyses 
were performed using a BMDP statistical package (Biomedical 
Data Processing, 1988, Los Angeles, Calif., USA). Differences 
between group means were tested by Mann-Whitney rank sum 
test and corrected for multiple comparisions by the Bonferoni 
method. Correlations were tested by linear regression analysis. 
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Table 3. Insulin stimulated 
LBM 1.rain -1) 

glucose metabolism (gmol.kg 

Control Relatives of NIDDM 
subjects NIDDM patients patients 

n 17 13 14 

Glucose 
disposal 44.1+2.5 39.6+3.3 19.8-+3.0 a 

Glucose 
oxidation 17.3 + 0.8 19.2 + 1.1 10.2 + 1.3 a 

Glucose 
storage 26.8 _+ 2.1 20.4 _+ 3.4 9.6 _+ 2.4 b 

a p < 0.001; b p < 0.001-0.02 vs control subjects and relatives 
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Fig. 1. The GLUT-4 mRNA concentrations in vastus lateralis 
muscle of control subjects ( [], n = 17), relatives of patients with 
NIDDM (�9 n = 13) and patients with NIDDM (A, n = 14) in 
the basal (B) and insulin-stimulated state (I). * p < 0.05; ** 
p < 0.01 vs control subjects; ***p < 0.0001 vs basal concentration 

Results 

Clinical characteristics of the subjects are given in 
Table 1. The DNA, R N A  and protein contents of 
muscle biopsies (vastus lateralis muscle) were similar in 
the three groups studied (Table 2). 

In vivo insulin sensitivity 

Insulin stimulated glucose uptake was reduced by 55 % 
in N I D D M  patients compared to control subjects 
(Table 3). The impairment in glucose metabolism in 
diabetic subjects was due to both impaired storage and 
oxidation of glucose (p < 0.001 vs control subjects and 
relatives). Mean glucose uptake rates in the relatives did 
not differ significantly from that in control subjects 
(Table 3), but the individual values were varied as 
expected. Therefore, relatives were divided into insulin- 
sensitive and insulin-resistant subjects based on the 
median glucose uptake rate. The mean glucose uptake 
rate in insulin-resistant relatives (n =6, 30.6+ 
3.4 ~tmol. kg LBM -1. min -1, range = 18.7-35.8 gmol. kg 
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LBM -1- min -1) was decreased compared with insulin- 
sensitive relatives (n = 7, 47.4 + 3.2 gmol. kg LBM -1 

�9 min -1, range = 39.1-63.8 gmol-kg LBM -1. min -1) and 
control subjects (p < 0.01-0.03). The decrease inglucose 
disposal in the insulin-resistant relatives was due to im- 
paired glucose storage (10.7 + 3.2 vs 26.8 + 2.2 gmol. kg 
LBM -1. min -1,p < 0.01 vs control subj ects), while insulin 
stimulated glucose oxidation was normal (19.9 + 0.8 vs 
17.3 + 0.8 gmol. kg LBM -1. mini) .  

Both diabetic subjects (p < 0.001) and insulin-resis- 
tant relatives (87.4 + 19.7 pmol/1; p = 0.055) had higher 
fasting insulin concentrations compared to control sub- 
jects (Table 1). The fasting insulin concentrations in the 
insulin-sensitive relatives (50.8 + 5.7 pmol/1) did not 
differ from control subjects, but were lower than in the 
N I D D M  patients (p < 0.03). 

GL UT-4 mRNA and protein concentrations 

Mean basal GLUT-4 m R N A  levels expressed per gg of 
total R N A  were significantly higher in the diabetic sub- 
jects and the relatives compared to control subjects 
(p < 0.01 and p < 0.05, respectively) (Fig. 1). As shown 
in Figure 1, individual basal GLUT-4 m R N A  values in 
the relatives varied between 55 and 137 pg/gg RNA. 
The increase in basal GLUT-4 m R N A  in the relatives 
was due to high basal concentrations in the insulin-re- 
sistant subjects (108 + 9 pg/gg RNA; p < 0.01 vs control 
subjects), while the concentrations in the insulin-sensi- 
tive relatives (80 + 14 pg/gg RNA)  did not differ from 
those in the control subjects. Diabetic subjects (n = 11) 
and relatives (n = 9) also tended to have higher basal 
GLUT-4 m R N A  levels expressed per gg of total D N A  
compared to control subjects (89 + 17 and 114 _+ 25 vs 
73 + 10 pg/gg DNA,  respectively). 

Insulin caused a significant increase in GLUT-4 
m R N A  concentrations in all control subjects, ex- 
pressed both per total R N A  (Fig. 1) and D N A  (from 
73 + 10 to 124 + 22 pg/gg DNA),  both p < 0.0001. This 
effect was lacking in the diabetic subjects, in whom 
mean GLUT-4 m R N A  levels were unchanged after in- 
sulin infusion both when expressed per R N A  (Fig. 1) 
and D N A  (n = 11; from 89 + 17 to 94 + 25 pg/gg RNA, 
NS). In the relatives, insulin neither changed mean 
GLUT-4 m R N A  levels expressed per R N A  (Fig. 1) nor 
expressed per D N A  (n = 9; from 114+25 to 127+28 
pg/gg DNA,  p = NS). This was primarily due to lack of 
insulin effect in the insulin-resistant subjects (from 
108 + 9 to 111 + 17 Pg/t~g RNA),  while in insulin-sensi- 
tive relatives a slight (from 80 + 14 to 93 _+ 15 pg/gg 
RNA)  increase in GLUT-4 m R N A  concentrations was 
observed. GLUT-4 m R N A  levels after insulin infusion 
did not correlate with insulin-stimulated glucose up- 
take in control subjects, relatives or diabetic subjects 
(r = 0.06, r = -0.23 and r = ~).07, all NS, respectively). 

Basal GLUT-4 protein concentrations did not differ 
between control subjects, relatives or diabetic patients 
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Fig.2. The GLUT-4 protein concentrations in vastus lateralis 
muscle from control subjects ( [], n = 15), relatives of patients 
with NIDDM ( �9 n = 12) and patients with NIDDM (A, n = 13) 
in the basal (B) and insulin-stimulated state (I) 

expressed either per mg of protein (Fig. 2) or per DNA 
(data not shown). Insulin did not induce significant 
changes in GLUT-4 protein concentrations expressed 
either per protein (Fig. 2) or per DNA in any of the 
groups studied. GLUT-4 protein levels measured at the 
end of the insulin infusion did not correlate with in- 
sulin-stimulated glucose uptake in any of the groups. 

Discussion 

In the present study, we found that insulin significantly 
increases GLUT-4 m R N A  concentrations in skeletal 
muscle of healthy subjects. While this was a consistent 
finding in all control subjects, the response in NIDDM 
patients and their relatives was heterogenous, with 
most diabetic subjects and some of the relatives having 
high basal GLUT-4 m R N A  concentrations, which were 
not further stimulated by acute hyperinsulinaemia. The 
findings are in accordance with a recent study by An- 
dersen et al [22], showing significant increase in GLUT- 
4 m R N A  concentrations after insulin in healthy sub- 
jects but not in subjects with NIDDM. About 40 % of 
the relatives are estimated to develop NIDDM [15] and 
among these individuals insulin resistance is prevalent 
[4-6]. 

NIDDM patients differ from control subjects with 
respect to higher basal glucose and insulin concentra- 
tions. It is unlikely that the increase in basal GLUT-4 
m R N A  concentrations in the diabetic patients was the 
consequence of hyperglycaemia, as normoglycaemic 
insulin-resistant relatives also had elevated basal 
GLUT-4 m R N A  concentrations. The increased basal 
GLUT-4 m R N A  concentrations in the diabetic pa- 
tients confirm our previous findings [13]. However, the 
present study shows that first-degree relatives of 
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NIDDM patients also have increased basal GLUT-4 
m R N A  concentrations, provided they are insulin resis- 
tant and not insulin sensitive. This is in accordance with 
the finding of increased expression of protein phospha- 
tase 1 and insulin receptor substrate i in the basal state 
in skeletal muscle of insulin-resistant subjects [23, 24]. 
In fact, a tendency towards high basal GLUT-4 mRNA 
levels in NIDDM patients was also shown by Garvey 
et al. [14]. 

As diabetic patients and insulin-resistant relatives 
had elevated fasting insulin levels compared to control 
subjects, one could argue that chronic hyperinsuli- 
naemia in these subjects is able to stimulate basal 
GLUT-4 m R N A  levels essentially to the same extent as 
acute hyperinsulinaemia in the control subjects. This 
hypothesis is supported by the lack of difference in 
basal GLUT-4 mRNA concentrations between hyper- 
glycaemic IDDM patients and normal subjects who 
had similar insulin concentrations [25]. In the present 
study, the absence of a stimulatory effect of acute 
hyperinsulinaemia on GLUT-4 m R N A  concentrations 
in diabetic patients and insulin-resistant relatives could 
therefore be due to the fact that basal GLUT-4 m R N A  
concentrations already were stimulated by chronic 
hyperinsulinaemia. However, there are several excep- 
tions from this rule, especially among the relatives. The 
present finding of an altered response of GLUT-4 
m R N A  concentrations to the stimulatory effect of 
acute hyperinsulinaemia both in NIDDM patients and 
in their first-degree relatives might suggest altered 
transcriptional regulation of the GLUT-4 gene by in- 
sulin in NIDDM. Alternatively, the finding of de- 
creased GLUT-4 mRNA concentrations after insulin 
stimulation could imply accelerated degradation of 
GLUT-4 m R N A  in insulin-resistant individuals. Inter- 
estingly, insulin also fails to stimulate GLUT-4 m R N A  
concentrations in IDDM patients, who have an ac- 
quired form of insulin resistance [25]. Because of the 
difference in basal GLUT-4 m R N A  concentrations be- 
tween the groups in the present study, it cannot be 
determined whether the lack of response of GLUT-4 
m R N A  to insulin represents a true defect in insulin ac- 
tion or only reflects high basal GLUT-4 m R N A  which 
has been stimulated by basal hyperinsulinaemia. 

It has also been shown, that insulin resistance is as- 
sociated with alterations in insulin-stimulated gene ex- 
pression of a number of genes in human skeletal muscle 
[26]. It is therefore possible, that the impaired insulin- 
stimulated GLUT-4 m R N A  concentrations measured 
in our diabetic subjects and their insulin-resistant rela- 
tives is the consequence rather than the cause of insulin 
resistance. 

Basal GLUT-4 protein concentrations did not differ 
between control subjects, relatives and NIDDM pa- 
tients, confirming the results of several previous studies 
[11-14]. Could the absence of a stimulatory effect of 
acute hyperinsulinaemia on GLUT-4 mRNA concen- 
trations impair glucose uptake in NIDDM? The lack of 
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stimulation of GLUT-4 m R N A  concentrations by in- 
sulin was not, however, followed by a concomitant  re- 
duction in GLUT-4 transporter  protein concentrations. 
The discrepancy between GLUT-4 m R N A  and protein 
concentrations after insulin stimulation has been de- 
scribed previously in healthy subjects [22, 25]. Hand-  
berg et al. [27] reported a 19 % decrease in GLUT-4 
protein content  after 3 h of insulin infusion in a study of 
healthy subjects, but did not  measure GLUT-4 m R N A  
concentrations. In the present study, insulin did not  in- 
duce any significant changes in GLUT-4 protein con- 
tent in control subjects, relatives or in N I D D M  pa- 
tients. In support  of this, Andersen  et al. [22] could not  
demonstrate  any effect of a 4-h insulin infusion on 
GLUT-4 protein content  in patients with NIDDM.  
Common to the present and previous studies [22, 27], 
no correlations between insulin-stimulated GLUT-4 
m R N A  or protein concentrations and insulin-stimu- 
lated glucose disposal was observed in any of the 
groups studied. This suggests, that  there is no causal re- 
lationship between insulin-stimulated GLUT-4 m R N A  
or protein concentrations and insulin-stimulated glu- 
cose uptake rates. 

From studies in rats it is known that insulin sensitiv- 
ity is dependent  on muscle fibre-type composition [28]. 
Alterations in fibre-type composition could therefore 
explain at least part of the decreased insulin-stimulated 
muscle glucose uptake in insulin-resistant states such as 
NIDDM. However,  Garvey et al. [14] found no dif- 
ferences in muscle fibre-type composition in biopsies 
taken from the same site as in our study (vastus lateralis 
muscle) in patients with N I D D M  or impaired glucose 
tolerance as compared to lean or obese non-diabetic 
control subjects. 

Al though the actual amount  of muscle GLUT-4 
transporters seems to be unaffected in NIDDM,  it is 
still possible that  other  aspects of the GLUT-4 trans- 
porter are more important  for insulin-stimulated glu- 
cose uptake. In rats, the acute effect of insulin has been 
shown to involve redistribution of preformed GLUT-4 
transporters to the plasma membrane  without  affecting 
total t ransporter  content  [29-31]. Insulin might also in- 
crease the intrinsic activity of the glucose transporter  
[29, 32]. Fur ther  studies are required to reveal whether  
alterations in subcellular distribution or glucose trans- 
porter function, such as impaired translocation, fusion 
with the plasma membrane  or activation contribute to 
insulin resistance in N I D D M  [33]. Altogether,  1) there 
is no causal relationship between insulin-stimulated 
GLUT-4 m R N A  or protein concentrations and insulin- 
stimulated glucose uptake either in healthy subjects or 
in N I D D M  patients or their relatives, 2) N I D D M  pa- 
tients and their insulin-resistant first-degree relatives 
are characterized by high basal GLUT-4 m R N A  levels, 
which may be induced by chronic hyperinsulinaemia. 
The acute stimulatory effect of insulin on GLUT-4 
m R N A  concentrations is altered in N I D D M  and in in- 
sulin-resistant, first-degree relatives of patients with 
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NIDDM.  This may be the consequence rather than the 
cause of insulin resistance in these subjects. 
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