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Summary The insulin receptor exists in two isoforms 
differing by the absence (HIR-A) or presence (HIR- 
B) of 12 amino acids in the COOH-terminus of the 
R-subunit as a consequence of alternative splicing of 
exon 11. In this study, we developed a radioimmu- 
noassay for the two isoforms employing antibodies 
raised against two peptides, one (Pep-12) correspond- 
ing to residues encoded by exon 11, and the other 
(Pep-13) corresponding to a COOH-terminal  do- 
main of the R-subunit which is common to both 
HIR-A and HIR-B isoforms. These peptides were io- 
dinated and used as both ligands and standards. The 
assay is specific, highly reproducible, and sensitive 
with a detection limit of 10 fmol of receptor. One 
mole of purified insulin receptor, measured by Scat- 
chard analysis, is read as one mole of receptor in the 
radioimmunoassay with either Pep-12 or Pep-13 as 
standards. The radioimmunoassay is applicable to 

the measurement  of total content and relative abun- 
dance of the two isoforms in extracts from various tis- 
sues. We applied the radioimmunoassay to measure 
the relative abundance of the two isoforms in fat and 
muscle from normal, obese non-diabetic and non-in- 
sulin-dependent diabetic (NIDDM) subjects. Results 
demonstrate that expression of the low-affinity HIR- 
B form is significantly increased in obese and 
NIDDM subjects compared with control subjects. In 
addition, the increased expression of the HIR-B iso- 
form was significantly correlated with both body 
mass index (r = 0.52; p = 0.006) and fasting glucose le- 
vels ( r =  0.59; p = 0.001). [Diabetologia (1995) 38: 
445-453] 
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The human insulin receptor (HIR) exists in two iso- 
forms which differ by the absence (HIR-A) or pres- 
ence (HIR-B) of 12 amino acids in the COOH-termi-  
nus of the a-subunit [1, 2]. The two isoforms are gen- 
erated by tissue-specific alternative splicing of the 
36-basepair exon 11 [3-5]. There is evidence indicat- 
ing that the two receptor isoforms are functionally 
and immunologically different [6-12]. It has been 

Received: 8 July 1994 and in revised form: 14 October 1994 

Corresponding author: Dr. G. Sesti, Dipartimento di Medicina 
Interna, Universitg di Roma - "Tor Vergata", Via Orazio Ra- 
imondo, 1-00173 Rome, Italy 
Abbreviations: HIR, Human insulin receptor; NIDDM, non- 
insulin-dependent diabetes mellitus; RIA, radioimmunoassay; 
BSA, bovine serum albumin. 

shown that the binding affinity for insulin of the 
HIR-A form is approximately two times higher than 
that of the HIR-B form [6, 8, 10, 12]. This difference 
in ligand binding is paralleled by a decreased sensitiv- 
ity for both anabolic and metabolic actions of insulin 
[9]. Furthermore,  the HIR-A form appears to have 
higher rates of both internalization and recycling [7, 
8]. These findings have led to the suggestion that tis- 
sue-specific alterations in the relative expression of 
the two receptor isoforms may play a role in causing 
insulin resistance, a typical feature of obesity and 
non-insulin-dependent diabetes mellitus (NIDDM). 
However, studies on the relative expression of the 
two m R N A  transcripts have led to divergent observa- 
tions [13-19]. Thus, Mosthaf et al. [13, 14] have re- 
ported that expression of the two m R N A  species is 
altered in skeletal muscle of both diabetic and non- 
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Table 1. Clinical and biochemical data of studied subjects 

Normal NIDDM Obese 

Number 16 15 16 
Sex (male/female) 8/8 4/11 4/12 
Age (year) 59 + 18 59 + 14 49 + 11 
BMI (kg/m 2) 25 + 2 27 + 4 31 + 2 
Fasting glucose (mmol/1) 5.11 + 0.66 7.49 + 1.38 5.11 + 0.88 
Fasting insulin (~U/ml) 8 + 3 11 + 2 13 + 7 
Duration of diabetes 
(years) - 4.4 + 1 - 
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In the present  study, we report  the deve lopment  of 
a novel  pept ide-based insulin receptor  R I A  that  is 
able to precisely quant i ta te  total  content  of the two 
receptor  protein  isoforms and their  relative abun- 
dance in small samples of h u m a n  tissues. Using this 
RIA,  we measured  the relative abundance  of the 
two isoform proteins in samples of adipose tissue 
and skeletal  muscle f rom non-obese control  subjects, 
obese non-diabetic,  and N I D D M  subjects in order  to 
clarify the role of al tered expression of the two recep- 
tor isoforms in insulin-resistant states. 

diabetic insulin-resistant subjects compared  to nor- 
mal  insulin-sensitive control  subjects. Also, Norgren  
et al. [15] found  a small, but  significant, increase in 
the expression of the low-affinity H I R - B  isoform in 
skeletal  muscle of N I D D M  patients. Three other  
groups were unable  to demons t ra te  any significant 
difference in the relative abundance  of the two 
m R N A  species in skeletal  muscle obta ined  f rom 
non-obese  normal ,  obese non-diabet ic  and N I D D M  
subjects [16-18]. Discordant  results have also been  
repor ted  when  the relative abundance  of the two re- 
ceptor  prote in  isoforms was analysed by immunologi-  
cal assays. Thus, we [19] and others [20] have shown 
that  expression of the two isoforms is a l tered in iso- 
la ted adipocytes and in skeletal  muscle membranes  
of  N I D D M  subjects, respectively. On  the contrary, 
Benecke  et al. [16] found  no significant difference in 
the relative abundance  of the two receptor  prote in  
isoforms in skeletal  muscle of normal ,  obese and 
N I D D M  individuals [16]. In these studies, the rela- 
tive distr ibution of the two receptor  prote in  isoforms 
was measured  ei ther  by using an isoform-specific 
au toant i se rum tha t  differential ly inhibits [~25I]-insu- 
lin binding to the two receptor  protein  isoforms [19, 
20] or by using an immunoprec ip i ta t ion  assay based 
on the relat ive ability of an exon 11 + specific mono-  
clonal an t ibody to immunoprec ip i ta te  receptors  la- 
belled with [125I]-insulin [16]. However ,  because 
[125I]-insulin was used as t racer  in bo th  immunoas-  
says, accurate  quant i ta t ion  of the relative abundance  
of the two receptor  proteins could be impaired  by 
the difference in insulin binding affinity be tween  
H I R - A  and H I R - B  isoforms [6, 8, 10, 12]. Precise 
quant i f icat ion of insulin receptor  number  in target  
cells by s tandard  l igand-binding studies is difficult 
due to the curvilinear na ture  of Scatchard plots [21]. 
Rad io immunoassays  (RIAs)  for the h u m a n  insulin 
receptor  have been  proposed  as an al ternat ive meth-  
od to quant i ta te  the insulin receptor  [22-26]. How- 
ever, these R I A s  have used polyclonal  or mono-  
clonal ant ibodies to the insulin receptor  that  do not  
discriminate be tween  the two isoforms thus limiting 
their  applications for s tudying the tissue-specific 
expression of the two prote in  receptors. 

Subjects and methods 

Preparation of antipeptide antibodies. Antibodies were raised 
against two synthetic peptides, as previously described [27]. 
One peptide (Pep-12) corresponds to residues encoded by 
exon 11, and the other peptide (Pep-13) corresponding to resi- 
dues 702-719 (numbered according to Ullrich et al. [1]) was de- 
rived from a COOH-terminal sequence of the c~-subunit which 
is common to both HIR-A and HIR-B isoforms, Antisera (PA- 
l2 and PA-13) containing the highest titre were used for the 
RIA of the insulin receptor. For iodination, a tyrosine residue 
was added to the NH2-terminal of Pep-12. These peptides 
were also used as standard in the RIA. Peptides were radioio- 
dinated using the IODOGEN method (Pierce Chemical Co., 
Rockford, Ill, USA), and monoiodinated peptides were puri- 
fied by reverse-phase HPLC. The specific activity of 125I-1a- 
belled peptides was 230-300 lxCi/~tg. Labelled peptides were 
stable for at least 8 weeks when stored at 4 ~ 

Sample preparation. NIH3T3 fibroblast cell line transfected 
with the HIR-B form and expressing 105 binding sites/cell, as 
determined by Scatchard analysis, was a generous gift from 
Dr. J. Whittaker (Stonybrook, N. Y., USA) [28]. NIH3T3 fibro- 
blasts transfected with the HIR-A form and expressing 
1.5 x 105 binding sites/cell, as estimated by Scatchard analysis, 
were prepared as previously described [19]. Cells were grown 
in Dulbecco's modified Eagle's medium supplemented with 
10 % (volume/volume) fetal calf serum. Fresh human placen- 
tae were obtained from normal subjects after full-term vaginal 
deliveries. Tissue specimens of liver were obtained from non- 
diabetic subjects who underwent surgery for uncomplicated 
gallstone disease. Samples of subcutaneous adipose tissue 
were obtained from six non-obese normal control subjects, six 
obese non-diabetic subjects, and five N!DDM patients, where- 
as specimens of rectus abdominus skeletal muscle were ob- 
tained from a separate group of ten non-obese normal control 
subjects, ten obese non-diabetic, and ten NIDDM subjects dur- 
ing elective abdominal surgery. The subjects were admitted to 
the hospital for cholecystectomy or total hysterectomy. Clini- 
cal and biochemical data of the subjects are shown in Table 1. 
The control and the obese subjects had normal fasting plasma 
glucose levels, normal blood pressure, and no family history 
of diabetes. All diabetic patients were diagnosed according to 
National Diabetes Data Group criteria [29]. Seven NIDDM 
patients were treated with diet alone, six with sulfonylurea, 
and two with insulin. No subject had taken any other medica- 
tion known to alter insulin or glucose metabolism. Consent 
was obtained from all subjects after the nature of the proce- 
dure was explMned. Tissue samples were cleaned of all connec- 
tive tissue and blood, immediately frozen in liquid nitrogen, 
and stored at - 70 ~ until use. Isolated adipocytes were pre- 
pared by the collagenase digestion method as previously de- 
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Fig.1. (h ,  B) Standard curves for Pep-12- and Pep-13-based 
RIAs. Multiple dilutions of unlabelled Pep-12 or Pep-13 were 
incubated for 16 h at 4~ with the corresponding antibody 
(PA-12 or PA-13). 125I-peptides at tracer concentration were 
added, and incubations continued for an additional 24 h at 
4~ Goat anti-rabbit immunobeads were then added. After 
16 h at 4 ~ mixtures were centrifuged, pellets were washed 
and counted. A:standard curve for Pep-13-based RIA. 
B: standard curve for Pep-12-based RIA. Curves are represen- 
tative of a single experiment carried out in sextuplicate. Simi- 
lar results were obtained in five independent experiments 
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immediately assayed or frozen at - 7 0 ~  until assayed. Pro- 
tein content of cell or tissue lysates was determined by the 
Bradford method [30]. 

Purification of the insulin receptor. Membranes from normal 
human placentae were prepared by differential centrifugation 
as previously described [11]. Placental membranes or conflu- 
ent NIH3T3 fibroblasts transfected with the HIR-B form 
were solubilized and insulin receptors were purified to homo- 
geneity by using sequential monoclonal antibody agarose and 
wheat germ agglutinin-agarose affinity chromatography, as 
previously described [24]. Protein content of the purified insu- 
lin receptor was measured by amino acid composition analy- 
sis. Receptor number was determined by Scatchard analysis of 
insulin binding [21]. 

Radioirnmunoassay. The assay is based on the ability of the two 
receptor isoforms to compete with radiolabelled sequence- 
specific peptides for the binding to the corresponding anti- 
body. A secondary antibody was used for separating radiola- 
belled ligands into antibody-bound and free fractions. For the 
basic assay, to 9 x 70-ram glass tubes were added: 200 V1 of 
multiple dilutions of test samples, highly purified insulin recep- 
tors or unlabelled peptides (Pep-12 or Pep-13) in assay buffer 
containing 50 mmol/1 Hepes, 150 mmol/1 NaC1, 0.1% Triton 
X-100, 1 mmol/1 PMSF, 0.1% bovine serum albumin (BSA), 
pH 7.6, and 25 ~1 of anti-peptides antibodies PA-12 or PA-13 
(final dilution 1 : 5000). Titres of antisera were adjusted to the 
concentrations at which 3 0 4 0  % of the corresponding la- 
belled peptides were bound. After a 16-h incubation at 4 ~ 
25 V1 of 125I-peptides (10,000-15,000 cpm) were added, and 
samples were incubated for an additional 24 h at 4~ Goat 
anti-rabbit immunobeads (50 ~tl) (Bio-Rad, Richmond, Calif., 
USA) (final dilution 1 : 150) were then added. After 16 h at 
4~ mixtures were centrifuged at 3000 x g for 30 min at 4~ 
supernatants were aspirated, pellets were washed once with as- 
say buffer and bound radioactivity was counted. Experiments 
were performed in triplicate, and values for test samples were 
measured in the functional portion of standard curve (15- 
85 % displacement). 

Western blotting. Extracts from whole tissues were subjected to 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) under reducing conditions, as previously de- 
scribed [31]. Proteins (50 ~tg/lane) resolved by SDS-PAGE 
were electrophoretically transferred to nitrocellulose filters. 
The non-specific binding sites of membranes were blocked by 
a 2-h incubation of Tris-buffered saline (TBS, pH 7.5) contain- 
ing 5 % BSA. The filters were then incubated for 16 h at 4~ 
with affinity-purified PA-12 or PA-13. Thereafter, the filters 
were washed with TBS, and incubated for 2 h at room tem- 
perature with 125I-protein A. After extensive washings with 
TBS, the filters were dried and exposed to Kodak X-Omat 
film at -70~  Band densities were quantified by scanning 
densitometry. 

Statistical analysis. 
Unpaired Student's t-test was used to compare mean values, 
and linear regression was used for correlation analysis. 

scribed [19]. Extracts from cells or whole tissues were prepared 
by solubilization in 50 mmol/1 Hepes buffer, pH 7.6, containing 
150mmol/1 NaC1, 1% Triton X-100, 1 mg/ml bacitracin, 
2 retool/1 (PMSF), 1000 units/ml aprotinin for 60 rain at 4~ 
The lysates were sonicated for i min and insoluble material 
was removed by centrifugation at 100,000 x g for 60 rain at 
4~ Soluble fractions were diluted to 0.2 % Triton X-100 and 

Resul ts  

Validation o f  the peptide-based RIA. The s t a n d a r d  
curves  o f  the  R I A  fo r  P e p - 1 2  a n d  Pep -13  a re  s h o w n  
in F i g u r e 1 .  T h e  b i n d i n g  o f  l abe l l ed  p e p t i d e s  
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Fig. 2. (A, B) Displacement of labelled peptides by highly puri- 
fied insulin receptor. Multiple dilutions of highly purified insu- 
lin receptors were incubated for 16 h at 4 ~ with anti-peptides 
antibodies (PA-12 or PA-13). 125I-peptides (Pep-12 or Pep-13) 
were added, and samples were incubated for an additional 
24 h at 4~ Goat anti-rabbit immunobeads were then added. 
After 16 h at 4 ~ mixtures were centrifuged, pellets were wa- 
shed and counted. A: competition curve of highly purified in- 
sulin receptor from placenta ( , )  for the binding of t25I-Pep-13 
to the corresponding antiserum. Standard curve (�9 
B: competition curve of highly purified receptors from 
NIH3T3 cells expressing the HIR-B ( , )  form for the binding 
of 125I-Pep-12 to the corresponding antiserum. Standard curve 
(�9 Curves are representative of a single experiment carried 
out in triplicate. Similar results were obtained in three inde- 
pendent experiments 
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(125I-Pep-12 or 125I-Pep-13) to the corresponding anti- 
bodies was completely inhibited at 10-10 mol/0.3 ml. 
For both peptides, a detectable inhibition of binding 
was seen at 10-14 tool/0.3 ml, whereas half-maximal 
displacement was observed at 2 x 10 -13 mol/0.3 ml 
(Fig. 1). Both the assay with PA-12 and the assay 
with PA-13 were highly reproducible with respect to 
both intra-and inter-assay variations. The intra-assay 
coefficient of variation in the functional portion of 
the standard curve (85-15% displacement) was 
4.5 % for Pep-12 and 3.8 % for Pep-13, respectively. 
Standard curves were performed with 10-15, 10-14, 
10-13, 10-12, 10- i1, 10-10 mol/0.3 ml of unlabelled 
Pep-12 or Pep 13. In ten experiments the inter-assay 
coefficients of variation for these concentrations 
were 3.1, 4.5, 10.1, 12.2, 12.0 and 10.4 % for Pep-12 
and 2.8, 5.9, 7.0, 12.1, 12.5 and 11.8 % for Pep-13, re- 
spectively. Next, we studied whether  the HIR  could 
compete with 12~I-Pep-12 or 125I-Pep-13 for the bind- 
ing to the corresponding antibody in this assay sys- 
tem. The displacement curve produced by highly pu- 
rified receptors from placenta which is known to con- 
tain both the HIR-A and the H1R-B form was paral- 
lel to the Pep-13 standard (Fig. 2a). Similarly, highly 
purified receptors from transfected cells expressing 
the HIR-B form produced competition curves that 
were parallel to the Pep-12 standard (Fig.2b). The 
concentrations of highly purified receptors from ei- 
ther placenta or transfected cells expressing the 
HIR-B isoform were determined by Scatchard analy- 
sis of insulin binding. A good correlation was ob- 
served between the moles of purified receptor calcu- 
lated by Scatchard plots and the molar equivalents 
to peptides measured in peptide-based RIAs. A rep- 
resentative preparation of purified receptor from pla- 
centa had 2.9 nmol/l receptor, as measured by Scat- 
chard analysis of insulin binding, and 2.2 nmol/1 re- 
ceptor when determined with the Pep-13-based 
RIA. A preparation of purified receptor from cells 
transfected with the HIR-B isoform contained 
2.3 nmol/1 receptor, as measured by Scatchard analy- 
sis, and 1.9 nmol/1 receptor as determined by the 
Pep-12-based RIA. 

Specificity of  peptide-based RIA. The specificity of 
both Pep-12- and Pep-13-based R I A  was investigat- 
ed by using NIH3T3 cells transfected with and ex- 
pressing either the HIR-A form or the HIR-B form. 
Cell lysates from both sources competed with 12sI- 
Pep-13 for the corresponding antiserum, and compe- 
tition-inhibition curves were parallel to the peptide 
standard (Fig.3 a). In contrast, only cellular extract 
from NIH3T3 transfectants expressing the HIR-B 
isoform was able to Compete with 125I-Pep-12 for the 
corresponding antiserum and its competition-inhibi- 
tion curve was parallel to the peptide standard 
(Fig.3b). The antibody directed against the Pep-13 
does not react with homologous peptides of the insu- 
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Fig.3. (A, B) Specificity of RIA for the two isoforms of the in- 
sulin receptor. A: competition curve of solubilized extracts 
from NIH3T3 cells expressing either the HIR-A form ( � 9  or 
the HIR-B form ( �9 ) for the binding of 125I-Pep-13 to the cor- 
responding antiserum. Standard curve ((3). B: competition 
curve of solubilized extracts from NIH3T3 cells expressing ei- 
ther the HIR-A form (A) or the HIR-B form ( � 9  for the bind- 
ing of 125I-Pep-12 to the corresponding antiserum. Standard 
curve (�9 Curves are representative of a single experiment 
carried out in triplicate. Similar results were obtained in three 
independent experiments 
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based RIA can effectively and specifically measure 
the total amount of HIR  (HIR-A plus HIR-B) in tis- 
sues, whereas Pep-12-based RIA only measures the 
amount of HIR-B isoform. 

Quantitation of  relative abundance of  the two receptor 
isoforms in human tissues. Using this dual peptide- 
based RIA we attempted to measure both the abso- 
lute content and the relative abundance of the two re- 
ceptor isoforms in various human tissues. Tissue ex- 
tracts were prepared from liver, placenta, adipose tis- 
sue, and skeletal muscle, and tested for their ability to 
compete with either 125I-Pep-12 or 125I-Pep-13 for the 
corresponding antibody in the RIA. Displacement 
curves produced by multiple dilutions of tissue ex- 
tracts were parallel to standard curves produced by 
both Pep-12 and Pep-13 (data not shown). Total 
HIR and HIR-B form amounts in tissue extracts ex- 
pressed as pmol receptor/mg protein are shown in Ta- 
ble 2. Placenta and liver have higher concentrations 
of HIR compared with adipose tissue and skeletal 
muscle. From these data, the ratio of the two recep- 
tor species was determined, and the relative abun- 
dance of the two isoforms was expressed as the per- 
centage of HIR-B form measured by Pep-12-based 
RIA vs total insulin receptor content measured by 
Pep-13-based RIA. As shown in Table 2, results ob- 
tained reveal that in placenta, skeletal muscle, and 
adipose tissue the two receptor protein isoforms are 
equally expressed, whereas in the liver the HIR-B 
isoform is predominant.  To further validate the pre- 
sent RIA, the relative abundance of the two receptor 
protein isoforms was determined using a quantitative 
Western blotting analysis. A representative Western 
blotting analysis of tissue extracts is shown in Fig- 
ure 4 in which both PA-12 and PA-13 detect a pro- 
tein of - 130,000 Da. The intensities of the bands 
were quantified by scanning densitometry and ex- 
pressed as arbitrary units. The ratio of band intensi- 
ties obtained with the two antibodies in four experi- 
ments was calculated, and the relative abundance of 
the two receptor isoforms was expressed as the per- 
centage + SD of the HIR-B isoform vs the total HIR 
content. Liver contains predominantly the HIR-B 
form (87 + 4 %), whereas placenta, skeletal muscle, 
and adipose tissue contain both isoforms in nearly 
equal amounts (HIR-B/total HIR = 53 + 3, 54 + 6, 
and 55 + 5 %, respectively). These results were in 
close agreement  with the pattern of tissue-specific 
protein isoform expression obtained with the present 
RIA. 

lin-like growth factor I (IGF-I) receptor a-subunit 
(data not shown). The number  of receptors mea- 
sured by both peptide-based RIAs was unaltered by 
incubation of cell lysates in the presence or absence 
of 1 ~mol/1 insulin for 4 h at 4 ~ before addition of 
the corresponding antibody. Therefore, Pep-13- 

Quantitation of  relative abundance of  the two receptor 
isoforms in adipose tissue and skeletal muscle from 
control, obese non-diabetic and N I D D M  subjects. We 
employed this dual peptide-based RIA to measure 
the relative abundance of the two receptor isoforms 
in samples of adipose tissue and skeletal muscle 
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Table 2. Total content and relative abundance of the two re- 
ceptor isoforms in human tissues obtained from competition 
curves of tissue extracts for the binding of 12sI-Pep-12 or nsI- 
Pep-13 to the corresponding antiserum 

Tissue Total HIR HIR-B HIR-B/Total 
pmol/mg protein pmol/mg protein HIR (%) 

Placenta 3.9• 2.0• 51 
Hver 3.5• 3.1• 88 
Muscle 2.2• 1.1• 50 
~ t  2.7• 1.4• 52 

Values are means + SD of five experiments in triplicate 

Fig.4. Quantitation of the relative abundance of  the two recep- 
tor protein • forms in various human tissues by Western blot- 
ting analysis. Representative Western blotting analysis of ske- 
letal muscle (M), fat (F), and liver (L). Tissue extracts (50 ~g/ 
lane) were separated by reducing SDS-polyacrylamide gel 
electrophoresis and transferred to nitrocellulose filters. The fil- 
ters were blotted with affinity purified PA-12 (lanes 2, 4, 6) or 
PA-13 (lanes 1, 3, 5) followed by 12SI-protein A, and autoradio- 
graphed. The intensities of the bands were determined by scan- 
ning densitometry. With PA-12, the relative intensities ex- 
pressed as arbitrary densitometric units were: 1.62 (M), 3.01 
(F), and 5.80 (L). With PA-13, the relative intensities ex- 
pressed as arbitrary densitometric units were: 3.11 (M), 5.08 
(F), and 6.51 (L). Arrowhead shows the a-subunits of the two 
receptor isoforms 

f rom non-obese  normal  control  subjects, obese non- 
diabetic, and N I D D M  subjects. Pre l iminary  experi- 
ments  conducted  using tissue extracts f rom ei ther  
whole adipose tissue specimens or isolated adipo- 
cytes of three  normal  subjects revealed  that  the mea- 
surements  of the relative abundance  of  the two recep- 
tor isoforms did not  differ be tween  the tissue prepa- 
rat ions (the m e a n  percentage  of H I R - B  vs total  H I R  
was 52 + 6 and 49 + 5 %, respectively, for whole adi- 
pose tissue and isolated adipocytes).  Therefore,  sub- 
sequent  exper iments  were pe r fo rmed  using extracts 
p repared  f rom whole tissue specimens. Samples 
were assayed simultaneously,  and three  separate  as- 
says were  pe r fo rmed  in triplicate. The relative abun- 
dance of the two receptor  prote in  isoforms was ex- 
pressed as the percentage  of H I R - B  isoform content  
vs total  receptor  content .  M e a n  values for each sub- 
ject  are shown in Figure 5. The percentage  of  H I R - B  
isoform was significantly higher  in adipose tissue 
f rom six obese non-diabet ic  (74+ 10%,  p =0.01) 
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Fig.5.(A, B) Relative abundance of  the HIR-B isoform in adi- 
pose tissue (A) and in skeletal muscle (t?) from lean normal 
control, obese non-diabetic, and NIDDM subjects. Tissue ex- 
tracts were prepared from each adipose (A) or muscle sample 
(B) and assayed simultaneously in triplicate. The relative 
abundance of the two receptor protein isoforms is expressed 
as the percentage of HIR-B form vs total receptor content 
which is derived from the ratio of the two receptor species de- 
termined by radioimmunoassy. Each point represents the 
mean value for a single subject measured in three assays. The 
mean + SD for each group of subjects is shown beside the indi- 
vidual distribution 

and five N I D D M  subjects (69 + 11%,  p = 0.03) com- 
pared with six non-obese  normal  subjects (51 + 7 %) 
(Fig. 5 a). In skeletal  muscle the m e a n  percentage of 
H I R - B  isoform was significantly higher in ten obese 
non-diabet ic  (63 + 11%,  p = 0.02) and 10 N I D D M  
subjects (66 + 13 %, p = 0.02) compared  with 10 non- 
obese normal  control  subjects (50 + 10 %) (Fig.5b).  
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Fig.6.(A, B) Relative abundance of  the HIR-B isoform in ske- 
letal muscle in relation to B M I  (A) and fasting glucose levels 
(17). A: relative abundance of the two receptor isoforms ex- 
pressed as the percentage of HIR-B form vs BMI (kg/m2). 
B: relative abundance of the two receptor isoforms expressed 
as the percentage of HIR-B form vs fasting glucose levels 
(retool/i). Normal control subjects (e) ,  obese non-diabetic 
( �9 ), and NIDDM subjects (O) 

Among these 30 study participants, an increased ex- 
pression of the HIR-B isoform was significantly cor- 
related with body mass index (BMI) (Fig.6a; 
r = 0.52; p -- 0.006) as well as with fasting glucose le- 
vels (Fig. 6 b; r = 0.59; p = 0.001). A small, but not sig- 
nificant, correlation was found between insulin re- 
ceptor isoform expression and fasting insulin levels 
(r = 0.34; p = 0.07; n = 18). 

Discussion 
In the present study, we have developed and applied a 
novel dual peptide-based R I A  specific for the two iso- 
forms of the human insulin receptor. Two antisera 
were used in the RIA, one (PA-12) directed against 
the amino acid sequence encoded by exon 11, and 
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the other (PA-13) directed against a carboxy-termin- 
al sequence of the a-sub�9 which is common to 
HIR-A and -B variants. Employing these two antise- 
ra and the corresponding labelled peptides, we were 
able to precisely quantitate total content and relative 
abundance of the two isoforms of the insulin recep- 
tor in small samples of human tissues. Both Pep-12- 
and Pep-13-based RIAs are specific, highly reproduc- 
ible, and sensitive with a detection limit of 10 fmol of 
receptor. This sensitivity allows the quantification of 
the two isoforms of the insulin receptor in tissue sam- 
ples as small as 50-100 ~tg of liver, placenta, fat or 
muscle. Using preparations of highly purified recep- 
tor, we found a good correlation between the moles 
of receptor determined by Scatchard analysis of in- 
sulin binding and the molar equivalents to Pep-12 or 
Pep-13 measured in the RIA, thus indicating that in- 
sulin receptor and peptide ligand are seen as equimo- 
lar in the RIA. This peptide-based RIA, like other 
previously reported RIAs [22-26], offers several ad- 
vantages over standard ligand-binding assays. Precise 
quantitation of the two receptor isoforms does not re- 
quire Scatchard analysis which may be difficult to per- 
form due to the curvilinear nature of the binding plot 
[21]. Small tissue specimens are needed for the assay, 
and tissues can be stored until analysis. The assay can 
be used for simultaneous measurements  of the two 
receptor protein isoforms in multiple samples with- 
out further purification of the extracted receptors. 
The use of stable peptides as radioactive ligands elim- 
inates the need for highly purified preparations of the 
insulin receptor for use as standard. In addition, the 
present RIA measures the number  of the two recep- 
tor isoforms present in tissue samples independently 
of their binding properties. Several lines of evidence 
argue against the possibility that the IGF-I receptor 
interferes with this dual peptide-based RIA. Firstly, 
the IGF-I receptor lacks the homologous sequence 
encoded by exon 11 of the insulin receptor gene [32]. 
Secondly, the antibody directed against the Pep-13 
does not react with peptides corresponding to the 
homologous sequence of the carboxy-terminal re- 
gion of the IGF-I receptor a-subunit. Additionally, 
both PA-12 and PA-13 antibodies react exclusively 
with the corresponding insulin receptor isoforms of 
hybrid insulin/IGF-I receptors as estimated by their 
relative capability to immunoprecipitate only a frac- 
tion of total precipitable placental receptors labelled 
with [125I]-IGF-I (unpublished data). 

We have applied this assay to precisely quantitate 
the relative abundance of the two human insulin re- 
ceptor protein isoforms in various human tissues. Re- 
sults obtained show that placenta, skeletal muscle 
and adipose tissue contain both HIR-A and HIR-B 
isoform in nearly equal amounts whereas liver con- 
tains predominantly the HIR-B isoform. This pat- 
tern of tissue-specific expression of the two receptor 
protein isoforms correlates well with the previously 
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reported pattern of expression of the two m R N A  spe- 
cies [4-6, 32]. Furthermore, our data are generally in 
agreement with those of previous studies in which 
the relative abundance of the two receptor proteins 
was measured by other immunological assays [11, 16, 
19, 20, 33]. However, in all tissues tested, we found a 
slightly higher mean percentage of the HIR-B recep- 
tor protein than those observed in previous studies 
[11, 16, 19, 20, 33]. This disparity may be due to meth- 
odological differences between the present RIA 
which quantitates the two receptor species indepen- 
dently of their binding properties and previous immu- 
noassays in which 125I-insulin was used as ligand. 
Since the two receptor isoforms have different affini- 
ties for insulin (HIR-A > HIR-B), it is possible that 
previous studies have underestimated the actual 
abundance of the low-affinity HIR-B isoform. We 
found that in liver the HIR-B form is predominant, 
but the absolute number of insulin receptors is high- 
er than in other insulin target tissues such as muscle 
and fat. It is tempting to speculate that the predomi- 
nance of the low-affinity HIR-B isoform in liver 
might contribute to compensate for the higher portal 
insulin concentrations to which the liver is exposed 
in vivo, whereas the high number of insulin receptors 
would allow the liver to respond with relatively high 
sensitivity to physiological changes in pancreatic hor- 
mone secretion in terms of insulin hepatic bioeffects. 

It has been speculated that alteration in the rela- 
tive expression of the two insulin receptor isoforms 
may contribute to in vivo insulin resistance; data col- 
lected on this are at present controversial [13-20]. It 
has been reported by some [13-15], but not all au- 
thors [16-18], that both diabetic and non-diabetic in- 
sulin resistant subjects are characterized by an in- 
creased expression of the HIR-B m R N A  in skeletal 
muscle compared with normal insulin sensitive indi- 
viduals. However, a few studies have addressed the 
question of whether the relative abundance of the 
two receptor isoforms is altered in major target tis- 
sues of insulin action from obese and NIDDM sub- 
jects when assessed at the protein level [16, 19, 20]. 
In an attempt to resolve some of these controversies, 
we have applied the present RIA to measure the rela- 
tive abundance of the two receptor protein isoforms 
in adipose tissue and skeletal muscle from non-obese 
normal control subjects, obese non-diabetic and 
NIDDM subjects. Results obtained in both tissues de- 
monstrate that expression of the low-affinity HIR-B 
form is significantly increased in obese and NIDDM 
subjects compared with normal control subjects. 
These findings are in agreement with those of two 
previous studies of isolated adipocytes [19] and skele- 
tal muscle membranes [20] obtained from a separate 
group of NIDDM and control subjects in which the 
relative abundance of the two receptor proteins on 
the plasma surface was determined by a different im- 
munological assay. In contrast, Benecke et al. [16] us- 
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ing an immunoprecipitation assay failed to show sig- 
nificant difference in the relative proportion of the 
two receptor protein isoforms in the skeletal muscle 
of normal control subjects, obese non-diabetic, and 
obese NIDDM subjects, although a slightly higher 
mean percentage of the HIR-B receptor protein was 
observed in obese and NIDDM subjects compared 
with normal control subjects. The lack of statistical 
significance in the relative abundance of the two re- 
ceptor isoforms observed by Benecke et al. [16] 
might be due to the smaller number of subjects exam- 
ined compared to that analysed in the present study. 
Nevertheless, it has not been ruled out that this dis- 
crepancy may be explained by methodological differ- 
ences in the immunoassays used, contaminations of 
muscle specimens by connective tissue and blood, dif- 
ferences in clinical characteristics between the sub- 
jects examined, interestingly, we found a significant 
correlation between high glucose levels and in- 
creased expression of the low-affinity HIR-B iso- 
form in skeletal muscle. A tendency toward a correla- 
tion between high fasting insulin levels and increased 
expression of the HIR-B form was also observed. 
These findings are consistent with previous studies 
showing that hormonal and metabolic factors regu- 
late both in vivo [34] and in vitro [35-37] the alterna- 
tive splicing of the insulin receptor mRNA. Togeth- 
er, these observations raise the possibility that regula- 
tory factors such as insulin or glucose levels might af- 
fect the expression of the two insulin receptor iso- 
forms in different stages of NIDDM. Although, the 
in vivo consequences of altered expression of the 
two insulin receptor isoforms are at present unclear, 
the present RIA may provide a new tool to monitor 
the metabolic control of insulin-resistant subjects. 

In conclusion, this study demonstrates the feasibil- 
ity of using the present dual peptide-based radioim- 
munoassay to precisely quantitate the two insulin re- 
ceptor isoforms in human tissues and its applicability 
for studying changes in the relative abundance of the 
two receptor species in different metabolic states. 
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