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A B S T R A C T The insulin-binding isotherms and the
structural composition of human liver insulin receptors
were examined by using plasma membranes that were
prepared from liver biopsies of nine non-obese and 10
obese subjects undergoing elective surgery. The insulin-
binding characteristics of liver membranes from non-
obese subjects were quite similar to those previously
described in rat liver membranes. However, when the
membranes from obese subjects were compared with
the non-obese group, insulin-binding activity was re-
duced by 50% (P < 0.01). The reduction in obesity
resulted primarily from a decrease in total receptor
number, although a small decrease in receptor affinity
was also observed. Insulin binding was not correlated
with sex or with the fasting plasma insulin level.

The insulin-binding sites of liver membranes were
affinity-labeled with '251-insulin and the cross-linking
reagent, disuccinimidyl suberate. The liver mem-
branes from both the non-obese and the obese group
had heterogenous (nonreduced) insulin-binding spe-
cies of 300,000, 260,000, and 150,000 mol wt, which
were again comparable to the findings reported in rat
liver. Sulfhydryl reduction demonstrated a major sub-
unit of 125,000 and a minor component of 40,000-
45,000 in both groups.

These results indicate a close similarity between the
hepatic insulin receptor of man and the more intensely
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studied rat hepatic receptor. Obesity in human subjects
is associated with a loss of hepatic insulin receptors.
This alteration may contribute to the insulin resistance
reported in this organ as well as to obesity-mediated
glucose tolerance.

INTRODUCTION

Binding of insulin to a specific cell surface receptor is
the first step in insulin action (1). Because the receptor
occupies this central position, it has attracted a large
amount of attention not only in studies of insulin action,
but also in investigations that have attempted to explain
the pathogenesis of insulin-resistant states, like obesity
(2). In the human, studies of the insulin receptor have
focused primarily on circulating cells (e.g., monocytes
and erythrocytes) (3, 4) and secondarily on the receptors
of adipocytes (5), placenta (6), and fibroblasts (7). In
contrast, no information regarding any aspect of the
insulin receptor in adult human liver is available. This
organ, unlike monocytes and erythrocytes, is a principal
target tissue for insulin; consequently, alterations in
receptor function may produce serious disturbances in
metabolism.

In the present work, we have examined the insulin-
binding properties and the structural characteristics
of the hepatic insulin receptor of adult non-obese and
obese subjects. The results of these studies indicate
many similarities between the hepatic human insulin
receptor and the receptor in animal tissues. Further-
more, obesity was associated with a marked decrease
in total insulin binding activity, which is an alteration
that may contribute to the hepatic insulin resistance
reported in this metabolic disorder (8).
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METHODS

Material. Dextran 500 was purchased from Pharmacia
Fine Chemicals (Piscataway, NJ) and polyethylene glycol
was obtained from Matheson, Coleman, & Bell (East Ruth-
erford, NJ). New England Nuclear (Boston, MA) supplied
carrier-free Na 1251 (high concentration). Acrylamide, N,N'-
methylenebisacrylamide, and N,N,N',N'-tetramethylethyl-
enediamine were purchased from Eastman Kodak Co.
(Rochester, NY). Sodium dodecyl sulfate (SDS), phenylme-
thylsulfonylfluoride, ovomucoid, and adenosine monophos-
phate were supplied by Sigma Chemical Co. (St. Louis, MO).
Coomassie Blue R-250 and high molecular weight standards
(Mr range 200,000-45,000) for reducing gels were obtained
from Bio-Rad Laboratories, Richmond, CA. High molecular
weight cross-linked standards (Mr range 336,000-56,000) for
nonreducing gels were purchased from BDH Chemicals
Ltd., Poole, England. Pierce Chemical Co., Rockford, IL,
supplied disuccinimidyl suberate. Crystalline porcine insulin
was a gift from Eli Lilly & Co., Indianapolis, IN.

Humansubjects. Nine non-obese subjects (five males and
four females) and 10 obese females were studied. The non-
obese subjects had uncomplicated gallstone disease, but were
otherwise healthy and were admitted for elective cholecys-
tectomy. They had not been on any special diets to help
control gallstone formation. The obese subjects were other-
wise healthy and were admitted for gastric operations for
obesity. All subjects had maintained constant body weight
during the months preceding admittance, and none was on
any specific treatment. These subjects had not been treated
with drugs that affect liver or carbohydrate metabolism for
at least 2 mo before these studies. Four non-obese and six
obese subjects were studied in detail and their clinical data
are given in Table I.

One of the obese subjects had slightly elevated amino-
transferase levels, whereas the others' liver function tests
were normal. Morphological evidence of slight fatty infil-
tration was seen in operative liver biopsies in all of the obese
and two of the non-obese subjects, but no other histological
abnormalities were observed.

Experimental protocol. An oral 100-g glucose load was
given at the Outpatient Department after an overnight fast.
The levels of blood glucose (9) and plasma immunoreactive
insulin (10) were measured at -5, 15, 35, 45, 60, 90, and 120
min. 2-3 d before the liver biopsy, all subjects were admitted
to the Surgical Department as inpatients. During that period,
they remained active at approximately their prehospitaliza-
tion exercise level and they were given an isocaloric weight
maintaining diet (30 kcal/kg per 24 hours; 45% carbohy-
drate, 20% protein, and 35% fat). At 8-9 a.m., after an over-
night fast, general anesthesia was induced with a short-acting
barbiturate and maintained by phentanyl and a nitrous ox-
ide-oxygen mixture. After opening the abdomen, a 1-2-g
liver biopsy was obtained from the left lobe of the liver.
Only saline was given intravenously before the liver biopsy.
The biopsy was placed in ice-cold buffer and immediately
transported to the laboratory for the isolation of the liver
plasma membranes.

The study was approved by the Ethical Committee of the
Karolinska Institute. The subjects were each given a detailed
description of the study and their informed consents were
obtained.

Preparation of liver plasma membranes. The liver biopsy
was homogenized in 50 ml of a 1 mMNaHCO3buffer, pH
7.5, containing 0.5 mMCaCl2 and the plasma membranes
isolated by the aqueous two-phase polymer method of Lesko
et al. (11). After the membranes had been isolated, they were

suspended in a 0.25 M sucrose, 10 mMTris buffer, pH 7.4,
and kept at -80°C. The frozen membranes were transported
to the University of Rochester in dry ice for studies of insulin
binding and receptor structure.

Insulin binding to liver plasma membranes. Insulin-
binding activity was measured as described previously for
rat liver plasma membranes (12). Approximately 21 ,ug of
membrane protein was incubated in 350 Ml of a Krebs-Ringer
phosphate buffer, pH 7.4. It contained 3% bovine albumin.
'251-insulin (0.6 ng/ml) was added with the indicated con-
centration of native insulin (2.5-5,000 ng/ml) and the in-
cubation continued for 2 h at 21°C. Preliminary studies dem-
onstrated that steady state binding of '251-insulin was reached
under these conditions and that the binding activity was
proportional to the membrane concentration. The mem-
branes were isolated from the incubation mixture by the
centrifugation method of Rodbell et al. (13). As estimated
by trichloroacetic acid precipitation (12), insulin degrada-
tion was < 10%. Membrane protein was measured as pre-
viously described (14) and 5'-nucleotidase activity was es-
timated as reported by Aronson and Touster (15).

Affinity labeling of the insulin receptor with 1251-insulin.
The membranes ('-100 g protein/ml) were incubated with
'251-insulin (5 X 10-'M) in the presence or absence of 5
Ag/ml native hormone in the Krebs-Ringer phosphate buffer,
pH 7.4, that contained 3% albumin and 1 mg/ml bacitracin.
The incubation was conducted for 2 h at 21°C and the cross-
linking reagent disuccinimidyl suberate (1 mM, final con-
centration) was added (16). After 5 min at 21°C, the cross-
linking reaction was terminated by the addition of 10 mM
Tris-HCI, pH 7.6, and 1 mMEDTA (final concentration).
The membranes were isolated from the incubation mixture
by centrifugation (10,000 g for 3 min) and prepared for SDS-
polyacrylamide gel electrophoresis.

In studies of the nonreduced insulin receptor, the mem-
brane pellets were solubilized in 1% SDS, 10 mMsodium
phosphate buffer, pH 7.0, in the absence of a reducing reagent.
The solubilized affinity-labeled material was then subjected
to electrophoresis in a 3.3% SDSacrylamide gel as described
by Weber et al. (17). In studies of the reduced insulin receptor,
the membranes were solubilized in a buffer that contained
1.8% SDS, 40 mMTris-HCI, pH 6.8, and 50 mM2-mercap-
toethanol. The solubilized material was then subjected to
SDS electrophoresis in a 7.5% acrylamide resolving gel and
a 4.5% acrylamide stacking gel as described by Laemmli (18).
After electrophoresis, the gels were fixed in 10% trichloro-
acetic acid for 1 h, stained with Coomassie Blue R-250, de-
stained, and dried. The gels were exposed to preflashed X-
Omatic film by using X-Omatic intensifying screens.

Statistical analysis. The values presented are mean±SE.
A computerized program for analysis of variance (19) was
used for an evaluation of statistical significance of differ-
ences between curves. The calculations were done on a
CompucorpR desk calculator (Computer Design Corpora-
tion, Los Angeles, CA). Statistical difference between the two
groups of values was tested using unpaired t test.

RESULTS

The presence of insulin resistance in the obese subjects
described in Table 1 was demonstrated by giving a
100-g oral glucose load. Whencompared with the non-
obese subjects, the obese group displayed significantly
higher blood glucose and plasma insulin values over
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TABLE I
Clinical Data of Four Non-obese and Six Obese Subjects

Fasting Fasting Time of
blood plasma onset of

Subjects Sex Age Height Weight glucose insulin obesity

yr cm kg mmol/l slU/Id

Non-obese
1 M 58 174 69 5.2 7.1
2 M 44 187 78 5.1 3.2
3 F 48 167 62 5.1 8.9
4 F 42 164 60 4.1 2.3

Mean±SE 48±4 173±5 67±4 4.9±0.3 4.9±1.9

Obese
5 F 34 153 105 4.7 10.7 x
6 F 34 168 113 4.3 8.0 xx
7 F 30 169 130 5.6 30.7 x
8 F 55 163 115 5.3 29.6 xx
9 F 47 155 107 5.3 38.1 xx

10 F 40 162 83 5.6 22.4 x

Mean±SE 40±4 162±3 109±6 5.1±0.6 23.3±4.9

x, postadolescence; xx, preadolescence.

a 2-h period (Fig. 1). However, none of the obese sub-
jects was glucose intolerant.

Hepatic plasma membranes were isolated from liver
biopsies of these subjects. In these studies, the two-
phase polymer technique was used for membrane iso-
lation because it provided a much better yield than
other methods. The degree of purification, based on
5'-nucleotidase activity, indicated a 7.9±0.6- and a
7.1±0.7-fold enrichment (mean±SE) over the homog-
enate value for non-obese and obese subjects, respec-
tively. The specific activities of 5'-nucleotidase in the
plasma membranes were 65±10 and 81±5 nmol phos-
phate released/mg protein per minute (mean±SE),
respectively, for non-obese and obese. The specific
activity of 5'-nucleotides is lower in these membranes
than that reported for rhesus monkey liver membranes
(20), which may indicate a species difference or that
activity is lost after membrane freezing. In any case,
the degree of purification of liver plasma membranes
from non-obese and obese liver is similar.

Because of the small amounts of human tissue avail-
able, it was not possible to study many of the insulin-
binding properties described in animal tissues (e.g.,
pH optima, dissociation rates, negative cooperativity,
etc.) However, the binding of insulin by membranes
from non-obese subjects displayed characteristics sim-
ilar to those reported for rat liver membranes. For
example, the time required for binding to reach steady
state at 21°C was -90-120 min (data not shown).

Furthermore, Scatchard analysis of the insulin-binding
data for non-obese subjects, as shown in Fig. 2, indi-
cated a comparable number of binding sites to that
reported in rat membranes (12).

Steady state insulin binding was simultaneously de-
termined in the liver membranes from obese and non-
obese subjects, and the results are compared in Fig. 2.
Competition curves showed a marked decrease in in-
sulin binding in obese subjects as compared with the
non-obese subjects over the entire range of insulin con-
centrations tested (F = 35; P < 0.01). The value for
bound/free (B/F) X 103 at a tracer insulin concentration
was 26.1±3.9 for the non-obese group and 14.5±2.6
for the obese subjects (P < 0.05). Transformation of
the binding data according to Scatchard (21) yielded
two nonlinear plots that were almost parallel with a
large difference in their abscissa intercepts. Although
it is recognized that determining total receptor number
from a curvilinear Scatchard plot is highly inaccurate
(22), the parallel decrease in binding throughout the
curve supports a loss in total insulin-binding sites. Based
on these curves, the maximum binding capacity (Bol;
nanograms of insulin per 21 zg protein X 102) was
53±7 for the non-obese group and 28±7 for the obese
group (P < 0.05).

1 Abbreviations used in this paper: Bo, maximum binding
capacity.
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FIGURE 1 Results of oral glucose tolerance tests in non-obese
(0) and obese (X) subjects. Non-obese subjects and obese
subjects described in Table I were given a 100-g oral glucose
load and plasma insulin (milliunits/liter) and blood glucose
(millimoles/liter) were followed for 120 min. Data are
mean±SE. Unpaired t test was used for statistical evaluation.
*, P < 0.05; **, P < 0.01.

In order to examine receptor affinity, the binding
data were transformed to insulin displacement curves
(Fig. 2 C). There was a statistical difference between
mean curves for the obese and non-obese groups (F =
8; P < 0.05) in the range of insulin concentrations from
2.5 to 50 ng/ml. The concentration of native insulin
required to reduce 1251I-insulin binding by 50% (B50)
was 27 ng/ml in the non-obese group and 40 ng/ml
in the obese group.

It is possible that sex differences contribute to these
results because obese female subjects were compared
with non-obese individuals of both sexes. The possible
influence of sex on insulin binding was examined by
using plasma membranes from two male and two fe-
male non-obese subjects, as described in Table I. As
shown in Fig. 3, Scatchard analysis of the binding data

indicated no major influence of sex on the insulin-bind-
ing characteristics of the plasma membranes.

The insulin-binding properties of the membranes
from both groups were also compared with the subjects'
fasting insulin levels. This comparison failed to show
any correlation of fasting insulin level with the values
for B/F, Bo, or B50 (r < 0.4), by using data from 10
simultaneously performed binding experiments.

The structure of the human insulin receptor was
examined by SDSpolyacrylamide electrophoresis after
125I-insulin was covalently attached with the cross-link-
ing reagent, disuccinimidyl suberate (16). This method
was chosen because it allows the insulin-binding sites
to be labeled by '251-insulin in situ with a reasonable
degree of efficiency. Fig. 4 shows an autoradiogram
of the nonreduced insulin-binding species from human
liver membranes. The plasma membranes from a non-
obese male, a non-obese female, and two obese females
all contain very similar insulin binding species, e.g.,
a 300,000, a 260,000, and a 150,000 species. In these
gels, a small amount of higher molecular weight bind-
ing activity is also evident. This pattern of heteroge-
nous species is very similar to the pattern found in rat
liver membranes (23), which further supports the sug-
gestion made above that the hepatic insulin receptors
of man and rat are alike in many or most aspects.

Fig. 5 illustrates the subunit composition of the in-
sulin receptors from these subjects. The major subunit
labeled by the cross-linking reagent is a 125,000 com-
ponent. In all the membranes examined, a minor
40,000-45,000 species was detected. In addition, some
specific insulin labeling of material that ran in a broad
band below the 125,000 subunit was evident. It is pos-
sible that this material corresponds to the 95,000 re-
ceptor subunit labeled by photoaffinity methods in rat
liver membranes (24); it is a subunit that is not labeled
with any degree of efficiency by the cross-linking re-
agent.

In all of the studies of receptor structure, no dif-
ference was observed between the obese and non-obese
groups. The chan6s in hormone binding in obesity
evidently arise therefore from a primary decrease in
the number of receptors rather than any major struc-
tural alterations. Likewise, the small change in binding
affinity could not be explained by these structural stud-
ies. It is possible that alterations in the membrane en-
vironment could influence the binding affinity (25), or
that SDSelectrophoresis doesn't provide the necessary
discrimination needed to detect subtle structural or
conformational changes that are involved in affinity
regulation.

In some experiments, various protease inhibitors
were added during the isolation of liver membranes.
This did not change the proportions of the binding
species that are described above.
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FIGURE 2 Steady state-specific '251-insulin binding to purified liver membranes from non-obese
(0) and obese (@) subjects. Data represents the subjects in Table I. (A) Competition plot. (B)
Scatchard plot. (C) Percent inhibition of '251-insulin binding. Statistical difference between
curves was tested using analysis of variance. Binding was simultaneously determined in all
membranes. The binding data are expressed per total amount of membrane protein which was
21 gg in each assay.
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FIGURE 3 Influence of sex on specific '251-insulin binding to
human plasma membranes. The individual Scatchard curves,
obtained with two female (open symbols, broken lines) and
two male (solid symbols, solid lines) non-obese subjects de-
scribed in Table I are presented. Binding was simultaneously
determined in all subjects.

Six obese subjects were investigated in detail (Table
I). The onset of obesity occurred in childhood in three
subjects and later in the remaining half of the subjects.
Their individual Scatchard plots were compared in
order to investigate the influence of the time of the
onset of obesity on the insulin-binding properties of
the liver membranes. However, no major difference
between childhood and adult obesity was observed.

DISCUSSION

Previous studies of the human insulin receptor in liver
have been limited to the fetus (26) and to a case report
in which postmortem tissue from two infants were
examined for insulin-binding activity (27). The present
report describes the insulin-binding characteristics of
adult human liver membranes from normal and obese
subjects, and certain structural features of the human
hepatic insulin receptor.

The overall insulin-binding properties of liver mem-
branes from normal subjects did not differ in any sig-
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FIGURE 4 Autoradiogram of nonreduced insulin receptors
of human liver membranes. Liver membranes from a normal
male (NM), a normal female (NF), and two obese females
(OF) were affinity labeled with "25I-insulin in the absence
(-ins) or presence (+ins) of 5 gg/ml native insulin as de-
scribed in Methods. After labeling, the membranes were pre-
pared for SDS electrophoresis in a 3.3% polyacrylamide gel.
Lane NMwas overexposed to show the labeling of 150,000
species.

nificant respect from insulin binding by rat liver mem-
branes (12), although the number of different types of
studies that could be conducted were limited by the
small amount of human membranes. Thus, maximum
insulin binding, as derived from Scatchard analysis of
the binding data, was similar to the amount bound by
rat liver membranes (12). Also, the Scatchard plot was
curvilinear and the overall binding affinity, as defined
by the insulin displacement curve, was similar to those
of liver membranes from rats (12) and from normal
rhesus monkeys (20). Furthermore, treatment of hu-
man liver membranes with wheat germ agglutinin
produced a marked increase in specific insulin-binding
activity. This effect is found in the receptor of rat
adipocytes and liver, but not in the receptor of human
monocytes (12). These findings with wheat germ ag-
glutinin demonstrate further that the hepatic insulin
receptors in rat and man are similar; also, they suggest
that a difference exists between the human hepatic
receptor and the receptor on circulating monocytes.

Insulin-binding studies were also conducted with
liver membranes from obese subjects. Whenthe results
with obese and non-obese subjects were compared, a
mnarked decrease in specific insulin binding to liver
membranes was observed in obesity. This alteration
was largely caused by a reduction in the maximum
binding capacity as indicated by a 50% decrease in the
Bo value from the non-obese value. Also, a small but
statistically significant decrease in the insulin-binding
affinity was evident when the insulin competition

curves for the two groups were compared (Fig. 2 C).
It is possible that this small change in affinity contrib-
utes to the reduction in binding, particularly at phys-
iologic insulin concentrations; however, the predomi-
nant alteration in obesity is clearly the decrease in
receptor number.

It is not likely that the differences in insulin binding
to membranes from obese and non-obese subjects are
due to methodological variations or clinical differences
other than obesity. Insulin binding was simultaneously
determined in membranes from all subjects and re-
covery of plasma membrane protein was similar for
both groups. Furthermore, there was neither signifi-
cant age differences nor major differences in liver his-
tology. Finally, in these studies, the sex of the subject
did not influence insulin binding by the liver mem-
branes.

Previous studies of obesity have used circulating
monocytes (28-33), erythrocytes (30), and adipocytes
(5, 33-36) to determine the status of the human insulin
receptor. When insulin binding is expressed on a per
cell basis, certain of these studies have reported a re-
duction in binding (28-30, 33-35) whereas others have
found little or no change in binding activity (5, 31, 32,
36). In view of these differences and for other reasons,
it has been postulated that the metabolic abnormalities
in human obesity are heterogenous and that the site(s)
of the alteration responsible for the disorder may vary
(37). For example, evidence has been presented that
the insulin resistance in obese peripheral tissue results
in part from a postbinding defect (38).

The status of the liver insulin receptor in human
obesity has not been previously determined, although

FIGURE 5 Autoradiogram of the subunit composition of the
sulfhydryl-reduced human insulin receptors. The lane des-
ignations are the same as described in Fig. 4. After prepa-
ration of the affinity-labeled subunits (see Methods), the sub-
units were subjected to SDS electrophoresis in a 7.5% ac-
rylamide resolving gel.
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clear evidence of a reduction in the numbers of this
receptor has been reported in genetically obese rodents
(39). In the one study of the hepatic receptor (20) in
a primate (rhesus monkey) animal model for sponta-
neous obesity, the number of hepatic insulin receptors
was reduced to the same extent as that found in our
studies of the obese human liver. Thus, unlike the sit-
uation in peripheral tissues, all of the results that have
been reported thus far argue that a reduction in he-
patic insulin receptors occurs in obesity.

In instances of diminished insulin binding, it has
been suggested that the receptor number is "down-
regulated" by the elevation in circulating insulin con-
centration (40). However, we found no correlation
between fasting insulin levels and insulin binding; this
argues against hyperinsulinemia as the only factor re-
sponsible for altering the hepatic insulin-binding ac-
tivity. It is possible that the concentration of insulin
in the liver is different from that observed in the blood
and that elevated insulin secretion into the portal sys-
tem in obesity contributes to the loss of hepatic insulin
receptors.

The structural characteristics of the hepatic insulin
receptor from obese and non-obese subjects were iden-
tical, at least as determined by the affinity labeling
method of Pilch and Czech (16). SDS electrophoresis
of the nonreduced human receptor demonstrated two
major high molecular weight species of 300,000 and
260,000 and minor species of 360,000 and 150,000.
The addition of protease inhibitors during membrane
isolation did not alter the proportions of these species;
others have noted this finding in studies of insulin-
binding sites (41, 42). Thus, although the different spe-
cies may arise from protease action, it is more likely
to occur in vivo than during membrane preparation
or affinity labeling of the receptor.

A major subunit of 125,000 was evident after sulfhy-
dryl reduction. This subunit has been observed in the
receptor of rat tissues and human placenta (43). A mi-
nor, specifically labeled subunit of 40,000 was usually
evident; it also has been reported in rat liver and human
placenta (43). Finally, affinity-labeled material that runs
in the region of 90-110,000 was detected. A portion
of this material may be the 95,000 subunit that was
found in rat liver membranes by the photoaffinity la-
beling method (24).

These results show that the human liver insulin re-
ceptor has structural features and insulin-binding
properties that are quite similar to those reported for
the receptor in animal tissues. Furthermore, with obe-
sity, there is a loss of insulin receptors; this alteration
may contribute to the insulin resistance found in the
liver of obese subjects (8). The liver plays a central
role in regulating glucose tolerance. The major portion
of an oral glucose load is retained by the liver under

normal conditions (44). Furthermore, a decrease in
glucose tolerance was observed. Thus, it is possible that
a reduction in hepatic insulin binding may at least
partly explain this abnormality of glucose tolerance.
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