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Summary. Autoantibodies against the insulin recep-
tor are found in the serum of some patients with
severe insulin resistance. The effects of one of these
sera on insulin binding and on glucose transport and
metabolism were investigated in the isolated mouse
soleus muscle. Preincubation of muscles with the
patient’s serum resulted in an inhibition of subse-
quent »I-insulin binding (half-maximal effect at
1: 500 dilution) and in a two to three-fold stimulation
of glucose transport and metabolism (half-maximal
effect at 1:2000 dilution). The insulin-like effects
were blocked by anti-human IgG, but not by anti-
insulin antibodies. The magnitude of the serum
effects on 2-deoxyglucose uptake and glycolysis was
similar to that of insulin, but the effect on glycogen
synthesis was smaller than that of insulin. It is sug-
gested that the patient’s serum and insulin promote
glucose transport and glycolysis through a common
pathway, but act differently on glycogen synthesis.

Key words: Anti-insulin receptor antibodies, insulin-
like effects, insulin resistance, skeletal muscle, insulin
receptor, insulin binding, insulin action, glucose
transport, glycolysis, glycogen synthesis, obese mice.

A group of patients has recently been described [1, 2]
who are characterized by severe insulin resistance,
acanthosis nigricans and a markedly altered insulin
binding to its receptor [3, 4]. Some of these patients,
referred to as type B [2], have a circulating antibody
which has been shown to specifically inhibit insuiin
binding to a variety of cells (monocytes, rodent liver
membranes, adipocytes) [1, 5, 6, 7]. These immuno-
globulins also exert stimulatory effects on glucose
oxidation and metabolism in isolated rat adipocytes

[6, 7]. In the present study, we have investigated the
effects of the most potent of these sera (patient B-2,
ref 2) in the isolated mouse soleus muscle. We have
previously shown [8, 9] that the isolated soleus mus-
cle is a suitable system to measure specific insulin
binding and insulin effects on glucose metabolism.

Materials and Methods

Animals

Eight week-old male Swiss albino mice were fed ad
libitum with UAR laboratory chow (Villemoisson,
Epinay/Orge, France), containing 21% protein, 4%
fat and 51% carbohydrate, until the time of sacrifice
(9-11 a.m.). They were maintained in a constant-
temperature (23° C) animal room, with a fixed 12h
artificial light cycle. Ten week-old male obese
(C57BL/6], ob/ob) mice and their lean controls
(CS7BL/6], +/+) were purchased from the Jackson
Laboratory, Bar Harbor.

Soleus Muscle Isolation and Incubation

Mice were killed by cervical dislocation and soleus
muscles were isolated as previously described [9, 10].
Each individual muscle was isolated free from the
leg, attached to a stainless steel holder and placed in
a flat bottomed glass tube. They were immersed in
1.5 ml of Krebs-Ringer bicarbonate buffer (pH 7.4)
[11] containing 20 mg/ml defatted bovine albumin
and pyruvate (2 mmol/l). The tubes were sealed with
rubber stoppers and gassed with O,:CO, (95:5, vol
:vol) during the first 10 min of the preincubation or
incubation periods. Muscles were always preincu-
bated at 37° C for a first 15 min period without serum
and then transferred to another vial for a second 90
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min preincubation. Serum from a control (normal,
overnight fasted) subject or from patient B-2. (see
ref, 2 for the description of this patient) was present
only during this 90 min preincubation\period. At the
end of this period, muscles were washed twice for 5
min at 20° C, in 1.25 ml of Krebs-Ringer bicarbonate
buffer (pH 7.4) containing 5 mg/mi defatted bovine
albumin. Therefore, all studies weye performed by
preincubating muscles with serum and then washing
to remove all serum factors not tightly bound to the
muscle (serum specimens diluted over 100-fold had
no detectable insulin by radioimmunoassay [3]).
Muscles were then incubated, without serum, using
the following procedure.

Insulin Binding Studies

Muscles were incubated in 1.5 ml of the same
medium as that described above for the first (15 min)
preincubation, containing '®I-insulin (1 ng/ml, 0.17
nmol/l; specific activity, about 200 uCi/ug) without
or with varying concentrations of unlabelled insulin,
as indicated in the figures. The incubation was con-
tinued for 3 h at 20° C. Some muscles were incubated
in the presence of unlabelled insulin (6 umol/l) to
measure non-specific binding, which has been sub-
tracted from all binding data. At the end of the 3 h
period, which achieved a steady state of insulin bind-
ing [9], muscles were washed six times with 5 ml of
chilled NaCl (0.154 mol/1) containing 2.5 mg/ml of
human serum albumin, each washing step consisting
of a S min incubation period. After washing, muscles
were dissolved in 0.3 ml of NaOH (1 mol/l) and
counted for *’I-radioactivity. An aliquot sample of
the solution was kept for protein determination of
each individual muscle preparation, human serum
albumin being used as standard [12].

Deoxyglucose Uptake Studies

Muscles were incubated for 15 min at 20°Cin 1.5 ml
of the same medium containing 1-*C-2-deoxyglu-
cose (O/S mmol/l, 0.5 uCi/1.5 ml). Initial rates of
uptake are measured under these conditons of tem-
perature and incubation duration [9]. Muscles were
then washed and dissolved in NaOH as described
above. An aliquot sample of the solution was counted
in a liquid scintillation counter for determination of
HC radioactivity.

Glucose Metabolism Studies

Glucose utilization by muscle was studied by measur-
ing the rate of formation of *H,O from 5-*H-D-glu-
cose, an index of glycolysis [13], and the incorpora-

tion of *H into glycogen. Muscles were incubated for
60 min at 37° C in 1.5 ml Krebs-Ringer bicarbonate
buffer (pH 7.4) containing 20 mg/ml defatted bovine
albumin and 5-*H-D-glucose (2 mmol/l, 1 uCi/
1.5ml). At the end of incubation, *H,O in the
medium and labelled glycogen in muscles were
measured as described elsewhere [10]. When the
effect of insulin (200 ng/ml) was compared to the
effect of serum, insulin was present only during the
incubation period.

All results are presented as the mean + SEM of
4-8 different muscles as indicated in the legends to
figures. Statistical significance was assessed by Stu-
dent’s ¢ test for unpaired comparisons [14].

Marerials

121-insulin was iodinated and purified as described
previously [9]. Porcine monocomponent insulin was a
gift of J. Schlichtkrull (Novo Research Institute,
Copenhagen, Denmark) and G. Jouve (Novo Paris,
France). Radioactive substances were purchased
from the Radiochemical Centre (Amersham, Eng-
land). Defatted bovine serum albumin was from
Sigma (Saint-Louis, Mo). Other chemicals were
purchased from Merck AG (Darmstadt, West Ger-
many) or from Fluka AG (Buchs, Switzerland).

Results

Effect of Serum B-2 on Insulin Binding to Soleus
Muscle

When muscles were exposed to serum B-2 during the
preincubation, there was a subsequent decrease of
1251-insulin binding (Fig. 1). Preincubation with con-
trol serum used at the lowest dilution (1:30) did not
significantly modify !'**I-insulin binding when com-
pared to muscles preincubated without serum (buf-
fer). With 1:30 dilution of serum B-2, insulin bind-
ing was decreased by 70%, which is analogous to the
inhibitory effect of unlabelled insulin observed in this
system with 200 ng/ml (33 nmol/l) (Fig. 2). Fifty
percent inhibition of '?’I-insulin binding was ob-
served with serum B-2 at 1:200 dilution (Fig. 1).
To determine the nature of the inhibitory effect,
the concentration dependence of '25I-insulin binding
was studied in muscles preincubated with 1:200 dilu-
tion of control serum or of serum B-2 (Fig. 2).
Because this binding system, which uses individual
muscles, is not conveniently suited for a large number
of concentration points, Scatchard analysis of the
data was not performed. However, the inhibition of
binding was greater at low concentrations of insulin
and decreased with increasing insulin concentration,
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Fig. 1. Effect of serum B-2 on 12°-I-insulin binding to soleus mus-
cle. Muscles were preincubated in the absence (buffer) or in the
presence of various dilutions of serum before measuring insulin
binding as described in Methods. The non-specific binding, meas-
ured in the presence of unlabelled insulin (6 umol/1), represented
21% of the total binding and has been subtracted from each point.
Each point is the mean + SEM of 4-5 muscles
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Fig. 2. Effect of serum B-2 on the inhibition curve of 25I-insulin
binding by insulin. Muscles were preincubated with a 1:200 dilu-
tion of serum before measuring insulin binding as described in
Methods. The non-specific binding was measured as described in
Figure 1 and has been subtracted from each point. Each point is
the mean = SEM of 8 muscles. Differences between control and
patient’s serum are statistically significant with P < 0.01 for the 2
lowest concentrations of insulin. Differences are not significant for
the 3 highest concentrations

Fig. 3. Effect of serum B-2 on 2-deoxyglu-
cose uptake in soleus muscle. Muscles were
preincubated with serum before measuring
2-deoxyglucose uptake as described in
Methods. Deoxyglucose uptake is expressed
as nmoles per mg protein and per 15 min
(A) or as percent of control values (B). Each
point is the mean £ SEM of 4-5 muscles.
Differences between control and patient are
statistically significant with P < 0.01 for all
dilutions of serum except 1:5000 (control
value was taken as the average of the results
. observed with three dilutions of control
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suggesting that the decrease in '*I-insulin binding
could be accounted for mainly by a decrease in recep-
tor affinity rather than by a change in receptor
number. This is also suggested by the observation
that about twice as much insulin was required to
obtain 50% of maximal inhibition of >’I-insulin
binding in muscles pretreated with serum B-2 com-
pared to control muscles.

Effect of Serum B-2 on 2-Deoxyglucose Uptake
and Glucose Metabolism

Preincubation of muscles with serum B-2 increased
the basal rate of 2-deoxyglucose uptake (Fig. 3), gly-

SERUM DILUTION

500 serum, since all three values did not differ
significantly from each other)

colysis and glycogen synthesis (Fig. 4). A statistically
significant stimulatory effect of serum B-2 could be
observed with a dilution as great as 1:2000; maximal
effect was reached with 1:200 dilution (Fig. 3 and 4).
Preincubation of muscles with control serum did not
modify 2-deoxyglucose uptake (Fig. 3, Table 1) or
glucose metabolism (Fig. 4). The same stimulatory
effect of serum B-2 persisted when muscles, follow-
ing preincubation with serum, were incubated for 3
additional hours at 20° C in serum-free medium
before measuring 2-deoxyglucose uptake (Table 1).
The maximal effect of serum B-2 on 2-deoxyglucose
uptake was comparable to the effect produced by a
maximally-stimulating dose of insulin in the same
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Fig. 4. Effect of serum B-2 on glucose metabolism in soleus mus-
cle. Muscles were preincubated with serum before measuring glu-
cose metabolism as described in Methods. Some muscles were
preincubated without serum and incubated in the absence or in the
presence of insulin (200 ng/ml). Each point is the mean + SEM of
4-5 muscles. The stimulatory effect of patient’s serum was statisti-
cally significant at all dilutions tested with at least P < 0.05, except
for the 1/7500 dilution. For glycogen synthesis, the difference be-

tween the effects of insulin and patient’s serum is significant with
P < 0.02

incubation conditions (2-deoxyglucose uptake was
200% of control with 200 ng/ml insulin, not shown
on figure). The increase in 2-deoxyglucose uptake
after preincubation with serum B-2 was paralleled by
an increase in glycolysis and glycogen synthesis
(Fig. 4). However, whereas a maximally-stimulating
concentration of insulin (200 ng/ml) and preincuba-
tion with serum B-2 at 1:200 to 1: 50 dilution stimu-
lated glycolysis to a similar extent, serum B-2 was
less effective than insulin in stimulating glycogen
synthesis (Fig. 4); thus, serum B-2 caused a 190%
increase and insulin caused a 350% increase in glyco-
gen synthesis over basal.

Specificity of Effect of Serum B-2 on Glucose
Metabolism in Soleus Muscle

The stimulatory effect of serum B-2 on glucose
metabolism was virtually abolished when the serum
was preincubated with an antihuman IgG serum
(Table 2). In contrast, preincubating serum B-2 with
anti-insulin serum (neutralizing capacity 2.16 U/ml)
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Fig. 5. Comparison of effects of serum B-2 on !25I-insulin binding,
2-deoxyglucose uptake, and glucose metabolism in soleus muscle.
Muscles were preincubated and incubated as described in
Methods. The effect of serum B-2 on insulin binding (@ ®)is
expressed as the percentage of the maximal inhibition achieved
with a 1:30 dilution of the serum. Deoxyglucose uptake (O—-O),
glycolysis (A. . .A) and glycogen synthesis (A——A), are expres-
sed as the percentage of maximal stimulation. These values were
determined by dividing for each type of effect the increment due to
serum B-2 at each dilution (stimulated value-control value) by the
maximal increment produced by a 1:200 dilution of the serum
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Fig. 6. Effect of insulin and serum B-2 in soleus muscle of lean and
ob/ob mice. Muscles were preincubated with a 1:200 dilution of
serum before measuring glucose metabolism as described in
Methods. Insulin, when indicated, was present during the 60 min
incubation period. The results are expressed as described in Fig. 4
and represent means = SEM of 5 muscles



Table 1. Persistence of effect of serum B-2 on 2-deoxyglucose
uptake in soleus muscle

Preincubation 2-deoxyglucose uptake
conditions nmol/mg protein. 15 min.
No serum 1.13 + 0.06
Control serum

1:500 1.06 = 0.07

1:200 1.00 £ 0.11

1: 30 1.02 £ 0.06
Serum B-2

1:2000 1.24 £ 0.12

1:1000 141 £ 0.15

1: 500 1.43 + 0.09

1: 200 1.74 £ 0.13

1: 30 1.53 £ 0.09

Muscles were preincubated as indicated in Figure 3. After 2
washes, muscles were incubated for 3 h at 20° C in medium with-
out serum before the addition of 1-14C-deoxyglucose (final con-
centration 0.5 mmol/l, 0.5 uCi/1.5 ml) for 15 min. Each value is
the mean + SEM of 4 muscles

Table 3. Combined effects of serum B-2 and insulin on glucose
metabolism in soleus muscle

Preincubation with

Control Serum Serum
serum B-2 B-2
1:200 1:3000 1:200
Glycolysis
Insulin (ng/ml)
0 30.1+1.9 43.7+2.1 55.9+2.4
4 45.5+2.3 50.5*+1.6
200 56.9+4.4 51.6+1.5
Glycogen synthesis
Insulin (ng/ml)
0 1.7+0.3 2.6x0.5 44%0.3
4 3.9+04 4.610.7
200 59+0.2 6.5+0.4

Muscles were preincubated with the indicated concentrations of
control serum or serum B-2 as described in Figure 4. Insulin was
added during the incubation period. Glycolysis and glycogen
synthesis were measured at the end of a 60 min incubation with 5-
3H-D-glucose (2 mmol/1) as described in Methods. The results,
expressed as nanomoles of glucose converted into H,O (through
the glycolytic pathway) or incorporated into glycogen per mg of
protein, are the means * SEM of 5 to 6 muscles

did not significantly affect the stimulation of glucose
metabolism (Table 2). As shown in Table 3, the
stimulatory effects of serum B-2 and insulin used
both at submaximal concentrations (respectively,
1:3000 dilution and 4 ng/ml) were partly additive
for glycolysis and glycogen synthesis, whereas no
additive effects were observed when both were used
at maximally effective concentrations (1:200 dilu-
tion and 200 ng/ml).

Relationship between the Effects of Serum B-2
on Insulin Binding and on Glucose Transport
and Metabolism in Soleus Muscle

The relationship between the dose-responses of
inhibition of !*’I-insulin binding and insulin-like
effects of serum B-2 is shown in Figure 5 where the
percent of maximal inhibition of binding and the per-
cent of maximal stimulatory effects are plotted as a
function of the serum concentration. The data indi-
cate that maximally stimulated 2-deoxyglucose
uptake, glycolysis, and glycogen synthesis occur with
serum B-2 at 1:200 dilution, whereas maximal inhi-
bition of %I-insulin binding requires a 1: 30 dilution.
It can also be noted that the three curves of biological
effects are superimposable, with half-maximal stimu-
lation occurring at about 1:2000 dilution, whereas
half-maximal inhibition of !*’I-insulin binding
requires a 1:500 dilution of the serum (Fig. 5).

Effect of Serum B-2 on Glucose Metabolism in Soleus
Muscle from Lean and Obese ob/ob Mice

Soleus muscles of ob/ob mice have been shown
to have decreased !*I-insulin binding due to a
decreased number of insulin receptor sites 8, 9].
They are also characterized by a decreased insulin
response of glucose metabolism, even when the hor-
mone is used at maximally effective doses [8, 9].
When muscles from ob/0b mice were preincubated
with serum B-2, the stimulation of glycolysis reached
a level similar to that achieved with insulin, the effect
being lower than that observed in lean muscles
(Fig. 6). As previously described [9, 10], the
response of glycogen synthesis to insulin was more

Table 2. Specificity of effect of serum B-2 on glucose metabolism in soleus muscle

Preincubation Glycolysis Glycogen synthesis

conditions Control serum Serum B-2 Control serum Serum B-2
No addition 23.7+£20 528 £33 1.6 £ 0.3 6.7 1.2
Anti IgG serum 1:30 274+13 321+ 28 1.6 £ 0.3 2502
Anti-insulin serum 1:10000 247 + 1.3 47.6 = 2.5 1.5 +0.1 54 %07

Muscles were preincubated with control serum or serum B-2 (1:500) as described in Figure 4. When indicated, anti-human IgG serum or
anti-insulin serum was added during the preincubation period together with control serum or serum B-2. The results, expressed as nmoles
of glucose converted into H,O (through the glycolytic pathway) or incorporated into glycogen per mg of protein, are means = SEM of 6

muscles
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markedly altered than the response of glycolysis in
ob/ob mice; furthermore, serum B-2 had a small
effect on glycogen synthesis in muscles of ob/ob mice
(Fig. 6). Similar results were observed in experimen-
tally induced goldthioglucose obese mice (data not
shown).

Discussion

Circulating antibodies that block insulin binding to
receptors in several tissues have been reported in
diabetic patients with extreme insulin resistance,
acanthosis nigricans, and autoimmune features [1, 2].
In rat fat cells, the immunoglobulins that inhibit insu-
lin binding also produce insulin-like effects [6, 7]. In
the present study, we have investigated the effects of
one of these sera in the mouse soleus, a representa-
tive skeletal muscle. High dilutions (1:30 to 1:1000)
of this serum significantly blocked insulin binding to
its receptor in muscle (Figs. 1 and 2). This effect on
insulin binding required relatively higher concentra-
tions of serum in muscle than in isolated rat adipo-
cytes [7] and human lymphocytes [5], presumably
because of some diffusion barrier occurring in the
whole muscle. However, the maximal inhibition of
125]-insulin binding obtained with a 1:30 dilution of
serum B-2 was analogous to that produced by insulin
at 200 ng/ml, a concentration which is considered as
nearly saturating the specific binding sites in the iso-
lated soleus [9].

One of the most striking functional properties of
some of these sera, in addition to their blocking effect
on insulin binding, is their marked stimulatory,
“insulin-like” effect on glucose metabolism. Thus,
serum B-2 markedly stimulated 2-deoxyglucose
uptake and glucose metabolism in soleus muscles
(Figs. 3 and 4). Several lines of evidence strongly
argue against the possible role of endogenous insulin
and other serum factors in the observed effects: 1.
The lack of effect of control serum on binding and
biological parameters; 2. The broad dilution range at
which the patient’s serum inhibited 1?’I-insulin bind-
ing and exerted insulin-like effects; 3. The lack of
significant inhibition of an anti-insulin serum on the
serum’s biological effects; 4. The remarkable persist-
ence of the serum effects after extensive washing of
muscles and subsequent incubation in serum-free
medium, even when an additional period of 3 h was
introduced before the addition of substrate to meas-
ure biological effects (Table 1); 5. Lastly, the sup-
pressive effect of an anti-human IgG serum on the
serum’s insulin-like effects. In addition, it has been
shown that both the inhibitory and stimulatory effect
of the antibody is retained in the F(ab’), component

of the molecule [7]. These properties clearly indicate
that antibody molecules are responsible for the
stimulatory effects observed here on 2-deoxyglucose
uptake and glucose metabolism in skeletal muscle.

The exact nature and precise mechanism(s),
which underlie these effects, are still poorly under-
stood. It is apparent that, in the mouse soleus, serum
B-2 decreases insulin binding mainly by decreasing
the affinity of the receptor for insulin (Fig.2). A
similar type of effect was observed in human cultured
lymphocytes [5] and in rat adipocytes [7] with this
serum. Serum B-2 was more potent in stimulating
glucose transport and metabolism than in inhibiting
insulin binding (Fig. 5). This is reminiscent of the
relationship between insulin binding and insulin
effects in soleus muscle, with non-superimposable
dose-response curves [9], in keeping with the concept
of spare receptors. Such a comparison between bind-
ing and action is, however, difficult to interpret for
the patient’s serum since its effect on binding is indi-
rect (inhibition of '?’I-insulin binding). Serum B-2
and insulin exerted effects which were partially addi-
tive only when both were used at submaximally-
stimulating concentrations (Table 3), suggesting that
they are acting through a common pathway in
stimulating 2-deoxyglucose uptake and glycolysis in
skeletal muscle. Furthermore, the stimulatory effects
of insulin and serum B-2 on glycolysis were reduced
in a similar fashion in muscles from 0b/0b mice com-
pared to lean mice (Fig. 6). Taken together, these
results strongly suggest that some of the immuno-
globulins present in the patient’s serum interact with
the insulin receptor or with some component of the
receptor structure, and stimulate glucose transport
and metabolism through a common pathway with
insulin.

A striking feature of the present study is the
observation that, whereas serum B-2 was as effective
as insulin in maximally stimulating 2-deoxyglucose
uptake and glycolysis, it was consistently less effec-
tive than the hormone in promoting glycogen syn-
thesis (Figs. 5 and 6). It has been shown in muscle
that the effect of insulin on glucose transport is
entirely separable from the intracellular effect of the
hormone on the activation of glycogen synthase [15].
Thus, both insulin and anti-insulin receptor anti-
bodies may react with a common determinant of the
insulin receptor structure to promote glucose trans-
port and subsequent glycolysis through the same
pathway. Insulin, but not the antibodies, would, in
addition, be capable of stimulating intracellular
specific processes such as the activation of glycogen
synthase. The smaller (compared to insulin) stimula-
tory effect of the patient’s serum on glycogen syn-
thesis would then be the sole consequence of its
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effect on glucose transport. Whether this differential
effect of insulin and patient’s serum on glycogen
synthesis arises from interaction with different com-
ponents of the insulin receptor structure and/or from
generation of different signals is unknown at present.

Immunoglobulin fractions which inhibit TSH
binding to thyroid receptors and possess hormone-
like effects have also been reported in patients with
Graves’ disease [16]. In the latter example, however,
the stimulatory effects of antibodies occur also in
vivo, in contrast to the observations made in the
group of patients with insulin resistance, acanthosis
nigricans and anti-insulin receptor antibodies whose
insulin-like effects observed in vitro (as demon-
strated in the present study) do not appear to be
maintained in vivo. The mechanisms which may pre-
vent such antibodies from acting in vivo are presently
unknown. In patient B-2, the serum used for these
studies was collected when the patient had severe
insulin resistance and decreased receptor binding. In
the latter course of the patient’s disease, without any
change in the titre of the anti-insulin receptor anti-
bodies, the patient lost her requirements for insulin
and in fact developed spontaneous hypoglycaemia
[17]. The occurrence of hypoglycaemia in this patient
could be explained by the unmasking in vivo of the
insulin-like effects demonstrated here in vitro. Anti-
body heterogeneity appears to be a characteristic fea-
ture of these presumably autoimmune diseases. Vari-
ations in antibody populations, variations at the level
of the hormone receptor, or both, may explain some
of the apparent paradoxes between the effects of
these immunoglobulins in vitro and in vivo.
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