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Abstract

Anesthetized rats were treated with saline, antiinsulin receptor
serum, or antiinsulin serum, and the biodistribution of high
pressure liquid chromatography-purified '>I-Tyr Al4-insulin
was studied by scintillation scanning. Time activity curves over
organs of interest were calibrated by sacrificing the rats at the
end of the experiment and directly determining the radioactivity
in the blood, liver, and kidneys. Saline-treated rats exhibited
normal insulin biodistribution. The highest concentration of
123L insulin was found in the liver, and reached 30% of total
injected dose between 3 and 5 min after injection. After this
peak, activity rapidly decreased with a t;,, of 6 min. Activity
of "PI-insulin in kidney showed a more gradual rise and fall
and was ~15% of injected dose at its maximum.

In rats treated with antiinsulin antiserum, insulin biodis-
tribution was markedly altered. Peak liver activity increased
with increasing antibody concentration with up to 90% of
injected dose appearing in the liver. In addition, there was no
clearance of the liver '>I-insulin over 30 min. Autoradiographic
studies demonstrated that in contrast to the normal rats in
which radioactivity was associated with hepatocytes, in rats
passively immunized with anti-insulin serum, '*I-insulin was
associated primarily with the Kuppfer cells.

In contrast, antibodies to the insulin receptor markedly
inhibited '*I-insulin uptake by the liver. Kidney activity in-
creased, reflecting the amount of free '>I-insulin that reached
this organ. This is similar to the pattern observed when insulin
receptors are saturated with a high concentration of unlabeled
insulin. Thus, both insulin antibodies and anti-receptor anti-
bodies alter the distribution of insulin, but with very different
patterns. The use of '*I-insulin and scintillation scanning
allows one to study specific alterations in insulin distribution
in animal models of insulin-resistant states, and should also
be useful in human disease states.

Introduction

We recently reported that the distribution of insulin can be
studied in intact animals and in man using insulin labeled
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with 'Zl-iodine and detection by a scintillation camera (1, 2).
After intravenous injection, '#’I-insulin is rapidly concentrated
by the liver and kidneys. The liver; but not the kidney uptake,
can be inhibited by simultaneous injection of unlabeled insulin,
suggesting that it is receptor-mediated. Both organs then show
characteristic patterns of clearance as the insulin is degraded
and iodide is excreted in the urine.

This new technique offers a unique tool to study insulin
resistance syndromes. Two of the best characterized syndromes
of insulin resistance are those that occur in patients who
develop antibodies to insulin (3, 4) or antibodies to the insulin
receptor (5, 6). Both of these syndromes present characteristic
clinical features, and the antibodies that produce them have
been extensively studied in vitro. Most information about the
mechanisms by which these two types of antibodies produce
insulin resistance, however, is based on extrapolation of the in
vitro data to the in vivo situation. In the first case, insulin is
presumed to be bound to circulating immunoglobulins, thus
preventing its access to receptors on target cells. In the second,
insulin also fails to reach receptors on target cells, but in this
case, the blockade is presumably at the receptor itself. Thus,
one would predict that the biodistribution of insulin in these
two syndromes would have some similarities and some differ-
ences. In this report, we have studied these two models of
insulin resistance in vivo using the scintillation scanning
technique, and have also characterized the cellular distribution
of antibody-bound insulin in liver using light microscopic
autoradiography.

Methods

Materials. Purified bovine insulin (0.1 mg; Novo Industrie A. S.,
Copenhagen, Denmark) was labeled with 5 mCi '*)I-NA and the
species monoiodinated on TyrA,, was rapidly purified by high pressure
liquid chromatography (1, 7). Bovine insulin was iodinated with '%I
in a similar manner and also purified by high pressure liquid chro-
matography. Antiserum to the insulin receptor (AIRS)' was from
patient B2 and was previously well characterized (6, 8, 9). This serum
has been shown to contain no detectable anti-insulin antibodies but
has a high titer of anti-receptor antibodies. The anti-insulin serum
(AIS) used for these experiments was prepared by P. H. Wright
(Indianapolis, IN) by immunizing guinea pigs against bovine insulin
and was a gift from Dr. J. S. Soeldner (Boston, MA).

Biodistribution and scintillation scanning. Fed male Sprague-Dawley
rats weighing 225-275 g were anesthetized with pentobarbital (60 mg/
kg i.p.) and a PE50 polyethylene tube was introduced into the jugular
vein. Rats were laid in the prone position on the collimator of a
scintillation camera (Searle Large Field of View; Des Plaines, IL)
connected to a computer (Gamma 11; Digital Equipment Corp.,
Marlboro, MA) or a 400 T Maxicamera connected to a Star Computer
(General Electric Medical Systems, Denmark). Rats received saline,

1. Abbreviations used in this paper: AIRS, antiserum to the insulin
receptor; AlS, antiinsulin serum.
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AIS (150-250 ul), or AIRS (4-40 ul) 5-10 min before injection of '2’I-
insulin (50-100 uCi). Immediately after the intravenous bolus of '?’I-
insulin, sequential frames were recorded by the computer at a rate of
one per 30s for 30 min. At the end of the recording period, the
animals were bled by heart puncture, sacrificed, and their organs were
rapidly dissected. A 1-min static frame of the carcass and isolated
liver, spleen, kidneys, and stomach was then recorded and used to
measure the percentage of radioactivity in the liver and kidneys at
30 min.

Computer analysis of kinetic data was performed as previously
described (2). Briefly, the actual injected radioactivity (microcuries)
was measured by counting the activity of the '*l-insulin-containing
syringe before and after injection. Using the static frame taken at 30
min, the apparent radioactivity (cpm) of the isolated kidneys, liver,
stomach, and remaining carcass was measured, and the sum of these
values was taken as 100% of injected radioactivity. The percentage of
radioactivity in the liver and kidney at 30 min was calculated. Regions
of interest were defined over the right upper part of the liver and the
lower pole of each kidney and time-activity curves were generated.
After background subtraction, the ordinate of each curve was calibrated
using the percentage of radioactivity in the corresponding organs at
30 min.

Anti-insulin and anti-receptor antibody assays. Blood samples taken
at 30 min were immediately centrifuged and the serum was stored at
—25°C for at least 1 wk to ensure complete decay of the '*I. The sera
were then analyzed for antiinsulin receptor or anti-insulin antibodies.
Quantitation of the anti-insulin receptor antibody level in the rat
serum was performed using the binding inhibition assay (5, 8). For
this assay, serum from a control rat and from rats injected with anti-
receptor serum was preincubated with IM-9 lymphocytes at 37°C for
15 min, after which '*’I-insulin was added and the cell suspensions
were further incubated for 30 min. At the end of the incubation, cells
were isolated by centrifugation and cell bound radioactivity was
measured. Anti-insulin antibody level in the rat serum was measured
by incubating serial dilutions of serum with '*’I-insulin at 4°C overnight,

Figure 1. Scintigraphic images taken 3 (4), 10 (B), 20 (C), and 30
(D) min after injection of 'PI-insulin. Rats on the left of each pair
were pretreated with saline, whereas those on the right received 40 ul
anti-insulin serum 5 min before study. H, heart; L, liver; K, kidney;
B, bladder; and S, stomach.
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Figure 2. Effect of AIS on liver activity. Time activity profile of
radioactivity in the liver of control rats or of rats pretreated with
anti-insulin serum. e, data on control rats (n = 10); e, data on rats
receiving 4 ul anti-insulin serum (n = 3); 0, data on rats receiving 40
ul anti-insulin serum (n = 3).

after which activated charcoal was added, the tubes were centrifuged,
and the percentage of antibody bound radioactivity was measured in
the supernate (10).

Autoradiography. To determine to which liver cell type radioactivity
was bound, two control and two AIS-treated rats received 0.5 uCi/g
125Linsulin. 9 min later, the animals were sacrificed, their livers were
dissected, fixed, and sectioned, and autoradiographs were prepared as
previously described (11). Photomicrographs of 1-pm thick sections
were taken using a photomicroscope II (magnification of 320 on the
24 X 36 negative; Carl Zeiss, Inc., Thornwood, NY).

Data analysis. The biomedical computer program for analysis of
variance of repeated measures (BMDPV) was employed to test the
differences between experimental and control groups and the interaction
with time (12). Criteria of homoskedasticity were satisfied by log
transformation of the variables and statistical differences were deter-
mined with the Snedecor (F) test in the BMDP program (12).

Results

Effects of antiinsulin serum on biodistribution of '*I-insulin.
The biodistribution of insulin in control (saline-treated) rats is
illustrated in Fig. 1 (left rat of each pair). 3 min after injection
of '"Bl-insulin, radioactivity was predominately concentrated
by the liver and kidneys (Fig. 1 A4, left). We have previously
shown that most of this hepatic uptake is receptor-mediated
and is blocked by saturation with excess unlabeled insulin (1).
By contrast, renal uptake seems to be largely nonreceptor-
mediated and actually increases after injection of unlabeled
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Figure 3. Effect of AIS on kidney activity. Time activity profile of
'ZLinsulin in the kidneys of control rats (e, n = 9) and rats pre-
treated with 4 pl antiinsulin serum (o, n = 3). Kidney activity was
undetectable in rats pretreated with 40 ul antiinsulin serum (o, n
= 3).

insulin. At later times, liver activity decreased and by 30 min
(Fig. 1 D, left) the pattern of distribution became similar to
that of free iodide, i.e., most of the radioactivity was in the
bladder and stomach. Pretreatment of the rat with antiinsulin
markedly altered the distribution of serum !ZI-insulin (right
rat of each pair). By 3 min after injection, almost all of the
123L.insulin was concentrated in the liver (Fig. 1 4, right). This
pattern remained unchanged at later times (Fig. 1 B, C, and
D), and at no time were the kidneys, bladder, and stomach
visualized.

The kinetics of hepatic uptake of '?’I-insulin and the effect
of AIS is further demonstrated by Fig. 2. In control rats, the
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maximum of liver activity was 30% at 3-4 min. Past this
maximum, liver activity rapidly decreased with a t;, of ~6
min. After injection of 4 or 40 ul of AIS, liver activity rapidly
rose to 50 or 90% of total injected, respectively. Liver activity
then remained at this plateau value throughout the 30-min
observation period. Both the difference in peak uptake and
kinetics of disappearance were highly significant (mean of
control vs. 4 ul AIS was F = 418, P < 0.0001; mean of control
vs. 40 ul AIS was F = 923, P < 0.0001; interaction between
groups and time were F = 38.7 and F =-55.4, respectively,
both P < 0.0001). In contrast to the increased hepatic uptake,
kidney uptake was decreased after 4 ul of AIS and abolished
with 40 ul (Fig. 3) (F = 13.7, P < 0.004).

Quantitation of antibodies remaining in the serum of the
rats 40 min after injection of AIS indicated that the rats
injected with 40 ul AIS possessed significant titers of antibody
(Fig. 4). The titer at the end of the experiment was only about
0.1% that of the original antiserum or about a third of that
predicted by dilution, suggesting that much of the antibody
had been cleared. In rats injected with 4 ul AIS, anti-insulin
antibodies were barely detectable at 40 min after injection
(Fig. 4).

In view of the marked hepatic uptake and difference in
kinetics, autoradiographic studies were performed to determine
the cellular localization of the insulin. In the livers of control
rats, the autoradiographic grains were predominantly associated
with the hepatocytes (Fig. 5 4). By contrast, in the rats that
received AIS, the grains were almost exclusively localized over
Kuppfer cells (Fig. 5 B).

Effect of antiinsulin receptor serum on the biodistribution
of 'PLinsulin. Fig. 6 illustrates the effect of AIRS on 'ZI-
insulin biodistribution. In each panel, the rat on the left side
of the field was treated with saline and exhibits the same
pattern of activity distribution as in nontreated controls,
whereas that on the right was pretreated with 250 ul of anti-
receptor serum B2 (AIRS). In the rat pretreated with 250 ul
AIRS, the liver was not visible on the 3-min image but the
kidneys were conspicuous (Fig. 6 A, right). At later times, the
kidneys remained visible and evidence for free iodide appear-
ance, i.e., activity in the stomach and bladder, became prom-
inent, but little activity appeared in the liver.

Figure 4. Titration curve of serial dilutions
of guinea pig antiinsulin serum (—a—) or
of serum obtained from three rats pre-
treated with 40 ul antiinsulin serum
(—e—, —0—, —*—) or from one rat
pretreated with 4 ul antiinsulin serum
(—=—). In each case, the sera were lyophi-
lized before assay and the results were stan-

1 107 1072 103
serum proteins concentration, g/

dardized by measuring plasma protein con-
centration.

1074 1075
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This effect of AIRS was confirmed by examining liver time
activity curves (Fig. 7). In the presence of 250 ul AIRS, liver
activity was reduced to 9% at 3 min compared with 30% in
control rats (F = 32.8, P = 0.0003). Injection of a lower dose
of AIRS (100 ul) had less of an effect on liver '*’l-insulin
uptake and the liver activity profile was indistinguishable from
that of control rats (F = 2.85, P = 0.12 for comparison of
group means). By contrast, the two doses of AIRS increased
kidney activity in a dose-dependent manner (Fig. 8) (F = 6.6,
P = 0.03 for comparison of control and 100 ul AIRS pretreated
rats; F = 23.5 P = 0.0009 for comparison of control and 250
ul AIRS pretreated rats). The time activity profiles for the

1458

Figure 5. Autoradiograph of liv-
ers taken 9 min after '*I-insulin
injection (A4) into a control or
(B) into a rat pretreated with 40
ul antiinsulin serum. In 4, silver
grains are associated with the he-
patocytes, whereas in B they are
associated primarily with
Kuppfer cells.

kidney of AIRS-treated rats remained parallel to that of control
rats (F = 0.73 and 0.95 when comparing control and 100 ul
AIRS or 250 ul AIRS pretreated rats).

The actual titers of antibodies to the insulin receptor in
the serum of rats pretreated with serum of patient B2 were
determined by titrating a serum sample taken immediately
after sacrifice. As shown by Fig. 9, the serum from rats injected
with 250 ul of antiserum inhibited '*’I-insulin binding to IM-
9 lymphocytes in vitro, whereas the serum of a rat injected
with 100 ul antiserum was not significantly different from
control. The small effect of the control serum compared with
our previous studies is probably the result of the modified
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Figure 6. Polaroid images taken 3 (4), 10 (B), 20 (C), and 30 (D) min after 'l-insulin injection. Rats were pretreated with saline (left rat in
each pair) or 250 gl antiinsulin receptor serum (right rat in each pair) 10 min before study. Note in 4 that 3 min after '*I-insulin injection, the
liver of the antiinsulin receptor serum injected rat is barely visible. Abbreviations are as in the legend to Fig. 1.
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Figure 7. Effect of AIRS on liver activity. Time activity profile of
2L jnsulin in the livers of rats pretreated with 100 (e) or 250 (m) ul
antiinsulin receptor serum (n = 2 in each group). Note that in the
presence of 100 ul serum, the liver curve is indistinguishable from
that of saline pretreated rats (compare with Fig. 2).

reaction conditions (37°C, in the continued presence of serum)
that were designed to more closely mimic the in vivo situation.

Discussion

Little is known about the distribution of insulin in intact
animals and even less in insulin-resistant states. Metabolic
distribution of insulin has been estimated primarily by studies
of the disappearance of the hormone from plasma or by
counting organ-associated radioactivity after sacrifice of animals
injected with '*I-, "*'I-, or 3H-insulin (13-15). With the use
of ', it is now possible to study directly the kinetics and
biodistribution of insulin in intact animals using scintillation
scanning. Our results clearly indicate that the liver plays a key
role in the clearance of plasma insulin. The quantitative
importance of the liver in plasma insulin disposal is evidenced
by the fact that even after a peripheral venous injection,
maximum liver activity was 30% of total between 3 and 5
min. As will be reported in more detail in another study, this
figure underestimates the liver clearance of endogenous insulin
that is secreted into the portal circulation and may have an
uptake in excess of 70% of injected dose (16). The biological
half-life of radioactivity in the liver using this method is short,
6 min, a figure that agrees with a previous estimate obtained
by sequential measure of actual liver '*l-insulin (17). As
recently noted, there is thus a marked discrepancy between
the kinetics of insulin degradation in the liver and that of
deactivation of insulin effects in the same organ (18).

Insulin Metabolism in Rat Models of Insulin Resistance ~ 1459
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Figure 8. Effect of AIRS on kidney activity. Profile of kidney radio-
activity in rats previously treated with either 100 (n = 2, @) or 250 (n
= 2, m) ul antiinsulin receptor serum. Comparison with Fig. 3 shows
that kidney uptake of radioactivity was enhanced by AIRS in a dose-
related manner.

High titers of anti-insulin antibodies produce an insulin-
resistant state; however, the exact mechanism is unclear.
Antibodies may bind insulin and thus prevent access of insulin
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Figure 9. Inhibition of '*I-insulin binding to IM-9 lymphocytes by
serial dilutions of serum samples abtained from a control rat (e) and
rats pretreated with antiinsulin receptor serum (o, 100 ul AIRS; O
and m, 250 ul AIRS). The serum samples were drawn by heart
puncture immediately at the end of the 30-min recording period, i.e.,
+40 min after AIRS injection, and the titer of antibody was deter-
mined by the binding inhibition assay described in Methods. In the
absence of any serum, cells bound 11% of the tracer. Nonspecific
binding was 4%. The inhibition of 125Linsulin binding by the serum
of 250 ul AIRS-treated rats was not due to hyperinsulinemia, since
plasma immunoreactive insulin concentration was similar in control
and experimental rats.

to its target tissues (3, 4). Alternatively, the immune complexes
may be cleared without releasing their insulin, thus creating a
new pathway of insulin loss (19). In this study, we find that
antibody-bound insulin rapidly disappears from the circulation.
In these passively immunized rats, '*’I-insulin was taken up
by the liver in increasing amounts in proportion to the dose
of AIS. Furthermore, after the first 5 min, liver activity did
not decrease as in control rats, but remained constant through-
out the remainder of the experiment. The most likely expla-
nation for these two observations is that '*I-insulin-immune
complexes, and not free '?I-insulin, reacted with the liver. As
recently shown by Maron et al. (19a) and Taylor et al. (20),
when insulin binds to its receptors, some of the hormone
remains accessible to anti-insulin antibody but the majority of
the insulin molecule is unavailable for binding to anti-insulin
antibodies, probably because most of the insulin molecule is
sequestered in the receptor. Conversely, it may be inferred
that insulin bound to most antibodies is unavailable for
receptor binding. This is consistent with our finding that the
2L jnsulin immune complexes bind poorly to hepatocytes,
and autoradiographs of the liver of passively immunized rats
show that under these conditions radioactivity is almost exclu-
sively associated with the Kuppfer cells. Thus, the trigger for
2L insulin clearance by the liver is no longer the. hormone
itself binding to its receptors on hepatocytes, but probably the
Fc fragment of the insulin-immune complexes binding to Fc
receptors on macrophages.

Anti-insulin receptor antibodies have been shown to block
insulin binding in vitro (5, 9) and to alter insulin action both
in vitro (9, 21, 22) and in vivo (23). The biological effects of
the antibody are complex, mimicking insulin action acutely
(9, 21, 22, 23), and inducing a state of insulin resistance after
more prolonged exposure (21, 23). The serum of patient B2
used in these experiments has been well characterized and is
shown to have a high titer of anti-receptor antibodies that
react specifically with insulin receptors on a wide variety of
cells with little or no anti-insulin antibodies (5, 6, 9). After
pretreatment with 250 ul of this serum, liver uptake of '’I-
insulin was almost completely abolished in the rat. With this
concentration of antiserum, free antibodies were still detectable
in the rat serum at the end of the experiment, indicating that
antibodies were in excess with regard to receptors. The lower
dose of AIRS had no visible effect on '*’I-insulin uptake by
the liver, suggesting that specific receptors in this organ are in
excess with regard to circulating insulin.

The kidneys also play an important role in clearance of
plasma insulin, although by a more complex mechanism (24).
The hormone is filtered through the glomerular membrane
and reabsorbed by the brush border of the proximal tubular
cells (25-28). It is not yet clear whether this reabsorption
process is receptor mediated or not (29-32), although our
results suggest the latter is the case since this process is not
saturable. A smaller portion of insulin is cleared by a post-
glomerular mechanism involving the contraluminal aspects of
the tubular cells. There is evidence that this peritubular
clearance is receptor mediated (32-35). In our previous studies,
we found that saturation of the receptor compartment abolished
123insulin uptake by the.liver and increased tracer uptake by
the kidney (1). A similar pattern was observed in AIRS-treated
rats. In these, the lower dose of AIRS and to a greater extent
the higher dose of AIRS increased the kidney uptake of '2I-
insulin. These two observations can be explained if blockade
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of the receptor compartment of the liver abolishes insulin
clearance by this organ, and as a consequence the ZI-insulin
load to the kidneys is increased. This mechanism more than
compensates for a possible decrease of peritubular clearance
so that the end result is an enhanced kidney uptake of
radioactivity.

The fact that kidney uptake was decreased or abolished by
antiinsulin serum supports the contention that only free '?’I-
insulin is cleared by the contraluminal aspect of the tubular
cells and by glomerular filtration. As previously discussed,
antibody-bound insulin is not available for receptor binding
and the immune complexes are too large to be filtered. Thus,
in all conditions examined so far, presence of an excess of
unlabeled insulin, of AIS, or of AIRS, total kidney radioactivity
reflects the amount of circulating free '2’I-insulin.

Whereas the rats treated with AIRS seem to be a coherent
model of human type B insulin resistance syndrome (5, 6),
rats passively immunized with AIS do not mimic all disorders
of insulin metabolism in insulin-immunized diabetic patients.
Indeed, in preliminary studies, we have observed that serum
taken from patients with high anti-insulin antibody level and
insulin resistance may have varying effects on insulin clearance.
Some antibodies have an insulin ‘scavenging’ effect similar to
that observed in passively immunized rats, whereas antibodies
taken from other patients primarily retard the clearance of
insulin from the plasma (27). Thus, it seems that there is more
than one type of antibody to insulin and these affect insulin
bioavailability and metabolism differently, perhaps depending
on their affinity, the epitope(s) of insulin with which they
react, and perhaps also depending on the immunoglobulin
subclass (Sodoyez, J. C., E. R. Arquilla, B. McDougall, C. J.
De Vos, R. Von Frenckell, and F. Sodoyez-Goffaux. 198-. In
vivo scintigraphic distribution of complexes of antiinsulin
immunoglobulin subclasses and '?’I-insulin, manuscript sub-
mitted for publication).

In summary, using the technique of scintillation scanning
with '?L-insulin, it is possible to measure simultaneously the
relative importance of insulin clearance by the kidney and
insulin binding to its receptors and receptor-mediated degra-
dation in important insulin target tissues such as the liver in
normal animals and insulin resistant states. This technique
can therefore provide new insights into the mechanism of
insulin resistance in man and other animals.

Acknowledgment

This work was supported by Lilly grant no. 10728D.

References

1. Sodoyez, J-C., F. Sodoyez-Goffaux, M. Guillaume, and G.
Merchie. 1983. Study of ['**]l-insulin metabolism in normal rat and
man: external detection by a scintillation camera. Science (Wash. DC).
219:865-867.

2. Sodoyez, J.-C., F. Sodoyez-Goffaux, S. Treves, C. R. Kahn, and
R. von Frenckell. 1984. In vivo imaging and quantitative analysis of
insulin-receptor interaction in lean and obese Zucker rats. Diabetologia.
26:229-233.

3. Kahn, C. R, and A. S. Rosenthal. 1979. Immunologic reactions
to insulin: insulin allergy, insulin resistance, and the autoimmune
insulin syndrome. Diabetes Care. 2:283-295.

4. Davidson, J., and D. DeBra. 1978. Immunologic insulin resistance.
Diabetes. 27:307-318.

5. Flier, J. S., C. R. Kahn, J. Roth, and R. S. Bar. 1975. Antibodies

that impair insulin receptor binding in an unusual diabetic syndrome
with severe insulin resistance. Science (Wash. DC). 190:63-65.

6. Kahn, C. R., J. S. Flier, R. S. Bar, J. A. Archer, P. Gorden,
M. M. Martin, and J. Roth. 1976. The syndromes of insulin resistance
and acanthosis nigricans: Insulin receptor disorders in man. N. Engl.
J. Med. 294:739-745.

7. Sodoyez, J.-C., F. Sodoyez-Goffaux, M. M. Goff, A. E. Zimmer-
man, and E. R. Arquilla. 1975. ['?]I or carrier-free ['2°]I-monoiodoin-
sulin. Preparation, physical, immunological, and biological properties,
and susceptibility to “insulinase” degradation. J. Biol. Chem. 250:
4268-42717.

8. Flier, J. S., C. R. Kahn, D. B. Jarrett, and J. Roth. 1977.
Autoantibodies to the insulin receptor. Effect on the insulin-receptor
interaction in IM-9 lymphocytes. J. Clin. Invest. 60:784-794.

9. Kahn, C. R,, K. Baird, J. S. Flier, and D. B. Jarrett. 1977.
Effects of autoantibodies to the insulin receptor on isolated adipocytes.
Studies of insulin binding and insulin action. J. Clin. Invest. 60:1094-
1106.

10. Herbert, V., K. S. Lau, C. W. Gottlieb, and S. J. Bleicher.
1965. Coated charcoal immunoassay of insulin. J. Clin. Endocrinol.
Metab. 25:1375-1384.

11. Sodoyez-Goffaux, F., J.-C. Sodoyez, and C. J. De Vos. 1982.
Maturation of liver handling of insulin in the rat fetus. Diabetes. 31:
60-69.

12. Dixon, W. J. (Chief Ed.) 1983. In BMDP Statistical Software.
University of California Press, Berkeley, Los Angeles, London.

13. Sodoyez, J.-C., F. R. Sodoyez-Goffaux, and Y. M. Moris. 1980.
25Linsulin kinetics of interaction with its receptors and rate of degra-
dation in vivo. Am. J. Physiol. 239:E3-El11.

14. Zeleznik, A. J., and J. Roth. 1978. Demonstration of the
insulin receptor in vivo in rabbits and its possible role as a reservoir
for the plasma hormone. J. Clin. Invest. 61:1363-1374.

15. Phillippe, J., P. A. Halban, A. Gjinovici, W. C. Duckworth, J.
Estreicher, and A. E. Renold. 1981. Increased clearance and degradation
of (CH) insulin in streptozotocin diabetic rats. Role of the insulin
receptor compartment. J. Clin. Invest. 67:673-680.

16. Sodoyez-Goffaux, F., J.-C. Sodoyez, C. J. De Vos, and F.
Erbsmann. 1984. Effect of injection site on liver uptake of '?’I-insulin
as measured by scintillation scanning in normal rats. Diabetologia. 27:
333A.

17. Sodoyez, J.-C., F. Sodoyez-Goffaux, Y. M. Thiry-Moris, and
C. J. De Vos. 1981. Turnover rate of insulin in the receptor compartment
of foetal and adult rats. In Current Views on Insulin Receptors. D.
Andreani, R. De Pirro, R. Lauro, J. Olefsky, and J. Roth, editors.
Academic Press, London and New York, Serono Symposium. 41:347-
353.

18. Gray, R. S., J. A. Scarlett, J. Griffin, J. M. Olefsky, and O. G.
Kolterman. 1982. In vivo deactivation of peripheral, hepatic, and
pancreatic insulin action in man. Diabetes. 31:929-936.

19. Berson, S. A., and Y. S. Yalow. 1970. Insulin antagonists and
insulin resistance. In Diabetes Mellitus: Theory and Practice. M.
Ellenberg and H. Rifkin, editors. McGraw-Hill, New York, 388-422.

19a. Maron, R., and C. R. Kahn. 1985. The insulin receptor:
characterization and regulation using insulin and insulin-antibody
complexes as a probe for flow cytometry. J. Clin. Endocrinol. Metab.
In press.

20. Taylor, S. I, J. A. Schroer, B. Marcus-Samuels, A. McElduff,
and T. P. Bender. 1984. Binding of insulin to its receptor impairs
recognition by monoclonal anti-insulin antibodies. Diabetes. 33:778-
784.

21. Grunfeld, C., E. Van Obberghen, F. A. Karlsson, and C. R.
Kahn. 1980. Antibody-induced desensitization of the insulin receptor.
Studies of the mechanism of desensitization in 3T3-L1 fatty fibroblasts.
J. Clin. Invest. 66:1124-1134.

22. LeMarchand-Brustel, Y., P. Gorden, J. S. Flier, C. R. Kahn,
and P. Freychet. 1978. Anti-insulin receptor antibodies inhibit insulin
binding and stimulate glucose metabolism in skeletal muscle. Diabe-
tologia. 14:311-317.

Insulin Metabolism in Rat Models of Insulin Resistance 1461



23. Dons, R. F., R. Hawlik, S. I. Taylor, K. L. Baird, S. S.
Chernick, and P. Gorden. 1983. Clinical disorders associated with
autoantibodies to the insulin receptor. Simulations by passive transfer
of immunoglobulins to rats. J. Clin. Invest. 72:1072-1080.

24. Rabkin, R.,, M. P. Ryan, and W. C. Duckworth. 1984. The
renal metabolism of insulin. Diabetologia. 27:351-357.

25. Rubenstein, A. H., M. E. Mako, and D. L. Horiwitz. 1975.
Insulin and the kidney. Nephron. 15:306-326.

26. Rabkin, R., N. M. Simon, S. Steiner, and J. A. Colwell. 1970.
Effect of renal disease on renal uptake and excretion of insulin in man.
N. Engl. J. Med. 282:182-187.

27. Katz, A. I, and A. H. Rubenstein. 1973. Metabolism of
proinsulin, insulin, and C-peptide in the rat. J. Clin. Invest. 52:1113-
1121.

28. Bourdeau, J. E., ER-Y. Chen, and F. A. Carone. 1973. Insulin
uptake in the renal proximal tubule. Am. J. Physiol. 225:1399-1404.

29. Just, M., and E. Habermann. 1973. Interactions of a protease
inhibitor and other peptides with isolated brush border membranes
from rat renal cortex. Naunyn-Schmiedeberg’s Arch. Pharmacol. 280:
161-176.

30. Rabkin, R., J. Petersen, and R. Mamelok. 1982. Binding and
degradation of insulin by isolated renal brush border membranes.
Diabetes. 31:618-623.

31. Talor, Z., D. S. Emmanouel, and A. I. Katz. 1982. Insulin
binding and degradation by luminal and basolateral tubular membranes
from rabbit kidney. J. Clin. Invest. 69:1136-1146.

32. Petersen, J., J. Kitaji, W. C. Duckworth, and R. Rabkin. 1982.
Fate of ['*I}-insulin removed from the peritubular circulation of
isolated perfused rat kidney. Am. J. Physiol. 243:F126-F132.

33. Kurokawa, K., and R. L. Lerner. 1980. Binding and degradation
of insulin by isolated renal cortical tubules. Endocrinology. 106:655-
662.

34. Nakamura, R., D. S. Emmanouel, and A. I. Katz. 1983. Insulin
binding sites in various segments of the rabbit nephron. J. Clin. Invest.
72:388-392.

35. Sodoyez, J.-C., and F. Sodoyez-Goffaux. 1984. Effects of insulin
antibodies on bioavailability of insulin: preliminary studies using '*I-
insulin in patients with insulin-dependent diabetes. Diabetologia. 27:
143-145.

1462 Sodoyez, Sodoyez-Goffaux, von Frenckell, De Vos, Treves, and Kahn



