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Glucose Ingestion in Dogs Alters the

Hepatic Extraction of Insulin

IN VIVO EVIDENCE FOR A RELATIONSHIP BETWEEN BIOLOGIC
ACTION AND EXTRACTION OF INSULIN

JONATHAN JAsPAN and KENNETH POLONSKY, Department of Medicine, University
of Chicago and the Pritzker School of Medicine, Chicago, 1llinois 60637

ABSTRACT Oral glucose (25 g) fed to seven healthy,
conscious dogs resulted in an increase in peripheral
plasma glucose from 109+3 to 178+10 mg/dl. Con-
currently serum insulin increased in the portal vein
to levels approximately threefold greater than those
in the periphery. Hepatic insulin delivery rose from
10.8+0.7 to 59.0+£19.9 mU/min at 60 min, coincident
with an increased hepatic insulin extraction from 3.3
to 41.4 mU/min (corresponding to an increase in he-
patic extraction from 31+4 to 59+7%), both returning
to basal at 3 h. In each animal there was a positive
correlation between hepatic insulin delivery and ex-
traction (r = 0.80, P < 0.001 for the seven experiments
combined). These changes in hepatic insulin delivery
and extraction after glucose feeding were correlated
with changes in hepatic glucose metabolism associated
with insulin action. As hepatic insulin extraction in-
creased, hepatic glucose output declined, both param-
eters returning to basal levels by 3 h, indicating a neg-
ative correlation between hepatic insulin extraction
and hepatic glucose output (r = 0.63, P < 0.001; n
=17).

The factors that mediate this marked and rapidly
occurring increase in hepatic insulin extraction after
oral glucose are unknown, and may include hepatic
insulin delivery, glucose levels in the blood supplying
the liver, factors related to increased hepatic blood
flow, and gut factors released by oral glucose intake.
The association of changes in hepatic insulin extraction
in vivo with an insulin effect on the liver as measured
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by hepatic glucose output is consistent with in vitro
observations relating insulin degradation to receptor
binding.

INTRODUCTION

After secretion from the pancreatic islets, insulin
travels in the portal blood to the liver, where it binds
to specific cell surface receptors (1, 2). The liver is an
important site for the biologic action and degradation
of insulin (3-9). The biologic effects of insulin are
dependent on rate of secretion and binding to the in-
sulin receptor, both of these processes being control
points for the biologic action of this hormone. It is,
however, also conceivable that uptake and/or degra-
dation of insulin in the liver and elsewhere may rep-
resent another control point. Although attempts have
been made to define the factors that influence the he-
patic extraction of insulin, the results have been con-
tradictory. There is no agreement about the regulation
of hepatic insulin metabolism, the physiologic factors
that influence this process, and the relationship be-
tween the hepatic action and metabolism of insulin.
To evaluate these variables we studied the changes in
hepatic metabolism of insulin that occur with glucose
feeding in dogs.

METHODS

During laporotomy under barbiturate anesthesia, (sodium
pentobarbital, diabutal, Diamond Laboratories, Inc., Des
Moines, Iowa; 30 mg/kg i.v.) end sampling catheters were
placed in the portal and hepatic veins of seven mongrel dogs
(18-28 kg; mean weight 22+1.6 kg) according to the methods
described by Cherrington et al. (10). The portal vein catheter
was introduced via the spleen and secured in the portal vein
just before its bifurcation into right and left branches in the
porta hepatis. The hepatic vein catheter was inserted and
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secured under direct vision into the left common hepatic
vein. These catheters were burrowed subcutaneously, filled
with a dilute solution of heparin in saline (1:100), and se-
cured in a subcutaneous pouch until the day of experimen-
tation. The dogs were then allowed to recover from surgery
and were studied in the conscious state 17-21 d later, pro-
vided leukocyte counts and hematocrits were within normal
limits, and body weight was maintained. On the day of study
after an overnight fast under local anesthesia, a femoral ar-
tery catheter was inserted through a small branch of the left
femoral artery into the common femoral artery. A peripheral
venous infusion catheter was also inserted and the portal and
hepatic vein catheters were exposed.

The following experimental protocol was used. Hepatic
blood flow was measured by estimation of hepatic clearance
of continuously infused indocyanine green (11). Each ex-
periment consisted of a 2-h base-line period after which the
dog was fed 25 g glucose. During the base line and for 6 h
after feeding, samples were collected for measurements of
insulin, glucose, and indocyanine green from femoral artery,
portal vein, and hepatic vein at the time points indicated.
Femoral artery and portal vein samples were collected si-
multaneously and the hepatic vein sample was collected
25 s later to allow for hepatic transit time (12). An additional
two dogs were studied as controls over a 4-h period. Dogs
were studied while standing in a harness in the upright po-
sition in a well ventilated laboratory with ambient temper-
atures maintained at 70°F. When studied in this manner
dogs do not appear to be under significant stress and tolerate
the studies well. Less than 15% of total blood volume was
withdrawn in each experiment and was replaced with an
infusion of normal saline via the peripheral infusion catheter.
The position of all catheters was verified at autopsy on com-
pletion of each experiment.

Assay and chromatographic methods. Serum insulin was
measured by a modification of the double antibody tech-
nique (13). Plasma glucose was measured by the glucose
oxidase method using a glucose analyzer (Yellow Springs
Instrument Co., Yellow Springs, Ohio, model 23A). Indo-
cyanine green was measured spectrophotometrically at 780
nm using a Beckman spectrophotometer (model 34 Beckman
Instruments, Inc., Fullerton, Calif.).

Calculations Hepatic extraction for insulin was calcu-
lated at every sampling time as a percentage of hepatic hor-
mone delivery according to the formula: hepatic extraction
(%) = [(hepatic delivery rate — hepatic removal rate)/he-
patic delivery rate] X 100. Hepatic delivery rate (mU/
min) =a +b; where a = HA plasma flow X FA(IRI) and
b = PV plasma flow X PV (IRI). Hepatic removal rate (mU/
min) = HV plasma flow X HV (IRI), where HV plasma flow
= PV + HA plasma flows. HA is the hepatic artery; FA, the
femoral artery; PV, the portal vein, HV, the hepatic vein;
IRI, immunoreactive insulin.

Hepatic glucose output was calculated by the AV differ-
ence method derived from the product of plasma glucose
level and flow in each of the three vessels.

Statistical methods. All results are expressed as
mean+SEM. The statistical significance between group
means was assessed by Student’s ¢ tests. Differences of means
were considered significant if P was <0.05.

RESULTS

Control experiments. Basal hepatic extraction of in-
sulin measured every 30 min was constant over 4 h in

Hepatic Metabolism and Action of Insulin Increase after Oral Glucose

the two control animals (mean 46.1+1.0%; range 41-
50%; coefficient of variation 6.5%). The mean values
(£SEM) and ranges for insulin and glucose levels en-
countered in the three vessels, and for the hepatic plasma
flows and insulin and glucose balances across the liver
following oral glucose are given in Table 1. The mean
peripheral glucose levels and portal and peripheral in-
sulin levels following oral glucose are plotted in Fig. 1.
Peripheral glucose levels increased from 109 to 178 mg/
dl at 30 min returning to base line at 3 h. As expected,
a biphasic insulin response was observed in the portal
vein. It is noteworthy that insulin levels in the portal vein
increased to a threefold greater extent than those in the
periphery as assessed by both peak levels and area under
the curve.

The changes in hepatic insulin delivery and extrac-
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FIGURE 1 Peripheral glucose and portal and peripheral in-
sulin levels in dogs (mean+SEM) following 25 g oral glucose
(n = 7). The four measurements made during the base-line
period were similar and are therefore measured to give the
basal value at the time point zero.
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FIGURE 2 Hepatic insulin delivery and extraction (mean
+SEM) following oral glucose in dogs (n = 7).
values were derived as in Fig. 2.

tion following glucose are illustrated in Fig. 2. Insulin
delivery to the liver increased sixfold from a mean of
10.8 to 59 mU/min at 60 min, also exhibiting a bi-
phasic profile, and returned to basal rates concomitant
with the return to basal glucose levels at 3 h. Coin-
cident with the increased hepatic insulin delivery,
there was a marked increase in hepatic extraction of
insulin from 8.3 to 41.4 mU/min, associated with a
doubling in fractional insulin extraction from 30 to
60% returning to base line at 3 h. The profile of hepatic
insulin extraction reflected the biphasic pattern of in-
sulin secretion and hepatic delivery. The relationship
between hepatic insulin delivery and extraction in
each animal and the combined regression analysis of
this relationship considering all dogs together is shown
in Table 1I, with a representative plot from one animal
in Fig. 3. It is evident that with increasing hepatic
delivery there is a concomitant increase in hepatic in-
sulin extraction (P < 0.001).

Following glucose feeding there was also a signifi-
cant relationship between hepatic insulin and glucose
fluxes. Thus as hepatic insulin extraction increased,
hepatic glucose output declined and became negative
as the liver began to take up glucose. This period of
hepatic glucose uptake corresponded temporally to the
increase in hepatic insulin extraction (Fig. 4). Con-
comitant with the fall in hepatic insulin extraction to
basal levels, hepatic glucose output was restored to its
fasting rate. The relationship between hepatic insulin
extraction and hepatic glucose output in individual
dogs and the combined regression analysis of this re-
lationship in all seven animals is shown in Table III

Zero time (P < 0.001) and a representative plot from one dog
in Fig. 5.
TaBLE 1

Relationship of Hepatic Insulin Delivery (Abscissa) to Hepatic Insulin Extraction
(Ordinate) in Seven Dogs

Dog n Slope Intercept r Value P Value
1 13 2.07+0.27 —6.9+6.1 0.92 <0.001
2 14 0.77+0.15 31.2+5.1 0.82 <0.001
3 9 0.44+0.18 30.3+5.2 0.68 <0.05
4 10 0.60+0.13 28.3+3.4 0.85 <0.002
5 11 0.65+0.11 17.2+3.8 0.90 <0.001
6 14 0.86+0.28 8.06+6.0 0.67 <0.01
7 14 0.35+0.07 40.2+5.1 0.81 <0.001
Combined regression
analysis® 85 0.48+0.05 1 0.80 <0.001

° Represents the least squares estimate of the common slope in individual dogs by

multiple regression analysis.

{ With the multiple regression analysis separate intercepts were fitted for each dog. A
common intercept was not considered statistically or biologically valid.
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FIGURE 3 Relationship between hepatic delivery and ex-
traction of insulin following oral glucose in a representative
dog. y = 2.07x —6.9; n = 13; r = 0.92; P < 0.001.

DISCUSSION

In the present experiments, we have demonstrated that
following glucose ingestion, concomitant with the in-
creased insulin delivery to the liver, there is a striking
increase in hepatic insulin extraction. Both the in-
creased hepatic insulin delivery and the increased he-
patic insulin extraction are of limited duration, re-
turning to base line 3h after the glucose load.
Furthermore, after glucose feeding, the increased he-
patic insulin extraction observed is related temporally
to a decrease in hepatic glucose output such that the
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FIGURE 4 Hepatic insulin extraction and hepatic glucose
output (mean+SEM) following oral glucose in dogs (n = 7).
Zero time values derived as in Fig. 2.

TasLE III
Relationship of Hepatic Insulin Extraction (Abscissa) to Hepatic Glucose Output
(Ordinate) in Seven Dogs

Dog n Slope Intercept r Value P Value
1 13 —0.09+0.02 4.32+0.89 -0.79 <0.002
2 14 —0.09+0.02 5.28+1.51 —0.66 <0.01
3 9 —0.09+0.05 5.17+2.39 —0.54 <0.1
4 10 —0.09+0.02 5.10+1.14 -0.75 <0.002
S5 11 —0.06+0.02 3.46+1.04 -0.60 <0.05
6 14 —0.03+0.02 1.88+5.46 —0.36 <0.2
7 14 —0.03+0.01 2.45+6.95 -0.57 <0.05
Combined regression
analysis® 85 —0.06+0.01 1 -0.63 <0.001

° Represents the least squares estimate of the common slope of individual dogs by

multiple regression analysis.

t With the multiple regression analysis separate intercepts were fitted for each dog. A
common intercept was not considered statistically or biologically valid.
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FIGURE5 Relationship between hepatic extraction of in-
sulin and hepatic glucose output following oral glucose in
a single dog. The relationship in the other animals is shown
in Table III. y=-0.09x+432; n=13; r=0.79; P
< 0.002.

period of maximal insulin action on the liver correlates
with that of maximal insulin extraction.

Several investigators have studied hepatic insulin
metabolism in animals and man. These studies have
reached essentially the same conclusion, that the liver
extracts 30-60% of the insulin delivered to it in a single
passage (1, 3, 4, 7, 9). The regulation of this process
and its significance in terms of controlling insulin
economy in the body are, however, unknown. An un-
derstanding of the mechanisms whereby hepatic in-
sulin extraction increases and returns to base line after
oral glucose may provide unique insights into the phys-
iological importance of hepatic insulin metabolism.
After oral glucose, complex changes in gastrointestinal
and pancreatic hormones, metabolites, and splanchnic
blood flow occur. Each of these may exert an important
influence on hepatic insulin extraction. It is uncertain
whether this alteration in hepatic insulin extraction is
related to the quantity of insulin reaching the liver,
the portal vein insulin concentration itself, the in-
creased portal vein flow that accompanies glucose ab-
sorption, an effect of blood glucose per se, or other
factors associated with ingestion of glucose. Specula-
tion into these factors can, however, set the direction

Hepatic Metabolism and Action of Insulin Increase after Oral Glucose

for further studies related to the regulation of this im-
portant process.

Glucose itself is an important candidate as a possible
regulator of hepatic insulin metabolism. Kaden et al.
(9) and Waddell and Sussman (14) showed that after
intraduodenal glucose administration in dogs, hepatic
insulin extraction increased. On the other hand, Honey
and Price (15) and Tranberg (16) found that glucose
administration reduced the fraction of insulin extrac-
tion by the liver and Waldhausl et al. (17) and Olefsky
et al. (18) reported no effects of glucose on insulin
disposal. Although animals species, experimental mod-
els, and other factors were not comparable in these
studies, it is possible that an important variable may
be the route of glucose administration. Thus, as yet
unidentified gut factors may mediate the alterations
in hepatic insulin extraction after oral glucose. A pos-
sible effect of blood glucose levels on hepatic insulin
extraction has not been assessed directly because in all
studies using administration of oral or intravenous glu-
cose, concomitant changes in hepatic insulin delivery,
hepatic blood flow and, in the case of oral glucose, gut
factors occurred. Assessment of hepatic insulin extrac-
tion under conditions of glucose clamping at incre-
mental levels, and comparison of oral and intravenous
glucose loads will be required to separate the effects
of glucose from that of other factors in regulating he-
patic insulin extraction.

Other potentially important factors that may deter-
mine the observed changes in hepatic insulin metab-
olism are the absolute quantity of insulin reaching the
liver and the route of insulin delivery to the liver. As
mentioned above, Kaden et al. (9) showed that the
increase in hepatic insulin delivery occurring after oral
glucose is associated with an increase in hepatic insulin
extraction. R6jdmark et al. (19, 20), on the other hand,
found that increases in hepatic insulin delivery in-
duced by intraportal insulin infusion or insulin stim-
ulation by arginine plus cholecystokinin-pancreo-
zymin were associated with a reduction in hepatic
insulin extraction. Mondon et al. (6) reported that with
in situ perfusion of rat liver, the rate of hepatic insulin
removal was proportional to arterial insulin concen-
tration over a range of 20 to 500 pU/ml, although
above this concentration, hepatic removal processes
became saturated. Their data also indicated that the
time-course of hepatic insulin uptake consisted of two
distinct phases; an initial rapid phase, suggested to be
associated with insulin binding to hepatic receptors,
followed by a sustained rate of insulin removal thought
to represent insulin internalization and degradation.
Rubenstein et al. (7) showed saturation of insulin ex-
traction in isolated perfused rat liver at perfusate con-
centrations > 2,000 uU/ml and similar conclusions can
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be reached from the work of others (4, 6, 9, 16, 21).
Although there is still uncertainty regarding the
»plasma insulin level at which hepatic insulin extraction
is saturated, there is general agreement that saturation
of this process does not occur at levels in the physio-
logic range such as after meals. The data reported here,
consistent with that of others (9, 14, 22, 23), indicate
that at subsaturation rates of hepatic insulin extraction,
the fractional extraction of insulin delivered to the
liver can be increased in the face of higher portal vein
levels and hence hepatic delivery rates of insulin.

Other studies have suggested that the capacity of
the liver to extract insulin may depend on the route
of insulin delivery. Tranberg et al. (16) reported a 50%
decrease in plasma clearance of insulin in association
with a 10-fold increase in intraportal insulin concen-
tration in man, although a reduction in insulin clear-
ance was not seen with similar increases in peripheral
insulin. Similarly, Goriya (24) described increased in-
sulin clearance with portal, but not with peripheral
insulin administration given over longer periods in
dogs. On the other hand, insulin extraction was un-
changed over a wide range of portal insulin concen-
trations following intraportal insulin infusion in dogs
(12) and in hyperinsulinemic man (25).

The question of whether changes in hepatic blood
flow might exert an influence on hepatic insulin ex-
traction must be considered. In these studies, following
glucose, hepatic plasma flow increased approximately
twofold from a mean of 340 to 688 ml/min; most of
this increment can reasonably be attributed to portal
vein increases. Although this question has not been
addressed directly in vivo, Karakash et al. (26) showed
that insulin extraction by perfused rat liver remained
constant despite doubling of the perfusion rate. On the

.other hand, Misbin et al. (21), using a similar system,

showed that hepatic insulin clearance depended in
part on the portal flow rate. In addition, we have ob-
tained preliminary data that indicate that the hepatic
extraction of glucagon tends to decrease after oral glu-
cose despite the increase in portal blood flow, sug-
gesting that portal flow is not a major determinant of
hepatic peptide hormone extraction.

The relationship between receptor binding and ex-
traction of insulin by the liver has been addressed by
a number of investigators. Initially, it was believed
that they were separate processes. Thus, Freychet et
al. (27) reported that insulin binding and degradation
by rat liver membranes were independent processes.
An alternative concept was that insulin action was
mediated by binding to one set of receptors and deg-
radation by binding to an independent set of receptors.
The suggestion that prior receptor binding might be
a major factor in insulin degradation was first made

522 J. Jaspan and K. Polonsky

by Terris and Steiner (28, 29). In in vitro studies, they
showed a correlation between receptor binding and
degradation in isolated rat hepatocytes and between
retention and degradation of insulin in the perfused
rat liver and suggested that insulin degradation is pre-
ceded by receptor binding. Similar observations were
made by Olefsky et al. (30) with isolated rat hepato-
cytes and rat liver membranes.

In vitro studies comparing the biologic activity, deg-
radation and receptor binding of insulin, proinsulin,
C-peptide, and various insulin analogues such as de-
salanine insulin have provided interesting results.
Proinsulin, which has 5-10% of the biologic activity
of insulin (31), is removed by the isolated perfused rat
liver 10-15 times less rapidly than insulin (7). These
figures correlate with the known binding of proinsulin
to hepatic insulin receptors, which is 5-10% of that for
insulin (32). C-peptide, which exerts no biologic ac-
tivity in the liver, is not metabolized by this organ (33,
34). These relationships, recently reviewed by Kitabchi
(85), suggest that hepatic receptor binding and biologic
activity of insulin-related peptides are proportional to
their hepatic removal. This author also suggested that
hepatic receptor binding affinity, biologic activity, and
extraction appear to be related phenomena. Further
support for this concept is provided by the recent work
of Minaker et al. (36) who documented reduced insulin
clearance in patients with cellular insulin resistance.
Their data suggested that when insulin action is im-
paired owing to receptor or postreceptor defects, there
is a corresponding decrease in insulin clearance. In this
regard, Hruska et al. (37) have observed linkage be-
tween biologic activity and extraction of peptides
other than insulin at the hepatic level. They showed
that parathyroid hormone influences hepatic glucose
output and is degraded by the liver, whereas the car-
boxyl terminal fragment of parathyroid hormone,
which has no effect on hepatic glucose output, is not
degraded by the liver. The data from the present ex-
periments are consistent with the postulate that he-
patic insulin extraction may be related to the extent
of insulin action. Thus, in the fasted state, when insulin
levels are low and hepatic insulin action is relatively
small, hepatic insulin extraction is lower. However,
after oral glucose, coincident with increased hepatic
insulin action, there is an increase in hepatic insulin
removal.

Because there is convincing evidence that hepatic
insulin extraction occurs through a receptor-mediated
pathway after internalization (28, 29, 38-40) we must
consider the possibility that hepatic insulin extraction
may be modulated at the receptor level. In this context,
our observations that insulin extraction increases rap-
idly following oral glucose is particularly noteworthy



because it is consistent with major changes at the re-
ceptor level, perhaps mediated by specific changes in
glucose or insulin. An analysis of the mechanisms by
which this may occur suggests a number of possibili-
ties. Firstly, there may be an increase in the number
of insulin receptors at the cell surface. Synthesis of
new insulin receptors would appear to be an unlikely
explanation in view of the short time frame (41-43).
However, it has recently been demonstrated that in
hepatocytes, in addition to the exposed surface pool
of insulin receptors, there is a very large intracellular
pool of receptors (44). It is thus conceivable that a
rapid shuttling of insulin receptors from intracellular
to surface sites may account for the observed increase
in hepatic insulin extraction. Decreased degradation
of receptor complexes is a theoretical possibility, but
this has not been previously shown. Recruitment of
insulin receptors from some intracellular location
might conceivably occur. Although there is no prec-
edent for this postulate, it is of interest that increased
glucose transport units have been shown to be re-
cruited from intracellular sites by insulin in isolated
rat fat cells (45, 46). Although these observations have
no bearing on insulin receptors themselves, they do
represent a mechanism whereby an increase in
functional units may be achieved. A second mecha-
nism involves oscillation by recycling of insulin recep-
tors as demonstrated by Marshall et al. (47) in isolated
rat adipocytes. Under appropriate circumstances, in-
creased shuttling of insulin receptors could explain the
rapid increase in the available number of insulin re-
ceptors at the cell surface at any given time. Thirdly,
changes in receptor affinity represent an important
mechanism that may underlie these rapid changes.
Insel et al. (48) have shown that acute short-term
changes in insulin receptor affinity occurred within 5
h of hyperglycemia or hyperinsulinemia in man and
other recent reports have documented acute insulin
receptor affinity changes associated with fasting (41,
49, 50), exercise (51), and oral glucose ingestion (52).
In conclusion, although there has been some con-
fusion regarding the effect of glucose ingestion on
hepatic insulin extraction, our data clearly indicate a
rapid increase in hepatic insulin extraction related to
increased insulin delivery to the liver following oral
glucose. Concomitant changes in hepatic glucose
output were observed. Whether these changes were
coincidently or causally related has not been conclu-
sively established. However, they raise the possibility
(39) that in vitro they may be causally implicated in
a sequence according to the following schema:
_~ Biologic Activity
Insulin Binding—— Internalization:'
SDegradation

Hepatic Metabolism and Action of Insulin Increase after Oral Glucose

This study did not however, evaluate hepatic insulin
receptor binding and there are, of course, numerous
steps between receptor binding at the cell surface, in-
ternalization, and the biologic action of insulin. There-
fore, the evidence presented in support of such a re-
lationship is at present circumstantial. In vitro
degradation of insulin may not be the same as in vivo
uptake or extraction, and for these and other reasons,
comparison between in vitro and in vivo experiments
must be evaluated with caution. Additional in vitro
and in vivo studies are therefore necessary to focus
more directly on each of these parameters and their
possible interrelationships. The physiology of hepatic
insulin metabolism can probably only be fully appre-
ciated when studied in relationship to simultaneous
changes in hepatic insulin delivery, receptor status,
and glucose uptake. The present results clearly indi-
cate that hepatic insulin extraction in vivo is not con-
stant and are consistent with previous suggestions that
the liver is an important site for the regulation of in-
sulin extraction, thereby controlling peripheral insulin
delivery.

ACKNOWLEDGMENTS

The authors wish to thank Dr. A. R. Moossa and Dr. A. H.
Rubenstein for their valuable advice and support, and Silas
Brown and William Pugh for their expert technical assis-
tance.

This work was supported by grants from the National In-
stitutes of Health, grant AM 25913, the Juvenile Diabetes
Foundation (Career Development Award, Dr. Jaspan, and
Fellowship, Dr. Polonsky), and the Diabetes Research and’
Training Center grant AM-20595.

REFERENCES

1. Pastan, 1., J. Roth, and V. Macchia. 1966. Binding of
hormone to tissue: the first step in polypeptide hormone
action. Proc. Natl. Acad. Sci. U. S. A. 56: 1802-1809.

2. Roth, J. 1973. Peptide hormone binding to receptors. A
review of direct studies in vitro. Metab. Clin. Exp. 8:
1059-1073.

8. Madison, L. L. 1969. Role of insulin in the hepatic han-
dling of glucose. Arch. Intern. Med. 123: 284-292.

4. Madison, L. L., and N. Kaplan. 1958. The hepatic bind-
ing of I'® labeled insulin in human subjects during a
single transhepatic circulation. J. Lab. Clin. Med. 52:
927-932.

5. Mortimore, G. E., F. Tietze, and D. Stetten, Jr. 1959.
Metabolism of insulin I'®!: studies of isolated perfused
rat liver and hind limb preparation. Diabetes. 8:307-
314.

6. Mondon, C. E., J. M. Olefsky, C. B. Dolkas, and G. M.
Reaven. 1975. Removal of insulin by perfused rat liver:
effect of concentration. Metab. Clin. Exp. 24: 153-160.

7. Rubenstein, A. H., L. A. Pottenger, M. Mako, G. S. Getz,
and D. F. Steiner. 1972. The metabolism of proinsulin
and insulin by the liver. J. Clin. Invest. 51: 912-921.

8. Blackard, W. G., and N. C. Nelson. 1970. Portal and

523



10.

11

12.

18.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

524

peripheral vein immunoreactive insulin concentrations
before and after glucose infusion. Diabetes. 19: 302-306.

. Kaden, M., P. Harding, and J. B. Field. 1973. Effect of

intraduodenal glucose administration on hepatic extrac-
tion of insulin in the anesthetized dog. J. Clin. Invest.
52: 2016-2028.

Cherrington, A. D., J. L. Chaisson, J. Liljenquist, A. S.
Jennings, U. Keller, and W. W. Lacy. 1976. The role of
insulin and glucagon in the regulation of basal glucose
production in the postabsorptive dog. J. Clin. Invest. 58:
1407-1418.

Ketterer, S. G., B. Wiegand, and E. Rappaport. 1960.
Hepatic uptake and biliary excretion of indocyanine
green and its use. Am. J. Physiol. 199: 481-484.
Harding, P. E,, G. Bloom, and J. B. Field. 1975. Effect
of infusion of insulin into portal vein on hepatic extrac-
tion of insulin in anesthetized dogs. Am. J. Physiol. 228:
1580-1588.

Morgan, C. R., and A. Lazarow. 1963. Immunoassay of
insulin: two antibody system. Plasma insulin levels of
normal sub-diabetic and diabetic rats. Diabetes. 12: 115-
126.

Waddell, W. H., and K. E. Sussman. 1967. Plasma insulin
after diversion of portal and pancreatic venous blood to
the vena cava. J. Appl. Physiol. 22: 808-812.

Honey, R. N., and S. Price. 1979. The determinants of
insulin extraction in the isolated perfused rat liver.
Horm. Metab. Res. 11: 111-117.

Tranberg, K. G., and J. Thorell. 1979. Variation in the
disappearance of unlabeled insulin from plasma. Dia-
betes. 28: 846-851.

Waldhausl, W., P. Bratusch-Marrain, S. Gasic, A. Korn,
and P. Nowotny. 1979. Insulin production rate following
glucose ingestion estimated by splanchnic C-peptide out-
put in normal man. Diabetologia. 17: 221-227.
Olefsky, J. M., T. Batchelder, S. Colome, and G. M.
Reaven. 1974. Effect of intravenous glucose infusion on
plasma insulin removal rate. Metab. Clin. Exp. 23: 543
546.

Réjdmark, S., G. Bloom, M. C. Y. Chou, J. B. Jaspan,
and J. B. Field. 1978. Hepatic insulin and glucagon ex-
traction after their augmented secretion in dogs. Am.
J. Physiol. 235: E88-E96.

Réjdmark, S. G. Bloom, M. C. Y. Chou, and ]. B. Field.
1978. Hepatic extraction of exogenous insulin and glu-
cagon in the dog. Endocrinology. 102: 806-813.
Misbin, R. 1., T. J. Merimee, and J. Lowenstein. 1976.
Insulin removal by isolated perfused rat liver. Am. J.
Physiol. 230: 171-177.

Turner, R. C,, J. A. Grayburn, G. B. Newman, and
J. R. Nabarro. 1971. Measurement of insulin delivery
rate in man. J. Clin. Endocrinol. Metab. 33: 279-288.
Silvers, A., J. Farquhar, R. L. Lerner, and G. M. Reaven.
1970. Evaluation of the dog as an experimental model
for the study of insulin distribution and degradation in
man. J. Lab. Clin. Med. 75: 175-184.

Goriya, Y., A. Bahoric, E. B. Marliss, B. Zinman, and
A. M. Albisser. 1980. Blood glucose control and insulin
clearance in unrestrained diabetic dogs portally infused
with a portable insulin delivery system. Diabetologia.
19: 452-457.

Savage, P. J., E. V. Flock, M. E. Mako, P. M. Blix,
A. H. Rubenstein, and P. H. Bennett. 1979. C-peptide
and insulin secretion in Pima Indians and Caucasians:
constant fractional hepatic extraction over a wide range

J. Jaspan and K. Polonsky

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

87.

38.

89.

40.

41.

42.

of insulin concentrations and in obesity. J. Clin. En-
docrinol. Metab. 48: 594-598.

Karakash, C. F., F. Assimacopoulos-Jennet, and B. Jean-
renaud. 1976. An anomaly of insulin removal in perfused
livers of obese hyperglycemic (ob/ob) mice. J. Clin. In-
vest. 57: 1117-1124.

Freychet, P., R. Kahn, J. Roth, and D. M. Neville, Jr.
1972. Insulin interactions with liver plasma membranes.
J. Biol. Chem. 247: 3953-3961.

Terris, S., and D. F. Steiner. 1975. Binding and degra-
dation of !%%I insulin by rat hepatocytes. J. Biol. Chem.
250: 8389-8398.

Terris, S., and D. F. Steiner. 1976. Retention and deg-
radation of '**I insulin by perfused livers from diabetic
rats. J. Clin. Invest. 57: 885-896.

Olefsky, J. M., J. Johnson, F. Liu, P. Edwards, and S.
Baur. 1975. Comparison of **I-insulin binding and deg-
radation to isolated rat hepatocytes and liver mem-
branes. J. Clin. Invest. 24: 801-810.

Chance, R. E. 1970. Chemical, physical, biological, and
immunological studies on porcine, proinsulin, and re-
lated polypeptides. In Proceedings of the Seventh Con-
gress of the International Diabetes Federation, Buenos
Aires, Amsterdam Excerpta Medica Foundation. Inter-
national Congress Series. 119-131.

Freychet, P. 1974. The interactions of proinsulin with
insulin receptors on the plasma membrane of liver. J.
Clin. Invest. 54: 1020-1031.

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

Stoll, R. W, J. L. Touber, L. A. Menahan, and R. W.
Williams. 1970. Clearance of porcine insulin, proinsulin,
and connecting peptide by the isolated rat liver. Proc.
Soc. Exp. Biol. Med. 111: 894-896.

Kitabchi, A. E. 1977. Proinsulin and C-peptide. A re-
view. Metab. Clin. Exp. 26: 547-587.

Minaker, K., J. Rowe, J. Pallotta, L. Landsberg, and
J. S. Flier. 1981. Reduced insulin clearance in patients
with cellular insulin resistance. Diabetes. 30(Suppl. 1):
9 (Abstr.) 36.

Hruska, K. A., J. Blondin, R. Bass, J. Santiago, L.
Thomas, P. Altsheter, K. Martin, and S. Klahr. 1979.
Effect of parathyroid hormone on hepatic glucose re-
lease in the dog. J. Clin. Invest. 64: 1016-1023.

Terris, S., C. Hotmann, and D. F. Steiner. 1979. Mode
of uptake and degradation of *I-labeled insulin by iso-
lated hepatocytes and H4 hepatoma cells. Can. J.
Biochem. 57: 459-468.

King, A. C., and P. Cuatrecasas. 1981. Peptide hormone-
induced receptor mobility, aggregation and internaliza-
tion. N. Engl. J. Med. 305: 77-88.

Desbuquois, B., J. Willeput, and A. Huet de Froberville.
1979. Receptor-mediated internalization of insulin in
intact rat liver: a biochemical study. FEBS (Fed. Eur.
Biochem. Soc.) Lett. 106: 338-344.

Bar, R. S., P. Gorden, ]J. Roth, C. R. Kahn, and P.
DeMeyts. 1976. Fluctuations in the affinity and concen-
tration of insulin receptors on circulating monocytes of
obese patients: effects of starvation, refeeding, and di-
eting. J. Clin. Invest. 58: 1123-1135.

Kolterman, O. G., M. Saekow, and J. M. Olefsky. 1979.
The effects of acute and chronic starvation on insulin
binding to isolated human adipocytes. J. Clin. Endo-
crinol. Metab. 48: 836-842.



43.

44.

45.

46.

47.

Kolterman, O. G., M. Greenfield, G. M. Reaven, M. Sae-
kow, and J. M. Olefsky. 1979. Effect of a high carbo-
hydrate diet on insulin binding to adipocytes and in vivo
insulin action in man. Diabetes. 28: 731-736.

Krupp, M., and M. D. Lane. 1981. On the mechanism
of ligand-induced down-regulation of insulin receptor
level in the liver cell. J. Biol. Chem. 265: 1689-1694.
Suzuki, K., and T. Kono. 1980. Evidence that insulin
causes translocation of glucose transport activity to the
plasma membrane from an intracellular storage site.
Proc. Natl. Acad. U. S. A. T7: 2542-2545.

Cushman, S., and L. J. Wardzala. 1980. Potential mech-
anism of insulin action on glucose transport in the iso-
lated rat adipose cell: apparent translocation of intra-
cellular transport systems to the plasma membrane. J.
Biol. Chem. 255: 4758-4762.

Marshall, S., and J. M. Olefsky. 1981. Evidence for re-
cycling of insulin receptors in isolated rat adipocytes.
Diabetes. 30(Suppl. 1): 8 (Abstr.) 30.

Hepatic Metabolism and Action of Insulin Increase after Oral Glucose

48.

49.

50.

51.

52.

Insel, J. R., O. Kolterman, M. Saekow, and J. M. Olefsky.
1980. Short-term regulation of insulin receptor affinity
in man. Diabetes. 29: 132-139.

Olefsky, J. M. 1976. Effect of fasting on insulin binding,
glucose transport, and glucose oxidation in isolated rat
adipocytes: relationship between insulin receptors and
insulin action. J. Clin. Invest. 38: 1450-1460.

Kasuga, M., Y. Akanuma, Y. Iwamoto, and K. Kosaka.
1977. Effects of fasting and refeeding on insulin recep-
tors and glucose metabolism in rat adipocytes. Endocri-
nology. 100: 1384-1390.

Soman, R. V., V. A. Koivisto, P. Grantham, and P. Felig.
1978. Increased insulin binding to monocytes after acute
exercise in normal man. J. Clin. Endocrinol. Metab. 47:
216-219.

Muggeo, M., R. S. Bar, and J. Roth. 1977. Changes in
affinity of insulin receptors following oral glucose in
normal adults. J. Clin. Endocrinol. Metab. 44: 1206-
1209.

525



