Glucocorticoid-induced Insulin Resistance
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ABSTRACT We have recently proposed that “down
regulation” of the insulin receptor may be one of the
many biological responses of a cell to insulin. In an
attempt to further explore this hypothesis we have
studied insulin action, binding, and degradation in
freshly isolated hepatocytes from rats rendered insulin
resistant by the administration of dexamethasone, 1.0
mg/kg every other day, for 1 and 4 wk, and in dexa-
methasone-treated (0.1 uM for 24 h) primary cultures
of hepatocytes from normal rats.

Dexamethasone treatment for 1 and 4 wk resulted
in significant hyperinsulinemia and euglycemia when
compared with age- and weight-matched control an-
imals. Freshly isolated hepatocytes from rats treated
with dexamethasone for 1 wk bound less insulin than
cells from control animals. This decrease in insulin
binding was reflected in a decrease in the total number
of cellular insulin receptors upon solubilization of the
cells. Insulin action was evaluated by the ability of
insulin to stimulate the uptake of a-aminoisobutyric
acid. The basal rate of aminoisobutyrate uptake in
freshly isolated hepatocytes was enhanced by 1 wk of
dexamethasone treatment, and although there was an
apparent shift to the right in the dose-response curve
for insulin-stimulated aminoisobutyrate uptake, at no
insulin concentration was there a significant difference
in the uptake by hepatocytes from control and dexa-
methasone-treated animals. This was true whether ex-
pressed as a percentage or absolute increment above
basal. Insulin degradation was enhanced in hepato-
cytes from animals treated with dexamethasone for 1
wk but could not account for the observed changes in
insulin binding.
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Hepatocytes from animals treated with dexameth-
asone for 4 wk were resistant to insulin with regard
to aminoisobutyrate uptake, yet both insulin binding
and insulin degradation returned to the levels observed
in hepatocytes from control animals.

Primary cultures of hepatocytes from normal rats
exposed to dexamethasone, 0.1 uM, in vitro for 24 h
were similar to hepatocytes from rats treated with
dexamethasone for 4 wk in that they were insulin re-
sistant with regard to aminoisobutyrate uptake and
had normal to increased insulin binding. Insulin deg-
radation was also similar. These cells were resistant to
the ability of insulin, 0.1 uM, to down regulate its
receptor whereas parallel cultures treated with insulin
in the absence of dexamethasone had a 52% decrease
in insulin binding.

These data indicate that hepatocytes that are insulin
responsive respond to in vivo hyperinsulinemia by a
decrease in the number of insulin receptors and by
increased insulin degradation. Hepatocytes rendered
resistant to insulin both in vivo and in vitro are resis-
tant to these effects of insulin. These studies emphasize
the importance of postbinding events in the modula-
tion of insulin binding, action, and degradation, and
support the hypothesis that down regulation of the
hepatocyte insulin receptor is one of the many biolog-
ical actions of insulin. They also help explain how a
cell can be insulin resistant and have a normal number
of insulin binding sites in the presence of hyperinsu-
linemia.

INTRODUCTION

An inverse relationship between insulin binding to tar-
get tissues and the concentration of hormone to which
cells are exposed has been observed in some human
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metabolic states (1-3), animal disease models (4, 5),
and in vitro cell systems (6-10). Such down regulation
has been implicated in the development of insulin re-
sistance in hyperinsulinemic states. There are, how-
ever, many insulin-resistant states that are associated
with elevated circulating insulin levels and normal in-
sulin binding (11-21). These exceptions indicate that
the mechanism(s) of down regulation may be more
complex than previously thought.

Although the specific mechanism(s) involved in
down regulation of the insulin receptor by insulin are
unknown, we have recently proposed that this may be
one of the many biological responses of a cell to insulin
(6). Evidence for this includes the ability of agents that
mimic the effects of insulin without interacting with
the insulin binding site to down regulate the insulin
receptor (6), the inability of insulin to down regulate
the insulin receptor of turkey erythrocytes, a cell that
lacks active macromolecular synthesis (22), and the
demonstration that cellular ATP levels may regulate
insulin binding (23). The implications of these obser-
vations are that if a cell were resistant to some effects
of insulin it might also be resistant to the ability of
insulin to down regulate its receptor. Such an effect
could be classified as an example of postbinding insulin
resistance.

In an attempt to further explore this hypothesis we
have studied insulin action, binding, and degradation
in freshly isolated hepatocytes from rats made resistant
to insulin by the administration of glucocorticoids for
1 and 4 wk. In addition, we have studied the effects
of glucocorticoids on insulin binding, action, and deg-
radation when added in vitro to primary cultures of
hepatocytes from normal rats. The data demonstrate
the importance of postbinding events in the modula-
tion of insulin action, binding, and degradation in the
liver and suggest that a hepatocyte must be insulin
responsive for insulin to down regulate its receptor.

METHODS

Chemicals. Alpha-[1'*Cl-aminoisobutyric acid (51.6 mCi/
mmol), carrier-free Na '?°1, (methoxy-*H) inulin (186.4 mCi/
g), and 3-0-[methyl-'*C}-D-glucose (58.0 mCi/mmol) were
obtained from New England Nuclear, Boston, MA. Crude
collagenase (CLS 1l 48H141, 1.52 U/mg) was obtained from
Worthington Biochemical Corp., Freehold, N. ]J.; fraction
V bovine albumin from Reheis Chemical Co., Chicago, IL;
a-aminoisobutyric acid from Calbiochem-Behring Corp.,
American Hoechst, San Diego, CA; and serum-free medium
(Waymouth MB 752/1) from Gibco Laboratories, Grand Is-
land Biological Co., Grand Island, NY. Crystalline porcine
insulin was kindly provided by Dr. Ronald Chance of Eli
Lilly & Co., Indianapolis, IN.

Protocol. Male Sprague-Dawley rats fed ad lib. with ini-
tial weights of 160-170 g were used for all experiments. The
study consisted of two experimental groups: group I, which
received dexamethasone (1 mg/kg) intramuscularly every
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48 h for 1 wk, and group 11, which received the same dosage
schedule for 4 wk. Control animals for each group received
an equivalent volume of saline intramuscularly every 48 h
for 1 and 4 wk.

Preparation of hepatocytes. The liver perfusion and the
isolation and suspension of hepatocytes were performed as
described (5) with the exception that for insulin binding and
degradation the cells were suspended at 0.8-1.2 X 106 cells/
ml, and both binding and degradation were assessed at 25°C.

Primary cultures of hepatocytes were performed as de-
scribed (6). When present, insulin (0.1 uM) and dexameth-
asone (0.1 uM) were added at the time of the first medium
change 4 h after plating. Insulin was readded every 8 h.
After 24 h of culture the cells were washed as described (6)
in Hanks’-HEPES buffer, pH 7.4, containing glucose (8 mM)
and bovine serum albumin (10 mg/ml). Insulin action is as-
sessed in the same buffer at 37°C and insulin binding and
degradation at 25°C.

Binding of '®5I-labeled insulin. Insulin was iodinated
with chloramine T according to the method of Cuatrecasas
(24) and insulin binding assessed as described (5, 6). Non-
specific binding is <10% in all cell groups. Maximum insulin
binding is achieved at 15-30 min and is maintained for 60—
90 min (25, 26). All binding data reported were obtained at
45 min.

In some studies hepatocytes were solubilized overnight at
4°C with constant stirring in Hanks’-HEPES buffer, pH 7.4,
containing 10 mg/ml bovine serum albumin, 1% Triton X-
100, and 1 mM N-ethylmaleimide. The solubilized cells are
centrifuged at 48,000 g for 30 min and the supernatant di-
luted 1:10 with the above buffer without Triton X-100. Al-
iquots of the supernatant containing the solubilized insulin
receptor are incubated at 25°C for 45 min with ?*I-labeled
insulin, 0.1 nM, plus increasing concentrations of unlabeled
insulin. The bound insulin and added bovine gamma glob-
ulin are precipitated with 12.5% polyethylene glycol at 4°C
(27). '*I-labeled insulin is purified on a Bio-Gel (Bio-Rad
Laboratories, Richmond, CA) P-30 column immediately be-
fore use. Nonspecific binding, which is the amount of !2°]-
labeled insulin (0.1 nM) bound in the presence of unlabeled
insulin (1 uM), is 27+3% of total insulin binding at tracer
concentrations of '#I-labeled insulin (0.1 nM). In these ex-
periments the data is normalized by the number of cells
extracted.

Insulin degradation studies. The degradation of '%°I-la-
beled insulin in the medium was determined by precipitation
with trichloroacetic acid after a 45-min incubation of he-
patocytes with '**I-labeled insulin, 0.1 nM, plus increasing
concentrations of unlabeled insulin at 25°C (25). The leakage
of degradative enzymes into the medium accounts for <1%
of the total degradation observed in freshly isolated and
primary cultures of hepatocytes under the conditions of these
studies (25, 26). The nature of the 2] associated with the
cells is determined by solubilization of the hepatocytes in
4 M urea, 1 M acetic acid, and 0.1% Triton X-100 followed
by chromatography on Sephadex G-50 as reported (25).

Aminoisobutyric acid (AIB)! uptake. To measure AIB
uptake freshly isolated and primary cultures of hepatocytes
were incubated in Hanks’-HEPES buffer, pH 7.4, containing
8 mM glucose in the absence and presence of varying con-
centrations of insulin for 2 h at 37°C as reported by LeCam
et al. (28). Following this preincubation, ['*C] AIB (0.1 mM,
1.4 mCi/mmol) was added. Uptake is linear for at least 20

! Abbreviations used in this paper: AIB, aminoisobutyric
acid; Dex, dexamethasone.
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min in both cell systems, and therefore the reaction was
terminated at 10 min to obtain initial rates of uptake. For
freshly isolated hepatocytes uptake was terminated by the
oil separation method as reported (5). For primary cultures
of hepatocytes the plates were washed with ice-cold phos-
phate-buffered saline, pH 7.4, and the cells were scraped
off the plates and centrifuged through oil as for freshly iso-
lated hepatocytes.

Cell counting and sizing. Freshly isolated hepatocytes
were counted in a hemocytometer. For primary cultures of
hepatocytes cell number was estimated by protein deter-
mination (6). The quantity of protein per plate was 1.08+0.02
and 0.91+0.02 mg for control and dexamethasone-treated
cells, respectively. Cell size was estimated by determining
the intracellular water space using 3-O-{methyl-'*C}-D-glu-
cose and adjusting for the trapping of extracellular water by
inulin space measurement as reported. (5).

All statistical analyses were performed by the unpaired
Student’s ¢t test. Data are expressed as the mean+SE.

RESULTS

In vivo effects of 1 wk of dexamethasone treatment
on insulin binding and action in freshly isolated he-
patocytes. Animals receiving dexamethasone for 1 wk
(group I Dex) weighed 188+11 g (n = 6), which is
similar to that of the age- and weight-matched control
animals (199112 g, n = 6). The size of the isolated
hepatocytes as assessed by water space was also similar
and was 4.0+0.8 and 3.9+0.9 ul cell water/108 cells
for group I Dex and control animals, respectively.
Serum insulin levels, however, were significantly higher
in the group I Dex animals (60+4 pU/ml) than in the
control rats (3610 uU/ml, P <0.01). The elevated
serum insulin levels in the presence of similar serum
glucose levels (228+13 and 205+8 mg/100 ml in group
I Dex and control animals, respectively) are suggestive
of an insulin-resistant state induced by dexamethasone.
Because the rats were fed overnight, these glucose val-
ues represent postprandial values.

A comparison of freshly isolated hepatocytes from
group I Dex and control animals with respect to insulin
binding and insulin action is illustrated in Fig. 1. Be-
cause the control animals for the rats receiving dexa-
methasone for 1 and 4 wk had identical insulin binding
as well as basal and insulin-stimulated AIB uptake, the
results were combined into one group. This similarity
is consistent with our previous data that demonstrated
that body weight from a mean of 209-414 g was with-
out effect on insulin binding or insulin-stimulated AIB
uptake in freshly isolated hepatocytes (5).

Hepatocytes from group I Dex animals have an in-
creased basal rate of AIB uptake (31.4%+1.3 pmol/108
cells per min) compared with hepatocytes from control
animals (19.7+1.3 pmol/10° cells per min, P < 0.001).
Because these different basal rates of AIB uptake can
complicate the interpretation of a cell’s responsiveness
to insulin, we will define resistance as a condition in
which maximal concentrations of insulin evoke a sub-
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FIGURE 1 Upper panel: Scatchard analyses of insulin bind-
ing to freshly isolated hepatocytes from control animals
(®) and those treated with dexamethasone for 1 wk (A).
Lower panel: Dose-response curves for the insulin-stimulated
uptake of aminoisobutyrate. The conditions of cell isolation
and measurement of insulin binding and AIB uptake are
described in Methods. The data represent the mean+SE of
triplicate determinations of from three to five separate ex-
periments in each group.

maximal response in both the percentage increase and
absolute increment in AIB uptake above basal.

The dose-response curves for insulin-stimulated AIB
uptake are illustrated in Fig. 1 (bottom panel). He-
patocytes from control and group I Dex animals re-
spond significantly to insulin at insulin concentrations
from 0.1 nM to 1 uM (P < 0.05 to P < 0.001). In both
states the maximal stimulation by insulin was achieved
at hormone concentrations of 0.1 uM-1 uM. From
these curves, the concentrations of insulin that elicit
a half-maximal stimulation of AIB uptake (EDs) are
0.7 and 1.5 nM for hepatocytes from control and group
I Dex animals, respectively. At no insulin concentra-
tion, however, is there a significant difference between
the two curves. This is true whether the data is ex-
pressed as a percentage increase or absolute increment
above basal. Thus, hepatocytes from group I Dex an-
imals are not resistant to insulin with regard to AIB
uptake, i.e., the maximal response to insulin is normal.
Furthermore, although hepatocytes from these ani-



mals appear to be less sensitive to insulin, this did not
achieve statistical significance.

Hepatocytes from rats receiving dexamethasone for
1 wk bound an average of 71+20% less insulin than
those from control animals at insulin concentrations
from 0.1 nM to 0.1 uM (Fig. 1). This difference was
significant at insulin concentrations of 0.1 nM to 5 nM
(P < 0.05-P < 0.001). Because of the experimental
error at higher concentrations of insulin, there is no
statistically significant difference in insulin binding to
hepatocytes from control and group I Dex animals at
insulin concentrations of 10 nM and 0.1 uM. An anal-
ysis of the average affinity by the method of DeMeyts
and Roth (29) indicates that at the lowest receptor
occupancy (B/R, = 2-5%) hepatocytes from group I
Dex animals have a 33% decrease in average affinity
for insulin (P < 0.05). Whereas these data should be
interpreted with caution because of the large experi-
mental error in the determination of the R, value, the
decrease in average affinity is consistent with the sig-
nificant increase in the concentration of native insulin
necessary to compete for 50% of the tracer '**I-labeled
insulin specifically bound to cells from group I Dex
animals (1.5+0.4 nM, n = 3) as compared with cells
from control animals (0.36+£0.05 nM, n = 4, P < 0.05).
Taken together, these data indicate that 1 wk of dexa-
methasone treatment leads to a decrease in insulin
binding due to a significant decrease in affinity of the
insulin receptor for insulin and possibly also a decrease
in the total number of available insulin binding sites.

The apparent decrease in receptor number is sup-
ported by the data in Fig. 2. Because there are specific
intracellular binding sites for insulin (30), we inves-
tigated whether 1 wk of dexamethasone treatment has
an effect on the total number of cellular insulin bind-
ing sites. Freshly isolated hepatocytes from control and
group I Dex animals were solubilized and insulin bind-
ing was analyzed as described in Methods. Fig. 2 is a
Scatchard analysis of these data. The solubilized he-
patocytes from group I Dex animals bind significantly
less (P < 0.05 to P < 0.02) insulin than cells from con-
trol rats at every insulin concentration used. This de-
crease in binding appears to be mainly due to a de-
crease in receptor number because there is no
significant difference in average affinity (data not
shown) and the concentration of insulin that competes
for 50% of specific '2°I-labeled insulin (0.1 nM) binding
is the same in the two groups of cells (2.1 nM for
solubilized receptors from control animals and 1.9
nM for receptors from group I Dex animals). Inter-
estingly changes in affinity are not observed in this
assay as compared with the whole cell preparation
where apparent affinity decreased in cells from group
I Dex animals (Fig. 1). Because the majority of insulin
binding sites are intracellular (Figs. 1, 2) it is possible
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FIGURE 2 Scatchard analyses of insulin binding to the sol-
ubilized insulin receptor of freshly isolated rat hepatocytes
from control (®) animals and animals treated with dexa-
methasone for 1 wk (O). The conditions of cell isolation,
solubilization of the insulin receptor, and measurement of
insulin binding are described in Methods. The data represent
the mean*SE of triplicate determinations from three sep-
arate experiments in each group.

that regulatory changes in affinity occur only in the
available binding sites on the plasma membrane. These
changes may not be apparent when plasma membrane
sites are diluted by the much larger intracellular pool
of insulin binding sites. The decrease in affinity of the
total cellular pool of insulin binding sites is especially
evident when comparing the B/F ratios of solubilized
receptors (Fig. 2) to those of freshly isolated intact
hepatocytes (Fig. 1) and the higher concentration of
unlabeled insulin necessary to displace 50% of the
tracer %I-labeled insulin bound to solubilized as com-
pared with intact cells from control animals. Taken
together these data indicate that 1 wk of dexameth-
asone treatment leads to a decrease in insulin binding
due to a significant decrease in affinity of the available
insulin receptors for insulin and a decrease in total
number of cellular insulin binding sites.

In vivo effect of 4 wk of dexamethasone on insulin
binding and action in hepatocytes. Animals receiv-
ing dexamethasone for 4 wk (group II Dex) were sim-
ilar to control animals both in body weight (252+24
g, n =15 and 305+20 g, n = 4, respectively) and he-
patocyte size (4.9+0.9 and 4.1+1.1 ul cell water/10°
cells, respectively). In addition both groups of animals
had similar serum glucose concentrations (225+8 and
246+25 mg/100 ml in control and group II Dex ani-
mals, respectively). Serum insulin levels were signifi-
cantly higher, however, in the group II Dex animals
(128+17 uU/ml and 7749 pU/ml in group II Dex and
control animals, respectively, P < 0.05), again sug-
gesting insulin resistance in this animal model.

Fig. 3 illustrates the Scatchard analyses of the insulin
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FIGURE 3 Upper panel: Scatchard analyses of insulin bind-
ing to freshly isolated hepatocytes from control animals
(®) and those treated with dexamethasone for 4 wk (O).
Lower panel: Dose-response curves for the insulin-stimulated
uptake of aminoisobutyrate. The conditions of cell isolation
and measurement of insulin binding and AIB uptake are
described in Methods. The data represent the mean+SE of
triplicate determinations of from three to five separate ex-
periments in each group.
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binding data in hepatocytes from control and group
I Dex animals. There is no significant difference in
insulin binding between the two groups of cells.
With regard to AIB uptake, hepatocytes from group
II Dex animals had significantly greater basal rates of
AIB uptake (50.0+8.0 pmol/10° cells per min) when
compared with hepatocytes from control animals (see
above, P < 0.01) but not when compared with cells
from group I Dex animals. Fig. 3 (bottom panel) il-
lustrates the dose-response curves for insulin-stimu-
lated AIB uptake. Hepatocytes from group II Dex an-
imals respond significantly to insulin (P < 0.05) only
at insulin concentrations of 10 nM and 0.1 uM. The
EDs, for insulin in these cells is 5 nM as compared to
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0.7 nM in cells from control animals. Hepatocytes from
control animals have a significantly greater insulin re-
sponse at all insulin concentrations tested (P < 0.05-
P < 0.001). This is true whether the data is expressed
as a percentage or absolute increase in uptake above
basal. Thus, hepatocytes from group II Dex animals
demonstrate both a decreased responsiveness to insu-
lin, i.e., insulin resistance and a shift to the right in
the dose-response curve for insulin-stimulated AIB
uptake, i.e. insulin insensitivity.

Insulin degradation studies. The percentage of
2].insulin (0.1 nM) degraded by cells from control,
group I, and group II Dex animals is 16.2+1.7,
22.1+3.4, and 16.4+1.5, respectively. This percentage
decreased with increasing concentrations of unlabeled
insulin and at 1 uM the percentage of insulin degraded
is 7.7+2, 12.3+3.7, and 7.4+4.7, respectively. The he-
patocytes from group I Dex animals degrade more in-
sulin at every insulin concentration used, and the dif-
ference is significant (P < 0.05) at insulin concentrations
of 10 nM, 0.1 uM, and 1 uM. This is somewhat un-
expected because these cells bind less insulin than the
control cells and we (26) and others (31) have demon-
strated that in hepatocytes insulin binding may be rate
limiting for insulin degradation. The decrease in bind-
ing observed in cells from group I Dex animals
(71+£20%) cannot, however, be explained by the small
decrease (7.4 to 7.1%) in intact free '*’I-labeled insulin
present in the medium.

If the log of the velocity of total insulin degradation
is plotted against the log of total insulin bound with
no correction for nonspecific binding (Fig. 4), a linear
relationship is found. This has been demonstrated in
freshly isolated (81) and primary cultures (26) of he-
patocytes from normal rats and suggests that degra-
dation velocity is first order with respect to the total
amount of insulin bound. In addition, this relationship
suggests that all insulin binding sites, including those
involved in nonspecific binding, may mediate insulin
degradation (26). Thus, whereas the relationship be-
tween insulin binding and degradation is maintained
in cells from group I Dex animals, there is more insulin
degraded for a given amount of insulin bound.

To determine the nature of the '2°I associated with
cells, hepatocytes from all groups of animals were sol-
ubilized as described in Methods and chromato-
graphed on a column of Sephadex G-50. Fig. 5 dem-
onstrates that the percentage of bound radioactivity
that elutes with the second peak and coelutes with
intact insulin is the same in the cells from control,
group I, and group II Dex animals (72+4.1, 74.3+4.9,
and 71%7.4%, respectively). Thus, even though the
degradation velocity in the cells from group I Dex
animals is increased, the percentage of degradation
products retained by the cell at a given time is not
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increased. This suggests a more rapid disposal of these
products into the medium.

In vitro effects of dexamethasone on insulin bind-
ing, action, and degradation in cultured hepato-
cytes. To assess the role of dexamethasone itself in
the changes in insulin binding, action, and degradation
that we observed in freshly isolated hepatocytes from
dexamethasone-treated rats, we exposed primary cul-
tures of hepatocytes from normal rats to a high con-
centration of dexamethasone, 0.1 uM for 24 h. Under
these conditions hepatocytes treated with dexameth-
asone bind significantly more insulin than control cells
at high concentrations of insulin (10 nM, P < 0.05; 0.1
uM, P < 0.001) (Fig. 6). The concentration of native
insulin that competes for 50% of the tracer '**I-labeled
insulin specifically bound, however, is the same in both
groups of cells (0.43 and 0.40 nM for control and
dexamethasone-treated cells, respectively) suggesting
that the overall affinity of the insulin receptor for in-
sulin is unchanged. Scatchard analyses of these binding
data (Fig. 6) demonstrate an increase in the number
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of available insulin receptors in dexamethasone-treated
cells with no change in the apparent affinity.

Insulin degradation at tracer concentration of hor-
mone (0.1 nM) is similar in both groups of cells with
9.0+1.7 and 6.4+1.6% of the insulin degraded by
control and dexamethasone-treated cells, respectively.

Although the basal rate of AIB uptake is not affected
by dexamethasone (59+20 vs. 78+34 pmol/plate per
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FIGURE 5 Gel filtration profiles of hepatocyte bound %1-
labeled insulin after 45-min incubations with '**I-labeled
insulin (0.1 nM). In each profile from left to right, the first
peak represents material eluting in the void volume; the
second peak intact insulin; and the third peak the final deg-
radation products that coelute with Na !#1. The conditions
of cell isolation and measurement of insulin degradation are
described in Methods. The figure illustrates a representative
experiment. The mean of three separate experiments is given
in the text.
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FIGURE 6 Upper panel: Scatchard analyses of the insulin
binding data in primary cultures of rat hepatocytes cultured
for 24 h in the absence (®) and presence (O) of dexameth-
asone, 0.1 uM. Lower panel: dose-response curves for the
insulin-stimulated uptake of aminoisobutyrate. The condi-
tions of cell isolation and measurement of insulin binding
and AIB uptake are described in Methods. The concentra-
tions of insulin used are 0.6 (tracer), 5.6, 50.6, 500.6, and
5000.6 (nonspecific binding) ng/ml. The data represent the
meantSE of triplicate plates from three separate experi-
ments in each group.

min in control and dexamethasone-treated cells re-
spectively), the maximal insulin-stimulated rate of
uptake is significantly decreased in the treated cells
(Fig. 6 P < 0.05). This is true whether expressed as
a percentage or absolute response.

Because cells treated with dexamethasone are resis-
tant to at least 1 parameter of insulin action, AIB up-
take, we next evaluated whether these cells might be
resistant to another action of insulin: the ability of
insulin to down regulate its receptor. Fig. 7 illustrates
that dexamethasone-treated cells are resistant to the
ability of insulin to regulate its receptor. In these three
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experiments control cells incubated in the presence of
insulin demonstrated a 52+3% decrease in insulin
binding. These data are consistent with previous data
from our laboratory, which demonstrated a 46-61%
decrease in specific insulin binding to primary cultures
of hepatocytes incubated with insulin and several
agents that mimic insulin action (6).

DISCUSSION

Our studies were undertaken because previous work
from our laboratory indicated that down regulation
of the insulin receptor might be one of the many bi-
ological responses of a cell to insulin (6). If this were
true, a cell that is resistant to the action of insulin
might have a normal number of insulin receptors in
the presence of elevated circulating levels of insulin.
There are several altered metabolic states in which this
situation exists including some obese people (11-13),
older, obese rats (5, 20), Zucher rats (21), diabetic Pima
Indians (18), some patients with lipoatrophic diabetes
mellitus (15), leprechanism (19), myotonic dystrophy
(14), uremia (17), and spinal cord injury (16). To fur-
ther evaluate the relationships between insulin resis-
tance and insulin binding, we chose the in vivo and
in vitro models of glucocorticoid excess in freshly iso-
lated and primary cultures of rat hepatocytes. This
insulin-resistant state and tissue were chosen because
glucocorticoid excess is a frequently observed clinical
problem, the liver is an important target organ for
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FIGURE 7 Scatchard analyses of the insulin binding data in
primary cultures of rat hepatocytes exposed to dexametha-
sone, 0.1 uM, for 24 h (O, dexamethasone, 0.1 uM) (O, dexa-
methasone, 0.1 uM + insulin, 0.1 gM). The conditions of cell
isolation and culture and measurement of insulin binding
are described in Methods and the legend to Fig. 6. The data
represent the mean+SE of triplicate plates from three sep-
arate experiments in each group.
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glucocorticoid hormones (32-34), and the effects of
glucocorticoids on the relationships between insulin
action, binding, and degradation in the liver have not
been studied. Previous studies have evaluated insulin
binding alone in isolated hepatocytes (35) and liver
plasma membranes (36, 37).

Our data demonstrate that dexamethasone treat-
ment for both 1- and 4-wk results in hyperinsulinemia
in the presence of normal serum glucose levels, a con-
dition suggestive of insulin resistance. After 1 wk of
in vivo treatment with dexamethasone, freshly isolated
hepatocytes are slightly but insignificantly insensitive
and normally responsive to insulin. These cells bind
less insulin due to a decrease in both insulin receptor
number and affinity. Because alterations in insulin sen-
sitivity but not responsiveness are the expected occur-
ance with changes in receptor number and affinity,
these results might be anticipated. Insulin degradation,
however, is increased while the relationship between
insulin binding and degradation is preserved. After 4
wk of in vivo treatment with dexamethasone, freshly
isolated hepatocytes are markedly resistant to insulin,
yet insulin binding and degradation have returned to
the levels observed in hepatocytes from control ani-
mals. Thus, these cells are resistant to insulin despite
normal insulin binding, which indicates a postbinding
defect(s) in insulin action. Furthermore, down regu-
lation of the insulin receptor was observed only when
the hepatocytes were responsive to insulin, i.e., after
1 wk of treatment. This implies that hepatocytes that
are responsive to insulin will down regulate in the
presence of hyperinsulinemia and that if a cell be-
comes resistant to insulin, receptor number can return
to normal, i.e., the cell is resistant to the ability of
insulin to down regulate. It is unlikely that the changes
in insulin binding observed are due to dexamethasone
itself because insulin binding returned to normal levels
after 4 wk of treatment, at which time dexamethasone
action was still present as manifested by a worsening
of the insulin-resistant state and the continued increase
in basal AIB uptake. This latter effect is thought to be
due to a synergistic effect of glucagon and glucocor-
ticoids (38). Also, the addition of dexamethasone to
primary cultures of rat hepatocytes had little effect
on insulin binding but led to insulin resistance and an
inability of insulin to down regulate its receptor.

Olefsky et al. (85) studied insulin binding in hepa-
tocytes and adipocytes from rats receiving dexameth-
asone for 6 d and 3 wk at a dosage four times lower
than the one used in this study. These authors observed
partial recovery of insulin binding in hepatocytes and
almost complete recovery in adipocytes after 3 wk of
treatment and postulated that the return of insulin
binding was related to an improvement in insulin re-
sistance. This explanation is not supported by our data.

Postbinding Events Regulate Insulin Binding, Action, and Degradation

In fact, under the conditions of our studies, insulin
resistance in hepatocytes worsens with prolonged dexa-
methasone treatment.

With regard to insulin degradation, because we (26)
and others (31) have demonstrated a close correlation
between insulin binding and degradation in hepato-
cytes from normal rats, it might be expected that he-
patocytes from animals treated with dexamethasone
for 1 wk would degrade less insulin. These hepatocytes,
however, degrade more insulin. This suggests that deg-
radation too can be regulated by postbinding mech-
anisms. Indeed hepatic insulin-degrading activity is
decreased in liver homogenates (39-42) and liver slices
(42) from starved (39) and diabetic (40-42) animals.
Similar findings have been reported for hepatic levels
of glutathione-insulin transhydrogenase (43). Freshly
isolated hepatocytes from these animals also degrade
less yet bind the same or increased quantities of insulin
(5). Thus, it appears that although insulin binding and
degradation may be linked, it is likely that the response
of the effector-degradative system(s) after binding is
also regulated, perhaps independently of the receptor
complex. Such regulation would explain why the nor-
mal relationship between insulin binding and degra-
dation persists in hepatocytes from group I Dex ani-
mals but at an increased rate of degradation. It has
been suggested (42) that the liver has an autoregula-
tory mechanism for the control of insulin degradation,
which is governed at least partially by the level of
insulin in the plasma. Although the mechanism by
which the hyperinsulinemia present in group I Dex
animals may lead to a faster rate of insulin degradation
is unknown, one possible mechanism is by stimulation
of the quantity or activity of degradative enzymes.
With decreased binding, the quantity of insulin bound
and internalized might be less, but the rate of deg-
radation of internalized insulin might be greater. This
situation would not alter the relationship between in-
sulin binding and degradation but would result in more
degradation for any amount of hormone bound (Figs.
4, 5). An alternative explanation is that the activity or
quantity of degradative enzymes is unaltered but the
rate of internalization of insulin is enhanced dispro-
portionately to the decrease in receptor number. Be-
cause insulin degradation returned to normal when the
hepatocytes became resistant to insulin with regard to
AIB uptake (group II Dex) it is likely that this regu-
latory mechanism also requires that the cell be re-
sponsive to insulin.

The interpretation of in vivo studies is complicated
by the many changes that occur in the hormonal and
substrate milieu. To avoid these complicating factors
and to further assess the role of dexamethasone itself
in the changes in insulin binding, action, and degra-
dation in dexamethasone-treated animals, we exposed
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primary cultures of rat hepatocytes from normal rats
to dexamethasone, 0.1 uM, for 24 h. Under these con-
ditions insulin binding at high concentrations of insulin
was increased by dexamethasone treatment (Fig. 6).
These findings suggest that the decrease in insulin
binding observed in hepatocytes from rats treated with
dexamethasone for 1 wk is due to the induced hyper-
insulinemia and not the dexamethasone itself. Indeed,
it is possible that the maintenance of insulin receptor
number may be one of the many anabolic functions
of glucocorticoids in the liver. Dexamethasone did not
affect the basal rate of amino acid uptake in cultured
hepatocytes. This is consistent with previous studies
by Kletzien et al. (38) who demonstrated in the same
cell system that dexamethasone has a synergestic effect
with glucagon but by itself does not affect AIB uptake.
In our studies dexamethasone did, however, render the
primary cultures of hepatocytes resistant to insulin
with regard to AIB uptake (Fig. 6). These cells, there-
fore, provided the opportunity to evaluate in vitro
whether insulin can down regulate its receptor in an
insulin-resistant cell. While parallel cultures incubated
with insulin, 0.1 gM, in the absence of dexamethasone
had a 52% decrease in insulin binding, cells incubated
with dexamethasone, 0.1 uM, plus insulin, 0.1 uM,
were resistant to the ability of insulin to down regulate
its receptor (Fig. 7). These data support the conclusion
that the return to control levels of insulin binding in
hepatocytes from animals treated with dexamethasone
for 4 wk is most likely due to the induction by dexa-
methasone of resistance to the ability of insulin to
down regulate its receptor.

These studies emphasize the importance of post re-
ceptor events in the modulation of insulin binding,
action, and degradation in the liver and support the
hypothesis that down regulation of the hepatocyte in-
sulin receptor is one of the many biological actions of
insulin. It is important to note, however, that in a given
metabolic state one or more tissues may be resistant
(5, 44) to insulin but others may be responsive (5, 45).
Likewise, one tissue may be resistant to one hormone
(5) but not another (46). It is possible, therefore, that
different tissues in the same metabolic state or the
same tissue in different metabolic states may respond
differently to the ability of insulin to down regulate
its receptor. Those tissues evaluated from insulin-re-
sistant states with hyperinsulinemia, and normal num-
bers of insulin receptors (11-21) may be examples of
resistance to insulin with regard to down regulation
of its receptor, whereas those with decreased numbers
of receptors (1-3) may be examples of responsiveness
to this action of the hormone.
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