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ABsTrRACT We have studied the in vitro effects of
dexamethasone on isolated rat adipocytes at concentra-
tions of dexamethasone therapeutically achieved in man.
Glucose oxidation, glucose transport, and insulin binding
were assessed. In dexamethasone-treated cells, glucose
oxidation was decreased by 30-409, both in the absence
of insulin (basal state) and at low insulin levels (less
than 25 «U/ml). At maximally effective insulin levels
(over 100 xU/ml) no differences existed between control
and treated cells. If glucose transport were the rate-
limiting step for glucose oxidation in the basal state
and at low (submaximal) insulin levels, but not at maxi-
mally effective insulin concentrations, then these data
could be explained by postulating that dexamethasone has
a direct affect on glucose transport and does not affect
intracellular oxidative pathways. We tested this hypothe-
sis by directly assessing glucose transport in dexametha-
sone-treated cells. Glucose transport was assessed by
measuring the uptake of [“C]2-deoxy glucose. These
studies demonstrated a 30-409, decrease in 2-deoxy
glucose uptake by treated cells both in the basal state and
at all insulin concentrations. Thus, a direct glucocorti-
coid effect on the glucose transport system seems to ac-
count for the decreased ability of dexamethasone-treated
cells to oxidize glucose. Since dexamethasone treatment
leads to decreased insulin binding to adipocytes in vivo,
we examined the possibility that the in vitro decreases
in insulin-mediated glucose transport could be due to
decreased insulin receptors. Insulin binding to control
and treated adipocytes was measured, and no differences
were found. Therefore, in contrast to previously re-
ported in vivo studies, adipocytes treated in vitro with
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dexamethasone retain a normal ability to bind insulin.
Thus, these studies suggest that all of the in vitro ef-
fects of dexamethasone on glucose oxidation are due to
direct inhibition of the glucose transport system.

INTRODUCTION

Insulin resistance, as manifested by glucose intolerance
in the face of hyperinsulinemia, is a known sequela of
in vivo corticosteroid administration (1, 2). It is well
established in vitro that corticosteroids decrease the
ability of isolated adipocytes (3-5) and muscle tissue
(6) to oxidize glucose, and the potential relationship
between these in vitro observations and in vivo insulin
resistance is obvious. The initial studies of this in vitro
effect of corticosteroids demonstrated that glucose oxi-
dation could be inhibited in the absence of insulin (basal
oxidation), but that this inhibition could be overcome
by insulin (3-5). This led to the hypothesis that there
were two distinct glucose transport systems: a basal
system and an insulin-sensitive system, and that only the
basal glucose transport system was sensitive to gluco-
corticoid inhibition (3-5). More recently, Czech and
Fain (7) have reported that the inhibitory effects of
dexamethasone on adipocyte glucose oxidation can only
be observed where glucose transport is thought to be
rate-limiting, and have therefore suggested that only
one glucose transport system exists. To study this ques-
tion, we have directly assessed glucose transport and
oxidation in control and dexamethasone-treated cells.
We have previously demonstrated that in vivo ad-
ministration of dexamethasone leads to a decrease in the
number of insulin receptors on rat adipocytes and hepato-
cytes (8), and Kahn et al. (9) have reported similar re-
sults using rat liver plasma membranes. This led us to
speculate that the dexamethasone-induced decrease in
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insulin-mediated glucose metabolism (7, 10) might be
due to deereased numbers of insulin receptors. To test
this hypothesis, we studied the direct in vitro effects of
dexamethasone on insulin binding to isolated adipocytes
in conjunction with the measurements of glucose metab-
olism. Lastly, in these current studies, we sought to gain
information about the interrelationships between insulin
binding to receptors and insulin's cellular action (glu-
cose transport and oxidation) in the same cells.

METHODS

Muterials. Porcine monocomponent insulin was gener-
ously supplied by Dr. Ronald Chance of the Eli Lilly and
Company (Indianagolis, Ind.). Na["*[] was purchased from
the New England Nuclear Co. (Boston, Mass.), bovine
serum albumin (BSA) ! (fraction V) {from Armour Phar-
maceutical Co. (Chicago, Il1.), collagenase from Worthing-
ton Biochemical Corp. (Irechold, N. J.), guineca pig anti-
insulin antibody from Pentex Biochemical (Kankakee, II1.).
[1-#C]Glucose, 2-deoxy [1-"*C]lglucose, ["*Clinulin {rom
New England Nuclear, and phlorizin and cytochalasin B
from Gallard-Schlesinger Chemical Mig. Corp., (Carle
Place, N. Y.).

Preparation of isolated adipocytes. Male Sprague-Dawley
rats were used for all experiments. All studies were per-
formed in the morning on animals that had irce access to
standard rat chow. Animals were stunned by a blow to the
head and decapitated, and epididymal fat pads were re-
moved. Isolated fat cells were prepared by shaking at 37°C
for 60 min in Krebs-Ringer bicarbonate buffer containing
collagenase (3 mg/ml) and albumin (40 mg/ml), according
to the method of Rodbell (11). Cells were then filtered
through 250-um nylon mesh, centrifuged at 400 rpm for
4 min, and washed three times in buffer (12).

Todination of insulin. **I-insulin was prepared at a sp
act of 100-150 uCi/ug according to Freychet and coworkers’
modification (13) of the method of Hunter and Greenwood
(14), as previously described (15). This preparation has
an average of 0.2-0.3 atoms of **I/insulin molecule. Freychet
(13) and others (16, 17) have demonstrated that with this
degree of iodination, over 90% of the iodinated species is
monoiodinated insulin, which retains full biological activity
(13, 17).

Binding studics. Isolated fat cells were suspended in a
buffer containing 35 mM Tris, 120 mM XNaCl, 1.2 mM
MgSO,, 2.5 mM KCI, 10 mM glucose, 1 mM EDTA, and
1% BSA (18), pH 7.6, and incubated with ] _insulin and
unlabeled insulin in siliconized 10-ml Erlenmeyer flasks in
a 24°C shaking water bath as previously described (8, 12,
19). Methodologic studies (data nct shown) have indicated
that optimal steady-state binding conditions are achieved
at 24°C after 45 min of incubation (12). The incubations
were terminated as described by Gammeltoft and Gliemann
(20) by removing 200-u! aliquots from the cell suspension
and rapidly centrifuging the cells in plastic microtubes to
which 100 gzl of dinonyl phthalate oil had been added. Di-
nonyl phthlate has a specific gravity intermediate between
buffer and cells, and therefore, after centrifugation, three
layers resulted: cells on top, oil in the middle, and buffer
on the botton. The cells were then removed and the radio-
activity was determined. All studies were done in triplicate.

1 gbbreviation used in this paper: BSA, bovine serum al-
bumin.
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In the dexamethasone studies, the glucocorticoid (8 X 108
M) ® was added at the beginning of the 1-h collagenase
digestion, After this, cells were preincubated for 9 min
with or without dexamethasone before the binding studies
were begun. Adipocyte counts were periormed according
to a modification of method 111 of Hirsch and Gallian (22),
in which the cells were fixed in 2% osmium tetroxide in
0.05 M collidine buffer (made isotonic with saline) for 72h
at 37°C and then taken up in a known volume of 0.154 Al
NaCl for counting. Counting was performed on a Cellu-
scope Model 112H particle counter with a 400 wm aperture
(Particle Data, Inc., Elmhurst, I11.). Adipocyte size was
determined with a calibrated microscope according to the
method of Di Girolamo et al. (23), and no differences m
cell size were noted between control and  dexamethasone-
treated cells.

Glucose oxidation studics. The ability of adipocytes to
oxidize glucose was determined according to the method
of Rodbell (11). Adipocytes were incubated at 37°C with
[1-2*C]glucose at a total glucose concentration of 2 mM
in Krebs-Ringer bicarbonate buffer, pH 7.4, containing BSA
(40 mg/ml) and dexamethasone (8 X 10°® M). After 1 h
of incubation, the generated *CO: was collected and counted
in a liquid scintillation counter. In the dexamethasone
studies, the glucocorticoid was added at the beginning of
the collagenase digestion. After the isolated cells were col-
lected, they were incubated for an additional 90 min with
8 X 10° M dexamethasone before the oxidation studies.
Thus, the total exposure of cells to dexamethasone before
the beginning of the oxidation study was 2} h. Control cells
were treated in the same way except for the absence of
dexamethasone.

Glucose transport studics. Transport studies were per-
formed with the same cell centrifugation technique as de-
scribed for the binding studies. Unless otherwise stated,
isolated adipocytes were incubated with 2-deoxy-p-[1-''C]-
glucose (sp act 2 mCi/mM) at a concentration of 0.28 mM
in Krebs-Ringer bicarbonate, pH 7.4, containing BSA (10
mg/ml) at 24°C. This assay measures the total uptake of
the radiolabeled 2-deoxy-glucose and is based on the prin-
ciple that while 2-deoxy-glucose is transported and phos-
phorylated by the same processes as p-glucose, it cannot be
further metaholized (24). The assay is terminated by trans-
ferring 200-ul aliquots from the assay mixture to plastic
microtubes containing 100 ul aliquots of dinonyl phthalate
oil. The tubes are centrifuged for 30 s in a Beckman micro-
fuge (Beckman Instruments, Inc, Spinco Div, Palo Alto,
Calif.) and the assay is considered terminated when cen-
trifugation begins. In experiments in which the stimulatory
cffect of insulin on uptake was measured, the cells were
preincubated with insulin for 45 min at 24°C. The amount
of sugar trapped in the extracellular water space of the
cell layers was determined with [V'CJinulin according to the
method of Gliemann et al. (25). Extracellular water space
was measured in each experiment, and all data of sugar
uptake were corrected for this factor. The percent of the
total amount of sugar available that was trapped in the
extracellular water space was a linear function of cell con-
centration, and averaged 0.033+0.001% at a concentration
of 2% 10° cells/ml. The amount of trapped sugar ranged
from 2 to 10% of the total sugar uptake, depending on the
conditions of incubation, and no differences existed be-
tween control and dexamecthasone-treated adipocytes.

2 This concentration of dexamethasone approximates the
level achieved in plasma after the intravenous injection of
0.5 mg dexamethasone in man (21).



The protocol for the 2-deoxy-glucose uptake studies was
as follows: Dexamethasone (8 X 10 M) was added at the
beginning of the 1-h collagenase digestion. After this, the
cells were incubated with dexamethasone in Krebs-Ringer
bicarbonate at 37°C for 45 min. Next the cells were incu-
bated with or without the indicated insulin concentration
for an additional 45 min at 24°C in the presence of the
same concentration of dexamethasone. Thus, the total time
of exposure to dexamethasone before the determination of
sugar uptake was 23 h. Untreated adipocytes were handled
identically except for the absence of dexamethasone.

Hexokinase measurements. Hexokinase activity was as-
sessed by measuring the amount of 2-deoxy-n-[1-*C]glucose
converted to a 2-deoxy glucose 6-phosphate according to
the method described by Kletzien and Perdue (20).

RESULTS

Glucose oxidation studies. The effects of dexametha-
sone on glucose oxidation can be seen in Fig. 1. Basal
glucose oxidation (in the absence of insulin) is de-
creased 309, in the dexamethasone-treated cells. In the
presence of submaximal insulin concentrations, this de-
crease in "CO: production by dexamethasone-treated
cells is still present, but at a maximally effective insulin
concentration, no difference in glucose oxidation between
control and dexamethasone-treated cells was observed.
Increasing the dexamethasone concentration 10-fold did
not change these results, indicating that the data repre-
sent the maximal dose effect of the corticosteroid. Since
the glucose concentration used in these studies was rela-
tively low (2 mM), glucose transport is probably the
rate-limiting step in the absence of and at low levels of
insulin. On the other hand, at the maximally effective
insulin concentration, the amount of glucose transported
into the cell could be great enough to saturate the oxi-
dation pathways. Thus, if dexamethasone exerted its
effects at the level of glucose transport, and did not af-
fect the intracellular oxidative processes, one could see
decreased glucose oxidation at basal conditions and at
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Figure 1 Ability of control (@ —@) and dexamethasone-
treated (O—Q) adipocytes to oxidize glucose. Data repre-
sent the mean (=SE) of eight separate paired experiments.
All P values were obtained by use of the paired # test.
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Ficure 2 Time course of 2-deoxy-glucose uptake in the
absence of (basal) and presence of insulin (5 ng/ml or
120 xU/ml). Incubations were carried out at 24°C in the
presence of 028 mM 2-deoxy-glucose. Since 2-deoxy-glu-
cose uptake is a linear function of cell concentration (not
shown) up to at least 6 X 10° cells/ml (higher than used in
any of the studies presented), all data are normalized to a
cell concentration of 10° cell/ml.

submaximal insulin levels, with normal rates of glucose
oxidation at maximal insulin concentrations.

2-Deoxy glucose uptake studies. To test this hypothe-
sis, glucose transport was compared in control and dexa-
methasone-treated cells. Glucose transport was assessed
by direct measurement of the rate of accumulation of
the nonmetabolyzable sugar 2-deoxy-glucose, and to be
confident that this approach allowed us to assess the
glucose transport process, a number of initial studies
were necessary.

Time-course experiments demonstrated that 2-deoxy-
glucose uptake was linear until at least 8 min (Fig. 2)
at 24°C, both in the absence of insulin and at maximally
effective insulin concentrations. These experiments were
conducted at a 2-deoxy-glucose concentration of 0.28
mM, and comparable linearity of uptake (until 5 min)
was seen at 20 mM (data not shown). Therefore, all
subsequent experiments were terminated at 3 min of in-
cubation. As with other hexose transport systems, ini-
tial uptake rates were temperature-dependent (26-28),
with 3-min 2-deoxy-glucose uptake being 50-709, greater
at 37°C than at 24° (Table I). The sterospecificity of
the system is shown by measuring the effect of other
sugars on 2-deoxy-glucose uptake. This was done by in-
cubating cells and 2-deoxy-glucose (1 mM) with other
sugars such as L-glucose, p-fructose, 3-0-methyl-glucose,
and phlorizin at a concentration of 10 mM. Under these
conditions, 2-deoxy-glucose uptake was not affected by
p-fructose or L-glucose, but was 579, inhibited by 3-0-
methylglucose, 709 inhibited by p-glucose, and 809 in-
hibited by phlorizin.

The effect of substrate concentration on the initial rate
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TaBLE 1
Effect of Temperature on 2-Deoxy-Glucose Uptake

Insulin 2-Deoxy-glucose
Temperature (5 ng/ml) uptake
°C nmol /105 cells
24 0 0.25
+ 0.52
37 0 0.39
+ 0.88

2-Deoxy-glucose concentration used was 0.125 mM and the
data are expressed as the amount of sugar taken up by 105
cells at the end of 3 min. At 37°C uptake was linear until at
least 5 min.

of uptake is seen in Fig. 3. The data show that uptake is
a saturable function of 2-deoxy-glucose concentration
below 5 mM, but that above this concentration initial
uptake rates increase linearly with increases in 2-deoxy-
glucose concentration. As with other hexose transport
systems, the slope of uptake at the higher sugar concen-
trations (over 5 mM) is likely to represent simple in-
ward diffusion of labeled substrate (26-29). This was
confirmed by finding that in the presence of 50 M cy-
tochalasin B (which inhibits facilitated hexose transport
[26-30]), a plot of initial influx rate versus 2-deoxy-
glucose concentration gives a straight line with the same
slope as that seen at the higher substrate concentrations
in the absence of cytochalasin B. These data indicate that
a saturable component of uptake exists in both the basal
and insulin-stimulated state and that the transport proc-
ess, as measured by this technique, behaves as a facili-
tated diffusion system (27-29, 31). Furthermore, when
the data were corrected for the diffusion factor (26-29),
and plotted on a Lineweaver-Burk graph (Fig. 3B), the
apparent K: of 2-deoxy glucose uptake was 2 mM in
the basal and insulin-stimulated state, while the apparent
Vmes increased from 0.6 nmol/min/10° cells in the basal
state to 1.8 nmol/min/10® cells in the insulin-stimulated
state. Thus, in this system, insulin exerts its major ef-
fect on the apparent Vms= of glucose uptake with little
or no effect on K:. This effect is similar to that reported
by others (4), including Czech et al. (28), who used 3-0-
methyl glucose to directly study glucose transport in
brown fat cells. However, other workers have found in-
sulin to effect primarily K¢ (32), or both K¢ and Vmes
(33) and the difficulty in reconciling these contrasting
findings has been discussed (28).

To assess the intracellular fate of the 2-deoxy: [*C]-
glucose, we measured the percent of the intracellular
radioactivity (Table II) in the form of free 2-deoxy
glucose versus 2-deoxy glucose-6-phosphate, by the
method of Tsuboi and Petricciani (34). The results of
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these studies show that the great majority of the la-
beled sugar was phosphorylated. Thus, since intracellular
accumnulation of free 2-deoxy: glucose did not occur at
the lower concentrations of 2-deoxy-glucose (0.125-1
mM), and since the sugar concentration employed in all
subsequent studies was 0.28 mM, the capacity of the
hexokinase reaction is not exceeded, indicating that up-
take of sugar closely reflects transport (26, 27, 35).
Since 2-deoxy glucose uptake is a measure of glucose
transport, comparison of the data in Figs. 1 and 3 indi-
cates that insulin has a greater effect to stimulate glu-
cose oxidation than transport. One possible explanation
is that insulin promotes glucose oxidation by affecting
intracellular events, as well as by increasing glucose
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Ficure 3 Effect of substrate concentration on 2-deoxy-
glucose uptake. A. Adipocytes were incubated at the indi-
cated sugar concentrations in the absence of insulin (basal,
O—O0) and in the presence of 120 xU/m! insulin (insulin,
®—@). Parallel incubations were carried out identically
except that cytochalasin B (50 M) was added 20 min
before measurement of sugar uptake ([J—[J). At 2-deoxy-
glucose concentrations over 5 mM, the slopes of the basal,
insulin-stimulated, and cytochalasin B data are the same,
and represent simple inward diffusion of the sugar into
the cells (26-29). Consequently, for kinetic analysis, the
data are corrected by subtracting the amount of uptake in
the presence of cytochalasin B from the total uptake in
the absence of cytochalasin B (26-29) (corrected insulin
®—@). B. Lineweaver-Burk plot of the corrected basal
(O—0O) and insulin-stimulated (@ —®) data of A above.



TasLe 11
Distribution of Labeled Sugar between Free and
Phosphorylated Products

Incubation

2-Deoxy-glucose 2-Deoxy-glucose-

concentration 2-Deoxy-glucose 6-phosphate
M % of total
0.125 7 93
1 5 95
10 34 66

These studies were done according to the method of Tsuboi
and Petricciani (34), in which the amount of intracellular
2-deoxy glucose present in the free and phosphorylated state
is measured at the end of 3 min of incubation. Cell homog-
enates are fractionated on an ion-exchange column and the
percent of the sugar that is free or phosphorylated is
determined.

transport. Since this formulation is contrary to cur-
rently held views of insulin’s action (36, 37), which
maintain that insulin promotes glucose oxidation solely
by promoting transport, experiments were designed to
test this hypothesis. The data in Fig. 4 summarize these
studies. When 2-deoxy-glucose uptake is measured in
the presence of cytochalasin B, facilitated glucose trans-
port is inhibited. Thus, the only glucose that enters the
cell enters by simple diffusion. Since insulin does not af-
fect this diffusion process (Fig. 3), 2-deoxy-glucose up-
take in the presence of cytochalasin B is the same with
or without insulin (Fig. 4A). In contrast, when glucose
oxidation is measured under similar conditions (Fig.
4B), insulin exerts stimulatory effects even in the pres-
ence of cytochalasin B. In these experiments, high glu-
cose concentrations were used, since at these concen-
trations appreciable amounts of sugar can diffuse into
the cell (Fig. 3). Consequently, even though insulin
cannot increase glucose transport in the presence of
cytochalasin B, enough glucose enters the cell by diffu-
sion so that a stimulatory effect distal to transport that
promotes oxidation can be measured. The data of Fig. 4
are consistent with such an effect.

Comparison of 2-deoxy:glucose uptake in control
versus dexamethasone-treated cells. Uptake of 2-deoxy-
glucose is decreased in dexamethasone treated cells.
These data are seen in Fig. 5, and support the hypothe-
sis that dexamethasone exerts its effects at the level of
glucose transport. Sugar uptake is decreased in the dexa-
methasone-treated cells in the absence of insulin (basal
transport) and at all levels of insulin stimulation. Thus,
uptake is 30-409, less by treated cells under all condi-
tions, and this decrease is quantitatively comparable to
the decreases in glucose oxidation noted in F ig. 1. How-
ever, if the data are expressed as the percent increase
above the basal rate of uptake (Fig. 5B) the percentage
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of cytochalasin B (50 uM). Adipocytes were preincubated
with cytochalasin B as described in the legend to Fig. 3,
and 2-deoxy-glucose uptake (A) or glucose oxidation (B)
was measured in the basal state and in the presence of
insulin. To maximize diffusion of glucose into the cell, high
concentrations (10 mM) of hexose were used in these
experiments. Data represent the mean*SE of four experi-
ments.
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Ficure 5 Ability of control (@—@) and dexamethasone-
treated cells (O—Q) to take up 2-deoxy-glucose. A. All
cells were preincubated with or without insulin (at the
indicated concentrations) for 45 min at 24°C. Ubptake was
then measured at the end of a 3-min incubation with [2-
*Cldeoxy glucose (0.28 mM). Data represent the mean
(£SE) of eight separate paired experiments. All P values
were obtained by use of the paired ¢ test. B. Data from
control (@—®) and dexamethasone-treated (O—Q) cells
are plotted as percent increase above basal uptake values.
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of increase in 2-deoxy-glucose uptake in the presence of
insulin is the same for both groups of cells. Increasing
the dexamethasone concentration 10-fold did not change
these results. To see if the absolute decrease in 2-deoxy-
glucose uptake demonstrated in Fig. 3A was due to a
limited capacity of cells to transport the sugar, we in-
cubated control and dexamethasone-treated cells with in-
creasing 2-deoxy-glucose concentrations in the presence
and absence of insulin (120 «U/ml). These results are
seen in Fig. 6A. The data are similar to those in Fig. 3,
with saturable and nonsaturable (diffusion) uptake com-
ponents. At the higher sugar concentrations the slope of
the nonsaturable uptake is the same for both groups of
cells, and the corrected curves are seen in Fig. 6B.
From these data it is clear that dexamethasone-treated
cells are capable of taking up much larger amounts of
2-deoxy-glucose than observed at the low substrate con-
centrations (0.28 mM) used in Fig. 5. Thus the decrease
in 2-deoxy-glucose uptake seen in Fig. 5 is not due to
saturation of the transport system. Furthermore, when
the data of Fig. 6B are plotted on a Lineweaver-Burk
graph (not shown) dexamethasone-treated cells have
the same apparent A'm as control cells (2 m\) but have
a lower apparent mar, and insulin increases the [ mas
with no appreciable effect on the K= in both groups of
cells.

Finally, since the slopes of the relationship between
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Ficure 6 A. Effect of substrate concentration on 2-deoxy
glucose uptake by control (@) and dexamethasone-treated
cells (O) in the basal state (----- ), in the insulin-stimu-
lated (120 xU/ml) state (——), and in the presence of 50
aM cytochalasin B (——). Plots represent the uncorrected
data for all groups of cells. B. Data from A (above) after
correction for inward diffusion component (see legend to
Fig. 3).
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Ficure 7 Inhibition of basal and insulin-stimulated 3-O-
methyl glucose uptake by dexamethasone. A. The time
course of 3-O-methyl glucose uptake in the absence (®-—@)
and presence (O—Q) of insulin (5 ng/ml or 120 xTU/ml).
The 3-O-methyl glucose concentration was 20 p), and
uptake was assessed as described for the 2-deoxy-glucose
studies. B. The effects of dexamethasone (shaded bars) on
30-s 3-O-methyl glucose uptake. Data represent the mean
+SE of three experiments,

uptake and 2-deoxy glucose concentrations greater than
5 mM are the same for control and dexamethasone-
treated cells, Fig. 6A indicates that dexamethasone does
not affect the diffusion component of the glucose trans-
port system. »

From the above data, several lines of reasoning sup-
port the contention that dexamethasone inhibits the glu-
cose transport system (see Discussion). However, ad-
ditional studies were done assessing the uptake of 3-0-
methyl glucose to further corroborate this conclusion.
The results of these experiments are seen in Fig. 7. Since
this analog is not phosphorylated, its uptake is solely
a measure of transport (28, 35, 38). Fig. 7\ shows the
uptake of 3-0-methy! glucose as a function of time. Be-
cause 3-0-methyl glucose is not phosphorylated (and
consequently trapped inside the cell), equilibrium is
rapidly reached due to significant eflux of the sugar.
Thus, uptake is nonlinear, even in the basal state, by as
early as 45 s, and in the presence of insulin, net uptake is
at near equilibrium by 20 s. These results are comparable
to other data of 3-0-methyl glucose uptake by isolated
adipocytes (36, 39), and indicate that, with current
techniques, this approach is not ideal for the study of
glucose transport in these cells. Nevertheless, as seen in
Fig. 7B, dexamethasone had consistently decreased both
basal and insulin-mediated 3-0-methyl glucose uptake
in these cells. These observations strongly support the
results of the 2-deoxy : glucose studies.

Lastly, to be certain that dexamethasone did not af-
fect the hexokinase reaction during this relatively short
in vitro exposure to the glucocorticoid, total hexokinase



activity was measured in control and dexamethasone-
treated cells. Using the method of Kletzien and Perdue
(26; see Methods) no differences in hexokinase activity
were found (data not shown).

Insulin binding studies. Since we have previously
demonstrated that dexamethasone in vivo will decrease
insulin binding to isolated adipocytes (8), it seemed
possible to speculate that the decrease in insulin-mediated
glucose oxidation and transport just described was due
to a dexamethasone-induced decrease in insulin binding.
To study this possibility, insulin binding was determined
with control and dexamethasone-treated cells, and the
results of these studies are presented in Fig. 8. As can
be seen, the ability of both groups of cells to bind insu-
lin is identical, indicating that under these experimental
conditions dexamethasone does not affect insulin binding
in vitro. The concentration of dexamethasone used in
these experiments was 8 X 10° M, which should be fully
effective. However, increasing the dexamethasone con-
centration 10-fold or prolonging the preincubation period
with the glucocorticoid to 5 h did not change these
results.

Since dexamethasone did not decrease insulin binding
(Fig. 8), but since dexamethasone did dzcrease glucose
transport (Fig. 5A), one can see that for any given
amount of insulin bound per cell, the dexamethasone-
treated adipocytes will transport less glucose. However,
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Fievre 8 Ability of control (@ —@) and dexamethasone-
treated cells (O—Q) to specifically bind *I-insulin. Cells
were incubated for 45 min at 24°C with 3.3 X 10 M *>]-
insulin plus unlabeled insulin to give the indicated total in-
sulin concentrations. B/F represents the ratio of bound to
free *I-insulin. Data represent the mean (*SE) of six
separate paired experiments and all data were corrected
for nonspecific binding by subtracting the amount of radio-
activity remaining bound at an insulin concentration of 200
ug/ml from the amount of radioactivity in the cell pellet at
all other insulin concentrations (8, 12, 19). In these studies
nonspecific binding averaged 4-8% of the total amount
bound.
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Ficure 9 Relationship between dose-response curves of
insulin binding (®—®) and 2-deoxy-glucose uptake
(O—0Q). Open circles represent the percent of maximal
insulin-mediated sugar uptake at the indicated insulin con-
centrations. Since Fig. 4B demonstrates that the percent
increment above basal uptake is the same for control and
dexamethasone-treated cells, this curve is also the same
for both groups of cells. Closed circles represent the per-
cent of maximal specific insulin binding for both groups of
cells. For this analysis, maximal insulin binding is taken
as the amount of insulin specifically bound at a total insulin
concentration of 100 ng/ml (or 2,400 pxU/ml) (12).

since the insulin-mediated increment in glucose trans-
port above basal rates was the same in both groups of
cells (Fig. 5B), it is probable that the interaction be-
tween insulin-receptor complexes and the glucose trans-
port system is unaffected by dexamethasone. In both
groups of cells, however, it is clear that increases in in-
sulin concentration lead to increases in the amount of in-
sulin bound far above the insulin concentration that
causes maximal glucose transport. The relationship be-
tween the dose-response curves for insulin binding and
glucose transport is seen in Fig. 9. These data show that
maximal insulin-stimulated glucose transport occurs
when only 159, of the available insulin receptors are
occupied.

Mechanism of the dexamethasone effect. Glucocorti-
coids are known to initiate their effects by specifically
binding to cytoplasmic receptors (40). Consistent with
this mechanism is the 1-2-h time lag before effects of
dexamethasone on glucose metabolism can be observed
(4, 5, and unpublished observations). Furthermore, we
have found that 8 X 10° M progesterone did not inhibit
glucose oxidation (Table III), indicating that the ob-
served effects of dexamethasone at this concentration
were not due to nonspecific steroid-membrane interac-
tions. Additionally, when adipocytes were exposed to
dexamethasone (8 X 10® M) in the presence of excess
amounts of progesterone (10® M), no effect of dexa-
methasone on glucose transport was observed (Table
ITI). This indicates that the excess progesterone com-
petitively inhibits the binding of dexamethasone to its
receptor, and is consistent with progesterone’s known
properties as an inactive glucocorticoid receptor agonist
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TasLe III
Effects of Progesterone on Glucose Oxidation

Glucose oxidation

Insulin
Addition Basal (8 4U/ml)
nmol /h

None 8.1 26.7
Dexamethasone (8 X 1078 M) 4.1 15.3
Progesterone (8 X 1078 M) 7.9 25.4
Dexamethasone (8 X 1078 M)

-+ progesterone (10~ M) 7.9 27.6

Preincubations with steroids were carried out for 24 h before
measurement of sugar uptake. Data are expressed as nano-
moles of glucose converted to CO; per 105 cells per hour, and
as seen in Fig. 1, 8 xU/ml insulin is a submaximal insulin
concentration.

(41). These findings indicate that dexamethasone ini-
tiates its effects on glucose transport by binding to a
specific glucocorticoid receptor.

DISCUSSION

Several investigators have found that dexamethasone
decreases the ability of adipocytes to oxidize glucose in
the absence of insulin, but that dexamethasone does not
decrease glucose oxidation in the presence of insulin
(3-5). From these studies it has been suggested that
there are two separate glucose transport systems, one
sensitive to dexamethasone and the other to insulin
(3-5). However, more recently, Czech and Fain (7)
have shown that at low glucose levels and submaximal
insulin concentrations, dexamethasone does inhibit oxi-
dation and that this inhibitory effect can only be over-
come at maximal doses of insulin. This led to the sug-
gestion that if glucocorticoids exert their effect on glu-
cose oxidation by affecting the glucose transport system,
then these effects will only be observed where glucose
transport is rate-determining for oxidation. In the stud-
ies in which dexamethasone did not inhibit insulin-
stimulated glucose oxidation (3-5), high glucose con-
centrations and maximal doses of insulin were employed
—conditions under which glucose transport may not be
rate limiting. Our data are clearly comparable to those
of Czech and Fain, since we find that dexamethasone in-
hibits glucose oxidation in the basal state and at sub-
maximal insulin concentrations, but did not inhibit oxi-
dation at maximal insulin levels. These data allow one to
infer that in vitro dexamethasone does not affect the in-
tracellular enzyme systems involved in glucose oxidation,
and, thus, an inhibitory effect of dexamethasone on glu-
cose oxidation will be observed only if glucose transport
is not great enough to saturate these intracellular

systems.
Direct experimental support for these inferences was
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obtained with the 2-deoxy-glucose uptake studies. In
these experiments, inhibition of basal and insulin-stimu-
lated sugar uptake by dexamethasone was demonstrated.
These data clearly demonstrate that dexamethasone
exerts its effect at the level of glucose transport. In Fig.
5B it can be seen that dexamethasone does not alter in-
sulin-stimulated uptake if the data are expressed as the
percent increase above basal. This indicates that the glu-
cocorticoid inhibits a fixed proportion of the transport
system, and that basal and insulin-stimulated glucose
transport share the same system. Furthermore, the data
in Table III indicate that this is a specific glucocorticoid
effect, probably mediated through a specific glucocorti-
coid receptor.

The conclusions drawn from the studies of 2-deoxy-
glucose uptake are valid only insomuch as this measure-
ment reflects glucose transport, and the validity of this
concept has been recently reviewed (38). For example,
Renner et al. (27) have extensively studied the glucose
transport system in rat hepatoma cells, and have con-
cluded that “2-deoxy-glucose is the substrate of choice
as a model for glucose transport” since it is phorphor-
ylated by cells (but not further metabolized) and conse-
quently is trapped inside the cell allowing for readily
measurable periods of maximal uptake. That this is the
case for adipocytes can be seen in the time-course data
of Fig. 2. However, since 2-deoxy-glucose is phosphory-
lated, it is conceivable that the hexokinase reaction is
rate limiting. If so, then uptake would reflect phosphor-
ylation more closely than transport, and the differences
we have found between control and dexamethasone-treated
cells may be due to differences in hexokinase activity
rather than transport. We beliver this is highly unlikely
for the following reasons: (a) the effects of dexametha-
sone on 3-0-methyl glucose uptake (which reflects only
transport) are the same as its effects on 2-deoxy-glucose
uptake. (b) The Km values we measured for glucose
transport are comparable to those reported by other
workers (26-28, 38), and the effect of insulin to increase
Vmas without changing Km is the same as that found by
Czech et al. (28), who studied glucose transport in iso-
lated brown fat cells with 3-0-methyl glucose. (¢) Cyto-
chalasin B, which inhibits facilitated hexose transport
and does not affect the hexokinase reaction (26-30), ob-
literated the saturable component of 2-deoxy-glucose
uptake (Fig. 3). (d) Since the 3-min uptake of 2-deoxy-
glucose determined in these studies is a measure of ini-
tial uptake rate, and since only a small fraction of the
total sugar taken up at this time is in the form of free
2-deoxy-glucose (Table II), it is very unlikely that the
capacity of the hexokinase reaction is exceeded. (e)
Bernstein and Kipnis (10) have shown that adipocyte
hexokinase is normal in rat adipocytes 4 h after the in
vivo administration of dexamethasone, and we have
found no effect of the glucocorticoid on hexokinase



activity after 3 h of in vitro incubation. (f) The data on
glucose oxidation at maximal insulin levels (Fig. 1)
indicate that the intracellular oxidative processes (in-
cluding the hexokinase reaction) are comparable in
treated and control cells. (g) Lastly, when 2-deoxy-
glucose concentrations are increased (Fig. 6), dexa-
methasone-treated cells are capable of taking up much
more 2-deoxy-glucose than during low sugar concentra-
tion (0.28 mM) and maximal insulin levels (5 ng/ml),
as described in Fig. 5.

Since adipocytes isolated from dexamethasone-treated
rats have a decreased ability to bind insulin (8), it
seemed reasonable to believe that the dexamethasone-
induced decrease in insulin-mediated glucose oxidation
and transport was related to a similar dexamethasone-
induced decrease in insulin binding. However, the data
in Fig. 8 demonstrate that dexamethasone does not de-
crease insulin binding to adipocytes in vitro. These find-
ings are in apparent contrast to the in vivo observations
that isolated adipocytes and hepatocytes obtained from
rats treated with dexamethasone have decreased insulin
receptors (8). The explanation for this difference be-
tween the in vitro and in vivo effects of dexamethasone
on insulin binding is not clear. Gavin et al. (42) have
demonstrated in vitro that sustained high concentrations
of insulin can lead to decreased numbers of insulin re-
ceptors on cultured lymphocytes and have suggested that
this same phenomenon might operate in vivo. Conse-
quently, one possibility is that in vivo dexamethasone
induces increased plasma insulin levels, which lead to a
decrease in insulin receptors on cells. Another possibility
is that more time is needed for the effects of dexametha-
sone on insulin binding to develop than can be achieved
in these in vitro studies. Obviously, other potential ex-
planations exist.

The data clearly show that for any given amount of
insulin bound, dexamethasone: treated adipocytes take
up less 2-deoxy-glucose than untreated cells. However,
since basal uptake rates are decreased to the same extent
as are the insulin-mediated uptake rates (i.e., insulin-
mediated increments in ghicose transport are the same in
both groups of cells) it is likely that the coupling be-
tween occupied insulin receptors and the glucose trans-
port system is not affected by dexamethasone. However,
the overall relationship between the amount of insulin
bound and insulin action in both groups of cells is less
clear. As seen in Fig. 9, maximal glucose transport oc-
curs at an insulin concentration at which only 159, of
the available receptors are occupied. This relationship
between binding and function has been observed for
other systems (43) and for other hormones (44, 45).
Possible interpretations of this observation of apparent
“spare” receptors have been recently reviewed (44, 45).

An additional interesting aspect of these studies was
the observation that insulin had greater stimulatory

Effect of Dexamethasone on Glucose and Insulin Metabolism

effects on glucose oxidation than on transport. This sug-
gested that insulin can promote oxidation by stimulating
an intracellular step in the oxidative process as well as
by increasing glucose transport. This idea was confirmed
by finding that insulin could still promote glucose oxida-
tion in the presence of cytochalasin B (which inhibits
insulin’s effects on transport). This posttransport effect
adds a new dimension to the currently held concept that
insulin promotes glucose oxidation by increasing trans-
port (36, 37). Clearly, further studies will be necessary
to delineate the locus and quantitative importance of
this effect in terms of overall glucose metabolism.

In summary, these studies have demonstrated that
dexamethasone in vitro inhibits glucose transport in both
the basal and insulin-stimulated state, and appears not
to affect primarily the intracellular enzymes responsible
for glucose oxidation. Furthermore, in vitro, dexametha-
sone does not decrease insulin binding to adipocytes, in
contrast to its in vivo effects. Thus, at least two mecha-
nisms can be suggested to explain the insulin-resistant
state associated with in vivo corticosteroid administra-
tion: (a) a decrease in insulin binding to cells, and (b)
direct inhibition of the glucose transport system.
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