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A B S T R A CT We have studied insulin binding, glu-
cose transport, and glucose oxidation, using large adi-
pocytes isolated from older, fatter rats (> 12-mo-old,
> 550 g), and smaller cells obtained from younger,
leaner animals (4-5-wk-old, 120-160 g). At media glu-
cose levels < 5 mM, basal (absence of insulin) rates of
glucose oxidation are comparable in both groups of cells.
However, in the presence of insulin, the increase in glu-
cose oxidation is much greater in the smaller cells. Maxi-
mally effective insulin levels could not overcome the de-
fect in glucose oxidation by larger cells, and thus, even
though studies of insulin binding demonstrated a 3040%
decrease in insulin receptors on the larger cells, it is
probable that the defect in glucose oxidation is distal to
the insulin receptor. Glucose transport was assessed by
direct measurement of 2-deoxy glucose uptake. Basal
levels of uptake were greater for the larger cells, whereas
at maximally effective insulin concentrations, rates of
2-deoxy glucose uptake were the same for both groups
of cells. Thus, in the presence of maximally effective
levels of insulin, the apparent Km (2.3-2.7 mM) and Vmaz
values (2.6 and 2.7 nmol/10' cells per min) of 2-deoxy
glucose uptake were comparable, indicating that the glu-
cose transport system of the larger cells was intact.
However, at submaximal levels of insulin, small adipo-
cytes took up more 2-deoxy glucose than large cells.
These findings represent a rightward shift in the insulin
dose-response curve in the cells from the older, fatter
animals, and this is the predicted functional sequelae of
the observed decrease in insulin receptors. Finally, when
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the amount of insulin bound was plotted as a function of
2-deoxy glucose uptake, no difference was seen between
both groups of cells. This indicates that coupling between
insulin receptor complexes and the glucose transport
system is intact in large adipocytes, and is further evi-
dence that a defect (s) in intracellular glucose metabolism
is responsible for the decrease in glucose oxidation of
adipocytes from older, fatter rats. In conclusion: (a) in-
sulin-mediated glucose oxidation is markedly decreased
in large adipocytes from older, fatter rats, and since this
decrease cannot be corrected by maximally effective in-
sulin levels, the defect is probably distal to the insulin
receptor; (b) the glucose transport system is basically
normal in large adipocytes; (c) insulin binding to re-
ceptors is decreased in large cells and the functional se-
quelae of this decrease in insulin binding, i.e., a right-
ward shift in the insulin dose-response curve for 2-deoxy
glucose uptake, was observed, and (d) since the de-
creased rates of insulin-mediated glucose oxidation can-
not be attributed to changes in insulin receptors or to
changes in glucose transport, an intracellular defect in
glucose metabolism is suggested.

INTRODUCTION

Insulin resistance is a well-described feature of obesity
(1). In vitro investigations into the mechanisms of this
insulin-resistant state have relied heavily upon the iso-
lated adipocyte as a cell model. This approach has seemed
appropriate since these cells are relatively easy to obtain,
are metabolically active, and bear an obvious morpho-
logical relationship to the obese state. Binding to specific
cell surface receptors is the initial step in insulin's ac-

tion, and decreased insulin receptors have been found in
a variety of tissues in genetically obese mice (24), and
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in man (5, 6). Recently, we have also found decreased
insulin binding to adipocytes from spontaneously obese
rats (7). However, the potential relationship between
decreased insulin binding and insulin action is not
straightforward. For example, maximal insulin stimula-
tion of glucose metabolism occurs when only a small
fraction of the adipocyte insulin receptors are occupied
(8-10), and, thus, the functional sequelae of a decreased
number of receptors would be a diminished insulin re-
sponse only at insulin levels which saturate less than the
number of receptors required for a maximal effect, with
normal responses to maximally effective insulin levels.
Therefore, in the normal adipocyte, if only 10% of the
receptors must be occupied to elicit a maximal insulin
effect, then if enough insulin is present (maximally ef-
fective insulin level) to occupy this same absolute num-
ber of receptors in cells from obese animals, one would
expect to see a normal insulin response. Indeed, such ob-
servations have been reported. Thus, Livingston and
Lockwood ( 11 ) have shown that maximally effective in-
sulin levels lead to comparable rates of glucose transport
in normal vs. enlarged adipocytes. On the other hand,
glucose oxidation has been studied more extensively, and
several groups have found (12-15) that maximally ef-
fective insulin levels have a decreased ability to stimulate
glucose oxidation in isolated adipocytes from obese rats
when compared to cells from lean animals. Obviously,
the glucose transport data of Livingston and Lockwood
(11) are compatible with a decreased number of insulin
receptors on adipocytes from obese rats, while the data
which demonstrate decreased maximal rates of glucose
oxidation (12-15) imply additional abnormalities. The
aim of the present study was to interrelate insulin bind-
ing, glucose transport, and glucose oxidation in normal
and enlarged adipocytes. Consequently, adipocyte metabo-
lism was studied over a wide range of insulin and glu-
cose concentrations. These studies have shown that the
predicted functional consequence of decreased insulin re-
ceptors can be elicited in enlarged adipocytes, and fur-
thermore, that these cells demonstrate an additional ma-
jor intracellular abnormality preventing normal rates of
glucose oxidation.

METHODS
Materials. Porcine monocomponent insulin was gener-

ously supplied by Dr. Ronald Chance- of Eli Lilly Co., In-
dianapolis, Ind. 'NI-Na was purchased from New England
Nuclear, Boston, Mass., bovine serum albumin (fraction V)
from Armour & Co., Chicago, Ill., collagenase from Worth-
ington Biochemical Corp., Freehold, N. J., guinea pig anti-
insulin antibody from Pentex Biochemical, Kankakee, Ill.,
and [1-"C]glucose, 2-deoxy[1-"C]glucose, and [C4C]inulin
from New England Nuclear.

Preparation of isolated adipocytes. Male Sprague-Dawley
rats were used for all experiments. All studies were per-
formed in the morning on animals who had free access to
standard rat chow. Young, lean animals weighed 120-160 g

and were 4-5-wk-old, while the older, fatter animals weighed
> 550 g and were > 12-mo-old. Animals were stunned by
a blow to the head, decapitated, and epididymal fat pads
removed. Isolated fat cells were prepared by shaking at
370C for 60 min in Krebs-Ringer bicarbonate buffer con-
taining collagenase (3 mg/ml) and albumin (40 mg/ml),
according to the method of Rodbell (16). Cells were then
filtered through a 250-,um nylon mesh, centrifuged at 400
rpm for 4 min, and washed three times in buffer (7). Adi-
pocyte counts were performed according to a modification
of method III of Hirsch and Gallian (17), in which the
cells are fixed in 2% osmium tetroxide in 0.05 M collidine
buffer (made isotonic with saline) for 72 h at 370C and
then taken up in a known volume of 0.154 M NaCl for
counting. Counting was performed using a Celloscope model
112H particle counter with a 400-um aperture (Particle
Data, Inc., Elmhurst, Ill.). Adipocyte size was determined
using a calibrated microscope according to the method of
Di Girolamo et al. (18).

Iodination of insulin. 'I-Insulin was prepared at a sp
act of 100-150 jiCi/,ug according to Freychet et al. modifi-
cation (19) of the method of Hunter and Greenwood (20)
as previously described (21).

Binding studies. Isolated fat cells were suspended in a
buffer containing 35 mMTris, 120 mMNaCl, 1.2 mM
MgSO4, 2.5 mMKCl, 10 mMglucose, 1 mMEDTA, 1%o
bovine serum albumin (22), pH 7.6, and incubated with
'I-insulin and unlabeled insulin in plastic flasks in a 240C
shaking water bath as previously described (7, 23, 24). Op-
timal steady-state binding conditions are achieved at 24°C
after 45 min of incubation (7). The incubations were ter-
minated as described by Gammeltoft and Gliemann (9)
by removing 200-Aul aliquots from the cell suspension, and
rapidly centrifuging the cells in plastic microtubes to which
100 ,ul of dinonyl phthalate oil had been added. Dinonyl
phthalate 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
bottom. The cells were then removed and the radioactivity
was determined. All studies were done in triplicate.

Glucose oxidation studies. The ability of adipocytes to
oxidize glucose was determined according to the method
of Rodbell (16). Adipocytes were incubated at 37°C with
[1-"C] glucose at a total glucose concentration of 2 mM
in Krebs-Ringer bicarbonate buffer, pH 7.4, containing
bovine serum albumin (40 mg/ml). After 1 h of incubation
the generated "CO2 was collected and counted in a liquid
scintillation counter.

Glucose transport studies. Transport studies were per-
formed using the same cell centrifugation technique as de-
scribed for the binding studies; the details of this method
have been previously described (10). Unless otherwise
stated, isolated adipocytes were incubated with 2-deoxy-
D-[1-"C]glucose (sp act 2 mCi/mM) at a concentration of
0.125 mMin Krebs-Ringer bicarbonate, pH 7.4, containing
bovine serum albumin (10 mg/ml) at 240C. This assay
measures the total uptake of the radiolabeled 2-deoxy glu-
cose and is based on the principle that while 2-deoxy glucose
is transported and phosphorylated by the same process as D-
glucose, it cannot be further metabolized (25). The assay
was terminated at the end of 3 min by transferring 200-IAl
aliquots from the assay mixture to plastic microtubes con-
taining 100 ,ul of dinonyl phthalate oil. The tubes were cen-
trifuged for 30 s in a Beckman microfuge (Beckman In-
struments, Inc., Spinco Div., Palo Alto, Calif.); the assay
was considered terminated when centrifugation began. In
experiments in which the stimulatory effect of insulin on
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TABLE I
Experimental Animals*

Younger, leaner Older, fatter
animals, animals,

4-S-wk-old > 12-mo-old

Body weight, g 142 (120-160) 575 (510-700)
Adipocyte volume, pl 57 (42-82) 377 (263-557)
Plasma insulin level, u U/ml 30 (25-40) 65 (47-109)
Plasma glucose level,

mg/lOOml 120 (92-137) 121 (90-134)

* Data represent means; numbers in parentheses are ranges.

uptake was measured, the cells were preincubated with in-
sulin for 45 min at 240C. The amount of sugar trapped in
the extracellular water space of the cell layers was deter-
mined using [14C] inulin according to the method of Glie-
mann et al. (26). Extracellular water space was measured
in each experiment, and all data of sugar uptake were cor-
rected for this factor. The percent of the total amount of
sugar available trapped in the extracellular water space was
a linear function of cell concentration, and averaged 0.033+
0.001% for small adipocytes and 0.054±0.002%o for large
adipocytes at a concentration of 2 X 101 cells/ml. The
amount of trapped sugar ranged from 2 to 10%o of the total
sugar uptake, depending upon the conditions of incubation.

Analytical methods. Plasma glucose was measured by
the glucose oxidase method using a Beckman Glucose Ana-
lyzer (Beckman Instruments, Inc., Clinical Instruments
Div., Fullerton. Calif.).

RESULTS
Experimental animals. Some characteristics of the

animals studied are given in Table I. Two groups were
studied: young, lean rats, and older fatter rats. As can be
seen, fat cell size was approximately sixfold greater in
the older fatter animals and a.m. plasma insulin levels
were also greater. Plasma glucose values were compara-
ble in both groups.

Glucose oxidation studies. Fig. 1 shows the effects of
insulin to promote glucose oxidation in adipocytes from
lean and obese rats. Basal rates of glucose oxidation are
the same in both groups of cells. However, in the presence
of insulin, marked differences in oxidation are seen.
Thus, normal cells oxidize more glucose at all insulin
levels compared to enlarged adipocytes. This difference is
consistent with the work of others (12-15), and exists if
the data are expressed in absolute terms or as the percent
rise above basal values. The fact that maximally effective
concentrations of insulin cannot overcome this defect in
glucose oxidation suggests that a step distal to the insulin
receptor is primarily responsible for the decrease in glu-
cose metabolism.

To establish this, and to further define the differences
between large and small adipocytes, cells from both
groups of animals were incubated over a wide range of
glucose concentrations in the presence and absence of
maximally effective insulin levels (5 ng/ml). The rates
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FIGURE 1 Ability of small adipocytes from young, lean
animals ( 0 ) and large adipocytes from older, fatter animals
(0) to oxidize glucose. Data represent the mean (±SE)
of 24 separate experiments from different animals using
small adipocytes and 8 experiments using large cells.

of glucose oxidation under these conditions are illus-
trated in Fig. 2. As can be seen, basal rates of oxidation
are similar for both types of cells at glucose concentra-
tions below 5 mM. Above this glucose concentration
small cells oxidize more glucose than large cells, which
further suggests a defect(s) located distal to the insulin
receptor in the ability of large cells to generate CO.
Again, as was seen in Fig. 1, differences between these
cells are more striking in the presence of insulin, and
maximal rates of glucose oxidation (20 mMglucose, 5
ng/ml insulin) are sevenfold greater for small adipo-
cytes. The individual data for the experiments presented
in Fig. 2 can be seen in Table II.

Insulin-binding studies. Glucose oxidation involves a
number of steps (insulin binding, glucose transport, and
intracellular metabolism), and as discussed above, the
data in Figs. 1 and 2 suggest an abnormality distal to
the insulin receptor in large cells. Nevertheless, a de-
crease in the number of insulin receptors per cell has
been described both in man and genetically obese rodents,
and we have recently found that adipocytes from older,
fatter rats (spontaneous obesity) also have fewer insu-
lin receptors per cell (7). This decrease is quantitated in
Fig. 3 which demonstrates that adipocytes from the
older, fatter animals bind significantly less insulin at

all insulin concentrations. Thus, at the lowest insulin
concentration used (0.2 ng/ml) the small adipocytes
(2 x 10' cells) specifically bind 2.1±0.2% of the insulin,
whereas large adipocytes bind only 1.2±0.1%.' As previ-

1 These data are normalized to 2 X 10t cells, since this
was the average cell concentration used in the insulin-bind-
ing studies.
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ously discussed (7), this decrease in insulin binding can
be accounted for by a decreased number of receptors per
cell rather than a change in affinity of the receptor for
insulin. Since maximal insulin action occurs when only
a small fraction of the available insulin receptors are oc-
cupied (8-10), decreases in insulin's biological effects
will only occur at insulin concentrations low enough to
occupy less than the absolute number of receptors needed
for maximal action. Thus, until the concentration of in-
sulin is high enough to saturate this absolute number of
receptors, insulin-mediated cell function should be less in
cells with fewer receptors, and a shift in the dose-
response curve to the right should be observed.

Glucose transport studies. To better assess the insu-
lin dose-response curve, and to further localize the de-
fect in glucose metabolism observed in the large adipo-
cytes, studies of glucose transport were performed in
both groups of cells. Glucose transport was assessed by
measuring the uptake of 2-deoxy glucose in both groups
of cells, and these data are seen in Fig. 4. Basal rates of
2-deoxy glucose uptake are higher in the large adipo-
cytes, whereas maximal insulin-stimulated rates of up-
take are comparable in both types of cells. However, at
submaximal stimulatory levels of insulin, adipocytes from
the younger, leaner rats take up more 2-deoxy glucose
than cells from the older, fatter rats, and, thus, the pre-
dicted functional consequence of a decrease in insulin re-
ceptors, i.e., a shift in the insulin dose-response curve to
the right, is seen. If one calculates the data as the per-
cent rise above basal uptake rates, then, because the
smaller cells have lower basal uptake rates, they show a
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FIGURE 2 Effect of glucose concentration on glucose oxida-
tion by large (0) and small (@) adipocytes. Cells were in-
cubated with increasing glucose concentrations in the ab-
sence ( ) and presence ( .--) of 5 ng/ml (120 ,uU/ml)
insulin. Data represent the mean of three experiments for
each group.
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FIGURE 3 Ability of small (0) and large (0) adipocytes
to specifically bind 'I-insulin. Cells were incubated for 45
min at 240C with 33 pM (0.2 ng/ml) 'MI-insulin plus un-
labeled insulin to give the indicated total insulin concen-
trations. The amount of insulin bound (pg/105 cells) is
plotted on the vertical axis and insulin concentration on the
horizontal axis. Note breaks in scales. Data represent the
mean (±SE) of 10 separate experiments for each group,
and all data are corrected for nonspecific binding by sub-
tracting the amount of radioactivity remaining bound at an
insulin concentration of 200 /Ag/ml from the amount of
radioactivity in the cell pellet at all other insulin concen-
trations (2, 7, 24). In these studies nonspecific binding was
4-10% of the total amount bound. The differences in amount
of insulin bound between large and small cells are signifi-
cantly different at each insulin concentration.

greater percent rise in uptake at maximal insulin levels.
However, even with this method of calculation, the small
cells show a greater sensitivity to insulin at submaximal
insulin levels as compared to maximal insulin levels.
Thus, as seen in Fig. 5A, if one computes the ratio of
the insulin-induced percent increase in 2-deoxy glucose
uptake (above basal rates) between small and large cells,
this ratio is higher at the lower insulin levels, again indi-
cating a rightward shift in the insulin dose-response
curve, for large cells, even with this method of data ex-
pression. Lastly, if one calculates the data as a percent
of the maximal insulin effect (Fig. 5B), then again a
shift in the curve is seen.

Since maximal insulin-stimulated rates of 2-deoxy glu-
cose uptake are the same in both groups of cells, the
data in Fig. 4 suggest that the glucose transport system
of large adipocytes is normal. To test this hypothesis we
studied 2-deoxy glucose uptake over a wide range of
hexose concentrations in the presence and absence of
maximal insulin levels (5 ng/ml). These data are seen
in Fig. 6. Basal rates of 2-deoxy glucose uptake are
higher for the large fat cells, and this difference tends
to decrease at the higher sugar concentrations. In the
presence of insulin, 2-deoxy glucose uptake is compara-
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TABLE II
Individual Data of Glucose Oxidation Experiments at Increasing Glucose Concentrations

Glucose concentration, mM

Basal Insulin (25 ng/ml)
Experiment

no. 0.4 1.0 5 10 20 0.4 1.0 5 10 20

Small cells 1 0.81* 2.0 6.9 8.4 13.6 14.6 30.1 42.5 39.7 39.1
2 0.93 2.7 7.2 8.0 13.5 12.4 33.4 46.7 50.3 50.5
3 1.29 2.5 5.3 9.2 12.8 16.4 60.0 84.4 85.9 85.1

Mean 1.0 2.4 6.5 8.5 13.3 14.4 41.1 57.9 58.6 58.2
(±SE) i0.14 ±0.2 40.6 4±0.4 ±0.3 ±1.2 ±9.5 +13.3 ±14.0 +13.8

Large cells 1 1.4 2.8 3.3 3.4 3.3 2.0 3.8 4.1 4.8 4.8
2 1.0 2.1 4.0 4.5 4.6 1.8 3.8 6.7 5.9 5.8
3 1.8 4.0 6.5 6.7 6.8 4.0 8.8 12.2 11.6 12.1

Mean 1.4 3.0 4.6 4.9 4.9 2.6 5.5 7.7 7.4 7.6
(±SE) i0.2 ±0.6 ±1.0 ±4-1.0 ±1.0 ±0.7 1J.7 +2.4 ±:2.1 ±2.3

* nmol glucose oxidized/105 cells per h.

ble in small and large adipocytes at all hexose concen-
trations. The shape of all four curves in Fig. 6 suggests
two uptake components: a saturable component seen at
2-deoxy glucose concentrations < 5 mM, and a non-
saturable, linear component seen at higher sugar concen-
trations. This phenomenon has been previously described
for 2-deoxy glucose uptake by other cell systems (27,
28), and we have reported similar observations using
isolated adipocytes (10). It is likely that this nonsatura-
ble component represents simple inward diffusion of la-
beled hexose (10, 27, 28), and the data can be corrected
for this diffusion component by subtracting the contribu-
tion of this linear process (10, 27, 28). When these cor-
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rected data are submitted to Lineweaver-Burk analysis,
apparent Km and Vm8.s values can be calculated. With
this approach (Fig. 7, Table III), the apparent Km of
2-deoxy glucose uptake is comparable in both groups of
cells in the presence or absence of insulin (2.3-2.7 mM).
The apparent Vmit value in the basal state is somewhat
higher for larger cells (1.2 vs. 0.9 nmol/105 cells per
min) and insulin causes the Vm.. to increase to the same
level in both groups of cells (2.5 and 2.6 nmol/105 cells
per min).
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dicated concentrations) for 45 min crement in 2-deoxy glucose uptake (absolute value -basal)
n measured at the end of a 3-min at the indicated insulin concentrations by the maximum in-
eoxy glucose (0.125 mM). Data crement in uptake (at 25 ng/ml insulin). Data are derived
SE) of 11 experiments for each from the data in Fig. 4, and represent the mean (±SE) for
obtained by use of the nonpaired t small (0) and large (0) cells. (*) indicates P <0.01 and

(4*) indicates P < 0.05.
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TABLE III
Kmand Vmax Values* for 2-Deoxy Glucose Uptake

Small cells Large cells

Basal Insulin Basal Insulin

Km, mM 2.5 2.3 2.3 2.7
Vmox, nmol/105 cells per min 0.9 2.6 1.2 2.5

2-Deoxy Glucose Concentration (nM)

FIGURE 6 Effect of substrate concentration on 2-deoxy
glucose uptake by small (0) and large (0) adipocytes in
the basal (-) and in insulin stimulated (- - - -) state.
At 2-deoxy glucose concentrations > 5 mMthe slopes of
the curves represent simple inward diffusion of the sugar
into the cells (10, 27, 28); the data can be corrected for
this linear diffusion component by subtracting the contribu-
tion of this linear process from the absolute value (10, 27,
28). Data represent the mean of eight separate experiments
for each group.

Relationship between insulin binding and insulin func-
tion. Thus, the data presented suggest that the glucose
transport system of adipocytes from both groups of ani-
mals is comparable. Furthermore, in the large cells, the
decrease in transport at submaximal insulin levels (which
is probably due to decreased insulin receptors) is quan-
titatively unlikely to account for the decrease in glucose
oxidation. Consequently, a major defect in glucose oxi-
dation distal to the glucose transport system seems likely.
This hypothesis is examined in Fig. 8. In Fig. 8A the

V
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0 1 8 101 5

S

FIGURtE 7 Lineweaver-Burk plot of the corrected data from
Fig. 6 for small (A) and large (B) adipocytes. The cal-
culated "apparent" Km and V1... values are given in Table
III.

* These values represent the "apparent" Km and Vm.x values calculated
from the data in Fig. 6. Small cells are those obtained from the younger.
leaner animals (120-160 g, 4-5-wk-old) and large cells from the older, fatter
rats ( >550 g, > 12-mo-old).

amount of insulin bound per cell is plotted as a function
of 2-deoxy glucose uptake. As can be seen, the relation-
ship is similar for both groups of cells, indicating that
the decrease in 2-deoxy glucose uptake at submaximal
insulin levels in large adipocytes (Fig. 4) is quantita-
tively accounted for by the decrease in insulin binding
seen in Fig. 3. Furthermore, these data indicate that the
coupling between insulin-receptor complexes and the glu-
cose transport system is normal in large adipocytes. A
similar graph is seen in Fig. 8B with glucose oxidation
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FIGURE 8 Relationship between the amount of insulin bound
and insulin action. (A) The amount of insulin bound (at
the insulin concentrations used in Fig. 4) is plotted (hori-
zontal axis) as a function of the amount of 2-deoxy glucose
uptake at that insulin concentration (vertical axis) for
small (0) and large (0) adipocytes. (B) Amount of
insulin bound as a function of the amount of glucose
oxidized.
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TABLE IV
Total Glucose Consumption by Large and Small Adipocytes

Large cells Small cells

Glucose consumed,*
nmol/105 cells per h 130+31 P < 0.01 218+30

Glucose oxidizedl, % 6+t1 P < 0.001 27+3

* Adipocytes were incubated at 370C for 2 h in the presence
of 5 mMglucose and 5 ng/ml insulin. Glucose concentration
was measured before and after the incubations and the data
represent the mean of four experiments.
$ This was calculated by dividing the amount of glucose
oxidized at 5 mMglucose and 5 ng/ml insulin (Fig. 2) by the
total amount of glucose consumed. It should be recalled,
however, that in these studies glucose oxidation refers to the
amount of glucose converted to CO2as estimated by oxidation
only of the first carbon atom of the glucose molecule. Thus,
these calculations are estimates and are most useful for com-
parative purposes.

plotted on the vertical axis. In this plot the curves are
much different, demonstrating that for a given amount
of insulin bound, large adipocytes oxidize less glucose.
Thus, a defect in the glucose oxidation process distal to
the 2-deoxy glucose uptake system is indicated.

Studies of glucose consumption. These studies have
shown that at any given hexose concentration, maximal
rates of 2-deoxy glucose uptake are the same for both
groups of cells, while maximal rates of glucose oxidation
are decreased in large cells. Thus, it seemed probable
that the distribution of transported glucose was altered
in the large cells. To investigate this possibility we mea-
sured the total glucose consumption by large and small
adipocytes. These data are presented in Table IV and
demonstrate that in the presence of maximally effective
insulin concentrations, total glucose consumption is less
for large cells. However, at the same glucose (5 mM)
and insulin (5 ng/ml) concentrations (Fig. 2) the de-
crease in [1-14C]glucose oxidation' by large adipocytes
is much greater than the decrease in total glucose con-
sumption seen in Table IV. This is emphasized by com-
paring the amount of glucose oxidized via the C-1 oxi-
dative pathways (Fig. 2) and the total amount of glu-
cose consumed (Table IV) at 5 mMglucose and 5 ng/ml
insulin. Using this data it can be calculated that C-1 oxi-
dation accounts for 26% of the glucose consumed by
small cells, but only 6% of the glucose consumed by
large cells. This indicates that a defect of the magnitude
seen in Fig. 2 cannot exist in all other pathways of glu-
cose metabolism (including other oxidative and nonoxi-
dative pathways), and that some pathway(s) of glucose
metabolism must be relatively increased to compensate

2It should be noted that [1-"C]glucose is oxidized pri-
marily via the pentose shunt.

for the decrease in glucose disposition via C-1 oxidative
steps.

DISCUSSION
In these studies we have shown that at glucose concen-
trations > 5 mM, basal rates of glucose oxidation were
higher in adipocytes from younger, leaner rats than from
older, fatter animals. Furthermore, insulin could not cor-
rect this defect, and the decrease in the maximal rate of
glucose oxidation by large adipocytes' was much greater
in the presence of maximally effective insulin concen-
trations due to insulin's greater ability to enhance oxida-
tion in small cells. Comparable findings have been previ-
ously reported (12-15), and these observations suggest
several possible explanations. Since maximal insulin-
stimulated glucose oxidation occurs when only a minority
(10-15%) of the available insulin receptors are oc-
cupied (8-10), a decrease in insulin action observed at
insulin concentrations great enough to saturate this ab-
solute number of receptors (maximally effective insulin
level) cannot be due to a decreased number of insulin
receptors. This line of reasoning implies that the defect
in glucose oxidation in large adipocytes is distal to the
insulin receptor; i.e., in the glucose transport system or
one or more of the intracellular steps in glucose metabo-
lism. This hypothesis is supported by the fact that, in
the large cells, maximal rates of oxidation (i.e., at glu-
cose concentrations >5 mM, Fig. 2) are also decreased
in the absence of insulin (basal state).

The above suggestions, however, rely on the assump-
tion that all available insulin-binding sites are fully
functional (spare receptor theory), and that a separate,
unique class of functional receptors which comprise a
small minority of available binding sites (10-15%) does
not exist. When the number of insulin receptors are de-
creased, the functional sequelae in the first situation
(spare receptor theory) would be a shift in the insulin
dose-response curve to the right; that is, decreased in-
sulin action at submaximal insulin levels, and normal in-
sulin action at maximally effective insulin levels. On the
other hand, if a unique loss of functional receptors ex-
isted, then decreased insulin action at all insulin levels
would be observed. The results of the glucose transport
studies (Fig. 4) indicate that all available insulin recep-
tors are fully potentially functional. Thus, a shift in the
insulin dose-response curve was seen, with small cells
able to take up more 2-deoxy glucose than large cells
only at submaximal insulin concentrations. This differ-

' It should be pointed out that labeling these cells as large
adipocytes does not mean that the increased size of these
cells is responsible for these differences. Obviously, the
larger cells are obtained from animals which differ in re-

gards to degree of obesity, age, plasma insulin levels, etc.,
and any of these factors may influence adipocyte metabolism.
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ence is most likely due to the decreased number of in-
sulin receptors observed in the large adipocytes. This
idea is further supported by comparing the amount of
insulin bound per cell to the amount of 2-deoxy glucose
uptake per cell. This comparison demonstrated that for
any given amount of insulin bound, large and small
adipocytes take up similar amounts of 2-deoxy glucose.
This indicates that the decrease in insulin receptors of
large cells quantitatively accounts for the decreased sugar
uptake at submaximal insulin levels, and that coupling
between insulin-receptor complexes and 2-deoxy glucose
uptake is normal in large adipocytes.

The use of 2-deoxy glucose to assess glucose transport
is based on the principle that this hexose is transported
and phosphorylated the same as n-glucose but cannot be
further metabolized (25). The phosphorylated sugar is
then trapped inside the cell, thus allowing prolonged pe-
riods of linear uptake which are readily measurable.
The validity of this concept in this system has been
previously demonstrated (10). However, 2-deoxy glucose
uptake reflects glucose transport only if transport, not
phosphorylation, is the rate-limiting step. This has been
established in a variety of systems (27-29), including
epididymal adipocytes (10), and for reasons discussed
previously (10), we believe that 2-deoxy glucose uptake
closely reflects glucose transport. This idea is further
supported by the data of Livingston and Lockwood who
have found normal insulin-stimulated rates of 3-0-methyl
glucose uptake' in enlarged adipocytes (11). This, even
though a decrease in adipocyte hexokinase has been re-
ported in large adipocytes (15), this decrease is appar-
ently not great enough to cause a decrease in 2-deoxy
glucose uptake (Fig. 6). Regardless of the precise step
2-deoxy glucose uptake best reflects, it is obvious that
the uptake system for this hexose is basically normal in
adipocytes from older, fatter animals. This, combined
with the striking decrease in glucose oxidation displayed
by large cells, localizes the major abnormality responsi-
ble for the decrease in glucose oxidation as being distal
to the hexokinase step.

Some basic problems in interpreting this type of data
should be mentioned. For example, a persistent dilemma
in analyzing insulin function data in which basal and
stimulated values are obtained, is whether to consider the
insulin effect as the percent rise above basal or as the
absolute value. When basal values differ, and maximal
insulin-stimulated values are the same, then insulin's ef-
fect will be comparable or different, depending upon the
method of data analysis one chooses. This problem re-
mains unresolved, with proponents of both views. We
have elected to analyze the data in terms of absolute

'This sugar is taken up by cells, but is not phosphory-
lated, and, thus, represents only the transport process.

rates of metabolism, since the maximal capacity of the
glucose transport system was found to be the same in
both groups of cells. However, the complexity of this is-
sue can be illustrated by a close examination of Fig. 6.
For example, basal rates of uptake are higher for larger
cells, especially at sugar concentrations < 5 mM. If one
equalized basal uptake rates by increasing the media
2-deoxy glucose concentration for small cells (i.e., 0.5
mMfor large cells and 1 mMfor small cells) then, at
these sugar concentrations, insulin-stimulated uptake is
now twofold greater for small cells. Another problem of
data interpretation concerns the method of normalization.
In these studies we have normalized the data on a per
cell basis. We believe this approach provides a more
representative adipocyte characteristic than total DNA
or protein measurements for reasons previously discussed
(7). However, insulin binding and glucose transport are
basically membrane processes, and, thus, one could argue
that since these groups of adipocytes differ in size, one
should normalize the data to unit surface area, cell vol-
ume, or unit intracellular water content (30). No data
are available which will clarify these possibilities, and
further studies are obviously necessary to resolve this
aspect of data calculation.

The K. and Vm.. values for 2-deoxy glucose uptake
for large and small cells are remarkably similar. The up-
take of 2-deoxy glucose represents only two processes
(transport and phosphorylation), with transport most
likely being the rate-determining step (10). Additionally,
this measurement is made after a very brief incubation
(3 min) and, thus, initial uptake rates are approximated.
For these reasons, the apparent Kmand Vm8t values cal-
culated for 2-deoxy glucose uptake are reasonable esti-
mates of the kinetic characteristics of the adipocyte glu-
cose transport system. The effect of insulin in both
groups of cells is to increase the Vm.. of 2-deoxy glucose
uptake without changing the Km. Additionally, the simi-
larity of the apparent Km and Vm.. values for both
groups of cells (especially in the presence of insulin),
further demonstrates that the glucose transport systems
of large and small adipocytes are comparable.

In conclusion, we have found that adipocytes from
older, fatter rats have a decreased number of insulin-
binding sites compared to cells from the younger, leaner
animals. Moreover, the predicted functional sequelae of
this decrease in insulin binding was also found, i.e., a
rightward shift in the insulin dose-response curve for
2-deoxy glucose uptake, and this provides strong evi-
dence for the idea that all available specific insulin-bind-
ing sites are fully potentially active. Furthermore, the
data presented have indicated that the major abnormality
responsible for the decrease in insulin-mediated glucose
oxidation in adipocytes from older, fatter rats is located
intracellularly in one or more of the steps of glucose
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oxidation, and this idea is consistent with the suggestion
of Livingston and Lockwood (11) and Czech.' Since
the measured capacity of the 2-deoxy glucose uptake sys-
tem is normal in large cells, two possibilities exist to ex-
plain these findings: (a) glucose uptake is comparable in
large and small cells, but a smaller proportion is oxidized
by the large cells. This implies that other pathways of
glucose metabolism are enhanced in larger adipocytes,
and, indeed, Di Girolamo et al. (12, 31) have demon-
strated increased conversion of glucose to glyceride-
glycerol in these cells. (b) An additional factor which
has been suggested by Czech' is that while the potential
activity of the glucose transport system is normal in
large cells, glucose metabolism is blunted, leading to a
buildup of glucose metabolites, including free intracellu-
lar glucose. Thus, at higher glucose concentrations, in
the presence of insulin, an accumulation of free intra-
cellular glucose in large cells could lead to increased
rates of glucose efflux, with a decrease in net glucose
uptake, resulting in an overall decrease in the amount of
glucose consumed by large adipocytes. Our data, which
shows a modest decrease in glucose consumption by
large cells are consistent with this latter idea; but since
the defect in glucose oxidation is quantitatively much
greater than the decrease in glucose consumption, we
feel that a combination of the above two events best
explains all of the data.
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