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ABSTRACT The effects of increasing cell size on
glucose transport activity and metabolism and on the
concentrations of glucose transport systems in both the
plasma and low density microsomal membranes in iso-
lated adipose cells from the aging rat model of obesity
have been examined. Glucose transport activity was
assessed by measuring L-arabinose transport and the
concentration of glucose transport systems estimated
by measuring specific D-glucose-inhibitable cytochal-
asin B-binding. Basal glucose transport activity in-
creases from 0.3 to 1.4 fmol/cell/min with a 10-fold
increase in cell size, but remains constant per unit cel-
lular surface area and is accompanied by a constant
5 pmol of glucose transport systems/mg of membrane
protein in the plasma membrane fraction. Maximally
insulin-stimulated glucose transport activity, on the
other hand, remains constant at 2.3 fmol/cell per min
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with increasing cell size, but markedly decreases per
unit cellular surface area and is accompanied by a
decrease from 30 pmol of glucose transport systems/
mg of plasma membrane protein to the basal level.
These diminished effects of insulin on glucose trans-
port activity and the number of glucose transport sys-
tems in the plasma membrane fraction in enlarged
cells are paralleled by an 80% decrease in the basal
number of glucose transport systems/mg of membrane
protein in the low density microsomal membrane frac-
tion, the source of those glucose transport systems ap-
pearing in the plasma membrane in response to insulin.
The effects of cell size on the metabolism of a low
concentration of [1-'*Clglucose (0.56 mM) directly par-
allel those on glucose transport activity and the con-
centration of glucose transport systems in the plasma
membrane fraction, and are not associated with sig-
nificant alterations in the cell’s sensitivity to insulin.
Thus, adipose cellular enlargement is accompanied by
the development of a marked “‘insulin resistance’ at
the glucose transport level, which may be the conse-
quence of a relative depletion of glucose transport sys-
tems in the intracellular pool.

INTRODUCTION

Alterations in insulin’s ability to influence glucose
metabolism in the enlarging adipose cell have been
observed both during normal growth and in obesity
(1-6). Using the aging rat model of obesity, studies
from several laboratories have shown that cellular en-
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largement may be accompanied by changes in insulin-
receptor interaction, glucose transport activity, and
glucose metabolism (7-18). Early reports suggested
that insulin binding may either decrease or remain
unchanged with increasing cell size (7-11). More re-
cently, studies by Foley et al. (12), and in this labo-
ratory (13), have demonstrated that insulin binding at
physiological insulin concentrations actually increases
per cell and remains roughly constant per unit cellular
surface area. Thus, in the aging rat, alterations in in-
sulin binding probably contribute little, if any, to the
progressively altered metabolic response of enlarging
cells to insulin.

In small rat adipose cells under physiological con-
ditions, insulin regulates glucose metabolism primarily
at the level of glucose transport (19, 20). However,
whereas early reports suggested that basal and insulin-
stimulated glucose transport may either increase or
remain unchanged with increasing cell size (10, 14—
16), additional reports have suggested that the im-
paired ability of insulin to influence glucose metabo-
lism in the enlarged cell primarily reflects a reduction
in the cell’s capacity to utilize glucose and a dissocia-
tion of glucose metabolism from transport (10, 15-18).
Nevertheless, at sufficiently low glucose concentra-
tions, glucose utilization does parallel glucose transport
activity, and the impaired metabolic response to in-
sulin under these conditions can be directly attributed
to a diminished glucose transport response (12).

Recent studies in this laboratory (21-23), and in-
dependent studies by Suzuki and Kono (24) and Kono
et al. (25), have shown that (@) insulin stimulates glu-
cose transport in the isolated rat adipose cell primarily
by increasing the concentration of the functional glu-
cose transport systems in the plasma membrane, and
(b) this process occurs through a rapid, reversible, and
insulin concentration-dependent translocation of glu-
cose transport systems from a large, membrane-asso-
ciated intracellular pool to the plasma membrane. The
present investigations were undertaken to examine (a)
the effects of adipose cellular enlargement on basal
and insulin-stimulated glucose transport activity in iso-
lated intact adipose cells, (b) the concentration of glu-
cose transport systems in purified plasma membranes
prepared from these cells of increasing size, and (c)
the potential role of the intracellular pool of glucose
transport systems in alterations in the glucose transport
response to insulin in the aging rat model of obesity.

METHODS

Animals. Male rats (CD strain, Charles River Breeding
Laboratories, Inc., Wilmington, MA) were fed (Purina Rat
Chow, Ralston Purina Company, St. Louis, MO) ad lib. for
a minimum of 7d before study. All animals were closely
matched in weight within each experiment and killed by
cervical dislocation and decapitation between 9 and 11 AM.

Insulin-resistant Glucose Transport in Rat Adipose Cells in Obesity

Experimental design. Four series of experiments were
undertaken. In the first and second series, glucose transport
activity and metabolism, respectively, were studied as func-
tions of increasing insulin concentration in epididymal adi-
pose cells of widely different size obtained from rats ranging
in body weight from 150 to 600 g. On occasion, glucose trans-
port activity and metabolism were studied in separate sam-
ples of cells from the same cell preparation. In the third
series of experiments, the concentration of glucose transport
systems was assessed in the purified plasma membranes of
basal and maximally insulin-stimulated cells obtained from
rats ranging from 95 to 750 g in body weight. In the fourth
series, the concentrations of glucose transport systems were
assessed in the plasma, high density microsomal, and low
density microsomal membrane fractions of basal and max-
imally insulin-stimulated small and large cells obtained from
rats of 180- and 850-g body weight, respectively. In each of
these latter experiments, glucose transport activity was mon-
itored in the intact cells before homogenization.

Preparation of isolated adipose cells and measurement
of adipose cell size. For each experiment, a group of ani-
mals was killed, the epididymal fat pads were removed, and
isolated adipose cells were prepared by the method described
by Rodbell (26) and modified by Cushman (27). All incu-
bations were carried out in Krebs-Ringer-bicarbonate (KRB)!
buffer, or in KRB buffer reduced to 10 mM HCOj and sup-
plemented with 30 mM Hepes (Sigma Chemical Co., St.
Louis, MO), pH 7.4, 37°C, containing untreated bovine
serum albumin (BSA) (Bovine Serum Albumin Powder, Frac-
tion V, Reheis Chemical Co., Kankakee, IL) and glucose
(Dextrose, National Bureau of Standards, Washington, DC)
as appropriate. Due to the varying nature of the experi-
mental protocols and the varying size and number of cells
available from animals of different body weight, the number
of rats per experiment was adjusted so that the volume oc-
cupied by cells during incubation was maintained at a
roughly constant proportion of the total incubation volume.
Adipose cell size was then determined in each preparation
of cells by using the osmic acid fixation, Coulter Electronic
Counter method (method I1I) described by Hirsch and Gal-
lian (28) for intact tissue fragments, and modified for isolated
cell suspensions by Cushman and Salans (29).

Measurement of glucose transport activity. Glucose
transport activity was assessed by the L-arabinose uptake
method described by Foley et al. (30, 31). After isolation,
adipose cells were equally distributed among 5-ml plastic
vials prepared in advance such that the final incubation vol-
ume would be 400 ul of KRB buffer containing isolated cells,
10 mg untreated BSA/ml, and 0-1,000 xU insulin/ml (crys-
talline porcine Zn insulin, courtesy of Dr. Ronald E. Chance,
Eli Lilly & Co., Indianapolis, IN). The final cell concentra-
tion varied from 200 to 1,400 X 10° cells/ml. After 30 min
of preincubation at 37°C under an atmosphere of 95% O,
and 5% CO;, 50 ul of KRB buffer containing L-[1-'“Clarabinose
and L{1-*H]glucose (New England Nuclear, Boston, MA, and
Calbiochem, La Jolla, CA) was added to the cells such that
their final concentrations would be 1.0 mM (250 uCi/mmol
and 2.5 mCi/mmol, respectively). The cells were then in-
cubated for 0.75 to 2.75 min. Uptake was rapidly stopped
by the subsequent addition of 20 ul of a 10-mM solution of
cytochalasin B (Aldrich Chemical Co., Inc., Milwaukee, WI)
in 95% ethyl alcohol. 200-ul samples of cells were then sep-

! Abbreviations used in this paper: BSA, bovine serum
albumin; KRB, Krebs-Ringer-bicarbonate.
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arated from incubation medium by centrifugation through
oil (32), and the radioactivity associated with the cells was
counted. The rate of transport was calculated from these
uptake values and the uptake values observed at zero time
and at equilibrium, assuming an exponential uptake func-
tion.

Measurement of glucose metabolism. After isolation,
adipose cells were equally distributed among 20-ml plastic
incubation vials prepared in advance such that the final in-
cubation volume would be 1.5 ml of KRB buffer containing
isolated cells, 30 mg BSA/ml, 0-1,000 xU insulin/ml, and
0.56 mM glucose at a specific activity of roughly 150 uCi
[1-C]glucose/mmol (New England Nuclear). The final cell
concentration varied from 130 to 610 X 10° cells/ml. After
60 min of incubation at 37°C, under an atmosphere of 95%
0; and 5% CO,, the “C-activities in CO,, and triglyceride
glycerol and fatty acids were measured as previously de-
scribed (33). “Total” glucose utilization is defined here as
the sum of the *C-activities of the 1-carbon atom of glucose
incgrporated into CO,, and triglyceride glycerol and fatty
acids.

Preparation of membrane fractions and determination
of the number of glucose transport systems. Purified
plasma membranes alone (third series of experiments) or
plasma, high density microsomal, and low density micro-
somal membrane fractions (fourth series of experiments)
were prepared by differential ultracentrifugation (23, 34).
After isolation, adipose cells were equally distributed among
20-ml (third series of experiments) or 950-ml (fourth series
of experiments) plastic incubation vials prepared in advance
such that the final incubation volume would be 12 or 36 ml,
respectively, of KRB-Hepes buffer containing isolated cells,
10 mg BSA/ml, and 0 or 1,000 U insulin/ml.

After 30 min of incubation at 37°C, the incubated adipose
cells were washed and homogenized in a buffer containing
20 mM Tris-HCl, 1 mM EDTA, and 255 mM sucrose, pH
7.4; each homogenate was centrifuged at 16,000 g,,., (max-
imum gravity) for 15 min. The pellet was then washed and
resuspended and the resuspended membranes were centri-
fuged at 101,000 g,,., for 60 min on a discontinuous 1.12 M
sucrose gradient in 20 mM Tris-HCI, 1 mM EDTA, pH 7.4.
The layer of plasma membranes formed on the gradient was
removed, and the purified plasma membranes were washed
and resuspended to a final concentration of 2-4 mg of pro-
tein/ml. The initial supernatant (fourth series of experiments
only) was then centrifuged at 48,000 g,.., for 15 min, the
supernatant was recentrifuged at 210,000 g, for 75 min,
and both pellets were washed and resuspended to final con-
centrations of 1-2 mg of protein/ml. Equilibrium p-glucose-
inhibitable cytochalasin B-binding to each membrane frac-
tion was then measured and the concentrations of p-glucose-
inhibitable binding sites were calculated (21, 22, 35).

The reproducibility of the fractionation procedure was
assessed by measuring the specific activities of the following
marker enzyme activities in various combinations: (a) 5-nu-
cleotidase and isoproterenol-stimulated adenylate cyclase by
the methods described by Avruch and Hoelzl Wallach (36)
and Salomon et al. (37), respectively; (b) rotenone-insensitive
NADH-cytochrome ¢ reductase and glucose-6-phosphate
phosphatase by the methods described by Dallner et al. (38)
and Nordlie and Jorgenson (39), respectively; and (c)
UDPgalactose:N-acetylglucosamine galactosyltransferase by
the method described by Fleisher (40). Protein was deter-
mined by the method described by Lowry et al. (41) and
modified by Peterson (42), using crystalline BSA (Sigma
Chemical Co.) as the standard.

Calculations. Glucose transport activity and metabolism
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have been expressed per cell and per unit cellular surface
area, assuming a total lipid density of 0.9 g/ml in converting
adipose cell size to volume and a spherical geometry in con-
verting cell volume to surface area. The concentration of
glucose transport systems in each membrane fraction has
been expressed per milligram of membrane protein. All cal-
culations were carried out on the Dartmouth Time-Sharing
System (DTSS, Hanover, NH) computer facilities. Because
the relationships between cellular function and cell size were
often nonlinear (see Figs. 1-3), simple linear regression tests
of statistical significance were carried out only where
deemed appropriate by inspection. Where curvilinear re-
lationships were clearly observed, curves have been drawn
by inspection for illustrative purposes only. A t test of sta-
tistical significance was employed wherever differences be-
tween small and large cells were examined directly (see Fig.
4, and Tables I and II). Differences were accepted as statis-
tically significant at the P < 0.05 level.

RESULTS

Glucose transport activity and metabolism per cell.
Insulin concentration-dependent glucose transport ac-
tivity (first series of experiments) and metabolism (sec-
ond series of experiments) in isolated adipose cells of
increasing size are illustrated in Figs. 1 and 2. The
latter has specifically been examined only at a low
extracellular glucose concentration (0.56 mM) where
transport is thought to represent the rate limiting step
(18-20).

Increasing insulin concentrations progressively en-
hance both glucose transport activity and metabolism,
regardless of adipose cell size (Fig. 1, A and B, re-
spectively). Responses are detectable at insulin con-
centrations as low as 2.5-5 uU/ml, and half-maximal
and maximal responses are observed at 10-20 and 50-
100 pU/ml, respectively. Increasing cell size is, how-
ever, associated with significantly increasing basal
rates of both glucose transport activity and metabolism
(Fig. 2, A and B, respectively). Indeed, at the low ex-
tracellular glucose concentration examined here, the
increase in basal glucose metabolism closely parallels
that in glucose transport activity. In the presence of
a maximally stimulating concentration of insulin (100
uU/ml), however, glucose transport activity remains
unchanged, whereas metabolism gradually decreases.
The incremental stimulation of glucose transport ac-
tivity by insulin tends, therefore, to decrease gradu-
ally, whereas the incremental stimulation of metabo-
lism decreases more rapidly.

Glucose transport activity and metabolism per unit
cellular surface area. Figs.1 Cand 2 C,and 1 D and
2 D illustrate again the relationships between glucose
transport activity and metabolism, respectively, and
increasing adipose cell size when these activities are
expressed per unit cellular surface area. In small cells
with increasing insulin concentrations up to 1,000 pU/
ml and in large cells in the presence of very low insulin

Hissin, Foley, Wardzala, Karnieli, Simpson, Salans, and Cushman
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FIGURE]1 Insulin concentration-dependent L-arabinose

transport and [1-'“C]glucose metabolism (sum of *CO, and
[**C}triglyceride production) per cell (A and B) and per unit
cellular surface area (C and D) in small (®) and large (O)
adipose cells (mean cell sizes of 0.083 and 0.408 ug lipid/
cell, respectively). Isolated cells (420-1,380 X 10°® cells/ml)
were prepared from the epididymal fat pads of groups of
200- and 620-g rats, preincubated for 30 min at 37°C in 0.40
ml KRB buffer containing 10 mg BSA/ml and 0-1,000 pU
insulin/ml, and incubated for 0.75-2.75 min in the presence
of 1.0 mM L-{1-*Clarabinose (250 uCi/mmol) and L-[1-
3Hlglucose (2.5 mCi/mmol). Additional isolated cells (140-
290 X 10° cells/ml) were incubated in separate, but simul-
taneous, experiments for 60 min at 37°C in 1.5 ml KRB
buffer containing 30 mg BSA/ml, 0.56 mM [1-**C]glucose
(150 #Ci/mmol), and 0-1,000 xU insulin/ml. Results are the
means+SEM of the individual mean values obtained from
triplicate samples in each of the three small and three large
cell preparations studied.

concentrations, glucose transport activity and metab-
olism closely parallel each other (Figs. 1, C and D,
respectively). However, at higher insulin concentra-
tions, transport is less diminished than metabolism in
large cells relative to small cells. Differences in the
concentrations of insulin producing half-maximal re-
sponses, a measure of the cell’s “sensitivity”” to hor-
mone, are not demonstrable either between transport
and metabolism or between small and large cells. Over
the entire range of cell sizes examined here, both basal
glucose transport activity and metabolism tend to de-
cline slightly and in parallel with increasing cell size,
but these decreases are not significant (Fig. 2, C and
D, respectively). In the presence of a maximally stim-
ulating concentration of insulin, however, glucose
transport activity and metabolism both decrease mark-
edly with cellular enlargement, although the reduction
in glucose metabolism is somewhat greater than that
in transport.

Insulin-resistant Glucose Transport in Rat Adipose Cells in Obesity

Concentration of glucose transport systems in the
plasma membrane fraction. The concentrations of
glucose transport systems in the plasma membrane
fraction of isolated rat adipose cells of increasing cell
size (third series of experiments) are illustrated in Fig.
3. Increasing cell size is accompanied by an unchang-
ing number of glucose transport systems/milligram of
membrane protein when purified plasma membranes
are prepared from basal cells, but a markedly decreas-
ing number/milligram of membrane protein when this
membrane fraction is prepared from maximally in-
sulin-stimulated cells. Furthermore, regardless of cell
size, the number of glucose transport systems/milli-
gram of plasma membrane protein closely parallels
glucose transport activity in the intact cell when the
latter is expressed per unit cellular surface area (Fig.
2 C).

Subcellular distribution of glucose transport sys-
tems. The distributions of glucose transport systems
among the plasma, high density microsomal, and low
density microsomal membrane fractions of isolated
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FIGURE 2 Relationship between basal (®) and insulin-stim-
ulated (O) L-arabinose transport and [1-'*C]glucose metab-
olism (sum of 'CO, and ["*Cltriglyceride production) per
cell (A and B) and per unit cellular surface area (C and D),
and adipose cell size. A and C: isolated cells (200-1,100
X 10°® cells/ml) were prepared from the epididymal fat pads
of groups of 150- to 600-g rats, preincubated for 30 min at
37°C in 0.40 ml KRB buffer containing 10 mg BSA/ml and
0 or 100 uU insulin/ml, and incubated for 0.75-2.75 min in
the presence of 1.0 mM L-{1-'*Clarabinose (250 xCi/mmol)
and L-[1-*H]glucose (2.5 mCi/mmol). B and D: isolated cells
(130-610 X 10° cells/ml) were prepared from the epididy-
mal fat pads of groups of 150- to 800-g rats and incubated
for 60 min at 37°C in 1.5 ml KRB buffer containing 30 mg
BSA/ml, 0.56 mM [1-'*C]glucose (150 uCi/mmol), and 0 or
100 U insulin/ml. Results are the individual means of trip-
lic;';xte samples obtained in each of the cell preparations stud-
ied.
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FIGURE 3 Relationship between the basal (®) and insulin-
stimulated (O) concentrations of glucose transport systems
in the plasma membrane fraction, and adipose cell size. Iso-
lated cells were prepared from the epididymal fat pads of
groups of 150- to 800-g rats, and incubated for 30 min at
37°C in 12 ml KRB-Hepes buffer containing 10 mg BSA/ml
and 0 or 1,000 uU insulin/ml. The plasma membrane frac-
tion was then prepared and the concentration of glucose
transport systems determined as described in Methods. Re-
sults are the individual values obtained in each of the cell
preparations studied.

small and large adipose cells (fourth series of experi-
ments) are illustrated in Fig. 4. As previously dem-
onstrated in Fig. 3, cellular enlargement is accompa-
nied by an unchanged number of glucose transport
systems/milligram of membrane protein in the plasma
membrane fraction in the basal state, but a markedly
reduced number/milligram of membrane protein in
the maximally insulin-stimulated state (Fig. 4 A). In-
deed, in the very large cells examined in this series of
experiments, the response to insulin was virtually un-
detectable.

The high density microsomal membrane fraction
prepared from small adipose cells contains few glu-
cose transport systems/milligram of membrane pro-
tein in the basal state, and only somewhat more in the
insulin-stimulated state (Fig. 4 B), probably reflecting
the contamination of this microsomal membrane frac-
tion with plasma membranes.? The number of glucose
transport systems/milligram of membrane protein in
the high density microsomal membrane fraction is in-
fluenced little, if any, by increased cell size. In con-
trast, the low density microsomal membrane fraction
prepared from small cells is markedly enriched in glu-
cose transport systems/milligram of membrane pro-
tein in the basal state, and incubation of the intact
cells in the presence of a maximally stimulating con-
centration of insulin before homogenization reduces
their number/milligram of membrane protein by 50-
60% (Fig. 4 C). Furthermore, cellular enlargement is
accompanied by a marked reduction in the number

2 Unpublished observation.
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of glucose transport systems/milligram of membrane
protein in this membrane fraction in the basal state
and by a virtual elimination of the response to insulin.
Indeed, among the three membrane fractions prepared
from the very large cells examined here, the number
of glucose transport systems/milligram of membrane
protein is roughly constant, regardless of the basal or
insulin-stimulated state.

The relative enrichments and total recoveries of
various marker enzyme activities among these same
plasma, high density microsomal, and low density
microsomal membrane fractions prepared from small
and large adipose cells are illustrated in Tables I and
II, respectively. The marker enzyme activities mea-
sured include 5'-nucleotidase and isoproterenol-stim-
ulated adenylate cyclase, characteristic of plasma
membranes; rotenone-insensitive NADH-cytochrome
¢ reductase and glucose-6-phosphate phosphatase,
characteristic of membranes of the endoplasmic retic-
ulum; and UDPgalactose:N-acetylglucosamine galac-
tosyltransferase, characteristic primarily of mem-
branes of the Golgi apparatus (43). Increased cell size
is accompanied by markedly decreased 5-nucleoti-
dase, adenylate cyclase, and galactosyltransferase spe-
cific activities; moderately decreased glucose-6-phos-
phate phosphatase specific activities; and slightly
increased NADH-cytochrome ¢ reductase specific
activities (Table I). Because these alterations are con-
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FIGURE 4 Relationship between the basal and insulin-stim-
ulated concentrations of glucose transport systems in the
plasma membrane (A), high density microsomal membrane
(B), and low density microsomal membrane (C) fractions
from small and large adipose cells (mean cells sizes of 0.080
and 0.935 ug lipid/cell, respectively). Isolated cells were
prepared from the epididymal fat pads of groups of 180-
and 800-g rats, and incubated for 30 min at 37°C in 36 ml
KRB-Hepes buffer containing 10 mg BSA/ml and 0 or 1,000
u#U insulin/ml. The plasma, high density microsomal, and
low density microsomal membrane fractions were then pre-
pared and the concentrations of glucose transport systems
determined as described in Methods. Results are the
means+SEM of the individual values obtained in each of the
three small and four large cell preparations studied.
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TABLE |
Relative Marker Enzyme Specific Activities among Membrane Fractions from Small and Large Adipose Cells

Membrane fraction

Adipose High density Low density
Marker enzyme activity cell size Plasma membranes microsomal membranes microsomal membranes
(%+SEM)
5'-nucleotidase (umol/mg/h) Small 100 (1.82+0.44)° 29+4 50
Large 100 (0.30£0.07)° 29+9 10+6
Isoproterenol-stimulated adenylate cyclase Small 100 (13.8+1.4)° 27+4 10+1
(nmol/mg/10 min) Large 100 (4.5+0.8)° 40+8 10+3
Rotenone-insensitive NADH-cytochrome Small 30+4% 100 (1.66+0.12)° 70+14
¢ reductase (umol/mg/min) Large 17424 100 (2.12+0.20)° 101+8%
Glucose-6-phosphate phosphatase Small 4145 100 (1.70+0.23)° 53+15
(nmol/mg/h) Large 3412 100 (1.09+0.07)° 8312
UDPgalactose:N-acetylglucosamine Small 23+12 62+8 100 (148+6)°
galactosyltransferase (nmol/mg/2 h) Large 34%7 43+4 100 (57+5)°

Marker enzyme activities were measured in the membrane fractions prepared in the experiments described in Fig. 4 using the procedures
described in Methods. Within each experiment, marker enzyme specific activities were obtained for each membrane fraction prepared
from basal and insulin-stimulated cells, the activities obtained for the basal and insulin-stimulated cells averaged, and the average
activities expressed as a percentage of their respective highest average activity observed. Results are the means+SEM of the individual
values obtained in each of the three small and four large cell preparations studied. Mean cell sizes were 0.080 and 0.935 ug lipid/cell

(small and large, respectively).
° Actual specific activity value set at 100% (mean+SEM).

{ Difference between small and large cells is statistically significant at the P < 0.05 level.

sistent among all three membrane fractions and the
original homogenates, however, the relative enrich-
ments and total recoveries of these marker enzyme
activities are expressed as percents. With the exception
of small differences in NADH-cytochrome ¢ reductase,
increased cell size is not accompanied by significant
alterations in either the relative enrichments (Table
I) or total recoveries (Table 11) of the five marker en-
zyme activities examined here. Indeed, the total yield
of membrane protein per cell in each membrane frac-
tion, as well as the yield of total protein per cell in the
original homogenate, is roughly proportional to the
surface area of the intact cells from which these frac-
tions are prepared (Table III).

DISCUSSION

Although the “‘insulin resistance” of the enlarged
adipose cell in the aging rat model of obesity is well
established (3-18), the mechanisms responsible are not
fully understood. A marked decrease in the enlarged
cell’s maximal capacity for glucose metabolism has
previously been reported that appears to dissociate
metabolism from transport in the presence of physi-
ological glucose concentrations (10, 15-18). Because
insulin enhances metabolism primarily through its

Insulin-resistant Glucose Transport in Rat Adipose Cells in Obesity

stimulatory effect on transport, a dissociation of the
former from the latter could explain, at least in part,
the enlarged cell’s insulin resistant glucose metabolism
under in vitro conditions that are thought to be phys-
iological. Nevertheless, the present investigations (a)
demonstrate that increasing cell size is accompanied
by the progressive development of a marked resistance
to insulin at the glucose transport level, and (b) suggest
that this insulin resistant glucose transport activity can
be explained by a marked decrease in the number of
glucose transport systems appearing in the plasma
membrane in response to insulin, perhaps as the con-
sequence of a relative depletion of glucose transport
systems in the cell’s intracellular pool. A similar ex-
planation has recently been proposed for the insulin
resistant glucose transport of the adipose cell from the
streptozotocin-induced diabetic and high fat/low car-
bohydrate-fed rat (44, 45). In addition, in the presence
of the low concentration of glucose (0.56 mM) ex-
amined here, the enlarged cell’s insulin resistance at
the glucose transport level is directly reflected in a
reduction in insulin’s stimulatory effect on glucose
metabolism. Because the glucose concentration in the
interstitial fluid is unknown, the relative roles of a
decreased maximal metabolic capacity and a reduced
stimulation of glucose transport by insulin in the in-
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TaBLE 11
Recovery of Marker Enzyme Activities from Small and Large Adipose Cells

Membrane fraction

Adipose High density Low density
Marker enzyme activity cell size Plasma membranes microsomal membranes microsomal membranes
(%+SEM)

5"-nucleotidase Small 29.2+8.1 3.6x1.1 0.910.1
Large 19.3+3.3 2.4+0.7 0.7+0.4
Isoproterenol-stimulated adenylate Small 81.5+20.6 9.9+3.2 5.1£1.5
" cyclase Large 91.4+12.7 14.5+£3.8 5.4+2.2

Rotenone-insensitive NADH-cytochrome Small 8.8+2.7 12.6+3.0 12.4+1.6°

¢ reductase Large 7.3%1.4 14.9+0.5 21.0+£2.1°
Glucose-6-phosphate phosphatase Small 18.2+8.4 20.4+7.1 16.4+6.3
Large 14.0+0.6 18.6+1.6 20.2+2.9

UDPgalactose:N-acetylglucosamine Small 9.3+4.5 12.9+2.8 33.5+11.1
galactosyltransferase Large 16.7+1.6 12.6+1.1 36.2+5.9

Marker enzyme activities were measured in the original homogenates and membrane fractions prepared in the experiments
described in Fig. 4 using the procedures described in Methods. Within each experiment, total marker enzyme activities
were calculated for each homogenate and membrane fraction prepared from basal and insulin-stimulated cells, the activities
obtained for the basal and insulin-stimulated cells summed, and the summed activities for the membrane fractions expressed
as a percentage of the summed activity for the homogenates. Results are the means+SEM of the individual values obtained
in each of the three small and four large cell preparations studied. Mean cell sizes were 0.080 and 0.935 ug lipid/cell
(small and large, respectively). Increased recoveries of isoproterenol-stimulated adenylate cyclase, relative to 5'-nucleotidase,
activity appear to reflect a reduction of the former in the homogenates due to an inhibitor not present in the membrane
fractions (48).

° Difference between small and large cells is statistically significant at the P < 0.05 level.

sulin resistant glucose metabolism of the enlarged cell
in vivo remain to be established.

Increasing adipose cell size in the aging rat is ac-
companied by increasing basal, but unchanging max-
imally insulin-stimulated, rates of L-arabinose trans-
port when expressed per cell (Figs. 1 A and B and 2
A and B). These alterations in glucose transport activ-

ity are paralleled by similar alterations in glucose
metabolism at an extracellular glucose concentration
(0.56 mM) where transport is thought to represent the
rate limiting step (18-20). However, neither the al-
terations in glucose transport activity nor glucose me-
tabolism are accompanied by significant changes in
the cell’s sensitivity to insulin, as reflected in the con-

TaBLE III
Recovery of Protein from Small and Large Adipose Cells

Recovered protein (+SEM)

Fraction Small adipose cells Large adipose cells
(pg/cell) (fe/u®) (pg/cell) (fe/v®)
Homogenate 375+77° 38.9+8.0 1813+254° 36.9+6.1
Plasma membrane fraction 20.1+5.8° 2.09+0.60 146+12° 2.95+0.24
High density microsomal membrane fraction 9.0+3.0° 0.93+0.31 66+12° 1.34+0.24
Low density microsomal membrane fraction 12.9+3.3° 1.35+0.34 67+7° 1.36+0.17

Recovery of protein was measured in the experiments described in Fig. 4 using the procedures described in Methods. Three
small and four large cell preparations (mean cell sizes of 0.080 and 0.935 ug lipid/cell, mean intracellular water spaces

of 2.26 and 4.38 pl/cell) were studied.

* Difference between small and large cells is statistically significant at the P < 0.05 level.
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centrations of insulin producing half-maximal stimu-
latory effects (Fig. 1). These latter results are consistent
with two recent studies that demonstrate that increas-
ing cell size is not accompanied by alterations in the
cell’s capacity to bind insulin per unit cellular surface
area over the physiological range of insulin concen-
trations (12, 13).

When these cellular functions are expressed per unit
cellular surface area, however, increasing adipose cell
size is accompanied by unchanging basal, but mark-
edly decreasing maximally insulin-stimulated, glucose
transport activity and metabolism (Figs. 1 C and D
and 2 C and D). These alterations per unit cellular
surface area closely correlate with unchanging basal,
but markedly decreasing maximally insulin-stimu-
lated, concentrations of glucose transport systems in
the purified plasma membranes prepared from these
cells (Fig. 3). Because the yield of membrane protein
in the plasma membrane fraction is roughly propor-
tional to the estimated surface area of the intact cells
before homogenization (Table III), this correlation (a)
provides additional strong supportive evidence for the
hypothesis that glucose transport in the intact cell is
regulated by modulating the concentration of glucose
transport systems in the cell’s plasma membrane, and
(b) establishes glucose transport as a locus of the “in-
sulin resistance” accompanying cellular enlargement.
This striking correlation also suggests the appropriate-
ness of expressing plasma membrane functions of the
adipose cell on a per unit cellular surface area basis,
and the response to insulin as an increment above the
basal level of activity.

The decreased ability of insulin to enhance the con-
centration of glucose transport systems in the plasma
membrane fraction prepared from the enlarged adi-
pose cells of aged, obese rats is closely associated with
a decreased concentration of glucose transport systems
in the low density microsomal membrane fraction in
the basal state (Fig. 4). This latter fraction represents
the cell’s intracellular pool from which glucose trans-
port systems are translocated to the plasma membrane
in response to insulin (22-25). These alterations occur
in the absence of all but minor changes in the mem-
brane species comprising those fractions examined
here or their recovery, as reflected in the relative en-
richments (Table 1) and recoveries (Table II) of various
marker enzyme activities, respectively. The signifi-
cance of alterations in the specific activities of these
marker enzymes (Table I) remains to be determined.

The total number of glucose transport systems in the
intact adipose cell cannot presently be measured, as
methods are not available for determining their num-
ber in the original homogenate and, therefore, the ex-
tent of their recovery in each fraction. In the absence
of a direct measure, the recovery of marker enzyme
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activities could, in principle, be used for estimating
this number. However, while the glucose transport sys-
tems observed in the plasma membrane fraction can
be shown to be associated with the plasma membrane
and to fractionate along with plasma membrane
marker enzyme activities,? the specific membrane spe-
cies comprising the intracellular pool of glucose trans-
port systems remains to be determined. Indeed, the
failure of the subcellular distribution of glucose trans-
port systems (Fig. 4) to parallel that of any of the five
marker enzyme activities examined here (Table 1), in-
cluding UDPgalactose:N-acetylglucosamine galacto-
syltransferase, suggests that the intracellular pool may
actually comprise either a unique subfraction of the
Golgi apparatus or a distinct membrane species.* Thus,
an attempt to estimate the number of glucose transport
systems in the intracellular pool of, and thereby, the
total number of glucose transport systems in, the intact
cell, based on the marker enzyme activity recoveries
measured here, cannot presently be justified on theo-
retical grounds.

Nevertheless, if for comparative purposes only, the
recoveries of plasma membrane and intracellular glu-
cose transport systems are assumed to parallel the re-
coveries of 5'-nucleotidase activity in the plasma mem-
brane fraction and UDPgalactose:N-acetylglucos-
amine galactosyltransferase activity in the low density
microsomal membrane fraction, respectively, then the
estimates illustrated in Table IV are obtained. Because
the marker enzyme specific activities (Table I), protein
recoveries (Table III), and concentrations of glucose
transport systems (Fig. 4) that comprise these estimates
are themselves quite variable, especially for the large
adipose cells and in the basal state, the apparent dif-
ferences between small and large cells may not be sta-
tistically significant. Thus, regardless of the basal or
insulin-stimulated state, a roughly 12-fold increase in
cell size appears to be associated with no more, and
probably less, than a threefold increase in the total
number of glucose transport systems per cell. In the
basal state, however, the number of glucose transport
systems per cell in the plasma membrane is markedly
increased in the large, compared with the small, cell,
whereas that in the intracellular pool remains rela-
tively unchanged. Furthermore, in response to insulin,
the number of glucose transport systems per cell in the
small cell’s plasma membrane increases roughly four-
fold and that in the small cell’s intracellular pool si-
multaneously decreases by roughly 50%, whereas those
in the large cell’s plasma membrane and intracellular
pool do not change.

Within the margins of error in these estimates, the

3 Unpublished observation.
* Unpublished observation.
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TABLE IV
Estimated Numbers of Glucose Transport Systems per Cell in
Small and Large Adipose Cells®

Cellular site

Adipose Plasma Intracellular

cell size Insulin membrane pool Total
(X107

Small - 0.35 1.62 1.97
+ 1.26 0.80 2.05
Large - 3.92 1.54 5.45
g + 405 1.17 5.22

Numbers of glucose transport systems per cell in the plasma mem-
brane and intracellular pool were estimated from the mean con-
centration of glucose transport systems/milligram of membrane
protein (Fig. 4), mean recovered membrane protein (Table III),
and mean recovered 5'-nucleotidase and UDPgalactose:N-acetyl-
glucosamine galactosyltransferase activities (Table II) in the plasma
and low density microsomal membrane fractions, respectively, pre-
pared in the experiments described in Fig. 4. Mean cell sizes were
0.080 and 0.935 ug lipid/cell (small and large, respectively).

° See text for detailed discussion of limitations of estimates.

markedly increased basal, and moderately increased
insulin-stimulated, numbers of glucose transport sys-
tems per cell in the plasma membrane of the large,
compared with the small, adipose cell roughly corre-
spond to the markedly increased basal and moderately,
but not statistically significantly, increased insulin-
stimulated glucose transport activities per cell actually
observed (Fig. 2). When the absolute values are com-
pared directly, however, the apparent increases in the
numbers of glucose transport systems per cell in the
plasma membrane with increased cell size (Table 1V)
are considerably greater than the actual increases ob-
served in the glucose transport activities per cell (Fig.
2). Such a disparity, if confirmed with more precise
estimates of the former, would suggest that increased
cell size is accompanied by a decrease in the activity
of the glucose transport systems, as well as the marked
alteration in their subcellular distribution reported
here. A similar apparent disparity is observed in the
small cell when insulin’s stimulatory effects on the con-
centration of glucose transport systems in the plasma
membrane fraction and glucose transport activity in
the intact cell are compared (25).°

The mechanisms that regulate the basal distribution
of glucose transport systems between the adipose cell’s
plasma membrane and intracellular pool, and the re-
distribution of glucose transport systems in response
to insulin are presently unknown. Nevertheless, re-

5 Unpublished observation.
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gardless of whether the present results are expressed
as concentrations per milligram of membrane protein
(Fig. 4) or numbers per cell (Table 1V), the observed
ratio of plasma membrane to intracellular glucose
transport systems in the large cells in the basal state
resembles that in the small cells in the maximally in-
sulin-stimulated state. This ratio may therefore reflect
the attainment of a limiting distribution of glucose
transport systems between the plasma membrane and
intracellular pool. The present investigations do not
indicate the mechanism through which this ratio is
achieved with increasing cell size. However, when the
results are expressed per cell (Table I1V), the large cells
actually appear to be locked in an insulin-stimulated-
like state which does not reverse in the absence of
added insulin, perhaps as a consequence of the chronic
hyperinsulinemia associated with the aging rat model
of obesity. Alternatively, when the results are ex-
pressed per milligram of membrane protein (Fig. 4),
the concentration of glucose transport systems in the
plasma membrane of the large cells in the basal state
is comparable to that of the small cells in the basal
state, and increasing cell size appears to be accom-
panied by a marked depletion of glucose transport sys-
tems in the intracellular pool. Whereas a constant basal
concentration of glucose transport systems appears to
be maintained in the plasma membrane during the
latter’s expansion with increasing cell size, the mem-
branes in the subcellular fraction with which the in-
tracellular pool is associated appear to expand in the
absence of a concomitant increase in glucose transport
systems.

A selective inhibition of net intracellular glucose
transport system synthesis with increasing adipose cell
size may parallel the well-established decreasing max-
imal capacity of the enlarging cell for glucose metab-
olism, especially for de novo fatty acid synthesis (15-
18). The retention of a relatively intact mechanism of
insulin action, on the other hand, is supported by an
observed lack of change in the enlarging cell’s maximal
antilipolytic response to insulin (46). Thus, the alter-
ations in glucose transport and metabolism and their
regulation by insulin that accompany cellular enlarge-
ment may very well reflect the consequence of normal
growth processes that ultimately prevent the cell from
expanding its triglyceride stores beyond some maximal
volume (47). The relative roles of age and obesity in
these alterations of cellular function in the aging rat
model of obesity remain, however, to be clarified (13).
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