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Summary. Glucose oxidation and lipogenesis were 
studied in isolated adipocytes f rom control and non- 
obese, experimental ly hyperinsulinaemic rats. In cells 
f rom the hyperinsulinaemic animals oxidation of 
ei ther [1-14C] - or  [6-14C] glucose was increased in the 
presence or absence of insulin, at substrate concen- 
trations f rom 0.1 to 20 mmol/1. Glucose incorpora- 
tion into total triglycerides and fatty acids was also 
increased. These enhanced rates of glucose metabo-  
lism were due to increased activity of the glucose 
transport  system in addition to increased activity of 
intracellular glucose metabolism. Therefore,  these 
data indicate that insulin can influence long te rm glu- 
cose homoeostasis  by augmenting the overall cellular 
capacity for glucose metabol ism at several loci. 

Key words: Hyperinsulinaemia,  rat adipocytes, glu- 
cose oxidation, glucose transport,  lipogenesis. 

hyperinsulinaemia that leads to the marked  defects in 
glucose metabol ism which have been described in 
enlarged adipocytes f rom obese rodents [7-13]. 
However ,  it has been demonstra ted  that short term 
(1-3 days) in vivo insulin t reatment  leads to 
augmented activity of several key glycolytic and 
lipogenic enzymes in rat liver and adipose tissue 
[14-17], and it seems possible that the effect of 
chronic hyperinsulinaemia per  se is to induce various 
intracellular pathways of glucose metabolism. 

Therefore,  to evaluate the effects of chronic 
hyperinsulinaemia on the various steps of glucose 
metabol ism distal to receptor  binding, we have 
studied glucose transport,  glucose oxidation, and glu- 
cose conversion to triglycerides in adipocytes f rom 
chronically hyperinsulinaemic rats. 

Materials and Methods 

It  has been previously suggested that long te rm ele- 
vation of the plasma insulin level will lead to 
decreased tissue responsiveness to insulin [1-3]. One 
mechanism for this has been proposed by Gavin et al. 
[4] who found that, in vitro, hyperinsulinaemia can 
lead to a loss of cellular insulin receptors.  However ,  
hormone- induced desensitization of a tissue to that 
hormone ' s  effects can also involve attenuation of 
steps distal to receptor  binding [5, 6]. On this basis, 
one might speculate that in obesity it is the associated 
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Materials 

Porcine monocomponent insulin was generously supplied by Dr. 
Ronald Chance of the Eli Lilly Co. (Indianapolis, Ind.). Bovine 
serum albumin (fraction V) was purchased from Armour and Co. 
(Pheonix, Arizona), collagenase from Worthington Biochemicals 
(Freehold, New Jersey), and [I-I4C] glucose, [6-~4C-glucose], [9, 
10-3H] oleic acid from New England Nuclear (Boston, Mass.). 

Animals 

Male Sprague-Dawley rats were used for all experiments. 
100--200 g rats were divided into two groups. One group was 
injected subcutaneously with NPH insulin every 12 h (1/3 at 9 am 
and 2/3 at 9 pm) in gradually increasing dosages (from 0.5 U to 6 U 
per day) for 14 days [18, 19]. An identical volume of NPH insulin 
diluent was injected into control animals. To prevent hypogly- 
caemia all animals had free access to sugar cubes and 5 g/100 ml 
glucose drinking water, in addition to normal rat chow [18, 19]. 
Both groups were fed ad lib until the morning of all studies. On the 
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Table 1. Characteristics of experimental animals 

Controls (n = 24) Hyperinsulinaemic 
animals (n = 21) 

Body weight (g) 206 + 9 (S.E.M.) 209 • 10 
Weight gain (g/day) 6.8 _+ 0.4 6.9 • 0.5 
Food intake 

Rat chow (g/day) 20.1 +_ 0.8 20.8 ~ 0.9 
Sugar cubes (g/day) 1.2 + 0.4 1.4 • 0.6 
Glucose (5 g/100 ml) 

in water (mi/day) 48 _+ 4 45 • 3 
Adipocyte volume (pl) 73 _+ 6 102 _+ 8 
Plasma insulin 

(~tU/ml)" 32 • 4 69 • 8 
Plasma glucose 

(mg/100 ml) 153 _+ 3 86 +_ 2 
Intracellular water 

space (pl/cell) 1.95 • 0.24 2.98 • 0.38 

a Values obtained at 0900 h, 12 h after the last insulin injection 

15th day, rats were sacrificed and blood was collected for the 
determination of plasma glucose and insulin. Food intake and 
body weight were measured daily. 

Preparation of Isolated Adipocytes 

All studies were begun at 0900 h. Animals were stunned by a blow 
to the head, decapitated, and epididymal fat pads were removed. 
Isolated fat ceils were prepared by shaking at 37 ~ for 60 rain in 
Krebs-Ringer bicarbonate buffer, containing collagenase (3 rag/ 
ml) and BSA (40 mg/mi), according to the method of Rodbell 
[20]. Cells were filtered through 250 ,aM nylon mesh, centrifuged 
at 400 rpm for 4 rain, and washed twice in buffer [21]. Adipocyte 
counts were performed according to a modification of method III 
of Hirsch and Gallian [221, in which the ceils were fixed in 2 g/ 
100 ml osmium tetroxide in 0.05 moltl collidine buffer, pH7.4 
(made isotonic with saline) for 24 h at 37 ~ and then taken up in a 
known volume of 0.154mol/1 NaCI for counting with a Coulter 
Counter Model ZB. Adipoeyte size was determined with a cali- 
brated microscope by the method of Di Girolamo [23]. 

Glucose Oxidation Studies 

The ability of adipocytes to oxidize glucose was determined 
according to the method of Rodbell [20]. Adipocytes were incu- 
bated at 37 ~ C with either [6-14(]] glucose (45 mCi/mmol) or [1- 
14C] glucose (45 mCi/mmol) in Krebs-Ringer bicarbonate buffer, 
pH 7.4, containing bovine serum albumin (40 mg/ml). Following 
I h of incubation the generated 14CO2 was collected and counted 
in a liquid scintillation counter. 

Glucose Transport Studies 

Transport studies were performed using a cell centrifugation 
technique and the details of this method have been previously 
described [11, 24, 25]. Isolated adipocytes were incubated with 2- 
deoxy-[1-14C]-D-glucose (specific activity 2 mCi/mmol) at various 
concentrations in Krebs-Ringer bicarbonate, pHT.4, containing 
BSA (10 mg/ml) at 24 ~ This assay measures the total uptake of 
the radiolabelled 2-deoxyglucose and is based on the principle that 
while 2-deoxyglucose is transported and phosphorylated by the 
same processes as D-glucose it cannot be further metabolized [26]. 
The assay was terminated after 3 min by transferring 200 ~1 ali- 
quots from the assay mixture to plastic microtubes containing 
100 gl silicone oil. The tubes were centrifuged for 30 sec in a Beck- 
man microfuge, and the assay considered terminated at the begin- 
ning of centrifugation. In experiments in which the stimulatory 
effect of insulin on uptake was measured, the cells were preincu- 
bated with insulin for 90 min at 24 ~ The amount of monosac- 
charide trapped in the extracellular water space of the cell layers 
was determined using [14C] inulin according to the method of 
Gliemann [27]. Extracellular water space was measured in each 
experiment, and all data for sugar uptake were corrected for this 
factor. The percent of the total amount of sugar available which 
was trapped in the extracellular water space averaged 0.033 -+ 
0.001 at a concentration of 2 • 105 cells/ml. The amount of 
trapped sugar ranged from 2-10% of the total sugar uptake 
depending on the condition of incubation. 

lntracellular Water Space 

Intracellular water space was determined by simultaneous assess- 
ment of the sucrose and 3-0-methyl glucose spaces after a 20 rain 
equilibration. The 3-0-methyl glucose space (total water) minus 
the sucrose space (extracellular water) equals the intracellular 
water space [27]. 

Analytical Methods 

Plasma glucose was determined by the glucose oxidase method 
using a Beckman Glucose Analyzer, and plasma insulin was deter- 
mined by the double antibody radioimmunoassay technique of 
Desbuquois and Auerbach [28]. The antisera used was an anti- 
pork insulin antibody. Pork insulin standards were used to calcu- 
late values in the experimentally hyperinsulinaemic animals and 
rat insulin standards were used for control animals. The coefficient 
of variation of the assay was < 10%. 

Statistical Analysis 

All p values were obtained by use of the Student t test. Data are 
expressed as mean • SEM. 

Results 

Glucose Conversion to Lipids 

Conversion of [1-14C] glucose and [6-14C] glucose to total lipids, 
glyceride-glycerol, and fatty acids was determined according to the 
method of Rodbell [20] as previously described [12]. Total cell 
lipids were extracted, and a portion of this extract was saponified 
in a 1 : 1 solution of 50% ethanol plus 30% KOH for free fatty acid 
extraction. Glucose converted to glyceride-glycerol was calculated 
by subtracting the radioactivity in fatty acids from that in total 
lipids. 

Experimental Animals 

S o m e  cha rac t e r i s t i c s  o f  t h e  e x p e r i m e n t a l  an ima l s  a r e  
g i v e n  in T a b l e  1. W e i g h t  ga in  a n d  f o o d  c o n s u m p t i o n  

of  e a c h  d i e t a r y  c o n s t i t u e n t  was  i d e n t i c a l  in b o t h  

g roups .  H o w e v e r ,  s o m e  r e d i s t r i b u t i o n  of  b o d y  m a s s  
p r o b a b l y  d id  r e su l t  f r o m  t h e  h y p e r i n s u l i n a e m i a  s ince  

fa t  cei l  s ize  w a s  a p p r o x i m a t e l y  5 0 %  g r e a t e r  in t he  
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Fig. 1. Ability of adipocytes from hyperinsulinaemic 
((~)) and control animals ( �9 ) to oxidize [1-14C] glu- 
cose. Data represent the mean (_+ SEM) of 5 separate 
experiments for each group. Incubations were carried 
out at 37 ~ C for one hour at a glucose concentration of 
2 retool/1 
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Fig. 2. Ability of adipocytes from hyperinsulinaemic 
(C))  and control animals ( �9 ) to oxidize [6- ~4C] gh> 
cose. Data represent the mean (_+ SEM) of 5 separate 
experiments for each group. Incubations were carried 
out at 37 ~ for one hour at a glucose concentration of 
0.5 mmol/1 

insulin treated animals. The intracellular water space 
(pl/cell) was also significantly increased (in both 
absolute and percentage terms) in cells from the 
experimentally hyperinsulinaemic rats. Twelve hours 
after the last insulin injection, plasma insulin levels 
were significantly greater and plasma glucose levels 

were lower in the insulin-treated animals. The gradu- 
ally increasing nature of the insulin dosage schedule 
was critical in allowing the animals to adapt to incre- 
mental hyperinsulinaemia. In this manner significant 
hypoglycaemia was avoided and food intake plus 
weight gain were kept equal to controls [19]. 
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Fig. 3. Effect of glucose concentration on [1-14C] glu- 
cose oxidation by adipocytes from hyperinsulinaemic 
(Q)) and control ( �9 ) animals. Cells were incubated 
with increasing glucose concentrations in the absence 
( - - )  and presence ( . . . . . .  ) of a maximally effective 
insulin concentration (50 ng/ml). Data represent the 
mean of 3 separate experiments for each group 
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Fig. 4. Effect of glucose concentration on [6-14C] gin- 
cose oxidation by adipocytes from hyperinsulinaemic 
( O )  and control ( �9 ) animals. Cells were incubated 
with increasing glucose concentrations in the absence 
( ) and presence ( . . . . . .  ) of a maximally effective 
insulin concentration (50 ng/ml), Data represent the 
mean of 3 separate experiments for each group 

Glucose Oxidation Studies 

Fig. 1 shows the insulin dose response curves for [1- 
14C] glucose oxidation by cells from hyperin- 
sulinaemic and control rats. The ability of adipocytes 
from hyperinsulinaemic animals to oxidize [1-14C] 
glucose was greater than control and the differences 
between the two curves were greater in the basal 
state and at the higher insulin concentrations. Raising 
the insulin level to 100 ng/ml produced no further 
increase in glucose oxidation in either group. 

Figure 2 summarizes the insulin dose-response 
curves for [6-14C] g lucose  conversion to 14CO2. In 
contrast to the [1-14C] glucose oxidation data pre- 
sented in Figure 1, oxidation of [6-14C] glucose was 
increased at all points for the hyperinsulinaemic 
group. 

To examine the capacity of these different 
intracellular pathways to metabolize glucose, 14CO2 
production from [1-14C] glucose (Fig. 3) and [6-14C] 
glucose (Fig. 4), was measured at different glucose 
concentrations in the presence or absence of a maxi- 
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Table 2. Conversion of glucose to total lipids, glyceride-glycerol and fatty acids by adipocytes from hyperinsulinaemic rats and controls 

Total lipids Glyceride glycerol Fatty acid 

Basal Insulin Basal Insulin Basal Insulin 
nmol glucose/10 s cells/h 

Control 
[1-14C]-glucose 16 _+ 2 130 + 10 13 + 2 38 + 12 3 + 2 92 + 11 
[6-14C]-glucose 19_+2 1 8 2 +  6 1 1 + 2  52_+ 8 8_+2  ! 3 0 +  6 

Hyperinsulinaemic 
[1-a4C]-glucose 18 _+ 2 176 + 6 a 15 _+ 2 42 + 12 3 _+ 2 134 _+ 10 a 
[6-a4C]-glucose 2 2 + 2  205 + 6  a 15 + 4  59 + 6 7 + 2  146_+ 5 a 

Data are the mean of 8 experiments, and represent the mean (_+ SEM). Medium glucose concentration, 2 mmol/l, insulin concentration, 
50 ng/ml 
a <0.05 compared with controls 

Table 3. Glucose transport by adipocytes from control and hy- 
perinsulinaemic rats 

2-deoxy glucose concentration (mmol/1) 

2 5 10 20 

Control 6.6 + 0.8 9.4 _+ 1.0 10.8 ___ 1.1 12.4 _+ 1.0 
Hyper- 
insulinaemic 10.2 _+ 1.0 14.9 _+ 1.2 17.8 _+ 1.2 19.1 _+ 1.4 

Cells were preincubated with a maximally effective insulin con- 
centration (50 ng/ml) for 60 min at 24 ~ Uptake was then meas- 
ured after a 3 min incubation with the indicated 2-deoxy glucose 
concentrations. Results represent the mean (_+ SEM) of 5 separate 
experiments for the hyperinsulinaemic group and 8 for the control 
group and are expressed as nmoles/3 rain/2 • 105 cells 

mally effective insulin level. Figs. 3 and 4 demon- 
strate that the capacity of cells from the hyperin- 
sulinaemic animals to oxidize glucose was always 
greater than control. 

Incorporation o) c Glucose into Lipid 

Glucose conversion to triglycerides was also meas- 
ured (Table 2). It can be seen that under basal condi- 
tions adipocytes from both groups converted com- 
parable amounts of glucose into total lipids. In the 
presence of insulin, adipocytes from the hyperin- 
sulinaemic animals converted significantly more glu- 
cose (both 1-14C and 6-14C) into triglyceride. When 
the labelled triglyceride was fractionated into glyc- 
eride-glycerol and fatty acids, cells from hyperin- 
sulinaemic rats incorporated more glucose into the 
fatty acid moiety, from both [1 - t4C]  and [6-14C] glu- 
cose. In contrast, glucose conversion to glyceride- 
glycerol was similar in the 2 groups. 

Relationship between Glucose Transport 
and Intracellular Glucose Metabolism 

Several aspects of intracellular glucose metabolism 
measured in cells from the hyperinsulinaemic animals 
are thus equal to or increased over control. To deter- 

mine whether this was due to increased glucose trans- 
port or increased intracellular metabolism, 2-deoxy 
glucose uptake was determined in the presence of a 
maximally effective insulin level (50ng/ml) at 
increasing hexose concentrations. As previously 
reported (18, 19), Table 3 demonstrates that at each 
2-deoxy glucose level, glucose transport activity was 
greater in cells from hyperinsulinaemic animals. 
However, at 10mmol/1 2-deoxy glucose, control 
rates of transport were equal to the rates observed in 
cells from hyperinsulinaemic animals at 2 mmol/1. In 
contrast, at 2 mmol/1 glucose the amount of glucose 
oxidized (either 1-~4C o r  6-14C)  by cells from 
hyperinsulinaemic animals was still greater than con- 
trol cells at 10 mmol/1 glucose (Fig. 3 and 4). 

Discussion 

The results demonstrate that chronic experimental 
hyperinsulinaemia is associated with enhanced rates 
of adipocyte glucose metabolism. Thus, CO2 produc- 
tion from glucose labelled in either the one or six 
position and insulin-stimulated glucose incorporation 
into cell triglycerides was greater in cells from 
hyperinsulinaemic rats. This is in contrast to the situ- 
ation in obesity in which adipocytes from hyperin- 
sulinaemic, obese animals display markedly de- 
creased rates of [1-14C] glucose oxidation and fatty 
acid synthesis from labelled glucose [7, 11-13]. 
These contrasting results suggest the possibility that 
in adipocytes from older, obese animals the intracel- 
lular defects in glucose metabolism are not due to 
hyperinsulinaemia per se, but are most likely related 
to some other aspect of the obese condition. In these 
studies rats were made hyperinsulinaemic for 14 
days, while obese animals are hyperinsulinaemic for a 
much greater period of time. Therefore, although 2 
weeks is a relatively long time in a rat's lifespan, it is 
still possible that longer periods of hyperinsulinaemia 
would lead to the metabolic defects described in 
enlarged adipocytes from obese animals. 
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It should be noted that cell size increased in the 
insulin-treated animals leading to an increase in sur- 
face area and cytoplasmic volume. We have ex- 
pressed all results on a per ceil basis, and although 
the best method of data normalization is not known, 
calculating the results on the basis of unit surface 
area or cytoplasmic volume would tend to diminish 
the magnitude of the differences recorded. 

The enhanced rates of glucose metabolism found 
in adipocytes from hyperinsulinaemie animals are not 
simply due to increased glucose transport. Thus, ele- 
vated rates of glucose metabolism were found at high 
medium glucose concentrations, in the presence of 
insulin - conditions under which transport is not felt 
to be rate limiting for glucose metabolism [29, 30]. 
More importantly, at a medium hexose concentration 
of 2 mmol/1, cells from hyperinsulinaemic animals 
oxidize more glucose than control cells (at 10 mmol/1 
glucose) under conditions where glucose transport 
activity is the same. Thus, both glucose transport and 
intracellular glucose metabolism are increased in 
cells from the hyperinsulinaemic animals. 
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