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Summary. The regulation of glucose transport in normal and 
insulin-resistant obese rat hearts have been studied by measur- 
ing glucose transport via the efflux of labelled 3-0-methyl-D- 
glucose. Glucose transporters in obese rat hearts were also in- 
vestigated using the labelled cytochalasin B-binding assay. 
Basal, and insulin - or increasing workload-induced stimula- 
tion of glucose transport was decreased in obese rat hearts 
compared to those of normal ones. Total number of glucose 
transporters (plasma membrane plus microsomal ones) was 
about half that previously reported for normal rat hearts. In- 
sulin or workload favoured the translocation of glucose trans- 
porters from an intercellular pool (microsomes) to the plasma 
membrane, as they do in normal rats. Due to the measured de- 
crease in total number of transporters of obese rat hearts, 
those present in the plasma membrane (under basal condi- 
tions, or following stimulation by insulin or workload) were 

less than those previously found[ in normal rat hearts tested 
under identical conditions. In obese rat hearts, regulation of 
plasma membrane transporters was perturbed. The Hill coef- 
ficient (an index of positive cooperativity amongst glucose 
transporters) was paradoxically decreased by insulin while 
leaving affinity values unaltered. The Hill coefficient was un- 
altered by workload, although the affinity values were in- 
creased compared to respective controls. To sum up, obese rat 
hearts have decreased total transporter number, and although 
the two stimuli studied favour the translocation of available 
transporters, they fail to "activate" them adequately once 
present in the plasma membrane. 

Key words: Perfused heart, genetically obese (fa/fa) rats, glu- 
cose transport, glucose transporters, cytochalasin B assay. 

The existence of insulin resistance at the level of various 
muscles is well substantiated in several animal models 
of non-insulin-dependent diabetes and/or  obesity [1]. It 
has been demonstrated to be present in vitro as well as in 
vivo (reviewed in 1), and bears on insulin receptor num- 
ber [2]; insulin receptor autophosphylation [3]; glucose 
uptake [4, 5]; glycolysis [4-6] and glycogen synthesis [7]. 

With regard to glucose uptake, it has been shown 
that basal, as well as insulin-stimulated glucose uptake, 
was decreased in most obesity syndromes studied [2, 
4-6]. As is now well established in adipocytes [8, 9] and 
also described in muscle [10], glucose transporting 
molecules (glucose transporters) are present both in the 
plasma and in some intracellular (microsomal) mem- 
branes. Furthermore, insulin has been shown [8-10] to 
favour the translocation of microsomal glucose trans- 
porters to the plasma membrane, thereby stimulating 
glucose uptake. Recently, our laboratories have further 
shown that, in normal brown adipose tissue [11] or per- 
fused hearts from normal rats [12] insulin does not only 
favour the translocation of glucose transporters, but in- 
creases the "intrinsic activity" of the transporters once 
inserted in the plasma membrane. This was evidenced 
by the observation of two insulin-induced changes in 

glucose transport: an apparent increase in the affinity of 
the transporter for glucose and the occurrence of posi- 
tive cooperativity [12]. This was reflected by changes in 
the properties of the glucose transporter toward cyto- 
chalasin B (increase in the affinity and cooperativity). It 
has also been shown that in the normal rat heart, the 
glucose transport, the translocation of glucose transpor- 
ters and the changes in the functional properties of the 
latter, once in the plasma membrane, can be evoked not 
only by insulin but, in the absence of the hormone, by 
increasing the workload [13]. 

In adipose cells obtained from aging insulin-resis- 
tant rats [14], or from normal rats made insulin resistant 
by feeding them a high-fat/low carbohydrate diet [15], 
insulin-stimulated 3-0-methyl-D-glucose uptake was 
found to be reduced. In these insulin-resistant adipo- 
cytes, the translocation process elicited by insulin was 
operative, but the number of glucose transporters pres- 
ent in the plasma membrane under the influence of the 
hormone was reduced, due to a reduction in the total 
number of transporters (plasma plus microsomal ones) 
[14, 15]. No data are as yet available for insulin-resistant 
muscle types. Due to this, the aim of the present study 
was to characterise the glucose transport in perfused 
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hearts of genetically obese insulin-resistant (fa/fa) rats, 
and to study the regulation of their glucose transporter 
systems. The data obtained were compared to those of 
lean rat hearts studied exactly at the same time and pub- 
lished in [13]. 

Material and methods 

Animals 

Fifteen-week-old normal (Fa/Fa) or genetically obese (fa/fa) male 
rats of the Zucker strain bred in our laboratory were used. They had 
free access to a standard laboratory chow (Lacta 299, Provimi-Lacta 
SA, Cossonay, Vaud, Switzerland) and were maintained at a constant 
temperature (22~ in an animal quarter with a 12 h artificial light 
cycle. Lean and obese rats were all studied concomitantly, i.e. at the 
same period of the same year. However, as many questions were in- 
itially posed regarding normal animals and published elsewhere [12, 
13], comparisons between lean and obese animals, particularly when 
dealing with glucose transporters number and characteristics were 
made by referring to the previously published papers on lean rats. 

Heart perfusion and 3-O-methyl-D-glucose transport 
studies 

Rats were anesthetised with pentobarbital (90 mg kg-1). The heart 
was rapidly removed, placed in an ice-cold 0.9% NaC1 solution for 
10 s, cannulated via the aorta and perfused according to Langendorff 
as described elsewhere [51. The perfusion medium consisted of a 
Krebs Ringer bicarbonate buffer, pH 7.4, with pyruvate (5 mmol/1) as 
energy source. For measuring 3-0-methyl-D-glucose (3-0-M-glucose) 
transport, hearts were pre-perfused for 10 rain with or without the 
stimuli defined below, with a recirculating medium containing 
6 mmol/1 (0.3 mCi/1) 14C-3-0-M-glucose and 6 mmol/l  (0.3 mCi/1) 
3H-L-glucose (loading period). Ten min were needed to reach steady- 
state levels of labelled substrates. Labelled L-glucose was used to cal- 
culate the extracellular and free diffusion components. At the end of 
the loading period, perfusion was continued without recirculation, 
while switching to a medium containing no sugar. Aliquots of the me- 
dium were then collected every 12 s in vials placed on a fraction col- 
lector (Gilson TDC 220, Villier le Bel, France). Each vial contained 
12 s fractions of the medium with 3-0-M-glucose and L-glucose aris- 
ing from the heart. 3-0-M-glucose was in the intra- and the extracellu- 
lar space; L-glucose mainly in the extracellular and, to some extent 
(via simple diffusion), in the intracellular space. 3-0-M-glucose 
counter-transported by facilitated diffusion (efflux) could be calcu- 
lated by subtracting, in each vial, total labelled L-glucose content 
from total labelled 3-0-M-glucose content as described elsewhere [51. 
Unless stated otherwise, hearts were perfused at low pressure 
(50 mmHg). When basal 3-0-M-D-glucose effiux rates were investi- 
gated a pre-perfusion period of 10 min was allowed to presumably 
wash away most endogenous insulin. When the effect of insulin was 
measured, the hormone (10 mU/ml) was added to both pre- and per- 
fusion media. The workload effect on glucose efflux rates was 
measured by raising the perfusion pressure (during the pre- and per- 
fusion periods) from 50 to 100 mm Hg. 

Enzyme marker assays 

Total proteins were measured by the Bio-Rad method, with gamma 
globulin as standard [t 6]. The 5'-nucleotidase was the marker used for 
plasma membranes and was determined as described elsewhere [17]. 
The NADPH cytochrome c reductase, a marker of microsomal mem- 
branes, was determined according to the method of Sottocasa et at. 
[181. 

Cytochalasin B-binding assays 

Cytochalasin B-binding was carried out on plasma and microsomal 
membranes obtained from obese rat hearts. As binding curves ob- 
tained with either 10 or 5 different ligand concentrations 
(40-500 nmol/l) resulted in identical results [12], the present experi- 
ments were made with only five ligand concentrations, using a modi- 
fied technique described and validated previously [11-13,19]. As also 
described previously [11-13,191, binding of labelled cytochalasin was 
carried out either in the presence of 250 mmol/l  sucrose (i.e. spe- 
cific + unspecific bindings) or in that of 500 retool/1 unlabelled glu- 
cose (non-specific binding). The differences between the two binding 
curves yielded the specific (i.e. D-glucose displaceable) cytocha- 
lasin B-binding [11-13, 19]. The Hill equation [201 was used to analyse 
the binding data. The plot of the linearised Hill equation, i.e. log 
(b/Ro-b) = n log (F) - log(K' )  (in which Ro = maximal binding capac- 
ity; b=bound  cytochalasin B; F =  free cytochalasin B; n=Hi l l  coef- 
ficient; K ' =  constant comprising interaction factor and intrinsic dis- 
sociation constant; Kd=K'l/n=dissociation constant) permitted to 
obtain the Hill coefficient n, the Ro value (maximal binding) and nor- 
malised Kd values; n 'was the slope of the linearised Hill equation and 
Kd = 10 l~ where log(b/Ro-b)= 0. Using the values of n, Kd and 
Ro, the Hill curve was plotted (bound versus free) together with the 
data points. The affinity values (Ka) were used in this paper and were 
l /Kd.  In the present study, complete plots of data were not repre- 
sented. Results were, for clarity sake, and due to the previously men- 
tioned validations [11-13, 19], shown as table (n,Ka) and bar graphs 
(Ro). 

Statistical analysis 

Statistical analyses we:re performed with the two-tailed Student's t-test 
for unpaired data. 

Results 

3-O-methyl-D-glucose transport 

The 3-0-methyl-D-glucose transport was measured by 
its efflux from preloaded hearts, as depicted by 
Figure 1. As may be seen, basal as well as insulin- 
elicited glucose transport was reduced in obese rat 
hearts compared to those of lean control rat hearts. 
Similar data were obtained when using increased work- 
load as the sole stimulator (Fig. I). 

Insulin and workload increased glucose transport 
10-11 fold in obese and 8-9 fold in lean rats. 

Heart plasma and microsomal membrane preparation 

For membrane preparation, hearts of obese rats were perfused for 
15 min in presence or in absence of stimulus indicated above. Hearts 
were then disconnected from the perfusion apparatus and immediate- 
ly frozen in liquid nitrogen. The membrane preparations (respectively 
plasma and microsomal membranes) were then carried out as de- 
scribed elsewhere [12, 131. 

Glucose transporters as measured by the fill] 
cytochalasin B-binding assay 

To determine the role of glucose transporters in the ab- 
normal D-glucose transport of insulin-resistant obese 
rat hearts, [3H] cytochalasin B-binding assays were per- 
formed in plasma and microsomal membranes ob- 
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tained from obese rat hearts. The D-glucose inhibitable 
cytochalasin binding assays were performed on en- 
riched plasma and microsomal membranes. The latter 
had similar characteristics as those previously reported 
for normal heart [13], as depicted by Table 1. The en- 
richment of plasma membranes was about 20-fold, that 
of microsomal membranes was about 7-fold. The 
measured specific cytochalasin B-binding sites were ex- 
pressed as pmol/mg of membrane protein and adjusted 
to those which would have been observed, had the 
membrane fractions been free of cross-contamination. 
Such adjustments were based on specific activities of 
the enzyme markers, with the assumption that 5'-nucle- 
otidase activity was localised specifically in plasma 
membranes and that NADPH cytochrome c reductase 
activity was specific for microsoma! membrane. Each 
sample was always corrected for the cross-contamina- 
tion, a contamination that was 7% plasma membranes 
in microsomes and 49% microsomal membranes in the 
plasma ones. The cytochalasin B-binding curved ob- 
tained were similar to those previously described with 
membranes of normal hearts [13]. Specific binding was 
obtained by the difference between total and glucose 
displaceable binding and analysed according to Hill 
[20]. For clarity sake, and as mentioned in "Materials 
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Fig. 1. Effect of insulin or increasing workload on 3-0-methyl-D-glu- 
cose (3-0-MG, 6 mmol/1) transport by perfused hearts of lean (open 
bars N) and obese (hatched bars []) rats. 3-0-MG transport was 
measured by its efflux from preloaded organ under basal conditions 
(50 mm Hg perfusion pressure); in the presence of a maximal insulin 
concentration (10 mU/ml) ;  following increased workload achieved 
by raising perfusion pressure from 50 to 100mmHg. Values are 
means 3-5 experiments • SEM. Lean vs obese: all values statistically 
different at 2 p at least < 0.005 

and methods", the maximal binding (Ro) per mem- 
brane of obese rat heart (plasma or microsome), were 
represented as bar graphs (Fig. 2-3). To enable com- 
parison of these data with the published ones dealing 
with normal hearts studied contemporarily [13], dotted 
areas have been provided for the latter. 

As shown by Figure 2, insulin added to obese rat 
hearts favoured the translocation of glucose transpor- 
ters from microsomal to plasma membrane, without al- 
tering the total number of transporters (plasma + micro- 
somal transporters). Insulin-induced translocation was 
evidenced by an increase of the number of transporters 
present in plasma membranes that occured concomi- 
tantly with a decrease of those located in microsomal 
membranes. However, as the total number of transpor- 
ters was decreased by at least two-fold in obese rat heart 
compared to normal (Fig. 2, compare open and hatched 
bars to shaded areas), the number of transporters ac- 
tually translocated into plasma membrane under the in- 
fluence of insulin was reduced compared to normal rats. 

The increase in workload (obtained by raising perfu- 
sion pressure from 50 to 100 mm Hg) had an insulin-like 
effect upon the redistribution of the glucose transporters 
between plasma and microsomal membranes. Indeed, 
as shown by Figure 3, the appearance of transporters in 
the plasma membranes increased while decreasing in 
microsomal membranes. Similary to what was observed 
before, the total number of transporters was decreased 
by at least two-fold in obese heart compared to normal 
[13], so that the number of transporters translocated to 
the plasma membrane under the influence of increased 
workload was reduced compared to normal rats. 

Upon computing transporter number per mg pro- 
tein, marker enzyme recover3, and protein content per 
gramme of heart the total number of transporters per 
gramme of obese rat heart could be calculated and was, 
respectively (means of 3-8 individual experiments) 
505 + 49 (basal conditions); 5'73 _+ 38 (insulin); 608 _+ 48 
(workload) pmol/g of tissue (intergroup difference: 
NS). Such total numbers contrasted with those reported 
for normal hearts, which are about two-fold greater [13]. 

The functional properties of the transporters ob- 
served, in the obese rat hearts, under basal conditions, 
with insulin, or following increased workload are sum- 
marised by Table 2. It should be recalled that in normal 
rat hearts, insulin has been shown to increase the Hill 
coefficient of plasma membranes glucose transporters 

Table 1. Enzyme markers for enriched plasma and microsomal membranes obtained from hearts of genetically obese (fa/fa) rats perfused 

5'-Nucleotidase NADPH cytochrome c reductase Protein 

Specific activity Recovery Specific activity Recovery mg/g of Recovery 
(l.tU/mg protein) (%) (mU/mg protein) (%) heart (%) 

Homogenate 1.6 + 0.2 3.2 + 0.4 166.2 • 9.7 
Plasma membranes 30.9 • 4.2 18.9 _+ 2.0 10.9 • 0.9 9.3 • 1.1 5.2 • 0.3 2.7 • 0.1 
Microsomal membranes 2,1 • 0.2 3.8 • 0.4 22.2 • 2.7 26.0 • 1.4 3.0 • 0.4 1.4 • 0.2 

Hearts were perfused with Krebs Ringer bicarbonate buffer containing pyruvate (5 mmol/1). Membranes were purified as described in the Ma- 
terial and methods section. Results are means • SEM of duplicate determinations of three independent experiments 
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Fig.2. Effect of insulin (10mU/ml)  on the number of D-glucose 
transporters (measured by the specific binding of labelled cytocha- 
lasin B) in plasma (PM) and microsomal (MM) membranes from per- 
fused obese rat hearts. Controls, [], open bars; insulin, [] hatched 
bars. Total (T) refers to the number of glucose transporters present in 
both PM and MM expressed per mg protein. Each bar is the mean _+ 
SEM of 8 (controls) and 6 (insulin) individual experiments. Insulin ef- 
fect on MM and PM glucose transporter number: 2 p <  0.001. Dotted 
areas N are published data [12, 13] obtained in normal rat hearts, for 
comparison 
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Fig.3. Effect of increased workload on the number of D-glucose 
transporters (measured by the specific binding of labelled cytocha- 
lasin B) in plasma (PM) and microsomal (MM) membranes from per- 
fused obese rat hearts. Increased workload (hatched bars, N) was 
achieved by raising perfusion pressure from 50 mmHg (controls, 
open bars, [2) to 100 mm Hg. Total (T) refers to the number of glucose 
transporters present in both PM and MM expressed per mg protein. 
Each bar is the m e a n +  SEM of 8 (controls) and 6 (increased work- 
load) individual experiments. Workload effect on MM and PM glu- 
cose transporter number: 2 p <  0.001. Dotted areas ([]) are published 
data [12, 13] obtained in normal rat hearts, for comparison 
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Table 2. Effect of insulin or increasing workload on glucosetranspor- 
ter Hill coefficient or constant of association (Ka) for cytochalasin B 
in plasma and microsomal membranes obtained from perfused hearts 
of genetically obese (fa/fa) rats 

Control Insulin Increased 
Number of (no stimulus) workload 
experiments (8) (6) (6) 

Plasma membrane 
Transporter number (Ro) 4.6 + 1.0 16.1-4-1.0 b 17.6 _ 1.6 b 
pmol/mg protein 
Hill coefficient (n) 3.0 + 0.2 2.0 +_ 0.3 a 3.1 + 0.5 
Ka (nmol/1) 2.6 _+ 0.2 3.1 4- 0.4 4.5 + 0.2 a 

Microsomal membranes 
Transporter number (Ro) 17.3 + t.2 5.9 + 0.6 b 4 .9_ 0.4 b 
pmol/mg protein 
Hill coefficient (n) 3.1 _+ 0.2 2.6 _+ 0.4 3.2 + 0A 
Ka (nmol/l) 4.6 + 0.3 4.0 + 0.7 4.0 + 0.1 

Values are means +_ SEM of the number of experiments indicated. The 
Hill coefficient (n) and the association constant (Ka) were determined 
from the Hill analysis of the cytochalasin B- binding curves. Control: 
hearts perfused at 50 mmHg;  insulin, 10 mU/ml ;  increased workload 
was achieved by raising perfusion pressure from 50 to 100 mmHg. 
Plasma membrane data: a2p<0.01;  b2p<0.001 when compared 
to control; when no indicat ion=NS. Microsomal membrane data: 
b 2p< 0.001 when compared to control; when no indication = NS 

creased plasma membrane glucose transporters intrin- 
sic activity [12, 13]. tin obese rat hearts and as shown in 
the present study (Table 2), these properties were al- 
tered: insulin paradoxically decreased the Hill coeffi- 
cient and failed to increase the affinity (Ka) values of 
plasma membrane glucose transporters. As also de- 
scribed before [13], workload in normal hearts has been 
shown to increase the Hill coefficient without, however, 
altering the affinity values of plasma membrane glucose 
transporters. In obese rat heart, workload failed to in- 
crease the Hill coefficient although it increased signifi- 
cantly the affinity values of plasma membrane glucose 
transporters for cytochalasin B. As in normal rat hearts 
[12, 13], the functional properties of the micros omal glu- 
cose transporters were unaffected by insulin or work- 
load (Table 2). 

The observation of a Hill coefficient of 3 under basal 
conditions was surprising, and suggested the possible 
occurrence of a positive cooperativity amongst trans- 
porters in the absence of stimuli. This could represent an 
adaptive phenomenon secondary to the observed de- 
crease in transporter number (see Fig. 2 and 3). To ascer- 
tain this finding, 3-0-M-glucose uptake was measured at 
various concentrations of the hexose (2-15 mmol/1): the 
analysis of the dose-response curve (not shown) also in- 
dicated that, under basal conditions, a Hill coefficient of 
3 was found for actual 3-0-methyl D-glucose transport. 

(indicative of the occurrence of a positive cooperativity 
amongst transporters) and to increase the affinity of 
plasma membranes glucose transporters for cytochal- 
sin B, hence possibly for glucose, thereby indirectly 
showing by these two changes that the hormone had in- 

Discussion 

The aim of the present work was to attempt defining 
some of the underlying pathological traits of the in- 
sulin-resistant heart of the genetically obese (fa/fa) rats. 
This was of importance as there are no data available 
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for any of the many muscle types prone to become in- 
sulin-resistant. 

It was observed that the basal, as well as the insulin- 
or workload-induced increases in glucose uptake were 
diminished in perfused obese rat hearts, compared to 
that of lean rat (Fig. 1). These findings corroborate those 
of others made in other muscle types [4-6] and suggest 
that, although the heart is not representative of the 
muscle mass, it may undergo - upon the occurrence of 
insulin resistance - changes that are analogous to those 
seen in other muscles. This strengthens the observations 
made during the present study, with regard to the state 
of the glucose transporters as assessed by the cytocha- 
lasin B-binding assay. Indeed, it was found that the 
total number of glucose transporters present in obese 
rat hearts (Fig.2 and 3) was decreased by about half 
compared to the values measured in normal rat hearts 
[13]. The translocation of transporters from an intracel- 
lular pool to the plasma membrane occurred in obese 
rat hearts, both under the influence of insulin or in- 
creasing workload. However, due to the decrease in the 
total number of glucose transporters, less of them were 
found (under basal conditions and after stimulation by 
insulin or workload) in the plasma membrane of the 
obese than in that of the lean rat hearts (Fig. 2 and 3). 

Also, compared to normal plasma membrane glu- 
cose transporters that have been shown to be "acti- 
vated" by insulin or workload [12, 13], obese rat plasma 
membrane transporters failed to be adequately "acti- 
vated" by either one of the stimuli (Table 2). 

In summary, the underlying pathology of the glu- 
cose transport in obese rat hearts (the first such report 
for a muscle type in insulin-resistant rodent) appears to 
be as follows: (a) the total number of transporters is de- 
creased; (b) the translocation process triggered by 
stimuli is operative but, due to the prevailing decrease 
in the total number, it results in a lesser amount of trans- 
porters present within the plasma membrane; (c) the 
plasma membrane transporters are inappropriately "ac- 
tivated" by the stimuli considered. Insulin paradoxi- 
cally decreased Hill coefficient without changing Ka 
values, whereas workload failed to increase Hill coeffi- 
cient while increasing Ka values. 

The precise etiology of the pathology just described 
has yet to be defined. 
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