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Abstract-In isolated fat cells of the rat the in uirro and in uiuo effects of tolbutamide on insulin binding 
and insulin response were studied. 450 mg tolbutamide/kg/day given for 7 days significantly increased 
the binding of insulin to isolated adipocytes. The binding curves reflected an increase in the number 
of receptor sites rather than in the affinity. The effect was associated with an enhanced response to 
insulin of the adipose tissue, since the fat cells obtained from animals treated with tolbutamide converted 
significantly more glucose to lipids in the presence of insulin than those obtained from the control 
group. However, the augmentation of insulin binding sites was observed only at a large tolbutamide 
dosage, which reduced the pancreatic insulin content, the secretory response of the isolated pancreas, 
and the serum insulin levels. Smaller doses, sufficient to produce metabolic effects via a stimulation of 
insulin secretion, did not provide additional insulin binding sites. When added in vitro to the binding 
assay or to adipose tissue incubated for 16 h, tolbutamide failed to increase insulin binding of the fat 
cells. It is suggested, therefore, that the effects produced by tolbutamide after in uivo treatment reflect 
an indirect rather than a direct action of the sulphonylurea. 

The hypoglycemic effect produced by an acute 
application of sulphonylurea derivatives may suffic- 
iently be expiained by their stimulatory action on 
the endogenous insulin secretion. Additional extra- 
pancreatic actions, however, have been supposed to 
contribute to the metabolic effect of these agents, 
since clinical investigations revealed a dissociation 
of the metabolic effects and the stimulation of insulin 
secretion. The improved carbohydrate tolerance per- 
sisted, although the effect on serum insulin levels 
faded after a chronic therapy with chlorpropamide 
[l, 21, tolbutamide [3], or glibenclamide [4]. 

The prolonged application of sulphonylurea might 
therefore rather enhance the sensitivity of peripheral 
tissues to insulin than augment the amounts of insulin 
available. Accordingly, an increase of the insulin 
receptors was observed in monocytes from patients 
treated with chlorpropamide [5] or glibenclamide 
[6l* 

In animal experiments extrapancreatic actions of 
sulphonylureas could be established in vivo as well 
as in vitro [7-91. Recently several groups have 
reported that sulphonylurea treatment increased the 
number of insulin receptors in liver membranes of 
rats [lo], normal [ll], and diabetic mice [la]. More- 
over, a direct in vitro effect of a sulphonylurea 
derivative on insulin receptors in cultured human 
fibroblasts was observed [13]. The previous inves- 
tigations [lO-131 contained no data on the response 
of tissues to insulin. Thus it is still an open question, 
whether, and if so, to what extent, the augmentation 
of insulin receptor sites may enhance the metabolic 
effects of insulin. 

In the present study, the effects of a sulphonylurea 
derivative on insulin receptors and insulin effects in 
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one of the main target tissues, the adipose tissue, 
were investigated. Tolbutamide was applied to the 
animals during an in vim treatment period, and was 
added to the medium of incubated adipose tissue in 
order to elucidate whether the sulphonylurea might 
directly modify insulin receptors of the fat cell. Some 
of the results have been previously published in 
abstract form [14, IS]. The results suggest that large 
doses of tolbutamide applied in uivo may give rise 
to an increase of insulin binding and response to 
insulin in fat cells, probably by indirect mechanisms. 

MATERIALS AND METHODS 

Muteriak 1Z51-labeled insulin was purchased from 
Behringwerke AC (Frankfurt, West Germany). 
Cristalline pork insulin and tolbutamide were gifts 
of the Farbwerke Hoechst AG (Frankfurt, West 
Germany). Bovine serum albumin (Cohns’ fraction 
V), Eagle’s minimum essential medium, and fetal 
calf serum were obtained from Serva (Heidelberg, 
West Ge~any). [U-‘4C]Glucose was purchased 
from Amersham-Buchler (Braunschweig, West 
Germany), crude collagenase from Worthington 
(NJ). All other reagents (analytical grade) were from 
Merck AG (Darmstadt, West Germany). 

Animals. Male albino Wistar rats (200-300 g) bred 
in our institute were used throughout. The animals 
had been fed a standard pellet diet (Altromin, 
LagelLippe), and had free access to food and water. 
During the treatment period the same diet was given 
in powder form mixed with tolbutamide to yield 
doses as indicated in the figures and tables. 

minding studies. Fat cells were prepared by the 
method of Rodbell [16]. Epidid~al adipose tissue 
(approximately 1 g) obtained from anaesthetized 
animals was incubated in Krebs-bicarbonate buffer 
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containing 1 mg/ml collagenase and 10 mg/ml albu- 
min for 60 min at 37” in a metabolic shaker. The 
isolated cells were separated by flotation, washed 
five times with fresh buffer, and a diluted sample 
was counted in a Fuchs-Rosenthal counting cham- 
ber. The yield was approximately 5 x lo6 cells per 
g adipose tissue. Samples containing 2-5 x lo5 cells, 
1.7 x lo-‘OM [12SI]insulin, and increasing concentra- 
tions of unlabeled insulin (1O-p-1O-5 M) were pre- 
pared in a final volume of 300 ,ul and incubated for 
40 min at room temperature (20”) in a shaking water 
bath. The equilibration period was stopped by rapid 
centrifugation of the cells through a layer of dinonyl- 
phthalate [17]. The cells were separated, and the 
radioactivity was determined (Autogamma 5100, 
Packard instruments). 

Lipogenesis from glucose. The conversion of glu- 
cose to lipids was determined as described by Moody 
et al. [ 18]. A suspension of approximately 60,000 fat 
cells was incubated in 1 ml Krebs-bicarbonate buffer 
containing 1 mM glucose, 10 mg/ml albumin, 
0.25 @Ci [3-3H]gIucose, and 0.1-2 ng/ml insulin. The 
incubation was stopped by addition of a liquid scin- 
tillation cocktail (5 ml, Lipoluma, a toluene-based 
scintillator supplied by Baker Grow-Gerau). The 
vials (polypropylene scintillation vials) were shaken 
for 2 hr (60 strokes per min) to extract the lipids into 
the toluene layer, allowed to equilibrate for 4 hr, 
and the radioactivity was determined in a liquid 
scint~lation counter. Blanks (a cell suspension 
immediately extracted with scintillator) were 150- 
200cpm, and incubated cells usually yielded SOO- 
3~cpm per vial, depending on the concentration 
of insulin. 

~~uli~ determination. Insulin was measured by 
ra~oimmunoassay using an antibody obtained from 
guinea pigs. The antibody was diluted (1:750.~0) 
to bind 50% of total ins&in, The bound fraction was 
precipitated by ammonium sulfate in a final concen- 
tration of 21% (w/v). Unspecific binding was about 
15% of the total radioactivity. Intraassay variation 
was less than 5%, and 0.1 &ml was the smallest 
concentration that could be detected. To measure 
the insulin content of the pancreas, animals were 
anaesthetized and desanguinized. The pancreas was 
removed and quickly homogenized in ice-cold 
acid-alcohol (75% ethanol, 0.4% hydrochloric acid). 
The homogenate was centrifuged, the supernatant 
was neutralized with 10% ammonium hydroxide and 
was again centrifuged. The final supernatant was 
immediately diluted (1:5,00@-1:20,000) in Tris buffer 
(pH 7) containing 1% albumin. Insulin in the diluted 
samples was stable, and the samples were stored at 
-20” until assayed. In control experiments. it was 
assured that the extracts contained no substances 
that interfered with the assay. Insulin added to the 
extracts was recovered correctly. 

Perfusion of pancreas. The animals were anaes- 
thetized by an intraperitoneal injection of pento- 
barbital (45 mgikg body weight). Pancreas, spleen, 
stomach, and the proximal part of the duodenum 
were removed according to the method of Grodsky 
et al. 1191, and perfused through the cannulated 
abdominal aorta. The perfusion media consisted of 
Krebs-bicarbonate buffer containing albumin 
(0.4%) and 5 or 20mM glucose, and were gassed 

with oxygen/carbon dioxide 955. The flow rate was 
4 ml/min and provided a constant perfusion pressure 
of 80-1OOmmHg. Total dead time for medium 
change was 20sec. The perfusate was collected in 
1 or 5 min intervals, and samples were diluted 
immediately in Tris buffer (pH 7.4) containing 0.1% 
albumin. 

Blood glucase was assayed using the glucose 
oxidase reaction (Test kit by Boehringer, Mannheim, 
West Germany). 

Non-esterified fatty acids were determined by the 
method of Duncombe [20]. 

Statistical analysis. The results were calculated as 
means -t S.E.M. and tested for statistical significance 
by means of the U-test of Wilcoxon, Mann and 
Whitney, or by the D,-test of Wilcoxon and Wilcox. 

RESULTS 

In rats treated with a daily dose of 450mglkg 
tolbutamide, insulin binding to isolated fat cells was 
significantly increased (Table 1). Serum insulin levels 
were significantly lowered, whereas the blood glu- 
cose levels were unaffected. A moderate decrease 
of the serum non-esterified fatty acids was observed 
(ll%), and insulin content of the pancreas was 
reduced by 17%. The size of the fat cells, food 
intake, and weight gain during the treatment period 
were not altered. 

More detailed information on the effect of tol- 
butamide on insulin binding to adip~ytes was 
obtained from the binding curves (Fig. 1). As is well 
recognized for the insulin receptor, the Scatchard 
plots of the data showed cu~ilinearity 1211. Tolbu- 
tamide shifted the Scatchard curve without altering 
its slope, suggesting that the number of receptors 
rather than their affinity was increased. 

The response of adipocytes to insulin was largely 
enhanced by the tolbutamide treatment (Fig. 2). The 
maximal effect produced by insulin was approxi- 
mately doubled, whereas insulin concentrations giv- 
ing rise to half maximal stimulation of lipogenesis 
were not affected. 

The effects of tolbutamide on insulin binding to 
fat cells was restricted to large sulphonylurea doses, 
as is shown in Fig. 3. In a smaller dosage sufficient 
to lower the blood sugar (5Omg/kg), tolbutamide 
failed to augment insulin receptors of adipocytes. 
The doses of tolbutamide that did increase insulin 
binding (400 and 600 mg/kg) simultaneously reduced 
the insulin content of the endocrine pancreas. 

In order to test whether the depletion of the 
endocrine pancreas is paralleled by an impaired 
secretory function that might lower serum insulin 
levels (Table l), we studied the response of the 
pancreas gland to a glucose stimulus (Fig. 4). The 
secretory response of the perfused rat pancreas to 
the glucose stimulus was significantly delayed and 
reduced, when the donor rats had been treated with 
a large tolbutamide dose (450 mg/kg for 7 days). 

Tolbutamide failed to increase the specific binding 
of insulin in the in vitro system. After addition of 
the sulfonylurea in concentrations attainable in uiuu, 
the specific as well as the unspecific binding were not 
altered at 37” and at 20” (Fig. 5). An incubation of 
the fat pads for 16 hr prior to the preparation of 
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Table 1. Effects of tolbutamide treatment (450 mg/kg/day) for seven days* 

Control Tolbutamide 

Insulin binding 
(fmoles/106 cells) 

Cell volume 
(I X 10-12) 

Blood glucose (mM) 
Serum insulin (@ml) 
Pancreatic insulin 

content (pg) 
Non-esterified 

fatty acids (PM) 
Daily food 

intake (g) 
Initial body 

weight (g) 
Final body 

weight (g) 

5.4 f 0.1 

66.4 + 4 
1.2 ? 0.2 

1.27 +_ 0.1 

113 2 I 

281 2 14 

19.7 ” 0.4 

239 * 2 

268 * 4 

8.6 * 0.4 

65.3 2 5 
7.0 2 0.2 

0.98 r 0.1 

94 2 4 

249 ? 12 

20.4 + 0.5 

238 + 3 

262 ? 3 

P < 0.001 

ns. 
n.s. 
P < 0.025 

P < 0.025 

P < 0.025 

n.s. 

n.s. 

ns. 

* The results represent means 2 S.E.M. of 12 experiments. Insulin binding represents 
the amount of tracer insulin (1.7 X lo-r” M) bound minus the tracer bound in the 
presence of excess (10e5 M) unlabeled insulin (non-specific binding). 

Fig. 1. Binding of insulin of adipocytes from rats treated 
with tolbutamide (3OOmg/kg daily for 9 days). The 
bound/free ratio of tracer insulin is plotted against the 
concentrations of unlabeled insulin added. Data from,the 
control experiments are represented by open circles, the 
smaller graph is the Scatchard-transformation of the results. 

(n=6). 

I, o* 100 200 LOO 600 
mg Totbutomrde/kg 

Fig. 3. Dose-response curves for the effects of tolbutamide 
on the binding of insulin (1.7 x lo-‘O M, tracer insulin only) 
to adipocytes (circles) and pancreatic insulin content (tri- 
angles). The rats had received the dosage of tolbutamide 
indicated for seven days (n = 6). The effect on insulin 
binding was significant (P < 0.05) at 600 mg/kg, the effect 

on pancreatic insulin content at 400 and 600 mg/kg. 

Fig. 2. Effects of insulin on the conversion of glucose to lipids in fat cells from rats treated with 
tolbutamide (450 mg/kg/day for 7 days, filled circles). Means * S.E.M. of 8 experiments. The differences 

to controls were significant (P < 0.025) at 2, 4 and 8 X lo-‘” M insulin. 
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isolated cells failed to increase insulin binding, and 
also failed to antagonize the receptor loss [22] 
induced by added unlabeled insulin (Table 2). 

DISCUSSION 

In the present study tolbutamide treatment in uivo 
induced an increase of the insulin receptors in rat 
fat cells. Accordingly, the effect of insulin on lipo- 
genesis of adipocytes from the treated animals was 
enhanced. In spite of reduced serum insulin levels, 
the blood glucose was normal, and the serum fatty 
acids were decreased. These effects suggest an 
enhanced responsiveness of the tissues to the 
endogenous insulin, paralleled by an increase in the 
number of the insulin receptors. 

It is thus tempting to conclude that the augmen- 
tation of insulin receptors had produced an increased 
response of the fat cell to insulin. In view of the 
current hypotheses on the relationship of insulin 

Table 2. Binding of insulin to fat cells from adipose tissue 
which had been previously kept in culture in the presence 

of tolbutamide and insulin* 

Control 
Tolbutamide 
(0.2 mg/ml) 

Without insulin 
during the culture 
period (n = 8) 

2 x lo-* M insulin 
(n = 12) 

9.68 * 1.2 9.28 ? 0.5 

2.57 2 0.4 2.68 * 1.2 

* The fat pads had been incubated for 16 hr in Eagle’s 
minimum essential medium which contained fetal calf 
serum, streptomycin (0.1 mg/ml), tolbutamide, and insulin 
as indicated. The incubation flasks were continously gassed 
with oxygen/carbon dioxide 955. Fat cells were prepared 
thereafter in the absence of tolbutamide and insulin. The 
results represent means ? S.E.M. and are calculated as 
percent of the bound insulin per 106 fat cells (bound tracer 
at 1.7 x lo-r0 M corrected for non-specific binding). 

OS 

TOLBL 

Fig. 5. Binding of insulin (1.7 x lo-‘O M tracer insulin) to 
fat cells in the presence of tolbutamide. Means f S.E.M. 
of 8 experiments. The shaded columns represent bound 
insulin in the presence of excess unlabeled insulin 

(1O-5 M). 

effects and insulin receptors, however, this conclu- 
sion may be questioned. According to the spare 
receptor concept [22] an augmentation of insulin 
binding sites is expected to shift the 
concentration-response-curve to lower insulin con- 
centrations, thus lowering the insulin concentration 
which produces half maximal effects. An increase 
of the maximally obtainable response, as was seen 
in the present experiments, is attributed to post- 
receptor mechanisms rather than to an alteration of 
the receptor sites. Post-receptor events may there- 
fore at least participate in the increased responsive- 
ness of adipocytes to insulin after tolbutamide 
treatment. 

Metabolic effects of sulphonylureas that are inde- 
pendent from the endogenous insulin secretion have 
been a matter of debate since the discovery of their 
hypoglycemic action. In view of animal experiments, 
the existence of such effects cannot be doubted. The 
in vitro lipolysis is inhibited [23], and glucose oxi- 
dation is stimulated by tolbutamide [24]. In the 
eviscerated rat the blood glucose lowering effect of 
inl(ulin is enhanced by tolbutamide [8]. Chronic treat- 
ment of mice with tolbutamide (750 mg/kg) increased 
the glucose uptake into the incubated diaphragm, 
if both insulin and tolbutamide had been added to 
the incubation medium [25]. However, the concen- 
tration or dosage of tolbutamide that was necessary 
to produce extrapancreatic effects (0.15-0.8 mg/ml 
in vitro [23,24], 400-800 mg/kg in ho) was con- 
siderably higher than that necessary to stimulate 
insulin release in vitro (0.001-0.05 mg/ml [26]) or in 
viuo (25_2OOmg/kg in the rat [27]). In the present 
experiments comparably large doses of tolbutamide 
(300-6OOmg/kg) were necessary to increase the 
insulin binding sites of fat cells. As is shown in Fig. 
3, the rise of insulin binding correlated with a deple- 
tion of the endocrine pancreas, an effect attributable 
to excessive dosage of sulphonylurea [28]. It is thus 
unlikely that, as far as the adipose tissue is con- 
cerned, the increase in insulin binding might con- 
tribute to the metabolic effects of tolbutamide when 
a dosage sufficient to stimulate insulin release is 
applied. 

In cultured human fibroblasts glibenclamide 
increased the number of insulin receptors, and, more 
pronouncedly, antagonized the insulin induced 
receptor loss [13]. Loss of receptors is supposed to 
reflect an endocytotic internalization of occupied 
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receptors [31]. This process is facilitated by trans- 
glutaminase, an enzyme that covalently links the 
occupied receptors to form coated pits which are 
more easily internalized [32,33]. Sulphonylureas 
inhibit transglutaminase [32], suggesting that the in 
vitro effect of glibenclamide at cultured fibroblasts 
is a consequence of inhibited receptor internalization 
[13]. In our experiments, however, a similar direct 
effect on the insulin receptor site could not be 
observed. Tolbutamide failed to directly modify the 
insulin binding and to reverse the insulin induced 
receptor loss when added to the binding assay or to 
the medium of adipose tissue incubated for 16 hours. 
It may be speculated, therefore, that in the fat cell 
transglutaminase is insensitive to sulphonylureas, or 
plays a minor role in regulating the receptor density 
of the cell surface. 

The failure of tolbutamide to directly augment 
insulin binding sites suggests that indirect mechan- 
isms are responsible for the effects observed after 
in viuo treatment. A possible link between the action 
of tolbutamide and insulin binding might be the 
serum insulin levels. The inverse relationship 
between insulin levels and insulin receptors is well 
established: decreased insulin levels induce a 
counterregulation of the receptors [34]. The dosage 
of tolbutamide applied in our study to increase the 
binding of insulin had obviously depleted the endo- 
crine pancreas. This effect of large sulphonylurea 
doses has been described previously [28-301. The 
depletion of the pancrease parallels a reduced 
response to a glucose stimulus [28-301, as was con- 
firmed in the perfused pancreas preparation (Fig. 4), 
and might thus have lowered the serum insulin levels. 
Finally, the reduced availability of insulin might then 
have caused a counterregulatory effect on insulin 
receptors and insulin responsiveness. 
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