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A b s t r a c t  

The specific binding sites for sulfonylureas in the rat liver membrane fraction were demonstrated and characterized. 
[3H]Glibenclamide binding to the liver membrane was specific, time-and temperature-dependent, and reversible. Scatchard 
analysis showed a single class binding site. The dissociation constant (K d) for glibenclamide was 1.1/zM and the binding capacity 
(Bma x) was 50 pmol/mg protein. [3H]Glibenclamide binding could be displaced by other sulfonylureas. Half-maximal inhibition 
of binding (ICs0) for glimepiride, gliclazide, acetohexamide, tolbutamide and chlorpropamide was 4.2/xM, 74/xM, 0.33 mM, 0.60 
mM, 1.2 mM, respectively. Each value is close to the reported blood concentration when a therapeutic dose of each drug is 
administered orally. The order of ICs0 values is coincident with the order of potency of the clinical hypoglycemic effect of these 
drugs. We had shown that these concentrations of sulfonylureas stimulate 6-phosphofructo-2-kinase in the liver or hepatocytes 
and inhibit phosphoenolpyruvate carboxykinase in the hepatoma cells. The specific binding sites demonstrated here may play 
some roles when sulfonylureas affect carbohydrate metabolism in the liver. 
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I .  I n t r o d u c t i o n  

Sulfonylureas are hypoglycemic agents that have 
been used for more than three decades in the treat- 
ment  of non-insul in-dependent  diabetes mellitus 
(Groop, 1992). The main action of the agents is to 
stimulate insulin release from the pancreatic /3 cells 
(Blackward and Nelson, 1971; Colwell and Zuckerman, 
1972; Grodsky et al., 1977). This insulin secretory ef- 
fect is, however, controversial when these agents are 
given chronically to non-insulin-dependent diabetics 
(Reaven and Dray, 1967; Duckworth et al., 1972; Fein- 
glos and l~bovitz,  1980; Greenfield et al., 1982; Best et 
al., 1982), and extrapancreatic actions of sulfonylureas 
have been much discussed in the last decade. The liver 
(Salhanick et al., 1983; Fleig et al., 1984; Matsutani et 
al., 1984; Kaku et al., 1986; Patel, 1986; Davidson and 
Sladen, 1987), muscle (Rogers et al., 1987; Johnson et 
al., 1991) or adipose tissue (Maloff and Lockwood, 
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1981; Matsuda et al., 1991) has been examined as a 
target organ and sulfonylureas have been demon- 
strated to have a number of metabolic actions in these 
tissues. 

Specific binding sites for sulfonylurea were first 
demonstrated in pancreatic /3 cell tumor, and then 
further described in cerebral cortex (Kaubish et al., 
1982; Lupo and Bataille, 1987; Bernardi et al., 1988), 
pancreatic /3 cells (Kaubish et al., 1982; Geisen et al., 
1985; Gaines et al., 1988; Siconolfi-Baez et al., 1990; 
Verspohl et al., 1990), heart (Fosset et al., 1988; French 
et al., 1991) and adipocytes (Martz et al., 1989). Fur- 
thermore,  the relationship between sulfonylurea recep- 
tor and potassium channel has been discussed vigor- 
ously because sulfonylureas close ATP-sensitive K ÷ 
channels (Sturgess et al., 1985; Schmid-Antomarchi et 
al., 1987; Fosset et al., 1988; Niki et al., 1989). Specific 
binding sites in the liver have not been described 
whereas a variety of metabolic actions by sulfonylureas 
have been demonstrated. In the present study, we 
at tempted to demonstrate specific binding sites for 
sulfonylureas in the rat liver. 
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2. Materials and methods 2.3. [3H]Glibenclamide binding assay 

2.1. Materials 

[3H]Glibenclamide (1.88 TBq or 50.9 Ci/mmol) and 
Aquasol-2 were purchased from NEN (Boston, MA, 
USA). Glibenclamide (Glyburide), glimepiride (HOE- 
490), tolbutamide and carboxytolbutamide were pro- 
vided by courtesy of Hoechst Japan (Tokyo, Japan). 
Acetohexamide, chlorpropamide, gliclazide and bu- 
formin hydrochloride were obtained by courtesy of 
Shionogi Pharmaceutical Co. (Osaka, Japan), Pfizer 
Pharmaceuticals (Tokyo, Japan), Dainippon Pharma- 
ceutical Co. (Osaka, Japan) and Kodama (Tokyo, 
Japan), respectively. Leupeptin, iodoacetamide, phen- 
ylmethylsulfonyl fluoride, soybean trypsin inhibitor 
(type II-S) and Percoll were purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). Dithiothreitol was 
obtained from Nacalai Tesque (Kyoto, Japan). All other 
reagents were of analytical grade. 

2. 2. Membrane preparation 

Crude membrane 
Crude liver membrane fraction was prepared by the 

method of Toda et al. (1975) with a modification. 
Livers from two overnight-fasted male Wistar rats 
weighing 200 g were homogenized in 40 ml of solution 
A (250 mM sucrose, 10 mM Tris-HCl, pH 7.6, 5 mM 
MgC12, 1 mM dithiothreitol, 10 /~g/ml trypsin in- 
hibitor and 1 mM phenylmethylsulfonyl fluoride) with 
a Dounce homogenizer. Red blood cells and nuclei 
were removed by centrifugation at 270 x g for 5 min 
and membranes were pelleted by centrifugation at 
1500 x g for 10 min. This step was repeated 3 times. 
The final pellet was resuspended in solution A supple- 
mented with 10 /zM leupeptin and 1 mM phenyl- 
methylsulfonyl fluoride at a protein concentration of 
5-10 mg/ml. 

Partially purified membranes 
In some experiments, crude membranes were fur- 

ther purified by centrifugation at 10 000 x g for 60 min 
in solution B (250 mM sucrose, 10 mM Tris-HCl, pH 
7.6, 2 mM EGTA, 2 mM MgCI 2) supplemented with 
17.5% v /v  Percoll. Plasma membranes were washed in 
solution B 3 times to remove Percoll. The final pellet 
was resuspended in solution B supplemented with 50 
~M leupeptin, 10 /zg/ml soybean trypsin inhibitor, 1 
mM iodoacetamide and 1 mM phenylmethylsulfonyl 
fluoride at a protein concentration of 1 mg/ml. The 
activity of 5'-nucleotidase/mg protein in this purified 
membrane fraction, determined by the method of 
Valentine et al. (1974), was 5- to 7-fold higher than 
that of the liver whole homogenate. Membranes were 
stored in small quantities in liquid nitrogen until the 
experiments were done. 

The [3H]glibenclamide binding assays were per- 
formed in solution A in a final volume of 0.5 ml. In a 
typical experiment, each assay tube contained either 
300 /zg of crude membrane or 100 /zg of partially 
purified membrane, 1 nM [3H]glibenclamide (about 1 
kBq or 0.025 /xCi) and the desired concentrations of 
unlabeled agents. Glibenclamide was dissolved in 0.5 N 
NaOH first, then almost neutralized (pH 7.5) with 1 N 
HC1. The final concentration of glibenclamide stock 
solution was 1 mM. The samples were incubated for 
120 min at 4°C unless otherwise indicated. The reac- 
tion was terminated by dilution with 2 ml of ice-cold 
solution A and vacuum filtration on Whatman G F / C  
filters followed by quick washing of the filters twice 
with 5 ml of ice-cold distilled water. The filters were 
submerged in 5 ml of Aquasol-2 and the radioactivity 
was measured by liquid scintillation spectroscopy. Spe- 
cific binding was defined as the difference between 
that in the absence and that in the presence of 10/xM 
unlabeled glibenclamide. All incubations were carried 
out in triplicate and each experiment was repeated 3 or 
more times with similar results. The data shown in 
figures were the means + S.D. for representative ex- 
periments. K a and Bma x values were determined with 
the LIGAND program (Munson and Rodbard, 1980). 

3. Results 

3.1. Protein dependence of [3H]glibenclamide binding 

Protein dependence was studied by incubating vari- 
ous amounts of crude rat liver membranes with 0.5 nM 
[3H]glibenclamide for 120 min at 4°C. The extent of 
binding was proportional to the protein concentration 
between 100-1000 /xg/tube (Fig. 1). For all subse- 
quent experiments using crude membrane, protein con- 
centrations were in the linear range (300/zg/tube). 

3.2. Time and temperature dependence of binding 

The binding was time-and temperature-dependent. 
When membranes were incubated with 1 nM 
[3H]glibenclamide for various periods at 4°C (Fig. 2A), 
the binding increased gradually and reached its maxi- 
mal level at 120 min. On the other hand, binding 
reached the maximal level in 30 min and then de- 
creased gradually with time when the incubation was 
performed at 20°C (Fig. 2B). Specific binding was higher 
when membranes were incubated at 4°C rather than 
20°C, while non-specific binding was essentially con- 
stant. Accordingly, the incubation was performed at 
4°C for 120 min in routine experiments. 
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Fig. 1. Protein dependence of [3H]glibenclamide binding to mem- 
branes. Various concentrations of rat crude liver membranes (0-1 
mg/tube) were incubated with 0.5 nM [3H]glibenclamide in the 
presence or absence of 10 /xM unlabeled glibenclamide at 4°C for 
120 min. Q: total binding, ©: non-specific binding, D: specific 
binding. 

3.3. Reversibility of binding 

[3H]Glibenclamide binding to rat liver membranes 
was reversed when 10 ~M unlabeled glibenclamide 
was added to the reaction mixture 30 min after the 
start of the reaction. Fig. 3 shows the association and 
dissociation of [3H]glibenclamide to membranes. Addi- 
tion of a large excess of unlabeled glibenclamide disso- 
ciated [3H]glibenclamide bound to the membranes 
completely in 30 min. 

3.4. Association and dissociation kinetics of [3H]- 
glibenclamide binding 

Fig. 4 shows the binding of increasing concentra- 
tions of [3H]glibenclamide to the crude preparation of 
rat liver membranes at 4°C. As the concentration of 
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Fig. 2. Time course of [3H]glibenclamide binding to membranes. Rat 
crude liver membranes (300 /zg/tube) were incubated with 1 nM 
[3H]glibenclamide in the presence or absence of 10 ~M unlabeled 
glibenclamide at 4°C (A) or 20°C (B) for the time indicated, o: total 
binding, O: non-specific binding, D: specific binding. 
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Fig. 3. Reversibility of [3H]glibenclamide binding to membranes. Rat 
crude liver membranes (300 /zg/tube) were incubated with 1 nM 
[3H]glibenclamide in the presence or absence of 10 tzM unlabeled 
glibenclamide at 4°C. Addition of 10 ~zM unlabeled glibenclamide 
(indicated by arrow) displaced the specific binding (dot line, O). *: 
total binding, ©: non-specific binding. 

[3H]glibenclamide was increased from 1 nM to 300 nM, 
specific binding to membrane protein increased. How- 
ever, the binding was not saturated in this range of 
[3H]glibenclamide concentrations. 

Tracer binding was inhibited by incubation of the 
membranes with increasing concentrations of unla- 
beled glibenclamide (1 nM to 100/.tM) for 2 h at 4°C. 
Non-specific binding was defined as the binding in the 
presence of 10 /zM unlabeled glibenclamide since no 
more displacement was observed in the presence of 30 
/xM or higher concentrations of cold glibenclamide. 
Non-specific binding was approximately 20-25% of the 
total binding (Fig. 6). Scatchard analysis revealed a 
single class of binding site, and the calculated K d 
value was 1.8/zM and Br,~x was 45 pmol/mg protein. 
A similar experiment was performed using 100/x g/ tube 
of the-partially purified membrane preparation. The 
inhibition curve for specific binding was nearly equal to 
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Fig. 4. Influence of t racer concentration on [3H]g] ibenclamide bind- 
ing to membranes. Rat crude liver membranes (300/~g/tube) were 
incubated with increasing concentrations of [3Hlglibenclamide (0-300 
nM) in the presence or absence of 10/zM unlabeled glibenclamide at 
4°C for 120 rain. *: total binding, ©: non-specific binding, D: 
specific binding. 
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Fig. 5. Inhibition of total [3H]glibcnclamide binding to membranes 
by unlabeled glibenclamide. Rat partially purified liver membranes 
(100 /xg/tube) were incubated with 1 nM [3H]glibenclamide in the 
presence of increasing doses of unlabeled glibenclamide at 4°C for 
120 min. Inset: Scatchard plot of the data. 

that for the crude membrane preparations (Fig. 5). 
Scatchard analysis showed similar K d and Bma ~ values; 
1.1 /zM and 50 pmo l /mg  protein, respectively. 
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Fig. 6. Inhibition of total [3Hlglibenclamide binding to membranes 
by various unlabeled sulfonylureas. Rat crude liver membranes (300 
/xg/tube) were incubated with 1 nM [3H]glibenclamide at 4°C for 
120 min in the presence of increasing concentrations of unlabeled 
glibenclamide (o), glimepiride (O), gliclazide ( i ) ,  acetohexamide 
([]), tolbutamide ( • ) ,  chlorpropamide (zx) or carboxytolbutamide 
(x). 

Table 1 
Comparison of K d or IC50 values for various sulfonylureas with 
therapeutic doses of these agents in the human 

Sulfonylureas K D or I C 5 0  Therapeutic dose a 
(p,M) (mg/day) 

Glibenclamide 1.1 1.25-10 
Glimepiride 4.2 2-6 
Gliclazide 74 40-160 
Acetohexamide 330 250-750 
Tolbutamide 600 500-1500 
Chlorpropamide 1200 125-500 

a Groop (1992) with modification. 

3.5. Inhibition of [3H]glibenclamide binding by hypo- 
glycernic agents 

Several oral antidiabetic agents were investigated 
for competition with binding of [3H]glibenclamide (Fig. 
6). The concentrations for half-maximal inhibition (ICs0 
values) were determined with the LIGAND program 
(Table 1). Carboxytolbutamide, inactive metabolite of 
tolbutamide, displaced the binding only partially. The 
biguanide drug, buformin, did not displace binding in 
the range of 0.1 mM and 100 mM (data not shown). 

4. Discussion 

The current studies characterized for the first time 
sulfonylurea binding sites in the rat liver membrane 
fraction. [3H]Glibenclamide binding to membranes 
from the rat liver was found to be specific, time-and 
temperature-dependent  and reversible. Saturation of 
the binding sites by [3H]glibenclamide could not be 
demonstrated in our experimental conditions because 
the calculated K d value was higher than 300 nM, 
which was the maximum concentration of tracer we 
used. Use of concentrations higher than 300 nM of the 
tracer was impossible because the concentration of 
[3H]glibenclamide in the original container was 10-20 
/xM in ethanol. 

The affinity of the binding sites for glibenclamide in 
the liver was relatively low. High-affinity binding sites 
for sulfonylureas were originally demonstrated in rat 
brain membranes and rat pancreatic /3 cell tumor 
membranes (Kaubish et al., 1982). The characteristics 
of the binding sites have been further described for 
pancreatic/3 cell tumor membranes (Fleig et al., 1984; 
Geisen et al., 1985; Schmid-Antomarchi et al., 1987; 
Gaines et al., 1988; Niki et al., 1989; Siconolfi-Baez et 
al., 1990; Verspohl et al., 1990; French et al., 1991; 
Ronner  et al., 1993), cerebral cortex (Geisen et al., 
1985; Lupo and Bataille, 1987; Bernardi et al., 1988) or 
cardiac membranes (Fosset et al., 1988). Reported K a 
values for glibenclamide are generally in a low 
nanomolar range (0.05-7 nM). These values are in 
good agreement with those found for stimulation of 
insulin release or for inhibition of ATP-sensitive K 
currents in pancreatic /3 cells. Aguilar-Bryan et al. 
(1990) and Nelson et al. (1992) recently detected and 
partially purified a 140 000 Da protein as the high-af- 
finity sulfonylurea receptor  in H IT  cells using 
[t25I]glibenclamide. During preparation of this paper, 
the sulfonylurea receptor was cloned by the same group 
(Aguilar-Bryan et al., 1995), who showes that the sul- 
fonylurea receptor has a molecular weight of 177000 
Da and seems to be a member of the ATP-binding 
cassette or traffic ATPase superfamily. 
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We  could not  detect  high-affinity b ind ing  sites in the 

p resen t  study. However,  a variety of metabol ic  effects 
of sulfonylureas  on  the liver or hepatocytes  have b e e n  
observed at concen t ra t ions  of sulfonylureas  higher  than  
those that  induce  insul in  secret ion from pancrea t ic  /3 
cells. For  example,  s t imulatory effects on glycolysis 
(Matsu tan i  et al., 1984; Kaku et al., 1986; Patel,  1986), 
glycogenesis (Fleig et al., 1984; Davidson and  Sladen,  
1987), l ipogenesis  (Salhanick et al., 1983) or inhibi tory 
effects on  glycogenolysis (Davidson and  Sladen,  1987), 
ketogenesis  (Patel,  1986) were induced  by a low micro- 
molar  range  of g l ibenclamide  concen t ra t ions  (0 .5-10 
/zM) or by a low mi l imolar  range  of to lbu tamide  or 
to lazamide  (0 .5-2  mM)  concent ra t ions .  We  have re- 
cently repor ted  that  2 - 1 0  m M  to lbu tamide  inhibits  the 
g luconeogenet ic  key enzyme,  phosphoeno lpyruva te  
carboxykinase,  in rat hepa toma  cells (Emoto  et al., 
1993). Repo r t ed  max imum blood concen t ra t ions  of 
these sulfonylureas,  when  therapeu t ic  doses were ad- 
min is te red  orally, were also in these ranges,  i.e. tolbu-  
tamide,  0 .3-0 .7  raM; chlorpropamide ,  0 .4-0 .7  mM; 
acetohexamide,  60 -90  /zM; gliclazide, 50 -60  /zM; 
gl ibenclamide,  0 . 0 4 - 0 . 1 / z M  (Baird and  D u n c h a n ,  1957; 
Be rgman  et al., 1980; Maha  et al., 1962; Miyazaki et 
al., 1983). 

In  adipose tissue, 1 /zM gl ibenclamide  or 1 m M  
to lbu tamide  s t imulates  insu l in - induced  acetyl coen- 
zyme A carboxylase (Matsuda  et al., 1991) and  ~ 1 
m M  tolazamide  facilitates glucose up take  in an 
i n s u l i n - i n d e p e n d e n t  m a n n e r  (Maloff  and  Lockwood, 
1981). Mar tz  et al. (1989) have demons t r a t ed  a specific 
receptor  for g l ibenclamide  in rat  adipocytes. The  re- 
por ted  K a value is 1 .8 /xM and  the b ind ing  capacity is 
220 p m o l / m g  protein.  The  lat ter  authors  emphas ized  
that  this K d value was consis tent  with the activation 
cons tan t  ( K  a) of g l ibenclamide  to po ten t ia te  insul in-  
s t imula ted  hexose t ranspor t  in adipocytes. This  K d 
value is close to that  we found.  We also would like to 
emphasize  that  a low micromolar  range  (not  a low 
n a n o m o l a r  range)  of g l ibenclamide  induces  a variety of 
metabol ic  act ions in the liver or the hepatocytes  as 
shown above. These  data  may suggest that  specific 
b ind ing  sites for g l ibenclamide  with a micromolar  K d 
value should be re levant  to the p roduc t ion  of a variety 
of ext ra-pancrea t ic  act ions in the liver. 
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