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Abstract

Aims/hypothesis. The carbamoylbenzoic acid deriva-
tive repaglinide is a potent short-acting insulin secret-
agogue that acts by closing ATP-sensitive potassium
(KAtp) channels in the plasma membrane of the pan-
creatic beta cell. In this paper we investigated the
specificity of repaglinide for three types of cloned
(Kgp) channel composed of the inwardly rectifying
potassium channel Kir6.2 and either the sulphonyl-
urea receptor SUR1, SUR2A or SUR2B, corre-
sponding to the beta cell, cardiac and either smooth
muscle types of K ,rp channel, respectively.

Methods. The action of the drug was studied by
whole-cell current recordings of K,rp channels ex-
pressed either in Xenopus oocytes or mammalian
cells (HEK293). We also used inside-out macropatch-
es excised from Xenopus oocytes for detailed analysis
of repaglinide action.

Results. The drug blocked all three types of K,rp
channel with similar potency, by interacting with
a low-affinity site on the pore-forming subunit of

the channel (Kir6.2: half-maximal inhibition
230 wmol/l) and with a high-affinity site on the regula-
tory subunit, the sulphonylurea receptor (SUR: half-
maximal inhibition 2-8 nmol/l). There was no differ-
ence in potency between channels containing SURI1,
SURZ2A or SUR2B. MgADP potentiated the inhibi-
tory effect of repaglinide on Kir6.2/SUR1 and (to a
lesser extent) Kir6.2/SUR2B, but not on Kir6.2/
SUR2A.

Conclusion/interpretation. Repaglinide interacts with
a site common to all three types of sulphonylurea re-
ceptor leading to inhibition of the K p channel. The
fact that MgADP potentiated this effect in the case
of the beta cell, but not cardiac, type of channel could
help explain why the drug shows no adverse cardio-
vascular side-effects in vivo. [Diabetologia (2001) 44:
747-756]
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The ATP-sensitive potassium (K,p) channels are a
family of potassium channels that are inhibited by
ATP and activated by MgADP. They thereby couple
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cell metabolism to the electrical activity of the cell
membrane. They are widely expressed in muscle,
neural and endocrine tissues, where they play impor-
tant physiological roles. In pancreatic beta cells they
couple changes in blood glucose concentration to in-
sulin secretion [1], in cardiac muscle they are in-
volved in action potential shortening during ischae-
mia [2], in vascular smooth muscle they regulate ves-
sel tone [3], and in skeletal muscle they contribute to
the enhanced K* efflux and fatigue found during se-
vere exercise [4]. Their physiological role in neu-
rones is not clearly established but it is believed
that they modulate synaptic transmitter release [5]
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and contribute to the response to cerebral ischaemia
[6].

The metabolic regulation of K ,rp channel activity
is not fully understood, although it seems clear that
adenine nucleotides play a key role. ATP blocks the
channel by binding directly to the protein; ATP hy-
drolysis is not required because inhibition is Mg?" i
dependent and is mimicked by nonhydrolysable
ATP analogues [1]. In contrast, Mg-nucleotides stim-
ulate channel activity in the absence of ATP and an-
tagonize the inhibitory effects of ATP. It is therefore
currently believed that both ATP and MgADP deter-
mine the basal activity of K,rp channels and that
changes in K,rp channel activity are produced by
metabolically-generated variations in the intracellu-
lar concentrations of these nucleotides.

K ,rp channels are inhibited with high affinity by
sulphonylurea drugs, like tolbutamide and glibencla-
mide, that are used clinically to treat Type II (non in-
sulin-dependent) diabetes mellitus, and by a large
group of non-sulphonylurea drugs, many of which
are benzoic acid derivatives [7]. They are also activat-
ed by a chemically diverse group of compounds
known as potassium channel openers (PCOs). These
K pp activators and inhibitors show a variable tissue
specificity, reflecting the different expression levels
and molecular composition of K 4 channels in these
tissues.

K rp channels are composed of two different types
of protein subunits: an inwardly rectifying potassium
channel (Kir6.x) and a sulphonylurea receptor
(SUR) [8-10]. The latter is named for its ability to
bind sulphonylureas with high affinity and is a mem-
ber of the ATP-binding cassette transporter (ABC)
superfamily. The K ,rp channel is an octamer, assem-
bled from four SUR subunits and four Kir6.x subunits
[11-13]. There is evidence that Kir6.2 serves as the
pore of the K, p channel in beta cells, heart, skeletal
muscle and some types of smooth muscle [9, 10]. The
sulphonylurea receptor subunit varies, however, be-
ing SURT1 in beta cells, SUR2A in cardiac and skele-
tal muscle and SUR2B in smooth muscle [8, 14-16].
SUR1 and SUR?2 are the products of different genes
and show 70 % identity. SUR2 is differentially spliced
and SUR2A and SUR2B, the two splice variants
most commonly studied, differ only in their last for-
ty-two amino acids.

A combination of molecular biological and electro-
physiological studies has revealed that Kir6.2 forms
the channel pore and contains the inhibitory binding
site for ATP, whereas SUR acts as a regulatory subunit
conferring sensitivity to Mg-nucleotides, PCOs, sul-
phonylureas and some non-sulphonylurea compounds
(for review, see [17]). The different types of cloned
K rp channel exhibit different drug specificities,
which are endowed by their different SUR subunits.
Thus gliclazide and tolbutamide inhibit Kir6.2/SUR1
(beta cell type) but not Kir6.2/SUR2A (cardiac type)
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Fig.1. Molecular structures of tolbutamide, glibenclamide,
meglitinide and repaglinide

or Kir6.2/SUR2B (smooth muscle type) channels
with high potency, while glibenclamide and the benzo-
ic acid derivative meglitinide block all three types of
channel with similar potency [18, 19].

Repaglinide is a carbamoylbenzoic acid derivative
that has been shown to be effective in blocking beta
cell K,rp channels and in stimulating insulin release
from islets and isolated perfused pancreas [20, 21]. It
also enhances insulin secretion in Type Il diabetic pa-
tients and hereditarily diabetic rats [22, 23]. Figure 1
compares the structure of repaglinide with that of
the sulphonylureas tolbutamide and glibenclamide,
and with the benzoic acid derivative meglitinide.
Computer-based molecular modelling studies have
shown that repaglinide and glibenclamide differ in
structure from meglitinide [24, 25]. In this paper, we
investigated the effect of repaglinide on cloned K p
channels composed of Kir6.2 and either SUR1 (beta
cell type), SUR2A (cardiac/skeletal muscle type) or
SUR2B (smooth muscle type), heterologously ex-
pressed in Xenopus oocytes or HEK293 cells.

Materials and methods

Molecular biology. For excised patch studies, mouse Kir6.2
(Genbank D50581, [9, 10]), rat SUR1 (Genbank L40624, [8]),
SUR2A (Genbank D83598, [14]) and SUR2B (Genbank
D86038, [16]) cDNAs were cloned in the pBF vector. A trun-
cated form of Kir6.2 (Kir6.2AC36), which lacks the C-terminal
36 amino acids and forms functional channels in the absence of
SUR, was prepared as described previously [26]. Experiments
on intact oocytes were carried out using human clones of
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Kir6.2 (Genbank D50582), SUR2A (Genbank AF061323,
[27]) and SUR2B (Genbank AF061324, [27]) and rat SURI as
above. The human clones differ by less than 4% in amino
acid sequence from their rodent counterparts.

Capped mRNA was prepared using the mMESSAGE
mMACHINE large scale in vitro transcription kit (Ambion,
Austin, Tex., USA) or the mRNA capping kit (Stratagene, La
Jolla, Calif., USA), as previously described [28].

Oocyte collection. Females of the African clawed frog Xenopus
laevis were anaesthetised with MS222 (2 g/l added to the water).
One ovary was removed via a mini-laparotomy, the incision su-
tured and the animal allowed to recover. Once the wound had
completely healed, the second ovary was removed in a similar
operation and the animal was then killed by decapitation whilst
under anaesthesia. Animal experiments were conducted in ac-
cordance with UK Home Office Regulations and with local
ethical approval. Immature stage V-VI oocytes were incubated
for 60 min with 1.0 mg/ml collagenase (Sigma, type V) and man-
ually defolliculated. Oocytes were either injected with approxi-
mately 1 ng Kir6.2AC36 mRNA or coinjected with approxi-
mately 0.1 ng Kir6.2 mRNA and approximately 2 ng of mRNA
encoding one of the types of SUR. The final injection volume
was 50 nl/oocyte. Isolated oocytes were maintained in Barth’s
solution and studied 1-7 days after injection [28].

Electrophysiology — two electrode voltage clamp (TEVC).
Whole-cell currents were measured using a two-electrode volt-
age-clamp amplifier (Warner OC725) and in-house software at
20-24°C [29]. Currents were filtered at 0.1 kHz and digitized at
0.24 kHz. TEVC electrodes were pulled from thin-walled
borosilicate glass and had resistances between 0.4 and 1 MQ
when filled with 3 mol/l KCI. K ,pp currents were activated by
metabolic inhibition with 3 mmol/l azide and currents were re-
corded in extracellular solution containing (mmol/l): KCl 90,
MgCl, 2.5, HEPES 10 (pH 7.2 with KOH). The holding poten-
tial was set to the zero current potential (—10 or -20 mV). Hy-
perpolarizations of 10 or 20 mV amplitude and 3 s duration
were applied every 30 s. Repaglinide (chemical name (S)-(+)-
2-ethoxy-4{2-[[3-methyl-1-[2-(1-piperidinyl)-phenyl]-butyl]
amino]-2-oxo-ethyl] benzoic acid) was prepared as a 50 mmol/l
stock solution in DMSO. In control experiments, DMSO at the
maximum concentration applied (2% ) was without effect on
the K,pp current. Concentration-response curves were ob-
tained by adding increasing amounts of repaglinide to the
azide solution (because the effect of the drug was irreversible
on the time scale of the experiments).

Electrophysiology — mammalian cells. Currents from HEK293
cells stably expressing human (hu) SUR1 and huKir6.2 were re-
corded and digitized using an EPC9 patch-clamp amplifier (List
Electronik, Darmstadt, Germany) and Pulse + PulseFit v.8.07
Software (HEK A Elektronik, Lambrecht/Pfalz, Germany) on a
Macintosh Quadra computer. Cells were dialyzed with intracel-
lular solution containing (in mmol/l): KC1120, CaCl, 2, MgCl, 1,
HEPES 20, EGTA 5 and K,ATP 0.3 (pH 7.3 with KOH). The
bath solution contained (in mmol/l): NaCl 140, KCl15, CaCl, 1.8,
MgCl, 1, HEPES 10 and mannitol 20 (pH 7.4 with NaOH). The
cells were clamped at — 70 mV and currents were evoked by re-
petitive 250 ms, 10 mV depolarizing voltage steps. Increasing
concentrations of repaglinide were applied by a gravity-driven
perfusion system placed < 75 pm from the clamped cell.

Electrophysiology — macropatches. Patch pipettes were pulled
from thick-walled borosilicate glass and had resistances of
250-500 kQ when filled with pipette solution. Macroscopic
currents were recorded from giant excised inside-out patches

at a holding potential of 0 mV and at 20-24°C [30]. Currents
were evoked by repetitive 3 s voltage ramps from -110 mV
to + 100 mV and recorded using an EPC7 patch-clamp amplifi-
er (List Electronik, Darmstadt, Germany). They were filtered
at 0.2 kHz, digitized at 0.4 kHz using a Digidata 1200 Interface
and analysed using pClamp software (Axon Instruments, Fos-
ter City, Calif., USA).

The pipette (external) solution contained (mmol/l): 140
KCl, 1.2 MgCl,, 2.6 CaCl,, 10 HEPES (pH 7.4 with KOH).
The intracellular (bath) solution contained (mmol/l): 110 KCl,
1.4 MgCl,, 10 EGTA, 10 HEPES (pH 7.2 with KOH; final
[K*]: 140 mmol/l). Rapid exchange of solutions was achieved
by positioning the patch in the mouth of one of a series of adja-
cent inflow pipes placed in the bath.

The slope conductance was measured by fitting a straight
line to the current-voltage relation between —-20 mV and
—100 mV: the average of 5 consecutive ramps was calculated
in each solution.

Data Analysis. Concentration-response curves were fitted to
the following equation [30]:

G _
Ge

where G is the conductance in the presence of repaglinide, G,
is the conductance in control solution, x is a term describing

the high affinity site and y is a term describing the low affinity
site.

xX-y equation 1

. (1-1)

(1+ ([Repaglinide]/7Csy 1))
. 1
- 1+ ([Repaglinide]/]Cso(z))hz)

equation 2

y equation 3

where [Repaglinide] is the repaglinide concentration, ICsy;),
ICs5) ;) are the repaglinide concentrations at which inhibition is
half maximal at high and low-affinity sites, respectively; hl, h2
are the Hill coefficients (slope factors) for the high and low-af-
finity sites, respectively; and L is the fractional conductance re-
maining when the high-affinity sites are maximally occupied.
When only a single site is present, the equation reduces to:
G/G.=x equation 4
Data were fitted using Microcal Origin software (Microcal
Software, Northhampton, Mass., USA).

Concentration-response curves were constructed by ex-
pressing the conductance in the presence of repaglinide as a
fraction of the mean of the conductance measured in control
solution before addition of the drug. In some excised patches
(~10%), K srp currents ran down rapidly with time in a linear
fashion. To control for this rundown, a straight line was fitted
to the decay of the slope conductance in control solution and
extrapolated to the same time point at which the slope conduc-
tance in the presence of the drug was measured. This value was
then taken as the control slope conductance level. Data are
presented as means + 1 standard error of the mean. Signifi-
cance was tested by Student’s r-test. A p value of less than
0.05 was considered to be statistically significant.

Results

Whole cell experiments. We first examined the block
of Kir6.2/SURI1, Kir6.2/SUR2A and Kir6.2/SUR2B
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Fig.2. Effect of repaglinide on Kir6.2/SURI, Kir6.2/SUR2A
and Kir6.2/SUR2B currents in intact oocytes. Membrane cur-
rents recorded in the absence or presence of 3 mmol/l azide,
or in the presence of 3 mmol/l azide plus 1 umol/l repaglinide
in response to a series of voltage steps from -90 mV
to + 50 mV from intact oocytes coexpressing Kir6.2 and either
SURI1, SUR2A or SUR2B. Note that the scale on the y axis
differs in the upper panel and the two lower panels

currents by repaglinide in intact oocytes, using a two-
electrode voltage clamp. As previously described [28,
30], only very small currents were recorded from oo-
cytes expressing Kir6.2/SUR1, Kir6.2/SUR2A or
Kir6.2/SUR2B in control solution. These had ampli-
tudes similar to those found in water-injected oo-
cytes. This results from inhibition of K,1p channels
by cytoplasmic ATP. We therefore activated K,p
channels by metabolic inhibition with 3 mmol/l azide.

B

30ms

As shown in Figure 2, metabolic poisoning induced a
very large current increase in oocytes expressing
Kir6.2/SUR1 and smaller currents in oocytes coin-
jected with Kir6.2 and either SUR2A or SUR2B.
Mean current amplitudes in 3 mmol/l azide were
698 + 70 nA/mV (n=06), 209 +6.5 nA/mV (n=06)
and 23.6 = 4.3 nA/mV (n = 6) for oocytes expressing
Kir6.2/SUR1, Kir6.2/SUR2A or Kir6.2/SUR2B, re-
spectively, compared to <2 nA/mV in control oo-
cytes. Current activation by azide probably involves
primarily the action of the drug on mitochondrial me-
tabolism, because when tested in excised patches
3 mmol/l azide actually causes a small inhibition of
recombinant K ,rp channels [31].

Repaglinide was tested once the current had
reached a stable level of activation. This was normal-
ly about 10 min after exposure to the azide solution
for Kir6.2/SUR1 currents and after 20 min for
Kir6.2/SUR2A and Kir6.2/SUR2B currents. At a
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Fig.3A-C. Effect of repaglinide on Kir6.2/SURI1, Kir6.2/
SUR2A and Kir6.2/SUR2B currents in intact oocytes. Repa-
glinide concentration-response relationships for (A) Kir6.2/
SURI1, (B) Kir6.2/SUR2 or (C) Kir6.2/SUR2B currents mea-
sured in intact oocytes using a two-electrode voltage clamp.
The macroscopic current at =30 mV in the presence of repagli-
nide (I) is expressed as a fraction of its mean amplitude in the
absence of the drug (I¢). The symbols represent the mean,
and the vertical bars indicate 1 SEM. Data were fit to a sin-
gle-site model (eqn 4). For Kir6.2/SUR1, IC5,=7.4 nmol/l,
hl =19 (n=06); Kir6.2/SUR2A, ICs5,=8.7 nmol/l, hl =2.1
(n=5); Kir6.2/SUR2B, ICs, = 10.2 nmol/l, h1 = 1.9 (n =5)

concentration of 1 umol/l, the drug completely inhib-
ited all three types of channel (Fig.2). The effect of
repaglinide was slow in onset taking 10-15 min to
reach a steady state level at the lower concentrations,
and was not reversed within 10 min after return to
control solution (containing 3 mmol/l azide). These
results are in agreement with earlier experiments on
insulin-secreting betaTC3 cells [20].

The relationship between repaglinide concentra-
tion and channel inhibition is given in Figure 3. Re-
paglinide blocked Kir6.2/SUR1 currents by interac-
tion with a site that had an ICs, of 7.4 + 1.2 nmol/l
(n=06) and a Hill coefficient of 1.94 + 0.35 (n =6).
The drug also blocked Kir6.2/SUR2A and Kir6.2/
SURZ2B currents with similar affinity (ICs, 8.7 £ 1.5
nmol/l, n =5, and 10.2 = 1.6 nmol/l, n = 5, respective-
ly). The Hill coefficients were 2.07 + 0.39 (n = 5) and
1.88 +0.22 (n=35) for Kir6.2/SUR2A and Kir6.2/
SUR2B currents, respectively. In all cases, the resid-
ual currents (not blocked by repaglinide) were very
small and similar to those found before addition of
azide: 1.0+£05% (n=6); 26+19% (rn=5) and
03+0.2% (n=>5) for Kir6.2/SURI1, Kir6.2/SUR2A
and Kir6.2/SUR2B, respectively.

Kir6.2/SUR2A

. -
10 100 1000
repaglinide (nmol/l)

The potency of repaglinide on the human beta cell
K rp channel was assessed using human embryonic
kidney cells (HEK293) stably expressing human
Kir6.2 and human SURL1. The whole-cell current den-
sity induced by intracellular dialysis with a solution
containing a low ATP concentration (0.3 mmol/l)
was 8520 + 860 pS/pF (n = 12). This current could be
completely blocked by 1 umol/l repaglinide with an
ICs, of 8 = 4 nmol/l (n = 9) (data not shown).

Excised patch experiments. We next recorded macro-
scopic currents in inside-out membrane patches from
Xenopus oocytes coexpressing Kir6.2 and either
SURI1, SUR2A or SUR2B. In all cases, the currents
were very small in the cell-attached configuration
but increased dramatically when the patch was ex-
cised into nucleotide-free solution, consistent with
the idea that the K p channel is blocked in the intact
oocyte by cytoplasmic nucleotides such as ATP.

Figure 4 shows that application of 1 umol/l repagli-
nide to the intracellular membrane surface blocked
Kir6.2/SUR1, Kir6.2/SUR2A and Kir6.2/SUR2B cur-
rents. The mean inhibition produced by the drug was
50£4% (n=5), 38+5% (n=20), and 49+4%
(n =12), respectively. In contrast to experiments on
intact oocytes, repaglinide inhibited the currents rap-
idly (within seconds) when applied to the intracellu-
lar side of the membrane. There was no significant re-
covery of the current upon removal of the drug.

The relationship between repaglinide concentra-
tion and channel inhibition is given in Figure 5. As is
observed for the inhibition of Kir6.2/SUR1 currents
by sulphonylureas [18, 30], repaglinide inhibits all
three types of channel by interaction with both high-
affinity and low-affinity sites. There was no signifi-
cant difference between the 1Cy, and Hill coefficients
for the different high-affinity sites. The ICy, was
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Fig.4. Effect of repaglinide on Kir6.2/SURI, Kir6.2/SUR2A,
Kir6.2/SUR2B or Kir6.2AC36 currents in inside-out patches.
Macroscopic currents recorded from inside-out patches in
response to a series of voltage ramps from -110mV
to+ 100 mV from oocytes coexpressing Kir6.2 and either
SURI1, SUR2A or SUR2B; or expressing Kir6.2AC36. Repa-
glinide was added as indicated by the bars

5.6 £2 nmol/l (n=5), 2.2 +0.4 nmol/l (n=5) and
2.0 = 1 nmol/l (n = 8) for channels containing SURI,
SUR2A and SUR2B respectively. These values are
similar to those obtained for inhibition of whole cell
currents in intact oocytes. The Hill coefficients were
all close to unity, in contrast to the results of whole-
cell studies.

Interaction of repaglinide with the high-affinity
site did not produce complete inhibition of the Kp
current but instead blocked the current by about
50 %. Similar results have been observed for the sul-
phonylureas tolbutamide and glibenclamide [18].
High affinity repaglinide block saturated at around
100 nmol/l and the extent of steady state block was
61+7% (n=5), 51+3% (n=5) and 54+1%
(n = 8) for Kir6.2/SURI1, Kir6.2/SUR2A, and Kir6.2/
SURZ2B respectively.

It was more difficult to measure the I1Cs, for the
low-affinity site accurately, because repaglinide was
relatively insoluble at high concentrations, and be-
cause the patch was less stable at repaglinide concen-
trations above 300 pmol/l. Fitting a two-site model to
the data, however, gave 1Cy, values of 23 + 12 umol/l
(n=5), 27+6umol/l (n=5) and 212 + 18 umol/l

Kir6.2/SUR2A

1 pmol/l repaglinide

Kir6.2AC36
300 pmol/l repaglinide

l 0.5nA

20s

(n = 8) for Kir6.2/SURI, Kir6.2/SUR2A and Kir6.2/
SUR2B respectively.

Sulphonylureas such as glibenclamide and tolbuta-
mide mediate low-affinity inhibition of Kir6.2/SURI1,
Kir6.2/SUR2A and Kir6.2/SUR2B channels by inter-
action with a site located on the Kir6.2 subunit [18,
30]. To investigate whether this is also the case for
repaglinide, we tested the effect of the drug on a C-
terminally truncated form of Kir6.2 (Kir6.2AC36)
lacking the last 36 amino acids, that is capable of ex-
pression in the absence of SUR [26]. Repaglinide
blocked Kir6.2AC36 currents at low affinity (Fig.4,
5). Although it was not possible to obtain an accurate
IC, for channel inhibition because of the reasons de-
scribed earlier, it is clear from Figure 5D that half-
maximal inhibition is produced by about 230 umol/l
repaglinide, suggesting that the low-affinity site for
repaglinide resides on Kir6.2. These data also con-
firm that the high-affinity site for repaglinide lies on
the sulphonylurea receptor subunit because high-af-
finity inhibition was only observed when Kir6.2 was
expressed in the presence of SUR.

High-affinity inhibition of Kir6.2/SUR1 currents
by tolbutamide is abolished by mutation of the serine
residue at position 1238 to threonine (SURI-
S1238Y). This mutation also renders the glibencla-
mide block of Kir6.2/SURT1 rapidly reversible, where-
as the effect of the drug on the wild-type channel
shows little reversibility on the time-scale (min) of
the experiments [32]. We therefore examined the ef-
fect of repaglinide on Kir6.2/SUR1-S1238Y currents.
Interestingly, this mutation did not affect repaglinide
inhibition or its reversibility. In patches excised from
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Fig.5A-D. Effect of repaglinide on Kir6.2/SUR1, Kir6.2/
SUR2A, Kir6.2/SUR2B or Kir6.2AC36 currents in inside-out
patches. Repaglinide concentration-response relationships for
(A) Kir6.2/SURI, (B) Kir6.2/SUR2A, (C) Kir6.2/SUR2B or
(D) Kir6.2AC36 currents. The macroscopic conductance in
the presence of repaglinide (G) is expressed as a fraction of
its mean amplitude in the absence of the drug (G(). The sym-
bols represent the mean, and the vertical bars indicate 1 SEM.
Kir6.2AC36 concentration-response curves were fitted with
eqn 4: IC5,) =229 umol/l, k1 = 0.7 (n = 6). All other data were
fitted with a two-site model (eqn 1). For Kir6.2/SURI,
ICsy7)=5.6 nmol/l, hl = 0.8, ICsy;, =23 ymol/l, h2 =05, L=
0.61 (n=>5); for Kir6.2/SUR2A, ICsy,;=2.2 nmol/l, hl = 0.8,
ICsp) = 27 pmol/l, h2 = 0.6, L=0.51 (n=5); and for Kir6.2/
SUR2B, [Csy;=2.0 nmol/l, hl=1.0, ICsy; =212 umol/l,
h2=0.5,L=0.54 (n =8). The two-site model (eqn. 1) fits the
data shown in A, B and C better than the single-site model
(eqn. 4). P=0.027 (A), 0.016 (B) and 0.004 (C) using F-test
(Prism 3.0, Graph Pad software)

oocytes expressing Kir6.2/SUR1-S1238Y 1 umol/l
repaglinide produced a mean inhibition of 45 + 8%
(n=5) compared to 50 +4% (n=>5) for wild type
SURT1 (data not shown).

Interaction of repaglinide with MgADP There is a
marked discrepancy between the results of our exper-
iments in the intact oocytes, where repaglinide inhib-
its by interaction with a single high-affinity site, and
the results found in inside-out patches, where repagli-
nide interacts with both high-affinity and low-affinity
sites. A similar anomaly is found for sulphonylurea
inhibition of beta cell K,rp channels, where it has
been shown to result from modulation by MgADP
[18, 33, 34]. To determine if MgADP also affects rep-
aglinide block of cloned K ,1p channels, we examined
the extent of channel inhibition in the presence and

Kir6.2/SUR2A
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absence of 100 umol/l MgADP. Figure 6 shows that
100 pmol/l MgADP potentiated Kir6.2/SURT,
Kir6.2/SUR2A and Kir6.2/SUR2B currents. In addi-
tion, repaglinide inhibition of Kir6.2/SUR1 was
greatly increased, that of Kir6.2/SUR2B enhanced to
a lesser extent and that of Kir6.2/SUR2A was not af-
fected. These results support the view that the greater
inhibition observed in intact oocytes could in part be
due to the presence of intracellular MgADP, as dis-
cussed below.

Discussion

Our results demonstrate that repaglinide blocks re-
combinant Kir6.2/SURI1, Kir6/2/SUR2A and Kir6.2/
SUR2B channels, corresponding to the beta cell, car-
diac and smooth muscle types of K,rp channel, by
binding to a site that is located on the SUR subunit.
The ability of repaglinide to block all three types of
Kpp channel with similar affinity suggests that they
share a common binding site.

Half-maximal block of Kir6.2/SUR1 channels was
observed with 7 nmol/l repaglinide in intact oocytes
and 6 nmol/l (for the high-affinity site) in excised
patches. Because the intact oocyte experiments were
carried out using human clones (except for rat
SUR1), whereas those on excised patches used the
rodent clones (mouse Kir6.2, rat SURs), the data
also confirm there is no species difference in repagli-
nide affinity. Further confirmation is provided by ex-
periments on HEK?293 cells expressing human
Kir6.2/SUR1 in which repaglinide blocked the
whole-cell K, p current half-maximally at a concen-
tration of 8 nmol/l. The ICy, values we report are in
good agreement with the K; (~4 nmol/l) of the
high-affinity binding site for repaglinide in mouse
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Fig.6. Effect of MgADP on repaglinide block. Mean ampli-
tude of Kir6.2/SURI, Kir6.2/SUR2A or Kir6.2/SUR2B con-
ductance, recorded in the presence of 100 umol/l MgADP, of
1 wmol/l repaglinide or of 100 umol/l MgADP plus 1 umol/l
repaglinide, expressed as a percentage of the conductance in
control solution (no additions). The dashed line indicates the
control level (100 % ). The number of oocytes is given above
the bars. * p <0.002, ** p <0.001 (by Student’s t-test). The
data come from different sets of patches. One set of patches
was exposed to control solution, followed first by MgADP so-
lution and then by MgADP plus repaglinide. The other set of
patches received control solution followed by repaglinide solu-
tion. This procedure was necessitated by the lack of reversibil-
ity of repaglinide action

beta cells [35] but are somewhat higher than that
found for inhibition of K ,1p channels in beta cells cul-
tured from neonatal rats ( ~ 90 pmol/l, [20]).

The Hill coefficient for repaglinide block was close
to two in the intact oocyte but close to unity in the ex-
cised patch. A Hill coefficient of one was also report-
ed in repaglinide binding studies [35]. In our view,
these results indicate that the binding of a single mol-
ecule of repaglinide is sufficient to block the K,pp
channel but that the steepness of the concentration-
response relationship is modified by the presence of
cytosolic factors. One possibility is that the altered
Hill coefficient reflects the loss of the stimulatory ef-
fect of MgADP. It is interesting that a Hill coefficient
of greater than one (1.8) was found for glibenclamide
block of the native beta cell K,pp channel in whole-
cell recordings [36], whereas one of unity was ob-
served in excised patches [18].

Recent studies of cloned channels have revealed
that tolbutamide blocks K,pp channels containing
SURI1, but not SUR2A or SUR2B, subunits [18]. In
contrast, meglitinide blocks all three types of cloned
Karp channel. This has been interpreted to indicate
that sulphonylureas (like tolbutamide) interact with
a binding site that is specific to SUR1, whereas ben-
zamido compounds (like meglitinide) interact with a
site that is common to all SUR subtypes (for review,
see [7]). Glibenclamide, which contains both sulpho-
nylurea and benzamido moieties, is postulated to in-

teract with both sites on SUR1 but only a single (ben-
zamido) site on SUR2. The lack of effect on repagli-
nide inhibition of the SUR1-S1238Y mutation, which
abolishes tolbutamide block, argues that the drug
does not interact with the sulphonylurea site on
SURTI. Rather, the fact that both the rate and potency
of repaglinide block is similar for Kir6.2/SURI,
Kir6.2/SUR2A and Kir6.2/SUR2B currents suggests
that repaglinide binds to a site that is common to all
three types of SUR. Our results do not allow us to
conclude whether or not this is the same site as meg-
litinide or if it is a separate site. However, the ability
of repaglinide to displace [*H]glibenclamide binding
in a competitive manner [35] suggests that if these
sites are not identical, they must share a similar struc-
ture and they must be allosterically coupled.

Repaglinide blocked recombinant K,p currents
rapidly when applied to the intracellular surface of
the excised patch. In contrast, inhibition was consid-
erably slower when the drug was applied to the extra-
cellular membrane surface of the intact oocyte, tak-
ing many minutes to reach a steady state at low con-
centrations. There are several possible explanations
for this discrepancy. First, the presence of the vi-
telline membrane surrounding the intact oocyte
might slow access of the drug to the extracellular
membrane surface. Secondly, cytosolic substances
present in the intact cell, but not in the excised patch,
could influence the rate of drug binding. Thirdly, the
drug binding site might lie on the intracellular side
of the membrane. In this case, the slow time course
of inhibition observed in intact cells would reflect
the uptake of the drug into the cell. There is accumu-
lating evidence that the site at which tolbutamide
binds is located on the intracellular side of the mem-
brane [28, 37, 38] but the binding site for repaglinide
is still not known. It has previously been suggested
that the binding site for repaglinide could be intracel-
lular [20] and that the slow kinetics of repaglinide
block in intact beta cells is strongly influenced by the
rate of intracellular uptake and accumulation. Al-
though we favour this idea, we cannot exclude the
two other possibilities set out above.

In both excised patches and intact cells, repagli-
nide block was poorly reversible on the time scale of
our experiments. A similar slow off-rate was found
in whole-cell recordings of native K,p currents in
neonatal rat beta cells: the current was only 80 % of
its control value after 250 min of washing [20]. The
slow rate of reversal explains why the ability of repa-
glinide (10 umol/l) to inhibit °Rb* efflux from islets
persists for at least 20 min after removal of the drug
from the perifusate [39]. The slow off-rate of repagli-
nide block presumably contributes to the high affinity
of the drug. In vivo, repaglinide is classified as a
short-acting secretagogue, because its action is rapid
in onset and reverses within 2 h of administration
[22, 40, 41]. Glibenclamide takes much longer to re-



M. Dabrowski et al.: Repaglinide effect on ATP-sensitive K* channels 755

verse, reflecting the different pharmacokinetic pro-
files of the two drugs. Further, the ability of repagli-
nide to block Kir6.2/SUR1-S1238Y currents suggests
that repaglinide acts by a different mechanism than
the sulphonylurea tolbutamide.

It is well known that the inhibitory effects of tol-
butamide, glibenclamide, gliclazide and meglitinide
on both native beta cell K,pp channels and on
Kir6.2/SUR1 channels are enhanced in the presence
of intracellular MgADP [18, 19, 30, 33, 34]. The en-
hanced block does not reflect an increased binding af-
finity for sulphonylureas when MgADP is present.
Instead it results because sulphonylureas abolish the
stimulatory action of MgADP mediated by SURI,
whilst leaving the inhibitory effect of the nucleotide
on Kir6.2 intact [30]. Inhibition is thus due to the
combined blocking actions of MgADP and tolbuta-
mide. Because MgADP is always present in the intact
cell but not (unless deliberately added) in excised
patches, this effect can account for the increased
block observed in intact cells. Our results suggest
that a similar effect could operate for repaglinide be-
cause the apparent efficacy of this drug is also in-
creased in the presence of MgADP.

In contrast to the beta cell channel, sulphonylurea
inhibition of both native and recombinant cardiac
K,rp channels is decreased (rather than increased)
by MgADP [30,42]. This explains why sulphonylureas
are less effective in excised patches than in intact car-
diac myocytes [42]. The ability of MgADP to increase
the apparent efficacy of repaglinide block was not ob-
served for the Kir6.2/SUR2A channels but was ob-
served for K,rp channels containing SUR1 and
SUR2B. This could be one reason why the potency of
the drug is greater on beta cell K ,p channels than car-
diac K yp channels when measured in vitro [43].

Therapeutic Implications. Our results indicate that in
both excised patches and intact cells, repaglinide can
interact with cardiac and smooth muscle types of
Kapp channel, as well as beta cell K,p channels.
However, this cross-reactivity does not result in car-
diovascular side effects [44, data on file Novo Nor-
disk A/S]. Likewise, glibenclamide blocks all three
types of channel with similar efficacy [18], but the
United Kingdom Prospective Diabetes Study found
no difference in the mortality, or diabetic endpoints,
of patients treated with insulin, glibenclamide or
chlorpropamide [45]. There was also no increase in
arrhythmia or mortality in patients taking sulphonyl-
ureas or insulin in a large Australian study [46]. Al-
though the University Group Diabetes Program re-
ported a significantly increased cardiovascular mor-
tality in patients treated with the sulphonylurea tol-
butamide [47], this study was subsequently found to
be flawed. The lack of significant cardiovascular ef-
fects in patients treated with sulphonylureas could
be because cardiac K,pp channels are closed under

physiological conditions and open only in response
to ischaemic stress [2] and because the efficacy of
the sulphonylureas on cardiac K,p channels is re-
duced by MgADP. Furthermore, it is still not clear
whether inhibition of the plasma membrane cardiac
K rp channel has any adverse effect in vivo.
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