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Acute and long-term effects of nateglinide on insulin secretory

pathways

*!Andrew J. Ball, 'Peter R. Flatt & "Neville H. McClenaghan

School of Biomedical Sciences, University of Ulster, Coleraine, Northern Ireland BT52 1SA

1 Acute and chronic effects of the insulinotropic drug nateglinide upon insulin release were examined
in the BRIN-BDI11 cell line.

2 Nateglinide (10-400 uM) stimulated a concentration-dependent increase (P<0.05-P<0.001) in
insulin release at a non-stimulatory (1.1 mM) glucose concentration. The insulinotropic response to
200 uM nateglinide was increased at 30 mM (P <0.01), but not 5.6-16.7mM glucose concentrations.
3 In depolarized cells, nateglinide (50-200 uM) evoked Katp channel-independent insulin secretion
(P<0.05-P<0.001) in the absence and presence of 5.6-30.0 mM glucose (P<0.001).

4 Exposure for 18h to 100 uM nateglinide abolished the acute insulinotropic effects of 200 uM
nateglinide, tolbutamide or glibenclamide, but had no effect upon the insulinotropic effect of 200 um
efaroxan.

5 While 18 h exposure to 100 uM nateglinide did not affect basal insulin release or insulin release in
the presence of 16.7mM glucose, 25 uM forskolin or 10nM PMA, significant inhibition of the
insulinotropic effects of 20 mM leucine and 20 mM arginine were observed.

6 These data show that nateglinide stimulates both Karp channel-dependent and-independent
insulin secretion. The maintained insulinotropic effects of this drug with increasing glucose
concentrations support the antihyperglycaemic actions of nateglinide in Type II diabetes.

7 Studies of the long-term effects of nateglinide indicate that nateglinide shares signalling pathways
with sulphonylureas, but not the imidazoline efaroxan. This may be significant when considering a
nateglinide treatment regimen, particularly in patients previously treated with sulphonylurea.

British Journal of Pharmacology (2004) 142, 367-373. doi:10.1038/sj.bjp.0705766

Keywords: Nateglinide; insulin release; clonal pancreatic beta cells; tolbutamide; glibenclamide; efaroxan
Abbreviations: cAMP, 3':5-cyclic monophosphate; K,p channel, ATP-sensitive K* channel; PKA, protein kinase A; PKC,
protein kinase C; PMA, phorbol 12-myristate 13-acetate
Introduction

Nateglinide, a D-phenylalanine derivative, is a novel insuli-
notropic drug which has recently been launched as a
therapeutic agent for Type II diabetes (Dornhorst, 2001).
Clinical studies have shown that nateglinide induces a rapid
onset of insulin release (Gribble et al., 2001; Kalbag et al.,
2001) synergistic with meal administration (Keilson et al.,
2000), which effectively restores the early phase of insulin
secretion (Hanefeld et al., 2000; Hollander et al., 2001). Since
the loss of early insulin secretion is thought to play an
important role in the development of glucose intolerance
(Pratley & Weyer, 2001), the ability of nateglinide to promote
early insulin release is potentially of considerable therapeutic
benefit. In addition, its rapid onset and short duration
(Gribble et al., 2001; Kalbag et al., 2001) reduces the risk of
hypoglycaemic episodes due to the sustained unnecessary
insulin exposure observed with longer-acting insulin secreta-
gogues such as the well-established and widely used
sulphonylureas (DeFronzo, 1998). A further desirable
quality of nateglinide as a therapeutic tool is its proven
ability to work well in combination therapy of Type II
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diabetes, as evidenced when combined with metformin
(Horton et al., 2000; Marre et al., 2002) or troglitazone
(Rosenstock et al., 2002).

In vitro studies have revealed that, like the sulphonylureas,
the insulinotropic effects of nateglinide are primarily mediated
via pancreatic B-cell Krp channels (Hu et al., 2000; 2003;
Hansen et al., 2002; Hu, 2002). The B-cell Ksrp channel is a
hetero-octameric complex of four inwardly rectifying potas-
sium channel Kir6.2 subunits which form a tetrameric pore
and four regulatory sulphonylurea (SUR1) subunits (Inagaki
et al., 1997; Aguilar-Bryan et al., 1998). Binding of sulphonyl-
ureas or nateglinide to SURI results in closure of the Kir6.2
pore (Aguilar-Bryan et al., 1995; Hansen et al., 2002), which in
turn evokes membrane depolarization, influx of extracellular
calcium, and, ultimately, exocytosis of insulin (Ashcroft &
Gribble, 1999). In addition to this mechanism, several studies
have reported a direct effect of sulphonylureas upon exocytosis
independent of Karp channel function (Flatt er al., 1994;
Eliasson et al., 1996; Tian et al., 1998; Ball et al., 2000c). It is
thought that these drugs may elicit insulin secretion in the
absence of K,tp channel function by targeting intracellular
sites (McClenaghan & Flatt, 1999a; Renstrém et al., 2002).
Interestingly, nateglinide has been shown to stimulate exo-
cytosis in rat pancreatic A cells (Bokvist et al, 1999) and
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pituitary cells (Gromada et al., 2002), and one report has
suggested a direct action of nateglinide on insulin release from
rat pancreatic B cells (Bokvist ef al., 1998). We have previously
undertaken studies to examine the K rp channel-independent
effects of sulphonylureas upon insulin secretion (Ball ez al.,
2000c). The present study reports that nateglinide can also
stimulate insulin secretion when it is unable to exert its effects
on K,tp channels in the plasma membrane.

Sulphonylurea therapy for type II diabetes tends to
progressively fail (Grunberger, 1993; Matthews et al., 1998),
an observation which has been attributed to a decline in the
insulinotropic ability of these drugs due to a direct desensitiza-
tion of the pancreatic B-cell to the actions of sulphonylureas
(Rabuazzo et al., 1992; Kawaki et al., 1999). Recent data have
suggested that nateglinide shares a common point of action on
SURI1 with the sulphonylurea tolbutamide (Hansen et al.,
2002), raising the possibility that a similar B-cell desensitiza-
tion may occur following prolonged exposure to nateglinide.
In vitro studies on the long-term effects of current and
prospective therapeutic drugs have been greatly aided by the
development of insulin-secreting cell lines, which retain
secretory properties of the pancreatic B-cell over long periods
of time in tissue culture (McClenaghan & Flatt, 1999b).
Previous studies from our laboratory have successfully utilized
the BRIN-BD11 cell line to examine the long-term actions and
mechanisms of sulphonylureas (Ball ez al., 2000a, c), imidazo-
lines (Chapman et al., 1999; McClenaghan et al., 2001), and
the novel insulinotropic drug BTS 67 582 (McClenaghan et al.,
2000). This study utilizes this model system to examine the
effects of prolonged exposure to nateglinide upon subsequent
secretory responsiveness to a range of physiological and
pharmacological modulators of insulin secretion.

Methods
Chemicals

Reagents of analytical grade and deionized water (Purite,
Oxon, U.K.) were used. RPMI-1640 tissue culture medium,
foetal bovine serum, and antibiotics were obtained from
GibcoBRL (Paisley, Strathclyde, U.K.), rat insulin standard
was from Novo-Nordisk (Bagsvaerd, Denmark), and ['*°I]-
bovine insulin was from Lifescreen (Watford, U.K.). Nategli-
nide was a gift from Novartis Pharmaceuticals Corporation
(Summit, New Jersey, U.S.A.). All other chemicals were from
Sigma and BDH Chemicals Ltd (both of Poole, Dorset, U.K.).

Cell culture and measurement of insulin release

Clonal pancreatic BRIN-BD11 cells (passage numbers 20-30)
were used for this study. The origin and characteristics of this
glucose-responsive insulin-secreting cell line, including mem-
brane potential and calcium ion channel properties, are
described in detail elsewhere (McClenaghan et al., 1996;
Chapman et al., 1999; Salgado et al., 2000). BRIN-BD11 cells
were grown in RPMI-1640 tissue culture medium containing
11.1 mmoll~' glucose and 0.3gl™! L-glutamine, and supple-
mented with 10% (v~'v) foetal calf serum, 100IUml™!
penicillin, and 0.1 gl™" streptomycin at 37°C with 5% CO,
and 95% air. Tissue culture media were removed and replaced
with fresh media every 24 h. Cells were washed with Hanks’

balanced saline solution (HBSS) prior to detachment from
tissue culture flasks with the aid of 0.025% (w~'v) trypsin
containing 1 mM EDTA, and seeded at 1.5 x 10°cells per well
into 24-multiwell plates. Monolayers of cells were then
cultured for 18h at 37°C. Culture medium was then replaced
with 1ml of a Krebs ringer bicarbonate (KRB) buffer,
consisting of (in mM) 115 NaCl, 4.7 KCl, 1.2 MgSO,, 1.28
CaCl,, 1.2 KH,PO,, 25 HEPES and 8.4% (w~'v) NaHCO;
(pH 7.4) supplemented with 0.1% (w~'v) bovine serum
albumin and 1.1 mmol ~'l glucose. After 40 min preincubation
at 37°C, the buffer was replaced with 1 ml of KRB test buffer
containing glucose and test agents, as detailed in the legends to
figures. After 20 min incubation at 37°C, aliquots of test buffer
were removed and stored at —20°C for insulin radioimmu-
noassay (Flatt & Bailey, 1981).

Statistical analysis

Results are presented as mean+standard error of the mean
(s.e.m.) for a given number of observations (n). Groups of data
were compared using unpaired Student’s t-test. Differences
were considered significant if P<0.05.

Results

Insulinotropic responses to nateglinide in non-depolarized
and depolarized cells

Acute static incubation with 10400 uM nateglinide evoked a 1.
2-2.4-fold concentration-dependent increase (P <0.05-
P<0.001) in insulin release at 1.1 mM glucose (Figure 1). In
the absence of nateglinide, progressive increases in glucose
concentration (5.6-30.0 mM) stimulated 1.3—1.9-fold increases
(P<0.01-P<0.001) in insulin secretion, characteristic of
BRIN-BDI11 cells (Figure 2). In the presence of 200 uM
nateglinide, these same increases in glucose concentration
resulted in a 1.1-1.7-fold (P<0.05-P<0.001) potentiation of
insulin release (Figure 2).
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Figure 1 Effects of 0-400uM nateglinide on insulin release at
I.ImM glucose. Following 40min preincubation with a buffer
containing 1.1 mM glucose, effects of nateglinide were tested during
a 20min incubation period. Values are mean+s.em. (n=0).
*P<0.05, **P<0.01, ***P<0.001 compared with the respective
effect in the absence of nateglinide.

British Journal of Pharmacology vol 142 (2)



A.J. Ball et al Nateglinide and insulin release 369
= T
= 5 _ = 20 _ [ Control (30 mi KCI withaut nateglinid
E O Contral (without nateglinide) pad E LI Control (30m winodt nategin! e) i
2 . o W 30 mM KCI + 200 pM nateglinide ALL ey
N Il Nateglinide (200 pM) o ahh iy
8 4 u 15 ™ ey
mg N 3 i Abd AbL
2 sy O s . o
™ =
2 2 10 | =
o 2 ] e 2
S ]
L @
< 2
2 1] ® 5 |
£ =
s =
7 =
£ 0 g 0
0 11 56 111 16.7 300 0 141 56 1141 16.7 30.0

Glucose concentration (mM)

Figure 2 Effects of glucose on nateglinide-induced insulin secre-
tion. Following 40min preincubation with a buffer containing
1.1 mM glucose, effects of glucose (0-30.0mM) in the absence or
presence of 200uM nateglinide were tested during a 20min
incubation period. Values are meants.e.m. (n=6). *P<0.05,
**P<0.01, ***P<0.001 compared with the respective effect in the
absence of glucose. AP<0.05, AAAP<0.001 compared with the
respective effect in the absence of 200 uM nateglinide.
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Figure 3 Effects of 0400 uM nateglinide on insulin release in the
presence of membrane-depolarizing conditions (16.7mM glucose
plus 30mM KCl). Following 40 min preincubation with a buffer
containing 1.1 mM glucose, effects of nateglinide were tested during
a 20min incubation period. Values are mean+s.e.m. (n=06).
*P<0.05, ***P<0.001 compared with the respective effect in the
absence of nateglinide.

Figure 3 shows the effects of nateglinide upon insulin
secretion under conditions sufficient to fully depolarize the
plasma membrane and thus render K,rp channels inactive
(16.7mM glucose and 30mM KCI). Under these conditions,
50400 uM nateglinide stimulated 1.2-1.7-fold insulin-secre-
tory responses (P<0.05-P<0.001). In the presence of 30 mM
KCl, glucose concentrations of 5.6-30.0mM stimulated 1.2—
1.4-fold increases (P<0.01-P<0.001) in insulin release, and
resulted in an additive 1.1-1.3-fold potentiation (P <0.001) of
nateglinide-induced insulin secretion (Figure 4).

Acute secretory responsiveness following prolonged
exposure to nateglinide

BRIN-BDI11 cells were cultured for 18h in the presence of
0-400 uM nateglinide (Figure 5). A dose-dependent decline in
acute nateglinide-induced insulin secretion (39-100%;
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Figure 4 Effects of glucose on nateglinide-induced insulin secretion
in the presence of membrane-depolarizing conditions (30 mM KCl).
Following 40 min preincubation with a buffer containing 1.1 mM
glucose, effects of glucose (0-30.0 mM) in the absence or presence of
200 uM nateglinide were tested during a 20 min incubation period.
Values are mean+s.e.m. (n=06). ¥**P<0.01, ***P<0.001 compared
with the respective effect in the absence of glucose. AAAP<0.001
compared with the respective effect in the absence of 200uM
nateglinide.
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Figure 5 Effects of 18h culture with a range of nateglinide
concentrations on subsequent acute responsiveness to nateglinide.
BRIN-BDI11 cells were cultured for 18h in either standard tissue
culture medium, or in tissue culture medium supplemented with
10400 uM nateglinide. Following 40min preincubation with a
buffer containing 1.1 mM glucose, effects of 200 pM nateglinide were
tested during a 20 min incubation period. Values are mean +s.e.m.
(n=6). *P<0.05, ***P<0.001 compared with the respective effect
in the absence of nateglinide during 18h culture. AAAP<0.001
compared with the respective effect in the absence of nateglinide
during acute incubation.

P<0.05-P<0.001) was noted following 18 h exposure to 25—
400 uM nateglinide, with 100-400uM abolishing acute
nateglinide-stimulated insulin release. Cell viability and insulin
content were not affected by concentrations of nateglinide up
to 200 uM (data not shown).

As shown in Figure 6, acute stimulation by nateglinide, the
sulphonylureas tolbutamide and glibenclamide, and the
imidazoline compound efaroxan (each at 200 uM) elicited
respective 1.9-, 1.9-, 2.4-, and 1.6-fold (P<0.001) insulin-
secretory responses from BRIN-BD11 cells after culturing for
18 h in standard RPMI-1640 media. An 18 h culture with 100
uM nateglinide abolished subsequent acute secretory responses
to tolbutamide and glibenclamide, as well as nateglinide.

British Journal of Pharmacology vol 142 (2)
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Figure 6 Effects of 18h culture with nateglinide on nateglinide-,
tolbutamide-, glibenclamide- or efaroxan-stimulated insulin secre-
tion. BRIN-BD11 cells were cultured for 18h in either standard
tissue culture medium, or in tissue culture medium supplemented
with 100 uM nateglinide. Following 40 min preincubation with a
buffer containing 1.1mM glucose, effects of 200 uM nateglinide,
tolbutamide, glibenclamide or efaroxan were tested during a 20 min
incubation period. Values are mean+s.e.m. (n=06). ***P<0.001
compared with the respective effect in the absence of drug.
AAAP<0.001 compared with the respective effect in the absence
of nateglinide during 18 h culture.

However, the acute secretory response to efaroxan was
unaffected (Figure 6).

Insulinotropic responses to stimulatory (16.7mM) glucose
and 20 mM leucine or arginine were examined after 18 h culture
in the absence or presence of 100 uM nateglinide (Figure 7).
Raising the glucose concentration from 1.1 to 16.7mM
stimulated a 1.4-fold increase in insulin secretion, which
remained unaffected following 18 h nateglinide culture. Leu-
cine stimulated a 3.7-fold (P<0.001) insulin-secretory re-
sponse, which was inhibited (57%, P<0.05) by nateglinide
culture. Likewise, arginine stimulated a 4.3-fold (P<0.001)
insulin-secretory response which was impaired (14% decrease;
P<0.05) following culture with nateglinide. However, both
leucine and arginine retained stimulatory actions (2.2- and 3.3-
fold, respectively; P<0.05) upon insulin secretion following
18 h nateglinide exposure (Figure 7).

In addition, insulin-secretory responsiveness to forskolin
(25 uM) or phorbol 12-myristate 13-acetate (PMA; 10 nM) were
assessed after 18 h culture in the absence or presence of 100 uM
nateglinide (Figure 7). The 6.4- and 6.9-fold insulin-secretory
responses to forskolin and PMA, respectively, were unaffected
following nateglinide culture (Figure 7), indicating that
adenylate cyclase, protein kinase A- (PKA), and protein
kinase C (PKC)-mediated signalling pathways remained intact
following prolonged exposure to nateglinide.

Discussion

Insulinotropic drugs have been used with considerable
success in the treatment of type II diabetes for many years,
with sulphonylureas being the traditional drugs of choice
(DeFronzo, 1998). However, the use of sulphonylureas
has associated complications, such as the incidence of
hypoglycaemic episodes as a result of their long duration of
action (DeFronzo, 1998), and the tendency of long-term
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Figure 7 Effects of 18h culture with nateglinide on glucose-,
leucine-, arginine-, forskolin- or phorbol-12-myristate 13-acetate-
stimulated insulin secretion. BRIN-BD11 cells were cultured for 18 h
in either standard tissue culture medium, or in tissue culture medium
supplemented with 100 uM nateglinide. Following 40 min preincuba-
tion with a buffer containing 1.1 mM glucose, effects of 16.7mm
glucose, 20mM leucine, 20 mM arginine, 25 uM forskolin or 10 nM
phorbol-12-myristate 13-acetate were tested during a 20min
incubation period. Values are meants.e.m. (n=6). *P<0.05,
**%P<0.001 compared with the respective effect in the absence of
addition. AP<0.05, AAAP<0.001 compared with respective effect
in absence of nateglinide during 18 h culture.

sulphonylurea treatment to progressively fail (Grunberger,
1993; Matthews et al., 1998). Thus, there has been an ongoing
search for improved insulinotropic drugs. Nateglinide is one
such drug. It has been recently launched, and reported to
exhibit many favourable characteristics, such as a rapid onset
of insulin secretion (Gribble et al., 2001) synergistic with food
intake (Keilson et al., 2000), and a short duration of action
(Kalbag et al., 2001). Plasma concentrations after single
therapeutic 120 mg dose of nateglinide can be expected in the
50-100 uM range (Niemi et al., 2003). This study aimed at
further characterizing the acute and long-term effects of
nateglinide upon insulin secretion using the BRIN-BDI11 cell
line, which has been well characterized as a model for
elucidating the mechanisms of action of insulinotropic drugs
(Ball et al., 2000a—c; McClenaghan et al., 2000; 2001).

Nateglinide was observed to elicit insulin-secretory re-
sponses in a concentration-dependent manner over the range
10400 uM. In addition to this ability to initiate insulin
secretion, nateglinide stimulated insulin release in the presence
of physiological concentrations of glucose. Secretory respon-
siveness was enhanced only at very high glucose concentration
(30 mM), making the effects of nateglinide very similar to other
insulinotropic drugs such as sulphonylureas and repaglinide
(Hu et al., 2001). These insulinotropic effects of nateglinide
were mediated in non-depolarized cells, and reflect the
interaction of the drug with B-cell K,pp channels (Hansen
et al., 2002; Hu, 2002), producing a secretory response which
likely underlies the restoration of early-phase insulin secretion
associated with nateglinide (Hollander et al., 2001; Uto et al.,
2002).

Under depolarizing conditions (16.7 mM glucose and 30 mM
K(l) sufficient to render K rp channels inactive (Flatt et al.,
1994; Eliasson et al., 1996), nateglinide retained an insulin-
secretory response over the concentrations 50—400 uM. Such
Katp channel-independent stimulation of insulin secretion has
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previously been reported for sulphonylureas (Tian et al., 1998;
Ball et al., 2000c), and attributed to actions of these drugs at
intracellular sites in the B-cell (McClenaghan & Flatt, 1999a;
Renstrom et al., 2002). It seems likely that nateglinide shares
Katp channel-independent intracellular signalling pathways
with sulphonylureas. This idea is lent support by the recent
finding that a binding site for nateglinide resides on the
intracellular side of SUR1 and shares at least one point of
interaction with the binding site for the sulphonylurea
tolbutamide (Hansen et al., 2002).

In the presence of depolarizing concentrations of KCl, glucose
is known to retain an insulinotropic action in the pancreatic
B-cell (Gembal et al., 1992). This Ksrp channel-independent
effect of glucose is increasingly thought to play an important
role in the regulation of phase 2 insulin secretion (Bratanova-
Tochkova et al., 2002; Straub & Sharp, 2002). We observed
that the K,tp channel-independent insulinotropic effects of
5.6-30.0mM glucose were significantly potentiated by 200 uM
nateglinide. These data suggest that nateglinide may prove
valuable in modulating phase 2 insulin secretion, which could
provide considerable benefits in the therapy of type II diabetes.

Previous studies from our laboratory (Ball et al., 2000a, c;
McClenaghan et al., 2000; 2001) have utilized a system of
prolonged culture of BRIN-BDI1 cells with a range of
insulinotropic drugs to elucidate their mechanisms of action
and long-term effects. This study found that 18 h culture in the
presence of 25-400 uM nateglinide reduced its subsequent
acute responsiveness to nateglinide. These effects were not
accompanied by appreciable decline in cell viability or cellular
insulin content. We have previously reported a similar
desensitization of insulin secretion following prolonged
administration of tolbutamide (Ball et al., 2000c), glibencla-
mide (Ball et al., 2000a), efaroxan (McClenaghan et al., 2001),
and the novel guanidine derivative BTS 67 582 (McClenaghan
et al., 2000). Given that the progressive failure of sulphonylur-
ea therapy over time has led to a call to consider intermittent
rather than continuous sulphonylurea administration
(Grunberger, 1993), these findings may be important when
devising appropriate therapeutic regimens for nateglinide.

Prolonged culture with nateglinide also induced desensitiza-
tion to the acute insulinotropic effects of tolbutamide and
glibenclamide. These data are suggestive of common sites of
action between nateglinide and the sulphonylureas. Indeed, it
is interesting to note that a recent study reported a shared
binding site between nateglinide and the sulphonylureas
(Hansen et al., 2002). In contrast to its effects on sulphonylur-
ea-induced insulin release, nateglinide was unable to desensi-
tize efaroxan-induced insulin secretion, indicative of different
mechanisms of action of this imidazoline and nateglinide. A
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