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Exendin-4 inhibits phosphorylation of JNK and p38
induced by rapamycin

To confirm the involvement of JNK and p38 in rapamycin-
induced cell death, MIN6 cells were incubated with 10nM
rapamycin for 30min, and phosphorylation of JNK and p38 was
detected by western blot analysis. Phosphorylation of JNK and
p38 was significantly increased 2.9 +0.2-fold and 1.6+0.3-fold,
respectively, compared to that in nontreated cells (& Fig. 3b and
). In contrast, 10nM exendin-4 decreased phosphorylation of
both JNK and p38 in rapamycin-treated MING cells (& Fig. 3b
and c). However, rapamycin and exendin-4 were found not to
affect phosphorylation of mitogen-activated protein kinase
kinase (MKK) 3/6, a kinase of p38, or MKK4, a kinase of JNK (data
not shown), indicating that dephosphorylation of both JNK and
p38 by exendin-4 is not mediated by these upstream kinases.

PKA is involved in dephosphorylation of p38 by
exendin-4

Because PKA partially inhibited rapamycin-induced cell death,
we examined the effect of H89 on JNK and p38 phosphorylation.
Fifteen pM H89 was added into the media of MING cells 30 min
before treatment with 10nM rapamycin and/or 10nM exendin-

4 for 30 min, when phosphorylation of JNK and p38 was detected
by western blot analysis. H89 did not affect decreased phospho-
rylation of [NK by exendin-4 (¢ Fig. 3d). By contrast, H89 sig-
nificantly inhibited dephosphorylation of p38 by exendin-4
(o Fig. 3e), indicating that PKA regulates p38 phosphorylation.

Exendin-4 inhibits rapamycin-induced cell death and
phosphorylation of JNK and p38 in Wistar rat islets

We lastly investigated whether exendin-4 inhibits cell death
induced by rapamycin in primary islets by affecting phosphor-
ylation of JNK or p38. Wistar rat islets were treated with 10nM
rapamycin and/or 10nM exendin-4 for 12 h, and the number of
dead cells was determined by DNA fragmentation. Rapamycin
significantly increased DNA fragmentation by 1.6+0.2-fold com-
pared to that of control (DMSO) (¢ Fig. 4a), while exendin-4 sig-
nificantly inhibited rapamycin-induced DNA fragmentation
(© Fig. 4a). Exendin-9 again completely blocked the cytoprotec-
tive effect of exendin-4 (& Fig. 4a), indicating that such cytopro-
tective effect of exendin-4 is mediated by the GLP-1 receptor in
primary islets. Caspase-3 activity also was significantly increased
in rapamycin-treated islets, which was prevented by treatment
with exendin-4 (¢ Fig. 4b). To determine whether the surviving
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cells treated with exendin-4 were actually beta cells, islet beta
cells were stained with Newport Green, a fluorescent indicator
of zinc that allowed visualization of islet beta cells [17] after
treatment with 10nM rapamycin and/or 10nM exendin-4 for
12 h. Fluorescence microscopy revealed Newport Green positive
cells treated with rapamycin and exendin-4 that are almost the
same as those treated with DMSO (control) or exendin-4 alone
(data not shown). In addition, insulin content and glucose-stim-
ulated insulin secretion (GSIS) were compared among rapamy-
cin- and/for exendin-4-treated Wistar rat islets to determine
whether or not these islets are still functional. After islets were
incubated with 10nM rapamycin andf/or 10nM exendin-4 for
12h, the rapamycin and exendin-4 were washed out and the
islets were then stimulated with 2.8mM or 16.7 mM glucose for
30min. The amounts of GSIS and insulin content were almost
the same in rapamycin- and exendin-4-treated islets, indicating
that islets treated with rapamycin and exendin-4 for 12h are
still functional (e Fig. 4c).

Finally, regulation of JNK and p38 by rapamycin or exendin-4 in
primary islets was examined. Incubation with 10nM rapamycin
for 30min significantly increased phosphorylation of JNK
and p38 by 1.7+0.2-fold and 1.3+0.1-fold, respectively, which
was reversed to control level by coincubation with exendin-4
(o Fig. 4d and e). These results indicate that exendin-4 protects
primary islets from rapamycin-induced cytotoxicity by decreas-
ing phosphorylation of JNK and p38.

Discussion
v

In the present study, we have demonstrated that rapamycin
induces cytotoxicity in MING cells and Wistar rat islets by phos-
phorylating JNK and p38, and that exendin-4 inhibits this effect
by inhibiting phosphorylation of JNK and p38. This is the first
report indicating that rapamycin and exendin-4 regulate phos-
phorylation not only of JNK but also of p38 in primary islets.
The molecular mechanism of the cytoprotective effect of exen-
din-4 is mediated by increased levels of cAMP that lead to activa-
tion of PKA, enhanced IRS-2 activity, and activation of Akt and
ERK [7]. Our data also reveal that an increase in the cAMP con-
centration completely blocked rapamycin-induced cell death.
However, LY294002 and PD98059 did not affect rapamycin-
induced beta cell death, even though exendin-4 increased Akt
and ERK phosphorylation. Phosphorylation of Akt and ERK also
were not affected by treatment with rapamycin, suggesting that
these kinases are not directly involved in the cytoprotective
effect of exendin-4 on rapamycin-induced beta cell death.

On the other hand, exendin-4 and rapamycin both regulate
phosphorylation of JNK and p38 in islet beta cells. Rapamycin
increases JNK and p38 phosphorylation; exendin-4 decreases
their phosphorylation. JNK and p38 are activated by cellular
stress, and lead the cells to apoptosis [18]. In islet beta cells,
phosphorylation of JNK and p38 are involved in cell death
induced by IL-1B [19,20] and islet isolation [21,22]. Conversely,
inhibition of JNK or p38 with specific inhibitors prevents cell
death induced by islet isolation [22,23), indicating that JNK and
p38 are significant molecules in pancreatic beta cell death. In
addition, when Wistar rat islets were preincubated for 24h,
rapamycin decreased GSIS, most likely due to reduction in mito-
chondrial ATP production in the islets of these rats [24]. ]NK and
p38 are involved in beta-cell function, their activation also
affecting insulin biosynthesis. ]NK activates c-Jun, a downstream
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protein, and inhibits insulin gene transcription [25]. Further-
more, the p38 molecule is reported to repress rat insulin gene 1
promoter activated by GLP-1 [26]. Although insulin secretion
and insulin content were not affected by pretreatment with
10nM rapamycin and/or 10nM exendin-4 for 12 h, inhibition of
JNK and p38 activity by treatment with exendin-4 for a longer
time may not only inhibit beta cell apoptosis but also increase
insulin biosynthesis.

In sumnmary, exendin-4 can inhibit rapamycin-induced beta cell
death via a decrease in phosphorylation of both JNK and p38,
and dephosphorylation of p38 by exendin-4 is accomplished at
least partially through PKA signaling pathways. These results
demonstrate that regulation of both JNK and p38 is important in
the cytoprotective action of exendin-4 against rapamycin in
pancreatic beta cells.
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Heterozygous variants of multidrug and toxin extrusions
(MATE1 and MATE2-K) have little influence on the disposition
of metformin in diabetic patients

Kana Toyama®, Atsushi Yonezawa®, Masahiro Tsuda® Satohiro Masuda®,
lkuko Yano?, Tomohiro Terada® Riyo Osawa?®, Toshiya Katsura®,

Masaya Hosokawa®, Shimpei Fujimoto®, Nobuya Inagaki® and Ken-Ichi Inui®

Multidrug and toxin extrusions (MATE1/SLC47A1 and
MATE2-K/SLC47A2) play important roles in the renal
excretion of metformin. We have previously identified the
nonsynonymous MATE variants with functional defects at
low allelic frequencies. The purpose of this study was

to evaluate the effects of heterozygous MATE variants

on the disposition of metformin in mice and humans.
Pharmacokinetic parameters of metformin in Mate1(%)
heterozygous mice were comparable with those in
Mate1(+/ +) wild-type mice. Among 48 Japanese diabetic
patients, seven patients carried heterozygous MATE variant
and no patient carried homozygous MATE variant. There
was no significant difference in oral clearance of metformin
with or without heterozygous MATE variants. In addition,
creatinine clearance, but not heterozygous MATE variants,
significantly improved the model fit of metformin clearance
by statistical analysis using the nonlinear mixed-effects

Metformin is widely used for the treatment of hyper-
glycemia in patients with noninsulin-dependent diabetes
mellitus. The major pharmacological action of metformin
involves the suppression of gluconeogenesis in the liver.
Lactic acidosis is a rare but serious adverse effect of
metformin, which occurs predominantly in patients with
renal insufficiency. Clinical pharmacokinetic studies
revealed that metformin is mainly excreted into urine
in an unchanged form without hepatic metabolism, and
that the renal clearance of metformin is approximately
five times higher than creatinine clearance (Ccr) [1],
suggesting that renal tubular secretion is a major route
of metformin elimination. In human proximal tubules,
multidrug and toxin extrusion 1 (MATE1/SLC47A1)
and a kidney-specific isoform MATE2-K/SLC47AZ are
localized at the brush-border membranes, which were
characterized as H ™ Jorganic cation antiporters [2]. In
rodents, Matel, but not Mate2, is expressed in the
kidney [2]. Metformin is a substrate for MATEI and
MATEZ2-K, as well as organic cation transporter 2 (OCT?2/
SLC22A2), which is localized at the basolateral mem-
branes of the kidney [2,3]. The functional significance of
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modeling program. In conclusion, heterozygous MATE
variants could not influence the disposition of metformin
in diabetic patients. Pharmacogenetics and Genomics
20:135-138 © 2010 Wolters Kluwer Health | Lippincott
Williams & Wilkins.
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MATE in the kidney was previously shown using Mazel
knockout mice [4]. On the basis of these backgrounds
and findings, MATE1 and MATE2-K could play key roles
in metformin tubular secretion in humans.

Genetic variants in MATE genes are likely to be one
of the factors for interindividual variability in metformin
pharmacokinetics and pharmacodynamics. Recently, we
and another group identified nonsynonymous single
nucleotide polymorphisms (SNPs) in coding region of
MATE genes, some of which reduced the transport
activity [5,6]. In addition, Becker ez @/. [7] reported that
1s2289669G > A SNP in the MATEI gene was asso-
ciated with the glucose-lowering effect, but metformin
pharmacokinetics was not evaluated. Tzvetkov e a/. [8]
demonstrated that there was no relationship between
the same SNP and metformin pharmacokinetics. How-
ever, 1s2289669G >A SNP in the MATE! gene was
located in noncoding intron region and there was no
information about the effect of this non-coding SNP on
the transport activity. Therefore, it is not clear whether
the functional reduced nonsynonymous MATE variants
alter metformin disposition. The allelic frequencies of
all MATE variants were quite low, in the range of
0.6-2.4% [5,6]. Homozygous variants with functional loss
of transport activity decrease drug elimination in most

DOI: 10.1097/FPC.0b013e328335639f
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cases. The effect of heterozygous variants, in contrast,
depends on the transporters and the drugs. In the breast
cancer resistance protein (BCRP/ABCGZ2) gene, hetero-
zygous Q141K variant caused elevated oral bioavailability
of its substrate [9]. These results suggested that
information about the influence of heterozygous as well
as homozygous MATE variants on metformin pharmaco-
kinetics is required for its safe use in clinical situations.
In this study, therefore, we focused on the effect of
heterozygous nonsynonymous MATE variants on metfor-
min disposition in diabetic patients.

Using Matel( + [+ ) wild-type, Marel( =) heterozygous
and Matel (—/-) homozygous mice, we first examined the
pharmacokinetics of metformin (Supplemental methods,
Supplemental digital content 1 Aup.//links.lww.com/FPC/
A82). High plasma concentration and low urinary excre-
tion of metformin were observed in Marel(—/—-) mice
compared with Mazel( + /+ ) mice, whereas there was no
difference between Matel( =) and Matel( +/+ ) mice
(Fig. 1a and b). In addition, several pharmacokinetic
parameters in Marel (=) mice were comparable with
those in Matel(+/+) mice (Supplemental Table 1,
Supplemental digital content 2 Aup.//links.fww.com/FPC/
A83). Matel protein expression levels in these three
genotype mice are shown in Fig. 1c. The transport of
metformin by HEK293 cells expressing mouse Matel,
mouse Octl or mouse Oct2 was confirmed (Supple-
mental Fig. 1, Supplemental digital content 3 /Azp://
links.lww.com/FPC/A84). Based on these results, we hypo-
thesized that the heterozygous MATE variants do not
influence on the metformin clearance in humans as well
as in mice.

To address the species difference in MATE genes,
pharmacokinetic evaluation was also carried out in
humans. Forty-eight Japanese patients with diabetes
mellitus were enrolled into this study. Blood samples
were obtained at 0, 4, and 9 h after metformin adminis-
tration, followed by the determination of plasma con-
centrations and genotype for MATEI, MATEZ2-K, and
0CT2 genes (Supplemental methods, Supplemental
digital content 1 Aup:/llinks.twow.com/FPCIA82). The oral
clearance (CL/F) of metformin in diabetic patients was
estimated by the empirical Bayesian method with the
nonlinear mixed-effects modeling program NONMEM
using a basic model: CL/F=61. Twwo MATE1-G64D
variant carriers, two MATE1-LL125F variant carriers, and
one MATEI1-D328A variant carrier were found in this
study. In the MATE2-K gene, the G211V variant was
found in two patients. All MATE variant carriers were
heterozygotes and included in the MATE-heterozygous
variant group. The plasma concentration-time profile
after an oral administration of metformin in MATE-
heterozygous variant group was similar to that in MATE-
reference group (Supplemental Fig. 2, Supplemental
digital content 4 Juzp://links.low.com/FPCIASS). Patient
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Metformin pharmacokinetic studies of Mate?(+/+), Mate1(%), and
Mate1(-/-) mice. (a) Plasma concentration-time profiles were
obtained after the intravenous administration of metformin to Mate 1
(+/+) (open circles), Mate1(+) (closed circles), and Mate?(-/-)
(open triangles) mice. (b) Urinary excretion of metformin in Mate 1
(+/+) (open column), Mate1(%) (gray column), and Mate?(—/-)
(closed column) mice were calculated using urine samples collected
for 60 min after the drug administration. Each column represents the
mean  SD for six to eight mice. *P<0.05, **P<0.01, significantly
different from Mate7(+/+) mice. (c) Western blot analysis of Mate1 in
renal brush-border membrane fractions was carried out. The arrowhead
indicates the position of mouse Mate1.

characteristics were similar between the two groups.
There was no statistically significant difference in
metformin  CL/F  between the MATE-heterozygous
variant group and the MATE-reference group (Table 1).
All of 11 OCTZ variant carriers were also heterozygotes.
Only one patient carried both MATE1-G64D and OCT2-
A270S variants. The CL/F values of the MATE-variant
group, the OC7T2-variant group and both the MATE-
variant and OCTZ-variant group were comparable with those
of the reference group (Supplemental Table 2, Supple-
mental digital content 5 fuzp://links.fww.com/FPCIAS6).

To determine the most important factor contributing
to interindividual variability in metformin CL/E we
examined the relationship between CL/F and patient
characteristics, such as age, sex, renal function, and
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Table 1 Patient characteristics and effects of heterozygous MATE
variants on metformin oral clearance in 48 Japanese patients
with diabetes mellitus

MATE-heterozygous

MATE reference variant?
Patients 41 7
Sex (male/female) 17/24 1/6
Age (years) 62+10 6718
BMI (kg/m?) 27+4 25+3
Metformin CL/F (ml/min) 603+ 137 658+ 115
Ccr (ml/min) 98+ 34 83+37
eGFR (ml/min) 71+23 71+21

Ccr, 24-h creatinine clearance; CL/F, oral clearance of metformin; eGFR,
estimated glomerular filtration rate; MATE, multidrug and toxin extrusion.
®MATE-heterozygous variant includes MATE1-G64D (n=2), MATE1-L125F
(n=2), MATE1-D328A (n=1), MATE2-K-G211V (n=2). No patient carried
other MATE variants; MATE1-V10L, MATE1-A310V, MATE1-V338l, MATE1-
N474S, MATE1-V480M, MATE1-C497S, MATE1-Q519H, and MATE2-K-K64N.
Data are expressed as mean*SD. There was no statistically significant
difference between two groups.

transporter genetic variations. Regression analysis showed
that metformin CL/F was positively correlated with
both Ccr and estimated glomerular filtration rate (eGFR)
(Supplemental Fig. 3, Supplemental digital content 6
hitp:/llinks.low.com/FPC/AST). In NONMEM analysis, model
fit was significantly improved for the models using the
individual Ccr or eGFR compared with the basic model
(CL/F=01). However, there was no improvement in the
models with age, sex or genetic variants of the MATE
or OCT2 gene. A negative of twice the log likelihood
difference (—2LLD) value was higher in the model
using Ccr than that using eGFR (Supplemental Table 3,
Supplemental digital content 7 Atp://links.tww.com/FPC/
A88). The incorporation of Cer into the basic model
explained part of the interindividual variability in CL/E
with its value decreasing from 26.1 to 19.6%.

Interindividual variability in MATE activity is likely to
affect the pharmacokinetics of metformin. Examina-
tion with Matel knockout mice strongly suggested the
pharmacokinetic alternation in humans with the func-
tional defect homozygous variants [4]. However, homo-
zygous variants in MATE! and MATEZ2-K genes were
reported to be quite rare [5,6]. Therefore, we examined
the pharmacokinetic significance of the heterozygous
MATE variants to clarify whether we should pay attention
to these genotypes in the clinical situations. As expected
from the animal data, the heterozygous MATE variants
did not affect the disposition of metformin in humans
(Fig. 1 and Table 1). The rate-limiting step in the renal
secretion of metformin is either the renal blood flow,
the tubular uptake across the basolateral membranes or
efflux into the lumen at the brush-border membranes. In
this study, heterozygous MATE variants did not affect
metformin clearance, although MATE1 and MATEZ2-K
were important for metformin secretion [2,3]. Likewise,
heterozygous OCT2 variant did not affect metformin
clearance in diabetic patients, even though the pharma-
cokinetic effect of OCTZ2 variant is still controversial

MATE variants and metformin disposition Toyama et al. 137

[3,8,10]. The renal clearance of metformin was reported
to be in the range of 335-615ml/min in humans [1],
which is comparable with renal plasma flow. These results
suggested that renal blood flow is a rate-limiting factor
for metformin secretion. Therefore, heterozygous MATE
variants possibly show only a minor portion in the inter-
individual variation of metformin pharmacokinetics in
clinical situations.

For determination of the most important factor con-
tributing to metformin disposition among age, sex, renal
function, and heterozygous variations of MATE and OCTZ
genes, NONMEM analysis was carried out. Consistent
with previous reports [1,8], we showed that Cer is a
significant predictor of metformin clearance. Although
Cecr is used clinically as a marker of GFR, Ccr is known
to overestimate GFR because of the creatinine tubular
secretion. Previously, we showed that creatinine is a
substrate for OCT2, MATE1, and MATEZ2-K [2]. These
reports suggested that creatinine as well as metformin
is excreted into the urine by tubular secretion through
organic cation transport systems in addition to glomerular
filtration. Comparable with these findings, metformin
CL/F had a higher correlation with Cer than with eGFR.
Therefore, Cer is the most clinical reliable indicator of
metformin disposition.

In conclusion, it was shown that heterozygous MATE
variants as well as heterozygous OC72 variants do not
affect metformin disposition in diabetic patients. More-
over, it was revealed that Ccr is the most important factor
to predict metformin disposition in the clinical use. On
account of the low allelic frequency, further studies are
needed with much more patients to determine the effect
of homozygous MATE variants on metformin disposition
in clinical situations.
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Abstract

Rapamycin, an immunosuppressant used in human trans-
plantation, impairs B-cell function, but the mechanism is
unclear. Chronic (24 h) exposure to rapamycin concentration
dependently suppressed 16:7 mM glucose-induced insulin
release from islets (1-65+£0:06, 30 nM rapamycin versus
2:3540-11 ng/islet per 30 min, control, #=30, P<0-01)
without affecting insulin and DNA contents. Rapamycin also
decreased a-ketoisocaproate-induced insulin release,
suggesting reduced mitochondrial carbohydrate metabolism.
ATP content in the presence of 16:7 mM glucose was
significantly reduced in rapamycin-treated islets (13-42
+0-47, rapamycin versus 16-04 3-0-46 pmol/islet, control,
n=230, P<0-01). Glucose oxidation, which indicates the
velocity of metabolism in the Krebs cycle, was decreased by
rapamycin in the presence of 16-7 mM glucose (30-11+2-7,
rapamycin versus 42:2+3-3 pmol/islet per 90 min, control,

n=9, P<0-01). Immunoblotting revealed that the expression
of complex I, III, IV, and V was not affected by rapamycin.
Mitochondrial ATP production indicated that the respiratory
chain downstream of complex II was not affected, but that
carbohydrate metabolism in the Krebs cycle was reduced by
rapamycin. Analysis of enzymes in the Krebs cycle revealed that
activity of a-ketoglutarate dehydrogenase (KGDH), which
catalyzes one of the slowest reactions in the Krebs cycle, was
reduced by rapamycin (10-08 +0-82, rapamycin versus 13-82
+0-84 nmol/mg mitochondrial protein per min, control,
n=5, P<0-01). Considered together, these findings indicate
that rapamycin suppresses high glucose-induced insulin
secretion from pancreatic islets by reducing mitochondrial
ATP production through suppression of carbohydrate metab-
olismin the Krebs cycle, together with reduced KGDH activity.
Journal of Endocrinoiogy (2010) 204, 37-46

Introduction

Rapamycin, an immunosuppressant used in human organ and
tissue transplantation, exhibits a different mechanism of action
from that of cyclosporine, tacrolimus, and corticosteroids.
The agent is a macrolide that prevents T-cell actvation
through its inhibitory effect on serine/threonine kinase, the
mechanistic target of rapamycin (MTOR). The insulin- and
nutrient-signaling pathway through MTOR plays an import-
ant role in initiation of protein translation, a critical event in
enhanced protein synthesis that leads to increased cell cycle
progression and proliferation (McDaniel et al. 2002).

Brittle type 1 diabetes has been successfully treated by
human islet transplantation using the Edmonton protocol,
which includes use of rapamycin as an immunosuppressant
(Shapiro et al. 2000). Some studies suggest rapamycin may be
diabetogenic (Lu e al. 1994, Teutonico et al. 2005), and the
effects of rapamycin on glucose homeostasis have been
investigated. In skeletal muscle cells, long-term exposure to
rapamycin decreases insulin-dependent uptake of glucose
and glycogen synthesis and increases fatty acid oxidation

Journal of Endocrinology (2010) 204, 37-46

0022-0795/10/0204-037 © 2010 Society for Endocrinology  Printed in Great Britain

(Sipula et al. 2006). Rapamycin also decreases insulin-mediated
glucose uptake and insulin signaling in adipocytes (Taha
et al. 1999, Cho et al. 2004). Interestingly, rapamycin both
prevents PB-cell mass expansion and impairs B-cell function
(Bell et al. 2003, Zhang ef al. 2006, Fraenkel et al. 2008).

In pancreatic B-cells, intracellular glucose metabolism
regulates exocytosis of insulin granules according to
metabolism-secretion coupling in which glucose-induced
mitochondrial ATP production plays an essential role
(Maechler & Wollheim 2001). Since depletion of mito-
chondrial DNA abolishes the glucose-induced ATP
elevation, mitochondria clearly are a major source of ATP
production in pancreatic B-cells (Kennedy et al. 1998,
Tsuruzoe et al. 1998). Glucose-induced insulin secretion
from P-cells is often impaired due to reduced glucose-
induced ATP elevation by exposure to high concentrations of
fuels including glucose, free fatty acids, and ketone body, and
by administration of diabetogenic pharmacological agents
(Fujimoto et al. 2007). Thus, reduced mitochondrial ATP
production plays an important role in impaired glucose-
induced insulin secretion.
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Recently, several reports have shown that inhibition of
MTOR by rapamycin decreases mitochondrial oxidative
function using various materials including kidney mito-
chondria (Simon et al. 2003), Jurkat cells (Schieke et al.
2006), and skeletal tissue and cells (Cunningham et al. 2007).
We investigated the effects of chronic exposure to rapamycin
on metabolism-secretion coupling, especially on glucose
metabolism in mitochondria, in pancreatic B-cells.

Materials and Methods

Materials

Rapamycin was purchased from Calbiochem (La Jolla, CA,
USA). Disodium succinate, rotenone, pyruvate potassium,
malate, and tetramethyl-p-phenyldiamine (TMPD) were
purchased from Nacalai (Kyoto, Japan). Mouse monoclonal
antibody to the subunits of the mitochondrial respiratory
chain complex was obtained from Invitrogen. [5-°H]-
glucose, [U-"*C]-glucose, and anti-mouse IgG HRP-
conjugated secondary antibody were obtained from GE
Healthcare (Buckinghamshire, UK). Acetyl-CoA was
obtained from Wako (Osaka, Japan). Luciferin—luciferase
was obtained from Promega. All other reagents were obtained
from Sigma Chemicals.

Animals

Male Wistar rats were obtained from Shimizu Co. (Kyoto,
Japan). The animals were fed standard laboratory chow
ad libitum and allowed free access to water in an air-
conditioned room with a 12h light:12h darkness cycle
until the experiments. All experiments were carried out with
rats aged 8—11 weeks. The animals were maintained and used
in accordance with the Guidelines for Animal Experiments
of Kyoto University.

Islet isolation and culture

Islets of Langerhans were isolated from Wistar rats by
collagenase digestion as previously described (Fujimoto et al.
1998). Isolated islets were cultured for 24 h in RPMI 1640
medium containing 10% FCS, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 5-5mM glucose with or without
rapamycin, at 37 °C in humidified air containing 5% CO,.

Measurement of insulin release from isolated rat pancreatic islets,
insulin content, and DNA content

Insulin release from intact islets was monitored using batch
incubation as previously described (Fujimoto et al. 1998)
using Krebs-Ringer bicarbonate buffer (KRBB) supple-
mented with 0-2% BSA (fraction V) and 10 mM HEPES
adjusted to pH 7-4 (KRBB medium). After cultured islets
were preincubated at 37 °C for 30 min in KRBB medium

Journal of Endocrinology (2010) 204, 37-46

supplemented with 2-8 mM glucose, groups of five islets
were batch incubated for 30 min in (-7 ml KRBB medium
containing 2-8 and 16-7 mM glucose with or without
100 uM a-tocopherol plus 200 UM ascorbate, or containing
2:8 and 167 mM a-ketoisocaproate (KIC). Before addition
to KRBB medium, a-tocopherol was dissolved in ethanol at
1000-fold concentration. The same amount of ethanol was
added to the control solution. At the end of the incubation
period, the islets were pelleted by centrifugation, and aliquots
of the buffer were sampled to determine the amount of
immunoreactive insulin by RIA. After an aliquot of
incubation medium for insulin release assay was taken, the
islets remaining were lysed to determine insulin and DNA
contents as previously described (Fujimoto et al. 2000},

Measurement of ATP content

ATP contents were determined as previously described
(Kominato et al. 2008). Briefly, after groups of cultured islets
were preincubated at 2-8 mM glucose for 30 min, groups of
ten islets were incubated in tubes containing 0-5 ml KRBB
medium supplemented with 2-8 or 16:7 mM glucose with or
without 100 pM  a-tocopherol plus 200 pM ascorbate at
37 °C for 30 min. Incubation was stopped by the addition of
0-1ml of 2M HCIO,. The contents of tubes were
immediately mixed with vortex and sonicated in ice-cold
water. The tubes were then centrifuged, and a fraction
(0-4 ml) of the supernatant was mixed with 0-1ml of 2 M
HEPES and 0-1 ml of 1 M Na,CQO3. The ATP concentration
was measured by adding 0-2 ml luciferin—luciferase solution
to a fraction sample (0-1 ml) in a bioluminometer (Lumin-
ometer Model 20e, Turner Designs, Sunnyvale, CA, USA).
To draw a standard curve, blanks and ATP standards were run
through the entire procedure including the extraction steps.

Measurement of glucose utilization and oxidation

Glucose utilization and oxidation were measured using the
previously described method (Nabe et al. 2006). Briefly,
cultured islets were preincubated in KRBB medium with
2-8 mM glucose at 37 °C for 30 min. For glucose utilization
measurements, tubes containing 25 islets in 150 ul KRBB
medium containing 2-8 or 16:7 mM glucose and 1-5 uCi
[5-°H] glucose were placed into glass vials containing 0-5 ml
water. The capped vials were incubated at 37 °C for 90 min.
After incubation was stopped by adding 50 pl of 1 M HCI
into the incubation medium of the tubes without opening the
caps, the capped vials were incubated overnight at 34 °C to
allow *H,O in the tubes to equilibrate with the water in the
vial. Each tube was removed, and the disintegrations per
minute of 3H:,O in the water were counted. For oxidation
measurements, procedures were the same as those for
utilization measurements, except for the use of [U-'*C)
glucose (0-5 pCi/tube) in place of [5-H] glucose and the use
of 0-5 m] hydroxide of hyamine 10-X (Packard, Meriden,
CT, USA) in place of 0-5 ml water.
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Measurement of glucokinase activity

Glucokinase activity was measured by a fluorometric assay as
previously described (Radu et al. 2005). Briefly, after cultured
islets were preincubated with KRBB medium with 2-8 mM
glucose, 100 islets were homogenized and the supernatants
(islet extracts) were obtained from the homogenates by
centrifugation. The glucose phosphorylation rate was
estimated as the increase in NADH through the following
reaction: glucose-6-phosphate + NAD ' — 6-phosphoglu-
cono-d-lactone + NADH by NAD ¥ -dependent glucose-6-
phosphate dehydrogenase (G6PDH). The enzyme reaction
was performed using islet extracts in a solution containing
NAD™ and G6PDH supplemented with two concentrations
(50 and 0-5mM) of glucose at 37°C for 1h. NADH
concentration was measured by fluorometry (Shimazu
RF-5000, Kyoto, Japan).Glucokinase activity was determined
by subtracting hexokinase activity measured at 0-5mM
glucose from the actvity measured at 50 mM glucose.

Measurement of mitochondrial ATP production

Measurement of ATP production from mitochondrial
fraction was performed as previously described (Takehiro
et al. 2005). Briefly, to measure ATP production by oxidative
phosphorylation, the reaction was started by adding mito-
chondrial suspension to prewarmed solution (37 °C) supple-
mented with the mitochondrial substrates, 50 uM ADP, and
1 uM diadenosine pentaphosphate (DAPP). DAPP is a
specific inhibitor of adenylate kinase used to measure ATP
production by oxidative phosphorylation exclusively.
To normalize the mass of the intact mitochondria obtained,
ATP production by adenylate kinase, one of the mito-
chondrial intermembrane kinases, was measured in the
presence of ADP but without mitochondrial substrates or
DAPP in parallel incubations. After reaction was stopped, the
ATP concentration in the solutions was nieasured by adding
luciferin—luciferase solution with a bioluminometer. ATP
production was determined as the ratio of ATP production by
oxidative phosphorylation to that by adenylate kinase.

Western blotting of mitochondrial respiratory chain complexes

After washing with ice-cold PBS, the cultured islets were
solubilized in ice-cold lysis buffer (10 mM Tris (pH 7:2),
100 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, and 0-5%
sodium deoxycholate) containing protease inhibitor cocktail
(Complete; Roche) with sonication (5s pulse, five times).
Protein content of the supernatant was measured and adjusted
by Bradford method. The supernatant was dissolved in the
same amount of SDS-PAGE sample buffer containing
100mM  TrissHCl (pH  6-80), 4% SDS, 12%
2-mercaptoethanol, 20% glycerol, and 1% bromophenol
blue and boiled for 5min at 95°C. The samples were
subjected to electrophoresis on 12% SDS—polyacrylamide gels
and transferred onto nitrocellulose membrane (Schleicher &

www.endocrinology-journals.org

Schuell, Keene, NH, USA). After blocking with TBS
containing 0-1% Tween 20 and 5% skimmed milk (blocking
buffer) for 1 h at 4 °C, blotted membranes were incubated
overnight at 4 °C with mouse monoclonal anti-complex
I (39 kDa subunit), anti-complex III (core II), anti-complex
IV (subunit I), or anti-complex V (subunit &) of mito-
chondrial respiratory chain antibody at 1:1000 dilution in
blocking buffer, and subsequently with anti-mouse IgG
HRP-conjugated secondary antibody diluted 1:5000 at
room temperature for 1h prior to detection using ECL
(GE Healthcare). In the same membrane, the process was
repeated for B-actin at 1:5000 dilution of the antibody. Band
intensities were quantified with Multi Gauge software
(Fujifilm, Tokyo, Japan).

Measurement of activities of enzymes in Krebs cycle

Mitochondrial fraction obtained as described above was
sonicated in ice-cold solution containing (mM) 180 KClI,
5 morpholinepropanesulfonic acid, and 2 EDTA adjusted to
pH 7-40 and then diluted to each reaction mixture. Enzyme
activities including NAD " -linked isocitrate dehydrogenase
(NAD-ICDH), aconitase, o-ketoglutarate dehydrogenase
(KGDH), and malate dehydrogenase (MDH) were measured
as previously described (Nulton-Persson & Szweda 2001).
NAD-ICDH activities were measured as the rate of NAD ¥
reduction in solution A containing (mM) 25 KH,POy,, 05
EDTA, and 0-01% Triton X-100 adjusted to pH 7-25
supplemented with 2-5mM isocitrate, 40 pM rotenone,
5 mM MgCl,, and 1 mM NAD*. Aconitase activities were
measured as the rate of NADP reduction in solution A with
5 mM citrate, 0-6 mM MgCl,, 1-0 U/ml NADP-ICDH, and
0-2mM NADPT. KGDH activities were measured as the
rate of NAD? reduction in solution A with 2-5mM
a-ketoglutarate, 40 pM rotenone, 5-0 mM MgCl;, 1 mM
NAD™, 0-1 mM CoA, and 0-2 mM thymine pyrophosphate
(TPP). MDH activities were measured as the rate of NAD™
reduction in solution A with 2-5mM malate, 40 uM
rotenone, 5 mM MgCl,, 10 mM NADY, 03 mM acetyl-
CoA, and 1 U/ml citrate synthase. Enzyme activities of
pyruvate dehydrogenase (PDH) were measured as total
PDH complex activity (Schwab ez al. 2005) as the rate of
p-lodonitrotetrazolium violet (INT) reduction in a reaction
mixture containing 5 mM L-carnitine, 1:0mM MgCl,,
2:5mM NADT, 0-1 mM CoA, 5mM pyruvate, 0-2 mM
TPP, 0-1% Triton X-100, 1 g/1 BSA, 0-6 mM INT, and
6:5 mM phenazine methosulfate. All enzyme assays were
performed at 25 °C.

Statistical analysis

The data are expressed as the meanzs.E.M. Statistical
significance was calculated by unpaired Student’s t-test.
P<(0-05 was considered significant.
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Results

Effect of chronic exposure to rapamycin on glucose-induced insulin
telease, insulin content, and DNA content in islets

Chronic (24 h) exposure to rapamycin (10, 30, and 100 nM)
concentration dependently suppressed 16:7 mM glucose-
induced insulin release (1-9440-09, 10 nM; 1-6510-06,
30 nM; 1:50+0-06, 100nM rapamycin versus 2-35
+0-11 ng/islet per 30 min, control, n=30, P<<0-01 respect-
ively) but did not affect basal insulin release in the presence of
2:8mM glucose (Fig. 1A). Insulin secretion divided by
insulin content also demonstrates that rapamycin suppresses
glucose-induced insulin secretion (Fig. 1A). Insulin and
DNA contents were not affected by 24-h exposure to 10, 30,
and 100 nM rapamycin (Table 1), indicating that these
concentrations of rapamycin do not reduce islet B-cell mass.
Reactive oxygen species (ROS) scavengers did not affect
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Figure 1 Effects of chronic exposure to rapamycin (Rp) on fuel
secretagogue-induced insulin release from islets. (A) High

(16:7 mM) glucose-induced and basal insulin release in control and
Rp-treated islets. Islets were cultured with 10, 30, and 100 nM Rp or
without Rp for 24 h. After cultured islets were preincubated with
2-8 mM glucose for 30 min, they were incubated with 2-8 and
16-7 mM glucose. Insulin secretions are presented as insulin
secretion for 30 min/islet (right) and as the ratio of insulin secretion
for 30 min to insulin content (left). Values represent mean +s.e.m. of
30 determinations. *P< 0-01 versus corresponding control. (B) High
KIC (16:7 mM)-induced and basal insulin release in contro! and
Rp-treated islets. Islets were cultured with or without 30 nM Rp for
24 h. After cultured islets were preincubated with 2-8 mM glucose
for 30 min, they were incubated with 2-8 and 16-7 mM KIC. Values
represent mean+s.e.m. of 18 determinations. *P<0-01 versus
corresponding control.
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Table 1 Effect of chronic exposure to rapamycin on insulin content
and DNA content. At the end of experiments indicated in Fig. 1A,
insulin content and DNA content in islets were determined. Values
represent mean £s.e.m. of 60 determinations

Insulin content DNA content
(ng/islet) (ngfislet)
Experimental condition
during culture
Control 24-7£1-0 14-6+0-4
10 nM rapamycin 24-1%£1-0 14-510-4
30 nM rapamycin 245111 15-:0+£0-5
100 nM rapamycin 23-7+08 14-11£0-3

suppressed glucose-induced insulin secretion by rapamycin
(1-:60£0-10, 30 nM rapamycin versus 1-69 £0-10 ng/islet
per 30 min, 30 nM rapamycin with a-tocopherol plus
ascorbate, n=10, not significant).

Effect of chronic exposure to rapamycin on KIC-induced insulin
release

To characterize metabolic fuel-induced insulin release
independent of glycolysis, KIC-induced insulin release from
rapamycin-treated islets was examined. Chronic exposure to
30 nM rapamycin decreased high KIC-induced insulin release
(1-931+0-10, rapamycin versus 3-09 £0-18 ng/islet per
30 min, control, n=18, P<<0-01; Fig. 1B).

Effect of rapamycin on ATP content

ATP content was greater in control islets incubated with
16:7mM glucose than in control islets incubated with
2:8 mM glucose (11-9740-35, 2-8 mM glucose versus
16-04 1 0-46 pmol/islet, 16:7 mM glucose, n=230, P<0-01;
Fig. 2). ATP content in the presence of 16:7 mM glucose

(] Contro! 1M Rp

20 .
T

- 15 4
€
s
c o
83 10
3

5-.

0

Glucose (mM) 2.8 16-7

Figure 2 Effects of chronic exposure to rapamycin (Rp) on ATP
contents in islets. Islets were cultured with or without 30 nM Rp for
24 h. After cultured islets were preincubated with 2-8 mM glucose
for 30 min, and then incubated with 2-8 and 16-7 mM glucose for
30 min, ATP contents were determined. Values represent mean
+s.e.m. of 30 determinations. *P<0-01 versus control with 2-8 mM
glucose. *P<0-01 versus control with 16-7 mM glucose.
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was significantly reduced in rapamycin-treated islets (13-42
+0-47 pmol/islet, 16:7 mM glucose, rapamycin versus
167 mM glucose, control, n=230, P<<0-01), but that in the
presence of 2:8 mM glucose was not affected by rapamycin
(Fig. 2). ROS scavengers did not affect the suppressed ATP
content in the presence of high glucose by rapamycin (13-27
+0-92, 30 nM rapamycin versus 14-58 +-0-82 pmol/islet,
30 nM rapamycin with a-tocopherol plus ascorbate, n=10,
not significant).

Effects of rapamycin on glucose utilization and glucose oxidation

Glucose utilization was greater in islets incubated with
167 mM glucose than that in islets incubated with 2:8 mM
glucose in both control (33-041-8, 2-8 mM glucose versus
9844 5-0 pmol/islet per 90 min, 16-7 mM glucose, n=15,
P<0-01) and rapamycin-treated islets (28-14£1-7, 2-8 mM
glucose versus 75-1£2-6 pmol/islet per 90 min, 16-7 mM
glucose, n=15, P<0-01). Glucose utilization in the presence
of 16:7 mM glucose was significantly reduced in rapamycin-
treated islets (P<0-01), but that in the presence of 2-8 mM
glucose was not affected by rapamycin (Fig. 3A).
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Figure 3 Effects of chronic exposure to rapamycin (Rp) on
glucose utilization and oxidation in islets. Islets were cultured
with or without 30 nM Rp for 24 h. After cultured islets were
preincubated with 28 mM glucose for 30 min, they were incubated
with 2-8 and 16-7 mM glucose for 90 min. (A) Glucose utilization.
Values represent mean = s.e.m. of 15 determinations. *P<0-01
versus corresponding control. (B) Glucose oxidation. Values
represent mean £s.e.m. of nine determinations. *P<0-01 versus
corresponding control.
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Glucose oxidation was greater in islets incubated with
167 mM glucose than that in islets incubated with 2:8 mM
glucose in both control (8:1+1-1, 2:8 mM glucose versus
42-243-3 pmol/islet per 90 min, 16-7 mM glucose, n=09,
P<0-01) and rapamycin-treated islets (6-8+0-7, 2-8 mM
glucose versus 30-132-7 pmol/islet per 90 min, 16:7 mM
glucose, n=9, P<<0-01). Glucose oxidation in the presence of
16-7 mM glucose was significantly reduced in rapamycin-
treated islets (P<0-01), but that in the presence of 2:8 mM
glucose was not affected by rapamycin (Fig. 3B). Glucose
oxidation in the presence of 16:7 mM glucose declined 77%
by 100 nM antimycin A, which is comparable with the
reduction by rapamycin treatment. In the same condition,
glucose utilization with high glucose also declined 78% by
antimycin A (Table 2).

Effect of rapamycin on ghicokinase activity

Glucokinase activity was not affected by rapamycin treatment
(87:4£10-4, rapamycin versus 75-4114-8 pmol/islet per
60 min, control, n=23, not significant}.

Effect of rapamycin on expression of mitochondrial respiratory
chain complexes

Immunoblotting using lysates of whole islets revealed that
rapamycin did not affect expression of complex I, 111, IV, and
V of the mitochondrial respiratory chain proteins (Fig. 4).

Effect of rapamycin on ATP production by mitochondria _from
islets

ATP production by mitochondria from control and
rapamycin-cultured islets in the presence of various
substrates and inhibitors is shown in Table 3. Antimycin A,
a complex 111 inhibitor in the respiratory chain, inhibited
ATP production dramatically in the presence of succinate in
mitochondria from both control and rapamycin-cultured
islets. Mitochondrial ATP production of rapamycin-cultured
islets was similar to that of control islets in the presence of

Table 2 Effect of antimycin A on glucose oxidation and glucose
utilization. Islets were cultured without rapamycin for 24 h. After
cultured islets were preincubated with 2-8 mM glucose for 30 min,
they were incubated with 2-8 and 16-7 mM glucose for 90 min with
or without 100 nM antimycin A. Values represent mean +s.e.m. of
nine (glucose oxidation) and five (glucose utilization) determinations

Control 100 nM antimycin A
Glucose oxidation
2-8 mM glucose 9-81+0-5 9-8+0-7
16-7 mM glucose 42-1+£1-8 32-8+1-8*
Glucose utilization
2-8 mM glucose 32:943-3 31-142:4
16-7 mM glucose 97:9456 76:7+6:5"

*P<0-01 versus control without antimycin A. P<0-05 versus control
without antimycin A.
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Figure 4 Immunoblots of complex I, Ill, VI, and V of mitochondrial

respiratory chain proteins using lysates of whole-rat pancreatic
islets. Islets were cultured with or without 30 nM rapamycin for
24 h. C, control; R, rapamycin. Quantification data from several
independent experiments (I, n=4; lll, n=4; VI, n=3; V, n=4) are
also indicated. Open bar, control; closed bar, rapamycin. Data are
expressed relative to control (without rapamycin) values corrected
by B-actin level to eliminate influence of subtle difference in
amount of loaded protein (means = s.e.m).

succinate plus rotenone, TMPD plus ascorbate, and glycerol-
3-phosphate. ATP production by mitochondria from
rapamycin-cultured islets in the presence of pyruvate plus
malate was decreased compared with that from control islets.

a-Keto-B-methyl-n-valeric acid (KMV), a specific
competitive inhibitor of KGDH, dose dependently sup-
pressed mitochondrial ATP production in the presence of
malate and pyruvate (Fig. 5).

Effect of rapamycin on activities of mitochondrial enzymes

Enzyme activities in the Krebs cycle including PDH, NAD-
ICDH, aconitase, and MDH were not affected, but KGDH
activity was reduced by rapamycin treatment (Table 4).

Discussion

In the present study, we show that rapamycin suppresses high
glucose-induced insulin secretion from pancreatic islets by
reducing mitochondrial ATP production through suppression
of carbohydrate metabolism in the Krebs cycle, together with
reduced KGDH activity. Thus, dysfunction in mitochondrial
ATP production may be derived not from alteration in

Journal of Endocrinology (2010) 204, 37-46

protein expression and dysfunction of the respiratory chain
but from decreased KGDH activity that limits the velocity
of carbohydrate metabolism in the Krebs cycle.

Rapamycin significantly decreased glucose-induced insulin
release after 1 to several days exposure, as found in previous
studies using rat islets (Bell ef al. 2003) and mice islets (Zhang
et al. 2006). In the present study, exposure to 30nM
rapamycin for 24 h reduced glucose-induced insulin release
without affecting insulin and DNA content, which indicates
that reduced insulin release by rapamycin is not necessarily
derived from reduced B-cell mass, while rapamycin above
10 nM was found to increase apoptosis in MIN-6 cells in a
previous study (Bell ef al. 2003). To investigate the mechanism
of reduced insulin release by rapamycin independent of
reduced insulin and DNA content, we used 30 nM
rapamycin-treated islets. The recommended trough concen-
trations of rapamycin in blood are 5-15ng/ml (or
5:5-15-9 nM) in islet transplantation (Shapiro et al. 2000)
and renal transplantation (Teutonico ef al. 2005). Accordingly,
the concentration used in our experiments was two to six
times clinically used trough concentrations.

In pancreatic B-cells, intracellular ATP originated mainly
from mitochondria is one of the most important regulators of
insulin secretion (Maechler & Wollheim 2001). Glucose entry
into the P-cells accelerates glycolysis and mitochondrial
carbohydrate metabolism that increases ATP content and
ATP/ADP ratio, which closes the ATP-sensitive K channels
(Katp channel). The decrease in K" conductance depolarizes
the membrane and opens the voltage-dependent Ca®* channels
(VDCCs). Increased Ca> influx through VDCCs increases the

. 2 » &
intracellular Ca®?™ concentration to a level that triggers

Table 3 ATP production by mitochondria from control and
rapamycin (Rp)-cultured islets. Islets were cultured with or without
30 nM Rp for 24 h. Mitochondrial suspension was obtained from
control and Rp-cultured islets. Mitochondrial ATP production is
indicated as the ratio to ATP production from adenylate kinase,
which was determined from the same sample in parallel incubation.
Values represent mean + s.e.m. of five (A) and three (B) determinations

Mitochondrial ATP

production
Control Rp-cultured
Experimental conditions islets islets

A

1 mM succinate+1 uM rotenone

1 mM pyruvate+1 mM malate

0-5 mM TMPD+2 mM ascorbate

1 mM glycerol-3-phosphate

1 mM succinate+1 pM antimycin A
B

1 mM succinate

1 mM succinate+1 uM rotenone

1 mM succinate+1 pM antimycin A

1 mM succinate+1 uM rotenone+ 1

uM antimycin A

6:40+£0-32 6-47+0-44
3-224+0-10 2-69%0-11*
8-74+1-44 8-70+1-34
0-66+0-13 0-55%0-08
0:02+0-00 0-02+0-00

7-13+0-12 ND
6:391+0-:06 ND
0-02+0-01 ND
0-:03+0-00 ND

*P<0-05 versus corresponding control cultured without Rp. TMPD,
tetramethyl-p-phenyldiamine. ND, not determined.
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Figure 5 Effect of a-keto-B-methyl-n-valeric acid (KMV)
on mitochondrial ATP production. Islets were cultured for 24 h.
Mitochondrial suspension was obtained from cultured islets.
Mitochondrial ATP production in the presence of 1 mM pyruvate
and 1T mM malate with various concentrations of KMV is indicated
as the ratio to ATP production from adenylate kinase, which was
determined from the same sample in parallel incubation. Values
represent mean +s.e.m. of six determinations. *P<0-01 versus
control without KMV.

exocytosis of the insulin granules. Moreover, ATP directly
affects the exocytotic system and enhances insulin release in
experiments using single B-cells (Rorsman 1997, Takahashi et al.
1999) and permeabilized islets (Fujimoto et al. 2002). Thus, a
lower ATP level in the presence of high glucose plays a major
role in the attenuation of insulin secretion from rapamycin-
treated islets in response to high glucose.

In pancreatic islets, KIC is oxidized, enhancing ATP
production and triggering insulin release (Malaisse et al.
1981), and two distinct mechanisms of KIC-induced insulin
release are proposed. In one, KIC, which is converted to
acetyl CoA via a branched chain a-keto acid dehydrogenase
(BCKDH) -dependent pathway, enters into the Krebs cycle
and is oxidized (Lenzen et al. 1982, 1985). In the other,

Table 4 Effect of rapamycin (Rp) on enzyme activities in the Krebs
cycle. Islets were cultured with or without 30 nM Rp for 24 h.
Enzyme activities were measured using homogenates of mito-
chondrial fraction obtained from control and Rp-cultured islets.
Values represent mean +s.e.m. of five determinations

Enzyme activities (nmol/mg mitochondrial
protein per min)

Control islets Rp-cultured islets

PDH 10:64+0-38 10-98+0-38
Aconitase 10-83+0-78 9-77+0-78
NAD-ICDH 11:50+0-28 10-99+0-30
KGDH 13-82+0-84 10-08+0-82*
MDH 1116+37 1127+£37

*P<0-05 versus corresponding control cultured without Rp. PDH, pyruvate
dehydrogenase; NAD-ICDH, NAD™ linked-isocitrate dehydrogenase;
KGDH, a-ketoglutarate dehydrogenase; MDH, malate dehydrogenase.

www.endocrinology-journals.org

KIC together with endogenous glutamate is converted to
a-ketoglutarate via glutamate-keto acid transaminase
(GKAT), which enters into the Krebs cycle and is oxidized
(Gao et al. 2003). Because both BCKDH and GKAT are
mitochondrial enzymes, KIC might well be metabolized
within mitochondria without affecting cytosolic glycolysis,
which is compatible with the results showing that inhibition
of glycolysis by glucokinase inhibitor and glyceraldehyde-3-
phosphate dehydrogenase inhibitor decreased glucose-
induced insulin release, but did not affect KIC-induced
insulin release (Radu et al. 2005). Reduced KIC-induced
insulin release by rapamycin suggests that the decreased
glucose metabolism may be derived from reduced mito-
chondrial carbohydrate metabolism.

Because rapamycin reduced glucose utilization in the
presence of high glucose, which reflects the velocity of
glycolysis (Meglasson & Matschinsky 1986), the activity
of glucokinase, a rate-limiting enzyme in glycolysis
(Matschinsky 1996), was examined. Since rapamycin treat-
ment did not affect glucokinase activity in islets, the primary
cause of reduced glucose oxidation by the treatment is not
likely to be reduced the velocity of glycolysis. Indeed, in islets,
glucose utilization is also reduced when glucose oxidation is
decreased by respiratory chain inhibitors including site III
inhibitor in our results and site VI inhibitor (Sener et al.
2007), suggesting that reduced glucose oxidation may
decrease glucose utilization. Since glucokinase is a unique
hexokinase, which lacks product inhibition (Matschinsky
2002), accumulation of glucose-6-phosphate by mito-
chondrial metabolic inhibition may not participate in
glycolysis inhibition. Moreover, since K, of glucokinase for
ATP is about 0-5 mM, which is less than the estimated
cytosolic ATP concentration with a basal level of glucose
in P-cells (about 3 mM; Meglasson & Matschinsky 1984),
a decrease in the cytosolic ATP concentration by mito-
chondrial metabolic inhibition may have little effect on
velocity of glycolysis.

Mitochondrial ATP production is driven by the H™
gradient across the mitochondrial membrane generated by
transport of high-energy electrons in the respiratory chain.
These electrons are derived from NADH and FADH, derived
from the Krebs cycle in the matrix and/or transferred from
the cytosol by the shuttle system. To find the defective site
in mitochondrial carbohydrate metabolism in rapamycin-
cultured islets, mitochondrial ATP production was examined
in the presence of various substrates and inhibitors. As ATP
production in the presence of glycerol phosphate was not
affected, reduced function of the glycerol phosphate shuttle,
which is observed in diabetic islets (Ostenson et al. 1993), may
not participate in the reduction of ATP production by
rapamycin treatment. In the presence of rotenone, a complex
[ inhibitor, and succinate, which renders electrons indirectly
to complex I via the Krebs cycle and directly to complex II,
electrons are rendered to the respiratory chain via FADH, at
complex IT and not at complex I via NADH, which is derived
from metabolism in the Krebs cycle. TMPD is an artificial
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electron donor that can transfer electrons to cytochrome c.
TMPD reduced by ascorbate renders electrons to cytochrome
¢, which transfers electrons to complex IV. The fact that ATP
production in the presence of succinate plus rotenone and in
the presence of TMPD plus ascorbate is similar in the two
groups of mitochondria indicates that the respiratory chain
downstream of complex IT is not affected by chronic exposure
to rapamycin. Moreover, immunoblotting revealed that
expressions of respiratory chain proteins including complex
I, TIT, 1V, and V were not affected by rapamycin treatment.
Antibodies used in the present study were raised against
39 kDa subunit in complex I, core IT in complex I1I, subunit [
in complex IV, and subunit o in complex V. In these subunits,
subunit I in complex IV is derived from an mtDNA-encoded
gene; the others are from nuclear genes (Hunte 2001, Richter
& Ludwig 2003, Scheffler 2008, Zickermann et al. 2009),
indicating that rapamycin does not affect the expression of
respiratory proteins derived from mtDNA or nuclear genes in
islets. Considered together, these results do not support the
notion that rapamycin reduces ATP production by reducing
activity of the respiratory chain. Because the decrease in ATP
production was found in the presence of substrates that are
metabolizable in the Krebs cycle by rapamycin treatment, the
reduction in ATP production may be attributable to reduced
carbohydrate metabolism in the Krebs cycle.

Glucose oxidation reflects the velocity of carbohydrate
metabolism in the Krebs cycle in which CO, is released in the
reaction mediated by dehydrogenases. To clarify the link
between reduced mitochondrial ATP production in the
presence of substrates metabolizable in the Krebs cycle and
reduced glucose oxidation by rapamycin, recovery of insulin
release and ATP content in the presence of high glucose by
ROS scavengers and activity of enzymes in the Krebs cycle
were examined. Ouabain-induced endogenous ROS sup-
presses mitochondrial metabolism in the Krebs cycle,
subsequently reducing ATP production, and reduces
glucose-induced insulin release and ATP levels in the
presence of high glucose, which is recovered by the
suppression of endogenous ROS production and by ROS
scavenge (Kajikawa et al. 2002, Kominato et al. 2008). High
glucose raises ROS level in B-cells (Bindokas ef al. 2003, Sakai
et al. 2003), which is also found in our previous study
(Kominato et al. 2008). However, our previous study shows
that ROS scavenging does not affect glucose-induced insulin
secretion from control islets, but increases that from
GK-diabetic islets. A more profound increase in high
glucose-induced ROS was observed in diabetic islets
compared with control islets. These results suggest that a
physiological level of ROS increase by glucose does not
impair stimulus-secretion coupling, while a pathophysiolo-
gical increase in ROS impairs stimulus-secretion coupling.
Administration of H»>O,, the most abundant ROS, to
mitochondria reduced the activity of Krebs cycle enzymes
including aconitase, KGDH, and succinate dehydrogenase
(Tretter & Adam-Vizi 2000, Nulton-Persson & Szweda
2001). Because a-tocopherol is a lipid-soluble antioxidant,
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it is often used as membrane-permeable ROS scavenger.
a-tocopherol reduces ROS production in various kinds of
cells (Saito et al. 2003, Brookheart et al. 2009, Yang et al. 2009)
including B-cells (Kajikawa et al. 2002). As ascorbate is water
soluble, it is not necessarily membrane permeable. However,
it is useful to prevent oxidization of a-tocopherol in the
medium and to maintain the ROS-scavenging effect of
a-tocopherol. Because insulin release and ATP content in the
presence of high glucose in rapamycin-treated islets were not
increased by the addition of «-tocopherol plus ascorbate,
overproduction of endogenous ROS seems not to participate
in reduced mitochondrial carbohydrate metabolism due to
rapamycin treatment.

Impaired metabolism-secretion coupling in B-cells due to
reduced activity of enzymes in the Krebs cycle has been
reported. Exposure to fatty acids for 48 h inhibits glucose-
induced insulin secretion from islets with decreased activity in
PDH (Zhou & Grill 1995). Interleukin-1f-induced nitric
oxide production leads to inhibition of glucose-induced
insulin secretion together with reduced aconitase activity
(Welsh et al. 1991). In the present study, activity of KGDH
was decreased by rapamycin treatment. The reaction
catalyzed by KGDH is one of the slowest steps in the Krebs
cycle, and thus can be the rate-limiting step in islets (Ashcroft
1981) and in other tissues (Tretter & Adam-Vizi 2000,
Nulton-Persson & Szweda 2001). Inhibition of KGDH alters
mitochondrial function in N2a neuroblastoma cells (Huang
et al. 2003). These findings suggest that decreased activity of
KGDH might reduce mitochondrial ATP production and
result in decreased glucose-induced insulin secretion from
rapamycin-treated islets. To investigate this, suppression of
mitochondrial ATP production by inhibition of KGDH was
examined using KMV, a specific competitive inhibitor of
KGDH (Huang et al. 2003). KMV dose dependently
suppressed mitochondrial ATP production in the presence
of malate and pyruvate. This dose dependency of KMV on
mitochondrial ATP production is consistent with the dose-
dependent effect of KMV on KGDH activities previously
described (Huang er al. 2003). These results indicate that
reaction at KGDH may limit the velocity of carbohydrate
metabolism in the Krebs cycle and thus mitochondrial ATP
production, which is consistent with the result that KGDH
limits the amount of NADH available for the respiratory
chain (Tretter & Adam-Vizi 2000). These results support the
notion that a slight alteration in KGDH activity may affect
mitochondrial ATP production.

While rapamycin shares with tacrolimus a similar molecular
structure and binding ability to FK-binding protein 12
(FKBP12), the FKBP12-rapamycin complex has no effect on
calcineurin, a phosphatase that is known to be inhibited by
the FKBP12—tacrolimus complex (Saunders et al. 2001). This
is consistent with our finding in the present study that
rapamycin had no effect on glucokinase activity, but
tacrolimus suppresses glucokinase activity in islets (Radu
et al. 2005). MTOR has an FKBP12-rapamycin binding
domain to which phosphatidic acid (PA) can also bind.
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MTOR expresses biological effects by forming two types of
complexes, MTORC1 and MTORC?2, which includes
MTOR and PA commonly and Raptor and Rictor
respectively. FKBP12-rapamycin is believed to inhibit
MTOR signaling by preventing the interaction between
MTOR and PA and thus forming MTOR complexes (Foster
& Toschi 2009). Since low concentrations of rapamycin
(0-5-100 nM) target MTORCT1 and higher concentrations of
rapamycin (0-2-20 pM) target MTORC2 (Foster & Toschi
2009), our result may be derived from inhibition of signaling
mediated by MTORCI1.

Recently, it has been revealed that MTOR is a nutrient
sensor that balances energy metabolism by transcriptional
control of mitochondrial oxidative function using peroxisome
proliferator-activated receptor y coactivator-la in skeletal
muscle cells (Cunningham et al. 2007). Further investigation
of suppression of KGDH activity by rapamycin is required to
clarify adaptation of mitochondrial oxidative function and
insulin secretion according to nutrient supply.
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SHORT REPORT

Little enhancement of meal-induced glucagon-like
peptide 1 secretion in Japanese: Comparison of
type 2 diabetes patients and healthy controls

Daisuke Yabe'*, Akira Kuroe', Soushou Lee?, Koin Watanabe', Takanori Hyo', Masahiro Hishizawa', Takeshi Kurose',
Carolyn F Deacon®, Jens J Holst?, Tsutomu Hirano®, Nobuya Inagaki*, Yutaka Seino'

ABSTRACT

Although glucose-dependent insulinotropic polypeptide (GIP) levels have been characterized previously, GLP-1 levels in Asians remain
unclear. Here, we investigate total and intact levels of GLP-1, as well as GIP during oral glucose and meal tolerance tests (OGTT and
MTT) in Japanese patients with or without type 2 diabetes (T2DM). Seventeen Japanese healthy controls and 18 age-matched and
untreated patients with T2DM of short duration participated in the present study. Fasting levels of total GPL-1 were similar between
the two groups (approximately 15 pM), and intact GLP-1 levels were considerably low in both groups (less than 1 pM). In both
groups, total GLP-1 reached a peak 30 min after glucose ingestion (30-40 pM), whereas intact GLP-1 levels remained low with no
significant peak. In MTT, total and intact GLP-1 showed no obvious peak. The current data indicate that intact GLP-1 levels are consid-
erably low in the Japanese and that meal-induced enhancement of GLP-1 secretion is negligible in the Japanese. (J Diabetes Invest,

doi: 10.1111/j.2040-1124.2010.00010., 2010)

KEY WORDS: DPP-4, GIP, GLP-1

INTRODUCTION

Glucagon-like peptide-1 (GLP-1) and glucose-dependent insuli-
notropic peptide (GIP) are incretin hormones that are secreted
from the gut in response to ingestion of nutrients and stimulate
insulin secretion from pancreatic B cells'. On secretion, GLP-1
and GIP undergo rapid processing catalyzed by dipeptidyl pepti-
dase-4 (DPP-4) and lose their ability to stimulate insulin secre-
tion' ™. It is, therefore, of great importance to measure not only
intact but also total (i.e. intact plus DPP-4-processed) forms of
incretin hormones to study their secretion and processing
in vivo, although assays for intact GLP-1 and GIP require
specific antibodies and have not been widely available®”.

In healthy Caucasian subjects, incretin hormones contribute
to more than half of the overall post-prandial insulin secretion®®,
whereas a marked reduction in the incretin effect is characteristic
of Caucasian patients with type 2 diabetes (T2DM)*’. Although
the precise mechanisms underlying the reduced incretin effect
are not fully understood, approximately 20-30% reduction in
post-prandial GLP-1 response>®, in addition to the diminished
insulinotropic effect of GIP but not GLP-1'%, has been reported
in Caucasian T2DM patients. Despite negligible GLP-1 deficiency
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in some studies'' ™', the present findings have led to the creation
of GLP-1-based therapies, namely GLP-1 receptor agonists
and DPP-4 inhibitors both of which correct the deficiency of
endogenous intact GLP-1, thereby improving glycemic control in
T2DM patients'*,

The GLP-1-based therapies have been more effective in Japa-
nese T2DM patients than in other ethnicities'>™®, suggesting
more profound GLP-1 deficiencies in Japanese T2DM patients.
To address this possibility, we measured intact and total levels
of GLP-1 as well as GIP in Japanese T2DM patients and healthy
controls in response to glucose or meal ingestions.

MATERIALS AND METHODS

The protocol was approved by the ethics committee of each
participating institute and written informed consent was obtained
from all participants. A total of 35 subjects participated in the pres-
ent study, of which 18 patients had T2DM (World Health Organi-
zation criteria) of relatively short duration (3.8 + 0.7 years) and
17 controls did not have T2DM. None of the T2DM patients
received any anti-diabetic drugs before the study. Characteristics
of controls and T2DM are summarized in Table 1.

Participants were subjected to oral glucose and meal tolerance
tests (OGTT and MTT) in the morning after an overnight fast on
two separate days. For the tests, 75 g of glucose and a Japanese
standard meal (480 kcal; carbohydrate:protein:fat = 2.8:1:1) were
ingested within 5 and 10 min, respectively. As processing of intact
GLP-1 and GIP by DPP-4 extinguishes their insulinotropic activi-
ties>*, the present study was designed to measure both intact and
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‘ GLP-1 response in Japanese

Table 1 | Characteristics of healthy controls and patients with type 2
diabetes

Control T2DM
n 17 18
Female (%) 18 22
Age (years) 51+3 55+3
BMI (kg/m?) 224 £ 06 239+ 09
HbA1c (%) 52+01 72 + 05*
Duration (year) - 38 07
Systolic blood pressure (mmHg) 120+ 3 124 £ 3
Diastolic blood pressure (mmHg) 77 £ 2 76 + 2
Total cholesterol (mg/dL) 187+ 8 205+ 5
HDL cholesterol (mg/dL) 58+5 58 + 4
Triglycerides (mg/dL) 83+8 137 £ 5%

Each value represents the mean + SEM. BMI, body mass index;
HDL, high-density lipoprotein; T2DM, patients with type 2 diabetes.
*P < 001; *P < 005.

total (intact and DPP-4-processed) forms of GLP-1 and GIP.
Catheters were placed in cubital veins and blood samples were
withdrawn from the catheters directly into BD™ P700 Blood Col-
lection Tubes (BD, Franklin Lakes, NJ, USA) containing a DPP-4
inhibitor to prevent DPP-4 processing. Aliquots of plasmas were
extracted with ethanol at the final concentration of 70% (vol/vol)
and dried extracts were reconstituted in the original volume prior
to measuring incretin levels. Recoveries were 75-80% of the
expected concentrations for intact and total GLP-1 added to plas-
mas before extraction, and 80-85% for intact and total GIP. Vol-
umes of the reconstituted extracts used to measure incretins were
as follows: total GLP-1 300 pL; intact GLP-1 40 pL; total GIP
150 pL; intact GIP 300 pL. All samples were measured in dupli-
cate. Total GLP-1 was measured using antiserum 89390 specific
for the amidated COOH-terminus of GLP-1, and detecting
GLP-1(7-36)amide and GLP-1 (9-36)amide (detection limit:
<1 pM)". Intact GLP-1 was measured using a two-site sandwich
enzyme-linked immunosorbent assay (ELISA) that detects GLP-
1(7-36)amide and GLP-1(7-37), but not the NH2-terminally
truncated metabolites, using two monoclonal antibodies, the near
C-terminally directed GLP1F5 as a catching antibody and the
strictly N-terminally directed Mab26.1 as a detecting antibody
(detection limit, <0.5 pM)°. This assay has 100% cross-reactivity
with GLP-1 (7-36)amide and 88% with GLP-1 (7-37), but <0.1%
with either GLP-1 (9-36)amide or GLP-1 (9-37). Total GIP was
measured using the COOH-terminally directed antiserum R65,
reacting with intact GIP and GIP(3-42) but not with 8-kDa GIP,
whose chemical nature and relationship to GIP secretion is uncer-
tain (detection limit, 2 pM)ZO. Intact, biologically active GIP was
measured using antiserum 98171, specific for the intact GIP and
cross-reacting <0.1% with GIP(3-42) (detection limit, 5 pM)4.
The intra- and inter-assay variations for intact GIP, total GIP and
total GLP-1 radioimmunoassays were <6% and for intact GLP-1
ELISA was <5%. Levels of intact GLP-1 remained under the detec-
tion limit throughout the test in 4/15 T2DM/OGTT subjects, 6/17
control/OGTT subjects, 2/12 T2DM/MTT subjects and 3/16

control/MTT subjects. Subjects whose intact GLP-1 remained
under the detection limit throughout the test were included in the
current study and immeasurable values were regarded as zero.
Proportions of such subjects were similar between the T2DM and
the control group. Even when subjects whose intact GLP-1
remained under the detection limit throughout the test were
excluded, levels of intact GLP-1 showed no significant difference
between the T2DM and the control group.

Glucose levels were measured by standard procedures. Area
under the curve (AUC) of each measurement was calculated
according to the trapezoidal rule. All statistical calculations were
carried out using StatView for Windows version 5.0 (SAS
Institute, Berkeley, CA, USA). Two-way anova for repeated mea-
sures with post-hoc analysis was used to analyze time-course
curves. Values at single time-points were compared by unpaired
t-test. A P value <0.05 was taken to indicate significant differences.

RESULTS

Fasting levels of total GLP-1 were 157 +10 and
155 + 1.7 pM, and those of intact GLP-1 were 0.7 + 0.2 and
0.2 £ 0.1 pM in the control and T2DM groups, respectively.
In OGTT, total GLP-1 reached the peak (40.3 + 10.4 and
35.3 = 8.7 pM in the control and T2DM groups) 30 min after
glucose was given, whereas intact GLP-1 levels remained low
and showed no significant peak (Figure 1). AUC for total and
intact GLP-1 were similar in the two groups. In MTT, total and
intact GLP-1 showed no obvious peak. AUC for total and intact
GLP-1 were also similar in the two groups. Fasting levels of
total GIP were 21.2 + 2.7 and 29.7 + 8.0 pM, whereas those
of intact GIP were 139 + 28 and 13.8.0 £ 2.8 pM in the
control and T2DM groups, respectively. In OGTT, total GIP
reached the peak (141.7 + 41.7 and 1353 + 363 pM in the
control and T2DM groups) 30 min after glucose was given, and
intact GIP reached the peak (51.2 + 7.6 and 49.6 + 8.2 pM in
the control and T2DM groups) as early as 10 min after glucose
was given. AUC for total and intact GIP in the two groups were
similar. In MTT, total and intact GIP reached the peak (total:
183.6 + 38.7 and 150.0 + 18.4 pM and intact: 70.3 + 10.2 and
72.9 £ 6.5 pM in the control and T2DM groups) 30 min after
meal ingestion in both the control and T2DM groups. AUC for
total and intact GIP were similar in the two groups.

DISCUSSION

In the present study, we determined total and intact levels of
GLP-1 and GIP in healthy Japanese volunteers and untreated
Japanese patients with T2DM of short duration in response to
glucose or meal ingestion.

Intact GLP-1 levels were considerably low in not only the
T2DM group but also the healthy volunteers. The very low levels
of intact GLP-1 in the Japanese might be explained by impaired
secretion from the gut, accelerated processing by DPP-4, or both.
Intact GLP-1 levels remained very low despite the significant peak
of total GLP-1 in response to glucose ingestion, suggesting
enhanced GLP-1 processing by DPP-4. However, the intact
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Figure 1 | Response of glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) after ingestion of oral glucose or
a meal in Japanese patients with type 2 diabetes (T2DM) and healthy controls (Control). Japanese patients with T2DM and healthy controls were
subjected to 75-g oral glucose and meal tolerance tests (OGTT and MTT). Left, levels of indicated measurements in each time-point (black squares,
T2DM; white circles, control). Right, area under the curve (AUC) for indicated measurements were shown by arbitrary units (black bars, T2DM; white
bars, control). Each value represents the mean + SEM. *P < 005 and **P < 001 show that levels of T2DM are significantly different (unpaired t-test)
from those of the control group at individual time-points. Numbers of subjects analyzed for glucose intact GLP-1 and intact GIP were as follows:
T2DM/OGTT, n = 17; T2DM/MTT, n = 12; Control/OGTT, n = 15; Control/MTT, n = 16. Those analyzed for total GLP-1 and total GIP were as follows:
T2DM/OGTT, n = 10; T2DM/MTT, n = 5; Control/OGTT, n = 9; Control/MTT, n = 10.

versus total ratio of GIP, another DPP-4 substrate, was much
higher than that of GLP-1, implying that enhanced DPP-4
processing could be rather selective to GLP-1. Although GLP-1
has been shown to be more liable to DPP-4 processing than GIP*,
little is known about the kinetics of GLP-1 and GIP processing in
the Japanese, and needs to be investigated in future to better
understand the basis of the selective reduction of intact GLP-1.
Another important finding is that in the Japanese, the
GLP-1 response after meal ingestion was negligible, despite

the robust GIP response. The reduced GLP-1 response could
be explained by meal size as well as meal composition,
which was shown to be critical to GLP-1 response ™.
Regulatory mechanisms of nutrient-induced GLP-1 secretion
are beginning to be shown™ and further studies might shed
light on the reduced meal-induced GLP-1 response in the
Japanese.

Intact GLP-1 levels in the Japanese subjects in the current
study were significantly lower than those of Caucasians reported
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