. HELROTHTIZET 5 —ER
WRERROFITICET 5 —ER

E2

i
s

EHRA | RXEA MVE [ERELGED | & F 4 MRS | HBE (HRE | -
REEE 4
REEH KL WL A DA RREA i L= HAREE
INishi Y, Fujimoto |[Role of mitochondrial Biochem. J. | in press 2011
S, Sasaki M, phoshate carrier in
Mukai E, Sato H, |metabolism-secretion
Sato Y, Tahara Y, |coupling in rat
INakamura Y, insulinome cell line
Inagaki N. INS-1.
Funakoshi S, Utility of indices using C| J.Diabetes in press 2011
Fujimoto S, peptide levels for Invest.
Hamasaki A, indication of insulin
Fujiwara H, therapy to achieve good
Fujita Y, Ikeda K, |glycemic control in
Takahara S, Japanese patients with
Nagashima K, type 2 diabetes.
Hosokawa M,
Seino Y,
Inagaki N.
Harada N, Plasma gastric inhibitory | J.Diabetes in press 2011
Hamasaki A, polypeptide and Invest,
Yamane S, glucagon-like peptide-1
Muraoka A, Joo E, [levels are associated with
Fujita K, distinct factors after
Inagaki N. glucose loading in
Yamane S, GLP-1 receptor agonist J.Diabetes | in press 2011
Hamamoto Y, attenuates endoplasmic Invest.
Harashima S, reticulum
Harada N, stress-mediated B-cell
Hamasaki A, damage in Akita mice.
Toyoda K, Fujita
K, Joo E,
Inagaki N.
Fujimoto H, Three dimensional ex Transpl. Int. | in press 2011
Toyoda K, Okitsu |vivo imaging and
T, Liu X, Mukai E, [analysis of intraportal
Zhuang X-T, islet transplants.
Uemoto S,
Mochizuki N,
Inagaki N.
Yamada C, Relationship of J.Diabetes in press 2011
Fujimoto S, Tkeda |(homocysteine and Invest.
K, Nomura Y, homocysteine-related
Matsubara A, vitamins to bone mineral
Kanno M, Shide [density in Japanese
K, Tanaka K, Imai [patients with type 2
E, Fukuwatari T, |diabetes.
Shibata K,
[nagaki N.

_38_




Obara A, Ogura
M, Nakamura Y,
Toyoda K,
Nagashima K,
Seino Y,

Inagaki N.

reactive nitrogen species
in mice.

Kuwabara A, Fat restriction is Ulcers in press 2011
[Nakase H, Tsuji H,|associated with impaired
Shide K, Chiba T, |quality of life (QOL) in
Inagaki N, patients with ulcerative
Tanaka K. colitis and Crohn’s
disease.
Tanaka D, GCKR mutations in Mol. Genet. 102(4) 453-460 2011
Nagashima K, Japanese families with Metab.
Sasaki M, clustered type 2 diabetes.
‘Yamada C,
Funakoshi S,
Akitomo K,
Takenaka K,
Harada K,
Koizumi A,
Inagaki N.
OgawaE, The effect of gastric Biochem. 404(1) 115-120 2011
Hosokawa M, inhibitory polypeptide on| Biophys. Res.
Harada N, intestinal glucose Commun.
Yamane S, absorption and intestinal
Hamasaki A, motility in mice.
Toyoda K,
Fujimoto S, Fujita
Y, Fukuda K,
Tsukiyama K,
'Yamada Y, Seino
Y, Inagaki N.
Yoshihara E, Disruption of TBP-2 Nature 1 127 2010
Fujimoto S, ameliorates insulin Communications
[nagaki N, Ogawa |sensitivity and secretion
K, Masaki S, without affecting obesity.
Y odoi J, Masutani
H.
Uonaga T, Toyoda [FGF-21 enhances islet Islets 2(4) 247-251 2010
K, Okitsu T, engraftment in mouse
Zhuang X, syngeneic islet
Yamane S, transplantation model.
Uemoto S,
Inagaki N.
Mukai E, Fujimoto [Exendin-4 suppresses Src| Diabetes 60(1) 218-226 2010
S, Sato H, activation and reactive
Oneyama C, oXygen species
Kominato R, Sato |production in diabetic
Y, Sasaki M, Nishi|GK rat islets in an
Y, Okada M, Epac-dependent manner.
" Inagaki N.
Fujita Y, Metformin suppresses Diabetologia 53(7) | 1472-1481 2010
Hosokawa M, hepatic gluconeogenesis
Fujimoto S, Mukai jand lowers fasting blood
E, Abudukadier A, |glucose levels through

_39_




Tamura H, Saito
M, Saito K, lida T,
Oishi A,

Kurimoto Y,
Matsuda F,

Y oshimura N,

Kawasaki Y, Exendin-4 protects Horm. Metab. 42(5) 311-317 2010
Harashima S, pancreatic beta cells Res.

Sasaki M, Mukai [from the cytotoxic effect

E, Nakamura Y, |of rapamycin by

Harada N, Toyoda |inhibiting JNK and p38

K, Hamasaki A, |phosphorylation,

Yamane S,

'Yamada C,

‘Yamada Y, Seino

Y, Inagaki N.

Sato S, Assessment of a new Neonatology 98(2) 179-190 2010
[shida-Nakajima [piezoelectric transducer

W, Ishida A, sensor for noninvasive

Kawamura M, cardiorespiratory

Miura S, Ono K, |monitoring of newborn

Inagaki N, Takada [infants in the NICU.

G, Takahashi T.

Yoneda K, Expression of wild-type, | J. Dermatol. 37(11) 956-964 2010
Demitsu T, but not mutant, loricrin

Manabe M, causes programmed cell

[garashi J, Kosaka |death in HaCaT

H, Inagaki N, keratinocytes.

Takahashi H, Kon

A, Kakurai M,

Kubota Y.

Takahashi I, Phenotypical variety of Endocr. J. 57(6) 509-516 2010
Yamada Y, insulin resistance in a

Kadowaki H, family with a novel

Horikoshi M, mutation of the insulin

Kadowaki T, receptor gene.

Narita T,

Tsuchida S,

Noguchi A,

Koizumi A,

Takahashi T.

[Nakata I, Genetic variants in Ophthalmology| in press 2011
'Yamashiro K, pigment

'Yamada R, Gotoh epithelium-derived factor

IN, Nakanishi H, [influence response of

Hayashi H, polypoidal choroidal

Tsujikawa A, vasculopathy to

Otani A, Ooto S, [photodynamic therapy.

_407




Murakami Y,
Toyoda H, Tanaka
M, Kuroda M,
Harada Y,
Matsuda F,

IN, Ochiya T,
Shimotohno K.

Tajima A, Kosaka

The progression of liver
fibrosis is related with
overexpression of the
miR-199 and 200
families.

PLoS One

6(1)

e16081

2011

Takahashi M,
Saenko VA,
Rogounovitch TI,
Kawaguchi T,
Drozd VM,
Takigawa-Imamura
H, Natallia M.
Akulevich NM,
Ratanajaraya C,
Mitsutake N,
Takamura N,
Danilova LI,
Lushchik M L,
Demidchik YE,
Heath S, Yamada
R, Lathrop M,
Matsuda F,
'Yamashita S.

The FOXE! locusis a
major genetic
determinant for
radiation-related thyroid
carcinoma in Chernobyl.

Hum. Mol.
Genet.

19(12)

2516-2523

2010

Ohmura K,

Terao C,

Maruya E,
Katayama M,
Matoba K,
Shimada K,
Murasawa A,
Honjo S,
Takasugi K,
Tohma S, Matsuo
K, Tajima K,
Yukawa N,
Kawabata D,
Nojima T, Fujii T,
'Yamada R, Saji H,
Matsuda F,
Mimori T.

antibody-negative RA is
a genetically distinct
subset: a definitive study
using only bone-erosive
ACPA-negative
rheumatoid arthritis.

Anti-citrullinated peptide| Rheumatology

(Oxford).

49(12)

2298-2304

2010

_41_




Suzuki A, Ikari K,
Terao C,
Takahashi A,
Yamazaki K,
Hosono N,
Myouzen K,
Tsunoda T,
Kamatani N,
Furuichi T,
Ikegawa S,
Ohmura K, Mimori
T, Matsuda F,
Iwamoto T,
Momohara S,
'Yamanaka H,
Yamada R, Kubo
M, Nakamura Y,
'Yamamoto K.

ICCR6 is associated with
rheumatoid arthritis
susceptibility.

Hirosawa K, Estimation of P-value of Genet. 34(6) 543-551 2010
Kawaguchi T, MAX test with double Epidemiol.

Matsuda F, triangle diagram for 2 x 3

Yamada R. SNP case-control tables.

Nalpas B, Interferon-y receptor 2 Gut 59(8) 1120-1126 2010
Lavialle-Meziani (gene variants are

R, Plancoulaine S, |associated with liver

Jouanguy E, fibrosis in patients with

(Nalpas A, chronic hepatitis C

Munteanu M, infection,

Charlotte F,

Ranque B, Patin E,

Heath S, Fontaine

H, Vallet-Pichard

A, Pontoire D,

Bourliére M,

Casanova JL,

Lathrop M,

Bréchot C,

Poynard T,

Matsuda F, Pol S,

Abel L.

Kochi Y, Okada Y, |A regulatory variant in Nat. Genet. 42(6) 515-519 2010

_42*




Kanai M, YoshiokalAssociations between Cancer 34(2) 189-193 2010
A, Tanaka S, glutathione S-transferase | Epidemiol,
Nagayama S, pi Ile(105)Val and

Matsumoto S, glyoxylate

INishimura T, aminotransferase

INiimi M, Pro(11)Leu and

Teramukai S, [le(340)Met

Takahashi R, Mori [polymorphisms and

Y, Kitano T, early-onset

Ishiguro H, oxaliplatin-induced

Yanagihara K, neuropathy.

Chiba T,

Fukushima M,

Matsuda F.

Yamaguchi H, Aberrant splicing of milk Eur. J. 40(6) 1778-1785 2010
Fujimoto T, fat globule EGF factor 8 | Immunol.
[Nakamura S, gene in human systemic

Ohmura K, Mimoriflupus erythematosus.

T, Matsuda F,

iNagata S.

Nakanishi H, Joint effect of cigarette Invest. 51(12) 6183-6187 2010
Yamashiro K, smoking and CFH and Ophthalmol,
Yamada R, Gotoh |[LOC387715/HTRAl Vis. Sci.
IN, Hayashi H, polymorphisms on

[Nakata I, Saito M, |polypoidal choroidal

lida T, Oishi A,  |vasculopathy.

Kurimoto Y,

Matsuo K, Tajima

K, Matsuda F,

'Yoshimura N.

Nakanishi H, Single-nucleotide Invest. 51(9) 4432-4436 2010
Hayashi H, polymorphisms in the Ophthalmol.
Yamada R, promoter region of Vis. Sci.
Yamashiro K, matrix

Nakata I, Shimada metalloproteinase-1, -2,

IN, Ohno-Matsui K, [and -3 in Japanese with

Mochizuki M, high myopia.

Ozaki M,

Y oshitake S,

Kuriyama S, Saito

M, lida T, Matsuo

K, Matsuda F,

Yoshimura N.

_43_




Matsunaga T, Gu
N, Yamazaki H,
Adachi T,
‘Yasuda K,
Moritani T,
Tsuda K,
Nishiyama T,
INonaka M.

Association of estrogen
receptor-alpha gene
polymorphisms with
cardiac autonomic
nervous activity in
healthy young Japanese
males.

Clin. Chim.
Acta.

411(7-8)

505-509

2010

_447




BJ] www.biochemij.org

BJ Metabolism

This is a data-enviched, inleractve
PDF thal provides the gateway
1o & world of information when

opened in Utopia Documents
Download FREE software now

Biochem. J. (2011) 435, 421430 (Printed in Great Britain) doi:10.1042/BJ20101708

421

Role of mitochondrial phosphate carrier in metabolism-secretion coupling

in rat insulinoma cell line INS-1

Yuichi NISHI, Shimpei FUJIMOTOQ', Mayumi SASAKI, Eri MUKAI, Hiroki SATO, Yuichi SATO, Yumiko TAHARA,

Yasuhiko NAKAMURA and Nobuya INAGAKI

Department of Diabetes and Clinical Nutrition, Graduate School of Medicine, Kyoto University, 54 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan

In pancreatic B-cells, glucose-induced mitochondrial ATP
production plays an important role in insulin secretion. The
mitochondrial phosphate carrier PiC is a member of the SLC25
(solute carrier family 25) family and transports P; from the cytosol
into the mitochondrial matrix. Since intramitochondrial P; is an
essential substrate for mitochondrial ATP production by complex
V (ATP synthase) and affects the activity of the respiratory
chain, P; transport via PiC may be a rate-limiting step for ATP
production. We evaluated the role of PiC in metabolism—secretion
coupling in pancreatic S-cells using INS-1 cells manipulated
to reduce PiC expression by siRNA (small interfering RNA).
Consequent reduction of the PiC protein level decreased glucose
(10 mM)-stimulated insulin secretion, the ATP:ADP ratio in the

presence of 10 mM glucose and elevation of intracellular calcium
concentration in response to 10 mM glucose without affecting
the mitochondrial membrane potential (Ayr,,) in INS-1 cells. In
experiments using the mitochondrial fraction of INS-1 cells in
the presence of 1 mM succinate, PiC down-regulation decreased
ATP production at various P; concentrations ranging from 0.001
to 10 mM, but did not affect Ay, at 3 mM P;. In conclusion, the
P; supply to mitochondria via PiC plays a critical role in ATP
production and metabolism—secretion coupling in INS-1 cells.

Key words: inorganic phosphate (P;), insulin secretion,
mitochondria, mitochondrial phosphate carrier (PiC), small
interfering RNA (siRNA), solute carrier family 25 (SLC25).

INTRODUCTION

Glucose stimulates insulin secretion by both triggering and
amplifying signals in pancreatic B-cells [1]. The triggering
pathway includes entry of glucose into f-cells, acceleration
of glycolysis in the cytosol and mitochondrial metabolism of
products derived from glycolysis, increase in ATP content
and ATP/ADP ratio, closure of ATP-sensitive K* channels
(Karp channels), membrane depolarization, opening of VDCCs
(voltage-dependent Ca?* channels), increase in Ca®* influx
through VDCCs, rise in intracellular Ca’* concentration ([Ca?*];),
and exocytosis of insulin granules. Glucose also exerts its
effects by increasing Ca?* efficacy in stimulation—secretion
coupling via an amplifying pathway, owing at least in part
to the direct effect of increased ATP derived from glucose
metabolism on exocytosis. Since depletion of mitochondrial DNA
abolishes the glucose-induced ATP elevation, mitochondria are
clearly a major source of ATP production in pancreatic B-cells
[2,3]. Collectively, 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 important role.

Almost all of the mitochondrial carrier proteins are embedded
in the inner membranes of mitochondria, where they transport
solutes across the membrane. They belong to the SLC25 (solute
carrier family 25) group of proteins [4]. Several members
of the SLC25 group have been reported to play roles in
GSIS (glucose-stimulated insulin secretion) in pancreatic 8-cells.
Overexpression or silencing of AGC1 (aspartate/glutamate carrier
1; SLC25A12 or Aralarl) has been reported to increase or reduce

GSIS in INS-1E cells respectively [5,6]. Overexpression of UCP2
(uncoupling protein 2; SLC25A8) by adenovirus vector is known
to inhibit GSIS from rat islets [7], whereas GSIS from islets of
UCP2-deficient mice is enhanced compared with that from control
islets [8]. In addition, down-regulation of OGC (2-oxoglutarate
carrier; SLC25A11), CIC (citrate/isocitrate carrier; SLC25A1)
and GCl1 (glutamate carrier 1; SLC25A22) by siRNA (small
interfering RNA) suppress GSIS [9-11].

The mitochondrial phosphate carrier PiC (SLC25A3) is a
member of the SLC25 family and transports P; from the cytosol
into the mitochondrial matrix. The PiC gene has 9 exons; the 3rd
and the 4th exons are called exon 3A and exon 3B respectively.
These two exons are alternatively spliced and two isoforms of PiC,
PiC-A and PiC-B, are generated [12]. They differ considerably in
their kinetic parameters as previously shown in a study using a
reconstitution system [13]. The K, of PiC-A for P; on the external
membrane surface is 3-fold that of PiC-B (PiC-A: ~2.2 mM;
PiC-B: ~0.78 mM). The K, on the internal surface is much higher
(PiC-A: ~9.7 mM; PiC-B: ~6.3 mM) than K, on the external
membrane surface. The maximum transport rate of PiC-A is
approximately a third that of PiC-B. These isoforms also differ in
their tissue distribution. PiC-A is expressed in skeletal muscle and
cardiac muscle, whereas PiC-B is expressed ubiquitously [13,14].
A case study of patients with PiC-A deficiency who suffered from
lactic acidosis, heart failure and muscle weakness and died within
the first year of life, demonstrates the critical significance of this
carrier [15].

Since intramitochondrial P; is an essential substrate for
mitochondrial ATP production by complex V (ATP synthase) and
affects activity of the respiratory chain [16], the supply of P; from

Abbreviations used: AAC, ATP/ADP carrier; DAPP, diadenosine pentaphosphate; DIC, dicarboxylate carrier; FCCP, carbonyl cyanide p-
trifluoromethoxyphenylhydrazone; GSIS, glucose-stimulated insulin secretion; KRBH, Krebs-Ringer bicarbonate Hepes buffer; RT, reverse transcription;
siRNA, small interfering RNA; SLC25, solute carrier family 25; TMPD, N,N,N’,N'-tetramethyl-p-phenylenediamine.
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cytosol to mitochondrial matrix via PiC may be a rate-limiting
step for ATP production. However, precise detection of PiC and
its significance in metabolism—-secretion coupling in pancreatic
B-cells has not been reported previously. In the present study,
the role of PiC in metabolism—secretion coupling in pancreatic
B-cells is evaluated using INS-1 cells manipulated to reduce PiC
expression.

EXPERIMENTAL
Materials

ATP, ADP, poly-L-ornithine, DAPP (diadenosine pentapho-
sphate), Safranin O, FCCP (carbonyl cyanide p-trifluorometho-
xyphenylhydrazone), ATP sulfurylase and Na,MoO, were
purchased from Sigma. Hepes, KCl, EGTA, sodium pyruvate,
MgSO,, NaH,PO,, CaCl,, glucose, NaCl, NaHCO;, HCIO,,
Na,CO;, pyruvate kinase, BSA, KOH, potassium gluconate
and KH,PO, were purchased from Nacalai. 2-mercaptoethanol,
penicillin, streptomycin and mouse monoclonal antibodies to the
subunits of the mitochondrial respiratory chain complexes were
purchased from Invitrogen. Luciferin-luciferase was purchased
from Promega.

Cell culture

INS-1 (rat insulinoma) cells were cultured in RPMI 1640 medium
containing 11.1 mM glucose (Invitrogen) supplemented with
10 % heat-inactivated fetal calf serum, 10 mM Hepes, 2 mM
L-glutamine, 1 mM sodium pyruvate, 50 uM 2-mercaptoethanol,
100 IU/ml penicillin and 100 pg/ml streptomycin at 37°C in a
humidified atmosphere (5 % CO, and 95 % air). COS-7 (African
green monkey kidney) cells were cultured in Dulbeco’s modified
Eagle’s medium supplemented with 10 % heat-inactivated fetal
calf serum, 100 IU/ml penicillin and 100 pwg/ml streptomycin at
37°C in a humidified atmosphere (5 % CO, and 95 % air).

siRNA transfection

Stealth™ siRNAs were synthesized by Invitrogen. The
sequences of siRNAs specific for both rat PiC-A and PiC-
B were: 5-AAAUAUGCCCUUGUACUUCUGAGGG-3' and
5'-CCCUCAGAAGUACAAGGGCAUAUUU-3 designated as
PiC siRNA1 and 5'-GAACACCUAUCUGUGGCGUACAUCA-
3" and 5-UGAUGUACGCCACAGAUAGGUGUUC-3' desig-
nated as PiC siRNA2. The sequences of control siRNAs
were: 5'-ACCAACAACAGUUUGGGAAUAGGGA-3 and 5'-
UCCCUAUUCCCAAACUGUUGUUGGU-3'. Cultured INS-1
cells were trypsinized, suspended with RPMI 1640 medium
without antibiotics, mixed with Opti-MEM (Invitrogen)
containing siRNA and Lipofectamine™ 2000 (Invitrogen), plated
on dishes or wells and then incubated at 37°C in a CO,
incubator. The final amounts of INS-1 cells, RPMI 1640, Opti-
MEM, siRNA and Lipofectamine™ 2000 were 1x10° cells/ml,
75 % (vIv), 25% (v/v), 80 nM and 0.3 % respectively. Medium
was replaced with RPMI 1640 3-4h after transfection. All
experiments using siRNA-transfected INS-1 cells were performed
48 h after transfection unless otherwise noted.

Isolation of total RNA and quantitative RT (reverse
transcription)-PCR

Total RNA was isolated from cardiac muscle, brain, skeletal
muscle, kidney, liver and lung of Wistar rats using TRIzol®
(Invitrogen) and from islets of Wistar rats and INS-1 cells using
RNeasy mini kit (Qiagen). Animals were maintained and used

© The Authors Journal compilation © 2011 Biochemical Society

Table 1 Primer sequences used in RT-PCR and quantitative RT-PCR

Name Forward Reverse

PiC-A 5-AGCTGGTGCACGATGTGTCG-3'  5'-TTCCTCCGAGTCCACAGAGG-3
PiC-B 5-AGCTGGTGCACGATGTGTCG-3'  5'-CCACCAAAGCCACACAGTGC-3
Total PiC 5-AGAGCAGCTGGTTGTGACAT-3'  5'-ACACCTCTAAAGCCAAGCCT-3
(PiC-A+PiC-B)

B-actin 5'-CAATGAGCGGTTCCGATGCC-3  5'-AATGCCTGGGTACATGGTGG-3

in accordance with the Guidelines for Animal Experiments of
Kyoto University. Islets were isolated by collagenase digestion
[17]. cDNA was prepared by reverse transcriptase (Superscript
II; Invitrogen) with an oligo(dT) primer. The rat sequences of
forward and reverse primers to detect PiC-A, PiC-B, total PiC
(PiC-A plus PiC-B) and B-actin (as an inner control) are shown
in Table 1. AmpliTaq Gold (Applied Biosystems) was used as a
DNA polymerase for RT-PCR. SYBR Green PCR Master Mix
(Applied Biosystems) was prepared for the quantitative RT-PCR
run. The thermal cycling conditions were denaturation at 95°C
for 10 min followed by 40 cycles at 95°C for 30s and 60°C for
30s.

Plasmid construction and transfection

The cDNA fragment of rat PiC-B was obtained from rat islets
by RT-PCR and cloned into the pHMCAS vector. pHMCAS5-
PiC-B was transfected into COS-7 and INS-1 cells using
FuGENE™ 6 transfection reagent (Roche) and Lipofectamine™
2000 respectively.

Immunoblot analysis

Rabbit antibody against the rat PiC peptide PPEM-
PESLKKKLGLTE corresponding to C-terminal residues was
originally raised. For immunoblotting, cells were washed
with PBS containing protease inhibitor (Complete; Roche),
suspended in 1ml of PBS containing protease inhibitor and
homogenized. Protein (50 ug per sample) was separated on
a 15% polyacrylamide gel and transferred to a nitrocellulose
membrane. After blocking with TBS (Tris-buffered saline;
10 mM Tris/HC] and 100 mM NaCl, pH 7.5) containing 0.1 %
Tween 20 and 5% skimmed milk (blocking buffer) at room
temperature (25°C) for 2 h, blotted membranes were incubated
overnight at 4°C with anti-PiC antibody at 1:500 dilution,
anti-DIC (dicarboxylate carrier) antibody (Novus Biologicals)
at 1:100 dilution, mouse monoclonal anti-complex I (39 kDa
subunit) antibody, anti-complex III (core II) antibody, anti-
complex IV (subunit I) antibody or anti-complex V (subunit «)
of mitochondrial respiratory chain antibody at 1:1000 dilution
in blocking buffer, and subsequently with anti-rabbit (for
PiC and DIC) or anti-mouse (for respiratory chain proteins)
IgG horseradish peroxidase-conjugated secondary antibody (GE
Healthcare) diluted 1:5000 at room temperature for 2 h prior to
detection using ECL (GE Healthcare). In the same membrane,
the process was repeated for B-actin at 1:1000 dilution of the
antibody. Band intensities were quantified with Multi Gauge
software (Fujifilm).

Insulin secretion

For insulin secretion assays, INS-1 cells cultured on 24-well
plates coated with 0.001 % poly-L-ornithine were washed with
KRBH (Krebs-Ringer bicarbonate Hepes buffer) composed of

_46_



Role of PiC in INS-1 cells 423

140 mM NaCl, 3.6 mM KCl, 0.5 mM MgSO,, 0.5 mM NaH,PO,,
1.5 mM CaCl,, 2 mM NaHCO,, 0.1 % BSA and 10 mM Hepes
(pH 7.4) with 2 mM glucose, preincubated at 37 °C for 30 min in
KRBH with 2 mM glucose, and then incubated at 37 °C for 30 min
in KRBH with 2 mM glucose, 10 mM glucose or 2 mM glucose
plus 30 mM KCI. Insulin concentrations were determined by RIA
using rat insulin as a standard as previously described [17].

Adenine nucleotides

ATP and ADP contents were determined as previously described
[18,19] with some modifications. Briefly, INS-1 cells were
cultured, washed and preincubated as described above and
incubated with KRBH with 2 mM glucose, 10 mM glucose or
2 mM glucose plus 30 mM KCl at 37°C for 30 min. Incubation
was stopped by the addition of HCIO,. The contents of wells
were sonicated [three pulses of 3 s duration using a Handy Sonic
UR-20P instrument (TOMY SEIKO) on ice] and transferred into
glass tubes. The tubes were then centrifuged, and a fraction of
the supernatant was neutralized with Hepes and Na,CO;. The
ATP concentration was measured by luciferin-luciferase assay.
After ATP in the neutralized extract was irreversibly converted to
AMP with ATP sulfurylase in the presence of Na,MoO,, ADP in
the reactant was converted to ATP with pyruvate kinase and was
determined by luciferin-luciferase assay as the difference between
the measurements with and without pyruvate kinase.

Intracellular calcium concentration ([Ca?*];) and mitochondrial
membrane potential (Ay ) in living cells

INS-1 cells were seeded on to glass coverslips coated with
0.001 % poly-L-ornithine and cultured 48 h before measurements
were made. For measurements of [Ca?*];, cultured INS-1 cells
were loaded with 5 uM Fura-PE3/AM (Calbiochem) at 37 °C for
90 min, placed in a heat-controlled chamber on the stage of an
inverted microscope kept at 36 £ 1°C, superfused with KRBH
containing 2 mM glucose, and subsequently exposed to the buffer
containing 10 mM glucose or 30 mM KCl. The cells were excited
successively at 340 and 380 nm, and the fluorescence emitted at
510 nm was captured by CCD camera (Micro Max 5 MHz System,
Roper Industries, Trenton, NJ). The images were analysed with
the Meta Fluor image analyzing system (Universal Imaging). The
340 nm (F340) and 380 nm (F380) fluorescence signals were
detected every 15s, and ratios (F340/F380) were calculated.
For A+, measurements, the same protocol as above was used
except that cultured cells were loaded with 10 pg/ml rhodamine
123 (Invitrogen) at 37°C for 30 min and fluorescence excited at
490 nm and emitted at 530 nm every 20 s was monitored.

ATP production and Ay, in mitochondrial fraction

Measurement of ATP production from the mitochondrial fraction
was performed as previously described [18] with minor
modifications. Firstly, INS-1 cells were homogenized in solution
A consisting of 50 mM Hepes, 100 mM KClI, 1.8 mM ATP, | mM
EGTA, 2 mM MgCl, and 0.5 mg/ml BSA (electrophoretically
homogeneous) with the pH adjusted to 7.00 at 37°C with
KOH. After precipitation of cell debris and nuclei by 800 g
centrifugation for 3 min, the supernatant was centrifuged more
rapidly (10000 g for 3 min) to obtain a pellet containing the
mitochondrial fraction. The precipitation, diluted by 200 wl
of solution A, was centrifuged again and rinsed three times
in solution B, consisting of 20 mM Hepes, 1 mM EGTA,
12mM NaCl, 0.3 mM MgCl,, 130 mM potassium gluconate
and 0.5 mg/ml BSA (electrophoretically homogeneous) with the

pH adjusted to 7.10 with KOH. The mitochondrial fraction in
500 ul of solution B was kept on ice until use. To measure
ATP production by oxidative phosphorylation, the reaction
was started by adding mitochondrial suspension to prewarmed
solution B (37°C) containing mitochondrial substrates with
or without respiratory chain inhibitors, 50 uM ADP, 1 uM
DAPP and various levels of P;. DAPP, a specific inhibitor of
adenylate kinase, was used to measure ATP production by
oxidative phosphorylation exclusively. After the reaction was
stopped, the ATP concentration in the solutions was measured
by adding luciferin-luciferase solution with a bioluminometer.
ATP production was corrected by mitochondrial protein content.
Measurement of Avr,, was performed as previously described
[20] with some modifications. Fluorescence was successively
monitored using a spectrofluorophotometer (RF 5000; Shimadzu)
with an excitation wavelength of 495 nm and emission at 586 nm,
and with stirring solution B supplemented with 3 mM KH,PO,,
50 uM ADP and 2.5 uM Safranin O applied in a glass cuvette
at 37°C. Mitochondria, succinate and FCCP were added to the
solution in this order and final concentrations were 50 pg/ml,
1 mM and 200 nM respectively.

Statistical analysis

The data are expressed as means + S.E.M. Statistical significance
was calculated by unpaired Student’s f test. P <0.05 was
considered significant.

RESULTS
Expression of PiC mRNA in pancreatic g-cells

Tissue distribution of PiC was evaluated by RT-PCR (Figure 1A).
PiC-B was expressed ubiquitously whereas PiC-A was expressed
clearly in cardiac muscle and skeletal muscle as previously
reported [13,14] and obscurely in rat islets and INS-1 cells. These
results indicate that PiC-B was dominantly expressed in pancreatic
B-cells.

Evaluation of anti-PiC antibody

The cell lysates of COS-7 cells transfected with pHMCA5-PiC or
pHMCAS5-null, INS-1 cells transfected with pHMCAS-null, intact
INS-1 cells and rat islets were electrophoresed and immunoblotted
using the anti-PiC antibody. As shown in Figure 1(B), the band
at ~30 kDa, which was not detected in COS-7 cells transfected
with pHMCAS5-null, was detected in COS-7 cells transfected with
pHMCAS-PiC, INS-1 cells transfected with pHMCAS-null, intact
INS-1 cells and rat islets. This observation is consistent with
a previous report that rat PiC was detected at ~30kDa by an
antibody originally raised using the C-terminal amino acids as
the antigen peptide [21].

Silencing effects of PiC siRNAs on INS-1 cells

Quantitative RT-PCR assays using primers for total PiC (PiC-A
plus PiC-B, Table 1) and immunoblotting using anti-PiC antibody
revealed ~ 70 % reduction of PiC mRNA expression and ~40 %
reduction of the protein expression in INS-1 cells 48 h after
both PiC siRNA1 and 2 transfection respectively (Figures 1C
and 1D). Time-dependent reduction of PiC protein expression
(~25%,~40% and ~ 50 % reduction at 24 h, 48 h and 72 h after
siRNA1 and 2 transfection) implies long half-life of PiC, which
causes low efficacy of suppression (Figure 1D). Transfection of
control siRNA did not affect the expression of PiC in INS-1 cells
at both mRNA and protein levels. Protein expressions of DIC,
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(R) RT-PCR detection of PiC mRNA expression in various rat tissues and INS-1 cells. PiC mRNA expressions in cardiac muscle, brain, skeletal muscle, kidney, liver, lung and islets of Wistar rat and
INS-1 cells were evaluated with RT-PCR using primers of specific sequences for PiC-A and PiC-B. Product sizes are 141 bp for PiC-A and 136 bp for PiC-B. (B) Evaluation of anti-PiC antibody by
immunoblot analysis. Left panel: whole cell lysates from COS-7 cells transfected with pHMCAS5-null (lane 1), COS-7 cells transfected with pHMCAS-PiC (lane 2) and INS-1 cells transfected with
pHMCAS-null (lane 3) were electrophoresed and immunoblotted with anti-PiC antibody. Right panel: whole cell lysates from INS-1 cells (lane 1) and rat islets (lane 2) were electrophoresed and
immunoblotted with anti-PiC antibody. Molecular mass in kDa is given on the left-hand side of each panel. (C) Effects of transfection of PiC siRNAs on the expression of PiC mRNA was evaluated
with quantitative RT-PCR using a pair of primers recognizing both PiC-A and PiC-B (total PiC). Data were normalized using -actin mRNA. n=3 in each group. *P < 0.01 compared with control
SiRNA. (D) Immunoblot analysis of PiC expression revealed that PiC siRNAs reduced PiC expression in INS-1 cells. Time (h) after SiRNA transfection is indicated. Data were normalized by the
expression of B-actin. n=4 in each bar. *P < 0.05 and #P < 0.01 compared with control SiRNA. (E) Effects of PiC silencing on expression of DIC. Whole INS-1 cell lysate was electrophoresed
and immunoblotted using antibodies against DIC. Quantification data were obtained from four independent experiments and normalized with B-actin levels.

another P, carrier, were not affected by siRNA1 and 2 transfection
(Figure 1E).

Etfects of PiC down-regulation on glucose- and
depolarization-stimulated insulin secretion

Down-regulation of PiC decreased GSIS (10 mM glucose) in
INS-1 cells, as shown in Figure 2. A reduction in GSIS of
61 % by PiC siRNA1 and 47 % by PiC siRNA2 was observed.
K* (30 mM)-stimulated insulin secretion was also reduced: the

© The Authors Journal compilation © 2011 Biochemical Society

reduction was 27 % by PiC siRNA1 and 23 % by PiC siRNA2,
which were milder than those of GSIS (Figure 2). Insulin secretion
in the basal glucose state (2 mM) was not affected by PiC siRNAL1,
but was slightly increased by PiC siRNA2. Transfection of control
siRNA did not affect GSIS in INS-1 cells.

Effects of PiC down-regulation on adenine nucleotides

Down-regulation of PiC increased ADP and decreased the
ATP:ADP ratio, whereas it did not significantly affect ATP in
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Figure 2 Effects of PiC down-regulation on glucose- or KCI-stimulated
insulin secretion

INS-1 cells were incubated for 30 min with 2 mM glucose, 10 mM glucose or 2 mM glucose
and 30 mM K+, and insulin secretion was measured. Data were obtained from six independent
experiments normalized by protein concentration. Error bars are means + S.EM. *P < 0.01 and
+P < 0.05 compared with control siRNA at the corresponding condition. #P < 0.01 compared
with corresponding 2 mM glucose.

the presence of 10 mM glucose in INS-1 cells (Table 2A). ATP,
ADP and the ATP:ADP ratio at 2 mM glucose was not altered
by silencing PiC (Tables 2A and 2B). Depolarization evoked
by 30 mM K* in the presence of 2 mM glucose decreased the
ATP:ADP ratio in both control and PiC down-regulated cells,
whereas suppression of the ATP:ADP ratio was lower in PiC
down-regulated cells compared with control cells (Table 2B).

Effects of PiC down-regulation on [Ca?*]; and Ay, in living cells

Fluorescence signals of Fura-PE3 revealed that elevation of
[Ca**]; in response to a stimulating level of 10 mM glucose
was decreased and delayed by PiC down-regulation compared
with that in control (Figure 3A). Average values calculated
using the data from Figure 3(A) also indicate that PiC siRNA
reduced the mean [Ca’*]; at 10 mM glucose (PiC siRNAI,
0.864 +0.004 compared with control siRNA, 0.896 £ 0.003;
P <0.01) whereas there was no significant change at basal
(2 mM) glucose (PiC siRNA1, 0.846 +0.004; control siRNA,
0.857 4 0.003), as shown in Figure 3(B). Elevation of [Ca®'],
in response to 30mM K* was slightly decreased by PiC
siRNA1 (average value of Fura-PE3 fluorescence ratio was
0.968 +0.005, compared with a control siRNA ratio of
0.991 +0.005, P <0.01) without affecting basal value (control
siRNA, 0.857 +0.006; siRNA1, 0.854 +£0.004) as shown in
Figures 3(C) and 3(D). Fluorescence measurement using
rhodamine 123 demonstrated that the mitochondrial membrane
in INS-1 cells was hyperpolarized by raising glucose from 2 to
10 mM and prominently depolarized by FCCP, and that PiC down-
regulation did not affect glucose-induced hyperpolarization and
total depolarization after FCCP exposure of A/, throughout the
measurement (Figure 3E).

Effects of PiC down-regulation on ATP production and Ay, in
mitochondrial fraction

ATP production by mitochondria from INS-1 cells transfected
with control or PiC siRNAs in the presence of 1 mM succinate
and various concentrations of P; ([P;]) is shown in Figure 4(A).
PiC down-regulation decreased mitochondrial ATP production
by 50-60% at [P;] ranging from 0.001 to 10mM. ATP

production in all groups reached maximum rates above ~3 mM
of [P;], which indicates that the PiC amount regulates the
maximal rate of mitochondrial ATP production. On the other
hand, K, values of [P;] for ATP production were similar
(~0.05 mM). Mitochondrial ATP production in the presence of
various mitochondrial substrates and inhibitors of the respiratory
chain is shown in Table 3. ATP production in the presence of
succinate was completely inhibited by antimycin A, a complex
III inhibitor, in both control and PiC down-regulated INS-1
cells. PiC siRNAs decreased ATP production in the presence of
pyruvate and malate by 42-58 %, succinate plus rotenone by 46—
62% and TMPD (N,N,N',N'-tetramethyl-p-phenylenediamine)
plus ascorbate by 61-62 %, showing that ATP production by
electrons rendered at complex I, complex IT and complex IV
is suppressed to a similar degree. In spite of significant down-
regulation of ATP production, PiC down-regulation did not affect
Avr,, of isolated mitochondria measured with Safranin O in the
presence of succinate (Figure 4B).

Effects of PiC down-regulation on expression of mitochondrial
respiratory chain proteins

Immunoblotting using lysates of whole INS-1 cells revealed that
transfection of PiC siRNAs did not change the expression of
complex L, ITL, IV or V of mitochondrial respiratory chain proteins
(Figure 5).

DISCUSSION

In the present study, the mitochondrial phosphate carrier (PiC)
was revealed to play an important role in metabolism—secretion
coupling of pancreatic p-cells by using INS-1 cells and
PiC siRNA. PiC down-regulation brings about reduction in
mitochondrial ATP production by mitochondrial fuels, resulting
in reduced glucose-induced [Ca’*]; elevation and impaired GSIS.
In pancreatic B-cells, ATP increase is slight and ADP decrease
is prominent via an increase in glucose levels beyond the
triggering level of insulin secretion. In addition, the ATP/ADP
ratio is well-correlated with GSIS rather than the absolute value
of ATP [22,23]. PiC down-regulation decreased the ATP/ADP
ratio in the presence of high glucose, which causes insufficient
closure of K srp channels, a decrease in [Ca*"]; elevation by glucose
(Figures 3A and 3B), and suppression of GSIS (Figure 2).
Insulin secretion at 10 mM glucose was similar to that at 30 mM
K* and 2 mM glucose in the control samples. In contrast, in PiC
down-regulated INS-1 cells, GSIS is lower than depolarization-
induced insulin secretion, which suggests specific effects of PiC
on metabolism-secretion coupling (Figure 2). However, ~25 %
suppression of depolarization-induced insulin secretion, which is
modest compared with GSIS, was observed in PiC down-regulated
INS-1 cells. Measurements revealed that [Ca®']; in the presence
of 2mM glucose and 30 mM K* was reduced by PiC down-
regulation (Figures 3C and 3D), which plays a role in reduced
depolarization-induced insulin secretion by PiC down-regulation.
Depolarization reduced the ATP/ADP ratio in the presence of a
basal level of glucose in control samples, which accords with a
previous study where an increase in [Ca?*]; causes a larger con-
sumption than production of ATP [24] (Table 2B). The ATP/ADP
ratio was also reduced by depolarization at 2mM glucose in
PiC down-regulated INS-1 cells, although the suppression was
lower than that in control samples, which may reflect a smaller
elevation of [Ca**]; than in the control. In addition, in contrast with
a significant suppression of the ATP/ADP ratio at high glucose
concentrations by PiC down-regulation, in the presence of a basal
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Figure 3 Effects of PiC down-regulation on [Ca%*]; and Ay, in living cells

(A) [Ca%*]; elevation and oscillation induced by raising glucose (G) from 2 to 10 mM were monitored in INS-1 cells transfected with PiC siRNA. Traces of Fura-PE3 fluorescence ratio (340/380 nm)
were obtained from 20 cells of each group. (B) Average values calculated from the data from (A). P < 0.01 compared with control siRNA at 10 mM glucose. #P < 0.01 compared with corresponding
2mM glucose. (C) [Ca%*]; elevation induced by 30 mM KCI was monitored in INS-1 cells transfected with PiC siRNA. Traces of Fura-PE3 fluorescence ratio (340/380 nm) were obtained from 20
cells of each group. (D) Average values calculated from the data from (C). *P < 0.05 compared with control SiRNA at 30 mM KCI. #P < 0.01 compared with corresponding 2 mM glucose. (E) A/
monitored by rhodamine 123 fluorescence in INS-1 cells. Data were corrected with the average values of fluorescence under basal glucose (2 mM) conditions. n = 10. Error bars are means+S.E.M.
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Table 2 Effects of PiC down-regulation on adenine nucleotides
(A)

Control siRNA PiC siRNA1 PiC siRNA2
Glucose (mM) 2 10 2 10 2 10
ATP (nmol/mg protein) 652+38 774+38" 64.4+1.0 71.8+3.3" 66.2+1.7 80.0+5.5"
ADP (nmol/mg protein) 102406 39404+ 106+ 0.6 64409 9.7+06 61+12%
ATP/ADP 65406 205+20% 6.1+0.4 1204177 6.9+05 139414
(B)

Control SiRNA PiC siRNA1
Glucose (mM) 2 2 2 2 2
K+ (mM) 3.6 30 36 3.6 30
Antimycin A (M) 0 0 1 0 0
ATP (nmol/mg protein) 65.5+3.4 486+19" 25+0.1% 64.4+4.7 61.2+1.8%
ADP (nmol/mg protein) 101401 12+02* 105+0.1* 99+0.2 105+03"F
ATP/ADP 65+03 444021 02+0.0t 6.5+ 0.5 58+0.2%§

*P < 0.05and 1P < 0.01 compared with basal condition (2 mM glucose). $P < 0.05 and §P < 0.01 compared with control SiRNA. Data were obtained from four independent experiments.

Table 3 Silencing effects of PiC siRNAs on ATP production from
mitochondrial fraction of INS-1 cells

Mitochondrial ATP production
(,2mol/10 min per mg of protein)

Experimental conditions Control SRNA  PiC siRNA1 PiC siRNA2
1 mM succinate 1.28+0.02 0.61+0.02* 046+0.01*
1 mM succinate + 1 M rotenone 1.03+0.09 056+0.03* 039+0.01*
1mM succinate +1 M antimycin A~ 0.03+0.01 0.00+0.01 0.00+0.01
1 mM pyruvate + 1 mM malate 0.4140.03 0.24+0.01" 0.174+0.00*
0.5 mM TMPD + 2 mM ascorbate 3.43+0.09 1.33+0.03* 127+0.01*

*P <0.01 compared with control siRNA. Data were obtained from three independent
experiments.

level of glucose, PiC down-regulation did not affect the ATP/ADP
ratio in INS-1 cells. An incomplete compensatory effect derived
from PiC down-regulation, which is valid in a basal supply of
substrate to mitochondria but deteriorates in an accelerated supply
at high glucose, might save ATP consumption and maintain the
basal ratio of ATP/ADP.

PiC, which is required for mitochondrial ATP production, has
two isoforms. PiC-A is expressed in skeletal and cardiac muscle
whereas PiC-B is expressed ubiquitously. AAC (ATP/ADP
carrier), which is also required for mitochondrial ATP production,
has isoforms including AAC1 (SLC25A4), AAC2 (SLC25A5)
and AAC3 (SLC25A6). Interestingly, these isoforms, except
AAC?2, expression of which is absent or scarce in most tissues,
distribute similarly to the PiC isoforms: AACI is expressed in
skeletal and cardiac muscle, and AAC3 is expressed ubiquitously.
These distributions imply that ubiquitously-expressed PiC-B and
AAC3 may meet stable energy requirement,
and PiC-A and AACI, which are expressed exclusively in
muscle, meet higher and prompt energy demands for muscle
contraction. In the present study, we demonstrate that PiC-B is
the dominant isoform of PiC whereas PiC-A is scarcely expressed
in INS-1 cells and rat islets (Figure 1A), which may reflect less
prompt energy demand in S-cells compared with that in muscles.
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Figure 4 Effects of PiC down-regulation on ATP production and Ay, in
mitochondrial fraction isolated from INS-1 cells

(A) Effects of PiC down-regulation on mitochondrial ATP production at various phosphate
concentrations. ATP production was evaluated in mitochondria isolated from INS-1 cells in the
presence of 50 M ADP, 1 .M DAPP and 1 mM succinate with various concentrations of P;
indicated in the Figure. n= 3 in each plot. *P < 0.01 compared with control SiRNA. (B) Ay
monitored by Safranin O fluorescence. Mitochondria (50 wg/ml), succinate (1 mM) and FCCP
(200 nM) were added to the solution containing Safranin O at the points indicated with arrows.
n=4ineach group.

© The Authors Journal compilation © 2011 Biochemical Society

_51_



428 Y. Nishi and others

Complex | Complex Il Complex IV Complex V

Control PiC Control PIiC Control PiC Control PIiC
siRNA siRNA1 siRNA siRNA1 siRNA siRNA1 siRNA siRNA1

B-actin MM mm

[JControl siRNA

= PiC siRNA1
£ 120- M PiCsi

Y

9 100-

% 80

N

® ]

E 60

2 40-

£ 201

c

S 0

° Complex Complex Complex Complex

| i v vV

Figure 5 Effects of PiC silencing on expression of mitochondrial respiratory
chain proteins

Lysates of whole INS-1 cells were electrophoresed and immunoblotted using antibodies against
complex |, Ill, IV-and V. Quantification data were obtained from four independent experiments
and normalized with g-actin levels. Error bars are means+S.E.M.

Mitochondrial ATP is produced by complex V (ATP
synthase), which is driven by protonmotive force generated
by proton extrusion during transport of high-energy electrons
in the respiratory chain. In the present study, mitochondrial
ATP production in the presence of mitochondrial fuel
increased according to the raised extramitochondrial phosphate
concentration ([P;].), and reached maximum rate above ~3 mM
of [P;]., which was decreased by 50-60 % without affecting the
K., value of [P;]. for ATP production by ~40 % reduction in PiC
protein. The physiological intracellular [P;] in heart determined
by methods including *'P NMR is ~ 1 mM at rest and increases
to ~ 10 mM depending on the metabolic state [25-27]. Levels of
P; in islets are ~20 mmol/kg of dry weight tissue [28], which
corresponds to ~ 10 mM by conversion [29]. Taken together, the
rate of mitochondrial ATP production might be barely affected
by a physiological change of [P;]. but be evidently affected by
alteration of the amount of PiC protein. In addition, reduction
in ATP production by down-regulation of PiC also suggests that
compensatory supply of P; to mitochondria by other mitochondrial
phosphate carriers including DIC (SLC25A10) [30,31] does
not occur, which is supported by no apparent effect of PiC
down-regulation on DIC expression (Figure 1E). These results
accord with the first description that PiC dysfunction impairs the
synthesis of ATP [15].

Intramitochondrial P; is thought to affect oxidative
phosphorylation at multiple sites [16]. To find specific defective
sites in the respiratory chain in PiC down-regulated INS-1 cells,
mitochondrial ATP production was examined in the presence of
various substrates and inhibitors. Pyruvate and malate, which
are metabolized in mitochondria to generate NADH, render
electrons at complex I. In the presence of rotenone, a complex
I inhibitor, succinate renders electrons directly to complex II via

© The Authors Journal compilation © 2011 Biochemical Society

FADH,. TMPD is an artificial electron donor that can transfer
electrons to cytochrome c. TMPD reduced by ascorbate renders
electrons to cytochrome ¢, which transfers electrons to complex
IV. Reduction of ATP production by down-regulation of PiC in
the presence of pyruvate plus malate, succinate plus rotenone
and TMPD plus ascorbate were all suppressed similarly by 50—
60 % (Table 3). These results indicate that reduction in ATP
production by down-regulation of PiC may well be derived from a
defective site downstream of complex IV and that a defective site
upstream of complex IV, if present, does not play a prominent
role. Moreover, immunoblotting revealed that expressions of
respiratory chain proteins including complex I, III, IV and V
were not affected by PiC silencing. Considered together, silencing
of PiC seems to suppress mitochondrial ATP production not by
affecting mitochondrial biogenesis, but by restricting P; supply to
complex V.

Inhibition of complex V by oligomycin reduces ATP production
with hyperpolarization of A, [32,33], which may be derived
from the fact that complex V is a protonophore and its inhibition
affects electrogenic H* influx to mitochondria specifically and
directly affects Av,,. In contrast, PiC is electroneutral due to
symport of H* and negatively charged P; or antiport of OH~
and negatively charged P; and does not directly affect Ayr,,. ATP
generation in complex V is driven by protonmotive force (Ap),
which has two components: electrical membrane potential (A/,,)
and the difference between the cytosolic and matrix pH (ApH)
[34,35]. P; plays regulatory roles in oxidative phosphorylation
by affecting Ap. An increase in [P;]. reduces ApH [34,36-38]
due to an increase in co-transport of P; and protons from cytosol
into mitochondrial matrix through PiC. On the other hand, Ay,
is increased by an increase in [P;]. of less than ~2 mM, but
reaches a plateau at [P;], above ~2 mM [16,34,38]. Increases
in Ay, owing to increases in [P;]. is not fully elucidated, but
some explanations are proposed. An electroneutral influx of
protons (H*) accompanying negatively charged substrates such
as P, does not directly affect Ay, but produces a reduction in
ApH that promotes proton extrusion by the respiratory chain
to maintain Ap and eventually increases Ay, [35]. Bose et al.
[16] provided another explanation: an increase in the influx of
P; activates intramitochondrial NADH production and NADH
supply to complex I and also promotes the ability to generate
Ap by improving the coupling of electron transport between
cytochrome b and cytochrome ¢, which eventually increases Ay .
Interestingly, in the present study, ~40 % reduction in the protein
level of PiC did not affect glucose-induced hyperpolarization of
the mitochondrial inner membrane in spite of a reduction in
ATP production. It is possible that the reduction in P; influx
by down-regulation of PiC in the present study is within a
range of P; influx which does not affect Ay, as with higher
[P;].. In addition, our results were derived from sustained down-
regulation of P; influx to mitochondria, as experiments were
performed 48 h after transfection of PiC siRNA in contrast
with the acute alteration of P; influx by manipulation of [P;].
in previous studies, which may permit adaptation of Ay, to
maintain Ap.

It has been generally reported that the contribution of Ay,
to Ap is 80-85 % [34,35,37—45] or more [16] and that of ApH
is relatively small, which indicates that the alteration in Ap by
down-regulation of PiC in the present study is small considering
the non-detectable affect on Avyr,,. Therefore the supply of P;
to complex V may well be a critical rate-limiting step for ATP
production independent of Ap. The results in the present study
demonstrate the critical role of P; influx to mitochondria in
ATP production and metabolism—secretion coupling in pancreatic
B-cells.
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Utility of indices using C-peptide levels for
indication of insulin therapy to achieve good
glycemic control in Japanese patients with

type 2 diabetes

Shogo Funakoshi', Shimpei Fujimoto'*, Akihiro Hamasaki', Hideya Fujiwara', Yoshihito Fujita', Kaori lkeda’,
Shiho Takahara', Kazuaki Nagashima', Masaya Hosokawa', Yutaka Seino?, Nobuya Inagaki'

ABSTRACT

Aims/Introduction: Type 2 diabetes is progressive in that therapy must be altered over time, which is partly as a result of the
progressive loss of pancreatic B-cell function. To elucidate the relationship between residual endogenous insulin secretion and the
necessity of insulin therapy to achieve good glycemic control, indices using serum C-peptide immunoreactivity (CPR) were analyzed

in patients with type 2 diabetes.

Materials and Methods: The data of 201 Japanese patients with type 2 diabetes who achieved the target of glycemic control
during admission were analyzed retrospectively. Indices using CPR including fasting CPR (FCPR), CPR 6 min after intravenous injection
of glucagon (CPR-6 min), increment of CPR (ACPR), secretory unit of islet in transplantation index (SUIT) and C-peptide index (CPI)
were compared between the group requiring insulin (insulin group) and the group not requiring insulin (non-insulin group). A
receiver-operator characteristic (ROC) curve was made, and optimal cut-off point and likelihood ratio were determined for each

index.

Results: All indices of CPR were lower in the insulin group compared with those in the non-insulin group. Likelihood ratios at the
optimal point of FCPR, CPR-6 min, ACPR, SUIT, and CPI were 20, 2.1, 16, 23 and 2.8, respectively. Optimal cut-off point of CPI was
1.1 ng/mg. Sensitivity and specificity at optimal point of CPl were 61 and 78%, respectively.

Conclusions: The advantage of CPI of the indices of CPR to select insulin therapy to achieve good glycemic control was shown,
but limitations of the predictive abilities of the indices using CPR should be taken into account. (J Diabetes Invest, doi: 10.1111/

j-2040-1124.2010.00096.x, 2011)

KEY WORDS: C-peptide, Insulin therapy, Glycemic control

INTRODUCTION

Type 2 diabetes is a heterogeneous disease characterized by
insulin resistance and defective insulin secretion’, and is pro-
gressive in that therapy must be altered over time. Initially on
diagnosis, diet and exercise are generally adequate to achieve
good glycemic control; oral hypoglycemic agents (OHA) are
required later, when patients cannot achieve control with diet
and exercise alone. Daily insulin injection is indicated when
patients are unable to achieve control with a combination of oral
agents, diet and exercise’. Insulin therapy is required in these
patients not for survival, as is found in type 1 diabetes, but for
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good glycemic control®. This requirement is, at least in part, as a
result of the progressive loss of pancreatic B-cell function. The
results of the United Kingdom Progressive Diabetes Study
(UKPDS) shows that pancreatic B-cell function (%), assessed
by Homeostasis Model Assessment (HOMA) in patients allo-
cated to diet or OHA, decreased approximately 25% in 5 years.
A decline in endogenous insulin secretion over more than sev-
eral decades of diabetes was observed in a cross-sectional study®.

Determination of fasting serum C-peptide level and stimu-
lated serum C-peptide level by intravenous glucagon is used
widely to assess endogenous insulin secretory reserves’~'°. There
are several reports regarding the correlation between levels of
residual endogenous insulin secretion and the choice of insulin
therapy to achieve glycemic control'' ™. However, in these stud-
ies, because the glycemic goal was not described clearly or was
inappropriate, patients with insufficient glycemic control by the
selected mode of therapy were sometimes included.
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In the present study, to evaluate the clinical significance of
measures of serum C-peptide in achieving good glycemic con-
trol, we retrospectively analyzed the use of indices of endo-
genous insulin secretion in type 2 diabetes patients admitted to
our hospital. Using data of patients who achieved the target of
glycemic control during the period of admission, the patients
were divided into two groups: one that achieved good control
without the use of insulin (non-insulin group) and the other
that required the use of insulin (insulin group), and the indices
using serum C-peptide were compared between them. Optimal
values and the utility of indices using serum C-peptide to select
insulin therapy to achieve good glycemic control were analyzed.

MATERIALS AND METHODS

Subjects

A total of 746 Japanese patients with type 2 diabetes admitted
between 2003 and 2009 to Kyoto University Hospital for poor
glycemic control were enrolled in the present study. Type 2
diabetes mellitus was diagnosed based on the criteria of
the American Diabetes Association (ADA)". As indicated in
Figure S1, 76 patients including those with pancreatic disease
and liver disease, those taking diabetogenic medication and preg-
nant women were excluded. A total of 40 patients with incom-
plete clinical examinations also were excluded, and 66 patients
with serum creatinine >1.3 mg/dL were excluded, as serum
C-peptide immunoreactivity (CPR) is elevated by decreased
renal function'. The data of 90 patients taking oral hypogly-
cemic agents (OHA) plus insulin at discharge were excluded.
Good control was defined as mean preprandial capillary plasma
glucose level <130 mg/dL, according to the glycemic control rec-
ommendation of ADA". The 474 patients were divided into
two groups: 201 patients who achieved good glycemic control
(achieved group) and 273 patients who did not (non-achieved
group). As shown in Figure S2, of the 201 patients in the
achieved group, 47, 107, 38 and nine patients were treated with
diet alone, OHA, insulin and insulin plus OHA at admission,
respectively. At discharge, 24, 95 and 82 patients were treated
with diet alone, OHA and insulin, respectively. Patients treated
with diet alone and OHA at discharge comprised the non-
insulin group; patients treated with insulin at discharge com-
prised the insulin group. A total of 166 patients of the 474
patients in the achieved or non-achieved group at discharge
who could be confirmed within 6 months after discharge to
achieve <7.4% in HbA,., which excludes ‘not good’ and ‘poor’
for assessment of glycemic control in the treatment guide
for diabetes of the Japan Diabetes Society (JDS guide)ls, were
re-analyzed to determine the cut-off point for C-peptide index
(CPI) for longer duration of glycemic control. Of the 201
patients in the achieved group at discharge, 85 were excluded as
a result of readmission or alteration to the mode of therapy,
or were not followed as outpatients due to a change of hospital.
Of the remaining 116 patients, 90 showed <74% HbA,,
within 6 months after discharge. Of the 273 patients in the
non-achieved group at discharge, 137 were excluded as a result
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of readmission or alteration to the mode of therapy, or were not
followed as outpatients due to a change of hospital. In the remain-
ing 136 patients, 76 achieved <7.4% HbA,. within 6 months
after discharge. In these 166 patients, analysis of optimal values
and the utility of CPI during admission was carried out.

Methods

On the first day in hospital, medical history, physical examina-
tion and laboratory evaluation including glycosylated hemoglo-
bin were carried out. HbA,. was measured using HPLC
(HA-8180; Arcray, Kyoto, Japan). The HbA,. (%) value was
estimated as an National Glycohemoglobin Standardization
Program equivalent (%) calculated by the formula: HbA,. (%) =
HbA,. (JDS) (%) + 0.4%, considering the relational expression
of HbA,. (JDS) (%) measured by the previous Japanese standard
substance and measurement methods and HbA,. (National
Glycohemoglobin Standardization Program)'®. B-cell function
was evaluated within 1 week after overnight fast by glucagon
test measuring CPR before (fasting CPR [FCPR]) and 6 min
after iv. injection of 1 mg glucagon (CPR-6 min)’, as this test is
valid in patients taking insulin therapy. Increment of CPR
(ACPR) was obtained by subtracting FCPR from CPR-6 min.
SUIT index (SUIT) (%) was calculated by the formula:
1500 x FCPR (ng/mL)/(fasting plasma glucose [FPG; mg/dL] —
61.7)°. CPI (ng/mg) was calculated by the formula: 100 x
FCPR (ng/mL)/FPG (mg/dL). Serum CPR was measured by
immunoenzymometric assay (EIA; ST AIA-PACK C-Peptide,
Toso corporation, Tokyo, Japan). In patients taking OHA, medi-
cation was stopped for the glucagon test, but was maintained
until 1 day before to prevent hyperglycemia during the test®.
Fasting plasma glucose was measured by the glucose oxidase
method when the glucagon test was carried out. Patients were
treated according to the JDS guide'®. Treatment policy including
diet therapy, exercise therapy, pharmacotherapy and education
for each patient was determined by Japanese Board Certified
Diabetologists certified by the Japan Diabetes Society. Patients
took medical nutritional therapy (25-30 kcal/kg of standard
bodyweight/day consisting of 58% carbohydrate, 18% protein
and 24% fat energy intake percentages) with counseling by a
registered dietitian. Preprandial capillary plasma glucose levels
were monitored three tid. during hospitalization. The study
protocol was approved by the ethics committee of Kyoto
University.

Statistical analysis

Statistical analysis was carried out with the Stat View 5.0 system
(SAS institute, Cary, NC, USA). Data are presented as
mean * SE unless otherwise stated. Clinical parameters among
the two groups were compared by Mann-Whitney U-test.
P-values <0.01 were considered statistically significant. Histo-
grams and receiver—operator characteristic (ROC) curve were
made for FCPR, CPR-6 min, ACPR, SUIT and CPI respectively,
and sensitivity, specificity, cut-off values, area under the ROC
curve (AUC) and the likelihood ratio were calculated.
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RESULTS

Clinical profiles of patients with mean preprandial capillary
plasma glucose levels at discharge of <130 mg/dL (achieved
group) and >130 mg/dL (non-achieved group), respectively, are
shown in Table 1. Patients of the non-achieved group were
older, had lower body mass index at admission, higher mean
preprandial capillary plasma glucose level both at admission and
at discharge, longer years from diagnosis and lower endogenous
insulin secretion indices than those of the achieved group. The
clinical stages of diabetic nephropathy and retinopathy were
more progressed in the non-achieved group than those in the
achieved group. The relationships between indices using serum
C-peptide and selected modes of therapy at discharge were ana-
lyzed based on the data of the achieved group.

The clinical profiles of patients not requiring insulin for good
glycemic control (non-insulin group) and those requiring insulin
(insulin group) are shown in Table 2. The patients of the insulin
group were older, has lower body mass index, higher HbA, at
admission, higher mean preprandial capillary plasma glucose
level at admission, longer years from diagnosis and lower
endogenous insulin secretion indices compared with those of
the non-insulin group. As shown in Figure S2, the mode of
therapy in 41 patients was altered from diet alone or OHA to
insulin during admission. The average number of hospital days
before altering the therapeutic mode of these patients was

Table 1 | Clinical profiles of patients who achieved good glycemic control

C-peptide indices and insulin therapy

3.1 £ 34 (mean + SD). The reasons for the change to insulin
therapy were the necessity of tight glycemic control before oper-
ation in five patients, marked hyperglycemia (a fasting plasma
glucose level of 250 mg/dL or above, or a causal plasma glucose
of 350 mg/dL or above)*' or both the presence of hyperglycemia
and ketosis in 11 patients, and persistent hyperglycemia with
OHA in 25 patients. HbA,. at admission of these patients was
102 £ 2.2% (mean * SD). In five patients, the mode of therapy
was altered from insulin to OHA. The average number of hospi-
tal days before this change was 7.6 + 4.3 (mean + SD); the rea-
son was improved glycemic control despite a decrease in the
required dosage of insulin. HbA, at admission of these patients
was 10.1 £ 44% (mean * SD). Another patient treated with
OHA plus insulin at admission was changed to OHA alone after
nine hospital days because of improved glycemic control. Of the
113 patients with therapy of diet alone or OHA both at admis-
sion and at discharge, 19 transiently used insulin during the per-
iod of admission.

The category of OHA at discharge is shown in Table Sla. In
95 patients treated with OHA, 60 and 29 patients were pre-
scribed sulfonylurea alone or in combination, and biguanide
alone or in combination, respectively. In the insulin group, 50 of
86 patients were given premixed insulin b.id. at discharge. As
shown in Table S1b, the prescribed daily dosages of gliclazide,
glimepiride and metformin required were <80, 4 and 750 mg,

Achieved Non-achieved P
No. subjects 201 273
Duration of hospitalization (days) 220+ 07 236+ 07 0.1115
Age (years) 602 = 09 645 £ 0.7% 0.0002
Male/female 127/74 159/114
Systolic blood pressure (mmHg) 1245+ 10 1269 + 1.1 0.1076
Diastolic blood pressure (mmHg) 746 + 07 736 + 06 02653
BMI (kg/mz) 252+ 03 238 £ 0.3* 0.0005
HbA . at admission (%) 95 + 0.1 98 + 0.1 00776
PG at admission (mg/dL) 1811 + 47 2095 + 39* <0.0001
PG at discharge (mg/dL) 1122 £ 09 1632 + 1.9* <0.0001
Years from diagnosis 91+ 06 135 £ 06* <0.0001
FCPR (ng/mL) 187 + 006 165 + 005* 00054
CPR-6 min (ng/mL) 399 £ 014 341 £ 010* 0.0006
ACPR (ng/mL) 212+ 009 1.76 = 007* 00011
SUIT (%) 406 £ 19 324 £ 20% 0.0043
CPI (ng/mg) 134 + 005 1.09 + 0.04* <0.0001
Clinical stage of nephropathy 129/56/16 (64/28/8) 133/80/60 (49/29/22)

(normal/microalbuminuria/macroalbuminuria)
Clinical stage of retinopathy
(NDR/mild NPDR/moderate NPDR/severe NPDR/PDR)

141/25/26/4/5 (71/12/13/2/2)

112/53/45/22/41 (41/20/16/8/15)

Data are presented as mean + SE. *P < 001 versus achieved. Achieved group: mean preprandial capillary plasma glucose levels at discharge
<130 mg/dL compared with those who did not achieve good glycemic control (non-achieved group 2130 mg/dL). BMI, body mass index; CPI,
C-peptide index; ACPR, increment of C-peptide immunoreactivity; CPR-6 min, C-peptide immunoreactivity 6 min after intravenous injection of
glucagon; FCPR, fasting C-peptide immunoreactivity; NDR, no diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative
diabetic retinopathy; PG, mean preprandial capillary plasma glucose level; SUIT, secretory unit of islet in transplantation index. Numbers in

parentheses indicate percentages.
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