the roles of ion transporters, which are greatly affected
by ion concentrations.

The model of Iy, in the FP model was largely modi-
fied from the original model of Chapman et al. (1983)
by omitting state transitions of the carrier protein. This
simplification resulted in no saturation of the turnover
rate by [Na'l,. Moreover, Ix.x in the FP model is a V-in-
dependent current in the range from —80 to 0 mV. We
implemented a new kinetic model of Iy, with the state
transitions (Oka et al., 2010). It shows properties well
established in experimental studies, such as dependen-
cies on Na" and K, the free energy of ATP hydrolysis
(AGarp), and the membrane potential. Thereby, the
present study reliably predicted that Iy took a pivotal
role in terminating the burst when [Na*]; was accumu-
lated during a long-lasting burst at a high [G] (Fig. 5).
For comparison with the present study, we applied
Vi analysis to the slow interburst depolarization in the
FP model (Fig. 54). At a relatively low [G] (8.5 mM), aV,
diagram demonstrated that the time-dependent de-
crease of outward Iy, takes the major role in determin-
ing the depolarization rate (¢~ 0.25 mV s7!), whereas
the contribution of Ixarp was negligibly small (¢~ 0.025
mV s™!). Itis because of a relatively rapid production of
ATP in the FP model, resulting in a long-lasting burst
even at relatively lower [G], accompanied by [Na'];
oscillation with an amplitude of ~2 mM.

Mechanisms to generate the bursting activity in

modeling studies

Complex patterns of electrical activity in B cells with
varying [G] has been one of the interesting targets in

the field of mathematical physiology, and several ex-
plicit hypotheses have been put forward in various forms
of mathematical models. Importantly, however, the fun-
damental question still remained as to what the slowly
varying factor underlying the time course of burst—
interbuyst rhythm in B cells is. Here, we discuss the mul-
tiple key membrane components suggested in relation
to the slow intracellular factors hypothesized in previ-
ous modeling studies, that is, [Ca*];, [Ca*]gs, [ATP]
and/or [ADP], and [Na*];.

[Ca®*] and the Ca?*-activated K* currents. One of the
major hypotheses assumed a gradual activation of Ca*-
dependent K currents during an action potential burst.
For example, early Chay-Keizer models adopted the
BK channel (Chay and Keizer, 1983; Sherman etal., 1988),
and they predicted that an accumulation of intracellu-
lar Ca™ via repetitive spikes increased the outward BK
current and terminated the burst. In turn, the burst was
resumed when the BK channels were sufficiently deacti-
vated during the interburst period. Distinct from the
expectation in their models, however, the progressive
accumulation of Ca* has not been established experi-
mentally, but rather, a rapid rise of the Ca* transient
leveled off to the plateau level within the initial several
seconds of the burst (Santos et al., 1991; Worley et al.,
1994a), or [Ca®}; slightly rose (Gilon and Henquin, 1992;
Zhang et al., 2003) or decayed (Miura et al., 1997;
Hengquin et al., 2009; Merrins et al., 2010) thereafter. In
recent studies, an existence of a different type of Ca*-
dependent K channel, Iyg.., has been reported (Gépel
et al,, 1999a; Goforth et al.,, 2002; Zhang et al., 2005).

[Ca?']; (M) [Na*}ymM) Vi (mV)

I (pA)

Figure 7. Effects of the inhibition of Na'/K*
ATPase by glucose. The inhibition of NaK by
glucose was introduced from 80 s (gray bar) by
changing Fg, (Eq. $55) from 1 to 0.552 at 8 mM
[G]. The panels show time courses of V,,, [Na'],,

[Ca%¥];, Inax and Inaca. Dotted lines indicate the
initial basal level of [Ca®']; (third panel) and zero

current levels (bottom panel).
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The important role of Ixqe, in terminating the burst via
[Ca*] accumulation was suggested by two mathemati-
cal models (Goforth et al., 2002; Fridlyand et al., 2009).
To simulate the expected slow kinetics of Iggew, Goforth
et al. (2002) assumed a localized subspace with a sub-
stantial volume (occupying ~30% of the cytosolic vol-
ume), in which the Ca*" concentration activating Ixsow
varies in parallel to changes in [Ca* g, rather than the
more rapid variation of [Ca*];. However, such kinetic
changes in Igg,, during the bursting activity nor any his-
tological evidence to justify the diffusion barrier have
been found experimentally. Alternatively, Fridlyand
et al. (2010) assumed Igc, with an extremely slow time
constant of 2.3 s for activation to represent Iggo.. How-
ever, SK channels, one of the candidates contributing to
the experimental Iggon, show very fast gating kinetics
(Hirschberg et al., 1998).

The slow decay phase of [Ca™']; after the burst might
lead to slow changes in membrane conductances of
several Ca**-activated channels or transporters. Indeed,
the present study suggests that [Ca*]; might play a sig-
nificant role in driving slow interburst depolarization
through Ipvca, Inace @and Irgpa, as well as Ixcasgy (Fig. 5).
Unfortunately, only a few indirect measurements of
these currents have been reported experimentally. As a
result, the contribution of Itrpy was only considered in
our model, and In,c, and Ipyca were implemented in a
few previous models (Fridlyand et al., 2003; Diederichs,
2006; Meyer-Hermann, 2007).

2+].
S H

[Ca®*Jer and Isoc. Repetitive empting and refilling of ER is
closely related to bursting rhythm by modulating Ca®*-
activated currents. Among them, a store-operated in-
ward current, Isoc (sometimes termed Ierac O Icran),
would be a primary candidate to generate the bursting
rhythm. Gilon et al. (1999) suggested that ER fills with
Ca® during the burst, and the gradual deactivation of
Isoc may lead to termination of the burst. Conversely,
the subsequent emptying of the ER after the burst might
then reactivate Isoc to trigger a new burst. This mecha-
nism has been tested in several models (Bertram et al.,
1995a; Chay, 1996, 1997; Mears et al., 1997; Fridlyand
et al., 2003). However, the half-activation concentration
of [Ca*]gr (Koser) has not been measured experimen-
tally, and thus the predicted contributions of Isoc are
different among studies. For example, in the models of
Chay (1996, 1997) using a Ky 5 rr of 50 or 70 pM, the gat-
ing of Isoc took a central role in determining the burst
rhythm. On the other hand, in the other models Isoc
contributed little because the channel remained closed
as a result of the assumption of a relatively low Ky 5zr
(3 pM; Bertram et al., 1995a, and the present model),
or was always open because of an assumed high Kgser
(200 pM; Fridlyand et al., 2003). Therefore, it is impor-
tant for K5 5r to be determined experimentally to decide
the role of Isoc in generating glucose-induced bursting
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rhythm under normal conditions. Interestingly, rather
consistent effects (the prolongation of the spike burst
or the acceleration of the bursting rhythm) were recon-
structed with these differing models when Isoc was max-
imally activated by ER depletion under thapsigargin,
muscarinic antagonist, or low glucose (Bertram et al.,
1995a; Mears et al.,, 1997; Fridlyand et al., 2003; the
present model).

[ATP] and [ADP] and lare. [ATP] and/or [ADP] have been
considered as key slow factors, and several B-cell models
examined the time-dependent gating of Karp channels.
However, quantitative estimation of the contribution of
Ixarp to burst activity is highly dependent on the formu-
Iation of both Ixsrp and the metabolic components of
each model. For example, Magnus and Keizer (1998)
developed a detailed Igxyrp model and concluded it was
a major factor, whereas simulations using the FP model
and the same Ixspp formulation concluded that Igarp was
not of major significance. This is because the two mod-
els adopted radically different schemes describing the
production of [ATP] and [MgADP].

In addition, it should be noted that ATP-consuming
transporters, such as PMCA, SERCA, and NakK, should
influence the bursting rhythm by modulating their ac-
tivities according to the intracellular energy level. How-
ever, few studies have dealt with this subject, except the
present model by incorporating the detailed kinetic
model of Iy,x with AGyrp dependency.

[Na*] and In.x. As demonstrated here and in previous
modeling studies (Miwa and Imai, 1999; Fridlyand et al.,
2003; Meyer-Hermann, 2007), glucose-induced fluctua-
tions of I,y results in rhythmical Na* entry through the
action of NCX. Increased [Na*]; will activate Ik and
lead to termination of the burst; in turn, a slow decay of
[Na']; leads to a decrease in I,k during the interburst
period. Experimentally, Grapengiesser (1996, 1998) ob-
served distinct oscillations of [Na']; under a partial sup-
pression of NaK in mouse B cells. In support of this
idea, these oscillations disappeared after inhibition of
Icay or under a lower glucose, but they were insensitive
to a blocker of V-dependent Na* channels.

[Na*]; also modulates the turnover rate of the NCX
exchanger. Thus, a proper Na' dependency of In.c, is
essential for examination of the role of [Na']; in gener-
ating bursting activity. The kinetic scheme of Iy,c, used
in this study was developed in cardiac cells and has been
well tested experimentally. In addition, the tetrodo-
toxin-sensitive Na* current (Iy,) might also contribute
to intracellular Na* accumulation. In preliminary studies,
we implemented Iy, based on recordings in pancreatic
B cells from rat (Hiriart and Matteson, 1988), mouse
(Gopel et al., 1999b; Vignali et al., 2006), and human
(Braun et al., 2008). However, because Iy, was alimost
completely inactivated at the physiological V,,, the
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generated flux was trivial. V| analysis also revealed that
Ina made a very minor contribution to the slow depolar-
ization. Thus, Iy, was deleted from the present model.

The [Na']; of 10-14 mM recorded by Grapengiesser
(1996) is much higher than the 5.5-7.5 mM in our sim-
ulations. When examined with our model, however,
10-14 mM [Na*]; resulted in the reverse mode of the NCX
all through the normal burst activity because the Na*-
driving force is much reduced. Furthermore, the amp-
litude of the oscillation of [Na*]; and the corresponding
effect on Iy,x were reliably estimated in our study. This
is because the average Na” influx through the NCX was
determined by the amplitude of I,y and the action po-
tential frequency, both of which were consistent with
experimental data.

Is a single B cell capable of generating full-sized

action potentials?

Remarkably, the action potential parameters in our
model are quite comparable to experimental measure-
ments in isolated mouse B cells obtained by Smith et al.
(1990a) (see Slow fluctuations in [ATP]... in Results).
In most papers, however, the amplitude of action po-
tentials was smaller and the quiescent potential less
negative when recorded in single B-cell preparations
(Rorsman and Trube, 1986; Santos et al., 1991; Kinard
et al., 1999; Bertram et al., 2000). Tt is conceivable that
the action potentials might be damped under the patch-
clamp recording because the current leak through the
gigaseal (~10 GQ) between the patch electrode and the
cell membrane is comparable to the whole cell mem-
brane current (input resistance of ~10-30 GQ). The
membrane capacitance of ~6 pF of small B cells is also
in the same order as the floating capacitance of the
electrode tip. Moreover, recovery from dissociation in-
jury might be incomplete in culture medium, or action
potential generation might be depressed at room tem-
perature or by the rundown of I¢,y. It should be noted
that mouse or human f cells contain a relatively high
density of I,y ranging over 6 to 11.4 pA pF™!, with an
apparent reversal potential of ~50 mV at physiological
[Ca®], (see Table I for references). The current densi-
ties of I,y guarantee a fast rising phase and a full size of
the action potential in an intact cell before patch-clamp
recording. In the present model, the action potental
peak was shifted to positive potentials when the mem-
brane K" conductance was partially blocked, in agree-
ment with experiments (Atwater et al., 1979; Santos and
Rojas, 1989; Rorsman et al., 1992; Houamed et al.,
2010). In addition to the action potential amplitude, it
should also be noted that the burst duration in single-
cell preparations might be affected by the leak conduc-
tance and floating capacitance during patch recordings.
The difference between electrical activities in single
cells and those of islets might be caused by the above re-
cording artifacts.

Further considerations and limitations of the study

The Vi diagram in Fig. 5 indicated prominently large
contributions of I,y during the whole interburst period
at both 8 and 16 mM [G]. These contributions are
mainly attributable to the increase or decrease in de,y,
which is a pure voltage-dependent gate of I,y From the
viewpoint that burst-interburst rhythm is principally
generated by slow changes in cytosolic substrate con-
centrations, the role of dg,y is to magnify changes in V,,
in the same direction as those induced by other mem-
brane currents under the influence of eytosolic factors.
Namely, at 8 mM [G], the slow depolarization induced
by changes in Ixarp and Inac, increases de,y, which results
in further depolarization. In the early half of the inter-
burst period at 16 mM [G], d¢,v is decreased as a result
of the negative shift of V,,,, which is primarily induced by
a decrease in In,c, or Irppy via the progressive decay of
[Ca®7.. During the late phase, the gradual positive shift
in V), induced by a decrease in Ipycs or Iy, increases
deav to enhance the depolarization. If these secondary
contributions of Iy are excluded from comparison of
the membrane currents, the V; diagram indicates that
Ixare and Inac, at 8 mM [G], and Inaca, Ipmcas Itren, and
Inax 2t 16 mM [G], play major roles in converting varia-
tions in the slow cytosolic factors into the V,, change in
our model.

The effects of thapsigargin on [Ca®]; have been exam-
ined in several experiments using islet preparations, be-
cause blocking the ER might provide important clues as
to the role of Ca* buffering by the ER in the bursting
rhythm. Unfortunately, there have been no experimental
data showing the effects of thapsigargin on the electrical
activity or on Ca®* fluctuations in isolated individual
B cells. In our singlecell model, the simulation of applying
thapsigarin (Fig. 3) was consistent with the accelerated
rhythm of the Ca* fluctuations recorded in several ex-
perimental observations in pancreatic islets (Miura et al.,
1997; Gilon et al., 1999; Fridlyand et al., 2003), provided
that the rhythm of Ca* transient reflects the electrical

TABLE |
Measurements of the peak of I,

Amplitude of I,y External Species Reference
solution

(mM Ca*)
51 pA (8.28 pA pF 1) 2.6 mouse  Rorsman et al., 1992
37 pA (6.00 pA pF™'4) 2.6 mouse Islam et al., 1995
70 pA (11.37 pA pF™™) 2.6 mouse  Vignali et al., 2006
93 pA 2.6 mouse  Gopel etal., 1999b
135 pA (21.92 pA pF™') 10 mouse Gilon et al., 1997
16 pA pF™! 10 mouse Arkhammar et al,, 1994
16 pA pF™! 10 mouse  Ammili et al., 1992
17 pA pF! 10.2 mouse  Bokvist et al., 1991
6.5 pApF™! 5 human Kelly et al., 1991
7 pA pF! 2.6 human  Braun etal., 2008

*Current density.
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bursting activity even in the islet preparations. However,
it should be noted that in other islet studies, thapsigargin
induced a sustained increase in [Ca*7; (Worley et al,,
1994b; Gilon et al., 1999; Kanno et al., 2002), accompa-
nied by a continuous firing of action potentials (Worley
etal.,, 1994b). Furthermore, both of these responses have
been observed in the same experimental study (Miura
et al., 1997). At present, it might be speculated that our
cell model represents only a given population of B cells,
or that the cell-to-cell electrical coupling among differ-
ent populations of cell types within the islet can produce
different patterns in the thapsigargin response.

Although the current system was much improved
compared with the previous B-cell models by adding
individual current components in the molecular level,
further refinement of the formulation will be necessary
according to new experimental data in future, especially
in respect to temperature effects on channel kinetics.
Furthermore, compared with the electrophysiological
formulations, the description of energy metabolism is
quite simplified in our B-cell model. Therefore, it is be-
yond the scope of this study to reproduce an ultraslow
bursting rhythm with periods >5 min, which have been
suspected to be of metabolic origin (Henquin et al,,
1982; Bertram et al., 2004). Moreover, the effect of
[Ca*]; on ATP production was not considered in our
model. Keizer and Magnus (1989) assumed that Ca®
entry into the mitochondria depolarized the matrix
membrane to inhibit ATP production. However, the op-
posite effect has also been proposed, namely that an in-
crease in [Ca®']; might facilitate ATP production by
activating dehydrogenases within the TCA cycle (Cortassa
et al., 2003). The net effect of [Ca*]; on ATP produc-
tion is not quantitatively known at present. Therefore, it
will be important to include more precise models for
glycolysis (Smolen, 1995; Bertram et al., 2004), TCA cycle,
and oxidative phosphorylation (Dzbek and Korzeniewski,
2008) in future formulations.
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Role of mitochondrial phosphate carrier in metabolism—secretion coupling

in rat insulinoma cell line INS-1

Yuichi NISHI, Shimpei FUJIMOTO', 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 (Av,,) 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 B-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 S-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 S-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 GC1 (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-
trifluoromethoxyphenyihydrazone; 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-trifiuorometho-
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 sodinm 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 pg/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% (v/v), 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
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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 1 ml 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/HCI 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 o)
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
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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 KCI 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 p.g/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 KCl, 1.8 mM ATP, 1 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 800g
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 ul
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 pl 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, 1uM
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 A, 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 ug/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 ¢ 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 pHMCAS-PiC or
pHMCAS5-null, INS-1 cells transfected with pHMCAS5-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 pHMCAS-null, was detected in COS-7 cells transfected with
pHMCAS5-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 hand 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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Detection of rat PiC and silencing effects of PiC siRNAs on INS-1 cells
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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 pHMCAS-null (lane 1), COS-7 cells transfected with pHMCAS5-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 fransfection 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 S-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 g-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 Iysate was electrophoresed
and immunoblotted using antibodies against DIC. Quantification data were obtained from four independent experiments and normalized with g-actin levels.

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

Effects 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 siRNAI and 47 % by PiC siRNA2 was observed.
K* (30 mM)-stimulated insulin secretion was also reduced: the
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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 siRNA1,
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 KCl-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.E.M. *P < 0.01and
+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, 0.8964-0.003;
P <0.01) whereas there was no significant change at basal
(2 mM) glucose (PiC siRNA1, 0.846 £ 0.004; control siRNA,
0.8574+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 Avr,, 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 10 mM. 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
11 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 II and complex IV
is suppressed to a similar degree. In spite of significant down-
regulation of ATP production, PiC down-regulation did not affect
Ay, 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 I, ITI, 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 B-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 2 mM 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 nmj 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) Ayrm
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) 65.2+38 774+38" 64.4+1.0 718433 662+1.7 80.0+5.5*
ADP (nmol/mg protein) 102406 39+047 10606 6.4+09"% 9.7+06 6.1+1.2"¢
ATP/ADP 65406 205+2.0% 61+04 120+1.7%% 69+05 13.9+1.4%
(B)
Control siRNA PiC siRNA1
Glucose (mM) 2 2 2 2 2
K+ (mM) 36 30 36 36 30
Antimycin A (M) 0 0 1 0 0
ATP (nmol/mg protein) 65.5+34 486+1.9 25+0.1F 64.4+47 61.2+1.8%
ADP (nmol/mg protein) 10.1+041 1.2+02* 105+0.1* 9.9+02 105+0.3%
ATP/ADP 65+03 44+02¢ 0.2+ 00t 65+05 58+0.2*§

*P < 0.05and P < 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
(emol/10 min per mg of protein)

Experimental conditions Controt SiRNA ~ PiC siRNAT 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*
1 mM succinate + 1 M antimycin A~ 0.03+0.01 0.004-0.01 0.00+0.01
1 mM pyruvate + 1 mM malate 0.4140.03 024+0.01* 0174000
0.5 mM TMPD + 2 mM ascorbate 3.43+0.09 133+0.03* 1274001

*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 B-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 geg/mi), succinate (1 mM) and FCCP
(200 nM) were added to the solution containing Safranin O at the points indicated with arrows.
n=4in each group.
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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 I, I, IV and V. Quantification data were obtained from four independent experiments
and normalized with B-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 ¢. 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 Ay, [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 Ayr,,. 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 (Avr,,)
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 ~2mM [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 Av,, [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 Ayr,.
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 A, 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 Avr,,. 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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GLP-1 receptor agonist attenuates endoplasmic
reticulum stress-mediated p-cell damage in
Akita mice

Shunsuke Yamane', Yoshiyuki Hamamoto? Shin-ichi Harashima', Norio Harada', Akihiro Hamasaki', Kentaro Toyoda',
Kazuyo Fujita', Erina Joo', Yutaka Seino®, Nobuya Inagaki"™

ABSTRACT

Aims/Introduction: Endoplasmic reticulum (ER) stress is one of the contributing factors in the development of type 2 diabetes.

To investigate the cytoprotective effect of glucagon-like peptide 1 receptor (GLP-1R) signaling in vivo, we examined the action of
exendin-4 (Ex4), a potent GLP-1R agonist, on B-cell apoptosis in Akita mice, an animal model of ER stress-mediated diabetes.
Materials and Methods: Ex-4, phosphate-buffered saline (PBS) or phlorizin were injected intraperitoneally twice a day from 3 to

5 weeks-of-age. We evaluated the changes in blood glucose levels, bodyweights, and pancreatic insulin-positive area and number
of islets. The effect of Ex-4 on the numbers of C/EBP-homologous protein (CHOP)-, TdT-mediated dUTP-biotin nick-end labeling
(TUNEL)- or proliferating cell nuclear antigen-positive B-cells were also evaluated.

Results: Ex-4 significantly reduced blood glucose levels and increased both the insulin-positive area and the number of islets com-
pared with PBS-treated mice. In contrast, there was no significant difference in the insulin-positive area between PBS-treated mice
and phlorizin-treated mice, in which blood glucose levels were controlled similarly to those in Ex-4-treated mice. Furthermore, treat-
ment of Akita mice with Ex-4 resulted in a significant decrease in the number of CHOP-positive B-cells and TUNEL-positive B-cells,
and in CHOP mRNA levels in B-cells, but there was no significant difference between the PBS-treated group and the phlorizin-treated
group. Proliferating cell nuclear antigen staining showed no significant difference among the three groups in proliferation of B-cels.
Conclusions: These data suggest that Ex-4 treatment can attenuate ER stress-mediated B-cell damage, mainly through a reduction
of apoptotic cell death that is independent of lowered blood glucose levels. (J Diabetes Invest, doi: 10.1111/j.2040-1124.2010.00075.x,

2011)

KEY WORDS: Apoptosis, Endoplasmic reticulum stress, Glucagon-like peptide-1

INTRODUCTION

Type 2 diabetes is a chronic metabolic disorder characterized by
the loss of B-cell function and mass. The mechanisms underly-
ing the loss of B-cell function and mass are not fully understood,
but recent studies have shown that endoplasmic reticulum (ER)
stress is one of the causes of B-cell damage in diabetes'. Owing
to increased demand for insulin secretion, B-cells show a highly
developed ER'. The ER has a number of important functions,
such as post-translational modification, folding and assembly of
newly synthesized secretory proteins®*. Thus, the ER plays an
essential role in cell survival. ER function can be impaired by
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various conditions, including inhibition of protein glycosylation,
reduction in formation of disulfide bonds, calcium depletion
from the ER lumen, impairment of protein transport from the
ER to the Golgi and expression of malfolded proteins'. Various
physiological or pathological conditions that compromise ER
functions are collectively termed ER stress'™. To alleviate ER
stress and promote cell survival, an adaptive response, known as
unfolded protein response (UPR) is activated. UPR comprises
translational attenuation, induction of chaperones and ER
stress-associated degradation (ERAD). However, prolonged acti-
vation of UPR can ultimately lead to cell death by apoptosis.

Increased demand for insulin secretion under certain condi-
tions, such as chronic hyperglycemia, might result in B-cell over-
load. Chronic hyperglycemia in diabetes can therefore induce
persistent ER stress, cause -cell dysfunction and finally lead to
a reduction in B-cell mass through apoptosis.

Glucagon-like peptide 1 (GLP-1) is a physiological incretin,
an intestinal hormone released in response to nutrient

© 2010 Asian Association for the Study of Diabetes and Blackwell Publishing Asia Pty Ltd
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ingestion that stimulates glucose-dependent insulin secretion.
A growing body of evidence suggests that GLP-1 not only
increases insulin secretion and upregulates insulin biosynthesis,
but also stimulates B-cell proliferation and neogenesis®™, and
inhibits B-cell apoptosis®'¢, resulting in increased B-cell mass.
However, demonstration of an in vivo effect in the animal
models of type 2 diabetes is problematic, because enhancement
of GLP-IR signaling lowers blood glucose levels as result of its
insulinotropic action, and it is difficult to evaluate the direct
cytoprotective effects of GLP-1 in conditions of similar glucose
toxicity.

In the present study, we investigated the cytoprotective effect
of GLP-1R signaling in vivo on ER stress-mediated apoptotic
cell death by using Akita mice, an animal model of ER stress-
mediated diabetes mellitus. Akita mice have a point mutation
in the insulin 2 gene, resulting in misfolding of insulin that
leads to severe ER stress'””'®, To exclude the possibility that
the effect of Ex-4 on B-cells is mediated through improved
blood glucose levels, we used three groups of mice: Akita
mice treated with phosphate-buffered saline (PBS), Ex-4, or
the sodium-coupled glucose transporter inhibitor phlorizin,
which decreases blood glucose levels without increasing insulin
secretion.

MATERIALS AND METHODS

Experimental Animals

Male C57BL/6 mice and male Akita mice were obtained from
Shimizu (Kyoto, Japan). The animals were housed under a
light/dark cycle of 12 h with free access to food and water, All
experiments were approved by the Kyoto University Animal
Care Committee.

In vivo Treatment

The mice were given twice daily intraperitoneal injections of
PBS, Ex-4 (24 nmol/kg) or phlorizin (0.3 g/kg) for 2 weeks
(from 3 to 5 weeks-of-age). Blood glucose levels were measured
every third day by enzyme electrode method using a portable
glucose analyzer (Glutest sensor; Sanwakagaku, Nagoya, Japan).
Blood samples were collected from tail cuttings from these mice
fed ad libitum. At the end of the experimental period, blood
samples were collected from the inferior vena cava under anes-
thesia to determine the plasma glycoalbumin levels (Oriental
Yeast, Tokyo, Japan). Pancreas samples from each of the animal
groups were obtained for histological evaluation, and islets
were isolated for measurement of insulin content and RNA
extraction.

Evaluation of Pancreatic Insulin-Positive Area and Number

of Islets

The pancreas samples were fixed in Bouin’s solution. Serial
5-um  paraffin-embedded tissue sections were mounted on
slides. After rehydration, sections were incubated with polyclonal
rabbit anti-insulin antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), with a biotinylated goat anti-rabbit antibody

(DAKO, Carpinteria, CA, USA), and then with a streptavidin
peroxidase conjugate and substrate kit (DAKO) using standard
protocols. The total pancreas area and insulin-positive area were
quantified on five distal, random, non-overlapping sections from
five mice of each group using a BZ-8100 microscope equipped
with a BZ-Analyzer (KeyEnce, Osaka, Japan). Insulin-positive
areas and the number of islets of each group were adjusted by
total pancreas area'”.

Measurement of Insulin Contents of Isolated Islets

Pancreatic islets were isolated by collagenase digestion. To deter-
mine insulin contents, islets were homogenized in 400 uL acid
ethanol (37% HCl in 75% ethanol, 15:1000 [v/v]) and extracted
at 4°C overnight. The acidic extracts were dried by vacuum,
reconstituted and subjected to insulin measurement. The
amount of immunoreactive insulin was determined by radio-
immunoassay (RIA).

Measurement of mRNA Expression of C/EBP-Homologous
Protein and BiP in Isolated Islets

Measurement of mRNA expression of C/EBP-homologous pro-
tein (CHOP) and BiP was carried out by quantitative reverse
transcription polymerase chain reaction (RT-PCR) as described
previously'®. Briefly, total RNA was extracted from isolated islets
with an RNeasy mini kit (Qiagen, Valencia, CA, USA) and trea-
ted with DNase (Qiagen). cDNA was prepared by SuperScript
Reverse Transcriptase system (Invitrogens, Carlsbad, CA, USA)
according to the manufacturer’s instructions. CHOP mRNA
levels and BiP mRNA levels in the islets were measured by
quantitative RT-PCR using an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA).
The sequences of forward and reverse primers to evaluate

Blood glucose (mg/dL)

14 17 21 24 28 14 17 21 24 28
Age (days) Age (days)

Figure 1| Ex-4 significantly reduced blood glucose levels in Akita mice.
(@) Blood glucose concentration and (b) bodyweight were measured in
wild-type C56BL/6 mice (closed diamond, n = 10), Akita mice treated
with PBS alone (closed cirdle, n = 10), Ex-4 (closed square, n = 12) and
phlorizin (closed triangle, n = 10). Each symbol represents mean =+ SE.
*P < 005, ¥P < 007 vs PBS-treated Akita mice.
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Figure 2 | Ex-4 treatment increased insulin-positive areas, number of islets and insulin content. (a-d) Representative mouse pancreata at 5 weeks-
of-age stained with insulin. (@) Wild, (o) Akita mice treated with PBS, () Ex-4 or (d) phlorizin. (e) Insulin-positive areas and (f) number of islets were
evaluated as described in Materials and Methods (n = 5 for each group). (g) Pancreatic insulin content was measured as described in Materials and
Methods, and expressed as ng/islet (n = 5 for each group). Each column represents mean + SE. *P < 0.05, **P < 001.

CHOP expression were 5-GAGCT- GGAAGCCTGGTATGA-3" 1 min. Total CHOP and total BiP levels were corrected by
and 5-GGACGCAGGGTCAAGAGTAG-3’, respectively; the ~GAPDH mRNA levels.

sequences of forward and reverse primers to evaluate BiP

expression were 5-TTTCTGCCATGGTTCTCACTAA-3" and  Immunofluorescence Staining
5-GCTGGGCATCATTGAAGTAAG-3', respectively; and the For pancreatic CHOP and insulin immunohistochemistry, the
sequences of forward and reverse primers to evaluate glyceralde-  tissues were fixed and embedded in paraffin. Serial 5-pm sec-
hyde 3-phosphate dehydrogenase (GAPDH) expression were  tions were stained with anti-CHOP/GADD153 (Santa Cruz Bio-
5-AGCTCACTGGCATGGCTTCCG-3" and 5-GCCTGCTTC-  technology) and anti-insulin (DAKO) antibodies using standard
ACCACCTTCTTGATG-3', respectively. SYBER Green PCR  protocols. Insulin immunopositive areas were measured on five
Master Mix (Applied Biosystems) was prepared for the PCR  distal, random, non-overlapping sections from five mice of each
run. Thermal cycling conditions were denatured at 95°C for  group using a BZ-8100 fluorescence microscope equipped with
10 min followed by 50 cycles at 95°C for 15 s and 60°C for ~a BZ-Analyzer (KeyEnce), and the number of cells showing
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