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Introduction

Signaling mediated by heterotrimeric G-protein plays important
roles in signal integration in cells. Heterotrimeric G-proteins are
activated by G-protein—coupled receptors (GPCRs) at the cell
surface in response to extra stimuli. The activation of G-protein
signaling is associated with nucleotide exchange on the Go
subunits leading to a conformational change in Gofy and
subsequent transduction of signals to various effector molecules
[1]. However, a novel class of regulatory proteins that directly
activate heterotrimeric G protein without receptor activation has
been identified [2-4]. Such molecules are expected to provide
alternative signaling via heterotrimeric G-protein and regulate
signal adaptation during pathophysiologic stress [5].

The importance of accessory proteins for heterotrimeric G-
protein has been reported in human diseases and animal models
[5]. For example, activator of G-protein signaling 1 (AGS1) is a
direct activator of the Go subunit and involved in the secretion of
atrial natriuretic factor in heart failure [6,7]. Further, regulators of
G-protein signaling (RGSs), the group of proteins that inhibit G-
protein signaling by accelerating the GTPase activity of the Ga
subunit, are involved in various cardiovascular diseases, such as
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hypertension, cardiac hypertrophy, and hypoxia-mediated injury
[8-10].

We have been focusing on identification of accessory proteins of
heterotrimeric G-proteins induced in cardiovascular diseases and
have found novel activators of G-protein signaling from the
hypertrophied heart and during repetitive transient ischemia
[11,12]. Thus, we identified TFE3 (AGS11), an AGS protein that
selectively forms a complex with the Gol6 subunit and is
upregulated in the hypertrophied hearts of mice [11]. TFE3
translocates Gol6 to the nucleus, which leads to the induction of
claudin-14, a component of the membrane in cardiomyocytes.
This suggests that the novel form of transcriptional regulation
counteracts pressure overload.

Activator of G-protein signaling 8 (AGS8) is a GBy signal
regulator isolated from a ¢cDNA library of rat hearts subjected to
repetitive transient ischemia [12]. In response to hypoxia, AGS8 is
up-regulated in the myocardium and cultured adult cardiomyo-
cytes. AGS8 interacts directly with GPy and promotes Gy
signaling in cells [12]. Suppression of AGS8 inhibits hypoxia-
induced apoptosis of cardiomyocytes, suggesting AGS8 is required
for hypoxia-mediated cell death [13]. AGS8 complexes with
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connexin 43 (CX43) to form a transmembrane channel for
multiple small molecules, including calcium, adenosine, ATP, and
reactive oxygen species [14-16]. AGS8 regulates phosphorylation
of CX43 in a GPy-dependent manner and influences hypoxia-
mediated internalization of cell-surface CX43 [13]. Therefore, the
AGS8-GPy complex plays a critical role under hypoxic conditions,
making the cellular environment more sensitive to hypoxic stress
by influencing the permeability of molecules passing through
CX43.

Ischemic injury of the heart is associated with activation of
multiple signal cascades initiating intracellular ionic and chemical
changes that lead to the death of cardiomyocytes [17,18]. A
previous study indicated that AGS8-GPy is involved in the
programs leading to cell death, and the formation of the AGS8-
GPy complex appears to be a critical step triggering the apoptotic
process [13]. If a tool to manipulate the AGS8-Gfy interaction in
cells were available, it might be a promising approach for
protection of cardiomyocytes against hypoxia-mediated injury.

Here, we report the identification of the Gfy-interface of AGS8
and a peptide (AGS8-peptide) designed to correspond to the
domain of interaction between GPBy and AGSS8 that protects
cardiomyocytes against hypoxia-induced apoptosis. The observa-
tions indicate the importance of the AGS8-GBy complex in
hypoxia-mediated apoptosis of cardiomyocytes as well as the
potential value of targeted disruption of the AGS8-Gfy signal for
protecting the myocardium against ischemic injury.

Experimental Procedures

Materials

Anti GB antibody was obtained from Santa Cruz Biotechnol-
ogy. Anti CX43 antibody and IGEPAL CA-630 was obtained
from Sigma. Gallein was purchased from Calbiochem. Cleaved
caspase-3 andtibody was obtained from Cell Signaling Technol-
ogy. Recombinant Gy, was obtained from Calbiochem-Merck
Millipore. MTT (3-(4,5-methylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) was purchased from Dojindo Molecular Labora-
tories (Kumamoto, Japan).

Synthesis of Peptide

The peptides were synthesized and purified by Invitrogen and
peptide identity was verified by matrix-assisted laser desorption
ionization mass spectrometry. The peptides were dissolved in
aliquots (10 mM) and immediately frozen at ~70°C.

Generation of GST-fusion Protein, Protein Interaction
Assays, and Immunoblotting

The segments of AGS8 (DQ256268) were amplified by PCR
and fused in frame to GST in the pGEX-6T vector (Amersham
Biotech). Each GST-partial-AGS8 fusion proteins were expressed
in bacteria (Escherichia coli BL21, Amersham Biotech) and purified
on a glutathione affinity matrix. The GST fusion protein was
eluted from the resin, and glutathione was removed by desalting to
allow a solution-phase interaction assay [19]. Protein interaction
assays and immunoblotting were performed as described previ-
ously [19,20].

Preparation of Cardiomyocytes and Delivery of Peptide
to Cells

Cardiomyocytes were prepared from the hearts of 1-3-day-old
Wistar rats as described previously [13]. The neonates were deeply
anesthetized with pentobarbital sodium (100 mg/kg) and decap-
itated for cardiac tissue harvesting. The ventricular cardiomyo-
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cytes were then enzymentically dissociated and seeded at 1.0x10°
cell in 24 mm or 4.0x10° cell in 35 mm plates. Prepared
cardiomyocytes were cultured in DMEM/F12 including Insulin—
Transferrin—Selenite (ITS), 100 units/ml penicillin, 100 mg/ml
streptomycin, and 10 mM glutamine, in 5% CO, at 37°C. In
some experiments, cardiomyocytes were incubated in a hypoxic
incubator (MODEL9200, Wakenyaku, Kyoto, Japan) equilibrated
to 1% Oy, 5% CO,, and 94% N, at 37°C. The cells were
subjected to two different hypoxic challenges. In the first protocol,
cardiomyocytes were exposed 3 times to 30 min of hypoxia with
intermittent 30-min periods of normoxia to capture the early
events caused by hypoxia in the living cells before they died.
Particularly, internalization of cell-surface connexin 43 and
changes in the permeability of connexin were analyzed. In the
second protocol, cardiomyocytes were exposed to 1% Oj for 6 h
followed by 12h of normoxia to induce hypoxia-mediated
apoptosis. At the end of the second protocol, apoptotic cell death
was analyzed. In some experiments, approximately 24 h after
preparation, peptides were delivered to cardiomyocytes by using
PLUSIn (Polyplus, NY, USA) according to the manufacturer’s
instructions. Briefly, ~1.0 ug peptide was incubated with 2.0 ul of
PLUSin in 100 pl supplied buffer for 15 min and then added the
mixture to each dishes. This preparation typically provided 0.5 to
1 uM of peptide in the culture medium. The amount of peptide
and the incubation time for peptide-delivery were optimized by
analyzing incorporation of fluorescein isothiocyanate (FITC)-
conjugated peptide into cardiomyocytes. In the condition used in
this study, the chemical reagent for peptide delivery did not
influence the number of living cells analyzed by trypan blue stain
within 4 h treatment (0.75 uM peptide; 102.0+6.7%, 1.5 uM
peptide; 90.5+5.0% versus no treatment control, not statistically
significant, n=4) [21].

Immunocytochemistry

Immunostaing of cultured cardiomyocytes was performed as
described previously [13]. Briefly, cells were seeded on 24 x24 mm
polylysine-coated coverslips. Cells were fixed with 4% parafor-
maldehyde for 15 min and then incubated with 0.2% Triton X-
100 for 5 min. After 1 h incubation of 5% normal donkey serum,
cells were incubated with primary antibodies for 18 h at 4°C.
Following ! h incubation of secondary antibody (goat anti-mouse
AlexaFluor 488 or goat anti-rabbit AlexaFluor 594, highly cross-
absorbed, Molecular Probes), cells were incubated with 1 pg/ml
4',6'-diamidino-2-phenylindole, dihydrochloride (DAPI) (Molecu-
lar Probes) in PBS for 5 min. Slides were then mounted with glass
coverslips with ProLong Gold antifade reagent (Invitrogen).
Images were analyzed by deconvolution microscopy (TE2000-E,
Nikon, Tokyo, Japan). Obtained images were deconvoluted using
NIS-Elements 3.0 software (Nikon) with a “no neighbors”
deconvolution algorithm. All images were obtained from approx-
imately the middle plane of the cells.

Dye Uptake Study

Up take of CX43 permeable fluorescence dye Lucifer Yellow
(LY) (Molecular Probes) was performed as described previously
[13]. Briefly, cardiomyocytes were incubated with 1 mM Lucifer
Yellow (LY) (Molecular Probes) for 30 min. The fluorescence of
LY was determined by fluorescence microscopy (B-3A filter,
TE2000-E, NIKON, Tokyo, Japan) following removal of incor-
porated LY and rinse with PBS. The signal intensity was
quantified in 10 randomly selected fields (10x20) using NIS-
Elements 3.0 software (NIKON, Tokyo, Japan). The non-specific
binding of LY was determined in the presence of a connexin
hemichannel blocker, 50 mM of Lanthanum (Sigma-Aldrich).
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In situ Assay for Apoptosis Detection

In situ labeling of fragmented DNA in cardiac myocytes was
detected by TACS2 TdT-Blue Label In Situ Apoptosis Detection
Kit (Travigen, Inc., Gaitherburg, MD), that detects DNA breaks
in genomic DNA by enzymatic incorporation of biotinylated
nucleotides followed by the binding of streptavidin-peroxidase
conjugates, according to the manufacture’s instructions. Briefly,
myocytes were fixed with 3.7% formaldehyde in phosphate
buffered saline (PBS) for 10 min and with 70% ethanol for
5 min and then incubated in proteinase K (0.02 mg/ml) at room
temperature for 5 min. The cells were incubated with 2%
hydrogen peroxide for 5 min and washed with labeling buffer
consisting of 50 mM Tris (pH 7.5), 5 mM MgCl,, 60 mM 2-
mercaptoethanesulfonic acid, and 0.05% BSA, followed by 60 min
of incubation at 37°C in labeling buffer containing 150 mM
dATP, 150 mM dGTP, 150 mM dTTP, 5 mM biotinylated
dCTP, and 40 U/ml of the Klenow fragment of DNA polymerase
I. Untreated myocytes incubated with or without 2 mg/ml DNAse
in the labeling buffer were used as positive or negative controls,
respectively. The incorporated biotinylated dCTP was then
detected with strepavidin-peroxidase conjugate and revealed in
0.5 mg/ml diaminobenzidine for 10 min. Nuclear brown staining
was viewed under a light microscope.

MTT Assay

Cardiomyocytes in 24-well culture plates were incubated in PBS
(pH 7.4) containing 0.5 mg/ml MTT at 37°C. After for 2 h
incubation, the PBS was removed and 100 pl of dimethyl sulfoxide
(DMSOj was added to each well to solubilize dark blue formazan

products. Absorbance of the colored solution was determined at
595 nm [22].

Miscellaneous Procedures and Statistical Analysis

Immunoblotting and data analysis were performed as described
previously [12,13]. The luminescence images captured with an
image analyzer (LAS-3000, Fujifilm, Tokyo, Japan) were quanti-
fied using Image Gauge 3.4 (Fujifilm). Data are expressed as mean
+ S.E.M. from independent experiments as described in the figure
legends. Statistical analyses were performed using the unpaired ¢
test, F-test, one-way ANOVA followed by Tukey’s multiple
comparison post-hoc test. All statistical analyses were performed
with Prism 4 (GraphPad Software, USA).

Ethics Statement
Animal study was approved by the Institutional Animal Care
and Use Committees of Yokohama City University.

Results

The C-terminal Region of AGS8 was Required to Activate
GBy Signaling in Cells

To determine the region of interaction between Gy and
AGS8, we divided the rat AGS8 (DQ256268) sequence into 6
segments and synthesized the segments as glutathione S-transferase
(GST)-fusion proteins (Fig. 14). Each of GST-AGS8 peptides was
subjected to a pull-down assay to examine its interaction with
purified GPy (Fig. 1B). The C-terminus of AGS8 (AGS8-C)
successfully pulled down Gy, as documented in the previous
manuscript [12]. Another segment, AGS8-254, also pulled down
GBy to a lesser extent than AGS8-C, suggesting that a potential
second GPy-interacting domain existed in this region. However,
the remaining segments failed to pull down Gfy.
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Next, the bioactivity of each of the AGS8 regions was
investigated by evaluating the activation the G-protein signaling
pathway in Saccharomyces cerevisiae [12,23]. This yeast strain
lacked the pheromone receptor, but expressed mammalian Gos in
place of the yeast Gol subunit and provided a read-out of growth
upon activation of the G-protein-regulated pheromone signaling
pathway [23]. The peptide corresponding to each AGS8 domain
was subcloned in a galactose-inducible vector and introduced into
the yeast strain [24]. The bioactivity in the G-protein pathway was
examined be evaluating the galactose-dependent growth of the
transformed yeast. Although each segment of AGS8 was expressed
in the yeast cells, AGS8-C was the only segment able to activate
G-protein signaling (Fig. 10). Thus, we focused on AGS-C and
explored the GPy-interaction site in this domain.

The FN3 Domain was Important for the Interaction of
AGS8 with GBy

The sequence of AGS8-C (A'?*® to W7 of rat ABB82299) was
further divided into smaller fragments that were synthesized as
GST-fusion proteins in bacteria. Two fusion proteins of GST-
AGS8-C, namely, AGS8-C1 (A'*°- H"%% and AGS8-C2 (A!**
~ T'*8%) were successfully synthesized and migrated as expected
on SDS-PAGE. While AGS8-C1 did not pull down purified GBy,
AGS8-C2, which represented the FN3 domain, did pull down
GBy, indicating the importance of the FN3 domain for the
interaction of AGS8 with GBy (Fig. 1D).

AGS8-peptides Blocked the Interaction of AGS8C with
GBy

To further determine the region of interaction between AGS8
and Gy, we prepared multiple 29- to 30-amino—acid peptides,
the sequences of which were based on the amino acids from A!*%*
to W'7% of the rat AGS8 (ABB82299) (Fig. 24). In a screen of 11
peptides by the GST-pull-down assay, which covered the entire
region from A'*%* to W' of the rat AGS8, we found two
peptides,  CP1 (AM*PRNITVVAMEGCHSFVIVDWN-
KAIPGDV"?%) and CP9 (S"®FVIVDWNKAIPGDVVTGYL-
VYSASYEDFIP*) that effectively blocked the interaction of
AGS8 with GBy in a dose-dependent manner (Fig. 2B). Quan-
titative analysis of immunoblots confirmed the dependence of the

. interaction of AGS8 with Gy on dose (Fig. 2C) and indicated that

both peptides had similar IC50s (CP1:6.73x107° M;
CP9:2.77x107% M). We first focused on CP9 and used this
peptide as the AGS8-peptide in the following experiments.

The GBy-interaction Site of AGS8 was Localized at the
FN3 Domain of the C-terminus of AGS8

The present data suggested that the first 45 amino acids of the
FN3 domain represented by CP1 and CP2 were critical for AGS8
to interact with GBy and mediate signal to downstream molecules.
The importance of this region for AGS8-mediated signaling was
further examined in the yeast cells in which growth was linked to
G-protein activation [23]. A deletion mutant of AGS8-C, which
lacked the first 45 amino acids of this domain, failed to activate G-
protein signaling, indicating the importance of this region for
mediating AGS8-GBy signaling in the cell (Fig. 3).

The AGS8-peptide Inhibited Hypoxia-induced
Internalization of Connexin 43 in Cardiomyocytes

In a previous study, we demonstrated that AGS8 was required
for hypoxia-induced apoptosis of cardiomyocytes, which was
associated with changes in the permeability of CX43 [13]. AGS8-
GPBy accelerates the internalization and degradation of channel
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Figure 1. Determination of Gy interacting domain of the AGS8. (A) Schematic diagram of rat AGS8 and the AGS8 domains synthesized as
GST-fusion proteins. Each GST protein fused with the following segment of rat AGS8 (ABB82299) respectively. AGS8-N: M'- P¥7°, AGS8-254: A4 R*52,
AGS8-534: S°3%- 5833 AGS8-814: 5814~ R'''3, AGS8-1094: H'%%%- D328 AGS8-C: A'35°- W70 (B) GST-pulldown assay of AGS8 domains with GB,v,.
AGS8 domains synthesized as GST-fusion proteins (300 nM) were incubated with recombinant human Gy, (30 nM) in a total volume of 300 pl at
4°C. Proteins were then adsorbed to a glutathione matrix and retained G-protein subunits identified by immunoblotting following gel
electrophoresis. The representative of 5 independent experiments with similar results. (C) Bioactivity of AGS8 domains on G-protein activation in cell.
The yeast strain expressing human Gos was transformed with AGS8 domains described in (A) into the pYES2-containing GAL1 promoter. The yeast
strain was modified to grow without histidine on activation of G-protein. Induction(+): induction of translation of AGS8 domains by galactose. The
representative of 4 independent experiments with similar results. (D) GST-pull down assay of AGS8-C segments with recombinant GBy. (upper panel)
Schematic diagram of AGS8-C and the segments synthesized as GST-fusion proteins. Each GST protein fused with the following segment of rat AGS8
(ABB82299) respectively. AGS8-C1: A'3%°- H'%, AGS8-C2: A%~ T8 (lower panel) GST-pulldown assay of AGS8 segments with GBv,. AGS8
domains synthesized as GST-fusion proteins (300 nM) were incubated with recombinant human GBy, (30 nM) in a total volume of 300 pl at 4°C.
Proteins were then adsorbed to a glutathione matrix and retained G-protein subunits identified by immunoblotting following gel electrophoresis.

The representative of 4 independent experiments with similar results.
doi:10.1371/journal.pone.0091980.g001

protein CX43 under hypoxia, which results in decreased
membrane permeability in the cardiomyocytes [13]. The change
in localization and permeability of CX43 in the membrane is
associated with hypoxia-induced apoptosis of the cardiomyocytes
[14-16]. Therefore, we transferred the AGS8-peptide to cardio-
myocytes and examined its effect on the internalization of CX43
induced by repetitive hypoxia (Fig. 44).

The peptide was delivered to the cardiomyocytes by chemical
reagent as described in “experimental procedures”. Treatment of
the cells with the chemical reagent and FITC-conjugated AGS8-
peptide showed that the peptide was successfully delivered into the
cardiomyocytes (Fig. 4B). The effect of the AGS8-peptide on
internalization of CX43 was determined in the cardiomyocytes
after hypoxic stress. GX43 was observed on the surface of the
cardiomyocytes under normoxia (Fig. 4B), and its presence was
decreased after exposure of the cardiomyocytes to repetitive
hypoxia in the untransfected control cells and the cells exposed to
transfection reagent alone (Fig. 4B, 4C). However, the AGS8-
peptide dramatically blocked the internalization and degradation
of CX43 induced by repetitive hypoxia (Fig. 4B, 4C). When the
effect of FITC-conjugated AGS8-peptide was examined, FITC
was observed in the cardiomyocytes under normoxia as well as
hypoxia, and the hypoxia-induced internalization of CX43 was
inhibited in FITC-positive cells (Fig. 4B).
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The AGS8-peptide Inhibited the Decrease in Permeability
of Connexin 43 Under Hypoxia

Loss of CX43 from the cell surface decreases influx and efflux of
small molecules passing through CX43, and this effect is associated
with apoptosis of the cardiomyocytes under hypoxia [13-16]. We
next examined the ability of AGS8-peptide to block the change in
permeability of CX43 by analyzing by the flux of the fluorescent
dye, Lucifer Yellow (LY), which passes through CX43 as
previously demonstrated [13]. LY in the culture medium was
incorporated into cardiomyocytes under normoxia. The flux of
dye was decreased after exposure of the cells to repetitive hypoxia
in the control group as well as in the group exposed to transfection
reagent alone (31.1+4.4%, 26.9%13.0%, respectively) (Fig. 5).
However, the AGS8-peptide blocked the hypoxia-induced de-
crease in permeability in a dose-dependent manner. This
observation is consistent with the immunofluorescence studies, in
which CX43 was observed to remain at the cell surface after
repetitive hypoxia in the presence of AGS8-peptide (Fig. 4).

The AGS8-peptide Protected Cardiomyocytes from
Hypoxia-induced Apoptosis

To examine the effect of AGS8 peptide on apoptosis of the
cardiomyocytes, cultured cardiomyocytes were sequentially ex-
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posed to 1% oxygen for 6 h, then to 12 h of normoxia to induce
hypoxia-mediated cell death (Fig. 64) [13]. Hypoxia/reoxygena-
tion markedly increased the number of apoptotic cardiomyocytes,
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Figure 3. Effect of deletion of 45 amino acids of fibronectin
type 3 domain. (A) Schematic diagram of C-terminal of AGS8 (AGS8-C)
and the deleted mutant of AGS8-C (delta AGS8-C) lacking the first 45
amino acids of fibronectin type 3 domain, that are A% t0 R"%38 of rat
AGS8 (ABB82299). (B) Bioactivity of AGS8C and delta AGS8C on G-
protein activation. The yeast strain expressing human Gos was
transformed with AGS8-C and delta AGS8-C in the pYES2-containing
GAL1 promoter. The yeast strain was modified to grow without
histidine on activation of G-protein. Induction (+): induction of
translation of AGS8 domains by galactose. The representative of 4
independent experiments with similar results.

doi:10.137 1/journal.pone.0091980.g003
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as determined by TUNEL or immunostaining of cleaved caspase-
3, in the untransfected control cells and those exposed to
transfection reagent alone (Fig. 6B and 6C). However, AGS8-
peptide successfully inhibited hypoxia-induced apoptosis, indicat-
ing a protective effect in cardiomyocytes. Additionally, the data
indicated that, under normoxia, the AGS8-peptide did not
influence apoptosis or the permeability of CX43 (Fig. 68 and 6C).

Advantage of the AGS8-peptide for Targeted Disruption
of the GBy Pathway

The data presented thus far indicated that the AGS8-peptide
blocked the AGS8-Gfy interaction and the signaling events the
downstream of AGS8-GBy. We next asked whether inhibition of
the GPBy-mediated signal generally had a cardioprotective effect as
was observed with the AGS8-peptide. Gallein is an inhibitor of
GPy-mediated signaling that occupies a “common” interaction
surface of GPy and inhibits the interaction of GBy-regulated
proteins with GBy [25]. Thus, gallein is expected to block a wide
range of Gy signals in cells, including CX43 regulation mediated
by AGS-GPy. We previously demonstrated that gallein completely
inhibits hypoxia-induced internalization of CX43 at 100 uM, as
observed in the knockdown of AGS8, but not at 1 pM [13].

Here, we first examined the influence of the AGS8-peptide and
gallein on the viability of cells. Cardiomyocytes were incubated
with gallein for 24 h, and their viability was determined by MTT
assay. Even the lowest concentration of gallein (I uM) caused
damage in the cardiomyocytes, indicating that broad inhibition of
GPy did not have a protective effect (Fig. 7). In contrast, the
AGS8-pepetide did not show cytotoxicity at 1 pM, the concen-
tration that completely blocked the AGS8-GBy-mediated signal
event. This suggests that the AGS8-peptide is a promising
candidate for protection of cardiomyocytes from hypoxia-mediat-
ed apoptosis.
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with 1 mM of LY for 45 min in normal culture medium. Excess LY was
removed and cells were rinsed with PBS. The fluorescence of LY was
evaluated by inverted fluorescence microscope. The fluorescence of LY
was quantified by the intensity of fluorescence of 10 randomly selected
fields. The non-selective binding and/or incorporation of LY was
determined fluorescence in the presence of a connexin hemichannel
blocker, 50 uM of Lanthanum which was added 30 min prior to LY. ¥,
p<<0.05 vs cells in normoxia; n.s., not statistically significant. N=4 from
4 independent experiments.

doi:10.1371/journal.pone.0091980.g005
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blocked the association of AGS8 with Gfy and inhibited AGS8-
mediated events under hypoxia. Notably, AGS8-peptide inhibited
the change in permeability of cell-surface CX43 and the apoptosis
of cardiomyocytes. AGS8-peptide did not show cytotoxicity under
normoxia, in contrast to the small molecule gallein, which
produced deleterious effects by general inhibition of Gpy-
signaling. These data indicate that the AGS8-GBy complex plays
a pivotal role in triggering the hypoxia-induced apoptosis of
cardiomyocytes. Furthermore, they suggest an advantage of
targeted disruption of G-protein signaling by the AGS-based
peptide in protecting cardiomyocytes from hypoxia-induced
apoptosis.

Several peptides have been developed to manipulate the broad
signal initiated by accessory proteins for G-proteins. For example,
an inhibitor of accessory proteins for heterotrimeric G-protein has
been developed for RGS proteins. RGS proteins share 120-130
amino acids of an RGS-homology domain, which interact with the
Go. subunit and accelerate GTPase activity [26,27]. RGS-
peptides, which were designed on the basis of the X-ray structure
of the Goi switch I region of RGS4-Gui, successfully modulate
muscarinic receptor-regulated potassium currents in atrial myo-
cytes [28]. RGS-peptides were initially designed to mimic the
surface of G-protein to inhibit GAP activity, which produced the
potential to suppress many events mediated by a variety of RGS
proteins. As another example, a peptide, the sequence of which is
based on G-protein regulatory (GPR) or GoLOCO motifs, is a
cassette of 20-25 amino acids that stabilizes the GDP-bound
conformation of Ga and clearly inhibits Goi activation in vitro,
suggesting its potential as an inhibitor of general Goi signaling in
cells [29].

Alternatively, the AGS8 peptide was designed on the basis of the
AGS-GPy interface, with the objective of suppressing the specific
signal evoked by AGS-Gfy for all GBy signaling. It has been
demonstrated that GBy-interacting proteins share an overlapping
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Figure 6. Effect of AGS8 peptide on hypoxia-induced apoptosis
of cardiomyocytes. (A) Neonatal cardiomyocytes were exposed to
hypoxia (1% oxygen) or normoxia as indicated duration without or with
introduction of AGS8-peptide. Apoptosis was assessed by immunoflu-
orescent detection of the active form of caspase-3 (cleaved caspase-3)
(B) or TUNEL stain (C) as described in the experimental procedures. (C)
Upper panel indicates representative apoptotic (dark blue, arrow) and
non-apoptotic cells (red) after TUNEL staining. Scale bars indicate
100 um. Approximately 3000 cells of 10 independent fields were
counted for each experiments. A separate experiment indicated that
AGS8-peptide did not influence the level of AGS8 within the 4-h
treatment (1.0 UM peptide; 98.2:7.3% versus no reagent alone group,
not statistically significant, n=4). *, p<<0.05 vs cells in normoxia; n.s., not
statistically significant. N=5 from 5 independent experiments.
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interface on the surface of GBy [30,31]. We previously demon-
strated that the GPy-interacting surface of AGS8 includes the
shared-site [32]. However, the entire GPy-interacting surface of
AGS8 may include an additional interface, which is required to
form an AGS8-specific signal complex. Our results indicated that
45 amino acids were required to evoke cell signaling by the AGS-
GBy complex. The amino acid sequence of this domain did not
have similarity to other known GPy interfaces [33-35], suggesting
this sequence represents the AGS8-specifc interface that forms this
particular complex. In fact, the AGSS8-peptide designed to
recognize this region successfully inhibited formation of the
AGS8-GPy complex and subsequent cell events mediated by
AGS8-GBy. However, currently, there is not enough information
to determine whether the AGS8-peptide covers the common Gy
interface or influences the interaction of GBy with other
molecules. These issues are to be investigated elsewhere.

AGS-GBy-mediated signaling is required for hypoxia-induced
apoptosis of cardiomyocytes [13]. GBy is known to conduct pro-
apoptotic signaling via p38MAPK, JNK, or PLC, whereas anti-
apoptotic signaling is also mediated by Gy via PI3K-Akt or ERK
depending on type of cell and stimulus [36-39]. Although the
involvement of these Gfy-mediated pathways in the AGS-GBy
pathway or other players in the AGS-Gfy protein complex are yet
to be determined, the current data indicate the presence of a
critical signaling pathway mediated by the AGS8-GBy complex
leading to apoptosis in cardiomyocytes.

The channel protein CX43 plays a role in the apoptotic process
by regulating the permeability of small molecules, including
adenosine 5'-triphosphate, adenosine diphosphate, adenosine,
cAMP, inositol-1,4,5-triphosphate, glutamate, and glutathione
[14,15,40-42]. In response to hypoxia, AGS8 organizes the
complex that includes GPy, CX43, and possibly kinases that
initiate phosphorylation of CX43 [13]. Multiple phosphorylation
sites on CX43 are regulated by specific kinases under ischemic
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Figure 7. Effect of AGS8-peptide or Gallein on the viability of
cardiomyocytes determined by MTT assay. Neonatal cardiomyo-
cytes were cultured for 24 h with AGS8-peptide or Gallein. Gallein
occupied a “common” interaction surface of GBy and inhibited its
interaction with GBy-regulated proteins. *, p<<0.05 vs cells in normoxia;
n.s., not statistically significant. N=5 from 5 independent experiments.
doi:10.1371/journal.pone.0091980.g007
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conditions, and each phosphorylation critically influences the
permeability and localization of CX43 in the sarcolemma [43,44].
The inhibition of internalization of CX43 by AGS8-peptide may
suggest that AGS8-peptide blocked the recruitment of components
into the complex and/or phosphorylation of CX43 within the
complex. AGS8 may play a role in separating the hypoxic/
ischemic cardiomyocytes from healthy tissue by disconnecting the
gap junction, which can contribute to arrhythmia and contraction
failure during ischemia. Although the validity of this hypothesis is
yet to be tested in confirmed or animal models, our observations
support this possibility.

Myocardial ischemia activates multiple cascades that initiate
intracellular ionic and chemical changes leading cell to death
[17,18]. Although great efforts have been made over many years,
therapeutic approaches to ischemic heart disease still need further
development [45,46]. We previously demonstrated that AGSS8-
GPy signaling was activated under hypoxia and did not
constitutively stimulate the apoptotic pathway, because the pro-
apoptotic effects of AGS were not observed in cells cultured under
normoxia [13]. In fact, AGS8-peptide effectively protected
cardiomyocytes from hypoxia-mediated cell death, but did not
cause cell damage under normoxia. Thus, AGS8-peptide has the
potential to save a subpopulation of cardiomyocytes exposed to
hypoxia without producing damage to the entire myocardium.
This is an advantage of targeted disruption of specific signaling by
AGS8-peptide, and it stands in contrast to the deleterious effects
caused by general inhibition of GBy signaling with gallein.

Peptide-based reagents designed from the sequences of acces-
sory proteins for heterotrimeric G-protein have potential to
manipulate alternative signaling events distinct from GPCR-
mediated G-protein signaling. At this stage, the potential of
peptide-based reagents, including AGS8-peptide, remains limited
by their ability to penetrate the membrane, their stability, and the
modes of delivery available for their use as clinical drugs. The
strategies for effective delivery of therapeutic peptides into the cell
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Hyperthermia generated with ferucarbotran (Resovist®)
in an alternating magnetic field enhances cisplatin-induced
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Abstract Hyperthermia is a promising anti-cancer treat-
ment in which the tissue temperature is increased to
42-45 °C, and which is often used in combination with
chemotherapy or radiation therapy. Our aim in the present
work was to examine the feasibility of combination therapy
for oral cancer with cisplatin and hyperthermia generated
with ferucarbotran (Resovist®; superparamagnetic iron
oxide) in an alternating magnetic field (AMF). First, we
established that administration of ferucarbotran at the
approved dosage for magnetic resonance imaging provides
an iron concentration sufficient to increase the temperature
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to 42.5 °C upon exposure to AMF. Then, we examined the
effect of cisplatin combined with ferucarbotran/AMF-
induced hyperthermia on cultured human oral cancer cells
(HSC-3 and OSC-19). Cisplatin alone induced apoptosis of
cancer cells in a dose-dependent manner, as is well known.
However, the combination of cisplatin with ferucarbotran/
AMF was significantly more effective than cisplatin alone.
This result suggests that it might be possible to reduce the
clinically effective dosage of cisplatin by administering it
in combination with ferucarbotran/AMF-induced hyper-
thermia, thereby potentially reducing the incidence of
serious cisplatin-related side effects. Further work seems
justified to evaluate simultaneous thermo-chemotherapy as
a new approach to anticancer therapy.

Keywords Ferucarbotran - Hyperthermia - Oral cancer -
Anti-cancer effect - Cisplatin - Resovist®

Abbreviations

AMF  Alternating magnetic field
MNPs Magnetic nanoparticles

MRI  Magnetic resonance imaging
SPIO  Superparamagnetic iron oxide
Introduction

Cancer cells are more vulnerable to increased temperature
than normal cells [1]. Thus, hyperthermia is viewed as a
promising approach in cancer therapy [2]. Many techniques
have been reported to increase the temperature of cancer
tissues, such as whole-body hyperthermia [3], radiofre-
quency hyperthermia [4], microwave-induced hyperther-
mia [5], and implantable needles [6]. However, with all
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these modalities, it remains difficult to increase the tem-
perature of only the cancer tissues in a controlled manner
without damaging surrounding normal tissues.

"‘More than 40,000 people are diagnosed with oral cancer,
including cancers of the mouth, tongue, tonsils, and throat,
every year in the US alone. Oral cancer can cause func-
tional damage and disfigurement, and, in its advanced
stages, it invades surrounding organs, causing disorders of
speech, swallowing, and even chewing. Surgery may have
serious adverse effects, so chemotherapy or radiation
therapy is often favored in oral cancer patients, not with
standing potentially serious systemic side effects. Hyper-
thermia is often preferred, e.g., for metastatic N3 cervical
lymph nodes, because it has fewer adverse side effects.
However, it is difficult to induce hyperthermia in a meta-
static node-specific manner. Nevertheless, selective
hyperthermia has been studied as a possible approach to
obtain tumor-specific cytotoxicity, e.g., by ferromagnetic
embolization [7]. More recently, magnetic nanoparticles
(MNPs) have been investigated for this purpose, because
MNPs generate heat when they are exposed to an alter-
nating magnetic field (AMF) as a result of hysteresis and
relaxational losses [8].

Ferucarbotran (Resovist®) is an organ-specific contrast
agent used in magnetic resonance imaging (MRI) of local
tumors, and the permissible dose in humans has been
established by at least two studies [9, 10]. Because feru-
carbotran consists of superparamagnetic iron oxide (SPIO)
coated with carboxydextran, it generates heat when it is
exposed to an AMF [11, 12], and it has been reported to
induce selective hyperthermia when used in arterial
embolization [11]. However, it has not been established
whether ferucarbotran is suitable for inducing hyperther-
mia in cancer treatment.

Cisplatin (cis-diaminedichloroplatinum II; CDDP) is
widely used in chemotherapy in many types of cancer,
including oral cancers [13]. However, it has serious side
effects, including acute kidney damage and/or renal failure
[14-16]. Recent studies have demonstrated that hyper-
thermia stimulates cellular uptake of cisplatin [17, 18] and
consequently enhances the cytotoxicity of cisplatin in
cancer cells, both in vitro and in vivo [19-21]. Thus,
combined treatment with cisplatin plus hyperthermia may
allow the effective dose of cisplatin to be decreased suffi-
ciently to minimize serious side effects.

Accordingly, in order to examine the feasibility of using
combination therapy with cisplatin and ferucarbotran/
AMF-induced hyperthermia in the therapy of oral cancer,
in this study we examined the effect of the combined
treatment on oral cancer cells in culture. Our results con-
firmed that ferucarbotran/AMF-induced hyperthermia sig-
nificantly enhances the effect of cisplatin. Because both
cisplatin and ferucarbotran have already been approved for

@ Springer

clinical use, early introduction of this technique, at least for
oral cancers, should be feasible.

Materials and methods
Reagent, drug and cell lines

Ferucarbotran (Resovist®) was purchased from FUJIFILM
Pharma (Tokyo, Japan) [11]. Cisplatin was purchased from
Wako Pure Chemical Industries (Osaka, Japan). Human oral
squamous cell carcinoma cell lines OSC-19 and HSC-3 were
purchased from the Japan Health Sciences Foundation,
Health Science Research Resources Bank (Osaka, Japan). In
all cases, cells from early passage cultures were stored and
used for the experiments. OSC-19 and HSC-3 were cultured
in Dulbecco’s modified Eagle’s medium (DMEM), 1 %
penicillin—streptomycin, and 1 % L-glutamine.

Thermography

Thermal images were taken using a thermograph (infrared
thermal imaging camera InfReC R300SR; Nippon Avion-
ics, Tokyo, Japan). Temperature was also measured using a
thermograph.

Alternating magnetic field (AMF) generator
An AMF was generated by a vertical coil with an inner

diameter of 6.5 cm, driven by a transistor inverter (HOT
SHOT; Ameritherm, New York, USA) operated at a

A

Fig. 1 Heat generation by ferucarbotran in an alternating magnetic
field (AMF). a The alternating magnetic field (AMF) generator, b a
photograph of ferucarbotran in medium (left), and thermal images of
ferucarbotran in medium before (middle), and 10 min after AMF
(308 kHz, EC 270 A) (right)
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frequency of 308 kHz and electric current (EC) 250 A [12,
22-26]). Temperature was measured using a hand-held
thermometer, HA-200 (Anritsu Meter, Tokyo, Japan).

Apoptosis assay

HSC-3 cells and OSC-19 (6 x 10* cells/well) were
seeded on 6-cm dishes and incubated for 24 h. Cisplatin
was then added to a concentration of 0 pM (control), 7.5
or 15 uM. When hyperthermia was to be applied, 10 mM
ferucarbotran was added and AMF was performed with a
HOT SHOT under the conditions described above [22,
25, 26]. Incubation was continued for 12 h at 37 °C, in
an atmosphere of 5 % CO, in air. Cells were washed
twice with cold PBS and suspended in 1x binding buffer
at a concentration of 1 x 10° cells/ml. Next, a 100-pl
aliquot of the solution, containing 1 X 10° cells, was
transferred to a 5-ml culture tube. Then, 5 pl of allo-
phycocyanin (APC) Annexin V and 5 pl of 7-aminoac-
tinomycin D (AAD) (BD Biosciences, CA, USA) [27]
were added to the tube. Incubation was continued for
15 min at room temperature (25 °C) in the dark. Finally,
400 pl of 1x binding buffer were added to each tube.
Cells were examined by flow cytometry (BD FACSCanto
II; BD Biosciences).

Cell cycle analysis

Cell cycle analysis was performed using The Cyclet-
est™ Plus DNA Reagent Kit (BD Biosciences)
according to the manufacturer’s protocol [28]. Briefly,
HCS-3 and OSC-19 cells treated with 0 pM (control),
7.5 or 15 uM cisplatin, with or without hyperthermia
(10 mM ferucarbotan/AMF), were washed in PBS and
fixed in 90 % ethanol. Fixed cells were washed twice in
PBS and stained with 50 pM propidium iodide con-
taining 5 pg/ml DNase-free RNase for 1 h, then ana-
lyzed by flow cytometry using a FACScan (BD
FACSCanto II).

Statistical analysis

Data were analyzed using BD FACSDiva software (BD
Biosciences). Data are expressed as mean & SEM. Data
were analyzed by one-way ANOVA followed by the Tukey
post hoc test using GraphPad Prism software (GraphPad
Software, CA, USA). The criterion of statistical signifi-
cance was set at p < 0.05.

Results

Heat generation by ferucarbotran in an alternating
magnetic field (AMF)

Heat production is determined by the magnetic properties
of ferucarbotran, its concentration, and the strength of the
AMF [12]. Therefore, we examined the heating effect of
AMF on medium containing ferucarbotran by thermogra-
phy (Fig. 1b). As shown in Fig. 2, the temperature
increased time-dependently, and the extent of the increase
was dependent on the concentration of ferucarbotran
(Fig. 2a) and the magnitude of the EC used to generate
AMF (Fig. 2b). The results showed that AMF produced at
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Fig. 2 Dependence of heat generation on ferucarbotran concentration
and alternating magnetic field (AMF) strength. a Temperature—time
curves at different concentrations of ferucarbotran (1, 10, or 20 mM
equivalent of iron) on AMF at 308 kHz and EC 230 A. b Temper-
ature~time curves in the presence of 10 mM ferucarbotran on AMF at
different levels of electric current (230-270 A) at 308 kHz. ¢ Effect
of cisplatin (30 pM) on ferucarbotran (1, 10, or 20 mM equivalent of
iron)/AMF (308 kHz, EC 230 A)-induced increase of temperature;
medium only, medium + cisplatin, medium + ferucarbotran, and
medium + cisplatin + ferucarbotran
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Fig. 3 Ferucarbotran/AMF-induced hyperthermia enhances the pro-
apoptotic effect of cisplatin in human oral cancer cells. Annexin-V/PI
staining of human oral cancer cells at 12-h intervals after treatment
with 0, 7.5, or 15 uM cisplatin with or without hyperthermia (HT) in
HSC-3 cells, and 0, 15, 30 pM cisplatin with or without HT in OSC-
19 cells. a Representative analysis of apoptosis of HCS-3 cells and
OSC-19 cells exposed to cisplatin and ferucarbotran with or without
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AMEF. Annexin-V/PI method with FACS scan dot plot analysis was
used to divide the treated and control cells into four groups: (1) living
cells (lower left quadrant); (2) necrotic cells (upper left quadrant); (3)
early apoptotic cells (lower right quadrant); and (4) late apoptotic
cells (upper right quadrant). b Representative analysis of apoptosis of
OSC-19 cells exposed to cisplatin with or without AMF. *p < 0.05,
*p <00, n=4



I Physiol Sci (2014) 64:177-183

181

Fig. 4 Combination of cisplatin
and ferucarbotran/AMF-induced
hyperthermia causes G2/M
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generator settings of 308 kHz and EC 250 A in the pre-
sence of 10 mM (equivalent of iron) ferucarbotran was
sufficient to generate a temperature of 42.5 °C, and we
adopted these conditions for the subsequent assays. We
confirmed that cisplatin did not alter the heating effect
under these conditions (Fig. 2c).

Ferucarbotran-enhanced cisplatin-mediated apoptosis

It has been reported that cisplatin induces apoptosis in
cancer cells [29]. We thus examined whether ferucarbotran/
AMF-induced hyperthermia further increased cisplatin-
induced apoptosis in oral cancer cells. FACS analysis
demonstrated that cisplatin increased both early and late

apoptosis in a dose-dependent manner in HSC-3 cells
(Fig. 3a) and OSC-19 cells (Fig. 3b). Ferucarbotran/AMF-
induced hyperthermia for an hour significantly increased
the apoptotic effect of cisplatin.

Cisplatin-induced G2/M arrest of human oral cancer
cells was unaffected by hyperthermia

To examine whether hyperthermia modifies the mechanism
of anti-cancer action of cisplatin, flow-cytometric cell-
cycle analysis of treated cells was performed. Cisplatin
induced potent G2/M arrest in both HSC-3 cells (Fig. 4a)
and OSC-19 cells (Fig. 4b). We found that ferucarbotran/
AMF-induced hyperthermia did not alter the effect of
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cisplatin on the cell cycle. Thus, hyperthermia per se had
no effect on the anti-cancer mechanism of cisplatin.

Discussion

Ferucarbotran is an organ-specific superparamagnetic
contrast agent used in MRI, and its safety and maximum
dosage (10 mM; 0.016 mL/kg, which contains 8 pmol
(0.45 mg) Fe/kg equivalent of iron [30]) have been well
established [9, 10]. Since hyperthermia has already been
shown to enhance the anti-cancer effect of cisplatin [31] in
the treatment of oral cancer, we anticipated that combina-
tion therapy with cisplatin and ferucarbotran/AMF-induced
hyperthermia might be suitable for oral cancer treatment,
making it possible to reduce the necessary dose of cisplatin
and consequently reduce the risk of serious side effects.

Hyperthermia to induce apoptosis of cancer cells is best
performed at about 42 °C, because temperatures above
44 °C have been reported to cause necrosis and damage to
surrounding normal tissues [32]. Therefore, we first con-
firmed that the above concentration of ferucarbotran was
sufficient to maintain a temperature of 42.5 °C under
appropriate AMF conditions, and this level of hyperthermia
could induce apoptosis of oral cancer cells, as evaluated by
FACS analysis. It should be noted that it would still be
necessary to optimize AMF conditions for clinical treat-
ment. Similarly, it would be desirable to deliver cisplatin
and ferucarbotran to oral cancer tissue in a selective
manner. This may be achieved by the use of superselective
intra-arterial infusion with a catheter, as we previously
reported in oral cancer patients [33].

We previously reported that ROS production was higher in
cancer cells than in normal cells, and was further increased
when the temperature was increased [34]. Cisplatin also
increases ROS production, and this is most likely the mech-
anism responsible for its anti-cancer effect [34, 35]. We
confirmed that the combination of cisplatin and ferucarbotran/
AMF-induced hyperthermia further enhanced ROS produc-
tion (data not shown). This is important, because cisplatin
may cause ototoxicity [36], so it is desirable to minimize the
necessary cisplatin dose, as far as is consistent with thera-
peutic effectiveness, in the clinical context.

It is well known that cisplatin causes accumulation of
cells in S phase and blocks the GO/G1 phases in xeno-
grafted human head and neck carcinoma cells [37], leading
to apoptosis. [38, 39]. Our data showed that ferucarbotran/
AMF-induced hyperthermia enhanced the anti-cancer
effect of cisplatin without altering its characteristic effect
on the cell cycle. Accordingly, ferucarbotran/AMF-induced
hyperthermia did not appear to modify the mechanism of
action of cisplatin in human oral cancer cells. Because both
cisplatin and ferucarbotran are already in clinical use, we

@ Springer

believe the combination of cisplatin with ferucarbotran/
AMF-induced hyperthermia has the potential for early
clinical application. It should at least be possible to reduce
the clinically effective dosage of cisplatin by administering
it in combination with ferucarbotran/AMF, thereby reduc-
ing the risk of serious cisplatin-related side effects. Further
investigation seems warranted to confirm the safety and
effectiveness of this combined treatment for oral cancers in
humans.
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Aims: Geranylgeranylacetone (GGA) is commonly utilized to protect the gastric mucosa in peptic ulcer disease.
Recently GGA has been shown to protect the myocardium from ischemia/reperfusion by activating heat shock
proteins. However, the exact mechanism as to how GGA activates these protective proteins is unknown. Caveolae
and caveolin-3 (Cav-3) have been implicated in ischemia, anesthetic, and opioid induced cardiac protection.
Given the lipophilic nature of GGA it is our hypothesis that GGA induced cardiac protection requires caveolae
and Cav-3.

Main methods: We used an in vivo mouse model of ischemia-reperfusion injury and performed biochemical
assays in excised hearts.

Key findings: GGA treated control mice revealed increased caveolae formation and caveolin-3 in buoyant frac-
tions, mediating heat shock protein 70 activation. Furthermore, control mice treated with GGA were protected
against ischemia/reperfusion injury whereas Cav-3 knockout (Cav-3 KO) mice were not. Troponin levels con-
firmed myocardial damage. Finally, Cav-3 KO mice treated with GGA were not protected against mitochondrial
swelling whereas control mice had significant protection.

Significance: This study showed that caveolae and caveolin-3 are essential in facilitating GGA induced cardiac

protection by optimizing spatial and temporal signaling to the mitochondria,

© 2014 Elsevier Inc. All rights reserved.

Introduction

Geranylgeranylacetone (GGA), an acyclic polyisoprenoid, is com-
monly used as an oral anti-ulcer medication in Asia. This compound
has been shown to be effective in protecting the gastric mucosa against
insults without affecting gastric acid secretion (Fujimoto et al., 1982;
Murakami et al.,, 1981). Oral GGA has been demonstrated to have
protective effects on myocardial ischemia/reperfusion injury within
the rat heart (Ooie et al., 2001). Yamanaka et al. suggested that GGA-
induced cardiac preconditioning exerted protective effects on myocar-
dial ischemia/reperfusion injury by mediating the activation of protein
kinase C and heat shock protein (HSP) (Yamanaka et al., 2003). Further
investigations demonstrated that GGA also prevented cellular endothe-
lial damage (Zhu et al., 2005), diminished apoptosis and preserved
mitochondrial respiratory function (Shinohara et al., 2007).

* Corresponding author at: Department of Anesthesiology, University of Tokushima, 3-
18-15 Kuramoto, Tokushima 770-8503, Japan. Tel.: +81 88 633 7181; fax: +81 88 633
7182.

E-mail address: tsutsumi@tokushima-uw.acjp (Y.M. Tsutsumi).
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0024-3205/© 2014 Elsevier Inc. All rights reserved.

Structural scaffolding domains commonly organize signal transduc-
tion molecules and receptors. Caveolae are small membrane invagina-
tions of the plasma membrane that are enriched in sphingolipids,
cholesterol, and lipid rafts (Lisanti et al., 1994; Palade, 1953; Patel
et al,, 2008). Caveolins are the structural proteins of caveolae and are
present in three isoforms, caveolin (Cav)-1, -2, and -3 (Lisanti et al,,
1994; Patel et al.,, 2008). Additionally, many signaling molecules are
known to localize in caveolae and interact with the scaffolding domain
of caveolin. We have recently shown that both caveolae and Cav-3 were
essential for ischemic (Horikawa et al., 2008; Tsutsumi et al., 2008),
anesthetic (Horikawa et al., 2008), and opioid (Tsutsumi et al., 2010b)
induced cardiac protection. It is our hypothesis that caveolin-3 and
caveolae are also essential in GGA induced cardiac protection.

Materials and methods
Animals

All animals were treated in compliance with the Guidelines for
Proper Conduct of Animal Experiment and Related Activities (Ministry

of Education, Culture, Sports, Science and Technology of Japan) and
the Guideline for Care and Use of Lab Animals at the University of
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Tokushima. Animal use protocols were approved by the Animal Care
and Use Committee, the University of Tokushima. Male C57BL/6 mice
(8-10 weeks old, 21-26 g body weight) were purchased from Japan
SLC and Cav-3 knockout (Cav-3 KO) mice were created as reported
previously (Hagiwara et al., 2000). Animals were randomly assigned
into treatment groups by an independent observer. The animals were
kept on a 12 hour light-dark cycle in a temperature-controlled room.
GGA was provided by Eisai Co., Tokyo, Japan and was given by gavage
at a dose of 200 mg/kg (dissolved with 0.4% lecithin in deionized
water). Mice in the control group were given the same dose of vehicle.

Electron microscopy

Wild-type mice were given GGA or vehicle by oral gavage. Twenty
four hours later, whole hearts were fixed with 2.5% glutaraldehyde in
0.1 M cacodylate buffer for 2 h at room temperature, post-fixed in 1%
0s04 in 0.1 M cacodylate buffer (1 h), and uranyl acetate, dehydrated
in a graded series of ethanol solutions, and embedded in epon epoxy
resin. Sections were cut with a Reichert Ultracut E Ultramicrotome
(Leica Microsystems, Wetzlar, Germany) and observed with an electron
microscope (Hitachi H7650, Hitachi Co., Tokyo, Japan). Random sections
were taken by an electron microscopy technician blinded to the
treatments.

Sucrose density membrane fractionation

We performed whole left ventricle sucrose density membrane frac-
tions as reported previously (Tsutsumi et al., 2008). Fraction samples
4-12 were used in immunoblot analyses. We defined fractions 4-6 as
lipid rich-buoyant membrane fractions enriched in caveolae and
proteins associated with caveolae. Fractions 9-12 were defined as
non-buoyant fractions.

Immunoblot analysis

Proteins in whole left ventricle or membrane fractions were separated
by SDS-PAGE 10% polyacrylamide precast gels (Bio-Rad Laboratories) and
transferred to a polyvinylidene difluoride membrane by electroelution.
Membranes were blocked in PBS containing 2.0% nonfat dry milk and
incubated with primary antibody overnight at 4 °C. Bound primary anti-
bodies were visualized using secondary antibodies conjugated with
horseradish peroxidase from Santa Cruz Biotechnology (Santa Cruz)
and ECL reagent from Amersham Pharmacia. All displayed bands migrat-
ed at the appropriate size, as determined by comparison to molecular
weight standards (Santa Cruz Biotechnology).

Immunoprecipitation

Immunoprecipitation was performed using Protein A Sepharose
CL-4B (GE Healthcare) as described previously (Hirose et al., 2011).
Buoyant fraction samples were incubated with primary antibody for 3
h at 4 °C, immunoprecipitated overnight with protein-agarose at 4 °C,
and then centrifuged for 5 min at 13,000 g. Protein-agarose pellets
were washed 3 times. Wash buffer was removed and sample buffer
was added, and then boiled for 5 min at 95 °C for immunoblotting.

Ischemia-reperfusion protocol and experimental groups

Cav-3 KO and control mice were randomly assigned to receive GGA
or vehicle 24 h before ischemic injury. Mice were anesthetized with
pentobarbital sodium (80 mg/kg i.p.) and mechanically ventilated by
using a pressure-controlled ventilator (TOPO Ventilator, Kent Scientific)
as described before (Tsutsumi et al.,, 2006, 2007). Core temperature was
maintained with a heating pad and ECG leads were placed to record
heart rate. The hemodynamic effects were measured through the right
carotid artery cannulation with a 1.4F Mikro-tip pressure transducer

(Model SPR-671, Millar Instruments), which was connected to an am-
plifier (Model TC-510, Millar Instruments) for determination of heart
rate, arterial blood pressure, and rate pressure product.

Lethal ischemia was produced by occluding the left coronary artery
with a 7-0 silk suture placed with a tapered BV-1 needle (Ethicon) for
30 min. After 30 min of occlusion, the ligature was released and the
heart was reperfused for 2 h. After reperfusion, mice were heparinized,
and the coronary artery was again occluded. The area at risk (AAR) was
determined by staining with 1% Evans blue (1.0 mL, Sigma). The heart
was immediately excised and cut into 1.0-mm slices (Mcllwain tissue
chopper; Brinkmann Instruments). Each slice of left ventricle (LV) was
then counterstained with 2,3,5,-triphenyltetrazolium chloride (Sigma).
After overnight storage in 10% formaldehyde, slices were weighed and
visualized under a microscope (SZ61-TR, Olympus) equipped with a
charge coupled device camera (DXM 1200F, Nikon). The images were
analyzed (Image-Pro Plus, Media Cybernetics), and area at risk (AAR)
and infarct size (IS) were determined by planimetry as previously de-
scribed (Tsutsumi et al., 2008; Horikawa et al., 2008). Cardiac troponin
1 (cTnl) levels in the serum were measured using a High Sensitivity
Mouse Cardiac Troponin-I ELISA Kit (Life Diagnostics) as described
before (Tsutsumi et al,, 2010a).

Mitochondrial isolation and swelling assay

Mice were anesthetized and hearts were harvested, immediately
rinsed with PBS, and placed in homogenizer containing 4 mL sucrose
buffer A (300 mM sucrose, 10 mM Tris-HCl, 2 mM EGTA and 5 mg/mL
BSA, pH 7.4) on ice. Hearts were homogenized using 10 strokes and ho-
mogenate centrifuged at 2000 xg for 2 min at4 °C to remove cell debris.
The supernatant was further centrifuged at 10,000 xg for 30 min at 4 °C
to sediment impure mitochondria. Mitochondrial pellet was purified
and washed as described previously (Fridolfsson et al., 2012). 200 pL
of mitochondria in sucrose buffer B (300 mM sucrose, 10 mM Tris-
HCl, pH 7.4) was loaded on to 96-well plate and challenged with
100 uM CaCl, (2 mg/ml protein concentration). Absorbance was mea-
sured every 2 s for 600 measurements at 520 nm using a VarioSkan
Flash spectrophotometer (Thermo Scientific). 250 nM cyclosporine A
(Sigma) pretreatment of mitochondria was used to inhibit CaCl,
induced mitochondrial swelling to confirm the mitochondrial perme-
ability transition pore (mPTP) dependence of calcium-induced swelling.

Statistical analysis

Determination of all data was performed blinded to experimental
groups for the observers. Data were analyzed using Prism 6.0 (GraphPad
Software, Inc.). Statistical analyses for Western blot studies were per-
formed using Student's t-tests. When one-way ANOVA was needed,
the Bonferroni post-hoc test was used. All data are expressed as
mean =+ SD. Statistical significance was defined as P < 0.05

Results

The effect of GGA on cardiac membrane caveolae was assessed by
pre-treating mice with and without GGA and performing electron mi-
croscopy analysis. Representative electron microscopy images show
that pretreatment of GGA increased membrane caveolae compared to
vehicle treated control animals (Fig. 1). However, Cav-3 KO mice had
significantly decreased caveolae with no significant change after GGA
treatment (data not shown). To verify these findings, hearts from GGA
and vehicle control animals were fractionated on a discontinuous su-
crose gradient and analyzed for protein content. GGA increased both
Cav-3 protein expression and HSP 70 expression in buoyant fractions
4-6, which are associated with caveolae (Fig. 2A and 2B). Additionally,
immunoprecipitation experiments showed that GGA treated mice re-
sulted in HSP 70 associated with Cav-3 in buoyant fractions (Fig. 2C),
suggesting that Cav-3 is essential for HSP 70 localization and activation.
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Fig. 1. Geranylgeranylacetone (GGA) increases myocardial caveolae, Electron microscopy of control and GGA treated mouse myocardium'revealed a significant increase in caveolae (red C)
at the sarcolemmal surface in GGA treated mice.

We found no significant differences between wild-type and Cav-3 and was similar between groups (Fig. 3A). Twenty-four hours after
KO mice in heart rate, blood pressure, or rate pressure product with GGA administration, a significant reduction in myocardial ischemia/
and without GGA administration at the baseline period (Table 1). The reperfusion injury was observed compared with vehicle control in the
area at risk was calculated as a percentage of the left ventricle mass wild-type mice (29.0 & 3.7% [n = 8] vs. 44.1 £ 9.3% [n = 10],
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Fig. 2. Lysed and fractionated hearts on a sucrose density gradient. Fractions 4-6 were considered buoyant and 9-12 non-buoyant fractions. *P < 0.05 treated group versus control. A) and
B) Fractions were collected and probed for both caveolin-3 (Cav-3) and heat shock protein 70 (HSP 70). Significant buoyant fraction localization of Cav-3 and HSP 70 was observed in
geranylgeranylacetone (GGA) treated groups. C) The resulting lysates were immunoprecipitated (IP) with Cav-3 antibody and immunoblotted (IB) for HSP 70; n = 3 animals per
group. There was an increased association of Cav-3 with HSP 70 after GGA administration.
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Table 1
Hemodynamics parameters at baseline period.
Control GGA Cav-3 KO GGA +
Cav-3 KO
Heart rate (/min) 421 + 33 437 + 21 413 £+ 35 426 + 37
MAP (mm Hg) 73+ 6 69+ 8 71+ 4 70+ 3
RPP (beats-min~!-mm 305+£37 300£33 294440 298+23
Hg-10%)

MAP, mean arterial pressure; RPP, rate-pressure product. Data are expressed as
mean =+ SD.

respectively). However, in Cav-3 KO mice, this cardiac-protective effect
of GGA was abolished (42.1 4 5.2% [n = 8], Fig. 3B). Additionally, we
confirmed these effects by measuring serum troponin I level, a marker
of cardiac myocyte damage (Fig. 3C).

GGA reduces Ca®*-induced swelling in isolated mouse heart mito-
chondria (Fig. 4). In wild-type mice, the addition of 100 uM Ca®* caused
a significant decrease in absorbance, indicating mitochondrial swelling.
Ca®™ induced swelling was inhibited by cyclosporine A, a mPTP inhibitor,
as reported previously (Tsutsumi et al,, 2011). Under these conditions,
GGA significantly attenuated Ca®* induced swelling compared with
the control; however, these effects were abolished in Cav-3 KO mice.
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Fig. 4. Geranylgeranylacetone (GGA) inhibits mitochondrial swelling caused by ischemia-
reperfusion injury. GGA treated mitochondria were isolated and revealed substantially
less mitochondrial swelling compared to non-treated and Cav-3 KO mice with and with-
out GGA when exposed to calcium chloride. Cyclosporine A was used as a control to
inhibit CaCl, induced mitochondrial swelling to confirm the mitochondrial permeability
transition pore (mPTP) dependence of calcium-induced swelling (n = 3).
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Fig. 3. Geranylgeranylacetone (GGA) protects the mouse myocardium from ischemic injury. A) Area at risk was calculated as a percentage of the left ventricle and revealed no significant
differences between all groups. B) GGA was able to induce significant protection in control animals, although no protection was observed in Cav-3 KO mice. C) Cardiac troponin I, a marker
of myocardial damage also revealed a significant decrease in GGA treated control mice, but no effect in Cav-3 KO mice. * P < 0.05; # P < 0.05.



