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Table 3 Lethal arrhythmias and mortality in an I/R rat model

Number  VT/VF Mortality (%)
duration (sec)
Saline 7 195+42 71
Empty liposomes 6 162+31 50
Amiodarone (3 mg/kg) 6 167+78 33
Amiodarone (10 mg/kg) 6 36£12% 0#
Liposomal Amiodarone 6 18+9% O#

(3 mg/kg)

*p<0.05 versus saline (VI/VF duration). # p<0.05 versus saline group
(mortality). VT ventricular tachycardia, VF ventricular fibrillation

Minimal Negative Hemodynamic Effects of Liposomal
Amiodarone

Amiodarone causes hypotension and bradycardia in clinical
settings [4, 5]. In this study, both free and liposomal amio-
darone significantly reduced the HR and systolic BP; how-
ever, the time-course changes for both the HR and systolic
BP in the liposomal amiodarone group were significantly
smaller compared with those following the corresponding
dose of free amiodarone. Importantly, the reductions in HR
and systolic BP at 1, but not 3, minutes after liposomal
amiodarone administration were significantly smaller com-
pared with those following the corresponding dose of amio-
darone. These findings suggest that liposomal amiodarone
may minimize the negative effects on systemic hemodynam-
ics immediately after the administration of amiodarone. One
possible mechanism to explain this finding is that amiodar-
one on the surface of the liposome membrane is covered
with PEG so that amiodarone cannot act directly on cardio-
vascular cells. Gradual release of amiodarone from liposome
may minimize the rapid hemodynamic changes, because
systemic hemodynamic effects of liposomal amiodarone
were significantly attenuated in liposomal amiodarone
group than free amiodarone group.

Augmented Anti-arrhythmic Effects of Liposomal
Amiodarone

In this study, liposomal amiodarone (3 mg/kg), but not the
corresponding dose of free amiodarone (3 mg/kg), signifi-
cantly reduced the VI/VF duration and mortality compared
with saline in an I/R rat model. Because the acute effects of
amiodarone are known to be attributable to blockade of Na*,
Ca”" and dose-dependent K channels [2, 25], increasing the
concentration of amiodarone in the I/R myocardium may
augment its anti-arrhythmic effects through its tonic effects
on cardiomyocytes caused by blocking cardiac ionic cur-
rents. Kishida et al. reported that amiodarone enhances nitric
oxide production in cultured human endothelial cells [26].
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Furthermore, amiodarone protects cardiac myocytes against
oxidative injury by scavenging free radicals [27]. These
pleiotropic effects of amiodarone are also enhanced by its
increased concentration in the I/R myocardium via PEGy-
lated liposomes, which may contribute to the reduction of
lethal arrhythmias during reperfusion followed by ischemia.
In the present study, since we did not do any procedure such
as electrical conversion or cardiac massage for VI/VF, the
mortality was higher than in our previous report [16].

Clinical Implications

In clinical settings, higher doses of amiodarone cause hypo-
tension and non-cardiac death or induce worsening heart
failure through negative inotropic effects [28]. These effects
often diminish the beneficial effects of amiodarone for
patients with AMI or heart failure [8, 9]. The present study
demonstrated that liposomal amiodarone (3 mg/kg) exerts
anti-arrthythmic effects similar to a high dose of free amio-
darone (10 mg/kg) while reducing the extent of bradycardia
and hypotension, suggesting that encapsulating amiodarone
in liposomes augments its anti-arrhythmic effects and
reduces its negative effects on hemodynamic parameters
with reducing administrative dose. These findings can have
a great impact on preventing lethal arrhythmias during
reperfusion in AMI patients.

Study Limitations

There are several limitations in this study. We used a brief
period of I/R without myocardial infarction in rats. Saka-
moto et al. demonstrated that the incidence of VI/VF in a
rodent model was ‘bell-shaped’ with a maximum at 5 min of
ischemia and that most lethal arrhythmias occurred within
first 20 s after the onset of reperfusion [29]. Consistently,
our data showed that the mean time at which the lethal
arrhythmia occurred after the onset of reperfusion was
3.3+/~1.6 s. Therefore, we chose the 5 min of ischemia
followed by 15 min of reperfusion model. We also chose
the timing of drug administration before the onset of ische-
mia to clarify whether liposomal-amiodarone could prevent
the lethal arrhythmia that occurs in the early period of
reperfusion. In addition, in clinical practice lethal arrhyth-
mias often occur after a brief period of /R without any
irreversible damage to the heart, indicating that the anti-
arrhythmic effects of liposomal amiodarone during a brief
period of ischemia model could have clinical relevance [30].
However, careful interpretation is necessary when using
liposomal amiodarone in acute myocardial infarction with
irreversible damage to confirm the beneficial effects of
liposomal amiodarone. Furthermore, because the electro-
physiology of rats differs from that of humans and drug
administration in our study started before the onset of
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ischemia, additional pre-clinical studies including a longer
period of /R model to consider the timing of drug admin-
istration are needed using large animal models. We should
also take into account that the potential side effects of
amiodarone such as bradycardia are minimal in the left
coronary artery occlusion model used in the present study.

Conclusion

In conclusion, the targeted delivery of liposomal amiodar-
one to the I/R myocardium exerted strong anti-arrhythmic
effects and reduced the negative impact on systemic hemo-
dynamics. Nano-sized liposomes may be a promising drug
delivery system for targeting the I/R myocardium with car-
dioprotective agents.
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ABSTRACT FK506 (Tacrolimus) has the potential to
decrease cerebral ischemia-reperfusion injury. How-
ever, the clinical trial of FK506 as a neuroprotectant
failed due to adverse side effects. This present study
aimed to conduct the selective delivery of FK506 to
damaged regions, while at the same time reducing the
dosage of FK506, by using a liposomal drug delivery
system. First, the cytoprotective effect of polyethylene
glycol-modified liposomes encapsulating FK506 (FK506-
liposomes) on neuronlike pheochromocytoma PCI12
cells was examined. FK506-liposomes protected these
cells from HyO4induced toxicity in a dose-dependent
manner. Next, we investigated the usefulness of FK506-
liposomes in transient middle cerebral artery occlusion

(+tMCAO) rats. FK506-liposomes accumulated in the

brain parenchyma by passing through the disrupted
blood-brain barrier at an early stage after reperfusion
had been initiated. Histological analysis showed that
FK506-liposomes strongly suppressed neutrophil inva-
sion and apoptotic cell death, events that lead to a poor
stroke outcome. Corresponding to these results, a single
injection of FK506-liposomes at a low dosage signifi-
cantly reduced cerebral cell death and ameliorated
motor function deficits in tMCAO rats. These results
suggest that liposomalization of FK506 could reduce
the administration dose by enhancing the therapeutic
efficacy; hence, FK506-liposomes should be a promis-
ing neuroprotectant after cerebral stroke.—Ishii, T.,
Asai, T., Oyama, D., Agato, Y., Yasuda, N., Fukuta, T.,
Shimizu, K., Minamino, T., Oku, N. Treatment of
cerebral ischemia-reperfusion injury with PEGylated

Abbreviations: DDS, drug delivery system; Dil-C;q, 1,1'-
dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine; DPPC, di-
palmitoylphosphatidylcholine; DSPE, distearoylphosphatidyle-
thanolamine; FK506-liposome, polyethylene glycol-modified
liposomes encapsulating FK506; HCO-60, polyoxyethylene
(60) hydrogenated castor oil; HS, horse serum; ICA, internal
carotid artery; I/R, ischemia-reperfusion; IVIS, in vivo imag-
ing system; MCA, middle cerebral artery; MPO, myeloperox-
idase; NGF, nerve growth factor; PEG, polyethylene glycol;
tMCAO, transient middle cerebral artery occlusion; TTC,
2,3,5-triphenyltetrazolium chloride; TTW, therapeutic time
window; TUNEL, terminal deoxyribonucleotidyl transferase
(TDT)-mediated dUTP-digoxigenin nick end labeling
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AFTER RESTORATION OF BLOOD FLOW in cerebral stroke
patients, cerebral ischemia-reperfusion (I/R) injury
often occurs, resulting in neurological deficits (1, 2).
Hence, the development of neuroprotective therapy
for this type of injury has been awaited for a better
outcome after a cerebral stroke. Although >1000 can-
didate compounds have shown potency as a neuropro-
tectant, and >100 of them have been tested in clinical
studies in the past, none of them have passed these
trials due to insufficiency of medicinal efficacy and to
adverse side effects (3, 4). To overcome the present
situation, we previously applied the liposomal drug
delivery system (DDS) to the treatment of cerebral I/R
injury (5). When 100 nm liposomes were intravenously
injected immediately after the start of reperfusion, they
selectively accumulated in the I/R region, suggesting
that drug delivery using liposomes is applicable for
treatment of I/R injuries. Moreover, liposomes modi-
fied with the antiapoptotic protein asialoerythropoietin
significantly suppressed cerebral cell death and im-
proved motor functional deficits induced by I/R injury
in transient middle cerebral artery occlusion (t+-MCAO)
rats by increasing the accumulation of the protein in
the injured region compared with the outcome for the
free asialoerythropoietin-treated group. This finding
offers the possibility that liposomal DDS could be a
useful strategy for the treatment of cerebral I/R injury.
However, the efficacy of liposomal DDS for treatment
of cerebral I/R injuries has been proven for just a single
protein, i.e., asialoerythropoietin. Accordingly, more
study is needed to reinforce the utility of this therapeu-
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tic strategy. The therapeutic effect of liposomes encap-
sulating a neuroprotective chemodrug on I/R injury
has not been examined yet. Therefore, in this study
designed for achieving this purpose and developing a
novel neuroprotectant, we prepared polyethylene gly-
col (PEG)-modified liposomes encapsulating FK506
(FK506-liposomes).

The immunosuppressant FK506 has been widely
used to prevent allograft rejections in clinical organ
transplantation, and was also recently reported to be a
drug candidate for the treatment of acute stroke in
animal studies (6—8). Calcineurin is activated by exces-
sive influx of Ca®* into cerebral cells after a cerebral
ischemic event, resulting in the induction of nitric
oxide, generation of inflammatory cytokines, and the
release of cytochrome ¢ (9-12). FK506 inhibits the
activation of calcineurin by associating with the FK506-
binding protein (FKBP) in neuronal cells and glial
cells; hence, it shows a neuroprotective effect on exper-
imental stroke models. However, the frequent admin-
istration of FK506 required to achieve a good outcome
has the risk of developing side effects such as heart
deficits and nephrotoxicity. The liposomalization of
FK506 is a promising approach for changing the bio-
distribution and negating the problem of poor water
solubility (13, 14). The liposomal formulation of FK506
is as effective as an equal dose of commercial FK506 in
preventing the rejection of transplant grafts, but with
considerably less nephrotoxicity (14). The efficient
delivery of FK506 to ischemic regions by using lipo-
somes might potentially reduce the administration dos-
age without changing neuroprotective efficacy. In the
present study, we assessed the potential of FK506-
liposomes as a neuroprotectant against cerebral I/R
injury by investigating their cerebral distribution, phar-
macological activity, therapeutic effect, and therapeutic
time window in t-MCAO rats.

MATERIALS AND METHODS
Animals

Male Wistar rats (170-210 g) were purchased from Japan SLC,
Inc. (Shizuoka, Japan). The animals were cared for according to
the Animal Facility Guidelines of the University of Shizuoka. All
animal procedures were approved by the Animal and Ethics
Review Committee of the University of Shizuoka.

Preparation of FK506-liposomes

The lipid composition of FK506-liposomes was dipalmitoyl-
phosphatidylcholine (DPPC) and distearoylphosphatidyletha-
nolamine (DSPE)-PEG (molecular weight of PEG was 2000)
in a 20:1 molar ratio. FK506-liposomes were prepared by the
following freeze-drying method: FK506 was dissolved in meth-
anol and added to a flask containing the above lipids dis-
solved in tert-butylalcohol. The molar ratio of FK506 to DPPC
was 1:50. The solution was lyophilized, and then the lyophi-
lizate was hydrated with PBS (pH 7.4) at 50°C. The liposome
solution was freeze-thawed for 3 cycles with liquid nitrogen.
Then the particle size of the liposomes was adjusted by
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extrusion through 100-nm pore-size polycarbonate filters
(Nuclepore, Cambridge, MA, USA). Unencapsulated FK506
was removed by ultracentrifugation at 604,000 g for 15 min
(Hitachi, Tokyo, Japan), and the concentration of FK506 in
the liposomes was determined by HPLC (Hitachi). Final
liposomal concentration was 10 mM as DSPC. FK506-lipo-
somes were dissolved in tetrahydrofuran, and 20 pl of the
solution was injected into an octadecylsilane (ODS) column
(TSK gel ODS-80TM, 4.6X150 mm, Tosoh, Tokyo, Japan).
The mobile phase consisted of acetonitrile and water (3:2,
v/v). HPLC analysis was performed at 60°C and a flow rate of
1 ml/min with UV detection at 214 nm. For the cerebral
distribution study, 1,1’-dioctadecyl-3,3,3',3'-tetramethylindo-
carbocyanine (Dil-C,s; Molecular Probes Inc., Eugene, OR,
USA) was mixed with the initial lipid solution for fluores-
cence labeling of the liposomes.

Cell culture

Pheochromocytoma cells [PC12 cells; European Collection of
Cell Cultures (ECACC), Porton Down, UK] were cultured in
high-glucose DME medium (Wako, Osaka, Japan) supple-
mented with streptomycin (100 pg/ml), penicillin (100
U/ml), heatinactivated 5% fetal bovine serum (FBS; Japan
Bioserum, Tokyo, Japan), and 10% horse serum (HS; MP
Biomedicals, Solon, OH, USA) at 37°C in a humidified
chamber with 5% CO,. PCI2 cells were plated on poly-p-
lysine-coated 24-well plates for the WST (viability) assay.
These cells were caused to differentiate into nerve-like cells by
adding nerve growth factor (NGF) at 100 ng/ml to DME
medium containing 0.5% HS. Five days after incubation with
NGF, these cells were used for subsequent experiments.

Cell proliferation assays

FK506diposomes (0.01, 0.1, or 1.0 uM as FK506 dosage) or free
FK506 (1.0 pM) were added to differentiated PC12 cells in
24-well plates. HyO, was added to each well to a final concen-
tration of 75 pM at 30 min after addition of the samples. The
number of viable cells was measured by using TetraColor One
(Seikagaku, Tokyo, Japan). Briefly, TetraColar One solution was
added to each well, and the cells were then incubated at 37°C for
3 h in a humidified atmosphere containing 5% CO,. Absor-
bance at 450 nm was measured by using a Tecan Infinite M200
microplate reader (Tecan, Mannedorf, Switzerland). FK506 was
dissolved in ethanol, and the final concentration of ethanol was
0.1% in medium.

t-MCAO rats

Preparation of t-MCAO rats was performed as described
previously (15). Briefly, anesthesia was induced with 3%
isoflurane and maintained with 1.5% isoflurane during sur-
gery. During surgery, the body temperature of the rats was
maintained at 37°C with a heating pad. After a median
incision of the neck skin had been made, the right carotid
artery, external carotid artery, and internal carotid artery
(ICA) were isolated with careful conservation of the vagal
nerve. An ~18 mm 4-0 monofilament nylon suture coated
with silicon was introduced into the right ICA and advanced
to the origin of the MCA to occlude it. Silk thread was used
for ligation to keep the filament at the site of insertion into
the MCA. After the surgery, the neck was closed; anesthesia
was then discontinued. MCAO was performed for 1 h. Success
of the surgery was judged by the appearance of hemiparesis
and an increase in body temperature (>37.8°C). Reperfusion
was started by withdrawing the filament ~10 mm at 1 h after
the start of occlusion under isoflurane anesthesia.
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Drug administration

Polyoxyethylene (60) hydrogenated castor oil (HCO-60; 200
mg/ml), including 10% ethanol was used as vehicle for free
FK506. FK506 or FK506-liposomes were intravenously injected at
a single dose of 30, 100, or 300 wg/kg body weight (0.5 ml/rat)
immediately after the start of reperfusion. In the therapeutic
time window study, the injection time was shifted as indicated in
the legend of Fig. 6. It was reported earlier that the vehicle has
no effect on the outcome of ischemia (6, 16, 17).

Cerebral distribution of FK506-liposomes

PEGylated liposomes and FK506-liposomes were fluorescently
labeled with Dil-C,g as described above. They were intrave-
nously injected into the t+-MCAO rats at the start of reperfu-
sion. The rats were euthanized at 3 or 24 h after the injection,
and their brains were sliced into 2-mm-thick coronal sections
with a rat brain slicer (Muromachi Kikai, Tokyo, Japan). All
sections were put on glass slides, and the fluorescence of Dil
was measured with an #n vivo imaging system (IVIS; Xenogen
Corp., Alameda, CA, USA). Thereafter, these sections were
embedded in optical cutting temperature (OCT) compound
(Sakura, Finetech., CO Ltd., Tokyo, Japan) and then frozen
in a dry ice/ethanol bath. These frozen sections were cut into
10-um ones with a cryostat (HM505E; Microm, Walldorf,
Germany) for subsequent immunostaining experiments. Av-
erage photon counts in I/R region were calculated from 4
rats at each time.

Immunostaining for CD31

The sections were incubated with 1% bovine serum albumin
in PBS for 10 min at room temperature for blocking, and
then with biotinylated anti-mouse CD31 rat monoclonal
antibody (BD Pharmingen, Franklin Lakes, NJ, USA) for 18 h
at 4°C, and thereafter with streptavidin-Alexa fluor 488 con-
jugates (Molecular Probes Inc.) for 30 min at room temper-
ature. Finally, the sections were mounted with Perma Fluor
Aqueous Mounting Medium (Thermo Shandon, Pittsburgh,
PA, USA) and observed for fluorescence in the striatum with
an LSM microscope system (Carl Zeiss Co., Ltd., Oberkochen,
Germany).

Terminal deoxyribonucleotidyl transferase (TDT)-mediated
dUTP-digoxigenin nick end labeling (TUNEL) staining

Brains of tMCAO rats were dissected at 24 h after the
injection of FK506-liposomes (100 wg/kg as FK506 dosage),
free FK506 (100 wg/kg), PEGylated liposomes (same lipid
concentration as FK506-liposomes), or PBS; embedded in
optimal cutting temperature (OCT) compound (Sakura
Finetek, Torrance, CA, USA); and then frozen in dry ice/
ethanol. Frozen sections (10 pm) were prepared by using a
cryostatic microtome (HM 505E, Microm, Walldorf, Ger-
many) and were stained with TUNEL reagents supplied in an
ApopTag Plus fluorescein in situ apoptosis detection kit
(Chemicon International, Inc., Temecula, CA, USA), as de-
scribed below. For fixation of the sections, they were incu-
bated in 4% paraformaldehyde for 15 min at room tempera-
ture, and then in ethanol/acetic acid (2:1) solution for 5 min
at —20°C. DNA strand breaks were labeled with the digoxi-
genin-conjugated terminal deoxynucleotidyl transferase en-
zyme by incubation for 1 h at 37°C. Then, the sections were
incubated in antidigoxigenin-fluorescein solution for 30 min
at room temperature. Finally, the sections were mounted with
Perma Fluor aqueous mounting medium including DAPT (1.0
png/ml) and observed for fluorescence with the LSM system.
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The observed area in the striatum was similar to the imaged
region in Fig. 2C, D. For quantitative evaluation, the number
of TUNEL-positive cells was counted in 4 sections/rat. Five
rats were used to obtain the quantitative data.

Histological analysis of neutrophil influx

Frozen sections (7 pm) were prepared as described above. For
fixation of these sections, they were incubated in acetone for
1 min at room temperature, and then in 0.3% H,O, solution
for 30 min at room temperature. After having been blocked with
fetal bovine serum for 20 min at room temperature, the sections
were incubated with anti-myeloperoxidase (MPO) rabbit poly-
clonal antibody (Thermo Fisher Scientific, Rockford, IL, USA)
for 30 min at room temperature. A Vectastain ABC rabbit IgG kit
and DAB peroxidase substrate kit (both from Vector Laborato-
ries, Inc., Burlingame, CA, USA) were used for identification of
neutrophils in the sections. Finally, the sections were counter-
stained with hematoxylin and observed microscopically (BX51;
Olympus, Tokyo, Japan). The observed area in the striatum was
similar to the imaged region in Fig. 2C, D.

Therapeutic experiment

FK506-liposomes (30 or 100 pg/kg as FK506 dosage), PBS,
free FK506 (30, 100, or 300 pg/kg), or vehicle (200 mg/ml
HCO-60 including 10% ethanol in PBS) for FK506 were
intravenously injected into t-MCAO rats immediately after the
start of reperfusion. The volume of damaged region, the
degree of brain swelling, and the functional outcome of rats
were assessed at 24 h after the injection. For the functional
outcome study, the rats underwent a 21-point neurological
score analysis prior to sacrifice, as described previously (18).
All of the normal and sham-operated rats received 21 points
in this test. After this study, the brains of tMCAO rats were
sliced into 2-mm-thick coronal sections by using a rat brain
slicer (Muromachi Kikai) and stained with 2,3,5-triphenyltet-
razolium chloride (TTC; Wako) for the detection of cerebral
cell death. The volume of the damaged regions was calculated
by using an image-analysis system (Image J; U.S. National
Institutes of Health, Bethesda, MD, USA). The damaged
regions were considered to be those appearing completely
white. Brain swelling was calculated as the ratio of volumes
between ipsilateral and contralateral hemisphere sections.

Assessment of therapeutic time window

t-MCAO rats were intravenously injected with FK506-lipo-
somes (30 or 100 pwg/kg as FK506 dosage) or PBS at various
times after the start of reperfusion. The volume of damaged
regions was assessed at 24 h after injection by using TTC
staining as described above.

Statistical analysis

Statistical analysis was performed by 1-way analysis of variance

(ANOVA) followed by Dunnett’s multiple comparison tests.
Data are presented as means * SD.

RESULTS

FK506-liposomes protected differentiated PC12 cells
from H,O,induced toxicity

The particle size and {-potential of FKb506 liposomes
were 109 * 4.3 nm and —7.2 + 0.7 mV, respectively. To
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assess the pharmacological activity of FK506-liposomes,
we examined the cytoprotective effect of them on
differentiated PC12 cells treated with HyO, The num-
ber of live PC12 cells was decreased to ~40% by
exposure to HyO, (Fig. 1). FK506-liposomes suppressed this
cell death induced by H,O, in a dose-dependent man-
ner, whereas empty-liposomes (PEGylated liposomes)
showed no cytoprotective effect against the HyO,in-
duced toxicity.

FK506-liposomes diffused into the brain parenchyma
only in the ischemic hemisphere

The intracerebral distribution of FK506-liposomes
given immediately after the start of reperfusion to
t-MCAO rats was observed at 3 h (Fig. 24) and 24 h
(Fig. 2B) after the injection. The fluorescence of Dil-
labeled FK506-liposomes was observed only in the isch-
emic hemisphere at both time points. Immunohistolog-
ical analysis revealed that the FK506-liposomes had
leaked into the brain parenchyma from cerebral vessels
in the ipsilateral hemisphere (Fig. 2C, D). Moreover,
higher Dil fluorescence intensity was detected in the
brain sections prepared at 24 h after the injection than
in those prepared at 3 h (Fig. 2F) after it, which
suggests that the accumulation of FK506-liposomes in
the brain parenchyma gradually increased by continu-
ous leakage from cerebral vessels according to en-
hanced permeability and the retention effect. In con-
trast, no leakage of them into the cerebral parenchyma
of the contralateral hemisphere occurred.

140
120
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80

60

% of survival

40

20

0
Control H,0, 0.01 0.1 1.0 1.0 Empty-
FK506-liposomes  FK506 P
(LM) (M)

Figure 1. FK506-liposome-mediated attenuation of HyOo
induced cytotoxicity toward differentiated PC12 cells. PC12
cells were caused to differentiate by the addition of NGF at
100 ng/ml to culture medium supplemented with 0.5% HS.
After 5 d in culture for differentiation, FK506-liposomes, free
FK506, or empty liposomes (Empty-Lip) were added to the
culture medium, and then H,O, was added to each well. After
24 h, viable cell numbers were determined by performing the
WST assay. Final lipid concentration of empty liposomes was
same as that of FK506liposomes. Data are presented as means & SD
(n=6). *P < 0.05, **P < 0.01, ***P < 0.001 vs. H,O,treated

group.
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FK506-liposomes showed antiapoptotic effect in
t-MCAO rats

At 24 h after the injection of each sample, apoptosis of
the cerebral cells in tMCAO rats was identified by
TUNEL staining (Fig. 3). TUNEL-positive cells were
detected in neither the striatum nor the cerebral cortex
in the nonischemic hemisphere (data not shown). A
number of apoptotic cells were observed in the control
group and free FK506-treated group (Fig. 34, B). This
dosage (100 pg/kg) of free FK506 was too low to exert
an antiapoptotic effect in t+MCAO rats. However,
FK506-liposomes obviously reduced the number of
TUNEL-positive cells despite the same dosage as free
FK506. Quantitative analysis of TUNEL-positive cells
elucidated the difference between each group (Fig.
30). In the FK506-liposome-treated group, the number
of apoptotic cells in the striatum was significantly
reduced compared with that in the other groups. In
contrast to this result, there was no significant differ-
ence in the cortex between FK506-liposome-treated
group and other groups, even though this treatment
tended to suppress the cerebral apoptosis. Empty lipo-
somes had no effect on apoptosis induced by I/R

injury.

FK506-liposomes suppressed neutrophil invasion
induced by I/R

To evaluate anti-inflammatory effect of FK506-ipo-
somes, we examined neutrophil invasion into I/R re-
gions as an indicator of intracerebral inflammation
(Fig. 4). In the nonischemic hemisphere of all groups,
almost no MPO-stained cells were identified (data not
shown). Conversely, a number of neutrophils that had
infiltrated were detected in the striatum and the cortex
of the ischemic hemisphere (Fig. 44, control). In the
FKb506-liposome-treated group, few MPO-positive cells
were observed in the striatum, whereas they were more
numerous in the cortex. The quantitative analysis re-
vealed that FK506-liposomes reduced the number of
infiltrating neutrophils in the striatum by ~80%, and
significantly suppressed neutrophil invasion compared
with the treatment with the same dosage of free FK506
(Fig. 4B).

FK506-liposomes ameliorated cerebral I/R injury in
t-MCAO rats

tMCAO caused cerebral cell death and brain swelling
in these experimental model rats. Treatment with free
FK506 at 30 or 100 pg/kg hardly affected the dam-
aged region and brain swelling induced by I/R,
whereas FK506-liposomes at these same dosages as
the free drug significantly reduced the amount of
brain damage (Fig. 5A, B). Furthermore, administra-
tion of FK506-liposomes at 100 pg/kg showed thera-
peutic efficacy quite similar to that obtained with the
free drug at 300 pg/kg. These results suggest that
liposomalization of FK506 enhanced its cytoprotective
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Figure 2. Cerebral distribution of Dil-labeled FK506-liposomes in t-MCAO
* rats. A, B) Localization of Dil-labeled FK506-liposomes in the brain slices
prepared at 3 h (A) or 24 h (B) after injection was observed with IVIS. Color
shows the relative level of fluorescence intensity, ranging from low (blue), to
medium (green), to high (yellow, red). After imaging with IVIS, 10-pm frozen
sections were made from these brain slices and immunostained for CD31.
Fluorescence images of each frozen section were observed by confocal laser
scan microscopy. C, D) Intracerebral distribution of Dil-labeled FK506-
liposomes in the ischemic and nonischemic hemispheres at 3 h (C) and 24 h
(D) after injection. Green fluorescence shows cerebral vessels; red, the
fluorescence of Dil; yellow, the colocalization of vessels and Dil-labeled
FK506-liposomes. These results are representative data from 4 independent
animal experiments, all of which showed similar results. Isc-hem, ischemic
hemisphere (ipsilateral hemisphere); non-isc-hem, nonischemic hemisphere
(contralateral hemisphere). Scale bar = 20 pm. E) Average photon counts in the ischemic hemisphere were determined
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by the image of brain slices with IVIS (n=4). *P < 0.05.

effect due to improved biodistribution. In accordance
with several reports, the extent of cerebral cell death, as
indicated by reduced brain volume (Fig. 54), and that
of brain swelling (Fig. 5B) were similar in both control
(PBS-injected) and vehicle-injected groups.

The therapeutic time window (TTW) of agents is
critical information for developing neuroprotectants,
particularly in designing the clinical trial. The TTW of
FK506-liposomes was estimated by altering the time of
injection after the commencement of reperfusion (Fig. 6).
The volume of brain damage in the t-MCAO rats was
significantly decreased by the dose of FK506-liposomes
administered at 30 wg/kg as FK506 up through 2 h
after reperfusion had begun. However, the treatment
with the same dose of FK506-liposomes given at 3 h
after the start of reperfusion or later had almost no
effect on cerebral cell death, as judged by the results of
TTC staining. Moreover, a higher amount of FK506-
liposomes (100 pg/kg as FK506) injected at 3 h after
reperfusion had begun also scarcely suppressed the
brain damage. Taken together, these data indicate that
the therapeutic time window for FK506-liposomes was
up to 2 h after MCAO/reperfusion in this experimental
model rat, and suggest that the injection of them at an
early time would result in a good outcome.
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The motor ability of the tMCAO rats was evaluated
based on the 21-point motor score (Fig. 7). In the
control group, hemiparesis was observed at 24 h after
the start of reperfusion, resulting in a low score. On the
other hand, t-MCAO rats treated with FK506-liposomes
showed alleviated hemiparesis, especially in their hind
legs. This recovery probably contributed to the high
scores on the inclined platform test, horizontal bar test
(forepaws placed on ribbed bar), and circling test
obtained for the FK506-liposome-treated animals (Sup-
plemental Table S1). The administration of free FK506
at 300 pg/kg also significantly improved motor func-
tion deficit. These results correlated well with the
extent of cerebral cell death and swelling.

DISCUSSION

The present study showed that FK506-liposomes signif-
icantly suppressed neutrophil invasion and apoptotic
cell death, and ameliorated neurological deficits in
t-MCAO rats compared with free FK506. The liposomal-
ization of FK506 might lead to an increase in the
amount of drug accumulation in I/R regions. The
disruption of blood-brain barrier is induced at an early
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brain sections were prepared. TUNEL (green) procedure was
performed to visualize apoptotic cells. DAPI staining (blue) was
used for counterstaining. The fluorescence images of the sec-
tions prepared from the striatum (A) and cortex (B) were
observed by confocal laser scanning microscopy. Top panels
show TUNEL-positive cells; middle panels, nuclei stained with
DAPI; bottom panels, merged images. Scale bars = 50 um. C)
Quantitative data on apoptotic cerebral cells in the striatum and
cortex were obtained by counting TUNEL-positive cells in
stained sections. Five animals and 4 sections/rat were used to
obtain the quantitative data. Data are presented as means * sp.
*P < 0.05 vs. control group.
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Striatum Cortex

stage in the ischemic core region after cerebral isch-
emia (19, 20). Moreover, a previous report demon-
strated that the area in which macromolecules accumu-
late expands as time passes after I/R in tMCAOQO rats
(21). Hence, the concept of passive targeting, as con-
structed for cancer treatment, could be a promising

>

Control FK506-liposomes

Striatum

scheme for efficient drug delivery to I/R regions. In the
present study, a higher extent of localization of FK506-
liposomes in the ischemic hemisphere was observed at
24 h than at 3 h after the injection. This result suggests
that the accumulation amount of FKb506-liposomes
given at the start of reperfusion gradually increased in
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Figure 4. Invasion of neutrophils into the brain parenchyma of t-MCAO rats. At 24 h after injection of each sample, brains were
dissected and frozen; and then frozen brain sections were prepared. MPO immunostaining was performed to visualize
neutrophils (brown). Hematoxylin staining (blue) was used for counterstaining. A) Stained sections were observed by
microscopy. Arrows indicate neutrophils that had infiltrated the brain parenchyma. Scale bar = 50 um. B) Quantitative data on
neutrophil invasion analysis were obtained by counting MPO-positive cells in stained sections. Data are presented as means *
sD (n=6). **P < 0.01 vs. control group; *P < 0.05 vs. free FK506-treated group.
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Figure 5. Suppression of cerebral cell death and brain swelling by the treatment with FK506-liposomes. tMCAO rats were
injected via a tail vein with PBS, FK506-liposomes, vehicle for free FK506 or free FK506 immediately after the start of reperfusion
at dosages indicated as FK506. At 24 h after injection, brains were dissected and stained with TTC. Damage volume (A) and
degree of brain swelling (B) were calculated by using Image J. Data are means = sp (n=7). ***P < 0.001 vs. control group;
#P < 0.05, P < 0.01 us. free FK506-treated group at the same dose; SP < 0.05, $55P < 0.001 vs. vehicle-treated group.

a time-dependent manner, as in the case of enhanced
permeability and retention effect. However, the half-
life of free FK506 is extremely short, and FK506 admin-
istered intravenously is almost totally metabolized by
the liver, primarily by cytochrome P450 3A (22, 23).
The change in biodistribution afforded by liposomal-
ization would be expected to be closely related to the
therapeutic outcome.

Fatal damage in the striatum, the region assumed to
be the ischemic core in the present experimental
model, occurs at an early stage after an I/R event (21).
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Figure 6. Therapeutic time window of FK506-liposomes in
t-MCAO rats. -MCAO rats were intravenously injected via a
tail vein with FK506-liposomes (30 or 100 pg/kg as FK506
dosage) at the indicated times (0, 1, 2, 3, or 6 h) after the start
of reperfusion. At 24 h after reperfusion had begun, brain was
dissected and stained with TTC. Damage volume was calcu-
lated by using Image J. Data are presented as means * SD
(n=6-7). #*P < 0.01, ***P < 0.001 vs. control.
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In this study, FK506-liposomes substantially reduced
the cerebral cell death and inflammation induced by
I/R in this region. Thus, FK506-liposomes spreading
into the brain parenchyma quickly showed pharmaco-
logical activity. Although PEG-modification of lipo-
somes prolongs their circulation in the blood, it causes
a decrease in cellular uptake of liposomes (24, 25).
Therefore, FK506-liposomes reaching I/R regions
might have released FK506 into the brain parenchyma,
and the released drugs then acted on the cerebral cells.

21

Motor score

0 -
Control 30 100 Normal

Vehicle 30 100 300
FK506-liposomes FK506
(Hg/kg ) (Hg/kg)

Figure 7. Motor activity score of +tMCAO rats. tMCAO rats
were treated with each sample as described in the legend of
Fig. 5, and these rats were then assessed for motor function in
a 21-point neuropathological scoring system. Data are pre-
sented as means * sp (n=7). **P < 0.01 vs. control group;
##P < 0.01 vs. free FK506-treated group at the same dose;
5P < 0.05 us. vehicle-treated group.
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Neutrophils generate cytotoxic substances such as
hypochlorous acid in inflammation sites, resulting in
progressive inflammation. These cells normally do not
exist in the brain, but they do invade into the cerebral
parenchyma via brain endothelial cells after a cerebral
ischemic event. This invasion induced by intracerebral
inflammation occurs during the period of 9 to 24 h
after the start of reperfusion in tMCAO rats (26).
Therefore, the observation of neutrophil invasion is
one way to assess the extent of cerebral inflammation
after I/R. In the present study, FK506-liposomes signif-
icantly suppressed the neutrophil invasion induced by
cerebral I/R. A past study showed that FK506 inhibits
the expression of adhesion molecules in the cerebral
vasculature by reducing the production of inflamma-
tory cytokines by neuronal cells and glia cells (26).
Accordingly, we suggest that FK506-liposomes adminis-
tered after the start of reperfusion inhibited the inflam-
matory response by affecting neuronal cells and glia
cells in the tMCAO rats.

FK506 directly suppresses apoptotic cell death in-
duced by cerebral I/R through the inhibition of Bad
dephosphorylation and subsequent cytochrome ¢ re-
lease (27, 28). In addition, the prevention of reactive
oxygen species production is related to its antiapoptotic
effect on cerebral cells injured by I/R (29). The present
study demonstrated that FK506-liposomes markedly
reduced the number of apoptotic cells in +tMCAO rats.
These multifunctional mechanisms, including the anti-
inflammatory effect of FK506-liposomes, probably ef-
fectively acted on the neurovascular unit to bring about
the good outcome in the t+-MCAO rats.

A large number of small molecules as neuropro-
tectants have failed in clinical trials (30). Based on our
present data, we propose that liposomalization of small
molecular neuroprotectants should overcome their in-
sufficiency of medicinal efficacy and adverse side ef-
fects. Liposomes can encapsulate many kinds of drugs
regardless of their being hydrophilic or hydrophobic.
Furthermore, liposomes can be modified with func-
tional molecules, resulting in improved biodistribution,
controlled release of drugs, increase in drug accumu-
lation in targeted cells, regulation of intracellular dis-
tribution, and so on (31-34). Therefore, liposomal
DDS has a great potential to be a novel strategy for the
treatment of cerebral I/R injury.

In summary, our data demonstrate the usefulness of
FK506-liposomes for the treatment of cerebral isch-
emia/reperfusion injury. FK506-liposomes intrave-
nously injected immediately after the start of reperfu-
sion significantly suppressed neutrophil invasion, apoptotic
cell death, and infarct volume compared with free
FK506 in t-MCAO rats. In addition, the motor func-
tion deficits induced by ischemia/reperfusion in
these rats were ameliorated to a greater extent by the
treatment with FK506-liposomes than by that with
free FK506. Therefore, liposomalization of FK506
should permit a reduction in the dosage of FK506
without a decrease in the therapeutic efficacy of the
drug. Taken together, our present findings indicate
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that FK506-liposomes have a clear potential to be a
neuroprotectant if administered quickly after a cere-
bral stroke.
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Am J Physiol Heart Circ Physiol 304: H1361-H1369, 2013. First
published March 15, 2013; doi:10.1152/ajpheart.00454.2012.—Incre-
tin hormones, including glucagon-like peptide-1 (GLP-1), a target for
diabetes mellitus (DM) treatment, are associated with cardioprotec-
tion. As dipeptidyl-peptidase IV (DPP-IV) inhibition increases plasma
GLP-1 levels in vivo, we investigated the cardioprotective effects of
the DPP-IV inhibitor vildagliptin in a murine heart failure (HF)
model. We induced transverse aortic constriction (TAC) in C57BL/6J
mice, simulating pressure-overloaded cardiac hypertrophy and HF.
TAC or sham-operated mice were treated with or without vildagliptin.
An intraperitoneal glucose tolerance test revealed that blood glucose
levels were higher in the TAC than in sham-operated mice, and these
levels improved with vildagliptin administration in both groups.
Vildagliptin increased plasma GLP-1 levels in the TAC mice and
ameliorated TAC-induced left ventricular enlargement and dysfunc-
tion. Vildagliptin palliated both myocardial apoptosis and fibrosis in
TAC mice, demonstrated by histological, gene and protein expression
analyses, and improved survival rate on day 28 (TAC with vildaglip-
tin, 67.5%; TAC without vildagliptin, 41.5%; P < 0.05). Vildagliptin
improved cardiac dysfunction and overall survival in the TAC mice,
both by improving impaired glucose tolerance and by increasing
GLP-1 levels. DPP-IV inhibitors represent a candidate treatment for
HF patients with or without DM.

heart failure; impaired glucose tolerance; dipeptidyl-peptidase IV
inhibitor

HEART FAILURE (HF) is a leading causes of death in humans
worldwide (1, 20, 37, 56), and is often linked to impaired
glucose tolerance or diabetes mellitus (DM) (21, 53). DM is a
major risk factor for cardiac dysfunction; Lind et al. (28)
reported that poor glycemic control among patients with type 1
DM led to a high incidence of cardiovascular events. The
energetic substrate utilization of cardiomyocytes under hyper-
glycemic conditions shifts from glucose to fatty acid oxidation,
leading to HF (38). In DM, oxidative stress also causes endo-
thelial dysfunction and decreases endothelial NO release, in-
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ducing microangiopathy (13, 31). Either glucose abnormalities
or diabetes commonly exists in patients with HF, but as
previously reported, patients with diabetes have no worse
outcome of HF (50). Our previous clinical study revealed that
~90% of patients with chronic HF had impaired glucose
tolerance (21).

Incretin hormones have recently been proposed as new
targets for DM treatment. Glucagon-like peptide-1 (GLP-1) is
an incretin hormone secreted from the lower intestines and
colon, which stimulates insulin secretion from pancreatic beta
cells. Its receptors are ubiquitously expressed, including in the
cardiovascular system (8). GLP-1 is thought to possess cardio-
protective properties because of the following three reasons:
1) GLP-1 receptors localize to cardiomyocytes and endothelial
cells (3, 57); 2) activation of GLP-1 receptors increases phos-
phoinositide 3 (PI3)-kinase, serine/threonine protein kinase
Akt (Akt), and extracellular signal-regulated kinase phosphor-
ylation, potentially mediating cardioprotection (6, 19); and
3) activation of GLP-1 receptors stimulates p38 mitogen-
activated protein (MAP) kinase and endothelial nitric oxide
synthase via protein kinase A activation, putatively affecting
cardioprotection (5, 59) and plasma glucose normalization
(16). As dipeptidyl-peptidase IV (DPP-IV) rapidly degrades
GLP-1, which has a biological half-life of approximately 1.5-5
min (11, 18), both GLP-1 analogs and DPP-IV inhibitors
have been developed as new drugs to treat type 2 DM.
GLP-1 analogs reportedly ameliorate not only DM but also
HF and myocardial ischemia (15, 33, 34, 48, 59), suggesting
that DPP-IV inhibitors function cardioprotectively. Indeed,
DPP-1V inhibitors are reportedly effective against myocar-
dial infarction in mice and pacing-induced heart failure in
pigs (14, 42, 59), suggesting that DPP-IV inhibitors may
also affect the survival rate. However, the effects of DPP-IV
inhibitors on the pathophysiology of pressure-overloaded
HF and survival after HF are unknown.

We aimed to clarify whether vildagliptin, a DPP-IV inhibi-
tor, improves the pathophysiology of HF and increases survival
rate in pressure-overloaded mice.

METHODS

All of the animal care procedures were performed according to the
American Physiological Society “Guiding Principles in the Care and
Use of Vertebrate Animals in Research and Training” and with the
approval of the ethical committee of Osaka University.
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Animal preparation. Male C57BL/6J mice (8 wk old, weighing
22-24 g) were purchased from CLEA Japan, (Tokyo, Japan). After 1
wk of observation, either transverse aortic constriction (TAC) or a
sham operation was performed as previously described (24). In brief,
the transverse aorta was isolated between the carotid arteries and
constricted by a 7-0 silk suture ligature tied firmly against a 30-gauge
needle. Sham-operated mice underwent a similar surgical procedure
without aortic constriction. The needle was promptly removed, and
the chest was closed with a 5-0 silk suture. Each surgical procedure
was completed within 30 min to maintain the body temperature at
37°C.

Experimental protocol. Vildagliptin was gifted by Novartis Phar-
maceuticals (Basel, Switzerland). The sham-operated or TAC mice
were randomly divided into two subgroups; the sham-operated group
with (n = 10) or without vildagliptin (n = 10) and TAC with (n = 40)
or without vildagliptin (n = 41). The vildagliptin treatment subgroups
were provided with drinking water containing vildagliptin (10 mgkg
body wt~'-day™") (39, 58), and the other groups received unsupple-
mented drinking water from 1 day postsurgery. The mice were
allowed to drink ad libitum, and the drinking volumes were measured.
The mice were fed a normal chow diet for 4 wk.

Echocardiography. Transthoracic echocardiography was performed
before euthanasia as previously described (24). In brief, at 4 wk
postsurgery, the mice were placed in a supine position without
anesthesia. Short-axis, two-dimensional guided M-mode Doppler
echocardiograms were captured and analyzed offline using a Vevo
770 High-Resolution in vivo Micro-Imaging System (VisualSonics,
Toronto, Canada) equipped with a 15- to 45-MHz transducer. Left
ventricular (LV) end-diastolic diameter (Dd), end-systolic diameter
(Ds), and fractional shortening (FS) were measured. All measure-
ments were made from leading edge to leading edge, according to the
American Society of Echocardiography guidelines (22). Percentage
FS was calculated as follows: %FS = [(LVDd — LVDs)/LVDd] X
100. The investigator performing and interpreting the echocardio-
grams was blinded to the subgroups.

Hemodynamic assessment. To confirm pressure overload, four to
five mice in each group were randomly selected for LV pressure
measurement, as previously described (27). In brief, under pentobar-
bital anesthesia, an endotracheal tube was inserted and connected to a
volume-cycled rodent ventilator. A 1.4-Fr micromanometer-tipped
catheter (Millar Instruments, Houston, TX) was inserted into the right
carotid artery, blood pressure and heart rate were measured simulta-
neously, and data were acquired using the PowerLab Data Acquisition
System (AD Instruments, Bella Vista, NSW, Australia).

Analysis of intraperitoneal glucose tolerance test. Four weeks after
either TAC or sham operation, about half of the surviving mice,
namely five mice in each sham-operated group and 12 and 8 mice in
TAC with and without vildagliptin groups, were randomly selected for
an intraperitoneal glucose tolerance test following overnight fasting
(12-16 h). As overnight fasting and glucose injection might be
stressful, we enrolled only half of the surviving mice to reduce the
effect on additional deaths. Glucose (1 mg/kg body wt) was injected
into the intraperitoneal cavity, as previously described (54). Blood
was sampled from the tail prior to and at 30, 60, 90, and 120 min after
glucose administration. Blood glucose concentrations were measured
by a glucose meter using the glucose oxidase method (Glutest Ace R;
Sanwa Kagaku Kenkyusho, Nagoya, Japan).

GLP-1 measurement [ELISA]. Four weeks after treatment, their
chests were opened under anesthesia 1 h after feeding following
overnight fasting for GLP-1 measurement by enzyme-linked immu-
nosorbent assay (ELISA). Blood samples were obtained from the
hearts and immediately collected in BD P700 tubes (Becton Dickin-
son, Franklin Lakes, NJ) containing EDTA and DPP-IV protease
inhibitor cocktail. The tubes were centrifuged at 1,200 g for 10 min to
extract plasma. The plasma samples were then stored at —80°C in a
freezer until GLP-1 assay. Plasma GLP-1 levels were measured using
a Glucagon-Like Peptide-1 (Active) ELISA Kit (Millipore, Billerica,
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MA) according to the manufacturer’s instructions (52). The GLP-1
ELISA measures biologically active GLP-1-(7-37) and GLP-1-(7—
36)-NH, but does not cross-react with glucagon, GLP-2, inactive
GLP-1-(9-37) or GLP-1-(9-37)-NHs.

Histology and immunohistochemistry. Histochemical analysis was
performed as previously described (25). Briefly, the surviving mice
were euthanized after 4 wk of observation. The hearts were harvested,
and cardiac tissues were fixed with 4% paraformaldehyde. The fixed
samples were embedded in paraffin and sectioned at 4-pum thickness for
picrosirius red staining. The extent of myocardial collagen was analyzed
in five hearts from each group (30). The original images were digitized
and transformed into binary images, and each area was calculated using
ImagelJ software (NIH, Bethesda, MD). The total myocardial collagen
index was defined as the total area of collagen content in the entire
microscopic field divided by the total connective tissue area plus the
myocardial area. The terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay was performed using an Apo-
pTag Peroxidase In Situ Apoptosis Detection Kit (Millipore),
according to the manufacturer’s instructions. The number of
TUNEL-positive cells was expressed as a percentage of total cells,
as previously described (35).

Real-time quantitative polymerase chain reaction. Four weeks after
TAC, murine ventricles were processed for total RNA isolation using
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. First-strand cDNA was synthesized from 1 pg total RNA
using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). The primers and probes used to
quantify transforming growth factor-1B (Tgf-1B) and glyceraldehyde
3-phosphate dehydrogenase (Gapdh) were recommended by the man-
ufacturer (Applied Biosystems). Real-time quantitative reverse tran-
scriptase polymerase chain reaction (RT-PCR) was performed in a
StepOne Real-Time PCR System (Applied Biosystems). From each
amplification plot, a threshold cycle (Ct) value was calculated, repre-
senting the PCR cycle number at which fluorescence was detectable
above an arbitrary threshold. Each sample was analyzed in duplicate,
and the results were systematically normalized to GAPDH expression
using the AACt method (29).

Western blot analysis. LV samples frozen at —80°C were placed on
ice, homogenized, and lysed with lysis buffer [1% NP-40, 150 mM
NaCl, 20 mM Tris pH 7.5, 2 mM EDTA, 50 mM NaF, 1 mM Naz;VOy,,
plus protease inhibitor cocktail (Nacalai tesque, Kyoto, Japan)]. The
supernatant was loaded onto 10%-15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels. Immunoblotting was per-
formed as previously described (41). The ChemiDoc XRS System
(Bio-Rad Laboratories, Hercules, CA) was used for chemilumines-
cence imaging. Primary antibodies against phospho-Smad2 (p-
Smad2), p-Smad3, caspase-3, and cleaved caspase-3 primary antibod-
ies were purchased from Cell Signaling Technology (Beverly, MA);
anti-Smad?2/3 primary antibody was purchased from BD Transduction
Laboratories (Franklin Lakes, NJ); and anti-GAPDH (used as a
loading control) primary antibody was purchased from Millipore.
Target bands were identified using ECL prime and ECL Select
Western blotting reagents (GE Healthcare, Little Chalfont, Bucking-
hamshire, UK). Protein bands were quantified by densitometry.

Statistical analysis. All of the data are expressed as means * SE
and were analyzed by repeated-measures analysis of variance
(ANOVA) followed by Bonferroni test and Student’s z-test for paired
and nonpaired data as appropriate. The differences in the number of
surviving mice were analyzed by Kaplan-Meier method. P values of
<0.05 were considered significant using JMP 8.0.1 software (SAS
Institute, Cary, NC).

RESULTS

Hemodynamic measurements. The blood pressures and heart
rates 4 wk after TAC were similar in the sham-operated groups
with and without vildagliptin (71.2 = 3.1 vs. 745 = 3.2
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Fig. 1. A: plasma glucose levels measured by intraperitoneal glucose tolerance
test. Sham-operated mice (n = 5), sham-operated mice with vildagliptin (n =
5), mice with transverse aortic constriction (TAC) (n = 8), and TAC mice with
vildagliptin (n = 12) were enrolled. B: plasma levels of glucagon-like pep-
tide-1 (GLP-1) 4 wk after TAC or sham operation. All blood samples were
collected 1 h after feeding following overnight fasting. Sham-operated (n = 8),
sham-operated mice with vildagliptin (n = 10), TAC mice (n = 15), and TAC
mice with vildagliptin (n = 21) were measured. The data shown are means =
SE. #*P < 0.05 vs. sham operated, 1P < 0.05 vs. TAC.

mmHg; 459 £ 36 vs. 451 * 22 beats/min; P = 0.482 and P =
0.830, respectively; n = 5 in each group), and in the TAC
groups with and without vildagliptin (101.4 = 9 vs. 121.4 £ 10
mmHg; 394 = 80 vs. 463 = 27 beats/min; P = 0.193 and P =
0.400; n = 5 and n = 4, respectively).

Intraperitoneal glucose tolerance test and plasma GLP-1
levels. Figure 1A shows the results of the intraperitoneal
glucose tolerance test. Blood glucose levels at 30 and 120 min

Vehicle

Sham

TAC

Vildagliptin

after intraperitoneal glucose injections were higher in the TAC
mice than in the sham-operated mice (TAC vs. sham operated:
476.4 = 20.9 vs. 400.5 = 11.2 mg/dl at 30 min, and 161.5 +
9.4 vs. 127.3 + 8.3 mg/dl at 120 min, n = 8 and 5; P < 0.05).
This was consistent with our previous report (27) in which
TAC mice exhibited impaired glucose tolerance. Vildagliptin
administration decreased blood glucose levels at each time
point after glucose injection in TAC mice (with vs. without
vildagliptin: 345.1 * 7.9 vs. 476.4 * 20.9 mg/dl at 30 min,
245.5 = 13.1 vs. 349.6 = 25.3 mg/dl at 60 min, and 127.9 *=
8.5 vs. 161.5 = 9.4 mg/dl at 120 min, n = 12 and 8; P < 0.05).

We evaluated the GLP-1 levels in the TAC mice with or
without vildagliptin. Because ad libitum feeding could have
affected the plasma GLP-1 levels, we conducted a preliminary
experiment to identify the optimal conditions for GLP-1 mea-
surement. Nine-week-old C57BL6/J mice were fed a normal
chow diet, divided into two groups, and treated with or without
vildagliptin for 4 wk, as described above. To evaluate whether
feeding affected the plasma GLP-1 levels, the mice were fasted
12 h before blood sampling. We randomly separated each
group into two subgroups; the two subgroups were fasted
further, and the others were allowed to feed 1 h before
sampling. Under fasting conditions, vildagliptin produced a
statistically insignificant increase in GLP-1 levels (with vs.
without vildagliptin: 5.19 ® 1.04 vs. 3.93 = 0.70 pM, n = 5
each; P > 0.05). In the mice sampled 1 h after feeding, GLP-1
levels were elevated with in the vildagliptin group (with vs.
without vildagliptin: 9.13 = 2.35 vs. 4.47 = 0.87 pM, n = 4
and 5; P < 0.05), suggesting that this sampling time schedule,
ie., 1 h after food intake, was suitable for plasma GLP-1
measurement. Figure 1B shows the plasma GLP-1 levels under
this time schedule. The GLP-1 levels were decreased in the
TAC mice (sham operated vs. TAC: 2.37 *= 0.40 vs. 1.41 *+
0.26 pM, n = 8 and 15; P < 0.05), but elevated in TAC mice
with vildagliptin to the levels of sham-operated mice with vilda-
gliptin (with vs. without vildagliptin: 4.83 = 0.50 vs. 1.41 = 0.26
pM, n = 21 and 15; P < 0.05).

Echocardiography. Representative echocardiographic im-
ages are shown in Fig. 2. Echocardiographic analysis revealed
enlarged Dd and Ds in the TAC mice both with and without
vildagliptin (n = 27 and 17). Both LV dilatation and dysfunc-
tion in the TAC group were ameliorated by vildagliptin treat-
ment (Fig. 3).

Fig. 2. Representative M-mode echocardiograms of mice 4
wk after TAC or sham operation. Top left, sham operated;
top right, sham operated with vildagliptin; bottom left, TAC;
bottom right, TAC with vildagliptin.
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Fig. 3. A and B: left ventricular (LV) dimensions. C: fractional shortening (FS) 4 wk after TAC or sham operation. LV end-diastolic diameter (Dd), end-systolic
diameter (Ds), and FS measured by echocardiography at 4 wk after TAC or sham operation. Echocardiographic analysis revealed enlarged LV end-diastolic and
end-systolic diameters in both of the TAC groups compared with the sham-operated mice. Both LV dilatation and dysfunction in the TAC group were ameliorated
by vildagliptin treatment. Sham-operated mice (n = 5), sham-operated mice with vildagliptin (n = 5), TAC mice (n = 17), and TAC mice with vildagliptin (n = 27)
were examined. LVDd, LV end-diastolic dimension; LVDs, LV end-systolic dimension. Data shown are means = SE. #P < 0.05 vs. sham operated, TP < 0.05 vs. TAC.

Water uptake and heart weight. Body weight was not sta-
tistically different between the groups: 24.3 = 1.7 gand 234 + 1.4
g in the sham-operated and TAC mice without vildagliptin
(n = 10 and 17), 25.8 = 1.7 g and 252 = 2.4 g in the
sham-operated and TAC mice with vildagliptin (» =10 and
27). Heart weight-to-body weight ratio (HW/BW) markedly
increased in the TAC group compared with the sham-operated
group (4.9 £ 0.1 vs. 9.3 = 0.5 for sham-operated and TAC
mice without vildagliptin, respectively; P < 0.05), and vilda-
gliptin did not attenuate HW/BW (9.2 = 0.4 for TAC with
vildagliptin; Fig. 4). Volumes of vildagliptin solution or water
consumed were similar in all of the groups (5.2 = 0.2, 4.9 =
0.5, 4.4 = 0.9, and 4.5 *= 1.3 ml/day for sham-operated with
and without vildagliptin and TAC with and without vildaglip-
tin, respectively; P = 0.05 for all).

Apoptosis and fibrosis. We performed TUNEL staining to
clarify the degree of apoptosis in the murine hearts. Apoptosis
in the myocardium of the TAC mice was increased compared
with the sham-operated mice, and this increase in apoptotic cell
death was largely attenuated by vildagliptin (Fig. 5, A and B,
n = 4 per each group). Next we performed immunoblotting to
confirm apoptotic changes in protein levels. We observed
increased cleaved caspase-3 protein in pressure-overloaded
murine hearts, which was partially ameliorated by vildagliptin

ull

+
TAC

Sham
Fig. 4. Heart weight (mg)/body wt (g) ratio 4 wk after the TAC or sham
operation. Sham-operated mice (n = 10), sham-operated mice with vildagliptin
(n = 10), TAC mice (n = 17), and TAC mice with vildagliptin (n = 27) mice
were measured. The values shown are means = SE. *P < 0.05 vs. sham
operated.
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(Fig. 5, C and D, n = 4 per each group). These findings
indicate that vildagliptin partly reduces myocardial apoptosis
in pressure-overloaded murine hearts.

Figure 6A shows increases in myocardial collagen in the
TAC group, also ameliorated by vildagliptin. Figures 6B shows
fibrotic areas identified by picrosirius red staining. The total
myocardial interstitial collagen area significantly increased in
the TAC group compared with the sham-operated groups (P <
0.05 vs. sham operated, n 5 per each group) but was
decreased in the TAC with vildagliptin group (P < 0.05 vs.
TAC) (sham operated, 1.79 = 0.22%; sham operated with
vildagliptin, 1.77 = 0.20%; TAC, 12.12 = 0.27%; TAC with
vildagliptin, 8.02 * 1.84%). We next analyzed expression of
Tgf-1B, a fibrosis-related gene, using RT-PCR. Myocardial
Tgf-1B expression significantly increased in the TAC group
compared with that in the sham-operated group (P < 0.05 vs.
sham operated) but significantly decreased in the groups with
vildagliptin (P < 0.05 vs. TAC; sham operated, 1 * 0.08;
sham operated with vildagliptin, 0.98 # 0.11; TAC, 1.85 %=
0.12; TAC with vildagliptin, 1.55 % 0.06; Fig. 6C, n = 3 per
each group).

Finally, we performed immunoblotting to verify the fibrotic
changes that arose through increased levels of TGF-$3 pathway
proteins. We observed increased p-Smad2 and p-Smad3 pro-
tein levels in the pressure-overloaded murine hearts, which
were partially restored by vildagliptin (Fig. 7, n = 4 per each
group). These findings indicate that vildagliptin reverses myo-
cardial fibrosis via the TGF- pathway in murine pressure-
overloaded hearts.

Survival analysis. The number of TAC mice without vilda-
gliptin was 41 and the number of those with vildagliptin was
40. Only 17 (41.5%) TAC mice without vildagliptin survived
28 days, whereas 27 (67.5%) TAC mice with vildagliptin
survived 28 days (Fig. 8; P < 0.05). These data indicate that
vildagliptin treatment is strongly protective. Vildagliptin did
not affect the survival rate in the sham-operated mice.

DISCUSSION

This study was the first to demonstrate that a DPP-IV
inhibitor improved survival rate in mice with pressure-over-
loaded HF. We presented the following experimental evidence:
1) TAC exacerbated the development of impaired glucose
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Fig. 5. A: representative images of the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cells in murine hearts. Top left, sham
operated; top right, sham operated with vildagliptin; bottom left, TAC; bottom right, TAC with vildagliptin. Evidence of apoptosis, including chromatin
condensation, is indicated with arrowheads. The proportion of TAC-induced apoptotic cells was decreased by vildagliptin. Bar = 200 wm; original magnification,
X200. B: quantitative analysis of murine apoptotic cardiomyocytes. TAC increased the number of apoptotic cells in the myocardium compared with the
sham-operated group, and vildagliptin attenuated the increase in apoptosis. n = 4 for each group. C: representative immunoblotting analysis of cleaved/total
caspase-3 and GAPDH in the hearts of sham-operated and TAC mice with or without vildagliptin. D: intensity of bands was quantified from four independent
experiments by densitometry. Cleaved/total caspase-3 protein levels were increased by pressure overload in the hearts of TAC mice, which were reversed in TAC
mice with vildagliptin. n = 4 for each group. The values shown are means = SE. *P < 0.05 vs. sham operated, TP < 0.05 vs. TAC.

tolerance, which was attenuated by vildagliptin with an atten-
dant increase in total GLP-1 levels; 2) TAC induced myocar-
dial apoptosis and fibrosis, which were attenuated by vildaglip-
tin; 3) TAC increased LVDd and LVDs, leading to FS decline,
while vildagliptin attenuated increased LVDd and LVDs and
increased LVES. These effects may contribute to the improve-
ment in survival rate generated by vildagliptin in mice with
pressure overload-induced HF.

We demonstrated that TAC exacerbated the development of
impaired glucose tolerance, which was attenuated by vildaglip-
tin. This result implies that HF causes impaired glucose toler-
ance and improvement of impaired glucose tolerance may
ameliorate HF severity. Glycemic control independently cor-
relates with reduced LV contractile reserve and positivity for
HF in diabetic patients (12, 28). We previously reported that
HF is associated with impaired glucose tolerance in mice and
dogs, and that correction of impaired glucose tolerance with
voglibose or metformin reduces HF severity (26, 27, 41).
Shimizu et al. (46) reported that systolic dysfunction induced

by pressure overload exacerbates plasma glucose and hepatic
insulin resistance via Akt and insulin signaling in rodents. In
humans, chronic HF is associated with hyperinsulinemia (36,
51). Insulin resistance observed in HF is partly due to the lack
of activity and increase in weight gain/fat redistribution. Stolen
et al. (49) showed that exercise training improved insulin-
stimulated myocardial glucose uptake in patients with dilated
cardiomyopathy. Ashrafian et al. (2) proposed the other mech-
anism of HF-induced insulin resistance. Hyperadrenergic state
of HF initiates the elevation of plasma free fatty acids
(FFAs). The elevation of plasma FFAs induces insulin
resistance due to increased triglycerides, increased cellular
FFAs, and increased cytoplasmic fatty acid metabolites in
hearts and skeletal muscle (43).

To our knowledge, this is the first study to evaluate an
improvement in impaired glucose tolerance in animals with HF
in the presence of DPP-IV inhibitors. Indeed, vildagliptin
increased the plasma GLP-1 levels in animals with TAC-
induced HF, suggesting that HF is attenuated by the correction
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Fig. 6. A: representative images of the murine myocardium stained by picro-
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alleviated in TAC with vildagliptin. » = 3 for each group. Data are presented
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+
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of glucose intolerance by DPP-IV inhibitors. This hypothesis is
supported by our findings that vildagliptin attenuates LV apo-
ptosis and fibrosis in the TAC mice, which may explain the
amelioration of LV dilatation and dysfunction. This evidence is
consistent with previous studies in which sitagliptin was shown
to attenuate HF severity induced by rapid pacing in pigs (14),
ameliorate myocardial fibrosis in diabetic (db/db™'") mice
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(23), and improve diastolic dysfunction without altering ejec-
tion fraction in a rat model of uremic cardiomyopathy (9).
Intriguingly, GLP-1 reportedly has cardioprotective proper-
ties besides its ability to correct glucose intolerance in HF.
GLP-1 receptors are expressed in the heart and activate PI3
kinase and Akt in addition to cyclic AMP (6, 19). Protein
kinase A activation via accumulation of cyclic AMP may
activate p38 MAP kinase, which may in turn mediate cardio-
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Fig. 7. A: representative immunoblotting analysis of phosphorylated Smad2
(p-Smad?2), p-Smad3, and Smad2/3 in the hearts of sham-operated and TAC
mice with or without vildagliptin. B: band intensity quantified by densitometry.
p-Smad2/Smad2/3 protein levels increased as a result of pressure overload in
the hearts of TAC mice, but recovered in TAC mice with vildagliptin. C: band
intensity quantified by densitometry. p-Smad3/Smad2/3 protein levels in-
creased as a result of pressure overload in the hearts of the TAC mice, but
recovered in the TAC mice with vildagliptin. n = 4 for each group. The values
shown are means £ SE. *P < 0.05 vs. sham operated, TP < 0.05 vs. TAC.
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Fig. 8. The Kaplan-Meier curve analysis shows that the TAC group with
vildagliptin exhibited improved survival compared with the TAC group with-
out vildagliptin. We enrolled 41 mice in the TAC and 40 mice in the TAC with
vildagliptin groups, respectively. The survival rates at 28 days after the TAC
operation were 41.5% (17/41) in the TAC and 67.5% (27/40) in the TAC with
vildagliptin groups, respectively. *P < 0.05 vs. TAC; n, number of mice.

protection (40, 59), and activation of PI3 kinase and Akt may
further enhance these cardioprotective effects. A recent report
(55) demonstrated amelioration of nonalcoholic steatohepatitis
in mice by an analog of exenatide, a GLP-1 receptor agonist,
supporting the antifibrotic effect of GLP-1 in murine hearts.
Indeed, GLP-1 administration in patients with HF decreased
the HF severity with or without DM, suggesting that GLP-1
may have cardioprotective properties independent of its effects
on blood glucose levels (48). However, GLP-1 levels were
elevated ~10-fold (17), significantly higher than the GLP-1
levels observed with DPP-IV inhibitors (4), suggesting that
even a 1-pM increase in GLP-1 may be sufficient for cardio-
protection. Moreover, in a large meta-analysis, vildagliptin was
not associated with an increased risk of adjudicated cardio- and
cerebrovascular events relative to all comparators in the pa-
tients with type 2 diabetes, including increased cerebrovascular
risks (44). Chaykovska et al. (9) showed that increased Tgf-81,
collagen type I al, and collagen type III al expression in
uremic rat hearts, compared with the sham-operated rat hearts,
was significantly reduced by linagliptin, a DPP-IV inhibitor,
supporting our observations. Importantly, DPP-IV inhibitors
impact cardioprotection independently of GLP-1; DPP-IV also
reportedly degrades peptides tyrosine-tyrosine, stromal cell-
derived factor-1, and B-type natriuretic peptide (BNP) (7, 32,
45, 47). Taken together, these data suggest that DPP-IV inhib-
itors are cardioprotective, suggesting that they may also be
beneficial for patients with HF. However, this hypothesis is
limited because we used 8-wk-old mice with TAC as a model
of HF in this study. Although this model is one of established
animal models for HF, this model is not the universal model for
the patients with HF, or does not mimic the background of the
HF patients (e.g., age, dyslipidemia, ischemia, etc.). Further
basic and preclinical studies are needed to apply DPP-IV
inhibitors to HF patients.

The most important issue in this study was to determine
whether DPP-IV inhibitors increase the survival rate because
improvements in HF do not necessarily increase the survival
rate. Indeed, inotropic agents such as phosphodiesterase III
inhibitors (e.g., vesnarinone) improved pathophysiological pa-

H1367
rameters of HF in basic studies, even improving symptoms and
cardiac function in patients with HF in clinical studies, but
these drugs actually decreased the patient survival rate in
large-scale clinical trials (10). This unexpected finding is
attributable to the fact that the effect of these drugs on survival
rate was never tested in experimental models of chronic HF.
Yin et al. (60) reported the rat models with the administration
of vildagliptin 2 days before or 3 wk after acute myocardial
infarction surgery. They did not show the cardiac contractility
and survival or any change in glucose metabolism with vilda-
gliptin treatment. Compared with their protocol, we adminis-
tered vildagliptin from 1 day postsurgery of murine TAC,
which finally reversed the survival rate. These discrepancies
between the study of Yin et al. and our present study may be
attributable to the manner of HF induction (e.g., models and
species), their glucose levels, and the dosage of vildagliptin.
Their echocardiographic data seem to show worse HF than
ours, which was too severe to treat with their dose set. In
addition, although they did not mention any condition of the
feeding (e.g., fasting or ad libitum feeding) during sampling,
no difference in their blood glucose levels may suggest that the
dosage was not enough to be cardioprotective. We observed
that vildagliptin increased survival rate in the context of pres-
sure overload-induced HF in mice, indicating that an adequate
dose of DPP-IV inhibitors is ultimately cardioprotective
against HF.

This study includes the limitations. Since TAC animals are
fragile, especially when using the narrower size of needle (30
gauge) to create severe HF, the procedures of the examination
such as glucose tolerance test may worsen the HF of the TAC
mice. Indeed, in the preliminary study, we tried to perform oral
glucose tolerance test at first, but 2 of 6 died because of the
onset of acute severe HF (pulmonary edema shown by dissec-
tion). This is the reason that we shifted to the intraperitoneal
glucose tolerance test, which did not cause severe HF leading
to death. Importantly, the timing and number of procedures
were identical in the groups with or without vildagliptin,
suggesting that these additional stresses of examination to TAC
do not largely affect the present results and conclusions.

In conclusion, vildagliptin, a DPP-IV inhibitor, improved
the pathophysiology of HF in pressure-overloaded mice. This
effect was mediated partly by improved glucose tolerance and
partly by the cardioprotective effects of GLP-1, both of which
ultimately improved survival following HE.
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