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Erythropoietin, but Not Asialoerythropoietin or Carbamyl-Erythropoietin,
Attenuates Monocrotaline-Induced Pulmonary Hypertension in Rats
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Abstract
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arteries in the lungs (1). M
progressive and irreversible, e
accompanied by bone marrow transplantation (2).
Currently, standard treatment for this disease is admin-
istration of prostacyclins (3), calcium-channel blockers
(4), phosphodiesterase type 5 inhibitors (5), and
endothelin receptor antagonists (6), but 5-year survival
rates are only 50% (7). Thus, new therapies are desirable.
Single-dose administration of monocrotaline, a phy-
toalkaloid, causes pulmonary endothelial damage fol-
lowed by thickening of the tunica media, PH, and right

ventricular hypertrophy, and has been utilized to repro-
duce experimental PH in animals (8).

Erythropoietin (EPO) is an erythroid hematopoietin
secreted in the kidney in response to anemia and hypoxia.
The erythropoietin receptor (EPOR) is expressed in
immature erythroid cells, as well as the cardiovascular
and central nervous systems to protect tissues from injury
via its anti-apoptotic signal (9). In vitro administration of
EPO inhibits hypoxia-induced apoptosis of endothelial
cells (ECs) in culture via Aktl and cysteine protease
pathways (10). Erythropoietin also induces endothelial
nitric oxide synthase (eNOS) activity and PI3K-
dependent Bcl-xL production in cultured ECs (11,12).

In a previous study, conditional knockout (KO) mice of
EPOR in non-hematopoietic tissue exhibited insufficient
recruitment of endothelial progenitor cells (EPCs) with a
decline in eNOS induction in the lungs in response to
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hypoxia (13). However, to the best of our knowledge,
there has been only one report showing the direct effect
of exogenously administered EPO on monocrotaline-
induced PH (14,15). In that report, single-dose intraper-
itoneal bolus administration of EPO (10 pg/kg,
Darbepoetin-a) decreased medial wall thickness of pre-
acinar arteries, but did not improve pulmonary arterial
hypertension or right ventricular hypertrophy (14).
Single-dose administration of EPO may have been insuf-
ficient to protect small arteries from progressive EC injury
caused by monocrotaline administration.

We previously reported on the tissue-protective effects
of EPO on a limb ischemia model in mice (16), as well
as on experimental autoimmune myocarditis in rats
(17). We planned to examine the vasculoprotective
effects of EPO on monocrotaline-induced PH in rats.
Asialoerythropoietin (AEPO) and carbamyl-erythropoietin
(CEPO) were also examined in comparison to native
EPO. Asialoerythropoietin is a derivative of EPO lacking
sialic acids in the termini of N- and O-glycans, and it
expresses higher affinity to EPOR than EPO (18).
Carbamyl-erythropoietin is another derivative of EPO that
binds to the heterodimer of the EPOR and cytokine receptor
common beta-chain (fc, CD131), but not to the homodi-
mer of EPOR expressed in the hematopoietic system (19).

MATERIALS AND METHODS

All procedures were performed under sterile conditions
with the approval of the Institutional Animal Care and
Use Commiittee in compliance with the procedures and
methods outlined by the Guide for the Care and Use of
Laboratory Animals (INIH publication No. 85-23). The
Animal Study Committee of our institution also
approved the experimental projects.

Rat Model

Adult male Wistar rats (6—7 wk old) were obtained from
Charles River Japan (Yokohama, Japan). Recombinant
human erythropoietin thEPO) and asialoerythropoietin
(rthAEPO, both provided by Chugai Pharmaceutical Co.,
Ltd., Tokyo, Japan) were adjusted to appropriate con-
centrations in RMPI1640 medium (Nipro, Tokyo,
Japan), put into an Alzet mini-osmotic pump Model
2004 (Durect, Cupertino, CA, USA), connected to an
Alzet Rat Jugular Catheter (Durect), and incubated for
48 hours at 37°C.

Rats were anesthetized by intraperitoneal administra-
tion of pentobarbital sodium (60 mg/kg). Left jugular
veins were set with the catheter, and osmotic pumps
were subcutaneously set on the back. Monocrotaline
(Wako Chemicals, Osaka, Japan) was subcutaneously
injected (80 mg/kg) at the same time as infusion of EPO
derivatives was started. Monocrotaline-injected rats were
intravenously injected continuously for 21 days with med-
fum in the absence (medium group, z = 9) or presence of
EPO derivatives (2500 ng/kg/day, EPO group: n = 8,
AEPO group: n = 9) from osmotic pumps through the
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jugular catheter (thEPO: 0.2 IU/ng). Normal rats (z = 8)
were also examined for the measurements given below.

Catheter Examination

Rats were anesthetized by inhalation of 2% halothane
(Dainippon Pharmaceutical Co., Osaka, Japan) on day
21 after monocrotaline administration, and physiologi-
cally examined during mechanical ventilation. For the
measurement of aortic pressure, a polyethylene catheter
(PE-50, Becton Dickinson, Parsippany, NJ, USA) was
inserted into the right femoral artery, and a pressure
transducer (P50, Gould Statham, Oxnard, CA, USA)
was connected. Left and right ventricular pressures
were measured using catheter tip transducers, one
(Millar SPR407, Millar Instruments Inc., Houston,
TX, USA) inserted into the right carotid artery and the
other (Millar SPR671) into the right jugular vein, respec-
tively. Heart rate (HR) was measured using an electro-
cardiogram on the body surface. All data were recorded
using Power Lab/8sp (AS Instruments, Castle Hill,
Australia).

Tissue Preparation

Rats were killed and blood samples were taken for the
measurement of the blood cell count and serum EPO
levels, and right lungs were immediately removed and
washed with natural saline to obtain samples for quantita-
tive real-time polymerase chain reaction (QRT-PCR).
Total RNA was isolated from right lung samples with
Trizol (Life Technologies, Tokyo, Japan) immediately
after lung removal. Left lungs and hearts were simulta-
neously removed thereafter. Blood in the left lungs was
removed by natural saline injected into the right ventricle
and drained from the left atrium. Right and left ventricles
plus septa were weighed separately to determine the ratio
(RV/LV + 8) as an index of right ventricular hypertrophy.
Left lungs were then fixed using 10% formalin injected
into the trachea, removed, fixed overnight, and embedded
in paraffin for histological examination. A cross section (6
pum thick) on the hilum level was put on a slide; paraffin
was removed, and then stained with hematoxylin—eosin.
Pulmonary arteries of 50-200 um (outside diameter) were
observed using a System Life Microscope (BHS,
Olympus, Japan) installed with an ocular micrometer,
and the wall thickness (ratio) was estimated using
Matsuda’s method, that is, ratio of wall thickness (outside
diameter — inner diameter) to the outside diameter (20).
Spleens were also removed to measure their weight.

Additional In Vivo Experiments of CEPO Administration

Another erythropoietin derivative CEPO became avail-
able later, and we planned additional in vivo experiments
using a monocrotaline-induced rat PH model in the
same manner to determine the type of EPOR in the
lung: EPOR homoreceptors or EPOR/Bc heterorecep-
tors. Monocrotaline-injected rats were administered
continuously for 21 days with medium (m = 6) or
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rhCEPO (Chugai, 2500 ng/kg/day, n = 8), and examina-
tions of blood, catheter, and lung histology were done.
Carbamyl-erythropoietin did not react with the EPO
enzyme-linked immunosorbent assay (ELISA) system.

ELISA and Quantitative Real-Time Polymerase Chain
Reaction

Human erythropoietin, rat erythropoietin, and rat vascular
endothelial growth factor (VEGF) levels in blood were
measured using an ELISA method (R&D Systems,
Minneapolis, MN, USA). The mouse/rat erythropoietin
enzyme-linked immunosorbent assay system detected rat
EPO, as well as thEPO and rhAEPO, but not thCEPO.
The human erythropoietin enzyme-linked immunosor-
bant assay system also detected rhEPO and rhAEPO, but
not thCEPO.

Primers for mRNA detection are shown in Table 1.
Quantitative real-time polymerase chain reaction was
performed as previously described (21). Rat y-actin was
measured as an internal standard, and mRNA expression
levels were indicated as relative copy number/internal
standard. Templates for quantitative real-time

Table 1. Primers for rat QRT-PCR

Erythropoietin Attenuates Endothelial Damage 3

polymerase chain reaction were fashioned as control
genes to produce standard concentration curves. cDNA
and diluted recombinant plasmids were measured using
LightCycler (Roche, Indianapolis, IN, USA) and its soft-
ware. After initial denaturation for 30 minutes at 95°C, a
three-step cycle procedure was used (denaturation at
95°C for 5 s, annealing at 60°C for 15 s, and then exten-
sion and acquisition at 72°C for 13 s).

Statistical Analysis

The results of in vivo studies were compared among the
four groups by a one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison tests. The results
of additional in vivo studies were compared between the
two groups by unpaired r-tests. Differences were consid-
ered as significant at a P value of <.05.

RESULTS

In Vivo Hematopoiesis
Thirty-four rats, including normal rats (# = 8) and
monocrotaline-injected rats, were analyzed (Figure 1).

Sense primer

Antisense primer

Rat y-actin

Rat eNOS

Rat ET-1

Rat Bel-xL

Rat Bcl-2

Rat CD31 (PECAM-1)
Rat CD45 (LLCA)

5'-gaccttecttccgggeatggagt-3/
5'-tatttccaaggaagtiacagagee-3’
5'-gatcctigaaagacttacticcea-3’
5'-tacaagctctcccagaaaggatac-3’
5'-tataagctgtcacagaggggctac-3'
5'-ctcctaagagcaaagagcaactic-3'
5'-gcatgaactagagatgagcaaaga-3'

5'-tggaggggcctgactegteatact-3’
5'-tatggttacagatgtaggtgaaca-3'
5'-ctgtagagttccgetttcaacttt-3
5'-atcccgaaagaattcattcactac-3’
5'-ctgactggacatctctgcaaagte-3’
5'-ccctecttttetttgtaaaactga-3’
5'-gcagaatataggctgaggatttgt

Abbreviation: QRT-PCR — quantitative real-time polymerase chain reaction.
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Figure 1. Hematological examinations in rats. Monocrotaline-injected (im) rats were treated with continuous administration (iv) of 2500 ng/kg/day
of EPO, AEPO, or medium for 21 days and were compared with normal rats. Spleen size (A), hemoglobin level (B), serum EPO level (C), and the
serum VEGF level (D) are shown. Note that the rat EPO ELISA system cross-reacts with human EPO. Serum erythropoietin levels were also
analyzed by a human EPO ELISA system in six of eight rats in the EPO group (E). R in panel (E): Pearson’s correlation efficient. Abbreviations:
EPO - erythropoietin; AEPO — asialoerythropoietin; VEGF — vascular endothelial growth factor; ELISA — enzyme-linked immunosorbent assay.
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Figure 2. Cardiological examinations in rats. Monocrotaline-injected (im) rats were treated with continuous administration (iv) of 2500 ng/
kg/day of EPO, AEPO, or medium for 21 days, and cardiac function was analyzed by catheter examination. Right ventricular weight was also
measured after dissection and was normalized for total BW. HR (A), mean AP (B), peak RVP (C), right ventricular weight/left ventricle +
septum weight (RV/LV + S) (D), and BW (E) are shown. Abbreviations: EPO - erythropoietin; AEPO — asialoerythropoietin; BW — body
weight; HR — heart rate; AP — aortic pressure; RVP — right ventricular pressure.

Monocrotaline-injected rats underwent continuous infu-
sion of medium (z = 9) or medium with 2500 ng/kg/day
of thEPO (n = 8), or thAEPO (# = 9). Administration of
erythropoietin, but not AEPO, increased hemoglobin
levels and spleen weights. An increase in serum EPO
levels was observed after administration of EPO, but
not after AEPO. Serum levels of rat EPO and human
EPO in the EPO group were 65.5 + 63.3 and 139.7 &+
106.9 pg/mlL, respectively. Data from the two ELISA
system experiments correlated very well (R = 0.99, P <
.0001). Serum vascular endothelial growth factor levels
did not change.

Cardiac Function

Data from catheter examinations are shown in Figure 2.
No differences were observed in HRs or mean aortic
pressures among the four groups. Monocrotaline admin-
istration significantly induced a rise in the peak right
ventricular pressure. The rise in peak right ventricular
pressure was inhibited by administration of EPO, but not
by AEPO. Monocrotaline administration significantly
induced an increase in the RV/LV + S weight ratio, as
well as a loss in body weight. The increase in RV/LV + S
was inhibited by administration of EPO, but not by
AEPO.

Histological Examination of the Lungs

No difference was observed in the inner diameter of
pulmonary small arteries among the four groups
(Figure 3). Wall thickening caused by medial hypertro-
phy was observed in the three monocrotaline-injected
groups. Wall thickening was significantly prevented by
administration of EPO, but not by AEPO.
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Figure 3. Lung histology in rats. Lung specimens were stained with
HE (A) (magnification: x400, scale bars = 50 um), and 20 pulmon-
ary arteries were measured for each specimen. The wall thickness
(rato) (C) was calculated from the inner diameter (B) and outer
diameter of vessels. Abbreviation: HE — hematoxylin—eosin.

RNA Expression in the Lungs

Expressions of apoptosis regulators Bcl-2 and Bcl-xL,
platelet EC adhesion molecule-1 (PECAM-1, CD31),
endothelium-derived vasoconstrictor endothelin-1 (ET-1),
eNOS, and leukocyte common antigen (LCA, CD45)
were measured (Figure 4). Among the six molecules,
endothelium-derived molecules, PECAM-1, and ET-1
decreased in the lungs due to monocrotaline adminis-
tration and the decrease was prevented by continu-
ous administration of EPO. BclxL increased due to
EPO. Like Bcl-xL, there was a trend for an increase in

Clinical and Experimental Hypertension
RIGHTS L3




Chin Exp Hypertens Downioaded trom intormahealthcare.com by (D) Niigata University on 05/06/12
For personal use only.

2
8

CD31/y-actin
Bcl-xL/y-actin

0
Norm. Monocrotaline +
Medium EPO AEPO

C
C
g

0.15
0.10
0.05

ET-1/yactin
eNOS/y-actin

0
Norm. Monocrotaline +
Medium EPO AEPO

Norm. Monocrotaline +
Medium EPO AEPO

Norm. Monocrotaline +
Medium EPO AEPO

Erythropoietin Attenuates Endothelial Damage 5

=
8

1.5
1.0
0.5

Bc-2/y-actin

Norm. Monocrotaline +
Medium EPO AEPO

G

N W

CDA45/y-actin

0
Norm. Monocrotaline +

Medium EPO AEPO

Figure 4. mRNA expression in the lungs of rats. Expression of mRNA in the lungs was measured, and expressed as relative copy number/y-
actin. (A) CD31 (PECAM-1); (B) endothelin (ET-1); (C) anti-apoptotic protein of ECs, Bcl-xL; (D) eNOS; (E) anti-apoptotic protein of
leukocytes, Bcl-2; (F) leukocyte common antigen, CD45. Abbreviations: ECs — endothelial cells; eNOS — endothelial nitric oxide synthase;

EPO - erythropoietin; AEPO - asialoerythropoietin.

eNOS expression due to EPO administration; how-
ever, this was not significant. No difference was
observed in the expression of the leukocyte-derived
molecules, CD45 and Bcl-2.

In Vivo Activity of CEPO

The results from CEPO administration are shown in
Figure 5. Monocrotaline-administered rats underwent
continuous infusion of medium (# = 6) or medium
with 2500 ng/kg/day of thCEPO (n = 8). No hemato-
poietic activity was observed by administration of CEPO
in terms of hemoglobin levels or spleen weights.
Carbamyl-erythropoietin administration did not prevent
the rise in peak right ventricular pressure, increases in the

RV/LV + S weight ratio, or wall thickening of pulmonary
arteries caused by monocrotaline.

DISCUSSION

In this study, enlargement of the spleen was observed
along with increases in hemoglobin levels. Extramedullar
erythropoiesis is usually observed in spleens of mice and
rats; therefore, simultaneous elevations in hemoglobin
levels and spleen sizes were caused by hypererythropoi-
esis. The enzyme-linked immunosorbent assay system
for EPO equally detects thEPO and rhAEPO; neverthe-
less, an increase in serum EPO levels was not observed
after infusion of AEPO. A clearance system of
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Figure 5. In Vivo effect of CEPO. Another set of in vivo experiments using CEPO was carried out in the same manner. Monocrotaline-
injected (im) rats were treated with continuous administration (iv) of 2500 ng/kg/day of CEPO or medium for 21 days. Spleen size (A),
hemoglobin level (B), HR (C), mean AP (D), peak RVP (E), right ventricular weight/left ventricle + septum weight (RV/LV + S) (F), BW
(G), inner diameter (H), and wall thickness (ratio) (I) of small pulmonary arteries are shown. Abbreviations: CEPO — carbamyl-
erythropoietin; HR — heart rate; AP — aortic pressure; RVP — right ventricular pressure; BW — body weight.
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asialoglycoprotein, galactose receptors, exists in the liver
(22) and intravenously injected AEPO possibly did not
maintain its level in blood. Asialoerythropoietin admin-
istration also did not modify changes in cardiac function
or pulmonary small arteries caused by monocrotaline,
presumably due to the absence of an increase in serum
levels. In panel (E) of Figure 1, data from the two ELISA
systems completely correlated; thus, EPO levels in rats
were due to the administration of thEPQO, and not from
intrinsic rat EPO.

Erythropoietin promotes survival of primary human
ECs through upregulation of Bcl-xL in vitro (11). In
this study, it was suspected that continuous administra-
tion of EPO may exhibit pulmonary arterial endothelium
protection from monocrotaline-induced apoptosis pre-
sumably via Bcl-xLL induction. The rise in peak right
ventricular pressure and gain in right ventricular weight
caused by monocrotaline administration were signifi-
cantly inhibited by administration of EPO. Therefore,
erythropoietin administration may lead to improved
right ventricular hypertrophy caused by monocrotaline
administration.

In this study, EPO infusion was simultaneously started
with administration of monocrotaline. Therefore, it is
not known whether EPO administration can reverse PH
once initiated. The major role of EPO in the cardiovas-
cular and central nervous systems is its anti-apoptotic
effects on EPOR-positive cells (9), and thus a pulmonary
protective effect of EPO against monocrotaline-induced
endothelial damage was expected. We doubt whether
EPO could reverse the damage accompanied by fibrosis
and so on, once established.

The half-life of single-dose EPO does not exceed
24 hours (23). Single-dose administration of mono-
crotaline causes progressive pulmonary endothelial
damage for more than a period of several weeks (8),
and intravenous bolus administration of EPO does
not improve pulmonary arterial hypertension (14).
We attempted to treat monocrotaline-induced PH
with a continuous intravenous injection of
EPO. Continuously administered erythropoietin par-
tially prevented the progression of monocrotaline-
induced PH in this study.

Through the use of an in vivo PH model, continuous
administration of EPO increased Bcl-xL in the lungs,
restrained  monocrotaline-induced  reduction in
PECAM-1 and ET-1, prevented thickening of the pul-
monary arterial wall, and improved PH. Endothelial cell
damage induces proliferation of vascular SMCs, and EC
repair terminates SMC proliferation (24). In clinical
pulmonary hypertension, EC injury also plays an impor-
tant role in the onset and progression of this disease (25).
Infusion of endothelial progenitor cells improved
monocrotaline-induced PH in rats (26), and EPO
administration-induced EPC mobilization from bone
marrow (27); thus, in addition to the direct protective
effect of EPO on EC, EPC mobilization may also con-
tribute to vascular protection.
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An increase in serum levels was not observed after
infusion of AEPO, presumably because of its rapid clear-
ance from the circulation. In fact, hematopoietic activity
of AEPO was observed in vitro, but not in vivo (28).
Endothelial cells are continuously exposed to blood;
thus, sufficient AEPO blood levels are essential for its
effects on ECs. Therefore, it was thought that this was the
reason why AEPO administration did not prevent
endothelial damage in vivo.

Erythropoietin is a glycoprotein composed of 165
amino acid residues and 4 carbohydrate chains, 3 N-
glycans and 1 O-glycan. All the sugar chains terminate
with sialic acid capping. Erythropoietin spontaneously
loses sialic acids, and is eliminated from the blood via
clearance by asialoglycoprotein receptors expressed in
the liver (22). Asialoerythropoietin that expresses affinity
to EPOR, however, lacks erythropoietic activity in vivo
(28). In contrast to this study, intravenous administra-
tion of AEPO showed high neuroprotective and renopro-
tective activities (29,30). Thus, it is possible that AEPO
may have high affinity to tissue components, and blood
concentrations, not tissue concentrations, of EPO may
be essential for the treatment of monocrotaline-induced
PH.

It is not clear why CEPO administration did not pre-
vent monocrotaline-induced PH. Both primitive ery-
throid progenitors and definitive hematopoietic
progenitors, but not cardiac or central nervous cells,
arise from the hemogenic endothelium, and hemangio-
blasts are the source of hemogenic endothelia and
mature ECs in ontogenesis (31). It is possible that ery-
throid and ECs express the homodimer of EPOR, not the
heterodimer of EPOR and fc, and CEPO does not
express bioactivity on either erythroid or ECs.

CONCLUSIONS

Erythropoietin improved chemical-induced vascular
injury in vivo. On the other hand, intravenous adminis-
tration of the non-erythropoietic EPO derivatives, AEPO
and CEPO, did not improve vascular injury. The lungs
may express EPOR homoreceptors, but not
heteroreceptors.
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Abstract

Purpose Inhalation of hydrogen (H,) gas has been shown to
limit infarct size following ischemia-reperfusion injury in rat
hearts. However, H, gas-induced cardioprotection has not
been tested in large animals and the precise cellular mech-
anism of protection has not been elucidated. We investigated
whether opening of mitochondrial ATP-sensitive K+ chan-
nels (mKarp) and subsequent inhibition of mitochondrial
permeability transition pores (mPTP) mediates the infarct
size-limiting effect of H, gas in canine hearts.

Methods The left anterior descending coronary artery of beagle
dogs was occluded for 90 min followed by reperfusion for 6 h.
Either 1.3% H, or control gas was inhaled from 10 min prior to
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start of reperfusion until 1 h of reperfusion, in the presence or
absence of either 5-hydroxydecanoate (5-HD; a selective
mK arp blocker), or atractyloside (Atr; a mPTP opener).

Results Systemic hemodynamic parameters did not differ
among the groups. Nevertheless, H, gas inhalation reduced
infarct size normalized by risk area (20.6+2.8% vs. control
gas 44.0+2.0%; p<0.001), and administration of either 5-
HD or Atr abolished the infarct size-limiting effect of H, gas
(42.0+2.2% with 5-HD and 45.1+£2.7% with Atr; both
p<0.001 vs. Hy group). Neither Atr nor 5-HD affected
infarct size per se. Among all groups, NAD content and
the number of apoptotic and 8-OHdAG positive cells was not
significantly different, indicating that the cardioprotection
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afforded by H, was not due to anti-oxidative actions or
effects on the NADH dehydrogenase pathway.

Conclusions Inhalation of H, gas reduces infarct size in
canine hearts via opening of mitochondrial K,rp channels
followed by inhibition of mPTP. H, gas may provide an
effective adjunct strategy in patients with acute myocardial
infarction receiving reperfusion therapy.

Key words Hydrogen gas - Reperfusion injury - Myocardial
infarction - Mitochondrial K otp channel - Mitochondrial
permeability transition pore

Introduction

Myocardial infarction (MI) is a leading cause of death world-
wide, and reduction of infarct size is an important therapeutic
goal for patients with acute MI (AMI). The prognosis of AMI
has been improved dramatically due to the development of
both catheterization techniques and reperfusion therapy by
coronary mechanical methods or pharmacological interven-
tion. However, strategies to limit reperfusion injury and thus
infarct size have not been well applied in clinical settings [1,
2]. We reported that carperitide limited infarct size in a large
scale clinical trial [3]; however, infarct size was reduced by
only 14.7%, and the discovery of other therapeutics to limit
infarct size may be clinically useful. Interestingly, hydrogen
(H,) has been reported to provide therapeutic benefit for many
diseases related to oxidative stress, including cardiovascular
disease. There is some evidence that inhalation of H, gas
limits myocardial infarct size in rats [4, 5]. However, since
heart physiology differs significantly in small animals relative
to large animals and humans, it cannot be assumed that H,
would limit infarct size in large animals and humans. Further-
more, the cellular mechanisms underlying Hy-mediated car-
dioprotection have not been clarified.

Recent accumulated evidence regarding cardioprotection
afforded by ischemic pre- or post-conditioning has culmi-
nated in the idea that opening of mitochondrial ATP-
sensitive K~ channels (mKarp) followed by inhibition of
mitochondrial permeability transition pores (mPTP) plays a
central role in limiting infarct size [6—8]. Indeed, Piot et al.
[9] found that administration of the mPTP inhibitor, cyclo-
sporine, at the time of reperfusion limited the size of myo-
cardial infarction in patients with AMI. Ohsawa et al. [10]
demonstrated that H, has the potential to serve as an anti-
oxidant in preventive and therapeutic applications. Oxygen-
derived free radicals are generated inside and outside of
cells, and H, gas can eliminate hydoxyradical and peroxy-
nitrate because it can penetrate biomembranes and diffuse
into the cytosol, mitochondria, and nuclei. If this is the case,
H, gas may protect mKrp against ischemic injury, or may
directly activate mK orp followed by the inhibition of mPTP.

2} Springer
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Thus, we tested the hypothesis that H, gas may reduce
reperfusion injury and limit infarct size via the activation of
mK s7p and the inhibition of mPTP.

Methods
Animal model and instrumentation

Fifty nine beagle dogs (Oriental Yeast Co., Ltd, Tokyo, Japan)
weighing 9 to 10 kg were per-anesthetized with sodium pen-
tobarbital (25 mg/kg iv). All dogs were rapidly intubated and
anesthetized with analgesic anesthetics. The control or H, gas
tank was connected to the respirator 10 min before reperfu-
sion. After baseline hemodynamic assessment, thoracotomy
was performed, and the left anterior descending coronary
artery (LAD) was ligated just distal to the first diagonal
branch. The left carotid artery was catheterized to monitor
both aortic blood pressure and heart rate. At the end of each
study, animals were euthanized with administration of a high
dose of sodium pentobarbital. All procedures were performed
in conformity with the Guide for the Care and Use of Labo-
ratory Animals (NIH publication no. 85-23, 1996 revision).

Composition of gas mixture

Gas tanks were obtained from TAIYO NIPPON SANSO
Corporation (Osaka, Japan). The control gas tanks were
composed of 70% N, and 30% O,. The H, gas tanks were
composed of 1.3% H,, 68.7% N, and 30% O,. The H, gas
concentration was set at 1.3% because higher concentrations
create the possibility of explosion. Previous studies showed
that 0.5%—4.0% H, limited infarct size in rat hearts in vivo,
at a flow rate of 1 L/min.

Experimental protocols

After the randomization to either H, gas (n=18) or control
gas (n=18), the LAD of the beagle was occluded for 90 min
followed by reperfusion for 6 h. Either H, gas or control gas
was inhaled (3.36 L/min) 10 min prior to reperfusion until
1 h of reperfusion. In addition, we intravenously adminis-
tered either 5-hydroxydecanoate (5-HD, Sigma; 10 mg/kg
1.v.), or atractyloside (Atr, Sigma; 2.5 mg/kg i.v.), for 5 min
before gas inhalation [H, gas with 5-HD (n=6) or Atr (n=6)
and control gas with 5-HD (n=6) or Atr (n=6)]. In all
groups, infarct size was assessed after 6 h of reperfusion.
We also investigated apoptosis in the myocardium adjacent
to the infarct area using TUNEL staining. In addition, we
counted the incidence of lethal arrhythmia, defined as more
than 15 consecutive premature ventricular contractions
(VPC) or ventricular fibrillation (Vf) from 10 min before
reperfusion to 60 min after the onset of reperfusion.
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Measurement of infarct size and myocardial collateral blood
flow

We measured both area at risk and infarct area 6 h after the
onset of reperfusion as described previously [11]. These
parameters were evaluated by Evans blue and triphenylte-
trazolium chloride (TTC) staining, respectively. Infarct size
was calculated as [infarct area/area at risk] x 100(%).

Regional myocardial blood flow was determined by the
microsphere technique. Non-radioactive microspheres
(Sekisui Plastic Co., Ltd., Tokyo, Japan) are made of inert
plastic labeled with niobium (Nb) and bromine (Br) as
described in detail in previous study [12]. Microspheres
were suspended in isotonic saline with 0.01% Tween80 to
prevent aggregation. The microspheres were ultrasonicated
for 5 min followed by 5 min of vortexing immediately
before injection. Approximately 1 mL of the microsphere
suspension (2—4x10° spheres) was injected into the left
atrium at 80 min after the start of coronary occlusion.

The X-ray fluorescence of stable heavy elements was
measured by a wavelength dispersive spectrometer (PW
1480, PHILLIPS Co., Ltd.). The specifications of this X-
ray fluorescence spectrometer have been described previ-
ously [12]. In brief, when the microspheres are irradiated by
the primary X-ray beam, the electrons fall back to a lower
orbit and emit measurable energy. The energy level of the X-
ray fluorescence depends on the characteristics of each
element. Therefore, it was possible to quantify the X-ray
fluorescence of several differently labeled microspheres in
the mixture. Regional myocardial collateral blood flow was
calculated according to the following formula: time flow
= (tissue count) x (reference flow)/(reference count), and
was expressed in mL/g wet weight/min.

Terminal Deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL)

The myocardial tissue samples were taken from the border
zone of dogs in the control, H,, control+5-HD, H,+5-HD,
control+Atr and Hy+Atr groups (n=3 each). The border
zone was chosen as the region within 4 mm from the infarct
zone. These were fixed in 10% buffered formalin, embedded
in paraffin, and serially sectioned in the frontal plane at 5-
pm thickness. To assess myocardial apoptosis, analysis by
TUNEL method was performed according to the protocol
supplied with the in situ apoptosis detection kit, the Apop
Tag Peroxidase In Situ Apoptosis Detection Kit (S7100,
MILLIPORE). The sections were then shortly counter-
stained with hematoxylin and eosin to visualize the cells.
TUNEL-positive cell nuclei and total cell nuclei stained
metylgreen were counted in 7—-10 random high-power fields
(x200). The amount of TUNEL-positive cells was expressed
as a percentage of the total amount of cells (n=1,500).
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Immunohistochemistry for either 8-OHdG or NAD+
of the Reperfused myocardium

The myocardial tissue samples were taken from the border
zone between ischemic and non-ischemic areas in the control,
H,, Hy+5-HD, Hy+Atr, control+5-HD and control+Atr groups
(n=3 each). After 90 min of ischemia followed by 6 h of
reperfusion, hearts were excised and the myocardial tissue
samples were taken from the border zone. The border zone
was chosen as the region within 4 mm from the infarct zone.
These were fixed in 10% buffered formalin, embedded in
paraffin, and serially sectioned in the frontal plane at 5-um
thickness. The paraffin sections were deparaffinized in xylene,
rehydrated using various grades of ethanol, and pretreated
with 10 mM citric acid for 40 min at 95°C. For immunostain-
ing, sections stained with anti-8OH-dG (MOG-020P; Japan
Institute for the Control of Aging; 1:100) antibodies overnight
at 4°C. Secondary antibodies conjugated Simple Stain Rat
(MAX-PO MULTI 414191, NICHIREI Bioscience inc. Ja-
pan; undiluted) were applied for 30 min at room temperature.
The sections were then shortly counterstained with hematox-
ylin and eosin to visualize the cells. Four slides were randomly
examined using a defined rectangular field area with magni-
fication (x40). The data were represented as the number of
80OH-dG positive cells per field.

Since mPTP may be opened via oygen-drived free radi-
cals via the NADPH oxidase, we also investigated the
myocardial NAD+ contents as well. We used 18 dogs for
NAD assessment in the control, H,, H,+5-HD, H,+Atr,
control+5-HD and control+Atr groups (n=3 each). The
myocardial tissue in the border zone was quickly placed
into liquid nitrogen and stored at —80°C. For the measure-
ment of NAD+, 40 mg of border zone tissue was homoge-
nized. An equal amount of protein from the homogenized
tissue of each group was used for the NAD+/NADH Color-
imetric assay kit (Cat# CY-1253; Cyclex Co., Ltd).

Exclusion criteria

To ensure that all animals used in the present study were
healthy and had been exposed to a similar extent of ische-
mia, the following standards were employed for the exclu-
sion of unsatisfactory dogs: (1) subendocardial collateral
blood flow greater than 15 mL/100 g/min; (2) heart rate
greater than 170 beats/min; and (3) more than two consec-
utive attempts required to terminate ventricular fibrillation
(Vf) using low-energy DC pulses applied directly to the
heart.

Statistical analysis

Statistical analysis was performed using two-way repeated
measures analysis of variance (ANOVA) when data were
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compared over the time course of the change between
groups. Analysis of covariance between regional collateral
flow in the inner half of the left ventricular wall and infarct
size was described previously [11]. Other data were com-
pared using one-way fractional analysis of variance. If
statistical significance was found for a group, time effect,
or group-by-time interaction, further comparisons were
made with paired ¢ tests between all possible pairs of
the five groups at individual time points. Results were
expressed as means = SEM, with p<0.05 considered statis-
tically significant.

Results

Among the 59 dogs, 23 were excluded due to Vf or exces-
sive myocardial collateral blood flow (>15 mL/100 g/min).
The remaining 36 dogs completed the protocols satisfacto-
rily and were included in the data analysis. None of the
pharmacological interventions such as H, gas, control gas,
5-HD, or Atr, altered systemic blood pressure or heart rate
during the experimental protocols (Table 1).

Inhalation of H, gas just prior to reperfusion following
90 min of ischemia reduced infarct size normalized by risk
area (20.6+2.8% vs. 44.0+2.0%; p<0.001) (Fig. 1). Intrigu-
ingly, the administration of either 5-HD or atractyloside (Atr)
blunted the H, gas induced limiting effect on infarct size (42.0
+2.2% in 5-HD vs. 45.1£2.7% in Atr; p<0.001 and p<0.001
vs. Hy gas group). Neither S-HD nor atractyloside per se
affected infarct size. There were no differences in either risk

Table 1 Effect of H, gas on systemic hemodynamic parameters

area or collateral flow during the ischemic period among the
groups (Fig. 2). Figure 3 shows the regression plots of the area
at risk vs. collateral flow. Inhalation of H, gas mediated the
substantial cardioprotection irrespective of collateral flow,
which was again blunted by either 5-HD or atractyloside.

On the other hand, we observed apoptosis using TUNEL
staining in the myocardium in each group; there were no
differences in the extent of apoptosis in the groups (36.0+
1.8,26.546.9,33.0+1.4,35.6+1.5,35.0+£1.3 and 35.7+1.4%
in the control group, the H, gas group, the H, gas with SHD
group, the H, gas with Atr group, the control gas with SHD
group, and the control gas with Atr group, respectively).

We observed the incidence of lethal arrhythmia through-
out the experiments in all groups from 10 min before reper-
fusion to 60 min after the onset of reperfusion (Table 2). The
presence of either Vf or VPC longer than 15 consecutive
beats was defined as lethal arrhythmia in this study. The
incidence of lethal arrhythmia in the reperfusion period
tended to decrease by H, gas although there were no signif-
icant differences. This tendency was blunted by either 5-HD
or Atr. These data indicate that H, gas may affect the
incidence of fatal ventricular arrhythmias during the reper-
fusion period, but it is unknown whether this effect is
attributable to a potential primary anti-arrhythmic effect of
H, gas or merely secondary to the infarct size-limiting
effects of H, gas.

The number of 8-OHAG (a biomarker of oxidative stress)
positive cells, tended to decrease in H, group relative to the
other groups, however there was no significant difference
(Fig. 4). We also observed no relation between the number

Groups Baseline Isc-60 Isc-90 Rep-60 Rep-120 Rep-180 Rep-240 Rep-300 Rep-240
Mean blood pressure (mmHg)

Control gas 101+2 103+2 1042 98+2 102+£2 101+3 103+3 99+3 100+2
H, gas 105+4 9742 98+3 96+3 1002 101+3 99+2 101£2 103+1
H, gas + SHD 105+2 105+2 106+1 95+3 98+3 101+£3 103+1 102+0 100+4
H, gas + Atr 98+3 98+3 102+3 98+1 100+£1 101+1 1021 102+2 1031
Control gas + SHD 104+2 1012 101+1 1022 103£2 101+3 103+2 98+3 100+4
Control gas + Atr 10241 102+4 100+2 96+1 103+2 100+3 103+2 104+2 102+1
Heart rate (beats/min)

Control gas 136+£3 138+2 137£2 132£2 1311 135+3 135+4 13344 13344
H, gas 139+3 138+3 140+4 133+3 134+4 134+5 134+4 134+5 132+4
H, gas + SHD 135+3 130+3 129+4 129+3 129+4 130+3 129+4 129+4 130+3
H, gas + Atr 1342 135+4 130+4 129+3 12942 12943 129+2 128+3 129+3
Control gas + SHD 134+4 135+3 135£3 135+2 12943 131+5 13245 130+5 129+5
Control gas + Atr 137+2 137+2 135£3 136+2 13743 135+4 135+2 135+3 136+2

Values are expressed as mean + SEM. Isc-60 and Isc-90 show 60 and 90 min after the onset of myocardial ischemia, respectively. Rep-60, Rep-120,
Rep-180, Rep-240, Rep-300 and Rep-360 show 60, 120, 180, 240, 300 and 360 min after the onset of reperfusion, respectively. There were no

significant changes of theses parameters among the six groups
SHD = 5-hydroxydecanoate; Atr = Atractyloside
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Fig. 1 Effect of H, Gas on Myocardial Infarct Size. Values are
expressed as mean + SEM (error bars). Representative photos follow-
ing both Evans Blue and triphenyltetrazolium chloride staining are
shown in the control gas (A), H, gas (B), H, gas with SHD (C), H,
gas with Atr (D), control gas with SHD (E), and the control gas with

of 8-OHdG positive cells and infarct size. We next investi-
gated myocardial NAD+ levels and observed a not signifi-
cant tendency towards increased NAD+ levels in the H,
group, suggesting that the inhibition of mPTP caused by
the opening of mKrp may not be attributable to oxygen-
derived free radicals produced through NADH dehydroge-
nase (Fig. 5).

335

Atr groups (F) respectively. G Myocardial infarct size quantification as
a percentage of the area at risk in groups tested. Inhalation of hydrogen
gas reduced infarct size. SHD and Atr abolished this cardioprotective
effect. *p<0.0001 vs. control group. SHD = 5-hydroxydecanoate;
Atr = atractyloside

Discussion

The present study provides a novel finding that inhalation of
H, gas mediates infarct size-limiting effects but not cellular
apoptosis-limiting effects in the canine heart large animal
model, and that H, gas-mediated cardioprotection is mainly
attributable to the opening of mK 47p followed by inhibition
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Fig. 2 Risk Area and Collateral
Flow. Risk area (a) and
collateral blood flow (b). There
were no differences in either
risk area or collateral blood
flow in all groups. Values are
expressed as mean + SEM
(error bars)

z g®
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of mPTP, although we could not completely exclude the
involvements of H, gas-mediated anti-oxidant effects on
the present results.

Factors that affect infarct size during inhalation of H, gas

The infarct size-limiting effect of H, gas may be attrib-
utable to changes in systemic hemodynamics and/or
collateral flow, because these two factors are critical in
determining infarct size. However, when H, gas was
inhaled, systemic blood pressure, heart rate, and collat-
eral flow were unchanged among the groups. Therefore,
H, gas-induced cardioprotection is not mediated by he-
modynamic or collateral flow changes secondary to the
inhalation of H, gas. Myocardial contractility is another
determinant of infarct size, since increases in myocardial
contractility may increase infarct size; indeed, beta
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Fig. 3 Plot of infarct size expressed as a percentage of the risk area
and regional collateral flow during ischemia. The abbreviations are
same as in Fig. 1 There are inverse relations between normalized
infarct area and collateral flow, and a significant difference (P<0.05)
is seen in the H, gas group compared with the control group
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blockers, which reduce myocardial contractility, reduce
infarct size. However, Hayashida et al. [5] and Sun et
al. [4] showed that either H, gas or H,-rich saline
provokes no changes in myocardial contractility as a
index of maximal dP/dt, suggesting that myocardial
contractility is not altered by H, gas, although we did
not measure myocardial contractility in the present
study.

We have shown that H, gas limits infarct size in large
animals, which may be translated to human use. In rats,
heart rate and maximal dP/dt are around 400/min, and
8,000 mmHg/sec, respectively [5]. However, in the anesthe-
tized dog, these parameters are around 130/min and
4,000 mmHg/sec, respectively [13, 14]. Therefore, the fact
that H, gas limits infarct size in rat hearts does not neces-
sarily indicate that this will be the case in large animals. We
found cardioprotective effects of H, gas in canine hearts,
indicating that potent cardioprotection by H, gas or H,-rich
saline may be the case for possible human use. However, in
our large animal model, apoptosis was not prevented by H,
gas, which is different from results seen by Sun et al. [4]. We

Table 2 Incidence of lethal arrhythmia during ischemia and reperfu-
sion periods and number of dogs excluded for lethal arrhythmia

Groups Lethal arthythmia No. of excluded dogs
Ischemia Reperfusion Vf (counts) Collateral
period (counts) period (counts) blood flow

(ml/100 g/min)

Control gas 0 23 1 3

H, gas 0 5 0 2

H, gas + SHD 0 29 1 3

H, gas + Atr 0 27 1 3

Control gas + SHD 0 28 2 2

Control gas + Atr 1 30 3 2

Incidence of lethal arrhythmia is shown in the included dogs of the
present study. H, gas group tended to reduce incidence of lethal
arrhythmia, however, there were no significant differences among the
six groups. VI = ventricular fibrillation; Abbreviations as in Table 1
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Fig. 4 The number of 8-OHdJG positive cells. Representative photos
assessed by 8-OHdAG immunoreactivity. Staining was localized to
nuclei of myocardium (brown) in the control gas (A), H, gas (B), Hy
gas with SHD (C), H, gas with Atr (D), control gas with SHD (E), and

did not determine the mechanisms underlying these differ-
ences. Since the mechanisms of myocardial necrosis and
apoptosis are different [15], our results do not discourage
the clinical use of H,.

337

the control gas with Atr groups (F) respectively. Scale bar=100 pm. G
The quantification of 8-OHdG positive cells was expressed per field.
There were no significant differences among the six groups. Values are
expressed as mean + SEM (error bars)

On the other hand, we also observed the tendency that H,
gas mediates the inhibitory effect on reperfusion arrhyth-
mias suggesting that H, gas may primarily inhibit reperfu-
sion lethal arrhythmias, however, we cannot deny the
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Fig. 5 The myocardial NAD contents. There were no significant
differences of myocardial NAD contents among the six groups. Values
are expressed as mean = SEM (error bars)

possibility that this anti-arrhythmic effect of H, gas is sec-
ondary to the infarct size-limiting effect.

Cellular mechanisms of H, gas-induced cardioprotection

H, gas is reported to scavenge the detrimental, hydroxyl-
radical and peroxynitrate reactive oxygen species without
affecting less potent oxygen derived-free radicals or hydro-
gen peroxide [10]. This may afford cardioprotection by
attenuating the end-products of ROS [5, 16-19]. However,
this does not necessarily mean that removal of detrimental
ROS is the sole mechanism by which H, gas induces car-
dioprotection. Indeed, we found no significant differences in
myocardial 8-OHdG immunoreactivity (Fig. 4) among the
six groups although there was a trend to lower §-OHAG
positive cells, suggesting that the current dose of H, gas
may not provide anti-oxidant effects enough to potently
reduce infarct size. In turn, we observed the alternative
mechanism for H, gas to mediate cardioprotection, i.e., the
activation of mKrp followed by the inhibition of mPTP
during reperfusion following myocardial ischemia. It would
be difficult for chemicals or endogenous substances to phys-
ically reach mK orp upon reperfusion, and the most impor-
tant endogenous mediator of ischemic preconditioning,
adenosine, opens mKap via adenosine receptors, Gi pro-
teins, and PKC pathways [20-23]. However, H, gas easily
penetrates cells and reaches cellular substances and mito-
chondria [10], suggesting that H, gas can reach and activate
mK sp. Another possibility is that H, gas activates PKC
inside cells, and the activated PKC opens mK,rp. The
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activation of mKrp is reported to transmit signals that
inhibit mPTP [24-30], which causes potent cardioprotec-
tion. An additional finding was that no significant differ-
ences were shown in myocardial NAD+ contents although
there was a trend to increase in H, group. The effects of H,
gas to modulate either mKATP or mPTP are through a path-
way other than NADH dehydrogenase, although there are data
showing that the opening of mKATP increases ROS, which
modulates mPTP and mediates cardioprotection.

Although we do not understand the precise mechanisms
by which H; gas opens mK 41p, the evidence in the present
study suggests that H, gas stimulates intracellular signaling
pathways of ischemic preconditioning or postconditioning
of cardioprotection [31]. Since H, gas is produced in vivo
[32], this mechanism may serve as a trigger or mediator of
ischemic preconditioning. In turn, it is hard for basic and
clinical researchers to translate the fruitful results of ische-
mic pre- or postconditioning to clinical outcomes. If H, gas-
induced cardioprotection breaks into the sequels of the
signal transduction of ischemic pre- or postconditioning,
H, gas is likely to be used in clinical situations. Indeed,
cyclosporine, which inhibits mPTP, has recently been shown
to mediate potent cardioprotection in patients with acute
myocardial infarction [9].

Translation to clinical medicine

Before considering the translation of the present results to
clinical settings, we need to consider several issues. First,
we used 1.3% H, gas in the present study. However, since
even 0.5% H, gas was shown to limit infarct size in previous
work [5], 1.3% or even 1% H, gas may be sufficient to
reduce infarct size in humans. Further, it may be a good idea
to use H, saline because several studies have shown the
cytoprotective effects of H, saline [4, 18, 33-38]. Second,
we sometimes use carperitide, nicorandil, or nitrate upon
reperfusion in patients with AMI as an adjunct therapy, and
these drugs might weaken the ability of H, gas to limit
infarct size. Carperitide and nitrate have been reported to
use pathways other than mK 41p [39—41]; however, nicoran-
dil may share this pathway with H, gas. However, since
neither nicorandil nor H, gas fully opens mKarp channels in
vivo, the combination of these two chemicals may be addi-
tive or synergistic in limiting infarct size. Third, we ob-
served that inhalation of H, gas also tended to reduce the
incidence of lethal ventricular arrhythmia such as ventricu-
lar tachycardia and Vf. Although we did not precisely in-
vestigate the cellular mechanisms whereby H, gas limited
the incidence of lethal arrhythmia, we assume that the open-
ing of mK o1p and the inhibition of mPTP may be primarily
or secondarily involved (Table 2).

Although we need to overcome many issues to translate
the present findings, we are encouraged to further
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investigate this issue by the fact that we observed H, gas-
induced cardioprotection in large animals and the mecha-
nism is attributable to the activation of mK zrp followed by
the inhibition of mPTP.
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Cerebral ischemia-reperfusion (I/R) injury induces secondary cerebral damage. As drugs for treating this type 23
of injury have shown poor efficacy and adverse side effects in clinical trials, a novel therapeutic strategy has 24
been long awaited. In this study, we focused on the disruption of the blood-brain barrier after stroke, and ap- 25
plied a liposomal drug delivery system (DDS) designed to enhance the pharmacological effect of the neuro- 26

%g Kevwords: protectant and to avoid side effects. PEGylated liposomes were injected at varying time after the start of 27
18 s c{] emic 'Stmke reperfusion in transient middle cerebral artery occlusion (t-MCAO) model rats. The results showed PEGylated 28

liposomes accumulated in the ischemic hemisphere at an early stage after reperfusion and were retained in 29
the lesion for at least 24 h after injection. We also investigated the effectiveness of asialo-erythropoietin 30
(AEPO)-modified PEGylated liposomes (AEPO-liposomes) in treating the cerebral I/R injury. AEPO-liposome 31
treatment significantly. reduced TTC-defined cerebral legion following cerebral I/R injury, and ameliorated 32
motor function compared with vehicle and AEPO treatment. In conclusion, these results indicate that AEPO- 33
liposomes are a promising liposomal formulation for protecting the brain from I/R injury, and that this liposomal 34

19 Liposome

20 Middle cerebral artery occlusion
21 Nanoparticle

22 Neuroprotection

DDS has potential as a novel strategy for the treatment of cerebral I/R injury. 35
: © 2012 Published by Elsevier B.V. 36
40 38
39 ‘
41 1. Introduction Cerebral ischemia/reperfusion (I/R) injury is a secondary injury 59
caused by oxidative stresses and inflammatory responses after recov- 60
42 Cerebral vascular permeability increases after cerebral stroke, dis- ery from cerebral ischemia [11,12], and this injury worsens the path- 61
43 rupting the integrity of the blood-brain barrier (BBB) via several medi- ological condition. Although the results of many experimental and 62
44 ators [1,2]. Although BBB disruption causes cerebral edema, resuiting in clinical studies have been published, effective therapeutic strategies 63
45  neurological deficits [3], this increase in cerebral vascular permeability for the treatment of acute stroke have not yet been achieved, due to 64
46 also permits drugs, which cannot penetrate the BBB under the normal poor efficacy and to adverse side effects in clinical trials [13-16]. 65
47 condition, to accumulate in the brain parenchyma. A therapeutic strat- Therefore, an increase in drug efficacy with fewer side effects is highly 66
48 egy focused on increasing cerebral vascular permeability has succeeded desirable for achieving neuroprotection in stroke patients. 67
49  in the treatment of some diseases [4]. Nanoparticles such as liposomes In recent years, erythropoietin (EPO) has been shown to be cyto- 68
50 are used as a drug carrier for such a therapeutic strategy. They pass protective in the brain {17,18]. Indeed, EPO binds to EPO receptor 69
51  through the intercellular space between vascular endothelial cells and (EPOR) expressed on neuronal cells and reduces brain damage by 70
52 accumulate in the tissue owing to the enhanced permeability and reten- activating MAPK and PI3K/Akt, and by increasing the expression of 71
53  tion (EPR) effect [5-9]. In addition, polyethylene glycol-modified lipo- Bcl-x, resulting in the improvement of cerebral stroke outcome in 72
54  somes (PEGylated liposomes) possess a long circulating property in permanent or transient cerebral ischemic animal models [18-21]. 73
55  the bloodstream by avoiding interaction with opsonins and the cells Moreover, EPOR-knockout mice show increased sensitivity to hypox- 74
56  of the mononuclear phagocytic system [10]. PEGylated liposomes ia and apoptosis of brain cells [22]. These data indicate that EPO acts 75
57  have been used to increase drug stability, safety, and bioavailability in as one of the important factors for neuroprotection and neurodeve- 76
58  humans. lopment after an ischemic event. However, multiple dosing with 77
EPO might worsen the cerebral injury after a stroke; because the 738
EPO-induced increase in the hematocrit may possibly induce throm- 79
botic complications. Asialo-EPO (AEPO) is a metabolite of EPO that 80
* Corresponding author. has no hematopoietic effect [23]. AEPO binds to the EPOR more 81
E-mail address: oku@u-shizuoka-ken.ac.jp (N. Oku). strongly than does EPO because of the net positive charge afforded 82
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by desialylation, resulting in a strong cytoprotective effect [24,25]. Al-
though AEPO might be expected to be an effective agent for the treat-
ment of cerebral I/R injury, it shows low accumulation in the brain
parenchyma because of its short half-life. Therefore, some method
of increasing the accumulation of AEPO at the site on a cerebral injury
is a potential therapeutic strategy for cerebral I/R injury.

In this study, we investigated whether a liposomal DDS could be
applied as a new strategy for the treatment of cerebral I/R injury. In
addition, we developed AEPO-modified PEGylated liposomes (AEPO-
liposomes) as a neuroprotective agent and examined the therapeutic
efficacy of AEPO-liposomes in model rats with transient cerebral
ischemia.

2. Materials and methods
2.1. Animal

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 pro-
cedures were approved by the Animal and Ethics Review Committee of
the University of Shizuoka.

2.2, Transient middle cerebral artery occlusion model rats

Transient middle cerebral artery occlusion (t-MCAO) mode] rats
were prepared as described previously [26]. In brief, anesthesia was
induced with 3% isoflurane and maintained with 1.5% isoflurane dur-
ing cerebral stroke surgery. Rectal temperature was maintained at
37 °C with a heating pad. After a median incision of the neck skin,
the right carotid artery, external carotid artery, and internal carotid
artery (ICA) were isolated with careful conservation of the vagal
nerve. A 4-0 monofilament nylon filament coated with silicon was in-
troduced 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 operation, the neck was
closed and anesthesia was discontinued. MCAO was performed for
1 h. Success of the surgery was judged by the appearance of hemipar-
esis. Reperfusion was performed by withdrawing the filament about
10 mm at 1 h after the occlusion under isoflurane anesthesia.

2.3. Preparation of PEGylated liposomes

PEGylated liposomes composed of distearoylphosphatidylcholine
(DSPC), cholesterol, and distearoylphosphatidylethanolamine (DSPE)-
PEG (M.W. of PEG was 2000) (20/10/1 as molar ratio) were prepared
as follows: lipids dissolved in chloroform were evaporated to form a
thin lipid film by using a rotary evaporator. The lipid film was dried
for atleast 1 h under reduced pressure. The dried lipid film was hydrated
with PBS (pH 7.4). The liposorrie solution was freeze-thawed for 3 cycles
with liquid nitrogen and then sonicated for 15 min at 65 °C. Finally, the
particle size of liposomes was adjusted by extrusion through 100 nm-
pore size polycarbonate filters (Nuclepore, Cambridge, MA, USA). For
some experiments, Dil-C;g (Molecular Probes Inc., Eugene, OR, USA)
or [*H]cholesteryl hexadecyl ether (Perkin Elmer, Boston, MA) was
mixed with initial lipid solution for labeling the liposomes.

2.4. Cerebral distribution of PEGylated liposomes

PEGylated liposomes were fluorescently labeled with Dil-C18. 10-mM
Dil-labeled PEGylated liposomes (0.5 mL) were intravenously injected
into the t-MCAO model rats at 0, 1, 3, 6 or 24 h of reperfusion. Their
brains were dissected at 1 h after the injection and sliced into 2-mm
thick coronal sections with a rat brain slicer (Muromachi Kikai, Tokyo,
Japan). All sections were put in glass slides, and the fluorescence of Dil

was measured with an in vivo imaging system (IVIS, Xenogen Corp.,
Alameda, CA).

2.5. Preparation of AEPO-liposomes

Distearoylphosphatidylethanolamine (DSPE)-PEG-N-hydroxysucci-
nimide (NHS) (0.145 mg) dissolved in 480 L of borate buffer (pH 8.4)
was mixed with 20 pL of AEPO solution (0.9 mg/mL in PBS), and the mix-
ture was incubated for 1 day at room temperature to prepare DSPE-PEG-
AEPO conjugates. A 20-mM solution of PEGylated liposomes was pre-
pared, and then 1 mL of the liposomes was incubated with 0.5 mL
of the DSPE-PEG-AEPO conjugates for 15 min at 65 °C. The AEPO-
modified liposomes (AEPO-liposomes) were purified by gel filtration
with Sepharose™ 4 Fast Flow (Amersham Biosciences, Sweden). The
AEPO concentration of AEPO-liposomes was measured by HPLC.

2.6. Cell culture

Pheochromocytoma cells (PC12 cells, ECACC, UK) were cultured in
high-glucose DME medium (WAKO, Osaka, Japan) supplemented
with streptomycin (100 pg/ml), penicillin (100 units/ml), heat-
inactivated 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,.

The PC12 cells were plated on poly-p-lysine-coated 24-well plates
for the MTT assay. These cells were caused to differentiate by adding
nerve growth factor (NGF) at 100 ng/ml to the DME medium contain-
ing 0.5% HS at a 48-h interval. Five days after NGF treatment, these
cells were used for subsequent experiments,

2.7. Cell viability assays

Differentiated PC12 cells were treated with AEPO-liposomes (0.01,
0.1 or 1.0 nmol/L as AEPO dose) or AEPO (0.1 nmol/L) for 5 days at a
48-h interval. The number of viable cells was measured by use of
TetraColor™ One (Seikagaku, Tokyo, Japan). Briefly, TetraColar™
One solution was added to each well, and the cells were then incubat-
ed at 37 °C for 3 h in a humidified atmosphere containing 5% CO,. Ab-
sorbance at 450 nm was measured by using a Tecan Infinite M200
microplate reader (Tecan, Mdnnedorf, Switzerland)

2.8. Biodistribution of AEPO-liposomes

For determination of the biodistribution of AEPO-liposomes, AEPO
was radiolabeled with '2°1. Briefly, I0ODO-BEADS® lodination Reagent
(Pierce, Rockford, IL) was added to a Na'?’I solution (1 mCi, 890 pL),
and the mixture was incubated for 5 min. AEPO solution (110 pL)
was then added to the reacted solution, and incubation conducted
for 15 min. For removal of excess Na'?°l or unincorporated 2%, the
mixture was applied to a Zeba™ Desalt Spin Column (Pierce, Rockford,
IL) and centrifuged at 1000 x g for 2 min.

1251_labeled AEPO-liposomes were intravenously injected into the
t-MCAO rats just after the start of reperfusion. At 3 and 24 h of reper-
fusion, the rats were sacrificed, and the blood was collected. Then the
brain, heart, lung, liver, spleen, kidney, thyroid, and femur were re-
moved and weighed. The radioactivities of organs were measured
by using a gamma counter (Aloka, Tokyo, Japan).

2.9. TUNEL staining

Brains of t-MCAQO model rats were dissected at 24 h after the injec-
tion of PBS or AEPO-liposomes (8 pg/kg as AEPO dose), embedded in
OCT compound (Sakura Finetek, Torrance, USA), and then frozen in
dryice/ethanol. Frozen sections (10 pm) were prepared by using a cryo-
static microtome (HM 505E, Microm, Walldorf, Germany) and were
stained with TUNEL reagents supplied in an ApopTag® Plus Fluorescein
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