Hb-VESICLES AND PLASMA EXPANDERS
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biocompatibility of the HbV particles themselves, but also in
terms of the rheological property of the HbV suspension, the
infusion fluid, compared to the blood hemorheology.>®

Albumin, dissolved in a blood plasma at ca. 5 g/dl, provides
sufficient colloid osmotic pressure (COP, ca. 20Torr) to play
an important role in equilibrating COP between blood and
interstitial fluid, thereby maintaining the overall blood volume.
This COP is one requisite for a transfusion alternative to sustain
blood circulation for transporting oxygen and metabolites. How-
ever, an HbV suspension shows no COP in an aqueous solution
because about 30000 Hb molecules are compartmentalized in
one HbV particle. Accordingly, HbV must be suspended in, or
co-injected with, a plasma expander (plasma substitute solution).
This requirement is identical to that for emulsified perfluor-
ocarbon, which does not possess COPY! and it contrasts to
characteristics of other Hb-based oxygen carriers (HBOCs),
intramolecular crosslinked Hbs, polymerized Hbs, and polymer
conjugated Hbs, which all possess very high COP as protein
solutions.[®!

In animal experiments, HbV suspended in plasma-derived
human serum albumin (HSA) or recombinant HSA (rHSA) showed
oxygen transporting capacity that was comparable to that of
blood.**'% we reported previously that HbV suspended in
plasma-derived HSA or rHSA was almost Newtonian and no
aggregation was detected microscopically.” ' In Japan, rHSA
was approved for clinical use quite recently (but is not com-
mercially available yet).m} Various plasma substitutes are used
worldwide, such as hydroxyethyl starch (HES), dextran (DEX), and
modified fluid gelatin (MFG)'*' The selection among these
plasma substitutes should be determined not only by safety and
efficacy, but also by price, experience of clinicians, and customs of
respective countries.

Water-soluble polymers generally interact with particles
including polystyrene beads, silica, red blood cells (RBCs), and
liposomes to induce aggregation or flocculation.l's™"! Actually,
we confirmed in previous studies that HbV interacts with
plasma substitutes through depletion interaction and induce
flocculate formation, depending on the species of a plasma
substitute and its molecular weight!"™®'® Even though the
flocculate formation changes Newtonian to non-Newtonian
characteristics with a shear-thinning profile and the flocculation
is completely reversible, it is important to determine the
compatibility of HbV with these plasma substitutes in blood

circulation, Using a rat model, we tested infusion of a series of
plasma substitutes at repeated hemorrhages to maintain the
blood volume and the subsequent infusion of HbV and observed
the respiratory and hemodynamic parameters.

EXPERIMENTAL

Preparation of HbV

The HbV used for this study was prepared under sterile
conditions, as reported previously.?>?¥ The Hb was purified
from outdated donated blood provided by the Japanese Red
Cross Society (Tokyo, Japan). The encapsulated purified Hb (38 g/
dl) contained 14.7 mM of pyridoxal 5’-phosphate (PLP; Sigma) as
an allosteric effector at a molar ratio of PLP/Hb =2.5, The lipid
bilayer comprised a mixture of 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine, cholesterol, and 1,5-bis-O-hexadecyl-N-
succinyl-L-glutamate at a molar ratio of 5:5:1 (Nippon Fine
Chemical Co. Ltd., Osaka, Japan) and 1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine-N-poly (ethylene glycol) (NOF Corp,
Tokyo, Japan, 0.3 mol% of the total lipid). The particle diameter
was 279 £95nm. The HbVs were suspended in a physiologic
saline solution at [Hb] =10g/dl ([lipids] =ca. 6 g/dl). Then they
were deoxygenated with N, bubbling and sealed in vials for
storage.[?*!

Plasma expanders (water-soluble biopolymers)

The plasma substitutes used for this study are presented in Table
1. rHSA (M,, 67 kDa, 25wt%) was a gift from Nipro Corp. (Osaka,
Japan). Before use, it was diluted to 5-wt% using saline solution
(Otsuka Pharmaceutical Co. Ltd,, Osaka, Japan). An HES;, solution
(Saline-HES™, M,, 70kDa, 6wt% in a physiological saline
solution) was purchased from Kyorin Pharmaceutical Co. Ltd.
(Osaka, Japan). An HES 30 solution (Vol uven™, M., 130 kDa, 6 Wt%
in a physiological saline solution) was a gift from Fresenius Kabi
AG (Homburg v.d.H., Germany). An HES47 solution (Hextend™,
M, 670 kDa, 6 wt% in a physiological Ringer lactate solution) was
obtained from Hospira Inc. (Lake Forest, IL, USA). An MFG solution
(Gelofusin™, M,, 30kDa, 4 wt% in a physiological saline solution)
was a gift from B. Braun Melsungen AG (Melsungen, Germany).
The COP was measured using a colloid osmometer (Model 4420;
Wescor Inc, Logan, Utah, USA, Cut-off M,, = 10000). We did not

Conc. Viscosity (cP) at 25°C
Plasma substitute My, M, (g/dl) in Degree of cop
solutions (kDa) (kDa) Mu/M, saline substitution (Torr) at 10sec™ at 1000sec™’
MFG 307 232 1.3 42 — 44 22 2.3
HESs70 670° 1942 35 6° 0.75 27 45 44
HES130 130° 50° 26 6 0.38-0.45 35 23 23
HES7o 68° 178 4.0 6 0.5-0.55 34 2.0 20
rHSA 677 672 1.0 5 — 19 13 1.2
HES, hydroxyethyl starch; MFG, modified fluid gelatin; rHSA, recombinant human serum albumin; COP, colloid osmotic pressure.
? Data provided by the manufacturer.
b Calculated from the concentration dependence of COP!'™®
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use DEX in this experiment because it induces anaphylactic
reactions in rats.?¥

Animal experiment of repeated hemorrhage and infusion of
plasma expander and HbV

The Laboratory Animal Care and Use Committee of the School
of Medicine, Keio University, approved the entire experimental
protocol. The protocol complies with the Guide for the Care
and Use of Laboratory Animals, Institute of Laboratory Animal
Resources Commission on Life Sciences, National Research
Council—National Academy of Sciences (Washington, DC
National Academy Press, 1996).

Experiments were conducted using 63 male Wistar rats (240~
310 g b.w.). The rats were anesthetized using 1.5%-sevoflurane-
mixed air inhalation (Maruishi Pharmaceutical Co. Ltd, Osaka)
with a vaporizer (Model TK-4 Biomachinery; Kimura Medical
Instrument Co. Ltd., Tokyo) throughout the experiment (fraction
of inspired O,FiO; =21%) while spontaneous breathing was
maintained. Polyethylene catheters (SP-31 tubing, OD 0.8 mm,
ID 0.5mm; Natsume Seisakusho Co. Ltd., Tokyo) filled with a
saline solution containing 401U/ml heparin were introduced
through the right jugular vein into the right atrium and into the
right common carotid artery. The arterial catheter was connected
to a strain-gauge transducer and arterial blood pressure was
displayed on polygraph (LEG-1000; Nihon Kohden Corp,, Tokyo).

The systemic blood volume was estimated as 56 mi/kg body
weight. After withdrawing 10% of the blood volume as a
hemorrhage (5.6ml/kg, 1 ml/min) from the carotid artery, a
plasma substitute solution (rHSA, HES,,, HES 30, HESg70, OF MFG)
was injected isovolemically into the right jugular vein. This
procedure was repeated six times to attain 60% blood exchange,
At this point, the hematocrit (Hct) decreased to about 16.8% from
42%. After the blood exchange with a plasma expander, HbV
suspension or saline (20 mi/kg) was infused at a rate of 1 ml/min.
The numbers of animals of 10 experimental groups were
rHSA + HbV (n=5), rHSA +saline (n=6), HES;¢ +HbV (n=5),
HES;o +saline (n=7), HES;30+HbV (n=6), HES;3,+ saline
(h=17), HESg70 + HbV (n=6), HESe70 + saline (n=5), MFG + HbV
HbV (n = 5), and MFG + saline (n = 6). For comparison, one group
received saline for blood exchange and subsequent saline
infusion (saline + saline group, n=>5).

Measurements

Changes in systemic hemodynamics and blood gases were
observed before blood exchange with a plasma substitute
(baseline), after 60% blood exchange, immediately after infusion
of 20 ml/kg HbV or saline infusion, and 1, 2, and 4 hr after infusion
(Fig. 1). Blood samples were collected in 70-IU/m} heparinized
microtubes (125 pl, Clinitubes™; Radiometer A/S, Copenhagen,
Denmark) for blood gas analyses, and in glass capillaries (Terumo
Corp., Tokyo) for Hct measurements. A pH/blood gas analyzer
(model ABL 700; Radiometer A/S) was used for analyzing
arterial blood O, partial pressure (PaO,), CO, partial pressure
(PaCO,), pH, lactate, and base excess (BE). A recording system
(Polygraph System 1000; Nihon Kohden Corp, Tokyo) was used
for continuous monitoring of the mean arterial blood pressure
(MAP) and heart rate (HR).

After a final measurement at 4 hr, about 2m! of blood was
collected into a heparinized syringe for viscosity measurement.
Then the rats were euthanized by increased concentration
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Figure 1. Time points for the measurements before and after 60% blood
exchange with a plasma expander, and after infusion of HbV or saline.

of sevoflurane for anesthetic inhalation. Steady-shear viscosity
measurements were taken using a rheometer (Physica MCR 301;
Anton Paar GmbH, Graz, Austria)l'® The cone diameter was
50 mm; the gap angle between the cone and plate was 1°. About
650 ! of the sample was sandwiched between the cone and
plate. The excess solution was wiped away. All measurements
were performed at 25°C.

All data are presented as mean=standard deviation of
the indicated number of animals. Data were analyzed using
software (StatView ver, 5.0; Abacus Concepts Inc,, Berkeley, CA).
Time-related differences compared to the baseline within
each group were assessed using paired t-tests. Differences were
inferred as significant when p < 0.01.

RESULTS AND DISCUSSION

All rats that received a plasma expander at the repeated
hemorrhages and the subsequent infusion of HbV or saline
survived for 4 hr of the experimental period. The saline + saline
group, receiving saline at the repeated hemorrhages and
the subsequent infusion of saline, showed three deaths among
five rats.

Figure 2 shows changes of Hct of the rHSA+ HbV, rHSA +
saline, HES;o+ HbV, and HES;, + saline groups as representa-
tives, and saline + saline group as the negative control group.
Hct data of other groups are shown only at 4 hr. Groups receiving
rHSA and HESg;0 showed stable Hct for 4 hr (18-19%). However,
the groups receiving MFG, HES;, and HES;3 showed a
gradual increase of Hct (20-23%), indicating the reduction of
circulating blood volume (hemoconcentration). For example, a
5%-Hct increase indicates the reduction of 20% blood volume.
The circulation persistence of HES depends on its molecular
weight and degree of substitution (DS).25 The DS is the ratio
of hydroxyethyl group conjugation to OH groups on the starch
backbone. As Table 1 shows, HES;30 shows the smallest DS
and is more subjective to be decomposed by amylase in blood.
Therefore, the rats receiving HES 3, and low molecular weight
HES;, showed similar Hct at 4hr. On the other hand, HESg70 has
the highest molecular weight and highest DS; it was expected
to have a longer retention time of COP and circulating blood
volume and the results showed as expected. The saline + saline
group showed the significant increase of Hct (24.0 = 3.2% at 2 hr)
because of the fast extravasation of saline fluid to interstitium
tissue and hemoconcentration.

Mean arterial pressure (MAP) of the saline+saline group
showed significant decrease to 44.8 +-5.4mmHg after blood
exchange and remained lowest throughout the experiment

Polym. Adv. Technol. 2011, 22 1216-1222
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Figure 2. Changes in hematocrit (Hct) after blood exchange with rHSA
and HES;, and for 4 hr after the subsequent infusion of HbV or saline
(rHSA + HbV, rHSA + saline, HES;, + HbV, and HES;, + saline groups). The
saline + saline group is also shown as a negative control. Data of other
groups are shown only at 4 hr.’p < 0.01 versus baseline; #n = 2.This figure
is available in color online at wileyonlinelibrary.com/journal/pat

(baseline value, 98.7 +9.6 mmHg) (Fig. 3). The hypovolemic and
anemic conditions, together with the worsened blood gas
parameters shown below, caused death in three rats among five.
In contrast, other groups receiving plasma expanders showed
higher MAP values (80-90 mmHg). Especially those receiving
rHSA showed stable values. The groups of +HbV tended to show
higher values in MAP compared with the groups receiving
saline alone,

Arterial blood oxygen partial pressure (PaO,) (Fig. 4) and
arterial blood carbon dioxide partial pressure (PaCO,), pH, and
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Figure 3. Changesin mean arterial pressure (MAP) after blood exchange
with rHSA and HES; and for 4 hr after subsequent infusion of HbV or
saline (tHSA+HbV, rHSA +saline, HES;o+HbV, and HES;,+ saline
groups). The saline + saline group is also shown as a negative control.
Data of other groups are shown only at 4hr. *p < 0.01 versus baseline;
*n=2. This figure is available in color online at wileyonlinelibrary.com/
journal/pat
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Figure 4. Changes in arterial blood oxygen partial pressure (PaO,) after
blood exchange with rHSA and HES;, and for 4hr after subsequent
infusion of HbV or saline (rHSA + HbV, rHSA + saline, HES; + HbV, and
HES;o + saline groups). The saline + saline group is also shown as a
negative control. Data of other groups are shown only at 4hr
“p < 0.01 versus baseline; *n=2. This figure is available in color online
at wileyonlinelibrary.com/journal/pat

lactate were stable in all groups receiving plasma expanders.
Table 2 presents parameters at 4hr for rats receiving plasma
expanders, and the saline +saline group at 2hr. The saline +
saline group showed a significant increase in PaO, and a decrease
in PaCO,, indicating hyperventilation because of tissue hypoxia
and metabolic acidosis, as evident from the increased lactate
level. Three rats died during the 4hr observation. Venous
blood oxygen partial pressure, PvO,, of the saline + saline group
decreased remarkably to around 20 mmHg after blood exchange;
the low level continued throughout the experiment because
of hypovolemia and decreased oxygen delivery to tissues (Fig. 5).
Results show that oxygen extraction (arterio-venous difference
of oxygen saturation) increased compensating reduced oxygen
delivery to tissues. Other groups receiving plasma expanders
showed higher PvO, values, indicating that oxygen delivery to
tissues was less reduced after blood exchanges. Especially, those
receiving rHSA showed higher PvO, values than those receiving
other plasma expanders.

Blood viscosity was measured 4 hr after the infusion of HbV or
saline (Table 2). Fundamentally, the presence of RBCs is the
reason for high viscosity of normal blood. Because of the dilution
of blood by the blood exchange with a plasma expander
and infusion of HbV or saline, the blood viscosity of all groups
was lower than the baseline level. In our previous reports of
in vitro rheological observation, some plasma expanders interact
with HbV and induce flocculation of HbV and the consequent
increased viscosity.'®'! However, in the present in vivo
experiment, all the components (blood, plasma expander, and
HbV) were mixed mutually and diluted after the blood exchange
and the infusion. The resulting blood viscosity was lower than
the baseline level. Perhaps for this reason, we observed no
deteriorative effect of the co-infusion of HbV and a plasma
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Figure 5. Changes in venous blood oxygen partial pressure (PvO,) after
blood exchange with rHSA and HES7, and for 4hr after subsequent
infusion of HbV or saline (the rHSA + HbV, rHSA + saline, HES;o + HbV,
and HES;, + saline groups). The saline + saline group is also shown as a
negative control. Data of other groups are shown only at 4 hr. p <0.01
versus baseline; *n= 2. This figure is available in color online at wileyon-
linelibrary.com/journal/pat

expander. We were unable to test DEX because rats reportedly
show anaphylactic reaction toward DEX.?# Even though DEX
is becoming less used in Japan because of some clinical incidents
of allergic reaction, the combination of DEX and HbV should be
tested using other animal species if necessary.

The hemodynamic and respiratory parameters were main-
tained; no deteriorative sign was observed even after 60% blood
exchange with the plasma expanders in this rat model with
only 4 hr of observation. Significant differences might have been
observed between +HbV and +saline group if the level of blood
exchange was increased, such as to 80-90% blood exchange' or
if the observation period was prolonged. However, the purpose
of this experiment was to clarify the safety, not efficacy, of the
combination of HbV and plasma expanders, expecting clinical
practice. It is expected in a clinical setting that a crystalloid or
colloid will be injected primarily at hemorrhage to maintain
the blood volume. Subsequently, transfusion of packed RBCs
(or artificial oxygen carrier) will be required when the blood
Hb concentration decreases to a critical condition, such as less
than 6g/dl?® Infusion of HbV (Hb, 10g/dl) is expected to
increase blood Hb concentration to a safer level. In our clinically
relevant repeated hemorrhage animal model, we clarified that
no notable side effect of the combination of HbV and plasma
expanders.

Another important safety issue of HBOC is hypertension
resulting from vasoconstriction, induced by chemically modified
Hb solutions such as intramolecular or intermolecular crosslinked
Hbs that interact with endothelium-derived NO as a vasorelaxa-
tion factor.?”? In our experiment, we observed no hypertension
caused by the corpuscular structure of HbV, which retards the
reaction of encapsulated Hb and NO.?%?° We confirmed that
HbV is vasoinactive.

CONCLUSION

In this study, we tested intravenous infusion of HbV after blood
exchange with a series of plasma expanders in a rat repeated
hemorrhage model to clarify whether the combination of a
plasma expander and HbV might affect hemodynamics because
we previously observed flocculate formation of HbV when
dispersed in some biopolymer aqueous solutions. The rats
showed stable hemodynamic and respiratory parameters. No
serious symptom was observed in this animal experiment of 60%
blood exchange. Among the plasma expanders, rHSA showed the
most stable parameters. Rats receiving HES showed some
reduction of blood volume and blood pressure, which might be
attributable to HES’s own characteristics of susceptibility to
enzymatic degradation and the resulting shorter circulation
persistence, and which is expected to be unrelated to the
presence of HbV. Additional infusion of a plasma substitute would
re-adjust blood volume and the resulting hemodynamic and
respiratory parameters.
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Design of clinical trial (phase 1) for cellular artificial oxygen carrier

B RE
Masuhiko Takaori

Abstract

We presented our protocol for the phasce-l clinical trial in this paper and appreciated to be given some criticisms by rcaders.
This trial is scparated into the first and sccond step. In the first step, it is scheduled that an artificial oxygen carrier, liposome
cncapsulated hemoglobin suspended in the physiological saline (ITbV), of 10ml 50ml, 100ml, and 200ml will be infused into 2
volunteers for each, respectively. In 400 E group of 6 volunteers, it is scheduled that 400ml of volunteer's own blood will be
withdrawn and then HbV of 400ml will be infused immediately. The blood will be stored at 4C and be transfused to the volunteer,
if necessary. In the second step, 6 volunteers will be provided for 600 EG and 800 EG trial for each. In the 600 EG, blood exchange
with HbV and HES (hydroxyethyl starch : 70 x 10°MW/0.55 DS) solution is scheduled as follows; Volunteer's own blood of
400 ml will be withdrawn and IIbV of 400 ml and IIES solution of 300 ml will be infused. At 20 min. after the above blood/IIbV - IS
exchange, volunteer's own blood of 200ml will be withdrawn and IIbV of 200 ml and IIES solution of 150 mi will be infused. Blood/
HbV - HES exchange in the 800 EG is scheduled as follows; Volunteer's bleod of 400ml will be withdrawn and HbV of 400 ml
and HES of 300ml will be infused as samce as done in the 600 EG. Then 20min. later, the same blood/HbV < HES exchange will
be repeated. These volunteer's blood withdrawn at the first blood/HbV - HES exchange will be stored at 4 T in a refrigerator
for one week and will be transfused into each donor according to doctor's decision if necessary. Tests which are accorded to
the adverse cffeet report regulated by Japancse Ministry of Health, Labor and Welfarc arc scheduled to perform in this trial
And further tests on plasma ferritin level, lung functions (vital capacity, % FEV, arterial and central venous blood gas and pH),
anacrobic mctabolic paramcters (plasma lactate, base excess), immunological tests (complement activities
and antigen/antibody reaction) are added. Those tests will be performed before the HbV infusion, 20min,, 2 hr, 24 hr, and 7
days after the HbV infusion. This protocol is designed to minimize number of volunteers and to maintain their safety. Further it
is designed to provide for the subscquent phasc-2 of clinical trial according to the guidcline by Japancse Ministry of Health,

Labor and Welfare.

Keywords

cellular artificial oxygen carrier, clinical trial, phase 1, hemodilution, single infusion, blood cxchange, liposome cncapsulated
hemoglobin

1. & 77 HEME THERMEGES, BEORMENRE TOME

ATBREERE bWy i ATRNFROFENRAL L TH
L TICERRICR S Y. FLTATBEEMEORIEE 2o
723 OB T, perfluorocarbon # BEHAKL LTHVAZL D
T DEBHESY OFAD LBRETIZEDREIMMERL T 5.
—7, ~ErulrrBEEa L LTHE S/ hemoglobin
based oxygen carrier (HBOC : Hemopure™ [Biopure]) 1

BAZEDLNTWSEY, L LECHMIOWTET A A&
RETEREEZTRE LAFERAICORBELRTHT, & 23
& LABRTOERIIIZED LT, bPENIBWTIE
Chang”, Djordjevich? 51T & o TH¥ Hit7z cellular HBOC,
liposome cncapsulated hemoglobin vesicle (IIbV) D BIZSASED
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RIFIERR L CRBICH 5. 2 0EEICH T % GMP (good
manufacture practice) OTCHE b & RWIREICH S, LA
- TR %E RIEL TILY OEREE, % 1 HOBTHEREZTY
AT HORBUTHEMB LRI 2. 2L 0REE
32 IV ORKRRAE, $1HOETHELERRL, AL
R ERADBERICATELLF4PLOITHPLTHE 2 L
AigEsEERLL.

2. REETE
HREBETH LIV IE—RIGERLER Y COMRERE
BATFOEYRE)EY ABEELTHR 520075
5 (EHREEXLTH0m) 20EET L. SEFELTNS
BEIE L BB Th CRBEOREHICERI BN D,
ZFLTENEZ LI 2EBICHE, 81 EBwBy»idllbV
T B RAeEEZ IS, B2RETIRE 2 HIBBROBTLR
FICAN TRGBEIMCE D S ARRISEERT L2 L% H
& UCEHE L.

HiATERHR GMP A FRRE

HATHERR ERAREER, (RBRMAT AR

E R

KRB B 2 U BRI LTS HE L2 20 ~ 60

mOBRERAB L (TEPD, BLUZOTEEMOH 5 HEZE
Q) WARRBOEN, tOER - HENES WERRARTO
SelE, A, RBRIGATIRET - BRHE, FIE MREHE, BER
BB, FOMOEEREE, ERICLIRIREE R
KELTR Y2 ERLAHEBE, BB~ OREZOELS
oL UTEET . 2 LTHRB~NOSMOREZ1E26
FEEICBL - BAEOWE, @ERE, 7L FICETLM
5, — RIS, (BE > 155cm, BRE > 50kg, IMTHIE,
MEIEITS, EHmDS), WEXHRE, LENKRE LT
FT5., FLTINEOREICB N T—BRBEA L TFH &Rk
BB SRE LB, BEEEZIRETL. RECINL0ER
FBrowCHE, BBRERTORERKEL, BHRIKERE
UiiE g, 18%), MEERET (RER, 74737, Ko
2 Fu— ), BEEEFREEEE, YA ¥ ¥, sGPT, sGOT, yGPT,
LDIL, ZAHVUFRAT 7 & —E, RR I¥E 7orordy
5, M3y s—¥E), Tk ReH = hE-BE R,
BUN, creatinine, W& ¥ Y /4 ¥), iE—i (HbfE, Hiff,
FRIME, BB - 5%, IM/MRE, PT, aPTT), MEE
g (Na, K, C, SEHRGRE WHEEE 2ERET
%, BBHRBIINLORERFESL, BURSRETS.
WEBYEIZINSORE, TRLLEBRBREOKEICOVWTR
HLURRBITEZERT S, T LTHEBEIRE L EH S
B 45 1 BRISTREREE, 45 2 B IR BRI CERAIICHEID 4 T,
FREFNORBRE I CHEBERITFEE L EBMLTUT BB~
BATT L. hBRBERDIZENREIFS 9=20ET 5.

A. 1 EBRERER

rLERoNSREOR, 1485281 BRBENSE L LTUATO
SEIIEST 5.

1 10ml# (10SG¥) 24

%SG ! single HbV infusion group

2) 50ml & (50SG) 24

3) 100ml # (100SG) 24

4) 200ml B (2008G) 24

3) 400mILE (400EG¥) 64

¥ G blood/HbV cxchange group
it 5 EADIREHITIZ10SG, 50SG ... 400EG D NEH
FL, 10SGIEBWTTRRELAREER (adverse effect) 4%
Zeik Lipwv o L R FERBIT50SG 2 AT, & LTERFHEE S
REERVPBELLR W E 2R L TREMIC400mIEG 2 i
T 5.
S RERE R BT H RO X, — R A T,
MR TORE, &%, EIREE 5. REBRERSLBICERE
OWE, BBREOREEZY, HWRATOZE, &%, EBRE
L%, BBERES1DBCRAEORESRZ), FENICE
BRBWIERERELTRET L. EOIRBRERE T HRK
MR ATEOREL 2T L. T LTEFN RV LE2HER
LCHBRz2EDb L,
BA D RBITERE, BRERESIWRE, GEERE 2FEM
BRI, BEBRERS 4HHBRE, BRBRERSETH
BARE

BEEE
BB ORTIE BESNRTICCTRERBICRES
LW EOHERIZED L.

BEBYH, BIUFNUBOBREEEIZUTOIL{THE.

(1) —BRIm&iad

(2) TEEEEE (ME, WR#MER, 1285E.0EN, CPK-M)

(3) FPEREARTE (AR XA, MG R, 135, Pa0s,, PaCo:,
pHa)

(4) FTHteRE BEBH, 7V7IV, BaLAFa—1,
WHEIRRE®, YU A Y, sGPT, sGOT, y GPT, LDH,
FTAAVKRT 7 ¥—F, [FER, M, 7o bar v,
Mg ) <—E{E, MiEsLEEE)

(5) Bdk JREH- & LE -0, JR¥E, BUN, creatinine,
T F )

(6) Mm¥FE—4ix (IbfE, IItfE, [IbVerit®, HAIMzKEK - 548,
/%, PT, aPTT, I'DP) HEFMMEEROILV Y
RY—AHTFE (%)

(7) MBEEHEE Na, K, CD

(8) SRIEMSREARE (HMREM:, MEILY HE ik s)

(9) g ZERE (BF, Bh. BRE, BaEs), nE
Wee, B, Bh)

(10) M bigde (A%, BFIERER ErR)

B BEEBRE, L OMPHER 1 BY2Y 15~ 17ml, HE

WHBRERS, BBRERS 1 BEBORTRANEL & THRE
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100ml MTFZEEET .

BERERE
I. 10SG#RER

) BEBEQBBRNE TRIORBIERICR S, —BEENR
B THERBICEEN W L 2R B8RE8 %2 #

UREBRICELEY, BEBERL D REENLZAEELEY,
FOETHHRICHET 5 (Figl.

2) BBEREYDOHEEHREL L KA
BB EEBRERT L.

3) Jf.na (1/ - (10) @@ﬁ.%%ﬁ'z}.

4) BEASLICTHEAEE &Y, BHIREREZTRVWE%TF
v HEMSLER ) v P 0.5 ml /kg/min O R % 20 4R
5.

5) LEEERREE QM ICIILY R ST E R A 5, 2045T

10ml BOWBELZT 2, COBATS%T FosEmsilegy
VEAME R EBAERICETR L C02ml/kg/min DEHE
3%
6) 204z b (1)~ (10 OMEEZIT 2. TOBEHDY
VEARNCHIAT L7232 T I s Hb VB E (IbVerit)
WEAORMD (2m) 2%75. oMz EHE
Ik %,

7) HbVEA 2 BEBZICHVEA0SBRICHAT LR -HE
BowmEL %)%,

S TR BT

Z O, 02ml/kg/min DAEBEIEROEEIIFREINS,
8) MEBICEF RV L 2R L CHRERREL, BR,
BEBHRNICTEREERY, BRT5.
9) BH, BREINELHEELT .
10) BEERE 4BMBICER (1) ~ (10) OBRE, 260
IbVeritlEBIRME 2, HEN, MENCERELE

HRVEEE 2 B OREE, BAETES “cﬂ%%@“zv.
11) #Brs i BB, BEBMERcHE, EFE (1) --00 o

B, %5 CICHbVerit il @ AR % F47 %

II. 50SGikER
10SGHREBZHIT L TEORBREEMT L TRHFICHEDLNES
R, BERD S 2o 3B AT S0SGIRBICRAT T 2. HER
F 12 10SCGIHERE FARICIILVIEARE OREL B, HRHER
B, AE, BIREE5. TlbVHEESYUHOBHRRSE, 10SG
BEBATEROILVEANSERE (1)~ Q0] 2205, /&
10SGIEER L BRI, 5% 7 Fo8mal®Ry ¥ ¥ ViRo
0.2ml/kg/min OEE O 20 5 HZT 5. RT2045 T
50ml D IIbV Z#E%E % % HbV EAB O (RIS,
W% 10SGEER E RBEMICZT 5. ZHbVEABROKR
TORE, AL, 10SGHEREARICTRS. £LTIhVE
A4 OB, %EF, AL I0SGHBBRARICITR). &
IR - ERRBERRRCEE, £ (1)~ 0L o
&, 72 5N b Verit BIZ AR Z 10SGIRER & FARICZIT 2.

Onc Day before the Trial

Recruitment of Volunteers ————3» Reception ———— Screening Tests ———» Adaprability Judgment ———>
Grouping of the Volunteers ———» Information of Trial Date

Registration ——3 Physical Examination — Rest & Sleep in the Institute

Group 10 SG, 508G, 100SG, 200SG

400G

Procedure

Tests before infusion of HbV
Infusion of IThV (scheduled volume)
Tests at 20min after I1bV Infusion
Tests at 2h after [IbV Infusion

The First Day

Rest & Sleep in the Institute

Tests before infusion of HbV
400m! Blood Collection
4T storage for 7 days
Infusion of HbV of 400 ml
Tests at 20min after IIbV Infusion
Tests at 2h after HbV Infusion
Rest & Sleep in the Institute

The 2nd Day Tests at 24h after I[bV infusion Tests at 24h after 1IbV infusion

The 7th Day Tests at 7 d after IIbV infusion

Tests at 7 d after IIbV infusion
Transfusion of Volunteer's Own Blood 3 <

Fig.l. Diagram of the first step of trial. SG: single HbV infusion group. EG: blood/HbV exchange group. 3 : According to institute doctor's decision
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M. 100SGiEER

S0SGHEBREIET L CEDORELHFHITL CTHRICRED L& EH
f3E, BIER S22 - 72358 1012 100SGIRBRICEAT T 5. #EER
13 50SGIRER L MACIIDVIEART B OREZE 21, MRHE
, B%E, B2 5. VRS LUE TOHAKRE,
S0SGIREEETR COIbVIEANBREL 2T 5. F7450SC
BB EBOBRER, %7 FYBEMA®BRY Y FVED
0.2ml/’kg/min OEEDOMTE DT 5. R T2045H T100ml
OHLV 2875207 5. HbVIEAR O, BAEII50SCH
BrREBICZT L. T-HVEABORBENTORE, A
b, SOSGIREBRE RARICATSR D, £ L THDVIEA 24BHEOR
A&, WERNEE D S0SCIRERE LRI %Y. & LICHEE
W—EBITEEERICE X, kR (1)~ (10 oBE, 250
{ZIIbVerit AR % 50SG R E MR 5.

V. 200SGiRER

100SG #BERZ HiAT L CE O 2 T LTI 5 R&E
B5E, BUVERD %205 72 3B-A 1013 200 SGHRBRICRAT ¥ 5. Wik
13100 SGIBER & R HbVIEART O OMEEZ, MEHE
B, BT, BIER L 5. FHbVEE YD CORAME, HbV
EATERE (1) ~ (10)] 2235, F/A100SGHEBRER
BOBIRFER, 5% 7 F7EMAEBRY > 7 MO 0.2ml/kg/min
OREOWHTEE 205 FT 5. Rv>T40 4 H T 200 ml © HbV
FEVETZTL. IbVIEAB O, REX100SGHEE Fik
K2 A, TRIDVEAROHRN TORS, L8, HHED,
100SGIBER & F#IC/T 25, L TIbV EA4BRBZORE,
MERPIZEF b 100SC BT L FRICITR S . & SICHERE
B, REBRcRE, RRE (1)~ 11 oRE, 26T
W HbVerit i EAERIM % 100SG BB E RBRCZIT 5.

V. 400EGiEE:
200SGIEEBRZIHITL, TOHBELMTL TRICRDLENEE
BEE, BUFEE D 5 7238 & I3 00 EC IR BRICRAT S 5. HEER
ZFHTIREE (10SG~200SGH#ER) EFARIZIIbVIEAR H O
52V, HRETEHE2ELERTS. FLIVEALED
e e L, IIDVIEEARERE [(1) ~ Q0] 237 2.
REVEIREHEL, 5% 7 Fo8miLERY Y7 AEO0.2ml/
kg/min DBREDQWED FiF 5. £ L TI0 5B+ £
AIEEICE L TR LKA BE T 0 MOBEE 2175, X&KL
1) WHEEE S5 400ml OIME 2 MM Ny 7 (BARG A FHAE
H, SRSy 7) SR ERERETICRERT 5. §]
LM 1 BREoRBEREOREIC 4 CORBEILRR
T 5.
2) BRI T & EBICEIRBEIESS [IbV © 400ml % 0.2ml/
kg/min OFEETIEAT 5.
3) BBEIILDVEABOREZ BB L AHRIIZT 5.
HbVEAZOEE, BREL BB LRARICETL. T/
bV EABOREN TORE, BiHd iaERE & FARIT
%5, FLTIDVEATH OBE, 4150 AEEE R

T%5.

4) ESICHBET-ERORBRERICRE, B (1) ~
(10) O®E®ZT 5. £-1bVaitBlEBRINEZT 5.
5) AR L-MEBE E OIS BB RAICRE T o0
1 BB BRI SRR BRI 2 LB T
528 (2mg/dlEOHVECET, #EREOER B
B PIEMICL 2HE) D ONRh o AR E
W55, 77O RERED & N EHE I NERE
KEREROE CMOUERER 10ml/min O EE THN
5.

6) BE, HHVIZHME, EMOHN CHREBEICEEFR
D ENGVIBEICIEEBRERREL, BERIKTT 5.

B. 2 ERREARER

51 RBIBBEFASONSE, 6/ZUTO 2BIIRST 2.

I. 600miE# BOOEG) 84

0. 800mlEZ (800EG) 84

ot 2 BEAOBREBE TR ERET, 1OEICHETL, 6005

KBV TFHEELFREESR (adverse effect) BEAEL R WS
LR TERB 0B OREE HTT 5.
WA BT ERE, BEBRERS A, REERE R 2005
F, 2BHBRE, 4BMBRE, BWEBEERETHE
WA
HERERE, MEHEE
I. 600mIEE (600EG) TOMAE - IIbVEA
WERE X IIDV IS H ISR ERRICA Y, —REZHREL
20, MERBICEEF RV EOBHEZEML V2L, £
LTI TR R RD, FESERL, RIRT 2. 1IbVIE
AYHTORAEME R L1358 1 BREHRERE RRICTR S Fig2l.
RICHKREEIR 2 & FPOEMR A 7 —F V2 AT 2 (ERAAE
HEEEEL L, 3 ml/hTIIEREA). €L CUT o 2 Rk
BirELZITS. TihbhH

(1) — 3 nkt

(2) 7EEesAE (MFE, MR3A%, 123E.0EN, CPKM)

(3) FPRHS AR (WERX A, WIEE, 1 B3, PaO,, PaCos,
pHa, m.0E#HIRPvO:, Base Ixcess)

(4) FHgsemE BER, 7TV Y, oL AFa—i,
g R, YU A Y, sGPT, sGOT, yGPT, LDH,
TP YRR T 7 &F—¥, REE, WE, Tobor ¥ UE,
PR R AR I L R 1)

(5) B5ek REF- B E - HE-#), BUN, creatinine,
yavy )y y)

(6) MiE—# (IIbfE, IIt{E, IIbVerit, FRMEE, Bk
%% - 4%, DT, aPTT, I'DD)

(7) MFEEHE Na, K, CD

(8) SRyEtsebiE GHEM:, MEIhVIE/RERDE)

(9) - EEHE KT, BH, BRE, RO, o
ek, ®h, B

(10) W bikee (&wk, BEmBEER EFRR)
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Once Day before the Trial

Recruitment of Volunteers ———3» Reception & Scloction —————3 Screcning Tests ————— Adaptability Judgment ——3

Grouping of the Volunteers —————3p- Information of Trial Date
Registration — Physical Examination — Roest & Sleep in the Institute

Group B600EG

800EG

Procedure

Tests before infusion of IIbV
400ml Blood Collection

Tests before infusion of 1IbV
400ml Blood Collection
4T storage for 7 days

The First Day 4T storage for 7 days
Infusion of HbV of 400m! & HES of 300m!
interval of 20min

200ml Blood Withdrawal (not stored)
Infusion of IIbV of 200ml & IIES of 150ml
Tests at 20min after the Infusion of IIbV & IIES
Tests at 2h after the Infusion of HbV & HES

Rest & Sleep in the Institute

Infusion of HbV of 400ml & HES of 300m!
interval of 20min

400ml Blood Withdrawal (not stored)

Infusion of IIbV of 400 ml & IIES of 300ml

Tests at 20min after the Infusion of IIbV & IIES

Test at 2h after the Infusion of HbV & HES

Rest & Sleep in the Institute

The 2nd Day

Tests at 24h after Blood exchange with HbV - HES Tests at 24h after Blood exchange with HbV - HES

The 7th Day

Tests at 7 d after the Blood exchange with HbV - HES

Tests at 7 d after the Blood exchange with HbV - HES
Transfusion of Volunteer's Own Blood 3% <€

Transfusion of Volunteer's Own Blood 3 <

TH )

Fig2. Diagram of the sceond step of trial. EG : blood/HbV cxchange group. HES : 6% hydroxyethyl starch solution (Hespander™).

% : According to institute doctor's decison

@ﬁﬁ%%ﬁé.k?uﬁm%%%ﬁbmmmvgwﬁﬁf
25%7 F ML) Y S VEORE b R 5, 2L T305%
VA AAERICE L TE LI HKFF q 90 AHE O %
2 5.

1) Sy 2 (BRGFHSEEH, RSy 7)) %48
LB © 400 ml 0 IIE % -+ 457 IR T IS 3REL
T 5. LM 1 R OZRKEORI4 TORE
BEICRET 5.

2) MR TE LD ICEIRIEA
kg/min OEETIEAT 5.

3) HbVIEAST & FERIC300ml @ hydroxyethyl starch i
(AZ87 5 —™) & 02ml/kg/min OEE TEIRNIZES
T 5.

4)tﬁ®mﬁﬁkmﬂmmﬁ$ﬁﬂﬁﬁm AL
WCERERRO LRI 2R L THEED S 200ml O
ﬁm%ﬁﬁ(;®MWm%?Lﬁ?& CORMBT L
R EE L2 HbV @ 200 ml % 0.2ml/kg/min OEECIEAT 5.

5) HbVIEAZET & FBEIZ 150 ml D hydroxyethyl starchi
(IIES, ~ANXYF—™) & 02ml/kg/min DEE TEIRA
WKIEAT S, 0%, BRERE0.2ml/ke/min OFE DA
HEEFEACTHST 2

6) HeBr#E 1 XHESEA 2057,

&5 bV O 400 ml % 02 ml/

2 BHZORERY, #IR
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%@ﬁ%éﬂ? —7%, FLEHRSD 57— F Vg8 Y
BTHEBEND, TO%, WEBREIIHE Wk T IEHT
5. GBI, SEMESFICERT & Bbh D ER
BRED b NG TITIR RN Eﬁ@ﬂ%f MR &N T
WiBZEo CnERLL, BERIIFIEENE,
7) BH, HEBRERMEEEEL, IIbVEA4ENEOR
E2ZFE, ZOM, ROERY F—F V&3 ml/h O£
@ﬁﬁ&@&kkf%ﬁ#? FLC2BMOBER, B
ZRD b o BEEEFLER Y 7 T vidkE E R
JBET 5
8) %%%%‘Li ARG &, EE (1) -~ Q0 [~
ZELUHGERIRILICO W T A L] OBE, 2o TN
HbVeritfil e BRI Z %1} 5.
9) FEL - REL-BH DM 400ml ik 1 BE R R PICIR
WERE AT 1 HRB OREIHAT 8, %%w@ﬁ%ﬁﬂt
VHEX Y D 2 /AR EDET R SNAEE, HE2VIEE
EOHMTIC S & ¢ X B B CmOBINASEL R b
72T IREOLER % 10ml/min OFEE THERE [CHID
5., HEMOHRDOLEEIRBD LML ho7eRe, &
LVIIHEBE OFER L b o TR RE LA BRE Y
CIZERELTEN D,



I. 800mIEE (800LG) THORIM - [IbVEA
WEREF600mIE B & FARC IV EAR B (CRBRRIcR &

MR RV, ERATORE, BALTES. [bVEALHD

BRAIIMA L L, GOORG THHAT L7z & [/ UHbV ¥E ARTEEIRTE
(1) ~ (10)) =115, RICHIRBEZHEIEL, 25%7 F7iE

ISLER Y ¥ A 02ml/kg/min DBEEOWHEZ %5, £ L

T30HBICIER 2 AMAERECEL TE L ICAEET204

Mo E ) 5.

1) HeERE O 400 ml DI % 5 B EEIRA TSR0 Sy 2
(BA&FRtSAER, BRInRmoSy 7) CRET 5. RE
L7ciniEid 1 BR O SIR B ORI 4 CORBEIRET
5.

2) BRIMETE &S IIERBEE 25 HbV D 400ml % 0.2ml/
kg/min DFEETEAT 5.

3) HbVIEASE T & MEIZ300ml @ hydroxyethyl starchii
(HES, ~Z%y % —™) % 02ml/kg/min 0RE CEIRA
WCEAT .

4) LROILY, NESHEEA20SBRICKEZXEED,
BWFRICEBIED RV EE2RERENT, BE
0mlORMEZIFL (COMBERBEELDT L), 0O
RIMFET & FERCHLY ©400ml % 0.2 ml/kg/min DFEET
EATS.

5) HbVIEAZ T & A IC 300 ml @ hydroxyethyl starch i
(ANAY F—") %02ml/kg - min DFRETEIRAIOE
AT 5. ZO%, BIREZ0.2ml/ke/min O HE DA A
EHEA THES T 5.

6) BEREZIULSEA2040%, 2BMBOREZY, #IK
BidEENE, —F, BLHEHRYF—FLEAN) VR
BETEBENL., 208, BHRHGHmEAICTE T YEN
5, RBIOB, SHIEFRICERTLEEDIIE
RARD & NAH AT RBHREMOHENICT, HBRE
NTwRBEoBCI2H#m L, HBEBRITPEEN L.

7) BHICEBEIHALRAL, [IbVEA4BHMEOR
BRI H, FLTZOM, FOERY 77V 3 ml/h
OEBEEROEACTHER ENE. 2REOBETEE
2RO D o G RPLEHRS T — T VIRRE SRS
T 5.

8) WEF IR —ABICHBmRICGEE, LE (1) - Q0 [«
ZUHOERLICOWTHRESKR] OBRE, 26T
HbVerit Bl EBRIME 5T 5.

9) WE - FEELABECIIM400mlE 1 BRIGRACHEEL,
WErE D 1 EMBORENET 8, BRITOANEI 0 Y
VEL DD 2 /U EORTAERSNLEE, HEVIRE
EROHIBTICD & F 2 YEEFECnOBnIShELED bR
A EONER % 10 ml/min O RE THEBRE WM
T 5. RBEHCLOBRLOVERPRD Lo e,
B HVIIEBRE OB EN L b o B WRE Lo g
B O REELS EN 5.

3. #EE
1) HbV, hydroxyethyl starchifAE

Abe 59, BE L2 OB TIZS v MIBWTIDVEAKY
FTHLARFE7 LAY -RISOEERDOT VIV F-RKIGd RO 5
Ty, FAMAEERS, BEIRHKSED STy
v, LALE FEFSHE LIV OEAZERBESZNT
b, FODOBEBNCHETIAERLD, REMEHRET
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ORIGINAL ARTICLE

Hemoglobin Vesicle Improves Recovery of Cardiac Function
After Ischemia—Reperfusion by Attenuating Oxidative Stress
in Isolated Rat Hearts

Jun Nakajima, MD,* Motoaki Bessho, PhD,* Takeshi Adachi, MD, PhD,* Tadashi Yamagishi, MD, PhD,*
Shinichi Tokuno, MD, PhD,} Hirohisa Horinouchi, MD, PhD,} and Fumitaka Ohsuzu, MD, PhD*

Abstract: Hemoglobin vesicle (HbV) could be a useful blood
substitute in emergency medicine. The aim of this study was to
clarify the effects of HbV on cardiac function after ischemia—reper-
fusion (I/R) ex vivo. Isolated rat hearts were perfused according to
the Langendorff method. An ischemia-reperfusion group (n = 6)
was subjected to 25 minutes of global ischemia and 30 minutes of
reperfusion. HbV (hemoglobin, 0.33 g/dL) was perfused before
ischemia-reperfusion for 10 minutes (HbV group, n = 6). Hemo-
dynamics were monitored, and tissue glutathione contents were
measured. The redox state of reactive thiols in cardiac tissues
was assessed by the biotinylated iodoacetamide labeling method.
Left ventricular developed pressure was significantly recovered in
the HbV group after 30 minutes of reperfusion (56.3 + 2.8 mm Hg
vs. ischemia—reperfusion group 27.0 + 8.0 mm Hg, £ < 0.05).
Hemodynamic changes induced by HbV were similar to those
observed when NS-nitro-L-arginine methyl ester was perfused for
10 minutes before ischemia—reperfusion (L-NAME group). The
oxidized glutathione contents of cardiac tissues significantly dec-
reased, and biotinylated iodoacetamide labeling of thiols was main-
tained in both the HbV and the L-NAME groups. HbV improved
the recovery of cardiac function after ischemia-reperfusion in iso-
lated rat hearts. This mechanism is dependent on functional protec-
tion against thiol oxidation.

Key Words: reduced and oxidized glutathione, thiol oxidation, he-
moglobin vesicle, ischemia-reperfusion

(J Cardiovasc Pharmacol™ 2011;58:528-534)

INTRODUCTION

Blood transfusion is an essential therapy in emergency
and critical care medicine, disaster medicine, and surgery
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with large amounts of bleeding. However, insufficiency in the
amounts of isolated blood available for transfusion is a major
problem worldwide. So the need for blood substitutes has
increased, and they started to be developed in the 1960s.’
Two kinds of blood substitute have been developed, polymer-
ized hemoglobin solution and hemoglobin vesicle (HbV). The
former is a simple blood substitute for oxygen supply, but its
renal toxicity and high colloidal osmotic pressure have been
problems in clinical usage. The latter is a cellular type blood
substitute. In 1996, Sakai et al* developed a method for pro-
ducing HbV in which hemoglobin molecules are encapsulated
with a lipid bilayer membrane, which overcomes the adverse
effects of hemoglobin solution.

In many types of shock, various organs are exposed to
ischemia, and the basic principle of therapy for shock is
maintaining the oxygen supply to important organs, such as
the brain and heart. Even in hemorrhagic shock, myocardial
ischemia is induced, which can worsen cardiac function.’
Several studies reported that the hemodynamic effects in-
duced by HbV transfusion in animal hemorrhagic shock mod-
els are comparable with those observed in autologous blood
transfusion.*® When resuscitation from ischemia is pro-
longed, the degree of ischemia—reperfusion injury increases
systemically, and protection against ischemia-reperfusion in-
jury is crucial in such a situation.

Among various factors, which can modulate ischemia—
reperfusion injury in heart tissues, the main focus has been on
ischemic preconditioning over the past 2 decades. Adenosine’
and metabolites of arachidonic acid® have been reported to
protect cardiac tissue against ischemia—reperfusion injury via
ischemic preconditioning. It has been clarified that mitochon-
drial adenosine triphosphate—sensitive potassium channels
(mito-K s p-channel) play a central role in ischemic precondi-
tioning.” Moreover, various neurohumoral factors modulate
ischemia—reperfusion injury. Among cardiovascular modula-
tors, nitric oxide (NO) has 2 types of effect on cardiac function.
NO generated at the physiological level works as a normal
signaling molecule and plays a protective role via its vasodila-
tion effects. However, when an excess of NO is present, such as
in ischemia~reperfusion, it can have a deleterious effect when
reactive nitrogen species are produced during reperfusion.'®

The aim of this study was to clarify the effects of HbV
on cardiac functions in ischemia-reperfusion. We employed
the Langendorff perfusion mode to produce our ischemia—
reperfusion model, and HbV was added to the perfusion
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solution. Metabolic changes and oxidative stress were esti-
mated by measuring lactate and pyruvate release into the per-
fusate, cardiac tissue glutathione (GSH), the amount of reactive
thiols on proteins, and redox-related enzyme activities.

MATERIALS AND METHODS

Materials

NConitro-Larginine methyl ester (L-NAME) was pur-
chased from Dojin Chemical (Kumamoto, Japan) and was
dissolved with modified Krebs—Henseleit (mKH) buffer at
the concentrations described below.

HbV is a small sphere (diameter, approximately 250
nm) formed from a lipid bilayer membrane,” which includes
hemoglobin as a saline suspension containing 10 g/dL of
hemoglobin. The HbV suspension was diluted with mKH
buffer to a final hemoglobin concentration of 0.33 g/dL. Be-
forehand, we tested various concentrations of HbV without
changing the ionic concentration, and this was determined as
the maximum concentration.

Heart Sample Preparation and
Perfusion Method

Male Wister rats (Charles River Japan, Inc), which were
9-12 weeks old and weighed 350400 g, were treated with
heparin (1000 TU, intraperitoneally) and 10 minutes later
anesthetized with pentobarbital (60 mg/kg, intraperitoneally).
The heart was excised quickly, the aorta cannulated, and the
heart perfused retrogradely with mKH buffer according to the
Langendorff perfusion mode. Perfusion was conducted at
a constant perfusion pressure of 100 cm H,O at 37°C. The
mKH buffer contained 116 mM NaCl, 4.7 mM KCl, 1.2 mM
MgS0,, 2.5 mM CaCl,, 25 mM NaHCOs, 1.2 mM KH,PO,,
and 11 mM glucose. The experimental buffer solutions were
gassed with 95% O,-5% CO,.

Cardiac functions were monitored and recorded using
a fluid-filled left ventricular balloon connected to a transducer
(P-50; Gould, Inc) and a WS-641G multichannel recorder
(Nihon Kohden, Tokyo, Japan). Initially, balloon volume was
adjusted to produce a left ventricular end-diastolic pressure
(LVEDP) of 0-5 mm Hg. Left ventricular developed pressure
(LVDP) was calculated by subtracting LVEDP from left ven-
tricular systolic pressure.

Coronary effluent was collected at 5-minute intervals
throughout the experiment and stored at —80°C until chemical
analysis for lactate and pyruvate. After the experiment, heart
samples were stored at ~80°C until chemical analysis was
performed. All experiments were in accordance with the Na-
tional Defense Medical College Institutional Animal Care and
Use Committee Guidelines.

EXPERIMENTAL PROTOCOLS

Experiment 1

Isolated hearts were assigned to 3 groups. Each group
was subjected to the following experimental protocols
(Fig. 1): ischemia—reperfusion (I/R) group (n = 6), hearts were
perfused with mKH buffer for 30 minutes (control perfusion)

© 2011 Lippincott Williams & Wilkins

Control perfusion global

. . reperfusion
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CP L-NAME
—essssssvmsecccas Lo L-NAME group
(n=6)
I 20 min I 10 min | 25 min | 30 min }

FIGURE 1. Protocol of experiment 1. Study for verifying the
effect of HbV and L-NAME on cardiac function and cardiac
tissue redox state in ischemia—reperfusion.

and then subjected to 25 minutes of global ischemia by stop-
ping the perfusion, followed by 30 minutes of reperfusion
(VR); HbV group (n = 6), hearts were perfused with HbV
(0.33 g/dL) suspension for 10 minutes after 20 minutes of
control perfusion and then subjected to the same I/R proce-
dure; T-NAME group (n = 6), hearts were perfused with
L-NAME (100 pM) for 10 minutes after 20 minutes of control
perfusion and then subjected to the same I/R procedure.

Fifteen heart samples in the /R (n = 4), HbV (n = 5),
and L-NAME (n = 6) groups were used in chemical analysis
for GSH and oxidized glutathione (GSSG) contents. Biotiny-
lated iodoacetamide (BIAM) labeling of reduced protein thi-
ols was performed for each of the 4 heart samples in the I/R,
HbV, and L-NAME groups.

Experiment 2

To measure the activity of redox-related enzymes,
another set of experiments was performed (Fig. 2). Hearts
were freeze-clamped with aluminum tongs precooled in liquid
nitrogen after 30 minutes of control perfusion (control group,
n = 5), after 20 minutes of control perfusion and 10 minutes
of HbV perfusion (C + HbV group, n = 5), after 30 minutes of
control perfusion + the I/R treatment mentioned above (I/R
group, n = 7), and after 20 minutes of control perfusion and
10 minutes of HbV perfusion + the I/R treatment (/R + HbV
group, n = 6) and stored at ~80°C until chemical analysis for
enzyme activities.

Biochemical Analysis

Measurement of Lactate and Pyruvate Levels in
Coronary Effluent

The lactate and pyruvate contents of the coronary
effluent were analyzed enzymatically by the method of Lowry

Control perfusion

(cP) control group
CP HbV (n=5)
E———— lobal c+HbV group
CP isg;:ge;ia reperfusion (n=5)
T NN + v » ¥ v . v % o v e —————  ||R group
cpP HbV (n=7)
SR W W Bl e eseeseceenvas em———es [ [R4+HDBV group
(n=6)
| 20 min l 10 min ' 25 min ’ 30 min I

FIGURE 2. Protocol of experiment 2. Study for verifying the
effect of HbV on redox-related enzyme activities in ischemia-
reperfusion.
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and Passonneau.'’ The lactate—pyruvate ratio (L/P ratio) was
calculated for each sample.

Measurement of GSH/GSSG by High Performance
Liquid Chromatography With Coulometric
Electrochemical Detection

Tissue GSH and GSSG contents were determined by
high performance liquid chromatography with coulometric
electrochemical detection.'* Cardiac tissues were homogenized
in 10% trichloroacetic acid containing 100 wM diethylenetri-
amine pentaacetic acid. After centrifugation, the GSH and
GSSG concentrations of the supematants were measured using
a high performance liquid chromatography system with a
coulometric chemical detector consisting of 2 pumps (ESA
Coulochem, model 520; ESA, Inc., Chelmsford, MA). An
MCM C18 analytical colummn (inner diameter, 250 X 4.6
mm; LMS Co, Tokyo, Japan) was used for reversed-phase
chromatography. The GSH and GSSG peaks, occurring at
750 mV at 9 minutes and 840 mV at 18 minutes, respectively,
were monitored using the coulometric detector. Protein con-
centrations of the centrifuged sediments were measured by the
bicinchorinic acid method (Thermo Scientific, Rockford, IL).

BIAM Labeling of Reduced Protein Thiols

BIAM labeling of the reactive thiols on proteins was
performed by the following previously reported method'
with minor modifications. Briefly, tissues were lysed in buffer
A (50 mM piparazine-1,4-bis(2-ethansulfonic acid) pH 6.5,
150 mM NaCl, 5 mM MgCl,, 50 pM diethylenetriamine
pentaacetic acid, 2 mM phenyl methyl sulfonyl fluoride and
0.5% Triton X-100) with 100 p.M of N-(biotinoyl)-N’-(iodoa-
cetyl)-ethylenediamine in the dark at 25°C for 30 minutes.
Lysed homogenates were mixed with Laemmli buffer con-
taining 5% [B-mercaptoethanol and boiled at 100°C for
5 minutes. Proteins were separated by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis and transferred to the
polyvinylidene difluoride membrane, and the reduced reactive
thiols on proteins were detected using horseradish peroxi-
dase~conjugated streptavidin and enhanced chemilumines-
cence solution.

Measurement of Redox-Related Enzyme Activity in
Heart Tissues

Heart samples (obtained from experiment 2) were
homogenized in a Tris buffer containing 50 mM Tris-HCI
(pH 7.5), 5 mM EDTA, 1 mM DTT, 1 pg/mL leupeptin,
and 0.2 mM phenyl methyl sulfony! fluoride. The homogenates
were centrifuged at 4°C at 10,000g for 15 minutes, and the
resulting supernatants were used for analysis. The activities
of the enzymes glutathione peroxidase, glutathione reductase,
Cu/Zn-superoxide dismutase, Mn-superoxide dismutase, and
catalase were measured using assay kits supplied by Cayman
Chemicals (Ann Arbor, MI). The protein concentrations of the
supernatants were measured by the bicinchorinic acid method.

Statistical Analysis

Data were expressed as mean =+ standard error. Data for
LVDP, LVEDP, coronary flow, and L/P ratio were analyzed
by 2-factor analysis of variance with repeated measures fol-
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lowed by the post hoc ¢ test with Bonferroni correction for
multiple comparisons. Data for GSH, GSSG, GSH/GSSG
ratio, and enzyme activity were analyzed by 2-way analysis
of variance followed by the post hoc ¢ test with Bonferroni
correction for multiple comparison. Correlations between tis-
sue GSSG content and LVDP or LVEDP at 30 minutes after
reperfusion were tested with Pearson product—moment corre-
lation. P < 0.05 was considered statistically significant.

RESULTS

Comparison of Effects of HbV and .-NAME
on Cardiac Function and Cardiac Tissue
Redox State

Cardiac Function

In the I/R group, LVDP was sustained at 120-140 mm
Hg for the 30 minutes of control perfusion, and there was
poor recovery in LVDP during the 30 minutes of reperfusion
after 25 minutes of ischemia (27.0 = 8.0 mm Hg, 18.7 £5.1%
of the preischemic value). In the HbV and L-NAME groups,
LVDP rapidly decreased just after the start of the HbV and
L-NAME perfusion, and their mean values at 5 and 10 minutes
were significantly lower than the corresponding values in the
I/R group.

In the HbV and L-NAME groups, LVDP had recovered
significantly after 30 minutes of reperfusion (56.0 = 3.1% and
52.8 + 8.1% of the pre-ischemic value, respectively; Fig. 3A).
In all the groups, LVEDP increased gradually during global
ischemia and continued increasing after the start of reperfu-
sion. Although it stayed at a high level during the 30 minutes
of reperfusion in the I/R group, in the HbV and .-NAME
groups, it decreased gradually until the end of reperfusion.
As a result, the mean values of LVEDP in the HbV and
L-NAME groups at 20 and 30 minutes of reperfusion were
significantly lower than the corresponding values in the /R
group (Fig. 3B).

The coronary flow was mostly recovered after reperfu-
sion in the I/R group. However, in the HbV and L-NAME
groups, the coronary flow after reperfusion was lower than the
I/R group (Fig. 3C).

The heart rate changed similarly in the 3 groups
throughout the time course of this experiment (Fig. 3D).

Metabolic State

After 5 minutes of reperfusion, the L/P ratio had
slightly increased in the L-NAME group. This increase had
erased after 30 minutes of reperfusion (Fig. 4).

Cardiac Tissue GSH and GSSG Contents

The cardiac tissue GSH content was slightly lower in
the HbV and t-NAME groups than that in the /R group, but
differences among the 3 groups were not statistically signif-
icant (Fig. 5A). The cardiac tissue GSSG content was lower
in the HbV and L-NAME groups than that in the I/R group,
and the differences between the I/R group and the HbV and
L-NAME groups were statistically significant (Fig. 5B). As
a result, the GSH/GSSG ratio was higher in the HbV and
L-NAME groups than that in the I/R group, and the difference
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between the I/R group and the HbV and L-NAME groups in
this respect was significant (Fig. 5C).

Furthermore, after 30 minutes of reperfusion, the cardiac
tissue GSSG content was found to be negatively correlated
with LVDP (r = —0.683, P = 0.005) (Fig. 6A) and positively
correlated with LVEDP (- = 0.564, P = 0.028) (Fig. 6B).

Protein Thiol Oxidation After Ischemia—Reperfusion

In Figure 7, the first 2 lanes of BIAM labeling blotting
patterns are for the I/R group. The strong bands indicated by
arrows are nonspecific bands thought to be carboxylase/decar-
boxylase containing biotin molecules as inherent prosthetic
groups. The other stained bands are proteins, which contain
reduced reactive thiols. Although the number and intensity of
these bands decreased in the /R group, they were maintained
at high levels in the HbV and L-NAME groups, suggesting
that thiol oxidation was prevented in these 2 groups.
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FIGURE 4. Effect of .-NAME (100 pM for 10 minutes of per-
fusion) and HbV (0.33 g/dL hemoglobin concentration, for
10 minutes of perfusion) on L/P ratio for perfusate during
reperfusion.
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Effect of HbV on Redox-Related
Enzyme Activities

Ten minutes of HbV perfusion had not influenced
redox-related enzyme activities (glutathione peroxidase, glu-
tathione reductase, Cu/Zn-superoxide dismutase, Mn-super-
oxide dismutase, and catalase) either before ischemia or after
reperfusion (Table 1).

DISCUSSION

In this study, we found that HbV improved recovery of
cardiac function after ischemia-reperfusion in isolated rat
hearts, and the effects of HbV closely resembled those of
L-NAME under our experimental conditions. The cardioprotec-
tive effect of HbV and L-NAME did not depend on the pres-
ervation of coronary flow or the decrease in cardiac lactate
production. Both HbV and 1-NAME maintained the redox
state of cardiac tissue in ischemia-reperfusion, which was
implicated with the significant recovery of cardiac function.

Nitric oxide synthase inhibitors have shown diverse and
controversial effects on cardiac function depending on the
species of animal and experimental conditions used in
isolated and perfused rat hearts.'* NC-nitro-L-arginine'® and
NC-monomethyl-L-arginine'® have been reported to improve
myocardial function after ischemia-reperfusion. Andelova
et al'® reported that L-NAME improves functional recovery
(LVDP, LVEDP, and +dp/dt) after 25 minutes of ischemia
and 35 minutes of reperfusion when it was perfused at
100 uM for 15 minutes just before ischemia. The effects of
L-NAME we noted seem to be mostly in accordance with
those observed by Andelova et al.'® L-NAME inhibited endo-
thelial nitric oxide synthase (eNOS) activity and lowered the
NO concentration in the perfusate during the control perfusion.
Both L-NAME and HbV decreased coronary flow, supporting
our speculation that they attenuated the effects of NO derived
from eNOS or NO-independent effects of L-NAME.'”
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L-NAME possibly inhibited NO synthesis to some ex-
tent during reperfusion through inhibition of eNOS because it
penetrated into the vascular endothelium during the control
perfusion and ischemic period and may have remained there
in the active form during reperfusion.'® It is well known that
oxyhemoglobin captures NO molecules in the blood and con-
trols their level under physiological conditions.'® Also heme
iron in HbV can bind NO.?® Although HbV captures NO
synthesized by eNOS in the perfusate during the control per-
fusion, it would not have been able to penetrate into the
cardiac tissue and have been rapidly washed out from the
vascular space just after the onset of reperfusion and therefore
could not have been involved in NO synthesis in cardiac
tissue during reperfusion.?’

It has been demonstrated that in ischemia—reperfusion,
especially in the reperfusion phase, peroxynitrite (ONOO™) is
excessively produced from the superoxide anion (O, ) and
nitric oxide (NO) and prevents the recovery of cardiac func-
tion during reperfusion.'®* Thus, it was considered that
L-NAME and HbV suppress the increase in oxidative. stress
during reperfusion, resulting in improved recovery of cardiac
function. This idea is supported by the fact that L-NAME and

HbV had a similar effect on changes in biochemical redox
markers (GSH/GSSG and BIAM labeling) in cardiac tissues
after ischemia-reperfusion. GSH is the principal intracellular
low-molecular weight thiol and plays a crucial role in cellular
defense against oxidative stress by directly scavenging reac-
tive oxygen species.”

It has been reported that tissue total GSH and GSSG
contents are not changed by ischemia alone, although the
former decreases and the latter increases after reperfusion in
isolated perfused rat hearts.** Considering our finding that the
GSSG content of cardiac tissue was inversely and positively
correlated with LVDP and LVEDP, respectively (Figs. 6A,
B), it is interesting that L-NAME and HbV suppressed the
increase in GSSG content after reperfusion (Fig. 5B). During
reperfusion, the large amount of hydrogen peroxide generated
is detoxified through a glutathione peroxidase reaction and
GSH is concurrently oxidized to GSSG in the reaction. Be-
cause the activities of antioxidant enzymes were largely un-
changed between groups (Table 1), the suppression of the
increase in GSSG after ischemia—reperfusion was supposed
that the production of reactive oxygen species was attenuated
in the HbV and L-NAME groups. Li et al*® reported that
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correlated with LVDP (r=-0.683, P= 0 0 : '
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0.028) at 30 minutes after reperfu-
sion, respectively.
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