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Acellular Hemoglobin-Based Oxygen Carrier Induced
Vasoactivity: a Brief Review of Potential Pharmacologic
Remedies

Hae Won Kim @, Chi-Ming Hai @, A. Gerson Greenburg @

Abstract

Hemoglobin-based oxygen carriersdl HBOCsare currently in late phase clinical development as potential red blood cell
substitutes. However, in recent clinical trials, most HBOC products have elicited vasoconstriction and blood pressure elevation.
Mechanisms of the HBOC-mediated vasoactivity have not been fully elucidated. However, regardless of mechanisms involved,
observations from preclinical and clinical studies indicate that the HBOC-mediated vasoconstriction/blood pressure elevation can

be attenuated by conventional and newer anti-hypertensive agents and vasodilators. These include calcium channel blockers,
nitrovasodilators, ACE inhibitors, selective PDE inhibitors and inhalation of gaseous NO or nebulized nitrites. There is little
information available regarding the safety and effectiveness of these agents when used for treatment of HBOC-mediated
vasoconstriction and BP elevation. In this review we identify some potentially useful pharmacologic agents and discuss potential

issues involved in their use with HBOCs.
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1. Introduction

Artificial oxygen carriers based on chemically modified or
recombinant human or animal hemoglobingl HbOare
promising as red blood cell substitutes because they have
some specific advantages over allogeneic donor red cells™
For example, they are virtually pathogen-free, can be stored
at room temperature for extended periods and can be
administered to recipients regardless of blood type. A couple
of acellular hemoglobin-based oxygen carrier§l HBOCsare in
the final stages of clinical development'™ However,
regulatory approval has been hampered because some
serious adverse effects including severe hypertension, cardiac
and other cardiovascular events have been observed in
recent clinical studies®® Results of these clinical trials are
controversial since HBOC treatments did not significantly
improve mortality rate or other clinical outcome indicators
over donor red cell transfusion or standard fluid resuscitation
despite some clinical benefits including improved hemodynamic
status and reduction in allogeneic red cell use****! Debates are
ongoing as to whether the lackluster results are due to poor
study design, high protocol violation rates, or an inherent

toxicity of HBOC itself. Because of HBOC's propensity to
cause vasoconstriction and a higher incidence of adverse
event$l] AEslin HBOC treated patients than control fluid
treated patients, there have been concerns that
vasoconstrictive property of these products may be involved
in the genesis of those AEs”™! Hypotheses and theories are
abundant but a direct link showing HBOCs were the
causative agents for the observed AEs has not been
definitively established. It is clear, however, that most
current acellular HBOC products do cause systemic and
pulmonary BP elevationd] hypertensive’ responsesin
animals and human subjects. Both human and animal Hbs
have a high reactivity with endothelium derived NO, a potent
vasodilator constitutively produced by the vascular
endothelium to regulate vascular tone' ™! Therefore, it is
plausible that Hb scavenging of endothelial NO may
contribute to the observed hypertensive/vasoactivity effects.
Yet, the exact mechanism of HBOC-mediated BP elevation
O hypertensionChas not been fully elucidated. Other plausible
mechanisms have also been proposed and it is possible that
multiple mechanisms may be involved depending on clinical

0 10 Department of Molecular Pharmacology, Physiology and Biotechnology, Brown University, Providence, Rl 02912 Department of
Molecular Pharmacology, Physiology and Biotechnology Box G-B3 Brown University, 171 Meeting Street, Providence, Rl 02912

[ 20 Department of Surgery, Brown University, Providence, Rl 02912

0000 2000000000000 2009000 260

ARTIFICIAL BLOOD Vol. 17, No.4, 2009

147



circumstances. A recent NIH workshop recommended more
fundamental studies to delineate mechanisms of HBOC-
mediated vasoactivity/BP elevation and other adverse
effects*” One encouraging finding from recent preclinical and
clinical studies is that the HBOC-mediated vasoactivity/BP
elevation can be modulated with the use of conventional
vasodilators or anti-hypertensive agents regardless of the
mechanism involved. However, little information is available
regarding detailed descriptions of how these agents were
used] e.g., patients' conditions, doses used, outcome or
complicationsCnor mention of mechanisms of therapeutic
action. To our knowledge, there are few published reports
that have systematically reviewed and discussed use of these
agents for treatment of the HBOC-mediated BP elevation.
Here, we review preclinical and clinical studies that used
conventional or newer anti-hypertensive agents to attenuate
HBOC-mediated vasoconstriction/BP elevation and discuss
potential issues.

2. Nature of acellular HBOC-mediated vasoconstriction
and BP elevation

A recent FDA report*’states that "all current HBOC
products or previously in development are vasoactive at the
doses proposed for resuscitation or for blood replacement”.
Intravenous administration of most current acellular HBOC
products to animals and humans have shown to increase
systemic blood pressure without concomitant increase in the
cardiac output, an indication that HBOC induced BP elevation
is mediated by systemic vasoconstriction. However, the
hypertensive responses do seem to vary with HBOC product
characteristic§J Hb[J MW, P50, viscosity, etc[] dose/rate, and
study protocol/models used*”. Generally, after HBOC
infusion, BP starts to increase almost immediately, peaks
within few minutes, and lasts 1-3 hours after completion of
infusion depending on the dose given. The HBOC-mediated
BP elevations were described as generally mild to moderate’
and transient’ in recent clinical trials®*"

In animal studies, HBOC-mediated transient hypertensive
effects also varied with physico-chemical characteristics of
different HBOCs, HBOC dose, species and protocols™"
Toploadl hypervolemicOinfusion or exchangél normovolemic
transfusion protocols produced generally more pronounced
BP elevations than hemorrhagic shock-resuscitation protocols.
In-vitro isometric contraction studies with isolated vascular
segments revealed that vascular responses to a HBOC also
varied among animal species and vessel types. For example,
pig vessels were more sensitive than those of rats, rabbits
and dogs®™® In addition, different blood vessel types even
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within the same animal species elicit substantially different
contractile responses to the same HBOC treatment®®
Further, for HBOC to elicit contraction, isolated thoracic
aortas from rats and rabbits require precontraction with an
agonist while porcine pulmonary vessels do not*®" At
comparable HBOC doses, pulmonary vessels are generally
more sensitive than other vessels. Removal of the endothelium
or pretreatment with N°nitro-L-arginine methyl estef] L-
NAME, a nitric oxide synthase inhibitorCJand certain adrenergic
antagonists prevented HBOC-induced contractions ™"

In clinical studies, HBOC-mediated hypertensive effects were
also observed in patients as well as healthy subjects®**™? In
a multicenter clinical trial of 688 patients with surgical
anemia during orthopedic surgery®, there was significantly
higher incidences of adverse events associated with BP
increase in patients treated with HBOC-201] Hemopure®,
Biopure Corp., Cambridge, MAOcompared with those treated
with packed red cells: 17%] 60/3500vs. 7%] 22/3380
respectively. In this study, the first 500 ml 65g HbOinfusion
of HBOC-201 resulted in the largest increases in the systolic
and diastolic blood pressures. After the first infusion, the
mean peak SBP of HBOC-201 treated patients were 143
mmHg compared with 126 mmHg for the packed red cell
O PRBCUOtreated group. The mean peak systolic blood
pressure§] SBPOin subsequent infusions were 160 mmHg and
151 mmHg for HBOC-201 and PRBC groups, respectively.
While 26% of HBOC-201 treated patients experienced peak
SBP of >161 mmHg, only one patient experienced a severe
BP elevation considered a severe adverse event] SAE[
However, neither the criteria for hypertensive SAE nor
actual BP value of the patient was reported. In comparison,
only 6% of packed red cell treated patients experienced peak
SBP of >161 mmHg. AIll increases in BP resolved
spontaneously or with treatment™”

A phase Il safety study with 250 ml or 500 ml MP4
0 Hemospan®, Sangart Corp. San Diego, CAOin elderly
patients undergoing orthopedic surgery produced similar
results®™; 10.2%J 6/590of patients who received human PEG-
Hb developed hypertensive adverse events while only 3.2%
0 1/310of control solutior] Ringer's acetate[patients did. In
stroke patients, 25-100mg/Kg DCLHII HemeAssist®, Baxter
Corp., Deerfield, ILOproduced a rapid rise in mean arterial
pressuré] MAPL] which reached a maximum within 2 hours
after the first infusion*! The authors stated that, the BP
increased from 113 mmHg at baseline to 134 mmHg versus
109 mm Hg in controls’ The statement is somewhat unclear
but interpreted as DCLHb treatment caused significant BP
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elevations while no significant BP changes in saline treated
control patients during the period. The magnitude of the BP
increases was similar for all HBOC doses but the duration of
the pressor effect was dose dependent. The hypertensive
reaction did not accompany clinical and radiological signs of
cerebral pathologic changes. Three of the 40 7.5%patients
treated with DCLHb developed severe hypertension
requiring pharmacologic intervention while 3/4%1 6.7%0O
control patients®. Unfortunately, the report provided neither
criteria of the severe hypertension’ nor description of
pharmacologic intervention used” In a Phase | study of 42
healthy adult male volunteers' 33 received 0.025- 0.6g
Hb/Kg o-raffinose HKJ Hemolink® Hemosol, Inc.,, Toronto,
Canadal] dose-dependent MAP increases were observed with
a plateau occurring 14% above the baseline at 0.1 g Hb/Kg.
In patients undergoing coronary artery bypass graff] CABGO
surgery, hypertensiori] defined as SBP>140 mmHgUoccurred
in 16/281 57.2%0o-raffinose HIiJ 25-75 g Hb[treated patients
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versus in 9/32] 28.1%/[control patients™

It appears that HBOC elicits a more pronounced
hypertensive effects in normovolemic patients than in
hypovolemic patients. In a Phase Il study with patients
undergoing an elective percutaneous coronary intervention
procedure, 31%1 9/290of HBOQI 15 or 30 g HbOtreated
patients developed a severe hypertensiori] SBP>180 mmHgO
while none of the artificial colloid treated patient&l 0/1600had
hypertension reported as adverse event§l AEs(S” The severe
BP elevations were treated with intravenous nitroglycerine
or other unspecified anti-hypertensive drugs as necessary.

3. Is there an acceptable level of vasoactivity?

In most patients with no significant underlying cardiovascular
pathology, HBOC-mediated BP elevations are reported to be
moderate and transient and did not require therapeutic
intervention while some patients who developed severe BP
elevations did require pharmacologic interventions*®™ ="
For patients with severe hemorrhagic shock or ischemic
stroke, the potential beneficial effect of HBOC-mediated
moderate BP elevation is being debated*™ But individual
patient's clinical condition and underlying pathologies should
be carefully considered as patients with significant
cardiovascular pathologies are at higher risk for hypertension
induced serious adverse event$] e.g,, cardiac events, stroke,
hemorrhage, organ damage, etcl] Therefore, if a patient is
hypertensive, diabetic or elderly with significant underlying
cardiovascular pathology, post-HBOC infusion BP should be
carefully monitored and a proper anti-hypertensive therapy
be instituted promptly if deemed necessary. Whether or

ARTIFICIAL BLOOD Vol. 17, No.4, 2009

when to treat HBOC-mediated BP elevation would depend
largely on the degree of BP elevation, patient's condition, the
underlying pathophysiology, and the indication for HBOC. Of
note, when administering antihypertensive agents to
anesthetized patients, caution should be exercised as
halothane and certain local anesthetics have been reported to
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mask HBOC mediated BP responses®".

4. Key mechanisms proposed for the HBOC-mediated
vasoconstriction/BP elevation

There are several proposed mechanisms for the HBOC-

mediated vasoconstriction/BP elevation; the leading

hypotheses are briefly discussed below.

Vasoconstriction via Hb scavenging of endothelial NO

Under normal conditions, NO is constitutively produced in
the vascular endothelium by the action of endothelial nitric
oxide synthasé]l eNOS or NOS-30J Once diffused to the
smooth muscles, NO activates soluble guanylyl cyclasél sGCO
to produce elevated level of cGMP which results in smooth
muscle relaxation. One popular hypothesis for the HBOC-
mediated vasoconstriction and BP elevation is HBOC

inactivation of endothelium derived NO, a potent vasodilator
that mediates GC-cGMP dependent vascular smooth muscle
relaxation. Because Hb has an intrinsically high reactivity
with NO, the presence of large amounts of acellular
Hb/HBOC in the vascular lumen could interrupt
endothelium-derived NO flux into the smooth muscle
resulting in vascular contraction. In addition, because of
smaller particular sizé] <5-10 nm[] some HBOC particles
could extravasate through the endothelial fenestrations into
the subendothelial space allowing closer contact with
endothelial NO. Some HBOCs are too large in particle size to
pass through the fenestrations. However, acellular HBOC
dissolved in the plasma is several hundred times more
reactive with NO than native Hb compartmentalized in the
protective red blood cells”] In addition, only Hbs and HBOCs
with ferrous hemes elicit contractions in the vessels with
intact functional endothelium supporting the hypothesis*™**"

Oxygen dependent autoregulatory vasoconstriction

It has been reported that two Hb preparationg] native cell-
free Hb and PEG-HbOthat have similar NO binding rates
elicit notably different hemodynamic effects®" In this study,
Hb solutions that exhibited transient or no significant
increase in BP had higher NO binding affinities than Hb
solutions that sustained BP increases. Based on these
observations, they claimed that NO scavenging at the heme
site cannot be the cause of BP increases but rather must be
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due to other physiologic mechanisms. They hypothesized that
acellular low O, affinityd Ps,[0 500HBOCs may lead to
excessive oxygen offloading in the arterioles upstream from
the capillary beds causing reactive arteriolar vasoconstriction
and decreased functional capillary densityll O, dependent
autoregulatory vasoconstriction[***"

Hb stimulation of endothelin-1 release

In preclinical and clinical studies, intravenous administration
of DCLHb caused dose-dependent increases in plasma levels
of endothelin-II ET-10 a potent vasoconstrictor®**" The
pressor response and other cardiovascular effects of DCLHb
could be attenuated by pretreatment with BQ-123 and FR-
139317, ETA-receptor antagonists®*“suggesting that the
HBOC-induced vasoconstriction/BP elevation may involve

stimulation of ET-1 release. Interestingly, infusion of an ultra-
large molecular weight based HBOQJ 20 MDalcaused no
systemic hypertension in animals with focal cerebral
ischemia. But the cerebro-arteriolar vasoconstriction observed
that was reported to be mediated primarily by ET-1*"
Further, ET receptor antagonists attenuated pressor effects
of DCLHb in rats*" These results suggest that ET-1 may
play a more significant role in certain vascular beds and
animal models®™*"

In addition, other mechanisms have also been proposed for
the HBOC-mediated vasoconstriction and BP elevation
including Hb stimulation of adrenergic vasoconstrictive
mechanisms*’ and pseudo-ACE activity of Hb*" Although
one key mechanism may function as a dominant player, other
mechanisms may also contribute depending on clinical
conditions and underlying pathologies of the patients

involved.

5. Potential pharmacologic remedies for HBOC-mediated
vasoconstriction and BP elevation
In recent clinical trials, hypertensive responses following
HBOC administration were described a§ mild and transient’
and did not require any therapeutic intervention®®”,
However, some patients did develop clinically serious post-
HBOC administration hypertension serious enough to be
reported as AES/SAEs but no information is available how
many of these patients actually needed treatment and, if
treated, specifics of therapy given. These patients and those
with serious underlying cardiovascular pathology and limited
reserve capacity should be treated promptly with proper
anti-hypertensive therapies. The conventional anti-hypertensive
therapies for hypertensive emergencies/urgencies as defined
by the Joint National Committee“”should generally be
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applicable to the treatment of HBOC-mediated acute BP
elevations as well. In fact, HBOC-mediated critical BP
elevations do seem to occur more frequently in patients with
underlying conditions that tend to elicit BP elevation e.g.,
essential hypertension, diabetes, renal diseased®"*"
Conventional anti-hypertensive guidelines and therapies
including diuretics, rennin-angiotensin system antagonists,d -
and/or B-blockers and Ca"™ channel blockers are viable
treatment options®. As described previously, in clinical trials
HBOCs typically caused an almost immediate BP rise after
start of intravenous infusion. The BP rise did not generally
exceed 25 mmHg above the pretreatment values even at
relatively high toploadd for non-hypovolemic indicationsO
doses] e.g., 30g Hb" However, in relatively small number of
patients, the post-HBOC BP elevations were more severe
00 some may qualify as hypertensive urgencies or emergencies]
and were reported as hypertensive SAEs***** Management
of HBOC-induced severe BP elevatiord hypertensive
emergencies or urgenciesCmay require faster acting
intravenous agents to quickly lower the blood pressure to a
safer level™ Some established anti-hypertensive therapies as
well as new approaches that seem relevant to the
management of HBOC-mediated BP elevation are discussed
below.

Today, there are many highly effective drugs available for
treatment of a chronic hypertension®! Only a couple of these
agents have actually been used in HBOC clinical trials.
Furthermore, virtually no study have been done
systematically to study safety and effectiveness of these
drugs when used for prevention or treatment of HBOC-
mediated acute BP elevations even in preclinical studies. In
theory, any agent that increases NO availability to the
vascular smooth muscle or causes vascular relaxation
through other mechanisms would be effective in modulating
HBOC-mediated vasoconstriction/ BP elevation. However,
selection of an appropriate therapeutic agent must be based
on careful consideration of the individual patient's clinical
condition, underlying pathophysiology, and potential
interaction with HBOC directly or indirectly. Of note, in
patients with severe hypertension, the recommended
treatment objective for patients with hypertensive
emergencies’ is not immediate normalization of BP but rather
to reduce BP to a more safely manageable level to prevent or
minimize end-organ damage followed by gradual return to a
normal level®’ In patients with hypertensive urgencies’, it is
recommended that BP be lowered gradually over a period of
24-48 hours, usually with oral medications. Rapid
uncontrolled BP reduction may result in cerebral, myocardial
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and renal ischemia/infarct**" Here we discuss advantages
and disadvantages of some selected anti-hypertensive agents,
potentially useful in the management of acute severe
in BP that may occur following HBOC
administration.

elevations

5.1. Adrenergic agonists/antagonists

In studies with isolated arterial vessel segments and whole
animals in-vivo, Hb/HBOC in nMOp M concentration range
were shown to elicit vascular contraction®*™" In these
experiments, pretreatment with phentolamine or prazosine
0o -adrenergic antagonistsCprevented Hb/DCLHb-mediated
contractions or pressor effect®*" However, phentolamine
pretreatment did not prevent Hb-mediated contraction in
vessel rings precontracted with KCI suggesting adrenergic
activation does not appear to be a pre-requisite. In cervical
sectioned and bilateral adrenectomized rats, intravenous
DCLHb still caused significant systemic BP elevations® In
these animals, however, pretreatment with phenoxybenzamine
and prazosida -1 adrenergic antagonistsfblocked DCLHb
mediated pressor effect. In addition, the DCLHb-mediated BP
increases were also blocked by yohimbiné] alpha-2 adrenergic
antagonistOpretreatment*” suggesting that DCLHb-mediated
pressor effect may be partially mediated through alpha-2
adrenergic mechanism. Alternatively, a centrally actingd -
adrenergic agonistl e.g., clonidineOmay also be useful as it
stimulates presynaptic alpha-2 receptors that results in
inhibition of norepinephrine release and lower vascular tone.
Clonidine is currently used for treatment of hypertensive
urgencies®” Because oral clonidine lowers BP more gradually,
it may be suitable for those patients that a rapid BP
reduction is not necessary. Therefore, 0-adrenergic
antagonists/agonists may be potentially useful in attenuating
HBOC-mediated vasoconstriction and BP elevation. However,
their use may be complicated in certain patients because
adrenergic vasopressors are often used in severely
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hypotensive hemorrhagic patients*"

5.2. Nitrovasodilators

Organic nitrates

One strategy to alleviate HBOC-mediated vasoconstriction, is
to supplement NO towards the normal level with an
exogenous NO source. Nitroglycerine or glyceryl tri-nitrate
0O GTNL] the most commonly used of all organic nitrates, is a
potent vasodilator widely used clinically for coronary
vasospasm and other conditions. Its vasodilatory mechanism
has not been fully elucidated but, recently, it was reported to
elicit vasodilation via NO produced by action of mitochondrial
aldehyde dehydrogenase**"which catalyzes reduction of
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GTN to generate nitrite and 1,2-glycerate dinitrate. The
nitrite so generated is proposed to be further metabolized to
generate NO which then elicit GC-cGMP mediated
vasodilation. However, this theory has recently been
challenged as GTN mediated relaxation was not observed
with concomitant NO fluorescence nor inhibition of O,
consumption by vascular mitochondria®® Nevertheless, GTN
may be an effective therapeutic agent for modulation of the
HBOC-mediated vasoconstriction and BP elevation. In rat
aortic ring preparations, GTN significantly reduced acellular
Hb-mediated contraction®” In a recent clinical study in
patients undergoing an elective percutaneous coronary
intervention procedure, critical elevations of BRJ defined as
SBP>180 mmHgOoccurred in 31% of patients following
treatment with HBOC-201* In these patients, BP elevations
were generally managed with intravenous GTN. As GTN
tolerance often occurs, one patient was not responsive to
GTN treatment and required nifedipinél calcium channel
blockerOto control the BP.

Of note, nitrates are known to oxidize Hb creating ferric Hb
or metHb and instances of intraerythrocytic
methemoglobinemia following administration of GTN and
other organic nitrates have been documented®® Because of
the presence of large amounts of metHb-reductasé] NADH-
cytochrome b complexCand other reducing agents in the red
blood cells of normal people, toxic levels of metHb
accumulation is relatively rare. However, intravenously
administered HBOCs circulate in the plasma phase where
metHb reducing capacity is relatively low. Therefore, plasma
metHb levels could rise more easily in patients with plasma
HBOC following administration of GTN or other nitro-drugs
with a high oxidation potential. In a clinical trial of surgical
patients administered up to 2.0-25g Hb/Kg of HBOC-201
O total of approximately 180g HbL metHb level was <2% at
post-operative day 1 but reached a peak of approximately
7%"". In a more recent clinical study of orthopedic surgery
patients, cumulative HBOC-201 doses of up to 330 ¢J 11 unitsO
were given over a 6-day period] average of 136 g Hb[ The
mean metHb levels ranged 0.6%-5.8% after each infusion
including two patients whose peak metHb levels reached 11%
and 14% but none of the patients exhibited symptoms or
required treatment® In addition, when significant amount of
metHb or ferric HBOC is formed, the total oxygen
binding/carrying capacity of HBOCs is also reduced as
metHb is unable to bind and carry O,. Of note, until metHb
level reaches >30%, clinical symptoms may not appear. When
metHb level reaches over 50%] fatal if >70%L[] cardiovascular
dysfunction and neurologic deficits may occur as the blood is
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unable to transport sufficient O, to meet metabolic demand.
In such case, metHb level can generally be reduced by

administering intravenous methylene blue®”

In addition, although GTN and other organic nitrates are
useful in controlling severe hypertension in patients with
cardiac ischemia, they may not be the best choice in other
patients®! GTN causes arterial as well as venodilation thus
reducing preload and cardiac output. Besides, many patients
develop tolerance to GTN making it less effective with
repeated doses. For these drugs, optimal dosing in
hemodynamically unstable patients poses significant
challenges.

Sodium nitroprusside

Sodium nitroprussidél SNPis a potent vasodilator often used
for treatment of severe acute hypertension. However, in rats
treated with clinically relevant dose$] >1g/KgCof DCLHDb,
potency of SNP potency was significantly reduced*”implying
higher doses of SNP would be required to control severe
hypertension in the presence of high levels of plasma HBOC.
SNP is a potent arterial and venous vasodilator and
intravenous administration is the clinical treatment of acute
hypertension or for hypertensive crisi§l defined as SBP>160
mmHg or DBP>110 mmHg(*" Its pharmacologic action is
thought to be due to spontaneous degradation to release NO
in the blood. But recent reports suggest that it, too, may go
through biotransformation in the vascular smooth muscle and
endothelial cells to produce NO***]

Of note, when treating HBOC-mediated BP elevation with
SNP, caution should be exercised since SNP releases highly
toxic cyanide ion$] CN'causing potentially lethal cyanide
poisoning. Thus, the maximal dose should generally not
exceed normal hepatic cyanide clearance rate of 24 g/kg/min®",
Small amount of cyanide in the blood is rapidly metabolized
by the liver to less harmful thiocyanate by the action of the
enzyme rhodanasé] requires sulfur donor such as thiosulfatel]
Thiocyanate is then excreted in the urine by the kidney.
However, in the absence of sufficient sulfur donor, cyanide
ions could quickly reach toxic level§s] >1 mg/mll Thus, the
duration of treatment should generally not exceed 72 hours
and plasma thiocyanate concentrations should be carefully
monitored. SNP also degrades upon exposure to light to
produce cyanide. In patients with renal failure or patients
with a deficiency in rhodanase enzyme or low sulfur donor
levels, SNP should not be used as it could cause fatal cyanide
poisoning.
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5.3. Ca*’-channel blockers

Calcium channel blockers are commonly used anti-
hypertensive drugs which generally reduce cardiac and
vascular smooth muscle cytosolic Ca** leading to decreased
cardiac output and vasodilation. The Ca’-channel blockers
are further classified into dihydropyridine$] e.g., nicardipine,
nifedipined, phenylalkylamined] e.g., verapamilOand
benzothiazepines] e.g., diltiazem With exception of few, most
of Ca’*-channel blockers are typically formulated to be
administered orally due to low water solubility. For
management of acute severe HBOC-mediated BP elevation,
fast acting intravenous or sublinguial formulations would be
more desirable. In fact, a recent Phase Il study of HBOC-201
reported that intravenous administration of nifedipine
successfully controlled critical hypertensiori] >180 mmHgO
which did not respond to an intravenous nitroglycerine®

In a study with awake spontaneous hypertensive rats, 10%
topload infusion of o-raffinose Hb resulted in significant
increase in MARI 36 mmHgOat 10 minutes after the start of
infusion. In these animals, pretreatment with 10 mg/kg
nifedipine by gavage reduced subsequent MAP rise by
50%*". Similarly, in anesthetized rats, DCLHb induced
pressor effect was significantly inhibited by nimodipine and
verapamil®” However, the bradycardiac effect of DCLHb was
not affected by nimodipine. These results suggest that
treatment with Ca’*-channel blockers may prevent/modulate
HBOC-mediated hemodynamic effects.

5.4. Angiotension converting enzyme inhibitors and
angiotension-Il receptor blockers
The renin-angiotension system is a powerful endocrine blood
pressure regulating mechanism. When BP is low, kidneys
produce renin that activates angiotension-1 production from
inactive angiotensinogen. By action of an angiotension
converting enzymél ACE[] angiotension-I is then converted to
angiotension-11, a potent vasoconstrictor. ACE inhibitors
O ACElsOblock production of angiotension-11 thereby
effectively reduce BP. Currently, ACElIs are one of the major
categories of drugs used for treatment of hypertension®”
Interestingly, a recent study reports that cell-free Hb exerts
an ACE-like activity when activated by plasma hydrogen
peroxide*” The assertion was based on the observation that
angiotension-1 was converted to angiotension-1l in the
presence of cell-free Hb. If confirmed, this mechanism may
also contribute to the Hb-mediated vasoconstrictive effect.
Therefore, drugs that prevent or antagonize the action of
rennin-angiotensin system including ACEIs and angiotensin-11
receptor blockerd] ARBsOmay potentially be useful in
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modulating the HBOC-mediated BP elevation. Use of ACEls
is generally recommended in patients with compromised
renal function but some new data seems to indicate that
ACEI may elicit end-stage renal failure®®"

5.5. Phosphodiesterase inhibitors

Phosphodiesterases] PDEsObreakdown second messenger
cyclic nucleotides, cGMP and cAMP which are ubiquitous in
virtually all cells and are involved in many different functions
including vascular smooth muscle relaxation. Therefore, non-
specific PDE inhibitor§] PDEIsChave not generally been used
in the treatment of hypertension per se. Nevertheless, some
PDElIs including a recently discovered highly selective PDEI
O e.g., sildenafilOhave shown to reduce HBOC-mediated
vasoconstriction/hypertensive effects.

Sildenafil

Sildenafil is a PDE-5 selective inhibitof] PDES5IOthat prevents
degradation of cGMP in the corpus cavernosum and is
currently used primarily as remedies for erectile dysfunction.
But they also lower systemic and pulmonary hypertension
making them potentially useful in modulating HBOC-
mediated hypertensive responses. In fact, results of a recent
animal study seem to indicate that HBOC-mediated negative
vascular responses can largely be overcome by concomitant
PDES5I treatment®”

Papaverine
Papaverine is an opium alkaloid used for treatment of

gastrointestinal, cerebral and coronary vasospasms. The
vascular relaxation mechanism of papaverine action has not
been fully elucidated but is generally considered to act via
nonspecific inhibition of cAMP-phodiesterase. In an in-vitro
experiment, papaverine significantly attenuated or reversed
Hb-induced contractions of isolated rat thoracic aortic ring
preparations®] These results suggest that some selective
PDE inhibitors may have potential in attenuating or
reversing HBOC-mediated vasoconstriction/BP elevation but
further studies are needed to evaluate their safety and
efficacy.

5.6. Sodium nitrite

Substantial plasma nitrite levels have been reported in the
plasma of healthy individual$§] values for brachial artery and
antecubital vein: 322-540 nM and 305-466 nM, respectively[1™**
Therefore, nitrites are considered as a possible endogenous
NO reservoir for blood flow regulation and other functions®"
Mechanisms for the in-vivo conversion of nitrite to NO have

been proposed. Recently, deoxyhemoglobin is proposed to

ARTIFICIAL BLOOD Vol. 17, No.4, 2009

serve as a nitrite reductase under hypoxic conditions®’ To
test the hypothesis, 18 normal subjects were infused with up
to 1 mmoles of sodium nitrite over about a 30 minute period
into the forearm brachial arteries which resulted in a
systemic concentration of 16y M. Infusion of nitrite caused
an immediate increase in forearm blood flow by 175% and
concomitant reduction in the systemic BP of O 7 mmHg*™"
This reduction in BP occurred with rapid formation of iron-
nitrosyl Hb and, to a lesser extent, S-nitroso Hb in the blood.
MetHb levels increased significantly from the baseline but
still remained relatively low] from 0O 0.2% to 0 05%[0 In a
more recent study®; 20 normal human volunteers were given
intravenous sodium nitrite to determine endocrine effect,
pharmacokinetics, and tolerance. In this study, the highest
dose given was 110y g/kg/min which resulted in whole blood
nitrite concentration of 0 850-900u M. Forearm blood flow
increased in a dose dependent manner from 2.8 to 12.3
ml/min/100ml tissue and plateaued at around 300y M nitrite.
Plasma nitrite concentration increased from 0.13 to 26.1py M
with mean clearance of 0.95 L/mird T,,=42 minl Plasma
nitrate concentration increased from 18 to 64y M with T1/2
of 6 hours. Systemic nitrosyl Hb levels increased from 0.14 to
79u M with apparent T,,, of 53 minutes. These changes were
coincided with decrease in MAP from 97 to 86 mmHg with a
slight but nonsignificant increase in the heart raté] 68-76
beats per minutel] Of note, the MAP remained significantly
lower than baseline for 2 hours after the nitrite infusion was
completed. Whole blood metHb levels increased from 0.7 to
3.2 % of total Hb. The highest metHb level was reached 20
minutes after completion of nitrite infusion with T, of 78
minutes.

In a recent Phase I/11 clinical trials, patients with sickle cell
disease’™were given 3.2-320y moles of sodium nitrite
administered through the brachial arterial liné] 1 ml/minute
of 0.4-40u M sodium nitrite over about 8 minutesCOwhich
resulted in 7.9-77% increase in forearm blood flow but without
significant drop in systemic BP. Dose dependent metHb
increases were observed following nitrite infusion reaching
peak regional venous concentration of 4% at the highest dose
tested] 40p ML Aside from nausea in one patient, none of the
patients exhibited ill-effects including clinical signs of hypoxia
such as cyanosis or shortness of breath. However, all of the
metHb levels reported were concentrations within the
erythrocyte compartment not in the plasma. In normal
erythrocytes, metHb is constantly reduced by action of
intracellular reductases. Intravenously administered acellular
HBOCs circulate in the plasma phase where metHb reduction
activity is relatively low. Therefore, presence of high level of
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nitrite would facilitate conversion of ferrous HBOC to non-
oxygen carrying ferric HBOQI metHBOCL In fact, for this
reason, sodium nitrite is a FDA approved treatment for a
cyanide poisoning as it produces metHb that neutralizes toxic
cyanide ion by forming a non-toxic cyanometHb™ If
substantial amount of HBOC is converted to metHBOC by
nitrite, however, oxygen carrying capacity of HBOC will be
reduced accordingly raising the possibility of insufficient
oxygen supply despite vasodilation and improved blood flow.
In addition, optimal dosing of nitrite would be extremely
challenging especially in patients with significant underlying
pathologies. In a more recent animal study™ a single bolus
30-100 nmol sodium nitrité] resultant blood nitrite level= 1.2
g M0Oat the onset of HBOC-201 resuscitation following
trauma-hemorrhage prevented HBOC-201-mediated
hypertension while resuscitation with nitrite plus Ringer's
lactate did not alter mean arterial pressure suggesting a
possible role of HBOC-201 as a nitrite reductase. It was
reported that nitrite doses of <100 nmol did not significantly
increase plasma metHb level beyond that observed with
HBOC-201 alonél 2-3% at 2 hr post-resuscitationl] Based on
these findings, nitrite has been proposed as a potential
adjunctive therapy to prevent HBOC-mediated hypertension™.
Of note, however, 10y mol nitrite did increase metHb level
beyond that observed with HBOC-201 alone while 100 mol
caused death during resuscitation. The cause of death was
not described but possibly due to severe systemic
hypotension. Further, in a study with healthy human
volunteers, infusion of 180y mol of sodium nitrite alone
O measured systemic blood nitrite concentration, 16y MO
caused a decrease in systemic MBP of only O 7 mmHg®*" At
this nitrite concentration without HBOC, measured serum
metHb level was approximately 1.5%. Therefore, in the
presence of a HBOC, a substantially higher dose of nitrite
must be used to prevent/attenuate severe HBOC-induced BP
elevation§] A BP> 60 mmHgUobserved in some recent clinical
trials®®™" Under such conditions, a much higher HBOC
oxidatiorid metHb formationOmay occur. Therefore, clinical
efficacy and safety of nitrite therapy will have to be
determined in human studies. In addition, the intravascular
oxidation rate of acellular Hb/HBOC in humans may be
higher than that observed in mice since humans are
incapable of producing endogenous ascorbic acid, an
important anti-oxidant that contributes to maintaining Hb in
the functional ferrous state™ Unlike rats and mice, humans
are unable to produce endogenous ascorbic acid due to
evolutionary loss of hepatic L-gulonolactone oxidase.

Alternatively, sodium nitrite can also be administered via
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inhalation. In a recent study of newborn lambs with hypoxic
pulmonary hypertension, aerosolized sodium nitrite was
administered through a ventilatof] 30 mg nitrite in 5 ml
buffered saline over 20 min0* Nebulized nitrite inhalation
elicited a rapid and sustained reduction in pulmonary
pressure without measurable changes in the systemic blood
pressure. Interestingly, it was reported that this means of
nitrite delivery did not cause clinically significant increase in
blood metHb levels. Immediate detection of NO in the
exhaled gas and nitrosyl Hb formation in the blood supports
the hypothesis that the pulmonary vasodilation was effected
by NO produced possibly through nitrite reduction. If
validated, this mode of nitrite delivery may be particularly
useful in attenuating HBOC-mediated pulmonary
hypertension.

5.7. Inhaled NO

Inhalation of gaseous NO has been reported to be effective in
the treatment of persistent pulmonary hypertension as this
mode of administration preferentially delivers NO to the
pulmonary circuit eliciting selective pulmonary vasodilation™"™.
To test whether inhalation of NO modulates the hypertensive
effects of HBOC, animals were subjected to breathe low
doses of NQJiNO, 5-80 ppmUObefore or during the HBOC
administration. In anesthetized pigs, pulmonary hypertension
elicited by 200 mg/kg 10% a0 crosslinked Hb was
counteracted by repeated low doses of inhaled NQJ5 ppm X
10min + 10 min rest + 10 ppm x 10min(*’ However, more
recent studies indicate that longer exposure and/or higher
dose of iINO may also have extra-pulmonary effect as NO is
known to form S-nitroso compounds with variety of proteins
under normal and pathologic conditions™ In anesthetized
dogs, continuous inhalation of 80 ppm NO prevented systemic
vasoconstriction elicited by cell-free plasma hemoglobir] as a
result of intravascular hemolysisOreleased by intravenous
water administration® However, Hb administration while
continuous breathing of NO caused high rate of plasma Hb
oxidation to methemoglobin which has much lower reactivity
with NO. Therefore, significant metHb formation in this study
might also have contributed to the absence of
vasoconstriction. Of note, metHb does not bind O, as well as
NO making it an ineffective oxygen carrier. Interestingly, in a
recent study with awake mice and lambs, pretreatment with
80 ppm iNO for 15 minutes or 200 ppm for 7 minutes
prevented acellular Hb or HBOC-201 mediated systemic
hypertension without significant increase in metHb levels®” If
validated, this mode of NO administration may be useful in
modulating HBOC-mediated pulmonary and systemic BP
elevation in patients undergoing scheduled surgical
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operations and elective ischemic rescue procedures. However,
in patients undergoing emergency surgeries or in severe
hypovolemic shock out of hospital, pretreatment with iNO
before HBOC administration may not be practical.
Nonetheless, inhalation of NO should be investigated further
for their safety and effectiveness in modulating HBOC-
mediated pulmonary and systemic BP elevation.

6. Issues in the use of nitrovasodilators, nitrites, and iNO/
nebulized nitrites with HBOC

Rodriguez, et al” recently proposed that the HBOC-mediated
hypertension/vasoconstriction can be modulated by co-
administration of HBOC with sodium nitrite based on the
theory that Hb also possesses nitrite reductase activity
thereby reducing nitrite into vasodilating NO as discussed
above. However, there are also problems with this approach.
First, because of very high affinity of NO to ferrous heme-
irorild 10'//M/sec the liberated NO will be captured
immediately by the deoxyHb limiting its availability to
smooth muscle cells where NO mediates vascular relaxation
via the GC-cGMP mediated mechanism. Second, nitrite is a
known Hb oxidant that could convert both erythrocytic and
acellular Hbs to non-oxygen carrying ferric metHb®* ™"
Acellular HBOCs in the plasma phase are particularly
susceptible to oxidation lacking anti-oxidant enzymes
normally present in red blood cells. If the extent of HBOC
oxidation is significant, the oxygen carrying capacity of the
infused HBOC will be proportionately reduced thus
potentially compromising its intended efficacy.

Of note, because organic nitrovasodilators, nitrites and iNO
are known oxidizers of Hb, metHb levels must carefully be
monitored. In patients who are highly hemodiluted with a
HBOC, a clinically significant level of plasma metHb/
metHBOC may lead to insufficient oxygen delivery to tissues.
If clinical signs of hypoxia are present, intravenous
administration of Hb reducing agent such as methylene blue
should be considered®”

In addition to the pharmacologic agents discussed above,
there are numerous other highly effective antihypertensive
agents that are potentially useful in preventing/attenuating
the HBOC-mediated BP elevation$] e.g., K*-channel openers,
hydralazine, pentoxyfylline and otherslJ However, they have
never been tested in the modulation of HBOC-mediated BP
elevation and need to be investigated. Some desired
characteristics of an ideal anti-hypertensive agent for use in
prevention or treatment of HBOC-induced BP elevation
include a rapid therapeutic action, low tendency to develop
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tolerance and a low HBOC oxidation potential, and a wide
margin of safety.

7. Conclusions

Most acellular Hb based HBOCs appear to cause
vasoconstriction and BP elevation. Although relatively rare,
HBOC-induced severe BP elevatioril SBP>180 mmHgDO
requires prompt intervention to minimize consequences
especially in patients who are diabetic, hypertensive or with
other serious underlying cardiovascular pathologies. The
mechanisml sCfor HBOC-mediated vasoconstriction and BP
elevation has not been fully elucidated. Regardless of
mechanisms, however, HBOC-mediated vasoconstriction and
BP elevation appears to be manageable by various
conventional and new pharmacologic agents including
nitrovasodilators, adrenergic receptor blockers, calcium
channel blockers, ACE inhibitors, PDE inhibitors and inhaled
NO gas. Whether and when to treat HBOC-mediated BP
elevation and the selection of appropriate anti-hypertensive
therapy may be debated but must be based on individual
patient's clinical condition, medical history, and underlying
pathology. In addition, because titration of HBOC-mediated
BP elevation could be very challenging in hemodynamically
unstable patients, pharmacologic anti-hypertensive treatment
should only be performed in settings where sophisticated
vital sign monitoring/resuscitation resources are available.
In conclusion, HBOC-mediated vasoactivity and hypertensive
response may be manageable by use of selected conventional
anti-hypertensive pharmacologic agents along with some new
emerging vasodilatory therapeutics. However, very little
information is available regarding safety and effectiveness of
these approaches. For the current leading HBOC products to
move forward through the regulatory approval, it would be
worthwhile to explore these approaches to prevent or
attenuate HBOC-induced adverse vasoactivities.
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Completely Synthetic Compounds That Bind Diatomic
Moleculesl] O,, CO, NOLI in Aqueous Solution
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Abstract

Although chemists succeeded in preparing synthetic hemoglobifd myoglobinOmodels that bind oxygerl O,in absolute organic
solvents more than 30 years ago, no successful example has been reported with binding O, in aqueous solution except for the
picket fence porphyrin embedded in liposomal membrane. In this paper, we describe novel synthetic hemoglobiril myoglobin
models that work in aqueous solutions at ambient temperatures. We synthesized three types of per-O-methylated 3 -cyclodextrin
dimers having pyridinél Py3CD and Py2CD0Oand imidazole linker&l ImCDOas the models of the globin protein. These dimers
formed very stable 1.1 inclusion complexes with a heme model] 510,15,20-tetraki8l 4-sulfonatophenylCporphinatolirofl 110
O Fe"TPPSL] in aqueous solutions. The resulting Py3CD-Fe"TPP$] hemoCD1L] Py2CD-Fe"TPP$] hemoCD2[) and ImCD-Fe"TPPS
O hemoCD30complexes reversibly bind O, as well as carbon monoxidél COLl The O,-affinitie§] P,,,”’Oand half-lifetimes] t,,,CJof the
O,adducts of hemoCD1-3 in phosphate buffer at pH 7.0 and 250 were determined: hemoCD1, P,,”* = 17 Torr, t,, = 30 h;
hemoCD2, P,,”* = 176 Torr, t,,, > 100 h; hemoCD3, P,,”* = 1.7 Torr, t,,, = 3 h. HemoCD2 also binds nitric oxidé] NOLin aqueous
solution, while hemoCD1 decomposes upon addition of NO. The molecular mechanic§] MMUcalculations of hemoCD1-3 suggest
that the encapsulation of the iron center of Fe"TPPS by the hydrophobic cages formed by two per-O-methylated B -cyclodextrin
units is quite effective for protecting the Fe"-O, center from the attack of the water molecule, leading to the formation of the
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stable O,-adduct in aqueous solution. Our hemoglobirid myoglobinOmodel system composed of porphinatoirofl I10and
cyclodextrin dimer is expected to be a powerful candidate of the completely synthetic blood substitute.

Keywords

Artificial oxygen carriers, Biomimetic chemistry, Cyclodextrin dimers, Hemoglobiril myoglobinOmodels, Porphinatoirol 110
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Table 1. O, and CO affinities and half-lifetimes in biological and model
systems in aqueous solutions at pH 7 and 250

systemO] PO TorrD O P,,cU TorrD O t,i1 hQO Oref
myoglobift sperm whale O 0.540 0.0290 1400 6,310
hemoglobifl human RO O  0.220 1.3x10*% >600 40
hemoglobifl human TO O 260 O 0 30
hemoCD10 170 1.5x10°0 300 5,320
hemoCD20 1760 1.6 x10% >1000 350
hemoCD3 1.70 1.6x10° 3 39
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Fig. 12. Energy-minimized structures of hemoCD1, hemoCD2, and
hemoCD3 obtained from the MM2 calculations using a
BioMedCAChe 6.0 software.
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Abstract

Hemoglobin vesicle§] HbVhave been developed as a cellular type of oxygen carrier, in which highly concentrated hemoglobin
0 HbOis encapsulated in a phospholipid bilayer membrane with polyethylene glycoll PEGL and the diameter of HbV can be
tailored to approximately 250 nm. Despite evidence for many types of effectiveness of HbV evaluation, including formulation test
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and pharmacological test, the pharmacokinetics of HbV have not been well characterized. Therefore, we examined the pre-
clinical pharmacokinetic studies of HbV. Using HbV in which the internal Hb was labeled with iodine-1251 *I-HbVUand cell-free
»1-Hb, it was found that encapsulation of Hb increased the half-life by 30 times, accompanied by a decreased distribution in both
the liver and kidney. The uptake clearances for the liver and spleen were decreased with increasing dose of HbV, and the half-
life of HbV was increased up to approximately 19 hours at a dose of 1400 mg Hb/kg. The pharmacokinetics of HbV components
O internal Hb and liposomal lipidOwere also investigated using **I-HbV and *H-Hb\M] liposomal cholesterol was radiolabeled with
tritium-30 *HIT Similar plasma concentration curves of *I-HbV were observed for *H-HbV, and time course for the plasma iron
concentration curve derived from HbV was consistent with the plasma concentration curves for both labeled-HbV. *I-HbV and
*H-HbV were mainly distributed to the liver and spleen. In an in vitro study, the specific uptake and degradation of HbV in
RAW 264.7 cells was observed, but this was not the case for parenchymal and endothelial cells. After degrading HbV in liver
and spleen, internal Hb disappeared from both the liver and spleen 5 days after injection, and the liposomal cholesterol
disappeared at about 14 days. Internal Hb was excreted into the urine and cholesterol into feces via biliary excretion. To
examine whether HbV induces the Accelerated Blood Clearancé] ABCOphenomenon in mice, at 7 days after the first injection of
non-labeled HbMI 0.1 or 1400 mg Hb/kgL] the mice received **I-HbMI 0.1 or 1400 mg Hb/kg At a dose of 0.1 mg Hb/kg, **I-HbV
was rapidly cleared from the circulation and uptake clearances in liver and spleen were significantly increased, and at this time,
IgM against HbV was produced. In contrast, at a dose of 1400 mg Hb/kg, the pharmacokinetics of HbV were negligibly affected
by repeated injection despite the production of IgM against HbV. This is due to the saturation of phagocytic processing by the
mononuclear phagocyte system. In addition, the recognition site was determined to be DSPE-PEG in HbV. Next, we investigated
the pharmacokinetics of single versus repeated administration of HbV during hemorrhagic shock. The half-life was shorter in
hemorrhagic shock rats as comparison with normal rats, but it returned to levels similar to those of normal rats after the second
HbV injection in hemorrhagic shock rat. Finally, the half-life of HbV in humans was estimated to be approximately 3-4 days
using an allometric equation. We could determine the detailed pharmacokinetics properties of HbV, and our results suggest that
HbV could be used as an oxygen carrier from the view point of pharmacokinetic studies.

Keywords
hemoglobin based oxygen carrier, pharmacokinetic, accelerated blood clearancé] ABCOphenomenon, anti-HbV IgM, hemorrhagic
shock, extrapolation
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Fig. 1. A, Time course for the plasma level of **I-Hl] open circleCand
»1-Hb\M closed circleOafter administration to mice. DAY mice
received a single injection of **I-Hb or **I-HbV from the tail vain
at a dose of 1 mg Hb/kg. Blood was collected from the inferior
vena cava under ether anesthesia, and a plasma sample was
obtained. Each point represents the mean+ SO n=3-60] B, Tissue
distributions of **I-Hi] open barCand **I-Hb\] filled barCat 3 min
after administration to mice. DAY mice received a single injection
of **I-Hb or **I-HbV from the tail vain at a dose of 1 mg/kg. At 3
min after injection, each organ was collected. Each bar represents
the mean+ SO n=3-60]"p<0.05,""p<0.01 and """ p<0.001 vs *I-Hb.

PI-HbO O *I-HbVO O mg Hb/kgO ddYO O OO QOO OO
000000000000 Fig 1ADOOO®™-HbOOOOO
O000D0000000o0OOoooooOo®-HbvOOOOoOO
ooooobt,0000300000000gggt, 31+ 10,
0.1+ 0.1 hr, p<0.01, for *I-HbV and **I-Hb, respectively(1] O
Ooooo*-HbvODOOOOO-000000O00O0AUCOO
¥lHbOOOODOODODOOOODOOODOOOOOOOOCLO
O00000000AUC, 294+ 9.2, 7.9+ 3.9 hr”0 of
dose/mL, p<0.001 and CL; 34+ 0.1 mL/hr, 127+ 21 mL/hr,
p<0.001, for *I-HbV and *I-Hb, respectively(D OO 000 O
0000000000000 Fig. 1BO OO0 *I-HbVO *I-Hb

171



gobooobooooooooboooboboooooooboobooooboo
O0*1-HbO0 000000000000 00000000D0O0
oobooocoooocono
O0000O0O000OO0o000oO0oO00ooOooo00O00dHbOO
goboobooooooboobobooooooobooboooboo
OO0dWbOOOOOOOOOOOOOOOOOOOOOODOO
OHbvOOOOOOOOOOOOOOOOOOODOOODO
gboooobooboooboboobooooocooboon MPS
o00o0o0ooooO0ooooooodHbvOoOOoooooO
goboooboooooooobooobobooooooobooOoooo
gobooooooboooboooon

O0OHoVvOOOOooooooooooog™

0000000 *-HbvOOOOOOOOODODODOOOO
000DbO00O0O100200 mgHb/kg DO OODOOOOOOO
0001400 mg Ho/kgOD O OO ODOOOOOFIg. 200000
000000oooooooooooOoUooooooopooooo
ooooooouooot,d 1400 mg Hh/kgD OOODODOOOO
g1ooooooooot, 31+ 31, 36+ 1.3, 7.2+ 3.1 and
18.8+ 1.3 hr at doses of 1, 10, 200 and 1400 mg Hb/kg,
respectively(D 00000000000 DO0ODOOODOOOO
goobooooooobobooooodt, 88+ 07, 115+
0.3 and 306+ 4.0 hr at doses of 10, 200 and 1400 mg Hb/kg,
respectivelyT]

100

10

% of dose

0.1 1 1 1
0 6 12 18 24

Time (hr)

Fig. 2. Dose-dependent plasma concentration curve of **I-HbV after
administration of **I-HbV in mice. All mice received a single
injection of *I-HbV at a dose of I closed squarel] 1@ open
squarel] 20@ closed circledand 1400mg Hb/kd] open circled
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parameter was calculated by MULTI using a two-compartment
model. Each point represents the mean+ SO n=3-60
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Table 1. Dose-dependent uptake clearance of HbV in liver, spleen, kidney, lung
and heart after **I-HbV administration in mice
All mice received a single injection of **I-HbMI 1, 10, 200 and
1400 mg Hb /kgOcontaining 50 rHSA. The uptake clearance
for each organ was calculated by integration plot analysis at
designated times from 1 min to 30 min after injection.

CLyaie (UL/MY)

dose (mg/kg) liver spleen kidney lung heart
1 2608+654 1018+188 19+9.4 3.5+0.9 0.14+0.06
10 1473+440 786194 18+8.1 2.5+0.2 0.38+£0.09
200 452+114 102+36 25+9.2 1.3+0.2 0.06+0.02
1400 256+37 51+6.1 27+£94 0.6+0.2 0.14+0.06

The values are mean = S.D. (n=3-6).

ooboooooobobooooooobooooooooooon
O0o00000oDO0o00oDoO0o0obOo0onooon0dRAW 2647
o00O00O0OdHbvOOOOOODOOODOOOOOOODOO
0000000000000 0DO0OOO00OOO®I-HbvOO
oobo0o00ooo0o0oo0o0O0ODOORAW 264700000
OO0oO0*™-HbVODOOOODOODDOOOOODOOOODOO
OODRAW 2647 000000 *™I-HbVOODOOODOODOODOO
gobooobooooooooboooboboooooooboooooboa
gobooboooooooobooboboooooobooooo
gboobOoooooooooobooboobooMpPsObOOOO
ooooo0o*WooUOoooouoooooooooooooo
obooooboooooooboooboboooooooooobooog
00000000000000n0cbi4, Cose, Chs1/61000
0000000000000 0DO0DO0DDO0ODODDO®*00O0
oboboooooobOooobooooboooboooboobooobooo
RAW 264700000 HVOOOOOOOOOOODOOO
o0000O0OdHbvOOOOOODOOODOOOOOOODOO
gobooobooooooooboooboboooooooboooooboo
goboooooooooboooobo

O0OHoVvOOOOooooooono™
00000000000 0000000000000000
0000000000000 000000000000000
0000000000000000000000000000
OHbvVvOOOOOOODOHDODODOOOODODOOODODOOO®0
0000000000000 000000000000000
00000000000000*00000HbVOOO HbO
0000000000000 00000000000*100
000000000000 HovO ®I-HbvO O *H-HbvO O
000000000000 1400 mg Hb/kgD ddYDO OO OO
SDOO0000000HPVODOOODOODOOOOO0O0D0O0O0O0
0ooooooo

ddvyO OO oO*1-HbvO DO OOH-HbVO OO OO OO0 *I-
HbvOO®H-HbVO OO ODOODOOOOOOO0OOO0OD0O0OO0O0OO
0000000000000000000000000000

ARTIFICIAL BLOOD Vol. 17, No.4, 2009

dddddddddddddHbhOOOOODOOOOOOOad
000000000000000%I-HbvOO *H-HbVOODO
000o0oooOooOooO00oOoooodbvOOOODOOOO
dododooooooooooboobobooboooooooooa
goooooooood

O0O0O0®1-HbvOOH-HbVO O OOHbVOOOOODOOO
dodoooooooooooooobooboooooooooo
cooboooobooooooo0 XL d 00000000
BI.Hpv O O *H-HbvVO O 0 O O O O Liver, 256+ 37, 301+ 41
Spleen; 51+ 6, 43+ 12y L/hr, for **I-HbV and *H-HbV,
respectively(lD HbVO OO DO DODOOODOOOOOOOOO
gbododooooboooboooobooooooboooooao
00000000000000000%I-HbvOO *H-HbVO
000000000000 O000o0O0*®-HbvOOOoOOoOoono
0000000000000 0000O0%-HbvOOOOOO
01400000000000000000000OdHLVO OO
0odoopoooobOoOooOodbOODODOOOOOOOOOd
dddooooooooooooooon

000 ®I-HbvOO *H-HbVO O OO OOODOOODOO0OO0O0OO
PlLHbVO O OOODOOD0OOOO0OO0840 O0OO0OO0OO0OO0
0doo0doooooobooooboooooooooooon
‘H-HbVO 700 00000000 OOODOOOOOOOOO
00*HOOOOODOOO0O0000O000O00000o0ooon
0do0o000ooo0obbooooooobbooobobooosbd
000 *®I1-HbvVO O *H-HbV O 1400 mg Hb/kgOD OO OO0 OO
gofdooobooooboooboooooboooobog

Mice and Rats
Outside cholesterol labeled with *H
O OO0 0000000

Intact HbV in circulation

Inside Hb labeled with 25| ‘

| I
- Eliminate

‘ ' | into feces
|

~ Hb decomposition
product

Eliminate into urine

Fig. 4. Representation of a sequence of HbV disposition, metabolism and
excretion from pharmacokinetic examinations using *’I-HbV and
*H-HbV.

173



OO00O00000O0OdHbvVvOODOOOOOOOOOOOO
goboooboooooooobooooboboooooooboooooboo
goooMpsObOOOOOOOOOOCOOOOOOOOOCOO
HovOOOOOOOHWHbOODOOOOOOOOOOOODOOO
gobooobobooooooobobooboboooooooboobooooboo
gobooobodoooooooobobooooooooooog
uobooobooooooooOooooboboOobooooobooooboo
0000000000000 0000000000A0 Fig. 40
O00O000oO0O0OHbVOOOOOODODO 1400 mg Hb/Kg
boboboooooooooboooobooboooooooo
oOoooocoO0OdbOOOOOCOOOOOOODOOOOO
o0o00o0oooooOdbvOOOOODOODOOOOODOO
o0000O0000000000000000D0C000 HbO
uobooobooooooooboooboboOoooOoooboboOoooo
oooooco0ooOooOoOooodHbOOOOOODOOOODOO
goboobobooooooobooobobooooooobobooooo
gobooooooooo

O0OHbVO OO ABCOOOOO
HbvOOOOOUOOOOOOUOOOUOOOoOooooooo
o000o0oU00oooUo0oooUooooUoooooDooooDO
gooooboooooogoPeEGODUOODOOODOOO
Jdodo00O0oO0OoPEGODOOODDOOCLOODODDODOOOO
000000000000 000ABCOOOOOOOOOOYO
00o000oooooooooooooUooooooooooon
gooooboooobooobboooboboooboooon
OodoPEGOOOOOOOOOOODOOOHBVODOOCOO
ABCOUOUOODOUOODOOOOOUOOOUOUOOOO
0000000 dHbVODOOODOOODPEGODOODOOODO
O00ABCOODOOODODODODDODOODOODDODODODOOL
mg Hb/kgD OO HbvOOOOOOOOOOOOOO 1400 mg
Hb/kgD O OO OOO0O0OO0OO0OOO00000O0OooooooO
Pl-HbVOOOOO0OO0OO0OO0OO0OO0O0O0O0O001 mg Hb/kgD OO OO
00000000 ®I-HbVOODODODODDOODODDODO0OO0OO0O0O0
ooocLOUOOUOUOOoOoOoDABCOOOOOOOOOODO
0 Fig. 5A0CL; 3.69+ 04 and 223+ 8.1 mL/hr, p<0.001, for
the first and second injections, respectively(lD 0000000
01400 mg Hb/kgD OO OO OOODOOOO*™I-HbVO OO CL
00000000 O0U0ABCOOOOODOOOOOOOFig. 5BO
0OCL; 012+ 0.04 and 0.14+ 0.05 mL/hr, not significantly, for
the first and second injections, respectively
ABCOUODOUODOUODOOUOODUDOUODOUODOODO
ddooooooooUooooooooguoo®ooooo
oo0o0ooD720000000000D00O0DOOOOODOO0.1
mg Hb/kgD O OO OOO00OO0O0OO0O0O0oooooooood
100 000000 O0O0ODOU0OOUOOU0DOoDoDOOoOooOoO
500 DO0OOO0OO0OOOOO0OOODO0O0O0CLeeOOOO
O00D00000OCLytake ; 35+ 0.4 and 29.6+ 18 mL/hr,
p<0.01, for the first and the second injection, respectivelyT]

174

0000000000 1400 mg Hb/kgD O 0 O O Clypake 0 O
0000000000000 0O0o0bOo0000.1 mg Hb/kgO
000000000000 D000000O0CLyptake ; 0.26%
0.04 and 0.37% 0.03 mL/hr, p<0.05, for the first and the
second injection, respectivelyT]
oopooUopDooooooABCOOOOOOOODOOOO
oo0oooooUooooOoOolIgMOOOoOOooOoOoooo
PEGODUODOOODOODOODOODOOOODDOODDOOODOO
dooooooooooooboobobobobobobooooooog
00000000000000000000*00000HbV

-O first
-@ second

-O- first
-@ second

6 12 18 24
Time (hr)

N
»
o

0 6 12 18
Time (hr)

o
w)

N
N

[] 0.1mg Hb/kg
| [l 1400mg Hb/kg

-
(5]
"
-
(5]

b
)
o
2]

Absorbance at 490 nm
—
Absorbance at 490 nm
-

o
o

DPPC CHO DHSG PEG

saline 0.1 1400
HbV

Fig. 5. Plasma concentration curve of *I-HbV after the first injection
O open circledor the second injectiori] closed circleCof *I-HbV to
mice at a dose of 0.1 mg Hb/kd] Alor 1400 mg Hb/kd] BL]l Male
ddY mice received a single injection of a non-labeled HbV
suspension or *I-HbV to the tail vein at a dose of 0.1 or 1400 mg
Hb/kg. Seven days after the first injection of the non-labeled HbV
suspension, the same ddY mice received the **I-HbV suspension
to the tail vein. Blood was collected from the inferior vena cava
under ether anesthesia, and plasma was obtained. Each point
represents the mean+ SDOJ n=3-6] C, Determination of IgM
against HbV after a single intravenous injection of salinél gray
barsC) HbV at a dose of 0.1 mg Hb/kd] open barsCor 1400 mg
Hb/kd] closed barslin mice. D, Determination of the specific
recognition site of IgM against HbV after a single intravenous
injection of HbV at a dose of 0.1 mg Hb/kd] open barsCor 1400
mg Hb/kd] closed barsllin mice. DAY mice were injected with
saline or Hb\MJ 0.1 or 1400 mg Hb/kg(ito the tail vein. At 7 day
after injection of saline or HbV, blood was collected from the
inferior vena cava, and plasma was obtained. IgM against HbV
and each lipid component were detected with ELISA. Each bar
represents the mean+ SDJ n=4]

0000 Vol 17, No.4, 2009



0000001 mg Hb/kgD O OO OO0 0O 1400 mg Hb/kgO
O00O0OO0OD0OHbV IgMOOOODODOOOOOOODOOOOO
000000 ABCODOOOOODOUOODOOOODOOIL400
mg Hb/kgD OO OOOOOOHbV IgMOOOOODOOOO
OFig. 5CO 00000 HbY IgMOOOOO0ODOOOOOOO
HovOOOOOOOOOODOOOOOOO0OO0O1,2-distearoyl-
sn-glycero-3-phosphatidylethanolamine-N-PEGO DSPE-PEGO
000000000000 0000000Fig. 500000
OlshidaOOPEGOOODODOOOODODOOOOOOOOOO
00700000000001400 mg Hbo/kgD OO O OO OO
HbV IgMOOO0OOCOOO00O0OODOOOOOOABCOOOOO
oo0ooooooooooooooooodbvOOoOoooo
o0o0oo0oooooooooooooooooooooo
HbvOOOUODODOODOOOOODOUODODOODOOOoOoOoO
ooogoo®o

000000000000 000o0DOdnadd 1400 mg Ho/kgd
O000oooopooooooABCOODOOOOOODODOOO
0o0o00ooooooooooooooooooooDooooo
oo obobobo
oooooooooooooooo

5 0000000000000 0ooooOdHVvOOQOaQoad
DDZBJ
0000000000000 000d Amphotericin BO O

odoooooooooooooooooooooooooo

oooooooooo®*™™o0oooo0ooooooooonog

O00OdHbVOOOODODODODDODODODODODOOODOoOoooOO

odoDoooDoooooUooDoooooooooooooog

000400 ODOODO0ODO0OO0ODODOOOO0OODOODOOODOOOO

JdoO0OdHbVOOOOODODODOODOOO
O00000000000000000000 *®I-HbvO 1400

mg Hb/kgOD OO O ODOO0OO0OO0O0O0O000O0O000O0OOO0O0

godobooooooboobouooooooboooooo

0000000000000 0Fig. 6000000 0onooog

00o0Do0Do00oooUDoOooooooooooooog

jododddododdo t,,002/3000000306+ 4.0 and
18.1+ 3.7 hr, p<0.01, for normal and hemorrhagic shock,

respectivelyld 0000 000OCLOODOODOODOO047+ 0.04

and 0.80+ 0.08 mL/hr, p<0.01, for normal and hemorrhagic

shock, respectively0 000000000000 OOOOOO

godobO0ooooooboobouooooooboooooo

odoDoooDoooooUooDoooooooooov,oood
godobooboooboboobuoobuooobooboooo

0000000000000k /k, 0000000000060

000000000000 0D00D0000120000000

00o0ooooooooV,0k/k, 000000000000

godoboobooooboobouooooooboooooo

00000000 dHbVODOODODOOOODODODOOODOOO

00oo0oDoO00oooUuDooooooooooooooog

ARTIFICIAL BLOOD Vol. 17, No.4, 2009

gooooooooooboobbobbbbbbobooooa
Jo0boooooboooooooooooboooooo
HbvOOOOOOOOODOUODOOOOOOOOoOoOOoDO
oo000000o0oooo*-HeVvOOOOOoooooooo
goodoooooooobbobbobbbbobooooooo
oooooooooooooooooooooooooooo
gooooOoooopooooo

0000000 DoD0o0ooooooooOoOodHbvOOOooOO
00000000 o0o0ooDo0ooooooooogoHbvO
o0ooooooooooooooooooooooooooo
000oo0oooooooooooooooooooooo
0o0o000oooooooOodHbvOOOOOODOOOODOOO
O0oOooooooooooooooooooooDooooO

O0000oo0U00ooo0oDoooUooooOdWboOoOoOoO
gooooooooobobbbbbbbbobobooooog
000000 O0OdHbVOOODODOOOODOOODODODOOO
gooooooooooooooooooooooooooo
O000000o0o0oooUOOoooooooABCOOOODO
gooooooooooboobbbbbbbbobooooo
OOHbvOOOOOOOOOOOOOOOOoOooOoO

000000000 O00DoU0OoO0OOnO HbvO 1400 mg Hb/kg
0000000Uuooooooo *1-Hbvd 1400 mg Hb/kgO
Jdoodoooooooooobbobbobbbbobooooog
o0ooooooooooooooooooooooooooo
00000000 OFg 6O0OO0OODOODODODDOODODO
goooooooooooobbobbbbbbobooood
ocooooooooooot, 000000000018l 37
and 324+ 1.1 hr, p<0.01, for one-injection group and two-
injection group, respectively(D 0000000000000
goooooooooooobbobbbobbbooboooogd

10

10

—@- Normal rats
—O~ One-injection rats
—O— Two-injection rats

o

Plasma concentration
(% of post-injection dose)

0 24 48 72
Time (hr)
Fig. 6. Relative plasma concentration of *I-HbV after administration of
1400 mg Hb/kg via injection of normal, one-injection group or

two-injection rats. Each point represents the mean+ SDJ n=5[
"< 0.05 or ""<0.01 vs. normal rats.

175



oboooooooooooooooboooboooooooag
gobooooboooooooboobobooooooobooooboo
oboooooooooocooboocOooooboboooooooa
goboooboooooooooooboooboooooooooo
obobooobooooboobobooo1200000000
gobodooboooobizobobooooodooooooooag
uoboooobooboooooooOooobobooooooobooOoooboo
00000000000 00000DO0oO000OUoOoo®™i-Hov
oobooooooooooooobooboooboooooooo
gboboboobooboooooboooooooooooboooooa
000000o00OO0C00000000 HbvO 1400 mg Hb/kg
O000Do0oO00oooo0OHbY IgMOOOOOOOOO
gobooooooooooobooon
oooooobOoocoooooooobocboooooooao
HovOOOOOOOOOOOOOOOOHbY IgMOOOOO
ObABCOOODOODOOODOOODOODOOODDOODO
goboooboooooooobooobobooooooobooOoooo
goboooboooooooobooooboboooooooboooooboo
goboooboooooooboooboboooooooboobooooboo
o0o0o00O0O00O000000000000dHvOODO
gboooOoooooocoocoMPSOOOOOOOODOODOO
O0OdHbvVOODOOOOOOOODOOODOOOOOOOOOO
goooooooooooboooooo

6 JO0OoOooooooogog?®
HovOOOOODODODOOOOOOOOOoOOOHbVOOOO
000o000Do00oouooooooooooooooog
odoDoooDoo0oooUoDooooDooooooooooog
00 Soud OO0 *Te-HMPAOO O HhVO OO OOOOOO
OO0dHbVOOOOODO®O00000000000000P =
o O WP P; pharmacokinetic parameters, W; body weighta;
coefficient, B; exponentO D OO OO0 O OO HbVDO 1400
mgHb/kgD OO0 OO0 OHbBVOOODODOOODOODO
O Fig. 710
O000o0ooooDpDOoooooooesnnonDoooono
goodobooboooboboobuoobooooboooooo
go0000000obOboooOoOo3ssonoooooooon
00oooooosed0dD0oooooooooooonog
oooo0oooooooooDoDoooo-0o0o0oo0ooog
ooodo00oo0oo0o0oooooOooooooo®*®™moOoong
godobo0oobooooboobuooooooboooooo
HovOOOOOoOOoOO-000oooooooooog

gooo
cobodooooobbooooooooOooooooogo
oboboboobOoooooocoocoocooboooooooooo
obooboobobDADMEOODOODODODOODODOODOO
oboo0ooooooobooooooozo00800JAMAODO
gboooocoooodBOCsOOOOOOoOOoOoOoOoOoOoOO

176

100 |

human 2

human

-
o

CL (mL/hr)

Body Weight (kg)

Fig. 7. Allometric relationships between body weight and body weight
and clearancél] CLO The linear regression of the logarithmic

0.764

values was calculated using the least-squares method] y=1.466x"",
r’=0.9840 The extrapolated human values based on a body weight
of 70 kdl open circleTare also shown. *Data from reference for
Rabbit, and we calculated the human CL using k., which is from
Sou et al.™ and our estimated V,.

00000000000000%0PFCOO0OOOOOOOO
0000000000000 O0ODO0OOODOUOOO*O0OD
coboooobooobooooooobboOobooOoooOoooDo
ooooboooooboooooooooobboboOooboooooon
OO00ooO0ODOO0O00O00000000OC00ODOO0O00O0HbVDO
coboooobooobooOooooobOboOobOoOoOooOoOooDn
OooOooOoOodBOCsOOOOOOHPVOOOOOOODODO
oooooooooooobobooooooo

agood

0. Keipert PE. Use of Oxygent, a perfluorochemical-based
oxygen carrier, as an alternative to intraoperative blood
transfusion. Artif Cells Blood Substit Immobil Biotechnol
1995; 23: 381-394.

O . Winslow RM. Targeted O, delivery by low-Ps, hemoglobin:
a new basis for hemoglobin-based oxygen carriers. Artif
Cells Blood Substit Immobil Biotechnol 2005; 33: 1-12.

O. Teramura Y, Kanazawa H, Sakai H, Takeoka S, Tsuchida
E, Prolonged oxygen-carrying ability of hemoglobin
vesicles by coencapsulation of catalase in vivo. Bioconjug
Chem 2003; 14: 1171-1176.

0. Sakai H, Cabrales P, Tsai AG, Tsuchida E, Intaglietta M,
Oxygen release from low and normal P, Hb vesicles in
transiently occluded arterioles of the hamster window
model. Am J Physiol Heart Circ Physiol 2005; 288: H2897-
2903.

0. Sakai H, Takeoka S, Park Sl, Kose T, Nishide H, Izumi Y,

0000 Vol 17, No.4, 2009



10.

11.

12.

13.

14.

15.

Yoshizu A, Kobayashi K, Tsuchida E, Surface modification
of hemoglobin vesicles with polyl ethylene glycolCand
effects on aggregation, viscosity, and blood flow during
900 exchange transfusion in anesthetized rats. Bioconjug
Chem 1997; 8: 23-30.

. Sakai H, Tomiyama KI, Sou K, Takeoka S, Tsuchida E,

Poly] ethylene glycoldconjugation and deoxygenation
enable long-term preservation of hemoglobin-vesicles as
oxygen carriers in a liquid state. Bioconjug Chem 1
2000; 1: 425-432.

. Abe H, lkebuchi K, Hirayama J, Fujihara M, Takeoka S,

Sakai H, Tsuchida E, lkeda, H. Virus inactivation in
hemoglobin solution by heat treatment. Artif Cells Blood
Substit Immobil Biotechnol 2001; 29: 381-388.

.Huang Y, Takeoka S, Sakai H, Abe H, Hirayama J,

Ikebuchi K, lkeda H, Tsuchida E. Complete deoxygenation
from a hemoglobin solution by an electrochemical method
and heat treatment for virus inactivation. Biotechnol Prog
2002; 18: 101-107.

. lzumi Y, Sakai H, Kose T, Hamada K, Takeoka S, Yoshizu

A, Horinouchi H, Kato R, Nishide H, Tsuchida E,
Kobayashi K. Evaluation of the capabilities of a hemoglobin
vesicle as an artificial oxygen carrier in a rat exchange
transfusion model. ASAIO J 1997, 43: 289-297.

Sakai H, Masada Y, Horinouchi H, Yamamoto M, lkeda E,
Takeoka S, Kobayashi K, Tsuchida E. Hemoglobin-vesicles
suspended in recombinant human serum albumin for
resuscitation from hemorrhagic shock in anesthetized rats.
Crit Care Med 2004; 32: 539-545.

Sakai H, Seishi Y, Obata Y, Takeoka S, Horinouichi H,
Tsuchida E, Kobayashi K, Fluid resuscitation with
artificial oxygen carriers in hemorrhaged rats: profiles of
hemoglobin-vesicle degradation and hematopoiesis for 14
days. Shock 2009; 31: 192-200.

Natanson C, Kern SJ, Lurie P, Banks SM, Wolfe SM, Cell-
free hemoglobin-based blood substitutes and risk of
myocardial infarction and death: a meta-analysis. JAMA
2008; 299: 2304-2312.

Kennedy, T. Managing the drug discovery/development
interface. Drug Discovery Today 1997; 2: 436-444.

Nose Y, Is there a role for blood substitutes in civilian
medicine: a drug for emergency shock cases? Artif
Organs 2004; 28: 807-812.

Walsh TJ, Yeldandi V, McEvoy M, Gonzalez C, Chanock S,
Freifeld A, Seibel NI, Whitcomb PO, Jarosinski P, Boswell
G, Bekersky I, Alak A, Buell D, Barret J, Wilson W. Safety,
tolerance, and pharmacokinetics of a small unilamellar
liposomal formulation of amphotericin Bl AmBisomelin
neutropenic patients. Antimicrob Agents Chemother

ARTIFICIAL BLOOD Vol. 17, No.4, 2009

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27

1998; 42: 2391-2398.

Bekersky |, Fielding RM, Dressler DE, Kline S, Buell DN,
Walsh TJ. Pharmacokinetics, excretion, and mass balance
of *C after administration of *C-cholesterol-labeled
AmBisome to healthy volunteers. J Clin Pharmacol
2001; 41: 963-971.

Ishida T, Harada M, Wang XY, Ichihara M, Irimura K,
Kiwada H. Accelerated blood clearance of PEGylated
liposomes following preceding liposome injection: effects of
lipid dose and PEG surface-density and chain length of the
first-dose liposomes. J Control Release 2005; 105: 305-317.
Taguchi K, Urata Y, Anraku M, Maruyama T, Watanabe
H, Sakai H, Horinouchi H, Kobayashi K, Tsuchida E, Kai T,
Otagiri M, Pharmacokinetic study of enclosed hemoglobin
and outer lipid component after the administration of
hemoglobin vesicles as an artificial oxygen carrier. Drug
Metab Dispos 2009; 37: 1456-1463.

Kristiansen M, Graversen JH, Jacobsen C, Sonne O,
Hoffman HJ, Law SK, Moestrup SK. Identification of the
haemoglobin scavenger receptor. Nature 2001; 409: 198-201.
Kiwada H, Matsuo H, Harashima H. ldentification of
proteins mediating clearance of liposomes using a liver
perfusion system. Adv Drug Deliv Rev 1998; 32; 61-79.
Shibuya-Fujiwara N, Hirayama F, Ogata Y, lkeda H,
Ikebuchi, K.Phagocytosis in vitro of polyethylene glycol-
modified liposome-encapsulated hemoglobin by human
peripheral blood monocytes plus macrophages through
scavenger receptors. Life Sci 2001; 70: 291-300.

Balla J, Vercellotti GM, Jeney V, Yachie A, Varga Z, Eaton
JW Balla, G. Heme, heme oxygenase and ferritin in
vascular endothelial cell injury. Mol Nutr Food Res
2005; 49: 1030-1043.

Groneand EF, Grone HJ. Does hyperlipidemia injure the
kidney? Nat Clin Pract Nephrol 2008; 4. 424-425.

Taguchi K, Urata Y, Anraku M, Watanabe H, Kadowaki
D, Sakai H, Horinouchi H, Kobayashi K, Tsuchida E,
Maruyama T, Otagiri, M. Hemoglobin vesicles, PEGylated
liposomes developed as a red blood substitute, do not
induce the accelerated blood clearance phenomenon in
mice. Drug Metab Dispos 2009; 37: 2197-2203.

Ishida T, Ichikawa T, Ichihara M, Sadzuka Y, Kiwada H,
Effect of the physicochemical properties of initially
injected liposomes on the clearance of subsequently
injected PEGylated liposomes in mice. J Control Release.
2004; 95: 403-412.

Ishida T, Kiwada H.O Accelerated blood clearancé]l ABCO
phenomenon induced by administration of PEGylated
liposomel Yakugaku Zasshi 2008; 128: 233-243.

.Ishida T, Ichihara M, Wang X, Yamamoto K, Kimura J,

177



Majima E, Kiwada H. Injection of PEGylated liposomes in
rats elicits PEG-specific IgM, which is responsible for
rapid elimination of a second dose of PEGylated liposomes.
J Control Release 2006; 112: 15-25.

28. Taguchi K, Maruyama T, Iwao Y, Sakai H, Kobayashi K,
Horinouchi H, Tsuchida E, Kai T, Otagiri M,
Pharmacokinetics of single and repeated injection of
hemoglobin-vesicles in hemorrhagic shock rat model. J

178

Control Release 2009; 136: 232-239.

29. Sou K, Klipper R, Goins B, Tsuchida E, Phillips WT.
Circulation kinetics and organ distribution of Hb-vesicles
developed as a red blood cell substitute. J Pharmacol Exp
Ther 2005; 312; 702-709.

30. Gabizon A, Shmeeda H, Barenholz Y. Pharmacokinetics of
pegylated liposomal Doxorubicin: review of animal and
human studies. Clin Pharmacokinet 2003; 42: 419-436.

0000 Vol 17, No.4, 2009



gogooo

Ooobooboobooboboobooboobod

Application of Liposome-encapsulated Hemoglobin to
Myocardial Perfusion

go gg
Takeshi Matsumoto

oooOd

gooooooOooooooOoOoOooooU0U0OooOooOo0UooDOooU0OOCoO0U00OODOO00O0DODOOODOD
godd0ooOooO0U00ooooO0U0OooooO0U0OoOoOooLEHOODDOOOO0O0OOOOOUO0ODODOOOOOoDoOOOOoO
0oO0d00o0o0O00o0o0ooO0bO0oU0O00bOO0U0O0U0ODLEHODOLLEHODOOD7O 1800000000 DOO0OOODO
goooooooooOoOoooooooOooooooogoooooooooooDoooOooOovoooooooOooo
goooOopoooUdOooooOoUoOooooUdUoOoooO0UU0oDOoOodUoOOoOU0U0ODOO0DO0DOODOUOUODOOOO
0000000000000 0O0 Fahraeus-Lindgvist O 0 Fahraeus0 0 0 0 O O phase separation0 00 00 00O 0O LEH
0000000000000 000oo0o00o0oo000DoO00000oo000DoO0000oDoOooooDoOoDOn
go00o0o00OoUOOooO00ooO0O0oOo0oU0oOOoUdD0LEHODODOOODOOOOOOOOOODOOUODODDODOOOODOOO
oooooo

Abstract

Regional myocardial blood flows match the oxygen demands in the corresponding regions, which are not spatially uniform.
Thus, myocardial blood flow distribution is heterogeneous and its alteration will be involved in the occurrence of myocardial
microinfarction. The effect of liposome-encapsulated hemoglobiril LEHOtransfusion on regional myocardial perfusion was
evaluated by in vivo and cross-circulated rat heart experiments. Myocardial flow distribution in the left ventricular free wall
measured by tracer digital radiography was lowered when half the amount of blood was replaced with LEH solutiori] 170 180
v/vl Coronary and carotid flows increased by 700, which is likely to be explained by the reduction of apparent flow viscosity.
Arterial pressure, left ventricular developed pressure, and heart rate remained unchanged and coronary tone was fairly
preserved. In addition, a mathematical model based on the coronary arterial anatomy, including the Fahraeus-Lindgvist,
Fahraeus, and phase separation effects, showed that the LEH transfusion may compensate for an enhanced bias in erythrocyte-
associated O, flux under hemodilution and is expected to be beneficial for maintaining local O, deliveries.

Keywords
liposome-encapsulated hemoglobin, regional myocardial perfusion, spatial heterogeneity, tracer digital radiography,
blood rheology, local oxygen delivery, mathematical model
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Fig. 1. Anatomical and functional units of myocardial perfusion. Top,
arteriolar and venular microvasular beds; bottom, NADH
fluorescence pattern appeared on the left ventricular surface
under hypoxic perfusion.
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Fig. 2. Top: myocardial flow images of control and NRC-transfused in
vivo hearts resolved into 64x 64 pixels of 100x 100u m’, shaded
proportionately with flows normalized by respective means.
Bottom: the coefficient of variations of flow$] C\J mean+ SD[TI
within outer and inner layers in control and LEH-transfused
hearts. " p<0.05 vs. control.
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Fig. 4. Facilitated tissue oxygenation by liposome-encapsulated
hemoglobin flowing through a small vessel branching off a large
parent vessel.
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Fig. 5. Coronary arterial tree models originating from the vessel of order
8 down to vessels of order 1, constructed on the basis of
anatomical statistics. Regional flows and O, fluxes were resampled
by aggregating original nearby regions. Branching angles were
not addressed in this study.
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