Drug Metabolism Keviews pownloaded rom 1niormanealincare.com by K10 UNIVErsity on ud/1d/14
For personal use only.

Drug Metabolism Reviews, 2011; 43(3): 362-373
© 2011 Informa Healthcare USA, Inc.

ISSN 0360-2532 print/ISSN 1097-9883 online
DOI: 10.3109/03602532.2011.558094

informa

healthcare
REVIEW ARTICLE

Pharmacokinetic properties of hemoglobin vesicles as a
substitute for red blood cells

Kazuaki Taguchi', Toru Maruyama'?, and Masaki Otagiri'®

Department of Biopharmaceutics, Kumamoto University, Kumamoto, Japan, *Center for Clinical Pharmaceutical
Sciences, Graduate School of Pharmaceutical Sciences, Kumamoto University, Kumamoto, ]apan, and *Faculty of
Pharmaceutical Sciences, Sojo University, Kumamoto, Japan

Abstract
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(Figure 1). Despite the many efforts to develop artificial
oxygen carriers during the past several decades, some of
them were, unfortunately, rejected for use as the result
of preclinical and clinical trials. It is noteworthy that
perfluorocarbon-based oxygen carriers and acellular-
type HBOCs were excluded as possible candidates for
artificial oxygen carriers, even though they proceeded to
the stage of clinical trials.

One of the reasons that induced these adverse effects
was due to the insufficient characterization of pharma-

‘Inmodern medical care; ther
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flicts could be difficult, because the lifetime of donated
RBCs is limited to a short period. Further, a decrease in

donors and an increase in recipients in some developed
countries is also a problem. To overcome these prob-
lems, various artificial oxygen carriers have been under
development worldwide. They can be divided into three

cokinetics of these artificial oxygen carriers under various
situations. The desirable features of artificial oxygen car-
riers as a substitute for RBCs is not only a long retention
in the circulation to sustain its pharmacological effects,

but also no bioaccumulation, which could lead to adverse
effects. Unlike other drugs, because the dosage volume of

major classes of materials, as follows: perfluorocarbon-
based oxygen carriers, acellular-type, hemoglobin-based
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Figure 1. Schematic representation of perfluorocarbon-based
oxygen carriers, acellular-type hemoglobin-based oxygen carriers
(HBOCs), and cellular-type HBOCs (HbV). In the case of HbV, the
surface is modified with polyethylene glycol (PEG) chains, and one
HbV particle contains approximately 30,000 human Hb molecules
obtained from outdated donated blood. The encapsulated Hb
contains pyridoxal 5’-phosphate as an allosteric effector to
regulate P, to 25-28 torr. The lipid bilayer was comprised of a
mixture of DPPC, cholesterol, and DHSG at a molar ratio of 5:5:1,
and DSPE-PEG, . (0.3 mol%). The average particle diameter was

5000
regulated to approximately 250 nm.

an artificial oxygen carrier as an RBC substitute is more
than a hundred times higher than that of other drugs,
detailed information regarding the fate of an artificial
oxygen carrier, including its constituent components, is
needed, in order to predict unexpected adverse effects.

In this review, the pharmacokinetic properties of
artificial oxygen carriers are discussed, with a focus on
hemoglobin vesicles (HbVs), in which, among the current
artificial oxygen carriers, its pharmacokinetic properties
have been extensively characterized.

Perfluorocarbon-based oxygen carriers

The perfluorocarbon-based oxygen carriers are char-
acterized by a high gas-dissolving capacity, low viscos-
ity, and chemical and biological inertness (Spahn and
Kocian, 2003). They are molecules that are constructed
from cyclic or straight-chain hydrocarbons, in which
the hydrogen atoms are replaced by halogens, and are
virtually immiscible with water and, therefore, must be
emulsified prior to their use in intravenous applications
{Pape and Habler, 2007). When perfluorocarbon emul-
sion droplets are injected into an organism, they are
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rapidly taken up and slowly broken down by the mono-
nuclear phagocyte system (MPS). After being degraded,
the emulsion droplets are again taken up by the blood
and transported to the lungs, where any unaltered mol-
ecules are excreted via exhalation (Spahn and Kocian,
2003; Jahr et al., 2007; Pape and Habler, 2007). However,
perfluorocarbon-based oxygen carriers induced chronic
pneumonitis due to their inefficient excretion from the
body and their accumulation in the lung, a condition
that persists for more than 1 year (Nose, 2004) (Table 1).

Acellular-type HBOCs

The stroma-free hemoglobin (Hb) was developed for use
as artificial oxygen carriers, but their systemic half-lives
were too short (~0.5-1.5 hours) for them to effectively
function as an optimal oxygen carrier (Savitsky et al.,
1978). In addition, the Hb tetramers dissociate into their
component af dimers, which are then eliminated by the
kidneys, and induce renal toxicity (Creteur and Vincent,
2003). In an attempt to increase their systemic half-life
and stability, the following three groups of chemically
modified acellular-type HBOCs were developed: surface-
modified Hb (Smani, 2008), intramolecularly cross-linked
Hb (Chen et al., 2009), and polymerized Hb (Jahr et al.,
2008) (Figure 1). These acellular HBOCs have improved
systemic half-lives, in the range of 18-24 hours, and show
decreased renal failure (Stowell, 2005) (Table 1). The
polymerized bovine-derived Hb has been approved for
limited use in South Africa (Lok, 2001). However, it was
recently reported that the use of some acellular-type
HBOC:s leads to the development of myocardial lesions,
as the result of decreasing nitric-oxide levels 24-48 hours
after a single topload infusion (Burhop et al., 2004), lead-
ing to an increase in mortality rates in humans (Natanson
etal., 2008).

Hemoglobin vesicles

The hemoglobin vesicle (HbV) is a cellular-type HBOC
that contains polyethylene glycol (PEG), in which phos-
pholipid vesicles encapsulating highly concentrated
human Hb are imbedded (Sakai et al., 2008) (Figure 1).
The cellular structure of HbV (particle diameter: approxi-
mately 250 nm) most closely mimics the characteristics
of a natural RBC, such as the cell-membrane function,
which physically prevents the direct contact of Hb with
the components of blood and the vasculature during
its circulation. The characteristics of HbV are superior
to donated RBCs in the following ways: the absence of
viral contamination (Sakai et al., 1993; Abe et al., 2001), a
long-term storage period of over 2 years at room temper-
ature, and no blood-type antigens (Sakai et al., 2000; Sou
et al., 2000) (Table 2). In addition, HbVs have the ability
to transport oxygen equivalent to RBCs and also show
improved survival in hemorrhagic shock animal mod-
els (Sakai et al., 2004b; Terajima et al., 2006; Sakai et al,,
2009). Further, HbVs can control the release of oxygen by
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adjusting the amount of allosteric effector and regulate
rheological properties (e.g., viscosity and colloid osmotic
pressure) to added human serum albumin (Sakai and
Tsuchida, 2007). Therefore, HbV has attracted consider-
able attention as a possible new artificial oxygen carrier
and has considerable promise for use in clinical settings.

We recently characterized the pharmacokinetic prop-
erties of HbV to clarify its efficacy and safety under con-
ditions that mimic a clinical setting, as follows:

1. HbV was constructed from multiple components,
including Hb, lipids, and iron from Hb. These com-
ponents have potential risks for inducing harmful
effects, when they accumulate at excessive levels in
the body.

2. HbV is classified as a liposome preparation. It was
previously reported that the pharmacokinetics
of liposome-encapsulated amphotericin B differ
between normal individuals and patients (Walsh
et al., 1998; Bekersky et al., 2001).

3. The surface of HbV was modified by PEG to enhance
the half-life in circulation and storage. It was recently
reported that repeated injection of PEGylated lipo-
somes influenced the pharmacokinetics of the
second injected liposome (Dams et al., 2000; Ishida
etal., 2003a).

Table 1. Pharmacokinetic properties of some artificial oxygen
carriers.

Perfluorocarbon- Acellular-type Cellular-type
based oxygen carriers HBOCs HBOCs
Distribution Liver, spleen Liver Liver, spleen
Metabolism MPS MPS MPS
Excretion  Air — Internal Hb;
urine outer
membrane;
feces
Half-life ~10 hours (rat) ~24hours  30~40 hours
(rat) (rat)
Existence in ~1 year - ~14 days

tissues
HBOCs, hemoglobin-based oxygen carriers; MPS, mononuclear
phagocyte system.

Table 2. Physicochemical characteristics of HbV.

Parameter

Particle diameter ca. 250 nm

Py 25-28 torr

Hb concentration 10g/dL

MetHb <3%

Colloid osmotic pressure 0 Torr

Intracellular Hb concentration ca.35g/dL

Lipid composition® DPPC/cholesterol/DHSG/
DSPE-PEG,

5000
Stability for storage at room Over 2 years, purged with N,
temperature

3DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine;
DHSG, 1,5-bis-O-hexadecyl-N-succinyl-L-glutamate;
DSPE-PEG,,,, 1,2-distearoyl-sn-glycero-3-phosphatidyl-

ethanolamine-N-PEG.

For these reasons, it becomes necessary to clarify the
pharmacokinetic properties of HbV in various animal
models and under conditions of repeated injection, if
RBCs are to be used as a substitute in the future. For this
purpose, 1) the disposition of HbVs was examined using
isotope tracer techniques. In these experiments, **I-HbV,
enclosed in HbVs, was radiolabeled with *I, and the
lipid component vesicles of HbVs was radiolabeled with
3H; 2) a pharmacokinetic study of HbVs in a rat model of
hemorrhagic shock and hepatic chronic cirrhosis; 3) the
repeated injection in normal and the hemorrhagic shock
rat model; and 4) animal scale-up using an allometric
equation, were conducted.

Some highlights of recent developments of our
research related to the pharmacokinetic properties of
HbV are discussed below.

The prior pharmacokinetic characteristics of
HbV to stroma-free Hb

Two requirements need to be satisfied if HbV is to be
accepted for use as an artificial oxygen carrier. For clini-
cal applications, HbVs must have not only an acceptable
physicochemical activity, but also must be safe for use
in the clinic. In the latter case, the supply of oxygen tis-
sues is one of the most important factors in sustaining
the clinical effect of HbVs (Takaori, 2005). To fulfill these
requirements, a prolonged half-life is a required property
for HbVs.

We recently demonstrated that the half-life of HbV
in mice was 30 times higher than that of stroma-free
Hb at a dose rate of 1 mg Hb/kg (Table 3). Moreover, a
dose-dependent study clearly showed that the plasma
concentration curve and half-life of HbV in mice and
rats increased with increasing doses of HbV (Figure 2,
half-life; rats: 8.8+0.7, 11.5+0.3, and 30.6+4.0 hours at
doses of 10, 200, and 1,400 mg Hb/kg, respectively; mice:
3.1%£3.1, 3.6+1.3, 7.2+3.1, and 18.8+1.3 hours at doses
of 1, 10, 200, and 1,400 mg Hb/kg, respectively) (Taguchi
et al,, 2009b).

These superior pharmacokinetic characteristic of
HbV, compared to stroma-free Hb, could reflect their
physicochemical differences, such as particle diameter,
the absence or presence of a membrane structure, and
PEG modification. In physiological conditions, free Hb
that is released from ruptured RBC is rapidly bound to

Table 3. Pharmacokinetic parameters for HbV after the
administration of *I-Hb and '*I-HbV in mice at a dose of 1 mg
Hb/kg.

%] Hp 125, HbV p
t, , (hr) 0.1%0.1 31+1.0  <0.01
AUC (hr*% of dose/mL) 7.9+3.9 29.4+9.2 <0.001
CL (mL/hr) 12.7+2.1 3.4+0.1 <0.001
V (mL) 2.6+0.3 23+0.1  NS.

t, ,» half-life; AUC, are under the plasma-concentration versus
time curve; CL, clearance; V, distributed volume; N.S., not
significant.
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haptoglobin (Hp), which promotes CD163 recognition in
the liver (Kristiansen et al., 2001). When the Hb concen-
tration exceeds the Hp-binding capacity, unbound Hb
is removed by filtration through the kidney. Therefore,
the reduction in HbV distribution in the liver and kidney
could be due to the encapsulation of Hb by liposomes
because this might not only suppress the binding of
internal Hb to Hp, but also inhibit renal glomerular filtra-
tion. In fact, it was observed that the distribution of HbV
in the liver and kidney was suppressed, compared with
that of stroma-free Hb (Taguchi et al., 2009b). Moreover,
the membrane surface modification by PEG also con-
tributed to the increased half-life of HbV. In general, it is
well-known that liposomes are scavenged and degraded
by the MPS, such as Kupffer cells or macrophages in
the spleen (Kiwada et al., 1998). PEGylation is a use-
ful method for suppressing the capture of MPS, and the
majority of the recently developed liposome formulations
are modified with PEG (Noble et al., 2006; Sou et al., 2007;
Okamura et al., 2009). Therefore, the modification of HbV
with PEGylation is important to not only stabilize for a
long-time storage, but also to maintain the good reten-
tion in the circulation. These balanced physicochemical
activities result in a longer retention in the circulation,
compared to stroma-free Hb and acellular-type HBOCs
(Goins et al., 1995; Chang et al., 2003; Lee et al., 2006).

The disposition of HbV components

In clinical situations as a substitute of RBCs, massive
amounts of HbV are typically given to patients. As aresult,
its associated components, including Hb, lipids from Hb,

100 @

10 A

% of dose

=~ 10mgHb/kg
—@~ 200mgHb/kg

-@- 1400mgHb/kg
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Figure 2. Dose-dependent plasma concentration curve of *I-
HbV after administration of *I-HbV in rats. All rats received a
single injection of "I-HbV at a dose of 10 (open squares), 200 (gray
circles), and 1,400 mg Hb/kg (closed circles) containing 5% rHSA.
At each time point (0.05, 0.5, 1, 6, 12, 24, 48, and 72 hours) after
the '#I-HbV injection, blood samples were collected from the tail
vein, and a plasma sample was obtained. Each point represents
the mean + SD (n=3-5).

© 2011 Informa Healthcare USA, Inc.

Pharmacokinetic properties of hemoglobin vesicles 365

could result in undesirable consequences in the systemic
circulation and organs during its metabolism and dispo-
sition. Such an extraordinary load of HbV components
could result in the accumulation of components in the
blood or organs, and has the potential to cause a variety of
adverse effects, as follows: 1) high levels of lipid compo-
nents, especially cholesterol, in the bloodstream, which
are risk factors for kidney disease, arterial sclerosis, and
hyperlipidemia (Grone and Grone, 2008); 2) Hb induces
renal toxicity by dissociation of the tetramic Hb subunits
into two dimers (Parry, 1988); and 3) free iron can trigger
tissue damage induced by the Fenton reaction, which is
mediated by heme (iron) (Balla et al., 2005). Therefore, it
becomes necessary to clarify whether HbV and its com-
ponents have favorable metabolic and excretion profiles.
In order to investigate the disposition of each HbV com-
ponent, Hb, enclosed in HbV, was radiolabeled with %I
(1*1-HbV) or cholesterol, in the lipid component vesicles
of HbV, was radiolabeled with *H (*H-HbV).

In the blood circulation, HbV typically maintains an
intact structure for periods of up to 72 hours after injec-
tion, because similar plasma concentration curves for **5I-
HbV were observed for *H-HbV in rats (Figure 3A), and
the pharmacokinetic parameters were also consistent
between them (half-life: 30.6+4.0, 30.9+4.7 hours; clear-
ance in plasma: 0.46 +0.04, 0.41+0.02mL/h, for *I- and
SH-HbV, respectively). Moreover, **I-HbV and *H-HbV
were mainly distributed in the liver and spleen (Figure
3B). Because HbV possesses a liposome structure, it
would be predicted that it would be captured by the MPS
in the liver and spleen (Kiwada et al., 1998). In fact, a pre-
vious in vitro study clearly demonstrated that HbV was
specifically taken up and degraded in RAW 264.7 cells,
which has been used as an alternative to Kupffer cells,
but this was not the case for parenchymal and endothelial
cells (Taguchi et al., 2009b). In addition, the uptake clear-
ance (CLupt ) in the liver and spleen were also similar
between the two labeled preparations (liver: 1,141+ 142,
1,098 £123; spleen: 619+40, 518+89 pL/h, for *I-HbV
and *H-HbV, respectively). However, '*1 was more rapidly
eliminated from each organ, and the activity essentially
disappeared within 7 days. On the other hand, the elimi-
nation of radioactive *H was delayed, compared to that of
1257, but nearly disappeared after 14 days. These data indi-
cate that HbV is mainly distributed to the liver and spleen
in the form of intact HbV, and that it was degraded by the
MPS. In order to identify the excretion pathway of HbV,
the levels of radioactivity of *I and *H in the urine and
feces were measured. The radioactive **I was excreted
mainly in the urine, whereas the majority of the *H was
excreted in the feces. Based on the above findings, the
disposition of HbV and its components, after circulating
in the form of stable HbV, are distributed to the liver and
spleen, where they are degraded by the MPS. Finally, the
enclosed Hb and outer lipid components were mainly
eliminated to the urine and feces, respectively, in the same
manner as endogeneous substances (Figure 4). Similar
results were also reported in mice and rabbits (Sou et al,,
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2005; Taguchi et al., 2009b); these results indicate that
HbV and its components have favorable metabolic and
excretion profiles in mammalian species. In addition,
the plasma concentration curve for heme (iron) derived
from HbV was similar to that for »I-HbV and *H-HbV
in mice (Taguchi et al., 2009b). Moreover, no significant
differences in the ratio of the mercapt- (i.e., nonoxidized
form) to the nonmercapt-form (i.e., oxidized form) of rat
serum albumin, which serves as a marker of oxidative
stress in the circulation system (Kadowaki et al., 2007;
Shimoishi et al., 2007), were found between HbV and the
saline administration groups for periods of up to 7 days
after administration. These results suggest that excess
free heme (iron) derived from HbV is not released in the
plasma. However, the issue of the disposition of several
HbV components, including PEG and phospholipid, was
not clarified. It is also possible that these components in
HbV are also metabolized and excreted in the same man-
ner as endogenous substances, but further study will be
needed to demonstrate this fact.

Pharmacokinetic properties of HbV under
conditions of hemorrhagic shock

Itis well known that clinical conditions can have an effect
on the pharmacokinetics of numerous drugs (Abernethy
etal., 1981; Turck et al., 1996). For example, it has demon-
strated that the pharmacokinetics of liposome-encapsu-
lated amphotericin B differ between normal individuals
and patients in a clinical trial stage (Walsh et al., 1998;
Bekersky et al., 2001). Consequently, it is possible that
the pharmacokinetics of HbV would be also altered in
the situation of a massive hemorrhage caused by injury,
accidental blood loss, or a major surgery. To clarify this,
we investigated the changes in HbV pharmacokinetics
using a rat model of hemorrhagic shock induced by mas-
sive hemorrhage.

As shown in Figure 5, the retention of HbV in plasma
under this condition was shorter, and the half-life of HbV
was reduced significantly—by 0.66-fold—compared with
the half-life of HbV in normal rats (30.6+4.0, 18.1+3.7
hours, for normal and hemorrhagic shock, respectively).
At a glance, this appears to not be a desirable situation
for the therapeutic use of HbV, because an important
determinant of HbV efficacy is a long retention in the
blood circulation. However, the distribution volume
of the central compartment of HbV (V) was identical
between normal and hemorrhagic shock rats, whereas
the distribution volume of the peripheral compartment
(V,) in hemorrhagic shock rats was nearly 2-fold greater
than that of normal rats (Figure 5, insert). Moreover, the
time-course tissue distribution of HbV in the hemor-
rhagic shock rats was greater than normal rats. These
findings indicate that the shorter half-life in hemor-
rhagic shock rats appears to be the result in an apparent
reduction in HbV in the arteriovenous circulation. If this
enhanced tissue distribution of HbV might be derived by
an increased scavenging of HbV by the MPS, such as by

Kupffer cells, red pulp zone splenocytes, and mesangial
cells (Sakai et al., 2004a), it would not be expected to
show significant pharmacological efficacy as an oxygen
carrier, because HbV must maintain an intact structure
to maintain its oxygen-carrying capacity. However, the
pharmacological effect in the hemorrhagic shock model
animal was significantly increased by the HbV treatment,
similar to that for an RBC treatment (Sakai et al., 2004b;
Terajima et al., 2006; Sakai et al., 2009). In addition, the
amount of excretion into the urine, which is the major
elimination pathway, did not differ between normal
and hemorrhagic shock rats in our pharmacokinetic
study. Therefore, HbV appears to be transferred from the
arteriovenous blood to organ capillary beds as an intact
structure, and is not excessively captured and metabo-
lized by the MPS. These findings support the conclusion
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Figure 3. (A) Time course for the plasma level of **I-HbV (open
circles) and 3H-HbV (filled circles) after administration to rats. SD
rats received a single injection of *I-HbV or *H-HbV to the tail vain
ata dose of 1,400 mg Hb /kg. Blood was collected from the tail vein
under ether anesthesia, and a plasma sample was obtained. Each
point represents the mean + SD (n=5). (B) Tissue distributions
of %I-HbV (open bars) and *H-HbV (filled bars) at 24 hours after
administration to mice. SD rats received a single injection of **I-
HbV or *H-HbV from the tail vain at a dose of 1,400mg Hb/kg.
At 24 hours after injection, each organ was collected. Each bar
represents the mean + SD (n=5).
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that HbV is pharmacologically efficacious in a rat model
of HS induced by massive hemorrhage (Sakai et al.,
2004b, 2009) is retained for a sufficiently long period to
meet oxygen-delivery demands until autologous blood
volume and oxygen-carrying capacity are restored.

Pharmacokinetic properties of HbV in the
condition with chronic liver failure

As mentioned above, the liver is the determinant for
the pharmacokinetic properties of HbV, because HbV
is mainly degraded by Kupffer cells, and the lipid com-
ponents of HbV, especially cholesterol, are excreted to
the feces via biliary excretion (Sakai et al., 2001; Taguchi
et al., 2009b). Consequently, HbV can be classified as
a hepatically cleared and excreted drug. In the case
of other hepatically cleared and excreted drugs, some
are contraindicated for a person with a hepatic injury.
Because hepatic impairment affects the pharmacokinet-
ics of drugs, including their metabolism and excretion
(Okumura et al., 2007), these changes have the potential
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to induce toxicity and accumulate in the body, subse-
quently causing unexpected adverse effects. Thus, if HbV
and its components show the changes of pharmacoki-
netic properties under conditions of liver failure, it may
also be contraindicated for a person with liver impair-
ment under such conditions. Therefore, we investigated
the pharmacokinetic properties of HbV using a chronic
cirrhosis rat model with fibrosis induced by the adminis-
tration of carbon tetracholoride, which is categorized as
Child-Pugh grade B (Taguchi et al., 2011b).

After the administration of HbV to chronic cirrhosis
rats, the plasma concentration of HbV varied widely
among individuals, similar to their liver function. To
clarify the effect of hepatic impairment on the plasma
concentration of HbV, the clearance and the area under
the concentration-time curve values for HbV, as calcu-
lated from the plasma concentration curve, were plotted
against plasma aspartate aminotransferase (AST) levels.
As aresult, a good, negative correlation was found for the
clearance of HbV with changes in plasma AST levels. In
addition, the hepatic distribution of HbV was negatively
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Figure 4. Representation of a sequence of HbV disposition, metabolism, and excretion from pharmacokinetic examinations, using *I-
HbV and *H-HbV. After circulating in the form of stable HbV; it is distributed to the liver and spleen, where it is degraded by MPS. Finally,
the enclosed Hb and outer lipid components are mainly eliminated to the urine and feces, respectively.
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correlated with plasma AST levels, but this was not
found for the spleen. Moreover, carbon clearance, which
serves as a measure of phagocyte activity in Kupffer cells
(Zweifach and Benacerraf, 1958), was also negatively cor-
related with plasma AST levels. Therefore, the changes in
HbV pharmacokinetic properties were significantly influ-
enced by a reduction in liver function and were especially
dependent on a decrease in phagocyte activity by Kupffer
cells in the chronic cirrhosis rat.

In addition, the excretion of lipid components (e.g.,
cholesterol) in feces was also negatively correlated with
plasma AST levels. The cholesterol of the vesicles should
reappear in the blood mainly as lipoprotein cholesterol
after entrapment by Kupffer cells and should then be
excreted in the bile after entrapment of the lipoprotein
cholesterol by the hepatocytes (Kuipers et al.,, 1986).
Therefore, the extent of damage to parenchymal cells
also affects the pharmacokinetic properties of HbV com-
ponents. Such a suppressed elimination of HbV compo-
nents may have an impact on their tissue accumulation,
However, the lipid components, especially cholesterol,
nearly completely disappeared from organs after 7 days
in the chronic cirrhosis rat. Further, our recent study
showed that the plasma levels of other lipid components,
such as phospholipids, was temporarily increased after
the administration of HbV at a dose of 1,400mg Hb/kg
in the chronic cirrhosis rat, but recovered to baseline
levels within 14 days (Taguchi et al., 2010). In addition,
if the metabolic and excretion performance of HbV
were reduced by chronic cirrhosis, tissue damage could
be induced, resulting in a change in blood biochemi-
cal parameters. However, the morpholgical changes
in organs were minimal (Figure 6), and only negli-
gible changes in plasma biochemical parameters were
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Figure 5. Relative plasma concentration of 'I-HbV after
administration of 1,400mg Hb/kg via injection of normal (filled
circles) or hemorrhagic shock rats (open circles). After inserting
polyethylene catheters into the left femoral artery, SD rats received
a single injection of *I-HbV to the left femoral artery at a dose
of 1,400 mg Hb /kg. Blood was collected from the tail vein under
ether anesthesia, and a plasma sample was obtained. Each point
represents the mean + SD (n=5).

observed after an HbV injection at a dose of 1,400 mg Hb/
kg in the chronic cirrhosis rats. Based on these findings,
it can be concluded that the pharmacokinetics of HbV
were altered by hepatic impairment, and these changes
can be attributed to a decrease in Kupffer-cell phagocyte
activity (Figure 7). However, HbV and its components
were completely metabolized and excreted within 14
days, and a temporary accumulation did not cause any
obvious adverse effects.

Pharmacokinetic properties of HbV after
repeated administration in mice

HbV is modified by PEG to prolong its half-life and pre-
vent aggregation during long-term storage, etc., as well

Normal 1 day 14 day

Spleen Liver Kidney

Lung

Figure 6. Light micrographs of kidney, liver, spleen, lung, and
heart in CCl,-treated rats after an HbV injection stained with
hematoxylin and eosin (X100). Chronic cirrhosis model rats
received a single injection of HbV at a dose of 1,400mg Hb/kg.
No noticeable changes were observed in all organs after HbV
injection.

Reduction of
distribution in the liver

Chronic cirrhosis

Figure 7. Representation of the pharmacokinetic properties
of HbV in a rat model of chronic cirrhosis. Hepatic impairment
altered the pharmacokinetic properties of HbV, such as blood
retention, hepatic distribution, and fecal excretion, by a reduction
in Kupffer cell phagocyte activity and damage to parenchymal
cells.
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as other liposome preparations. However, it was reported
that repeated intravenous injection of PEGylated lipo-
somes causes the second dose of liposomes to lose their
long-circulating characteristics and accumulate exten-
sively in the liver, when they are administrated at the
same dose for the second time to the same animal within
a several-day interval [referred to as the accelerated
blood clearance (ABC) phenomenon] (Dams et al., 2000;
Ishida et al., 2003a). The time frame between administra-
tion of the first and second dose for this to occur depends
on the experimental animal, for example, 4-5Cdays for
the rat and 7-10 days for the mouse. Repeated HbV injec-
tions of high doses would be routinely used in clinical
practice for an RBC substitute. Therefore, the possibility
remains that repeated injections of HbV could induce
the ABC phenomenon in a clinical situation. If the ABC
phenomenon were induced by repeated injections, then
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the pharmacological action of HbV could be influenced.
Therefore, we investigated the issue of whether HbV
induces the ABC phenomenon in mice at a low dose
(0.1 mg Hb/kg), a dose that is generally known to induce
the ABC phenomenon (Ishida et al., 2003a), or a high
dose (1,400 mg Hb/kg), the putative dose for clinical use.

At 7 days, in which the ABC phenomenon in mice
is typically observed the most strongly (Ishida et al.,
2003b), after the first injection of nonlabeled HbV (0.1
or 1,400 mg Hb/kg), the mice received #I-HbV. At a low
dose (0.1mg Hb/kg), plasma HbV in the second injec-
tion was rapidly cleared, compared to that in the first
injection. In contrast, at a high dose (1,400 mg Hb/kg),
the pharmacokinetics of HbV were negligibly affected
by repeated injections (Taguchi et al., 2009c). The liver
and spleen are the major distribution organs for HbV
(Taguchi et al., 2009b) and are related to the induction of
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Figure 8. (A) Uptake clearance of HbV in the liver and spleen after 1 or 2 injections of *I-HbV. Uptake clearance for each organ was
calculated by integration plot analysis at designated times from 1 to 30 minutes after injection. Each bar represents the mean + SD (n=4).
(B) Determination of IgM against HbV after a single intravenous injection of saline (gray bars), HbV at a dose of 0.1 mg Hb/kg (open bars),
or 1,400 mg Hb/kg (closed bars) in mice. (C) 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/kg (open bars) or 1,400 mg Hb/kg (closed bars) in mice. DAY mice were injected with saline or
HbV (0.1 or 1,400 mg Hb/kg) containing 5% rHSA to the tail vein. At 7 days after an 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 by ELISA. Each bar represents the

mean + SD (n=4).
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the ABC phenomenon (Ishida et al., 2008). At a low dose,
the hepatic and splenic CL,, for the second injection
was 8.5 and 4.5 times higher than that for the first injec-
tion, respectively (Figure 8A), whereas at a high dose, the
hepatic and splenic CL .. for the second injection was
little changed, compared to that for the first injection
(Figure 8A, insert). In addition, Ishida et al. proposed
a mechanism for the ABC phenomenon as follows:
Immunoglobulin M (IgM), produced in the spleen by
the first injection with PEGylated liposomes, selectively
binds to the PEG on the second injected PEGylated
liposome, and subsequent complement activation by
IgM results in an accelerated clearance and enhanced
hepatic uptake of the second injected PEGylated lipo-
some (Ishida et al., 2006a, 2006b). Therefore, we exam-
ined whether IgM against HbV is elicited by an initial
injection of saline or HbV at a low or high dose. At 7 days
after the HbV injection, IgM against HbV appeared at
both the low and the high dose (Figure 8B). Moreover,
the specific recognition site of IgM against HbV strongly
bound to DSPE-PEG, and other lipid components
(DPPC, cholesterol, and DHSG) were negligible at both
the low and high dose (Figure 8C). These results indi-
cate that repeated injections of HbV to mice at a dose of
1,400 mg Hb/kg did not appear to induce the ABC phe-
nomenon, even though the plasma levels of IgM against
HbV are elevated. Therefore, these data suggest that a
clinical dose of HbV is not likely to induce the ABC phe-
nomenon due to the saturation of phagocytic processing
by the MPS.

Pharmacokinetic properties of HbV after
repeated administration in hemorrhagic
shock model rats

Because there are limited data available for the ABC
phenomenon under various disease conditions, we
also investigated whether the ABC phenomenon
would be induced in the rat model of hemorrhagic
shock induced by a massive hemorrhage, when HbV
is injected at a dose of 1,400 mg Hb/kg at hourly inter-
vals, typical conditions for transfusions of patients with
massive hemorrhage.

The plasma concentration of HbV was prolonged in
the second injection, compared with the first injection,
and it was recovered to that in normal rats (Figure 9A).
As mentioned above, Ishida et al. reported that a dos-
ing interval of approximately 5 days induced the ABC
phenomenon in rats, accompanied by the production of
antiliposome IgM, which elicits a response by the spleen
(Ishida et al., 2006b; Wang et al., 2007). Therefore, the
inhibition of anti-HbV IgM production by short inter-
vals appears to prevent induction of the ABC phenom-
enon. In fact, anti-HbV IgM was detected at 5 days after
the administration of HbV to normal rats at a dose of
0.1 mg Hb/kg, but was not detected at 1 hour after HbV
administration to hemorrhagic shock rats at a dose of
1,400 mg Hb/kg (Figure 9B). Therefore, it appears that

the repeated administration of HbV under conditions
of hemorrhagic shock has negligible effect on the phar-
macokinetics of HbV, when short dosing intervals are
involved. However, our recent study showed that the
repeated injection of HbV induced the ABC phenome-
non in the case of alonger dosing interval (4 and 7 days)
accompanied by the production of antiliposome IgM
and increased phagocyte activity (Taguchi et al., 2011a).
Therefore, in a clinical setting, it would be necessary to
consider the dosing regimen and interval for patients
with hemorrhagic shock in the base where a longer dos-
ing interval was used.
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Figure 9. (A), Plasma concentration of **I-HbV as the percent of
postinjection dose after the first (open symbol) or second dose
(filled symbol) of *I-HbV to hemorrhagic shock rats at a dose
of 1,400mg Hb/kg for each injection. Each point represents the
mean * SD (n=5). Plasma concentration percentage profile for
the first dose (o) was obtained from injection of a dose of '*I-HbV
administered after hemorrhagic shock. The profile for the second
dose (s) was obtained from the injection of a dose of '*’I-HbV 1
hour after injection of the first dose of nonradiolabeled HbV
administered after hemorrhagic shock. (B) Determination of IgM
against HbV 5 days after a single intravenous injection of HbV
to normal rats at a dose of 0.1 mg Hb/kg (closed bars) or 1 hour
after a single intravenous injection of HbV to hemorrhagic shock
rats at a dose of 1,400 mg Hb/kg (open bars) in mice. IgM against
HbV were detected by ELISA. Each bar represents the mean + SD
(n=3-5).
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Extrapolation to human subjects

From the viewpoint of future clinical applications, pre-
dictions of human pharmacokinetics based on data
obtained from animal studies—so called, “animal scale-
up”—is important for the determination of optimal doses
and intervals (Izumi et al., 1996). Thus, we attempted to
predict the half-life of HbV in humans using an allometric
equation that is generally used in animal scale-up stud-
ies. Using the relationships observed for mice (Taguchi
et al., 2009b), rats (Taguchi et al.,, 2009a), and rabbits
(Sou et al., 2005), the half-life of HbV in healthy humans
was predicted to be approximately 96 hours. In addition,
based on half-life data and percent of injected dose val-
ues obtained from pharmacokinetic studies of HbV in
rats and rabbits, Sou et al. also predicted that the half-life
of HbV in healthy humans would be approximately 72
hours (Sou et al., 2005). Further, the half-life of liposomal
preparations is empirically 2-3-fold greater in humans
than in rats (Gabizon et al., 2003). In fact, the half-life of
liposomal doxorubicin (Doxil formulation) in rats and
humans is 35 and 56-90 hours, respectively (Gabizon
et al., 2003). Therefore, the half-life of HbV in humans
would be predicted to be 3-4 days (Sou et al., 2005). For
HbV to function as an artificial oxygen carrier, it is desir-
able that intravascular persistence be atleast equal to the
time required to regenerate RBCs (Sehgal et al., 1984).
Following a massive hemorrhage, the lost blood volume
and oxygen-carrying capacity is replaced within approxi-
mately 5 days (Hughes et al., 1995; Awasthi et al., 2007).
Because the half-life of HbV in humans was estimated
to be approximately 3-4 days, HbV would function as
a temporary oxygen carrier until a blood transfusion is
available or until autologous blood is recovered after a
massive hemorrhage.

Conclusion

Like other drugs, a pharmacokinetic evaluation is an
important issue for the development of HbV as a substi-
tute of RBC. In fact, though the perfluorocarbon-based
oxygen carriers and acellular-type HBOCs were moved
into the clinical trial stages, these artificial oxygen car-
riers dropped from further clinical development due to
severe and unexpected side effects, which might have
been predicted from pharmacokinetic analysis data.
Therefore, it is also necessary to conduct an in-depth
pharmacokinetic study of HbV before moving on to the
clinical trial stage.

Our recent preclinical study of HbV clearly demon-
strated five major findings on pharmacokinetic profiles.
First, HbV and its components have favorable metabolic
and excretion profiles in mammalian species, similar to
endogeneous substances. Second, HbV is safe and useful
under conditions of a massive hemorrhage. Third, HbV
did not show any toxicity and accumulation in the body,
even under conditions of hypometabolism and excretion
(i.e., hepatic cirrhosis). Fourth, HbV has the potential to

© 2011 Informa Healthcare USA, Inc.
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induce the ABC phenomenon, but the repeated use of
HbV at a putative dose would not be expected to induce
the ABC phenomenon in a clinical situation. Finally, HbV
has a good retention in the blood circulation, and the
half-life of HbV in humans was estimated to be approxi-
mately 3-4 days, which is sufficient for it to function as
an oxygen carrier. These findings support previous views
related to the pharmacological efficacy and safety of HbV
in normal and hemorrhagic shock model rats from the
view point of pharmacokinetics.

In addition to functioning as a substitute for RBCs, HbV
would be expected to have a variety of other applications,
based on its oxygen transport characteristics, such as in
cardiopulmonary bypass priming solutions (Yamazaki
et al., 2006), wound healing in critically ischemic skin
(Plock et al, 2009), and as a radiation therapy agent
(Yamamoto et al., 2009). Therefore, this issue deserves to
be studied further, with further data collected in preclini-
cal pharmacokinetic studies for future applications of
HbV in the clinic.
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Figure 1 Artificial platelets.

Artificial platelets are classified into platelet prod-
ucts and artificial particles coated with fibrinogen or
related peptides. The latter (artificial platelets by
narrow definition) are produced using components

preclinical

preclinical

Fibrinogen

o

derived from human or totally synthesized.

Figure 2 Platelet aggregation and artificial plate-
lets.

Platelet aggregation is induced by bridging adjacent
platelets with binding of plasma fibrinogen to acti-
vated GPIIb-IIla complex on the cell surface.” The
binding sites on the ligand for the receptor are local-
ized at sequence of H12 or RGD. Fibrinogen or the

igand (g, RGD, H12)-coated Particle synthetic peptide-coated particles reinforce platelet
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aggregation by receptor-ligand interactions being
more multivalent than fibrinogen itself.
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Figure3 HI12-(ADP) liposome.

H12-(ADP) liposome, one of the developing artificial platelets
is surface-coated with polyethylene glycol to ensure its blood
compatibility and dispersibility. H12 peptide is covalently con-
jugated to the tip of polyethylene glycol moiety as a target
molecule of activated platelets. ADP, a physiologically impor-
tant platelet agonist stored in platelet alpha granules is stably
encapsulated into the inner space of the liposome.
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Figure 4 Evaluation of lyophilized fixed platelets (Stasix®)
as an infusible hemostatic agent in experimental non-com-
pressible hemorrhages* in swine.”

Using a non-compressible liver hemorrhage swine model, the
effect of lyophilized fixed platelets (Stasix®) on survival was
compared with normal saline. As a result, the survival rate in
the Stasix group (80%) was significantly higher than that in the
control (20%).
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Figure 5 Comparison of hemostatic effects of H12-(ADP) liposomes with those of
platelet-rich plasma in severely thrombocytopenic rabbits.”

The hemostatic effect of H12-(ADP) liposome was compared with that of platelet rich
plasma in severely thrombocytopenic rabbit models induced by busulphan. Ear bleeding
time of busulphan-induced thrombocytopenic rabbits was measured 30 min after infu-
sion of platelet preparation or the liposome. Indeed, platelet transfusion effectively cor-
rected the prolonged bleeding time in a dose-dependent fashion. Similar correcting
effect was also observed with H12-(ADP)-liposomes in a dose-dependent fashion. The
extent of correction by the liposome was just comparable to that obtained by platelet
transfusion, indicating that H12-(ADP)-liposome exhibits in vivo hemostatic ability as

efficiently as platelet transfusion.
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Figure 6 Effect of RGD-PLGA particles on bleeding time in rat femoral
artery injury model.'”

Using a rat femoral artery injury model, the effect of RGD peptide-coated
PLGA particles (4600-RGD, 4600-RGDS and 4600-GRGDS) on bleeding time
was evaluated by comparison with control treatments (Normal saline: Saline,
recombinant coagulation factor VIIa: tFVIIa, RGD-uncoated particles; PEG
4600 and RGD reverse peptide-coated particles: 4600-GRADSP). The hemo-
static ability of these RGD-PLGA particles was found to be significant as com-
pared with saline control. In addition, the effect of RGD-PLGA particles was

significantly higher than a clinically useful hemostaic agent rFVIIa.
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Artificial platelets are classified into lyophilized products derived from human platelets and fibrinogen or related

peptide-coated microparticles made from blood-compatible materials such as albumin. The artificial platelets are substi-

tuted for platelets in transfusions for treatment or prevention of bleeding in patients with thrombocytopenia; they reinforce

the hemostatic abilities of residual platelets. Although some of the products have been tested in early phase clinical trials,

none of them have yet been approved for clinical use.
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INTRAOSSEOUS TRANSFUSION WITH LIPOSOME-ENCAPSULATED
HEMOGLOBIN IMPROVES MOUSE SURVIVAL AFTER
HYPOHEMOGLOBINEMIC SHOCK WITHOUT SCAVENGING NITRIC OXIDE
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ABSTRACT—Recently, we developed liposome-encapsulated hemoglobin (LEH), a novel cellular hemoglobin-based
oxygen carrier. We hypothesized that the LEH effectively suppresses scavenging of nitrogen oxides by sequestering
hemoglobin, thereby being useful for resuscitation from hemorrhagic shock, especially in prehospital settings where blood
transfusion is not available. However, putting a catheter into the peripheral vessels is sometimes difficult in prehospital
resuscitation, because these vessels collapse in patients with hemorrhagic shock. The intraosseous route does not
collapse under such conditions. We here studied the resuscitation of severe hypohemogiobinemia following massive
hemorrhage using intraosseous (intrafemur) transfusion with LEH in mice. First, we examined the effect of intravenous
transfusion with LEH on the resuscitation of mice with fatal hypohemoglobinemia that was made with progressive
hemodilution by blood exchanges. Despite a success in initial resuscitation without scavenging of NO,™ or NO; ™, LEH
transfusion did not significantly improve mouse survival 72 h later as compared with red blood cell (RBC) transfusion. In
other experiments, hypohemoglobinemic mice were also made with blood withdrawal and intraosseous infusion with 5%
albumin. Thereafter, the mice were rescued with intraosseous transfusion of LEH or RBCs. Unlike intravenous transfusion,
intraosseous transfusion with LEH (but not such transfusion with RBCs) significantly increased mouse survival without
scavenging of NO,™ or NO3 ™, presumably because LEH vesicles were much smaller than RBCs, thereby effectively flowing
into the circulation from the femur. Thus, intraosseous transfusion with LEH may be a candidate strategy for efficient

prehospital resuscitation from hemorrhagic shock.

KEYWORDS—BIood substitute, hemodilution, hemorrhage, resuscitation, NO,~, NO3 ™, TNF, erythropoietin

INTRODUCTION

Hemoglobin-based oxygen carriers (HBOCs) might be very
useful for resuscitation of patients with fatal hypohemo-
globinemic shock, especially in a prehospital setting where
conventional blood transfusion is not available. Hemoglobin-
based oxygen carriers have many advantages, such as long shelf
life, not needing refrigeration and cross-matching, and reducing
the risk of iatrogenic infection (1-3). Nevertheless, several
clinical trials have reported that resuscitation from hemorrhagic
shock using HBOCs does not seem to be very effective (4-7).
We believe that one of the reasons for these unfavorable results
is that hemoglobin (Hb) molecules of HBOCs might easily bind
to NO when released into the vasculature, because the HBOCs
used in the clinical trials had no lipid membrane, being termed
cell-free Hb (8). Natanson et al. (7) have pointed out that this
NO scavenging effect might result in systemic vasoconstriction,
decreased blood flow, increased proinflammatory mediators
and potent vasoconstrictors, and a loss of platelet inactivation,
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creating conditions that may lead to vascular thrombosis of the
heart or other organs. Therefore, development of a novel cel-
lular HBOC that prevents direct contact between Hb and NO is
an attractive goal that would limit the effects of NO scavenging.

Liposome-encapsulated Hb (LEH) was developed at the
Terumo Research and Development Center (Terumo Co, Tokyo,
Japan) (9, 10). Unlike cell-free Hb, LEH has a unique struc-
ture, with Hb encapsulated within a lipid bilayer membrane
(liposome)—mimicking human red blood cells (RBCs)—and
thereby suppressing direct contact between the Hb and NO (11).
Although LEH has a lipid membrane similar to that of natural
RBCs, the vesicle size of LEH is 220 nm in diameter, which is
smaller than a natural RBC (9). Recently, we demonstrated that
LEH transfusion is capable of rescuing rats from lethal pro-
gressive hemodilution by improving tissue hypoxia (12). In that
study, we also demonstrated that LEH transfusion does not
decrease the plasma nitrogen oxide levels in rats, suggesting
that LEH does not have a potent NO scavenging effect. How-
ever, we did not examine the plasma NO,  or NO;  levels
precisely.

In the case of prehospital hemorrhagic shock patients, it is in
practice difficult to put a catheter into the peripheral vessels,
because these vessels are collapsed from massive blood loss
and centralization of circulating blood. Alternative transfusion
routes that do not collapse even in hemorrhagic shock are nec-
essary for effective and prompt resuscitation. The intraosseous
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route may provide a useful means of rapidly establishing vascular
access, because intraosseous infusion has been a rapid, reliable
method of achieving vascular access under emergency condition
in children (13-15). Therefore, we have developed the admin-
istration of a cellular-type HBOC, LEH, via the intraosseous
route, and we here report that intraosseous infusion with the
LEH can effectively rescue mice from hypohemoglobinemic
shock without scavenging plasma NO, ™ or NO;3 ™.

MATERIALS AND METHODS

Animal preparation

This study was conducted according to the guidelines of the Institutional
Review Board for the Care of Animal Subjects at the National Defense Med-
ical College, Japan. Male C57BL/6 mice (7 weeks old, 20-23 g; SLC Japan
Inc, Hamamatsu, Japan) were studied.

Preparation of LEH, washed mouse RBCs, and
5% albumin solution

The LEH (TRM-645) was prepared at the Terumo Research and Develop-
ment Center (Terumo Co, Tokyo, Japan). Briefly, purified human Hb solution
was prepared from outdated human RBCs provided by the Japanese Red Cross,
with inositol hexaphosphate as an allosteric effector, nicotinamide adenine
dinucleotide as a coenzyme, and glucose, adenine, and inosine as substrates.
After washing, human RBCs were hemolyzed with simultaneous virus inacti-
vation. Subsequently, Hb was concentrated using a reverse osmosis membrane
and sterilized. Thereafter, the purified Hb was adjusted to 40 to 50 mmHg
of Psg (the oxygen partial pressure at which Hb is half saturated with oxygen)
by adding inositol hexaphosphate. After adjusting the Psq, purified Hb was
encapsulated with lipid ingredients through the use of high-speed emulsifica-
tion. The surface of the encapsulating lipid membrane was then modified
with 5-kd polyethylene glycol. The LEH was diluted with saline to achieve a
final Hb concentration of 6 g/dL and then deoxygenated with N, bubbling
for storage. The diameter of the LEH was approximately 220 nm. The total
lipid concentration of the LEH solution was 3.9 g/dL, with the methemo-
globin proportion at 6.3%. The content of lipopolysaccharide was less than
0.1 EU/mL (9, 10).

To prepare washed mouse RBCs, blood was taken from nontreated mice
under ether anesthesia and added to citrate phosphate dextrose solution, which
contained 2.63 g sodium citrate, 2.32 g glucose, 327 mg citric acid, and 251 mg
sodium biphosphate per 100 mL.

The preservation time was less than 3 days. Before use, the preserved blood
was centrifuged at 3,000g for 10 min at 4°C, washed three times with 0.9%
saline, and diluted with saline to achieve a final concentration of 6 g/dL
because RBC concentration has been determined to set equal oxygen trans-
porting efficiencies for LEH and mouse RBCs (12).
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Before use, human serum albumin (HSA; Kaketsuken, Kumamoto, Japan)
was added to both the LEH and mouse RBC suspensions to achieve a final
albumin concentration of 5 g/dL (colloid osmotic pressures, 20 mmHg) (16).
Addition of HSA allows us to exclude osmotic effects during correction of
hypovolemia, because precise evaluation is needed of the effects of the
reagents on hypohemoglobinemic shock. The colloid infusions are usually
more effective than crystalloids in restoring myocardial blood flow and oxygen
transport after acute hemorrhage (17). A 5% HSA solution (5 g/dL) was also
prepared.

Hypohemoglobinemic shock by blood exchange and
intravenous fluid resuscitation

Under ether anesthesia, a plastic catheter was put into the mouse superior
vena cava. Thereafter, 0.2 mL of blood was withdrawn, and immediately,
isovolumetric 5% albumin was administered via catheter. This blood exchange
was repeated until the mice died to establish a lethal hypohemoglobinemic
shock model. No mice could survive beyond 8 such blood exchanges. There-
fore, after 7 exchanges of blood, the mice received intravenous administration
with 0.5 mL of LEH, 5% albumin solution, or washed RBCs.

The effect of additional intravenous LEH or RBC transfusion
after first intravenous transfusion

The mice received intravenous administration with 0.5 mL of LEH (n = 20)
or washed RBCs (n = 10) 6 h after blood exchange and the first intravenous
transfusion.

Intraosseous or intravenous fluid resuscitation following
massive hemorrhage

To establish an intraosseous infusion route in mice, the femur was punc-
tured with a 25-gauge needle followed by laparotomy under deep ether anes-
thesia. Immediately after infusion with indocyanine green (ICG; Daiichi,
Tokyo, Japan) via this intraosseous route, the inferior vena cava was stained
with ICG (indicated by arrow, Fig. 1), suggesting a rapid flow into the systemic
circulation.

To produce hemorrhagic shock in mice, a 27-gauge needle was put into the
femoral vein, and 0.8 mL of blood was withdrawn. The mean arterial pressure
(MAP) showed approximately 40 mmHg. Subsequently, the femur (opposite
side) was punctured with a 25-gauge needle, and then, 1 mL of 5% albumin
was administered intraosseously. This intraosseous administration with albu-
min effectively rescued the subject mice. Five minutes after initial resuscita-
tion, 0.3 mL of blood was additionally withdrawn, and subsequently, 1 mL of
LEH, 5% albumin, or washed RBCs was also administered via the intraosseous
route or the intravenous route (femoral vein).

Measurement of Hb in mouse blood samples containing
LEH and RBC

Hemoglobin concentration in LEH could not be accurately determined, be-
cause the liposome capsules interfered with the spectrophotometric measurement

Fic. 1. Indocyanine green was administered by intraosseous infusion via the right femur. The circle shows the abdominal inferior vena cava, which was

stained with ICG (arrow).
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