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ABSTRACT:

The hemoglobin vesicle (HbV) is an artificial oxygen carrier that
encapsulates a concentrated Hb solution in lipid vesicles (lipo-
somes). The pharmacokinetic properties of HbV were investigated
in mice and rats. With use of HbV in which the internal Hb was
labeled with 231 ('251-HbV) and cell-free '25|-Hb, it was found that
encapsulation of Hb increased the half-life by 30 times, accompa-
nied by decreased distribution in both the liver and kidney. The
half-life of HbV was increased, and the uptake clearance for the
liver and spleen were decreased with increasing doses of HbV. In
an in vitro study, the specific uptake and degradation of HbV in
RAW 264.7 cells were found, but this was not the case for paren-
chymal and endothelial cells. The pharmacokinetics of HbV com-
ponents (internal Hb and liposomal lipid) were also investigated

using "#°I-HbV and *H-HbV (liposomal cholesterol was radiolabeled
with tritium-3). The time courses for the plasma concentration
curves of "**-HbV, SH-HbV, and iron derived from HbV suggest that
HbV maintain an intact structure in the blood circulation up to 24 h
after injection. "2°[-HbV and *H-HbV were distributed mainly to the
liver and spleen. Internal Hb disappeared from both the liver and
spleen & days after injection, and the liposomal cholesterol disap-
peared at approximately 14 days. Internal Hb was excreted into the
urine and cholesterol into feces via biliary excretion. These results
suggest that the HbV has a reasonable blood retention and meta-
bolic and excretion performance and could be used as an oxygen
carrier.

Blood transfusions are absolutely essential for resuscitation from
massive bleeding after a surgical procedure. However, there is the
potential of mismatching, and they can introduce certain infectious
diseases such as hepatitis, human immunodeficiency virus, or West
Nile virus, which are threats despite the development of the nucleic
acid amplification test. In addition, donated red blood cells (RBCs) for
blood transfusions can only be stored for a period of 3 weeks in Japan.
To overcome these problems, blood substitutes would be highly
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desirable and have been under development worldwide (Keipert,
1995; Winslow, 2005).

The hemoglobin vesicle (HbV) is an artificial cellular hemoglobin-
based oxygen carrier with polyethylene glycol (PEG), in which phos-
pholipid vesicles encapsulating highly concentrated human Hb serve
as oxygen camiers with oxygen transport characteristics that are
comparable to those of RBCs. In fact, the pharmacological effects of
HbV, injected into rats with hemorrhagic shock, have been reported to
be equivalent to those of RBCs (Sakai et al., 2004b, 2009). In
addition, HbV have been shown to possess a number of positive
characteristics such as the absence of viral contamination (Sakai et al.,
1993; Abe et al., 2006), a long-term storage period of more than 2
years at room temperature (Goda et al., 1998; Sakai et al., 2000b; Abe
et al., 2007), and low toxicity [blood compatibility, and suppressed
nephrotoxicity induced by the dimeric form of Hb and hypertension
induced by the direct interaction of Hb with nitric oxide (NO) and

ABBREVIATIONS: RBC, red blood cell; HbV, hemoglobin vesicle(s); PEG, polyethylene glycol; NO, nitric oxide; '251-HbV, 125]-labeled hemoglobin
vesicle; *H-HbV, ®H-labeled hemoglobin vesicle; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphatidyicholine; rHSA, recombinant human serum
albumin; BSA, bovine serum albumin; TCA, trichloroacetic acid; PBS, phosphate-buffered saling; WE, Williams’ E medium; FCS, fetal calf serum;
AUGC, area under the concentration-time curve; MPS, mononuclear phagocyte system; ID, injected dose; Hp, haptoglobin; CL .., Uptake
clearance.
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CO] (Sakai et al., 2000a). Moreover, HbV suspended in a solution of
human serum albumin can be used to regulate rheological properties
(e.g., viscosity and colloid osmotic pressure) (Sakai et al., 2000c,
2004b). On the basis of these facts, the use of HbV is predicted to be
superior to that of a conventional blood transfusion.

Preclinical pharmacokinetic studies of HbV are essential to evalu-
ate the safety and efficacy of HbV. To sustain the pharmacological
effect of HbV as artificial oxygen carriers, prolonged oxygen delivery
is a required property. In fact, the plasma retention time of free Hb,
when isolated from RBCs, is surprisingly short (half-life of ~0.5-1.5
h). In clinical situations, the total infused dose of RBCs given to
patients can be considerable (e.g., for hemorrhagic shock or transfu-
sion during an operation). Because the lipid content of HbV is more
than 100 times higher than that of other liposomal preparations such
as AmBisome or Doxil, massive amounts of Hb and lipid components
can be infused when HbV are substituted for RBCs.

Free Hb molecules can trigger numerous side effects, such as renal
toxicity, hypertension, and tissue damage induced by the Fenton
reaction, which is mediated by heme (iron) (Balla et al., 2005). On the
other hand, high levels of lipid components in the bloodstream,
especially cholesterol, are risk factors for kidney disease, arterial
sclerosis, and hyperlipidemia (Grone and Gréne, 2008). Despite the
large body of pharmacological evidence for the HbV as an artificial
oxygen carrier, little is known concerning its pharmacokinetic prop-
erties, especially the fate of each component after injection. As of this
writing, metabolism studies of HbV components have only been done
by histopathological examination and blood serum biochemistry
(Sakai et al., 2001, 2009). However, it is difficult to distinguish
exogenous lipid components, derived from HbV, from endogenous
substances. Biodistribution of HbV has been examined by **™Tc-
labeled HbV (Sou et al., 2005); however, no pharmacokinetic studies
of Hb and lipids from administration to excretion were performed.

In the present study, we report on an evaluation of the pharmaco-
kinetic properties of the HbV and its components, from the standpoint
of stability in the blood circulation and the metabolism and excretion
of each component, in support of its use as an oxygen carrier. For this
purpose, we used two different radiolabeled HbV, ‘2°I-HbV in which
the enclosed Hb was radiolabeled and *H-HbV in which the lipid
component (cholesterol) was radiolabeled.

Materials and Methods

Materials. An Hb solution was purified from outdated donated blood that
was provided by the Japanese Red Cross Society (Tokyo, Japan). Pyridoxal
5’-phosphate was purchased from Sigma-Aldrich (St. Louis, MO). 1,2-Di-
palmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), cholesterol, and 1,5-bis-
O-hexadecyl-N-succinyl-L-glutamate were purchased from Nippon Fine
Chemical Co. Ltd. (Osaka, Japan). 1,2-Distearoyl-sn-glycero-3-phosphatidyl-
ethanolamine-N-PEG was purchased from NOF Corporation (Tokyo, Japan).
Recombinant human serum albumin (tfHSA) was given by NIPRO (Osaka,
Japan). Williams’ E medium (WE medium) and RPMI 1640 medium were
purchased from Sigma-Aldrich. Dulbecco’s modified Eagle’s medium and
penicillin-streptomycin were purchased from Invitrogen (Carisbad, CA).

Preparation of HbV. HbV were prepared under sterile conditions as
reported previously (Sakai et al., 1997). The resulting encapsulated Hb (38
g/dly contained 14.7 mM pyridoxal 5'-phosphate as an allosteric effector to
regulate Pgq to 25 to 28 Torr. The lipid bilayer comprised a mixture of DPPC,
cholesterol, and 1,5-bis-O-hexadecyl-N-succinyl-L-glutamate at a molar ratio
of 5:5:1 and 1.2-distearoyl-sn-glycero-3-phosphatidyl-ethanolamine-N-PEG
(0.3 mol%). The averaged particle diameter was 250 to 280 nm. The HbV were
suspended in a physiological salt solution at [Hb] (10 g/dl) and [lipids] (67
g/dl), filter-sterilized (450 nm pore size, Dismic; Toyo-Roshi, Tokyo, Japan),
and purged with N, before storage.

In Vivo Experiment. Animals. All animal experiments were undertaken in
accordance with the guideline principles and procedures of Kumamoto Uni-
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versity for the care and use of laboratory animals. Experiments were performed
with male ddY mice (2830 g b.wt.; Japan SLC, Inc., Shizuoka, Japan) and
male Sprague-Dawley rats (180-210 g b.wt.; Kyudou Co., Kumamoto, Japan).
All animals were maintained under conventional housing conditions, with food
and water ad libitum in a temperature-controlled room with a 12-h dark/light
cycle. Before the pharmacokinetic studies using '?3I-Hb or '°I-HbV, all of the
animals were given water containing 5 mM sodium iodide (Nal) to avoid
specific accumulation of the isotope in the glandula thyreoidea until the end of
the experiment.

Preparation of radiolabeled Hb and HbV. '**1-Hb or '**I-HbV were pre-
pared by incubating 200 ul of Hb or HbV (100 mM Hb) with 125-1 as Na'*3
10 ) (GE Healthcare, Little Chalfont, Buckinghamshire, UK) in an lodo-
Gen (1,3,4,6-tetrachoro-3 e, 6a-diphenylglycoluril) tube for 30 min at room
temperature. '*’I-Hb and '*°1-HbV were then isolated from free '] by passage
through a PD-10 column (Pfizer, Inc., Uppsala, Sweden). More than 97% of
the total iodine was bound to internal Hb in HbV. *H-HbV were prepared by
mixing HbV (I ml) with [1,2-*H]cholesterol solution (40 ul) (PerkinBlmer
Life and Analytical Sciences, Yokohama, Japan) and incubated for 12 h at
room temperature. *H-HbV were filtered through a sterilized filter to remove
aggregates (pore size, 450 nm). The incubation of *H-HbV in serum (24 h,
37°C) revealed that *H failed to completely dissociate from the HbV. Before
use in pharmacokinetic experiments, all of the samples were mixed with
unlabeled protein (Hb or HbV) to adjust the target Hb concentration. In
addition, rHSA was added to correspond to the colloid osmotic pressure (Sakai
et al., 1997).

Administration and collection of blood and organs in mice. ddY mice
received a single injection of ***I-Hb (1 mg of Hb/kg), **I-HbV (1, 10, 200,
and 1400 mg of Hb/kg), or *H-HbV (1400 mg of Hb/kg) containing 5% rHSA
in the tail vein under ether anesthesia. At each time after the injection of
labeled protein, blood was collected from the inferior vena cava, and plasma
was obtained by centrifugation (3000g, 5 min). After collection of blood, the
animal was sacrificed for excision of organs. Urine and feces were collected at
fixed intervals in a metabolic cage.

Administration and collection of blood and organs in rats. All of the
Sprague-Dawley rats were anesthetized with pentobarbital and received a
single injection of **I-HbV (10, 200, and 1400 mg of Hb/kg) or *H-HbV
(1400 mg of Hb/kg) containing 5% rHSA. The blood was collected from the
tai] vein, and plasma was obtained by centrifugation (3000g, 5 min). At each
time after an injection of '*I-HbV or *H-HbV, the three animals were
sacrificed for collection of organs, which were rinsed with saline. Urine and
feces were collected at fixed intervals in a metabolic cage.

Measurement of '*I radioactivity. To remove degraded protein and free
1251, 1% bovine serum albumin (BSA) and 40% trichloroacetic acid (TCA)
were added to the plasma, and pellets were obtained by centrifugation (1000g,
10 min). The organs, urine, and feces were weighed on an electronic balance.
1251 radioactivity was counted using a liquid scintillation counter (ARC-5000;
Aloka, Tokyo, Japan).

Measurement of *H radioactivity. The plasma samples were ultracentrifuged
to collect intact HbV (50,000g, 30 min) (Sakai et al., 2001). Collected HbV
were solubilized in a mixture of Soluene 350 (PerkinElmer Life and Analytical
Sciences) and isopropyl alcohol (at a ratio of I:1) for 24 h at 50°C and
decolorized by treatment with H,0,. The organ samples were rinsed with
saline, minced, and solubilized in Soluene 350 for 24 h at 50°C. Urine and
feces were also weighed and solubilized in Soluene 350. Radioactivity was
determined using a liquid scintillation counter (LSC-5121; Aloka) with
Hionic-Fluor (PerkinElmer Life and Analytical Sciences).

Measurement of iron concentration. The iron concentration was calculated
from atomic emission spectrometric analysis (Ubest-35; Jasco, Tokyo, Japan)
using an absorbance of 415 nm. The specific iron concentration derived from
HbV was calculated by subtraction of the plasma iron concentration without
HbYV injection from that with HbV injection. At the same time, we confirmed
that the plasma iron level hardly changed without HbV in mice during the
experimental periods.

In Vitro Experiment. Separation of hepatic cells. Separation of hepatic
cells from dd¥Y mice was performed using a method similar to that described
in a previous report (Nakajou et al., 2005). The portal vein was cannulated with
a polyethylene catheter, and the liver was perfused with Gey’s balanced salt
solution buffer, pH 7.5, without Ca®* for 10 min at flow rate of 5 ml/min and
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then with Gey’s balanced salt solution buffer, pH 7.5, containing 125 units/ml
collagenase and Ca®* for 3 min at 37°C. The liver was suspended in ice-cold
1% BSA. The cell suspension was centrifuged at 20g for 2 min, and the
precipitate and supernatant were collected. Parenchymal and endothelial cells
were isolated from the precipitate and supernatant as follows.

Isolation and culture of hepatic parenchymal cells. The precipitate was
resuspended in 1% BSA and again centrifuged at 20g for 2 min. The cells in
the pellet were resuspended in 10 ml of phosphate-buffered saline (PBS) and
layered on top of a two-step Percoll gradient. The gradient consisted of 25%
(v/v) Percoll (top) and 50% (v/v) Percoll (bottom). The gradient was centri-
fuged at 3000g for 30 min, and the intermediate zone was collected. The
enriched hepatic parenchymal cells were suspended in WE medium (FCS+)
supplemented with 0.1 mg/ml streptomycin and 100 IU/ml penicillin. Aliquots
of the cell suspension were seeded into each well (5 X 10° per well) of
collagenase-coated 24-multiwell plates. The multiwell plates were incubated
for 60 min at 37°C in a CO, incubator. Each well was washed three times with
1 ml of PBS to remove nonadherent cells, and then further incubated for 12 h
with 1 ml of WE medium (FCS+), which was replaced by | ml of fresh WE
medium (FCS—), followed by a 4-h incubation before the experiment.

Isolation and Culture of Hepatic Endothelial Cells. The supernatant was
suspended in 10 ml of RPMI 1640 medium (FCS—) and cultured on a plastic
plate for 20 min (37°C) to remove Kupffer cells. The supernatant in the plastic
plate was then seeded into each well (2 X 10 per well) of fibronectin-coated
24-multiwell plates. The multiwell plates were incubated for 60 min at 37°C in
a CO, incubator. Each well was washed twice with | ml of PBS to remove
nonadherent cells and parenchymal cells and then further incubated for 2 h
with 1 m] of RPMI 1640 medium (FCS+), which was replaced by [ ml of
fresh RPMI 1640 medium (FCS—), followed by a 4-h incubation before the
experiment.

Culture of RAW 264.7 cells. RAW 264.7 cells suspended in Dulbecco’s
modified Eagle's medium (FCS+) were seeded into each well (5 X 10° per
well) of 24-multiwell plates. The multiwell plates were incubated for 24 h at
37°C in a CO, incubator. Each well was washed twice with | ml of PBS, which
was replaced by I mi of fresh Dulbecco’s modified Eagle’s medium (FCS—),
followed by a 4-h incubation before the experiment.

Cell assays. The parenchymal, endothelial, and RAW 264.7 cells in each
well were incubated with various concentrations of **I-HbV for examination,
with or without an excess of corresponding unlabeled HbV. After a 6-h
incubation, 0.575 ml of culture medium was removed from each well and
mixed with 0.15 ml of 40% TCA and 0.15 ml of 0.7 M AgNO; in a vortex
mixer, followed by centrifugation (1000g, 10 min). The resulting supernatant
(0.25 ml) was used to determine TCA-soluble radioactivity, which was taken
as an index of the extent of cellular degradation. The remaining cells in each
well were washed five times with 1 ml of PBS. The cells were lysed at 37°C
for 30 min with 1 ml of 0.1 M NaOH. One portion was used to determine the
radioactivity as the cell-associated ligand; the other was used to determine the
cellular protein content.

Data analysis. Pharmacokinetic analyses after HbV or Hb administration
was performed based on a two-compartment model. Pharmacokinetic param-
eters were calculated by fitting using MULTI, a normal least-squares program
(Yamaoka et al., 1981). The uptake clearance (CL, ) Was calculated, as
described in a previous report using integration plot analysis at designated
times (from 1 to 30 min) during which the efflux and/or elimination of
radioactivity from tissues were negligible (Murata et al., 1998). Data are shown
as mean £ S.D. for the indicated number of animals. The overall differences
between groups were determined by one-way analysis of variance. A value of
p < 0.05 was considered to indicate statistical significance.

Results

Comparison of Pharmacokinetic Properties between Hb and
HbV. The fates of the '**I-Hb and '**I-HbV administered to mice
were evaluated as residual TCA-precipitable radioactivity in the
plasma. Figure 1A shows the time courses for the plasma concentra-
tions of '2*I-Hb and '**I-HbV in mice at a dose of 1 mg of Hb/kg. The
blood circulation of HbV was increased notably. According to the
pharmacokinetic parameters based on a two-compartment model anal-
ysis, the clearance of *°I-HbV was significantly decreased (3.4 = 0.1
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FiG. 1. A, time course for the plasma level of '*I-Hb (O) and '*>I-HbV (@) after
administration to mice. ddY mice received a single injection of '*I-Hb or **]-HbV
from the tail vein at a dose of | mg/kg. Blood was collected from the inferior vena
cava under ether anesthesia, and a plasma sample was obtained. Each point repre-
sents the mean * S.D. (n = 3-6). B, tissue distributions of '*I-Hb ((J) and
"*1-HbV (®) at 3 min after administration to mice. ddY mice received a single
injection of "**I-Hb or '*I-HbV from the tail vein at a dose of 1 mg/kg. At 3 min
after injection, each organ was collected. Each bar represents the mean = S.D. (n =
3-6). #, p < 0.05, #*, p < 0.01, and =+, p < 0.001 versus '®[-Hb.

ml/h) compared with that of ***I-Hb (12.7 = 2.1 ml/h, p < 0.001).
The half-life (¢,,,) and the area under the concentration-time curve
(AUC) of '*I-HbV were increased (7,5, 3.1 * 1.0 and 0.1 = 0.1 h,
p < 0.01 and AUC, 294 = 92 and 7.9 * 3.9 h - % dose/ml, p <
0.001, for ***I-HbV and '**I-Hb, respectively) with decreasing clear-
ance, whereas the distribution volume (V,) remained unchanged
(2.3 = 0.1 and 2.6 = 0.3 ml for '**-HbV and '**I-Hb, respectively).
Figure 1B shows the tissue distribution in each organ at 3 min after an
injection of '2*[-Hb or '*>I-HbV. As expected, '>*1-Hb was distrib-
uted mainly in the kidney and liver. In contrast, the distribution of
1251.HbV was significantly decreased, whereas its distribution in the
spleen and lung was increased significantly.

Dose Dependence of HbV Pharmacokinetics. Table 1 shows the
pharmacokinetic parameters for '*’I-HbV administered to mice at
doses of 1, 10, 200, and 1400 mg of Hb/kg. As the dose was
increased, f,,. was increased and clearance was decreased. The AUC
was increased in proportion to f,,,,. Table 2 shows the dose-depen-

dent CL,, in each organ. CLy,., in liver and spleen was much
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TABLE 1
Dose-dependent pharmacokinetic parameters of HbV ufter administration of "**I-HbV in mice

All mice received & single injection of 125 HbV (1, 10, 200, and 1400 mg of Hb/kg) containing 5% rHSA. At each time (0.05, 0.5. 1,2, 4, 6, 8, 12, and 24 h) after the 251 Hpv injection,
blood samples were collected from the inferior vena cava, and a plasma sample was obtained. Each parameter was calculated by MULTI using a two-compariment model. Values are mean =

S.D.(n = 3-06).
Dose
I mg of Hbrkg 10 mg of Hb/kg 200 mg of Hb/kg 1400 mg of Hb/kg
fi2g (B 3131 36%13 72 %31 18.8 13
AUC (hr - % dose/ml) 204 72 329 £38 134 = 42 829 + 38
Clearance (mi/h) 340 £ 0.1 3.04 = 0.1 0.74 £ 0.1 0.12 =01
V, (ml) 235+02 243 0.3 22402 175206
TABLE 2

Dose-dependent uptake clearance of HbY in liver, spleen, kidney, lung, and heart after "’I-HbV administration in mice

All mice received a single injection of 125 HBV (1, 10, 200, and 1400 mg of Hi/kg) containing 5% vHSA. The uptake clearance for each organ was calculated by inlegration plot analysis

at designated times from 1 to 30 min after injection. Values are mean £ S.D. (n = 3-6).

CLupmkc
Dose
Liver Spleen Kidney Lung Heart
ul/h
1 mg of Hb/kg 2608 * 654 1018 = 188 19+ 904 3.5%09 0.14 £ 0.06
10 mg of Hb/kg 1473 + 440 786 = 94 18 = 8.1 25x02 0.38 = 0.09
200 mg of Hb/kg 452 + 114 102 * 36 25x92 1.3x02 0.06 £ 0.02
1400 mg of Hb/kg 256 + 37 51%6.1 27 £9.4 0.6x02 0.14 = 0.06

higher than that in the other organs. As the dose was increased,
CLyprake in liver and spleen was decreased. These results suggested
that the distribution of HbV to the liver and spleen, which contained
the majority of HbV, was saturated at higher doses.

Cell Assay. lt is well known that liposomes are scavenged and
degraded by the mononuclear phagocyte system (MPS), such as
Kupffer cells or macrophages (Kiwada et al., 1998). Because HbV
were distributed mainly in the liver and spleen, where the MPS is
localized, we examined the issue of whether HbV are scavenged and
degraded by MPS using RAW 264.7 cells, which have been used as
an alternative to Kupffer cells. In these experiments, primary paren-

A Raw 264.7 cell

chymal and endothelial cells from mouse livers were used as a control.
As shown in Fig. 2, the specific uptake and degradation of '**I-HbV
were observed only in the RAW 264.7 cells and not in primary
parenchymal and endothelial cells. This in vitro study supports the
fact that HbV are captured by Kupffer cells in the liver and by
macrophages in the red pulp zone of the spleen, as reported previously
in an in vivo study (Sakai et al., 2001).

Pharmacokinetics of HbV Components in Mice. To investigate
the pharmacokinetics of each HbV component, Hb, enclosed in HbV,
was radiolabeled with *°1 (***I-HbV) or cholesterol, in the lipid
component vesicles of HbV, was radiolabeled with *H (*H-HbV). As
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S 04f DA e %, e FiG. 2. A, dose-dependent endocytic uptake (a) and degrada-
* o2t / - B = A i IO tion (b) of '25I-HbV by RAW 264.7 cells. B and C. endocytic
VA | ke non-specific s - B- non-specific uptake of '**I-HbV by parenchymal cells and endothelial cells,
0°.° ' o'/ respectively. RAW 264.7, primary parenchymal, and endothe-
0 5 10 0 5 10 tial cells were incubated at 37°C for 6 h with the indicated
HbV concentration (pg/mL) HbV concentration {ug/mL) concentration of '**I-HbV in the presence (B) or absence (@) of
50-fold unlabeled HLY. Specific uptake or degradation. (O)
H was calculated by subtracting the nonspecific values from the
B parenchymal ce endothelial ce
total values. Results are the mean = S.D. of three separate
experiments.
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Fic. 3. Time course for the plasima level of '*I-HbV (O), *H-HbV (&), and iron
({0 derived from HbV after administration to mice. ddY mice received a single
injection of '**I-HbV or *H-HbV from the tail vein at a dose of 1400 mg of Hb/kg.
Blood was collected from the inferior vena cava under ether anesthesia, and a
plasma sample was obtained. The iron concentration was calculated from atomic
emission spectrometric analysis using an absorbance of 415 nm. Each point repre-
sents the mean = S.D. (1 = 3-6).

shown in Fig. 3 and Table 3, similar plasma concentration curves and
pharmacokinetic parameters of '**I-HbV were observed for SH-HbV.
Furthermore, after administration of nonlabeled HbV to mice, the time
course for the plasma iron concentration curve derived from HbV was
consistent with the plasma concentration curves for both labeled HbV
(Fig. 3). These data indicate that HbV is likely to maintain an intact
structure in the blood circulation for periods of up to 24 h after
injection. We also examined the issue of whether the injected HbV
had any influence on the production of reactive oxidative species
because, if free iron were released from vesicles, it would enhance the
production of ROS by the Fenton reaction, as has been previously
demonstrated (Anraku et al., 2004, 2008). To quantitatively evaluate
the extent of oxidative stress in the blood circulation, we monitored
the ratio of the mercapt-form (nonoxidized form) to the nonmercapt-
form (oxidized form) of serum albumin, which serves as a marker of
oxidative stress in the circulatory system (Kadowaki et al., 2007,
Shimoishi et al., 2007). No significant differences in these ratios were
found between HbV and the saline administration groups for periods
of up to 7 days after administration (data not shown).

Moreover, the tissue distribution of '**1-HbV was evaluated using
the tissue-to-plasma partition coefficient (X). Figure 4 shows the X,
values in organs (kidney, liver, spleen, lung, and heart) 8 h after the
administration of '**I-HbV or *H-HbV to mice. Among these organs,
the X, values for both the liver and spleen reached >1 for both
radiolabeled HbV. Therefore, we examined the time course for the
tissue distribution in the liver (Fig. SA) and spleen (Fig. SB) after the
administration of both labeled HbV. At an early time period (Fig. 5,
A and B, insets), the time course distributions for '**I-HbV and
*H-HbV were consistent with each other, and the CL,.... values in
liver and spleen were also similar (liver, 256 = 37 and 301 % 41 pl/h
and spleen, 51 = 6 and 43 * 12 pl/h for "*I-HbV and *H-HbV,
respectively). However, the radioactive '*°I was more rapidly elimi-
nated from each organ, and the activity essentially disappeared within
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7 days. On the other hand, the elimination of radioactive 3H was
delayed compared with that of ***I and nearly disappeared after 14
days in both liver and spleen. These data indicate that HbV was
distributed mainly to liver and spleen in the form of intact HbV and
that it was degraded by MPS, followed by different routes of excretion
for the internal Hb and the lipid component.

To identify the excretion pathway of HbV, the levels of radioac-
tivity '*I and *H in wrine and feces were measured (Fig. 6). The
radioactive '*°T was excreted mainly in the urine (84.2 + 4.1% of ID
at 7 days after injection), but was low in feces (5.1 * 2.3% of ID at
7 days after injection). In addition, neither Hb nor protein urea nor
hemoglobinuria was detected in the urine (data not shown). On the
other hand, the majority of the radioactive *H was excreted in the
feces (71.1 = 3.6% of ID at 7 days after injection), and a small portion
was excreted into the urine (19.8 = 3.4% of ID at 7 days after
injection). At 7 days after injection, a high level of radioactivity from
*H was detected in plasma lipoprotein and bile, but 2] was not (data
not shown).

Pharmacokinetics of the HbV Component in Rats. Because
altered pharmacokinetics of liposomes have been reported for differ-
ent animal species, we carried out a pharmacokinetic analysis in rats
as well. The rats showed dose dependence for HbV pharmacokinetics
similar to that observed for mice, except that the half-life of HbV was
doubled (¢, of 8.8 = 0.7, 11.5 = 0.3, and 30.6 = 4.0 h at doses of
10, 200, and 1400 mg of Hb/kg, respectively).

Table 3 shows data for the pharmacokinetic analysis of '*3I- and
*H-HbV in rats. Although the pharmacokinetic behaviors of both
radiolabeled HbV were similar to those for mice, the maximum
hepatic distributions of labeled HbV in rats were decreased by nearly
half of those in mice (13.5 = 0.5 and 17.7 = 3.0% of ID for '*’I-HbV
and *H-HbV, respectively). Moreover, the radioactive ‘2°1 was ex-
creted mainly in the urine (77.9 = 6.1 and 4.8 = 1.6% of ID at 7 days
after injection for urine and feces, respectively). On the other hand,
the majority of the radicactivity of *H was excreted into feces (10.9 =+
4.4 and 66.3 = 14.8% of ID at 7 days after injection for urine and
feces, respectively).

Discussion

The HbV has been developed as an artificial oxygen carrier and has
considerable promise for use in clinical settings because of its superb
functionality, such as its ability to regulate rheological properties and
cardiocirculatory dynamics and its oxygen carrier ability (Izumi et al.,
1996; Sakai et al., 2008). In previous studies, cell-free Hb and per-
fluorocarbon, which had also been developed for use as artificial
oxygen carriers, were excluded as possible candidates, because their
systemic half-lives were too short (~0.5-1.5 h) or long (1 year or
longer), respectively, for them to effectively function as an optimal
oxygen carrier (Savitsky et al., 1978; Nosé, 2004). Therefore, it is
necessary to characterize the pharmacokinetic properties of the HbV
and its components to demonstrate the efficacy and safety of this
preparation because a short half-life leads to a diminished pharmaco-
logical effect, whereas a long half-life increases the bioaccumulative
potential.

In this study, the half-life of HbV was found to be 30 times higher
than that of stroma-free Hb at a dose rate of | mg Hb/kg due to
decreased distribution to the liver and kidney (Fig. 1). This finding
could reflect physicochemical differences, such as diameter, the ab-
sence or presence of a membrane structure, and PEG modification
between HbV and Hb. In physiological conditions, Hb that is released
from ruptured RBCs becomes rapidly bound to haptoglobin (Hp),
which promotes CD163 recognition in the liver (Kristiansen et al,,
2001). When the Hb concentration exceeds the Hp-binding capacity,
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TABLE 3

Pharmacokinetic parameters of HbV after administration of '**I- and *H-HDV in mice and rats

Al mice and rals received a single injection of 1251 HbY or *H-HbV at a dose of 1400 mg of Hb/kg containing 5% rHSA. At each time after the injection of *?*[-HbY or *H-HbV, a blood
sample was collected from the inferior vena cava {mice) or from the tail vein (rats), and plasma was obtained. Each parameter was calculated by MULTI using a two-compariment model.

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

Mice Rats
125 Hpv SH-HbV BLHpv H-HbY
tip () 18.8 % 1.3 19.9 = 0.9 30.6 = 4.0 30.9 £ 4.7
AUC (luv + % dose/ml) 829 =28 899 = 44 210 =23 247 + 22
Clearance (ml/h) 0.12 = 0.04 0.11 = 0.03 0.46 = 0.04 0.41 £ 0.02
v, (ml) 175 % 0.6 1712 0.1 10.9 =02 102 £ 2.0
4.0 A liver
30 30
’:‘5 25 20
E o 20 10
2~ Q
* 218 ° 0.5 1
[»] .
=2 10 Time thr)
5
Py 6 < Iy < s 0 1 L
R N 0123 5 7 10 14
% A < > Time (days)
FiG. 4. The tissue-to-plasma pastition coefficient (K,) of '*LI-HbV (0) and B spleen
*H-HbV (M) 8 h after administration to mice. Each bar represents the mean * S.D.
(n = 6). 10
3
unbound Hb is filtered through the kidney (Savitsky et al., 1978). 8 g4
Thus, the reduction in HbV distribution in the liver and kidney could ® g
be due to the encapsulation of Hb by the liposome because it may not 286 <2
only suppress the binding of internal Hb to Hp but also inhibit renal i o
glomerular filtration. g 4 0 Tmfjmr) 1
. B o
For HbV, approximately 10% of the dose was distributed to the
liver. Because HbV possess a liposome structure, they would be 2
expected to be captured by MPS in the liver and spleen (Kiwada et al.,
1998). In fact, as the dose is increased, CL . in the liver and spleen 0 T
was decreased (Table 2), and the half-life was increased (Table 1). In 0123 5 7 10 14
addition, specific uptake and degradation were observed only in Time (days)

macrophage cells but not in parenchymal and endothelial cells (Fig.
2). These results strongly suggest that HbV are scavenged by the
MPS, such as Kupffer cells or the red pulp zone, and that this ability
became saturated at high doses of HbV. These results are in reason-
ably good agreement with previous in vivo findings that HbV are
taken up by Kupffer cells, the red pulp zone, and mesangial cells
(Sakai et al., 2001, 2004a). However, because of increased distribu-
tion of HbV into spleen and lung compared with that of free Hb,
further study will be needed to demonstrate the effect of HbV admin-
istration on the immune and respiratory systems.

In clinical situations such as hemorrhagic shock or an intensive
surgical procedure, a massive dose of HbV would be administered to
patients. Therefore, it is important to confirm the safety of HbV
components from the viewpoint of pharmacokinetics, because Hb
molecules can trigger a nunber of side effects such as renal toxicity
and hypertension derived by scavenging endothelium-derived NO
(synthesized by NO synthase-3) (Yu et al., 2008) and tissue damage
induced by the Fenton reaction mediated by heme (iron) (Balla et al.,
2005). In addition, the long-term circulation of high amounts of lipids,
especially cholesterol, contributes to cardiovascular and kidney dis-

Fi6. 5. Time cowrse for radioactivity in liver (A) and spleen (B) after the admin-
istration of '#*I-HbV (O) or *H-HbV (@) at a dose of 1400 mg of Hb/kg to mice.
ddY mice received a single injection of '**I-HbV or *H-HbV from the tail vein at
a dose of 1400 mg of Hb/kg. Each point represents the mean = S.D. (n = 3-6).

ease (Grone and Grone, 2008). In this study, we were able to con-
firm the safety of HbV components, including Hb, iron, and lipids,
based on pharmacokinetic analyses, as evidenced by the following
procedures.

First, the findings herein clearly showed that for up to 24 h after
injection, the plasma concentration curves of '**I-HbV, *H-HbV, and
iron derived from HbV exhibited similar behaviors (Fig. 3). In addi-
tion, CLypee in liver and spleen was also similar for '*’I-HbV and
SH-HbV (see Results). These results indicate that the HbV circulates
in the bloodstream as stable, intact vesicles until degraded by the
MPS.

Second, nearly 80% of the radioactive 21 is excreted into the urine
by 7 days after its injection. This radioactivity is probably due to the
degradation of Hb enclosed in liposomes because '*°1 binds co-
valently to tyrosine residues of protein (Burger et al., 1983). In fact,
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Fig. 6. Time course for radioactivity in urine (A) and teces (B) after the adminis-
tration of °I-HbY (O) and *H-HbV (@) to mice. ddY mice received a single
injection of '¥I-HbV or *H-HbV from the tail vein at a dose of 1400 mg of Hb/ke.
Urine and feces were collected at fixed intervals in a metabolic cage. Each point
represents the mean = S.D. (n = 3-6).

neither Hb nor protein urea nor hemoglobinuria was detected in the
urine. Moreover, a previous study showed that multiple-dose or a
single high-dose treatment of HbV failed to induce any detectable
pathological injury in the kidney or any change in arteriolar or venular
diameters, which are induced by the dimeric form of Hb or any direct
interaction of Hb with NO (Sakai et al., 2001, 2004a; Cabrales et al.,
2005). These results indicate that ***I-HbV are degraded by the MPS
and that the '*°1 is excreted in the urine in the form of a degradation
product of ‘**I-Hb derived from HbV.

Third, an excess of heme (iron) could cause hemosiderosis and
oxidative stress via the Fenton reaction (Buehler and Alayash, 2004).
Therefore, the disposition of heme (iron) derived from HbV needs to
be clarified. Our study showed that the plasma concentration curve for
heme (iron) derived from HbV was similar to that for '25[-HbV and
*H-HbV (Fig. 3). In addition, after an HbV injection, systematic
oxidative stress, as estimated by the oxidized albumin ratio, was not
increased (data not shown). These results suggest that an excess
amount of free heme (iron) derived from HbV was not released in the
plasma. In fact, a previous study reported that a daily repeated
infusion of HbV (1000 mg of Hb/kg/day) for 14 days had no effect on
plasma iron and bilirubin levels. Therefore, phospholipid vesicles for
the encapsulation of Hb would be beneficial for heme detoxification
through their preferential delivery to the MPS as described in a
previous report (Sakai et al., 2004a). Furthermore, deposition of
hemosiderin, which is siderosis as heme detoxification, was detected
in the liver and spleen after the administration of HbV (2000 mg of
Hb/kg), but this deposition completely disappeared after 14 days
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(Sakai et al., 2001). In the future, it will be necessary to study
ferrokinetics to confirm this issue by using Hb with radiolabeled iron
(e.g., °Fe and *Fe). It will also be interesting to determine whether
the deposited iron is effectively used for hematopoiesis after massive
blood loss and HbV administration.

Finally, the findings herein show that [*H]cholesterol in HbV was
mainly distributed to the liver and spleen, and subsequently excreted
into feces approximately 14 days after *H-HbV injection (Figs. 4 and
5). These results are in good agreement with histopathological exam-
inations, using oil red O staining of liver tissue after an injection of
HbV (2000 mg of Hb/kg), which revealed that slight stains were
confirmed 3 days after injection and that this staining disappeared
within 7 days (Sakai et al., 2001). In addition, Sakai et al. (2004a)
found that daily repeated infusion of HbV for 14 days elevated the
level of plasma lipid components, one of the risk factors of athero-
sclerosis, although the effect was temporary. However, cholesterol in
the vesicles should reappear in the blood mainly as lipoprotein cho-
lesterol after entrapment in the Kupffer cells and should then be
excreted in bile after entrapment of the lipoprotein cholesterol by the
hepatocytes (Kuipers et al., 1986). In fact, high levels of radioactivity
of *H in plasma lipoproteins and bile, which are related to carrying
and excretion of endogenous cholesterol by physiological pathways,
were observed (data not shown). Therefore, it would be desirable to
know that cholesterol in the lipid components in HbV behaved the
same as endogenous cholesterol after the metabolization of HbV in
the MPS.

Conversely, we did not directly examine the disposition of the
phospholipid, DPPC, in HbV. Previous reports have shown that phos-
pholipids in the liposome are metabolized in the MPS and reused as
cell membranes or are excreted into the bile (Dijkstra et al., 1985;
Verkade et al., 1991). Therefore, it is also possible that phospholipids
in HbV are metabolized and excreted in the same manner as men-
tioned above. However, further study will be needed to demonstrate
this fact.

Based on the present findings, we propose that the disposition of
HbV and its components accurs as follows. After circulating in the
form of stable HbV, they are distributed to the liver and spleen, where
they are degraded by the MPS. Finally, the enclosed Hb and outer
lipid components are eliminated mainly to the urine and feces, re-
spectively, in the same manner as endogenous substances. In addition,
our pharmacokinetic study using different animal species enabled us
to predict pharmacokinetics in humans. In fact, we reported previ-
ously that the half-life of HbV in humans was estimated to be
approximately 3 to 4 days by using an allometric equation (Taguchi et
al., 2009). The above findings provide further support for the effec-
tiveness and safety of the HbV for use as an oxygen carrier.
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Abstract: For use as artificial oxygen carriers during
transfusion, the safety and efficacy of Hb-vesicles (HbV,
250 nm), have been investigated extensively. Nevertheless,
their neurotoxicity remains unknown. We explored poten-
tial adverse effects of HbV in the brain using a rat intrace-
rebral hemorrhage model. Male Wistar rats were anesthe-
tized with sevoflurane and fixed on a stereotaxic frame.
Then HbV or homologous RBC suspension ([Hb] = 8.6 g/
dL, 20 uL)) was injected into the right caudate nucleus. All
animals survived, gained weight, and maintained their
well-being until the time of sacrifice; except during the
first few days after surgery. However, both groups showed
slight weakness in hind leg retraction, occasional ataxia/
gait, and pilcerection. Neutrophils accumulated at the
onset of injury in perthematomal tissues in both groups at
Ist day, but had disappeared by 3 days. Infiltration of

small HbV in the perihematomal tissue was prominent at
1st day; phagocytized HbV were detected in macrophages.
Hemeoxygenase-1 and hemosiderin deposition appeared
after 3 days, reflecting the degradation of both HbV and
RBC. The HbVs were detectable even after 28 days in the
HbV group, but no residual RBCs were detected in the
RBC group. Both groups showed proliferation of astro-
cytes, named gliosis, for tissue reconstruction after 3 days.
This study revealed no notable differences in adverse
effects between the intra-cerebral injection of HbV and the
RBC control on behavioral functions and brain tissue
responses. © 2008 Wiley Periodicals, Inc. ] Biomed Mater
Res 90A: 1107-1119, 2009

Key words: artificial oxygen carriers; blood substitutes; lip-
osome; intracerebral hemorrhage; neurotoxicity

INTRODUCTION

For possible use as a transfusion alternative, Hb-
vesicles (HbV), or liposome-encapsulated Hb, were
developed as artificial oxygen carriers.”® The HbV
safety and efficacy have been studied extensively in
our laboratory. HbV is void of blood-type antigens
and blood-borne pathogens, and can be stored for at
least 2 years at room temperature."® The cellular
structure and HbV particles are sufficiently large to
prevent extravasation across the hepatic fenestrated
endothelium, so as not to modulate the reaction with
endogenous NO and CO as vasorelaxation factors.>™"
The fate of HbV after oxygen transport is accumu-
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lation and prompt degradation in the reticuloendo-
thelial system, primarily by spleen macrophages and
liver Kupffer cells, and similar to that of senescent
RBCs. The circulation time, however, was shorter for
HbV than for RBC.>42714

It is known from clinical information that hemor-
rhagic shock and resuscitation often produce brain
damage from the opening of blood brain barrier
(BBB), and infiltration of blood components into the
brain tissue, leading to tissue inflammation and neu-
ronal cell death."” However, HbV would not infil-
trate through the BBB because of its vesicular size,
which is 250 nm on average, is considerably larger
than that of any other plasma proteins. We further
investigated possible HbV neurotoxic effects by
direct injection of HbV into the rat brain compart-
ment. When the BBB is damaged by a traumatic
injury or an intracerebral hemorrhage (ICH) and
when blood is infiltrated into the brain, the process
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induces local inflammation and migration of
immuno-protective cells such as microglia. In

patients suffering from brain hemorrhage or stroke,
the released Hb by breakdown of RBC and its
byproducts such as iron are known to produce neuro-
nal damage.’*™*® HbV encapsulates purified Hb solu-
tion in phospholipid vesicles. Therefore, an equivalent
neurotoxicity of RBC might be expected from the
released Hb and its byproducts when the HbVs break
down, However, because the chemical composition
and the stability of HbV lipid membrane differ from
those of RBCs, the HbV breakdown process might
produce quantitatively different neurotoxicity. In 2004,
the FDA listed eight unsolved safety-related problems
of Hb-based oxygen carriers. One was neurotoxicity
because it is anticipated that Hb, entering the brain
from the vasculature, can cause considerable tissue
damage, engendering disability or morbidity.'*’

Given this background, the current study tested
the possible neurotoxic effect of HbV comparative to
that of RBC, when it is injected directly into the
brain compartment. For the purpose, HbV was
injected into basal ganglia on one side and the neu-
rotoxic effects were examined using pathological
procedures and using histochemical and immunohis-
tochemical methods. Their consequent behavior
responses were also studied.

MATERIALS AND METHODS

Preparation of Hb-vesicles

HbVs were prepared by Oxygenix Co. (Tokyo, Japan) as
reported previously.®”**** The Hb was purified from out-
dated and donated blood provided by the Japanese Red
Cross Society (Tokyo, Japan). The encapsulated Hb (38 g/
dL) contained 147 mM pyridoxal &-phosphate (PLP;
Sigma-Aldrich Corp., St. Louis, MO) as an allosteric effec-
tor at a molar ratio of PLP/Hb = 2.5. The lipid bilayer
comprised  1,2-dipalmitoyl-sn-glycero-3-phosphatidylcho-
line, cholesterol, 1,5-O-dihexadecyl-N-succinyl-L-glutamate
(Nippon Fine Chemical Co., Osaka, Japan), and 12-
distearoyl-sn-glycero-3-phosphatidyethanoclamine-N-PEGso
(NOF Corp., Tokyo, Japan) at a molar composition of 5/5/
1/0.033. The lipopolysaccharide content, measured using a
modified Linmulus amebocyte lysate test, was <0.2 EU/
mL.% The physicochemical characteristics of HbVs are Ps,
25 Torr, 251 + 81 nm particle diameter, and < 3% MetHb.
Prior to use, HbV suspended in saline (0.9% sodium chlo-
ride; [Hb] = 10 g/dL, 8.6 mL) was mixed with recombi-
nant human serum albumin (rHSA, 25 g/dL, 1.4 mL;
Nipro Corp., Osaka, Japan), making the final rHSA con-
centration in the suspending medium 5 g/dL; this caused
the final Hb concentration to 8.6 g/dL.*® At this condition,
the colloid osmotic pressure (COP) and the viscosity (300
s, 37°C) of the HbV/rHSA were, respectively, 20 mmHg
and 2.9 cP.
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Preparation of washed rat RBC

Blood was withdrawn from the anesthetized donor
Wistar rats via the caudal vena cava into a heparinized
syringe. The blood was centrifuged for 10 min at 4000 X
g; the supernatant and the buffy coat were removed. The
sedimented RBCs were re-suspended in saline and centri-
fuged. This procedure was repeated twice. The RBCs
were suspended finally in a 5 g/dL rHSA solution. The
final Hb concentration in the suspension was made to
8.6 g/dL and to the same Hb concentration as that in
the HbV suspension.

Injection of the sample solution into brain tissue

The experimental protocol was fully approved by the
Institute of Laboratory Animal Care and Use Committee,
Keio University School of Medicine. Relevant NIH guide-
lines (NIH Publication no. 85-23 Rev. 1985) were observed.
All survival surgical procedures were performed under
the Institutional Animal and Use Committee guideline. In
all, 69 male Wistar rats were used for this study (Sankyo
Labo Service Co., Tokyo, Japan). Each animal was placed
in a gas-tight glass jar; the anesthesia was induced with
ether. The animal was then mounted to a small animal
standard stereotaxic frame (Kent Scientific Corp., Torring-
ton, CT). The surgical anesthesia was maintained with 1.3-
1.5% sevoflurane (Maruishi Pharm., Co., Osaka, Japan)
delivered through a flow regulated gas anesthetic machine
(Model TK-4 Biomachinery; Kimura Medical Instrument
Co., Tokyo, Japan) and through a nose cone attached to
the stereotaxic frame and to the animal. Body temperatures
of the animals were maintained at 37°C throughout the
surgery using a heating pad. Bach animal’s head was
shaven; the skin was disinfected with 70% ethanol and Iso-
zin, and a local anesthetic, bupivacaine hydrochloride
(0.25%; Marcain® injection; AstraZeneca, Osaka, Japan)
before making an incision. The skull was exposed by mid-
line incision; underlying muscle layers were retracted to
expose the bone surface. Lambda was identified. The injec-
tion site was at the basal ganglia area, marked according
to the rat stereotaxic map coordinate of 2.4 mm anterior to
lambda, 4 mm lateral to midline, and 5 mm ventral from
the surface. A hole was drilled through the skull bone on
right side.

The testing solution (either one of HbV or RBC), 20 nL,
was injected at a rate of 4 pL/min through the 28-G needle
attached to Hamilton micro-syringe; the needle was held
in place for 3 min after the completion of injection (HbV,
n = 34; RBC, n = 28). The needle site was plugged with
Gelform (Pharmacia and Upjohn, Kalamazoo, MI) to pre-
vent cerebrospinal fluid leak; the hole of the skull was
sealed with dental cement (lonotite; Tokuyama Dental Co.,
Tokyo, Japan). The skin was closed with either wound clips
or an absorbable suture. An antibiotic, Cefmetazole sodium,
20 mg/kg SC (Sankyo Pharmaceutical, Tokyo), and an
opioid analgesic, Buprenorphine hydrochloride (Lepetan
injection; Otsuka Pharm., Tokyo, Japan), 0.05 mg/kg, SC,
were given after the surgery. The animal was kept on a
temperature-controlled bed in a cage and observed until
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tion, they were incubated with mouse monoclonal anti-
body against rat HO-1 (GTS-3; Takara, Tokyo, Japan). They
were then incubated with the secondary antibody (Simple
Stain Rat MAX-PO[M]); Nichirei Corp., Tokyo, Japan). The
color was developed using DAB, and the sections were
counterstained with hematoxylin. A comparative staining
procedure was performed with non-immune mouse IgG to
confirm that the staining was specific to HO-1 and not
derived from the color of hemosiderin deposition (DAKO).

For detection of human Hb derived from HbV, the sec-
tions were treated with rabbit polyclonal antibodies
against human Hb (Dako). They were further incubated
with alkaline phosphatase-conjugated swine antibodies
against rabbit immunoglobulins (Dake)). The color was
then developed using a New Fuchsin Substrate Kit
(Nichirei Corp., Tokyo, Japan); the sections were counter-
stained with hematoxylin.

Apoptotic cells were stained with terminal deoxynucleo-
tidyl transferase dUTP Nic-end labeling (TUNEL) with
ApopTag® Peroxidase In Situ Apoptosis Detection Kit
(Chemicon International, Temecula, CA). The detailed pro-
tocol is described in the kit operating instruction. After
pretreatments for antigen retrieval and quenching of en-
dogenous peroxidase, the sections were incubated with a
terminal deoxynucleotidyl transferase (TdT) enzyme solu-
tion, followed by a solution of anti-digoxigenin conjugate.
The color was developed with peroxidase substrate and
counterstained with hematoxylin.

Transmission electron microscopic observation {TEM)
was performed to visualize the presence of the HbV par-
ticles in the brain tissue (PCL Japan, Tokyo, Japan). One
brain of the HbV group at 1, 3, 7, and 28 days was fixed
with 2.5% glutaraldehyde solution, cut in ~2-mm?> blocks,
and stored in 8% sucrose solution (0.1 mol/L phosphate
buffer, pH 7.4). The fixed blocks were then washed with
0.1 mL/L phosphate buffer and stained with 2% osmic
acid solution at 4°C for 2 h. Next, the blocks were dehy-
drated with ethanol solution by a stepwise increase in
ethanol concentrations (50, 60, 70, 80, 90, 95, and 100%), 10
min for each step, washed with propylene oxide; then
polymerized using Quetol 812 at 60°C for 28 h. The
obtained blocks were sliced into 60-70 nm thickness using
an Ultracut S microtome. The sliced tissues were stained
with 3% uranyl acetate solution for 16-20 min, then treated
with Satoh’s lead solution (lead acetate, lead nitrate, and
lead citrate) in citrate for 5 min, washed, and dried. The
sliced brain tissues were examined under a transmission
electron microscope (TEM, JEM-100CX; JEOL, Tokyo,
Japan) and photographed.

Data analysis

The in vivo data are presented as mean * SE with the
indicated number of animals tested. Unpaired f-tests were
used to compare the HbV and RBC groups.

In vitro stability of Hb-vesicles and RBC

Degradation rate of HbV would be influenced by the
stability of HbV vesicles withstanding physical stimuli and
enzymatic attack. To collect some information related to
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stability, the following three sets of in vitro experiments
were performed:

1. Hypotonic hemolysis was induced by mixing HbV or
RBC suspensions with distilled water at a 1:4 volume
ratio ((Hb] = 1.72 g/dL). The mixture was then cen-
trifuged and the supernatant Hb concentration was
measured using a cyanomethemoglobin method® to
determine the percentage of hemolysis.

2. Resistance of hemolysis to freeze-thawing was tested
by diluting the sample of HbV or RBC 10 times with
saline solution ([Hb] = 1.72 g/dL). One milliliter of
the sample was put in a plastic tube and dipped in
liquid-nitrogen for a few minutes. It was then
thawed at room temperature. The samples were cen-
trifuged and the supernatant Hb concentration was
determined by the same method.

. Hemolysis was induced by the enzymatic attack with
phospholipase A, (PLAj;) to membrane phospholi-
pids.®® Four hundreds microliters of sample solutions
of HbV or RBC in PBS ([Hb] = 1.6 g/L, pH 7.2) was
added to a 400 pL stock solution of 10 mM CaCl,
and 3 pg/mL PLA, (from Naja mossambica mos-
sambica; Sigma, MO). The mixture was incubated for
0.5 and 2 h at 37°C; EDTA was then added to make
a final concentration of 2 mM; the tube was cooled in
ice for 5 min. The testing solutions were centrifuged
or ultracentrifuged, and the supernatant was deter-
mined for Hb concentration to calculate the degree of
hemolysis. The data are expressed as mean = SE.

W

RESULTS

Body weight and behavioral testing

All animals in both HbV/rHSA and RBC/rHSA
groups survived. After a slight weight reduction
during the first 3 days, their body weights increased
steadily to 327 * 3 g at 28 days after the treatment
(Fig. 1). Because of the initial loss, both groups
showed lighter body weights in comparison to the
normal rat group (untreated). The wet brain weight
for both groups increased along with the increasing
body weight (on the average HbV group, from 1.84
+ 0.04 to 1.94 * 0.02 g; RBC group, from 1.86 = 0.02
to 1.97 = 0.02 g). No significant difference was appa-
rent between the HbV and the RBC treated groups
in brain weights.

The results of behavioral testing (Table I) indicate
that animals in both HbV and RBC treated groups
displayed no overt circling movement. Piloerection
and startle responses were apparent for both groups;
however, the startle responses reverted to normal by
7 days in both groups. The testing of the hind leg
weakness on the beam showed signs of disability,
that is, miss-steps and dragging of the left foot, in
both treated groups; they were observed more often
than in the untreated rat group. The testing of the
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Figure 1. Changes in body weight after intracerebral
injection of HbV or RBC. A slight reduction of body
weight was apparent for 3 days at the beginning in both
groups. However, the rats grew and gained weight rapidly
to about 330 g at 28 days. Mean * SE. Data of normal rats
(no treatment) were also plotted as a reference.

ability to hang on a bar with front paws, which was
the most sensitive test to detect the lack of motor coor-
dination in our behavioral testing measures, showed
some reduction in hanging time (HbV, 10 = 1 s vs.
RBC, 9 = 1 s), with a significant difference from the
untreated group (18 * 3 s); however, no significant
difference was found after 2 days until 28 days.

Histopathological examination of brain

The tip of the needle was positioned to the area of
basal ganglia (Fig. 2). One day after the injection, HE
staining showed the presence of hematoma in both
groups. The HbV group showed a spread of red col-
oration in the perihematomal region, indicating that
small HbV infiltrated into the surrounding paren-
chyma tissue. In the HbV group, the hematoma was
composed of injected HbV and autologous blood
because of bleeding caused by the needle insertion.
A magnified photograph showed the presence of
neutrophils surrounding the hematoma in both HbV
and RBC groups because of the inflammatory reac-
tion. The quantities of neutrophils were highest 1
day after injection in both groups; the numbers
decreased significantly by 3 days. No notable differ-
ence in cellular responses was found between the
two groups.

Staining with anti-human Hb antibody also sup-
ported the fact that HbV were diffused into the pa-
renchyma. It was inferred from the micrographs
taken 1, 3, and 28 days after the HbV injection (Fig.
3) that HbV was phagocytized by macrophages. The
number of such macrophages decreased markedly

by 28 days. However, the micrograph clearly
showed the presence of human Hb in HbV, even af-
ter 28 days. Correspondingly, TEM clearly showed
the presence of HbV in the phagosomes of macro-
phages at 1 and 3 days (Fig. 4). A macrophage phag-
ocytizing both HbV and RBC is apparent as shown
in the HbV group.

Staining with anti HO-1 antibody showed the
induction of HO-1 at 3 and 7 days after injection for
both HbV and RBC groups, particularly at the rim of
the hematoma region (Fig. 5). However, the macro-
phages stained with HO-1 in the HbV group
appeared more widely distributed in the perihema-
toma region compared with the RBC group at 28
days (data not shown). The DAB staining procedure
with non-immune IgG instead of anti HO-1 antibody
showed no brown staining (data not shown). It is
concluded, therefore, that the brown stains are spe-
cific to HO-1 and not derived from hemosiderin.

Berlin blue method confirmed the hemosiderin
deposition from 3 days after injection. A large
amount of hemosiderin was deposited at a nearby
hematoma site in both groups at 7 days (Fig. 6). The
tissue area containing the HbV, however, showed
less hemosiderin deposition. At 28 days, the hemo-
siderin remained in both groups.

Regarding immunochemical studies with GFAP,
the reactive proliferation of astrocytes and gliosis
was detectable at 3 days in both groups (Fig. 7). The
hypertrophic and hyperplastic astrocytes were dis-
tributed in the area of the hematoma. The recon-
struction processes were seen to occur by scar tissue
formation, namely gliosis. Astrocytic cell reaction
progressed. The glial fibers became stouter and more
numerous, showing fibrillary gliosis at 28 days in
both groups.

Furthermore, TUNEL-staining clarified the pres-
ence of apoptotic cells surrounding the hematoma in
both groups. The HbV group showed 4.3 *+ 3.6 cells
(1 day), 2.0 = 0.4 cells (3 days), 8.0 = 1.9 cells (7
days), and 13.2 * 4.1 cells (28 days). The RBC group
showed 11.9 = 7.2 cells (1 day), 1.5 = 0.7 cells (3
days), 20.4 = 9.8 cells (7 days), and 19.0 = 6.1 cells
(28 days). Both groups showed considerable varia-
tion in number of apoptotic cells. However, the RBC
group displayed a greater number of apoptotic cells
overall than in the HbV group, especially at 7 days.

In vitro stability of Hb-vesicles and RBC

Hypotonic challenge induced 94% hemolysis for
rat RBC, although HbV showed essentially no hemo-
lysis (Table II). Freezing of water, crystallization of
bulk water molecules, facilitates dehydration of the
surface of lipid membranes, and destroys the cellular
structure. Freeze-thawing induced 78% hemolysis for
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Figure 2. (Left Top) The needle tip for the intracerebral injection reached to the caudate nucleus. (Left middle, bottom)
Hematoxylin/eosin staining of rat brain showing the presence of hematoma 1 day after injection. The HbV group showed
the red area in the parenchymal region, indicating the presence of dispersed HbV. The RBC group showed that most of
the RBCs remained in the hematoma. (Right, middle, and bottom) Hematoxylin/eosin staining of rat brain showing the
presence of neutrophils (indicated with arrows) surrounding the hematoma in both HbV and RBC groups 1 day after
injection because of the inflammatory reactions. (Right top) The quantities of neutrophils (in 0.26 mm?) were greatest 1
day after injection. Then they decreased significantly 3 days after injection (*p < 0.05 vs. 1 day). However, no differences
were found between any of the HbV with the RBC groups. [Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

RBC whereas HbV showed only 20% hemolysis.
HbV was resistant to the attack of PLA,. Hemolysis
was almost not induced in the HbV sample, whereas
RBC showed 18% hemolysis.

DISCUSSION

The main finding of this study is that the intrace-
rebral injection of 20 pL HbV showed normal pro-
gression of pathological responses to ICH. No differ-
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ence was evident between HbV and RBC injections
in the conventional rat ICH model, except that HbV
distributed more widely in the perihematomal tissue
and that a slight amount of HbV remained even af-
ter 28 days.

A clinical application of Hb-based oxygen carriers
(HBOCs) can be a resuscitative fluid, which can be
used for traumatic hemorrhaged patients.** How-
ever, most conventional experimental animal models
have tested the effectiveness of HBOCs on artificially
created hemorrhagic conditions that do not involve
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Figure 3. Immunochemical staining of rat brain tissue
near the hematoma with anti-human Hb antibody. The
round pink cells indicate the presence of HbV inside the
cells. One day and three days after injection, the macro-
phages phagocytizing HbV are evident, as indicated with
arrows. Even after 28 days, a large amount of HbV
remained, although such cells were markedly fewer. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

head injury.**?® Therefore, it is important to test

possible adverse effects of HBOC when it is used for
treatment of trauma such as in head injury involving
brain hemorrhage.?® Accordingly, examining the
effects of HbV through a direct injection into the

Figure 4. Transmittance electron micrographs of rat brain
tissue in the HbV group 1 day and 3 days after intracere-
bral injection of HbV. The individual HbV particles are
visible as black particles in the phagosomes of macro-
phages at 1 and 3 days, as indicated with white arrows. A
macrophage phagocytizing not only HbV but also RBC
(black arrows) is visible. Scale bar, 1 pm.
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Figure 5. Immunochemical staining with anti-rat HO-1 antibody of rat brain 3 and 7 days after injection of HbV and
RBC. Intense staining was confirmed especially at the rim of the perihematoma region. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

brain can be a useful approach for fundamental
characterization of HbV pathophysiology in ICH.*
The vesicular size of HbV, 250 pm, is much larger
than plasma proteins. It is noteworthy that, in a pre-
vious experiment, HbV did not infiltrate into the
brain tissue compartment even when a severe hem-
orrhagic condition was produced experimentally by
blood draining and the BBB was damaged while
HbV solution was tested as a resuscitation fluid.*
The current study further investigated possible HbV
toxicity produced on brain tissue when it was
injected directly into the brain compartment.

Many reports have described the cellular, bio-
chemical, and pathophysiological effects of ICH. In
addition, the time course of the effects has been
investigated using many animal model systems.>*>*
The intensity and the time course of these debilitat-
ing effects of experimentally induced ICH generally

aralleled with the intracerebral injection vol-
ume.'®3>% In our experiment, the volume of injec-
tion into a rat brain was small: 20 pL. Precedent
studies reported that 20 uL of RBC injection caused
brain edema and BBB breakdown at 3 days,37 and
that the mortality rate increased with 30 pL injec-
tion.® We have anticipated, therefore, that HbV
might cause some intense reactions as they were
demonstrated with RBC.%® Additionally, there has
been a report demonstrating a close relationship
between brain edema and forelimb placing deficit
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scores after the experimental ICH.*® For both HbV
and RBC groups, the 20 pL injection produced slight
signs of motor dysfunctions, that is “miss-steps,”
“dragging” of the left foot, and the reduction of the
forelimb “hanging-time,” that is classical striatal
motor dysfunctions. The current study used meas-
urements of body weight gain, wet brain weight,
and motor dysfunctions. However, all were mutually
comparable with the HbV treated animals.and with
the RBC treated animals; HbV showed no notable
adverse reactions over that seen with RBC.
Histopathological examination 1 day after the
injection indicated that both HbV and RBC groups
showed the infiltration of neutrophils surrounding
the hematoma. Neutrophils release various inflam-
matory cytokines, such as tumor necrosis factor-a,
interleukin-6, and interferon-y, which play important
roles in brain damage.'® The neutrophil infiltration is
a normal response to tissue damage such as brain is-
chemia and traumatic injury.* The number of neu-
trophils had decreased significantly by 3 days in
both groups. Immunochemical staining with anti-
human Hb antibody showed that a considerable
amount of small HbV corpuscles were dispersed
into surrounding tissue. In contrast, a large amount
of RBC mostly remained in the hematoma. These
differences between HbV and RBC might be attribut-
able to the differences in sizes of two corpuscles, or
other physicochemical properties for dispersion. It
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Figure 6. Berlin blue staining of rat brain 3, 7, and 28 days after injection of HbV and RBC. Large amount of hemosiderin
deposition was confirmed just near the hematoma site for both groups. Hemosiderin deposition was confirmed at 28 days
for both groups. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

will be quite important, therefore, to investigate
these differences in future studies, in particular, to
investigate how the HbV is biodegraded in the
brain.

Perihematomal edema might involve in damage to
the vascular endothelium. Iron is a potent catalyst of
lipid peroxidation; the release of iron (a breakdown
product of Hb) after RBC lysis might contribute to
BBB damage, brain edema, reduced blood flow, and
cell death.'®8831404  Actually, TUNEL staining
demonstrated that both groups had apoptotic cells
during the entire period of observation. The strong
perihematomal hemosiderin deposition observed in
our current study also suggests that they are derived
from RBC lysis. However, the fact that the surround-
ing tissue, infiltrated with HbV, showed no strong
hemosiderin deposition compared to that of RBC,

could indicate that HbV was more stable and
degraded slowly by phagocytosis of the macro-
phages. This study did not identify whether the
macrophages were microglia or those infiltrated
from blood through BBB. The phagocytized HbV in
the macrophages, however, were clearly present,
even at 28 days, by staining with an anti-human Hb
antibody.

Degradation of HbV in the brain seemed much
slower than those observed in liver Kupffer cells and
spleen macrophages after the HbV intravenous injec-
tion.>'® This gradual degradation might be advanta-
geous clinically to prevent acute toxic effects of Hb
molecules. It has been known that phospholipid
vesicles (liposomes) are unstable capsules. However,
the stability of liposomes depends on the physico-
chemical characteristics of lipids. Our HbV, com-
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Figure 7. Immunochemical staining with anti-GFAP-staining 1, 3, 7, and 28 days after intracerebral injection of HbV and
RBC. On day 1, the initial destruction of astrocytes in the perifocal zone for both groups, and from 3 days a dense network
of hypertrophic processes reentered the perifocal zone. At 7 days, the hypertrophic and hyperplastic astrocytes were dis-
tributed in a large area. At 28 days, the presence of gliosis was evident in both groups. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

posed mainly of DPPC, cholesterol, and PEG-conju-  vitro demonstration of HbV resistance to PLA; enzy-
gated lipid, has been tested to be enormously stable, ~ matic lipolysis might support the notion that the
as presented in Table II, against physical stimuli by ~ HbV is also more resistant to PLA; in the brain and
hypotonic shock and freeze-thawing. The process of ~ shows a lower rate of degradation than RBC. More-
phagocytosis involves the secretion of PLA,** Thein  over, it has been reported that DPPC, which com-
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TABLE II
Structural Stability of HbV in Comparison
with RBC (z = 3)

Hemolysis (%)

Stimuli HbV RBC
Hypotonic lysis 04 =00 940 =07
Freeze-thawing 204 1.2 776 £ 1.2
PLA,, 30 min 0.0 0.0 12.8 = 0.3
PLA,,2h 0.1 0.0 17.7 =07

Mean = SE.

PLA,, phospholipase A,.

prises saturated acyl chains, is less subject to lipid
peroxidation than the unsaturated phospholipids in
biomembranes. ****

Acellular intramolecularly crosslinked Hb solution
was clinically tested in stroke patients; production of
significant adverse events was reported.* The same
material was also tested for the treatment of severe
traumatic hemorrhage. The mortality rate seemed
increased, especially in patients with head injury.!*?%
Bven though the mechanism for this adverse
response has not been clarified, it is anticipated that
Hb molecules (6 nm) smaller than HbV (250 nm)
easily infiltrate into the perifocal tissues when the
BBB breaks down. The extravasated Hb would
directly interact with the cells and potentiate brain
damage.***’

Significant morphological changes of astrocytes
were observed in our study. Astrocytes are the most
numerous cells in the central nervous system. They
provide structural, trophic, and metabolic support to
neurons and modulate synaptic activities. Impair-
ment in the astrocyte functions during brain ische-
mia and other insults can critically influence neuron
survival.®® After traumatic injury, surviving astro-
cytes are well known to begin to exhibit hypertrophy
and proliferation.*** In our study, GFAP-immunor-
eactivity showed that, from 3 days, a dense network
of hypertrophic processes appeared in the perifocal
zone. At 7 days, the hypertrophic and hyperplastic
astrocytes distribute in a large area, replacing the he-
matoma. At 28 days, the hematoma scar remained as
gliosis. This process closely resembles the observa-
tions of the RBC group in the current study, and in
the reported pathological profile after ICH.”!

Aside from blood substitute research, phospho-
lipid vesicles or liposomes encapsulating or embed-
ding functional drugs or biological materials have
been investigated aggressively for use in drug deliv-
ery systems or controlled release; some were subse-
quently approved for antifungal or anticancer ther-
apy.” The BBB presents an obstacle for efficient
drug administration using nanocarriers to brain tis-
sue.® In fact, intracerebral injection of antitumor
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drugs encapsulated in liposomes is documented 5455
From the viewpoint of biomaterial science, results of
the present study assure the safety of the present
lipid formulation used for the HbV, and show it to
be applicable for drug release systems for intracere-
bral injection.

In conclusion, intracerebral injection of HbV

-caused infiltration of HbV into the perihematomal

brain tissue and the inflammatory reaction that con-
sist of neutrophil accumulation at the site of injury,
subsequent gradual degradation of HbV in macro-
phages, and hypertrophy of astrocytes to reconstruct
the injured tissue. These are all expected to be nor-
mal reactions to the injury. Actually, there was no
aberrant reaction in comparison to the injection of
RBC. On the other hand, the delayed degradation of
HbV might benefit tissue reconstruction after treat-
ment with HbV infusion as a resuscitative fluid. Fus-
ther investigations should follow to show the neuro-
logical safety of the lipid components of HbV.
Because the HbV remained in the brain at 28 days,
further investigations should also include longer pe-
riod of observation. Our present data provided valu-
able information related to the safety of HbV and en-
courage us to proceed to clinical research of HbV as
a transfusion alternative.
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